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Abstract

Carbohydrates represent a keystone among biological molecules. Well known as a
source of energy, sugars also form the backbone of various biopolymers, act as markers
and receptors for cellular communication and modulate lipid and protein functions.
As such a powerful class, carbohydrates represent a useful pool from which both
nature and man have drawn structures to produce biologically active compounds
with a variety of modes of action. Beyond their importance to biology, sugars have
represented attractive synthetic targets to chemists given their densely functionalized

scaffolds.

The work presented in this thesis aims to employ synthetic chemistry to provide
both natural and designed carbohydrates in order to carry out biological studies
to improve our understanding of these compounds’ particular effects. In the first
part, a synthesis is developed for the carboline disaccharide domain of the cytotoxic
enediyne, shishijimicin A. The route employs a Reetz—Miiller-Starke reaction to install
the domain’s quaternary center, with addition of a carboline dianion to complete the
target.

Iminosugars represent the focus of the second portion of the thesis. These poly-
hydroxylated alkaloids have long been investigated for their ability to mimic single
sugars, inhibiting various glycosidases and glycosyltransferases. The endocyclic nitro-
gen atom of members of this class can act as a functional handle for alkylation, with
increased chain length increasing both potency of enzyme inhibition and toxicity in
cellula. Specific iminopyranose structures with D-gluco stereochemistry have broad-
spectrum antiviral activity, while those with D-galacto stereochemistry are antiviral
with respect to hepatitis C, but not other genetically related viruses. Reported herein
are syntheses of classes of iminosugars to determine the influence of both N-alkylation
chain length and iminopyranose stereochemistry on the spectrum of antiviral activ-
ity. Complementing antiviral activity with isolated enzyme inhibition assays, the
work aims to identify new targets for next generation antivirals.

Finally, the prototypical iminosugar, D-deoxynojirimycin, is conjugated to a second
natural product, D-a-tocopherol. By replacing the more common normal alkyl group
with a lipid, the goal was to reduce cellular toxicity, while also taking advantage of the
natural active transport for the lipid to increase uptake of the drug. Surprisingly, this
change provided a marked shift in selectivity of enzyme inhibition and antiviral ability.
In order to fully characterize the mechanism, the mentioned enzymatic and antiviral
studies were supplemented with lipidomic, STED-microscopy and pharmacokinetic
investigations.
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Notes on Nomenclature

Unless otherwise noted, the numbering and names are based upon the conventions

endorsed by the International Union of Pure and Applied Chemistry.!

A notable exception to this is the naming of iminopyranoses and derivatives, where
names are based on the the “NB-DNJ” nomenclature widely accepted in the imi-
nosugar field. Alkylations are assigned one or two letter abbreviations (Table 1),
while each iminopyranose stereochemistry is assigned based on the corresponding

aldohexose (Figure 1).

Table 1: Iminosugar Nomenclature - Alkyl Groups

Alkyl Group Iminosugar Abbreviation

Methyl M
Ethyl E
Propyl R
Butyl B
Pentyl P
Hexyl X
Heptyl H
Octyl (0]
Nonyl N
Decyl D
Undecyl Md
Dodecyl Ed
Tridecyl Rd
Tetradecyl Bd
Pentadecyl Pd
Hexadecyl Xd
Heptadecyl Hd
Octadecyl Od

Xviil



OH
HO,, OH

OH

D-gluco
DNJ

OH
HO OH

OH

D-talo
DTJ

OH
HO .OH

OH

D-manno
DMJ

OH

HO,, _~__OH
(Lo
N

H

D-gulo
DuJ

D-allo
DAJ

D-ido
DIJ

OH
HO,, OH

OH
N
H

D-galacto
DGJ

OH

HO_A~._ .OH
T o
N

H

D-altro
DRJ

Figure 1: Abbreviations for Iminopyranoses.

The color and shape of each sugar indicate the monosaccharide unit.

HeomOoo

Galactose (Gal)

Mannose (Man)
N-Acetylneuraminic acid (Neu5Ac)

aLinkage

— B Linkage

Xix

N-Acetylgalactosamine (GalNAc)
Glucose (Glc)
N-Acetylglucosamine (GlcNAc)

Figure 2: Key to Glycan Nomenclature.

Structures of glycans are drawn according to the Oxford system of glycan nomencla-
ture,? with a color scheme adapted from the Consortium for Functional Glycomics
(Figure 2).
The angle of lines between monosaccharides indicate the points of attachment of the

glycosidic bonds, while the pattern of the bond indicates whether it is an o or (8



Wisdom begins in wonder.

—Socrates

A Brief Introduction

When presented with the word “sugar,” most minds will turn to a single specific
substance, the sweet, white solid present in nearly every kitchen. However, this is
just one specific disaccharide, sucrose 1 (Figure 1.1), made up of two simple sugars,

glucose 2 and fructose 3.

CH,OH
CH,0H
o 0
OH K H%
OH 0 CH,OH
OH OH
1
CH,0H
z CHoOH
o o)
OH H
OH OH HO CH,0H
OH OH
2 3

Figure 1.1: Structure of Table Sugar. The structure of the table sugar disaccharide,
sucrose 1, and its constituent monosaccharides, glucose 2 and fructose 3.

The ubiquity of sugars extends beyond the kitchen, however. As monosaccharides

and in various oligomeric and polymeric forms, sugars are perhaps the most pervasive



of all biological molecules. They serve as energy currency (adenosine triphosphate
4, Figure 1.2), storage (glycogen 5), and source (the variety of sugars in our diet
including 1). As an integral part of both primary and secondary metabolism, they

warrant the interest and respect of both chemists and biologists.

NH,
° 0 0 N AN N
HO—lli’—O—P—O—P—O
OH
OH OH
4
CH,OH CHZOH
o
OH
.0 o)

OH | OH|

CHp CH20H CHz
o o
OH OH
..0 0 o) O. )
OH oH Glycogenin

Figure 1.2: Structures of Adenosine Triphosphate and Glycogen. Adenosine triphos-
phate 4, ATP, serves as the energy currency of the cell. A pentose, ribose, is mod-
ified with the purine base, adenine, and the reactive triphosphate. It is this func-
tional group which stores the energy, as hydrolysis to adenosine diphosphate releases
30.5 kJ/mol of Gibbs’ free energy.® Glycogen 5 is a polymer of glucose, acting as a
storage form of the monosaccharide. Glycogenin is a protein that forms a homodimer,
which serves as both an enzyme for initiating glycogen synthesis as well as the core
to which the reducing end of glycogen is bound.# The main chain of the glycogen is
connected by a(1—4) glycosidic linkages; however, there is a branching point every
8-13 glucose residues, with the secondary arms diverging via an a(1—6) linkage.

Synthesis provides a tool to make new sugars, as well as rare natural ones in larger
amounts so that we can piece together the role this myriad molecules plays, and the

far reach they truly have.

The first part of this thesis focuses solely on the synthesis of the saccharide domain

of a potently cytotoxic natural product, shishijimicin A.

Following this, an introduction to another class of natural products, iminosugars, is

provided along with an overview of the various metabolic pathways with which they



interfere.

The three next chapters explore the structure-activity relationships of iminosugars:
first, the value of N-alkylation is evaluated as part of the optimization of high through-
put antiviral assays. Next, these assays are put to use to investigate the importance
of iminopyranose stereochemistry to the antiviral ability of an iminosugar. Finally,
an iminosugar is conjugated to a second natural product, D-a-tocopherol, radically

changing the molecule’s biological effects, which are characterized in detail.
AIMS OF THE THESIS:

e Develop a synthesis of the carboline-saccharide domain of the marine natural

product, shishijimicin A. (Chapter 2)

e Improve understanding of the structure activity relationships of iminosugars for

inhibition of specific pathways and for antiviral ability. (Chapters 3 — 6)
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—Alexander the Great

Synthesis of the Carboline Disaccharide
Domain of Shishijimicin A

2.1 Enediyne Natural Products

Isolated from the thin encrusting orange ascidian Didemnum proliferum, the shishi-
jimicins (A — C, 6 — 8, respectively; Figure 2.1)® and namenamicin 97 represent the
only members of the enediyne class that originate from marine sources. Enediynes
are defined by the presence of a conjugated system of two carbon-carbon triple bonds
separated by a single carbon-carbon double bond; isolated natural products of the

class contain this series of functional groups in either a nine- or ten-membered ring.

The shishijimicins all carry the same ten-membered enediyne aglycone or “warhead,”
calicheamicinone 10, which they also share with namenamicin and calicheamicin +}.8
The martial moniker for this domain arises from the fact that it exhibits potent

cytotoxicity via double stranded DNA cleavage. This deadly activity has earned the

The work presented in this chapter has been published.®



2.1 Enediyne Natural Products

6 :R;=SMe, R, =i-Pr
7:R,=H,R,=i-Pr
8 :R, = SMe, R, = Et

Figure 2.1: Structures of shishijimicin A 6, B 7, C' 8 and namenamicin 9.

archetypal class member, calicheamicin, a place in history as the poison supposedly

used to kill Alexander the Great.?

In order to cleave DNA, the calicheamicinone must first be primed by nucleophilic
cleavage of the trisulfide. In a cellular environment, glutathione has been shown to
act as the nucleophile, unveiling a primary thiolate (Figure 2.2).° This moiety then
does an intramolecular Michael-type addition to one of the bridgehead positions of
the ten-membered enediyne. As the attacked carbon atom is forced to rehybridize
from sp? to sp?, the arrangement of the whole ring changes, and the termini of the
enediyne become closer (3.43" to 3.16 A). This shift in geometry permits a Bergman
cyclization, producing a benzene diradical.? This subsequently abstracts two protons
from the sugar backbone of DNA, initiating the process of strand cleavage with the

exact mechanism depending upon the site of abstraction (Figure 2.3).13

While 10 is conserved amongst a number of natural products, they are each differen-
tiated by the saccharide domain attached to it. In the case of calicheamicin ~i, the
aryloligosaccharide binds to the minor groove of DNA, 415 and imparts selectivity
for 5-TCCT-3" and 5-TCTC-3' sequences.'® The amino substituent is obligate for
the DNA cleavage activity, with Myers suggesting that it aids in deprotonation of
the thiol of glutathione for activation.!'® Not only can the aryloligosaccharide deliver
the warhead intracellularly, but by binding on its own, it can disrupt DNA-protein

interactions, acting as a transcription inhibitor.!”
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Figure 2.2: Activation and Bergman Cyclization of Calicheamicinone 10. Deproto-
nated glutathione (GS") attacks the trisulfide moiety of 10. Although addition to the
outer and middle sulfur atoms are kinetically preferred, the equilibrium is funneled
to the indicated route by its trapping via Michael addition. The conjugate addition
causes rehybridization at the labelled carbon (x), resulting in the two terminal alkynyl
carbons becoming close enough to undergo a Bergman cyclization. The electrocyclic
reaction provides the diradical, which abstracts a proton from each strand of DNA,
starting the cleavage pathway indicated in Figure 2.3.

With this combination of molecular architectures, potent biological properties and
medical potential, this class of natural products has captured the imagination of
chemists, biologists and clinicians since its discovery. Thus, investigations of mem-
bers of this family of compounds led to important advances in fundamental science
and, by conjugating to antibodies to direct the cytotoxicity, practical applications in
cancer chemotherapy. '* 24 In the two clinically approved calicheamicin conjugates, the
antibody is attached via a linker to the molecular warhead (Figure 2.4).25727 As this
moiety is conserved in the shishijimicins, antibody-drug conjugates could be prepared

from synthetic shishijimicins in the same way.
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Figure 2.3: Radical Pathways of DNA Strand Cleavage. After hydrogen abstraction
by the enediyne at either the 4’ or 5’ position of DNA, a series of oxidation and reduc-
tion reactions quench the radical and eventually result in hydrolyzable compounds.
In these figures, N represents any DNA base.
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j\/\/o

A\
‘4

F

Figure 2.4: Structure of the Calicheamicin-Antibody Linker. Gemtuzumab ozogam-
icin and inotuzumab ozogamicin, the two clinically approved calicheamicin deriva-
tives, employ anti-CD33 and anti-CD22 antibodies, respectively, to direct the cyto-
toxic molecule to leukemic cells. The linker which tethers the enediyne is stable at
physiological pH (7.4), but permits two cleavage events under specific conditions.?3
The first takes place in the lysosome after cellular uptake; the acidic environment
(pH 4) catalyzes hydrolysis of the hydrazone, severing the enediyne from the anti-
body. As with the trisulfide of the natural product (Figure 2.2), the disulfide bond
of the synthetic derivative is cleaved by glutathione, at which point the mechanism is
identical to that of natural calicheamicins. Though this figure only shows one drug
molecule per antibody, the linker allows attachment to any terminal amine on the
antibody, and the approved drugs contain an average of 2.5 moles of enediyne per
mole of antibody. 26:27

saccharide ~

What sets the shishijimicins apart from all other enediynes is their unique carboline
structural motif. Indeed, [-carboline is known to intercalate into double-stranded
DNA,?$38 and a number of S-carbolines have been shown to cleave DNA under
photoirradiation conditions.3® Shishijimicin A (6) displays the most potent toxicity
of the shishijimicin family (Table 2.1). In light of these observations and the extreme
scarcity of shishijimicin A, its total synthesis and that of its carboline disaccharide

domain are deemed important.

Table 2.1: Marine Enediyne Cytotoxicity.©

. CCso (pg/mL)
Cell Line 6 . 8 9
3Y1 2.0 3.1 4.8 13
HeLa 1.8 3.3 6.3 34
P388 0.47 2.0 1.7 3.3

2.2 Retrosynthetic Analysis of Shishijimicin A

Using a glycosylation disconnection analogous to that in syntheses of calicheam-

40-44

icin, one obtains calicheamicinone 10 and the targeted disaccharide fragment

11 (Figure 2.5). Subsequent retrosynthetic rupture of 11 revealed carboline deriva-
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tive 12, methylthio sugar 13, and N-alloc aminoglycosyl fluoride 14 as the required
building blocks.

i

anion-aldehyde coupling

=~ "N | MeS
| Me
P o
, O\
O 'Na
p O
Alloc OMe
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NN LT
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Me

TBSO NH

11: shishijimicin A carboline saccharide domain

|
Resi-r R
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Figure 2.5: Retrosynthetic Analysis of Shishijimicin A 6 and its Carboline Disac-
charide Domain 11.

2.3 Synthesis of the Carboline Disaccharide Domain

Scheme 2.1 summarizes the developed expedient route to carboline derivative 12 start-
ing with 5-methoxytryptamine 15. Thus, 15 was sequentially treated with triphos-
gene (60 — 70 °C) and 30% HBr in glacial acetic acid (100 °C) to afford the rather
insoluble dihydrocarboline 16 in 72% overall yield. The fully aromatized carboline

17 was obtained from the latter compound through oxidation in the presence of 10%



2.3 Synthesis of the Carboline Disaccharide Domain

4546 with carboline dian-

Pd/C in refluxing cumene (4 d, 68% yield). Previous studies
ions employed bromide derivatives; however, in this case, the bromide was obtained
in rather low yield (i.e. <40%), prompting us to target the corresponding iodide
derivative. Toward this end, and capitalizing on the reactivity of the hydroxypyri-
dine moiety of compound 17, the latter was transformed first to its triflate (Tf,0,
pyridine) and then to its iodide in the same pot by iodide displacement (Nal, TfOH)
in 61% overall yield.*” Exchange of protecting group within the so-obtained iodo-3-
carboline 18 (BBr; — demethylation; TBSOT - silylation) led to the desired carboline

block 12 in 55% overall yield.
then HBr X N o]
H
16
b) Pd/C, 180 CJ

N
c) Tf,0; O\(IQ
then Nal AN H OH
17

Scheme 2.1: Synthesis of B-Carboline Intermediate 12. Reagents and conditions:
Et;N (2.5 equiv), triphosgene (0.5 equiv), PhMe , 60 — 70 °C, 20 min; then HBr,
100 °C, 30 min, 72%; b) 10% Pd/C (200 weight %), cumene, 180 °C, 4 d, 68%;
¢) pyridine (1.2 equiv), Tf,0 (1.1 equiv), MeCN, 0 — 25 °C; then Nal (5.0 equiv),
TfOH (2.1 equiv), 25 °C, 61%; d) BBrj (8.0 equiv), CH,Cl,, =78 — 25 °C, 1.75 h; e)
i-PryNEt (5.0 equiv), TBSOTT (1.3 equiv), DMF, 0 — 25 °C, 1 h, 55% over the two
steps. Tf = trifluoromethylsulfonyl, TBS = tert-butyldimethylsilyl, DMF = N,N-
dimethylformamide.

d) BBr3 18 R Me
e) TBSOTf |: 12: R=TBS

With the carboline coupling partner in hand, attention turned to the synthesis of the
central unit of the molecule, namely the methylthio sugar 13. Successful construction

948;49 and

of this intermediate commenced with differentially protected glycoside 1
proceeded as shown in Scheme 2.2. Cleavage of the benzylidene group under acidic
conditions (TsOH) liberated the 1,3-diol system 20 (80% yield), whose tosylation
(TsCl, Et;N, DMAP cat.) furnished monotosylate 21 in 89% yield. Subsequent
reduction of the tosylate 21 with LiAlH, led smoothly to 6-deoxymethylpyranoside

22 in 94% yield. The remaining hydroxyl group within 22 was then oxidized with

10
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NMO in the presence of TPAP (cat.), yielding ketone 23 (84% yield). Aiming for
the eventual installment of the quaternary center bearing the methylthio and nitrile
groups in the growing molecule, ketone 23 was treated with TMSSMe and TMSOTf
in CH,Cl, at =78 — 0 °C to furnish dithioketal 24 in 94% yield. Careful monitoring
of the temperature for this reaction was important, as warming above 0 °C resulted
in formation of by-products in which the anomeric methoxy group was replaced with

a methylthio substituent.

O_ .OMe O._ .OMe
(0] a a) TsOH, MeOH RO -
Ph )\ o “OAllyl HO" “OAllyl
ONap ONap
19 20:R=H
DTCL L 97.ReTs
¢) LiAlH,
Me O_ ..OMe d) TPAP, NMO Me O_ ..OMe
o) “OAllyl HO"" “OAllyl
ONap ONap
23 22

e) TMSSMe, TMSOTf

Me O .OMe ¢ ruvseN, sncl,
MeS | .
3 “OAllyl “OAllyl
MeS v y

ONap ONap
24

(plus 4 -epi-25)

g) Pd(PPh3)y

NOE

NC
Me H NOE Me,
NC 0 MeS
ONap 5 ONap—
AllyIO (1o AIIyIO
NOE

ONap
25 4 -epi-25

Scheme 2.2: Synthesis of Thiosugar Intermediate 13. Reagents and conditions: a)
TsOH (0.5 equiv), MeOH/CH,Cl, (4:1), 25 °C, 48 h, 80%; b) Et;N (1.3 equiv), TsCl
(1.1 equiv), DMAP (0.1 equiv), CH,Cl,, 25 °C, 8 h, 89%; c¢) LiAlH, (3.0 equiv), THF,
45 °C, 2.5 h, 94%; d) NMO (3.0 equiv), TPAP (0.1 equiv), CH,Cl,, 0 — 25 °C, 8 h,
84%; e) TMSSMe (2.2 equiv), TMSOT (1.5 equiv), 4 A MS, CH,Cl,, -78 — 0 °C,
20 min, 94%; f) TMSCN (1.5 equiv), SnCl, (1.1 equiv), CH,Cl,, 0 °C, 3 h, 75%, dr
ca. 2:1; g) Pd(PPh;), (1.1 equiv), AcOH, 80 °C, 2 h, 77%. Nap = 2-naphthylmethyl,
Ts = p-toluenesulfonyl, DMAP = 4-dimethylaminopyridine, THF = tetrahydrofuran,
NMO = N-methylmorpholine N-oxide, TPAP = tetra-n-propylammonium perruthen-
ate, TMS = trimethylsilyl, MS = molecular sieves.

To complete the construction of the central carbon center bearing the required methylthio

11
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and nitrile groups, the Reetz—Miiller-Starke reaction was called upon.®® This method
had been successful previously on dithioketals but not demonstrated on carbohydrates
such as 24, where the anomeric methoxy group may lead to complications. Despite
these fears, it was observed that, under the conditions originally reported by Reetz
and Miiller-Starke (i.e. TMSCN, SnCl,, CH,Cl,, 0 °C), dithioketal 24 reacted to
afford the expected methylthio nitrile 25 as a ca. 2:1 diastereomeric mixture and in
75% combined yield. The structures of the chromatographically separated isomers 25
(major, desired) and 4-epi-25 (minor, undesired) were assigned by 'H NMR spec-
troscopic analysis. Specifically, the desired isomer 25 exhibited a diagnostic nuclear
Overhauser effect (NOE) between the methylthio group protons and the C-2 pro-
ton, whereas the undesired epimer did not (see chair structures 25 and 4-epi-25
in Scheme 2.2). In support of the stereochemical assignment of 4-epi-25 were the
NOEs exhibited between its methylthio group protons and those of C-3 and C-5. All
that remained to generate the targeted fragment 13 was the deallylation of interme-
diate 25, a reaction that proceeded smoothly, and in 77% yield, in the presence of
Pd(PPh,),.

The remaining carbohydrate unit, glycosyl fluoride 14, was prepared from the known

6,°152 as summarized in Scheme 2.3. The Alloc group was chosen

amino glycoside 2
as a protecting group for the secondary amine moiety instead of the Fmoc group em-
ployed in previous work, #5433 due to the anticipated basic conditions of the carboline
coupling. Thus, treatment of 26 with allyl chloroformate in the presence of K,CO,
and 18-crown-6 led to carbamate 27 (98% yield), whose exposure to AcOH:H,O (5:1)
at 95 °C liberated lactol 28 (70% yield; 90% based on recovered starting material).
Finally, glycosyl fluoride 14 was formed from the latter compound through the action

of DAST in 64% yield.

With all three required fragments available, their coupling and elaboration to the tar-
geted carboline disaccharide domain 11 became the next task. Scheme 2.4 summarizes
the accomplishment of this goal. Coupling of carbohydrate fragment 13 with glycosyl

donor 14 proceeded smoothly following the Mukaiyama protocol.?%%4%5 Thus, in the

12
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OMe R OMe ﬁlloc
- N\|/Me b) aq. AcOH - NYMe
MeO' (6] Me X o} Me
e
26:R=H 28: X=0OH
a) AllocCl 27 R=Alloc c) DAST 14: X=F

Scheme 2.3: Synthesis of Amino Sugar Intermediate 14. Reagents and conditions:
a) AllocCl (3.0 equiv), K,CO4 (6.0 equiv), 18-crown-6 (0.2 equiv), THF, 0 — 25 °C,
8 h, 98%; b) AcOH:H,O (5:1), 95 °C, 8 h, 70% yield, 90% yield based on 22%
recovered 31; ¢) DAST (3.0 equiv), 4 A MS, THF, -78 — 30 °C, 2 h; then 0 °C,
15 min, 64%. Alloc = allyloxycarbonyl, DAST = diethylaminosulfur trifluoride.

presence of AgClO, and SnCl, under anhydrous conditions (4 A molecular sieves),
the mixture afforded, stereoselectively, disaccharide 29 in 85% yield (based on 13).
The anomeric stereochemistry of the (1,4)-glycosidic linkage was confirmed by NMR
coupling constant analysis. The anomeric proton displayed only J < 5 Hz, indicat-
ing a lack of axial-axial interactions. Direct addition of the dianion derived from
carboline fragment 12 to disaccharide nitrile 29 gave a complex mixture of products,
necessitating the intermediacy of aldehyde 30. The latter was produced from 29 by
DIBAL-H reduction (88% yield). Reaction of this aldehyde with the dianion gener-
ated from iodocarboline derivative 12 (KHMDS, Et,O, 20 °C; then ¢-Buli, 78 °C;
then 30) resulted in the formation of the corresponding coupling product as a mix-
ture of diastereomeric alcohols (dr ca. 1:1; 70% yield based on 50% recovered starting
material).*® This mixture was then oxidized with MnO, to afford the targeted ketone

11 in 74% yield.

2.4 Conclusions and Future Directions

The described chemistry comprises the first reported route to the carboline disaccha-
ride domain of shishijimicin A, demonstrating the application of the Reetz—Miiller-
Starke reaction and of the carboline dianion coupling in complex situations. The
highly convergent synthesis provided the target 11 in 8% yield over the 11-step longest
linear sequence from protected glucose 19 to the carboline disaccharide domain 11
of shishijmicin A (6), paving the way for an eventual total synthesis of the natu-

ral product itself. Indeed, such work is currently underway, with an aim to prepare

13
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OMe AIIoc
Me O ..OMe d) 14, Me
MeS )
E ““OH AgClo4
NC SnCl,
ONap ONap
13
1]
MeS
Me
OMe Alloc R 0
ONap
(0]
(j/ Alloc OMe
M
e N (0]
Me MeO
29: R=CN
b) DIBAL-H [ 30: R=CHO
TBSO - N ¢) KHMDS; then -BuLi; then 30

d) MnO,

Scheme 2.4: Endgame of Carboline Disaccharide Domain 11 Synthesis. Reagents
and conditions: a) Glycosyl donor 14 (2.2 equiv), AgClO, (3.3 equiv), SnCl,
(3.3 equiv), 4 A MS, THF, -78 °C, 1 h; then 78 — 30 °C, 2 h, 85% based on
13; b) DIBAL-H (1.5 equiv), CH,Cl,, 78 — 0 °C, 1 h, 88%; c) carboline iodide
12 (2.3 equiv), KHMDS (2.5 equiv), Et,O, —20 °C, 30 min; then ¢-Buli (6.9 equiv),
—78 °C, 30 min; then aldehyde 30 (1.0 equiv), =78 °C, 2 h; then —30 °C, 10 min, 35%
yield based on 30, 70% based on 50% recovered 30; g) MnO, (150 equiv), CH,Cl,,
25 °C, 8 h, 74%. DIBAL-H = di(iso-butyl)aluminium hydride, KHMDS = potassium
bis(trimethylsilyl)amide.

and evaluate the utility of shishijimicin A-antibody conjugates. Preparation of the
aryloligosaccharide, in addition to enabling synthetic studies, allows pursuit of inter-
action studies with DNA. These can characterize whether the glycan displays binding
to specific sequences, which, together with the binding data of calicheamicin ~f, will

provide a foundation for a more methodical study of the structure—activity relation-

ships of DNA binding sugars.

14
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2.5 General Procedures

All reactions were carried out under an argon atmosphere with anhydrous solvents
under anhydrous conditions, unless otherwise noted. Anhydrous acetonitrile (MeCN),
benzene, diethyl ether (Et,0), N, N-dimethylformamide (DMF), tetrahydrofuran (THF),
toluene, and methylene chloride (CH,Cl,) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated alumina columns.
Yields refer to chromatographically and spectroscopically (‘H NMR) homogeneous
materials, unless otherwise stated. Reagents were purchased at the highest commer-
cial quality and used without further purification, unless otherwise stated. Reactions
were monitored by thin layer chromatography (TLC) carried out on 0.25 mm E.
Merck silica gel plates (60F-254) using UV light as visualizing agent and an ethanolic
solution of phosphomolybdic acid and cerium sulfate as a developing agent. Acros
Organics silica gel (60, particle size 0.035-0.07 mm) was used for flash column chro-
matography. Preparative thin layer chromatography (PTLC) separations were car-
ried out on 0.25 or 0.50 mm E. Merck silica gel plates (60F-254). NMR spectra
were recorded on Bruker DRX-600, DRX-500, or AMX-400 instruments and cali-
brated using residual undeuterated solvent (CDCl,: dy = 7.26 ppm, d¢ = 77.16 ppm;
DMSO-dg: o = 2.50 ppm, d¢c = 39.52 ppm; C4Dg: oy = 7.16 ppm, dc = 128.06 ppm;
toluene-dg: oy = 7.09, 7.00, 6.98, 2.09 ppm, dc = 137.86, 129.24, 128.33, 125.49, 20.40
ppm)?® as an internal reference. The following abbreviations were used to designate
the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quin = quin-
tuplet, m = multiplet, br = broad, AB = part of an AB spin system. IR spectra
were recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. Electrospray
ionization (ESI) mass spectrometry (MS) experiments were performed on an API 100
Perkin Elmer SCIEX single quadrupole mass spectrometer at 4000V emitter volt-
age. High-resolution mass spectra (HRMS) were recorded on a VG ZAB-ZSE mass
spectrometer using MALDI (matrix-assisted laser-desorption ionization) or ESI (elec-
trospray ionization). Optical rotations were recorded on a Perkin-Elmer Model 343

polarimeter at 589 nm, and are reported in units of 107! (°cm?®g™!).

15
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2.6 Selected Experimental and Physical Data

All tabulated NMR spectra described in this section may be found in Appendix A.

6-Methoxy-3,4-dihydro-2 H-pyrido[3,4-b]indol-1(9 H )-one 16:

MeO A\ i 5-Methoxytryptamine 15" (1.902 g, 10.0 mmol, 1.0 equiv) was dis-
“H° solved in toluene (200 mL) by heating the mixture at 80 °C. The so-
" lution was cooled to 50 °C and triethylamine (3.48 mL, 25.00 mmol,

2.5 equiv) was added. A solution of triphosgene (1.484 g, 5.00 mmol, 0.5 equiv) in
toluene (20 mL) was added dropwise within 5 min to the vigorously stirred reaction
mixture. The mixture was stirred at 60 — 70 °C for 20 min before HBr (30% in
glacial acetic acid, 2.32 mL) was added. The reaction mixture was heated at reflux
for 30 min and then cooled to 25 °C. H,O (50 mL) and EtOAc (100 mL) were
added, and the layers were separated. The aqueous layer was extracted with EtOAc
(2 x 100 mL) and CH,Cl, (2 x 100 mL). The combined organic layers were dried
(MgSO,), filtered and concentrated under reduced pressure. The residue was taken
up in EtOAc (50 mL), and the suspension was concentrated under reduced pressure
at 40 °C to a volume of 25 mL. The suspension was cooled to 25 °C, and the pre-
cipitate was decanted. The solution was removed via pipette, and the precipitate
was washed with EtOAc (20 mL) to give 16 (2.327 g, 10.77 mmol, 72% yield) as a
yellowish-white solid. 16: Ry = 0.31 (silica gel, EtOAc); m.p. >250 °C (CH,Cl,); IR
(neat) vmax = 3392, 3347, 3187, 3078, 2992, 2967, 2906, 2830, 1653, 1543, 1493, 1467,
1445, 1391, 1327, 1296, 1279, 1250, 1226, 1214, 1193, 1109, 1024, 983, 931, 911, 839,
808, 775, 755, 716, 682 cm™'; 'H NMR (600 MHz, DMSO-dg) 6 = 11.42 (s, 1 H), 7.51
(brs, 1 H), 7.27 (d, J = 8.8 Hz, 1 H), 7.05 (d, J = 2.5 Hz, 1 H), 6.86 (dd, J = 8.8,
2.5 Hz, 1 H), 3.76 (s, 3 H), 3.49 (td, J = 7.0, 2.5 Hz, 2 H), 2.88 (t, J = 7.0 Hz, 2 H)
ppm; ¥C NMR (150 MHz, DMSO-dg): 6 = 161.8, 153.5, 132.3, 127.7, 125.1, 117.7,

Prepared by dissolving commercial 5-methoxytryptamine hydrochloride (5.0 g) in H,O (70 mL)
and heating the solution in a steam bath at 55 °C. At the same temperature, the solution was
adjusted to pH = 12 with 20% (weight/volume, w/v) aq. KOH solution (ca. 9 mL, added dropwise).
The suspension was slowly cooled to 25 °C, and the precipitate was filtered, washed with cold water
(50 mL) and dried in a desiccator over P,O5 to give the free base as a white powder which could be
stored for several days at room temperature over P,Oy.

16
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115.1, 113.3, 100.7, 55.3, 41.2, 20.4 ppm; HRMS (ESI-TOF): caled for Cy,H,N,0,
M + H*]: 217.0971, found 217.0973.

6-Methoxy-9 H-pyrido[3,4-b]indol-1-0l 17: Finely powdered

z

MeO \ /' hydrocarboline 16 (1.293 g, 5.98 mmol, 1.0 equiv) was suspended
in cumene (300 mL) and the mixture was purged with argon for

30 min. Pd/C (10% Pd, 1.293 g, 100 weight-%) was added, and the

17

mixture was heated at reflux (180 °C oil bath) for 48 h. The reaction mixture was
cooled to 60 °C, and additional Pd/C (10% Pd, 1.293 g, 100 weight-%) was added.
The mixture was heated at reflux (180 °C oil bath) for 48 h until completion of the
reaction (as monitored by TLC) and then cooled to 60 °C. EtOH (100 mL) was
added, and the suspension was heated to reflux and filtered while still hot in order to
avoid crystallization of the hydroxypyridine. Without being allowed to dry, the cata-
lyst was washed with hot EtOH (200 mL). It is important that the catalyst was never
allowed to dry completely, as this would have posed a combustion danger. The solvent
was evaporated under reduced pressure to give pyridine 17 (875 mg, 4.09 mmol, 68%
yield) as a white solid. 17: Ry = 0.08 (silica gel, EtOAc); m.p. >250 °C (CH,Cl,);
IR (neat) vpmax = 3316, 3145, 3007, 2956, 2924, 2850, 1643, 1609, 1497, 1454, 1419,
1402, 1298, 1272, 1217, 1195, 1169, 1122, 1092, 1070, 1021, 891, 837, 811, 872, 714
cm~'; 'H NMR (500 MHz, DMSO-dg): § = 11.75 (s, 1 H), 11.29 (br's, 1 H), 7.53 (d,
J =25Hz, 1H), 741 (d, J = 8.9 Hz, 1 H), 7.05 (dd, J = 8.9, 2.5 Hz, 1 H), 7.03 (mm,
1 H), 6.96 (d, J = 6.8 Hz, 1 H), 3.82 (s, 3 H) ppm; 3C NMR (150 MHz, DMSO-dg):
0 = 155.8, 153.5, 134.1, 128.5, 124.0, 123.9, 122.2, 117.0, 113.3, 102.4, 99.8, 55.5 ppm;
HRMS (ESI-TOF): caled for C,H,,N,O, [M + H*]: 215.0815, found 215.0812.

1-Todo-6-methoxy-9 H-pyrido[3,4-b]indole 18: To a stirred sus-

Meo \ /' pension of hydroxypyridine 17 (30 mg, 0.14 mmol, 1.0 equiv) and

N

N pyridine (13 pL, 0.16 mmol, 1.15 equiv) in MeCN (3 mL) at 0 °C
(ice/water bath) was added Tf,O (26 pL, 0.15 mmol, 1.10 equiv).

18

The solution was warmed to 25 °C within 15 min and then stirred at 25 °C for 1 h.

During this time, the suspension became a homogeneous solution. The solution was

17
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then cooled back to 0 °C. While flushing with argon, freshly dried Nal (104.9 mg,
0.70 mmol, 5.00 equiv) was added, followed by dropwise addition of anhydrous TfOH
(26 nL, 0.29 mmol, 2.10 equiv). The solution was warmed to 25 °C within 1 h,
and then stirred at 25 °C for 18 h. The solution was diluted with EtOAc (7 mL)
and H,O (7 mL). While cooling to 0 °C, the pH of the aqueous layer was adjusted
to 10 with 10 M NaOH aq. solution. The layers were separated, and the organic
layer was washed with 5% aq. Na,S,04 (5 mL), 1 M aq. NaOH (5 mL), and brine
(5 mL). The organic layer was then dried (Na,SO,), filtered and concentrated under
reduced pressure. The residue was purified by flash column chromatography (silica
gel, EtOAc:hexanes = 1:4) to give iodide 18 (28 mg, 0.09 mmol, 61% yield) as clear,
colorless needle-like crystals. 18: Ry = 0.30 (silica gel, EtOAc:hexanes = 1:4); m.p.
= 173 °C (decomposition, Et,O); IR (neat) vm.x = 3416, 3116, 3049, 2954, 2925,
2854, 1717, 1634, 1580, 1540, 1495, 1465, 1436, 1420, 1376, 1289, 1216, 1160, 1058,
1033, 1020, 914, 857, 820, 761 cm™'; 'H NMR (600 MHz, C¢Dg): 6 = 8.13 (d, J =
5.1 Hz, 1 H), 7.33 (brs, 1 H), 7.27 (d, J = 5.1 Hz, 1 H), 7.22 (d, J = 2.5 Hz, 1 H),
7.14 (dd, J = 8.9, 2.3 Hz, 1 H), 6.68 (d, J = 8.9 Hz, 1 H), 3.44 (s, 3 H) ppm; 3C
NMR (150 MHz, C4Dg): & = 155.3, 140.4, 139.8, 134.6, 128.8, 123.5, 119.4, 114.9,
113.5, 104.0, 102.3, 55.7 ppm; HRMS (ESI-TOF): caled for C,,HoIN,O [M + H*]:
324.9832, found 324.9833.

1-Todo-6-(tert-butyldimethylsilyloxy)-9 H-pyrido[3,4-b]indole

1880 \ /' 12: Methyl ether 18 (270 mg, 0.83 mmol, 1.0 equiv) was dissolved

under argon in CH,Cl, (60 mL) and the solution was cooled to —78 °C
(dry ice/acetone bath). BBry (1 M in CH,Cl,, 6.71 mL, 6.71 mmol,

N
H
12

8.0 equiv) was added, and the solution was stirred at —78 °C for 15 min. The mix-
ture was warmed to 25 °C within 15 min and then stirred at 25 °C for 1.5 h. The
solution was cooled back to 78 °C and quenched with sat. aq. NaHCO; (7.5 mL)
and H,O (7.5 mL). After warming to 25 °C, the reaction mixture was diluted with

CH,Cl, (150 mL) and H,O (15 mL). The pH was adjusted to 7-8 with sat. aq.

NaHCOj, solution. The layers were separated, and the aqueous layer was extracted

18
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with CH,Cl, (2 x 75 mL). The combined organic layers were dried (Na,SO,), fil-
tered and concentrated under reduced pressure to give crude alcohol as a pale yellow
solid, which was dried under high vacuum overnight. The residue was dissolved in
DMF (4.5 mL) under argon, and the solution was cooled to 0 °C (ice/water bath).
i-Pr,NEt (0.73 mL, 4.17 mmol, 5.0 equiv) was added, followed by TBSOTT (0.25 mL,
1.08 mmol, 1.3 equiv). The mixture was warmed to 25 °C and then stirred for 1 h.
The mixture was cooled back to 0 °C and quenched with 1 M aq. NH,CI solution
(9.0 mL). The mixture was warmed to 25 °C, diluted with H,O (75 mL) and extracted
with EtOAc (3 x 120 mL). The combined organic layers were dried (Na,SO,), fil-
tered and concentrated under reduced pressure. Toluene (2 x 15 mL) was added to
the crude product to azeotropically remove the DMF under reduced pressure. The
residue was purified by flash column chromatography (silica gel, EtOAc:hexanes =
1:4) to give silyl ether 12 (193 mg, 0.45 mmol, 55% yield for the two steps) as pale
yellow, needle-like crystals. 12: Ry = 0.50 (silica gel, EtOAc:hexanes = 1:4); m.p.
= 121 - 122 °C (Et,0); IR (neat) vmax = 3419, 3126, 3050, 2954, 2928, 2895, 2856,
2742, 1633, 1576, 1539, 1488, 1462, 1389, 1361, 1327, 1273, 1258, 1206, 1166, 1080,
1065, 1006, 950, 883, 851, 838, 823, 780 cm™!; 'H NMR (400 MHz, C¢Dg): § = 8.07
(d, J = 5.1 Hz, 1 H), 7.45 (dt, J = 2.4, 0.6 Hz, 1 H), 7.40 (s, 1 H), 7.20 (dd, J =
5.1, 0.7 Hz, 1 H), 7.05 (dd, J = 8.8, 2.4 Hz, 1 H), 6.68 (dd, J = 8.7, 0.6 Hz, 1 H),
1.07 (s, 9 H), 0.18 (s, 6 H) ppm; *C NMR (100 MHz, C¢Dg): 6 = 150.5, 140.5, 140.0,
135.1, 123.9, 123.1, 115.0, 113.1, 112.2, 102.1, 100.6, 26.3, 18.8, —4.0 ppm; HRMS
(ESI-TOF): caled for C;,H,, IN,OSi [M + HT]: 425.0541, found 425.0539.

Diol 20: To protected glucose 194849 (5.30 g, 11.46 mmol, 1.0 equiv)
Oo_ .OMe

"o and TsOH (1.09 g, 5.73 mmol, 0.5 equiv) were added MeOH (40.0 mL)

HO™" ““OAllyl

Snep and CH,Cl, (10.0 mL). The mixture was stirred at 25 °C for 48 h.

The reaction mixture was quenched with sat. aq. NaHCO; solution

(40 mL), and the layers were separated. The aqueous layer was then extracted with
CH,Cl, (2 x 75 mL). The combined organic layers were dried (MgSO,), filtered

and concentrated under reduced pressure. The crude product was purified by flash
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column chromatography (silica gel, EtOAc:hexanes = 1:9 — 100% EtOAc) to give
diol 20 (3.42 g, 9.14 mmol, 80% yield) as a white solid. 20: R; = 0.08 (silica gel,
EtOAc:hexanes = 1:1); [o]F = +29.0 (CHCI;, ¢ = 2.90); IR vy, (film): 3432, 2924,
1726, 1423, 1362, 1092, 1052 cm™"; 'H NMR (400 MHz, CDCL,): § = 7.87 — 7.78 (m,
A H), 7.52 - 7.44 (m, 3 H), 6.03 — 5.90 (m, 1 H), 5.32 (dm, J = 17.2 Hz, 1 H), 5.23
(dm, J = 10.4 Hz, 1 H), 5.15 (d, J = 11.8 Hz, 1 H), 4.85 (d, J = 11.8 Hz, 1 H),
482 (d, J = 3.4 Hz, 1 H), 4.27 — 4.17 (m, 2 H), 3.88 — 3.71 (m, 1 H), 3.67 — 3.60
(m, 1 H), 3.60 — 3.53 (m, 1 H), 3.49 (dd, J = 9.5, 3.5 Hz, 1 H), 3.44 (s, 3 H), 2.31
(d, J = 2.3 Hz, 1 H), 1.93 (t, J = 6.4 Hz, 1 H) ppm; C NMR (100 MHz, CDCL,):
0 = 136.5, 135.0, 133.7, 133.4, 128.9, 128.3, 128.1, 127.1, 126.6, 126.4, 126.2, 118.3,
98.6, 81.6, 80.2, 75.8, 72.7, 71.2, 70.8, 62.9, 55.6 ppm; HRMS (ESI-TOF): calcd for
Cy HoqOf [M + Na't]: 397.1621 found 397.1632.

Tosylate 21: To a stirred solution of 20 (5.10 g, 13.6 mmol, 1.0 equiv)
O .OMe

0 in CH,Cl, (100 mL) at 25 °C was added triethylamine (2.47 mL,

HO “OAllyl

N 17.7 mmol, 1.3 equiv) followed by p-tolunesulfonylchloride (2.86 g,

15.0 mmol, 1.1 equiv) and 4-dimethylaminopyridine (0.2 g, 1.4 mmol,
0.1 equiv). The resulting mixture was stirred at that temperature for 8 h. The
mixture was diluted with Et,O (200 mL) and passed through a pad of silica gel,
eluting with Et,O. The eluent was concentrated under reduced pressure. The crude
residue was purified by flash column chromatography (silica gel, EtOAc:hexanes =
1:1) to give tosylate 21 (6.40 g, 12.1 mmol, 89% yield) as a white solid. 21: Ry = 0.44
(silica gel, EtOAc:hexanes = 1:1); [a]® = +15.8 (CHCl;, ¢ = 1.20); IR vyax (neat):
3513, 2922, 1726, 1598, 1452, 1360, 1176, 1057, 977, 815 cm™'; '"H NMR (500 MHz,
CDCl,): 6 = 7.87 - 7.75 (m, 6 H), 7.51 — 7.44 (m, 3 H), 7.32 (d, J = 8.0 Hz, 2 H),
5.99 - 5.89 (m, 1 H), 5.31 (dq, J = 17.2, 1.5 Hz, 1 H), 5.22 (dq, J = 10.3, 1.3 Hz, 1
H), 5.12 (ABd, J = 11.7 Hz, 1 H), 4.84 (ABd, J = 11.7 Hz, 1 H), 4.77 (d, J = 3.5 Hz,
1 H), 4.26 - 4.23 (m, 2 H), 4.21 — 4.17 (m, 2 H), 3.75 (t, J = 10.0 Hz, 1 H), 3.73 -
3.69 (m, 1 H), 3.51 — 3.43 (m, 2 H), 3.39 (s, 3 H), 2.43 (s, 3 H), 2.24 (d, J = 3.0 Hz,
1 H) ppm; 3C NMR (125 MHz, CDCl,): 6 = 145.0, 136.2, 134.8, 133.5, 133.3, 133.2,
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130.0, 128.7, 128.20, 128.18, 128.16, 127.0, 126.5, 126.3, 126.0, 118.3, 98.3, 81.1, 79.7,
75.6, 72.6, 69.6, 69.2, 69.1, 55.6, 21.9 ppm; HRMS (ESI-TOF): caled for CygH;,08S
[M + Na*]: 551.1710 found 551.1715.

6-Deoxypyranoside 22: To a solution of tosylate 21 (1.86 g, 3.5 mmol,

Me _O._ .OMe
1.0 equiv) in THF (25.0 mL) at 0 °C (ice/water bath) was slowly added

HO™ “OAllyl

O LiAlH, (1.0 m in THF, 10.6 mL, 10.6 mmol, 3.0 equiv). The solution

was warmed to 45 °C and stirred for 2.5 h. The solution was cooled
back to 0 °C and quenched with ice (0.3 g), aq. NaOH (3 M, 0.6 mL), and H,O
(1.0 mL) successively. After stirring for 30 min, the suspension was filtered, and
the residue was washed with EtOAc (15 mL). The solution was diluted with sat.
aq. NH,CI (15 mL), and the layers were separated. The organic layer was dried
(MgSO,), filtered and concentrated under reduced pressure. The crude product was
purified by flash column chromatography (silica gel, EtOAc:hexanes = 1:4 — 1:1) to
give 6-deoxypyranoside 22 (1.18 g, 3.3 mmol, 94% yield) as a colorless oil. 22: Ry
= 0.44 (silica gel, EtOAc:hexanes = 1:1); [a]¥ = +26.0 (CHCl;, ¢ = 1.40); IR Vipax
(film): 3458, 2923, 1726, 1461, 1365, 1102, 1054, 920, 816 cm~!'; 'H NMR, (500 MHz,
CDCl,): § = 7.87 — 7.79 (m, 4 H), 7.52 — 7.44 (m, 3 H), 6.02 - 5.92 (m, 1 H), 5.32
(dm, J = 17.2 Hz, 1 H), 5.22 (dm, J = 10.8 Hz, 1 H), 5.10 (ABd, J = 11.8 Hz, 2
H), 4.83 (ABd, J = 11.8 Hz, 2 H) 4.77 (d, J = 3.5 Hz, 1 H), 4.21 (dm, J = 6.0 Hz,
2 H), 3.75 (t, J = 9.2 Hz, 1 H), 3.70 — 3.62 (m, 1 H), 3.51 (dd, J = 9.6, 3.6 Hz, 1
H), 3.43 (s, 3 H), 3.21 (td, J = 9.2, 2.5 Hz, 1 H), 2.18 (d, J = 2.5 Hz, 1 H), 1.26 (d,
J = 6.2 Hz, 3 H) ppm; 3C NMR (125 MHz, CDCl,): § = 136.3, 134.9, 133.5, 133.2,
128.6, 128.1, 127.9, 126.9, 126.3, 126.1, 125.9, 118.0, 98.1, 81.3, 80.2, 75.5, 75.4, 72.3,
67.0, 55.2, 17.8 ppm; HRMS (ESI-TOF): caled for Cy HyqO5 [M + Na™]: 381.1672
found 381.1678.

Ketone 23: To a solution of alcohol 22 (2.55 g, 7.12 mmol, 1.0 equiv)
in CH,Cl, (15 mL) was added NMO (2.50 g, 21.36 mmol, 3.0 equiv) at

o “OAllyl

ONap 25 °C. The solution was then cooled to 0 °C (ice/water bath). TPAP

23

Me O_ .OMe

(250 mg, 0.71 mmol, 0.1 equiv) was added. The solution was warmed to
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25 °C within 1 h, and then stirred at the same temperature for 8 h. Upon evaporation
of the solvent, the crude product was purified by flash column chromatography (silica
gel, EtOAc:hexanes = 1:19 — 1:9) to give ketone 23 (2.13 g, 5.98 mmol, 84% yield)
as a colorless oil. 23: Ry = 0.50 (silica gel, EtOAc:hexanes = 1:1); [a]¥ = +84.3
(CHCl, ¢ = 1.25): IR vpmax (film): 2087, 2937, 1734, 1447, 1361, 1195, 1147, 1049,
923, 819 cm™!; 'H NMR (600 MHz, CDCl,): § = 7.87 — 7.80 (m, 4 H), 7.57 (dd, J
= 8.4, 1.5 Hz, 1 H), 7.49 — 7.44 (m, 2 H), 5.93 (dddd, J = 17.1, 10.4, 6.5, 5.4 Hz, 1
H), 5.29 (dq, J = 17.4, 1.6 Hz, 1 H), 5.21 (dq, J = 10.3, 1.2 Hz, 1 H), 5.10 (ABd, J
— 11.5 Hz, 1 H), 4.90 (d, J = 3.5 Hz, 1 H), 4.82 (ABd, J = 11.5 Hz, 1 H), 4.45 (d,
J =10.2 Hz, 1 H), 4.35 (ddt, J = 12.9, 5.2, 1.3 Hz, 1 H), 4.24 — 4.17 (m, 2 H), 3.76
(dd, J = 10.1, 3.5 Hz, 1 H), 3.51 (s, 3 H), 1.31 (d, J = 6.5 Hz, 3 H) ppm; *C NMR
(150 MHz, CDCl,): § = 203.6, 135.4, 134.6, 133.4, 133.2, 128.3, 128.1, 127.8, 126.9,
126.2, 126.1, 126.0, 118.3, 98.6, 82.8, 80.6, 74.5, 73.4, 69.2, 56.2, 13.9 ppm; HRMS
(ESI-TOF): calced for Cy, H,,O5 [M + Na't]: 379.1516 found 379.1527.

Dithioketal 24: To ketone 23 (100.0 mg, 0.28 mmol, 1.0 equiv)
e O_ .OMe
M:Is - in CH,Cl, (3.4 mL) under argon were added molecular sieves (4 A,
] “"OAllyl

ONap 168.0 mg). The solution was stirred at 25 °C until all of the ketone

24

MeS:

had dissolved. The solution was then cooled to —78 °C (dry ice/acetone
bath) and stirred for 30 min in order to allow all moisture to be absorbed by the
molecular sieves. TMSSMe (90 pL, 0.62 mmol, 2.2 equiv) was added to the solution,
followed by addition of TMSOTT (80 pL, 0.42 mmol, 1.5 equiv). The reaction mixture
was stirred at —78 °C for an additional 15 min, then the mixture was warmed to 0 °C
(ice/water bath) within 10 min. After stirring at 0 °C for 5 min, the reaction mix-
ture was quenched with sat. aq. NaHCO; (10 mL) and diluted with EtOAc (7 mL).
The biphasic mixture was filtered through Celite. The layers were separated, and the
aqueous layer was extracted with EtOAc (2 x 15 mL). The combined organic layers
were washed with brine (15 mL), dried (MgSO,), filtered, and concentrated under
reduced pressure. The crude product was purified by flash column chromatography

(silica gel, EtOAc:hexanes = 1:9 — 1:4) to give dithioketal 24 (114.4 mg, 0.26 mmol,
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94% yield) as a yellow oil. 24: Ry = 0.41 (silica gel, EtOAc:hexanes = 1:4); [o|¥ =
4515 (CHCL,, ¢ = 1.20); IR v (Alm): 2023, 2850, 1732, 1458, 1362, 1266, 1100,
1049, 816 cm™'; 'H NMR (600 MHz, CDCL,): § = 7.86 — 7.78 (m, 4 H), 7.58 (dd, J
= 84, 1.5 Hz, 1 H), 7.50 - 7.43 (m, 2 H), 5.99 - 5.90 (m, 1 H), 5.28 (dq, J = 17.3,
1.6 Hz, 1 H), 5.18 (dq, J = 10.3, 1.2 Hz, 1 H), 5.03 (ABd, J = 10.7 Hz, 1 H), 4.95
(ABd, J = 10.7 Hz, 1 H), 4.81 (d, J = 3.9 Hz, 1 H), 4.28 (ddt, J = 12.7, 5.5, 1.3 Hz,
1 H), 423 ~ 4.12 (m, 3 H), 3.95 (d, J = 9.4 Hz, 1 H), 3.43 (s, 3 H), 2.31 (s, 3 H),
2.16 (s, 3 H), 1.41 (d, J = 6.5 Hz, 3 H) ppm; *C NMR (150 MHz, CDCl,): § =
136.5, 135.0, 133.4, 133.0, 128.1, 128.0, 127.8, 126.6, 126.4, 126.1, 125.9, 117.8, 98.7,
83.0, 79.0, 73.0, 70.6, 65.9, 55.4, 16.2, 13.6, 12.6 ppm; HRMS (ESI-TOF): calcd for
Cy3H300,S, [M + Na't]: 457.1478 found 457.1484.

Nitriles 25 and 4-epi-25: To a stirred solution of 24 (0.83 g,
Me O_ .OMe

es 1.91 mmol, 1.00 equiv) in CH,Cl, (20 mL) at 0 °C (ice/water bath)

“OAllyl

NS Snep were added TMSCN (0.28 g, 2.85 mmol, 1.50 equiv) and SnCl, (1 M

25
Me O_ ..OMe

in CH,Cl,, 2.0 mL, 2.0 mmol, 1.05 equiv). The resulting mixture was

““OAllyl

ves ONap stirred at 0 °C for 3 h and then quenched with sat. aq. NaHCO,
ores solution (20 mL). The resulting mixture was extracted with ether (2
x 20 mL), dried (MgSO,), filtered and concentrated under reduced
pressure. The crude residue was purified by flash column chromatography (silica
gel, EtOAc:hexanes = 1:1) to give a mixture of nitriles 25 and 4-epi-25 (0.55 g,
1.33 mmol, 75% yield, ca. 2:1 dr) as a colorless oil. The two diastereoisomers were
separated by PTLC (silica gel, EtOAc:hexanes 1:1), with assignment of the epimers
by NOE studies. 25 (major nitrile): Ry = 0.47 (silica gel, MeOH:CH,Cl, = 1:199);
()% = 453 (CHCl, ¢ = 0.90); IR vy (film): 2028, 2232, 1443, 1344, 1139, 1100,
1034, 922, 820 cm™!'; '"H NMR (600 MHz, CDCl;): § = 7.86 — 7.80 (m, 4 H), 7.54
(dd, J = 8.4, 1.5 Hz, 1 H), 7.50 — 7.46 (m, 2 H), 5.99 — 5.92 (m, 1 H), 5.32 (dq, J =
17.2, 1.5 Hz, 1 H), 5.23 (dq, J = 10.3, 1.5 Hz, 1 H), 5.05 (ABd, J = 10.5 Hz, 1 H),
5.05 (ABd, J = 10.5 Hz, 1 H), 4.78 (d, J = 3.8 Hz, 1 H), 4.36 (q, J = 6.4 Hz, 1 H),
4.30 (ddt, J =12.7,54, 1.4 Hz, 1 H), 4.27 (d, J = 9.5 Hz, 1 H), 4.18 (ddt, J = 12.7,
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6.5, 1.2 Hz, 1 H), 4.05 (dd, J = 9.5, 3.8 Hz, 1 H), 3.44 (s, 3 H), 2.41 (s, 3 H), 1.48
(d, J = 6.4 Hz, 3 H) ppm; *C NMR (150 MHz, CDCl,): ¢ = 135.3, 134.7, 133.4,
133.2, 128.3, 128.1, 127.8, 127.3, 126.6, 126.2, 126.2, 118.2, 116.9, 98.7, 82.1, 76.6,
76.6, 73.1, 67.6, 55.8, 53.9, 16.8, 16.0 ppm; HRMS (ESI-TOF): caled for C,;H,,NO,S
[M + Na™]: 436.1553 found 436.1559. 4-epi-25 (minor nitrile): Ry = 0.53 (silica gel,
MeOH:CH,Cl, = 1:199); [a)% = +104 (CHCl,, ¢ = 0.40); IR vy (film): 2928, 2232,
1721, 1453, 1341, 1196, 1107, 1041, 819, 751 cm™"; 'H NMR (600 MHz, CDCL,): § =
7.86 — 7.80 (m, 4 H), 7.51 — 7.45 (m, 3 H), 5.93 — 5.85 (m, 1 H), 5.27 (dq, J = 17.2,
1.5 Hz, 1 H), 5.18 (dq, J = 10.3, 1.2 Hz, 1 H), 5.16 (ABd, J = 11.5 Hz, 1 H), 5.02
(ABd, J = 11.3 Hz, 1 H), 4.84 (d, J = 3.5 Hz, 1 H), 4.24 (ddt, J = 12.6, 5.5, 1.3 Hz,
1 H), 4.16 (ddt, J = 12.7, 6.4, 1.2 Hz, 1 H), 3.93 (d, J = 9.7 Hz, 1 H), 3.89 - 3.83 (m,
1 H), 3.75 (dd, J = 9.7, 3.6 Hz, 1 H), 3.45 (s, 3 H), 2.40 (s, 3 H), 1.51 (d, J = 6.4 Hz,
3 H) ppm; *C NMR (150 MHz, CDCl,): 6 = 135.7, 134.4, 133.4, 133.1, 128.1, 127.8,
127.5, 126.2, 126.1, 126.0, 125.7, 118.4, 115.2, 98.4, 82.1, 79.1, 76.6, 73.0, 68.3, 55.8,
54.9, 16.9, 16.2 ppm; HRMS (ESI-TOF): caled for Cy3H,,NO,S [M + Na't]: 436.1553
found 436.1556.

