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Abstract—The synthesis of new glycosidase inhibitors, namely, the glycosylamines of 5-thioglucose and 5-thiomannose and their
corresponding amidinium salts are described. We report also the crystal structures of 5-thio-D-mannopyranosyl amine 1 and 5-
thio-p-mannopyranosylamidinium bromide 2 bound in the enzyme active site of Golgi a-mannosidase II (GM II). Compounds 1
and 2 have been found to be inhibitors with ICsy values of 0.07 and 0.9 mM, respectively. We also report the docked structures
of 5-thio-p-glucopyranosylamine 3 and 5-thio-p-glucopyranosylamidinium bromide 4 in the active site of glucoamylase G2, derived
by molecular modeling. Compounds 3 and 4 were found to be inhibitors with K; values of 0.015 and 0.098 mM, respectively. The
results led to conclusions about the nature of the transition state and strategy for the inhibition of glycosyl hydrolases in general.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Glycosidases are involved in the processing of various
glycoconjugates, such as glycoproteins, which in turn
are involved in various biological processes.! These
glycoproteins are formed via a common glycolipid pre-
cursor, Glcs;-Mangy-GlcNAc,-pyrophosphoryl-dolichol,
which in turn is formed by the dolichol pathway.!-> This
precursor is transferred to the asparagine residues of
proteins in the endoplasmic reticulum (ER) by an oli-
gosaccharyl transferase enzyme. Carbohydrate units at-
tached to asparagine residues have a common inner-core
structure. Subsequent trimming and processing of this
precursor in the ER and the Golgi apparatus, carried
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out by glycosidases and glycosyltransferases, leads to a
variety of N-linked glycans targeted to perform particu-
lar biological functions. The functioning of these glyco-
proteins will depend on the exact nature of the attached
oligosaccharides. The surface oligosaccharides mediate
a variety of biological phenomena including cell—cell
or cell-virus recognition processes. Inhibition of glycosi-
dases can disrupt the biosynthesis of oligosaccharides
and hence influence such processes as cancer cell metas-
tasis. Thus, the design, synthesis, and X-ray crystallo-
graphic and molecular modeling studies of their
inhibitors have become interesting research areas for
the design of new drugs.

Herein, we report a class of inhibitors based on 5-thio-p-
glycopyranosylamines (Chart 1). Glycosylamines them-
selves can act as glycosidase inhibitors,® although they
hydrolyze readily. We reasoned that since the S/N ace-
tals are more stable to hydrolysis,*> compounds 1 and
3 and the corresponding glycosylamidinium salts 2 and
4 might offer advantages over their oxygen congeners.
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Glycosylamidinium salts themselves have been shown to
have inhibitory properties,® and have been used as
ligands for affinity chromatography for B-glycosidases.”
We also report the interactions of inhibitors 1-4 with
two glycosyl hydrolases of different families, three-
dimensional structures, and catalytic mechanism. As
the transition states of the retaining and inverting glyco-
sidase mechanisms share many structural and chemical
characteristics, a comparison of compounds, which
can act as transition-state mimics for both mechanisms,
would reveal conclusions concerning general strategies
for inhibiting glycosyl hydrolases.

Golgi o-mannosidase II (GMII) is a key enzyme in-
volved in N-glycan processing.'-> Inhibitors that target
GMII have been shown to act as potential anticancer
agents.® GMII belongs to the glycosyl hydrolase family
38. It specifically trims two mannose residues from the
branched GIcNAcMansGIlcNAc, mannose intermediate
during N-glycan processing. The hydrolysis of the glyco-
sidic bonds takes place with retention of configuration
at the anomeric center.” We report herein that glycosyl-
amine 1 and the corresponding amidinium salt 2 inhibit
Drosophila GMII with ICsq values of 0.07 and 0.9 mM,
respectively. We report also the X-ray crystallographic
analysis of the complexes of 1 and 2 with GMII, which
has provided insight into the requirements of potential
transition-state mimics.

