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Abstract

Dissecting tunicamycin biosynthesis: A potent carbohydrate processing enzyme inhibitor

by Filip J. Wyszyiski, Jesus College
Submitted towards the degree of D.Phil. in Trifigrm 2010

Tunicamycin nucleoside antibiotics were the filgtiown to target the formation of
peptidoglycan precursor lipid | in bacterial celalvbiosynthesis. They have also been used
extensively as inhibitors of proteM-glycosylation in eukaryotes, blocking the biogéses early
intermediate dolichyl-pyrophosphorid-acetylglucosamine. Despite their unusual strestuand
useful biological properties, little is known abadheir biosynthesis. Elucidating the metabolic
pathway of tunicamycins and gaining an understandih the enzymes involved in key bond
forming processes would not only be of great academlue in itself, it would also unlock a
comprehensive toolbox of biosynthetic machinery tloe production of tunicamycin analogues
which have the potential to act as novel therapeatitibiotics or as specific inhibitors of
medicinally important NDP-dependent glycosyltranases.
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| — Cloning the tunicamycin biosynthetic gene clust er

We report identification of the tunicamycin bioslyetic genes inStreptomyces chartreusis
following genome sequencing and a chemically-guididtegy forin silico genome mining that
allowed rapid identification and unification of @peron fractured across contigs. Heterologous
expression established a likely minimal gene seessary for antibiotic production, from which a
detailed metabolic pathway for tunicamycin biossil is proposed.

Il — Natural product isolation and degradation

We have developed efficient methods for the isotatof tunicamycins from liquid culture in
preparative quantities. A subsequent relay syigiamished advanced biosynthetic intermediates
for use as precursors in the production of tunicamypnalogues and as substrates foritheétro
characterisation of individual Tun enzymes.

Il — Functional characterisation of  tun gene products

Individual tun gene products were over-expressed and purified frecombinantE. coli hosts,
allowing in vitro functional studies to take place. An NMR assayiokynthetic enzyme TunF
showed it acted as a UDP-GIcNAc-4-epimerase. Retaglycosyltransferase TunD showed
hydrolytic activity towards substrate UDP-GIcNActbiailed to accept to the expected natural
acceptor substrate, providing unexpected insightts the ordering of biosynthetic events in the
tunicamycin pathway. Initial studies into the oesipression of the putative sudsrdeacetylase
TunE were also described.

IV — Towards synthesis of tunicamycin fragments

Investigations into a novel synthesismfjalactosamine — a structural motif within tunicainy—
led to the unexpected observation of inverted majectivity upon Rfrcatalysed €H insertion of

a D-mannose-derived sulfamate. This was the firsthrgyla of N-insertion at the3- rather thany-
C-H based on conformation alone and warranted fuitivestigation. The X-ray structure of a key
sulfamate precursor offered valuable insights d@eéasource of this unique selectivity.
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Chapter 1: Introduction

1.1 The tunicamycin family of nucleoside antibiotic S
1.1.1 Foreword

The tunicamycins represent a family of closelated nucleoside antibiotics with
important biological properties — namely inhibitiohbacterial peptidoglycan biosynthesis
and eukaryotit\N-linked protein glycosylatioh? Since their discovery almost four decades
ago they have received widespread attention acnasg/ research fields and have earned
over 5,500 citations in the literatuteTunicamycins will form the core topic of this DiPh
thesis and will be the focus of all research preskmerein. In this chapter | review the
history, structure and biological function of thumicamycin family and summarise existing
investigations into their biogenesis and chemigaitlsesis, in addition providing more
general background information in relevant areddnally, | set out a hypothesis for
tunicamycin analogues acting as novel targetedoglyltranferase inhibitors and outline the
overall objectives of this research project.

1.1.2 Tunicamycins

Tunicamycin was first isolated in 1971 by Takatsek al. from Streptomyces
lysosuperificus following the screening of over 400%tinomycetes strains, isolated from
soil samples, for antibiotic activify. In 1980 it was additionally isolated from straiois
Srreptomyces chartreusis>® Its structure was subsequently solved and it geterthat
tunicamycin was present as a mixture of closelgteel nucleoside antibiotics (Fig. 1/1).
The core structure shared by all tunicamycin famitgmbers is highly unusual. It
comprises a unique eleven-carbon dialdose termaidaimnine, resembling ribose and 6-
deoxy-galactosamine residues linked tail-to-taibtlgh a GC bond. At one end of this
pseudodisaccharide lies awmglycosidically linked uracil group and at the athen N-
acetylb-glucosamine (GIcNAc) residue attached through an-meolucing o,(3-1,1
glycosidic bond — also referred to as arp-trehalose linkag®. The diversity of the
tunicamycin family derives from the nature of tleylachain attached to this common core
through the tunicamine nitrogen.
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Fig. 1.1 Chemical structures of the tunicamycins

A number of investigations have succeeded in séipgr and characterising
individual components of the tunicamycins, andasvwiound that the resulting homologues
differ in length, unsaturation and terminal bramghof theirN-linked fatty acyl chains®™*?

To date at least eighteen tunicamycin homologues baen resolved, of which ten have
fully assigned structures (Fig. 11%* A number of different nomenclatures have emerged
to describe these variants, typically based orr tiedative elution mobility under reverse-
phase HPLC>*? More recently Tsvetanovet al. proposed a more consistent system,
incorporating structural features into the homomguames (Fig. 1.1). Taking the form
Tunx:yn, X refers to the number of carbons in the acyl claicluding C=0),y refers to the
degree of unsaturation in the chain and N referthéoorder of elution of regioisomers.
Based on the varying biological activity of indival purified homologues, the nature of
the acyl group was shown to have a bearing inuhetion of the molecule. The biological
activity of the tunicamycins will be discussed iecBon 1.2.
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1.1.3 Streptovirudins

Streptovirudins, first isolated from strains &feptomyces griseoflavus in 1975, also
belong to the tunicamycin family of nucleoside biatics’* Their structures have been
elucidated and resolved into ten distinct homolsg(ig. 1.2)">*® They are almost
identical to the tunicamycins, differing only inraposition of the acyl chain and in some
cases the uracil moiety; in fact streptoviruding, 8hd G are identical to tunicamycins
Tunl3:1 and Tunl4al The acyl chains are similarly unsaturated, tatr length is
typically shorter and in some cas@yeiso- forms are present alongside their more typical
iso- regioisomers. In addition, in five of the homgles isolated uracil is replaced with
dihydrouracil. Once again, the antimicrobial aityivobserved was partially dependent on
the length of the fatty acid side chain, althougg form of the uracil moiety was shown to
have little effect on biological activity. It calibe argued that streptovirudins are no more
than further homologues of the tunicamycins althotigey have been treated separately in
the literature and hence the distinction remains.

1.1.4 Corynetoxins

Corynetoxins constitute further members of theidamycin antibiotic family and
were first reported as the causative agent fortdlecity of annual rye grass to grazing
animals. They were isolated froBorynebacterium rathayi which infects the galled seed
head of the grass, together with nematadguina agrostis.!’ Fourteen homologues were
seperated and structurally characterised (Fig; 18230 they were found to differ from the
tunicamycins only in the nature of their fatty aside chains. Indeed, corynetoxins U16
and U17 are identical to tunicamycins Tunl@®:dnd Tunl17:3 — this is of interest since the
producing organisms belong to relatively differédakonomic groups. Relative to the
tunicamycins, the corynetoxin acyl chains are tgibyclonger and include additional
anteiso- branched forms.p-Hydroxylation of the fatty acids is also observathngside
more typical unsaturated and fully-saturated forriibie nomenclature used to distinguish
between corynetoxins is based on the length ofctestituent fatty acids (C15 to C19),
whether they are saturated (S), unsaturated (B-toydroxylated (H), and whether they
have a normal (n)so- (i) or anteiso- (a) terminatiort® Like the tunicamycins, they have
been shown to inhibiN-glycosylation of proteiné! although studies have predominantly
focused on the physiology of their toxicity to ais?t>?®
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1.1.5 Other members

In addition to streptovirudins and corynetoxinstee further natural products are
suggested to belong to the tunicamycin family ofleaside antibiotics — MM-19294,
antibiotic 24016 and mycospocidif® These compounds have not been studied in detail
and their structures have not been elucidated,tihey do share key physiochemical
properties with the tunicamycii&?® In addition, antibiotic 24010 and mycospocidivéa
been shown to inhibit the formation ®-acetylglucosaminyl-pyrophosphoryl-dolichol
involved in proteinN-glycosylation, much like parent compound tunicaimye*

1.2 Biological activity of the tunicamycins
1.2.1 Overview

The journey to determine the tunicamycins’ biotagiactivity and precise mode of
action was comprehensively reviewed in G. Tamut&82 book ‘Tunicamycin®. These
antibiotics were first isolated based on the aaténat they inhibit plaque formation caused
by viruses yet show little cytotoxicity to a cordht layer of chick embryo fibroblast cell
culture — establishing them as antiviral antibifit" Tunicamycins were shown to inhibit
the multiplication of a large range of enveloped/Rahd DNA viruse$and their mode of
action was first studied using a virus-cell systmmprising of Newcastle disease virus and
chick embryo fibroblast$:®* Different stages of the virus life cycle were seqtially
ruled out as targets for the antibiotic, includiliNA, RNA and protein synthesis.
However, its specific inhibition of glycoprotein dsiynthesis was deduced from the
curtailment of hemagglutinin and neuraminidase l\gtgcoprotein activity upon addition
of tunicamycin® Further studies showed the tunicamycins retacgdéidyrowth in growing
cell culture, and also produced morphological cleangp Gram-positive bacteria, yeasts
and fungi**** Inhibition of sugar incorporation was attributedthese observations, and it
was concluded that tunicamycin inhibited glycocgajie¢ biosynthesis in a range of
organisms. The observation that viral envelopecgtyoteins and bacterial cell wall
biosynthesis were inhibition targets of this nowsitibiotic gave rise to the name
‘tunicamycin’, derived from the Latitunica meaning coat or coverirfg. The mode of
action of the tunicamycins was established as itiib of polyprenol-linked sugar
formation, intermediates in glycoconjugates biokgsts. Specifically, formation of
dolichyl-pyrophosphoryN-acetylglucosamine  (Dol-PP-GIcNAc) and undecaprenyl
pyrophosphoryN-acetylmuramoyl pentapeptide (lipid I), active irotein N-glycosylation
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and peptidoglycan biosynthetic pathways respegtivelere inhibited>®’ This dual

activity against eukaryotic glycoprotein formatiand bacterial cell wall biosynthesis has
thus far prevented the tunicamycins from being wsedntibacterial agents. The origins of
tunicamycin’s biological activity against these Ipafys and the resultant physiological

implications are discussed in the following subsest

1.2.2 Peptidoglycan biosynthesis
1.2.2.1 Peptidoglycan biosynthetic pathway

The cell walls of Gram-positive and Gram-negativacteria are made up of
peptidoglycan, a macromolecular polymer of line&ycgn chains interlinked by short
peptides (Fig. 1.3). It is found outside the cy@asmic membrane and functions to provide
structural strength to the cell and preserve cetegrity against internal osmotic
pressuré®® |ts absence from eukaryotic cells has made igyathrget for antimicrobial
drugs for many decadé&3.

N-acetylglucosamine

OH OH D-GIcNAc D-MurNAc

O&& 0 % oH
HO O5§é;§4/0/3§£é&/0 0 or OH
AcHN AcHN  HO 0 o % o 0
AcHN hoHN HO 5 o~
=0 ¢ AcHN
lactate o —<: AcHN
=0

N-acetylmuramic acid

HN

L-Ala
O

:’te
Ceeee,

HN— D-Ala
»~NH O
CO,H ¢ HNw (aa)"

N
*

(aa)yNH

— meso-diaminopimelic
/ / acid (DAP)

"M

Fig. 1.3 Typical structure of peptidoglycan

Peptidoglycan is made up of @1,4-linked polysaccharide of alternating-
acetylglucosamine (GIcNAc) and-acetylmuramic acid (MurNAc) units, with MurNAc
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consisting of a GIcNAc residue harbouring ®3actyl sidechain (Fig. 1.3). The lactyl
group in turn forms an amide bond with a pentapleptif general structureAla-y-D-Glu-
XaaD-Ala-D-Ala, where Xaa is either-Lys in most Gram-positive bacteria ameso-
diaminopimelic acid (DAP) in most Gram-negative tesi@. These polymers are then
cross-linked through transpeptidation of th@mino group ot -Lys or DAP with thed-Ala

of another polysaccharide chain; sometimes a gfeptide is inserted in this linkage to act
as a spacer or bridge. This cross-linking configislity to the macromolecular structure
and forms a 3D mesh across the surface of the preNiding the necessary properties to
function as a protective cell wall. Finally, minmodifications to terminab-Ala residues

in the resulting lattice leads to the formatiommdture peptidoglycaif:®

MurB MurA
UDP-MurNAc-L-Ala-D-Glu-L-Lys pare i M UDPMurNAc -;'; UDPGIcNAc
L-Lys D-Glu L-Ala NADPH PEP
ATP ATP ATP FADH;
DdiB
D-Ala — D-Ala-D-Ala | MurF
ATP ATP D-Ala D-Ala D-Ala
UMP D-Ala D-Ala D-Ala
UDP-MurNAc- L-Lys L-Lys L-Lys—(aa),
Y M s Y Yy n
CYTOPLAS pentapeptide D-Glu MurG D-Glu Femligases D-Glu
L-Ala L-Ala | L-Ala
w DPGICNA Ba: RN .
M MurNAc UOF e MurlNAc -GlcNAc MurNAc ~-GlcNAc
ra¥ |
EOH Q0P QO0QQOP Q0 Q900Q0Q° QQQ90QQF
CYTOPLASMIC %§§§§é§§§§§§§é§§§ ; g%éé
MEMBRANE § % ?E % ?2 § {E % % g flippase’
oiogop Ogép i éOOOOOééO 00
X P
Mur[\lAc GlcNAc- MurlNAc GlcNAc Mur'NAc-GIcNAc
L-Ala L-Ala trans- L-Ala
CELL SURFACE it D-Glu D-Glu glycosylase  p-Glu
PePIeasS " Liys-(aa),  Liys=(aa), ~ Llys—(aa)n
peptidoglycan D-Ala D-Ala D-Ala
cross-linking D-Ala D-Ala D-Ala

Fig. 1.4 The peptidoglycan biosynthetic pathway.
(from Winn et al.** — reproduced by permission of The Royal Society of Chemistry)

The biosynthesis of peptidoglycan has been stufdiedver fifty years and is well
understood. The different stages of peptidoglyoesynthesis have been the subject of
extensive, detailed revieW$*’ The first stage involves construction of UDP-MN
pentapeptide in the cytoplasm. PhosphoenolpyruyBteP) is ligated to metabolic
precursor UDP-GIcNAc and reduced with NADPH, by #gtions of MurA and MurB
respectively, to yield UDP-MurNAc. Stepwise adualitiof specific amino acids follows,
catalysed by a series of ATP-dependent ligase eegyWwurC-F. This soluble intermediate
is then associated with the cytoplasmic membrang@wction of MraY (a.k.a. translocase
1), which transfers the MurNAc-pentapeptide to a mbeane-bound undecaprenyl
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phosphate lipid carrier. This lipid I intermedidten undergoes a series of transformations
on the cytoplasmic face of the cell membrane. ANBAlc residue is attached to the
MurNAc moiety within lipid | by the action of MurGyielding lipid 1l — defined as GIcNAc
B-(1—4)-linked to undecaprenyl-pyrophosphoryl-MurNAc tseptide. In some bacteria
additional amino acids are transferred to this ek A flippase protein then shuttles this
advanced intermediate to the other side of the ptggmnic membrane, where it is
polymerised by transglycosylase enzymes — parhefpenicillin-binding protein family.
The undecaprenol phosphate lipid carrier is relbasehis point and recycled by the cell.
Cross-linking of the resulting polysaccharides dhnelir binding to the cell wall occurs
through the action of transpeptidases (also pathefpenicillin-binding protein family).
Some final tailoring reactions follow, resultingtime formation of mature peptidoglycan.

1.2.2.2 Existing inhibitors of peptidoglycan biosynthesis

Inhibitors of the peptidoglycan biosynthetic pattyware much sought after for use as
clinical antibiotics and have been subject of istea research for many decades,
particularly in light of the constant battle agairsmerging antibiotic resistance in
bacteria'®*® Several classes of natural products target eiffestages of this pathway, a
number of which are well known and have seen mgehas therapeutic antibacterial drugs.

Only a small number of antibiotic inhibitors aneokvn which block the early steps of
peptidoglycan biosynthesis, taking place in the oplgsm. Fosfomycin targets

pyruvyltransferase MurA preventing UDP-MurNAc fortiae,**>°

whereas synthetio-
alanine analogues such ascycloserine inhibit alanine racemase DdIB, prewventhe
formation and hence incorporation of non-proteimige-Ala into UDP-MurNAc> The
formation of cytoplasmic membrane-associated ligig translocase | (MraY) is the target
of a number of related nucleoside antibiotic faes)i including liposidomycins,
mureidomycins and tunicamycins. Their action v discussed in more detail in the

following section.

Lipid Il is one of the most important targets fontibiotics, with a variety of natural
product classes exhibiting their function agairist Amongst these is moenomycin, a
phosphoglycolipid which acts as a lipid 1l substrahimic, binding strongly to the
transglycosylase active site and blocking polynagias. Unfortunately it has so far eluded
therapeutic use due to poor absorption and phatiretic propertie§>>2

Glycopeptide antibiotics are probably the mostangnt class of natural products
targeting lipid I, with vancomycin and teicoplanbeing used as a last-resort antibiotic
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against resistant Gram-positive pathogens such ethicilin-resistant Saphylococcus
aureus (MRSA). The mode of action of these non-ribosompeptides relies on non-
covalent binding to thep-Ala-D-Ala terminus of lipid Il, blocking subsequent
transglycosylation and transpeptidation st&ps. Notable synthetic variants dalbavancin,
telavancin and oritavancin exhibit optimised birglicharacteristics and pharmacokinetic
properties, showing improved activity against enmgygzancomycin-resistant enterococci

(VRE) and vancomycin-resistafiaphylococcus aureus (VRSA) >*°°

Lantibiotics are post-translationally modifiedpasomally-synthesised peptides and
they exhibit a different mode of action on lipid®{”® They are classed into two major
subgroups, type A and type B. Type B lantibiott&eh as mersacidin and actagardine
possess globular structures which bind lipid Il abtbck transglycosylase and
transpeptidase activities. Type A lantibioticstsas nisin and epidermin on the other hand
possess straight-chain, amphiphilic structures wigerform the dual action of binding
lipid Il and then using it as a docking moleculépwing the binary complex to form a
defined pore in the cellular membrane, therebyugisng its integrity. Both type A and B
compounds bind the carbohydrate-pyrophosphate gomodf lipid II, thus differentiating
them from glycopeptides. Recently-discovered plgiatis an unmodified fungal defensin
peptide with a lipid 1I-binding mode of action slani to type B lantibiotics?

Further lipid 1lI-binding compounds are generallgssed as cyclic depsipeptides or
lipopeptides and include ramoplanin, mannopeptongycikatanosin, plusbactin and

daptomycin'®°®

Their structures typically involve a cyclic pefai including non-
proteinogenic amino acids and are adorned with abgins or hydrophobic residues
essential for activity, as well as carbohydrateahes in some cases. Although evidence
suggests they bind lipid Il, the precise mode dibacin each case is still a matter of debate

and active researéfi>8°

Other, related peptides are known to target differareas of peptidoglycan
biosynthesis. Bacitracin forms a ?Zrlependent complex with undecaprenyl
pyrophosphate, preventing the recycling of thiseesal lipid-carrier after release during
transglycosylatiof®®*  Similarly, lipopeptides amphomycin and friulimicform C&*-
dependent complexes with undecaprenyl phospfidtelt should be noted that these lipid
carriers are utilised in other pathways such ahitec acid and capsid biosynthesis, so their
sequestration has more general effects outsidegpedoglycan pathway.

By far the best known and most widely used cladspeptidoglycan biosynthesis
inhibitors are the large group di-lactam antibiotics, encompassing subgroups of
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penicillins, cephalosporins, monobactams, carbapsrend their numerous semisynthetic
variants?®** They all possess frlactam ring which structurally mimics tieAla-p-Ala
terminus of lipid 1l and are thus recognised amghtty bound by the active site of
transglycosylases and transpeptidases, giving thesgmes the pseudonym of penicillin-
binding proteins. These antibiotics form a stableary complex or enzyme-bound
intermediate which inactivates the prot&in.

These inhibitors, their mode of action and in maages mechanisms of resistance to
them have been well studied and the area remaimnsna active topic in medicinal
chemistry, microbiology and natural product reskarc

1.2.2.3 Structure and function of MraY

MraY, also known as translocase | (EC 2.7.8.18)an integral membrane protein
which catalyses the synthesis of lipid | on theiiir surface of the cell membrane, a key
precursor to polymerisation monomer lipid Il. lediates the transfer of phospho-MurNAc
pentapeptide from UDP-MurNAc pentapeptide to themimeane-bound lipid carrier
undecaprenol phosphate (Fig. 1.5). Its genetic fandtional characterisation has been
reviewed in detaif’

MraY is part of a larger family of enzymes, alltalgsing the transfer of a
hexosamine phosphate from a soluble UDP-hexosadaner to a membrane-bound lipid
phosphate  acceptor. Members of this family are meéer UDPN-
acetylhexosamine:polyprenol phosphatacetylhexosamine-1-phosphate transferases and
orthologues include enzymes involved in prokaryatd envelope biosynthesis such as
WecA, TagO, WbcO, WbpL (lipopolysaccharides) and p@&g (rhamnose-glucose
polysaccharide), as well as eukaryotic enzyme GRijolved in protein N-
glycosylation®®®” These enzymes share a common global structurenanie of action,
although differ in their selectivity for the UDPstwsamine substrate, and to some extent
the nature of the lipid phosphate acceptor — widamdecaprenyl phosphate in prokaryotes
and closely related dolichyl phosphate in eukargiote

MraY consists of ten transmembraméielices and has three conserved aspartic acid
residues located on the second and fourth of fiy®ptasmic loop§>®® These are
mandatory for activity, and two of these residues groposed to bind an essential g
cofactor while the third is the postulated actiite siucleophile — D115, D116 and D267
respectively inE. coli MraY.®® Other cytoplasmic loops are proposed to be irealin
substrate specificity and binding.
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| UDP-MurNAc pentapeptide | a enzyme-bound IID-AIa lipid |
L-Ala DAP intermediate

\
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115Asp'1® Asp?67
cytopLAasM A

CYTOPLASMIC
MEMBRANE

CELL SURFACE

undecaprenyl phosphate

Fig. 1.5 Synthesis of lipid | catalysed by MraY

A two-step catalytic mechanism has been propge®edeedingiia an enzyme-bound
intermediate and with attack at the phosplat® the sugar residue in both stages (Fig.
1.5)%37 |n the first step, the Mg cationic cofactor interacts with the negativeharged
pyrophosphate group of UDP-MurNAc pentapeptide activates it as a leaving group,
promoting nucleophilic attack at the phosphate grby the active site aspartate residue.
Following UMP release, the second step involvesrainhal hydroxyl on the membrane-
bound undecaprenol phosphate substrate attackireg @hzyme-phospho-MurNAc
pentapeptide intermediate at the phosphorus atonihe resulting undecaprenol-
pyrophosphoryl-MurNac pentapeptide product lipidslsubsequently released and the
native enzyme regenerated. Although this mechahasinot been proved beyond doubt,
two observations strongly support its validity:ralease of phospho-MurNAc pentapeptide
has been observed, which would result from hydislysf the enzyme-bound
intermediaté®® b) the enzyme catalyses the exchangé’@fUMP with the UMP moiety of
UDP-MurNAc pentapeptide with or without the presen€ undecaprenyl phosphafe.

The study of MraY is hampered by its extremely lostural abundance and integral
membrane localisation. A number of soluble, actweparations of MraY have been
described from micrococcE. aureus and E. coli, typically extracted with detergents and
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activated by addition of phospholipids such as phasdylglycerol®* This means
enzymatic assays have generally been performed \dlftially purified enzyme
preparations. More recently, MraY from a numbersofirces has been overexpressed in
E. coli which, together with optimisation of extractiontelgents, has allowed it to be
purified to homogeneity for the first tinfé. Substrate specificity experiments using
polyprenol phosphate acceptor and UDP-MurNAc-pestige donor substrates showed
some plasticity as to the nature of the peptide slthin attached to MurNAc, reflecting the
variations observed in these residues in peptidagiyfrom different bacter&. A number

of assays using fluorescent or radiolabelled satestr have been developed, allowing
enzyme kinetics to be analysed and inhibitors see#

1.2.2.4 Tunicamycin inhibits MraY and lipid | formation

Tunicamycins are reversible inhibitors of MraY, thvK; = 550 nM and 16 = 44
ng/mL3""3" The inhibition was found to be competitive wigsspect to UDP-MurNAc-
dansyl pentapeptide modified substrate, but nonpatitive with respect to undecaprenyl
phosphaté? Their structures act as bi-substrate analoguesramic the transition state of
the transfer reaction, blocking the active sitehe Ttunicamycins have not seen use as
antibacterial agents due to cytotoxicity in mammassociated with their inhibition of
eukaryotic GPT involved in the first committed stdproteinN-glycosylation (see section
1.2.3.4)%*
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0]

Capuramycin

Muraymycin A1

Fig. 1.6 Nucleoside antibiotic inhibitors of MraY

Other inhibitors of MraY typically consist of ugitbeptide and fatty acyl nucleoside
antibiotics.  The structure-activity relationshi@nd inhibitory properties of these
compounds and their semisynthetic analogues hase teeently reviewed:**"®the main
families of natural products involved are the mdoanycins, capuramycins, liposidomycins
and muraymycins (Fig. 1.6). The mureidomycin fgmivhich includes the pacidamycins
and napsamycins, shows potent inhibition of MraXhwio toxicity against mammalian
cells. Mureidomycin A was shown to be a slow-bngdinhibitor of E. coli MraY with K;
=35 nM, K* = 2 nM and IG, = 50 ng/uL. It is competitive against both enzyme
substrates — UDP-MurNAc pentapeptide and undecgbpdrosphate — as well as against
cofactor Mg@*. Aside from the mureidomycins mimicking the utligiprtion of the natural
substrate, their terminal amine moiety has beemased to bind to the Mg cofactor
binding site. The liposidomycin family also comsithe caprazamycins, muraminocin and
A-97065. They contain an additional acyl chain efthitargets the molecule to the
membrane, where MraY is found, and which may mithie undecaprenol phosphate

-13 -



Chapter 1: Introduction

substrate. These compounds have been shown &s atdbw-binding inhibitors oE. coli
MraY with Ki* = 80 nM (K not determined) and are competitive with respect t
undecaprenyl phosphate but non-competitive witipeesto UDP-MurNAc pentapeptide.
They were not cytotoxic when tested against mananalkells. Members of the
muraymycin and capuramycin families have also b&fsmwn to be potent inhibitors of
MraY invitro, with ICsq values of 27 and 17 ng/mL respectively. Unlike thnicamycins,
these nucleoside antibiotics all show greatly iasesl specificity for MraY over eukaryotic
GPT and hence are not toxic to mammalian cells.

A further inhibitor of MraY has also been disce@rwhich is not a nucleoside
antibiotic. Bacteriolytic E protein from bacterlgge®X174 is a 91-amino acid protein
containing a transmembrane dom&i® It was proposed that E protein inhibits the
formation of protein-protein interactions betweeraM and other peptidoglycan assembly
proteins in the cytoplasmic membrane. Inhibitioaswshown to be non-competitive with
respect to both natural substrates, implying pnoteibinds outside of the MraY active
site.”®

-14 -



Chapter 1: Introduction

1.2.3 Protein N-glycosylation
1.2.3.1 Structure of N-linked glycans

Carbohydrates, otherwise known as glycans, makenepof four essential building
blocks in cells, alongside proteins, nucleic a@dd lipids. They mediate a huge range of
vital cellular processes, owing largely to theitragrdinary structural diversity. Many
glycans exist on the outside of cells as lipid protein glycoconjugates and exert some of
their most important functions throughout all segé these secretory pathways. They
provide structural and modulatory roles with wi@aging effects including physical
shielding and structural rigidity thanks to extri&ddar polysaccharide coats, stabilisation of
proper protein folding controlled by nascent protglycosylation and localisation of
mature glycoprotein constructs to their final gkl destinations. They also function as
recognition epitopes in a wide variety of cell-calid protein-protein interactions, with
mediation of vital events including innate immungstem activation by glycan-binding
lectins, nervous system modulation by gangliosidesl embryonic development and
differentiation regulation by glycosphingolipidsThe major classes of glycoconjugates
found in eukaryotic systems amld- and O-linked glycoproteins, glycosaminoglycans,
glycolipids and glycosylphosphatidylinositol (GRInchors. There remains great structural
and functional variation within each class, andhem®&mber has been extensively studied
and comprehensively reviewE¥* In the following sections we will focus on theustture,
functions and biosynthesis bFlinked glycoproteins, list small molecule inhikioof this
pathway and highlight the important effect of tamgycin in the perturbation and study of
these processes.

The N-linked glycosylation of proteins is the most commgoovalent protein
modification in all eukaryotes and many archaeéa,jdwuery rarely observed in bacteria. It
involves the co-translational transfer of a conedrtetradecasaccharide precursor to an
asparagine residue on targeted proteins, typi¢hHyugh recognition of a Asn-x-Ser/Thr
motif. This conserved oligosaccharide is next mned and edited by a variety of
glycosidases and glycosyltransferases, yieldingpenedibly diverse array of protein-bound
glycan structures. These constructs are classifi@dthree main groups — oligomannose,
complex and hybrid glycans (Fig. 1.7). All of teeshare a pentasaccharide core of
MansGIcNACc,Asn, derived from the common oligosaccharide bitisstic precursor. The
variations between these glycan groups stem froen different terminal branches of
carbohydrates attached to this core. Oligomangbsans typically contain 2-6 additional

- 15 -



Chapter 1: Introduction

mannose residues attached to the terminal mannoi$e af the pentasaccharide core.
Complex glycans are typically more branched; behwse and four additional branches
stem from the core with a wide range of modificatiabserved. The most common of
these are sialyl-lactosamine antennae, althougér®ihclude #3-1—4-linked GIcNAc or
ana-1—6-linked fucose attached to the branched mannotfgeannermost GIcNAc of the
core respectively, and sialic acid, fucose and agat® modifications to lactosamine
branches. Hybrid glycans contain features fronflmligomannose and complex structures.
Typically these involve oligomannose structurestloma-1,6-Man arm and complex-type
structures on the Mari,3 arm, as well as frequent occurrence of a bisgft1—4-linked
GIcNAc attached to the branching core mannose. reTtgsignificant structural overlap
between these three groups and their function@srare complex and under dynamic,
temporal control. This has greatly complicated shedy of their actions in living cells,
although significant advances are being made srthiltidisciplinary field of glycobiology.
The structures and functions of specifitlinked glycans have been comprehensively
reviewed>"%?

Oligomannose Complex Hybrid
B MN-Acetylglucosamine (GIcNAC) ﬁ4 B-1-4 glycosidic linkage
@ Mannose (Man) o3  ©-1-3 glycosidic linkage
A Fucose (Fuc)
O Galactose (Gal)
@ N-Acetylneuraminic acid (Neu5Ac, sialic acid)

Fig. 1.7 Structures of major N-linked glycan classes.
(reprinted with permission from Varki et al.,* © 2008 Consortium of Glycobiology Editors, La Jolla)
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1.2.3.2 Functions of N-linked glycans

One of the most important functions Wflinked glycans in eukaryotic cells is to
promote the proper folding of growing polypeptideins and newly synthesised proteins
in the endoplasmic reticulum (ER), and accordinghys property has been well
reviewed®®* Inhibition of N-linked glycosylation is most often associated witte
observation of misfolded and aggregated proteims,od the resulting physiological effects.
N-linked glycans have been shown to impose confaoomal preferences on the nascent
polypeptide, assisting the folding process. Omrel thf asparagine-linked glycans occur at
compactp-turns in the folded protein, with the glycan haltpiinduce this conformation
during folding. That said, the reliance of suct@sgrotein folding on cotranslation-
glycosylation is entirely protein dependent; sometgins show no requirement for such
modifications whereas others exhibit partial orregemplete dependencal-glycosylation
can also maintain the solubility of intermediateghe protein folding process, mimicking
molecular chaperones. However, once a proteinabbgved its final, fully-folded state,
the presence of aN-linked glycan is much less vital for stability andn often be safely
removed without adverse effects.

An important associated role of asparagine-linggatans is in the recruitment of
proteins into the calnexin-calreticulin chaperogele in the ER#% Membrane-bound
calnexin and soluble calreticulin are lectins foundthe ER which transiently bind to
nascent glycoproteins, assisting in the foldingcpss. Knockouts of this pathway in
transgenic mice have been shown to be lethal aahg embryonic stage. The lectins both
bind specifically to monoglucosylated forms of thidinked oligosaccharide with the form
GlciMans.¢GIcNAC,, following the action of ERx-glucosidases | and 1l on the initial
polypeptide-bound core tetradecasaccharide (Fig). 1.Binding of these lectins to
appropriately tagged proteins can last betweerwanfienutes and a number of hours, and
the process partly functions to slow down the m@terotein folding with the result of
improved folding efficiency. Calnexin and calrefia also form a complex with ERp57, a
protein disulfide isomerase which forms short-liBsulfide bridges between itself and the
lectin-bound glycoproteins. It ensures disulfidmtts are formed in the appropriate order
and with the correct partners on the way to a neapmotein fold. Additionally, the
complementary actions of soluble ER enzymes gldess [l and UDP-
glucose:glycoprotein glucosyltransferase (UGGT)tadrthe calnexin-calreticulin binding
cycle, further mediating the protein-folding progesGlucosidase Il removes the final
glucose residue required for lectin binding in @le;Mans.gGICNAC, motif, causing steady
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release of proteins from the calnexin-calreticalmaperone system irrespective of whether
they are correctly folded. Fortunately, UGGT reuisgs any misfolded proteins through
their biophysical properties — such as exposeddpfbic regions and excessive dynamic
mobility — and reinstalls the necessary glucos&lues enabling re-entry into the calnexin-
calreticulin cycle. This cycle embodies a quatipntrol system for protein folding in the
ER prior to transfer to the Golgi for further glycprocessing, and is entirely dependent on
the presence of a suitably proceshlethked glycan.

Specific N-linked glycan motifs also play a vital role in ERsociated protein
degradation, where misfolded or mutant proteins tameted to the cytosol for
ubiquitination and 26S proteasome-mediated degmaddt®*®*%"®  The precise
mechanisms of how this system operates are asngar, although inhibition of ER
mannosidase | significantly ablates this procesglying the product of this glycoside
hydrolase — glycan motif GJgMangGIcNAC, — plays an important role as a sorting criteria
for protein degradation.

Another important role of asparagine glycans isamsport and targeting of correctly
folded proteind!®384 Several mannose-specific lectins have been fiEhtivhich mediate
glycan-dependent trafficking of glycoproteins frothe ER to the Golgi complex.
Additionally, the many processing enzymes residenthe ER, Golgi and lysosome
membranes themselves contain characterisStiglycan motifs, recognised by specific
lectins and targeted to the relevant cellular catnpents. Selective targeting of lysosomal
hydrolases is particularly well studidd. Introduction of a 6-phosphate group onto
particular terminal mannose residues in trimnietinked oligosaccharides targets these
glycans for recognition by mannose-6-phosphaténeeteptors in the trans-Golgi network,
which sequester these glycoproteins and escort thienvesicles to endosomes and
lysosomes. Binding to the lectin is pH-dependant the glycoprotein cargo is selectively
released in the low pH environment of endosomedyswsomes.

The Golgi complex is responsible for introducirte tgreat diversity of terminal
glycan modifications found in different glycopraiei These specifically tailored glycan
structures help to correctly localise the matui@ein to its relevant cellular compartment
or onto the cell surface. Once in place, Miglycans of these glycoproteins have been
shown to be essential in a wide variety of phygjaal functions. The molecular basis for
many of these functions as well as the roles oftrt@sinal glycan modifications have not
yet been elucidated, but the better studied exanpkve been subject to excellent
reviews®:828%9 gome examples whekelinked glycans play important roles can be found
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in cellular metabolic enzymes, hormones and cy&xinviral glycoproteins, plasma
proteins and coagulation factors, and a wide warétmembrane proteins. These roles
vary between structural, protective and stabilisfogctions, or as antigens for lectin
receptors from numerous physiological pathways.

1.2.3.3 Biosynthesis of N-linked glycans

The biosynthetic pathway tdl-linked glycans incorporates many of their most
important functions related to mediation of protéafding. The pathway can be resolved
into two stages taking place in a combination & #ndoplasmic reticulum and Golgi
apparatus, both of which have been comprehensieelgwed®* 82
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Fig. 1.8 The dolichol pathway — synthesis of precursor oligosaccharide GlczMangGIcNAc,-PP-Dol.

(reprinted with permission from Varki et al.,* © 2008 Consortium of Glycobiology Editors, La Jolla)

The first of these stages is called the dolictathpray and involves the synthesis of a
lipid-linked oligosaccharide with a conserved td&easaccharide structure (Fig. 1.8).
818291 Construction of this GianGIcNAc,-PP-Dol precursor commences from dolichol
phosphate (P-Dol), a membrane-bound polyisopremid I(Fig. 1.8). The enzymes
involved in glycosyl transfer to this lipid have dve identified primarily from genetic
mutants of the yeaSaccharomyces cerevisiae, and the genes involved have been named
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ALG genes from ‘akred in_gycosylation’. A GIcNAc-1-phosphate residue isnséerred
from UDP-GIcNAc to P-Dol on the cytoplasmic facetbé ER by the action of the gene
product of ALG7 — also known as GIcNAc-1-phosphate transferaseT)GPto yield
dolichyl-pyrophosphoryN-acetylglucosamine (GIcNAc-PP-Dol). A second GIlaNA
residue is transferred from UDP-GIcNAc, followed toye mannose (Man) residues from
GDP-mannose. The resulting M@icNAc,-Dol-PP is next flipped from the cytoplasmic
face to the ER lumen, where subsequent transfestioea utilise membrane bound
enzymes and lipid-linked monosaccharide donorsur IRmre mannose residues are added
to the oligosaccharide from Man-P-Dol donors, faka by three glucose (Glc) residues
from Glc-P-Dol. The resulting 14-sugar oligosacddea is a common precursor to all
mature N-linked glycan structures and undergoes bloc transfer from Dol-PP to
asparagine residues of growing polypeptide ch&ireugh recognition of a conserved Asn-
X-Ser/Thr  sequon. This event is catalysed by muitunit enzyme
oligosaccharyltransferase (OST) and occurs onuhenlal face of the rough endoplasmic
reticulum while the protein is being synthesisedBR~bound ribosomes and is threading
through the translocon in the ER membrane.

The second stage in the biosynthetic pathwal-bihked glycans follows directly
after the attachment of the conserved oligosacg@ad the nascent protéth®*%? The 14-
sugar glycan undergoes a variety of trimming reastiin the ER and Golgi apparatus,
starting with the removal of the three glucosedess by ERx-glucosidases | and 1l. At
this point the nascent glycoprotein is intimategsaciated with the calnexin-calreticulin
cycle and the ER-associated degradation pathwajessribed previously. Successfully
folded proteins resulting from these quality cohtneasures have a terminal mannose
residue from their glycan’s central arm removed ¥ a-mannosidase |, before being
transferred to theis compartment of the Golgi. Here, most glycoprotdiase additional
mannose residues removed by the action-af2 mannosidases IA, IB and IC to yield a
MansGIcNACc,-Asn intermediate, with the exception of glycansstoeed to form
oligomannose-type structures. Following transbethemedial-Golgi, glycosyltransferase
GIcNACT-I transfers a GIcNAc residue from UDP-Glchl#o thea-1,3-arm mannosea-
Mannosidase Il can subsequently remove the tworowmi@nnose residues generating
GIcNAcMansGIcNAc,-Asn and leading to complex-type glycans. Hyhbxgjlycans are
formed wherm-mannosidase Il does not act on this glycan.
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Fig. 1.9 Processing and maturation of N-linked glycans in the ER and Golgi
(reprinted with permission from Varki et al.,** © 2008 Consortium of Glycobiology Editors, La Jolla)

Diversification of these intermediates follows,thwiaddition of further GIcNAc,
galactose, fucose, mannose and sialic acid resigugsminal and internal sugars in the
oligosaccharides occurring in tmeedial- and trans-Golgi. This results in complex and
hybrid glycans with a wide range of structural niieditions, including a variety of terminal
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sugar moieties, multiple branches and additionaldtees attached to the core. These
glycoproteins are then trafficked to the plasma imeme, internal organelles or for

secretion. Fig. 1.9 additionally shows the moadificn of lysosomal hydrolase glycans to
form terminal Man-6-P residues facilitating the cdfie endosomal localisation discussed
previously.

It should be noted that glycoproteins are predamily heterogenous, which means
that proteins sharing a polypeptide backbone casteberated with a variety of differeNt
linked glycans. Additionally, if more than one AXrRSer/Thr sequon exists in a protein
seqguence, populations with glycosylation on eadter@int or multiple sequons can exist,
alongside variation in the glycan structure whistaitached. These different forms of the
same DNA-encoded protein are termed glycoforms amsk from a number of dynamic
factors, including local protein conformations,nigsport rates through different ER and
Golgi compartments, the state of nucleotide sugatabolism, competition between
processing enzymes for the same glycoprotein satestind the proximity of the asparagine
sequon to the transmembrane donfain.

1.2.3.4 Tunicamycin inhibits N-linked glycoprotein biosynthesis

Tunicamycin has become a very important tool far study of glycoproteins in a
wide variety of biological systems. It inhibitsettirst committed step in the dolichol
pathway of N-glycosylation, namely the formation of membranentd N-
acetylglucosaminyl-pyrophosphoryl dolichol (GIcNR&®-Dol)**%%%  As such, it
terminates proteifN-glycosylation at its earliest stage, allowing pig/siological effects of
these important post-translational modificationgé¢ostudied. Additionally, tunicamycin is
used in cell culture applications to ensure homedgrof target proteins produced using

mammalian cell line&>%

The enzyme it targets is GIcNAc-1-phosphate t@rede (GPT), which catalyses the
transfer of GIcNAc-1-P from UDP-GIcNAc to lipid aér dolichol phosphate (Fig. 1.1%).
GPT is the only eukaryotic member of a family ansmembrane proteins known as the
UDP-D-N-acetylhexosamine:polyprenol  phosphate-N-acetylhexosamine-1-phosphate
transferase®®” All other members are from bacterial sources arelinvolved in cell
envelope biosynthesis; they consist of MraY (pegglgcan biosynthesis), WecA, TagO,
WbcO, WbpL (lipopolysaccharide biosynthesis) and p&g (rhamnose-glucose
polysaccharide formation). The structural progsrtand mechanism of MraY were
discussed in section 1.2.2.4 and GPT shares maiiyese features. Briefly, it has ten
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transmembrane domains with five cytoplasmic lodpsysing a DDxxD M§'-binding
motif and an active site nucleophilic aspartatédiess Catalysis proceeds through a double
displacement mechanism, forming an enzyme-bouretndiate between the active site
aspartate residue and the phosphorus of GIcNAceksdiate, before displacement by
incoming dolichol phosphate.
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Fig. 1.10 Relation of tunicamycin structure to reaction catalysed by GPT

GPT, like most UDP-HexNAc:Dol-P HexNAc-1-P transiges, has resisted
successful over-expression or purification to a bgemous form, owing to its properties as
an intrinsic membrane protein. As such, detail@netic parameters for tunicamycin
binding are not available, although inhibition dfetenzyme have been studied using
solubilised and partially purified preparationsnirgig aorta® as well as membrane and
microsomal fractions from yeast and calf li¥&f* Tunicamycin is a potent inhibitor of
GPT with an IG, of 0.05-0.1 pg/mL and inhibition has been repottete irreversible and
noncompetitive with respect to both substrdfesin contrast, its inhibition of MraY is
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approximately 500-fold lower at 44 pg/mL and is patitive with respect to the nucleotide
substrate but noncompetitive with regard to théliphosphaté? These differences are

surprising given the similarity of the two enzymasd the equivalent mode of action of
tunicamycin in both cases. The dissimilaritieseslbed may be a result of tunicamycin
mimicking the pentapeptide-containing UDP-MurNAeedsby MraY less well than the

UDP-GIcNAc substrate of GPT. It should be noteat tihhe 1G, values reported for both

enzymes use protein samples of very different yuathomogenous preparation of GPT
using modern protein purification techniques woliletly provide a more comparable

result.

The potency of tunicamycin derives from its cleseictural similarity to the UDP-
GIcNAc substrate of GPT (Fig. 1.10). It binds e tactive site of the enzyme much more
strongly than the native substrate, and may act &snsition state mimic. Molecular
modeling andH and**C NMR studies — including rotating angle nucleaetauser effect
(ROESY) analysis — of native and deuterated tunycams have established their preferred
conformations, and offer insights into active sitmding?’ The uracil and GIcNAc
portions of tunicamycin clearly mimic the same ntiee in UDP-GICNAc, but the central
tunicamine residue is also proposed to mimic theopyospho-ribose of the native
substrate. 5°-OH, 8°-OH and the 7°-O ring oxygea predicted to coordinate with the
active site M§" cation.

1.2.3.5 Other inhibitors of protein N-glycosylation

A number of compounds other than tunicamycin hbgen found which inhibit
different stages of thBl-glycosylation pathway. These have been well regdt but the
most important inhibitors will be summarised bef8w°%®

In the dolichol pathway, a number of natural pidantibiotics have been shown to
interfere with the formation of the conserved liitked oligosaccharide. Peptide
antibiotics amphomycin, tsushimycin and showdomyuglmibit the formation of dolichol-
linked monosaccharide precursors, while bacitrdwas shown a spectrum of activity
against various steps in the pathway, derived ftoenformation of a tight complex with
lipid-carrier dolichol. Diumycin inhibits the foration of GIcNAc-PP-Dol and Man-PP-
Dol building blocks, but has also been shown teblihe transfer of the second GICNAc in
the formation of GIcNAgPP-Dol. A variety of sugar analogues have alsnbmbserved
to interfere with the dolichol pathway. These gn@cally deoxy- or fluoro- analogues of
D-glucose and-mannose, and include 2-deomyglucose, 2-deoxy-2-fluoro-glucose, 2-
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deoxy-2-fluorob-mannose, 4-deoxy-4-fluom-mannose and 4-deoxymannose. All of
these sugars are first metabolised to their reseaucleoside diphosphate esters in the
cell, consequently acting as substrate mimics dng tcompetitive inhibitors of the
enzymes involved in forming dolichol-linked monosharide precursors and the
subsequent glycosyl transfer reactions in the Holigpathway. An exception is-
glucosamine which exerts its action directly, shuayviinhibitory activity against
mannosyltransferase enzymes involved in constrgi¢he lipid-linked oligosaccharide. It
should be noted that many of these sugar analagaresxhibit a myriad of cellular effects
derived from metabolic conversion into other reatfanot related to glycoprotein
biosynthesis, and care should be taken when irgngrexperimental data. As can be seen
in Fig. 1.11, these compounds typically exhibitdst@ctivity across a number of enzymes
in the dolichol pathway. Tunicamycin is the onkception, specifically targeting GPT and
the formation of GIcNAc-PP-Dol.

ubDP{d ®
vy ‘k
Tunicamycin
Bacitracin
Amphomycin Do @@
Dol Diumycin
UDP1id
Bacitracin
Diumycin
UDP Iz
Dol
2-Deoxy-glucose
2-Deoxy-2-fluoro-glucose
iﬁ:ﬁxﬁiﬂnuoro-mannose Showdomycin
GDPQ 4-Deoxy-4-fluoro-mannose 4—”— UDPH
Glucosamine
GDP =
v @ phosphate
dolichol
Il conac
DoI)-@
O mannose
2-Deoxy-2-fluoro-mannose
GDPQ 4-Deoxy-mannose p glucose
Amphomycin
Bacitracin
Diumycin

Fig. 1.11 Inhibitors of the dolichol pathway of N-linked glycosylation
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A variety of inhibitors have been discovered térge the trimming pathway of
proteinN-glycosylation, following transfer of the conservaltjosaccharide to the nascent
polypeptide chaifi**®*® These compounds are typically polyhydroxylatddaaids with
structures resembling the transition states ofrtiing pathway glycosidases, mimicking the
hydroxyl group orientations and ring skeleton confations of the natural substrates. One
class of compounds targetsglucosidases involved in the initial processinghaf 14-sugar
precursor and associated protein folding chapesystems. Notable examples from this
class are deoxynokiromycin, castanospermine antadine, which targeti-glucosidases |
and Il with differing, but not exclusive specifésie Treatment of cells with these
compounds led to the accumulation of fully or glyiglycosylated oligosaccharide chains,
although this did not cease subsequent trimming{oyannosidases in many cases. The
second class of glycosidase inhibitors targetsnannosidase trimming enzymes.
Deoxymannojirimycin targeta-mannosidases |, whereas swainsonine and manmogtati
targeta-mannosidase Il; in both cases a build up of higtnnose and hybrid-glycans is
observed, at the expense of complex glycans. Safiteese compounds have shown
positive effects as drugs in the treatment of diedyelysosomal storage disorders, cancer
metastasis and even HIV infection, and remain ea af active researéh®?
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1.3 Chemical synthesis of the tunicamycins
1.3.1 Total synthesis of natural products

The chemical synthesis of natural products ha# la@eimportant area of research
ever since the total synthesis of urea in 1828Hundreds, if not thousands, of natural
products of ever-increasing complexity have sinezrb synthesised, many of which
offering valuable contributions to the study andatment of human disea$8. Such
synthetic studies play a number of functional rolegstly, they can be used to validate the
precise structural assignment of a natural prodogtcomparing well defined synthetic
products and intermediates with authentic sampled their degradation products.
Furthermore, some natural products are isolatedaninute quantities by unculturable
organisms, and a synthetic route to their prodactian provide sufficient quantities for
testing the myriad of biological activities they gsess. Functional analogues can be
accessedia these routes to further probe the biological raéshese compounds and
assess structure-activity relationships. Finalych studies offer great contributions to the
field of organic chemistry, furthering our understang of fundamental reactivity and
chemical theory, and also providing ingenious sgtithmethodologies that often extend
beyond those employed by nature. Vast progresbas made in the field of organic
chemistry, and armed with a diverse toolbox of Bgtit reactions chemists can now access
even the most challenging natural product scaffol@lsis broad field remains a vital area
of research, and continues to complement the indeeddvances made in areas such as
biochemistry, genomics and therapeutic medicine.

A number of synthetic studies towards the tuniceing/ have been published, with
two full syntheses reported. In this section wd summarise these efforts and discuss
them in the context of producing tunicamycin anakg)

1.3.2 Suami (1984): Total synthesis of tunicamycin

Between 1981 and 1988, the laboratory of Tetswantsin Japan published a series
of papers on the synthesis of tunicamy¢is?’ culminating in the first total synthesis of
tunicamycin in 1984%% Native tunicamycin homologues I, V, VI and VI# later
renamed 144, 15:1, 15:0 and 164 respectively — were synthesised, together withteig
fatty acyl analogues. A subsequent publicationsgméed the synthesis of ax-
acetylgalactosamine (GalNAc) analogd®.
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Fig. 1.12 Suami’s synthesis of tunicaminyl-uracil precursor

The synthesis began with the construction of threcamine undecose skeleton, its
salient feature being a Henry reaction betweertro-nibose5 and galactosamine aldehyde
derivative3 (Fig. 1.12)'°" The 5-nitro-ribose precursor was derived fromnpprotected
p-allofuranose4*®® through periodic acid-mediated oxidative cleavaijethe terminal
CH,OH followed by ®2 displacement of a subsequent 5-iodo intermedidtte sodium

nitrite 207

The aldehyde coupling partner was accessed frowwk, protectedp-
galactosamine derivativE'®via Sy2 inversion of an activated @-tosyl intermediate — to
yield a galacto- conformation — together with accompanying protegtigroup
manipulations, and followed by Pfitzner-Moffatt dation of the €6 hydroxyl to the
requisite aldehyde iB.1% Following the fluoride-mediated coupling of these® partners,
the resulting nitro undecosewas dehydrated and hydrolysed yielding a mixtur€ &
isomers. Further protecting group manipulationsued and the desired isomer of
tunicamine derivativg was isolated in 13% yield over the 5 steps — tageith 25% of
its epimer. A uracil moiety was next introducetbithis sugar, yielding tunicaminyl-uracil

8, which was subsequently activated as an anomildcide ©).*%**°"

The previously constructed tunicaminyl-uracil cide 9 was used as a glycosyl
donor for construction of the requisite3-1,1 glycosidic bond in tunicamycin (Fig.
1.13)1021%%  The glycosyl acceptofil was derived from allyl 2-acetamido-2-deoxy-
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glucosidel0 through standard protecting group manipulatiomge glycosyl transfer was
catalysed by silver perchlorate and silver carbgngtelding 18% of the desired,f3
anomer and 15% of th&[ by-product. Thex,3 anomer was converted to free amirg
and acylated in moderate yield with fatty acié and N,N"-dicyclohexylcarbodiimide
(DCC). This fatty acid was accessed by additioff2efmethylbutyl)zinc chloridd4 to 9-
ethoxycarbonylnonanoyl chloridd5, followed by Clemmensen reduction aredp-
dehydrogenation of the resulting acyl ethyl estgerimediate. Final deprotection of the
acylated intermediate gave compoutidl analytically identical to an authentic sample of

tunicamycin V (Fig. 1.13§921%

OH 3 t /k
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Fig. 1.13 The end stages of Suami’s synthesis of tunicamycin V

The synthesis described by Suaghial. represents the first total synthesis of any
tunicamycin homologues. It successfully overcotteschallenges presented by the tail-
to-tail coupling of two monosaccharide units inic@mine and also the racgp-trehalose
linkage between sugars. However, the synthesenggthy and contains a large number of
protecting group manipulations which collectivelgcdease the efficiency of the synthesis.
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Other notable concerns are the particularly loidgend stereoselectivity observed during
the nitrate hydrolysis sequence (13%) and the glictransfer reaction (18% desired
epimer). Additionally the moderate 45% vyield oleer during acylation and final
deprotection is costly at such a late stage insth@hesis. There is much potential for
improvement to this synthesis, although the workesents a vital contribution, enabling
the construction of unnatural analogues of tuniaa@myor the first time. The eight fatty
acyl variants exhibited biological activity agaiigwcastle disease virus and the formation
of glycoconjugates and lipid-linked intermediat®s. The terminal GalNAc analogue
showed no antiviral or antimicrobial activity andoderate inhibition of GIcNAc-PP-
dolichol formation®®

1.3.3 Danishefsky (1989): De novo synthesis of tunicaminyl-uracil

Two publications from Samuel Danishefsky’s laboratat Yale University were
published in the late 1980s, offering a very casttr route to the tunicaminyl-uracil
scaffold within tunicamycid'***? Instead of using well known and commonly avaiabl
monosaccharide precursors, the authors chose tertakd ade novo synthesis of these
structures, utilising methodology developed inttteboratory involving cyclocondensation
of aldehydes with siloxydiené&®

The synthesis began with commercially availableline derivativel8 (Fig. 1.14).
Selective protecting group introduction and oxidatto a 5 -aldehydel®) was followed
by strereoselective allylation and protection @ thsulting homoallylic alcohoR(). The
terminal alkene was converted to an aldehyde bydiddxylation and subsequent oxidative
diol cleavage. Aldehyd2l then took part in the key coupling step with sildigne22,**
consisting of a cyclocondensation with subsequerds | of methoxide to vyield
dihydropyrone23. This compound was a mixture of stereocisometbpagh subsequent
reduction of the ketone and protecting group mdaipn allowed isolation of glycél4 as
the major isomer with the desired stereochemistBiversification of this glycal was
afforded by cycloaddition with dibenzyl azodicargtate 25 under photochemical control,
yielding 26. This adduct was finally converted to differeltyiaN-protected tunicaminyl-
uracil derivate7 and 28 by anomeric displacement with MeOH and Raney Na&lgaed
hydrogenolysis, followed by standard protecting ugromanipulations (Fig. 1.14).
Analytical data for acetamid27 exactly matched that of a naturally-derived degradation
product, confirming the successful synthesis ofttimcaminyl-uracil scaffold.
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Fig. 1.14 Danishefsky’s de novo route to tunicaminyl-uracil

The synthetic route presented by Danishefekyl. is very different to all other
published syntheses, and involaisnovo synthesis of monosaccharide motifs within the
molecule. The yields are moderate, but offer aprowement over Suami’'s synthesis.
However, there are still many costly protectingugrananipulations and losses associated
with moderate stereoselectivities of key steps. e Te novo construction of the
galactosamine moiety in tunicamine may be a gooémgkfication of synthetic
methodology developed within this laboratory, huteimains cumbersome considering the
rich stereochemical information possessed by aadvidespread availability of alternative
monosaccharide precursors. An interesting notéhas the authors described serious
difficulties replicating the glycosyl coupling re@m described by Suaret al..!?>!% They
suggest that the original authors met success Hprpgeng the reaction on a large scale
using relay synthesis from fermented tunicamycineseas the reaction is not amenable on
a laboratory scale.
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1.3.4 Zamojski (1992): Synthesis of protected tunic  amine

The third set of studies towards synthesis ofttimécamycins was published in 1992
by the laboratory of Aleksander Zamojski in Polatd*® In contrast to Danishefsky’s
synthesis where the pseudo-galactosamine moietycamstructecde novo onto a ribose
precursor, the approach utilised here was to stdht a b-galactosamine precursor and
build the pseudo-ribose moiety of tunicamine ontasing a non-carbohydrate precursor
(Fig. 1.15).

AcQ OA DMSO o

3$teps —0
AcO E \ ] A% &/OPr @)3 g@o —OPr || pa,
29 Br -78°C
0 J\Q Q{'o-e/' =0 )\;_7 50% 'Prw
|

1 ! i. PPTS
ii. K-selectride
44% over 2 steps

i. spontaneous (e}

o O OH
HoN rearrangement
iérm/\@,@* ii. AcyO, EtsN AQE%WOAC
- =
38 HO™ - ""’O 86% over 2 steps 39 S

Fig. 1.15 Zamojski’s synthesis of fully-protected tunicamine

The first key bond-forming step was a Horner-Waaltii*Emmons condensation of
furyl phosphonat83 andb-galactosamine aldehyd@d, to yield the 11-carbon chain adduct
34 (Fig. 1.15). The galactosamine aldehyde was aedefem knownbD-galactosamine
derivative 29"’ through a series of protecting group manipulatifsi®wed by a Swern
oxidation of the C-6 hydroxyl group. The phospheraster was derived by methylation of
known hydroxy! precursa82.**® Following the coupling of these two units, entilez 34
was hydrolysed and the subsequent ketone steretigelg reduced with K-selectride to
yield alcohol35. In another key transformation, this furfuryl @hol was next converted to
a ‘ribose’ moiety through the approach of Achmatmt al.'**'* Treatment of the
furfuryl alcohol with Be in MeCN/HO provoked rearrangement to an unstable pyran-4-
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ulose intermediate which was benzoylate®b) (and subsequently derivatised to a
polyhydroxylated pyranose structure bearing the@myate stereochemistry at each carbon
centre 87). Deprotection of the anomeric hydroxyl by catialyhydrogenation was
followed by spontaneous isomerisation to the ribmfiose conformation. Partial
acetylation led to the final compouf38, a protected derivative of undecose tunicamine.

The synthetic strategy of Zamojskt al. resulted in the production of a fully
protected tunicamine derivative frobrgalactosamine and furan precursors. Unfortunately
this intermediate was not embellished any furtibembre advanced tunicaminyl-uracil or
tunicamycin scaffolds. As such it represents aonmplete story, but it does offer a new
route to higher sugar constructisa a Wittig-type condensation, plus an interesting
rearrangement of a furfuryl alcohol to a ‘ribosebiety. Once again, the key chain
extension event suffers from a moderate yield, emmpged by the subsequent ketone
reduction which has good (3.3:1) but incompleteestselectivity for formation of the
desired C-5 epimer3p). Moreover, the formation af-galactosamine precurs@s itself
from D-galactal is a far from efficient procéSsand is followed by further costly protecting
group manipulations, reducing the overall efficatyhis synthesis.

1.3.5 Myers (1993): Total synthesis of tunicamycin

Between 1991 and 1994, Andrew P. Myers and thadugite student David Y. Gin
published a series of papers documenting the ssistioé tunicaminyluractf* and a total
synthesis of tunicamycin®? and a C5%epi-tunicamycin V analogu&® The authors revert
to using monosaccharide-derived precursors, andtiaat the tunicamine core through a
silicon-mediated reductive coupling of an aldehgdd an allylic alcohol (Fig. 1.17). They
also report a new method of constructing th@-1,1 glycosidic bond in tunicamycin,
which proved much more efficient than Suami’'s KgsrkKnorr route (Fig. 1.16).
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Fig. 1.16 Myers’ synthesis of a,B-trehalose linkage and key intermediates en route to tunicamycin

The construction of all the precursor units ananiation of thea,3-trehalose linkage
is summarised in Fig. 1.16. The glycosidic bondqgurestion was installed prior to
construction of the tunicamine skeleton. As stikeh,coupling partners were derived from
monosaccharide building blocks; glycosyl accegtbwas synthesised from t@-acetylb-
galactal over 10 steps and glycosyl doA8rwas constructed from t-acetylb-glucal
over 6 steps. These building blocks contain ndy ¢ime necessary stereochemistry and
functional groups of the relevant motifs within iceomycin, but also a phenylselenide
required for the later reductive coupling event fmm the tunicamine skeleton.
Additionally, glycosyl donor43 was activated as a trichloroacetimidate rather than
anomeric chloride for efficient glycosyl transfand glycosyl acceptatl contained am-
phthalimide to provide neighbouring group partitipa during the glycosylation event —
thus maximising the proportion of tleef3-product. In this way, a 77% yield was obtained
for the glycosylation reaction, in contrast to th8% observed by Suanat al.. The
resulting disaccharidél4 was next converted to allylic alcohdl5 via a number of
protecting group manipulations, oxidation of thepylselenide and subsequent elimination
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of the selenoxide intermediate. The coupling pasnfor this allylic alcohol in the

reductive coupling event were uridine-5’-aldehydésand47. Both of these were obtained

directly from uridine by simple protecting group migulation and primary hydroxyl

oxidation — they differ only in the 2°- and 3"-hgdyl protecting groups.

with the preparation of these key reductive couplsubstrates, fatty acifil was also

synthesised for use during end st&gacylation of the tunicamycin core skeleton; thigla

chain corresponds to the one seen in natural tonyica V. Commercial cyclododecene

(48) was first cleaved by ozonolysis to yield aldehyi® which was then olefinated with

isopropylidenetriphenylphosphorane, hydrogenate@unsaturated and finally saponified

to yield branched acifil.
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Fig. 1.17 Completion of Myers’ route to tunicamycin V and its C5’-epimer
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To install the undecose framework of the tunicanmmaety, uridine aldehyde47
and 46 were first converted to hemiselenoacetals and th#rered to allylic alcoho#5
with dichlorodimethylsilane to yield adduci® and 53 respectively, as a mixture of C5°
epimers (Fig. 1.17). The allyloxy carbonate probtecgroups ind7 were incorporated to
allow their mild cleavage following tether formatiovithout interfering with the sensitive
hemiselenoacetal group. Both tethered intermesliatere then subjected to free radical
cyclisation catalysed by B8nH. The silicon tether facilitated the couplingps by
bringing the two substrates into close proximitgh@ugh the stereochemical outcome of
the reaction was found to be highly dependent er2th and 3"-hydroxyl protecting groups
on the ribose moiety. In fact, bulky TBS groupgledse positions favoured formation of
the unnatural C5S isomer, whereas the deprotected hydroxylS4dravoured the nativl
conformation. As such, followingjl-acylation analogous to the method of Suamal.,
tether removal and final sugar deprotection, théh@s were able to access both
tunicamycin V and its C5” epim&e.

The synthetic scheme to the tunicamycins laid loptMyers et al. is certainly
impressive, and not only offers a great improvenwrér that of Suamet al. but also
exemplifies novel synthetic methodology in the Sehated reductive coupling reaction.
The formation of thena,B-trehalose linkage is also greatly improved, apmgymodern
carbohydrate methodology and judicious choice oftigpatory/non-participatoryN-
protecting groups to achieve efficient glycosidant formation. The synthesis offers the
best solution yet to forming the challenging stowat motifs present in tunicamycin. The
synthesis remains somewhat lengthy with a greadlt afeprotecting group manipulations,
although the yields are good and thus losses atstap have been minimised. Some of the
key steps are very delicate and show a great dependence on the neighbouring steric
and stereochemical environment. Production of camycin analogues may require
optimisation of specific conditions and protector@ups in each case, which would not be
conducive with the formation of analogue librariedonetheless, the synthesis presented
here remains the most efficient to date, and alts®as a case study of thorough and logical
natural product research.
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1.3.6 Banaszek (1997): Synthesis of protected tunic  amines

Between 1994 and 1997, the laboratory of Anna Bazalain Poland published a
series of papers reporting their studies towarashgsis of the tunicamycirié***® They
presented a novel synthesis of protected tunicansobunit$® and additionally
demonstrated the elaboration of this scaffold toagB+1,1-linked disaccharic&>126128
The authors constructed the undecose motif throaghWittig coupling using

monosaccaride-derived aldehyde and phosphoniura gbdpling partners.
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Fig. 1.18 Banaszek’s synthesis of protected tunicamines and formation of an a,B-trehalose linkage

O

To construct the requisite coupling partners foWwatig reaction, Banaszekt al.
synthesised-galactosamine-based phosphonium iodd@and ribosyl iodide59 from
known or commercially available monosaccharide yremrs. Ylide formation and
subsequent Wittig coupling was afforded by slowitald of Li-HMDS base to a mixture
of both coupling partners at -70 °C; this methodugad rapid reaction of transient ylides
with present aldehydes and thus minimised lossemopetingB-elimination processes.
Hydroboration-oxidation of the resulting alker@) with BHs;-THF was found to favour
the desired B regio- and stereoisomer over the other three piisiss in a ratio of
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61:10:21:8 (R/596R/6S). This fortunate regio- and stereoselectivitpastulated to result
from initial coordination of boron to the furanosgygen. Further derivatisation of this
tunicamine scaffold was presented, with anomermratection and glycosylation with-
glucosamine-derived bromidi8™?° yielding thea,B-linked pseudo-trisaccharidit in 29%
over 2 steps frortert-butyl glycosides1.

The synthesis of the tunicamine scaffold by Baekst al. represents a simple
protocol utilising known methodology to afford tleballenging tail-to-tail €C linkage
between galactosamine and ribose derivatives. cthgpling step itself is surprisingly
efficient considering the known risk op-elimination from the generated anion.
Unfortunately, the reported route suffers from pooelds in key areas, such as the
stereoselective hydroboration-oxidation and thesegbent anomeric deprotection. The
studies were not extended to a total synthesisumicamycin, nor were any analogues
synthesised.

1.3.7 Sarabia (2003): Synthesis of protected tunica  minyl-uracil

Following from early studies into diazo derivasvef carbohydrates in the mid-
1990s'*°13! Sarabia and coworkers published a synthesis derdiitially protected
tunicaminyl-uracil derivatives in 2003, which indked synthesis of analogues with a
hydroxyl group at C-6" rather than C’82. Their general approach consisted of coupling
galactosamine and uridine moieti¢a diazo and aldehyde functionalities incorporatdd in
the relevant coupling partners (Fig. 1.19).

Starting from knowrm-galactosamine derivativeb, N-acetylN-nitroso sugar§6 and
67 were constructed through protecting group mantmra tosylation and azide
displacement at C-6, followed by azide reductiod ArRnitrosoylation and\-acetylation
(Fig. 1.19). These precursors acted as latenbdiampounds, which when exposed to
KOH underwent transformation to reactive diazo compls 68 and 69 respectively.
Exposure to uridine aldehyd®'! gave 5 -keto tunicamine&l and 73 in good yield. It
should be noted that with model substrates sommdton of epoxides was observed,
although with the true substrates only ketone pratiwere isolate***' Reduction of the
ketones to the requisite hydroxy groups of tunicenproceeded in good yield, although in
both cases a mixture of stereocisomers was obser#tiough good stereoselectivity was
achieved in the reduction, the stereochemistryhef €-5" position was only tentatively
assigned, if at all. As such, the true configumaf the final tunicaminyl-uracil derivatives
72 and74 has not been confirmed, and a level of ambiguitgai@s over this crucial final
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reduction step. In addition to synthesising thege tunicaminyl-uracil derivatives, the
authors also switched the roles of the two couptiagners 75 and76) and produced a 5’-
deoxy-6"-hydroxy analogue of tunicaminyl-uracil ngsithe same diazo coupling strategy.
Once again, the products arising from reductiothefintermediate undecose ketone were
not fully characterised and the stereochemistryCed” in these compounds remains

unassigned.
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Fig. 1.19 Sarabia’s synthesis of protected tunicaminyl-uracil derivatives

The work of Sarabia&t al. provides an interesting application of the groupark
developing diazo chemistry with carbohydrates. Ewsv, the studies have been left
incomplete and a number of questions remain ovesétectivity of the final reduction step.
Additionally, preparation of the diazo precursoesided frombp-galactosamine is lengthy
and inefficient, somewhat diluting the appeal a$ tsynthetic route. Nonetheless, there is
scope for improvement during these early proteagrapup manipulations, and importantly
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the coupling step itself is efficient, offering arther alternative to the various strategies
already presented.

1.3.8 Matsuda (2004): Synthesis of protected tunica  minyl-uracil

The laboratory of Akira Matsuda in Japan publistedsingle report in 2004,
documenting a novel route to protected tunicamimgkil derivatives>® The approach
they used was a Spainediated aldol coupling of uridine amdgalactosamine-derived
subunits followed by an intramolecular Pummerectiea (Fig. 1.20).