Alcohol 13: To a stirred solution of 25 (74 mg, 0.179 mmol, 1.0 equiv)
Me O__ ..OMe

ws] ] in AcOH (2 mL) at 25 °C was added Pd(PPh,), (0.124 g, 0.107 mmol,

"OH

e 0.6 equiv). The resulting mixture was heated to 80 °C for 2 h. The

mixture was quenched with sat. aq. NaHCO, solution (20 mL). The
resulting mixture was extracted with Et,O (2 x 20 mL), dried (MgSO,), and concen-
trated under reduced pressure. The crude residue was purified by flash column chro-
matography (silica gel, CH,Cl, — CH,Cl,:Et,0 = 99:1) to give alcohol 13 (51 mg,
0.137 mmol, 77% yield) as a colorless oil. 13: Ry = 0.41 (silica gel, MeOH:CH,Cl, =
1:99); [a)¥ = +120 (CHCl;, ¢ = 0.73); IR vmax (film): 3483, 2927, 2232, 1732, 1341,
1138, 1090, 1037, 920, 820 cm™'; 'H NMR (600 MHz, CDCl,): § = 7.88 — 7.80 (m, 4
H), 7.57 (d, J = 8.5 Hz, 1 H), 7.52 — 7.45 (m, 2 H), 5.09 (ABd, J = 11.0 Hz, 1 H),
5.06 (ABd, J = 11.0 Hz, 1 H), 4.76 (d, J = 3.9 Hz, 1 H), 4.33 (q, J = 6.1 Hz, 1 H),
425 (td, J = 9.1, 4.0 Hz, 1 H), 4.06 (d, J = 9.3 Hz, 1 H), 3.43 (s, 3 H), 2.43 (s, 3
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H), 2.12 (d, J = 8.9 Hz, 1 H), 1.50 (d, J = 6.2 Hz, 3 H) ppm; 3C NMR (150 MHz,
CDCL,): § = 135.0, 133.4, 133.3, 128.5, 128.2, 127.9, 127.4, 126.4, 126.3, 126.3, 117.0,
99.5, 83.0, 76.1, 69.8, 68.1, 55.9, 53.2, 16.8, 15.8 ppm; HRMS (ESI-TOF): calcd for
CyoH,sNO,S [M + Nat]: 396.1240 found 396.1235.

Carbamate 27: Allyl chloroformate (1.16 g, 9.61 mmol, 3.0 equiv)

OMe A‘\Iloc

N, was added to a solution of 26°% (0.654 g, 3.20 mmol, 1.0 equiv) in
Meo/g’?/ THF (10 mL) at 0 °C (ice/water bath). K,CO; (2.65 g, 19.2 mmol,
6.0 equiv) was added, followed by 18-crown-6 (170 mg, 0.6 mmol,
0.2 equiv). The mixture was warmed to 25 °C over 2 h, then stirred at 25 °C
for a further 8 h. The mixture was quenched with sat. aq. NH,CIl (20 mL). The
aqueous layer was extracted with Et,O (3 x 20 mL). The combined organic layers
were washed with brine (20 mL), dried (Na,SO,), filtered and concentrated under
reduced pressure. The crude residue was purified by flash column chromatography
(EtOAc:hexanes = 1:1) to give carbamate 27 (0.90 g, 3.13 mmol, 98% yield) as a
white foam. 27: Ry = 0.50 (silica gel, EtOAc:hexanes = 1:1); o]} = ~66.2 (CHCI,,
¢ = 2.73); IR vpay (film): 2934, 1696, 1440, 1307, 1281, 1127, 1051, 993, 960, 901
cm~'; 'H NMR (600 MHz, CDCl,): § = 5.98 — 5.85 (m, 1 H), 5.39 — 5.23 (m, 1 H),
523~ 5.13 (m, 1 H), 4.75 (d, J = 2.2 Hz, 1 H), 4.63 — 4.51 (m, 2 H), 4.08 (m, 3 H),
3.41 (bs, 1 H), 3.30 (s, 3 H), 3.28 (s, 3 H), 2.28 (dd, J = 12.7, 3.7 Hz, 1 H), 1.48 (t, J
= 10.6 Hz, 1 H), 1.27 -1.12 (m, 6 H) ppm; *C NMR (150 MHz, CDCl;): § = 171.2,
156.7, 155.5, 133.3, 132.9, 132.7, 117.9, 117.1, 99.1, 72.7, 71.7, 65.8, 65.7, 60.5, 60.0,
56.9, 54.9, 47.6, 36.0, 21.6, 21.0, 20.9, 20.3, 14.3 ppm; HRMS (ESI-TOF): calcd for
O, H,:NO. [M + Na']: 310.1625 found 310.1630.

Lactol 28: A solution of 27 (0.90 g, 3.13 mmol, 1.0 equiv) in AcOH

ﬁ;ﬁipr (5 mL) and H,O (1 mL) was heated to 95 °C for 8 h. Upon cooling,
Ho 208/ toluene (20 mL) was added and the darkened mixture was concentrated.
Azeotropic removal of AcOH with toluene (10 mL) was repeated four

times. The crude residue was purified by flash column chromatography (silica gel,

EtOAc:hexanes = 3:2) to give inseparable mixture of lactol anomers 28 and the
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equivalent aldehyde (0.60 g, 2.20 mmol, 70% yield, 90% yield brsm) as a colorless
oil. 28: Ry = 0.31 (silica gel, EtOAc:hexanes = 1:1); IR . (film): 3407, 2965,
2935, 1673, 1440, 1307, 1283, 1142, 1101, 1050, 1016, 1000, 925, 771 cm~*; 'H NMR
(500 MHz, toluene-dg, 80 °C): § = see spectrum on 205. The spectrum shows a ratio
of 23.5:13.7:1 (anomer 1 : anomer 2 : aldehyde); *C NMR (125 MHz, toluene-ds,
80 °C): § = 155.4, 155.2, 134.1, 134.0, 117.1, 117.0, 95.5, 93.0, 74.7, 72.7, 65.7, 64.2,
61.0, 58.2, 57.4, 56.4, 56.2, 48.9, 48.6, 39.4, 37.1, 21.3, 21.2, 21.0, 20.9 ppm; HRMS
(ESI-TOF): calced for C;3Hy3NO; [M + Na't]: 296.1468 found 296.1468.

Fluoride 14: Powdered 4 A molecular sieves (1.0 g) were added to

N a stirred solution of lactol 28 (0.355 g, 1.30 mmol, 1.0 equiv) in THF
F 0 (10 mL). The mixture was cooled to —78 °C (dry ice/acetone bath) and
DAST (0.627 mL, 3.90 mmol, 3.0 equiv) was added dropwise over 15 min.

The temperature was allowed to slowly rise to =30 °C over 2 h and then held at 0 °C
(ice/water bath) for 15 min. The reaction mixture was diluted with Et,O (20 mL) and
quickly filtered through a pad of Celite, followed by washing with Et,O (2 x 20 mL).
The filtrate was extensively washed with cold sat. aq. NaHCO, (8 x 10 mL), dried
(MgSO,), filtered and concentrated under reduced pressure. The residue was quickly
filtered through a short plug of silica gel (hexanes — EtOAc:hexanes = 1:1) to give
glycosyl fluoride 14 (0.229 g, 0.83 mmol, 64% yield) as a mixture of anomers (ca. 2:1
dr). The '"H NMR spectrum contained too much overlap for individual assignment of
most peaks to a specific anomer; however, the singlets of the methoxy peaks allowed
estimation of the diastereomeric ratio. 14: Ry = 0.57 (silica gel, EtOAc:hexanes =
1:1); IR vmax (film): 2972, 2935, 1690, 1435, 1308, 1280, 1165, 1101, 1062, 979, 959,
908, 771 em™!; 'H NMR (600 MHz, CDCl,): § = 6.01 — 5.88 (m, 1 H), 5.69 (d, J
= 51.9 Hz, 0.7 H), 5.43 (dd, J = 8.0, 2.7 Hz, 0.3 H), 5.37 — 5.25 (m, 1 H), 5.25 —
5.16 (m, 1 H), 4.68 — 4.53 (m, 2 H), 4.50 - 3.70 (m, 3 H), 3.64 — 3.54 (m, 1 H), 3.32
(s, 1 H), 3.32 (s, 2H), 2.54 — 2.43 (m, 1 H), 1.68 — 1.46 (m, 1 H), 1.30 — 1.06 (m, 6
H) ppm; ¥C NMR (150 MHz, CDCl,): § = 155.1, 145.5, 133.2, 133.0, 132.8, 119.0,
117.3, 108.3, 108.2, 106.9, 106.7, 101.4, 72.2, 71.0, 66.1, 65.8, 63.4, 62.1, 57.3, 56.0,
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55.4, 48.3, 47.8, 35.8, 29.8, 21.5, 21.3, 22.0, 20.4 ppm; HRMS (ESI-TOF): calcd for
C3HyyFNO, [M + Na™]: 298.1425 found 298.1423.

Glycoside 29: A mixture of anhydrous AgClO, (75 mg, 360 pmol,
3.3 equiv) and SnCl, (70 mg, 360 pmol, 3.3 equiv) was dried by
woo ] ove azeotropic removal of benzene (2 x 2 mL). The salts were then
wl  med suspended in THF (2 mL), and powdered, activated 4 A molecular
sieves (100 mg) were added. The suspension was stirred in the dark

at 25 °C for 15 min and then cooled to —78 °C (dry ice/acetone bath). The solution
was stirred at —78 °C for 30 min to allow all moisture to be absorbed by the molecular
sieves. A solution of fluoride 14 (65 mg, 240 nmol, 2.2 equiv) and alcohol 13 (39 mg,
110 pmol, 1.0 equiv) in THF (2 mL) was added slowly to this solution, and the
mixture was stirred at —78 °C for 1 h. The reaction mixture was allowed to warm
slowly to —30 °C over 2 h, diluted with Et,O (20 mL), and filtered through Celite. The
resulting solution was washed with sat. aq. NaHCO, (2 x 20 mL) and brine (20 mL),
dried (MgSO,), filtered and concentrated. The resulting residue was purified by flash
column chromatography (silica gel, EtOAc:hexanes = 1:9 — 2:3) to give glycoside 29
(56 mg, 90 pmol, 85% yield based on 13) as a colorless oil. 29: Ry = 0.72 (silica gel,
EtOAc:hexanes = 1:1); [o]F = +32.4 (CHCI;, ¢ = 1.80); IR vy (film): 2932, 2237,
1695, 1441, 1308, 1133, 1105, 1034, 963, 819 cm™!; 'H NMR, (500 MHz, toluene-dg,
80 °C): § = 7.75 (s, 1 H), 7.66 — 7.61 (m, 2 H), 7.60 — 7.56 (m, 1 H), 7.46 (dd, J
— 84, 1.7 Hz, 1 H), 7.25 — 7.19 (m, 2 H), 5.88 — 5.78 (m, 1 H), 5.16 (dd, J = 17.3,
1.6 Hz, 1 H), 5.01 —4.95 (m, 3 H), 4.90 (d, J = 11.1 Hz, 1 H), 4.78 (d, J = 2.5 Hz, 1
H), 4.53 (d, J = 5.4 Hz, 2 H), 4.43 — 4.22 (m, 5 H), 4.11 — 4.03 (m, 1 H), 3.38 (dd, J
= 10.3, 4.9 Hz, 1 H), 3.36 - 3.28 (m, 1 H), 3.22 (s, 3 H), 3.10 (s, 3 H), 2.30 (s, 3 H),
2.23 - 218 (m, 1 H), 145 (d, J = 6.4 Hz, 3 H), 1.37 = 1.30 (m, 1 H), 1.21 (d, J =
6.7 Hz, 3 H), 1.08 (d, J = 6.8 Hz, 3 H) ppm; *C NMR (125 MHz, toluene-dg, 80 °C):
§ = 155.2, 136.1, 134.2, 134.2, 134.0, 129.3, 128.4, 127.2, 126.4, 126.4, 126.3, 125.5,
117.0, 100.7, 82.9, 76.6, 68.3, 65.7, 61.4, 58.0, 54.9, 48.6, 37.0, 21.4, 21.0, 21.0, 17.9,
15.7 ppm; HRMS (ESI-TOF): caled for C33H,,N,OgS [M + Nat]: 651.2710 found
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651.2714.

Aldehyde 30: To a stirred solution of 29 (70 mg, 110 pmol,
M3 1.0 equiv) in CH,Cl, (1.4 mL) at =78 °C (dry ice/acetone bath) was
. ,?HOC\N”O %he added DIBAL-H (1 M in CH,Cl,, 0.17 mL, 170 umol, 1.5 equiv).
MZ/NMeO The resulting mixture was stirred for 30 min at —78 °C, then for
" 30 min at 0 °C. The mixture was quenched with H,O (0.5 mL) and
sat. aq. NaHCOj; solution (15 mL) at 0 °C. The resulting mixture was extracted
with Et,O (3 x 20 mL), dried (MgSO,), filtered and concentrated under reduced
pressure. The crude residue was purified by flash column chromatography (silica gel,
Et,0:CH,Cl, = 1:19) to furnish 30 (61 mg, 97 pmol, 88% yield) as a colorless oil.
30: Ry = 0.24 (silica gel, MeOH: CH,Cl, = 1:49); [a]f = +8.6 (CHCl,, ¢ = 0.41);
IR vy (lm): 2928, 1696, 1441, 1135, 1108, 1045, 993, 963, 816 cm~'; 'H NMR
(500 MHz, toluene-ds, 70 °C): & = 9.43 (s, 1 H), 7.68 (s, 1 H), 7.64 — 7.55 (m, 3 H),
7.35 (dd, J = 8.4, 1.7 Hz, 1 H), 7.24 — 7.18 (m, 2 H), 5.91 — 5.79 (m, 1 H), 5.18 (d, J
= 17.1 Hz, 1 H), 5.04 — 4.99 (m, 2 H), 4.95 (dd, J = 27.6, 11.3 Hz, 2 H), 4.86 (d, J =
3.8 Hz, 1 H), 4.64 (d, J = 9.7 Hz, 1 H), 4.54 (d, J = 5.5 Hz, 2 H), 4.47 (dd, J = 9.8,
3.7 Hz, 1 H), 4.40 (brs, 1 H), 4.07 (dd, J = 12.9, 6.5 Hz, 2 H), 3.41 (dd, J = 11.4,
48 Hz, 2 H), 3.24 (s, 3 H), 3.07 (s, 3 H), 2.21 (ddd, J = 12.9, 4.7, 1.6 Hz, 1 H), 2.07
(s, 3 H), 1.37 — 1.30 (m, 2 H), 1.26 (d, J = 6.5 Hz, 3 H), 1.22 (d, J = 6.7 Hz, 3 H),
1.11 (d, J = 6.8 Hz, 3 H) ppm; *C NMR (125 MHz, toluene-dg, 50 °C): § = 197.7,
155.1, 137.7, 137.4, 137.3, 137.0, 134.0, 134.0, 133.6, 128.4, 126.5, 126.3, 126.0, 116.9,
101.1, 100.6, 80.0, 76.3, 68.3, 67.4, 65.6, 61.2, 57.6, 56.0, 55.3, 48.1, 36.8, 30.3, 21.3,
16.3, 12.6, 1.4 ppm; HRMS (ESI-TOF): calced for C33H,zNOGS [M + Nat]: 654.2707
found 654.2715.
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i NS Alcohols 11’ and epi-11": Todide 12 (25 mg, 0.059 mmol,
0
T8SO woHo Onp 5] 23 equiv) was azeotroped with toluene (2 x 5 mL) un-
Me ?N"oc o) " der reduced pressure, then dried over P,O, under vacuum.
T " The flask was then charged with argon. Et,O (1.0 mL)
i N M e was added, and the solid was dissolved completely by stir-
TBSO NH Tl). e :OMe ring at 20-25 °C. The solution was cooled to —20 °C (dry
Me\f"“m 2 ice/acetone bath). KHMDS (0.5 M in toluene, 0.13 mlL,

65 nmol, 2.5 equiv) was added in order to deprotonate the
carboline nitrogen atom, and the mixture was stirred for
30 min at —20 °C. The solution was then cooled to —78 °C (dry ice/acetone bath),
and ¢-BuLi (1.75 M in toluene, 0.10 mL, 177 pmol, 6.9 equiv) was added dropwise.
The reaction mixture was stirred at =78 °C for 30 min. Aldehyde 30 (17 mg, 26 pmol,
1.0 equiv) was azeotroped with toluene (2 x 5 mL) under reduced pressure and then
dried over P,O; under vacuum. The material was then dissolved in Et,O (0.5 mL)
under argon. The solution was then cannulated dropwise into the solution of the
dianionic carboline at 78 °C. The cannula was further rinsed with Et,O (0.5 mL)
to ensure complete transfer of the aldehyde. The reaction was stirred at —78 °C for
2 h, warmed to —30 °C, then stirred at —30 °C for an additional 10 min. The mix-
ture was quenched at —30 °C with AcOH (0.1 mL) and sat. aq. NaHCO; (10 mL),
then it was warmed to 25 °C. The resulting mixture was extracted with EtOAc (2
x 30 mL), dried (Na,SO,), filtered and concentrated under reduced pressure. Due
to observed decomposition on standing, the alcohols were used directly in the next
step. The crude residue was purified for characterization by preparative TLC (silica,
Et,O:hexanes = 1:1) to give alcohols 11" and epi-11’ (4 mg each, 9 pmol total, 35%
yield based on 30, 70% yield brsm) as pale yellow oils. Both alcohols decomposed
under the elevated temperatures required for NMR analysis (due to hindered rotation
of the alloc carbamate), so the material was characterized spectroscopically after the
following step. 11’ or epi-11": R; = 0.37 (silica gel, EtOAc/hexanes, 4:6); [a]fy =
+12 (CHCl,, ¢ = 0.18); IR vpmay (film): 3382, 2926, 1693, 1485, 1460, 1259, 1094,
1047, 806 cm™!; HRMS (ESI-TOF): caled for CgyHg;N30,,SSi [M + H*]: 930.4389
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found 930.4383. epi-11’ or 11": R; = 0.26 (silica gel, EtOAc:hexanes = 4:6); [a]¥
= +1.1 (CHCl, ¢ = 0.45); IR vpayx (film): 3448, 2956, 2928, 2955, 1694, 1485, 1462,
1260, 1093, 1047, 810 cm~!; HRMS (ESI-TOF): caled for CyoHg;N,0,,SSi [M + H™]:
930.4389 found 930.4383.

Ketone 11: To a stirred solution of a mixture of alcohols

M ve 11" and epi-11" (8 mg, 8.7 pymol, 1.0 equiv) in CH,CI,
74 B\
iad s /;OCNap bve (3.0 mL) at 25 °C was added activated MnO, (120 mg,
Me o
NMeo 1.32 mmol, 150 equiv), and the resulting mixture was stirred

for 8 h. The mixture was filtered and concentrated under
reduced pressure. The crude residue was purified by preparative TLC (silica gel,
Et,O:hexanes = 1:1) to give ketone 11 (6 mg, 6.4 pmol, 74% yield) as a bright yellow
oil. 11: Ry = 0.38 (silica gel, Et,O:hexanes = 1:1); [a]F = +3.3 (CHCl,, ¢ = 0.18);
IR Viax (film): 3346, 2927, 1664, 1483, 1461, 1282, 1125, 1100, 1036, 885, 809 cm™*;
'H NMR (500 MHz, toluene-dg, 65 °C): 6 = 9.82 (s, 1 H), 8.12 (d, J = 4.8 Hz, 1
H), 7.35 (d, J = 1.9 Hz, 1 H), 7.31 - 7.12 (m, 7 H), 6.74 (d, J = 8.7 Hz, 1 H), 6.57
(d, J = 9.3 Hz, 1 H), 6.19 — 6.07 (m, 1 H), 5.94 (br s, 1 H), 5.38 — 5.01 (m, 5 H),
491 (d, J = 12.1 Hz, 1 H), 4.69 — 4.36 (m, 5 H), 4.43 (d, J = 12.0 Hz, 1 H), 4.07
(brs, 1 H), 3.70 — 3.41 (m, 6 H), 3.12 (s, 3 H), 2.80 (s, 3 H), 2.30 (br s, 1 H), 1.50
—1.40 (m, 1 H), 1.35 (d, J = 6.5 Hz, 3 H), 1.27 (d, J = 6.0 Hz, 3 H), 1.18 (d, J
= 5.8 Hz, 3 H), 1.07 (s, 9 H), 0.23 (s, 6 H) ppm; *C NMR (125 MHz, toluene-ds,
65°C): § = 155.5, 150.8, 137.2, 136.9, 136.7, 134.5, 133.8, 133.4, 132.2, 126.4, 126.02,
125.98, 125.0, 123.2, 122.4, 118.9, 117.3, 113.0, 111.8, 101.6, 100.4, 84.5, 75.7, 68.8,
65.9, 61.6, 58.4, 56.2, 55.6, 42.7, 37.4, 26.3, 21.7, 18.8, 17.0, 15.4, —3.96 ppm; In order
to find weaker carbon signals, an HMBC was performed. Additional *C determined
by HMBC (600 MHz, toluene-dg, 60 °C): 6 = 80.9, 76.0, 73.2, 71.6 ppm; HRMS
(ESI-TOF): caled for CyoHgzN;0,SSi [M + HT]: 928.4232 found 928.4227.
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It has become evident that a reevaluation of the
biological role of oligosaccharides is necessary.

—Prof. Raymond Dwek, CBE, FRS

Iminosugars as Therapeutics

3.1 Introduction

Iminosugars are monosaccharide mimics with at least one nitrogen-containing cy-
cle in their structure. In 1966, Inouye reported the first isolation of an iminosugar
from natural sources, nojirimycin (NJ) 32D (Figure 3.1) from Streptomyces bacteria,

and observed its antibacterial effects.®”*® Chemical synthesis of “heteroses

759 (sugars

where the endocyclic oxygen is replaced with a different heteroatom: nitrogen, phos-

phorus or sulfur) had, however, already been underway for a number of years.%06¢
OH OH OH
OH OH OH
HO* ™0 HO* N N
H H
D-glucopyranoside 32D 33D

Figure 3.1: Structures of Nojirimycin and 1-Deoxynojirimycin.The two archety-
pal iminosugars, D-nojirimycin 32D and D-1-deoxynojirimycin 33D, with D-
glucopyranoside for comparison.

Nojirimycin is unstable: decomposing under both neutral and acidic conditions and

necessitating formation of its bisulfite adduct for purification.®® As such, research
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focused instead on its hydrogenated form. This reaction effects reduction of the
anomeric carbon of nojirimycin, providing D-1-deoxynojirimycin (DNJ) 33D, whose
synthesis was first reported by Paulsen in 1966.57% In addition to being synthetically
accessible, DNJ was found to be a natural product a decade after the first report of

its preparation, when it was isolated from mulberry trees Morus alba.™

As mentioned above, the first report of an iminosugar natural product included its
promising biological activity.?” By mimicking monosaccharides, iminosugars are able
to act as competitive inhibitors of a myriad of glycosidases and glycosyltransferases,
and, as a result of this activity, iminosugars (and plants rich in them) have a long his-
tory as therapeutics, recommended as herbal remedies for diabetes in both Eastern™
and Western medicine.?® With the passage of time, the focus of iminosugar studies
have shifted from the novelty of molecular structures to their development as use-
ful medicines and molecular tools. These efforts have resulted in clinically approved
7274 g

pharmaceuticals for diabetes mellitus and genetic glycolipid storage disorders,

well as a number of candidates for the treatment of viral infections.

3.2 Iminosugar Structure

Natural iminosugars can be grouped by their cyclic scaffold into 5 classes (Figure 3.2),
with both nojirimycin and deoxynojirimycin falling into the piperidine class. Perhaps
unsurprisingly, this subgroup of iminosugars was the first pursued given the direct
analogy between their structure and that of pyranose sugars (e.g., D-glucopyranoside).
Generally, but not always,” piperidine iminosugars competitively inhibit enzymes

whose substrate have the same stereochemistry.

Though not studied in this thesis, there are four other natural classes of iminosugars.
Pyrrolidines are 5-membered rings that visually resemble ketoses, such as fructose 3
(Figure 1.1), but are still often inhibitors of glucosidases. 2,5-dideoxy-2,5-imino-D-
mannitol 36 (DMDP) is the most abundant natural iminiosugar,®! a potent inhibitor

of several -glucosidases®? and was the first pyrrolidine to be isolated from natural

32



3.2 Iminosugar Structure
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Figure 3.2: Natural and Synthetic Structural Classes of Iminosugars. The inner
hexagon contains the characteristic framework of each natural iminosugar class, while
the outer hexagon provides specific examples of isolated compounds. (Piperidine)
DNJ 33, a-homonojirimycin 34, isofagomine, 35; (Pyrrolidine) 2,5-dideoxy-2,5-imino-
D-mannitol 36, 1,4-dideoxy-1,4-imino-L-arabinitol 37; (Indolizidine) castanospermine
39, australine 42; (Pyrrolizidine) casuarine 41, swainsonine 40; (Nortropane) ca-
lystegine Az 43, calystegine C; 44; (Piperidine-Indolizidine Hybrid) kifunensine 38.
(Synthetic Scaffolds) Iminosugars have been designed and synthesized with molecular
architectures not yet isolated from nature, including azetidines,”®"” azepanes, "7
8-membered iminosugars,”® and azetidine analogues of the bicyclic classes. 80

sources in 1976.%% Because of the ring contraction relative to piperidines, enzyme
inhibition profiles are less predictable than for the 6-membered class. Recent work
preparing D-DMDP 36D and its 9 stereoisomers helped to elucidate the behavior of
these compounds as a group.®? Indolizidine and pyrrolizidines represent the bicyclic
analogues of piperidines and pyrrolidines, respectively, with the presence of the second

ring limiting conformational flexibility. The nortropane class is unique, being based
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3.8 Glycosidases and their Inhibition

upon a bridged scaffold.

In pursuit of novel iminosugars, synthetic chemists have pushed the boundaries of imi-

76;78;79 76,77

nosugar space further, invoking skeletons of both larger and smaller rings.

3.3 Glycosidases and their Inhibition

Glycosidases, or glycoside hydrolases, can be broadly defined as enzymes that cat-
alyze the cleavage of a glycosidic bond to liberate an alcohol and either a mono- or
oligosaccharide as a hemiacetal. Those that cleave only a single terminal sugar are
referred to as exo-glycosidases, while endo-glycosidases release an oligosaccharide via

hydrolysis of an internal linkage (Figure 3.3).

endo-glucosidase
HO

I&,\—O o Mo o\ HO
i HO o ! O
HO o)
OH OH "~HO (o)
OH »

OH
exo-glucosidase

Figure 3.3: Sites of Glycosidase Action. Exo-glycosidases (here, specifically a glu-
cosidase) cleave only the terminal sugar of an oligosaccharide. In contrast, endo-
glycosidases can cleave multiple saccharide residues by cleaving closer to the reducing
end of the oligosaccharide; one example of an endo site is marked, though an enzyme
which cleaves any of the three non-terminal glycosidic linkages would be classified as
endo.

The second major dichotomy of glycosidases concerns whether the anomeric stereo-
chemistry is inverted or retained (Figure 3.4). The enzymatic chemistry is performed
by two conserved acidic residues in the active site for both of these classes.?*% In the
instance of inverting glycosidases, the hydrolysis proceeds via a concerted mechanism
(Figure 3.5). The two catalytic residues simply serve as acid and base, respectively,
in order to protonate the departing alcohol to improve its leaving group ability, while
the other simultaneously hydrogen bonds to one of the hydrogen atoms of the water

molecule to render the attached oxygen atom more nucleophilic.

34
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(A) Inverting Glycosidase

0] (0]
m ﬁ' m/ OH
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H,O0  ROH

(B) Retaining Glycosidase
— VaRN —
OR OH

H,0  ROH

Figure 3.4: Reactions Catalyzed by Inverting (A) and Retaining (B) Glycosidases.
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Figure 3.5: Mechanism of Glycoside Hydrolysis as Catalyzed by Glycosidases
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on

Retaining glycosidases, in contrast, operate via a 2-step mechanism, with the double
inversion at the anomeric center resulting in the observed overall retention of stere-
ochemistry. In the first step, one of the catalytic residues, as before, activates the
leaving group by protonation, however the second carboxylate in this instance acts
as a nucleophile to form a covalent linkage between the enzyme and substrate. After
formation of glycosyl-enzyme, the aglycone departs the active site and is replaced
by a molecule of water. The residue which served as an acid in the first inversion
now acts as base to deprotonate the water as it attacks the anomeric carbon of the
sugar. As the hemiacetal forms, the link to the enzyme is cleaved, regenerating the
nucleophilic catalyst. Some retaining glycosidases, rather than proceeding by this

“classical” mechanism, invoke either an anchimeric (e.g the carbonyl oxygen of an

86-92 93;94

N-glycosamine) or tyrosine nucleophile, rather than the archetypal acidic

residue.

The difference in the two mechanisms is reflected in the structure of the glycosidase
active site. The distance between the catalytic pair is 9.0 — 9.5 A for inverting en-
zymes, whereas the distance is much shorter (4.8 — 5.3 A) in members of the retaining
class.? The larger cavity in inverting enzymes allows room for the arrangement of
the four reacting species, while the smaller size of the retaining glycosidase active
site provides the necessary close proximity to allow formation of the glycosyl-enzyme

covalent adduct.

In the concerted step of the inverting and each step of the retaining mechanism,
the Sy2 type mechanism causes the build up of positive charge at the neighboring
endocylic oxygen, as it donates electron density to the carbon atom from which the
leaving group is departing. Protonated iminosugars are proposed to be analogs of this
transition state (Figure 3.6), though this model is not undisputed in the field.?%
Consistent with this model, however, is the selectivity of D-DNJ 33D and IFG 35D
for a- and [-glucosidases respectively. These enzymes are predominantly retaining,

and so the nucleophilic catalystic residue is in close enough proximity to stabilize the

positively charged transition state. The geometric presentation of the residue relative
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3.8 Glycosidases and their Inhibition

to the substrate is different depending upon the adaptation of the enzyme to a- or
[-linked substrates, as the nucleophile has to approach the anomeric carbon from
the side opposite the leaving group’s departure. When the iminosugar structures are
aligned to overlay the hydroxylation patterns with that of D-glucose, the endocyclic
nitrogen occupies a different position in the enzyme: DNJ’s nitrogen atom being closer
to the counterion in an a-glucosidase; IFG’s, to that in a (-glucosidase, consistent

with the experimental inhibitory data of the compounds.

(A) Generalized Glycosidase
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Figure 3.6: Comparison of Iminosugars and Glycosidase Transition States

In both mechanisms, in order for the reaction to proceed, one of the catalytic residues
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must be protonated and the other deprotonated, so the activity of glycosidases is par-
ticularly pH dependent.®” Inhibition by an iminosugar introduces a third pH sensitive
moiety. In studies of [-glucosidases, iminosugars bind to enzymes preferentially in
a state where only one of the three groups is protonated.!"® For these reasons an
important consideration in inhibitor design is pK, of the candidate molecule, as well
as the pH of the local compartment where the enzyme is located. Intracellular pH
can vary from 4.7 in lysosomes to 7.2 in the endoplasmic reticulum (ER) to as high

as 8 in the mitochondria in mammalian cells. 1!

Having examined the way iminosugars interact on a molecular level with an individual
glycosidase, understanding their influence on the various cellular pathways of which
these enzymes are a part is critical for analyzing their ability to exert therapeutic
effects. Among these, two of the most integral metabolic processes will be discussed:

glycosylation of N-linked glycoproteins and sphingolipids.

3.4 Protein Glycosylation

N-linked glycosylation occurs on the lumenal side of the ER membrane as the nascent
protein is being translated and translocated into the ER. Rather than being built up
on the target glycoprotein, the 14-sugar N-linked glycan is synthesized as a dolichol
conjugate, often referred to as the lipid linked oligosaccharide, before being trans-
ferred onto the protein en bloc by oligosaccharyltransferase (OST, EC 2.4.1.119) (Fig-
ure 3.7). Glycosylation occurs at the terminal nitrogen atom of the Asn side chain
in either Asn-X-Ser or Asn-X-Thr motifs,1%? and rarely Asn-X-Cys,!93 1% where X
is any amino acid other than proline. However, not every occurrence of these motifs
is occupied by a glycan; Thr-containing motifs are glycosylated 40 times more effi-
ciently than those containing Ser.1%1%® The complete set of factors determining site

occupancy remains an area of active research.%?

The biosynthesis of the glycan occurs at the ER membrane, with the first steps oc-
curing on the cytosolic face. Dolichol is initially phosphorylated, followed by the ad-
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3.4 Protein Glycosylation

dition of GlcNAc-phosphate!!® and then the sequential conjugation of individual sug-
ars, with GleNAc-uridine diphosphate (UDP) and Man-UDP acting as the pyranose
sources. '"116 Once the lipid-linked oligosaccharide has reached the Man GlcNAc,

state, a flippase encoded by the gene RFT1 inverts the glycosylated dolichol 17121

SO
that the final anabolic steps may be carried out in the lumen. 22712 Rather than the
nucleotide sugars that serve as cytosolic monosaccharide sources, the lumenal glyco-
syltransferases employ dolichol phosphate-linked glucose and mannose. These conju-
gates are prepared on the cytosolic face from the UDP-sugars, with the dolichol acting
as a vehicle for crossing the membrane. After the assembly of the GlcsMany,GlcNAc,
species, OST performs the oligosaccharide transfer. The thus-obtained glycoprotein
may then be further modified, and the dolichol pyrophosphate either recycled or

catabolized. 128

All N-linked glycans begin as this GlcsManygGlcNAc, species, before the terminal
sugars are trimmed to eventually give rise to three different glycan classes. ER a-
glucosidase I (Glul) cleaves the terminal glucose, while ER a-glucosidase 11 (Glull)
removes each of the next two glucose residues sequentially (Figure 3.8). The resulting
ManyGlcNAc, species is the base upon which oligosaccharides of the high mannose
class are built. Alternatively, ER a-mannosidase I,' (ER Manl), ER a-mannosidase
IT (ER ManllI), and Golgi a-mannosidase I (Golgi Manl) cleave 4 mannose residues
providing a substrate for GlcNAc transferse which conjugates a GlcNAc to the ter-
minus of the a1,3-branch of the glycan. GlcNAcMan;GIlcNAc, may either be further
elaborated to hybrid glycans or the remaining two terminal mannose residues removed

by Golgi a-ManlI to yield the foundation of complex glycans. 32

DNJ 33 and N-alkylated derivatives thereof, as well as castanospermine 39, can in-
hibit both Glul and Glull,!3® impeding further processing of the glycan. Likewise,
ER Manl can be inhibited by the 2-epimer of DNJ, D-deoxymannojirimycin (DM.J)

{While Glul and Glull are known to be localized to the ER, the localization of ER Manl is
more controversial. Multiple recent studies'2? 13! have shown the protein to localize to the Golgi
apparatus.
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Figure 3.7: N-linked Glycan Biosynthesis. With the exception of OST, the arrow
labels in the figure represent gene names which encode the enzyme that catalyzes the
indicated reaction, as there are not yet widely accepted names for these molecules.
Cytosolic reactions use monosaccharide-UDP as the source of GlcNAc and Man, while
lumenal reactions use the dolichol phosphate monosaccharides, whose biosynthesis is
shown in the upper left of the figure.
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Figure 3.8: N-linked Glycan Processing. Red lines indicate the cleavage sites of each
labelled enzyme.
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45D. However, in the instance of Glul and/or Glull inhibition, golgi endomannosi-
dase can shunt material to the high mannose intermediate by cleaving the terminal

tetrasaccharide (GlcsMan) at once rather than sequentially. 134

Although glycan processing can be salvaged by the endomannosidase, sequential trim-
ming of the terminal glucose residues of the N-glycan plays a crucial role in the proper
folding of glycoproteins. 34139 After the sequential removal of the two terminal glu-
cose residues by ER Glul and ER Glull, the Glc; Man,GlcNAc, glycan is bound by
the lectin domain of either the membrane protein, calnexin (CNX), or soluble pro-
tein, calreticulin (CRT) (Figure 3.9). CNX and CRT mediate interaction between
the glycoprotein and ER-resident chaperones (e.g. ERp57). These chaperones aid
the proteins to achieve their native fold. In particular, a number of protein disulfide

isomerases (PDI) allow proper matching of cysteines into disulfide bridges. 13140

The final glucose of the N-glycan is removed by ER Glull. If the protein has achieved
native fold, it is processed as normal and exported to the Golgi for packaging. If
however, it remains incorrectly folded, UDP-glucose:glycoprotein glycosyltransferase
(UGGT) acts as a means of quality control, reattaching a terminal glucose, so that
the protein may interact with CNX or CRT again. The mechanism by which UGGT
recognizes the misfolding of such a wide array of proteins is not known. However,
bioinformatic analysis shows sequence homology of 4 putative PDI regions within
UGGT, suggesting that the recognition might occur via surface (i.e. mismatched)

disulfide bonds (unpublished results by Dr. P. Roversi and P. Mclvor).

ER Manl acts as the “timer” of the CNX/CRT cycle.'* The longer a misfolded pro-
tein is resident in the ER, the more likely it is to have a terminal mannose cleaved from
the middle branch of the oligosaccharide.! UGGT has much lower affinity for glyco-
proteins with fewer than 9 mannose residues. 13143 However, Glull still removes the

glucose from the GluMangGlcNAc,, releasing N-MangGlcNAc, glycoprotein, which

HER Manl has also recently been shown to exert control over protein folding quality control
independently of its enzymatic activity and active site. This alternate mechanism invokes a separate
region of the protein binding misfolded proteins that have reached the Golgi, in order to promote
their retrograde transport to the ER where it can be degraded via ERAD. 42
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Figure 3.9: Calnexin Cycle.

can be bound by ER degradation-enhancing a-mannosidase-like protein (EDEM),
directing it for ER-associated degradation (ERAD).'#* The protein is reverse translo-
cated to the cytosol, where the glycoprotein is cleaved into a free oligosaccharide
(FOS) and protein by a glycopeptidase, after which the protein is degraded by the

proteasome. 144

Via their inhibition of Glul and Glull, iminosugars not only result in improperly
glycosylated proteins, but also abrogate the ability of glycoproteins to interact with
the CNX/CRT cycle. The inhibition of the two enzymes means that newly synthe-
sized proteins with unprocessed N-glycans cannot reach the monoglucosylated state
necessary to interact with CNX/CRT and their associated chaperones. When these
misfolded proteins are catabolized by ERAD, the glucosylated FOS produced can
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act as a biomarker of the extent of Glul and Glull inhibition.!*> Because Glull also
removes the final glucose from the N-glycan, treatment with iminosugars causes pro-

teins already in the cycle to be trapped within it due to the continued presence of

the motif to which the CNX/CRT lectins bind. 46

The inability to be folded by the CNX-mediated chaperones results in various out-
comes depending upon the protein. Under treatment of NB-DNJ, tyrosinase is mis-
folded in B16 mouse melanoma cells, and the protein is unable to bind copper; despite
this, it is properly trafficked to the melanosome. Without active tyrosinase, the cells
are deficient in pigment resulting in a much lighter phenotype that can be observed
visually. 134135146147 Tpy contrast, under treatment of iminosugars, one of the pes-
tivirus envelope glycoproteins, E™°, maintains its RNase activity, demonstrating that
CNX/CRT interaction is not obligate for native folding of the active site; instead se-
cretion of the protein is inhibited by the treatment.'3” Though iminosugars influence
these two glycoproteins in almost exactly opposite ways, together they demonstrate
the fundamental importance of native glycosylation for both the function and local-

ization of proteins.

3.5 Glycosphingolipid Metabolism

Glycolipids are the second repertoire of sugar conjugates influenced by iminosugar
treatment. A particular point of importance to sphingolipids is their association with
lipid nanodomains (also called lipid “rafts”).14® These regions were in fact discovered
due to the observation that glycosphingolipids selectively accumulated in regions of
membranes, rather than freely diffusing.!*® Lipid nanodomains, in addition to being
relatively enriched in sphingolipids, have increased amounts of cholesterol, whose rigid
polycyclic structure imposes higher order than found in the surrounding membrane. 1*°
The rafts help maintain heterogeneity of cellular membranes, so that proteins may

be segregated to different regions.
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Before they can form nanodomains however, glycosphingolipids must be biosynthe-
sized. Sphingosine, the lipid foundation of the sphingolipid class (Figure 3.10A), is
initially acylated by a fatty acid to form a ceramide, with the identity of the acyl
chain varying by species.'® From ceramide, the biosynthesis diverges, depending on
the modification to the primary alcohol of ceramide. Phosphocholine modification
of the alcohol provides sphingomyelin, while the alcohol may instead be glycosylated
(with either a single glucose or galactose) to provide a cerebroside, the simplest gly-

cosphingolipids.

Much like the biosynthesis of the N-linked oligosaccharide, glycosphingolipids are
built up by the sequential addition of monosaccharide residues (Figure 3.10B), with
the process taking place on the ER and Golgi membranes. The first sugar is added
by glucosylceramide synthase (GCS) on the cytoplasmic side of the ER membrane

1527154 o1 the ceramide flips to the lumenal side of

to form glucosylceramide (GleCer),
the membrane where ceramide galactosyltransferase converts it to galactosylceramide
(GalCer). %156 Tn hoth cases, the lipid is transferred to the lumenal side of the cis-

Golgi stack. It is here that all further elaboration of the glycan takes place.!®!

Catabolism of glycolipids can take place on the outer leaflet of the plasma membrane,
but primarily occurs in lysosomes. Of particular interest with respect to the study
of iminosugars is S-glucocerebrosidase, a lysosomal enzyme that breaks GlcCer down
into glucose and ceramide. This enzyme, together with the reciprocal GCS enzyme,

are both inhibited by alkylated DNJ compounds.

Mutations which result in impaired or ablated S-glucocerebrosidase activity are asso-
ciated with the genetic lysosomal storage disorder, Gaucher’s disease, which results
from the accumulation of GlcCer in cells. Iminosugars can be employed to treat
the disease in two different ways. The first, substrate reduction therapy, invokes the
iminosugar inhibition of GCS, which reduces the amount of GlcCer. Because less sub-
strate for p-glucocerebrosidase is present, the impaired enzyme is able to maintain

balance as would be achieved with the wild type enzyme. 7159
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46



3.6 Viruses

Alternatively, the affinity of iminosugars for the impaired enzyme itself can be ex-
ploited as part of active-site-specific chaperone therapy. For certain mutants, the
enzyme has an intact active site in terms of sequence, but misfolding elsewhere in the
protein due to the mutation that leads to ERAD of the enzyme, rather than normal
trafficking. The iminosugar can serve as a template around which the active site can
coalesce and the rest of the enzyme may, in turn, properly fold. With native folding
restored, the enzyme is packaged via the Golgi as normal. Once in the lysosome, the
inhibitor is competed out of the active site by the high levels of substrate, resulting
in an overall increase in the amount of S-glucocerebrosidase activity, despite the use

of an inhibitor.%?

Glycolipid turnover is driven by the movement of exosomes, endosomes, and lysosomes
throughout the cell. For this reason, the half-life of glycosphingolipids depends upon
the cell type and growth rate of cells, with reported half-life values values varying from
2 h to 3 d.'®! So despite the fact that incorporation of new ceramide into glycolipids

t, 158

occurs almost instantaneously after the beginning of iminosugar treatmen it can

often take a while before levels reach treatment steady state.

3.6 Viruses

Hepatitis C virus (HCV), hepatitis B virus (HBV), dengue virus (DENV) and HIV
collectively result in more than 65 million new infections and over 2.5 million deaths
worldwide each year (Table 3.1). While there is a prophylactic vaccine for HBV, none
of the other viruses have such a measure. There are no specific clinical treatments
for DENV, while those available for HIV and HCV often have severe side effects
and are expensive. %7164 While HIV treatments have improved over time in terms of
both side effects and cost, the current dearth of treatments that are both effective
and affordable for the other viruses and the wide reach of all of these viruses makes
the development of antivirals an area of active interest, in particular broad-spectrum

antivirals given the prevalence of coinfection of HCV, HBV and HIV.
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Table 3.1: Statistics of Worldwide Chronically Infected Population, Annual New Infections and

Annual Virus-related Deaths (including associated complications). 657168
Virus Chronically New Infections Virus-related
Infected per year deaths per year
DENV N/A 50,000,000 22,000
HBV 240,000,000 10,000,000 780,000
HCV 150,000,000 3,000,000 500,000
HIV 35,000,000 2,100,000 1,500,000

Because many viruses depend upon glycoproteins for proper envelope formation and
cell entry, the activity of Glul and GIull is critical for viruses. As such, the use of
iminosugars as antivirals has been an area of active research since the 1980s,169-17t
with other disruptors of protein glycosylation such as tunicamycin'™ and bromocon-
duritol'™ dating back even further. At that time, the mechanism of action was simply
considered alteration to the glycosylation of viral proteins, as the importance of pro-
tein glycosylation for folding via the CNX/CRT pathway was then unknown. Indeed,
iminosugar treatments are known to decrease secretion of infectious virus, ™1™ and
this hypothesis has served as the basis of various clinical antiviral trials. Further
supporting this mechanism is the fact that glucosidase inhibiting iminosugars have
shown broad-spectrum activity against a number of enveloped viruses (i.e. those
viruses that have a lipid membrane) in vitro, including both DNA and RNA viruses,
with effects shown against members of Herpesviridae, Hepadnaviridae, Retroviridae,
Togaviridae, Flaviviridae, Coronaviridae, Paramyzxoviridae, Rhabdoviridae, Filoviri-

dae, Arenaviridae, Bunyaviridae and Orthomyzoviridae.'™

The choice of NN-deoxygalactonojirimycin (NN-DGJ, 46) as a control, which does
not inhibit Glul and Glull, in bovine viral diarrhea virus (BVDV) experiments re-
vealed the presence of a second antiviral mechanism of action.®® After further study,
this first direct-acting antiviral mechanism of action of iminosugars was identified as
inhibition of the viroporin, p7, a target conserved between BVDV and HCV 1771815182
Iminosugars of both D-DNJ and D-DGJ stereochemistry with long alkyl chains (Cy)
have been demonstrated to inhibit HCV p7 in black lipid membranes, while the same

iminosugars with butyl rather than nonyl alkylation do not inhibit the current facili-
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tated by the viroporin. Examination of other iminosugar groups has never been done
to determine if DNJ and DGJ are privileged stereochemistries or if all iminopyranoses
can effect this inhibition. Additionally, while N-butyl iminosugars do not inhibit p7,
and N-nonyl do, the intermediate alkylations have never been investigated to estab-

lish the minimum critical length.

Until now, these have been the two mechanisms presumed responsible for the thera-
peutic potential of iminosugars with respect to viruses. However, some iminosugars

demonstrated antiviral activity without an identified mechanism of action. 70183

Since iminosugars are known to disrupt glycolipid synthesis, one of the aims of the
thesis is to investigate whether glycolipid inhibition induces an antiviral effect. Many
viral receptors are associated with lipid rafts, and disruption of lipid homeostasis has

been proposed as an antiviral target for a number of viruses. 84188

Targeting the
glycosylation of lipids specifically has never been reported or proposed previously.
Particularly in the case of the hepatitis viruses that are known to depend heavily on

lipids and membrane make up, glycolipid targeting is a promising prospect.

Targeting of ER Glul and Glull as well as glycosphingolipids (GSL) have the addi-
tional benefit of being host targets upon which viruses do (in the case of Glul and
Glull) and might (GSL) depend. Despite the high rate of virus mutation, develop-
ment of a mutation sufficient to overcome this dependence is unlikely as opposed to

a directly acting antiviral therapy. '8’

The viruses selected to be studied in this work are three members of Flaviviridae each
representing a separate genus: HCV (hepacivirus), DENV (flavivirus), and BVDV
(pestivirus). The three viruses have similar genomic organization (Figure 3.11) and
cellular life cycle, but differ in most other ways. HCV is a strictly human virus, while
DENYV infects humans alternately with Aedes aegypti vector, and BVDV is a bovine
virus. HCV and BVDV both have a p7 viroporin and cause predominantly chronic

infections, while DENV lacks an ion channel and produces acute infections.
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Figure 3.11: Representative Genomes of the Flaviviridae Genera. Structural pro-
teins are indicated in red, while nonstructural are in blue. HCV and BVDV contain
the viroporin, p7, which has not been confirmed to be either present or absent in the
particle, and so is displayed in purple.

In Chapter 6, the effects of a novel iminosugar are also investigated in HBV and HIV
virus systems. Not only are both medically relevant, but HBV (the only DNA virus
studied in this work) represents a virus phenotypically similar to, but genotypically

distinct from, HCV.

3.7 Enzymes

As part of the anticipated screening of compounds to elucidate the mechanisms by
which iminosugars are antiviral, a collaboration was established with Prof. Atsushi
Kato (University of Toyama; Toyama, Japan), who has a large panel of enzymes
against which to test inhibition.'”° Among those available, a subset was selected to
evaluate the iminosugars to be prepared with three major considerations: (i) known
or suspected antiviral mechanisms; (ii) enzymes implicated in undesired side effects of
clinical iminosugars; and (iii) screening against enzymes with as many different sub-
strate stereochemistry specificities (i.e. glucosidases, galactosidases, mannosidases,

etc) as available.

The most critical enzyme included in the panel was rat liver ER a-glucosidase 11, as a
known cellular target of iminosugar inhibition and keystone to the best characterized

iminosugar antiviral mechanism. While the relative importance of ER a-glucosidase I
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versus II inhibition to the antiviral effect is not known, mammalian ER a-glucosidase

I was, unfortunately, unavailable to be included.

Given the well documented activity of the NB and NN derivatives of both D-DNJ
and D-DGJ as inhibitors of glycosphingolipid metabolism, human glucocerebrosidase
and glucosylceramide synthase were selected to be part of the screen. As mentioned
previously, iminosugar interaction with these two enzymes can treat the genetic dis-
order, Gaucher disease, via pharmacological chaperone and substrate reduction ther-
apy, respectively. A third included sphingolipid glycosidase, human lysosomal «-
galactosidase, breaks down globoside Gb3 into LacCer (Figure 3.10), and mutations
in the enzyme result in another lysosomal storage disorder, Fabry disease. While the
potential for iminosugars to treat these diseases justified inclusion of the enzymes, all
three also influence the cellular glycosphingolipidome. The importance of these lipids
to lipid nanodomains, and lipid nanodomains to viral receptors, the study of inhibi-
tion of these glycolipid processing enzymes enabled investigation into the correlation

between glycolipid manipulation and antiviral potency.

Digestion enzymes from the intestinal brush membrane (maltase, isomaltase, sucrase,
cellobiase, lactase) were selected, as a common undesired side effect of iminosugar
therapy is gastrointestinal distress due to inhibition of theses enzyme ablating ability
to digest sugars and starches from the diet.!®* As compounds were evaluated for
therapeutic potential, selectivity of inhibition for targeted enzymes versus these off

target effects is an important factor in comparing candidates.

Anticipating inclusion of iminosugars with various stereochemistry (Chapter 5), en-
zymes of other selectivities (a- and [-galactosidases, a- and [-mannosidases, a-L-
rhamnosidase, and a-L-fucosidase) were included (Table 3.2) to ensure that as many

different enzymatic geometric selectivities as possible were evaluated.

51



3.7 Enzymes

Table 3.2: Enzyme Commission Numbers of Screened Isolated Enzymes

Enzyme EC Number
a-Glucosidase

Rat intestinal maltase 3.2.1.20

Rat intestinal isomaltase 3.2.1.10

Rat intestinal sucrase 3.2.1.48

Human lysosome 3.2.1.20

Rat liver ER, 11 3.2.1.84
[-Glucosidase

Bovine liver 3.2.1.21

Rat intestinal cellobiase 3.2.1.21

Human glucocerebrosidase 3.2.1.45
a-Galactosidase

Human lysosome 3.2.1.22
[-Galactosidase

Bovine liver 3.2.1.23

Rat intestinal lactase 3.2.1.108
a-Mannosidase

Jack beans 3.2.1.24
[-Mannosidase

Snail 3.2.1.25
a-L-Rhamnosidase

Penicillium decumbens 3.2.1.40
a-L-Fucosidase

Bovine kidney 3.2.1.51
[-Glucuronidase

Bovine liver 3.2.1.31
a,a-Trehalase

Porcine kidney 3.2.1.28
Amyloglucosidase

Aspergillus niger 3.2.1.3
Glucosyltransferase

HL-60 glucosylceramide synthase 2.4.1.80
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3.8 Aims of the Second Portion of the Thesis

As established in this chapter, both nature and synthesis have provided an array
of various iminosugars, with an even wider array of enzyme inhibition profiles and
selectivities. However, the subset of the molecular class screened for antiviral activ-
ity remains largely limited to variously alkylated forms of D-DNJ78180:1927196 g
bounded exploration of iminosugar space limits the degree to which other mechanistic
targets can be identified, despite the evidence in the literature of these “orphaned” an-
tiviral iminosugars, whose mode of action remain unclear.!”%183 In an effort to better
map out the antiviral terrain of the iminosugar class, stereoisomers of the archetypal
iminosugar, D-DNJ, were prepared, along with their NB and NN derivatives (Chap-
ter 5). To screen these compounds efficiently, medium to high throughput screens
were developed and optimized for HCV, BVDV and DENV (Chapter 4). Finally,
a natural product heterodimer of D-DNJ and D-(+)-a-tocopherol was synthesized.
As a unique structure, the activity of the conjugate was characterized not only in
terms of isolated enzyme and antiviral assays, but also examined for pharmacokinetic

properties and effects on cellular metabolism.
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The best way to have a good idea is to have a lot of
ideas.

—Linus Pauling

Optimization of Antiviral Assays and the
Effects of DNJ N-Alkylation Chain Length
on Antiviral Potency

4.1 Introduction

Given the plan to prepare a library of iminosugars to be screened, the aim was to
develop medium- to high-throughput antiviral assays for the three selected members
of Flaviviridae: HCV, BVDV, and DENV. In the screening of an iminosugar or any
compound of interest as an antiviral, the assay has two distinct phases. The first stage
involves the infection of naive cells and the subsequent treatment of the infected cells
with the potential therapeutic. After an incubation of set length, the cell supernatant,
which contains virus produced by the treated cells, is harvested. This collected virus
is characterized in terms of particle quantity, virus infectivity or both in the second

step of the assay to determine the effects, if any, of the treatment.

Iminosugar inhibition of ER a-glucosidases or of the viroporin, p7, reduces the amount

of infectious virus.'™1™ Use of quantitative polymerase chain reaction (qPCR) to

o4



4.1 Introduction

measure amount of secreted viral nucleic acid is both quantitative and high-throughput,
and in this regard might seem a good method for screening. However, it is feasible

h19 or without!®” an

for an antiviral to reduce the infectivity of secreted virus, wit
effect on either virus expression or secretion. For this reason, it was decided to con-
sider assays that determine the infectious titer of virus secreted from treated cells, so

that a compound can be identified as antiviral regardless of whether it inhibits entry,

expression, secretion, or infectivity.

As model compounds for optimization of these assays, the N-n-alkyl-D-DNJ series
was selected, as members of this class are antiviral against all three viruses of in-
terest. 76:177:180:193 While unmodified D-DNJ 33D, NB-D-DNJ 47D, and NN-D-DNJ
48D (Figure 4.1)have been tested against all of these systems, a more complete series
of homologues has only been tested against BVDV (C, — C,,, C,,, Cy4, Ci4 and Cg;
180

N.B. the C,4 and C,4 compound were cis-alkenyl).

OH OH OH

HO,, hj HO,, hj HO,, hj
OH OH OH
N N N
H
33D J)

Me
47D

48D

Figure 4.1: Structures of D-DNJ 33D, NB-D-DNJ 47D, and NN-D-DNJ 48D.

Length of the N-alkylation has no appreciable effect on inhibition of isolated ER a-
glucosidase I and I1.1% However, NN-DNJ induces FOS more potently in treated cells
compared to NB-DNJ, likely due to the fact that alkylation increases cellular uptake,
particularly as iminosugars must cross both the plasma and ER membranes to reach
ER Glul and Glull. In contrast to the trend in ER glycoprotein processing enzymes,
there is a direct correlation between chain length and ability to inhibit the glycolipid
processing enzymes, glucosylceramide synthase and S-glucocerebrosidase, both when

isolated and in cellula. 5398 As these enzymes are resident on the cytosolic face of
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4.2 Antiviral Assay Optimization

the ER and in the lysosome, respectively,'® iminosugars only need to penetrate the

plasma membrane.

