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Abstract
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Diagnoses of tuberculosis, ‘TB,’ currently rely upnon-specific techniques such as X-ray
exams and acid-fast microscopy. Improved diagnestiould preferably consider specific

bacterial processes to provide real-time readodtsdisease burden and response to
chemotherapy. This dissertation presents thewallincorporation of trehalose analogues
(fluorescent and radioactive) by the mycobactardlgen 85 enzymes as a novel method to

label the causative bacteria of TBlycobacterium tuberculosis (Mtb).

The trehalose mycolyltransesterase enzymes (asti§éd, B, and C (Ag85)) serve as
essential mediators of cell envelope function ailogdnesis irMtb. We show that the Ag85
enzymes display activities so broad that they abolded non-natural carbohydrate probes to
be incorporated intMtb growingin vitro and within macrophages. Design and synthesis of a
library of structurally-diverse analogs of the sudeehalose (Tre) revealed that Ag85-
enzymes catalyze esterification of a wide variefy non-natural Tre structures, even
stereoisomers and those appended with chargedllor groups (Chapter 2). A novel mass-
spectrometry based Ag85 enzyme assay was devedopkedmployed to screen the library of
compounds against all three isoforms of Ag85 (Céia@). This screen revealed that the
Ag85 enzymes exhibit preference for dissacharides monosaccharides and show a broad
tolerance for most modified trehalose compounddss Huttivity assay also afforded full

kinetic analysis and the discovery of a novel, ¢emainhibitor of the Ag85 enzymes.

The Ag85 activity assay informed the design oflumrescent trehalose-based compound
(FITC-Tre), which is the first, non-toxic, seleaivsmall molecule probe for mycobacterial
infection. FITC-Tre was acylated with mycolyl estdsy growing mycobacteria, anchoring
the probe in the cell envelope resulting in fluced bacteria (Chapter 4). Adding FITC-Tre
to Mtb-infected macrophages allowed selective, fluorestagging ofMtb in vivo (Chapter
5). Colocalization studies with antibodies agaimastvariety of phagosomal associated
components have hinted at the possibility of FITi@-&s readout of cellular trafficking of
bacteria.*®F-trehalose, biotin-trehalose and rhodamine-tredgabire also substrates of Ag85.

'8-_trehalose shows promise Bib selective PET probe in an infected rabbit model of
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tuberculosis. Future work with these probes magvalior fluorescent tracking of thkltb

during the macrophage infection process, as weheasbility to label Mtb in infected tissue.

The functional differences between the three isofoof Ag85, A, B and C, are not well
understood and may have implications for the saivand persistence of mycobacteria
within humans. The differences in substrate spatifiand catalytic activity between the
Ag85 isoforms (discussed in Chapter 3) has beahduinvestigated (Chapter 6). Mutation
of three secondary site amino acids from Ag85C Ai85B afforded nearly a twenty-fold
gain in enzyme activity. Mutation of the equivalékg85B residues into Ag85C triggered
nearly a twenty-fold loss in activity. Dissectiohtbe roles of these three amino acids helps
to explain the previously reported large differenae catalytic activity between Ag85A, B
and C. Overexpression of Ag85A, B and C under ¢gtiine regulation revealed that these
enzymes differentially modulate incorporation of colates into the cell wall. The Ag85
enzymes are not functionally redundant, and insteade unique purposes in cell wall

biosynthesis.

In summary, this research has demonstrated thabtbad substrate tolerance of Ag85
enzymes, coupled with their extracellular locatiopens the door to probes of mycobacterial

infection using many imaging modalities.
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Explanatory Note

Explanatory Note

Carbohydrates and their derivatives have been named in accordance with the [lUPAC

recommendations and numbered according to the carbohydrate convention.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-fluor o-D-glucopyranose

6__OAc
4
AcO 1
3 2F Moac
Ketoside trehalose analogues are numbered in Appendix 1 in the following manner. This
numbering follows the precedent of analogue number set by IUPAC nomenclature for ketosides.

In the main text, for clarity, compounds are are referred to as methyl-trehalose and are numbered

according to the convention for unmodified trehal ose.

3,4,5,7-Tetra-O-benzyl-1-deoxy-a-D-gluco-hept-2-ulopyr anosyl-(2—1)-2,3,4,6-tetra-O-

acetyl-2-a-D-glucopyranoside
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Chapter 1: Introduction

1 Chapter 1: Introduction
1.1 Tuberculosis epidemic: the need for novel diagnosts

Tuberculosis (TB) is an infection that has plaguednkind for millennia. It remains a
leading cause of death worldwide with an estimate®l million fatalities in 2005 A
substantial obstacle to the development of newrtulbesis diagnostics, drugs, and vaccines
is the lack of TB-specific probes that can be usedapidly assess infection and monitor
response to treatméntApproximately one third of the world’s populatids infected with
Mycobacterium tuberculosis (Mtb) and roughly 5-10% of these individuals will deyel
symptomatic tuberculosis Co-infection with immuno-compromising diseaseartipularly
human immunodeficiency virus (HIV), greatly increaghe probability that symptoms will
manifest. With the current HIV epidemic and the emergentdrag resistant tuberculosis,
including multi-drug resistant (MDR) and extensixdrug resistant (XDR) TB, TB has
reemerged as one of the world’s leading healthatbreespecially in regions of reduced

socioeconomic stattis

The causative agent of tuberculodidycobacterium tuberculosis (Mtb), is a rod-shaped,
extremely slow growing, acid-fast bacteriuMtb is notorious for its high levels of drug
resistance, a characteristic traditionally attr#outo its greasy, impermeable, hydrophobic
cell envelope. The thick cell envelope consistamminner lipid bilayer, peptidoglycan linked
to an arabinogalactan biopolymer, which is thenasited in a second, outer bilayer
composed of mycolic acids and extractable lipidsisTthick envelope precludes entry of

most substances (including potential drugs andgspto the bacterial cytopla8m

Even with this intrinsic drug resistance, many eifiee front-line antibiotics have been
developed to successfully treat TBrophylactic vaccines are also in developmertthbue
been challenged by poor efficacy. The current wecBacille Calmette-Guérin (BCG),
albeit widely employed, does not protect againstitgoulmonary disease, but does provide
some protection against extra pulmonary and pedigiseas® One of the overarching
problems within the fields of vaccine developmemd B treatment is a lack of diagnostics
for the assessment of the efficacy of TB chemother&ixth month relapse rafeare the
accepted method for monitoring progress and thates ido not provide any short course,
vivo, methods for tracking the effectiveness of a paldr agent on individual lesions. No
methods currently exist to evaluate the metabdhatesof the mycobacteriumm vivo. Also,

we lack tools to determine the specific microenwinents of particular lesions vivo.
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Chapter 1: Introduction

Besides sputum samples and biopsies, the medicahoaity lacks quick, effective methods

to monitor a patient throughout the course of thera
1.2 Model of the mycobacterial cell wall

An understanding of the structure, function andsypnthesis of the mycobacterial cell
envelope is an important framework for the develepmof both novel mycobacterial
therapeutics and diagnostics. While the chemicahpmsition of this envelope has been
known for decadé®? the 3-dimensional structure remains elusive. filyeobacterial cell
wall does not conform to a “fluid mosaic” model wlembrane structure and instead the
structure of a single cell is composed of a singdymeric molecule with three layers:
peptidoglycan, arabinogalactan and mycolic acidgcdc acids are long (§Coo), Often
cyclopropanated, lipids found covalently attachedhe arabinogalactan, and are important
for bacterial outer membrane structure, virulennd persistence within the h&$tThese
lipids, which give mycobacteria their name and idet cording behavior, are one of the
important components of the cell wall and will bee tfocus of this discussion of the

mycobacterial cell envelope structure.

The physical organization of the cell wall polynteas been explored through biophysical
analysis. X-ray diffraction experiments illustratétht the main chains of the mycolic acids
are organized parallel to each other and freez#tira electron microscopy studies support,
visually, the notion that a second hydrophobic ibarexists outside of the inner plasma
membrane, peptidoglycan and arabinogalactan layfigure 1.1 Early electron

microscopic evaluation of the coarse structure him-sections revealed an electron-
transparent zone delimited by a darkly stained Hayt>*® These observations inspired a
model of the covalently attached mycolic acids fiignthe inner leafléf*® of the outer

bilayer with the solvent extractable surface lipitit¢ercalated between the asymmetric

meromycolate chain%*
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TDM Short TMM TDM
glycolipid
§ ™M @
TMM* @
®
L
. ‘
Arabinofuranose 9
L

Galactofuranose ‘ ‘ ' ( ‘
Pepildoglycan*% i % \iﬁ\ é_

T W e
e

Figure 1.1. Schematic depiction oMtb cellular envelope. Trehalose dimycolate (TDM) andrehalose
monomycolate (TMM) associate to the outermost portin of membrane with their mycolates intercalated
with the covalent mycolates. The Ag85 proteins tresesterify the mycolates from TMM to either the
arabinogalactan (AG) or to a second unit of TMM, pioducing TDM and free trehalose. The substrate
specificity of Ag85A, B and C for the AG and/or TMM has not been fully characterized. TMM*- depicts
opposite, putative orientation. A-Ag85A, B-Ag85B, €Ag85C. Putative TMM transporter has not been
identified. Diagram not depicted to scale. This figre was adapted from Tonge, 2006.

This model of the cell envelope dominated the fifeldmore than twenty years but has been
under recent scrutiny due to two observations.dbis# measurements from crystal structure
of the mycobacterial water-filled porin, MspA, reed that for MspA to span the membrane
and to function properly, the phospholipid bilayaust be narrower than was originally
proposed’?*  Second, electron microscopy of cryopreserveds cedvealed that the
mycobacterial cellular envelope is no more thamBim thickness (compared with 7 nm for
the cell membrane alorféf*. These recent observations provide evidence hieatell wall is

no thicker than the plasma membrane and have fisgledulation about alternative physical

arrangements of the envelope.

A consensus view has yet to emerge concerning rihese arrangement of these complex
molecules. The hydrophobic mycolates are unlikelylitectly contact with the hydrophilic

environment. Outside of this layer, but still iiate contact with the layer itself, reside the
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Chapter 1: Introduction

numerous amphipathic molecules that are the diet¢rface for the pathogenic
mycobacterium with the surrounding environment.isThatrix of materials has been called
the capsule and is the site of such structuralerdie families of glycolipids as trehalose
mono- and dimycolate (TMM and TDM), the phthiocedahycocerosate waxes, sulfolipids,
lipoarabinomannans, and glycopeptidolipfd$'®> This survey will focus on the TDM and
TMM glycolipids, as they serve as the mechanisnsgaéed in this thesis by which trehalose

analogues can be incorporated intoté cell wall.

1.3 Mycolic acids

The most significant part by mass and volume ofrttyeobacterial cellular envelope is the
mycolic acids; hence taxonomists refer to thesamggmns as “mycolata.” The presence or
absence of mycolic acids;-alkyl-B-hydroxy acids with length of G, is a genus-specific
trait and the fine details of their structure asediin chemotaxonomic approaches to species
identification. The mycolic acids are found in twery important molecules in the cell:
bound to arabinogalactan in the inner leaflet antbrdied as trehalose-6,6’-dimycolate
(TDM) in the non-covalently bound outer leaflet.eFb do not appear to be any structural
differences between mycolic acids present in TDMewlkompared to those anchored in the
cell wall (Figure 1.1). In several detailed studies of mycolic acid swmee and function, the

structures of mycolic acids throughout the mycoleg¢ae found to vary in three ways:

)] Chain length — longer chain lengths increase toxiojranulomagenicity,
pathogenicity, and the phase transition temperatitiee cell wall.

i) Oxygenated moieties — for example, the keto- anthoxg-mycolic acids
characteristic of virulent strains and the epoxyalgtes and wax esters that
characterize some nontuberculous mycobacteria (NTM)

i) Cis- or trans-cyclopropanations, anads- or trans-alkenes some with adjacent

methyl branches.

The analysis of cell wall-bound mycolates requirestment of whole cells, or delipidated
cells, achieved withert-butyl ammonium hydroxide, which saponifies the tdumycolyl
esters. The mixture of mycolates obtained can lbwerted to methyl esters and purified by
silica gel column chromatography or silylated amélgzed by gas chromatography mass
spectrometry (GC/M$5. Together with matrix-assisted laser desorptianziation (MALDI)
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analysi§"?° these methods have allowed full comparison ofliid lengths, keto versus
methoxy variability, and the degree of cycloprogama from a variety of Mtb,
Mycobacterium bovis andMycobacterium kansasii strains. The mycolic acids &tb contain
three general classes; methoxy, and keto, while the mycolates of othercofata can
contain additional functionalities and lengthslasirated inFigure 1.2a

a o H;C HO o
CH;
0 H,C HO o Keto
CH;
OMe H;C H(;) 9
CH;
OMe - HO o Methoxy
CH
H;C H(;) o] ~
CH;
HiC HO o
. > Alpha
H;C H(;) o]
CH;
b 4
HO, H o
(o] <
OR /\/\/\/\W Rodoccocus
on © { \or
HO oH 1 OH HO ©
Tre: RR'= H (1) OR M Corynebacteria
TDM: R, R'=Mycolate (2)
TMM: R= Mycolate, R" =H (3)
J

Figure 1.2. (a) Varieties of mycolic acids (b) Deption of the structure of trehalose (1) trehalose

dimycolate (2, TDM) and trehalose monomycolate (3,TMM), transesterified with the mycolates
found in ‘a.’

1.4 Trehalose mono and dimycolate (TMM and TDM)

Trehalose monomycolate and dimycolate (TMM and TIBMnd2), the mycolic acid esters
of trehalose, are present in all Actinomycetes.yThee widely distributed among both
pathogenic and nonpathogenic strains of the myaotaitably in the acid-fast mycobacteria.

These glycolipids are the most abundant, non-cotiglessociated cell wall lipids, which
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provide these organisms with a waxy, impermeabteranembrane and the characteristic of
acid-fastness. TMM and TDM serve a variety of psggm during infection and are
purportedly trafficked during initial infection angersistence of mycobacteria within
macrophageS. TDM and TMM are thought to be oriented with theiycolates towards the
cell cytoplasm, presenting the disaccharide motetythe external environment of the
bacterium as shown iRigure 1.1; although TMM has been found to be buried morepljee
in the cell wall, suggesting that it and may als®mate itself with trehalose head group
directed inward¥. Because of its importance for disease progressienhave chosen to
highlight some of the characteristics of TDM, foiogs on its discovery, structural
characterization, biosynthesis, and immunomoduwatmehavior as well as some of the

implications of TDM research in tuberculosis drugl¥accine development.

1.4.1 Structural features of TDM

Interest in the trehalose mycolates began in th&049with their discovery and
characterization by Noll and Blotf* Before their structure was assigned, the dimydolo
trehaloses were named “cord factors” by Bloch, wheerved that the pathogenic strains of
Mtb grew in tightly wound bundles of snake-like “cofd¥he crude, extractable, non-
covalently cell wall-associated lipids that bestdks property were characterized by
hydrolytic degradation, acetylation, reductive glge and combustion analysis, yielding the
structure 6,6'-dimycolyk,a'-D-trehalose Kigure 1.2h). The carbohydrate moiety of TDM
and TMM is trehalose (Trel), a non-reducing disaccharide, consisting of tviacagse
molecules with am,a’,1,1’-linkage. TDM is symmetrically modified on ¢h6,6'-hydroxyl

groups with mycolic acid esters.

Trehalose is an important sugar for manyid’'s glycolipids and is also found in sulfolipid-

1 (SL-1), diacyl trehalose (DAT), and triacyl trédse (TAT). To analyze TDM and other
cell wall-associated lipids, cells are harvestaslsalved in methanol and aqueous brine, and
sequentially extracted with petroleum ether to reenapolar lipids (trehalose mycolates,
phthiocerol dimycocerosate (PDIM), PGL, and acghtlose) followed by
chloroform:methanol (2:1) to remove the relativelglar lipids [phosphatidytayo-inositol
mannoside (PIM), lipoarabinomannan (LAM), and glyeptidolipid (GPL)]. The TDMs
contain a diverse mixture of mycolic acid composehtat can be separated from other cell
wall components by preparative TLC and then sapmatibn to remove the trehalose. The

remaining fatty acids are then methylated to prewite carboxylated methyl esters. As an
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alternative to saponification, MALDI-TOF mass spentetry has proven useful for
characterizing heterogeneous mixtures of THflas whole glycolipids. Prior to MALDI,
analysis by electron ionization mass spectromefiyMS), fast atom bombardment mass
spectrometry (FAB/MSJ and GC/MS proved helpful for characterization. téwer, these
methods were insufficient for determining the massintact TDMs, which is typically

greater than 2.6 kDa.

1.4.2 Prior syntheses of TDM and TMM

Natural TDMs contain an inseparable mixture of niigcacids of varying lengths and
degrees of cyclopropanation. Due to this heteragersynthetic methods have been used to
obtain pure samples of some non-mycobacterial TEN#tb. TDM has not been synthesized
through fully chemical means because the chiralopyopanated and oxygenated mycolates
are difficult to accessMtb TDMs have not been reproduced through fully syithe
processes, but have been prepared from naturaocextby semisynthedfs TDMs from
related bacterfd and various analogues of TMM and TBM° have been created fully
synthetically. Pure, synthetic TDMs are useful $ot probe structure-function relationships

and have also been used as adjuvants for the genetd of vaccines againsith® 442

Semi-synthetic strategies capitalize on the abiditpurify native mycolic acids fromltb and
then couple them to benzyl or silyl protected tteba by common esterification
technique$-* The mycolylB-hydroxyl is an additional complication, and mustgrotected

to prevent dehydration. The 2,2, 3,3, and 4,4tguted trehaloses can be obtained by
utilizing either selective silyl protectiéhor selective mesylatiéh Once the 6 and 6'
hydroxyl groups are freed, a variety of esters bancoupled to form TDM analogs. A

summary of this synthetic strategy can be founSiaheme 1.1
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Scheme 1.1. Example synthesis of TDM analogue bysKizawa, 1996' demonstrates that TDM analogues
can be synthesized from hexabenzyl-trehalose 4. RINDCC coupling and deprotection yielded the native
corynebacterial TDM as well as 3 stereoisomers (*).

Synthesis has allowed researchers to probe theriamtdeatures of TDM. The 6,6' trehalose
di-ester of 2-eicosyl-3-hydroxy-tetracosanoic (befleehenic) acid, which has a similar
structure to TDM, has been produced semi syntHitibg Toubiana, et al°, as well as the
straight chain TDM analogue. TheR23R stereochemistry of the mycolic acids in the
trehalose dicorynomycolates (TDCMs) of corynebaatean be manipulated chemically and
all four stereoisomers of TDCM have immunoadjuvactivity. Natural R,R TDCM and the

synthetic S,S TDCM showed the most significant imomodulatory activiti€s.

1.4.3 Biophysical studies of TDM properties

A peculiar feature of TDM is its dichotomous alyilto form both monolayers and micelles.
These structures have been confirmed by scannimgelimg microscopy (STM) and have
been linked to the cord-like growth patterns of oiyacteria. Biologically, these two
structures determine toxicity; micelles with tredsd on the surface, which are non-toxic
even in high concentrations, versus surface addammmnolayers of TDM which expose the
hydrophobic tail surface and exhibit extreme tayido cell$®. TDM is thought to be a

substantial reason for the low permeability of ingcobacterial membrafie
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1.4.4 Biosynthesis of TDM

The biosynthesis of TDM and TMM begins with the @epe synthesis of trehalose and
mycolic acids. Trehalose is synthesized Mtb through three independent pathways, and
genetic knockouts of any of these three pathwawpsilt®e in either non-viableMtb or
organisms displaying growth defet&’. Of these three pathways, it has been demonstrated
that the OtsA/OtsB pathwayS¢heme 1.2 is essential for trehalose biosynth&sis
Knockouts of the Otsa/OtsB pathway fail to growd a@udition of trehalose to the medium
reverses the growth defectSeveral of the enzymes responsible for trehalgsghesis,
including trehalose-phosphate synthase (TPS or YHSA and trehalose-phosphate
phosphatase (TPP or OtsBhave been purified and analyzed. The crystal straof OtsA
from Escherichia coli has been solv&y and from this structure Gibson and coworkers have
deduced a possible mechanism. TPS (OtsA) catalymedsransfer of glucose from UDP-
glucose to glucose-6-phosphate to form trehalopad$phate, a double glycoside in which
both anomeric positions are set simultaneouslyhdlose phosphatase (OtsB) then cleaves
off the phosphate group to generate trehal&dhéme 1.2 Trehalose is metabolized by
endogenous trehalase enzymes, which cleave thesitiyc linkage; theMtb trehalase has
been purified fronMycobacterium smegmatis™. A trehalose transporter has been identified
and is thought to salvage extracellular trehalasenfycobacterial use. One of the most
important functions of trehalose in mycobacteriasshe sugar scaffold for mycolic acids in
TDM.
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Scheme 1.2. Three biosynthetic pathways for the siresis of trehalose are present iMtb. (a) In the

TreY-TreZ pathways TreY isomerizes thea-1,4 linkage in glucose polymers (amylose) to ama-1,1

linkage and then TreZ hydrolyzes the trehalose fronthe polymer. (b) In the OtsA-OtsB pathway OtsA
couples UDP-glucose and glucose-6-phosphate to fornrehalose-6-phosphate, which is then
dephosphorylated by OtsB. (c) TreS isomerizes thg4 linkage of maltose to the 1,1 trehalose linkage

Once synthesized, trehalose is transesterified veithmycolate, through a partially
characterized pathway, to generate TDM and TMMthim biosynthetic model proposed by
Takayama, et aHigure 1.3), mycolic acids are synthesized by the well chara=drFAS-II
enzyme¥: fully formed mycolic acids are transferred frohe tpolyketide synthaseksl3)

to a heptaprenyl group, by coupling D-mannosyl-bgghoheptaprenol to the mycolates,
yielding 6-O-mycolyl-3-D-mannosyl-1-phosphoheptaprenol (Myc-PL) This model is
supported by characterization of Myc-PL by Besral&f but the full scope and properties of
the Myc-PL carrier have yet to be researched. Ti@issesterification of mycolate to the
mannosyl carrier is thought to be catalyzed bypimative mycolyl transferase I. The prenyl
tail of the Myc-PL causes it to migrate and dockhwthe proposed ATP-binding cassette
(ABC) transporter, after which a second reactiamgfers the mycolate from Myc-Plia
putative mycolyl transferase Il to trehalose-6-git@de (synthesized by OtsA) to form
TMM-phosphate. A membrane associated phosphataseef@mlose-6-phosphate cleaves the
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phosphate, and the TMM is then immediately expotitedugh the putative transporter. The
specific role of this transporter has not been léoaically validated, but the current data
corroborates this model w&lf® This coupling constructs the TMM molecule and @xpit

to the cell wall. TDM is not produced by a secomylation from Myc-PL, as might be

expected. Instead, three extracellular proteingjgéns 85A, B, and C [Ag85A,B,C, also
known as fibronectin-binding proteins (Fbp)], penfo a transesterification reaction to
generate one TDM molecule and one free trehalosefdwo TMM units, or to transesterify

mycolates to the arabinogalactan, generating thalent outer bilay&f

Intracellular:

a
Mycolyl-S-PPB +Man-P-heptaprenol ————®  Myc-PL +SH-ACP

b
UDP-Glc +Glc-6P —» Tre-6P +UDP

c
Myc-PL +Tre-6P ——— > 6-O-Mycolyl-tre-6'P
6-O-Mycolyl-tre-6? — 9 o TMM 4P

Proposed transfer to cellular exterior:
TMM (inside) +ATP —————— TMM (Outside) +ADP +Pi
Extracellular:
TMM+TMM —»f TDM +Tre
Figure 1.3. Proposed synthesis of TDM (a) Putativenycolyl transferase | (b) Trehalose-6-phosphate
synthase (OtsA) (c) Putative Mycolyl Transferase 1i(d) Trehalose-6-phosphate phosphatase (OtsB) (e)

Proposed ABC transporter (f) Antigen 85A, B and C.This figure was adapted from Takayama et al.,
2005".

1.5 Antigen 85 Enzymes

Trehalose is anchored into the mycobacterial celll \as mono- (TMM) or di- (TDM)
mycolates by the action of the extracellular pragefntigens 85A, 85B and 85C (Ag85A,B
and C). Although these proteins were long knowninmunologists by virtue of their
immunogenicity, their enzymatic activity was fidgscribed in 1982 as the active fraction of
a cell free extract fronM. smegmatis that was capable of synthesizing TEAMAg85A, B,
and C are the most abundant extracellM#o proteins, making up as much as 41% of the
culture supernatant protein conféniThey are expressed in a ratio of 3:2:1 (Ag85B33¥
and Ag85C, respectivel) Genetic inactivation of 85C causes a 40% decrigmsevalent

mycolic acid content of the cell wil] suggesting that the Ag85 enzymes play a role in
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mycolation of the cell wall. Triple knockouts ofethg85ABC genes have not been reported
in Mtb, presumably because they are not viable. The tAg85 Mtb proteins have high
sequence homology to TMM transesterases fidmleprae, M. bovis, M. avium and
Corynebacterium glutamicum. The corynemycolyl transferases, particularly P8#,the best
studied of this class of enzymes and have providedh insight into thevitb antigen 85

a
HO off %é\ HO OH %
TMM (3) TMM (3)

complex*®,

Antigen 85
HO OH Tre/(% HO OH TDM%
b
B
/ ’ Ag85
u " T™MM

OH (o)
Wf\
™

Figure 1.4. Antigen 85 catalyzes the mycolation dhe mycobacterial cell wall. (a) Ag85A, B, and C
catalyzed transesterification of trehalose (Tre) 1,trehalose dimycolate (TDM) and trehalose
monomycolate (TMM). x (10-20), y (17-20), z (25-30)b)Ag85 catalyzed mycolylation of arabinogalacta
Diamond: p-D-Araf, Square: 2-u-D-Araf, Circle: 3,5-a-D-Araf.

Ag85 isoforms all catalyse the reversible trangédgtation reaction between two units of
TMM, generating TDM and free Tre; the reverse rieacalso allows for direct esterification
of Tre. Ag85 can also covalently introduce mycdaitgo arabinogalactan to form the base

polymer of the cell wallFigure 1.4)°*%®
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1.5.1 Ag85 partial redundancy

A brief survey of the antigen 85 and mycolate #tare revealed that the Ag85 enzymes can
partially but not fully rescue one another, suggegspartial but incomplete redundancy of
these enzym&5°3% Deletion of the corynebacterial PS1 disruptsrdt® of the trehalose
di and monocorynemycolates (TDCM and TMCM) and dggd the cell wall
corynemycolates. PS1 knockouts can be complemdaytexver expression of PS1 and such
complementation restores the TDCM/TMCM ratio andutes in an over-incorporation of
mycolates into the cell wdll Complementation of PS1 with tiétb Ag85A,B,C does not
restore the TDCM/TMCM ration, but does increase tlowalent mycolates. This result
suggests that over expression of the Ag85 enzymmepartially complement for PS1 and can
lead to over incorporation of mycolates into thd weall. Originally it was believed that
corynebacteria expressed only one mycolyl transéer&S1. Subsequently, 5 additional
mycolyl transferases were identified in corynebaatel hese fall into two classes, which can
partially complement for one another, hinting atistural differences that might relate to

complementatiofs.

With the knowledge of the partial redundancy of teynemycolyl transferases, the authors
of the corynebacteria studies turned their attentiowards similar study of the Ag85
enzymes inMtb. Analysis of the Ag85A,B,C knockout mutants and theomplements
revealed that A and B can partially restore ag85C deletion, but no better than C it$&lf
The authors also found that, unlike #g85C knockout, deletion cag85A andag85B do not
cause a cell wall mycolyl defect. This group, Dadtél, also considered that the defect might
not be in the gross level of mycolates but in tinkdge of the mycolate to the arabinan.
Contrary to this hypothesis, Daffé et al found tinaither Ag85A nor Ag85B attaches
mycolyl residues to specific sites but, like Ag8%2ach enzyme transfers mycolyl residues
onto all four sites present in the arabinogalactem-reducing end hexaarabinosides.
Degradation of mycolates from the TMM and TDM taadyl glycerol (TAG) has been
documented, but the reverse has not, hinting that one or nodrhe Ag85 enzymes may
process TAGs as a substrate. The sum of thesdisresiggests that there are subtle
differences between the Ag85 enzymes that havtoye fully characterized.

Other notable observations regarding the Ag85 eesyamd mycolates have implications for
permeability of mycobacteria to drugs. It was fduhat the absence of mycolic acids does

not affect cell wall structure, but does increasetérial permeability and susceptibility to
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antibioticS®. Generation of the double mutant @ftA and cmtB in corynebacteria causes
changes in freeze fracture and growth dé&fe@he results hint at the complex and important
structural and functional roles of the mycolated #reir corresponding mycolyl transferases

responsible for cell wall synthesis.
1.5.2 Ag85 crystal structures

The crystal structures of the three Ag85 isoformerbsolve’?and these structures reveal
that A, B and C share high sequence and struchoalology, characterized by anp-
hydrolase fold and a hydrophobic fibronectin-birgddomain. The X-ray structures support a
transesterification mechanism analogous to th@edtydrolases, in which the formation of a
covalent Ser-mycolic acid enzyme intermediate ii®Weed by attack from the 6' hydroxyl of
the trehalos€. The active sites of 85A, B, and C are highly @wwed, featuring a His, Glu,
Ser catalytic triad, a hydrophobic tunnel for thgcwiic acid, two trehalose binding sites, and
in Ag85A and B, a key phenylalanine residue (Phg¢2Bt is thought to regulate a
hydrophobic channel between the two binding sildss second channel may support a
“scooting mechanism,” whereby the second TMM sulbstcan flip from its binding site to
the active site without exposing the mycolate ® sblvent (Figure 1.5). Notably, in Ag85C
Phe232 is replaced by Leu230, which may have iraptios in the relative catalytic

efficiencies and substrate affinities of the theeeymes.
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E228

H260

Figure 1.5. (a) Crystal structure of antigen 85C bond to S-octylglucose (PDB 1VAS). Structure showrsi
a dimer of two Ag85C proteins each bound to two ogiglucose ligands. Proposed hydrophobic channels,
through which a second TMM could traverse the actie site are visible and indicated by white arrows k)
active site overlay of Ag85B and Ag85C shows veryreng structural homology (PDB 1fOn and 1DQZ) (c)
Crystal structures of Ag85B and 85B bound to 2 trehlose molecules (Tre, red sticks) with one co-
crystallized in the active site and one in the sendary site. Active sites overlaid show very littlemotion
when bound to substrate. Phe232 moves slightly toake room for second trehalose to enter active sitén
Ag85C Phe232 is replaces by Leu230 (PDB 1fOn anfDf).

1.5.3 Ag85 activity assays

The development of Ag85 enzymatic assays has beallenged by the heterogeneity and
poor solubility of the TDM and TMM mycolate contaig substrates. This enzyme activity
was used as a basis for the original enzyme patifin and demonstration that TDM was
derived from TMM. Antigen 85 activity can be measliin a*’C-trehalose exchange assay,
where TMM is mixed with*C -trehalose and enzyme, as depictedFigure 1.6
Turnover is measured by scintillation counting bé tlipid extract, monitoring fol*C-
trehalose incorporation into the lipids. Auto ragtimphic TLC analysis can be used to
calculate approximateck values. Using this assay, 85C was found to be nmuate active
than either A or B". Through this assay the full kinetic analysis, sitdte specificity, and
inhibitor screening of these enzymes could notXpgoeed fully.
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Ag85

TMM + 4C-trehalose 14C.TMM + trehalose

Ag85

14C_TMM + TMM 14C_TDM + trehalose

Figure 1.6.%C -trehalose Antigen 85 (Ag85) activity assay hadfarded rough kinetic parameters for the
AG85 enzyme&*’™® Assay is not high throughput and is challenged byreterogeneity of the natural
substrates.

High throughput screening of inhibitors is not pbkswith the cumbersom&C-trehalose
assay. Ronning and coworkErhave devised a coupled assay, utilizing-aitrophenol-
glucose substrate3, antigen 85 anfl-glucosidase§cheme 1.3 This assay has potential for
high throughput screening applications and hasduelp prove that antigen 85 transfers
mycolates onto arabinogalactarit is challenged by both the non-natural subsg#glucose
14 in place of trehalosd) and by the secondary readout provided by coupkshys. A
second coupled Ag85 assay has also recently bpented’. Elamin et al employed native
TMM and Ag85A to generate free trehalose, whichthien hydrolyzed by a trehalase
included in the reaction mixture, and the glucasmlpction is measure colorimetrically. This
assay has the advantage of employing the nativetrsi, but as with the previous coupled
assay, relies on a secondary readout and fail$fferehtiate between mycolyl transfer and
substrate hydrolysis. Both of these assays can axtgss catalytic parameters for the first
step in catalysis and therefore do not providelleehzymatic analysis of the Ag85 enzymes.
Even with these advances there remains a needrémisp, high-throughput Antigen 85

enzyme assays.

o Ho HO
Ho/&/o Potential Ag85 HO ° o p-glucosidase _HO °
HO + | inhibitor Ho > o
o OH 4401 ToH
13 NO, 15 NO, +
o HO
NO.
e OH “OH R UV
“ (monitor by UV)

Scheme 1.3. Novel antigen 85 coupled activity as$apased on hydrolysis op-nitrophenol (PNP)-glucose
(15) by p-glucosidase, yielding PNP, which can be quantifieoy UV.
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1.5.4 Trehalose as a drug target

Because of Antigen 85 and TDM'’s roles in pathogen@geSection 1.6 Hunter et al® and
Saunders et &f), inhibitors of the Ag85 complex have been progoss leads for anti-
tubercular antibiotics. Studies with antigen 85 amixt have suggested that inhibition of these
proteins would increase susceptibility of the baata to other drugs. Antigen 85A mutants
displayedncreased sensitivity to front-line Tdugs and other broad-spectrum antibidfics
One of the most substantial problems with antimpgotérial drug development is targeting
both replicating and non-replicating bact&tiaTrehalose is involved both in cell-wall
biosynthesis and protection from osmotic stresserdfore, trehalose analogs have been
proposed as possible drug targets for both repligaand latent bacteria and potentially

provide a novel target for treatment of XDR stréins

The designed inhibitors of Antigen 8%igure 1.7) have large focused on trehalose
scaffold®® with modifications made to the reactive C-6 sushaaide&’, amine&’, alkyl
amides or sulfonamid®™ or phosphonat€%®’. Phosphonates and sulfonamides, such as
21, mimic the tetrahedral intermediate. The presavfckarger lipophilic groups correlates
with increased inhibition, but this causes problemits solubility in the assay. Recent work
developing non trehalose-based inhibitors of Ag8&uged on diaryl phosphonate trehalose
mimics 18%® and methyl 55-alkyl-5-thio-D-arabinofuranosided 9 (Figure 1.73, both of
which suffer from poor solubility and low inhibitpractivity against Antigen 85. Trehalose
analogues with free 6’ hydroxyl are complicatedtivy fact that they could function as either
substrates or inhibitors of Antigen 85. Althoughsidable, to date, no potent, selective

Antigen 85 inhibitors have been developed.

The Antigen 85 crystal structures reveal two trebkal binding sites separated by a
hydrophobic channel. Anderson et’ahave proposed a novel series of inhibitors thaildo

target both binding sites, consisting of two trelsal molecules linked with a hydrophobic
linker. However, these compounds have yet to béhegized and validated as inhibitors. The
fundamental problem in design of all Ag85 inhib#tas the lack an effective assay to directly
measure antigen 85 inhibition. MIC and other groimttibition assays are useful, but run the
risk of highlighting off-target effects. The assagistailed above are coupled to other
enzymes, so could read off-target activity and fal differentiate between mycolyl

transferase and hydrolase activity of the Ag85 aresy
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Figure 1.7. Representative work towards inhibitorsof antigen 85. (a) Non-trehalose based scaffold) (
Trehalose based inhibitors.

Trehalose derivatives also offer the potentialntoibit the trehalose synthase (OtsA) and the
trehalose phosphatase (OtsB). OtsA offers an uhugyeosyltransferase mechanism that
might be inhibited by fluorinated trehalose. OtsAknown to be a rare glycosyltransferase
that can use any of the nucleoside diphosphateosguclerivative¥. Trehalose synthesis
proceeds with net retention, placing OtsA in theifg of retaining glycosyl transferases
(GTs). The crystal structure of OtsA suggests apcarbenium transition state ang;-8§/pe
mechanisnf. Work with 5-F-glucose derivatives suggests thatrfnation at the 5 position
can destabilize the oxocarbenium transition Stated so 5-F-trehalose has been suggested as

possible mechanistic inhibitors of OtsA and trekala

Few potent inhibitors of Ag85 and OtsA exist andilaition of trehalose and TDM
biosynthesis presents a novel mechanism to targkpatentially killMtb. The evaluation of
both trehalose analogues and non-trehalose bak#utans of Ag85 is hindered by the lack

of effective, high throughput enzyme assays.
1.6 Immunopathology and other functions of TDM and Ag85

In addition to its roles in the mycobacterial celvelope, TDM (or cord factor) also serves as
a toxic signaling and potently immunomodulatory emile that is thought to be one of the
most important players in mycobacterial survivadl gersistence within the host. Research
has suggested that TDM acts as a signaling mof&catel that it prevents the membrane
from oxidative stresé and that TDM diffuses into host cell membranes dathages their
function. TDM also induces apopto¥isind can singlehandedly induce granulomas even in

the absence of mycobacterial infecffonThere is vast literature, dating back to theQE96n
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how mycobacterial cell wall lipids induce granulastid® Their potency as adjuvants

explains the presence of these lipids in the contynatilized Freund’s adjuvant.

Alongside TDM, the Antigen 85 proteins are potemiiynunogenic and much of the current
Ag85 research focuses on the use of Ag85 in vascamel TB diagnostit® The Ag85
proteins are one of the major targets in the imnmmasponse and the I1gG antibody response
to the antigen 85 complex is correlated with disemstcom&®. The Ag85 complex contain
well documented T cell epitop8s and the synthesis of glucose monomycolate (GMM) by
Ag85 has been reported as another mechanism byhwiiic modulates the host immune

response’®.

Mycobacteria evade the host immune system in pahiding within host cells, particularly
macrophages. Although one of the functions of maltages is to engulf and destroy foreign
objects, Mtb inhibits and evades the initial macrophage destreiconslaught.Mtb are
engulfed by macrophages through a process knowmphagocytosis. Once inside the
macrophage phagosome, thiéb block the normal process of phagosomal acidificatind
fusion with the lysosome, arresting maturatiomwaihg the bacteria to survive at a mild pH
within the host cell. The causes of phagosomalsaaee not fully understood, but TDM is
documented to be involved in this procd868® When macrophages fail to destroy the
bacteria, the immune system invokes its next lindefense, forming granulomas around the
infected macrophages and sealing off the area fettion with layers of host cells. The
formation of the granuloma has the effect of conitg the disease in a state that is
characterized by low bacterial counts and regiohd aell, macrophage and neutrophil

infiltration and more general inflammation.
1.6.1 TDM and granuloma formation

Granulomas induced by mycobacterial TDMs are causgdwo responses: 1) foreign body
derived (innate immunity) and 2) hypersensitivigrigled (adaptive immunity, mediated by T
cell responses for specific antigefld) The innate response is characterized by the non-
specific interception of foreign material by complent proteins and phagocytotic cells.
Phagocytes and antigen-presenting cells captureigfor material, release the pro-
inflammatory mediator tumor necrosis factor(TNF-a), and digest peptides and lipids.
Upon human inhalation dfitb, the bacterium reaches the alveoli and releasdd abd
other antigens that interact with host lipids, noptyages, and proximal tissue. TDM is toxic

to these host cells, in a manner thought to beumtike that of silicon dioxidg® The
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aggregate debris does not clear well, possessesiadproperties, and triggers recruitment
of more immune cells, which results in formationaofranuloma to enclose the debris. The
structure of the granuloma formed from this immueeponse features an infected core,
surrounded by necrotized cells, macrophages itiittn, neutrophils and additional damaged

host tissue.

After an infection has occurred, the adaptive imenprocesses begin and subsequent
exposure to TDM antigen results in hypersensitivitAs part of the adaptive immune
response the TDM and other immune epitopes aresidigeand are presented to T cells.
Presentation occunga MHC 1l molecules for peptides, or CD1 molecules fioost lipids,
and via a unique C-Type lectin, Mincle, for TBM Notably, TDM activated macrophages
produce inflammatory cytokines and nitric oxide, ievh are completely suppressed in
Mincle-deficient macrophages. Not all TDMs are a@tyuefficient at triggering an immune
response; TDMs from pathogenic species, which tenccontain longer mero branch
hydrocarbon chains with additional functionalitygvie larger effects than those from their
avirulent cousins?

As part of both the innate and adaptive immuneaesp, TDM plays a predominant role in
stimulating pro-inflammatory cytokine production danin inhibition of phagosome
maturation. Mycobacteria arrest phagosome maturadb an early stage, preventing
acidification. Delipidated mycobacteria cannot dostand have decreased survival in
macrophagé$’, pointing to TDM as a potential culprit. After 2#urs inside macrophages,
Mtb bacilli contain up to 50% more TDM than at initiafection. Delipidation oMtb also
leads to reduced cytokine production, particuldtly6, IL-12 and TNFe, and decreased
bacterial viability in the ho&t’'%%*3 The inflammatory cascade initiated by TDM is kmow
as the cytokine/chemokine storm. This storm ofvégtidoes not continue unabated during
Mtb infection. Instead IFNs; which is also produced during cellular immuneese, down
regulates the pro-inflammatory response. At thisnfpoa stable granuloma has been
established. Characteristics of a stable granulomade “foamy macrophages” and giant
cells as well as regions of necrosis, the presehdecells, B cells, vascularization, hypoxia,
and extracellular mycobacteria trapped within thengloma*****This cascade of events is

illustrated inFigure 1.8
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Figure 1.8. TDM plays an important role in the sunival and persistence oMtb within the host, including
stimulating the immune response and granuloma formton. Arrows indicate cascade of events caused by
TDM interaction with host immune system. This modelvas proposed by Ryll et &f®

The formation of a granuloma, triggered in partTyM, has ambiguous results. To the
host’s benefit, it helps to prevent the spreadndéédtion. To the host’s disadvantage, the
granuloma creates a walled-off, locally isolated/iemment that suppresses diagnostic
markers, presents a barrier to diffusion of drugd @revents the immune system from
clearing the entire infection. Granulomas provideniahe for the survival of latent,

metabolically inactive bacteria. Rupture of themsidns provides a means for the infection to
spread to a new host. This phenomenon of survimdl @ntainment underlies the stable

“latent” infection present in one-third of the gidlpopulation.
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1.6.2 Immunopathology and biological properties of Ag85

Alongside TDM, the antigen 85 proteins are potemhiunogens in their own right, invoking
a diverse set of immunological responses, includmmunoglobins (Ig) 1gG and IgA’.
Antigen 85-derived peptides are presented by theCMHcomplex. The Ag85 peptide
epitopes induce T cell differentiation, modulate groduction of cytokine-producing T cells
and the release of IFi*® The apparent redundancy of three isoforms ofathiéggen 85
proteins has been proposed to help the bacteridedaha host’'s immune system, although the

hyper conserved nature of mycobacterial immuneppi contradicts this modet*®

The antigen 85 proteins also bind fibronectin. @isgraphic studies have suggested the
presence of a fibronectin binding donfiralthough exact location of the domain remains
uncleat?. It has been demonstrated through binding stutisfibronectin binds to antigen
85 from BCG and that this binding is quite strtfig®? Thus, antigen 85 proteins could
adhere to cell surfaces and be presented to T lgoys. Pasula et al., demonstrated that
fibronectin facilitates attachment bftb to macrophagéé’ Release of antigen 85 could also
prevent fibronectin from binding to the bacterig,aitaching the fibronectin to the antigen 85
before it reaches the bacteria. Binding to fibramecould also encourage fibronectin-

mediated phagocytosis.

1.6.3 Ag85, TDM and a TB vaccine

Both TDM and Ag85 have been considered as vaccarmdidates. TDM has proved
intriguing as a potential vaccine against tubersigl@self, alone or as an additive to the BCG
vaccine in order to improve its efficacy. TDM haseh proven as a potent adjuvant, raising a
strong response by both the adaptive and humoradume systems. Just recently it was
discovered that a synthetic analog of glycerol nmoyaolate MMG based on 32 carbons
(Cs2) was foundo exhibit comparable levels of immunostimulatootivties to the native
MMG?. This work casts into doubt the focus on TDM as kst adjuvant and also the

focus on lipid length.

Like TDM, the antigen 85 proteins are also imparteandidates as additives to &ftb
vaccine. They are one of the major antigens inhim@oral immune response ktb. As
such, vaccination with these proteins either alammen conjunction with the BCG vaccine
has been proposed as a means to raise immunitysalyib. Protective immunity induced by

vaccination with antigen 85 has even been demdssiran the guinea pig model
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system®1% A fusion protein of antigen 85B and ESAT-6 corder a high level of
protection againsktb in the guinea pig aerosol model of infectittnESAT-6 is a 6 kDa
early-secreted antigenic target that is a commoditigsd in Mtb vaccine development.
Preliminary results in mice suggest that vaccimatiith the Hsp65 protetf or with the new
BCG-type ESAT vacciné® are also possible routes toward an effective T&civee. More
recently Ag85B has been added to a variety of vecaandidates, all of which have

demonstrated efficacy to some dedre&™”

These and numerous other results suggest thatsianluthe antigen 85 proteins and
potentially TDM analogues into a vaccine mixturekied Mtb can raise a stronger immune
response than killed bacteria alone. Vaccine tras currently taking place in which the
BCG vaccine has been boosted with a modified véadmkara that expresses antigen 85
and ESAT-6. It waits to be seen whether thesestiall prove effective at preventinigltb
infection™®®

1.7 Selection of synthetic diagnostic target

Because of its essentiality, importance in celllveasynthesis and, particularly, due to the
extracellular incorporation by the Ag85 enzymesh&lose was selected as a synthetic target
of interest. Several other, largely non-mammaliaiojogically relevant sugars including
arabinose, rhamnose, galactose and fuébseere also under consideration as alternative
candidates for the development of probes that peeific for tuberculosis. Trehalose (Tre)
plays an important role in mycobacterial membrariruicture and function as the
carbohydrate moiety in trehalose mono and dimyeof@MM and TDM) glycolipids. The
synthesis of TDM is understood to occur extracallyl making the incorporation of
trehalose- probes attractive and chemically trdetabs compounds would not have to
transverse the hydrophobic cell wall. The uniquenimmodulatory roles of the Ag85
enzymes and TDM, made trehalose of particular éstenot only for its potential to label
mycobacteria, but also for the potential to develdyetter understanding of the roles of Ag85

system in the survival of mycobacteria within thoest
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1.7.1 Synthesis of trehalose analogues

A survey the trehalose literature revealed thasthehesis of trehalose derivatives presents a

synthetic challenges. Trehalose analogues are esimtfd through two basic strategies: 1)

modification of the trehalose scaffofd3®

é37—140

and 2) coupling of monosaccharides to produce
trehalos Syntheses beginning with trehalose require dliffj low yielding
desymmetrizing steps to asymmetrically modify thmas scaffold. Most modifications,
beginning from native trehalose have been at 4- Gsubsitions because of ease of
modification, using benzylidene protecting groupaffording the 6-sulfo and 6-

34141 and 6-azido and 6-

phosphotrehalod& as well as 4- and 6-fluorotrehalb®:
aminotrehalosesge Figure 1.9a Modifications at the 2- and 3- positions haverbémited
to the deoxy sugars. Bertozzi and coworkers havelemiéne 3-monodeoxy- and 2-
monodeoxy-trehalose analogues and the corresporfiBig and 2,2’-dideoxy analogues
utilizing selective protection and radical deoxyaéon>>. Although synthetically less
tractable, fluorination at the 2- and 5-positioagotentially more desirable for PET probes

and inhibitors because these analogs should mheioxocarbenium transition st3te

Syntheses beginning with glucose or other monosaids require that two stereocenters
must be set simultaneously, in the relatively uafableo configuration. The intramolecular
aglycone delivery (IAD) tethered glycosylation ségy developed by Bertozzi et'f.offers
the advantage of exclusively yielding the linkage, but is challenged by difficult synthesis
of the building block®4 and25 and inconsistent reaction yields. The IAD glycasigin was
employed to partially synthesize sulfolipid®] capitalizing on the unique asymmetric
protection of the 2-hydroxyl Rigure 1.9b). Glycosylation of ketoside8"38142144
capitalizes on the inherent tendency for the kdosiugars to form the,a-linkage, but
incorporates an extra, bulky group at the anomgosition Eee Figure 1.9¢ Dehydrative
glycosylation§® afford alpha selectivity, but result in the syrsiseof the 2’,2’-dideoxy
analogues, precluding further modification of thgdaition. Chemoenzymatic strategies
utilizing the trehalose-6-phosphate synthase (Otak¢ advantage of the enzymes’ ability to
form exclusively thex,o stereochemist?y®, but as yet have not been demonstrated to tolerate
unnatural donor and acceptor sugars. Trehalosé“@natlehalose can be purified from yeast,
which produce vast quantities of trehalose undeessful, non-proliferating growth
conditions in the presence of glucose'®®-glucosé*. Incorporation of fluorosugars by

yeast is not well toleratédl. Fluorination of trehalose witfF has also never been achieved:;
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however'®FDG is readily availabf8®. In summary, the synthesis, of trehalose analgue

particularly'®F-trehalose presents a novel synthetic challenge.

a Selective benzylidene opening for 4 and 6 position modification
BnO,

o 1) Selective 4 or 6 o)
opening of Benzylidene
(o) (o) OBn
OBn >
(o) 2) Fluorination, HO,F, NH,,Br
/10 or other substitution HO.F. NH..B
o OBn OBn ' W25 oBn ) OBn
22 a,a stereochemistry
OBn pre-set in trehalose OBn
starting material
b Intramolecular aglycone delivery (IAD) directs exclusively a,a-glycosylation
BnO
OBn 0OBn Selective 2 position modification
BnO Q \
BnO HO.

Glycosylate

OBn > )
BnO Tether g OBn
BnO Bn
BnO BnO
(0] OBn
25 b 27
MeO OMe

C Methyl ketoside glycosylations set a,a-linkage with high stereoselectivity

e}

o)
o
@
=1

OBn

OBn

OBnO Anomeric group
BnO drives a,a selectmty
BnO CH;
BnO
28ab OHTMS OBno
o ! Bno»“m' Glycosylate
+ BnO
OBno BnO o
BnO
Bnm 30 BnO ogn
BnO R
29 R= CH,, Alkyl, phosphonate, carboxylate

Figure 1.9. Selected examples of approaches to dyesis of trehalose analogues. (a) Benzylidene
protection affords selective modification of 4 andé position of trehalosé®**3*'** (b) Intramolecular
aglycone delivery (IAD) employs a tethering strategto yield exclusivelya,a stereochemistry and free C-2
hydroxyl**®. (c) Methyl ketoside or exoglycal donors can be ateoselectively glycosylated to yield mainly
the a,a trehalose product R=alkyl, phosphonate, carboxylaf3842-144,

1.8 Uptake of trehalose probes intdMitb in vitro and in vivo

The uptake of trehalose and/or trehalose analodwes not been fully evaluated in
mycobacteria Mtb infects and is able to replicate and persist witmacrophage cells.
Therefore, in these studies, trehalose and tred@palogues not only have to be taken up by
the mycobacterium but also must transverse the ophage membrane. There is some
precedent that extracellular trehalose should kentaip by mycobactea™*® While this
thesis was ongoing a trehalose transporter in maatebia was reported, further

substantiating that trehalose can be taken up lyobacterian vitro®. Studies of uptake of
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tritiated mannose and fucose and radiolabeled gagiiican, do suggest that uptake and
incorporation is possible both vitro and in macrophag&®. Trafficking of glycolipids has
also been assessed via markers attached via hyelrizkagé®. Pinocytosis has been
suggested as a possible mechanism for uptake bareb#eveloping trehalose analogs. The

full scope of the uptake and incorporation of tteka intoMtb remains to be assessed.
1.8.1 Small molecule labeling of mycobacteria

Prior to the publication of the manuscript detaglimuch of the work reported in this
thesis®’, to our knowledge no small molecule, TB-selectiwebes had been reported.
Previous imaging work witMtb in infected macrophages has utilized severalesjiag® >
but none allow for non-toxic imaging of bactemmavivo. Bacteria can be labeled with Texas-
Red through oxidation with sodium periodate prior ibfection. However, these harsh
labeling conditions are nonselective and would)jgeeted to oxidize carbohydrates that may
be structurally important as well as peripheraigaciated glycolipids that may be important
for specific virulence attributés Fluorescently-labeled vancomycin has been etegased

to track the cell division patterns ®1. smegmatis and M. bovis BCG'*? but its toxicity
towardsMtb*>® may affect experimental results. Antibodies carutilized to labeMtb upon
fixation, but are often troubled with high backgnduand inconsistent labelitt, and are not
useful for live imaging. Staining with auraminedarhodamine, the gold standard for
labeling mycobacteria in fixed cells, tissue andtgm, only labels a fraction of the bacteria
found in preparatiori?®. p -lactamase probes have been elegantly emplioyedo, but may
also label otheB-lactamase expressing bacterfifn The absence of TB selective probes
reveals a need within the tuberculosis communitynfavel ways to easily and reproducibly

label mycobacteria within samples for both diagiccstd experimental purposes.
1.8.2 Uptake of trehalose into animals

Animal models are essential for the assessmenthef uptake, metabolism and tissue
distribution of any mycobacterial drug or probevd¥iety of animal models of mycobacterial
infection are available, including mice, guinea spigabbits and cynomolgus macaque
monkeys. Each of these models provides its ownragdgas and disadvantages. The mouse
model is convenient and easily contained. But, neutuberculosis is distinct from the human
infection in that theMtb produces a chronic, rather than latent, infeciionmice. The
granulomas in mice are smaller, more disorganizedl much less well formed than in

human$®’. Guinea pig§® and rabbit5® offer more realistic animal models of disease,
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featuring organized granulomas, caseous and cdasetl lesions and necrosis. Rabbits are
only susceptible to the phenolic glycolipid (PGL)sjiive clades of the Beijing stram
Macaques offer a manifestation of the TB with corapyy complex lesion formation to

humans, but the monkey studies are costly and regpecialized primate faciliti€d.
1.9 Positron emission tomography and computed tomograph(PET/CT)

PET (positron emission tomography) and CT (compuétedography) are two, state of the
art, imaging techniques that are widely used ireotiesearch areas, but, have not received
much attention in the field of tuberculosis reshaRET is a technique that acquires images
from the emission of positrons and is particulangeful in characterizing the metabolic
biochemical changes, often those associated wititeca CT utilizes x-rays to provide a
structural image. Used concurrently, PET and CTvipe a powerful tool to image both
structure and function of a diseas€F-2-fluoro-deoxyp-glucose (FDG) is a widely
employed PET probe that provides a readout fooregof increased metabolic activity, often
those associated with inflammatt6h Many different PET isotope labels could be chosen
including '8, *C, "Br, 12?4, Bromine and lodine both release higher levelsanfiation
and have longer half-lives (1 and 4 days respdg)ivas compared with’C and*®F. The
reasonable half-life of just under two hours ¥ ,compared with 20 minutes fdfC, is one

of the reasons thafF is becoming the most widely employed isotopeaitiachemistry and
nuclear medicine. As an additional benefivhen used with carbohydrates, the electron
withdrawing nature of th&F allows the fluorine to serve two purposes, battaaadiolabel

and as a potential mechanistic tfap

At the inception of this research, no studies hadnbpublished on the use of a combined
PET/CT system with TB and only one report has beablished since this research
commencetf?. CT has been widely used to confirm successfaltiment, but has typically
not been utilized to monitor the progression of leons during treatmefit. The Barry lab
has begun to work witffF-2-deoxy-2-fluoroglucose¥FDG) in a PET/CT system to monitor
the progress of treatment with normal combined timeat with isoniazid, rifampicin,
pyrazinamide and ethambutol (HRZE) and with theitamid of metronidazole (MTZ) to the
regimen. This preliminary work has demonstrated tha PET/CT system provides a very
detailed, accurate map of the anatomical and fanatiactivity of lesions within the lung.
This work has also supported that PET/CT can bdaag to evaluate the efficacy of novel

chemotherapeutics both in animals and humans. ®©tieeahallenges confronting the FDG
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project is that the glucose is not specific for miyacteria. However, what FDG does suggest
is that the combined CT/PET system with a probe ithapecific for mycobacterium should

provide a readout of both the structural and mdtalstates of the tuberculosis.

Entry A Weeks

Figure 1.1Q PET imaging of human patient under treatment for tuberculosis was conducted utilizing®F-
2-deoxy-2-fluoroglucose (FDG). Scans before and aft8 week treatment course reveals a decrease ireth
size and radioactivity of FDG positive lesions, sugesting that the treatment was effectivi*.

1.10 Conclusions

Tuberculosis is a leading killer of people worldejdtherefore, development of new
treatments and diagnostics for TB is of the utmpgtortance. At the beginning of this
dissertation, no current small molecules offeredcsijzity for TB in vivo. Trehalose, a
disaccharide found in mycobacterial membranes,spéayimportant role in the survival and
persistence of the mycobacteria worldwide. Analsgoktrehalose offer a unique synthetic
challenge. Modified trehalose molecules may be rpoxated into the cell envelope and/or
inhibit of membrane biosynthesis, affording a ra#gdof cell wall synthesis as well as
inhibition of bacterial growth!®F labeled trehalose potentially will target the wiyacterium
and allow for selective PET/CT imaging and may fus# in may find use in PET studies in
mice, rabbits and non-human primates. Simultarigpuadiolabeled or fluorescently
trehalose could be used to better understand tles i trehalose containing glycolipids,
particularly the substrates of antigen 85 (trefalm®no and dimycolate, TMM and TDM) in
the mechanism of macrophage infection, immunoswgspye as well as granuloma
formatiort®. The full synthetic pathway of TDM has yet to emcterized and probes, such
as biotinylated-trehalose, may find use in dissectf this essential pathway. A better
understanding of the synthesis of TDM and the fionst of the Ag85 enzymes is vital to the
rational design of trehalose-based probes. In supnnr@halose analogues may find use as

TB specific probes that could help fill the TB swiee labeling and diagnostic void.
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1.11 Thesis Objectives

The general goal of this thesis is to address #eel ior improved TB diagnostics through the
development of novel methods to selectively lalmel mmonitorMtb. At the inception of this
project it was hypothesized that analogues of tosieawould be incorporated into the cell
wall of Mtb, through transesterification by the Ag85 enzymdwing for TB-selective
labeling. Chemistry and biology are described Wadidate and test this hypothesis. Chapter 2
details the synthesis of a library of trehalosel@nses, featuring fluorescerfC- and*®-
labels. This synthetic effort required the develepinof ketoside glycosylations as a means
to stereoselectively synthesize modified trehalogsmpounds. Chapter 3 reveals a novel,
high-throughput Ag85 enzyme assay that demonstth&gebroad substrate specificity of the
Ag85 enzymes, suggesting that modified trehalodkehei processed by these enzynes
vivo. In Chapter 4 and 5 the scope of thevitro andin vivo labeling of mycobacteria by
trehalose and analogues is investigated, reve#tiaiga fluorescent trehalose (FITC-Tre) is
the first small molecule to selectively label myaoteriain cell culture. Chapter 6 considers
the differential functions of the three isoforms A§85, A, B and C. An improved
understanding of the Ag85 enzymes is required fwthér development of the trehalose
labeling methods. This thesis proposes that th85Agnzymes and trehalose will offer

improved diagnostics and a better understandingdtbfpathogenesis.
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2 Chapter 2: Synthesis of trehalose probes
2.1 Introduction

Chapter 2 details the synthesis of a library ofdfese analogues and the development of a
robust method for the synthesis of modified trebaJowith a,a stereoselectivity, through
methyl ketoside glycosylations. Retrosynthetic tefyges for trehalose synthesis were first
developed with consideration given to syntheses likgan from trehalose as well as from
monosaccharide building blocks. Then several atére synthetic approaches (radical
bromination and enzymatic) were briefly explored @moved successful to varying degrees.
Confronted with challenges in both of these initegdproaches, the ketoside trehalose
glycosylation was developed as a means to set,the,1-linkage stereoselectively and allow
for late stage installation of fluorescent and oadtive tags. After initial difficulties with the
glycosylation chemistry and deprotection stepsseheactions were optimized and allowed
for the synthesis of a library of trehalose ana&sguincluding, trehalose with fluorine,
fluorescein, quantum dots, biotin and ev&a This chemistry is a robust method to rapidly

synthesize trehalose derivatives.
2.2 Results
2.2.1 Retrosynthetic analysis

Trehalose can be synthesized through two complemnestrategiesScheme 2.1 The first

is through direct manipulation of the trehaloseffedd, utilizing asymmetric protection
strategies to desymmetrize the starting scaffofe Jecond is a glycosylation strategy, where
two monosaccharides are coupled together to foeminr1,1-linkage. There are strengths
and weaknesses to both synthetic approaches. Mamtade of beginning with trehalose is
that the difficulta,a-1,1-linkage is preset in the starting materiakeldi modification of the
trehalose scaffold is challenged by the innate lulslity of trehalose in most organic
solvents and the inherent difficulties with intrethg asymmetry in the symmetric trehalose
molecule. In contrast, starting with monosacchariddlows for greater diversification of
starting material, better solubility and circumwernhe desymmetrization step. However,
setting two glycoside anomeric centers in the nefht unfavourabler-configuration through
glycosylation chemistry can prove challenging. IBot these approaches were employed and

the corresponding hurdles circumvented in the sgighof the trehalose library.
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Modified monosaccharides Commercial Trehalose
A OH
B o o) o)
c R Couple A Protect, HO
! Modify ¢) o OH
SRR B G— ——> OH
c' + B +
w{ Deprotect c Deprotect 1O OH OH
o OH
A
LG
OH, F,

A= OPO;2,0P0O,(OMe)’, N, B,C=OH, F
Br, OC(O)(CH,),CH

Scheme 2.1 Retrosynthetic strategies for synthesig trehalose derivatives either from monosaccharide
or through direct modifications to the trehalose saffold. LG-leaving group.

2.2.2 Open active site of Antigen 85 (Ag85) suggests t@ce to modifications

Early clues to the Ag85 enzymes tolerance of sugadifications were found in the crystal
structures, co-crystallized with trehalose and ofigands™>. The crystal structure of the
Ag85B enzyme bound to trehalose (PDB 1FOP) was ade®YMOL* (Figure 2.1). The

structure suggested an open active site that wolédate modifications to the sugar scaffold,
prompting the synthesis of a library of trehalosealagues, which would have been
unnecessary if the Ag85 enzymes had no toleraneartts modifications to the trehalose

scaffold. A full survey of the Ag85 enzyme promigginas been detailed @hapter 3.

The structural analysis revealed approximately 8.8f free space in the binding pocket
between C-1, and the neighboring residues, suggetiat the anomeric position could be
modified. In opposite orientation, there is 6.1 dtween C-1' and the amine of the adjacent
tryptophan residue. This data suggested that twerdd be enough space in the binding
pocket to accommodate the methyl modification @ihdtose. Considerable space was also
observed between the nearest amino acids and battd@8 A) and C-2 (4.54 A). The C-2
and C-4 hydroxyls were found to project outward® ithe solvent, suggesting that these
positions could be appended with bulky groups witheodramatic loss of activity. The open
active site revealed by the Ag85 crystal strucsuggests that these enzymes could tolerate a
variety of modifications to the sugar scaffold.

Page | 37



Chapter 2: Synthesis of trehalose probes

Figure 2.1. The X-ray crystal structure of Ag85B flom Mycobacterium tuberculosis (PDB 1FOP) suggests
significant modification to trehalose substrates mg be tolerated without altering binding contacts. &)
Ag85B is bound to trehalose (yellow) (PDB 1FOR)(b) The active site of Ag85B bound to trehalose€-2
and C-4’ hydroxyls both point out of the active si¢. C-6 points into the hydrophobic tunnel (blue) tht is
thought to accommodate the long fatty acyl chainsfdhe mycolic acids. Measurements to nearest resid
are indicated in angstroms$. Figure generated in Pymd.

2.2.3 Overview of the trehalose library

The trehalose libraryF{gure 2.2 shows all important trehalose derivatives thatehbeen
taken forward for further evaluation, described Ghapters 3-6 This library achieved
modifications at every position of the trehalosaffatd, including charged bulky groups as
well as fluorophors and biotin fon vivo labeling and incorporation of fluorine at multiple
positions in order to facilitate the development%F positron emission tomography (PET)
probes. With this wide variety of modificationsfudl evaluation of the scope and limitations

of trehalose labeling boih vitro andin vivowill be possible

It is important to note that this project was tleeult of a collaborative grant, funded by the
Bill and Melinda Gates Foundation TB Drug AcceleraProgram for the development of
novel methods to image tuberculosis. As such, wdsk was the result of the synthesis of
several chemists in addition to the author. Thraughhis section | will focus mainly on my

own body of work and will briefly describe contrimns by co-workers where it is relevant
or adds to the completeness of the work. Thesdiadsliwill be indicated by footnotes. For
complete synthesis of all compoundsHigure 2.2 please refer to the publication of this

work’.
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Figure 2.2. The trehalose library. This panel reflets all significant compounds discussed for the
remainder of this thesis. Compounds 11, 32-40, 54560 and 61 were synthesized by the author.
Compounds 41-45, 47-53, 58 and 59 were synthesizgdcoworkers at the University of Oxford. Colors
highlight the diverse madifications incorporated irto the trehalose scaffold.

2.2.4 Synthetic strategies

The following sections present a brief discussidneach of the synthetic approaches

attempted for the synthesis of fluorinated (patéidy '°F) trehalose and trehalose with

unnatural stereochemistry and compounds appendedatigus labeling tags. Initially the

' 41-45were synthesized by Dr. Omar Bouture#t-53were synthesized by Mitul Patd9-51and53 were
synthesized by Dr. Frgnis D’hooge 52 was synthesized by Dr. Seung Lee.

Page | 39



Chapter 2: Synthesis of trehalose probes

synthesis focused on an enzymatic route and thik wexl to the preliminary reaction
conditions that were then improved by others in ldt®oratory to successfully synthesize
2-'®F-trehalose. Although the enzymatic synthesis effepromise for synthesis of some
trehalose analogues, this route was challengedéystibstrate specificity of the enzymes,
which limited the breadth of library that could generated. To expand the library scope,
four additional trehalose modification strategiesrevexplored: 1) A radical bromination
strategy was investigated and proved unsuccessfubdifying trehalose. 2) Intramolecular
aglycone delivery (IAD) was hindered by the diffiguof synthesizing the target donor
stereoselectively. 3) A mannose directed glycomyta@afforded trehalose as a complex
mixture of stereoisomers. 4) A methyl ketoside basmthesis, where a methyl group on the
anomeric position of the donor directs the stereoubtry of the glycosylation, successfully

yielded a library of trehalose analogues.
2.2.5 Enzymatic synthesis

Syntheses that facilitate the late stage incorjmraif both'®F and'‘C labels were desirable
for this project to generate both PET probes arel tbrresponding*’C versions of
compounds for autoradiography, respectivef. labeledp-glucose-6-phosphate is readily
available from Sigma Aldrich. Likewise, ¥F-2-deoxyp-glucose ¥FDG) is available from
most cyclotron source$’C-labeled glucose is also readily available andctpuove useful

as a isotopic label for mass spectrometry and pgt@rnzed MRI. As such, a synthesis that
utilized these commercial precursors and linkeanthe either glucose or fluoro-glucose was
envisioned. The trehalose 6-phosphate synthaselamsphatase enzymes, OtsA and OtsB
respectively, had been cloned in the laboratorfPrafessor Ben Davis and had previously
been demonstrated to synthesize trehalose from glédse and glucose-6-phosphate. The
trehalose-6-phosphate synthase (OtsA) catalyzesahsfer of glucose from UDP-glucose to
glucose-6-phosphate to form trehalose-6-phosphateThe trehalose phosphatase (OtsB)
then cleaves off the phosphate group frdrh to generate trehaloseThese enzymes were
employed to enzymatically produ¢&-trehalose and in future work they could be used t

generated“C-trehalose and a dual labefé@-'*F -trehalose$cheme 2.2

" Dr Seung Seo Lee, Dr. Francois D’Hooge (Universftpxford) and Dr. Gwendolyn Mariner (TRS, NIH,
NIAID)
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OH OPO3H, HO.
o) ) o)
HO Hexokinase HO OtsA 0 14
HO —» HO B —— e ﬁ O/ \O OH
OH OH + HO—P—q
62 63 OH HO 65
HO A HO oH OH
HO 146
OH | OH
O\
64 UDP OtsB
HO
o 14,
o
O/ \O OH
HO
66
HO OH OH
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Scheme 2.2. Synthetic approach to incorporate eitheor both *®F and *C radioactive labels into the
trehalose scaffold, utilizing the trehalose-6 phosmate synthetase (OtsA) and the phosphatase (OtsB)

It was found that trehalose-6-phosphate could l¢hggized in 15% yield by OtsA froth
and 10 under un-optimized conditionS¢heme 2.3 Initial problems with contamination by

glucose-6-phosphate were eliminated by the add@fanslight excess of UDP-gluco$e.

HO,

OPO3H, OH o}
0o e} o
HO 4+ HO (a) I o o OH
HO HO _ HO—/P\O OH
OH OH OH 5 15% HO
9 10 uop HO oH 1 OH

OH

Scheme 2.3Synthesis of trehalose-6-phosphate (b) OtsA, 20 mMgCl, and 100 mM TEA, 37 °C, 16 h.

This enzymatic approach was also utilized in amnagt to synthesize 3-F-3-deoiy-
trehalose-6-phosphate and 2-F-2-deoxrehalose-6-phospha@®. 3- and 2-F-2- or 3-F-3-
deoxyb-glucose-6-phosphaté8, 70 were synthesized enzymatically with commercially
available hexokinase, pyruvate kinase, phosphognolpte and ATP and were purified by
anion exchange in somewhat low yield with largentitias of salt Scheme 2.1 Pure 3-F-3-
deoxyD-glucose-6-phosphat&8 was obtained in 8% vyield. 2-F-2-deoryglucose-6-
phosphat&0 was detected by mass spectrometry and NMR, bufaussl to be a mixture of
manno- and gluco- epimers, which made full charazgon difficult (seeScheme 2.27or
synthesis of pure 3,4,5-@-acetyl-2-F-2-deoxyp-glucose).68 and 70 were then reacted
with 10 in the presence of OtsA. A small peak at M+1 4®Bijch corresponded to the

fluorinated trehalose derivativé® and 71, was detected by ESI mass spectrometry. MOre
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and additional enzyme were added to the reactioorder to try to force completion.
However, after 36 hours, upon HPLC purification d&aphilization of all column fractions,

no product was isolated.

HO,

OP03H2 o)
o
I /o) 0 \_-OH
—> HO—P— OH
8% o
HO F 69 OH
HO Trace OH
HO
10 “upp

Scheme 2.4. Attempted synthesis of 3-F-3-deorytrehalose-6-phosphate, 69 (a) ATP, phosphorenol-
pyruvate, 20 mM TEA buffer, 10 mM MgCl, and 5 mM KCI pH 7.6, pyruvate kinase and hexokinas, 37
°C, 18 h, 8% (b) OtsA, 20 mM MgC} and 100 mM TEA, 37 °C, 18 h.

The lack of reactivity was surprising. It was hypegized that either the batch of enzyme was
old and less active than it had been originallyhat the 3-F-3-deoxyp-glucose-6-phosphate

might inhibit the glycosylation reaction catalyziegl the OtsA. Dr. Seung Lee subsequently
optimized this reaction and found that vast excégs1zyme and UDP-glucose were required

to force these reactions to completion (8ppendix 1 for details).

OPO3H,
o

%
0 % @ o (b)
* 63% HO—/P\O 99%
OH HO
Ho 0 HO oA OH HO Off
HO

Scheme 2.5. Synthesis of 2-F-2-deoxy-trehalose &2 QtsA, HEPES buffer, pH 7.4, 20 mM MgC}, 30 °C,
16 h. (b) Alkaline phosphatase, pH 8.0, 37 °C, 2'h

2.2.6 Radical bromination

Selective radical halogenatichhas previously been utilized to brominate thedsiton and
following bromination, fluorination can easily behgeved by treatment with AggFThe C-5
fluoro modification has been shown to provide iioits of glycosyl transferaseslt was
hypothesized that modifications at the 5-positimuld modulate the electronics of the

trehalose, potentially serving as novel inhibitarsl/or substrates of the Ag85 enzymes or

Il Synthesis carried out by Dr. Seung Lee
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OtsA. With the generation of Ag8F, or Ag'®F, this strategy would allow for the late stage

incorporation of the radiolabel.

Prior successful work with radical bromination By. Katie Doores in Professor Ben
Davis’s lab suggested that radical brominationarapetylated mannose could be carried out
successfully, but produced a fairly unstable produnccontrast with the acetylated mannose,
Dr. Doores found that bromination of the corresppngdoenzoylated mannose proceeded
smoothly®. Following the mannose precedent it was hoped thdical bromination of
benzoylated glucose and/or trehalose would affostable product and that the bromine

could be replaced with a fluorine using AgBF diethyl ether.

Numerous conditions were tested to radically brat@nboth acetylated or benzoylated
glucose and none afforded the brominated compourmdii hands§cheme 2.5 This lack

of reactivity may be explained by lower reactivay greater instability of the gluco-radical
compared with the corresponding mannose radicasiinyated previously. Reactions were
heated in carbon tetrachloride under irradiatiothvai 300 W lamp. A mixture af- and -
perbenzoylated glucos& was treated with N-bromosuccinimide (NBS) and tieacwas
monitored by NMR and TLC. By NMR, starting materihs incompletely consumed.
Peracetylated glucose was also utilized and a ampilixture of products was obtained.
Addition of more NBS did not aid the reaction. Likee, addition of catalytic benzoyl
peroxide did not aid in the reaction. Ultimatelpramminated product3, hydrolysis product
and an elimination product were detected by masstspmetry, but chromatography failed
to afford pure compounds. Attempts to fluorinate trude reaction mixture also did not
afford the desired producd.

Ol OBz

OH Bz
0 0 b,c o)
HO @ BzO b BzO
HO ] > B0 77 YA
HO H 80% v40) OB
2

o B 2 BrF BzO ‘0Bz
14 7 73,74

Scheme 2.6. Radical bromination of benzoylated glose 72 showed no reactivity. (a) Benzoyl chloride,
pyridine, DMAP, RT, 16 h (b) NBS, CCl UV light, 3-8 h, 100 °C, complex mixture (c) AgBE no
reaction.

Radical bromination was also attempted on trehalSeheme 2.y. Trehalose was
benzoylated in 62% yield with benzoylchloride andigine, affording benzoylated5. 75

was then irradiated in the presence of NBS, NBS lagnzoyl peroxide or Brin carbon
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tetrachloride. Br was suggested to be a more powerful brominatirentagAll reaction

conditions revealed a new less polar spot:at B.8 (2:1 Petrol:EtOAc), but no new peaks
were seen by crude NMR. Starting material wasokaisd in near quantitative yield. Reflux
at 100 °C with bromine for 10 h produced multipteguct spots by TLC. As of yet, no 5-Br-

trehalose has been isolated (3g@pendix 1 for further details).

HO, BzO, BzO,

0 0 o)
(o) (a) o (b,c)
0 OH ———(————>» o oBz————/fF—> [¢] o
HO OH 92% BzO OBz z B20 OBz OBz

HO off 1 L BzO OBz 75 OBz BzO 08z 76 Br OBz

OH OBz OBz

Scheme 2.7. Radical bromination of trehalose (a) Beoyl chloride, pyridine, RT, 16 h (b) NBS, CC] UV
light, 3-8 h, 100 °C, no reaction (c) Bx, CCl,, UV light, 10 hours, 100 °C, complex mixture.

This project was continued by Dr. Frangois D’Hooglp optimized bromination conditions
for peracetylated glucose. Following literaturege@ent, he successfully found that flre
acetyl protected sugar proved more reactive tharbémzoy! protected? described abové
Consistent with the attempts detailedScheme 2.7ll conditions tested by Dr. D’Hooge for
the bromination of trehalose (both peracetyl andvgezoyl) did not yield the desired 5-Br-
trehalose. It was hypothesized that the clamshell-tonformation that trehalose favbrs

may block the bromination reaction at C-5.

2.2.7 Ketoside trehalose synthesis
2.2.7.1Retrosynthetic analysis

Ketoside-type analogues of trehalose were idedtifis possible candidate molecules for
14C-F-trehalose because their synthesis offered-selective glycosylation and late
installation of an isotopit®C or radioactive“C label from the reaction between isotopically
labeled*** °" *€-MeLi and gluconolactone analog88 (Scheme 2.8 Displacement of a
good leaving group and/or coupling reactions toratnehalose compoun87 would also
allow for the late stage placement'&-label or other tag (fluorophores, biotin, et8gkeme
2.9. In this section we describe the successful ®gishof a library of methyl ketoside
analogues, includind’C, fluoro, amino, fluorescent, biotinylated and ouen dot trehalose

derivatives.
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14,13 0r12CH

glycosylate deprotect 14130112 MeLi OBn
o
o] Aco + BnO 1“312CH |::> BnO
AcO BnO BnO
2-35 BnO []

OH
OH 77 82 83,84 85-87 88

Scheme 2.8. Retrosynthetic analysis ¢fC-trehalose and*‘C-2-F-2-deoxy trehalose by methyl ketoside
glycosylation, starting from readily available prearsors 83, 84 and 85-87.

OBn
o
BnO
BnO
OH glycosylate deprotect oH
couple to NH, 90
7,8

HO oH +
OBn

HO of 38-40 O 9 OH o
54-57 HO Bno/m/
BnO
BnO

g5 OH

Scheme 2.9. Retrosynthetic analysis dfF-trehalose and fluorescent/biotinylated-trehaloseoy methyl
ketoside glycosylation. Commercially availablé®F can be used to displace good leaving group (LG) &
late stage addition of the radioactive tag. 2-Amindrehalose can be used as a coupling partner for a
variety of amino-reactive tags (fluorophors, biotin etc). PG-Protecting group.

$*Mand exoglycals'® as donors

This work builds on previous investigations of lsiti®
for a,a-selective trehalose synthesis. Previous groups foadd that protected heptulo-
pyranosides with gluc®5, galacto93 and manno configurations all served as excellent
donors for fairlya-selective glycosylations, affording stereoselettibetween 6:1d,a:a,p)

and exclusivelyr,a-disaccharide, using bismuth triflafes catalyst. We found that modified
trehalose analogues, can readily be synthesizéringiLewis acid catalyzed-selectiveO-

glycosylation of ketoses and exoglycals.

2.2.7.2Syntheses of donors and acceptors

Synthesis of the methyl-hexopyranose derivativegludose85 and galactos@3, required as
donors for glycosylation, proceeded smoothly. 3$wetidation was employed to synthesize
both 2,3,4,6-tetr®-benzylb-gluconolactone 95 and 2,3,4,6-tetr®-benzylb-
galactonolacton€2 in near quantitative yields from commercially aghie precursors.
Treatment with methyllithium stereoselectively gexted85 and93in good yields $cheme
2.10andScheme 2.1
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OBn OBn OBn
OBn OBn (b) OBn
R L» 0 —_— 0
BnO 99% BnO 85% BnO
BnO “on BnO Yo BnO OH
91 92 93

Scheme 2.10. Synthesis of galacto donor 93. (a)8¢ DMSO, RT, 16 h (b) Methyllithium, -78 °C, 1.5 h.

OBn OBn (b) OBn

(0] a
B P eo XN - Bnoﬁv/
BnO “oy  60% B0 o Yy 60% BnO=—5no o
94 95 85

Scheme 2.11. Synthesis of gluco donor 85. (a),8¢ DMSO, RT, 16 h (b) Methyllithium, -78 °C, 1 h.

2.2.7.3Glycosylation of ketosides

A ketoside glycosylation§cheme 2.1Pwas first attempted with the 3,4,5,7-te@abenzyl-
1-deoxyb-galacto-heptulopyrano$8 as donor and commercially available 2,3,4,6-t€ra
benzylD-galactose91 as acceptor. Bismuth triflate (5% mmol) was adttedn anhydrous
solution of91 in DCM. Then, thed3 as added via syringe and the solution stirreds Thi
reaction afforded product as a mixture of anordérand97, even though the bismuth triflate

had been reported to give exclusively éhgroduct.

OBn OBn
OBn OBn Bno OBn
OBn
BnO
BnO 56%

91 9697
ao,af 7:3

Scheme 2.12. Glycosylation with bismuth triflate dalysis. (a) Bismuth triflate 5% mmol, DCM, 4 A
molecular sieves, 0 °C, 3 h.

Subsequently, when the reaction was repeated, Stdeaninated by an overwhelming side
reaction Scheme 2.18 which was most pronounced when too much triflages added or
when reaction was left for too long or warmed tomotemperature. In this side reaction,
discovered by Li, 200%, the dissaccharide decomposes into the corresppmgiicosideds.
The glucoside runs slightly higher on TLC than digaccharide and has a methyl NMR shift
more downfield and is readily detected by ESI M6b2. In repeat experiments, before full
understanding of this side reaction, the reactias Veft overnight, allowed to warm to RT

and this side product was isolated in 30% vyield.alrsecond repeat experiment, near

Page | 46



Chapter 2: Synthesis of trehalose probes

guantitative amounts of triflate were added andsturiial amounts of side product was
detected. This side product repeatedly lowered/idle of the ketoside reactions, so we will
briefly discuss some of the efforts taken to optinthe glycosylation and minimize the

production of the unwanted glycosiél8.

OBn gp OBn ogp OBn ogp
] (e} a ]
: m—»( ’
BnO BnO 0, BnO
BnO BnO OH 30% BnO
OH
93 91 98

OBn

Scheme 2.13Side reaction of ketoside glycosylations. (a) Bisrttu triflate, 4 A molecular sieves, 3 h at
0 °C and then 16 h at RT.

2.2.7.4Glycosylation of exoglycals

A review of the literature on glycosylations witlegtulo-pyranosides suggested several
solutions to the problem of the pyranoside sidedped’™® Several other triflate catalysts
have been successfully utilized, including TMSOT%ENH, TfOH, Sc(OTf), and BE'42°
Potentially a different catalyst might reduce sidactions. However, these other catalysts

have reportedly lower levels afo-selectivity than Bi(lll)OTt".

Alternatively, 1-methylene donorsS¢heme 2.1% have been utilized as donors for the
synthesis of methyl trehalose analogues. Li*®Btsghthesized the exoglycal in one step from
the protected lactone, utilizing the Tebbe reagefihe glycosylation of methylene sugars
has been successfully carried out with Lewis acalalgsis. Typically the reported
glycosylation with exomethylene sugars is comp¥etlin 15 minutes. This quicker reaction
time was hypothesized to help avoid side produtch&iion. The drawbacks of exomethylene
sugars reported in the literature include acid isigitg and instability; exoglycals cannot be
stored for long periods of time and product oftegrddes during column chromatography.
Another disadvantage of the exomethylene approashavmore difficult introduction of the
%C label. Previously, the introduction dfC was planned through the use Y-
methyllithium during the synthesis of t86. Generation ot’C labeled Tebbe reagent is less
straightforward than the synthesis'8€-methyllithium. An alternative to Tebbe is the wde
the Petasis reagéft which is stable at room temperature and easilygéeerated from

methyl iodide.
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Q
AcO + BnO F, OAc
AcO BnO
F on BnO

LeW|s Acid
OAc OBn
o)
Acom + Bno% BnO oen 100,101
AcO BnO
F “oH BnO
83 85 "

Scheme 2.14Alternative glycosylation strategies to prevent sid product formation.

Stereoselectivity was also considered during thehgtic strategy. The catalyst may aid in
the a,a-selectivity. As noted previously, Bi(lll)OTf suppedly yielded exclusively the,o-
trehalose analogue. However, other catalysts wagrerted to afford in a mixture aefo- and
a,p-products. One can consider the nature of the giote group to increase the,a
selectivity. For example acyl or benzoyl groupghat 2- position usually drives the formation
of the 1,2trans linked O-glycosides. With non-participating grousich as benzyl- or
fluoro-substitution, typically the-glycoside is typically formed, due to the anomesitect.
Additionally, the nature of the solvent can affectelectivity, with less polar solvents
benefitting o-selectivity. However, I} found that solvent does not affect ta@ ratio of
glycosylation of exomethylene sugars. It was thaulyat the potentially longer reaction time
with reduced temperature and the use of a lesg polaent, such as ethyl ether, could
increase the-selectivity of the ketoside glycosylation. FiryalNammé? found that the use
of trimethyl-silyl-a-glycoside acceptor sugars yielded exclusivelydtadinkage. Trimethyl-
silyl-a-glycosides have been investigated by Jansson ahdilwere found to be excellent
donors fora -selective synthes$ They are more difficult to synthesize and, theref

would be considered if other approaches to incrésseeaction stereoselectivity failed.

After several unsuccessful attempts to glycosweite the 85 and 93, the exoglycal route
was investigated. Tebbe’s reagent was commerciadgilable and both the exomethylene-
glucal 99 and the exomethylene-galactaD2 were synthesized according to previous
protocol$* from the corresponding lacton88 and 95 (Scheme 2.15, Scheme 2)1& hese
reactions proceeded to completion on TLC. Howeugnn purification, yields were quite
low. The exomethylene sugars are known to be aeigisve, so it was thought that the
product was decomposing on the silica. Even wighuse of 1% NEto neutralize the silica,

column yields of donor89 and102were only roughly 30%.
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OBn OBn OBn

OBn Bi OBn
m - - :
—_— +
BnO 0, BnO BnO
BnO [e} 30% BnO BnO OH
91
92 102
(b)| 95%
BnO,
oBn O oBn O
+ BnO
OBnOB
BnO oBn © Q OBn BnQ OBn o o noBn
OBn OBn OBn
96 97 OBn
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aa:afy 3:7

Scheme 2.15. Exomethylene glycosylation synthesis% and 97. (a) Tebbe, -78 °C, 1 h, (b) TMSOTf,
DCM 4 A molecular sieves, -78 °C, 40 min.

The synthesis of 1-methyl-galacto-trehalose comgel®6 and 97 proceeded smoothly
through the exomethylene route, with a 95% yieldtf® glycosylation stepgS¢heme 2.1k
The glycosylation was not stereoselective, prody@n3:7 ratio ofu,0:a,f. The total yield

over three steps was 38%, with a 12% yield of gmrddo,o product.

OBn 0Bn
o
BnO 0 8O + BnO
BnO 13% BnO BnO
BnO o BnO BnO  "OH
95 94
(b)| 68%
% % Bn0
OB
BnO OBn BnO 0Bn

0Bn

BN qazap 2:3

Scheme 2.16Exomethylene glycosylation synthesis of 103 and 104) Tebbe, -78 °C, 1h, (b) TMSOTT,
DCM 4 A molecular sieves, -78 °C, 45 min.

As with the exomethylene-galactH)2 the exomethylene-gluc8P glycosylation proceeded
well (Scheme 2.1y, with a 68% yield. The lower yield relative tcetlyalactose may reflect a
smaller scale reaction or the lower reactivity lodé glucal relative to galactal. The overall
yield of 103 and 104 over three steps was 23%. As with galactose, meadelectivity was

observed with a product ratio of 213x:a,f.
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To determine whether the exomethylene reactionddvimlerate acetylated and fluorinated
sugars as acceptors, a mixture of 3,4 ®tacetyl-2-F-2-deoxyp-glucose/mannose05 was
glycosylated with the exomethylene-glucd®@ Gratifyingly, the glycosylation proceeded
well, with a 95% vyield. The selectivity was stilbm-existent with a 3:2 od,a:a,3. During
this reaction it was discovered that thé5 (synthesized via Selectfluor™) contained a
mixture of the manno- and gluco-compounds. Onlydlfie2-F-2-deoxy-gluco-product07

could be isolated to purity from the reaction mret(Echeme 2.1).

oBn © oBn O
BnO + AcO
BnO AcO 9‘)%
BnO OH BnO og,, AcE"© 0Bn
A
aa:af 3:2

Scheme 2.17. (a) TMSOTf, DCM, A molecular sieves, -78 °C, 30 min.

As the glycosylations with exomethylene sugars dat yield high stereoselectivity,
glycosylations with the 1-alkyl-sugars were rewdit In place of bismuth triflate, fresh
TMSOT(f Lewis acid was employed and the glycosylatid 85 with 94 (Scheme 2.18was
attempted at -40 °C and afforded a 25% yield ofzgkmprotected 1-methyl-trehalose
analogued03and104and a 29% yield of side produtb8as a 1:1 mixture af,a anda,p
anomers.

OBn
OBn
OBn OBn OBn
o] o] o
BnO + BnO BnO
BnO BnO OBn + BnO
BnO BnO BnO

OH

OH 4% oBn O OBn
85 94 0.BnO 108
\% (29%)

BnO oBn
Bn

(ao,ap 1:1,25% )

Scheme 2.18. Ketoside glycosylation with 2,3,4-6u4t& O-benzyl-D-glucose 94. (a) TMSOTf, DCM 4K
molecular sieves, 0 °C, 4 h.

Compared to the galactose analo§3gScheme 2.1p, the reaction of glucose analogge
proceeded more slowly and was not complete aftevu8s. Side product formation was more
significant for gluco- than for galacto-product.iFttould be explained by the distortion of

the oxocarbenium species. The axial hydroxyl ofgakctose configuration would make the
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ring distortion of oxocarbenium species formatioocur more quickly than with the
equatorial hydroxyl of glucose. Cooling the reatirom 0 °C to -40 or -78 °C reduced the
side product formation but did not drive the forioatof more of the desireda-product. In
summary, glycosylation with benzylated 1-methyleglse and galactose don@s and 93
and tetrabenzyl acceptd®4 and94 proceeded slowly with production of large quaestof

side product and a lack of stereoselectivity.
2.2.8 Intramolecular aglycone delivery (IAD)

Because the benzylated methyl ketoside approachaapg to offer poor stereoselectivity,
we considered an intramolecular aglycone (IAD) bgsis (seé\ppendix 1 for details) of
trehalose analogues, based on Bertozzi's forkhe donor sugar, ethytQ@-acetyl-3,4,6-tri
O-benzyl-1-thiop-D-glucopyranoside24, was synthesized from the 3,4,6@ibenzylb-
glucal109, utilizing an innovative dihydroxylation reactievith sodium periodate, ruthenium
chloride and cerium chlorid® The diol was then acetylated and glycosylatedh wit

ethanethiol $cheme 2.1Pto afford the desired don@w in good yield.

For the acceptor sugar, two intramolecular aglyceyreheses of asymmetric trehalose were
considered. Following the work of BertoZzithe trehalose could be synthesized without an
anomeric methyl modification. This can be acconmgis by making the glycosylioditte
followed by stereoselective glycosylation wiplara-methoxybenzyl alcohol (PMB)15 or
4,5-dimethoxybenzyl alcohol (DMB)17. The acceptor can then be oxidized with DDQ and
trapped by the known thioglucosfeAlternatively, it was thought that the methy! dsitle
sugars93 and 85 could be employed to stereoselectively generateotmethoxybenzyl-
glucose acceptor, circumventing the synthesiseftiicosyliodide. This second strategy was
chosen and the acceptor was synthesized in ondgtgiycosylating85 with 4,5-dimethoxy-
2-nitrobenzyl (DMNB) alcohol11(Scheme 2.19
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OBn OBn OBn
c,d
BnO Q (a,b) BnO o (c.d) BnO BnO
> 3 BnO

BnO _— 72% BnO AN OAc 28% BnO
OBn ... SEt
Bno/&'/ NO,

BnO

NO.
OBn HO 2 BnO

MeO
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Bno% + © 12 © NO2 A
BnO !
o0 76% :
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OBn
BnO OBn
Scheme 2.19. Intramolecular aglycone delivery syn#isis. (a) RuC}, CeCk, NalO4, EtOAc/CH3CN/H,O

(3:3:1), RT, 15 min, 81% (b) pyridine, AgO, 2 h, 90%, (c) Bk, EtSH, RT, 4 h, 76% (d) NaOMe,
methanol, 2 h, 37% (e) TMSOTTY, -40 °C, 5 min, (f) DQ, 15 min (g) MeOTf, DTBMP, 60 °C, 16 h.

BnO
OBn,

This glycosylation oB5 with DMNB proceeded extremely quickly to give exsively theo-
product112 (Scheme 2.1P The nitro group was not necessary for the reacseries, but
was chosen for initial test reactions due to readjlability. The electron withdrawing nature
and bulk of theortho-nitro-group could interfere with the DDQ oxidatioAMB and DMB
were obtained and glycosylations with the methybkile donors were attempted but found
to proceed poorly relative to the DMNB reaction.tiMthe PMB, only the benzyl alcohol side
product was detected by ESI MS and TL&lteme 2.2 Therefore, no purification was
carried out. For the DMB, trace product6 was detected. However, purification yielded no

pure productL18and side product in 46% yiel&¢heme 2.2)L

HO BnO BnO
BnO
BnO +
Bro | OnIy side product (not detected) "60%
85 115 OMe 116 108

OMe

Scheme 2.20. Glycosylation witipara-methoxybenzyl alcohol (PMB).(a) TMSOTTf, -78 °C, 2 h, produced
exclusively side productl08.
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OBn OBn

BnO 0 BnO 0
OBn HO BnO BnO
0 (a) BnO + BnO
BnO e o o
+
BnO .
BnO side product

OH (Trace) (46%)

85 MeO 1170“"9 118 108
MeO OMe

Scheme 2.21Glycosylation with dimethoxybenzyl alcohol (DMB).(b) TMSOTf, -78 °C, 2 h, 46% side
product 108 and trace product 118.

We postulated that it might be possible to trap ghaductin situ from the lithiated anion,
formed during the methyllithium addition to the giumnolactone compour@b. This reaction
was attempted but no reaction was observed beta@en andpara-methoxybenzyl chloride
(PMBCI). However, when sodium hydride was addeadpct 118 was formed $cheme
2.22) and none of the side product was produced. Hokeemoval of the remaining PMBCI
proved challenging. These encouraging results sigddo us that thparamethoxybenzyl
bromide (PMBBr) might be a more reactive PMB souiReaction with PMBBr failed to

afford more than trace product.

OBn
BnO 0
OBn c Bm
B8RO 0 Bio. |
BnO + (a,b)
BnO o) .
95 119 OMe ~30% 116

OMe

Scheme 2.22. Reaction of 95 with PMBCI. (a) Methythium, THF, 78 °C, 30 min (b) in situ, PMBCI
added, NaH, 78 °C to RT, 2 h, approximately 30%ontaminated with PMBOH.

2.2.9 Mannose directed glycosylations

As an alternative to the IAD, a synthesis of asymnimérehalose, beginning with mannose
was consideredScheme 2.2B The advantage of this approach was that theR2’d@ not
need to be epimerized prior to introduction of ¥felabel. It was thought that, because of the
neighboring group effect, if-®-acetyl-3,4,6-triO-benzyl-1-thioe-D-mannopyranosidé21

was glycosylated witB4 only theo,a- anda,p-products would be obtained.
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BnO ogy,

OMe
O 9% HgBr, BnO 1)NIS, TFOH ~ OBn
BnO - o) BnO + BnO
BnO BnO BnO o 2 NaOMe
120 121 SEt

; MsCI OBn
' NEty

OAc O OAc 1) Hy Pd/C OBn
< LS NSO\ e
onc © Q \—0Ac
Kryptofix 2)Ac,0, Py
AcO Ohc 125 Ohc AcO OAc BnO OBn

OAc

Scheme 2.23. Progress towards and proposed syntisesf manno-trehalose analogues, using neighboring
group participation to form the a,a-linkage. Dotted arrows indicate reactions that wee not attempted.

When this glycosylation was carried out mainly the anda,p-products were produced (as
detected by HMBC NMR). Howevep,a- andp,B-products were obtained in small amounts.
The a,a-product was largely separable from the reactioxtune, affording a somewhat pure
sample. Upon replication of this reaction, produttof side product29 became problematic
and reaction optimization failed to affosch selectivity or high yield of the desired product
(Scheme 2.2 With synthesis of the methyl ketoside sugghg;osylations witt®3 and85
were attempted with the anomeric methyl group tedithe stereochemistry. The use of the
ketoside failed to increase the stereoselectivily mstead drove the reaction towards side
productl29formation Table 2.1).

OBn
><0Me
BnO.
/&0&/ o R 126, 127 128
BnO g e} BnO - 10Bn
BnO 81 % BnO R3

Table 2.1

OH

120 BnO.

94 Ry=H, R,=0Bn, Ry=H o
93 Ry=H, R,=OBn, Ry=Me BnO Q o
85 Ry=OBn, Ry=H, Rs=Me BnO

129

Scheme 2.24. Mannose directed glycosylations. (ayBr, 60 °C, MeCN, 5 h, (b) NIS, TfOH, 30 min - 1 h,
Table 2.1 for yields.
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Table 2.1. Manno-thioglycoside 12glycosylation reactions

Entry Acceptor Time Yield Yield side pdt Recovered
(anomeric mixture) 129 Donor
1 94 1h 24% 10% none
2 93 30 min 10% 48% 26%
3 85 1h 26% 40% 53%

2.2.10 Methyl ketoside glycosylations with acetylated acgeors

Because the benzylated donors afforded poor s&lemivity and low yields and the IAD
and mannose strategy proved challenging, the ldgagycosylations were reconsidered with
acetylated donors. In all previous work on ketodrédalose analogues, benzylated acceptor
sugars were utilized. However, after significardatéon optimization it was found that the
tetrabenzyl-ketosides could be glycosylated witbtyated acceptors. Acetylated acceptors
provided quicker reaction time, approximately 1 heersus 6 hours, higher yields (80-95%)
instead of 30-40% and greater alpha selectivityl)(#han benzylated sugars (1:1).
Fortuitously, fluorinated compounds also provedb® an excellent acceptor for these
glycosylations and allowed for the synthesis obftutrehalose analogues. Skesble 2.1and
Appendix 1 for full optimization work. The following sectiordescribe the synthesis of the

acetylated acceptors and the successful synthiesikeioside-trehalose library.

2,3,4,6-Tetra@-acetylD-glucose84 was considered as an alternative acceptor thatbpss
would have greater reactivity than tetra benzytghie and reduce the amount of side product
108formed during the ketoside glycosylations. To besize84, 1,2,3,4,6-pent®-acetylD-
glucosel30was selectively deprotected at the anomeric positidh the use of hydrazine

acetate as previously reported in Kahn eaheme 2.25°.

OAc OAc

AcO o (a) AcO Q
AcO —°> AcO
A0 Mppc 73% AcO gy
130 84

Scheme 2.25. Synthesis of 2,3,4,6-tetra-O-acebyljlucose 84. (a) Hydrazine acetate, DMF, RT, 18 h.
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s 84 BnO 08n 101

AcO,
oen OAc (a) o o
Q + A
+  AcO — o8n © Q OAc ogn ° <0 OAc
BnO AcO 93% BnO BnO o,

BnO AcO  “OH OAc

OAc BnO 0Bn 131
OAc

OAc

aoaf 7:1

(b.c)| 83%

HO,
HO oH 32 OH

Scheme 2.26. Synthesis of methyl-trehalose compouBd. (a) TMSOTf, 4 A molecular sieves, anhydrous
DCM, —-40 °C, 3 h (b) NaOMe, anhydrous MeOH, RT, 1 Ifc) H, , Pd(OH)./C, basic alumina, RT, 72 h.

The glycosylation oB85 was attempted with 2,3,4,6-tet@aacetylb-glucose84 instead of
with 2,3,4,6-tetreO-benzylb-glucose94. This reaction proceeded smoothly, going almost to
completion within one hour in a 93% yield. The protlwas found to be a 7:1 mixture gé

and o, anomers 101, 131 (Scheme 2.26 This is an improved vyield and better
stereoselectivity than was found with the benzgadeceptors. After optimization of the
deprotection steps (see discussion in the neottosg, deacetylation and hydrogenation

afforded the desired products in near quantitatigkls.

AcO —> AcO /-\CO 2 . AcO
AcO 43% AcO A°0 71% AcO

OAc
134

Scheme 2.27Synthesis of 2-F-2-deoxp-glucose 83. (a) Selectfluor, MeN§ 43% i) RT, 6 h ii) Reflux 30
min (b) Ac,0, Pyridine, 1 h, RT, (c) hydrazine acetate, DMF,@h, 71%.

Glycosylations witt83 and the exomethylene donors had previously hititaetifluoro sugars
might serve as possible acceptdéel{eme 2.1y 3,4,5-triO-acetyl-2-F-2-deoxyp-glucose
was synthesized with some difficultyS¢gheme 2.2) following procedures developed
previously® 2 Treatment of the triacetyl glucaB2 produced a 1:1 mixture of the acetylated
mannosel33 and glucosel34 in 43% yield. The gluco- and manno-sugars weren the
acetylated with acetic anhydride and pyridine toilitate separation of the mixture of
epimers, following which the anomeric hydroxyl waslectively deprotected, utilizing
hydrazine acetate to affo@B in 71% yield. Overall yield oB3 was only 10%. This was
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sufficient to continue with the glycosylations. Theanno and gluco sugars were
differentiated by their fluorine NMR spectra. Theseectra are well characteriZé@nd the
observed chemical shifts matched those reportedqusy. Length of reaction, solvent and
temperature can all affect the ratio of gluco- tanmo-sugars. However, optimization of

this reaction was not explored further.

Use of acetylated acceptors greatly accelerated rdte of glycosylation and the
stereoselectivity of the reaction. When the ketgjlycosylation was carried out with tB8,
glycosylation proceeded in an 82% vyield, with a @fio of a,a- anda,-anomersl00 and
135 (Scheme 2.28

OEn OAc (a) o . ° .
Q
BnO +  AcO o _— ogn © Q \—0Ac oBn © OAc
BnO AcO 82% BnO n BnO’ o)
BnO F OH OAc
OH BnO
85 83 BnO OBn 100 OAc OBn 135
OAc
OAc
aaof 6:1
(b.c)| 99%
F
o
(o]
o on © OH
HO oH OH

33
OH

Scheme 2.28. Synthesis of compound 33. (a) TMSO#fA molecular sieves, anhydrous DCM, —40 °C, 2 h
(b) NaOMe, anhydrous MeOH, RT, 3 h (c) H, Pd(OH),/C, basic alumina, RT, 48 h.

Before synthesizing a library of analogues we tdroar attention towards optimization of
the deprotection of these compounds to ensureftiiasynthesis of deprotected ketosides
was feasible. Namnfgand L{® have both explored the deprotection of benzylquiet 1-
methyl-disaccharides. Both groups found that thisaccharides are acid sensitive and are
best deprotected with HPd(OH)/C. Namme found that hydrogenation in THF, followsd
the addition of MeOH with basic alumina, yieldee tthesired products in nearly quantitative
yields within 3 hours. Lifound that nearly thereareaction conditions required 20-30 hours
for completion and that a debenzylated, ring-opsgasl36 proved to be a significant side

product.
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BnO OBn OAc HO OH

Ac

Q \—0Ac
99%
BnO OBn OAc HO OH

OAc

Scheme 2.29. Deprotection of 100. (a) i) NaOMe, Mé0i) Pd(OH)./C NEts;, MeOH, 14h, decomposed on
silica, (b) i) NaOMe, MeOH ii) Pd(OH),/C, basic alumina MeOH, 30 h.

Deacetylation of these compounds proceeded smouwtititysodium methoxide in methanol
(Scheme 2.29 Hydrogenation was extremely sluggish. For at fagempt, hydrogenation
with Pd(OH} and NE$, produced an unstable baseline product with M+08, 4vhich
corresponded to the ring open prodligs, reported by Li et &f. For the second attempt,
basic aluminium oxide was employed. After sevedalitonal attempts it was found that the
reaction proceeds slowly. After 18 hours the hydragion was not complete and partially
benzylated trehalose was isolated. After 30 haimes,hydrogenation 000 was complete,
with complete disappearance of the benzyl groupSlBAR. Addition of acid to accelerate
the reaction was not initially employed due to tleported acid sensitivity of methyl

ketosides.

In subsequent experiments it was found that Pd/@D{OH)/C 20% both catalyzed the
hydrogenation reaction and that the basic alumires wot required for successful
deprotection, contrary to previous repbitd Hydrogenation could be accelerated through
the use of elevated pressure (H-Cb&he use of ethanol or trifluoroethanol as a epty
rather than methanol, eliminated the formationhef ting open product. Optimization of the

deprotection step will be discussed furtheection 2.2.13
2.2.11 Methyl ketosides: Reaction scope and library synthes

Having validated the feasibility of the synthesfsnwethyl ketoside analogues, a library of
modified ketosides was synthesized and the scoplifeation was investigated. Ketoside
reactions allowed for the facile introduction ofiaatopic label {°C) at the anomeric postion.

Addionally this glycosylation tolerated the intradion of longer alkyl chains (C8 and C18)
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at the anomeric position. These glycosylationsvadld for the synthesis of 2 and 3 fluoro,
gluco and galacta,a- anda,-analogues of trehalose and afforded moderatedd ga.: o,
stereoselectivity. Scaling of the reaction to mitv@n gram scale only modestly reduced the
yield and does not affect stereoselectivity. Glytatson with non-carbohydrate alcohols as
acceptors was also found to be possible in good.y@&ycosylation and deprotection with
protected glucosamine acceptor sugars was alsessfat and allowed for the sythesis of 2-
amino-2-deoxy-trehalose. The amine handle permttiedate stage coupling to a variety of
amino reactive probe groups (Fluorescein, rhodamifefluorobenzaldehye, quantum dots,
biotin). Scheme 2.3@ndTable 2.2summarizes theptimized reaction conditions employed
to synthesis the ketoside trehalose library. In stiis reaction provides a rapid means to
synthesized a library of modified ketoside trehalasalogues.
R R4=H, OH (glc)
OAc OBn 3¢S Ro=H,OH (gal)

o) TabIeZZ BnQ Ra=F
AcO BnO R4=NCbz

R345 BnO Rs=OAc

Rg=CHs;

83,84,138 85,86,93, 140 141 R2 0Bn 100,101 Ry=13CH3

142-150 Rg=(CH2);CH3
Rg=(CHz)17CH3

AcO

Scheme 2.30. Methyl ketoside glycosylation. R grogpndicate all modifications that were tolerated bythe
reaction.
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Table 2.2. Summary of methyl ketoside glycosylationonditions.

Entry Donor mmol  Acceptor mmol  Catalyst T°C Time Yield o0 o.p
1 93 0.13 91 0.09 BiOTf 0 3h 56% 73
2 102 0.1 91 0.09 TMSOTf -78 1h 95% 37
3 99 0.07 94 0.07 TMSOTf -78 30 min 68% 2:3
4 85 0.17 94 0.1¢ TMSOTf -4C 4h 25% 11
5 102 0.31 105 0.58 TMSOTf -78 45 min 30% 3.7
6 99 0.04 105 0.09 TMSOTf -78 45 min 95% 3:2
7 85 0.24 84 0.2t TMSOTf -40 3h 93% 7:1
8 85 0.14 83 0.22 TMSOTf -40 2h 82% 6:1
9 93 0.32 84 0.42 TMSOTf -40 30 min 88% 5:1
10 93 0.14 83 0.1¢ TMSOTf -40 1lh 90% 6:1
11 85 0.21 137 0.18 TMSOTf -40 3h 52% 4:1
12 85 0.31 138 0.38 TMSOTf -78 15 min 81% 6:1
13 85 0.7 13¢ 0.04 TMSOTf -78 3h 76% 1:6
14 85 3.17 138 35 TMSOTf -40 25h 46% 5:1
15 86 0,071 84 0.082  TMSOTf -78 2h 92% 1:25
16 140 0.055 84 0.055  TMSOTf -40 30 min 73% 6:1
17 141 0.19 84 0.29 TMSOTf -40 30 min 61% a only
18 85 0.29 112 0.27 TMSOTf -40 5 min 76% a only

Acceptors Donors

BnO

AcO

BnO

BnO

AcO

onc 137

%

138

OAc
m
%ACO“

AcO
AcO

OAc

o
AcO
AcO

AcO
84
OAc
o

OH

CBzHN OH

138

HOD:OMS
O.N OMe

112

BnO
OBn
Bm%% B
BnO

BnO

BnO
BnO

141

102
OBn

m (CH2)7CH3
BnO

140

(CHz)17CH3
BnO

OH

OH

The syntheses of the methyl galacto-gluco-trehadosdogued4 as well as the methyl 2-F-2-

deoxy-galacto-gluco-trehalose analog@feproceeded smoothly, affording comparable yield

to the gluco compound§¢heme 2.3landScheme 2.32)Stereoselectivity for glycosylations

with the galacto donor were slightly more modestLY5but still sufficient for synthetic

purposes. Hydrogenation of boft¥2 and 143 required long reaction times and excess

palladium.
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AcO,

OBn
0Bn OAc (a) BnQ o oBn O
[0} o + AcO
+ _ > o] o
EnO Ac,i)co 88% Bno oen o B0 o8n o, o
BnO o AcO OH OAC
93 84 OBn 142 OAc OBn 151
OAc
OAc
aoaf 5:1
(b,c) | 32%

HO,
OH O
0
HO on © OH
OH 34 OH
OH

Scheme 2.31. Synthesis of 34. (a) TMSOTf, 4 A molgar sieves, anhydrous DCM,-40 °C, 30 min (b)
NaOMe, anhydrous MeOH, RT, 1 h (c) H, Pd(OH),/C, basic alumina, RT, 72 h.

E
oB
" oBn Ac (a) o 9 oBn O
0 + F
+ Ao e} o8n © Q@ \—~0Ac  BnO oBn ° OAc

BnO AcO 90% o

BnO F "OH OA

93 OH OBn 142 OBn 152 ¢

(o)
83 OAc

OAc
aaof S:1

(b,c) | 100%

F
oH O
HO, on © Q \—oH
35
OH OH
OH

Scheme 2.32. Synthesis of 35. (a) TMSOTf, 4 A maldar sieves, anhydrous DCM, -40 °C, 1 h (b)
NaOMe, anhydrous MeOH, RT, 3 h (c) H, Pd(OH),/C, basic alumina, RT, 96 h.

Methyl 3-F-3-deoxy-trehalose analogB8é was synthesized from 3-F-3-deoryglucose67

in moderate yield and stereoselectivi§cheme 2.3B 67 was obtained as a kind gift from
Dr. Francois D’Hooge67 was acetylated without problem, utilizing pyridie@d acetic
anhydride and then the anomeric acetate was sedctemoved with hydrazine acetate to
afford 137in a somewhat low yield. Glycosylation wift87 proceeded in a fairly low yield
(52%) and only a 4:1 ratio of.:of. Typically the ratios of selectivity were foundlie closer

to 6:1 and one would think that the 2-OAc would éaa directing influence on the
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glycosylation. Potentially, the 3-F counteractss teifect. Deprotection proceeded without

problems, utilizing the H-CuSePd/C cartridge at 70 Bar for the hydrogenation.

OH OAc

0
Ho% @ o Ao —> Acom BnO
F F 0 BnO
Ho ™, 100% AcO rgpe 48% AcO Bno |
67 153 137
(©) | 52%
de) o OAc
BnO’
87%
HO of 5"0 OBn BnO OBn
acoof 4:1

Scheme 2.33. Synthesis of 36. (a) Acetic anhydrideyridine, RT, (b) Hydrazine acetate, DMF, RT (c)
TMSOTf, 4 A molecular sieves, DCM, —40 °C, 5.5 h fdNaOMe, anhydrous MeOH, RT, 1.5 h (e) H
Cube®10% Pd/C cartridge at 70 bar, 25 °C, 1 h.

Methyl gluco-galacto-trehalose analogi#b was also synthesized to look at the anomeric
selectivity when the galacto moiety is in the ad¢oepather than the donor. This compound
was also synthesized with'&C label at the NIH (described Bection 2.2.11.3elow) and
the unlabeled compound was employed to confirmhgsis of*“C analogue. Both the,a-

145 anda,B-155 products were obtained to purity. Reaction procddde’6% yield of145
and 155 with 20% recovery of dond85, affording the reverse of the usual stereochewistr
primarily the a,f-compound as indicated by NMR coupling constant$:¢,a 6.6:1).
Preference for the,f-compound was found for the glycosylation witg-methyl-glucos&6

as well Gcheme 2.34 It is unclear why this sudden switch in steremulstry occurred, it
could be related to some change in the solverft@particular batch of TMSOTTf, as both of

these compounds were synthesized concurrently.
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BnO OAc o AcO OACOAc
BnO 76% ore poo
OH

139 BnO 0OBn BnO OBn

aoaf 1:6
Scheme 2.34. Synthesis of methyl-galacto-glucoi@ose 145. (a) TMSOTf, -78 °C, 4A molecular siese
2 h, 6.6:1a,B8: a,a.

2.2.11.1C18-trehalose synthesis

There currently exists interest in microarray casmbvate display for the purpose of
screening for novel binding protefig® To facilitate binding studies trehalose with a8C1
lipid chain attached from the anomeric hydroxyl vegsthesized, utilizing the previously
discussed ketoside glycosylation technique.

Previous work in this area had attempted to syitbebe lipidated amino linked trehalose
derivatives, utilizing the Kochetkov reaction, whitreats the sugar with 50 times excess of
ammonium bicarbonate for 6 days at room temper&tur®wever, this approach had been
plagued by poor stereoselectivity and low yiel@lycosyl amines are relatively unstafije
which makes the stereocontrol at the anomericiposif sugar difficult to achieve due to the
mutarotation of the hemiaminal. Syntheses of the-1,1-linked disaccharides, and
purification from the mixture o#,a-, a,p- andp,B-conformers was found by others in the lab
to be difficult. Ketoside trehalose was propose@dmslternative method for the attachment
of trehalose to binding arrays, while still presegvthe native trehalose linkage, which could

be essential for binding.
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BnO BnO ACO
BnO 60% BnO
BnO AcO OH

140 ©"

(b) | 73%

OAc
OAc *
BnQO’ OBn
OA
Ac

BnO OBn BnO oBn
OAc

Ac

oo,of} 6:1

Scheme 2.35. Synthesis of C8-trehalose analogue {@m-Octylmagnesium chloride, THF, -78 °C, 30 min
(b) TMSOTY, 4 A molecular sieves, anhydrous DCM:40 °C, 30 min

In order to develop this chemistry we first condukct test reaction, where the C8-glucose
compound140 was synthesized from octylmagnesium chlori@eheme 2.3p When this
reaction was conducted with methyllithium only tirdneptulose was generated. However,
with the chloride, the C8-glucose was obtained asxaure ofa andp products, from which
thea product was separated. Taalonor was glycosylated in 88% yield wigd to afford a
6:1 separable mixture of thea- anda,p-products. This synthesis wittd0 confirmed that
the ketosides with longer lipid chains would glyglase comparably to the methyl ketosides.