AcO __OAc 5t SPh 2 st Ns oH 7 steps Na Q
o 4%, “86%_ HO\/\_/\/SPh 679 PhS L SPh
AcO oTBS — — 6 6
78 No OH 80 X g1 X
O
() 82 / NH Sml2
o N_< -40°C —-78°C
H e} 47% R isomer
A 5 +24% S isomer
TBSO  OTBS
6]
O N OH OH 4 NH
+ N steps
PRSL_A_ «o SIeps pns
§ % -
i. Tf,0; ii. NaBH, o_ 0O
53% over 2 steps >< TBSO  OTBS
+ 36% recovered 83 84
O % 0]
o ©? OH 7 WH 3 steps o @ oac ¢ NH
N 0 o, PhthN 0
85 TBSO OTBS 86 TBSO OTBS

Fig. 1.20 Matsuda’s synthesis of protected tunicaminyl-uracil

The key precursor to the Sprhediated aldol reaction ig-phenylthio ketone81,
which is derived from knowrbD-galactosamine building block8. Protecting group
manipulation and installation of a 6-thiophenyl gpoyielded pyranosid&9. Anomeric
deprotection followed by reductive ring-opening gaepen chain dioB0O, which was
further elaborated through installation of a C-%oke and a C-1 thiophenyl group to yield
the aforementioned-phenylthio ketone81. Uridine aldehydé2 was obtained by simple
protection and oxidation of uridine, and acted las $econd coupling partner for the
subsequent aldol reaction. Thus, exposure of gtte82 and a-phenylthio ketone31 to
Sml, under carefully optimised conditions led to formatof undecos&3 as the major
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diastereoisomeryia a two electron reduction of the-phenylthio ketone leading to a
samarium enolate which attacked the resident widitdehyde under mild conditions.
Diastereoselective reduction of ketd@was afforded by intramolecular hydride delivery
from NaBH(OAc}), followed by stereoselective sulfide oxidationyield sulfoxide 84.
Activation of this sulfoxide with T initiated an intramolecular Pummerer rearrangemen
to yield 85, installing the pyranose moiety present within tlhumicamine scaffold.
Reduction of the crude product mixture allowed gaedovery of unreacted starting
materials whilst not affecting the product struetur Subsequent protecting group
manipulation afforded a second tunicaminyl-uraeitigative 86, containing a differentially
protected C-10" amine.

The synthetic scheme developed by Matsedal. provides mild access to the
challenging undecose scaffold, and possesses anedds level of stereocontrol. The
preparation of thed-galactosamine-based precursor is lengthy and éadthy levels of
oxidation-reduction steps could be deemed inefiigibut overall the chemical logic is neat
and the synthesis is a great improvement over soauf previous efforts. Whether the
carefully optimised conditions for the Spamhediated aldol coupling are amenable to
modified coupling partners for the production ofkrgues remains to be determined.
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1.4 Biosynthesis of the tunicamycins
1.4.1 Natural product biosynthesis

The study of natural product biosynthesis has hietd attention of chemists and
biologists for many years? The importance of natural products is highlightgdthe high
proportion of pharmaceutical drugs based on owvadrfrom natural product scaffold¥.
The production of these biologically active compadsiris predominantly controlled by
specific sets of genes, which code for biosyntherizymes that convert common metabolic
precursors into complex secondary metabolites. uBgerstanding how these processes
operate in cells, we can expand our use of thedorange of biological activities these
compounds possess and access the extraordinamgitlivef their chemical scaffolds in
new and unprecedented ways. Heterologous expressientire gene clusters in quick-
growing bacteria has led to enhanced productionvalfiable therapeutic compounds
originating from scarce and non-culturable orgasisifi**° The study and manipulation of
individual genes has led to the development of syuttnesit’®'*! and combinatorial
biosynthesis techniqu¥é*** — involving knockout or hybrid genetic mutants gwoing
biosynthetic precursors or natural product analegwéh altered biological properties.
Work with individual biosynthetic enzymes has naoflyoenabledin vitro production of
natural product analogué®, but has driven forward our fundamental understamdf
chemical reaction mechanisms and protein structospjring rational protein engineering
and the development of completely new biotransféiona’*®

Research has historically focussed on bacteripanticular soil actinomycetes such
asSreptomyces, whose natural products are present in great anasdand diversity and as
such have been the major source of natural proderited therapeuticd’**® These
organisms typically are relatively easy to cultarel handle. Techniques for the genetic
manipulation of these bacteria have also undergotensive development. Following
recent advances in DNA sequencing technology, actteentire bacterial genomes has
become increasingly feasible and affordable, regpltin a rapid increase in the
characterisation of specific biosynthetic pathwdys>° Unlike in plants and certain
eukaryotes, these genes are typically found cledtergether on the bacterial chromosome,
allowing concomitant identification of all the genrecessary for a particular pathwéy.
The genetic homology of enzymes with similar fuoet has been exploited to rapidly
identify novel biosynthetic clusters, despite thpathways producing structurally varied or
even unrelated compounds. A great deal of prodrasseen made in understanding how
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these biosynthetic machinery operate, allowingapplication of pathway engineering to
produce new and altered bioactive compounds. B&@awsummary of the most significant
and best studied classes of biosynthetic mechaniswadved in producing the observed
cornucopia of natural product structures, togethighn references to extensive reviews for
further reading.

1.4.1.1 Biosynthesis of polyketides and non-ribosomal peptides

In prior studies of biosynthetic pathways, the traatention has been focussed on two
major classes of natural products: polykettdeand non-ribosomal peptidé¥. These
compounds exhibit extraordinary levels of strudtutigersity yet are constructed from a
very limited set of precursors. Both rely on thedular assembly of building blocks using
different combinations of independently folded, senved enzyme subunits in a template-
driven proces$>*>

Fig. 1.21 Condensations during NRPS- and PKS-catalysed biosynthesis (reprinted with permission
from Fischbach et al.,"*® © 2006 American Chemical Society); A: During non-ribosomal peptide
biosynthesis, nucleophilic attack of a downstream, tethered amino acid amine on the upstream
peptidyl thioester results in amide bond formation; B: During polyketide biosynthesis, formation of a
downstream enolate anion precedes a Claisen condensation with the upstream acyl thioester to
form a C-C bond.

The monomer building blocks used in these assertibds are all derived from
carboxylic acids, activated as thioesters by attestt to the thiolate anion of pantetheinyl-
phospho carrier protein domains in the enzymatembly line. In polyketide synthetase
(PKS) enzymes these monomers are typically resttitd extraordinarily simple acetate,
malonate and methylmalonate moieties in the formacyl-CoA thioesters. In non-
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ribosomal peptide synthetases (NRPS), the monoarerpredominantly proteinogenic or
non-proteinogenic amino acids preactivated as amayloAMP mixed anhydrides (Fig.
1.21). Chain extension in both cases occurs througleophilic attack on the activated
thioester by another monomer similarly tethered gecond thiolation domain. Inbetween
these iterative extensions additional protein dosdailor the growing chain, installing
further functional diversity prior to formation tiie final product. In PKSs these include
ketoreductases, dehydratases and enoylreductasied, weratively reduce thB-carbon of
the growing chain. In NRPSs additional domainslude cyclases which can install
thiazoline or oxazoline rings. Crucially, all stdages, intermediates and products are
covalently tethered to the enzymatic assembly ilnan analogous manner to solid-phase
peptide synthesis, thus overcoming the inefficientynultiple solution-phase couplings.
Following final cleavage and/or cyclisation, funthailoring of the resulting scaffold often
takes place including methylation, glycosylationd a@450-mediated oxidation amongst
many others (Fig. 1.22). Precursors formed by robi@synthetic pathways can often be
coupled at this stage to create hybrid natural wetsd*>>*>* The genes for hundreds of
such assembly lines have been sequenced, with lactabmples including polyketides
erythromycin*>>**® calicheamycif*’ and tetracycliné>® the non-ribosomal peptides
vancomycif®® and the penicillin and cephalosporin famift€%!®*and PKS-NRPS-derived
hybrids such as immunosuppressants FK8d8%and rapamycift**°°

1.4.1.2 Biosynthesis of isoprenoids

Another major class of natural products are tlmorisnoids, otherwise known as
terpenes or terpenoids. Together they compriséatigest family of compounds found in
nature with over 55,000 known exampl&spredominantly originating from plants and
fungi, but sometimes from bacteria at§6'® Isoprenoids typically consist of carbon-rich
scaffolds composed of multiple rings and many stegatres but with relatively few
heteroatoms.

It is well understood that isoprenoid biosynthdmgins with the condensation of two
key five-carbon building blocks: isopentenyl dippbate (IPP) and dimethylallyl
diphosphate (DMAPP¥*'® Multiple elongations lead to linear polyprenylagfs of
varying length such as geranyl diphosphatg)(&nd farnesyl disphosphate;§; or non-
linear polyprenol chains with branched, cyclobutyt cyclopropyl functionalities.
Preactivation of the polyprenol chains occurs throaleavage of the pyrophosphate or by
protonation or epoxidation of a double bond in lihear isoprenoid chaitt®*’**"? These
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activated chains are most often processed by zatedi cyclase, providing a template that
binds the flexible isoprenoid chain in such anmEaéion and conformation that cyclisation
and C-C bond formation occurs in a highly regio- and eselective fashion, introducing
extraordinary molecular complexity in a single stépig. 1.22)'>'®  Additional
elaboration of the cyclised scaffold can follow abhgh hydroxylation, methylation or
attachment of products from other biosynthetic palys such as polyketides or modified
carbohydrates. Notable examples of isoprenoidssetmosynthetic pathways have been

cloned and dissected include agricultural mycotopiacursor trichodien€ paclitaxel
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Fig. 1.22 Representative examples of polyketide, non-ribosomal peptide and isoprenoid
biosynthesis
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1.4.1.3 Alternative biosynthetic mechanisms to natural products

A number of other natural products classes ekistuding oligosaccharide natural
products, alkaloids, shikimate pathway metabolied siderophores (Fig. 1.23). Most of
these utilise non-templated assembly and are priedotty derived from primary
metabolic pathways.

Aminoglycosides Oligosaccharide-containing natural products
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Fig. 1.23 Examples of natural products from alternative biosynthetic pathways

Aside from oligosaccharide natural products, sashaminoglycoside antibiotics
kanamycin and neomycif? many natural products from diverse pathways are
functionalised with carbohydrates. In many casedogical activity is lost with their
removal. Notable examples include enediyne cadiohein, non-ribosomal peptide
vancomycin, macrolide antibiotic erythromycin armlyetide nystatit®® The associated
glycosyl transfer reactions predominantly involvexbse monomers anomerically
activatated of as nucleotide diphosphates (NDRje doupling of these sugar donors with
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acceptor substrates is catalysed by glycosyltraasés®*® driven by the loss of NDP.
Despite a pool of only nine commonly occurring matide sugar donofs prokaryotic and
plant polysaccharides and glycosylated natural ymtsdcontain over a hundred different
sugars. These can be epimerised, deoxygenatedaima methylated, acylated or sulfated
versions of common NDP-sugars, amongst other dfieasons®®'®’ These variations
serve to alter the properties of the resulting gtgmjugates and as a result much work has

gone in to understanding and manipulating thedewzgts’3152-186-188

Alkaloids are a diverse group of nitrogen-containsecondary metabolité¥. They
are predominantly produced in plants. Notable gtaminclude analgesics morphine and
codeine, anticancer agents vinblastine and tasolyell as well known molecules such as
caffeine, nicotine and cocaine. The sources aobgén atoms in most cases are amino
acids, in particular phenylalanine, tyrosine, togstan, lysine and arginine. The range of
reactions converting such precursors into alkafmioducts is extremely diverse and has
been well studied®*%3

The shikimate pathway is employed by plants andreorganisms in order to
synthesise aromatic amino acids phenylalaninesiyeoand tryptophali* The pathway is
also the source of a great number of natural ptsdtiee majority of them derived from the
aromatic amino acid primary metabolites. Thesdude cinnamic acids, coumarins,
lignans and flavonoids, as well as cyclohexane amafiz acids which are used as
polyketide starter units in important immunosuppaed antibiotics rapamycin, FK506 and
FK5201** The central intermediate is almost always shiimcid:>* which is usually
further diversified to yield the three aforemengdraromatic amino acids. A multitude of
possible transformations to these amino acids @r thosynthetic precursors then leads to

the observed plethora of natural proddétd?*9’

Siderophores, such as catecholate siderophoreobat#in, are high-affinity iron-
chelating molecules employed by various bacterth fangi to tackle the problem of low
iron bioavailability’®® Siderophores are synthesiséd NRPS®® or NRPS-independent
pathways?® depending on whether their structures comprisgpegitides or non-peptidic
amide or ester bonded scaffolds respectively.

1.4.2 Biosynthesis of nucleoside antibiotics

Nucleoside antibiotics comprise a distinct classatural products. They all share a
nucleoside unit at their core, although their dtites are often hybrids containing
components with different biosynthetic origins. i@gvto the numerous vital functions of
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standard nucleosides in primary metabolism, thaerabproducts derived from them exhibit
widespread biological activity, including antibaté antiviral and antitumour
properties??%? One particularly important target is cell wallogenesis; inhibitors of
bacterial peptidoglycan and fungal chitin biosysikehave the potential to act as
antibiotics with novel modes of action, orthogotmkxisting antibiotics and active against
multiply-resistant bacteri&:?®® The tunicamycins themselves fall into this catggand as
with all compounds of this class its nucleoside ponent plays a central role in directing
its biological activity’” The structures and biological functions of nuslde antibiotics
have been extensively reviewed, and numerous hiosiia investigations have taken
place* 70201203 These have predominantly taken the form of otassiperiments with
labelled precursors and genetic mutants, altholiglatvent of genomic sequencing has led
to the biosynthetic clusters of some of these camgs being cloned in the past few years.
Progress in the characterisation of the genesvedoand the implications for biosynthetic
mechanisms for some of these compounds has besultfect of a recent reviet. What
follows is a summary of significant findings relewdo tunicamycin biosynthesis.

1.4.2.1 Liposidomycins and caprazamycins

Liposidomycins and caprazamycins are both liposagide antibiotics isolated from
different Sreptomyces strains in 1985 and 2003 respectivel?®® They share some
biological activity with the tunicamycins, targedirthe formation of lipid | by enzyme
MraY during peptidoglycan biosynthe$8*® They are structurally homologous,
containing uridine, aminoribose, diazepanone attgl &yl moieties; caprazamycin differs
in the presence of a permethylatechamnose and the absence of any sulfation at 62"
the aminoribose (Fig. 1.24Y°%°" As with many nucleoside antibiotics inhibiting &f,
each compound is isolated as a mixture of homoleguéh different length acyl chains.
The biosynthetic clusters of liposidomyéfi, caprazamycif?® and closely related A-
9028%'° have very recently been cloned; their high leeélaomology confirming closely
related biosynthetic origins.
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Fig. 1.24 Proposed biosynthetic pathway of the liposidomycins and caprazamycins

Some of the proposed biosynthetic pathway is medli in Fig. 1.2492%°
Construction begins with oxidation of the 5-OH imwidine by putative alcohol
dehydrogenase Cpz25/LpmW - interestingly, formatioh a uridine 5 -aldehyde
intermediate has also been proposed in tunicamyiosynthesi$™* Oxidation is followed
by the aldol addition of a pyridoxal phosphate-gigcadduct. The resulting uridine-
glycine adduct is subsequently converted to adwépoecursoB7, to which a combination
of sulfate and permethylated-rhamnose moieties are introduced, vyielding either
liposidomycin, caprazamycin or A-90289 final protiucThe metabolic pathways detailing
the sequential transformations to these final pctslwere predicted from analysis of
corresponding biosynthetic gene clusf@f$°®*'? Functional characterisation of individual
genes has been limit€d?*°and much remains to be learnt about the exactafobertain
enzymes and the precise ordering of the presembsgrihetic transformations.
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1.4.2.2 Nikkomycins and polyoxins

The nikkomycins and polyoxins are closely relgte@tidyl nucleosides, first isolated
from different Sreptomyces strains in 1976 and 1965 respectivefi*'* Interest in them
lies in their specific inhibition of chitin synthasarising from their structural similarity to
UDP-GIcNAc — a substrate for this enzyfi@?® Both natural products have an
aminohexuronic acid at their core addylycosidically attached bases: uracil and 4-formyl
4-imidazolin-2-oné' in the nikkomycins and uracil or a number of thgenderivatives in
the polyoxins (Fig. 1.25). To these nucleosidenics are attached unusual amino acid
residues such as hydroxypyridylhomothreonine (HRHdgrbamoyl polyoxamic acid
(CPOAA) and polyoximic acid (POIA}**"whose biogenesis from amino acid precursors
has been reviewed®

(0) “ COOH or Me
YfCHO OH or/_<E ( CH,0H
OH or Glu COOH
\' two possible polyoximic acid H
bases
o QO 3 0O Y
N NH
R W T b b lor o by
OH NH, R OH NH, P (0]

| | \ ’/ | H \\ 4 H
hydroxypyridyl homothreonine carbamoyl polyoxamic aC|d

Nikkomycins Polyoxins

Fig. 1.25 General structures of nikkomycins and polyoxins

The biosynthetic gene clusters of both familiescofmpoundd®2??° together with
biochemical investigations into the pathways ineohhave recently been review®dThe
construction of the aminohexuronic acid begins witthe attachment of
phosphoenolpyruvate to the 3"-OH of UMP (Fig. 1.28)vitro experiments showed NikO
and purified PolA homologue catalysed this reactiorinterestingly uridine was not
accepted as a substrate. The conversion to tleducauloseuronic acid intermediate is
not well understood but is thought to involve atramolecular aldol reaction of the 3’-
enolpyruvyl moiety on a transient uridine 5’-aldéby together with the action of
phosphatase PolJ/NiKL. Subsequent cyclisation hi® next bicyclic intermediate is
predicted to be catalysed by radical SAM enzymeHRdakJ. Final conversion to the
aminohexuronic acid is even more perplexing, bytastulated to involve enzymes PolK,
PolD and Poll, analogous to NikM, Nikl and NikK pestively. Clearly further
characterisation is required to decipher the bitiesis of nikkomycins and polyoxins, but

-850 -



Chapter 1: Introduction

the results may offer clues about some aspectsnaéamycin biosynthesis. Crucially, all

of these classes of compound require the formatioa C-C bond at C-5" of a uracil-

derivative.
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Fig. 1.26 Overview of polyoxin and nikkomycin biosynthesis
1.4.2.3 Puromycin

Puromycin is an aminonucleoside antibiotic produbg Sreptomyces alboniger.?*
It inhibits protein synthesis by interfering wittegtidyl transfer on both 70S and 80S
ribosomes and has widely been used as a basiddoastudying protein synthesis. Its
structure has a tyrosine residue attached to agentigwough an amide bond, together with
further minor modifications. The biosynthesis af@mycin has been well studied and the
biosynthetic genes of puromycin and closely relatettibiotic A201A have been
cloned®®?#2 A total of seven individual enzymes have beerctionally characteriseth

223229 gllowing an accurate biosynthetic pathway to bestmicted (early stages

vitro,
summarised in Fig. 1.277° Self-resistance is achieved through export oNacetylated
precursor, which is converted to active puromyagntle action ofN-deacetylase NapH
outside the ceff®® The early stages of puromycin biosynthesis ingoprocessing of
nucleotide triphosphates and monophosphates, agdomaf relevance when considering

the biosynthesis of the uridyl portion of tunicanmyc
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Fig. 1.27 Overview of puromycin biosynthesis
1.4.2.4 Capuramycin and A-500359

Capuramycifi’ and A-500358 (Fig. 1.28) were both first isolated frof griseus

and exert a strong inhibitory effect on MraY frorappidoglycan biosynthesis, much like

the related uracil nucleoside antibiotic familie$ lgposidomycins, mureidomycins,

tunicamycins and muraymycins. Isotope feeding erpnts confirmed uridine as a

metabolic precursor, leading to the proposed irmolent of a uridine 5 -aldehyde

intermediate. Interestingly, this intermediate hls® been postulated in a number of other

nucleoside antibiotic pathways, including that efitamycin®** The biosynthetic gene
cluster of A-500539 has recently been sequencetthowjh no further functional

characterisation of the pathway has taken placekagdtransformations in the proposed

biosynthetic pathway remain unexplairféd.
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Fig. 1.28 Structures of other nucleoside antibiotics whose biosynthesis is described
1.4.2.5 Other nucleoside antibiotics

The biosynthesis of a number of other nucleosiéiatics has been investigated.
These include the uridyl-peptide families of muoeigcing®* and pacidomycifé® —
both of which target MraY from peptidoglycan bioslyesis (Fig. 1.28). The metabolic
pathways of streptothriciii®?*’ toyocamycirf® sangivamycif®® queuosin®® and
fungicides blasticidin $%?* and mildiomyciA*® have also been investigated. The
structural differences between these compoundgwamcdamycin suggest their biosynthetic
pathways are unlikely to share any significant Einties with that of our compound of
interest.

Following the submission of this thesis, the geluster for pacidamycin biosynthesis
in Streptomyces coeruleorubidus was published?’ Intriguingly, the gene cluster contained
a putative oxidoreductase which was predicted tdisx uridine to uridine 'saldehyde, an
intermediate also predicted in tunicamycin biosgsts.
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1.4.3 Previous studies with the tunicamycins

In this section we summarise the existing workedtowards elucidating tunicamycin
biosynthesis. To date, the biosynthesis of thecamycins has not been studied in detail
and no genes have been isolated or characterSethe proposals have been made based
on feeding experiments, using incorporation pasteof labelled precursof$***® No
genomes of any tunicamycin family producers hachtstadied until very recently, when
the sequence of MM-19290 produc®rclavuligerus was deposited in GenBaAk***°no
reports have yet appeared detailing the assignaieviM-19290 biosynthetic genes. Some
tunicamycin resistance genes have also been chasact from a number of organisms (see
section 1.4.3.25°4%2

1.4.3.1 Feeding experiments with S. chartreusis using radiolabelled precursors

In 2002, Tsvetanovat al. performed isotopic enrichment of tunicamycins tiylou
metabolic incorporation experiments with radioléélprecursoré™ The loci of isotopic
enrichment were determined by TLC, MS and NMR ctigrgsation. They had previously
studied the fragmentation patterns of the tunicansycoy MS™ and applied this
electrospray ionisation-collision induced dissdommass spectrometry (ESI-CDI-MS)
technique in their subsequent experiments.

Feeding tunicamycin-produc& chartreusis with [2-'*Cluridine led to successful
incorporation into tunicamycin, suggesting uridiree a biosynthetic precursor. Upon
feeding with b-[1-'C]glucosamine, radiolabelled tunicamycin was ongaira isolated.
Acid hydrolysis of this compound indicated TI5]GIcN had been incorporated into both
the 11-carbon tunicaminyl moiety and the termindtNZ\c residue, suggesting the
involvement of a 6-carbon hexose precursor in mmioe biosynthesis and terminal
glycosylation. NextS. chartreusis was fed withp-[1-*C]glucose. Quantitative isotopic
enrichment with**C into tunicamycin was deduced by HSG®T-'H correlation NMR
spectroscopy. The largest enrichments were of qualeextent at C-11" and C-1"",
signifying direct incorporation of hexose unitsdach case from the same metabolic pool
of GIcNAc or UDP-GIcNAc. Moderate enrichment wdsserved at C-6"", C-6", C-5" and
C-1", derived from primary metabolism pf[1-**C]glucose tm-[6-**C]glucose then UDP-
[6-*C]GIcNAC via glycolysis and gluconeogenesSis™? and to [1°,5*°C]uridine via the
pentose phosphate pathw&§?*® Further enrichment was observed in the acy! lghiein
at C-2”" and C-4"", alongside tiNeacetyl methyl carbon. These incorporations aigrag
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derived from metabolism of [£¥C]glucose first to [32C]phosphoenolpyruvate (PEP) by
glycolysis, then by pyruvate dehydrogenase t&°(Jacetyl-CoA. These results support
the hypothesis that tunicamycin is derived frondme and GIcNAc building blocks and
that its lipid is formed by a fatty acid synthaslising acetyl-CoA. Construction of
tunicamine could occur through sequential addibbsmaller carbon units such as PEP to
uridine-5"-aldehyde, as observed in the biosynshespolyoxin®*® nikkomycirf**°and 7-,

8- and 9-carbon long-chain sugats. However, if this were the case a different
incorporation pattern would be observed resultirgnf the formation of [3*C]JPEP by

glycolysis.
[6-'3C]glucose UDP-[6-'3C]GIcNAc

oH gluconeogenesis HIC-|)O

O,
glycolysis ;
= OoP Os_SCoA
OH - [3-BcjpEP | pyruvate Y [2-'3C]acetyl-CoA
HO O
Ha&\\q primary

dehydrogenase
OH
HO OH metabolism Hﬁ 0 UDP-[1-3C1GIcNA
[1-'3C]glucose 0 ACHN -[1-"CIGIcNAc

[1,5-"3C]ribose [1,5-'*C]uridine_~_O

pentose
phosphate
pathway

g OH primary
HO o metabolism
HO — >
HO 'OH (as above)
HO OH

[6,6'-H,2H]glucose UDP[6,6'-2H,H]GIcNAc  UDP[1-2H]GIcNAc [5,5'-?H,?H]uridine

Fig. 1.29 Isotope enrichment in tunicamycin through feeding of labelled precursors

S chartreusis was also fed withp-[6,6"-°H,?H]glucose and deuterium incorporation
monitored by analysing ESI-CDI-MS fragments. Aatobf seven®H atoms were
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incorporated into tunicamycin (Fig. 1.29). Theyrevdetermined to be attached to C-5", C-
6, C-11", C-1” and C-6"", showing a similar pattef labelling to that withp-[1-
13Clglucose; presumably it followed the same primamgtabolic shunt pathways to
alternative biosynthetic precursors as those dsszuispreviously. Assignments were
supported by competitive metabolic experiments, relf® chartreusis cells were co-
incubated withp-[6,6"-*H, *H]glucose and one of a selection of unlabelled bwltes:
GIcNAc, uridine, ribose, glycerol or succinate. ngeetition of these supplements with
[6,6"-°H, *H]glucose led to depletion of isotopic enrichmerit c@rtain positions in
tunicamycin, which allowed the metabolic origin @friched loci to be ascribed to the
previously proposed shunt pathways.

ribose/uridine UDP-GIcNAc

o ! |

\> /7 (o] P
J—N_ o ~hNL OH OH NH
. " H C / /
R Fa e e
It I (6]
O O

HO OH

uridine-5'-aldehyde UDP-6-deoxy-4-keto-GIcNAc-5,6-ene
| |
| 0 o
o M on ¢ W jp o M on ¢ NH
o — HO —
UDP HO  ©OH HO  OH
UDP-N-acetyltunicaminyl uracil N-acetyltunicaminyl uracil
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Fig. 1.30 Proposed biosynthetic pathway to the tunicamycins
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Together, these experiments allowed a biosyntlpatibway for the tunicamycins to
be rationalised (Fig. 1.36§%*® Uridine and UDP-GIcNAc are first converted to key
intermediates uridine-5"-aldehyde and UDP-6-deoke#®-GIcNAc-5,6-ene. The former
intermediate is proposed to feature in the biossith of related nucleoside antibiotics
lipisidomycing®® and caprazamycifs,as well as the nikkomycifiS and polyoxing™®
The latter intermediate is homologous to those sieem-deoxysugar metabolistt
including FlaAl fromHelicobacter pylori which converts UDP-GICNAc to UDP-6-deoxy-
4-keto-GIcNAG® and RffG fromE. coli which converts dTDB-glucose to dTDP-6-
deoxy-4-ketop-glucose?®>?®*  The mechanism for coupling these two intermediate
remains ambiguous and is only hypothesised, altmoung the biosynthesis of the
nikkomycins and polyoxins, parallels can be drawrihte addition of an analogous enol-
ether moiety to uridine-5"-aldehyde.The ketone in the resulting adduct is then sisielgt
reduced to give UDM-acetyltunicaminyl uracil, a reaction precedentedhia same 6-
deoxysugar biosynthetic pathwai8. Following construction of the tunicamine core,
hydrolysis of UDP yields a free anomeric hydroxylvthich GIcNAc is stereospecifically
transferred from UDP-GIcNAc to form the requisttg3-1"",11" glycosidic linkage. This
completed tunicamycin skeleton is then selectiwigeacetylated anN-acylated with the
range of unsaturated fatty acids observed in thal fnatural products. An alternative
ordering exists whereby the,-trehalose linkage is formed first, followed by iaation
and coupling to uridine-5"-aldehyde. However, thsuld require two different sources of
GIcNAc: UDP-GIcNAc and fre@&N-acetylglucosamine. The equivalent enrichmentath b
C-1" and C-11" strongly suggests the incorpor&@kiNAc molecules come from the same
metabolic pool, supporting the pathway in Fig. .wB8ich uses only UDP-GICNAc.

In conclusion, these studies have helped estatiishmetabolic origin of different
portions of the tunicamycin structure, allowingaignalised biosynthetic pathway to be
drawn. However, the proposals made remain larigghpthetical, and no real insights into
some of the unique biosynthetic mechanisms have ageained. As such, any information
on the genetic make up of the tunicamycin biosyith@athway or isolation and
characterisation of any of the constituent enzywesld be of great value.
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1.4.3.2 Tunicamycin resistance proteins

Tunicamycin-resistant strains Bécillus subtilis were first isolated in 197& and the
gene conferring resistancenrB, has since been sequenced and studfedCloning this
gene intoE. coli conferred resistance to the antibiéticand the TmrB protein has been
shown to bind tunicamycin directly; a C-termimahelix was shown to be involved in this
binding activity’®® The crystal structure of a derivative protein Drrfrom radiation-
resistant bacteriunDeinococcus radiodurans has recently been publish&d. The exact
mechanism of inhibition by this protein is unknowaithough studies have shown tBe
subtilis protein to be an ATP-binding membrane proféin. Indeed, it contains a
GxxxxGKT/S ATP-binding signatuf® and is predicted to be an ATPase by sequence
homology. The crystal structure of TmrD providegportant information and shows strong
similarity to nucleoside monophosphate kingSéspggesting it inactivates tunicamycin by
phosphorylation on one of the pseudoribose hydeoxyl an analogous manner to
chloramphenicol phosphotransfera®’°

In summary, it should be noted that the mechanisses by these TmrB-like proteins
may or may not be related to self-resistance masimanof the tunicamycin producing
strains and so it is as yet unclear whether thasdies will assist in locating genes for
tunicamycin biosynthesis.
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1.5 Tunicamycin analogues as glycosyltransferase in hibitors
1.5.1 Hypothesis

The tunicamycins function as non-hydrolysable agaés of UDP-GIcNAc, and
together with their fatty acyl chains likely acttaghtly-binding bi-substrate transition state
mimics, allowing them to exhibit extraordinary pesfees as highly specific and potent
glycosyltransferase inhibitors. We hypothesisé¢ theugh modifying terminal portions of
the tunicamycin structure, the inhibition targetlod resulting analogues could be switched
from UDP-HexNAc:Dol-P HexNAc-1-P transferases tdigerse range of physiologically
important glycosyltransferase enzymes (Fig. 1.31A. library of rationally designed
inhibitors could be created, targeting glycosylsfenase enzymes whose functions could be
completely unrelated to tunicamycin’s native tardait which share a dependence on
nucleotide sugar substrates.

Monosaccharides
Amino acids
Polyprenol phosphate mimics

Thymine M8
Guanine

L-Rhamnose
p-Mannose

Fig. 1.31 Modification of tunicamycin structure to target glycosyltransferase inhibition

The central pseudo-GalNAc moiety of tunicamyciemigly acts as an efficient
mimic of a nucleotide-sugar pyrosphosphate andkeyamotif to retain in any potential
analogues. The peripheral portions of the molecalebe tailored so the overall structure
mimics other NDP-sugars together with the desirezkptor substrate. For example, the
uracil moiety can be replaced with thymine or gnanand the terminal-GIcNAc can be
replaced withL-rhamnose ob-mannose to yield TDR-rhamnose and GDP-mannose
substrate analogues. Additionally, the amide-lthkatty acid chain can be replaced with
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aglycone mimics from the target glycosyltransferasanging from particular
monosaccharides to polyprenol or amino acid accep(big. 1.31). A variety of
potentially therapeutically useful targets areslisbelow.

1.5.1.1 Peptidoglycan biosynthesis: MraY

o o o o o

1 I Il
X x x P ,_{ \/ /<
(o) \OOH o o M/\\/pv\o FE;O FE;OH 0 /«NH
it T o __P_ O. N
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AcHN| OH OH N o s 2
LA'a HO OH
L Ala HO D Gl UMP
9 Glu OH UDP-MurNAc pentapeptide QAP lipid I
DAP D-Ala
DAG D-Ala
D-Ala o]
o
“ o M on ¢ W
HWMO
H AcHN /
/O %
e ROL=G o oH
4 o ~OH
GIcNAc replaced D-Glu
with MurNAc pAP” ) '
D/ Tunicamycin analogue
B»Ala targeting MraY

D-Ala

Fig. 1.32 Tunicamycin analogues as potential MraY inhibitors in peptidoglycan biosynthesis

As discussed in section 1.2.2.4, tunicamycin isaaly a potent inhibitor of MraY.
However, it has eluded clinical use thanks to deaurrrent inhibition of eukaryotic GPT
(see section 1.2.3.4). By tailoring the termind¢NBA\c moiety of tunicamycin to more
closely resemble the native MurNAc substrate of Wira greater selectivity for MraY over
GPT might be achieved (Fig. 1.32). This has theemtal to provide a novel therapeutic
antibiotic with a mode of action orthogonal to teas existing drugs and thus helping to
combat emerging antibiotic-resistance in bacteAalibrary of tunicamycin variants could
also be created possessing a wide variety of &ty chains, in the hope of improving
MraY/GPT selectivity. Alternatively, the uracil & could be modified to thymine in
various oxidation states or 4-formyl-4-imidazoliro@e — bases present in the nikkomycins
and polyoxins — in the hope of observing improvedels of inhibition or biological
selectivity.

1.5.1.2 Protein O-GIcNAc transferase: OGT

O-Linked [-N-acetylglucosamine -GIcNAc) is a dynamic post-translational
modification of nuclear and cytosolic protein seriar threonine residues, analogous to
phosphorylatiorf’*?’> Proteins modified byO-GIcNAc include transcription factors,
signaling components and metabolic enzymes, andntidification has diverse functions
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in regulating signaling cascades that mediate gkidoomeostasis and stress responses
through effects on transcription, translation, ok targeting and protein-protein
interactions. Elevate®-GIcNAc levels have been implicated in diabetes] as such
inhibitors of O-GIcNAcylation are in great demand for the studyl gossible control of
this disease but also as probes of other biologwattions of this abundant protein
modification?”® The addition and removal @®-GIcNAc is catalysed by two enzymes:
UDP-GIcNAc:polypeptide O-B-N-acetylglucosamine transferase (OGT) afi3-N-
acetylglucosaminidaseO(GIcNAcase). Potent inhibitors oD-GIcNAcase have been
developed/* but although OGT has been successfully overexgdeasd purified and a
high-throughput assay develop&djnhibitors with high potency and specificity remao
be found. Tunicamycin analogues could be desigmegotentially target OGT by
mimicking the transition state of the enzyme inwadyUDP-GICNAc and a peptide-based
serine/threonine acceptor (Fig. 1.33). Tunicamysialready a UDP-GICNAc mimic, but
the fatty acyl chain could be replaced with a seran threonine homologue to mimic
OGT'’s native substrate.

Protein Ser/Thr motif
for O-GlcNAcylation
o] O
O  0-GlcNAc 0
nH  transferase

N oH 9 @ o 0 4
N
Q} oFeofro W ‘< _ (o6en | N‘;”N oFo RO“Q»'H\
AcHN| OH OH 1o 8 o of
HO
el K HO  “oH
OH O-GIcNAc-modified

UDP-GIcNAc .
protein

N
0 O N~
Acyl chain replaced\__/ AcHN o
§ 32

with Ser/Thr mimic O

UDP

OH

Tunicamycin analogue
targeting OGT

Fig. 1.33 Tunicamycin analogues as potential OGT inhibitors in protein O-GIcNAcylation

1.5.1.3 Mycobacterial cell wall biosynthesis: Wbbl

Tuberculosis, caused bycobacterium tuberculosis is currently the leading cause of
death from a single infectious agent, and increps@sistance to existing drugs is being
observed in affected region€*’’ The mycobacterial cell envelope has a uniquestre
consisting of a cross-linked network of peptidoglycwhere muramic acid (MurNAc)
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residues are replaced with a complex polysacchardeinogalactan, which is in turn
acylated with unique mycolic acid€ Targeting the biosynthesis of this cell envelispan
active area of research in the search for new dxatise againswl. tuberculosis.?’” WhbbL
catalyses the transfer of arrhamnose residue from dTDPrhamnose to decaprenol-PP-
GIcNAc during the early stages of forming the analgialactan component of the cell wall.
Deletion of thewbbL gene has been shown to be lethal to mycobactdghllity?’® and
sinceL-rhamnose is absent from eukaryotic systems, Wigplceisents an attractive target
for antimycobacterial therapeutic dru§8. Tunicamycin analogues could be designed to
potentially target WbbL if the terminal fatty acyhd GIcCNAc moieties were replaced with
D-GIcNAc andL-rhamnose residues respectively, and if the uraoibety was converted to

a thymine group. The resulting compound would roithe dTDP:-rhamnose substrate as
well as the reactive end of the decaprenyl-PP-Glciwceptor (Fig. 1.34). To further
mimic the reaction transition state, the decapr&BAGICNACc acceptor could be mimicked

more closely by inclusion of a fatty acyl chaintbe introduced GICNAc moiety.
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Fig. 1.34 Tunicamycin analogues as potential WbbL inhibitors and antituberculosis therapeutics
1.5.1.4 Dolichol-phosphate-mannose biosynthesis: DPM1

Dolichol-phosphate-mannose (DPM) is a membranexonannose donor involved
in N-linked glycosylation, GPI anchor biosynthesis &dandC-protein mannosylation in
eukaryotic cell$® It is synthesised from GDP-mannose and dolichwsphate by a
glycosyltransfer reaction catalysed by DPM synttf&sénhibitors of these enzymes would
act as useful tools in studying the biological fimt of these post-translational
modifications, as well as in the structural andchemical investigations of the specific
enzymes involved. Tunicamycin analogues couldrbgsaged to inhibit DPM synthase if
the terminal GIcNAc moiety were replaced with masmand the uracil base were replaced
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with guanine, resulting in a non-hydrolysable GDBamose mimic attached to a fatty acyl
chain homologous to dolichol phosphate (Fig. 1.35).
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Fig. 1.35 Tunicamycin analogues as potential inhibitors of dolichol-phosphate-mannose
biosynthesis

1.5.2 Strategy

A number of strategies could be adopted to acrasmally designed tunicamycin
analogues. As described in section 1.3, severdhstic routes to tunicamycin and its key
intermediates have been developed and as such ey pgynthetic strategy could be
envisaged. However, these published protocolsudfer from low overall efficiency and
involve a large number of chemical steps. Morepwamnce the tunicamycins can be
isolated in large quantities by fermentation 8freptomyces chartreusis, advanced
precursors can be accessed through chemical déigradd isolated natural product and
derivatised through relay synthesis, offering a eneffective alternative tale novo
synthesis. To complement such an approach, umgckie toolbox encoded by the
tunicamycin biosynthetic genes would be of greduiesa Following isolation of such a
gene cluster, individual enzymes could be expregsaténtially enabling chemoenzymatic
diversification of both natural intermediates igeth by chemical degradation of isolated
tunicamycins and unnatural variants of these ingeliates accessed through existing
synthetic methods (Fig. 1.36).

As such, our initial focus is to identify the byothetic genes responsible for
tunicamycin formation in producing organisms. Bwling experimental analysis of this
gene cluster, individual genes will be expressedl the resulting enzymes biochemically
characterised to ascertain their precise funcimotné biosynthetic pathway. The scope of
their substrate specificity will also be determinechich is of direct relevance to the
subsequent production of unnatural tunicamycinardas. Additional benefits of targeting
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the tunicamycin biosynthetic pathway are numerougirst of all, a fundamental
understanding can be gained of how nature prodscese of the rare and even unique
linkages present in tunicamycin. This could patdiyt lead to the discovery of novel
enzymatic mechanisms or even contribute to novethgfic methodologies. Secondly,
knowledge of the genetic basis for tunicamycin patihn could lead to the generation of
targeted mutants, with the deletion or upregulatibspecific genes. These mutants could
be used foiin vivo production of advanced biosynthetic intermediatesunicamycin, or
semisynthetic production of fully formed analoguisough the feeding of unnatural

substrates.
Isolated tunicamycins o} Unnatural synthetic precursors
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Fig. 1.36 A combined relay, chemoenzymatic and synthetic strategy to tunicamycin analogues
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Chapter 2: Cloning the tunicamycin
biosynthetic gene cluster

2.1 Introduction

As discussed in section 1.5, there are many hsrtefidissecting the biosynthesis of
tunicamycin on a genetic level. Crucially, doirmveould unlock an enzymatic toolbox for
the long-term goal of producing targeted, functloamalogues of this important natural
product. In this chapter we will discuss our apgioto locating the genes responsible for
tunicamycin production ir8treptomyces chartreusis, their subsequent molecular cloning
and their expression in a heterologous host. Aafthtly, comprehensive bioinformatic
analysis of constituent genes in this biosynthesithway will be presented, culminating in
the proposal of a detailed metabolic route to tamygcin production from common cellular
precursors.

2.2 Identifying gene cluster encoding tunicamycin b losynthesis
2.2.1 Strategy

Some of the typical biosynthetic mechanisms olexkin the formation of a wide
range of natural products were outlined in secfidh Although great diversity is seen in
the compounds created, many conserved featurepaitains exist. Polyketides and non-
ribosomal peptides are particularly common andrthigisynthetic pathways have received
a great deal of attentidrf. The gene clusters in bacteria encoding thesealgimoducts
have often been identified through PCR amplifiaatod highly conserved signature genes
using degenerate primers, followed by screeningesfomic libraries for the presence of
these sequencé® The highly conserved genetic motifs include chimdstic acyl carrier
protein, ketoreductase, dehydratase and enoylraskiainodules in polyketide synthase
(PKS) systems and adenylation, thiolation and cosaigon domains and peptide carrier
proteins in non-ribosomal peptide synthetase (NRBS)em<®* More specific genetic
motifs can also be targeted conserved betweenlgloslated natural product families or
structural subunité®?284285 |n the wake of recent advances in high-througHpNA
sequencing, there has been a great increase muthker of whole genome projects, where
entire genomes are fully assembled and carefulhptated through detailed bioinformatic
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analysis. A consequence of such projects has theediscovery of new biosynthetic gene
clusters, not only of existing bioactive compourtalg also of previously unobserved
secondary metabolites encoded by so-called ‘crypgiene clusteré®®?®” Such a
predominantlyin silico approach is relatively new and has been madelgedsy the well-
organised and expansive genetic databases avait@bleesearchers, such as the
International Nucleotide Sequence Database Colinor®®®

Unfortunately, tunicamycin does not fall into theajor classes of natural products
such as polyketides, non-ribosomal peptides oreuapds. It is unlikely to require a large
number of genes for its production and few of itsspnthetic genes can be predicted with
enough precision to confidently assign a particuj@netic homologue as a highly
conserved probe sequence for degenerate primegndestor this reason, we elected to
rapidly sequence the entire bacterial genome a@icavk tunicamycin producer and perform
direct in silico genome scanning in order to find the gene clusespansible for
tunicamycin biosynthesis. Such an approach wasaggd not only to avoid the dangers of
false positive results derived from speculative PERplified probe sequences, but also to
expediate the discovery process through use aiefii and rapid bioinformatic tools rather
than time-consuming experimental techniques. Wblkaws is an account of our high-
throughput sequencing of ti& chartreusis genome and the subsequémsilico genome
mining based on chemical logic, which led to thenidfication of a putative tunicamycin
biosynthetic gene cluster.

2.2.2 Isolation of genomic DNA

In order to sequence the genome of a tunicamy@dyzing organism, a sample of
high molecular weight (Mw) genomic DNA first needidbe isolated. The sample would
additionally function as the source of DNA for ctosting a genomic library of a
tunicamycin-producing organism, so it needed tofgufficient purity and at least 30 kb in
size. The process of isolating such DNA was nomalr since each molecule was
extremely large — fragments over 200 kb are 70 gimgy - and thus they were sensitive to
DNAse degradation and mechanical shear from nalrong-pipette tips and other forms of
physical handling. Fortunately, a number of protediave been developed by Kieseal.
for specific use witl&treptomycetes and these were screened and optimised for userin o
systent®®

Sreptomyces chartreusis NRRL 3882 and Sreptomyces lysosuperificus ATCC
31396 have both been documented to produce tunicamy@inese strains were duly
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sourced and processed in parallel. The S8weptomyces strains were grown in a variety of

liquid media — including TSB/F and 1:1 TSB: supeMtE 34 % sucrose — under standard
conditions which maximise aeration and dispersevr?®*® The choice of media and

length of incubation were important factors in ghietocol, influencing the thickness of and
polysaccharides levels in the cell wall which imntaffected the efficiency of the DNA

isolation process. As such, a number of myceli@parations were subjected to the
subsequent lysis and extraction protocols as itdcaot be predicted at this stage which
conditions would lead to the best sample of high DIMA.

Cell lysis was typically achieved with lysozymeatment, followed by the release of
cell contents with SDS detergent and the digestiointracellular proteins with proteinase
K.?® Low isolated yields of DNA further down the litezl to the conclusion that lysozyme
was not sufficient to fully digest the cell wall tfiese strains, even under prolonged
incubation. As a result, mutanolysin was usedanjunction with the lysozyme. Acting
on a different portion of the cell wall, the use mafitanolysin proved to be an essential
modification to the protocol, leading to more coetpl cell wall lysis and release of cell
contents. An additional modification was includad this stage folS. lysosuperificus
preparations, after existing samples were foungréalominantly contain DNA fragments
below 30 kb. Treatment with RNA protect solutidQiggen) inhibited cellular DNAse
enzymes enough to maintain a high Mw distributiorotighout the isolation process (see
Fig. 2.1).

The next stage following cell lysis and proteigektion involved organic extraction
of unwanted cell contents from the aqueous soldffdbnUnfortunately, the two routinely
used extraction solvents, chloroform and 25:24:@nplfchloroform/isoamyl alcohol, both
resulted in poor quality DNA isolated in low yieldslt was noted that the incredibly
viscous and sticky aqueous layer could be duehgla polysaccharide content of the cell
wall, whose release upon lysis could adverselycaffeibsequent extraction by organic
solvent.  Solubilisation of these polysaccharideas wWacilitated by incubation with
hexadecyltrimethylammonium bromide (CTAB), an angbiilic molecule which bound to
the polar polysaccharides and transferred themtirg@rganic phas®® This modification
was particularly beneficial withS. lysosuperificus samples, although its use wit®
chartreusis preparations actually decreased the yield of isdI&NA.

Following implementation of cell lysis and solvemtraction protocols optimised for
individual samples, the resulting aqueous layenewellected with wide bore pipette tips
(to prevent DNA shearing). The genomic DNA frontleaample was then precipitated
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with isopropandf® and subjected to spectrophotometric nucleic adidntjtation via
Nanodrop and size estimation by pulsed-field gettebphoresis (Fig. 2.1).

S. lysosuperificas & rire S. lysosuperificus

Fig. 2.1 Pulsed-field gel electrophoresis (PFG) of isolated genomic DNA; A: S. lysosuperificus
genomic DNA isolated using no protocol modifications; B: S. chartreusis genomic DNA isolated
using no protocol modifications; C: S. lysosuperificus genomic DNA isolated using an optimised
protocol, incorporating mutanolysin, RNA Protect (Qiagen) and CTAB treatment.

The effect of modifications to the literature ool can be clearly seen when
comparingS. lysosuperificus samples in Fig. 2.1 (A and C). Sample C was obthimsing
the optimised protocol and the DNA clearly showmsnarkedly increased size distribution
over that of sample A, which was obtained using tbhemodified protocol.
Spectrophotometric analysis of the isolated DNAr(ddrop) showed an QRYOD,gpratio
of 1.8-2.1 in all samples, indicating minimal priateontamination.

Notably, bothS. lysosuperificus samples showed strong bands within the smear of
genomic DNA (Fig. 2.1, A and C). This was likelyedto multiple copy numbers of up to
two non-chromosomal plasmids present as part oféimeme, at approximately 40 and 260
kb; such plasmids are not uncommon amo&ggptomyces species. That said, the gel®f
chartreusis genomic DNA did not exhibit any unusual bands andsdappear to harbour
any non-chromosomal plasmids (Fig. 2.1, B). Thisisignificant observation, since the
presence of plasmids in high copy number risksodisg any subsequent cosmid library
with multiple copies of identical plasmid sequenc@siditionally, raw genome sequencing
data would be biased towards plasmid-derived sempserreducing overall sequencing
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coverage. For this reason, we elected to searcthétunicamycin biosynthetic cluster
solely in theS. chartreusis NRRL 3882 strain, using its genomic DNA for subsatju
whole genome sequencing and genomic library coctsbruexperiments.

2.2.3 Whole genome sequencing of S. chartreusis

A fresh sample of high Mw genomic DNA fro@ chartreusis NRRL 3882 was
prepared and sequenced by the University of Liveirpalvanced Genomics Facility with a
% plate run using the Roche 454 Titanium pyroseqgugmlatform. The data was supplied
as a draft assembly constructed using Roche Nevaseembler software; the associated
metrics data is summarised in Table 2.1.

Streptomyces chartreusis NRRL 3882

From 286 Mb of 454 sequence data (Y2 plate run):

largeContigMetrics

numberOfContigs = 2,638

numberOfBases =7,773,698 bp
avgContigSize = 2,946 bp
N50ContigSize =4,582 bp
largestContigSize =53,916 bp
Q40PlusBases = 7,736,953 bp, 99.53 %
Q39MinusBases = 36,745 bp, 0.47 %

allContigMetrics

numberOfContigs =3,112
numberOfBases =7,952,445 bp

Table 2.1 Metrics data from S. chartreusis genome sequencing

A total of 286 Mb data was collected, giving amgae coverage of 36.0x based on
large contig data. The genome was assembled intdabof 3,112 contigs’? 2,638 of
which were above 500 bases and considered larde aVerage contig size was 2,946
bases and the Ilargest contig was 53,916 bases. MNBOContigSize and
Q40PlusBases/Q39MinusBases parameters represeatteanative average contig size
calculation and a measure of sequence quality césply.>*>?** The contigs covered 7.95
Mb of the S chartreusis chromosome with a G+C content of 70 %, both coestsivith
data for existingreptomyces genomes (Table 2.2).

-84 -



Chapter 2: Cloning the tunicamycin biosynthetic gene cluster

Streptomvees strain @ State of Chromosome  G+C content
ptomy assembly size (Mb) (%)
S. chartreusis NRRL 3882" Single Pass 7.95 70
S. coelicolor A3(2)! Complete 8.67 72
S. griseus subsp. griseus NBRC 13350  Complete 8.55 72
S. avermitilis MA-4680'° Complete 9.03 70
S. scabies!® Complete 10.15 72
S. viridochromogenes DSM 40736 Draft 8.55 71
S. sviceus ATCC 29083 Draft 9.06 70
Streptomyces sp. el4 Draft 7.15 68
Streptomyces sp. SPB78 Draft 6.90 72
Streptomyces sp. SPB74 Draft 6.51 70
Streptomyces sp. Mgl Draft 7.11 70
Streptomyces sp. C Draft 7.92 72
Streptomyces sp. ACTE Draft 7.37 71
Streptomyces sp. ACT-1 Draft 8.57 72
Streptomyces sp. AA4 Draft 9.15 69
S. roseosporus NRRL 15998 Draft 7.56 70
S. roseosporus NRRL 11379 Draft 7.76 71
S. pristinaespiralis ATCC 25486 Draft 7.63 71
S. lividans TK24 Dralft 8.19 71
S. hygroscopicus ATCC 53653 Draft 10.47 71
S. griseoflavus Tu4000 Draft 7.36 71
S. ghanaensis ATCC 14672 Dratft 8.22 70
S. flavogriseus ATCC 33331 Draft 7.59 71
S. clavuligerus ATCC 27064 Draft 8.53 72
S. albus J1074 Draft 6.62 72

[a] Data obtained from NCBI Genome database (http://www.ncbi.nlm.nih.gov/sites/genome) in May
2010; [b] Data from our S. chartreusis sequencing project; [c] Data from the Streptomyces
Annotation Server (http://strepdb.streptomyces.org.uk/);

Table 2.2 Chromosome sizes and G+C contents from existing Streptomyces genome projects

-85 -



Chapter 2: Cloning the tunicamycin biosynthetic gene cluster

It should be noted that due to the high G+C contéi®&reptomyces genomes, larger
contigs show a bias towards a lower G+C contergj. (Ei2). This is a consequence of the
assembly algorithm, which is most efficient for Gte®els close to 50 %. For this reason,
the actual G+C content f@& chartreusis may be slightly higher than the 70 % observed
across all combined contigs.
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Fig. 2.2 Chart showing the distribution of contigs according to their length (grey bars) and the
relationship between contig length and G+C content (blue dots)
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2.2.4 Genome mining of an S. chartreusis BLASTable  database
2.2.4.1 Query sequences used as in silico probes

Using no more than a draft assembly of $nehartreusis genome, DNA sequences
contained within the multiple contig fragments weoeeened for the presence of putative
tunicamycin biosynthetic genes. A wide range aididate genes from other organisms
were selected as query sequences and screenedstagaiB. chartreusis BLASTable
database, kindly constructed by Dr. Govind Charfdi@). Typically, tBLASTn searches
were performed, whereby protein sequences of cataligenes were compared to the six-
frame translations (both strands) of the nucleotidéabase oSf. chartreusis contigs®®®
Thein silico probes used were chosen based on analysis of én@icdl reactivity proposed
to feature in the construction of tunicamycin frametabolic precursors and also on
enzymes in the putative biosynthetic pathway ofcamycin proposed by Tsvetanosizal.
(see section 1.4.3Y° This generated a series of ‘logic filters’ foletgenome scanning
process, iteratively homing in on candidate contigistaining genes of interest. Moreover,
since genes for secondary metabolite biosynthesisacteria are predominantly found in
clusters?®® multiple hits against different probes found osimgle contig would identify
potential locations of the tunicamycin biosynthefene set.

tail-to-tail coupling .
N- acylatlon of monosaccharide subunlts i ACHN/K

7—12
.OH < NH UDP
/\(\M M/ activated fatty acids UDP-GIcNAc 5,6-ene
Q o]
H o C—» _UDP
AcHN 0 A
AcHN N NH
o 1o g
HO o)
tunlcamyclns $ (0]
o,B-1,1 glycosidic linkage OH HO OH
UDP-GIcNAc uridine

Fig. 2.3 Proposed disconnections for tunicamycin biosynthesis

Some of the more notable query sequences usdusigenome mining process and
the logic behind their selection are presentedvbelo
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2.2.4.1.1 1,1-Linking glycosyltransferases

Tunicamycin contains a raee3-1,1 linkage between tunicamine and a terminal GicN
residue (Fig. 2.3). Such non-reducing glycosidinkdges are typified by trehalose, a
naturally occurring disaccharide consisting of afi-dlycosidic bond between twa-
glucose units. There are three distinct pathwaysréhalose biosynthesis conserved across
trehalose-producing prokaryotes — the OtsA-OtsBYFfreZ and TreS pathwaysy. 3,3'-
Neotrehalosediamine fromacillus subtilis contains arm,3-trehalose linkage between two
aminosugars, a motif shared with tunicamych. The biosynthetic cluster of trehalase
inhibitor salbostatin fron&treptomyces albus contains homologues of trehalose forming
enzymes although the antibiotic does not itselt@iona trehalose linkagé? Sequences of
glycosyltransferase enzymes (GTs) in all of theathways and from a wide range of
sources were used as probes against our BLAST akato identify potential GTs of
interest inS. chartreusis. It should be noted that most of the enzymesigdeare involved

in — or homologous to those involved in — the faioraof a,a-1,1 glycosidic bonds. It is
possible these enzymes operata a different mechanism to the tunicamycin cluster
glycosyltransferase, which forms arB3-1,1 glycosidic linkage, and as such might belong
to different GT families with unrelated primary segces and protein folds.

2.2.4.1.2 Hexose epimerases and dehydratases

Tsvetanovat al. showed that the terminal GIcNAc and the pseudiNGa moieties
within tunicamycin are derived from the same meliauol of UDP-GIcNAC?®® As such
tunicamycin’s biosynthetic cluster is likely to ¢am a GIcNAc 4-epimerase to form the
GalNAc motif with its axial G4 hydroxyl. In addition, the €C linkage between €5" of
the GalNAc moiety and €6 of the uridine portion in tunicamycin is propdst® be
formedvia a GIcNAc-5,6-ene intermediate (Fig. 2.3), whosemiation would require a
hexose 4,6-dehydratase. The two proposed enzymeedighly related, and the two
functions could even be combined into one enzymg.such, sequences from epimerases,
dehydratases and epimerase/dehydratases from arande of metabolic pathways and
acting on NDP-glucose and NDP-GIcNAc substrates ewgueried against the&.

chartreusis BLAST database.
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2.2.4.1.3 N-acetyl-hexosamine deacetylases

UDP-GIcNAc has been implicated as the common noditatprecursor to both
aminosugar moieties within tunicamyd&t. As such, it is highly likely that the fatty acid
chain at G10" in tunicamycin is introduced by-deacetylation at €2 of UDP-GIcNAc —
or the equivalent position in a more advanced mésliate — followed biN-acylation of the
resulting free amine (Fig. 2.3). A number of enegnexhibiting this function have been
characterised — these inclubleacetyl-hexosamine deacetylases involved in teaopi®
and neomycif?* biosynthesis, as well as GlcNAc-inositol deacetglaMshB from
mycothiol biosynthesi¥’? Sequences from all of these enzymes were prafeidst theS.
chartreusis BLAST database.

2.2.4.1.4 Fatty acid and polyketide synthase subunits

The fact that tunicamycin exists as a mixture pta 18 homologues differing in the
composition of their acyl chains suggests thatatty acids are derived from the common
cellular pool rather than biosynthesiséd novo. However, it was hoped that the
tunicamycin gene cluster would contain homologuesedain polyketide synthase or fatty
acid synthase subunits for use in activating theskilar lipids (Fig. 2.3), in particular

A%  As such, a number of

homologues of highly conserved acyl carrier prata
sequences from the actinorhodin cluster Sofcoelicolor were queried against th&

chartreusis BLAST database.

2.2.4.2 Bioinformatic analysis of candidate contigs

Genome mining of th& chartreusis BLASTable database yielded candidate contigs
possessing open reading frames (ORFs) homologowsoriee of the query sequences
discussed above. In order to home in on a putdtimécamycin gene cluster, these
candidate contigs were analysed in greater detsiihgu Artemis, a DNA sequence
visualisation and annotation tool (a screenshotbeaseen in Fig. 2.4§> Artemis displays
any DNA sequence along with its amino acid transhain all six frames. Many features
can then be applied, such as the visualisationl gfoasible stop codons, a GC frame plot
and G+C content analysis. All of these aid thealiery of ORFs and the localisation of
gene boundaries within a stretch of DNA sequené&mach of these ORFs can then be
appropriately labelled and annotated following BIOASomparison with the compiled
sequences of international genetic databases.
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Fig. 2.4 Bioinformatic analysis in Artemis; A: GC frame plot and average G+C content (grey line);
B: Overview of DNA sequence in 6 reading frames with stop codons (vertical lines), annotated
genes (green) and other open reading frames (blue); C: Zoomed window with amino acid sequence
translation in 6 reading frames.

Some of the strategies we used for identifying ®RRd determining the precise
boundaries of key genes are summarised brieflybelo

2.2.4.2.1 GC frame plot

In this algorithm, the G+C content of every thipase pair in three frames is plotted
as green, blue and red lines respectively. Fomeie the G+C content of thé' 14", 7",
10", etc. base pairs will be plotted for the wholeusstge with a green line. Similarly, the
G+C content of the™, 5", 8", 11", etc. base pairs will be plotted as a blue line e 3,
6", 9" 12" etc. as a red line. The resulting graphic isnet a GC frame pldf®3’
Streptomyces bacteria exhibit a high G+C content — typicallgaper than 70 %. Due to the
degeneracy of the genetic code — particularly isitmm 3 of a codon — there is a highly
biased codon usage in Streptomycetes, with 92 #ddns ending in G or €2 As such,
coding regions of DNA can be identified from thétpens of the GC frame plot, as seen for
the genes in Fig. 2.4. The reading frame of eacling region can also be determined in

this way3%6:307
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2.2.4.2.2 Start codons

Initiation codons at the start of all genes camteN-formylmethionine or methionine,
which are used to initiate protein synthéSfs The most common start (or initiation) codon
is ATG, coding for methionine. In some cases hawveGTG (valine) or in very rare cases
TTG (leucine) can be used. Due to the GC-rich neatf Streptomyces genomes, GTG
initiation codons are much more common, and carst inél taken when assigning the start
point of any gené®®

2.2.4.2.3 Stop codons

In messenger RNA (mRNA), certain nucleotide ttiplsignal the termination of
translation. In the corresponding DNA templatessth stop (or termination) codons are
TAA, TGA and TAG?'93! |n GC-rich organisms such Sseptomyces, TGA stop codons
predominaté®® By visualising possible locations of stop codamsll six reading frames
within Artemis, regions of DNA showing a conspicsdack of these codons often indicate
the presence of an ORF.

2.2.4.2.4 Ribosome binding sites

When there are a number of potential initiatidessfor a particular gene, identifying
ribosome binding sites can assist in correctlygmssg the true transcriptional start site.
Ribosome binding sites of mRNAs usually occur 5p9ulpstream of the translational start
codon and show complementarity to sequences ao$et3” end of 16S rRNE?>*2 This
Shine-Delgarno sequence is generally centred artumdnRNA sequence GGAGG and
complementarity to the 16S rRNA can extend 3-7rbgither directiori>> Although this is
a good guide for determining true initiation codomast all genes exhibit ribosome binding
sites and instead rely on polycistronic transasipfiollowing on from a preceding gene.
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2.2.5 Identification of a putative tunicamycin bios  ynthetic gene cluster
2.2.5.1 Bioinformatic analysis of candidate contigs

Following extensive genome mining, a single coniigs identified containing
multiple hits. Analysis of contig 00341 with Artesrand BLAST identified homologues of
inosityl-GIcNAc deacetylase, hexose epimerase/dettgde and acyl carrier protein, in a
cluster of eleven open reading frames (ORFs). Jhend of this operon coincided with
the edge of the contig and terminated with theiglasequence of a putative GT-1 family
glycosyltransferase (termetinD). The full length sequences of glycosyltransfesas
homologous tdaunD were screened against tBechartreusis genome, identifying contig
02796. This additional contig contained the renmgmportion oftunD and three further
clustered ORFs. The precise gene boundaries antidas of the 14 ORFs in this operon
were determined and careful analysis concluded these genes spanning two non-
overlapping contigs are likely to constitute a tamycin biosynthetic gene clustéur).
The constituent genes were consequently labalied-N.

2.2.5.2 Genetic organisation of putative tun gene cluster

Streptomyces chartreusis NRL3882
orf tun orf
-2 -1 A B C D E F G H I J KL M N 1 2 3

o > ) PP o< <K+

Okb Skb 10 kb 15 kb 20 kb
L 1 1 1 1

- Carbohydrate building block biosynthesis » Attachment of N-acetylglucosamine » Attachment of fatty acid
|:> Tunicamine biosynthesis :ﬁ} Transporter genes |:> Uninvolved flanking genes

Fig. 2.5 Genetic organisation of putative tun gene cluster

The genetic organisation of the putatiua gene cluster is shown in Fig. 2.5 and the
predicted functions afunA throughtunN along with those of flanking ORFs are presented
in Table 2.3. More detailed analysis of individbasynthetic enzymes and their proposed
roles in the tunicamycin biosynthetic pathway aseassed in section 2.4. The contiguous
12.0 kb stretch contains a total of 14 ORFs, ailvbich are oriented in the same sense and
with minimal gaps. This suggests the entire clusge contained within a single
polycistronic transcript, which is feasible givas small overall size. The overall G+C
content of this region is 65.0 %, well below thdtaotypical Sreptomyces genome or
indeed the rest of th& chartreusis genome (see Table 2.2). This suggests this dasterc
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may have been acquired from another lower G+C asgarduring the course of its

evolution.
Amino Proposed Closest protein homologue ™, Identity/Similarity,
acids biosynthetic function Origin Accession no.
Integrase, 52% / 65%,
orf-2 406 Streptomyces sviceus ATCC 29083  zZP_05020140
Transposase, 50% / 64%,
orf-1 297 Rhodococcus jostii RHAL YP_700005
UDP-GIcNAC NAD-dependent 42% | 58%
- epimerase/dehydratase, ° 0
wnA 321 epimerase/dehydratase S?reptomyces gp. Mg1 ZP_04996782
. Radical SAM domain protein, 32% / 48%,
tunB 338  Fe-Soxidoreductase  j5ioterrigena turkmenica DSM5511 YP_003405396
GCNS5-related N-acetyltransferase,  33% / 50%,
tunC 318 N-acyltransferase Fervidobacterium nodosum YP_001410548
Group 1 family glycosyltransferase, 28% / 45%,
tunD 474 Glycosyltransferase Thermococcus barophilus ZP_ 04876510
N-acetylglucosaminyl- 43% | 57%
tunE 234 N-deacetylase phosphatidylinositol de-N-acetylase, b 00630904,133
Cylindrospermopsis raciborskii —
WnE 327 UDP-GIcNAc- UDP-glucose 4-epimerase, 46% | 63%,
un 4-epimerase Paenibacillus sp. oral taxon 786 ZP 04852226
Phosphoglycerate mutase, 29% / 47%,
tunG 203 UMP phosphatase Frankia sp. Ccl3 YP_481446
wnH 515 Nucleotide Type | nucleotide pyrophosphatase, 35% / 50%,
pyrophosphatase Burkholderia sp. 383 YP_370731
Putative ABC transporter
. . . 0, 0,
tunl- 304 A'?P?gi;roﬁgsporéernit ATP-binding subunt, %/oologagz’sm
g subu Streptomyces scabiei 87.22 —
wnl 262 ABC transporter ABC-2 type transporter, 32% / 51%,
permease subunit Thermobaculum terrenum YP_003322218
) ) Phosphopantetheine-binding protein 329 / 61%,
tunK 81 Acyl carrier protein Catenulispora acidiphila DSM44928 yp_ 003117493
wnl 229 Phospholipid Phosphoesterase PA-phosphatase, 339% / 42%,
un phosphatase Micromonospora aurantiaca ZP 06217896
) . Methyltransferase family protein, 48% | 63%,
tunM 216 Radical SAM protein  g5:charomonospora viridis YP_003133112
NUDIX hydrolase, 36% / 55%,
tunN 152 UTP pyrophosphatase  nakamurella multipartita YP_003200035
Secreted protein, 81% / 90%,
orffl 213 Streptomyces viridochromogenes  ZP_05533938
‘ Secreted protein, 90% / 94%,
orf2 573 Streptomyces viridochromogenes ZP_05533937
Secreted protein, 9 0
o3 606 p | 82% / 89%,

Streptomyces viridochromogenes

ZP_05533936

[a] Homologues from S. clavuligerus ATCC 27064 and A. mirum DSM 43827 were omitted.

Table 2.3 Deduced functions of genes in the tun operon
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The three flanking genes downstream of the puddtin cluster ¢rf1-3) have close
homologues in almost every sequen@aptomyces genome and as such are likely to
encode conserved housekeeping genes rather thamdieed in tunicamycin biosynthesis.
The two upstream flanking genesrftl and orf-2) encode putative transposase and
integrase enzymes respectively, which are not Jlikel be involved in tunicamycin
biosynthesis but which lends support to the ided $hchartreusis acquired thdun gene
cluster from another organism. Betweaf-l andtunA there is a 1900 bp putative ORF
with multiple frameshifts - “junk” DNA.

2.2.5.3 PCR verification of contigs spanning the putative tun operon

PCR ofS. chartreusis genomic DNA was performed with primers matching 81
and 3" ends ofunD (primers TunDF and TunDR), in order to bridge tiep between
contigs 00341 and 02796 (Fig. 2.6). Sequencinghisf PCR product showed 100 %
identity to a 762 bp area spanning the gap betwleeiwo contigs and confirmed that the
sequence in contig 02796 was directly flanked l®ydbquence in contig 00341 on the
chartreusis chromosome. This showed that there were no ngdsase pairs between the
two contigs and as such the full sequenciiad could be unambiguously reported.

tunk tunC tunF
ORF-1 Lund tunk T

800 3600 [10400 11200 12000 12800 [13600 [12400 1600 |za00

CONTIG 02796 |4 CONTIG 00341

[ E— i
tunl tunk
I [ /™
tunH tund tunk tunfl
[ [

tunG iu.nN

2200 |3z00 000 2800 |s600 6400 |7200 |aano |aano [ [10400

. .

ORF2 ORF4

CONTIG 00341 cont. ORFL ORF3
Fig. 2.6 PCR verification of tun gene cluster boundaries and of the tunD sequence

Two further PCR products were obtained agatshartreusis genomic DNA, using
pairs of primers designed to amplify regions ofusatce bordering either side of then
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gene cluster (primers TunLF/TunLR and TunRF/TunRRhe resulting TunL and TunR
PCR products both showed 100 % identity to 762208 bp regions on the left and right
boundaries of théun cluster respectively (Fig. 2.6). This confirmeaittimo misassembly
had occurred during genome sequencing and hentththpredicted boundaries of tha
cluster were indeed correct.

2.2.6 Homologous tun gene clusters in S. clavuligerus and A. mirum

Bioinformatic analysis of theun cluster allowed identification of other potential
tunicamycin producers. Homologous sets of genea® vi@ind inActinosynnema mirum
DSM 43827 and Sreptomyces clavuligerus ATCC 27064; the latter has been reported to
produce the closely related antibiotic MM192$0.0nly minor differences were observed
between the genetic organisation of these gendecfjssuggesting a recently shared
evolutionary heritage (Fig. 2.7). The homologids genes from both clusters were
compared with the paretin genes fron&. chartreusis (Table 2.4).