Independent of these metabolic effects, longer alkyl chains impart more potent cyto-
toxicity. Given their hydrophobic tails and hydrophilic head groups, longer chained
iminosugars closely resemble the structures of common detergents, such as n-octyl-
[-D-glucoside. Unlike the cytotoxic mechanism of some detergents, however, the
iminosugar toxicity is independent of caspase-mediated apoptosis.??C Further, the
toxicity was observed when cells were treated with concentrations below the critical
micelle concentrations (CMC) of the respective iminosugars. Studies of cellular pro-
tein and lipid retention indicate that the toxicity is mediated by mechanical disruption

of treated cell membranes, but without membrane solubilization. 2%

Specifically relevant to inhibition of hepaci- and pestiviruses, alkyl chain length is
critical for inhibition of p7, with NN-DNJ inhibiting the ion channel activity, while
NB-DNJ is unable to do so.'8%82 Much like the antiviral data, however, the inter-
mediate alkyl chain lengths have never been examined for p7 inhibition to determine
whether this is a molecular trait which gradually increases with increasing chain

length, or an activity that simply requires a critical minimum length.

Given these numerous alkylation-dependent effects on uptake, cytotoxicity, and in-
hibition potency, the N-n-alkyl-D-DNJ series represents not only positive controls
for assay optimization, but a previously unmined resource for antiviral mechanism

elucidation.

4.2 Antiviral Assay Optimization

4.2.1 DENV

4.2.1.1 From MDM® to Huh?7 Cells

The initial DENV assay used primary human monocyte-derived macrophages (MDM®)

for the testing of antiviral effect, with a subsequent plaque assay on LLC-MKj,.20!

56



4.2 Antiviral Assay Optimizati

on

The use of primary human MDM® cells to investigate drug treatments has a number
of incontrovertible advantages. As primary cells, they lack the mutations that impart
immortality to a cell line, and, as long as a sufficient number of donors is employed,
represent the outbred state of the human population. This variation can provide use-
ful information, not only about antiviral effects, but also about any cytotoxic effects

of the drugs.!™

While donor-to-donor variation is useful in fully characterizing the biological effects
of a promising compound, it represents a limitation in screening. Because multiple
blood samples from the same donor were not available during the course of this
project, cytotoxicity and antiviral assays had to be run in parallel so that cells from
the same donor were used for both experiments. Given the set volume of blood per
sample, only a limited number of cells can be obtained from each donor, meaning that
there are not sufficient cells to screen a titration of a library of compounds against
each donor. Furthermore, IC5y values measured in primary human MDM® cells can
vary by as much as two logjo units,'™ so numerous donors are required for each

compound to provide data that can be compared between drugs.

Balancing these benefits and weaknesses, it was determined that an initial screen in
a cell line should be used to identify promising compounds, with the primary cell
assay remaining the system for thorough investigation as a subsequent step. Human
hepatoma Huh7-derived cell lines were selected for three primary reasons: (a) the
cells are permissive to DENV;2027205 () DENV has been detected in the liver tissue of
naturally infected humans, 26 and NS3 protein detected specifically in hepatocytes;2°7
(c) HCV assays are also carried out in Huh7-derived lines, so more direct comparisons
between the two viral systems can be made, aiding in identification of mechanisms as

either broad-spectrum or virus-specific.

To maximize the throughput of the assay, it was optimized in 96-well plates. Initially,
various cell seeding densities and multiplicities of infection (MOI) were screened for 2
and 4 d to ensure that a plaqueable titer was achieved (Figure 4.2). For assays lasting

2 d, the observed viral titer was relatively independent of MOI, but depended on the
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4.2 Antiviral Assay Optimization

cell seeding density. Of note, the highest seeding density tested (1 x 10° cells/well)
produced a lower infectious titer of virus than a well seeded at 3 x 10* cells/well.
Cell confluence is known to not influence DENV production in the BHK-21/15 cells,
another mammalian cell line;2%® however, HCV replication is higher in growing Huh7
and Huh8 cells than in confluent ones.?%*2!! Indeed, the cells seeded at 1 x 10°
cells/well reached confluence by the end of the two day assay, while those at lower
densities had not. In the case of HCV, the reduction in HCV replication was found to
be due not simply to cytostasis (as serum starvation did not recreate the effects seen
at confluence), and could be partially recovered with nucleotide supplementation.?!!
Further experiments are necessary to characterize whether the trends seen with DENV
can be explained in the same way but are outside the scope required for optimization

of an antiviral screening assay.

At the end of a 4 d assay, the titer of virus in the supernatant had decreased by
more than two orders of magnitude relative to the 2 d assay (data not shown), an
effect observed previously in other cell types- both cell lines (BHK-21/152%) and
primary cells (MDM®, personal communication with A. Sayce, Oxford Glycobiology
Institute). In order to maximize titer (and accordingly, the window of potential
inhibition by compounds) and economize virus use, a 2 d assay with 2 x 10* cells/well
seeding density and MOI of 0.1 was evaluated to be best according to these criteria.
The average titer of virus produced from Huh?7.5 cells is approximately 1 log;o unit
higher than that observed for MDM®, meaning that there is a larger window over

which virus inhibition can be observed.

With assay parameters determined, the next step was to investigate whether imi-
nosugar ICsq values demonstrate the same trends in Huh7.5 cells as in primary
MDM®. Four iminosugars (NB-, NN-;, MON-, and NAP-DNJ) were evaluated by
the optimized assay, and compared to literature values for MDM® (Figure 4.3).178

While IC5q values were not identical between the two cell types, the values and relative

trends were similar, indicating that the conditions are suitable for screening.
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Figure 4.2: Optimization of DENV Infection in Huh7.5 Cells. Huh7.5 cells were
seeded at the indicated density and incubated overnight. Supernatant was removed,
and the cells were inoculated with DENV2 16681 at the indicated MOI (assuming cells
doubled overnight) in quadruplicate. After 2 d, the supernatant was harvested, and
the titer of infectious virus in the supernatant was evaluated in triplicate by plaque
assay on LLC-MK, monolayers. Values shown are the mean with propagated error
presented as standard error of the mean.

4.2.1.2 Selection of Titer Measurement Method

As explained in the previous section, plaque assay was the standard method that had
been used to evaluate viral titer. While robust and quantitative, as a 12-well plate
confluent monolayer assay, it requires a vast quantity of cells and media (approx.
3 x 10°® LLC-MK; cells and 24 mL of media for evaluation of each individual analyte).
To make the assay more efficient, optimization of a 96-well viral titration assay was

undertaken.

Initially, a coworker, Dr. J. Miller, investigated a focus-forming unit (ffu) assay using
immunohistochemistry and reading by Elispot reader. Foci could be observed by eye
on a light microscope, but individual foci were too small to be accurately counted
by the reader (data not shown). While manual counting could have been pursued,
scoring each well as either positive or negative for infection would proceed faster,
particularly if infected cells were detected by immunofluorescence (IF) rather than
immunohistochemistry. With wells scored in this binary fashion, a 50% tissue culture

infective dose (TCIDs) assay was pursued.
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NB-DNJ 6.00 26.7 15.0 - 494
NN-DNJ 0.91 5.92 2.18 — 15.7
MON-DNJ 3.09 4.58 2.13 - 10.1
NAP-DNJ 0.04 0.26 0.17 — 0.40

Figure 4.3: Comparison of Iminosugar Inhibition of DENV by Cell Type. (A)
Adhered Huh7.5 cells were inoculated with DENV2 16681 at a MOI of 0.1. After
inoculation, the cells were incubated with drug treatment in triplicate. Following 2 d
incubation, the supernatants were harvested, and the infectious viral titer determined
by plaque assay on LLC-MKj, monolayers in triplicate. The average titer with each
treatment was determined and converted to a percentage of the average untreated
titer. Values are shown as the mean with standard error of the mean. Each data
set was fitted with a three parameter Hill plot using Prism 6. (B) Comparison of
the fitted iminosugar ICsy values and 95% confidence interval (CI) in Huh7.5 cells
to those reported!™® for primary MDM®. The Huh7.5 IC5q values were interpolated
from the curves fitted by Prism.

As with the plaque assay, the TCIDg5, assay served as a method to measure infectious
virus titer in the supernatant of infected cells that were either treated with iminosug-
ars or left untreated. To evaluate the feasibility of the assay, DENV from a known
stock was initially employed as the analyte. The supernatants to be analyzed were
serially diluted to produce a series of 8 10-fold dilutions. The prepared dilutions were
used to inoculate naive cells in 6 technical replicates. The infected cells were incu-
bated for 3 days. After the incubation, the cells were fixed, permeabilized and stained
for immunofluorscence with anti-E protein antibody 3H5 as the primary antibody. As
a negative control, D1.3 antibody was included as an Ig(G1 isotype control. Each well

was scored as either positive or negative, and the dose of each analyte required to in-
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4.2 Antiviral Assay Optimization

fect half of the wells calculated according to the method of Reed and Muench.?!2 The
wells treated with D1.3 were all negative. Furthermore, the evaluated dilution series

included at least one dilution that was sufficiently dilute to be completely negative.

4.2.1.3 Final Assay Design

With the Huh cells demonstrated to be infectable and TCIDs5, titration evaluated,
all that remained was to determine whether it was sufficiently sensitive to observe
the titre reduction caused by iminosugars. Huh7-Lunet-hCD81-GLuc cells?!? were
infected and incubated with MON-DNJ treatments as described in the previous sec-
tion. The supernatants were then evaluated for infectious virus by immunofluorescent
TCIDs, assay (Figure 4.4). Because the analytes are evaluated as serial 10-fold dilu-
tions and each well is scored in a binary fashion, the assay is not quantitative enough
to evaluate an ICyy (decrease in viral titre by 50%). Despite being less quantitative,
the TCIDs5o value is 10-fold higher than the titre measured by plaque assay, providing
a still larger window over which inhibition may be demonstrated. The maximum con-
centration of 100 pM M ON-DNJ tested showed a 2.21 order of magnitude decrease in
TCIDgy compared to the untreated control. Fitting the data as percentage of control
(4.4B), the IC50 of MON-DNJ was determined as 3.09 nm, comparable to the value
of 4.58 uM observed by plaque assay and identical to that determined in MDM® (¢f.
Figure 4.3B).

4.2.2 HCV

A luciferase construct of the Jel chimera of HCV (JclLuc) has previously been re-

214
d,

porte which was viewed as a promising starting point for an anti-HCV screening

assay. 219216 The firefly luciferase is inserted in the ORF of the HCV RNA, such that
one molecule of luciferase is expressed for every molecule of the viral polyprotein
expressed, so measurement of luciferase levels is a surrogate for the amount of viral

expression.
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Figure 4.4: Ewvaluation of MON-DNJ Inhibition of DENV by TCIDs, Assay. (A)
Huh7-Lunet-hCD81-GLuc cells were seeded at 2 x 10* cells/well and incubated
overnight. The cells were inoculated with DENV 16681 at MOI = 0.1 (assuming
that cells doubled overnight), and then incubated with UV4 at the indicated concen-
trations in duplicate. After 2 d, the supernatant was harvested, and the titer of virus
was evaluated by TCIDs5q assay on LLC-MKs cells in octuplicate. Individual replicate
values are shown. (B) The data described in A is presented as percentage of untreated
control. Each point represents the mean, with error bars indicating standard error of
the mean. In both cases, data was fitted with a three parameter Hill plot using Prism
6.

Attempts to transfect Huh7.5 and Huh7-Lunet-hCD81-GLuc cells with Jc1Luc RNA
were successful. 3 d after transfection, both cell types were approximately 10%
infected, as measured by immunofluorescence of HCV core (Figure 4.5). As the
infected cells were passaged, a plate was set up to measure luciferase activity, with
levels of luciferase expression high enough to obtain a standard curve (Figure 4.5B).
Together, these data confirmed successful electroporation of RNA for both the HCV

polyprotein and reporter luciferase.

However, progress of the infection diverged by cell type. Even after subculturing
the transfected cells for three weeks, the level of infection in Huh7.5 cells did not
increase. In contrast, over the course of culturing for two weeks, the level of infection
in Huh7-Lunet-hCD81-GLuc increased to approximately 30%. Supernatant removed
from these JclLuc transfected cells could also be used to infect naive Huh7-Lunet-
hCD81-GLuc cells. As the infection only progressed in the Huh7-Lunet-hCD81-GLuc

cells, this system was carried forward into assay development.

Transfected cells were seeded directly into an opaque 96-well plate. After incubating in
the presence of drug for 4 days, the supernatants were removed and used to inoculate

naive Huh7-Lunet-hCD81-GLuc cells. However, after a three day incubation of the
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Figure 4.5: Transfection of Huh7.5 Cells with Jc1Luc. (A) After electroporating
Huh7.5 cells with Jc1Luc RNA, cells were incubated in a 48-well plate for 72 h, then
fixed and stained according to the HCV immunofluorescence protocol: DAPI staining
cell nuclei (top panel, 20 x magnification), and a FITC-labelled secondary antibody
indicating the presence of HCV core protein (lower panel, 20 x magnification). (B)
Jc1Luc-transfected and naive cells were each prepared as a cell suspension at 2 x 10°
cells/mL. Cells were seeded as a mixture of the two suspensions at the indicated
ratios in triplicate. After incubating for 18 h, the cells were lysed and luciferase levels
measured. Values are reported as relative luciferase units (RLU) as the mean of the
triplicate with standard deviation.

subsequent infection, luciferase levels were undetectable (data not shown). In order to
try and increase the titer of virus produced during the initial drug treatment, a viral
stock of JclLuc was cultured from transfected cells, rather than using transfected cells
in the assay directly. When the Jc1Luc virus stock was titered, the concentration was
found to be < 10 ffu/mL even after concentration. As such, preparation of a Jc1Luc
stock with sufficiently high titer to obtain higher infection levels than transfection

was impracticable.

Without being able to perform a second step infectivity assay, the luciferase system
only provided information about drug effects on HCV expression, but indicated noth-
ing about either secretion or infectivity. For this reason, attention was returned to

the Jcl chimera system (without luciferase), as this virus is more infectious in cell
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culture. The TCIDs assay developed for DENV was adapted to be used to evaluate
HCV (§ 4.8.5.6), as well as BVDV (§ 4.8.7.4), so that all three virus systems would

be measured analogously.

4.3 Synthesis of N-n-Alkyl DNJ Series

Before the alkyl series could be prepared, the conserved D-DNJ iminosugar 33D had
to be synthesized. D-Glucuronolactone 49D was used as the chiral starting point for
the synthesis, employing the route developed by Best et al. (Scheme 4.1).2'7 The hy-
droxyl groups on C-1 and C-2 were tandem protected with acetone in the presence of
acid catalyst (H,SO,), providing acetonide 50D in 65% yield. After this protection,
a single alcohol group remained exposed to be used as a handle for installation of
the eventual endocyclic nitrogen atom. To effect a net retention in stereochemistry,
sequential Sy2 reactions were invoked: first, triflation (Tf,O, pyridine, —30 °C) and
nucleophilic attack with CF;CO,Na to provide the epimeric L-ido lactone 51L (97%
yield); and subsequently, a second triflation under identical conditions and a second
inversion with NaN, (< —30 °C) to provide azide 52D in 76% yield. In order for the
inversion with azide to be successful, it was imperative that the temperature be main-
tained below —30 °C, otherwise side reactions would occur, in particular nucleophilic

attack by the DMF solvent to provide formyl ester rather than the desired azide.

After installing the masked amine with proper stereochemistry, the C-4 and C-6
alcohol groups were unmasked by sequential reductions by DIBAL-H (-78 °C) and
NaBH, (~10 °C) to reveal idol 53D in 87% yield over the two steps. To complete the
synthesis, the anomeric center and vicinal alcohol were deprotected (H,O, DOWEX
50WX8, 60 °C), followed by hydrogenation (Pd/C) to reduce the azide to a secondary
amine and close the iminopyranose ring via reductive amination, providing D-DNJ

33D in 71% yield and 30% overall yield from 49D.

With D-DNJ 33D in hand, the alkyl series was prepared by reductive amination (H,,
Pd/C) to prepare the series of homologs (Scheme 4.2).
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Scheme 4.1: Synthesis of D-1-Deoxynojirimycin. Reagents and conditions: a)
H,SO,, (CH,),CO, 25 °C, 5 h, 65%; b) Tf,0 (1.1 equiv), pyridine (3.0 equiv),
CH,Cl,, —40 °C, 2 h; CF;CO4Na (2 equiv), DMF, -30 — 25 °C, 97%; c¢) Tf,O
(1.1 equiv), pyridine (3.0 equiv), CH,Cl,, —40 °C, 2 h; NaN; (1.2 equiv), DMF, —
30 °C, 76%; d) DIBAL-H (3.0 equiv), CH,Cl,, 78 °C, 2 h; e) NaBH, (0.4 equiv),
MeOH, ~10 °C, 1 h, 84% over the 2 steps; f) DOWEX 50WX8 (H" form, 150 weight-
%), HyO, 70 °C, 3 h; H,, Pd/C (50 weight-%), 18 h, 71% over the 2 steps.

4.4 Enzyme Inhibition by N-n-Alkyl DNJ Series

While the DNJ series had been previously screened for inhibition of ER a-glucosidases
and glucosylceramide synthase, 15819 they were sent to Prof. Atsushi Kato (University
of Toyama; Toyama, Japan) to be tested against the full panel of enzymes described
in Chapter 3 (Table 4.1). Maltase, isomaltase, sucrase, cellobiase and trehelase were
used as partially purified tissue extracts, and as such inhibition was evaluated with the
respective natural substrates. Glucosylceramide synthase was employed as a partially
purified cellular extract. The remaining members of the panel were used in pure form,
with the p-nitrophenyl glycoside as the substrate. Inhibition of each enzyme by each

inhibitor was measured in triplicate.

As previously observed, the entire series potently inhibits a-glucosidases, with essen-
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OH OH

HO"-E'j;O/H a) RCHO Ho"»hfj
N OH Hy, Pd/C N OH

; J
R
33D R=H NM-DNJ 54D
R=Me NE-DNJ 55D
R=Et NRDNJ 56D
R=Pr  NB-DNJ] 47D
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R=CsH;; NX-DNJ 58D
R=CgH;; NN-DNJ 48D

Scheme 4.2: Alkylation by Reductive Amination of D-DNJ. Reagents and conditions:

a) aldehyde (15 equiv), Pd/C (50 weight-%), H,O:dioxane (various ratios), 25 °C,
24 h.

tially no effect of alkylation. The two glycolipid metabolism enzymes (glucosylce-
ramide synthase and (-glucocerebrosidase) show increased inhibition with increased
alkylation length. The largest “jump” in the potency of inhibition occurs between
NR-D-DNJ and NB-D-DNJ for GCS, and between NB-D-DNJ and NP-D-DNJ for
GCase.

Beyond these enzymes of particular interest, the whole series showed potent inhibi-
tion of a,a-trehalase and weak inhibition of amyloglucosidase, both logical results as
these digestion enzymes liberate terminal glucose residues from oliogsaccharides. The

inhibition of both of these enzyme show no clear trend of the effect of alkylation.

Surprisingly, alkyl-D-DNJ compounds showed weak inhibition of a-L-rhamnosidase,
which cleaves monosaccharides with a stereochemistry different to that of glucose.
Other than the requirement of the presence of alkylation, there is no defined trend as

the length of alkylation increases.

4.5 Inhibition of Infectious Virus Release
by N-n-Alkyl DNJ Series

Before beginning antiviral assays, the iminosugar stock solutions were tested for the
presence of endotoxin (Table 4.2). A component of bacterial membranes, endotoxin

is a lipopolysaccharide that can induce an immune response which would manifest

66



4.5 Inhibition of Infectious Virus Release by N-n-Alkyl DNJ Series

‘SJUOWOINSEOUW 9913 JO UroUW oY} jussordel sonjea 0SH] pojrodey,

‘(WW T 9 UOIIqIUUI 950G URYY) SS9]) UOIIqIYUI ON : INp

85 LT Ve 909 IN IN IN oseyjuAs oprureIsd[Asoon(s 09-TH
9SeISJSURIIASOIN]Y)

6€L 80% 9.8 6E€ 189 19 184 4abru smppbisadsy
asepisoon[3ojAury

6°6 9T 44 80¢ 16T 8L 79 Aoupry ouIdI0q
9se[eyad],-D‘D

IN IN IN IN IN IN IN IOAT] oulr0g
asepruoanon)-¢f

IN IN IN IN IN IN IN Loupry sursog
asepIsoang-1-0

€8¢ 4% 99¢ VLT (443 €LY IN SUIQUINIIP WN]LITUI
osepIsoumey Y -1-0

IN IN IN IN IN IN IN [reus
asepIsouuRIA-g

IN IN IN IN IN IN IN sueoq e[
9SePISOUURIA[-D

0cT 8¢CT GLT 1¢¢ 766 ST 17 SISENE] [ES ]

IN IN IN IN IN IN IN AT XA
asepisojoe[ex)-g

IN IN IN IN IN IN L1¢ OUIOSOSAT UeTnH
osepIsojoe[en)-o

8T 8¢ 0S¢ 029 06¢ (433 0¥ 9SEPISOIII9000N[S URTIN]

g7 1ve 40 L29 796 ¢6 1L¢ OSBIQO[[e9 [BULISOUL Jey

IN IN IN IN IN IN IN AN XA
asepIsoonyx)-g

6°¢ L9 €1 [ 43 8¢ 91 IT “Ud 0A1 Yoy

66°0 'l 1'¢ Ve 09 €¢ LE°0 QUIOSOSAT ey

6€°0 9¢€°0 €70 L0 70 6v°0 1670 OSRIDNS JeUl}sojul jey

v'e LT 91 9¢ 08 Ly 6.°0 OSBI[RUIOST TRUISIIUL JeY

16°0 ¢l LT ¢'¢ 66°0 170 910 Ose)[RW [RULISIUL Jey
9sepISodN[5)-0
ass asLs aLv aoss ass ars ase owAzZuy

[NA-a-XN [NA-d-dN [NA-d-gN [NA-d-UN [NA-a-AN CNA-a-NN rNa-d

AS:G& éomOH

souifizun] pagnjosy 1suwbo spN (T iy -u-N fo 05)1 1% 91qel,

67



4.5 Inhibition of Infectious Virus Release by N-n-Alkyl DNJ Series

as an apparent antiviral effect. Three compounds had detectable levels of endotoxin,
two of these (54D and 55D), while considered very low, were above the tissue culture
media guarantee threshold of < 0.01 EU/mL. All of these compounds were evaluated
for antiviral ability despite these results, but they should be borne in mind when

considering the analysis of antiviral effects.

Table 4.2: Endotoxin Levels in D-DNJ Series Stock Solutions

Iminosugar [Endotoxin], (EU/mL)®
D-DNJ 33D 0.006
NM-p-DNJ 54D 0.099
NE-D-DNJ 55D 0.040

NR-D-DNJ 56D < 0.005
NB-D-DNJ 47D < 0.005
NP-D-DNJ 57D < 0.005
NX-D-DNJ 58D < 0.005

@ EU: endotoxin units

All compounds were examined at 4 logyy dilutions against HCV and BVDV, and 5
logig dilutions against DENV, starting at the highest non-toxic dose as evaluated
by MTS assay (data not shown). Titrations curves of TCIDsy/mL vs. iminosugar
concentration are shown in Figure 4.6 — Figure 4.12, with summary statistics in
Table 4.3, Table 4.4, and Table 4.5. Data were fitted with GraphPad Prism, using
a three variable Hill plot model, with the limitation that the bottom of the curve
be > 0. For each fit, a comparison was made with a horizontal line using the extra

sum-of-squares F-test, with p < 0.05 required to reject the horizontal line.

Iminosugars showed the most substantial reduction of infectious titer in DENV, fol-
lowed by BVDV and HCV. Considering the full curves, most of the iminosugars had
similar profiles in each of the three viruses, with unalkylated D-DNJ and NM-D-DNJ
having the most variable behavior comparing the three viruses. D-DNJ demonstrated
a dose dependent antiviral effect only with respect to DENV, while NM-D-DNJ ex-
hibited an inhibition of both DENV and BVDV, but not HCV.
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Figure 4.6: Antiviral Effects of D-DNJ. (A) Huh7-Lunet-hCD81-GLuc cells were
infected with Jel HCV (MOI = 0.2) and then incubated with media containing D-
DNJ at the indicated concentrations in duplicate. After 4 d, the cell supernatant
was harvested, and the titer of infectious virus from each well was measured by im-
munofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc cells,
calculating by the method of Reed and Muench.?'? Each point indicates an indi-
vidual replicate value. (B) The data of A are presented as percentage of untreated
control. Each point is the mean with error bars representing standard error of the
mean. (C) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and
then incubated with media containing D-DNJ at the indicated concentrations in du-
plicate. After 2 d, the cell supernatant was harvested, and the titer of infectious virus
from each well was measured by immunofluorescence endpoint dilution assay on naive
MDBK cells, calculating by the method of Reed and Muench.?!2 Each point indicates
an individual replicate value. (D) The data of C are presented as percentage of un-
treated control. Each point is the mean with error bars representing standard error
of the mean. (E) Huh7-Lunet-hCD81-GLuc cells were infected with 16681 DENV2
and then incubated with media containing D-DNJ at the indicated concentrations in
duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive LLC-MKj cells, calculating by the method of Reed and Muench.?'? Each point
indicates an individual replicate value. (F) The data of E are presented as percentage
of untreated control. Each point is the mean with error bars representing standard
error of the mean. In each case, the data were fitted using Prism 6, with a compari-
son of fits between a horizontal line and a three parameter Hill plot, using the extra
sum-of-squares F test to determine the better fit.
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Figure 4.7: Antiviral Effects of NM-D-DNJ. (A) Huh7-Lunet-hCD81-GLuc cells
were infected with Jc1 HCV (MOI = 0.2) and then incubated with media containing
NM-D-DNJ at the indicated concentrations in duplicate. After 4 d, the cell super-
natant was harvested, and the titer of infectious virus from each well was measured
by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc
cells, calculating by the method of Reed and Muench.?'? Each point indicates an in-
dividual replicate value. (B) The data of A are presented as percentage of untreated
control. Each point is the mean with error bars representing standard error of the
mean. (C) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and
then incubated with media containing NM-D-DNJ at the indicated concentrations in
duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive MDBK cells, calculating by the method of Reed and Muench.?'2 Each point in-
dicates an individual replicate value. (D) The data of C are presented as percentage of
untreated control. Each point is the mean with error bars representing standard error
of the mean. (E) Huh7-Lunet-hCD81-GLuc cells were infected with 16681 DENV2
and then incubated with media containing NM-D-DNJ at the indicated concentrations
in duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive LLC-MKj cells, calculating by the method of Reed and Muench.?'? Each point
indicates an individual replicate value. (F) The data of E are presented as percentage
of untreated control. Each point is the mean with error bars representing standard
error of the mean. In each case, the data were fitted using Prism 6, with a compari-
son of fits between a horizontal line and a three parameter Hill plot, using the extra
sum-of-squares F test to determine the better fit.
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Figure 4.8: Antiviral Effects of NE-D-DNJ. (A) Huh7-Lunet-hCD81-GLuc cells
were infected with Jc1 HCV (MOI = 0.2) and then incubated with media containing
NE-D-DNJ at the indicated concentrations in duplicate. After 4 d, the cell super-
natant was harvested, and the titer of infectious virus from each well was measured
by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc
cells, calculating by the method of Reed and Muench.?'? Each point indicates an in-
dividual replicate value. (B) The data of A are presented as percentage of untreated
control. Each point is the mean with error bars representing standard error of the
mean. (C) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and
then incubated with media containing NE-D-DNJ at the indicated concentrations in
duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive MDBK cells, calculating by the method of Reed and Muench.?'2 Each point in-
dicates an individual replicate value. (D) The data of C are presented as percentage of
untreated control. Each point is the mean with error bars representing standard error
of the mean. (E) Huh7-Lunet-hCD81-GLuc cells were infected with 16681 DENV2
and then incubated with media containing NE-D-DNJ at the indicated concentrations
in duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive LLC-MKj cells, calculating by the method of Reed and Muench.?'? Each point
indicates an individual replicate value. (F) The data of E are presented as percentage
of untreated control. Each point is the mean with error bars representing standard
error of the mean. In each case, the data were fitted using Prism 6, with a compari-
son of fits between a horizontal line and a three parameter Hill plot, using the extra 71
sum-of-squares F test to determine the better fit.
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Figure 4.9: Antiviral Effects of NR-D-DNJ. (A) Huh7-Lunet-hCD81-GLuc cells
were infected with Jc1 HCV (MOI = 0.2) and then incubated with media containing
NR-D-DNJ at the indicated concentrations in duplicate. After 4 d, the cell super-
natant was harvested, and the titer of infectious virus from each well was measured
by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc
cells, calculating by the method of Reed and Muench.?'? Each point indicates an in-
dividual replicate value. (B) The data of A are presented as percentage of untreated
control. Each point is the mean with error bars representing standard error of the
mean. (C) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and
then incubated with media containing NR-D-DNJ at the indicated concentrations in
duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive MDBK cells, calculating by the method of Reed and Muench.?'2 Each point in-
dicates an individual replicate value. (D) The data of C are presented as percentage of
untreated control. Each point is the mean with error bars representing standard error
of the mean. (E) Huh7-Lunet-hCD81-GLuc cells were infected with 16681 DENV2
and then incubated with media containing NR-D-DNJ at the indicated concentrations
in duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive LLC-MKj cells, calculating by the method of Reed and Muench.?'? Each point
indicates an individual replicate value. (F) The data of E are presented as percentage
of untreated control. Each point is the mean with error bars representing standard
error of the mean. In each case, the data were fitted using Prism 6, with a compari-
son of fits between a horizontal line and a three parameter Hill plot, using the extra 72
sum-of-squares F test to determine the better fit.
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Figure 4.10: Antiviral Effects of NB-D-DNJ. (A) Huh7-Lunet-hCD81-GLuc cells
were infected with Jc1 HCV (MOI = 0.2) and then incubated with media containing
NB-D-DNJ at the indicated concentrations in duplicate. After 4 d, the cell super-
natant was harvested, and the titer of infectious virus from each well was measured
by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc
cells, calculating by the method of Reed and Muench.?'? Each point indicates an in-
dividual replicate value. (B) The data of A are presented as percentage of untreated
control. Each point is the mean with error bars representing standard error of the
mean. (C) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and
then incubated with media containing NB-D-DNJ at the indicated concentrations in
duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive MDBK cells, calculating by the method of Reed and Muench.?'2 Each point in-
dicates an individual replicate value. (D) The data of C are presented as percentage of
untreated control. Each point is the mean with error bars representing standard error
of the mean. (E) Huh7-Lunet-hCD81-GLuc cells were infected with 16681 DENV2
and then incubated with media containing NB-D-DNJ at the indicated concentrations
in duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive LLC-MKj cells, calculating by the method of Reed and Muench.?'? Each point
indicates an individual replicate value. (F) The data of E are presented as percentage
of untreated control. Each point is the mean with error bars representing standard
error of the mean. In each case, the data were fitted using Prism 6, with a compari-
son of fits between a horizontal line and a three parameter Hill plot, using the extra
sum-of-squares F test to determine the better fit.
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Figure 4.11: Antiviral Effects of NP-D-DNJ. (A) Huh7-Lunet-hCD81-GLuc cells
were infected with Jc1 HCV (MOI = 0.2) and then incubated with media containing
NP-D-DNJ at the indicated concentrations in duplicate. After 4 d, the cell super-
natant was harvested, and the titer of infectious virus from each well was measured
by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc
cells, calculating by the method of Reed and Muench.?'? Each point indicates an in-
dividual replicate value. (B) The data of A are presented as percentage of untreated
control. Each point is the mean with error bars representing standard error of the
mean. (C) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and
then incubated with media containing NP-D-DNJ at the indicated concentrations in
duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive MDBK cells, calculating by the method of Reed and Muench.?'2 Each point in-
dicates an individual replicate value. (D) The data of C are presented as percentage of
untreated control. Each point is the mean with error bars representing standard error
of the mean. (E) Huh7-Lunet-hCD81-GLuc cells were infected with 16681 DENV2
and then incubated with media containing NP-D-DNJ at the indicated concentrations
in duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive LLC-MKj cells, calculating by the method of Reed and Muench.?'? Each point
indicates an individual replicate value. (F) The data of E are presented as percentage
of untreated control. Each point is the mean with error bars representing standard
error of the mean. In each case, the data were fitted using Prism 6, with a compari-
son of fits between a horizontal line and a three parameter Hill plot, using the extra 74
sum-of-squares F test to determine the better fit. Data collected in collaboration with
Dr. J. Miller and M. Hill.
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Figure 4.12: Antiviral Effects of NX-D-DNJ. (A) Huh7-Lunet-hCD81-GLuc cells
were infected with Jc1 HCV (MOI = 0.2) and then incubated with media containing
NX-D-DNJ at the indicated concentrations in duplicate. After 4 d, the cell super-
natant was harvested, and the titer of infectious virus from each well was measured
by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc
cells, calculating by the method of Reed and Muench.?'? Each point indicates an in-
dividual replicate value. (B) The data of A are presented as percentage of untreated
control. Each point is the mean with error bars representing standard error of the
mean. (C) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and
then incubated with media containing NX-D-DNJ at the indicated concentrations in
duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive MDBK cells, calculating by the method of Reed and Muench.?'2 Each point in-
dicates an individual replicate value. (D) The data of C are presented as percentage of
untreated control. Each point is the mean with error bars representing standard error
of the mean. (E) Huh7-Lunet-hCD81-GLuc cells were infected with 16681 DENV2
and then incubated with media containing NX-D-DNJ at the indicated concentrations
in duplicate. After 2 d, the cell supernatant was harvested, and the titer of infectious
virus from each well was measured by immunofluorescence endpoint dilution assay on
naive LLC-MKj cells, calculating by the method of Reed and Muench.?'? Each point
indicates an individual replicate value. (F) The data of E are presented as percentage
of untreated control. Each point is the mean with error bars representing standard
error of the mean. In each case, the data were fitted using Prism 6, with a compari-
son of fits between a horizontal line and a three parameter Hill plot, using the extra 75
sum-of-squares F test to determine the better fit.
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Table 4.3: Effect of D-DNJ Series on Infectious HCV Secretion

Iminosugar IC50® (1M) 95% CI*b
D-DNJ 33D NA NA
NM-D-DNJ 54D 7.16 0.005 — AF
NE-D-DNJ 55D 95.9 AF
NR-D-DNJ 56D 14.7 0.03 - AF
NB-p-DNJ 47D 15.7 0.10 - AF
NP-D-DNJ 57D 11.5 0.48 — AF
NX-pD-DNJ 58D 0.60 0.006 — 78.5

“NA : Not applicable; the data was fitted with a horizontal line.
b AF : The fitted curve was ambiguous and a complete 95%

confidence interval cannot be reported.

Table 4.4: Effect of D-DNJ Series on Infectious BVDV Secretion

Iminosugar IC50* (nM) 95% CI®
D-DNJ 33D 59.7 1.38 — AF
NM-p-DNJ 54D 26.8 20.0 - 36.2
NE-D-DNJ 55D 1.28 0.04 - 11.0
NR-D-DNJ 56D 84.3 AF
NB-D-DNJ 47D 10 AF
NP-D-DNJ 57D NA AF
NX-p-DNJ 58D 1.70 0.02 - AF
?NA : Not applicable; the data was fitted with a horizontal
line.

b AF : The fitted curve was ambiguous and a complete 95%

confidence interval cannot be reported.

Table 4.5: Effect of D-DNJ Series on Infectious DENV Secretion

Iminosugar IC50® (1M) 95% CI*
D-DNJ 33D 494 2.44 — 937.6
NM-D-DNJ 54D 85.7 AF
NE-D-DNJ 55D 14.9 2.54 - 117.8
NR-D-DNJ 56D 0.34 0.09 - 1.21
NB-p-DNJ 47D 3.52 0.29 -41.4
NP-D-DNJ 57D 0.34 AF
NX-p-DNJ 58D 9.20 AF

@NA : Not applicable; the data was fitted with a horizontal line.
b AF : The fitted curve was ambiguous and a complete 95%

confidence interval cannot be reported.
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4.6 Discussion

Initial forays into the development of higher throughput antiviral screening assays
demonstrated the success with which Huh7 derived cell lines can be employed as a
cell system for culturing DENV. Both Huh7.5 and Huh7-Lunet-hCD81-GLuc cells
were infected with 16681 DENV2, and produced virus of 10-fold higher titer over
the course of two days than that obtained from primary MDM® cells. While the
medically relevant variation of primary cells was sacrificed by switching to a cell line,
this removed the limitations that result from the limited cells available from a given
blood donation. Furthermore, the homogeneity of the cells allowed for more direct

comparison of different iminosugars.

The TCIDj, assay was selected as a method for viral titer determination as an alter-
native to both plaque and focus forming assays. Because the TCIDj, assay requires
only scoring a well as positive or negative, reading of the assay is faster and more
efficient than the counting of individual plaques and foci required by the other assays.
Compared to the plaque assay, fewer cells and reagents were required to determine
TCIDs, making the assay more cost effective. The initial test of the overall method
with MON-DNJ in the DENV system suggested not only that the screen could pro-
vide an indication of the presence of antiviral activity, but also provide a comparable

IC50 to that measured by other methods.

Further use of the TCID5( technique to evaluate the antiviral effects of the N-n-alkyl
DNJ series, however, revealed limitations of the method. Because individual foci or
plaques are not counted, the quantitative specificity of the assay is limited by the size
of the dilution step and number of replicate wells of each dilution. That is to say,
in the case of DENV, where the dilution step size in the TCIDj, assay is 10-fold, a
difference in titre of at least 10-fold is clearly demonstrated, however a reduction of
less than 90% in the viral titre can be within the error of the assay. This may be
alleviated somewhat by using smaller dilutions (as with the half log;o dilution steps

used in the HCV and BVDV assays). However, with its binary evaluation, the results
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of a TCIDg, assay are inherently step-like in nature, as opposed to the continuous

readout of the plaque and focus assays.

When screening whether a compound has any antiviral activity, only the highest
nontoxic dose is tested initially. For this purpose, the TCIDj5, assay is ideal. Because
higher concentrations of the drug cannot be used (due to toxicity), the drug does
not warrant further investigation if the treatment does not reduce the viral titer
by at least 90% compared to untreated. Once a compound has been identified as
promising, a plaque or focus forming assay is better suited to 1Csy determination,
which involves fitting the viral titer not as a raw value, but as a percentage of the
untreated control. Though the TCIDs, assay is more sensitive in terms of minimum
measurable titer, the larger window of potential titer reduction does not provide
useful information in the percentage curve, with all reductions of more than 2 orders
of magnitude being practically identical in terms of percentage. Similarly, the less
quantitative nature provides less detailed information for fitting close to the inflection
point of the fitted curve, the points most critical to ICsq value determination. This
combination results in the fitting of TCID5, data as a percentage of the untreated
TCID5o (Panels B, D, and F of Figure 4.6 — Figure 4.12) being almost universally
ambiguous. 95% confidence intervals could not be calculated for the ICs, values for
several of the iminosugars in each of the viral systems due to these ambiguous fits
(Table 4.3, Table 4.4, and Table 4.5). Indeed, even in cases where intervals for 1Csq
could be fitted, they spanned ranges close to 3 orders of magnitude (2.44 to 937.6 pM
for D-DNJ against DENV). The counting of individual infectious particles provides
more quantitative data which allows for more exact fitting of a dose-response curve,

and would be the better method for characterization of antiviral potency.

Given the ambiguous fit of IC5q values, the relative potency of tested DNJ derivatives
were evaluated by comparing the reduction in TCIDj, of all of the candidates at the
same concentration. NP-D-DNJ and NX-D-DNJ demonstrated higher cytotoxicity

than the compounds with shorter alkylation, so the amount of viral inhibition for each
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virus was compared for each iminosugar at 100 um (Figure 4.13), the highest non-
toxic dose of NP- and NX-DNJ that was tested. Two distinct alkylation-dependent
trends emerged. In the case of HCV and BVDV, as the alkyl chain length increases,
the inhibition of infectious virus release at 100 pM of iminosugar is constant from
unalkylated up to n-butyl, but potency sequentially increases with the n-pentyl and
n-hexyl. DENV displays a pattern distinct from the two other viruses. In this
instance, iminosugars become increasingly potent from D-DNJ through NB-D-DNJ,

plateauing through the rest of the examined series.

In terms of overall trends, it is not surprising that the net effect in both patterns is
increasing potency as length increases, as iminosugar alkylation has previously been

shown to improve cellular uptake.*®

However, this does not explain the differences
among the viruses, particularly because the DENV and HCV culture systems employ
the same cell line. While the difference could be due to viral-induced changes in
cellular iminosugar uptake, the similarity in trends between HCV and BVDV (which

tested in different cell lines) indicate that the trend might correspond to the relative

importance of mechanisms of action to each virus.

Two potential explanations for the trend in HCV and BVDV readily present them-
selves. The first, as indicated by the isolated enzyme inhibition data (Table 4.1),
is the fact that glycolipid enzymes are inhibited more potently by iminosugars with
longer N-alkylation chains. The iminosugar inhibits the enzyme by acting as a ce-
ramide mimic,?'® and the longer chains better approximate the lipid tail of the natural
substrate. In particular, human glucocerebrosidase is more potently inhibited by N P-
DNJ (IC5p = 28 pMm) and NX-DNJ (IC5p = 18 pM) than those with shorter chains
(IC50 > 290 pM).

Alternatively, both HCV and BVDV contain the viroporin p7, while DENV does
not. It is known that iminosugars can inhibit the electrophysiological activity of
this pore-forming protein, with this capability being dependent on the compound’s
alkylation. "8 Compounds with N-butyl alkylation have no effect on the pore, while

those with N-nonyl alkylation can completely abrogate activity.'! The chain lengths
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Figure 4.13: Comparison of N-n-D-DNJ Antiviral Effects at 100 pm. (A) Huh?-
Lunet-hCD81-GLuc cells were infected with Jel HCV (MOI = 0.2) and then in-
cubated with media containing 100 pM of the indicated DNJ derivative in dupli-
cate. After 4 d, the cell supernatant was harvested, and the titer of infectious virus
from each well was measured by immunofluorescence endpoint dilution assay on naive
Huh7-Lunet-hCD81-GLuc cells, calculating by the method of Reed and Muench. 22
(B) MDBK cells were infected with Pe515-ncp strain BVDV (MOI = 10) and then
incubated with media containing 100 pM of the indicated DNJ derivative in dupli-
cate. After 2 d, the cell supernatant was harvested, and the titer of infectious virus
from each well was measured by immunofluorescence endpoint dilution assay on naive
MDBK cells, calculating by the method of Reed and Muench.?!? (C) Huh7-Lunet-
hCD81-GLuc cells were infected with 16681 DENV2 and then incubated with media
containing 100 pM of the indicated DNJ derivative in duplicate. After 2 d, the cell su-
pernatant was harvested, and the titer of infectious virus from each well was measured
by immunofluorescence endpoint dilution assay on naive LLC-MKs cells, calculating
by the method of Reed and Muench.?!? In all panels, each point indicates an indi-
vidual replicate value. The data for each virus were analysed by a one-way ANOVA
using Prism 6. Neither HCV (p = 0.25) or BVDV (p = 0.23) showed statistically
significant variation among the treatments, while there was in DENV (p = 0.003).
However, the only significant differences were between each alkylated iminosugar and
untreated.
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between 4 and 9 have not been studied previously to determine p7 inhibition activity.
It is possible that inhibition of the viral protein’s activity simply requires alkylation
of longer than 4 carbons, with longer chains inhibiting the channel more potently. In
order to investigate this hypothesis, isolated electrophysiology experiments with p7

and these intermediate chain-length iminosugars need to be carried out.

4.7 Conclusions

After evaluating the feasibility of several options, the TCIDj5, assay was selected as
the screen for HCV, DENV, and BVDV. Due to its higher efficiency in terms of
time, methodology and cost, it is well suited to determining whether a compound is
antiviral or not. However, when characterizing the potency, the more quantitative

methods of plaque and focus forming assays are more appropriate.

Examining the enzyme inhibition profiles of the synthesized D-DNJ series, the com-
pounds unsurprisingly demonstrated more potent inhibition of glucose-processing en-
zymes than those evolved to cleave sugars with different stereochemistry. For most
of the enzymes studied, the alkyl chain had little influence on inhibition, with the
notable exceptions of S-glucocerebrosidase and glucosylceramide synthase. Because
both of these enzymes act upon glycolipids, it makes sense that they are sensitive
to alkylation, as this mimics the lipophilic chain of the ceramide-based substrates of

these enzymes.

With respect to inhibition of infectious virus release, longer alkyl chains corresponded
to more potent antiviral effect in all three virus systems overall; however, the trend
in how this changed with the addition of each individual methylene group varied.
HCV and BVDV showed an increase in antiviral effect only with butyl and longer
chains. This correlates to the chain lengths that demonstrate potent inhibition of the
glycolipid enzymes, indicating that this mechanism could potentially be antiviral with
respect to these two viruses. However, both of these viruses have a p7 viroporin. It

is known that NB-DNJ is not a p7 inhibitor, while NN-DNJ is, so a second potential
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explanation for the antiviral trend observed is that ability to inhibit p7 requires
any chain length longer than 4 carbon atoms and the increasing antiviral potency
is mirroring a p7 effect. In contrast to these viruses, treatment of DENV showed
increasing potency from no alkylation up to butyl, rather than the increase starting

there.

While work remains to be done to fully elucidate the mechanistic explanation for
the influence of DNJ alkylation on antiviral activity, the collected data suggest that
anti-DENV activity results from a different combination (or differently weighted com-

bination) of mechanisms of action than for the other two members of the Flaviviridae.
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4.8 Biological Materials and Methods
4.8.1 Cells

Human monocytic cell line HL60 (ATCC) was maintained in RPMI 1640 media (PAA)
supplemented with 2 mM L-glutamine (Sigma), 100 pg/mL streptomycin (Sigma),
100 U/mL penicillin (Sigma) and 10% (volume/volume, v/v) heat-inactivated (56 °C,
30 min) fetal calf serum (FCS, Seralab). Human hepatoma cell lines, Huh7.5 (Apath,
LLC) and Huh7-Lunet-hCD81-GLuc (Twincore), were cultured in Dulbecco’s modi-
fied Eagle media (DMEM) with GlutaMax™ (Gibco) supplemented with 100 pg/mL
streptomycin, 100 U/mL penicillin, 100 pM MEM non-essential amino acids (Gibco)
and 10% (v/v) FCS. Madin-Darby Bovine kidney cell line MDBK (ECACC) was
maintained in DMEM with GlutaMax™ supplemented with 100 pg/mL strepto-
mycin, 100 U/mL penicillin and 10% (v/v) heat inactivated horse serum (HS, Sigma).
Monkey kidney cell line LLC-MKjy was cultured in M199 media (Gibco) supplemented
with 2 mM L-glutamine, 100 pg/mL streptomycin, 100 U/mL penicillin and 20%

(v/v) FCS. Subsequently, these are referred to as growth media for each cell line.

Unless otherwise indicated, cell passages were carried out by washing twice with
phosphate buffered saline (PBS, Gibco) and lifting with trypsin + ethylenediaminete-
traacetic acid (EDTA) (Sigma), and all cell incubations were carried out at 37 °C and

5% CO, unless otherwise indicated.

All cells were maintained as mycoplasma free, with regular verifications by polymerase

chain reaction (PCR).

4.8.2 Viruses

HCV Jcl and Jel-Luc plasmids were provided by Prof. R. Bartenschlager, University
of Heidelberg, Germany.

DENV2 strain 16681 (a gift from Prof. E. Gould, Centre for Ecology and Hydrology,
Oxford, United Kingdom) was propagated in the C6/36 cell line.
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BVDV strain Pe515-ncp (a gift from Prof. J. McCauley, Institute for Animal Health,

Compton, United Kingdom) was propagated in the MDBK cell line.

4.8.3 Cell Viability

Cell viability was measured using the CellTiter 96® AQueous One Solution Cell Prolif-
eration MTA (3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2 H-tetrazolium, inner salt) Assay (Promega) according to the manufacturer’s instruc-
tion. Briefly, cells were seeded at the indicated density (Table 4.6) in 100 pL. of growth
media in each well of a sterile 96-well plate. 100 pL. of 2x each drug treatment were
added in triplicate. As controls, wells with 200 pL. growth media with and without
cells were also included in triplicate. The cells were incubated with drug for the indi-
cated length of time. After the incubation, 20 nl. of MTS reagent was added. After
a further one to two hour incubation, the absorbance at 490 nm was measured on a
Molecular Devices SpectraMax M5 microplate reader. The endpoint for evaluation

was taken when untreated cells had an absorbance reading of approximately 1.

Table 4.6: MTS Assay Parameters

Cell Type Seeding Density ~ Assay Length

(cells/well) (d)
Huh7-Lunet-hCD81-GLuc 5 x 10% 4
MDBK 1 x 104 2

Absorbances were averaged across replicates, and corrected for background by sub-
tracting the value for media-only wells. Each drug treatment was then evaluated as

a percentage of untreated cells.

4.8.4 LAL Assay for Endotoxin

Endotoxin levels in the prepared iminosugars were measured using the PyroGene®
Recombinant Factor C Endotoxin Detection Assay (Lonza) according to the manu-

facturer’s instructions, except that rather than the recommended pyrogen-free vials,
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HPLC vials (Waters) that were cleansed of pyrogens by heating at 250 °C for 30 min

were employed.

4.8.5 HCV

4.8.5.1 Preparation of Infectious Virus

Stocks of infectious HCV were prepared from plasmid according to the protocol of
Kato et al..?' Competent DH5« Escherichia coli (E. coli, New England Biolabs)
were transformed to incorporate the Jcl or Jcl-Luc plasmid. Transformed FE. coli
were cultured overnight, and DNA was isolated using an EndoFree Plasmid Maxi
Kit (Qiagen) according to the manufacturer’s instructions. The identity of the DNA
was confirmed by PCR sequencing (Table 4.7). The DNA was linearized by digestion
with Mlul (Invitrogen), subsequently purified by phenol/CHCI; extraction, digested
with mung bean nuclease (New England Biolabs) to provide ligatable ends, treated
with proteinase K (Ambion) to remove contaminating proteins and purified a sec-
ond time by phenol/CHCI; extraction. In wvitro transcription using the MegaScript
T7 transcription kit (Ambion) according to the manufacturer’s instructions provided
RNA, with the parent DNA being digested afterwards with DNase (Roche). The
product RNA size was confirmed by 6% acrylamide gel analysis. The RNA could be
electroporated directly or stored at —80 °C for up to 4 months.

For electroporation, Huh7 derived cells (either Huh7.5 or Huh7-Lunet-hCD81-GLuc)
were lifted with trypsin/EDTA, and the trypsin was then inactivated with growth
media, and the cells pelleted (290 x ¢, 5 min, 4 °C). The cells were washed three
times with OptiMEM I reduced serum media (Gibco) by resuspending and pelleting.
The cells were resuspended in OptiMEM I a final time, counted, and 1 x 107 cells were
pelleted. The pellet was resuspended in 1 mL of Cytomix buffer. 400 uL. of the cell
suspension were mixed with 10 ng of the RNA, and the complete mixture transferred
to an Gene Pulser/MicroPulser electroporation cuvette (0.4 cm gap, Bio-Rad) and

electroporated using a Gene Pulser Xcell (Bio-Rad) at 260 V and 950 pF. 1 mL of
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Table 4.7: Primers for HCV Sequencing

Primer Name Sequence

JC1-For 5-ACC TGC CCC TAA TAG GGG CGA-3¥
JC-594F 5-TAT ACG GGA ATG AGG GAC TCG-3’
JC1025F 5-TGC GAG AAA GTG GGG AAT GC-3
JC1452F 5-TCG TTG TCA TCC TTC TGT TGG C-3’
JC-2002F 5-CAC GTG GAT GAA CTC TTC TGG CTA-3
JC2602F 5-GCT GGT CAT CTT GCA CGC TGC-3'
JC4168F 5-TGG CAT CAA TCC CAA CAT TAG G -3’
JC4374F 5-TCA GAC TAA CTG TGC TGG CTA CGG-3’
JC4795F 5-TGT CTC ACG CAG TCA GCG-3

JC5336F 5-TAG CTG GAG GAG TCC TGG CAG-¥
JC-5829F 5-CAC CGG CTT TGT CGT CAG TG-3
JC-5980R 5-CAT AGA GGG CTT CTC GCC AGA-3'
JC-6320R 5-GAC TTC AAA AAT TGG CTG ACC TC-3'
JC-6519R 5-CAG GTG TTC ATG CAG GTT TTA GGC-3
JCT712F 5-CCC GAA GAG GAA AAG TTG CC-3
JC8085F 5-CCA AAA ATG AGG TGT TCT GCG TG-3'
JC8464F 5-GTT CAA CAG CAA GGG TCA AAC C-3
JC8602F 5-AAT GCT GGT ATG CGG CGA TG-3’
JC1-luc 930F 5-ATA CGA TTT TGT ACC AGA-3

J6-7T00R 5-ACC CAC GTT GCG CGA CCT-3'
JFH1-4300R 5-ATC GCA TAT GAT GAT GTC-3’
JFH1-3601F 5-CGG AGC TGG CAA CAA GAC-3
JFH1-5750F 5-CGT TGT CGA CCA GTA CCA-3
JEH1-7890R 5-GCC GCT AGC TTG ATG TCC-3'
JFH1-850R 5-GTA AGT TCC CTG TTG CAA-3

growth media was added to the cuvette and the cells thoroughly resuspended. The
cells were either seeded as described in the luciferase assay (§ 4.8.5.4) or the entire
aliquot of cells placed into a 175 cm? tissue culture flask with 24 mL of growth media

to produce a virus stock.

If placed into the tissue culture flask, the media was replaced 24 h after electropo-
ration, and the cells were passaged every 3 d for 15 d, collecting the supernatant
and storing at 4 °C. After the harvesting of final supernatant, it was concentrated
in a Vivaspin® 20 centrifugal concentrator with a molecular weight cut off of 50,000

(Sartorius), aliquoted and stored at —80 °C.
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4.8.5.2 Immunofluorescence

Cells were washed once with PBS, and then fixed with MeOH:Acetone (1:1) at room
temperature for 10 min. The cells were washed three times with PBS with 0.1% (v/v)
Tween-20 (Fisher) (PBS-T) and blocked with 3% (w/v) bovine serum albumin (BSA)
in PBS-T for 1 h. After washing three times with PBS-T, the cells were incubated with
2 pg/mL mouse monoclonal anti-hepatitis C virus core 1b [C7-50] antibody (Abcam)
in PBS-T for 1 h. The cells were washed three times with PBS-T, and incubated
with 4 ng/mL Alexa Fluor® 488 donkey anti-mouse antibody (Invitrogen Molecular
Probes) in PBS-T for 1 h. The cells were washed a final three times with PBS-
T, and Vectashield with 4’,6-diamidino-2-phenylindole (DAPT) (Vector Laboratories,
1:100 dilution in PBS) was added to stain cell nuclei. The plates were imaged on an
inverted Nikon Eclipse TE200-U microscope no sooner than 15 min after the addition

of Vectashield, but, if stored at 4 °C, could be reliably observed for at least 10 d.

4.8.5.3 Titering of Virus Stock

Huh7-Lunet-hCD81-GLuc cells were seeded in a sterile 96-well plate at a density of
1 x 10 cells/well in 100 pL of growth media and incubated for 18 h. Serial 10-fold
dilutions of the stock to be evaluated were prepared in growth media. Supernatant
was removed from the cells, and each well was inoculated with 50 pL. of virus dilution,
with 8 replicates of each dilution. After incubating for 3 d, the cells were fixed and
stained according to the HCV IF protocol (§ 4.8.5.2). Foci were counted in the
highest dilution with > 10 foci/well. Titer was calculated in units of focus forming

units (ffu)/mL.

4.8.5.4 Luciferase Assay

Transfected Huh7 cells (2 x 10* cells/well) were seeded in an opaque, white, sterile

96-well plate in 100 pL. of growth media directly after transfection. After 6 h, the
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supernatant was removed, and replaced with 200 pL. fresh media. The cells were

incubated for 4 d.

100 pL of supernatant was removed, and expression of firefly (Photinus pyralis) lu-
ciferase was measured using the Bright-Glo™ Luciferase Assay System (Promega)

according to the manufacturer’s instructions.

4.8.5.5 Antiviral Assay

Huh7-Lunet-hCD81-GLuc cells were seeded in a sterile 96-well plate at a density
of 5 x 10 cells/well in 100 pL of growth media. After an 18 h incubation, the
supernatant was removed, and the wells were inoculated for 4 h with 100 pL of Jcl
HCV at an MOI of 0.2. The inoculum was removed and replaced with 200 pL of
growth media with drug at the indicated concentration in duplicate, and the infected
cells were incubated with drug for 4 d. The supernatant was harvested and infectious

viral titer assessed immediately in the TCIDs5y assay.