OAc

"o o
BnO BnO AcO
BnO T s% . Bo + AcO
BnO BnO AcO “OH
141 OH 84
(b) | 61%
~
o
0._AcO
OAc t
BnO OBn
BnO OBn 147 BnO 0oBn

not isolated

Scheme 2.36. Synthesis of C18-trehalose analogu& .14)n-Octadecylmagnesium bromide 157, THF, -78
°C, 3 h (b) TMSOTf, 4 A molecular sieves, anhydrou®CM, —40 °C, 30 min
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C18-glucose compount41 was synthesized from gluconolactone and 1-brontadecane,
which was first converted into the correspondingadecyl Grignard reagerdis7. 141 was
then glycosylated to produce the C18-trehaloseogo@l147 (Scheme 2.3% The Grignard
157 was generated from magnesium turnings followirgstandard procedure, but problems
were encountered with Grignard solubility. It pgtated out of solution at room temperature
and was particularly insoluble at the lower tempers of the addition to the lactone. As a
result of this insolubility, the lactone additiotogped before completion. With the addition
of excess Grignard the reaction proceeded in a st@®% yield ofLl47and158 Purification
proved difficult, as removal of the excess remajripid required multiple rounds of column

chromatography.

The synthesis of longer alkyl ketosides revealedHe first time that ketoside glycosylations
tolerate the inclusion of much longer anomeric rficdiions. The addition of lipids to the
trehalose C-1 could allow for the generation oh#&lese-resins and microarrays for affinity

capture and purification of trehalose binding pircge
2.2.11.2NOE assignment of stereochemistry

NMR analysis was used to unambiguously assign tkeeachemistry of the ketoside
derivatives asi,o. Stereochemistry for the glucose half of the dikacide was confirmed to
bea by the coupling constants of the anomeric prolure to the absence of anomeric proton
and corresponding coupling constants for the kd&dalf of the molecule, Nuclear
Overhauser Effect (NOE) analysis was employed toficu the stereochemistry of the
glycosidic linkage asn. NOE between H-2 and the methyl groupclieme 2.3y was
observed. No NOE between the methyl group and Ha3 wbserved. This experiment
confirmed that this trehalose analogue is the- linked glycoside. Likewise, NOE
experiments were conducted on the C18-trehalosiehwdonfirmed that this compound was
also a,a. Comparison of the coupling constants from thg-gluco-gluco methyl ketoside
analoguelO1lto all other ketosides synthesized, allowed faurmbiguous assignment of the

compounds as,a.
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/ CH, AcO AcO

H(2)P
Y Q \—0Ac 0 Q \—0Ac
BnO OBn H(Z)/o
H
B0 ogn H(3) OAc BnO o' 8 OAc

101 OAc BnO OBn H(M/ 159 O*°

Scheme 2.37. NOE observed between methyl protonsdahl-2, but not between methyl group and H-3
confirms that the stereochemistry of the ketosidermomeric center isa.

2.2.11.3Isotopic **C and *“C labeling of trehalose

Based on previous wotk® it was thought tha'C-methyllithium could be generaténu situ
from tert-butyllithium (t-BuLi) and methyl iodide. Previously, groups hadedisn-
butyllithium (n-BuLi), but for this workt-BuLi was chosen because of concerns thBtLi
would add into the lacton®5, generating unwanted side products. One compdicaif this
approach was that prior lithium halogen exchanges een conducted on a much larger

scale than was available for this radiochemicattssis.

12CcH, AcO

OB
(a) (b) BnO 12
2C.Mel] ————»12C-MeLi ——————> BnO ~ CHs —>
OBn
160 161 o 85  OH
an?no +OAc BnO OBn 101, 131
BnO

n O Ao Q 25% over 3 steps  OAc
95 AcO

AcO OH
84

Scheme 2.38. A test synthesis with unlabeled methgdide was carried through in 25% overall yield,
based on the methyl iodide. (al-BuLi 2.2 eq., THF, -78 °C, 15 min, (b) 95, THF, °C (c) TMSOTf, 4 A
molecular sieves, DCM, -40 °C, 30 min.

AcO,

OBn BCH3
BnO o
(a) (b) ‘ 13 (c)
13C-Mel > 13C_MeLi - > EnO oo Oy R 7
162 163 40 g’E OH o
n
164

Bnom B0 OBn 148,
Bno ACO 1:25 aouaf OAc

AcO
OH

Scheme 2.39. Synthesis 61C-methyl-trehalose analogues 148 and 149. (gBuli 2.2 eq., THF, -78 °C, 15
min, (b) 95, THF, -78 °C (c) TMSOTf, 4 A molecularsieves, DCM, -40 °C, 2 h.
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To validate the proposed‘C-trehalose synthesis, the lithium halogen exchangs
optimized on botH?C- and**C-methyl iodide 160and162 (Scheme 2.3&nd Scheme 2.39)
During optimization of the lithium halogen exchangeeveral observations were made
regarding the finicky nature of this reaction. Tévder of reactant addition and whether the
methyl iodide was added neat or as a solution diaaily affected reaction success.
Reactions worked most consistently and with the pe=dd when neat methyl iodide was
added to the-BulLi, consistent with the previously mentioned tpamls. When the order of
addition was reversed and thd@BuLi was added to neat methyl iodide the reactuii
proceeded, although not as consistently. It waaddhat dissolving the methyl iodide in any
amount of solvent reduced the yield of the metHytgse compoun®5. Potentially trace
water in the solvent could quench the methyllithiupon formation. It was also found that
the concentration of lactone did not make a sigaift difference upon addition. Likewise,
the amount of time for the exchange did not seenbdosignificant. Lithium halogen
exchange appeared to take place almost instantsiyequdging by color change of the
solution, although prior reports had suggestedihgathe reaction for significant periods of
time and warming to room temperatuBs could be added immediately after the methyl

iodide and formation o85 was observed.

13C-methyl-trehalose analoguet8 (Scheme 2.3pwas synthesizedtilizing the optimized
lithium halogen exchange methodology on a largeslescThese reactions proceeded
smoothly and the desired ketoside do@dmwas obtained in 40% yield. Upon glycosylation
with TMSOTH, utilizing the standard conditions49 and167 were obtained in 82% vyield. In
a departure from previous reactions, thgd product rather than the,a product was
favoured in a 25:1 ratio, as indicated by NMR im&ign and coupling constants. Potentially
the isotopic label affected the stereoelectroridternatively, something else in the reaction
mixture (solvent, TMSOTf, molecular sieves) may daltered the stereochemistry, as the
synthesis of methyl gluco-galacto-trehalose anadgb (Scheme 2.3% was troubled by the

same reverse in stereoselectivity.
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OBn 14CH; AcO
BnO ° ° :de
(a) (b 14, (c)
14C-Mel > 14C-MeLi )y » B0 oo T 0B | Ok
165 166 OE‘-nO 87 OH
BnO + BnO OBn
Bm Ohe | 149,167 Ohe
BnO o AcO OAc
95 AcO
ACO  “OH

Scheme 2.40. Unsuccessful attempted synthesis'-ketoside based trehalose analogues. (@BuLi 2.2
eq., THF, -78 °C, 15 min, (b) 95, THF, -78 °C ( §MSOTf, DCM, -40 °C, 3 h.

The synthesis 0fC-methyl glucose dond@7 was then attempted, utilizing a lithium halogen
exchange betweeliC-Mel andt-BuLi (Scheme 2.4D The reaction was challenged by small

scale and unknown purity of the radioisotope.

At the NIH the identical conditions to those optienl at Oxford were tested witfC-methyl
iodide on the same lacton@ to ensure that the chemistry would translate, rptm
conducting the radiochemistry. No product wasatlitidetected and instead starting material
was completely consumed and a large baseline $petrol:EtOAc, 2:1) was produced
(Figure 2.3. Upon LCMS analysis of this spot, it appeareccémtain multiple products,
which moved in pure ethyl acetate via TLC. Thedtmmetry of methyl iodide to-BulLi,
reaction time, order of addition, concentrationteraf addition were all adjusted. However,
no changes produced any product. Even when the Wl re-distilled, no product was
detected. Distilled diethyl ether was evaluated ander identical reaction conditions to
those used with THF, product was detected. Theessfal switch from THF to ether
suggested that some uncharacterized differenceebetthe THF in Oxford and NIH may
have explained the increased side product formatbserved at the NIH. Reaction
proceeded optimally with addition of 2 equivalend$ t-BuLi at 0.34 M. Higher
concentrations increased side product formationorUpnuch trial acceptable reaction
conditions were developed for the NIH lithium haoagexchange. These featured addition of
a solution oft-BuLi to neat the methyl iodide, following which th&ctone was added (see

Appendix 1 for full details).

With optimized reaction conditions, the radiochenyisvas attempted. The shape of source
vial provided an additional problem. Initially, addn of the methyl iodide to theBuLi via
syringe was planned, because this form of additiffiorded the most consistent results.
However, the methyl iodide was sold in source vigdat were about 30 cm long and

completely sealed. Two units of 1 m&C-methyl iodide at 1mmol/55mCi were obtained,
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meaning that approximately 0.012 mmol of methyidedvas in each source vial. This small
amount of material could not be removed from thgleource vial. It was decided to reverse
the order of addition and adeBuLi to the source vial. An additional complicatioras that

the methyl iodide was stabilized over large amooftsopper in order to prevent degradation

to iodine upon exposure to light. It was not knomimat effect the copper had on the reaction.

The **C-halogen exchange was attempted twice, followeddsjition of gluconolacton@5,
and both attempts proved unsuccessful. The reaatamconducted in the source vial. The
methyl iodide was first condensed to the bottonthefvial on dry ice. Then, a small stir bar
was added. However, the vial was too narrow abtteom to allow for proper stirring. With
the optimized conditions mentioned above, no wigtecipitate, indicating produc87
formation, was observed. By TLC there may have lieare87. Also, a spot higher than the
product spot was detecte&igure 2.3. However, the reaction mainly produced a large

baseline spot.

(@) (b)

Petrol:EtOAc, 3:1 Petrol:EtOAc, 3:1

’

R1 R2 SM

Figure 2.3 (a) Radiographic images of the TLC plate of both reactins (R1 and R2) conducted. Nearly all
radioactivity is concentrated in the baseline spotThe circle indicates where the product should have
been. Little radioactivity is detected in that regon. (b) Model TLC indicating where the product shold
be observed. SM-starting material, R-Reaction, P-Riduct.

Very little radioactivity was detected via TLC ihet region where the produ8Z was
expected. Nearly all radioactivity was found in theeseline spotRigure 2.3). Even though
little to no product was detected, purification BHPLC was attempted to determine whether
there was trace product. Attempts at purificatibthe crude reaction mixture afforded none

of the desired product (sé@pendix 1). It is unclear as to why this reaction did naiqeed.
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Potentially the copper could have interfered whie £xchange, forming some cuprate-like
species. Water may have contaminated the sourteleéaing it less than completely dry.
The lack of stirring could have affected the reatti The vial may have contained far less

methyl iodide than indicated could have been comtated by unknown impurities.

As the lithium halogen exchange failed, it was guuthat a ketoside analogue of trehalose
could be synthesizeds¢heme 2.4)., utilizing commercially availablé*C-galactose, doped
with unlabeled galactose. Yields were not possii@eause the radioactivity prevented the
use of reduced pressure to remove solvents, bduptadentity of the protected disaccharide
160 matched that 0145 Deprotection was complicated by the stubborn bgenation step
and a lack of resources (NMR, ESI MS, etc) at thid fr full characterization of the final
radiolabeled compound. The final compound was a&skalpr uptake intoMtb (see
Chapter 3) and showed no appreciable uptake. This could be @ an incomplete
deprotection, poor stereoselectivity of the galagtgcosylation (seeScheme 2.3% or

inhibition of uptake by the galacto configuration.

BnO 0OBn HO OH

Scheme 2.41. Synthesis dfC-galacto-trehalose compound 170 (a) TMSOTf, -40 ‘CDCM 3 h (b)
NaOMe, MeOH, 2 h (c) H, Pd (OH),/C, RT, 48 h (pink dot indicates'“C label).

Upon returning to Oxford, further characterizatiointhe nature of all side products of the
methyllithium reaction was attempted in order toeaitain why the reaction did not succeed.
The side products were characterized by ESI and NimdRthree side products were isolated
to enough purity for identificationlf1, 172, 173in Scheme 2.4P Despite its lack of
nucleophilicity, the NMR spectra and mass revedlett thet-BuLi had added into the
lactone to produce an anomeric mixture of bothaki@al and equatoriatbutyl groups. An
elimination product where thteBuLi both added to the lactone and deprotonatedattone,
resulting in elimination of one benzyl group wasntlfied. This elimination product has been

previously identified®. Finally, the carboxylic acid73 was isolated. A literature review
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revealed that open chain ketosides are remarkahblesand have been shown to remain
open under acid workd}) so potentially, the carboxylic acid could havem@roduced upon
workup. The double addition produci4, where two methyl units had added was detected by
ESI MS when its spot was scraped off of a TLC plaiewever, this product was not

detected after flash chromatography.

m % Petrol EtOAC, 3:1

@) (b) desired product 171 (15%) 172 (16% 0
Mel » MelLi 93 (20%) oen n Qw2
0172174
BnO 913
173 (30% 174 (not punfled) Mo R P

Scheme 2.42Side products of lithium halogen exchange. (8}BuLi 2.2 eq., THF, -78 °C, 15 min, (b) 92,
THF, -78 °C. TLC (petrol:EtOAc, 3:1) Numbers on TCL indicate side product produced. Sm-starting
material, R-reaction, P-product.

2.2.12 Alternative uses for isotopically labeled trehaloseMRI

As the synthesis of‘C-trehalose compounds proved unsuccessful, othénaute for the
determination of then vivo uptake and labeling of trehalose analogues intoofvgcteria
were surveyed®C NMR was identified as an alternative and/or canpntary technique
for the *®F PET. Previously, hyperpolarized magnetic resomantaging (MRI) has been
utilized to measure the pharmacokinetiasf potential drug compounds, and to measure the
metabolism of compounds such as pyruvate and gifcbg selected organs. MRI is a non-
invasive imaging technique that has gained widespreinical usage. One of the major
drawbacks of MRI is its low sensitivity relative tother techniques (such as PET).
Hyperpolarization enhances the sensitivity of MRIdmploying isotopically labeled probes,
which allow for polarization of nuclear spin statfsisotopes, such dSC, thereby greatly

increasing the labeled compounds NMR signal.

13C-methyl-trehalose analogui48 (Scheme 2.39 synthesized with the lithium halogen
exchange methodology, was initially proposed asssiple probe for hyperpolarized MRI. A
long T1 relaxation time is required for hyperpatad MRI. It was discovered that carbon

centers attached to hydrogen have a much shoifftesat®n time than quaternary carbons
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and carbonyl carbons. The label in the primary yleghoup of*C-methyl-trehalose was not
suitable for a long T1 half-life. Methyl-trehaloseith the *°C label on the quaternary
anomeric carbon was considered as an alternatokeepimhis carbon should act as a masked
carbonyl and should have a longer relaxation tifr@r to synthesis of this analogue, the T1
relaxation time of the selected carbon was detexthin compound2. The T1 experiment
revealed that that the relaxation time of the taxgegbon Scheme 2.4Bwas found to be

5.76 s. In comparison, the relaxation time of taghboring anomeric carbon is 0.45 s.

T1=5.7
6s \ HO.

0
o ) Q
HO OH oH
T1=0.45
HO of N OH
32
OH

Scheme 2.43T1 relaxation times of 32.

These results suggested that the introduction efdbaternary center into the trehalose
backbone did lengthen the relaxation time of timgatacarbon 10 fold. However, 5.6 s is still
far too short for this compound to be useful in déngwlarized MRI, which requires a T1 time
of upwards of 30 s. The T1 relaxation time3@fsuggested that it would not serve as a useful
hyperpolarized MRI agent

2.2.13 Modification of 2-aminotrehalose analogue 37

Both *C- and**C-isotopic labeling strategies had failed to yi#d desired trehalose uptake
probe. We turned our attention towards an alteradat directly labeling the sugar scaffold:
appending the label off of the trehalose scaffé\h. example of this strategy was the
attachment of a radioactive prosthetic grotig{benzyl or**C-methyl-ether) to the trehalose
instead of direct incorporation of the radiolabetoi the backbone as had been attempted
previously. This approach offered an ease of swmsheut was challenged by the presence of
bulky groups possibly hindering the trehalose’digbtio serve as a substrate of the Ag85

enzymes.

Structural analysisHigure 2.1) of trehalose bound to Ag85B highlighted 2- pasig (C-2
and C-4’) on trehalose that were directed outwasdatds solvent and that might tolerate

substitutions and yet retain activity as substrétas Ag85. It was envisioned that a
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fluorescent, radioactive or biotin group could i@aehed to 2-aminotrehalose, allowing for
the late stage modification of the aminotrehalasal@yue by peptide coupling or reductive
amination. The crystal structure suggests thakthedky groups off of the 2- position would
be situated outside of the active site and wowtdramatically interfere with enzymatic
activity. 2-amino-2-deoxy-methyl-trehalose analogB& was synthesized through the
ketoside glycosylation strategy, by couplBgwith the carboxybenzyl (Cbz) protected 3,4,5-
tri-O-acetylD-glucosaminel 38 (Scheme 2.4%

(a,b)
AcO Q L, AcO Q
O ) 0 AcO o AcO Ohc
CIH3N (65%, 97% N ‘oAc 75% CIH;N

CBzHN (o]
OBn 0, OAc ACS o
BnO C

o CbzHN “OH Ohc

BnO OBn OAC (f) 138 ; &A o o
179 + 0B © OAc
81% " 75% AcO

CBzHN

BnO CbzHN
BnO 178
BnO
85 OH

BnO oBn

aocafl 6:1

Scheme 2.44. Synthesis of 150. (a) Anisaldehyde, NAOH, RT, 10 min, 0 °C, 1 h (b) Acetic anhydride,
anhydrous pyridine, RT, 24 h (c) 5 M HCI, acetonel0 min (d) Benzyl chloroformate, NaCO3;, DCM,
RT, 1.5 h (e) benzylamine, THF, RT, 72 h (f) TMSOT,f4 A molecular sieves, anhydrous DCM, —40 °C, 15
min.

Synthesis 087 proceeded smoothly until the final hydrogenatiapsiThe standard reaction
sequenct to synthesizd 38 was utilized to afford the desired acceptor indygield. Imine
formation with para-anisaldehyde proceeded rapidly under biphasic tondi The
acetylation reaction required chilling on ice ardws addition of the acetic anhydride to
prevent the formation dfl-acetyl-glucosamine by acid catalyzed hydrolysishef imine and
subsequent acetylation. The glycosylation w8thafforded the desired protected 2-amino
ketosidesl50and179in good yield and stereoselectivitggheme 2.4%
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OH OH
o (a) o (b) Ohe
HO > HO —— AcO
HO 68% HO 37% AcO
CHN %oy, CbzHN %, CbzHN  “*pac

175 180 181

(c) |87%

OAc

(o}
AcO
AcO
CbzNH OH
138

Scheme 2.45. Alternate synthesis of 128. (a) Benzyiloroformate, N&CO3;, DCM, RT, 1.5 h (b) acetic
anhydride, anhydrous pyridine, RT, 24 h (c) benzylmine, THF, RT, 72 h.

In order to streamline acceptor synthesis and awwilde hydrolysis, a more rapid, three step
synthesis was employed: acylation of glucosamirih warboxybenzyl chloride to produce
180and was followed by peracetylation and anomeriaateption, utilizing benzylamine to
yield 138 This reaction series proceeded smoothly in 228tdyover three stepsS¢heme
2.45. This acceptor synthesis offered the advantagerefity, but was less crystalline and

did not yield exclusively thB-anomer, as in the previous reaction series.

With protectedl50 compound in hand, we then turned our attentioratde/the deprotection
steps. With the prior synthese450 was first deacetylated and then submitted to
hydrogenation with Pd(OH)C and basic alumina in ethanol. However, whea ghbtocol
was followed, the reductive amination prodd&l, contaminated with an unknown side
product Scheme 2.4@and Scheme 2.4y was obtained in good vyield in lieu of the desired
free amine. This transamination catalyzed by thiéagiam in the hydrogenation mixture
(Scheme 2.4Bhas been reported previouly

R U R_H
hY Pd Y
(o 0
H cat
R=CHj, CH,CHS, etc R'NH,
R H, PdIC R
g NH i NH

Scheme 2.46Proposed mechanism of previously reported reductivamination during hydrogenation of
protected amine$”.

Page | 74



Chapter 2: Synthesis of trehalose probes

It was found that use of trifluoroethanol (TFE)smdvent eliminated the reductive amination
problem. Concurrently it was decided to reversedtder of deprotection and debenzylate
prior to deacetylation. The basic conditions of ttydrogenation resulted in a partial
deacetylation of the compoundScheme 2.4). Full deacetylation was possible, confirming
that amine was not acetylated by possible acetaggation, during the hydrogenation.
Subsequently, deacetylation followed by hydrogemain TFE was employed to affoBY in
good yield.

HNCbz
%k (a b) %k
0,
BnO OBn 8 A) HO oH

(2:1 mixture of alkyl and unknown)

HNCbz Ac HoN
0 o}
HO OH 182
(0] OAc (o)
OBn © OAC ( ) HO OH o OH

— »H
OAc

7% 80% " off

HO OH 183 OAc
(2:1 mixture)

HNCbz
(ac)
4> HO
72%
BnO OBn HO OH

Scheme 2.47. Deprotection of 150. (a) NaOMe, MeORTT, 1-3 h (b) Pd(OH)/C, H,, RT, Ethanol, 48-72
h, (c) PA(OH)/C, H,, RT, trifluoroethanol, 48-72 h.

The free amine irB7 was then coupled to fluorescein isothiocyanateacsmall scale in
modest 39% yield to afford fluorescein trehalosepound40 (FITC-Tre) Scheme 2.48

40 was purified by HPLC, utilizing the Synergi Hydro38mi-prep column. Initial HPLC in
the presence of NJDH, afforded two peaks fotO with the same mass, protentially due to
separation of the protonate and deprotonated cgldtexforms on the column. This problem

was resolved when purifaction employed a 0.1% TFadgnt.
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HO of 37 HO OH

HoN
o 0
(a)
0 @

HO on © o HO

39%

OH
OH

Scheme 2.48. Synthesis of Fluorescein-trehalose 4@) Fluorescein-isothiocyanate, NaHC@ buffer
(pH 9), RT, 16 h.

The synthesis of FITC-Tre was scaled up in ordesktain ca. 100 mgs of the product for
biological studies. Three key steps required oatidn to obtain sufficient product. First,
the glycosylation of85 with 138 had to be scaled up. On a large scale yields isf th
glycosylation decreased from 85% to 46% and reacteemed to stall prior to completion
(Scheme 2.49and Table 2.3 entries 4-§. This reduction is consistent with prior group
members’ results that suggested when glycosylaaoascaled up, the yield often decreases.
The 46% yield of the glycosylation on a 3 g scalable 2.3 entry 6) was sufficient to
generate large quantities (1.8 g) of the protedisdccharide, which could then be easily
deprotected and the amine coupled to a varietynoha reactive groups. High recovery of
the donor85 and acceptofi38 allowed for multiple glycosylation cycles to geater large
guantities of the desired product. Also notablih& theo,a anda,p are very easy to separate

by column chromatography.

CbzHN
OBrb OAc o Z o
BnO . Acom (Table 2.3) 0 . . Son
BnO AcO B — BnO 0Bn OAc BnO n o
BnO ., CbzNH “OH n on
85 138 BnO 0Bn 150 BnO OBn 179 C
ao OAc 18] OAc

OAc
Scheme 2.49. Optimization of the synthesis of 15@tdiled in Table 2.3.
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Table 2.3. Optimization of the glycosylation betwee85 and 138. Cat-catalyst (TMSOTf), RSM-recovered
starting material.

Entry Donor mmol Acceptor mmol Cat.eq. T°C Time Yield Donor Acceptor a0

RSM  RSM op

1 85 0.31 138 038  0.17 —78 15min  81% - - 6:1

2 85 0.11 138 0.2 0.98 -40  3h 61% 32% - 5:1

3 85 1.6 138 163  0.23 -40  25h 520 33%  20% 7:1

4 85 3.17 138 35 0.17 -40  25h 46% 10%  18% 5:1

5 85 3.07 138 312 04 -40  7h 36% 25%  30% 2.75:1
6 85 6.67 138 7.74 0.5 40 7h 46%  64% - 4:1

Once the glycosylation was providing reasonablé&lgjghe deacetylation and hydrogenation
of 150 were optimized Table 2.4. For these deprotections it was decided to teteethe
original deprotection order, first deacetylate &mein hydrogenate. Deacetylation proceeded
smoothly in anhydrous methanol with sodium methexldydrogenation was then attempted,
utilizing the H-Cub& Pd/C cartridge. Initial attempts were carried dutrifluoroethanol
(TFE). These reactions proceeded extremely sloswgn with the addition of formic acid at
70 bar and gave low yields (59%) over two steps. thssovered that produ@7 was
precipitating out on the cartridge in the TFE. Tdoidition of water to the hydrogenation
mixture (water:TFE, 1:1) increased the vyield anecrdased reaction time, greatly
accelerating the reaction to roughly 8-10 h at & for 200 mgs protected ketoside,
circulating through the H-CufSelt was also found that50and, presumably other ketosides,
tolerated the addition of formic acid to furthetatgze the hydrogenation, in contrast to prior
reports regarding the acid labile nature of ketesfd
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Table 2.4. Reaction optimization for deprotection 6 150. Deact-Deacetylation, Hydrog-hydrogenation.
TFE-trifluoroethanol.

Entry Mg 150 Mmol Solvent Catalyst for Time Deprotection Product/side Yield
150 order products

1 45 0.046 ethanol PA(OH)/C, basic g1, 1) Deacet 181 85%
Alumina 2)Hydrog

2 49 0.05 TFE PA(OH)/C, basic 44, 1) Hydrog 182 100%
Alumina

3 107 0109  TFE PA(OH)/C, basic -, |, 1) Hydrog 182 66.4%
Alumina

4 202 0.2 TFE PA(OH)/C, basic 4 jovs 1) Hydrog 182, 183 55%
Alumina
Pd(OH)/C, basic 1) Deact o

5 351 0.359 TFE Alumina 4 days 2) Hydrog 37 67%
Pd/C H-Cube® 1) Deact o

6 300 0.307 TFE 70 bar 3 days 2) Hydrog 37 59%

TFE:H,O (1:1) Pd/C H-Cube® 1) Deact o

7 90 0.106 Formic acid 70 bar 10h 2) Hydrog 37 100%

8 290 0.34 TFE:RD (1:1) sgfarH'C“be@ 15h g 333%9 37 100%

9 200 0.205 TFE:RD (1:1) sg’garH'C“b@ 30 h g a%gg 37 100%

TFE:HO (1:1) 1) Deact
10 1.08¢g 1.22 Formic acid Pd/C 48 h 2) Hydrog 37 91%

With sufficient37 in hand, we turned our focus towards optimizatiérthe coupling with

fluorescein. After extensive coupling workable 2.5, it was found that reaction yields were

optimal in a mixture of bicarbonate buffer and aodtile with heating over a short time

period (2 h). Longer reaction times, higher pH, éarger reaction volume did not increase

the yield.

Table 2.5. FITC-Tre coupling optimization. Sodium arbonate buffer NaHCOz; was 75mM at pH 9 unless

otherwise indicated. FITC-Fluorescein isothiocyana. RT- room temperature.

Entry Mmol Eq. Mmol Eq. Solvent Vol. Time T°C Yield
37 37 FITC FITC
1 0.015 1.15 0.013 1 NaHGO 3mL OIN t3h5enCFI$r s0min- g9,
2 0.045 1 0.064 1.4 NaHGO 5mL 72h RT 48%
RT followed by
3 0.073 1 0.116 1.6 NaHGO 10mL  48h 20°C for 4 h 28%
4 045 1 0.082 182  NaHG@H12 2mL 24 h RT 18%
5 12 1 0.174 155  NaHGO 5mL 24 h RT followed by 407,
Cfor4h
48 h (50 mL)
6 15 1 0.27 1.8 NaHCP 50mL  then24h (15 EIJT 442 then  5g 406
mL) or4
NaHCG; (1 mL) o
7 05 1 0.07 14 N @sm) LSML o 2h 50C 64%
NaHCG; (1 mL) o
8 036 1 0.043 12 N osm) 18mL 15h 50C 70%
9 .03 1 0.044 14 NaHCQ@AmML) g5, 5, 50C 72%

MeCN (0.5 mL)
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HPLC conditions were optimizedrigure 2.4 for the final purification of the FITC-Trd0
from fluorescein isothiocyanate. An acetonitril@djent with 0.1% TFA (0 to 50% over 15
minutes) worked well. Shorter gradients were algatintized to reduce acetonitrile
consumption. Additionally, a mixture of up to 50%etimanol/acetonitrile also worked to
reduce acetonitrile consumption, althoug® tended to elute at a higher concentration of
methanol than when purified with acetonitrile anold stick to the column and coelute with

fluorescein isothiocyanate at 100% methanol inr@ pigueous methanol gradient system.

7000 T8y 254nm

6,000

— FITC-tre-4.133

o
FITC-2-7.258
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Figure 2.4. HPLC chromatograph of FITC-Tre 40 purification.

2.2.13.1Selective removal of the Cbz protecting group

During the deprotection optimization process, iswigscovered that the Cbz group could be
selectively hydrogenated in the presence of alkpegroups Scheme 2.5 Capitalizing on
this selectivity, the Cbz was removed and selelstiaeylated on the amine with hexanoyl
chloride in 42% over two steps to affdt85. This reaction series demonstrates the feasibility
of selectively modifying the amine prior to depiten, allowing the use of reagents that

could react with any free hydroxyls.
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CbzN H2N
(o} o

(0] (¢] OA (a) O ¢} OAc

BnO' OBn ¢  » BnO OBn

BnO OBn 150 OAc BnO 0Bn 184 OAc

OAc OAc

(b)

o o

o <t 0
o Q \—oH 0 Q \—oAc
HO OH B BrO 0Bn
HO OH OH BnO OBn OAc
186 185

42% over two steps

Scheme 2.5(Belective removal of carboxybenzyl (Cbz) group. jaH,, Pd(OH),/C, RT, 2 h (b) hexanoyl
chloride, RT, DCM, 16 h.

2.2.13.2Peptide coupling

It was then thought that if fluorescein and hexambyoride could be coupled ®7, various
other compounds might be coupled via peptide cagpiechniques. One such compound is
4-F-benzoic acid 87. *®F-benzoic acid has already been accessed and mawiide an easier
route to'F based trehalo$e We attempted three different peptide couplinghods, NHS
ester, PyBOP and Bis(tetramethylene)fluoroformanmiiogh Hexafluorophosphate (BTFFH).
NHS esterl88 was synthesized easily from the 4-F-benzoic aoil M-hydroxysuccinimide
(NHS) (Scheme 2.51

Scheme 2.51Synthesis of NHS ester 18§a) NHS, DCC, THF, 16 h.
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Product of couplindl89 was detected by ESI when BTFFH was utilized. Havewone of
the desired product was isolated through any afemeethods. Coupling with a commercially
available NHS ester of a biotin was subsequentiyndoto require heating and long reaction
times in anhydrous DMF. In aqueous buffe88 appeared to hydrolyze before any coupling
could be detected. The somewhat hindered natutteeatecondary amine may slow the rate
of reactivity to the point that hydrolysis of theHS ester188 outcompeted the peptide
coupling. These couplings were carried out while trehalose analogue was still acetate
protected (for increased solubility in organic swits), so acetate migration to the amine of
37 may also have hindered the reaction.

(a, or b, or c)
HO'
HO OH HO OH

Scheme 2.52. Attempted peptide couplings. (a) PyBog-F-Benzoic acid, DIPEA, DMF, RT, 2 h (b)
BTFFH, 4-F-Benzoic acid, DIPEA, DMF, RT, 2 h (c) N8 ester 188, DMF, DIPEA, 2 h— 16 h.

2.2.13.3Reductive amination

As an alternative to peptide coupling, reductivaration was chosen as a possible strategy
for the synthesis of®F-trehalose. Fluoro-benzyl-trehalose analog8ewas synthesized in
two different manners. First, the imine between-delRzaldehyde an87 was formed and
reduced via hydrogenation. Partitioning betweerewahd DCM yielded the desired product
as a salt with 4-F-benzoic acid. Second, reducémenation with sodium borohydride,
followed by HPLC purification with a 0.1% NJH acetonitrile gradient also yielded the
desired product as the trifluoroacetic acid (TFAlt §Scheme 2.58 TFA was identified as
the salt by mass spectrometry and fluorine NMR.sbs TFA contamination from prior

HPLC purifications caused this salt formation.
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HoN HN
o o
(@)
(e] o
—_—

HO on © o HO oBn © OH

59%
HO oH HO OH
37 OH 38 OH
OH OH

— F-benzyl alcohol - 12.108

—— 2-9508

- 3

Scheme 2.53. Synthesis of 4-F-benzyl-trehalose avgulie 38, using reductive amination. Reagents and
conditions (a) i) 4-F-benzaldehyde, MeOH, RT, 10 mj ii) sodium borohydride, MeOH, RT, 10 min. Inset
shows HPLC trace. 38 elutes first at about 20% acehnitrile.

As a central premise of this project was to syritteeand test®F-trehalose PET probes, an
®c_trehalose derivativB88 was synthesized through the use of a reductiveatioh strategy
(Scheme 2.511 This approach is common in radiochemistry aseams of labeling peptides
and proteins. The synthesis of tHe-benzaldehyde precursor has been well documé&nted
Because the radiochemistry was already developedas thought that the fluorobenzyl

would provide the ideal handle for a preliminarythesis of F-trehalose derivatives.

With the guidance of Dr. Dale Kiesewetter (NIH, NB} the desired compound was
obtained in 22% radiochemical yield in just overedmour, including HPLC purification,
starting from the trimethylaminobenzaldehyde <EtL This salt was synthesized from
dimethylbenzaldehyde and methyl triflate91 crystallized from solution in modest 24%
yield. A fluoride displacement yielded th&-aldehydel92 Reductive amination witB7
afforded the desired product, which was synthesiaexh hour, including purification steps,
and was then injected into rabbits infected wWiMtb for evaluation as a PET probe (see

Chapter 5 for further discussion).
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18F

S e B A

HO OH

190 191 192 HOOH OC:iH (22% over two steps)

Scheme 2.54. Synthesis 8iF-trehalose 39 (a) Methy! trifluoromethanesulfonate DCM, RT, 16 h (b)*¥F,
acetonitrile, 130 °C, 5 min (c) Acetic acid, 37#nethanol, 130 °C, 1 min (d) Sodium cyanoborohydride
130 °C, 9 min.

Radiochemical purity was determined by HPLC wa&® having a retention time of 12.5

minutes, which was identical to the non-radioac88eBoth semi prep and analytical HPLC
traces showed very little UV active contaminantshwihe same retention time as the
radioactive peak, confirming high purity. Radiogeticompound appeared as two peaks
because it saturates the detector and then thetoetecovers. Radiographic TLC was
employed to positively identify the product and determine how much of the desired
compound was in the breakthrough of thg €artridge. None of39 was found in the

breakthrough, which had been a problem in earlgth®ses. In summary, we have

developed what we believe is the first synthesiarofF-trehalose analogue.
2.2.13.4Trehalose coated quantum dots

As an alternative probe to FITC-Tre atff-trehalose, quantum dots, covered in trehalose
were synthesizedSgcheme 2.5 Amino PEG coated quantum dots (QO®3 with an
emission of 655 nm were obtained from Invitrogesuthiocyanate trehalose analogL@s
was synthesized frorB7, employing thiophosgene. Reaction with thiophoggproceeded
spot to spot (TLC) and with complete conversion rbgss spectrometryl94 was used
without further purification to couple to the amipeg QDs. Reaction was conducted in
NaHCQO; buffer pH 9, overnight at 4 °C with shaking. Upa@ompletion, unreacted
isothiocyanate trehalose compout®@# was washed away using a viva spin concentrator and
QDs were assayed for the degree of coating, usimemol, acid assay. A loading of
approximately 150 sugars/dot were obtained in theified QDs55. Even though QD
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concentration can be determined by the UV absod3ank was difficult to calculate the

yield of this reaction as the starting PEGylatiori®3was unknown.

OH _OH
HO

0]

N/\/(’ NN g N2

193
+

O”N“M“w%
—»
d of %

L 55 _1150

Scheme 2.55. Synthesis of Zn-Cd-trehalose coatedamium dots 55. (a) NaHCQ buffer, 4°C, 14 h.

It has previously been demonstrated that QDs coeldun on DNA gels and this can be used
to demonstrate that the dots have been modffiddstandard 1% agarose gel in TAE buffer
and added the doi®3and55 in loading buffer. A DNA ladder was included fayraparison.
QDs migrate slowly relative to DNA ladder. Glycasdd dots55 migrated more quickly
than unmodified dot493 consistent with the model that reaction wit4 would block
many of the free amines on the dots surface, atigwWor greater positive charge affinity
(Figure 2.5. These results combined with the phenol acidyassnfirmed that the dots had
been modified.

Figure 2.5. Quantum Dots 55 characterization. (a) &nple of the carbohydrate modified CdSe-ZnS
quantum dot solution under UV irradiation. (b) DNA gel under UV light (254 nm) run for 60 min at 100
V (c) DNA gel under long wave 366 nm light. Left lae (modified dots) Right lane (unmodified dots).
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2.2.13.5Synthesis of DOTA-trehalose analogue 57

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10dea8c acid) is a very effective chelator
for many metal ions, including copper 82Cu is a positron emitting radioisotope of copper,
with a half life of 12.7 hours. It has found marses in medical imaging and often antibodies
are labeled with DOTA and chelated wfficu for the purpose of PET imaging, particularly
of tumors, utilizing tumor specific antibodies. Mbty, ®* Cu has also been demonstrated to
be a chemotherapeutic, prolonging the life of hanssbearing human colon cancer ¢élls

Potentially, the radiation could have a therapesatfect on the treatment of tuberculosis.

[¢} [o] O

///< OH //KOH %(OH
‘\
\
O HO N- _SA(FU__N OH
{@ L)
N o
o 4 .
64,
a Cu
_______________ » OH S
0, N
20A) H

(¢}
0 Q \—oH
HO OH
HO OH HO oH OH HO oH 196 OH

Scheme 2.56 Synthesis of DOTA-trehalose 196. (a) 75 mM Sodiurbicarbonate buffer, pH 9,
acetonitrile, 3 days, RT.

A preliminary synthesis of DOTA-trehalose analogdevas conductedScheme 2.5pwith

the hope that the compound would selectively Il and allow for PET scanning with a
longer residence time of the probe in the infecamimal. Residence time was relevant
because all of the preliminary enzymology and uptaksaysGhapter 3 and Chapter 4
suggested that uptake of trehalose iitb is time dependent and could take longer than the
100 minute half-life of® -trehalose. The 12 hour half life ¥€u could compensate for slow
uptake. Additionally, the ease of synthesis of @vpghelates (mix with copper and purify by
PD10 SepPak) was attractive because no extensitbetic procedures would need to be
developed.

Utilizing a DOTA-isothiocyanate compourd®5 obtained from Macrocyclics™, it was found

that the previously synthesiz& could be coupled to the DOTA over a period of ¢hdeys
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at RT in bicarbonate buffer with acetonitrile. R&@at monitoring by TLC and ESI mass
spectrometry, suggested that the DOTA couplingti@agroceeded slowly, potentially due
to solubility or steric bulk. All HPLC conditions evattempted on the coupled prod&at
resulted in57 eluting in the injection fraction, possibly duettee compound’s zwitterionic
nature. Resin-based anion exchange followed byrtakchange afforded7 in albeit low
(20% vyield).

2.2.13.6Synthesis of biotin-trehalose analogue 54

With an interest in the development of tuberculodiggnostics and other methods for
tracking Mtb in cell culture, we sought to synthesize a biotigtl trehaloséb4. This
compound could be used to pull down and count bactith FACS, utilizing anti-biotin
magnetic beads. Likewise, anti-biotin antibodierjegated to fluorophors could be used to
visualize biotin in cell cultures. We also consgterthe use of streptavidin coated

nanoparticles to visualize tivtb with EM microscopy.

A Biotin-PEG-NHS estefl97 was obtained from Fisher with a tetraethylene glyimker.
The spacer might be useful for increased affinityirty pull-down assay and/or enhance
Ag85 activity towards the compound. Coupling wethwas conducted in anhydrous DMF to
minimize the hydrolysis of the NHS est&cheme 2.57)Coupling proceeded slowly over 4
days, but eventually reaction was deemed comphitdin absorbs weakly at 200 nm, so
HPLC purification, using reverse phase C18 and @iéction was possiblp4 was obtained

as a white solid in 38% vyield.
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Scheme 2.57. Synthesis of biotin-trehalose 54. @hydrous DMF, Na,CO3; 1 day 40 °C, 4 days, RT.

2.2.13.7Synthesis of rhodamine-trehalose 56

A red-fluorescent trehalose was hypothesized toobese for labeling in their primary
respiratory epithelial culture model, as the epigtheells autofluoresce green. Additionally,
red-trehalose might be useful in staining of tisagethe tissue, particularly the lung tissue,
has a green autofluorescence that makes distinggidhetween label and background
difficult. Because of these applications, carboxgid@imine labeled trehalose analo&éevas

synthesized, utilizin@7 as a starting point.

Couplings of37 were first attempted with sulfonyl chlorides ofodamine and Texas red
dyes. These reagents were a mixture of the twaideks, due to rapid exchange between the
sulfonates. The sulfonyl- chloride is quite susit#ptto agueous hydrolysis. Without base in
anhydrous DMF, no reactivity between the sulforhybdde Texas red and the trehalose was
observed, and instead, complete hydrolysis of thimsyl-chloride was detecteds¢heme
2.59.
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i

HO oH

HO o
199 oH

OH
Scheme 2.58Attempted coupling between 37 and carboxyrhodaminsulfonyl chloride 198(a) anhydrous
DMF, RT, 2 days.

Addition of base might lead to acylation of theefi@ydroxyls in addition to the free amine,
so the synthesis was altered and couplings withNtH& ester of carboxyrhodami2®2 or

the isothiocyanate of rhodamine-B)0 were attempted. Rhodamine derivatives are very
expensive as the pure 5-derivative and insteadnase commonly obtained as a mixture of
the 5- (and-6)-carboxyrhodamine or sulfonyl-rhodagnior rhodamine B isothiocyanate
(RBITC). We obtained both RBITC and the NHS carbbwglamine and attempted couplings
with both. For the RBITC coupling reaction was cocted in the FITC optimized sodium
bicarbonate pH 9 condition&S¢heme 2.59 Upon HPLC purification, the desired product
was obtained as a complex mixture of the desiredymt as a mixture of the 5 and 6 isomers
as well as other components that coeluted on tt& dolumn (SeéAppendix 1 for trace).

Alterations in the purification failed to afford purhodamine-trehalose compouzfil

P!
N o /N\/
900

HO,

HaN

o (¢} OH ks
HO OH HN
o
Ho on OH E:" o Q \—oH
37 200 HO OH
OH S
HO OH OH

201
+ complex mixture

Scheme 2.59. Coupling between 37 and rhodamine ibmcyanate (RBITC) 200. (a) 75 mM sodium
bicarbonate buffer, pH 9, acetonitrile, RT, 3 days
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The coupling of the NHS ester of carboxyrhodam2@ to 37 (Scheme 2.6p was then
attempted. This reaction afforded a much cleandtG®ace (See chemistéppendix 1).
However, upon lyophilization, a very small amouftpeoduct was isolated. The low yield
may be due to the low reactivity of the stericdligdered amine and ester. This reaction was
repeated with the additions of DIPEA and longectiea time and with mild heating. Yield

of 56 remained low, but was sufficient for preliminanglogical testing

HO OH

HO OH OH

56
OH

Scheme 2.60Synthesis of carboxyrhodamine-trehalose 5@) Anhydrous DMF, N&COg, 50 °C, 24 h.

2.3 Conclusions

A survey of many trehalose modification strategiesluding radical bromination, enzymatic
synthesis, intramolecular aglycone delivery, dirglsicoslyations and the use of anomeric
directing groups, led us to the development of tnethyl ketoside glycosylation
methodology as a robust means to rabidly synthesilibrary of trehalose analogues. The
glycosylation and deprotection reactions have hm#imized for yield and stereoselectivity
and scaled to allow for gram scale synthesis gfetacompounds. These compounds include
modifications at nearly every position of the sugaaffold as well as charged, bulky and
radioactive groups. Ketoside glycosylations féaiéd the late stage installation of isotopic
labels, particularly*®F tags for PET imaging and the development of aepah trehalose
probes (fluorescein, biotin, rhodamine, quantunsytitat in future chapters will be shown to
have the capacity to lab&ltb. In summary, we have evaluated the scope of theskkto
glycosylation methodology and used this chemistyy stereoselectively synthesize the
challenginga,a-1,1-trehalose linkage, affording a library of @édse compounds that have

biological relevance titb.
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3  Chapter 3: Ag85 enzyme assays

3.1 Introduction

Chapter 3 reports the implementation of an Ag85 assay that allows full kinetic analysis as
well as high-throughput screening for both substrates and inhibitors of the Ag85 enzymes.
The kinetic parameters and catalytic mechanism of Ag85C were determined, and the
trehalose library as well as a panel of monosaccharides were screened to determine the
structure-activity relationships of the varied configurations of the sugar rings. These data
reveal previously unknown substrate preferences and guided the design of a selective

mechanism-based inhibitor of Ag85C.

The Ag85 enzymes have been proposed as potential targets for novel anti-mycobacterial
drugs'. Although crystal structures of Ag85A, B and C are available and Ky values have been
obtained, no detailed kinetic analysis or structure-activity relationship (SAR) studies have
been reported and inhibitors of only millimolar efficiency have been identified. The
development of inhibitors would benefit from a rapid and accurate assay of Ag85 activity and

a thorough understanding of the enzyme mechanism.

The substrate specificity and a full kinetic analysis of the Ag85 enzymes has not previously
been fully attempted, presumably because of the difficult nature of the radiochemical assay
using natural substrates. Heterogeneity in the mycolic fatty acid chain length (C30-C90), as
well as low solubility of both substrates and products in aqueous media, has complicated
prior assays. The widely employed “C-Tre radioassayz’3 monitors '*C-Tre radiolabel
incorporation into TDM and TMM yielding, at best, approximate Kcagapparenty Values; such
assays have suggested that Ag85B has a lower (~20%) activity than Ag85A and Ag85C2.
Current assays also include coupled enzymatic assays for Ag85C4’5. Such methods preclude
the possibility of automated screening and do not allow complete dissection of the kinetic

steps of Ag85 acyltransfer, respectively.
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3.2 Results

3.2.1 Antigen 85 Expression.

Purification of Ag85A,B and C was required for the development of any activity assay.
Plasmids were obtained from Colorado State TBVTRM contract as Rv3804/Ag85A
Rv1886¢/Ag85B Rv0129c¢/Ag85C in pET23b vector containing a hexahistidine tag (His-tag)
and were expressed as has been described previously4. Expression proceeded smoothly (See
Appendix 2, for full details). Pure protein was obtained for all three Ag85 isoforms and mass
spectrometry (MS) and sequencing analysis confirmed the correct identity of the proteins.
Previously, the Ag85B and A proteins were reported to express in lower yields than Ag85C6.
We found that protein expression levels were comparable and the lower yield was most likely
due to a lower affinity for nickel resin of the Ag85A and B hexa his constructs. A decrease in
the concentration of imidazole in the wash buffer increased the yield of the Ag85A and B

proteins, allowing purification of all proteins in good yield.

During MS analysis of purified Ag85A (Figure 3.1) it was found that both a protein of the
expected mass as well as a protein of mass + 178 Da were obtained in the purified protein.
Analysis indicates that this mass is caused by His-tag phosphonogluconoylation’ of a GSS—
His sequence present in the N-terminal protein His-tag. In separate expressions a mixture of
the gluconoylated and non-gluconoylated proteins and purely gluconoylated protein were
obtained. No significant difference in activity for the gluconoylated and non-gluconoylated
protein was observed. Furthermore, when the His-tag mixture of Ag85A was cleaved with
thrombin, a single protein of the correct mass was obtained, confirming that the modification

was in the His-tag and not in a more critical portion of the protein.
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Figure 3.1. Purification and analysis of Ag85A. (a) SDS page gel of Ag85A, lane 1- novagen perfect
protein makers 15-150 Kda, box indicates fractions collected (b) FPLC trace of protein expression red-
protein UV absorbance, blue- gradient of imidazole. (5 mM to 1M) (c) Mass spectrum of Ag85A with
gluconoylation. Insets show protein spectrum before deconvolution. Calculated mass Ag85A-glc:33993,
Found: 33989; (d) Mass spectrum of Ag85A as a mixture with and without gluconoylation . Calculated

mass Ag85A: 33814 Found: 33817;

Calculated mass Ag85A-glc:33993,

Found: 33995; (e) Mass

spectrum of Ag85A after thrombin cleavage. Calculated mass Ag85A: 32058, Found: 32061.
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3.2.2 Radiometric assays

To design a novel, high throughput enzyme assay that allowed for the dissection of the
complete Ag85 kinetics, the strengths and weakness of prior reported enzyme assays were
first considered. At the inception of this project, only a radiometric assay TLC based assay
had been reported in the literature. The radiometric assay employs C-Trehalose and purified
Trehalose monomycolate (TMM), which in the presence of Ag85, with sonication to
solubilize to glycolipids, will generate “C-Trehalose dimycolate (C-TDM) and "“C-
Trehalose monomycolate (‘*C-TMM). The product mixture is then extracted from the
aqueous reaction mixture and separated by TLC, imaged by exposure to a phosphor-storage
screen and then quantified by phosphorimager analysis. The same process can also be
implemented by HPLC, equipped with a radioactivity detector. The advantage of this system
is that it employs the native Ag85 substrates. However, the use of radioactivity makes the
assay relatively cumbersome, expensive and difficult to implement in all laboratories. The
native substrates are very poorly soluble, requiring extensive sonication to generate a
homogenous reaction mixture. TMM is difficult to purify completely from mycobacterial
lipid extracts and is often contaminated with other glycolipids, further complicating
experimental results. This radioassay has been implemented successfully to assay several
putative Ag85 inhibitors, including 6-azido-6-deoxy-D-trehalose” and trehalose phosphonates
and sulfonates®”. Preliminary results (see Section 3.4) suggested that the radiographic TLC
was possible to implement, but could not be transformed into a high throughput screening

format.

3.2.3 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) has previously been employed to calculate Ky values
for esterases'® and was considered as an alternative method for Ag85 screening. ITC allows
for the accurate measurement of binding affinities of small molecules with proteins, without
the addition of any chromophors or use of coupled assays''. ITC was attempted with the
Ag85 enzymes in order to calculate Ky and Kgy. All ITC efforts were implemented with
trehalose and Ag85C and no apparent binding was observed under all conditions employed.
ITC only allows for one reaction at a time and is limited by its requirement of large amounts
of both enzyme and substrate. These factors, in combination with the preliminary lack of

measurable binding, led us to consider alternate assays.
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3.2.4 Coupled assays

Because TLC and ITC assays seemed untenable for the screening of a library of compounds
as substrates, we surveyed the previously reported serine esterase assay conditions.
Nitrophenyl ester substrates (nitrophenyl acetate 203 and nitrophenyl benzoate) have
previously been implemented in a high throughput fashion as substrates of serine esterases
and the catalytic parameters of these enzymes can be measured indirectly from the release of

colored nitrophenollz.
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Scheme 3.1. Nitrophenyl esters 203-206 synthesized from the corresponding alcohols as potential Ag85
substrates.

Several nitrophenyl esters compounds 203-206 (Scheme 3.1) were synthesized to investigate
the hydrolysis of these compounds when treated with Ag85 in a 96 well plate, monitored by
the plate reader at 360 and 410 nm. Solubility proved problematic and the formation of
precipitate confounded the results. p-nitrophenyl acetate (PNPA) 203 was soluble at a 10mM
concentration in a 1% DMSO phosphate buffer pH 6.5 mixture. However, p-nitrophenyl
propionate (PNPP) 204 require the addition of 10% DMSO, and DMSO is thought to inhibit
Ag85C13 . Elevation of pH to above 7.5 led to extensive buffer-catalyzed hydrolysis of the
substrates. p-Nitrophenyl stearate 205 (Scheme 3.1) was synthesized in good yield, but was
completely insoluble in aqueous buffer. It was thought that the addition of a carboxylic acid
in 206 might enhance solubility. Unfortunately, to solubilize 206 required an increase of the
pH to above 7.5. These basic conditions led to increased baseline hydrolysis of the substrate
in buffer. Due to insolubility and low reactivity towards the Ag85 enzymes, none of these

esters seemed amenable to the development of a high throughput Ag85 enzyme assay.

While this work was in progress, two additional reports of Ag85 assays4’5 were published.
Boucau et al. implemented a coupled assay, similar to those previously reported for esterases.
In this assay, Ag85 catalyzes the removal of an octanoyl ester from an 6-octanoyl p-

nitrophenyl-B-d-glucoside, freeing the p-nitrophenyl-p-d-glucoside. In the absence of the 6-
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hydroxyl modification, this glucoside is readily hydrolyzed by B-glucosidase to release the p-
nitrophenolate chromophore. The chromogenic nature of this reaction allows for multi-well
screening of compounds as inhibitors, but is limited by the fact that it implements glucose,
rather than the native trehalose, and is a coupled assay that does not directly read out the
catalytic information. This group reported that the basal rate of hydrolysis of the acyl glucose
in the absence of enzyme is negligible and, therefore, they did not account for background
hydrolysis in their screening. In contrast, we have found that comparable sugar esters are
somewhat labile in buffer, suggesting that the baseline hydrolysis could confound their
results. To date the best inhibitor reported by this group has an ICs, of 25 mM and has been
suggested to form a covalent adduct, although only X-ray density and no mass spectrometry

was used to confirm the presence of an acyl enzyme species.

Also while our work was ongoing, an additional coupled assay was published5 , reporting that
the native trehalose monomycolate could be employed in a coupled assay that measured the
degradation of trehalose (released by Ag85A) into glucose by a trehalase enzyme included in
the reaction mixture. This assay has the advantage of employing the native substrate, but, as
with Boucau et al., does not differentiate between hydrolysis and mycolyl transfer. Also both
of these assays report ke, and Ky for only the first step of the transesterification reaction,

missing critical reaction information from later steps in the enzyme cycle.

3.2.5 Design of the Ag85 enzyme assay

Mass spectrometry (MS) was selected as our Ag85 assay method of choice. Since unnatural
substrate features, such as chromo/fluorophores, are not necessary, MS can be readily
automated, and multiple natural substrates and products can be monitored simultaneously to
give an unimpeded view of kinetic processes”"”. Due to their heterogeneity and large size,
the native TDM and TMM have only been found to be compatible with matrix-assisted laser
desorption/ionization (MALDI) mass spectrometryls. MALDI did not suit the development of
a high throughput, quantitative MS assay, so we turned our focus to the development of water
soluble, TDM and TMM-like compounds that could be implemented in an automated liquid

chromatography- mass spectrometry (LCMS) assay.

Based on prior reports that the Ag85 enzymes processed acyltrehalose appended with shorter
lipids relatively well’, it was hypothesized that trehalose modified with either one or two

short acyl chains could serve as the basis for a new Ag85 enzyme assay, in which acyl
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trehalose was mixed with compounds from the trehalose library (Chapter 2) and the
transesterification reaction was monitored by LCMS. To validate this hypothesis, both
trehalose mono and dihexanoate (TMH 212 and TDH 215) were synthesized, starting from

trehalose.

3.2.5.1 Synthesis of trehalose mono and dihexanoate (TMH, 212, TDH, 215)

Orthogonal protection of the trehalose scaffold at the 6-positions was required for both the
installation of the hexanoyl lipid and the selective deprotection of the rest of the sugar
scaffold. Syntheses of both hepta19 and hexa"’ benzyl trehalose analogues, 4 and 210, have
both been reported previously. Because the benzyl group can be removed under mild
hydrogenation conditions without affecting the 6 position ester, we thought that these benzyl

protected trehalose scaffolds could serve as useful intermediates in our synthesis.

Beginning with deprotected trehalose, the sugar can be selectively modified on the 6- and 6’-
hydroxyls with silyl protecting groups to afford 207 and 208 in moderate yield. In prior 6-
hydroxyl modifications of trehalose®, t-butyldimethylsilyl(TBDMS) protection was
employed. For our purposes, we selected the more hindered, less labile #-butyldiphenylsilyl
(TBDPS) protection. This group offers the advantage of truly selective modification of only
the 6-hydroxyls, whereas less hindered silyl groups (TBDMS) may also afford some 4-
hydroxyl modification. The silylation reaction proceeded smoothly in the presence of
imidazole in 53% yield (Scheme 3.2). The resulting mono and diTBDPS products 207 and
208 are extremely insoluble in most organic solvents and, although they have very different
Ry values, separate poorly on column chromatography. Multiple rounds of chromatography
afforded some pure disilyl 208, allowing for full characterization. As has been reported
previously, the stochiometry of the silylation reaction did not result in the expected statistical
distribution of 1:2:1 unprotected:mono-silyl:di-silyl and, instead, strongly favored the
formation of the di-TBDPS product, potentially due to the solubilizing affect of the
silylation®'. With a slight excess of TBDPSCI a 4:1 ratio of di-silyl:mono-silyl products was
observed. However, we found that addition of less than one equivalent of TBDPSCI can
afford mainly the monoTBDPS modified trehalose analogue 207, with the diTBDPS

compound 208 not purified from the reaction mixture in a low (19%) yield (Scheme 3.3).
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Scheme 3.2. (a) TBDPSCI, imidazole, DMF, RT, 24 h.

207 was benzylated with benzyl bromide and sodium hydride, following which, the TBDPS
groups were selectively removed under tetra-n-butylammonium fluoride (TBAF), or acetyl
chloride in anhydrous methanol (Scheme 3.4 and Scheme 3.3) to afford 210. Removal of the
silyl group under acidic conditions afforded the desired compounds as well as significant
production of the 6-OH acetylated compound, presumably because the free hydroxyl reacted
with the acetyl chloride in situ. The free hydroxyl was then acylated with hexanoyl chloride
in moderate yield and deprotected to afford the target 6-monohexanoyltrehalose 212. The low
yield of the acylation step was due to the addition of only one equivalent of hexanoyl chloride
of which presumably some was hydrolyzed, prior to reaction with the sugar. Excess hexanoyl
chloride increased the rate of reactivity, but the hydrolyzed hexanoic acid proved difficult to

remove completely by column chomatography.

HO,

oH O TBDPSO
oH © Q \coH (a, b)
—
30%
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HO OH BnO
1 OH oBn Bno Ofin

OH
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Scheme 3.3. Synthesis of 6-monohexanoyltrehalose (TMH) 212. (a) TBDPSCI, imidazole, RT, 36 h (b)
BnBr, NaH, RT, 24 h (c¢) acetyl chloride, anhydrous MeOH, RT, 48 h (d) DCM, pyridine, hexanoyl
chloride, RT, 16 h (e) 10% Pd/C cartridge, H-Cube®, 80 bar, 45 °C, 3 h.

Page | 99



Chapter 3: Ag85 enzyme assays

6,6’-Dihexanoyltrehalose 215 (TDH) (Scheme 3.4) was synthesized from trehalose in a
similar manner to the synthesis of TMH. The mixture of mono and diTBDPS benzylated 213
and 209 compounds, obtained through silylation and benzyl protection of trehalose,
separated poorly by column chromatography. It was found that 213 and 209 could be
deprotected as a mixture with TBAF, affording the corresponding mono and dihydroxyl
compounds, 210 and 4, which were easily separable by column chromatography. Acylation
and deprotection of the dihexanoyl compound proceeded smoothly, affording the final

compound 215 in good yield.

HO
oH O

TBDPSO TBDPS O
on © Q \oH _ @b
OBn Bn
41% over two steps
HO OH
1 OH BnO OBn BnO OBn
OH (2:1 mixture)
OTBDPS Bn
(c)| 61%
o)
HO,
o (o]
0 (e}
OH OH - 9o OB Q \—oBn
HO off 50% over two step~B o e
215 oH BnO oBn OBn
o)

OBn

Scheme 3.4. Synthesis of 6,6’-dihexanoyltrehalose 215 (a) TBDPSCI, imidazole, RT, 24 h, 55% (b) BnBr,
NaH, RT, 18 h. (¢) TBAF, 60 °C, 3 h (d) Pyridine, hexanoyl chloride, RT, 30 mins, 91% (e) H2, Pd/C,
ethanol, RT, 16 h, 55%.

To synthesize larger quantities of TMH and TDH and to investigate the synthesis of other 6
modified compounds, gram scale quantities of 4 and 210 were resynthesized. Without
purifying the mono- and diTBDPS compounds, we found that 4 and 210 were accessible in
reasonable yield over three contiguous steps (Scheme 3.5). The advantage of this approach is
that, unlike the deprotected and protected mono and diTBDPS compounds, the hepta and
hexabenzyl-trehaloses, 4 and 210, separated easily by column chromatography. This route
afforded multigram scale quantities of the desired products with a quicker synthesis and

higher yields when compared with purification at each step.
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Scheme 3.5. (a) TBDPSCI, imidazole, DMF, RT, 24 h. (b) BnBr, NaH, RT, 72 h (¢c) TBAF, 70 °C, 72 h.
Yields for individual compounds based on (2:1) ratios of starting materials.

i,ji

3.2.5.2 Mass Spectrometry

TMH and TDH substrates proved to be water soluble and readily turned over by Ag85. When
trehalose and dihexanoyl trehalose were mixed with Ag85C, rapid formation of
monohexanoyl trehalose was observed (Figure 3.2). Likewise, when TMH and Ag85C were
mixed, TDH and trehalose formation could be observed by mass spectrometry. TMH
exhibited the strongest ionization efficiency at low concentration of the three compounds, so
it was decided to monitor the formation of TMH produced from the transesterification
reaction between trehalose and TDH as the foundation of Ag85 enzyme assay. This reaction
formed the basis of the substrate and inhibitor screening efforts against Ag85 as well as full

kinetic analysis of the Ag85 transesterification reaction.

The TDH, trehalose Ag85 enzyme assay was implemented to yield full kinetic analysis of the
Ag85 acyl transfer reaction, affording the previously unattainable complete dissection of all
kinetic steps of the reaction. This analysis was a result of the author’s development of the

TDH and TMH compounds as substrates of Ag85; all kinetic analysis was conducted by Dr.

" All MS work was conducted in collaboration with Dr. Conor Barry. Dr. Barry implemented the MS
assay(designed and synthesized above) and analyzed most of the data reported. Permission from Dr. Barry was
granted to include the kinetic analysis data in this thesis.

" Parts of this section have been reprinted with permission from Barry, C.S., Backus, K.M., Barry, C.E. &
Davis, B.G. ESI-MS Assay of M. tuberculosis Cell Wall Antigen 85 Enzymes Permits Substrate Profiling and
Design of a Mechanism-Based Inhibitor. Journal of the American Chemical Society, ASAP (2011). Copyright
2011 American Chemical Society
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Conor Barry. As the full kinetic analysis sheds light on the later screening work, we will

briefly discuss the results from the Ag85 kinetics.

(0]
HO HO, HO
[o] o o [o]
(o) (o] (o} o . (o} o
HO OH OH OH OH Antigen 85C Ho OH OH 2
- =
HO OH on HO oH OH HO oH OH
Tre TDH TMH
OH 215 ) 212 o
(0] O
1mM Tre,1TmM di-Hex, A85a,1mM TEA,18h _100-1000
2008 12 11 A85A TRE 10010006 (0.085)Cm (2:52
100 TDHSH

478

TMH

Figure 3.2. Example Ag85 enzyme assay. MS trace shows the formation of 6-monohexanoyltrehalose
(TMH, 212) from 6,6’-dihexanoyltrehalose (TDH, 215) and trehalose (Tre, 1).

Kinetic analysis was performed in an automated LCMS format, where the total ion counts
(TICs) of ions corresponding to trehalose, 6,6’-dihexanoyltrehalose 215 (TDH) and 6-
hexanoyltrehalose 212 (TMH) and were monitored over time (Figure 3.3). To normalize for
ionization efficiency, an internal standard (N-acetylglucosamine) was injected with the
sample aliquot; calibration plots for each monitored mass were also generated, allowing the

TIC value to be converted to a quantitative measure of concentration.
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Figure 3.3. The reaction catalysed by Ag85, and a typical timecourse at high enzyme concentration.
Timecourse conditions: 250 pM 1, 250 pM 215, 2 pM Ag85C, 1 mM TEA buffer (pH 7.2), 37 °C. Tre-
trehalose, Hex-hexanoate, TMH-6-monohexanoyltrehalose and TDH-6,6’-dihexanoyltrehalose.

Previous reports suggest that the Ag85 enzymes should fit a bi-bi ping-pong kinetic model®.
A modified version is shown in Figure 3.4. The Ag85 enzymes employ a typical Ser-His-Glu
catalytic triad at the trehalose binding site” and it has been reported that the catalytic cycle
occurs through an acyl-enzyme intermediate’. The catalytic serine can be covalently modified
with a known a/B hydrolase inhibitor®*. These previous reports suggested that the Ag85
enzymes would incorporate an acyl enzyme intermediate into the reaction cycle and behave

in a manner similar to other lipases and proteases, which often fit the bi-bi ping pong model.
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Figure 3.4. Kinetic model for Ag85 activity that includes acyl hydrolase activity.

When the Ag85C catalyzed reaction was conducted at high enzyme concentration (2 pM),
previously unreported acylhydrolase activity was observed, with an accumulation of
hexanoate over time, which was not apparent in the absence of enzyme (Figure 3.3). This
hydrolysis was attributed to enzyme-mediated acylhydrolysiszs. The absence of prior reports
of acylhydrolase activity by Ag85 may be due to a greater stability of the mycolyl acyl
enzyme, as compared with the hexanoyl acyl enzyme, with the shorter lipid being more
labile. Alternatively, the hydrolysis may have been below the detection limit of previous

assays. Dual acyltransferase/hydrolase activities have been observed for other enzymes26’27.

To incorporate the hydrolysis into the kinetic model, an enzymatic mechanism for Ag85 was
postulated that featured a ping-pong mechanism with an acyl-enzyme intermediate that is
hydrolytically unstable” (Figure 3.4). Bisubstrate kinetic analysis was performed to
determine the mechanism of the Ag85 reaction. Initial rates of TMH 212 formation were

measured at varied TDH 215 and trehalose 1 concentrations, using N-acetyl-glucosamine as a
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pseudo-internal standard'*'>?®. The initial rate data were fitted by non-linear regression
methods to standard kinetic models and also to a modified rate equation, which accounted for
both acyltransfer and acylhydrolysis (see Appendix 2 for derivation). The bisubstrate and
double-reciprocal analysis ruled out a bi-bi ping-pong mechanism®, as the rate of hydrolysis

was too great to be accounted for in the bi-bi mechanism® (see Appendix 2 for more details).

Full kinetic parameters (R2>O.99) for Ag85C (Table 3.1), including Kj, values for both
substrates and separate maximal reaction velocities for acyl-transfer (V;) and hydrolysis (V)
were determined for Ag85C. The value for Kyt found through the TDH enzyme assay
correlated well with the only previous value of 8.3 puM, which was also determined under
pseudo-single-substrate conditions®. The much higher K, value determined for TDH,
compared to that reported for TDM, is likely a reflection of the shorter lipid chain length of
215, in comparison to the natural mycolic acid substrates. Table 3.1 reveals considerable acyl
hydrolase activity (k.4 0.49 s'l), which again, contrasts with prior report53’4.

Table 3.1. Kinetic constants for Ag85C determined by quantitative mass spectrometry analysis of
bisubstrate kinetics.

V, (uM/min) 0.70 +0.05 Keat (acyl-transter) (5™ 1.16

V; (uM/min) 0.29 £0.08 Kear tyarotgsioy (™) 0.49
Kyicrony (uM) 266.8 +41.2 ke Kperony (M']s']) 4.35x10
K yetee) (UM) 16.9 +5.3 Kead Knereey (M7's7) 6.88x10
Kictony (UM) 355.3 £105.6

Pseudo single substrate conditions were employed to compare the relative catalytic
efficiencies of the three Ag85 isoforms. The production of both TMH and hexanoate was
monitored concurrently(Table 3.2)". This analysis reveals similar Ky, values of all three
isoforms for trehalose. Also the previously reported2 higher activity of Ag85C compared to
Ag85A or Ag85B was supported here, with an order of activity (kcay Of
Ag85C>>Ag85A>Ag85B. In Chapter 6 this large difference in activity between enzymes

will be discussed.

i ytransfer = (VTMH — vhydrolysis)/2
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Table 3.2. Kinetic parameters for Ag85 isoforms recorded under pseudo-single substrate conditions.

Ag85 Isoform Varied Ky (app) kea(app) kea(app)/ Ky(ap
Substrate™ (uM) s p)
M's 1)
a 1 175 0.014 82
b 1 112 0.003 30
C 1 62 0.182 2952

[a] Assay conditions: [TDH]=500 uM, [trehalose]=10-250 uM, [Ag85A/b]=500 nM, [Ag85C]=50 nM.

3.2.6 Green Amber Red (GAR) screen

With an accurate automated assay of Ag85 activity in place we wished to probe the
selectivity of the enzyme active-site for the trehalose library (synthesis reported in Chapter 2
and Appendix 1) as well as for a selection of monosaccharide substrates to evaluate the
importance of the configuration of the sugar ring for substrate selectivity. Others in our lab
have previously shown the utility of a qualitative green-amber-red (GAR) high-throughput
screen to discover novel substrates for other bisubstrate (glycosyltransferase) enzymes'*'>%..
The feasibility of a GAR screen with the Ag85 enzymes was investigated with non-natural 2-
F-methyl-trehalose 33. Gratifyingly, when compound 33 was mixed with TDH and Ag85C,
formation of 33-monohexanoate compound 217 was observed by MS (Scheme 3.6). This

result confirmed, as had been suggested by the open nature of the crystal structure, that the

Ag85 enzymes would tolerate modifications to the sugar scaffold.

%( OH Antlgen 85C g/zk
HO OH HO OH OH HO OH HO OH

S} [¢)

Scheme 3.6. Example Ag85 substrate screen.
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Scheme 3.7. Library of trehalose analogues and related monosaccharides screened in the Green Amber
Red format (GAR) against the Ag85 enzymes. GAR screen results can be found in Tables 3.3 and 3.4.
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Table 3.3. GAR screen of panel of compounds presented in (Scheme 3.7) reveals a broad tolerance by the
Ag85 enzymes towards modifications of the trehalose scaffold. A ratio of product formation above 75%
was denoted bright green, 30-75% dark green, 5-30% amber and below 5% red as a poor substrate.
MIC-minimum inhibitory concentration (concentration at which compound completely inhibits
mycobacterial growth). MICsy-minimum concentration that causes 50% growth inhibition. {-partial
inhibition of growth.

Compound Ag85A Ag85B Ag85C MIC MIC;y
>200 pg/mL. >200 pg/mL
>200 pg/mL >200 pg/mL
>200 ug/mL  >200 ug/mL
>200 pg/mL. >200 pg/mL
>200 pg/mL >200 pg/mL
>200 pg/mL >200 pg/mL
>200 pg/mL >200 pg/mL
>200 pg/mL >200 pg/mL
>200 pg/mL >200 pg/mL
>200 pg/mL >200 pg/mL
100 pg/mL ND
>200 pg/mL. >200 pg/mL
>200 pg/mL. >200 pg/mL
>200 ug/mL  >200 ug/mL
>200 pg/mL >200 pg/mL
>200pg/mL ND
>200pug/mL  >200pg/mL
>200pg/mL 135 pg/mL
200pg/ml 134 pg/mL
200pg/ml 75 pg/mL
100pg/ml 50 pg/mL
>200 pg/mL >200 pg/mL

ND ND
ND ND
ND ND
ND ND

>200 pg/mL >200 pg/mL
>200 pg/mL >200 pg/mL
>200 pg/mL >200 pg/mL

Mass spectrometric analysis provided a rapid means to screen Tre analogs and a selection of
Mtb-related monosaccharides, as substrates of all Ag85 isoforms (Scheme 3.7, Table 3.3 and
Table 3.4). A calibrated green-amber-red (GAR)'"*® screen for catalysis of transfer of the
acyl chain from natural Tre to unnatural Tre-analog (Tre*), using these pure synthetic
substrates allowed determination of relative reactivity ratios Tre*:Tre (Table 3.3 and Table
3.4), based on the ratio of total ion counts (TICs). For this assay, The trehalose analogues

(500 uM) and TDH (500 uM) were incubated with Ag85 (100 nM) in 1 mM TEA at 37 °C.
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Negative controls omitting the Ag85 were performed in all cases. After incubation for 160
min a sample of the reaction mixture was analyzed by MS, scanning the mass range 150-
900Da and recorded the ratio of ratio of product signal measured for mono-hexanoyl[Tre*]
peaks/mono-hexanoyl-Tre. It was found that all substrates were processed by all Ag85
enzymes but to varying degrees. A ratio above 75% was denoted bright green, 30-75% dark
green, 5-30% amber and below 5% red as a poor substrate. These ratios were considered to
be more consistent than S/N, as S/N varies substantially depending on where the noise is
selected in the spectrum. This semi-quantitative method afforded relative reaction velocity
(Vre1) and allowed for rapid screening of the trehalose library and identified a broad plasticity

of the Ag85 enzymes towards a wide variety of modifications to the sugar scaffold.

This screen revealed a strong selectivity for Tre-like disaccharides (Table 3.3) over
monosaccharides (Table 3.4) such as p-glucose (14), but a striking plasticity for all tested Tre
analogs. Modifications on every position of the sugar scaffold were tolerated including even
C-1 methyl groups at the crowded anomeric linkages in 32-40, positive charges, such as in
the 2-amino-trehalose 37, and even stereochemically ‘incorrect’ 2,2’-di-fluoro-af-manno-
trehalose 45. Even a previously reported inhibitor”, 6-azido-Tre 48 and putative tetrahedral
transition state analogs, such as trehalose-6-phosphate 11, were also processed.
Unexpectedly, as the 6 position participates in the mycolation reaction, all three enzymes
tolerate 6 hydroxyl modifications, including bulky groups. Bulky appendages off of the 2
amino trehalose compound 37 (fluorobenzyl 38, fluorescein 40, biotin, 54) are processed.
Notably, galactose configuration in 34 and 42 reduces activity. Likewise, 2,2’-dideoxy in 41
and 42 reduces activity. The combination of 2,2’-dideoxy-galacto-trehalose in 42 abolishes
enzyme activity. As the assay was conducted in the negative ionization mode, assay of
positively charged compounds, including rhodamine-trehalose 56 and DOTA-trehalose 57,
was attempted but not successful. In summary the GAR assay reveals that the Ag85 enzymes

tolerate a wide range of modifications to the disaccharide trehalose scaffold.
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T v

HO 220 HO 221 HO 222 OH 228

(20%) (20%) (44% as a mixture with furanoses)

Scheme 3.8. Synthesis of arabanofuranosides (a) Acetyl chloride, anhydrous methanol, 0 °C, 3 days.

Having screened all trehalose analogues, we turned our attention towards monosaccharides
and thought to explore a GAR with some anomeric free monosaccharides as well as capped
anomeric methyl sugars. Methyl glucosides 218 and 219, galactosides 223 and 224 and
mannoside 226 are all commercially available. However, the methyl arabinosides 221 and
222, which mimic of the outermost portion of the arabinogalactan, are not commerically
available. Arabinose 220, as a free sugar, sits as an open chain, the furanose and the
pyranose. The poor turnover of arabinose observed in the GAR screen may be due to the

mixtures of sugar configurations in solution. Following a procedure by Sanki et al’!#

, the a
and P arabinofuranosides 221 and 222 were synthesized. Arabinose was treated to acid under
anhydrous conditions at 0 °C for three days and was allowed to warm briefly to RT before
reaction was quenched. Column chromatography afforded primarily the o and 3 furanosides
in 20% yield for each as well as a 44% yield of the undesired pyranosides 227 and 228 as a
mixture with trace amounts of the desired furanosides and (Scheme 3.8).

Table 3.4. GAR of a panel of monosaccharides reveals a strong preference for disaccharide sugars (Table
3.3), compared with monosaccharides. As with disaccharides, a strong preference for gluco rather than

galacto conformation is revealed. A ratio of product formation above 75% was denoted bright green, 30-
75% dark green, 5-30% amber and below 5% red as a poor substrate.

Compound Ag85A Ag85B Ag85C
14 18 19 45
218 16 14 45
219 5 6 44
220 6 28 8
221 12 11 21
222
223
224
225
226
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In contrast with the disaccharides in, monosaccharides (Table 3.4) are transesterified with
lower efficiency. It was found that free glucose 14 and methyl glucosides 218 and 219 were
utilized less efficiently than the disaccharides, indicating that the enzyme makes contacts
with the second pyranose ring of trehalose to facilitate its turnover. Nonetheless, both glucose
and the arabinofuranosides 220 and 221 were processed relatively efficiently compared with
other monosaccharides tested. This is consistent with a possible role of Ag85 in generating
glucose monomycolate (GMM)* and in mycolation of arabinose found in the Mirb
arabinogalactan“’”. For both glucose and arabinose anomeric selectivity was observed
whereby the o-anomer was preferred by Ag85A and B, with Ag85C showing little or no
anomeric discrimination. The nearly zero vy value determined for galactosides 223 and 224
for all three Ag85 isoforms is further evidence that the epimeric configuration at C-4 is
crucial to enzyme activity. Conversely, a-methyl mannoside 225 was utilized by Ag85C,
suggesting that some degree of flexibility with the C-2 pyranose substituent is possible, as
was evidenced with the screen of C-2 modified trehalose analogues. Xyloside 226 was not
processed by the enzymes, confirming that acyltransfer is to the C-6 hydroxyl group. These
data suggest that sugar stereochemistry may be used as a recognition motif for inhibitor

design.

In summary, the GAR screen revealed a differential selectivity of the Ag85 isoforms towards
both mono and disaccharides. Ag85C exhibits a broad tolerance towards modifications of the
sugar scaffold, including relatively efficient esterification of monosaccharides. In contrast,
Ag85A and B process monosaccharides inefficiently compared to Ag85C. Table 3.3 suggests
that Ag85B has a specificity for Methyl-2-F-trehalose 33, whereas Ag85A and C seem to be
more selective for the 4-F-epi-trehalose 51 and Ag85C appears to process a variety of C-6
modified compounds greater proficiency than Ag85A or B. In future work, this differential
selectivity may be co-opted to differentiate between subpopulations of mycobacteria that

express more of one particular isoform of Ag85.

3.3 Resistance of modified trehalose to trehalase degradation

The broad substrate specificity of the Ag85 enzymes (Table 3.3 and Table 3.4) suggested
that trehalose derivatives such as FITC-Tre could potentially be employed as probes of Ag85
activity in cell culture and animal studies. However, both mammals and bacteria encode
trehalase enzymes, glycosidases that hydrolyse the glycosidic linkage of trehalose to afford to

units of glucose. Mammalian trehalase is a transmembrane protein and has been shown to
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exist as a brush border enzyme mostly in kidney and liver in rabbits, a model animal of TB*.
Mycobacterial trehalase is a cell wall bound protein that is known to be highly selective for
trehalose®®.  Activity of the host trehalases towards the trehalose probes could non-
productively degrade these compounds, prior to the probe’s arrival at the mycobacteria. A
trehalase assay was conducted towards several representative compounds and this assay
conclusively ruled out enzymatic degradation of trehalose analogues by host and pathogen’s

endogenous trehalases.

Crystal structures of mycobacterial, murine and rabbit trehalases have not been reported, but
the X-Ray structure of the E. coli trehalase has been solved®” (PDBs 2WYN, 2JJB, 2JF4,
2J60) and sequence homology suggests that the E. coli structure should show structural
homology towards mammalian trehalases. A comparison of the sequences of mouse and E.
coli trehalases are 37% conserved (Figure 3.5). More importantly, nearly all residues within

5 angstroms of the trehalose are conserved in both species (residues in bold in Figure 3.5).

37.4% identity in 404 residues overlap; Score: 623.0; Gap frequency: 5.0%
ecoli 108 SLLPLPEPYVVPGGRFREVYYWDSYFTMLGLAESGHWDKVADMVANFAHEIDTYGHIPNG
mouse 151 SLIYSKHPFIVPGGREFVEFYYWDSYWVMEGLLLSEMASTVKGMLONFLDLVKTYGHIPNG
* x * *kkhkkhkkhkk Kk Khkkk kK * Kk * * * * * * Kk ok ok ok ok kK
ecoli 168 NRSYYLSRSQPPFFALMVELLAQHEGDAA-LKQYLPOMQKEYAYWMDGVENLQAGQQOEKR
mouse 211 GRIYYLQRSQPPLLTLMMDRYVAHTKDVAFLQENIGTLASELDEW-——————— TVNRTVS
* kkk Kk kkk * % * * * % * *
ecoli 227 VVKLQDGTLLNRYWDDRDTPRPESWVEDIATAKSNPNRPATEIYRDLRSAAASGWDFSSR
mouse 263 VVSGGQSYVLNRYYVPYGGPRPESYRKDAELANSVPEGDRETLWAELKAGAESGWDEFSSR
* % * Kk Kk * Kk kK k * * k*  x * *  kkk ok ok ok kK
ecoli 287 WM-—-DNPQQOLNTLRTTSIVPVDLNSLMFKMEKILARASKAAGDNAMANQYETLANARQK
mouse 323 WLVGGPDPDLLSSIRTSKMVPADLNAFLCQAEELMSNFYSRLGNDTEATKYRNLRAQRLA
* * * * %k * ok * kK * * * * * *
ecoli 344 GIEKYLWNDQQGWYADYDLKSHKVRNQLTAAALFPLYVNA---—AAKDRANKMATATKTH
mouse 383 AMEAVLWDEQKGAWFDYDLEKGKKNLEFYPSNLSPLWAGCFSDPSVADKALKYLEDSKI -
* * * * K * Kk Kk * * Kk k * Kk Kk *
ecoli 400 LLQPGGLNTTSVKSGQQWDAPNGWAPLOWVATEGLQONYGQ---KEVAMDI SWHFLTNVQH
mouse 442 LTYQYGIPTSLRNTGQQWDFPNAWAPLQDLVIRGLAKSASPRTQEVAFQLAQNWIKTNEK
* * * kkkk ok kk kokokok ok * K * % K

Figure 3.5. Sequence homology between murine and E. coli trehalases. Stars indicate conserved residues.
Bolded residues indicate residues that contact the substrate. Alignment generated by T-Coffee.

The crystal structure of the E. coli trehalase pdb 2JG0*" revealed a deeply embedded,
seemingly selective binding pocket (Figure 3.5) with binding interactions between the
protein and nearly all components of the sugar scaffold. In fact, when protein was viewed

entirely in a surface filling format, trehalose mimic thiatetrazolin was completely engulfed by

Page | 112



Chapter 3: Ag85 enzyme assays

the protein and is not visible from the exterior of the protein. Figure 3.6 shows a cutaway

view to reveal the buried active site within the protein.

Figure 3.6. E. coli trehalase (Pdb 2JG0) has a very embedded binding pocket. Blue spheres- 1-
thiatetrazolin (trehalase resistant trehalose mimic). Figure generated in Pymol.

Although the crystal structure of the trehalase was suggestive that the trehalase enzymes
would not process modified trehalose, we employed a commercially available enzyme assay
(Sigma Aldrich) for trehalase activity in order to rule out degradation by trehalases as a
source of complication for probe developmentiv. Commercially available porcine kidney
trehalase was used. Five of our probes, 2-fluoro-trehalose (2F-Tre, 50), 4-fluoro-epi-
trehalose (4F-Tre, 51), 6-fluoro-trehalose (6F-Tre, 50), fluorobenzyl-trehalose (2FB-Tre, 38)
and FITC-trehalose (FITC-Tre, 40) were assayed along with the natural substrate trehalose as
the control. 2F-Tre, 4F-Tre, 2FB-Tre and FITC-Tre displayed no activity with trehalase. 2FB-
Tre, 4F-Tre and FITC-Tre likely fail to bind to the active site properly due to the bulky
substituent or wrong stereochemistry blocking enzyme binding. 6-fluoro-trehalose 50 showed
diminished activity, possibly due to the loss of binding energy. In the case of 2F-Tre, the
powerful electron-withdrawing nature of fluorine at 2-position has been reported to
destabilize the positively charged transition state of the reaction®®*’. These results suggest
that most trehalose analogues synthesized should serve as poor or negligible substrates of the

mammalian trehalases.

" The Trehalase assay work was done in collaboration with Dr. Seung S Lee.
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Figure 3.7. Relative activity of porcine trehalase towards representative trehalose analogues shows
resistance to degradation for all compounds. Fluorobenzyl (FB), Fluorescein isothiocynate (FITC).

3.4 Design of an Ag8S5 inhibitor

The high throughput Ag85 enzyme assay was employed in the discovery of an Ag85
inhibitor. An efficient inhibitor of the Ag85 enzymes could serve as a chemical genetics-type
probe, allowing for a knock down of Ag85 activity and dissection of the roles of Ag85 in cell
wall biosynthesis without the need to produce the Ag85 knockout strains of Mtb. As the triple
ag85Abc knockout of Mtb is thought to be lethal, Ag85 inhibitors could also serve as

potential anti-mycobacterial drug candidates.

3.4.1 The inhibitory properties of trehalose-6-azide 48

Prior reports of trehalose-6-azide 48 as an inhibitor of both the Ag85 enzymes2 in vitro and of
mycobacterial growth (albeit a weak one with a reported MIC against a related mycobacterial
species of 200 ug/mL)2 prompted us to examine the possibility that some of the trehalose
analogs also induced growth inhibition through inhibition of Ag85 or other mechanisms.
Minimum inhibitory concentration (MIC) analysis was carried out on key representative
compounds (Table 3.3). 2,2’-dideoxy-lyxo-Tre 42, which was not a substrate for any of the
three Ag85 isoforms, showed the most significant inhibitory effect (MIC 100 pg/mL) against
mycobacterial growth. C-6 modified compounds that were processed well by Ag85 inhibited
growth at higher concentrations (MIC 100-200 pg/mL). An explanation of the poor MICs of

these compounds is that many of them serve as competitive substrates for all Ag85 isoforms,
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suggesting that some (or all) of the observed antibacterial activity may arise from

downstream events after Ag85-mediated mycolyltransfer.

Given that the previously reported Ag85 inhibitor, 48, actually served as a substrate of the
Ag85 enzymes in our assay, with approximately 50% efficiency of native trehalose, the
inhibitor nature of this compound was probed further. A survey of publications on the
inhibition of Ag85 enzymes by trehalose-6-azide?, revealed that Belisle et al. reported an
unknown compound X that was found in the lipid extract from mycobacteria treated with
trehalose-6-azide and concurrently radiolabeled with '*C-acetate. This unknown compound
has the approximate R¢ value that would correspond to monomycolyl trehalose-6-azide,
further supporting that the apparent inhibitory affects are a result of trehalose-6-azide serving

as a competitive substrate.

a b
14C Tre +Tre-6Az+TMM
|
4c-Tom
Antigen 85C
f
14C_TMM+"C-TDM +Tre-6Az-MM | T4c-T(Mm

Figure 3.8. (a) Scheme of radioTLC reaction run in the presence of trehalose-6-azide 48 (Tre-6Az)
illustrates the potential to generate unlabeled trehalose-6-azide-monomycolate (Tre-6az-MM)
(b)Radiographic TLC assay of Ag85 activity. Lane 1 reflects transesterification of *C-trehalose and
TMM to generate “C-TMM and TDM. Lane 2 reflects the diminished transesterification that occurs in
the presence of 48".

Consistent with previous reports, we also found that in in vitro, radioTLC assays trehalose-6-
azide does inhibit the formation of *C-TDM and “*C-TMM (Figure 3.8). 14C—trehalose,
TMM and Antigen 85C were mixed in aqueous buffer and transesterication is allowed to
proceed, generating "C-TDM and "C-TMM. Reaction was then quenched and extracted into

chloroform:methanol to remove all remaining C-trehalose. In the presence of trehalose-6-

¥ Trehalose-6-azide inhibition assays were conducted in collaboration with Dr. Kapil Tahlan.
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azide 48, transesterification of the '*C-trehalose is dramatically reduced. However, this assay
fails to account for the trehalose-6-azide transesterification, as the non-radiolabeled

monomycolyl-trehalose-6-azide product will not be detected by the phosphorimager scan.

3.4.2 Protein modification- covalent inhibitors

Serine proteases and lipases are known to react with phenylmethylsulfonyl fluoride (PMSF,
229), forming irreversible, covalent acyl enzyme complexes. Ag85C has previously been
shown to react with a diethylphosphonate inhibitor**.  Based on these results, Ag85 was
reacted with PMSF to determine whether PMSF reactivity could inform the design of
additional, covalent Ag85 inhibitors, based on sulfonyl or phosphoryl reactive groups to serve

as active site-directed irreversible inhibitors of the Ag85 enzymes.

Inhibition of the Ag85 enzymes with PMSF also offered a route towards novel crystal
structures, which may further inform the development of inhibitors and our understanding of
the mycolyl transferase catalytic cycle. Literature precedent41 and experience within the
Davis group (unpublished) suggested that the PMSF acyl enzyme could be displaced with a
variety of nucleophiles (thiolates, selenides, etc), affording the seleno or cysteine Ag85
mutant, through ‘chemical mutagenesis.” PMSF modification of the catalytic serine would
allow the formation of covalent thio or seleno-enzyme complexes, which could then be
crystallized. No crystal structures of Antigen 85, covalently bound to either trehalose or a
lipid are known and it was hypothesized that crystallization with such ligands could force the

Ag85 enzymes to assume previously unreported conformations.

Analysis of the Ag85 crystal structures revealed that in the structure bound to

diethylphosphonate analogue24, compared with all other reported structures> >4

, a dramatic
conformational shift occurs, involving a loop (helix eight) of antigen 85 adjacent to the active
site, potentially opening up a channel through which TMM might be able to travel to the
active site (see Chapter 6 for more details). To confirm the location of the mycolate in the
crystal structure and to evaluate the helix eight movement, it was thought that the Ag85
enzymes could be modified and crystallized with a mimic of a mycolate, installed through a

selenide displacement of a PMS ester (Scheme 3.9).
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Scheme 3.9. Proposed seleno modification to covalently link a mycolyl mimic, featuring the characteristic
mycolate B-hydroxyl, to the active site in order to trigger helix 8 movement (putative transition state).

PMSF modification of Ag85 proceeded slowly, relative to reports of PMSF modifications of
proteases, and required the addition of nearly 300 equivalents of PMSF in acetonitrile. This
result corroborates with our kinetic data that suggest that Antigen 85A,B and C are a
relatively slow enzymes. Initially, modification of both Ag85A and C to afford 230 and 233
proceeded to only about 20% completion (Figure 3.10 and Figure 3.9). Notably, both
Ag85A and gluconylated Ag85A reacted with PMSF, which further confirms that both are

active serine esterases (Scheme 3.10).

Q
T s=0

Ag85A or Ag85C Ag85C-PMS 230 Ag85C-diPMS 234
Ag85A-PMS 233

Scheme 3.10. Reaction of Ag85A/C with PMSF forms covalent acyl enzyme intermediate (a) PMSF (275
eq) in MeCN, TEA 20 mM, pH 7.3,4°C,16 h
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Figure 3.9. Modification of Ag85C with PMSF affords approximately 30 % modification. Calculated mass
Ag85C: 33217 Found: 33216; Calculated mass Ag85C-PMS 230:33370, Found: 33369.
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100 33815 85A

33993 85A-glc

o,
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33967 34146
85A-glc-PMS
85A-PMS
0 — — mass
33400 33600 33800 34000 34200 34400 34600

Figure 3.10. Modification of Ag85A and gluconylated Ag85A with PMSF affords roughly 30%
modification after 1 hours at RT. Calculated mass Ag85A: 33814 Found: 33815; Calculated mass Ag85A-
glc:33993, Found: 33993; Calculated mass Ag85A-PMS: 33814, Found: 33815 Calculated mass Ag85A-
PMS: 33968, Found: 33967; Calculated mass Ag85A-glc-PMS:34145, Found: 34146;

Incubation of Ag85C overnight at 4 °C with further equivalents of PMSF forced the reaction
to go to completion, affording PMS modified Ag85C and a small amount of doubly modified
enzyme (Figure 3.11). Further attempts at reaction optimization failed to eliminate the
problem with double modification of the Ag85C and it was thought that one of the numerous

surface exposed lysine may react with the PMSF.

100 85C-PMS 33370

%

33523 85C-diPMS
| |
Ll TR P T M . L Ll \‘
28000 30000 32000

L mass
34000

Figure 3.11. Fully modified Ag85C after additional equivalents of PMSF. Calculated mass Ag85C-
PMSF:33371, Found: 33370. Calculated Ag85C-diPMS:33524 Found:33523.
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With the PMSF modified protein in hand, displacement of the PMS with a bis(2-
hydroxydecyl)-1,1’-diselenide reagent was attemptedVi. The reaction completely consumed
the starting protein and yielding the desired product by mass and a mixture of alternative
seleno-modified protein species. The major second species in the mixture was identified as a
the oxidized selenide species with additional modification of the B-hydroxyl by PMS,

presumably by a rearrangement that occurs during the displacement.

"\
) 124 S /W
v\"“ /Ser\o/e

Scheme 3.11. Seleno-ester synthesis with Antigen 85C-PMS (a) bis(2-hydroxydecyl)-1,1’-diselenide 231,
MeOH, 12 h, 22 °C.

1004 33610

33437
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Figure 3.12. Fully modified Ag85C after reaction with potassium selenide reagent 231. Calculated mass
Ag85C-Seleno 232:33436, Found: 33437. Calculated mass 235,236: 33606, Found: 33610.

¥i The PMSF and selenide modification experiments were conducted in collaboration with Dr Omar Boutureira
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Additional efforts to try to force this reaction towards one product proved unsuccessful. The
complex product mixture, and the potential for the formation of the non-productive
selenoxide product (hydrolysis of which would afford the starting catalytic serine, rather than

seleno-serine), forced a reevaluation of the feasibility of the synthesis of seleno-Ag85C.

3.4.3 Alternative inhibitor strategies

Two alternative strategies for covalent inhibitors, based on the trehalose scaffold were then
investigated. First we considered the utility of sulfonyl based leaving groups, whereby any
nucleophile in the active site could displace the sulfate and become covalently attached to the
trehalose (Scheme 3.12). This approach has previously been successful with active site
cysteine, serine as well as aspartate and glutamate and substrates*>. Tosylates have been

used in vivo to inhibit specific enzymes and inhibition has been monitored by fluorine nmr™.

R\S//;O
\ HO, HO,
active site o) 0 Enz O
nucleophile Ag85
(o] RN (o]
oH © OH oH © OH
HO OH 61,237 OH HO OH 238 OH
R=octyl,phe OH OH

Scheme 3.12. Proposed reaction of Ag85 with sulfonyl trehalose

Phosphoryl fluorides were chosen as a second inhibitor strategy. These are known to be
reasonably stable, react covalently with esterases and have been used by Cravatt et al. in
esterase pulldowns47'49. Fluorophosphoryl-trehalose could serve as a reactive transition-state

mimic, covalently modifying the active site serine and killing enzyme activity.

Octane-sulfonyl trehalose compound 61 was synthesized from the corresponding sulfonyl
chloride and 210 in two steps and 28% yield (Scheme 3.13). When mixed with Ag85C, even
in vast excess, we observed no covalent-enzyme species by liquid chromotography time-of-
flight (LCT) mass spectrometry (Scheme 3.14). Enzyme assays with sulfonyl trehalose
revealed a low substrate turnover, but this inhibition was likely due to competitive inhibition

rather than covalent active site inhibition.
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Scheme 3.13. Synthesis of Octanesulfonyl-trehalose (a) octanesulfonyl chloride, pyridine, RT, 2 h (b) H,,
Pd/C, RT, 16 h.

It was postulated that the octylsulfonyl substituent may not be a good enough leaving group
to react with Ag85, due, perhaps, to the absence of a conjugated group in the side chain.
However, the equivalent tosyl-trehalose was synthesized on a small scale as a mixture of the

4- and 6-tosyl trehalose compounds and likewise proved unreactive with Ag85C.

\ HO HO
o O Ag85C Enz O
Q ——>
on © OH /%o O \—oH
HO oH OH HO oH 238 OH
61 OH OH

Scheme 3.14. Attempted reaction between sulfonyl trehalose 61 and Ag85C. 238 was not observed by LCT
MS.

3.4.3.1 Synthesis of Ag85 inhibitor trehalose fluorophosphonate 60

Phosphoryl fluorides, known inhibitors of serine hydrolases™ lipases®’ and proteases™, were

chosen as an alternative strategy to covalently knock out Ag85 activity. Ag85C has been
shown to be covalently modified by diethylﬂuorophosphonateM. However,
diethylfluorophosphonate is not selective for Ag85 over other esterases. It was hypothesized
that, through the introduction of suitable substituents to a diethylphosphonate or PMSF-like
template, selectivity for Ag85C over other serine hydrolases could be achieved. The survey
of Ag85 substrate preferences presented in section 3.2.6 revealed that trehalose is a superior
substrate to any of the monosaccharides. To further mimic the natural mycolyl-trehalose
substrates, we designed phosphonate 241 and fluorophosphonate 60, which bear hydrophobic
alkane chains (Scheme 3.15).

Page | 121



Chapter 3: Ag85 enzyme assays

The target trehalose fluorophosphonate 60 was synthesized in three steps from heptabenzyl-
trehalose analogue 210 (Scheme 3.15). Protected trehalose fluorophosphonate 242 was
synthesized in one step from and hexylphosphonic dichloride. It was initially throught that
fluoride would react directly with the trehalose hexylphosphonate chloride generated in situ,
during the reaction between 210 and hexylphosphonic dichloride. The acylation reaction
proceeded slowly in anhydrous pyridine and, after 48 hours, only 240 was detected by TLC
and MS, presumably due to hydrolysis of the labile chlorophosphonate by trace water in the

reaction.
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Scheme 3.15. Synthesis of trehalose fluorophosphonate 60. (a) hexyl-phosphonic dichloride, pyridine, RT,
48 h. (b) H, Pd/C, RT, 12 h. (¢) BTFFH, DIPEA, DMF, RT, 18 h (b) H, Pd/C, RT, 12 h.

Installation of the phosphoryl fluoride was then attempted through fluorination of the
resulting trehalose phosphonate 240 by a selection of fluorination reagents. Following
literature precedent, fluorination of the free phosphate was first attempted with
diethylaminosulfur trifluoride (DAST). This reaction afforded a complex mixture of products
that could not be fully separated. Fortunately, it was found that treatment with fluoro-
N,N,N'.N'-bis(tetramethylene)formamidinium hexafluorophosphate, BTFFH, a peptide
coupling reagent. and DIPEA afforded the desired trehalose fluorophosphonate 242 in good
yield. 242 could then be deprotected by standard hydrogenation with very minimal hydrolysis

Page | 122



Chapter 3: Ag85 enzyme assays

of the phosphoryl fluoride occurring during deprotection. This route (Scheme 3.15) also
afforded the free trehalose hexylphosphonate 240, which served as a good compound with

which to compare the fluorophosphonate 242 in terms of inhibition of Ag85 and MIC.

3.5 Reaction of Ag85 with potential inhibitors

Ag85 was found to react with phosphoryl fluorophosphonate 242, affording covalent,
irreversible enzyme inhibition. Ag85C was incubated with stochiometric amounts of inhibitor
242 and conversion to modified protein was monitored by LCT mass spectrometry. 1.4
equivalents of 242 completely modified the Ag85C within 20 minutes (Scheme 3.16),
affording conversion to the acyl-Ag85 complex in nearly quantitative yield. Reaction was
easily scalable and several repeats generated 10 milligrams of modified protein. This was sent
to Dr. Carl Christianson at the Max Planc institute with Peter Seeberger for attempts at
crystallization. Some crystal hits were achieved, but none were of diffraction quality. Tryptic
digest of the modified protein and MS MS analysis confirmed that the trehalose modification

occurred exclusively at the catalytic serine 124%°.

Scheme 3.16. Covalent inhibition of Ag85C (a) 20 mM TEA, pH 7.2, 20 min, RT.
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Figure 3.13. Completely modified Ag85C after reaction with 60. Calculated mass Ag85C-60: 33691,
Found: 33691;

To investigate the inhibitory potential of 241 and 60 further, a percentage-inhibition assay of
Ag85C was conducted (Figure 3.14). A saturating concentration of trehalose (> 25x Ky) was
employed to ensure maximal turnover rate. Under these conditions, it was found that
phosphonate 241 resulted in inhibition of Ag85C to just 46% of the maximal rate. In contrast,
fluorophosphonate 60 almost entirely abolished enzyme activity, with just 7% residual
activity detected. These results further substantiate that compound 60 is a covalent,
irreversible inhibitor of the Ag85 enzymes, in which the phosphoryl fluoride reacts to

covalently modify the active site serine, abolishing enzyme activity.

In whole cell MIC assays, trehalose fluorophosphonate and phosphonate 60 and 242 have
comparable MICs, with only partial growth inhibition at 200 ug/mL. These results may be
explained by degradation of the labile fluorophosphonate in mycobacterial growth medium.
Future work with this compound could consider a dosage schedule to sustain the

concentration of inhibitor over the length of the growth inhibition assay.
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Figure 3.14. Inhibition of Ag85C with trehalose phosphonate 241 and fluorophosphonate 60 shows nearly
complete inhibition of Ag85C by 60 and only 50% abolition of catalytic activity by 241.

With inhibitory potential confirmed, the selectivity of 60 for Ag85 was investigated. Due to
the highly reactive and, potentially, non-selective nature of some phosphoryl fluorides (ex: O-
isopropyl methylphosphonyl fluoridate or Sarin gas), compound 60 was screened against
several other proteases and esterases and confirmed that it is selective for the Ag85 enzymes.
Under identical reaction conditions to those employed with Ag85C, subtilisin Bacillus lentus
(SBL) protease and Arctica candida B lipase were incubated with 60 and then analysed by
mass spectrometry. No modification of either SBL or Arctica candida B was detected,
suggesting that 60 offers selectivity for the Ag85 enzymes over other, related enzyme classes
(Scheme 3.17, Scheme 3.18, Figure 3.15 and Figure 3.16). The development of inhibitor 60
may allow the efficient and selective in vitro knock-down of Ag85 activity in short term

experiments or when dosed to compensate for hydrolysis.
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Scheme 3.17. SBL shows no reactivity towards fluorophosphonate 60. (a) 20 mM TEA, pH 7.2, RT, 20
min.
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Figure 3.15. Completely unreacted SBL after reaction with fluorophosphonate 60. Calculated mass
unreacted-SBL: 26714, Found: 26713;

Arctica Candida

Scheme 3.18. Completely unreacted Arctica Candida after reaction with fluorophosphonate 60 (a) 20 mM
TEA, pH 7.2, 20 min.
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Figure 3.16. Completely unreacted Arctica Candida lipase after reaction with fluorophosphonate 60.
Calculated mass unreacted-SBL: 33902, Found: 33901;

3.6 Conclusions

In this chapter, Ag85-based assay has been developed and used to determine the scope of the
Ag85 enzymes tolerance towards dissacharide and monosaccharide substrates. This assay
revealed a broad substrate tolerance of the Ag85 enzymes and has informed the design of an
Ag85-selective inhibitor. A variety of trehalose analogues, modified with probe-like handles
(biotin, fluorescein, quantum dots) were found to be substrates of the Ag85 enzymes,
suggesting that these compounds may be employed to label mycobacteria within cells and
animals harboring tuberculosis. We have demonstrated that these compounds are not
processed by host trehalases and have minimal inhibitory activity towards Mtb. In the
upcoming chapters (Chapters 4 and 5), we will discuss the progress towards implementation

of these compounds in vivo.
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4 Chapter 4: Labeling mycobacteria in vitro

4.1 Introduction

In Chapter 3 a novel Antigen 85 (Ag85) enzyme assay revealed that the antigen 85 enzymes
will tolerate a wide variety of modifications to the trehalose scaffold. These results support an
Ag85 mediated labeling of whole mycobacteria, but it remains to be seen whether trehalose
and analogues will label Mtb in vivo. It has been well documented that drug, and presumably
probe, uptake by mycobacteria can be confounded by numerous variables in addition to
enzyme activity (some of which include permeability, growth inhibition, stability and off
target effects)'. Penetration of drugs into the lung is known to be poor across many drug
classes and subtherapeutic levels of antibiotic at the site of the mycobacterial infection is

thought to be one of the causes of the emergence of resistant strains of Mrb”.

To fully establish that trehalose could label whole cell mycobacteria via the Ag85 enzymes,
an evaluation of the trehalose incorporated into mycobacteria was required. Chapter 4
demonstrates that trehalose and the analogues described in Chapter 2 are readily processed by
the Ag85 enzymes and taken up into the Mtb cell wall in batch cultures, providing radioactive
and fluorescent labeling of bacteria. These results support the hypothesis that trehalose can
serve as a novel small molecule, carbohydrate probe to label mycobacteria and will provide

the foundation of our work describing trehalose uptake in vivo, detailed in Chapter 5.
4.2 Results

4.2.1 Trehalose uptake by whole cells of Mtb

To understand the processing of trehalose and trehalose analogues by tuberculosis, in vitro
uptake assays of trehalose into whole cell bacteria were employed to demonstrate that
trehalose is taken up by the bacteria. Genomic studies of Mrb sugar transport suggested a
precedent that extracellular trehalose could be taken up by mycobacteria®™. Using
comparative radioprobes 14C-glycerol, C-trehalose, 14C-galactose, C-arabinose and "C-
glucose, trehalose uptake in Mtb culture was observed over 2 and 24 hour time periods
(Figure 4.1 a-c)’. In contrast, galactose and arabinose showed no time-dependent uptake
(Figure 4.1b). Modest glucose uptake was observed (Figure 4.1c), presumably because the

culture medium (7H9 supplemented with ADC) contains 10mM unlabeled glucose.
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Both glycerol and glucose are well documented to have mycobacterial uptake4'6. As sugars
found throughout the eukaryotic and prokaryotic glycome, these were not of particular
interest for selective mycobacterial probe development and instead served as positive
controls. Galactose and arabinose are known components of the arabinogalactan’ and were
considered alternative mycobacterial labeling compounds if trehalose failed to label bacteria.
Galactose appeared to either be taken up rapidly before the first sampling, or the galactose
may have adhered to the membrane used in the uptake experiment. Arabinose had low levels
of uptake. These results suggest that trehalose is readily taken up by mycobacteria and is a

potential target for selectively labeling tuberculosis in vivo.
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Figure 4.1. Trehalose is incorporated into Mtb in vitro (a) *C-trehalose is taken up by Mtb culture over 2
hours, at a rate that is only slightly slower than glycerol. purple-'*C-trehalose, blue-'*C—glycerol. (b) In
contrast "*C-arabinose and '*C-galactose show no time dependent uptake into mycobacteria. Dark blue-
galactose, purple-trehalose, red-arabinose. Trehalose was used at a tenfold lower concentration of
radioactivity relative to the other sugars (0.1 nCi/mL), rather than (1 pCi/mL). (c) Uptake of trehalose
continues over a 24 hour period. purple-'*C-trehalose, yellow-'*C—glucose. (d) An attempt to evaluate the
uptake of putative, synthetic '*C methyl galacto-gluco-trehalose analogue 170 shows no uptake of the
compound synthesized. Blue-glycerol, purple (inset)-trehalose analogue 170. DPM-Disintegrations per
minute.

To confirm that the trehalose analogues synthesized (Chapter 2) would label mycobacteria in
comparable fashion to unmodified trehalose, the synthesis of ¢ versions of the trehalose

derivatives was attempted. The original synthesis involved the introduction of a C label at
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the anomeric position, utilizing 14C—methyl iodide (described in Chapter 2). This synthesis
failed, due presumably, to the difficulty of such small scale lithium halogen exchange
reactions and/or the questionable purity of the '*C-methyl iodide. In test reactions,
synthesizing C-methyl-glucose, the optimized reaction conditions afforded good yield of

the target compound.

In an alternative synthetic strategy non-radioactive, ‘cold,” galactose was doped with a small
amount of 14C—galactose, remaining from our uptake assays. At the time, glucose was not
available, so galactose had to suffice. From galactose, a synthesis of 14C—methyl—galacto
trehalose (reported in Chapter 2) was attempted. With access to insufficient chemical
characterization, due to the radioactive nature of the compound, this synthesis proved
challenging and it was nearly impossible to conclusively characterize the final product by
TLC alone. Uptake of the crude product, after deprotection, was assayed in batch Mtb culture
(Figure 4.1d).

Uptake studies of the '*C-methyl-gluco-galacto trehalose analogue 170 were conduct in a
manner comparable to previous experiments with the exception that less '*C-glycerol was
available for uptake. However, over 4 hours, uptake was observed. In contrast, no perceivable
uptake was observed with 170. It is tempting to conclude that Mtb does not tolerate the
galacto configuration, several alternative explanations. However, due to the slow nature of
the hydrogenation step, the product may not have been completely deprotected and remaining

benzyl groups could block any incorporation.

This preliminary foray in radiochemistry revealed the challenge of synthesizing '*C-trehalose
derivatives. These difficulties suggested that synthesis of C-trehalose analogues may not be
the most straightforward approach towards evaluation of trehalose labeling. To circumvent
some of these difficulties with the use of 14C, fluorescent trehalose (FITC-Tre, synthesis

described in Chapter 2) was explored as an alternative trehalose probe.
4.2.2 'C-trehalose labels TDM and TMM of mycobacteria

Prior to investigating the FITC-Tre labeling, incorporation of trehalose is into TDM and
TMM was quantified, disproving a model that proposed non-specific sugar uptake and
metabolism by endogenous trehalases. While this research was concluding, a trehalose
transporter was reported in the literature®. Kalscheuer et al suggest that trehalose, released by

the transmycolation reactions is trapped by the transporter and recycled back into the
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mycobacteria. The implications of this publication were that some of the trehalose uptake that
we observed (Figure 4.1) was not due to direct incorporation in the TDM and TMM, but

rather due to uptake by the trehalose transporter.

The selective accumulation uptake of “C-Tre into TDM and TMM was confirmed by
autoradiographic lipid analysis (Figure 4.2)°. Trehalose uptake was significant, and the
strongest band labeled by '*C-trehalose comigrated with a band labeled by '*C-acetate and
comigrated with cold TMM (not shown), which was visualized by staining in 5% sulfuric
acid [Figure 4.2 (lane ii)]. C-trehalose also labeled a band that comigrated with TDM,
although not labeled to the same extent as TMM. To confirm that these bands were TMM and
TDM, cells were also labeled after treatment with isoniazid (INH), which inhibits mycolic
acid biosynthesis and therefore blocks production of both TMM and TDM'". INH effectively
blocked biosynthesis of these two bands in a concentration dependent manner [see Figure 4.2
(lane iii,iv)]. Together these results demonstrated that trehalose is taken up by the bacteria

and incorporated into TDM and TMM by M. tuberculosis in vitro.

>‘
TDM >’

TW.‘
i

14Ac (i) 14’I're (|||)14Ac (iv) 14Ac
10x MIC INH 1x MIC INH

Figure 4.2. "*C-trehalose is incorporated into TMM and TDM in Mtb. Arrowheads show the migration
position of authentic samples of TMM and TDM. In (i) the culture was labeled for 24 hr with 14C.acetate
to label fatty acids. In (ii) the culture was labeled for 24 h with 14C.trehalose. In (iii) culture was treated
with isoniazid (INH) at 10X MIC to inhibit formation of TMM and TDM. (iv) 1X MIC treatment with
isoniazid (INH) shows concentration dependent, partial depletion of TDM and TMM. 'C-Trehalose
labels spots that co-migrate with TMM and TDM.
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4.2.3 FITC-trehalose specifically labels M. tuberculosis in batch culture

Having established that "C-trehalose labels mycobacteria and is incorporated into the TDM
and TMM, we turned our attention to the mycobacterial uptake of other trehalose derivatives.
For the purpose of developing a trehalose-based probe to label mycobacteria, it was necessary
to ascertain that not simply native trehalose, but also analogues were readily taken up by
mycobacteria. Because the initial attempts at synthesizing MC—analogues of the library of
trehalose derivatives proved futile (Chapter 2), a fluorescent approach (FITC-Tre) was

selected as an alternate strategy for the evaluation of trehalose uptake.

Whole-cell uptake assays and microscopy revealed that FITC-Tre labels Mtb in a time
dependent, Ag85 dependent and mycobacteria selective fashion. Mrb strain H37Rv was
grown in the presence of FITC-trehalose and at various time points aliquots were removed
and washed to reduce non-specific binding. A significant increase in fluorescence over time
was observed in bacteria exposed to FITC-trehalose (Figure 4.3a). To demonstrate that this
incorporation was dependent upon Ag85, we obtained a mutant in Ag85C that has been
previously reported to have 40% less mycolic acid incorporation into the mycobacterial cell
wall''. This mutant incorporated approximately 30% less FITC-trehalose than did wild type
(Figure 4.3a), supporting the proposed mechanism of anchoring of FITC-trehalose through

Ag85-mediated incorporation of mycolic acids.