Streptomyces chartreusis NRL3882
orf tun orf
-2 -1 A B ¢C D E F G H I J KL M N 17 2 3

R =P (ERREL S emame L L e L SEp e e

Streptomyces clavuligerus ATCC27064
SCLAV_42xx
90 89 88 87 86 85 B84 83 82 8 80 79 78 7776 75 747372 71

Actinosynnema mirum DSM43827
Amir_28xx
13 14 15 16 17 18 19 20 21 22 23 24 25 26 28 29 30

0 II(D 5 Ikb 1DI kb ‘lﬁlkb 20 II(D

* Carbohydrate building block biosynthesis ‘ Attachment of N-acetylglucosamine m& Partial tunL homologue
|:"> Tunicamine biosynthesis [:f) Transporter genes |:> Uninvolved flanking genes
m) Attachment of fatty acid

Fig. 2.7 Genetic organisation of tun gene cluster homologues from S. clavuligerus and A. mirium

The S clavuligerus cluster exhibited greatest similarity to the gerfeam S
chartreusis, with identities ranging from 52 to 90 % and eaamngene accounted for. The
genes are almost all present in the same ordeoniyeifference being thatnM andtunN
have reversed orientation at the downstream entdeo€luster. It is highly likely that the
genes with annotated loci SCLAV_4274 to SCLAV_428@ responsible for MM19290
biosynthesis inStreptomyces clavuligerus ATCC27064.  Additionally, although the
structure of MM19290 has not been disclosed, trgeldegree of homology witkin genes
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from S chartreusis strongly suggests that — like the streptovirudind eorynetoxins — this
compound shares its core carbohydrate skeletontuwiibamycin.

The A. mirum cluster exhibits identities wittun genes fronS. chartreusis ranging
from 30 to 78 %. The order &dfinA to tunK homologues is conserved, althoughM has
moved from the end to the beginning of the clustaterestingly no homologue @inN or
tunL was found, although upon closer inspection of #tietch ofA. mirum sequence a
truncated versiotunL was discovered, containing a number of frameshiftations. Since
this organism has not been reported to produceaatipiotics structurally related to the
tunicamycins, it is probable that we have uncoveresident gene cluster which has lost the
ability to produce its tunicamycin-like metabolite.
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S. chartreusis

S. clavuligerus ATCC 27064 A. mirum DSM 43827

NRRL 3882 Proposed biosynthetic homologue locus, homologue locus,
- function aa, (%1d/Si)™, aa, (%I1d/Si),
ORF  aa Accession no. Accession no.
SCLAV_4287, Amir_2816,
TunA 321 . UDP-GlcNAc 276, (72/80), 322, (54/65),
epimerase/dehydratase ZP 06773762 YP_003100592
SCLAV_4286, Amir_2817,
TunB 338 Fe-S oxidoreductase 338, (90/95), 340, (78/87),
ZP_06773761 YP_003100593
SCLAV_4285, Amir_2818,
TunC 318 N-acyltransferase 322, (60/72), 318, (43/57),
ZP_06773760 YP_003100594
SCLAV_4284, Amir_2819,
TunD 474 Glycosyltransferase 461, (63/77), 451, (47/58),
ZP_06773759 YP_003100595
SCLAV_4283, Amir_2820,
TunE 234 N-deacetylase 236, (77/85), 230, (63/76),
ZP_06773758 YP_003100596
SCLAV_4282, Amir_2821,
TunF 327 UDP-GlcNA- 327, (76/83), 332, (58/70),
4-epimerase ZP_ 06773757 YP_003100597
SCLAV_4281, Amir_2822,
TunG 203 UMP phosphatase 208, (65/73), 223, (50/60),
ZP_06773756 YP_003100598
eotid SCLAV_4280, Amir_2823,
TunH 515 Nurf e°tr'] e 518, (66/76), 510, (53/65),
pyrophosphatase ZP_ 06773755 YP_003100599
ABC transporter SCLAV_4279, Amir_2824,
Tunl 304 ra _ 302, (77/88), 302, (60/73),
ATP-binding subunit ZP 06773754 YP_003100600
SCLAV_4278, Amir_2825,
Tunl 262 ABC transporter 261, (76/83), 253, (61/78),
permease subunit ZP_ 06773753 YP_003100601
SCLAV 4277, Amir_2826,
TunK 81 Acyl carrier protein 81, (65/87), 79, (34/54),
ZP_ 06773752 YP_003100602
Bhosoholinid SCLAV_4276,
TunL 229 oSpholipt 223, (52/67), -
phosphatase ZP 06773751
SCLAV_4274, Amir_2815,
TunM 216  Radical SAM protein 212, (54/67), 232, (30/54),
ZP_06773749 YP_003100591
SCLAV_4275,
TunN 152  UTP pyrophosphatase 170, (68/77), -

ZP_06773750

[a] Number of amino acids; [b] (% Identity / Similarity)

Table 2.4 Comparison of S. chartreusis tun cluster with S. clavuligerus and A. mirium homologues
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2.3 Heterologous expression of  tun genes
2.3.1 Construction of S. chartreusis genomic library
2.3.1.1 Cosmid library overview

A cosmid library is a collection of DNA fragmerdgsored and propagated i coli
within cosmid vectors. In this case the DNA fragmseare random 35-45 kb fragments of
the S chartreusis genome, with each individual recombindntcoli colony containing a
single such fragment. Across 30@D coli colonies, every part of th& chartreusis
chromosome is mapped many times over and as suagenamic library of theS
chartreusis genome can be created inErcoli host.

The SuperCos | cosmid vector used in these lisaare hybrids of plasmid and
bacteriophage lambda DN® Derived from a plasmid are an origin of replioati(ori),
antibiotic resistance genes and suitable restndites for cloning. In addition they contain
a COS recognition sequence from phagBNA, allowing cosmid recombinants to be
packaged into viral particlas vitro and transduced into bacterial cells. Since mbghe
phageh DNA has been discarded, this sequence can becegplay the DNA of interest.
Once in the cell, the cosmids do not form viraltigées as the recombinant DNA no longer
codes for any proteins. Instead, large circular plasmids areém and maintained within
the host cell, conferring antibiotic resistance athcan be used as a selection marker.
Cosmids can hold much larger inserts than stanplasinids, in the order of 35-45 kb, the
size being limited by the amount of DNA which cangackaged into the viral head prior to
transduction. In addition, infection of tike coli host byA virions occurs at a thousandfold
greater frequency than transformation by plasmidths method is an extremely efficient
way of cloning DNA intcE. coli.

There are a number of benefits to producing a wbdilorary. It allows theS
chartreusis genome to be efficiently screened with labelled®DNobes for the presence of
genes of interest — in our case these probes vesedlon precise sequences from a putative
tunicamycin gene cluster previously identified lyngme mining. Once hits have been
identified, individual cosmids can be isolated whaontain only a small proportion of the
entire genome yet contain the desired genes. &nceli is much more tractable than
most source organisms, subsequent genetic mangulaf gene clusters contained in
specific cosmids is greatly simplified.
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Fig. 2.8 Overview of constructing cosmid library of S. chartreusis in E. coli.
(reprinted with permission from Lodish et al.,*"” © 2008 W.H.Freeman & Co Ltd, New York)

Fig. 2.8 shows a general schematic for the folwnatif a cosmid library irE. coli.
First of all, the genomic DNA is partially digestexlyield restriction fragments 35-45 kb in
size. These fragments, representing all partsheftarget genome, are ligated into the
polylinker site of a cosmid vector. The producte aoncatomeric pieces of DNA with
multiple copies of cosmids linked end to end, eatth a different insert from the genome
of interest. The concatomers contain equally sp&e@sS sites derived from the cosmid
vectors. These protein-binding nucleotide sequeace recognised by-head proteins, so
when preassembled phafeneads are added to the mixture, DNA segments leetiweo
adjacent COS sites are efficiently packaged interapty viral head. Following addition of
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a preassembled phagdail, the recombinant virions are ready to inféctoli cells. Once
in the cell, the recombinant viral DNA forms a rasttuted circular plasmid which is
stably maintained within the bacteria. Successfahsduction can be selected for with
ampicillin and kanamycin, resistance to which isaed in the cosmid backbone.

2.3.1.2 Partial Sau3A | digest of genomic DNA

In order to clone genomic DNA fragments into B&mH | site of the SuperCos |
cosmid vector, the chromosomal DNA was first pétidigested withSau3A | — which
cuts at the same site BamH |. This was done to reduce the size range ofgt@mic
DNA to that of the 30-50 kb inserts accepted by $luperCos vector, as well as to create
the requisite sticky ends for ligation. Conditidos the partial digest were screened on a
test scale to determine the optimum restrictionyam concentration and length of
incubation. The results of this screen can be seEiyg. 2.9.

=4 LT HE
S.chartreusis

005 - 5 10 0 051
 dilution 0.02 U3A 0.002¢

Fig. 2.9 Partial Sau3A | digest of S. chartreusis genomic DNA

Upon scaling these optimised conditions to a pagpay scale, it was found a slightly
shorter incubation time was sufficient to obtaie thesired DNA distribution. In order to
remove any DNA fragments below 30 kb — which pdeerisk of inserting twice into one
cosmid vector — the partially digested DNA was safm by gel electrophoresis and
fragments of approximately 25 kb and above werasegcfrom the gel (Fig. 2.10, A).
DNA was then electroeluted into dialysis tubingg@pitated and resuspended; pulsed-field
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gel electrophoresis analysis showed the partiatigstedS chartreusis genomic DNA to
range between 15 and 60 kb in size (Fig. 2.10,B)is distribution was slightly on the low
side, but the sample was carried forward for codibrdry construction.

A DNA marker
PFG marked

5
%)
=3
0]
A
1=
m
7
&)
0p]

Fig. 2.10 Electroelution of partially digested genomic DNA; A: Gel excision of size-fractionated,
partially Sau3A I-digested S. chartreusis DNA; B: Pulsed-field gel electrophoresis of the
electroeluted and precipitated DNA sample from the gel slice in A.

2.3.1.3 Ligation, packaging and transduction of genomic DNA

The size-fractionate@au3A I-digestedS. chartreusis genomic DNA was next cloned
into SuperCos | vectors and packaged into recombimephage according to
manufacturer’s instructions using a SuperCos | Goswector Kit (Stratagene) and a
Gigapack Il Gold Packaging Extract Kit (StratagenBriefly, dephosphorylation of the
chartreusis insert DNA was followed by incubation with T4 DNiigase and SuperCos |
vector, previously treated witkba I, calf-intestinal alkaline phosphatase &aH |. The
resulting concatameric recombinant DNA was therkaged intoA phagen vitro and used
to infectE. coli XL1-Blue MR cells. Successful transduction of cad@NA into E. coli
cells was selected for by incubation with ampiciind kanamycin. These reactions were
performed by Andrew Hesketh (JIC). Using the diaetionatedS. chartreusis DNA
samples described above, a total of 3072 recombiacoli colonies were individually
picked by robot and arrayed onto 3 x 384-well ntiteo plates at the Genome Analysis
Centre (Norwich, UK). The entire library of 307Bmes contained a total of ~123 Mb
chartreusis DNA, giving 15x theoretical coverage of the genonNA from each colony
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in this library was then fixed onto nylon membramesording to standard procedur&s,
ready for hybridisation screening with carefullysdmed PCR probes.

2.3.2 lIsolation of cosmids containing  tun operon
2.3.2.1 Formation of *P-labelled PCR probes

PCR primers were designed which amplified ~26Qdapons from each end of the
tun gene cluster, using chartreusis genomic DNA as template. These amplified regions
represented internal fragments of genesA and tunN respectively (Fig. 2.5). The
resulting TunA and TunN products were passed thra@IAquick PCR Purification Kit
(Qiagen) and analysed on an agarose gel (Fig..2.1li¢ products were then labelled with
[a-*?P]-dCTP, using a Rediprime Il Random Prime LabglliKit (Amersham) in a
designated hot lab.

M-

- TunATunN

Fig. 2.11 Gel confirmation of TunA and TunN PCR products used to probe cosmid library
2.3.2.2 Hpybridisation screening of S. chartreusis cosmid library

Two nylon membranes containif®ychartreusis genomic library DNA were washed
to remove cell debris and pre-hybridised with d¢afymus DNA to reduce non-specific
binding of the probe sequence. Next, the filteesashybridised in a rotisserie oven with a
solution of the radioactive probe at 60 °C overhigime was incubated with TunA probe,
the other with TunN. After washing the filtersnting events were visualised by exposure
to a phosphoimager plate. The resulting imagebeaseen in Fig. 2.12, overlaid with an
array grid. The image shows a number of specifitdihg events with very little
background activity.
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Fig. 2.12 Hybridisation of **P-labelled TunA (top) and TunN (bottom) probes to cosmid library filter.
Colonies binding to both probes are circled in red
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All 3072 colonies from the 8 x 386-well platestire S. chartreusis library were
printed onto each individual nylon membrane. Sitltese membranes were arrayed in
386-well format, each grid position on the membreometains DNA from eight separaie
coli colonies. To distinguish between them each guighee has colonies printed in two
positions of a 4 x 4 matrix (Fig. 2.13). The paitef these two dots allows the precise
origin of each hit to be located within the 8 pléiteary. For example in Fig. 2.13, the
circled hit farthest to the left clearly correspertd position C3 of plate 7, abbreviated to
7C3. Noting that cosmids containing the entine cluster will bind both TunA and TunN
probes, hits appearing on both arrays were seléctadied in Fig. 2.12). The locations of
these cosmids were determined to be 1N9, 2F8, 38HB, 4N14, 5K7, 6N9 and 7C3. It
should be noted that grid position N9 showed footscand thus yielded two hits, from
plates 1 and 6 respectively.

A1 A24

000
@@
(o)
_OI0O

P1 ~~ ~ P24
A single grid square

Fig. 2.13 Key for specifying the “address” of each colony within a given grid square

2.3.2.3 Restriction digest of isolated cosmids

E. coli colonies from each of these positions in the gendibrary were picked,
propagated and the eight different cosmids isoléteth them. These cosmids were then
used as the template for the formation of TunA @ndN probes by PCR (Fig. 2.14). Each
PCR reaction gave a product of equivalent sizeeacbntrol products TunA and TunN (Fig.
2.14, lanes C1 and C2). As such all eight isolatesimids provided a successful template
for the formation of TunA and TunN, confirming th#ie colonies specified by the
radioactive probes were correctly identified anolated from the genomic library. The
lower diffuse bands present correspond to RNA cuimtants from the cosmid preparation.
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Lane C1: TunA primers, S. chartreusis genomic DNA template;
Lane C2: TunN primers, S. chartreusis genomic DNA template;
Lanes 1-8: TunA primers, cosmid DNA template (1N9, 2F8, 3D5, 4H8, 4N14, 5K7, 6N9, 7C3);
Lanes 9-16: TunN primers, cosmid DNA template (1N9, 2F8, 3D5, 4H8, 4N14, 5K7, 6N9, 7C3);

Fig. 2.14 PCR amplification of TunA and TunN probes using isolated cosmids as template

The eight cosmids isolated from ti® chartreusis genomic library were also
subjected to restriction analysis wBamH | andXhol to further verify the presence of the
tun cluster (Fig. 2.15). The restriction pattern veasnpared to that from contigs 02796
and 00341, which when combined together containtuhecluster and 14 kb of flanking
sequence (Fig. 2.16). Cosmid 4N14 (Fig. 2.15, daBeand 13) immediately looked
anomalous and was not considered further. Theingmgaseven cosmids contained all of
the characteristic bands originating from withie thn cluster, except for the 367 bp band
which was too small to see on the agarose gel. prhsence of restriction fragments
flanking thetun cluster were then considered, to identify cosmiti®se inserts have the
tun genes located as centrally as possible. Cosnh@sahd 2F8 did not show a 4.2 kb
band in theBamH | digest originating from the left hand end oé thn cluster and thus had
these genes very close to the edge of their cosmatt (Fig. 2.15, lanes 1-2). Similarly,
cosmid 3D5 did not have the 4.7 kb band inXitel digest originating from the right hand
end of thetun cluster (Fig. 2.15, lane 11). As such, cosmid8,45K7, 6N9 and 7C3
remained as the best candidates for subsequentiggemanipulation. It should be noted
that without any further sequence information fralis region of theS. chartreusis
chromosome, the precise origins of the other bawnittsn the restriction digests could not
be determined. In addition a number of the extnads present are > 8 kb and are poorly
resolved. It should also be noted tBaimH | cuts only once anihol does not cut at all in
the 6852 bp SuperCos | backbone.
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Lanes 1-8: BamH | digestion; Cosmids 1N9, 2F8, 3D5, 4H8, 4N14, 5K7, 6N9, 7C3.
Lanes 9-16: Xhol digestion; Cosmids 1N9, 2F8, 3D5, 4H8, 4N14, 5K7, 6N9, 7C3.

Fig. 2.15 Restriction digest of isolated cosmids with BamH | and Xhol
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Fig. 2.16 Comparison of cosmid digest to theoretical restriction digest of contigs 02796 and 00341
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2.3.3 Modification of cosmid backbones and cloning into S. coelicolor hosts

In order to screen for heterologous expressiorntheftun gene cluster in a non-
producingStreptomyces host, the backbone of the cosmid vector must fiesmodified to
make it conjugative and integrative. The cosmsddated from thé&. chartreusis genomic
library do not contain &reptomyces origin of replication or machinery to integrateeith
sequence into the host’'s chromosome. If they waejugated fromE. coli into
Sreptomyces, they would not be able to replicate or survivetle host strain. To
overcome this, the SuperCos | vector backbone waserted to that of pMICOSH’

BamHI BamHI

ori pUC INSERT

Sspl

pSuperCos 1

G883 bp + 33-45 Ko insert

pMJCOS1

8759 bp + 35-45 kb insert
cos site

cos

SREER Hindlll -

cos

Hindlll

Hindi11'

neo kanamycin resistance gene (neomycin phosphotransferase 1)

bla carbenicillin resistance gene (B-lactamase)

aac apramycin resistance gene (aminoglycoside acetyltransferase type IV — aac(3)-1V)
oriT origin of transfer from IncP-group plasmid RK2

attP $C31 phage attachment site

int ¢C31 integrase

INSERT 35-45 kb insert of S. chartreusis genomic DNA (not drawn to scale)
T3 T3 priming site

T7 T7 priming site

ori puC ColE1 origin of replication derived from pUC vectors

cos site A phage cos packaging site

cos A phage cos recognition domain

Fig. 2.17 Maps of SuperCos 1 and pMJCOS1 vectors
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Cosmid pMJCOS1 shares a lot of sequence with 8gset (Fig. 2.17), but the
kanamycin resistance cassetteo) has been replaced with an apramycin resistance ge
(aac(3)-1V) to allow for differential antibiotic selection tveeen the two vectors. The most
important additions however apei T, attP andint. Successful conjugative transfer fr&n
coli to Sreptomyces is dependent on the presence of both an origiraagfer ¢riT) — from
IncP-group plasmid RK2 — and additional genes niedjathe transfer process termed
‘transfer functions®° Typically, only oriT must be present in the plasmid destined for
conjugative transfer; the transfer functions arpp$ied in trans by an additional driver
plasmid in theE. coli donor strain, such as self-transmissible pUB307th@ non-
transmissible puUZ8002° Once in Sreptomyces, recombinase machinery from the
temperate phagéC31 is used to irreversibly integrate the cosmidqusace into the
chromosome. Expression of thgC31-derived integraseinf) catalyses site-specific

recombination between the vectattP) and chromosomeitB) attachment site¥32?

To convert the SuperCos | backbone to that of p@SC aA-Red mediated
recombination strategy was employed (see Fig. 2°285* First of all, the four suitable
cosmids (plJ12311-4, see Table 2.5) isolated fitoest chartreusis genomic library were
transformed intcE. coli BW25113/plJ790 by electroporation. After a rowfdantibiotic
selection, individual colonies of successful transfants were cultured and further
transformed with a 5.2 kiSspl fragment from pMJCOSL1 that contained the key gene
mentioned above aac(3)-1V, oriT, attB andint from ¢ C31 — as well as flanking sequences
with identity to corresponding regions of the Suxes | backbone (see Fig. 2.17). Prior to
electroporating the cells, expression\eRed genes contained within the plJ790 plasmid
was induced with.-arabinose. Thesg-Red @am, bet, exo) genes promote a greatly
enhanced rate of double-crossover recombinatiomgusinear DNA®*®  Successful
transformation of thesspl DNA fragment intoE. coli BW25113/plJ790/plJ12311-4 and
subsequent recombination with the SuperCos | baeklwd plJ12311-4 was selected for
using apramycin. In addition, due to plJ790 conitej a temperature-sensitive replication
domain (ep101%),3?° growing the apramycin resistant recombinants af@#ather than
30 °C promoted the loss of plJ790 which leftEarcoli BW25113 strain containing only
recombined cosmids plJ12315-8 (see Table 2.5).
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plJ12311-4
(Supercos 1)
@ , @ 1123114 — @ Pl12315.8
(SuperCos 1) B (pMJCOST)
Transformat|on i. Transformation

Selection: ii. Recombination
Carb, Kan, 30 C Selection:

E.coliBW25113 E.coliBW25113 Carb, Apr, 30 C E.coli BW25113

37 Cinduced ‘
loss of plJ790
@ —— pu12315 -8
(PMICOST) (pMJCOST)
4
i. Cosmid isolation

i. Transformation E.coliBW25113
Selection:
/ Carb, Apr, 37 C
PI12315-8 | ~qu—
(pMJICOST)
i. Cosmid isolation
ii. Transformation E.coli DH5c
4 Selection:
, Carb, Apr, Kan
E.coli ET12567
6 E.coli ET12567
plJ12315-8 —
(pmicoS?) ) )
Conjugative
transfer
E.coli ET12567 @ 7
(pmiCoS?)
—
Chromosome
integration
Selection:
Apr
S.coelicolor M1146 or M1152 S.coelicolor M1146 or M1152

Fig. 2.18 Overview of A-Red mediated recombination of cosmid backbone

Unfortunately, theE. coli BW25113 strain used can maintain multiple copiés o
plasmids and cosmids, so each cell may containxéurei of original SuperCos I-derived
cosmids (plJ12311-4) and their corresponding pMJGO&ed recombinants (plJ12315-8).
For this reason, total cosmid preparations weréopeed on combined samples of all the
apramycin resistant colonies and these cosmid negtwere transformed directly ini
coli DH5a. As this strain only accepts one cosmid per egliamycin selection was now
entirely selective for colonies harbouring pMJCO&ked cosmids plJ12315-8.

- 109 -



Chapter 2: Cloning the tunicamycin biosynthetic gene cluster

Name Cosmid Description

plJ12311 Cosmid library clone 4H8 with SuperCos | backbone
plJ12312 Cosmid library clone 5K7 with SuperCos | backbone
plJ12313 Cosmid library clone 6N9 with SuperCos | backbone
plJ12314 Cosmid library clone 7C3 with SuperCos | backbone
pMJCOS1 packaged with a S. chartreusis genomic DNA

pJ12315 fragment from cosmid library clone 4H8

plJ12316 pMJCOS1 packaged with a S. chartreusis genomic DNA
fragment from cosmid library clone 5K7

plJ12317 pMJCOS1 packaged with a S. chartreusis genomic DNA
fragment from cosmid library clone 6N9

01112318 pMJCOS1 packaged with a S. chartreusis genomic DNA

fragment from cosmid library clone 7C3

Table 2.5 Description and names of novel SuperCos |- and pMJCOS1-based DNA constructs

Following this step, uncontaminated samples ofrids plJ12315-8 were isolated
and further transformed int6. coli ET12567/pUZ8002 by electroporation. The pUzZ8002
helper plasmid in this strain contains transfercfions necessary fon trans mobilisation
of oriT-containing vectors fronk. coli to Streptomyces via intergeneric conjugaticf’ —
this plasmid has had its ovami T sequence modified so it itself is not transfef8dThe
ET12567 strain ofE. coli used is methylation deficient, so any DNA transfdrinto
Sreptomyces is not prone to methyl-specific restriction medkars present in some host
strains®?’ SuccessfuE. coli ET12567/pUZ8002/plJ12315-8 transformants wereatsol
and grown overnight on mannitol-soyaflour (MS) agarthe presence of heat-shocked
spores fronS. coelicolor M1146 and M1152 strains (see Table 2.8). Theltragulates
were then overlaid with nalidixic acid to selectiveill the E. coli cells and with
apramycin to select for successful cosmid transded integration into the host
chromosomé?®3? This yielded recombina® coelicolor strains harbouring. chartreusis
genomic fragments derived from cosmid library cknéH9, 5K7, 6N9 and 7C3
respectively (see Table 2.6). As such, each afetliecombinant strains possessed a copy
of the putativetun gene cluster. Spores from these strains wereatetleand used in
subsequent heterologous expression experiments.

The two strains used in these experiments wereldeed by Dr Gomez-Escribano
(JIC) to act as super-hosts. They are based orfulthe sequenced model organism

Sreptomyces coelicolor A3(2)**°

and have had four antibiotic clusters knockedtogéther
with mutations to RNA polymerase B in order to loespression and production of any

heterologously introduced gene clusters (see TaBle

- 110 -



Chapter 2: Cloning the tunicamycin biosynthetic gene cluster

2.3.4 Cloning minimal tun cluster directly from S. chartreusis genomic DNA

In the previous section, the putatin cluster was cloned by manipulating the
backbones ofS. chartreusis genomic library cosmids, converting them to pMJCOS1
derived integrative and conjugative vectors whiem @nter heterologouSreptomyces
hosts and integrate into their chromosomes. lallghiwith these experiments, attempts
were made by Andrew Hesketh (JIC) to clone the tugtdun operon from a genomic
library cosmid directly into a similarly conjugadéivand integrative vector, using
conventional DNA restriction and ligation technigueThe benefit of this approach was
that it avoided cloning significant flanking seques either side of the putatiten gene
cluster, as was the case with th&ed recombination approach. Here, prudent choice
restriction enzyme would result in exclusive claniof the 14 ORFs in the putatiten
operon, together with only minimal regions of flank sequences. An added benefit of this
method was the potential for improved simplicitydaoverall efficiency of the cloning
process, all of which was made possible by thdivels small size of the putativein gene
cluster — at only 12.0 kb any resulting restrictimgments could be easily handiedsitro
by conventional methods.

As such, a 12.9 kBacl fragment from genomic library cosmid 4H8 (plJ12B3ivas
cloned directly into theSacl site of pRT802! yielding construct plJ12003. Theacl
fragment contained the complete predicten cluster plus 427 bp upstream tohA and
500 bp downstream dfinN; neither of these flanking DNA sequences was ptedito
possess an entire ORF. Subsequently, plJ12003aomasgated intd. coelicolor M1146
via triparental mating using. coli S17-£3? andE. coli ET12567/pUZ8002. The resulting
recombinantS. coelicolor strain was consequently subjected to heterologapsession
experiments (see section 2.3.5). If heterologopsession were to be observed from these
clones, the boundaries of the minintah cluster required for tunicamycin production
would be delineated, ruling out the presence of egsential yet overlooked genes outside
of the putativdun gene cluster.
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2.3.5 Heterologous expression in  S. coelicolor hosts
2.3.5.1 Summary of recombinant S. coelicolor strains

Two parallel approaches to cloning the putatiwegene cluster frons. chartreusis
were reported in the previous two sections. Thiesk to the construction of nine
recombinantS. codlicolor strains each harbouring a copy of the putatwe operon.
Additionally, three furtherS coelicolor recombinant strains were obtained as controls,
produced by analogous methods and containing tlewamt vectors lacking any DNA
insert. All of these nev. coelicolor strains were assigned new names for clarity (Table
2.6) and are described further in the experimesgetion (Table 2.8 and Table 2.10).

Name Description

S. coelicolor host strains
Model strain S. coelicolor M145>" with deleted actinorhodin
S. coelicolor M1146  (act), undecylprodigiosin (red), calcium-dependent antibiotic
(cda) and type | PKS cluster CPK (cpk) gene clusters

S. coelicolor M1146 carrying a point mutation in rpsL for
enhanced expression of antibiotic gene clusters
pMJCOS1-based clones — obtained by A-Red mediated recombination
S. coelicolor M1146 with plJ12315
(derived from library clone 4H8)
S. coelicolor M1146 with plJ12316
(derived from library clone 5K7)
S. coelicolor M1146 with plJ12317
(derived from library clone 6N9)
S. coelicolor M1146 with plJ12318
(derived from library clone 7C3)
S. coelicolor M1152 with plJ12315
(derived from library clone 4H8)
S. coelicolor M1152 with plJ12316
(derived from library clone 5K7)
S. coelicolor M1152 with plJ12317
(derived from library clone 6N9)
S. coelicolor M1152 with plJ12318
(derived from library clone 7C3)

CONTROL: S. coelicolor M1146 with empty pMJCOS1 vector
(vector-only control strain)

CONTROL: S. coelicolor M1152 with empty pMJCOSL1 vector
(vector-only control strain)

pRT802-based clones — obtained by ligation

S. coelicolor M1146 with plJ12003a
(minimal tun gene cluster in pRT802 plasmid)

CONTROL: S. coelicolor M1146 with pRT802
(vector-only control strain)

330

S. coelicolor M1152

S. coelicolor M1021

S. coelicolor M1022

S. coelicolor M1023

S. coelicolor M1024

S. coelicolor M1025

S. coelicolor M1026

S. coelicolor M1027

S. coelicolor M1028

S. coelicolor M1029

S. coelicolor M1030

S. coelicolor M1031

S. coelicolor M1035

Table 2.6 Descriptions of Streptomyces coelicolor recombinant strains
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These recombinarf. coelicolor strains were screened for evidence of tunicamycin
production in order to verify the function of thetgativetun gene cluster in tunicamycin
biosynthesis.

2.3.5.2 Agar-diffusion bioassays

The basic procedure for the tunicamycin bioassaglies growing recombinant or
control Streptomyces strains on suitable agar until the mycelial forgnstage. Cylindrical
bores are transferred to an empty plate and fload#édlow melting point agar pre-infected
with a reporter strain. After incubation for 24 the plates are screened for zones of
inhibition surrounding theStreptomyces colonies. Two common reporter strains were
screened for their susceptibility to tunicamyduticrococcus luteus and Bacillus subtilis
EC1524. It was found that onB:. subtilis EC1524 was efficiently killed upon exposure to
tunicamycin and so this strain was subsequently asea reporter strain for all bioassay
experiments (Fig. 2.19).

Fig. 2.19 Tunicamycin susceptibility bioassay using B. subtilis EC1524 as reporter strain.

Fig. 2.19 shows. subtilis was efficiently killed by tunicamycin, with 2 pgeugh to
produce a halo of inhibition. The kanamycin cohpmduced a very broad and diffuse
halo, suggesting it was not highly toxic B subtilis and hence not an ideal control
antibiotic. The MeOH control simply showed thagé thleOH in which the tunicamycin
dilutions were dissolved had no effect on the ghowt the reporter strain. On the right
hand side of Fig. 2.19, tunicamycin producing s chartreusis NRRL3882 andS.
lysosuperificus ATCC31396 clearly produced an antibiotic toxicBosubtilis, whereas the
S codlicolor A3(2) model organism showed no zone of inhibitiohhese test bioassays
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identified B. subtilis as a suitable reporter strain, and provided opgchigrowth conditions
and antibiotic concentrations for accurate anda@peible tunicamycin bioassays.

S. coelicolor M1021 S. coelicolor M1023

S. coelicolor M1029  Tunicamycin S. coelicolor M1029  Tunicamycin
control control

S. coelicolor M1022 A S. coelicolor M1024

S. coelicolor M1025 S. coelicolor M1027

8. coelicolor M1030 Tunicamycin 8. coelicolor M1030 Tunicamycin
control control

S. coelicolor M1026 f 8. coelicolor M1028

Fig. 2.20 Agar-diffusion bioassays of recombinant S. coelicolor strains with cosmids plJ12315-8.

Agar-diffusion bioassays of pMJCOS1-containifgcoelicolor recombinants are
shown in Fig. 2.20. The results clearly showed ®acoelicolor strains M1025-8 all
produced an antibiotic toxic 8. subtilis (Fig. 2.20, A and B). All four clones produced an
equal response and were consistent when repeateplicate. These strains contained one
of the four cosmids derived from genomic libraryoreés 4H8, 5K7, 6N9 and 7C3
(p1J12315-8) within hos§. coelicolor M1152 (see Table 2.6). When compared with the
lack of bioactivity of vector-only control strainproduction of the antibiotic toxic tB.
subtilis could be assigned with confidence to tBechartreusis-derived sequences in
cosmids plJ12315-8.

It was curious, however, to observe no heterolsgproduction inS. coelicolor
strains M1021-4 (Fig. 2.20, C and D). These stramntained exactly the same plasmids in
alternative hos8& coelicolor M1146, which is identical to the M1152 strain exicthat it
lacks specific point mutations to the residgmiB gene (see Table 2.6). This mutation has
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been shown to boost levels of antibiotic producteomd may explain the differences
observed>?

Agar-diffusion bioassays of pRT802-containfagoelicolor recombinants are shown
in Fig. 2.21. The result clearly showed tlsatcoelicolor M1031 produced an antibiotic
toxic to theB. subtilis reporter strain. This strain contained the minimdativetun cluster
in plasmid pRT802 within hos. coelicolor M1146 (see Table 2.6). The control str&in
coelicolor M1035 showed no zones of inhibition yet differednfi S. coelicolor M1031
only by the lack of the 12.0 kb putatitten gene cluster plus ~500 bp of flanking sequences
(see Table 2.6). This was a highly encouragingltesonfirming that the putativeun
operon codes for the antibiotic observed in thassay.

g &

S. coelicolor M1035  Tunicamycin
control

5. coelicolor M1031

Fig. 2.21 Agar-diffusion bioassay of the recombinant S. coelicolor strain with cosmid plJ12003a

Both approaches to cloning the putatitws cluster fromS. chartreusis yielded
recombinantS. coelicolor strains which showed heterologous expression adrdibiotic
toxic toB. subtilis. The positive result from the cloning of the mmail putativetun cluster
confirmed that this antibiotic can only be coded by the 14 genes contained within this
operon. In the subsequent sections, the isolaiwh chemical characterisation of this
unknown antibiotic responsible for the halos ofilomion is reported.

It is interesting to note that when using the t#®soelicolor M1146, clones derived
from pMJCOS1-based cosmids plJ12315-8 (str&irelicolor M1021-4, see Table 2.6)
showed no heterologous production, yet clones widbmid plJ12003a containing the
minimal putativetun gene cluster successfully underwent heterologopeesgion (straiis.
coelicolor M1031, see Table 2.6). The reasons for this actear, but it is possible that
there is a sequence outside of the cloned miniamatluster which mediates transcriptional
regulation in some way. Further studies are regluio investigate this suggestion.
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2.3.5.3 MS and 'H NMR verification of heterologous tunicamycin production

To confirm the identity of the bactericidal metiteoproduced by our recombinant
bacteria, S. codlicolor strains M1027 and M1031 and their respective ctsitro S
coelicolor M1030 and M1035 (see Table 2.6) — were growngquidi culture for five days,
after which the pelleted mycelium was extractechviiteOH. These crude extracts were
then characterised by liquid-chromatography/masstspmetry (LC/MS) (Fig. 2.22).

A Authentic tunicamycin
6.16 10.57
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Fig. 2.22 Total ion chromatograms from LC/MS of extracts from recombinant S. coelicolor strains;
For more detailed strain descriptions see Table 2.6.

A: Authentic tunicamycin sample;

B: S. coelicolor M1027 (strain with pMJCOS1-based cosmid plJ12317 in host S. coelicolor M1146);
C: S. coelicolor M1027 (vector-only control of strain M1027);

D: S. coelicolor M1030 (minimal tun cluster in plasmid pRT802 in host S. coelicolor M1146);

E: S. coelicolor M1035 (vector-only control of strain M1031);
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TOF MS ES+
100+ 2,394
0 |
2
i, sl |LAAAS RAARI EAAAY LAAM) RS
TOF MS ES+
100+ 3.71ed
\Q_
0_
; TOF MS ES
C S coelicolor M1030 - control 45, 69164
100+ 21e
757
\e_
= 754
554 598 622 843 666 710 ?687?5 794
60 577 ¢ ool605 649 B87503 | 4731757 SeaRist s
611 Sire 748 8e3
U
D S coelicolor M1031 TOF MS ES+
639 3.5604
100+
625
ES o g26|540
AR i 742
589 603 . 847
§72 |59 Caad gaz | ' 671885800
0_
E S. coelicolor M1035 - control - ToFns Soe
100+ :
P
808
768
0 ol ) s ot gt Lt s iz

" | R
1 T L T T T T T T T T T T T 1 T T 1 T T
560 580 600 620 640 ©B60 €80 70O 720 740 760 780 800 820 840 860 880 900

Fig. 2.23 Mass spectra from LC/MS analysis of extracts from recombinant S. coelicolor strains;
(Individual mass spectra were extracted from LC/MS total ion chromatograms (see Fig. 2.22) for
retention times between 3.5 and 20 min, then combined to yield a single summed spectrum for each
extract sample); For more detailed strain descriptions see Table 2.6.

A: Authentic tunicamycin sample;

B: S. coelicolor M1027 (strain with pMJCOS1-based cosmid plJ12317 in host S. coelicolor M1146);
C: S. coelicolor M1027 (vector-only control of strain M1027);

D: S. coelicolor M1030 (minimal tun cluster in plasmid pRT802 in host S. coelicolor M1146);

E: S. coelicolor M1035 (vector-only control of strain M1031);
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For bothS coelicolor M1027 and M1031, the resulting total ion chromaiogs
(TICs) showed sets of peaks between 3.5 and 2Quitinretention times identical to those
found in an authentic tunicamycin sample; thesekpeawere absent from control strains
(Fig. 2.22). Additionally, mass spectra obtainexhf these samples were found to contain
mass distributions and fragmentation patterns pedci matching those of authentic
tunicamycin (Fig. 2.23). Mass spectra of individp@aks within each TIC — corresponding
to tunicamycin homologues running at different méten times — revealed that the
heterologously expressed tunicamycins and the atitheample shared an almost identical
fatty acid distribution (Appendix A3). It can berxluded that either the fatty acid
composition of the hos3. coelicolor strain is very similar to that of tHe lysosuperificus
which produced the commercial standard, or thatttinegenes show a high level of
specificity for particular acyl chain lengths whesequestering cellular lipids during
tunicamycin biosynthesis.

The presence of tunicamycin product was furthenfiomed by H NMR
spectroscopy. Crude extracts fro® coelicolor M1031 were purified by flash
chromatography and subjected ‘t4 NMR analysis alongside an authentic tunicamycin
sample. The resulting spectra were identical amdbe seen in appendix A4.

Overall, these results show beyond doubt that rbkeigous production of
tunicamycin has been achieved and that all the gepeessary are contained within the
fourteen-genéun cluster.
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2.3.5.4 Yield of heterologous tunicamycin production

A number of recombinar$. coelicolor strains were selected and grown in different
liquid media. The tunicamycin extraction/purifiat procedure described in section 3.2.3
was performed in each case after 7 days of grondthtlae yields of tunicamycin compared
(Table 2.7). Initially, R5 production medium wased, which is a rich medium designed to
maintain a complete nutrient supply, promote dispeérgrowth and maximise secondary
metabolite production. Unfortunately, R5 contal®® g sucrose per litre of medium, and
this caused significant contamination during tumgain purification. As such, despite
giving a slightly higher yield than with tryptonegst extract-dextrose (TYD) medium in
mg per litre of culture, the yield with respectcill pellet weight was lower. The medium
was not used any further due to its high relatiestcand the significant problems it
provides during purification.

The most significant observation, however, was bwh recombinant strains failed
to produce more tunicamycin than natiSecharteusis. This is surprising given th8&.
coelicolor strains M1146 and M1152 used are designed tosasuper hosts; they boost
antibiotic production by having existing antibiogene clusters knocked out and having
advantageous mutations to the gene coding for Rbljnperase B. The reasons for this
drop in relative production levels is unclear, altgh may be related to as-yet-unknown
regulatory elements or self-resistance mechanisoditienal to the putative ABC
transporter encoded within then gene cluster.

Strain Media Tunicamycin yield Tunicamycin yield
(mg/L culture) (mg/g cell pellet)

S. coelicolor M1031 R5 25 1.5

S. coelicolor M1027 R5 8 0.4

S. chartreusis R5 41 2.3

S. coelicolor M1031 TYD 7 2.7

S. coelicolor M1027 TYD 8 0.5

S. chartreusis TYD 30 2.8

Table 2.7 Comparison of tunicamycin production yields
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2.4 Proposed biosynthetic pathway to the tunicamyci ns

Thus far we have reported the identification amdification of the gene cluster
responsible for tunicamycin biosynthesisSnchartreusis. In this section we will present
analysis of individual genes tn operon together with an inspection of conservet&ct
site residues, using a combination of BLAST, Artemis3®® Conserved Domain
Databas&* and HHpred® bioinformatic tools. This will culminate in the quosal of a
propose a detailed metabolic pathway for the bitteasis of the tunicamycins, reconciling
insights gained through previous metabolic feedirgeriment$?® We will also comment
on possible resistance mechanisms and how expnesfthis biosynthetic cluster might be
regulated irSS. chartreusis.

2.4.1 Carbohydrate building block biosynthesis

OH (0) o HO o
H?i o 0 TunA HO or HO
AcHN AcHN AcHN

O. <
~UDP UDP UDP
UDP-GIcNAc UDP-4-keto-5,6-ene-GIcNAc UDP-GIcNAc 5,6-ene/
UDP-GalNAc 5,6-ene

O O (o)

0
PPPO 7 NH PO 7 N OH ¢ W o (/_/<NH
K@/N«O TunN K@/N«o TunG K@/N«o TunB H)K@,N‘QO

HO  ©H HO OH HO  OH HO  OH
UTP UDP Uridine Uridine 5'-aldehyde

Fig. 2.24 Proposed role of Tun gene products in carbohydrate building block biosynthesis

The two suggested coupling partners involved m fibrmation of the first eleven-
carbon dialdose intermediate on the way to tuniogiracil are uridine 5" -aldehyde and
UDP-4-keto-5,6-enéN-acetylglucosamin€® The closest homologues of the TugAne
product are NAD-dependent epimerase/dehydratases ¥arious bacteria (42% identity
and 58% similarity with one fron8&treptomyces sp. Mgl). The protein contains a
TGxxGxxG signature at the N-terminus denoting tlmespnce of a nucleotide-binding
Rossmann fold® as well as a $xYxsK catalytic triad®>’ These features are characteristic
of short-chain dehydrogenase/reductase superfamigmbers, which includes the
epimerase/dehydratase family of enzyrfi&sExamples sharing these motifs include FlaA1,
a UDP-GIcNAc G-dehydratase/soxidoreductase fromHelicobacter pylori producing
UDP-6-deoxy-GIcNAE*® and dTDP-glucose 4,6-dehydratase froi@reptomyces
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venezuelae yielding dTDP-6-deoxy-4-keto-glucod®. We propose that TunA converts
UDP-GIcNAc — which has been shown to be a precurstunicamycin biosynthesis — to

the UDP-4-keto-5,6-ene-GIcNAc intermediate invohnredindecose construction, although
reduction to the allylic alcohol is possible, résy in UDP-5,6-ene-GIcNAc (Fig. 2.24).

Recent work with TunA performed within our reseagthup supports the latter proposal.
This enzyme was found to act as a 5,6-dehydragasepting UDP-GICNAc and converting
it to UDP-5,6-ene-GIcNAc — which was successfuliy@cterised by NMR. Crucially no

4-keto species was detected, nor was UDP-GalNAemed as a substrate.

The suggested uridine 5 -aldehyde coupling parasr not only been implicated in
tunicamycin biosynthesfS? but also in that of nikkomycin, polyoxin, liposieycin and
capuramycin nucleoside antibiotic familf@83443** |ts formation and mechanistic role has
not been studied in detail, although in our sysisniormation is likely to begin with the
action of TunN (Fig. 2.24). The closest homologogéghe tunN gene encode NUDIX
hydrolases from various bacteria (36% identity &@P6 similarity with one from
Nakamurella multipartita DSM 44233). It contains a 23-residue sBEXREXXEEXGV
motif highly conserved amongst members of the NUBiXrolase superfamily, forming a
structural motif involved in Mg or Mr?* binding and subsequent cataly$s. Substrates
of this family of enzymes have the general striectir a_neleotide_dphosphate linked to
another moiety _X (NUDIX), and include nucleoside triphosphates, udieotide
polyphosphates and nucleotide sugars. Enzymesgacti uridine 5 -triphosphate (UTP)
have been identifietf® In our case, TunN is likely to act as a pyropiagpse on UTP to
give uridine 5"-monophosphate (UMP), which actsaasubstrate for further phosphate
hydrolysis by TunG (Fig. 2.24). The amino acidssEte of TunGhows homology to
phosphoglycerate mutases (29% identity and 47%lasityi with one fromFrankia sp.
Ccl3) anda-ribazole phosphatases from a number of source% (Riéntity and 42%
similarity with one from Clostridium botulinum Bf). a-Ribazole 5°-phosphate is an
intermediate in cobalamin (vitamin B biosynthesis, and its structure is closely relate
that of UMP — our proposed substrate for TUAG*® Analysis using the Conserved
Domains Database (CD#f showed TunGo belong to the phosphoglycerate mutase-like
subgroup of the histidine phosphatase superfartolyhich both of the aforementioned
enzyme classes belodlj. The action of TunN and TunG on UTP is suggestdsktsimilar
to the actions of Pur7 and Pur3 in the biosynthesiaucleoside antibiotic puromycin,
where adenosine 5 -triphosphate is the initial sahe*%3*
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The uridine which results from these transformaiave suggest is next oxidised to
uridine 5”-aldehyde by TunB (Fig. 2.24). All oktlslosest homologues of the gene product
of tunB are radical SAM domain proteins (32% identity addedsimilarity with one from
Haloterrigena turkmenica DSM 5511) with examples of homology to coenzyme
pyrroloquinoline quinone (PQQ) synthesis protei(pggE) being the most common (33%
identity and 51% similarity with one fronMycobacterium abscessus ATCC 19977).
Members of the radical SAM superfamily all bind &e4S cluster an&adenosyl-
methionine (SAM); indeed TunBontains a characteristic CxxxCxxC motif for binglitne
iron-sulfur cluster®® Enzymes of this class generate an enzyme boudedXyadenosyl
radical from SAM, a powerful oxidant which catalgsa range of radical-mediated
reactions at specific positions of bound substr&tesn our case, we propose a hydrogen is
abstracted from €5° of uridine to generate a substrate radical, wbmuld undergo further
oxidation to uridine 5" -aldehyde or feature dingatl the subsequent coupling with UDP-4-
keto-5,6-ene-GIcNAcC.

2.4.2 Tunicamine Biosynthesis

4 :O /_'<O
OH
OH NH OH 7
0. _N— HO SR TunA, TunM HO oH NH
o + N = AcHN"\Z7 0N

o TunB, TunF e O
S % *UDP -

HO OH U UDP HO OH
Uridine UDP-GIcNAc UDP-tunicaminyl-uracil

Fig. 2.25 Proposed role of tun gene products in forming the undecose scaffold of tunicaminyl-uracil

The undecose skeleton of tunicaminyl-uracil isposed to be formed by the tail-to-
tail coupling of uridine 5"-aldehyde and UDP-4-ké&t6-ene-GIcNAc to install the
necessary €C bond®®® We have suggested that these intermediates arprtfucts of
UTP and UDP-GIcNAc through the actions of TunN, GuTunB and TunA (Fig. 2.24).
The gene product TunM shows greatest homology meethyltransferase family protein
from Saccharomonospora viridis DSM 43017 (48% identity and 63% similarity). Tieest
majority of homologues are from this family, anigament supported by CDD analysis
which shows TunM to belong to tHeadenosylmethionine dependent methyltransferase
superfamily. Since methyl transfer is not envishdaring tunicamycin biosynthesis, the
precise role of TunM remains uncertain. Althougltontains a SAM-binding motif of
EXGXGXG, it lacks any CxxxCxxC motif for the bindirof 4Fe4S, thus explaining its
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classification as a methyltransferase family protather than a radical SAM superfamily
protein®* However, in the tunicamycin biosynthetic pathviajikely acts to mediate a
radical reaction between the aforementioned cogppiartnersyvia a 5 -deoxyadenosyl
radical. One possibility is that TunB and TunM atesely associated and act together to
bring both coupling partners in close proximity af enzyme-bound reactive radical
species, which is first created from the SAM cadaaif TunB by the action of its 4Fe4S
cluster and then transferred to the SAM cofactotsomediating partner TunM, where the
C-C bond forming event takes place. The couplinghef two activated carbohydrate
intermediates may proceeda a radical mechanism either by addition to arp-
unsaturated ketone or through a Barbier-type masimanClearly further work is necessary
to obtain direct experimental evidence in suppbitihts hypothesis, but there remains the
exciting prospect of deciphering a unique and liglhusual biosynthetic mechanism,
possibly uncovering novel chemistry unprecedentecih enzymatic reaction (Fig. 2.25).

o OH OH oH
a) Ep/me(/satlon before H o TunE? o
formation of 5,6-ene and ﬂo _ > HO
undecose-forming event AcHN AcHN
b) Epimerisation aft ©-upp OH  Oypp
pimerisation after Hﬂ /o) TunF? o)
formation of 5,6-ene but before fe) - - HO
undecose-forming event AcHN AcHN
O. O.
ubP UDP
o} O
OH
c) Epimerisation after HO OH OH </ NH TunF? HO OH </ NH
formation of 5,6-ene and AcHN f6) O N-ﬁ ————* » AcHN o) (0} N—<\
undecose-forming event o) 9]
upp-© upp-©
HO OH HO OH

Fig. 2.26 Possible substrates for epimerase TunF

The product of gen&unF shows homology to a large number of UDP-glucose-4-
epimerase proteins (46% identity and 63% similanith one fromPaenibacillus sp. oral
taxon 786 str. D14). It contains an N-terminal §oann fold as denoted by CDD analysis
and the presence of a characteristic TGxxGxxG wtide-binding motif. It also contains
the SxsYxsK catalytic triad®*’ Since TunF is not predicted to have 4,6-dehydeata
activity, it may serve to function purely as a @@imerase. The precise position of TunF
in the biosynthetic pathway of tunicamycin is u@acle- three potential substrates can be
rationalised (Fig. 2.26). Firstly, TunF could a&arly in the pathway on UDP-GIcNAc,
epimerising it to UDP-GalNAc (Fig. 2.26, entry aSubsequent action by dehydratase
TunA would erode the stereochemistry at C# a UDP-4-keto-5,6-ene-GIcNAC
intermediate, meaning TunA would have to mediageestspecific reduction of the 4-keto

group — which could occur before or after theGQCcoupling event — yielding onlgal acto-
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configured products. The second and third postdlatibstrates involve the action of TunF
after that of TunA. After oxidising C-4 to a keoand catalysing dehydration to a 5,6-ene,
the hydride abstracted by TunA is returned to thlestate from NADH to complete the
catalytic cycle. This hydride return may occurdsefor after the undecose-forming event
postulated to be controlled by TunB and TunM. Ha tase of tunicamycin biosynthesis,
reduction of the 4-keto moiety in this intermedietenore likely than that of the 5,6-ene —
as observed in 6-deoxysugar biosynthi&sis since this alkene moiety is likely to play an
important role in the subsequent undecose-formiwene Since the hydride at C-4 was
initially abstracted from the axial position it mesturn from the same face, reducing the 4-
keto functionality to an equatorial hydroxyl anelgiing agluco- configured product. It is
at this point that TunF may catalyse an epimepsatio the galacto- conformer.
Depending on the timing of the hydride return frdlADH in TunA, this TunF-mediated
epimerisation may occur before or after th&OQoupling event (Fig. 2.26, entries b and c).
Recent studies in our research group revealed UBRAZ to be a substrate for TunA,
forming UDP-5,6-ene-GIcNAc. UDP-GalNAc was not @gted as a substrate, suggesting
entry a in Fig. 2.26 did not represent the trueedrd) of biosynthetic events within the
tunicamycin pathway. Moreover, co-incubation of RMBIcNAc with TunA and TunF led
to the detection of UDP-5,6,ene-GalNAc, suggestiP-5,6-ene-GIcNAc is accepted by
epimerase TunF. This lends support to the sequeineeents outlined in entry b of Fig.
2.26>
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2.4.3 Attachment of N-acetylglucosamine

o} o}

Ho 7 on 7 \H Ho P on 7 \H
e T SV
0 \ HO \_/ UDP-GIcNAG

opF HO  ©H ubP HO  ©H TunD
UDP-tunicaminyl-uracil Tunicaminyl-uracil o
OH (/ ZNH

HO OH
AcHNﬁE&/—k@,N«
AcHN — ©
HO2 =g HO  OH

OH
N-acetyl-N-deacyl-tunicamycin

Fig. 2.27 Proposed role of Tun gene products in attachment of the a,3-1,1-linked GIcNAc moiety

The gene product dtinH shows homology to type | phosphodiesterases/nudéeot
pyrophosphatases (35% identity and 50% similariity wne fromBurkholderia sp. 383).
CDD analysis reveals N- and C-terminal domains attaristic of the sulfatase superfamily,
with particular homology to pfam01663 family mender namely Type |
phosphodiesterases/nucleotide pyrophosphatases. likigty function of TunH is in the
hydrolysis of UDP-tunicaminyl-uracil, releasing tlaomeric 11°-OH for subsequent
glycosylation with GIcNAc (Fig. 2.27). It is pob$ that the UDP liberated in this step is
subsequently used as a source of uridine for edolynthetic transformations described in
section 2.4.1. Formation of such an unusyfi1,1-trehalose linkage is extremely rare and
is most probably catalysed by the only putativecgdyltransferase present in tihua gene
cluster TunD, using UDP-GIcNAc as the glycosyl don@unD is homologous to group 1
glycosyl transferases from various bacteria (26éfitly and 42% similarity with one from
Magnetococcus sp. MC-1). CDD analysis predicts TunD is a memtfethe GT-1 Yggm-
like family, named after glycosyltransferase Yqgwni Bacillus lichenformis about which
little is known. It contains a motif present in QT family glycosyltransferases
(pfam00534) and is part of the larger glycosyltfarsse GT-B superfamily possessing the
GT-B fold. Through analysis of substrates and potslit can be assigned as a retaining
glycosyltransferas&?®
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2.4.4 Attachment of Fatty Acid

o
o M on ¢
ACHNWN« TunE HZNMN«

HO ©OH TunLK
C

o
OH OH ellular fatty acids
N-acetyl-N-deacyl-tunicamycin TunC
O
AcHN
OH Tunicamycins

Fig. 2.28 Proposed role of Tun gene products in N-acylation of the tunicamycin core skeleton

TunE shows homology to LmbE family proteins fronvariety of organisms (43%
identity and 57% similarity with one fronSyntrophomonas wolfei subsp.wolfel str.
Goettingen). This family is part of the larger PlGsuperfamily and also contains-
acetyl-glucosaminyl-phosphatidylinositol deacetylases from glycosyl-phosphatidyl-
inositol (GPI) anchor biosynthed¥ and 1p-myo-inosityl-2-acetamido-2-deoxy-D-
glucopyranoside deacetylases from mycothiol bidsysis®®> TunE contains an unusual
HPDD zinc-binding motif conserved across both @f thtter two enzyme familig® and
CDD analysis also places it in the PIG-L superfgmiCOG2120). Based on the
similarities betweerN-acetylN-deacyl-tunicamycin and the substrates of mycothiud
GPl-anchor biosynthesis, we propose that TunE yssal ZA*-mediated cleavage of the
10"-acetamido group of the pseudotrisaccharideupsec to reveal the free amine, in
preparation for subsequent fatty acid attachment.

Since heterologously produced tunicamycinS.icoelicolor were fully acylated even
though there are no fatty acid synthase genesernuthcluster, the range of fatty acids
observed amongst tunicamycin homologues are liteelye derived from the cellular pool
of fatty acids; this has previously been obsenreteicoplanin biosynthesis® The gene
product oftunL shows homology to type 2 phosphatidic acid phogsest (PAP2) from
various bacteria (33% identity and 42% similaritythwone from Micromonospora
aurantiaca ATCC 27029). CDD analysis identifies it as a membé the PAP2-like
protein subfamily specific to bacteria (cd03392H ats sequence contains a three-part
catalytic motif characteristic of this Mgindependent phosphatase family — KxxxxxxRP
(domain 1), PSGH (domain 2) and SRxxxxxHxxxD (damaj3*° A possible function of
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TunL is in the regulation of lipid synthesis in tlpgoducing bacterium. By down-
regulating the levels of cellular phosphatidic aaitl up-regulating levels of its cleavage
product diacylglycerol, phospholipid biosynthessrépressed and cellular pools of fatty
acids can be diverted for use in tunicamycin bitisgsis via [3-oxidative degradation
pathways®® It is fascinating that tunicamycin-producing amgans appear to have
evolved an efficient way of perturbing the compéad subtle signalling pathways of lipid
metabolism regulation, allowing increased tunicamyiosynthesis without negatively
affecting vital cellular processes.

Intriguingly, thetun cluster contains an acyl carrier protein (ACP) imK — which
exhibits homology to ACPs from numerous bacterialireses (32% identity and 61%
similarity with one fromCatenulispora acidiphila DSM 44928) — but does not encode a
fatty acyl ACP ligase. Presumably, fatty acids actvated as ACP-thioesters for use as
substrates in the subsequéhécylation of the tunicamycin skeleton through #uotion of
existing fatty acyl ACP ligases from primary metbdr.

The gene product aunC shows homology to GCNb5-relatdd-acetyltransferases
(GNAT) from a variety of bacteria (33% identity ar% similarity with one from
Fervidobacterium nodosum Rt17-B1). Analysis by HHPred shows homology tocothiol
synthase MshD across the full length of TunC (PIM®H), but suggests the presence of
two separate GNAT domains making up the N-termewadl C-terminal halves of the
protein respectively®> Indeed, MshB has been shown to similarly contaio GNAT
domains, one of which appears to be catalytically-functional*®> We propose that TunC
catalyses the acylation of the tunicamycin coreletta 10°-NH, using fatty acids
sequestered from primary metabolism and activase®lGP-thioesters. There is, however,
a possibility that TunC uses fatty acyl-coenzymégyl-CoA) substrates directly from the
[-oxidative degradation pathway as substrates astidatalyses th&acyl transfer from
CoA to an associated ACP (in this case TunK), leefdso catalysing subsequéacyl
transfer to tunicamycin. This activity has beesasled in one of the polyketide synthase
modules of curacin A%® although further experimental evidence is cleadguired to

distinguish between these proposals.
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2.4.5 Resistance genes

The gene products tdinl andtunJ comprise components of the ATP-binding cassette
(ABC) transporter systems from a variety of baeteriTunl is homologous to ABC
transporter ATP-binding subunits (41% identity a6i% similarity with one from
Streptomyces scabiei 87.22) and TunJ is homologous to ABC-2 transpopermeases
(32% identity and 51% similarity with one froiihermobaculum terrenum ATCC BAA-
798). Such transporter systems are well studiednave been observed in many bacteria
producing antibiotics, functioning as a self-remmste mechanism by coupling ATP
hydrolysis to metabolite efflux through the cell mierane®®**®> As such, Tunl and TunJ
together probably provide the self-resistance mmisha necessary for the viability of
tunicamycin-producing organisms.

2.4.6 Regulation of expression

No regulatory genes were found in the tun genstefysuggesting that tunicamycin
production may be subject to global control asdediavith growth rate reduction. The
presence of rare TTA leucine codons (only 2%.afoelicolor genes contain a TTA codon)
in tunA andtunM may well reflect an element of translational redgioin. InS. coelicolor,
the accumulation of tRNA"Y" is temporally regulated, and translation of mRNAs
containing this codon may be largely confined teratages of growtf®3°’

2.4.7 Proposed metabolic pathway for tunicamycin bi osynthesis

Over the previous sections, the biosynthesis nicaumycin has been broken down
into different stages and rationalised biosynthgtioposals have been made based on
detailed bioinformatic analysis of the enzymes éecoby thetun gene cluster. The
proposals from these different stages are now Ihtotiggether to form a unified and
detailed putative biosynthetic pathway to the tamgcins from metabolic precursors (Fig.
2.29). It should be noted that alternative po$isds exist to the intermediates shown in
brackets and further work is required to deciphwegirt precise structures. For further
discussion of these alternatives please refer ¢oréevant preceding sections (sections
2.4.1 and 2.4.2).
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Fig. 2.29 Proposed biosynthetic pathway for the tunicamycins

The tun gene cluster described is relatively small in siakhough a previous
suggestion that as few as five genes would be sapefor the biosynthesis of tunicamycin
has proved too conservativ&. Of the nine additional genes not originally poeed, two
are involved in the generation of free uridine froffiP, contrary to suggestions that uridine
would be obtained directly from primary metaboli&th. Two further genes are implicated

in formation of UDP-tunicaminyl-uracil — one codifgy a sugar epimerase supplementary

to the dehydratase catalysing UDP-4-keto-5,6-eredN&t formation and one which
mediates the radical coupling event alongside #egesponsible for uridine oxidation.

Hydrolysis of UDP from the undecose intermediate &lgao been shown to require enzyme

catalysis. Although the acyl side chains are {ikkel originate from cellular pools of fatty
acids — consistent with the lack of a fatty acidtegse — théun gene cluster still encodes
two enzymes that provide sufficient fatty acid flamd are involved in sequestering lipids
and processing them prior to attachment. Findflg,last two additionaln genes are not
directly involved in tunicamycin biosynthesis, faue likely to be crucial in conferring self-
resistance to the producing organisuml andtunJ together encode for an ABC transporter,
homologues of which are responsible for rapid ATReh efflux of antibiotics from cells
in a large number of antibiotic-producing organisfis
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2.5 Conclusions

In this chapter we have successfully identified aerified the biosynthetic genes of a
tunicamycin-family antibiotic for the first time,ffering rich insights into the poorly
understood biosynthetic pathway of this fascinatiagnily of nucleoside antibiotics.
Through molecular cloning and heterologous expoessif thistun gene cluster in &
coelicolor host, we have precisely defined the minimal setgehes required for
tunicamycin production. Additionally, we have idiéied close homologues of thein
cluster inA. mirum DSM43827 ands clavuligerus ATCC27064. The latter organism is
known to produce MM1923¢ — an antibiotic closely related to tunicamycinrd dased
on the close similarity of its homologous clustathmthe tun genes, we claim this cluster
must be responsible for MM19290 biosynthesis $h clavuligerus ATCC27064.
Furthermore, we propose MM19290 shares the coretste of the tunicamycins and
differs only in the nature of its acyl side chains.

The genome scanning approach to identifying tthregene cluster described here
represents a rapid and efficient way of identifyivagural product gene clusters, without the
need for labourious biochemical probes and avoidingtrating false-positive results. It
utilised rationalised predictions of the chemiagtivity that is likely to be involved in the
construction of tunicamycin from metabolic precussacting as a ‘logic filter’ that was
applied during the genome mining process. The mapial increase in publically
available gene sequences in recent years has dralyatexpanded the possibilities
afforded by bioinformatic analysis and the work gamted herein highlightan silico
mining of partially assembled genome sequencesdacaeasingly effective tool during
the early stages of dissecting a bacterial biogtittipathway.

The findings presented here act as a gatewayyial) more detailed investigations
into the tunicamycin biosynthetic pathway to takacp. Functional characterisation of
individual enzymes will provide confirmation of theroposed functions and ordering
within the metabolic pathway and will allow furthisights into how some of the unique
linkages in tunicamycin are constructed.
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2.6 Experimental
2.6.1 Bacterial strains

2.6.1.1 Streptomyces

Strain Description Reference/Source

S. chartreusis . . . . .
NRRL 3882 Tunicamycin producing strain DSMZ culture collection

S. lysosuperificus : . . . .
ATCC 31396 Tunicamycin producing strain ATCC culture collection

S. coelicolor M145%* with deleted
actinorhodin (act), undecylprodigiosin (red),
calcium-dependent antibiotic (cda) and
type | PKS cluster CPK (cpk) gene clusters

Juan-Pablo
Gomez-Escribano (JIC)
unpublished data

S. coelicolor M1146

S. coelicolor M1146 carrying a point mutation in Juan-Pablo
S. coelicolor M1152 rpsL for enhanced expression of antibiotic Gomez-Escribano (JIC)
gene clusters unpublished data
S. coelicolor M1021  S. coelicolor M1146 carrying plJ12315 This study
S. coelicolor M1022  S. coelicolor M1146 carrying plJ12316 This study
S. coelicolor M1023  S. coelicolor M1146 carrying plJ12317 This study
S. coelicolor M1024  S. coelicolor M1146 carrying plJ12318 This study
S. coelicolor M1025  S. coelicolor M1152 carrying plJ12315 This study
S. coelicolor M1026  S. coelicolor M1152 carrying plJ12316 This study
S. coelicolor M1027  S. coelicolor M1152 carrying plJ12317 This study
S. coelicolor M1028  S. coelicolor M1152 carrying plJ12318 This study
S. coelicolor M1030 S- fvztzlig?_lg:ﬂl)\jlgﬁfr;?rrying PMJCOS1 This study
S. coelicolor M1031  S. coelicolor M1146 carrying plJ12003a This study
S coelicolor M1035 S. coelicolor M1146 carrying pRT802 This study

(vector-only control)

Table 2.8 Details of Streptomyces strains used in this study
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2.6.1.2 Escherichia coli and other bacteria

Strain Description Reference/Source

E_ coli XL1-Blue MR Restr!ctlon-deflment cloning 'straln for cosmlgl-based Stratagene
cloning. Used for construction of genomic library

. Cloning strain for routine subcloning and high- .

E. coli DH5a quality plasmid preparations Invitrogen

E. coli BW25113 Host strain for A Red recombination s24

E coli ET12567 Me_thylauon-deflment strain used for conjugation 327
with Streptomyces

E coli S17-1 Donor s_traln for conjugative transfer of mobilisable 332
plasmids to Streptomyces

Bacillus subtilis EC1524 Tunicamycin-sensitive reporter strain JIC, Norwich

Micrococcus luteus Commonly used reporter strain JIC, Norwich

found not to be sensitive to tunicamycin

Table 2.9 Detalils of E. coli strains and other bacteria used in this study

2.6.2 Plasmids

Name Description Reference/Source
SuperCos |  Cosmid vector used in S. chartreusis genomic library Stratagene
MJCOS1 Conjugative derivative of Supercosl that integrates in a single 319
P copy at the ¢C31 attachment site in the Streptomyces host
RT802 Conjugative vector that integrates in a single copy at the ¢BT1 331
P attachment site in the Streptomyces host
plJ790 A-Red recombination helper plasmid 328
UZ8002 Non-transmissible oriT™ helper plasmid containing transfer 326
P functions for intergenic conjugation
plJ12311 Cosmid library clone 4H8 with SuperCos | backbone This study
plJ12312 Cosmid library clone 5K7 with SuperCos | backbone This study
plJ12313 Cosmid library clone 6N9 with SuperCos | backbone This study
plJ12314 Cosmid library clone 7C3 with SuperCos | backbone This study
pMJCOS1 packaged with a S. chartreusis genomic DNA .
pi12315 fragment from cosmid library clone 4H8 This study
pMJCOS1 packaged with a S. chartreusis genomic DNA .
plJ12316 fragment from cosmid library clone 5K7 This study
1312317 pMJCOS1 packaged with a S. chartreusis genomic DNA This stud
P fragment from cosmid library clone 6N9 y
plJ12318 pMJCOS1 packaged with a S. chartreusis genomic DNA This study

fragment from cosmid library clone 7C3

Table 2.10 Details of plasmids used in this study
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2.6.3 PCR primers

All DNA oligonucleotides were purchased from Sigildrich.

Name

Sequence

Use

TunLF

TunLR

TunRF

TunRR

TunDF

TunDR
TunA:20-40
TunA:240-260
TunN probe for
TunN prove rev

5"-TCACCTACCCCTACGACGAC
5 -TTGAAGGAGCGAGGAACACT
5-CGTCCCTGTGAACGCTATTT
5 -GGTGGGAACTTGAAGAACGA
5"-ACCGCTACATGCACGACAT
5"-CTCGTCCTCGACGAACTCC
5"-AACACCGGATTCTCATCACC
5 -TTGAAGGAGCGAGGAACACT
5-GGTGGGTGTCTACCAGCATC
5-GTGGCCTCGAAGAGTGAGAG

To verify the upstream boundary of
putative tun gene cluster

To verify the downstream boundary
of putative tun gene cluster

To span the gap between two contigs
containing putative tun gene cluster

To generate a hybridisation probe for
tunA

To generate a hybridisation probe for
tunN

2.6.4 Culture media, buffers, solutions, reagents a

2.6.4.1 Media

Table 2.11 Details of PCR primers used in this study

nd enzymes

Unless otherwise stated, the recipes for all media be found in Kieseat al.?®°

Additional recipes are listed below:

sYEME

Difco yeast extract
Difco bacto-peptone 5¢g
Oxoid malt extract

Glucose
Sucrose

MYM agar
(Super yeast extract-malt extract medium)
39 Maltose 49
Yeast Extract 49
39 Malt Extract 109
10 g Agar 209
340 g (34% final) Deionised/tap water (1:1) to 1L
toll

Deionised water
After autoclaving, the following sterile

supplements were added:
MgCl,.6H,O (2.5 M) 2 mL (5 mM final)

Glycine (20%)

25 mL (0.5% final)

OB agar

Porridge Oats (Tesco, UK) 40g
Agar 209
Tap water tollL

Autoclave twice

After autoclaving add:
R2 Trace Elements solution 2 mL
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2.6.4.2 Buffers and solutions

Unless otherwise stated, the recipes for all bsffend solutions can be found in
Kieseret al.?®° and Sambrookt al .38

Hybridisation buffer Hybridisation wash buffer
6x SSC 0.1x SSC

1x Denhard’s solution 1% SDS

0.5% SDS

50 pug/mL denatured calf thymus DNA

2.6.4.3 Sources of chemicals, enzymes and miscellaneous materials

Unless otherwise stated, all chemicals, enzymesatimer reagents were purchased
from the suppliers listed below. Chemical reagemse purchased from Sigma-Aldrich
and used without further purification. Media compots were purchased from Sigma-
Aldrich or BD Biosciences. Restriction endonuck=awere purchased from New England
Biolabs and remaining enzymes from Invitrogen gn&-Aldrich.