4.8.5.6 TCID5, Assay

Huh7-Lunet-hCD81-GLuc cells were seeded in a sterile 96-well plate at a density of
2 x 10* cells/well in 100 pLi of growth media and incubated for 18 h. The supernatants
to be evaluated were diluted 1:100 in growth media, and 5 serial half-log;y dilutions
were subsequently prepared in the same media. Supernatant was removed from the
cells, and wells were inoculated in quadruplicate with 50 ul. of analyte. After 4 h,

the inoculum was removed and replaced with 100 pL of growth media.

The plates were incubated for 3 d, then fixed and stained according to the HCV IF
protocol (§ 4.8.5.2). Based upon Alexa Fluor® 488 staining, each well was scored
as either positive (> 5 stained cells) or negative. TCIDjq values were calculated

according to the method of Reed and Muench.?!2
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4.8.6 DENV

4.8.6.1 Antiviral Assay

Huh7 derived cells were seeded in a sterile 96-well plate (1 x 10* cells/well for Huh7.5,
2 x 10* cells/well for Huh7-Lunet-hCD81-GLuc) in 100 pL. of growth media. After
18 h incubation, the supernatant was removed, and the wells inoculated for 2 h with
50 nL of DENV2 16681 strain at an MOI of 0.1. The inoculum was removed and
replaced with 200 pL. of growth media with drug at the indicated concentration in
duplicate, and the infected cells were incubated with drug for 2 d. The supernatant

was harvested and stored at —80 °C.

4.8.6.2 Plaque Assay

LLC-MK, cells were lifted with trypsin-EDTA and prepared as a single cell suspension
at a density of 1.2 x 10° cells/mL in growth media. The cells were then seeded in
sterile 12-well plates with 2 mL/well of cell suspension. Before placing the plates into
the incubator, they were gently and uniformly tapped to distribute the cells evenly
across the well. After 18 h, the cells were observed by light microscope to confirm

the formation of an 80 — 100% evenly confluent cell monolayer.

1.8% (w/v) agarose was prepared by adding 7.2 g of SeaPlaque Agarose (Lonza) to
400 mL of MilliQQ H,O. In order to sterilize the solution it was autoclaved.

The supernatants to be evaluated were diluted 1:10 in minimum essential media
(MEM, Gibco) supplemented with 100 pg/mL streptomycin, 100 U/mL penicillin,
and 10% (v/v) FCS. Three serial 10-fold dilutions were subsequently prepared in
the same media. The supernatant was removed from the monolayers, and the cells
were washed once with Hank’s buffered salt solution (HBSS, Gibco). After removal
of the wash, the cells were inoculated with 100 pL. of analyte and 100 pL of the
supplemented MEM used to prepare the virus dilutions. The plates were placed on a

seesaw-style rocker at room temperature to incubate. After 90 min, the inoculum was
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removed and 1 mL of 1:1 (v/v) first overlay (Table 4.8):1.8% agarose (preheated to
37 °C) was added to each well. The agarose was allowed to set at room temperature

before being returned to the incubator.

Table 4.8: 1%¢ Overlay for LLC-MKy*

Component V(OIEEI)} ¢
HBSS A® 50
HBSS B¢ 50
100x MEM Vitamins (Gibco) 10
50x MEM Amino Acids (Gibco) 10
FCS 50
L-Glutamine (200 mM) 6
7.5% aq. NaHCOj;, pH = 8.2 (Invitrogen) 20
100x penicillin/streptomycin 10

@ After combining the listed ingredients, 200 mL of MilliQ H,O
were added, and the pH was adjusted to 8.2 with 2 M NaOH
and 2 M HCI, then MilliQ H,O was added to a final volume of
500 mL. The solution was filter sterilized before use.

bSee Table 4.9

¢See Table 4.10

Table 4.9: Hank’s Buffered Salt Solution A

Mass
Component ()
Na(Cl 160.0
KCl 8.0
MgSO, - 7H,0 2.0
MgCl, -6 H,O 2.0
CaCl,-2H,0 2.8

“MilliQ H,O was added to
a final volume of 1 L, and
the solution was autoclaved

to sterilize before use.

After incubating for 4 d, 1 mL of the complete second overlay mixture was added
to each well and allowed to set before returning plates to the incubator. The com-
plete mixture was prepared by pre-equilibrating second overlay (Table 4.11) and 1.8%
agarose at 37 °C. Immediately before addition to the cells, second overlay and 1.8%
agarose were mixed (1:1 v/v), and neutral red (Sigma, 0.75 mL of 6 g/L stock) was
added to complete the overlay mixture. After a further 18 h, plaques were observed

and counted from the underside of the plate by eye.
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Table 4.10: Hank’s Buffered Salt Solution B

Mass
Component
P (g)
Na,HPO, 1.2
KH,PO, 1.2
Glucose 20.0

“MilliQ H,O was added
to a final volume of 1 L,
and the solution was filter

sterilized before use.

Table 4.11: 2"¢ Querlay for LLC-MK,

Component Volume
(mL)
HBSS A®? 50
HBSS B¢ 50
100x MEM Vitamins 10
50x MEM Amino Acids 10
L-Glutamine (200 mM) 6
100x penicillin/streptomycin 10

®After combining the listed ingredients, 300 mL
of MilliQ H,O were added, and the pH was ad-
justed to 6.3 with 2 M NaOH and 2 m HCI,
then MilliQ H,O was added to a final volume of
500 mL. The solution was filter sterilized before
use.

bSee Table 4.9
¢See Table 4.10

4.8.6.3 TCID;, Assay

LLC-MK; cells were seeded in a sterile 96-well plate at a density of 2 x 10* cells/well
in 100 pLL of growth media and incubated for 18 h. The supernatants to be evaluated
were diluted 1:10 in MEM supplemented with 100 pg/mL streptomycin, 100 U/mL
penicillin, and 2.5% (v/v) FCS. 7 serial 10-fold dilutions were subsequently prepared
in the same media. Supernatant was removed from the cells, and wells were inocu-
lated in hextuplicate with 50 nL. of analyte. After 2 h, the inoculum was removed
and replaced with 100 pL. of MEM supplemented with 100 pg/mL streptomycin,
100 U/mL penicillin, and 0.5% (v/v) FCS.

The plates were incubated for 3 d, then washed three times with PBS and fixed with
4% (v/v) paraformaldehyde in PBS at 4 °C for 1 h. After washing three times with
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PBS, cells were permeabilized with PBS + 0.5% Triton X-100 (PBS-TX) for 15 min
and subsequently incubated with 5 pg/mL 3H5 monoclonal antibody (prepared from
hybridoma HB-46, ATCC) for 1 h. The 3H5 antibody recognizes DENV E protein.
The cells were then washed three times with PBS and incubated with 4 ng/mL Alexa
Fluor® 488 donkey anti-mouse antibody in PBS-TX for 1 h. The cells were washed
a final three times with PBS, and Vectashield with DAPI (1:100 dilution in PBS)
was added to stain cell nuclei. The plates were imaged on an inverted Nikon Eclipse
TE200-U microscope no sooner than 15 min after the addition of Vectashield. Based
upon Alexa Fluor® 488 staining, each well was scored as either positive (> 5 stained
cells) or negative. TCID5o values were calculated according to the method of Reed

and Muench.?'?

4.8.7 BVDV

4.8.7.1 Antiviral Assay

MDBK cells were seeded in a sterile 96-well plate at a density of 1 x 10% cells/well
in 100 pL. of growth media. After an 18 h incubation, the supernatant was removed,
and the wells were inoculated for 2 h with 100 nL. of BVDV Pe515-ncp strain at an
MOT of 10. The inoculum was removed and replaced with 200 pl. of growth media
with the drug at the indicated concentration in duplicate, and the infected cells were
incubated with drug for 2 d. The supernatant was harvested and used immediately

for the TCIDs5q assay.

4.8.7.2 Immunofluorescence assay

Cells were washed three times with PBS and fixed with 4% (v/v) paraformaldehyde
in PBS for 1 h. After washing three times with PBS, cells were blocked with 5%
chick serum (Sigma) for 2 h, washed three times with PBS, and permeabilized with
PBS + 1% Triton X-100 for 20 min. After permeabilization, the cells were washed
three times with PBS-T and incubated with WB103/105 monoclonal antibody to
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pestivirus (Animal Health and Veterinary Laboratories Agency, 1:500 dilution in PBS-
T of 1 mg/mL 50% (w/v) glycerol stock) for 1 h. WB103/105 is a 1:1 mixture of
two monoclonal antibodies which recognizes the NS2/3 protein of BVDV. After the
incubation, the cells were washed three times with PBS-T. Incubation with secondary

antibody and DAPI proceeded as described for HCV IF (§ 4.8.5.2).
4.8.7.3 Titering of Virus Stock

MDBK cells were seeded in a sterile 96-well plate at a density of 2 x 10* cells/well in
100 pL of growth media and incubated for 18 h. Serial 10-fold dilutions of the stock
to be evaluated were prepared in growth media. Supernatant was removed from the
cells, and each well was inoculated with 100 pL. of virus dilution, with 8 replicates of
each dilution. After incubating for 24 h, the cells were fixed and stained according
to the BVDV IF protocol (§ 4.8.7.2). Foci were counted in the lowest dilution with

>10 foci/well. Titer was calculated in units of ffu/mL.

4.8.7.4 TCID5, Assay

MDBK cells were seeded in a sterile 96-well plate at a density of 2 x 10* cells/well
in 100 pL. of growth media for 18 h. The supernatants to be evaluated were diluted
1:100 in growth media, and 5 serial 10-fold dilutions were subsequently prepared in
the same media. Supernatant was removed from the cells, and wells were inoculated
in quadruplicate with 100 plL of analyte. After 4 h, the inoculum was removed and

replaced with 100 pLL of growth media.

The plates were incubated for 1 d, then the plates were fixed and stained according
to the BVDV immunofluorescence protocol (§ 4.8.7.2). Based upon Alexa Fluor®
488 staining, each well was scored as either positive (> 5 stained cells) or negative.

TCIDsy values were calculated according to the method of Reed and Muench. 22
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4.9 General Synthetic Procedures

All reactions were carried out under an argon atmosphere under anhydrous conditions,
unless otherwise noted. Anhydrous tetrahydrofuran (THF), N, N-dimethylformamide
(DMF), and methylene chloride (CH,Cl,) were obtained as commercially available
pre-dried, oxygen-free formulations and used without further purification. Yields re-
fer to chromatographically and spectroscopically ("H NMR) homogeneous materials,
unless otherwise stated. Reagents were purchased at the highest commercial quality
and used without further purification, unless otherwise stated. Reactions were mon-
itored by thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as visualizing agent and an ethanolic solution of
phosphomolybdic acid and cerium sulfate as a developing agent. Merck Geduran sil-
ica gel (60, particle size 0.040-0.063 mm) was used for flash column chromatography.
NMR spectra were recorded on Varian Unity Inova 500 or Bruker AVII-400 instru-
ments and calibrated using residual undeuterated solvent as an internal reference.
Electrospray ionization (ESI) mass spectrometry (MS) experiments were performed
on an API 100 Perkin Elmer SCIEX single quadrupole mass spectrometer at 4000V

emitter voltage. HRMS were recorded on a Bruker 4 TOF mass spectrometer using

ESIL
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4.10 Selected Synthesis Experimental Data

NMR spectra for compounds tested in biological assays are included in Appendix B.

1,2- O-Isopropylidene-a-D-glucurono-3,6-lactone 50D:
Me

Me“koc, o D-Glucuronolactone 49D (62.5 g, 355 mmol, 1.0 equiv) was suspended
0.
%o in acetone (1.5 L) and agitated with a mechanical stirrer. Concen-

OH
50D

trated Hy,SO, (60 mL) was added over 15 min. The reaction mixture
was stirred at 25 °C for 5 h. The acid was quenched with solid NaHCO; (1950 g)
and filtered. The filtrate was concentrated under reduced pressure. The residue was
recrystallized from hot toluene to provide 50D (49.9 g, 229 mmol, 65% yield) as white

crystals. Spectral data were identical to those previously reported.?!”

1,2- O-Isopropylidene-f-L-idurono-3,6-lactone 51L: Lactone

e\, o 50D (5.00 g, 23.1 mmol,1.0 equiv) was dissolved in CH,Cl, (50 mL).
Ol“(oI%o After addition of pyridine (5.0 mL, 62.1 mmol, 2.7 equiv), the solu-
tion was cooled to 40 °C (dry ice/acetone bath). Tf,0 (5.0 mL,
29.7 mmol, 1.3 equiv) was added dropwise to the solution. The solution was stirred
for 2 h, maintaining the temperature of the bath between —40 and —30 °C. The re-
action mixture was diluted with CH,Cl, (200 mL) and washed with aq. HCI (2 M, 3
x 100 mL). The organic layer was dried (MgSO,), filtered and concentrated under
reduced pressure, maintaining the temperature below 30 °C during concentration.
The thus obtained residue (1.0 equiv) was dissolved in DMF (25 mL). CF;CO,Na
(6.30 g, 46.3 mmol, 2.0 equiv) was added to the solution portionwise. The solution
was stirred at room temperature for 18 h. The reaction mixture was diluted with sat.
aq. NaHCO, (150 mL), and the mixture was extracted with EtOAc (3 x 100 mL).
The combined organic layers were dried (MgSO,), filtered and concentrated under re-
duced pressure. The residue was purified by flash column chromatography (silica gel,
EtOAc:pet ether = 1:4 — 2:3) to provide L-iduronolactone 51L (4.84 g, 22.4 mmol,
97% yield) as white crystals. Spectral data were identical to those previously re-

ported.2!”
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Me 5-Azido-5-deoxy-1,2- O-isopropylidene-a-D-glucurono-3,6-lac-

Me..\ O

°"'(OIC)(EO tone 52D: L-Iduronolactone 51L (4.84 g, 22.4 mmol, 1.0 equiv) was
s2p = dissolved in CH,Cl, (125 mL). After addition of pyridine (5 mlL,
62.1 mmol, 2.8 equiv), the solution was cooled to —40 °C (dry
ice/acetone bath). Tf,0 (5.0 mL, 29.7 mmol, 1.3 equiv) was added dropwise to the
solution. The solution was stirred for 2 h, maintaining the temperature of the bath
between —40 and —30 °C. The reaction mixture was diluted with CH,Cl, (100 mL)
and washed with aq. HCI (2 M, 3 x 100 mL). The organic layer was dried (MgSO,),
filtered and concentrated under reduced pressure, maintaining the temperature below
30 °C during concentration. The obtained white solid was used directly in the next
reaction. Triflate (assumed 22.4 mmol, 1.0 equiv) was dissolved in DMF (25 mL),
and the solution cooled to —30 °C (dry ice/acetone bath). NaN, (1.85 g, 28.4 mmol,
1.3 equiv) was added to the solution portionwise. The solution was stirred for 2 h,
maintaining the reaction between —40 and -30 °C at all times. The reaction mix-
ture was diluted with brine (20 mL) and H,O (80 mL). The mixture was extracted
with EtOAc (1 x 200 mL, 2 x 100 mL). The combined organic layers were dried
(MgSO,), filtered and concentrated under reduced pressure. The residue was purified
by flash column chromatography (silica gel, EtOAc:pet ether 1:4 — 2:3) to provide
azide 52D (4.08 g, 16.9 mmol, 76% yield) as a white crystalline solid. Spectral data
were identical to those previously reported. 2!
5-Azido-5-deoxy-1,2- O-Isopropylidene-a-D-glucofuranose
M’\:'e\(o"'({'(\ 53D: Azidolactone 52D (4.08 g, 16.9 mmol, 1.0 equiv) was dis-
o Ns " solved in CH,Cl, (30 mL), and the solution cooled to —78 °C (dry
i ice/acetone bath). DIBAL-H (1.5 M in toluene, 19 mL, 29 mmol,
1.7 equiv) was added to the solution dropwise. The solution was stirred for 2 h at
the same temperature. The reaction was quenched with dropwise addition of EtOAc
(3.0 mL) at —78 °C, then diluted with CH,Cl, (250 mL) and 1.2 M aq. Rochelle
salt (250 mL). The layers were stirred vigorously for 18 h and then separated. The

aqueous layer was extracted with CH,Cl, (6 x 75 mL). The combined organic layers
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were dried (MgSO,), filtered and concentrated under reduced pressure. The crude
product (assumed 16.9 mmol, 1.0 equiv) was dissolved in MeOH (50 mL), and the so-
lution cooled to —20 °C (dry ice/acetone bath). NaBH, (0.30 g, 7.9 mmol, 0.5 equiv)
was added to the solution in a single portion, and the solution stirred for 1 h at the
same temperature. The reaction was quenched with glacial AcOH (0.5 mL), concen-
trated under reduced pressure and purified by flash column chromatography (silica
gel, EtOAc:pet ether 1:1 — EtOAc) to provide diol 53D (3.62 gram, 14.9 mmol, 88%
over the two steps) as a white crystalline solid. Spectral data were identical to those

previously reported.?!7
D-1-Deoxynojirimycin (D-DNJ) 33D: D-gluco-diol 53D (3.62 g,
OH

Ho,,,@;orl 14.9 mmol, 1.0 equiv) was dissolved in H,O (50 mL). Dowex 50WX8
. (H* form) (6.0 g) was added, and the suspension stirred at 70 °C for

Iz

33D
3 h. The reaction mixture was filtered, washing the resin with a fur-

ther portion of H,O (25 mL). Pd/C (10% Pd, 1.75 g, 50 weight-%) was added and
the reaction stirred under H, balloon for 24 h. The Pd/C was removed by filtering
through glass microfiber (GF/B filter). The iminosugar was purified by strong cation
exchange chromatography (Dowex 50WX8, H" form), washing with H,O and eluting
with 1:4 conc. NH,OH:H,O. The combined ammoniacal fractions were concentrated
to provide D-DNJ 33D (1.72 g, 10.6 mmol, 71% yield) as an oil which crystallized
upon standing. 33D: 'H NMR (400 MHz, D,0): 6 = 3.92 (AB dd, J = 11.7, 3.0 Hz,
1 H), 3.72 (AB dd, J = 11.7, 6.2 Hz, 1 H), 3.58 (ddd, J = 10.8, 9.1, 5.2 Hz, 1 H),
3.41 (t, J = 9.1 Hz, 1 H), 3.32 (dd, J = 9.9, 9.1 Hz, 1 H), 3.21 (dd, J = 12.4, 5.2 Hz,
1 H), 2.64 (ddd, J = 9.5, 6.2, 3.0 Hz, 1 H), 2.55 (dd, J = 12.4, 10.8 Hz, 1 H) ppm;
HRMS (ESI): caled for CgH,3NO, [M + H*]: 164.0923, found 164.0919.

Reductive amination: Iminosugar (1 equiv) and aldehyde (15 equiv) were dissolved
in a 2:1 1,4-dioxane:H,O mixture. Pd/C (50 weight-%) was added, and the reaction
vessel purged with argon then hydrogen. The reaction was stirred under H, balloon

overnight. The alkyl-iminosugar was purified by strong cation exchange chromato-

graph (Dowex 50WX8), washing with H,O and eluting with 1:4 conc. NH,OH:MeOH.
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¢ NM-p-DNJ 54D: 'H NMR (400 MHz, D,0): 6 = 3.90 (AB dd,

“('Nj;m J = 12.8, 2.5 Hz, 1 H), 3.82 (AB dd, J = 12.9, 2.7 Hz, 1 H), 3.55

e (ddd, J = 10.8, 9.2, 5.0 Hz, 1 H), 3.38 (t, J = 9.5 Hz, 1 H), 3.27 (¢,

J =92Hz 1H),2.96 (dd, J = 11.5, 5.0 Hz, 1 H), 2.35 (s, 3 H), 2.23 (t,

J =11.1Hz, 1 H),1.99 (d, J =9.9 Hz, 1 H) ppm; HRMS (ESI): calcd for C;H,;NO,
M + H*]: 178.1079, found 178.1075.

NE-p-DNJ 55D: 'H NMR (400 MHz, D,0): & = 3.90 (AB dd,
wo. U on J=12.9,25 Hz, 1 H), 3.83 (AB dd, J = 13.0, 2.7 Hz, 1 H), 3.54 (td,
' J=10.1,49 Hz, 1 H), 3.38 (t, J = 9.5 Hz, 1 H), 3.26 (t, J = 9.2 Hz, 1
s H), 3.01 (dd, J = 11.3, 5.0 Hz, 1 H), 2.87 (dd, J = 13.9, 7.1 Hz, 1 H),
2.77 - 2.62 (m, 1 H), 2.36 — 2.17 (m, 2 H), 1.03 (¢, J = 7.2 Hz, 3 H)

ppm; HRMS (ESI): caled for CgH,,NO, [M + H*]: 192.1236, found 192.1231.

s

Me

NR-p-DNJ 56D: 'H NMR (400 MHz, CD;0D): § = 3.93 — 3.78 (m,

onv 2 H), 3.52 — 3.42 (m, 1 H), 3.38 — 3.33 (m, 1 H), 3.12 (t, J = 9.0 Hz, 1
), 2,99 (dd, J = 11.2, 4.9 Hz, 1 H), 2.75 (ddd, J = 13.4, 10.2, 6.3 Hz,

" 1 H), 2.54 (ddd, J = 13.3, 9.9, 5.6 Hz, 1 H), 2.17 (t, J = 10.9 Hz, 1
H), 2.11 (dt, J = 9.6, 2.8 Hz, 1 H), 1.52 (ddd, J = 16.7, 8.8, 5.4 Hz,

2 H), 0.90 (t, J = 7.4 Hz, 3 H) ppm; HRMS (ESI): caled for C4H,NO, [M + H™]:

206.1387, found 206.1389.

NB-D-DNJ 47D: 'H NMR (400 MHz, CD,OD): § = 3.89 — 3.80 (m,

Hoﬁojj 2 H), 3.51 — 3.43 (m, 1 H), 3.38 — 3.33 (m, 1 H), 3.12 (t, J = 9.1 Hz, 1

" H), 298 (dd, J = 11.2, 5.0 Hz, 1 H), 2.85 — 2.74 (m, 1 H), 2.63 — 2.51

/H (m, 1 H), 2.17 (t, J = 10.8 Hz, 1 H), 2.10 (dt, J = 9.6, 2.7 Hz, 1 H),

e 1.53 — 1.41 (m, 2 H), 1.37 - 1.26 (m, 2 H), 0.95 (t, J = 7.3 Hz, 3 H)
ppm; HRMS (ESI): caled for C,,Hy, NO, [M + H*|: 220.1549, found 220.1543.

Me
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_ ¢ NP-p-DNJ 57D: 'H NMR (400 MHz, CD;0D): § = 3.91 - 3.79 (m, 2
) on H), 347 (ddd, J = 10.5, 9.3, 4.9 Hz, 1 H), 3.38 - 3.33 (m, 1 H), 3.12 (t,
J =9.1Hz, 1H), 298 (dd, J = 11.2, 4.9 Hz, 1 H), 2.79 (dt, J = 13.4,
Ve 8.3 Hz, 1 H), 2.63 — 2.51 (m, 1 H), 2.17 (t, J = 10.9 Hz, 1 H), 2.13 -
2.07 (m, 1 H), 1.50 (quin, J = 7.9 Hz, 2 H), 1.42 — 1.31 (m, 2 H), 1.26

(dtd, J = 15.1, 7.0, 4.0 Hz, 2 H), 0.92 (t, J = 7.2 Hz, 3 H) ppm; HRMS (ESI): calcd

for C,,H,sNO, [M + HT): 234.1705, found 234.1699.

NX-p-DNJ 58D: '"H NMR (400 MHz, CD;0D): § = 3.90 - 3.80 (m,
o& 2 H), 3.52 — 3.42 (m, 1 H), 3.38 — 3.33 (m, 1 H), 3.12 (t, J = 9.0 Hz,
"1 H), 2.98 (dd, J = 11.2, 4.9 Hz, 1 H), 2.86 — 2.72 (m, 1 H), 2.58
J) (dt, J = 13.7, 6.9 Hz, 1 H), 2.17 (t, J = 10.8 Hz, 1 H), 2.11 (d,
. J =9.5Hz, 1 H), 1.49 (quin, J = 7.2 Hz, 2 H), 1.38 — 1.24 (m, 6 H),
0.92 (t, J = 6.6 Hz, 3 H) ppm; HRMS (ESI): caled for C,,H,;NO,

[M + H*]: 248.1862, found 248.1856.

Me
58 D

NN-p-DNJ 48D: 'H NMR (400 MHz, CD,OD): § = 3.91 — 3.80
o, L on  (m, 2 H),3.48 (ddd, J = 10.5, 9.1, 4.8 Hz, 1 H), 3.36 (t, J = 9.3 H,

OH

b 1 H), 3.13 (t, J = 9.1 Hz, 1 H), 3.00 (dd, J = 11.2, 4.9 Hz, 1 H), 2.87

y ~2.75 (m, 1 H), 2.66 — 2.54 (m, 1 H), 2.26 - 2.11 (m, 2 H), 1.50 (dq,

H) J =14.8, 7.5 Hz, 2 H), 1.39 — 1.21 (m, 14 H), 0.90 (t, J = 6.7 Hz, 3
Me H) ppm.

48 D
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...denn die Ueberzeugung, dass der geometrische
Bau des Molekiils selbst bei Spiegelbildformen einen
so grossen Einfluss auf das Spiel der chemischen
Affinitdten ansiibe, konnte meiner Ansicht nach nur
durch neue thatsachliche Beobachtungen gewonnen
werden.

—Emil Fischer

Influence of Iminopyranose Stereochemistry
on Enzyme and Virus Inhibition

5.1 Introduction

Recognition of the importance of substrate stereochemistry to enzyme affinity ex-
tends as far back as the 1890s, when Emil Fischer first proposed the “lock and key”
model of enzymes. In fact, his model was based on observations of the enzyme class
discussed here, namely the glycosidases. Fischer noted the geometric preferences
of Invertin (later, yeast S-fructosidase) and Emulsin (a mixture of glycosidases ex-
tracted from almonds).?*® Although direct stereochemical analogues have made pre-
dictions of iminosugar activity straightforward initially, questions about the relation-
ship between stereochemistry and enzyme inhibition have increased with exploration

76-79;82

of non-6-membered ring sizes and identification of noncompetitive inhibition

by iminosugars. 22!

As discussed in Chapter 3, a number of iminopyranose stereochemistries have demon-

strated antiviral activity. D-DMJ compounds are able to inhibit viruses by disrupting
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5.2 Synthesis of Iminopyranose Stereoisomers

proper glycosylation,??? while D-DGJ compounds with sufficiently long alkylation can
inhibit the BVDV and HCV p7 ion channels. 7181182 p_DNJ compounds can oper-
ate via both of these mechanisms. Given the varied antiviral activities of these three
stereoisomers, synthesis of the other 13 iminopyranoses (Figure 5.1) was deemed
a worthwhile effort in order to fully elucidate which piperidine iminosugar stereo-
chemical arrangements correlate with antiviral properties. As the slightly different
three-dimensional configurations of the isomers impart variable selectivity towards
enzymes, this stereoisomeric library of iminosugars could identify as yet unknown
mechanisms of virus inhibition. Because the structures are constitutionally identical,
they act as ideal controls for one another, allowing comparisons to be easily made

between them.

Though all 8 relative stereochemistries of DNJ have been synthetically prepared pre-

67769;217:223-328 pever have all 16 absolute stereochemistries been obtained by

viously,
a unified route from a single starting material. In order to obtain the library of DNJ
stereoisomers, the synthetic plan was designed to complement work by the group of
Prof. G. W. J. Fleet (Department of Chemistry, University of Oxford). A series of
recent papers have detailed the versatility of 3,6-glucuronolactone 50 as a chiral pool

d.82;217;3297331 By prepar-

foothold from which a variety of iminsugars can be prepare
ing all 16 compounds from the two enantiomers of glucuronolactone, the versatility

of this inexpensive starting material was further demonstrated.

5.2 Synthesis of Iminopyranose Stereoisomers

In essence, the route to all of the stereoisomers was inspired by that described in
the previous chapter for D-gluco DNJ. To obtain the other stereoisomers, each stere-
ocenter of glucuronolactone 50 needed to be inverted independently. The D-gluco
synthesis exposes each hydroxyl group sequentially, except that of C4 is involved in
an intramolecular acetal throughout the entire sequence. For this reason, it was not

possible to invert the center in a straightforward manner. As such, only the eight
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Figure 5.1: Structures of Iminopyranose Stereoisomers. The stereoisomers are or-
ganized vertically by stereochemical similarity to D-glucose. D-DNJ 33D is identical
in configuration to the monosaccharide. The second row is epimeric to D-glucose,
the third differing by two stereocenters, the fourth row by three stereocenters, and
the bottom compound is the enantiomeric L-DNJ 33D. D-Isomers are shown in blue,
while L-isomers are shown in red.

stereoisomers with R-configuration at C4 can be prepared from D-glucuronolactone

50D.

To cover all of the stereochemical space available to the iminopyranose target, the

enantiomeric starting material, L-glucuronolactone, was prepared on large scale at

local industrial collaborator, Dextra (Reading, United Kingdom). D-Glycero-D-gu-

loheptono-vy-lactone 67D was protected as the benzylidene 96D (Scheme 5.1). Al-

though this leaves three hydroxyl groups unprotected, only two of them exist in a vic-
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5.2 Synthesis of Iminopyranose Stereoisomers

inal relationship susceptible to periodate cleavage (NalO,) which resulted in aldehyde
69L. Equilibration in aqueous trifluoroacetic acid (TFA) yielded L-glucuronolactone
49L. Protection with acetone in the presence of acid catalyst (H,SO,), as described
for the enantiomer in Chapter 4, provided the acetonide 50L from which the iminopy-
ranose synthesis could begin, with a yield of 42% over the four steps from 67D. As
both enantiomers of this material were in hand, all 16 stereoisomers were theoretically
accessible. For the sake of brevity, the synthesis of each stereoisomer of DNJ is shown
as the scheme for its D-enantiomer; the L-forms are obtained by an identical series of

reactions on the enantiomeric starting material.

HO ™~
HO™" a) PhCHO
HCI
67D
HO
e ¢) aq. CF3COOH
HO o T
0T
OH
49L

Jd) H,S04, (CH3),CO

Scheme 5.1: Synthesis of L-Glucuronolactone Acetonide. Reagents and conditions:
a) PhCHO (6.2 equiv), HCI, 25 °C, 2.5 h; b) NalO, (1.4 equiv), 10:1 THF:H,O,
40 °C, 3 h; ¢) 9:1 TFA:H,O0, 45 °C, 2 h; d) H,SO,, (CH,;),CO, 20 °C, 3.5 h, 42%
yield over the four steps from 67D.

Inversion of C5 represented the most straightforward isomer to obtain. D-gluco DNJ
(as discussed in Chapter 4) required double inversion to introduce the nitrogen with
overall retention; reaching the opposite configuration at this atom simplified the pro-
cedure, adding the azide directly to the triflate of glucuronolactone 50, to obtain

iduronolactone 70 after the single inversion (Scheme 5.2). In order to obtain the
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5.2 Synthesis of Iminopyranose Stereoisomers

D-ido isomer, L-glucuronolactone 50L must be used as the starting material. After
installation of the azide (Tf,0, pyridine; NaN;, 98% yield), the route matched that of
D-gluco: sequential reduction with DIBAL-H (-78 °C) and NaBH, (-10 °C) to provide
diol 71L in 54% yield. From there, removal of the acetonide and reductive amination
by hydrogenation yielded D-1-deoxyidonojirimycin (D-DIJ) 63D (96% yield), with an
overall yield of 50% from acetonide 50L.

Me
Me..\ ~O
a) szo .0
th © o
en -
NaNj 0
N3
70D
b) DIBAL-H
¢) NaBH,
oH d) H,0,
HO. _~_ LOH DOWEX 50WX8 e Y
\(I/OH then
H H,, Pd/C
63D

Scheme 5.2: Synthesis of D-1-Deoxyidonojirimycin. Reagents and conditions: a)
Tf,0 (1.1 equiv), pyridine (3.0 equiv), CH,Cl,, —40 °C, 2 h; NaN; (1.2 equiv), DMF,
-30 °C, 98%; b) DIBAL-H (3.0 equiv), CH,Cl,, —78 °C, 2 h; ¢) NaBH, (0.4 equiv),
MeOH, ~10 °C, 1 h, 54% over 2 steps; d) DOWEX 50WX8 (H™ form, 150 weight-%),
H,0, 70 °C, 3 h; H,, Pd/C (50 weight-%), 18 h, 96%.

In order to invert C3 and obtain D-1-deoxyallonojirimycin (D-DAJ) 61D, the synthesis
was diverted from the D-gluco route after formation of diol 53D. From there, the
primary alcohol of C6 could be selectively protected with TBSCI to provide silyl ether
72D in 67% yield (Scheme 5.3), leaving only the C3 hydroxyl group exposed. While
previous inversions took advantage of an « carbonyl to promote Sy2 reactivity, the
C3 alcohol had no such activation. Instead, the center was inverted by an oxidation-
reduction sequence (Dess-Martin periodinane [DMP], then NaBH,), affording D-allo
silyl ether 73D (95% yield over the two steps). The hydride is selectively delivered
from the top face of 72D, as the bottom face of the tetrahydrofuran system is blocked
by the ring of the acetonide group. The TBS ether was cleaved with TBAF to

unveil diol 74D (99% yield). The now standard acetonide deprotection-cyclization
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5.2 Synthesis of Iminopyranose Stereoisomers

procedure provided D-DAJ 61D in 95% yield from the diol and 37% from acetonide

50D.
Mey o,  ,OH Mey o,  ,OH
Me: -\ a) TBSCI Me..\(
O o OH pyridine o 1) OTBS
N3 N3
53D 72D
b) DMP
c) NaBHy
Me\ o,  OH M\ o, OH
Me“\/ e d) TBAF Me“\/ C—
O OH O oTBS
o) ¢
N3 NS
74D 73D
e) H,O, DOWEX 50WX8
then Hy, Pd/C
OH
HO., WOH
OH
N
H
61D

Scheme 5.3: Synthesis of D-1-Deoxyallonojirimycin. Reagents and conditions: a)
TBSCI (1.7 equiv), pyridine, 25 °C, 67%; b) DMP (1.5 equiv), CH,Cl,, 25 °C, 18 h;;
¢) NaBH, (0.4 equiv), MeOH, 10 °C, 1 h, 95% over 2 steps; d) TBAF (1.3 equiv),
THF, 25 °C, 2 h, 99%; ¢) DOWEX 50WX8 (H" form, 150 weight-%), H,O, 70 °C,
3 h; H,, Pd/C (50 weight-%), 18 h, 95%.

Although the acetonide and silyl ether could be removed deprotected simultaneously,
the stepwise deprotection allows for simpler purification, as the fully deprotected
compound is a mixture of anomers rather than a single compound and the anomers

are far more polar than 74.

The same reaction sequence provided D-1-deoxytalonojirimycin (D-DTJ) 64D in 44%

overall yield from D-ido diol 71D (Scheme 5.4) and 23% yield from 50L.

To isolate C2 for modification, the two free alcohols of 53D were simultaneously
protected as benzyl ethers (BnBr, NaH) to provide fully protected 78D in 85% yield
(Scheme 5.5). Because the anomeric position is already in the proper oxidation state
for the reductive amination, the acetonide functional group was initially cleaved in

MeOH with AcCl to provide the mixture of epimeric methyl glycosides, leaving only
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Me, o OH Me, 0 OH
Me! .\/ a) TBSCI Me! v\(
° o\“' OH pyridine o Ov" OTBS
N3

N3
71D 75D
b) DMP
c) NaBHy
Mey o OH Mey o OH
Me: \/ d) TBAF Me: \/
o OH o oTBS
o) 0
N3 N3
77D 76D
¢) H,0, DOWEX S0WX8
then Hy, Pd/C
OH
HO OH
OH
N
H
64D

Scheme 5.4: Synthesis of D-1-Deoxytalonojirimycin. Reagents and conditions: a)
TBSCI (1.7 equiv), pyridine, 25 °C, 65%; b) DMP (1.5 equiv), CH,Cl,, 25 °C, 18 h;
¢) NaBH, (0.4 equiv), MeOH, 10 °C, 1 h, 89% over 2 steps; d) TBAF (1.3 equiv),
THF, 25 °C, 2 h, 92%; ¢) DOWEX 50WX8 (H' form, 150 weight-%), H,O, 70 °C,
3 h; H,, Pd/C (50 weight-%), 18 h, 83%.

the C2 hydroxyl group unmasked. The hydroxyl group was successfully converted
to the corresponding triflate (Tf,O, pyridine, —40 °C); however, the substrate was
resistant to Sy2 substitution by CF;CO,Na.

As an alternative route to favor the desired inversion, acid catalyzed hydrolysis
(TsOH, 80 °C) removed the acetonide, unmasking both C2 and the anomeric po-
sition. Oxidation (K,CO,, I,) of the lactol to a lactone collapsed the anomeric pair
to a single compound 79D (58% yield over two steps). In addition to acting as a
protecting group for the anomeric position, the carbonyl activated the C2 substituent
toward Sy2 to overcome the difficulty faced in the methyl glycoside system. Convert-
ing the a-hydroxylactone to the triflate (Tf,0, pyridine, —40 °C) allowed attack by
trifluoroacetate (CF;CO,Na, DMF), which upon basic work up, hydrolyzed result-
ing in the desired D-manno configured 80D (93% yield). Hydrogentation conditions
(H,, Pd/C) effected both the cyclization and removal of the benzyl protecting groups
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resulting in D-DMJ 45D (96% yield, 27% from acetonide 50D). The order of the

reactions during the final step was determined by tracking of the reaction by mass

spectrometry.
Me o, OH Me o, OBn
Meu\( . a) NaH, BnBr Me“\/ .
Q- OH O OBn
(0] (0]
N N3
53D 78D
b) TsOH, H,0
C) Iz, K2C03
HO OBn HO OBn
d) Tf,0; i
o o OBn then 0 o OBn
N CF;CO,Na N3
80D 79D
e) DIBAL-H
£) Ha, Pd/C

OH
HO .OH
OH
N
H
45D

Scheme 5.5: Synthesis of D-1-Deoxymannojirimycin. Reagents and conditions:
a) BnBr (3.0 equiv), NaH (2.9 equiv), DMF, -10 — 25 °C, 14 h, 85%; b) TsOH
(2.2 equiv), 7:1 1,4-dioxane:H,0, 80 °C, 3 h; ¢) K,CO5 (2.0 equiv), I, (2.0 equiv),
t-BuOH, 100 °C, 3 h, 58% over 2 steps; d) Tf,0O (1.1 equiv), pyridine (3.0 equiv),
CH,Cl,, —40 °C, 2 h; CF;CO,Na (2 equiv), DMF, =30 — 25 °C, 93%; ¢) DIBAL-H
(3.0 equiv), CH,Cl,, 78 °C, 2 h; f) H,, Pd/C (50 weight-%), 18 h, 96% over 2 steps.

This method of inverting C2 was employed to provide the final three relative stere-
ochemistry, by performing the sequence on the diols with D-ido 71D, D-allo 74D,
and D-talo 77D to provide D-1-deoxygulonojirimycin (D-DUJ) 65D (Scheme 5.6,
24% from acetonide 50L), D-1-deoxyaltronojirimycin (D-DRJ) 66D (Scheme 5.7, 12%
from acetonide 50D), and D-DGJ 62D (Scheme 5.8, 14% from acetonide 50L), re-
spectively. It is important to note that the order of inversion is critical for the
stereochemistries that require inversion of both C2 and C3. The oxidation-reduction
sequence to manipulate C3 relies upon C2 to direct hydride addition in the second
step. As such, C3 must be inverted first (as described here) to obtain the target

compounds.
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Me o) OH
Me“x( 3
o OH
o
N3

71D

83D

¢) DIBAL-H
f) Hy, Pd/C

OH

HO,, ~_OH
[I/OH
N
H

65D

Scheme 5.6: Synthesis of D-1-Deoxygulonojirimycin.
a) BnBr (3.0 equiv), NaH (2.9 equiv), DMF, -10 — 25 °C, 14 h, 96%; b) TsOH
(2.2 equiv), 7:1 1,4-dioxane:H,0, 80 °C, 3 h; ¢) K,CO5 (2.0 equiv), I, (2.0 equiv),
t-BuOH, 100 °C, 3 h, 65% over 2 steps; d) Tf,0 (1.1 equiv), pyridine (3.0 equiv),
CH,Cl,, 40 °C, 2 h; CF4,CO,Na (2 equiv), DMF, -30 — 25 °C, 77%; ¢) DIBAL-H
(3.0 equiv), CH,Cl,, 78 °C, 2 h; f) H,, Pd/C (50 weight-%), 18 h, 96% over two

steps.

Me e} 0OBn
a) NaH, BnBr Me,.\/ -
o OBn
(e}
N3
81D

b) TsOH, H,0
C) Iz, K2C03

HO OBn
d) TO: .
then 0 O\" OBn
CF;CO,Na Ns
82D

Alkylation proceeded as described for D-DNJ in Chapter 4.

Reagents and conditions:
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Me o) OH Me o) 0OBn
Meux( ‘. - a)NaH, BnBr  Me:: -~
O OH O OBn
o o}
N3 N3
74D 84D
b) TsOH, H,0
c) I, K,CO3
HO 0OBn HO, OBn
; d) TH,0; —_
0 o) OBn then Oé\/_oa\(\ OBn
N3 CF3C02Na N3
86D 85D
e) DIBAL-H
f) Hy, PA/C
OH
HO__~._ .OH
\(j\/ OH
N
H
66D

Scheme 5.7: Synthesis of D-1-Deozyaltronojirimycin. Reagents and conditions:
a) BnBr (3.0 equiv), NaH (2.9 equiv), DMF, -10 — 25 °C, 14 h, 99%; b) TsOH
(2.2 equiv), 7:1 1,4-dioxane:H,0, 80 °C, 3 h; ¢) K,CO3 (2.0 equiv), I, (2.0 equiv),
t-BuOH, 100 °C, 3 h, 43% over 2 steps; d) Tf,O (1.1 equiv), pyridine (3.0 equiv),
CH,Cl,, 40 °C, 2 h; CF,CO,Na (2 equiv), DMF, 30 — 25 °C, 72%; ¢) DIBAL-H
(3.0 equiv), CH,Cl,, -78 °C, 2 h; f) H,, Pd/C (50 weight-%), 18 h, 97% over 2 steps.
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Me OH Me o 0Bn
Me,.X( a) NaH, BnBr Men\(
o] OH o OBn
0 o}
N3 N3
77D 87D
b) TsOH, H,O
¢) I, K,CO3
HO, OBn HO OBn
; d) Tf,0;
fo) O“. OBn then o O“b OBn
N3 CF3C02Na N3
89D 88D
e) DIBAL-H
) H,, Pd/C
OH
HO.,, OH
OH

N

H
62D

Scheme 5.8: Synthesis of D-1-Deozxygalactonojirimycin. Reagents and conditions:
a) BnBr (3.0 equiv), NaH (2.9 equiv), DMF, -10 — 25 °C, 14 h, 77%; b) TsOH
(2.2 equiv), 7:1 1,4-dioxane:H,0, 80 °C, 3 h; ¢) K,CO3 (2.0 equiv), I, (2.0 equiv),
t-BuOH, 100 °C, 3 h, 79%; d) Tf,0 (1.1 equiv), pyridine (3.0 equiv), CH,Cl,, —
40 °C, 2 h; CF;CO,Na (2 equiv), DMF, =30 — 25 °C, 88%; e¢) DIBAL-H (3.0 equiv),
CH,Cl,, -78 °C, 2 h; f) Hy, Pd/C (50 weight-%), 18 h, 93%.
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5.8 Enzyme Inhibition by Iminopyranoses

5.3 Enzyme Inhibition by Iminopyranoses

Each of the compounds was screened for inhibition up to a concentration of 1 mMm
in the same panel of isolated enzymes described in Chapter 3 by Prof. Atsushi Kato
(University of Toyama; Toyama, Japan). While several compounds remain to be
evaluated, the current results already reveal a number of trends (Table 5.1, Table 5.2,

and Table 5.3).

The most potent inhibitors of each enzyme were generally the iminosugars whose
stereochemical arrangement matched that of the natural substrate. Indeed, the D-
gluco series inhibited a-glucosidases with low and submicromolar ICsy values (0.16
— 2.1 um), and the D-galacto iminosugar was measured to have an ICsy of 61 nM
against human lysosomal a-galactosidase. In contrast, the [-glucosidases and (-
galactosidases were inhibited less potently than their o counterparts providing further
support to the model that deoxynojirimycins bind better to the active site of a-
glycosidases due to the alignment of the iminosugar’s cationic nitrogen atom with
the carboxylate residue of the enzyme (Figure 3.6B). Also, of note, the D-manno
compounds, despite stereochemical agreement with the substrate, demonstrated only
weak inhibition of the jack bean a-mannosidase tested, in line with previous literature

reports. 29!

Ability of other stereoisomers to inhibit each enzyme largely followed the trend that
greater similarity (i.e. more identical stereocenters) correlates with more potent inhi-
bition. However, each stereocenter’s inversion did not have an equal effect. Consid-
ering the three epimers of D-gluco, L-ido (C5 epimer) demonstrated the most potent
inhibition of a-glucosidases (IC5q from 8.4 — 55 pM), followed by D-manno (C2 epimer,
IC50 from 10 — 92 pM), while D-galacto (C4 epimer) showed no inhibition of two a-
glucosidases and poor inhibition of the other two (ICsy of 362 and 340 pMm). These
results indicate that R-configuration at C4 is critical for inhibition of the a-glucosidase
class. This was further validated, as other stereoisomers with S-configuration at C4

(D-ido and D-talo) also show poor inhibition of the a-glucosidases (IC59 > 762 puMm).

111



5.8 Enzyme Inhibition by Iminopyranoses

In a similar trend, the galactosidases were inhibited only by the epimers of D-galacto,
with D-talo (C3 epimer) inhibiting the examined a-galactosidase preferentially, and

D-gluco (C4 epimer) conversely inhibiting the S-galactosidases.

Unexpectedly, the glycolipid processing enzymes, human glucocerebrosidase (a [3-
glucosidase) and human glucosylceramide synthase (a glucosyltransferase) show greater
promiscuity with respect to inhibitor stereochemistry, and a strong dependence upon
N-alkylation, with longer alkyl chains correlating to greater potency. All of the
N-nonyl modified iminosugars are inhibitors of both enzymes, though the enzymes
have different stereochemical preferences. D-Gluco, L-ido, and both talo enantiomers
more potently inhibit the synthase, while D-manno was relatively selective for the

glucocerebrosidase.
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5.4 Inhibition of Infectious Virus Release

5.4 Inhibition of Infectious Virus Release

After screening for toxicity in the Huh7-Lunet-hCD81-GLuc and MDBK cell lines up
to a maximum concentration of 1 mM, the maximum nontoxic dose of each compound
was evaluated for antiviral effect with respect to HCV, BVDV, and DENV in cell
culture. For each virus, the TCID5q of the supernatant of treated cells was evaluated
by endpoint dilution assay as described in Section 4.8. N-nonyl derivatives were

evaluated at 100 pM, while all other compounds were tested at 1 mMm (Figure 5.2).

The alkylation series of D-gluco produced two different inhibition patterns (Chap-
ter 4), one for DENV and the other for HCV and BVDV. In contrast, the results
of the compounds screened here show a similar pattern of hits for all three viruses,
with titer values showing statistically significant differences (p < 0.001 for the three
viruses) between treatments. NB-D-DNJ, NB-D-DMJ, NN-bD-DMJ and NN-D-DTJ
demonstrated a significant effect in all three viral systems, while D-DGJ produced
a small but significant effect in the DENV system (Table 5.4). The reductions in
viral titer for NN-D-DMJ (100 pm) and NN-D-DTJ (100 um) were similar to that
resulting from treatment with NB-D-DNJ (1 mM), indicating that they are compa-
rable to but not more potent than previously examined iminosugars. NB-D-DMJ
(1 mM) produced an effect in each viral system approximately half that caused by

NN-D-DMJ.

As a second way of comparison, all compounds were screened at a uniform concen-
tration of 100 pM (Figure 5.3), as this was the maximum nontoxic concentration of
the N-nonyl iminosugars. In this situation, the difference in potency between the
nonyl derived compounds from the others is even more pronounced as the only two

iminosugars showing a statistically significant effect at 100 pm (Table 5.5).
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Figure 5.2: Screen of D-DMJ, D-DTJ, D-DI1J, and D-DGJ Series. (A) Huh7-Lunet-
hCD81-GLuc cells were infected with Jel HCV (MOI = 0.2) and then incubated
with media containing the indicated iminosugar at the highest non-toxic concentra-
tion (100 pM for NN-D-DMJ and NN-D-DTJ, 1 mM for all others) in duplicate. After
4 d, the cell supernatant was harvested, and the titer of infectious virus from each well
was measured by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-
hCD81-GLuc cells, calculating by the method of Reed and Muench.?!? (B) MDBK
cells were infected with Pe515-ncp strain BVDV (MOI = 10) and then incubated
with media containing 100 pM of the indicated iminosugar at the highest non-toxic
concentration (100 pM for NN-D-DMJ and NN-D-DTJ, 1 mM for all others) in du-
plicate. After 2 d, the cell supernatant was harvested, and the titer of infectious virus
from each well was measured by immunofluorescence endpoint dilution assay on naive
MDBK cells, calculating by the method of Reed and Muench.?? (C) Huh7-Lunet-
hCD81-GLuc cells were infected with 16681 DENV2 and then incubated with media
containing 100 pM of the indicated iminosugar at the highest non-toxic concentration
(100 pm for NN-D-DMJ and NN-D-DTJ, 1 mMm for all others) in duplicate. After 2 d,
the cell supernatant was harvested, and the titer of infectious virus from each well was
measured by immunofluorescence endpoint dilution assay on naive LLC-MKs cells,
calculating by the method of Reed and Muench.?'2 In all panels, each point indicates
an individual replicate value, with horizontal bars marking the mean value of each
treatment and error bars representing standard deviation. The data for each virus
were analysed by a one-way ANOVA using Prism 6. All three viruses showed sig-
nificant effects of some treatments (p < 0.001 in all cases). Treatments significantly
different from untreated are indicated: *:p < 0.05; **:p < 0.01; ***:p < 0.001.
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Figure 5.3: Screen of D-DMJ, D-DTJ, D-DIJ, and D-DGJ Series at 100 pm. (A)
Huh7-Lunet-hCD81-GLuc cells were infected with Jc1 HCV (MOI = 0.2) and then in-
cubated with media containing 100 pM of the indicated iminosugar in duplicate. After
4 d, the cell supernatant was harvested, and the titer of infectious virus from each well
was measured by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-
hCD81-GLuc cells, calculating by the method of Reed and Muench.?'? (B) MDBK
cells were infected with Pe515-ncp strain BVDV (MOI = 10) and then incubated with
media containing 100 pM of the 100 pM ofindicated iminosugar in duplicate. After
2 d, the cell supernatant was harvested, and the titer of infectious virus from each
well was measured by immunofluorescence endpoint dilution assay on naive MDBK
cells, calculating by the method of Reed and Muench.?'? In both panels, each point
indicates an individual replicate value, with horizontal bars marking the mean value
for each treatment and error bars representing standard deviation. The data for
each virus were analysed by a one-way ANOVA using Prism 6. All three viruses
showed significant effects of some treatments (p < 0.001 for HCV and p < 0.001 for
BVDV). Treatments significantly different from untreated are indicated: **:p < 0.01;
***:p < 0.001. Data collected in collaboration with Dr. J. Miller and M. Hill.

Table 5.5: Summary of Antiviral Effects of Screened Iminosugars at 100 pM.

HCV BVDV

Iminosugar Reduction in value Reduction in
log1o(TCIDs5g/mL) P log1(TCIDso/mL)

< 0.001 1.9 < 0.001
1.5 < 0.001

p value

NN-p-DMJ 95D 1.2
NN-D-DTJ 93D 0.8 0.008
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5.5 Discussion

Screening of the compounds for inhibition of isolated enzymes revealed that the major-
ity of enzymes are inhibited most potently by mimics of the sugars they have evolved
to cleave. Considering a-glucosidases, the stereochemistry of C4 as R seems to be of
particular importance. In contrast, the glycosphingolipid metabolic enzymes are more
sensitive with respect to iminosugar alkylation than to stereochemistry of the aza-
sugar itself. This propensity to be more potently inhibited by lipophilic iminosugars
could likely be explained by the fact that the native substrates themselves are lipids.
Co-crystallization trials are currently under way with human S-glucocerebrosidase
and the N-nonyl derivatives to bring clarity both to how the alkylation improves
binding, as well as how the enzyme active site accommodates such a variety of in-
hibitor stereochemistries. Specifically, there is interest in whether the iminosugar
conformation shifts to fill the active site or whether there are shifts in residues to

compensate the various presentations of hydroxyl groups of the inhibitors.

As the D- and L-DTJ series inhibit the glycolipid enzymes without inhibition of the
gastrointestinal glucosidases, these compounds are promising leads for the treatment
of Gaucher’s disease that might prove to have better side effect profiles if the effects

observed in vitro are conserved in vivo.

With respect to antiviral ability, the two most promising leads identified up to this
point are NN-D-DMJ and NN-D-DTJ, with both of these compounds demonstrating
antiviral ability against all three members of Flaviviridae tested: HCV, BVDV, and
DENV. While the long alkyl chain is in line with reports of features necessary for
viroporin p7 inhibition, DENV lacks this protein or any ion channel, indicating that

this could not be the sole mechanism of antiviral activity for these compounds.

NN-D-DMJ also inhibits a-glucosidases, including ER a-glucosidase II, so it is possi-
ble that its antiviral ability could be exerted wvia disruption of viral glycoprotein fold-
ing by inhibition of the ER a-glucosidases that regulate entry into the CNX/CRT

cycle. However, NN-D-DTJ does not inhibit a-glucosidases at the concentrations
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that it was found to be antiviral, meaning that a novel mechanism of antiviral activ-
ity has likely been identified. While this could be via the glycosphingolipid pathway
inhibition, other compounds that inhibit glucosylceramide glucosyltransferase (e.g.

NB-D-DTJ) are not antiviral, suggesting that this is not the correct explanation.

Although neither NN-D-DMJ nor NN-D-DTJ show inhibition of the mannosidases in-
cluded in the isolated enzyme panel, D-DMJ and its N-alkyl derivatives are inhibitors
of ER Manl, ER Manll, and Golgi Manl.!3* Inhibition of these enzymes involved in
N-glycan processing would result in viral glycoproteins with abnormal glycans, poten-
tially influencing the proper packaging and export of the proteins. This mechanism
is consistent with the fact that NB-D-DMJ effected a decrease in infectious virus
titer in all three virus culture systems. The difference between the therapeutic out-
come of the N-nonyl and N-butyl compounds can be understood as analogous to the
trend of DNJ compounds, with longer alkylation improving cellular uptake of the
iminosugar. '*® Furthermore, NN-D-DTJ might operate by the same mechanism as
D-DTJ is the C4 epimer of D-DMJ; differing by only one stereocenter, it is reason-
able that the structure could still inhibit the ER and Golgi mannosidases. In order
to investigate whether this mechanism is at work, the compounds could be tested
for inhibition of the enzymes in isolated form or the FOS produced by treated cells
could be examined. Alternatively, the viral glycoproteins of both treated and un-
treated samples could be isolated by immunoprecipitation with a glycan-independent

antibody, and the glycans subsequently cleaved and analyzed by mass spectrometry.

5.6 Conclusions

Synthetic routes were developed to turn each enantiomer of glucuronolactone into
8 of the iminopyranose stereoisomers, with D-glucuronolactone providing those that
have R-stereochemistry at C4 and L-glucuronolactone, the S-configuration. All of

the D-iminopyranoses have been prepared, demonstrating that every relative DNJ
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stereochemistry is available from glucuronolactone. Additionally, several of the L-
stereoisomers have been prepared in order to characterize the ability of the compounds

to inhibit viruses and isolated enzymes.

The antiviral assays identified three compounds as antiviral against all three members
of Flaviviridae examined: NB-D-DMJ, and the more potently antiviral NN-D-DMJ
and NN-D-DTJ. Though the known antiviral mechanisms of iminosugars (ER glu-
cosidase inhibition and p7 inhibition) can explain the inhibition of some of these
compounds against some of these viruses, neither of these mechanisms can explain
the broad-spectrum inhibition of all three identified compounds, indicating that at

least one previously unidentified mechanism of antiviral activity must be at work.

Future work will seek to identify exactly what this new mechanism or these new mech-
anisms are. Based on the enzymatic inhibition here, glycolipid metabolism might
be considered. The N-nonyl compounds are both inhibitors of glucosylceramide
metabolism; however, NB-D-DMJ inhibits the anabolic but not catabolic enzyme,
comparable to NB-D-DTJ, which is not antiviral. Alternatively, the antiviral effect
might be due to alteration of the N-glycan composition by inhibition of the ER and

Golgi mannosidases.

Experimentally, the rest of the iminosugar library are currently being screened for
enzyme inhibition and antiviral ability, and promising compounds, including those
identified in this chapter, will be evaluated for dose-response relationships over a

wider concentration range, rather than simply at a single concentration.

Looking further forward, a major limitation in providing antiviral doses of iminosugars
has been that they cause gastrointestinal distress as described in Chapter 3. As NN-
D-DTJ does not inhibit these off-target enzymes, it could be a promising point from

which to pursue the next generation of antiviral iminosugars.
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5.7 Selected Synthesis Experimental Data

Alkylation of iminosugars was carried out by the reductive amination procedure de-
scribed in Section 4.9. NMR spectra for compounds tested in biological assays are

included in Appendix B.