To demonstrate that incorporation was specific, uptake into live M. tuberculosis was
compared with the autofluorescence of unlabeled control bacteria and to the FITC-Tre
labeling of heat killed bacteria. Significantly greater uptake into the FITC-Tre treated live
bacteria was observed relative to controls [Figure 4.3b (lanes i, ii and iv)]. Heat-killed M.
tuberculosis form large aggregates that are particularly difficult to wash adequately, perhaps
contributing to the relatively high background observed in these organisms (lane ii).
Compared with FITC-Tre, FITC—glucosei was found to label mycobacteria with much
reduced efficiency [Figure 4.3b (lane iii)], consistent with the poor efficiency of glucose as a
substrate for the Ag85 enzymes (and the unlikely uptake of this probe into the cell by
glucose-specific transporters). Finally, to establish specificity of labeling, three other
organisms commonly found in the human lung were exposed to FITC-trehalose:

Staphylococcus aureus, Haemophilus influenzae and Pseudomonas aeruginosa. None of

P FITC-glucose was synthesized by Dr. Francois D’Hooge
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these organisms were found to show appreciable labeling with FITC-trehalose [Figure 4.3b
(lane v-viii)]. These results demonstrated that FITC-Tre is a selective means to label

mycobacteria.
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Figure 4.3. FITC-Tre is incorporated by Mtb into FITC-TDM through the action of the Ag85 enzymes. (a)
Uptake of FITC-Tre into wild-type CDC 1551 (purple squares) or ag85C mutant, known to have a 40%
reduction in mycolic acid incorporation into the cell wall (blue diamonds). (b) Uptake of FITC-Tre or
FITC-Glc into (i, iii, and iv) live Mtb, (ii) heat killed Mtb, (v) Staphylococcus aureus, (vi) Pseudomonas
aeruginosa, (viil) Haemophilus influenza, (viii) mean autofluorescence of H. influenzae as representative
of autofluorescence of non-mycobacterial species. (c) FITC-Tre and *C-acetate colabel glycolipids; (i) the
radioTLC from “*C-acetate labeled Mrb. (ii) the radioTLC from dual labeling with FITC-Tre and Hc.
acetate. (iii) the fluorescence intensity in lane “ii” (iv) untreated FITC-Tre in the same TLC system.
Multiple spots are the charged, uncharged and cyclized versus uncyclized species of fluorescein
(arrowheads) (d) FITC-Tre labeled M¢b. (i) FITC-Tre, (ii) Transmitted Light Differential Interference
Contrast (DIC) image, (iii) Merge of ‘i-ii,” Scale bars 5 um. (e) The glycolipids extracted from " C-ii'"' that
co-migrate with TDM and TMM contain mycolic acids. (1-8) correspond to individual spots from lane
“ii” of “c” that were excised, saponified and run on a second TLC. The glycolipids in spots 6 and 7
contain lipids that co-migrate with authentic mycolic acids and give the characteristic banding pattern of
the three major mycolates. Error bars reflect standard deviation (SD) for four experiments. Scale bars 5
pm.
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To establish that FITC-trehalose was localizing to cells through esterification with mycolic
acids, we simultaneously labeled cells with both FITC-trehalose and '*C-acetate and isolated
co migrated with the spot identified in Figure 4.2 as TDM. Saponification of all radiolabeled
spots [Figure 4.3c (lane ii, 1-8)] and subsequent methylation and TLC (Figure 4.3e),

revealed that the strongly fluorescent spot carrying FITC-trehalose (spot 7) was associated
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with lipids comigrating with the characteristic triplet pattern of the three classes of mycolic
acids (alpha, methoxy and keto) (Figure 4.3e).No further attempts were made to characterize
the other less polar spots of low abundance that also apparently incorporated FITC-trehalose,
although these might reasonably be supposed to be other trehalose-containing glycolipids

found within the mycobacterial cell wall'>".

TLC analysis of glycolipid extracts confirmed that FITC-Tre was esterified into the TDM. It
was not certain why accumulation of the probe was not observed in the TMM (spot 6). We
and others have previously observed that TMM was less stable than TDM and tended to
degrade over time (unpublished). Mtb contain less TMM than TDM and it is thought that the
TMM is a more transient component of the outermembrane'®. It was possible that the FITC-
TMM was present at a level too low to be observed by TLC or that the product was unstable
or not soluble in the extraction protocol utilized. Alternatively, the absence of a FITC-TMM
could reflect an unknown aspect of the biosynthesis of TMM, TDM and the arabinogalactan

linked mycolates.
4.2.4 Polar labeling of Mtb microscopy

The value of FITC-trehalose as a probe was demonstrated by the clear patterns of differential
accumulation within live M. truberculosis (Figure 4.4). Confocal fluorescence microscopy of
H37Rv-M. tuberculosis expressing a red fluorescent protein (RFP, here mCherry, expressed
by a pMV261 plasmid) revealed higher levels of green fluorescence from FITC-trehalose
incorporation at outer membranes and, in particular, at the bacterial poles, and less in mid

sections (where the RFP localizes, Figure 4.4b).
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Z stack

Figure 4.4. Polar labeling by FITC-Tre in vitro (a) shows FITC-Tre labeling of H37Rv (b) shows FITC-
Tre labeling of the RFP expressing strain of H37Rv and (c) is the DIC image of (b), while (d) is an overlay
of (b-c) and (d) depicts the Z stack (1-10) through the same image (step size of 0.13 pm) and demonstrates
the FITC-Tre localization to the poles and membrane. Scale bars Sum.

This specific polar localization was confirmed by microscopic sections along the Z-axis (Z-
stacks, Figure 4.4e) and by statistical analysis of mean fluorescence (P < 0.0001, Figure
4.5). For the statistical analysis ROIs for the poles and midsections of the bacteria were
generated using the marching cubes function in Imaris Bitplane image processing software
(Figure 4.5 b,c). These observations were not only consistent with the mode of action
proposed for these trehalose analogues but also suggested higher Ag85 activities at the poles

that are consistent with a polar growth model.
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Figure 4.5. The quantification of the intensity of the poles and mid-sections of H37Rv Mtb (a) shows a
representative image of H37Rv Mtb, labeled with FITC-Tre (green) and expressing RFP (red). (b)
Indicates the regions of interest (ROIs) at the mycobacterial poles in white, while (c) shows the ROIs of
the bacterial mid-sections in white. (d) Quantification of the relative fluorescence at the poles versus
midsection of Mtb reveals a statistically significant accumulation of probe at the poles. Scale bars 5 um.
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Dosage with trehalose in vitro was found to modulate FITC-Tre labeling in bacterial
membranes, substantiating that the probe accumulation was Tre-dependent. We found that
high concentrations of trehalose abolished FITC-Tre labeling. Intermediate concentrations,
show somewhat decreased accumulation of label at the poles (not shown). Notably, there is
some background stickiness of the compound and slight labeling is still observed during
treatment with high trehalose concentrations. However, the high trehalose abolishes all

accumulation of probe at the mycobacterial poles (Figure 4.6d).

Figure 4.6. Trehalose saturation of FITC-Tre treated H37Rv Mtb expressing RFP shows no FITC-Tre
labeling in vitro. (a,b) Depict FITC-Tre labeled H37Rv Mtb expressing RFP. (b) FITC-Tre channel of
overlay shown in (a). (c,d) Mtb treated as in (a-b), except grown in the presence of saturating
concentrations of trehalose. (c) Shows RFP channel, while (d) shows the disappearance of FITC-Tre
labeling in the presence of trehalose (100 mM). Scale bars 5 pm.

4.2.5 MIC data

This apparent tolerance of mycobacteria for unnatural Tre analogues was confirmed by the
effect of such substrates upon growth of Mtb; minimum inhibitory concentration (MIC)
analysis was conducted for key compounds. 2,2’-dideoxy-lyxo-Tre 42, which was not a
substrate of any of the three Ag85 isoforms, showed a weak inhibition (MIC 100ug/mL); C-6
modified compounds were processed well by Ag85, and inhibited growth at 100-200 pg/mL.
Chapter 3, Table 3.4 details the MICs for all analogues. The growth inhibition, and Ag85
competitive substrate nature of the C-6 (Tre-C-6) modified compounds suggests that the
synthesis of Tre-C-6-MM may have detrimental effects on mycobacterial growth. These
inhibitory consequences may occur because the C-6 Tre cannot form TDM and instead shunts
mycolates towards Tre-C-6-MM. In contrast, other Tre analogues (modified at C-2, C-4, etc)
do not have any MIC, which further suggests that the decrease in TDM and subsequent
increase in TMM levels may inhibit mycobacteria growth. An alternative explanation of this

inhibition cannot be ruled out. The MIC of C-6 modified trehalose could be unrelated to
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Ag85 and these compounds may block other trehalose synthetic pathways, such as the

synthesis or degradation of trehalose.
4.3 Conclusions

The uptake of trehalose into mycobacteria has been established and is an efficient, selective
method to label mycobacteria in vitro. This labeling occurs in the TMM and TDM
glycolipids, and is, at least in part, dependent on the Ag85 enzymes. These compounds do not
appreciably inhibit mycobacterial growth and are selective for mycobacteria over other Gram
positive and negative pathogens. These compounds are attractive probes for future in vitro

and in vivo Mtb labeling.

Consideration of the future directions of this section is merited. Both Chapters 3 and 4 have
discussed the attempts at developing C-trehalose analogues, containing the methyl group
found in many of our trehalose probes. Although, this synthesis was unsuccessful, due to
limitations in our synthetic resources for radiochemistry, we believe that the synthesis of
additional "*C-trehalose compounds could help to more fully dissect the mycobacterial lipid

labeling process.

The lipid TLCs (Figure 4.3) reveal that trehalose is incorporated not, simply into TMM and
TDM, but also into many other extractable lipid spots. This additional labeling could be due
to the documented uptake and subsequent metabolism of trehalose, followed by incorporation
into the Fasl and Fasll systems and, finally, lipidation of the cell wall. Because sugar
transporters are selective, the transport of the bulky FITC-Tre seems unlikely and an alternate
explanation could be that these spots contain additional trehalose glycolipids. The mycolate
saponification experiments suggested that these spots do not contain mycolic acids. There are
many other documented, trehalose containing glycolipids, including sulfolipid-1, diacyl and
polyacyl trehalose. The biosynthesis of these important natural products has not been fully

explored. Additional 14

C-trehalose feeding experiments could shed light on the nature of
some of these compounds. The biotin-trehalose compound 54, briefly described in Chapter 2

could prove a useful tool for pulling down trehalose containing glycolipids.

The full structure and growth model of the mycobacterial cell wall is not fully understood.
The presence of additional antigen 85 enzymes has been discussed briefly in Chapter 4 and is
precedented by M. smegmatis and Corynebacterials. The putative trehalose monomycolate

transporter has not been identified and it remains to be seen exactly how these large,
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hydrophobic glycolipids are shuttled to the mycobacterial cell wall, orientated and directed to

their appropriate destination. We believe that the process of synthesizing the mycobacterial

cell wall is tightly regulated and that the trehalose compounds could help shed light on the

precise mechanism by which the outer bilayer of the mycobacterial cell wall is synthesized.
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5 Chapter 5: Labeling of mycobacteria in vivo

Chapter 5 reports mycobacteria selective labeling by trehalose in vivo. Chapters 3 and 4
demonstrated that the Ag85 enzymes tolerate a wide variety of modifications to the trehalose
scaffold and that fluorescein modified trehalose (FITC-Tre) efficiently labels the glycolipids
of mycobacteria in cell culture. Here we reveal that FITC-Tre is the first small molecule to
selectively label bacilli within macrophages infected with Mycobacterium tuberculosis.
Synthesis and implementation of an "8F_trehalose derivative as a PET probe in rabbits
infected with Mtb, suggests a utility for trehalose compounds in clinical applications.
Trehalose probes offer uses in a variety of basic and clinical research applications in the field

of Mtb diagnostics and disease monitoring.
5.1 Introduction

Prior imaging work with Mtb in infected macrophages has utilized several strategiesl’z, but
none allowed for non-toxic imaging of bacteria in vivo. Bacteria can be labeled with Texas-
Red fluorophore through fairly harsh, non-selective oxidation with sodium periodate prior to
infection'. Although toxic towards Mib?, fluorescently-labeled vancomycin has been used to
track the cell division patterns of M. smegmatis and M. bovis BCG?, but its toxicity towards
Mtb, may complicate experimental results. Antibodies can be utilized to label Mtb upon
fixation and for enzyme linked immunosorbent assays (ELISA)*, but are not useful for live
imaging. PET/CT imaging of patients infected with mycobacteria has shown promise when
conducted with the non-selective 18F-2—ﬂuoro—2—deoxy—g1ucose (FDG) probe, suggesting that
more selective PET probes should have utility for monitoring tuberculosis response to
treatment™®. In contrast to all previous methods, FITC-Tre shows no apparent toxicity
towards Mtb or macrophages and offers a mechanism-based method of labeling and imaging

viable mycobacteria within cell culture.
5.2 Results
5.2.1 Labeling of Mtb in macrophages by "*C-Tre

Prior to an investigation of FITC-Tre or BE_-Tre in vivo labeling, “C-Tre was used to
demonstrate the uptake of unmodified trehalose, not only in Mtb cell culture (Chapter 4), but
also into macrophages infected with tuberculosis. Macrophage infection is an important

feature of Mtbh pathogenesis and persistence’. Mrb is thought to infect the alveolar
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macrophages that line the lung epithelium; the macrophage uptake therefore represents an
additional permeability hurdle that separates any potential probe from Mtb. Not only did '*C-
Tre successfully penetrate and internalize within murine macrophages, it was also
subsequently taken up by Mrb growing within these cells, thereby validating the potential of
Tre probes in vivo (Figure 5.1). While “C-Tre allows direct verification of uptake, these

probes are not useful for non-invasive imaging and microscopy.
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Figure 5.1. 14C-trehalose is taken up into Mtb, residing within macrophages. (a) Uptake of 14C-trehalose
into TB infected macrophages (i) cytoplasm of infected macrophages (ii) cytoplasm of control
macrophages (iii) floating Mb from infected macrophages. Potentially, bacteria released after infection
(iv) floating debris from control macrophages (v) Mtb from infected macrophages (vi) extracted pellet
from control macrophages. Bars ‘i’ and ‘ii’ are 1 mL aliquots from 10 mL of the lysate of the
macrophages. Therefore, total radioactivity for the macrophages should be about 10 fold higher,
approximately 80,000 DPM. Accumulation of 20,000 DPMs of radioactivity into the Mtb within the
macrophages suggests significant localization of the sugar. (b) Scheme of different cellular compartments
evaluated for “C-trehalose radioactivity.

5.2.2 Labeling of Mtb in macrophages by FITC- Tre

Given that '“C-trehalose readily labels Mtb residing within macrophages, we turned our
attention towards the development of fluorescent probes that would be compatible with
microscopy and allow for facile labeling of Mtb in vivo. Fluorescein labeled trehalose (for
synthesis see Chapter 2) was added to macrophages (J774 cell line) infected with H37Rv
Mtb. Small amounts of the compound (< 1 mg) were initially synthesized for proof of
principle experiments. When macrophages infected with Mrb were treated with FITC-
trehalose, fluorescent, rod-shaped putative bacteria were observed (Figure 5.2). Intensity of
labeling was low and some background was observed, potentially due to low concentration of

probe and impurities within the test sample of the FITC-Tre. However, these results
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suggested that the FITC-trehalose penetrated the macrophages and labeled the Mtb residing

within.

Figure 5.2. First examples of FITC-Tre treated macrophages infected with Mtb suggested that bacilli-
selective labeling was occurring. (a) FITC-Tre labeled macrophages infected with H37Rv Mtb. (b) DIC
image with arrow indicating putative mycobacteria (c) overlay of channels ‘a’ and ‘b.’

With the synthesis of additional, high purity FITC-Tre, the labeling of Mtb by FITC-Tre
within macrophages was demonstrated to be a highly selective, low background method to
detect mycobacteria within cells (Figure 5.3, Figure 5.4). Initial labeling experiments were
conducted with macrophages infected with H37Rv, first washed to remove any extracellular
bacilli and then labeled with FITC-Tre. With the addition of greater concentrations of FITC-
Tre, some background was observed when macrophages were fixed with buffered formalin.
A permeabilization step (Triton X-100, 0.1% in PBS) was found to remove all background
and afforded clear labeling of rod-like bacterial structures that were also visible in the DIC

image as bacteria.
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Figure 5.3. Antibody confirms that FITC-Tre probe labels Mtb. (a,e) H37Rv Mtb are labeled with FITC-
Tre and (b,f) treated with anti-Mth antibody (AbCam ab905) while (c,g) shows the differential
interference contrast (DIC) and (d,h) is an overlay of all three channels and shows colocalization of FITC-
Tre and antibody. Scale bars 5 pm.

Although rod-like, mycobacteria-shaped, fluorescently labeled structures were clearly visible
in the DIC and fluorescent images, additional labeling was required to confirm that these
structures were mycobacteria. Immunocytochemistry demonstrated that the FITC-Tre labeled
rods were conclusively mycobacteria. The specificity of the FITC-Tre label for Mth was
demonstrated by colocalization of staining with an Mtb-specific antibody (Figure 5.3). Some,
but not all, bacteria were labeled well by the antibody system employed, a fragment antigen-
binding (Fab) based kit that eliminated the need for a secondary antibodyi. Subsequent use of
a primary and secondary antibody systems by others in the Barry group suggested that some
of the poor labeling that was observed was in part due to the Fab system rather than the
antibody itself (Dr. Laura Via and Dr Young-Soon Yoon, data not shown). Antibody
colabeling experiments demonstrated that FITC-Tre labels mycobacteria within macrophages
and was compatible with standard immunocytochemistry protocols. Well documented
problems with mycobacterial acid fast stains® and antibody selectivityg, combined with the
sporadic labeling shown here, demonstrates that a major tuberculosis research problem is the

absence of reproducible tools with which to label Mzb.

i Zenon ® Mouse IgG1 Labeling Kits, Molecular Probes
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Figure 5.4. Macrophage infection experiments reveal differential accumulation of the FITC-Tre probe,
particularly at the cell wall and poles. Macrophages were infected with RFP BCG or H37Rv Mtb where
indicated. Red (Red Fluorescent Protein, RFP), green (FITC-Tre). DNA of macrophages is stained blue
with 4',6-diamidino-2-phenylindole (DAPI). (a) Typical Mtb labeled with FITC-Tre are depicted. In (b)
bacteria are clearly visible in DIC image, indicated by white arrows. (c¢) Shows an overlay of DIC and
fluorescent image. (d) Macrophages were infected with BCG expressing RFP and FITC-Tre labeled, Z
stack max projection through cell and (e) shows RFP labeling of panel ‘d.” (f) Overlay of ‘d-e.’ (g) (1-5) A
stack through cells depicted in ‘d-f> shows the differential accumulation of FITC-Tre (1 um between
slices). (h) FITC-Tre polar labeling of RFP H37Rv Mtb infecting macrophages. (i) RFP overlay of ‘h’
shows the accumulation of the probe on the cell wall, outside of the RFP label. Scale bars S pm.

In combination with the antibody colocalization, FITC-Tre labeling was also confirmed using
macrophages infected with a red fluorescent protein (RFP) expressing Mtb and Bacillus
Calmette-Guérin (BCG, M bovis)m strains treated with FITC-Tre in an analogous manner
(Figure 5.8). Selective labeling of Mtb was observed within 4 hours, at FITC-Tre
concentrations down to 50 uM with a large increase in fluorescence over time consistent with
ongoing Ag85-mediated uptake. Optimal labeling was achieved with FITC-Tre at 200 uM
and with probe incubation times >24 hours. Tagging of BCG and also of M. avium (not
shown) confirmed that the FITC-Tre labeled a variety of mycobacteria within macrophages.
Colocalization between the FITC-Tre and RFP expressing strains conclusively demonstrated
that the FITC-Tre accumulation in rod-shaped objects was labeling of mycobacteria, rather

than of other putative-bacteria shaped cellular components.
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5.2.3 Establishing the non-toxic, selective nature of the FITC-Tre

The RFP and antibody experiments firmly established that FITC-Tre tags Mtb within
macrophages. Next the scope and limitations of this labeling system were explored. FITC-Tre
had been found by MIC to have no inhibitory effect on mycobacterial growth in cell culture
(Chapter 3). To transfer this result to macrophage culture and to further substantiate the
argument that FITC-Tre labeling was non-toxic and did not perturb mycobacterial growth
within macrophages, growth inhibition curves were obtained from macrophages infected with
Mtb. Macrophages were infected with RFP Mtb in 96 well format and treated with ethanol or
FITC-Tre in ethanol and then monitored for RFP fluorescence increase as a metric of growth.
No apparent inhibition of Mth growth was observed either under low infection or high
infection of bacteria (Figure 5.5). In addition to having no MIC, this data supports that FITC-
Tre does not inhibit bacterial growth in vitro or in vivo. Throughout all labeling experiments,
no significant changes in macrophage growth or viability were observed, both visually and by
trypan blue staining (haemocytometer). FITC-Tre showed no toxicity towards both

macrophages and the mycobacterium residing within.
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Figure 5.5. Growth inhibition curves of RFP TB residing within J774 macrophages.
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5.2.4 Determining the selectivity of the labeling

Having ruled out concerns regarding toxicity, we sought to establish that the FITC-Tre
labeling in macrophages was mechanism-based and linked to the incorporation of trehalose
by Ag85. 2-FITC-glucose’ was utilized as a comparative probe, featuring similar solubility
properties and the identical linkage to that found in FITC-Tre. Failure to observe significant
labeling with FITC-glucose, under identical conditions to FITC-Tre labeling, suggested that
the labeling depended on the presence of the trehalose moiety (Figure 5.6).

Merge

Figure 5.6. FITC-Glc labeling in infected macrophages (a) RFP BCG (excitation 594 nm and emission
spectra recorded at 602-651 nm) (b) FITC-Glc label (excited at 488 nm and emission spectra were
recorded at 497-557 nm) (c) overlay of RFP and FITC with FITC gain enhanced to show that there is no
colocalization. Scale bars 5 pm.

It was hypothesized that unlabeled trehalose could be employed to compete with FITC-Tre
labeling in a manner consistent with the in vifro trehalose competition experiments
(Chapter 4). Gratifyingly, labeling of the intra-macrophage bacteria was also effectively
abolished by competing administration of high concentrations (10 mM) of trehalose (Figure

5.7), which further supports that the FITC-Tre labeling is a trehalose-dependent process.

i Synthesized by Dr. Francois D’Hooge. For synthesis see Appendix 1.
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Merge

Figure 5.7. Trehalose saturation of FITC-Tre treated BCG shows no FITC-Tre labeling in vivo,
demonstrating that the FITC-Tre labeling is trehalose dependent. (a) FITC-Tre treated BCG expressing
RFP shows no green fluorescence (b) RFP channel of image in (a) and (c) shows an overlay of FITC-Tre,
RFP and DIC images. Scale bars 25 ym.

As an alternative mode of fluorescence label, quantum dots conjugated to trehalose (QD-Tre,
55) were also synthesized (Chapter 2). This substrate also co-localized (Figure 5.8) with
Mtb in infected macrophages, corroborating a Tre-dependent and Mrb selective labeling that
is not dependent on the source of fluorophore used. Preliminary experiments revealed that
Carboxyrhodamine-trehalose (Rho-Tre, 56) (Chapter 2) also labeled Mrb. However, these
results were complicated by the background ‘stickiness’ of rhodamine. Due to previously
reported ability of the fluorophore to adhere to mycobacterial cell walls (acid fast stains' ™",

further experiments with the Rho-Tre were discontinued. In summary, trehalose dependence

of labeling suggests an Ag85 based mechanism of incorporation.

Figure 5.8. Trehalose-Quantum dot (Tre-QD) labeled Mtbh show that trehalose labeling is independent of
the type of fluorophore appending the trehalose. (a) QD labeled Mtb (excitation 562 nm. emission 585nm
— 634 nm) (b) Overlay of QD image with DIC (c) DIC image of infected macrophages treated with Tre-
QDs. Arrows indicate putative Mtb identified in DIC image (d) Tre-QDs with ~110 sugars/dot. Scale bars
5 pm.

Page | 148



Chapter 5: Labeling mycobacteria in vivo

5.2.5 Differential labeling by FITC-Tre of Mth macrophages

In contrast to the fairly uniform labeling of bacilli observed in vitro (Chapter 4), bacterial
labeling in vivo was not uniform, either between cells or within a cell. In both in vitro and in
vivo experiments Mtb accumulated FITC-Tre at the poles and cell wall, consistent with the
Ag85 dependent labeling hypothesis (Figure 5.4). However, during growth in macrophages
some Mtb accumulated vast amounts of probe, particularly at the poles and cell wall, whereas
some bacterial cells appeared to incorporate very little label. With the RFP reporter strains,
we observed that even mycobacterial cells within a single macrophage displayed very
different labeling intensities. We speculated that this differential FITC-Tre labeling might be
relevant to the growth status of a particular bacterium within the cell reflective of the
maturation status of the endosomal compartment within which they were located.
Alternatively, the amount of labeling could correlate with the amount of probe available to
the bacteria. Professor David Russell’s lab has observed similar heterogeneity among
populations of Mtbh expressing a pH sensitive fluorescent protein construct and they also

cannot fully explain the observed phenomena'".

Bacteria residing in phagolysosomes would be expected to have lower metabolic activity
(and therefore lower Ag85 expression levels) compared to mycobacteria occupying the more
hospitable phagosomes. Additionally, the Ag85 enzymes have shown decreased catalytic
efficiency below pH 6', so decreased transmycolation would be expected in more acidic
vesicles. TDM is thought to play an important role in the mycobacterial persistence within
host cells. It has been shown to inhibit fusion between vesicles'> and is potentially
responsible for the inhibition of phagosomal acidification by Mib'®. Because TDM was
thought to inhibit Mtb trafficking and the Ag85 enzymes would be more active, and produced
at higher levels in the early phagosome, it was hypothesized that bacteria in the early stages
of phagocytosis would accumulate greater levels of FITC-Tre and appear more fluorescent

when compared with those bacteria in the phagolysosome.

it personal communication with Professor David Russell, Cornell University, unpublished.
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5.2.6 Statistical analysis of BCG vs. M¢b fluorescence

It was initially hypothesized that measurable differences in FITC-Tre accumulation between
the RFP BCG strain and the RFP TB strain would be apparent, as the less virulent BCG strain
should be trafficked more rapidly by the macrophages. Macrophages were infected with RFP
BCG or H37Rv and labeled with FITC-Tre and then fixed, mounted and analyzed by
confocal microscopy. Z-Stacks were taken through bacteria to capture all fluorescence and
allow calculation of the volume. Fluorescence intensity was quantified as relative
fluorescence units (RFUs)/vol. Regions of interest (ROIs) were defined by the red channel
and the statistic function in Imaris Bitplane 7.3 was used to report the green fluorescence in
the red regions. Consistent with what had been hypothesized, the TB strain demonstrated

greater FITC-Tre labeling (Figure 5.9).
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Figure 5.9. Statistically significant difference between TB and BCG labeled with FITC-Tre was observed
when bacteria were treated as Regions of interest (ROIs), determined by RFP fluorescence, and the sum
of FITC-Tre fluorescence was quantified for each ROI. Each datapoint represents one bacteria. P
<0.0001.

Although initially very promising, these results were confounded by problems with
fluorescence instability exhibited by the RFP BCG strain. After several passages of the
culture, the strain appeared to be converting from an RFP to a GFP strain. In multiple

separate experiments, we noticed two nearly separate populations of bacteria, one green and
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one red. Many bacteria were red and not green or vice versa. The H37Rv RFP construct was
found to be much more stable, producing a negligible number of bacteria that are green but
not red. Missing a large subpopulation of bacteria within our data analysis almost certainly

confounded the results.

In addition to the red to green conversion, the RFP BCG strain had a low level of green
emission when excited with the 488nm laser, noticeable because the red fluorescence
intensity actually decreased when the green laser was turned off. Also, the red and green
channels had a striking similarity (crosstalk) in some cases. The level of background green
fluorescence was lower than the accumulation of FITC-Tre after 24 hours labeling. However,
earlier time points and attempts to quantify FITC-Tre labeling were complicated by this RFP-
GFP signal.

This instability and background problem produced by the RFP BCG strain is inherent to the
type of RFP encoded by the BCG strain, specifically DSRedl. DSRedl is an early
generation RFP protein that is a tetramer, composed of four GFP-like subunits, which was
discovered in reef coral and found to be a distant relative of GFP'’. A problem with the
tetramer is that it can degrade to the monomeric GFP form, explaining the green background
that was observed in the BCG samples'®. Fortunately, the RFP Mrb strain, which encodes a
monomeric version of RFP, mCherry, does not exhibit this problem. After the instability of
the BCG strain was discovered, experiments with the RFP BCG were avoided. A control
infection without FITC-Tre was always employed to ensure that there was no green
background. With these precautions in place, the rest of the experiments proceeded without

complications from RFP-GFP background.
5.2.7 Trafficking studies: Labeling of endosomes and lysosomes

The comparison between BCG and TB was suggestive, but further experimentation was
required to link the FITC-Tre label to location of individual bacilli in the phagocytotic
pathway. Colocalization studies with the early endosome antigen 1(EEA1) and lysosomal
associated membrane protein 2 (LAMP2) were implemented, first in J774 macrophages.
LAMP2 is one of two proteins LAMP1 and 2 that constitute an estimated 50% of the
lysosomal membrane. EEA1 is an antibody against the early endosomes, specifically Early
Endosome Antigen 1 protein that binds phospholipid vesicles containing phosphatidylinositol

3-phosphate. Labeling with fluorescent dextrin (lysosome maker) and/or transferrin
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(endosome marker) was also attempted, but poor uptake and low signal limited the utility of
both of these markers. Initially it was hypothesized that greater colocalization would be
observed between the EEA1 marker and the FITC-Tre labeled bacteria, suggesting
localization in the early phagosome. Accumulation of the LAMP2 marker was postulated to
be prevalent at the bacteria that did not label with FITC-Tre, reflective of a phagolysosomal

location.

As a control, we first confirmed that these antibodies do not colocalize by a dual stain with a
Rabbit EEA1 antibody and a Rat LAMP2 antibody, followed by FITC-anti-rabbit and a Cy-
5.5 anti-rat secondary antibodies. In some strains of J774 macrophages, LAMP2 stains the
endosomes as well as the lysosomes and so it was gratifying to observe very little
colocalization between the two antibodies (Figure 5.10). Colocalization was low, about

2.5%, confirming that the antibodies did not exhibit cross reactivity.

Figure 5.10. Low cross reactivity of EEA1 and LAMP2 antibodies. (a) EEA (green), LAMP2 (purple),
DAPI (blue), (b) 3D reconstruction of ‘a,” (c) histogram of colocalization of purple and green. Scale bars
10 pm.

In infected macrophages the antibody labeling proceeded well, but halos of antibody
surrounding the bacteria were not observed, contrasting what had been expected for vesicle-
shaped phagosomes. Instead fragments of the endosome and lysosomal membranes were
detected. These results are consistent with those obtained previously by Deretic'®. This
fragmented labeling complicated correlating the endosome or lysosome labeling with
bacterial color because only parts of the bacteria colocalized, i.e. colocalization of pixels,
rather than of whole bacteria. Colocalization can be automated in Imaris software and the
program will calculate the percentage material (takes into account both intensity and volume)

or simply percentage volume that colocalizes between two different signals observed on the
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microscope. The green signal and antibody signal (far red, colored magenta) and the RFP
signal and magenta were evaluated for colocalization. This analysis afforded a percentage
colocalization between the FITC-Tre labeled subpopulation of bacteria and the antibody or
the RFP expressing entire population, neglecting a critical subpopulation, the bacteria that

express RFP but do not label with FITC-Tre (red-but-not-green).
5.2.8 Mtb subpopulation that does not label with FITC-Tre (red-but-not-green)

Some creative image analysis techniques were attempted to try to generate a ROI for the red-
but-not-green bacteria. A subtraction of the green channel from the red channel was
attempted, which should have afforded the red-but-not-green ROI. However, the relative
different intensities between the two channels resulted in an incomplete subtraction, leaving
unwanted portions of bacteria in the image. This problem could be circumvented by
generating ROIs for each color and then subtracting the green ROI from the red ROIL
Because FITC-Tre labeled the cell wall of the Mtb, whereas the RFP was cytosolic, the green
ROI often surrounded the red ROI, meaning that when the ROI subtraction was attempted,
we were left with RFP centers of some bacteria that were labeled with FITC-Tre. As neither
of these strategies proved feasible, all of the studies reported here reflect the colocalization
between these markers and the entire bacterial population and with the FITC-Tre labeled

subpopulation, unfortunately neglecting the red-but-not green subpopulation.
5.2.9 FITC-Tre labeling may be linked to mycobacterial trafficking

Preliminary colocalization studies with EEA1 and LAMP2 suggested little to no difference
between the FITC-Tre bacteria and the entire population (data not shown). Several reasons
for this were considered. The bacteria may continue to traffic during the labeling, which
might affect the fluorescence. Phagosomal escape has both been documented™. One could
envision a bacterium in the phagolysosome escaping to the cytoplasm and then undergoing
Ag85 dependent FITC-Tre labeling. Likewise bacteria could label in the endosome and then

traffic to the lysosome, thus affording green bacteria in the lysosome.

Interferon-y (IFN), a well known activator of macrophages, was employed to try to force
additional phagosome lysosome trafficking and, as a result, greater differences between the
percentage colocalization with EEA1 and LAMP2. The setup of the experiment was the
following: activate macrophages upon infection, wait 4 hours, treat with FITC-Tre, expose

overnight and fix, permeabilize, block, mount and analyze. For each antibody 3 slides and 3-
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4 fields of view per slide were evaluated in order to reduce the possibility of error from one
particular slide. Unactivated macrophages were evaluated in parallel. LAMP antibody was
used to confirm that the activation was successful. Macrophages elongated and flattened out
with treated with IFN, which is readily apparent from a LAMP stain (Figure 5.11). A
seeming decrease in the amount of high-level FITC-Tre fluorescence upon IFN treatment was
observed. However many of the bacteria were low-level labeled, so it was hard to determine
the significance of this decrease (Figure 5.11). For this data any ROI with a volume greater
than 20 was excluded, as these represented large clumps or bacteria, which traffic differently
from individual bacteria®'. In subsequent experiments macrophage activation was conducted

the day prior to infection instead of concurrent with infection, which may show larger

changes in labeling.

| e 150

Mean FITC-Tre Intensity

Figure 5.11. Imaging of J774 macrophages infected with RFP expressing H37Rv suggests a decrease in
FITC-Tre accumulation when macrophages are activated with IFN-y. (a) Shows cells not activated with
INF-y. Overlay of green and red channels shows slightly higher FITC-Tre probe accumulation than in (b)
where an overlay of green and red channels of cells were activated with INF-y. (c¢) depicts non-IFN-y
LAMP2 antibody stain. (d) IFN-y LAMP2 antibody stain shows macrophages have flattened and
elongated, confirming that activation was successful. (e) Quantification of mean FITC-Tre intensity for
non-IFN and INF-y macrophages shows a decrease in intensity under IFN-y. Each point represents one
bacterium or if touching, multiple bacteria. Scale bars 5 pm.

Under IFN-y activation the colocalization of FITC-Tre bacteria with the lysosome marker
LAMP2 was interrogated. It was hypothesized that since the FITC-Tre is an enzymatic
readout, the Ag85 enzymes should be less active in the acidic lysosomal compartment and
thus there should be less FITC-Tre labeling when colocalized with LAMP, particularly under
INF-y activation. However, when the amount of LAMP2 colocalization for both IFN and
non-IFN treated macrophages was quantified, no statistically significant difference was

observed between FITC-Tre and the population of bacteria as a whole (represented by the red
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bacteria, as all bacteria are red). The Pearson scores>? for colocalization were low, indicating
that the majority of bacteria were actually not colocalized with the LAMP2. Likewise,
colocalization was typically limited to a few pixels on the length of the bacteria (Figure
5.12). These results suggested that there is no difference in colocalization between the FITC-

Tre labeling Mtb subpopulation and the entire bacterial population in J774 macrophages.
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Figure 5.12. J774 macrophages infected with Mth and labeled with FITC-Tre show no significant
difference in colocalization with LAMP?2 in the presence or absence of IFN-y activation. (a) IFN-y and
LAMP2 treated macrophages, (b) 3D reconstruction of ‘a,” (c) Non-IFN-y and LAMP2 treated
macrophages, (d) 3D reconstruction of ‘c.” Scale bar 10 pm.

Colocalization between early endosome antigen 1 (EEA1) and RFP Mth was quantified in a
similar manner to the LAMP2 colocalization studies. Colocalization was very low in
unactivated macrophages. However, in activated macrophages, the antibody labeling
increased and an enhanced colocalization was observed. More colocalization of low-FITC-
Tre Mtb with EEAT1 under INF-y treatment was the opposite of what had had been anticipated
and would suggest a correlation between FITC-Tre label and increased trafficking. These
results were collected over a small sample set, which could bear repeating. Part or all of this
increase in colocalization may be due to increased production of EEA1 under macrophage

activation, rather than actual differences in colocalization with bacterial subpopulations.
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Figure 5.13. Colocalization of EEA1 and FITC-Tre or RFP shows an increase under IFN-y treatment. (a)
Macrophages are labeled with EEA1 (purple). Colocalization is shown in yellow. (b) 3D reconstruction of
‘a’ (c) EEA1 colocalization is quantified. Scale bar 5 um.

Because of the difficulties ascertaining whether FITC-Tre was labeling selectively during a
particular stage of infection, phagocytotic literature was surveyed to determine whether
additional antibody markers existed that might prove useful for teasing apart this problem.
We discovered that EEA1 and LAMP?2 are markers for very early endosomes and very late
lysosomes respectively (discussed in Section 5.2.5). These antibodies failed to capture the
majority of Mtb, which reside somewhere between the early endosomes and the lysosomes.
The literature survey revealed a wide variety of alternative markers for different stages in the
endosome/phagosome pathway. A sampling of these antibodies was obtained and
implemented. To summarize briefly, Rab524’25, Rab1426, LAMP127’28, EEA1" and Pro-
Cathepsin D® were selected, as these had been used previously as good endosomal,

phagosomal and lysosomal markers.

Rab5 belongs to a class of over 60 low molecular weight Ras GTPases that cycle between
their active GTP and inactive GDP bound forms. They function as molecular switches to

. . 3031
promote vesicle fusion™

. Duclos et al found that Rab5 regulates the ‘kiss and run’ fusion
between phagosomes and endosomes™. It has been well documented that a dynamic switch
exists between Rab5 and Rab7 with the loss of Rab5 and gain of Rab7 leading to phagosomal
maturation”. Over-expression of Rab5 led to uncontrolled formation of giant phagosomes.

All reports suggest high colocalization between Rab5 and the mycobacterial phagosome.
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Figure 5.14. Diagram of mycobacterial phagosome formation and persistence. Based loosely on figure 2
from Kaufmann™.

Branching out into other Rab proteins, two additional candidates were found to be important
for phagosomal formation and persistence. First, Rab7 has been implicated in the arrest of
phagosomal maturation, specifically in the stage of vesicle fusion regulated by Rab5 and
Rab7. Via et al found that selective retention of Rab5 and exclusion of Rab7 is linked to
mycobacterial persistence within the phagosome and avoidance of maturation of fusion with
lysosomes25 . Rab7 was not selected as a marker, because an increase rather than decrease in

colocalization with the phagosome was desired for this study.

In a subsequent publication, Deretic’s lab found that Rab14, like Rab3, is critical for
maintenance of the mycobacterial phagosome maturation arrest’. In contrast, work from
Brumell’s lab**, evaluating the whole network of Rab GTPases in reference to Salmonella
only found modest colocalization between the salmonella phagosome and the Rabl4
antibody. These results conflict with those from Deretic’s group and so Rabl14 differential

colocalization was investigated.
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To look at the lysosomes and bacteria that were in more acidified phagosomes and
phagolysosomes, several antibodies were considered, specifically Lampl, VATPase and
cleaved Cathepsin D (CathD). LAMPI is the lysosomal associated membrane protein, and as
was discussed earlier, colocalizes with the lysosomes and phagolysosomes. V-ATPase, also
known as Vacuolar-type H'-ATPase, couples the energy from the hydrolysis of ATP to
transport protons across a membrane, creating a pH gradient. It consists of 6 different
domains and an antibody against the G1 subunit was obtained. =~ Barker et al® uses V-
ATPase, LAMP1 and cleaved CathD antibodies to demonstrate that M. marinum circumvents
the endocytotic pathway and can reside in an intracellular compartment that is not acidic and
does not fuse with lysosomes. They also compared live versus heat killed bacteria and latex
beads to show an increase in colocalization for beads and dead bacteria, particularly with
CathD and V-ATPase. The increases in colocalization were particularly pronounced with V-
ATPase and CathD and more modest with LAMPI1. All three antibodies were obtained to

compare their colocalization.

Although procurement of the antibody against cleaved CathD was intended, in reality, the
antibody against Pro-cathepsin D, the uncleaved form of this protease was actually obtained.
This mistake was fortuitous, as the Pro-CathD has been demonstrated to be found in
phagosomes. Its cleavage is one of many important steps towards phagosomal maturation.
Cleaved CathD colocalizes with lysosomes, whereas the pro form colocalizes with

phagosomeszg. Presence of Pro-CathD is an important marker of phagosomal colocalization.
5.2.10 Bone marrow macrophage labeling and colocalization studies

To see whether the hypothesis that FITC-Tre labeling would correlate with phagosomal
location was correct, murine bone marrow macrophages (BMMS) were obtained and half of
the cells were activated with INF-y. Subsequently both activated and unactivated BMMS
were infected with the RFP H37Rv Mitb strain and then labeled with FITC-Tre, fixed and
labeled with antibodies. BMMs were obtained by a protocol modified from what has been
previously reported®®”’ from Black 6 female mice (see Appendix 2 for full details). Visual
inspection revealed enlargement of the monocytes, elongation and formation of pseudopod
shape, which confirmed the generation of BMMs, under stimulation with murine M-CSF

(macrophage colony stimulating factor) (Figure 5.15).
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Figure 5.15. Depicts the experimental design for Mrb infection and labeling experiment in bone marrow
macrophages (BMMS).

After infection and labeling, cells were fixed, permeabilized, stained with the target
antibodies, mounted onto slides and visualized via confocal microscope (see Appendix 2 for
full details). Antibodies were either diluted 1:50 or 1:100, depending on preliminary labeling
optimization. All experiments were conducted in triplicate and at least three images were
collected per slide to verify results. Image averaging of four and bidirectional scanning were
employed, the former to decrease the background, the latter to vastly decrease the image
collection time. The same microscope and same settings were used collection of for all

images so that a comparison of data across different images would be possible.

Once all of the images were collected, images were deconvolved to increase the apparent
image resolution. Deconvolution®® uses an algorithm to reduce the out of focus light in three
dimensional microscope images, refocusing the light scattered during image collection. To

3940, meaning that sampling must be at

deconvolve, sampling must be above Nyquist’s criteria
2.3 times the highest frequency present in the data. For microscopy in the visible light range,
this works out to be a zoom of four and a z stack slice every 0.29 um. Sampling was within
these values, with a zoom of four or six and 0.29 pm slices in the stacks. Huygens
deconvolution software was used with consistent deconvolution parameters to deconvolve all

images within a particular antibody sample, so as to be able to compare across images.
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After deconvolution, all images were imported into Imaris Bitplane 7.3 software for
colocalization analysis and calculation of the mean intensity for each color within each
bacteria or clump of bacteria. Each bacteria was treated as a region of interest (ROI). If two
bacteria were touching or multiple bacteria were found in a clump, they were treated as one
ROI because the software cannot easily distinguish objects that are touching. All of this
information for both deconvolved and not deconvolved images was collected as comma
separated files to be compiled into one dataset for each antibody. A brief comparison
between the deconvolved and non-deconvolved colocalization results showed no significant
differences in the data output, confirming that deconvolution did not alter the results reported

here.

To expedite the data analysis, a series of MATLAB programs were developed in order to
compile the data into matrices from comma-separated values (CSV) files. These programs
directly extracted and compiled the appropriate data from the CSV files, negating the need to
open or copy-paste each data point, and dramatically streamlining the data analysis (see

Appendix 2 for full details).
5.2.10.1 Colocalization results

Colocalization results revealed subtle differences between the FITC-Tre bacterial population
and the Mtb population as a whole, specifically lower colocalization between FITC-Tre and
Rab5 and LAMPI. All antibodies labeled well with the exception of the V-ATPase antibody.
However, statistically significant differences in colocalization were most apparent with
Lampl and Rab5 antibodies. When all datasets were compared, a lower level of FITC-Tre
labeling was observed in Mtb infecting macrophages under IFN-y stimulation, compared with
those residing in unactivated cells. Taken together, these results suggest that the FITC-Tre

label may serve as a marker of an early stage of phagosomal trafficking.

Low colocalization was observed both under activated and unactivated conditions for EEA1
(Figure 5.16). EEAL1 is actually an effector of the GTPase Rab5, a known phagosomal
marker®', meaning that the presence of large amounts of Rab5 in the phagosome41 will lead to
a paucity of EEAI1. Consistent with previous reports of accumulation of Rab5 in the
mycobacterial phagosome, high colocalization of Rab5 was observed for both FITC-Tre
bacilli and the entire Mtbh population in both activated and unactivated macrophages (Figure

5.17).
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Figure 5.16. Labeling studies with anti-EEA1 in infected bone marrow macrophages (a-d) illustrates
triple labeling colocalization studies with RFP, FITC-Tre and anti-EEA1 antibody in bone marrow
macrophages (BMMs) activated with IFN-y. (a) shows the merged RFP and FITC images, (b) the labeling
with anti-EEA1 (magenta) with colocalization indicated in white (c) a three dimensional reconstruction
with all three labels superimposed. (d) shows quantitation of colocalization of EEA1 with bacteria that
were labeled with FITC-Tre (green bars) or were red (total population). Scale bars 5 pm.
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Figure 5.17. Labeling studies with anti-Rab5 in infected bone marrow macrophages (a-d) illustrates triple
labeling colocalization studies with RFP, FITC-Tre and anti-Rab5 antibody in bone marrow
macrophages (BMMs) activated with IFN-y. Yellow arrows indicate red bacteria that are not green, i.e.
do not take up FITC-Tre and that colocalize to a high degree with Rab5. (a) shows the merged RFP and
FITC images, (b) the labeling with anti-Rab5S (magenta) with colocalization indicated in white (c) a three
dimensional reconstruction of with all three labels superimposed. (d) shows quantitation of colocalization
of Rab5 with bacteria that were labeled with FITC-Tre (green bars) or were red (total population). P-
Values: Green vs. Total (ns), Green vs. Green+IFN-y (0.07), Green vs. Total+IFN-y (0.02), Total vs. Green
+ IFN-y (0.04), Total vs. Total+ IFN-y (0.008) and Green+IFN-y vs. Total+ IFN-y (ns). Error bars are
standard error of the mean (SEM) for a minimum of 3 experiments. P value > 0.1 are notated not
significant (ns). Scale bars 5 pm.

Upon IFN-y activation, Rab5 percentage colocalization was found to be lower for highly
FITC-Tre-labeled Mth compared with the bulk bacterial population (Figure 5.17). This
result contrasted with the hypothesis that FITC-Tre labeled Mtb should reside in the
phagosome and colocalize with Rab5 to a greater extent than the entire bacterial population.
Literature precedent suggested, unexpectedly, that Rab5 has also been linked to phagosome
maturation. Smith et al** screened a panel of GTPases and identified those important for
phagosomal maturation in Salmonella, namely Rab5 and Rab7 and Rabl1l and Rabl14 and
several other GTPases to a lesser extent. Rab5a but not Rab5b or ¢ had a correlation with
accelerated maturation of Listeria phagosomes42. INF-y was found to activate Rab5a, but not
Rab5b or c. The Rab5 antibody employed in this study reacts with all isoforms of Rab5,

suggesting that some of the increase in colocalization of the entire bacterial population under
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IFN-y activation may be due to increased colocalization with Rab5a, rather than other Rab5

isoforms.
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Figure 5.18. Labeling studies with anti-Rab14 in infected bone marrow macrophages (a-d) illustrates
triple labeling colocalization studies with RFP, FITC-Tre and anti-Rab14 antibody in bone marrow
macrophages (BMMs) activated with IFN-y. (a) shows the merged RFP and FITC images, (b) the labeling
with anti-Rab14 (magenta) with colocalization indicated in white (c) a three dimensional reconstruction of
with all three labels superimposed. (d) shows quantitation of colocalization of Rab14 with bacteria that
were labeled with FITC-Tre (green bars) or were red (total population). Scale bars 5 pm.

Colocalization between Rab14 and FITC-Tre-labeled Mtb compared to the total population of
bacteria was similar for both unactivated and IFN-y treated macrophages (Figure 5.18). In
contrast, colocalization of Pro-Cathepsin D, another phagosomal marker, increased with
FITC-Tre-positive Mtb relative to the whole population (Figure 5.19). LAMP1 was also
found to colocalize to a lesser degree with highly FITC-Tre positive bacteria (Figure 5.20) as
compared with the population average, particularly upon IFN-y activation. Together these
data are consistent with the hypothesis that Mzb that poorly incorporate FITC-Tre localize to
Rab5-containing phagosomes that have more fully matured towards degradative lysosomes.
The corollary is that those with high Ag85-activity that incorporate FITC-Tre well, and will
therefore readily generate TDM, are associated with less-developed phagosomes, perhaps

through TDM-associated inhibitory mechanisms'>*.
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Figure 5.19. Labeling studies with anti-Pro-Cathepsin D in infected bone marrow macrophages (a-d)
illustrates triple labeling colocalization studies with RFP, FITC-Tre and anti-EEA1 antibody in bone
marrow macrophages (BMMs) activated with IFN-y. (a) shows the merged RFP and FITC images, (b) the
labeling with anti-CathD (magenta) with colocalization indicated in white (¢) Only CathD (d) zoomed in
to show large accumulation of antibody (e) a three dimensional reconstruction of with all three labels
superimposed. (f) shows quantitation of colocalization of CathD with bacteria that were labeled with
FITC-Tre (green bars) or were red (total population). Scale bars 5 pm.
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Figure 5.20. Illustrates triple labeling colocalization studies with RFP, FITC-Tre and anti-LAMP
antibody in H37Rv-RFP infected bone marrow macrophages (BMMs) activated with IFN-y. Arrows
indicate red bacteria that are not labeled with FITC-Tre and that colocalize with LAMP1 (a) shows the
merged RFP and FITC images, (b) the labeling with anti-LAMP1 (magenta) with colocalization indicated
in white, while (c) is a three dimensional reconstruction. (d) shows quantitation of the colocalization
between antibody signal and bacteria labeled with FITC-Tre (green bars) or red bacteria (total
population). P-Values for anti-LAMP1: Green vs. Green+IFN-y (0.006), Green vs. Total+IFN-y (0.006),
Total vs. Green+IFN-y (0.01), Total vs. Total+ IFN-y (0.001) and Green+IFN-y vs. Total+ IFN-y (0.1).
Error bars reflect standard error of the mean (SEM) for a minimum of three experiments. P value > 0.1
are not indicated. Scale bars 5 pym.

5.2.11 IFN-y vs. Non-INF-y treated cells

A comparison between non IFN-y and IFN-y activated macrophages revealed a decrease in
accumulation of FITC-Tre under activating conditions, consistent with the proposed model
that increased trafficking leads to decreased accumulation of FITC-Tre. FITC-Tre bacteria,
grown in both J774 and bone marrow macrophages + IFN-y showed decreased labeling under
IFN-y, particularly in the range of extremely bright mycobacteria (Figure 5.21). The
difference was within the realm of error, due to the wide distribution of the labeling, but was

suggestive of a decrease in label accumulation when macrophages were activated.
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Figure 5.21. Mean green fluorescent intensity for (a) J774 infected macrophages and (b) infected BMMs.
Bacteria were treated as ROIs and the mean fluorescence for each ROI was quantified and plotted. Error
bars reflect the standard error of the mean.

The body of the colocalization analysis (Figure 5.16 - Figure 5.20) focused on colocalization
of voxels within images, meaning reporting how often two channels existed within the same
three dimensional space. To further this analysis, the mean fluorescence for antibody and
FITC-Tre within a bacterial region of interest (ROI), as defined by areas that are labeled with
RFP, was evaluated. IMARIS software can create ROIs of regions with a specific color and
then export the statistic for these regions in our case mean fluorescence for FITC-Tre and
antibody (633 nm). The median intensity was also calculated and comparable data was
observed (not shown). These statistics were plotted as mean antibody fluorescence versus
mean FITC-Tre (Figure 5.22) and the trends are comparable to those seen with our prior

colocalization data.
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Figure 5.22. Mean antibody fluorescence and FITC-Tre fluorescence for regions of interest (ROIs)
identified by RFP expressing Mtb. Each point reflects an individual ROI for red fluorescent protein
(RFP) expressing H37Rv residing within unactivated or activated bone marrow Macrophages (BMMs).
(a,b) LAMP1 (c,d) Rab5 (e,f) CathD (g,h) EEA1 (i,j) Rab14. RFUs- relative fluorescence units.
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5.3 Ag85 antibodies show non-specific labeling

A conclusive link between increased FITC-Tre labeling and the Ag85 enzymes was sought
through the use of Ag85 antibodies. A general polyclonal antibody against all three isoforms
of Ag85 (Colorado State) and Anti-Ag85A and Anti-Ag85B monoclonal antibodies (Abcam)
were obtained. Infection and labeling was conducted in J774 macrophages (Figure 5.23).
Uninfected cells were also labeled as a control in order to evaluate how much background

might be caused by non-specific binding to the cells.

Figure 5.23. Ag85 antibodies fail to show utility in immunocytochemistry. (a) J774 macrophages infected
with RFP H37Rv and labeled with FITC-Tre and Ag85 antibody (Colorado State). (b) Uninfected
macrophages labeled with Ag85 antibody (Colorado State). (c) J774 macrophages infected with RFP
H37Rv and labeled with FITC-Tre and Ag85A antibody (Abcam). (d) Uninfected macrophages labeled
with Ag85A antibody. (e) J774 macrophages infected with RFP H37Rv and labeled with FITC-Tre and
Ag85B antibody (Abcam). (f) Uninfected macrophages labeled with Ag85B antibody. (g-h) Secondary
antibodies labeling J774 macrophages in the absence of primary antibodies shows low background.
Magenta- Anti-Ag85 antibodies, Blue-Dapi, Red-RFP, Green-FITC-Tre. Scale bars 5 um.

High background in both infected and uninfected macrophages and negligible colocalization
of the antibodies with the Mtb was observed, suggesting that these antibodies were not
compatible with immunocytochemistry. Slight accumulation of antibody in small vacuoles
adjacent the nucleus was observed in several images from both macrophages infected and not
infected with bacteria. To confirm that the high background was not due to the secondary
antibodies, very low background was observed when the secondary antibodies were used to

label cells directly without first staining with primary antibodies (Figure 5.23 g,h). Although
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these results did not link FITC-Tre labeling to the Ag85 accumulation directly, they do reveal
the utility of the FITC-Tre probe as an auxiliary for Ag85 activity, under experiments that are

not compatible with the currently available antibodies.
5.3.1 Attempts at in vivo labeling

The FITC-Tre labeling methodology was attempted in a mouse model of Mtb. Mtb infected
(3 weeks post aerosol infection) and uninfected mice were dosed with FITC-Tre through tail-
vein injection to determine whether the compound would label Mtb in vivo. Such labeling
would be useful in the development of novel TB-diagnostics and methods for monitoring the
disease through a course of therapy. Mice were sacrificed and lungs, liver and spleen

harvested and treated with standard flash freeze and mounting protocol (Appendix 2).

Labeling in the mouse model was inconclusive and complicated by a low infection level. No
labeling was observed within liver or pancreatic tissues. Low level infection is characteristic
of the pancreas and so some labeling was expected within pancreatic tissues. However, the
bacterial load may have simply been too low to detect any bacteria. Little background
fluorescence was observed in the lungs of the control mice (Figure 5.24) and in the low dose
mice (data not shown). In contrast, the mouse treated with the double high dose demonstrated
apparent fluorescence in the lung tissue (Figure 5.24). Conclusive proof that the
fluorescently labeled objects were in fact Mtb was not available because the anti-TB antibody
system labeled tissue very poorly and attempts to employ an auramine-rhodamine stain
revealed cross-talk between the auramine signal and the FITC-Tre signal. The healthy
appearance of the lung tissue slices and the lack of dense granuloma-like region was
suggestive of a very low infection level. It was hypothesized that the lack of FITC-Tre
labeling was either due to a paucity of bacteria, failure of the probe to access the lesions or

potential degradation of the compound.
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DIC Merge

Figure 5.24. Potential in vivo labeling of an infected mouse (high dose FITC-Tre) ‘a-c’ or an uninfected
mouse ‘d-f’ (a) FITC-Tre channel of lung infected with H37Rv (b) DIC image of ‘a’ (c) Merge of FITC-
Tre and DIC image with DAPI staining the nuclei (d) FITC-Tre channel of healthy lung (e) DIC image of
‘d’ (f) Merge of FITC-Tre and DIC image with DAPI staining the nuclei. Scale bars 10 pm.

5.3.2 Attempts at tissue labeling

Current diagnosis of Mtb relies on primitive techniques, including chest X-rays and acid-fast
stains of sputum. Acid fast stains are problematic because a significant portion of bacteria do
not appear in the stain, so called non-acid-fast mycobacteria (NAF)*. Non-acid-fast cell wall
deficient variants of M. tuberculosis have been found in the caseous lesions of tuberculosis
patients. The low sensitivity of sputum microscopy and the low bacterial counts
characteristic of Mtb infection have resulted in an infection detection rate of less than fifty
percent”. Because of these problems with acid-fast stains, a better method for the detection
Mztb in tissue was sought. It was postulated that the application of FITC-Tre to fresh, infected
tissue, or application of FITC-Tre and Ag85 to fixed tissue, might allow for fluorescent

labeling of the TDM within the tissue.

Tissue labeling was attempted both by simply adding FITC-Tre and by adding both Ag85C
and FITC-Tre with the hypothesis that the endogenous Ag85 in fresh tissue could catalyze the
transesterification of FITC-Tre, whereas exogenous Ag85 would need to be added to fixed

tissue. Small, fluorescent labels were potentially observed in lung tissue, both with and
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without Ag85. Also, large regions of fluorescent debris were observed, consistent with
incomplete washout of the probe and adherence of fluorescein to tissue, particularly regions

of partially dried tissue.

Putative granuloma regions were identified during microscopy of tissue labeling experiments
to increase the chances to observe labeled bacteria. In the mouse tissue regions of extensive
DAPI staining and DNA were identified as these are characteristic of mouse granulomas. By
appearance of the tissue as well as by the auramine rhodamine stain, the mice were not
heavily infected. For the rabbits, regions of low level of DAPI staining and an almost fuzzy
appearance were selected because these are the hallmarks of rabbit granulomas. The rabbit
tissue appeared to be more heavily infected than the mouse tissue. Some localized labeling of
objects roughly the size of mycobacteria was observed. However, the anti-TB antibodies,
which would have been the ideal colabel to pinpoint whether the observed labeling was
legitimate, failed to label the tissue. Three different antibodies (Abcam Ab905-500, Axel
Yv54601, and rabbit serum from an infected rabbit) were employed. All were primary
antibodies, used with the xenon fragments as a secondary label. Further work in the labeling

of tissue with FITC-Tre should employ more effective primary and secondary antibodies or

RFP expressing strains as a secondary label.

Figure 5.25. Rabbit lung treated with FITC-Tre and Ag85C overnight at room temperature. (a) FITC-
Tre (green) and DAPI (blue) stain the infected rabbit lung slice (b) DIC image shows the edge of a
putative rabbit granuloma and (c) shows an overlay of ‘a-b.” Scale bars 10 pm.
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5.3.3 '8F-Trehalose and PET imaging of infected rabbits

FITC-Tre had been originally designed as a method to validate the development of trehalose
based positron emission tomography (PET) probes for PET/CT imaging, and even with the
inconclusive results from the accumulation of FITC-Tre in tissue, we turned our attention
towards the synthesis and implementation of '8F_trehalose as a PET probe. '8FB-Trehalose
(for synthesis see Chapter 2) was neutralized, filter sterilized and injected into a rabbit, 122
days post infection. The rabbit was imaged twice, 45 minutes and 2 hours post injectioniv.
After the first scan, no radiolabeling of lesions was detected. However, 2 hours post injection,
lesions were detected as radiolabeled (Figure 5.26). The liver was highly radioactive with a
standard uptake value (SUV) of about 13. Lesions only had a SUV of about 3-4. Although
less than the liver, this SUV was still much higher than the background. These preliminary
results suggest that trehalose probes might have the potential as PET probes. The
continuation of this work has been conducted by others in the Barry lab and has featured
scans of uninfected animals as control and the development of several other "8F_trehalose

analogues (2-F, 4-F, 6-F).

¥ Work done with Dan Schimel, Danielle Wiener and Dr. Laura Via, NIAID, NIH
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Figure 5.26. PET/CT of infected rabbit 122 hours post infection, 2 hours post injection. (a) 3D
reconstruction of right torso of rabbit showing '*F activity collected by PET; (b) A large cavity in lower
left lung is labeled with '®F-trehalose after 70 min uptake time images (c) Pet scan of nodule in upper
right lobe shows activity or Standard Uptake Value (SUV) of 3.4 (axial view) (d) CT scan of image in ‘c’
(e) is an overlay of ‘c-d.” Lung background has an SVU of 0.6. PET scale: SVU 0 (dark red)-6 (pale
yellow). CT scale: Hounsfield units -1000 (black-air) - 0 (light grey-water)-+1000 (white-bone). Lesions
are labeled and indicated by arrows. Image generated in Osiris.

Diffuse lesions appeared to label more easily, possibly due to probe tissue penetration.
Likewise the multiple small nodules and diffuse infiltrates labeled extensively. The labeling
was time dependent and occurred over a longer timeframe than previous results with BEDG,
which supports the hypothesis of an Ag85 dependent labeling mechanism. Potentially, a
longer residence time for the probe, to allow for greater clearance could lead to more labeling
and a higher signal to noise ratio (S/N). Alternatively, switching to a longer half-life isotope,
such as bromine or copper might allow for a longer residence time prior to imaging and more

labeling.
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5.3.4 Pharmacokinetics and pharmacodynamics (PK/PD)

To further determine whether 18F—fluorobenzyl—trehalose (FB-Trehalose) offered favorable
metabolic properties for mycobacterial PET imaging, pharmacokinetic and dynamic (PK/PD)
analysis was conducted. In collaboration with Novartis Institute for Tropical Diseases
(NITD) (Ann Goh, Veronique Dartois and Suresh Lakshminarayana) PK/PD was conducted
on the FITC-Tre and FB-Tre. Compounds were dosed by saline IV injection and PK/PD was
analyzed by mass spectrometry. This analysis revealed that the FB-Tre clears slowly from the

lungs, whereas the FITC-Tre has a relatively quick clearance (Figure 5.27, Figure 5.28).
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Figure 5.27. (a) PK/PD profile of FITC-Tre reveals rapid clearance from plasma and lungs with an
exposure ratio (lung to plasma): 0.4 (b) IVPK Plasma and lung parameters . Vss- Apparent volume
distribution, CL- Systemic clearance, T,-halflife, AUCinf-Area under curve with last time point
extrapolated.

These results may hint at why the PET studies with the FB-Tre indicated a lot of non-specific
labeling and background radioactivity in the lungs. The FB-Tre had an exposure ratio of lung
to plasma of 1.8 whereas the FITC-Tre has an exposure ratio of only 0.4. Part of the rapid
clearance of the FITC-Tre could be due to gluconylation of the fluorescein, which has been
well-documented previously46. Unfortunately, the mass for the gluconylation product was not
tracked, so it is not yet certain whether this is the explanation for the rapid clearance of the
FITC-Tre. These results suggest that neither of these compounds has the ideal PK/PD profile
for a drug-like compound and, presumably, a PET Probe. However, one of the problems in
focusing on PK/PD is that it is unclear what the ideal PK/PD profile is for the PET tracer.
These PK/PD results do support that a more hydrophilic trehalose derivative (2-F trehalose in
place of FB-Trehalose) may clear more rapidly from the lungs, resulting in reduced

background radioactivity.

Page | 174



Chapter 5: Labeling mycobacteria in vivo

Q
o

10°
= _ —a—|V-Plasma IVPK
£ 3 10* ] —+—IV-Lungs parameters Plasma Values  Lung Values
o O LOQ-Plasma
E_, £ 10° LOQ-Lungs Vee 237.23 mL/kg 1100.47 g/kg
o
§ £ 1229.59
O O 10%- CL mL/h/kg 669.13 g/h/kg
g g’ Tir 0.40 h 0.31h
@ 310
o Exposure 3819.49 6920.14
o 1 (AUCinf) ng.h/mL ng.h/mL
Theoretical Dose 5.0 mg/kg
0 2 4 6 8 10
Time(h) True Dose 4.7 mg/kg

Figure 5.28. (a) PK/PD profile of FB-Tre reveals clearance from plasma and adherence in lungs with an
exposure ratio (lung to plasma): 1.8. Starred (*) data points were excluded in PK parameter regression.
(b) IVPK plasma and lung parameters for FB-Tre. Vss- Apparent volume distribution, CL- Systemic
clearance, T,-halflife, AUCinf-Area under curve with last concentration extrapolated.

5.4 Conclusions

FITC-Tre is the first small molecule, mycobacteria selective probe that will label M¢b within
macrophages. Unlike other possible probes, the FITC-Tre mode of action is based on the
activity of an enzyme unique to this genus of organisms, providing a mechanism based
readout of Ag85 activity in vivo. Our understanding of the macrophage infection process is
incomplete47, so the ability to follow viable Mtb during infection shown here, could prove
extremely useful as a means to further understand the bacterial transit to the phagosome as
well as other intracellular compartments. The colocalization studies between FITC-Tre-
labeled Mth and various markers of phagosome maturation suggest that FITC-Tre may
preferentially label those bacteria that resist acidification and phagosome-lysosome fusion.
An alternative hypothesis that cannot be eliminated is that incorporation of FITC-Tre into the
membrane of a subset of bacilli alters the course of development of their phagosome, as has
been seen with Brucella pertusis prelabeled with FITC before infection®. In our experiments
FITC-Tre was added after the infection has been established, and is in low concentration
relative to TDM. Therefore, we expect the influence of the FITC-Tre-DM to be slight.
Preliminary results in the development of FITC-Tre and FB-Tre for in vivo and in tissue
labeling are suggestive, but will require additional work to fully develop. Other trehalose-
tagged molecules, potentially labeled at different positions or different tags on the trehalose
scaffold, may also prove useful as additional Mtb probes. PET scans with the first '*F-
trehalose derivative (FB-Trehalose) suggest that trehalose PET probes may provide a method
for TB-selective PET imaging. In summary fluorescent and radioactive trehalose show utility

for in vivo labeling of M. tuberculosis.
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6 Chapter 6: Differential roles of Ag85s and relatecenzymes

Chapter 6 dissects the functional roles of the AgBBymes both through enzyme assays and
via whole cellMtb lipid profiling and microscopy. Overexpression opanel of Ag85B and

C mutants revealed a secondary site that reguledslytic activity and dimeric or
monomeric nature of the proteins. Mutation of teeandary site Ag85C residues into the
Ag85B protein construct afforded a gain of catalyctivity on par with Ag85C function.
Conversely, mutation of the ‘B’ residues into thg8aC caused nearly a twenty fold loss of
activity. Molecular dynamics (MD) simulations caomfi that this site helps to regulate
catalytic activity. Overexpression of the Ag85 giot as tetracycline inducible, GFP fusion
proteins shows that these enzymes can be useddalat® the incorporation of mycolates
into TDM, TMM and the cell wall in an isoform dep#ent manner. The sum of this data

suggests that the Ag85 enzymes serve unique pwpoten the mycobactia

Linked to the development of trehalose probesdasethe Ag85 activityGhapters 2-5, a
better understanding of the scope of Ag85 enzynag¢slytic and immunological purposes
will facilitate the production of improved trehatbased mycobacterial labelling. Because
the Ag85 enzymes are important immune epitopes nogposed drug targets and are
implicated in the synthesis of the mycobacteridll wall, a more complete analysis of these

enzymes may further our ability to diagnose anativib.
6.1 Introduction

Described in the previous chapters as a meandificialy coopt the native bacterial cell
wall biosynthesis labelling mycobacteria by flua®st and radioactive probes, the natural
functions of the Antigen 85 (Ag85) enzymes ard ptilorly understood. The Ag85 enzymes
were discovered in 1987as a novel mycolyl transferase enzyme fidorsmegmatis. These
enzymes have been identified as the serine esserasgonsible for the transesterification of
trehalose monomycolate (TMM) to trehalose dimy@l§TDM) and the attachment of
mycolates from TMM to the arabinogalactan. Threéasns of Ag85 (A,B and C) have been
identified in Mtb, although additional isoforms of Ag85 are foundrétated organismsyl.
smegmatis and C. glutamicum. An additional, inactive isoform, Ag85D (serine tation) is
also present in the genome, but is thought to, ggerhbe a genomic artifact or immune
decoy. These proteins have been crystallized am@énts of each isoform of the enzymes

have been raiséd However, due to the seeming ‘redundancy’ or ghit complement each
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other, these individual mutants failed to fully kst the functional roles of Ag85 in the

mycobacterial cell wall biosynthesis.

The state of the current literature on the Ag85gins proposes a basic framework of how
these proteins function, as serine esterases,fdrang mycolates to additional units of
trehalose and the cell wall. They are also thotyiave fibronectin binding capacity, which
may be important for infection and persistence wmitthe host, although this has not been
fully documented The Ag85 proteins are the largest protein compboé mycobacterial
culture supernantahtThey are trafficked in host cells and are recpegiiby the immune
systerfi. To date, the dogma surrounding the Ag85 enzymggests functional redundancy,
specifically that Ag85A, B and C serve more or ldee same function in cell wall
biosynthesis and that expression of different iso® under different environmental
conditions allows the mycobacteria to evade a imstune response towards these proteins.
This model is incomplete, as it does not explaefthdings that T cell epitopes are actually
hyperconserved by mycobactériamplying that the bacteria benefit from provokiam
immune response. Related organisms, such as thebacteria, M. smegmatis and C.
glutamicum, encode for six Ag85 proteifisThe minimalist organism\l. leprae, produces all
three isoforms of Ag85 Reductive evolution dfl. leprae is thought to have eliminated most
non-essential genes from the gendmeAll three of the Ag85 enzymes retain their plate
the M. leprae genome, implying a non-redundant functionalityeafch of these enzymes

within bacterial survival and proliferation.

This body of evidence poses the question: If the85Agnzymes are not functionally
redundant, then what unique purposes do they sekvb@pothesis that emerges from the
Ag85 enzyme literature igvitb would not produce such vast quantities of threesedio

related proteins unless these proteins served sistiactive and important purposes for the

survival and persistence of the organism withirhiisman host.
6.2 Results

6.2.1 Identification and analysis of key residues in Ag8Secondary site loop

Although the Ag85 enzymes have a high degree oftitye(70-80% sequence identity) with
high identity in the active sites, the catalytificéncies vary dramatically between enzyme
isoforms and to date no publications have explaindy this relative difference in activity is

present. A comparison of the sequences of Ag85AanB C identified key residues that
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varied between isoforms and were conserved betwegious strains of mycobacteria
(Figure 6.1). Several of these residues were located not énaittive site, as had been
expected, but instead in a secondary site. In poswieports this secondary site cocrystallized
with a second trehalose unit and straightened whgB5C was crystallized bound to a
diethylphosphonate covalent inhibitor and has baemotated as a membrane binding site
(Figure 6.1)*2 Sequence analysis of this secondary site revegieater conservation of
residues between Ag85A and B as compared with Ag8BA C or B and C. One of the
unresolved Ag85 dilemmas was the dramatic diffezeimccatalytic activities between the
three isoforms. It was foundhapter 4) that Ag85C was 20-50 fold more active than either
Ag85A or B with B the least active of the three.cBese the Ag85C sequence diverged from
Ag85A/B at this secondary site, it was hypothesideat some of these residues may be

important for catalytic activity.

According to Ronning et &l a significant straightening movement of helix &¢mnponent of
the secondary site) was observed when the enzymmecryatallized with a diethylphosphate
covalent inhibitor. This movement also causes #talgtic aspartate to flip out of the active
site into a potential inactive conformatidriqure 6.1). There is only one reported structure
(1DQY) at which this movement is observed; as stuefas assigned as a putative transition
state. No further analysis was conducted in thgimal publication to understand the
implications of this movement. This movement maychased by residues in the secondary
binding site, which is located adjacent to thisbhdin fact, the publication on the Ag85B
crystal structure suggested that residues in theorsdary site, particularly Phe230 were
responsible for transferring the TMM into the aetisite via flexibility at the secondary site
but the authors did not follow up on this postul&teny of the Ag85 structures are uploaded
to the Protein Data Bank (PDB) as dimmers (1LDQANEFOP, 1SFR), where this same
helix abuts the other half of the dimer, with thieneric face occurring at this putative
secondary site. One can envision a mechanism, \Wwhehe movement of helix 8 (1DQY),
forces the ? half of the dimer to rotate, shuffling substratésough the active site.
Alternatively, the dimerization allows for bindinp the divalent arabinan headgroups.
However, beyond these crystollagraphic clues, mihéu literature linked this secondary site

to regulation of Ag85 activity.
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Figure 6.1. (a) Key residues (boxed) that are noboserved between Ag85C and Ag85A, are all located a
the putative dimer or membrane binding interface. Residues highlighted in red match the Ag85A
sequence, whereas residues in blue show residueattmatch Ag85B and Ag85C, but differ from Ag85A.

Residues in white are Ag85C residues that differ bm both Ag85A and B. Box colors correspond to the
portions of Ag85 highlighted in ‘b.” Trp157, Trp158 and Leu230 are indicated by stars. Arrows indicate
catalytic triad. Residue numbers are for the truncéed proteins expressed without the signal peptides.
(b) Ag85C (1DQZ)- white , Ag85B (1FOP)-green Ag85®ound to diethylphosphate-cyan (1DQY) Non-
conserved residues are highlighted in purple, bluand yellow with colors corresponding to the colored
boxes in ‘a’. The catalytic triad is highlighted n red (c) depicts the movement of the catalytic tad that

occurs when Ag85C is acylated with diethylphosphatehibitor.
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A comparison of the sequencesMf avium, M. smegmatis, M. avium Paratuberculosisyl.
marinum, M. ulcerans and M. tuberculosis H37Rv, for Antigen 85A, B and C indicated
several residues, both on the helix 8, as well raghe helix in the dimer portion that is
adjacent to helix 8 (se&ppendix 2 for sequence comparison). These residéaute 6.1)
appeared directly in the secondary binding site avete well conserved. Work in
Corynebacteria provided some of the motivationtlitses sequence analysis. Originally it was
believed that Corynebacteria expressed only oneolylytransferase, PS1. Subsequently, 5
additional mycolyl transferases were identifieddarynebacteria. These were found to fall
into two classes, which can only partially completmir one another, hinting at structural

differences that might relate to complementation

Many of the residues that differed between Ag85Aami C were actually functionally
similar, eg serine swapped for threonine or lydimearginine. Three residues that were
conserved in all Ag85A and B proteins and that edéfl in both residue identity,
hydrophobicity and size, from the conserved Ag8&Gidues were selected for prelimary
studies: In Ag85C residues tryptophans (Trp) 15@ 468 are replaced by a methionine
(Met) 159 and a glycine (Gly) 160 in Ag85A and Bepgracement of two adjacent Trp
residues with Met and Gly is a relatively largenfamnserved substitution, which suggested
that these residues might be functionally import&@m the adjacent helix, flanking the two
Trp, the Ag85C leucine 230 is replaced with phelaylane 232 in both Ag85A and B. This
amino acid change is not nearly as substantigh@sryptophans, but the positioning of this
residue across from both Trp Trp residues suggdstdinteractions between these three
amino acids could prove important. Asparagine 288¢85B was also suggestive, because
in Ag85A and C this residue is a glycine. These faan-conserved residues, not found in the

active site, were hypothesized to explain the tbffiee in Ag85 catalytic activity.
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b | 85A,B Met159

3

Figure 6.2. (a) Overlay of crystal structures of A§5B and C, bound to diethyl phosphate (green, yellg
and bound to trehalose (orange and blue) shows thmovement of the loop identified to be important in
the secondary binding pocket interacting the two uits of trehalose (red). (b) Considerable flexibiliy in
secondary binding site. Tan-Ag85C without inhibitor Green-with inhibitor. Blue-Ag85A, Orange-Ag85B.
Arrow indicates direction of motion of Trp residuesencountered during molecular dynamics simulations.
Trp207 passes outside Leu282 in simulation. Notablg85A and B lack these two Trp residues.

6.2.2 Molecular Dynamics

The importance of Trpl57, Trpl58 and Leu230 (Ag8®GSidues detailed above) were
investigated first by molecular dynamics simulasiaand then by site directed mutagenesis
and enzyme assays. Initial 20 nanosecond MD siimuakatvere conducted on the Ag85C and
B structures PDB 1DQZ and 1FOP. In these simulatemmsiderable flexibility was observed
in helix 8, consistent with the movement in thestay structure. In simulations of both
Ag85B and Ag85C bending and straightening of h8lixas observed to be linked to Leu230
and Trpl58 flipping or acting as a ‘switch,” whefese two hydrophobic residues were
alternating positions in the secondary site poekwt their switching either straightened or
flexed helix 8 (yellow) Figure 6.3). Also consistent with the crystal structure, #utive site
glutamate flipped away from the histidine as théxhgtraightened, presumably temporarily
inactivating the enzymeF{gure 6.1). Comparable to Ag85C simulations, in the Ag85B
dynamics the corresponding residues, Phe231 amigaboring, conserved residue Leul63
were also switching and helix 8 was bending andigitening in tandem with the switch.
These simulations substantiated the hypothesis Wratl58 and Leu230 and their
corresponding Ag85A/B residues regulated the acsite and catalytic activity. The

' All Md simulations were conducted with Dr. Michd@blan (NIBIB).
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simulations also revealed a potential explanatmmtiie difference in activity between the
Ag85A, B and C enzymes. The Trp Trp Leu switch ig8BC occupied more space and
appeared to switch more slowly, resulting in a teaercentage of enzyme in the putative
‘active’ conformation. In contrast the Ag85AB Phesu switch was slightly less hindered
and the altered position of the Leu residue fat@éd more rapid switching and a greater

proporation of enzymes existing in a seemingly f@ssluctive conformation.
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Figure 6.3. Molecular dynamics simulations confirmthat helix 8 (yellow) bending and straightening is
linked to three key ‘switch’ residues. (a) Ag85C (DQZ) with helix 8 highlighted in yellow, Trp157 and
Trpl58 in green and Leu230 in blue (b) Ag85B (1fOnPhe232 in green and Leul63 in blue.

Throughout the simulations, the other residue wfrést, Trp 157, projected outwards into the
buffer, an unusual position for the hydrophobigtophan residue. The Ag85 enzymes are
actually annotated as a membrane binding proteithé@yJniversity of Michigan Orientation

of Proteins in Membranes (OPM) databids&éhe OMP database protein model proposes that
helix 8 (magenta) (Figure 6.4) should sit at theriiace between membrane and protein. The
presence of solvent, exposed, hydrophobic tryptophaidues on this helix suggests that the
Ag85 proteins should either be associated withlergprotein or with a membrane or other

hydphobic surface to protect these residues framsdivent.
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Figure 6.4. Model of Ag85C binding to a membrane (be-water molecules) as annoted by the University
of Michigan Orientation of Proteins in Membanes (OMM) database®. Yellow, blue and pink indicate
significant non-conserved residues. Catalytic triadire indicated in red.

Molecular dynamics simulations run with Ag85C iateting with a simulated phospholipid
bilayer Figure 6.5 suggested that Ag85C, particularly Trp 157, iatés favourably with
lipid membranes. In these simulations the Ag85Cy/erezwas oriented with the helix 8 face
towards the bilayer to minimize simulation timedahen the interactions with the charged,
phospholipid headgroups were observed over a 50seannd simulation. Although not truly
representative of the mycobacterial membrane, spitaiidyl choline phospholipid bilayer
was employed for ease of simulation. During thiswdation Trp157 was observed to interact
with the membrane, pointing away from the enzyme: down into the bylayer, an action that
appears to anchor the enzyme to the membrane. Cliaeged residues, including Arg233
were also observed interacting with the membrart@s Bimulation suggested that this
secondary site may serve a vital role in anchotiregAg85C to the cell wall, allowing for
transmycolation of the arabinogalactan to occutef@lly, the replacement of Trp157 with
Met159 in Ag85AB may not anchor the enzymes with $ame efficiency, thus reducing the

transmycolation efficiency.
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LEU230 LEU161
(switch)

Figure 6.5. Molecular dynamics simulations of Ag85Qdnteracting with a phospholipid bilayer reveals
membrane binding interactions with Trp157.

6.2.3 Mutagenesis of Ag85C

Site-directed mutagenesis confirmed that the segnsite residues are critical for Ag85
function. Using the Stratagene Quikcha%gﬂ'aghtening kit, a series of mutants, where the
secondary site residues in Ag85C were systematicalblaced by either alanine or the
corresponding residues in Ag85A/B were generatédble 6.1). Troubles with the

mutagenesis protocol were initially encounteredf Huwough increased primer length,
decreased transformation volume and use of hightgpetent cells, all target mutants were
generated. Double mutants of adjacent residues g@rerated with primers containing both

desired mutations. Triple mutants were obtainedutjn two rounds of mutagenesis.
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Table 6.1. Mutants of Ag85C in pET-23b vector gemated by site directed mutagenesis.

Entry Mutant of Ag85C Plasmid
1 Ag85C pMRLB16
2 W157A pKMB1
3 W158A pKMB2
4 L230F pKMB3
5 W157A, W158A pKMB4
6 W158G, W157M pKMB5
7 W157A, W158A, L230A pKMB6
8 W157A, W158A, L230F pKMB7
9 W157M, W158G, L230F pKMBS8

All proteins were overexpressed and found to beldel(seeAppendix 2 for full details).
The correct folding of these proteins was confirmbeg Circular Dichroism (CD)
spectroscopyHigure 6.6). A concentration independent CD method was engafdyand it
was found that the CD spectra overlayed well anal mbsulting calculated values for
percentage helix, sheet and turn matched the wkd#g85C protein, within error. These
results, combined with the solubility of the exm®d protein, confirmed that the Ag85C
mutant proteins were correctly folded and that olesk catalytic differences in the mutants
would not be due to protein misfolding and aggregatbut rather to small changes in the
secondary structure, caused by the change in gpaaiino acids.
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b Protein %Helix  %Sheet %Turn %Coil
Ag85C 41 18 13 28
W157A 42 16 13 28
W158A 37 19 13 29
W157A, W158A 45 18 13 26
W157A, W158A, L230A 42 14 13 29
W157A, W158A, L230F 44 16 13 28
W157M, W158G 40 16 13 29
W157M, W158G, L230F 40 18 13 29

Figure 6.6. (a) CD spectrums overlay well, supponig similar folding of mutant proteins, with
comparable peak minima at 220 and 210 nm. Differems in peak intensisties are due to protein

concentration. (b) Values calculated from spectran ‘a’ confirm that protein secondary structures are
within error.

The Ag85 activity assayChapter 4 and Barry et af) revealed that mutations in the Ag85C
secondary site modulate enzyme activity with addogs of activity observed for most amino
acid changes. Catalytic efficiencies were measbyedesponse rates of the mono-hexanoyl
trehalose produced during transesterification effidfose and dihexanoyl trehalose. Mutation
of any residue, excluding W157A, dramatically restlithe catalytic efficiency of Ag85C to
a level that is on par with Ag85B-igure 6.7). In an interesting turn, W157A actually
appeared to double the relative rate of activityege results further suggested, but did not
conclusively prove that this secondary site wasoirtgmt for activity.
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W157AW158A 0.10435 9.6 0.99725
W157MW158G 0.25128 23.1 0.99578

1 W157AW158AL230A 0.19703  18.1 0.99008
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Figure 6.7. Relative response of all Ag85C mutantgveals loss of activity when secondary site is mated.

Molecular dynamics was used to compare the Ag85GIAXL W158A and W157A and
W158A mutants with wildtype. From these simulatiohe W157A remained permanently in
an ‘on’ arrangement with helix 8 constantly bentidg the simulationKigure 6.8). These
results were consistent with the gain of activibserved in the enzyme assalg(re 6.7).

In the W157A and W158A double mutant, the lackwd large hydrophobic groups in the
hydrophobic channel identified above seems to alle&vtwo helices (9 and 8) to collapse
towards each other, but even with this collapsectitalytic triad still cycles from active to
inactive conformations. This collapse may inactvétte enzyme or cause a reduction of
activity, consistent with the enzyme assay datavéi@r, the mutations could cause a loss of
function for other reasons in addition to the pgabswitching mechanism. CD spectroscopy
suggested that gross conformational changes werreccarring, but more localized changes
would not be detected. MD simulations are suggestbut not conclusive without further

assays.
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Figure 6.8. Molecular dynamics simulations of Ag85@nutants reveals that W175A mutation causes helix
8 to remain bent. (a) Ag85C protein containing W15& mutation (b) Ag85C containing both W157A and
W158A. In contrast with ‘a’ helix 8 straightens inthe double mutant.

To further link the three switch residues (Trp137p158 and Leu230) to Ag85 function,

additional acitivity assays were required. It wgpdthesized that if the Ag85C residues were
mutated into the Ag85B protein, a gain of funct&hrould be observed, consistent with the
loss of function observed for the reverse experim@ompared with the loss of function

observed with Ag85C, a gain of function would bereneompelling evidence that these
residues were critical for catalytic activity. THep Trp, Leu residues from Ag85C were

systematically mutated into the Ag85B constrictkle 6.2.

Table 6.2. Mutants of Ag85B generated in pET-23b ewstruct to confer AG85C phenotype.

Entry Mutant of Ag85B Plasmid

1 Ag85B pMLRB47
2 M157W G158W pKMB9

2 M157W G158W F230L pKMB10

These mutants were then expressed, purified arayeddor catalytic activity. Consistent
with the hypothesis, systematic replacement of ®e ‘switch’ residues with the
corresponding residues from Ag85C afforded a B mudth catalytic activity on par with
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Ag85C Figure 6.9. Taken with the Ag85C mutagenesis discussetiénptevious section,
these results confirmed that the secondary sitelaggy catalytic activity of the Ag85
enzymes and is a significant contributor to theatre¢ differences in catalytic efficiency

observed inn vitro Ag85 enzyme assays.
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Equation y=a+b*x
- Slope %Ag85C Adj. R-Square
Ag85c 0.16866 100 0.98709
Ag85b 0.01783 10.6 0.89823
M159WG160W 0.05608 33.3 0.99569
M159WG160WF232L 0.10627 63 0.99005
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Figure 6.9. Relative rates of catalysis of Ag85B ntants reveal gain of activity when the Ag85C resides
are mutated into Ag85B.

6.2.3.1Dimerization state of mutants

With anin vitro explanation that linked secondary site residueheorelative differences in
Ag85A,B and C activity, we turned our attention &rds analyzing how the secondary site
applies toMtb cell wall biosynthesis. During several Ag85 puwdliions, a potential dimeric
band was observed in SDS PAGE gels, particularlerwinsufficient sodium dodecyl
sulphate (SDS) was added to the protein loadinguati Although the title ‘Antigen 85
complex’ implies protein association, this nameualty reflects the triplet banding of the
similarly sized Ag85A,B and C proteins, under SD& glectrophoresis. Little research has
been conducted as to whether these proteins areomweit, dimeric or multimeric in
solution and within mycobacterial culture. One m¢psuggests that by ‘natural PAGE,
lacking SDS, the Ag85A B and C proteins are mondcherTo our knowledge no other
publications have reported on the presence or absgfprotein-protein interactions between

these enzymes.
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Native PAGE gels revealed that Ag85B putativelysexprimarily as a dimer and Ag85C and
Ag85A appear largely monomeri¢igure 6.10) As these results were inconsistent with
prior reports in the literature, this discovery wasbed more fully. Mixtures of AG85A-B,
A-C and B-C were analyzed by native PAGE and ncaesap change in dimerization was
observed, suggesting that homo and not heterodimersthe predominant form of the
enzymes. The dimeric state of Ag85C was not dramaldyi changed when the Ag85B
residues were mutated into the protedig(ire 6.10. None of these mutants, including the
mutant where all three target residues W157M, W1886 L230F had been mutated to the
Ag85A/B phenotype, showed any increased dimerinatidany of the mutants exhibited an

apparent decrease in dimerization.

W157A W158A W157A W157M W157A W157M
W158A W158G W158A W158G
L230F L230F

Figure 6.10. Native PAGE reveals dimeric nature oAg85B. Mutants generated in Ag85C construct fail
confer homodimer status on Ag85C.

In contrast with the Ag85C mutants, the mutationt iAg85B caused the dimer to
dissociate. When the Ag85B mutants were run ornve®AGE, the mutants were observed
to be largely monomeric, whereas the parent Ag8%&Bted almost exclusively as a dimer
(Figure 6.11), both at high and lower protein loading. Thessults suggest that the three

residues of the ‘switch’ are necessary but noticefit for Ag85 dimerization.
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M159W M159W M159W  M159W
G160W G160W G160W  G160W
F231L F231L

Figure 6.11. Native PAGE gel reveals that WW and WW mutants in AG85B break up Ag85B
dimerization. Lanes 2-6 (5 x loading) lanes 10-13 (x loading volume). Protein concentration does not
affect dimeric state. Molecular weight of Ag85A, Band C is ~32 Kda.

6.2.4 Overexpression of Rv1288 and Rv0519c

In addition to the key differences in secondare sisidues, the phylogenetic analysis
(detailed in Section 6.2.] also identified two additional putative mycolylahsferases
encoded in the genome. Recent reports have sudgemsteboth thevl. smegmatis and C.
gluctamicum'’ genomes encode for additional, putative trehaksgtransferases. It was
inferred thatMtb may also express additional trehalose acyl traaséss. Upon blasting the
sequences of Ag85A, B and C againsthtib H37Rv genome, two additional genes (Rv1288
and Rv0519c) were identified as being distanthated to Ag85 (20% homology). Rv1288
was previously identified as a potential trehalasgltransferase in 2085 When the protein
sequences were aligned with the sequences of tB&sAgve found that both Rv1288 and
Rv0519c have conserved putative catalytic triade. fully explore the scope of the Ag85
enzymes, Rv1288 and Rv0519c were first modelled iameas determined that structural
homology could exist between both enzymes and Ad&t, Rv1288 and Rv0519c were
expressed, purified and assayed and it was fouatdR¥0519c¢ exhibited novel trehalose acyl

transferase activity, identifying this enzyme gsogential novel mycolyl transferase.

LOMETS threadind’ was employed to model the protein structuresdinigl 10 PDB files
for each of these annotated proteins all with lighfidence value. These structures were
then overlayed to ascertain whether the models weasonable. Ramachandran plots were
obtained for the models to evaluate their plausybil Models for both Rv0519cF{gure
6.12 and Rv128§Figure 6.13 had good Ramachandran plots with most residuésga
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within acceptable regions. Notably, and particylgriesent with Rv1288, both proteins have
long tails that could not be fit by LOMETs. Thesgions are illustrated by the long tails
(Figure 6.12 and Figure 6.13. The amino acids of these tails were found tovbey
hydrophobic, so these regions could potentiallynbembrane domains that are not well
modeled by the LOMETS service.

8 b C
JJJ—/\V\/"\:/\\ A {

pdbac90
[ ]

Figure 6.12. LOMETS modelling of Rv0519c suggest ¢in structural homology to Ag85. (a) overlay of
Ag85B and ten threadings for Rv0519c (b) overlay oéctive sites of Rv0519c model(orange) and Ag85B
(blue) (c) Ramachandran plot.

Psi (degrees)

Figure 6.13. (a) overlay of Ag85B and ten threadirgyfor Rv1288 (b) overlay of active sites of Rv1288
model (orange) and Ag85B (blue) (c) Ramachandran pt.

Upon blasting the Rv1288 sequence further, it becapparent that the tail domain contained
three putative LysM domaiffs The LysM domains are known to be involved in

peptidoglycan binding, which supports the arguntkeat this is a membrane binding domain.
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With the assistance of Dr. Michael Dolan, we webbéeao model this tail portion as three

Lysm domains and superimpose them over Ag85B btatr@haloseRigure 6.14).

Figure 6.14. Rv1288 (blue) overlayed with Ag85B (pk) with trehalose (red spheres). Three LysM
domains are modeled (blue at the right). Pdb 1FQP

This preliminaryin silico characterization of Rv0519c and Rv1288 supported these
enzymes could be trehalose acyl transferases withtipe catalytic triads and secondary
structures modelled as similar to the Ag85 protdirstein expression was attempted and the
soluble proteins obtained were assayed for mydoéyisferase activity. Truncated genes,
with hydrophobic ‘tails’ removed, were obtainedrfr@senscript and genes were cloned into
pET-23b at BamH1 and Hindlll. Initial attemptsaterepression of Rv0519c and Rv1288

afforded no expression for products of the corse for both genes.

It was realized that the original cloning stratéxgyl afforded an out of frame gene product in
pPET-23b, explaining the lack of protein expressiseeAppendix 2 for full details). When
the Rv0519c and Rv1288 genes were cloned into [ar-2ector, robust protein
overexpression was observed under induction wilfGIPThe BamH1 and Hindlll cloning
strategy also allowed for cloning into the PMAL-C2Kctor, generating C-terminal Maltose
Binding Protein (MBP) fusion protein constructs.08t9c was found to be soluble, both as
an MBP fusion and with a His-tag (pET-23&)jgure 6.15andAppendix 2). Rv1288 was
found entirely in inclusion bodies when expresséith & His-tag. Most of the Rv1288-MBP
was found in the insoluble fraction and it was [dassthat the small portion found in the
soluble lane had been forced into solution by tH&PMand was not folded properly. Further
Rv1288-MBP protein purification attempts in BL21 ®E. coli overexpressing chaperones
and under slow expression conditions at cold teatpegs (11 °C) afforded no increase in

soluble protein. Attempts to purify Rv1288-hexafn@em overproducingl. smegmatis strain
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(M. smegmatis seemed to produce soluble protein (Seetion 6.2.9), yielded no detectable

purified protein. The cloning of alternate trunoas should be considered in future efforts to

express and purify Rv1288.

C < 100+

% Relative Product Formatio

Figure 6.15. (a) Expression and purification of miiose binding protein (MBP) fusion with Rv1288 (b)
expression and purification of MBP fusion with Rv039c. Pre-pre induction with IPTG, post-post
induction, clar-clarified lysate, wl-washl, w2-wash, el-elutel, e2-elute2 (c) enzyme assay showsviigti
for Rv0519c.

In enzyme assays we found substantial trehalosanlogl transferase activity for Rv0519c¢
and negligible activity for the soluble portion R¥1288-MBP Figure 6.159. These results

confirmed that Rv0519c can transfer acyl chain® dreghalose. However, it remains to be
seen whether the long, hydrophobic mycolates wall gtocessed by Rv0519c or if this
enzyme is actually responsible for the transestatibn of other acyl trehalose species. With
the addition of future, corroborating mycolyl trégrsassays, this will be the discovery of a

novel trehalose mycolyl transferase.
6.2.5 Transcriptional profiling of Ag85

Given the knowledge that a secondary site in th858gand C enzymes modulat@svitro
activity and dimerization and that other Antigen B&mologues may exist in theltb
genome, the question was posed as to whether tHi#fsrences would translate to
mycobacterial culture. Whole cell assays were epguoto further understand the
‘redundancy’ of the Ag85 enzymes. Transcriptionabfiing under drug treatment and
overexpression of the Ag85 constructsMn smegmatis and Mtb were employed to further

evaluate the differential roles of the Ag85 enzymes
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Transcriptional profiling of the Ag85 enzymes frareviously reported stud@sand current,
unpublished microarray data in the Barry lab, réaeastark transcriptional differences
between theg85B andag85A/C profiles.ag85B (Rv1886c¢) is strongly downregulated under
drugs that affect mycolate synthesis (IsoniazidHJNand SQ2109). In contrasgg85C
(Rv0129c) and, more modestly, Ag85A were upregdlateder INH treatmentA\g85C was
upregulated under treatment with both SQ109 and.INHese transcriptional profiling
differences were consistent between experiments wmde statistically significant
(Table 6.3).

Table 6.3. Ag85B is strongly downregulated under gatment with both INH and SQ109. Numbers reflect
the log of change in gene expression leVel

Protein Gene 10X MIC lIsoniazid, 6h 10X MIC SQ1096h
Ag85A Rv3804:

Boshoff et &' revealed that other drugs, which inhibit cell wdllosynthesis, Eta
(Ethambutol) and PZA (Pyrazinamide) affected geqgession similarly to INH and SQ109,
although the effect of PZA was less pronouncedcdntrast Rifampicin treatment, which
targets the RNA polymerase, afforded a downregquiatif bothag85A and C and a more
modest decrease ag85B expression. In this report, starvation causetharease irag85B
expression as did low pH and non-replicating pasisstate (NRP)T@able 6.4).

Table 6.4. From the supplementary information of Bshoff et af’, differential expression level between
ag85A/C and ag85B were revealed under multiple stress conditions. BtEthambutol, Pza-Pyrazinamide,
NRP- Non-replicating persistence. Rif-Rifampicin Numbers reflect the log of change in gene expression
level.

Protein Gene pH4_8 starvation  Eta NRP PZA Rif
Ag85A Rv3804

Ag85B Rv1886

Ag85C Rv0129c

" RNA microarrays were conducted on H37Rtb by Dr. Kriti Arora and Dr. Helena Boshoff.
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This data may have implications in the individuales of Ag85A, B and C. INH treatment
decreases the level of mycolates present in tHe Aedompensatory upregulation of Ag85
would be expected in response to INH to salvageréneaining mycolates for TDM and
TMM synthesis. SQ109 is an anti-mycobacterial dtogt is thought to function through
inhibition of the biosynthesis of TDM, potentialtiirough inhibition of the MMPL3 TMM
transportet. In addition to INH, Ag85B downregulation was alsbserved under SQ109
treatment, further supporting the hypothesis thg8%B is serving a different function in cell
wall biosynthesis than that of Ag85A or C. The atuseof strongag85B downregulation
under RIF treatment supports that this responseotssimply due to antibiotic-induced
stressed, but rather is specific to cell wall bigkgsis. The evidence that Ag85B was
strongly downregulated under INH and SQ109 and mibdeipregulated under pH and
starvation stress, is suggestive of a role in cisin of TDM, TMM and/or mycolates.
Mycolates store huge quantities of energy and pbsdhe bacteria would contain a
mechanism to utilize this energy store. One carmthgsize that AQ85B may be recycling the
mycolates back from TDM and TMM. Under conditioridaw mycolate production (INH or
SQ109) this process might be downregulated. Alterely, Ag85B could be involved in a
particular step towards TDM and TMM synthesis, sastorienting the TMM in the correct
positioning towards the cell wall or shuttling strbtes to particular positions in the outer cell
wall. The dimeric state of Ag85B and relativelywloatalytic efficiencyin vitro hint at a role
that does not involve directly interacting with thedl wall and necessitates limited enzymatic
turnover. This microarray data is suggestive ofedéntial roles for Ag85B, relative to A and
C; it remains to be seen whether the gene expregsadfiles correspond with lipid profiling

and overexpression experiments.

An alternate explanation for the Ag85B downregulatis that this it was a consequence of
the location of Rv1886 in the Ag85B operon. Unlike other Ag85 proteins, the gene for
Ag85B is part of an operonFigure 6.16. This operon contains a chorismate mutase
(Rv1885c) and RpfC (Rv1884c). Rpfs, resuscicitapoomoting factors, are muralytic
enzymes that increase the cultivability of dormiaatteria, ie recovery from a latent state
Mtb genome encodes two chorismate mutdsemzymes that catalyze the rearrangement of
chorismate to prephenate in the biosynthesis ohylhkinine. Schneider et al found that

ag85B is regulated by aromatic amino acid levels, a$ pathe operon with Rv1885c (the

" Unpublished data from Dr. Kapil Tahlan
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chorismate mutase), and that these three genest ds an operon, although there is a second
promoter afterag85B®*. This second promoter suggests that the expresgidhese three
genes may not be entirely linked, although the @ngthlid find strong co-expression of all
three genes. Analysis of the microarray data far tlownstream genes from Ag85B
suggested that both Rv1885c¢ and Rv1884c were alsorégulated under INH and SQ109,
but more modestly than Rv1886¢ (85B), suggestingt tthe primary output of the

downregulation is a reduction of the level of Ag8&&ression.

1.0 2.0 3.0 4.0 4.4 MB

I = I
Cyp140 Rv1882c rpfC ag85B Rv1888c
l l l . Hypothetical

PPE Rv1883c nYieese Rv1887 . Information storage
« « - - and processing
Operon Rv1884c-ag858 Poorly characterized

2132000 2134000 2136000 2138000

Figure 6.16. Rv1886 (ag85B) is part of an operon.

An additional piece of the Ag85B puzzle is that gnemoter forag85B is targeted by MtrA,
the essential response regul&totnlike ag85B, the authors found that the promoters of
ag85A and @85C are not targeted by MtrAMtrA is an essential gene in mycobacteria.
Expression of thébpB gene is found to be down-regulated in cells ovaipcing wild type
MtrA, but not when they produce the non-phosphaeglgdorm.MtrA also binds to theriC
origin of replication and the authors suggest ttta$ may be a means to limit DNA
replication under conditions of stress andior vivo. This mechanism is not fully

characterized, but could prove an additional corepoto the Ag85B story.
6.2.6 Overexpression of His-tagged Ag85 constructs ikl. smegmatis and Mtb

The genes for Ag85A, B, C, Rv1288 and Rv0519c Witterminal His-tags were cloned and
overexpressed inM. smegmatis and M. tuberculosis. It had been anticipated that
overexpression could provide a handle for proteitidpwns, allowing identification of
putative protein partners for the Ag85 proteins.eSé experiments confirmed that
recombinantMtb Ag85 proteins were overexpressed and secretedVibysmegmatis.
Preliminary protein pulldown experiments suggestdt no strong protein-protein
interactions exist for Ag85C. The Rv0519c and R\BLp8teins can also be overexpressed
and Western blots confirm, consistent with the cttrral analysis, that these are cell wall

associated proteins.
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The vector pVV16, a derivative of pMV261, encodmdC-terminal His-tag was chosen as
the target overexpression vector and was obtaimeoh fthe Colorado State TBVTRM
contract. This vector contains a cloning site veithariety of restriction sites and a C-terminal

hexahis tagKigure 6.17).

BstBlI

(<] ‘Ndel ‘Mscl ‘BamHI ‘Pvull ‘Pstl ‘Hindlll
5 catatggccaagacaattgcggatccagctgcagaattcgaagcttcaccaccaccaccaccactgac
o 1 Il 1 Il 1 Il 1 Il 1 Il 1 Il 1

SN L L N ELLR L I L B BN B B L L B
3 Il w P R Q L R | Q@ L Q@ N S K L H H H H H H .
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o

Figure 6.17. The cloning site of pVV16 shows unigurestriction sites and His-tag.

After a period of cloning optimization a method fie successful cloning of genes into
pVV16 was developed and implemented. Genes wereedl at the Ndel and Hindlll sites,
with care to ensure that they were in frame with lthis-tag (seéppendix 2 for full details).
The Ag85A coding sequence contains a Hindlll stethe BamHI site was employed as an
alternate ligation site. All genes were amplifigdRCR from genomic DNA and then cloned
into cloning vectors, either PCR 2.1 TA or Topo PER TA, obtained from Invitrogen.
Colonies were carefully screened to avoid point atiohs. The target genes were then
excised from the cloning vector and ligated inte éxpression vector, pVV16. These vectors
were then electroporated into eIectrocompeterﬁlBﬁ:M. smegmatis. Electroporation was
successful and individual clones were then picked eultured in liquid medium. Through
this approach His-tagged overexpression strainsAff85A, Ag85B, Ag85C, Rv1288 and
Rv0519c have successfully been created. Truncatadions of Rv1288, lacking the
peptidoglycan binding domain, and Ag85C, lacking fiignal peptideTable 6.5 were also

cloned. These truncated versions may be usefutalenn future experiments.
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Table 6.5. Plasmids for cloning into hexahis vectopVV16. Restriction sites Ndel and Hindlll. BamHI
was employed in place of HINDIII for Ag85A. PGB-pepidoglycan binding

Cloning vector PCR 2.1 Overexpression in

Gene cloned or TOPO TA pVV16 M. smegmatis
Ag85A PKMB17 PKMB24 v
Ag85B pKMB18 pKMB25 v
Ag85C PKMB19 PKMB26 v
Ag85C without

S ol pentide PKMB20 PKMB27 v
RV0519¢ PKMB21 pKMB28 v
Rv1288 pKMB22 PKMB29 v
Rv1288 without

RyLees Wi pKMB23 pKMB30 v

Pirgy

Ppipe

pvw16 and 85C

6809 bp

ot

Figure 6.18. pVV16 expressing Ag85C. Plasmid map svs GroEL promoter and His-tag, flanking the
cloned gene. Circles indicate signal peptide andisitag.
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The His-tagged protein expressing strains were rg¢aa for several reasons. It was thought
that analysis of the lipid profiles of the overeagsion strains could prove informative.
Because these constructs are constitutively expdeshere was a good chance that the
bacteria would compensate for additional proteinl avild-type lipid profiles would be
observed. The true strength of the His-tag is ithatovided a handle from which to identify
whether the proteins have been successfully oveeezpd, what subcellular fraction they

localize to and whether they are potentially intéiray with other proteins.

SuperSignal West HisProbe western blotting kit whaitsined from Pierce. The kit employs a
novel nickel conjugated horseradish peroxidase #iiwed for 1 step labeling and
eliminated the need for a secondary antibody lagelDverexpressing strains were lysed and
the lysate, supernatant and soluble portion ofitkate were run on a protein gel. Western
blotting protocols in the kit were followed prediseand good labeling of the His-tagged
proteins was observe®igure 6.19 with the majority of the Ag85C detected in thdtare
supernatant. Purified hexahis Ag85C was used asiéivee control and lysate from wildtype
M. smegmatis was employeds a negative control (Sé@pendix 2 for further details). The
His-tagged labelled proteins were identified wellhwonly one background band, which was
identified to most likely be the bovine serum albmnBSA) from the culture medium,
although it may also be another crossreactive prdgtgure 6.19. This background band
disappeared when an anti-His-tag antibody (Gensa&ip0186) was employed instead of the
Pierce SuperSignal Kit.

a/ Purified Truncated Ag85c M. smegmatis (control) b Purified  Full length Ag85c  Truncated Ag85c M. smegmatis (control)

Ag85c e per  clar dilute |y: super  clar  dilute Ag8sc
i clar | clar lyse super clar lyse super clar lyse super clar

’ AR a ; ‘
- e -
<—— Possible
—

- AgSSC dimer
Qs
Fig

ure 6.19. Western blots of hexahis tagged Ag85C aespressing strain of M. smegmatis show
overproduction of target protein (a) shows expressn of a truncated Ag85C that lacks its signal pepdie.
BSA and Ag84C are indicated by arrows. Purified Ag8c is included in lane 1 as a control (b) Western
blots of native PAGE gel lysate fromM. smegmatis expressing full Ag85c or truncated Ag85c, lackingts
signal peptide. Arrows indicate Ag85c . The gel makiave run slightly crooked, explaining the slight kift.
Between full and truncated Ag85C. Lyse- whole cellysate, Super-supernatant, clar-clarified fraction
Truncated Ag85C is present in the clarified fractio,, whereas the full length Ag85C localizes to the
supernatant.

BSA
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Western blots of lysates froi. smegmatis expressingeither a full Rv1288 construct or a
truncated Rv1288Higure 6.20 revealed that Rv1288 was most likely cell-wak@sated
(present in whole cell lysate, but absent from shpernatant and the clarified lysate). In
contrast, the truncated Rv1288 appeared in thdietafraction, suggesting that at least part
of the truncated Rv1288 was expressed in a sol@dde in M. smegmatis. Protein
purification attempts of this truncated construcini M. smegmatis proved unsuccessful,

affording none of the target protein.

Purified Full Rv1288 Truncated Rv1288

Ag85c  lyse super clar I.iie- super clar

Figure 6.20. Western blots of lysate fromM. smegmatis expressing full Rv1288 or truncated Rv1288,
lacking its peptidoglycan domain. Lyse- whole cellysate, Super-supernatant, clar-clarified fraction.

It was hoped that the hexahis constructs woulditats identification of proteins that interact
with mycolyl transferases. Native PAGE or crosshgkwere first considered for Ag85
binding partner identification. A native PAGE ofshtes from overexpressing strains was
blotted for His-tags and no protein interaction dmwere identified. The probe did label the
insoluble fraction of the bacteria slightly, buisthvas very likely non-specific labeling. Next,
crosslinking of the culture with gluteraldehydeoprio lysis and gel elextrophoresis was
attempted. This experiment yielded very little veestblot signal Eigure 6.217). It is possible
that the gluteraldehyde interferes with the antjbdabeling process. In this experiment
higher detergent concentration (4% Triton X-100swaed, which seemed to help solubilize
the Rv1288, which had been only detected at lowlgepreviously. A benchmark His-tagged
protein ladder (invitrogen LC5606) was used to tdgnthe molecular weight of the
crosslinked proteins. This ladder worked well witle western blotting system. Loading of

ladder was reduced in further experiments prevignas saturation.
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Figure 6.21. Western blots of mtl55M. smegmatis either overexpressing no protein (control) or Ag85or
full length Rv1288. Proteins with a MW about 60,00Kda were presumed to be BSA (MW 66,399). Only
small amounts of target proteins (arrows) were detged in crosslinked lanes. (a) blot developed forOl
seconds. (b) blot developed for 1 minute shows so@pparent degradation of proteins. WT-wildtype

The absence of crosslinking products in the soluipéetion could be explained by
crosslinking of the target proteins to insolubleembrane bound proteins. A membrane
solublization protocol (Colorado State TBVTRM) wasployed, utilizing SDS, to solubilze
protein fractions after crosslinkinlyl. smegmatis was crosslinked with gluteraldehyde, lysed
and the soluble lysate and membrane component Waotionated by centrifugation.
Preliminary experiments with the Ag85C overexprassitrain, compared with fi55 M.
smegmatis, revealed potential bands of interest that werey gmésent in the crosslinked
Ag85C strain Figure 6.22). This target bandHigure 6.22 was excised from the gel,
exposed to a tryptic digested and analyzed by M&pmics. The proteomics analysis failed

to reveal any proteins unique to the Ag85C crokslihstrain.

M. Smeg WT  Overexpressing Ag85C
2 3 4 1 22 3 A —

1-lyse
2-mem
3-lyse cross
5-mem cross

Figure 6.22. Crosslinking experiments on Ag85C stia reveal a potential band of interest (arrow). Ly®-
whole cell lystate, mem-membrane fraction, cross-utture was crosslinked prior to lysis. WT- wildtype
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The protein interaction experiments are still ongobut to date, have not yet yielded any
protein binding partners, suggesting that the Ag@BGtein-protein interactions are weak,
transient and/or negligible. Although these expernis did not identify protein binding
partners, use of the His-tag constructs has valititiie overexpression and the secretion of
the Ag85 proteins ifM. smegmatis, suggesting appropriate folding and functidfinimal
non-specific antibody labeling was observed undetindzed labeling conditions. Some
apparent protein degradation was observed. Howaviéh, better protease inhibitors, this
could likely be prevented. These experiments hinttree scope of possibilities with

overexpressing His-tagged constructs.
6.2.7 Overexpression of Ag85 as Tet inducible GFP fusioproteins

As the constitutive His-tagged overexpression coogt were not conclusive of any
differences between the Ag85 enzymes, a more tanaieitracycline (Tet) inducible
expression system. The parent plasmids for thiesysvere a kind gift from Dr. Sabine Ehrt
(full details of these constructs can be foundAippendix 2). The original Tet system
involved expressing two vectors in mycobacteriaccorently, one which consisted of a
pMC1 plasmid to express the tetracycline repre@stiR) and a second, pSE100, containing
the Tet regulated promoter and gene of intereststf@amline this system, a single vector
containing both components was designed by Dr.. Btiith this second generation system a
E. coli cloning vector is used, containing the TetR cargtand the operon (vectors either
pTC-2M1L or pTE-2M1X) and the gene of interest iistfcloned into cloning vector and
then the whole cassette containing the gene ofesttels excised with the rare cutters
Pacl/Notl and then ligated into pTC- or pTE-mscb. flrther simplify the cloning it we
discovered that this process can simply been donene vector, either pTC-2M1L

(integrating) or pTE-2ML1L (replicating).