2.6.5 Propagation of bacterial strains
2.6.5.1 Streptomyces strains

Sreptomyces strains were propagated on solid media as deschpédtieseret al 2
To collect spores, agar plates were inoculated ®itgptomyces spores, streaked out and
grown at 30 °C. A single sporulating colony wasuspended in 4QL distilled water
placed in the middle of a new agar plate, and poees spread evenly over the plate. The
plates were incubated at 30 °C for 6-10 days, wotifluent lawns of spores were visible.
Plates were left for no more than two weeks to @nésignificant loss of spore viability.
Spores were harvested as described by Kigs#r”® and stored in 20% (v/v) glycerol at -
20 °C. All S codlicolor strains were propagated on MS agar, and typicaibdyced
yellow spores. S chartreuss NRRL3882 was propagated on OB agar a8d
lysosuperificus ATCC31396 on MYM agar, producing green and red eapoespectively.

Unless otherwise statedreptomyces strains were grown in liquid culture as
described by Kiesest al 2%
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2.6.5.2 Escherichia coli strains

E. coli strains were routinely grown at 37 °C in Luria-Beitbroth (LB) or on 1.5%
LB agar plates supplemented with appropriate aottids, as described by Sambroek
al®®  For recombinant strain selection, antibiotics avemsed in the following
concentrations: carbenicillin (100 pg/mL), kanamy(O0 pg/mL), apramycin (50 pg/mL),
chloramphenicol (25 pg/mL) or nalidixic acid (25/md). Glycerol stocks were prepared
by collecting a cell pellet from a sample of freskernight culture (1 mL), resuspending it
in 20% (v/v) glycerol (800 pL) and storing at -8C.° New stocks were prepared from
single colonies every 4-6 months.

2.6.5.3 Other bacterial strains

B. subtilis EC1524 andM. luteus were grown in LB or on 1.5% LB agar plates at
30 °C.

2.6.6 Standard protocols for the manipulation of DN A
2.6.6.1 Pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis was performedeasribed by Kieseat al?® using a
Bio-Rad CHEF-DR Il system. Gels contained 1% agarin 1 x TBE buffer and
electrophoresis was performed at 6 V/cm, 15 °CL®h, with switch times ramped from 1-
25 s and using 1 x TBE buffer. Midrange PFG Maik@iew England Biolabs) was used
as an internal DNA marker.

2.6.6.2 Polymerase chain reaction (PCR)

The reaction mixture for PCR contain@dg DNA polymerase (1 pL, Invitrogen),
10x PCR reaction buffer (5 pL, Invitrogen), 5 mM TR mix (2 puL), 40% DMSO (6 uL),
100 pg of each primer (1 pL of 100 pg/uL stock) 400 ng template DNA (1 pL of ~100
ng/puL stock) made up to a total volume of 50 pLhwsterilised deionised water. When
using genomic DNA as template, 200-300 ng was udReactions were performed on a
Bio-Rad DNA Engine Peltier Thermal Cycler with aypgJ parameters as described in
Table 2.12. PCR products were analysed by agayelselectrophoresis (0.7 — 1 % wlv,
depending on fragment size).
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No. .
Segment Temperature  Duration
ycles
1 1 95 < 4 min
95 < 45s
2 26 55<C 45s
72<C 45s
3 1 72 C 7 min

Table 2.12 PCR cycling parameters

2.6.6.3 Isolation of plasmid DNA

Plasmid DNA fromE. coli was typically isolated using a QlAprep MinipreptKi
(Qiagen). The isolation of cosmid DNA frob coli was performed as follows: relevant
E.coli strains were grown overnight in LB (10 mL) at 37. °Cells were collected by
centrifugation and resuspended by vortexing intgmul (200 pL of 50 mM Tris/HCI, pH
8, 10 mM EDTA). Solution Il (400 pl of 200 mM NaQH% SDS) was immediately
added and the tubes mixed by inversion (10 x).ut®wol 1l (300 pL, 3 M potassium
acetate, pH 5.5) was then added and the tubegeaavérO x). Following centrifugation at
room temperature (14,000 >g, 5 min), the supernatant was extracted with
phenol/chloroform (600 pL), vortexed for 2 min gndher centrifuged (14,000 g 5 min).
The upper phase was then transferred to a freshciitaining 750 pL isopropanol and left
on ice for 20 min. Following centrifugation (14M& g, 5 min), the resulting pellet was
washed with 70% EtOH (200 uL) and centrifuged oagain (14,000 >g, 5 min). The
supernatant was removed with a pipette and theetpalr dried for 5 min at room
temperature before being resuspended in 10 mMHTIs(60 pL, pH 8).

2.6.7 Isolation of genomic DNA from tunicamycin-pro ducing Streptomyces
2.6.7.1 Isolation of total DNA from S. chartreusis NRRL 3882

Total DNA was isolated using procedures descrilbgd Kieser et al, suitably
optimised forS chartreusis NRRL 3882%%° 50 mL of 1:1 TSB/sYEME in a conical flask
was inoculated with 10 puL of a denSechartreusis NRRL 3882 spore suspension and
grown for 24 h at 30 °C, 250 rpm. Cells were hatee by centrifugation for 10 min at
3000 rpm and then washed twice with 10.3 % sucrdsalf the resultant cell pellet was
resuspended in 5 mL SET buffer. 100 pL lysozyntertiy/mL) and 90 pL mutanolysin (1
mg/mL in 0.1M KPQ, buffer pH7) were added and the suspension incdkat87 °C for
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2 h. 280 pL proteinase K (10 mg/mL) and 600 pL 189S were added, the suspension
was then mixed gently by inversion and incubate®=t’C for 2 h yielding an opaque
viscous solution. From this stage, to ensure & Mgv product, any mixing of the DNA
was done by gentle inversion to prevent shearBignilarly only wide bore tips were used
when pipetting solutions containing DNA. 5M NaQl fhiL) was added and the solution
allowed to cool to room temperature. 5 mL 25:2gtkenol/chloroform/isoamyl alcohol
was added and the solution mixed for 30 min, bedergrifugation for 10 min at 8000 rpm.
As much upper aqueous phase as possible was rertweefiesh tube and 0.6 volumes of
ice-cold isopropanol were added. After 15 min &C4 white strings of DNA appeared,
which were spooled onto a sealed glass Pasteuttgip€&he spooled DNA was rinsed with
70% EtOH, air dried and resuspended in 0.5-1 mLbUEer (depending on the yield of
DNA) overnight at 4 °C.

2.6.7.2 Isolation of total DNA from S. lysosuperificus ATCC 31396

Total DNA was isolated using procedures descrilbgd Kieser et al, suitably
optimised forS. lysosuperificus ATCC 31396°%° 10 mL of 1:1 TSB/SYEME in a conical
flask was inoculated with 10 puL of a derehartreusis NRRL 3882 spore suspension and
grown for 24 h at 30 °C, 250 rpm. 5 mL of celltoné was added to 10 mL of RNA
protect solution (Qiagen), vortexed and left tsdtéor 15 min. Cells were then harvested
by centrifugation for 10 min at 3000 rpom. The tesut cell pellet was resuspended in 5
mL SET buffer and 100 pL lysozyme (50 mg/mL) andpd0 mutanolysin (1 mg/mL in
0.1M K;PQO, buffer pH7) were added. The resulting suspensionbated at 37 °C for 90
min. 280 pL proteinase K (10 mg/mL) and 600 pL 18%S were added, after which the
suspension was mixed gently by inversion and in@dbat 55 °C for 2 h to give an opaque
viscous solution. From this stage onwards, anyimgixof the DNA was done by gentle
inversion to ensure a high Mw product. Similariylyowide bore tips were used when
pipetting solutions containing DNA. 2 mL 5M NaCéwadded and the solution allowed to
cool to room temperature. 0.65 mL of sterile 108&ddecyltrimethylammonium bromide
solution (in 0.7M aqg. NaCl) was added, mixed, amclibated at 55 °C for 15 min. After
cooling to room temperature, 5 mL 25:24:1 phenddicdform/isoamyl alcohol was added
and the solution mixed gently for 30 min, beforataéugation for 10 min at 4000 rpm. As
much of the upper agueous phase as possible wasednto a fresh tube, and 0.6 volumes
of ice-cold isopropanol were added. After 15 midl &C white strings of DNA appeared,
which were spooled onto a sealed glass Pasteuttgip€&he spooled DNA was rinsed with
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70% EtOH, air dried and resuspended in 0.5-1 mL(dépending on the yield of DNA)
overnight at 4 °C.

2.6.8 lIdentification of putative tunicamycin biosyn thetic gene cluster
2.6.8.1 Whole genome sequencing of S. chartreusis NRRL 3882

High Mw genomic DNA fromS chartreusis NRRL 3882 was sequenced and
assembled by the University of Liverpool Advanceen@mics Facility using a Roche 454
Titanium pyrosequencing platform (Y2 plate run) ahd Roche Newbler (v2.0.00.20)
assembler software.

2.6.8.2 Genome mining of S. chartreusis NRRL 3882

A BLAST database of. chartreusis contigs was constructed by Govind Chandra
(JIC). Subsequent sequence data analysis andatsionotvas performed with Artemis
v12.0 softwar®®>  Nucleotide and amino acid sequence homology ckear were
performed using BLAST search todf§,the Conserved Domains Database (Ct3band
HHPred®®

2.6.8.3 PCR verification of contigs spanning the tun operon

The sequences of PCR primers are listed in Tafife 2To validate the upstream and
downstream boundaries of the putatiter cluster, primer pairs TunLF/TunLR and
TunRF/TunRR were used. The connectivity betweentigo00341 and 02796 was
confirmed by PCR with primers TunDF and TunDR. chartreusis genomic DNA was
used as template in each case. DNA sequencinged®€R products was performed using
an Applied Biosystems BigDye Terminator v3.1 Cy8equencing Kit and an AbiPrism
3730XL DNA Analyzer.

2.6.9 Construction of S. chartreusis cosmid library
2.6.9.1 Test scale partial Sau3A | digest of S. chartreusis genomic DNA

To a microcentrifuge tube was added high Mw gereddNA from S chartreusis (30
png), 10x NEBuffer 1 (32 pL) and sterilised wateradinal volume of 320 pL. The
solution was split into two tubes of 150 and 170 jelspectively and these were pre-
incubated at 37 °C for 5 min. To the 150 pL tulzswadded 0.025 U &u3A | (0.5 pL of
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5x10% U/uL stock solution) and to the 170 pL tube wadeatl0.0025 U ofau3A | (0.5
uL of 5x10° U/uL stock solution). The tubes were mixed byeping with a wide bore tip
and incubated at 37 °C. 20 pL aliquots were rematethe following time points, added
to tubes containing 0.5M EDTA (10 pL) and immediafeozen in liquid N: a) tube with
0.025U Sau3A1-0,0.5,1, 2, 3, 5 and 10 mirtube with 0.0025U Sau3A|-0, 0.5, 1, 2,
3, 5, 10 and 20 min. Once thawed, 3.3 pL of 10%ADM¢I| loading buffer was added to
each sample, and the results analysed by: a) epdwiresis in 1x TBE on a 0.3 % (w/v)
agarose gel containing 4 pL ethidium bromide anduiged-field gel electrophoresis.

2.6.9.2 Partial Sau3A | digest of S. chartreusis genomic DNA

To a microcentrifuge tube was added high Mw gewcoBiNA from S chartreusis
(100 pg), 10x NEBuffer 1 (100 pL) and sterilisedtavao a final volume of 1 mL. The
tube was pre-incubated at 37 °C for 5 min, the® Qf Sau3A | (1.6 pL of 5x1C U/uL
stock solution) added and the solution mixed amdibated at 37 °C. After 90 s, 0.5 M
EDTA was added (15 pL) and the solution mixed kpefing with a wide bore tip. A 10
pL aliquot was taken and both tubes were then frazdiquid N,. The 10 uL sample was
thawed and analysed by pulsed-field gel electrogdisrto confirm its size distribution.
The main sample was thawed then 3M NaOAc buffe® (10, pH 6) and EtOH (2.2 mL)
were added. The solution was stored for 16 h @t °Q, after which the DNA was
harvested by centrifugation (8000 rpm, 10 min).e Bupernatant was discarded and the
white pellet was washed with 70% EtOH, air dried dissolved in TE buffer (50 pL).

10x DNA loading buffer (10 puL) was added to thetusion, and the sample separated
by electrophoresis using a 0.3 % agarose gel contp4 pL ethidium bromide. DNA
markers used were: Midrange PFG Marker | (New HEmjldiolabs) and 0.1xA
EcoR1/Hindlll Marker (CamBio). Bands were visuatisusing long wavelength UV light
(310 nm) to minimise nicking of DNA molecules. Algslice was cut which contained
DNA >20 kb and <100 kb.

Spectra/por 3 membrane dialysis tubing (MWCO 358fectrum) was boiled in
distilled water for 10 min in a microwave and lefiaking in water overnight. The gel slice
was placed inside and the tubing filled with 0.1BET (~1 mL). The DNA was
electroeluted at 100V for 2 h using 0.1x TBE. Tgwarity was reversed for 30 s to
dislodge the DNA from the dialysis tubing wall. &buffer contained within the dialysis
tubing was added to 500 uL chloroform and the tastisolution was mixed by inversion
for 5 min, separated by centrifugation and the u@opieous layer collected. 3M NaOAc
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(100 pL, pH 6) buffer and EtOH (2.2 mL) were added the solution stored for 16 h at -
20 °C. The DNA was harvested by centrifugationO@®@pm, 10 min). The white pellet
was washed with 70% EtOH, air dried and then digsbin TE buffer (50 pL).

2.6.9.3 Ligation, packaging and transduction of S. chartreusis DNA fragments

The size-fractionate@au3A I-digestedS. chartreusis genomic DNA was cloned into
SuperCos | vectors using a SuperCos | Cosmid VeSiio(Stratagene) according to the
manufacturer’s protocol. Using a Gigapack Il G&ldckaging Extract Kit (Stratagene)
and following the manufacturer’s instructions, #hesosmids were then packaged into
recombinant\-phage which were used to infdet coli XL1-Blue MR cells. A total of
3072 recombinank. coli colonies were individually picked by robot and gad onto 3 x
384-well microtiter plates at the Genome AnalysetCe (Norwich, UK). DNA from this
library was fixed onto nylon membranes accordingtemdard proceduré

2.6.10 Hybridisation screening of S. chartreusis co  smid library
2.6.10.1 Synthesis of **P-labelled PCR probes

Internal fragments of gendsinA and tunN were amplified fromS. chartreusis
genomic DNA as template using primer pairs TunA4B0FunA:240-260 and TunN probe
for/TunN probe rev. The resulting PCR productsenpurified using a QIAQuick PCR
Purification Kit (Qiagen) and labelled witt£?P]-dCTP using the Rediprime Il DNA
Labelling System (Amersham). When ready for usehybridisation experiments, the
probes were denatured at 95 °C for 5 mins and daalgidly on ice.

2.6.10.2 Hybridisation to cosmid library

Two pre-baked nylon filters arrayed wigh chartreusis genomic library DNA were
soaked for >2 h at 42 °C in 5x SSC with 0.5% SD8 armM EDTA pH8, before cell
debris was scraped from them with a moistened papezl. The filters were then rinsed
with 2x SSC (2 x 10 min) and either hybridised indiéely or stored short-term at 4 °C in
fresh 2x SSC. The freshly-washed filters werelperidised in a Techne Hybridiser HB-1
oven at 60 °C inside two hybridisation tubes loadeth hybridisation buffer (50 mL).
After 4 h, pre-hybridisation solutions were repldedth fresh hybridisation buffer (20 mL)
and>?P-labelled TunA probe (30 pL) was added to one am*?P-labelled TunN probe
(30 pL) to the other. Following incubation at @D for 18 h, the hybridisation solution was

- 140 -



Chapter 2: Cloning the tunicamycin biosynthetic gene cluster

replaced with hybridisation wash buffer (50 mL) dadher incubated at 60 °C for 30 min.
After two such wash steps, the filters were wrappedclingfilm and exposed to a
phosphoimager plate (Fuijifilm) for 5 h. The platesre visualised in a Fuijifilm FLA-7000
bio-imaging analyzer and later blanked for re-usa Fujix BAS-1000. Hybridised filters
were additionally visualised by exposure to X-Réy (4 h) and development in a Konica
Minoltra SRX-101A developer. Visualised hybridisatimages were overlaid with a 386-
grid array and the location of hybridising cosmidghin theS chartreusis genomic library
located using the grid-square key shown in Fig32.1

2.6.10.3 PCR verification of isolated cosmids

Eight cosmids hybridising to both probes TunA dnohN were isolated from th&
chartreusis genomic library. Together with primer pairs Tun®:20/TunA:240-260 and
TunN probe for/TunN probe rev, they were used asAD8&implates in a series of PCR
reactions to confirm the result of the hybridisatiscreen and to confirm that all eight
cosmids had been correctly isolated from the ad&yehartreusis genomic library.

2.6.10.4 Restriction digest of isolated cosmids

Samples of the eight cosmids isolated from gendibrary clones were digested
with eitherBamH | or Xhol. Each reaction mixtures contained eitBamH | or Xhol (1
KL), one of the eight cosmid preparations (8 plriveel from library clones 1N9, 2F8, 3D5,
4H8, 4N14, 5K7, 6N9, 7C3), 10x NEBuffer 2 (2 uL)NRse | (0.2 pL) and sterilised
water (10 pL). Restriction digests were visualisgdigarose gel electrophoresis.

2.6.11 Cloning tun genes into S. coelicolor via pMJCOS1
2.6.11.1 A Red-mediated recombination of SuperCos1 backbone

The SuperCosl backbone of genomic library-derieesinids 4H8, 5K7, 6N9 and
7C3 were converted to that of conjugative and irdtdge vector pMIJCOS1 by} Red-
mediated recombination according to published piomes®?® Bacterial strains and
plasmids involved in these protocols are listedrable 2.9 and Table 2.10 respectively.
The DNA fragment used for Red-mediated recombination was 5.2l fragment from
pMJCOS1. Following antibiotic selection for theceenbination event, total cosmid
preparations were produced for each of the fouomdxned cosmids. Agar plates
containing E. coli BW25113/plJ790/plJ12315-8 recombinants were floodatth water
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(2 mL), then the dislodged cells were transferoed tnicrocentrifuge tube and collected by
centrifugation. Cosmids were isolated from theultésy cell pellet as previously described
(section 2.6.6.3) but omitting the phenol/chlorafioextraction step. These total cosmid
preparations were next transformed into Subclortiffgciency E. coli DH5a Competent
Cells (Invitrogen) according to the manufacturenstructions. Individual colonies were
picked following antibiotic selection with carbeitioc and apramycin and cosmids
plJ12315-8 were subsequently isolated and confirbyedestriction mapping witBamH |
andHindlIl.

2.6.11.2 Conjugative cosmid transfer into S. coelicolor

Recombinant cosmids plJ12315-8 were next trangdrminto E. coli
ET12567/pUZ8002 and conjugated wihcoelicolor strains M1146 and M1152 according
the published procedurd®. Bacterial strains and plasmids involved in thesstocols as
well as details of recombinaft coelicolor strains produced are listed in Table 2.8, Table
2.9 and Table 2.10.

2.6.12 Cloning minimal tun genes into S. coelicolor via pRT802

A 12.9 kb Sacl restriction fragment was isolated from genomibrdry-derived
cosmid 4H8 and ligated into conjugative and intégeavector pRT802 at its uniqugacl
site, yielding construct plJ12003a. Tl8scl fragment contains the completien cluster
plus 427 bp upstream &finA and 500 bp downstream tinN; neither of these additional
DNA sequences is predicted to possess an entire. ORibsequently, plJ12003a was
conjugated intd&. coelicolor M1146 via triparental mating using. coli S17-1 anck. coli
ET12567/pUZ8002. Bacterial strains and plasmidslired in these protocols as well as
details of recombinart. coelicolor strains produced are listed in Table 2.8, Tablea2®
Table 2.10.

2.6.13 Heterologous expression in S. coelicolor hos  ts
2.6.13.1 Agar-diffusion bioassay

Dense spore suspensions (10 uL) of recombiSacdelicolor M1025-1028, M1031
and their vector-only control strains were spreadRdé agar and incubated at 30 °C for 48 h
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until confluent lawns of mycelia were visible. Mwehile, LB (5 mL) was inoculated with

a single colony of tunicamycin-sensitiBesubtilis EC 1524 and grown overnight at 30 °C.
This reporter strain was then subcultured (1 irdB&tion) in 50 mL LB media for 3-4 h
(30 °C, 250 rpm). 50 mL of soft nutrient agar waslted and cooled to 50 °C, to which 5
mL of theB. subtilis subculture was added. This pre-infected agar tvaxs tised to flood
empty Petri dishes (25 mL per dish) containing agares from the recombinar@
coelicolor plates. Additionally, sterile filter disks spottedth 20 pL of tunicamycin stock
solution (1 mg/mL) were placed atop the solidifeaghr. These plates were then grown at
30 °C for 18 h and examined for growth inhibitiditlee reporter strain.

2.6.13.2 LC/MS analysis of crude extracts

Recombinans. coelicolor strains and their vector-only control strains wgrewn in
liquid TYD medium for 5 days at 30 °C. The suspdctunicamycin metabolites were
isolated and characterised by methanolic myceliwtnaetion and LC/MS analysis, as
previously describe®® In this case a Micromass LCT (ESI-TOF-MS) couptedan
Agilent 1200 Series LC System was used.

2.6.13.3 'H NMR analysis of purified extracts

Previously isolated crude extracts fr@ncoelicolor M1031 were purified by flash
chromatography using Fluka Kieselgel 60 220-440 hmegica gel (mobile phase:
water/isopropanol/ethyl acetate 1:3:6), dissolvedCD;OD and subjected tdH NMR
spectroscopy along with an authentic sample tohvéurtonfirm the presence of tunicamycin.

2.6.13.4 Calculation of tunicamycin production yields

S chartreusis and S coelicolor M1027 and M1031 were grown in R5 and TYD
production media for 5 days (28 °C, 200 rpm). Migxevere collected and the wet cell
pellet weighed, prior to extraction of tunicamycthsough the use of protocols described in
section 3.5.1.4. Yields of tunicamycin productiere calculated in terms of milligrams of
tunicamycin per litre of culture and also in terafsmilligrams of tunicamycin per gram of
wet cell pellet.
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Chapter 3: Natural product isolation and
degradation

3.1 Introduction

In section 1.5 we hypothesised that through priodudibraries of tunicamycin
analogues the selectivity for bacterial MraY oveman GPT might be greatly improved,
thereby potentially yielding a therapeutically Vitntibiotic with orthogonal function to
existing drugs. Additionally, we suggested thaalagues of tunicamycin could be
rationally designed to mimic the nucleotide-sugabstrate or even the bi-substrate
transition state of a range of important glycosyisferases unrelated to the natural target —
UDP-HexNAc:Dol-P HexNAc-1-P transferases. Thesal@ues would all be based
around the tunicamine core of tunicamycin, whicls H@een proposed to act as a
pyrophosphate mimit®® This core would then be decorated with a rangeesfpheral
functionalities, carefully tailored to mimic specifglycosyltransferase substrates (section
1.5.2).

Isolated tunlcamycms Unnatural synthetic precursors
%ﬂ N on AQ}
OH
Chemical Synthetic or
degradation chemoenzymatic
coupling
O
Ho 9H ow (/NQ/_(
AcHN N 0 O N NH
HO |- N=(
HO ©OH NH
i) Chemoenzymatic glycosylation
if) Chemoenzymatic or synthetic
amine deprotection

iii) N-alkylation
o}

O
o % on ¢ W Ho_ " o N
R =eg. D-mannose, R'— R\N NI/
N 0. _N— NH
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GlcNAc, fatty acids R—Z g HO  OH HO  OH

Tunicamycin analogues

Fig. 3.1 A combined relay, chemoenzymatic and synthetic strategy to tunicamycin analogues
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Access to the tunicamine core and its variants evagsaged through both chemical
degradation of naturally isolated tunicamycins atttemoenzymatic formation from
unnatural precursors — utilising enzymes from tamygcin biosynthesis.  Further
functionalisation of these core intermediates at@l1” anomeric hydroxyl and the C-10"
amine was then to be realised by a combinatiorythgtic and chemoenzymatic methods
(Fig. 3.1).

In this chapter | report the optimisation of prdeees for the isolation and
purification of native tunicamycins in preparatigaantities from fermentation broths of
Sreptomyces chartreusis. | then discuss the development of efficient esuto the
chemical degradation of these isolates, yieldingaaded biosynthetic intermediates
containing the key tunicamine scaffold. Thesermgdiates are valuable not only as
precursors in the construction of tunicamycin agaés, but also as putative native enzyme
substrates for the study of individual enzymes dadoby genes in the tunicamycin
biosynthetic gene clustetu().
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3.2 Isolation of tunicamycins from  S. chartreusis
3.2.1 Analytical scale tunicamycin isolation

When tunicamycin was first discovered in 1971, niethod used by Takatsudti al.
for its isolation from liquid culture db lysosuperificus involved multiple rounds of solvent
extraction, acidification and precipitation of bottne cell pellet and the media
supernatant’® The method was very labour intensive althouglyiéided crystalline
samples of tunicamycin. The isolation of tunicamyfcom S. chartreusis was additionally
described by Hamikt al. in a series of patents a decade 12te¥’? They utilised a similar
approach but on a large scale (up to 200 L culjuaed made use of chromatography on a
range of solid absorbents. When Tsvetarsha. performed their initial investigations of
tunicamycin biosynthesis with metabolic feeding exments, they used a method similar
to that of Takatsuket al., involving methanolic extraction of acidifiefl chartreusis
cultures®®  Working on a small scale, they purified their itamycin isolates by
preparative thin layer chromatography. They adddlly isolated tunicamycins at low
levels from solid medi&’*

We attempted to reproduce these conditions inrdadaccess preparatory quantities
of the tunicamycins for degradation studies. Dwesfi lysosuperificus being the source
organism when the discovery of tunicamycin wag fieported®’® Tsvetanovaet al. could
only detect production on agar plates using th&irstand reported far superior production
from S chartreusis when liquid culture was uséd® Since this was our preferred method
of fermentation in terms of facile scalability, wkected to work witts. chartreusis NRRL
3882, sourced from the German Collection of Micgamisms and Cell Cultures (DSMZ).
Following the protocol of Tsvetanowt al., liquid tryptone/yeast extract/dextrose (TYD)
medium was inoculated witB. chartreusis and grown for 28 °C with agitation. After 7
days, sporulation caused the media to adopt a degistic red colour. Interestingly, it was
found that unbaffled culture flasks were requir@dnaximise tunicamycin production; it is
possible that the reduction in culture aeratioreissed with these conditions stimulates a
stress response resulting in sporulation and tr@haof concomitant secondary metabolite
production. Since tunicamycins are entirely inbtduat low pH, the culture media was
then acidified with conc. HCI — to a final concextion of 0.2 M — in order to precipitate
any tunicamycins. The pelleted mycelium was subsetly extracted multiple times with
MeOH and the combined extracts concentrated. ®DhHewing section documents the
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characterisation of these crude preparations, aldagan authentic sample, in order to
detect tunicamycin production.

3.2.2 Characterisation of isolated tunicamycins

3.2.2.1 High-performance liquid chromatography (HPLC)

A
1
oao{ i |
I ol
025i ‘I | ‘
] i I
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] i ‘I i
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Standard Dilution C(/mi' a HPLC total
(ug m ) area 1.2E+07
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®pbased on mass used to prepare standard A Tunicamycin Concentration (_ug/m)

Fig. 3.2 HPLC of tunicamycin standards A to I; A: UV chromatograms at 260 nm; B: Calibration

curve relating total HPLC area to tunicamycin concentration;

Serial dilutions of an authentic tunicamycin s#&ngFluorochem Ltd) were
prepared in MeOH. Their concentrations showed gomdelation with those calculated
from absorbance values at 260 nm and quoted eximcbefficients £%)3"> although
these absorbance profiles became saturated attbhigbamycin concentrations. The
dilutions were then analysed by C-18 reverse pbhsamatography with detection at 260
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nm (Fig. 3.2, A). The resulting spectra show peatks range of retention times between 6
and 20 minutes, corresponding to the differentifhacylated tunicamycin homologues
and resulting from a positive correlation betweeyl ahain length and interaction with the
C-18 sorbent. Such separation of tunicamycin hogds using reversed-phase
chromatography is consistent with published repBft¥® The total area underneath peaks
in each spectra were used to construct a calibratiorve (Fig. 3.2, B), allowing the
guantification of tunicamycin concentration in unokm samples.

0.070

o.ueo—j ‘ — Tunicamycin standard
] | —— Crude &. chartreusis extract

0.050+ \

0.040 |

0.030- |4 I [

AU

0.020] |

0.010

OOOO_: - e e hea ol ",.J}:‘ R W i el Lo e ' e R

0,010

T
2.00 4.00 6.00 8.00 10.00
Minutes

12‘.00 14.00 16.00 18.00 20!00
Fig. 3.3 HPLC chromatograms (260 nm) of authentic and isolated tunicamycin samples

A sample of the previously obtained crude extfemtn S. chartreusis fermentation
broth in MeOH was analysed by HPLC (Fig. 3.3). diisomatogram clearly exhibited the
characteristic peak distribution of tunicamycin laogues observed in the chromatograms
of tunicamycin standards and confirmed the produactif tunicamycin in our fermentation
experiments. A number of additional peaks weragmein the chromatogram, particularly
near the void volume of the column (2 to 4 minjhaligh the identity of these impurities
was not determined due to the crude nature ofdhgpke tested. Integration of the peaks
purportedly deriving from tunicamycin homologues revenext referenced against a
calibration curve. This gave an estimated yieltbaicamycin production b chartreusis
of 7.1 mg per L of fermentation broth.
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3.2.2.2 Liquid chromatography-mass spectrometry (LC/MS)

Serial dilutions of a tunicamycin standard and owdeS. chartreuss isolate were
further subjected to LC/MS analysis, employed topte HPLC separation of individual
tunicamycins with accurate mass detection. Thenten time distribution of differentially
N-acylated homologues in the 260 nm absorption sp@ctvas again observed and this
result was mirrored in the total ion chromatograt€C{(Fig. 3.5, A: i and ii). The resulting
mass spectrum showed a series of peak¥za817, 831, 833, 845 and 860 corresponding
to [M + H]" ions of the tunicamycins (Fig. 3.5, A: iii). Tlseparation of 14 Da between
these peaks corresponded to variations in the nuwibmethylene (Ck) groups in the
fatty acid side chains of different tunicamycin haogues. Additionally, the spectrum
showed a series of peaksmfz 596, 610, 612, 624 and 638, corresponding to [M + H
221] ions of the tunicamycins resulting from their firagntation within the spectrometer
and the consequent loss of their terminal GIcNAdetyo(Fig. 3.4). This fragmentation
was also observed by Tsvetanogmal. and is characteristic of the tunicamycifis.
Pleasingly, the UV and TIC chromatograms of ouder8 chartreusis extract showed the
same characteristic peaks as the authentic samitteretention times ranging from 5 to 13
minutes. The resulting mass spectrum was almesitichl to that of the authentic sample
and clearly showed the fatty acyl distribution ohitamycin homologues as well as the
characteristic [M + H - 221]fragmentation (Fig. 3.5, B). Minor [M + H - 203]
fragmentations were also observed.

: ) ( Z —‘
Mw of tunicamycin homologue Tun16:1,,5 = 844 WN HO,
[M + H]* = 845 7-12 H 0=0

major fragmentation [M + H - 221]" = 624 AcHN'
minor fragmentation [M + H - 203]* = 642 HO \
-221

-203
Fig. 3.4 Characteristic fragmentations of tunicamycins across o,3-glycosidic bond under ESI+ MS

OH

Aside from confirming the production of tunicamyciin our fermentation
experiments, the spectrum showed the fatty aciel slidhins in our mixture of tunicamycin
homologues was very similar to that of the comnargample, isolated frons
lysosuperificus. The relative proportions of these homologuesedabetween the two
samples; this may be a consequence of differenttroonditions used to produce the two
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samples, or alternatively of a different fatty adidtribution within the cellular lipid pools

of S chartreusis andS. lysosuperificus.
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Fig. 3.5 LC/MS analysis of tunicamycin extracts; A: Authentic tunicamycin sample: (i)
chromatogram at 260 nm, (ii) TIC and (iii) extracted mass spectrum of 4-14 min; B: Crude S.
chartreusis extract: (i) chromatogram at 260 nm, (ii) TIC and (iii) extracted mass spectrum 4-14 min;
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S. chartreusis extract
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Fig. 3.6 Individual mass spectra extracted from peaks 1-9 of a crude tunicamycin extract
(see Fig. 3.5, B) and a total mass chromatogram for reference

The sample of crude tunicamycin extract showeabtal tof nine distinguishable
homologues in its UV chromatogram, each possessidifferent retention time. Separate
mass chromatograms were extracted for each indVidBLC peak, allowing the nature of
each homologue to be assessed in greater detgil3fE). As expected, it was found that
increasing retention time correlated with incregscyl chain length. Certain sets of peaks
contained tunicamycins with the sanm@z despite having different retention times,
suggesting these homologous are branched andhdtcdigin isomers of one another. The
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data collected closely matched that of an authemwtccamycin sample and were also
consistent with previously reported observatitis.

3.2.3 Preparative scale tunicamycin isolation

Thus far we have successfully detected tunicamymimduction in fermentation
broths ofS chartreusis. However, the experiments were performed onlyaoranalytical
scale and characterisation took place on extrabishmvere not purified. Additionally,
although data is limited on the precise yields i@ by previous research groups, our
value of 7.1 mg/L determined from an unpurified penwas much less than the 31 mg/L
of purified tunicamycin reported by Hamit al.*"* In order to access the preparative
qguantities of tunicamycin required for degradatgtndies, the fermentation scale was
increased and improvements to the extraction pureeiitroduced. Additionally, efficient
purification protocols were developed. These modiions are described below.

3.2.3.1 Extraction from cell pellet

Typically, a scaled-up fermentation was performasing twelve flasks each
containing 1 L of culture media. Following cenigation the majority of the tunicamycins
were found in the cell pellet, owing to the aggtemaof cultured cells and also to the
moderate aqueous solubility of tunicamycins. Sitw@camycin is entirely insoluble at
low pH, washing the mycelial cake with 1M aq. HChsvfound to selectively remove a
large proportion of water-soluble contaminants. bstguent extraction of the cell pellet
with multiple portions of MeOH led to increasedéts/of isolated tunicamycins.

3.2.3.2 Extraction from culture supernatant

A large volume of culture media remained followirggnoval ofS. chartreusis cells;
this supernatant was found to contain appreciabéntities of tunicamycin. Solid-phase
extraction (SPE) methods were thus adopted to teedc extract tunicamycins from this
solution, providing the dual benefits of introdugian efficient purification step whilst
rapidly concentrating the tunicamycin solution tonach smaller and more manageable
volume. Noting that tunicamycins exhibit good reien profiles on C-18 reversed-phase
HPLC columns, the culture supernatant was passenligh pre-equilibrated C-18 SPE
cartridges (Waters). The majority of contaminantthe solution were polar carbohydrates
or amino acids — derived from the TYD medium — viahieould not bind to the C-18 silica
sorbent, resulting in selective retention of tumgain along with minor contaminants.
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These non-polar analytes were eluted from the S&tEidges with a small volume of
MeOH, yielding a concentrated solution of highlyiened in tunicamycin. The use of C-
18 SPE cartridges was eventually superceded bysedghase XAD-16 resin (Amberlite)
which could: (i) be incubated for longer periodgiofe with the media supernatant, (ii) be
rapidly isolated by simple filtration and (iii) anb problems associated with column
blockage by residual insoluble cell debris. Batnbgents also proved cost-effective since
they could be recycled and used multiple times.

3.2.3.3 Purification by flash chromatography

Methanolic extracts of the cell pellet were higimypure and although supernatant
extraction with C-18 resin afforded highly enrichéhicamycin samples, these also
required further purification. The partially pueidl extracts were thus combined and dry
loaded on silica. A suitable polar elution solvesystem was devised such that the
tunicamycins could be efficiently purified in a gle pass by normal phase flash
chromatography. The resulting tunicamycins we@shto contain <5% impurities by
NMR and HPLC (see experimental section 3.5.3.2).

3.2.3.4 Significance of optimised procedure

The result of these modifications to the tunicamyaxtraction procedure was that the
isolated yield of pure tunicamycin increased to ®g/L. This was a significant
improvement over initial efforts and was high enoug provide sufficient supplies of
tunicamycin for subsequent degradation experimentsshould be noted that there was
some variation in the yields observed; this islikdue to differences in the precise growth
conditions and levels dfin gene expression between individual fermentatidoHes.
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3.3 Relay synthesis: Tunicamycin degradation
3.3.1 Putative TunD substrate: N-Acetyl-tunicaminyl-uracil

Tunicaminyl-uracil is a vital intermediate in tii@rmation of targeted tunicamycin
analogues (see section 1.5.2). It possesses theukEamine core of the parent natural
product and can potentially be functionalised vaitvide variety of subunits at both its free
C-11" anomeric hydroxyl and C-10" amine grougs-acetyl-tunicaminyl-uraci®0 also
features in the putative biosynthetic pathway eftiimicamycins and is proposed to act as a
natural substrate for glycosyltransferase TunD ¢setion 2.4.3).

We have shown that tunicamycin can be isolategure form and in preparative
guantities from fermentation broths 8f chartreusis. This is in contrast to other natural
products which are produced by organisms that sireraely difficult to culture or grow
very slowly. As such, although a number of synthebutes to tunicaminyl-uracil
derivatives have been developed (see section 4.8y more economical route to this
intermediate is through degradation of native tamgcins.

In their 1994 paper on the total synthesis ofdamycin, Ginet al. heated a sample
of tunicamycin at reflux in 3 M HCI for 3 h and agated the crude mixture to give
heptaacetyl-tunicaminyl uracil in 30% yieltl. Similar cleavage of the tunicamyciris:
acyl and terminal GIcNAc moieties were also desddillby Tamura in his 1982 book,
although no vyields were report#d. As such, tunicamycins were subjected to acidic
hydrolysis and subsequent purification and deptmecsteps were screened in order to
access useful quantities of piNeacetyl-tunicaminyl-uraci®0 in relatively good yields.

Tunicamycins isolated froi8 chartreusis cultures were first refluxed in 3 M HCI for
3 hours (Scheme 3.1). An aqueous acidic work up feand to be necessary at this stage
to remove a large proportion of liberated fattydact contaminants difficult to remove later
on. The resulting tunicaminyl-uracil shared the sdf as by-producb-glucosamine by
TLC. It was found that acetylation of the crudaat®n mixture followed by careful flash
chromatography using an optimised solvent gradread necessary for the separation of
these compounds, thus affording heptaacetyl-tuniegmuracil 89 in 35% vyield.
Subsequent deacetylation with freshly prepared usodmethoxide yielded\N-acetyl-
tunicaminyl uracil90 in 90% vyield. The resulting sugar was fully asgd using a
combination of NMR experiments, in particular 1D @®Y with specific irradiation of a
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number of isolated spin systems. Informative spefttilowing irradiation of H-1***, H-
11, H-11® and H-6"8* resonances can be found in Appendix AS5.

Tunicamycins O

' (6]

PR LS

712 NWN«O
AcHN

HEO L= HO OH

OH i. 3M HCI. 105 °C, 3h

ii. Aco0, pyr, 18h
35% over 2 steps

0] o}

Ao ¢ oac ¢ NH Naome o M on ¢ MH
e
HO \ 90% HO \

N Z,

AcO  OAc HO  OH
89 N-acetyl-tunicaminyl-uracil 90

Scheme 3.1 Acidic hydrolysis of isolated tunicamycins

3.3.2 Putative TunE substrate:  N-Acetyl- N-deacyl-tunicamycin

Selective removal of théN-acyl chain from tunicamycin would eliminate the
heterogeneity arising from different acyl chain dérs present in the isolated natural
product. The resulting intermediate would be auahle intermediate for subsequent
diversification into potential GT inhibitors (seection 1.5.2). IMN*®-acetylN**-deacyl-
tunicamycin99, the fatty acid sidechains of different tunicanmy¢iomologues have all
been replaced with a simplkeacetyl group. This compound is a valuable intetiae for
thein vitro characterisation of tunicamycin biosynthetic enzgraice it is proposed to act
as a natural substrate fdrdeacetylase TunE (see section 2.4.4).

The necessary cleavage of an amide bond to afifiisdransformation is not trivial,
owing to the high stability and low reactivity dfi$ functional group. The classic method
involves acidic or basic hydrolysis at high tempera, which results in low yields due to
the harsh conditions involved. Fortunately, a nembf milder strategies have been
developed’™** of particular note being Kunieda’s\N-Bocylation methodology’®
Protecting the amide nitrogen with a Boc group re@soelectron density from the amide
carbonyl, allowing it to be readily cleaved at rotemperature with catalytic amounts of
base. This strategy has been applied to carboteyddaemistry, with the successful
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cleavage of acetamides in a rangiacetyl-hexosamine derivativd¥>®' The application
of this methodology to the tunicamycins is preseielow.

The first stage involved selective protectionwfitamycin’s eight hydroxyl groups.
Since the primary goal was to introduce Boc groop® the amide nitrogens, a one pot
protection of all hydroxyl and amide groups wasmited. Unfortunately, despite a large
excess of Boc anhydride and addition of nucleopluétalysts, the reaction could not be
driven to completion and only incompletely protectgerivatives were isolated. Silyl
ethers were next considered, since they are kn@wselectively silylate alcohols over
amines/amide®?33 After subsequent Boc protection of the amides @eakylation, the
silyl ethers would then be conveniently orthogadwathe resulting NHBoc groups. A wide
range of conditions were screened using a varietilglating agents based around TES
and TBS protecting groups, but in all cases incetephydroxyl protection was once again
observed. Since the tunicamycin molecule contaitstal of eight hydroxyl groups, their
complete protection with bulky silyl or Boc protix groups is likely to lead to significant
steric repulsion. For this reason, the incompfetatection observed with these reagents
may be attributed to steric crowding. In orderci@wumvent this problem, less hindered
protecting groups were chosen. A variety of bestryh conditions were screened, but
satisfactory results were only observed with NaHl &nBr in DMF. Under these
conditions all eight hydroxyl groups were protectatfhough tunicamycin’s three amide
bonds were also partially benzylated. Carefulropgation of conditions led to the isolation
of nonabenzylated tunicamyc@i, albeit in a low 35% yield (Scheme 3.2). Unfodtaly
this compound was unreactive to subsequésBocylation, presumably because steric
crowding remained a problem, preventing acceshdaatnide nitrogens. The best results
were obtained with acetyl protection of tunicamyataacetyl-tunicamyci@2 was readily
accessed in 55% vyield (Scheme 3.2). The acetylpgrowould not be stable to
methanolysis during later amide deprotection, big was outweighed by the ease of their
installation and superior yields to all other pobiteg group strategies attempted.
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Scheme 3.2 Boc protection of amides within tunicamycin

Exposure of purified octaacetyl-tunicamycin to Bdgroduced a mixture of di-
Boc and triN-Boc derivatives93 and 94 — isolated in 31 and 45% yields respectively
(Scheme 3.2). Full conversion to the NrBoc species could not be achieved, despite
optimising numerous parameters such as temperatmegentration, number of equivalents
and solvent, as well as attempting enhancemenaghronicrowave irradiation. However,
di-N-Boc derivative93 was readily isolated and partially converted ® desired species in
30% vyield, providing a salvage pathway for thesiglly protected by-products.

At this point it was observed that thé NMR spectrum of triN-Boc 94 showed two
distinct compounds, suggesting an unidentified intpunight be present. An EXSY NMR
experiment was performed, which showed cross peetrgeen | and H,” and between
and K at room temperature (Fig. 3.7). This indicateal the resonances for, tdnd H
were interchangeable with those of Hand R~ respectively and confirmed that the two
species observed by NMR were in fact two rotamdréhe same compound. It was
suspected that the steric bulk around the tertaanyde at N-10" resulted in restricted

rotation about one of the-XC bonds, leading to two distinct isomers by NMR.
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Fig. 3.7 Restricted rotation about C*® -N bond accounts for two species observed in *H NMR of 94

The triN-Boc derivative94 was next subjected to methanolysis with catalstidium
methoxide. Successful cleavage of both Kaacyl andN-acetyl moieties was observed
alongside the expected deprotection of pendardcetyl groups, to give deacylated
intermediate95 (Scheme 3.3). Upon prolonged exposure to the bamnditions by-
products resulting from methoxide cleavage of trecill Boc group 96) and from amide
cleavage within the uracil moiety were detectecad®ion times were reduced to minimise
the formation of these by-products. However, uridese conditions reactions could not be
driven to completion and appreciable quantities paftially acetylated and acylated
tunicamycins were observed. It appeared@hkacetyl, activatedN-acetyl and certaiiN-
Boc groups harboured very similar reactivities &timanolysis, resulting in a subtle balance
between insufficient acyl cleavage leading to p#tiacylated tunicamycin derivatives and
excessive cleavage resulting in the removal of @addoup or even uracil cleavage.

o o)
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HO S
AeS2 o4 HO o) HO %HR .
= bocC
OAc OH 96 R = H
ii) TFA, 1 h
o) o)

OH < ( OH < (
HO OH / NH i) Ac,0, MeOH, 2h HO OH / NH
AcHNG\"0 o N—\<O iv) Dowex 550 OH", 1 h H:N"5 N0 O N—ﬂo
AcHN 5 HoN —

. 46% (over 4 steps) s 3
nge H OH Hao HO  ©OH
e} 99 (e} 98
OH OH

o,

Scheme 3.3 Selective N-deacylation of tunicamycin
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Following these experiments, the strategy adopteslved homogenising this
mixture of products by removing all Boc groups ahén selectively acetylating the
resulting primary amines to give the desired dested tunicamycin derivativ@9. As such,

a multi-step procedure was developed, requiringy @nkingle purification step (Scheme
3.3). TriN-Boc derivative94 was exposed to freshly prepared 0.01M NaOMe in MeO
After 6 h, TLC showed formation of a major prodtretN-Boc 95, together with diN-Boc

96 and partially acetylated/acylated byproducts. dbenched reaction mixture was then
treated with TFA, yielding diamine intermedia®8. Following evaporation of TFA,
selective acetylation of the free amine groups acseved with AgO in MeOH. Initially,
only a single acetylation event was observed degpdlonged reaction times and an excess
of Ac,O. The diamine intermediate likely existed as & Balt, thereby precluding one of
the amines from acetylation. Upon adjusting thetpig-7 with Dowex 550 OHesin, the
TFA counterion was removed and the second aminepgsaccessfully acetylated. After
this sequence of reactions, and following carefulomatography to remove fatty acid
contaminants, proposed TunE substi@®ewas isolated in 46% yield over 4 steps. The
resulting sugar was fully assigned using a comhmnadf NMR experiments, in particular
1D TOCSY with specific irradiation of anomeric, H-%and H-6"b protons. Informative
spectra can be found in Appendix A5.

3.4 Conclusions

In this chapter we have successfully optimisedhids for the preparative scale
isolation, purification and characterisation ofiaamycins from the fermentation broths of
S chartreusis. Isolated yields up to 35 mg/L culture were o, providing sufficient
natural product for degradation studies. Subsdtyeadvanced intermediat&9) and 99
were obtained through a combination of acidic hiydis, mild methanolysis and effective
protecting group strategies. Both compounds ateabée intermediates for the relay
synthesis of tunicamycin analogues. AdditionaNyacetyl-tunicaminyl-uraciBO and N-
acetylN-deacyl-tunicamyci®9 are proposed to act as natural substrates fomeesyrunD
and TunE respectively from the tunicamycin biosegtithpathway. They will be extremely
valuable for use as predicted native substratélseim vitro functional characterisation of
these enzymes. Overall, results presented inctiapter complement the characterisation
of the tunicamycin biosynthetic pathway describedchapters 2 and 4, as well as the
eventual formation of tunicamycin analogues basedral the core tunicamine scaffold —
outlined in section 1.5.
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3.5 Experimental
3.5.1 Biological protocols
3.5.1.1 General considerations

All solutions and equipment used in the handling nticrobial cultures were
autoclaved or sterilised. Microbial manipulatioois Streptomyces were performed in a
HERAsafe KS-12 Class Il Laminar Flow Cabinet. Mgedplastic and glassware were
autoclaved at 121 °C for 20 min. Bacterial cultuveere incubated in a New Brunswick
Series 25 shaker. Centrifugation was performedBactkman Coulter Avanti J-25,
Beckman GS-6R or Mistral 1000 centrifuges. Micrddémgation was performed in an
Eppendorf Centrifuge 5415R or a Beckman Coulterrtfigge 18. Water was deionised
and passed through a Millipore 0.géh filter prior to use. HPLC grade MeCN and MeOH
were obtained from Rathburn Chemicals Ltd and asesupplied.

3.5.1.2 Bacterial strains

S chartreuss NRRL 3882 was obtained from the German Collectioh o
Microorganisms and Cell Cultures (DSMZ). The straas maintained on solid TYD agar
and grown aerobically in liquid TYD mediutf®

3.5.1.3 Analytical scale isolation of tunicamycins

DenseS. chartreusis spore suspension (10 pL) and 1% Antifoam 204 solutl00
puL) were added to 50 mL of TYD media in a 250 mkirsp coiled flask and incubated at
28 °C and 200 rpm for 6-8 days. After this tintee tultures adopted a characteristic red
colour which was used as a qualitative indicatotuaicamycin production. Cultures were
acidified with conc. HCI to a final concentratioh @2 M and cells were collected by
centrifugation (8000 >3, 10 min). The cell pellet was washed with 0.2 Bl & Cl,
resuspended and again collected by centrifugatidme cell pellet was then vortexed with
MeOH, collected by centrifugation and the supematisscarded. This step was repeated
three times and the combined MeOH extracts wereergnatedin vacuo before a final
centrifugation step to remove any remaining celtirte
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3.5.1.4 Preparative scale isolation of tunicamycins

50 mL of TYD media in a 250 mL spring coiled flaglas inoculated with densg
chartreusis spore suspension (10 puL) and incubated at 28 WC280 rpm. After 24 h,
aliquots of this culture (12 x 1 mL) were used nodulate 12 x 1 L of TYD media in
unbaffled 2 L conical flasks, which were subseqlyeinicubated at 28°C and 200 rpm for
6-8 days. After this time the cultures adoptedharacteristic red colour which was used as
a qualitative indicator of tunicamycin productioiCells were collected by centrifugation
(8000 xg, 10 min).

Extraction from cell culture supernatadmberlite XAD-16 was preconditioned by

washing with MeOH (x 3), then distilled water (x 2Jhis preconditioned resin (15 g/L)
was added to the cell culture supernatant anadtior 2 h. The magnetic stirrer was then
turned off and the XAD-16 resin allowed to settigtie bottom of the flask, after which the
majority of the supernatant was decanted along witlg remaining cell debris. The
remaining supernatant was removed by filtratiomtigh cotton wool. The combined resin
was next stirred in water (200 mL, 10 min) andefiftd through cotton wool. This process
was repeated with water (2 x 200 mL), MeOH (2 x 200 and'PrOH (2 x 200 mL) with

a final wash in MeOH (200 mL, 60 min). TLC analysiH,O/PrOH/EtOAc 1:2:4)
identified tunicamycin containing fractions {(R= 0.4), which were combined and
concentratedn vacuo. The residue was washed with 1 M aq. HCI (2 xm0 and the
collected by centrifugation (3500gs 5 min).

Extraction from cell pelletThe cell pellet was stirred in 1M ag. HCI (800 n#20

min) and the cells collected by centrifugation (800 g, 10 min). This process was
repeated, after which the cell pellet was stirredieOH (400 mL, 2 h). The cells were
collected by centrifugation (3500gs 5 min) and the supernatant decanted. The celis w
then resuspended in MeOH (400 mL) and vortexed fionin, prior to centrifugation (3500
x g, 5 min) and collection of the supernatant. Thsulttng MeOH fractions were
combined and subjected to further purification.

Purification of combined extractdhe cell pellet extract and culture supernatant

extract were combined and dissolved in MeOH, theaddonto silicain vacuo. Flash
chromatography (bD/iPrOH/EtOAC 1:3:6— 1:2:4) afforded tunicamycin (~ 400 mg) as a
off-white powder, which was freezdried from wateiopto use.
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3.5.2 Analytical Methods
3.5.2.1 Analytical scale HPLC

The HPLC system consisted of a Waters 2795 sepasamodule coupled to a
Waters 2996 photodiode array detector, controlledEimpower software. Reversed-phase
chromatography was achieved on a Phenomenex G&#xigi column (250 mm, 5 mm, 5
pm particle size), protected with an in-line PhennaeC-18 guard column. Solvents used
in the mobile phase were as follows: Solvent A OH5% MeCN, 0.1% formic acid;
Solvent B — MeCN, 0.1% formic acid. An isocraticit®n was performed (1 mL/min;

55% A, 25 min), with a typical injection volume 20 pl and detection at 260 nm.

3.5.2.2 LC/MS methods

The LC/MS system consisted of a Micromass LCT {ESF-MS) coupled to a
Waters Alliance 2790 HPLC separations module ande¥a996 photodiode array.
Reversed-phase chromatography was achieved udtige@omenex Gemini C-18 column
(250 mm, 5 mm, Jum particle size) protected with an in-line Phenoexeg-18 guard
column. Solvents used in the mobile phase wefellsvs: Solvent A — HO, 5% MeCN,
0.1% formic acid; Solvent B — MeCN, 0.1% formic éci An isocratic elution was
performed (1 mL/min; 55% A, 25 min), with a typicaljection volume of 20ul and
detection at 260 nm. The electrospray source ®fLlBBT was operated with a capillary
voltage of 3 kV and a cone voltage of 10-65 V. rdgen was used as a nebuliser and
desolvation gas at a total flow of 400 L/h. Speacirere processed using MassLynx 4.1
software. Myoglobin (horse heart) was used asmdsird to construct calibration curves.
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3.5.3 Chemical synthesis
3.5.3.1 General Considerations

Melting points were recorded on a Kofler hot bleakd are uncorrected. Proton
nuclear magnetic resonandg) spectra were recorded on a Bruker DPX 200 (20@z)VIH
Bruker DPX 400 (400 MHz), Bruker DQX 400 (400 MHa) Bruker AC 500 (500 MHz)
spectrometer. Carbon nuclear magnetic resonarezgrapvere recorded on a Bruker DPX
200 (50 MHz), Bruker DQX 400 (100 MHz) spectrometeron a Bruker AC 500 (125
MHz) with a**C cryoprobe (125 MHz). Spectra were fully assignsithg a combination of
COSY, HMQC, and DEPT 135. All chemical shifts wepgoted on thed- scale in ppm
using residual solvent as the internal standardipdoy constantsJj are reported in hertz
(Hz). Infrared spectra were recorded on a Brukens®de 27 Fourier Transform
spectrophotometer with absorption maxima recordeavavenumbers (cf). Oils were
analysed as thin films and solids as potassium l®mlisks. Low resolution mass spectra
were recorded on an LCT Premier XE using electapsprnisation (ES). High resolution
mass spectra were recorded on a Bruker microTO&cifsprotations were measured on a
Perkin Elmer 241 polarimeter with a pathlength & dm with concentrationg) given in
0/100 mL. Thin layer chromatography (TLC) was cadriout on Merk Kieselgel 605
precoated aluminium backed plates and visualiséid a/combination of the following: 254
nm UV lamp; aqueous KMn{d5% KMnQs in 1 M NaOH); aqueous phosphomolybdic
acid and Ce(1V}2.5% phosphomolybdic acid hydrate, 1% cerium(IMfae hydrate, and
6% H,SQO,); ammonium molybdate (5% in 2M,BQy); and/or sulfuric acid (2 M in
ethanol/water 1:1). Flash column chromatography eeased out with Fluka Kiegselgel 60
220-440 mesh silica gel. THF and DCM (HPLC gradeye dried through a column of
Al,Os. Remaining anhydrous solvents were purchased fadrich or Fluka and stored
over molecular sieves (<0.005%®). All other solvents were used as supplied (ditally
or HPLC grade), without further purification. Pétrefers to the fraction of petroleum ether
boiling in the range 40-60 °C. Brine refers toausated solution of sodium chloride.
Imidazole was recrystallised from ethanol.

- 168 -



Chapter 3: Natural product isolation and degradation

3.5.3.2 Synthetic procedures

Tunicamycins®’®
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Tunicamycin was isolated fromS
chartreusis fermentation broth as
previously described. Apart from HPLC
and LC/MS analysis, samples were also
subjected to characterisation by TLC
and '"H NMR; TLC : R 0.3 in

water/isopropanol/ethyl acetate (W.IP.E) 1:3t6;NMR (500 MHz, CQOD) & 0.89, 0.90
(2 xs,2x3H,-CH(B3),), 1.16 - 1.61 (m, n x Cff¥299 1.95 (s, 3 H, -CE"*), 3.35 -
4.05 (m, -CH%" -CHY9%), 4.10 (t,J = 9.3 Hz, 1 H, H-10"), 4.21 (§ - = 5.7 Hz,J = 5.7
Hz, 1 H, H-2"), 4.59 - 4.63 (m, H-11"), 4.95 (tk 3.2 Hz, 1 H, H-17"), 5.77 (dls ¢ = 8.2
Hz, 1 H, H-87 595 (dJy > = 5.7 Hz, 1 H, H-1"), 5.96 (FJuc=ch rans= 15.4 Hz, 1 H,
=CHC(0)-), 6.84 (dt>Jnc=cH rans= 15.4 Hz,J = 6.9 Hz, 1 H, -CHHC=), 7.93 (dJs 5= 8.2
Hz, 1 H, H-8", assignments were assisted by data from COSY,E&@ 3D TOCSY
spectra, the presence of at least 9 homologuegmey full assignment, resulting in broad
multiplets in thed3 - 4 (sugar C-H) andl.1 - 1.6 (fatty acid C}) regions;
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Heptaacetyl-tunicaminyl-uracil 89°"’

Tunicamycin (108 mg, 0.220 mmol) was
oA (/_/<O suspended in 3M ag. HCI (15 mL) and refluxed at
AcHNWN«NH 105 °C. After 3 h the solvent was removied
Ak __/ o Vvacuo, and the residue dissolved in dry pyridine (3
ACO  OAc mL) and acetic anhydride (3 mL). After 24 h at
room temperature, TLC (MeOH/EtOAc 1:19) showed fwoducts at R0.3 @9) and 0.35
(pentaacetyb-glucosamine). After removal of solvemt vacuo, flash chromatography
(MeOH/EtOAcC 1:19), afforded heptaacetyltunicamimgleil 89 (54 mg, 0.077 mmol, 35%,
a/p ratio 56:44) as a white foartH NMR (500 MHz, CDC}) & ppm 8.82 (d)J = 1.9 Hz,
1 H, N-H""f) '8.70 (d,J = 2.0 Hz, 1 H, N-2"%) 7.22 (d Js5 = 8.2 Hz, 1 H, H-§%"%),
7.19 (d,Js5= 8.2 Hz, 1 H, H-6™"F) 6.14 (d,J11- 10 = 3.8 Hz, 1 H, H-1T), 5.91 (d Jy »
=5.7 Hz, 1 H, H-1%), 5.82 (dJ; > = 5.0 Hz, 1 H, H-%), 5.81 (mJ = 2.0 Hz,J5 6 = 8.2 Hz,
1 H, H-58""% 578 (ddJ = 1.9 Hz,Js6 = 8.2 Hz, 1 H, H-8%"#) 571 (d,d\.+10 = 9.8
Hz, 1 H, N-H" ), 5.64 (dJ11 10 = 8.8 Hz, 1 H, H-1%), 5.50 (d I\ 10 = 9.5 Hz, 1 H, N-
HA%), 5.43 (ddJs 4 = 4.9 HzJy 2 = 6.1 Hz, 1 H, H-3), 5.37 (ddJs 4 = 4.7 Hz,J3 » =
5.8 Hz, 1 H, H-3), 5.34 (app t)» 1+ = 5.7 Hz,J» 3 = 5.8 Hz, 1 H, H-%), 5.30 (app tJ» 1-
=5.0,Jr3 = 6.1 Hz, 1 H, H-%), 5.24 (dd,Jo & = 2.8 Hz,Jo 10 = 11.5 Hz, 1 H, H-F,
5.22 (dd,Jg 7 = 1.0 Hz,Jg o = 3.2 Hz, 1 H, H-&), 5.20 (m, 1 H, H-8), 5.19 (ddJg 7 =
1.0 Hz,Jg' o = 2.8 Hz, 1 H, H-&), 5.11 (ddd,) = 2.8 Hz,J5 4 = 4.7 Hz,J5 6y = 8.3 Hz, 1
H, H-5°), 5.08 (ddJy g = 3.2 Hz,Jg 10 = 11.0 Hz, 1 H, H-%), 4.71 (dddJ:¢ 11 = 3.8 Hz,
Jio vt = 9.5 Hz,Jio o = 11.5 Hz, 1 H, H-16), 4.42 (ddd )10 o = 8.8 Hz,J10 i = 9.8 Hz,
Jioe = 11.0 Hz, 1 H, H-16), 4.13 (app t)s s = Jo 3 = 4.9 Hz, 1 H, H-4), 4.08 (app t,
Jvs =Jdy 3 =47 Hz, 1 H, H-4), 4.07 (m, 1 H, H-7), 3.92 (dddJ; g = 1.0 Hz,J7 v =
3.2 Hz,d = 9.6 Hz, 1 H, H-7), 2.20 (s, 3 H, -CK“?), 2.20 (s, 3 H, -CK“'?), 2.18, 2.13
(2xs,2x3H,2x-C%Y), 212,212 (2xs,2x3H,2x-¢lP), 211 (s,6 H, 2 x -
CH5"*P), 2.09 (s, 6 H, 2 x -C#> %), 2.03 (s, 3 H, -CK“ %), 2.01 (s, 3 H, -CH“P), 2.00 -
2.02 (m, 1 H, H-64&), 1.97 - 1.99 (m, 1 H, H-6%, 1.96 (s, 3 H, -CH'"“ ), 1.94 (s, 3 H,
-CH5"A° Py 1,75 (ddd Jep 7 = 3.2 Hz,J = 8.2 Hz,2Jsp 62 = 14.8 Hz, 1 H, H-6§), 1.57
(ddd,J= 1.7 Hz,Jep' 5 = 8.3 Hz,%Jgp 62 = 14.9 Hz, 1 H, H-615); °C NMR (126 MHz,
MeOD-ds) & ppm 171.2, 170.7, 170.6, 170.6, 170.4, 170.2,117070.0, 169.7, 169.6,
169.5, 169.3, 169.3, 169.1 (14 x s, 14 x C, &¥H c=0"" P 6 x =0 *, 6 x
C=0""P), 162.5 (C-4 C=6), 162.5 (C-4 C=6), 149.9 (C-2 C=6), 149.9 (C-2 C=6),
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140.2 (C-8™"P) 139.8 (C-8°°"%) 103.4 (C-8°°"%) 103.3 (C-8°°"P) 93.0 (C-11%),
91.1 (C-11%), 88.7 (C-1P), 88.1 (C-1%), 82.5 (C-4%), 82.4 (C-4%), 72.4 (C-2%), 72.4 (C-
2P), 70.9 (C-7?), 70.5 (C-9%), 69.6, 69.6, 69.3, 68.7, 68.1 (5 x s, 7 x C, €-8-3%, C-
57 C-5% C-87% C-8%, C-9%67.6 (C-7%), 49.5 (C-1(P), 46.7 (C-10%), 32.5 (C-6%),
31.6 (C-6P), 23.3 (-CH"™< Py 23.2 (-CHY* %) 20.4-21.0(12%x C, 6 x -Gff %, 6 x -
CH5"P): IR (thin film) v : 3500-3700 (multiple w, N-H), 174(br s., C=0°), 1717 (s,
unsat. C=02m% ) 1698 (s, C=62""Y 1684 (s, C=G"%) 1653 (s, C=C), 1636 (s,
C=C), 1558 (m, unsat. CZ83™*®" 1540 (m, c=G2M " 1521 (m, C=@Gmd Y 1374
(s), 1224 (br. s);MS m/z (ESI) : 717 [(M+ NHy)", 80%], 722 [(M+ Na), 100%]; (ES)) :
698 [(M-HY), 100%]; HRMS m/z (ESI) : calc. for GgHz/NsNaO,7 (M + Na)" = 722.2015.
Found 722.2019;

N-acetyl-tunicaminyl-uracil 90

O  Heptaacetyltunicaminyl-uraciB9 (54 mg, 0.077
OH </ :NH mmol) was dissolved in dry MeOH (5 mL) and the

HO OH
ACHNWN«O solution cooled to 0 °C. 1M NaOMe in MeOH (50
HO /

pL) was added, resulting in a 0.01M concentration
of base. After 3 h, TLC (W.IP.E. 1:2:2) showed
complete conversion to two spots atoR} (one anomer &0), and 0.3 (the other anomer of
90). The reaction was neutralised carefully with DEXV50WX8 H' resin and diluted
with MeOH. After filtration through cotton the s@int was removedn vacuo. Flash
chromatography (W.IP.E. 1:2:2) affordédiacetyl-tunicaminyl-uracil90 (31 mg, 0.069
mmol, 90%) as a white amorphous solif],*® = -7, ¢ = 1, HO; *H NMR (500 MHz,
D,0) & ppm 7.82 (dJs 5 = 8.0 Hz, 1 M, H-6"2"%), 7.81 (d Js 5= 8.0 Hz, 1 H, H-6""2°""F),
5.90 (m, 18 + 1 H, H-1" H-1P), 5.87 (dJs6= 8.0 Hz, 1 4 + 1 H, H-5""acla pH_guraci

Py, 5.18 (d,Ji1 10 = 3.7 Hz, 1 1, H-117), 4.62 (d,J11 10 = 8.5 Hz, 1 H, H-11%), 4.27 -
432 (m, 2 +2H, H-27 H-2P H-3° H-3P), 4.24 (d,J=9.1 Hz, 1 1, H-7"), 4.08
(dd, 1 ¢ = 11.3 Hz J1o 11-= 3.7 Hz, 1 M, H-10), 4.04 (dtJ = 10.7 Hz,J = 2.8 Hz, 1 1,
H-5P), 3.96 - 4.01 (m, 2 M+ 1 H, H-4™, H-4"P, H-5%), 3.92 (ddJo 10 = 11.3 Hz Jy g =
3.2 Hz, 1 H, H-9), 3.84 (dJg o = 3.2 Hz, 1 H, H-8"), 3.82 (dd J1o o = 10.8 HZ J10' 11

= 8.5 Hz, 1 H, H-10®), 3.79 (dJ = 9.3 Hz, 1 ¥, H-7?), 3.77 (dJs o = 3.5 Hz, 1 §, H-
8), 3.72 (ddJo 10 = 10.8 HzJy g = 3.5 Hz, 1 14, H-9%), 2.02 (s, 3 [ + 3 H}, -CH;"HA®

B _CHN"% %) 1.90 - 2.00 (m, 1 M+ 1 H, H-6a°, H-6a®), 1.59 - 1.67 (m, 1 H+ 1 H’,
H-6b™, H-6b™), please see appendix for 1D TOCSY spectra dfistad anomeric protons
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and H-6"b which were used to assign overlappindsed®C NMR (126 MHz, BO) &
ppm 176.1, 175.8 (C=" P c=d'"A> ) 167.3 (C-4 C=6&"P), 153.0 (C-2 C=6'"),
142.9 (C-8°h*Fy 103.6 (C-82"***) 96.5 (C-11P), 92.0 (C-11%), 89.2 (C-1**P), 88.2,
88.2 (C-4°%, C-4®), 74.6, 745 (C-%, C-2®), 72.4, 72.2, 72.0, 71.5 (CF7C-8% C-9% C-
8%, 70.0, 70.0 (C-3, C-3%), 68.7 (C-9), 68.2, 68.2 (C-%, C-5P), 67.4 (C-7%), 54.7
(C-10%), 51.3 (C-10%), 34.8, 34.7 (C-6, C-67), 23.3, 23.1 (-CE'" =9 -.CcH"HAP): R
(thin film) v : 3383 (b, O-H), 2928 (w, C-H), 1688, C=G™9, 1558 (m, N-H™%), 1468
(m), 1417 (m), 1383 (m)MS m/z; (ESI) : 446 [(M-H), 100%]; HRMS m/z (ESI) : calc.
for C17H24N3011 (M - H) = 446.1416. Found 446.1415;

N-Benzyl-octaO-benzyl-tunicamycin 91
0O Tunicamycin(34 mg, 0.040 mmol) was
/E\M/\)?\ Bno 9B oBn </ :NBn dissolved in dry DMF (68QlL) and the
2 HWN_% solution cooled to 4 °C. A 60%
AcHN
BnO

BnO o BnO OBn
OBn

dispersion of sodium hydride in

mineral oil (16 mg, 0.400 mmol) was

added and the effervescing solution
stirred for 10 min. Benzyl bromide (48., 0.380 mmol) was then added. After stirring for
16 h at room temperature, TLC (EtOAc/Petrol 1:19vgad a spots atF0.8 (BnBr), 0.6