5.7.1 Synthesis of 1,2- O-Isopropylidene-a-L-glucurono-3,6-lac-
tone

3,5- O-Benzylidene-D-glycero-D-guloheptono-1,4-lactone 68D:
D-Glycero-D-guloheptono-y-lactone 67D (255 g, 1.20 mol, 1.0 equiv)
was suspended in benzaldehyde (750 mL, 7.42 mol, 6.2 equiv) with a

mechanical stirrer at 25 °C. HCI (32%, 75 mL) was added in a single
portion. The resulting mixture was stirred at that temperature for 2.5 h. Pet ether
(2 L) was added at a rate of 15 mL/min with vigorous stirring. After completion
of the addition, the mixture was stirred for a further 30 min. The suspension was
filtered to provide a white solid. The solid was returned to the reaction flask, and,
after blanketing with Ar, suspended in Et,O (875 mL). The suspension was stirred
vigorously for 30 min, then filtered. The filter cake was washed with a further portion
of Et,O (625 mL) and then dried in a vacuum oven overnight to provide crude 68D
as a white solid which was used in the next step without further purification. 68D:

R; = 0.43 (EtOAc:industrial methylated spirits (IMS):H,O = 45:5:1).

2,4- O-Benzylidene-L-glucurono-3,6-lactone 69L: Diol 68D
gf (163.03 g, 550 mmol, 1.0 equiv) was dissolved in 10:1 THF:H,O

L (1.243 L) in a 2-L reaction vessel. While stirring vigorously with a
mechanical stirrer, the mixture was heated to an internal temperature

of 40 °C. After stabilizing at this temperature, NalO, (151.81 g, 710 mmol, 1.3 equiv)
was added portion-wise over 40 min. During the addition, the temperature of the

heating jacket was lowered to 35 °C, and the temperature of the reaction mixture
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was maintained between 39 and 45 °C. After the final addition, the jacket tempera-
ture was returned to 40 °C, and the mixture was stirred at the same temperature for
1 h. TLC indicated that the reaction was not complete, so a further single portion of
NalO, (16.16 g, 76 mmol, 0.14 equiv) was added. The mixture was stirred for 1 h at
the same temperature, then cooled to 20 °C. The reactor was drained and rinsed out
with 10:1 THF:H,O (440 mL). The initially drained reaction mixture was filtered.
The filter cake was washed first with the rinse of the reaction vessel, and then by
10:1 THF:H,O (110 mL). The filtrate was concentrated under reduced pressure to
provide crude 69L as a white solid which was used in the next step without further

purification. 69L: Ry = 0.68 (EtOAc:IMS:H,O = 45:5:1).

L-glucurono-3,6-lactone 49L: Aldehyde 69L (assumed 1.2 mol) was

HOWQ\L&%O suspended in 9:1 TFA:H,O (750 mL). The reaction mixture was con-

o > nected to a rotary evaporator and rotated at atmospheric pressure in

a 45 °C water bath. After 15 min, the suspended solid had dissolved

completely. 2 h after rotating had commenced, the solution was concentrated un-

der reduced pressure at the same temperature. Toluene (2 x 500 mL) was added

to azeotropically remove the TFA under reduced pressure. H,O (1.5 L) and EtOAc

(400 mL) were added, and the layers were separated. The organic layer was extracted

with H,O (150 mL). The combined aqueous layers were washed with EtOAc (300 mL)

and concentrated under reduced pressure. Toluene (3 x 500 mL) was added to the

crude product to azeotropically remove H,O. 49L was obtained as a pale orange

solid which was used in the next step without further purification. 49L: R; = 0.47
(EtOAc:IMS:H,O = 45:5:1).

1,2- O-Isopropylidene-a-1-glucurono-3,6-lactone 50L: Acetone
Me\/\o?\t% (1.9 L) and H,SO, (conc., 63 mL) were combined, and the mixture
O

/ added to L-glucuronolactone 49L (assumed 1.2 mol). The mixture
OH
50L

was connected to a rotary evaporator and rotated at atmospheric
pressure in a 30 °C water bath. After 30 min, the starting material had dissolved

completely. The water bath temperature was reduced to 20 °C, and the mixture was
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rotated for 3.5 h at the same temperature. The mixture was quenched with solid
NaHCO; (1951.66 g) and stirred at 25 °C for 12 h. The mixture was filtered, and the
filter cake washed with acetone (2 L). To remove finer particulate matter, the filtrate
was filtered through a GF/A filter, and the subsequent filter cake washed with acetone
(50 mL). The filtrate was concentrated under reduced pressure. Toluene (2 x 500 mL)
was added to the crude product to azeotropically remove H,O. The residue was
purified by medium pressure chromatography (silica gel, heptane — heptane:acetone
= 3:1) and dried under reduced pressure. The obtained white solid was recrystallized
from toluene to provide 50L (108 g, 500 mmol, 42% yield over the four steps) as
white needles. 50L: Ry = 0.27 (acetone:pet ether = 3:7); spectral data were identical

to those previously reported. 332

5.7.2 Synthesis of D-1-Deoxyidonojirimycin

5-Azido-5-deoxy-1,2- O-isopropylidene-3-D-idurono-3,6-lactone

Me“ko . 70D: L-Glucuronolactone 50L (5.35 g, 25.0 mmol, 1.0 equiv) was
% dissolved in CH,Cl, (55 mL). After addition of pyridine (5.4 mlL,

N3
70D

67 mmol, 2.7 equiv), the solution was cooled to —40 °C (dry
ice/acetone bath). Tf,0 (5.4 mL, 32 mmol, 1.3 equiv) was added dropwise to the
solution. The solution was stirred for 2 h, maintaining the temperature of the bath
between —40 and —30 °C. The reaction mixture was diluted with CH,Cl, (100 mL)
and washed with aq. HCI (2 M, 3 x 100 mL). The organic layer was dried (MgSO,),
filtered and concentrated under reduced pressure, maintaining the temperature be-
low 30 °C during concentration. The obtained white solid was used directly in the
next reaction. Triflate (assumed 25 mmol, 1.0 equiv) was dissolved in DMF (25 mL),
and the solution cooled to —30 °C (dry ice/acetone bath). NaN; (2.00 g, 30.8 mmol,
1.2 equiv) was added to the solution portionwise. The solution was stirred for 2 h,
maintaining the reaction between —40 and —30 °C at all times. The reaction mix-
ture was diluted with brine (20 mL) and H,O (80 mL). The mixture was extracted
with EtOAc (1 x 200 mL, 2 x 100 mL). The combined organic layers were dried
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(MgSO,), filtered and concentrated under reduced pressure. The residue was purified
by flash column chromatography (silica gel, EtOAc:pet ether 1:4 — 2:3) to provide
azide 70D (5.90 g, 24.5 mmol, 98% yield) as a white crystalline solid. Spectral data

were identical to those previously reported.?3°

5- Azido-5-deoxy-1,2- O-Isopropylidene-3-D-idofuranose 71D:

Mge\(w Azidolactone 70D (7.18 g, 29.8 mmol, 1.0 equiv) was dissolved
T Ns " in CH,Cl, (150 mL), and the solution cooled to —78 °C (dry
o ice/acetone bath). DIBAL-H (1.5 M in toluene, 22 mL, 33 mmol,

1.1 equiv) was added to the solution dropwise. The solution was stirred for 2 h at
the same temperature. The reaction was quenched with dropwise addition of EtOAc
(3.3 mL) at —78 °C. The reaction was then diluted with CH,Cl, (200 mL) and 1.2 M
aq. Rochelle salt (200 mL). The layers were stirred vigorously for 18 h. The layers
were then separated and the aqueous layer extracted with CH,Cl, (6 x 100 mL). The
combined organic layers were dried (MgSO,), filtered and concentrated under reduced
pressure. The crude product (5.79 g, assumed 23.8 mmol, 1.0 equiv) was dissolved in
MeOH (70 mL), and the solution cooled to —20 °C (dry ice/acetone bath). NaBH,
(0.36 g, 10 mmol, 0.3 equiv) was added to the solution in a single portion, and the
solution stirred for 1 h at the same temperature. The reaction was quenched with
glacial AcOH (0.4 mL), concentrated under reduced pressure and purified by flash
column chromatography (silica gel, EtOAc:pet ether 1:1 — EtOAc) to provide diol
71D (3.98 gram, 16.2 mmol, 54% over the two steps) as a white crystalline solid.

Spectral data were identical to those previously reported.?3°

D-1-Deoxyidonojirimycin (D-DIJ) 63D: D-ido-diol 71D (900 mg,

oo 3.67 mmol, 1.0 equiv) was dissolved in H,O (10 mL). Dowex 50WX8
\(NI/OH (H* form) (1.3 g) was added, and the suspension stirred at 70 °C for
o 3 h. The reaction mixture was filtered, washing the resin with a further
portion of H,O (5 mL). Pd/C (10% Pd, 450 mg, 50 weight-%) was added and the
reaction stirred under H, balloon for 24 h. The Pd/C was removed by filtering

through glass microfiber (GF/B filter). The iminosugar was purified by strong cation
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exchange chromatography (Dowex 50WX8, H" form), washing with H,O and eluting
with 1:4 conc. NH,OH:H,0O. The combined ammoniacal fractions were concentrated
to provide D-DIJ 63D (575.4 mg, 3.53 mmol, 96% yield) as a brown oil. 63D: 'H
NMR (500 MHz, D,0): § = 3.89 — 3.78 (m, 3 H), 3.74 - 3.67 (m, 2 H), 3.28 (dt,
J = 8.1, 54 Hz, 2 H), 3.08 (dd, J = 12.9, 3.3 Hz, 1 H), 2.93 — 2.81 (m, 1 H) ppm;
HRMS (ESI): caled for CgH,3NO, [M + H*]: 164.0923, found 164.0918.

NB-p-DIJ 90D: 'H NMR (500 MHz, D,0): 6 = 4.04 — 3.89 (m, 2 H),

v _on 385 (dd, J = 9.7, 5.5 Hz, 1 H), 3.71 (ddd, J = 10.6, 8.7, 5.3 Hz, 1 H),

\Q;‘)” 3.54 (t, J = 9.3 Hz, 1 H), 3.24 (q, J = 5.1 Hz, 1 H), 2.98 (dd, J = 12.6,

)) 5.4 Hz, 1 H) 2.82 (td, J = 11.7, 11.1, 5.7 Hz, 1 H), 2.73 (td, J = 12.7,

P 11.9, 5.6 Hz, 1 H), 2.64 (¢, J = 11.5 Hz, 1 H), 1.58 (dddd, J = 16.9,

13.5, 11.1, 6.7 Hz, 2 H), 1.40 (heptet, J = 7.4 Hz, 2 H), 0.99 (t, J = 7.4 Hz, 3 H)
ppm; HRMS (ESI): caled for CgH3NO, [M + H']: 220.1543, found 220.1542.

Me

NN-p-D1J 91D: 'H NMR (500 MHz, CD;0OD): ¢ = 3.82 (qd,
OH

\(j; J = 11.5, 5.6 Hz, , 2 H), 3.69 (dd, J = 8.9, 5.2 Hz, 1 H), 3.57 -
OH

3.48 (m, 1 H), 3.38 (t, J = 8.5 Hz, 1 H), 3.02 (q, J = 5.5 Hz, 1 H),

H 2.82 - 2.69 (m, 2 H), 2.68 - 2.52 (m, 2 H), 1.51 (dd, J = 13.7, 7.3 Hz,

J 2 H), 1.41 — 1.21 (m, 14 H), 0.90 (t, J = 6.8 Hz, 3 H) ppm; HRMS
Ve (ESI): caled for Cy;Hy NO, [M + H*]: 290.2326, found 290.2323.

91D

5.7.3 Synthesis of D-1-Deoxyallonojirimycin

5-Azido-6- O-tert-butyldimethylsilyl-5-deoxy-1,2- O-isopro-
Mo\ (j\r pylidene-a-D-glucofuranose 72D: D-Gluco diol 53D (3.72 g,
. o 15.2 mmol, 1.0 equiv) was dissolved in pyridine (45 mL). While
stirring, TBSCI (3.89 g, 25.8 mmol, 1.7 equiv) was added in a sin-
gle portion. The reaction mixture was stirred for 18 h. The mixture was diluted with

EtOAc (125 mL) and washed with 2 M aq. HCI (3 x 75 mL).The organic layer was
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dried (MgSO,), filtered and concentrated under reduced pressure. The residue was
purified by flash column chromatography (silica gel, EtOAc:pet ether = 1:19 — 1:3)
to give TBS ether 72D (3.68 g, 10.2 mmol, 67% yield) as a colorless oil. Spectral
data were identical to those previously reported.5?

5-Azido-6- O-tert-butyldimethylsilyl-5-deoxy-1,2- O-isopro-

Me, o,  OH
Me: - 9

9 Woms pylidene-a-p-allofuranose 73D: Alcohol 72D (3.68 g, 10.2 mmol,
> 1.0 equiv) was dissolved in CH,Cl, (40 mL), and the solution
i cooled to 0 °C. Dess—Martin periodinane (6.49 g, 15.3 mmol,

1.5 equiv) was added in a single portion. The mixture was allowed to come to 25 °C

and stirred for 18 h. The reaction was diluted with EtOAc (200 mL) and quenched

with 1:1 sat. aq. Na,S,04: sat. aq. NaHCO; (150 mL). The layers were separated,
and the organic layer further washed with 1:1 sat. aq. Na,S,0;: sat. aq. NaHCO,

(2 x 100 mL). The organic layer was dried (MgSO,), filtered, and concentrated

under reduced pressure. The residue was purified by flash column chromatography

(silica gel, EtOAc:pet ether = 1:9 — 3:7) to provide the cyclic ketone as a color-

less oil. The product (1.0 equiv) was dissolved in EtOH (40 mL), and the solution

cooled to —20 °C (dry ice/acetone bath). NaBH, (0.42 g, 11.1 mmol, 1.1 equiv)
was added to the solution in a single portion, and the solution stirred for 1 h at
the same temperature. The reaction was quenched with glacial AcOH (0.4 mL) and

concentrated under reduced pressure. The residue was dissolved in EtOAc (100 mL)

and sat. aq. NaHCO, (100 mL). The layers were separated. The organic layer was

washed with sat. aq. NaHCO, (100 mL) and brine (100 mL), dried (MgSO,), filtered
and concentrated under reduced pressure. The residue was purified by flash column
chromatography (silica gel, EtOAc:pet ether = 1:19 — 1:4) to give D-allo silyl ether
73D (3.47 g, 9.65 mmol, 95% yield) as a colorless oil. Spectral data were identical to

those previously reported.®?
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Me o,  OH 5-Azido-5-deoxy-1,2- O-isopropylidene-a-D-allofuranose 74D:
o Wo“ Silyl ether 73D (100 mg, 280 pmol, 1.0 equiv) was dissolved in THF
74D (3 mL) and the solution cooled to 0 °C (ice/H,O bath). TBAF (1 M

in THF, 0.6 mL, 600 nmol, 2.1 equiv) was added dropwise, and the
mixture was allowed to come to room temperature over 1 h. The mixture was concen-
trated under reduced pressure and purified by flash column chromatography (silica
gel, EtOAc:pet ether = 1:1 — EtOAc) to provide D-allo diol 74D (68 mg, 278 nmol,
99% yield) as a white crystalline solid. Spectral data were identical to those previously

reported. 52

D-1-Deoxyallonojirimycin (D-DAJ) 61D: D-allo-diol 74D (750 mg,
HO), i won3.06 mmol, 1.0 equiv) was dissolved in H,O (10 mL). Dowex 50WX8
(E.jVOH (H* form) (1.1 g) was added, and the suspension stirred at 70 °C for
n 3 h. The reaction mixture was filtered, washing the resin with a further
portion of H,O (5 mL). Pd/C (10% Pd, 375 mg, 50 weight-%) was added and the
reaction stirred under H, balloon for 24 h. The Pd/C was removed by filtering
through glass microfiber (GF/B filter). The iminosugar was purified by strong cation
exchange chromatography (Dowex 50WX8, H" form), washing with H,O and eluting
with 1:4 conc. NH,OH:H,O. The combined ammoniacal fractions were concentrated
to provide D-DAJ 61D (473 mg, 2.902 mmol, 95% yield) as a brown oil. 61D: 'H
NMR (500 MHz, D,0): & = 4.18 (t, J = 2.7 Hz, 1 H), 3.89 (dd, J = 11.7, 3.1 Hy,
1 H), 3.80 (ddd, J = 11.2, 5.2, 2.8 Hz, 1 H), 3.74 (dd, J = 11.8, 5.8 Hz, 1 H), 3.58
(dd, J = 104, 2.9 Hz, 1 H), 2.96 (dd, J = 12.2, 5.1 Hz, 1 H), 2.87 (ddd, J = 10.3,
5.7, 3.0 Hz, 1 H), 2.80 (dd, J = 12.2, 11.2 Hz, 1 H) ppm; HRMS (ESI): calcd for
CgH;3NO, [M + H*]: 164.0923, found 164.0916.
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5.7.4 Synthesis of D-1-Deoxytalonojirimycin

5-Azido-6- O-tert-butyldimethylsilyl-5-deoxy-1,2- O-isopro-
Me,
MGYZZTO\H( pylidene-fg-D-idofuranose 75D: D-Ido diol 71D (1.26 g,
o . oTBS
o

Ns 5.14 mmol, 1.0 equiv) was dissolved in pyridine (16 mL). While

”r stirring, TBSCI (1.31 g, 8.69 mmol, 1.7 equiv) was added in a sin-

gle portion. The reaction mixture was stirred for 18 h. The mixture was diluted with
EtOAc (50 mL) and washed with 2 M aq. HCI (3 x 50 mL).The organic layer was
dried (MgSO,), filtered and concentrated under reduced pressure. The residue was
purified by flash column chromatography (silica gel, EtOAc:pet ether = 1:19 — 1:3)
to give TBS ether 75D (1.20 g, 3.34 mmol, 65% yield) as a colorless oil. Spectral

data were identical to those previously reported.33°

5-Azido-6- O-tert-butyldimethylsilyl-5-deoxy-1,2- O-isopro-
Mh:e\/jz_Q pylidene-j-D-talofuranose 76D: Alcohol 75D (1.20 g, 3.34 mmol,
o OTBS

(0]

Ns 1.0 equiv) was dissolved in CH,Cl, (15 mL), and the solution

76D cooled to 0 °C. Dess—Martin periodinane (2.13 g, 5.02 mmol,

1.5 equiv) was added in a single portion. The mixture was allowed to come to 25 °C
and stirred for 18 h. The reaction was diluted with EtOAc (100 mL) and quenched
with 1:1 sat. aq. Na,S,0,: sat. aq. NaHCO, (100 mL). The layers were separated,
and the organic layer further washed with 1:1 sat. aq. Na,S,05: sat. aq. NaHCO,
(2 x 50 mL). The organic layer was dried (MgSO,), filtered, and concentrated under
reduced pressure. The residue was purified by flash column chromatography (silica
gel, EtOAc:pet ether = 1:9 — 3:7) to provide the cyclic ketone as a colorless oil.
The product (1.0 equiv) was dissolved in EtOH (15 mL), and the solution cooled to
—20 °C (dry ice/acetone bath). NaBH, (127 mg, 3.36 mmol, 1.0 equiv) was added
to the solution in a single portion, and the solution stirred for 1 h at the same tem-
perature. The reaction was quenched with glacial AcOH (0.2 mL) and concentrated
under reduced pressure. The residue was dissolved in EtOAc (100 mL) and sat.

aq. NaHCO, (100 mL). The layers were separated. The organic layer was washed
with sat. aq. NaHCO; (100 mL) and brine (100 mL), dried (MgSO,), filtered and
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concentrated under reduced pressure. The residue was purified by flash column chro-
matography (silica gel, EtOAc:pet ether = 1:19 — 1:4) to give D-talo silyl ether 76D
(1.07 g, 2.98 mmol, 89% yield) as a colorless oil. Spectral data were identical to those

previously reported. 330

5- Azido-5-deoxy-1,2- O-isopropylidene-j-D-talofuranose 77D:

MZ?\(}Q Silyl ether 76D (1.07 g, 2.98 mmol, 1.0 equiv) was dissolved in THF
T Ns " (15 mL) and the solution cooled to 0 °C (ice/H,O bath). TBAF
" (I M in THF, 3.7 mL, 3.7 mmol, 1.2 equiv) was added dropwise,

and the mixture was allowed to come to room temperature over 1 h. The mixture was
concentrated under reduced pressure and purified by flash column chromatography
(silica gel, EtOAc:pet ether = 1:1 — EtOAc) to provide D-talo diol 77D (670 mg,
2.73 mmol, 92% yield) as a white crystalline solid. Spectral data were identical to

those previously reported.33°

D-1-Deoxytalonojirimycin (D-DTJ) 64D: D-talo-diol 77D (1.50 g,

OH
HO\EI)/H 6.12 mmol, 1.0 equiv) was dissolved in H,O (20 mL). Dowex 50WX8
v~ (H* form) (2.50 g) was added, and the suspension stirred at 70 °C for

64D
3 h. The reaction mixture was filtered, washing the resin with a further

portion of H,O (20 mL). Pd/C (10% Pd, 750 mg, 50 weight-%) was added and
the reaction stirred under H, balloon for 24 h. The Pd/C was removed by filtering
through glass microfiber (GF/B filter). The iminosugar was purified by strong cation
exchange chromatography (Dowex 50WX8, H" form), washing with H,O and eluting
with 1:4 conc. NH,OH:H,O. The combined ammoniacal fractions were concentrated
to provide D-DTJ 64D (826.6 mg, 5.07 mmol, 83% yield) as a colorless oil. 64D:
() = 225 (H,0, ¢ = 1.00); 'H NMR (500 MHz, D,0): § = 4.34 - 4.30 (m, 1 H),
4.25 -4.22 (m, 1 H), 3.96 (d, J = 6.9 Hz, 2 H), 3.92 (¢, J = 3.4 Hz, 1 H), 3.61 (dd,
J =13.8,2.9 Hz, 1 H), 3.48 (td, J = 6.9, 1.7 Hz, 1 H), 3.34 (dd, J = 13.8, 2.0 Hz, 1
H) ppm; HRMS (ESI): caled for CgH,3NO, [M + HT]: 164.0923, found 164.0918.
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oH NB-p-DTJ 92D: 'H NMR (500 MHz, CD,0D): § = 3.94 — 3.89 (m,

HO, OH
A on 1H),3.84(dd, J =5.1,2.7 Hz, 2 H), 3.80 (d, J = 6.7 Hz, 1 H), 3.56 (t,
J) J =3.1Hz, 1 H), 2.95 (dd, J = 12.2, 5.7 Hz, 1 H), 2.71 (dt, J = 13.4,

20 7.9 Hz, 1 H), 2.61 (dt, J = 13.6, 7.4 Hz, 1 H), 2.56 — 2.42 (m, 2 H),
1.49 (quin, J = 7.8 Hz, 2 H), 1.40 — 1.27 (m, 2 H), 0.94 (t, J = 7.4 Hz,
1 H) ppm; HRMS (ESI): caled for CgH,3NO, [M + H*]: 220.1549, found 220.1543.

NN-p-DTJ 93D: 'H NMR (500 MHz, CD,OD): § = 3.92 (t,
OH
oo 1_ow J =32 Hz 1H), 3.88 — 3.77 (m, 3 H), 3.57 (t, J = 3.2 Hz, 1

OH

: H), 2.96 (dd, J = 12.3, 5.7 Hz, 1 H), 2.72 (dt, J = 15.7, 7.3 Hz, 1

| H), 2.66 — 2.58 (m, 1 H), 2.55 — 2.41 (m, 2 H), 1.56 - 1.45 (m, 2 H),
Hj 1.37 - 1.22 (m, 14 H), 0.90 (t, J = 6.7 Hz, 3 H) ppm; HRMS (ESI):
Ve caled for C,H,,NO, [M + HT]: 290.2331, found 290.2324.

93D

5.7.5 Synthesis of D-1-Deoxymannojirimycin

5-Azido-3,6-di- O-benzyl-5-deoxy-1,2- O-isopropylidene-«a-D-

MZ?\(Q'(XO\B"( glucofuranose 78D: D-Gluco diol 53D (1.25 g, 5.10 mmol,
T NS\OBn 1.0 equiv) was dissolved in DMF (15 mL). BnBr (1.83 mL,
o 15.4 mmol, 3.0 equiv) was added, and the solution was cooled to

—10 °C. NaH (360 mg, 15.0 mmol, 2.9 equiv) was added portionwise. The reaction
was allowed to warm to 25 °C and stirred at the same temperature for 14 h. The reac-
tion was quenched with MeOH (0.3 mL), diluted with EtOAc (150 mL) and washed
with 1:1 brine:H,O (5 x 100 mL). The organic layer was dried (MgSO,), filtered
and concentrated under reduced pressure. The residue was purified by flash column
chromatography (silica gel, EtOAc:pet ether = 1:9 — 1:4) to provide dibenzyl ether
78D (1.84 g, 4.32 mmol, 85% yield) as a colorless oil. Spectral data were identical to

those previously reported. 2!
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HO,  oBn 5-Azido-3,6-di- O-benzyl-5-deoxy-D-glucono-1,4-lactone 79D:
oo [ " Dibenzylacetonide 78D (1.84 g, 4.32 mmol, 1.0 equiv) was dissolved in
Top 7:1 1,4-dioxane:H,O (12 mL) and the solution heated to 80 °C. TsOH

(1.82 g, 9.57 mmol, 2.2 equiv) was added, and further H,O (3.5 mL)
was added at a steady rate over 30 min. The reaction mixture was stirred at the
same temperature for 3 h, then allowed to cool to 25 °C. The mixture was quenched
with sat. aq. NaHCO, (100 mL) and extracted with EtOAc (3 x 100 mL). The
combined organic layers were dried (MgSO,), filtered, and concentrated under re-
duced pressure. The residue (1.0 equiv) was dissolved in ¢-BuOH (25 mL), and the
solution heated to 100 °C. K,CO, (1.69 g, 12.2 mmol, 2.8 equiv) and I, (3.10 g,
12.2 mmol, 2.8 equiv) were added sequentially. The reaction mixture was stirred at
the same temperature for 3 h, and then cooled to 25 °C. The mixture was diluted
with EtOAc (150 mL) and sat. aq. Nay,S,05 (100 mL) and stirred vigorously until
the brown iodine color was no longer observed. The layers were separated, and the
aqueous layer was extracted with EtOAc (3 x 100 mL). The combined organic layers
were dried (MgSO,), filtered, and concentrated under reduced pressure. The residue
was purified by flash column chromatography (silica gel, EtOAc:pet ether = 1:19 —
1:3) to provide D-gluco lactone 79D (960 mg, 2.5 mmol, 58% yield) as a colorless oil.

Spectral data were identical to those previously reported.?!?

5-Azido-3,6-di- O-benzyl-5-deoxy-D-mannono-1,4-lactone 80D:

m@ Lactone 79D (960 mg, 2.5 mmol,1.0 equiv) was dissolved in CH,Cl,

’ N ” (11 mL). After addition of pyridine (650 uL, 8.1 mmol, 3.2 equiv), the
" solution was cooled to —40 °C (dry ice/acetone bath). Tf,0 (600 pL,

3.6 mmol, 1.4 equiv) was added dropwise to the solution. The solution was stirred
for 2 h, maintaining the temperature of the bath between —40 and —30 °C. The re-
action mixture was diluted with CH,Cl, (50 mL) and washed with aq. HCI (2 M,
3 x 25 mL). The organic layer was dried (MgSO,), filtered and concentrated under

reduced pressure, maintaining the temperature below 30 °C during concentration.

The thus obtained residue (1.0 equiv) was dissolved in DMF (5 mL). CF;CO,Na
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(680 mg, 5.0 mmol, 2.0 equiv) was added to the solution portionwise. The solution
was stirred at room temperature for 18 h. The reaction mixture was diluted with
sat. aq. NaHCO, (50 mL), and the mixture was extracted with EtOAc (3 x 50 mL).
The combined organic layers were dried (MgSO,), filtered and concentrated under re-
duced pressure. The residue was purified by flash column chromatography (silica gel,
EtOAc:pet ether = 1:19 — 1:3) to provide D-manno lactone 80D (890 mg, 2.3 mmol,
93% yield) as a colorless oil. Spectral data were identical to those previously re-

ported.®?

D-1-Deoxymannojirimycin (D-DMJ) 45D: Hydroxylactone 80D

Ho\%;m (1.00 g, 2.6 mmol, 1.0 equiv) was dissolved in CH,Cl, (10 mL), and
v """ the solution cooled to ~78 °C (dry ice/acetone bath). DIBAL-H (1.5 M

o in toluene, 5.0 mL, 7.5 mmol, 2.9 equiv) was added to the solution drop-
wise. The solution was stirred for 2 h at the same temperature. The reaction was
quenched with dropwise addition of EtOAc (5.0 mL) at 78 °C. The reaction was then
diluted with CH,Cl, (100 mL) and 1.2 M aq. Rochelle salt (100 mL). The layers were
stirred vigorously for 18 h. The layers were then separated and the aqueous layer ex-
tracted with CH,Cl, (6 x 50 mL). The combined organic layers were dried (MgSO,),
filtered and concentrated under reduced pressure. The crude product was dissolved in
dioxane (50 mL). Pd/C (10% Pd, 500 mg, 50 weight-%) was added and the reaction
stirred under H, balloon for 24 h. Glacial AcOH (0.5 mL, 1% final concentration)
was added to the mixture, and the reaction was stirred under H, balloon for a further
24 h. The Pd/C was removed by filtering through glass microfiber (GF/B filter). The
iminosugar was purified by strong cation exchange chromatography (Dowex 50WX8,
H* form), washing with H,O and eluting with 1:4 conc. NH,OH:H,O. The combined
ammoniacal fractions were concentrated to provide D-DMJ 45D (410.2 mg, 2.5 mmol,
96% yield) as a colorless oil. 45D: '"H NMR (500 MHz, D,0): ¢ = 4.11 (td, J = 3.0,
1.5 Hz, 1 H), 3.93 - 3.83 (m, 2 H), 3.72 (t, J = 9.7 Hz, 1 H), 3.67 (dd, J = 9.6,
3.1 Hz, 1 H), 3.14 (dd, J = 14.3, 2.8 Hz, 1 H), 2.90 (dd, J = 14.4, 1.6 Hz, 1 H), 2.64
(ddd, J = 9.8, 4.6, 3.5 Hz, 1 H) ppm; HRMS (ESI): caled for CgH,3NO, [M + H*]:
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164.0923, found 164.0918.

NB-p-DMJ 94D: 'H NMR (500 MHz, CD,0OD): § = 3.93 — 3.80 (m,

o J_on 3 H),3.67(t, J =9.2Hz 1H), 299 (dd, J = 12.3, 3.4 Hz, 1 H), 2.82

T - 2.73 (m, 1 H), 2.65 - 2.56 (m, 1 H), 2.50 (d, J = 12.3 Hz, 1 H), 2.14

f (d, J = 6.0 Hz, 1 H), 1.47 (quin, J = 8.0 Hz, 2 H), 1.32 (dt, J = 13.6,

6.7 Hz, 2 H), 0.94 (t, J = 7.5 Hz, 3 H) ppm; HRMS (ESI): calcd for
CeHsNO, [M + H*]: 220.1549, found 220.1544.

Me

NN-p-DMJ 95D: 'H NMR (500 MHz, CD,OD): 6§ = 3.94 — 3.79
o 1_on (m, 3 H), 3.67 (t, J = 9.0 Hz, 1 H), 3.61 (q, J = 7.1 Hz, 2 H) 3.06

OH

N ~2.96 (m, 1 H), 2.83 — 2.71 (m, 1 H), 2.66 — 2.56 (m, 1 H), 2.51 (d,

H) J =12.2 Hz, 1 H), 2.20 — 2.09 (m, 1 H), 1.48 (quin, J = 7.7 Hz, 2

{ H), 1.37 - 1.23 (m, 14 H), 0.90 (t, J = 6.9 Hz, 3 H) ppm; HRMS
Ve (ESI): caled for CgH3NO, [M + H']: 290.2331, found 290.2325.

95D

5.7.6 Synthesis of D-1-Deoxygulonojirimycin

5-Azido-3,6-di- O-benzyl-5-deoxy-1,2- O-isopropylidene-(3-D-
Me\(-of\\f idofuranose 81D: D-Ido diol 71D (3.50 g, 14.3 mmol, 1.0 equiv)
T L™ was dissolved in DMF (50 mL). BnBr (5.2 mL, 43.7 mmol,
3.0 equiv) was added, and the solution was cooled to =10 °C. NaH
(1.00 g, 25 mmol, 1.8 equiv) was added portionwise. The reaction was allowed to
warm to 25 °C and stirred at the same temperature for 14 h. The reaction was
quenched with MeOH (1.0 mL), diluted with EtOAc (200 mL) and washed with
1:1 brine:H,O (2 x 100 mL). The organic layer was dried (MgSO,), filtered and
concentrated under reduced pressure. The residue was purified by flash column chro-
matography (silica gel, EtOAc:pet ether = 1:9 — 1:4) to provide dibenzyl ether 81D
(5.85 g, 13.7 mmol, 96% yield) as a colorless oil. Spectral data were identical to those

previously reported. 2
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HO_  OBn 5-Azido-3,6-di- O-benzyl-5-deoxy-D-idono-1,4-lactone  82D:
Oéz—o‘\\gom Dibenzylacetonide 81D (5.85 g, 13.8 mmol, 1.0 equiv) was dissolved in
820 7:1 1,4-dioxane:H,O (40 mL) and the solution heated to 80 °C. TsOH
(5.75 g, 30.3 mmol, 2.2 equiv) was added, and further H,O (12.5 mL)
was added at a steady rate over 30 min. The reaction mixture was stirred at the same
temperature for 3 h, then allowed to cool to 25 °C. The mixture was quenched with
sat. aq. NaHCO, (200 mL) and extracted with EtOAc (3 x 200 mL). The combined
organic layers were dried (MgSO,), filtered, and concentrated under reduced pressure.
The residue (1.0 equiv) was dissolved in ¢-BuOH (60 mL), and the solution heated to
100 °C. K,CO; (3.66 g, 26.5 mmol, 2.0 equiv) and I, (6.72 g, 26.5 mmol, 2.0 equiv)
were added sequentially. The reaction mixture was stirred at the same temperature
for 3 h, and then cooled to 25 °C. The mixture was diluted with EtOAc (150 mL) and
sat. aq. Na,S,04 (100 mL) and stirred vigorously until the brown iodine color was
no longer observed. The layers were separated, and the aqueous layer was extracted
with EtOAc (3 x 100 mL). The combined organic layers were dried (MgSO,), filtered,
and concentrated under reduced pressure. The residue was purified by flash column
chromatography (silica gel, EtOAc:pet ether = 1:19 — 1:3) to provide D-ido lactone
82D (3.45 g, 9.0 mmol, 65% yield) as a colorless oil. Spectral data were identical to
those previously reported.®2
5-Azido-3,6-di- O-benzyl-5-deoxy-D-gulono-1,4-lactone 83D:
OZﬂOBn Lactone 82D (3.45 g, 9.0 mmol,1.0 equiv) was dissolved in CH,Cl,
N (35 mL). After addition of pyridine (2.2 mL, 27 mmol, 3 equiv), the
830 solution was cooled to —40 °C (dry ice/acetone bath). Tf,0 (2.0 mL,
12 mmol, 1.3 equiv) was added dropwise to the solution. The solution was stirred
for 2 h, maintaining the temperature of the bath between —40 and —30 °C. The re-
action mixture was diluted with CH,Cl, (200 mL) and washed with aq. HCI (2 M, 3
x 100 mL). The organic layer was dried (MgSO,), filtered and concentrated under

reduced pressure, maintaining the temperature below 30 °C during concentration.

The thus obtained residue (1.0 equiv) was dissolved in DMF (15 mL). CF;CO,Na
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(2.45 g, 18.0 mmol, 2.0 equiv) was added to the solution portionwise. The solution
was stirred at room temperature for 18 h. The reaction mixture was diluted with sat.
aq. NaHCO, (150 mL), and the mixture was extracted with EtOAc (3 x 100 mL).
The combined organic layers were dried (MgSO,), filtered and concentrated under re-
duced pressure. The residue was purified by flash column chromatography (silica gel,
EtOAc:pet ether = 1:19 — 1:3) to provide D-gulo lactone 83D (2.66 g, 6.94 mmol,
77% yield) as a colorless oil. Spectral data were identical to those previously re-

ported.®?

D-1-Deoxygulonojirimycin (D-DUJ) 65D: Hydroxylactone 83D

HO., Lo (1.88 g, 4.9 mmol, 1.0 equiv) was dissolved in CH,Cl, (20 mL), and
H&OH the solution cooled to —78 °C (dry ice/acetone bath). DIBAL-H (1.5 M
- in toluene, 5 mL, 7.5 mmol, 1.5 equiv) was added to the solution drop-
wise. The solution was stirred for 2 h at the same temperature. The reaction was
quenched with dropwise addition of EtOAc (5.0 mL) at —78 °C. The reaction was
then diluted with CH,Cl, (100 mL) and 1.2 M aq. Rochelle salt (100 mL). The
layers were stirred vigorously for 18 h. The layers were then separated and the aque-
ous layer extracted with CH,Cl, (6 x 50 mL). The combined organic layers were
dried (MgSO,), filtered and concentrated under reduced pressure. The crude prod-
uct was dissolved in dioxane (50 mL). Pd/C (10% Pd, 940 mg, 50 weight-%) was
added and the reaction stirred under H, balloon for 24 h. Glacial AcOH (0.5 mL,
1% final concentration) was added to the mixture, and the reaction was stirred under
H, balloon for a further 24 h. The Pd/C was removed by filtering through glass
microfiber (GF/B filter). The iminosugar was purified by strong cation exchange
chromatography (Dowex 50WX8, H* form), washing with H,O and eluting with 1:4
conc. NH,OH:H,O. The combined ammoniacal fractions were concentrated to pro-
vide b-DUJ 65D (763.1 mg, 4.7 mmol, 96% yield) as a colorless oil. 65D: 'H NMR
(400 MHz, D,O): 6 = 4.00 (ddd, J = 11.4, 5.1, 2.7 Hz, 1 H), 3.93 - 3.86 (m, 2 H),
3.73 - 3.56 (m, 2 H), 3.16 (dd, J = 8.0, 5.7 Hz, 1 H), 3.00 (dd, J = 12.2, 4.8 Hz, 1
H), 2.83 (t, J = 11.7 Hz, 1 H) ppm; HRMS (ESI): caled for C;H,;3NO, [M + H™J:
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164.0923, found 164.0918.

5.7.7 Synthesis of D-Deoxyaltronojirimycin

5-Azido-3,6-di- O-benzyl-5-deoxy-1,2- O-isopropylidene-a-D-

Me \( allofuranose 84D: D-Allo diol 74D (3.51 g, 14.3 mmol, 1.0 equiv)

N Q\fom was dissolved in DMF (40 mL). BnBr (5.10 mL, 42.9 mmol,
3.0 equiv) was added, and the solution was cooled to —10 °C. NaH
(1.66 g, 41.5 mmol, 2.9 equiv) was added portionwise. The reaction was allowed to
warm to 25 °C and stirred at the same temperature for 14 h. The reaction was
quenched with MeOH (1.0 mL), diluted with EtOAc (100 mL) and washed with
1:1 brine:H,O (2 x 100 mL). The organic layer was dried (MgSO,), filtered and
concentrated under reduced pressure. The residue was purified by flash column chro-
matography (silica gel, EtOAc:pet ether = 1:9 — 1:4) to provide dibenzyl ether 84
(6.03 g, 14.2 mmol, 99% yield) as a colorless oil. Spectral data were identical to those

previously reported. 8?2

5-Azido-3,6-di- O-benzyl-5-deoxy-D-allono-1,4-lactone  85D:

HO, OBn
— Dibenzylacetonide 84D (6.03 g, 14.2 mmol, 1.0 equiv) was dissolved in
] @\f“" y (6.03 ¢ quiv)
N 7:1 1,4-dioxane:H,O (40 mL) and the solution heated to 80 °C. TsOH

85D

(5.94 g, 31.2 mmol, 2.2 equiv) was added, and further H,O (12.5 mL)
was added at a steady rate over 30 min. The reaction mixture was stirred at the same
temperature for 3 h, then allowed to cool to 25 °C. The mixture was quenched with
sat. aq. NaHCO, (200 mL) and extracted with EtOAc (3 x 200 mL). The combined
organic layers were dried (MgSO,), filtered, and concentrated under reduced pressure.
The residue (1.0 equiv) was dissolved in ¢-BuOH (75 mL), and the solution heated to
100 °C. K,CO;4 (3.93 g, 28.4 mmol, 2.0 equiv) and I, (7.21 g, 28.4 mmol, 2.0 equiv)
were added sequentially. The reaction mixture was stirred at the same temperature
for 3 h, and then cooled to 25 °C. The mixture was diluted with EtOAc (150 mL)

and sat. aq. Na,S,05 (100 mL) and stirred vigorously until the brown iodine color
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was no longer observed. The layers were separated, and the aqueous layer was ex-
tracted with EtOAc (3 x 100 mL). The combined organic layers were dried (MgSO,),
filtered, and concentrated under reduced pressure. The residue was purified by flash
column chromatography (silica gel, EtOAc:pet ether = 1:19 — 1:3) to provide D-allo
lactone 85D (2.33 g, 6.08 mmol, 43% yield) as a colorless oil. Spectral data were

identical to those previously reported.®2

5-Azido-3,6-di- O-benzyl-5-deoxy-D-altrono-1,4-lactone 86D:

R‘\OB Lactone 85D (3.83 g, 10.0 mmol,1.0 equiv) was dissolved in CH,Cl,
’ N " (45 mL). After addition of pyridine (2.4 mL, 30 mmol, 3 equiv), the
" solution was cooled to —40 °C (dry ice/acetone bath). Tf,0 (2.2 mL,

13 mmol, 1.3 equiv) was added dropwise to the solution. The solution was stirred for
2 h, maintaining the temperature of the bath between —40 and —30 °C. The reaction
mixture was diluted with CH,Cl, (200 mL) and washed with aq. HCI (2 M, 3 x
100 mL). The organic layer was dried (MgSO,), filtered and concentrated under re-
duced pressure, maintaining the temperature below 30 °C during concentration. The
thus obtained residue (1.0 equiv) was dissolved in DMF (25 mL). CF;CO,Na (2.72 g,
20.0 mmol, 2.0 equiv) was added to the solution portionwise. The solution was stirred
at room temperature for 3 h. The reaction mixture was diluted with sat. aq. NaHCO,
(150 mL), and the mixture was extracted with EtOAc (3 x 100 mL). The combined
organic layers were dried (MgSO,), filtered and concentrated under reduced pressure.
The residue was purified by flash column chromatography (silica gel, EtOAc:pet ether
= 1:19 — 1:3) to provide D-altro lactone 86D (2.77 g, 7.22 mmol, 72% yield) as a

colorless oil. Spectral data were identical to those previously reported.?

D-1-Deoxyaltronojirimycin (D-DRJ) 66D: Hydroxylactone 86D
OH

Ho_~_.oh  (1.03 g, 2.69 mmol, 1.0 equiv) was dissolved in CH,Cl, (50 mL), and
\(HjVOH the solution cooled to —78 °C (dry ice/acetone bath). DIBAL-H (1.5 M
o in toluene, 9.0 mL, 13.4 mmol, 5.0 equiv) was added to the solution
dropwise. The solution was stirred for 2 h at the same temperature. The reaction

was quenched with dropwise addition of EtOAc (5.0 mL) at —78 °C. The reaction was
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then diluted with CH,Cl, (200 mL) and 1.2 M aq. Rochelle salt (200 mL). The lay-
ers were stirred vigorously for 18 h. The layers were then separated and the aqueous
layer extracted with CH,Cl, (6 x 50 mL). The combined organic layers were dried
(MgSO,), filtered and concentrated under reduced pressure. The crude product was
dissolved in dioxane (50 mL). Pd/C (10% Pd, 450 mg, 50 weight-%) was added and
the reaction stirred under H, balloon for 10 h. Aq. HCI (2 M, 40 mL) and Pd(OH),
(10% Pd(OH),, 450 mg, 50 weight-%) were added to the mixture, and the reaction
was stirred under H, balloon for a further 24 h. The catalysts were removed by fil-
tering through glass microfiber (GF /B filter). The iminosugar was purified by strong
cation exchange chromatography (Dowex 50WX8, H* form), washing with H,O and
eluting with 1:4 conc. NH,OH:H,0O. The combined ammoniacal fractions were con-
centrated to provide D-DRJ 66D (416.4 mg, 2.6 mmol, 97% yield) as a colorless oil.
66D: 'H NMR. (500 MHz, D,0O): § = 4.01 — 3.98 (m, 1 H), 3.98 — 3.94 (m, 1 H), 3.89
(dd, J = 9.5, 2.7 Hz, 1 H), 3.84 - 3.79 (m, 2 H), 3.08 - 3.01 (dm, J = 14.0 Hz, 1 H),
2.96 — 2.90 (m, 1 H), 2.89 — 2.82 (dm, J = 14.0 Hz, 1 H) ppm; HRMS (ESI): caled
for C;H,;3NO, [M + H'J: 164.0923, found 164.0926.

5.7.8 Synthesis of D-Deoxygalactonojirimycin

5-Azido-3,6-di- O-benzyl-5-deoxy-1,2- O-isopropylidene-3-D-
Mew\(m talofuranose 87D: D- Talo diol 77D (2.00 g, 8.16 mmol, 1.0 equiv)
T Ns - was dissolved in DMF (8.5 mL). BnBr (2.94 mL, 24.8 mmol,
3.0 equiv) was added, and the solution was cooled to —10 °C. NaH
(980 mg, 25 mmol, 3.0 equiv) was added portionwise. The reaction was allowed to
warm to 25 °C and stirred at the same temperature for 14 h. The reaction was
quenched with MeOH (1.0 mL), diluted with EtOAc (100 mL) and washed with
1:1 brine:H,O (2 x 100 mL). The organic layer was dried (MgSO,), filtered and
concentrated under reduced pressure. The residue was purified by flash column chro-

matography (silica gel, EtOAc:pet ether = 1:9 — 1:4) to provide dibenzyl ether 87
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(2.67 g, 6.28 mmol, 77% yield) as a colorless oil. Spectral data were identical to those

previously reported. 82

5-Azido-3,6-di- O-benzyl-5-deoxy-D-talono-1,4-lactone 88D:

FZZ—QOB Dibenzylacetonide 87D (2.67 g, 6.28 mmol, 1.0 equiv) was dissolved in
T Ny “ 7:1 1,4-dioxane:H,O (20 mL) and the solution heated to 80 °C. TsOH
" (2.70 g, 14.2 mmol, 2.3 equiv) was added, and further H,O (6.25 mL)

was added at a steady rate over 30 min. The reaction mixture was stirred at the same
temperature for 3 h, then allowed to cool to 25 °C. The mixture was quenched with
sat. aq. NaHCO, (100 mL) and extracted with EtOAc (3 x 100 mL). The combined
organic layers were dried (MgSO,), filtered, and concentrated under reduced pressure.
The residue (1.0 equiv) was dissolved in t~-BuOH (30 mL), and the solution heated to
100 °C. K,CO;4 (1.83 g, 13.3 mmol, 2.0 equiv) and I, (3.36 g, 13.3 mmol, 2.0 equiv)
were added sequentially. The reaction mixture was stirred at the same temperature
for 3 h, and then cooled to 25 °C. The mixture was diluted with EtOAc (100 mL)
and sat. aq. Na,S,04 (50 mL) and stirred vigorously until the brown iodine color was
no longer observed. The layers were separated, and the aqueous layer was extracted
with EtOAc (3 x 100 mL). The combined organic layers were dried (MgSO,), filtered,
and concentrated under reduced pressure. The residue was purified by flash column
chromatography (silica gel, EtOAc:pet ether = 1:19 — 1:3) to provide D-talo lactone
88D (1.89 g, 4.93 mmol, 79% yield) as a colorless oil. Spectral data were identical to

those previously reported.?

5-Azido-3,6-di- O-benzyl-5-deoxy-D-galactono-1,4-lactone 89D:

F;Q/—Cn(\% Lactone 88D (1.70 g, 4.4 mmol,1.0 equiv) was dissolved in CH,Cl,
T Ng ” (20 mL). After addition of pyridine (1.1 mL, 13 mmol, 3 equiv), the
w solution was cooled to —40 °C (dry ice/acetone bath). Tf,0 (950 pL,

6.0 mmol, 1.4 equiv) was added dropwise to the solution. The solution was stirred
for 2 h, maintaining the temperature of the bath between —40 and —30 °C. The re-
action mixture was diluted with CH,Cl, (100 mL) and washed with aq. HCI (2 M,

3 x 50 mL). The organic layer was dried (MgSO,), filtered and concentrated under
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reduced pressure, maintaining the temperature below 30 °C during concentration.
The thus obtained residue (1.0 equiv) was dissolved in DMF (10 mL). CF;CO,Na
(1.22 g, 9.0 mmol, 2.0 equiv) was added to the solution portionwise. The solution
was stirred at room temperature for 18 h. The reaction mixture was diluted with sat.
aq. NaHCO, (100 mL), and the mixture was extracted with EtOAc (3 x 100 mL).
The combined organic layers were dried (MgSO,), filtered and concentrated under re-
duced pressure. The residue was purified by flash column chromatography (silica gel,
EtOAc:pet ether = 1:19 — 1:3) to provide D-galacto lactone 89D (1.49 g, 3.9 mmol,
88% yield) as a colorless oil. Spectral data were identical to those previously re-

ported. 2

D-1-Deoxygalactonojirimycin (D-DGJ) 62D: Hydroxylactone 89D

HO,,,&E (500 mg, 1.3 mmol, 1.0 equiv) was dissolved in CH,Cl, (50 mL), and
v > the solution cooled to ~78 °C (dry ice/acetone bath). DIBAL-H (1.5 M

" in toluene, 4.3 mL, 6.5 mmol, 5.0 equiv) was added to the solution
dropwise. The solution was stirred for 2 h at the same temperature. The reaction
was quenched with dropwise addition of EtOAc (5.0 mL) at —78 °C. The reaction
was then diluted with CH,Cl, (100 mL) and 1.2 M aq. Rochelle salt (100 mL).
The layers were stirred vigorously for 18 h. The layers were then separated and the
aqueous layer extracted with CH,Cl, (6 x 50 mL). The combined organic layers
were dried (MgSO,), filtered and concentrated under reduced pressure. The crude
product was dissolved in dioxane (50 mL). Pd/C (10% Pd, 250 mg, 50 weight-%) was
added and the reaction stirred under H, balloon for 24 h. Glacial AcOH (0.5 mL,
1% final concentration) was added to the mixture, and the reaction was stirred under
H, balloon for a further 24 h. The Pd/C was removed by filtering through glass
microfiber (GF/B filter). The iminosugar was purified by strong cation exchange
chromatography (Dowex 50WX8, HT form), washing with H,O and eluting with
1:4 conc. NH,OH:H,0O. The combined ammoniacal fractions were concentrated to

provide D-DGJ 62D (198.0 mg, 1.2 mmol, 93% yield) as a colorless oil. 62D: 'H
NMR (500 MHz, D,0): § = 4.02 (d, J = 3.0 Hz, 1 H), 3.81 (td, J = 10.4, 5.2 Hz,
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5.7 Selected Synthesis Experimental Data

1 H), 3.65 (qd, J = 11.5, 6.6 Hz, 2 H), 3.50 (dd, J = 9.7, 3.1 Hz, 1 H), 3.20 (dd,
J =12.7,5.3 Hz, 1 H), 2.90 (t, J = 6.7 Hz, 1 H), 2.48 (dd, J = 12.7, 11.0 Hz, 1 H)
ppm; HRMS (ESI): caled for C4H,3NO, [M + H*J: 164.0923, found 164.0919.
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If at first, the idea is not absurd, then there is no
hope for it.

—Albert Einstein

ToP-DNJ: A Novel Iminosugar-Natural
Product Conjugate

6.1 Introduction

As both discussed and studied in Chapters 3 and 4, iminosugars modified by adding
unbranched alkyl chains have been extensively investigated. While increasing the
length of the chain can increase the potency of in cellula enzyme inhibition, it simi-
larly correlates with increased toxicity of the compound and increased tendency to-
wards aggregation. 133:158:198:200 Fop these reasons, iminosugar drugs that have achieved
72,73

FDA approval have shorter chains (four or fewer non-hydrogen atoms in length),

sacrificing lower ICsps in exchange for more favorable toxicity and solubility profiles.

One of the difficulties encountered in the clinical trials of canonical iminosugars as
antiviral treatments has been oral delivery of sufficient amounts of the molecule to
the tissue and cellular targets of interest.!?13337335 Although the molecules are not
metabolized and are excreted unchanged, large amounts of the compounds cannot be

administered, as they inhibit not only the target ER a-glucosidases but also intesti-
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6.1 Introduction

nal sucrase-isomaltase and maltase-glucoamylase.'®! The inhibition of these enzyme
heterodimers means that sugars consumed as part of the diet cannot be properly
processed, leading to severe intestinal distress as a side effect of the treatment. In
order to manage these deleterious activities, reduced carbohydrate diets have been
developed for the clinically approved iminosugars. % However, the ideal would be to
eliminate or minimize the ability of the therapeutic iminosugar to inhibit the digestive

enzymes.

In an effort to avoid this side effect profile, the Zitzmann group investigated delivery
of iminosugars via liposomes. Using this packaging technique, it was demonstrated
that iminosugar potency was increased 5 logjo-fold for HIV inhibition in wvitro.'%*
The increase in delivery by the method was further confirmed by in wvivo studies.
In treatment of DENV in a lethal antibody-dependent enhancement mouse model,
liposome-encapsulated NB-DNJ demonstrated efficacy at a concentration 3 orders of
magnitude lower than that required for similar effect by free drug.'™ While these
studies verify the potential for liposome-encapsulated iminosugars, liposomes have to
be administered intravenously (IV), in contrast to the oral availability of iminosugars
currently on the market for treatment of other diseases. Although IV drug delivery

might be viable for treatment of some acute viruses, it is not practical for treatment

of viruses causing chronic disease such as HIV or HCV.

Because of this drawback, attention was turned to designing an antiviral iminosugar
that could, like miglustat and miglitol, be orally available, but with greater specificity
both in terms of targeted enzymes and with regard to uptake and localization. The
D-DNJ headgroup was left unmodified, as this was optimal for inhibition of glucosidase
enzymes, with the ER a-glucosidases as the primary intended targets. Rather than
substituting the endocyclic nitrogen atom with either a straight-chain aliphatic group
or other arbitrary “greasy” substitution (e.g., adamantane),?*¢337 it was decided that
the substituent should be a natural product. The working hypothesis was that the
molecule would be taken up in the same way as this second natural product, allowing

for the drug to be directed to both the organs and organelles of interest.
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6.1 Introduction

In considering candidate natural products for conjugation, an unexpected finding
of the liposome delivery work was considered: liposomes which contained tocopherol
(vitamin E) proved antiviral with respect to HCV even if not loaded with iminosugars
(unpublished data). Vitamin E is available as over-the-counter gel capsules, and taken
at daily doses of as much as 670 mg. This combination of oral availability, low toxicity
and observed anti-HCV activity made the molecule an interesting proposal for the
natural product portion of the iminosugar hybrid. In fact, vitamin E is actually a
mixture of 8 vitamers — 4 tocopherols (a—d, 97-100; Figure 6.1) and 4 tocotrienols

(a4, 101-104), with each of these existing as a number of stereoisomers.

97 :R;=Me, R, =Me
98 :R,=Me,Ry = H
99 :R;=H, Ry=Me
100:R,=H, R,=H

101: R3=Me, Ry =Me
102: R3=Me, R4 =H
103:Ry=H, Ry=Me
104:R;=H, Ry=H

Figure 6.1: Structures of Vitamin E. The two classes of vitamin E are the tocopherols
(97-100) and tocotrienols (101-104). The four vitamins within each group differ in
the methylation of the aromatic portion of the chroman.

On its own, vitamin E is a component of lipid bilayers and an antioxidant. When ex-
posed to radicals, vitamin E is able to undergo an oxidation reaction (Figure 6.2), pro-
viding a sink for these harmful compounds which include reactive oxygen species. 338339
The reaction is facile enough that it can occur spontaneously, not only in biological
systems, but also when tocopherols are exposed to air. D-a-Tocopherol is the most
biologically active member of this family of compounds.?342 In particular, even

though all forms of vitamin E are absorbed from the gut, D-a-tocopherol is selec-

tively accumulated by processing in the liver.?*334* Because this is the main targeted
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6.1 Introduction

organ of HCV and HBV infections, conservation of this biodelivery property is favor-

able for the desired therapeutic outcome.

Figure 6.2: Antiozidant Mechanism of Tocopherol. Once an oxidant removes a hy-
drogen radical, the residual radical on the vitamin molecule is stabilized by resonance
throughout the hydroquinone system. After formation of the oxidized quinone, the
unpaired electron localizes to a tertiary center, the most stable form of unconjugated
carbon radical, which can be trapped to form a stable molecule. Though shown here
for D-a-tocopherol 97, all of the forms of vitamin E are capable of the same mecha-
nism.