A sequential cloning directly into the pTE-2M1L iead of into the shuttle vector was
chosen. For the large number of genes that werdedei®r this study this approach reduced
the number of cloning steps. pTE-2M1L contains éhwaique cloning sites within the lacZ
gene (Sphl, EcoRV and Notl). It was found to besgae to clone thegfp or rfp at the
EcorRV and Notl sites, generating pTE-2M1L-RFP d9Ef£2M1L-GFP Figure 6.23. In a
subsequent cloning step the genes of interest elened upstream of thdp or gfp, between
Sphl and EcoRV (Smal was used for Ag85B and Cheg tontained internal ECORV sites).
This strategy allowed the production of Tet indleiGFP fusion proteins of Ag85A,B,C and
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Rv1288 and Rv0519c as well as Ag85B mutants as#dwendary site that showed gain of
activity in vitro (Section 6.2.3.

pTE-2M1L pTE-ZM1L with GFP

m Clone
9750 bp L‘{ —_—
¥ RFPorGFPg¢
L g8
Q

Clone target gene
with C-terminal GFP

PTE-2M1L with GFP and 85C

8132bp

)
19050

&
%,
&,
Yz, Sy oo

Figure 6.23. The cloning strategy for the generatio of our target fusion proteins in tet inducible
replicating vector (a) pTE-2M1L. (b) gfp or rfp were amplified by polymerase chain reaction (PCRJjo

contain EcoRV and Notl restriction sites and clonedat the respective restriction sites in pTE-2M1L. )

The genes of interest have been amplified by PCR tioclude Sphl and EcoRV restriction sites and
ribosome binding site (RBS) and cloned at the resptve sites in pTE-2M1L-GFP. For Ag85C and B,
Smal was utilized in place of ECORV as both genesate internal EcoRV sites. Only unique restriction
sites are shown. Sites employed in the cloning dé&d are highlighted in red.
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Future diversification of the library, including ehgeneration of double overexpression
strains, was incorporated into the cloning strat@dyC-2M1L is the integrating equivalent of
pTE-2M1L. pTC vector does not have a unique Sptd at the start of théacZ gene.
Because of the unique Notl and Pacl sites in bettors, in future work, the cloned cassette
can be excised from the pTE vector and ligatedhtib the pTC vector. The pTE vector
encodes hygromycin (Hyg) resistance, whereas tliegitodes kanamycin (Kan) resistance.
Strains expressing two proteins could be generbjedequential electoporations with the
overexpression plasmids, followed by selection ftouble overexpressors with both
antibiotics. In summary this cloning strategy slioallow for the rapid diversification of the

gfp andrfp fusion protein vector library.

Plasmids expressingfp and thegfp were available in the Barry lab in the pMV261
overexpression vector, containing the heat shoampter, GroEL. Thesefp and gfp
constructs were validated to express robustly icabgicteria, having previously been used in
the Barry lab to generated RFP and GfB strains. Primers were designed to amplify these
sequences with EcoRV and Notl sites. PCR procesdeabthly (SeeAppendix 2 for full
details). Consideration was given to winid would be appropriate for this overexpression.
Sequencing of thefp revealed that it was most similar to mCherry, Wwhiwould be
monomeric. However, the construct was not 100% Hogows to mCherry, which caused
concern because some of the earlier RFP genergfidsiRedl) are actually tetrameric in
solution, which makes them incompatible with thedurction of fusion proteins, as they will
form insoluble aggregates (discussed Ghapter 5). Because of these concerns with
tetrameric RFP, the cloning of GFP fusion proteiwkjch were undoubtably monomeric,

was the initial focus.

After restriction digest, Thefp andgfp were successfully ligated into the pTE-2MIL vecgtor
generating pTE-2M1L-GFP and pTE-2M1L-RFP, with temaining portion ofacZ fused to
therfp andgfp. ThelacZ-rfp andgfp constructs were electroporated itio smegmatis and
overexpression was observed by microscopy and waghtlyt regulated by

anhydrotetracycline (ATc)Higure 6. 29.
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Figure 6. 24. Tet inducible GFP and RFP strains oM. Smegmatis (a) Strain expressing pTE-2M1L-GFP
shows accumulation of GFP in inclusion bodies. (bjtrain expressing pTE-2M1L-RFP. (c) Very low
background in the absence of anhydrotetracycline (Ac). Scale bars 5 um.

Initial Tet induction experiments withfp and gfp construction showed significant
accumulation of protein into large vacuoles. Howggebsequent experiments with reduced
induction time (3 hours compared to 24 hours) slibweich less ‘inclusion body’ like
formation Figure 6.25. These experiments confirm that the tet regufaitoeffective and

that tetracycline dependent expression of GFP &l iR possible iM. smegmatis.

Figure 6.25. Tet induction of GFP-LacZ strain inM. smegmatis in tween free mediumshows Gradual
accumulation of protein into inclusion bodies. (aB h induction (b) 18 h induction (c) 24 h induction Scale
bars 5 um.

With rfp andgfp TET vectors in hand, we turned our attention tasathe cloning of the
target genes upstream of the fluorescent repoffeablems were initially encountered with

the ligation of the genes at the Sphl and EcoR¥ssipotentially because blunt and 3

overhang restriction sites can yield reduced laggatfficiency. With longer ligation time at

Page | 208



Chapter 6: Differential roles of Ag85s and relagedymes

colder temperature, the desired pTE-85C-GFP fugémtor was obtained and electroporated
it into M. smegmatis. Upon induction with ATc, no fluorescence was albsd. After some
confusion it was realized that through cloning ta¢ Sphl site, the ribosome binding site
(RBS directly downstream of the Sphl restrictiore)ihad been accidentially removed and,
without the RBS, expression was dramatically reduE&ure 6.26).
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Figure 6.26. Demonstrates the new cloning approado include the ribosome binding site in the primer,
S0 as to retain it during cloning. Here 85C is cload into PTE-2M1L and includes the improved RBS. (a)
tet operator and ribosome binding site (RBS) in PTEand PTC-2MIL plasmids (b) Cloning at Sphl site
leads to deletion of the RBS site downstream of thestriction site. (c) New strategy used primershat

included the RBS ensures that RBS is maintained ithe final construct. Bases inducated with stars (*are

those changed in the RBS to enhance ribosome bindin

To salvage the cloning of the genes intodfgefusion vectors, primers that contained, at the
5’ end, the SpH site and the sequence for an ingarodosome binding site were employed.
The following sequence was used 5-GGGGCATGBAGGAGG TATACAT ATG ...-3.
The first six bases correspond to the Sphl sitee @hly difference from the pTE-2M1L
parent sequence was that one A was changed to theGlast G in the bolded part of
sequence-3). This sequence was repBrtedafford better expression than the original RBS
in pTE-2MIL. With these new primers all genes wezamplified by PCR and cloned, first
into cloning vectors and then into the pTE-2MIL-GRRd then electroporated intd.
smegmatis and H37RvMtb. With the RBS site in the sequence all genes assprkrobustly

under anhydrotetracyline dosage.

" personal communication with Dr. Sabine Ehrt sutggethis improved sequence.

Page | 209



Chapter 6: Differential roles of Ag85s and relagedymes

Preliminary results inM smegmatis strains suggested that overexpression of the Ag85
proteins could differentially affect the incorpacat of mycolates into the cell wall (See
Section 6.2.9.2delow). It was hypothesized that some of the oleskimcorporation might be
a result of chaperoning by Ag85B and not as a tineswlt of catalysis of the transmycolation
reaction. To more fully dissect the differences lipid incorporation by Ag85, the
catalytically inactive serine-alanine (SA) mutaotsll three isoforms were generated by site
directed mutagenesis and cloned into the tet ildei@onstruct. Additionally the mutants at
the secondary site of Ag85B (notated WW, WWL and WGEY that conferred increased
catalytic activity were also cloned into the tenhswouct to attempt to observe whether the
Ag85 B mutant could afford an Ag85C-like lipid pilef For a full summary of all genes
cloned into the Tet inducible system Sexble 6.6.

Table 6.6. Plasmids for cloning into the tet indudile vector pTE-2M1L. Restriction sites EcorV and Ntl
were used forrfp and gfp. Sphl and EcorV or Smal (Ag85B,C) were used for taet proteins. SA-catalytic

serine to alanine mutant. Check ¢ ) marks indicate that the strain overexpressing the articular plasmid
indicated was generated. X indicates that plasmidretrain was not generated.

Gene cloned PCR 2.1 or PTE- PTE-2M1L-Gene-  Expressionin  Expression
TOPO TA 2M1L GFP M. Smeg in Mtb
GFP pKMB31 pKMB36 NA v v
RFP pKMB32 pKMB37 NA v v
Ag85A pKMB39 X pKMB50 v v
Ag85B pKMB40 X pKMB51 v v
Ag85C pKMB41 X pKMB52 v v
Ag85A SA pKMB42 X pKMB53 v v
Ag85B SA pKMB43 X pKMB54 v v
Ag85C SA pKMB44 X pKMB55 v v
85B WW pKMB45 X pKMB56 v v
85B WWL pKMB46 X pKMB57 X v
85B WWGL pKMB47 X pKMB58 X v
Rv1288 pKMB48 X pKMB59 v v
Rv0519c pKMB49 X pKMB60 v v

6.2.8 Microscopy of Tet inducible plasmids

One possible difference between the Antigen 85gmetwas subcellular localization, with
the individual isoforms localizing to different pimns of the cell wall (eg the poles, snap or
elsewhere). The fluorescent Tet strains providsastto interrogate protein localization.
Figure 6.27reveals that Tet induction worked with robust iciiton under anhdrotetracycline
and very low background in the absence of ATc. @iniop thelacZ-gfp strain, therv1288-
gfp fusion strain displays robust labelling of the tesi@, presumably accumulating on the

cell wall. Microscopy revealed that the Ag85C wasrsted efficiently and under growth in
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7H9 medium (contains Tween 80 and BSA) with verw laccumulation within/on the
bacteria. Halos of Ag85C-GFP around clumps bactedee apparent in some images. BSA
and tween may strip weakly associated protein ftben outer cell wall, removing any
apparent localization. To address the detergeecefl. smegmatis strains were growin
tween-free GAS medium and were induced for 18 hatrsvhich point cells were fixed and
imaged by confocal microscopy. Even in medium withttveen and BSA, relatively little
adherence of the target proteins to the cell wadls wobserved Figure 6.28. These
experiments confirmed that Ag85-GFP fusion protewese secreted and had low association
with the mycobacterial cell wall. To our knowlediyere are few repofs?’ of secretion of a
GFP tagged protein in mycobacteria and previousngies employed vastly truncated
proteins fused to GFP. Personal communications witiers in the fiell suggested that

appropriate secretion of fusion proteins by myctdx@a was a relatively rare occurrence.

LacZ-GFP Tet + LacZ-GFP Tet - Rv1288-GFP Tet +
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Figure 6.27. Anhydrotetracycline (ATc) induction of M. smegmaitis strains expressing GFP fusion proteins
revealed robust protein synthesis for all construc over 3 hour induction, but limited protein localzation
for the Ag85C overexpression strain. (a) LacZ-GFP werexpression shows localization to the cytoplasm.
(b) In the absence of ATc, low background expressiois observed. (c) Rv1288-GFP shows localization to
the cell wall and/or cytoplasm. (d) Microscopy othe Ag85C-GFP expression construct at the same gain
as in ‘a-c’ shows lower fluorescence. (e) When thgain is increased, Ag85C-GFP fluorescence can be
observed onM. smegmatis as well as in halos surrounding the mycobacteria. (f) Quantification of the
presence of fluorescent protein in supernantant shwes high levels of secretion of the Ag85 proteinsc8le
bars 5um.

¥ Personal communications with Professor David Rusaggested to us that bacterial attempts at tieoref
other GFP fusion proteins had resulted protein medation at the mycobacterial poles, where the ginot
secretion machinery is thought to reside.
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The GFP Tet inducible constructs offered a meargusmtify the subcellular localization of
the fusion proteins through a comparison of thatred fluorescence in whole cell culture
versus in culture supernatants. Rv1288-GFP fluerese was largely absent from culture
supernatants. In contrast, Ag85-GFP fluoresnencaliles to the supernatant, confirming
that the fusion proteins are secreted; LacZ-GFBrdélscence was found in both supernatant
and pellet. Some supernatant fluorescence, eveindnabsence of protein secretion, is
expected, due to bacterial death and lysis, paatiguwith soluble cytosolic proteins. The
low supernatant fluorescence of the Rv1288-GFP estggthat this protein is cell wall

associated; even with bacterial lysis, this protginot released into the culture medium.

Microscopy of cultures grown in GAS medium (BSA ahdeen free) revealed low
localization of all Ag85 isoforms. The Ag85-GFP f@ios showed much lower accumulation
within the mycobacteria relative to LacZ-GFP, preably due to their extracellular location.
Consistent with literature repoffsabout the localization index of the Antigen 85tpius, the
Ag85A strain accumulated more protein than Ag85@® atrains Figure 6.28. It is unclear
whether this greater Ag85A accumulation was dua thifference in relative rates of protein
secretion or actually due to a greater Ag85A difirior the cell wall. The Ag85B strain
displayed negligible accumulation of fluorescenegen in tween free mediunfFifure
6.28h). Ag85A and C strains accumulated of protein thegiinclusion bodies or at the poles
or, perhaps, bothF{gure 6.28a,b and d,g The Ag85C strain images featured reproducible
GFP halos surround the bacteria, suggesting tleaptibtein may not associate directly with
the cell wall but exist as a cloud surround thetdxda Figure 6.28d,9. These images
suggest that Ag85AB and C are differentially dmited between the cell wall and culture

supernatant.

The overexpression of Ag85AB and C fused to GFRMinsmegmatis suggested greater
accumulation of Ag85A and Ag85C on the cell wadlative to Ag85B. Although purely
speculative, these results may relate to the donstaite of the protein, with the Ag85B dimer
unable to productively interact with the mycobaietiecell because its membrane interacting
face is dimerized with another Ag85B unit. Greateress cell wall localization may also
have implications in which of the Ag85 isoformsalgized the transmycolation of the TDM

and arabinogalactan with greater localization fatihg more Ag85 substrate access. One
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caveat of these results is tHdt smegmatis, although closely related thltb, may feature

undiscovered differences in the Ag85 protein funmtdirelative taMtb.

Figure 6.28. ATc induction of Ag85A,C and C strainsn M. smegmatisin tween free mediumshows higher
cell wall accumulation with Ag85A (a,b), followed ly Ag85C (d,e). Low affinity was observed for Ag85B
(c). GFP halo appears to surround Ag85C bacteria.cle bars 5 um.

6.2.9 Overexpression of Tet inducible constructs iMtb

With the GFP Tet induction suggestive of differahiccumulation of Ag85A,B and C M.
smegmatis, the reproducibility of these results was testeMirtuberculosis. The GFP fusion
protein vectors were electroporated into H37Rv ad target strains were obtained
(Table 6.7). These strains were inducible by anhydrotetraeyind, consistent with thé.
smegmatis results, the majority of the fluorescence for thg8B fusions was found in the

supernatant.

Microscopy revealed protein induction over a 72rhmeriod. The H37Rv strains were grown
in GAS media without tween and were induced withcA®r 18 hours at which point the
cultures were fixed, washed and mounted. The LaEP-Gontrol showed low level
fluorescence, relative to background and the Ag&Aand C strains (not shown) showed no
difference between induced and uninduced cells. I&ble of fluorescent accumulation was
most likely due to the short induction time limgithe protein accumulation. This experiment

was repeated with a longer induction time in sgaxpressing a constitutive RFP marker
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alongside the Tet inducible GFP fusion. With a #urhinduction time, as had been
previously suggestéy robust protein overexpression was observed inGR® Tet strain
with some accumulation of fusion protein in inctusibodies. Even at these long induction

times, negligible Ag85 protein localization was eb&d (not shown).

Figure 6.29. Induction of GFP-tet-H37Rv reveals moest fluorescence after 18 hours of growth. (a)
H37Rv GFP strain after 72 hour induction anhydrotdracycline (ATc). (b) strain coexpresses RFP, which
shows accumulation of GFP in inclusion bodies. (Background fluorescence in the absence of AhT. Seal
bars 5 um.

Previous work with Tet inducible strains Mitb suggested that induction of the Ag85 strains
infecting macrophages was possfllelt was hypothesized that induction of the Ag85
proteins within macrophages would afford betteruarglation of the Ag85 proteins, as they
would be trapped within the phagosomes of the npd@ages. J774 macrophages were
infected with all the GFP fusion protein straimgjuced for 72 hours with anhydrotetracyline,
and fixed, stained with and Anti-Tb antibody (AxXé/54601) and analyzed by confocal
microscopy. All strains were infected at the sameltipiicity of infection (MOI, 5-10
Mtb/macrophage) and fluoresceMitb were visible with all infected straing-igure 6.30,
Figure 6.31).

Far fewer fluorescent bacteria were observed in Alg85-GFP Figure 6.31) strains
compared with the LacZ-GFP straiRigure 6.30. Because LacZ-GFP is not secreted and
instead is trapped within thdtb, all bacteria show up labelled. In contrast, thlg83 can be
shed from the outer portion of the bacteria anflitked by the macrophage. The paucity of
Ag85-GFP positiveMitb can be rationalized either by detection of only aeteria that are
currently growing and producing protein at the timfeharvest or of those bacteria that
produced the greatest amount of Ag85-GFP. An aufditi explanation was that the

overexpressed Ag85-GFP was somehow toxic to theobaateria within macrophages,
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causing the plasmid to be lost over the 72 howcitndn/induction period. This explanation
seems unlikely to us, as the LacZ-GFP expressichwesy stable. Future plating and PCR

experiments will be employed to rule out plasmisklo

Figure 6.30. (a) LacZ-GFP expressing strain infeatig J774 macrophages (b) Anti-tb antibody (Axel
Yv54601) (c) Overlay of ‘a-b’ with DAPI staining the nuclei overlay of ‘a-b’ show reasonable
colocalization of antibody and bacteria. Antibody &ining has been previously shown to not label all
bacteria with equal avidity. (d) Background signalof macrophages infected with LacZ-GFP expressing
strain but not induced with ATc and not labelled wth antibody. Scale bars 5 pm.
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AgB5A-GFP

Ag85B-GFP

Ag85C-GFP

Ag85B-WW-GFP __

Figure 6.31. Overepxression of Ag85-GFP fusions 5774 macrophages demonstrates bacterial labelling.
(a,d,q,j) Ag85-GFP expressing strains shows fluoresnt regions of a size slightly smaller than entirddtb
(b,e,h,k) Anti-TB antibody (Axel Yv54601 (c.f,i,[)Overlay of ‘a-b, d-e, g-h, j-k’ with DAPI staining the
nuclei shows reasonable colocalization of antibodgnd bacteria. Antibody staining has been previously
shown to not label all bacteria with equal avidity.

It was hoped that the Anti-TB antibody would id&ntihe Mtb localization of the Ag85.
Consistent with the previous problems with k&b antibodies Chapter 5), incomplete
antibody labelling was observed with some bactaing intensely and others not detected
by the antibody. This poor labelling precluded deg¢ection of subcellular Ag85 localization.
Qualitatively, the Ag85-GFP fluorescence of the Bg#rains appeared much shorter than the
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length of an entire bacterium, suggesting thatdigeal localized to only part of thdtb.
Strains that both express the Ag85-GFP Tet veandscarry a constitutive RFP vector have
been generated and future work with these duall&bbacteria will shed light on the Ag85

localization.
6.2.9.1IMIC analysis of overexpression strains

To more fully evaluate the influence of Ag85 ovarmssion on cell wall biosynthesis, the
minimum inhibitory concentrations (MICs) againstettAg85 Tet inducible strains of
antimycobacterial drugs that target mycolate sysithelt was hypothesized that the
overexpression of the Ag85 proteins would alter lux of mycolates to the cell wall,
resulting in bacteria that were either more seresitir more resistant to Isoniazid (INH) and
SQ109. INH indirectly targets FASII of fatty aciginghesis, abolishing mycolate synthesis.
SQ109, which targets TDM synthesis, through an omknfunction (postulated to target
lipid transporter MMPL3), was evaluated as anotterdidate compound that should show
differential MIC.

MIC assays inMtb Tet strains, including the Ag85B WW mutant and tagalytic serine-
alanine mutants for Ag85A ,B and C did not revésal €xpected rescue upon Tet induction.
IN contrast, these experiments did show a modesttgrinhibition under Ag85B and Ag85C
induction and particularly under the WW mutant aj8sB during treatment with both INH
and SQ109 (Seappendix 2 for MIC plates). These results are consistent WithINH and
SQ109 induced downregulation of Ag85B observed ubho microarray analysis. The
Ag85B-GFP WWL expressing strain has been generatetlwe propose that the greater
catalytic activity of this form of Ag85B may causemore significant growth inhibition in
future MIC assays. The relatively slow inductiontbe pTE-2M1L strains is also under
consideration as a limiting factor for the MIC assMIC assays of the constitutively
expressing His-tagged Ag85 have been proposedhese tstrains may produce the target
proteins in larger quantities. However, one drawbaicthe constitutive strains is that they
may have acquired other genetic changes to comigefisa the protein overexpression.
Overall, these MIC experiments are suggestive féminces in the Ag85 enzymes’ abilities
to rescue and/or sensitive mycobacteria from INl &Q109 treatment and future work

should shed additional light on precisely how trengh modulations occur.
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6.2.9.2TDM/TMM profiling of Tet inducible GFP fusion prote ins in H37RV

A survey of the mycolate literature revealed tharexpression of mycolyl transferases in
Corynebacteria results in a hyperincorporation of mycolates intiee cell walf®.
Complementation witt€Corynebacteria’s major mycolyl trasferase PS1 led to both an over
incorporation of cell wall mycolates and an inceeds the trehalose-dicorynemycolates
(TDCM) levels and corresponding decrease in thieattse-monocorynemycolate (TMCM)
levels. In contrast, overexpression of the Ag85tgins in Corynebacteria afforded the
over-incorporation of mycolates into the cell walit did not affect the TDMCM and TMCM
levels. In a related study the same authors fobhatdeletion of Ag85A, B did not cause a
cell wall mycolyl defect and that overexpressionAg85A, B and C could incompletely
complement for the mycolate loss observed in #85C deletion strains.This study
considered that the defect might not be in the gtegel of mycolates but in the linkage of
the mycolate to the arabinan. However, they fourad the Ag85 enzymes were not linkage
specific and each enzyme transfers mycoloyl residuato the four sites present in the
arabinogalactan non-reducing end hexaarabindsidd®se results suggest that the Ag85
enzymes are only partially redundant and can dffeally modulate the incorporation of the

mycolates into the cell wall.

The over-incorporation of mycolates intGorynebacteria by the Mtb Ag85 proteins
prompted us to differentiate between Ag85A, B andhfugh lipid profiling both inM.
smegmatis and in Mtb. Tet inducible constructs were evaluated whtB-acetate labeling,
under either a pre- or co-label with the radioipetoDuring pre-label, culture was first
exposed to the radiolabel, washed to remove latetltlden exposed to Tet induction. Under
co-label, radiolabel and anhydrotetracyline wergeadsimultaneously. Following a labelling
period, the lipids were extracted through the statidprotocol and evaluated through
TLC(seeAppendix 2 for details). No dramatic differences between thairss were observed
in the TDM and TMM profiles inM. smegmatis. Greater accumulation of radiolabel into
TDM relative to TMM in the pre-label, compared witie co-label of all strains, supported
that the flux of the pathway is from TMM to TDM. ENwas utilized as a control to abolish
mycolate production and to identify the TDM and TMIMC bands Figure 6.32.
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Figure 6.32. (&) TLC of TDM and TMM polar lipid extract from Tet inducible constructs in M.
smegmatis. lanes 1-4 show extractable lipids that were pre-teeled with “C-acetate and subsequently
exposed to ATc protein overexpression. Lanes 5-6 @li extractable lipids from co-labeled bacteria
treated with both ATc and ‘C-acetate concurrently. Lane 9-Isoniazid (INH) treament reduces TMM
and TDM levels.(b) Quantification of the ratio of TDM/TMM radioact ivity shows an increase in the ratio
under pre-label, compared with co-label.

Differences were observed in the covalent mycolatefile (mycolates that remained
attached after extractable lipids were removedylirsmegmatis (Figure 6.33. Under a pre-
label, both Ag85C-GFP and Ag85A-GFP accumulatedenmadiolabel in the lipids than did
Ag85B-GFP or LacZ-GFP. This result is consisterthwig85A and C as responsible for the
attachment of mycolates to the cell wall. In coastrwith the pre-label, under a co-label,
induction of Ag85B-GFP led to an increase in theatent mycolates. However, it remains to
be seen how Ag85B facilitates the transfer of matesd. Possibly Ag85B is not directly
catalyzing the transfer reaction, but is somehoxelired in the flux of the pathway.
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Figure 6.33. (a) Covalent mycolates fromM. smegmatis labelling experiment were saponified and

evaluated by TLC. Gain was adjusted for Co-label pael to increase contrast. (b) Quantification of

mycolate TLC shows differential incorporation with Ag85B (Lane-7) overexpression resulting in mycolate
increase under co-label, whereas, Ag85A and C (Lase and 4) lead to increased mycolation under pre-
label conditions. INH treatment showed dramatic drase in radiolabel incorporation. Radioactivity was

quantified in typhoon phosphorimager units and nornalized by the fatty acid methyl esters (FAMES).

Lipid profiling of theMtb H37Rv Tet inducible strains was conducted in ameamnalogous
to the M. smegmatis experiments, albeit with appropriately longer intlue and labeling
times. Both pre-label and co-label experiments wameducted and the results are largely
comparable to those reportedvih smegmatis. Induction of the specific Ag85A, B, or C GFP
fusion, concurrent witH‘C-acetate co-label leds to a quantifiable incraéasthe cell wall
linked mycolatesKigure 6. 34). The level of incorporation with Ag85B overegpsion was
slightly greater than A or C, consistent with, luire modest than, thd. smegmatis results
(Figure 6.33. Under pre-label conditions Ag85C showed mucls legorporation, which
was inconsistent with the earlier resultdMnsmegmatis. This difference could be due to the
longer radioisotope pre-label time (3 days compawméti 3 hours). In the future we will

conduct a shorter pulse labeling wifft-acetate, followed by protein induction.
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Figure 6. 34. (a) TLC of covalent mycolate saponifation in Mtb reveals that the Ag85 enzymes can
differentially incorportate the mycolates into the cell wall. (b) Quantitation of mycolates reveals tht
Ag85A, B and C overexpression all led to increaseatycolation of the cell wall (lanes 2-4). Ag85A an@&
overexpression under pre-label conditions (Lanes B) led to cell wall mycolation increase. Radioaistity
was quantified in typhoon phosphorimager units andnormalized by the fatty acid methyl esters

(FAMES).

Analysis of the TDM and TMM lipid extracts suggeasktthat in Mtb the Ag85 enzymes
differentially modulate the TDM and TMM levels. Qeapression of Ag85A led to an
increase in the TDM/TMM ratio and Ag85B had the ogife affect, driving the formation of
additional TMM (igure 6.39. If these results prove consistent in future expents, they
could have implications in the TDM TMM pathway fluAn Ag85B driven flux towards
TMM would lead to greater incorporation of mycokiato the cell wall, consistent with the

results observed.
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Figure 6.35. (a) TLC of extractable lipids from prelabel and co-label of H37Rv Tet inducible strains.
GMM- glucose monomycolate. (b) Quantification of tle ratio of TDM/TMM radioactivity shows a modest
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6.3 Conclusions

Chapter 6 has identified differences between thmeethsoforms of Ag85 both in enzyme
assays and in cell culture. Phylogenetic studiesaled several highly conserved residues in
a putative secondary site of the Ag85A, B and Qigins that differ between the protein
isoforms. Molecular dynamics and mutagenesis ssudéenonstrated that this secondary site
of the Ag85 proteins is critical for catalytic adty. Replacement of three key residues in
Ag85B with their C amino acid afforded a large gmse in Ag85B catalytic activiiy vitro.
Conversely, substitution of the Ag85B residues ihi® Ag85C proteins triggered a dramatic
loss of activity. Ag85B has been identified as meli, whereas Ag85A and C are largely
monomeric. The same secondary site that regulatdditp also affected the Ag85B
dimerization. Sequence analysis also led to thetiieation and purification of a novel
trehalose acyl transferase, Rv0519c. Purificatittenapts at a second putative mycolyl
transferase, Rv1288 are ongoing. Enzymatic asdays20Ag85 proteins have revealed that

several key secondary site residues explain theatre differences in enzyme activity.

In cell culture,Mtb strains expressing tetracycline inducible Ag85-G&$ton proteins have
been generated and reveal differences between Ag&8And C. Preliminary results
suggested that the Ag85 proteins can differentiallyibit Mtb growth during INH and
SQ109 drug treatment. Lipid profiling revealed tAgB5-GFP protein overexpression results
in hyperincorporation of th mycolates into the cefall and that Ag85B may play an
orthogonal role to both Ag85A and C. Microscopidbaeilular localization studies of the
Ag85 proteins have confirmed that proteins are lgigecreted and these experiments were
suggestive of greater Ag85A/C cell wall associatisnsummary, these results suggest that
the Ag85 enzymes are not functionally redundant,itstead serve complementary roles in

mycobacterial cell wall biosynthesis.
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7 Chapter 7: Conclusionsand further considerations

Despite decades of investigation into both theimimologic and enzymatic activities, the
Antigen 85 enzymes (Ag85A,B and C) remain poorlgenstood. Little is known about the
range of their substrates and the reason for #pgiarent functional redundancyMtib. This
thesis sought to address this paucity of knowldtiggugh an evaluation of AG85 enzyme
functions bothn vitro andin vivo. These studies resulted in a novel Ag85 activityag, the
development of a potent Ag85 inhibitor, the synthemnd evaluation of the first small
molecule TB-selective probe and a better understgnof the differential functionalities of

these important enzymes.

Synthesis and uptake studies of trehalose (Tre) anibrary of Tre analogues were
conducted. The uptake dfC-trehalose intaMitb in vitro and into infected macrophages
suggested that Tre analogues may serve as novetépf TB pathogenesis. A library of
trehalose analogues, featuring modifications atyepesition of the sugar scaffold, has been
synthesized. The optimization and use of a metleybdide based glycosylation afforded a
rapid means to diversify the trehalose scaffoldrimdifications such as fluorine, fluorescein,
biotin, quantum dots and other biologically releivgroups. This trehalose library should
prove useful in future studies of mycobacteriah&lese catabolism/metabolism and Ag85

activity.

A novel, high throughput mass spectrometry-base85Agubstrate assay was developed, and
this assay revealed that Ag85A, B and C will tdieraxtensive modifications on the
trehalose scaffold, processing nearly all trehaldsgvatives synthesized, including those
with bulky groups and previously reported inhibstoSubstrate screening revealed that the
antigen 85 enzymes have a remarkably broad tolerweards modifications of the trehalose
scaffold. Affinity for disaccharides, compared witimonosaccharides, was confirmed,
although some monosaccharides were transestertied modest rate. Glucopyranose and
arabinofuranose configurations were preferred gedscto-, manno- or xylo-pyranose. These
results support that the Ag85 complex is respoadii both trehalose-mycolate scrambling

and mycolylation of thiMycobacterial arabinogalactan.

Mass spectrometry also provided an accurate ammvetiéd method to determine the full
kinetic parameters of Ag85C and to screen for erymhibitors. Kinetic analysis revealed

that Ag85C displays a combination of acyltransferasd acylhydrolase activities. Consistent
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with prior reports, Ag85C was found to be markedigre active than Ag85A or B. The
substrate screening and kinetic data were useddigml fluorophosphonate-trehalose, which
to our knowledge is the first potent, selectiveyatent inhibitor of Ag85. We anticipate that
this compound may find use asiarvitro chemical probe to inhibit Ag85 activity, and itli

possibly serve as a starting point for the desigmweel antiMycobacterial drugs.

Enzyme assays revealed that fluorescein-trehalel§eC(Tre) was an efficient substrate of
all three Ag85 enzymes. This fluorescent compouras Wwound to label the cell wall of
mycobacteria and is the first small molecMéb-selective probe. Lipid profiling confirmed
that the labelling process was specific and Ag8%liated. FITC-Tre labels the trehalose
dimycolate (TDM) lipids and labelling decreaseghie ag85C knockout strain oMtb. The
ability to fluorescently label lipids attached tehalose should be useful in identifying other
pathways that may employ Ag85 transesterificatiotivily and help clarify this poorly

understood area of biochemistry.

FITC-Tre was also found to selectively label myatdbaa residing within macrophages.
Prior imaging work withMtb in infected macrophages has utilized severalesiia$? but
none allow for non-toxic imaging of bacterravivo. Bacteria have been labeled with Texas-
Red through oxidation with sodium periodate prior ihfection. These harsh labeling
conditions are nonselective and would be expectedoxidize structurally important
carbohydrates and immunomodulatory glycolipid$-luorescently-labeled vancomycin has
been used to track the cell division patterndvofsmegmatis and M. bovis BCG?, but its
toxicity towards mycobacterianay color experimental results. Antibodies carutized to
label fixedMtb and for enzyme linked immunosorbant assays (EL1SB)t are not useful
for live imaging. FITC-Tre does not perturb mycotesial growth, and presumably natural
functions, allowing microscopy of healthy, viablackeria. Unlike other possible probes the
FITC-Tre mode of action is based on the activityenzymes unique mycobacteria. Given
the highly conserved nature of the Ag85 proteiie mycobacteria (and the complete
absence of Tre in mammalian biology) it is likdhystprobe would also label non-tuberculous

mycobacteria as well as other members of the tulesis complex.

Understanding of the macrophage infection procesmdomplet® The ability to follow
viable Mtb during infection would help characterize the baatdransit to the phagosome
and other intracellular compartments. The co-laediion studies between FITC-Tre-labelled

Mtb and various markers of phagosome maturation stugjugsFITC-Tre may preferentially
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label those bacteria that resist acidification phdgosome-lysosome fusion. An alternative
hypothesis that cannot be overlooked is that imm@tpon of FITC-Tre into the membrane of
a subset of bacilli alters phagosome maturationhass been seen witBrucella pertusis
prelabelled with FITC before infectibrBecause infection was established prior to FITE-T
addition, the influence of the FITC-Tre-dimycolaieould be slight. Other trehalose-tagged
molecules, potentially labelled at different pasit or different tags on the trehalose scaffold
may also prove useful as additiondtb probes. Future work with FITC-Tre and related
compounds will facilitate evaluation of the prob&isvivo potential as a possible diagnostic
tool to labelMtb in an infected host. Preliminary studies wifiF-fluorobenzyl-trehalose
suggest utility of trehalose as a mycobacteriactigle PET probe. The broad substrate
tolerance of the Ag85 proteins suggests the pdisgibf trehalose probes for many imaging

modalities.

The discovery of the breadth of substrates prodesse Ag85 isoforms allowed for
mycobacteria-selective labellingy vivo. These results may also have implications for
additional, uncharacterized enzyme functions. Alffio the Ag85 proteins are highly
conserved, both according to sequénaad structural homolody across all species of
mycobacteria, the individual Ag85 isoforms vary elid in their catalytic efficiency and
relative quantities secretef. Numerous glycolipids withiMtb contain a trehalose core,
including, TDM, TMM, pentaacyl trehalose (PAT),attyl trehalose (TAT) and sulfolipid-1
(SI-1); little is known about the final acylatioteps of PAT, TAT, and SL-1 and the enzymes
of the Ag85 complex have been postulated to be lwedb in the lipidation of these
compound§™'2 The substrate plasticity, particularly at the @@sition, may also have
implications in the final acylation steps of suipad-1, which are unknown, but have been

postulated to potentially occuia antigen 85",

A full analysis of the relative functional differees of the mycobacterial Ag85 proteins is
ongoing. Antigen 85 substrate screening reveale@5Agoform-specific differences in
substrate preference, hinting at subtle differermetsveen the Ag85A,B and C active site
architecture. Mutagenesis studies revealed thaatioat of three amino acids (WWL) from
Ag85C into Ag85B at a secondary site, results idramatic increase in Ag85B catalytic
activity. Ag85B was found to exist largely as a dimnwhereas Ag85A and C are mainly

monomeric. Mutation of the same WWL amino acids,ciwhexist at the putative dimer
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interface, cause Ag85B dimer dissociation. A seaoyngite on Ag85B has been identified as

critical for regulating enzyme activity and dimesiate.

The studies of the Ag85 enzyme’s differential fumictare a work in progress and additional
analysis of these enzymes should afford a more mEiepnderstanding of their roles in
mycobacteria. Future work with the Ag85 secondsigy will focus on a complete analysis of
the kinetics and general function of this portidntlte enzyme. Calculation of the Ag85B
dimer dissociation constant K through the standardbis(sulfosuccinimidyl)suter@S3)
crosslinking experimefi, will yield a better understanding the nature atability of this
dimer. Binding studies with arabinan fragments fnorycobacteria, alongside similar studies
with synthesized arabinan docosaccharide moity fionet at* should dissect whether the
Ag85B dimer is important for arabinan binding. Bimgl studies with Ag85C and the Ag85B
secondary site mutants will help link the Ag85 selary site to thén vivo enzyme activities.
Full kinetic analysis of Ag85B and the Ag85B WW.L tant is in progress; these assays will
unveil whether the increase in activity of Ag85B W\Wompared with wildtype is due to an
increase in substrate binding affinityyKor catalytic efficiency of the enzyme {{§. These
experiments should link the discovery that Ag85Bstesxas a dimer and is regulated by a
secondary site at the dimeric interface to a largeterstanding of the differences between
Ag85A,B and C.

Lipid profiling of mycobacterial strains that ovgpgess individual Ag85 enzymes has
revealed isoform dependent, differential modulabdérTDM, TMM and cell wall associated
mycolates. Ag85B overexpression, concurrent witB-acetate labelling, results in the
greater increase in cell wall mycolation relative Ag85A or C overexpression strains.
Ag85B overexpression also appears to increaseethadsl of TMM relative to TDM in the
cell wall. Increase in TMM may lead to an increasedilability of mycolates for cell wall
transesterification.  Previous reports (@orynebacteria have documented incomplete
redundancy of related corynmycolyltransferddewith non-redundant modulation of the
TDM/TMM and mycolates. Knockouts of the individw85A,B andC have been generated
in Mtb, but the double and triple knockouts have been reported. Quantification of the
mycolate levels in these deletion strains suggetstatdtheag85C deletion strain displays a
40% decrease in cell wall associated mycolatesreasethe Ag85A and B strains feature
wildtype mycolate level§8'”. Preliminary lipid profiling of Mtb strains over expressing

Ag85-GFP fusion proteins suggests that these ergzyta® uniquely regulate the lipid

Page | 228



Chapter 7: Conclusions and further considerations

profiles. Future lipid profiling experiments of tihdtb over expression strains, including the
catalytically inactive serine-alanine mutants ahd Ag85B secondary site mutants, will
further the dissection of the Ag85 differentialiaities. We anticipate that these lipid profiles
will link the in vitro enzyme activity (dimerization and secondary sitéghviunctions within

cell wall synthesis.

The Ag85 proteins are the most abundant secretedolagterial proteins, are highly

antigenic and serve important roles in cell watidynthesis. Production of trehalose mono
and dimycolate (TMM and TDM), catalyzed by Ag85G,ane of the primary causes of
mycobacterial survival, granuloma formation and, ren@enerally, the persistence of
tuberculosis infection within the human populatidhe Antigen 85 analysis presented in this
thesis has resulted in the synthesis of a potevalent inhibitor of the Ag85 proteins, the

development of FITC-Tre, a small molecule, mycobaatselective probe and the a more
complete understanding of the differential actestiof Ag85A,B and C. Because the Ag85
proteins and their substrates serve vital roledtin, a full understanding of their enzymology

and differential activities is important for theagnosis and treatment of tuberculosis.
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8 Appendix 1. Chemistry synthesis and characterizatio
8.1 General Experimental

Hydrogenations were either performed manually or witthales Nano H CulSe

Optical rotations were measured on a Perkin-Elmer 241ipater with a path length of 1.0 dm and

are reported with implied units of Taleg cn g. Concentrations (c) are given in g/100 mL.

Melting points (m.p.) were recorded on a Leica Galendtldtage microscope equipped with a Testo
720 thermocouple probe and are uncorrected.

Proton nuclear magnetic resonandd (NMR) spectra were recorded on a Bruker DPX400 (400
MHz), a Bruker AV400 (400 MHz) or a Bruker AVII500 (BOMHz) spectrometer, as indicated.
Carbon nuclear magnetic resonan¢€ \NMR) spectra were recorded on a Bruker AV400 (100 MHz)
spectrometer or on a Bruker AVII500 (125 MHz) spectrometeindicated. NMR Spectra were fully
assigned using COSY, HSQC, HMBC and DEPT 135. All chahshifts are quoted on tldescale

in ppm using residual solvent as the internal stand&dN(MR: CDCk = 7.26, CROD = 4.87;
DMSO-ds = 2.50 and®*C NMR: CDC} = 77.0; CROD= 49.0; DMSOd; = 39.5). Coupling constants
(J) are reported in Hz with the following splitting abliations: s = singlet, d = doublet, t = triplet, g

= quartet, quin = quintet, and a = apparent.

Infrared (IR) spectra were recorded on a Bruker Tensor @ifig¥ Transform spectrophotometer
using thin films on NaCl plates for liquids and alsd KBr discs for solids and crystals. Absorption

maxima {may are reported in wavenumbers (&nand classified as strong (s) or broad (br).

Low resolution mass spectra (LRMS) were recorded onateb Micromass LCT Premier TOF
spectrometer using electrospray ionization (ESI) and hégolution mass spectra (HRMS) were
recorded on a Bruker MicroTOF ESI mass spectrometer. Nb@itaexact m/z values are reported

in Daltons.

Thin layer chromatography (TLC) was carried out usingddeduminium backed sheets coated with
60F,s,4 silica gel. Visualization of the silica plates was achieusithg a UV lamp Xnax = 254 nm),
and/or acid dip (MeOH:}D, 1:1, 10% HSQO,) and/or ammonium molybdate 5% in 2 M3O;,
and/or potassium permanganate (5% KMm®©1 M NaOH with 5% potassium carbonate). Column
chromatography was carried out using BDH PROEA®-63 mm silica gel (VWR). Mobile phases
are reported in ratio of solvents (e.g. petrol:ethyl aeethfl)

Anhydrous solvents were purchased from Fluka or Acras thi¢ exception of dichloromethane and
THF, which were dried over Alumina cartiges. All othewsoits were used as supplied (Analytical or
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HPLC grade), without prior purification. Distilled watesas used for chemical reactions and Milli-
Q™ purified water for protein manipulations. Reagentseapurchased from Sigma Aldrich and used
as supplied, unless otherwise indicaed rehalose (>99%) and-arabinose (>99%) were purchased
from Fluka.D-Glucose (>99.5%), UDP-glucose, 2-fluoro-2-deaxglucose and 3-fluoro-3-deoxy-
glucose were purchased from SigrmaGlucosamine hydrochloride was purchased from Carbosynth.
Qdot® 655 ITK™ amino (PEG) quantum dots (8 UM sohitievere purchased from Invitrogen.
‘Petrol’ refers to the fraction of light petroleum ethmgiling in the range 40-60 °C. All reactions
using anhydrous conditions were performed using flarregdapparatus under an atmosphere of
argon or nitrogen. 3 A and 4 A molecular sieves weriwatet by heating in a 400 °C furnace and
were also employed for anhydrous reactions. Basic alurefiees to basic aluminum oxide and was
utilized during some hydrogenation reactions. Brine rdfes saturated solution of sodium chloride.
Anhydrous magnesium sulfate (Mgg@r sodium sulfate (N&Q,) were used as drying agents after
reaction workup, as indicated. DOWEX 50WX8"(férm) was conditioned as follows: 100 g of the
commercial resin was placed in a 500 mL sintered filter fuané allowed to swell with 200 mL of
acetone for 5 minutes. The solvent was removed by suatidrthe resin was washed successively
with 800 mL of acetone, 500 mL methanol, 500 mL 5 M H@id then 1 L of water or until the pH of
filtrate was ~ 7, as indicated by pH paper. The resin peasally dried on the filter and then stored

and used as needed.

Protein Mass Spectrometry (LC—-MS) was performed oncadvhass LCT (ESI TOF-MS) coupled to
a Waters Alliance 2790 HPLC using a Phenomenex Jupiteoltdnn (250x4.6 mm—8n). Water:
acetonitrile, 95:5 (solvent A) and acetonitrile (solv&), each containing 0.1% formic acid, were
used as the mobile phase at a flow rate of 1.0 mL'miline gradient was programmed as follows:
95% A (5 min isocratic) to 100% B after 15 min theocratic for 5 min. The electrospray source was
operated with a capillary voltage of 3.2 kV and a cone geltaf 25 \/ Nitrogen was used as the
nebulizer and desolvation gas at a total flow of 600L $pectra were calibrated using a calibration
curve constructed from a minimum of 17 matched peaks ff@mmultiply charged ion series of
equine myoglobin obtained at a cone voltage of 25 V.ITo#ss spectra were reconstructed from the
ion series using the MaxEnt algorithm on MassLynx safer(v. 4.0 from Waters) according to the

manufacturer’s instructions.
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8.2 Synthetic Experimental Details

8.2.1 Trehalose-6 phosphate synthase (OtsA) synthesisafmpounds 11 and 51.
a,a-D-trehalose 6-(dihydrogenphosphate) (1£)

HO,

I
HO—P—, OH

HO OH OH

OH

Uridine-diphosphate-glucosd0 (82.86 mg, 0.135 mmol) and glucose-6-phosph@t€40mg,
0.11mmol) were added to a buffer of 5001l 100 mM TE&£WI0O mM magnesium chloride. pH was
equilibrated to 7.4 with HCI (5 M). 750 pl OTSA (31 fmd.) was added at reaction was incubated at
27 °C overnight. Sample was then filtered using centrifagacentrator Viva spin 500 (Sartorius) of
nominal molecular weight cutoff 10,000 to remove proteBsfore purification, HPLC (Dionex
Ultimate 3000) was purged with water and NaH@Qffer and was calibrated with AMP (1 mg) in
TEA MgCI, buffer. The desired product was purified by the HRISIhg a strong anion exchange
column Applied Biosystems, Pofo$iQ (10 mm x 100 mm, 50 pm). The HPLC was eluted with
gradient of 0 — 500 mM ammonium bicarbonate at a flow cat€0 mL/min and eluants were
detected with an evaporative light scattering detector (ELSB® fractions from 3.5-5 minutes and
5.5-7 minutes were collected and dried separately on laghwn. ESI showed produced in samples
from 3.5-5 minutes. Sample was lyophilized overnight dfegzing in liquid nitrogen. The desired
product was obtained as a white, fluffy powder (8.7 ns§p)L

TLC (water:isopropanol:ethyl acetate, 1:2:2, viVE® [a]le +150.3 (c = 1.0, bD), [lit. [a]él +

151.2 (c = 0.8, kD)% *H NMR (500 MHz, DO) § ppm 3.35 (1 H, t)s.4= 9.5Hz,J, 5= 9.5 Hz, H-4),
3.40 (1H, tJgs = 9.3 Hz,Jys = 9.3 Hz, H-4’), 3.48 (1 H, ddh 5 = 10.7 Hz,J» = 3.8 Hz, H-2)),
3.58 (1 H, dd, 5= 9.8 Hz,J; ,= 3.8 Hz, H-2), 3.66 (1 H, ddex g5 = 12.0 Hz Js g5 = 5.0 Hz H-6'b),
3.70-3.79 (4 H, m, H-3, H-3', H-5', H-6’a), 3.80 {, m, H-5), 3.85 (1 H, dddlss 6p= 12.3 Hz,Jep,21p.
5.7 Hz,Js 5= 1.9 Hz, H-6b), 3.91 (1 H, dddgsep= 13.4 Hz,Jsa31p= 6.2 Hz,Js 6a= 5.0 Hz, H-6a),
5.09 (1 H, d,Ji, = 3.8Hz, H-1). 5.12 (1 H, d}» = 4.1 Hz, H-1);*P NMR (162 MHz,
DEUTERIUM OXIDE) 8 ppm 3.11 (s, ROP(O)(Ok)) MS m/z(ESI): 421.5 [M-H] .
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Figure 8.1. Preparative HPLC trace for the purification of 11. Conditions: Applied Biosystems, Poros®
HQ strongly basic anion exchange column (10 mm x @dnm, 50 um). A gradient from 0 mM to 500 mM

aqueous NHHCO; was used as the mobile phase at a flow rate of &0./min. Compound 15 elutes at 4.5
min (Tre 6-P)

3-Fluoro-3-deoxyb-glucose-6-phosphate (68)

OPO3H,
O
HO
m
OH

3-deoxy-3-fluorop-glucopyranose67 (25 mg, 0.14 mmol) was mixed in an eppendorf tube Wil A
(1 mg, 0.002 mmol), phosphoenolpyruvate (28.6 mtg® mmol) To this was added TEA buffer 20
mM with MgCl, (10 mM) and KCI (5 mM) in distilled water. pH was difriated to 7.6 with NaOH.
50 pl of pyruvate kinase (500 units/mg and 26mg/ul0) &fits) and hexokinase (1.5 mg at

OH

363units/mg, 580.8 units). Reaction was incubated ogletrat 30 °C. Following incubation, the
mixture was filtered using centrifugal concentrator Vipins500 (Sartorius) of nominal molecular
weight cutoff 10,000 to remove proteins. TLC (MeCMH 4:1, with 10 mM tetrabutylammonium
hydroxide) shows product with (B29) and complete consumption of starting material. ddsired
product was purified by the HPLC (Dionex Ultimate 3008)ng a strong anion exchange column
Applied Biosystems, Por844Q (10 mm x 100 mm, 50 um). The HPLC was eluted gitidient of O

— 500 mM ammonium bicarbonate at a flow rate of 20 mL/arid eluants were detected with an
evaporative light scattering detector (ELSD) and was obtaisedfluffy white solid and mixture of

and3 anomers (5 mg, 20%).
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TLC (MeCN:H,0, 4:1, 10 mM ammonium hydroxide, v/v)i=R.29; [a]>+ -30 (c = 0.2, KO) [Lit.
[a]2'+ -58.1 (c = 1, HO)J®; *H NMR (500 MHz, DEUTERIUM OXIDE)5 ppm 4.45-4.52 (2 H, m,
H-4a, H-4B), 3.71 - 3.82 (4 H, m, He H-2B H-50, H-50), 3.87 (1 H, ddJ,5= 9.1 Hz,J; , = 3.2 Hz,
H-2a), 3.91 - 4.07 (4 H, m, He§ H-60’H-6p, H-63"), 4.40 (1 H, dtJsr = 88.0 Hz,J,5 = 9.0 Hz,J3 4
=9.0 Hz H-B), 4.40 (1 H, dtJsr = 89.1 HzJ,5 9.1 Hz,J34= 9.1 Hz H-3), 4.36(1 H, dgJsr = 52.0
Hz, Js4 = 9.1 Hz,J,5= 9.1 Hz, H-B), 4.45 - 4.62 (1 H, m, Hed, 4.64 (1 H, dJ) = 7.9 Hz, H-B),
5.19 (1 H, atJ;, = 3.78 Hz, H-&); **F NMR (377 MHz, DEUTERIUM OXIDE)Y ppm -76.4 (s§'P
NMR (162 MHz, DEUTERIUM OXIDE)S ppm -23.02(s); MS m/z (E$1261.3 [M-H].

2-deoxy-2-fluoroe,a-D-trehalose 6-(dihydrogenphosphat€jl)’

HO— p\ O%\
HO OH

2-Fluoro-2-deoxyb-glucose-6-phosphaf® (prepared according to proceddjavas dissolved in 0.2
M, pH 7.4 HEPES buffer containing 10 mM Mg@i the presence of 95 mg of UDP-glucose. To this
mixture added trehalose-6-phosphate synthase (OtsAjeland expressed from E. plo a final
concentration of 21.6 pM and pH was adjusted to 7.4lMatiume was 3 mL. The reaction mixture
was incubated at 30 °C overnight. After confirming the ieactvas completed by electrospray
ionization mass spectrometer (ESI MS), the mixture weesrditl using centrifugal concentrator Viva
spin 500 (Sartorius) of nominal molecular weight cutdff,000 to remove proteins. Typically,
overnight reaction was conducted to confirm the compietiothe reaction. The filtrate was divided
into three volumes and purified by the HPLC (Dionexrdite 3000) using a strong anion exchange
column Applied Biosystems, Pofo$iQ (10 mm x 100 mm, 50 pm). The HPLC was eluted with
gradient of 0 — 500 mM ammonium bicarbonate at a flow cat€0 mL/min and eluants were
detected with an evaporative light scattering detectb6S[H. The product was eluted at retention
time of 5.11 minutes. Collected fractions were pooled emdcentrated under reduced pressure,

yielding a white solid (25 mg, 63%).

'H NMR (400 MHz, RO): 8 3.29 (1 H, atJs4 = Jss = 9.55 Hz, H-4’), 3.52 (1 H, ddj; = 10.0 Hz,
Ji2=3.8 Hz, H-2)), 3.55 (1 H, afls4 = Jss = 9.85 Hz, H-4) 3.61 — 3.90 (7 H, m, H-5, H-6a6bi-H-
3, H-5, H-6a’, H-6b’), 3.98 (1 H, dtJsr = 13.1 Hz,Jo5 = J3.4 = 9.3 Hz, H-3), 4.41 (1 H, dddr =
49.0 Hz,J1,= 4.2,3,3= 9.5 Hz, H-2), 5.09 (1 H, dy, = 3.8, H-1), 5.28 (d, 1 H};, = 4.2 Hz, H-1);

' Synthesis carried out by Dr. Seung Lee
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3C NMR (126 MHz, RO): & 60.5 (C-6), 62.2 (1 C, dlc.sp = 3.8 Hz, C-6), 68.4 (C-4), 69.5 (C-4"),
70.7 (1 C, dJcsr = 16.1 Hz, C-3), 70.9 (C-2), 71.9 (1 C,dsp = 6.7 Hz, C-5), 72.2 (C-5"), 72.5
(C-3), 89.6 (d,Jcor = 187.9 Hz, C-2), 91.4 (1 C, &2 = 22.2 Hz, C-1), 94.0 (C-1'}F(*H) NMR
(376 MHz, BO) & -201.2;*'P(*H) NMR (162 MHz, DO): § 4.5; HRMSm/z (ESI): [M-H7] calcd.
for CiHo,FOyP, 423.0709; found, 423.0709.

1,400 Tmv

13.8

1,200{
I,ODD—:
800—:
600{

400+ \

UbP-Gle- 7.685

L |
v
|
by
e
v, 4 2
[y
A
.
A
\
N
\
\
A
v
\
\
%
A
N
.
v
N
5
\
A
N
.
5
LS
.
8
\
A
\
.
5\
N
5
.
v
\
5
B
] L3
.
3
A
N

FT6P -5.113

200+

o0

o Flow: 20.000 mUmin
PHO T T T T T T T
0.0 20 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0

min|

Figure 8.2. Preparative HPLC trace for the purification of 71. Conditions: HPLC (Dionex Ultimate 3000)
using a strong anion exchange column Applied Biosysns, Poros® HQ (10 mm x 100 mm, 50 um). The
HPLC was eluted with gradient of 0 — 500 mM ammonim bicarbonate at a flow rate of 20 mL/min.
Compound 71 elutes at 5.1 min (2FT6P)

2-deoxy-2-fluoroe,a-D-trehalose(52)

HO,
0]

HO oH OH

OH

71 (5 mg, 12 umol) was dissolved in water and pH wassgeljuto 8.0 with 1 M NaOH. 3 Units of
alkaline phosphatase (Sigma) was added to initiate dotioa. The reaction mixture was incubated at
37 °C and the reaction progress was monitored by ESITMScally, reaction was completed within
2 hours. After confirming the reaction was completed,ntitdure was filtered using the centrifugal

concentrator Viva spin 500 (Sartorius) of nominal molaculeight cutoff 10,000 to remove proteins.
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The filtrate was loaded onto a column packed with aniohange resin DEAE cellulose (Sigma) and
the fraction eluted with water was collected and concemtrahder reduced pressure. The resulting
syrup was loaded onto the Phenomenex Luna NIPLC column (250 x 21.2 mm, 5 pum) on Dionex
UltiMate 3000 system. Eluants were detected with an evaperight scattering detector (ELSD).
The product was eluted at 7.8 minutes of retention time ay isocratic elution with
(water:acetonitrile, 30:70) at a flow rate of 18.0 mldnftractions containing the product was pooled

and concentrated under reduced pressure, yielding a colod&gg W mg, 99%).

'H NMR (400 MHz, DO): 8 3.36 (1 H, at)s4=Js5= 9.0 Hz, H-4), 3.42 (1 H, atl, 4 = ;5= 9.7
Hz, H-4), 3.56 (1 H, dd},» = 3.7 Hz,J,5 = 9.9 Hz, H-2"), 3.58 — 3.81 (7 H, m, H-5, H-6a, H-61-
3", H-5', H-6a’, H-6b), 3.97 (1 H, dt)sr = 13.2 Hz,J,5 = J34 = 9.6 Hz, H-3), 4.36 (1 H, dddg =
48.7 Hz,J,,= 4.0 Hz,J,3= 9.6 Hz, H-2), 5.07 (1 H, dy = 3.7 Hz, H-1’), 5.29 (1 H, dl; , = 4.0 Hz,
H-1); **C NMR (126 MHz, RO): 5 60.3 (C-6 or C-6"), 60.5 (C-6 or C-6'), 69.0 ((;-69.1 (C-4),
69.6 (C-3'), 70.9 (C-2"), 72.2 (C-5 or C-5), 765 or C-5'), 71.1 (dJc.sr = 15.8 Hz, C-3), 89.5 (d,
Joop = 188.1 Hz, C-2), 91.2 (drz.c1 = 22.0 Hz, C-1), 94.0 (C-1)*F(*H) NMR (376 MHz, DO): 5
-201.2; HRMSm/z(ESI): [M-H7 calcd. for G;H,0FOy5,343.1046; found, 343.1040.

mv

2F-trehalose - 8.000

£00-| ‘ }

N

]

min|

Figure 8.3. Preparative HPLC trace for the purification of 52. Conditions: the Phenomenex Luna NH2
HPLC column (250 x 21.2 mm, 5 pm) on Dionex UltiMa 3000 system. Eluants were detected with an
evaporative light scattering detector (ELSD). The pduct 52 (2-F-trehalose) was eluted at 7.8 minutesf
rentention time by an isocratic elution with 30/70water/acetonitrile at a flow rate of 18.0 mL/min
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8.2.2 Radical bromination: attempted synthesis of compouds 73, 74 and 76.
1,2,3,4,6-Penta-O-benzoyjg-D-glucopyranose (72

OBz

(0]
BzO
BzO
BzO

Z OBz

D-glucosel4 (3.6 g, 20.2 mmol) was added to a flame dried rousttbin flask. Under argon, dry
pyridine (20 mL) was added followed by benzoyl cider{14 mL, 115.3 mmol). Reaction was stirred
at room temperature for 3 hours until product had disaggeand TLC (petrol:EtOAc, 1:1) showed
two close spots ({R0.4). Reaction was purified via flash column chromaipby in (petrol:EtOAc,
3:2) B ando anomers coeluted from the column as a 1:1 mixturéhefdesired compound as a
pinkish, crystalline solid (11.3 g, 80%).

TLC (petrol:EtOAc, 1:1, viv): R= 0.40; [a]3'+108 (c = 1, CHG) [Lit. [a]2’+124 (c = 0.86,
CHCL)]"; M.p. = 146-148C (Lit. =156-158°C)°**® *H NMR (400 MHz CHLOROFORMY) & ppm

4.42 (1 H, dddJs 5= 10.1 Hz, Js.6a= 5.2 Hz,Js 6= 2.7 Hz, H-B), 4.46 - 4.57 (2 H, m, He§ H-5p),

4.61 - 4.72 (3 H, m, H® H-6p, ), 5.70 (1 H, ddJ, 5= 10.1 Hz,J,» = 3.8 Hz, H-2), 5.81 - 5.91 (3
H, m, H-4, H-4B, B), 6.05 (1 H, at) = 9.5 Hz, H-B), 6.31 (1 H, d,J; = 8.1 Hz, H-B), 6.34 (1 H, at,
J=10.0 Hz, H-8), 6.87 (1 H, dJ; = 3.8 Hz, H-1), 7.20 - 8.23 (50 H, m, Ar-lp); MS m/z(ESI):

718.3 [M+NH,]" 723.2 [M+Na].

D-2,2',3,3',4,4', 6,6'-Octa-O-benzoyl-trehalog@5)"*

BzO,

BzO
BzO 0Bz OBz

OBz

D-Trehalosel (1.78 grams, 5.2 mmol, 1 equiv) was added to a flaneel daund bottom flask. Under
argon, dry pyridine (20 mL) was added, followed by bghzbloride (5 mL, 42.68 mmol). Reaction
was stirred at room temperature for 3 hours until pcothad disappeared and TLC in (petrol:EtOAc,
1l:1showed one spot (R0.35). Reaction was purified via flash column chromaiplgy in
(petrol:EtOACc, 1:1) to afford the desired compound asigensolid (5.9 g, 92%).

TLC (petrol:EtOAc, 1:1, v/v): R= 0.35 [a]2'+233 (c = 1, CHQ) [Lit. [a]? +224 (c = 0.86,
CHCL)]*: M.p. = 108-11C°C (Lit. = 118-120°C)*% *H NMR (400 MHz, CHLOROFORM) & ppm
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3.89 (2 H, ddJsaes = 12.4 Hz,Js 62 = 4.80 Hz, H-6a, H-6a’), 4.01 (2 H, dlfa e = 9.7 Hz,Jsep= 2.6
Hz, H-6b, H-6b’), 4.28 - 4.36 (2 H, m, H-5, H-55,51 (2 H, ddJ,5 = 10.2 Hz,J; , = 4.0 Hz, H-2, H-
2’), 5.67 (2 H, atJ = 9.9 Hz, H-4, H-4"), 5.75 (2 H, dy , = 4.0 Hz, H-1, H-1"), 6.31 (2 H, al,= 9.9
Hz, H-3, H-3"), 7.23 - 7.9 (20 H, m, Ar-H), 7.517-59 (2 H, m, Ar-H), 7.52 - 7.59 (2 H, m, Ar-H),
7.70 (4 H, tJ = 8.2, Ar-H), 7.89 - 7.97 (8 H, m, Ar-H), 8.07 ki d,J = 7 Hz, Ar-H); MS m/z (ES):
1254.4 [M+Pyridinium].

Procedure for Radical Bromination at C-5

72 (740 mg, 1.06 mmol) was dissolved in @Clo this was added NBS (392 mg, 2.17 mmol) and
benzoyl peroxide (26.6 mg, 0.109 mmol) The reaction exg®sed to UV light 300 watts for 3 hours
at 60 °C, under argon and was monitored by TLC in ¢hethyl acetate, 2:1). TLC revealed the
appearance of a new spot (R22) and the starting material dissappearance; & 2RR). However, by
NMR the reaction is still primarily starting material, wiabout 1/5 conversion to multiple products.

Table 8.1. Radical bromination of C-5 reaction attepts

Entry Sugar Bromine Benzoyl T°C Time Result
source Peroxide

1 72 NBS no 60°C 6h NR

2 130( acetylglucopyranose) NBS no 60 °C 3h ProdudeBy

3 72 NBS no 80°C 4 h Hydrolysis product detected
by ESI

4 72 NBS yes 100°C 5h Product by ESI

5 75 NBS yes 60°C 3h NR

6 75 Br, no 80°C 3h Multiple inseparable
products
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8.2.3 Ketoside trehalose synthesis

8.2.3.1 Synthesis of methyl ketosides 96, 97 and 103
2,3,4,6-Tetra-O-benzyl-galactono-1,5-lactone (§2)

QBN ogn
0
Bnom
BnO Yo
Acetic anhydride (9 mL) was added to a solutio®df2.17 g, 4.01 mmol) in dry DMSO (14 mL).
After 16 hours reaction was complete as judged by TLC (pEt@Ac, 3:1), which indicated the
formation of a product (R0.5) and complete disappearance of starting materjad.@. Reaction
mixture was poured onto brine (100 mL of saturatddt®n) and extracted into toluene (2x 100 mL).
The organic layers were washed with NaHC@aturated aqueous solution) until pH neutral and then

washed with brine (2x20 mL). After workup, the dedimmpound was obtained (2.43 g, 99%) as a

clear oil.

TLC (petrol:EtOAc, 3:1, viv): R= 0.5; [a]%* + 80.5 (c = 1, CHG) [Lit. [a]® + 75.2 (c = 1,
CHCL,)]*®*H NMR (400 MHz, CHLOROFORM) 5 ppm 3.75 (1 H, ddJsags= 9.2 Hz,Js 62 = 4.9, H-
6a), 3.76 (1 H, ddJsaso= 8.0 Hz,Js6o = 1.1, H-6b), 3.96 (1 H, ddizs = 9.7 Hz,Js4= 2.1 Hz, H-3)
424 (1 H, at)ss= Jas= 1.8 Hz, H-4) 4.39 (1 H, dddsea 7.7 Hz,Js 65 = 5.9 Hz,Jss = 1.3 Hz, H-5)
4.49 - 4.60 (3 H, m H-2, 2 x OGPh) 4.69 (1 H, dJ = 11.4 Hz, 1 x OCkPh) 4.75 (1 H, dJ = 11.9,
1 x 1 x OCHPh) 4.81 (1 H, dJ = 11.9Hz, 1 x OCkPh) 4.86 (2 H, dJ = 10.9 Hz, 1 x OCkPh), 5.01
(2 H, d,J=11.1 HzJ = 1 x OCHPh) 5.26 (2 H, dJ = 10.9 Hz, 1 x OCHPh) 7.17 - 7.62 (m, 20 H,
Ar-H); MS m/z(ESI"): 556.3 [M+NH,] *.

3,4,5,7-Tetra-O-benzyl-1-deoxy-galacto-hept-2-ulopyranose (92)

QBN OBn

o}

BnO

BnO
OH

To 92 (63.15 mg, 0.11 mmol, 1 equiv) in anhydrous THF il was added methyllithium (1.2 mL,
1.38M in EtO, 15 equiv) at -78 °C. After 1.5 hours reaction weteihined to be complete by TLC
(petrol:EtOAc, 2:1) showed exclusively product (R3) and dissappearance of starting lactone (R
0.55). Reaction was quenched with aqueous@ldnd washed with saturated brine and NakCO
and purification by column chromatography (petrol:BtQ 3:1) afforded the desired compound
(54.27 mg, 85%) as a clear oil.
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TLC (petrol:EtOAc, 2:1, viv): R= 0.3][u]% +20.6 (c = 1, CHG) [Lit. [a]?® +22.1 (c = 1,
CHCL)]* 'H NMR (400 MHz, CHLOROFORM) & ppm 1.43 (3 H, s, CHl, 3.57 (1 H, ddJ;a7=
6.6 Hz,Js72a= 1.1 Hz,Js 7o = 1.1 Hz, H-7b), 3.58 (1 H, dd;a 7= 6.6 Hz,Js7a= 1.1 Hz,Jg7p= 1.1
Hz H-7a), 3.85 (1 H, dds 4 = 9.6 Hz,Js5= 1.1 Hz H-4), 3.93 (1 H, dk, = 8.1 Hz, H-3), 4.03 (1 H,
br. s., H-4), 4.08 - 4.15 (1 H, ddd 7o = 5.6 Hz,Js 70 4.1 Hz,Js6 = 1.2 Hz, H-6), 4.45 (1 H, d] =
11.9 Hz, 1 x OCkKPh), 4.51 (1 H, dJ = 12.6 Hz, 1 x OCkKPh ), 4.65 (1 H, dJ = 11.6 Hz, 1 x
OCH,Ph), 4.67 (1H, d, 3 10.1 Hz, 1 x OChPh), 4.73-4.81 (2 H, m, 2 x OGPh), 4.96 (1 H, dJ
=10.6 Hz 1 x OCHPh), 5.01 (1 H, dJ = 11.4 Hz, 1 x OChPh ), 7.13 - 7.51 (m, 20 H, Ar-H); MS
m/z (ESI): 572.3 [M+NH] *.

2,3,4,6-tetra-O-benzyl-1-deoxy-D-galacto-hept-2-ulopyranosyl-(21)-2,3,4,6-tetra-O-benzyd-D-
galactopyranoside (96Y
OBn

BnO 0o
BnO ¢ G \_oBn

OBn

OBn

According to the procedure in Yamanoi, 2801a stirred solution of Bi(OT$) (5.6 mg,
0.0067 mmol) an®1 (48.3 mg, 0.0893 mmol) in dry GBI, (3.5 mL) was added to a dry
flask in the presence of molecular sieves (ca.ri@R To this was adde€3 (79.3 mg,
0.134 mmol) at 0 °C in the under an Ar atmosphéne. resulting mixture was stirred for 3 h.
TLC in (petrol:EtOAc, 2:) revealed the production of two new products@®5 and 0.8.) The
reaction was then quenched by the addition of & $HCQ solution (5 mL). The reaction
mixture was extracted with ethyl acetate, and tigaumic layer was washed with water and a
satd. brine solution. After the organic layer wased over NaSQO, the solvent was
evaporated under reduced pressure. The crude prodas purified by column
chromatographypetrol:EtOAc, 4:) to give as a colorless oil as a mixturexandf} products
(47.1 mg, 46%) of about 70%0 by nmr. A second column ipdtrol:EtOAG 6:1) produced
exclusively the desired,o product (16.4 mg, 16.3%).

TLC (petrol:EtOAc, 2:1, viv): R= 0.85; [a]2' + 56.8 (c = 0.5, CHG) [Lit. [a]?® +70.8 (c =
0.99, CHCY)] ** 'H NMR (500 MHz, CHLOROFORMY) & ppm 1.48 (3H, s, C}), 3.32 -
3.46 (3 H, m, H-§ H-7, H-7p), 3.53-3.55 (1 H, m, H-§, 3.80 (1 H, dJs;4=9.8Hz, H-3),
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3.88 - 3.90 (1 H, m, H-5"), 3.93 - 4.03 (3 H, m,3{H-4’, H-4), 4.04 (1 H, ddJp5= 9.8,
=3.4 Hz, H-2), 4.29 (1 H, dl = 11.7 Hz, 1 x OCbPh), 4.33 (1 H, atls s= Js,e0= 6.9 Hz, H-
5), 4.38 (2 H, dJ = 12.9 Hz, 2 x OChLPh), 4.42 - 4.48 (1 H, m, H-6"), 4.44 (1H 35 11.8
Hz, 1 x OCHPh) 4.55 (1 H, dJ = 11.7 Hz, 1 x OCHPh), 4.58 (1 H, dJ = 11.7 Hz, 1 X
OCH:Ph), 4.63 - 4.69 (2 H, m, 2 x OGPh), 4.69 - 4.77 (5 H, m, 5 x OGPh), 4.90 (1H, d,
J=11.6 Hz, 1 x OCkPh), 4.91 (1H, d) = 11.8 Hz, 1 x OCkPh), 4.91 (1H, dJ =11.3 Hz, 1
x OCHPh), 5.35 (1 H, dJ;» = 3.5 Hz, H-1), 7.36-7.16 (40H, m, Af}; MS m/z (ESI"):
1094.5 [M+NH.

2,6-Anhydro-1-deoxy-3,4,5,7-tetra-O-benzylgalacto-hept-1-enitol (102§

B
OBN_ oBn

0
BnO

BnO

According to the procedure in Ranjanbabu, 18&® ( 988 mg, 1.829 mmol) in a mixture of
anhydrous toluene (6 mL), tetrahydrofuran (2 mL), anddpye (25uL) was stirred with a solution of
Tebbe’s reagent (2 mL, 1 mmol) in the presence of maeaiéves (ca. 100 mg) at -40 °C for 1 h.
The solution was then allowed to reach O °C and stirre@Ganin. The progress of the reaction was
monitored by TLC (petrol:EtOAc, 3:1) and upon complet{R 0.8), the reaction was quenched with
aqueous 15% sodium hydroxide, added dropwise (0.1 mL)remddiluted with ether (100 mL). The
mixture was stirred for 30min, filtered through Gelito remove the inorganic precipitate and then
purified via column chromatography (petrol:EtOAc, 8addh triethylamine (1%). Evaporation of the
solvents yielded the desired compound (295 mg, 30%)stightly yellow oil.

TLC (petrol:EtOAc, 3:1, vv): R= 0.8; [a]2'+ 48.1 (c = 1, CHG) [Lit. [o]3’+ 54.2 (c = 0.88,
CHCL)Y; *H NMR (400 MHz, CHLOROFORM-dp ppm 3.62 (1 H, ddJs 72 = 9.6 Hz,J7a7,= 6.5
Hz, H-7,), 3.66 (1 H, ddJs4 = 9.0J,5= 2.7 Hz, H-4), 3.70 (1 H, ddJs 7= 9.6, J27o= 6.0 Hz, H-%),
3.82 (1 H, dddJs ¢ = 6.5 Hz, d7a = 6.0 Hz,Js 7 = 2.0 Hz, H-6), 4.05 (1 H, al, = 2.5 Hz, H-5), 4.36
(1 H, d,J54 = 9.0 Hz, H-3), 4.45 (1 H, dl = 11.9 Hz, 1x OCkPh), 4.52 (1 H, dJ = 11.9 Hz, 1 x
OCH,Ph), 4.60 (J = 11.5 Hz, 1x OCkPh), 4.70 (1 H, d) = 1.4 Hz, H-1), 4.71 (1 H, dJ = 11.8 Hz,
1x OCHPh), 4.72 (1 H, d) = 11.8 Hz, 1x OCkPh), 4.73 (1 H, d) = 11.9 Hz, 1x OCkPh), 4.72 (d,
1 H,Ja1n= 4.1Hz, H-), 474 (1 H, d)ia1o= 4.4 Hz, H-1), 4.77 (1 H, dJ = 11.9 Hz, 1x OCkLPh)
4.92 (1 H, dJ=11.5 Hz, 1x OCkKPh), 7.25-7.37 (m, 20H, AR-H); M&/z (ESI"): 554.3 [M +NH]

+
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2,3,4,6-tetra-O-benzyl-1-deoxy-b-galacto-hept-2-ulopyranosyl-(21)-2,3,4,6-tetra-O-benzyf-D-
galactopyranoside (97

BnO
BnO (0) OBnOBnN

OBn
OBn
Following the procedure in Li, 208la solution 0f102 (55 mg, 0.102 mmol)91 (51.6 mg, 0.955
mmol) and 4 A molecular sieves (100 mg) in dry .CH (5 mL) was stirred under nitrogen
atmosphere at room temperature for 30 min. The soluti@s cooled to-78 °C, and 5puL
(0.05 equiv.) of TMSOTf was added. The reaction mixture stiaed at-78 °C for 30 minutes. The
reaction was monitored by TLC (petrol:EtOAc, 6:1) andrupppearance of product;(B.3) and
disappearance of starting material (R8) was quenched with one drop of triethylamine;Xg&tand
passed through celite. After the removal of the solvaetrésidue was applied on a silica gel column
chromatography (petrol:EtOAc, 7:1) as the eluent to dffbe product®6 and97 as clear oils (97.2
mg, 95%). Then,a anda,p products were fully separated by chromatography, pragu@ 3:7 ratio

of a,a anda,p.

TLC (petrol:EtOAc, 6:1, viv): R= 0.3; [a]2' + 33.4 (c = 1, CHG) [Lit. [a]? + 38.2 (c = 1.07,
CHCI)] ™ 'H NMR (400 MHz, CHLOROFORM) & ppm 1.49 (3 H, s, CH, 3.41 (1H ddJs7a =
8.8 Hz,J74 7= 5.5, Hz H-7), 3.46 (1 H, ddJs = 8.3 Hz,Jsa6p= 4.7 Hz H-6b), 3.50 (1 H, dd,=
9.6 Hz, = 3.0 Hz, H-3), 3.51 (1 H, m, H-5), 3.56H1dd,Js 7= 8.8 Hz,J7a 7 = 8.8 Hz, H-T), 3.59
(1 H, dd,Js 62 = 8.3 Hz,Jga6o= 8.3 Hz, H-6a), 3.81 (1 H, ddz 5= 9.8 Hz,J;, = 7.9 Hz, H-2), 3.87 (1
H, d,Js,= 10.1 Hz, H-3"), 3.92 (1 H, d| = 2.5 Hz, H-4), 4.04 (ddl; 5= 2.5 Hz,Js 5 = 1.1 Hz, 1H, H-
5, 4.17 (1 H, ddJsg = 7.6 Hz,Js 7= 2.8 Hz, H-4), 4.27 (1 H, dl = 12.1 Hz, 1 x OCHPh), 4.29 (1
H,d,J=12.1 Hz, 1 x OCkPh), 4.32 (1 H, d)=11.8 Hz, 1 x OCkPh ), 4.38 (1 H, d) = 12.0 Hz, 1
x OCH,Ph), 4.51 (1 H, dddls s = 8.8 Hz, Js, 7a= 5.5 Hz,Jg, 7, = 1.1 Hz, H-6"), 4.59 (1 H, d} = 11.6
Hz, 1 x OCHPh), 4.59 (1 H, dJ = 11.6 Hz, 1 x OCkPh), 4.66 (1 H, dJ = 12.1 Hz, 1 x OCkPh),
4.67 (1 H,dJ=11.3 Hz, 1 x OCKPh), 4.68 (1 H, d};,= 7.7 Hz, H-1), 471 (1 H, d,= 11.8 Hz, 1
x OCH,Ph), 4.73 (1 H, dJ = 12.1 Hz, 1 x OCKPh), 4.74 (1 H, dJ = 11.8 Hz, 1 x OCKPh), 4.91 (1
H, d,J =11.6 Hz, 1 x OCkPh), 4.92 (1 H, dJ = 11.6 Hz, 1 x OCKPh), 4.96 (L H, dJ = 11.3 Hz, 1
x OCH,Ph), 4.99 (1 H, dJ = 11.6 Hz, 1 x OCkPh), 7.35-7.12 (m, 40H, A#). MS m/z (ESI):
1094.6 [M+NH]".
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2,3,4,6-Tetra-O-benzyl-glucono-1,5-lactone (§5f

OBn
o
BnO
Bm
BnO e}

Acetic anhydride (0.7 mL) was added to a solutio®4{190.1 mg, 0.31 mmol) in dry DMSO (1.2
mL). After 18 hours reaction was complete by TLC (pefit®Ac, 3:1) indicated the formation of a
product (R 0.5) and complete disappearance of starting materiaD.@. Reaction mixture was
poured onto brine (5 mL of saturated solution) and exdasito toluene (2 x 10 mL). The organic
layers were washed with satd NaHCntil pH neutral and then washed with brine (2 xniD).
After workup, purification by column chromatographyeijol:EtOAc, 3:1) afforded the desired
product (113.1 mg, 60%) as a clear oil.

TLC (petrol:EtOAc, 3:1, viv): R= 0.5; [a]%* + 62.5 (c = 1, CHG) [Lit. [a]} +54.2 (c = 1,
CHCL)]*™?% 'H NMR (400 MHz, CHLOROFORM-dp ppm 3.72 (1 H, ddJsaer = 10.8 Hz,Js 6. =
3.3, H-6a) 3.75 (1 H, ddlsaer= 10.8 Hz,Js 6o = 2.3, H-6b), 3.91 - 4.03 (2 H, m, H-4, H-3), 4(16
H, d,J,3= 6.6 Hz, H-2), 4.48 (1 H, ddd, s = 8.8 Hz,Js 60 = 3.3 Hz,J5 62 = 2.2 Hz, H-5) 4.50 (1 H, d,
J=12.1 Hz 1 x OCKPh), 4.67 (1 H, d) =11.4 Hz, 1 x OChPh), 4.54 (1 H, dJ = 11.4 Hz, 1 x
OCH,Ph), 4.57 (1 H, d) =9.1 Hz, 1 x OCHPh), 4.63 (1 H, dJ = 11.9 Hz, 1 x OCkPh), 4.73 (1 H,
d,J=11.2 Hz, 1 x OCKPh) 4.77 (2 H, dj = 11.2 Hz, 2 x OCkPh), 5.03 (1 H, dJ = 11.4 Hz, 1 x
OCH,P), 7.21-7.41 (20 H, m, ArH); M8/z(ESI'): 556.3 [M+NH;]".

3,4,5,7-Tetra-O-benzyl-1-deoxygluco-hept-2-ulopyranose (85)

OBn

(0]
BnO
BnO
BnO

OH

To 95 (1.068 g, 1.99 mmol, 1 equiv) in dry THF (10 mL) vaadded MeLi (1.5 mL, 1.38M in ED,

1.2 equi) at -78 °C. After 1 hours reaction proceedetbtopletion with conversion to product;(R
0.5) and disappearance of starting materialo{R) as monitored by TLC (petrol:EtOAc, 2:1)and was
guenched with aqueous NEI and washed with saturated brine and NaklG®oduct was purified
by column chromatography (petrol:EtOAc, 2:1) affordeel tlesired product (633 mg , 60 %) as a

white crystalline solid as well as recovery of (115 ny7%) of the starting lactone.

TLC (petrol:EtOAc, 2:1, vV): R= 0.5; [a]%'+ 25.6 (C = 1, CHG) [Lit. [0]? +13 (c = 0.4,
CHCL)]?; 'H NMR (400 MHz, CHLOROFORM-dy ppm 1.42 (3H, s, C#), 3.38 (1 H, dJ;,=9.3
Hz, H-3), 3.66 (1 H, at) = 9.4 Hz, H-5) 3.69 (1 H, ddl;a7, = 10.1 Hz,Js 7 = 1.8 Hz, H-7b) 3.74
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(1H, dd,J7a7 = 10.8 Hz,Js 7 = 4.0 Hz, F-7a) 3.99 (1 H, ald = 9.3Hz, F-4) 4.03 (1 H, dddJs ¢ =
8.4 Hz,Jo7. = 4.4 Hz,Js 7t = 2.2 Hz, F-6) 4.52- 4.59 (2 H, m, 2 x OC,Ph) 4.61- 4.66 (1 H, dJ =
10.8 Hz, 1x OCLPh) 4.71 (1 H, dJ = 11.1 Hz, 1 x OCLPh) 4.83 (1 H, dJ = 10.6 Hz, 1 X
OCH,Ph) 4.90 (2 H, dJ = 2.0 Hz, 1 x OCLPh) 4.94 (1 H, dJ = 11.1 Hz, 1 x OCLPh) 7.11- 7.48
(20H, m, Ar-H); MS nm/z (ESI"): 572.3[M+NH,]".

2,6-Anhydro-1-deoxy-3,4,5, +tetra-O-benzy-D-glucc-hept1-enitol (99)%

OBn
o)
BnO

BnO
According to the procedure in Ranjanbabu, *® 95 ( 308.8 mg, 0.573 mmol, 1 equiv) in a mixt
of anhydrous toluene mL), tetrahydrofuran (mL), andpyridine (2uL) was stirred with a solutio
of Tebbe’s reagent (2mL, 1.25mmol, 2.2 equivin the presence of molecular sieves (ca. mg) at
-40°C for 1 h. The solution was then allowed to reach @i@ stired for 0 min. The progress of tt
reaction was monitored by TL(petrol:EtOAc, 3:) and upon completio(R; 0.8), the reaction wa
guenched with aqueous 15% sodium hydroxide, added dse@.1mL) and then diluted with eth
(10C mL). The mixture was stirrefor 30min, filtered through Celi® to remove the inorgan

precipitate and then purified via column chromatograjpetrol:EtOAc, 3:) with triethylamine (1%)

Evaporation of the solvents yieldthe desired compound (mg, 13%) as a slightly yellow c

TLC (petrol:EtOAc, 3:, VV): R = 08; [a]3'+ 48.2 (c = 0., CHC) [Lit. [a]?’+62.1 (c =,
CHCly)] %% 'H NMR (400 MHz, CHLOROFORI-d) 5 3.6¢-3.78 (5 H, m, -4, H-5, H-6, H-7,, H-7y),
3.96 (L H, dJ,z = 7.2 Hz, 1-3), 451 (1 H, dJ = 11.1 Hz,OCH,PI), 4.53 (1 H, dJ = 12.1 Hz,
OCH,PI), 4.62 (1 H, dJja1=6.2 Hz H-1.), 4.63 (1 H, dJ = 12.1 Hz, 1 YOCH,PY), 4.64 (1 H, dJ
=11.6 Hz, 1 OCH,Pt), 4.71 (1 H, dJ = 11.2 Hz, 1 YOCH,PY), 4.76 (1 H, dJja1r=2.8 Hz, F-1p),
4.77 (1 H, dJ = 11.6 Hz, 1 XOCH,Ph) 4.77 (1H, dJ = 11.2 Hz, 1 XOCH,Pt), 4.86 (L H, ¢ J =
11.1 Hz, 1 XOCH,Ph), 7.1:-7.15 (2 H, m, A-H), 7.247.37 (18 H, m, A-H); MS m/z (ESI"): 554.3
[M +NH,]".
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2,3,4,6-Tetra-O-benzyl-1-deoxyD-gluco-hept-2-ulopyranosyl-(2:1)-2,3,4,6-tetra-O-benzyd-D-
glucopyranosidg103)*

OBn

BnO ogp OBn

OBn

Following the procedure in Li, 208A solution 0f99 (37.0 mg, 0.068 mmolP4 (40.0 mg, 0.074
mmol) and molecular sieves 4 A (100 mg) in dry ,CH (5 mL) was stirred under nitrogen
atmosphere at room temperature for 30 min. The soluti@s cooled to-78 °C, and 5puL
(0.05 equiv.) of TMSOTf was added. The reaction mixture stared at —78 °C for 30 minutes. The
reaction was monitored by TLC (petrol:EtOAc, 6:1) apdrucompletion (R0.3) quenched with one
drop of triethylamine (EN) and passed through celite. After the removal of tieesg the residue
was applied on a silica gel column chromatography (pet@REt 7:1) as the eluent to afford the
desired products as a clear oil (50 mg, 68%). dfeeand o, products were fully separated by

chromatography, producing a 2:3 ratiougf anda.,p.

Alternate synthesis df03: 85 (94 mg, 0.17 mmol) ané4 (87 mg, 0.16 mmol) were dried en vacuo
for 1 hour then dissolved in anhydrous £CH (8 mL) and added to a dry flask in the presence of
molecular sieves (ca. 100 mg) and stirred with the sifore30 minutes. To this was added TMSOTf
(ca. 5ul, 0.027mmol) at -40 °C in the under an Ar atmosphehe. fEsulting mixture was stirred for

5 h. TLC (petrol:EtOAc, 4:1) revealed the productiorooé new product spot (R.5) that was UV
active and complete consumption of starting material. Theioeagts then quenched by the addition
0.01 mL NEg, filtered through celite and concentrated. The crudéymowas purified by column
chromatography (petrol:EtOAc, 5:1) to yield th@roduct (47 mg, 25%).

TLC (petrol:EtOAc, 6:1, v/v): R= 0.3; [a]?' + 61.8 (c = 0.77, CH@). [Lit[a]?’ +75.0 (c = 0.97,
CHCI)] *% 'H NMR (400 MHz, CHLOROFORM) ¢ 1.49 (3H, s, Ch), 3.29 (1 H, dJ;4 = 9.6 Hz,
H-3"), 3.33-3.39 (3 H, m, H-6a, H-6b, HaJ, 3.55-3.58 (1 H, m, H%), 3.56 (1 H, ddJ,s =
10.3 Hz,J;,= 3.4 Hz, H-2), 3.64 (1 H, ddlss= 10.3 Hz,J;4 = 9.6 Hz, H-4), 3.68 (1 H, at,
J=9.6 Hz, H-5, 4.03 (1 H, tJ 10.3 Hz, H-3), 4.05 (1 H, at)s 4= Js5= 9.6 Hz, H-4, 4.17-4.19 (1
H, dddJss = 10.1 Hz,Js6a = 3.2 Hz,Js 6o = 2.3 Hz, H-5), 4.27 (1 H, dddss = 10.2 Hz Js 72 = 3.6
Hz, Js7 = 2.9 Hz, H-6'), 4.36 (1 H, dl = 12.4 Hz, 1 x OCkPh), 4.37 (1 H, dJ = 12.1 Hz, 1 x
OCH,Ph), 4.47 (1 H, d) = 11.0 Hz, 1 x OCHPh), 4.48 (1 H, dJ = 11.0 Hz, 1 x OCHPh), 4.51 (1
H,d,J =12.4 Hz, 1 x OCHPh), 4.57 (1 H, dJ =12.1 Hz, 1 x OCHPh), 4.59 (1 H, dJ = 11.3 Hz,
1 x OCHPh), 4.64 (1 H, dJ =12.1 Hz, 1 x OCHPh), 4.69 (1 H, dJ = 12.1 Hz, 1 x OCkPh),
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4.80 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.80 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.84 (1 H, dJ =

10.7 Hz, 1 x OCkLPh), 4.87 (2 H, m, 2 x OGRh), 4.92 (1 H, dJ = 11.3 Hz, 1 x OCkPh), 4.94
(1 H, d,J =107 Hz, 1 x OCkPh), 5.34 (1 H, d}i,= 3.4 Hz, H-1); MS m/z (ESI): 1094.6
[M+NH,].

2,3,4,5,7-Penta-O-benzyl-1-deoxyb-gluco-hept-2-ulopyranosé108)-

OBn

BnO 0

BnO

BnO
OBn

108was isolated as a side project of the reaction bet®®and94 as a clear oil in ( 25 mg, 29%)

TLC (petrol:EtOAc, 4:1, viv): R= 0.8; [u]3+ 16.2 (c = 1, CHG) [Lit. [a]?’+ 34.2 (c = 1,
CHCL)™; 'H NMR (CDCl): 5 1.39 (s, 3 H, Ch), 3.39 (1 H, dJ,3 = 9.36 Hz, H-3), 3.61-3.76 (4 H,
m H-7a, H-7b H-6 and H-5), 4.13 (1 H, dt4 = Jis = 9.31 Hz, H-4), 4.50-4.62 (5 H, m, 5 x
OCH,Ph), 4.72 (1 H, dJ = 11.60 Hz, 1 x OCHPh), 4.81-4.97 (4 H, m, 4 x OGPh), 7.13-7.16 (2
H, m, ArH), 7.22-7.37 (23 H, m, ArH); M&/z (ESI): 662.3 [M+NH].

8.2.4 Intramolecular aglycone delivery glycosylation

3,4,6-Tri-O-acetyla,5-D-glucopyranose (2463

OAc
AcO 0
AcO
HO

Cis-Dihydroxylation of glycal or 2,3-unsaturated glycosi@eA mixture of NalQ (296.4 mg, 1.4

OH

mmol) and CeGl 7H,0 (37 mg, 0.1 mmol) in O (2 mL) was stirred at room temperature for a few
minutes. The reaction mixture was cooled to 0 °C, andh@ocboled reaction mixture were added
ethyl acetate (3 mL), G}&€N (6 mL), and RuGIH,O (5.2 mg, 0.025 mmol) successively. After the
mixture stirred for 2.0 min, a solution of 3,4,6-@tacetyl-glucal (270.02 mg, 1.0 mmol) in ethyl
acetate (3 mL) was added, and the resulting heterogenebmigranwas stirred until the full
consumption of the starting. After 15 minutes TLC (EtQgetrol, 1.5:1) indicated complete
conversion to product (R0.1) and disappearance of staring materialO(R). The reaction mixture
was diluted with ethyl acetate (25 mL). The organic layas washed with aqueous NaH{&nd
water, dried (Ng50,), passed through celite and concentrated under reduesdupe. The crude
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product was purified via column chromatograppetrol:EtOAc, 3:) yielding the desired compoul
(133.Cmg, 43.7%,

TLC (EtOAc:petro, 3:2, viv): Ri= 0.1; [a]?'+ 93.0 (c = 1,CHCly) [Lit. [a]?’ +89.7 (1 = 2.7%,
CHCL)]%; 'H NMR (400 MHz CHLOROFORI-d 3:1 mixture of anome) § ppm 2.03- 2.06 (16 H.
m), 2.08- 2.11 (25 H, m), 3.55 (1 H, dJ,5 = 9.2 Hz,J1,= 7.9 Hz, -2B), 3.66- 3.74 (4 H, m, I
20), 3.75 (1 H, dddJ, 5= 8.1,Js56 = 4.9,J56 = 2.4 Hz, F-5B), 4.08- 4.16 (7 H, m, }-6a, H-6p), 4.19-
4.28 (8 H, m, 1-6’a H-6'B, H-5a), 4.72 (1 H, dJ,,= 7.7 Hz, 1), 5.03 (4 Hat, J34= Jss= 9.8 Hz,
H-4a), 5.03 (3 Hat, Js4= Js5= 9.6 Hz, F-4p), 5.11 (1 Hat, J,3= Js= 9.4 Hz, -3p), 5.28 (4 Hat,
Jo3= Jai= 9.4Hz, H-30), 5.33 (1 H, dJ; ;= 3.9 Hz H-1a); MS mVz (ESI): 324.1[M+NH,]*.

3,4,€-tri-O-benzy-a,f-D-glucopyranose(247)*

OBn
BrO Q
BnO
HO

A mixture of Nal(, (907 mg, 4.2 mmol) and Ce;z- 7H,O (114.7 mg, 0.3 mmol) in,0 (4 mL) was

OH

stirred at room temperature for a few minutes. The reactixture was cooled to “ C, and to the
cooled reaction mixture were added ethyl acetamL), CH;CN (12mL), and RuG-H,O (18.4 mg
0.075 mmol) successively. After the mixture stirred 200 min, a solution ¢ 109 (1.22 g, 2.92
mmol) in ethyl acetate (mL) was added, and t resulting heterogeneous mixture was stirred |
the full consumption of the starting material (Table AfteAfl5 minutes TLC petrol:EtOAc, 1:)
indicated complete conversion to produc: 0.3) and disappearance of staring materiz 0.9). The
reacion mixture was diluted with ethyl acetate (mL). The organic layer was washed with aque
NaHCGC; and water, dried (MSCy), passed through celite and concentrated under reducedrpt
The crude product was purifi via column chromatographypetrolEtOAc, 1:1). The desirec

compound was obtained as a (1.3:1) anomeric mixture ¢1.87%).

TLC (petrol:EtOAc, 1:1, VAV): k = 0.3; [a]?'+ 48.1 (¢ = 1, CHC) [Lit. [a]?*+57.1 (= 0.,
CHCL)]?% *H NMR (400 MHz CHLOROFORI-d) § ppm 3.48 (2 Hat, J;; = J,:= 8.6 Hz, F-2p),
3.55- 3.61 (3 H,m, H-6aB, H-2a), 3.64- 3.74 (4 H,m, H-4a, H-6aB, H-5p, H-3p), 3.81 (1 Hat, J,3
= Js,= 9.0 Hz, F-30), 4.06 (2 H, dddJ,; 5= 9.8 Hz,Js 6. = 4.4 HZ,Js5,6, = 2.6 Hz, F-5a), 4.50- 4.55 (3
H, m, F-1B, 2 x OCH,Ph), 4.60 (1 H, dJ =12.1 Hz, }-3p), 4.61 (1 H, dJ = 12.1 Hz, +-3p), 4.82 (1
H, d,J =10.9 Hz, 1 x OCLPh), 4.82 (1 H, cJ = 10.8 Hz, 1 x OCLPh), 4.86 (1 H, ¢J = 9.8 Hz, 1 x
OCH,Ph), 4.89 (1 H, dJ=11.4 Hz, 1 x OCL,Ph), 4.90 (1 H, dJ = 11.4 Hz, 1 x OCLPh), 5.29 1 H,
at,J = 3.63 Hz F-10), 7.07- 7.41 (30 H, m, A-H). MS m/z (ESI"): 468.2[M+NH,]*, 473.2[M+Na]".
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1,2-Di-O-acetyl-3,4,6-tri-O-benzyt/g-D-glucopyranose (116§

247 ( 1.03g, 2.3 mmol) was dissolved in &c(30 mL) and pyridine (30 mL) and stirred at RT for
3h. TLC (petrol:EtOAc, 2:1) revealed complete converdiorproduct (R 0.7) and reaction was

extracted into DCM (100 mL) washed with NaHC(Bx100 mL) and satd brine (100 mL),

concentrated under high vac and coevaporated with tawgalding the desired compound a yellow
oil (1.12 g, 90%) as an inseparable 3:1 mixture ahdp anomers.

TLC (petrol:EtOAc, 2:1, VAV): R= 0.7; [a3'+ 54.6 (c = 1, CHG) [Lit. [a]? +164.1 (c = 1,
CHCL)]?; *H NMR (400 MHz CHLOROFORM) (a/p 3:1)5 ppm 1.92 (3 H, s, 2COGH), 1.95 ( 3
H, s, OCOCHa), 2.07 (3 H, s, OCOCH), 2.10 ( 3 H, s, OCOCHd), 3.78-3.53 (7 H, m, HpH-5a,

H-5p, H-6atw,), 3.83-3.80 (2 H, m H3 H-4q), 4.01-3.95 (1 H, ddbs= 9.6 Hz,Jss = 9.3 Hz, 1 H,
H-34), 4.72-4.51 (6 H, m, OC®h), 4.85-4.78 (6 H, m, OGRN), 5.07-5.02 (1 H, ddp5 = 10.2 Hz,
Ji2= 3.6 Hz, H-2), 5.11-5.03 (1 H, dd}, , = 8.7 HzJ, 3 = 8.7 Hz, H-2), 5.60 (1 H, d,J,, = 8.4 Hz,
H-1), 6.29 (1 H, dJ; »= 3.6 Hz, H-1), 7.32-7.14 (m, 30 H, Ar-H); M8Vz (ESI'): 552.2 [M+NH;]".

Ethyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-thig-D-glucopyranosideg248) *°

OBn

BnO 0
BnO SEt

AcO

110 (871 mg, 1.63 mmol) was dried en vacuo for 1 hour.aBwgas then dissolved in 10 mL
anhydrous DCM and to this was added 2 equivalents ethemh¢2ld mL, 3.2 mmol) and the mixture
was cooled to O °C. BR5.2 mL) was added dropwise and the reaction was sfwred hour until
product (R 0.6) was detected in (petrol:EtOAc, 4:1) and starting rizdteras almost completely
consumed (RO0.4). After two rounds of flash chromatography (pleEt®©Ac, 6:1) followed by
(petrol:EtOAc, 7:1), desired compound was obtained apaque oil (666 mg, 76%).

TLC (petrol:EtOAc, 4:1, vIv): R= 0.6; [u]2' + 25.4 (c = 1, CHG) [Lit [0 |7 +8.6 (c = 1, CHG)?® *H
NMR (400 MHz CHLOROFORM): 6 1.33 (3 H, tJyic 7.4 Hz, SCHCH3), 2.05 (3 H, s, B5CO),
2.78 (2 Hdq, 1 H, J. = 7.5 Hz, Jg, = 12.8 HzSCH,CHy), 3.57 (1 H, m, H-5), 3.74 (1L H, aly3 = Js /=
9.0 Hz, H-3), 3.77 (1 H, aflz 4= J45= 8.8 Hz, H-4), 3.78 (1 H, ddsa = 11.3,Js6a = 4.5 Hz, H-6a),
3.83 (1 H, ddJsass= 11.1,J56o= 1.9 Hz, H-6b), 4.43 (1 H, di , = 10.0 Hz, H-B), 4.62 (1 H, dJ =
12.2 Hz, 1 x OCKPh), 4.64 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.68 (1 H, dJ = 12.1 Hz, 1 X
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OCH,Ph), 4.76 (1 H, d) = 11.4 Hz, 1 x OCHPh), 4.86 (1 H, dJ = 10.6 Hz, 1 x OCHPh), 4.88 (1 H,
d,J=11.3 Hz, 1 x OCkPh), 5.10 (1 H, atl;» = J,= 9.2 Hz, H-2), 7.26-7.41 (m, 15H, Ar-H). MS
m/z (ESI): 554.3 [M+NH]*, 559.2 [M+Na].

Ethyl -3,4,6-tri-O-benzyl-1-thigg-D-glucopyranoside (24

OBn

BnO 0

HO

248 (60 mg, 0.112 mmol) was dissolved in anhydrous nmeth@ 0 mL). To this was added NaOMe
(10 mg, 0.19 mmol) and the reaction was allowed toastRT for 3 h. Reaction was not complete by
TLC (petrol:EtOAc, 7:1) showed productB.3) and starting material {R.6). However due to
concern about orthoester reformation reaction was quenchednyitbe to pH 7 and concentratied
vacuoand purified via column chromatography (petrol:EtOAc, @&dlyjive the desired product as an

opaque oil (20 mg, 37%) as well as to recover startiatgrial (36 mg, 60%).

TLC (petrol:EtOAc, 7:1, viv): R= 0.3; [a]? -11.9 (c = 1, CHG) [Lit. [a]?'-12.8 (c = 1, CHG),
'H NMR (CDCL): 6 1.33 (3 H, tJyc = 7.4 Hz, SCHCHy), 2.75 (2H,dq, 1 H, J. 7.3 Hz, Jg, 12.2 Hz,
SCH,CHg), 3.51 (1 H, dddJss 9.2 Hz,Js624.8,J56, 2.0 Hz, H-5), 3.59 (1 H, af,9.1 Hz), 3.64 (1 H,
at,J 9.1 Hz), 3.71 (1 H, ddl 11.1, 4.8 Hz), 3.76 (3 H, ddsa6510.8,Js6, 2.0 Hz, H-6b), 4.32 (1 H, d,
Ji2 9.3 Hz, H-1), 4.55 (1 H, d11.8 Hz, 1 x OCKPh), 4.57 (1 H, d) 10.9 Hz, 1 x OCkPh), 4.61 (1
H, d,J 12.1 Hz1 x OCHPh), 4.85 (1 H, dJ = 10.9 Hz, 1 x OCkPh), 4.87 (1 H, dJ 11.8 Hz, 1 x
OCH,Ph), 4.95 (1 H, dJ 11.4 Hz, 1 x OCKPh), 7.13 - 7.42 (15 H, m, Ar-H) ); M&z (ESI"): 512.2
[M+NH,]".

1-(2-nitro-4,5-dimethoxy-benzyl)-2,3,4,6-tetra-O-benzytldoxyea-D-galacto-hept-2-ulopyranosyl
(112)

Hg He

MeO OMe

85(162.4 mg, 0.29 mmol) and 2-nitro-4,5-dimethoxy-bératgohol (57 mg, 0.27 mmol) were dried
en vacuo for 1 hour then dissolved in anhydrous@H(7 mL) and added to a dry flask in the
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presence of molecular sieves (ca. 100 mg) and stirredthattsieves for 30 minutes. To this was
added TMSOT( (ca. @l, 0.027mmol) at -40 °C in the under an Ar atmosphehe. fEsulting mixture
was stirred for 1 h. TLC (petrol:EtOAc, 3:1) revaehtbe production of one new product spot )
that was UV active and complete consumption of starting raat@iie reaction was then quenched
by the addition 0.01 mL NEt filtered through celite and concentrated. The crude yatodvas
purified by column chromatography (petrol:EtOAc, Sdyield the product (150.3 mg, 76%).

TLC (petrol:EtOAc, 3:1, Viv): R= 0.8; [a]'+ 52.3 (c = 1, CHG); 'H NMR (500 MHz
CHLOROFORM@) & ppm 1.59 (3 H, s, CH, 3.59 (1 H, ddJsae9.1 Hz,J5625.7 Hz, H-6a), 3.66 (1
H, dd,Jeae0= 8.9 HZ,Js65= 8.0 Hz, H-6b), 3.84 (1 H, ddds e = 7.6 Hz,Js 6a= 5.7 Hz,Jss = 1.3 Hz,
H-5), 3.96 (2 H, dJ, 5= 10.1Hz, H-2), 4.38 - 4.48 (2 H, ni-4, H-3), 4.43 (1 H, dJ = 11.6 Hz, 1 x
OCH,Ph), 4.52 (1 H, d] = 11.3 Hz, 1 x OCHPh), 4.64 (2 H, dJ = 11.3 Hz, 1 x OChPh), 4.71 (2
H, d,J = 11.0 Hz, 1 x OCkPh), 4.76 (1 H, dJ = 12.0 Hz, 1 x OCkPh), 4.81 (1 H, dJ =12.0 Hz, 1

X OCH,Ph), 4.87 (1 H, d) = 17.0 Hz, k), 4.96 (1 H, dJ = 11.7 Hz, 1 x OCkPh), 5.07 (1L H, dJ =
10.9 Hz, 1 x OCkKPh), 5.09 (1 H, dJ = 17.3 Hz, H), 7.26 - 7.41 (32 H, m, Ar-H), 7.70 (1 H, s, Ar-
Ho); *C NMR (126 MHz CHLOROFORMY) & ppm 21.0 (CH), 56.3 (C-b), 59.8 (C-a), 68.6 (C-6),
70.6 (C-5), 71.9 (OCHPh), 73.5 (C-4), 74.3 (OGRh), 74.7 (OCKPh), 76.0 (OCKPh), 80.5 (C-3 or
C-2), 80.6 (C-3 or C-2), 101.6 (C-1), 107.7 (C-#09.6 (C-c), 127.2, 127.5, 127.5, 127.7, 127.9,
128.0, 128.2, 128.3, 128.4, 128.5, 132.2, 137.8,413138.5, 138.5, 138.7 (OGPh); IR (thin film):

v = br 3029.81 (OH), 2921.86, 1519.61 (N-O), 145386C=C), 1325.95 (N-O), 1275.24, 1067.24,
1028.38, 920.44, 874.34, 794.75 tnHRMS m/z (ESI): [M+Na]" calcd. for GHaO10Na",
772.3098; found, 772.3089.

8.2.5 Mannose glycosylations: Synthesis of compounds 12@9

Ethyl 2-O-acetyl-3,4,6-tri-O-benzyl-I-thio-a-D-mampyranoside (12F}

BnO AcO
BnO -0

BnO
SEt

Ethanethiol (0.5 mL) was added to a solution of 3,4;8&tbenzyl$-D-manno-pyranose-1,2-methyl
orthoacetatel 20 (506 mg, 1 mmol) and HgBr(36 mg, 0.1 mmol) in dry acetonitrile (3 mL). The
mixture was heated to 60 °C under Ar for 4 h and condextr@ solution of the residue in GEl,

was washed with satd brine and NaHG@Dd evaporated. The residue was eluted from a column of
silica gel with (petrol:EtOAc, 7:1) to give the producteaslear oil (495mg, 77%).
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TLC (petrol:EtOAc, 6:1, v/v): R= 0.4; [a]?' + 79.1 (c = 1, CHG) [Lit. [a]? +84 (c =1, CHG)®,
'H NMR (400 MHz CHLOROFORM) § ppm 1.29 (3 H, tJic = 7.5 Hz, CH), 2.18 (3 H, s,
OCOCHy), 2.65(1 H, dgyc = 7.5 Hz,Jgem = 12.0 Hz, CHCH), 2.57 (1 H, daic = 7.5 HZ,Jgem =
12.0 Hz, CHCH) 3.70 (1 H, ddJsa e = 10.6 HzJs6a= 2.0 Hz, H-6a), 3.86 (1 H, ddeae, = 10.9 Hz,
Js.o0 = 4.17 Hz, H-6b), (2 H, m, H-3 H-4), 4.16 - 4.20H1m, H-5), 4.49 (1 H, dJ = 10.9 Hz, 1 x
OCH,Ph), 4.50 (1 H, d = 12.1 Hz, 1 x OCHPh), 4.54 (1 H, dJ = 11.1 Hz, 1 x OCkPh), 4.70 (1 H,
d,J=11.6 Hz, 1 x OCkPh), 4.71 (1 H, dJ = 11.9 Hz, 1 x OCkPh), 4.87 (2 H, dJ = 10.6 Hz, 2 x
OCH,Ph), 5.34 (1 H, d);, = 1.5 Hz, H-1), 5.46 (1 H, dd 3= 2.8 Hz,J;, = 1.8 Hz, H-2), 7.16-7.18
(2 H, m, Ar-H), 7.27 - 7.52 (13 H, m, Ar-H); M®/z(ESI"): 554.3 [M+NH]*, 559.2 [M+Na].

2-O-acetyl-3,4,6-tri-O-benzyl-1-deoy-D-mannopyranosyl-2,3,4,6-tetra-O-benzyfp-D-
galactopyranoside  (126) and 2,3,4,6-Tetra-O-benzylebxda-D-gluco/galacto-hept-2-
ulopyranosyl-(2-1)- 2-O-Acetyl-3,4,6-tri-O-benzyl-1-deoxyf-D-mannopyranoside (127,128)

R
10Bn OBn

126 R1=H, R2=0Bn, R3=H BN
127 R1=H, R2=0Bn, R3=Me
128 R1=0Bn, R2=H, R3=Me

Table 8.2. Manno thioglycoside glycosylation attentp

Entry  Acceptor Time Yield pdt as anomeric  Yield side pdt Recovered
mixture Donor

1 94 1h 24% 10% none

2 93 30 min 10% 48% 26%

3 85 1lh 26% 40% 53%

Procedure for glycosidatiofl.

A solution of 121 (53.9 mg, 0.1 mmol®4 (58.4 mg, 0.11 mmol), and N-iodosuccinimide (67.5 mg
0.3 mmol) in dichloromethane (5 mL) was stirred fds 8. with 4 A, molecular sieves (200 mg)

under an Ar atmosphere at -10°C. A dilute solutionrifiioromethanesulfonic acid (0.02 mL in 3

mL CH,Cl,) was then added dropwise. Stirring was continued atattme $emperature for another 0.5
h until product was detected((B.17) in (petrol:EtOAc, 6:1). The acid was neutralizeth WEt;.
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The mixture was thoroughly washed with satd NaHGGQlution, water and satd brine solution and
purified via flash chromatography (petrol:EtOAc, 7:§lding a mixture of thex,a, B,a anda,p
products (indicated by coupling and HMBC) that could betseparated further (21 mg, 21%).
HRMS m/z(EST"): [M+Na]" calcd. for G;Hs:0:3Na’, 1037.4452; found, 1037.4449.

4 3,4,6-tri-O-benzyl-1,2-0O-(1-benzyloxyethyliden@)-mannopyranose (128)

0
BnO O>< ©
BnO
129was isolated as a side product (37mg, 50%)

TLC (petrol:EtOAc, 6:1, V/V): R= 0.25; [a]Z¥+ 30.9 (c = 1, CHG); *H NMR (500 MHz
CHLOROFORM€) § ppm 2.15 (3 H, s, CH| 3.70 (L H, ddJsaer= 10.7,Js6a= 1.9 Hz, H-6a), 3.81
(1 H, dd,Jsaep= 10.7 HzJs 6o = 4.7 Hz, H-6b), 3.86 (1 H, ddd, s = 9.8 Hz,Js 5p= 4.7 HZJs62 = 1.9
Hz, H-5), 3.91 (1 H, at] = 9.5 Hz, H-4), 4.04 (1 H, dds4 = 9.0 Hz,J,3 = 3.3 Hz, H-3), 4.48 (1 H, d,
J=10.7 Hz, 1 x OCkPh), 451 (1 H, dJ = 11.6 Hz, 1 x OCkLPh), 4.54 (1 H, dJ = 12.0 Hz, 1 X
OCH,Ph)4.54 (2 H, dJ = 11.3 Hz, 2 x OCKPh,), 4.71 (L H, d] = 12.0 Hz, 1 x OCkPh), 4.71 (1 H,
d,J = 11.3 Hz, 2 x OCkPh), 4.86 (1 H, dJ = 10.7 Hz, 1 x OCkPh), 4.95 (1 H, d};» = 1.9 Hz, H-
1), 5.43 (1 H, dd)3 = 3.5 Hz,J,, = 1.9 Hz, H-2), 6.55 - 7.65 (20 H, m, Ar-H); M8/z (ESI):
605.2 [M+Na].

8.2.6 Synthesis of trehalose methyl ketosides

2,3,4,6-Tetra-O-acetyb-glucopyranose (84§

OAc

o]
AcO
AcO “OH
A solution 0f130(2.82 g, 9.804 mmol, 1 equiv) in DMF (20 mL) wasatted with hydrazine acetate
(720 mg, 7.8 mmol, 0.8 equiv) at RT overnight. TL&t(pl:EtOAc, 2:1, v/iv) showed complete
conversion to product (®.1) and disappearance of starting suga®(® The reaction mixture was
then treated with excess Amberlite 120 (H+) ion exchaeg@ rto remove hydrazine derivatives,
washed with brine and extracted into ether, concentrated product was purified by silica gel
column chromatography (petrol:EtOAc, 1:1, v/v) to yielé ttesired compound as a clear oil and a

3:1 mixture of anomers (1.92 g, 73.4 %).
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TLC (petrol:EtOAc, 2:1, viv): Re 0.1; [a]** +72.5 (¢ = 1, CHG) [Lit. [a]®+75.3 (c = 1, CHG)*
'H NMR (400 MHz, CHLOROFORM-dy ppm 1.96 - 2.32 (24 H, m, 4 x OCOGH 4 x OCOCH-
B), 3.75 (1 H, dddJss = 9.8 Hz,Js sa = 4.8 Hz,Js0 = 2.2 Hz, H-B), 4.07 - 4.34 (4 H, m, HEBH-
6'8, H-60 H-6'a), 4.27 (1 H, dddJss = 9.8 Hz,Js ca= 4.2 Hz,Js¢p = 2.1 Hz H-51), 4.74 (1L H, d ]y,
= 8.08 Hz, H-P), 4.85 - 4.92 (3 H, m, H¢3 H-20f ), 5.08 (2 H, atj = 9.7 Hz, H-4p), 5.24 (1 H,
at, J= 9.6 Hz, H-B), 5.45 (1 H, d, L = 3.5 Hz, H-1), 5.53 (1H, atJ = 9.8 Hz, H-3); MS m/z
(ESI"): 366.2 [M+NH]".

8.2.6.1 Synthesis of compound 32.

3,4,5,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-2,3,4,6-tetra-O-acetyd-D-
glucopyranosidg32)

AcO

BnO OBn
BnO OBn OAc

OAc

85(134 mg, 0.24 mmol, 1 eq) a®d (87 mg, 0.25 mmol, 1.05 eq) were driedracuofor 1 hour and
then dissolved in anhydrous @B, (7 mL) and added to a dry flask in the presence of molecular
sieves (ca. 100 mg). To this was added TMSOTf{10.054 mmol, 0.2 eq) at — 40 °C in the under
an Ar atmosphere. The resulting mixture was stirred Jdr. (petrol:EtOAc, 5:2) revealed the
production of two new product spotss(®R3) and (R0.25) and complete consumption of starting
material. The reaction was then quenched by the additidh mL triethylamine, filtered through
Celite® and concentrated. The crude product was purified by eokimomatography (petrol:EtOAc,
5:2) to give colorless oil (189.5 mg, 93%) as a omgtof a,a and o, products (7:1) that were
separated during a second round of column chromatographyl(gtOAc, 3:1) to afford pure the

desired compound (162 mg, 85.6 %) as a clear oil.