(BnOH) and 0.3 91). The reaction was quenched with TFA (1 drop) &mel solvent
removedin vacuo. Flash chromatography (EtOAc/Petrol 3:23:2—1:0), affordedN-
benzyl-octa©-benzyl-tunicamycin91 (23 mg, 0.014 mmol, 35%) as a clear glass
containing a mixture of compounds with differeriphatic chain lengths'H NMR (500
MHz, CDCk) & ppm 7.49 (m, 3 H, 3 x C4Y), 7.09 - 7.40 (m, C-fi, H-6"2%, 6.74 (dtJ
= 6.9 Hz,*Juc=ct trans= 15.1 Hz, 1 H, C=B-CH,), 6.03 (d,J' »= 1.9 Hz, 1 H, H-1"), 5.75
(d,J=9.8 Hz, 1 H, 2”"-NH), 5.54 (d}ic=cH rans= 15.1 Hz, 1 H, C=8-C0O), 5.08 (m, 2 H,
PhCH,-N) HMBC couplings show this benzyl group to be#8"?® 5.05 (d,Ji-»-= 3.5
Hz, 1 H, H-17), 4.91 (d) = 8.2 Hz, 1 H, H-8Y), 4.88 (d,2J = 11.7 Hz, 1 H, PhB,-0),
4.82 (d,?J = 11.0 Hz, 1 H, PhB,-0), 4.80 (d,2J = 11.7 Hz, 1 H, PhB»-0), 4.77 (d,
Jir10= 8.5 Hz, 1 H, H-11"), 4.73 (s, 2 H, PHEO), 4.66 (d2J = 11.3 Hz, 1 H, PhB,-0),
4.59 (m, 3 H, Ph8,-0), 4.50 (m, 3 H, PhB»-0), 4.44 (d2) = 13.6 Hz, 1 H, PhB,-0),
4.41 (d,2J =11.7 Hz, 1 H, PhB»-0), 4.37 (d2J = 12.0 Hz, 1 H, PhB,-0), 4.29 (d2J =
11.7 Hz, 1 H, Ph8,-0), 4.26 (ddJ, 1= 3.5 Hz,Jo 2~.np = 9.8 Hz, 1 H, H-27"), 4.19 (dd,
Jr1=1.9HzJy3=7.6 Hz, 1 H, H-2"), 4.13 (dd,= 5.7 Hz,J5~ ¢7a= 10.1 Hz, 1 H, H-57"),
4.05 (ddJ3 4= 5.4 Hz,J3 = 7.6 Hz, 1 H, H-3"), 4.01 (dJ = 9.5 Hz, 1 H, H-7"), 3.90 -
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3.98 (m, 2 H, H-8", H-10"), 3.78 (ddy 5= 2.2 Hz,Jy 3= 5.4 Hz, 1 H, H-4"), 3.75 (m, 1 H,
H-37), 3.73 (dJsas = 10.1 Hz, 1 H, H-6""a), 3.58 - 3.64 (m, 3 H, H;44-9", H-6"'b),
3.55 (dd,Js 4= 2.2 Hz,J= 10.3 Hz, 1 H, H-5), 2.01 - 2.15 (m, 3 H, H-6:@H,CH=C),
1.80 (m, 1 H, H-6"b), 1.77 (s, 3 HHz""*°), 1.53 (spt,J = 6.6 Hz, 1 H, EI(CHs)), 1.40 (q,
J = 7.0 Hz, 2 H, -B,CH,CH=C), 1.20 - 1.34 (m, 19 H, ¥&*¥), 1.16 (m, 2 H, -
CH2CH(CHs),), 0.88, 0.87 (2 x s, 2x 3 H, -CH(3),); **C NMR (126 MHz, CDC}) &
ppm 170.0 (C=8""%), 167.2 (C=0™"), 162.3 (C-4 C=0), 150.5 (C-2 C=0), 145.6 T+
CH,), 138.4, 138.2, 138.0, 137.9, 137.7, 137.5, 131B3%,3, 136.8 (9 x C, 9 ), 126.9 -
129.2 (46 x C, 45 €HY, C-6") 123.3 (C£€H-CO), 101.5 (C-5*", 99.6 (C-11"), 96.7
(C-17), 88.6 (C-1"), 83.5 (C-2°), 80.9 (C-37),.28C-4"), 78.3 (C-4”), 78.1 (C-8"), 75.3,
74.9 (2 x PRHy-), 74.8 (C-7°), 74.6 (RBH-), 74.6 (C-9), 74.0 (C-3"), 73.8, 73.5, 71.8 (3
x PHCH,-), 71.7 (2 x C, 2 x RBH-), 71.4 (C-57), 71.2 (C-5"), 69.4 (C-6""), 53@-10"),
52.1 (C-27), 44.0 (RBH2N-), 39.0 (€H.CH(CHs),), 33.1 (C-6"), 32.1 GH,CH=C), 29.6
(5 x C, 5 x CH,"YY), 28.3 (CH,CH,CH=C), 27.9 (CH(CHs),), 27.4 (CHY), 23.4 (-
CH3HA%), 22.7 (2 x C, -CHTHa),); IR (thin film) v : 3309 (br. w, N-H), 3088 (w), 3063
(w, C-H*™9), 3031 (w, C-H™9), 2925 (s), 2854 (m), 1709 (m, unsat. G283}, 1669 (s,
C=0Famdey 1606 (s, C=E°"9, 1585 (w, C=E°M 1540 (m, C=G2"d " 1496 (s,
C=C¥°maly 1389 (m), 1358 (m):MS m/z (ESI) : 1641 [(M-H), 20%)], 1701 [(M+AcOH-
H), 20%]; (ESI): 1701 [(M+MeCN+NH)", 20%]. Flanking peaks with mass + 14
corresponding to 8 x GHand 10 x CHin the aliphatic chain were seen in ESit 5% and
10% intensity respectivelyHRMS nvz (EST) : peaks observed (M + NaF 1663.8 (89%),
1664.8 (100%), 1665.8 (59%), 1666.8 (24%), 16683%B)( 1668.9 (2%); peaks calc. for
CioiH116N4016Na (M + Na) = 1663.8 (79%), 1664.8 (100%), 1665.8 (57%), 18669%),
1667.8 (6%), 1668.9 (2%);

Octa-O-acetyl-tunicamycin 92
O  Tunicamycin # (88 mg, 0.103 mmol)
/E\M/\i aco 9% oac </ :NH was dissolved in dry pyridine (5QL.)
o HWN_% and acetic anhydride (500L). After
AcHN
AcO

AcO o) AcO OAc
OAc

stirring for 18 h at room temperature,
TLC (EtOAc) showed a major product
at R 0.3 ©2. After the solvent

S

removed in vacuo, flash chromatography (MeOH/DCM73; afforded oct&®-acetyl-
tunicamycin 92 (68 mg, 0.058 mmol, 55%) as a clear glass comgirda mixture of
compounds with different aliphatic chain lengtt$) NMR (700 MHz, MeOD#d,) & ppm
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7.42 (d,Js5 = 8.2 Hz, 1 H, H-8" 6.78 (dt,®J = 7.0 Hz,*Juc=ch rans= 15.3 Hz, 1 H,
C=CH-CHj), 5.81 (dt,Jaiyic = 1.6 Hz,%J}c=ch rans= 15.3 Hz, 1 H, C=B-CO), 5.76 (d,
Ji'2=5.1Hz, 1 H, H-1"), 5.69 (dss = 8.2 Hz, 1 H, H-8°"Y), 5,50 (ddJs 4= 5.5 Hz,J5 >

= 6.3 Hz, 1 H, H-3"), 5.45 (ddy 1= 5.1 Hz,Jo 3= 6.3 Hz, 1 H, H-2), 5.24 (ddz~ 4=
9.6 Hz,J3~ 2+10.9 Hz, 1 H, H-3""), 5.19 (ddd= 1.0 Hz,Js 4 = 3.7 Hz,J5 6 = 8.8 Hz, 1 H,
H-57), 5.19 (ddJg 7 = 1.0 HzJg o = 3.2 Hz, 1 H, H-8"), 5.05 (app.J4~ 3= 9.6 Hz,Js" 5~
=10.0 Hz, 1 H, H-4"), 5.02 (ddy g = 3.2 Hz,Jy 10 = 11.3 Hz, 1 H, H-9"), 4.98 (dy~ >

= 3.6 Hz, 1 H, H-17), 4.70 (dh1 10= 8.5 Hz, 1 H, H-11"), 4.30 (ddss" 5= 3.0 Hz,
Joa 6= 12.2 Hz, 1 H, H-6a""), 4.28 (dd;¢ 11= 8.5 Hz,Ji0 o= 11.3 Hz, 1 H, H-10"),
4.27 (dddJs~ 6p= 2.4 Hz,J5~ 6= 3.0 Hz,J5~ 4~= 10.0 Hz, 1 H, H-57), 4.15 (ddy 5 =
3.7 Hz,Jy 3 = 5.5 Hz, 1 H, H-4"), 4.16 (ddy- 1-= 3.6 Hz,J,3-= 10.9 Hz, 1 H, H-2"),
4.13 (ddJep~ 5= 2.4 Hz,Jep 6a= 12.2 Hz, 1 H, H-6b""), 3.87 (ddds g'= 1.0 Hz,J7 6=
3.2 Hz,J=9.3 Hz, 1 H, H-7"), 2.17 (s, 3 HHZ"), 2.15 (m, 2 H, -B,CH=C), 2.09 (s, 6 H,
2 x CH3™), 2.04 (s, 3 H, €5, 2.02 (m, 2 H, H-6a"), 1.99, 1.97, 1.93, 1.8831(5 x s, 5
x 3 H, 5 x G5, 1.73 (dddJep 7= 3.2 Hz,Jep' 5= 8.8 Hz,Jep 6= 14.9 Hz, 1 H, H-6b"),
1.48 (sptJ = 6.7 Hz, 1 H, -€I(CHs),), 1.41 (quinJ = 6.9 Hz, 2 H, -El,CH,CH=C), 1.22 -
1.31 (m, 14 H, -6,*%), 1.13 (dtJ = 6.7, 7.8 Hz, 2 H, -B,CH(CHs),), 0.85, 0.84 (2 x s,
2x 3 H, -CH(QGH3)2); °C NMR (126 MHz, MeODd,) 5 ppm 173.3, 172.5, 172.5, 172.4,
172.1, 171.8, 171.6, 171.4, 171.3 (9 x s, 9 x @,&=0" , C=03""), 169.6 (C=0OY),
166.0 (C-4 C=0), 151.9 (C-2 C=0), 147.8 (@+CH,), 143.5 (C-8°°", 124.3 (C€H-
CO), 103.7 (C-%°), 101.7 (C-11"), 100.1 (C-1"), 91.2 (C-1"), 84-4"), 73.7 (C-2"),
72.4 (C-37), 72.3 (C-9), 71.8 (C-7"), 71.0 (C;371..0, 70.4 (C-5", C-8'), 69.9 (C-57),
69.9 (C-47), 63.1 (C-67), 52.7 (C-27), 51.9 (G-, 40.4 (CH,CH(CH),), 33.4 (-
CH,CH=C), 33.2 (C-6"), 30.4 — 31.2 (5 x C, 58H,"Y), 29.5 (CH,CH,CH=C), 29.3 (-
CH(CHs),), 28.7 (CHAY), 23.2 (2 x C, -CHTH3),), 23.1 (CH3"™9), 21.2 (CH5™), 20.9
(s, 2 x C, 2 xCH3™), 20.8, 20.7, 20.7, 20.7, 20.5 (5% s, 5 x C, EWH); IR (thin film)

v : 3500-3700 (multiple w, N-H), 2926 (w), 2880 (v)749 (br s., C=Cf), 1717 (s, unsat.
C=0Famdey 1699 (s, C=G2MY 1684 (s, C=G?"%) 1653 (s, C=C), 1635 (s, C=C),
1558 (m, unsat. C=XF™%* Y 1540 (m, C=@2" Y 1521 (m, C=G2"Y 1374 (m),
1233 (br. s); MS mVz (ESI) : 1165 [(M-H), 100%]; (ES'): 1225 [(M+MeCN+NH)*,
100%]. Flanking peaks with mass + 14 correspondm@ x ChH and 10 x CH in the
aliphatic chain were seen, at 30% and 40% interrsispectively; HRMS m/z (ESI') :
peaks observed (M + Nay 1189.4 (57%), 1190.5 (18%), 1191.5 (21%), 1192%);
peaks calc. for GH7gN4sO2aNa (M + Naf = 1189.5 (52%), 1190.5 (32%), 1191.5 (12%),
1192.5 (3%), 1193.5 (1%);
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Boc protection of octa©-acetyl-tunicamycin

Method 1 (0]
/\(\/)/\)OJ\ A0 P oac ¢ WH
"N o__N Boc,O (20 eq)
e Hm—k@’ *\<o DMAP, THF
AcHN \ 60 °C, 6h o)
AcO S
Aco\ﬁ AcO OAc \ ! o AcO OAc OAc 4 NR
OAc  3bb Ao
\\\ N O o O N«
Method 2 o) 2 R 0
o Ac(R)N
PR N A L o o ao on
712 HWN‘\% Boc,O (10 eq) OAc 3bc R =1xH, 2 xBoc
Ac(R)N — DMAP, THF 3bd R = 3 x Boc
Aégo o) AcO OAc 60 °C, 4h

OAc 3bc R=1xH, 2xBoc

Method 1 OctaO-acetyl-tunicamycir®2 (75 mg, 0.064 mmol) was dissolved in dry THF
(1 mL) and ditert-butyl dicarbonate (140 mg, 0.643 mmol) and 4-(digkamino)pyridine
(1.6 mg, 0.013 mmol) were added. The flask waeditvith an oven dried condenser and
the solution heated to 60 °C. After 2 h, furthetatt-butyl dicarbonate (140 mg, 0.643
mmol) was added. After 4 h, TLC (EtOAc/Petrol 6stipwed spots at;R.3 ©4) and 0.2
(93). The reaction was cooled and the solvent remawedcuo. Flash chromatography
(EtOAc/Petrol 6:4-7:3), afforded triN-(tert-butoxycarbonyl)-oct&-acetyl-tunicamycin
94 (42 mg, 0.029 mmol, 45%) as a yellow foam andNgtert-butoxycarbonyl)-octas-
acetyl-tunicamycir®3 (27 mg, 0.020 mmol, 31%) as a pale yellow foam;

Method 2 Di-N-(tert-butoxycarbonyl)-oct@-acetyl-tunicamycir®3 (27 mg, 0.020 mmol)
was dissolved in dry THF (1 mL) and @#-butyl dicarbonate (22 mg, 0.099 mmol) and 4-
(dimethylamino)pyridine (0.5 mg, 4 umol) were addekhe flask was fitted with an oven
dried condenser and the solution heated to 60 °After 2 h, further ditert-butyl
dicarbonate (22 mg, 0.099 mmol) was added. Aftar ZLC (EtOAc/Petrol 6:4) showed
spots at R0.3 ©@4) and 0.2 93). The reaction was cooled and the solvent remamed
vacuo. Flash chromatography (EtOAc/Petrol -6:4:3), afforded triN-(tert-
butoxycarbonyl)-oct@-acetyl-tunicamyci©4 (8 mg, 5.5 pmol, 28%) as a yellow foam
and diN-(tert-butoxycarbonyl)-oct#@-acetyl-tunicamycir®3 (15 mg, 11.0 pmol, 55%) as
a pale yellow foam;
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Tri- N-(tert-butoxycarbonyl)-octa-O-acetyl-tunicamycin 94

O 'H NMR (400 MHz, CDC}) & ppm
| 1 Ao 9 oac ¢ oo 7.24 (d.Jss = 8.2 Hz, 1 H, H-E™,

T NoXo O NN 6.89 (dt,J = 7.0 Hz, Tnic=cr vans =
Ac(Boc)N Eany 15.2 Hz, 0.7 H, C=8-CH,), 6.82 (dt,
AlSO AcO  OAc s
O(A? \] = 7.0 HZ, \]HC:CH tranS: 15.4 HZ,
C

0.3 H, C=C4-CHy), 6.38 (d,3Juc=ch
rans = 15.4 Hz, 0.3 H, C=B-CO), 6.27 (d,SJHC:CH rans= 15.2 Hz, 0.7 H, C=8B-CO), 6.15
(m, 1 H, C-H"™™"5 589 (m, 1.7 H, C-f{°me"¢ H-5""2 583 (d,J = 8.2 Hz, 0.3 H, H-
5urach ' 5.60 (ddJ = 11.4 Hz,J = 3.3 Hz, 0.3 H), 5.53 (dd,= 11.4 Hz,J = 3.5 Hz, 0.7 H),
5.48 (d,J = 8.1 Hz, 0.3 H), 5.36 - 5.44 (m, 1.7 H), 5.30.3%(m, 1.3 H), 5.13 - 5.25 (m,
2.7 H), 4.95 - 5.05 (m, 2 H), 4.92 (dbiz 11.7 Hz,J = 8.3 Hz, 0.7 H), 4.76 (m, 0.3 H), 4.56
(dd,J = 11.5 Hz,J = 8.2 Hz, 0.3 H), 4.27 - 4.42 (m, 2.3 H), 4.16,(d¢ 13.4 HzJ= 2.5
Hz, 0.7 H), 4.11 (dJ = 7.1 Hz, 0.3 H), 4.04 - 4.10 (m, 1.7 H), 3.76,(d¢ 8.8 Hz,J = 3.8
Hz, 0.3 H), 3.68 (ddJ = 10.0 Hz,J = 2.2 Hz, 0.7 H), 2.28 (s, 2 HH3"™), 2.27 (s, 1 H,
CH5""A9), 1.85 — 2.20 (m, 29 H, 8 xHG"°, 2 x H-6", G*¥, CH,CH=C), 1.59, 1.56, 1.55,
1.52, 1.51 (5 x s, 27 H, 9 xH3>®), 1.43 (m, 4 H, 2 x B,°Y), 1.19 - 1.33 (m, 20 H,
CHY), 1.09 - 1.18 (m, 2 H, 18?), 0.86, 0.84 (2 x s, 2 x 3 H,HZ*). An EXSY
spectrum showed cross peaks between resonan@8.28 and 6.27 ppm and between
resonances &16.82 and 6.89 ppm, confirming that the two speoleserved by NMR are
rotamers of one another arising from restrictedtroh at the N-10" amide bondR (thin
film) v : 2923 (m), 2852 (m), 1787 (W), 1747 (br s., CSA=C"), 1685 (s, C=GM%},
1635 (w, C=C), 1447 (m), 1370 (SIS m/z (ESI') : 1540 [(M+MeCN+NH)*, 100%].
Flanking peaks with mass * 14 corresponding to ®Hs and 10 x CH in the aliphatic
chain were seen in ESlat 80% and 20% intensity respectively;

Di-N-(tert-butoxycarbonyl)-octa-O-acetyl-tunicamycin 93

'H NMR (400 MHz, CDC}) & ppm

, o oA 8.75 (s, 0.1 H, N-H*°h 8.21 (dJ=8.5
i AcO ¢ oac ¢ W ~
WN o N_< Hz, 0.5 H, N-H), 7.45 (dJ = 8.5 Hz, 0.5
12 O O
~ AC(Rl)?N O H, N-H), 7.26 (dJ = 8.3 Hz, 0.5 H, H-
A8 ACG  OAc 6 7.18 (d,J = 8.3 Hz, 0.5 H, H-
OAc R=1xH,2 xBoc 6“2 7.00 (dt,d = 7.2 Hz,3Jnc=cH vans

= 14.9 Hz, 0.5 H, C=B-CHy), 6.94 (dt,J = 7.1 Hz,*Juc-ch tans= 15.1 Hz, 0.5 H, C=B-
CHy), 6.29 (d3Jhc=ch trans= 15.4 Hz, 0.5 H, C=B-CO), 6.25 (d3Jnc=ct rans= 15.1 Hz, 0.5
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H, C=CH-CO), 5.86 (m, 1 H, C-F{°™", 582 (m, 1 H, H-%*), 5.77 (d,J = 9.9 Hz, 7.0
Hz, 1 H), 5.71 (ddJ = 3.7 Hz, 11.5 Hz, 0.5 H), 5.66 (d#l= 3.5 Hz, 11.6 Hz, 0.5 H), 5.49
(d,J=8.3 Hz, 0.5 H), 5.10 - 5.45 (m), 4.98 {d+ 3.3 Hz, 0.5 H), 4.88 (d,= 3.5 Hz, 0.5
H), 4.70 (ddJ = 11.5 Hz, 8.2 Hz, 0.5 H), 4.12 (m), 3.77 (dds 2.8 Hz, 9.9 Hz, 0.5 H),
3.71 (ddJ = 2.3 Hz, 9.9 Hz, 0.5 H), 2.23,2.22 (2 x s, 2.5 H, 2 x G5, 1.81 - 2.14
(M, 8 x H5™, 2 x H-6", G*Y" CH,CH=C), 1.63 (s, 3 H, B:"®), 1.59 (br. s, 9 H, 3 x
CH5%%9), 1.50 (s, 6 H, 2 x B39, 1.42 (m, 4 H, 2 x 8,°%), 1.20 - 1.33 (m, 8,°%), 1.16
(m, 2 H, H,Y), 0.87, 0.85 (2 x s, 2 x 3 HHZY). The compound was isolated as a
complex mixture of 3 isomers, each with 2 x NBod dnx NH, so more detailed NMR
study was not performed;IR (thin film) v : 3400 (br. w, N-H), 2926 (s), 2854 (m), 1787
(w), 1749 (br s., C=0%, C=0?"), 1685 (s, C=0>""} 1634 (w, C=C), 1516 (w,
C=0F@mde 1447 (m), 1370 (s);MS m/z (ESI) : 1440 [(M+MeCN+NH)", 100%].
Flanking peaks with mass + 14 corresponding to 8Hs and 10 x CH in the aliphatic
chain were seen in ESlat 60% and 15% intensity respectively;
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N*-Acetyl-N**-deacyl-tunicamycin 99

O Tri-N-(tert-butoxycarbonyl)-oct@-acetyl-

10 OH OH oy / \n tunicamycin94 (127 mg, 0.087 mmol) was
ACHNWN« dissolved in dry MeOH (5 mL) and cooled to
o AcHN © 0 °C. 1M NaOMe in MeOH (5QL) was
HO OS HO  OH added, resulting in a 0.01M concentration of

base. After 6 h, the reaction was neutralised
carefully with DOWEX 50WX8 H resin and filtered through cotton. The solvenswa
removedin vacuo and the residue redissolved in trifluoroacetidg@ mL). After stirring
at room temperature for 1 h, the solvent was remhowve vacuo and the residue
coevaporated with toluene. The product was digsblin MeOH (5 mL) and acetic
anhydride (1 mL). After stirring for two hoursratom temperature, the pH was adjusted to
6-7 with DOWEX 550 OHresin. After a further hour, the solution wadefied and
concentratedn vacuo. Flash chromatography (W.IP.E. 1:2:2) affordetf-acetylN°-
deacyl-tunicamycir®9 (26 mg, 0.040 mmol, 46%) as a white powdei,*® = -24, ¢ = 1,
H,O; 'H NMR (500MHz, DO): & ppm 7.81 (dJss = 8.2 Hz, 1 H, H-82"), 5.88 (d,J1 >
= 5.4 Hz, 1 H, H-1"), 5.89 (dls¢ = 8.2 Hz, 1 H, H-8?"", 5.03 (d,J; 2-= 3.5 Hz, 1 H, H-
1), 4.63 (dJ1110= 8.5 Hz, 1 H, H-11"), 4.30 (ddy 1= 5.4 Hz,J» 3= 5.9 Hz, 1 H, H-
2°), 4.26 (ddJs 4= 3.5 Hz,J3 > = 5.9 Hz, 1 H, H-3"), 3.94 - 4.00 (m, 2 H, H-4", 5},
3.91 (dd 1o 9= 9.5 Hz,J1¢- 11= 8.5 Hz, 1 H, H-10"), 3.88 (m, 1 H, H-4"), 3.8%8l(d, 1=
3.5 Hz,J, 3-= 10.7 Hz, 1 H, H-27"), 3.81 (d,= 10.5 Hz, 1 H, H-7"), 3.74 - 3.78 (m, 2 x 1
H, H-8", H-6b™), 3.74 (ddJs~ >~ = 10.7 Hz,J3- 4~= 8.8 Hz, 1 H, H-3"), 3.75 (app i~
10.0 Hz,Jsa5-= 9.8 Hz, 1 H, H-6""a), 3.74 (dy 10= 9.5 Hz, 1 H, H-9"), 3.48 (app. t,
Js 6a= 9.8 Hz,J= 9.8 Hz, 1 H, H-57"), 2.02, 1.99 (2 x s, 2 x 32H% -CH3 %), 1.98 (dd,
Job 6a= 14.4 Hz Jop~ 5-= 10.5 Hz, 1 H, H-6b"), 1.62 ppm (ddha 6p= 14.4 HZ,Joa~ 5=
11.0 Hz, 1 H, H-6a"), please see appendix for 1BCH® spectra of irradiated anomeric
protons, H-5"" and H-6"b which were used to assigerlapping peaks:**C NMR (126
MHz, D,0) & ppm 175.6, 175.2 (2 x C2*%), 167.3 (C-4 C=0), 152.9 (C-2 C=0), 143.0
(C-6""N 103.6 (C-8°N, 100.9 (C-11"), 99.4 (C-17), 89.6 (C-1"), 88B-4), 74.6 (C-
27), 73.7 (C-47), 72.4 (C-7"), 72.2, 71.6, 71.03C, C-8", C-9"), 70.7 (C-57), 70.1 (C-3"),
68.2 (C-5'), 61.6 (C-6""), 54.5 (C-2""), 53.9 (CU®B4.6 (C-6"), 23.4, 23.2 (2 €H3");
IR (thin film) v : 3409 (b, O-H), 2923 (w, C-H), 1667 (s, C¥t99, 1559 (m, N-H™%,
1466 (m), 1425 (m), 1381 (m)MS m/z, (ESI) : 673 [(M+Na), 100%]; HRMS m/z
(ESI") : calc. for GsHsgNsNaOy (M + H)" = 673.2175. Found 673.2176;
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Chapter 4: Functional characterisation of tun
gene products

4.1 Introduction

In chapter 2 the genes responsible for tunicamlgiciaynthesis irs. chartreusis were
successfully identified. Cloning and heterolog@xpression of this gene cluster &
coelicolor verified their biological function and delineatéte minimal gene set necessary
for tunicamycin production. In depth bioinformaéinalysis otun gene sequences allowed
putative assignment of individual enzyme functi@wminating in the proposal of a
detailed metabolic pathway of tunicamycin biosystiefrom common metabolic
precursors. In order to lend weight to these psaj® in this chapter the functional
characterisation of individu&lin genes is presented. Genes were cloned and ovessgpr
in E. coli hosts and following purification, these gene pragweere assayed for functional
activity. Putative biosynthetic intermediates @negal from native tunicamycins in chapter
3 were also utilised in these studies.

4.2 TunF: A UDP-GIcNAc-4-epimerase
4.2.1 Protein sequence analysis of TunF

Bioinformatic analysis of TunF and its putativeerah tunicamycin biosynthesis was
presented in section 2.4.2. The amino acid segusinowed homology to UDP-glucose-4-
epimerases from a wide range of sources. Referagast the Conserved Domains
Database (CDD) highlighted the presence of an Miteal Rossmann fold* a
TGxxGxxG signature motif characteristic of nucldetibinding proteins was found (Table
4.1)¥° TunF also contained an §XxsK catalytic triad, where proton transfer from the
tyrosine to the substrate carbonyl is supported lpyoton relay involving the lysine and
serine residue®” In the tunicamycin biosynthetic pathway TunF wpasposed to install
the pseudo-GalNAc functionality within tunicamin@rm a GlcNAc-configured precursor
and was therefore assigned the putative functian@DP-GIcNAc-4-epimerase.
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Protein “\MiN° Amino acid sequence @ Mw™ / pl
acids
MRVL GAGYVEGSFTVRRLLAAGHEVVVVDNLSTGRREAV
RGCRLHVVDILDIASMGTVFEEFHPEAVIHFAALKSSEESLRDI
NTYFSVNLTGTQNVLALCARTGVERFVFSSSCAVYGTPQICP Mw = 35428 Da
Native 397 VDETAPVRPESPYGETKYLCERVIASYAQATGMRYANLRYFEN
TunF AAGAADDASLGEYAGPASTQLLPVAIRSTLGLAPTLRIFGNDY

PTTDGTALRDYIHVEDLAQAHVRVLEGLQKGSQCGPVNLGR pl=5.87

GQPVSVRELIDVLHDVSGKETPVAMAPRRPGDPGLSWADPS
LALSRFGWRAERDLDHIVRTAWNWHTSTPASLE

[a] Nucleotide binding motif highlighted in magenta, catalytic triad highlighted in yellow; [b] Average
molecular weight;

Table 4.1 Amino acid sequence and selected properties of TunF

4.2.2 Expression and purification of TunF

The DNA sequence aunF was codon optimised fdg. coli and synthesised by
Genscript. The gene was cloned into expressiontovgeET-16b (Novagen), which
encodes an N-terminal Histag and Factor Xa cleavage site. The resultinge ggroduct
Hisio-TunF is predicted to have 347 residues, an avavagef 37,949 Da and a pl of 6.39.
The plasmid, which we named pET-1#iof, was transformed int&. coli BL21(DES3)
according to the supplier's protocol (Novagen) anthjected to protein expression trials
(Fig. 4.1).

A B TCP MEDIA PERI SOL. INSOL.
T2 m RO R A 2 4 S -G-d mmam 10 11
kDa 100 , = =
75
s = B , -
75 I 50 w J .
. . 4 - - . e "

25

15
15

A: Induction for 3 h at 37 T. Lane 1: Total cell pro tein (TCP); Lane 2: Soluble cytosolic fraction;
Lane 3: Insoluble cytosolic fraction;

B: Induction for 3-6 h at 30 . Lane 1-3: TCP fraction after 0, 3 and 6 h; Lane 4-5: Media fraction
after 3 and 6 h; Lane 6-7: Periplasmic fraction after 3 and 6 h; Lane 8-9: Soluble cytosolic fraction
after 3 and 6 h; Lane 10-11: Insoluble cytosolic fraction after 3 and 6 h;

Fig. 4.1 Expression trials of TunF from E. coli BL21(DE3)/pET16b:tunF
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Expression otunF in recombinan€&. coli cultures was induced with 1ImM IPTG at
37 °C for 3 h. Analysis of the resulting cell gelshowed bands corresponding to TunF
(~38 kDa) in the total cell protein, soluble cytbsoand insoluble cytosolic protein
fractions (Fig. 4.1, A). Levels of gene expressaappeared high — as judged by SDS-PAGE
analysis — although a good proportion of the ovgiressed protein was being stored as
insoluble inclusion bodies. In order to increase proportion of soluble and hence active
TunF, the temperature following induction was reztlto 30 °C. Once again good levels
of tunF expression were obtained and crucially an increasie proportion of soluble
protein was observed (Fig. 4.1, B).

FT WASH "ELUTION
a2 3 4 5 6 788 9 10 11

Lane 1: Column flow-through; Lanes 2-5: Wash fractions containing 20 mM imidazole; Lanes 6-11.:
Elution fractions containing 250 mM imidazole; NB. Protein ladder marker to the left of lane 1
showed signs of degradation.

Fig. 4.2 Purification of His;o-TunF by Ni** affinity chromatography

In order to obtain preparative quantities of Tufdf protein purification and
subsequent enzymatic assays, the optimised expnessnditions were scaled up. A cell
pellet was collected from 1 L of induced culturedaygsed with sequential lysozyme
treatment and sonication. The N-terminally jgged construct was purified by
immobilised metal affinity chromatography (IMAG%*’ The cleared crude extract
following cell lysis was batch bound with Ni-NTA Bie (Novagen). Following a wash
step to remove unbound proteins and other solubiéeats of the cell, bound proteins were
eluted with a linear gradient of imidazole. Thisgée chromatographic step resulted in a
protein with >90% homogeneity, as shown in Fig. 472actions containing purified His
TunF were pooled, dialysed and concentrated poifurictional characterisation. A typical
yield of 25 mg TunF was obtained per L of culture.
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4.2.3 Functional NMR assay of TunF

UDP-glucose/GIcNAc epimerases are typically assayieéh a coupled assay using an
additional carbohydrate acceptor and a glycosydfexase specific for the epimerised
product — such g8-1,4N-acetylgalactosaminyltransfera$8. Capillary electrophoresis has
also been used to resolve reaction products andhén case of UDP-GIcNAc a
spectrophotometric assay has been developed, gatyird,60-benzylidenes ofjluco- and
galacto- configured products having different absorbance periies at specific

wavelengthg83%

We envisaged the development of a greatly simeglifand rapid

enzymatic assay that would also allow unambiguaud#ignation of reaction products.

With access to a 700 MHz NMR spectrometer, prodoichation could be detected with
high sensitivity. Additionally, the high field ahe instrument would resolve chemical
shifts originating from the nucleotide-sugar sudtstrand any TunF-catalysed product,
allowing accurate characterisation of newly formsmmpounds without the need for
laborious chromatographic separations. Since tregligted substrate for TunF was
commercially available UDP-GICNAc, enzyme assayslaaeadily be performed on a

scale compatible with sensitivel NMR detection.

A sample of TunF was thus buffer exchanged intanB0 sodium phosphate in,D
pD 7.8. Using this stock solution, 25 pg of enzywes added to a solution containing
sodium phosphate inD (30 mM, pD 7.8), UDP-GIcNAc (25 mM) and NAD0.1 mM).
An NMR timecourse experiment was performed at 37wi@ a Bruker AV700 MHz
machine, collecting &H spectrum every four minutes. The results cleatypwed
formation of a new product with chemical shifts istohguishable from those of a
commercial sample of UDP-GalNAc (Fig. 4.3). By qmarison to an internal standard, the
decrease in integration of UDP-GIcNAc-derived peales shown to precisely mirror the
increase in integration of novel shifts assignedJ@P-GalNAc. A control experiment
lacking TunF was conducted in parallel; no prodoctation was observed. As such the
functional role of TunF has been experimentallyfrored and shown to be that of a UDP-
GIcNAc-4-epimerase, as previously predicted byrdmimatic analysis of the amino acid
sequence.
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H-4product

H-4 substrate

N

0 min : UDP-GIcNACc substrate
T T T T T T T T T T T 1
4.15 4.10 4.05 4.00 3.95 3.90 3.85 3.80 3875 3.70 3.65 3.60 3.55 ppm

H-1product

UDP-GalNAc product J\/V\U T

120 min

0 min : UDP-GIcNAc substrate 1
‘\Il‘l\'l IsubstrateI

T T T T T T T T
5.70 5.68 5.66 5.64 5.62 5.60 5.58 5.56 5.54 552 ppm

Fig. 4.3 Timecourse NMR assay of TunF activity
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TunF NMR Assay
35 -

30 - o ¢ P’ ¢ o
25 - *
20 - *

15 - R

10 +

Conversion to UDP-GalNAc (%)
*

0 T T T T T
0 20 40 60 80 100 120 140

Time (min)

Fig. 4.4 Timecourse of TunF activity and establishment of equilibrium conversion

The ratio of anomeric peaks in spectra taken férdnt time points on the reaction
coordinate were compared, allowing a timecoursehef TunF-catalysed reaction to be
plotted (Fig. 4.4). The resulting graph clearlypwkd that an equilibrium was reached at
30% conversion to UDP-GalNAc. This has been presiip observed and is not
unexpected given the UDP-GalNAc is also a substi@atehe enzymé® Its axial H-4
makes it less thermodynamically stable than UDANBIz, suggesting an explanation why
the equilibrium is shifted in favour of UDP-GIcNAGt is likely thatin vivo products from
such enzyme reactions are coupled closely withespent enzymes in the pathway, which
specifically utilise these products as substratiesteby drawing the equilibrium of the
epimerase reaction over to product. The molesadyrct formed at a given time point was
determined by comparing the integrals of H-1 pdek® both the substrate and the product.
These values were used to estimate the initial sghteaction (\§) for this experiment in
mol of product formed per second. Dividing thistbg initial enzyme concentration (H]
produced a pseudadconstant with a value of approximately 42 mdicating that TunF

was a catalytically competent enzyme. Further exgnts are required to determine true
kcatand Ky parameters.
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4.2.4 Oligomerisation state of TunF

His;c-TunF was subjected to size exclusion chromatograptand compared to
protein standards of defined size to determinelitpomerisation status (Fig. 4.5 and Table
4.2). lIts retention time of 72 min correspondstoestimated Mw of 103,000 kDa. Since
the monomer of Hig-TunF is 37.8 kDa, the retention time observed sstgyTunF eluted
as a trimer. This is in contrast with results oted with other UDP-hexose-4-epimerases,
where dimers have typically been observedhe shape of the peak corresponding to the
suspected TunF trimer is symmetrical, indicativaatable protein complex with minimal
aggregation caused by misfolded protein. The mnoidit peak seen at 115 min could
possibly be attributed to the NADofactor necessary for the activity of TunF. lede
samples purified by gel filtration chromatographgrevfound to be inactive.

mAU B 72.0
20
15
|
|
10 | |
|
|
|
y = -0.04x + 7.8944 s |
L 4
3 T T T
50 70 90 110
Retention time 0 T2 |3 @[5 |67 |8 |9 |t |11 |12]13|14]15 |16 |17 |18 |19 |20 |20 [22]|25 |24 |25 ||

0 20 40 60 80 100 120 Retention (mL)

Fig. 4.5 Size exclusion chromatography of TunF;
A: Calibration plot of gel filtration standards (Bio-Rad); B: Elution profile of Hisyo-TunF

Component Molecular weight (Da)  Retention (mL)
Thyroglobulin (bovine) 670,000 50.5
y-globulin (bovine) 158,000 66.5
Ovalbumin (chicken) 44,000 82.5
Myoglobin (horse) 17,000 96.3
Vitamin B12 1,350 115.6

Table 4.2 Gel filtration standards (Bio-Rad) used calibrate size exclusion column
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4.2.5 TunF crystallisation screen

A 3D crystal structure of TunF would allow the iget site and substrate-binding
pockets of the enzyme to be accurately visualis&bmparison with existing crystal
structures of related enzymes would allow conchsito be drawn regarding the natural
substrate for TunF and the extent of substrateifsggc It would also provide valuable
further information about this important class nggmes.

A high-throughput strategy was envisaged for tlystallisation of TunF, screening a
large number of crystallisation conditions in pkalalising a Rigaku Crystallisation Robot.
In order to maximise chances of success, a hightg,pconcentrated sample of TunF was
sought. Previous expression protocols and subseq@AC purification was first
performed, followed by a further round of purificat by high resolution anion exchange
chromatography using a MonoQ column (Fig. 4.6).e Tésult was a highly homogenous
sample of TunF, which was desalted and concenttatdd.8 mg/mL.

1 23 4 56 78 9 10 11 12 13

kDa
100 ww
S w

oy v
s LERNCN 1 "TL]

15 %

Lane 1: Sample prior to anion-exchange purification; Lanes 2-7: Wash fractions eluting unbound
protein; Lanes 8-13: Fractions from elution across an ionic gradient of 0 .1 M NacCl

Fig. 4.6 MonoQ anion-exchange purification of His;o-TunF

With a highly concentrated pure sample of;HiBunF in hand, two protein solutions
were prepared for crystallisation studies (Tab8.4Both contained 30 mg/mL TunF in 50
mM TEA pH7.8, diluted from the 57.8 mg/mL stockn &ddition to this, one sample
contained cofactor NADand substrate UDP-GIcNAc, while the other contaijust NAD'.
Apart from the possibility of these cofactors/sussts stabilising the protein conformation
and favouring crystallisation, the formation oftiery or binary complexes would yield
important information about the enzyme active site.
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Sample Contents

30 mg/mL Hisjo-TunF
1 50 MM TEA pH 7.8

3 mM NAD"

3 mM UDP-GIcNAc

30 mg/mL His;o-TunF
2 50 MM TEA pH 7.8
3 mM NAD"

Table 4.3 TunF solutions used in crystallisation trial

These samples were each arrayed on seven comhmysiallisation screens at both
4 °C and 20 °C. Each screen consists of 96 diftergystallant solutions on a single plate
and each crystallant solution is screened agdinse tdifferent protein concentrations, thus
each plate assays 288 crystallisation conditiddisice 28 plates were set up in total, over
8000 individual conditions were screened simultaisgofor the crystallisation of TunF.

TunF + 3mM NAD(+) + 3mM UDP-GIcNAC
TunF + 3mM NAD(+) + 3mM UDP-GIcNAC TunF + 3mM NAD(+) + 3mM UDP-GIcNAC Plate: RG_EIUEIEIEI_S after 15 days, well E9 1
Plate: RGO0000S after 15 days, well E9.3 Plate RGO00012 after 13 days, well B3 1 Crystallant: 0 1M MES, 1.6M MgS04
Crystallant: D.1M MES, 1.6M Mg504 Crystallant: 1.8M ammanium citrate
g
L]
; ! 0.068 mm
4 .
L]
0.202 mm
0.086 mm =
/
Y,

A

Fig. 4.7 Possible crystals of Hisjo-TunF from high-throughput Rigaku screen

A large proportion of the crystallisation condit®led to protein precipitation. This
may suggest the protein was not as stable in themal TEA buffer as originally thought.
Indeed, after 4 days of storage at 4 °C and 57 8ningapproximately half of this protein
sample had precipitated. Overall, three crystasewbtained from this screen (Fig. 4.7).
Two were <100 nm while the third showed cross-stapecleation. Upon initial
diffraction analysis, crystals A and C were unfogtely lost during harvesting, and crystal
B failed to show satisfactory diffraction. Furthersight as to whether these crystals
derived from protein or crystallised salts was pagsible. Work is ongoing in our research
group to undertake an optimisation screen usinglitions from crystals A and C as a
starting point (0.1 M MES pH6.5 and 1.6 M Mgg8@nd a frozen sample of TunF.
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4.3 TunD: A putative N-acetylglucosaminyltransferase
4.3.1 Protein sequence analysis of TunD

Bioinformatic analysis of TunD and its putativeaeh tunicamycin biosynthesis was
presented in section 2.4.3. Through a range ofdhmyy comparisons, the protein was
predicted to be a GT-1 family glycosyltransferassggessing a GT-B fold. As the only
predicted glycosyltransferase in thien gene cluster TunD is likely to catalyse the
formation of the an unusual,-1,1-glycosidic linkage between GIcNAc and tunicaeni
Classification of glycosyltransferases is typicalpendent on tertiary structure rather than
primary sequence, so the assessment of associdiettades and reaction mechanisms by
bioinformatic analysis alone is somewhat limitedn vitro characterisation of purified
TunD would thus provide valuable information on tfegmation of such an unusual
trehalose-type linkage and a more detailed assighmé glycosyltransferase family
classification.

. Amino . :
Protein = . Amino acid sequence Mw / pl
acids

MEIIFTVSDQVWGGKHRYMHDMALGLAQAGHTVTVLAEEGG
AMLQQCRAAGVTTVSVPAFASDDAAEAVRKALRHRRPHIVCV
SGRADAAAVHHAQSQGVTDAAVCLFRHSAFPLGTTDEVRDL
FTGVNLVFTTSLEQRQRQFEPLINAGVLKDEQVEILTSGVGEP
LLAALDAADRGAARKELRAESDQFVFLVLARLAWEKGIDQVID

Native . AFADLELPPDAAPPLLVVAGEGPLEAELRGQTIERGVAERVQF

TunD LGHQDHVAPVIKASDAVVLTSTVPETGPLALKEAMAAGRPVIA
SVQGGIPEFVEDERHGLLVIDDEDLRQAMQRLLSDREAAETM ~ PI=5.01
GAAGSESVRGGHRAVRRVEYLAHRLDLLALEQLAPDTVLHEV
VWDDVRLREETQGGFVFVPRTSHIMELDSATYAVVRTAVEAG
DPLQLIKLPEETLGVIAHRLYAMGALVRQDGQATPAARTADGE
RPVTEPA

Mw = 50832 Da

[a] Average molecular weight;

Table 4.4 Amino acid sequence and selected properties of TunD

4.3.2 Expression and purification of TunD
4.3.2.1 Expression of TunD as an N-terminal His;o fusion

The DNA sequence dunD was codon optimised fdg. coli and synthesised by
Genscript. The gene was cloned into expressiotov@ET-16b (Novagen). The resulting
gene product Hig-TunF is predicted to have 494 residues, an avevhgeof 53,215 Da
and a pl of 5.43. The plasmid, which we named @BbiunD, was transformed into

- 189 -



Chapter 4: Functional characterisation of tun gene products

E. coli BL21(DE3) according to the supplier’s protocol (fdgen) and subjected to protein
expression trials.

TGP MEDIA PERISOL INSOL

kDa 1 2 3 4 5
100

F
75 i

. =]

35

=]

25

15

Lanes 1-2: Total cell protein (TCP) fraction after 0 and 16 h; Lane 3: Media fraction; Lane 4:
Periplasmic fraction; Lane 5: Soluble cytosolic fraction; Lane 6: Insoluble cytosolic fraction;

Fig. 4.8 TunD expression in E. coli BL21(DE3)/pET16b:tunD, induced with IPTG at 20 € for 16h

Expression trials were performed on an analytsrale and expression of TunD
monitored by SDS-PAGE analysis of cell lysates,dpoed by BugBuster Mastermix
(Novagen) treatment of collected cell pellets. tiéhiconditions involved induction with
IPTG at 30 °C for 6 h, similar to conditions usedhwlunF. Good levels of expression
were observed, as indicated by the presence abagsband corresponding to TunD (~55
kDa) in the total cellular protein fraction. Unflonately, all of the expressed protein
appeared to aggregate as insoluble inclusion badiéso soluble protein was observed. A
range of expression conditions were thus screemextder to increase the proportion of
soluble protein. Cultures following IPTG inductiarere grown at reduced temperatures in
order to slow down the rate of protein productiom @llow more time for newly formed
proteins to fold correctl§’*3%® Incubation times were increased in tandem towallo
sufficient quantities of protein to be produced.s Auch, IPTG induction of TunD
expression was additionally performed at 20 °C i& h and 14 °C for 20 h — a
representative SDS-PAGE gel from these trials iswshin Fig. 4.8. Autoinduction
protocols were also tested at 20 °C as these heae shown to offer a more gradual and
controlled induction of protein expressidhand detergents such as Triton X-100 were
included in lysis buffers to assist protein soligaition. Unfortunately, all the conditions
tested yielded only insoluble TunD, with almost etattable levels of soluble protein.
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In pursuit of soluble protein, pET1®&nD was transformed into alternati¥e coli
hosts: BL21(DE3)pLysS, Origami(DE3), Tuner(DE3)jdgamiB(DE3)pLysS and Rosetta-
gamiB(DE3)pLysS (Novagen). These modifiedcoli strains confer specific properties
during protein expressiofi* The pLysS strains yield more stringent expressiotoxic or
difficult proteins due to basal expression of Tgdgyme, a natural inhibitor of T7 RNA
polymerase. Under pre-induction conditions, angkbeound expression of T7 RNA
polymerase and thus expression of the protein tefrest contained in the pET vector is
kept to a minimum. Origami strains contain gluiaie reductasegbr) and thioredoxin
reductase t(xB) mutations which greatly enhance the level of lfi&i bonds during
protein over-expression. B strains are termed €Fustrains due to their expression of lac
permeaselécYl) which allows a concentration dependant entry RTG into all cells,
producing a concentration-dependant and homogeewat of protein induction. Finally,
Rosetta strains express rare tRNAs allowing forgignes containing uncommon codons to
be efficiently translated. In our case theD gene has been codon optimisedEocoli so
any effects in using these strains were expectbe tonoderate.

L EE F$ &
eﬁ' 0 ‘S-G\ﬁ eﬂW 4\’ -.\6; ti?-y \t\.\"‘y
& % & O & S
Q}‘:&:‘ -@tl? &5_@ /\\)-\\Q'{\Sg\‘f %\g«\{'ﬁt\‘_é}&;}:\oxyﬁé ,\_::}Q\
SOLUBLE __INSOLUBLE _
1 2 3 4 5§ 6 78 910
kDa
150
100 k
5w

50 W . _ ---l

Lanes 1-5: Soluble cytosolic fractions for E. coli strains listed; Lanes 6-10: Insoluble cytosolic
fractions for E. coli strains listed; Tuner strains induced at three different IPTG concentrations

Fig. 4.9 Expression of pET16b:tunD in various E. coli strains, induced with IPTG at 14T for 20 h

Under standard conditions involving IPTG inductatreither 20 °C for 16 h or 14 °C
for 20 h, it was observed that expressiotuoD was severely repressed in daycoli host
carrying a pLysS mutation. One of the two remajrstrains — Origami(DE3) — exhibited
high expression levels but unfortunately offered improvements to the proportion of
soluble TunD. The other remaining strain — Tun&gpP— was induced with varying IPTG
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concentrations. Although no noticeable solubilityprovements were observed over the
original BL21(DE3) strain good levels of expresswere effected by IPTG concentrations
as low as 10 pM, in contrast to the 500 uM used wiher strains (Fig. 4.9).

LYS WASH ELUTION
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Lane 1: Cell lysate from E. coli BL21(DE3)/pET16b:tunD expression; Lanes 2-4: Wash fractions;
Lanes 5-15: Elution fractions with an imidazole gradient;

Fig. 4.10 Purification of His;o-TunD by Ni** affinity chromatography

Despite failing to achieve acceptable levels diilsle protein, it was decided to scale
up the expression protocol and attempt*iiffinity purification of TunD; the originaE.
coli BL21(DE3) strain harbouring pET16onD was selected for these experiments.
Following IPTG induction and incubation for 24 hl& °C, cells were collected and lysed
by a combination of lysozyme treatment and sorocati Cleared cell lysates were
subjected to Ni-affinity chromatography in order to specificallgrget the N-terminal
Hisio tag of the expressed TunD fusion protein. The tth¢e obtained by the AKTA
FPLC system (GE Healthcare) during the purificatiom indicated almost no TunD. SDS-
PAGE analysis revealed protein bands corresponidirtpe expected Mw of HigTunD
(~53 kDa), albeit in low concentration (Fig. 4.10yhese fractions were pooled, dialysed
and concentrated. Unfortunately, the protein wasndl to be unstable to protein
concentration — using either an Amicon filter orva$pin — with extremely low
concentrations being detected. It is likely thainD was sufficiently unstable that it
aggregated upon concentration, causing it to stickalysis membranes and resulting in an
observed decrease in total protein content of tisaseples. Despite extensive efforts
involving numerous purifications and alterationsthie protocol, no further improvements
could be achieved. These alterations involved ittwdusion of additives in lysis and
dialysis buffers such as 10% glycerol and 20 mM Md&&preserve stability and potential
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activity respectively, 0.5% Triton X-100 detergéatsolubilise the unstable protein and 1
mM TCEP to reduce any intermolecular disulfide konehich could cause aggregation
(TunD contains three cysteine residues).

4.3.2.2 Cloning TunD into alternative expression vectors

Following the mixed success in obtaining suffitigantities of soluble TunD for
functional studies, théunD gene was ligated into several alternative exprasgextors.
These vectors encoded different TunD fusion prgteisach having the potential to
encourage improved solubility of expressed recoamtirprotein fromE. coli hosts. The
features of each new fusion are summarised in4&l. One vector encoding maltose-
binding protein (MBP) fusions was selected, sinuis highly soluble protein has been
shown to promote the solubility of poorly solubleoteins attached to the#r*%® The
vector used — pDB-His.MBP — additionally encoded\aterminal Hig tag for facile Ni*-
affinity purification. Two further vectors encodgtitathioneS-transferase (GST) fusions;
again these have been shown to promote proteibistiu'**® The second of these vectors
incorporated an N-terminal Histag through judicious choice of PCR primers and
restriction enzymes during the cloning processe flital vector used encoded a C-terminal
Hiss tag. Moving the poly-histidine tag from one tenoms of the target protein to the other
can alter the physio-chemical properties of thegnoand in some cases lead to improved

stability or solubility3®?

H

pET16b: tunD TunD

| |
o
| TunD -
A4
pGEX-4T1:tunD - TunD |
vV Vv |

pDB.His.MBP: tunD

pET21a:tunD

pGEX-4T1His: tunD TunD

W Protease cleavaae site

Fig. 4.11 TunD fusions encoded by alternative expression vectors trialled

pDB.His.MBP was propagated i coli DH5a and linearised witlBamHI and Ndel
restriction endonucleoases. A sample of pETWWGD: was similarly digested and the
resultingtunD fragment was isolated and ligated into the pDBMBP vector. Restriction
digest analysis of clones indicated successfutibga(Fig. 4.12), with the positive clones
further verified by sequence analysis. This n@asmid was transformed into BL21(DE3),
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BL21(DE3)pLysS, Origami(DE3) and Tuner(DEB) coli strains for protein expression
trials.

1 2 3 4 5= G/l AERORE0F I 12

Lanes 1, 8 and 9 show plasmids containing a ~1.4 kb band corresponding to tunD (in red boxes);

Fig. 4.12 Confirmation digest of putative pDB.His.MBP:tunD plasmids following ligation

When cloningunD inserts from pET16kunD for ligation into pET21a or pGEX-4T1,
careful design of appropriate PCR primers was redgui 5° overhangs and single base
changes were included so as to introduce additicesttiction sites at either end of the
tunD gene. For pET21a, axcol restriction site was introduced before the stdrtunD
and the stop codon (TAA) was mutated to a glutaawid residue (GAA) at the 3" end of
the gene. For pGEX-4T1,BamHI restriction site was introduced before the stéutunD.
To create pGEX-4T1His, BamHI restriction site was introduced before the stdrthe
Hiss tag present in pET16@0oND, allowing the gene to be cloned into pGEX-4T1 glon
with its N-terminal Hig tag. This created a novel vector and proteinofusoffering
potentially increased protein solubility thanks tee GST tag together with facile
purificationvia the Hig tag.

The gene was successfully amplified by PCR in ezade and following digestion
samples of each vector and corresponding amplifiet® genes with the relevant
restriction enzymes, ligation afforded positiverds in each case. These novel DNA
constructs were verified by restriction digest sl of clones (Fig. 4.13) and sequence
analysis. The resulting plasmids were all tramsfat intoE. coli BL21(DES3) for protein
expression trials.
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Lanes 1-8: Eight plasmids from pET21a:tunD ligation, digested with Ndel/Xhol;

Lanes 9-16: Eight plasmids from pGEX-4T1:tunD ligation, digested with BamHI/Xhol;
Lanes 17-24: Eight plasmids from pGEX-4T1His:tunD ligation, digested with BamHI/Xhol;
Bands corresponding to tunD (~1.4 kb) are boxed in red.

The identity of plasmids in lanes 7, 10 and 17 was confirmed by sequencing.

Fig. 4.13 Confirmation digest following tunD ligation into pET21a, pGEX-4T1 and pGEX-4T1His

4.3.2.3 Expression of TunD fusions from alternative vectors

E. coli strains BL21(DE3), BL21(DE3)pLysS, Origami(DE3) anklner(DE3)
harbouring plasmid pDB.His.MBRmD were all subjected to analytical scale expression
trials. A number of temperatures and IPTG conesioins — for lac permease-expressing
Tuner cells — were screened. At 30 °C only indaosbodies were observed, but upon
lowering the temperature to 14 °C weak bands cpomding to HissMBP-TunD (~93
kDa) were observed (Fig. 4.14). The highest |lefetoluble fusion protein appeared to
occur using thee. coli Tuner(DE3) strain with a low IPTG induction conaation of 10
HM.
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Lanes 1-5: Total cell protein for E. coli strains listed; Lanes 6-11: Soluble cytosolic fractions for E.
coli strains listed; Lanes 12-17: Insoluble cytosolic fractions for E. coli strains listed,;

Fig. 4.14 Expression screen of pDB.His.MBP:tunD at 14 € for 20 h in different E. coli hosts

Following these expression trials, thecoli Tuner(DE3)/pDB.His.MBRunD strain
with a 10 pM IPTG induction was subjected to a edalp expression and Niaffinity
purification on an AKTA FPLC system (Fig. 4.15).5% Triton X-100 and 10% glycerol
were included in the lysis buffer to maximise tkegbdity of any soluble protein.
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Lane 1: Cell lysate from E. coli Tuner(DE3)/pDB.His.MBP:tunD expression; Lanes 2-4. Wash
fractions; Lanes 5-11: Elution fractions with an imidazole gradient;

Fig. 4.15 Purification of Hiss-MBP-TunD by Ni** affinity chromatography
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A reasonable level of soluble protein was isolategood purity as judged by SDS-
PAGE. Unfortunately, no activity was observed unidger activity screens trialled. A
common cause of this is the MBP fusion itself. MiBRextremely soluble, but the target
protein may not be correctly folded even thoughadberall fusion appears to be soluble. It
is therefore advisable to cleave the fusion aftéral purification in order to ascertain the
state of the target protein. The vector used ese@TEV (bbacco_&h virus) protease
cleavage site between the MBP and TunD. Attempteavage was thus performed with
commercial ACTEV protease (Invitrogen) at varioesperatures. Unfortunately, the level
of cleavage was always very low and uncleaved fupi@tein remained in all cases, even
after extended protease incubation. Attention wWas focused on expression of the
remainingtunD constructs previously created, in our quest foolalde, active sample of
TunD glycosyltransferase.
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Lanes 1-3: Total cell protein for E. coli strains harbouring plasmids listed; Lanes 4-6: Soluble
cytosolic fractions; Lanes 7-9: Insoluble cytosolic fractions; Predicted sizes of TunD fusions: TunD-
Hisg = 53 kDa, GST-TunD = 75 kDa, GST-Hisg-TunD = 76 kDa;

Fig. 4.16 Test expression of E. coli BL21(DE3) harbouring pET21a:tunD, pGEX-4T1:tunD and
pPpGEX-4T1His:tunD at 18 € for 18 h
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A test expression was performed with IPTG inducaori8 °C for 18 h using. coli
BL21(DE3) strains each harbouring one of the neasmid constructs: pET21anD,
pPGEX-41TtunD and pGEX-41ThisunD. As shown in Fig. 4.16, expression levels were
high for all three fusions, although in each cdse rhajority of the protein resided in the
insoluble fraction as inclusion bodies. Howevée toluble fraction of the pET21anD
expression contained a clear band correspondiffjut®-Hiss (~53 kDa). Expression of
this E. coli strain was thus scaled up ready fof'Niffinity purification of this C-terminally
Hiss-tagged TunD fusion. The resulting cell pellet wgsed by standard methods and
applied to a HisTrap HP column (GE Healthcare).SSEAGE analysis of chromatography
fractions indicated protein elution during the isedle gradient of a protein with a size
corresponding to expected Mw of TunD-k{s53 kDa) and the levels of soluble protein
appeared greater than with N-terminally His-tag@adD from vector pET16b (Fig. 4.17).
The relevant fractions were pooled, dialysed amitentrated to 9.1 mg/mL. Little or no
protein precipitation or degradation was observeonuprotein concentration and the
sample was stable to storage at 4 °C — unlike prgtwiously expressed HisTunD.
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Lane 1: Cell lysate from E. coli BL21(DE3)/pET21a:tunD expression; Lane 2: Insoluble fraction from
this expression; Lanes 3-4: Wash fractions from Ni%* purification; Lanes 5-9: Elution fractions;

Fig. 4.17 Purification of TunD-Hisg by Ni** affinity chromatography
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4.3.3 TunD activity assays
4.3.3.1 Spectrophotometric coupled assay for glycosyltransferases

In 1994 Gosselimt al. reported a continous spectrophotometric assagioleotide-
diphospho-sugar dependent glycosyltransferases @i@)3>®” In the glycosyl transfer
reactions catalysed by these enzymes, a nucledisgbosphate is released from the NDP-
sugar donor. This product is then coupled to tbevity of pyruvate kinase, which
transfers a phosphate group from phosphoenolpyeUrEP) to NDP, generating NTP and
pyruvate. The pyruvate molecule in turn acts asulastrate for lactate dehydrogenase,
which uses NADH to reduce this compound to lactate liberates NAD Since NADH
has a specific absorption at 340 nm absent from NABgression of the glycosyl transfer
can be monitored spectrophotometrically by supgly@xogenous PEP, NADH, pyruvate
kinase and lactate dehydrogenase to the glycosgfgease reaction mixture. A decrease in
Aszs absorbance indicates consumption of NDP-sugarlyset by the assayed

glycosyltransferase.
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Fig. 4.18 Overview of spectrophotometric coupled assay for TunD activity

The previously purified sample of TunD-Kiwas thus incubated with 1mM UDP-
GIcNAc and 3mMN-acetyl-tunicaminyl-uracil — the two suspected $t#tes for TunD —
in a 96-well microplate. Remaining componentsha&f toupled assay were added and the
plate incubated at 30 °C within a spectrophotometiesorbance readings at 340 nm were
taken every 10 s. Reactions were all performea0inmnM MOPS buffer across a range of
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pH values, in order to detect any potential pH deleace on enzyme activity. In control
reactions the TunD-Hissample was additionally inactivated by heatin§@dC for 10 min
prior to use; all other parameters were unchanged.
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Fig. 4.19 Spectrophotometric coupled assay of TunD-Hisg activity across different pH values
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Fig. 4.20 pH profile of TunD activity

A clear difference was observed in the slopeshef tontrol and the enzyme-
containing assays (Fig. 4.19). This indicated thaP was being released by the action of
our TunD-Hig sample, causing NADH to be consumed which traegdl&d a decrease in
Asse These results suggested that TunDskssndeed acting as a glycosyltransferase with
the substrates provided in the assay (UDP-GIcNAd Bracetyl-tunicaminyl-uracil).
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Using the NADH extinction coefficient at 340 nresf = 6,220 M'cm™) and the Beer-
Lambert Law, the concentration of NADH at giveneipoints was calculated. Initial rates
of reaction (\§) were thus calculated and plotted against pH @&20). In the resulting pH
profile, the greatest relative activity was obsdra¢ pH 7.0. It should be noted, however,
that the overall TunD-His concentration in the assay was very high (~230muy/
meaning the observed activity was in fact very lowhe assay was repeated, this time
screening a range of buffers at pH 7.0, namely: MORis, HEPES and sodium phosphate.
All buffers showed similar levels of activity, bHEPES was marginally the most active.
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Fig. 4.21 Spectrophotometric coupled assay of TunD-His activity with Mg®* and Mn?* cofactors

Glycosyltransferases are often dependent on tegepce of an active site divalent
metal ion — typically M§" or Mr?* — which stabilises the negatively charged pyrophage
group of the bound NDP-sugar donor and the prodddB& by-product. Metal ion-
independent glycosyltransferases have also beamutded, utilising alternative strategies
to stabilising these active site negative chafges. In the previous spectrophotometric
assays, reaction mixtures were supplemented witBIMas a source of Mgions. Now
this was replaced with Mnglto test whether any changes in reaction rate ctald
observed and gain a deeper insight into the metaldependence of TunD. A curious
result was observed whereby upon?¥addition, a long lag occurred before any activity
was detected (Fig. 4.21). This suggested thatigtime the tightly bound metal cation in
the TunD active site may have been exchanging thigthigh MAA* ion concentration in the
surrounding solution. This observation suggestet‘Mvas the native metal cofactor in

- 201 -



Chapter 4: Functional characterisation of tun gene products

TunD, although there appeared to be little diffeezhetween Mff or Mg?* cofactors with
respect to the initial rates of reaction. It sldobke noted that these results are far from
conclusive and a more thorough investigation isiregl to support this hypothesis.

Reaction mixtures from TunD-Hjsenzymatic assays — lacking the additional
components from the previous spectrophotometriplecbassay — were analysed by HPLC,
with monitoring by UV or evaporative light-scattegi detection. Surprisingly, no product
formation was observed even though a very high Fhidg concentration was used (480
pg/mL).  The possibility was considered thiddacetyl-tunicaminyl-uracil was not the
natural substrate for TunD and that the observédiigcarose purely from the enzyme-
catalysed hydrolysis of UDP-GIcNAc. To test thigpbthesis, a spectrophotometric
coupled assay was devised to compare the activiljunD with both substrates present
against the activity with only UDP-GIcNAc presenfis shown in Fig. 4.22, the rate of
NADH consumption using solely UDP-GIcNAc was themsaas with both substrates
present, or in the case where GICNAc replaced Tsulistrate as an alternative acceptor.
This result suggested that the activity observegr@vious assays derives from hydrolysis
of UDP-GIcNACc but not concomitant transfer to thregmsed glycosyl acceptor.
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a4 B TuRD diibstrate |+ UD p:'GléNA'C' +Tun D: slope D i
sl C:Watersubstrate | . +UDP-GleNAc  +TunD; slope=-299 . . .
D: GlcNAKC substrate + UDP-GlcMNAc + TunD; slope =-3.27
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Fig. 4.22 TunD-Hisg coupled assay testing relative rates of UDP-GIcNAc hydrolysis
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4.4 TunE: A putative N-deacetylase
4.4.1 Protein sequence analysis of TunE

Bioinformatic analysis of TunE and its putativéeran tunicamycin biosynthesis was
presented in section 2.4.4. Through a range ofdhmyy comparisons, the protein was
predicted to belong to the PIG-L superfamily, whiobntainsN-deacetylases from GPI
anchor® and mycothiol biosynthesf§® The substrates for both of these enzyme groups
share key similarities with likely intermediatestie tunicamycin biosynthetic pathway and
typically involve the deacetylation of aN-acetylglucosamine moiety. Indeed TunE
contains an unusual HPDD zinc-binding motif consdnacross both of these enzyme
families?®® TunE was proposed to act on substrBkacetylN-deacyl-tunicamycin,
catalysing a Zfi-mediated cleavage of this compound’s 10 -acetargiwoip to reveal a
free amine, in preparation for subsequent fattg atiachment.In vitro characterisation of
purified TunE would not only verify this proposednttion and the predicted natural
substrate, but also give access to selectidetieacetylated intermediates which could be
diversified into tunicamycin analogues through l@aemine alkylation or acylation.

Amino

Protein = . Amino acid sequence @ Mw! / pl
acids
VKVLVIAAHPDDEVLGAGATVSALSQQGAVVQIHILAEGISLRH
SGVKIEEARERCQVAAKDLGAAEVSFGGLAADGRLLADLPQR Mw = 24799 Da
Native 234 QVVDAVSHALREAEPEVVFTHHPGDIHADHRSVAHAVGYGT
TunE RILGSGSVRQVLHFEVLSSTEQQTGLVAPFTPNLFYDVTGHV

EAKCRALAAYPYELYDPPHPRSLAAVRTLASYRGTQVGVEAA ~ PI=5.93
EAFMIGRELRGPMAAVPSGVDVR

[a] Conserved Zn**-binding motif highlighted in yellow; [b] Average molecular weight;

Table 4.5 Amino acid sequence and selected properties of TunE

4.4.2 Expression and purification of TunE
4.4.2.1 Expression of TunE as an N-terminal Hisg fusion

The DNA sequence dunE was codon optimised fdE. coli and synthesised by
Genscript. The gene was cloned into expressionovguET-28a(+) (Novagen). The
resulting gene product Hi§unE is predicted to have 254 residues, an avekigeof
26,994 Da and a pl of 6.33. The plasmid, whichmnamed pET28&inE, was transformed
into E. coli BL21(DE3), Origami2(DE3) and Tuner(DE3) strainsarling to the supplier’s
protocols (Novagen) and subjected to protein exgoadrials.
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Lanes 1-5: Soluble cytosolic fractions for E. coli strains listed; Lanes 6-10: Insoluble cytosolic
fractions for E. coli strains listed; Tuner strains induced at three different IPTG concentrations

Fig. 4.23 Expression of pET28a:tunE in various E. coli strains, induced with IPTG at 14 C for 20 h

Analytical scale expression of TunE was monitobgdSDS-PAGE analysis of cell
lysates, produced by BugBuster Mastermix (Novadeegtment of collected cell pellets.
Initial conditions involved induction with IPTG &0 °C for 6 h, similar to conditions used
with TunF. Good levels of expression were obseimeall recombinank. coli strains, as
indicated by the presence of a strong band correbpg to Hig-TunE (~27 kDa) in the
total cellular protein fraction. Unfortunately,l aif the expressed protein appeared to
aggregate as insoluble inclusion bodies and ndobolprotein was observed. The use of
autoinduction conditions witk. coli BL21(DE3)/pET284aunkE offered no improvements,
so IPTG induced expression was repeated at 14 d@lowed a longer incubation time of
20 h. Under these conditions a small proportionTohE was detected in the soluble
cytoplasmic fraction (Fig. 4.23) with both BL21(DE&nd Tuner(DE3E. coli strains. The
former strain was selected for scaled up expressioiprotein purification.

4.4.2.2 Purification of Hisg-TunE

E. coli BL21(DE3)/pET284unE strain was grown in 6 x 800 mL cultures and cell
pellets collected. A high ionic strength lysisfeufused supplemented with 0.5% Triton X-
100 and 10% glycerol to maximise protein solubilityhe resulting lysate was passed
through a Ni* affinity column on an AKTA FPLC system (Fig. 4.24) small amount of

- 204 -



Chapter 4: Functional characterisation of tun gene products

protein corresponding in size to gHBUnE (~26 kDa) was observed. Due to the low
abundance, a Western blot with monoclonal antidpistydine-alkaline phosphatase
antibody was performed, which verified that theeslied band was indeed BHSunE and
not a contaminating protein from tkecoli host.

A LYs waAsH ELUTION B Westemn SDS-PAGE
:[5)8 1 2 3 4 5 68 7 8 9  pai1 2 3 4 58 7 8 9
bl L 175 -
75 - : v
80 - .

50 W o

- 58 -
35 W !

- 46

-

=wfinll —E=—1

15

A: Ni**-affinity purification of Hiss-TunE; Lane 1: Cell lysate from E. coli BL21(DE3)/pET28a:tunE
expression; Lanes 2-3: Wash fractions from Ni** purification; Lanes 4-9: Elution fractions;

B: Western blot of Hisg-TunE; Lanes 1 and 6: Prestained Markers (NEB); Lanes 2-4: Anti-
polyhistidine Western blot against 1%, 0.1x and 0.01x dilutions of Hisg-TunE; Lane 5: 0.1-12kb
Perfect Protein Markers (Novagen); Lanes 7-9: SDS-PAGE gel of 1x, 0.1x and 0.01x dilutions of
Hise-TunE ran in parallel with Western Blot for comparison;

Fig. 4.24 Ni** affinity purification and Western blot of Hise-TunE

4.4.3 Attempted assay of TunE activity

The previously purified sample of HiSunE was incubated witN-acetylN-deacyl-
tunicamycin, previously synthesised from tunicamyiai section 3.3.2. Reaction mixtures
were analysed by HPLC and progress monitored by &bgorbance at 260 nm.
Unfortunately, despite trialling a number of reantibuffers and using fresh enzyme
preparations, no activity was observed in thesayass The low levels of soluble His
TunE obtained suggests that this fusion is unstableolution and may undergo facile
precipitation or inactivation.
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45 Conclusions

In this chapter we have initiated studies pertayriio thein vitro characterisation of
individual Tun enzymes, focussing on epimerase Twghfcosyltransferase TunD amd
deacetylase TunE. We have developed greatly ogeuoniprotocols for their over-
expression and purification from recombindntcoli hosts, allowing subsequeint vitro
studies which have offered valuable insights ih®functions of these enzymes. The work
presented in this chapter directly complements gsals made in chapter 2 as to the
pathway to tunicamycin biosynthesis and lays trmugdwork for future investigation of
these and other enzymes encoded byuhegene cluster.