In designing the D-a-tocopheroxy iminosugar, the concept was to design the com-
pound as a lipid, with distinct hydrophobic and hydrophilic regions, rather than sim-
ply as a modified sugar. With this in mind, it was determined that the iminosugar,
with its 4 hydrogen bond donors and 5 hydrogen bond acceptors, should be tethered

to the hydrophilic end of tocopherol, namely the phenolic oxygen. Beyond fulfilling

the lipid design restriction, it also places this free alcohol of the tocopherol to be used
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6.2 Synthesis of ToP-DNJ

as a chemical handle. This also eliminates the ability of the iminosugar to act as an
antioxidant. While this does limit the chemical versatility of the molecule, it also

makes it more air-stable, a desirable drug quality.

Rather than attaching the two natural products directly to one another, a 5-carbon
alkyl linker was included to provide enough flexibility for both the iminosugar and
tocopherol to maintain the necessary independence to inhibit glucose-processing en-

zymes and be recognized by lipid trafficking enzymes, respectively.

Combining these specifications into a single design resulted in N-5-(D-a-Tocopheroxy)

Pentyl deoxynojirimycin (ToP-DNJ, 105, Figure 6.3).

oH  OH alkylation

v NO_~
HO® |

Me

reductive amination
105: ToP-DNJ

OH
Ho, X .o (o
OH OJ\/\/\OTS

N
H

33 106 97

Figure 6.3: Structure and Retrosynthetic Analysis of ToP-DNJ 105.

6.2 Synthesis of ToP-DNJ

Keeping the retrosynthetic analysis presented in Figure 6.3 in mind, the synthesis
was begun by targeting the linker. Commercially available pentane-1,5-diol 107 was
desymmetrized by protecting one of the equivalent terminal alcohols with BnBr in the
presence of Ag,O to give monobenzyl ether 108 (Scheme 6.2).3%° The remaining free
alcohol was oxidized to aldehyde 109 with Dess—Martin periodinane (DMP), provid-

ing the proper oxidation state for the eventual reductive amination (75% yield over
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6.2 Synthesis of ToP-DNJ

two steps). In advance of installing the tocopherol moiety, the aldehyde functionality
was masked by refluxing 116 with ethylene glycol and an acid catalyst (TsOH), while
removing water by benzene azeotrope and Dean—Stark trap, to smoothly obtain the
1,2-dioxolane 110 (71% yield).
a) BnBr, Ag,0
HO\/\/\/OH - . HO\/\/\/OBH
107 108
b) DMP

OY\A/ OR ¢) HOCH,CH,OH OM OBn
4

TsOH

110 :R=B 109
d) Hy, Paic__ 111, RzH"

e) TsCl I: 106 : R=Ts
Scheme 6.1: Synthesis of Pentyl Linker. Reagents and conditions: a) Ag,O
(1.5 equiv), BnBr (1.1 equiv), CH,Cl,, 25 °C, 18 h; b) DMP (1.0 equiv), CH,Cl,,
25 °C, 18 h, 75% yield over two steps from 107; c) ethylene glycol (1.3 equiv), TsOH
(catalytic), benzene, 95 °C, 12 h, 71% yield; d) H,, Pd/C (2.5 weight-%), 1,4-dioxane,
100% yield; e) TsCl (1.1 equiv), Et;N (1.3 equiv), DMAP (0.1 equiv), CH,Cl,.

Now that the two termini were in differing oxidation states, the cleavage of benzyl
ether 110 under hydrogenolysis conditions (H,, Pd/C) provided primary alcohol 111.
In order to install the tocopherol, the alcohol was first converted into tosylate 106
(TsCl, Et;N, DMAP), which, due to its instability, was immediately treated with
deprotonated (NaH) D-a-tocopherol. This Sy2 displacement provided alkylated to-
copherol 112, with 86% yield over the two steps from 111. Deprotection under acidic
conditions (TsOH) with slow addition of water liberated aldehyde 113 (85% yield),

preparing the side chain in 39% yield from 107.

113 and tetra-O-benzyl DNJ 114337 were reacted with H, gas to undergo acid-
and palladium-catalyzed reductive amination to afford fully protected ToP-DNJ 115.
Unfortunately, these hydrogenation conditions were not potent enough to cleave the

benzyl protecting groups. Instead, a transfer hydrogenation with both cyclohexene

and HCO,NH, as H, sources provided ToP-DNJ 105 in 11% yield.
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6.3 Toxicity

a) NaH
then 106
112
b) TsOH,
H,0
¢) Ha, Pd/C
H
N
BnO
BnO"" "OBn
115 :R=B OBn 11
d) C4H, 9, HCO,NH,, FRERn 114 3
Pd(OH),/C, Pd/C 105  Reli

Scheme 6.2: Synthesis of ToP-DNJ 105 Reagents and conditions: a) NaH
(2.0 equiv), DMF, then 106 (0.9 equiv), 0 — 25 °C, 1 h, then 80 °C, 20 h, 86%
yield; b) TsOH-H,O (2.0 equiv), H,0:1,4-dioxane (1:8), 90 °C, 3 h, 99% yield; c)
tetra- O-benzyl DNJ 114337 (0.67 equiv), AcOH (catalytic), H,, Pd/C (10% Pd, 10
weight-%), EtOH, 95 °C, 12 h, 71% yield; d) cyclohexene (10 equiv), HCO,NH, (10
equiv), Pd/C (10% Pd, 25 weight-%), Pd(OH),/C (20% Pd(OH),, 25 weight-%),
MeOH:EtOH (1:1), 90 °C, 48 h, 11% yield from 113.

6.3 Toxicity

With the target iminosugar in hand, biological profiling of ToP-DNJ commenced.
Toxicity was examined in primary human MDM® (5 donors) and a number of cell
lines (Table 6.1). CCio was only reached for HepG2 cells, with all other cell types
showing less than a 10% decrease in viability. For all other cell types tested, ToP-DNJ
showed no toxicity beyond that observed for the DMSO vehicle as measured by MTS

assay at the concentrations examined.

Despite the lack of effect as measured by MTS, examining the MDM® cells from
3 donors revealed unusual morphologies at a concentrations of 100 uM and higher

(Figure 6.4).
While employed as a standard measure of cell viability and toxicity, the MTS assay
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0.3 Toxicity

Table 6.1: Cytotozicity of ToP-DNJ in Cell Culture as Measured by MTS Assay

Cell Type CCyp (nm)

Cell lines
Huh7.5 >100
HepG2 833+ 7.5
MDBK >316
HL60 >316
HEK293T >100

Primary cells
MDM® >100

(A) Untreated (B) 10 uym ToP-DNJ (C) 316 pnm ToP-DNJ

(D) 300 pM D-a-tocopherol  (E) 0.6% v/v DMSO

Figure 6.4: ToP-DNJ Treated MDM® Cells. Primary human MDM® cells were
incubated with media containing the indicated treatment for 48 h and then observed
by light microscopy (200x magnification). D-a-Tocopherol and 0.6% DMSO were in-
cluded as controls for the lipid tail and solubilization vehicle of ToP-DNJ, respectively.
For all treatments, cells resemble untreated (6.4A), except for those treated with the
higher dose of ToP-DNJ (6.4C). Under these conditions, the cells have large vacuoles,
with this phenotype correlating with increased levels of caspases 3 and 7. The dark
debris seen in panel C is precipitated ToP-DNJ, as confirmed by a cell-free control of
the same condition (not shown).
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6.3 Toxicity

is truly a measure of metabolism. As such, an even more rigorous cell viability
assay, called ApoToxGlo, was performed on ToP-DNJ treated MDM® cells from two
donors to further characterize its effects (Figure 6.5). This assay measures intra- and
extracellular protease activity to provide a ratio of living to dead cells, providing an
indication of both cytotoxicity and cell viability. A third reagent measures the activity
of caspases 3 and 7, proteases that act as executioner caspases during apoptosis. By
cytotoxicity and cell viability, there was no unfavorable effect of ToP-DNJ up to
the maximum tested concentration of 316 pM for either donor. In fact, in donor 2,
ToP-DNJ showed a decrease in the dead cell (extracellular) protease activity. With
regard to caspase activity, one donor showed no significant effects due to ToP-DNJ,
while the other demonstrated an increase in caspase activity at concentrations of
31 pM and higher, reaching a 2-fold increase relative to untreated cells at 316 pMm.
This divergence between the donors was also reflected in the phenotypic effects of
the treatment, with higher caspase activity correlating with a higher proportion of

visually affected cells (ca. 80% vs. ca. 20%).
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6.3 Toxicity
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Figure 6.5: Influence of ToP-DNJ on MDM® Cell Health. Primary human MDM®
cells were incubated with media containing the indicated treatment for 48 h and
then evaluated using the ApoToxGlo cell viability assay. Panels A and B show the
normalized levels of intracellular (live cell) protease, an indicator of cell viability;
panels C and D, the normalized levels of extracellular (dead cell) protease, an indicator
of cytotoxicity; panels E and F, levels of caspsases 3 and 7.
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6.4 Inhibition of Isolated Enzymes

6.4 Inhibition of Isolated Enzymes

In collaboration with the group of Prof. A. Kato (Toyama University; Toyama, Japan),
the ability of ToP-DNJ to inhibit individual isolated enzymes was surveyed (Table 6.2
and Table 6.3). ToP-DNJ showed a pronounced selectivity; when tested at concen-
trations up to 50 pM, the compound showed less than 50% inhibition of all enzymes
tested except three: rat liver ER a-glucosidase IT (Glull, EC 3.2.1.84), human f-
glucocerebrosidase (EC 3.2.1.45) and glucosylceramide synthase (EC 2.4.1.80) demon-
strating IC5gs of 9.0 pM, 110 nM and 1.0 pMm, respectively. The (-glucocerebrosidase
is also known as GBA or [-glucosidase. Involved in glycosphingolipid processing,
mutations in this enzyme result in the lysosomal storage disorder, Gaucher’s disease.
Similarly, the glucosylceramide synthase tested, HL60 glucosylceramide glucosyltrans-

ferase, is also a component of the glycolipid biosynthetic pathway.

218 jminosugar structures have been mapped onto ceramide as an expla-

Previously,
nation for inhibition of glycosphingolipid metabolism, and the lipid tail of ToP-DNJ
fits this model. Indeed, this selectivity of ToP-DNJ for enzymes involved in the pro-
cessing of glycolipids, specifically glucosylceramides, is not surprising considering the
lipid nature of a-tocopherol. In addition to this model, one can map the structure
of ToP-DNJ onto that of glucosylceramide (Figure 6.6). The iminosugar head group
and straightforward mapping of the carbohydrates and lipid tails, the oxygen atoms
of the tocopherol heterocycle could fulfill the role of hydrogen bond acceptors in place

of the amide and hydroxyl group of the ceramide.
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6.4 Inhibition of Isolated Enzymes

Table 6.2: IC5y of ToP-DNJ 105 Against Isolated Enzymes

Enzyme IC50*(nM)
a-Glucosidase

Rat intestinal maltase NI

Rat intestinal isomaltase NI

Rat intestinal sucrase NI

Human lysosome NI

Rat liver ER, II 9.0
[-Glucosidase

Bovine liver NI

Rat intestinal cellobiase NI

Human glucocerebrosidase 0.11
a-Galactosidase

Human lysosome NI
p-Galactosidase

Bovine liver NI

Rat intestinal lactase NI
a-Mannosidase

Jack beans NI
[-Mannosidase

Snail NI
a-L-Rhamnosidase

Penicillium decumbens NI
a-L-Fucosidase

Bovine kidney NI
[-Glucuronidase

Bovine liver NI
a,a-Trehalase

Porcine kidney NI
Amyloglucosidase

Aspergillus niger NI
Glucosyltransferase

HL-60 glucosylceramide synthase 1.0

@NI : No inhibition (less than 50% inhibition at 50 pM).
For degree of inhibition at 50 pM, see Table 6.3.
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6.4 Inhibition of Isolated Enzymes

Table 6.3: Inhibition of Isolated Enzymes by 50 pM ToP-DNJ 105

Enzyme Inhibition (%)
a-Glucosidase

Rat intestinal maltase 45.2

Rat intestinal isomaltase 6.1

Rat intestinal sucrase 16.1

Human lysosome 48.2
[-Glucosidase

Bovine liver 0.0

Rat intestinal cellobiase 9.3
a-Galactosidase

Human lysosome 15.2
[-Galactosidase

Bovine liver 0.0

Rat intestinal lactase 9.8
a-Mannosidase

Jack beans 0.0
B-Mannosidase

Snail 0.0
a-L-Rhamnosidase

Penicillium decumbens 3.9
a-L-Fucosidase

Bovine kidney 0.0
[-Glucuronidase

Bovine liver 0.0
a,a-Trehalase

Porcine kidney 0.0
Amyloglucosidase

Aspergillus niger 0.0
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6.4 Inhibition of Isolated Enzymes

(A)

(B)

(©)

Figure 6.6: Overlays of ToP-DNJ and GlcCer. Three different alignments of ToP-
DNJ (green) are presented to show how its phenolic oxygen might overlap with each
of the heteroatoms of the ceramide chain of GlcCer (cyan): the amide oxygen (A),
alcohol oxygen (B), and amide nitrogen (C).

The selectivity for Glull over the other a-glucosidase enzymes is more difficult to ex-
plain. Glull and the intestinal enzymes tested are all members of glycoside hydrolase
family 31, a group defined by their sequence similarity. Presently, there is a lack of

high-resolution structural data for Glull; however, work towards the crystallization of
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6.5 Inhibition of Selected Cellular Enzymes

the enzyme is presently under way. The clearer understanding of the structural dis-
tinctions of Glull that this research might provide could allow for a closer examination

of the way in which ToP-DNJ preferentially inhibits the ER resident enzyme.

6.5 Inhibition of Selected Cellular Enzymes

To substantiate the data determined for isolated enzymes, ToP-DNJ was further

tested for inhibition of enzymes in cellula in collaboration with Dr. D. Alonzi (Uni-

versity of Oxford; Oxford, U.K.).

Effects of ToP-DNJ on Glul and Glull were measured in primary MDM®s (one donor)
and Huh7.5, HL60, and MDBK cell lines. By measuring the free oligosaccharides
(FOS) by HPLC,® cell-dependent inhibition of the ER glucosidases was observed.
In the Huh7.5 and MDBK cell lines, ToP-DNJ treatment resulted in no increase of
FOS relative to a-tocopherol or DMSO vehicle (see Appendix C). In contrast, both
the primary cells and monocytic cell line showed inhibition of the second reaction of
Glull (Figure 6.7). However, no increase in the triglucosylated species was observed,
indicating a lack of Glul inhibition. In the MDM® cells, the ToP-DNJ effect was
found to be dose dependent, with FOS detected at both 10 and 100 pMm. While FOS
levels have been observed to depend on cell type before (unpublished results by D.
Alonzi), this is the first instance of an iminosugar causing FOS production in some

cell types without any FOS effect observed in others.

A further unusual observation is that, even in the cell types where ToP-DNJ in-
duced FOS, the inhibition was selective. Chromatogrpahic separation of the FOS
showed accumulation of only monoglucosylated species, but neither diglucosylated
nor triglucosylated (Figure 6.8) glycan levels were affected, suggesting that only the
second hydrolysis catalyzed by ER a-Glull is inhibited by ToP-DNJ. To substantiate
this hypothesis, isolated enzyme assays of Glul and Glull with native (rather than

fluorescent) substrates will be carried out.
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6.5 Inhibition of Selected Cellular Enzymes
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Figure 6.7: FOS Analysis of ToP-DNJ Treated Cells. Cells were incubated with the
indicated treatment for 24 (HL60) or 48 h (MDM®, single donor). FOS were isolated
and characterized by HPLC as previously described.#® The presence of monogluco-
sylated species indicates inhibition of the second reaction of Glull, while the trigluco-
sylated is a result of Glul inhibition. The MDM® results indicate a dose dependent
effect of ToP-DNJ on FOS levels, while the HL60 experiment demonstrates that the
effect of ToP-DNJ is smaller in comparison to the differently alkylated M ON-DNJ.
Data collected in collaboration with Dr. D. Alonzi.
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Figure 6.8: Chromatogram of Treated HL60 Free Oligosaccharides. HL60 cells were
incubated with the indicated treatment for 24 h. FOS were isolated and characterized
by HPLC as previously described. 4® The positive control, MON-DNJ, induced accu-
mulation of mono-, di-, and triglucosylated species indicating inhibition of ER a-Glul
and both reactions of ER a-Glull. In contrast, ToP-DNJ treatment resulted in accu-
mulation of only the product of the second reaction of Glull. The negative controls
(a-tocopherol and DMSO) showed no appreciable levels of any of these species. Data
collected in collaboration with Dr. D. Alonzi.
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6.6 Lipidomics

When examining glycolipid synthesis, the HL-60 cell line was used because these cells
have a simple repertoire of glycolipids, dominated by the monosialylated ganglioside,
GM3.1% When GM3 levels were measured after a 72 h treatment with 50 nM ToP-
DNJ, the amount of ganglioside present was reduced by 50% (Figure 6.9). Comparing
this to the data obtained for the associated enzyme (HL-60 glucosylceramide gluco-
syltransferase), the IC5q was 20-fold lower in cells versus the isolated enzyme alone.
This may be interpreted in a number of ways. Because GM3 is a downstream product
of glucosylceramide, this could simply be a result of the decrease of substrate (Gle-
Cer); however, as mentioned in the previous section, ToP-DNJ could act as a mimic
of either ceramide, GlcCer or both. If it indeed is a GlcCer mimic, it could inhibit
subsequent reactions in the glycosphingolipid biosynthesis pathway. Alternatively,
the reduced ICsq in cells may be taken as a favorable indicator of uptake or cellular
distribution of the drug by the cells, i.e. that an intracellular concentration of 1 pMm

is achieved with a much lower extracellular concentration.

150+

100+

% UT GM3

c L} L} L] L4 1
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log ToP-DNJ (M)

Figure 6.9: ToP-DNJ Decreases GM3 Levels in HL60 cells. HL60 cells were incu-
bated for 72 h in the presence of the indicated dose of ToP-DNJ in triplicate. After
this time, the cells were harvested and lysed. Lipids were extracted, and their glycans
enzymatically released, fluorescently labelled by reductive amination and quantified
by normal phase HPLC. The peak area for GM3 in each case allows the relative
amount to be calculated. Data collected by Dr. D. Alonzi.

6.6 Lipidomics

With the influence of ToP-DNJ on glycolipid processing enzymes documented both in

isolation and in cellula, it was decided to test the compounds influence on the entire
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6.6 Lipidomics

profile of lipid components in the cell, rather than focusing on specific enzymes.
Both HCV-infected and uninfected Huh7.5 cells were treated with 10 pym ToP-DNJ
for 96 h, and the amount and variety of lipids were analysed by mass spectrometry

(Figure 6.10) by Dr. C. Wolf (APLIPID; Paris, France).316-353

As anticipated based on the HL60 results, 10 pnM ToP-DNJ demonstrated a statis-
tically significant effect on both GlcCer (p = 0.006) and LacCer (p < 0.001) lev-
els, with similar effects seen in both naive and HCV-infected Huh7.5 cells. Despite
these effects seen on glycerosphingolipids, no statistically significant impact was ob-
served on either of the other metabolically related lipid classes measured, ceramide
and sphingomyelin. While D-a-tocopherol shares a number of receptors (SR-BI, 3547356
LDLr,3573% NPC1-L1359)3% with cholesterol, ToP-DNJ had no influence on the levels
of either total cholesterol or the distribution between its free and esterified forms. Fur-
ther lipid classes examined (diacylglycerides, triacylglycerides, phosphatidylcholine)
showed no significant effect with ToP-DNJ treatment, suggesting that the drug does
not influence the entirety of the cellular metabolism, but specifically sphingolipid

glycosylation (For complete results of the lipidomic report, see Appendix D).

The data set also allowed for investigation of the effects of HCV on the Huh7.5
lipidome. Because of the conservative nature of the statistical analysis (2-way ANOVA
with Bonferroni correction), HCV had no statistically significant impact on the men-
tioned lipids. However, effects trending towards significance were observed both with
respect to LacCer (p = 0.027) and total cholesterol (p = 0.029), with HCV-infection
lowering the levels of both lipids. Interestingly, none of the effects of ToP-DNJ di-
rectly counteract any of the changes induced by HCV, and in fact, both have a similar

effect on LacCer, though the effect of ToP-DNJ is more pronounced.
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Figure 6.10: Effects of ToP-DNJ Treatment and HCV Infection on the Huh7.5
Lipidome. Huh7.5 cells (either HCV-infected or naive) were incubated in the pres-
ence of either normal growth media or media supplemented with 10 pMm ToP-DNJ.
After 4 d, cells were harvested, and lipidomic studies were carried out by LC-MS.
Levels of each lipid were normalized to the amount of protein in each sample. The
plotted values are the average of triplicates with error indicated by standard devia-
tion. 2-way ANOVA was performed, providing the indicated p-values. In order to
determine significance, the Bonferroni correction was invoked, with the only statisti-
cally significant effects being the lowering of GlcCer (p = 0.0062) and LacCer (p <
0.0001) levels by 10 uMm ToP-DNJ. HCV infection induced two changes which trended
toward significance, lowering the levels of LacCer (p = 0.0269) and total cholesterol
(p = 0.0287). Data collected in collaboration with Dr. C. Wolf.
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6.7 Antiviral Activity

6.7.1 Dengue Virus

ToP-DNJ was tested for its ability to inhibit DENV in both primary MDM® cells
and the Huh7-Lunet-hCD81-GLuc cell line (Figure 6.11). Mirroring the cell type-
dependent effects found in the FOS studies, ToP-DNJ displayed a dose dependent
antiviral effect with respect to DENV in MDM® (IC;, = 12.7 pm), but not in
Huh7-Lunet-hCD81-GLuc cells. This supports the hypothesis that anti-DENV ef-
fect is mediated by inhibition of the ER a-glucosidases. As ToP-DNJ inhibits only
Glull in MDM® at the concentrations (10 — 100 um) displaying an antiviral effect,
it demonstrates that inhibition of Glull alone is sufficient to produce the desired
therapeutic outcome. However, the maximum inhibition achieved by ToP-DNJ was
25%, while other iminosugars, which inhibit both ER a-glucosidases, have resulted in
>99% reduction in infectious virus titer,'™ suggesting that either inhibition of Glul

or inhibition of both enzymes is key for this larger effect.

6.7.2 Bovine Viral Diarrhea Virus

BVDV antiviral assays were carried out in the MDBK cell lines. Neither ToP-DNJ
nor a-tocopherol had an effect on the either the amount of viral RNA secreted as mea-
sured by quantitative reverse transcription-PCR (qRT-PCR, Figure 6.12A), which is
consistent with an iminosugar that does not inhibit ER a-glucosidases. 8361 Like
HCV, BVDV has a p7 viroporin, and the antiviral properties of long chain DNJs and
DG Js are explained, at least in part, by inhibition of this protein.® Iminosugars that
act via p7 inhibition normally only demonstrate the effect via the infectivity assay.
The infectivity of virus produced by ToP-DNJ treated cells showed no effect due to
the drug. Although not conclusive, this indicates that ToP-DNJ is not a p7 inhibitor

at the concentrations tested.
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Figure 6.11: Effect of ToP-DNJ on DENV Infection. (A): Primary human MDM®
cells were infected with DENV and then incubated with media containing either ToP-
DNJ 105 or a-tocopherol 97 with each concentration measured in triplicate. After
2 d, the cell supernatant was harvested, and the titer of infectious virus from each
well was measured in triplicate by plaque assay on LLC-MK, monolayers. For each
of the 7 donors, the average titer for each treatment was determined and converted
to a percentage of the average untreated titer for that donor, with propagated er-
ror indicated as standard error of the mean for each point. In order to carry out a
Kruskall-Wallis test, each individual titer (including untreated) was converted to a
percentage out of average untreated titer. The ranked test indicated (p < 0.0001)
deviation amongst the medians, with a subsequent Dunn’s multiple comparisons test
identifying the higher doses as significantly different from untreated (p < 0.0001 for
both 30 and 100 um). (B): Huh7-Lunet-hCD81-GLuc cells were infected with DENV
and then incubated with media containing either ToP-DNJ 105 or a-tocopherol 97
with each concentration measured in duplicate. After 2 d, the cell supernatant was
harvested, and the titer of infectious virus from each well was measured by an im-
munofluorescence endpoint dilution assay on LLC-MKj cells. Because the hepatoma
cell line does not come from various donors from an outbred population, titers were
consistent between experiments and raw TCIDs, values are reported rather than as
a percentage. Data collected in collaboration with Dr. J. Miller.

6.7.3 Hepatitis C Virus

The ability of ToP-DNJ to inhibit HCV was tested in Huh7-Lunet-hCD81-GLuc cells,
using a-tocopherol as a control (Figure 6.13). In the case of both drugs, statistical
analysis indicated that a horizontal line was a better fit for TCID5q vs. concentration
curves than a sigmoidal Hill curve, suggesting neither compound provides a dose

dependent antiviral effect in the system.
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Figure 6.12: Effect of ToP-DNJ on BVDV Infection. MDBK cells were infected
with Pe515 ncp BVDV (MOI = 10) and then incubated with media containing the
indicated drug treatment in duplicate. After 2 d, the cell supernatant was harvested.
(A) Viral RNA was isolated from the supernatant and quantified by RT-qPCR).
(B) The titer of infectious virus in the supernatant from each well was measured by
immunofluorescence endpoint dilution assay on naive MDBK cells, calculating by the
method or Reed and Muench.?!? Data were fitted using Prism. Points represent the
mean with error bars indicating the standard error of the mean. In both cases, the
data were fitted using Prism 6, with a comparison of fits between a horizontal line
and a three parameter Hill plot, using the extra sum-of-squares F test to determine
the better fit. In both instances, the horizontal line was identified as the better fit for
ToP-DNJ and a-tocopherol. Data collected in collaboration with M. Hill.
(A) ToP-DNJ (B) a-tocopherol
108 108
105.5 105.5
E o105 T o405
£ 10 £ 10 (] -
03 ; )y T ¥ QS E ® ®
S 1045 ooy ! S 1045
= (=
104 104
101 5 L L] L] L) L] 1 101 5 1 L] L] L] L] 1
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
[ToP-DNJ] (uM) [o-Toc] (uM)

Figure 6.13: Effect of ToP-DNJ on HCYV Infectivity. Huh7-Lunet-hCD81-GLuc
cells were infected with Jc1 HCV (MOI = 0.2) and then incubated with media con-
taining the indicated drug treatment in duplicate. After 4 d, the cell supernatant
was harvested, and the titer of infectious virus from each well was measured by im-
munofluorescence endpoint dilution assay on naive Huh7-Lunet-hCD81-GLuc cells,
calculating by the method or Reed and Muench.?!? Points represent the mean with
error bars indicating the standard error of the mean. In both cases, the data were
fitted using Prism 6, with a comparison of fits between a horizontal line and a three
parameter Hill plot, using the extra sum-of-squares F test to determine the better fit.
The horizontal line was identified as the better fit for ToP-DNJ and a-tocopherol.
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6.7.4 HIV

The effects of ToP-DNJ on HIV secretion were examined in a two-step, two cell
line assay. HEK 293T cells were transiently transfected with Lai strain HIV DNA,
and incubated with ToP-DNJ for two days. The cells lack the proper receptors to be
infected, so the effects only represent a “single round” of infection, with no convolution
due to subsequent infection. The amount of secreted virus was evaluated by enzyme-
linked immunosorbent assay (ELISA) measurement of HIV p24 protein. To measure
infectivity, the virus produced by treated cells was diluted to equalize with respect
to p24 concentration, and these dilutions were used to inoculate TZM-bl cells. These
are a reporter cell line, which expresses firefly luciferase under control of the HIV-1

promoter. ToP-DNJ had no effect on either HIV secretion or infectivity (Figure 6.14).

(A) HIV Secretion (B) HIV Infectivity
80+ 120~ 3
100 e I
60 { 5 $ 3% t E ) {
- - 80+ E
E 3 ¢ x
2 a0+ L ] :, o 5 60-
< T ¢ ] 5
& = 407
20+ °
20+
c J 1 ] 1 1 1 c 1 ] 1 ] 1
0.0001 0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
[ToP-DNJ] (uM) [ToP-DNJ] (uM)

Figure 6.14: Effect of ToP-DNJ on HIV Infection. (A) HEK 293T cells were trans-
fected with Lai strain HIV DNA using lipofectamine and subsequently incubated with
the indicated concentration of ToP-DNJ in growth media for 2 d. The supernatant
was harvested, and the amount of p24 quantified by ELISA. (B) Using the ELISA
data, the supernatant of each sample was diluted to equalize the concentration of p24
and used to inoculate TZM-bl reporter cells. After incubating for 2 d, the amount
of luciferase was measured using the Bright-Glo™ Luciferase Assay System. Data
collected by S. Spiro.

6.7.5 Hepatitis B Virus

Similar to HIV, HBV antiviral assays employ a two cell line system, with the first
(HepG2.2.2.15) simply expressing virus and the second (differentiated HepaRG)3%2

allowing infection. In experiments conducted by Dr. N. Branza-Nichita (Institute of
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Biochemistry, Romanian Academy; Bucharest, Romania) ToP-DNJ had a small, but
statistically not significant, effect on HBV secretion (Figure 6.15A) and infectivity

(Figure 6.15B), showing a maximum of 18% and 29% reduction, respectively.
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Figure 6.15: Effect of ToP-DNJ on Hepatitis B Infection. (A) HepG2.2.2.15 cells
stably transfected with two copies of the HBV genome were treated for 4 d. Secretion
of HBsAg was quantified by ELISA, and values were normalized to the total number
of cells. Data represent the means and standard deviations of triplicates from three
independent experiments and are presented as percentages of the values for untreated
samples. (B) HBV was purified from HepG2.2.215 cells treated with either 1 or 10 pM
ToP-DNJ for 5 d, by ultracentrifugation on 20% sucrose cushion. Encapsidated HBV
genomes (Geq) were quantified by qPCR . Equal amounts of Geq were used to infect
differentiated HepaRG cells. The amount of HBV nucleocapsids in infected cells was
quantified by ¢PCR at day 14 post infection. (C) HBV was purified from untreated
HepG2.2.215 cells, by ultracentrifugation on 20% sucrose cushion. Encapsidated HBV
Geq were quantified by qPCR . Equal amounts of Geq were used to infect differentiated
HepaRG cells either pre-treated with 10 um ToP-DNJ, a-tocopherol, or untreated for
3 d. The amount of HBV nucleocapsids in infected cells was quantified by qPCR at
day 14 post infection. (D) The experiment of panel C was repeated except the cells
were treated with drugs at 24 h post infection for 3 d, rather than prior to infection.
Data collected by Dr. N. Branza-Nichita.

One of the most effective treatments of HBV previously demonstrated in vitro was

removal of cellular cholesterol, a key component of lipid nanodomains.3%3 Glycosph-
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ingolipids are also a critical component of these “rafts”; with lipidomic confirmation
that ToP-DNJ reduces glycosphingolipid levels in hepatoma cells at 10 uM, HepaRG
cells were pretreated with this condition for 3 d before inoculating with HBV to see
whether disrupting rafts in this alternate way is also antiviral. This resulted in a sta-
tistically significant (p = 0.0152) reduction in viral Geq levels by 46.2% at 14 d post
infection (Figure6.15C), an effect that was not seen either with prophylactic treatment

with a-tocopherol or treatment with either drug at 24 h post infection(6.15D).

6.7.6 Prophylactic ToP-DNJ Treatment

After observing that pretreatment of cells with ToP-DNJ reduces their “infectability”
with respect to HBV | it was determined that similar assays should be carried out with
the other investigated viruses. Preliminary results indicate that a similar effect occurs
in both the HCV and HIV cell culture systems upon 4 d pretreatment with 10 pm
ToP-DNJ (Figure 6.16).

In the HCV system, both prophylactic only treatment and continued treatment (pro-
phylactic and post infection treatment) were examined. Drug treatment induced a
significant effect on viral TCID5y (p = 0.008), though multiple comparisons revealed
no single treatment as being significantly different from untreated. Qualitative treat-
ment of the data showed ToP-DNJ exerted an antiviral effect, while a-tocopherol
induced an apparent proviral effect. There was no significant effect of treatment du-
ration, suggesting that glycosphingolipid turnover in Huh7-Lunet-hCD81-GLuc cells
under the assay conditions is not fast enough for removal of the drug to revive in-

fectability of the cells within the time course of the assay.

Though a statistically significant (p = 0.001) reduction in luciferase was observed in
the HIV assay, it is important to remember that this is a reporter cell line, developed
to express HIV receptors at high levels. Experiments are currently under way to

examine whether the effect is recapitulated in periphery blood mononuclear cells.
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Figure 6.16: Antiviral Effect of Prophylactic ToP-DNJ Treatment. (A) Huh7-Lunet-
hCD81-GLuc cells were incubated for 3 d, in media alone or supplemented with 10 um
of respective drug (ToP-DNJ or a-tocopherol). The cells were then infected with Jcl
HCV (MOI = 0.2). The untreated were continued to be incubated in untreated
media after infection, while the drug pretreated cells were separated into pretreat
only (incubated in untreated media after infection) and continuous (incubated in
media with the same drug treatment before and after infection). 4 d after infection,
the cell supernatant was harvested, and the titer of infectious virus from each well
was measured by immunofluorescence endpoint dilution assay on naive Huh7-Lunet-
hCD81-GLuc cells, calculating by the method of Reed and Muench.?'? Data were
analysed using Prism 6 to perform a two-way ANOVA. There was a statistically
significant effect of drug treatment (p = 0.008). (B) TZM-bl cells were incubated
for 3 d, in media alone or supplemented with 10 pMm ToP-DNJ. The cells were then
inoculated with HIV at a titer corresponding to a p24 concentration of 2.5 ng/mL, then
the media replaced with fresh untreated media. After incubating for 2 d, the amount
of luciferase was measured using the Bright-Glo™ Luciferase Assay System. Data
were analysed using Prism 6 to perform a one-way ANOVA. There was a statistically
significant effect of drug treatment (p = 0.001). Data in Panel B collected by S. Spiro.

6.8 Disruption of Lipid Rafts

Having demonstrated the effect of ToP-DNJ on glycosphingolipid levels in cells, it was
sought to observe whether this had a functional effect given the critical role played by
glycosphingolipids in lipid nanodomains. Collaborating with Dr. J. Chojnacki and
Prof. C. Eggeling (Weatherall Institute of Molecular Medicine, University of Oxford,;
Oxford, U.K.), stimulated emission depletion (STED) microscopy experiments were
carried out to examine the behavior of lipids in the plasma membrane of Huh7.5 cells.
After 4 d pretreatment with ToP-DNJ, a-tocopherol or DMSO (vehicle control), cells
were labeled with either a fluorescent sphingomyelin (SM) or fluorescent phospho-
ethanolamine (PE) lipid and measured by fluorescence correlation spectroscopy to

determine lipid transit times. As SM is a component of lipid nanodomains, it moves
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less freely than the control PE, displaying a longer transit time.

Indeed, the expected relative transit times of the two lipids are observed in the un-
treated control, with the SM displaying a transit time more than twice as long as PE
(Figure 6.17). ToP-DNJ treatment has no effect on PE, as predicted given that the
lipid does not associate with lipid rafts. In contrast, ToP-DNJ treatment results in a
statistically significant (p = 0.0210) reduction in the transit time of SM (i.e., SM is
moving faster, on average), indicating disruption of the lipid nanodomains. While the
drug caused reduction in SM transit time, SM motion remained slower than the freely
diffusing PE, suggesting that lipid rafts, though effected, have not been completely
ablated.
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Figure 6.17: Effects of ToP-DNJ on Membrane Lipid Diffusion Times. Huh7.5 cells
were incubated for 4 d with the indicated drug treatment. At the end of this time, the
cells were washed with PBS, blocked with BSA and incubated with Atto647N labeled
lipid (either SM or PE). Fluorescence correlation spectroscopy was then carried out
using STED microscopy. Data collected in collaboration with Dr. J. Chojnacki.

6.9 Pharmacokinetics and Biodistribution

As one of the original goals was to improve bioavailability, a mouse study was per-
formed in collaboration with Sai Life Sciences (India) (For the complete experimental
report, consult Appendix E). ToP-DNJ was provided in a single dose to male BALB/c
mice either by IV at 2 mg/kg or orally (PO) at 10 mg/kg. Serum was collected from
the mice at 8 time points over the course of 24 h (Figure 6.18). In the instance of

IV administration, ToP-DNJ concentration stayed above 10 pMm (the concentration
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employed for HBV and lipidomics studies) up to 4 h post treatment. Serum concen-
tration of ToP-DNJ was above the ICsy (50 nm) observed for GM3 levels in HL60
cells at all time points measured. Despite the higher amount of drug administered
PO, much lower serum concentrations were observed, with a maximum of 45 pM at
8 h. Of note, absorption of vitamin E is diet dependent. As a fat soluble vitamin,
statistically significant changes in serum levels result from consuming the tocopherol
together with fats (e.g. butter and whole milk), with a further effect from the fat
source.?* As ToP-DNJ has been observed to have higher solubility in organic sol-
vents than aqueous buffers, follow-up bioavailibility studies coupling the drug with
modified diets are warranted.
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Figure 6.18: Time Course of ToP-DNJ Concentration in Mouse Serum. Mice were
treated with a single dose of ToP-DNJ either by oral gavage (PO, 10 mg/kg) or by
IV (2 mg/kg). Blood was collected at the indicated time point, and the circulating
level of ToP-DNJ quantified by HPLC. Data collected by SAI Life Sciences Ltd.

One of the aims of tocopherol conjugation to DNJ was to lengthen the iminosugar’s
biological half-life. The terminal half-life of ToP-DNJ (based upon the IV treatment)
is 8.79 h, an improvement of nearly 4-fold from the anti-HCV clinical candidate
UT231B (N-(6-ethoxyhexyl)-6-deoxy-D-DGJ, ti, = 2.25 h). A half-life could not be
accurately calculated for the mice administered with ToP-DNJ orally, as there were
not sufficient time points measured after the maximum observed concentration at
8 h. Although this demonstrates an appreciable improvement over the serum lifetime
of other iminosugars, the half-life of ToP-DNJ is still less than that of a-tocopherol
(t1, = 2 — 100 d).?3365370 The evaluation of a-tocopherol’s half-life depends upon

the length of the study, as initial half-life (typically 2 d) depends on the lifetime
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of the chylomicrons used to transport tocopherol to the liver, while measurements
of longer experiments (70 — 460 d) represent the turnover of a-tocopherol that has
been packaged by a-tocopherol transport protein (a-TTP) and stored, giving higher
estimates of vitamin E half-life (18 — 105 d).3™

Further to the effect on serum half-life, ToP-DNJ has improved distribution to and
retention in the liver (Figure 6.19) relative to NB-DNJ,3™ and even relative to the
lipophilic N-n-octadecyl-DNJ (NOd-DNJ).!% Whereas NB-DNJ is quickly excreted
in urine, showing the highest concentrations in kidneys and bladder after p.o. ad-
ministration, ToP-DNJ reaches the highest concentrations in the liver, regardless of
administration method. While NOd-DNJ also accumulates primarily in the liver, the
liver concentration decreases by >84% between 5 and 24 h post treatment. In con-
trast, the liver concentration of ToP-DNJ shows no drop over the same time interval
and decreases by less that 50% over the course of the entire 24 h, indicating a long

liver half-life, ideal for treatment of HCV and HBV.
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Figure 6.19: Mouse Biodistribution of ToP-DNJ. Mice were treated with a single
dose of ToP-DNJ either by oral gavage (PO, 10 mg/kg) or by IV (2 mg/kg). The
mice were sacrificed at 30 min, 4 h, and 24 h after ToP-DNJ administration, and the
indicated tissues homogenized and analyzed for ToP-DNJ by HPLC. Data collected
by SAI Life Sciences Ltd.
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6.10 Conclusions and Future Directions

Conjugating vitamin E to an iminosugar gave rise to an iminosugar with a promising
and unexpected profile of biological activity. Although lengthening the alkyl chain
has generally been synonymous with increased inhibition of glucosidases and increased
toxicity, ToP-DNJ displays potent inhibition of glycolipid, rather than glycoprotein,
processing pathways. ER a-glucosidase inhibition effects were found to be cell type
dependent, and selective for the second reaction of ER Glull in those cell lines where
it was observed. The effected cell types (primary human MDM® and HL60) are both
immune cells of the myeloid lineage. This might indicated that ToP-DNJ is specific
to this class. To investigate this, further studies of other cell types (other myeloid

immune cells, lymphoid immune cells and non-immune cells) are currently under way.

Comparative DENV studies in two different cell lines reinforced the concept that the
inhibition of DENV by iminosugars is driven by inhibition of the ER a-glucosidases,
with the antiviral effect only observed in MDM®, where ToP-DNJ induced FOS. Be-
cause there were only monoglucosylated species and neither di- nor triglucosylated
species observed by FOS analysis, this suggests that inhibition of ER Glull alone is
sufficient to induce an anti-DENV effect. It is unclear whether the lack of digluco-
sylated species is due to a selective inhibition by ToP-DNJ or reflects the kinetics of
glycan processing in the ER. Inhibition studies with the isolated enzyme are being
performed in order to try and tease out this information. If ToP-DNJ is truly selective
for inhibiting only the second hydrolysis catalyzed by ER Glull, it could prove to be
a useful tool in biological experiments, trapping glycans at the stage where they may
interact with CNX/CRT. Regardless of whether it inhibits only the second reaction
or both of ER Glu II, identification of this enzyme as antiviral without inhibition of
ER Glu I allows for targeting of future antivirals to a single enzyme, and ToP-DNJ
serves as a starting point for studies of the iminosugar structural requirements for

this specificity.
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The lack of an antiviral effect by ToP-DNJ with respect to BVDV and HCV suggests
that it is not a p7 inhibitor.

The influence of ToP-DNJ has been demonstrated to extend beyond attenuating
the amount of glycosphingolipids, with a demonstrated functional effect- interference
with lipid rafts. Direct observations of the plasma membrane were made that show
drug treatment increased the diffusion speed of SM without influencing the rate of
diffusion for PC. To better characterize the effect as either mechanical or metabolic,
treatment time courses are under way. By performing a drug titration, data may
also be correlated with the planned measurements of GlcCer levels to elucidate the

mechanism of lipid nanodomain disruption more fully.

Given the dependence of HCV in particular on lipid rafts, as well as the presence of
receptors for HIV and DENYV in lipid rafts, the lack of antiviral effect of ToP-DNJ
towards these viruses is perhaps unexpected. However, glycolipid turnover rates are
known to be growth dependent and as slow as several days.!! It is possible that the
design of the antiviral assays means that by the time glycolipid turnover has taken
place at the plasma membrane, the infection level is already so high that the effect
of the drug is not statistically significant. Indeed, the promising results in antiviral
assays of HBV, HCV and HIV after pretreatment with ToP-DNJ suggest that there
is an antiviral effect of the drug that is not achieved with treatment post infection.
Further pretreatment studies, as well as antiviral assays with lower initial MOI will

provide more clarity about the nature of this prophylactic effect.

ToP-DNJ is simply the beginning. In order to fully understand the structure-activity
relationships of ToP-DNJ with its inhibitory targets, analogues will have to be syn-
thesized and tested, varying the iminosugar, linker and conjugate. Incorporating the
knowledge from investigations of iminosugar stereochemistry (Chapter 5), a ToP-
iminosugar with L-i¢do or L-talo stereochemistry could be prepared with potentially
higher potency, and as different stereochemistries seem to give different selectivity
for catabolism vs. anabolism inhibition, activity could also be tailored in this way to

increase antiviral and reduce potentially proviral effects.
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6.10 Conclusions and Future Directions

One of the biggest difficulties in working with ToP-DNJ has been its low solubility
in aqueous media. In this regard, variations in the linker hold the most promise as
DNJ and D-a-tocopherol are each soluble in water by themselves. By incorporating
hydrogen bond donors and acceptors, for example ethers or amines, it is possible that
higher solubility in water will be obtained. The introduction of these heteroatoms
also opens the possibility of tuning the pK , of the endocyclic nitrogen atom, a quality
that could influence its inhibition in the acidic environment of the lysozyme where

the affected [-glucosidase resides.

Mirroring the lack of solubility in cell culture media, ToP-DNJ had poor bioavail-
ability when administered orally. In this instance, as an alternative to analoguing
the iminosugar, absorption could potentially be improved by administering with a
lipid-rich meal. Despite the poor bioavailability, the desired effect of directing the
iminosugar to the liver with a-tocopherol was successful, and the serum half-life of
the drug improved more than 3-fold over other members of the iminosugar class.
Given this influence of the tocopherol, subsequent studies to investigate the inter-
action of ToP-DNJ with tocopherol receptors (a-TTP, SR-BI, LDLr and NPC1-L1)
will be important for understanding if it is mimicry of the natural lipid or some other

mechanism that imparts these pharmacological improvements to the drug.

With regard to conjugation, opportunity lies both in using natural analogues of the
tocopherol studied here, with variations in the methylation of the chroman as well as

the stereochemistry and saturation of the isoprene side chain.

As noted after characterizing the enzymatic inhibition profile of ToP-DNJ, it rep-
resents not simply an iminosugar, but perhaps more accurately an iminoglycolipid.
With this thought in mind, conjugation of full membrane components to iminosugars
and subtle blends of these two classes of natural products represent a novel avenue

for further research.
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6.11 Biological Materials and Methods

6.11 Biological Materials and Methods

MTS viability, HCV, DENV, and BVDV antiviral assays were carried out according to
the procedures described in §4.8, with the exception that the TCID5, assay to analyze

the HCV pretreatment employed eight 2-fold dilutions of the analyte beginning at a
1:10%® dilution.

6.11.1 DENV MDM® Assay

Primary human MDM® were generated from human monocytes isolated from buffy
coats (NHS Blood and Transplant, surplus to clinical requirements) as described

372 and incubated with 25 ng/mL recombinant human interleukin-4 (Pe-

previously
protech) for 3 days prior to DENV infection to enhance their susceptibility to DENV
infection. The use of human blood was approved by the NHS National Research

Ethics Service (09/H0606/3).

MDM® cells were inoculated for 2 h with DENV2 16681 strain at an MOI of 1. The
inoculum was removed and replaced with X-VIVO media (Cambrex) supplemented
with 1% autologous human plasma and the drug treatment at the indicated concen-
tration or untreated in triplicate, and the infected cells were incubated with drug for
2 d. The supernatant was harvested and stored at —80 °C until analysis by plaque
assay (§4.8.6.2)

6.11.2 ApoToxGlo Assay

The ApoToxGlo Assay (Promega) was performed according to the manufacturer’s
instructions on MDM® seeded in a sterile 96-well plate at 2 x 10° cells/well in
200 pL of supplemented with 1% autologous human plasma and the drug treatment
at the indicated concentration in triplicate. As controls, wells with 200 pl. growth

media with and without cells were also included in triplicate.
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6.11 Biological Materials and Methods

6.11.3 BVDYV qRT-PCR Assay

Viral RNA was extracted from 140 pL. of supernatant using the QIAamp Viral RNA
Mini Kit (Qiagen) as per manufacturer’s instructions. The extracted RNA was treated
with 5 U DNase I (Roche), incubating at 37 °C for 1 h, followed by inactivation at
80 °C for 20 min. qRT-PCR was set up (Table 6.4) using QuantiTect SYBR® Green
RT-PCR kit (Qiagen) and two primers for the NS2 coding sequence: forward primer
(NS2-F), 5-TAG GGC AAA CCA TCT GGA AG-3; reverse primer (NS2-R), 5'-
ACT TGG AGC TAC AGG CCT CA-3. The RT step was effected by incubation at
50 °C, for 30 min. The hot start polymerase was activated by incubation at 95 °C
for 15 min. The DNA was then amplified by PCR (35 cycles of 95 °C for 15 s, 50 °C
for 1 min, 72 °C for 1 min; final extension at 72 °C for 7 min) on a DNA Engine
Opticon® 2 System (Bio-Rad). Melting curves were measured once every 1 °C for

45 — 95 °C, holding at each temperature for 1 s.

Table 6.4: BVDV qRT-PCR Reaction Preparation

1x Reaction

Component

P (pL)
2x SYBR Green Mastermix 12.5
NS2-F (100 um) 0.125
NS2-R (100 pm) 0.125
RT Mix 0.25
H,O 2.5
RNA Analyte 10
TOTAL VOLUME 25

To normalize the amount of viral RNA between experiments, 140 puL of 1 x 107
ffu/mL was extracted with the QIAamp Viral RNA Mini Kit as described for su-
pernatants. 6 serial 10-fold dilutions were prepared from the isolated RNA, and the
7 standards, together with a H,O-only blank were included in duplicate on every

qRT-PCR plate to produce a standard curve.
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6.11 Biological Materials and Methods

6.11.4 Lipidomics

Experiments were carried out starting with either naive Huh7.5 or cells of the same
cell line infected with Jc1 HCV at a level of 90% as measured by IF. The cells were
seeded at 3 x 10° cells/flask in 25 cm? tissue culture flasks in 6 mL of growth media
supplemented with the indicated treatment (either untreated or 10 pM ToP-DNJ).
After 96 h, the supernatant was removed, and the cells washed twice with PBS and
lifted with trypsin + EDTA, which was then diluted with DMEM + 10% FCS. The
cells were pelleted (290 x g, 5 min, 4 °C) and resuspended twice with DMEM + 10%
FCS. The cells were subsequently pelleted (290 x g, 10 min, 4 °C) and resuspended
with PBS (10 mL) three times. 250 pL of the PBS-suspended cells was set aside
for Bradford assay, and the remainder pelleted (290 x ¢, 10 min, 4 °C). The pellet
was resuspended in 1 mL of 1:1 MeOH:acetone and submitted to Prof. C. Wolf for

lipidomic study.346-3%3

In addition to the results discussed in the chapter, the complete lipidomic report is

included in Appendix D.

6.11.5 Bradford Assay

The sample to be assayed for protein was subjected to three freeze-thaw cycles to
effect cell lysis. 10 pLL of analyte was diluted in 140 nL. of H,O in a well of a clear-
bottom 96-well plate, with triplicate wells evaluated for each sample. A standard
curve of BSA (20, 15, 10, 5 and 2.5 pg/ml) was prepared and treated identically to
analytes. Immediately before plate reading, 150 pl. of Bradford Quick Start Reagent
(Bio-Rad) was added to each well, and the absorbance read at 595 and 450 nm.
The ratio of absorbances (Asgs/A450) was calculated and used to determine protein

concentration.

178



6.11 Biological Materials and Methods

6.11.6 Fluorescence Correlation Spectroscopy

Huh7.5 cells were seeded at 3 x 105 cells/flask in 25 cm? tissue culture flasks in
6 mL of growth media supplemented with the indicated treatment (untreated, 10 pm
ToP-DNJ, 10 pM D-a-tocopherol, or 0.2 % DMSO). After 72 h, the supernatant was
collected and the cells were scraped and resuspended in 4 mL of PBS. 6 x 10° cells
were pelleted and resuspended in their original supernatant, and plated in triplicate
onto sterile microscope slides (25 mm diameter, No. 1 thickness, Marienfeld) in a
sterile 6-well plate. The cells were allowed to adhere for 18 h before addition of

labelled lipid and measuring as previously described. 37337
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6.12 Selected Synthesis Experimental Data

For general synthetic procedures, see Section 4.9.
All tabulated NMR spectra described in this section may be found in Appendix F.

5-(benzyloxy)pentan-1-ol 108: 1,5-pentanediol 107 (2.10 mlL,
20.0 mmol, 1.0 equiv) was dissolved in CH,Cl, (100 mL). Ag,O
(6.95 g, 30.0 mmol, 1.5 equiv) and BnBr (2.62 mL, 22.0 mmol,

BnO\/\/\/OH

108

1.1 equiv) were added to the solution sequentially. The flask was wrapped with
aluminium foil, and the solution was stirred at room temperature for 18 h. The so-
lution was filtered through a pad of Celite, eluting with CH,Cl,, and concentrated
under reduced pressure. The residue was purified by flash column chromatography
(silica gel, EtOAc:pet ether) = 3:17 — 1:1) to give alcohol 108 as a colorless oil.
108: 'H NMR (500 MHz, CDCl;): ¢ = 7.37 — 7.26 (m, 5 H), 4.50 (s, 2 H), 3.64 (t,
J = 6.5 Hz, 2 H), 3.49 (t, J = 6.5 Hz, 2 H), 1.70 — 1.63 (m, 2 H), 1.62 — 1.55 (m,
2 H), 1.50 — 1.42 (m, 2 H), 1.34 (br s, 1 H) ppm; ¥C NMR (125 MHz, CDCl,): §
= 138.8, 128.6, 127.8, 127.7, 73.2, 70.5, 63.1, 32.8, 29.7, 22.7 ppm; LRMS (ESI): 217
(C1oH150, + Nab).

5-(benzyloxy)pentanal 109: Alcohol 108 (assumed 20.0 mmol)
BnO -~~~ 0

o was dissolved in CH,Cl, (100 mL). Dess-Martin periodinane (8.70 g,

20.5 mmol, 1 equiv) was added, and the resulting solution stirred at

room temperature for 18 h. The reaction mixture was then diluted with sat. aq.
NaHCO; (50 mL) and sat. aq. NaS,05 (50 mL). The layers were separated, and
the aqueous layer extracted with CH,Cl, (2 x 100 mL). The combined organic lay-
ers were washed with sat. aq. NaHCO; (100 mL) and brine (2 x 100 mL), dried
(MgSO,), filtered, and concentrated under reduced pressure. The residue was purified
by flash column chromatography (silica gel, EtOAc:pet ether = 1:2 — 2:3) to give
aldehyde 109 (2.85 g, 14.8 mmol, 75% yield from 107) as a colorless oil. 109: 'H
NMR (500 MHz, CDCly): § = 9.76 (t, J = 1.7 Hz, 1 H), 7.37 — 7.26 (m, 5 H), 4.50

(s, 2 H), 3.49 (t, J = 6.2 Hz, 2 H), 2.46 (td, J = 7.2, 1.8 Hz, 2 H), 1.79 — 1.71 (m, 2
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H), 1.70 — 1.61 (m, 2 H) ppm; 3C NMR (125 MHz, CDCL,): § = 202.6, 138.7, 128.6,
127.84, 127.79, 73.2, 70.0, 43.8, 29.4, 19.2 ppm; LRMS (ESI): 215 (C;,H,40, + Na*).

2-(4-(benzyloxy)butyl)-1,3-dioxolane 110:  Aldehyde 109
Bno\/\/\gﬁ (2.85 g, 14.8 mmol, 1.0 equiv) was dissolved in benzene (130 mL).
e Ethylene glycol (1.1 mL, 19.7 mmol, 1.33 equiv) and TsOH (cat-
alytic) were added. The solution was heated at reflux with a Dean—Stark apparatus
for 12 h. The solution was then cooled to room temperature and diluted with sat.
aq. NaHCO4 (100 mL) and CH,Cl, (300 mL). The layers were separated, and the
aqueous layer was extracted with CH,Cl, (2 x 100 mL). The combined organic lay-
ers were then dried (Na,SO,), filtered and concentrated under reduced pressure. The
residue was purified by flash column chromatography (silica gel, EtOAc:pet ether =
1:9 — 3:17) to give acetal 110 (2.49 g, 10.5 mmol, 71% yield) as a colorless oil. 110:
Ry = 0.43 (silica gel, EtOAc:pet ether = 1:2); '"H NMR (500 MHz, CDCl,): 6 = 7.37
~7.26 (m, 5 H), 4.86 (t, J = 4.8 Hz, 1H), 4.50 (s, 2 H), 4.00 — 3.92 (m, 2 H), 3.88
~3.81 (m, 2 H), 3.48 (t, J = 6.6 Hz, 2 H), 1.72 — 1.64 (m, 4 H), 1.57 — 1.48 (m, 2
H) ppm; *C NMR (125 MHz, CDCl,): ¢ = 138.9, 128.5, 127.8, 127.7, 104.8, 104.7,
73.1, 70.5, 65.1, 33.9, 29.9, 21.0 ppm; LRMS (ESI): 259 (Cy,H,,0, + Na®).

4-(1,3-dioxolan-2-yl)butan-1-ol 111: Benzyl ether 110 (2.00 g,
HO\N\OV\% 8.46 mmol, 1.0 equiv) was dissolved under argon in 1,4-dioxane
111 (20 mL). Pd/C (10% Pd, 50 mg, 2.5 weight-%) was added. The
mixture was purged with argon, and subsequently with H,. The mixture was stirred
at room temperature for 16 h. The solution was filtered (GF/C glass microfiber) and
concentrated under reduced pressure to give alcohol 111 (1.24 g, 8.46 mmol, 100%
yield) as a clear, colorless oil which was used in the next step without further pu-
rification. 111: Ry = 0.27 (silica gel, EtOAc:pet ether = 3:1); 'H NMR (500 MHz,
CDCly): § = 4.86 (t, J = 4.7 Hz, 1 H), 4.00 — 3.91 (m, 2 H), 3.90 — 3.80 (m, 2 H),
3.65 (t, J = 6.5 Hz, 2 H), 1.74 — 1.66 (m, 2 H), 1.66 — 1.58 (m, 2 H), 1.56 — 1.46 (m,
2 H), 1.40 (br s, 1 H) ppm; LRMS (ESI): 169 (C,H,,0; + Na*).