TLC (petrol:EtOAC, 5:2, viv): R= 0.30;[a3 +80.9 (c = 1, CHEL *H NMR (400 MHz, CDCJ): 6

1.46 (3 H, s, C-1), 1.96 (3 H, s, 1 x OCOgH2.01 (6 H, s, 2 x OCOGH 2.05 (3 H, s, 1 X
OCOCH), 3.32 (1 H, dJs.s = 9.6 Hz, H-3"), 3.56 - 3.64 (3 H, m, Hr7H-7y, H-5"), 3.82 (1 H, dd,
Jsaen= 12.4 Hz, Js o= 1.9 Hz, H-6), 3.88 (1 H, dddJse = 10.1 HzJs7a = 3.8Hz, Joo = 2.5 Hz H-
6), 4.05 - 4.11(2 H, m, H-4", Hy, 4.33 (1 H, dddJss = 10.4 HzJs 6a = 4.3 Hz,Js o = 2.0 Hz, H-5),
4.48 (1 H, dJ = 12.3 Hz, 1x OCkPh), 4.56 (1 H, dJ = 12.4 Hz, 1x OCkPh), 4.56 (1 H, dJ = 11.0
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Hz, 1x OCHPh), 4.62 (1 H, dJ = 11.3 Hz 1 x OCkPh), 4.85 (1 H, dJ = 11.1 Hz 1 x OCkPh),
4.92 (1 H, dJ=10.9 Hz, 1 x OCkPh), 4.95-5.07 (4 H, nH-4, 2 x OCHPh, H-2), 5.37 (1 H, d}»

= 3.6 Hz, H-1), 5.55 (1 H, afps = J34 = 9.7 Hz, H-3), 7.08 - 7.40 (20 H, m, Ar-H}iC NMR (126
MHz, CDCL): 6 20.6, 20.6, 20.7, 20.7, (4 x OCEIg) 22.6 (C-1"), 61.6 (C-6), 67.1 (C-5), 68.1 (C-
7’), 68.6 (C-4), 70.2 (C-2), 70.7 (C-3), 72.0 (Q;673.5 (OCHPh), 74.8 (OChPh), 75.5 (2 x
OCH,Ph), 78.3 (C-5'), 82.6 (C-4'), 84.5 (C-3"), 89.2-(G, 101.4 (C-2’), 127.5, 127.6, 127.7, 127.9,
128.3, 128.3, 128.4, 128.8, 130.8 (4 x QBH), 138.0, 138.2, 138.3, 138.5 (4 x 1 C, 4 x GRH),
169.6, 169.8, 170.2, 170.5 ( 4 x C=0); IR (thimnfil 3063, 3030, 2925, 1753 (C=0), 1496, 1454,
1367, 1222, 1133, 1090, 1038, 956, 916, 873, 737:dHRMS m/z (ESI): [M+Na]" calcd. for
CaHs:0:Na", 907.3517; found, 907.3512; analysis (calcd., foumd@:Hs:0:5): C (66.50,66.51), H
(6.38,6.30).

3,4,5,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-2,3,4,6-tetra-O-acety¥-D-
glucopyranoside (131)

OAc
BnO (0]

OA
BnO oBn ¢

OAc

The titled compound was purified as the lower spot b Tpetrol:EtOAc, 2:1) (R0.25) from the
reaction betweeB5 (134.4 mg, 0.242 mmol, 1 eq) aBd (87.2 mg, 0.25 mmol, 1.05 eq) to produce
131as a clear ail(27 mg, 14.3 %).

TLC (petrol:EtOAc, 2:1, viv): R= 0.25;[0(]2,34 +17.7 (c = 1, CHG); *H NMR (500 MHz, CDC}) ¢
1.43 (3 H, s, C1), 196 (1 H, s, 1x OCOgH2.00 (5 H, s, 5 x OCOGH) 2.03 (5 H, m, 5 x
OCOCH,), 2.04 (1 H, s, 1 x OCOGH 3.34 (1 H, dJ3 4 = 9.6 Hz, H-3"), 3.61 (1 H, dddl, s = 12.4
Hz, Jsga = 7.3 Hz,Js6 = 2.5 Hz, H-5), 3.59-3.62 (1H, m, H¥ 3.69-3.73 (2 H, m, H-5' H-7),
4.03-4.07 (2 H, m, H-4’, H-$, 4.12 (1 H, ddJsaeo= 12.4 Hz,Js6» = 4.8 Hz, H-§), 4.18 (1 H, ddd,
Jsg = 6.6 HZ,Jg7a = 3.0 Hz, Jo. 7 = 2.0 Hz, H-6"), 4.48 (1 H, dl = 11.9 Hz, 1 x OCkPh), 4.53 (1
H, d,J = 10.9 Hz, 1 x OCkPh), 4.59 (1 H, dd] = 11.4 Hz, 1 x OCkPh), 4.61 (1 H, dd] = 12.3 Hz,
1 x OCHPh), 4.84 (1 H, dJ = 10.86 Hz, 1 x OCHPh), 4.89 (1 H, dJ,, = 8.2 Hz, H-1), 4.89 (2 H,
d,J = 10.4 Hz, 2 x OCkPh), 4.94 (1 H, dJ = 11.1 Hz, 1 x OCHPh), 5.00-5.06 (2H, m, H-4, H-2),
519 (1 H, atJ3= Js4 = 9.5 Hz, H-3), 7.16-7.18 (2 H, m, Ar-H), 7.27-7.3B(#, m, Ar-H); °C
NMR (500 MHz, CDC}) ¢ 20.3, 20.6, 20.6, 20.7 (4 x OC®Ig), 22.1 (C-1’), 62.0 (C-6), 68.4 (C-4),
68.5 (C-7’), 70.9 (C-2), 72.0 (C-6" or C-5), 72.8-6' or C-5), 72.9 (C-3), 73.4 (OGHRh), 74.9
(OCH,Ph), 75.5 (OCkPh), 75.5 (OCKPh), 78.2 (C-5'), 82.5 (C-4’), 84.5 (C-3'), 94.6-(¢, 102.4
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(C-2)), 127.5, 127.5, 127.6, 127.6, 127.8, 127.83.3, 128.3, 128.4(4 x OGFh), 138.1, 138.2,
138.4, 138.6 (4 x 1 C, 4 x OGPh), 169.0, 169.4, 170.3, 170.6 (4x C=0); IR (filin): 3029, 2931,
1755 (C=0), 1496, 1454, 1366, 1230, 1211, 1038, 888 cm; HRMS m/z(ESI"): [M+Na]" calcd.

for C47Hs30:3Na’, 907.3517; found, 907.3512.

1-Deoxy-a -D-gluco-hept-2-ulopyranosyl-(2-1)-a-d-glucopyranosidg32) *°

101 (120 mg, 0.13 mmol) was dissolved in 15 mL methavith NaOMe (30 mg, 0.55 mmol, 4 eq)
and stirred at room temperature for 1 hour until catgptlisappearance of starting materialQ85)
and appearance of a new spot@®5) was observed by TLC (petrol:EtOAc, 1:1) aedagtylated
sugar was detected by ESh/z(M+Na"): 741.3. Reaction was neutralized with DOWEX 50WX8 (H
form) ion exchange resin and concentratedacuo The clear oil was redissolved in ethanol (15 mL)
and to this was added basic alumina (70 mg) and 20% Pd©KBO0 mg) and palladium was
activated by repeat purge flush cycles with hydrogen. Remacdtias stirred under hydrogen
atmosphere (balloon) at room temperature. After 72 hiogaetas filtered through filter paper and
filtrate was evaporated and purified by column chromatalgr(ethyl acetate:methanol, 9:5) to give
the desired, fully deprotected sugar, as a clear oil (43B8%).

TLC (MeOH:EtOAc 1:1 viv) R=0.5; [a]2D5 +121.2 (0.32 in MeOH; [Lit. [oc]é7 +140.0 (c =0.83in
MeOH)]™; *H NMR (400 MHz, DO) ¢ 1.47 (3 H, s, C-1"), 3.24 (1 H, d; 4 9.9 Hz, H-3), 3.35 (2 H,
at,Js5 = Jse = 9.6 Hz, H-5’, H-4), 3.53 (1 H, dd;3 = 10.0 Hz,J,, = 3.7 Hz, H-2), 3.59 (1 H, dd,
Joaep= 12.3 Hz,Js6a= 5.5 Hz), 3.61 (1 H, ddl;a o= 11.8Hz, Js7a= 5.1 Hz, H-7a), 3.67 (1 H, ak
=J45= 10.8 Hz, H-4), 3.73 - 3.83 (5 H, m, H-6b, H-5, HK84' H-7b’), 3.99 (1 H, dddJs¢ = 10.1
Hz, Js 7= 5.3 Hz,Js. 7o = 2.3 Hz, H-6"), 5.22 (1 H, d}; , = 3.8 Hz, H-1)*C NMR (126 MHz, DO) &
22.5 (C-1'), 60.5 (C-6), 60.5 (C-7), 69.8 (C-4),89C-5), 71.4 (C-5), 71.8 (C-2), 72.3 (C-6"), B2.
(C-3), 72.8 (1 C-4), 76.4 (C-3), 91.5 (C-1), 101(C-2'); MS m/z (ESI'): 379.2[M+Nal;
Spectroscopic data matches previously reported®data
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8.2.6.2 Synthesis of compound 83

2,3,4,6-Tetra-O-acetyd-D-glucopyranosyl bromide (248)

OAc

o}
AcO
AcO
OAc

Br

Hydrogen bromide (33% w/v in acetic acid, 10 mL) wadealito130(2.98 g, 7.63 mmol) in DCM
(20 mL). After 2 h TLC (petrol:EtOAc, 1:1), indicatéarmation of a product (R0.7) with complete
consumption of the starting material R6). Ice water (25 mL) was added and the reaction mixture
stirred for 10 min. The phases were separated and theumglsg@r re-extracted with DCM (3 x 8
mL). The combined organic layers were washed with sodiyainolgen carbonate (saturated aqueous
solution) until pH 8. The organic layer was filtered andoemtratedn vacuoto afford the desired

compound (3 g, 90 %) as a colorless ail.

TLC (petrol:EtOAc, 1:1, viv): R= 0.7; [a]3 +120 (c = 1, CHG) [Lit. [a] +122 (c = 1, CHG)]®;
'H NMR (400 MHz, CHLOROFORM) § ppm 2.03 (s, 3 H, 1 x OCOGH 2.06 (3 H, s, 1 x
OCOCH), 2.09 (3 H, s, 1 x OCOGH 2.10 (3 H, s, 1 x OCOGH 4.12 (1 H, dJsaer= 10.8 Hz, H-
6a), 4.35 (2 H, m, H-6", H-5), 4.84 (1 H, dib,s = 9.8 Hz,J;, = 4.1 Hz, H-2), 5.16 (1 H, alg.= Jas
= 9.8 Hz, H-4), 5.56 (1 H, atl,s= Js4= 9.6 Hz, H-3), 6.61 (1 H, d},, = 4.1 Hz, H-1); MSm/z
(ESI): 413.1 (M+H).

3,4,6-Tri-O-acetyl- D -glucal (132§

OAc
(0]
AcO
AcO —

249 (3 g, 6.87 mmol) was dissolved in acetone (10 mLewélt0 mL). Zinc powder (6 g) was added
and reaction was stirred at room temperature overnighun dpmpletion of reaction by TLC, product
is slightly less polar than starting material one spetQB5) in (petrol:EtOAc, 1:1) and stains much
darker in acid stain. Reaction was filtered through eelitd product was concentraiedvacuoto

produce the desired compound (2.31 g, 91%) as a yellow oil.

TLC (petrol:EtOAc, 2:1, viv): R= 0.55;[a]?'-14 (c = 1, CHG)) [Lit. [a]Z -21 (c = 1, CHG)]* *H
NMR (400 MHz, CHLOROFORM) § ppm 2.02 (3 H, s, 1 x OCOGH2.07 (3 H, s, 1 x OCOGH{
2.10 (3 H, s, 1 x OCOCH 4.19 (1 H, ddJeaso= 12.1, HzJs6a = 3.1 Hz, H-6a), 4.22 - 4.30 (1 H, m,
H-5), 4.41 (1 H, ddJsaeo= 12.0 Hz,Js 6 = 5.7 Hz, H-6b), 4.85 (1 H, dd, = 6.1 Hz,J,5 = 3.2 Hz,
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H-2), 5.23 (1 H, ddJss = 7.6 Hz,Jss = 5.1 Hz, H-4 ), 5.32 - 5.40 (1 H, @h= Js.= 4.9 Hz, H-3),
6.47 (L H, ddJ= 6.1 Hz, 1.0 Hz, H-1); M&/z(ESI'): 295.2 [M+Nal].

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-fluom-glucopyranose (1343

AcO
0
AcO

F OAc
132 (4.87g, 17.9 mmol) was dissolved in 5:1 Mel#}O (18mL) To this was added Selectfluor
(7.24g, 20.33mmol) and the mixture was stirred atoR@rnight according to the procedure by albert
el af®. The mixture was then headed to reflux for 1 hour leefbe solvents were removed. Crude
product was re-dissolved in DCM and passed througleceliremove the selectfluor salts. After
concentration the residue was dissolved inQAand pyridine and stirred at RT for 1 hour. Upon
completion TLC (petrol:EtOAc, 2:1) showed product (F5) and reaction was concentratedacuo
and purified by column chromatography (petrol:EtOA@&) 1o give the desired lactol as a 1:1 mixture
of 133 and 134 The manno and gluco derivatives were then partially agghrby flash
chromatography (petrol:EtOAc, 3:1) yielding pure the d@ekicompound after two rounds of
chromatography a clear oil (745 mg, 14%) as a 3:1 maxdfo. andp anomers.

TLC (petrol:EtOAc, 2:1, viv): R= 0.5; [a]3' +49.3 (c = 1, CHG) [Lit. [a]5 + 445 (c = 1,
CHCL)]*; *H NMR (CHLOROFORMSé) 6 ppm 2.02-2.19 (30 H, 15 x OCOGH. 15 XOCOCH; -B),

3.85 (1 H, dddJ)s5=9.8 Hz,Js6a=2.3 Hz,J56b=4.4 Hz, H-B), 4.03-4.09 (3 H, m, H& H-6B, H-

50), 4.25 (2 H, dJ =4.3 Hz, H-G, H-68), 4.27-4.30 (2 H, m, H& H-6B), 4.44 (1 H, dddJx;r

=50.77 Hz,J3,=8.7 Hz,J3 ; =8.7 Hz, H-B), 4,64 (2 H, dddJ,r =48.51 Hz,J1, 5, =9.6 HZ,Js,3

=4.0 Hz, H-2), 5.07 (2 H, at) =9.7 Hz, H-4, H-4p), 5.36 (1 H, dtJ=14.2, 9.3 Hz H-B), 5.53 (1
H, dt,J=12.3, 9.5 Hz, H-8), 5.77 (1 H, ddJ,,=8.2 Hz,J,£ =3.2 Hz, H-B), 6.4 (1H, dJ.., =4.04
Hz, H-1a); **F NMR (CHLOROFORMEd) § ppm -201.47, -200.72; M8/z(ESI): 368.2 [M+NH,]",

723.1 [2M+Na].

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-fluom-mannopyranose (133)

AcO F

AcO
AcO
OAc

133 was isolated when 3,4,6-Tri-O-acetyglucal was treated with selectfluor and then acetylated
with pyridine and AgO during the synthesis &3. It was isolated as the lower spot (R45) TLC
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(petrol:EtOAc, 2:1) by flash chromatography (petrol:Et)A:1) (1.53g, 25%) By NMR product is a
6:1 mixture ofou andp anomers.

TLC (petrol:EtOAc, 2:1, viv): Re 0.45; [0]2'6.7 (c = 1, CHQ) [Lit. [o]?+39.3 (c = 1, CHG)*;
H NMR (500 MHz CHLOROFORME) & ppm 2.03-2.22 (30 H, m, 15 x OCOGH 15 xOCOCH -
B), 3.86 (1 H, dddjss=10.1 Hz,Js a=4.7 Hz,Js 5o= 2.2, H-B), 4.05 (1 H, dddss= 10.2 Hz, Js 6
= 4.01 HzJsep = 2.1 Hz H-B), 4.03-4.11 (2 H, m, H H-68), 4.28 (2 H, ddJsaso= 12.3 HzJs 6 =
4.4 Hz, H-G, H-6B), 4.45 (1 H, dddj,r = 46.3 HzJ1,» = 8.7 Hz,Jo5 = 8.7 Hz, H-B), 4.75 (3 H,
ddd, J, ¢ = 46.3 Hz,J1» = 2.2 Hz,Jp5 = 2.2 Hz, H-2), 5.04-5.11 (1 H, m, Hf}), 5.21-5.31 (2 H, m,
H-30, H-38), 5.40 (3 H, at)ss = Jas= 10.9 Hz, H-4), 5.55 (1 H, dtJsr =12.2 Hz,Jp5= Jss = 9.5
Hz, H-3), 5.78 (1 H, ddJ;»=5.4 Hz,J,r=3.2 Hz, H-B), 6.27 (1 H, ddJ., =6.5,Ji.r =2.4 Hz,
H-10); °F NMR (377 MHz, CHLOROFORM) & ppm -203.82, -202.20 ; M8Vz (ESI): 368.2
[M+NH.]".

3,4,6-Tri-O-acetyl-2-deoxy-2-fluoras -glucopyranoside (83}

OAc

Q
AcO
AcO

F OH

A solution of the134* (251.0mg, 0.716 mmol, 1 equiv) in DMF (20mL) was tegawith hydrazine
acetate (79.4 mg, 0.862 mmol, 1.2 equiv) at RT for 18Jon completion by TLC (RO0.4)
(petrol:EtOAc, 1:1), reaction was extracted into DCM, washkiglal satd. brine soln and satd NaH{O
soln and concentrated en vacuo. The residue was purifiedlbsnn chromatography (petrol:EtOAc,
1:1) to yield the desired compound (157mg, 71%) as a oieaProduct was found to be a 33

mixture.

TLC (petrol:EtOAc, 1:1, Viv): R= 0.4; [a]® +87.2 (c = 1, CHG) [Lit. [«]?> +100 (c = 0.8,
CHCL)]*: 'H NMR (500 MHz CHLOROFORM-dp ppm 2.03-2.11 (18 H, 9 x OCOGHx 9 X
OCOCH;-p), 3.78 (1 H, dddjss= 10.0 HzJsea= 4.7 Hz,Jsep= 2.1 Hz, H-B), 4.07-4.14 (3 H, m,
H-6a, H-68, H-50), 4.20-4.34 (3 H, m, H, H-6B, H-2B), 4.48 (1 H, dddJ,; = 49.5 Hz,J,5-9.6
Hz, Ji, = 3.8 Hz H-21), 4.92 (1 H, dd), = 7.6 Hz,J. = 2.8 Hz, H-B), 5.00-5.05 (2 H, m, He4 H-
4B), 5.31-5.34 (1 H, m, Hf9, 5.49 (1 H, dJ,,= 3.5 Hz, H-k), 5.61 (1 H, adt)ss = 9.09 HzJ,5 =
9.09 Hz, Jsf = 4.55 Hz, H-8), *°F NMR (1H) (377 MHz, CHLOROFORM-dj ppm -200.08, -
199.4; MSm/z(ESI): 326.2 [M+NH]".
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8.2.6.3 Synthesis of compound 33

3,4,5,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-3,4,6-tri-O-acetyl-2-deoxy-2-

fluoro-e-D-glucopyranoside (100)

0
o O \—0Ac
BnO OBn
BnO OBn OAc
OAc

85 (81 mg, 0.15 mmol, 1 eq) ar@B (69 mg, 0.22 mmol, 1.5 eq) were driedvacuofor 1 hour and
then dissolved in anhydrous @E, (7 mL) and added to a dry flask in the presence of molecular
sieves (ca. 100 mg). To this was added TMSOTf{1@.054 mmol, 0.3 eq) at —40 °C under an Ar
atmosphere. The resulting mixture was stirred for 2 h wglich time TLC (petrol:EtOAc, 2.5:1)
revealed the production of two very close new product sfit§.3) and (R0.27) and complete
consumption of starting material. The reaction was theanched by the addition 0.01mL
triethylamine, filtered through Celiteand concentrated to produce. The crude product wasepurif
by column chromatography (petrol:EtOAc, 2:1) to gie tdesired compound as a colorless oll

(104 mg, 82%) and a 6:1 mixture ofa (89.1 mg) tou,3. None of then, product was obtained to
purity.

TLC (petrol:EtOAc, 5:2, viv): R= 0.30;[a]%* + 65.5 (c = 1.0, CH@J *H NMR (500 MHz, CDCJ):
5148 (3H, s, C-1),201 (3H,s, 1x OCOgH2.06 (3 H, s, 1 x OCOGH 2.08 3 H, s, 1 x
OCOCH), 3.35 (1H, dJs4 = 9.4 Hz, H-3'), 3.62 (1 H, Ml7a 7= 11.0 Hz,Js 7a=1.6 Hz, H-7b), 3.65
(1 H, at,Jdse = Jss= 9.8 Hz, H-5"), 3.71 (1 H, dlza7= 11.3 Hz,Js 7a= 4.1 Hz, H-7a), 3.83 (1 H, dd,
Jobsa= 12.5 Hz,Jeps = 2.0 Hz, H-6b), 3.97 (1 H, ddds ¢ = 9.9 Hz,Js.70 = 2.0 Hz,Js.7y = 1.7 Hz,
H-6"), 4.06 (1 H, atJss= Jas= 9.4 Hz, H-4"), 4.08 (1 H, ddlsass= 12.3 Hz, Jsae = 4.5 Hz, H-6a),
433 (1 H, dddJss = 10.4 Hz,Js g = 4.7 Hz,Js g = 2.2 Hz, H-5), 4.49 (1 H, d = 12.3 Hz, 1 X
OCH,Ph), ), 4.54 (6 H, dddl,r = 48.0 Hz,J,3= 9.8 Hz,J,, = 3.8 Hz, H-2), 457 (1 H, d = 11.1
Hz, 1 x OCHPh), 4.60 (1 H, dJ = 12.3 Hz, 1 x OCHPh), 4.62 (1 H, d) = 10.4 Hz, 1 x OChPh),
4.83 (1L H, dJ =10.9 Hz, 1 x OCkPh), 4.93 (1 H, dJ = 11.4 Hz, 1 x OCkPh), 4.96 (1 H, dJ =
12.3 Hz, 1 x OCKPh),  4.99 (1 H, d] = 11.4 Hz, 1 x OCkPh) 4.99 (1 H, dtJss= Js.4= 9.6 Hz,
Jir=3.0 H2),5.46 (1 H, dJ,»= 3.9 Hz, H-1), 5.61 (1L H, digr = 12.2 Hz,Js4 = 9.4 Hz,J,3= 9.4 Hz
H-3), 7.16 - 7.37 (20 H, m, Ar-H)?C NMR (126 MHz, CHGJ): ¢ 20.6, 20.6, 20.8 (3 x OCQ®),
22.9 (C-1’), 61.6 (C-6), 67.0 (C-5), 68.2 (C-4),58C-7’), 71.3 (1L C, dlesr= 26.5 Hz,C-3) 71.3
(C-6’), 73.1 (OCHPh), 74.6 (OCHPh), 75.5 (OCKPh), 75.5 (OCKPh), 78.2 (C-5'), 82.6 (C-4),
84.5 (C-3"), 87.2 (1 C, dlczr = 195.5 Hz, C-2), 88.8 (1 C, de1r= 21 Hz, C-1), 101.5 (C-2),
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127.5,127.5,127.6, 127.7, 127.8, 127.9, 127.9,21228.3, 128.4(4 x OGRh), 138.2, 138.4, 138.6
(4x1C, 4x0OCHPh), 169.7, 170.1, 170.5 (3 x C=G¥F NMR (1H) (377 MHz, CHG): § -197.5;
IR(thin film) 3064, 3030, 2940, 1754 (C=0), 160540, 1497, 1454, 1366, 1223, 1132, 1089, 1064,
974, 949, 912, 872, 751, 737 AnHRMSm/z(ESI'): [M+Na]" calcd. for G/HssFO.3Na’, 867.3365;
found, 867.3362.

3,4,5,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-3,4,6-tri-O-acetyl-2-deoxy-2-
fluoro-B-D-glucopyranoside (135)

BnO 0

OAc
BnO 0OBn

OAc

Following the procedure in Li, 208a solution 0f99 (24 mg, 0.045 mmol, 1 eq) ar88 (29 mg,
0.094 mmol, 2 eq) and 4 A molecular sieves (100 mgyiry CHCl, (5 mL) was stirred under
nitrogen atmosphere at room temperature for 30 min. Sidietion was cooled to -78 °C and
TMSOTf (5 uL, 0.027 mmol, 0.5 eq) was added. The reaction mixturestiaed at-78 °C for 30
minutes. The reaction was monitored by TLC (petrol:EtOAS;1} and upon completion one broad
product spot was visible {®.3) with disappearance of starting gly88l (R; 0.8) and reaction was
quenched with triethylamine (2@) and passed through CefiteAfter the removal of the solvent
under reduced pressure, the residue was purified by géiceolumn chromatography (petrol:EtOAc,
5:2) as the eluent to afford the products (35 mg, 95%)mixture of thex,a anda,p and gluco and
manno sugars. From these only the titled compaaudd be isolated to purity as a clear oil (10 mg,
28%).

TLC (petrol:EtOAc, 5:2, viv): R= 0.30;[a]%' + 39.7 (c = 0.37, CHgJ *H NMR (500 MHz,CDC)):
01.42 (3H, C-1),2.02 (3H, s, 1 x OCOQH2.05 (3 H, s, 1 x OCOGH 2.09 (3 H, 1 x OCOCH),
3.40 (1 H, dJs.s = 9.8 Hz, H-3"), 3.59 (1 H, dddlys = 10.0 HzJs 6= 5.1 Hz,Js 65 = 2.5 Hz, H-5),
3.63-3.70 (3H, m, H-7a', H-7b’, H-5"), 4.99-4.11H2m, H-6b, H-4’), 4.09 (1 H, ddlss = 11.8 Hz,
Jsasp= 5.5 Hz, H-6a), 4.21 (1 H, ddd ¢ = 10.1 Hz, Jg.7a = 3.9 Hz, Jg. 7y = 1.42 Hz, H-6"), 4.37 (1
H, ddd,Je»= 50.0 Hz,J,5 = 9.1 Hz,J;, = 8.2 Hz, H-2) 4.50 (1 H, d,= 12.0 Hz, 1 x OCkPh), 4.54
(1 H,d,J=10.7 Hz, 1 x OCHPh), 4.59 (1 H, dJ = 12.0 Hz, 1 X OCkPh), 4.71 (1 H, d) = 11.7 Hz,
1 x OCHPh), 4.85 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.87 (1 H, dJ = 11.0 Hz 1 x OCHPh), 4.91
(1 H, d,J = 13.3Hz, 1 x OCHPh) 4.94-4.98 (2 H, m, H-4, 1 x OGPh), 5.01 (1 H, dd};»= 7.7 Hz
Jir = 2.4 Hz, H-1), 5.30 (1 H, dfar = 14.2 Hz,J,5 9.2 Hz,J34 9.2 Hz, H-3), 7.16 - 7.34 (20 H, m,
Ar-H); 3C NMR (126 MHz, CDGJ): § 22.3, 22.6, 23.1 (3 x OCO®), 28.8 (CH), 61.9 (C-6), 68.2
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(1 C, dJcar= 5.0 Hz,C-4), 68.6 (C-7), 72.1 (C-5), 72.6 (C-6’), 73.0Q¢1 d,Jc.3r = 18.9 Hz, C-
3), 73.1 (OCHPh), 73.5 (OCKPh), 75.0 (OCkLPh), 75.5 (OCKPh), 78.2 (C-5'), 82.7 (C-4’), 84.2
(C-3), 88.9 (1 C, dJcor= 189 Hz,C-2), 94.0 (1 C, dJesr= 23.9 Hz,C-1), 102.6 (C-2"), 127.5,
127.69, 127.7, 127.7, 127.8, 127.8, 128.0, 128.3, QCHPh), 138.1, 138.6 (4x 1 C. 4 x OGhh),
169.4, 170.13, 170.5 (3 x C=0fF NMR (377 MHz, CDGJ) § -198.52; IR (thin film): 2921, 1754
(C=0), 1586, 1549, 1513, 1495, 1453, 1366, 1249611100, 1055, 1029, 735, 698 ¢THRMS
m/z(ESI"): [M+Na]" calcd. for G/HssFOy3Na', 867.3365; found, 867.3362.

1-Deoxywe-D-gluco-hept-2-ulopyranosyl-(2»1)-2-deoxy-2-fluoroe-D-glucopyranoside (33)

100(66.6 mg, 0.078 mmol, 1 eq) was dissolved in 15 nethanol with NaOMe (20 mg, 0.37 mmol,
4.8 eq.) and stirred at room temperature for 3 hours ecottiplete disappearance of starting material
(Rf 0.55) and appearance of a new spatR5) was observed by TLC (petrol:EtOAc, 1:1) and
deacetylated sugar was detected by B8z (M+Na"): 741.3. Reaction was neutralized with DOWEX
50WX8 (H' form) ion exchange resin and concentratedacuo The clear oil was re-dissolved in
methanol (10 mL) and to this was added basic aluminan(g)7and 20% Pd(OHY (112 mg) and
reaction was stirred under hydrogen atmosphere (balldawpe temperature. After 48 h. reaction
was filtered through filter paper and filtrate was exraped and purified by column chromatography
(EtOAc:MeOH, 7:3) and Isolute SPEdartridge to give the desired, fully deprotected sugag as
clear oil (27 mg, 98%).

TLC (EtOACc:MeOH, 1:1, v/v): R= 0.55; [a|Z + 95.5 (¢ = 0.42, MeOHJH NMR (500 MHz, BO):
§1.45 (3 H,s, C-1'), 3.24 (1 H, dg4= 9.8 Hz, H-3'), 3.33 (1 H, atlys = Js¢= 10.1 Hz, H-5'), 3.40
(LH, atJss=Jss= 9.6 Hz, H-4), 3.63 (1 H, ddlgaep= 11.8 Hz Js 6a= 5.8 Hz, H-6a), 3.66 (1 H, dd,
Jrazn=11.9 Hz,Js 72 = 5.7 Hz, H-7a’), 3.67 (1 H, | = 9.5 Hz, H-4’), 3.72 - 3.79 (3 H, m, H-6b, H-
70’, H-6"),3.80 (1 H, dddjss = 10.1 Hz,Js 62 = 5.0 Hz, Js o= 2.4 Hz, H-5), 4.02 (1 H, dfig = 12.9,
Joa= 9.4 Hz,Jo3= 9.4 Hz, H-3), 4.36 (1 H, dddr = 49.5 Hz,J,5= 9.8 Hz,J;, = 3.8 Hz, H-2),
5.45 (1 H, dJi»= 4.1 Hz, H-1);°C NMR (126 MHz, RO): 6 22.27 (C-1’), 60.31 (C-6), 60.59 (C-
7), 69.2 (1 C, dJcur= 7.5 Hz, C-4), 69.8 (C-5"), 71.2 (1 C, dcsr= 17.6 Hz, C-3), 71.9 (C-5),
72.5 (C-6), 72.9 (C-4"), 76.1 (C-3'), 88.8 (C-B9.7 (1 C, dJc..r = 189 Hz,C-2), 101.1 (C-2)F
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NMR (377 MHz, DO) 6 -197.2 (dt ), = 49.3 Hz,J. ¢ = Jsr = 12.6 Hz); HRMSm/Z(ESI'): [M+Na]"
calcd. for GsH,sF OgNa* 381.1173; found, 381.1167.

8.2.6.4 Synthesis of compound 34.

3,4,5,7-Tetra-O-benzyl-1-deoxy-D-galacto-hept-2-ulopyranosyl-(21)-2,3,4,6-tetra-O-acetyd-D-
glucopyranoside (142)

AcO

BnO OBn OAc

OBn OAc

OAc

93(176.1 mg, 0.317 mmol, 1 eq) aBd (146.2 mg, 0.419 mmol, 1.3 eq) were dredacuofor 1
hour and then dissolved in anhydrous,CH (8 mL) and added to a dry flask in the presence of
molecular sieves (ca. 100 mg). To this was added TMSQ@Gfl, 0.54 mmol, 0.17 eq) at —40 °C
under an Ar atmosphere. The resulting mixture was stime80 min until TLC (petrol:EtOAc, 5:2)
revealed the production of two new product spotQ(B) and (R0.27) and complete consumption of
starting material. The reaction was then quenched by thi#oamd@.1 mL triethylamine, filtered
through Celit® and concentrated to produce. The crude product was purifiedcolumn
chromatography (petrol:EtOAc, 5:2) to give as a colortgls@46 mg, 88%) as a mixture afa and

a,p products (5:1) that were separated during further chiagregphy (petrol:EtOAc, 3:1) to yield the
desired compound as exclusively (180.7 mg, 65%)

TLC (petrol:EtOAc, 5:2, viv): R= 0.30; [o]% +72.0 (c = 1.0, CHG); *H NMR (500 MHz, CDCJ):
9 1.46 (3 H, s, C-1), 1.94 (3H, s, 1x OCOgIR.01 (6 H, s, 2 x OCOGH 2.04 (3 H, s, 1 x
OCOCH), 3.40 (1 H, ddy}sa 8.9 Hz,Js 74 5.3 Hz, H-7b"), 3.56 (1 H, ddza 7= 8.4,J674= 8.4 Hz,
H-7a"), 3.75 (1 H, ddJsacp= 12.5 HzJs 6 = 2.2 Hz, H-6b), 3.83 (1 H, d34 9.9 Hz, H-3), 4.01 (1 H,
Brs, H-5), 4.02 (1 H, ddJsaey = 12.2 HzJsea = 4.2 Hz, H-6a), 4.07 (1L H, ddss -9.9,J56 = 2.6
Hz, H-5%), 4.10 (1 H, ddd) = 7.2, 4.3, 1.2 Hz, H-6") 4.34 (1 H, d= 11.8 Hz, 1 x OCHPh), 4.38 (3
H, ddd,Jss = 10.4 Hz,Js 60 = 4.3 Hz,Js e = 2.2 Hz, H-5), 4.40 (1 H, dj = 11.6 Hz, 1 x OChPh),
4.57 (L H, dJ = 11.6 Hz, 1 x OCkPh), 4.61 (1 H, d) = 11.1 Hz, 1 x OChPh), 4.82 (1 H, Br. s, 1 x
OCH,Ph), 4.95 (1 H, dJ = 11.4 Hz, 1 x OCkPh), 4.99 (1 H, ddJ, 3= 10.2 Hz,J;, = 3.6 Hz, H-2),
5.02 (1 H, at)i»= J»3= 10.1, H-2), 5.04 (2 H, d] = 10.41 Hz, 1 x OCHPh), 5.06 (1 H, dJ = 10.2
Hz, 1 x OCHPh), 5.33 (1 H, dJ;, = 3.6 Hz, H-1), 5.53 (1 H, alps = J34 = 9.8 Hz, H-3), 6.85 - 7.64
(20 H, m, Ar-H);3C NMR (126 MHz, CDGJ)  20.3, 20.6, 20.6, 20.7 (4 x OCEIg), 22.4 (C-1’),
61.6 (C-6), 67.0 (C-5), 68.4 (C-4), 68.4 (C-7) 70G-2), 70.5 (2 C, s, C-4 and C-6), 72.6
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(OCH,Ph), 73.5 (OCHPh), 74.2 (¢5"), 74.5 (OCHPh), 75.6 (OCLPh), 80.1 (-4"), 80.86 ((-3),
89.3 (C-1), 102.3 (¢-2"), 127.5, 127.5, 127.6, 127.7, 127.8, 127.9, 12828.2, 128.2, 128.3, 128.¢
x OCH,Ph), 137.6, 138.4, 138.6, 138.7 (4 x 1 C, 4 x GPh), 169., 169.9, 170.2, 170.6 (4 x C=
IR (thin film): 3030, 2932, 2868, 1752 (C=0), 149454, 1368, 1221, 1139, 1100, 1038, 963,
877, 845, 772.3, 753 ¢*; HRMS m/z (ESI"): [M+Na]* calcd. for (7Hs40:5Na", 907.3517; founc
907.3511; analysis (calcdfound for (47Hs3013): C (66.81,66.59), H (6.37, 6.4

1-deoxy- m-D-galactc-hept2-ulopyranosy-(2—1)-a-D-glucopyranoside(34) *°

HO
OoH ©O
HO on © Q OH
OH OH
OH

142 (163.2 mg, 0.184 mmol, 1 eq) was dissolved irmL methanol with NaOMe (46.2 mg, 0.8
mmol) and stirred at room temperature for 1 hour wotinpete disappearance of starling materriy
0.55) and appearance of a new sp¢ 0.05) was observed TLC (petrol:EtOAc, 1:) and
deacetylated sugar was detected by" m/z (M+Na): 739.2. Reaction was neutralized with DOW
50WX8 (H" form)ion exchange resin and concentrain vacuc. The resulting clear oil we
redissolved in ethanol (mL) and solutionwas degassed with nitrogen. To this was added

alumina (50 mg) and 20% Pd(C,/C (7C mg) and reaction was stirred under hydrogen atmos|
(balloon) at room temperature. After 72 h. reaction waesrdid through filter paper and filtrate w
evaporeed and purified by column chromatography (9:5 ethylaegstatbancol) to give tthe desir
fully deprotected sugar, as a clear

(23 mg, 32%). TLC (petrol:EtOAc, 1:1, vV)s = 0.5 [a]¥ + 156.5 ¢ = 0.4€, MeOH); [Lit. [a]?

+164.9 (c = 0.6, MeOH)I*%; *H NMR (500 MHz, CDCy): 6 1.51 (3 H, s, +1°), 3.38 (1 H, atJs 4=

Jis= 9.6 Hz, +-4), 3.55 (1 H, dJs 4= 10.1 Hz, +-3), 3.56 (1 H, ddJ, 5= 10.1 Hz,J;; = 3.8 Hz, }-
2), 3.66 (1 H, ddJ;a 7= 12.0 Hz,Js 1= 5.4 Hz, }-7b’), 3.69 (1 H, ddJ;a 7= 12.0 Hz Js, 7o= 7.7 Hz,
H-7a), 3.71 (1 H, dcJsae = 12.6 Hz,Js 6. = 5.4 Hz, }-6a), 3.77- 3.85 (3 H, m, I-3, H-5, H-6b), 3.94
(1 H, dd,Js5= 3.5 Hz,Js¢ = 1.1 Hz, I-5"), 3.95 (1 H, ddJs4 = 10.7 Hz,J,c = 3.5 Hz, +-4), 4.22 (1
H, ddd,Js 7. = 7.1 Hz,Js 7 = 5.0 Hz,J5 6 = 1.4 Hz, }-6"), 5.26 (1 H, dJ;; = 38 Hz, -1); ®C NMR
(126 MHz, CDCy): & 25.2 (C-1'), 63.0 (C-6), 63.6 ((-7"), 71.8 (C-5), 72.0 (C-4'), 72.4 (C-4), 73.8
(C-6"), 73.9 (C-2), 74.2 (¢-5), 75.0 (¢-3), 75.9 (¢-3"), 94.0 (C-1), 103.7 (¢-2'); MS m/z (ESI"):
379.M+Na]*. Spectroscopic damatches with that previously repor **
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8.2.6.5 Synthesis of compound 35.

3,4,5,7-Tetra-O-benzyl-1- deoxyb-galacto-hept-2-ulopyranosyl-(21)-3,4,6-tri-O-acetyl-2-

deoxy-2-fluoroe-D-glucopyranoside (143)

oBn O
BnO o Q OAc

OBn OAc

OAc

93(88.7 mg, 0.16 mmol, 1.15 eq) aBd (44.1 mg, 0.14 mmol, 1 eq) were drigdvacuofor 1 hour
then dissolved in anhydrous @B, (7 mL) and added to a dry flask in the presence of molecular
sieves (ca. 100 mg). To this was added TMSOTf, (8.027 mmol, 0.18 eq) at —40 °C under an Ar
atmosphere. The resulting mixture was stirred for I lupon which time TLC (petrol:EtOAc, 5:2)
revealed the production of two new product spot(B) and (R0.27) and complete consumption of
starting material. The reaction was then quenched by thigicad 0.01mL triethylamine, filtered
through Celit€ and concentrated. The crude product was purified byrmuolghromatography
(petrol:EtOAc, 2:1) to give a 6:1 mixture of thea and a,p products (106 mg, 90%). Further
purification in (petrol:EtOAc, 3:1) yielded the desireompound (70.7 mg, 60%) as a colorless oil.
a,p product was not obtained to purity through this roéth

TLC (petrol:EtOAc, 5:2, viv): R= 0.30; [o]3' + 46.6 (c = 0.78, CH@ *H NMR (500 MHz,
CDCly): 6 1.47 (3 H, s, C-1), 2.01 (3 H, s, 3 X OCOgHR.06 (3H, s, 3 X OCOCH 2.09 (3H, s, 3 X
OCOCH), 3.52 (2 H, ad) 6.6 Hz, H-7a’, H-7b"), 3.83 (2 H, ddsaep 12.5 Hz,Jsep 2.4 Hz, H-6b),
3.84 (1H, dJs4 = 9.8 Hz, H-3"), 3.98 (1 H, ddls = 2.7 Hz,Js s = 1.4 Hz, H-5"), 4.05 (1 H, ddls 4
9.9 Hz,Js5 = 2.7 Hz, H-4"), 4.08 - 4.15 (2 H, m, H-6", H-62)38 (1 H, dddJss = 10.3 Hz,Jsea =
4.8 Hz,Js60 = 2.2 Hz, H-5), 4.42 (1 H, d = 12.0 Hz, 1 x OCkPh), 4.47 (1 H, dJ = 11.9 Hz, 1 x
OCH,Ph), 4.53 (1 H, dddl,¢ = 50.8 HzJ,5 = 9.6 Hz,J;, = 3.9 Hz, H-2), 4.58 (1 H, d,= 11.3 Hz,
1 x OCHPh), 4.63 (1 H, dJ = 11.3 Hz, 1 x OCPh), 4.76 (1 H, dJ = 11.9 Hz, 1 x OCkPh), 4.79
(1 H,d,J=12.0 Hz, 1 x OCLPh), 4.93 (1 H, dJ = 11.3 Hz, 1 x OCHPh), 5.00 (2 H, tJ = 9.7 Hz,
H-4), 5.02 (1 H, dJ = 11.3 Hz, 1 x OCkPh), 5.44 (1 H, dJ;, = 4.1 Hz, H-1), 5.61 (1 H, adl;¢ =
12.3 Hz,J34= Jo3= 9.5 Hz, H-3), 6.87 - 7.54 (20 H, m, Ar-H), 7.3% NMR (126 MHz, CDGJ): 6
20.6, 20.6, 20.8 (3 x OCOE), 22.7 (C-1'), 61.63 (C-6), 67.0 (C-5) 68.0 (1 €,Jc.ar =7 Hz, C-4,),
68.7 (C-7), 71.1 (1 C, dlcsr = 18.9 Hz, C-3), 71.1 (C-6’), 72.6 (OGPh), 73.1 (OCKPh), 74.4
(OCH,Ph or C-5'), 74.5 (OCHPh or C-5"), 75.5 (OCHPh), 80.1 (C-4), 80.6 (C-3) 87.5 (1 C, i
or 194 Hz, C-2), 88.7 (1 C, dear = 21 Hz, C-1), 102.0 (C-2’), 127.5, 127.5, 127.67.12127.7,
128.0, 128.2, 128.3, 128.4 (4 x OgH), 138.1, 138.4, 138.7, 138.7 (4 x 1 C, 4 x GRIHY, 169.7,
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170.1, 170.5 (3 x C=0)F NMR (1H) (377 MHz, CDG): § -197.6; IR (thin film): 2922, 2852,
2408, 1747 (C=0), 1496, 1453, 1367, 1220, 1053 ci#*; HRMS m/z(ESI"): [M+Na]" calcd. for
CsHssFONa’, 867.3365, found, 867.3362.

3,4,5,7-Tetra-O-benzyl-1-deoxy-D-galacto-hept-2-ulopyranosyl-(21)-3,4,6-tri-O-acetyl-2-deoxy-
2-fluoro- B -D-glucopyranoside (152)

oBn O
F
BnO 0 OAc

OAc
OBn

OAc
Following the procedure in Li, 20€"L A solution 0f102 (168 mg, 0.31 mmol, 1 eq), a88 (178 mg,
0.58 mmol, 1.6 eq) and 4 A molecular sieves (ca.100 mg)yinrCH.Cl, (5 mL) was stirred under
nitrogen atmosphere at room temperature for 30 mire 3tiution was cooled to -78 °C and
TMSOTT (5uL, 0.027 mmol, 0.05 eq.) was added. The reaction mixtae stirred at78 °C for 30
minutes. The reaction was monitored by TLC (petrol:EtOA®) and upon completion, the
appearance of one broad spot (R3) and disappearance of starting glycal §B) was detected.
Reaction was quenched with triethylamine (20 and passed through Cefitend concentrated. The
residue was applied on a silica gel column chromatograpgiso(fEtOAc, 2:1) to afford the products
as a 1:2 mixture of the,o anda,3 and gluco and manno sugars (75 mg, 30%). From thagethe

titted compounctould be isolated to purity as a clear oil (57 mg, 22%).

TLC (petrol:EtOAc, 5:2, viv): R0.30; [a3' + 18.7 (c = 1.0, CHgI *H NMR (500 MHz, CDCJ): 6
1.41 (3 H, s, C-1'), 2.00 (6 H, s, 2 x OCOgIR.05 (3 H, s, 1 x OCOCH 2.08 (3 H, s, 1 x
OCOCH;), 3.41 (1 H, dtJss = 10.1 Hz,Js 62 = 3.2 Hz,Js6o = 3.2 Hz H-5), 3.45 (1 H, ddlya75= 5.9
Hz, Jo7o= 3.1 Hz, H-%), 3.50 - 3.55 (1 H, m, H+)), 3.90 (1 H, dJ;, = 9.8 Hz, H-3), 3.96 (2 H, dd,
J=5.9 Hz,J = 3.0 Hz, H-§ H-6), 3.99 (1 H, at)ss = Js¢ = 1.0 Hz, H-5'), 4.02 (1 H, ddls.= 9.8
Hz, H-4), 427 - 4.35 (1H, m, H-2, H-6’), 4.41 (1 H, d= 9.8 Hz, 1 x OCkPh), 4.45 (1 H, dJ =
11.3 Hz, 1 x OCkPh), 4.63 (1 H, dJ = 11.7 Hz, 1 x OCkPh), 4.72 (1 H, dJ = 11.3 Hz, 1 x
OCH,Ph), 4.76 (2 H, s, 2 x OGRh ), 4.93 - 4.97 (3 H, m, H-1, 2 x OGRh), 4.99 (1 H, dd,s= 7.2
Hz Js4= 4.9 Hz, H-4), 5.25 (1 H, dilsr = 14.1 Hz,Jp5 = Js4 = 9.2 Hz.H-3), 7.19 - 7.44 (20 H, m);
3C NMR (126 MHz, CDGJ) 6 20.4, 20.5, 20.6 (3 x OC®), 22.3 (C-1'), 61.4 (C-6), 67.9 (1 C,
d, Jear = 7.6 Hz, C-4) 69.9 (C-7’), 71.8 (C-6"), 71.9 (C-32.8 (OCHPh), 73.3 (1 C, dlc.sr = 20.1
Hz, C-3), 73.7 (OCkPh), 74.3 (C-5), 74.6 (OC#Ph), 75.6 (OCkLPh), 80.1 (C-3"), 80.4 (C-4’) 88.8
(C-2,d,Jcor = 190.8 Hz), 93.6 (C-1, et = 22.9 Hz), 103.1 (C-2), 127.4, 127.5, 127.5, 127.6,
127.7,128.1, 128.1, 128.2, 128.2, 128.3, 128 X4@QCH,Ph) 138.0, 138.3, 138.5, 138.6 (4 X 1 C, 4 X
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OCH,Ph), 170.1, 170.5, 171.1 ( 3 x C=0JF NMR (377 MHz, CDG)) § -198.73; IR (thin film):
3063, 3030, 2923, 2857, 1752 (C=0), 1604, 1548614854, 1367, 1230, 1212, 1139, 1100, 1054,
919, 808, 736 cm HRMS m/z (ESI): [M+Na]* calcd. for GHsdO:5Na', 867.3365; found,
867.3383.

1-deoxyea-D-galacto-hept-2-ulopyranosyl-(21)-2-deoxy-2-fluoroea-D-glucopyranoside (35)

F:
OH O
HO oy © 0 OH
OH OH
OH

143 (42 mg, 0.05 mmol, 1 eq) was dissolved in 20 mL mueth with NaOMe (31 mg, 0.6 mmol, 12
eq) and stirred at room temperature for 3 hours until complete disappearance of starting material
(Rf 0.55) and appearance of a new spetQR5) was observed by TLC (petrol:EtOAc, 1:1) and
deacetylated sugar was detected by B8k (M+Na): 741.3. Reaction was neutralized with DOWEX
50WX8 (H form)ion exchange resin and concentraied/acuo The resulting clear oil was re-
dissolved in methanol (10mL) and solution was dega®gsg#d nitrogen. To this was added basic
alumina (31.0 mg) and 20% Pd(QH) (73 mg) and reaction was stirred under hydrogerogphere
(balloon) at room temperature. After 96 h. reaction vileerdéd through filter paper and filtrate was
evaporated. Further purification was obtained utilizisglute SPE ¢ cartridge to give the desired,
fully deprotected sugar, as a clear oil (20 mg, 100%).

TLC (EtOAC:MeOH, 1:1, v/v): R0.55; [a]®* +122.8 (0.42, MeOHJH NMR (500 MHz, BO) ¢
1.47 (3 H, s, C-1), 3.39 (L H, als 4 = Jss = 9.5 Hz, H-4), 3.52 (1 H, dls s = 10.4 Hz, H-3"), 3.61 (1
H, dd, J7a7= 12.0 Hz,Js 72 = 5.4 Hz, H-7b’), 3.64 (1 H, dd};a 7= 12.0 Hz,Js7a= 7.3 Hz, H-7%),
3.66 (1 H, ddJsasy = 12.6 Hz,Js 6a= 5.4 Hz, H-6a), 3.76 (1 H, ddsasp= 12.3 Hz,Js o= 2.2 Hz, H-
6b), 3.79 (1L H, dd)ss= 10.1 Hz,Js 62 = 4.8 Hz,Js.50= 2.6 Hz, H-5), 3.83 (1 H, dd;4= 10.1,J45=
3.2 Hz, H-4’), 3.90 (1 H, ddlss = 3.1 Hz,Js6 = 1.0 Hz, H-5), 3.97 (1 H, dddg 4= 7.1,J675= 5.5
Hz, Js = 1.0 Hz, H-6"), 4.02 (1 H, dtlsr = 13.0 HzJs 4 =J,5= 9.4 Hz, H-3), 4.37 (1 H, ndor = 49.5
Hz, J,5= 9.5 Hz,J;, = 3.8 Hz, H-2), 5.46 (1 H, di,, = 3.8 Hz, H-1);"*C NMR (126 MHz, RO): &
22.44 (C-1"), 60.3 (C-6), 61.3 (C-7’), 69.3 (1 @, Jear = 7.5 Hz, C-4 ), 69.3 (C-5), 69.6 (C-4’),
71.2 (1 C, dJosr = 17.6 Hz,C-3), 71.6 (1 C,Jesr = 6.3 Hz, C-5), 71.8 (C-6'), 73.2 (C-3"), 88.8 (1
C, d,Jeir =21.4 Hz, C-1), 89.9 (1 C, deor= 189Hz, C-2), 101.34 (C-2)*°F NMR (377 MHz,
D,0): & -197.5 (dt,Jor = 51.6,Jir = J3r =14.9 Hz); HRMSm/z (ESI): [M+Na]* calcd. for
CiH23FOyNa", 381.1173; found, 381.1165.

Page | 267



Appendix 1: Chemistry synthesis and characterinatio

8.2.6.6 Synthesis of compound 36.

1,2,4,6-Tetra-O-acetyl-3-deoxy-3-fluorgs-b-glucopyranoside (153§

OAc
o
AcO
m\
AcO

67 (100 mg, 0.55 mmo1l) was dissolved in anhydrous mgidl0 mL). To this was added acetic

OAc

anhydride (10 mL) and reaction mixture was stirred at RT3fdn until complete conversion was
detected by ESI mass spectrometry and TLC (petrol:EtQAayith conversion to product {R.65)

and disappearance of starting materialQR). Reaction was concentrated under reduced presglre an
then coevaporated with toluene to yield the desired prod@dtitig, 99%, 1:1i,0:0,p) as a slightly

yellow oil.

TLC (petrol:EtOAc, 1:1, viv): R= 0.65; [a]¥= 35.8 (c = 1.0, CHG); 'H NMR (400 MHz,

CHLOROFORM#€) § ppm 2.05 - 2.18 (24 H, m, 12 x OCO@H12 x OCOCHB), 3.74 (1 H, dddd,
Jis=10.1 HzJs 6a= 4.4 Hz,J5 6o= 2.1 Hz,Js ¢ = 1.0 Hz, H-B), 4.03 (1 H, dddjs 5 = 10.1,J56.= 3.8

Hz, Js o= 2.8 Hz, H-5), 4.07 - 4.15 (2 H, m, H-Gb H-618), 4.25 (1 H, ddJease = 12.3,J56a= 4.4

Hz, H-6a1), 4.27 (1 H, ddJsaep= 12.4 Hz Js62= 4.5 Hz, H-68), 4.60 (1 H, dtJsr = 51.9,J,5 = 9.2

Hz, Js.= 9.2 Hz, H-B), 4.82 (1 H, dt)sr = 53.4,J,5 = 9.4 Hz, Js.4= 9.4 Hz,H-30), 5.17 (1 H, ddd,
Jor=12.1,05= 9.8 Hz,J1,3.9 Hz, H-2), 5.21 - 5.34 (3 H, m, He4 H-4B, H-2B), 5.65 (1 H, d) ,

= 8.3 Hz, H-B), 6.34 (1L H, atJ;, = 3.8 Hz,J;¢ = 3.8 Hz H-}); 9F NMR (1H) (377 MHz,
CHLOROFORM#€) & ppm -195.92 (3F), -199.96 (3FB); MS m/z(ESI*): 392.2 [M+MeCN].
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2,4,6-tri-O-acetyl-3-deoxy-3-fluoreg-D-glucopyranoside (137§
OAc

o
AcO
F
AcO

153 (173 mg, 0.49 mmol, 1 equi) was dissolved in anhysirbMF (10 mL). To this was added
hydrazine acetate (38 mg, 0.41 mmol, 0.85 equi) and opasths stirred at RT for 2.5 h upon which

OH

time near-complete conversion was detected by TLC (petrol:EtQAL) with disappearance of
starting sugar (R0.65) and appearance of product (85). Reaction was neturalized by stirring
Dowex amberlite cation exchange resin 50WX8 for 10 minutg@en which time Dowex was
removed by filtration and reaction was concentrateceuretiuced pressure. Column chromatography
(petrol:EtOAc, 1:1) yielded the desired product as a @égi70 mg, 48%) as a mixture od:p 4:1)

as well as recovered starting material (6 mg, 4%).

TLC (petrol:EtOAc, 1:1, viv): R= 0.5; [a]ES: 441 (c = 0.95, CHG); 'H NMR (400 MHz,
CHLOROFORMS¢) 8 ppm 2.08 - 2.18 (18 H, m, 9 x OCOgH 9 x OCOCHB), 3.66 (1 H, dddd]y,s
=11.4,J565= 3.6 Hz,J56p = 2.3,J5¢ = 1.1 Hz, H-B), 4.05 - 4.29 (5 H, m, H-6a H-6u, H-6&3, H-
6bp H-50. ), 4.60 (1 H, dtJsr= 52.1 Hz,J,3= 9.2 Hz,J; 4= 9.2 Hz H-B), 4.66 (1 H, dJ);, = 7.1 Hz,
H-1p), 4.89 (1 H, dtJ;r = 53.0 Hz,J,3= 9.4 Hz, J;,= 9.4 Hz, H-3), 4.94 - 5.01 (2 H, m, HeB),

5.18 - 5.27 (2 H, m, HeB), 5.50 (1 H, at);,=3.0 Hz,J;r = 3.0 Hz, H-1); **F NMR (1H) (377
MHz, CHLOROFORM€) & ppm -195.43 (3), -200.40 (3Fx); MS m/z(ESI): 367.2 [M+HAc-H].

3,4,5,7-tetra-0O-benzyl-1-deoxyb-gluco-hept-2-ulopyranosyl-(2-1)-2,4,6-tri-O-acetyl-3-deoxy-3-

fluoro-a-D-glucopyranoside (144)

AcO

BnO
BnO OBn OAc

OAc

85 (116 mg, 0.21 mmol) ant37 (56 mg, 0.18 mmol) were dried under reduced pressui@n hour

and then dissolved in anhydrous DCM (8 mL) and addexttivated molecular sieves (ca 100 mg).
Sugars were stirred with sieves at RT for 1 hour anc legn cooled to —40 °C. TMSOTTf (10 pl,
0.054 mmol, 0.3 eq) was added and 1 hour later additidvi&OTf (10 ul, 0.054 mmol, 0.3 eq) was

added to the reaction. Reaction was stirred for 5.5 hp wgoch time conversion was detected by
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TLC (petrol:EtOAc, 2:1) with conversion to product. (Rf0.5) anda, (Rs 0.48) and disappearance
of starting sugars (R0.6) and (R 0.05). Reaction was then quenched with 1 drop triethylemi
filtered through Celit8 to remove molecular sieves, concentrated under reduced neressupurified
by column chromatography (petrol:EtOAc, 5:2). The iebproduct was obtained as a clear oil (79
mg, 52%)a,0 (63 mg) anda,p (16 mg) as well as recover&87 (10 mg).

TLC (petrol:EtOAc, 2:1, viv): R= 0.5; [a]? = 66.3 (c = 1.0, CHG); *H NMR (400 MHz, CDCY): §
1.47 (3 H, s, C-1"), 2.02 (3 H, s, 1 x OCOgH2.04 (3 H, s, 1 x OCOGH 2.13 B H, s, 1 x
OCOCH,), 3.33 (1 H, dJ;4 = 9.6 Hz, H-3'), 3.58 - 3.70 (3 H, m, H-7a’,H-71;5"), 3.81 (1 H, dd,
Jsasp= 12.4 Hz,Js.6o= 1.6 Hz, H-6b), 3.90 (1 H, ddds ¢ = 10.1 Hz,Js.7a= 4.0 Hz,Jg 7 = 2.3 Hz, H-
6'), 4.02 (1 H, atJs 4= Js5= 9.3 Hz, H-4"), 4.05 (1 H, ddlgap= 12.9 Hz J5 62 = 4.5 Hz, H-6a), 4.25
(1 H, ddd,Js5 = 10.2 HzJs 62 = 4.2 Hz,Js,6p = 2.0 Hz, H-5), 4.50 (1 H, dl = 12.1 Hz, 1 x OCkPh),
4.58 (1 H, dJ=9.3 Hz, 1 x OCkPh), 4.60 (1 H, d) = 12.1 Hz, 1 x OCHPh), 4.64 (1 H, d) = 11.4
Hz, 1 x OCHPh), 4.87 (1 H, d) = 10.9 Hz 1 x OCHPh), 4.90 (1 H, dt)sr = 54.0 Hz,J, 3= 9.4 Hz,
Jss= 9.4 Hz, H-3), 4.92 (2 H, m, 2 x OGPh), 4.99 (1 H, dJ = 11.1 Hz 1 x OCHPh), 5.08 (1 H,
ddd, Jo¢ = 11.4 Hz,Jo5 = 9.9 Hz,J; ,= 3.5 Hz, H-2), 5.21 (1 H, ddd, ¢ = 13.6 Hz,J;5 = 10.4 Hz,
J349.1 Hz, H-4), 5.39 (1 H, af,» = 3.4 Hz, H-1), 7.08 - 7.44 (20 H, m, Ar-HfC NMR (126 MHz,
CDCly): 8 20.6, 20.6, 20.7 (3 x OCQG), 22.5 (C-1"), 61.5 (C-6), 67.1 (1 C, #hsr = 6.3 Hz, C-5),
68.3 (1 C, dJosr= 17.4 Hz, C-4), 68.5 (C-7"), 70.7 (1 C, b = 16.4 Hz, C-2) 72.1(C"-6), 73.5
(OCH,Ph), 74.8 (OCkPh), 75.5 (OCKHPh), 75.5 (OCKPh), 78.2 (C-5'), 82.74 (C-4'), 84.5 (C-3),
89.6 (1C = dJc1r = 8.8 Hz C-1), 89.6 (1 C, dc.sr = 189 Hz, C-3), 101.4 (C-2), 127.5, 127.6,
127.7,127.7,127.8, 127.9, 127.9, 128.2, 128.8,414 x OCHPh), 137.8, 138.2, 138.4, 138.6 (4 x 1
C, 4 x OCHPh), 169.3, 169.7, 170.5 (3 x C=G¥F(*H) NMR(377 MHz, CDC}): § -199.9; IR (thin
film): 3063, 3030, 2923, 2864 (C=CH), 1751 (C=0%96, 1453, 1367, 1219, 1131, 1089, 1067,
1038, 736; HRMSm/z (ESI): [M+Na]* calcd. for GHssFOu3 NH,',867.3362; found, 867.3338;
analysis (calcd., found for ,@1s53015): C (66.81,66.82), H (6.32,6.37).
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3,4,5,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-2,4,6-tri-O-acetyl-3-deoxy-3-
fluoro-g-D-glucopyranoside (154)

0O OAc
BnO OBn

BnO OBn @] F

OAc

OAc

154 was isolated as the lower spot TLC (petrol:EtOAc, gR1.0.48) of the reaction betweé&87 and
85as a clear oil (16 mg, 10%).

TLC (petrol:EtOAC, 2:1, viv): R0.48; [a]2 = 12.4 (c = 1.0, CHG); *H NMR (500 MHz, CDCJ):
§1.43 (3 H, s, C-1'), 2.04 - 2.20 (9 H, m, 3 x OQY; 3.34 (1 H, dJs 4= 9.8 Hz, H-3"), 3.52 (1 H,
adt,Jys= 9.9 Hz,Js 6= Jseo = 3.3 Hz, H-5), 3.59 (1 H, ddiza7 = 10.7,J575 = 1.9 Hz, H-7b"), 3.69
(1 H, at,dy5=Js6= 9.5 Hz, H-5"), 3.70 (1 H, ddlya 7= 10.4 Hz,Js72= 3.8 Hz, H-7a’), 4.06 (2 H, at,
Joa=Jas= 9.5 Hz, H-4"), 4.07 (2 H, ddlsaer= 12.1 Hz,Js.6o= 2.2 Hz, H-6b), 4.12 (2 H, ddga ep=
12.3 Hz,Js 62 = 4.7 Hz, H-6a), 4.16 (1 H, ddds ¢ = 10.2 Hz,Js7a= 3.5 Hz,Js.7o= 2.0 Hz, H-6"), 4.51
(1 H, dt,dsr = 53.0 HzJ, 5 = 9.1 Hz,J54 -9.1 Hz H-3), 4.47 (1 H, dl = 12.0 Hz, 1 x OCHPh), 4.53
(1 H, d,J=11.0 Hz, 1 x OCHPh), 4.59 (1 H, dJ = 12.3 Hz, 1 x OCKPh), 4.60 (1 H, dJ = 11.3 Hz,

1 x OCHPh), 4.81 (1 H, dJ;,= 7.9 Hz, H-1), 4.84 (1 H, d,= 10.7 Hz, 1 x OCkPh), 4.86 - 4.90 (2
H, m, 2 x OCHPh ), 4.94 (1 H, dJ = 11.3 Hz, 1 x OCHPh), 5.14 (2 H, m, H-4, H-2), 7.21 - 7.37 (20
H, m, Ar-H); °C NMR (126 MHz, CDGJ)):  20.4, 20.5, 20.6 (3 x OCQ), 22.0 (C-1’), 61.9 (C-6),
68.4 (1 C, dJcsr= 12.6 Hz, C-4), 68.5 (C-7") 70.9 (1 C, dhor= 18.9 Hz, C-2), 71.2 (1 C, de.

s 7.5 Hz C-5), 72.4 (H-6'), 73.4 (QG;Ph), 74.9 (OEl,Ph), 75.5 (OE,Ph), 75.6 (OE,Ph), 78.1
(H-5), 82.5 (C-4), 84.5 (C-3"), 91.7 (1 C, g = 191.5 Hz, C-3), 94.2 (1 C, de1¢= 12.6 Hz,
C-1), 102.4 (C-2'), 127.5, 127.6, 127.6, 127.6,.82128.3, 128.3, 128.4, 128.4 (4 x OFH), 138.2,
138.2, 138.4, 138.6 (4x 1 C. 4 x OgH), 168.8, 169.15, 170.6 (3 x C=0); IR (thin filn3062,
3030, 2923, 2855 (C=CH), 1752 (C=0), 1496, 145%8131218, 1151, 1126, 1063, 1043. 737;
HRMS m/z(ESI"): [M+Na]" calcd. for G/HssFOy3Na’,867.3362; found, 867.3338.
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1-deoxye-D-gluco-hept-2-ulopyranosyl-(2>1)-3-deoxy-3—fluoroe-D-glucopyranosidg36)

HO

HO OH OH

OH

144 ( 42 mg, 0.049 mmol, 1 eq) was dissolved in anhydroathanol (10 mL), to this was added
sodium methoxide (20 mg, 0.37 mmol, 7.5 eq) and i@aetas stirred under argon atmosphere for
1.5 hours until complete conversion to product wasaed by TLC (petrol:EtOAc, 2:1) {R.0) with
dissappearance of starting sugay @/%). Reaction was neutralized with DOWEX 50WX8' fldrm)
cation exchange resin. Resin was removed by filtrationfitrate was concentrated under reduced
pressure and redissolved in ethanol (10 mL). Reactistura was circulated through a Thales Nano
H Cubé 10% Pd/C cartridge at 70 bar, 25 °C for 1 hour. Neamptetm deprotection was detected by
TLC (MeOH:EtOAc, 1:1) (R0.45). Reaction mixture was partitioned between watdr@M and
aqueous layer was lyophilized. Further purification wiakioned utilizing Isolute SPE C18 cartridge
to yield the desired product (15.6 mg, 87%) as a whitergmoos solid.

TLC (MeOH:EtOAc, 1:1, v/v): R0.45][a]? = 108.2 (c = 0.22, MeOHJH NMR (500 MHz, BO):
§1.44 (3H,s,C-1),3.23 (1 H, d,=9.8 Hz, C-3),3.34 (1L H, afy5= Js6= 9.6 Hz, C-5'), 3.62 -
3.75 (6 H, m, H-6a, H-6b, H-7a, H-7b, H-4, H-4)78.(1 H, dddJ,r = 16.4 Hz,J,3= 9.0 Hz,J; , =
3.6 Hz, H-2), 3.80 (3 H, ddd, 5= 11.7 Hz,Js 6a= 6.3 Hz,J5 6o = 3.5 Hz, H-5'), 3.97 (2 H, ddds s =
10.1 Hz,Js72a= 5.4 Hz,J5.7o= 2.2 Hz, H-6"), 4.68 (1 H, dt]s¢ = 55.0 Hz,J;,= 9.1 Hz,J,5= 9.1 Hz,
H-3), 5.26 (2 H, at) = 3.6 Hz, H-1)*C NMR (126 MHz, RO): § 22.4 (C-1"), 60.1 (C-6), 60.5 (C-
7", 68.1 (1 C, dJecsr = 16.4 Hz,C-4), 69.8 (C-5'), 69.9 (1 C, decor = 16.4 Hz, C-2), 71.3 (1 C, d,
Jose = 7.5 Hz, C-5), 72.3 (C-6") 72.8 (C-4"), 76.3 (C391.7 (1 C, dJcsr = 11.3 Hz, C-1), 94.5 (1
C, d,Jcsr = 180.1 Hz, C-3), 101.1 (C-2%%F NMR (377 MHz, RO): § -199.2 (dttJ; = 55.1,0,¢ =
Jar = 14.9 Hz, D¢ = Js¢= 3.4 Hz); HRMSm/z (ESI"): [M-H] calcd. for GsHxF Oy, 357.1202;
found, 357.1197.
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8.2.6.7 Synthesis of compound 145

2,3,4,6-Tetra-acetyb-galactopyranose (13%)

OAc

OAc
(0]
AcO

AcO OH

A solution of the peracetylated galactose (6.25 g, 16.4®Iml equiv) in anhydrous DMF (15mL)
was treated with hydrazine acetate (1.78 g, 19.3 mmol,efjilv) at RT for 4 hours. TLC
(petrol:EtOAc, 2:1) showed complete conversion talpod (R 0.1) and disappearance of starting
sugar (R0.3) . The reaction mixture was then treated with excedseflite 120 (H+) ion exchange
resin to remove hydrazine derivatives, washed with brimeextracted into ether, concentrated and
the product was by silica gel column chromatographyr¢pEtOAc, 1:1) to yield the desired
compound as a clear oil and a 3:1 mixture of anome?4¢135%).

TLC (petrol:EtOAc, 2:1, viv): R= 0.1; [a]3 + 45.0 (c = 1 in CHG) [Lit. [a], + 43 (c = 1 in
CHCI)]*% *H NMR (400 MHz CHLOROFORM) § ppm 1.99-2.15 (12H, m 4 x OCOGH 4 x
OCOCH:-B), 3.96 (1 H, tdJss= 6.6 Hz,Js o= 1.3 Hz, H-B), 4.09 (1 H, ddJea, = 6.6 Hz,Js6 =
2.6 Hz, H-6l), 4.09 (1 H, ddJsaes = 6.8 Hz,Js 6= 3.2 Hz, H-6a), 4.13 (1 H, ddJsaep= 6.9,J5,6a=
2.2 Hz, H-68) 4.15 (1 H, ddJsaer = 6.6,J56p1.0 Hz, H-618), 4.47 (1 H, tdJs56.6 HZ,J5620 1.5 Hz,
H-50), 4.70 (1 H, dd,) = 6.6,J =1.3 Hz, H-B), 5.05 - 5.09 (1 H, m, Hf}, 5.15 (1 H, ddJ, 5= 10.9
Hz,Ji, = 3.5 Hz, H-2), 5.42 (3 H, m, H-8, H-38, H-4B), 5.47 (1 H, ddJ = 3.4,J54 = 1.4 Hz, H-
40), 5.51 (1 H, dJ; > = 3.8 Hz, H-&); MS m/z(ESI): 366.2 [M+NH]*

3,4,6,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-2,3,4,6-tetra-O-acetyd-D-
galactopyranoside (145)

AcO

BnO OBn OAc

BnO OBn
OAc
85 (49 mg, 0.088 mmol) and39 (35.4 mg, 0.1 mmol) were dried vacuofor 1 hour and then
dissolved in anhydrous GBI, (8 mL) and added to a dry flask in the presence of cutde sieves

(ca. 100 mg). To this was added TMSOTf (ca.100.06 mmol) at -78 °C in the under an Ar

atmosphere. The resulting mixture was stirred for hontd TLC (petrol:EtOAc, 3:1) revealed the
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production of one new product¢B.3) spot and complete consumption of starting mateRiad.35
and R 0.05). The reaction was then quenched by the additioofl MES, filtered through celite and
concentrated. The crude product was purified by colummudt@graphy (petrol:EtOAc, 3:1) to give
as a colorless oil (59 mg, 76%) as a mixture,afanda,p products (1:6.6) that were separated during
chromatography to yield the desired compound as exclusively7.8 mg, 10%) as well as thef
(51.4 mg, 66%).

TLC (petrol:EtOAc, 2:1, viv): R= 0.3; [a]® + 141.1 (c = 0.11, CH@I *H NMR (500 MHz,
CHLOROFORM€) § ppm 1.46 (3 H, CH), 1.95 (3 H, s, 1 x OCOGH 1.97 (3 H, s, 1 x OCOGH
1.99 (3H,s, 1 x OCOCHi 2.14 (3 H, s, 1 x OCOGH 3.31 (1 H, dJs4 9.5 Hz, H-3"), 3.57 - 3.64 (3
H, m, H-5", H-7a’, H-7b’), 3.87 (1 H, dddse = 10.1 Hz,Jg 72 = 4.3 Hz,Js.75 = 2.0 Hz, H-6), 3.98 (2
H, d, Jeasy = 6.6 Hz, H-6a, H-6b), 4.03 (1 H, 1,= 9.5 Hz, H-4"), 4.48 (1 H, dJ = 11.9 Hz, 1 x
OCH,Ph), 4.51 - 4.59 (3 H, m, H-5, 2 x OGFh), 4.65 (1 H, dJ = 11.3 Hz, 1 x OCKPh), 4.85 (1 H,
d,J=11.0 Hz, 1 x OCHPh), 4.90 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.92 (1 H, d] = 10.4 Hz, 1 X
OCH,Ph), 4.94 (1 H, dJ = 11.0 Hz, 1 x OCkKPh), 5.29 (1 H, ddJ, 5= 10.7 Hz,J,, = 3.5 Hz, H-2),
5.41 (2 H, ddJ,5= 9.8 Hz,Js 4 = 3.8 Hz, H-3), 5.42 (1 H, dy, = 3.8 Hz, H-1), 5.48 (1 H, ddJs 4 =
3.8 Hz,Js5 = 1.6 Hz, H-4), 7.05 - 7.37 (20 H, m, Ar-HfC NMR (126 MHz, CHLOROFORM) &
ppm 20.6, 20.6, 20.6 (4 x OCO@H2.7 (CH), 61.6 (C-6), 66.2 (C-5), 67.6 (C-2), 68.0 (C-63,1
(C-4), 68.6 (C-7’), 71.9 (C-6") 73.5 (OGFh), 74.8 (OCKPh), 75.5 (OCKPh), 75.7 (OCkLPh), 82.7
(C-5"), 84.5 (C-4"), 89.8 (C-3"), 101.4 (C-2), 12 127.6, 127.6, 127.7, 127.8, 127.9, 128.2, 128.3
128.4 (4 x OCHPh), 137.9, 138.2,138.2,138.5 (4 x 1C, 4 x Gy, 170.0, 170.0,170.2, 170.2 (4 X
C=0); IR (thin film): v = 3029.97 (C-H), 2926.76, (C=CH) 1750.39 (C=0)97144, 1454.93,
1370.63 (C=C), 1231.10, 1212.80, 1130.00, 1065%7.25, 737.34 cih HRMS m/z (EST):
[M+Na]* calcd. for GgHsO1sNa', 907.3963; found, 902.3965.

3,4,6,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-2,3,4,6-tetra-O-acetyp-D-
galactopyranoside (155)

0. AcO OAcOAc
BnO OBn o

BnO OBn
OAc
TLC (petrol:EtOAc, 2:1, viv): R= 0.27; [a]?+ 26.1 (c = 1, CHG); 'H NMR (500 MHz,

CHLOROFORM€) & ppm 1.45 (3 H, s, C§, 1.70 (3 H, s, 1 x OCOGH 1.95 - 2.00 (6 H, m, 2 x
OCOCHy), 2.17 (3 H, s, 1 x OCOGH 3.34 (1 H, dJs = 9.5 Hz, H-3"), 3.60 (1 H, ddl;a 7= 10.7
Hz, Js7= 1.9 Hz, H-7b"), 3.72 (1 H, afl = 8.5 Hz, H-5), 3.74 (1 H, ddl;a7o= 10.6,J6.7a= 3.5 Hz,
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H-7a’), 3.84 (1 H, at) = 6.3 Hz, H-5), 4.03 (1 H, ddgaep= 11.3 HzJs 60 = 6.3 Hz, H-6a), 4.08 (2 H,
dd, Jeasy = 11.3,Js6p = 3.4 Hz, H-6b), 4.10 (2 H, ddg4 = 9.6 Hz,Js5 = 8.8 Hz, H-4’), 4.20 (1 H,
ddd,Js 6= 10.2 HzJs 7a= 3.1 Hz,Js v = 1.9 Hz, H-6"), 4.49 (1 H, d = 12.3 Hz, 1 x OCKPh), 4.53
(1L H, d,J=10.7 Hz, 1 x OCkPh), 4.60 (1 H, dJ = 11.3 Hz, 1 x OCkPh), 4.63 (1 H, dJ = 12.3 Hz,
1 x OCHPh), 4.83 (1 H, d] = 10.0 Hz, 1 x OCHPh), 4.85 (1 H, dJ:»= 7.9 Hz, H-B), 4.89 (2 H, d,
J=10.1 Hz, 2 x OCHPh), 4.93 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 5.01 (1 H, dd}, 5 10.7 Hz,Js 4 3.5
Hz, H-3), 5.22 (1 H, ddJ,5 10.7 Hz,J;, 7.9 Hz, H-2), 5.35 (1 H, dds 4 = 3.5 Hz,Js5 = 0.9 Hz, H-
4), 7.03 - 7.42 (20 H, m, Ar-H}’C NMR (126 MHz, CHLOROFORM}) & ppm 20.4, 20.6, 20.6,
20.74 x OCOCH, 21.9 (CH), 61.4 (C-6), 67.0 (C-4), 68.5 (C-7’), 68.5 (C-Z].8 (C-3 or C-5), 70.9
(C-3 or C-5), 72.3 (C-6"), 73.4 (OGRh), 75.1 (OCKPh), 75.5 (OCKPh), 75.6 (OChPh), 78.2 (C-
5%, 82.6 (C-4), 84.6 (C-3), 95.1 (C-1), 102.3X), 127.5, 127.6, 127.6, 127.7, 127.7, 127.8,.028
128.3, 128.3, 128.4 (4 x OGPh), 138.2, 138.4, 138.7 (4 x 1C, 4 x O€H), 169.2, 170.2, 170.3,
170.4 (4 x C=0); IR (thin film)v = 3063.02, 3031.00, 28.65.22 (C=CH) 1755.63 (C=Xa)7.04,
1454.27 (C=C), 1220.06, 1124.32, 1089.40, 106118R8.61, 909.11, 772.54 &mHRMS m/z
(ESI): [M+NH,]" calcd. for GoHse01sNH,", 907.3963; found, 902.3965.

8.2.6.8 Synthesis of compounds 146 and 147

2,3,4,6-Tetra-O-benzyl-1-C-octy-D-glucopyranose (140)

OBn

(0]
EnO
BnO
BnO

OH

To 95 (116.3mg, 0.2 mmol) in dry THF (10 mL) was added/lmeagnesium chloride (1.25 mL, 2M,
0.25mmol in EtQ) dropwise at -78 °C. Reaction was monitored by Th&rpl:EtOAc, 3:1). Product
(Rf 0.5) coruns with starting lactone¢(®5), but lactone is more black in acid stain. Upomgletion
(30 min) reaction was quenched with aqueous@tand washed with saturated brine and NakLICO
Product was purified by flash chromatography (petrol:E¢OA1) afforded the desired product (78.2
mg, 60%) as a white amorphous solid.

TLC (petrol:EtOAc, 2:1, viv): R= 0.5; [a]é“ + 34.6 (c = 0.8, CHG); '"H NMR (500 MHz
CHLOROFORM¢) & ppm 1.18 - 1.33 (16 H, m (GH CHj), 1.61 - 1.69 (2 H, m, CiiCH,)s CHj),
3.44 (1 H,dJ,3=9.1 Hz, H-2), 3.63 - 3.70 (2 H, m, H-6a, H-3){B(1 H, ddJsa6p= 11.0 Hz J5 5=
3.8 Hz, H-6b), 3.96 - 4.04 (2 H, m, H-5, H-4), 4@6H, d,J = 12.3 Hz, 1 x OCkPh), 4.62 (1 H, dJ
= 10.7 Hz, 1 x OCkPh), 4.64 (1 H, dJ = 12.3 Hz, 1 x OCHKPh), 4.69 (1 H, dJ = 11.0 Hz, 1 x
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OCH,Ph ), 4.84 (1 H, dJ = 10.7 Hz, 1 x OCkKPh), 4.88 (1 H, d) = 11.0 Hz, 1 x OCkKPh), 4.93 (2

H, d,J=11.1 Hz, 1 x OCkPh), 4.94 (1 H, dJ = 11.0 Hz, 1 x OChPh), 7.17 - 7.38 (20 H, m, Ar-H);
¥C NMR (126 MHz CHLOROFORMY) 8 ppm 22.5, 22.6, 29.2, 29.2, 29.5, 29.7, 31.8, 3BEC,
(CH»);CHs)), 68.8 (C-6), 71.6 (C-5), 73.3 (OGPh), 74.9 (OCkPh), 75.4 (OCHPh), 75.5
(OCH,Ph), 78.4 (C-3), 81.4 (C-2), 83.9 (C-4), 98.4 (CI)7.4 (1 C, s), 127.5, 127.6, 127.7, 127.8,
127.8, 127.9, 128.0, 128.3, 128.3, 128.4, 138.3B.47, 138.6 (OCHPh); IR (thin film): v =
2926.66, 2855.40, (C=CH) 1496.73, 1453.80, 1366C%C), 1220.46, 1039.82, 978.19, 772.6I'cm
HRMS m/z(ESI"): [M+Na]" calcd. for G,Hs,0sNa’, 675.3662, found, 675.3647.

2,3,4,6-Tetra-O-benzyl-1-C-octy-D-glucopyranosyl-2,3,4,6-tetra-O-acetghd-glucopyranoside

BnO OBn

140 (36.5 mg, 0.055 mmol) an84 (19.0 mg, 0.055 mmol) were dried en vacuo for 1 htugn
dissolved in anhydrous GHI, (8 mL) and added to a flame dried RB in the presenceotdéaular
sieves (ca. 100 mg). To this was added TMSOT( (caul,10.06 mmol) at -40 °C in the under an Ar
atmosphere. The resulting mixture was stirred for 39 umtil TLC in (petrol:EtOAc, 2:1) revealed
the production of one new product spot (R6) and complete consumption of starting material (R
0.7). The reaction was then quenched by the addition 1Nl, filtered through celite and
concentrated to produce. The crude product was purifiedbloyno chromatography (petrol:EtOAc,
5:2) to give as a colorless oil (246.0 mg, 88%) asidure ofo,a anda,f products (6:1) that were

separated during chromatography to yield the desired pr@@@i& mg, 73%).

TLC (petrol:EtOAc, 2:1, viv): R= 0.6; [a]3'+ 80.5 (c = 0.1, CHG); 'H NMR (500 MHz
CHLOROFORM€) & ppm 1.22 - 1.29 (10 H, m, (GH CHs), 1.58 (5 H, br. s. (Chl CH,), 1.83 (2
H, t, Joriz-ci2 8.2 Hz, (CH); CHs), 1.98 (3 H, s, 1 x OCOGH 2.01 (3 H, s, 1 x OCOGH 2.03 (3 H,
s, 1 x OCOCH), 2.05 (3 H, s, 1 x OCOGH 3.57 - 3.60 (3 H, m, H-6a’, H-2’, H-4' ), 3.63 {, dd,
Joaso= 11.0 Hz Js 6o = 4.4 Hz, H-6b’), 3.83 (1 H, ddlsaep= 12.5 HzJs 5o = 2.4 Hz, H-6a), 3.90 (1 H,
ddd, Jss= 10.1 Hz,Js 5= 4.4 Hz,Js6a= 1.9 Hz, H-5'), 4.10 (1 H, ddlsaeo = 12.4 Hz,Js = 4.8 Hz,
H-6b), 4.12 - 4.16 (1 H, afp3= Js4= 7.25 Hz, H-3), 4.36 (1 H, ddd, s = 10.2 Hz,Js 6, = 4.7 Hz,
Jsso = 2.4 Hz, H-5), 4.47 - 452 (1 H, 8= 12.3 Hz, 1 x OCkPh), 4.53 - 4.58 (L H, d,= 12.3 Hz, 1
x OCH,Ph), 4.61 (2 H, dJ = 11.0 Hz, 2 x OCkPh), 4.86 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.93 (1
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H, d,J = 11.0 Hz, 1 x OCHPh), 4.96 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.99 (1 H, d) = 11.3 Hz, 1

x OCH,Ph), 5.03 - 5.08 (2 H, m, H-4, H-2), 5.39 (1 HJg, = 3.5 Hz, H-1), 5.58 (1 H, alp = Js.=

9.8 = Hz, H-3)C NMR (126 MHz CHLOROFORM) 5 ppm 20.6, 20.7, 22.6, 24.4, 29.2, 29.57,
31.8,34.2, (8 C, (Chl; CHy) 61.9 (C-6), 67.1 (C-5), 68.6 (C-6"), 68.7 (C-4),4QC-2), 70.7 (C-3),
72.2 (C-5"), 73.3 (OCKPh), 74.9 (OCkPh), 74.9 (OCKPh), 75.5 (OCkLPh), 78.4 (C-4’ or C-2'),
79.6 (C-4’ or C-2’), 82.9 (C-3'), 88.7 (C-1), 103(6-1"), 127.3, 127.5, 127.5, 127.6, 127.6, 127.7,
127.9, 128.26, 128.3, 128.4, 138.3, 138.3, 13836,6L(OCHPh), 169.7, 169.8, 170.2, 170.6, (4 X
C=0); IR (thin film): v= 2925.73, 2854.58 (C=CH), 1753.37 (C=0), 1452.9367.07 (C=C),
1219.86, 1039.87, 978.20, 772.70 triiRMS m/z (ESI): [M+Na]* calcd. for GgH:cO:sNa',
1005.4612; found, 1005.4607.

Octadecylmagnesium bromide (157)
MIBI e

Magnesium turnings (2.04g, 840mmol) were added to aeffidried RB and to this was added 1
iodine crystal and attached to a spiral condenser. 1-bromdemetae (20.11 g, 60 mmol) was
dissolved in 30mL dry THF to a concentration of 2 Mmk of the lipid solution was added via
syringe to the magnesium turnings dropwise, very slamlg¢ the solution was treated with heat gun
until it began to reflux. After solution had begun &flux of its own accord, the remaining lipid
solution was added dropwise. Upon completion of refamtution was stored under argon and titrated
against menthol (157.8 mg) with 1,10-phenanthrolinendgator. Grignard had a concentration of
0.77 M.

2,3,4,6-Tetra-O-benzyl-1-C-octadeayp-glucopyranose (141)

OBn
(0]
BnO
BnO

OH

95 (360 mg, 0.66 mmol) in dry THF (10 mL) was addé&d (3 mL, 0.77 M, 2.31 mmol in THF) at -
78 °C. After 3 hours and addition of mot&7, reaction did not proceed to completion. TLC
(petrol:EtOAc, 2:1) revealed both product; (R8) and starting material {R.6). Reaction was
guenched with aqueous NEI and washed with saturated brine and NakB\lG®oduct was purified
by flash chromatography (petrol:EtOAc, 5:1) afforded desired produchs a clear oil (212 mg,
39%).

TLC (petrol:EtOAc, 2:1, viv): R= 0.8; [a]§4+ 10.2 (¢ = 1, CHG); 'H NMR (500 MHz
CHLOROFORM¢4) 6 ppm 1.19 - 1.31 (31 H, m, (GH;CH,), 1.57 (4H, m, (Ch)7,CHj), 1.62 - 1.67
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(2 H, m, (CH)17CHs), 3.44 (1 H, dJ,5= 9.1 Hz, H-2), 3.65 (1 H, al;4 = Js5= 9.6 Hz, H-4), 3.67
(1 H, dd,Jsaep=11.0 Hz,J56, = 2.2 Hz, H-6b) 3.77 (1 H, ddlsaep= 11.0 Hz,Js 6= 3.8 Hz, H-6a),
3.99 (1 H, dddJ,s = 10.3 Hz,Js6p = 3.8 HZ,Js56. = 2.0 Hz, H-5), 4.01 (1 H, afl3 = Js4= 9.1 Hz,
H-3), 4.56 (1 H, dJ = 11.9 Hz, 1 x OCkPh), 4.62 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 4.64 (1 H, dJ

= 11.9 Hz, 1 x OCkPh), 4.69 (1 H, dJ = 11.3 Hz, 1 x OCHPh), 4.84 (1 H, dJ = 11.0 Hz, 1 x
OCH,Ph), 4.88 (1 H, dJ = 11.2 Hz, 1 x OCHPh), 4.93 (1 H, dJ = 11.1 Hz, 1 x OCkPh), 4.93 (1
H, d,J = 11.0 Hz, 1 x OCkKPh), 7.21 (2 H, dd, Ar-H), 7.25 - 7.37 (18 H, m-H); **C NMR (126
MHz CHLOROFORMd) & ppm 14.1, 22.5, 22.6, 29.3, 29.5, 29.6, 29.6 3386 (18 C (CH)y7
CHs), 68.8 (C-6), 71.6 (C-5), 73.3 (OGPh), 74.8 (OCkPh), 75.4 (OCkPh), 75.6 (OChPh), 78.4
(C4), 81.4 (C-2), 83.8 (C-3), 98.9 (C-1), 127.47] 127.6, 127.7, 127.8, 127.9, 128.2, 128.3,4,28.
137.9, 138.2, 138.4, 138.6 (Ogrh); IR (thin film): v = 3063.93, 3031.80, 2850.13, 1604.73,
1496.44, 1453.71, 1361.73, 1271.74, 1089.23, 77ém6% HRMS m/z (ESI): [M+Na]" calcd. for
Cs:H720eNa’, 815.5227; found, 815.5221.

2,3,4,6-Tetra-O-benzyl-1-C-octadeayp-glucopyranosyl-2,3,4,6-tetra-O-acetyhD-

BnO OBn %

141 (150 mg, 0.19 mmol) an84 (99.6 mg, 0.285 mmol) were dried en vacuo for 1 hamd then
dissolved in anhydrous GBI, (12 mL) and added to a dry flask in the presence oéoutdr sieves
(ca. 100 mg). To this was added TMSOTf (caul50.027 mmol) at -40 °C in the under an Ar
atmosphere. The resulting mixture was stirred for 30umitl TLC (petrol:EtOAc, 4:1) revealed the

glucopyranoside (147)

production of one new product spot; (R2) and complete consumption of starting materialO(R).
The reaction was then quenched by the addition 1mk, Flgtred through celite and concentrated to
produce. The crude product was purified by column chromapby (petrol:EtOAc, 3:1) to give the
desired product as a colorless oil (132 mg, 61%) asaa cle158was not isolated to purity.

TLC (petrol:EtOAc, 4:1, viv): R= 0.2; [on]é5 + 347 (c = 1, CHG) '"H NMR (500 MHz
CHLOROFORM4d) 6 ppm 1.19 - 1.38 (31 H, m, GBi¢Hs3), 1.51 - 1.62 (4 H, m, (Chi7CHs), 1.83
(1 H, t,Jchz2-ch2= 8.2 Hz, (CH);7CHj3), 1.98 (3 H, s, 1 x OCOGH 2.01 (3 H, s, 1 x OCOGH 2.03
(3 H,s,1xOCOCH, 2.05 (3 H,s, 1L x OCOGH 3.53 - 3.65 (4 H, m, H-2', H-4’, H-6a’, H-6b’),
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3.83 (1 H, ddJsaeo= 12.5 HzJs 6= 2.4 Hz, H-6), 3.90 (1 H, dddJ, s = 10.0 HZJs 6= 4.3 Hz,J5 61
=2.0 Hz, H-5'), 4.10 (1 H, ddlsa o= 12.8 Hz Js 6o = 4.9 Hz, H-§), 4.14 (1 H, at),3=J34= 9.5 Hz,
H-3"), 4.36 (1 H, dddJs5=10.3 HzJ5 6 = 4.7 HZ,J5 62 = 2.4 Hz, H-5), 4.49 (1 H, d,= 11.98 Hz, 1

x OCH,Ph), 4.56 (1 H, dJ = 12.3 Hz, 1 x OCHPh), 4.61 (2 H, dJ = 10.7 Hz, 2 x OCkPh), 4.86 (1
H,d,J=11.3 Hz, 1 x OCKPh), 4.94 (1 H, dJ=11.3 Hz, 1 x OCKPh), 4.96 (1 H, dJ=11.0 Hz, 1

x OCH,Ph) 4.99 (1 H, dJ = 11.3 Hz, 1 x OCKPh), 5.05 (2 H, m, H-2, H-4 ), 5.38 (1 H, &, = 3.8

Hz, H-1), 5.58 (1 H, at),5 = J34 = 9.6 Hz, H-3);*C NMR (126 MHz CHLOROFORM) & ppm
14.1, 20.6, 20.7, 20.7, 22.6, 24.4, 25.7, 29.34,229.6, 29.6, 29.7, 30.0, 31.9, 32.8, 34.2, (18 C
(CH,);7CHs, 61.9 (C-6), 67.1 (C-5), 68.6 (C-4), 68.6 (C-&0.4 (C-2), 70.7 (C-3), 72.2 (C-5'), 73.3
(OCH,Ph), 74.9 (OCKPh), 74.9 (OCKPh), 75.5 (OCKPh), 78.4 (C-4), 79.6 (C-2'), 82.9 (C-3)),
88.7 (C-1), 103.6 (C-11), 127.3, 127.5, 127.5, 8271.27.6, 127.7, 127.9, 128.2, 128.3, 128.4, 128.4,
138.3, 138.3, 138.6, 138.6 (Ogth), 169.7, 169.8, 170.2, 170.6 (4 x C=0); IR (thim): v =
3028.42, 2955.0, 1750.66 (C=0), 1496.74, 1472.26219, 1366.28, 1211.18, 1122.77, 1038.69,
771.31 crit; HRMS m/z (ESI): [M+Na]" calcd. for GeHggO1sNa', 1145.62; found 1145.5916.
Isotopic distribution: Species observed [M+Napeaks observed 1145.5916 (100%), 2246.5955
(74%), 1147.5984 (28.5%), 1148.6009 (8.1%), 1148260.9%); peaks predicted 1145.6172 (100%),
1146.6206 (73.0%), 1147.6237 (29.3%), 1148.626743. 1149.6295 (1.8%).

8.2.7 Isotopic labeling of trehalose: Synthesis of compawls 148 and 149

3,4,6,7-tetra-O-benzyl-13CH;-deoxye-D-gluco-hept-2-ulopyranosyl (86)

OBn

(@]
BnO 13
BnO CHj
BnO

OH

Under schlenk conditions, in anhydrous THF at -78'*C;Mel 162 (75 pul, 1.2 mmol) was added to
a solution of (0.9 mL, 1.53 mmol) t-buli in 2mL THFhe reaction turns white from the yellow color
characteristic ot-BuLi dissolved in THF. To this was add&® (384.6 mg, 0.73 mmol) in 5 mL
anhydrous THF. Sugar was added via syringe dropwise aperiod of 20 minutes. Reaction was
stirred at -78 °C for an additional 20 minutes, updcl time product was detected; (R4) by TLC
(petrol:EtOAc, 2:1). Column chromatography afforded therddsproduct (151.2 mg, 40%) as a
white, crystalline solid as well as recovered lactoner(§Wy, 15%).

TLC (petrol:EtOAc, 2:1, V/V): R= 0.4; M.p. = 80-82C; [a]? + 37.3 (c = 1.66, CHG) ;'H NMR
(500 MHz, CHLOROFORMH) 8 ppm 1.30 (1 H, s, 1 ¥CHs), 1.56 (1 H, s, 1 XCHs), 2.06 (1 H, s,
1 x *CHs), 3.39 (1 H, dJ;4 = 9.8 Hz, H-3), 3.67 (1 H, als5 = Js¢ = 9.7 Hz,H-5), 3.69 (1 H, dd,
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Jra7p=12.0 HzJs 7o = 2.2 Hz, H-7b), 3.75 (1 H, ddya 7 = 11.7 HzJs 7= 4.4 Hz, H-7a), 3.99 (1 H,
at, Js4 = Js5= 9.9 Hz, H-4), 4.02 (1 H, ddds ¢ = 9.9 Hz,Js 72 = 4.4 Hz,Js 75 = 2.2 Hz, H-6), 4.55 (1
H, d,J = 12.3 Hz, 1 x OCkPh), 4.58 (1 H, dJ) = 11.0 Hz, 1 x OCkPh), 4.64 (1 H, d) = 12.3 Hz, 1

X OCH,Ph), 4.72 (1 H, dJ = 11.0 Hz, 1 x OCKPh), 4.84 (1 H, dJ = 11.0 Hz, 1 x OCKPh), 4.90 (1
H, d,J = 11.0 Hz, 1 x OCkPh), 4.93 (1 H, d) = 11.9 Hz, 1 x OCkPh), 4.95 (1 H, d) = 11.0 Hz, 1

x OCH,Ph), 6.82 - 7.64 (20 H, m, Ar-HY*C NMR (126 MHz, CHLOROFORM) & ppm 26.2-26.7
(1 C, m,**CH,), 68.8 (C-7), 71.5 (C-5), 73.4 (OGPh), 74.9 (OChKPh), 75.6 (OChPh), 75.7
(OCH,Ph), 78.3 (C-5) 83.2 (C-3), 83.6 (C-4), 97.4 (1dC,) 47.6 Hz C-2), 127.6, 127.7, 127.8,
127.8, 127.9, 127.9, 128.3, 128.3, 128.4 (1 C128,4 (4 x OCHPh), 137.9, 138.2, 138.2, 138.6 (4 x
1C, 4 x OCHPh.; IR (thin film):v = 3029.65, 2864.62 (C=CH) 1496.66 1454.07, 1362QC),
1072.93, 1027.58, 870.48, 735.36 tnHRMS m/z (ESI'): [M+Li]* calcd. for G4**CHsgO6Li™,
562.2862; found 562.2858.

3,4,6,7-Tetra-O-benzyl-1*CH;-deoxye-D-gluco-hept-2-ulopyranosyl-(2-1)-2,3,4,6-tetra-O-
acetyl$-D-glucopyranoside (164)

13CHy

O AcO OAc
BnO OBn o

OA
BnO 0OBn ¢

OAc

86 (39.7 mg, 0.071 mmol) ang4 (28.1 mg, 0.419 mmol) were driga vacuofor 1 hour and then
dissolved in anhydrous GBI, (8 mL) and added to a dry flask in the presence of molesidaes
(ca. 100 mg). To this was added TMSOTf (cal, .027mmol) at -78 °C in the under an Ar
atmosphere. The resulting mixture was stirred for 2wantil TLC (petrol:EtOAc, 2:1) revealed the
production of one new product¢(B.3) spot and complete consumption of starting mateRiad.35
and R 0.05). The reaction was then quenched by the additiondl ME, filtered through celite and
concentrated. Column chromatography (petrol:EtOAc) $i@lded the product (61.3mg, 92%) as a
25:1 ratio ofa,p: a,a as detected by NMRL48was not isolated to purity.

TLC (petrol:EtOAc, 2:1, Viv): R= 0.3; [a] + 28.5 (c, 0.46 in CHG); *H NMR (500 MHz,
CHLOROFORM¢) & ppm 1.60 (1 H, s, 1 ¥CHy), 1.71 (2 H, s, 2 ¥°CH3), 2.00 (6 H, s, 2 X
OCOCH), 2.02 (3 H, s, 1 x OCOGH| 2.05 (3 H, s, 1 x OCOGH 3.33 (1 H, adds4 = 9.6,J130.3=
2.0 Hz, H-3), 3.60 (1 H, ddl;a7o= 11.0 HzJs 7= 1.6 Hz, H-7b’), 3.62 (1 H, dddys = 9.7 Hz,Js 5
= 4.7 Hz,Js 6o = 2.2 Hz, H-5), 3.69 (1 H, al,= 10.9 Hz, H-5'), 3.71 (1 H, ddya 7= 11.0 Hz Js 72 =
5.8 Hz, H-7’), 4.05 (1 H, ddsaep= 12.1 HzJs 6o = 2.4 Hz, H-6b), 4.05 (1 H, al,= 9.5 Hz, H-4),
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4.11 (1 H, ddJsaep= 12.1 Hz Js6a= 5.4 Hz, H-6a), 4.17 (1 H, ddds s = 10.3 Hz,Jg 75 = 3.4 HZ,Js 7

= 1.7 Hz, H-6"), 4.48 (1 H, dJ = 12.0 Hz, 1 x OCKPh), 4.53 (1 H, dJ = 10.7 Hz, 1 x OCHPh),
4.60 (1 H, dJ=12.0 Hz, 1 x OCkPh), 4.59 (1 H, dJ = 11.3 Hz, 1 x OCkPh), 4.83 (1 H, dJ =
10.7 Hz, 1 x OChkPh), 4.86 (1 H, dJ = 11.9 Hz, 1 x OCkPh), 4.89 (1 H, dJ = 11.9 Hz, 1 x
OCH,Ph), 4.89 (1 H, dJ,» = 8.2 Hz, H-B), 4.93 (1 H, dJ = 11.3 Hz, 1 x OCKPh), 5.03 (1 H, at,
Jss=Jys= 10.1 Hz, H-4), 5.03 (1 H, ddz 5= 9.8 Hz,J,, = 7.3 Hz, H-2), 5.20 (1 H, af, = 9.5, H-
3), 6.95 - 7.42 (20 H, m, Ar-HC NMR (126 MHz, CHLOROFORM}) § ppm 22.1 ’CH;), 22.3 (1
C, s), 62.1 (C-6), 68.4 (1 C, s), 68.5 (C-4), 7(0097"), 72.1 (C-5), 72.4 (C-6"), 72.9 (C-3), 73.4
(OCH,Ph), 74.9 (OChKPh), 75.5 (OCKPh), 75.5 (OChPh), 78.2 (H-5'), 82.5 (H-4"), 84.5 (H-3),
94.6 (C-1), 102.4 (1 C, d, = 47.2 Hz,C-2'), 127.5, 127.6, 127.6, 127.6, 127.8, 127.8.32128.3,
128.4 (4 x OCHPh), 138.2, 138.2, 138.4, 138.6 (4 x 1C, 4 x GRNY, 169.1, 169.4,170.4, 170.6 (4 x
C=0); IR (thin film): v = 3062.99, 3030.24, 2923.54, 2853.98 (C=CH) 1%%J=0), 1497.22,
1454.70 (C=C), 1265.56, 1226.64, 1090.08, 10631®89.17, 909.33, 737.34 EMHRMS m/z
(ESI'): [M+Na]" calcd. for Gg~CHscOysNa’, 908.3550; found, 908.3533.

8.2.7.1 Attempted synthesis of-“C-Trehalose 149

OBn 14CH; ACO
BnO ° 2 :de
(a) (b 1 (c)
14C-Mel > 14C-MeLi ) » B0 o 0B Ok
165 166 OE‘vnO 87 OH
BnO + BnO OB
sno&\\ Ohe " 149,167 Ohe
BnO 0 AcO OAc
95 AcO

Scheme 8.1. Unsuccessful attempted synthesis-f ketoside based trehalose analogues. (a) t-BuLi22eq,
THF, -78 °C, 15 min, (b) 95, THF, -78 °C (c) TMSOT, DCM, -40 °C.
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(@) (b)
Petrol:EtOAc, 3:1 Petrol:EtOAc, 3:1
0
O O
0
\)
R1 R2 SM R P

Figure 8.4. (a) Radiographic images of the TLC plas of both reactions (Scheme 8.1) conducted (R1 and
R2). Nearly all radioactivity is concentrated in tte baseline spot. The circle indicates where the ptact
should have been. Little radioactivity is detectedn that region (b) Example of the expected TLC ofhie
radio reaction, based on TLCs from non-reactive tdseactions.
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Mass 607.2515.4 650.3
515.4537.5 556.2

477.3 531.2

567.3 515.4

Figure 8.5. (&) HPLC trace of the methyl lithium reactions shows no expected product. (b) inset shows
expansion of fractions where the product was expead. (c) Scintillation counting and detected massese
indicated for fractions of interest. Product was egected in fraction 11 (M+NH, 579.2), but no correct
mass was detected. DPM-disintegrations per minute.
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Figure 8.6. HPLC trace of optimized separation of a anomeric mixture of unlabeled ketoside trehalose,
utilizing Hexanes:EtOAc, 3:1 as mobile phase for mmal phase chromatography on an Agilent silica
column. Compounds on the chromatograph indicate whre the a,a and a,p product elute, showing good
separation.

\‘

o

7

T

|

I

I

I
[N

I

I

I

I
— -+ -+ -H

I

I

I

I
—A-T-T

I

I

I

I
“ATToT

I

I

I

I

[

I

I

I

|
1Ly

o —
~ -
|
|
|
|
|
|
|
|
!

i
SALA
B--
R+ -

o
o

Figure 8.7. HPLC trace of reaction depicted in schee 2.41 shows incomplete separation of the
glycosylation of 85 with *‘C-tetra-acetyl-galactose 168. Separation was not ttined due to water and
acetone on the column. The broad peak between frashs 10 and 12 is a mixture of starting material ad
product.

Optimized lithium halogen exchange reaction conditions.

Under schlenk conditions, In THF at -78 °C, Melp(3or 0.05 mmol) was added to a solution of
0.17mmol t-buli in 10Qul THF, 3.4 equivalents ofBulLi relative the the Mel. The reaction turns
white from the yellow color characteristic @fBulLi dissolved in THF. To this was added
galactonolactone 92 (0.067 mmol, 1.1 equi) TLC (petrol:EtOAc, 3:1) relealdidappearance of
starting material (R0.4) and appearance of either produgt@R) or side product72 (R;0.3) 171
(Rf0.5) or173(R:0.0).
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2,3,4,6-Tetra-O-benzyl-1-C-1-tert-butyld-galactopyranose (172)

OBn OBn
o]
Bnom
BnO
OH

Product 172 was obtained as a mixture of stereoisomers, with onerraafbone minor set of peaks
in the NMR. Only the major peaks were assigned, but wittNOE analysis identification of the
particular stereoisomer was not possible. By TLC (p&t6lAc, 3:1) product was detected at (R

0.3). Purification by column chromatography (petrol:EtO2d,) yielded the title compound (7.0 mg,

15%) as a clear oil.

TLC (petrol:EtOAc, 3:1, v/v): R= 0.3; [a]ff +14.34 (c = 0.76, CHG); '"H NMR (CHLOROFORM-

d) & ppm 3.55 (1 H, ddJsaco= 8.8 Hz,Js¢a = 5.4 Hz, H-6a), 3.65 (1 H, ddsacpr= 9.8 Hz,Js¢p = 2.8
Hz, H-6b), 3.92 (1 H, ddl,3 = 9.0 Hz,J3,= 2.7 Hz, H-3), 4.04 (1 H, dd3 4= 2.7 Hz,J,5 = 0.8 Hz,
H-4), 4.06 - 4.10 (1 H, m, H-5), 4.15 (1 H, 8,5 = 9.14 Hz H-2), 4.46 (1 H, dl = 12.0 Hz, 1 x
OCH,Ph), 4.47 - 450 (1 H, nJ, = 12.0 Hz, 1 x OCHPh), 4.60 (1 H, dJ = 11.3 Hz, 1 x OCKPh),
4.61 (1 H, dJ=12.0 Hz, 1 x OCHPh), 4.67 (1L H, d] = 7.6 Hz, 1 x OCkPh), 4.69 (1 H, dJ = 10.7
Hz, 1 x OCHPh), 4.76 (1 H, dJ = 11.3 Hz, 1 x OCkKPh), 5.12 (1 H, dJ = 11.0 Hz, 1 x OCKPh);
IR (thin film): v = br 3030.42 (OH), 2924.82, 1496.77, 1454.12 (ACY, 1364.30, 10.93.92, 734.11
cm™; HRMS m/z(ESI): [M+Na]" calcd. for GgHa4OsNa', 511.2460; found, 511.2445.

4,6,8-Tris-benzyloxy-7-hydroxy-2,2-dimethyl-oct-4-en-3e0(171)

OB
. OBn

OH o

—

OBn

During the reaction between methyllithium a@2ITLC (petrol:EtOAc, 3:1) revealed a new spot (R
0.5) that was not the desired produéB8 (Rr 0.2). This product was isolated by column
chromatography (petrol:EtOAc, 3:1) and was found taheetitled compound (7.0 mg, 18%) as a

clear oil.

TLC (petrol:EtOAc, 3:1, v/v): R= 0.2; R]p*® -57.7 (c = 0.7, CHG); '"H NMR (500 MHz
CHLOROFORMd) 5 ppm 1.23 (9 H, s, 3 x Gjj{ 2.63 (1 H, d,J = 4.7 Hz, OH), 3.47-3.50 (2 H, m,
H-6a, H-6b), 3.68 - 3.76 (1 H, quint,= 5.1 Hz, H-5), 4.24 (2 H, dl = 11.7 Hz, 1 x OCkPh), 4.45
(3 H, dd,J;4 = 9.3 Hz,J,5 = 5.8 Hz, H-4), 4.48 (2 H, d,= 11.0 Hz, 2 x OCKPh), 4.53 (1 H, dJ =
12.0 Hz, 1 x OCkKPh), 4.69 (1 H, dJ = 11.5 Hz, 1 x OCKPh), 4.71 (1 H, dJ = 11.3 Hz, 1 x
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OCH,Ph), 5.53 (1 H, dJss = 9.1 Hz, H-3), 7.01 - 7.47 (20 H, m, ArHJC NMR (500 MHz
CHLOROFORM€) & ppm 27.4 (3 x Ck), 70.7 (C-6), 70.8 (OCHPh), 72.9 (C-5), 73.2 (C-4), 73.4
(OCH,Ph), 73.6 (OCHPh), 118.2, 127.6, 127.7, 127.75, 127.9, 128.1,312828.4, 128.5, 136.2,
137.9, 137.9 (CkPh), 154.3 (C-3), 206.1 (C=0); HRM®&/z (ESI): [M+Na]" calcd. for
CasHaOsNa', 511.2460; found, 511.2445.

2,3,4,6-Tetrakis-benzyloxy-5-hydroxy-hexanoic a¢tl )"

OB
" _oBn

OH
0]
BnO

BnO
OH

During the reaction between methyllithium &8®ITLC (petrol:EtOAc, 3:1) revealed a new spot (R
0) that was not the desired product (R2). This product was isolated by column chromatography
(petrol:EtOAc, 3:1) and was found to be the titled conmgio{13.5mg, 30.3%) as a clear oil.

TLC (petrol:EtOAc, 3:1, viv): R=0.2; [01]5,5 +5.1 (c =1, CHGQ); *H NMR (500MHz MeOD) ppm
3.52 (2 H, dJ = 6.6 Hz, H-6a, H-6b), 3.83 (1 H, &,3= 8.5 Hz, H-2), 4.13 ( 3 H, m, H-4, H-5), 4.23
-4.35 (3 H, m H-3,2x OCjfh ), 4.42 (1 H, d) = 11.7 Hz, 1 x OCKPh), 4.51 (2 H, d) = 12.0
Hz, 2 x OCHPh), 4.66 (2 H, dJ = 10.4 Hz, 2 x OCkPh), 4.72 (1 H, dJ = 11.0 Hz, 1 x OCLPh),
7.01 - 7.55 (20 H, m); M8Vz (ESI): 579.2 [M+Na].

8.2.8 Synthesis of amino-trehalose 37

2-Deoxy-2-[p-methoxybenzilidine(amino)j-D-glucopyranoside (250§

D-glucosaminel 75 (51.5 g, 0.23 mol) was dissolved in a freshly pregal M NaOH solution (300
mL) prior to the addition op-anisaldehyde (34 mL, 0.28 mol) and the reaction mixtureedt
vigorously for 10 mins until precipitation began. Tleaction mixture was then cooled t6@ for 1
hour, following which, the precipitate was filtered and et with cold water (150 mL) prior to a
second wash (EtOH:ED, 1:1, 100 mL) and the dried under reduced pressiies afforded the
desired product as a white crystalline solid (44.3 &p65
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TLC (petrol:EtOAc, 1:1, v/v): R= 0.05; M.p.= 159-166C. (Lit. m.p. = 166 "C¥;[a]® =-13.2 (c =
0.5, pyridine). [Lit.[a]" =-33 (c = 1, pyridineff; "H NMR (400 MHz, DMSOgs) § ppm 2.79 (1 H,
at,Ji,=J,5= 8.2 Hz,H-2), 3.14 (1 H, atd) = 9.1 Hz,J= 5.2 Hz, H-4), 3.23 (1 H, ddd,s = 9.6 Hz,
Js5 = 5.8 Hz,Js = 2.0 Hz, H-5), 3.42 (1 H, atd,= 9.1 Hz,J= 5.6 Hz, H-3), 3.48 (1H, dddga e, =
11.7 Hz,Jsa or-6= 5.6 HZJs 62 = 5.2 Hz, H-6b). 3.72 (1 H, dddkaes= 11.6 Hz Jgp or-6= 5.6 HZ,Js 60

= 1.9 Hz, H-6b), 3.80 (3H, s, OGH 4.58 (1 H, at] = 5.6 Hz, OH-6), 4.69 (1 H, al,= 7.3 Hz, H-1),
4.85 (1 H, dJsons= 5.6 Hz, OH-3), 4.97 (1 H, d4ons= 5.8 Hz, OH-4), 6.54 (1 H, d; op1 = 6.8
Hz, OH-1), 6.98 (2 H, dJ = 10.4 Hz, Ar-H), 7.68 (2 H, d = 10.4 Hz, Ar-H), 8.11 (1 H, s, benzylic-
H), 9.75-9.99 (1 H, s, NH); MB/z(ESTI"): 298.2 [M+HT.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[p-methoxybenzilidine(a)i-#-D-glucopyranoside (176§

OAc

(0]
AcO
AMOAC
/
MeO

250(44.3 g, 0.149 mol) was dissolved in pyridine (b70) under an argon atmospheTde reaction
mixture was cooled to 0°C prior to the addition o,@q150 mL) and stirred for 24 hours. After 24
hours TLC (petrol:EtOAc, 3:2) indicated the formatioha product (R0.3) and consumption of
starting material (R0.0). The reaction solution was then added to ice watky &nd the precipitate
formed was filtered and washed with cold water (200 mld @red under reduced pressure. This
afforded the desired product (67.4 g, 97%) as a whytgtaltine solid.