Glucoamylase G2 is an exo-acting inverting glycosidase
of Family 15 that catalyzes the release of B-pD-glucose
from the nonreducing ends of starch and related poly-
saccharides and oligosaccharides.!® Glycosylamine
3 and the corresponding amidinium salt 4 were found
to be inhibitors of glucoamylase G2, with K; values of
0.098 and 0.015 mM, respectively. In the absence of
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X-ray crystal structures of complexes of 3 and 4 with
glucoamylase G2, we present herein molecular modeling
studies of the complexes from which we infer the
requirements for transition-state mimics.

2. Results and discussion
2.1. Synthesis

Consideration of the structures of the amidinium salts 2
and 4 shows that they can be synthesized by the coupling
reaction of 5-thio-p-glycopyranosylamines 1 and 3 with
a thioimidate salt 5, in an analogous fashion to that
reported for the preparation of the corresponding
glycopyranosylimidates.!! The glycosylamines can be
synthesized in turn from the 5-thio-p-glycopyranoses
(Scheme 1). 5-Thio-p-mannose 6 and 5-thio-pD-glucose
7 were synthesized using literature procedures.!>!3

The reaction of 5-thio-p-glucose 7 in methanol saturated
with ammonia gave an o:f (1:2) mixture of the 5-thio-b-
glucosylamines 3 in low yield (2-15%). Addition of
potassium carbonate, variation of the reaction tempera-
tures from room temperature to 70 °C, or alteration of
the reaction duration did not result in significant
improvement in yield, the reactions also yielded many
side products. All these attempts gave the desired prod-
uct in very low yield. During the above attempts, it was
observed that the product decomposed above 50 °C and
that higher yields were obtained for reactions carried
out at room temperature. The reaction of 7 in aqueous
ammonia at rt for 3 days proved more promising and
gave the desired glucosylamines 3 as an ao: (1:2) mixture
in 76% yield (Scheme 1). The o~ and B-configurations
were assigned based on the HI-H2 coupling constants.
A similar procedure starting with 5-thio-pD-mannose 6
yielded the 5-thio-pD-mannopyranosylamines 1 as an
o:f (1:3) mixture in 77% yield (Scheme 1). The o~ and
B-isomers were assigned based on NOE experiments.

The synthesis of the corresponding 5-thio-D-glucosylimi-
dates 4 was then examined. Reaction of thioimidate salt
5° with 5-thio-p-glucopyranosylamines 3 in pyridine
gave a mixture of five compounds, as indicated by 'H
NMR spectroscopy. The desired compounds 4 were ob-
tained as an o:f (1:7) mixture in 30-35% yield. In all
these reactions, the starting material was not totally con-
sumed and could be recovered. A sample enriched in
the B-isomer (o:f 1:15) was obtained after HPLC
purification.
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The 5-thio-pD-mannopyranosylimidates 2 were obtained
as an o:f (1:3) mixture in 37% yield using the same pro-
cedure. As before, the reaction did not proceed to com-
pletion and the starting material could be recovered. In
this case, HPLC purification yielded separate o- and -
isomers. The o- and PB-configurations were assigned
based on NOE experiments. Thus, the NOESY spectra
for compounds 6a did not show any cross peaks for
H-1/H-3 and H-1/H-5, confirming the a-configuration,
while compound 6f showed cross peaks for H-1/H-3
and H-1/H-5 and was assigned to be the B-isomer.

2.2. Enzyme inhibition
Compounds 1 and 2 were found to inhibit Golgi a-man-

nosidase II with inhibition constants ICs, of 7.0 x 1072
and 9.0 x 10~ mM, respectively. Compounds 3 and 4

inhibited maltose hydrolysis by glucoamylase G2!4!3
with K, values 9.8x1072 and 1.5x1072mM,
respectively.

2.3. X-ray crystallography

X-ray crystal structures of compounds 1 and 2 (Fig. 1)
bound in the active site of the Drosophila GMII ortho-
logue indicated that both compounds were each bound
as the a-anomer. Compound 1 (Figs. 1 and 2) adopted
a strained boat conformation ('**B) stabilized by electro-
static interactions and hydrogen bonding in the enzyme
active site. The positively charged nitrogen atom in 1 has
electrostatic interactions with Tyr A269 and Asp
A341(0OD2) (Fig. 2, Table 1). The hydroxyl groups 2-
OH, 3-OH, and 6-OH form hydrogen bonds with Asp
A92 (OD2), Asp A472 (OD2), and Arg A876, respec-
tively. The 4-OH group forms hydrogen bonds with
Asp A472 (OD1) and Tyr A727 (Fig. 2, Table 1).