181



6.12 Selected Synthesis Experimental Data

Tso\/\/\g§ 4-(1,3-dioxolan-2-yl)butyl 4-methylbenzenesulfonate 106: To
106 a stirred solution of 111 (0.50 g, 3.4 mmol, 1.0 equiv) in CH,CI,
(50 mL) at room temperature was added Et;N (0.62 mL, 4.4 mmol,
1.3 equiv) followed by TsCl (0.71 g, 3.7 mmol, 1.1 equiv) and DMAP (50 mg,
0.4 mmol, 0.1 equiv). The resulting mixture was stirred at the same temperature for
8 h. The mixture was diluted with CH,Cl, (100 mL) washed with sat. aq. NaHCO,
(100 mL) and brine (2 x 100 mL), dried (MgSO,), filtered, and concentrated under
reduced pressure to give tosylate 106. While concentrating, the temperature was
maintained below 40 °C, as the compound has been reported as unstable above this
temperature.®”® Due to this instability, the compound was immediately used in the
next step. 106: Ry = 0.29 (silica gel, EtOAc:pet ether = 1:3); '"H NMR (500 MHz,
CDCL): 6 = 7.79 (d, J = 8.3 Hz, 2 H), 7.34 (d, J = 8.4 Hz, 2 H), 4.80 (t, J = 4.6 Hz,
1 H), 4.03 (t, J = 6.5 Hz, 2 H), 3.96 — 3.88 (m, 2 H), 3.87 — 3.78 (m, 2 H), 2.45 (s, 3
H), 1.75 — 1.65 (m, 2 H), 1.65 — 1.57 (m, 2 H), 1.50 — 1.41 (m, 2 H) ppm; *C NMR
(125 MHz, CDCL,): 6 = 144.9, 133.5, 130.0, 128.1, 104.4, 70.6, 65.1, 33.3, 29.0, 20.1,
14.4 ppm; LRMS (ESI): 323 (Cy,H,,05S + Na™).

(R)-6-(4-(1,3-dioxolan-2-yl)butoxy)-2,5,7,8-tetramethyl-
2-((4R, 8 R)-4,8,12-trimethyltridecyl)chroman 112:

To a stirred solution of D-a-tocopherol (1.54 g, 3.6 mmol,

1.1 equiv) in DMF (30 mL) at 0 °C (ice/water bath)
was added NaH (60% in mineral oil, 0.30 g, 7.5 mmol,
2.2 equiv) in a single portion. After H, gas was no longer being visibly evolved, the
cooling bath was removed, and the mixture stirred at room temperature for 1 h. A
solution of 106 (crude from previous step, assumed 3.4 mmol, 1.0 equiv) in DMF
(10 mL) was added to the reaction mixture at room temperature. The mixture was
stirred at 80 °C for 20 h. Solvent was removed by coevaporation with toluene (3 x
50 mL). The residue was taken up in EtOAc (250 mL). The solution was then washed
with sat. aq. NaHCO;, (50 mL) and brine (50 mL). The combined aqueous fractions

were extracted with EtOAc (2 x 50 mL). The combined organic fractions were then

182



6.12 Selected Synthesis Experimental Data

dried (MgSO,), filtered, and concentrated under reduced pressure. The residue was
purified by flash column chromatography (silica gel, pet ether — EtOAc:pet ether =
1:9) to give 112 (1.65 g, 3.0 mmol, 86% yield) as a colorless oil. 112: Ry = 0.26 (silica
gel, EtOAc:pet ether = 1:9); '"H NMR (500 MHz, CDCl,): § = 4.93 (t, J = 4.7 Hz,
1 H), 4.05 — 3.94 (m, 2 H), 3.92 — 3.84 (m, 2 H), 3.68 (t, J = 6.6 Hz, 2 H), 2.60 (t, J
— 6.9 Hz, 2 H), 2.20 (s, 3 H), 2.16 (s, 3 H), 2.12 (s, 3 H), 1.93 — 1.05 (m, 29 H), 1.27
(s, 3 H), 0.97 — 0.83 (m, 12 H) ppm; *C NMR (125 MHz, CDCL,): § = 148.6, 147.8,
127.9, 125.9, 122.9, 117.6, 104.7, 74.8, 72.9, 65.0, 40.3, 39.6, 37.67, 37.65, 37.6, 37.5,
34.1, 33.0, 32.9, 31.5, 30.4, 28.2, 25.0, 24.6, 24.1, 22.9, 22.8, 21.2, 21.0, 20.8, 19.94,
19.85, 12.9, 12.03, 11.9 ppm; HRMS (ESI): caled for CyqHy,O, [M + H*]: 550.4721,
found 559.4719.

5-(((R)-2,5,7,8-tetramethyl-2-((4R,8 R)-4,8,12-trimethyl-

Me

tridecyl)chroman-6-yl)oxy)pentanal 113: To a stirred
solution of 112 (534.1 mg, 1.03 mmol, 1.0 equiv) in 1,4-

dioxane (8 mL) at room temperature was added H,O

(1 mL), followed by addition of TsOH-H,O (0.40 g,

Me “"Me

2.10 mmol, 2.0 equiv) in a single portion. The mixture was stirred at 90 °C. Over the
next 2 h, H,O (2 mL) was slowly added. The mixture was then stirred at 90 °C for
a further 3 h. The reaction mixture was quenched with sat. aq. NaHCO, (15 mL)
and then extracted with EtOAc (3 x 20 mL). The combined organic fractions were
then dried (MgSO,), filtered, and concentrated under reduced pressure to give 113
(486.5 mg, 1.03 mmol, 99% yield) as a colorless oil which was used directly in the next
step. A sample was purified by flash column chromatography (silica gel, EtOAc:pet
ether = 1:19 — 13:187) for characterization. 113: Ry = 0.26 (silica gel, EtOAc:pet
ether = 1:9); 'H NMR (500 MHz, CDCl,): 6 = 9.83 (t, J = 1.6 Hz, 1 H), 3.68 (t, J
= 6.1 Hz, 2 H), 2.65 — 2.50 (m, 4 H), 2.19 (s, 3 H), 2.14 (s, 3 H), 2.11 (s, 3 H), 1.98
~1.72 (m, 6 H), 1.72 — 1.03 (m, 21 H), 1.26 (s, 3 H), 0.96 — 0.82 (m, 12 H) ppm; *C
NMR (125 MHz, CDCly): 6 = 202.3, 148.4, 147.9, 127.9, 125.8, 123.0, 117.7, 74.9,
72.5, 44.0, 40.3, 39.6, 37.68, 37.65, 37.6, 37.5, 33.0, 32.9, 31.5, 30.0, 28.2, 25.0, 24.6,
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24.1, 22.9, 22.8, 21.2, 20.9, 19.94, 19.86, 19.3, 12.9, 12.04, 11.96 ppm; HRMS (ESI):
caled for Cy,HigNaOy [M + Na™]: 537.4278, found 537.4268.

2,3,4,6-tetra- O-benzyl Top-DNJ 115: To a stirred

Me

solution of 11437 (277.0 mg, 0.53 mmol, 1.0 equiv)

[¢]
q\;le o™ :
N Me
BnO
BnO" "’0Bn Me

PN s (0.3 mL), followed by addition of Pd/C (10% Pd,

and 113 (408.5 mg, 0.79 mmol, 1.5 equiv) in EtOH
e (3 mL) at room temperature was added AcOH
30 mg, 10 weight-%) in a single portion. The mix-
ture was purged with argon, and subsequently with H,. The mixture was stirred
under H, balloon at 60 °C. After 12 h, a further portion of Pd/C (10% Pd, 30 mg,
10 weight-%) was added at room temperature. The reaction mixture was then stirred
at 60 °C for a further 36 h. The solution was filtered (GF/A glass microfiber) and
concentrated under reduced pressure to give protected Top-DNJ 115 as a clear, col-
orless oil which was used in the next step without further purification. 115: HRMS
(ESI): caled for CggHoggNOg [M + HT]: 1022.7232, found 1022.7260.

Top-DINJ 105: To a stirred solution of 115 (crude
Me
from previous step, assumed 0.78 mmol, 1.0 equiv) in

(@)
qe % e ‘ 1:1 MeOH:EtOH (50 mL) at room temperature were
N Me
HO Me
H:Q,,OH oA~ A, added cyclohexene (0.8 mL, 7.8 mmol, 10. equiv),
M e HCO,NH, (500 mg, 7.8 mmol, 10. equiv), Pd/C (10%

Pd, 200 mg, 25 weight-%), and Pd(OH),/C (20%

Pd(OH),, 200 mg, 25 weight-%). The mixture was purged with argon, and stirred
at reflux for 24 h. Further portions of cyclohexene (0.8 mL, 7.8 mmol, 10. equiv)
and HCO,NH, (500 mg, 7.8 mmol, 10. equiv) were added and the reaction mixture
stirred at reflux for a further 48 h. The solution was filtered (GF/A glass microfiber),
washing the catalyst sequentially with EtOH, MeOH, H,O, MeOH and EtOH. The
combined filtrates were concentrated under reduced pressure. The crude residue was
purified by flash column chromatography (silica gel, EtOAc:MeOH = 19:1 — 17:3)
to give 105 (56 mg, 8.5 ymol, 11% yield from 113) as a colorless foam. 105: 'H
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NMR (500 MHz, CD;0D): § = 3.88 (ddd, J = 14.8, 12.1, 2.7 Hz, 2 H), 3.63 (t, J
= 6.3 Hz, 2 H), 3.50 (ddd, J = 10.3, 9.2, 4.8 Hz, 1 H), 3.38 (t, J = 9.3 Hz, 1 H),
3.16 (t, J = 9.1 Hz, 1 H), 3.04 (dd, J = 11.2, 4.8 Hz, 1 H), 2.89, (ddd, J = 13.4, 9.3,
6.6 Hz, 1 H), 2.72 - 2.61 (m, 1 H), 257 (t, J = 6.8 Hz, 2 H), 2.25 (t, J = 10.9 Hz,
1H), 220 (brd, J = 9.5 Hz, 1 H), 2.13 (s, 3 H), 2.09 (s, 3 H), 2.04 (s, 3 H), 1.87 -
1.67 (m, 4 H), 1.67 — 1.01 (m, 25 H), 1.21 (s, 3 H), 0.93 — 0.79 (m, 12 H) ppm; 3C
NMR (125 MHz, CD,0D): § = 149.5, 148.9, 128.5, 126.7, 123.7, 118.7, 111.4, 80.4,
75.7,73.9, 71.9, 70.6, 67.4, 59.3, 57.6, 53.8, 40.63, 40.55, 38.5, 38.4, 38.3, 33.9, 33.7,
32.8, 31.2, 29.1, 25.9, 25.4, 25.33, 25.25, 24.3, 23.2, 23.1, 22.0, 21.6, 20.3, 13.1, 12.2,
12.1 ppm; HRMS (ESI): caled for C,yH,,NOg [M + H]: 662.5354, found 662.5349.
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I may not have gone where I intended to go,
but I think I have ended up where I needed to be.

—Douglas Adams, The Long Dark Tea-Time of the
Soul

The Way Forward

Throughout Chapters 4 — 6, a variety of different iminosugars have been examined.
Collectively, the studies characterized the importance of structural variation in the

iminosugar core and the N-alkylation for both enzyme inhibition and inhibition of

three members of the Flaviviridae family: HCV, BVDV, and DENV.

Overall, the data predominantly fall in line with the standard explanation for an-
tiviral effect: inhibition of ER a-glucosidases I and II. All of the D-DNJ compounds
studied in Chapter 4 inhibited ER Glull in vitro (Table 4.1) and inhibited all three
studied viruses in the respective cell culture systems (Figure 4.13). ToP-DNJ further
informed the critical nature of this mechanism in that the molecule was only antiviral
(Figure 6.11) when tested in cells where it inhibited ER Glull (Figure 6.7). This
observation of ToP-DNJ also demonstrated that inhibition of ER Glull alone (i.e.

without inhibition of ER Glul) is sufficient to impart an antiviral effect.

Although all D-DNJ compounds inhibited all three viruses, there was more than one
trend across the alkylation homologue series, with comparable effect of alkylation

against HCV and BVDV, while DENV showed a different pattern. Because the HCV
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and DENV antiviral assays were performed in the same (Huh7-Lunet-hCD81-GLuc)
cell line, this is unlikely to be due to cellular uptake of the iminosugars, unless the virus
itself influences the absorption and distribution of the drug by the cell. Instead these
divergent trends are more probably due to differences in the iminosugar mechanism
of action. That is to say different effects of the iminosugar create more or less of an

antiviral effect in each case.

One possible explanation for the difference is inhibition of the viral ion channel, p7,
which is present in HCV and BVDV but not DENV. It is known that NB-D-DNJ
does not inhibit the viroporin, while NN-D-DNJ does. While the intermediate length
alkyl iminosugars have never been tested, it is possible that increasing chain length
gradually increases p7 inhibition ability, resulting in the observed trend of the D-
DNJ series. To confirm this, however, electrophysiology studies with the isolated p7
protein of each virus will need to be performed to see whether then N- pentyl, hexyl,

heptyl and octyl iminosugars do indeed disrupt the ion channel.

A second proposed mechanism of anti-HCV and anti-BVDV activity was glycolipid
metabolism disruption, as the iminosugars with N-butyl or longer alkylation were in-
creasingly more potent at inhibiting enzymes in this pathway than those with shorter
alkyl chains. This hypothesis was further strengthened by the fact that NN-D-DMJ
95D and NN-D-DTJ 93D (both inhibitors of the glucosylceramide synthase and glu-
cocerebrosidase) were also found to be antiviral. However, the fact that NB-D-DTJ,
an inhibitor of glucosylceramide synthase, was not antiviral against any of the three
viruses studied, indicated that inhibition of the anabolic pathway does not correlate
with antiviral ability. ToP-DNJ 105, like the N-nonyl compounds, potently inhibited
both of the glucosylceramide related enzymes, however it demonstrated no antiviral
effect against either HCV or BVDV in the same viral assays (Figure 6.12 and Fig-
ure 6.13). Overall, the negative antiviral results of ToP-DNJ and NB-D-DTJ indicate
that it is unlikely the disruption of glycosphingolipid metabolism that leads to the

antiviral effect of the other alkyl iminosugars.
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While glycolipid disruption does not correlate with antiviral ability in the general
assay used, a preliminary prophylactic assay with ToP-DNJ did show an antiviral
trend with respect to HCV, HBV and HIV. This indicates that interruption of these
pathways could be antiviral but require longer turnover for the metabolic changes
to result in the functional antiviral effect. As discussed in Chapter 6, ongoing work
with further pretreatment assays will better characterize this effect. A number of the
other iminosugars will serve as excellent controls given their selective effect on only

the anabolic part of the pathway or complete lack of influence on glycosphingolipids.

Indeed, even the partial library of DNJ stereoisomers prepared so far has resulted in a
variety of inhibition profiles. The use of them as controls for glycolipid studies demon-
strates the ongoing utility they will have even after initial screening as antiviral com-
pounds. The particular importance of R-stereochemistry at C4 for iminopyranose in-
hibition of a-glucosidases has been identified, while the other stereocenters appear less
critical (Table 5.1). In terms of antiviral activity, even before this work, NN-D-DNJ
was a known inhibitor of HCV, BVDV and DENV (as well as other viruses),177178:180
and NN-D-DGJ, an inhibitor of HCV and BVDV. %180 NN-p-DMJ and NN-D-DTJ

have now been added to this list of antiviral iminosugars (Figure 5.2),

To take advantage of the diversity of antiviral stereochemistries, new synthetic targets
can be approached that mimic more than one glycose stereochemistry (Figure 7.1).
As the route to the isomers described in Chapter 5 isolates each carbon for manip-
ulation, it serves as a starting point from which these deoxy- and fluoroiminosugars
may be prepared. Limited structures from these two classes have been prepared pre-
viously, but were examined against neither a large panel of enzymes nor any viruses
for inhibition.?"%37" Particularly if iminosugars with separate stereochemistries act
by different mechanisms of action, these hybrid isomers could act as a cocktail of the

two in a single compound.
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Figure 7.1: Proposed Deoxy- and Fluoroiminosugar Dual Mimics. As several imi-
nosugar stereochemistries (D-gluco, D-galacto, D-manno, and D-talo) have now been
demonstrated to have antiviral properties, iminosugars that inhibit more than a sin-
gle monosaccharide are now proposed by either removing hydroxylation or replacing
a single hydroxyl group with two fluorines. Fluorine is a traditional bioisostere of
both hydrogen (having similar size) and of a hydroxyl group (given its electronega-
tive nature and ability to act as hydrogen bond acceptor). Compounds 117D and
118D mimic both D-gluco and D-allo stereochemistry; 123D and 124D, D-gluco and
D-manno; 126D and 127D, D-gluco and D-galacto. While C6 is not a stereocenter,
performing similar manipulations will both provide insight to the importance of hy-
droxylation at that carbon atom. Further, because the removal of hydroxylation or
introduction of electronegative fluorine will have effects besides those on stereochem-
istry (e.g. influencing the pK, of the iminosugar), the C6 compounds will serve as
useful controls. While all of the examples in this figure show D-gluco hybrids, the
stereochemical manipulations of Chapter 5 allow for others, such as D-manno and
D-talo.
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The first research on iminosugars as antivirals began three decades ago. With the
tool of chemical synthesis in hand, iminosugar biological activity becomes less fore-
boding terrain. By synthesizing carefully designed libraries of compounds and fully
characterizing them in terms of biological activity, there will hopefully eventually be
sufficient data from which to design a combination of iminosugar head group and
alkylation for any specific set of desired biological properties. The structure—activity
relationships described herein bring us closer to understanding the mechanisms by
which the compounds exert their effects, but much work remains to be done. The
structural diversity of the class leaves much of the full spectrum of potential for the
iminosugars to be elucidated; however, by continuing the studies commenced here,

light can be brought to the furthest corners of the iminosugar landscape.
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Selected NMR Spectra of the Shishijimicin
A Carboline Disaccharide Domain and its
Precursors

192



Appendiz A

'H spectrum of 16 (600 MHz, DMSO-dj)

MeO. NH
i
N (0]
H

16

J . .J_MLM

T
s oo | ss
1 fbm)

13C spectrum of 16 (150 MHz, DMSO-dj)

193



Appendiz A

'H spectrum of 17 (500 MHz, DMSO-dj)
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'H spectrum of 12 (400 MHz, C¢Dy)
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'H spectrum of 20 (400 MHz, CDCl,)
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'H spectrum of 21 (500 MHz, CDCl,)
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'H spectrum of 22 (500 MHz,
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'H spectrum of 23 (600 MHz, CDCl,)
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'H spectrum of 24 (600 MHz, CDCl,)
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'H spectrum of 25 (600 MHz, CDCl,)
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'H spectrum of 4-epi-25 (600 MHz, CDCl,)
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'H spectrum of 13 (600 MHz, CDCl,)
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'H spectrum of 27 (600 MHz, CDCl,
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'H spectrum of 28 (500 MHz, toluene-dg, 80 °C)
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'H spectrum of 29 (500 MHz, toluene-dg, 80 °C)
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'H spectrum of 30 (500 MHz, toluene-dg, 70 °C)
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'H spectrum of 11 (500 MHz, toluene-dg, 65 °C)
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HMBC spectrum of 11 (600 MHz, toluene-dg, 60 °C)
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Selected NMR Spectra of DNJ
Stereoisomers and Alkyl Homologs
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'H spectrum of 33D (500 MHz, D,0O)
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'H spectrum of 55D (500 MHz, D,0O)
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'H spectrum of 47D (500 MHz, CD;0D)
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'H spectrum of 58D (500 MHz, CD;0D)
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'H spectrum of 63D (500 MHz, D,0O)
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'H spectrum of 91D (500 MHz, CD;0D)
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'H spectrum of 64D (500 MHz, D,0O)
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'H spectrum of 93D (500 MHz, CD;0D)
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'H spectrum of 94D (500 MHz, CD;0D)
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'H spectrum of 65D (400 MHz, D,0O)
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'H spectrum of 62D (500 MHz, D,0O)
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Samples 1-33 received from Stephanie on 4™ March 2013. Extraction on 5™ March 2013. Samples 34-
45 received from Stephanie on 5th April 2013. Extraction and processed 6" April.

Sample volume is 2ml (methanol/acetone) corresponding to one T25 cell plate. 0.25 ml (1/4" of T25)
is sampled for FAME profile and 0.25 ml (1/4" of T25) for total cholesterol (GCMS).

1ml (1/2 of a T25 plate) is kept for HPLC-MS2 lipidomics.

Sample HCVcc Treatment Conc. total protein % HCV HCV RNA copies
ID un/infected (uMm) (mg) positive secreted (per ml)
cells

samples sent:
4 march 2013

1 infected DNJ 1000 0,138 91,31 3,26E+04
2 infected DNJ 1000 0,120 88,14 3,15E+04
3 infected DNJ 1000 0,114 84,83 3,03E+04
4 infected untreated 0,156 86,77 3,10E+04
5 infected untreated 0,204 92,93 3,32E+04
6 infected untreated 0,194 89,81 3,21E+04
7 infected NB-DGJ 1000 0,116 72,27 2,58E+04
8 infected NB-DGJ 1000 0,095 77,81 2,78E+04
9 infected NB-DGJ 1000 0,179 63,64 2,27E+04
10 infected uv4a 50 0,137 79,63 2,84E+04
11 infected uv4 50 0,123 76,65 2,74E+04
12 infected uv4 50 0,078 74,29 2,65E+04
13 infected ToP-DNJ 10 0,216 60,63 2,16E+04
14 infected ToP-DNJ 10 0,224 62,31 2,22E+04
15 infected ToP-DNJ 10 0,107 66,88 2,39E+04
16 uninfected untreated 0,283
17 uninfected untreated 0,250
18 uninfected untreated 0,341
19 uninfected ToP-DNJ 10 0,270
20 uninfected ToP-DNJ 10 0,323
21 uninfected ToP-DNJ 10 0,254
22 uninfected DNJ 1000 0,289
23 uninfected DNJ 1000 0,330
24 uninfected DNJ 1000 0,231
25 uninfected NB-DGJ 1000 0,213
26 uninfected NB-DGIJ 1000 0,250
27 uninfected NB-DGJ 1000 0,181
28 uninfected uv4 50 0,161
29 uninfected uv4 50 0,185
30 uninfected uv4a 50 0,198
31 uninfected Horse serum 10% 0,214
32 uninfected Horse serum 10% 0,168
33 uninfected Horse serum 10% 0,184
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samples sent on 3 April

34
35
36
37
38
39
40
41
42
43
44
45

2013
uninfected

uninfected
uninfected
uninfected
uninfected
uninfected
uninfected
uninfected
uninfected
uninfected
uninfected
uninfected

untreated 6h
untreated 6h
untreated 6h
untreated 24h
untreated 24h
untreated 24h
uv4 6h
uv4 6h
UV4 6h
UV4 24h
UV4 24h
UV4 24h

50
50
50
50
50
50

0,306
0,324
0,303
0,326
0,302
0,342
0,320
0,325
0,284
0,286
0,290
0,273
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1- Fatty Acid (FA) composition of total lipid extracts from HCVcc infected (sample 1 to 15)
and uninfected cultured Huh?7.5 cell plates (s. 16 to 30 and horse serum supplemented).
The FA profile of total lipids comprised in the total lipid extract is obtained by GCMS after
acid transmethylation of lipids. All lipids contribute to the total FA profile; Glycerolipids (2 or
3 FA/molecule), cholesterol esters (1 FA/molecule) and sphingolipids (1 FA/molecule). FA
methyl esters (FAME) are separated by GC and specific M+ NH," adducts are assayed in the
chemical ionization mode of acquisition with ammonia as the reagent gas. Results are
normalized relative to the internal standard of C17:0 (10 mcg/sample (1/4™ of T25 plate)).

total FA mcg/T25

infected-DNJ
infected-DNJ
infected-DNJ

infected-untreated

infected-untreated
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c t© ¢
S 5 5

infected-Uv4
infected-Uv4
infected-Uv4
infected-ToP-DNJ
infected-ToP-DNJ
infected-ToP-DNJ
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o
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o
(7]
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£
<
E

infected-NB-DGJ
infected-NB-DGJ
infected-NB-DGJ
uninfected-untreated
uninfected-untreated
uninfected-DN.
uninfected-DN.
uninfected-NB-DG
uninfected-NB-DG
uninfected-NB-DG

uninfected-UV4
uninfected-Uv4
uninfected-Uv4

uninfected-Horse serum

uninfected-Horse serum

uninfected-Horse serum

NB: A data point for an infected-untreated sample is missing for total FA quantification.

FA amounts are shown separately for infected and infected cell plates below (red cross =

mean value).

14+

12 A

10 A

Scattergrams (total FA microg/infected)

infected-NB- infected-Uv4
DGJ
T’ *
— B —
* *
infected-ToP- infected-
infected-DNJ DNJ untreated
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Scattergrams (total FA microg/uninfected)
- uninfected- uninfected- uninfected-
ToP-DNJ NB—pGJ Horse serum
*
12 + ‘ +
* ° *
—+ .
10 + * + .
—
>
*
8 T .
6 uninfected- uninfected- uninfected-
untreated DNJ uva
4 L
) L

The total amount of FA is indicative of the total lipid content in the extract, disregarding a
change in the proportions of the different lipid classes comprised of 1, 2 or 3 FA/molecule.
The FA total amount is considerably reduced (-66%) by infection (proteins are reduced from
0.291 to0 0.184; -36%). The reduction is observed whether or not the cells have been treated.
Uninfected plates supplemented by horse serum contain LESS (X0.55) FA (=less lipids) than
bovine serum supplemented plates. The following study of FA profile shows that horse serum
supplemented cell plates have a reduced de novo lipogenesis (DNL) rate.
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FAME% variations (axes F1 and F2: 95,02 %)
1
C20:3n3
0,75 C18:2n6
C20:4n6
0,5
025 C16:1n7
C18:2n7
s C14:0
3 €20:5n3
ﬁ 0 } t ——
- ._.—//"
o~
- C18:0 C16:1n9
0% 1 €22:5n3 T €20:3n9
\& C18:3n3
05 czz:i
075 | c18:1pg C16:0 1 C18:1n7
-1
-1 -0,75 0,5 -0,25 0 0,25 0,5 0,75 1
F1(72,98 %)

The variations in the profiles are summarized by the principal components analysis of FAME%
(above).

The load-plot shows FA products of the correlation of characteristic de novo lipidogenesis
biomarkers of DNL in the right quadrants (except C16:0, 18:0 and 18:1n9 which are
abundantly supplied by the culture medium in the lower right quadrant). Their variations are
diametrically opposite to essential fatty acids (EFA n3 and n6 series) as well as (non essential)
FA C16:0, C18:0 and C18:1n9 (oleic acid). Exogenous FA such as C16:0, C18:0 and C18:1n9
serve as precursor for conversion by desaturases and elongases in the DNL pathway
(16:0>16:1n7-9; 18:0>18:1n7-9>18:2n7-9>20:3n7-9). GCMS analysis has evidenced the
occurrence of 18:2n7-9, a precursor of 20:3n7-9. The variations of FAs after infection can be

understood as a wide reduction of the very high DNL rate (endogenous synthesis of FA). Such

accelerated DNL is resulting of a low exogenous supply of the Huh cells cultures

supplemented with (10% v/v) bovine serum. Infected/non infected status modifies the DNL

rate but from its very accelerated rate under the common culture conditions. This can be

proven by the horse serum supplementation test.
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Observations (axes F1 and F2: 95,02 %)

. uninfegted-Horse
serum

6 , uninfected-Horse

~serum
. uninfected-Horse

serum

F2 (22,04 %)

. uninfected-ToP-
DNJ

F1(72,98 %)

The score plot illustrates the separation in 3 sub-groups, which shows:

1) The enrichment in EFAn3 and n6, SAT and oleic acid of infected plates (in the lower left

quadrant)

2) Uninfected plates are enriched in DNL produced FA (in the right quadrants)

3) Separation of horse serum supplemented cells results of an enrichment in PUFA (18:2n6
(LA), 20:3n3 and 20:4n6 (AA)). In turn, PUFA exert its inhibition on DNL (scores in the right
quadrant).
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12
10

0 VW < N O

C20:3n9 (mead acid) is the most sensitive markers of DNL in the culture showing the largest

increase in the uninfected plates (0.78+/-0.07 to 7.91%+/-0.67).
Uninfected horse serum supplemented cells show even much higher levels of essential FA

C18:2n6 and 20:4n6 (PUFA) percentages show EFA enrichment (relative to DNL biomarkers)
(LA 12.50%+/-0.54: AA 15.23%+/-1.56) and much lower DNL markers.

in infected cells (LA; 5.12+/-0.42 vs 0.79%+/-0.06: AA; 7.99%+/-0.57 vs 3.21%+/-0.41).

The proportions of DNL products in the profiles are shown as percentage (below).
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Treatment by UV4 has no significant influence on the total FAME amounts at 6 and 24 hours.

20 1

19 4

18 A

17 4

16

15 4

14 -

Scattergrams (FAME total microg/plate)

uninfected- )
untreated 24h uninfected-
¢ Uv4 24h
. S
*
¢ .
*
+
+ T
L d
+
. —
*
uninfected- uninfected-
untreated 6h UV4 6h

However a separation of 6h and 24h treated plates is detected suggesting a change in the FAME%

profile.

F2 (31,75 %)

Observations (axes F1 and F2: 77,66 %)

uninfected-UV4

uninfected-Uv4 -+ 24h
24h
° uninfected-UV4
24h
uninfected- .
1® Untreated p4ffinfected- ninfected-
untreated 24h ntreated pah
® uninfected-UV4 6h
uninfected-
untrea:ed L?r'{‘mfected-
I h
® uninfected-UV4 6h ut?rg{r?faetcet%g»

® _uninfected-UV4 6h

untreated 6h

-4 -3 -2 -1 0

F1(45,91 %)

The separation of treated plates in the left quadrants (negative loading on F1) is related to the

enrichment in the profile of DHA+ ALA at the expense of DNL products (16:1):
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F1 F2
C22:6n3 -0,822 -0,381
C18:3 -0,746 0,399
C20:3n9 -0,706 -0,610
C20:3n3 -0,702 -0,312
C18:1n9 -0,616 0,764
C18:1n7 -0,490 -0,521
C18:2n7 -0,475 -0,732
C18:0 -0,465 -0,818
C20:4n6 -0,250 -0,189
C18:2n6 0,611 0,391
C16:1n9 0,741 -0,679
C16:0 0,796 -0,479
C14:0 0,806 0,827
C16:1n7 0,935 0,222
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2- Total cholesterol assayed by GCMS from HCVcc infected (samples 1 to 15) and uninfected
Huh7.5 cell plates (s. 16 to 30 and horse serum supplemented).

No other sterols than cholesterol (including oxidized sterols or cholesterol precursors such as

7DHC, lathosterol) is detected by MS fragmentography in the present cultures.

The total cholesterol (including non-esterified and esterified cholesterol) is assayed after acid

transmethylation of FA and trimethylsilylation of 3 beta OH-cholesterol. TMSi-Sterols are

quantitifed with GCMS relative to the internal standard of epicoprostanol (20 mcg added to a
volume of extract corresponding to 1/4™ of T25 plate).

NB: A data-point is missing for infected-UV4 sample (sample 11).

The total cholesterol amount (microgram/T25 flask) is reduced by HVC infection (-47%).
Horse serum supplementation reduces also the total cholesterol level by -24%. No significant

reduction is brought about by UV4 after 48 hrs as compared to untreated samples.

Scattergrams (total cholesterol /plate)

70 T

infected- infected-UV4  uninfected-  uninfected- uninfected-

untreated untreated DNJ uv4
60 +

IS . —+ —_t‘
50 + —— ¢ . .
+
e &
* * *
40 +
*
*
30 M
*
¢ . +
20 + ¢ —+
*
*
infected- infected- uninfected-  uninfected-  uninfected-
10 ~infected-DNJ NB-DGJ ToP-DNJ ToP-DNJ NB-DGJ Horse serum
infec infected- infected- infect- infected- uninfected- uninfected- uninf- uninfected- uninfe- uninfected-
-DNJ untreated NB-DGJ uvsa ToP-DNJ untreated ToP-DNJ DNJ NB-DGJ uvsa horse serum

26,19

SD 4,764

26,298 26,201

1,725 1,704

20,844 23,608 49,219 49,606 57,109 54,411 46,197 37,801

3,151 5,343 6,808 7,263 5,531 3,441 3,827 4,497
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Also, UV4 treatment has no significant influence at 6h, 24h (and 48h figure above) on the
total cholesterol level in cultured cells.

NB: At 6, 24 and 48hrs the total amounts of cholesterol are not in proportion with the total

amounts of proteins (at 48hrs) or with the total amounts of FAME (at 48hrs).

26

24 -

22 4

20 4

18

16 4

14 -

12 4

Scattergrams (total CHOL gcms mcg/T25 plate)

L d

uninfected-
untreated 24h

+
.
—_—
+ .
—_—
.
uninfected-

untreated 6h

uninfected-Uv4
24h

uninfected-UV4 6h
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Cholesteryl esters are (slightly) decreased by infection (28.9+/-6.0 to 23.4+/-2.9 nmoles). CE
amounts ( average MW of =690) correspond to 17 mcg as compared with = 50 mcg of total

cholesterol (assayed by GCMS).

uninfected-
untreated

Scattergrams (CE total nanomoles/T25)
40 T
infected-NB-DGJ infected-UVv4 uninfected-DNJ uninfectél-NB-DG) uninfected-UVv4
35 +
4 i
30 + . $
.
—_——
s+ . By
20 + . bd
——
3 .
15 +
——
10 L infected- uninfected-
infected-DNJ infected-ToP-DNJ untreated Horse serum uninfected-ToP-DNJ

Whereas no significant variations of CE are detected, large variations in the molecular species
profile are observed reflecting the reduction of DNL markers in the infected cells (16-0, 16-1,
18-1, 14-1, 14-0) at the expense of PUFA (20-3 (n?), 20-4, 22-4, 20-5, 22-6, 22-4, 22-5). The
change in the molecular species profile allows a complete separation of uninfected/infected

plates in the score-plot.

molecular species of CE (axes F1 and F2: 88,17 %)

1

0,75

F2 (10,51 %)
a
>
o

-0,75

-1 -0,75 -05 -0,25 0 0,25 0,5 0,75 1

F1(77,65 %)
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Observations as CE molec species profile
(axes F1 and F2: 88,17 %)
7
6 ° unjinfected-Horse
serum
5 -+
4 1
]
- 3 T
n
o
=2 4
~ ® uninfected-UV4
N
1 ® uninfected-UV4
® uninfected-UV4
0 )
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6 5 4 3 -2 1 0 1 2 3 4 5 6 7
F1(77,65 %)

(NB: only 1 data point is reported for horse serum supplemented cultures).

As a function of time there is only a limited influence of UV4 on the total CE levels.

Influence of UV-4 treatment (total CE nmoles / T25)
35 T
uninfected-UV4 48h uninfected-untreated 24h . uninfected-untreated 6h
—_——
+
30 +
3
3
+
25 + . . .
;# .
3 . —
—— ——
.
20 + . +
15 +
.
10 +
uninfected-UV4 24h uninfected-UV4 6h uninfected-untreated 48h
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Whereas no influence of the treatment is detected on the total CE amounts, the influence
on the FA composition of CE is evidenced in the score-plot as a function of the culture time:

F2(13,82 %)

Observations (axes F1 and F2: 80,02 %)

uninfected-UV4

uninfected-
untreated 6H

48h uninfer‘ed- \Z3
e0q Uninfected-UV4 24h
e
48h
uninfected-UV4
48h
° uninfected-
uninfected- . . ungume%d 6h
untreated 48h’ ' ' ¥ euntPOlRieesa
uninfected- unirt d
\4 untreated 48h ® hirffect (¥4
o Unin
uninfected- . UBH@%W%UV“
untreated 48h ) 24h
® uninfected-UV4 6h
5 4 -3 -2 1 2 3 4 5
F1 (66,20 %)

The separation of samples collected at 48h is related to their enrichment in 18:2 (n?) and FA
products of the DNL pathway (C14, C16:1) at the expense of PUFA. However there is no
separation under the influence of UV4 treatment detected in the score-plot

F2 (13,82 %)

Variables (axes F1 and F2: 80,02 %)

0,75
05 3
0,25 3
2:5
2:6
0
CE16:0 CE0:5
0,25 CE/J0:4
0,5
-0,75
1
1 075 -05 025 05 075 1
F1(66,20 %)
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3- Total triglycerides (TAG) in lipids extracted from HCVcc infected (samples 1 to 15) and
uninfected Huh7.5 cell plates (s. 16 to 30 and BCS/horse serum supplemented).
167 molecular species are assayed by tandem MS. The total TAG amounts are quantified
relatively to an internal standard of 2 nmoles triheptadecanoyl (tri C17:0) TAG added to the
lipid extract.
Infection reduces the TAG content of plates by -77% (71.15+/-4.38 > 17.56+/-2.25 nmoles).
UV4 treatment reduces the TAG content in uninfected cells by -45% (67.7+/-2.8
nmoles>37.8+/-12.4 nmoles). This reduction is not observed for cultured cells collected at 6
and 24 hrs where the TAG levels are considerably lower (=23 nmoles) than 48 hrs (see
below).
Plates supplemented by horse serum instead of bovine calf serum show a reduced TAG
content (67.7+/-2.8 > 18.3+/-1.2; -74%). This large decrease in TAG is consistent with a
reduced DNL rate previously described in the composition of FAME%.

Scattergrams (TAG nmoles/plate T25)
90
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80 T untreated untreated
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The molecular species composition of TAG shows also large variations correlated with the
total TAG content, which can be interpreted as a variation in the DNL rate. The scoring of
TAG profile is mostly influenced by TAG marking high DNL rate.

The score-plot shows the separation of 4 sub-groups (uninfected-horse serum supplemented
plates, infected, uninfected plates and infected-UV4 treated plates) in 2 factorial plans F1, F2
and F1, F3 representing altogether 95% of the total variability.

Observations (axes F1 and F2: 84,63 %)
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The corresponding load-plots collecting the variations of 167 molecular species of TAG for

the 33 samples reveals most influential species along F1, F2 and F3 components (Factor

loadings are shown in the Table below).

Variables (axes F1 and F2: 84,63 %)
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F3 (10,82 %)

0,95

0,7
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Variables (axes F1 and F3: 65,06 %)
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Table of Factors loadings. Only the 10 highest and lowest loadings in the TAG profile are

shown. Their contributions in the principal component axis F1, F2 and F3 are given.

Molecular species are given as xx:yy zz (xx = carbon number comprised in the 3 acyl chains;
yy = total double-bond number; zz = neutral loss by cleavage of one FA (the NL is used for
MS2 detection after CID of TAG species).

F1 F2 F3
52-316:0 0,997 58-722:6 0,892 52-618:3 0,893
52-218:2 0,990 58-922:6 0,892 54-6 18:3 0,819
54-418:1 0,988 60-8 22:6 0,891 48-318:3 0,750
50-214:0 0,988 54-6 22:6 0,890 50-518:3 0,743
58-520:3 0,979 60-10 22:6 0,884 48-418:3 0,724
58-6 22:4 0,977 58-8 22:6 0,880 56-6 18:3 0,707
54-418:2 0,972 56-722:6 0,877 52-518:3 0,704
56-418:2 0,971 60-9 22:6 0,874 56-8 20:5 0,701
56-522:4 0,967 56-5 22:5 0,872 50-520:4 0,676
52-414:0 0,963 56-8 22:6 0,870 52-6 20:4 0,622
56-520:3 0,962 54-722:6 0,846 50-318:3 0,617
60-9 22:6 0,425 50-4 14:1 -0,773 50-216:0 -0,407
58-8 22:6 0,424 50-4 20:3 -0,788 48-116:0 -0,408
54-6 22:6 0,411 52-520:3 -0,793 52-218:0 -0,414
58-722:6 0,409 48-314:1 -0,810 50-018:0 -0,430
58-922:6 0,404 46-214:0 -0,816 52-316:1 -0,432
60-8 22:6 0,403 50-4 18:2 -0,817 54-316:0 -0,438
60-10 22:6 0,386 48-318:2 -0,818 50-118:0 -0,446
52-618:3 0,353 44:2 14:1 -0,820 48-016:0 -0,452
52-522:4 0,197 46-2 14:1 -0,825 48-116:1 -0,502
50-5 20:4 0,107 48-3 16:1 -0,852 50-2 16:1 -0,506
56-8 20:5 -0,027 46-2 16:1 -0,860 52-216:1 -0,526

Interpretation of the compositional variations in TAG (PCA):

Factor F1 separates observations as a function of the double-bond numbers; high loadings

are 4 unsaturations (average nDB=4; nC=54,36) versus lower loadings values (nDB=6,2;

nC=55,8).

F2 separates observations for their enrichment in DHA (corresponding to highly positive

loading factors with nC=57,27 and nDB=6,73) versus DNL products with low nC (48) and low
nDB (3,09) values (corresponding to negative loadings).

F3 separates observations as a function of ALA (18:3) enrichment (positive loadings) versus

SAT and MUFA (16:0, 18:0, 16:1; negative values).

Finally, the comparison of score- and load-plots reveals that;

1. Infected Huh7.5 plates (low F1, high F2) contain low levels of TAG enriched in
polyunsaturated FA, especially DHA (low F1 loadings, high F2 loadings). The high PUFA levels

is at the expense of DNL markers (low F2, low F3).
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2. Treatment by UV4 in infected cells collected at 48 hrs show higher F2 and F3 loadings
consistent with higher DHA- and ALA-containing TAG, respectively, as compared with
untreated and other inhibitors. In uninfected cultures UV4 treatment, the loadings are
shifted to lower F2 (lower DHA) but higher F3 (higher ALA). (blockade of the ALA
interconversion to DHA?).

3. Horse serum supplemented uninfected plates form a distinct sub-group regarding the TAG

composition with much higher F1 and higher F3 than other plates. This shift corresponds to
lower DHA levels but higher ALA-containing TAG (blockade of the ALA interconversion to
DHA?).

The measurement of UV4 activity on total TAG levels reveals a reduction after 48 h culture
but (low) levels are not influenced by UV4 treatment at 6 and 24h.

Scattergrams (TAG total nmoles/T25 plate)

80 T

uninfected-Uv4 uninfected- uninfected-Uv4
48h untreated 24h 24h
70 + ¢
+
*
60 +
50 +
— e—
40 +
+
30 +
uninfected- ¢ un'in'fﬁtrE'd- —— —+—

untreated 48h untreated 6h uninfected-UV4 6h
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As a function of time the FA composition of TAG is shifted. The changes in TAG profile result

in the separation of 6h, 24 h and 48 h scores. The separation of UV4-treated/untreated

cultures is only detected at 48h (not at 6 and 24 hrs culture times).

15

10

F2 (22,82 %)

-10

Observations (axes F1 and F2: 71,93 %)

uninfected-

ntgaed S,

L uninfected-

Qntreated 6
untreated 6h

® weinfrrRdY40 6h

uninfected-UV4
ur“nfegggd-uvtl
uninfe%?gd-uv4

48h

uninfected-UV4 6h

uninfected-
untreated|24h

o i cted-
° uninfected

s unrinigs fted-Uva

24 24h
untr@ateq 20h o uva

24h

uninfected

untreated |48h
uninfected-

kit h
untreated|48h

-20

-15

-10 -5 0 5

F1(49,10 %)

10 15

The separation of 48h data-points along F1 is consistent with the enrichment in TAG species

(nC=55, nDB=3,27) with a positive contribution such as indicated in the table (Molecular

species are given as xx:yy zz (xx = carbon number comprised in the 3 acyl chains; yy = total
double-bond number; zz = neutral loss Induced by Dissociation (cleavage) of one in 3 FAs (the
NL is used for MS2 detection after CID of TAG species).

F1
54-318:0 0,963
52-218:1 0,962
56-3 18:2 0,952
56-318:1 0,950
52-4 14:0 0,937
54-218:1 0,926
54-118:0 0,919
58-520:3 0,899
60-6 22:4 0,897
56-4 18:1 0,895
54-316:1 0,888
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The shift of 6h- and 24h-samples (treated as well as untreated) relatively to 48 h-samples is
consistent with polyunsaturated species with a negative contribution (nDB=4,09) along F1:

54-7 20:4 -0,945
50-318:1 -0,946
54-518:2 -0,948
56-7 20:5 -0,948
54-6 20:4 -0,949
52-4 18:2 -0,955
50-2 16:1 -0,961
50-4 18:2 -0,962
56-6 20:3 -0,962

3- Diacylglycerol (DAG) extracted from HCVcc infected (samples 1 to 15) and uninfected

Huh7.5 cell plates (s. 16 to 30 and horse serum supplemented).

a

©

W TIC: fiom Sample 17 (2013UT17) of 201303200 wif (Turbo Spray)
2407
2,067
1,567
1087
5,066
00

40,99

0,53

42,53

Max. 2,4e7 cps

5 10 15 20

c

25 30
Time, min

40 45

450 55

®
1368
1000
a
500
°

W VIR (18 pairs): Period 1, Exp 3, 10,286 to 20,137 min from Sample 17 (2013UT17) of 20130320b.wiff (Turbo Spray)

Max. 1358,5 cps|

576,5/281,3

0l T + +
e 578,5/335,3 638,6/393,4 546,5/275,3 5
490,5/217,3

5805/337,3 58053353

578,5/283,3

578,5/281,3

610,6/313,3
Q1/Q3 Masses, Da

612,6/313,4

668,6/369,4

636,6/335,4

654,6/335,4

66263614 6

686,6/341,1
56,6/335,4 698,6/369,3

2,204 11,59

2,0e4
<

1,504

1,0e4
3
5000,0 12,10

0,0

>
W XIG-of +MRM (18 pairs): Period 1, Exp 3, 668,6/369,4 Da from Sample 17 (2013UT17) of 20130

DiAcylGlycerol

320b.wiff (Turbo Spray)

Max. 2,2e4 cps|

16 18 20
Time, min

22

24 26 28

32 34 36 38

Infection reduces the level of DAG in cell plates from = 1.31 to 0.86 nmoles.
UV4 treatment and horse serum supplementation decreases also DAG level in uninfected
plate as already noted for total FA and TAG levels.
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Scattergrams (Total DAG nmoles/T25)
2
infected- infected-Uv4 uninfected-  uninfected-DNJ ¢ uninfected-UV4
18 1 untreated untreated
1,6 -
*
1,4 ¢ ¢ .
= *
1,2 4 .
* -
1 —3$ —_—— ——
+ - ¢ +
0,8 A . .
*
*
06
N * 4-_
0a infected- uninfected- uninfected- uninfected-
’ infected-DNJ  infected-NB-DGJ ToP-DNJ ToP-DNJ NB-DGJ Horse serum
infecte  infected- infected- infecte infected- uninfected- uninfected- uninfect uninfected uninfect uninfected-
d-DNJ  untreated NB-DGJ d-UV4  ToP-DNJ untreated ToP-DNJ ed-DNJ -NB-DGJ ed-UV4  Horse serum
A
v. 0,88 0,86 0,90 0,72 0,73 1,31 1,33 1,36 1,64 0,87 0,58
S
D 0,17 0,06 0,18 0,07 0,19 0,13 0,22 0,08 0,24 0,27 0,04

Altogether the variations of end-products (FA, TAG, CE) and intermediary metabolites

(DAG) are consistent with a reduced DNL rate by infection, UV4 treatment and horse serum

supplementation.
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No separation between any sub-groups is detected in the score-plot based on the

composition of DAG.

Observations (axes F1 and F2: 47,43 %)

4
infected-
® infecied;i i intal RO
®
2 + o infetresderbP-DNJ

® infected-NB-DGJ
® igfedtfdainfected-ToP-DNJ
.. "ﬁa. seHorse
® infected-N serum .

® infected-ToP-DIN® gurHhf Dé >
infected- n
® uninfected-UV4 uni(ijfeelteh-

F2 (19,27 %)
o

° LMinfecE‘en(h tedminfected-ToP-

ANBDNy
)

=

untfeat; ted-
i i@mﬂted—uﬁgﬁfmreatea RMinfected-oN
-2 -+
° uninfected-ToP-
° um%wcted-ToP-
uninfected-Horse DNJ
-4 .
serum
-8 -6 -4 -2 0 2 4 6 8
F1(28,16 %)

No influence on the DAG level is observed after UV4 treatment at 6, 24 (below).

Scattergrams (total DAG)

0,55 T
uninfected-untreated 24h
.
05 +
045 + . .
*
© 04 + 1
<
= — .
s
2 o3 | +
03 +
0,25 +
-
02 -+

uninfected-untreated 6h uninfected-UV4 6h

uninfected-UV4 24h
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4- Total phosphatidylcholines (PC) and lysophosphatidylcholines (LPC) extracted from
HCVcc infected (samples 1 to 15) and uninfected Huh7.5 cell plates (s. 16 to 30 and horse
serum supplemented).

0 T
Scattergrams (PC total nanomoles/T25)
i - . uninfected- . .
80 T infected infected-UVv4 uninfected-DNJ uninfected-UV4
untreated untreated o
* >
70 + -
—— —%
8 LS
o .
5 60 +
o +
s *
g
2 50 +
©
o
=
S 40 +
o
a
30 + _.§._ * .
RPN S S
uninfected- uninfected- uninfected-
10~ infected-DNJ infected-NB-DGlinfected-ToP-DNJ  ToP-DNJ NB-DGJ Horse serum
infected infected- infected-  infected infected- uninfected- uninfected-  uninfecte  uninfected-  uninfect uninfected-
-DNJ untreated NB-DGJ -uva ToP-DNJ untreated ToP-DNJ d-DNJ NB-DGJ -uva Horse serum
A
v 189 19,1 20,5 18,2 19,8 29,4 28,8 57,5 67,5 66,0 63,6
s
D 1,2 0,5 1,5 0,9 1,7 1,4 1,3 25,4 5,4 2,8 8,9

Total PCis lowered by infection (19.1 +/- 0.5 nmoles/T25) as compared to uninfected-
untreated samples (29.4 +/-1.4 nmoles).

NB: Treatments by DNJ, NB-DGJ, UV4 and supplementation with horse serum increase
considerably the total PC amounts to <60 nanomoles as compared with uninfected untreated
plates (=29 nmoles). (IS response are lowered (checked) in the corresponding recordings; |
suspect a quantification inconsistency for the corresponding samples). Such an influence of
DNJ, NB-DGJ, UV4 treatment was not noticed previously.

As indicated by the compositional study of PC, 3 subgroups (infected, uninfected, horse
serum supplemented) can be separated.

The score-plot does not show a separation as a function of the treatment.

The load-plot shows the enrichment in PUFA-containing PC species 36:4, 38:4 and 38:5 in
horse serum supplemented plates (lower quadrant).
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Observations (axes F1 and F2: 85,80 %)

§ o itnfected-ToP-D
8
uH,- 0
~
[*™
-2 -+
-4 L
uninfected-Horse
L infected-Horse
Gtgd-Horse
6 serum
8 -6 -4 -2 0 2 4 6 8 10
F1(70,56 %)
Variables (axes F1 and F2: 85,80 %)
1
0,75
0,5
PC36-1
PC32°0 pc36-2
0,25
£ P
°§ PC34-1
L": 0 } } }
o
0,25 PC38-5
-0,5 L
PC30-0
PC36/4
-0,75 PC38-4 r
-1
1 0,75 -0,5 0,25 0 0,25 0,5 0,75 1
F1(70,56 %)
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The influence of the culture time-duration is manifest on the PC composition:

Observations (axes F1 and F2: 87,50 %)
8 ® uninfected-UV4 6h
6
uninfected-UV4
4 24h
— uninfected-Uv4
X 48h
2 uninfected-Uv4
] 48h
3 infected uninfecsted-
-~ 0 LRin; < ninfected-11
E t t t t ?n L. s ! __‘_,E_ @8
R untreated 48
'S TP &h uninfected-
—2 P&
o iteetedoa untreated 48h
24h
uninfected-Uv4
4 23h
-6
-10 8 6 4 -2 0 2 4 6 8 10
F1(56,11 %)

The separation of 48h data-points is based on molecular species with positive loadings along the

principal component F1 such as:

PCO-34-1 0,831
PC38-4 0,884
PCO-36-2 0,888
PCO-34-0 0,925
PCO-36-1 0,963
PC38-2 0,970
PC38-3 0,975
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The total lysoPC content shows only little difference as a function of infection and
treatment.LPC is an index of phospholipase activity.

Scattergrams (Total LPC)
011 -
01 + infected- infected-UV4 uninfected- uninfected-DNJ o uninfected-UVv4
000 4 untreated untreated ——
>
0,08 -+ * +
. +
0,07 -+ .
T +

006 . f i ——
0,05 -+ ¢ +
! ; .
0,04 -+

uninfected- uninfected- ¢ uninfected-
003~ infected-DNJ infected-NB-DGJ infected-ToP-DNJ ToP-DNJ NB-DGJ Horse serum

Variables (axes F1 and F2: 100,00 %)

LPC 16-0

F2 (28,45 %)
o

-0,25 +
TPC 18-0

-0,5 4

-0,75 T

-1 -0,75 -05 -0,25 0 0,25 0,5 0,75 1

F1(71,55 %)
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Observations (axes F1 and F2: 100,00 %)

N

o Uningctedil¥Beted-u
¢ Rifactadiivon,
uninfected-Uv4

! I infected-NB-DGJ
infected-ToP-DNJ

o foferimeted ToP-DN)
uny iiRgiaohiYga

n tespUMYG

uninfected-Hors
niREa

§ 0 ® inf ;
n J P- in ecrm%’hfected-
) ‘ Qo infetedAMbted
[
= o ieadE infected-NB-DG)
oo O uniieatied
uninfectedtDNJ
22 4
o Uninfected-Horse
uninfegted-Horse
serum
-3
-3 -2 -1 0 1 2 3 4

F1(71,55 %)

In infected plates LPC18-1 is higher than saturated LPC (LPC16-0 and 18-0). This is consistent
with higher PC34-1, 36-1 and 36-2 (18-1/18-1) serving as precursor of LPC by activated PLA2
in infected plates (no PUFA-containing LPC detected; see above).
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5- Sphingomyelin (SM) in extracts from HCVcc infected (samples 1 to 15) and uninfected

Huh7.5 cell plates (s. 16 to 30 and horse serum supplemented).

Infection reduces the mean amount of SM from 14.08+/-2.61 nmoles/T25 plate to 9.35+/-
1.55 (Internal Standard for SM is synthetic analogue SM-C12 (0.05 nmoles added for % T25

cell plate).
Scattergrams (total SM nmoles/T25)
23 T .
infected- infected-UV4 uninfected- uninfected-DNJ uninfected-UV4
2T untreated untreated
19 + . '
17 +
.
.
15+ i ol
—_——
13 + . —_T_— . . i
1+ —— M
. ——
—:— A4 * -
9 t > I
i + . .
7
A4 -
5 -+ uninfected- uninfected- uninfected-
infected-DNJ infected-NB-DG)J infected-ToP-DNJ ToP-DNJ NB-DGJ Horse serum

Infection and treatment change the proportions in very long chain (C24)-SM versus C16 and

C18 chain SM as shown in the load-plot of the compositional study (below).

SM species profile (axes F1 and F2: 84,33 %)
1
8-118-0
0,75
05
0,25
— d18-124-0
X
a
~ 0
L}
~N
[*N
0,25 T ~
SMd18-124-1 SMd
0,5
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1
1 0,75 0,5 0,25 0 0,25 0,5 0,75
F1(57,01 %)

6-0
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Scores based on molecular species of SM (axes F1 and F2: 84,33 %)
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2 1
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® infected-ToP-D ® infected-DNJ
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nfected-ToP-DNJ ected-untreated
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@ infected-DNJ
* uninfected-ToP DN
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* uninfected-ToP-DNJ
® uninfected-untreated
® uni H
5 uninfected-untreated o infected-DNJ
3 2 1 0 1 2 3 4

F1(57,01 %)

The ratio of C24:0/(C16+18)-SM is (slightly) heighted in infected and uninfected NB-DGJ
treated plates. The ratio of C24:1/(C16+18)-SM is augmented in uninfected ToP-DNJ treated
plates. Uninfected horse serum supplemented show higher C16 + C18 species.
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The scatterograms show the percentages of C24:1 and 24:0-SM as a function of infection
status and treatments:
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No influence of UV4 is detected on SM content.

Scattergrams (Total SM nmoles/T25 plate)
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uninfected-UV4 48h uninfected- uninfected-UV4 24h
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10 +
9 +
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6- Ceramides (CER), HexosylCeramides (HexosyICER) and LactosylCeramides (LactosylCER)
in extracts from HCVcc infected (sample 1 to 15) and uninfected Huh7.5 cell plates (s. 16 to

30 and horse serum supplemented).