TLC (petrol:EtOAc, 3:2, v/v): R= 0.3; M.p.= 175-176C. (Lit. m.p. = 188 °C¥; [a]?’ = +71.7
(c =1, CHCY. [Lit. [a]3'=+95 (c = 1, CHG)]*; *H NMR (400 MHz, CHLOROFORM) & ppm
1.86 (3H, s, 1 x OCOCH 2.00 (3 H, s, 1 x OCOGH 2.02 (3 H, s, 1 x OCOGH 2.08 (3 H, s, 1 x
OCOCHy), 3.44 (1 H, at); = J5= 9.0 Hz, H-2), 3.85 (3 H, s, OGH3.97 (1 H, dddJss = 10.1 Hz,
Js.6a4.5 Hz,J5.60 = 2.2 Hz, H-5), 4.11 (1 H, ddeaco= 12.3 Hz,Js.6o = 1.9 Hz, H-6b), 4.36 (1 H, dd,
Joaoo= 12.5 Hz Js 6a 4.4 Hz, H-6a), 5.13 (1 H, alp3 = Js4 = 9.7 Hz, H-4), 5.42 (1 H, §,9.6 Hz, H-
3), 5.93 (1 H, dJ;» = 8.1 Hz, H-1), 6.90 (2 H, d,= 8.8 Hz, Ar-H), 7.64 (2 H, d] = 8.8 Hz, Ar-H),
8.14 (1 H, s, benzylic-H), 9.86 (1 H, s, NH); M8z(ESI"): 466.2 [M+H].
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1,3,4,6-Tetra-O-acetyl-2-deoxg-D-glucosamine (177§

OAc

Q
AcO

AcO OAc

CIH,N

176(67.4 g, 0.145 mol) was dissolved in warm acetone (600b@fore the addition of 5 M aqueous
HCI (30 mL) causing the immediate formation of a po#gate. The reaction mixture was allowed to
cool to RT prior to the addition of £ (300 mL). The reaction mixture was then cooled to 4 °C
before being filtered and washed with@&tand dried to afford the desired product (41.7 g, 75%)

TLC (petrol:EtOAC, 1:1, vv): R 0; M.p.= 220-222C. (Lit. m.p. = 235 °C¥; [a]? =+ 36.5 (c =
1.05, HO). [Lit [a]*= +29.7 (HO)]* *H NMR (400 MHz, DEUTERIUM OXIDE) ppm 1.94 (3
H, s, 1 x OCOCH), 2.00 (3 H, s, 1 x OCOGH{ 2.07 (3 H, s, 1 x OCOGH{ 2.08 (3 H, s, 1 x
OCOCH), 3.64 (1 H, ddJ, 3 10.6 Hz,J;, = 8.8 Hz, H-2), 4.04 - 4.11 (2 H, m, H-6b, H-8)24 (1 H,
d, Jsaeo= 13.5 HzJs 6a = 4.0 Hz, H-6a), 5.00 (1 H, al,= 9.5 Hz, H-4), 5.35 (1 H, ddp 3 = 10.7 Hz,
Js.2= 9.0 Hz, H-3), 5.84 (1 H, dl = 8.8 Hz, H-1); MSn/z(ESI*): 348.1 [M+H].

1,3,4,6-Tetra-O-acetyl-2-deoxy-2- benzyloxycarbonylamfiap-glucopyranoside (178§

OAc

(0]
AcO

AcO OAc

CbzHN

177(16.5 g, 43.2 mmol, 1 equiv) was dissolved ¥OH250 mL) before the addition of NaHE® g,
70.44 mmol, 1.6 equiv) following which the reaction veéisred for 10 mins prior to cooling to 0°C.
A solution of CBz-Cl (6.5 mL, 48 mmol, 1.14 equiv) CHCk (200 mL) and the reaction mixture
stirred for 1.5 hours. The phases were then separated aadguieus layer washed with CHCY0
mL). The combined organic phases were then washed with (HOO mL) before drying with
magnesium sulfate, filtering and concentrating. The cpudduct was then recrystallized fromy@&t
to afford (10.5 g, 51%) of the desired product ashaencrystalline solid.

TLC (petrol:EtOAc, 1:1, v/v): R= 0.45; M.p.= 116-118C. (Lit. m.p. = 130-132 °C§ [a]ﬁ,l =+10.4
(c = 1.0, CHCJ). [Lit. [a]2" = +17 (c = 2.8, CHG)]* *H NMR (400 MHz, CHLOROFORM) 5

ppm 1.94 (3 H, s, CB, 2.03, (6 H, s, 2 X Me), 2.06, (3 H, s, Me), 3@H, ddd,Jss = 9.9 Hz,Js 6=
4.4 Hz,Js o= 1.7 Hz, H-5) 3.99-3.92 (1 H, m, H-2), 4.10 (1 H, &g 12.5 Hz, H-6b), 4.27 (1 H, dd,
Joaso= 12.6 Hz,Js 6= 4.4 Hz, H-6a), 5.00-4.98 (1 H, m, H-35,12 (2 H, m, 2 x OCHPh Cbz), 5.17
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(1 H, at,J = 9.9 Hz, H-4), 5.68 (1 H, di ,= 8.5 Hz, H-1), 7.36-7.30 (5 H, m, AHMS m/z(ESI):
480 (M-H).

3,4,6-Tri-O-acetyl-2-benzyloxycarbonylamino-2-deggyp-glucopyranose (1385

OAc

o
AcO

AcO
CbzHN  "OH

178 (5.56 g, 12.0 mmol, 1 equiv) was dissolved in THBO(2ZnL) before the addition of BnNH
(2.3mL, 12.1 mmol, 1.01 equiv) following which theaction was stirred for 48 hours at which time
TLC (petrol:EtOAc, 1:1) showed product formation; (R3) along with the presence of starting
material (R 0.45). A further (1 mL, 9.2 mmol, 0.76 equiv) of BANwas added and stirring
continued for a further 24 hours, upon which time Tle@ealed complete disappearance of starting
material starting material (R0.6). The crude reaction mixture was concentrated uretkrced
pressure. Column chromatography (petrol:EtOAc, 2:1:19 afforded the desired product (4.9 g

75%) as an extremely viscous pale yellow oll

TLC (petrol:EtOAC, 1:1, vv): R= 0.3; [o]2" = +114.6 (c = 2.0, CHE). [Lit [o]3" = +31 (c = 1.0,
CHCL)]* 'H NMR (400 MHz, CHLOROFORMY) § ppm 2.06 (3 H, s, 1 x OCOGH2.02 (3 H,
s, 1 x OCOCH), 1.94 (3 H, s, 1 x OCOGH 4.02 (1 H, atd) = 10.2, 3.5 Hz, H-2), 4.14-4.09 (1 H,
m, H-6"), 4.23-4.16 (2 H, m, H-6 H-5), 5.02 (1 H,J= 12.4 Hz, 1 x OCKPh Cbz), 5.10 (1 H, af,=
9.6 Hz, H-4), 5.13 (1 H, d = 12.4 Hz, 1 x OCkPh Cbz), 5.26 (1 H, dl; , = 3.8 Hz, H-1), 5.25 (1
H, at,Jy3=Js4= 9.8 Hz, H-3), 7.36-7.26 (5 H, m, Ar-HMS m/z(ESI): 462 [M+Nal]".

8.2.8.1 Alternate synthesis of compound 138

2-Deoxy-2- benzyloxycarbonylamingg-p-glucopyranoside(184§+’

OH

(0)
HO

OH
NHCbz

175(52.4 g, 243.7 mmol) and Na0; (30 g, 283 mmol) were dissolved in distilled water (400)
and to this was added benzyl chloroformate (40 mL, 27216Iml.12 eq) and the reaction was stirred
at RT for 10 minutes, following which it was cooled t© and stirred for 45 minutes upon which
time the desired product had precipitaed from the sol@fa white solid. TLC (MeOH:EtOAc, 1:1)
revealed complete consumtion of starting material (R) and production of a single product (R
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0.75). Precipitate was filtered off and washed with awéder (300 mL) and ether (300 mL) to yield
the final product as a white solid ( 67.7 g, 87%)

TLC (MeOH:EtOAc, 1:1, viv): R= 0.75; [a]Z + 69.8 (c = 1 in pyridine) [Lit[a]? +73 (c =1 in
pyridine)]®; *H NMR (400 MHz, DMSOds) & ppm 3.0 - 3.1 (2 H, Cé5 C-2B), 3.1 (1 H, dddJ,s =
10.2 Hz,J5.6a= 7.5 Hz,J5.6o= 2.0 Hz, C-B), 3.3 (1 H, dd)J, 3= 9.0 Hz,J;,= 3.9 Hz, H-2), 3.4 (1 H,
dd, Jeaer= 12.4 Hz,Js 6= 5.2 Hz, H-6@), 3.5 - 3.5 (3 H, m, H% H-3u, H-3B), 3.5 - 3.6 (3 H, H-B,
H-40, H-4B), 3.7 (1 H, ddJgaep= 12.1 Hz Js 6o = 2.2 Hz, H-Gib), 4.4 (4 H, dJ;»= 8.8 Hz, H-B), 5.0
(1 H, d,J;»= 3.4 Hz, H-1), 5.0 (4 H, m, 4 x OCHPh Cbz), 7.2 - 7.5 (10 H, m, Ar-Hy’C NMR (101
MHz, DMSO-dg) 5 ppm 57.2 (C-a), 59.5 (C-B) 61.9 (C-6a), 62.0 (C-§), 65.9 (1 x OCHPh Chz
ap), 66.1 (1 x OCHPh Cbzap), 71.1 (2 C, C-8, C-33), 71.7 (C-& or C-3) , 71.8 (C-& or C-5),
72.8 (C-4, C-4p), 91.5 (C-1), 96.3 (C-1p), 127.3, 127.5, 128.6, 128.9, 129.2, 129.5, 129.%
OCH,Ph Cbzap), 137.9 (1x 1C. 1 x OCj®h Cbzap), 157.0 (1 x C=0 Cbap), 157.1 (1 x C=0 Cbz
af); MS m/z(ESI): 466.2 [M+HT.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2- benzyloxycarbonylamégp-glucopyranoside (181§

OAc

(0]
AcO

AcO
¢ OAc
NHCbz

180 (51.4 g, 164.2 mmol, 1 eq) was dissolved in pyridid@0(mL) and to this was added acetic
anhydride (100 mL). Reaction was stirred for 16 haurder argon atmostphere, upon which time
TLC (petrol:EtOAc, 1:1) showed complete consumptiostafting material (R0) and production of

a new product spot (0.45). Reaction was concentrated uratkrced pressure and column
chromatography (petrol:EtOAc, 1:1) yielded the desirediypebas a clear oil and 10a4p mixture (29

g, 37%)

TLC (petrol:EtOAc, 1:1, v/v): R= 0.45; 'H NMR (400 MHz, CHLOROFORM) & ppm 1.92 (3 H,
s, 1 x OCOCHu), 1.94 (3 H, s, 1 x OCOG#H), 2.00 (3 H, s, 1 x OCOGJ.), 2.01 3 H, s, 1x
OCOCHa) 2.02 (3 H, s, 1 x OCOCH), 2.03 (3 H, s, 1 x OCOGCH), 2.06 (3 H, s, 1 x OCOGCH),
2.07 (3 H,s,1x0OCOCH), 3.80 (1 H, dddJs5= 9.9 Hz,Js6= 4.4 Hz,J5 = 1.7 Hz, H-B) 3.92-
4.04 (2 H, m, H-B, H-50), 4.04 (1 H, ddJeaen=12.3 HzJ5 6, = 1.8 Hz, H-Gb), 4.09 (1 H, ddJsaen
=10.2 HzJ565,= 3.8 Hz, H-@b), 4.12 (1 H, ddJsaen= 10.2 HzJ5 6.= 4.8 Hz, H-@a), 4.19 (1 H, dd,
Jo3=10.1 Hz,J1, = 3.4 Hz, H-2), 4.26 (2 H, ddJsaco= 12.6,J562 = 4.4 Hz, H-Ga), 4.98-5.0 (4 H,
m, 2 x OCHPh Cbz, H-8, H-3B), 5.17 (L H, at);4= J;5= 9.9 Hz, H-$), 5.2 (1 H, atJs 4= Jy5=
10.1 Hz, H-4), 5.68 (1 H, d));,=8.5 Hz, H-B), 6.2 (1 H, dJ = 3.5 Hz, H-I), 7.36-7.30 (10 H,
m, Ar-H); MS m/z(EST): 480 [M-H].
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3,4,5,7-tetra-O-benzyl-1-deoxb-gluco-hept-2-ulopyranosyl-(2-1)-3,4,6-tetra-O-acetyl-
2-benzyloxycarbonylamino-2-deoxyb-glucopyranoside (150)

NHCbz

Bnoz/zoé
BnO oBn

85 (173.8 g, 0.31 mmol, 1 eq) ariB8 (168.0 mg, 0.38 mmol, 1.2 eq) were dried under
reduced pressure for 1 hour and then dissolvedlitydgrous DCM (10 mL) and added to a
dry flask in the presence of molecular sieves (@0 mg). Mixture was stirred with
molecular sieves for 30 minutes at room temperancethen was cooled to —40 °C. To this
was added TMSOTTf (1Ql, 0.054 mmol. 0.15 eq) at —40 °C in the under ara#nosphere.
The resulting mixture was stirred for 15 minutesilufLC (petrol:EtOAc, 3:2) revealed the
production of two new products {B.6 and R0.15) and consumption of starting material (R
0.35 and R0.05). The reaction was then quenched by the iadditiethylaming(0.1 mL),
filtered through Celit® and concentrated. The crude product was purifigdcdlumn
chromatography (petrol:EtOAc, 5:2) to yield the idss compoundy,a (214 mg) as well as
thea,p (32 mg) for a net yield (81%, 6dla: a,p) as well as recovereiB8(14.5 mg, 8%).

TLC (petrol:EtOAc, 3:2, v/iv): R= 0.60; [a]2D5 =67.3(c=0.94, CHG,].lH NMR (500 MHz,
CDCl3): 6 1.48 (3 H, s, C-1'), 1.96 (3 H, s, 1 x OCOgH.01 (3 H, s, 1 x OCOGH 2.04
(3H,s,1x0COCH), 3.33 (1L H, dJss=9.4 Hz, C-3'), 3.43 (1 H, ddiza 7= 10.9 Hz,Js 7»
= 1.42 Hz, H-7b’), 3.53 (1 H, ddya7,=11.03 HzJs 7a= 2.8 Hz, H-7a’), 3.68 - 3.79 (3 H, m,
H-5', H-6b, H-6"), 3.97 (1 H, at)s4 = Jss5= 9.1 Hz, H-4"), 4.04 (2 H, ddJs 6. = 12.6 Hz,
Joasp= 4.41 Hz, H-6a), 4.05 (1 H, dds 3= 10.7 HzJ; » = 3.8 Hz, H-2), 4.26 (1 H, ddd, 5=
10.3 Hz,Js62 4.5 Hz,J560 = 2.21 Hz, H-5), 4.38 (1 H, d,= 12.3 Hz, 1 x OCLPh), 4.53 (1
H, d,J =12.3 Hz, 1 x OCkPh), 4.56 (1 H, dJ = 11.0 Hz, 1 x OCKPh), 4.61 (1 H, dJ =
11.4 Hz, 1 x OCkKPh), 4.82 (1 H, d) = 11.0 Hz, 1 x OCkPh), 4.91 (1 H, d)=11.9 Hz, 1 x
OCH,Ph Cbz), 4.93 (1 H, dJ = 10.9 Hz, 1 x OCkPh), 4.95 (1 H, dJ = 12.6 Hz, 1 x
OCH,Ph), 4.97 (1 H, dJ = 11.4 Hz, 1 x OCkPh Cbz), 5.05 (1 H, dJ = 12.0 Hz, 1 x
OCH,Ph), 5.08 (1 H, atl34=Js5 =9.1 Hz, H-4), 5.30 (1 H, dd, 3= 10.7 HzJ3 4= 9.4 Hz,
H-3), 5.36 (1 H, dJ;» = 3.5 Hz, H-1), 6.98 - 7.41 (25 H, m, Ar-HYC NMR (126MHz,
CDCl): 8 20.6, 20.7 (3 x OCOC#H 23.1 (C-1'), 54.6 (C-2), 61.7 (C-6), 67.0_(B4Ph
Cbz), 67.2 (C-5), 68.1 (C-7’), 68.3 (C-4), 70.9 3-72.3 (C-5'), 73.4 (OB,Ph), 74.9
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(OCH,Ph), 75.5 (QE,Ph), 75.7(QEl,Ph), 77.9 (C-6’), 82.8 (C-4’), 84.7 (C-3), 90.7-(T,
101.6 (C-2), 127.6, 127.6, 127.6, 127.8, 127.83.12128.3, 128.4, 128.4 (5 x Ogrh),
136.0, 138.1, 138.2, 138.3, 138.5 (5x 1C. 5 x @R, 155.6 (1 x C=0 Cbz), 169.4, 170.6,
171.4 (3 x C=0) ; IR (thin film): 3346 (br. Amide3089, 2924, 2864 (C=CH), 1745 (C=0),
1720 (C=0), 1564, 1530, 1454, 1365, 1230, 115381037;HRMS m/z(ESI): [M+NH,]*
calcd. for GsHesN201s', 993.4379; found, 993.4377; analysis (calcd., €bufor
CssHsiNOys): C (67.68,67.61), H (6.30,6.21), N(1.44,1.44).

3,4,5,7-tetra-O-benzyl-1-deoxyD-gluco-hept-2-ulopyranosyl-(2-1)-3,4,6-tetra-O-acetyl-2-
benzyloxycarbonylamino-2-deoxg-D-glucopyranoside (179)

CbzHN
(0]
BnO o)

OAc
BnO 0Bn

OAc

179was isolated as the lower spot (RL5) of the reaction betwe®&b and138(212 mg, 7%).

TLC (petrol:EtOAc, 3:2, viv): R= 0.15; [on]zD5 =37.7 (c = 1.0, CHG)."H NMR (500 MHz, CDC)): 5
1.36 3 H, s, C-1), 1.94 3 H, s, 1 x OCOgH2.00 (3 H, s, 1 x OCOGJ{ 2.01 (3 H, s, 1 x
OCOCH;), 3.35 (1 H, dJ34= 9.5 Hz, H-3"), 3.46 (1 H, br. s., H-2), 3.62 (2 &tt,J;5 = 10.7 Hz ,
Js6a= Jsep= 1.1 Hz, H-5, H-7b"), 3.71 (2 H, aly5 = Jss6= 9.8 Hz, H-5"), 3.74 (1 H, dd};a 7=
10.7 Hz,Js7a = 3.2 Hz, H-7a"), 3.99 (1 H, all; , = J45= 9.5 Hz, H-4"), 4.05 (1 H, ddlsa6p= 12.3
Hz, Js 6= 2.2 Hz, H-6b), 4.12 (1 H, ddga6p= 12.0 Hz Js 6= 4.7 Hz, H-6a), 4.17 (1 H, ddds =
10.7 Hz,Jg 7a= 3.3 Hz,Js o= 2.0 Hz, H-6"), 4.49 (1 H, d] = 12.3 Hz, 1 x OCkPh), 4.56 (1 H, d) =
10.7 Hz, 1 x OCHKPh), 4.60 (1 H, dJ = 10.7 Hz, 1 x OCHKPh), 4.61 (1 H, dJ = 12.3 Hz, 1 x
OCH,Ph), 4.77 - 4.85 (3 H, m, 1 x OGPh Cbz, 2 x OCkPh), 4.88 (2 H, d) 11.0 Hz, 1 x OCkKPh),
495 (1 H, atl;4=Js5= 9.8 Hz, H-4), 5.06 - 5.18 (2 H, m, H-1, 1 x O§R Cbz), 5.46 (1 H, al,
=J;4= 9.6 HzH-3), 7.14 - 7.37 (35 H, m, Ar-H}*C NMR (126MHz, CDCJ)): & 20.6, 20.7, 21.0 (3 x
OCOCH), 22.1 (CH), 56.5 (C-2), 62.4 (C-6), 66.9 (BzPh Cbz), 68.4 (C-4), 68.8 (C-7"), 71.85 (C-
3), 72.0 (C-5), 72.3 (C-6"), 73.5 (B®GPh), 74.9 (OEI,Ph), 75.4 (OEl,Ph), 75.8(Q€EI,Ph), 78.2 (C-
57, 82.8 (C-4), 84.7 (C-3), 94.6 (C-1), 102.3-@), 127.5, 127.6, 127.6, 127.7, 127.8, 127.9,.028
128.1, 128.3, 128.4, 128.5 (5 x O¢Rth), 136.2, 137.9, 138.2, 138.3, 138.7 (5x 1C.BCH,Ph),
155.5 (1 x C=0 Cbz), 169.6, 170.4, 170.6 (3 x CHB){thin film): 3356 (br. amide), 3031, 2939
(C=CH), 1748 (C=0), 1587, 1454, 1367, 1231, 1048; HRMS m/z (ESI): [M+Na]" calcd. for
CssHeiNO3sNa', 998.3933; found, 998.3905.
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8.2.8.2 Deprotection of compound compound 150

1- Deoxye-D-gluco-hept-2-ulopyranosyl -(2>1)-2 -N-ethyl-2-deoxyx-D-glucopyranoside (181)

150(45.0 mg, 0.046 mmol was dissolved in anhydrous ameth(10 mL). To this was added NaOMe
(17.6 mg, 0.325 mmol). Reaction was stirred at room ¢zaipre for three hours until complete
disappearance of starting material TLC (petrol:EtOAc, gRLD.3) and formation of a new product
spot (R 0.0) was detected. Product was also detected by ESI 8FE:Blal). Reaction was
neutralized with Dowex 50WX8 (Hform) cation exchange resin and concentrated under reduced
pressure. Product was redissolved in ethanol antisgoMas added Pd(OHE (120 mg) and basic
alumina (60 mg). Reaction was stirred for 18 hours uhgldrogen atmosphere, upon which time the
desired product was detected by E&E 354.1(M-H) along with181 m/z 382.1 as an inseparable
mixture. TLC (EtOH:NH:H,O, 5:3:1) revealed one spot as a smear (R-0.6). 181 was
characterized by NMR and found to be an inseparable 2:Limigf the reductive amination product

as well as another unidentified side product (14.9mg,)85%

TLC (EtOH:NH,:H,0, 5:3:1, v/v): R= 0.4-0.6; HRMSm/z (ESI"): [M+H]" calcd. for GsH3oNOyo"
384.1870; found, 384.1860.

1-deoxye-D-gluco-hept-2-ulopyranosyl-(2>1)-2—amino-2-deoxy-D-glucopyranoside

glucopyranosidg37)

HO OH OH

OH

150 (578 mg, 0.59 mmol, 1 eq) was dissolved in anhysinmethanol (15 mL). To this was added
sodium methoxide (25 mg, 0.46 mmol, 0.94 eq) and reaetes stirred for 1 hour, upon which time
full conversion to product was detected by TLC (EtOAG)R5) and disappearance 180 (Rs 1).
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Reaction was neutralized with DOWEX 50WX8 *(Horm) cation exchange resin (ca 50 mg).
DOWEX was removed by filtration and reaction was concentnatelér reduced pressure to yield the
deacetylated product (507 mg, 100%). This product witsirsip two portions and each portion was
dissolved in 20 mL (1:1 trifluoroethanol/water) withrftc acid (50 pl) and cycled through the
Thales Nano H-Culfeover a Pd/C cartridge at 70 bar for 10 hours. Upamptetion product was
detected by TLC (kD:i-PrOH:EtOAcC, 1:2:2) (R0.05) with complete disappearance of starting sugar
(Rf 1). Reactions were concentrated under reduced pressurspheglisin water and lyophilized to
yield the desired product as a brownish, amorphous salithe formate salt. Amine was further
purified by a 10 mL column of DOWEX 50WX8 {Horm) cation exchange resin. Amine was loaded
onto resin, washed with water (20 mL), 0.1% j0H (20 mL),eluted with 5 % NOH (20 mL) and
evaporated to dryness to yield the desired productndmsta amorphous solid. (221 mg, 93%).

TLC (water:isopropanol:ethyl acetate, 1:2:2, vivjz®R05; [a]% = 83.8 (c = 0.21, MeOH}H NMR
(500 MHz, 3O): 6 1.48 (3H, s, C-1"), 2.74 (1 H, d= 10.4 Hz, H-2), 3.23 (1 H, d3,= 9.7 Hz H-
39, 3.35 (2 H, atdJ = 9.6, 5.7 Hz, H-5, H-6"), 3.60 - 3.83 (8 H, m, H-7d:7b’, H-6a, H-6b, H-&'
H-5', H-3, H-4), 5.24 (1 H, dJ,»= 3.2 Hz, H-1)3C NMR (126 MHz, RO): § 22.9 (C-1"), 55.5 (C-
2), 60.5 (C-6), 60.6 (C-7'), 69.7 (C-5 or C-6"),.84C-5 or C-6"), 72.1 (C-4), 72.6 (C-4’ or C-5),
72.7 (C-4' or C-5'), 73.5 (C-3) 76.4 (C-3)), 91.96-1), 101.3 (C-2); HRMSm/z (ESI"): [M+Na]*
calcd. for GsH,sNO;oNa', 378.1317; found: 378.1361.

1-deoxye-D-gluco-hept-2-ulopyranosyl-(2>1)-2-deoxy-2-(N’-(fluorescein-5-yl)-thioureidog-D-
glucopyranosideg9)

37 (11 mg, 0.03 mmol, 1 eq) and fluorescein isothiocyafhfemg, 0.044 mmol, 1.4 eq) were
dissolved in 75 mM NaHCgbuffer at pH 9 (1 mL) with acetonitrile (0.5 mL). Reactiwas heated to
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50 °C for 2 upon which time product«(B.3) was detected by TLC {8:i-PrOH:EtOAc, 1:2:2) with
near complete disappearance of fluorescein starting mafBri&l.8) and starting amine (R.05).
Reaction mixture was purified by HPLC with a Phenomenene&)y Hydro Gg column (150 mm x
21.2 mm, 4um) and a acetonitrile gradient with 1% aqueous TFA phyiization yielded the desired
product as a yellow solid (16 mg, 72 %).

TLC (H,0:i-PrOH:EtOAc, 1:2:2, viviv): R= 0.30; [a]? = 72.2 (c = 0.18, MeOH):H NMR (500
MHz, D,O): 5 1.48 (3 H,s, C-1), 3.26 (1L H, ds4 = 9.8 Hz, H-3"), 3.49 (3 H, m, H4’, H-5', H-4),
3.74 (6 H, m, H5, H-6', H-6a, H-6b, H-7a’, H-7b%,00 (1 H, atJ,s= Js4= 9.8 Hz, H-3), 4.41 (1 H,
dd,J,5=10.9 HzJ;» = 2.9 Hz, H-2), 5.59 (1 H, dy »= 3.6 Hz, H-1), 6.84 (4 H, | = 0.9 Hz), 7.12 -
7.18 (3H, m), 7.68 (1 H, df,= 7.7,J = 0.9 Hz), 8.00 (1 H, dl = 1.0 Hz);**C NMR (126 MHz, RO)

§ 22.79 (C-1'), 58.8 (C-2), 60.0 (C-7’), 60.56 ((;-68.9 (C-4), 70.4 (C-3, C-4’), 71.9 (C-6), 72.8
(C-5), 72.8 (C-5), 76.3 (C-3), 89.6 (C-1), 101(6-2"), 102.5, 113.9, 115.1, 117.1, 117.4, 128.3,
130.2, 131.4, 140.4, 156.2, 162.8, 163.1, 166.0,2,7.81.6; HRMSn/z (ESI"): [M-H] calcd. for
CaH3sN015S, 743.1764; found, 743.1754; analysis (calcd., foumd f GH3gNO:sS): C
(54.83,54.77), H (4.87,4.80), N (3.76,3.69), S(4826).

7,000

mAU 254 nm
100.0%

6,000

FITC-tre-4.133

5,000

FITC-2-7.258

4,000

3,000

2,000

1,000

MeCN 0.1% TFA

Flow: 20.000 m/min A_/J

T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Figure 8.8. Preparative HPLC trace for the purification of FITC-Tre compound 40. Conditions:
Phenomenex Synergi Hydro C18 column (150 mm x 21@m, 4 pm), eluting with water with 0.1 % TFA
(A) and acetonitrile (B) eluting at a flow rate of20mL/min; Gradient: 0 min B=%0, 1 min B=20%, 5.5
min B=40%, 6 min B=100%, 8 min B=0%; Compound 40 eltes at 4.1 min ( labeled FITC-Tre) while
starting materials FITC elute at 6.9 and 7.3 min.
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8.2.9 Other selective modifications of 37

3,4,6,7-Tetra-O-benzyl-1-deoxy-D-gluco-hept-2-ulopyranosyl-(2-1)-3,4,6-O-acetyl-2-N-
hexanoyl-2-deoxyx-D-glucopyranoside (185)

HN

9) o OAc
BnO OBn

BnO OBn OAc

OAc

Crude 184 was dissolved in anhydrous DCM (5 mL). Reaction wasedt O/N at RT under argon
atmosphere. TLC (petrol:EtOAc, 2:1) revealed completadfssarance of starting material (R05)

and appearance of product (R35). Reaction was concentrated under reduced pressure réiedi pu
by column chromatography (petrol:EtOAc, 5:2) with 1%tNi6 yield the desired product (12.1 mg,

42.1% over two steps) as a clear oil.

TLC (petrol:EtOAc, 2:1, viv): R= 0.35; [a]él = 42.6 (c = 0.5, CHG).'H NMR (500 MHz,
CHLOROFORMS4) & ppm 0.83 (3 H, tJcuschz = 7.3 Hz, OCO(CH4CHs), 1.03 - 1.14 (2 H, m,
OCO(CH); CH,CHs3), 1.19 (2 H, quin]J = 6.9 Hz, OCO(Chk), CH, CH,CHg), 1.34 - 1.52 (4 H, m,
OCO(CHy), CH, CH,CH;, OCOCH CH, (CH,),CHs), 1.48 (3 H, s, Ch, 1.97 - 2.01 (2 H, m,
OCOCH(CHy); CHz), 2.02 (3 H, s, 1 x OCOGCH 2.03 (3H, s, 1 x OCOCH 2.05 (3 H, s, 1 x
OCOCH;), 3.34 (1 H, dJs 4= 9.5 Hz, H-3"), 3.55 (1 H, ddls 7= 10.4 Hz J75 7nb= 2.2 Hz, H-7b’), 3.64
(2 H, m, H-7a’, H-6"), 3.72 (1 H, a5 = Js &= 10.1 Hz, H-5"), 3.84 (1 H, ddlsaeo= 12.3 HZ J5.62 =
2.5 Hz, H-6b’), 3.98 (1 H, aflz 4= Js5= 9.1 Hz, H-4"), 4.07 (1 H, ddlsaen= 12.3 Hz, J5 65 = 4.7 Hz,
H-6a) 4.22 (1 H, ddd)ss = 10.2 Hz,J5 65 = 4.6 Hz,J56, = 2.2 Hz, H-5), 4.32 (1 H, dddp 3 = 11.0
Hz, J,nn = 8.5 Hz,J,,= 3.8 Hz, H-2), 4.45 (1 H, d,= 12.3 Hz, 1 x OCkPh), 4.54 (1 H, dJ = 11.0
Hz, 1 x OCHPh), 4.60 (1 H, dJ = 12.0 Hz, 1 x OCHKPh), 4.64 (1 H, dJ = 11.3 Hz, 1 x OCKPh),
4.83 (1 H, dJ=11.0 Hz, 1 x OCkKPh), 4.92 (1 H, dJ = 11.0 Hz, 1 x OCKPh), 4.96 (1 H, dJ =
10.7 Hz, 1 x OCkLPh), 4.98 (1 H, dJ = 11.3 Hz, 1 x OCKPh), 5.11 (1 H, atl; 4= J,= 9.8 Hz, H-4),
5.31 (1 H, dJ;»,=3.5Hz, H-1), 5.33 (1 H, ddy3=11.2 Hz,J3,= 9.3 Hz, H-3), 5.72 (1 H, d,=
8.8 Hz, NH), 6.80 - 7.59 (20 H, m, Ar-HJC NMR (126 MHz, CHLOROFORMj) & ppm 13.9
(OCO(CH,)4CH3), 20.6 (1 x OCOCH), 20.7 (1 x OCOCH), 20.8 (1 x OCOCH), 22.3 (CH)
23.1(0OCO(CH); CH,CHj3), 24.9 (OCO(CH), CH, CH,CH3) 31.2 (OCOCH CH; (CH;).CHs), 36.3
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(OCOQH,(CH,)s CHy), 52.7 (C-2), 61.8 (C-6), 67.4 (C-5), 68.1 (C-83,1 (C-7'), 71.2 (C-3), 72.3
(C-6), 73.5 (1 x OCHPh), 75.1 (1 x OCHPh), 75.5 (1 x OCHPh), 75.6 (1 x OCHPh), 77.9 ( C-5')
82.7 (C-4), 84.6 (C-3)), 90.5 (C-1), 101.5 (C-2127.6, 127.6, 127.7, 127.8, 127.9, 128.3, 128.3,
128.3, 128.4, 128.4 (4 x OGPh), 137.9, 138.0, 138.3, 138.4 (4 x 1C, 4 x GRHY, 169.3, 170.6,
171.8, 172.9 (4 x C=0); HRM®/z (ESI'): [M+Na]" calcd. for GsHesNONa', 962.429; found,
962.4314.

N-succinimidyl 4-fluorobenzoate (188)

—N

4-Fluorobenzoic acid87(1.99 g, 14.2 mmol) DCC (3.5 g, 17.4 mmol) and NHS g, 17.04 mmol)
were dissolved in anhydrous THF (60mL). Reaction métuas stirred O/N at RT. Product (R35)
was detected by TLC (petrol:EtOAc, 2:1) with nearly ctetg dissappearance of starting materials
(R 0.0, R 0.98, (R 0.1-0.4)). Reaction was concentrated under reduced presslguadfied via
column chromatography (petrol:EtOAc, 2:1 followed byrpeEtOAc, 1:1). The desired compound
was obtained as a white, crystaline solid (2 g, 60%).

TLC (petrol:EtOAc, 2:1, v/v): R= 0.35;'"H NMR (400 MHz, CHLOROFORMY) § ppm 2.90 (4 H,
s, CHy), 7.05-7.30 (2 H, m, Ar-H meta), 8.05-8.30 (2 HAmH ortho).
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1-deoxye-D-gluco-hept-2-ulopyranosyl-(2>1)-2-(4-fluorobenzylamino)-2-deoxy-D-
glucopyranoside trifluoroacetic acid salt (38)

+ 2N CF3COO

37 (11 mg, 0.03 mmol, 1 eq) was dissolved in methanohl(). 4-fluoro-benzaldehyde (9.5 ul, 0.06
mmol, 2 eq) was added to the reaction. After 10 ming@®iplete conversion to imine was detected
by TLC (EtOAc:MeOH, 2:1) product (®.4). To this was added NaBKL5.2 mg, 0.4 mmol, 13.1
eq) and reaction was allowed to stir for a further 10 temuupon which time reductive amination
was detected by ESI mass spec as well as TLO:(HPrOH:EtOAc, 1:2:2) product ¢(®.75). Upon
conversion, reaction was purified by HPLC with a HPLChwat Phenomenex Synergi Hydro C18
column (150 mm x 21.2 mm, gm) and an MeCN/KD gradient (5%/min) with 0.1% NjJ@H.
Lyophilization yielded the desired compound as a offteveimorphous solid as the TFA salt. (8.4 mg,
59%).

TLC (H,0:i-PrOH:EtOAC, 1:2:2, viVIV): R= 0.75; [a]? = 32.4 (c = 0.29, MeOH)H NMR (500
MHz, D,0): 8 1.47 (3 H, s, C-1"), 2.63 (1 H, dl;5 = 10.4 Hz,J;, = 2.8 Hz,J, nyy = 2.8 Hz, H-2),
3.22 (1 H, dJss= 9.8 Hz, H-3), 3.29 (1 H, atlys = Js 5= 9.5 Hz, H-5'), 3.36 (1 H, atls = Jus =
9.6 Hz, H-4), 3.59 (1 H, ddlza 7= 12.3 HzJs 7a= 5.0 Hz, H-7’), 3.65 (1 H, ddgaep= 12.3 HZJs 6

= 5.0 Hz, H-6a), 3.67 (1 H, ddsaer= 12.6 Hz,Jsp = 2.5 Hz, H-6b), 3.71 - 3.77 (3 H, m, H-7b’, H-
6, H-4"), 3.79 - 3.86 (3 H, m, H-3, 2 X NGAh ), 3.86 (1 H, dddl,s = 9.8 HZ,Js.62 = 4.4 Hz,Js60 =
2.2 Hz, H-5), 5.36 (1L H, dly , = 2.8 Hz, H-1), 7.05 (2 H, aloomew= Jur = 9.0 Hz, Ar-Hrng), 7.30
(2 H, dd,Jomnomers 8.4 Hz,Jur = 5.8 Hz, Ar-Hher); °C NMR (126 MHz, RO): § 22.5 (C-1’), 50.0
(NCH.Ph-F), 60.3 (C-2), 60.6 (C-6), 60.7 (C-7"), 69.64) 70.4 (C-5), 71.8 (C-4'), 72.4 (C-3), 72.6
(C-6"), 72.7 (C-5), 76.5 (C-3"), 90.5 (C-1), 101(@-2), 115.1, 115.2, 115.3, 117.3, 117.5, 119.8,
129.7, 129.8 (Ar-C), 162.8, 162.9 (C=0, TFAF; NMR (1H) (377 MHz, RO): & —75.6 (TFA), -
116.3 (4-F-benzyl); HRMSn/z (ESI): [M+Na]" calcd. for GoHsoFNONa', 486.1746; found,
486.1770.
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1207 Au 285 nm

100-]

FB-tre-7.183

8.8

7.5

F-benzyl alcohol - 12.

6.37]
5.0
3.8

7 MeCN 0.19 NHAOH
2.5

2-9508

Flow: 20.000 mi/min

0.0 20 4.0 6.0 8.0 10.0 120 15.0

Figure 8.9. Preparative HPLC trace for the purification of 38. Conditions: Phenomenex Synergi Hydro
C18 column (150 mm x 21.2 mm, gm), eluting with water with 0.1 % NH,OH (A) and acetonitrile (B) at
a flow rate of 20 mL/min; Gradient: 0 min B=%0, 1 min B=0%, 15 min B=60%; Compound 38 elutes at
7.2 min ( labeled FB-tre) while side product 4-flubenzyl alcohol elutes at 12.1 min.

8.2.9.1 Synthesis of®F-Trehalose 39

(4-Formyl-phenyl)-trimethyl-ammonium trifluoro-methanagfonate (191)

0) H

“OTf
N*_
/|
Methyl trifluoro-methanesulfonate (0.61 mL, 4.5 mmollasvadded to a solution of N,N-
dimethylamino benzaldehyde0 (0.75 g, 5 mmol) in dichloromethane (70 mL) at RT emdrgon.
The dark green reaction mixture was stirred at RT fon.ZReaction was then concentrated to 20 mL
by rotovap under reduced pressure and concentrated soka®added to ether (200 mL) and then

chilled to 0 °C on ice. The resulting white precipitatas filtrated and washed extensively with
diethyl ether (5 x 40 mL) to yiel#l91 (368 mg, 24%) as a white powdery solid.

'H NMR (400 MHz, DMSO#) § ppm 3.38 (3 H, s, C}), 8.12,8.17, 8.19, 8.24 (dd, 4H, CHarom, J
Y, 8:79 Hz), 10.11 (s, 1H, CHO¥*C NMR (101 MHz, DMSOds) & ppm 56.43 (Ch), 121.73
(CHarom, ortho to —N(CH3J), 130.92 (CHarom), 136.81 (CquartdO), 151.07 (Cquart,C-N(CH3)
%, 192.17 (CHO); MSn/z(ESI'): 164.13 [M+H].
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Deoxywa-D-gluco-hept-2-ulopyranosyl-(2-1)-2-N-para-18-fluorobenzoyl-2-deoxg-D-
glucopyranoside (39)

18F

To one 13 x 100 test tube was added ADXKryptofix (K222) solution (4.5 mg/10@.L), 60 pL
K,CO; solution (0.1 M in water), antfF (57.9 mCi) at 8:21 AM. Reaction was evaporated under
stream of argon in 105 °C heat block and was azeotropieade8 with 200 pL ChECN. To this was
added the substrate 4-trimethylammonium benzaldehydeerifiaZ300uL CH;CN and reaction was
heated 5 min at 30 °C. Reaction was cooled to RT in arvimth and to it was added 8 pL HOAc,
100 pL solution of aminotrehalose (4 mg in 100 pL) eetdrned to 130 °C block for about 1 min at
which time was added 100 pL of NaCNBsblution (1 M in THF). Reaction was heated for aHert

9 minutes upon which time it was cooled to RT in aewdiath and diluted to ~12 mL with 0.1%
NH4OH and loaded onto 500 mg BONDELUT C18. The colums washed with 1 mL water and
reaction mixture was eluted with 1 mL MeOH. Eluant wasyss 26.1 mCi at 8:56 AM and reaction
mixture was concentrated under stream of argon. Purificatas conducted on a semiprep scale,
utilizing a Synergi HydroRP 10 x 100 mm and Elutwith 10% ethanol 90% 0.1% NBH. Product
eluted a roughly 13 minutes. Radio TLC (water:isopropathyl acetate, 1:2:2) indicated the desired
product (R 0.75). Reaction was neutralized with 1M HCI (280 and filter sterilized through a 13
mm sterile filter to yield 3 mL ethanol solution of thesired compound (6.37 mCi, 22%). TLC
(HO:i-PrOH:EtOACc, 1:2:2, viviv): R0.75.
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Figure 8.10. Prep HPLC traces of®FB-trehalose. Elution with 10% ethanol 90% with 01% NH4OH. (a)
Radiochemical trace, peak for'®F-Fluorobenzyl-trehalose 39 shows as a doublet bacse the detector
saturates and then recovers detection of the signalb) UV trace shows elution of non-radioactive s
product Trimethylamino-benzyl-trehalose prior to the target compound.
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Figure 8.11. Analytical HPLC traces of purified FBirehehalose 39 shows no significant, UV active or
radioactive contaminants of 39. Elution with 15% MéH at 10 min to 90% MeOH at 20 min with 0.1%
NH4OH (a) radiochemical trace. (b) UV trace.
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Radiographic TLC was employed to identify the producttes desired compound as well as to
determine how much of the desired compound was inrgekthrough of the C18 cartridge. None of

the product is in the breakthrough, which had beemble@m in earlier syntheses.

18
F-Fluorobenzyl-Trehalose

‘\II!
|

o 50 100 150 ) 200 mm

ots DOK: 04208, R02 -
s (D)
1500 -
1000
500
T — - == .
0 50 100 150 200 mm

Figure 8.12. Radiographic TLC (H20:i-PrOH:EtOAc, 1:2:2, v/v/v) (a) product 39 (b) breakthrough of
Sep-Pak purification. Notably, no product is presehin the breakthrough.

8.2.10 Synthesis of Quantum dot-trehalose 55

1-deoxye-D-gluco-hept-2-ulopyranosyl-(2>1)-2-deoxy-2—isothiocyanata-D-glucopyranoside
(194)

HO OH OH

OH

37 (2.5 mg, 0.007 mmol, 1 eq) was dissolved in 75 mM Q@klbuffer pH 9 (200 ul). To this was
added thiophosgene as a solution (20 pl of thiophesgetm 1 mL of chloroform). 100 pl of
thiophosgene solution was added to reaction (3 mg, 8.26&q). The resulting biphasic mixture was
stirred at room temperature for 3 hours upon which TEBOH:NH,OH: H,O, 5:3:1) showed
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complete consumption of starting materiak (R2) and conversion to a single product (R65).
Excess thiophosgene and chloroform were remanechcuoand crude product was used without
further purification. TLC (EtOH:NEOH: H,0, 5:3:1, v/v): R=0.65;

Trehalose Quantum Dot€55)

H
HO © OH
0 O
/U\ 0 H NH
N o T}/ o
5
S
OH
O
OH
OH
L OH _ 1110

An 8 uM solution of CdSe-ZnS (50 pl) core-shell quamtdots (emissiomax 655nm) in borate
buffer at pH 8 (Invitrogen) was buffer exchanged into waterepeated (x5) centrifugal filtration
through a 10 kDa cutoff spin filter. Dots were then spsinded in water. 50 pl of this 8 uM quantum
dot solution was then added to the solutiodi®4 and the total volume made up to 1.0 mL with 75
mM NaHCG; buffer at pH 9.0 (pH electrode). Reaction mixture waeken at 4 °C for 14 hours.
Excess sugar and salt was removed from the reaction mbyusze exclusion chromatography (PD
10 column, Amersham) with water as the mobile phake. quantum dot solution was concentrated
to 1 mL, using 10 Kda spin filter, and the concemratdetermined using previously reported
procedure® to be 0.44 pMess, = 3880000 M'cm™). The modification of the quantum dots was

confirmed by agarose gel electrophoresis.

The carbohydrate loading on the quantum dots was detumising the phenol sulphuric acid
method. An aliquot of the quantum dot solution (5Ppwas treated with concentrated sulphuric acid
(75 pl) and aqueous phenol (5% w/w, 10 pl) and heat@d ttC. After 5 minutes the sample was
cooled to room temperature andgfAmeasured, referenced to a solution of carbohydrate modified
guantum dots and acid. The concentration of trehalose wesnteed by comparison to a
standardized curvd-{gure 8.13. The carbohydrate content per dot was calculated thematio of
trehalose concentration to the concentration of ZnS-GuBatum dots and was found to be ~110

sugars/dot.
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Figure 8.13. Standardized curve for determining tréalose concentration on modified quantum dots using
the phenol-sulphuric acid method. Shown is the absilsance at 490 nm after reaction with phenol and
sulphuric acid against standardized concentrationsf trehalose.

8.2.11 Synthesis of DOTA-trehalose 57

1-Deoxye-D-gluco-hept-2-ulopyranosyl-(2»1)-2-N-isothiourea-benzyl-(1,4,7,10-
tetraazacyclododecane-N/W '’ ,N'""-tetraaceticacid)-2-deoxy-D-glucopyranoside trifluoroacetic
acid salt (57)

OH s

N

i

HN
0
o Q \—OH
HO OH
HO OH OH
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37 (8.3 mg, 0.023 mmol, 1 eq) arldd5 (13.4 mg, 003 mmol, 1.1 eq) (Macrocyclics, B-205) were
dissolved in sodium carbonate buffer (1 mL, 75 mM,$HTo this was added acetonitrile (0.5 mL)
and the reaction mixture was stirred at 50 °C for 5 hdollsewed by 72 hours at RT. Upon
completion TLC (5 EtOH:NEDH:H,0, 5:3:1, v/v/v) revealed complete disappearance of drérsj
sugar (R0.5) and Dota (R0.9) and appearance of a single produgD(R). Reaction was neutralized
with NH,4CI solution until neutral pH was obtained and the rasylnixture was lyophilized to give a
brownish solid. Reaction mixture was purified by catiord anion exchange chromatography. First,
mixture was loaded onto Dowex 550A (OH- form) anionhexwge resin (ca 100 mg) and resin was
washed with 10 mL water and then eluted with 10 mlursé¢d NaCl solution. Eluant was then
loaded onto DOWEX 50WX8 (Hform) cation exchange resin (ca 100 mg) and resin waheua
with water (5 mL), NHOH (0.1%) followed by elution in N}OH (5%). Lyophilization yielded the

desired product as a brownish amorphous solid (3.720%).

TLC (EtOH:NH,OH:H,0, 5:3:1, viviv): R= 0.6;[(1]2,35 = 21.6 (c = 0.43, waterJH NMR (500 MHz,
DEUTERIUM OXIDE) & ppm 1.44 (3 H, s), 1.86 (1 H, d= 12.3 Hz, 1 x ChiDota), 2.00 (1 H, dJ
=12.6 Hz, 1 x ChiDota), 2.05 - 2.36 (7 H, m, 6 x GOTA, 1x C-H Benzyl), 2.45 (1 H, d,= 16.1
Hz, 1 x CH Dota), 2.49 - 2.89 (7 H, m, 7 x GHDOTA), 2.87 (1 H, dJ = 16.1 Hz, 1 x CkDota),
2.96 - 3.29 (8 H, m, C-3', 6 x GHDOTA, 1x C-H Benzyl ), 3.38 - 3.54 (7 H, m, H-4; HH-5', 4 x
CH, DOTA), 3.63 (1 H, dddJs = 10.5 Hz,Js 7a= 5.8 Hz,Js 7, = 3.5 Hz, H-6"), 3.67 - 3.81 (5 H, m,
H-6a, H-6b, H-7a, H7-b, H-5), 3.89 (1 H, at 9.8 Hz, H-3), 4.31 (1 H, dd;,= 3.2 Hz,J,3=9.1
Hz, H-2), 5.59 (1 H, dJ;,= 3.2 Hz, H-1), 7.16 (2 H, dl = 7.9 Hz, H-Meta), 7.23 (2 H, nd,= 8.8
Hz, H-Ortho);"®C NMR (126 MHz, DEUTERIUM OXIDE)3 ppm 22.8 (C-1), 30.3 (CHDOTA
benzyl), 42.6 (CHDOTA), 48.2 (CH DOTA), 48.7 (CH DOTA), 51.0 (CH DOTA), 52.5 (CH
DOTA), 52.9 (CH DOTA), 53.4 (CH DOTA), 55.1 (CH DOTA), 55.7 (CH DOTA), 58.7 (CH
DOTA), 58.8 (C-2), 59.3 (CKDOTA), 60.0 (C-6), 60.5 (C-7’), 61.3 (CH-Dota) 6§®-4"), 70.4 (C-
4), 70.4 (C-3), 71.9 (C-5), 72.7 (C-6’), 72.7 (Q;576.4 (C-3), 89.8 (C-1), 101.4 (C-2), 101.6 (C
isothiourea), 126.3 (C-H-meta), 129.4 (C-H ortho)9.X7(C=0), 179.8 (C=0), 180.1 (C=0), 180.1
(C=0); HRMSm/z(ESTI"): [M-H] calcd. for G;Hs:NsO1sS, 905.3450; found, 905.3449.
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8.2.12 Synthesis of biotin-trehalose, 54

1-Deoxye-D-gluco-hept-2-ulopyranosyl-(2-1)-2-N-carboxy-tetra-ethyleneglycol-N-biotin-2-

deoxye-D-glucopyranoside (54)

37 (26.2 mg, 0.07 mmol, 1.5 eq) at82 (29.1 mg, 0.049 mmol, 1 eq) were dissolved in anbysir
DMF (2 mL) and to this was added & (1 mg, 0.0095 mmol, 0.2 eq). Reaction was conducted
under Argon and heated to 40 °C for 24 hours ancedtiior a further 4 days at RT upon which time
product (R 0.3) was detected by TLC TLC (EtOH:NMBH:H,O, 5:3:1, v/v/v) with near complete
disappearance of biotin NHS starting materialdB) and starting amine {B.4) and appearance of a
new product spot (R0.85). Reaction mixture was purified by HPLC with a Pime@ioex Synergi
Hydro C18 column (150 mm x 21.2 mm,4n) and a acetonitrile gradient with 0.1% aqueous
NH4OH. Lyophilization yielded the desired product as a whiatied (15.4 mg, 38 %).

TLC (EtOH:NH,OH:H,0, 5:3:1, viv/v): R= 0.85; [a]? = 44.3 (c = 0.23, waterfH NMR (500
MHz, DEUTERIUM OXIDE) & ppm 1.33 (1 H, quinJeg= Joc= 7.5 Hz, H-c), 1.44 (3 H, s, H-1)),
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1.46 - 1.70 (2 H, m, H-b, H-d), 2.20 (1 HJi, = 7.3 Hz, H-a), 2.41 (1 H, §,= 6.0 Hz, H-i), 2.44 (1
H, at,J = 5.4 Hz, H-j), 2.57 (1 H, dd] = 7.7,J = 5.8 Hz, H-i"), 2.60 (1 H, td) = 7.8,J = 6.5 Hz, H-
i), 243 (L H, dt,Ji; = 15.1 HzJich2 = Jicrz =5.7 Hz, H-i), 2.59 (1 H, ddd} = 15.0 HzJich2 = 7.9
Hz, JicHz = 6.5 Hz, H-),2.70 (1 H, dJ = 12.9 Hz, H-h), 2.91 (1 H, dd, = 13.2 Hz Jy1y = 5.0 Hz,
H-h"), 3.23 (1 H, dJs4= 9.8 Hz, H-3"), 3.26 (1 H, dtlye = 9.1 Hz,Jes= 4.7 Hz,Jy. = 4.7 Hz, H-e ),
3.31 (2 H, atJenchz= 5.2 Hz, PEG-Ch), 3.38 (1 H, atJs5s = Js¢ = 9.8 Hz, H-5"), 3.41 (1 H, ddl,s
= 9.8 Hz,J;4= 8.4 Hz, H-4), 3.45 (1 H, ddds¢= 10.1 Hz,Js 7= 4.0 Hz,Js 7= 3.2 Hz, H-6"), 3.55
(2 H, t,dcy.cr2= 5.4 Hz, PEG-CH), 3.59 - 3.76 (18 H, m, PEG-GHH-62, H-73,H-7b, H-4"), 3.65 (1
H, dd, Jsaeo= 12.6 Hz,Js.6o = 2.8 Hz, H-6b), 3.79 (1 H, ddd, 5= 10.1 Hz,Js6a= 4.7 HZ,J56p= 2.2
Hz, H-5), 3.84 (1 H, dd},5= 10.7 Hz,J,, = 3.2 Hz, H-2), 3.85 (1 H, afl,s = J,3 = 9.7 Hz, H-3),
4.34 (1 H, ddJg= 7.9 Hz,Jer= 4.4 Hz, H-f), 4.53 (1 H, ddkgy = 7.9,J55= 5.0 Hz, H-g), 5.25 (1 H,
d, Ji» = 2.8 Hz, H-1);**C NMR (126 MHz, DEUTERIUM OXIDE)S ppm 22.7 (C-1), 25.1 (C-b),
27.65 (C-d), 27.83 (C-c), 35.4 (C-a), 35.6 (C-B,8(Peg-El,), 39.6 (C-h), 54.3 (C-2), 55.3 (C-e),
60.1 (C-7’ or C-g), 60.2 (C-7" or C-g), 60.4 (C-6R.1 (C-f), 66.3 (Pegid,), 68.8 (Peg-€,), 69.3
(Peg-G,), 69.4 (C-5), 69.5 (Pegid,), 69.5 (2 C, Peg-8,), 69.5 (Peg-B,), 69.61 (Peg-8,), 70.0
(C-3), 70.27 (C-4), 71.8 (C-5), 72.71 (C-4"), 72836’), 76.37 (C-3’), 90.1 (C-1), 101.3 (C-1"), 185
(C=0), 174.0 (C=0), 176.9 (C=0); M8/z(ESI) 829.4 (M+H); HRMSm/z(ESI"): [M+Na]" calcd.
for CasHgoN4O17,SNa, 851.3572; found, 851.3584.

1800 70 200 nm

50.0

1,500

1,250

NHS -4.417

Biotin-Tre - 8.567
F Biotin - 9.775

1,000
0.0

750 MECN 0.1% NH4OH: 0.41%
1 Flow: 20.000 mi/min

500

250;

-200 +————— T [ T
00 2.5 5.0 75 100 125 15.0 17.5 20.0 220

Figure 8.14. Preparative HPLC trace for the purification of 54. Conditions: Phenomenex Synergi Hydro
C18 column (150 mm x 21.2 mm, gm), eluting with water with 0.1 % NH,OH (A) and acetonitrile (B) at
a flow rate of 20 mL/min; Gradient: 0 min B=%0, 1 min B=0%, 20 min B=50%; Compound 54 elutes at
8.7 min (labeled Biotin-Tre) while side product hydolyzed Biotin elutes at 9.8 min.
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8.2.13 Synthesis of rhodamine-trehalose, 56 and 201

1-Deoxye-D-gluco-hept-2-ulopyranosyl-(2»1)-2-N-isothiourea-5-(and-6)-rhodamine-B-2-deoxy-
a-D-glucopyranoside (201)

37 (50 mg, 0.14 mmol, 1.5 eq) and rhodamine B isothioey8RBITC,200) (88 mg, 0.016 mmol,
1.16 eq) were dissolved in sodium carbonate buffem{d 75 mM, pH 9). To this was added
acetonitrile (0.5 mL). Reaction was stirred at RT foragydupon which time product {R.1) was
detected by TLC (EtOAc:MeOH, 1:1, v/v) with near compldisappearance of rhodamine starting
material (R 0.4).Reaction mixture was purified by HPLC with a Ritaenex Synergi Hydro C18
column (150 mm x 21.2 mm, gm) and a acetonitrile gradient with 0.1% aqueous®Htor 0.1%
aqueous TFA. Lyophilization yielded the desired product gsnk solid mixed with impurities.

Further purifications are under investigation.

TLC (EtOAc:MeOH, 1:1, viv): R= 0.1; HRMSm/z (ESI"): [M+Na]" calcd. for G,HssN4O13SN&,
877.3300; found, 877.3305.
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Figure 8.15. Preparative HPLC trace for the purification of 201. Conditions: Phenomenex Synergi Hydro
C18 column (150 mm x 21.2 mm, gm), eluting with water with 0.1 % NH4OH (A) and aceonitrile (B) at

a flow rate of 20 mL/min; Gradient: 0 min B=%0, 1 min B=0%, 20 min B=75%; Compound 201 elutes at
10-12.5 min ( labeled RBITC-Tre) while parent compand (RBITC) elutes at 15-20 min.

1-Deoxye-D-gluco-hept-2-ulopyranosyl-(2-1)-2-N-5-(and-6)-Carboxyrhodamine-2-deoxyb-
glucopyranoside (56)

0
0 Q \—oH
HO OH
HO OH OH
OH

37 (44.5 mg, 0.123 mmol, 1.1 eq) a@f2 (68 mg, 0.107 mmol, 1 eq) were dissolved in anhysirou
DMF (1 mL) and to this was added N,N-diisopropylethyitzen(10 pL, 0.06 mmol, 0.6 eq). Reaction
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was stirred 24 h at 50 °C upon which time produgtQR5) was detected by TLC (MeOH:EtOAc,
2:1) with near complete disappearance of rhodamine maf{&i@.6) and starting amine {R.05).
Reaction mixture was purified by HPLC with a Phenomenmef)i Hydro C18 column (150 mm x
21.2 mm, 4um) and an acetonitrile gradient with 0.1% aqueoug®HH Lyophilization yielded the
desired product as a pink solid (30 mg, 32 %). Prodast obtained as a mixture of the two isomers

present iR02 The major isomer was assigned by NMR.

TLC (EtOH:NH,OH:H,0, 5:3:1, viv/v): R= 0.9;[a]2 =53.3 (c = 0.18, waterjH NMR (500 MHz,
METHANOL-d4) & ppm 1.54 (3 H, s, CHl 1.95 (4 H, quinJ cro,cH2= 4.4 Hz, 2 x Rho-CH), 2.11 (4
H, quin,Jcha.cH2= 5.7 Hz, 2 x Rho-C}), 2.72 (4 H, sxtJchz.ch2= 6.0 Hz, 2 x Rho-C}), 3.06 - 3.11
(4 H, m, 2 x Rho-Ch), 3.15 (1 H, dJ;4 = 9.8 Hz, H-3"), 3.26 (1 H, m, H-5"), 3.38 (1 Hd, Jsa6p=
10.8 Hz,Js6a= 4.9 Hz, H-6a), 3.39 (1 H, ddsaer= 10.8,J56o= 2.8 Hz, H-6b), 3.45 - 3.53 (6 H, m,
H=6', H-4, 2 x Rho-CH), (4 H, at,Jcrz.crz = 4.9 Hz, 2 x Rho-Ch, 3.75 (1 H, ddJ;a7=12.0 Hz,
Js7a= 6.3 Hz, H-7a’), 3.76 (1 H, alz4 = Js5 = 9.1 Hz, H-4), 3.82 (1 H, ddl;a7,=11.8,J5.70 = 2.8
Hz, H-7b"), 3.91 (1 H, dddls5 = 8.2 Hz,Js 62 = 5.0 Hz,Js6p = 2.7 Hz, H-5), (1 H, athbs=J;,=9.5
Hz, H-3), 4.09 (1 H, dd},5= 8.7 Hz,J;,= 3.2 Hz, H-2), 5.52 (1 H, d;,= 3.5 Hz, H-1), 6.28 (1
H,s), 6.78 (L H, s, Ar-H), 6.82 (1 H, s, Ar-H)7Z.(1 H, d Jc, e = 1.3 Hz, Ar-H), 8.08 (1 H, ddicy;,
cn = 8.2, 2.5 Hz, Ar-H), 8.18 (1 H, ddlcy, cn = 8.2, 1.6 Hz, Ar-H);*C NMR (126 MHz,
METHANOL-d4) & ppm 21.0 (4 C, 4 x Rho-GH 21.9 (Rho-Ch), 21.9 (Rho-Ch),
22.0 (Rho-CH), 23.9 (CH), 28.4 (Rho-Ch), 28.5 (Rho-Ch), 48.5 (Rho-CH), 51.3 (2 C, 2 x Rho-
CH,), 51.8 (2 C, 2 x Rho-C}}, 57.1 (C-2), 61.9 (C-6), 62.5 (C-7’), 71.2 (C-3).7 (C-5'), 72.6 (C-
4), 73.7 (C-5), 74.1 (C-4’), 74.9 (C-6"), 78.4 (Q;P1.6 (C-1), 102.6 (C-2’), 106.2 (Rho C-N), 154.
(Rho C-N), 124.8 (Rho Ar-C), 124.8 (Rho Ar-C), 12§Rho Ar-C), 128.0 (Rho Ar-C),128.1 (Rho
Ar-C), 129.6 (Rho Ar-C), 130.2 (Rho Ar-C), 130.7h@&Ar-C), 130.7 (Rho Ar-C), 134.1 (Rho Ar-
C), 135.6 (Rho Ar-C), 152.3 (Rho Ar-C), 152.3 (RAr-C), 152.3 (Rho Ar-C), 153.6 (Rho Ar-
C), 153.7 (Rho Ar-C), 169.5 (Rho Ar-C), 169 (C=Q@J2 (C=0); HRMSn/z(ESI"): [M+Na]" calcd.
for CseHssNsO14 Na', 894.3420; found, 894.3416.
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Figure 8.16. Preparative HPLC trace for the purification of 56. Conditions: Phenomenex Synergi Hydro
C18 column (150 mm x 21.2 mm, gm), eluting with water with 0.1 % NH4OH (A) and aceonitrile (B) at

a flow rate of 20 mL/min; Gradient: 0 min B=%0, 1 min B=0%, 15 min B=65%; Compound 56 elutes at
10.59 min ( labeled RBITC-Tre) while Carboxyrhodamie elutes at 7.29 min.

8.2.14 Synthesis of trehalose-6-Azide 48

6-O-diphenoxyphosphoryl-2,2’,3,3',4,4’,6'-hepta-O-beoyl-a,a-D-trehalose(252)

PhO_ //

PhO/
BzO OBz

To a solution o251 (100 mg, 0.18 mmol, 1 eq) in dry pyridine (5 mL)RI was added dropwise
benzoyl chloride (0.22 mL, 1.93 mmol, 11 eq). The reactioxture was stirred for 15 hours after
which TLC (petrol:EtOAc, 1:1) showed full consumptiohstarting material (R0) and the formation
of a single product (R0.5). The reaction was quenched with methanol (1 mL) laadnixture was
concentrated under reduced pressure. The resultant regdugartitioned between ethyl acetate (25
mL) and water (25 mL) and the aqueous layer was extractédethiyl acetate (2 x 25 mL). The
combined organics were washed with 1M HCI (3 x 25 nskfurated NaHC9(25 mL), brine (25

" Synthesis conducted with Mitul K. Patel
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mL), dried over MgS@and concentrateth vacuo Silica gel chromatography (petrol:EtOAc, 1:1)
yielded the target compound as a colorless oil (0.099%) 4

TLC (petrol:EtOAc, 1:1, viv): R0.50; [a]éo +148.2 (c = 0.46, CHG): H NMR (400 MHz, CDCY)):

§ 3.78 (1 H, dddJsaep= 11.4 HzJp ga= 6.9 Hz,Js6.= 4.0 Hz, H-6a), 3.87 (1 H, m, H-6b), 3.91 (1 H,
dd, Jsaso= 12.3 Hz,Js6a= 4.6 Hz, H-6'a), 4.03 (1 H, ddga o= 12.6 Hz,Js o= 2.7 Hz, H-6'b), 4.14
(1 H, m, H-5), 4.28 (1 H, dddj s = 10.1 Hz,Js 6. = 4.3 Hz,Js 6 = 2.9Hz, H-5"), 5.31 (1 H, ddl,5=
10.2 Hz,J,, = 3.8 Hz, H-2), 5.48 (1 H, dd; 5= 10.2 Hz,J,, = 3.8 Hz, H-2"), 5.58 (1 H, afg 4= Jus

= 9.9 Hz, H-4), 5.62 (1 H, dy ,= 3.8 Hz, H-1), 5.65 (1 H, d; , = 3.8 Hz, H-1’), 5.69 (1 H, afl; 4=
Jis= 9.9 Hz, H-4), 6.24 (1L H, atl 3= Js4 = 9.5 Hz, H-3), 6.29 (1 H, alp3 = J3.4 = 9.9 Hz, H-3"),
7.12-7.60 (31 H, m, Ar-H), 7.80, 7.81, 8.08 (3 23 X d,Jortho-meta= 7.2 Hz, Bz Ar-Huno), 7.94 (4
H, d, Jortho-meta= 8.2 Hz, Bz Ar-Hno), 8.00, 8.12 (2 X 2 H, 2 X ortnometa= 7.3 Hz, Bz Ar-Hino); °C
NMR (101 MHz, CDC}): 6 61.9 (C-6’), 65.6 (dJps= 6.4 Hz, C-6), 67.7 (C-4), 68.5 (C-4), 68.6 (C-
5", 68.7 (d,Jp5= 6.4 Hz, C-5), 70.3 (2C, C-3, C-3'), 71.0 (C-Z7}.2 (C-2), 92.4 (C-1"), 92.4 (C-1),
120.1 (d,Jpc = 4.8 Hz, P-OPh Ar-Ging), 125.4 (d,Jpc = 7.2 Hz, P-OPh Ar-&), 128.4-129.9 (m,
ArC), 133.2, 133.3, 133.3, 133.5, 133.6, 133.7,833 x Bz Ar-Gar), 150.3 (dJpc= 7.2 Hz, P-OPh
Ar-Cipso), 150.4 (dJpc= 6.4 Hz, P-OPh Ar-.), 164.6, 164.9, 165.2, 165.2, 165.6, 165.6, 16569
C=0); IR (thin film) 1640 (C=0) cift MS m/z(ESI): 1325.3[M+Na]; Isotopic distribution: species
observed [M+Nd], peaks observed 1325.27 (100%), 1326.28 (74%), 28329%), 1328.29 (8%),
1329.29 (2%) peaks calculated 1325.32 (100%), 1326.8%0)81327.32 (36%), 1328.32 (12%),
1329.33 (3%).

6-azido-2,2',3,3",4,4",6'-hepta-O-benzoyl-6-deo#ys-D-trehalose(253)

BzO

BzO OBz OBz

OBz

A solution of252 (90 mg, 0.069 mmol, 1 equi) in DMF (3 mL) was heae®® °C with sodium
azide (9 mg, 0.14 mmol, 2 equi). The reaction mixture wamtained at this temperature with
aggressive stirring for 18 hours after which TLC (peHEt®Ac, 1:1, v/v) showed complete
consumption of starting material (R 5) and the formation of a product (R4). The reaction mixture
was concentrateth vacuoand the residue partitioned between ethyl acetate (30amd.)water (20
mL). The aqueous layer was extracted with ethyl acetated@ mL) and the combined organics

washed with brine (3 x 25 mL), dried over MgS&hd the solvent removed vacuo The compound
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was purified by silica gel chromatography (petrol:EtO312, v/v) to afford the desired compound as

a colorless oil (52 mg, 69%).

TLC (petrol:EtOAc, 1:1, viv): R= 0.40; [a]le +210.4 (c = 1.0, CHG); H NMR (400 MHz, CDC)):

6 2.89-2.91 (2 H, m, H-6a, H-6b), 3.88 (1 H, dghev= 12.5 HZ,J56a= 4.7 Hz, H-6'a), 4.03 (1 H, dd,
Jsacp= 12.6 HZ,Js ¢ = 2.5 Hz, H-6'), 4.14 (1 H, ddd, s = 9.8 Hz,Js5 6= 7.6 Hz,Js 6= 3.0 Hz, H-5),
4.32 (1 H, dddJ,s= 10.4 Hz Js .= 4.3 Hz,Js.6o = 2.8 Hz, H-5"), 5.50 (2 H, ddl 3= J, 3= 10.1 Hz,
Jio=J1,= 3.8 Hz, H-2, H-2"), 5.57 (1 H, allg4 = Js5= 9.9 Hz, H-4), 5.70 (1 H, aflg 4 = Js5= 10.0
Hz, H-4"), 5.76 (1 H, dJ;,= 4.0 Hz, H-1), 5.78 (1 H, d;, = 4.0 Hz, H-1"), 6.26 (1 H, afp 3= J34=
9.9 Hz, H-4), 6.30 (1 H, aflb; = J34 = 10.0 Hz, H-3"), 7.32-7.60 (21 H, m, Ar-H), 7.8885 (2 x 2
H, 2 x dd,Jortho-meta= 8-2 HZ,Jortho-ortho = 1.3 HZ, Ar-Hying), 7.93, 7.94 (2 x 2 H, 2 X ddertho-meta= 8.7
Hz, Jortho-ortho= 1.5 Hz, Ar-Huno), 7.96 (2 H, ddJortho-meta= 8.2 HZ,Jortho-ortho= 1.0 HZ, Ar-Hyino), 8.08,
8.14 (2 x 2 H, 2 x ddlorno-meta= 7-4 HZ Jortho-ortho= 1.3 HZ, Ar-Huno); °C NMR (101 MHz, CDG)): &
50.0 (C-6), 61.9 (C-6"), 68.5 (C-5'), 68.6 (C-469.1 (C-4), 69.7 (C-5), 70.1 (C-3’), 70.2 (C-3),T1
(C-2"), 71.3 (C-2), 92.6 (C-1'), 92.7 (C-1), 12818.4, 128.7, 128.7 (4 x as, Ar&), 128.5, 128.7,
128.7, 128.8 129.0, 129.0, 129.4 (A€}, 129.8, 129.9, 129.9, 129.9 (4 x as, Akfy), 133.1, 133.3,
133.3, 133.5, 133.6, 133.7, 133.8 (Arz@, 164.9, 164.9, 165.2, 165.3, 165.5, 165.6, 165:80); IR
(thin film) 1732 (C=0), 2107 (Y cmi’; MS (m/z) (EST): 1118.4][M+Na]; Isotopic distribution:
peaks observed: [M+N&ajpeaks 1118.30 (100%), 11190.31 (66%), 1120.31 (24%31.31 (7%),
1122.32 (2%) peaks calculated 1118.30 (100%), 1119.8%)61120.30 (26%), 1121.30 (7%),
1122.31 (2%).

6-azido-6-deoxyr,a-D-trehalose(253)"
HO
N, ©

OH

HO OH OH

OH
To a stirring solution oR52 (52 mg, 0.047 mmol, 1 equi) in methanol (3 mL) was ddstedium
methoxide (2.5 mg, 0.047 mmol, 1 equi). The reactioxture was stirred for 13 hours at which point
TLC (1:4:4 water/isopropanol/ethyl acetate) indicated coraptensumption of the starting material
(Rf 0) and the formation of a single product (R3). The reaction was quenched with Dowex 50WX8
100-200 mesh (Hform), filtered and the solvent removadvacuo The compound was purified by
silica gel chromatography ¢89:i-PrOH:EtOAc, 1:4:4). Lyophilization gave the title corupd as a
white amorphous solid (16 mg, 92 %).
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TLC (H.O:i-PrOH:EtOACc,1:4:4, viviv): R0.30; [U,]ZDS +167.3 (c = 0.26 in D) [Lit. [a]p + 149 (c =
0.81 in MeOH)f° ;*H NMR (500 MHz, DO): & 3.35 (1L H, atJs 4 = Js5= 9.3 Hz, H-4’), 3.37 (1L H,
at,Js4 = Jus =9.5, H-4), 3.47 (1 H, ddlsaer= 13.6 Hz,Js 6. = 5.7 Hz, H-6a’), 3.56 (1 H, dd;5 =
10.4 Hz ,J;,= 3.8 Hz, H-2'), 3.58 (1 H, ddl, 5= 10.1 HzJ; , = 4.0 Hz, H-2), 3.59 (1 H, ddlgs 6, =
13.7 Hz,Js 6o = 2.5 Hz, H-6b"), 3.67 (1 H, ddsaep= 11.7 Hz,Js 6. = 5.0 Hz, H-6a), 3.72 - 3.79 (4 H,
m, H-5, H-3,H-3’, H-6b), 3.88(1 H, ddd, 5= 10.1 HzJs 6 = 3.8 Hz,Js 6o = 2.2 Hz, H-5'), 5.10 (1 H,
d, Ji2 = 4.2 Hz, H-1), 5.11 (1 H, d};, = 4.7 Hz, H-1');"*C NMR (126MHz, DO): § 50.8 (C-6'-
azide), 60.4 (C-6), 69.6 (C-4’), 70.4 (C-4), 70.94§;-70.9 (C-2), 70.9 (C-5), 72.2 (C-5"), 72.3 (C-
3'), 72.5 (C-3), 93.4 (C-1'), 93.6 (C-1); IR (KBiist) v = 2110 (N), 3456 crit(br OH); MSm/z
(ESI: 390.1 [M+Na].

8.2.15 Synthesis of nitrophenol esters, 203-206

para-Nitrophenyl acetat¢203)

(0]
o/U\
Hb Hb
Ha Ha
NO,

p-Nitrophenol (82mg, 0.6mmol) was dissolved in anhydmpyridine and to this was added propionic
anhydride (2 mL). Reaction was stirred at RT for 30utéa upon which time TLC (petrol:EtOAc,
5:1) indicated complete conversion to product @®5) and disappearance of starting material (R
0.3). Reaction was extracted into DCM, washed with sedartbonate solution and concentratad
vacuoand azeotroped with toluene 3 x 20 mL to yield the degreduct as a yellow crystalline solid
(1.96mg, 94%).

TLC (petrol:EtOAc, 5:1, viv): R= 0.95; M.p. = 74-7&; 'H NMR (500 MHz CHLOROFORNMH) &
ppm 2.36 (3 H, s, CHl, 7.29 (2 H, dJ warp 9.1 Hz, H-b), 8.27 (2 H, dlya+p 9.1 Hz, Ha) MSm/z
(FI+) 181.0 (M).
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para-Nitrophenyl propionate (204)

O
O/“\/
Hp Hb
Ha Ha
NO,

p-Nitrophenol (945 mg, 6.79 mmol) was dissolved ihyahious pyridine and to this was added acetic
anhydride (2 mL). Reaction was stirred at RT for 30utéa upon which time TLC (petrol:EtOAc,
5:1) indicated complete conversion to product @f5) and disappearance of starting material (R
0.3). Reaction was extracted into DCM, washed with sefarttonate solution and concentratad
vacuoand azeotroped with toluene 3 x 20 mL to yield the deégieduct as a yellow crystalline
solid (94mg, 74%).

TLC (petrol:EtOAc, 5:1, v/v): R= 0.55; M.p. = 78-8Z ; *H NMR (500 MHz CHLOROFORM) &
ppm 1.28 (3 H, tJCHZ-CH37-6 Hz Cﬂ), 2.64 (2 H, q,] CH2-CH3 7.6 Hz, CH), 7.27 (2 H, d,] 9.1 Hz,
H-a), 8.27 (2 H, dJ 9.1 Hz, H-b); MSn/z(FI+) 195.1 (M).

para-Nitrophenyl stearate (205)

O
o/“\w%
Hb Hb
Ha Ha
NO,

p-Nitrophenol (82mg, 0.6mmol) was dissolved in armbyd pyridine and to this was added stearoy!
chloride (175.16mg, 0.58mmol). Reaction was stirred Btfé 30 minutes upon which time TLC
(petrol:EtOAcC, 5:1) indicated complete conversion to pobdBR: 0.95) and disappearance of starting
material (R 0.3). Reaction was concentratiedvacuoand purified by column chromatography (6:1
petrol/ethyl acetate) to yield the desired product as a yeltgstalline solid (200mg, 85%).

TLC (petrol:EtOAc, 5:1, v/v): R= 0.95; M.p. = 72-72C ; 'H NMR (400 MHz CHLOROFORNM) §
ppm 0.84 - 0.90 (3 H, 1 7.1 Hz, CH), 1.18 - 1.30 (28 H, m, 14 x GH 1.76 (3 H, quin] 7.5 Hz,
CH,), 2.60 (3 H, tJ 7.6 Hz, CH), 7.28 (3 HJhatip 9.1 Hz, Hb), 8.27 (2 H, dljarp 9.1 Hz, Ha);C
NMR (101 MHz, CHLOROFORM) 5 ppm 14.12 (Ch), 22.69 (CH), 24.73(CH), 25.30(CH)),
29.04(CH), 29.08(CH), 29.21(CH), 29.26(CH), 29.36(CH), 29.43, 29.58(Ck), 29.69 (m, 4C,
CH,), 31.92(CH), 34.32(CH), 122.44(C-b), 125.18(C-a), 145.21 (C-O), 155.50N@,) 171.36
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(C=0); IR (thin film): v = 2917.44, 2850.30 (Ar-H), 1753.93 (C=0), 1536(870), 1348.37 (N-O),
1219.33, 1139.51, 867.74 mHRMS m/z (ESI): [M+Na]" calcd for GHsNOJN&', 428.2777;
found, 428.2775 [M + N&]

3-Nitro-4-O-acetyl benzoic acid (206)

3-nitro-4-hydroxyl benzoic acid (350mg, 1.92mmol) vaissolved in anhydrous pyridine (5mL) and
to this was added acetic anhydride (.5mL). After 1 hr &t R.C (petrol:EtOAc, 2:1) indictated
formation of a uv active product {R.2) and disappearance of starting materiaD(R). Reaction was
extracted into DCM, acidified to pH 3 and azeotroped vatheine (3 x 10 mL). Product crystallized
as the pyridinium salt (indicated by nmr). Additionahshes with 1M CuSgQsolution yielded the
product as a yellow solid (120 mg, 27%).

TLC (petrol:EtOAc, 2:1, v/v): R= 0.2; M.p. = 78-8%C 'H NMR (400 MHz, CHLOROFORMY) 5
ppm 2.43 (3 H, s, B3CO), 7.40 (1 H, s, H-a), 7.41 (4 H, s), 8.83 (1dH] 2.0 Hz, H-b), (1 H, d] 2.0
Hz, H-c); m/z (ESl) 242.3 (M+NH); *C NMR (101 MHz, CHLOROFORM) & ppm 20.83
(CH,CO), 125.83 126.81. 129.59, 136.00, 138.33, 14§M5< Ar-C) 158.80 (®O), 168.07
(CH3CO); MS m/z(FI+) 225.0273 (M).

8.2.16 Synthesis of compounds TMH and TDH 212 and 215

6-O-tert-butyldiphenylsilyl-2,3,4,2',3',4',6'-hepta-Odnzyla,a-D-trehalose (209)

BnO,
TBDPSO O

OBn o Q OBn

BnO OBn OBn

OBn

D-Trehalose (7.4 g, 21.75 mmol, 1 eq) was dissolvealrydrous DMF (40 mL). To this was added
tert-butyldiphenylchlorosilane (TBDPS-CI) (5 mL, 18 win0.9 eq) and imidazole (1.4 g, 21 mmol,
0.95 eq). Solution was stirred at RT under Ar atmosploeré8 h. TLC (petrol:EtOAc, 2:1) indicated
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primarily starting material (R0.1) and a small amount of the mono-TBDPS-trehalageéitional
TBDPS-Cl was added (2.5 mL, 9 mmol, 0.45 eq) and reaetas left for a further 18 hours. NaH (8
g, 339 mmol, 15 eq) and benzyl bromide (25 mL, 145 iheq) were addeih situ. Reaction was
stirred for a further 24 hours under argon, until thesired product could be detected by TLC
(petrol:EtOAc, 5:1) (R 0.85). Column chromatography yielded the desired prodsiat slightly
yellow oil. (4.83 g, 19% over two steps).

TLC (petrol:EtOAc, 5:1, v/v): R= 0.85;[a]? + 16.1 (c = 0.88, CHG); *H NMR (400 MHz, CDC)):
§1.14 (9 H, s, 3 x C(Chk), 3.47 (1 H, ddJeasp= 10.2 Hz, Js¢o = 1.8 Hz, H-6b’), 3.60 (1 H, dd]
Joasp= 10.2 HzJs 62 = 2.7 Hz, H-6’), 3.64 (1 H, dd 3= 7.7 Hz,J,», = 4.2 Hz, H-2"), 3.67 (1 H, dd,
Jo3=T7.8Hz,Jdi,=3.8 Hz, H-2), 3.72 (1 H, ddeasy = 9.7 HzJs 6a= 3.7 Hz, H-6a), 3.78 (1 H, als 4
=Jas= 9.4 Hz, H-4"), 3.87 (1 H, ddlsago= 10.4 Hz, Js 6o = 2.3 Hz, H-6b), 3.97 (L H, algs= Jss=
9.5 Hz, H-4), 4.13-4.17 (3 H, m, H-5, H-3, H-3) .21 H, dddJ,5s = 10.0 HzJs 62 = 2.8,J56 = 2.7
Hz, H-5), 4.47 (1 H, dJ = 11.9 Hz, 1 x OCkPh), 4.52 (1 H, dJ = 10.6 Hz, 1 x OCkPh), 4.57 (1
H, d,J = 12.6 Hz, 1 x OCHPh), 4.58 (1 H, dJ = 12.1 Hz, 1 x OCkPh), 4.87 (L H, dj = 12.1 Hz, 1

X OCHPh ), 4.90 (1 H, dJ = 11.1 Hz, 1 x OChPh), 4.94 (1 H, dJ = 9.3 Hz, 1 x OCkPh), 4.96 (1
H, d,J=11.6 Hz, 1 x OCKPh), 4.99 (1 H, dJ = 9.6 Hz, 1 x OCkKPh), 5.01 (1 H, d) =9.6 Hz, 1 x
OCH,Ph), 5.04 (1 H, dj = 12.2 Hz, 1 x OCHPh), 5.07 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 5.09 (1 H,
d,J =10.6 Hz, 1 x OCkPh), 5.28 (1 H, d},, = 3.8 Hz, H-1), 5.37 (1L H, dl; » = 3.8 Hz, H-1), 7.00 -
7.61 (45 H, m, Ar-H)23C NMR (101 MHz, CDGJ): § 20.7 (3 x C(CH)3), 28.1 (1 X QCHy)s), 62.2
(C-6), 68.2 (C-6), 70.6 (C-5), 71.69 (C-5), 7A®CH,Ph), 72.9 (OCKPh), 73.6 (OCKPh), 75.1
(OCH,Ph), 75.3 (OCKPh), 75.7 (OCKPh), 75.9 (OCkPh), 77.70 (C-4 or C-4"), 77.7 (C-4 or C-4),
79.5 (C-2), 80.1 (C-2), 81.9 (C-3 or C-3"), 81@-8 or C-3"), 94.2 (2 C, C-1, C-1), 126.0, 126.3,
126.4, 127,1 127.2, 127.3, 127.4, 127.5, 127.6,712A27.8, 127.9, 128.0, 128.0, 128.1, 128.2, 128.4
128.4, 128.5, 128.6, 128.9, 129.1, 129.5, 129.% (BCH,Ph), 138.0, 138.4, 138.5, 138.6, 138.9,
139.0, 139.6 (7 x 1 C, 7 x OGPh); IR (thin film): 2925, 2875 (C=CH), 1454, 1442=C), 698 crit;
MS m/z(ESI): 1228.6 [M+NH]"; isotopic distribution: Species observed [M+Najeaks observed
1233.53 (100%), 1234.53 (86.6%), 1235.53 (43.19886153 (14.5%), 1237.53 (4.0%), 1238.54
(1.1%) peaks calculated 1233.55 (100.0%), 1234.55 ¥89.1235.55 (45.2%), 1236.56 (16.0%),
1237.56 (4.2%), 1238.56 (0.6%).
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2,3,4,2',3',4',6'-hepta-O-benzyka-D-trehalose (2106

BnO,

BnO OBn OBn

OBn

209 (4 g, 3.3 mmol, 1 eq) was dried under reduced predsurke hour and dissolved in anhydrous
methanol (20 mL). To this was added acetyl chloride 3, menerating acetic acid situ. Reaction
was stirred in acid for 48 hours, upon which time T{p&trol:EtOAc, 2:1) indicated product«(R.4)
and complete consumption of starting materigl (R95). Reaction was quenched with water and
poured into a satd. NaHG@oIn. When gas ceased to evolve, reaction was extracted iifoabd@
concentratedn vacuo.Column chromatography (petrol:EtOAc, 10:1 to 1:1 graligielded the

desired product as a colorless oil (1.1 g, 30%).

TLC (petrol:EtOAc, 2:1, viv): R= 0.40; [a]ﬁf’ +54.3 (¢ =0.77, CHG}; H NMR (500 MHz, CDC)):

5 3.38 (1 H, ddJsaen = 10.7, Js o= 2.2 Hz, H-6b), 3.51 (1 H, ddgae,= 10.4 HzJ56,= 3.2 Hz, H-
6a), 3.52 (1H, dd)saen= 9.6 Hz,J56,= 3.6 Hz, H-6a’) 3.57 - 3.61 (4 H, m, H-2’, H-2, HH;6b"),
3.68 (1 H, atJs 4= Js5= 9.6 Hz, H-4'), 4.03 (1 H, aths= J34 = 9.5 Hz, H-3), 4.06 (1 H, af, 3=

Js34 = 9.3 Hz, H-3'), 4.05 - 4.09 (1 H, m, H-5"), 4.15 K, ddd,J; 5 = 10.0 Hz J5 65 = 3.5 HZ,J5 6o =

2.4 Hz, H-5), 4.38 (1 H, d = 12.0 Hz, 1 x OCKPh), 4.46 (1 H, dJ =11.0 Hz, 1 x OCkKPh), 4.54

(1 H,d,J=12.0 Hz, 1 x OCkPh), 4.65 (1 H, dJ = 11.0 Hz, 1 x OCHKPh), 4.69 (2 H, dJ = 10.0 Hz,

2 x OCHPh), 4.71 (2 H, dJ = 2x OCH,Ph), 4.82 (1 H, dJ =10.7 Hz, 1 x OCKPh), 4.87 (1 H, d)
=11.0 Hz, 1 x OChkPh), 4.88 (2 H, dJ = 10.7 Hz, 2 x OCkPh), 4.99 (1 H, dJ = 11.0 Hz, 1 x
OCH,Ph), 5.00 (1 H, dJ = 10.7 Hz, 1 x OCKPh), 5.18 (1 H, d};»= 3.5 Hz, H-1), 5.19 (1 H, d »

= 3.8 Hz, H-1'), 7.25-2.40 (35 H, m, Ar-H)>C NMR (126 MHz, CDGCJ): 5 61.5 (C-6), 68.12 (C-6"),
70.6 (C-5), 71.1 (C-5), 72.1 (OGHh), 72.8 (OCHKPh), 72.8 (OCKPh), 73.5 (OCHKPh), 75.0
(OCH,Ph), 75.5 (2 C, 2 x OC#Rh), 77.0 (C-4"), 77.6 (C-4), 79.3 (C-2 or C-2'9.5 (C-2 or C-2)),
81.5 (C-3), 81.7 (C-3"), 94.1 (C-1 or C-1"), 948-1L or C-1), 127.4, 127.5, 127.6, 127.6, 127.7,
127.8, 127.9, 128.1, 128.3, 128.3, 128.4, 128.4 QGH,Ph), 134.6, 137.7, 138.1, 138.1, 138.3,
138.7,138.8 (7 x 1 C, 7 x OGPh); MSm/z(ESI"): 990.4 [M+NH;]".
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6-0O-hexanoyl-2,3,4,2',3',4,6'-hepta-O-benzyle-D-trehalose (211)

0 BnO,

OBn 0 Q OBn

BnO OBn OBn

OBn

210( 116 mg, 0.119 mmol, 1 eq) was dissolved in anhygl2GM (10 mL) with anhydrous pyridine
(2 mL) and to this was added hexanoyl chloride (0.02 mL5 éfnol, 1.25 eq), which, upon addition
caused the reaction mixture to turn yellow. Reaction wagdtfor 16 h at RT upon which time TLC
(petrol:EtOAc, 2:1) indicated incomplete conversion froartstg material (R 0.1) to product (R
0.6). An additional portion of hexanoyl chloride (0.08., 0.375 mmol, 3.125 eq) was added and
reaction was left at RT for an additional 24 h. Reactias washed with satd NaHG®olution and
concentratedn vacuo Column chromatography (petrol:EtOAc, 4:1 to 2:1 gratf) yielded the
desired product as a clear oil (52.1 mg, 40%).

TLC (petrol:EtOAc, 2:1, v/v): R= 0.60; p]o® + 30.4 (c = 0.56, CHG); *H NMR (500 MHz,
CDCl): 8 0.86 (3 H, tJ= 6.8 Hz, OCO(Ck),CHs), 1.20 - 1.30 (2 H, m OCO(GHCH,CH), 2.16 -
2.31 (4 H, m, OCOCHKCH,),CH,CHs), 2.24 (2 H, tJ = 7.3 Hz, OCO OCOCHCH,)sCHs), 3.38 (1
H, dd, Jsaep= 10.7 Hz,Js6o = 1.6 Hz, H-6b), 3.52 (1 H, ddsaep = 10.8 HzJsa = 3.7 Hz, H-6a),
353 (1 H, at)ss=Jss= 9.2 Hz, H-4), 3.56 (1 H, ddlp 5= 9.4 Hz,J;, = 3.5 Hz, H-2), 3.60 (1 H,
dd,J3= 9.8 Hz,J1,= 3.8 Hz, H-2'), 3.68 (1 H, atls s = J45= 9.6 Hz, H-4"), 4.03 (1 H, atl, 5= J34
= 9.2 Hz, H-3), 4.06 (1 H, afl, = J; 4= 8.8 Hz, H-3"), 4.06 (1 H, ddlsaep= 10.8 Hz,Js6» = 2.2 Hz,
H-6b’), 4.11 - 4.18 (2 H, m, H-6a’, H-5"), 4.25 H, ddd,Js5 = 9.9 Hz,Js ¢, = 3.4 Hz,Js6a = 2.2 Hz,
H-5), 4.38 (1 H, dJ = 12.3 Hz, 1 x OCkPh), 4.46 (1 H, dJ = 10.7 Hz, 1 x OCHPh), 4.52 (1 H, d)
= 11.0 Hz, 1 x OCkPh), 4.54 (1 H, dJ = 12.0 Hz, 1 x OCHKPh), 4.68 (2 H, dJ = 11.7 Hz, 2 x
OCH,Ph), 4.72 (2 H, d) = 12.0 Hz, 2 x OCkPh), 4.81 (1 H, d) = 10.7 Hz 1 x OCkLPh), 4.86 (3 H,
d,J=11.1 Hz, 3 x OCKPh), 4.99 (1 H, dJ = 10.8 Hz, 1 x OCKPh), 5.01 (1 H, dJ = 10.7 Hz, 1 x
OCH,Ph), 5.20 (1 H, d},>=3.3 Hz, H-1), 5.21 (1 H, dy > = 3.2 Hz, H-1"), 7.21 - 7.35 (35 H, m, Ar-
H); **C NMR (126 MHz, CDGCJ): 8 13.9 (OCO(CH),CHs), 22.2 (1 C, 1 x OCO(CH:CH,CHs),
245 (1 C, 1 x OCO(CHLCH,CH,CHg), 31.2 (1 C, OCOCKH,(CH,),CHs), 34.0 (1 C,
OCOQH,(CH,)sCHs), 62.5 (C-6), 68.1 (C-6), 69.0 (C-5), 70.7 (Cs572.7 (OCHPh), 72.9
(OCH,Ph), 73.5 (OChKPh), 75.1 (OCKPh), 75.1 (OCkPh), 75.6 (OCkKPh), 75.7 (OCkLPh), 77.5
(C-4 or C-4'), 77.6 (C-4 or C-4"), 79.2 (C-2 or C1;279.4 (C-2 or C-2), 81.6 (C-3 or C-3'), 81.8&
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or C-3"), 94.0 (C-1 or C-1)), 94.4 (C-1 or C-1)21.3, 127.5, 127.5, 127.6, 127.6, 127.7, 127.8,
127.9, 127.9, 127.9, 128.1, 128.3, 128.4, 128.8 51¢Z x OCHPh), 137.7, 137.9 (2 C), 138.0, 138.3,
138.6, 138.8, (7 x 1 C =7 x OGPh) 173.5 (C=0); IR (thin film): 3063, 3031, 292855 (C=CH),
1735 (C=0), 1586, 1496, 1454, 1360 (C=C), 1262,912156, 1100, 772 ¢t MS m/z (ESI):
1093.4 [M+NaJ; isotopic distribution: species observed [M+Ngjeaks observed 1093.47 (100%),
1094.48 (73.7 %) 1095.49 (27.4 %), 1096.50 (6.4%dks calculated 1093.51 (100%), 1094.51
(73.8%), 1095.51 (28.3%), 1096.52 (8.2%).

6-O-hexanoylea,a-D-trehalose (212)

HO

HO OH OH

OH

211 (6.2 mg, 0.019 mmol) was dissolved in 20 mL ethamad circulated through a 10% Pd/C
cartridge in the H-CulSeat 80 bar, 45 °C and 1 mL/min. Reaction was monitorethays spec and
after 3 hours TLC (EtOAc:MeOH, 2:1) indicated completevarsion from starting material {(R) to
product (R 0.4). Reaction was concentratéd vacuo and purified via column chromatography
(EtOACc:MeOH, 3:1)o give the desired product as a white crystalline soliél ify, 93%).

TLC (EtOACc:MeOH, 2:1, v/v): R:0.34; M.p. = 135-137C; [a]2’ = 111.3 (c = 1.0, MeOHJH NMR
(500 MHz, DO): & 0.79 (3 H, t,J = 6.9 Hz, OCO(CH),CH; ), 1.17 - 1.26 (4 H, m,
OCOCHCH,(CH,),CHs), 1.54 (2 H, quin] = 7.3 Hz, OCOCHCH,(CH,),CHs), 2.35 (2 H, tJ = 7.4
Hz, OCOCHCH,(CH,),CHs), 3.36 (1 H, at)ss = Jss= 9.5 Hz, H-4), 3.41 (1 H, a4 = Js5= 9.6
Hz, H-4), 3.55 (1 H, ddJ, 3= 9.9 Hz,J,, = 3.8 Hz, H-2), 3.57 (1 H, ddz5 = 10.1 Hz,J; , = 3.8 Hz,
H-2"), 3.66 - 3.82 (5 H, m, H-6a, H-6b, H-5, H-3,3%: 3.94 (2 H, dddJss = 10.2 Hz Js ¢a= 4.8 Hz,
Js.ob = 2.0 Hz, H-5), 4.22 (2 H, ddlsa 6= 12.3 Hz,Js62= 5.0 Hz, H-6a’), 4.35 (2 H, ddga o= 12.3
Hz, Jsep= 2.2 Hz, H-6b’), 5.07 (1 H, dl,» = 3.9 Hz, H-1), 5.10 (1 H, dl;, = 3.8 Hz, H-1');*C
NMR (126 MHz, O): 5 13.1 (1 C, OCO(CH4CHs), 21.6 (1 C, OCO(CH:CH,CHs), 24.0 (1 C,
OCO(CH)3CH;CH,CHs), 30.5 (1 C, OCOCHKEH,(CH,),CHs), 33.7 (1 C, OCOB,(CH,):CHs),
60.5 (C-6), 62.9 (C-6'), 69.6 (C-5'), 69.6 (C-4©+4’), 69.9 (1 C-4 or C-4’), 70.9 (C-2 or C-2’), B0
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(C-2 or C-2), 72.2 (C-5), 72.3 (C-3 or C-3), 72(6-3 or C-3'), 93.2 (C-1), 93.4 (C-1), 176.8
(C=0); HRMSm/z(EST"): [M+Na]" calcd. for GgH3,01,Na", 463.1786; found, 463.1793.

6,6"-O-Di-tertbutyldiphenylsilyla,a-d-Trehalose(207)*

HO
TBDPSO O

OH OH

HO OH OH

OTBDPS

To a stirred suspension of D-trehalose (2g, 5.85 maral)imidazole (0.39g, 5.29 mmol) in dry DMF
(10mL) was added tert-butyl diphenylchlorosilane (TBDEB-(3mL, 11.5mmol) at RT. After
stirring for 36 hours, TLC (ETOAc:MeOH, 2:1), indieat the complete consumption of starting
materials and the formation of the product (R35) as well as the mono TBDPS-trehaloseO(R).
The reaction mixture was concentratéd vacuo and purification attained via silica gel
chromatographyi{PrOH:ETOAC, 2:1) to give the desired product as aevhilid (2.315, 55%).

TLC (ETOAC:MeOH, 2:1, viv): R0.34; [0]/® +71.5 (1,4-dioxane}H NMR (500MHz, DMSO)3
ppm 1.0 (18 H, s, 6 x G 3.23-3.32 (4 H, m, H-2, H-2', H-4, H-4), 3.62 H, dd,J, 3= 9.14 Hz J-
34 = 5.04 Hz, H-3, H-3"), 3.80 (2 H, dds g = 5.67 HzJsaen = 11.21 Hz, H-6b, H-6b"), 3.85-3.87 (4
H, m, H-5, H-5', H-6a, H-6a’), 4.62 (2 H, dyon = 6.31 Hz, C-2 OH, C-2' OH), 4.84 (2 H, &1 =
4.73 Hz, C-3 OH, C-3' OH), 4.91 (2 H, d, 04 = 5.36 Hz, C-4 OH, C-4’ OH), 5.06 (2 H, &,,=
3.07 Hz, H-1, H-1"), 7.37-7.71 (40 H, m, Ar-HiC NMR (126MHz, DMSO) ppm 18.99 (2 C, s, 2
X C(CHs)s), 26.62 (6 C2 x C(B3)s), 63.40 (2 C, C-6, C-6"), 69.97 (2 C, C-4, C-&),.76 (2 C, C-2,
C-2’), 72.30 (2 C, C-5, C-5"), 73.20 (2 C, C-3, §:32.78 (2 C, C-1, C-1"), 127.51, 127.70, 129.19,
129.64, 134.48, 135.18 (20C, 6 X s, ArC), 133.388.33 (4C, 2 x s, 4° ArC); M8z (ES) 841.3
(M+Na’); HRMS (EST) cald. For G4HssO1:Si, 841.3415 Found 841.3410 [M+Na]
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6,6'-di-O-tert-butyldiphenylsilyl-2,3,4,2',3',4'-hexa-®enzylea,a-D-trehalose (213)

BnO,
TBDPSO O

OBn OBn

BnO OBn OBn

OTBDPS

To a stirred suspension of D-trehaldsg g, 5.85 mmol, 1 eq) and imidazole (0.39 g, 5.29 mMthé
eq) in dry DMF (10 mL) was addedrt-butyl diphenylchlorosilane (TBDPS-CI) (3 mL, 11.5 mmo
2.0 eq ) at RT. After stirring for 36 hours, TLC @c:MeOH, 2:1), indicated the complete
consumption of starting materials and the formatiorhe07 (R; 0.35) as well a208 (R; 0.2). The
reaction mixture was concentratedvacuoand purification attained via silica gel chromatography
(EtOAc: i-PrOH, 2:1) to give the desired product as a mixture ofaramd di-TBDPS protected
compounds as a white solid. (2.3 g, 55%), which weed wsthout further purification. This mixture
was dissolved in anhydrous DMF (25 mL), and sodiumiridg (60% dispersed in mineral oil) (700
mg, 29.1 mmol) was added portionwise for a period ofml® at 0 °C. Benzyl bromide (2 mL, 11.6
mmol, 6 eq) was then added dropwise and the mixturededtir under an atmosphere of argon at
room temperature. After an 18 h period, TLC (petrol:EtC&t) indicated the formation of product
(Rf0.9) with complete consumption of the starting mat€RaD). The reaction mixture was quenched
by the slow addition of methanol (150 mL) and stirfed 30 min, at which point the resulting
solution was concentratéd vacuo The residue was dissolved in DCM (800 mL), washed witer
and brine, filtered and concentratéd vacuo Purification by column column chromatography
(petrol:EtOAc, 10:1) afforde@13 and210 as a 2:1 mixture of products (by NMR), which were not
fully separated (2.987 g, 41% over two steps) as a \@sclear oil. Further column chromatography
yielded pure213(300 mg, 5% over two steps).

TLC (petrol:EtOAc, 5:1, viv): R= 0.90;[0,]2D5 +23.6 (c = 1.0, CHG); *H NMR (400 MHz, CDC)): §
1.28 (18 H,s,2x C (C}), 3.75 (2 H, ddJ,3=9.8 Hz,J; , = 3.8 Hz, H-2, H-2"), 3.79 (2 H, ddsa6b
=10.5 Hz,J56p = 1.8 Hz, H-6b, H-6b"), 3.92 (2 H, ddga e, = 10.6 HzJs 6, = 2.8 Hz, H-6a, H-6a),
4.03 (2 H, atdz4=Js5= 9.6 Hz, H-4, H-4"), 4.18 - 4.28 (4 H, m, H-5, H-${;:3,H-3"), 4.72 (2 H, d,
J=11.8 Hz, 2 x OCKPh), 4.80 (2 H, dJ = 11.9 Hz, 2 x OCHKPh), 4.89 (2 H, dJ = 10.9 Hz, 2 x
OCH,Ph), 5.04 (2 H, dJ = 10.6 Hz, 2 x OCKPh), 5.10 (2 H, dJ = 10.6 Hz, 2 x OCkPh), 5.15 (2 H,
d,J=10.6 Hz, 2 x OCHKPh), 5.39 (2 H, dJ}; = 3.5 Hz, H-1, H-1"), 7.13 - 7.63 (40 H, m, Ar-H)7®

- 7.93 (10 H, m, Ar-H)*C NMR (101 MHz, CDGCJ): 5 19.5 (6 C, s, 3 x C(@5)3), 27.0 2 C, s, 2 x
C(CHa)3), 65.6 (2 C, C-6, C-6"), 71.7 (2 C, C-5, C-5'),.922 C, OCHPh), 75.3 (2 C, OCHPh), 76.0
(2 C, OCHPh), 77.7 (2 C, C-4,C-4),803(2C,C-2,C-B2.1(2C, C-3,C-3),94.2 (2C, C-1, C-
1Y), 126.1, 127.0, 127.2, 127.4, 127.7, 127.7, 82727.9, 128.0, 128.1, 128.3, 128.3, 128.6, 128.9,
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129.2, 129.8, 129.9, 133.5, 133.6, 133.7, 135.6,8,36 x OCHPh, 4 x OTBDPS), 137.9, 138.2,
138.4, 138.7, 138.9, (10 C, 6 x 1 C, OBH, 4 x 1 C, OTBDPS ); IR (thin film): 3069, 293856
(C=CH), 1454, 1428, (C=C), 1219, 111, 1069, 102%4,8773 cm’ MS m/z (ESI'): 1376.6 [M+
NH,]"; isotopic distribution: Species observed [M+Ngjeaks observed 1381.59 (91.5%), 1382.59
(100%), 1383.59 (48.3%), 1384.59 (17.8%), 1385.6MB%), 1386.59 (1.7%) peaks calculated
1381.62 (95.5%), 1382.62 (100%), 1383.62 (59.8%834162 (25.3%), 1385.63 (8.0%).

2,3,4,2',3' 4'-hexa-O-benzyd,a-D-trehalose (4)°

BnO,
(0]

HO
BnO OBn OBn

OH

The 2:1 mixture oR13and210(1.01g, 0.83 mmol) was dissolved in DMF (10 mL) andhis was
added TBAF dropwise (70% in,B) (1 mL, 2.87 mmol, 3.5 eq). Reaction was stirred3fdr at 60
°C. TLC (petrol:EtOAc, 2:1) indicated products; (R.4) and (R 0.1) and complete consumption of
starting material (R 1.0). Crude product was washed with satd brine and NaH&@®racted into
dichloromethane and concentraiedvacuo.Purification by column chromatography (petrol:EtOAc,
2:1 followed by 1:1 and then pure EtOAc) yielde@02.5 mg, 36%, based on 2:1 ratio of starting
material) as a clear oil arll0 (156 mg, 58% based on 2:1 ratio of starting mateaiad) recovered
starting material (130 mg, 7%). Combined yield of bothidpcts was 61%.

TLC (petrol:EtOAc, 2:1, viv): R= 0.1a]? + 88.1 (c = 1.0, CHG) [Lit. [a]?’+104 (c = 1.6 in
CHCL)]*% *H NMR (400 MHz, CDC}): § 3.55 (2 H, ddJ, 3= 9.8 Hz,J, ,= 3.1 Hz,H-2, H-2'), 3.59-
3.64 (6 H, m, H-6a, H-6a’, H-6b, H-6b"), 3.61 (2 &t,J;4= Js5 = 10.1 Hz, H-4, H-4"), 4.05 - 4.13 (4
H, m, H-3, H-3", H-5, H-5'), 4.67 (2 H, d = 10.9 Hz, 2 x OCkPh), 4.68 (2 H, dJ = 11.9 Hz, 2 x
OCH,Ph), 4.73 (2 H, dJ =11.9 Hz, 2 x OCkPh), 4.90 (2H, dJ =10.9 Hz, 2 x OCkPh), 4.91 (2 H,
d,J=11.4 Hz, 2 x OCkPh), 5.02 (2 H, dJ =10.8 Hz, 2 x OCkPh), 5.16 (2 H, dJ,, = 3.8 Hz, H-1,
H-1), 7.15 - 7.52 (30 H, m, Ar-H}*C NMR (101 MHz, CDGJ): § 61.4 (2 C, C-6, C-6"), 71.4 (2 C,
C-5, C-5"), 72.9 (2 C, 2 x OCG#Rh), 75.0 (2 C, 2 x OCJRh), 75.6 (1 C, 2 x OCiRh), 76.7 (2 C, s,
C-4,C-4"),79.4 (2C, C-2,C-2),81.6 (2C, C33),93.9(2C, C-1, C-1), 123.8, 127.5, 1&7.
127.7,127.9, 128.1, 128.4, 128.5 (6 x QBH), 138.0, 138.2, 138.7 (6 x 1 C, 6 x OLH); MSm/z
(ESI"): 900.4 [M+NH,]".
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8.2.16.1Alternate synthesis of compounds 210 and 4

2,3,4,6,2',3',4',6'-Octyl-O-benzyl-a,a -D-trehalose (216f, 2,3,4,2',3',4-hexa-O-benzyta-D-
trehalose (4)° and 2,3,4,2',3',4',6'-hepta-O-benzyla-D-trehalose (210

BnO

(0]
0]
HO%B\ - oBn © OBn
BnO OBn BnO OBn OBn
OH
BnO OBn %

D-trehalose (12.2 g, 35.7 mmol, 1 eq) and imidazold ¢7.107 mmol, 3 eq) were dissolved in
anhydrous DMF (80 250 mL) and to this was added TBDR&inL, 83.9 mmol, 2.35 eq). Reaction
mixture was stirred under Argon for 18 hours and upmmplete dissappearance of starting trehalose
by TLC (DCM:MeOH, 9:1), indicated the complete consumptof starting materials (F®0.0) and
the formation of the diTBDPS-trehalose product QF5) as well as the monoTBDPS-trehalose (R
0.1). Reaction was poured into ice water (400 mL) aeddBulting white precipitate was filtered off
and washed with ice water (400 mL) and ether (400 mL) thed concentrated under reduced
pressure. This crude product was then redissolved in amigydMF (200 mL) and cooled to 0 °C.
To this was added benzyl bromide (35 mL, 204 mmol, 6d)8 Sodium hydride (6 g, 250 mmol, 7.4
eq) was added slowly to prevent uncontrolled reacti@acRon was stirred under argon atmosphere
fo 3 days, upon which TLC (petrol:EtOAc, 5:1) revealedmplete converion to three produts3

(Rf 0.7),209 (Rf 0.6) and216 (Rr 0.25) and dissappearance of starting sugam)(Reaction mixture
was extracted into ether (3 x 500 mL) and washed with satdium bicarbonate (2 x 500 mL) and
satd brine (2 x 500 mL) and concentrated under reduced presduture was redissolved in DMF
(300 mL) and to this was added TBAF (20 mL, 57.34 mrh® eq) and reaction mixture was heated
to 70 °C for 72 h, upon which time complete converdio the desire@10 and4 was detected by
TLC (petrol:EtOAc, 1:1), which indicated products; (R.4) and (R 0.1). Purification by column
chromatography (petrol:EtOAc 8:1 followed by 6:1, £11, 1:2 and ethyl acetate) yieldéd11 g,
34%) and 210(9.5 g, 28%)and216 6.23 g, 16%)s clear oils for a net yield of all three products

over three steps of 79%.
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Data for compoun@16; TLC (petrol:EtOAc, 5:1, v/v): R= 0.25; [a]2’ + 79.3 (c = 1.0 in CHG); 'H

NMR (400 MHz, CHLOROFORMY) & ppm 3.44 (2 H, ddJeass = 10.4 Hz,Jsy = 1.5 Hz, H-6b),

3.58 (2 H, ddJsa60= 10.6 HzJ56,= 3.0 Hz, H-6a), 3.65 (2 H, dd; 3= 9.5 Hz,J, ,= 3.7 Hz, H-2, H-
2, 3.74 (2 H, atss = Jus = 9.6 Hz, H-4, H-4"), 4.09 (2 H, § = 9.2 Hz), 4.23 (2 H, dddj,s = 10.1
Hz, Js 6a= 3.1 Hz,Js o= 1.5 Hz, H-5, H-5), 4.43 (2 H, d,= 12.1 Hz, 2 x OCkPh), 4.51 (2 H, dJ =

10.6 Hz), 4.60 (2 H, dl = 11.9 Hz, 2 X OChPh), 4.67 - 4.78 (4 H, m, 4 x OGPh),4.87 (2 H, d,J =

10.9 Hz, 2 x OCkPh), 4.91 (2 H, dJ = 10.9 Hz, 2 x OChPh), 5.05 (2 H, dJ = 10.9 Hz, 2 x
OCH,Ph), 5.29 (2 H, dJi ,= 4.4 Hz, H-1, H-1'), 6.65 - 7.71 (40 H, m, Ar-HMS m/z(EST): 1085.9
[M + Na]".

6,6’-di-O-hexanoyl-2,3,4,2',3',4'-hexa-O-benzygla-D-trehalose (214)

BnO OBn

O

4 (1 g, 1.13 mmol, 1 eq) was dissolved in anhydrougijmne (2 mL) and to this was added hexanoyl
chloride (0.5 mL, 3.8 mmol, 3.3 eq). Reaction was stificie 30 min at RT upon which time TLC
(petrol:EtOAc, 2:1) indicated complete conversion from istgrimaterial (R 0.05) to product (R
0.9). Reaction was washed with satd. NaHGCsdlution and concentrateoh vacuo Column
chromatography (petrol:EtOAc, 10:1, 1% triethylaminedlded the desired product as a clear oll
(1.12g, 91%).

TLC (petrol:EtOAc, 2:1, viv): R= 0.90; [a]és +75.6 (c = 0.39, CHG); *H NMR (400 MHz, CDC}):
50.86 (6 H, tJ=6.9 Hz, 2 x OCO(CH4CHs), 1.23 - 1.29 (8 H, m, 2 x OCO(G}HCH,),CHs), 1.54
- 1.65 (8 H, m, 2 x OCO(ChHh(CH,),CHz), 3.54 (4 H, atJs 4= J45= 9.6 Hz, H-4, H-4"), 3.57 (4 H,
dd, J,3=9.6 Hz,J;, = 3.5 Hz, H-2, H-2), 4.06 (4 H, af,3 = J34= 9.3 Hz, H-3, H-3'), 4.06 (4 H,
dd, Jeaen= 12.3 Hz,J5 6o = 2.0 Hz, H-6a, H-6a’), 4.16 (2 H, ddsaep= 12.3 Hz,J5 6, = 3.3 Hz H-6b,
H-6b"), 4.24 (2 H, dddJ;5=10.0 Hz Js ¢ = 3.4 Hz,J56,= 2.0 Hz, H-5, H-5"), 4.53 (2 H, d = 10.6
Hz, OCHPh), 4.69 (2 H, d) = 12.1 Hz, OCHPh), 4.73 (2 H, dJ = 11.9 Hz, OCHPh), 4.88 (4 H, d,
J=10.6 Hz, OCHPh), 4.88 (3 H, dJ = 10.9 Hz, OCHPh), 5.02 (2 H, d] = 10.6 Hz, OCHPh), 5.18
(2 H, d,J2= 3.5 Hz, H-1, H-1'), 7.04 - 7.51 (40 H, m, Ar-HJC NMR (101 MHz, CDGJ): § 13.9 (2
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C, OCO(CH)4CH3), 22.3 (2 C, OCO(CH4CH,CHy), 24.5 (2 C, OCO(CH,CH,CH,CH3), 31.3 (2
C, OCOCHCH; (CH,),CHs3), 34.0 (2 C, OCOH,(CH,);CHz3), 62.5 (2 C, C-6, C-6'), 69.1 (2 C, C-5,
C-5Y), 72.9 (2 C, OCkLPh), 75.2 (4 C, 2 x OC4fPh), 75.7 (2 C, OCHPh), 77.4 (2 C, C-4, C-4’), 79.2
(2 C, C-2,C-2), 816 (2 C, C-3, C-3), 94.0 (2 G3-1, C-1"), 127.5, 127.7, 127.8, 127.9, 128.1,
128.4, 128.4 (6 x OCjPh); 137.8, 137.8, 138.5 (6 x 1 C = 6 x OLH); 173.5 (2 C, 2 x C=0); IR
(thin film): 3419 br (OH), 2956, 2925, 2854 (C=CH){33 (C=0), 1637, 1456 (C=C), 1219, 1177,
1150, 1101, 1078, 1053, 1026, 990, 772 'tnMS m/z (ESI): 1096.5 [M+NH]"; isotopic
distribution: species observed [M+Napeaks observed 1101.53 (100%), 1102.53 (72.8%),.3403
(28.8%), 1104.54 (8.1%), 1105.54 (1.8%), peaks cakdildt101.52 (100%), 1102.52 (74.4%),
1103.53 (30.0%), 1104.53 (8.3%), 1105.53 (1.9%)5149 (1.4%).