4.5.1 Epimerase TunF

First of all, we successfully cloned and over-egsed TunF as an N-terminal His
fusion protein and experimentally showed it to fimt as a UDP-GIcNAc-4-epimerase.
This is in line with previously reported predict®oand those made in section 2.4.2, where
UDP-GIcNAc rather than UDP-GalNAc was proposed ¢b & a metabolic precursor in
tunicamine biosynthesf§> The TunF is necessary to install the pseudo-GalRwiety
within tunicamine by epimerisation ofghuco- configured precursor at some stage during
the biosynthetic pathway. Unfortunately, despiggifying that TunF acts as this crucial
epimerase, the precise identity of its traeivo substrate remains unclear. As discussed in
section 2.4.2, TunF could act at a number of stagt®e biosynthetic pathway. Depending
on whether it acts before, during or after the wede CG-C bond-forming event a different
UDP-N-acetylglucosamine derivative can be rationalisedagotential substrate in each
case (Fig. 4.25). Work in our research group leasntly established UDP-GICNACc as a
substrate for dehydratase TunA, vyielding UDP-56-&icNAc*®®  Following co-
incubation of UDP-GICNAc with TunA and TunF, a fuer product was detected —
suggested to be UDP-GalNAc-5,6-ene. These rekalie implications on the findings
presented here, since it would appear that UDP-&tcBl6-ene can also act as a substrate
for epimerase TunF (Fig. 4.25, entry b). Togethbese findings go some way to
deciphering the true order of biosynthetic eventsthe construction of tunicamine.
However, further work is still required in orderdetermine the true substrate for TunF, not
least by gaining a deeper understanding of theotgdrate tail-to-tail coupling event likely
catalysed by TunA, TunB and TunM. Access to paaestbstrates UDP-GICNAc-5,6-ene
and UDP-8’epi-tunicamine is also required; these compounds afertunately much
more difficult to obtain through standard synthatiethods.
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Fig. 4.25 Possible substrates for epimerase TunF

In addition to demonstrating functional activity TunF, we have developed a novel
enzymatic assay based 84 NMR. The method offers a simple and rapid metfard
detecting enzymatic activity and has the added fitevfeallowing accurate elucidation of
product structures directly from reaction mixtureliminating the need for laborious
chromatographic separation and purification of tieagproducts.

4.5.2 Glycosyltransferase TunD

The second enzyme discussed herein was putatreegylitransferase TunD. Over-
expression and purification of glycosyltransferdsmD from E. coli proved to be much
less facile than that of TunF. Significant hurdiesulting from poor protein solubility and
stability were overcome through the systematicesuregy of a wide range of conditions for
heterologous protein expression and through thdymteon of a number of fusion protein
constructs with different properties. In the end aptimised procedure for TunD
expression was developed, involving production @-terminal Hig fusion and allowing
subsequent efficient purification by Naffinity chromatography.

This TunD-Hig construct was subjected to extensive activity yagsproviding
unexpected insights into TunD activity and its rioléunicamycin biosynthesis. Biological
activity was detected with a coupled spectrophotomassay, although the results showed
that the observed UDP-GIcNAc hydrolysis catalysgd’bnD was not coupled to glycosyl
transfer to théN-acetyl-tunicaminyl-uracil acceptor. This was sigipg and suggested that
N-acetyl-tunicaminyl-uracil was not the natural dudte for glycosyltransferase TunD
(Scheme 4.1, Path A). It is possible that the psepd order of biosynthetic events is
incorrect, such thatl-acetyl-tunicaminyl uracil may first undergo degtation through the
action of TunE and theN-acylation. This would mean that the natural sabstfor TunD
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is in factN-acyl-tunicaminyl-uracil (Scheme 4.1, Path C). eAftatively, GIcNAc transfer
to tunicaminyl-uracil may occur directly aftéd-deacetylation and beford-acylation,
requiring tunicaminyl-uracil — with a free amineogp — as the preferred substrate for
TunD (Scheme 4.1, Path B). Work is currently um@srin our research group to further
test these hypotheses, building on the importamilirfindings presented herein. The
optimised conditions for TunD expression and paaiion will be of great use in these
studies and in themselves provide a valuable dmsttan to the study of this key
glycosyltransferase.

N-Acetyl-tunicaminyl-uracil 0O

o M on ¢ W '?r?jtnhDA 0
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HO .
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Scheme 4.1 Implications of observed TunD-Hisg activity on tunicamycin biosynthetic pathway
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4.5.3 N-deacetylase TunE

Initial investigations into the over-expressiondapurification of putative N-
deacetylase TunE have also been presented. Sdlubkewas obtained in low levels as an
N-terminal Hig fusion and unfortunately failed to show activitya HPLC assay utilising
N-acetylN-deacyl-tunicamycin as the proposed natural sulesfaa this enzyme (Scheme
4.1, Path A). The results suggest that this fugomnstable in solution and may undergo
facile precipitation or inactivation following exgssion inE. coli. Indeed, the enzyme is
predicted to bind Zfi at its N-terminus through a conserved HPDD mdfifie presence of
an N-terminal Histag and subsequent purification by*Naffinity purification is likely to
bring nickel ions into close proximity of the enzground ZA" ion, potentially perturbing
its binding and adversely affecting its catalytatiaty. It has been previously shown that
charging metal-chelating resins with®Zmather than Nfi" can still afford selective affinity
chromatography of His-tagged proteins whilst avamidihe replacement of active site?’Zn
with Ni** ions?** Additionally, transferring the His-tag to the €xminus is likely to
reduce any perturbation of the N-terminafZhinding site.

Another possible explanation for the lack of atyivobserved is thalN-acetylN-
deacyl-tunicamycin is not the native substrateTonE. We have already hypothesised a
number of possible substrates for glycosyltransieraunD following analysis of
experimental data. Each of the scenarios sumntams&cheme 4.1 alter the biosynthetic
pathway of tunicamycin and suggest alternative tsates not only for TunD but also for
N-deacetylase TunE. Although only preliminary imgstions into the expression,
purification and functional verification of TunE y&been presented herein, they act as a
solid foundation for the future construction ofeaitative TunE constructs and functional
enzyme assays.
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4.6 Experimental

4.6.1 Bacterial strains

. . - Antibiotic Source/
E. coli strain Description .
resistance reference
BL21(DE3) General purpose expression host - Novagen™

High-stringency expression host derived from E.
coli BL21(DE3)

[a]

BL21(DE3)pLysS Chloramphenicol® Novagen

General expression host derived from E. coli K- R
. . 12. Two mutations in cytoplasmic disulfide Kanamycw_\ R [a]
Origami(DE3) T Streptomycin”, Novagen
reduction pathway — to genes trxB and gor — . R
- A . Tetracycline
enhance disulfide formation in E. coli cytoplasm
. . . . . R
Origami2(DE3) The same properties as Orlgqml(DE3) but is Streptomy0|nR, Novagen[a]
additionally kanamycin sensitive Tetracycline

General expression host derived from E. coli
BL21(DE3). Mutation to lac permease (lacY1) _ la]
Tuner(DES3) allows adjustable levels of protein expression Novagen

dependent on IPTG concentration
General expression host derived from E. coli
Rosetta(DE3) BL21(DE3). Carries plasmid providing six rare  Chloramphenicol® Novagen[
codon tRNAs
Expression host derived from E. coli
OrigamiB(DES3) BL21(DE3)pLysS. Additionally contains
pLysS mutations and associated properties of
Origami(DE3) and Tuner(DE3) strains

Expression host derived from E. coli

a]

Chloramphenicol®
Kanamycin®, Novagen
Tetracycline®

EY

Rosetta-gamiB BL21(DE3)pLysS. Additionally contains Chloramphenicol®
(DE3) Lg sS mutations and associated properties of Kanamycin®,  Novagen®
-y Origami(DE3), Tuner(DE3) and Rosetta (DE3) Tetracycline®
strains

[a] For comprehensive descriptions of these strains see ref. %

Table 4.6 Details of E. coli strains used in this chapter
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4.6.2 Plasmids

Size, Source/
Name Description Antibiotic
. reference
resistance
E. coli expression vector encoding (5" — 3°):
N-terminal Hisq tag 5711 bp,
PET16b Factor Xa protease site (for His-tag cleavage) Carbenicillin® Novagen
Multiple cloning site for gene of interest
E. coli expression vector encoding (5" — 37): Structural
N-terminal Hisg tag Genomics
DB.His. MBP Maltose-binding protein (MBP) 6494 bp, Centre,
pLE.HIS. Tobacco Etch Virus (TEV) protease site site (for Kanamycin® Berkeley;
Hise-MBP cleavage) (via PlasmID
Multiple cloning site for gene of interest Repository)
E. coli expression vector encoding (5" — 3°): 5443 b
pET21a Multiple cloning site for gene of interest P, r Novagen
- . Carbenicillin
C-terminal Hisg tag
E. coli expression vector encoding (5" — 3°):
GEX-4T1 N-terminal glutathione S-transferase (GST) fusion ~4900 bp, GE
P Thrombin protease site (for GST-tag cleavage) Carbenicillin® Healthcare
Multiple cloning site for gene of interest
E. coli expression vector encoding (5" — 3°):
N-terminal Hisg tag 5369 bp,
PET28a(+) Thrombin protease site (for His-tag cleavage) Kanamycin® Novagen
Multiple cloning site for gene of interest
E. coli expression vector encoding (5" — 3°):
N-terminal glutathione S-transferase (GST) fusion
DGEX-4T1His Thrombin protease site (for GST cleavage) ~4930 bp = This study
Internal Hisq tag Carbenicillin
Factor Xa protease site (for His;oc+GST cleavage)
Multiple cloning site for gene of interest
tunF from S. chartreusis cloned into vector pET16b 6704 b
pET16b:tunF at Ndel-Xhol sites. The tunF sequence was codon o, r This study
o . ! . Carbenicillin
optimised for E. coli and synthesised by Genscript.
tunD from S. chartreusis cloned into vector pET16b
. at Ndel-Xhol sites. The tunD sequence was 7139 bp, .
PET16b:tunD codon optimised for E. coli and synthesised by Carbenicillin® This study
Genscript.

. . tunD from pET16b:tunF cloned into vector 7922 bp, .
pDB.His.MBP:tunD pDB.His.MBP at Ndel-BamHI sites. Kanamycin® This study
. tunD from pET16b:tunF cloned into vector pET21a 6871 bp, .
PET21a:tunD at Ndel-Xhol sites. Carbenicillin® 1S Study
- tunD from pET16b:tunF cloned into vector pGEX- ~6330 bp, :
PGEX-4T1:tunD 4T1 at BamHI-Xhol sites. Carbenicillin® This study

. tunD from pET16b:tunF cloned into vector pGEX- ~6360 bp, .
PGEX-ATIHISUND =11 4is at BamHI-Xhol sites. Carbenicilin® 1 S Study
tunE from S. chartreusis cloned into vector
PET28a:tunE pPET28a(+) at NdeI—BamI—_II s_ltes. The tunE 6083 bp, = This study
sequence was codon optimised for E. coli and Kanamycin

synthesised by Genscript.

Table 4.7 Details of plasmids used in this chapter
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4.6.3 PCR primers

All DNA oligonucleotides were purchased from Sigildrich.

Name Sequence Use

Forward primer to clone tunD into vector

TunD Ndel 5 -AAGGTCGTCATATGGAAATTAT pET21a, incorporating an Ndel

Forward restriction site (underlined)
TunD BamHI Forward primer to clone tunD into vector
5-AAAAAAAAGGATCCATGGAAAT pPGEX-4T1, incorporating an BamHlI
Forward O : )
restriction site (underlined)
Forward primer to clone tunD into vector
TunD His BamHI 5  AAAAAAAAGGATCCATGGGCCA pGE?(-_AlTl,_mcorporapng an BamHI _
Forward —_— restriction site (underlined) and creating

novel vector pGEX-4T1His

Reverse primer to clone tunD into vector

TUNDNO Stop 5 - ATCCTCGAGTTCCGCCGGTT  pET21a, incorporating a mutation

Reverse converting stop (TAA) to Glu (GAA)
TunD Sto . Reverse primer to clone tunD into vectors
Reversep 5 -GGATCCTCGAGTTACGCCGGTT pGEX—ARl and pGEX-4T1His
pGEX 5 5-GGGCTGGCAAGCCACGTTTGGTG To sequence constructs
pGEX 3’ 5 -CCGGGAGCTGCATGTGTCAGAGG pPGEX-4T1:tunD and pGEX-4T1His:tunD
T7 promoter (F) 5 -TAATACGACTCACTATAGGG To sequence constructs
T7 terminator (R) 5 -GCTAGTTATTGCTCAGCGG pDB.His.MBP:tunD and pET21a:tunD

Table 4.8 Details of PCR primers used in this chapter

4.6.4 General considerations

All solutions and equipment used in the handling nmcrobial cultures were
autoclaved or sterilised. Microbial manipulatiomere performed in a HERAsafe KS-12
Class Il Laminar Flow Cabinet. Media, plastic ajldssware were autoclaved at 121 °C
for 20 min prior to use. Bacterial cultures weneubated in a New Brunswick Series 25
shaker. Centrifugation was performed in Beckmanl@o Avanti J-25, Beckman GS-6R
or Mistral 1000 centrifuges. Microcentrifugation svgperformed in an Eppendorf
Centrifuge 5415R or a Beckman Coulter Microfuge B&inication of cells was performed
using a Sonics Vibra-Cell VC505. Proteins wereifijat using an AKTA FPLC system
(GE Healthcare) with monitoring by UV absorption2&4 nm or temperature compensated
conductivity. Protein samples requiring denaturatieere heated in a Techne Dri-Block
DB-2A at 90 °C. Water was deionised and passemlgir a Millipore 0.22um filter prior
to use.
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Unless otherwise stated, the recipes for all mduiéfers and solutions can be found
in Sambrooket al*®® and all chemicals, enzymes and other reagents pigcchased from
the suppliers listed below. Chemical reagents wenehased from Sigma-Aldrich and
used without further purification. Media comporentere purchased from Sigma-Aldrich
or Melford Laboratories Ltd. Restriction endonades were purchased from New
England Biolabs and remaining enzymes from Invigrogr Sigma-Aldrich.

4.6.5 Propagation of Escherichia coli strains

E. coli strains were routinely grown at 37 °C in Luria-Beitbroth (LB) or on 1.5%
LB agar plates supplemented with appropriate aottits, as described by Sambroek
al*®  For recombinant strain selection, antibiotics evemsed in the following
concentrations: carbenicillin (100 pg/mL), kanamy(0 pug/mL), tetracycline (13 pg/mL),
chloramphenicol (34 ug/mL) or streptomycin (50 pigfmRecombinant plasmid DNA was
transformed intcE. coli strains using chemically competent cells (Novageegording to
supplier’s protocols and including appropriate laiotic selection. Glycerol stocks were
prepared by collecting a cell pellet from a sampfefresh overnight culture (1 mL),
resuspending it in 20% (v/v) glycerol (800 uL) astdring at -80 °C. New stocks were
prepared from single colonies every 4-6 months.

4.6.6 Standard protocols for the manipulation of DN A
4.6.6.1 Agarose gel electrophoresis of DNA

Agarose gel electrophoresis was performed as ibesciby Sambroolet al.*®®
Typically 0.8% agarose gels containing 0.01% etimdibromide (v/v) were used, but
concentrations down to 0.7% and up to 1.2% were @izethe analysis of large or small
fragments respectively. Gels were run submergddimAE buffer at 10-15 V/cm using a
Bio-Rad PowerPac Basic. 6x Orange Loading Dyen(Eatas) was used to load samples
and 0.1-12 kbp Perfect DNA Markers (Novagen) weseduas DNA size markers. Gels
were photographed using UV illumination at 254 nm.

4.6.6.2 Polymerase chain reaction (PCR) amplification of DNA

The reaction mixture for PCR containBtuTurbo Hotstart 2x PCR Mastermix (25
uL, Stratagene), 100 pg of each primer (1 pL of p@QuL stock) and 100 ng template
DNA (1 pL of ~100 ng/uL stock) made up to a totalume of 50 uL with sterilised
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deionised water. Reactions were performed on aplidg Biosystems GeneAmp PCR
System 9700 with cycling parameters as describedaiple 2.12. PCR products were
analysed by agarose gel electrophoresis (0.7 -wIVWdepending on fragment size).

Segment Temperature  Duration

cycles

1 1 95 C 4 min
94 T 45 s
2 26 55 <C 45 s
72 C 2 min
3 1 72 C 7 min

Table 4.9 PCR cycling parameters

4.6.6.3 Restriction endonuclease digestion of DNA

Digestion of DNA with restriction endonuclease ynes was carried out using
conditions recommended by the supplier.

4.6.6.4 Isolation of DNA fragments from agarose gels

DNA restriction fragments contained within agargets were visualised using long-
wavelength UV light at 330 nm and physically exdisgith a razor blade. DNA was
purified using a QIAquick Gel Extraction Kit (Qiageaccording to the manufacturer’s
protocol.

4.6.6.5 Ligation of DNA

Ligation of DNA was performed with a Quick Ligatidit (NEB) using the protocol
recommended by the supplieE. coli Novablue Gigasingles competent cells (Novagen)
were used for transformations together with 2 plthef ligation mixture. Plasmid DNA
was isolated from colonies following antibiotic egtion and successful ligation was
confirmed by test-scale restriction endonucleasgesiion and DNA sequencing with
appropriate primers.

4.6.6.6 Isolation of plasmid DNA

Plasmid DNA was isolated frora. coli using a QlAprep Miniprep Kit (Qiagen)
according to the manufacturer’s instructions.
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4.6.6.7 Spectrophotometry of nucleic acids

Quality analysis and quantification of DNA was &sted using a Nanodrop 1000
Spectrophotometer according to manufacturer’sucsons.

4.6.6.8 Nucleotide sequencing

Isolated samples of plasmid DNA (~100 ng/puL) wesequenced by Source
BioScience UK Ltd. based at the University of Oxfddepartment of Biochemistry and
using appropriate primers listed in Table 2.11gugmce files were viewed using FinchTV
v1.4 software (Geospiza).

4.6.7 Standard protocols for the manipulation of pr  oteins
4.6.7.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

A NUuPAGE Pre-Cast Gel System (Invitrogen) and a-Bad PowerPac Basic was
used for all SDS-PAGE, together with 10% or 4-12UPWGE Bis-Tris Pre-Cast gels in
either 12- or 17-well format. Samples containiy@25x SDS loading buffer (v/v) were
loaded onto gels along with Perfect Protein Marker§-150 kDa (Novagen).
Electrophoresis was performed at 200 V for 50 mirix MES or 1x MOPS buffer (800
mL). Gels were removed from their pre-cast casiagd stained with Instant Blue
(Gentaur, 25 mL, 15 min).

4.6.7.2 Western immunoblots of protein samples

1x, 0.1x and 0.01x dilutions of each protein s@mplere seperated by SDS-PAGE,
running two identical gels in parallel. One ofgbegels was stained as usual with Instant
Blue stain whereas the other was placed in an iBigt Blotting System (Invitrogen).
Proteins were transferred to a transfer membrabewimg the manufacturer’'s protocol.
Membranes were soaked with blocking buffer at 45CmL, 3 h) on a rocking table, then
washed with TBST buffer (3 x 50 mL, 15 min). Mermbes were then washed with 50 mL
blocking buffer containing 10 pL monoclonal antiyguostidine-alkaline phosphatase
antibody at 4 °C for 16 h, before being washed WRST buffer (50 mL, 1 h) and stained
with dropwise addition of NBT-BCIP solution. Exsestain was washed off with deionised
water.
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10x TBS buffer TBST buffer
Trizma 2423 g 10x TBS buffer 100 mL
NaCl 80.06 g H.O 900 mL
Tween-20 ImL
Blocking buffer Transfer buffer
Bovine serum albumin, fraction V2.5 g Glycine 29¢
TBST buffer 50 mL Tris 58¢
SDS 0.37g
MeOH 200 mL
H.O 700 mL

Adjust to pH 8.3, make up to 1 L with,@

4.6.7.3 Buffer exchange

Protein sample buffers were exchanged using dsalybing (12,000-14,000 MWCO,
Medicell International Ltd) according to protocaigpplied by the manufacturer and those
described by Sambroak al.*®® For rapid buffer exchange of small-volume sampiBs10
Desalting Columns (GE Healthcare) were used acegriti manufacturer’s protocols.

4.6.7.4 Concentration of protein samples

Protein samples were concentrated using Vivaspamd Vivaspin 500 Centrifugal
Concentrators (Sartorius) according to manufactiiastructions. Large volume protein
samples were concentrated using Series 8000 SiCedld (10 or 50 mL cell capacity,
Amicon) fitted with Millipore YM10 or YM30 Ultrafitration Membranes (10,000 or
30,000 MWCO, 25 or 44.5 mm diameter, Amicon).

4.6.7.5 Determination of protein concentration

Protein concentrations were calculated with anlsiconinic acid (BCA) protein assay
(Pierce) according to manufacturer’s instructiond asing bovine serum albumin as the
protein standard.

4.6.7.6 Storage of protein samples

Protein samples were stored at 4 °C at >3 mg/fdr. extended storage glycerol was
added to a final concentration of 20% (v/v) andadited samples were stored at -80 °C.
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4.6.8 Standard protocols for analytical scale prote  in expression
4.6.8.1 Analytical scale protein expression with IPTG induction

LB broth (10 mL) and relevant antibiotics were eddo a 50 mL falcon tube and
inoculated with 20 pL glycerol stock of appropri&ecoli cells. Cultures were grown at
37 °C to an Ry of between 0.6 and 0.8. After cooling to the fimauction temperature,
protein expression was induced by the addition aob OnM isopropylB-D-
thiogalactopyranoside (IPTG). Cells were left tmwg for a specified length of time
depending on the induction temperature.

4.6.8.2 Analytical scale protein expression with autoinduction

ZYM-5052 autoinduction media' (10 mL) and relevant antibiotics were added to a
50 mL falcon tube and inoculated with 10 pL glydestock of appropriaté&. coli cells.
Cultures were grown at 37 °C until turbid. Afteroting to the final induction temperature,
cells were left to grow overnight or until thesAhad plateaued, indicating cells were close
to saturation.

4.6.8.3 Analytical scale screening for protein expression

Total Cell Protein FractionSamples of cell culture (1 mL) were collected hbot

immediately prior to and at the end of the inductperiod. Cell pellets were collected by
centrifugation (10,000 >, 1 min) and frozen at -20 °C until required. Afteawing,
pellets were resuspended in 1x phosphate-buffakaes(PBS, 50 uL). 4x SDS sample
buffer (50 pL) was added and the solutions weresgraghrough a 27-gauge needle ten
times to reduce viscosity. The samples were desdtior 20 min at 90 °C on a heat block
and diluted with water (100 puL). The samples wstiered at -20 °C until SDS-PAGE
analysis whereupon 4 pL was loaded when using\a€elPgel.

Soluble cytoplasmic fraction (BugBuster Metho#)sample of cell culture (1.5 mL)

was collected at the end of the induction perio€ell pellets were collected by
centrifugation (10,000 >, 1 min) and frozen at -20 °C until required. Afteawing,
pellets were resuspended in BugBuster Master Miavéden, 300 pL). 25x protease
inhibitor cocktail stock solution (Roche Completeotease Inhibitor Cocktail Tablets
EDTA-free, 12 uL) was added and the solution intedbaon a rotating mixer at rt for 20
min. The insoluble cell debris was collected bytgéugation (16,000 >g, 20 min) and
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saved for analysis of the insoluble cytosolic fimtt The supernatant (25 pL) was
transferred to a fresh tube and 5x SDS sample b(®fe uL) added. The sample was
denatured for 5 min at 90 °C on a heat block aarkdtat -20 °C until SDS-PAGE analysis,
whereupon 18 pL was loaded when using a 12-well gel

Insoluble cytoplasmic fraction (BugBuster Metho@he insoluble pellet from the

soluble cytoplasmic fraction was resuspended inBBisger Master Mix (300 pL). 1:10
diluted BugBuster Master Mix (1 mL) was added ame&l $olution vortexed for 1 min prior
to centrifugation (5,000 g, 15 min, 4 °C). The pellet was next resuspendeldiO diluted
BugBuster Master Mix (750 uL), vortexed for 1 mindacentrifuged (5,000 g, 15 min,

4 °C). This step was repeated. The pellet was tesuspended in 1:10 diluted BugBuster
Master Mix (750 pL), vortexed for 1 min and centgéd a final time (16,000 ¢, 15 min,

4 °C). The resulting pellet was resuspended in $0% solution (300 uL) and denatured
for 10 min at 90 °C on a heat block. The susmng25 pL) was transferred to a fresh
tube and 5x SDS sample buffer (25 puL) added. Hmepte was denatured for 5 min at
90 °C on a heat block and stored at -20 °C untiSSIAGE analysis, whereupon 18 pL
was loaded when using a 12-well gel.

4.6.9 TunF expression, purification and characteris  ation
4.6.9.1 Preparative scale expression of tunF

20 pL of E. coli BL21(DE3)/pET16kunF glycerol stock was used to inoculate LB
broth (20 mL) containing carbenicillin (100 pg/mLrollowing overnight growth at 37 °C
this starter culture was used to inoculate 6 x ®Q0of LB medium in 2 L baffled conical
flasks. These cultures were incubated at 37 °C280drpm to an Ay of 0.6-0.8, cooled to
30 °C for 30 min and then protein expression wdsi¢ed by the addition of 0.5 mM IPTG.
The cultures were left to grow for 6 h (30 °C, 2pf) before cell pellets were collected by
centrifugation (8,000 g, 12 min, 4 °C) and stored at -80 °C.

4.6.9.2 His;o-TunF purification

Method A All protein purification steps were carried out4a°C. The frozen cell
pellet from 1 L of induced culture (4.5 g) was tl@hand resuspended in 1x Bind Buffer A
(20 mL). The cells were incubated with lysozyme@ (dg) at rt for 30 min and disrupted by
sonication (4 x 30 s). DNAse | (100 pg) was adaled the suspension incubated on ice for
15 min prior to centrifugation (10,000gs 30 min, 4 °C). The supernatant (20 mL) was
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added to pre-equilibrated Ni-NTA HisBind slurry (8L) and stirred for 60 min at 4 °C.
The mixture was transferred to an empty column #oed flow-through collected. The
column was washed with 1x Wash Buffer B (4 x 10 mabd eluted with 1x Ni-NTA
Elution Buffer C (6 x 2.5 mL) under gravity. Eloh fractions containing ~38 kDa protein
— as determined by SDS-PAGE analysis — were paatelddialysed against dialysis buffer
E(2x1L,12,000-14,000 MWCO).

Bind buffer A 50 mM sodium phosphate pH8.0, 30@ MaCl, 10 mM imidazole
Wash buffer B 50 mM sodium phosphate pH8.0, 360 NaCl, 20 mM imidazole
Elution buffer C 50 mM sodium phosphate pH8.d) 8M NacCl, 250 mM imidazole
Dialysis buffer D 30 mM sodium phosphate pH7.8

Method B All protein purification steps were carried out4a°C. The frozen cell
pellet from 4.8 L of culture (14.6 g) was suspenutedinding buffer E (50 mL) and stirred
for 15 min at rt. Lysozyme (15 mg), DNAsel (0.2 yamd one tablet of Complete EDTA-
free protease inhibitor cocktail (Roche) were adaed the suspension stirred for 30 min at
4 °C. Cells were further broken by pulsed sonmwa(5 x 70 s of 0.5 s on/0.2 s off, 60 s
cooling cycle, 55% amplitude) and the resultingatgswas cleared by centrifugation
(65,000 xg, 40 min, 4 °C) and filtered (0.2 pm filter). Theotein was purified by Ni-
affinity chromatography (HisTrap HP 1 mL column, GEalthcare) using binding buffer E
as the mobile phase. Elution was achieved witineat gradient of imidazole (26> 500
mM) whilst monitoring UV absorption at 280 nm. Etun fractions containing ~38 kDa
protein — as determined by SDS-PAGE analysis — weoted and dialysed against dialysis
buffer F (2 x 1 L, 12,000-14,000 MWCO). Followifiggration (0.2 um filter) the sample
was further purified by anion exchange chromatolgyaionoQ 5/50 GL, GE Healthcare)
using dialysis buffer F as the mobile phase. Biutivas achieved with an ionic strength
gradient (0— 1 M NaCl), monitored by UV absorption at 280 nrilution fractions
containing ~ 38 kDa protein were pooled and dialyagainst dialysis buffer F (2 x 1 L,
12,000-14,000 MWCO) prior to concentration (Vivagpl0,000 MWCO) and storage at
4 °C. Atypical yield of 25 mg Hig-TunF was obtained per L of culture.

Binding buffer E 50 mM TEA pH 8.0, 300 mM NaC[ tnM imidazole
Dialysis buffer F 50 mM TEA pH 8.0
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4.6.9.3 LC/MS analysis of His;o-TunF

Liquid chromatography/mass spectrometry (LC/MS¥ warformed on a Micromass
LCT (ESI-TOF-MS) coupled to an Agilent 1100 Serig€3 System. A Phenomenex Jupiter
C-4 column was used (250 mm, 5 mmyré particle size). A gradient was programmed (1
mL min®, Step 1 : 45% B, 25 min; Step 2 : 45%-B 100% D, 5 min), with a typical
injection volume of 20ul. The electrospray source of the LCT was operatégd a
capillary voltage of 3.2 kV and a cone voltage 6f\2 Nitrogen was used as a nebuliser
and desolvation gas at a total flow of 600 L/h.e&m were calibrated using a calibration
curve constructed from a minimum of 17 matched peam the multiply charged ion
series of equine myoglobin obtained at a cone geltaf 25 V. Total mass spectra were
obtained from the ion series using the MaxEnt aflgor preinstalled on Masslynx v4.1

software.
. Amino . . [a] [b]
Protein . Amino acid sequence Mw*™ / pl
acids
MGHHHHHHHHHHSSGHIEGR , HMRVLVTGGAGYVGSFTV
RRLLAAGHEVVVVDNLSTGRREAVRGCRLHVVDILDIASM
GTVFEEFHPEAVIHFAALKSSEESLRDINTYFSVNLTGTQNV
His.-TunF LALCARTGVERFVFSSSCAVYGTPQICPVDETAPVRPESPY Mw = 37812 Da
fulsoion[d 347 GETKYLCERVIASYAQATGMRYANLRYFNAAGAADDASLG

EYAGPASTQLLPVAIRSTLGLAPTLRIFGNDYPTTDGTALRD pl=6.39
YIHVEDLAQAHVRVLEGLQKGSQCGPVNLGRGQPVSVREL
IDVLHDVSGKETPVAMAPRRPGDPGLSWADPSLALSRFG
WRAERDLDHIVRTAWNWHTSTPASLE

[a] Vector-encoded fusion sequence highlighted in red. Factor Xa protease recognition sequence is
underlined and cleavage site denoted by a chevron; [b] Average molecular weight; [c] Data for
native TunF — 327 residues, 35428 Da, pl 5.87;

Table 4.10 Amino acid sequence and selected properties of His;o-TunF
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Fig. 4.26 Native and deconvoluted mass spectra of His;o-TunF
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4.6.9.4 Gelfiltration analysis of Hisjo-TunF

All gel filtration steps were performed at 4 °Qurified Hise-TunF protein was
loaded onto a HiLoad Superdex 200 16/60 pg colu@i Healthcare) equilibrated with
1.2 CV of buffer G. The chromatographic run wasied out in the same buffer at a flow
rate of 0.5 mL/min for 1.5 CV using an AKTA FPLCssgm (GE Healthcare). The column
was calibrated by running a set of gel filtrati¢anglards (Bio-Rad).

Buffer G: 50 mM HEPES pH7.8, 300 mM NaCl, 10%vj\glycerol

4.6.9.5 TunF NMR enzyme assay

A sample of purified Hig-TunF was buffer exchanged into sodium phosphate in
D,0O (30 mM, pD 7.8) using a PD Minitrap G-25 Sephadelsmn (GE Healthcare). Stock
solutions of freezedried NAD(10 mM) and UDP-GIcNAc (100 mg/mL) were prepared i
D,O. An NMR tube was charged with sodium phosphat®.O (30 mM, pD 7.8), UDP-
GIcNAc (25 mM), NAD (0.1 mM) and enzyme preparation (25 pg) upto @ taslume of
600 pL. Prior to addition of enzyme the tube weshpated to 37 °C, then enzyme was
added and the tube span in a manual centrifugenmve any air bubbles. An NMR
timecourse experiment was performed at 37 °C witBraker AV700 MHz machine,
collecting a'H spectrum every four minutes.
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4.6.9.6 TunF crystallisation screen

Fresh Hige-TunF fusion protein was expressed and purifiecbating to Method B
described in section 4.6.9.2. Stock solutions 8DN (10 mM) and UDP-GIcNAc (100
mg/mL) were also prepared. These solutions wered u® prepare two different
crystallisation samples, described in Table 4.3y Aemaining protein was flash frozen in
100 pL aliquots and stored at -20 °C. Twenty eigiystallisation plates were arrayed
using an Art Robbins Instruments Phoenix RE liguéahdling robot and monitored with a
Rigaku CrystalMation incubator and autoimager. tb&ails of each plate can be seen in
Table 4.11.

Identification o Temperature  Protein
Crystallisation screen (manufacturer)
code () sample
RGO000001  MD Structure Screen | and Il (Molecular 20
RG000002  Dimensions) 2
RG000003 _ . 20
RG000004 Emerald Wizard | and Il (Emerald Biostructures) 4
RG000005 _ 20
RG000006 =S Xtal JCSG+ (Qiagen) )
RG000007 , 20
RG000008 PACT premier (MD) " 1
RG000009 20
RG000010 PEG/lon HT Screen (Hampton Research) p
RG000011 20
RG000012  'Mdex Screen (Hampton Research) .
RG000013 20
RG000014 SaltRX Screen (Hampton Research) 4
RGO000015  MD Structure Screen | and Il (Molecular 20
RG000016  Dimensions) 4
RG000017 _ . 20
RG000018 Emerald Wizard | and Il (Emerald Biostructures) 4
RG000019 _ 20
RG000020  EasY Xtal JCSG+ (Qiagen) .
RG000021 , 20
RG000022 PACT premier (MD) ’ 2
RG000023 20
RG000024 PEG/lon HT Screen (Hampton Research) 4
RG000025 20
RG000026 Index Screen (Hampton Research) )
RG000027 20
RG000028 SaltRX Screen (Hampton Research) )

Table 4.11 Commercial crystallisation screens used in TunF crystallisation trial
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4.6.10 TunD expression, purification and characteri  sation
4.6.10.1 Construction of expression vectors containing tunD gene

The sequences of PCR primers are listed in Talle 2

Construction of pET16binD

The DNA sequence dafinD from S. chartreusis NRL 3882 was codon optimised for
E. coli and synthesised by Genscript USA Inc. The geneswpplied in a pUC57 cloning
vector and in pET16b expression vector, cloned éenMdel andXhol restriction sites.

Construction of pET21ainD

GenetunD was amplified by PCR with primers TunD Ndel Forwamd TunD No
Stop Reverse from plasmid template pET16iD, incorporating anNdel restriction
endonuclease site and a mutation converting stapprcolAA to Glu codon GAA
(underlined in Table 2.11). The amplified DNA puatl was purified and digested with
Ndel andXhol. A sample of plasmid pET2X#sB was digested with the same enzymes.
The purified insert was then ligated into the linged pET21a vector and transformed into
E. coli Novablue Gigasingles competent cells. Plasmid Din positive clones was
isolated and the formation of pET2tanD confirmed by sequencing with primers T7
promoter (F) and T7 terminator (R).

Construction of pGEX-4T1tunD

GenetunD was amplified by PCR with primers TunD BamHI Fordiaand TunD
Stop Reverse from plasmid template pETL6iD, incorporating aBamHI restriction
endonuclease site (underlined in Table 2.11). arhplified DNA product was purified and
digested withrBamHI and Xhol. A sample of plasmid pGEX-4TIuxP was digested with
the same enzymes. The purified insert was themtddyinto the linearised pGEX-4T1
vector and transformed int6. coli Novablue Gigasingles competent cells. Plasmid DNA
from positive clones was isolated and the formatdnpGEX-4T1tunD confirmed by
sequencing with primers pGEX 5" and pGEX 3".

Construction of pGEX-4T1HiganD

GenetunD together with a vector derived N-terminal Hitag was amplified by PCR
with primers TunD His BamHI Forward and TunD StopvRBrse from plasmid template
pPET16btunD, incorporating aBamHI restriction endonuclease site (underlined in [&ab
2.11). The amplified DNA product was purified adjested withBamHI and Xhol.

- 223 -



Chapter 4: Functional characterisation of tun gene products

A sample of plasmid pGEX-4TilxP was digested with the same enzymes. The purified
insert was then ligated into the linearised pGEX-4/Ector and transformed int& coli
Novablue Gigasingles competent cells. Plasmid D positive clones was isolated
and the formation of pGEX-4T1HtsnD confirmed by sequencing with primers pGEX 5
and pGEX 3".

4.6.10.2 Preparative scale expression and purification of Hisyo-TunD

Expression 20 uL of E. coli BL21(DE3)/pET16kunD glycerol stock was used to
inoculate LB broth (20 mL) containing carbenicill{@00 pg/mL). Following overnight
growth at 37 °C this starter culture was used tcuhate 6 x 800 mL of LB medium in 2 L
baffled conical flasks. These cultures were intetbat 37 °C and 200 rpm to aodof
0.6-0.8, cooled to 12 °C over 60 min and then pmoexpression was induced by the
addition of 0.5 mM IPTG. The cultures were lefigimw for 24 h (12 °C, 200 rpm) before
cell pellets were collected by centrifugation (800g, 12 min, 4 °C) and stored at -20 °C.

Purification All protein purification steps were carried out4a°C. The frozen cell
pellet from ~2.4 L induced culture (10.3 g) waspamled in binding buffer H (25 mL) and
stirred for 15 min at rt. Lysozyme (10 mg), DNA%6I2 mg) and %2 a tablet of Complete
EDTA-free protease inhibitor cocktail (Roche) wadkled and the suspension stirred for 40
min at 4 °C. Cells were further broken by sonmat{6 x 60 s, 60 s cooling cycle, 55%
amplitude) and the resulting lysate was cleareddnyrifugation (65,000 x g, 40 min, 4 °C)
and filtered (0.2 um filter). The protein was fied by NF*-affinity chromatography
(HisTrap HP 1 mL column, GE Healthcare) using higdbuffer H as the mobile phase.
Elution was achieved with a linear gradient of iardle (10— 500 mM) whilst monitoring
UV absorption at 280 nm. Elution fractions conitagn~53 kDa protein — as determined by
SDS-PAGE analysis — were pooled and dialysed apdialysis buffer | (2 x 1 L, 12,000-
14,000 MWCO), prior to concentration (Vivaspin, (@) MWCO) and storage at 4 °C. A
typical yield of <1.5 mg HisMBP-TunD was obtained per L of culture.

Binding bufferH 50 mM HEPES pH 7.5, 100 mM Na@0% glycerol,
0.5% Triton X-100, 10 mM imidazole

Dialysis buffer | 50 mM HEPES pH 7.5, 100 mM Na@d% glycerol,
0.5% Triton X-100
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. Amino . .
Protein "\ Amino acid sequence @ Mw! / pl

MGHHHHHHHHHHSSGHIEGR , HMEIIFTVSDQVWGGKHR
YMHDMALGLAQAGHTVTVLAEEGGAMLQQCRAAGVTTVS
VPAFASDDAAEAVRKALRHRRPHIVCVSGRADAAAVHHAQ
SQGVTDAAVCLFRHSAFPLGTTDEVRDLFTGVNLVFTTSLE
QRQRQFEPLINAGVLKDEQVEILTSGVGEPLLAALDAADRG
His1o-TunD AARKELRAESDQFVFLVLARLAWEKGIDQVIDAFADLELPP Mw = 53352 Da
493 DAAPPLLVVAGEGPLEAELRGQTIERGVAERVQFLGHQDH
VAPVIKASDAVVLTSTVPETGPLALKEAMAAGRPVIASVQG pl =5.47
GIPEFVEDERHGLLVIDDEDLRQAMQRLLSDREAAETMGA
AGSESVRGGHRAVRRVEYLAHRLDLLALEQLAPDTVLHEV
VWDDVRLREETQGGFVFVPRTSHIMELDSATYAVVRTAVE
AGDPLQLIKLPEETLGVIAHRLYAMGALVRQDGQATPAART
ADGERPVTEPA

fusion'

[a] Vector-encoded fusion sequence highlighted in red. Factor Xa protease recognition sequence is
underlined and cleavage site denoted by a chevron; [b] Average molecular weight; [c] Data for
native TunD — 472 residues, 50832 Da, pl 5.01;

Table 4.12 Amino acid sequence and selected properties of His;o-TunD
4.6.10.3 Preparative scale expression and purification of His¢-MBP-TunD

Expression 20 pL of E. coli Tuner(DE3)/pDB.His.MBRunD glycerol stock was
used to inoculate LB broth (20 mL) containing kagyam (50 pg/mL). Following
overnight growth at 37 °C this starter culture ws®d to inoculate 6 x 800 mL of LB
medium in 2 L baffled conical flasks. These cudtiwere incubated at 37 °C and 200 rpm
to an Asoo Of 0.6-0.8, cooled to 12 °C over 60 min and thestgin expression was induced
by the addition of 10 uM IPTG. The cultures west to grow for 22 h (12 °C, 200 rpm)
before cell pellets were collected by centrifugat{8,000 xg, 12 min, 4 °C) and stored at -
20 °C.

Purification All protein purification steps were carried owt4a°C. The frozen cell
pellet from ~1.6 L induced culture (5.6 g) was smged in binding buffer J (20 mL) and
stirred for 15 min at rt. Lysozyme (5 mg), DNAZ6l1 mg) and ¥z a tablet of Complete
EDTA-free protease inhibitor cocktail (Roche) wadgled and the suspension stirred for 40
min at 4 °C. Cells were further broken by pulsedisation (5 x 70 s of 0.5 s on/0.2 s off,
60 s cooling cycle, 55% amplitude) and the resgltysate was cleared by centrifugation
(65,000 x g, 40 min, 4 °C) and filtered (0.2 pntefi). The protein was purified by i
affinity chromatography (HisTrap HP 1 mL column, Glgalthcare) using binding buffer J
as the mobile phase. Elution was achieved witiheaf gradient of imidazole (1:6> 500
mM) whilst monitoring UV absorption at 280 nm. Etun fractions containing ~93 kDa
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protein — as determined by SDS-PAGE analysis — weoted and dialysed against dialysis
buffer K (2 x 1 L, 12,000-14,000 MWCO), prior to maentration (Vivaspin, 30,000
MWCO) and storage at 4 °C. A typical yield of 4 iHgs-MBP-TunD was obtained per L
of culture.

Binding buffer J 50 mM HEPES pH 7.5, 200 mM Naf@% glycerol, 20 mM MgG|
10 mM imidazole

Dialysis buffer K~ 50 mM HEPES pH 7.5, 200 mM Na®0% glycerol, 20 mM MgGl

. Amino . .
Protein Amino acid sequence

Mw™ / pl
acids W= I'p

MGSSHHHHHHGTKTEEGKLVIWINGDKGYNGLAEVGKKFE
KDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGG
YAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVE
ALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQE
PYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLT
FLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWS
NIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKE
LAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDP
RIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQT

N VDEALKDAQTGTDYDIPTTENLYFQ GHMEIIFTVSDQVWG . _

H'?rﬁu'xlgp 857 GKHRYMHDMALGLAQAGHTVTVLAEEGGAMLQQCRAAG Mw = 94307 Da

fusion® VTTVSVPAFASDDAAEAVRKALRHRRPHIVCVSGRADAAA 5 1,
VHHAQSQGVTDAAVCLFRHSAFPLGTTDEVRDLFTGVNLY
FTTSLEQRQRQFEPLINAGVLKDEQVEILTSGVGEPLLAALD
AADRGAARKELRAESDQFVFLVLARLAWEKGIDQVIDAFAD
LELPPDAAPPLLVVAGEGPLEAELRGQTIERGVAERVQFLG
HODHVAPVIKASDAVVLTSTVPETGPLALKEAMAAGRPVIA
SVQGGIPEFVEDERHGLLVIDDEDLRQAMQRLLSDREAAE
TMGAAGSESVRGGHRAVRRVEYLAHRLDLLALEQLAPDTV
LHEVVWDDVRLREETQGGFVFVPRTSHIMELDSATYAVVR
TAVEAGDPLQLIKLPEETLGVIAHRLYAMGALVRQDGQATP
AARTADGERPVTEPA

[a] Vector-encoded Hisg-maltose-binding protein fusion sequence highlighted in red. Tobacco etch
virus (TEV) protease recognition sequence is underlined and cleavage site denoted by a chevron;
[b] Average molecular weight; [c] Data for native TunD — 472 residues, 50832 Da, pl 5.01;

Table 4.13 Amino acid sequence and selected properties of Hisg-MBP-TunD

4.6.10.4 Attempted TEV protease cleavage of Hiss-MBP-TunD

Samples of HisMBP-TunD were subjected to protease cleavage byEACProtease
(Invitrogen) following protocols supplied by the mdacturer. Incubation temperatures of
16, 23 and 30 °C were screened. Extended incubétites of up to 48 h were tested as
well as a 5-fold increase in protease concentradi@r that suggested by the manufacturer.
Levels of protease cleavage were monitored by SRGH
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4.6.10.5 Preparative scale expression and purification of TunD-Hisg

Expression 20 pL of E. coli BL21(DE3)/pET21&unD glycerol stock was used to
inoculate LB broth (20 mL) containing carbenicill{@00 pug/mL). Following overnight
growth at 37 °C this starter culture was used tcuhate 6 x 800 mL of LB medium in 2 L
baffled conical flasks. These cultures were intetbat 37 °C and 200 rpm to aged\of
0.6-0.8, cooled to 15 °C for 30 min and then proteipression was induced by the addition
of 0.5 mM IPTG. The cultures were left to grow 4 h (15 °C, 200 rpm) before cell
pellets were collected by centrifugation (8,009,422 min, 4 °C) and stored at -20 °C.

Purification All protein purification steps were carried owt4a°C. The frozen cell
pellet from 0.8 L induced culture (4.0 g) was susjssl in binding buffer L (25 mL) and
stirred for 15 min at rt. Lysozyme (5 mg), DNAZ6l1 mg) and ¥z a tablet of Complete
EDTA-free protease inhibitor cocktail (Roche) wadkled and the suspension stirred for 30
min at 4 °C. Cells were further broken by pulsedisation (5 x 70 s of 0.5 s on/0.2 s off,
60 s cooling cycle, 55% amplitude) and the resgltysate was cleared by centrifugation
(65,000 x g, 40 min, 4 °C) and filtered (0.2 pntefi). The protein was purified by i
affinity chromatography (HisTrap HP 1 mL column, GEalthcare) using binding buffer L
as the mobile phase. Elution was achieved witiheaf gradient of imidazole (26> 500
mM) whilst monitoring UV absorption at 280 nm. Etun fractions containing ~53 kDa
protein — as determined by SDS-PAGE analysis — weoted and dialysed against dialysis
buffer M (2 x 1 L, 12,000-14,000 MWCO), prior to reentration (Vivaspin, 10,000
MWCO) and storage at 4 °C. A typical yield of 2@ TunD-Hig was obtained per L of
culture.

Binding buffer L 50 mM HEPES pH 7.4, 300 mM Na@0% glycerol, 20 mM
imidazole

Dialysis buffer M 50 mM HEPES pH 7.4, 300 mM Na®0% glycerol, 10 mM MgGl
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. Amino . .
Protein "\ Amino acid sequence @ Mw! / pl

MEIFTVSDQVWGGKHRYMHDMALGLAQAGHTVTVLAEEG
GAMLQQCRAAGVTTVSVPAFASDDAAEAVRKALRHRRPHI
VCVSGRADAAAVHHAQSQGVTDAAVCLFRHSAFPLGTTD
EVRDLFTGVNLVFTTSLEQRQRQFEPLINAGVLKDEQVEILT
SGVGEPLLAALDAADRGAARKELRAESDQFVFLVLARLAW
EKGIDQVIDAFADLELPPDAAPPLLVVAGEGPLEAELRGQTI
ERGVAERVQFLGHQDHVAPVIKASDAVVLTSTVPETGPLAL
KEAMAAGRPVIASVQGGIPEFVEDERHGLLVIDDEDLRQAM
QRLLSDREAAETMGAAGSESVRGGHRAVRRVEYLAHRLD
LLALEQLAPDTVLHEVVWDDVRLREETQGGFVFVPRTSHI
MELDSATYAVVRTAVEAGDPLQLIKLPEETLGVIAHRLYAM
GALVRODGQATPAARTADGERPVTEPAELEHHHHHH

TunD-Hisg 8 Mw = 52026 Da
fusion® 481
pl =5.16

[a] Vector-encoded C-terminal Hisg fusion sequence highlighted in red; [b] Average molecular
weight; [c] Data for native TunD — 472 residues, 50832 Da, pl 5.01;

Table 4.14 Amino acid sequence and selected properties of TunD-Hisg
4.6.10.6 TunD enzyme assay: Spectrophotometric coupled assay

Assays for TunD fusions were performed accordingmethods described by
Gosselinet al.**” Reactions were set up in 96-well microplates a@initig the following
components in a total volume of 200 pL: 50 mM MQO#*$6.5 - 8.0, 200 mM NacCl, 10
mM MgCly/MnCl,, 0.01 % w/v BSA, 1 mM phospho(enol)pyruvic aci®03uM NADH,

17 units pyruvate kinase, 24 units lactate dehyeinage, 1 mM NDP-sugar donor, 3 mM
glycosyl acceptor and various concentrations of/erepreparation. Plates were incubated
at 30 °C in a SpectraMax Plus spectrophotometerddidar Devices), with absorbance
readings measured every 10 s at 340 nm for 2 h.

4.6.10.7 TunD enzyme assay: HPLC assay

A typical reaction was incubated at 30 °C and @oed the following components in
a total volume of 50 pL: 10 mM HEPES pH 7.0, 100 REICI, 5 mM MgC}, 5 mM NDP-
sugar donor, 5 mM glycosyl acceptor, 0.1 % BSA wadous concentrations of enzyme
preparation.  The reaction was quenched by hedatin@5 °C for 3 min followed by
centrifugation to remove precipitated protein (080x g, 3 min). Control reactions
contained heat-denatured enzyme or water in theeithe TunD preparation.

HPLC Method A The HPLC system consisted of a Waters 2795 sepasanodule
coupled to a Waters 2996 photodiode array detectumirolled by Empower software.

Reversed-phase chromatography was achieved on mofkeex Luna NK column
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(250 mm x 4.6 mm x 5 um). Solvents used in theilaginase were as follows: solvent A
- H,O; solvent B — MeCN. An isocratic gradient of 70 Bowas used, with a typical
injection volume of 20 pl and detection at 260 nm.

HPLC Method B The HPLC system consisted of a Dionex Ultimate@pump and
Varian PL-ELS 2100 Ice detector, controlled by Gheteon v6.8 software. Reversed-
phase chromatography was achieved on a PhenomemexNH column (250 mm x 4.6

mm x 5 um). Solvents used in the mobile phase ageffellows: solvent A - bD; solvent
B — MeCN. An isocratic gradient of 70 % B was ysedh a typical injection volume of
20 ul and ELS detection (evaporation = 80 °C, neéatibn = 50 °C, Mflow = 1.6 SLM).

0.40- A “I‘ N-acetyl-tunicaminyluracil
i l "
I
| (o
) I i
< 0.20+ [ lH
4 |
A
A
0.00H——— - A A U ]
0.407 )
1B H‘ N-acetyl-N-deacyl-tunicamycin
0.307 I
] [
1 |
=) - |
2 0207 | “
] |
0.107 ‘\ \I
] 1
4 | ‘.
00—
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Minutes

Fig. 4.27 Select UV chromatograms from TunD HPLC assays; A: Proposed natural substrate for
TunD; B: Proposed product following TunD-catalysed reaction of N-acetyl-tunicaminyl-uracil with
UDP-GIcNAc

4.6.11 TunE expression, purification and characteri ~ sation
4.6.11.1 Preparative scale expression and purification of Hise-TunD

Expression 20 pL of E. coli BL21(DE3)/pET284unE glycerol stock was used to
inoculate LB broth (20 mL) containing kanamycin (R@/mL). Following overnight
growth at 37 °C this starter culture was used tcuhate 6 x 800 mL of LB medium in 2 L
baffled conical flasks. These cultures were intetbat 37 °C and 200 rpm to aRedof
0.6-0.8, cooled to 12 °C for 60 min and then progipression was induced by the addition
of 0.5 mM IPTG. The cultures were left to grow 4 h (12 °C, 200 rpm) before cell
pellets were collected by centrifugation (8,009, 22 min, 4 °C) and stored at -20 °C.
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Purification All protein purification steps were carried out4a°C. The frozen cell
pellet from 1.6 L induced culture (6.1 g) was susfal in binding buffer N (25 mL) and
stirred for 15 min at rt. Lysozyme (6 mg), DNAZ6l1 mg) and ¥z a tablet of Complete
EDTA-free protease inhibitor cocktail (Roche) wadkled and the suspension stirred for 30
min at 4 °C. Cells were further broken by sonmat{5 x 30 s, 15 s cooling cycle, 55%
amplitude) and the resulting lysate was cleareddnyrifugation (65,000 x g, 40 min, 4 °C)
and filtered (0.2 um filter). The protein was fied by NF*-affinity chromatography
(HisTrap HP 1 mL column, GE Healthcare) using higdbuffer N as the mobile phase.
Elution was achieved with a linear gradient of iamdle (10— 500 mM) whilst monitoring
UV absorption at 254 nm. Elution fractions conitagn~26 kDa protein — as determined by
SDS-PAGE analysis — were pooled and dialysed apdialysis buffer P (2 x 1 L, 12,000-
14,000 MWCO), prior to concentration (Vivaspin, (@) MWCO) and storage at 4 °C. A
typical yield of <1.5 mg HisTunD was obtained per L of culture.

Binding buffer N~ 50 mM HEPES pH 7.5, 300 mM Na@0% glycerol, 1 mM TCEP
0.5% Triton X-100, 10 mM imidazole

Dialysis buffer P 50 mM HEPES pH 7.5, 100 mM Nalll% glycerol, 1 mM TCEP
0.05% Triton X-100, 10 mM imidazole

Protein MO Amino acid sequence
acids
MGSSHHHHHHSSGLVPR , GSHMKVLVIAAHPDDEVLGAGAT
VSALSQQGAVVQIHILAEGISLRHSGVKIEEARERCQVAAKDL
Hise- GAAEVSFGGLAADGRLLADLPQRQVVDAVSHALREAEPEVVF Mw =26994 Da
Tunell 254  THHPGDIHADHRSVAHAVGYGTRILGSGSVRQVLHFEVLSST
EQQTGLVAPFTPNLFYDVTGHVEAKCRALAAYPYELYDPPHP pl = 6.33
RSLAAVRTLASYRGTQVGVEAAEAFMIGRELRGPMAAVPSGV
DVR

Mw ! /pl

[a] Vector-encoded Hisg fusion sequence highlighted in red. Thrombin recognition sequence is
underlined and cleavage site denoted by a chevron. The initiating valine in native TunE has been
replaced with a methionine in Hiss-TunE — highlighted in blue; [b] Average molecular weight; [c]
Data for native TunE — 234 residues, 24799 Da, pl 5.93;

Table 4.15 Amino acid sequence and selected properties of Hisg-TunE
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4.6.11.2 TunE enzyme assay: HPLC assay

A typical reaction was incubated at 30 °C and @oed the following components in
a total volume of 100 pL: 50 mM HEPES pH 7.5, 50 m\dCl, 10% glycerol, 1 mM
TCEP and various concentrations of enzyme prepexati The reaction was quenched by
heating to 85 °C for 3 min followed by centrifugati to remove precipitated protein
(16,000 xg, 3 min). Control reactions contained heat-dematlenzyme or water in the
place of the TunE preparation. Reaction mixturesavanalysed using HPLC Method B as
used with TunD enzymatic assays (see section 44.10
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Chapter 5: Towards synthesis of tunicamycin
analogue fragments

5.1 Introduction

Rationally designed analogues of tunicamycin héxeepotential to inhibit a diverse
set of clinically important glycosyltranferases.s Aiscussed in section 1.5, tailoring key
portions of the molecule will yield a library ofatusition state mimics containing
components from both the acceptor and the sugaordsubstrates, together targeting a
wide range of nucleotide diphospho-sugar depenglgobsyltransferases. Moreover, since
these compounds are based closely around the ummplecular scaffold of the parent
tunicamycin structure, they are predicted to retiamhigh potency and specificity observed
with tunicamycin towards its natural targets MratlaGPT2°¢4”

Ideally, the majority of such analogues would lmeessed from simple building
blocks, utilising the natural biosynthetic machingy assemble the tunicamycin analogues.
In previous chapters, attention has focused onptiecing the biosynthetic pathway of
tunicamycin in detail and functionally charactergiindividual enzymes. It is likely that
substrate specificities will vary, so where oneyemg may tolerate broad functional group
modifications to its native substrate, the nextyemz in the pathway may not. A synthetic
supply of analogue fragments would help overconesdlpitfalls by providing non-natural
substrates for enzymes whose substrates are rdilyresailable or reliant on successful
transformations by preceding enzymes. This way etizymology and substrate specificity
of the full range of biosynthetic enzymes can halisd in detail irrespective of their
position in the pathway.

Adopting such a purely chemical strategy will paavan alternative pathway to key
non-natural intermediates which will complement tlemoenzymatic route by
overcoming inherent limitations of using the nalwrszymes alone, thereby broadening the
chemical space available for a tunicamycin analdiguary.

The fragments targeted in this study are based thmtunicaminyl-uracil core of the
natural product, consisting of an eleven carboiddse linked to uracil. This skeleton is
derived from the tail-to-tail coupling di-acetyl-galactosamine and uridine moieties to
form the necessary € linkage (see sections 1.4.3 and 2.4.2). Throughicading this
unusual coupling synthetically, analogues of thedaminyl-uracil core could be accessed
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incorporating any of the naturally occurring nudieles (Fig. 5.1). Additionally, protection
of the amine group in galactosamine could be altetepending on the downstream
application. Incorporation of ax-acetyl group would allow for enzymati:-deacetylation
at a late stage — with biosynthetic enzyme TuniBllewed by alkylation of the resulting
free amine. More labile protecting groups couldifrporated if chemical deprotection
was envisaged. Further synthetic/chemoenzymatidadion and glycosylation of this core
skeleton would then lead to a diverse set of tunyean analogues.

o 0
HO OH ﬂNH NNMQNH
HO  OH OO

AcHN “on H HO  ©OH

HO Tunicamycin

Ho QM
HO Tunicamycin
NH Analogues via:
2 NH, 1. N-deprotection

\ N 2. N-alkylation
< HO OH /"N 3.Glycosylation
—_
A@f T AcHNWN«O —
HO __OH HO /
o] HO  OH
HO o
AcHN “OH /ﬁ on (/N
N=( N=(
OH NH;

Fig. 5.1 Targetting synthetic analogues of tunicaminyl-uracil

To this end, work presented in this chapter fosusestudies towards a new synthetic
route tob-galactosamine building blocks, a crucial comporahe tunicamine scaffold.
The chief driving force of these investigationstds address the limitations of current
literature procedures — low overall yields, regedficities and stereoselectivities —
through the adoption of a completely novel synthstiategy.
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5.2 Targeting an improved synthesis of  D-galactosamine
5.2.1 Introduction

Aside from forming the central core of the tunigam skeleton, derivatives -
galactosamine play an important role in an arralgiological processes. Its parent family,
the 2-amino-2-deoxysugars, represent a class tdibgiblocks present in a great number
of biologically important glycoconjugates. Theselude glycoproteins, peptidoglycans,
glycolipids and glycosaminoglycans, as well as blogroup oligosaccharidéd.
Functional analysis of a whole host of glycoconjegais facilitated by their chemical
synthesis, overcoming their difficult isolation imomogenous form and low natural
abundance.

The most abundant amino-sugar observed in thesectistes is N-acetylp-
glucosaminef-GIcNAc), which is commercially available and inexgive, allowing it to
be converted to synthetic building blocks throughmpde protecting group

0

manipulationg?®4°® N-Acetyl-p-galactosaminentGalNAc) is the next most abundant, and

was originally obtained from hydrolysis of chondimisulfate from shark fin cartilage:**
However, it remains in limited supply and is verypensive’™ necessitating more

elaborate routes for its incorporation into synthgtycoconjugates.

C-4 epimerisation of D-GIcNAc

1. Sn2 displacement

OBz OBz OA(:OBZ
0 Tf,0, pyr 1) NBu4OAc, DMF
Ao o Wio SEt = A0S SEt
NPhth NPhth NPhth

2. Oxidation/reduction

OBz DCC, TFA 0. 0Bz OH og,
HO&&/ DMSO, pyr &&/ L-Selectride o)
B0 SEt ————— Bz0 SEt — B0 SEt

NPhth NPhth NPhth

Fig. 5.2 Overview of existing syntheses of b-galactosamine derivatives — part |
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Amination of D-galactal onc

AcO
3. Azidonitration N;
OAc 0 OA
OACoAc CAN, NaNj OAc Acoé\\l PhSH COAC
Q MeCN 0 ONOz  E{N(iPr), 0
—> AcO —> AcO

AcO = N3 'ONO, N3 ‘OH
4. Nitrosylation
OH oy i) Ac,0, AcOH OH o
OH
OH N o Zn(Cu) 0
0 o~ Cl HO ii) HCI HO
HO o No CIHsN "OH

5. Amidoglycosylation

OB OB”OBn OB”OBn OB"OB

N0OBn o* o n
g:o N OTf | BnO NuH H o S N N
szo N O NHAc
TMSNHAc

6. Sulfonamidation OBn

OBn H2N802Ph BnO OBn OBn OB”OBn

OBn o~ Et;N 0 ROH
I(syn-collidine),ClO4 0 (0]
0 DCM BnO THF/HZO BnO AgOTf 5.0 OR
B — —_— n —_— N —_—
nO PhSO,HN
PhSO,HN SO,Ph

7. Azodicarboxylate cycloaddition

o} o} .
BnO - O «O-_OR ROH O LOR Ra-NilH,  OBnppp,
roc ™7 og BNO T _Tson BnO H  _MeOH o
no _— —_— —_—

KNS “y /N\
B hv BnO N N BnO N"" COR BnO OR
OBn OBn CO,R OBn CO,R NH;

Other routes
8. 2:3-1:6-Dianhydro-B-talose inversion

0 NH3(aq)
%} A Hogﬁ.
HO ClHaN “OH

9. D-Lyxose extension

OH 5y  MeNO, OH OH OH i) Ac,0, H,SO, OH OH NHAc Ba(OH),  OH on
o) NaOMe H NO ii) NH3, MeOH NO, H2804 [e)
HO : H HO
OH OH OH OH OH AcHN "“OH

Fig. 5.3 Overview of existing syntheses of b-galactosamine derivatives — part Il

Existing synthetic approachesoeGalNAc have been summarised in Fig. 5.2 and Fig.
5.3. The most common strategy involves epimerisingy C-4 position ob-GIcNAc to
yield the requisitegalacto- configuration. First performed by Gross al. in 1965
selective activation of 4-OH with a mesylate ofldte is followed by §2 inversion by an
O-nucleophile such as acetate or benzdat&? In another report, inversion was achieved
through an oxidation-stereoselective reduction saqge'® Unfortunately, these methods
require numerous time- and cost-intensive protgcgnoup manipulations and typically
harsh reaction conditions for the inversion, prowijdonly modest overall yields. A
popular alternative is functionalisation mgalactal, which easily obtained from the readily
availablenp-galactose. Numeroud-functionalities have been introduced at the C-2tjopos
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to yield p-galactosamine derivatives, including aztdfe,amide®?® sulfonamide'®°

nitroso?* hydrazin€?®*° triazene’? nitro*** and carbamaté* functional groups. However,
many of these syntheses suffer from poor yieldatiregl to unselective addition to the
glycal and the non-trivial conversion of somewhabte adducts to final glycosylated
products. In fact, one of the most widely usedhods is also one of the oldest, that of
glycal azidonitration developed by Lemieaal. in 1979**° This method has remained
attractive due to the direct incorporation of athetically useful azide handle at C-2,
despite the formation of epimeric by-products ipra@giable quantities. Alternative routes
have also been demonstrated, including nucleoplatiack on dianhydr@-D-talose

derivatives*®® It

chain extension ob-lyxose'?® and Heyns' rearrangement pftagatosé?’
Unfortunately, the rare monosaccharide startingenss involved have hindered the
practical application of these approaches. Consigehe limits of all the aforementioned
methods, there is significant scope for improvenamd a novel route tp-galactosamine
derivatives would be of great value, particularfyiti possesses key attributes of. a)
expedient synthesis from an abundant precursdnlé&ance of a wide range of protecting

groups and c) high yielding glycosylation followiagtivation.
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5.2.2 Synthetic plan

The aim is a simple and expedient synthetic raate-galactosamine derivatives

starting from cheap and abundant hexoses, withospgcific introduction of diverse

protecting groups for facile functionalisation dastneam into specific glycosylation donors

and acceptors. Our proposed route utilises methgygonvolving rhodium catalysed-H

activation with accompanying nitrene insertf6#**°

D-Mannose D-Galactosamine
- Amination derivatives
HO OH - Invers!on atC-2 BnO _OH
HQ (0] - Inversion at C-4 /o)
O, T = RO SEt
l OH NHCbz
l egcosyIationT
OR 0 Rh(ll) catalysed OR 0 i) imine formation OR O i) N-protection OR o
B~To C-H amination 0 i) imine reduction -0 ii) Sy2 at C-4 -0
5 ORR ——— OR' —_— ——— > BnO
Y
O~e-NH O~a-NH NHCb
O\//S\\/NHz /,S\\ /,S\\ z
100 101 102

Scheme 5.1 Proposed route to 2-amino-2-deoxy-galactose derivatives

As outlined in Scheme 5.1, the starting matersalr@adily availablen-mannose.
Dehydration to 1,6-anhydm-mannose will lock the sugar in an axial-rich confation,
prior to selective hydroxyl protection and sulfaratypn of 4-OH. Sulfamate-derived
nitrenes have been shown to greatly favour ingeitito y- rather thar-C-H bonds??%4%°
It has been proposed this is due to the elongat€ &d SN bonds (1.58 A) and the
obtuse angle of the #6-O motif in the sulfamate (103°), matching the neeparameters
of the six-membered heterocycle and thus makinddimaation of a 5-membered ring less

kinetically favourablé?

8430 The irregularC, conformation of our 1,6-anhydm-mannose
scaffold is required to bring theC,—H into close proximity of the sulfamate nitrogen in
100 for efficient nitrene insertion.  Other methanfslocking the hexose in an axial rich
conformation were considered - including 2*6and 3,6-anhydf3? derivatives as well as
alternative bridging grouf® — but the ease of installation and the potentiathe 1,6-
anhydro ring to act as a glycosyl donor proved sieei Following Rh catalysed
oxathiazinane formationl1Ql), hydride attack on a transiently formed iminiuam iwill
yield 102 in which the nitrogen can be selectively proteqiedr to nucleophilic inversion

of the C-4 centre. Anomerically assisted openihghe 1,6-anhydro ring completes the

- 238 -



Chapter 5: Towards synthesis of tunicamycin analogue fragments

synthesis, with scope to incorporate a wide ranfjeuxleophiles, including glycosyl
acceptors. The resulting products will be seletyiprotected-galactosamine derivatives,
with the startingp-mannose having undergone a selective aminatioriregsion at both

C-2 and C-4.

5.2.3 Synthesis of sulfamate ester building blocks

o)
C
Ho— OH 0\, Jon | — OH 05 OMe OMe
HO O 2 .HO O —2 = /o
HO HO OH d
\ O ™ O
OH OH OH O o o 1
D-mannose 103 104 0 0
o) o)
OH 406 OH 497

Scheme 5.2 a) TsCl, pyr, 48 h; b) 1M aqg. NaOH, pH 9, 18 h; c¢) 2,2-dimethoxypropane, TsOH,
acetone, 72 h; 105 25% (from D-mannose); d) 4-methoxybenzaldehyde dimethyl acetal, TsOH,
DMF, 50 €, 300 mbar, 4 h; 8% 106, 15% 106 + 107 (from D -mannose);

To access the necessary axial-rich 1,6-anhydroas#nderivativeshp-mannose was
first reacted with TsCl in pyridine and then expmbde base, whereupon intramolecular
displacement of the resulting@-+tosylate afforded the dehydrated sugad*** When
working on a larger scale the TsOH and NaCl by-pot&l were successfully removed by
anionic exchange with Dowex 550A resin (Ofdrm) and precipitation with methanol
respectively. Although minor sugar impurities réemea, the product was sufficiently pure
to undergo acetal formation without requiring fertipurification by flash chromatography.
Isopropylidene and 4-methoxybenzylidene acetalseveebsequently formed in 22-25 %
yield from p-mannose using standard conditions (Scheme *%:2¥ The moderate
observed yields can be attributed to incompletecsi®ity during tosylation and subsequent
displacement reactions, although it should notdsgdtten that a structurally rich scaffold
has been obtained from a cheap and abundant gtartaterial in the process. The
anisaldehyde acetal was obtained as a mixturendd and exo isomers, in a 2.3:1 ratio
(endo/exo). Although inseparable by chromatograpkgdo isomer106 was selectively
crystallised from acetone and petroleum ether, itgabehind anexo-enriched mother
liquor. This allowed us to test whether the acstaleochemistry has any effect on the
regioselectivity of the subsequent Rh(ll) cataly€eH amination.
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EtzN, solvent

R O\/O OB ]
Q:: Rl N7 7 R
S oMun | 5
o) >

OH 12h,-10-0°c  O-s-NH:
7\
Entry Alcohol Conditions Product Yield

1 3 DCM o: \‘\"" 45%

Or: 7 2 _ ‘

o—+~ % // \w\ )

2 976 MeCN o) o /,\// 19%

\

O-g-NH :

OH 75\ 2 t\("‘/!
3 105 DMA 00 \ 80%
108 2
OMe
OM: @
o @ o——|Q
4 o—° DCM 976 76%
Q706
! O-~g-NH,
H 7\
106 00

109

OM 109;01/10:
0
5 @ DCM, 4 h 1L

o) .
O-g-NH, O-g-OH 109+110:
6 OH DCM. 2 h 22\ /77N 46%
, OO0 OO0 111:
106 + 107 .
109 + 110 111 0%

[a] Formed in situ from CISO,NCO and HCOOH, stirring for 17 h in dry DCM (NB. MeCN for entry 2)
prior to addition of the alcohol;

Table 5.1 Sulfamate formation from 1,6-anhydro-D-mannose derivatives

These acetal protected 1,6-anhydromannose dewgatiext required conversion to
sulfamate esters (Table 5.1). Using existing ptaoes acetonid&08was isolated in 45 %
yield, although work-up and purification steps waredified to accommodate for the high
water solubility of the product§®**® In order to improve the modest yield observedwit
DCM, a number of reaction solvents were screer®dA proved most effective, resulting
in an 80 % conversion to sulfamdit@8 of which an X-ray crystal structure was obtained
(Entries 1-3). The use of DMF gave a complex mixtaf products (results not shown),
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attributed to the previously reported propensitytiis solvent to form adducts with
sulfamate$®” DMA was thus chosen as an alternative becausaibtonyl group was less
electrophilic and therefore less prone to formingse adducts. Anisaldehyde acdidb
and theexo-rich epimeric mixturel06+107 were also converted to their corresponding
sulfamate esters, although in the latter case fatsuby-product was isolatedX1). This
could be explained by further sulfamoylation of gfreduct sulfamoyl group, which could
hydrolyse during purification; this has been shotenoccur under extended reaction
times**® A reduced reaction time alleviated this probl&ntties 5-6).