W XIC o8 +MRM (48 pairs): Period 1, Exp 1, 974,9/264,3 Da _from Sample 2 (UT34) of 20130410.wiff (Turbo Spray)
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Scattergrams (Total Cer)
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infected infected- infected-  infected  infected- uninfected- uninfected-  uninfecte  uninfected-  uninfecte uninfected-
-DNJ untreated NB-DGJ -uva ToP-DNJ untreated ToP-DNJ d-DNJ NB-DG)J d-uv4 Horse serum
A
\ 0,78 0,83 1,02 0,68 0,78 1,77 1,64 1,82 1,81 1,44 3,74
S
D 017 0,08 0,21 0,02 0,18 0,37 0,17 0,15 0,28 0,41 0,37

Ceramides are 0.83+/-0.08 nmoles in infected plates and 1.77+/-0.37 in uninfected plates.
Horse serum supplementation increases considerably the level up to 3.74 +/- 0.37 nmoles.

A change in the fatty acid composition is associated with the change in total ceramide
amounts. The compositional study discriminates infected, uninfected and uninfected horse
serum supplemented plates (see score plot below). Infected plates are enriched in CER C16
and C18-0 while uninfected plates are enriched in very long chain fatty acids C24 and C26
(inhibition of the peroxysomal conversion to VLCFA by infection?). Horse serum
supplemented plates ceramides are enriched in C22-0.

Observations (axes F1 and F2: 85,81 %)
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Variables (axes F1 and F2: 85,81 %)
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The variations in HexosylCeramide amounts (quantified relatively to glucosylCER C12 (0.05 nmoles

added per % T25 plate)) are widely influenced by the treatment.

DNJ (and possibly ToP-DNJ) depress hexosyICER to a lesser degree than other inhibitors acting as

complete blockers (-98.7% for UV4 50 microM: -97.4% for NB-DGJ 1000 microM).

NB: HexosylCeramide level is considerably decreased in horse serum supplemented uninfected plates

as compared with bovine serum.

Scattergrams (Total HexosylCER nmoles/T25)
12 -+ uninfected-
infected- infected-UV4 unt‘eated uninfected-DNJ uninfected-UVv4
untreated
10 +
8
+
——
6 *
>

4 .

*

L i

+ .
2 +

* —o—

—f— —— $ —
o + ——
infected-DNJ infected-NB-DGJ infected- uninfected- uninfected- uninfected-
ToP-DNJ ToP-DNJ NB-DGJ Horse serum

26/



Appendiz D

infected- infected- infected-NB-  infected- infected- uninfected- uninfected- uninfected- uninfected- uninfected-  uninfected-Horse
DNJ untreated DGJ uv4 ToP-DNJ untreated ToP-DNJ DNJ NB-DGJ uv4 serum

A
V4585 2,766 0,533 0,707 0,371 7,353 1,886 3,576 0,193 0,096 0,517
S
D 1522 1,126 0,320 0,016 0,173 3,608 0,731 0,725 0,041 0,023 0,101

LactosylCeramides are influenced by infection status and by treatments.

NB: Opposite to hexosylceramides lactosylCer are heightened by NB-DGJ and horse serum

supplementation which suggests an accelerated glycosylation of HexCER to LacCER (?).

Scattergrams (total LactosylCER)
7 -
infected- infected-UVv4 uninfected- uninfected-DNJ uninfected-UVv4
treated treated
o | untreate untreate +
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0 o
. infected- infected- uninfected- uninfected- uninfected-
infected-DNJ NB-DG) ToP-DNJ ToP-DNJ NB-DGJ Horse serum
infected infected- infected-  infected infected- uninfected- uninfected-  uninfecte  uninfected-  uninfecte uninfected-
-DNJ untreated NB-DGJ -uva ToP-DNJ untreated ToP-DNJ d-DNJ NB-DG)J d-uv4 Horse serum

A
VvV 0,601 0,382 0,263 0,027 0,020 0,858 0,033 0,750 3,103 0,518 5,884
S
D 0,108 0,037 0,070 0,000 0,005 0,130 0,005 0,281 0,708 0,571 0,436
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The fatty acid composition of lactosylceramides is widely changed by UV4-treatment which

shows enrichment in C22 & C24-0 at the expense of C16-0 lactosylceramides in the

uninfected plates.

Observations (axes F1 and F2: 65,24 %)

1 07 05 025 0 025 05 075 1

F1 (46,70 %)

6
® uninfected-UV4
4 4
R
2
o 2 4
-
~ infected®oP-DNJ
u ® uninfected-UV4 ® infected-Uv4
@ uninfected-UV4 |
0 : : : uriH, :
.
° ul
Ofi%‘ :
uninfected-DNJ
-2
-6 -4 2 0 2
F1 (46,70 %)
Variables (axes F1 and F2: 65,24 %)
1
LacCer T8 -
075 I H20
0,5 L
0,25 L
]
I
%) 0 t ' '
=
N :0
-0,25 L s -
H2
-0,5 -
Cer C26:1
0,75 1-H20
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Based on total ceramide, hexosylceramide and lactosylceramide levels PCA analysis
separates clearly uninfected-untreated, uninfected horse serum supplemented and infected-
DNJ plates from other infection status/treatments.

F2 (32,15 %)

Observations (axes F1 and F2: 95,24 %)

® uninfected-untreated

®--uninfected-untreated

® infected-DNJ

@1 uninfected-DNJ
° infected-l:l\% unfn?ecte -untreated

. infected-d%r@%ﬁ%ﬁgﬁmj

® infected-untreated,
® infecteéj-rﬂﬁyeé{eg!;?op—m\fj

uninfected-Horse sefjum

(X3
WRinfected-Horse sefum

® wninfiectiei-TaP-DiW

® infected-untreated e
h o DGJ
infect DEﬁga@aﬁ%@ﬁﬁ%}m

uninfected-Horse sefum

-1 0 1 2 3

F1(63,09 %)

F1 component indicates Ceramides and Lactosylceramides (highly correlated) enrichment in
horse serum supplemented cultures. F2 discriminates for HexosylCeramides of which the

synthesis is blocked by inhibitors (except less active DNJ).
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7. Kinetics of UV-4 activity on CER in uninfected plates; untreated 6h (plates 34-36), 24h (37-39)

F2 (32,15 %)

0,75

0,5

0,25

-0,25

-0,5

-0,75

Variables (axes F1 and F2: 95,24 %)

Hexosy|CER

T Cer
tot;
- n LactosyICER

-1

-0,75 -05 -0,25 0

0,25 0,5

F1(63,09 %)

0,75 1

and 48 hours (16-18) versus UV-treated 4 (40-42, 43-45, 28-30).

uninfected- uninfected- uninfected-

untreated untreated untreated uninfected- uninfected- uninfected-
6h 24h 48h Uv4 6h uv4 24h Uv4 48h

CER AV. 1,30 2,01 1,77 1,34 1,59 1,44
SD 0,16 0,11 0,37 0,10 0,29 0,41
HexCER 0,56 0,10 1,25 1,64 7,35 1,08
SD 0,23 0,02 0,17 0,39 3,61 0,30
LacCER 0,10 0,52 0,15 0,21 0,86 0,19
SD 0,04 0,57 0,03 0,02 0,13 0,02
HexCER/CER 0,43 0,05 0,71 1,22 4,63 0,75
LacCER/HexCER 0,18 5,42 0,12 0,13 0,12 0,18
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6,00
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3,00
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Whereas the total amounts of ceramides appears unchanged their molecular composition is changed

after 48 hours culture.

F2 (13,52 %)

Observations (axes F1 and F2: 93,59 %)

uninfected-
untreated 48h

uninfected-UyAinfected-
° 48h untreated 48h

uninfected-UV4

* 24h

. u.dﬁ’é'EF@&S -

.U
un
-untreated P4h

s :
uninfected- ’ ’

untreated 48h
°

uninfected-Uv4
ninfecteggl) V4

48h

® uninfected-UV4 6l
uninfected-UV4 6h

* A

untre

-3 -2 -1 0 1

F1(80,07 %)
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The shift to negative values corresponds to the enrichment of CER in C24:0, C26:0 and C26:1 at the
expense of C22:00, C18:0 and C24:1-CER at shorter culture times.

F2 (13,52 %)

0,75

0,5

0,25

-0,25

-0,5

0,75

Variables (axes F1 and F2: 93,59 %)

Cer €22 -
- H2
t t t ——H24
H20 T C2411 -
er C26:1- 70
H20 T
0,75 -05 -025 0 025 05 075 1

F1(80,07 %)
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LIST OF ABBREVIATIONS
ACN Acetonitrile
AUC Area Under the Curve
CPCSEA Commmee for the Purpose of Control and Supervision of Experiments on
Animals
CvV Coefficient of Variation
CL Clearance
IAEC Institutional Animal Ethics Committee
iv. Intravenous
LLOQ Lower Limit of Quantification
LC-MS/MS Liquid Chromatography tandem Mass Spectrometry
NA Not Applicable
NCA Non-Compartmental Analysis
p-o. Per oral
SD Standard Deviation
Sop Standard Operating Procedures
T Terminal elimination half-life
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1.0 Summary
The objective of this study was to investigate the plasma pharmacokinetics and
tissue distribution of Deoxynojirimycin in male BALB/c mice following a single
intravenous and oral dose administration. A group of eighteen male mice were
divided into two groups as Group 1(i.v., 2 mg/kg) and Group 2 (p.o., 10 mg/kg).
Group 1 and Group 2 were administered with Deoxynojirimycin solution
formulation prepared using DMSO stock (97.2 mg/mL) in 5 % NMP, 5% solutol in
normal saline intravenously and orally respectively. The blood samples were collected
from a set of three mice under light isoflurane anesthesia at Pre-dose, 0.08, 0.25,
05,1,2,4, 8 and 24 hr (i.v.) and Pre-dose, 0.25,0.5,1,2,4,6, 8 and 24 hr (p.0.)
in labeled micro centrifuge tube containing K;EDTA as an anticoagulant.
Immediately after blood collection, plasma was harvested by centrifugation and
stored at -70°C until analysis. Following blood collection, animals in Group 1 and
Group 2 were euthanized by CO, asphyxiation at 0.5, 4 and 24 hr to collect spleen,
brain, liver, kidney, heart and lung. Collected tissues were dipped in 20 mL fresh
phosphate buffer saline (pH 7.4) thrice, dried on blotted paper and weighed. Tissue
samples were homogenized using ice-cold phosphate buffer saline (pH 7.4) and
homogenates were stored below -70°C until analysis. Total homogenate volume
was three times for lung, spleen, brain, kidney, heart and ten times the liver weight.
All samples were processed for analysis by protein precipitation using acetonitrile
and analyzed with fit-for-purpose LC-MS/MS method (LLOQ = 1.02 ng/mL in
plasma and brain, 2.04 ng/mL in liver, spleen and lung, 10.21 ng/mL in heart and
kidney). Pharmacokinetic parameters were calculated using the non-compartmental
analysis tool of Phoenix WinNonlin® (Version 6.3). The overall exposure data is

summarized below:

. Thax  CO/C pax AUC AUC;,¢ T CL Vss b
Compound Matrix  Route (hr) (ng/mL) (ng/mL*hr) (ng/mL*hr) (hr) (mL/min/kg) (L/kg) %ok
iv. - 78977.95 96067.91 104975.00 8.79 0.32 0.13 -
Deoxynojirimycin  Plasma
po. 8.00 30.17 497.68 NR - - - 0.1%

a — extrapolated concentration for i.v. administration,
b - AUC,,, was considered for calculation of bioavailability
NR - not reported since AUC;,¢is 20% more than AUC
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Following a single intravenous administration of Deoxynojirimycin to male BALB/c
mice at 2 mg/kg dose, plasma clearance was low (0.32 mL/min/kg, normal hepatic blood
flow in mice is 90 mL/min/kg) with elimination half-life of 8.8 hr. Volume of distribution
was less than the total body water (0.7 L/kg).

Following a single dose administration of Deoxynojirimycin to male BALB/c mice at 10
mg/kg dose, plasma concentrations were detected upto 24 hr with Tpax of 8.0 hr. Oral

solution bioavailability was low (0.1%).

Tissue to plasma concentration ratio of Deoxynojirimycin following single

intravenous (Dose: 2 mg/kg) and single oral (Dose: 10 mg/kg) administration in male

BALB/c mice
Tissue to plasma concentration ratio

r[(‘ll:.l)e Route Brain Liver Kidney Heart Spleen Lung
0.5 001 1.49 0.31 0.12 0.03 0.06
4 i.v. 0.02 7.65 0.40 0.14 0.04 0.21
24 NA 43.70 238 1.00 0.18 1.17
0.5 8.65 193.51 167.15 NA NA 6.97

4 p.o. 0.40 16.00 NA NA NA 1.03

24 2438 5041 NA NA NA 0.66

Following a single intravenous administration, brain-to-plasma ratio ranged between
0.01-0.02, liver to plasma ratio was 1.49-43.70, kidney-to-plasma ratio was 0.31 to 2.38,

heart-to-plasma ratio was 0.12 - 1.00, spleen-to-plasma ratio was 0.03-0.18 and lung-to-

plasma ratio was 0.06-1.17

Following a single oral administration, brain to plasma ratio ranged between 0.40-8.65,
liver-to-plasma ratio was 16-193 and lung-to-plasma ratio was 0.66-6.97 while,

concentrations were not detectable in heart and spleen. Concentrations in kidney was

detectable at only 0.5 hr and the kidney-to-plasma ratio was 167.15 (0.5 hr).
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2.0 Study Objective
To determine the pharmacokinetics and tissue (spleen, brain, liver, kidney, heart
and lung) distribution of Deoxynojirimycin following a single intravenous and oral

administration to male BALB/c mice

3.0 Test Guidelines / SOPs
The study was conducted at Sai Life Sciences Limited, Pune, India, in accordance
with the Study Plan SAIDMPK/PK-14-03-090 and the guidelines of the
Institutional Animal Ethics Committee (IAEC). The study was conducted under non
Good Laboratory Practice; however, all relevant study documents were maintained

in the study file. In-house SOPs were followed for the conduct of the study.

4.0 Animal Welfare
All procedures of the present study were in accordance with the guidelines provided
by the Committee for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA) as published in The Gazette of India, December 15, 1998. Prior
approval of the Institutional Animal Ethics Committee (IAEC) was obtained before

initiation of the study.

5.0 Experimental

5.1. Test Compound
The test Deoxynojirimycin (Batch No: JLK-IV-50: Mol wt: 662.009; Purity:
Considered 100%) was received Oxford Glycobiology Institute.

5.2. Test System

Healthy male BALB/c mice (8-12 weeks old) weighing between 20 to 35 g were
procured from ACTREC, Mumbai, India. Maximum three mice were housed in
each polycarbonate cage. Temperature and humidity were maintained at 22 + 3°C
and 40-70%, respectively and illumination was controlled to give a sequence of
12 hr light and 12 hr dark cycle. The temperature and humidity were recorded by

auto-controlled data logger system. Animals were provided laboratory rodent diet
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(Vetcare India Pvt. Ltd, Bengaluru) ad libitum and were provided fresh reverse

osmosis water treated with UV light ad libitum.

5.3. Study Design

A group of eighteen male mice were divided into two groups as Group 1(i.v., 2
mg/kg) and Group 2 (p.o., 10 mg/kg). Group 1 and Group 2 were administered with
Deoxynojirimycin solution formulation intravenously and orally respectively.
Dosing volume administered was 5 mL/kg for intravenous and 10 mL/kg for oral

administration. Assignment of animals was as below.

Group Route Mice ID
1 iv. 1-9
2 p-o. 10-18

5.4. Formulation Preparation

DMSO stock was prepared by adding 200 gL to the bottle to prepare strength of
97.2 mg/mL. Formulation strength prepared was 0.4 mg/mL (i.v.) and 1 mg/mL
(p-0.).

IV formulation: Accurately 0.0103 mL of DMSO stock was added into a bottle. To
this bottle 0.115 mL volume of NMP, 0.125 mL volume of solutol and 2.25 mL
volume of normal saline were added. Formulation was vortexed for 2 minutes
followed by sonication for 2 minutes to obtain a clear solution.

PO formulation: Accurately 0.0514 mL of DMSO stock was added into a bottle.
To this bottle 0.200 mL volume of NMP, 0.250 mL volume of solutol and 4.5 mL
volume of normal saline were added. Formulation was vortexed for 2 minutes
followed by sonication for 2 minutes to obtain a clear solution.

54.1. Formulation Results

After preparation of formulations, a volume of 200 uL. was aliquoted for analysis.
The i.v. and p.o. formulation were analyzed and the concentration was found to be

0.45 mg/mL and 1.16 mg/mL respectively. The formulations were found to be
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within the acceptance criteria (in-house acceptance criteria is + 20% from the

nominal value) Formulation were prepared freshly prior to dosing.

THEORETICAL CONC.
COMPOUND FORMULATION CONC. FOUND % CHANGE
NAME

(mg/mL) (mg/mL)

o iv. 0.4 0.45 125
Deoxynojirimycin
p.o. 1.0 1.16 16.0
5.5. Sample Collection

6.0

Blood samples (Approximately 60 uL) were collected from retro- orbital plexus of
each mouse under light isoflurane anesthesia at Pre-dose, 0.08,0.25,0.5,1,2,4, 8
and 24 hr (i.v.) and Pre-dose, 0.25,0.5, 1, 2,4, 6, 8 and 24 hr (p.o.) in labeled
micro centrifuge tube containing K,EDTA as an anticoagulant. Following blood
collection, animals in Group 1 and Group 2 were euthanized by CO, asphyxiation at
0.5, 4 and 24 hr to collect spleen, brain, liver, kidney, heart and lung. Collected
tissues were dipped in 20 mL fresh phosphate buffer saline (pH 7.4) thrice, dried on
blotted paper and weighed. Tissue samples were homogenized using ice-cold
phosphate buffer saline (pH 7.4) and homogenates were stored below -70°C until
analysis. Total homogenate volume was three times for lung, spleen, brain, kidney,

heart and ten times the liver weight.

5.6. Bioanalysis

Concentrations of Deoxynojirimycin in mouse plasma, spleen, brain, liver, kidney,
heart and lung samples were determined by fit for purpose LC-MS/MS method. The
sample processing and extraction procedure, chromatographic, mass spectrometric
conditions, calibration curve and calibration curve data and the chromatograms

were presented in Annexure 1.

Data analysis

The plasma, spleen, brain, liver, kidney, heart and lung concentration-time data
(ng/mL) for Deoxynojirimycin were provided for data analysis by bioanalytical

group of Sai Life Sciences Ltd, Pune. The plasma, spleen, brain, liver, kidney, heart
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7.0

and lung concentration-time data were used for the pharmacokinetic analysis. Non-
Compartmental-Analysis module in Phoenix WinNonlin® (Version 6.3) was used
to assess the pharmacokinetic parameters. Peak plasma concentrations (Cpax) and
time for the peak plasma concentrations (T.x) were the observed values. The areas
under the concentration time curve (AUCj,y and AUCiys) were calculated by linear
trapezoidal rule. The terminal elimination rate constant, ke was determined by
regression analysis of the linear terminal portion of the log plasma concentration-
time curve. The terminal half-life (Ty,) was estimated as 0.693/ke. CL;=
Dose/AUC;y;, V= MRT X CLiy, %F = [(Mean AUC,,. x Dose;,) / (Mean AUC; .
x Dosep )] x 100.

Results

Following a single intravenous administration of Deoxynojirimycin to male
BALB/c mice at 2 mg/kg dose, plasma clearance was low (0.32 mL/min/kg, normal
hepatic blood flow in mice is 90 mL/min/kg) with elimination half-life of 8.8 hr.
Volume of distribution was less than the total body water (0.7 L/kg).

Following a single dose administration of Deoxynojirimycin to male BALB/c mice
at 10 mg/kg dose, plasma concentrations were detected upto 24 hr with Tmax of 8.0
hr. Oral solution bioavailability was low (0.1%).

Following a single intravenous administration, brain-to-plasma ratio ranged
between 0.01-0.02, liver to plasma ratio was 1.49-43.70, kidney-to-plasma ratio was
0.31 to 2.38, heart-to-plasma ratio was 0.12 - 1.00, spleen-to-plasma ratio was 0.03-
0.18 and lung-to-plasma ratio was 0.06-1.17

Following a single oral administration, brain to plasma ratio ranged between 0.40-
8.65, liver-to-plasma ratio was 16-193 and lung-to-plasma ratio was 0.66-6.97
while, concentrations were not detectable in heart and spleen. Concentrations in
kidney was detectable at only 0.5 hr and the kidney-to-plasma ratio was 167.15 (0.5
hr).

Pharmacokinetic parameters of Deoxynojirimycin following a single intravenous

and oral dose administration are tabulated in Table 1. Individual plasma
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8.0

concentrations are presented in Table 2-3. Individual tissue concentrations of
Deoxynojirimycin following intravenous and oral administration are presented in
Tables 4-15. Tissue to plasma concentration ratio following intravenous and oral
administration are presented in Table 16-27. The mean plasma concentration-time

profiles of Deoxynojirimycin are presented in Figure 1.

Data Archiving

All raw data, study protocol and final report were documented and archived. The
materials (hard and soft copies) will be retained for 1 year from the date of approval
of final report. Thereafter, the archived material will be destroyed or stored for

extended period as per written consent from the sponsor.
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Table 1: Pharmacokinetic parameters of Deoxynojirimycin following a single
intravenous (Dose: 2 mg/kg) and single oral (Dose: 10 mg/kg) administration in male

BALB/c mice
. Tmﬂx dCO/C max AUC]ast AUCinf T1/2 CL Vss b
Compound Matrix  Route (hr) (ng/mL) (ng/mL*hr) (ng/mL*hr) (hr) (mL/min/kg) (L/kg) %k
iv. - 78977.95 96067.91 104975.00 8.79 0.32 0.13 -
Deoxynojirimycin  Plasma
p.o. 8.00 30.17 497.68 NR - - - 0.1%

a — extrapolated concentration for i.v. administration,
b - AUC,,, was considered for calculation of bioavailability
NR - not reported since AUC;,¢is 20% more than AUC,
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Table 2: Individual plasma concentration-time data of Deoxynojirimycin following a
single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

Plasma Concentration (ng/mL)

Time (hr)
Mice Predose 0.08 0.25 0.5 1 2 4 8 24
1 0.00 69860.79 30568.81
2 0.00 66656.68 35910.16
3 0.00 62838.73 31388.10
4 52017.33 16012.05 3861.39
5 41566.66 16842.56 3926.89
6 4453724 16384.25 3940.34
7 6227.07 1520.67 618.72
8 9702.05 259992  990.32
9 8080.07 213106 57297
Mean 0.00 66452.07 46040.41 3262236 1641295 8003.06 3909.54 2083.88 727.33
SD 0.00 3515.50 5385.05 2876.64 416.00 1738.77 4224 541.17  228.89
CV% NA 53 11.7 8.8 2.5 21.7 1.1 26.0 31.5
LLOQ =1.02 ng/mL
NA - not applicable
Table 3: Individual plasma concentration-time data of Deoxynojirimycin following a
single oral administration to male BALB/c mice (Dose: 10 mg/kg)
Plasma Concentration (ng/mL)
Time (hr)
Mice
D Predose 0.25 0.5 1 2 4 6 8 24
10 0.00 7.08 4.19
11 0.00 552 3.28
12 0.00 5.19 8.03
13 10.29 20.19 30.90
14 551 11.27 19.01
15 11.76 8.07 26.38
16 25.25 35.58 11.67
17 1991 29.81 14.68
18 15.64 2513 12.89
Mean 0.00 5.93 517 9.19 13.18 2543 20.27 30.17 13.08
SD 0.00 1.01 2.52 327 6.28 6.00 481 5.24 1.51
CV% NA 17.1 48.8 355 47.7 23.6 23.8 174 11.6

LLOQ =1.02 ng/mL
NA - not applicable
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Table 4: Individual brain concentration-time data of Deoxynojirimycin following a
single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

Brain Conc. (ng/mL) “Brain Conc. (ng/g)
Mice Time (hr) Time (hr)
ID
0.5 4.0 24.0 05 4.0 24.0
1 271.13 813.38
2 92.58 277.74
3 72.65 217.94
4 18.87 56.62
5 51.76 155.28
6 1233 36.98
7 58.66 175.99
8 0.00 0.00
9 0.00 0.00
Mean 14545 27.65 58.66° 436.36 82.96 175.99°
SD 109.29 21.13 NA 327.88 63.40 NA
CV% 75.1 764 NA 75.1 76.4 NA

LLOQ =1.02 ng/mL, e — one value reported
a - The density of brain homogenate was considered as 1 which is equivalent to plasma density (1)
No peaks or values below LLOQ were considered zero

Table 5: Individual liver concentration-time data of Deoxynojirimycin following a
single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

Liver Conc. (ng/mL) “Liver Conc. (ng/g)
Mice Time (hr) Time (hr)
ID
0.5 4.0 24.0 0.5 4.0 24.0
1 10402.40 104024.02
2 2631.83 26318.34
3 1585.19 15851.89
4 3209.63 32096.32
5 2690.97 26909.66
6 3069.11 30691.06
7 3010.27 30102.67
8 4004 .87 40048.69
9 2520.12 25201.19
Mean 4873.14 2989.90 3178.42 48731.42 29899.01 31784.18
SD 4816.99 268.25 756.52 4816991 2682.51 756523
CV% 98.8 90 23.8 98.8 90 23.8

LLOQ =2.04 ng/mL
a - The density of liver homogenate was considered as 1 which is equivalent to plasma density (1)
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Table 6: Individual kidney concentration-time data of Deoxynojirimycin following a

single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

kidney Conc. (ng/mL)

? kidney Conc. (ng/g)

Mice Time (hr) Time (hr)
ID
0.5 4.0 24.0 05 4.0 24.0
1 5703.74 17111.21
2 3712.02 11136.07
3 649 .84 194951
4 316.77 950.31
5 813.57 2440.70
6 436.65 1309.96
7 591.04 1773.11
8 652.10 1956.30
9 487.12 1461.36
Mean 3355.20 522.33 576.75 10065.60 1566.99 1730.26
SD 2545.78 259.24 83.41 7637.33 777.73 250.24
CV% 759 49.6 14.5 75.9 49.6 14.5

LLOQ =10.21 ng/mL

a - The density of kidney homogenate was considered as 1 which is equivalent to plasma density (1)

Table 7: Individual heart concentration-time data of Deoxynojirimycin following a

single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

Heart Conc. (ng/mL)

? Heart Conc. (ng/g)

Mice Time (hr) Time (hr)
ID
0.5 4.0 24.0 05 4.0 24.0
1 2847.87 8543.60
2 513.79 1541.38
3 520.39 1561.16
4 226.39 679.16
5 110.85 332.54
6 217.58 652.73
7 179.99 539.96
8 266.22 798.66
9 278.24 834.72
Mean 1294.02 184.94 241.48 3882.05 554.81 724.45
SD 1345.68 64.32 53.59 4037.04 192.95 160.78
CV% 104.0 34.8 222 104.0 34.8 222

LLOQ =10.21 ng/mL

a - The density of heart homogenate was considered as 1 which is equivalent to plasma density (1)
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Table 8: Individual spleen concentration-time data of Deoxynojirimycin following a
single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

Spleen Conc. (ng/mL)

“Spleen Conc. (ng/g)

Mice Time (hr) Time (hr)
ID
0.5 4.0 24.0 05 4.0 24.0
1 117.49 35248
2 481.46 144437
3 388.81 1166 .44
4 62.41 187.24
5 84.10 252.29
6 24.00 72.00
7 26.38 79.13
8 87.07 261.22
9 18.39 55.17
Mean 329.25 56.84 43.95 987.76 170.51 131.84
SD 189.15 30.44 37.56 56745 91.30 112.69
CV% 57.4 535 85.5 574 53.5 85.5

LLOQ =2.04 ng/mL
a - The density of spleen homogenate was considered as 1 which is equivalent to plasma density (1)

Table 9: Individual lung concentration-time data of Deoxynojirimycin following a

single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

Lung Conc. (ng/mL)

“Lung Conc. (ng/g)

Mice Time (hr) Time (hr)
D 0.5 4.0 24.0 0.5 4.0 24.0
1 840 44 252133
2 731.97 2195.92
3 369.14 1107.43
4 377.52 113257
5 291.53 874.58
6 157.16 47149
7 254.74 764.22
8 282.38 847.13
9 310.54 931.63
Mean 647.19 275.40 282.55 1941.56 826.21 847.66
SD 246.83 111.06 27.90 740.48 333.18 83.70
CV% 38.1 403 99 38.1 403 9.9

LLOQ =2.04 ng/mL
a - The density of Lung homogenate was considered as 1 which is equivalent to plasma density (1)
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Table 10: Individual brain concentration-time data of Deoxynojirimycin following a
single oral administration to male BALB/c mice (Dose: 10 mg/kg)

Brain Conc. (ng/mL)

“Brain Conc. (ng/g)

Mice Time (hr) Time (hr)

D

0.5 4.0 24.0 0.5 4.0 24.0

10 12.23 36.69

11 17.59 5277

12 0.00 0.00

13 0.00 0.00

14 3.85 11.54

15 291 8.74

16 17.91 53.72

17 3.70 11.11

18 0.00 0.00
Mean 14.91¢ 3.38¢ 10.81¢ 44.73° 10.14¢ 32.43¢

SD NA NA NA NA NA NA
CV% NA NA NA NA NA NA

LLOQ =1.02 ng/mL, d — average of two values reported

a - The density of brain homogenate was considered as 1 which is equivalent to plasma density (1)

No peaks or values below LLOQ were considered zero

Table 11: Individual liver concentration-time data of Deoxynojirimycin following a
single oral administration to male BALB/c mice (Dose: 10 mg/kg)

Liver Conc. (ng/mL)

“Liver Conc. (ng/g)

Mice Time (hr) Time (hr)
D 0.5 4.0 24.0 0.5 4.0 24.0
10 116.98 1169.77
11 160.08 1600.79
12 23.09 230.91
13 50.57 505.68
14 0.00 0.00
15 30.82 308.18
16 54.95 549 .54
17 101.64 101641
18 41.21 412.06
Mean 100.05 40.70¢ 65.93 1000.49 406.95¢ 659.34
SD 70.05 NA 31.68 70045 NA 316.78
CV% 70.0 NA 48.0 70.0 NA 48.0

LLOQ =2.04 ng/mL, d — average of two values reported

a - The density of liver homogenate was considered as 1 which is equivalent to plasma density (1)

No peaks or values below LLOQ were considered zero
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Table 12: Individual kidney concentration-time data of Deoxynojirimycin following
a single oral administration to male BALB/c mice (Dose: 10 mg/kg)

kidney Conc. (ng/mL)

? kidney Conc. (ng/g)

Mice Time (hr) Time (hr)

D

0.5 4.0 24.0 0.5 4.0 24.0

10 49703 1491.09

11 0.00 0.00

12 79.11 23734

13 0.00 0.00

14 0.00 0.00

15 0.00 0.00

16 0.00 0.00

17 30.52 91.57

18 0.00 0.00
Mean 288.07¢ 0.00 30.52¢ 864.21¢ 0.00 91.57¢

SD NA 0.00 NA NA 0.00 NA
CV% NA NA NA NA NA NA

LLOQ =10.21 ng/mL, d — average of two values reported, e — one value reported
a - The density of kidney homogenate was considered as 1 which is equivalent to plasma density (1)

No peaks or values below LLOQ were considered zero

Table 13: Individual heart concentration-time data of Deoxynojirimycin following a
single oral administration to male BALB/c mice (Dose: 10 mg/kg)

Heart Conc. (ng/mL)

? Heart Conc. (ng/g)

Mice Time (hr) Time (hr)

ID

0.5 4.0 24.0 05 4.0 24.0

10 63.23 189.70

11 0.00 0.00

12 0.00 0.00

13 0.00 0.00

14 0.00 0.00

15 0.00 0.00

16 0.00 0.00

17 0.00 0.00

18 0.00 0.00
Mean 63.23¢ 0.00 0.00 189.70°¢ 0.00 0.00

SD NA 0.00 0.00 NA 0.00 0.00
CV% NA NA NA NA NA

LLOQ =10.21 ng/mL, e — one value reported
a - The density of heart homogenate was considered as 1 which is equivalent to plasma density (1)

No peaks or values below LLOQ were considered zero
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Table 14: Individual spleen concentration-time data of Deoxynojirimycin following
a single oral administration to male BALB/c mice (Dose: 10 mg/kg)

Spleen Conc. (ng/mL)

“Spleen Conc. (ng/g)

Mice Time (hr) Time (hr)
ID
0.5 4.0 24.0 05 4.0 24.0
10 20.15 60.45
11 0.00 0.00
12 0.00 0.00
13 0.00 0.00
14 0.00 0.00
15 0.00 0.00
16 0.00 0.00
17 0.00 0.00
18 0.00 0.00
Mean 20.15° 0.00 0.00 60.45° 0.00 0.00
SD NA 0.00 0.00 NA 0.00 0.00
CV% NA NA NA NA NA NA

LLOQ =2.04 ng/mL, e — one value reported

a - The density of spleen homogenate was considered as 1 which is equivalent to plasma density (1)

No peaks or values below LLOQ were considered zero

Table 15: Individual lung concentration-time data of Deoxynojirimycin following a
single oral administration to male BALB/c mice (Dose: 10 mg/kg)

Lung Conc. (ng/mL)

“Lung Conc. (ng/g)

Mice Time (hr) Time (hr)

ID

0.5 4.0 24.0 0.5 4.0 24.0

10 20.65 61.94

11 0.00 0.00

12 3.36 10.08

13 5.69 17.08

14 0.00 0.00

15 11.85 35.54

16 0.00 0.00

17 2.89 8.66

18 2.89 8.67
Mean 12.01¢ 8.77¢ 2.89¢ 36.02¢ 26.31° 8.67¢

SD NA NA NA NA NA NA
CV% NA NA NA NA NA NA

LLOQ =2.04 ng/mL, d — average of two values reported

a - The density of Lung homogenate was considered as 1 which is equivalent to plasma density (1)

No peaks or values below LLOQ were considered zero

287



Appendiz E

Table 16: Brain-to-plasma concentration ratio of Deoxynojirimycin following a
single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

‘Brain/Plasma ratio
Plasma Brain
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 32622.56 + 2876.64 436.36 + 327.88 0.01
4 3909.54 +42.24 82.96 + 63.40 0.02
24 727.33 +228.89 NA NA

¢ — Brain conc. as ng/g, density of brain tissue was considered as 1 which is equivalent to plasma density
(1); NA- Not applicable

Table 17: Liver-to-plasma concentration ratio of Deoxynojirimycin following a
single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

‘Liver/Plasma ratio
Plasma Liver
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 32622.56 +2876.64 4873142 +48169.91 1.49
4 3909.54 +42.24 29899.01 +2682.51 7.65
24 727.33 +£228.89 31784.18 £ 7565.23 43.70

¢ — Liver conc. as ng/g, density of liver tissue was considered as 1 which is equivalent to plasma density
(1); NA- Not applicable
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Table 18: Kidney-to-plasma concentration ratio of Deoxynojirimycin following a

single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

‘Kidney/Plasma ratio
Plasma Kidney
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 32622.56 + 2876.64 10065.60 + 7637.33 0.31
4 3909.54 +42.24 1566.99 + 777.73 0.40
24 727.33 £228.89 1730.26 + 250.24 2.38

¢ — Kidney conc. as ng/g, density of kidney tissue was considered as 1 which is equivalent to plasma
density (1); NA- Not applicable

Table 19: Heart-to-plasma concentration ratio of Deoxynojirimycin following a

single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

‘Heart/Plasma ratio
Plasma Heart
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 32622.56 + 2876.64 3882.05 +4037.04 0.12
4 3909.54 +42.24 55481 +192.95 0.14
24 727.33 +228.89 72445 +160.78 1.00

¢ — Heart conc. as ng/g, density of heart tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable
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Table 20: Spleen-to-plasma concentration ratio of Deoxynojirimycin following a

single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

‘Spleen/Plasma ratio
Plasma Spleen
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 32622.56 + 2876.64 987.76 + 567.45 0.03
4 3909.54 + 42.24 170.51 £91.30 0.04
24 727.33 £228.89 131.84 £ 112.69 0.18

¢ — Spleen conc. as ng/g, density of spleen tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable

Table 21: Lung-to-plasma concentration ratio of Deoxynojirimycin following a

single intravenous administration to male BALB/c mice (Dose: 2 mg/kg)

‘Lung/Plasma ratio
Plasma Lung
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 32622.56 + 2876.64 1941.56 £ 740.48 0.06
4 3909.54 +42.24 826.21 +333.18 0.21
24 727.33 £228.89 847.66 + 83.70 1.17

¢ — Lung conc. as ng/g, density of lung tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable
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Table 22: Brain-to-plasma concentration ratio of Deoxynojirimycin following a

single oral administration to male BALB/c mice (Dose: 10 mg/kg)

‘Brain/Plasma ratio
Plasma Brain
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 517+2.52 4473 + NA 8.65
4 25.43 +6.00 10.14 £ NA 0.40
24 13.08 £ 1.51 3243 £ NA 2.48

¢ — Brain conc. as ng/g, density of brain tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable

Table 23: Liver-to-plasma concentration ratio of Deoxynojirimycin following a

single oral administration to male BALB/c mice (Dose: 10 mg/kg)

‘Liver/Plasma ratio
Plasma Liver
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 517+£2.52 1000.49 + 700 .45 193.51
4 2543 £6.00 406.95 + NA 16.00
24 13.08 = 1.51 659.34 +316.78 50.41

¢ — Liver conc. as ng/g, density of liver tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable
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Table 24: Kidney-to-plasma concentration ratio of Deoxynojirimycin following a

single oral administration to male BALB/c mice (Dose: 10 mg/kg)

‘Kidney/Plasma ratio

Plasma Kidney
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 517+2.52 864.21 = NA 167.15
4 25.43 +6.00 NA NA
24 13.08 £ 1.51 NA NA

¢ — Kidney conc. as ng/g, density of kidney tissue was considered as 1 which is equivalent to plasma
density (1); NA- Not applicable

Table 25: Heart-to-plasma concentration ratio of Deoxynojirimycin following a

single oral administration to male BALB/c mice (Dose: 10 mg/kg)

‘Heart/Plasma ratio

Plasma Heart
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 517252 NA NA
4 2543 £6.00 NA NA
24 13.08 £ 1.51 NA NA

¢ — Heart conc. as ng/g, density of heart tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable
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Table 26: Spleen-to-plasma concentration ratio of Deoxynojirimycin following a

single oral administration to male BALB/c mice (Dose: 10 mg/kg)

‘Spleen/Plasma ratio
Plasma Spleen
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 5.17+2.52 NA NA
4 2543 +6.00 NA NA
24 13.08 £ 1.51 NA NA

¢ — Spleen conc. as ng/g, density of spleen tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable

Table 27: Lung-to-plasma concentration ratio of Deoxynojirimycin following a

single oral administration to male BALB/c mice (Dose: 10 mg/kg)

‘Lung/Plasma ratio
Plasma Lung
Time (hr) Concentration Concentration Ratio
(ng/mL) (ng/g)
0.5 517+2.52 36.02 =+ NA 6.97
4 25.43 +6.00 2631 £ NA 1.03
24 13.08 £ 1.51 8.67 + NA 0.66

¢ — Lung conc. as ng/g, density of lung tissue was considered as 1 which is equivalent to plasma density

(1); NA- Not applicable
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Figure 1: Mean plasma concentration-time profiles of Deoxynojirimycin following a
single intravenous (Dose: 2 mg/kg and oral (Dose: 10 mg/kg) administration to male
BALB/c mice

Linear
1E+DS —
- SE+04 __ —e— Deoxynojirimycin, 2 mg/kg, IV, Plasma
. —— Deoxynojirimyein, 10 mg/'kg, PO, Plasma

Plasma Concentration
(ng/mL)

Time (hr)

Semi-log

—=— Deoxvnojirimycin, 2 mg/'kg, IV, Plasma

1E+06 —=#— Deoxynojirimycin, 10 mg/kg, PO, Plasma

1E+05

1E+04

1000

(ng/mL)

100

Plasma Concentration

IIIIM IIIIIM IIIIIII| LLL

10

] 4 & 12 16 20 24
Time (hr)

29/



Appendiz E

Annexure I
Bioanalytical Summary
HPLC and MS Conditions

Chromatographic Mode LC/MS/MS
MS System Used AB Sciex API-4000 (Q-Trap)
Software Version Analyst 1.5
Scan Type MRM
Polarity Positive
Ion Source Turbospray
Mobile Phase A: 0.1 % Formic acid in acetonitrile

B: 0.1 % Formic acid in water

Flow Rate (mL./min)

0.8

Draw Speed (¢ L/min) 200

Splitter Approximately 50 % Out
Probe Position 5 mm vertical, and 5 horizontal
Injection Volume (xL) 20

Auto Sampler Temperature (°C) 4

Column Oven Temperature (°C) 40

Column Used
(length x width in mm, Particle size)

Waters, XBridge, C18,
(50%3.0, 3.5um)

Retention Time (in min)

Deoxynojirimycin — 2.80
Glipizide (IS) — 2.33

Run Time (in min)

5.00

HPLC Gradient Used: TOP-deoxynojirimycin_GD-01_050314.dam

A: 0.1 % Formic acid in acetonitrile
B: 0.1 % Formic acid in water

Time Flow PUMP A PUMP B
(min) (mL/min) (% Conc.) (% Conc.)
0.01 0.8 5 95
0.50 0.8 5 95
1.00 0.8 98 2
340 0.8 98 2
3.80 0.8 5 95
5.00 0.8 5 95

295



Appendiz E

MRM Transitions
Q1 Dwell
Mass Q?gf)‘ss LD. time | DP | CE | CXP
(Da) (msec)

662.50 | 148.90 Deoxynojirimycin_148 60 1210 | 770 | 250
446.30 | 347.00 GLIPI_POS 60 400 | 220 12.0
Source Parameters

CAD Medium
CUR 20
GS1 60
GS2 40
Ion Spray Voltage 5500
Temperature 550
Interface Heater ON
EP 10

Extraction Procedure

The extraction procedure for plasma, brain, liver, kidney, heart, spleen and lungs
samples and the spiked calibration standards were identical.

A 25 uL of study sample (Dilution Factor applied to few samples) or spiked
calibration standard was added to individual pre-labeled micro-centrifuge tubes
followed by 100 uL of internal standard prepared in acetonitrile (Glipizide, 500
ng/mL) was added except for blank, where 100 uL of acetonitrile was added. Samples
were vortexed for 5 minutes. Samples were centrifuged for 10 minutes at a speed of
4000 rpm at 4 °C. Following centrifugation, 100 uL of clear supernatant was

transferred in 96 well plates and analyzed using LC-MS/MS.
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Calibration Curve Details

Calibration Curve Data of Deoxynojirimycin in Mice Plasma

Nominal
CC Sample Name Conc Calculated Conc % Accuracy
(ng/mL) (ng/mL)
DEOXYNOJIRIMYCIN_P_CS-01 1.02 0.98 96.26
DEOXYNOIJIRIMYCIN_P_CS-02 2.04 2.12 104.06
DEOXYNOJIRIMYCIN_P_CS-03 10.21 12.13 118.78
DEOXYNOJIRIMYCIN_P_CS-04" 51.03 31.72 62.16
DEOXYNOJIRIMYCIN_P_CS-05 102.06 86.35 84.61
DEOXYNOJIRIMYCIN_P_CS-06" 510.30 353.64 69.30
DEOXYNOJIRIMYCIN_P_CS-07 1020.60 906.12 88.78
DEOXYNOIJIRIMYCIN_P_CS-08 2551.50 1979.70 77.59
DEOXYNOIJIRIMYCIN_P_CS-09 5103.00 5960 .48 116.80
DEOXYNOIJIRIMYCIN_P_CS-10 10206.00 11544.39 113.11
Regression Equation Y = mx+c
Slope 0.0000145
Intercept 0.0000173
R 0.9860
* Calibration standard not meeting acceptance criteria
Calibration Curve of Deoxynojirimycin in Mice Plasma
W RT3 030 DEORYNOT RN oI WPK_PLVL0R03T4 a6 TOP Sommoliimyein T8y "Cear egrassion T 7T T Weghingl y = T-452-005 % ¥ T732-005 T =038
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Calibration Curve Data of Deoxynojirimycin in Mice Brain

Nominal
CC Sample Name Conc Calculated Conc % Accuracy
(ng/mL) (ng/mL)
DEOXYNOIJIRIMYCIN_BR_CS-01 1.02 1.01 99.23
DEOXYNOJIRIMYCIN_BR_CS-02" 2.04 10.78 528.64
DEOXYNOJIRIMYCIN_BR_CS-03 10.20 10.84 106.17
DEOXYNOJIRIMYCIN_BR_CS-04" 51.03 31.23 61.20
DEOXYNOJIRIMYCIN_BR_CS-05 102.06 122.49 120.02
DEOXYNOJIRIMYCIN_BR_CS-06 510.30 404.99 79.36
DEOXYNOJIRIMYCIN_BR_CS-07 1020.60 971.80 95.22
Regression Equation Y = mx+c
Slope 0.00000154
Intercept 0.00005
R 0.9884
# Calibration standard not meeting acceptance criteria
Calibration Curve of Deoxynojirimycin in Mice Brain
—14-03 "Linear’ Regression ("1 /(X - X)" Weighting): y = 1.54e-006 X + 56-005 (T = 0.0884)
§,00009-47
§.00006-47
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Calibration Curve Data of Deoxynojirimycin in Mice Lungs

Nominal

CC Sample Name Conc Calculated Conc %
(ng/mL) (ng/mL) Accuracy
DEOXYNOIJIRIMYCIN_LUN_CS-01 2.04 1.99 97.43
DEOXYNOIJIRIMYCIN_LUN_CS-02 10.21 11.48 112.39
DEOXYNOJIRIMYCIN_LUN_CS-03" 51.03 36.66 71.84
DEOXYNOIJIRIMYCIN_LUN_CS-04 102.06 105.72 103.58
DEOXYNOIJIRIMYCIN_LUN_CS-05 510.30 545.10 106.82
DEOXYNOJIRIMYCIN_LUN_CS-06" 1020.60 1537.37 150.63
DEOXYNOJIRIMYCIN_LUN_CS-07 2551.50 2728.25 106.93
DEOXYNOJIRIMYCIN_LUN_CS-08 5103.00 4694 .24 91.99
DEOXYNOJIRIMYCIN_LUN_CS-09 10206.00 8252.70 80.86
Regression Equation Y = mx+c
Slope 0.0000125
Intercept 0.0000178
R 0.9938

# Calibration standard not meeting acceptance criteria

Calibration Curve of Deoxynojirimycin in Mice Lungs

WK 15:05.030, TIPK LUNG. 28] Linear” Regresson (1 71" 3) )y = 1250005 %+ 1.

75a-005 (7= 0.0938]
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Calibration Curve Data of Deoxynojirimycin in Mice Kidney

Nominal Calculated %
CC Sample Name Conc Conc Accuracy
(ng/mL) (ng/mL)
DEOXYNOIJIRIMYCIN_KDNY_CS-03 10.21 10.21 100.03
DEOXYNOIJIRIMYCIN_KDNY_CS-04 51.03 51.52 100.95
DEOXYNOJIRIMYCIN_KDNY_CS-05" 102.06 21649 212.12
DEOXYNOIJIRIMYCIN_KDNY_CS-06 510.30 48191 94 .44
DEOXYNOIJIRIMYCIN_KDNY_CS-07 1020.60 937.26 91.83
DEOXYNOIJIRIMYCIN_KDNY_CS-08 2551.50 2157.75 84.57
DEOXYNOJIRIMYCIN_KDNY_CS-09 5103.00 5356.17 104.96
DEOXYNOIJIRIMYCIN_KDNY_CS-10 10206.00 12575.54 123.22
Regression Equation Y = mx+c
Slope 0.000000742
Intercept 0.0000607
R 0.9920

" Calibration standard not meeting acceptance criteria

Calibration Curve of Deoxynojirimycin in Mice Kidney

9.5000e-3
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8.0000e-3
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3.0000e-3 4

2.5000e-3

2.0000e-3 4

1.5000e-3 4

1.0000e-3

5.0000e-4

W PK-14-03-090_DEOXYNOJIRIMYCIN_MPK_KIDNEY_070314.rdb (TOP-doxyncjirimycin_148): "Linear" Regression ("1 / (x * x)" weighting): y = 7.42¢-007 x + 6.07¢-005 (r = 0.9920)

0.0000+
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Calibration Curve Data of Deoxynojirimycin in Mice Liver

Nominal

CC Sample Name Conc Calculated Conc %
(ng/mL) (ng/mL) Accuracy
DEOXYNOIJIRIMYCIN_LVR_CS-02 2.04 2.06 100.90
DEOXYNOJIRIMYCIN_LVR_CS-03" 10.21 14.22 139.24
DEOXYNOJIRIMYCIN_LVR_CS-04 51.03 39.54 77.48
DEOXYNOIJIRIMYCIN_LVR_CS-05 102.06 99.53 97.52
DEOXYNOIJIRIMYCIN_LVR_CS-06 510.30 582.72 114.19
DEOXYNOIJIRIMYCIN_LVR_CS-07 1020.60 1020.90 100.03
DEOXYNOIJIRIMYCIN_LVR_CS-08 2551.50 2260.59 88.60
DEOXYNOIJIRIMYCIN_LVR_CS-09 5103.00 5467.53 107.14
DEOXYNOIJIRIMYCIN_LVR_CS-10 10206.00 11649.16 114.14
Regression Equation Y = mx+c
Slope 0.00000391
Intercept 0.00022
R 0.9921

# Calibration standard not meeting acceptance criteria

Calibration Curve of Deoxynojirimycin in Mice Liver

W PK-14-03-090_DEOXYNOJIRIMYCIN_MPK_LVR_070314.rdb (TOP-

0.046
0.044+
0.042
0.040
0.038
0.036
0.034+
0.032+
0.030
0.028+
0.026
0.024+
0.022+
0.020

Analyte Area / IS Area

0.018+
0.016+
0.014+
0.0124
0.0104
8.000e-34
6.000e-3+
4.000e-3
2.000e-3+

_148): "Linear" Regr

ion ("1 /(x* x)" weighting): y = 3.91e-006 x + 0.00022 (r = 0.9921)

0.000+
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Calibration Curve Data of Deoxynojirimycin in Mice Heart

Nominal

CC Sample Name Conc Calculated Conc %
(ng/mL) (ng/mL) Accuracy
DEOXYNOIJIRIMYCIN_HRT_CS-03 10.21 10.30 100.86
DEOXYNOJIRIMYCIN_HRT_CS-04 51.03 51.85 101.60
DEOXYNOIJIRIMYCIN_HRT_CS-05 102.06 87.33 85.57
DEOXYNOIJIRIMYCIN_HRT_CS-06 510.30 577.24 113.12
DEOXYNOIJIRIMYCIN_HRT_CS-07 1020.60 1065.66 10441
DEOXYNOIJIRIMYCIN_HRT_CS-08 2551.50 2144 .40 84.04
DEOXYNOJIRIMYCIN_HRT_CS-09 5103.00 5633.45 110.39
Regression Equation Y = mx+c
Slope 0.00000319
Intercept 0.0000874
R 0.9929

Calibration Curve of Deoxynojirimycin in Mice Heart

0.0184

0.017+

0.016+

0.015+

0.0144

0.013

0.0124

0.0114

0.010+

000e-31

=8.000e-3-

Analyte Arga /IS Area

7.000e-3-

6.000e-3

5.000e-3

4.000e-3

3.000e-3+

2.000e-3- [ )

1.000e-31

W PK-14-03-090_DEOXYNOJIRIMYCIN_MPK_HRT_070314.rdb (TOP- iri _148): "Linear" Regressi

n ("1 /(<" X)" weighting): y = 3.19¢-006 x + 8.746-005 (1 = 0.9929)

0.000
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Calibration Curve Data of Deoxynojirimycin in Mice Spleen

Nominal Calculated %
CC Sample Name Conc Conc Accuracy
(ng/mL) (ng/mL)
DEOXYNOIJIRIMYCIN_SPLN_CS-02 2.04 2.04 99.77
DEOXYNOIJIRIMYCIN_SPLN_CS-03 10.21 10.00 97.96
DEOXYNOJIRIMYCIN_SPLN_CS-04 51.03 54.12 106.06
DEOXYNOIJIRIMYCIN_SPLN_CS-05 102.06 12447 121.95
DEOXYNOIJIRIMYCIN_SPLN_CS-06 510.30 462.12 90.56
DEOXYNOIJIRIMYCIN_SPLN_CS-07 1020.60 1050.96 102.97
DEOXYNOIJIRIMYCIN_SPLN_CS-08 2551.50 2161.35 84.71
DEOXYNOIJIRIMYCIN_SPLN_CS-09 5103.00 5037.95 98.73
DEOXYNOIJIRIMYCIN_SPLN_CS-10 10206.00 9928.75 97.28
Regression Equation Y = mx+c
Slope 0.0000964
Intercept 0.000172
R 0.9943

Calibration Curve of Deoxynojirimycin in Mice Spleen

Analyte Area /IS Area
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W PK-14-03-090_DEOXYNOJIRIMYCIN_MPK_SPLEEN_070314.rdb (TOP-

_148): "Linear" F

fon ("1 7(x* )" weighting): y = 9.646-005 x + 0.000172 (r = 0.9943)
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Representative chromatogram of blank plasma matrix in the LC-MS/MS analysis of
Deoxynojirimycin

Representative LC-MS/MS chromatogram of Deoxynojirimycin calibration standard and
Glipizide (IS) in mice plasma
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Appendiz E

Representative LC-MS/MS chromatogram of Deoxynojirimycin intravenous study
sample (plasma) and Glipizide (IS)

= .

Representative LC-MS/MS chromatogram of Deoxynojirimycin peroral study sample
(plasma) and Glipizide (IS)

i
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Appendiz E

Representative chromatogram of blank brain matrix in the LC-MS/MS analysis of
Deoxynojirimycin

Representative LC-MS/MS chromatogram of Deoxynojirimycin calibration standard and
Glipizide (IS) in mice brain
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Representative LC-MS/MS chromatogram of Deoxynojirimycin intravenous study
sample (brain) and Glipizide (IS)

Representative LC-MS/MS chromatogram of Deoxynojirimycin per oral study sample
(brain) and Glipizide (IS)

g 88 i
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Appendiz E

Representative chromatogram of blank lungs matrix in the LC-MS/MS analysis of
Deoxynojirimycin

Representative LC-MS/MS chromatogram of Deoxynojirimycin calibration standard and
Glipizide (IS) in mice lungs
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Representative LC-MS/MS chromatogram of Deoxynojirimycin intravenous study
sample (lungs) and Glipizide (IS)

Representative LC-MS/MS chromatogram of Deoxynojirimycin per oral study sample
(lungs) and Glipizide (IS)
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Representative chromatogram of blank kidney matrix in the LC-MS/MS analysis of
Deoxynojirimycin

Representative LC-MS/MS chromatogram of Deoxynojirimycin calibration standard and
Glipizide (IS) in mice kidney
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Appendiz E

Representative LC-MS/MS chromatogram of Deoxynojirimycin intravenous study
sample (kidney) and Glipizide (IS)
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Representative LC-MS/MS chromatogram of Deoxynojirimycin peroral study sample
(kidney) and Glipizide (IS)
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Appendiz E

Representative chromatogram of blank liver matrix in the LC-MS/MS analysis of
Deoxynojirimycin

Representative LC-MS/MS chromatogram of Deoxynojirimycin calibration standard and
Glipizide (IS) in mice liver
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Appendiz E

Representative LC-MS/MS chromatogram of Deoxynojirimycin intravenous study
sample (liver) and Glipizide (IS)

Representative LC-MS/MS chromatogram of Deoxynojirimycin per oral study sample
(liver) and Glipizide (IS)
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Representative chromatogram of blank heart matrix in the LC-MS/MS analysis of
Deoxynojirimycin
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Representative LC-MS/MS chromatogram of Deoxynojirimycin calibration standard and
Glipizide (IS) in mice heart
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Representative LC-MS/MS chromatogram of Deoxynojirimycin intravenous study
sample (heart) and Glipizide (IS)

Representative LC-MS/MS chromatogram of Deoxynojirimycin per oral study sample
(heart) and Glipizide (IS)
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Representative chromatogram of blank spleen matrix in the LC-MS/MS analysis of

Deoxynojirimycin

d
]

Representative LC-MS/MS chromatogram of Deoxynojirimycin calibration standard and

Glipizide (IS) in mice spleen

316



Appendiz E

Representative LC-MS/MS chromatogram of Deoxynojirimycin intravenous study
sample (spleen) and Glipizide (IS)

Representative LC-MS/MS chromatogram of Deoxynojirimycin per oral study sample
(spleen) and Glipizide (IS)
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Selected NMR Spectra of ToP-DNJ and its

Precursors
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Appendiz F

'H spectrum of 108 (500 MHz, CDCI,)
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'H spectrum of 109 (500 MHz, CDCI,)
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'H spectrum of 110 (500 MHz, CDCI,)
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'H spectrum of 111 (400 MHz, CDCI,)
HO\/\/\(O
b/

111
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13C spectrum of 111 (100 MHz, CDCl,)
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'H spectrum of 106 (500 MHz, CDCI,)
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'H spectrum of 112 (500 MHz, CDCI,)
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'H spectrum of 113 (500 MHz, CDCI,)
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'H spectrum of 105 (500 MHz, CD,0D)
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