6,6’-di-O-hexanoylea,a-D-trehalose (215)

Z?M%

O

214 (474 mg, 0.44 mmol) was dissolved in 20 mL ethaaodl the solvent was degassed under
alternating reduced pressure and argon. 10% Pd/C (30Qvaxypdded to the solution, which was
then activated through repeated vacuum, flush cyclés 2vhydrogen balloons. Reaction was stirred
at RT for 16 h, upon which time ESI mass spec showed edenpbnversion to the desired product.
TLC (EtOAc:MeOH, 2:1) indicated complete conversion frstarting material (R1) to product (R
0.6). Reaction was concentratedvacuoto produce the desired product as a crystalline white solid
(120.0 mg, 55%).

TLC (EtOAc:MeOH, 2:1, VV): R= 0.6; M.p. = 157.7-159.6C; [a]? + 152.3 (c = 0.13, }O); *H
NMR (500 MHz, O): § 0.78 (6 H, tJ = 6.9 Hz, 2 X OCO(CH.CHz), 1.11 - 1.29 (8 H, m, 2 x
OCO(CHy)»(CH,),CH3)1.53 (4 H, quin,) = 7.3 Hz, 2 x OCOCKCH,)(CH,),CHs), 2.33 (4 H, tJ =
7.3 Hz, 2 x OCOCKCH,),CHs), 3.39 (2 H, at)ss = Jas = 9.6 Hz H-4, H-4’), 3.54 (2 H, ddl5 =
9.8 Hz,J, = 3.8 Hz, H-2, H-2"), 3.76 (2 H, a3 = Js4= 9.5 Hz, H-3, H-3'), 3.92 (2 H, dddys =
10.1 Hz,Js62 = 5.0 Hz,Js.65 = 2.2 Hz, H-5, H-5"), 4.21 (2 H, ddlga e =12.3,J5,65 = 5.4 Hz, H-6a),
4.33 (2 H, ddJsae =12.3 Hz,Js 65 2.2 Hz, H-6b), 5.05 (2 H, dl , = 3.8 Hz, H-1, H-1");**C NMR
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(126 MHz, DO): 5 13.1 (2 C, 2 x OCO(CBUCH5), 21.6 (2 C, 2 x OCO(CHLCH,CHy), 24.0 (2 C, 2
X OCO(CH),CH,CH,CHy), 305 (2 C, 2 x OCO Ci€H,(CH,),CHs), 338 (2 C, 2 x
OCOCH\(CH,)4CH3), 62.9 (2 C, C-6, C-6"), 69.7 (2 C, C-5, C-5"),.0q2 C, C-4, C-4"), 70.92 (2 C,
C-2, C-2)), 72.4 (2 C, C-3, C-3), 93.3 (2 C, C@;1"), 176.8 (2 C, 2 x C=0); HRM&/z (ESI'):
[M+Na]" calcd. for GH4,013Na", 561.2518; found, 561.2513; analysis (calcd., foumd@gH,20:2):
C (53.52,53.56), H (7.86,7.84).

8.2.17 Synthesis of arabinofuranosides 221 and 222

Methyl a-D-arabinofuranoside 221) and Methylg-D-arabinofuranoside £22)°

HO HO OMe

HO » HO .
To a suspension db-arabinose (0.74g, 4.9mmol) in anhydrous MeOH (60 nalcetyl chloride
(0.1mL) was added dropwise at 0 °C temperature undeatfosphere and the resulting solution was
stirred at 0 °C. The reaction was monitored by TLC (DCEIOW, 5:1) and appeared to stop after 3
days with the disappearance of the starting suga®)(Bnd appearance of two product s (R
0.45) and222 (Rs 0.4). The solution was allowed to attain room tempegatund excess acid was
neutralized by N&COs; and the resulting suspension was filtered throughteCdlhe combined filtrate
was concentrated under reduced pressure and the crude rhsslobtained was dissolved in MeOH,
and purified by column chromatography (MeOH:acetone:GHIC1:3) to yield the methyl glycosides
221(159 mg, 20%) as a and methyl glycosi®¥? (160 mg, 20%) as a colorless thick gum as well as
a mixture of the desired products and the undesired pgides227 and228 (358mg, 44%).

Data for compoun®2lo: TLC (DCM:MeOH, 5:1, viv): R= 0.45; [a]? +107.2 (c = 1.0, kD)
[Lit. [a]p +125.2 (¢ = 1.0 in kO T°% *H NMR (500 MHz, MeOD-DQ) 5 ppm 3.43 (3 H, s, -OMe), 3.57
(1 H, dd,Jsas5=11.7 Hz,d452 = 7.3, H-5a), 3.70 (1 H, ddga5p= 11.7 Hz J4 5o = 3.6 Hz, H-5b), 3.79
(1 H, ddd Jss.= 7.3 HZ ,J54= 6.9 Hz,J, 5= 3.6 Hz, H-4), 3.92 (1 H, ddp 5= 7.6 Hz,J;4 = 6.9 Hz,
H-3), 3.97 (1 H, ddJ,3 = 7.6 Hz,J;, = 4.4 Hz, H-2), 4.76 (1 H, dl, = 4.4 Hz, H-1);°C NMR
(126MHz, MeOD-D) & ppm 55.5 (O-Me), 65.5 (C-5), 76.9 (C-3), 79.1 (C-&.5 (C-4), 104.1 (C-
1); MS miz (ESI): 187 [M+NaJ';.

Data for compoun@223: TLC (DCM:MeOH, 5:1, viv): R= 0.4; [«]? -78.0 (c = 0.2, kD) [Lit. [o]p
-119 (c = 3.0 in KO % *H NMR (500 MHz, MeOD-0Q) & ppm 3.39 (3 H, s, -OMe), 3.66 (1 H, dd,
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Jsasi=11.8 Hz,dysa = 5.4, H-5a), 3.77 (1 H, ddsasp= 11.8 Hz,Jssp = 3.5 Hz, H-5b), 3.85 (1 H, dd,
Jss= 6.3 Hz,dp5 = 3.5 Hz, H-3), 3.93 (1 H, ddds = 6.3 Hz ,Jss0 = 5.4 Hz,Jsp = 3.5 Hz, H-4),
3.96 (1 H, ddJ, 3= 3.5 Hz,J,» = 1.5 Hz, H-2), 4.78 (1 H, d;» = 1.5 Hz, H-1)23C NMR (126MHz,
MeOD-D,) § ppm 55.3 (O-Me), 63.1 (C-5), 78.8 (C-3), 83.4 (C&5.5 (C-2), 110.6 (C-1); M8Vz
(ESI): 187 [M+NaJ.

8.2.18 Synthesis of compound 60

6-O-(Hexylphosphoryl)-2,3,4,2',3',4,6'-hepta-O-benayk-D-trehalose(240)

HO— F{ BnO
(e}

BnO OBn OBn

210 (50 mg, 0.53 mmol) was dissolved in anhydrous pgedi{2 mL). To this was added
Hexyldichlorophosphate (0.1 mL, 0.5 mmol) and the reactnixture was stirred for 16 hours at RT
upon which time TLC (DCM:MeOH, 5:1) revealed complete @yeion to product (R0.75) and
disappearance of starting materiaj {F0). Reaction mixture was concentrated under redueessyme
and purified by column chromatography (DCM:MeOH, 9d.)yield the desired product as a white
solid (49 mg, 85%).

TLC (DCM:MeOH, 5:1, viv): R= 0.75; [a]?+ 53.8 (c, 0.79, CHG); H NMR (500 MHz,

CHLOROFORMé) & ppm 0.80 (3 H, t,J=6.8 Hz, (CH)CHs), 1.04 - 131 (6 H, m,
(CH,)2(CH,)3sCHs), 1.42 - 1.63 (4 H, m, (CH(CH,)sCHs), 3.32 (1 H, ddJsaep= 10.4 Hz,Js g0 = 2.2
Hz, H-6b), 3.45 (1 H, ddlsae= 10.4,Js6a= 4.6 Hz, H-6a), 3.50 (1 H, dd,= 9.8, 3.9 Hz, H-2 or H-
2’), 3.55 (1 H, ddJ=9.1, 3.8 Hz, H-2 or H-2), 3.59 (1 H,d4= J;5= 9.8 Hz, H-4 or H-4"), 3.63 (1
H, at,Js4= Jis= 9.5 Hz, H-4 or H-4"), 3.91 - 4.19 (6 H, m, H-61;6'b, H-5, H-5', H-3, H-3"),4.34
(1 H, d,J=12.0 Hz, 1 x OCkPh), 4.44 (1 H, dJ = 10.7 Hz, 1 x OCkPh), 4.50 (1 H, d] = 12.0 Hz,
1 x OCHPh), 4.62 (5 H, br. S, 5 x OGPh), 4.79 (2 H, dJ = 10.4 Hz, 2 x OCkPh), 4.83 (2 H, dJ
=11.0 Hz, 2 x OChPh), 4.96 (2 H, d) = 11.0 Hz, 2 x OChPh), 5.17 (2 H, d};» = 3.8 Hz, H-1 or
H-1%), 5.19 (1 H, d,J = 3.8 Hz, H-1 or H-1), 6.66 - 7.74 (35 H, m, Ar:HfC NMR (126 MHz,
CHLOROFORM€) & ppm 14.1 ((CH)sCHs) 22.6 ((CH)4CH.CHy), 22.6 ((CH):CH,CH,CHs), 22.9
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(d Jep = 130 Hz, ®H(CH)4CH3), 30.5 (d, Jcp = 11.3 Hz, CHCHy(CH,);CH;), 31.4
((CH,),CH,(CH,),CHz), 31.5 ((CH)sCH,CH,CH,), 62.9 (1 C, d, C-6'Jsp = 7.8 Hz,), 68.1 (C-6),
70.17 (1 C, s), 70.25 (dlsp = 5.2 Hz,C-5), 70.6 (C-5), 72. 7 (®Ph), 72.8 (OE,Ph), 73.4
(OCH,Ph), 74.9 (2 C, 2 x O&,Ph), 75.4 (OEI,Ph), 75.5 (QEl,Ph), 77.6 (2 C, C-3, C-3’), 79.2 (C-2
or C-2"), 79.7 (C-2 or C-2), 81.3 (C-3 or C-3")1® (C-3 or C-3"), 93.4 (C-1 or C-1"), 93.8 (C-1 or
C-1), 127.1, 127.2, 127.4, 127.4, 127.6, 127.6,.82127.8,127.9, 127.9, 128.1, 128.3, 128.4, 128.4
(7x OCHPh), 137.8, 138.0, 138.1, 138.2, 138.4, , 138.8,487 x 1 C, 7 x OCHPh); MSm/z
(ESI): 1119.5 [M-HJ; Isotopic distribution: species observed [M+Napeaks observed 1143.50
(100%) 1144.50 (73.5%) 1145.51 (28.7%) 1146.51%3.4147.52 (1.6%) peaks calculated 1143.50
(100%) 1144.50 (73.8%) 1145.51 (29.5%) 1146.51%3.4147.51 (1.9%).

6-O-(Hexylphosphoryl)e,a-D-trehalose(241)

O
~
Ho/li/ HO
0 (0]
o © } o
HO OH OH

OH

240 (16 mg, 0.014 mmol, 1 eq) was dissolved in (etharaikr, 1:1, 5 mL) and to this was added
10% Pd/C (50 mg) and reaction was actived by repeatee pluigh cycles with hydrogen gas and
was then stirred under hydrogen gas overnight at RPponUcompletion TLC (BD:i-

PrOH:EtOAC,1:2:2) revealed complete disappearance ofrgfariaterial (R 1) and appearance of
product (R 0.6). Palladium was removed by filtration and reaction e@asentrated under reduced

pressure and lyophilized to afford the desired produatvakite, amorphous solid (7 mg, 99%).

TLC (H;0:i-PrOH:EtOAC,1:4:4, VIVIV): R= 0.6; [a]Z + 72.6 (c = 0.34, waterjH NMR (500 MHz,
DEUTERIUM OXIDE) & ppm 0.79 (3 H, tJonscrz = 6.9 Hz, (CH)sCHs), 1.17 - 1.25 (4 H, m,
(CHp)3(CH,),CHs), 1.30 (2 H, quinJenzcnz = 7.2 Hz, (CH); CHy(CH,),CHy), 1.45 (2 H, m,
CH,CH,(CH,)sCHs), 1.62 (2 H, m, CH{CH,)4CHs), 3.36 (1 H, atJss = Jss = 9.5 Hz, H-4), 3.45 (1
H, at,Js4 = Jss = 9.6 Hz, H-4"), 3.56 (1 H, ddly5= 9.5 Hz,J; .= 3.8 Hz, H-2), 3.58 (1 H, ddg 3=
9.5,J,,= 3.8 Hz, H-2’), 3.68 (1 H, ddlsap= 12.0 Hz Js 6o = 5.4 Hz, H-6a), 3.74 (1 H, ddd, 5= 9.8
Hz, Js6a= 5.0,J5.60 1.9 Hz, H-5), 3.77 (1 H, ddla o = 12.1 Hz,Js60 = 2.1 Hz, H-6b), 3.76 (1 H, at,
Jos=Jss= 9.8 Hz, H-3), 3.78 (L H, atlps = J34 = 9.5 Hz, H-3'), 3.84 (1 H, dddl;s = 10.0,J56,=
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2.9,J560= 1.9 Hz, H-5), 4.01 - 4.06 (2 H, m, H-6a’,H-6b9,11 (1 H, dJ; , = 3.7 Hz, H-1 or H-1"),
5.11 (1 H, dJ;» = 3.5 Hz, H-1 or H-1');*C NMR (126 MHz, DEUTERIUM OXIDE) ppm 13.3
((CH,)sCH3), 21.8 ((CH)4CH,CHs), 22.3 (1 C, d,Jcp = 5.4 Hz,(CH,),CH,(CH,),CHs), 25,4 (1 C, d,
Jep = 135.4 Hz, EI,(CH,),CHs), 29.6 (1 C, d,Jcp = 16.2 Hz CHCH,(CH,)sCHs), 30.6
((CH,)sCH,CH,CH), 60.5 (C-6), 62.7 (1 C, d, C-8J¢p = 6.3 Hz ), 69.2 (C-4"), 69.7 (C-4), 71.0 (C-2
or C-2’), 71.0 (C-2 or C-2"), 71.1 (dsp = 6.3 Hz,C-5"), 72.2 (1 C, s), 72.3 (1 C, s), 7TRI5C, S),
93.3 (C-1 or C-1'), 93.3 (C-1 or C-1*}P NMR (162 MHz, DEUTERIUM OXIDEY ppm 32.06;
HRMS m/z(ESI): [M-H]™ cald. for GgH350:3P, 489.1743; found, 489.1749.

6-O-(Hexylphosphorylfluoro)-2,3,4,2',3',4,6'-hepta-O®enzyle,a-D-trehalose(242)

BnO

F gV
BnO OBn %
OEn

240(200 mg, 0.17 mmol, 1 eq) and BTFFH (195 mg, 0.6dol 3.6 eq) were dissolved in anhydrous
DMF (3 mL) and to this was added DIPEA ( 0.1 mL, O.6oh 1 eq) and reaction was stirred
overnight at RT. Upon completion the desired product dedscted by TLC (petrol:EtOAc, 2:1) (R

0.35) with disappearance of starting sugarQ/R). Reaction was concentrated under reduced pressure

T
ovw A
@)

and purified by column chromatography (petrol:EtOAd,) 2o yield the desired product as a 1:1
mixture of both phosphate stereocisomers and a clear Gilntitd 77%).

TLC (petrol:EtOAc, 2:1, v/v): R= 0.35;"H NMR (500 MHz, CHLOROFORM) & ppm 0.89 (3 H, t,
Jescrz = 6.9 Hz, (CH)sCHs' or (CH,)sCH3), 0.88 (3 H, t,Jonscre = 6.9 Hz, (CH)sCHs' or

(CH,)sCH3), 1.27-41 (6 H, m, (CBH(CH,):CHs' and (CH)x(CH,)sCHs), 1.79 - 1.89 (4 H, m,
(CH,)2(CH,)sCHs' and (CH)(CH,)sCHs), 3.38 (1 H, ddJ=10.1, 1.6 Hz, H-6bor H-6b), 3.39 (1 H,
dd,J=10.1, 1.3 Hz, H-6bor H-6b), 3.49 - 3.55 (6 H, m, H-§a&H-6a, H-4, H-4, H-2", H-2"), 3.61 (2
H, dd,J=9.8, 3.8 Hz, H-2 H-2), 3.69 (2 H, at)s4 = Js5 = 9.6 Hz, H-4', H-4"), 3.68 (2 H, atJs; 4=

Jis= 9.6 Hz, H-4, H-4), 4.05 (2 H, &, th3= Js4= 9.5 Hz, H-3, H-3), 4.06 (2 H, at),5= J; 4= Hz,

H-3'T, H-3"), 4.09 - 4.21 (8 H, m, HI5H-5"T, H-5, H-5', H-6a, H-6b", H-6a’, H-6b’), 4.40 (1 H, d,
J=12.0 Hz, 1 x OCkPh'), 4.40 (1 H, dJ = 12.0 Hz, 1 x OCkKPh), 4.47 (1 H, dJ = 10.7 Hz, 1 x
OCH,Ph"), 4.48 (1 H, dJ = 10.9 Hz, 1 x OCkPh), 4.55 (2 H, dJ = 12.0 Hz, 1 x OCkPh'and 1 x
OCH,Ph), 4.59 (2 H, dJ = 12.0 Hz, 1 x OCkKPh' and 1 x OCHPh), 4.63 (2 H, dJ = 12.0 Hz, 1 x

Page | 329



Appendix 1: Chemistry synthesis and characterinatio

OCH,Ph'and 1 x OCHPh) 4.64 (2 H, dJ=12.3 Hz, 1 x OCkPh'and 1 x OCHPh), 4.72 (2 H, dJ =
11.7 Hz, 1 x OCKPh'and 1 x OCHPh), 4.74 (1 H, dJ = 11.7 Hz, 1 x OCkPh), 4.82 (2 H, d) =
10.7 Hz, 1 x OCBPh and 1 x OCHPh), 4.87 (2 H, dJ = 10.7 Hz, 1 x OCKPh and 1 x OCHPh),
4.87 (1 H, dJ=11.0 Hz, 1 x OChPh'), 4.88 (1 H, dJ = 11.3 Hz, 1 x OChkPh), 4.89 (2 H, dJ =
10.7 Hz, 1 x OChPh and 1 x OCHPh), 4.90 (2 H, dJ = 11.0 Hz, 1 x OCKPh and 1 x OCHPh),
4.98 (1 H, dJ=10.7 Hz, 1 x OCkPh), 4.99 (1 H, dJ = 11.0 Hz, 1 x OCkPh'), 5.01 (2 H, dJ =
10.7 Hz, 1 x OCKPh, 1 x OCHPh'), 5.19 (1 H, dJ;,= 3.5 Hz, H-1" or H-1%),), 5.21 (1 H, dJ;, =
3.8 Hz, H-1' or H-17), 5.22 (1 H, dJ;,= 3.5 Hz, H-1 or H-), 5.22 (1 H, dJ = 3.5 Hz, H-1 or H-
1%, 7.20 - 7.37 (35 H, m, Ar-H, Ar-} *C NMR (126 MHz, CHLOROFORM) & ppm 14.0, 14.0
((CH,)sCH3' and (CHp)sCHs), 21.8, 21.8 ((CH.CH.CHs' and (CH,),CH.CHs), 22.3, 22.3.
(CH,CH,(CH,)sCHs' and CHCH,(CH,)sCHs), 24.2 (1 C, dd,Jcp = 144.0, Jor = 22.8 Hz,
CHy(CH,)4CHs), 24.3 (1 C, dd,Jcp = 143.1, Jof = 22.9 Hz, CH(CH,),CHs"), 29.7, 29.9
((CH,),CH5(CH,),.CH;s" and  (CH),CHa(CH,),.CHs), 30.0, 31.1 (CHsCH.CH,CH;' and
(CH,)sCH,CH,CHs), 64.9 (1 C, dJpcs = 36.7 Hz, C-6' phd3, 64.9 (1 C, dJpcs = 36.2 Hz, C-6'
phos), 68.1, 68.1 (Cléand C-6), 69.5 (1 C, dpcs= 7.0 Hz, C-5'), 69.5 (1 C, dJpcs= 6.7 Hz, C-
5", 70.6, 70.8 (C-5 C-5"), 72.7, 72.7, 73.0, 73.1, 73.5, 73.51755.1, 75.2, 75.2, 75.6, 75.6,
75.7, 75.7 (7 x OB,Ph, 7 x OH,Ph), 76,8, 76.8 (C14C-4, C-4" and C-4), 77.7,77.7,79.4, 79.4
(c-2", c-2’, c-Z and C-2), 81.4, 81.5, 81.7, 81.8 (C;8-3", C-3, C-3), 93.9, 94.1, 94.4, 94.6 (C-
1", c-1,C-1" and C-1), 127.3, 127.4, 127.5, 127.5, 127.7, 12I27.8, 128.0, 128.1, 128.1, 128.3,
128.4, 128.5 (14 x OCj®h), 137.8, 137.8, 137.9, 137.9, 137.9, 138.0,0,3838.0, 138.2, 138.2,
138.5, 138.5, 138.8, 138.8 (14 x 1 C, 14 x GR#Y;*'P NMR (162 MHz, CHLOROFORM} &
ppm 32.2 (1 P, dJer = 1072.1 Hz), 31.8 (1 P, dpr = 1072.4 Hz);*F NMR (377 MHz,
CHLOROFORM4) & ppm -64.5 (1 F, dJpr = 1072.4Hz), -63.9 (1, F, dpr = 1072.4 Hz); MS/z
(ESI): 1145.5 [M+Na]; Isotopic distribution: species observed [M+Nagaks observed 1145.50
(100%) 1146.50 (74.5%) 1147.50 (29.0%) 1148.50 ¥4)A.149.49 (0.4%) peaks calculated 1145.50
(100%) 1146.50 (73.8%) 1147.50 (29.3%) 1148.51%8.2149.51 (1.8%).

Page | 330



Appendix 1: Chemistry synthesis and characterinatio

6-0O-(Hexylphosphorylfluoro) &,a-D-trehalose(60)

o
Fo r;// HO
1) O
oH © { \coH
HO OH OH
OH

242 (56 mg, 0.049 mmol, 1 eq) was dissolved in ethg§dohlL) and to this was added 10%
Pd/C (100 mg) and reaction was actived by repeptrde flush cycles with hydrogen gas
and was then stirred under hydrogen gas overnighR® Upon completion TLC
(EtOAc:MeOH, 1:1) revealed complete disappearantestarting material (R1) and
appearance of product {R.55). Palladium was removed by filtration andctes was
concentrated under reduced pressure and lyophilizaefford the desired product as a white,
amorphous hygroscopic solid (20 mg, 81%). Desireadgpct was obtained as a white

amorphous solid and a 1:1 mixture of both phosgrsigreoisomers.

TLC (EtOAc:MeOH, 2:1, v/v): R= 0.55;*H NMR (500 MHz, DEUTERIUM OXIDE)5 ppm 0.80 (6
H, t, Jenachz = 6.3 Hz ((CH)sCHs' and(CH,)sCHs), 1.52 - 1.65 (8 H, m, (CHE(CH,).CH;" and
(CH,)3(CH,),CHs'"), 1.69 - 1.80 (4 H, m, CHEH,(CH,)sCHs" and CHCH,(CH,)sCHs), 1.99 - 2.15 (4
H, m, CH(CH,)4CHs', CH)(CH,)4,CHs), 3.36 (2 H, atJs4 = Js5 = 9.5 Hz, H-4, H-4), 3.43 (2 H, at,
Ja4=Js5= 9.6 Hz, H-4", H-4), 3.53 - 3.59 (4 H, m, HI2H-2"H-2" and H-2), 3.67 (2 H, Mlsa 0=
12.0 Hz,Js6a= 5.0 Hz, H-64 H-6a),3.69 - 3.89 (8 H, m, H-8bH-6b, H-5, H-5, H-3, H-3', H-3,
H-3), 3.89 - 3.95 (2 H, m, H-§ H-5"), 4.33 - 4.44 (4 H, m, H-65'H-6a’, H-64, H-6a), 5.10 (1 H,
d, Ji»= 3.5 Hz, H-1), 5.11 (1 H, dJ., = 3.5 Hz, H-1), 5.13 (2 H, d};» = 3.8 Hz, H-17, H-1"); °C
NMR (126 MHz, DEUTERIUM OXIDE)S ppm 13.3, 13.3 ((CHkCHs" and(CH,)sCHs), 20.9 (1 C,
d, &p = 8.0 Hz, CHCH,(CH,)sCHs"), 20.9 (1 C, dJcp = 8.0 Hz, CHCH,(CH,)sCHs), 21.7, 21.8
((CH,)4CH,CHs"and (CH,),CH,CHs) 22.6 (1 C, ddJcp = 139.2 HzJcr = 19.1 Hz, CH(CH,),CHs"),
225 (1 C, dd,Jcp = 139.2 Hz,Jcr = 18.1 Hz CH(CH,),CHs), 28.8 (1 C, d,Jcp =2.9 Hz,
(CH,):CH2(CH,).CHs"), 28.9 (1 C, d,Jep =2.9 Hz, (CH),CH,(CH,),CHs), 30.3, 30.3
((CH2)sCH,CH,CH;" and (CH):CH,CH,CHs), 60.5, (C-6, C-6), 65.8 (1 C, djcp= 5.041 C, C-6"),
65.8 (1 C, dJcp=5.041 C, C-6"), 69.0, 69.0, 69.1, 69.1 (C'4C-4’,C-4 and C-4), 70.3, 70.4 (C5’
and C-5"), 70.9, 70.9, 71.0, 71.0 (C;2c-2',C-2 and C-2), 72.2, 72.2 (C'&nd C-5), 72.3, 72.3,
72.5, 72.5 (C-3, C-3',C-3 and C-3), 93.4, 93.4, 93.5, 93.5 (C;1C-1",C-1" and C-1);'F NMR
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(377 MHz, DEUTERIUM OXIDE)3 ppm -66.5 (1 F, dJgp = 1077.3 Hz), -66.7 (1 F, d;p = 1079.6
Hz); *P NMR (162 MHz, DEUTERIUM OXIDEp ppm 37.9 (1 P, dlr = 1080.0 Hz ), 38.2 (1 P, d,
Jpe = 1076.0 Hz); HRMSm/z (ESI): [M+Na] * calcd. for GgHz,FO,PN&, 515.1664; found,
515.1666.

8.2.19 Synthesis of octanesulfonyl-trehalose 61

6-O-Octanesulfonyl-2,3,4,2',3',4,6'-hepta-O-benayk-D-trehalose(239)

\ BnO
0 (6]
O
oBn © OBn
BnO OBn OBn

OBn

210 (200 mg, 0.22 mmol, 1 eq) was dissolved in anhydmuiline (2 mL) and to this was added
octanesulfonyl chloride (0.2 mL, 5 eq), which, ugaddition caused a yellow color change of the
reaction mixture. Reaction was stirred for 2 hours atuRdn which time TLC (petrol:EtOAc, 2:1)
indicated conversion from starting material (1) to product (R 0.6). Reaction was washed with
satd NaHC@solution and concentraté vacuo Column chromatography with a gradient of solvents
(petrol:EtOAc, 6:1to 1:1) vyielded the desired piidis a clear oil (94 mg, 40%).

TLC (petrol:EtOAc, 2:1, Viv): R= 0.6; [a]?+ 73.7 (c, 0.57, CHG); 'H NMR (500 MHz,
CHLOROFORMés) & ppm 0.87 - 0.91 (5 H, m, OS@H,)s CH,CHz), 1.21 - 1.40 (10 H, m,
OSOCH,CHx(CH,)sCHs), 1.78 (2 H, quintJerzcrz = 8.2 Hz, OSGCH,CH,(CH,)sCHs), 2.99 (2 H,
td, Jerz.crz= 8.2,dcrzs= 1.3 Hz, OSGCH,(CH,)sCHs), 3.39 (1 H, ddJsaer= 11.0 Hz,Js 60 = 1.6, H-
6b), 3.51 - 3.56 (3 H, m, H-6a, H-4, H-2"), 3.61H1dd,J» 5 = 9.6 Hz,J;, = 3.6 Hz, H-2), 3.69 (1 H,
at,Js4= Jas= 9.6 Hz, H-4’), 3.96 (1 H, ddls6r = 11.0 Hz,Js 6y 1.6 Hz, H-6b"), 4.02 (1 H, af, 5=
Jsa= 9.5 Hz, H-3"), 4.03 (1 H, atls = Js4 9.3 Hz, H-3), 4.10 - 4.17 (3 H, m, H-5, H-6a’)22.(1 H,
dt, J5= 9.8,J56a= 2.2,J56o= 1.6 Hz, H-5), 4.40 (1 H, d = 12.3 Hz, 1 x OChkPh), 4.47 (1L H, dJ =
10.7 Hz, 1 x OCkPh), 4.55 (1 H, dJ = 12.0 H 1 x OCHPh), 4.62 (1 H, dJ = 10.7 Hz, 1 x
OCH,Ph), 4.63 (2 H, dJ = 12.0 Hz, 2 x OCkPh), 4.66 1 H, dJ = 10.2 Hz, 1 x OCkPh), ( 4.76 (1

Page | 332



Appendix 1: Chemistry synthesis and characterinatio

H, d,J=12.0 Hz, 1 x OCkPh), 4.82 (2 H, d) = 10.7 Hz, 2 x OCkPh), 4.87 (1 H, dJ = 11.0 Hz, 1

x OCH,Ph), 4.89 (1 H, dJ = 10.6 Hz, 1 x OCkPh), 4.89 (1 H, dJ = 10.7 Hz, 1 x OCkPh), 4.99 (1

H, d,J=11.0 Hz, 1 x OCkPh), 5.01 (1 H, dJ = 11.0 Hz, 1 x OCkPh), 5.17 (1 H, dJ;»= 3.8 Hz,
H-1), 5.19 (1 H, d,J;» = 3.8 Hz, H-1’), 7.17 - 7.38 (35 H, Ar-H)**C NMR (126 MHz,
CHLOROFORMds) & ppm 14.06 (OSE@CH,);CHs), 22.57, 23.3, 26.8, 28.1, 28.9, 28.9, 31.7
(OSOLCH,CH,(CH,)sCH3), 50.4 (OSGCH,(CH,)sCHs), 67.5 (C-6), 68.09 (C-6'), 68.97 (C-5’), 70.79
(C-5), 72.72 (OCKLPh), 73.18 (OCKPh), 73.49 (OChKPh), 75.11 (OCkPh), 75.20 (OCHPh), 75.6
(OCH,Ph), 75.6 (OCKPh), 76.7 (C-4), 77.4 (C-4’), 79.3 (C-2'), 79.4-2F, 81.5 (C-3), 81.8 (C-3),
94.2 (C-1"), 94.7 (C-1), 127.34, 127.4, 127.5, 8221.27.6 127.7, 127.8, 127.9, 127.9, 128.0, 128.1,
128.1, 128.3, 128.4, 128.4 (7 x OgHh), 137.74, 137.88, 137.9, 138.0, 138.2, 138.8,71F x 1C, 7

X OCHPh); IR (thin film): v = 3062.3, 3029.5, 2923.7, 2854.3, 1604.4, 1496453.8, 1360.0,
1209.0, 1157.7, 1097.1, 1071.1(sulfonyl), 1027 33.9; MSm/z (ESI'): 1171.5 [M+Na]; Isotopic
distribution: species observed [M+Najpeaks observed 1171.5137 (100%), 1172.5125 (56.4 %)
1173.5205 (20.5 %), 1174.5276 (5.1%), 1175.5508%2. peaks calculated 1171.5212 (100%),
1172.5245 (76.8%), 1173.5277 (36.3%), 1174.53117¢4, 1175.5238 (3.5%), 1176.5271 (0.8%).

6-O- Octanesulfonyle,o-D-trehalose (61)

w
Wo
o)

%O/

HO OH g\

239 (38 mg, 0.033 mmol) was dissolved in 20 mL ethandltarthis was added 10% Pd/C (100 mg).
Palladium was activated by repeated purge, flush sequentédydtogen gas. Reaction was stirred
for 16 hours at RT upon which time complete conversiothé desired product was detected by TLC
(EtOAc:MeOH, 2:1) indicated complete conversion fromtstgrmaterial (R 1) to product (R 0.4).
Palladium was removed by filtration and reaction was cdratedin vacuoand lyophilized to yield

the desired product as a white amorphous solid (12.2 19g).
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TLC (EtOAC:MeOH, 2:1, viv): R= 0.4; [a]% = 106 (c = 0.2, MeOH):H NMR (500 MHz, MeOD)
ppm 0.92 (3 H, t Jowzcwe = 6.2 Hz, OSQ(CH),CHy), 1.27 - 1.39 (10 H, m,
OSOCH,CH,(CH,)sCHz), 1.84 (2 H, quinJ=7.7 Hz, OSQCH,)sCH,CHs), 3.24 (2 H, dtJcyz.crz=
12.1,cr2.5= 3.7 Hz, OSGCH,(CH,)6CHs), 3.50 (1 H, ddJ,5= 9.8J,,= 3.6 Hz, H-2 or H-2"), 3.51
(1L H, dd,J,5=9.7J,,= 3.5 Hz, H-2 or H-2’), 3.70 (1 H, dd, ddks o= 11.8 Hz,Js 62 = 5.2 Hz, H-6a),
3.77 - 3.84 (3 H, m, H-3, H-3', H-6b), 3.86 (1 Hid}Jy 5= 12.0,Js 6a= 5.4,J5 6o = 2.2 Hz, H-5), 4.07
(1 H, ddd,dss= 10.1 HZ,Js.62 = 4.4 Hz,Js.65 = 1.9 Hz, H-5'), 4.39 (1 H, ddlsago = 11.3 Hz,Js 60 =
4.7 Hz, H-6a’), 4.46 (1 H, ddease= 11.0 HzJs o= 1.9 Hz, H-6b"), 5.10 (L H, dl,= 3.5 Hz, H-1
or H-1’), 5.14 (1 H, dJ.,= 3.5 Hz, H-1 or H-1;C NMR (126 MHz, MeOD)5 ppm 14.4
(OSO(CH,),CHs), 23.7, 247, 29.2, 30.2, 30.2, 32.9(Q8E,(CH,)CH;), 50.8
(OSQLCH,(CH,)¢CHs), 62.6 (C-6", SO), 70.3 (C-6), 71.4 (C-5"), 71G-¢'), 71.9 (C-4), 73.1 (C-2 or
C-2"), 73.1 (C-2 or C-2'), 73.9 (C-5), 74.4 (C-3©#3"), 74.6 (C-3 or C-3’), 95.3 (C-1 or C-1"), 93
(C-1 or C-1'); HRMSm/z(ESI): [M+Na]* calcd. for GHzdO:3SN4, 541.1931; found, 541.1923.

8.2.20 Synthesis of FITC-glucose 254.

2-deoxy-2-(N'-(Fluorescein-5-yl)-thioureido)o-glucose(254)

‘ COOH
900
HO o 0

Glucosamine hydrochloride (21.5 mg, 0.1 mmol) and flumiesisothiocyanate (FITC, 58.4 mg, 0.15
mmol) were dissolved in a mixture of 75 mM solutioMNaHCG; (3mL) and of acetonitrile (1.5 mL)

. The mixture was heated at + 55 °C for 2 hours uUntiC (H,O:i-PrOH:EtOAc,1:4:8) indicated
consumption of starting materials and formation of twodpctsa (Rf 0.64) andp (R 0.52). The
mixture was concentrated under reduced pressure andeguby silica column chromatography
(H2O:i-PrOH:EtOAC,1:4:8) to give the title compound (29.7,Mg52 mmol, 52%) as an orange
solid.
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TLC (H;0:i-PrOH:EtOAC,1:4:8, VIv/v)254a0. R; = 0.64;2548 R; = 0.52; [a[*= +32.4 (c = 0.25,
CHyOH); 'H NMR (500 MHz, DMSO#): 6 254a 3.2-3.6 (3H, m, H-8, H-4, H-6b), 3.62 (1H, m, H-
6a), 3.72-3.82 (2H, m, H-5, H-2), 5.72 (1H, bs, H&.60 (4H, m, H-10" and H-12’), 6.70 (2H, m, H-
9, 7.29 (1H, d, 75=8.3 Hz, H-7’), 8.03 (1H, ddg}=8.3 Hz, 3.,=2.0Hz, H-8"), 8.19 (1H, d,.J
¢=2.0Hz, H-2"), 8.80 (1H, s, NHCS attached to C-Z52B 3.2-3.6 (H-3, H-4, H-6b), 3.62 (1H, m,
H-6a), 3.72-3.82 (3H, m, H-5, H-2, H-3), 4.19 (1H,}.5=2.4 Hz, H-4), 4.25 (1H, d2.3=6.3 Hz, H-
2), 6.16 (1H, d,3=6.3 Hz, H-1), 6.60 (4H, m, H-10’ and H-12’), 6.@H, m, H-9"), 7.28 (1H, d,J
¢=8.3 Hz, H-7"), 8.02 (1H, ddsJ-=8.3 Hz, 3.,=2.0Hz, H-8), 8.17 (1H, d,,J=2.0Hz, H-2’), 9.46
(1H, s, NHCS attached to C-2§C NMR (126 MHz, DMSO-d6)5 254« 63.2 (C-6), 65.2 (C-2), 68.9
(C-5), 70.0 (C-4), 71.3 (C-3), 83.1 (C-5'), 87.0-{; 102.2 (C-12’), 109.4 (C-14"), 112.7 (C-10)),
120.6 (C-2’), 123.7 (C-3"), 126.1 (C-7"), 129.1 @), 133.1 (C-8'), 140.8 (C-1’), 149.4 (C-6"), 1BL.
(C-13"), 159.5 (C-11'), 168.5 (C=0 C-4"), 179.2 (KHSNH); s 2548 63.6 (C-6), 65.2 (C-2), 68.1
(C-5), 73.5 (C-4), 79.6 (C-3) , 83.1 (C-5"), 94@-1), 102.3 (C-12"), 109.3 (C-14’), 112.7 (C-10),
120.6 (C-27), 123.9 (C-3"), 126.2 (C-7"), 129.1 @), 133.1 (C-8'), 140.7 (C-1’), 149.7 (C-6"), 1BL.
(C-13), 159.5 (C-11"), 168.3 (C=0O C-4’), 180.4 (HSNH); IR (KBr):3333 (OH), 1595 , 14509,
1305, 1210, 1172, 1117, 850 ¢nHRMS (m/z): [M-HJ calcd. for G:H,3N,040S, 567.1079; found,
567.1087.

P 2-FTU Glc #2 [2 peaks manually assigned] 2-FTUGlg run 1 Uvz VIS 1
Y mAU WVL:254 nm|
1-2-FTU Gle - 3.133

200
150+

100 ‘

50 |

/ \ 23547 F==a113
A 3-6.807 /\K
j—- . PN 5. ___I.-/-""  —
e e e O e o o SIS L
0.0 13 25 3.8 5.0 6.3 7.5 8.8 10.0 1.0

Figure 8.17. Preparative HPLC trace for the purification of 254. Conditions: Phenomenex Synergi Hydro
C18 column (150 mm x 21.2 mm, 4m), eluting with water with 0.1 % TFA (A) and acetaitrile (B)
eluting at a flow rate of 20 mL/min; Gradient: 0 min B=%0, 1 min B=20%, 5.5 min B=40%, 6 min
B=100%, 8 min B=0%; Compound 28 elutes at 3.1 mirldbeled 254) while starting materials FITC elute
at 6.8 and 8.1 min.
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8.2.21 Protein Modifications
8.2.21.1Reaction of Ag85C with 60

Ag85C-124-phosfluortre (243)

To antigen 85 (20Ql, 1.6 mg/mL, 9.6umoles, 1 eq) in TEA buffer (20 mM, pH 7.2) was ad86ds

a solution in water (18I, 0.5 mg/mL, 12umoles, 1.7 eq). Reaction was shaken at RT in an eppendorf
tube for 80 minutes. Then 50 of the reaction mixture was evaluated by LCT MS, whietealed
complete disappearance of starting protein (mass 33217a@pehrance of acylated protein (mass
33691).

100 33691

%

34000 36600 38000

L
T

J T N ¥ IR o o1 ——— Mmass
26000 28000 30000 32000
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8.2.21.2Reaction of Subtilisin Bacillus lentus (SBL) with60

244

Scheme 8.2. SBL shows no reactivity towards fluoréywsphonate 60 (a) 20 mM TEA, pH 7.2, RT, 20 min.

To SBL (200ul, 0.7 mg/mL, 5.2umoles, 1 eq) in TEA buffer (20 mM, pH 7.2) was adé@das a
solution in water (qu, 0.5 mg/mL, Sumoles, 1 eq). Reaction was shaken at RT in an eppetutberf
for 6 hours. Then 50l of the reaction mixture was evaluated by LCT MS, Wwhievealed no reaction

of the starting protein (mass 26714).

SBL treated with 60
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8.2.21.3Reaction of Arctica candida lipase with 60

Arctica Candida

Scheme 8.3. Arctica Candida did not react with flumphosphonate 60 (a) 20 mM TEA, pH 7.2, 20 min.

To Arctica candida lipase (2Q0, 1.4 mg/mL, 8.3umoles, 1 eq) in TEA buffer (20 mM, pH 7.2) was
added 60 as a solution in water {{@00.5 mg/mL, 1Qumoles, 1 eq). Reaction was shaken at RT in an
eppendorf tube for 35 minutes. Then B®f the reaction mixture was evaluated by LCT MS, which

revealed no reaction of the starting protein (mass 33902).

Unreacted Arctica candida

100 33902

%
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Arctica candida treated with 60

100 33901

cd: 33902

%

§50 700 | 750 | 800 850 ' 900 650 ' 1000 1050 ' 1160
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8.2.21.4Reaction of Ag85C with PMSF 230

Ag85C-124PMS (230)

To a solution of Ag85C (1.5 mL of 0.8 mg/mL, 36.1 aimin 20 mM TEA buffer (pH 7.2),
phenylmethanesulphonyl fluoride (PMSF) in acetonitril©Z1mg in 150uL) was added and the
resulting mixture vortexed for 30 seconds. After 2@flshaking at 22 °C, the reaction was analyzed
directly by LC-MS and >95% conversion to ag85C-124F238 (calculated mass, 33371, observed
mass, 33375) was observed. Small molecules were removedHeoreaction mixture by loading the
sample onto a PD10 desalting column (GE HealthcareYyiqusly equilibrated with 10 column
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volumes of pH 7.2 TEA buffer (20 mM) and eluting wits 3nL of the same buffer. The solution was
concentrated on a vivaspin membrane concentrator (10 kibecutar weight cut off) to 1.5 mL. The

collected sample was flash frozen with liquid nitrogen @arkd at —80 °C.

100 85C-PMSF 33370
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8.2.21.5Reaction of Ag85-124PMS with Selenide 231.

Ag85C-124(2-hydroxydecyl-1-seleno) (232) and Ag85C-124/(@roxydecyl-1-seleno)-PMS
(235,236)

OH
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NaBH, (0.18 mg, 4.79umol) was added portionwise to a solution of bis(2rbygldecyl)-1,1'-
diselenide231 (2.27 mg, 4.79umol) in MeOH (30uL) at 22 °C and the resulting mixture vortexed.
Gas evolution occurred, and the solution turned colerl&fier 1 minute, this mixture was added
dropwise to a solution of Ag85C-124PN230 (200pL of ca. 0.8 mg/mL, 4.79 nmol) in 20 mM TEA
buffer (pH 7.2). After 12 h of shaking at 22 °C, tleaation was analyzed directly by LC-MS and
50% conversion to Se ag8%32 (calculated mass, 33436; observed mass, 33437) togethes0/ith
conversion to Se-PMS ag8®35,236(calculated mass, 33606; observed mass, 33610) wassels

The protein sample was flash frozen with liquid nitroged stored at —80 °C.
100+ 33610
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%

o o L s
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9 Appendix 2: Biological materials and methods
9.1 General Experimental

Green Amber Red Screen and kinetics were conducted @atars Quattro Micro-MS with
electrospray ionization operating in negative mode (Ei&torfaced with a Waters 155HPLC
system and Waters 2777 sampler fitted with a 4-valjector module. MS analysis was under the
control of Micromass Masslynx 4.1 software and data processed Masslynx4.1, QuantLynx,
Microsoft Excel 2003, SigmaPlot 11.0 and Origin 7.5.

Protein concentrations were calculated using standard BE€#ay or with a Labtek ND-1000

Nanodrop. Protein purification was performed on an AKT#ne FPLC system (GE Healthcare).

High Performance Liquid Chromatography was conducted Dioaex UltiMate 3000 HPLC system
at ambient temperature, with an in-line variable UV abmocb detector, or a Varian PLS400
Evaporative Light Scattering detector (ELSD) parallel sortiain flowpath.

Fluorescence and radioactivity of lipid extractions wagl rea a Phosphorimager: Typhoon 9410

Variable Mode Imager by GE Healthcare Bio-Sciences.

Scintillation counting was conducted on an LS 6500tMuurpose scintillation counter by Beckman
Coulter.

Fluorescence readings Mgtb were conducted on a FLUOstar Optima by BMG Labtech.

Images of stained cells were obtained by confocal microscopiggLSP5, Leica Microsystems,
Exton, PA) using a 63x oil immersion objective NA 1Al data were processed by Leica LAS AF
Lite and Adobe lllustrator Software. DAPI was firstcaégd with 405 diode laser and emission spectra
were recorded at 413-470 nm prior to other fluorophoFTC-Tre was excited at 488 nm and
emission spectra were recorded at 497-557 nm. RFP w#edeat 594 nm and emission spectra
recorded at 602-651 nm. Alexafluor 633 was excited am®32nd emission spectra recorded at 651-
759 nm

Polymerase chain reactions (PCR) were conducted on apricystem (BioRad, Hercules, CA).
Cryosections were produced on a Reichert Leica CM3000 @iywith 10-20 pm slice thickness.

Sequence Alignment and virtual cloning was performeth WINAStar Lasergene software suite.
MegAlign software was used for sequence alignment anB\#lelgr software was used for plasmid

design.

Cells were electroporated in a Gene Pulser Xcell Electatiporsystem (BioRad, Hercules, CA).
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DNA and Protein Gels were imaged on an Alpha Imager Hi2e8y (ProteinSimple, Santa Clara,
CA).

PET scans were conducted on a MicroPET Focus 220, SieRrenbnical Solutions, Knoxville,
TN). CT Scans were conducted on a BioVet CT Syster@n( imaging, Cleveland, OH)

Circular Dichroism was performed on a Jasco J-715 sgmtirimeter (Jasco Products Company).

Data was analyzed and graphed in Graphpad Prism 5, Ori@géh® or Microsoft Excel where

indicated.

9.2 Protein Expression

9.2.1 Ag85 general protein expression methods

Plasmids were obtained from Colorado State tuberculoganas contract HHSN266200400091c as
Rv3804/Ag85A Rv1886¢/Ag85B Rv0129c/Ag85C in pET23lztee containing His-tags and were
expressed as has been described previbus Amp'®Cant® (30 mL) was inoculated with desired
plasmid in BL21 DE3 pLys strain and grown overnighB@t’C with shaking to generate a starter
culture, which was used to inoculate 4L of autoclaved Af@pnt® LB broth. Culture was grown at
37 °C with shaking until it reaches an gpof 0.5 and removed from 37 °C and place in 25 °C
incubator with shaking and allowed to cool to 25 °C. Expion was induced with isoprod4b-
thiogalactopyranoside (IPTG) (0.25mM) for 16 hours. £edre harvested and resuspended in buffer
(10mM Tris-HCI, pH 8) containing one tablets of Costpl® protease inhibitor cocktail (Roche),
lysozyme and DNAse |. Pellet was lysed by sonication anktpdl at 8,000 rpms for 60 min.
Purification was carried out through fast protein lijehromatography (FPLC) via nickel affinity
chromatography. Two 5 mL Ni NTA columns were connectedeandlibrated with binding buffer
(10mM Tris-HCI, 500mM NaCl, 5mM imidazole, pH 8). $ate was applied to column slowly via 50
mL super loop and protein purification was conducted A using a stepwise gradient of elution
buffer (10mM Tris-HCI, 1M Imidazole, pH 8). Eluant wdmen dialyzed overnight into 20 mM TEA
buffer pH 7.4. SDS-page was performed on all profieactions and gels were stained with
InstantBlue stain (Gentaur). PD-10 desalting caresdgAmersham) were used to remove endotoxins
and to buffer exchange into 1mM TEA pH 7.4 for mass speetiiy assay. Protein concentrations
were calculated by standard BCA page assay and by absorbangeaonadaop. Mass spectrometry

and sequencing analysis confirmed the correct idewttitiye proteins.
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9.3 Expression of Ag85A

Ag85A was expressed as above and, upon dialysis, wameibtat a concentration of 26@/mL.
During expression, it was found that both a proteithefexpected mass as well as a protein of mass +
178 Da were obtained in the purified prot€iigure 9.1- Figure 9.4) Analysis indicates that this
mass is caused by His-tag phosphonogluconoyfatibm GSS—His sequence present in the protein
His-tag. Furthermore, when the His-tag mixture of Ag8WAs cleaved with thrombin, a single
protein of the correct mass was obtained, confirmingtti@inodification was in the His-tag region.
In separate expressions a mixture of the gluconoylatechanejluconoylated proteins and purely
gluconoylated protein was obtained. No significant diffee in activity for the gluconoylated and

non-gluconoylated protein was observed.
Sequence of Rv3804/Ag85A (PDB cotieFR)

(MettGSSHHHHHHSSGLVPRGSHMFSBBRPVEYLQVPSPSMGRDIK
VOQFQSGGANSPALYLLDGLRAQDDFGWDINTPAFEWYDQSGLS
VVMPVGGQSSFYSDWYQPACGKAGCRYKWETFLTSELPGWLQA
NRHVKPTGSAVVGLSMAASSALTLAYHPQQFVYAGAMSGLLDPS
QAMGPTLIGLAMGDAGGYKASDMWGKEDPAWQRNDPLLNVGK
LIANNTRVWVYCGNGKPSDLGGNNLRKFLEGFVRTSNIKFQDAY
NAGGGHNGVFDFPDSGTHSWEYWGAKNAMKPDLQRALGATPN
TGPAPQGA

Calculated Masses:

Calculated average isotopic mass with glucose: 33995
Found average isotopic mass: 33995 or 33989 dependinglibration

Calculated average isotopic mass without N terminal meiteoand gluconoylation: 33814

Found average isotopic mass: 33817

Calculated average isotopic mass after thrombin cleavad@#332

Found average isotopic mass: 32061
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Figure 9.1. (a) SDS page gel of Ag85A, lane 1- n@em perfect protein makers 15-150 Kda, box indicate
fractions collected (b) FPLC trace of protein exprssion red- protein absorbance, blue- gradient of
imidazole (5 mM to 1 M).
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Figure 9.2. Mass spectrum of Ag85A with gluconoyl&n. Inset shows protein spectrum before
deconvolution.
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Figure 9.3. Mass spectrum of Ag85A as a mixture witand without gluconoylation. Inset shows protein
spectrum before deconvolution.
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Figure 9.4. Mass spectrum of Ag85A treated with thombin.

deconvolution.

Inset shows protein spectrum before
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9.3.1 Expression of Ag85B

Ag85B was expressed as above and, upon dialysis, wamettat a concentration of 350 pg/mL
(Figure 9.5)

Sequence of Rv1886¢/Ag85B (PDB codes 1FON and 1FOP)

MFSRPGLPVEYLQVPSPSMGRDIKVEQSGGNNSPAVYLLDGLRA
QDDYNGWDINTPAFEWYYQSGLSIVMVGGQSSFYSDWYSPACG
KAGCQTYKWETFLTSELPQWLSANRXKPTGSAAIGLSMAGSSA
MILAAYHPQQFIYAGSLSALLDPSQ®GPSLIGLAMGDAGGYKAA
DMWGPSSDPAWERNDPTQQIPKLVAMTRLWVYCGNGTPNELGG
ANIPAEFLENFVRSSNLKFQDAYNASGHNAVFNFPPNGTHSWEY
WGAQLNAMKGDLQSSLGAGKLAAALEHHHHHH

Calculated Masses:
Calculated average isotopic mass: 32313

Found average isotopic mass: 32310
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Figure 9.5. (a) SDS page gel of Ag85B, lane 1- ngem perfect protein makers 15-150 Kda, box indicate

fractions collected (b) FPLC trace of protein exprssion red- protein absorbance, blue- gradient of
imidazole. (5 mM to 1 M) (c) Mass spectrum of Ag85B. Inset shows protein spectrum before

deconvolution.
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9.3.2 Expression of Ag85C

Ag85C was expressed as above and, upon dialysis, waseanbtatira concentration of 1.6 mg/mL
(Figure 9.6).

Sequence of Rv0129¢/Ag85C (PDB codes 1DQY, 1DQZ)

MFSRPGLPVEYLQVPSASMGRDIKVRQGGGPHAVYLLDGLRAQ
DDYNGWDINTPAFEEYYQSGLSVIMPGGQSSFYTDWYQPSQSNG
QNYTYKWETFLTREMPAWLQANKGV®PTGNAAVGLSMSGGSALI
LAAYYPQQFPYAASLSGFLNPSESWWTLIGLAMNDSGGYNANS
MWGPSSDPAWKRNDPMVQIPRLVANNRIWVYCGNGTPSDLGGD
NIPAKFLEGLTLRTNQTFRDTYAADGRNGVFNFPPNGTHSWPYW
NEQLVAMKADIQHVLNGATPPAAPAAAALEHHHHHH

Calculated Masses:
Calculated average isotopic mass: 33217

Found average isotopic mass: 33218
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Figure 9.6. (a) SDS page gel of Ag85 C = lane 1-vagen perfect protein makers 15-150 Kda, box
indicates fractions collected (b) FPLC trace of prein expression red- protein absorbance, blue- graent
of imidazole. (5 mM to 1 M) (c) Mass spectrum of AB5C. inset shows protein spectrum before
deconvolution.
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9.3.3 Expression of Trehalose-6-phosphate synthase

The plasmids coding for trehalose-6-phosphate synthasg)(@e pET22b:otsA (kindly gifted by
Prof. Gideon Davies) was used to transfdfrooli BL21 DE3 cells. Transformed cells were grown
overnight in 50 ml of LB broth containing 1Q@ ampicillin. One-liter cultures were then inoculated
to an Ao of ~0.05. The cells were grown at 37°C to ag/f 0.45. Protein expression was
subsequently induced by the addition of 0.5 mM isppk@-D-thiogalactopyranoside (IPTG) and left
to grow for a further 16 h at 30°C. Expression ofpihatein was confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS PAGE). All projimification steps were carried out at
4°C. The cell pellets were resuspended in 50 mL 20 m¢hydroxymethyl)aminomethane (Tris),
200 mM NaCl, 15 mM imidazole, pH 7.8, containing dablets of Complete® protease inhibitor
cocktail (Roche), lysozyme and DNAse |. The cells wereugdied on ice by sonication. The
suspension was then centrifuged (30,000 g for 40 mimemove cell debris. The supernatant was
then filtered using a 0.g¢m syringe filter. The filtered supernatant was applied equilibrated
(Buffer A; 20 mM Tris, 200 mM NacCl, 10 mM imidazole, pHB) Pharmacia 5ml HisTrap Ni-NTA
column. The column was washed at 1 ml/min with 20 colmolumes of the same buffer and then
eluted with a linear gradient of imidazole (10 mM t®5%08M over 25 column volumes) in Buffer A.
Protein was detected with an on-line detector monitofipg and column fractions were collected
and analyzed by SDS-PAGE. Fractions containing the ca. 5 ¢bBtein was pooled and dialyzed
twice against 4 liters of 100 mM Hepes, 200 mM KCIn2@ MgCl,, pH 7.5 and stored at 4°C.
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Figure 9.7. (a) SDS page gel of OtsA, lane 1- nowagperfect protein makers 15-150 Kda, box indicates
fractions collected
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9.4 Kinetic Analysis'

Derivation of Rate Equations

A Bi-Bi Ping-Pong reaction mechanism, generalized to gelinydrolysis of the acyl enzyme
intermediate, is represented below:

[E'B] E'

Performing a King-Altman analysisof the mechamistic scheme and assuming initiaé rat
conditions of [P]=0, [Q]=0, the four enzyme form&nc be represented by the following
distribution equations:

[EV[E] = (kokskeB + kakeksB + kokrkeo + Kekekeo + Kekrkeo + Kokekeo)/A (Eq. 1)
[E.AV/[E{] = (kiksk7AB + kakzkioA + KikekioA)/ A (Eq. 2)
[ETIE ] = (KikskoA + kikaksA) A (Eq. 3)
[E"BJ[E] = (kiksksAB)/ A (Eq. 4)

In all equations 1-4 the denominator tern) {s the sum of all the numerator terms in the four
equations i.e.:

A = Kio( Kio + k3) (ke + Kig) + Ki(Ks + k7)(Ks + Kig)A + ks K7( ks + ks)B + Ky ks( ks + ky)AB
(Eg. 5)

" All kinetic analysis was conducted by Dr. Conorgaand for full details of all Ag85 ESI MS assagylease
see 3. Barry, C.S., Backus, K.M., Barry, C.E. &vi3aB.G. ESI-MS Assay oM. tuberculosis Cell Wall
Antigen 85 Enzymes Permits Substrate Profiling Bredign of a Mechanism-Based Inhibitdr.Am. Chem.
Soc., ASAP (2011). Include here for completeness apegmental details from the enzyme kinetics coneldict
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TMH is produced in two steps of the catalytic cyahed so the overall initial rate of production of
TMH (vrun) is given by:

VIMH = K’:,[EA] + k7[E,B] (ECIG)

Substituting to express [E.A], [E’.B] amdin terms of rate constants gives the following equation:

s B2k )AB gk gtk A
kig(ky +ko)(kgt+ kg +k(k gtk gk gtk JA
ek (K, + kg)B + kK (k o+ k )AB

(Eq.7)
The kinetic constants were defined by Clelands mufsuré as follows:
numAB k3k7
\/t = =
CoeffAB  Kkj +k;
(Eq.8)
numA K.k
v, = — "3™Mo
coeffA Kk, + K
3 10 (Eq.9)
_coeffB Ky (ky +kg)
N =
coeffAB Kk, (k, + k)
1T (Eq.10)
K = coeffA B (ke + k7)(k3 + klo)
B = =
coeffAB ke (K + k
5 (ks ) (Eq.11)
const  Kkyg(ky, +K3)
AT oA Kk (s + k)
1\"3 7 R0 (Eq.12)
Writing Equn.7 in terms of these definitions gives:
2V,AB +V, K A
M K + KA+ KB+ AB
iA'*B B A (Eq.1)

The presence of a constant tetduKg) in the denominator contrasts with a normal Bi-Bi PiHang

mechanism in which no such term exists. This offengseful diagnostic handle to differentiate
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between a Ping-Pong mechanism with a stable intermediatea andchanism with an unstable
intermediate. A double reciprocal plot ofiAgainst 1/[A] will show a series of parallel lines &
normal ping-pong but the lines will intersect to the lefftthe y-axis in the case of an unstable

intermediate.

King-Altman analysis as above decrees that the rates ohbateaformation and acyl-transfer are

given by Equn.14 and Equn.15 respectively:

V, KgA
I/hydrolysisz
Ki.Kg + KA+ K, B+ AB
iIA'B B A (Eq.l4)
V,AB
I/transfer =
. + + +
KiaKg + KgA + K, B+AB (0.1

The rate of acyl-transfer may be dissected fromaberall rate of TMH formation measuring the
initial rates of both hydrolysis and TMH formati@nd applying the relationship described by
Equn.16:

Viranster= (VTMH — Vhydrolysi9/2 (Eq.16)

9.4.1 Ag85 ESI MS assays

Sample delivery: The HPLC/auto-sampler control was divided into two staggsnjection of the
internal standard into valve 1; abjlinjection of the analyte solution into valve 2. Bothlves were
switched simultaneously under the control of MassLytik software and the analyte and standard
mixed in a 186uL peek loop before elution directly dtti® sourceConditions: Mobile phase: ACN :
H,O (50 : 50); Flowrate: 0.2 mL/min; isocratic method for 3 min; Injectioslume: 10.0uL, ESI-

(single ion monitoring) for 3 min.

Sandard curve determination: Eight samples were analysed with one containing 20 uM GlcfitAc
TEA buffer) only, and the other seven containing figedcentrations of trehalose (5, 10, 20, 40, 80,
120 and 160uM), TDH (5, 10, 20, 40, 80, 120 and M)OUTMH (0.5, 1, 2, 4, 8, 12 and 16uM) and
hexanoic acid (0.5, 1, 2, 4, 8, 12 and 16uM) in 1mM TBA 7.2. The samples were injected as
described above. The peak area was measured for each compeunmbiaftalisation for ionization
efficiency using the standard (GIcNAc). Plots were commtd using QuantLynx of response against

concentration and the slope was used to obtain concentiatormation during subsequent reactions.

Ag85C kinetic parameter determination: six vials were prepared containing a fixed concentration
TDH and varying concentrations of trehalose atC37 Reactions were initiated by A85c (20uL)
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addition to give final concentrations of 10nM Ag85Gu®1 TDH and 5, 10, 25, 50, 100 and 150uM
trehalose. Samples of reaction mixtures and stand@uM5IcNAc) were delivered to the mass
spectrometer as described above and concentrations afde®, TMH, trehalose and TDH were
monitored simultaneously. The reactions were monitoreaye26.7 min over a 6 hour period. The
total ion count (TIC) for each analyte and the standard wee@ded for each injection. Reference to
the standard curve for each compound allowed the concenttatibe determined. Initial rates of

TMH formation were calculated from concentratientime plots using Microsoft Excel 2003 and
Origin 7.5 software. The entire procedure was repeatedtf@r fixed concentrations of TDH (75,

125, 200, 400 and 600 uM). The resulting matrix dfidh rates was fit to equation 13 using

SigmaPlot 11.0 to determine the kinetic parameters of Ag&5iity.

Pseudo-single-substrate kinetics: Six vials were prepared containing a fixed concentratiom [ifl
and varying concentrations of trehalose &3 Reactions were initiated by Ag85 (20 uL) addition to
give final concentrations of 50nM Ag85C (500 nM A¢ggB), 500uM TDH and 10, 15, 25, 50, 75,
100, 175 and 250 uM trehalose. Samples of reactionurextand standard (20 uM GIcNAc) were
delivered to the mass spectrometer as described above anehttations of hexanoate, TMH,
trehalose and TDH were monitored simultaneously. The oemctivere monitored every 26.7 min
over an 8 hour period. The total ion count (TIC) for eachlyte and the standard were recorded for
each injection. Reference to the standard curve for each comh@dowed the concentration to be
determined. Initial rates were calculated from concentrasidime plots using Microsoft Excel 2003
and Origin 7.5 software. Initial rates of acyltransfer wegtednined from initial rates of TMH and
hexanoate production according to Eq.ti6lé supra). The acyltransfer initial rate data were fit to the
Michaelis-Menten equation using Origin 7.5 to determipéaip) and lk(app) values.

GAR screen: A 96-well plate was set up with each well containing TBR one of the screen
compounds in 1 mM TEA buffer (pH = 7.2) at°87 To each well was added by automated injection
(with mixing), 20 uL of either Ag85A/B/C or buffer tgive final concentrations of 500uM of each
substrate and 2 uM of Ag85 (or 0 uM Ag85 in the caseegfative control wells). The samples were
incubated at 3 for 2 h 40 min before injection of a 10 uL aliquatedtly into the ESI source. The
resulting mass spectrum was measured in E@itinuum mode (150-1000 Da). The mass spectra
were corrected for baseline subtraction and smoothed. The meakities for mono-hexanoylated

product and the substrate were measured and the produtibetio calculated for each well.

Ag85C Inhibition Assay: Reaction mixtures were prepared containing trehalose, Ti@Hrdibitor
(or buffer in the case of the control) at 37 °C. Reactiwere initiated by Ag85C (20 uL) addition to
give final concentrations of 20nM Ag85C, 50M trehalose, 50@M TDH and 150uM inhibitor in 1
mM TEA buffer (pH 7.2). Samples of reaction mixtures atahdard (20 uM GIcNAc) were delivered
to the mass spectrometer as described above and conoestmftihexanoate, TMH, trehalose and
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TDH were monitored simultaneously. The reactions wereitorenl every 26.7 min. The total ion
count (TIC) for each analyte and the standard were recdodeeach injection. Reference to the
standard curve for each compound allowed the concentratidre tdetermined. Initial rates of
acyltransfer were determined from initial rates of TMH &edanoate production according to Eq.16

(vide supra).

Kinetic analysis of Ag85C inactivation by 60:The inactivation of Ag85C b¥0 was initiated by
addition of an aqueous solution & to a solution of Ag85C in 10 mM TEA (pH=7.3) at 22 to
give final concentrations of ~1(M enzyme and 1, 2, 2.5, 3.5, 5 or i 60. At timed intervals (10
sec — 4 min) after initiation, 0.2pL aliquots were removed and added to 2800f a solution
containing 250uM trehalose and 25(QM TDH in 1mM TEA buffer (pH=7.3). The initial rate of
TMH production was determined as described above andtagadt residual activity against time.
The data were fitted to a first order exponential decay fhradkthe first order observed rate constant
(kobs) was determined for each concentratioB0MNo saturation was observed at concentrations up
to 1QuM 60 whereupon the rate of Ag85C inactivation became too rapidcturately measure
measure. A plot of the kobs versi&J| data yielded a straight line in the observed concentratio

range from which a second order rate constant kobs/Ki atesrdined to be 1420 + 90 rifimM™.

9.5 Minimum Inhibitory Concentration (MIC) Determinatio n

Analysis was conducted as previously repdttstib cells were grown in 7H9 media to an OD 0.2-0.3
(then dilute sample 1:1000). On a 96 well round-bottdetep 50ul/well of medium was added to all
wells except the first row. In the first row, 1Q0drug of choice was added at twice the initial desired
concentration. Using a multichannel pipettor, BOwas transferred to each next row starting with
row 1 and ending with row 11. 50 uL was discarded afte 11. To each well was added H0of the
1:1000 culture dilution, approximating 1 x*lIiacteria per well. The plate was incubated for 2 weeks
at 37 °C inside a small zip-lock bag. The plate was re#d avi inverted plate reader and graded as
either growth, no growth, or growth/no growth if €60The well contents were then resuspended and
the ODyo Of individual wells was read on a fluorostar plate realli®€sowas calculated by plotting
concentration yg/ml) versus percentage growth (absorbance MIC well/ absmebaiidtype well)

and fitting curves in Origin Pro 8 to determine MJ@alues.
9.6 Trehalase assay

Procedure was according to the manufacturer’s instructiobstities were prepared to a final
concentration of 10 mM in 0.05 M citric acid, pH 5.7.ub of porcine trehalase (Sigma) stock
solution (final 0.3 units/mL) was added into pD of substrate solution. The reaction mixture was
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incubated at 37 °C for 10 minutes. At 10 minutesuB0of 0.1 M Tris, pH 7.5 was added to the
solution to quench the reaction. Released glucose was measitineGlucose assay kit (Sigma,
Glucose (HK) Assay Kit).

9.7 Mycobacterial cell culture

M. tuberculosis (H37RV strain from ATCC) was culturednmiiddlebrook 7H9 or Glycerol Alanine
Salts with Tween (GAST medium) where appropriate. Cetiwere monitored by optical density
(OD) at 650 nm and were maintained atB0.2 unless otherwise noteld. smegmatis mc*155

strain from ATCC was treated in an identical fashion.

9.7.1 Middlebrook 7H9

7H9 was made following the manufacterer’s instructions.gdof the middlebrook 7H9 powder was
suspended in 900 mL of purified water (containingl2gtycerol and 0.5 mL Tween 80). 100 mL of
Middlebrook ADC Enrichment was added to the medium, Wwiias sterilized by filtration (Nalgene

0.2 um vacuum filtration unit). Samples were testedtmilgy prior to mycobacterial culture.
9.7.2 GAST

GAST (glycerol-alanine-salts (GAS) medium was made per ditaihe following: 0.3 g of Bacto
Casitone (Difco), 4.0 g of dibasic potassium phosphabey #f citric acid, 1.0 g of L-alanine, 1.2 g of
magnesium chloride hexahydrate, 0.6 g of potassium sufad g of ammonium chloride, 1.80 ml of
10 sodium hydroxide, and 10.0 ml of glycerol, 0.0%fgferric ammonium citrate Tween 80 was
added to 0.05%. Media was adjuted to pH 6.5 with 10 Nusodiiydroxide solution and sterilized by
filtration (Nalgene 0.2 um vacuum filtration unit).

9.8 C-Trehalose,*C-glycerol and**C-glucose uptake into H37Rv

H37RvM tuberculosis cells were grown in Middlebrook 7H9 media and weaevested at an
ODgsp of 0.5 by centrifugation (125@at 4°C for 10 min), washed once with buffer (Hepes
25 mM and 0.05M Tween at pH 7.2) and then reswdgeknn the same buffer. Radio-
labeled **C-trehalose (0.1 uCi/mL), glycerol (1 puCi/mL), aedrresponding nonlabeled
sugars (50 mM) were mixed and added to the 16nhlstelpension. 1 mL aliquots were
removed in at 15, 30, 45, 60 and 120 min and witexrdd through GA-4 Metricel filter
membranes (diameter, 2.54 cm; pore size, 0.8 pein& Instrument Co., Ann Arbor,
Mich.) The membranes were washed (3 x 2 mL) witiPHE/Tween buffer and LiCl (0.1
M, 1 x 2mL). Filter papers were then placed in tdéik gold scintillation fluid. Scintillation

counting was conducted for 2 min per vial. All elpeents were conducted in triplicate and
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samples without sugar were used as control. Uptedsee measured over a 24 h time period
with **C-glucose (0.9 pCi/mL),*C-Trehalose (0.6 uCi/mL) in 7H9 media, which comnsai
10 mM glucose. No unlabeled trehalose was addddetexperiment. 1 mL aliquots were

removed and counted as before with time point®ahi, 90 min, 4 h and 24 h.
9.8.1 C- and FITC-Tre lipid extractions

Lipid extractions from bacteria treated witlC-trehalose and acetate and were conducted based on
previous reporfsand analyzed by radiographic TLC. H37Rib cells were grown in 7H9 media to

an ODys of 0.8 whereupon‘C-trehalose (10 pCi) was added to 15 mL of cultti@-acetate (30
uCi/tube) or duaf“C-acetate (3QuCi/tube) and FITC-trehalose (to final concentration ©0 1uM)

were added to 15 ml of culture and incubated overnigh87a °C. Cells were harvested by
centrifugation (3500 rpm for 10 min) and extracted fdw8rs into 2 mL (2:1 chloroform:methanol).
The organic layer was removed and concentrated under a stfeangon and the residue was
resuspended in 200 pL (80:20 chloroform:methanol) angl5@as spotted onto silica TLC plates,
which were developed for 1 hour (75:25:4 or 80:20:dofefiorm:methanol:water). Plates were
scanned for fluorescence and exposed to a phosphor estglate, which was scanned for

radioactivity.
9.8.2 Isoniazid (InH) inhibition of mycolate production

H37Rv was grown in 7H9 media (15 mL) to an &y»f 0.8 and InH was added to a concentration of
0.2 ug/mL (10 x MIC) or 0.02ug/mL (1 x MIC). Culture was exposed to INH for 2 heurior to
addition of“C-acetate (15QCi/tube). Cells were labeled witfiC-acetate for 45 minutes and then
harvested by centrifugation and extracted into 2 mil ¢hloroform:methanol). The organic layer
was removed, concentrated and the residue was resusper¥jih (80:20 chloroform:methanol)
and 50 pL was spotted onto silica TLC plates, which wdggeloped for 1 hour (75:25:4
chloroform:methanol:water). Plates were scanned for floeree and exposed to a phosphor storage

plate, which was scanned for radioactivity.
9.8.3 Mycolate analysis

Mycolate analysis were conducted based on previous reparfall size image of the TDM TLC
plate was printed onto transparency film and was usédetdify each spot on the plate. Each spot
was then scraped and the silica was placed in a vial viitmQ 20% TBAH and heated to 100 °C for
18 hours. To this was added dichloromethane (0.5 mL) atbyiiodide (50uL) and reaction was
shaken vigorously at room temperature of 2 hours. Ocgayer was removed to a new vial and

concentrated under a stream of argon. The resulting wiygéats were extracted with diethyl ether (2
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x 250uL) and the extract was placed in a fresh vial and coratedtrunder a stream of argon. The
resulting clear oil was re-dissolved in pD (2:1 toluene:acetonitrile) and the entire reaction pcodu
was spotted on silica TLC plate and developed with threeessive runs (3 x petroleum ether:diethyl
ether 85:15). Plate was then exposed to storage phodptanghich was scanned for radioactivity.

9.9 FITC-Tre and FITC-Glc uptake into Mtb

To CDC1551Mtb or the Ag85C transposon mutant of CDC1551(BEI ressjyriBVTRM, NR-
13498) in Middlebrook 7H9 medium (10 mL) at an &of 0.44 was added FITC-T8ein ethanol to

a final concentration of 100uM. Heat-killed (80 °C, 6()bacteria (2 x 0.5 mL) at an @of 0.6
were used as contrd¥itb were incubated at 37 °C with shaking. After 8 hours,dulture (4 x 400
pL) was harvested by centrifugation (1 min, 12000 rpng washed (3 x 1 mL 7H9 medium) and
resuspended (200 pL 7H9). Fluorescence measurements weracteondn 96-well format in
appropriate plates (Nunc, Cat No 137103 (Roskilde, Denmarke background of the culture was
obtained from cells treated in an identical fashion in theemte of FITC-Tre. Experiments were
conducted in quadruplicate. Uptake was normalized fore&se in Ok, FITC-Glc 254 uptake
(100uM) into CDC1551 and FITC-Te0 uptake intdH. influenzae, P. aeruginosa andsS. aureus was

conducted in an analogous manner.
9.10 FITC-Tre uptake into other bacteria

H. influenzae (AMC 36-A-1, ATCC 10211)was rehydrated in standard Blood Heart Infusion (BHI)
media with supplemented hemoglobin and IsoVitaliX (BDL&76) and plated on chocolate agar
plates and grown at 37 °C under 5% C8ingle colony was picked and grown in supplementet! BH
media for 8 hours in the presence of 10800 FITC-Tre. After 8 hours cells were harvested in

quadruplicate in a manner identical to FITC-Mtb uptake.

Pseudomonas auruginosa (PAO1-LAC, ATCC 47085) was grown on standard blood aGaowth in
standard BHI in the presence of 10® FITC-tre was conducted for 7 hours to an OD of 0.5b an

harvest and fluorescence analysis was conducted adilith

Saphylococcus aureus (ATCC 13801) grown on standard blood agar. Growtktandard BHI in the
presence of 100m FITC-tre was conducted for 6 hours to an OD of h@ @ells were harvested and
diluted to and OD of 0.55 and fluorescence analysis emmlucted as withMitb. Background
fluorescence was measured in the absence of probe in an id&agigan, and was averaged for all

three bacteria.
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9.11 Trehalose inhibition of labelingin vitro

In vitro, H37Rv Mtb expressing RFP were grown in 7H9 containing OADC to Bn05, at which
point FITC-Tre was added to a concentration of 200 uM,teghalose was added to a concentration
of 100 mM. The culture was incubated with shakingZ#h. Culture was then harvested and washed
(3 X 1 mL PBS) by centrifugation, fixed in 1:1 PBSiftered formalin (10% in PBS) for 15 minutes.
Culture was pelleted and resuspended in PBS (200 pliguaéts (10 pL) were placed on glass
coverslips and the PBS was allowed to evaporate, foltpwinich 1 drop mounting media (invitrogen
prolong gold) was added and the coverslip was placed oasa glide. Z stacks (0.13 10 um step
size), zoom 8 were collected and images were deconvolvedHuiglyens software and visualized
with Imaris software. Bacteria grown in the absence of trebal@re treated in an identical fashion.

9.12 Polar labelingin vitro

H37Rv Mtb, expressing RFP were labeled and harvested in an iderdislioh to theih vitro
trehalose inhibition labeling.” ROIs for the poles amdd-sections were quantitated using the
‘marching cubes’ tool in Imaris to manually generate surfémes which statistics were calculated

for the regions of interest. Data were collected from Jxfidia.
9.13 Test of growth inhibition due to FITC-Tre in macrophages

J774 macrophages were grown to confluency in DMEM mediapdated in black nunc 96 well

plates (200 pL/well). Cells were infected with RFP exgires H37Rv strain with either 100 pL or 50
pL of bacteria in DMEM (OD 0.04). This infection affted a MOI of approximately 5-10 bacteria
per macrophage. Infection was allowed to proceed for thraeshgon which time, macrophages
were washed with fresh DMEM and FITC-Tre (10 mM stockthanol) was added to a concentration
of 100 uM. Uninfected macrophages were treated in an identical fashisna second control,

infected macrophages were treated with the equivalenmelof ethanol. RFP fluorescence was
monitored (excitation 594 nm, emission 612 nm) at4),48 and 72 hours. Error bars reflect the

standard deviation for 4 experiments.
9.14 Mtb antibody labeling

Primary Mycobacterium tuberculosis antibody (ab905, AbCam, Cambridge, MA, USA) was labeled
utilizing Zenon Rabbit Polyclonal 1gG labeling kit-@5302, Molecular Probes, Eugene, OR, USA).
Antibody and Zenon Fab fragments were prepared accomiigggpecifications and diluted to 1 mL
in PBS with goat serum. Coverslips were incubated witibady solution for 30 min at 37 °C, were
then washed (1 mL, 3 x 5 min, 0.1% Tween 20 in PBS) waere fixed in 5% formalin for 15 min.

Coverslips were drained and mounted in anti-fade methiaitrogen Prolong Gold). Cells treated
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with FITC-Tre and no antibody were exposed to the sameunting procedure, except second
fixation step was omittedAlexa 594 labeledMtb antibody and QDs were excited at 556 nm and

emission spectra recorded at 594-665 nm.
9.15 Tre-Quantum dots labeling ofMtb infected macrophages

Tre Quantum dots (Tre-QDs) were treated in an analogob®ifato FITC-Tre and were added to
give a final concentration of 7 nM (110 sugars/dot,M gffective sugar concentration). Uncoated
QDs were used as a control. Fixation, permeabalizati@gkiolg, mounting and microscopy were
conducted as with FITC-Tre.

9.16 FITC-GIc labeling of Mtb infected macrophages

Macrophages were grown to confluence on coverslips andedfedth RFP expressingtb or BCG,
using our standard protocol. FITC-Glc (1:1 ethanol/P8&k solution) was added to a 1M
concentration, and allowed to label overnight, upon wthiole cells were fixed, blocked and
mounted, using the standard protocol developed. FITC-Treetteslls were analyzed in parallel to
confirm that bacteria were labeling with the trehalossmmmound. For both RFP BCG and RFP

H37Ryv, no specific labeling was observed with FITC-Glc.
9.17 Trehalose inhibition of FITC-Tre labeling in vivo

In vivo, A sterile solution of D-trehalose in PBS was added tel JiA@crophages infected with RFP
BCG to a final concentration of 10 mM. Concurrent witk #ddition of trehalose, FITC-Tre was
added to a final concentration of 200 uM. Fixation, petmadization, blocking, mounting and

microscopy were conducted as with FITC-Tre.
9.18 Primary bone marrow macrophages (BMM) isolatiorf

Six-week-old C57BL/6 female mice were used for these®xnts. Mice were sacrificed and their
femur bones and shoulders were removed by dissetctitact lnones were then washed in 70%
ethanol and placed in Dubelco’s MEM media (DMEM) contair20% fetal bovine serum (FBS), 1%
HEPES, 1% pyruvate and 1 mmol/L L-glutamine on icéluwse. Ball joints were removed and
marrow was flushed from bones use a 25 gauge needle amgesfjiled with ice cold DMEM media.
The sterile needle was inserted at both ends of the femenstare that openings were present and
approximately 2 mL DMEM was used to flush marrow. Aditidnal 2 mL was applied to the other
end of the bone to ensure full removal of marrow aratgss was repeated for all bones. Cell
suspensions on ice were pipetted multiple times to breaggpegated cells. Then cell suspensions

were passed through a 70 micron filter and resultingpesussons were counted on standard
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hematocytometer. DMEM supplemented with 20% FBS, pysyudEPES and glutamine was added
to the cell suspension. DMEM also contained a 2x conceriragicombinant mouse macrophage
colony stimulating factor (M-CSF) Prospec (CYT-439) Riovision (4238-50) so that the final
working concentration was 100 U/mL. DMEM al so contained @mncentration penicillin-
streptomycin and 2 x mercaptoethanol{#) so that final concentration of cell suspension was 1x
for all additives. 15 mL cell suspension was plated imeateéd Greiner (100 x 20 mm) dishes. On day
3, 10 mL of DMEM complete with 20% FBS and M-CSF (I@fimL) was added to each dish. After
5 or 6 days plates were washed with cold PBS (5 mL) vieitbby cold complete DMEM containing
10% Fetal bovine serum, 1% HEPES, 1% pyruvate and tlfindrglutamine (5 mL). Cells were
then gently scraped in one direction and resulting asfpension was centrifuged (8 min at 800 rpm).
Cells were counted on standard hemocytometer and 1%cell® were added per petri dish. Cell
pellets were resuspended in 20 mL DMEM and plated onesteoierslips. INF- was added to a
concentration of 4 ng/mL. BMMs were then infected viRRP H37Rv, labeled with FITC-Tre (200
UM, 40 h), treated with various antibodies, mounted amajed in the same manner as with J774

macrophage cell line.
9.19 Immunocytochemistry (ICC) procedure

Media was removed and cells were washed in PBS (1 mL, 3 iR @ells were fixed in 5%
formalin (1:1 in PBS) for 15 minutes and then washednagéh PBS (1 mL , 2 x 2 min). Cells were
permeabalized (1 mL, 0.1% triton X-100 in PBS) for iumes at room temperature and then washed
with PBS (1 mL, 3 x 2 min). Non-specific protein irgetions were blocked with protein blocker (1
mL) with 1 drop goat serum for 1 hour at RT. The fellag primary antibodies were employed:
Rabbit polyclonal td. AMP1 (ab25170), Rabbit polyclonal to EEA1 (ab2900-108pbit polyclonal

to Rab5 (ab18211) rabbit polyclonal to Rab14 (ab28638tken polyclonal to Ag85A (ab14073),
rabbit polyclonal to Ag85B (ab43019) were obtained froneakh. Rabbit polyclonal to Pro-cathepsin
D (sc-10725) was obtained from Santa Cruz biotechmdogRabbit polyclonal to Ag85 was obtained
from BEI resources (NR-13800). Antibodies were dilufe@i00 or 1:50 in PBS with 2 drops goat
serum. Blocking agent was removed and coverslips were itezibath diluted antibodies (200 pL)
for 16 hours at 4 °C. Coverslips were then washedl(12rx 5 min, 0.1% Tween 20 in PBS) and
then (1 mL, 5 min) in PBS. Secondary antibodies Goatrabbit IGG 633 (A21070) and goat anti
chicken IGG 633 (A21103) were obtained from Invitrogemesh 1:75 solutions of were made in PBS
with 2 drops goat serum. Coverslips were labeled for Butes with secondary antibody and then
were washed (1 mL, 2 x 5 min 0.1% Tween 20 PBS)vigtb by DAPI (200 pL, 1 x 5 min, in PBS)
and then PBS (1 mL, 5 min). Coverslips were then washed €urther in PBS (1 mL, 5 min),
drained and mounted in anti-fate media (Prolong GOLD{rogén).
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9.20 Image collection and processing

Multiple fields were sampled, and representative images weoeded. DAP| was first excited with a
405 nm diode laser, and emission spectra were recordédB-a78 nm prior to other fluorophores.
FITC-Tre was excited at 488 nm and emission spectra veeorded at 497-557 nm. RFP was excited
at 594 and emission spectra recorded at 602-651 nm. Alexa8B3 was excited at 633 nm and
emission spectra recorded at 651-759nm. Essential sequérgetions of stained cells were also
recorded for generation of stacked images through celldgective with a zoom of 4 and 512x512
image size. A 3-D volume was constructed from sequensalictions of a cells assembled into a 3D
volume in Imaris software (version 7.0.0, Bitplane A@rizh, Switzerland). All collected images for
analyses were deconvolved by Huygens Essential softwarediexgl, Scientific Volume Imaging
BV, Hilversum, The Netherlands). Identical deconvolutiomapeeters were employed for each
antibody datasePercentage colocalization was calculated using the colocatiZatiation in Imaris,
with thresholding by RFP channel. RFP channel was tesgénerate regions of interests (ROIs) as
surfaces for all bacteria and statistic function waiatl to export for mean fluorescence and volume
of all channels within the ROI. These values were @tb#ts mean antibody florescence (ex. 633 em.
651-759 nm) versus mean FITC-Tre fluorescence (ex. 488%frb57 nm).

9.21 Correction for 63X blue offset

For some image collection the 63X blue objective was mesigkused, rather than the 63X regular
objective. This error offset the colors slightly iretB direction and offset the far red colors more than
the green or near red. This offset was subtle anctdiiffio visually portray Kigure 9.8). The use of

the blue objective caused pixels that should have colocgleddctly to be slightly set off from one
another, pink on the bottom, then red then green owiibpthe far red shifted the most. Shifting the
colors affected the colocalization results, particulaolythe Rab5. Because the green was no longer
in the same plane as the pink, lower colocalization betweeantibody and the green channel, rather

than the antibody and the red channel, was observed.
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Figure 9.8. Color shift caused by blue objective Jauncorrected. Arrow indicates direction of shift. (b)
corrected. Scale bar 5 pm.

To correct this problem a tri-colored bead of known sias employed and the offset was measured.
Then the batch function was used to offset all of the imbgesvoxels for pink, and 1 voxel for red.
All of the colocalization studies were redone to obtain nmeaningful data and additional images
were gathered, utilizing the 63X objective, to validdie offset method. No significant difference in
colocalization data was observed between the batch offisgteis and the images collected with the

correct objective.
9.22 Data compilation

To expedite the data analysis a series of MATLAB prograere developed in order to compile the
data into matrices from CSV files. These programs facilitttedextraction and combinination of a

large volume of csv files without actually having to m@&d copy-paste from each file.

FunctionUglyl imports data from CSV files that do not get delimiteéudieby matlab, meaning files
where the commas are not automatically recognized anddplaite separate boxes. Matlab did not
recognize the data in the ROI files properly and instdacked the data in the text portion. Program
Uglyl solved this problem.

functiondata = ugly1(file).

A = importdata(file);

for i = 5:length(A.textdata)
end

A second functionimportother2, was used to look at the bacteria as individual regiémgerest and
compile all of the data for the individual bacteria. T ttis, first all of the data for each image

collected was compiled. Images were numbered to refer to whishthey were collected from and
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then lettered to distinguish the imagbsportother2 combines mean values for bugs into one matrix

and resaves it in a new directory, as specified.

functionimportother2(file, file3, file4, file5, file2)
addpath ('C:\Documents and Settings\keriann\Destkégpnvolution backup may 27°)
newDatal = importdata(file,); %loads file
vol = ugly1(file)
greenmean = ugly1(file3)
redmean = ugly1(file4)
pinkmean = ugly1(file5)
M = [vol; greenmean; redmean; pinkmean]
save (file2,M")
cd ('C:\Documents and Settings\keriann\Desktop\dealotion backup may 27\Cath D extracted data\bug
stats’)
save (file2,M")
end

FunctionCathd extracts from percentage coloc files, allowing for the datipn of all percentage
colocalization data. This function was renamed and renritbr each antibody to save the data in an

antibody specific directory, so as not to accidentially wviée previous files.

function CathD(file, file3, file4, file5, file2)

newDatal = importdata(file,); %loads file

percentvolumegreen = newDatal.datéd@@xtracts value from line 7
percentmaterialgreen = newDatal.dat&@)tracts value form line 9
%save the two variables as a .mat file using theesaame as the original
%file

newData2 = importdata(file3;); %loads file

percentvolumered = newData2.datel{@xtracts value from line 7
percentmaterialred = newData2.dat&{8)xtracts value form line 9

newData3 = importdata(file4,); %loads file
percentvolumegreennodecon = newData3.dataERtracts value from line 7
percentmaterialgreennodecon = newData3.datafdracts value form line 9

newData4 = importdata(file5;); %loads file
percentvolumerednodecon = newData4.dat&(@)tracts value from line 7
percentmaterialrednodecon = newData4.dat&(@jtracts value form line 9

%save the two variables as a .mat file using theesaame as the original

%file

save (file(1:end-4), 'percentvolumegreen’, 'percaterialgreenYosaves in current folder

save (file3(1:end-4), 'percentvolumered', 'percadmalred'Yosaves in current folder

save (file4(1:end-4), 'percentvolumegreennodeguercentmaterialgreennodecoitaves in current folder

save (file5(1:end-4), '‘percentvolumerednodecoetcgntmaterialrednodecofysaves in current folder

cd ('C:\Documents and Settings\keriann\Desktop\dealotion backup may 27\Cath D extracted data\cathD
green coloc decon')

save (file2, 'percentvolumegreen’, '‘percentmatgeain’) %saves in folder specified by path - currently
C:\Users\sbackus\Documents

cd ('C:\Documents and Settings\keriann\Desktop\aeaioition backup may 27\Cath D extracted data\catiod
coloc decon’)

save (file2, 'percentvolumered’, 'percentmaterir@osaves in folder specified by path - currently
C:\Users\sbackus\Documents

cd (‘C:\Documents and Settings\keriann\Desktop\aealotion backup may 27\Cath D extracted data\cathD
green coloc no decon’)

save (file2, 'percentvolumegreennodecon’, ‘percaterialgreennodecorfpsaves in folder specified by path -
currently C:\Users\sbackus\Documents
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cd ('C:\Documents and Settings\keriann\Desktop\dealoition backup may 27\Cath D extracted data\catiD
coloc no decon’)

save (file2, 'percentvolumerednodecon’, 'percemr@itednodecon'Yosaves in folder specified by path -
currently C:\Users\sbackus\Documents

cd ('C:\Documents and Settings\keriann\Desktop\aealation backup may 27\cathD second round')

end

Then to combine all of the matrices into a master matrigcript, rather than a program, was used
because it allowed for the results to be reviewed prisating. The following script was written and

implemented:

%%
i=1
fori = 1:4%where n is the number of files
if exist([num2str(iJA.mat]) ==
load([num2str(i)A.mat])
mat(ii) = percentmaterialgreen
vol(ii) = percentvolumegreen
clear percentmaterialgreen percentvolurregre
il =ii+1
else
end
if exist([num2str(i)B.mat]) == 2
load([num2str(i)B.mat])
mat(ii) = percentmaterialgreen
vol(ii) = percentvolumegreen
clear percentmaterialgreen percentvolurmesgre
il =ii+1
else
end
if exist([num2str(iyC.mat]) ==
load([num2str(i)C.maf])
mat(ii) = percentmaterialgreen
vol(ii) = percentvolumegreen
clear percentmaterialgreen percentvolunmesgre
il =ii+1
else
end
if exist([num2str(i)D.mat]) ==
load([num2str(i)D.mat])
mat(ii) = percentmaterialgreen
vol(ii) = percentvolumegreen
clear percentmaterialgreen percentvoluregre
il = ii+1
else
end
if exist([num2str(iJE.maf]) == 2
load([num2str(i)E.matf])
mat(ii) = percentmaterialgreen
vol(ii) = percentvolumegreen
clear percentmaterialgreen percentvolunesgre
i = ii+1
else
end
if exist([num2str(iJF.maf]) ==
load([num2str(i)-.maf])
mat(ii) = percentmaterialgreen
vol(ii) = percentvolumegreen
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clear percentmaterialgreen percentvolurregre
il =ii+1

else

end

end

9.23 Invivo labeling experiments in rabbits and mice
9.23.1 Animals and ethics assurance

This study was carried out in accordance with the recordatiems in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Healllhe Committee on the Ethics of Animal
Experiments of the National Institute of Allergy and Infeet Disease approved the experiments
described herein under protocol LCID-3 and all effostsre made to minimize suffering. New
Zealand White (NZW) rabbits an@57BL/6 female micavere individually housed in cages in a

biological level 3 animal facility approved for the caininent ofMtb.
9.23.2 Labeling of mouse and rabbit tissue

Tissue was obtained from female C57BL/6 mice (3 weeks garsisol infection) as well as NZW

rabbit (120 days post infection).
9.23.3 In vivo labeling with FITC-Tre in infected mice

Mice were treated with the FITC-Tre compound at fopasate doses: double high dose was 4 mg at
8 am, followed by a boost of 4 mg at 2 pm. High dose4mag). Double low dose was 2 x 0.4 mg and
low dose was 0.4 mg. Uninfected mouse was treated wittidiiele high dose as control. Likewise,

one infected, untreated mouse was taken as an additmmabl.

All doses were in administered in 200 PBS with 10uL ethanol. All mice were sacrificed after 24
hours by snapping their necks. Their organs were mownrtgalates using Reichert-Jung mounting
medium (Cambridge Instrumenkyssloch, Germany) and frozen in isopentane/dry ice. Téfteen

micrometethick cryosections were obtained using a Reichert Leica OBI8Jyostat.

Slices were fixed in 5% formalin for 20 minutes wasBed3 minutes in PBS, permeabalized for 25
minutes in 0.1% Triton X80, washed 3 x 2 minutes in RB8 blocked overnight at 4 °C. Several
slices were treated with antibody, utilizing the samequatas the macrophages were subjected to

and mounted with DAPI anti-fade media (Prolong GdWbunting Mediumn)
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9.23.4 In vitro labeling: FITC-Tre labeling of tissue slices withand without Ag85.

10-15 pmthick cryosections were obtained using a Reichert Leica OBI&ryostatin a humidity
box, tissue slices from rabbits infected whittb were incubated at room temperature for 12 h with
FITC-Tre in PBS buffer at 0.5 mg/ml, 0.05 mg/ml an@0® mg/ml.

For enzyme labeling FITC-Tre was used at 0.05 mg/mlaaf@OuM stock solution of enzyme was
used and either gL or 20 pL of enzyme was applied. Reactions were left for 12 hatinsoom
temperature at which point FITC-Tre was removed with 3mir2 PBS wash and tissue was fixed in

formalin 5% for 15 minutes.

9.23.5 Auramine stain

Tissue was incubated for 15 minutes with auramine stalowirlg the manufacturers protocol
(Auramine O stain Kit, Polyscience, Inc, 24665), follogviwhich the auramine was washed away
extensively with running water. Slices were mounted Wi#&PI anti-fade media (VECTASHIELD®
Mounting Medium).

9.23.6 PET experiment with *®F-fluorobenzyl trehalosé

9.23.6.1Anesthesia and parameters for PET/CT scanning

In preparation for scanning, the rabbit was removeuh fite home cage, weighed and moved into the
scan room at least 24 hours prior to the scan. Food imigke to the scan was reduced. For
intravenous (IV) access, a gauge 22 — 24 indwelling catheterinserted into the marginal ear vein
after local anesthesia was applied, a small blood sampletedland blood glucose was measured
(Accu-Chek glucose meter). The normal reported was rangks@5ng/dl and measurements fell
within this range. The'{F] fluorobenzyl-trehalose {F] FBTre) metabolic marker was injected 1V (1
mCi/kg) and allowed to distribute into the organs fOr8® min. The actual dose delivered was
determined by measuring radioactivity content of sigenge filled with the TF] FBTre solution
immediately before and after injection into the cathetéis Talue was entered into the microPET
Manager software (Siemens Preclinical Solutions, Knoxvilld) along with the weight of the
animal. Upon follow up scans, the uptake period and dase watched within five minutes and
10%, respectively to facilitate quantitative assessmenf‘#f] FBTrePET uptake parameters.Thirty
minutes into the uptake period, a saline infusion wasnected and secured to the IV access.

" All rabbit infections and PET scanning experimewtse conducted by Dan Schimel, Danielle Weiner, Dr
Laura Via and Emmanuel Dayo. Experimental proceslare reproduced here with their permission.
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Ketamine 3.3 mg/kg and Xylazine 1 mg/kg combination imgected slowly IV through the infusion
line followed by a 15 mL/hr Saline infusion drip. Upeadation, the animal was transferred to the
heated (BioVet CT System, m2m Imaging Corp., Newark,gddhning bed (Focus 220 CereTom bed
Agile Engineering, Knoxville, TN) designed for usetiwboth the PET and CT scanners without
repositioning the animal. Fiduciary markers containingui of Ge-68 were placed over the upper
thoracic vertebrae and below the sternum. The animal wasdpkieenal, feet first prone and
maintained under 1 — 5 % isoflurane at 1 liter/mirwflof medical Q delivered though a cuffed
lubricated laryngeal mask (LMA). Anesthesia was maintaaredl monitored for the duration of the
scans. EKG leads, pulse oximeter sensor, and thermisteegpwere connected to monitor vital signs

to the duration of the anesthesia.

Once the animal was stable under anesthesia, the bed wasad\through the microPET scanner
(MicroPET Focus 220, Siemens Preclinical Solutions, Killex TN). and into the HR-CT scanner.
An 8-slice helical CT scanner (CereTom, NeuroLogica, DanwdA) with a Scanner Drive System
(SDS) was used in this study. TheSDS enables the scanmerve during acquisition and allows the
animal bed to remain stationary for the duration of tensBeginning at the base of the animal’s
head, a 250 mm long scan though the lung and iet@alidlominal cavity was acquired (~25 seconds)
with technical parameters of 120 kV, 5mA/second, 1.25mae shickness and 0.4949 mm pixel
spacing. The animal's breathing was held 5 seconds aftec#imewas started for 15 seconds at 8-10
cm H20 with a small animal ventilator (TOPO Dual MoWentilator, Kent Scientific Corp.,
Torrington, CT) to capture full inflation of the lun§m optimal visulation of the lesions. A second,
contrast-enhanced CT scan was collected immediately afteriagmj@tta non-ionic, water soluble, tri-
iodinated x-ray contrast agent (2 mL/kg) containing B@plodine/mL. The contrast agent was used

to enhance visualization of blood vessels and lymph nodes.

The animal bed was then repositioned into the microPET ygarith a 7.5 cm axial field of view
(MicroPET Focus 220, Siemens Preclinical Solutions, X¢ille, TN). Sixty minutes post ‘{F]
FBTre injection, the same tape marker used for the HRv&J used as the PET reference point. A
series of 3, 10 minute emission scans with 75 mm tlicks (windows) with a 20 mm overlap were
collected were acquired caudal to cranial. Vital signs such,asaluration, C® saturation levels,
respiratory rate, heart rate and temperature were continumgsijtored throughout the procedure
until the animal was recovered and ambulatory. Feed aterwas provided in the scan room for at
least 24 hours until the radiation levels returneddackground, when the animal could be returned to

its home cage.

Histograms of the emission list mode data were fdrine 3D sinograms. All emission scans were
corrected for random coincidences and normalized for detefficiencies. The CT image was fused
to the PET image using ASIPro VM (Siemens Medical SohstiUSA, Inc., Knoxville, TN) and then
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the attenuation correction data was obtained from a segmembegh of the CT image. Images were
reconstructed using a Fourier rebinning (FORE) algorithnd an ordered subset-expectation
maximization (OSEM2D) algorithm with attenuation correctiand 6 iterations. Images were
smoothed by using a Gaussian kernel with an FWHM of 2wmich is 2.22 mm in the transverse
and 2.51 mm in the axial directions. Reconstructed pizel 1 cm = (((X_crystal_pitch /918 2.0) *
X_dim)/(image_size * zoom)) * (effective_radius / rag}iuiThe CT and PET scanners were calibrated
monthly and daily prior to scanning as recommended bynteufacturers.

9.23.7 Pharmacokinetic Studies in Uninfected Animals

Blood was collected in heparinized tubes at 0, 0.25, @%, 1, 2, 4, and 8 h post-dosing of
uninfected mice. FITC-Tre was dosed at 3 mg/kg and Fluoybénehalose was dosed at 4.7 mg/kg
in phosphate buffered saline. Samples were then aggadffor 10 min at 5000g, and plasma was
stored at -80°C until analysis. To 5 mL of plasma, 1 ohimethanol and 44 mL of acetonitrile were
added and the mixture was vortexed for 2 minutes, cegédfiat 10,0009 for 10 minutes, and the
supernatant was removed to a clean tube. Supernatants aeséertred to 96-well plates and
lyophilized. HPLC coupled to tandem mass spectrometryNISINMS) analysis was performed on a
Sciex Applied Biosystems API14000 triple-quadrupole nsectrometer coupled to Spark Symbiosis
Pharma HPLC system. Gradient elution conditions wittAgilent Zorbax Phenyl 991 x 75mm 8.5
column were used. The mobile phase A was 0.2% acetic acliC{Rle) or 0.2% ammonium
hydroxide (Fluorobenzyl-Tre) in deionized water and il@ophase B was 0.2% acetic acid or 0.2%
ammonium hydroxide, respectively, in acetonitrile. Midtipeaction monitoring of parent/daughter
transitions in electro-spray positive ionization modeemgsed to track the presence of analytes. Data
processing was performed using Analyst software 1Applied Biosystems Sciex). Pharmacokinetic
parameters were calculated using non-compartmental amalyish the WinNonLin software
(Pharsight, Mountain View, CA).

9.24 Molecular dynamics

Protein structures werexplicitly solvated with TIP3P water molecules and Nad @i counterions
and all mutations were generated using the Visual Mole&yaamics program (VMD, University of
lllinois at Urbana-Champaigh) Molecular dynamics simulations were performed under riwba
isothermal conditions using the NAMProgram (v.2.7) on the Biowulf Linux cluster at thatidnal
Institutes of Health, Bethesda, MbDhtip://biowulf.nih.goy and included periodic boundary

conditions. Mutations were made in Electrostatic interastimere handled using a Particle-Mesh
Ewald summation. The CHARMMZTorcefield was used with CHARMM atom types and charges.
Prior to the start of the simulation, a system wasimmized using a conjugate gradient method,

followed by slow warming to 310°K in 10°K incremenEach increment ran for 5 psec which was
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enough time for a system to equilibrate at a given terhperaOnce the 310°K target temperature
was reached, a system was further equilibrated for 50 Pseduction runs were conducted at 310°K
and date was obtained for 20 nsec. For all simulationsfsaclintegration timestep was used along
with a 12A cutoff. Langevin dynamics were used to maintamperature and a modified Nosé-

Hoover Langevin piston was used to control pressure.

9.25 Phylogenetic Analysis

Sequences of all annotated Ag85 proteins were dmadeld from the tuberculosis database

(TBDB.org) and aligned by ClustalW in DNAstar lagene MegAlign software.
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Figure 9.9. Clustal W alignment of Ag85 sequenceif all annotated Ag85 genes inM. smegmatis
(Msmeg), M. avium M. paratuberulosis (MAP), M. marinum (MMAR), M. tuberculosis H37Ra (MRA), M.
ulcerans (MUL), and M. tuberculosis H37Rv (RV). Sequences were compared to Rv0129¢ @4). Red
indicates homology. White indicates regions whereeguences differed from Ag85C. Sequences are
organized A (top), B(middle), C (bottom). (a) boxndicates region of Ag85 dimer adjacent to pocket {b
helix 8, region that moves in “transition state.” Bue box indicates region that contacts secondary
trehalose directly. Residues with * indicate thosevestigated by site directed mutagenesis.

9.26 Site Directed Mutagenesis

Plasmids were obtained from Colorado State tuberculosanas contract HHSN266200400091c as
Rv3804/Ag85A Rv1886¢/Ag85B Rv0129c/Ag85C in pET23btoecontaining a His-tag and were
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expressed as has been described above. Mutagenesis wastednging a Stratagene Quikchange
lightning kit according to the manufacturer’s instruction$rimers were obtained from Invitrogen
and were designed to have appropriate length and meltingetatape. Reaction conditions were
prepared as follows: Bl of 10 x reaction buffer, 1d (10 ng) of Ag85 plasmid. Ll (1 pg) of
oligonucleotide primer #1 [XX-mer (1 pgl)] and 1ul (1 pg) of oligonucleotide primer #2 [XX-mer
(1 png )] (seeTable 9.1for primers). 1ul of ANTP mix, 3ul of QuikSolution reagent 3gl ddH20

(to bring the final reaction volume to %0). Finally 1 ul of QuikChange® Lightning Enzyme was
added directly before reaction was started. PCR cycle wasguollows: 95 °C for 2 minutes,
followed by 20 X (95 °C for 20 seconds, 60 °C forsHgonds, 68 °C for 5 minutes) then 68 °C for 5
minutes. Entire reaction mixture was digested with DPN mezy(1.5 uL) 30 minutes.
Electrocompetent cells (DHEDwere aliquoted (4hL) and thawed on ice. 2 reaction mixture
was added to each tube of competent cells. Competentweetk left with reaction mixture for 5
minutes on ice and then were transferred to 1 mm cuvette (Biaral electroporated; following
which 0.5 mL SOC media was added. Cells were grown &€3ar 1 hour, and plated on LB plates
containing appropriate antibiotic. Colonies were harvestet afernight incubation at 37 °C and

plasmid was purified by Miniprep™ (Qiagen).

9.26.1 Mutagenesis of Ag85C

Table 9.1. Primers used for site directed mutagenissof Ag85C in pET23b vector. Red indicates sitefo
mutation. Mutations convert individual amino acids to those found in Ag85B or to alanine. Multiple
rounds of mutagenesis with the corresponding primes were used to generate plasmids with triple
mutations in distal sites.

Primer Sequence 5'to 3’ Mutation

kb-16 CAACCCGTCCGAGGGGCGGCGCCGACGCTGATCGGC W157A and W158A
kb-17 GCCGATCAGCGTCGGGCCGCGCCCTCGGACGGGTTG W157A and W158A
kb-22 CAACCCGTCCGAGGGETGGGCCCGACGCTGATCGGCC W158G and W157M
kb-23 GGCCGATCAGCGTCGGCCCATGCCCTCGGACGGGTTG W158G and W157M
kb-44 CTCAACCCGTCCGAGGGGCGTGGCCGACGCTGATCGGC W157A

kb-45 GCCGATCAGCGTCGGCCBGCGCCCTCGGACGGGTTGAG W157A

kb-46 CAACCCGTCCGAGGGCTGGCGCCGACGCTGATCGGCCTGGC w158A

kb-47 GCCAGGCCGATCAGCGTCGGGCCCAGCCCTCGGACGGGTTG W158A

kb-52 CGAAGTTCCTGGAAGGGCCACCCTGCGCACCAACCAGAC L230A

kb-53 GTCTGGTTGGTGCGCAGGGBIGCGCCTTCCAGGAACTTCG L230A

kb-56 GGCGAAGTTCCTGGAAGGTTCACCCTGCGCACCAACCAGACC 1230F

kb-57 GGTCTGGTTGGTGCGCAGGGIAAGCCTTCCAGGAACTTCGCC L230F

Page | 374



Appendix 2: Biological materials and methods

9.26.2 Expression of Ag85C mutant proteins

LB Amp'® (30 mL) was inoculated with desired plasmid in BL2E3strain and grown overnight at
37 °C with shaking to generate a starter culture, wivia used to inoculate 1 L of autoclaved Affip
LB broth. Culture was grown at 37 °C with shakingilubtreaches an O, of 0.5-0.8 and removed
from 37 °C and place in 18 °C incubator with shakind altowed to cool to 18 °C. Expression was
induced with isopropyp-D-thiogalactopyranoside (IPTG) (0.25 mM) for 16 hou@ells were
harvested and resuspended in buffer (50 mM Tris-HC) B6NaCl, 10 mM imidazole pH 8)
containing Complete® protease inhibitor cocktail (Rochell dysozyme. Pellet was lysed by
sonication and pelleted at 20,000 rpms for 15 min. eatibn was carried out over nickel NTA
agarose resin (invitrogen). 2 mL resin slurry was eguated with binding buffer (50mM Tris-HCI,
250mM NaCl, 10mM imidazole, pH 8). Lysate was amplie column slowly (1 mL/min) and then
purified using a stepwise gradient of wash buffer (3@ ifris-HCI, 25 mM Imidazole, 250 mM
NaCl, pH 8) (20 column volumes followed by elutio® (M Tris-HCI, 250 mM Imidazole, 250
mM NaCl, pH 8) (3 mL). Eluant was then switched intb rBM TEA buffer pH 7.4 with PD10
desalting cartridge (Amersham). SDS-page was performeall gorotein fractions. PD-10 desalting
cartridges (Amersham) were utilized to remove endotoxins@hdffer exchange into 20 mM TEA
pH 7.4 for mass spectrometry assay. Protein concentratieres calculated by standard BCA page
assay as well as by absorbance on a nanodrop. Mass spestrantesequencing analysis confirmed

the correct identity of the proteins.
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Figure 9.10. (a) Overexpression of Ag85C (b) andg85C containing the W157A mutation (¢) W157A and
W158A double mutant (d) W157M and W158G double mutat () W157A, W158A and L230A triple
mutant (f) W158A mutant (g) W157A, W158A and L230Atriple mutant (h) L230F mutant (i) W157M,
W158G and L230F triple mutant with ‘Ag85B-like’ type (j) protein gel of selected mutants to compare
size. 1-Ag85C, 2-W157A, 3- W158A, 4-W157A W158A,\W157M W158G, 6- W157M W158G L230F, 7-
W157A W158A L230F 8- W157A W158A L230A. Boxes indated purified protein. Ladder (New
England BioLabs 10-250 Kda or Invitrogen Benchmarkprestained protein ladder).

9.26.3 Circular Dichroism

Circular dichroism was measured in a Jasco J-715 spectriopetier, scanning four times from 260 -
190 nm at 50nm/min, time constant =1 s, bandwidth m,1slit width = 500um. Protein solutions in
10mM phosphate buffer (protein concentrations approximai@ug/mL) were held in 1 mm path
length quartz cuvettes. Because of uncertainty about therpomecentrations, secondary structures
were estimated as described in McPhie (2008, Analyticadt&mistry, vol 375, pp 379-381).
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9.26.4 Mutagenesis of Ag85B

Table 9. 2. Primers used for site directed mutagese of Ag85B in pET23b vector. Red indicates sitef

mutation. Mutations convert individual amino acidsto those found in Ag85C.

Primer  Sequence 5'to 3 Mutation

kb-187 CCCGCCGAGTTCTTGGAGAACTGGTTCGTAGCAGCAACCTGAAG 85B F231L

kb-188 CTTCAGGTTGCTGCTACGAACAGGTTCTCCAAGAACTCGGCGGG  85B F231L

kb-189 CCCGCCGAGTTCTTGGAGGCCTGSTTCGTAGCAGCAACCTGAAG 85B F231L N230G
kb-190 CTTCAGGTTGCTGCTACGAACAGGCQOCTCCAAGAACTCGGCGGG  85B F231L N230G
kb-191 GGCCGATCAGGCTAGGCACCACCCCTGAGAGGGGTCC 85B M158W G159W
kb-192 GGACCCCTCTCAGGGGGGTGECCTAGCCTGATCGGCC 85B M158W G159W

9.26.5 Overexpression of Ag85B mutants

Overexpression and purification of Ag85B mutantswanducted as with Ag85C mutants

(see previous section for methods).

Figure 9.11. (a) Overexpression of Ag85B and Ag85&ntaining the M159W and G160W mutations (b)
overexpression of Ag85B containing the M159W and BOW and F232L mutations. Boxes indicated
purified protein. Ladder (New England BioLabs 10-2% Kda).
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9.26.6 Native Page Gels

Dimeric nature of the Ag85 proteins was evaluated by nathge gel (NativePAGE™ Novex® Bis-

Tris 4-16% Gel Electrophoresis, Invitrogen) with Nailark™ Unstained Protein Standard as
markers for protein size, following the manufacturemstiuctions. Samples were prepared in
NativePAGE sample buffer (4x). 5-20ul sample was loaded gel in wells prefilled with

NativePAGE running buffer containing cathode buffer adeli{cathode buffer). Inner chamber was
filled with cathode buffer and outer chamber filled wittativePAGE running buffer 1x (anode
buffer). Electrophoresis was performed for 1 hour at i&lfs and gel was destained in destaining

buffer (40% MeOH, 10% acetic acid, water) with repeatedaniave heating cycles and shaking.
9.27 General Cloning: PCR and ligation and transformation

Primers were designed in DNAStar lasergene SeqBuildewaft and were obtained from
Invitrogen. Genes were amplified by standard polymerase daaiction (PCR), conducted per
manufacturer's instructions for the following polymerasddigh-fidelity Taq Polymerase
(Invitrogen), Platinum Pfx Polymerase (Invitrogen)Ritrusion High-Fidelity DNA polymerase (New
England Biolabs). DMSO (3 %) was included in all reactmixtures and the annealing temperature

and elongation times were optimized for each reaction.

Cloning Vector
PCR products were ligated into cloning vectors withube of either PCR Topo blunt, PCR 2.1 TA or
PCR Topo 2.1 cloning kits (Invitrogen) following thmanufacturers instructions. T4 ligase

(Invitrogen) was used with the PCR 2.1 TA vector.