OR O
O‘O conditions OCH)
0] > OH
O~g-NH O~g-NH
Fo P
Entry Sulfamate Ester Conditions Product Yield
1 OMe Pd(OH)2 / H, -
@ EtOH, 24 h
CAN _ [
2 o 0 MeCN/H,0 (9:1), 48 h
3 Q70 80% AcOH 2504
109+1101°] 24h
O\//s\(NHz TSOH (0.2 eq) 0 —
oo MeOH, 24 h OH
c TSOH (0.2 eq) Q7 oH )
o3 MeOH, 24 h o NH 112
6 o—+~ TSOH (0.6 €q) ik o
Q70 MeOH/H,0 4:1, 2 h, 70 °°C OO0
108
PPTS (0.6 eq) C|
7 Oj/S\("”"2 MeOH/H,0 4:1,3 h, 70 T
TFA/H,0 4:1
8 18h 100%

[a] The benzylidene sulfamate was used as a mixture of isomers; [b] Some oxidation to the 4-
methoxybenzoyl derivative was detected, but the reaction could not be driven to completion; [c]
Some conversion to product was observed, although the reaction could not be driven to completion;

Table 5.2 Sulfamate acetal deprotection
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In order to test the effect of ring conformation 6aH amination, portions of the
acetal-protected sulfamates were converted to iacglerivatives, in order to increase the
flexibility of the tricyclic skeleton. To this end variety of conditions were trialled for the
deprotection of existing acetats08 109 and 110 (Table 5.2). In the case of the
anisaldehyde acetal, the most effective methodlwedbtreatment of the epimeric mixture
with TsOH in methanol, affording didl12 in 77% vyield (Entry 4). Acetonid@08 was
found to be much more stable to hydrolysis, andateeementioned conditions were not
successful even with elevated temperatures andaa steichiometric amount of acid.
However, upon treatment with 80% aqueous TFA, ttetamide was successfully removed
in quantitative yield (Entry 8). These resultswhbat the sulfamate ester groups in these
molecules are more robust in strongly acidic coodg than had been anticipated.

With deprotected sulfamat&l? in hand, selective protection of the 2,3-diol was
attempted (Table 5.3). Acetate and silyl protecgmoups were chosen as they would not
form any additional rings, thereby avoiding theraxtonformational rigidity present in the
acetal derivatives. Standard acetylation withia@thydride and pyridine led purely to the
formation of triacetatd 13 (Entry 1). A more controlled approach was attexdptvhere it
was hoped the greater reactivity of the two hydraypups could be utilised to avoid
concomitant sulfamate acetylation. Reaction tenel equivalents of acetic anhydride
were varied, along with the amounts of bases/nptidio catalysts such as triethylamine
and pyridine. However, a complex distribution oétylation states was always observed,
with prolonged persistence of dibl2 and monoacetatel7 accompanying appearance of
triacetatel13 (Entries 2-5). Even when diacetdt®8 was isolated — running as a single
spot by TLC — it was found by NMR to contain a rmpd of all three possible isomers. It
appears that the hydroxyl groups have a much cleset of reactivity to the sulfamate
than expected, thereby greatly complicating thelective acetylation.
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Entry  Sulfamate Ester Conditions Product Yield
@)
OAc
Q7 oac
1 Ac,O/pyridine 1:1 113 69%
O-g-NHAc
/7 \\
0O
OxAc: 5%
2 ACZO (2 eq) 1xAc: 30%
pyridine, 21 h 2xAc: 45%
3xAc: 20%
) . 9EQ
Ac,0 (2 eq) OR OxAc: 2504’
-0 1xAc: 60%
3 EtsN (1 eq) OR :
; 2xAc: 15%
1,4-dioxane, 10 h o
O-~g-NHR 3xAc: 0%
OH Q Ac,0 (6 eq) 5% 1xAc: 30%
4 97 oH EtsN (3 eq) R = Ac or H 2xAc: 45%
112 lA4-dioxane, 48 h 117: 1xAc = Monoacetate 3xAc: 25%
O-g-NH; 118: 2xAc = Diacetate OxAc: 10%
5 Ac,0 (2.1 eq) 113: 3xAc = Triacetate 1xAc: 40%
DCM, 7d 2xAc: 45%
3xAc: 5%
@)
TESCI (10 eq) 055
eq KO)
6 Imidazole (15 eq) OTES 115 36%
1,4-dioxane, -10—25 C O\S,NH2
77\
OO0
@)
TBSCI (10 eq) Q(T)BS .
7 Imidazole (15 eq) OTBS diTBS: 10%
DMA, 48 h 114 triTBS : 53%"
0.8M O-~g-NHTBS
7\
OO0
% D 50WX8-H" o
8 OTBS 0W€>|\</I oH - OTBS -
Q otBS e Q oTBS
TFA/THF/H,0
O-~q-NHTBS 2 O~<-NH
9 o 1:10:5 S 2 79%
OO0 0T, 90 min

[a] Product ratios estimated by TLC and MS analysis; [b] Decomposed slowly to di-TBS compound
on prolonged storage at room temperature;

to be significantly weaker than %) bonds"

Table 5.3 Selective protection of sulfamate diol

Attention was next switched to silyl group protest Since SiN bonds are known

our strategy envisaged global silylation

followed by selectiveN-desilylation — achieved eithén situ as part of a standard work-up
procedure under or under mild acidic conditionsitidlly, reaction of the diol with TES-CI
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gave disilyl ethell15in 19 % yield (Entry 6). Attempts to improve thigld with more
reactive TES-OTf were unsuccessful. SilylationrwiiBS-Cl was extremely sluggish, and
required a very concentrated reaction. Under tloeselitions, trisilylated derivativé14
was isolated as the major product (Entry 7). Fately, an efficient method was found to

selectively deprotect the-TBS sulfamate in the presence of both silyl etliErgry 9)*4°

5.2.4 Rhodium (ll) catalysed nitrene insertion

With six differentially protected 1,6-anhydmmannose derivatives in hand, the
stage was set for Rh(ll) catalysed nitrene inserabC-2. These sulfamates were exposed
to C-H amination conditions developed by Du Baisal. (Table 5.4)% All of the
derivatives tested successfully underwent sulfanmstertion with the exception of diall2,
whose free hydroxyls presumably formed complexél thie rhodium catalyst, inactivating
it and thereby precluding nitrene formation (Enfry. It was found that a high
concentration of sugar was required for efficieabwersion; fortunately the reaction was
tolerant to a number of aprotic solvents allowihg teaction solvent to be optimised based
on the solubility profile of individual substrate$Vith the anisaldehyde acetal derivatives,
the endo isomer was converted to the insertion prodifdin 92 % vyield (Entry 2). The
exo isomer was reacted as exo-enriched mixture of acetal isomers, and a singtd by
TLC was isolated in 49 % yield. The NMR contairtea distinct products, in the same
2:1 ratio as the epimeric mixture of starting mialer The minor compound corresponded
exactly to theendo product120, meaning the other was derived from #xe sulfamate
(110, allowing theexo product to be successfully assigned (Entry 4).e Ppbor yield
observed with the di-TES derivativél may be from losses during flash chromatography,
caused by the lability dd-TES in the mildly acidic conditions of a silicalemn (Entry 5).
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oRr OLR
o—+ 5% mol Rhy(OAc), QO_—r
074 - - o)

PhI(OAG),, MgO

O-~g-NH, solvent |
J% 20-45°C, 1-4 h é/s Ne)
Entry Sulfamate Ester Conditions Product Yield
0: 0:,
v A (0]
o 270
1 (0] THF 45%
108 0.05M oNH 119 (rsm: 54%)"
O~g-NH, y
/N lbo
O
OMe OMe
o) @ g o Q.»‘:
o——" 1,4-dioxane SR
2 076 0.2M 970 S
109 ONH 120
O~g-NH, y
7\ [ISQO
(OJN0) o
OMe OMe
0.02M
o) Q
o— 0]
s O
1,4-dioxane NH 121 onldl
/ \ /\O
@)
OTES] QLES
. L/ otES DCM OTES 19%
115 0.2M oNH 122 (rsm: 14%)
O~g-NH, ;'3
/7 N
00 g ©
0
oOTBS] QLBS
KO) OTBS
OoTBS DCM
6 116 0.2M ONH 123 61%
O~g-NH, }é
N N
00 5 ©
)
OH
Q OH 1,4-dioxane 0%
7 112 - - 930
O-g-NH 0.2M (rsm: 93%)

7\

[a] Reaction performed on exo-enriched mixture of isomers 109+110; [b] recovered starting material

Table 5.4 Rh(ll) catalysed C—-H amination of 1,6-anhydro-D-mannose sulfamates
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Careful analysis of the NMR spectra obtained fralinthe sulfamidate products
confirmedN-insertion had indeed taken place - one of the shegnse-derivedH shifts in
each starting material had disappeared and a petiet’C NMR of each compound was
missing in HSQC and DEPT spectra, indicating a equatry carbon centre. However, it
became apparent thidtinsertion had occurred at C-3 rather than C-2.s Was unexpected
because with sulfamates, it is known that inserirdga they C-H is preferred over thg
C-H, and as such the 6-membered product is favoweda5-membered oxathiazolidine
ring. It has been proposed this is due to thegaltsd SO and SN bonds (1.58 A) and the
obtuse angle of the #6-O motif in the sulfamate (103°), matching the neeparameters
of the six-membered heterocycle and thus makinddimaation of a 5-membered ring less
kinetically favourablé’° Our unexpected result was confirmed in each baseclear;.
»coupling of ~ 2 Hz confirmed by COSY, and lack offd%.s0r *%.4coupling. In addition,
a HMBC spectrum of acetonidel 9 showed distinct coupling of C-3 in this compound t
H-1, H-2, H-4 and H-5.

Fig. 5.4 X-Ray crystal structure of 1,6-anhydro-2,3-O-isopropylidene-4-O-sulfamoyl-3-d-
mannopyranose 108 visualised using Mercury 1.4.2 software™**

We were able to obtain an X-ray crystal strucfr@acetonide sulfamate08 which
shed some light on the unusual regioselectivityeoled. As can be seen in Fig. 5.4, the
C-H bonds at C-2, C-3 and C-5 are all accessible/ttisation with the sulfamate. They
are all tertiary €H bonds with anma-ethereal centre, a motif shown to strongly favour
nitrene insertiorf®®  On this basis, the crystal structure of sulfaEi®8 would support
insertion at C-2 — the-®* and SN bond lengths are 1.593 and 1.592 A respectivety a
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the 04S-N angle is 101.75° closely matching literatureaddt Therefore it was
especially surprising that in each of the five eplas only a single product was observed:
cyclisation to C-3 to form a five-membered oxatbiatine. This is despite the presence of
two alternative cyclisation pathways at C-2 and,®#e of which offering a much more

favouredy insertion.

There are several potential origins of this clealectivity. The rigid bi- or tricyclic

scaffold might present thB-Cs—H bond in a much more favourable conformation for
nitrene insertion than thgC.—H bond. The crystal structure does indeed show the
pyranose ring to be distorted away from a chaif@wonation, leaving the axial bonds at
C-2 and G4 no longer parallel but pointing slightly away rfroeach other: the
0O-C,—C4—0 torsion angle is -157° and the angle betweerCh® and G-O vectors is
23°. A potential determining effect consistenthwihe observed specificity of attack at
C-3 over G5 can be considered through stereoelectronic sffdgbth G-H bonds aré to
the sulfamate and both show similar spatial origmarelative to G-O. However, the
Cs—H bond is selectively weakened by hyperconjugaftiom the adjacent oxygen lone pair,
which is held in a suitable conformation to ovenegll with the G-H o* orbital (Fig. 5.5).
In contrast, the lone pair orbitals of the pyranosggen are more poorly aligned with
0*(Cs—H), making this bond less activated for nitreneertisn. Such stereoelectronic
effects may explain why the identity and/or stetemnistry of the hydroxyl protecting
groups at ©2 and G-3 had no bearing on the regioselectivity of thertisn reaction.

O,

)\ 3HB 108
o~/

H

B VHO\ /NH2

/ o// \\O
/B insertion pinsertion y insertioﬁ\
‘ at C-5 at C-3 at C-2 "*

. n(o3)
o*(C5-H )v /)\ o*(Co H) 0 )\
00 0. 8%
(o] )
H

//\\ / \ N\
oo 3o oo

observed reactlwty

Fig. 5.5 Stereoelectronic analysis of observed regioselectivity in C—H insertion amination
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5.3 Conclusions

With respect to the original goals, the resultsaoted here would unfortunately lead
to 3-amino-3-deoxyp-idose rather than the desired 2-amino-2-demgalactose
derivatives. However, these studies have importanader implications. The study
represents an exceptional example of selectivid @ctivation in the presence of multiple
potential insertion sites. The inverted regiosiléyg exemplified by selectivg-insertion
took place in the presence of an equally activg€dH, which would normally be greatly
favoured®* Additionally, remarkable selectivity was obsersetween the twd-C-H
centres at C-3 and C-5; this selectivity has besiomalised through consideration of
stereoelectronic effects.

To the best of our knowledge, this is also thst faxample of a sulfamate cyclisation
forming a five membered ring in preference to amsembered ring based on conformation
alone. Althouglf-insertion has been reported with sulfamates,htagsonly been observed
when noy pathway is availabl&;>* or if an electron-donating group is present atftmit
not they position, providing a much more active& for insertion**> Formation of 7 and
even 8-membered sulfamidates has been reportedthbupresence of a heteroatom
adjacent to the site of insertion was the driviogcé for specific €H activation, rather
than pure conformational constraifits.

In conclusion, this is an interesting and uniqlsesvation which will further our
understanding of the influencing factors and meidti@n aspects involved in 4
activation and nitrene insertion methodolodi¥s.
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5.4 Experimental
5.4.1 General Considerations

For details of equipment, analytical parametezagents, solvents and other general
considerations please refer to section 3.5.3.

5.4.2 Synthetic procedures

1,6-Anhydro-2,3-O-isopropylidene-b-mannopyranose 104*

o0, D-Mannose (10.0 g, 55.5 mmol) apdoluenesulfonyl chloride (14.8 g, 77.7
’%_o‘/ mmol) were dissolved in dry pyridine (70 mL) anc tbolution cooled to
OH 0 °C. After stirring for 5 days, TLC (MeOH/EtOAc4) showed a spot atR
0.5 (6:O-p-toluenesulfonyle-mannose). 1 M ag. NaOH (50 mL) was added to tidenp
solution, followed by slow addition of sat. aq. Na@ntil a pH of 9 was reached. An
associated colour change was observed, with tldegdolution turning dark brown when
an alkaline pH was achieved. After stirring for A8TLC (MeOH/EtOAc 1:4) showed
spots at R0.5 (6:O-p-toluenesulfonylb-mannose) and 0.3 (1,6-anhydrenannose). The
reaction was neutralised with 37% aq. HCI, andsibigent removedh vacuo. The orange
residue was dissolved in MeOH and dry loaded onicas Crude purification by flash
chromatography (MeOH/EtOAc 3:17) through a shditaiplug was performed, yielding
1,6-anhydroe-mannose (7.40 g) as a pale brown solid. Thideproduct was suspended
in dry acetone (200 mL) and cooled to 0 °C, befeteluenesulfonic acid (1.01 g, 5.28
mmol) and 2,2-dimethoxypropane (6.73 mL, 54.7 mmadje added. After stirring for 72
h at room temperature, TLC (EtOAc/Petrol 4:1) shdwee single product at (R0.3.
Triethylamine (1.5 mL) was added and the solventawedin vacuo. The residue was
dissolved in DCM (200 mL), washed with brine (15Q)nand dried over MgS§) before
being filtered and concentratenlvacuo. The resulting solid was recrystallised from éthy
acetate and petroleum ether to yield 1,6-anhydBe2Risopropylideneg3-D-mannopyranose
105 (1.91 g, 9.45 mmol, 16% from-mannose) as white crystals. Flash chromatography
(EtOAc/Petrol 4:1) of the mother liquor affordedther product (931 mg, 4.60 mmol, 9%

from b-mannose);M.p. = 152.5-155 °C, EtOAc, (Lit*° = 154-155 °C);[a],** = -51.3, ¢ =
1.0, CHCE, (Lit.**® [a]p?* = -58, ¢ = 2.3, kD); *H NMR (400 MHz, CDC}) 5 1.32, 1.53
(2xs,2%x3H,2x-83),2.74 (br. s, 1 H, 4-8), 3.76 (dd Jsaep= 7.3 Hz,436,4: 6.4 Hz, 1
H, H-6a), 3.96 (br. s., 1 H, H-5), 4.02 (digs6a= 7.3 Hz,J= 0.8 Hz, 1 H, H-6Db), 4.08 (dd,
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Jo3= 6.1 Hz,Jp1= 2.9 Hz, 1 H, H-2), 4.21 (dds»= 6.1 Hz,J54= 1.3 Hz, 1 H, H-3), 4.52
(dd, Js6= 6.4 Hz,Js 3= 1.3 Hz, 1 H, H-4), 5.34 (d»= 2.9 Hz, 1 H, H-1);3C NMR (100
MHz, CDCk) & 25.8, 25.9 (2 x -GIH3),), 64.3 (C-6), 69.4 (C-5), 72.0 (C-2), 75.7 (C-4),
76.1 (C-3), 99.5 (C-1), 110.2QGCHsy)); IR (thin film) v : 3500 (br, O-H), 3000 (w), 2950
(m), 2910 (m), 1390 (m) ¢ MS mz (ESI): 201 [(M - HJ, 20%], 403 [(2M - H)
100%];

4-Methoxybenzylidene protection of 1,6-anhydrd3-D-mannopyranose 10447448

OMe OMe
0 ArCH(OMe), @
OH
. TsOH O & o)
Q OH > O—|S endo t+ O—r
DMF, 50 °C 0 -0 » 8X0
OH o O
300 mbar

OH OH

D-Mannose (2.61 g, 16.1 mmol) apeoluenesulfonyl chloride (4.30 g, 22.5 mmol) were
dissolved in dry pyridine (20 mL) and the solutmoled to 0 °C. After stirring for 5 days,
TLC (MeOH/EtOAC 1:4) showed a spot gt@®5 (6O-p-toluenesulfonyle-mannose). 1 M
ag. NaOH (12 mL) was added to the golden solufimigwed by slow addition of sat. aqg.
NaOH until a pH of 9 was reached. An associatddutachange was observed, with the
golden solution turning dark brown when an alkalpk¢ was achieved. After stirring for
18 h TLC (MeOH/EtOAc 1:4) showed spots atd5 (6O-p-toluenesulfonylp-mannose)
and 0.3 (1,6-anhydro-mannose). The reaction was neutralised with 3g%1&I1, and the
solvent removedh vacuo. The orange residue was dissolved in MeOH andadwyed onto
silica. Crude purification by flash chromatograptMeOH/EtOAc 3:17) through a short
silica plug was performed, yielding 1,6-anhydranannose (7.40 g) as a pale brown solid.
This crude solid was concentrated to dryness fish toluene/HO (9:1, 25 mL), then
from toluene (25 mL), before being dissolved in yIF (5 mL). p-Toluenesulfonic acid
(43 mg, 0.33 mmol) and 4-methoxybenzaldehyde diyhetbetal (2.68 mL, 17.8 mmol)
were added. After stirring for 4 h at 50 °C undeduced pressure (300 mbar), TLC
(EtOAc/Petrol 4:1) showed spots at@R7 (4-methoxybenzaldehyde derivatives) an@.R
(product).  Triethylamine (1 mL) was added and $lé/ent removedn vacuo. Flash
chromatography (EtOAc/Petrol 1:1), afforded 1,6yaftb-2,3O-(4-methoxybenzylidene)-
B-D-mannopyranose (1.01 g, 3.92 mmol, 23% frommannose) as a mixture of 4-
methoxybenzylidene isomersnflo/exo 2.3:1). This white solid was recrystallised from
acetone and petroleum ether to yield 1,6-anhydde=Rendo-(4-methoxybenzylidenef}-
D-mannopyranosé06 (373 mg, 1.29 mmol, 8% from-mannose) as white crystals. The
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orange mother liquor contained 1,6-anhydro-@;84-methoxybenzylidend}-D-
mannopyranose (630 mg, 2.63 mmol, 15% fmmannose) as agxo-enriched mixture of
4-methoxybenzylidene isomermn@o/exo 1.3:1);

1,6-Anhydro-endo-2,3-O-(4-methoxybenzylidene)B-D-mannopyranose 106

OMe M.p. = 139-140 °C, EtOAc, (Lit*® = 141-142 °C);[a],* = -80.1,
@ c = 1.0, MeOH, (Lit"*® [a],*° = -81.5, ¢ = 1.0, EtOH)’H NMR
O 2

o_o—-|-°‘ (400 MHz, DMSO¢g) & ppm 3.66 (ddJspea= 7.3 Hz,Jep5= 6.4
o Hz, 1 H, H-6b), 3.76 (s, 3 H, -06), 3.83 (ddJsa 6= 7.3 HZ,Jas
OH = 1.3 Hz, 1 H, H-6a), 3.88 (dl;4.0n= 4.8 Hz,Js3= 1.0 Hz,Js 5=

1.0 Hz, 1 H, H-4), 4.02 (dils»= 6.8 Hz,Js4= 1.0 Hz,"J35= 1.0 Hz, 1 H, H-3), 4.06 (dd,
Jo3= 6.8 Hz,Jo1= 2.8 Hz, 1 H, H-2), 4.48 (app. dds o= 6.4 Hz,Js.6a= 1.3 Hz,Js4= 1.0
Hz, %Js 3= 1.0 Hz, 1 H, H-5), 5.38 (dy »= 2.8 Hz, 1 H, H-1), 5.57 (ds0n4= 4.8 Hz, 1 H,
4-OH), 5.63 (S, 1 H, Elbenzyiid), 6.94 (d,J = 8.6 Hz, 2 x 1H, 2 x Ba,), 7.56 (d,J = 8.8 Hz,
2 x 1H, 2x Gla); °C NMR (100 MHz, DMSO#dg) & ppm 55.8 (-@Hs), 64.7 (C-6), 69.2
(C-4), 71.4 (C-2), 76.1 (C-5), 78.7 (C-3), 98.8 {5;-103.6 CHoenzyiid, 114.1 (2 C, 2 x
CHar), 129.6 (4%,), 129.8 (2 C, 2 >CHp), 160.8 (4%); MS m/z (ESI) : 279 [(M-HY,
70%], 559 [(2M-H), 100%);

1,6-Anhydro-exo-2,3-O-(4-methoxybenzylidene)B-D-mannopyranose 107

'H NMR (400 MHz, DMSO€s) & ppm 3.63 (ddJspea= 7.3 Hz,
OMe  3.,5= 6.1 Hz, 1 H, H-6b), 3.75 (s, 3 H, -®), 3.88 (d,Js 4.0 =
o 4.7 Hz, 1 H, H-4), 3.92 (ddgaep= 7.3 Hz,Jsa5= 1.0 Hz, 1 H, H-
Ez' 6a), 4.04 (M, 1 H, H-3), 4.33 (dd5= 5.9 Hz,Jo1= 2.8 Hz, 1 H,
© H-2), 4.48 (m, 1 H, H-5), 5.44 (d,»= 2.8 Hz, 1 H, H-1), 5.49 (d,
Jaons = 4.8 Hz, 1 H, 4-@)), 6.10 (s, 1 H, Elhenzyiid), 6.91 (d,J =
8.6 Hz, 2 x 1H, 2 x Ba(), 7.31 (d,J = 8.6 Hz, 2 x 1H, 2 x By), shifts were assigned
from a spectrum containing an inseperable mixtdnsamers, enriched in thexo isomer;
13C NMR (100Hz, DMSOsg) & ppm 55.1 (-@Hs), 64.7 (C-6), 68.7 (C-4), 72.8 (C-2),
75.3 (C-5 76.0 (C-3), 98.9 (C-1), 103@Hpenzyii), 113.6 (2 C, 2 xCHa,), 127.6 (2 C, 2 x
CHpr), 132.1, 159.7 (2 x 4), shifts were assigned from a spectrum contairang

OH

inseperable mixture of isomers, enriched indak@isomer; MS m/z (ESI) : 279 [(M-H),
70%], 559 [(2M-H), 100%];
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1,6-Anhydro-2,3-O-isopropylidene-4-O-sulfamoyl-3-D-mannopyranose 108

A flame dried flask was charged with DCM (2 mL)

. * [ - and cooled to 0 °C. Chlorosulfonyl isocyanate (700
/ )_’\ uL, 8.15 mmol) was added, followed by dropwise
’"\\\ﬁ/;\:/; addition of formic acid (30QuL, 8.15 mmol), which
'I‘ T resulted in the formation of a white precipitat&fter
G _—~° O_O_Q-':( stirring for 17 h, the flask was cooled to -10 Ca
\ O MeOH/ice bath. 1,6-Anhydro-2,8-isopropylideneg-
@ O‘,,S\\’NHZ D-mannopyranosel04 (659 mg, 3.25 mmol) was
OO

dissolved in dry DMA (2 mL) and transferraeda
cannula to the reaction flask. After 1 h, triethgine (1.36 mL, 9.75 mmol) was added,
upon which a heavy cream precipitate formed inclbar yellow solution. After stirring at
room temperature for 1 h TLC (EtOAc/Petrol 1:1)skd a single product at;R.5. The
solvent was removenh vacuo and the residue dry loaded onto silica from MeOHash
chromatography (EtOAc/Petrol gradient elution: 9:41:0), afforded 1,6-anhydro-2Q-
isopropylidene-49-sulfamoyl{f3-D-mannopyranosel08 (730 mg, 2.60 mmol, 80%) as
colourless crystalsCrystal Structure: The X-ray crystal structure df08 was solved by
Dr. Amber Thompson at the Oxford University Cherhi€aystallographyLaboratory.
Crystal data and structural parameters can be foudgpendix A6; [a],™® = -49,¢c = 2,
MeOH; *H NMR (500 MHz, CDC}) 3 ppm 1.33, 1.55 (2 x s, 2 x 3 H, 2 xH¢}, 3.78 (dd,
Joaeb= 7.4 Hz,Jga 5= 6.3 Hz, 1 H, H-6a), 4.05 (ddsp6a= 7.4 Hz,Jeps5= 1.3 Hz, 1 H, H-6b),
4.07 (dd,J;3= 6.3 Hz,J,1= 2.8 Hz, 1 H, H-2), 4.19 (dk»= 6.3 Hz, 1 H, H-3), 4.62 (dd,
Jsga= 6.3 Hz,Js o= 1.3 Hz, 1 H, H-5), 4.89 (br. s., 2 H, k), 4.95 (s, 1 H, H-4), 5.38 (d,
Ji2= 2.8 Hz, 1 H, H-1);*C NMR (125 MHz, CDC}) 3 ppm 25.8, 25.9 (2 x -CHs)y),
64.5 (C-6), 71.6 (C-4), 72.1 (C-2), 73.5 (C-5),87/@>-3), 99.2 (C-1), 110.2@¢{CHy),); IR
(thin film) v : 3264 (br, N-H), 3268 (br, N-H), 2980 (m), 2360, (8341 (m), 1373 (s, -
SONH,), 1185 (s, -SeNH.) cm™; MS mvz (ESI) : 280 [(M-H), 100%)], 316 [(M+°Br),,
70%], 318 [(M+¥Br), 40%]; HRMS mvz (ESI") : calc. for GH:sNNaO;S (M + Naf =
302.0305. Found 302.0299;
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1,6-Anhydro-endo-2,3-O-(4-methoxybenzylidene)-40-sulfamoyl-3-D-mannopyranose
109

ome A flame dried flask was charged with DCM (5 mL) asabled to O
°C. Chlorosulfonyl isocyanate (326., 2.68 mmol) was added,
Els endo followed by dropwise addition of formic acid (10Q, 2.68 mmol),
/o which resulted in the formation of a white preapt After
Ojls\\’NHz stirring for 16 h, the flask was cooled to -10 PCaiiMeOH/ice bath.
©0 1,6-Anhydroendo-2,3-O-(4-methoxybenzylidene-D-
mannopyranosel06 (300 mg, 1.07 mmol) was dissolved in dry DCM (1Q)nand
triethylamine (75QuL, 5.35 mmol), and transferreda cannula to the reaction flask. After
1 h stirring at room temperature undet NLC (EtOAc/Petrol 3:1) showed a single product
at R 0.5. Triethylamine was added until the solutioaswio longer acidic. The solvent
was removedin vacuo and the residue dry loaded onto silica from MeOHrlash
chromatography (EtOAc/Petrol gradient elution:-»@:4), afforded 1,6-anhydrendo-2,3-
O-(4-methoxybenzylidene)-®-sulfamoyl{3-D-mannopyranosd.09 (292 mg, 0.81 mmol,
76%) as a white amorphous solidp],*® = -26,¢c = 1, MeOH; 'H NMR (400 MHz,
MeOD-ds) & ppm 3.79 (s, 3 H, -Od3), 3.80 (ddJsp6a= 7.6 Hz,Jep5= 6.6 Hz, 1 H, H-6b),
4.03 (dd Jsa o= 7.6 Hz,Jsa5= 1.3 Hz, 1 H, H-6a), 4.15 (ddz 3= 6.8 Hz,J,1= 3.0 Hz, 1 H,
H-2), 4.38 (dgJs 2= 6.8 Hz,J34= 1.0 Hz,*J35= 1.0 Hz,"J31= 0.8 Hz, 1 H, H-3), 4.77 (t,
Jas= 1.0 Hz,J43= 1.0 Hz, 1 H, H-4), 4.79 (ddsen= 6.6 Hz,J562= 1.3 Hz,J54= 1.0 Hz,
“J53= 1.0 Hz, 1 H, H-5), 5.44 (ddl»= 3.0 Hz,"J13= 0.8 Hz, 1 H, H-1), 5.71 (s, 1 H,
CHbenzyiii, 6.91 (dJ=8.6 Hz, 2 x 1H, 2 x Ba,), 7.59 (d,J = 8.6 Hz, 2 x 1H, 2 x Ba);
3C NMR (100 MHz, MeODd,)  ppm 55.7 (-@Hs), 65.3 (C-6), 72.4 (C-2), 75.2 (C-5),
77.2 (C-3), 77.3 (C-4), 100.1 (C-1), 105@Hbenzyiid, 114.4 (2 C, 2 CHa,), 129.7 (43,),
130.3 (2 C, 2 CHa(), 162.2 (431); IR (thin film) v : 3288 (br, N-H), 3272 (br, N-H), 2955
(s), 2930 (s), 2897 (s), 2858 (s), 1718 (s, E¥@363 (s, -SENH,), 1256 (s), 1185 (s, -
SONH,) cmi'; MS m/z (ESI) : 358 [(M-H), 100%], 717 [(2M-H) 80%]; HRMS nvz
(EST) : calc. for G4H16NOgS (M - H) = 358.0602. Found 358.0603;
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Exo-enriched 1,6-anhydro-2,30-(4-methoxybenzylidene)-40-sulfamoyl-3-D-manno
pyranose 110

ome A flame dried flask was charged with DCM (10 mL)3asooled to
0 °C. Chlorosulfonyl isocyanate (684., 5.62 mmol) was added,
0——A . exo followed by dropwise addition of formic acid (2u2, 5.62 mmol)
which resulted in the formation of a white preapt After
O-g-NH; stirring for 16 h, the flask was cooled to -10 PGaiMeOHY/ice bath.
An exo-enriched isomeric mixture of 1,6-anhydro-2)34-

methoxybenzylidenefp-bD-mannopyranose (630 mg, 2.25 mmol) was dissolvedirin
DCM (10 mL) and triethylamine (1.57 mL, 11.25 mmalpd transferredia cannula to the
reaction flask. After 2 h stirring at room temgera under N, TLC (EtOAc/Petrol 3:1)
showed a spot at;R.5 (product). Triethylamine was added until Swution was no
longer acidic. The solvent was remov@&dvacuo and the residue dry loaded onto silica
from MeOH. Flash chromatography (EtOAc/Petrol geatl elution: 1:1-7:3), afforded
exo-enriched 1,6-anhydro-2 3-(4-methoxybenzylidene)-@-sulfamoyl!3-D-
mannopyranosd 10 (373 mg, 1.04 mmol, 46%) as an orange aild¢/exo 1.3:1); H
NMR (400 MHz, CDC¥) 6 ppm 3.81 (s, 3 H, -O@s), 3.84 (ddJsp6a= 7.8 Hz,Jep5= 5.8
Hz, 1 H, H-6b), 4.13 (ddlsa,eb= 7.8 Hz,Jsa5= 1.0 Hz, 1 H, H-6a), 4.39 (d; .= 6.0 Hz, 2
H, H-3), 4.43 (ddJ, 3= 6.0 Hz,J, 1= 2.7 Hz, 1 H, H-2), 4.82 (m, 2 x 1H, H-4, H-5)5B.(d,
Ji2= 2.7 Hz, 1 H, H-1), 6.28 (S, 1 HHgenzyiid, 6.91 (d,J = 8.8 Hz, 2 x 1H, 2 x Ba/),
7.33 (d,J = 8.8 Hz, 2 x 1H, 2 x Ba), shifts were assigned from a spectrum of an
inseparable mixture of isomers, enriched inek@isomer; **C NMR (100 MHz, CDC}) &
ppm 55.3 (-@Hs), 65.0 (C-6), 73.2 (C-2), 73.6 (C-5), 75.4 (C-8},4 (C-4), 99.7 (C-1),
105.5 CHbpenzyiid, 113.9 (2 C, 2 *CHar), 127.6 (2 C, 2 >CHar), 130.7, 160.4 (2 x 47),
shifts were assigned from a spectrum of an inséperaixture of isomers, enriched in the
exo isomer; MS m/z (ESI) : 358 [(M-H), 100%], 717 [(2M-H) 80%]; HRMS m/z
(EST) : calc. for G4H16NOgS (M - H) = 358.0602. Found 358.0603;
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1,6-Anhydro-4-O-sulfamoyl-3-D-mannopyranose 112

on o A mixture of 1,6-anhydro-2,8-isopropylidene-49-sulfamoyl{-D-

L/ o4 mannopyranose isomers (754 mg, 2.68 mmol) wasldedan TFA/HO 4:1

O-g-NH, (8 mL). After stirring at room temperature for b8 TLC (MeOH/EtOAc
2\

o0 1:49) showed a single product af ®25. Removal of solverinh vacuo

afforded 1,6-anhydro-@-sulfamoylf3-D-mannopyranosé&12 (646 mg, 2.68 mmol, 100%)
as an off white amorphous solida],'® = -77,¢ = 0.8, MeOH; *H NMR (400 MHz,
MeOD-ds) & ppm 3.58 (ddJ, 3= 5.5 Hz,J,1= 2.0 Hz, 1 H, H-2), 3.70 (ddspea= 7.3 Hz,
Jebs= 6.1 Hz, 1 H, H-6b), 4.06 (ddz 2= 5.5 Hz,"J35= 1.8 Hz,J54= 1.8 Hz,%J51= 1.7 Hz,
1 H, H-3), 4.25 (ddJsa o= 7.3 Hz,Jsa5= 0.8 Hz, 1 H, H-6a), 4.55 ({45= 1.8 Hz,J,3= 1.8
Hz, 1 H, H-4), 4.68 (m, 1 H, H-5), 5.28 (d#i,,= 2.0 Hz,*J;3= 1.7 Hz, 1 H, H-1); °C
NMR (100 MHz, MeOD#l,) & ppm 65.7 (C-6), 67.7 (C-2), 70.3 (C-3), 75.5 (C&H).5 (C-
4), 103.2 (C-1); IR (thin film) v : 3282 (br, N-H, O-H), 1362 (s, -S®H,), 1181 (s, -
SONH,) cm™; MS mvz (ESI) : 240 [(M-HY, 50%], 354 [(M+TFA-H), 100%], 481 [(2M-
H)", 80%]; (EST): 305 [(M+MeCN+Na), 60%], 505 [(2M+ N&), 100%]; HRMS nvz
(EST) : calc. for GH10NO;S (M - H) = 240.0183. Found 240.0191;

2,3-O-Acetyl-1,6-anhydro-40-(N-acetyl)sulfamoyf-D-mannopyranose 113

OACO 1,6-Anhydro-40-sulfamoyl{3-D-mannopyranosé& 12 (21 mg, 0.087 mmol)
Q7 oac was dissolved in dry pyridine (500L) and acetic anhydride (50aL).
O~g-NHAc  After stirring for 16 h at room temperature, TLC €MH/EtOAc 1:9)

showed a single product af ®2. After the solvent removex vacuo, flash
chromatography (MeOH/EtOAc 3:17) afforded 23acetyl-1,6-anhydro-H-(N-
acetyl)sulfamoytB-D-mannopyranos&13(22 mg, 0.060 mmol, 69%) as a clear gi],"®
= -59,c¢ = 1.0, CHC§; *H NMR (400 MHz, DMSOds) & ppm 1.75 (s, 3 H, -485"""),
1.95 (s, 3 H, -El5"°, coupled to C-2 by HMBC), 2.06 (s, 3 H,HE*, coupled to C-3 by
HMBC), 3.69 (ddJsp.6a= 7.7 Hz,Jeb5= 6.1 Hz, 1 H, H-6b), 4.13 (ddsa6t= 7.7 HZ,Jsa 5=
0.8 Hz, 1 H, H-6a), 4.50 (§45= 1.5 Hz,J;3= 1.5 Hz, 1 H, H-4), 4.64 (m, 1 H, H-5), 4.72
(dd, J23= 5.4 Hz,J51= 1.9 Hz, 1 H, H-2), 5.22 (ddls o= 5.4 Hz,J34= 1.5 Hz,%J35= 1.5
Hz, *J31= 1.5 Hz, 1 H, H-3), 5.36 (dd = 1.9 Hz,*J; 5= 1.5 Hz, 1 H, H-1);**C NMR
(100 MHz, DMSO#ds)  ppm 21.2, 21.4, 26.8 (3 €H3™), 65.4 (C-6), 67.4 (C-2), 68.5 (C-
3), 75.3 (C-5), 76.3 (C-4), 99.2 (C-1), 170.0, D72 x C=0°), 175.2 (C=™); IR
(thin film) v : 3500 (br, N-H), 2979 (w), 1742 (s, C&Q 1592 (s, C=8), 1374 (s, -
SONH,) cmi*; MS vz (ESI) : 366 [(M-H), 100%], 733 [(2M-H) 40%]; (EST): 390

- 255 -



Chapter 5: Towards synthesis of tunicamycin analogue fragments

[(M+ Na)*, 100%]; HRMS nvz (ESI) : calc. for GoH1gNOwS (M - H) = 366.0500.
Found 366.0500;

1,6-Anhydro-2,3-bis-O-(triethylsilyl)-4-O-sulfamoyl-B-D-mannopyranose 115

OTESO 1,6-Anhydro-40O-sulfamoylf3-D-mannopyranose 112 (51 mg, 0.212
O/ otes mmol) and imidazole (182 mg, 2.67 mmol) were digsdlin dry DMA
O~g-NH, (420 pL). Chlorotriethylsilane (300 upL, 1.78 mmol) waseh added.
oo After stirring for 18 h at room temperature, TLCtQRc/Petrol 1:4)

showed a single spot at B2 (product). The solution was diluted withGH(5 mL). The
aqueous layer was extracted with DCM (3 x 5 mL) &mel combined organic layers
washed with sat. aq. NaHG@ mL) and brine (5 mL), before being dried oveg3D..
Flash chromatography (EtOAc/Petrol gradient: 3>B47), afforded 1,6-anhydro-2,3-bis-
O-(triethylsilyl)-4-O-sulfamoytf3-D-mannopyranosé& 15 (36 mg, 0.077 mmol, 36%) as a
white amorphous solid{a],*® = -55,¢ = 1.0, MeOH; 'H NMR (400 MHz, MeOD#dj) &
ppm 0.69 (m, 12 H, TES), 1.01 (m, 18 H, TES), 31882 H, H-2, H-6b), 4.17 (m, 1 H, H-
3), 4.31 (ddJsaeb= 7.1 Hz,Jsa5= 0.8 Hz, 1 H, H-6a), 4.47 (appXs3= 2.0 Hz,J;5= 2.0
Hz, 1 H, H-4), 4.65 (app Js o= 5.4 Hz,Js6a= 0.8 Hz,J5 4= 2.0 Hz, 1 H, H-5), 5.22 (dd,
Ji2= 1.7,%313= 1.2 Hz, 1 H, H-1);**C NMR (100 MHz, MeOD#d,) 5 ppm 4.8 (6 C, TES),
6.2 (3 C, TES), 6.3 (3 C, TES), 64.9 (C-6), 69.42C72.1 (C-3), 74.3 (C-5), 80.2 (C-4),
102.7 (C-1);IR (thin film) v : 3350 (br, N-H), 3271 (br, N-H), 2955 (s), 2911)(2877 (s),
1373 (s, -SGNH,), 1185 (s, -SENH,) cmi*; MS mvz (ESI) : 468 [(M-H), 100%)]; (ESI) :
487 [(M+NH,)*, 30%], 492 [(M+Na), 100%)], 533 [(M+MeCN+N4&) 70%]; HRMS vz
(ESI) : calc. for GgH3gNNaO;SSh (M + Na)" = 492.1878. Found 492.1878;

1,6-Anhydro-2,3-bis-O-(tert-butyldimethylsilyl)-4- O-(N-tert-
butyldimethylsilyl)sulfamoyl —3-D-mannopyranose 114

5 So 1,6-Anhydro-40-sulfamoyl{3-D-mannopyranose112 (293 mg, 1.22
B

0/ ores Mmol) and imidazole (1.25 g, 18.3 mmol) were digsdlin dry DMA
O~g-NHTBS (1.5 mL). tert-Butyldimethylchlorosilane (1.84 g, 12.2 mmol) wi&en

OO0 added. After stirring for 48 h at room temperatureC (EtOAc/Petrol
1:4) showed spots at; B.6 (product) and 0.2 (disilylated product). Hedow suspension
was diluted with water (20 mL), extracted with DC{@ x 20 mL) and the combined
organic layers washed with sat. aq. NaHG@0 mL) and brine (15 mL), before drying
over MgSQ. Flash chromatography (EtOAc/Petrol gradient—1:1) afforded 1,6-
anhydro-2,3-bi€-(tert-butyldimethylsilyl)-4-O-(N-tert-butyldimethylsilyl)sulfamoy+3-D-
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mannopyranosd 14 (375 mg, 0.643 mmol, 53%) as a white amorphousl soid 1,6-
anhydro-2,3-bi€-(tert-butyldimethylsilyl)-4-O-sulfamoyp-D-mannopyranosel16 (58
mg, 0.124 mmol, 10%) as a white amorphous solid],*® = -43,c = 0.8, CHC4; H
NMR (400 MHz, CDC}) 8 ppm 0.10, 0.11, 0.11, 0.13 (4 x s, 4 x 3 H, TEBS3P, 0.31 (2
x s, 2 x 3 H, TBS), 0.91, 0.93, 0.97 (3 x s, 3M,9BS), 3.68 (ddJ), 5= 4.7 Hz,J, 1= 1.4
Hz, 1 H, H-2), 3.74 (ddJsp6a= 7.1 Hz,Jep5= 6.1 Hz, 1 H, H-6b), 4.11 (m, 1 H, H-3), 4.31
(dd, Jsaep= 7.1 Hz,Jeas= 1.3 Hz, 1 H, H-6a), 4.46 (#,3= 1.8 Hz,Js5= 1.8 Hz, 1 H, H-4),
4.65 (m, 1 H, H-5), 5.29 (dd)13= 1.5 Hz,J1,= 1.4 Hz, 1 H, H-1);"*C NMR (100 MHz,
CDCl) & ppm -5.0, -4.9, -4.9, -4.8, -4.8, -4.0 (6 x 1 ®S), 17.4, 18.0, 18.4 (3 x 1 C,
4°g9), 25.7, 25.8, 26.1 (3 x 3 C, TBS), 64.8 (C-6),16@-2), 71.4 (C-3), 73.8 (C-5), 79.6
(C-4), 102.6 (C-1);IR (thin film) v : 3263 (br, N-H), 2954 (s), 2931 (s), 2896 (SH28s),
1472 (m), 1375 (s, -SMH,), 1256 (s), 1176 (s, -S8H,) cm™; MS mvz (ESI) : 583 [(M-
H)", 100%], 696 [(M+TFA-H), 40%]; (ESI) : 601 [(M+NH,)", 80%], 606 [(M+Na),
100%)], 647 [(M+MeCN+Na&) 90%];

1,6-Anhydro-2,3-bisO-(tert-butyldimethylsilyl)-4- O-sulfamoyl-D-mannopyranose 116

OTBSo 1,6-Anhydro-2,3-bif-(tert-butyldimethylsilyl)-4-O-(N-tert-
O/ otes butyldimethylsilylsulfamoyl)-p-p-mannopyranose114 (62 mg, 0.11
O~g-NH; mmol) was dissolved in TFA/THFA® 1:10:5 (5.4 mL) at 0 °C. After
00 stirring at room temperature for 90 min, TLC (EtQRetrol 3:7) showed

a single product at®.25. Removal of solveim vacuo followed by flash chromatography

(EtOAc/Petrol 3:7) afforded 1,6-anhydroc®{tert-butyldimethylsilyl)-4-O-sulfamoytf3-
D-mannopyranos&16 (39 mg, 0.083 mmol, 79%) as a white amorphousisofia],*® = -
53,c = 1.5, CHC}; 'H NMR (400 MHz, CDC}) 3 ppm 0.11, 0.12, 0.13, 0.13 (4 x s, 4 x 3
H, TBS), 0.92, 0.94 (2 x s, 2 x 9 H, TBS), 3.71, (8= 4.8 Hz,J,,= 1.5 Hz, 1 H, H-2),
3.77 (ddJep.6a= 7.3 Hz,Jep5= 5.9 Hz, 1 H, H-6b), 4.13 (ddz 2= 4.8 Hz,J34= 1.9 Hz,%J35

= 1.8 Hz,"J31= 1.4 Hz, 1 H, H-3), 4.34 (ddsaeo= 7.3 Hz,Jsa5= 1.0 Hz, 1 H, H-6a), 4.53
(td, J43= 1.9 Hz,J45= 1.0 Hz, 1 H, H-4), 4.69 (m, 1 H, H-5), 5.04 (2-NH,), 5.31 (dd,
Ji2= 1.5 Hz,*J1 3= 1.4 Hz, 1 H, H-1);**C NMR (100 MHz, CDCI)d ppm -5.0, -4.8, -4.8,
-4.0 (4 x1C, TBS), 18.0, 18.4 (2 x 1 Cy#), 25.8, 26.1 (2 x 3 C, TBS), 64.8 (C-6), 68.9
(C-2), 71.2 (C-3), 73.7 (C-5), 81.2 (C-4), 102.51¢ IR (thin film) v : 3290 (br, N-H),
3271 (br, N-H), 2955 (s), 2930 (s), 2897 (s), 2858 1563 (m), 1472 (m), 1363 (s, -
SONH,) cmi'; MS mvz (ESI) : 468 [(M-H), 80%)], 582 [(M+TFA-H), 100%]; (ES):
487 [(M+NH,)*, 80%], 492 [(M+Na), 100%)], 533 [(M+MeCN+N4&) 90%]; HRMS nvz
(ESI) : calc. for GgHzgNO;SSk (M - H) = 468.1913. Found 468.1910;
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3-Amino-1,6-anhydro-2,30-isopropylidenef3-D-mannopyranose 3,4-sulfamidate 119

o:, Powdered magnesium oxide (9.0 mg, 0.213 mmol) Wasef dried under

%—I‘o/ reduced pressure (1 mbar). 1,6-Anhydro-@;8opropylidene-4o-

NH sulfamoyl{f-pD-mannopyranos&08 (26.0 mg, 0.093 mmol) was dissolved in

P20 dry THF (4 mL) and addedlia cannula. lodobenzene diacetate (33 mg,
© 0.100 mmol) and Rh(ll) acetate dimer (1.6 mgydol, 0.04 eq) were added.
After stirring the pale blue solution at room temgiare for 5 h under N TLC
(acetone/toluene 1:4) showed spots aDR5 (product) and 0.3 (starting material). The
reaction mixture was filtered through celite andshed with THF. Flash chromatography
(acetone/toluene gradient: +4.:4), afforded 3-amino-1,6-anhydro-ABisopropylidene-
-D-mannopyranose 3,4-sulfamid&t&9 (14 mg, 0.050 mmol, 54%) as a white amorphous
solid which degraded over time. Starting matesias also recovered (12 mg, 0.042 mmol,
46%); [a]o** = -57,¢ = 0.7, MeOH;'H NMR (400 MHz, MeODd,)  ppm 1.47, 1.51 (2 x
S, 2 x 3 H, 2 x -B3), 3.83 (ddJsaev= 8.1 Hz,Jsa5= 6.3 Hz, 1 H, H-6a), 3.92 (ddsb 6a=
8.1 Hz,Jsp5= 1.3 Hz, 1 H, H-6b), 4.21 (d;1= 3.5 Hz, 1 H, H-2), 4.74 (ds5= 0.8 Hz, 1
H, H-4), 4.86 (dddJsga= 6.3 Hz,J56p= 1.3 Hz,J5 4= 0.8 Hz, 1 H, H-5), 5.46 (d; = 3.5
Hz, 1 H, H-1); **C NMR (100 MHz, MeODd,)  ppm 26.1, 26.6 (2 x -CHs)2), 65.0 (C-
6), 72.3 (C-5), 80.3 (C-2), 83.4 (C-4), 92.5 (CgBaternary C by lack of signal in HSQC
and DEPT, coupled to H-1, H-2, H-4, H-5 by HMBCR.4 (C-1), 113.6 (CHy)y); IR
(thin film) v : 3262 (br, N-H), 2970 (m), 2300 (s), 2321 (m)tnMS m/z (ESI) : 278 [(M-
H)]; HRMS mvz (ESI): calc. for GHisNNaO;S (M + Naj = 304.0461. Found
304.0462;
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3-Amino-1,6-anhydro-2,3endo-O-(4-methoxybenzylidene)B-D-mannopyranose  3,4-
sulfamidate 120

ome Powdered magnesium oxide (9.0 mg, 0.218 mmol) Veasef dried
@ under reduced pressure (1 mbar). 1,6-Anhyahae-2,3-O-(4-
0 o

o— methoxybenzylidene)-O-sulfamoylf3-D-mannopyranose 09 (34
@o mg, 0.094 mmol) was dissolved in dry 1,4-dioxan@0(AL) and
O\'\llH addedvia syringe. lodobenzene diacetate (33 mg, 0.103 mmol

é’%o and Rh(Il) acetate dimer (2.0 mg, 4uihol, 0.05 eq) were added.
After stirring the pale blue solution undep & room temperature for 1 h and 45 °C for a
further 90 min, TLC (EtOAc/Petrol 1:1) showed agénproduct at R0.5. The reaction
mixture was filtered through celite and washed withl-dioxane, and the filtrate
concentratedn vacuo. Flash chromatography (EtOAc/Petrol 2:3), affardamino-1,6-
anhydro-2,3endo-O-(4-methoxybenzylidene}-p-mannopyranose 3,4-sulfamidat20 (31
mg, 0.087 mmol, 92%) as a white foam which degrames time; [a],?* = -41,c = 0.5,
MeOH; *H NMR (400 MHz, DMSO-8) & ppm 3.77 (s, 3 H, -Oid), 3.85 (dd Jsp 2= 8.3
Hz, Jsp5= 6.3 Hz, 1 H, H-6b), 3.92 (ddsaeb= 8.3 Hz,Jsa5= 1.5 Hz, 1 H, H-6a), 4.21 (d,
Jo1= 3.8 Hz, 1 H, H-2), 4.95 (d,5= 0.7 Hz, 1 H, H-4), 4.98 (ddds eo= 6.3 Hz,J564= 1.5
Hz, Js4= 0.7 Hz, 1 H, H-5), 5.75 (d1 2= 3.8 Hz, 1 H, H-1), 5.80 (s, 1 HHgenzyiic), 6.98
(d,J=8.7Hz, 2 H, 2 x 1H, 2 xidy,), 7.54 (dJ = 8.7 Hz, 2 H, 2 x 1H, 2 xdx), 9.80 (br.
s., 1 H, -NH); **C NMR (100 MHz, DMSO-8) & ppm 55.2 (-@Hs), 64.8 (C-6), 71.3 (C-
5), 77.4 (C-2), 82.4 (C-4), 91.5 (C-3, quaternarypyCabsence from DEPT, HSQC), 97.1
(C-1), 102.9 CHpenzyiid, 113.7 (2 C, 2 xCHar), 127.1 (43:), 129.3 (2 C, 2 XCHa(), 160.7
(4°A); IR (thin film) v : 3280 (br, N-H), 2965 (s), 2933 (s), 2890 (s)1a7s, C=C"); MS
m/z (ESI) : 356 [(M-H), 100%]; HRMS m/z (ESI) : calc. for GqH1sNOgS (M - H) =
356.0440. Found 356.0442;
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Exo-enriched 3-amino-1,6-anhydro-2,39-(4-methoxybenzylidene)B-D-
mannopyranose 3,4-sulfamidate 121

oMe Powdered magnesium oxide (14.0 mg, 0.346 mmol) flsame
dried under reduced pressure (1 mbar).efo-enriched isomeric
o o mixture exo/endo 2:1) of 1,6-anhydro-2,33-(4-
%O methoxybenzylidene)-O-sulfamoylf3-D-mannopyranose (54 mg,
\ 0.150 mmol) was dissolved in dry 1,4-dioxane (&) and added
via syringe. lodobenzene diacetate (53 mg, 0.165 pnmod
Rh(ll) acetate dimer (3.3 mg, 7iBnol, 0.05 eq) were added. After stirring the pallee
solution under K at room temperature for 3 h and 45 °C for a furtBeh, TLC
(EtOAc/Petrol 3:2) showed a single product aD (product). The reaction mixture was
filtered through celite and washed with 1,4-dioxased the filtrate concentratéal vacuo.
Flash chromatography (EtOAc/Petrol 1:1), afforégolenriched 3-amino-1,6-anhydro-2,3-
O-(4-methoxybenzylidend}-D-mannopyranose 3,4-sulfamidate (24 mg, 0.067 mmol,
49%) as a white foanmeo/endo 2:1); *H NMR (400 MHz, MeODd,) & ppm 3.81 (s, 3 H,
-OCHj3), 3.89 (ddJsb,6a= 8.2 Hz,Jeb 5= 4.3 Hz, 1 H, H-6b), 4.10 (ddep 6a= 8.2 Hz,Jsp 5=
0.9 Hz, 1 H, H-6a), 4.46 (d21= 3.0 Hz, 2 H, H-2), 4.96 (m, 3 H, H-4, H-5), 5.85J1 .=
33.8 Hz, 1 H, H-1), 6.29 (S, 1 HHgenzyiid), 6.94 (d,J=8.8 Hz, 2 H, 2 x 1H, 2 x da/),
7.42 (d,J=8.8 Hz, 3 H, 2 x 1H, 2 x @), 7.97 (s, 1 H, -N), shifts were assigned from a
spectrum of an inseperable mixture of isomerscaed in theexo isomer; **C NMR (100
MHz, MeOD-d,) 6 ppm 54.8 (-@H3), 65.6 (C-6), 72.4 (C-5), 81.3 (C-2), 83.4 (C42,1
(C-3, quaternary C by absence from DEPT, HSQCY, @0-1), 108.1 CHpenzyiid), 113.7 (2
C, 2 xCHp), 128.6 (2 C, 2 xCHar), 129.6, 163.9 (2 x 1 C, 2 x 47, shifts were assigned
from a spectrum of an inseperable mixture of is@nenriched in thexo isomer; MS m/z
(ESI) : 356 [(M-H), 100%];
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3-Amino-1,6-anhydro-2,3-bisO-(triethylsilyl)- B-D-mannopyranose 3,4-sulfamidate
122

o 1,6-Anhydro-2,3-bif-(triethylsilyl)-4-O-sulfamoyt3-D-mannopyranose
JEO-(T)E_jS otes 115(36 mg, 0.077 mmol) was dissolved in dry 1,4-dioxg390pL).
o\'}lH Powdered magnesium oxide was flame dried undercesdpressure (1
Ohs?o mbar) and a sample (7.1 mg, 0.176 mmol) added & gbiution.

lodobenzene diacetate (27 mg, 0.085 mmol) and Ra¢Btate dimer (1.7
mg, 3.9 umol, 0.05 eq) were added. After stirring the solutunder Arat room
temperature for 2 h, the reaction was heated to°@5for 3 h, upon which TLC
(EtOAc/Petrol 3:7) showed a product gt(R5, alongside remaining starting material at R
0.3. The reaction mixture was concentrated vacuo. Flash chromatography
(EtOAc/Petrol gradient: 1:93:7) afforded 3-amino-1,6-anhydro-2,3-lasftriethylsilyl)-
-D-mannopyranose 3,4-sulfamidat22 (7 mg, 0.015 mmol, 19%) as a white amorphous
solid which degraded rapidly over time. Startingtemial 115 was also recovered (5 mg,
0.011 mmol, 14%)ja],?? = -42,c = 0.5, CHC};, *H NMR (400 MHz, CDC})  ppm 0.71
(m, 12 H, TES), 1.00 (m, 18 H, TES), 3.88 (dghea= 7.6 Hz,Jeb5= 5.9 Hz, 1 H, H-6b),
3.91 (d,J21= 1.5 Hz, 1 H, H-2), 4.14 (ddsa 0= 7.6 Hz,Jsas= 1.0 Hz, 1 H, H-6a), 4.50 (d,
Jis5= 1.8 Hz, 1 H, H-4), 4.80 (m, 2 H, H-5, N-H), 5.88 J.»= 1.5 Hz, 1 H, H-1);°C
NMR (100 MHz, CDC}) é ppm 4.9 (3 C, TES), 5.9 (3C, TES), 6.7 (3C, TE (3 C,
TES), 65.3 (C-6), 71.6 (C-5), 75.5 (C-2), 85.5 (C89.7 (C-3, quaternary C by absence
from DEPT, HSQC), 101.5 (C-1)IR (thin film) v : 3258 (br, N-H), 2948 (s), 2929 (s),
2891 (s), 2867 (s), 1470 (mMS nvz (ESI) : 466 [(M-H), 100%]; HRMS nvz (ESI) :
calc. for GgH3sNO;SSi (M — H) = 466.1751. Found 466.1749;

3-Amino-1,6-anhydro-2,3-bisO-(tert-butyldimethylsilyl)- B-D-mannopyranose 3,4-
sulfamidate 123

OTBSO Powdered magnesium oxide (4.5 mg, 0.113 mmol) Veasef dried under
0O/ ores reduced pressure (1 mbar). 1,6-Anhydro-2,3chigert-
O\'\HH butyldimethylsilyl)-4-O-sulfamoyp-D-mannopyranose 116 (23 mg,

o e 0.049 mmol) was dissolved in dry DCM (24k) and addedia syringe.
lodobenzene diacetate (17 mg, 0.054 mmol) and Ra¢ktate dimer (1.1 mg, 2ibnol,
0.05 eq) were added. After stirring the solutioder Arat room temperature for 4 h, TLC
(EtOAc/Petrol 3:7) showed a single product at (5. The reaction mixture was

concentratedn vacuo. Flash chromatography (EtOAc/Petrol gradient43sB:7) afforded
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3-amino-1,6-anhydro-2,3-bid-(tert-butyldimethylsilyl){3-D-mannopyranose 3,4-
sulfamidatel23 (14 mg, 0.03 mmol, 61%) as a clear amorphous sdiidh degraded over
time; [a]o?* = -63,c = 0.5, CHC};, *H NMR (400 MHz, CDC}) 5 ppm 0.18, 0.19, 0.22,
0.26 (4 xs,4 x 3 H, TBS), 0.92,0.96 (2 xs,2M, TBS), 3.88 (ddJsp,6a= 7.7 HZ,Jp 5=
5.7 Hz, 1 H, H-6b), 3.93 (d,1= 1.4 Hz, 1 H, H-2), 4.18 (ddgaev= 7.7,Jsa5= 0.8 Hz, 1 H,
H-6a), 4.50 (dJs5= 1.5 Hz, 1 H, H-4), 4.81 (ddds eb= 5.7 Hz,J5 2= 0.8 Hz,J5 4= 1.5 Hz,
1 H, H-5), 4.85 (s, 1 H, N-H), 5.35 (di.= 1.4 Hz, 1 H, H-1); *C NMR (100 MHz,
CDCl;) d ppm -4.5, -3.9, -3.3,-2.8 (4 x 1 C, TBS), 188.3(2 x 1 C, 4gs), 25.7, 26.0 (2
x 3 C, TBS), 65.3 (C-6), 71.7 (C-5), 76.1 (C-2),84C-4), 89.8 (C-3, quaternary C by
absence from DEPT, HSQC), 101.6 (C-1R (thin film) v : 3273 (br, N-H), 2957 (s),
2933 (s), 2899 (s), 2856 (s), 1560 (m), 1465 (m)::cnMS m/z (ESI) : 466 [(M-H),
100%]; HRMS m/z (ESI): calc. for GgH3eNO;SSp (M - H) = 466.1756. Found
466.1745;
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Chapter 6: Summary

6.1 Original hypotheses and objectives

In the introduction to this thesis we set out Hypothesis that rationally designed
analogues of tunicamycin could act as nucleotidgsisubstrate or even bi-substrate
transition state mimics of particular NDP-sugar-@®gent glycosyltransferases, thus acting
as potent and specific inhibitors (section 1.5act@rial peptidoglycan biosynthesis enzyme
Mra¥Y and mammalian GPT from the-linked protein glycosylation pathway are both
specifically targeted by native tunicamycins, buitgmt inhibition of the latter has
precluded the clinical use of this nucleoside aotib as an antibacterial drug. In the first
instance it was proposed that modifying the teringmations of the tunicamycin structure
could improve its selectivity for MraY over GPT,uth potentially yielding a novel
antibiotic compound exhibiting minimal cytotoxicignd with a mode of action orthogonal
to that of existing drugs. As an extension of ttisory, further modifications to the
tunicamycin scaffold were proposed which would giebmpounds potentially inhibiting a
much wider range of medicinally important glycosyitsferases.

In pursuit of this long term objective and in arde begin to test this hypothesis, a
variety of routes to tunicamycin analogues wereis#el; incorporating a combination of
relay, synthetic and chemoenzymatic strategiestigecl.5.2). Dissection of the
tunicamycin biosynthetic pathway was highlighted agarticularly valuable facet of
investigation, offering a humber of advantages adopting a purely synthetic route to
functional analogues. First of all, tunicamycin riet scarce and can be isolated in
preparative quantities by isolation from fermematibroths ofS chartreusis. A relay
synthesis together with the use of biosyntheticyemes for the chemoenzymatic
diversification of advanced intermediates offerkd tnost efficient route to tunicamycin
analogues. Additionally, since the biosynthesigurficamycin — and that of nucleoside
antibiotics in general — was poorly understoodyeting its elucidation would provide the
greatest scope for added value and academic inbgyudnd the long term objective of
producing rationally designed tunicamycin analogues
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6.2 Chapter two

In chapter 2 we initiated the elucidation of thaitamycin biosynthetic pathway by
whole genome sequencing of tunicamycin prod@eptomyces chartreusis NRRL 3882.
Subsequenin silico genome mining identified a fourteen-gene putatiesynthetic cluster
(tun). Molecular cloning and heterologous expressidnthis tun gene cluster inS.
coelicolor hosts unambiguously defined the minimal set ofegenrequired for tunicamycin
production. The amino acid sequences encoded biidinal tun genes were also
subjected to in-depth bioinformatic analysis, allagvthe proposal of a detailed putative
metabolic pathway to tunicamycin production fronmeoon cellular precursors (Fig. 6.1).
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Fig. 6.1 Proposed biosynthetic pathway for the tunicamycins

Homologous gene clusters were identified withia gublicly available genomes of
Actinosynnema mirum DSM 43287 andareptomyces clavuligerus ATCC 27064, the latter
is known to produce an antibiotic closely relatediunicamycin — MM19296%° We thus
claimed to have identified the biosynthetic genesidr responsible for MM19290
biosynthesis ir&. clavuligerus ATCC 27064 and furthermore proposed the core stracif
this compound is identical to that of the tunicamgg differing only in the nature of its
acyl side chains.
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The genome scanning approach used to identifyuigene cluster in these studies
represented a rapid and efficient way of identymatural product gene clusters, without
the need for laborious biochemical probes and awvgitfustrating false-positive results. It
utilised rationalised predictions of the chemieagtivity that is likely to be involved in the
construction of tunicamycin from metabolic precussacting as a ‘logic filter’ that was
applied during the genome mining process. The mapial increase in publically
available gene sequences in recent years has dralyatexpanded the possibilities
afforded by bioinformatic analysis and the workgamted in chapter 2 highlighits silico
mining of partially assembled genome sequencesdacaeasingly effective tool during
the early stages of dissecting a bacterial biogtittipathway.

In all, through a rapid and efficient whole genesganning approach we successfully
identified and verified the biosynthetic genes éfimicamycin-family antibiotic for the first
time, offering valuable insights into the poorlydenstood biosynthetic pathway of this
fascinating family of nucleoside antibiotit¥.

6.3 Chapter three

In order to facilitate future studies towards fbemation of tunicamycin analogue
libraries, access to sufficient quantities of ptuaicamycin was required. Considering
tunicamycin is only sold in milligram quantities byommercial suppliers and at an
extremely high cost, in chapter 3 we detailed itigasions into the detection, isolation and
purification of preparative quantities of tunicarmycrom fermentation broths of.
chartreusis. Following optimisation, the yields of pure tuamycin obtained approached
35 mg/L culture, establishing an efficient supplbute sufficient for any subsequent
investigations.

These isolated tunicamycins were next subjectedegradation studies, targeting
advanced biosynthetic intermediates containing tthrecamine scaffold for use both as
precursors in the synthesis of tunicamycin analsgaied as substrates for the vitro
characterisation of individual Tun enzymes. E#idi routes to compounds-acetyl-
tunicaminyl uracil90 and N-acetylN-deacyl-tunicamycirf9 were developed, utilising a
combination of acidic hydrolysis, mild methanolysssd effective protecting group
strategies (Fig. 6.2). Both of these compoundsewextremely valuable since they
represented key intermediates for subsequent tmadisation into diverse libraries of
tunicamycin analogues. Not only this, but they evatso proposed to act as natural
substrates for glycosyltransferase TunD &hdeacetylase TunE from the tunicamycin
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biosynthetic pathway and it was hoped they wouldukeful as part of then vitro
functional characterisation of these enzymes —etyaresented in chapter 4.

. Tunicamycins 0O

S. chartreusis X o OH
fermentation broth WJ\ HO OH 4 NH
| > NGOG 0_N—

~35 mg/L yield AcHN O

HO
HO g HO OH
OH

chemical degradation

N-acetyl-tunicaminyl-uracil 90 N-acetyl-N-deacyl-tunicamycin 99 Y
— OH </ i
OH » HO OH NH
10 HO o (N ACHN o _N—
AcHN 5 0_N— 0X_0
0]
HO 0] AcHN \—
. HO )
" HO  OH HO © o OH
OH
Uses: Uses:
a) Precursor to tunicamycin analogues a) Precursor to tunicamycin analogues
diversification at N-10" and O-11' diversification at N-10'
b) In vitro characterisation of TunD b) In vitro characterisation of TunE
proposed natural substrate for proposed natural substrate for
glycosyltransferase TunD N-deacetylase TunE

Fig. 6.2 Summary and significance of tunicamycin degradation studies from chapter three

Overall, results presented in chapter 3 complerbetit the characterisation of the
tunicamycin biosynthetic pathway described in chep® and 4, and studies towards the
original objectives of forming tunicamycin analogueased around the core tunicamine
scaffold.
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6.4 Chapter four

The studies presented in chapter 4 sought to com®it the elucidation of the
tunicamycin biosynthetic gene cluster by lendingghieto the proposed metabolic pathway
of tunicamycin biosynthesis through the functioolhhracterisation of individualn gene
products. Work was focussed on three particulanegeroducts: epimerase TunF,
glycosyltransferase TunD amdideacetylase TunE. Protocols for their over-exgpoesand
purification from recombinaniE. coli hosts were optimised, allowing subsequentitro
studies to take place which have offered initigights into the functions of these enzymes.