Transformations

Ligations were transformed into chemically competent cectedeompetent Ecoli cells. For cloning
either ToplO (Invitrogen), XL-10 gold (stratagene)H3a, DH1(3 were used. For protein
overexpression: BI21 DE3 cells with or without pLysrer employed. Chemically competent cells
were transformed by heat shock (45 sec, 42 °C) fatbly 2 minutes on ice. Electrocompetent cells
were electroporated in 1mm cuvette (Biorad) in Gene Pulsell Xlectroporation system (Biorad).
The following settings were used for electroporation: dbgmtial decay of 25 uF charge, 200
resistance, 1800 volts. Cells were recovered in SOC mediuHour and plated on LB. X-Gal (30
pnL 50 mg/ mL) was added to plates immediately beforenglath order to facilitate blue/white
selection on LB agar plates. Hygromycin 200 pg/mL, Kar@am40 pg/mL or Ampicillin 100 pg/mL
were used for selection and colonies were cultured, pissmirified by miniprep (Qiagen) and sent

for sequencing (Macrogen).
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9.27.1 Restriction Digests

All restriction enzymes were obtained from New Englandld®i® and used according to the
manufacturer’s instructions. Ndel and Hindlll digeatsd BamH1 and Hindlll were conducted in
buffer 2 (10x). Sphl and EcorV digests or Smal digeste conducted in buffer 4 (10x) with desired
plasmid (10 pL), buffer (1.2 pL), enzymes (0.5 pL eackdsiRid was digested for 1.5 hours af7
after which shrimp alkaline phosphatase (SAP) (1 uL) agded to target vector digest but not to
insert digest reactions. Shrimp alkaline phosphatase )(8/4R allowed to react for 45 min, upon
which time, enzymes were denatured {520 min). Reactions were then analyzed by gel
electrophoresis (1% agarose in TAE buffer containing diithi bromide) and desired DNA

fragments were purified by gel extraction (Qiagen).
9.27.2 Ligation Reactions

Restriction digest products were ligated into appropnaetors with the quick ligation kit (New
England BioLabs) or T4 ligase kit (Invitrogen). Quidgase was allowed to react at RT for 15

minutes. Standard ligase reactions were conducted at 11 °Qghter

9.28 Cloning and expression of Rv0519C and Rv1288

Alignment of Genes

FASTA sequences for Rv1288 and Rv0519C were downloaftech the ‘Tuberculist’
http://genalist.pasteur.fr/TubercuListhd were aligned with the sequences for Ag85A, B andr@ us

Megalign with a Clustal W alignment.

Protein Modeling

Threading of Rv0519C and Rv128&s conducted using LOMETS (Local MET-Threading-Server)
and the resulting PDB files were obtairfgth://zhang.bioinformatics.ku.edu/LOMETS/output/S9065
andhttp://zhang.bioinformatics.ku.edu/LOMETS/output/S9064
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Table 9.3. LOMETS prediction results for Rv0519C.

Prediction results by LOMETS consensus method

3-D models

Target- from Full-length
Rank Template Align length Coverage Zscore Seq id Confidence Program  template . models by
. threading
alignments . MODELLER
alignments
1 3fexa 237 0.79 25.6490.156 High SPARKS2 alignment 1 threading 1 model 1
2 3fexa 237 0.79 24.0520.156 High SP3 alisnment 2 threading 2 model 2
3 lpvla 236 0.786  24.1500.191 High SPARKS2 alignment 3 threading 3 model 3
4 3fexA 237 0.79 8.080 0.160 High MUSTER alignment 4 threading 4 model 4
5 lpvla 236 0.786 22.7360.186 High SP3 alignment 5 threading 5 model 5
6 306b A 230 0766 44.5250.183 High 11 oo™*M slignment 6 threading 6 model 6
7 1jjfa 237 0.79 21.6750.165 High SPARKS2 alignment 7 threading 7 model 7
8  3c6b A 225 0.75  44.7630.196 High nggea“h alignment 8 threading 8 model 8
9 1jjfa 237 0.79 16.5240.194 High PPA-I alignment 9 threading 9 model 9
10 1sfr A 226 0.753  25.6200.168 High ngssgawh alignment 10 threading 10model 10
Table 9.4. LOMETS prediction results for Rv1288.
Prediction results by LOMETS consensus method
Target- ?D models Full-length
Rank Template Align length Coverage Zscore Seq id Confidence Program template rom models by
. threading
alignments . MODELLER
alignments
1 1sfrA 272 0.596 13.5230.191 High PPA-I  alignment 1 threading 1 model 1
2 ldqgza 264 0.578 6.793 0.201 High MUSTER alignment_2 threading 2 model 2
3 ldgza 264 0.578 13.5960.197 High PPA-I  alighment 3 threading 3 model 3
4 1sf A 270 0502 252480204 High  1ESMignment 4 threading 4 model 4
5 ldgz A 266 0.583  25.2860.203 High VIHIISSZarCha_ﬁgmnent 5 threading 5 model 5
6 1sfrA 272 0.596  6.716 0.199 High MUSTER alignment 6 threading 6 model 6
7 1dgqza 266 0.583  21.8050.199 High SP3 alignment 7 threading 7 model 7
8 1r88A 259 0.567 13.6540.205 High PPA-I alionment 8 threading 8 model 8§
9  Esterase:1f0na272 0.596  31.8600.202 High FUGUE alignment 9 threading 9 model 9
10 1r88A 259 0.567 6.710 0.208 High MUSTER alignment 10threading 10model 10

Page | 380



Appendix 2: Biological materials and methods

9.28.1 Alignment of Rv1288 and Rv0519C with Ag85 proteins

Sequence alignment shows 20-30% sequence homology aséreed catalytic triad. ClustalwW

alignment in DNAStar LaserGene MegaAlign program.
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Figure 9.12. Alignment of Ag85 genes with Rv1288 dnRv0519C (generated by DNAstar lasergene
MegAlign). Boxed residues indicate conserved catdlg triad.
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Figure 9.13. Alignment of Lysm domain with Rv128&generated by DNAstar lasergene MegAlign). Boxes
indicate 3 repeated Lysm peptidoglycan binding domias.
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9.28.2 Cloning of Rv0519C and Rv1288

The sequences for Rv0519C and Rv1288 were obtained@wvectors from Genescript, cloned with
an N terminal BamHI site and C terminal Hindlll site ammdncated to remove the insoluble
membrane binding domains. Genes were digested from f&l&htvectors with BamHI and Hindlll
restriction enzymesHgure 9.143 and ligated into pET23b vector. Vectors were transforineal
BI21 DES cells following the standard protocol and induestth IPTG. No protein induction was
observedRigure 9.14b,c)for Rv1288 and Rv0519C.
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Figure 9.14. (a) Digest of Rv0519c, pET23b and Rv88. 1Kb plus DNA ladder (Invitrogen) (b) Original
attempted expression and purification of Rv1288 andRv0519C. in pET23b shows no purified protein (c)
expression profiling of Rv1288 and Ag85C as a cordt shows no induction of Rv1288. Arrow indicated
Ag85C. Pre-pre induction post-post induction. Pagele plus prestained protein ladder- Fermatas.

It was realized that the original cloning strategy had lfealty and a pET23a vector was required
instead of pET23b. This is due to the fact that the P&€Tors are designed to begin expressing in a
specific frame after the T7 promoter. The frame is suchittelows the ATG present in the Nde
restriction site CARTG, to be in frame. Therefore, in many cloning stratedilke restriction site is
used as the upstream ligation site and either HindIXrar or BamHI are used downstream. The a, b,
¢ notation for the individual pET vectors describesrtwing frame relative to the BamH1 cloning
site, GGATCC, which is downstream of the Nde diiggre 9.15 pET23 map). Vectors denoted ‘a’
begin expressing in frame of the GGA triplet of the Bam¥ctors denoted ‘b’ express from GAT

because they have one base subtracted before the BanHlhete. denoted ‘c’ express from the

ATC triplet.
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Figure 9.15. (a) Rv1288 in pET23b vector. Notice #t ‘in frame’ expression begins at Nde ATG (Red
ORF). However, the Rv1288 gene is in a different &me (blue ORF). (b) Rv1288 in pET23a vector.
BamH1 cloning site is in frame with Nde. When thigene expresses, it will have some ‘junk’ amino acd
upstream of the actual start site, due to the DNA &ween Nde and BamH1.

In the original cloning strategy the BamH1 site waszddi as the upstream ligation site, but cloned
into a pET23b vector, thereby putting the entire gerteobdrame Figure 9.15. To remedy this
pET23a was obtained and both Rv1288 and Rv0519c weredigstethis vector, transformed into
BL21 DE3 cells and then cultured in LB medium and getliwith IPTG. Robust induction for
Rv1288 and Rv0519C was observed in the pET23a overekpresstem. Purification over nickel
NTA resin following standard purification protocol affied pure Rv0519C-hexahis, but no Rv1288-
hexahis. Expression of Rv1288 in Ecoli BL21 strain exgngsadditional chaperones afforded no
soluble protein Kigure 9.16. Pellet ofE. coli overexpressing Rv1288 were very white and it was

determined that all protein was found to be in indodiodies.
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Figure 9.16. Induction of Rv1288 and Rv0519C consicts in pET23a shows robust overexpression for (a)
Rv1288 and (b) Rv0519C. (c) attempted purificatiomf Rv1288 affords no soluble protein (d) Purificatbn
of Rv0519C yields pure, His-tagged protein. Pre- grinduction, post- post induction, clar- clarifiedlysate.
W- wash, e- elution.

We successfully obtained Rv1288 as a pET23a constructgthretandard digest and ligation into
pET23a vector Kigure 9.16. Under expression profiling, the gene expressed robudtyever,
upon purification, we found that the protein wadreiyt insoluble, found in inclusion bodies. The
coli pellet was extremely white, characteristic of inclugiadlies, and none of our desired protein was
found in the clarified lysate. Attempts at expressiorhbiat standard BL21 DE3 cells and cells
expressing chaperones both resulted in insoluble protétewise, purification over nickel resin

yielded no soluble protein.

The original cloning design, involving BamHI and Hirdithat had caused the frame shift problem
allowed for cloning into a vector (pMAL-C2X) encodingCaterminal maltose binding protein tag
(MBP). Rv1288, Rv0519C and pMAL-C2X were digestdathvBamHI| and Hindlll and were ligated

the desired genes into pMAL-C2X to generate the MBP fugiooteins. Ligations proceeded

smoothly and the desired constructs were obtained.
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Genes exhibited no leaky pre-induction expression andn upduction with IPTG, robust
overexpression was observeBigure 9.17. Purification on amylase resin yielded the desired

Rv0519C-MBP fusion protein in very high yield. Rv1288P fusion appears to be partially

insoluble so the production of the Rv1288 fusion wdsstantially lower and may be insoluble

Figure 9.17. (a) expression and purification of RVA88-MBP fusion protein over expressed in pMAL-C2X
vector (b) expression and purification of Rv051984BP fusion protein over expressed in pMAL-C2X
vector. Pre- pre induction, post- post induction, lar- clarified lysate. W- wash, e- elution.

9.29 Microarray analysis

Microarray data was obtained from the supplementary infiomaf Boshoff et df. Additional array

data was kindly shared to the author by Dr. Kritbhr and Dr. Helena Boshoff.

M. tuberculosis H37Rv was grown to mid-logarithmic phase (0.357). Treatment with
isoniazid was carried out at 2uM (10-times minimumibitary concentration) or 0 UM (untreated)
final concentration for 6 h following which the cells wérarvested by spinning at 3,000 rpm for 5
min at 4 °C. The pellets were resuspended in 1miolrigagent (Invitrogen) and bead beat with
zirconia beads (BioSpec) (19%olume of beads to sample) for 3 cycles of 30 sec eacldG® &pm
with intermittent incubation on ice for 5 mins eachheTsamples were spun down at 13,000 rpm for
5mins at 4°C to remove lysed cell debris and the supernatnthen removed from the BSL-3.
(Note: All work from this step on was conducted ussngfaces and pipettes cleaned with RNA-Zap).
One-tenth volume of bromo-chloro-propane (BCP; Molac®esearch Center, Inc.) was added to the
samples and the samples were inverted to mix contents.e Baparation was allowed to occur for
10mins on ice followed by centrifugation at 10,000 rfigm10 min at 4 °C. The upper aqueous layer
was removed and to it 1:1 volume of 70% ethanol was@ddhe samples were inverted to mix and
immediately loaded on to RNeasy spin columns provided thié RNeasy Mini Kit (Qiagen) and
centrifuged at 10,000 rpm for 1 min. The flow throughs discarded and genomic DNA was
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removed from the samples by an on-column DNA digestionguie RNase-free DNase set from
(Qiagen). The RNA was further cleaned using RNeasy reageotided in the kit according to the
manufacturer’s protocol. The concentration and puriitgxtracted RNA was determined using the
BioAnalyzer (Agilent technologies). Samples with a RMkegrity number (RIN) greater than 9.0
were sent to the NIAID Microarray Facility (Research Tedbgies Branch, National Institutes of
Health) for cDNA labeling and hybridization. The raw m&Mxpression data obtained were Jog
transformed and reported as fold-change relative to untresat@ples. Samples showing 2-fold or
greater difference in expression (<-1.00 or >+1.00 inlagetransformed data set) were considered

significant.
9.30 Cloning of Ag85 into pVV16 His-tag vector

Vector pVV16 was obtained from the Colorado State TB Vaccamd Research Materials
(TBVTRM) contract as a mycobacterial, replicating overexpressactor that encodes Kanamycin
resistance and His-tag. Target genes were cloned at theahtlélindlll sites, upstream and in frame
with the hexaHis-tag. Ag85C without signal peptidaesvamplified from the pET23b vector encoding
Ag85C, also obtained from Colorado State. All otherggewere amplified from genomic DNA. Taq
polymerase (invitrogen) was found to be superior tosimupolymerase (NEB). Genes were cloned
into either PCR 2.1 TA or PCR Topo cloning vectomdlofving standard cloning protocols. Gene
identity was confirmed by sequencing (Macrogen) and genestiven digested from cloning vector
with Ndel and Hindlll restrictions enzymes and ligategVV16 vector. BamHI restriction site was
employed for Ag85A, which contained an internal Hihdlite. pVV16 overexpression constructs
were then electroporated into electrocompetéht smegmatis (see the follow sections for

electroporation and generation of competent cell protacols)

Rv1288 Ag85C Ag85A Ag85B Rv0519c Rv1288 Ag85C Ag85A Ag85B Rv0519c Rv1288 Ag85C Ag85A Ag85B Rv0519c

L — -

gotaq phusion

Figure 9.18. Comparison of different polymerases foPCR of desired genes, including signal peptides
reveals that Taq efficiently amplifies most gene mrducts with the appropriate restriction sites for ¢oning
into pVV16 vector.
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rvi288  85A 85B

Rv519C 85C

Figure 9.19. PCR of genes using high fidelity Platum Tag®. High fidelity, Platinum Tag® was
employed to reduce the number of errors during ampfication. PCR with a hot-start proceeded smoothly
for all genes, although Rv0519C amplified poorly.

Table 9.5. Table of primers employed to amplify gees for cloning into vector pVV16 for overexpression
of His-tagged constructs.

Primer Sequence 5’ to 3’ Gene and restriction sitamplified
kb-124 GGGCATATGCGCCCAAACATGCATGGATG 85A Nde forwgar

kb-108 GGGGGATCCTTGGCGCCCTGGG 85A BamHL1 reverse

kb-74 GGGCATATGAGACGACTTTGCGCC 85B Ndel forward

kb-75 GGGAAGCTTGCCGGCGCCTAACG 85B Hindlll end

kb-78 GGGCATATGACGTTCTTCGAACAGGTG 85C Ndel forward

kb-79 GGGAAGCTTGGCGGCCGGCGCAG 85C Hindlll reverse

Kb-60 GGGCATATGTTCTCTAGGCCCG 85C Ndel no signal pee forward
kb-61 GGGAAGCTTCTCGAGAGCGGC 85C Hindlll no signatide reverse
kb-87 GGGCATATGACGCCCATGGCAGACCT 519C Ndel forward

kb-88 GGGAAGCTTGGACGCCATCCAAGCCA 519C HINDIII revse

kb-62 GGGCATATGGTCAGCACACATG 1288 Ndel forward

kb-63 GGGAAGCTTATCGGCGCGTTC 1288 Hindlll reverse

kb-81 GGGCATATGGTGGACCGCAACGA 1288 soluble domaide\ forward

9.31 Western blots

M smegmatis (50 mL in 7H9 medium), expressing pVV16 encodingyearoverexpression proteins

was harvested by centrifugation (3000 rpm, 10 minufagpernatant was collected and concentrated
in 10,000 Kda MW cutoff spin concentrators (Amicorragel 10,000k). Pellet was resuspended (2
mL PBS pH 7.2, NaCl 250 mM, Triton x100 0.058smercapto ethanol) and lysed by sonication
(setting 50, 3 cycles of 1 min, 5 seconds on and 5nsiscoff), using the microprobe. Lysate was
centrifuged (13,000 rpm, 10 minutes) and clarifiedatgswas removed to a new tube. Lysate,

supernatant and clarified lysate (1 pL each) were rurupgge Bis tris gel 4-12%.

Transfer buffer was made: A 10 X buffer consisted o8 3ptris base, 144.1 g glycine, 1 L ultrapure
water, pH to 8.3. For 1X buffer, 100 mL of the 10Xffer was diluted with 200 mL methanol and

Page | 387



Appendix 2: Biological materials and methods

700 mL water. PVDF membrane was washed in methanol andbeapeid in 1X transfer buffer.
Proteins were transferred to PVDF membrane, using stamdensfer protocol in an XCell 1l Blot
module system. Membrane and filter paper were cut toaime slimensions as the gel and a transfer
stack was made (sponge, filter paper, gel, membranepéfier, sponge) with care to prevent bubbles
between the layers and keep the entire stack wet witkféralouffer. Stack was placed in the Transfer
chamber, which was placed in the Blot module and filled wihsfer buffer. The outerchamber was
filled with ice water and leads were connected and tramséer performed (20 min at 30 volts).
Membrane was then placed in a clean tray and blocked Witml1 TBST (25 mM tris, 150 mM
NaCl, pH 7.6, 0.05% Tween 20) with BSA (10 mg/mLeovight at 4C. Membrane was washed with
TBST (2 X 15 mL, 10 min each) and incubated with HisP#dB& working solution for one hour
(dilute HisProbe-HRP (Pierce 15165) 1:5000 in TBHInt was then washed with TBST (4 X 15
mL, 10 min each) and incubated with 10 mL of SupersignestV?ico substrate working solution for
5 minutes. Membrane was placed in membrane protector andeexfpoKodak film (Biomax MR) in

a film cassette and then developed.
9.32 Mycolyl transferase genes into tetracycline inducile GFP fusions

The TET expression system was obtained as a kind gift IDr. Sabine Ehrt, consisting of one
plasmid, which contains no elements that mediate replicatiomygobacteria but does contain both
TetR and the tetO-containing promoter (pTC-mcsl), araplasmids which mediate chromosomal
integration (pTC-2M1L) or replication(pTC-2M1L) inywobacteria. The system is designed so that
the gene is first cloned into pTC-mcs1 and then theeemgtR-PmycltetO expression cassette can be

cloned into the myco/Ec shuttle vectors using thecaters Pacl/Notl.

pTC-mcsl integrative plasmid for mycobacteria, KanR, mcs with uaifacl and Notl.
pTE-mcsl replicative plasmid for mycobacteria, HygR, mcs wittique Pacl and Notl.
pTC-2M1L : contains Pacl/Notl cassette from pTC-2M1L in pTE-mcs1.
pPTE-2M1L : contains Pacl/Notl cassette from pTX-2M1L in pTE-mcsl1

To reduce cloning steps, the cloning process cbeldone directly into the replicating mycobacterial
vector pTE-2M1L as detailed in Chapter 6. GFP aR& Rvere cloned between the EcoRV and Notl sites
and the Ag85 genes were cloned between the SpHEaoRV sites. Smal was used as an alternate blunt
cutter for Ag85B and C, as both contained inteE@dRYV sites. Genes were amplified by PCR with High
fidelity Tag polymerase and with primers encodihg tibosome binding site to replace the RBS, &s it
removed during restriction digest with Sphl.
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Figure 9.20. PCR of genes of interest with appropaite restriction sites indicated for cloning into pW16
(Ndel and Hindlll or BamHlI), or pTE-2M1L (Sphl, Eco RV, Smal and Notl). Lanes: 1-Rv0519c¢ Ndel and
Hindlll , 2- Rv0519c Ndel and BamHlI, 3- Rv0519c Shl and EcoRV, 4- Ag85A Ndel and BamHI, 5-
Ag85A Sphl and EcoRV, 6-Ag85B Sphl and Smal, 7- AGRC Sphl and Smal, 8- Rv1288 Sphl and
EcoRV, 9- GFP EcoRV and Notl, 10-RFP EcoRV and Notl11- Ag85B Ndel and Hindlll, 12-Ag85C Ndel
and Hindlll, 13- Rv1288 Ndel and Hindlll, 14- Rv0519C Sphl and EcoRV, 15- Rv0519C Sphl and
EcoRV 16- Ag85A Ndel and BamHI, 17- Ag85A Ndel andBamHI, 18- Ag85A Sphl and EcoRV, 19-
Ag85A Sphl and EcoRYV. Different combinations of priners were employed to optimize amplification.

Table 9.6 Table of primers employed to amplify gersefor cloning into tet inducible vector pTE-2M1L

Primer Sequence 5'to 3 Gene and restriction site

amplified
kb-109 GGGGATATCATGGCCAAGACAATTGCGGA GFI;P EcoRYV foand
kb-111 GGGGCGGCCGCCTTGTACAGCTCGTC GFP Not1 reverse
kb-113 GGGGATATCATGGCCAAGACAATTGCGGATC RFP EcoRVrieard
kb-116 GGGGGCGGCCGCTTAGGCGCCGGTG RFP Notl longer
kb-137 GGGGGCATGCGAAGGAGGTATACATATGCGCCCAAACATGCATG 85A Sphl forward with RBS
kb-101 GGGGATATCGGCGCCCTGGGGC 85A EcoRV reverse
kb-141 GGGGGCATGCGAAGGAGGTATACATATGAGACGACTTTGCGCGEA  85B Sphl forward with RBS
kb-142 GGGCCCGGGGCCGGCGCCTAACGA 85B Smal reverse
kb-136 GGGGGCATGCGAAGGAGGTATACATATGACGTTCTTCGAACAGBSC 85C Sphl forward with RBS
kb-106 @GGGCCCGGGGGCGGCCGGCGCAG 85C Smal reverse longer
kb-139 GGGGGCATGCGAAGGAGGTATACATATGACGCCCATGGCAGACKE  519C Sphl forward with RBS
kb-98 GGGGATATCACGCCCATGGCAGACCT 519c EcoRYV reverse
kb-140 GGGGGCATGCGAAGGAGGTATACATATGGTCAGCACACATGCGG 1288 Sphl forward with RBS
kb-96 GGGGATATCATCGGCGCGTTCTGC 1288 EcoRV reverse
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Table 9.7 Table of primers employed to mutate catgtic serine residues to alanine (SA) in Ag85A,B and
C. Red indicates site of mutation.

Primer Sequence 5" to 3’ Mutant amplified
kb-193 GCGCCGTCGTCGGTCTICGATGGCTGCTTCTTCGG 85A ser to ala
kb-194 CCGAAGAAGCAGCCATGCAAGACCGACGACGGCGC 85A ser to ala
kb-195 GCCGACGAGCCGGCCATGCCAAGCCGATTGCAGCGCTGC 85B ser to ala
kb-196 GCAGCGCTGCAATCGGCTTGCGATGGCCGGCTCGTCGGC 85B ser to ala
kb-197 GCGCGGAACCGCCCGACATGCAAGACCCACCGCCGCGTTG 85C ser to ala
kb-198 CAACGCGGCGGTGGGTCTICGATGTCGGGCGGTTCCGCGC 85C ser to ala

9.32.1 Preparation of electrocompetentM. smegmatis and M. tuberculosis

The protocol followed is from TBVTRM websitgtp://www.cvmbs.colostate.edu/mip/tb/sop.htm

2
A fresh 50 ml culture oM. smegmatis MC 155 or H37RV was grown in Middlebrook 7H9-ADC-

Tween or to mid-log phase (50[%: 0.5 to 1.0).M. smegmatis cells were incubated on ice for one
hour and kept on ice for the entire protoddtb cells were kept at RT for the entire process. Cells
were then transferred to sterile 50 mL falcon tubestearvested by centrifugation at 3000 rpm 4 °C
(M. smegmatis) or 25 °C (Mtb) for 10 minutes. Supernatant was decanted into Vesplisinéectant.
Pellet was resuspended in 30 mL sterile 10% glycerol (émldM. smeg). Centrifugation and
resuspension steps were repeated twice more with a graduation of the volume of 10% glycerol
added (5 mL then 2 mL respectively). 4i0@liquots were distributed into 1.7 ml eppendof subed
store at -70°C.

9.32.2 Electroporation into M. smegmatis

M. smegmatis was electroporated following the standard protdcal uL of plasmid in DEPC water
was added to 100 pL of electrocompenthB& M. smegmatis on ice Cells were allowed to incubate
with plasmid on ice for 5 minutes and were then trarsfieto 2mm electroporation cuvette (Biorad)
with care to make sure that there were no bubblesmirasthe chamber. A control with no plasmid
was treated under identical conditions. The followingirsgd were used for electroporation: 25 pF,
25 KV, 2009, 2 mm cuvette. Immediately after electroporation 1 TH9 medium was added and
cells were allowed to recover at 37 with shaking for 5 hours, upon which 100 pL aligquotere
plated on 7H11 plates with HYg The plates were incubated at 3C for 48 hours at which point
colonies were picked and cultured in 7H9 medium under idiggton.
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9.32.3 Electroporation into Mtb

M. tuberculosis was electroporated following the standard protdcdluL of plasmid in DEPC water
was added to 400 pL of electrocompent H3MRvtuberculosis at room temperatureCells were
allowed to incubate with plasmid for 5 minutes and wéen transferred to 2mm electroporation
cuvette (biorad) with care to make sure that there weraibblés present in the chamber. A control
with no plasmid was treated under identical conditiohke following settings were used for
electroporation: 25 pF, 25 KV, 200, 2 mm cuvette. Immediately after electroporation 1 ml97H
medium was added and cells were allowed to recover & @iith shaking for 24 hours, upon which
500 pL aliquots were plated on 7H11 plates with YyBlates were incubated at 3C for 3 weeks at

which point colonies were picked and cultured in 7HSliam under Hyg selection.

9.32.4 Induction of strains overexpressing Tet inducible GP fusion proteins

Cells were grown in 7H9 or GAS(T) medium (with or with Tween). Tween free medium was used
for miscroscopy to encourage Ag85-GFP adherence to thebagtevia. Overexpressing strains were
grown in the presence of 100 ng/mL anhydrotetracylii&c] and 50 ng/mL hygromycin. For
fluoresence studies, whole cell culture was evaluated foreficence in black plates (nunc) on a
fluostar Optima fluorimeter. Supernatant fluorescence maasured by first harvesting the cells by
centrifugation and then removal of the supernatant adiwivied by quantitation of fluorescence. For
microscopy cells were grown in GAST medium, fixed withnfalin (4%) and washed into PBS
buffer. 50 pL PBS sample was applied to a round covemslipwed to dry and 1 drop mounting
medium (Prolong Gold, Invitrogen) was placed on eadaeshVith forceps, coverslips were flipped
over onto the droplet of mounting medium and allowedinp prior to visualization by confocal
microscopy. Macrophage infections were conducted as lewsdescribed earlier with the addition of
100 ng/mL anhydrotetracyline to the macrophage DMEMucell medium. Macrophages infected
with tet inducible strains were allowed to grow forifurs under ATc induction prior to fixation and

visualization by confocal microscopy.

9.32.5 Minimum Inhibitory Concentration (MIC) with Tet ind ucible strains

MIC analysis for drug sensitivity of tet inducibleatrs was conducted in the standard MIC format

described above.

For M. smegmatis grown in the presence or absence of 200 ng/mL anhydrotéteadkie following
initial drug concentrations were employed. INH wasduat in 1mM. SQ109 was used at 62.5 pM.
Rifampicin at 125 pM. MIC plates were read after 36, @@ &2 h.

Page | 391



Appendix 2: Biological materials and methods

For M. tuberculosis grown in the presence or absence of 200 ng/mL anhydrgtidteathe following
initial drug concentrations were employed. INH was used &2i5 uM. SQ109 was used at 12.5 pM.
Rifampicin at 1.25 pM. MIC plates were read after 7 and 18.day
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Figure 9.21. Minimum inhibitory concentrations for Isoniazid (INH), SQ109 and Rifampicin (RIF) in M.
tuberculosis H37Rv, expressing tet inducible Ag8%usion proteins. Induction of Ag85B and C protein
expression with Anhydrotetracycline (ATc), may caue growth inhibition under INH treatment. Ag85C
overexpression may also offer a modest growth inhition under SQ109 treatment. Arrows indicate wek
of interest. SA- catalytic serine-alanine mutant, WV- Ag85B encoding the TrpTrp motif of the Ag85C
secondary site. Read after 10 days.
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9.32.6 Lipid extractions of ATc inducible constructs

9.32.6.1TDM and TMM extraction
Colabeling

Cells were grown to an QR of 0.1 and labeled witH'C-acetate (1 uCi/mL culture) in the presence
of anhydrotetracycline (200 ng/mL) for 4 houks. Gmegmatis) or 3 days Ifitb) and then harvested by
centrifugation (3000 rpm, 5 min) and extracted intml2 (2:1 chloroform:methanol). The organic
layer was removed, concentrated and the residue was resuspemd@®Oi puL (80:20
chloroform:methanol) and 20 uL was spotted onto silic& plates, which were developed for 1 hour
(75:25:4 or 80:20:2 chloroform:methanol:water). Pdatere scanned for fluorescence and exposed to

a phosphor storage plate, which was scanned for radioactivity.

Prelabeling

Cells were grown to an QB of 0.1 and labeled witHC-acetate (1 uCi/mL culture) for 3 houtd.(
smegmatis) or 3 days Mtb). Cells were then harvested by centrifugation (3000 rpmiy) and
resuspended in fresh 7H9 medium containing anhydroxgctetline (200 ng/mL) and were grown
for a further 3 hoursM. smegmatis)or 2 days jtb). Extraction and TLC analysis of lipids proceeded
in an identical fashion to colabel.

9.32.6.2Mycolate analysis

Mycolate analysis were conducted based on previous sepbiter TDM and TMM lipid extraction,
the remaining aqueous cell fraction was saponified to rent@vedll associated mycolates. 0.5 mL
20% TBAH was added to acqueous layer and heated to 1G6r°&4 hours. To this was added
dichloromethane (0.5 mL) and methyl iodide (A0 and reaction was shaken vigorously at room
temperature for 1-2 hours. Organic layer was removed to aviaéand concentrated under a stream
of argon. The resulting white crystals were extracted withgl ether (2 x 25@L) and the extract
was placed in a fresh vial and concentrated under a streargoof. athe resulting clear oil was re-
dissolved in 20QuL (2:1 toluene:acetonitrile) and 2. product was spotted on silica TLC plate and
developed with three successive runs (3 x petroleum ethexanes:diethyl ether 85:15). Plate was
then exposed to storage phosphor plate, which was scdoneddioactivity. Radioactivity was

quantified in phosphorimager units and normalized td-hRIES.
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9.33 Summary of all plasmids

Table 9.8. Summary of all plasmids referenced in ik thesis

Plasmid Alternate name Source and description

PCR2.1TA Invitrogen, cloning vector, TA overhang

PCR Blunt TOPO Invitrogen, cloning vector, TOPO activated, blunt

PCR TOPO TA Invitrogen, cloning vector, TOPO, TA overhang

pVVv1i6 TBVTRM, Colorado stateHexaHis TB overexpression

pTE-2M1L Dr Sabine Ehrt, Tet inducible replicating

pTC-2M1L Dr Sabine Ehrt, Tet inducible integrating

pPMAL-C2X Dr. Ujjin Manjunatha, Originally NEB, MBP overexpmsion

pET23b EMD chemicals, Hexahis overexpression

pET23a EMD chemicals, Hexahis overexpression

pMRLB41 Rv3804c, Ag85A Colorado state TBVTRM, Ag8overexpressing in pET23b
pPMRLB47 Rv1886¢, Ag85B Colorado state TBVTRM, AgBoverexpressing in pET23b
pPMRLB16 Rv0129c, Ag85C Colorado state TBVTRM, AgBoverexpressing in pET23b
Rv0519C Rv0519C PUC57 Gene synthesized by GensttipBamHI and Hindlll sites

Rv1288 Rv1288 PUC57 Gene synthesized by GenscitiptBamHI and HindlIl sites
Plasmids generated by KMB

pKMB1 Ag85C W157A Colorado state TBVTRM, Ag85C rant overexpressing in pET23b
pKMB2 Ag85C W158A Colorado state TBVTRM, Ag85C rant overexpressing in pET23b
pKMB3 Ag85C L230F Colorado state TBVTRM, Ag85C rant overexpressing in pET23b
pKMB4 Ag85C W157A W158A (AA) Colorado state TBVTRMAg85C mutant overexpressing in pET23b
pKMB5 Ag85C W157M W158G (MG) Colorado state TBVTRMg85C mutant overexpressing in pET23b
pKMB6 Ag85C W157A, W158A, L230A (AAA) Colorado s@fBVTRM, Ag85C mutant overexpressing in pET23b
pKMB7 Ag85C W157A, W158A, L230F (AAF) Colorado staftBVTRM, Ag85C mutant overexpressing in pET23b
pKMB8 Ag85C W157M, W158G, L239F (MGF) Colorado stdiBVTRM, Ag85C mutant overexpressing in pET23b
pKMB9 Ag85B M159W G160W (WW) Colorado state TBVTRMg85B mutant overexpressing in pET23b
pKMB10 Ag85B M159W G160W F232L (WWL) Colorado €#taiBVTRM, Ag85B mutant overexpressing in pET23b
pKMB11 Rv0519C pET23b subcloned into pET23b vetaort of frame)

pKMB12 Rv1288 pET23b subcloned into pET23b vecturt Of frame)

pKMB13 Rv0519C pET23 subcloned into pET23a veotooiverexpression

pKMB14 Rv1288 pET23 subcloned into pET23a vectormoferexpression

pKMB15 Rv0519C Pmal subcloned into pMAL-C2X as MBiBion protein

pKMB16 Rv1288 Pmal subcloned into pMAL-C2X as M&Rion protein

pKMB17 Ag85A Ndel and BamHI cloned PCR 2.1 withregjpeptide and Ndel and BamH]

pKMB18 Ag85B Ndel and Hindlll cloned PCR 2.1 witigsal peptide and Ndel and Hindlll

pKMB19 Ag85C Ndel and Hindlll cloned PCR 2.1 witigisal peptide and Ndel and Hindlll

pKMB20 Ag85C short Ndel and Hindlll cloned PCR #ith signal peptide and Ndel and Hindlll

pKMB21 Rv0519C Ndel and Hindlll cloned PCR 2.1 wétignal peptide and Ndel and Hindlll

pKMB22 Rv1288 Ndel and HindllI cloned PCR 2.1 wdtignal peptide and Ndel and HindlIl

pKMB23 Rv1288 short Ndel and Hindlll cloned PCR @ith signal peptide and Ndel and Hindlll

pKMB24 pVV Ag85A Subcloned into pVV16 vector for exexpression in Mtb with His-tag
pKMB25 pVV Ag85B Subcloned into pVV16 vector forenexpression in Mtb with His-tag
pKMB26 pVV Ag85C Subcloned into pVV16 vector forerexpression in Mtb with His-tag
pKMB27 pVV Ag85C short Subcloned into pVV16 vecfor overexpression in Mtb with His-tag
pKMB28 pVV Rv0519C Subcloned into pVV16 vector farerexpression in Mtb with His-tag
pKMB29 pVV Rv1288 Subcloned into pVV16 vector foresexpression in Mtb with His-tag
pKMB30 pVV Rv1288 short Subcloned into pVV16 vector overexpression in Mtb with His-tag
pKMB31 GFP EcoRV Notl cloned into PCR 2.1 with E&6Bnd Notl sites

pKMB32 RFP EcoRV Notl cloned into PCR 2.1 with E&6Bnd Notl sites

pKMB33 Ag85ASphl, EcCoRV cloned into PCR 2.1 withibpind EcoRYV sites and no RBS
pKMB34 Ag85B Sphl, Smal cloned into PCR 2.1 witthSand Smal sites and no RBS
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Plasmid Alternate name Source and description

pKMB35 Ag85C Sphl, Smal cloned into PCR 2.1 witthBand Smal sites and no RBS

pKMB36 pTE-GFP subcloned into pTE-2M1L at EcoR\d &\otl sites

pKMB37 pTE-RFP subcloned into pTE-2M1L at EcoR\d&otl sites

pKMB38 pTE-Ag85C-GFP subcloned into pTE-GFP betw8phl and EcoRYV sites (no RBS)

pKMB39 Ag85ASphl, EcoRV cloned into PCR 2.1 withtBand EcoRYV sites and RBS

pKMB40 Ag85B Sphl, Smal cloned into PCR 2.1 witthSand Smal sites and RBS

pKMB41 Ag85C Sphl, Smal cloned into PCR 2.1 witthBand Smal sites and RBS

pKMB42 Ag85ASphl, EcoRV SA cloned into PCR 2.1 w@phl and EcoRV sites and RBS and ser-ala mutation
pKMB43 Ag85B Sphl, Smal SA cloned into PCR 2.1 wi#phl and Smal sites and RBS and ser-ala mutation
pKMB44 Ag85C Sphl, Smal SA cloned into PCR 2.1 véphl and Smal sites and RBS and ser-ala mutation
pKMB45 Ag85B Sphl, Smal WW cloned into PCR 2.1 w&phl and Smal sites and RBS and M159W G160W
pKMB46 Ag85B Sphl, Smal WWL 'czlggzelt_j into PCR 2.1 with Sphl and Smal sites an&RBd M159W G160W
pKMBA7 Ag85B Sphl, Smal WWLG (,illcz)gi(éir;tzosglcl? 2.1 with Sphl and Smal sites an&RBd M159W G160W
pKMB48 Rv0519C Sphl, EcoRV cloned into PCR 2.1 v8ibhl and EcoRYV sites and RBS

pKMB49 Rv1288 Sphl, EcoRV cloned into PCR 2.1 w8bhl and EcoRYV sites and RBS

pKMB50 pTE-Ag85ASphl, EcoRV subcloned into pTE-GB&ween Sphl and EcoRV sites (with RBS)
pKMB51 pTE-Ag85B Sphl, Smal subcloned into pTE-G#&Rween Sphl and EcoRYV sites (with RBS)
pKMB52 pTE-Ag85C Sphl, Smal subcloned into pTE-Gieween Sphl and EcoRYV sites (with RBS)
pKMB53 pTE-Ag85A Sphl, EcoRV SA subcloned into pGEP between Sphl and EcoRYV sites (with RBS)
pKMB54 pTE-Ag85B Sphl, Smal SA subcloned into pTERSbetween Sphl and EcoRYV sites (with RBS)
pKMB55 pTE-Ag85B WW Sphl, Smal sGulbg:(l)wed into pTE-GFP between Sphl and Smal aitdsRBS and M159W
pKMB56 pTE-Ag858 WWL Sphl, Smal sGulbg:(l)oWneFdzglzt? pTE-GFP between Sphl and Smal aitdsRBS and M159W
pKMB57 PTE-Ag85B WWLG Sphl, Smal éulbgéowne’\(ljzgi%pngéEFP between Sphl and Smal aitdRBS and M159W
pKMB58 pTE-Rv1288 Sphl, EcoRV subcloned into pTERdFetween Sphl and EcoRYV sites (with RBS)
pKMB59 PTE-Rv0519C Sphl, EcoRV subcloned into pTE-GFP between Sphl and EcoRYV gitéh RBS)
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9.33.1 Selected plasmid maps
pKMB14, pET23a with truncated Rv1288

ind
pspX!

\
‘aw%swp\g xnol  BP!
Brd

pet23a 1288

Pstl

4520 bp

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGGHTTACGCGCAGCGTGACCGC
TACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCNIATCGCCACGTTCGCCGGCTTTCC
CCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTRICGGCACCTCGACCCCAAAAAA
CTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTMTTCGCCCTTTGACGTTGGAGTC
CACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCOATCTCGGTCTATTCTTTTGATTT
ATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTT
AACAAAATATTAACGTTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATT
TTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAA
AGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTGCGGCATTTTGCCTTCCTGTTTTT
GCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAA
CTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTCCAATGATGAGCACTTTTA
AAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGIACTCGGTCGCCGCATACACTA
TTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTAGGGATGGCATGACAGTAAGAGAA
TTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTCTGACAACGATCGGAGGACCGA
AGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTATCGTTGGGAACCGGAGCTGAA
TGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGEBACAACGTTGCGCAAACTATT
AACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGA
CCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATGGAGCCGGTGAGCGTGGGTCTCG
CGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTA@ATCTACACGACGGGGAGTCAG
GCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTARATTAAGCATTGGTAACTGTCAG
ACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAAT TTAAAAGGATCTAGGTGAAGATC
CTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCAOGAGCGTCAGACCCCGTAGAAAA
GATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTECAAACAAAAAAACCACCGCTAC
CAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGEAACTGGCTTCAGCAGAGCGCA
GATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCABAACTCTGTAGCACCGCCTACAT
ACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAEIGTGTCTTACCGGGTTGGACTCA
AGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTAGCACACAGCCCAGCTTGGAG
CGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGGCCACGCTTCCCGAAGGGAGA
AAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCAUGESGGAGCTTCCAGGGGGAAA
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CGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGAGGATTTTTGTGATGCTCGTCAGG
GGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCEGEGCCTTTTGCTGGCCTTTTGCTC
ACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCTTTGAGTGAGCTGATACCGCTC
GCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAMBGCGCCTGATGCGGTATTTTC
TCCTTACGCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCATACAATCTGCTCTGATGCCGCAT
AGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGGCCCCGACACCCGCCAACACCC
GCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACBATGTGACCGTCTCCGGGAGCT
GCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGEGTAAAGCTCATCAGCGTGGTC
GTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAI TCTCCAGAAGCGTTAATGTCT
GGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTAATGATGCCTCCGTGTAAGGGGGA
TTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACBTACGGGTTACTGATGATGAAC
ATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGGGCGGGACCAGAGAAAAATCA
CTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGTAGCCAGCAGCATCCTGCGAT
GCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGAOTACGAAACACGGAAACCGAA
GACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGATLACGTTCGCTCGCGTATCGGTG
ATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTOGRCGACAGGAGCACGATCATGCG
CACCCGTGGCCAGGACCCAACGCTGCCCGAGATCTCGATCCCGCGAAATPAACGACTCACTATAGGGAGAC
CACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGCTAGCATGACTGGT
GGACAGCAAATGGGTCGCGGATCATGCGCAACGAGAACGATCCCCGCCTGTGGTACTACCGGTTCCAGA
CCTCCGCGATCGGCTGGAACCCCGGAGTCAACGTCCTGCTTCCCGATGACT ACCGCACCAGCGGACGC
ACCTATCCCGTCCTCTACCTGTTCCACGGCGGCGGCACCGACCAGGATTTC CGCACGTTCGACTTTCTG
GGCATCCGCGACCTGACCGCCGGAAAGCCGATCATCATCGTGATGCCCGAC GGCGGGCACGCGGGCTG
GTATTCCAACCCGGTCAGCTCGTTCGTCGGCCCACGGAACTGGGAGACATT CCACATCGCCCAGCTGCT
CCCCTGGATCGAGGCGAACTTCCGAACCTACGCCGAATACGACGGCCGCGC GGTCGCCGGGTTTTCGA
TGGGTGGCTTCGGCGCGCTGAAGTACGCAGCAAAGTACTACGGCCACTTCG CGTCGGCGAGCAGCCAC
TCCGGACCGGCAAGTCTGCGCCGCGACTTCGGCCTGGTAGTGCATTGGGCA AACCTGTCCTCGGCGGT
GCTGGATCTAGGCGGCGGCACGGTTTACGGCGCGCCGCTCTGGGACCAAGC TAGGGTCAGCGCCGACA
ACCCGGTCGAGCGTATCGACAGCTACCGCAACAAGCGGATCTTCCTGGTCG CCGGCACCAGTCCGGAC
CCGGCCAACTGGTTCGACAGCGTGAACGAGACCCAGGTGCTAGCCGGGCAG AGGGAGTTCCGCGAACG
CCTCAGCAACGCCGGCATCCCGCATGAATCGCACGAGGTGCCTGGCGGTCA CGTCTTCCGGCCCGACA
TGTTCCGTCTCGACCTCGACGGCATCGTCGCCCGGCTGCGCCCCGCGAGCA TCGGGGCGGCCGCAGAA
CGCGCCGATAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTIAACAAAGCC
CGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATARCCCTTGGGGCCTCTAAACGG
GTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGAT
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pKMB15 pMal-C2X with truncated Rv0519C

Bpultol PAiMI

1ePN

pmalcx2 and 519C

Bsiwi

7391 bp

Bglil

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCGGAAGAGAGTCAATTCAGGG
TGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGCTCTTATCAGACCGTTTCCCG
CGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTGGAGCGGCGATGGCGGAGCTGAA
TTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGAIATTGGCGTTGCCACCTCCAGT
CTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCGBTCAACTGGGTGCCAGCGTGG
TGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTRCAATCTTCTCGCGCAACGCG
TCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTBGGAAGCTGCCTGCACTAATGT
TCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTCTCCCATGAAGACGGTACGC
GACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGAGCGGGCCCATTAAGTTCTGT
CTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATGRTTCAGCCGATAGCGGAACGG
GAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTBATGAGGGCATCGTTCCCACTG
CGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTEGAGTCCGGGCTGCGCGTTGG
TGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTAATCCCGCCGTTAACCACCATC
AAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAATCTCTCAGGGCCAGGCGGTGA
AGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGGCCCAATACGCAAACCGCCTC
TCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCAGTGGAAAGCGGGCAGTGAGCG
CAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGACTGCACG
GTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGGITGCAGGTCGTAAATCACTGCA
TAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTGGATAATGTTTTTTGCGUGACATCATAACGGTTCTGGCAA
ATATTCTGAAATGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATT
TCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCACTTCACCACAAGGACCATAGCATATGAAA
ATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAG
AAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAG
GTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCATCTGGTGGCTACGCTCAATCTG
GCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGTATCGTTTACCTGGGATGCCGTACG
TTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATCGOGATTTATAACAAAGATCTGCTGC
CGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAGCGAAAGGTAAGAGCGCG
CTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGMACGGGGGTTATGCGTTCAAGT
ATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCTGGCE®GAAAGCGGGTCTGACCTTCC
TGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAA
AGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCATGGTCCAACATCGBACCAGCAAAGTGAATTATGG
TGTAACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGGTGCTGAGCGCAGGTATTAAC
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GCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTETGACTGATGAAGGTCTGGAA
GCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGAAGAGTTGGCGAAAGATCCA
CGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATGCCGAABGTCCCGCAGATGTCCGCTTTCT
GGTATGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGGATGAAGCCCTGAAAGACGC
GCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACAACCT CGGGATCGAGGGAAGGATTTC
AGAATTCGGATCCATGGAGCCCCCGACGGCGGGCAGCAGCTTGCCGACCAGGATCTCCGGCTCG TTCAT
CTCGGCGGCTCGCGGAGGCATCAAGACCAACTGGGTGATCTCCATGCCGCC CGGCCAGAGCGGGCAGC
TGCGGCCAGTGATCGCACTGCATGGCAAGGACGGCAACGCCGGCATGATGC TGGATCTCGGCGTCGAG
CAGGGGTTGGCCCGCCTGGTCAAGGAGGGCAAGCCAGCGTTCGCGGTGGTC GGCGTCGACGGCGGCA
ACACCTACTGGCACCGTCGCTCTTCCGGCGGGGACTCGGGTGCGATGGTGC TCGACGAGCTGCTGCCG
ATGCTGACCTCGATGGGTATGGACACCTCCCGGGTGGGATTCCTGGGGTGG TCGATGGGGGGATACGG
CGCGCTGCTCCTGGGTGCCCGGTTGGGTCCGGCCAGAACCGCGGGGATCTG TGCCATCAGCCCGGCAT
TGTTCACGTCGTTCACCGGCAGCACACCCGGGGCGTTCGACAGCTACGACG ACTATGTGCAACACAGC
GTGTTGGGCCTGCCCGCGCTGAACTCAATCCCGCTACGGGTGGATTGCGGC ACCAGCGACCGCTTCTA
CTTCGCCACTCGCCAATTCGTCAACCAACTGCACCAACCGCCTGCCGGCAG CTTCTCGCCCGGAGGACA
CGACGCGTCGTACTGGCGCGAACAGTTGCCCGGCGAACTGGCTTGGATGGC GTCCAAGCTTGGCACTGG
CCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTATCGCCTTGCAGCACATCCCCCT
TTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCEAGTTGCGCAGCCTGAATGGCG
AATGGCAGCTTGGCTGTTTTGGCGGATGAGATAAGATTTTCAGCCTGATABGATTAAATCAGAACGCAGAAG
CGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCAGGACCCCATGCCGAACTCAGAA
GTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGTAGAACTGCCAGGCATCAAAT
AAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTGTCGGTGAACGCTCTCCTGAGTA
GGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGABETGGCGGGCAGGACGLCCCGC
CATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCATTTTGCGTTTCTACAAACTCT
TTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAAT AACCCTGATAAATGCTTCAATAA
TATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTT
CCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTT
ACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCBAGAACGTTTCCCAATGATGAG
CACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGECAAGAGCAACTCGGTCGCCGC
ATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAG
TAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCACTTACTTCTGACAACGATCGG
AGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACCGCCTTGATCGTTGGGAACCG
GAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTACAATGGCAACAACGTTGCGC
AAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAG
TTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCATGAAATCTGGAGCCGGTGAGCGT
GGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCATCGTAGTTATCTACACGACGG
GGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGT
AACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTACCCCGGTTGATAATCAGAAAAGCCCCAAA
AACAGGAAGATTGTATAAGCAAATATTTAAATTGTAAACGTTAATATTTTG TTAAAATTCGCGTTAAATTTTTG
TTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAG
ATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAAGGTGGACTCCAACGTCAAAGGGC
GAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCAAATAAGTTTTTTGGGGTCGAGGTG
CCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTABCGGGGAAAGCCGGCGAACGT
GGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGHAGTGTAGCGGTCACGCTGC
GCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTAMGGATCTAGGTGAAGATCCTTT
TTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGAT
CAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAACAAAAAAACCACCGCTACCAG
CGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTABTGGCTTCAGCAGAGCGCAGAT
ACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGALTCTGTAGCACCGCCTACATACC
TCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGITCTTACCGGGTTGGACTCAAGA
CGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTBCACAGCCCAGCTTGGAGCGA
ACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCBCGCTTCCCGAAGGGAGAAAG
GCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGAGCTTCCAGGGGGAAACGC
CTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGT@AETTTTGTGATGCTCGTCAGGGG
GGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGTTTTGCTGGCCTTTTGCTCAC
ATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCLTTGAGTGAGCTGATACCGCTCGC
CGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGSCCTGATGCGGTATTTTCTC
CTTACGCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTBAATCTGCTCTGATGCCGCATAG
TTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCQICCGACACCCGCCAACACCCGC
TGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGGTGACCGTCTCCGGGAGCTGC
ATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGAAAGCTCATCAGCGTGGTCGT
GCAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTCTCCAGAAGCGTTAATGTCTGG
CTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCAGATGCCTCCGTGTAAGGGGGATT
TCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGARCGGGTTACTGATGATGAACAT
GCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGEGEGGACCAGAGAAAAATCACT
CAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGAGCCAGCAGCATCCTGCGATGC
AGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTIACGAAACACGGAAACCGAAGA
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CCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTKREGTTCGCTCGCGTATCGGTGAT
TCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAAGRACAGGAGCACGATCATGCGCA
CCCGTGGCCAGGACCCAACGCTGCCCGAAATT

pKMB25, pVV16 and Ags5B

Bsal  Xbal

pvv16 and 85B

6860 bp

\ooN
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c©
e e
‘o >

30

Miyy

Beivl Apal!

CAAATCTAGAGGTGACCACAACGACGCGCCCGCTTTGATCGGGGACGTCTGGGCCGACCATTTACGGGTCTT
GTTGTCGTTGGCGGTCATGGGCCGAACATACTCACCCGGATCGGAGGGCBGGACAAGGTCGAACGAGGGG
CATGACCCGGTGCGGGGCTTCTTGCACTCGGCATAGGCGAGTGCTAAGAARCGTTGGCACTCGCGACCGGT
GAGTCGTAGGTCGGGACGGTGAGGCCAGGCCCGTCGTCGCAGCGAGTGGGBGAGGACAACTTGAGCCGTC
CGTCGCGGGCACTGCGCCCGGCCAGCGTAAGTAGCGGGGTTGCCGTCACRETGACCCCCGGTTTCATCCCC
GATCCGGAGGAATCACTTCCATATGAGACGACTTTGCGCCCGAATCGACATTTGGCCTCCACACACGGTA
TGTTCTGGCCCGAGCACACGACGACATACAGGACAAAGGGGCACAAGTATG ACAGACGTGAGCCGAAA
GATTCGAGCTTGGGGACGCCGATTGATGATCGGCACGGCAGCGGCTGTAGT CCTTCCGGGCCTGGTGG
GGCTTGCCGGCGGAGCGGCAACCGCGGGCGCGTTCTCCCGGCCGGGGCTGC CGGTCGAGTACCTGCA
GGTGCCGTCGCCGTCGATGGGCCGCGACATCAAGGTTCAGTTCCAGAGCGG TGGGAACAACTCACCTG
CGGTTTATCTGCTCGACGGCCTGCGCGCCCAAGACGACTACAACGGCTGGG ATATCAACACCCCGGCG
TTCGAGTGGTACTACCAGTCGGGACTGTCGATAGTCATGCCGGTCGGCGGG CAGTCCAGCTTCTACAG
CGACTGGTACAGCCCGGCCTGCGGTAAGGCTGGCTGCCAGACTTACAAGTG GGAAACCTTCCTGACCA
GCGAGCTGCCGCAATGGTTGTCCGCCAACAGGGCCGTGAAGCCCACCGGCA GCGCTGCAATCGGCTTG
TCGATGGCCGGCTCGTCGGCAATGATCTTGGCCGCCTACCACCCCCAGCAG TTCATCTACGCCGGCTCG
CTGTCGGCCCTGCTGGACCCCTCTCAGGGGATGGGGCCTAGCCTGATCGGC CTCGCGATGGGTGACGC
CGGCGGTTACAAGGCCGCAGACATGTGGGGTCCCTCGAGTGACCCGGCATG GGAGCGCAACGACCCTA
CGCAGCAGATCCCCAAGCTGGTCGCAAACAACACCCGGCTATGGGTTTATT GCGGGAACGGCACCCCG
AACGAGTTGGGCGGTGCCAACATACCCGCCGAGTTCTTGGAGAACTTCGTT CGTAGCAGCAACCTGAA
GTTCCAGGATGCGTACAACGCCGCGGGCGGGCACAACGCCGTGTTCAACTT CCCGCCCAACGGCACGC
ACAGCTGGGAGTACTGGGGCGCTCAGCTCAACGCCATGAAGGGTGACCTGC AGAGTTCGTTAGGCGCC
GGCAAGCTTCACCACCACCACCACCACTGACAGCTTATCGATGTCGACGTAGTTACTAGCGTACGATCGACT
GCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTATCTGTTGTTTGTCCGGCC
ATCATGGCCGCGGTGATCAGCTAGCCAACAAAGCGACGTTGTGTCTCAAAARCTCTGATGTTACATTGCACAA
GATAAAAATATATCATCATGAACAATAAAACTGTCTGCTTACATAAACAGT AATACAAGGGGTGTTATGAGCC
ATATTCAACGGGAAACGTCTTGCTCGAGGCCGCGATTAAATTCCAACATGATGCTGATTTATATGGGTATAA
ATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGTAGGGAAGCCCCATGCGCCAGAG
TTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGARTGGTCAGACTAAACTGGCTGA
CGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATABTGCATGGTTACTCACCACTGCG
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ATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGG
CAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTIRCAGCGATCGCGTATTTCGTCTCG
CTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTATGACGAGCGTAATGGCTGGCC
TGTTGAACAAGTCTGGAAAGAAATGCATAATCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATT
TCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCA
GACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTGICTTCATTACAGAAACGGCTTTT
TCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTT GATGCTCGATGAGTTTTTCTAAT
CAGAATTGGTTAATTGGTTGTAACACTGGCAGAGCATTACGCTGACTTGAGGGACGGCGGCTTTGTTGAATA
AATCGAACTTTTGCTGAGTTGAAGGATCAGATCACGCATCTTCCCGACAAGCAGACCGTTCCGTGGCAAAGC
AAAAGTTCAAAATCACCAACTGGTCCACCTACAACAAAGCTCTCATCAACCGTGGCTCCCTCACTTTCTGGCT
GGATGATGGGGCGATTCAGGCCTGGTATGAGTCAGCAACACCTTCTTCACESGCAGACCTCACTAGTTCCAC
TGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTT
GCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGACTACCAACTCTTTTTCCGAAG
GTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCGTAGTTAGGCCACCACTTCA
AGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCABGGCTGCTGCCAGTGGCGATAA
GTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGOBCGGTCGGGCTGAACGGGGGG
TTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATBCTACAGCGTGAGCATTGAGA
AAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGAGGGTCGGAACAGGAGAGC
GCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTAESTTTCGCCACCTCTGACTTGA
GCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGIAGCAACGCGGCCTTTTTACGG
TTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATGCTGATTCTGTGGATAACCGTATT
ACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCBEBCGCGTGAGCCCACCAGCTCC
GTAAGTTCGGGTGCTGTGTGGCTCGTACCCGCGCATTCAGGCGGCAGGGTBGTAACGGGTCTAAGGCGGCGT
GTACGGCCGCCACAGCGGCTCTTAGCGGCCCGGAAACGTCCTCGAAACGBCATGTGTTCCTCCTGGTTGGT
ACAGGTGGTTGGGGGTGCTCGGCTGTCGCTGGTGTTTCATCATCAGGGCEBCGGGAGAGCGGGGGAGTGTG
CAGTTGTGGGGTGGCCCCTCAGCGAAATATCTGACTTGGAGCTCGTGTCEECATACACCGGTGATTAATCG
TGGTTTATTATCAAGCGTGAGCCACGTCGCCGACGAATTTGAGCAGCTCTGCTGCCGTACTGGTCCCTGGCA
AGCGACGATCTGCTCGAGGGGATCTACCGCCAAAGCCGCGCGTCGGCCCBEBSECCGCCGGTACATCGAGGCG
AACCCAACAGCGCTGGCAAACCTGCTGGTCGTGGACGTAGACCATCCAGAGCAGCGCTCCGAGCGCTCAGC
GCCCGGGGGTCCCATCCGCTGCCCAACGCGATCGTGGGCAATCGCGCCABGCCACGCACACGCAGTGTGG
GCACTCAACGCCCCTGTTCCACGCACCGAATACGCGCGGCGTAAGCCGCBCATACATGGCGGCGTGCGCCG
AAGGCCTTCGGCGCGCCGTCGATGGCGACCGCAGTTACTCAGGCCTCATGEAAAAACCCCGGCCACATCGC
CTGGGAAACGGAATGGCTCCACTCAGATCTCTACACACTCAGCCACATCGAGCCGAGCTCGGCGCGAACAT
GCCACCGCCGCGCTGGCGTCAGCAGACCACGTACAAAGCGGCTCCGACGGCTAGGGCGGAATTGCGCACT
GTTCGATTCCGTCAGGTTGTGGGCCTATCTTCCCGCCCTCATGCGGATCTETGCCGACCCGGAACGTGGACG
GACTCGGCCGCGCGATCTATGCCGAGTGCCACGCGCGAAACGCCGAATTOGTGCAACGACGTGTGTCCCGG
ACCGCTACCGGACAGCGAGGTCCGCGCCATCGCCAACAGCATTTGGCGTBATCACAACCAAGTCGCGCATT
TGGGCGGACGGGATCGTGGTCTACGAGGCCACACTCAGTGCGCGCCATGGGCATCTCGCGGAAGGGCGCA
GCAGCGCGCACGGCGGCGAGCACAGTTGCGCGGCGCGCAAAGTCCGCGTE@BCATGGAGGCATTGCTATGA
GCGACGGCTACAGCGACGGCTACAGCGACGGCTACAACTGGCAGCCGACTGCGCAAAAAGCGGCGCGTGA
CCGCCGCCGAAGGCGCTCGAATCACCGGACTATCCGAACGCCACGTCGTGGCTCGTGGCGCAGGAACGCA
GCGAGTGGTTCGCCGAGCAGGCTGCACGCCGCGAACGCATCCGCGCCTAMTGACGACGAGGGCCACTCTT
GGCCGCAAACGGCCAAACATTTCGGGCTGCATCTGGACACCGTTAAGCGAICGGCTATCGGGCGAGGAAAG
AGCGTGCGGCAGAACAGGAAGCGGCTCAAAAGGCCCACAACGAAGCCGACATCCACCGCTGTTCTAACGCA
ATTGGGGAGCGGGTGTCGCGGGGGTTCCGTGGGGGGTTCCGTTGCAACGIEEGEGACAGGTAAAAGTCCTGG
TAGACGCTAGTTTTCTGGTTTGGGCCATGCCTGTCTCGTTGCGTGTTTCGGCGTCCGTTTTGAATACCAGCCA
GACGAGACGGGGTTCTACGAATCTTGGTCGATACCAAGCCATTTCCGCTGATATCGTGGAGCTCACCGCCAG
AATCGGTGGTTGTGGTGATGTACGTGGCGAACTCCGTTGTAGTGCTTGTG®GCATCCGTGGCGCGGCCGCG
GTACCAGATCTTTGATCCGGCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAA
GTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACC AATGCTTAATCAGTGAGGCACCT
ATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGAGTGGCCGACCAGCCCGTCATCGT
CAACGCCTGACCGCGGTGCGGACAGGCCGTGTCGCGACCGGCCGTGCGGAMAGCCGGCCCGTACCCTGT
GAATAGAGGTCCGCTGTGACACAAGAATCCCTGTTACTTCTCGACCGTATGATTCGGATGATTCCTACGCGA
GCCTGCGGAACGACCAGGAATTCTGGGAGCCGCTGGCCCGCCGAGCCCTAGGAGCTCGGGCTGCCGGTGC
CGCCGGTGCTGCGGGTGCCCGGCGAGAGCACCAACCCCGTACTGGTCGRIRHCCCGACCCGGTGATCAAGC
TGTTCGGCGAGCACTGGTGCGGTCCGGAGAGCCTCGCGTCGGAGTCGGAGGTACGCGGTCCTGGCGGACG
CCCCGGTGCCGGTGCCCCGCCTCCTCGGCCGCGGCGAGCTGCGGCCCCEUBGAGCCTGGCCGTGGCCCTA
CCTGGTGATGAGCCGGATGACCGGCACCACCTGGCGGTCCGCGATGGACGSCGACCGACCGGAACGCGCT
GCTCGCCCTGGCCCGCGAACTCGGCCGGGTGCTCGGCCGGCTGCACAGGETGCTGACCGGGAACACCGT
GCTCACCCCCCATTCCGAGGTCTTCCCGGAACTGCTGCGGGAACGCCGCGGCGACCGTCGAGGACCACCGC
GGGTGGGGCTACCTCTCGCCCCGGCTGCTGGACCGCCTGGAGGACTGGCIUEGACGTGGACACGCTGCTGG
CCGGCCGCGAACCCCGGTTCGTCCACGGCGACCTGCACGGGACCAACATOIGTGGACCTGGCCGCGACCGA
GGTCACCGGGATCGTCGACTTCACCGACGTCTATGCGGGAGACTCCCGCTAGCCTGGTGCAACTGCATCTC
AACGCCTTCCGGGGCGACCGCGAGATCCTGGCCGCGCTGCTCGACGGGAIXBTGGAAGCGGACCGAGGAC
TTCGCCCGCGAACTGCTCGCCTTCACCTTCCTGCACGACTTCGAGGTGTEBBGGAGACCCCGCTGGATCTCTC
CGGCTTCACCGATCCGGAGGAACTGGCGCAGTTCCTCTGGGGGCCGCCGGRCCGCCCCCGGCGCCTGACGC
CCCCCGGATC

Page | 402



Appendix 2: Biological materials and methods

pTE-2M1L

Acll Swal

pTE-2M1L

9750 bp

sapl

TTAATTAATATGCATCAATTGATTTAAATACTAGTGTTAACTATTTAATTG GGGACCCTAGAGGTCCCCTTTTTT
ATTTTAAAAATTTTTTCNAAGGGGACCTCTAGGGTCCCCAGCTGGCTAGCBGTCATGAGGTNACCATGGTCA
TTAAGACCCACTTTCACATTTAAGTTGTTTTTCTAATCCGCATATGATCAATTCAAGGCCGAATAAGAAGGCTG
GCTCTGCACCTTGGTGATCAAATAATTCGATAGCTTGTCGTAATAATGGC&CATACTATCAGTAGTAGGTGTT
TCCCTTTCTTCTTTAGCGACTTGATGCTCTTGATCTTCCAATACGCAACCAAGGTAAAATGCCCCACAGCGCT
GAGTGCATATAACGCGTTCTCTAGTGAAAAACCTTGTTGGCATAAAAAGGCTAATTGATTTTCGAGAGTTTCA
TACTGTTTTTCTGTAGGCCGTGTACCTAAATGTACTTTTGCTCCATCGCGAGACTTAGTAAAGCACATCTAAA
ACTTTTAGCGTTATTACGTAAAAAATCTTGCCAGCTTTCCCCTTCTAAAGGSCAAAAGTGAGTATGGTGCCTAT
CTAACATCTCAATGGCTAAGGCGTCGAGCAGGGCCCGCTTGTTCTTGACGEICCAGTACAGGGTCGGCTGCTC
GACGCCCAGCTTCTGGGCCAGCTTGCGGGTGGTCAGGCCCTCGATGCCBAICGTTCAGCAGCTCCAGGGCG
GAGTTGATGACCTTGGACTTGTCCAGGCGGGACATTGCGAAGTGATTCCTCTGATGGTACCGGATCCGTGGC
AGGAGGGTCGCCTGCGTCGGCAACTCGCCCAGGCTACACGAGAGCCCTCGAGCGAAAATGCCGACCAGGC
ACCACCGCACTCCAGGCTTAACCCGGTGCGACGATCCAATATTACGAGATCACTAGAAATATTGGATCGTCG
GCACCGTCACGGCCGTGGGAGGCGGCACGATCCGCGACGTGATGATCGGGCATCCCCACGGTGCTGCGCA
GTGAGCTCTACGCCATCCCGGCGTTGATCTGTGCGTTCGCACGCACAGGCGGTGTGAGAAGGGTCTCTGAC
GAGCGGGAGAACTCCCTATCAGTGATAGAGTTTGTCCTCCCTATCAGTGAAGATAGGCTCTGGGAGTACCCG
TGTGTACGACCAGCACGGCATACATCATTTCGACGCCGAGAGATTCGCCQAUCGAAATGAGCACGATCCGCTC
GAGGCATGCGAAGGAGATATACATATGGAGATCGATCCCGTCGTTTTACALGTCGTGACTGGGAAAACCCTG
GCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTG@®IAATAGCGAAGAGGCCCGCAC
CGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTT@&IGGTTTCCGGCACCAGAAGCG
GTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTBICCCCTCAAACTGGCAGATGC
ACGGTTACGATGCGCCCATCTACACCAACGTAACCTATCCCATTACGGTCATCCGCCGTTTGTTCCCACGGAG
AATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTREAGGAAGGCCAGACGCGAATTA
TTTTTGATGGCGTTAACTCGGCGTTTCATCTGTGGTGCAACGGGCGCTGAGGGTTACGGCCAGGACAGTCGT
TTGCCGTCTGAATTTGACCTGAGCGCATTTTTACGCGCCGGAGAAAACCGCTCGCGGTGATGGTGCTGCGTT
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GGAGTGACGGCAGTTATCTGGAAGATCAGGATATGTGGCGGATGAGCGGCAITTCCGTGACGTCTCGTTGCT
GCATAAACCGACTACACAAATCAGCGATTTCCATGTTGCCACTCGCTTTAAGATGATTTCAGCCGCGCTGTAC
TGGAGGCTGAAGTTCAGATGTGCGGCGAGTTGCGTGACTACCTACGGGTARAGTTTCTTTATGGCAGGGTGA
AACGCAGGTCGCCAGCGGCACCGCGCCTTTCGGCGGTGAAATTATCGATE&CGTGGTGGTTATGCCGATCGC
GTCACACTACGTCTGAACGTCGAAAACCCGAAACTGTGGAGCGCCGAAATCCGAATCTCTATCGTGCGGTGG
TTGAACTGCACACCGCCGACGGCACGCTGATTGAAGCAGAAGCCTGCGATECGGTTTCCGCGAGGTGCGGAT
TGAAAATGGTCTGCTGCTGCTGAACGGCAAGCCGTTGCTGATTCGAGGCERACCGTCACGAGCATCATCCT

CTGCATGGTCAGGTCATGGATGAGCAGACGATGGTGCAGGATATCCTGCTATGAAGCAGAACAACTTTAAC

GCCGTGCGCTGTTCGCATTATCCGAACCATCCGCTGTGGTACACGCTGTGBCCGCTACGGCCTGTATGTGGT
GGATGAAGCCAATATTGAAACCCACGGCATGGTGCCAATGAATCGTCTGACGATGATCCGCGCTGGCTACCG
GCGATGAGCGAACGCGTAACGCGAATGGTGCAGCGCGATCGTAATCACCCEBSTGTGATCATCTGGTCGCTG

GGGAATGAATCAGGCCACGGCGCTAATCACGACGCGCTGTATCGCTGGATRAATCTGTCGATCCTTCCCGCC
CGGTGCAGTATGAAGGCGGCGGAGCCGACACCACGGCCACCGATATTATIACCCGATGTACGCGCGCGTGG
ATGAAGACCAGCCCTTCCCGGCTGTGCCGAAATGGTCCATCAAAAAATGGTTTCGCTACCTGGAGAGACGCG
CCCGCTGATCCTTTGCGAATACGCCCACGCGATGGGTAACAGTCTTGGCAGTCGCTAAATACTGGCAGGCG

TTTCGTCAGTATCCCCGTTTACAGGGCGGCTTCGTCTGGGACTGGGTGGEBAGTCGCTGATTAAATATGATGA
AAACGGCAACCCGTGGTCGGCTTACGGCGGTGATTTTGGCGATACGCCGAXGATCGCCAGTTCTGTATGAAC
GGTCTGGTCTTTGCCGACCGCACGCCGCATCCAGCGCTGACGGAAGCAARNCCAGCAGCAGTTTTTCCAGT
TCCGTTTATCCGGGCAAACCATCGAAGTGACCAGCGAATACCTGTTCCGTARTAGCGATAACGAGCTCCTGCA

CTGGATGGTGGCGCTGGATGGTAAGCCGCTGGCAAGCGGTGAAGTGCCTGGATGTCGCTCCACAAGGTAA

ACAGTTGATTGAACTGCCTGAACTACCGCAGCCGGAGAGCGCCGGGCAACGITGGCTCACAGTACGCGTAGTG
CAACCGAACGCGACCGCATGGTCAGAAGCCGGGCACATCAGCGCCTGGCAIAGTGGCGTCTGGCGGAAAAC
CTCAGTGTGACGCTCCCCGCCGCGTCCCACGCCATCCCGCATCTGACCARGCGAAATGGATTTTTGCATCG

AGCTGGGTAATAAGCGTTGGCAATTTAACCGCCAGTCAGGCTTTCTTTCABGATGTGGATTGGCGATAAAAA

ACAACTGCTGACGCCGCTGCGCGATCAGTTCACCCGTGCACCGCTGGATANGACATTGGCGTAAGTGAAGCG
ACCCGCATTGACCCTAACGCCTGGGTCGAACGCTGGAAGGCGGCGGGCCAMCCAGGCCGAAGCAGCGTTG
TTGCAGTGCACGGCAGATACACTTGCTGATGCGGTGCTGATTACGACCGTWACGCGTGGCAGCATCAGGGGA
AAACCTTATTTATCAGCCGGAAAACCTACCGGATTGATGGTAGTGGTCAAATGGCGATTACCGTTGATGTTGA
AGTGGCGAGCGATACACCGCATCCGGCGCGGATTGGCCTGAACTGCCAGGGCGCAGGTAGCAGAGCGGGT
AAACTGGCTCGGATTAGGGCCGCAAGAAAACTATCCCGACCGCCTTACTGCGCCTGTTTTGACCGCTGGGAT
CTGCCATTGTCAGACATGTATACCCCGTACGTCTTCCCGAGCGAAAACGEITGCGCTGCGGGACGCGCGAAT
TGAATTATGGCCCACACCAGTGGCGCGGCGACTTCCAGTTCAACATCAGCECTACAGTCAACAGCAACTGAT
GGAAACCAGCCATCGCCATCTGCTGCACGCGGAAGAAGGCACATGGCTGAPATCGACGGTTTCCATATGGG

GATTGGTGGCGACGACTCCTGGAGCCCGTCAGTATCGGCGGAATTCCAGGRGCGCCGGTCGCTACCATTAC
CAGTTGGTCTGGTGTCAAAAATAATAATAACCGGGCAGGCCATGTCTGCCGTATTTCGCGTAAGGAAATCCA

TTATGTACTATTTAAAAAACACAAACTTTTGGATGTTCGGTTTATTCTTTTTCTTTTACTTTTTTATCATGGGAG

CCTACTTCCCGTTTTTCCCGATTTGGCTACATGACATCAACCATATCAGCAAAGTGATACGGGTATTATTTTT

GCCGCTATTTCTCTGTTCTCGCTATTATTCCAACCGCTGTTTGGTCTGCTCTGACAAACTCGGAACTTGTTTA

TTGCAGCTTAAAACGCGGCCGCAAACAGTATTAAACGCAAAAAGGCCATCGETCAGGATGGCCTTCTGCTTAG
CTAATCAACTAGTTCTAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGKAGCGGTTTGCGTATTGGGCGCT
CTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGEAGCGGTATCAGCTCACTCAAAG
GCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGIGAGCAAAAGGCCAGCAAAA

GGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCGIECCCCTGACGAGCATCACAAA
AATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACAGGCGTTTCCCCCTGGAAGC
TCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTEGCCTTTCTCCCTTCGGGAAGCGTG
GCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTIGCTCCAAGCTGGGCTGTGTGCA
CGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTTCGEAGTCCAACCCGGTAAGACAC

GACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGTATGTAGGCGGTGCTACAGAG

TTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGATCTGCGCTCTGCTGAAGCCAG
TTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCETGGTAGCGGTGGTTTTTTTGTT
TGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACG
CTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCT

TTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAAC TTGGTCTGACAGTTACCAATGCT
TAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTGCCTGACTCCCCGGACGTGGC
CGACCAGCCCGTCATCGTCAACGCCTGACCGCGGTGCGGACAGGCCGTAICGACCGGCCGTGCGGAATTA
AGCCGGCCCGTACCCTGTGAATAGAGGTCCGCTGTGACACAAGAATCCCTTACTTCTCGACCGTATTGATTC
GGATGATTCCTACGCGAGCCTGCGGAACGACCAGGAATTCTGGGAGCCGGIGCCCGCCGAGCCCTGGAGGA
GCTCGGGCTGCCGGTGCCGCCGGTGCTGCGGGTGCCCGGCGAGAGCACCRLECGTACTGGTCGGCGAGCC
CGACCCGGTGATCAAGCTGTTCGGCGAGCACTGGTGCGGTCCGGAGAGCCECGTCGGAGTCGGAGGCGTA
CGCGGTCCTGGCGGACGCCCCGGTGCCGGTGCCCCGCCTCCTCGGCCGCGAGCTGCGGCCCGGCACCGGA
GCCTGGCCGTGGCCCTACCTGGTGATGAGCCGGATGACCGGCACCACCTGGGTCCGCGATGGACGGCACG
ACCGACCGGAACGCGCTGCTCGCCCTGGCCCGCGAACTCGGCCGGGTGGIRCCGGCTGCACAGGGTGCCG
CTGACCGGGAACACCGTGCTCACCCCCCATTCCGAGGTCTTCCCGGAACTEGCGGGAACGCCGCGCGGCGA
CCGTCGAGGACCACCGCGGGTGGGGCTACCTCTCGCCCCGGCTGCTCGCMILETGGAGGACTGGCTGCCGGA
CGTGGACACGCTGCTGGCCGGCCGCGAACCCCGGTTCGTCCACGGCGAGIIACGGGACCAACATCTTCGTG
GACCTGGCCGCGACCGAGGTCACCGGGATCGTCGACTTCACCGACGTCTATGGGAGACTCCCGCTACAGCC
TGGTGCAACTGCATCTCAACGCCTTCCGGGGCGACCGCGAGATCCTGGCCGCTGCTCGACGGGGCGCAGTG
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GAAGCGGACCGAGGACTTCGCCCGCGAACTGCTCGCCTTCACCTTCCTGCSACTTCGAGGTGTTCGAGGAG
ACCCCGCTGGATCTCTCCGGCTTCACCGATCCGGAGGAACTGGCGCAGTETCTGGGGGCCGCCGGACACCG
CCCCCGGCGCCTGACGCCCCGGGLCGLCLLCGGLGLCLCGLLCLCLGGLCCCErRRITGGCCGLCCCGGAGLLLEG
CCCGCGCTCGGGAGCCCCGGGCCCGCGCCGAAGCCCGCTGCTGCGAGCGBGCGGGCCGGCCGACGGLGG
TGCGGGCCCGGCGGCGGACGCTCAGCAGCGGCGGGCGTGAAAGGCCCT@AECCTCGATCATCTCCTCCAG
GGTGGTCGGCCGAGCTTCCATCCCAGCTCGGCAAGGATCAACGAGGACAEGTGCACGACGAAGTTCTTCTGGA
TCGCGCCCGTGCTGGAAGCACTCAACCTCGAAGCGTGTGGTTGCGGAGCTBTAGCAACCACACGAAACATG
CGCAACGAACCGCGCAACGAACAACGCCTAGAACTGGCCCTAGATGAGCTBCTCGTATCGTTGGTAAACCT
AGTTTGACCAGCATGTTTTAACTACGTTCGGTGAGCTGTCAACGGGGCCTEAACGGCACAACGAACCGTGCA
ACGAGAGTGGCCACGGATGCCACCACAGGCACTACAACGGAGTTCGCCACACATCACCACAACCACCGAT
TCTGGCGGTGAGCTCCCCGATATTCAGCGGAAATGGCTTGGTATCGACCABATTCGTAGAACCCCGTCTCGT
CTGGCTGGTATTCAAAACGGGCGCAACGAAACACGCAACGAGACAGGCATGCCCAAACCAGAAAACTAGCG
TCTACCAGGACTTTTACCTGTCCGACCCGTTGCAACGGAACCCCCCACGHCCCCCGCGACACCCGCTCCCC
AATTGCGTTAGAACAGCGGTGGATTGTCGGCTTCGTTGTGGGCCTTTTGABCGCTTCCTGTTCTGCCGCACGC
TCTTTCCTCGCCCGATAGCCGAGTCGCTTAACGGTGTCCAGATGCAGCC@®BATGTTTGGCCGTTTGCGGCCA
AGAGTGGCCCTCGTCGTCGTGATAGGCGCGGATGCGTTCGCGGCGTGCAGIGCTCGGCGAGCCACTCGCTG
CGTTCCTGCGCCACGAGCCGGACGACGTGGCGTTCGGATAGTCCGGTGATBEBAGCGCCTTCGGCGGCGGTCA
CGCGCCGCTTTTTGCGGACAGTCGGCTGCCGGTTGTAGCCGTCGCTGTAGETCGCTGTAGCCGTCGCTCATA
GCAATGCCTCCATGGCTGACGCGGACTTTGCGCGCCGCGCAACTGTGCTCGGCCGTGCGCGCTGCTGCGCC
CTTCCGCGAGATGGCCGACTGGCGCGCACTGAGTGTGGCCTCGTAGACCBBTCCCGTCCGCCCAAATGCGC
GACTTGGTTGTGATCCAACGCCAAATGCTGTTGGCGATGGCGCGGACCTEIGTCCGGTAGCGGTCCGGGAC
ACACGTCGTTGCACGGGAATTCGGCGTTTCGCGCGTGGCACTCGGCATAGARGCGCGGCCGAGTCCGTCCAC
GTTCCGGGTCGGCAGGTAGATCCGCATGAGGGCGGGACGATAGGCCCACRETGACGGAATCGAACAGTGC
GCAATTCCGCCCTAGCGGCGTCGGAGCCGCTTTGTACGTGGTCTGCTGACGAGCGCGGCGGTGGCATGTTC
GCGCCGAGCTCGGCCTCGATGTGGCTGAGTGTGTAGAGATCTGAGTGGAGBTTCCGTTTCCCAGGCGATGT
GGCCGGGGTTTTTGGTCATGAGGCCTGAGTAACTGCGGTCGCCGTCGACGGCGCCGAAGGCCTTCGGCGCA
CGCCGCCATGTATGCGAGCGGCTTACGCCGCGCGTATTCGGTGCGTGGAAGGGGCGTTGAGTGCCCACACT
GCGTGTGCGTGGCCGTTGGCGCGATTGCCCACGATCGCGTTGGGCAGCGEGGACCCCCGGGCGCTGAGC
GCTCGGAGCGCTGCGTCTGGATGGTCTACGTCCACGACCAGCAGGTTTGAGCGCTGTTGGGTTCGCCTCGA
TGTACCGGCGGCCTAGGGCCGACGCGCGGCTTTGGCGGTAGATCCCCTOEAAGATCGTCGCTTGCCAGCGG
CCAGTACGGCAGCCAGAGCTGCTCAAATTCGTCGGCGACGTGGCTCACGTCGGTAGTAGACCACGATTAATC
ACCGGTGTATGGTCCGACACGAGCTCCAAGTCAGATATTTCGCTGAGGGGBIACCCCACAACTGCACACTCCC
CCGCTCTCCCGTCGAGCCCTGGTGGTGGAACACCAGCGACAGCCGAGCACCCAACCACCTGTACCAACCAG
GAGGAACACATGCGTCGTTTCGAGGACGTTTCCGGGCCGCTGAGAGCCGGTGGCGGCCGTACACGCCGCCT
TAGACCCGTTAGACCCCCTGCCGCCTGAATGCGCGGGTACGAGCCACACA®GCCCGAACTTACGGAGCTGGT
GGGCTCACCTGGCTTTATGGCGTACGAATCGGCTGTGTGCGACCTGTTGEGGAGGTGAGGTACGCGCTACTC
ACGCTGGCAAGGGCGACACAGCCGCCCCACCGAGCCCGCACGGCCGCGUBETGTCAACAACCGGGTGAGT
CGTGCACACCAGCAGGTGTTCGAGGCTTGGCTCGAAGTGCAGGACATCGTRZGAACGCCGCCCGATGAGCC
GCGCCTTACGCTGGCTGCCAGCCGTTCGCGGGCTGGTTGGTGCAGCGCGRGCGGTTAGAGGCCCTGCGGT
GTTCCACCACCGCAGGCCTCGCCCTTTTTAAGGCTGAATTTGCTTGTCT@AATCCAACTGGCTTGTCCAAGG
GTGTATCTACGCTTAATCCAAAGTTCAAACGAGGGGATTACACATGACCAACTTCGATAACGTTCTCGGCTCG
ATGATCCCCGGCGGGCCCCCCCTCGAGGTCGACGGTATCGAT
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pKMB36, pTE-2M 1L with GFP

pTE-2M1L with GFP

8240 bp

ndsO
N 10050

TTAATTAATATGCATCAATTGATTTAAATACTAGTGTTAACTATTTAATTG GGGACCCTAGAGGTCCCCTTTTTT
ATTTTAAAAATTTTTTCNAAGGGGACCTCTAGGGTCCCCAGCTGGCTAGCBGTCATGAGGTNACCATGGTCA
TTAAGACCCACTTTCACATTTAAGTTGTTTTTCTAATCCGCATATGATCAATTCAAGGCCGAATAAGAAGGCTG
GCTCTGCACCTTGGTGATCAAATAATTCGATAGCTTGTCGTAATAATGGCGCATACTATCAGTAGTAGGTGTT
TCCCTTTCTTCTTTAGCGACTTGATGCTCTTGATCTTCCAATACGCAACCAAGGTAAAATGCCCCACAGCGCT
GAGTGCATATAACGCGTTCTCTAGTGAAAAACCTTGTTGGCATAAAAAGGCTAATTGATTTTCGAGAGTTTCA
TACTGTTTTTCTGTAGGCCGTGTACCTAAATGTACTTTTGCTCCATCGCGRGACTTAGTAAAGCACATCTAAA
ACTTTTAGCGTTATTACGTAAAAAATCTTGCCAGCTTTCCCCTTCTAAAGGSCAAAAGTGAGTATGGTGCCTAT
CTAACATCTCAATGGCTAAGGCGTCGAGCAGGGCCCGCTTGTTCTTGACGICCAGTACAGGGTCGGCTGCTC
GACGCCCAGCTTCTGGGCCAGCTTGCGGGTGGTCAGGCCCTCGATGCCBRRAICGTTCAGCAGCTCCAGGGCG
GAGTTGATGACCTTGGACTTGTCCAGGCGGGACATTGCGAAGTGATTCCTCTGATGGTACCGGATCCGTGGC
AGGAGGGTCGCCTGCGTCGGCAACTCGCCCAGGCTACACGAGAGCCCTCGAGCGAAAATGCCGACCAGGC
ACCACCGCACTCCAGGCTTAACCCGGTGCGACGATCCAATATTACGAGATCACTAGAAATATTGGATCGTCG
GCACCGTCACGGCCGTGGGAGGCGGCACGATCCGCGACGTGATGATCGGGCATCCCCACGGTGCTGCGCA
GTGAGCTCTACGCCATCCCGGCGTTGATCTGTGCGTTCGCACGCACAGGCGGTGTGAGAAGGGTCTCTGAC
GAGCGGGAGAACTCCCTATCAGTGATAGAGTTTGTCCTCCCTATCAGTGAAGATAGGCTCTGGGAGTACCCG
TGTGTACGACCAGCACGGCATACATCATTTCGACGCCGAGAGATTCGCCGTCGAAATGAGCACGATCCGCTC
GAGGCATGCGAAGGAGATATACATATGGAGATCGATCCCGTCGTTTTACALGTCGTGACTGGGAAAACCCTG
GCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTG®IAATAGCGAAGAGGCCCGCAC
CGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTT@&IGGTTTCCGGCACCAGAAGCG
GTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTBICCCCTCAAACTGGCAGATGC
ACGGTTACGATGCGCCCATCTACACCAACGTAACCTATCCCATTACGGTCATCCGCCGTTTGTTCCCACGGAG
AATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTREAGGAAGGCCAGACGCGAATTA
TTTTTGATGGCGTTAACTCGGCGTTTCATCTGTGGTGCAACGGGCGCTGAGGGTTACGGCCAGGACAGTCGT
TTGCCGTCTGAATTTGACCTGAGCGCATTTTTACGCGCCGGAGAAAACCGCTCGCGGTGATGGTGCTGCGTT
GGAGTGACGGCAGTTATCTGGAAGATCAGGATATGTGGCGGATGAGCGGCAITTCCGTGACGTCTCGTTGCT
GCATAAACCGACTACACAAATCAGCGATTTCCATGTTGCCACTCGCTTTAAGATGATTTCAGCCGCGCTGTAC
TGGAGGCTGAAGTTCAGATGTGCGGCGAGTTGCGTGACTACCTACGGGTARAGTTTCTTTATGGCAGGGTGA
AACGCAGGTCGCCAGCGGCACCGCGCCTTTCGGCGGTGAAATTATCGATE&CGTGGTGGTTATGCCGATCGC
GTCACACTACGTCTGAACGTCGAAAACCCGAAACTGTGGAGCGCCGAAATCCGAATCTCTATCGTGCGGTGG
TTGAACTGCACACCGCCGACGGCACGCTGATTGAAGCAGAAGCCTGCGATIECGGTTTCCGCGAGGTGCGGAT
TGAAAATGGTCTGCTGCTGCTGAACGGCAAGCCGTTGCTGATTCGAGGCERACCGTCACGAGCATCATCCT
CTGCATGGTCAGGTCATGGATGAGCAGACGATGGTGCAGGAATCCATATGAGTAAAGGAGAAGAACTTTT
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CACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCA  CAAATTTTCTGTCAGTGG
AGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTG  CACTACTGGAAAACTACC
TGTTCCATGGCCAACACTTGTCACTACTTTCGGTTATGGTGTTCAATGCTT  TGCGAGATACCCAGATCAT
ATGAAACAGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAG  GAAAGAACTATATTTTTC
AAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGAT  ACCCTTGTTAATAGAATC
GAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAA TTGGAATACAACTATAAC
TCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTT AACTTCAAAATTAGACAC
AACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACT  CCAATTGGCGATGGCCCT
GTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAA  GATCCCAACGAAAAGAGA
GACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGC ATGGATGAACTATACAAA
TAAA GCGGCCGCAAACAGTATTAAACGCAAAAAGGCCATCCGTCAGGATGGCCTTTGCTTAGCTAATCAACT
AGTTCTAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGRETATTGGGCGCTCTTCCGCTTC
CTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTANGCTCACTCAAAGGCGGTAATA
CGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAA
CCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGSAGCATCACAAAAATCGACGC
TCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTLCCCCCTGGAAGCTCCCTCGTGC
GCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCTICGGGAAGCGTGGCGCTTTCTC
ATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGKEGGCTGTGTGCACGAACCCCCC
GTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAAILGGTAAGACACGACTTATCGCC
ACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGBGCTACAGAGTTCTTGAAGTG
GTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCECTGAAGCCAGTTACCTTCGGA
AAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGEGGTTTTTTTGTTTGCAAGCAGC
AGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAA
CGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGAC AGTTACCAATGCTTAATCAGTG
AGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGATCCCCGGACGTGGCCGACCAGCC
CGTCATCGTCAACGCCTGACCGCGGTGCGGACAGGCCGTGTCGCGACCGBETGCGGAATTAAGCCGGCCC
GTACCCTGTGAATAGAGGTCCGCTGTGACACAAGAATCCCTGTTACTTCTGACCGTATTGATTCGGATGATTC
CTACGCGAGCCTGCGGAACGACCAGGAATTCTGGGAGCCGCTGGCCCGCAGCCCTGGAGGAGCTCGGGCT
GCCGGTGCCGCCGGTGCTGCGGGTGCCCGGCGAGAGCACCAACCCCGTRETCGGCGAGCCCGACCCGGT
GATCAAGCTGTTCGGCGAGCACTGGTGCGGTCCGGAGAGCCTCGCGTCGGACGGAGGCGTACGCGGTCCT
GGCGGACGCCCCGGTGCCGGTGCCCCGCCTCCTCGGCCGCGGCGAGCTGCGCGGCACCGGAGCCTGGCC
GTGGCCCTACCTGGTGATGAGCCGGATGACCGGCACCACCTGGCGGTCCGATGGACGGCACGACCGACCG
GAACGCGCTGCTCGCCCTGGCCCGCGAACTCGGCCGGGTGCTCGGCCGGCRACAGGGTGCCGCTGACCGG
GAACACCGTGCTCACCCCCCATTCCGAGGTCTTCCCGGAACTGCTGCGGBAEGCCGCGCGGCGACCGTCGAG
GACCACCGCGGGTGGGGCTACCTCTCGCCCCGGCTGCTGGACCGCCTGEMETGGCTGCCGGACGTGGAC
ACGCTGCTGGCCGGCCGCGAACCCCGGTTCGTCCACGGCGACCTGCACGHEAACATCTTCGTGGACCTGG
CCGCGACCGAGGTCACCGGGATCGTCGACTTCACCGACGTCTATGCGGGAGTCCCGCTACAGCCTGGTGCA
ACTGCATCTCAACGCCTTCCGGGGCGACCGCGAGATCCTGGCCGCGCTAUFIACGGGGCGCAGTGGAAGCG
GACCGAGGACTTCGCCCGCGAACTGCTCGCCTTCACCTTCCTGCACGACTGAGGTGTTCGAGGAGACCCCG
CTGGATCTCTCCGGCTTCACCGATCCGGAGGAACTGGCGCAGTTCCTCTGGGCCGCCGGACACCGCCCCCG
GCGCCTGACGCCCCGGGLCCGCLCLCGGLGLCGLCLLCCGGLLLCCGGLCGGUIIEECCGGAGCLCLCCGLLLGLG
CTCGGGAGCCCCGGGCCCGCGCCGAAGCCCGCTGCTGCGAGCCCGGAGGEEGGCCGACGGCGGTGCGGG
CCCGGCGGCGGACGCTCAGCAGCGGCGGGCGTGAAAGGCCCTGGCATCGATCATCTCCTCCAGGGTGGTC
GGCCGAGCTTCCATCCCAGCTCGGCAAGGATCAACGAGGACAGTCGCACGEIGAAGTTCTTCTGGATCGCGCC
CGTGCTGGAAGCACTCAACCTCGAAGCGTGTGGTTGCGGAGCCATCTAGRCCACACGAAACATGCGCAAC
GAACCGCGCAACGAACAACGCCTAGAACTGGCCCTAGATGAGCTGACTCGATCGTTGGTAAACCTAGTTTGA
CCAGCATGTTTTAACTACGTTCGGTGAGCTGTCAACGGGGCCTGTAACGGACAACGAACCGTGCAACGAGAG
TGGCCACGGATGCCACCACAGGCACTACAACGGAGTTCGCCACGTACATCACACAACCACCGATTCTGGCGG
TGAGCTCCCCGATATTCAGCGGAAATGGCTTGGTATCGACCAAGATTCGTBAACCCCGTCTCGTCTGGCTGG
TATTCAAAACGGGCGCAACGAAACACGCAACGAGACAGGCATGGCCCAAACAGAAAACTAGCGTCTACCAG
GACTTTTACCTGTCCGACCCGTTGCAACGGAACCCCCCACGGAACCCCC@EACACCCGCTCCCCAATTGCGT
TAGAACAGCGGTGGATTGTCGGCTTCGTTGTGGGCCTTTTGAGCCGCTTEGTTCTGCCGCACGCTCTTTCCT
CGCCCGATAGCCGAGTCGCTTAACGGTGTCCAGATGCAGCCCGAAATGTIIGCCGTTTGCGGCCAAGAGTGG
CCCTCGTCGTCGTGATAGGCGCGGATGCGTTCGCGGCGTGCAGCCTGCT®RGEAGCCACTCGCTGCGTTCCT
GCGCCACGAGCCGGACGACGTGGCGTTCGGATAGTCCGGTGATTCGAGCGTTCGGCGGCGGTCACGLCGLCC
GCTTTTTGCGGACAGTCGGCTGCCGGTTGTAGCCGTCGCTGTAGCCGTCBETAGCCGTCGCTCATAGCAATG
CCTCCATGGCTGACGCGGACTTTGCGCGCCGCGCAACTGTGCTCGCCGCUECGCGCTGCTGCGCCCTTCCGL
GAGATGGCCGACTGGCGCGCACTGAGTGTGGCCTCGTAGACCACGATCCTCGCGCCCAAATGCGCGACTTGG
TTGTGATCCAACGCCAAATGCTGTTGGCGATGGCGCGGACCTCGCTGTC@IAGCGGTCCGGGACACACGTC
GTTGCACGGGAATTCGGCGTTTCGCGCGTGGCACTCGGCATAGATCGCGGGCGAGTCCGTCCACGTTCCGG
GTCGGCAGGTAGATCCGCATGAGGGCGGGACGATAGGCCCACAACCTGA@GAATCGAACAGTGCGCAATTC
CGCCCTAGCGGCGTCGGAGCCGCTTTGTACGTGGTCTGCTGACGCCAGOBECGGTGGCATGTTCGCGCCGA
GCTCGGCCTCGATGTGGCTGAGTGTGTAGAGATCTGAGTGGAGCCATTCAGTCCCAGGCGATGTGGCCGGG
GTTTTTGGTCATGAGGCCTGAGTAACTGCGGTCGCCGTCGACGGCGCGCABGGCCTTCGGCGCACGLCCGLCC
ATGTATGCGAGCGGCTTACGCCGCGCGTATTCGGTGCGTGGAACAGGGGTBGAGTGCCCACACTGCGTGTG
CGTGGCCGTTGGCGCGATTGCCCACGATCGCGTTGGGCAGCGGATGGGATTCGGGCGCTGAGCGCTCGGA
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GCGCTGCGTCTGGATGGTCTACGTCCACGACCAGCAGGTTTGCCAGCGCTBGGGTTCGCCTCGATGTACCG
GCGGCCTAGGGCCGACGCGCGGCTTTGGCGGTAGATCCCCTCGAGCAGAGCGCTTGCCAGCGGCCAGTAC
GGCAGCCAGAGCTGCTCAAATTCGTCGGCGACGTGGCTCACGCTTGGTABGACCACGATTAATCACCGGTG
TATGGTCCGACACGAGCTCCAAGTCAGATATTTCGCTGAGGGGCCACCCORAACTGCACACTCCCCCGCTCT
CCCGTCGAGCCCTGGTGGTGGAACACCAGCGACAGCCGAGCACCCCCAABCCTGTACCAACCAGGAGGAA
CACATGCGTCGTTTCGAGGACGTTTCCGGGCCGCTGAGAGCCGCTGTGGGGCGTACACGCCGCCTTAGACC
CGTTAGACCCCCTGCCGCCTGAATGCGCGGGTACGAGCCACACAGCGCCBSCTTACGGAGCTGGTGGGCTC
ACCTGGCTTTATGGCGTACGAATCGGCTGTGTGCGACCTGTTGGGCGAGGRGGTACGCGCTACTCACGCTG
GCAAGGGCGACACAGCCGCCCCACCGAGCCCGCACGGCCGCGCGCGGTAMTAACCGGGTGAGTCGTGCA
CACCAGCAGGTGTTCGAGGCTTGGCTCGAAGTGCAGGACATCGTGGCGAARCCGCCCGATGAGCCGCGCCTT
ACGCTGGCTGCCAGCCGTTCGCGGGCTGGTTGGTGCAGCGCGTCGAGCABTGAGGCCCTGCGGTGTTCCAC
CACCGCAGGCCTCGCCCTTTTTAAGGCTGAATTTGCTTGTCTCCGAATCOXCTGGCTTGTCCAAGGGTGTATC
TACGCTTAATCCAAAGTTCAAACGAGGGGATTACACATGACCAACTTCGATAACGTTCTCGGCTCGATGATCC
CCGGCGGGCCCCCCCTCGAGGTCGACGGTATCGAT

pKMB55, pTE-2MIL with GEP and Ag85C

pTE-2M1L with 85C GFP RBS

8147 bp

qusg

10950

TTAATTAATATGCATCAATTGATTTAAATACTAGTGTTAACTATTTAATTG GGGACCCTAGAGGTCCCCTTTTTT
ATTTTAAAAATTTTTTCNAAGGGGACCTCTAGGGTCCCCAGCTGGCTAGCBGTCATGAGGTNACCATGGTCA
TTAAGACCCACTTTCACATTTAAGTTGTTTTTCTAATCCGCATATGATCAATTCAAGGCCGAATAAGAAGGCTG
GCTCTGCACCTTGGTGATCAAATAATTCGATAGCTTGTCGTAATAATGGC&GCATACTATCAGTAGTAGGTGTT
TCCCTTTCTTCTTTAGCGACTTGATGCTCTTGATCTTCCAATACGCAACCAAGGTAAAATGCCCCACAGCGCT
GAGTGCATATAACGCGTTCTCTAGTGAAAAACCTTGTTGGCATAAAAAGGCTAATTGATTTTCGAGAGTTTCA
TACTGTTTTTCTGTAGGCCGTGTACCTAAATGTACTTTTGCTCCATCGCGAGACTTAGTAAAGCACATCTAAA
ACTTTTAGCGTTATTACGTAAAAAATCTTGCCAGCTTTCCCCTTCTAAAGGSCAAAAGTGAGTATGGTGCCTAT
CTAACATCTCAATGGCTAAGGCGTCGAGCAGGGCCCGCTTGTTCTTGACGICCAGTACAGGGTCGGCTGCTC
GACGCCCAGCTTCTGGGCCAGCTTGCGGGTGGTCAGGCCCTCGATGCCBARCGTTCAGCAGCTCCAGGGCG
GAGTTGATGACCTTGGACTTGTCCAGGCGGGACATTGCGAAGTGATTCCTCTGATGGTACCGGATCCGTGGC
AGGAGGGTCGCCTGCGTCGGCAACTCGCCCAGGCTACACGAGAGCCCTCGAGCGAAAATGCCGACCAGGC
ACCACCGCACTCCAGGCTTAACCCGGTGCGACGATCCAATATTACGAGATCACTAGAAATATTGGATCGTCG
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GCACCGTCACGGCCGTGGGAGGCGGCACGATCCGCGACGTGATGATCGGEBCATCCCCACGGTGCTGCGCA
GTGAGCTCTACGCCATCCCGGCGTTGATCTGTGCGTTCGCACGCACAGGCGGTGTGAGAAGGGTCTCTGAC
GAGCGGGAGAACTCCCTATCAGTGATAGAGTTTGTCCTCCCTATCAGTGAAGATAGGCTCTGGGAGTACCCG
TGTGTACGACCAGCACGGCATACATCATTTCGACGCCGAGAGATTCGCCQATCGAAATGAGCACGATCCGCTC
GAGGCATGCGAAGGAGGTATACATATGACGTTCTTCGAACAGGTGCGAAGGTTGCGGAGCGCAGCGACA
ACCCTGCCGCGCCGGCTGGCTATCGCGGCTATGGGGGCTGTCCTGGTTTAC GGTCTGGTCGGTACCTT
CGGCGGGCCGGCCACCGCGGGCGCATTCTCTAGGCCCGGTCTTCCAGTGGA ATATCTGCAGGTGCCAT
CCGCGTCGATGGGCCGCGACATCAAGGTCCAGTTCCAGGGCGGCGGACCGC ACGCGGTCTACCTGCTC
GACGGTCTGCGGGCCCAGGATGACTACAACGGCTGGGACATCAACACCCCG GCCTTCGAGGAGTACTA
CCAGTCAGGGTTGTCGGTGATCATGCCCGTGGGCGGCCAATCCAGTTTCTA CACCGACTGGTATCAGCC
CTCGCAGAGCAACGGCCAGAACTACACCTACAAGTGGGAGACCTTCCTTAC CAGAGAGATGCCCGCCT
GGCTACAGGCCAACAAGGGCGTGTCCCCGACAGGCAACGCGGCGGTGGGTC TTTCGATGTCGGGCGGT
TCCGCGCTGATCCTGGCCGCGTACTACCCGCAGCAGTTCCCGTACGCCGCG TCGTTGTCGGGCTTCCTC
AACCCGTCCGAGGGCTGGTGGCCGACGCTGATCGGCCTGGCGATGAACGAC TCGGGCGGTTACAACGC
CAACAGCATGTGGGGTCCGTCCAGCGACCCGGCCTGGAAGCGCAACGACCC AATGGTTCAGATTCCCC
GCCTGGTCGCCAACAACACCCGGATCTGGGTGTACTGCGGTAACGGCACAC CCAGCGACCTCGGCGGC
GACAACATACCGGCGAAGTTCCTGGAAGGCCTCACCCTGCGCACCAACCAG ACCTTCCGGGACACCTA
CGCGGCCGACGGTGGACGCAACGGGGTGTTTAACTTCCCGCCCAACGGAAC ACACTCGTGGCCCTACT
GGAACGAGCAGCTGGTCGCCATGAAGGCCGATATCCAGCATGTGCTCAACG GCGCGACAcCccceeaacece
GCCCCTGCTGCGCCGGCCGCCCCCATCCATATGAGTAAAGGAGAAGAACTT TTCACTGGAGTTGTCCCA
ATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGT GGAGAGGGTGAAGGTGAT
GCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTA CCTGTTCCATGGCCAACAC
TTGTCACTACTTTCGGTTATGGTGTTCAATGCTTTGCGAGATACCCAGATC  ATATGAAACAGCATGACTT
TTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTT  CAAAGATGACGGGAACTA
CAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAAT  CGAGTTAAAAGGTATTGA
TTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAA CTCACACAATGTATACATC
ATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACAC AACATTGAAGATGGAAGC
GTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCT  GTCCTTTTACCAGACAAC
CATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGA  GACCACATGGTCCTTCTT
GAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAA  TAAA GCGGCCGCAAACAGT
ATTAAACGCAAAAAGGCCATCCGTCAGGATGGCCTTCTGCTTAGCTAATCACTAGTTCTAGCTGCATTAATG
AATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGBCCTCGCTCACTGACTCGCTG
CGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGARACGGTTATCCACAGAATCAG
GGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGACCGTAAAAAGGCCGCGTTG
CTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCABGCTCAAGTCAGAGGTGGCGAA
ACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCBECGCTCTCCTGTTCCGACCCTG
CCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCIATCATAGCTCACGCTGTAGGTA
TCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCGTTCAGCCCGACCGCTGCG
CCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATGCCACTGGCAGCAGCCACTGG
TAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAGSTGGTGGCCTAACTACGGCTAC
ACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTGGAAAAAGAGTTGGTAGCTCTT
GATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGAGCAGATTACGCGCAGAAAAAA
AGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGAACGAAAACTCACGTTAAGGG
ATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAAT
CTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATC
TGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGGACGTGGCCGAC@CCCGTCATCGTCAACGCCTGAC
CGCGGTGCGGACAGGCCGTGTCGCGACCGGCCGTGCGGAATTAAGCCGQAUIETACCCTGTGAATAGAGGTC
CGCTGTGACACAAGAATCCCTGTTACTTCTCGACCGTATTGATTCGGATGATCCTACGCGAGCCTGCGGAAC
GACCAGGAATTCTGGGAGCCGCTGGCCCGCCGAGCCCTGGAGGAGCTCGGB5ECCGGTGCCGCCGGTGLTG
CGGGTGCCCGGCGAGAGCACCAACCCCGTACTGGTCGGCGAGCCCGACCRTBSATCAAGCTGTTCGGCGAG
CACTGGTGCGGTCCGGAGAGCCTCGCGTCGGAGTCGGAGGCGTACGCGEIEGGCGGACGCCCCGGTGLCG
GTGCCCCGCCTCCTCGGCCGCGGCGAGCTGCGGCCCGGCACCGGAGCCTGGTGGCCCTACCTGGTGATGA
GCCGGATGACCGGCACCACCTGGCGGTCCGCGATGGACGGCACGACCGAGGAACGCGCTGCTCGCCCTGG
CCCGCGAACTCGGCCGGGTGCTCGGCCGGCTGCACAGGGTGCCGCTGAGIEMNACACCGTGCTCACCCCCCA
TTCCGAGGTCTTCCCGGAACTGCTGCGGGAACGCCGCGCGGCGACCGTOGBACCACCGCGGGTGGGGCTA
CCTCTCGCCCCGGCTGCTGGACCGCCTGGAGGACTGGCTGCCGGACGTERLGCTGCTGGCCGGCCGCGAA
CCCCGGTTCGTCCACGGCGACCTGCACGGGACCAACATCTTCGTGGACCEBGCGCGACCGAGGTCACCGGGA
TCGTCGACTTCACCGACGTCTATGCGGGAGACTCCCGCTACAGCCTGGTBBCTGCATCTCAACGCCTTCCG
GGGCGACCGCGAGATCCTGGCCGCGCTGCTCGACGGGGCGCAGTGGAAGERCCGAGGACTTCGCCCGCGA
ACTGCTCGCCTTCACCTTCCTGCACGACTTCGAGGTGTTCGAGGAGACCBLTGGATCTCTCCGGCTTCACCG
ATCCGGAGGAACTGGCGCAGTTCCTCTGGGGGCCGCCGGACACCGCCCOmBGCCTGACGLLCLLGGGLLGC
CCGGCGCCGCCCCCGGLCCCCLCGGLGGLCGGLCCGCLCCGGAGCLCLCCGLCCTICGGGAGLLCLCLGGGLLLGLG
CCGAAGCCCGCTGCTGCGAGCCCGGAGCGGGCCGGLCCGACGGLGGTGCE®BGGGCGGCGGACGCTCAGCA
GCGGCGGGCGTGAAAGGCCCTGGCATCCTCGATCATCTCCTCCAGGGTGGEGCCGAGCTTCCATCCCAGCT
CGGCAAGGATCAACGAGGACAGTCGCACGACGAAGTTCTTCTGGATCGCATCGTGCTGGAAGCACTCAACC
TCGAAGCGTGTGGTTGCGGAGCCATCTAGCAACCACACGAAACATGCGCABGAACCGCGCAACGAACAACG
CCTAGAACTGGCCCTAGATGAGCTGACTCGTATCGTTGGTAAACCTAGTTEACCAGCATGTTTTAACTACGTT
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CGGTGAGCTGTCAACGGGGCCTGTAACGGCACAACGAACCGTGCAACGABATGGCCACGGATGCCACCACA
GGCACTACAACGGAGTTCGCCACGTACATCACCACAACCACCGATTCTGGGGTGAGCTCCCCGATATTCAGC
GGAAATGGCTTGGTATCGACCAAGATTCGTAGAACCCCGTCTCGTCTGGAIGTATTCAAAACGGGCGCAACG
AAACACGCAACGAGACAGGCATGGCCCAAACCAGAAAACTAGCGTCTACCAGGACTTTTACCTGTCCGACCC
GTTGCAACGGAACCCCCCACGGAACCCCCGCGACACCCGCTCCCCAATTGTTAGAACAGCGGTGGATTGTC
GGCTTCGTTGTGGGCCTTTTGAGCCGCTTCCTGTTCTGCCGCACGCTCTOUTCGCCCGATAGCCGAGTCGCTT
AACGGTGTCCAGATGCAGCCCGAAATGTTTGGCCGTTTGCGGCCAAGAGTEGCCCTCGTCGTCGTGATAGGCG
CGGATGCGTTCGCGGCGTGCAGCCTGCTCGGCGAGCCACTCGCTGCGTMBTGCCACGAGCCGGACGACGT
GGCGTTCGGATAGTCCGGTGATTCGAGCGCCTTCGGCGGCGGTCACGCGRLTITTTTGCGGACAGTCGGCTG
CCGGTTGTAGCCGTCGCTGTAGCCGTCGCTGTAGCCGTCGCTCATAGCABTCTCCATGGCTGACGCGGACTT
TGCGCGCCGCGCAACTGTGCTCGCCGCCGTGCGCGCTGCTGCGCCCTTCGAGATGGCCGACTGGCGCGCA
CTGAGTGTGGCCTCGTAGACCACGATCCCGTCCGCCCAAATGCGCGACTBITGTGATCCAACGCCAAATGC
TGTTGGCGATGGCGCGGACCTCGCTGTCCGGTAGCGGTCCGGGACACACBITTGCACGGGAATTCGGCGTT
TCGCGCGTGGCACTCGGCATAGATCGCGCGGCCGAGTCCGTCCACGTTOEBGTCGGCAGGTAGATCCGCATG
AGGGCGGGACGATAGGCCCACAACCTGACGGAATCGAACAGTGCGCAATTCGCCCTAGCGGCGTCGGAGCC
GCTTTGTACGTGGTCTGCTGACGCCAGCGCGGCGGTGGCATGTTCGCGCHECTCGGCCTCGATGTGGCTGA
GTGTGTAGAGATCTGAGTGGAGCCATTCCGTTTCCCAGGCGATGTGGCC@®ETTTTTGGTCATGAGGCCTGA
GTAACTGCGGTCGCCGTCGACGGCGCGCCGAAGGCCTTCGGCGCACGCAXTGTATGCGAGCGGCTTACGC
CGCGCGTATTCGGTGCGTGGAACAGGGGCGTTGAGTGCCCACACTGCGTGTGTGGCCGTTGGCGCGATTGC
CCACGATCGCGTTGGGCAGCGGATGGGACCCCCGGGCGCTGAGCGCTCABAGCTGCGTCTGGATGGTCTAC
GTCCACGACCAGCAGGTTTGCCAGCGCTGTTGGGTTCGCCTCGATGTACGEGGCCTAGGGCCGACGCGLCGG
CTTTGGCGGTAGATCCCCTCGAGCAGATCGTCGCTTGCCAGCGGCCAGTSGCAGCCAGAGCTGCTCAAATT
CGTCGGCGACGTGGCTCACGCTTGGTAGTAGACCACGATTAATCACCGGTATGGTCCGACACGAGCTCCAA
GTCAGATATTTCGCTGAGGGGCCACCCCACAACTGCACACTCCCCCGCTCTCGTCGAGCCCTGGTGGTGGA
ACACCAGCGACAGCCGAGCACCCCCAACCACCTGTACCAACCAGGAGGAARCATGCGTCGTTTCGAGGACG
TTTCCGGGCCGCTGAGAGCCGCTGTGGCGGCCGTACACGCCGCCTTAGADETTAGACCCCCTGCCGCCTGA
ATGCGCGGGTACGAGCCACACAGCGCCCGAACTTACGGAGCTGGTGGGCACCTGGCTTTATGGCGTACGAA
TCGGCTGTGTGCGACCTGTTGGGCGAGGTGAGGTACGCGCTACTCACGCEGAAGGGCGACACAGCCGCCCC
ACCGAGCCCGCACGGCCGCGCGCGGTGTCAACAACCGGGTGAGTCGTGCACCAGCAGGTGTTCGAGGCTT
GGCTCGAAGTGCAGGACATCGTGGCGAACGCCGCCCGATGAGCCGCGCCATGCTGGCTGCCAGCCGTTCGC
GGGCTGGTTGGTGCAGCGCGTCGAGCGGTTAGAGGCCCTGCGGTGTTCGAMICCGCAGGCCTCGCCCTTTTT
AAGGCTGAATTTGCTTGTCTCCGAATCCAACTGGCTTGTCCAAGGGTGTATTACGCTTAATCCAAAGTTCAAA
CGAGGGGATTACACATGACCAACTTCGATAACGTTCTCGGCTCGATGATCCCGGCGGGCCCCCCCTCGAGGT
CGACGGTATCGAT
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