Epimerase TunF was successfully cloned and ovezegpd as an N-terminal kijs
fusion protein and was experimentally shown to fiumcas a UDP-GIcNAc-4-epimerase.
A novel enzymatic assay based #hNMR was developed in the process, offering both a
simple and rapid method for detecting enzymatiovéigtand allowing accurate elucidation
of product structures directly from reaction mixsy eliminating the need for laborious
chromatographic separation and purification of tieacproducts. The observed epimerase
activity was in line with previously reported pretions and those made in chapter 2, where
UDP-GIcNAc rather than UDP-GalNAc was proposed ¢b & a metabolic precursor in
tunicamine biosynthesfs’

Possible natural
substrates for TunF

Conversion observed OH
. . OH OH
a) Epimerisation before H 0 in vitro with His;o-TunF 0
formation of 5,6-ene and ﬂo - > HO
undecose-forming event AcHN AcHN
o O-upp OH  Oypp
b) Epimerisation after H 0 /o)
formation of 5,6-ene but before ﬂo S HO
undecose-forming event AcH No AcHNO
"UDP "UDP
0 0
OH
c) Epimerisation after HO OH OH </ NH HO OH </ NH
formation of 5,6-ene and AcHN 0 O N—§ AcHN 0 (0} N—<\
undecose-forming event o 0 o 9]
UDP” HO OH UDP” HO ©OH

Fig. 6.3 Possible substrates for epimerase TunF

The functional characterisation of TunF establisttee importance of its role in the
installation of the pseudo-GalNAc moiety within kcemmine, acting to epimeriseghuco-
configured precursor at some stage during the hibgyic pathway. Unfortunately, despite
demonstrating activity against UDP-GIcNAc the psecidentity of TunF’s truen vivo
substrate remained unclear. We suggested that GomE act at a number of stages in the
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biosynthetic pathway. Depending on whether it &etore, during or after the undecose
C-C bond-forming event a different UDR-acetylglucosamine derivative was rationalised
as a potential substrate in each case (Fig. 6.3).

Successful over-expression and purification otgsyltransferase TunD experienced
significant hurdles resulting from poor protein wdality and stability. Following the
screening of a wide range of conditions for hetmyols protein expression and the
production of a number of fusion protein construes optimised procedure for TunD
expression was developed involving the productidnaoC-terminal His fusion and
subsequent purification by Niaffinity chromatography. Potential functional igity of
this TunD-Hig construct was analysed with a coupled spectrophetiic assay, using
previously synthesisel-acetyl-tunicaminyl-uraciB0 as the glycosyl acceptor substrate.
Biological activity was observed, although the fssshowed that the TunD-catalysed UDP
release was not coupled with GIcNAc transfer toglyeosyl acceptor. This activity was
thus attributed to enzyme-catalysed hydrolysis DPUGICNAC, a reaction which has been
previously observed with glycosyltransferases background process competing with the

much more rapid glycosyl transf&f-*>°

N-Acetyl- tunlcamlnyl -uracil 0

7 NH o)
ACHNMN o ﬁ<\~ o O on ¢ WM
AcHNﬁE&/—k&N—ﬁ

HoN 5 GRS AcHN \/
0o HO S %
HG — ul d HO ©OH
HO WD OH O
tunicaminyl-uracil OH oy \// /<NH acyl
HZN%N& transfer

HO /

oH
OH acy
acy \ transfer
\\liransfer O O

/
— NH TunD WN—&
o \%ﬂ ! o

N-acyl-tunicaminyl- uracn OH Tunlcamycms

Scheme 6.1 Implications of observed TunD-Hisg activity on the tunicamycin biosynthetic pathway

The lack of GIcNAc transfer to the glycosyl acaepivas surprising and suggested
that N-acetyl-tunicaminyl-uraci©0 was not the natural substrate for glycosyltranstera
TunD (Scheme 6.1, Path A). A pair of alternativespnthetic pathways were proposed,
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both suggesting the reorderingM{deacetylation (Tung), glycosyl transfer (TunD) ahd
acylation (TunC, L, K) events towards the end & thetabolic pathway (Scheme 4.1,
Paths B and C). Two alternative substrates focagyltransferase TunD were suggested,
both of which were derivatives of tunicaminyl-ulaone had a free amine at N-10" and the
other was acylated with fatty acids at this poaitio

Initial investigations into the over-expressiondapurification of putative N-
deacetylase TunE were also presented. Soluble WasEobtained in low levels as an N-
terminal Hig fusion but unfortunately failed to show any bidt@ activity in a HPLC
assay utilising previously synthesisBeacetylN-deacyl-tunicamycirf9 as the substrate.
The results suggested that this fusion was unstaldelution and based on the prediction
that TunE was a metalloenzyme binding?Zat its N-terminus, it was proposed that a C-
terminal His-fusion of TunE purified by Zhaffinity chromatography would provide a
more appropriate construct for the detection ofldgmal activity. In line with the
alternative substrates proposed for glycosyltraaste TunD, the corresponding TunE
substrates from these modified pathways were alssepted (Scheme 6.1). Although only
preliminary investigations into the expression,ifieation and functional verification of
TunE have been presented herein, they act asdafealdation for the future construction
of alternative TunE constructs and functional eneyassays.

Together, chapter 4 documented the functionaifivation of epimerase TunF,
partial functional verification of glycosyltranséese TunE and significant optimisation of
expression and purification protocols for TunF, il @ enzymes from the tunicamycin
biosynthetic pathway. Previously unforeseen insiginto the tunicamycin metabolic
pathway were gained and these findings now actgesteway, allowing rational design of
future experiments and targeted investigationgpettic areas of the biosynthetic pathway.

6.5 Chapter five

In chapter 5 we set out to synthesise derivatafes-galactosamine, a key motif
within the tunicamine scaffold. Synthesis of diéfetially protected derivatives of this
sugar would not only allow future construction afnatural tunicamine analogues — for
example linked to non-uracil nucleobases — butas &lso hoped to offer an improvement
over existing methodologies which suffer from maderyields and incomplete regio- and
stereoselectivities. A Rkcatalysed €H insertion strategy was envisaged, utilising a 1,6
anhydrob-mannose precursor (Scheme 6.2). Unfortunatedy ettpected-C—H insertion
at C-2 was not observed, with insertion occurring atke-H of C-3 instead. An X-ray
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crystal structure of sulfamate precurd08 offered valuable insights as to the source of this
unique selectivity. With respect to the originalats, the results obtained would have
unfortunately led to 3-amino-3-deoxyidose rather than the desired 2-amino-2-deoxy-
galactose derivatives. However, these studieseamffenportant broader implications. To
the best of our knowledge, this was the first exengb a sulfamate cyclisation forming a
five membered ring in preference to a six membenegl based on conformation alone.
The inverted regioselectivity exemplified by seleetf-insertion has taken place in the
presence of an equally activatgeC—H, which would normally be greatly favoured.
Although B-insertion has been reported with sulfamates,hhsonly been observed when
noy pathway is available, or if an electron-donatimgup is present at th but not they

position, providing a much more activeg for insertion®>°

D-Galactosamine

D-Mannose Aminati derivatives
- Amination BnO
OH - Double Inversion - : Og
HON[O  -- R RN
IQO&AH HO SEt
OH o 2 NHCbz
l QO T glycosylation

0 i) imine formation

0= i) imi)ne reduction

) S - i) N-protection o

o O——‘/'/H/' 0 //S\\ NH \\0 Sy2at C-4 [OH
Q70 R 0

catalysed
o Py C-H amination BnG
O\,/S\\’NHZ E _Z NHCbz
(OJNO)
108

S\
//
Scheme 6.2 Unusual C-H insertion selectivity observed en route to bD-galactosamine derivatives

In conclusion, the results obtained in chaptee@asent somewhat of a digression
from the original goals and the overall objectieéshe thesis, but they offer an interesting
and unique observation which will further our uredanding of the influencing factors and
mechanistic aspects involved in C-H activation aitdne insertion methodologié¥.
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6.6 Future directions

Work is currently ongoing in our laboratory to ther probe the tunicamycin
biosynthetic pathway. The primary goal is to comé with in vitro functional
characterisation of individual Tun enzymes, suppletimg the insights gained both from
the detailed bioinformatic analysis of thein gene cluster and the experimental
characterisation of recombinant TunF, TunD and Tpn&ieins. Aside from deciphering
the true order of biosynthetic events and assigtrung) natural substrates for key enzymes,
further biochemical investigations will also unrhvihe enzymology and substrate
specificity of these enzymes, many of which arenfnpoorly studied or potentially novel
enzyme families. Further attempts to crystallisan Pproteins would support all of these
goals by potentially providing a wealth of strueiumformation. In all, thesén vitro
investigations will not only expand our understagdiof the tunicamycin biosynthetic
pathway, but they will also extend the toolbox aidynthetic machinery available for the
construction of tunicamycin analogues.

One particular target remains TunF, where furthverk is required in order to
determine the true biosynthetic substrate. Anylisgiwill be complemented by recent
functional characterisation of TunA in our reseagobup?*® The dehydratase was found to
accept UDP-GICNAc — but not UDP-GalNAc — as a suabef catalysing conversion to
UDP-5,6-ene-GIcNAc. This product was further fouledact as a substrate for TunF,
where formation of a UDP-5,6-ene-GalNAc product wasected. In order to probe the
precise ordering of these early biosynthetic tramsétions, access to proposed alternative
substrates UDP-GIcNAc-5,6-ene and UDPefii-tunicamine may be required, although
synthesis of these compounds is likely to be chglleg. Studies into the precise role of
TunF should also be complemented by acquiring apeteainderstanding of the
carbohydrate tail-to-tail coupling event in the mf@tion of undecose tunicamine. The
likely involvement of TunA, TunB and TunM should mvestigated experimentally which

will help explain the formation of such a uniquelinkage.

Further functional characterisation of glycosyisterase TunD andél-deacetylase
TunE is also a key target for future work. Furtlogtimisation of over-expression and
purification procedures may be required, but thiesequent testing of TunD and TunE
activity using the previously proposed alternatubstrates will offer meaningful insights
into the ordering of biosynthetic events. Once enisrknown about the enzymology and
substrate specificity of these key biosynthetic yemes, their application to the
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chemoenzymatic synthesis of tunicamycin analoguas be tested experimentally,
incorporating an informed choice of substratesraagdtion conditions.
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Al Abbreviations

[a]o'
A

aa
Ac
ACP
All
AMP
app.
ATP
ag.
Bn
BLAST
Boc
BOM
bp
br

Bz

calc.
CAN
Cbz
CDD
CDiI
CMP
CoA
COosy
CTAB
Ccv

Da

dd

dt
DAP
DCC
DCM
DEPT

Optical rotation at temperature t
Adenine

Amino acid

Acetyl

Acyl carrier protein
Allyl

Adenosine monophosphate
Apparent

Adenosine triphosphate
Aqueous

Benzyl

Basic Local Alignment Search Tool
tert-Butyloxycarbonyl
Benzyloxymethyl

Base pairs

Broad

Benzoyl

Celsius, cytosine

Centi

Calculated

Ceric ammonium nitrate
Carboxybenzyl

Conserved domain database
Collision induced dissociation
Cytidine monophosphate
Co-enzyme A

Correlation spectroscopy

Hexadecyltrimethylammonium bromide

Column volumes

Deca, doublet

Daltons = atomic mass units
Doublet of doublets

Doublet of triplets

meso-Diaminopimelic acid = (R,6S)-2,6-diaminoheptanedioic acid

N,N"-Dicyclohexylcarbodiimide
Dichloromethane

Distortionless Enhancement by Polarisaticangfer
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DMA
DMAP
DMAPP
DMF
DMSO
DNA
Dol
DPM
EDTA
Et

ER
ESI
EXSY
FADH,
Fuc

g

G

Gal
GalNAc
GDP
GIcNACc
Glc
GPI
GPT
GST
GT
GTP

h
HEPES
HexNAc
HIV
HMBC
HMDS
HMPA
HMQC
HPLC
HRMS
HSQC
Hz
ICso
IMAC
IPP
'Pr

N,N"-Dimethylacetamide
4-(Dimethylamino)pyridine

Dimethylallyl diphosphate
N,N"-Dimethylformamide

Dimethylsulfoxide

Deoxyribonucleic acid

Dolichol

Dolichol-phosphate-mannose
Ethylenediaminetetraacetic acid

Ethyl

Endoplasmic reticulum

Electrospray ionisation

Exchange spectroscopy

Flavin adenine dinucleotide — reduced form
L-Fucose = 6-deoxy-galactose

Acceleration due to gravity

Guanine

D-Galactose

N-Acetyl-galactosamine N-acetamido-2-deoxp-galactopyranoside
Guanosine diphosphate
N-Acetyl-glucosamine #-acetamido-2-deoxp-glucopyranoside
Glucose

Glycosyl-phosphatidyl-inositol
GIcNAc-1-phosphate transferase = GIcNAc-1spihate translocase
Glutathion&-transferase

Glycosyltransferase

Guanosine triphosphate

Hours
4-(2-hydroxyethyl)-1-piperazineethanesulf@uic
N-Acetyl-hexosamine

Human immunodeficiency virus
Heteronuclear multiple bond correlation
Hexamethyldisilazane
Hexamethylphosphoramide

Heteronuclear multiple quantum coherence
High performance liquid chromatography
High resolution mass spectrometry
Heteronuclear single quantum coherence
Hertz

Half maximal inhibitory concentration
Immobilised metal ion affinity chromatography
Isopentenyl disphosphate

Isopropyl
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IPTG
IR

JIC

k

kb

Ki

Ki*

L

LB
LC/MS
LDA
Lipid |
Lipid Il
i

M

m

Man
Mb
MBP
Me
MEP
MES
min
MOM
MOPS
M.p.
MRNA
MRSA
MS
MurNAc
Mw
MWCO
m/z

NADH
NADPH
NDP
NMR
NRP
NRPS
NTP

Nu

IsopropylB-D-thiogalactopyranoside

Infrared spectroscopy

Coupling constant

John Innes Centre, Norwich, UK

Kilo

Kilobase pairs

Absolute inhibition constant

Final steady-state inhibition constant for stbmding inhibitors
Litre, litres

Luria-Bertani media

Ligquid chromatography mass spectrometry
Lithium diisopropylamide
Undecaprenyl-pyrophosphoryl-MurNAc pentapide
GIcNAc-B-(1—4)-Lipid |

Micro

Molar, mega

Milli, metre, multiplet, medium

D-Mannose

Megabase pairs

Maltose-binding protein

Methyl

2C-Methyl-pD-erythritol 4-phosphate
2-(N-morpholino)ethanesulfonic acid

Minutes

Methoxymethyl ether
3-(-Morpholino)propanesulfonic acid

Melting point

Messenger RNA

Methicillin resistanB&taphyl ococcus aureus

Mass spectrometry

N-Acetyl-muramic acid = N-acetyl-30O-carboxyethylp-glucosamine
Molecular weight

Molecular weight cut-off

Mass/charge ratio

Nano

Nicotinamide adenine dinucleotide — reduceht
Nicotinamide adenine dinucleotide phosphateduced form
Nucleotide diphosphate

Nuclear magnetic resonance

Non-ribosomal peptide

Non-ribosomal peptide synthetase

Nucleotide triphosphate

Nucleophile
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OD, Optical density at a wavelength of n nm
OoGT O-GIcNAc transferase

ORF Open reading frame

OSsT Oligosaccharyltransferase

PAGE Polyacrylamide gel electrophoresis
PEP Phosphoenolpyruvate

p Pico

P Phosphate

PCR Polymerase chain reaction

Ph Phenyl

Phth Phthaloyl

pl Isoelectric point — the pH at which a protearries no net electrical charge
PMB para-Methoxybenzyl

PKS Polyketide synthase

PP Pyrophosphate, pyrophosphoryl
ppm Parts per million

PPTS Pyridiniunpar a-toluenesulfonate
pyr Pyridine

q Quartet

Ry Retention factor

RNA Ribonucleic acid

ROESY Rotating angle nuclear Overhauser effect
rpm Revolutions per minute

rRNA Ribosomal RNA

rt Room temperature

S Seconds, singlet, strong

SAM S Adenosyl methionine

sat. Saturated

SDS Sodium dodecyl sulfate

sep. Septet

SLM Standard litres per minute

N2 Bimolecular nucleophilic substitution
TBS tert-Butyldimethylsilyl

'‘Bu tert-Butyl

t Triplet

T Thymine

TCEP Tris(2-carboxyethyl) phosphine
TDP Thymidine diphosphate

TEA Triethylamine

TES Triethylsilyl

TEV Tobacco etch virus

Tf Triflyl = trifluoromethanesulfonyl
TFA Trifluoroacetic acid
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THF Tetrahydrofuran
TIC Total ion chromatogram
TLC Thin layer chromatography
TMS Trimethylsilyl
TOCSY Total correlation spectroscopy
TOF Time-of-flight
Tosyl, Ts para-Toluenesulfonyl
tRNA Transfer RNA
Tris Tris(hydroxymethyl)aminomethane
UMP Uridine monophosphate
UDP Uridine diphosphate
UGGT UDP-glucose:glycoprotein glucosyltransferase
unsat. Unsaturated
uv Ultraviolet
\% Volts
v Volume
VRE Vancomycin-resistant enterococci
VRSA Vancomycin-resistar@taphyl ococcus aureus
w Weak
W.IP.E. Water:isopropanol:ethyl acetate
Amino acid 3-letter code  1-letter code
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val Y

Table A1.1 Abbreviations of amino acids
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A2 Sequences of individual tun genes from S. chartr

A2.1 tunA: Putative UDP-GIcNAc dehydratase

DNA sequence of tunA gene:

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

GTGCAAAGAA
GGCCACCTTG
CGTGIrGCCceC
GAGITAGAGG
AGIGITCCTC
CACCTCCTGG
GAGGTCTACG
TCGCCCTACG
TCAGTCGCTC
CCCGACGCCC
GAGGGCGACG
GTCGCCCTGG
TCCGTGAACG
AAGCAGCCTC
CAGATCGGAG
TGGTGGCAGT
GAC

ACACTTTGAA
CCCGCGCACT
CGATGATCCC
AAAGCGATCT
GCTCCTTCAA
CTCTCTGCAC
GCCAGGECCEA
CCGCGAGCAA
CCGAGGTGEG
TCGTACCCCG
GTGAGCAGCG
CGAACCGACC
ACGTCATCCG
GGCCGAACGA
AGAGGTCCGG
CGCGGGACCT

ACACCGGATT
GGIrGaECGrec
GCCGGAAGEC
CTCTGACGTA
ACAGCCECTC
GAGCGTTGEC
CACACTACCG
GGICEECCTG
CATCGITCGC
GCTCTGECGECC
TCGCGACTTC
ACTGCCCTCA
GATCCTCGCAG
AATCACGGAG
CGGGATCGEA
TGACGACATA

Amino acid sequence of TunA protein:

1
61
121
181
241
301

MORNTLKHRI

LI TGGAGHI G

GHLARALVAS

ELEERDLSDV RLVYHLASHK SVPRSFKQPL
EVYGQADTLP TPEDSPLSPR SPYAASKVGL
PDALVPRLCA NLLTRNELPV EGDCGECQRRDF
SVNDVI RI LQ ATSPAAEVAR KQPRPNEI TE

WAQSRDL DDI

RQRI FQEEGA

D

CTCATCACCG
GGCGAAGAAG
ACCGGAAAGT
CGCCTCGTICT
GACTATCTCG
GTGCCGAAGG
ACACCCGAAG
GAGATGGTGG
TTCTTCAACG
AACCTCCTGA
ACCTACATCA
GITGTCAACT
GCGACCTCTC
TTCCGEECGEG
ATCGAGGAAG
CGCCAGCGTA

GEEVTVLDDL
DYLDNVDSGR
EMVAGAHQRA
TY! TDVWDKL
FRADTALQTR

A2.2 tunB: Putative Fe-S oxidoreductase

DNA sequence of tunB gene:

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

ATGACCGECT
CCCTGCATCC
CTGICCATCG
ATCACCCTCA
GITCCGAAGC
GAACAGCTCG
ACGCCGGGAGA
TCGATCTACC
AACCAGCACA
GACCTCATCC
GAGGAGACCA
GACTTCGACC
CAGGACGTCG
GGCGACGTGA
CCCGTGCAAG
ACCGAGGAGC
CCCCCGCTCA

ACACCGCACC
ACTGCCGCAC
AGCAGTTGCA
CCGGTGGGEEA
TGCGCCATTC
ACCGCATCGT
CGTTCECCEC
TCCGCGACCG
ACGTGITCGA
TGGTCCGEEC
TGGECGGTCCA
TGAACCTCAA
TCATGITCCC
CCATGAGCCG
AGATCTGGAC
GICTGCGCGA
CCTCCCTCCT

TGTACGCGCC
GAACACCGEEG
GGACATCATG
GCCGACGATC
GACCGTCACT
GGACAGCGEC
CGTACGECTC
TGTGCCCAGT
CCTCGCGCAC
GCACGGECCEC
CCGCAAGGTG
CGCGCCCTAC
CTACCTGGTG
CCTCTACAGT
GCAGGEECAG
GATCTTCTGG
GGACCGCECAG

AGICTGGEATG
GAGATCCCCG
CTCCAACTGG
CGCAAGCECECT
CTCATCACGA
ATTTCGITCCA
ATGGACGTGT
TTCAAGGTGC
TACCTGCGAG
GGTGGCCGCA
ACCGAGITCA
CTGGTCCCGEG
CGCGACAGCA
GCCGCGECCCT
CAGCAGCTCG
GACTTCGCGA
ATCTTCGAAG

GAGGECECCGEG
TAACAGTCCT
TCTTAGAAAA
ACCACCTGCC
ACAACGTGGA
TGGICGTCGG
ATAGCCCTCT
CCGGEGEECCCA
TCTACGGECCC
CCAGGAACGA
CCGATGTICGT
TCGGITCCGG
CGGCGECCEA
ACACCGCCTT
GCATTCGCCT
TCTTCCAAGA

RVPPM PPEG
HLLALCTSVG
SVAPEVG VR
VALANRPLPS
Q GERSGG G

TCACTTACGC
TCCACATCCG
ACCGGATGCG
TCTGGCAGCT
ACGCGGCAGC
TCCGEGTCAG
TCGACACCGT
TGACCACGGT
CCCACGCCTT
ACCGTCTGCT
AGCGGGACGT
GCGAGAACCT
GCATCGCGAT
TGGGGAACAC
TCCAAGAGCA
CCAGTGACGG
GCGCCGAGGT

eusis

ATTCATCGGT
GGACGACCTG
ACCCGTCTTA
GTCGCACAAG
CTCGGEECCEC
GAGTACGTGC
ATCCCCGECGC
CCAGCGCGECC
CGGCGAGCGG
ACTGCCTGIC
GGACAAACTC
CCAGICCCTC
GGTCGCCCEGE
GCAGACGCGG
CACTCTCGAA
GGAGGEEEECC

TGKFLEKPVL
VPKVWGSTC
FFENVYGPGER
VVNFGSGQEL
| EEG RLTLE

ATGCGACCTG
CCGCAAGATG
GACATTCGAG
CCTGGACGTC
GCACACCCGG
CATGGACGEC
CGTGGAGAAC
CATGAAGACC
CCGGCGCCAG
CCTGACAGAG
GCCGGECCACG
GCGCCCCTTC
CTCCGCCACA
CAAGGATCCT
GGAGGAGITC
ACCGGACGGT
GAGG
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Amino acid sequence of TunB protein:

1
61
121
181
241
301

MIGYTAPVRA SLDVTYACDL RCI HCRTNTG
| TLTGGEPTI RKGFWQLLDV VPKLRHSTVT
TRETFAAVRL MDVFDTVVEN S| YLRDRVRS
DLI LVRAHGR GCRNRLLLTE EETMAVHRKV
QDVWMFPYLV RDSSI Al SAT GDVTMSRLYS

TEERLREI FW DFATSDGPDG PPLTSLLDRQ

A2.3 tunC: Putative N-acyltransferase

DNA sequence of tunC gene:

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901

TTGICCAGGEG
GCTCTGAGCC
GCCCCTGEEC
CGGTGIGGCA
GICGCCCCGEG
CTTCAGIGEC
CCGTCEGTGC
GCCECECEEG
ACGCCAAGIT
CCCGAAGCGA
TGGECGAGCG
GACCGGAACA
GCCCAEECTCG
TCCTTGGCGA
TATGCCGTGC
CTATGGACCA

AGGCCCTCAT
CTGCCACCGEC
CACGAGCCCA
TCAACGTCAA
CGGAGCGEEEC
TGGGGTATGC
TGCGGECAGEC
ACGACAAGAG
CTACTCCCAC
GIGAGGAACT
AGATCCACCG
AGGAACTGCC
GGATGCTGIC
CAGCGCTCAT
TGGGAGECGT
TCCCTGECTC

ACGCCTGTAC
ATCGCGGGAT
GICCTTCGIC
GGEECCCEEEC
GGGECATGCAC
CTACGCGATG
GCCGTGGETGG
CCTGGAATGG
GICTCTTACG
GCTGATTGTIC
GICGITCTCA
GCCCAAGGAC
TGCGATTGCG
CGAGGAGTGC
AGGCAACGCC
GIGCCCGEEA

Amino acid sequence of TunC protein:

1 MSREALI RLY DLTPSQPLLD ALSPATASRD

61 RCA NVKGPG TVGACEVAAV VAPAERAGWH W.LVHVALER LQALGYAYAM

El PVH RRKM
LI TNAAAHTR
FKVLTTVIKT
TEFKRDVPAT
AAPLGNTKDA
| FEGAEVR

GACCTCACGC
ATCGCTCCTG
GAACTGCACC
ACAGT CGECECG
TGECTTCTCG
ACGGAAGTCA
ATTCCCGATT
GCGGATCTCT
GTCAACGCECC
GACTGGECTCA
CGGGATCCGA
CCCTTGCTCG
CTCGTGCCCG
CTGCGCGAAG
CCCTTGECGEG
ATCTTCGGGA

I APWPRFKG

LS| EQLQDI M LQLDRMGTFE
EQLDRI VDSG | SSI RVSMDG
NQHNVFDLAH YLRAHGFRRQ
DFDLNLNAPY LVPGEKLRPF

PVQEI WIQGQ QQLVQEQEEF

CGTCCCAGCC
TCGITCCCCG
GGGAAGCGAC
CCTGCGAGGT
TCCATGICGC
GCGAATACGC
CCAGCGAACG
TCATCGACTT
GAGACCTGTG
GAGAGACCTT
TCTCGTCTGT
GCTTCCTTGC
AGACACGCGG
CGCGAGCCAG
CTCTTCGCAC
GCGEGTGITCG

AAGPRAQSFV

121 PSVLRQAAWN | PDSSERKSA AARDDKSLEW ADLFI DFRTW TPSSTPTSLT
181 PEASEELLIV DW.RETFGGG WASEI HRSFS RDPI SSVI W DRNKELPPKD
241 ARLGWLSAI A LVPETRGRDL SLATALI EEC LREARASGMIT YAVLGGVGNA
301 LW PGSCPG | FGRGVRN

A2.4 tunD: Putative N-acetylglucosamine transferase

DNA sequence of tunD gene:

1
61
121
181
241
301
361
421
481
541
601
661
721
781

ATGGAGATCA TCTTCACTGT
GACATGGECGC TCGEECTGEC
GGAGCCATGC TTCAGCAGTIG
GCCAGCGACG ACGCGGECCGA
GTGIGIGICT CCGECCGCGC
ACTGATGCCG CCGTGIGCCT
GTGCGCGACC TATTCACCGG
CGCCAGITCG AGCCGCTGAT
ACCAGTGECG TCGEGGAGCC
CGAAAGGAAC TCCGAGCCGA
TGGGAGAAGG GCATCGACCA
GCCGCECCCC CGCTGCTEGET
CAGACCATCG AACGGGGTGT
GCCCCGGTGA TCAAGGCCAG

CTCCGATCAG
GCAGGCAGGEC
CCGraeceeee
GGCGGTTCEC
GGACGCCGCC
GTTCCGGCAC
CGTGAACCTG
CAACGCCGGT
TCTGCTCGECG
ATCGGACCAG
GGTGATCGAC
GGTCGCGEGET
AGCCGAACGG
TGACGCCGTIG

TCTGCTCGAC
GITCAAAGGG
GCTTCTGEEC
GGECEECCGTG
ACTCGAGCGG
GGACCACTTC
CAAGAGCECG
CCGGACCTGG
GGIGCGTCGT
CGGECCGAGEC
GATCGTGGTC
CTACGACACT
TCGCGATCTG
CGCGCATGACC
ATTCAGCGCT
GAAC

ELHREGTLLG
TEVSEYADHF
VNGRDLWRR
RLLGFLAYDT
RLAALRTFSA

GTATGGGEGECG GCAAACACCG
CATACGGTCA CCGICCTCGC
GGGGTAACGA CCGTGAGTGT
AAGGCGCTGC GGCATCGTCG
GCAGTCCACC ACGCCCAGTC
TCGECGTTCC CTCTGGGAAC
GTCTTCACCA CGICACTGGA
GTCTTGAAGG ACGAACAGGT
GCTCTGGACG CCGCCGACCG
TTCGTCTTCC TCGTGCTGEC
GCCTTCGCTG ACCTGGAGCT
GAGGGECCGEC TGGAGGCAGA
GTCCAATTCC TCGGCCACCA
GICCTCACCA GCACGGITCC

CTACATGCAC
GGAGGAGGEGT
GCCGECGITC
TCCTCATATC
GCAGGECCGTG
CACCGACGAG
ACAGCGGCAA
CGAGATACTC
CGGCGCCECT
CCGCCTGECC
GCCGCCGGAC
ACTACGAGCEC
GGACCACGTC
CGAGACCGEC
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841

901

961
1021
1081
1141
1201
1261
1321
1381

CCGCTCGCGC TCAAGGAGEC
GGCATCCCGG AGITCGTCGA
CTGCGCCAGG CGATGCAGCG
GCCGGATCCG AGTCGGTTCG
CACCGICTCG ATCTCCTGGC
GTGIGGGACG ACGTACGGECT
ACATCGCACA TCATGGAACT
GCCGGTGACC CACTCCAGTT
CGCCTCTACG CCATGGEECEC
ACCGCGGACG GCGAACGACC

CATGGECCGCC GECCECCCCG TCATCGCCTC
GGACGAGCGG CACGGTCTGC TGGTCATCGA
GCTCCTGAGC GACCGCGAAG CCGCCGAGAC
CGCCGGACAT CGTGCAGTAC GACGCGT GGA
CCTGGAACAG CTCGCCCCGG ACACGGTCCT
GCGTGAAGAG ACACAAGGECG GCTTCGICTT
GGACAGCGCT ACGTACGCTG TCGTGCGCAC
GATCAAGCTC CCCGAAGAGA CCCTCGGTGT
GCTGGTCCGG CAGGATGGTC AGGCGACGCC
GGITACGGAG CCCGCG

Amino acid sequence of TunD protein:

1
61
121
181
241
301
361
421

TGTCCAGGEEC
CGACGAGGAC
CATGGGAGCC
GTACCTCGCC
TCACGAAGTG
CGTGCCCCaGT
CGCGGTCGAA
GATTGCACAC
TGCGEECCCEC

MVEI | FTVSDQ VWEGKHRYMH DVALGLAQAG HTVTVLAEEG GAMLQQCRAA GVTTVSVPAF

ASDDAAEAVR KALRHRRPHI VCVSGRADAA
VRDLFTGVNL VFTTSLEQRQ RQFEPLI NXX
AARKELRAES DQFVFLVLAR LAVEKG DQV
RGQTI ERGVA ERVQFLGHQD HVAPVI KASD
QGG PEFVED ERHGLLVI DD EDLRQAMQRL
LAHRLDLLAL EQLAPDTVLH EVWMDDVRLR
VEAGDPLQLI KLPEETLGVI AHRLYAMGAL

AVHHAQSQGY TDAAVCLFRH
AGVLKDEQVE | LTSGVGEPL
| DAFADLELP PDAAPPLLWV
AWLTSTVPE TCGPLALKEAM
LSDREAAETM GAAGSESVRG
EETQGGFVFV PRTSHI MELD
VRQDGQATPA ARTADGERPV

SAFPLGITDE
LAALDAADRG
AGEGPLEAEL
AAGRPVI ASV
GHRAVRRVEY
SATYAWRTA
TEPA

A2.5 tunE: Putative N-deacetylase

DNA

1
61
121
181
241
301
361
421
481
541
601
661

sequence of tunE gene:

GIGAAGGTCC TGGTCATCGC
GIGTCGECAT TGAGCCAGCA
TCGCTGCGEC ATTCGEECGT
AAGGATCTCG GTGCGGECCEA
GCCGACCTCC CTCAGCGACA
CCCGAAGTGG TCTTCACTCA
CATGCAGIGG GGTACGGCAC
TTCGAGGTCC TGICTTCCAC
CTGITCTACG ACGICACCGG
TACGAGCTGI ACGACCCGCC
TACCGGGGEGA CGCAGGTGEG
CGCGGCCCCA TGECAGCGEET

CGCACACCCG
GGGECGCAGTG
GAAGATCGAG
GGIGICGITC
GGICGTCGAT
CCACCCTGEC
CCGCATCCTC
GGAACAGCAA
GCACGTCGAA
CCACCCTCGC
GGTGGAAGCG
TCCCAGTGEA

Amino acid sequence of TunE protein:

1 MKVLVI AAHP DDEVLGAGAT VSALSQQGAV
61 KDLGAAEVSF GGE.AADGRLL ADLPQRQVVD
121 HAVGYGIRI L GSGSVRQVLH FEVLSSTEQQ TGLVAPFTPN LFYDVTGHVE
181 YELYDPPHPR SLAAVRTLAS YRGTQVGVEA

GATGACGAGG TTCTCGGTGC
GICCAGATCC ACATCCTCGC
GAGGECECEEE AACGCTGCCA
GCCGGTCTGG CEGCCGACGG
GCGGTTAGCC ACGCCCTGCG
GACATCCACG CGGACCACCG
GGECTCCGECT CCGITCGGECA
ACGCEGECCTGG TGECECCGTT
GCCAAGIGCC GGEECACTTCC
TCCCTGECGG CCGTTCGGAC
GCTGAGCCAT TCATGATCGG
GITGATGIGC A

VQ H LAEG SLRHSGVKI E
AVSHALREAE PEVWFTHHPG

AEAFM GREL RGPMAAVPSG

CGGEECCACG
CGAGGGTATC
GGTGECEECC
ACCCCTCCTG
TGAGGCAGAG
CAGCGTCGCC
GGTGCTGCAC
CACCCCCAAC
CGCCTACCCG
GCTGGECCTCA
ACGAGAACTA

EARERCQVAA
DI HADHRSVA
AKCRALAAYP
VDVR
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A2.6 tunF: UDP-GIcNAc-4-epimerase

DNA sequence of tunF gene:

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

ATGAGAGTGC
CTTGCEECCG
GICCGTGCECT
TTCGAGGAGT
TCGCTGCCGTIG
GCCCTGIGCG
GGCACCCCEC
GGAGAGACGA
CGCTACGCCA
GAGTACGCGG
CTGGECGCCCA
CGCGACTACA
CAAAAAGGCA
GACCTGATCG
CGCCGTCCAG
GCCTGECGAG
AGTACCCCCG

TCGTIGACTGG
GCCACGAGGT
GCCGCCTACA
TCCACCCTGA
ACATCAACAC
CACGCACCGG
AAATCTGCCC
AGTACCTGIG
ACCTCGCGGTA
GCCCGECATC
CCCTGCGGAT
TCCACGTCGA
GICAGTGCGG
ATGTICTTGCA
GGGACCCAGG
CAGAACGCGA
CGTCCCTGA

GGGTGCCEEG
CGTGGTTGTC
CGTGGTGGAC
GGCCGTGATC
GIACTTCTCC
GGTGGAGCGEC
GGTGGATGAG
CGAGCGCGTG
CTTCAACGCG
AACCCAACTC
CTTCGGCAAC
GGATCTCGCC
GCCGGTGAAC
CGACGTCTCC
TCTGTCCTGG
CCTTGACCAC
G

Amino acid sequence of TunF protein:

1
51
101
151
201
251
301

MRVLVTGGAG YVGSFTVRRL LAAGHEVWWV

| LDI ASMGTV

FEEFHPEAVI

HFAALKSSEE

ALCARTGVER FVFSSSCAVY GIPQ CPVDE
I ASYAQATGM RYANLRYFNA AGAADDASLG
LAPTLRI FGN DYPTTDGTAL RDYI HVEDLA
LGRGQPVSVR ELI DVLHDVS GKETPVANMAP
GARAERDLDH | VRTAWANVWHT STPASLE

A2.7 tunG: Putative UMP phosphatase

DNA sequence of tunG gene:

1
61
121
181
241
301
361
421
481
541
601

ATGCACCTCT ACCTACTGCG CCACGCCGAG
GATCGCCTGA CCGAGCGAGG ACGCCGACAG
CGCCGTCCCA CAGAGCTTCG CACCAGTGIG
GTCGCGECGEC ACACCGGECCT TGCCGCACGG
TCTCCGGTCG CGGGTGAGIT CCTGCCGAAC
CCGGEEECEG AATCATGGAA TGTGTTCATG
TGTCATCAGG CGTCGGAGGA CCAGCGGATT
GCTGTCAATG AACTGCTGIG TGGECGGEGACC
GGGATCACAC ACTGGCAGTA CCGTCCCGGA
CACAATGICA CCTTCGCCCC ACAGACCCTG ATGGATCACG GATCCCTGAG

TTGAGCGCA

Amino acid sequence of TunG protein:

TATGTGGGECT
GACAACCTCA
ATCCTCGATA
CACTTCCCGG
GICAACCTGA
TTTGICTTCT
ACCGCGCCCG
ATCGCCTCCT
GCAGGTCCGG
CTACCGGTGG
GACTACCCGA
CAGGCCCACG
CTGEECCECG
GGGAAGGAGA
GCCGATCCGA
ATCGTTCGTA

DNLSTGRREA
SLRDI NTYFS
TAPVRPESPY
EYAGPASTQL
QAHVRVLEGL

CCTTCACCGT
GCACGEECCG
TCGCCAGCAT
CCCTGAAATC
CGGEGEGACGCA
CCTCCTCGTG
TACGGCCCGA
ACGCGCAGEC
CCGACGACGC
CCATACGCTC
CGACCGACGG
TGCGGEGTCCT
GCCAGCCCGT
CCCCGGITGC
GICTGECCECT
CGGECGTGGAA

VRGCRLHWD
VNLTGTQNVL
GETKYLCERV
LPVAI RSTLG

QKGSQCGPVN

RRPCDPGLSW ADPSLAL SRF

GACCGITCCG
GCCCAGGAAG
CTTCCCCGCG
GAGGATCCGC
CCGCGGGAGG
ACGCGGGTCG
GIGITGGTCA
GGCAGGGTGG
GACTCGEGTG

GAAAGITCGA
CGCCTCATTG
CCCAGCAGAC
GCCTCAATGA
ACCGGCTCCA
CCACATGCAT
CCCACAGT GG
AGCTCCTGGT
GCGCCTGCECT

1 MHLYLLRHAE DRSGKFDPHQ DRLTERCRRQ AQEAAHW.AE RRPTELRTSV
61 VAAHTGLAAR EDPRLNEI VW SPVAGEFLPN

121

CHQASEDQRI

VLVTHSGFFD

AVNELLCGGT

181 HNVTFAPQIL MDHGSLSTAE LSA

ACGECGCCTC
CCGCGAAGCA
GGCECACGGTC
CTCTGAAGAG
GAACGTGCTC
CGCCGTGTAT
AAGTCCGTAC
CACAGGGATG
TTCCCTGGGA
AACCCTGEEC
GACGCCTCTG
GGAGGGICTG
CAGCGTGCEC
CATGECGCCC
GAGCCGATTC
CTGGCACACC

CCCGCACCAG
GCTGECTGAG
AGCCGACATC
GATCGICTGG
TCCGCCGCCA
GAGCGACCTG
CTTCTTCGAC
TGCGCACGCT
TCTGCACCAA
CACAGCGGAG

LPRAQQTADI

PREDRLHPPP PGAESVWNVFM TRVATCMSEL
GRVELLVAHA G THWQYRPG DSGGAW.LHQ
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A2.8 tunH: Putative nucleotide pyrophosphatase

DNA sequence of tunH gene:

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501

ATGAGCGEEEC
ATCCGCGAGC
GTGCACGAGC
ACCGGGACGT
GITGAGGAGA
AGCTCGCTCA
GCCGTCCATT
TCCTTGTACG
GCCGAGEECG
GATCAGCAGA
AGCCTCCGEC
TCCTGCCGCA
CTGGGATTCG
GICGAATACA
GAACAGACCG
AACCAGECCG
GAACGAAGTC
ATGCGECTCG
ATCGACTACG
GACCGCATGG
CCACCAGCGG
GIGCTCACTC
CGTCTCACGG
GAGAGCGTGG
TTCCGCTGCT
GCAACCCCGG

GGCGCAGECG
ACGACTTCTT
TGCGCAGCAT
ACCCGAGCGG
TCCGCCGACG
CCGCACCGAG
TCCCGCAGAC
CCCCAGCCCG
TGGTGCAGCT
CGAACGTGAT
CCACGCGECT
GCCTCGACGA
GCGGEGECTCEA
CCGCCAATCC
CCCTCGACGT
ACCATGCTCA
GCGCATGGCA
CCCAGGCCEC
TCGAGACCCA
TTTTCCAGGEG
AGAAAAAGCG
CAGCCGAGCA
TGACCTGCGG
CCTCCGCATC
TCGGCCAGEC
TCCGCAGCAT

TATGGTCGIC
CAATCTGAGC
CTACCCCTCG
GCACGGGATC
CTCGGACGAT
CCTGCTCGAC
CTTCTCCCGEC
GAACCTCGTC
CTCCTACCTG
CACGGTGEERA
GGACATCCCC
AGGCCAGATC
TATGCCGGAC
AGGCCACACG
CCTGAAGCAG
GGAGITCCTC
GCAGATCCTT
CGGTGAGCAC
CCTGCGECCCG
TGACAGCAAC
CCTCGACCAG
GGACCEET TG
CCCGCACACC
ACACGGTTAC
AGCAGCGECGG
CTGGCGCCAA

Amino acid sequence of TunH protein:

1
61
121
181
241
301
361
421
481

MSGRRRRMWV | CVDGGLPG
TGTYPSGHG VGNRFWERES VEEI RRRSDD
AVHFPQTFSR NAQLAI PSCY CLYAPARNLV
DQQTNVI TVG SHRETAWAD SLRPTRLDI P
LGFGGLDVPD RAGDGPASLY VEYTANPGHT
NQADHAQEFL YWHAVRGSSG ERSRAWQQ L
| DYVETHLRP NHVLADLGLA DRMVFQGDSN
VLTPAEQDRL KLPVGSPRLG RLTVTCGPHT

| REHDFFNLS

ATCTGIGICG
CGEECCCTEC
TCAACAGCGC
GIGGGGAACC

ACGGECGEECT
CGACACTTCC
CCTCCCACGC
GCTTCTGGRA

CCGCTTTCAT
TGGITTGCCC
AACGCCCAGC
GICCCGCTCG
GGACACGAGG
AGCCACCGAG
GITTCTTCGG
GAGGTGECGTC
CGCECCCETG
TTCCACGAAT
CATGACCCAG
TACTGGECATG
GACGTCTACG
GCGGAGITCC
AACCACGTGC
TGCGCCTACC
GCCCTGCACG
AAGTTGCCGG
GAATTCCAGT
CTGCCCAGCG
CCEECTCCCC
GCEECECEEG

FRCFGQAAAR PAPPKDI TGA ATAVRSI WVRQ AAREM

CTTTTCACCC
GGCAAGEEEC
TCGCGATCCC
GACCGACCGT
TGGCCTTGTA
AGACCGCTGT
GITCCGIGTIC
TGGGAACCCC
ACGGEECCCCC
CGCCTCGEEC
ATGICCTGIT
CGGTCCGAGG
CCCGGATCGA
TGITCTTCTC
TGGCGGACCT
TGTACGCCGA
CACTCGATCC
TAGGGAGCCC
ACAGCGACGC
ACTCGGCCAT
CCAAGGACAT
AGATG

TCCCGGGATC
CGGCACTCGCC
GICCTTTCTT
GCGGGAGAGT
CTACGAGGAA
GIcGECCECC
CAGCTGCTAC
TGACGGEECG
TCTCCGEGTC
CGTGGCCGAC
CGTGECAEGTC
CGITATCACC
GICCCTGTAC
CGAGTGCGTG
CGTGCECTTC
CAGCTCCGGT
CCCCTGCGTG
CGACCACGEC
CGEECTCCECC
CGCACCTGTG
TTCCATCGEC
GAGGECTGEEC
GACACCGAGG
GAGCGECTTC
CACGEEEECC

RALPTLPGTA VHELRSI YPS STAPSHASFL
PLSSFHPYEE SSLTAPSLLD WFARQGASAA
VPLGPTVDGA AEGWQLSYL GHEVALYLRV
VSSGSVSVAV SCRRLDEGQ EVRLGTAVI T
FHESPRAEW/ EQTALDVLKQ HDPDVLFVRF
DVYARI DACV MRLAQAAGEH AEFLFFSDHG
CAYLYADAPV PPAEKKRLDQ ALHALDPSI G
EFQYSDATPR ESVASASHGY LPSDSAMSGF
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A2.9 tunl: Putative ABC transporter — ATP-binding s

DNA sequence of tunl gene:

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901

ATGCCAGAAA
GICCCCAGEC
CTTCTGGGCA
CGACCGGATG
ACGGCGGECCA
AAAGAGECCG
GAGCGTGACG
CACCTCTCCG
CCTGTCCTGA
TGGCAGCTTC
AACGCCATCG
GICGCECTGG
ATCACGGTAG
CACCGCGGCA
GITAGATCTCA
GICAGCTACG

ACCCTCCTTA
CGGCCAATGG
GCAATGGTGC
GGGGGACGGT
CGGITGGTITA
TCTACTTCAG
CCCTGTTGA
GCGCGAGAACG
TCCTGGACGA
TCAGGGAGCT
AAGCGGAACA
GCECTCCCEC
GCGATACACA
AGGTCGTGGC
CCCAGITCCC
CG

CGCATATGAG
CGAGATCTCC
GGGAAAGACA
GAGCCTACTG
CATGCCCCAG
TGCGCACCTA
GCTGCTTGGT
CCGACTGITG
GCCCACCAAC
GAACCAACGC
GGTGATCGAG
CGAGCTGAAG
AATGCATGGT
CCTCGTCGAC
CGAGITCACG

Amino acid sequence of Tunl protein:

1 MPENPPYAYE VEGQLHKQFDG VPRPANCEI S
61 RPDGGTVRLL GRDVFAHPRF TAATVGYMPQ TAFALNSLTV
121 ERDALLELLG LTHLAGKVAR QLSGCGERRLL
181 WQLLRELNQR DGHTII LI TH NAI EAEQVI E
241 | TVATQWHG LPDYVRVQSD HRGKWWALVD

301

A2.10 tunJ: Putative ABC transporter — permease sub

VSYA

DNA sequence of tunJ gene:

1
61
121
181
241
301
361
421
481
541
601
661
721
781

ATGTCAGCTA
TTCAGGATTC
CTTGCCCCTT
GCGACCGAAT
AAAATCGCCA
CTGCCTGICC
CTGCCTGCCA
TTCTCGCCAC
GCCTTCATCG
ACGCTCCTCA
CTGATCTGAA
CTAACGGECAC
GCECECEETGT
GCCTCG

CGCGTGACAA
AGCTCACCAA
TGGICAGCAT
ATGICCTGAC
GCAACTTCGC
GICGCGAGEC
TCGCGGTGAC
TCGCCCCAECT
GCAGCAGATC
TGATGECCGC
TCGGCAACCT
CCGACGECCTC
GGGEECCTGAC

GAAGCTCGEA
CTGECEETGG
CCCCCCCTTG
CGCCAGIGIC
GITCATGCGC
TCTCATCTTT
CCTGCTGCTC
GIGCCTCCTG
CGGAACCATC
AGGCCCGEETG
CAACCCGECG
CCGGEECCCTT
CAGCACACGT

Amino acid sequence of TunJ protein:

GICGAGEECC
TTTCACATAA
ACCCTGATCA
GGCCGCGATG
ACCGCCTTCG
CCCGGTGTCG
CTGACCCACC
CAGATCCCGG
GAGCTGGACC
GACGGCCACA
CGCGTCGGAA
TCTTCCCTCC
TTGCCTGACT
TCTGCCGACC
ATGCACACCG

FH KQGEFFG

Q AVTLI GSP
RVG LKEGRL
SADLPHLTKD

CTGAGCTTCC
TCCTGECCTC
GCECTCTTCG
ACCATGGCGA
GGAAACGECG
GCCACACTCG
GECTCEECCC
CTTGCCCTGC
GAACAGECGT
GCAGTCCCAC
GICTACCCGG
TCTGACTTGG
ATGCACTGCEC

1 MSATRDKKLG LSFLGVWADL FRI QLTNVWRW SWPOQWLTGV
61 ATEYVLTGSV TMAI LFETON KI ASNFAFMR GNGAFEYYAA
121 LPAI AVTLLL GSALLDVPLT FSPLAPLCLL LALLPSAG.G
181 TLLMMAAGPV AVPPELLPDA LI W GNLNPA VYAADSLRHS
241 GAVWWGELTSTR MHVWRARYCRR AS

ubunit

TGCACAAGCA
AGCAGGGECGA
AGCAGATGAT
TCTTTGCCCA
CCCTCAACAG
CCGCCAAGEC
TGGCCGGCAA
TGACGCTGAT
CGTCECGTCG
CGATCATCCT
TCCTCAAGGA
GCTCCCAGGT
ATGICCGCGT
TGCCCCATCT
CGACCCTGA

LLGSNGAGKT
KEAVYFSAHL
PVLI LDEPTN
VALGAPAELK
VDLTQFPEFT

unit

TTGGEGCAGGT
AGATGGTGCT
CCCGGAACTC
TCCTGITCGA
CCTTCGAGTA
CACCCTTCTC
TACTCGACGT
TTCCTTCAGC
CCTCTCTCAG
CAGAACTCCT
CCGACAGCCT
CGATCCTTGC
GIGCCCCCTA

LAPLVSI AAL
LPVRREALI F
AFl GSRSGTI
LTAPDASRAL

GITCGACGEA
ATTCTTCGGA
CGGTCTGGTG
CCCTCGCTTC
CCTGACCGTC
GECCCECCEG
GGTCGCCCGEG
CGGATCACCG
CCGCCAGATA
CATCACCCAC
GEEECEECTC
ACCCCTGICG
GCAGTCCGAC
GACCAAGGAC
AGACGTGTAT

TLI KQM GLV
RGVAAKAARR
ELDPSRRRQ
SSLRSQVRLS
MHTATLEDVY

CTGGGACCTG
CACTGGIGTG
TGGCCACGCC
GACTCAAAAC
CTACGCCGCA
CATCCTGICG
CCCGCTCACG
CGGACTGCEEG
CCTGGCCACC
GCCCGACGCA
GCGITCACTCC
CATCTTTGCC
CGEECECCEC

GLFARNSGHA
ATLAAFSI LS
EQASSLSLAT
SDLAI LAl FA
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A2.11 tunK: Putative acyl carrier protein

DNA sequence of tunK gene:

1 ATGACCGAGC AACAGITCCT CGCAGICCTC GCACCCCTGA TCGAGGAAAT CACCGGGAAC
61 GCCTTCTCCC AGGAACAACT GGACGICACC TTCGGCGATC TGGACATCGA CTCCCTCAAT
121 CAGATCGAGA TCATCAGCCG TATCGAGGAC GAGITCGACT GCCACATAGA GGACAGCACC
181 CTGCGGACGA TCCGTACGCC CCGCGGACTG CTGGACCACA TTTCGAAGTC CACCAGCCCC

241

GCA

Amino acid sequence of TunK protein:

1 MIEQQFLAVL APLI EElI TGN AFSQEQLDVT FGDLDI DSLN Q ElI' I SRI ED EFDCHI EDST
61 LRTI RTPRGL LDHI SKSTSP A

A2.12 tunL: Putative phospholipid phosphatase

DNA sequence of tunL gene:

1
61
121
181
241
301
361
421
481
541
601
661

ATGATCCGAA ACCACTCCGG
GCGGICCACG CCGGTCTGCT
GAGACCCTCT GCGCCTGGAC
ACCTCGTGEG GCAACCCGTG
CTGATCCGGEC GGAACGICAC
GTGAGCTGCA ACCTGCTCAA
TCGATTCAAG CCGACGGCTT
TTCATGCTGG CCGCGCTCTA
CTGITCCTTG CTGECCTGAG
CACTTCAGCG TCGATGICGCT
GCCCTCGTGC TGCACCGCCA
TCGAACTCCC TGGACGAGCC

CGACCGECCC
ACTCGTCCTC
GAGCAGCAGC
GCCTGTGACC
AGCTGCCGCA
GGGATGGECECT
CAGITTTCCC
CTTCAGITCC
CGCCGAACTC
CGCTGGEGCAA
GTCAGICCGC
CGTGICA

Amino acid sequence of TunL protein:

1 M RNHSGDRP RSLAWFAWMN AVHAGLLLVL
61 TSWENPWPVT | | AAGSACFA LI RRNVTAAA
121 SI QADGFSFP SGHAVGVTTG FMLAALYFSS
181 HFSVDVLAGQ LLGAGALAVA ALVLHRQSVR

CGGICACTGG
GTCACCTTCC
GCGICCAGTG
ATCATTGCCG
GTCCTCCTGG
GAACGACAGC
AGCGGACACG
CAGATGCCAC
GTCGCGTGGA
CTCTTGEECG
CGCTTGCAAC

VTFRWDERLS
VLLVI PYAAT
QVPRAVSALM

RLOREARQAG

CATGGITCGC
GGTGGGACGA
CCCGCCTTCT
CCGGATCCGC
TCATTCCGTA
GTCCGGCCTT
CGGICGGITGr
GGEGECCGICTC
GCAGGGTCCT
CCGGCTGECT
GCGAGGECCCG

ETLCAWISSS
VSCNLLKGWA
LFLAGLSAEL
SNSLDEPVS

GTGGTGGGCA
ACGGCTGAGC
CGAGACACTG
GIGCTTCGCG
CGCCGCCACA
GGATTGIGCC
GACGACCGEA
CGCACTGATG
TCTCGGTGCG
GGECCGTCEee
TCAAGCGGEEG

ASSARLLETL
ERQRPALDCA
VAWSRVLLGA
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A2.13 tunM: Putative radical SAM protein

DNA sequence of tunM gene:

1
61
121
181
241
301
361
421
481
541
601

GIGCCGITCA ACCACAACGA
TGCCGAAGGG CCCTTGAGGT
CGAGGAATCG AAGTAGATGC
ATGAATTCTA CTCTCGATCT
CTAACCTTGA CACCTGACAC
CCCTTTGAGA CAGIGCAGAA
CTCGGATGCT ACCGAGAACC
GIGAACGCTA TTTGGECGTIGC
GATCGGGGECA CGCAGTCTCC
ATCCGAGAAG ACAGIGCTGA
AGATATCTTC TGGTCTTTCA

TCATTACCAT
GEECTECEEC
GATTGACGTA
CCCCAGCCAG
ATACGACTAC
GCTGCGCGCA
AACGATATGG
TGCGGTGITC
TTCAGCACCT
ATATCTTCCA
CAACATGAAG

Amino acid sequence of TunM protein:

1 MPFNHNDHYH DLLLRELPES CRRALEVGCG
61 MNSTLDLPRQ | RFERADI TH LTLTPDTYDY
121 LGCYREATI W DHAI SLLAVP VNAI WRAAVF
181 | REDSAEYLP GRRI RRLLFW RYLLVFHNMWK

GACCTGITAC
ACAGGGAGGT
GATAATGACG
ATCCCCTTCG
ATCGCGTGCT
TCGCTCACCA
GACCACGCCA
TTCCGAGAGA
GIreECcaECeee
GGCAGGCGEEA
GCAGGECTGG

TGRFAQKLAL
I ACLASI HHV
FRESWSGSRP
AG.GSD

A2.14 tunN: Putative UTP pyrophosphatase

DNA sequence of tunN gene:

1
61
121
181
241
301
361
421

ATGATCTCTC AGCCACCGAG
GIGGGACGTG TCCTTATTGC
TTGGTGGACC CGGGCGAGGEC
GGGGTCCACG TCAAAGTCCA
CTCGCAGGCA TCTTCATCGC
ATCGCCGECCG AGTGGECGEEA
CCGCGECCTTG AAGACGCCCT
ACGGAGGTICC TCTCACTCTT

AAGATATGCC
GCGCCECCEC
ATTCCATGAT
CGECTTGGTG
GACACCCTTG
CGTGGAGGAT
CACAGCCAGG
CGAGGCCACA

Amino acid sequence of TunN protein:

1 M SQPPRRYA LGATCVTFND VCGRVLI ARRR
61 GVHVKVHGLV GVYQHPSRG LAG FI ATAL
121 PRLEDALTAR ASVTLRVHEG TEVLSLFEAT

CTGGGGEGECCA
TCCCCGGAAC
GCCGCCACTC
GGTGICTACC
TCGGGGGAAC
GCTCTCACGC
GCTTCCGTGA
CACGTC

SPERVEL PGG
SCEPRPTAES
HV

TTCGTGAACT
TTGCACAGAA
TCGTCACCGC
AGCGGGCAGA
TGGCCAGCAT
CGAACGECGT
TAAGCCTTCT
GCTGGTCAGG
CTTCGATGIC
TTCGGECECCT
GAAGTGAT

RG EVDAI DV
PFETVQKLRA
DRGTQSPSAP

CCTGCGITAC
GCTGGGAGCT
GCGAGACCTA
AGCATCCGAG
CTCGCCCAAC
GACTGCACCC
CGCTCCECGT

LVDPCGEAFHD
| AAEWADVED

TCCCGAATCA
ACTAGCGCTT
CGCACGAGAG
TATCACACAC
CCACCACGTC
CTTGGTGATC
GGECCGTCCCT
AAGCCGTCCC
GCTCGCCGAG
CCTCTTCTGG

DNDVVTAARE
SLTTNGVLVI
VAPPSVSLAE

GITCAACGAC
GCCCGGTGEC
CGAGGAGACC
CCGGGCECATC
AGCGGAATCC
CCTCTATCGA
CCATGAAGEA

AATRETYEET
ALTRLHPLYR
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A3 LC/MS confirmation of heterologous tunicamycin p roduction
A Authentic tunicamycin
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Fig. A3.1 Total ion chromatograms of extracts from recombinant S. coelicolor strains

(for strain descriptions see Table 2.8 and 2.10)
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A Authentic tunicamycin TOF MS ES+
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Fig. A3.2 Mass spectra from LC/MS analysis of extracts from recombinant S. coelicolor strains
(for strain descriptions see Table 2.8 and 2.10)
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A

uthentic tunicamycin
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Fig. A3.3 Extracted mass spectra of individual peaks from LC/MS analysis of authentic tunicamycin
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S. chartreusis M1027
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Fig. A3.4 Extracted mass spectra of individual peaks from LC/MS analysis of extracts from
S. coelicolor M1027 (for strain descriptions see Table 2.8 and 2.10)
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S. chartreusis M1031
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Fig. A3.5 Extracted mass spectra of individual peaks from LC/MS analysis of extracts from
S. coelicolor M1031 (for strain descriptions see Table 2.8 and 2.10)
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A4 'H NMR confirmation of heterologous tunicamycin prod uction
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A Natural product extract
from heterologous host
B Mixture

Fig. A4.1 'H NMR of extract from heterologous host with an authentic tunicamycin sample
(see section 2.3.5)
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nicamycins

A5  Selected spectra from degradation of isolated tu
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Fig. A5.1 1D TOCSY spectra of N-acetyl-tunicaminyl-uracil 90 (see section 3.3.1)
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Fig. A5.2 1D TOCSY spectra of N10"-Acetyl-N10"-deacyl-tunicamycin 99 (see section 3.3.2)
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A6 Crystal supplementary information for 1,6-anhydr 0-2,3-0O-

isopropylidene-4-O-sulfamoyl-

Table A6.1: Crystal data and structure refinement

[-D-mannopyranose 108

Oxford University Chemical Crystallography Laboratory 5940

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.944°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

C9 H15N1 07 S1
281.29

150 K

0.71073 A

Triclinic

P1

a=6.0756(2) A a=280.5318(12)°
b =6.6423(2) A B =84.2434(12)
c=7.3505(2) A vy =289.0269(12)
291.120(15) A®

1

1.604 Mg/m®

0.306 mm™

148

0.40 x 0.25 x 0.24 mm®

5.483 to 27.494°

-7<=h<=7, -8<=k<=8, -9<=|<=9
6964

2545 [R(int) = 0.034]

99.0 %

Semi-empirical from equivalents
0.93 and 0.86

Full-matrix least-squares on F*
2545/3/170

1.0079

R1=0.0232, wR2 = 0.0567

R1 =0.0238, wR2 = 0.0570
-0.02(4)

0.20 and -0.24 e A*®
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Table A6.2: Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x10%)

X y z U(eq)™
s(1) 5470(1) 5488(1) 3347(1) 17
0()  6667(2) 6972(2) 2000(2) 25
0B)  3453(2) 6076(2) 4285(2) 27
N(4) 7041(2)  4484(2)  4857(2) 19
O(5)  4993(2) 3601(2) 2357(2) 16
c(6) 3972(2)  3950(2)  614(2) 15
c(7) 1559(2)  4577(2)  924(2) 16
0(8) 399(2)  2948(2) 2178(2) 17
c(9) 91(2) 1510(2)  985(2) 17
0O(10) -563(2) 2670(2)  -665(2) 19
c(11) 356(3)  4696(2)  -823(2) 19
C(12) 2299(2)  400(2)  696(2) 15
C(13) 4215(2)  1870(2) 23(2) 14
O(14) 4130(2) 2120(2) -1991(2) 16
C(15) 3523(2)  161(2) -2387(2) 17
O(l6) 2290(2) -845(2)  -713(2) 18
C(17) 5585(3) -1070(2) -2788(2) 24
C(18) 2047(3)  484(2) -3941(2) 23

[a] U(eq) is defined as one third of the trace of the orthogonalised Uij tensor;

Table A6.3 Bond lengths (A) for 108

S(1)-0(2)
S(1)-0(3)
S(1)-N(4)
S(1)-0(5)
N(4)-H(41)
N(4)-H(42)
O(5)-C(6)
C(6)-C(7)
C(6)-C(13)
C(6)-H(61)
C(7)-0(8)
C(7)-C(11)
C(7)-H(71)
O(8)-C(9)
C(9)-0(10)
C(9)-C(12)
C(9)-H(91)
0(10)-C(11)

1.4284(11)
1.4259(11)
1.5921(12)
1.5930(10)
0.90(2)
0.87(2)
1.4622(16)
1.5227(18)
1.5300(18)
0.99
1.4438(16)
1.530(2)
0.979
1.4251(17)
1.4147(16)
1.5327(18)
1.003
1.4483(17)

C(11)-H(111)
C(11)-H(112)
C(12)-C(13)
C(12)-0(16)
C(12)-H(121)
C(13)-0(14)
C(13)-H(131)
O(14)-C(15)
C(15)-0(16)
C(15)-C(17)
C(15)-C(18)
C(17)-H(171)
C(17)-H(172)
C(17)-H(173)
C(18)-H(181)
C(18)-H(182)
C(18)-H(183)

0.965
1.003
1.5276(18)
1.4277(16)
0.979
1.4350(15)
0.97
1.4404(16)
1.4432(17)
1.515(2)
1.5081(19)
0.992
0.988
0.976
1.007
0.999
0.985
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Table A6.4 Bond angles (9 for 108

0(2)-S(1)-0(3)
0(2)-S(1)-N(4)
O(3)-S(1)-N(4)
0(2)-S(1)-0(5)
0(3)-S(1)-0(5)
N(4)-S(1)-O(5)
S(1)-N(4)-H(41)
S(1)-N(4)-H(42)
H(41)-N(4)-H(42)
S(1)-0(5)-C(6)
O(5)-C(6)-C(7)
0(5)-C(6)-C(13)
C(7)-C(6)-C(13)
O(5)-C(6)-H(61)
C(7)-C(6)-H(61)
C(13)-C(6)-H(61)
C(6)-C(7)-O(8)
C(6)-C(7)-C(11)
0(8)-C(7)-C(11)
C(6)-C(7)-H(71)
O(8)-C(7)-H(71)
C(11)-C(7)-H(71)
C(7)-0(8)-C(9)
0(8)-C(9)-O(10)
0(8)-C(9)-C(12)
0(10)-C(9)-C(12)
0(8)-C(9)-H(91)
0(10)-C(9)-H(91)
C(12)-C(9)-H(91)
C(9)-0O(10)-C(11)
C(7)-C(11)-0(10)
C(7)-C(11)-H(111)
0(10)-C(11)-H(111)
C(7)-C(11)-H(112)

118.91(7)
110.04(7)
108.49(7)
107.49(6)
108.79(6)
101.75(6)
118.4(13)
109.7(13)
114.3(18)
119.67(8)
111.03(11)
102.57(10)
112.05(11)
108.9
111.7
110.1
108.16(10)
112.49(12)
102.51(11)
110.9
107.4
114.7
102.00(10)
105.63(10)
107.19(11)
113.24(11)
107.3
109.9
113.1
107.24(10)
103.52(11)
109.3
109.4

112

0(10)-C(11)-H(112)
H(111)-C(11)-H(112)
C(9)-C(12)-C(13)
C(9)-C(12)-0(16)
C(13)-C(12)-O(16)
C(9)-C(12)-H(121)
C(13)-C(12)-H(121)
0(16)-C(12)-H(121)
C(6)-C(13)-C(12)
C(6)-C(13)-0(14)
C(12)-C(13)-O(14)
C(6)-C(13)-H(131)
C(12)-C(13)-H(131)
0(14)-C(13)-H(131)
C(13)-0(14)-C(15)
0(14)-C(15)-0(16)
0(14)-C(15)-C(17)
0(16)-C(15)-C(17)
0(14)-C(15)-C(18)
0(16)-C(15)-C(18)
C(17)-C(15)-C(18)
C(15)-0O(16)-C(12)
C(15)-C(17)-H(171)
C(15)-C(17)-H(172)
H(171)-C(17)-H(172)
C(15)-C(17)-H(173)
H(171)-C(17)-H(173)
H(172)-C(17)-H(173)
C(15)-C(18)-H(181)
C(15)-C(18)-H(182)
H(181)-C(18)-H(182)
C(15)-C(18)-H(183)
H(181)-C(18)-H(183)
H(182)-C(18)-H(183)

109.9
112.4
112.49(11)
111.96(11)
103.22(10)
109

1105
109.5
114.59(11)
109.68(10)
101.99(10)
110.1
111.4
108.7
106.32(10)
105.45(10)
109.85(12)
109.08(11)
108.95(11)
109.48(12)
113.69(12)
109.36(10)
110.1
110.9

109

111.3
108.3
107.2
105.8
107.2
110.6
105.5
114.2
112.8
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Table A6.5 Anisotropic displacement parameters (A% x 10%) for 108. The anisotropic displacement
factor exponent takes the form: -21¢[ h” a**U™ + ... + 2 h k a* b* U*? ]

Ull U22 U33 U23 Ul3 U12
S(1) 18(1) 17(1) 17(1) -7(1) -3(1) 0(1)
0(2) 34(1) 19(1) 23(1) -1(1) -6(1) -8(1)
0(3) 23(1)  34(1) 28(1)  -17(1)  -4(1) 8(1)
N(4) 18(1) 24(1) 16(1) -6(1) -3(1) 0(1)
o(5) 18(1) 16(1) 15(1) -6(1) -5(1) -1(1)
C(6) 16(1) 17(1) 14(1) -4(1) -4(1) -2(1)
c() 17(1) 15(1) 16(1) -2(1) -1(1) 0(1)
0(8) 15(1) 18(1) 17(1) -3(1) 1(1) -1(1)
C(9) 16(1) 18(1) 16(1) -2(1) -3(1) -3(1)
0(10)  15(1) 21(1) 22(1) -1(1) -7(1) -2(1)
C(11) 17(1) 18(1) 22(1) -2(1) -6(1) 1(1)
C(12) 17(1) 15(1) 14(1) -3(1) -2(1) -3(1)
C(13) 13(1) 17(1) 11(1) -3(1) -1(1) 0(1)
o(14)  19(1) 16(1) 13(1) -4(1) -2(1) -3(1)
Cc(5)  20(1) 16(1) 15(1) -4(1) -2(1) -3(1)
O(16)  24(1) 17(1) 15(1) -4(1) -2(1) -6(1)
ca17)  27(0) 24(1) 22(1) -9(1) -1(1) 4(1)
c@1s8)  27(1) 24(1) 18(1) -4(1) -9(1) -3(1)

Table A6.6 Hydrogen coordinates (x10* and isotropic displacement parameters (A% x 10%) for 108

X y z U(eq)
H(41) 6430(30) 3660(30) 5870(30) 26
H(42) 8220(30) 3980(30) 4310(30) 26
H(61) 4840 4992 -278 18
H(71) 1423 5799 1511 19
H(91) -1140 575 1602 20
H(111) -829 5677 -786 23
H(112) 1397 5002 -1982 21
H(121) 2598 -449 1866 17
H(131) 5622 1258 272 15
H(171) 6537 -1153 -1757 36
H(172) 6438 -444 -3953 36
H(173) 5215 -2457 -2928 36
H(181) 776 1344 -3519 35
H(182) 2931 1240 -5057 36
H(183) 1618 -894 -4106 34
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Table A6.7 Hydrogen bonds for 108 [A and 9.

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)
N(4)-H(41)...0(14)#1 0.90(2) 2.13(2) 3.006(2) 163
N(4)-H(42)...0(8)#2 0.87(2) 2.14(2) 2.977(2) 160
C(7)-H(71)...0(3) 0.98 252 3.137(2) 121
C(13)-H(131)..0(10)#2  0.97 25  3.201(2) 129
C(18)-H(181)...0(10) 1.01 247  3.276(2) 137
C(18)-H(182)...0(5)#3 1 25  3.4922) 171

Symmetry transformations used to generate equivalent atoms:
#1:x,y,z+1 #2: x+1,y,z #3:x,y,z-1

N4

Fig. A6.1 ORTEP representation of compound 108, created in ORTEP-3 v2.02**°

6.8 References

459. Farrugia L (1997): ORTEP-3 for Windows - a version of ORTEP-III with a Graphical User
Interface (GUI) . J. Appl. Crystallogr. 30: 565.

- 301 -