Compound 2 is also found to bind in a boat conforma-
tion (**B) and shows similar hydrogen bonding interac-
tions as in compound 1 with the enzyme active site (Figs.
1 and 2; Table 1). The anomeric nitrogen atom in com-
pound 2 is probably protonated in the enzyme active site
and shows an electrostatic interaction with Asp A341
(OD2). The hydroxyl groups 2-OH, 3-OH, and 6-OH,
are hydrogen bonded to Asp A92 (OD2), Asp A472
(OD2), and Arg A876, respectively, as in compound 1.
The 4-OH group forms hydrogen bonds with Asp
A472 (OD1) and Tyr A727, as with compound 1. The
6-OH group is hydrogen bonded to a water molecule.

In order to explain the difference in the inhibition con-
stants for compounds 1 and 2, the crystal structures of
both complexes were compared (Fig. 2). The corre-
sponding OH groups in both compounds form hydro-
gen bonds with the same amino acids in the enzyme
active site. The significant difference is the additional
charged hydrogen bond between the positively charged
nitrogen atom at the anomeric center in compound 1
and Tyr A269. This interaction probably contributes
to the increased binding affinity of compound 1 to
GMII.

Both compounds 1 and 2 are further stabilized by the
coordination of the O2 and O3 hydroxyl oxygens to
zinc. As described previously,® for the case of the com-
plex of GMII with the known glycosidase inhibitor,
swainsonine 8, zinc is found to adopt a Ty geometry
(octahedral coordination) involving four amino acid resi-
dues, His 90, Asp 92, His 471, Asp 204, and the O2 and
O3 hydroxyl oxygens (Fig. 3). We have proposed that
this octahedral coordination aids in the distortion of
the six-membered ring to mimic the transition state in
the glycosidase-mediated hydrolysis reaction.'®

Figure 1. Electron density of compounds 1 and 2 bound in the active site of dGMII. Simulated annealing omit maps (1Fo-Fc) contoured at 4.0 sigma
for compound 1 (top) and 2.0 sigma for compound 2 (bottom). The boat conformation of the six-membered rings of each of the compounds is shown

on the right. The figure was generated using Pymol.*
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Figure 2. Stereoview of the interactions of 1 (top) and 2 (bottom) with the active site of dGMII. Interactions closer than 3.5 A are indicated in blue.
The interactions with the zinc ion are indicated in cyan. Interacting water molecules appear as orange balls. The distances are presented in Table 2.
This figure was generated with the program Molscript.*!

Table 1. Distances between interacting atoms in dGMII complexes of 1, 2, and 8

dGMII in complex with: 8 Swainsonine 1 LKA 2 LKS
Zinc interactions
Protein Atom Distance (A) Inhibitor atom Distance (A) Distance (A)
H90 NE2 2.14 2.14 2.11
D92 OD1 2.16 2.21 2.15
D204 OD1 2.16 2.16 2.24
H471 NE2 2.16 2.14 2.17

Inhibitor interactions

Protein atom Inhibitor atom
Zn OH-1 2.31 OH-3 2.22 2.30
OH-2 2.30 OH-2 2.23 2.28
D92 OD1 OH-1 3.08 OH-3 3.04 2.95
OH-2 291 OH-2 3.07 3.12
D92 OD2 OH-2 2.43 OH-2 2.50 2.32
D204 OD1 OH-1 2.83 OH-2 3.03 3.14
N 2.88 St 4.53 4.44
D204 OD2 N 3.55 S* 4.72 4.58
Y269 OH — — N2 2.69 2.93
D341 OD2 — — N1 2.92 2.84
D472 OD1 OH-8 2.51 OH-4 2.70 2.62
D472 OD2 OH-1 2.61 OH-3 2.55 2.52
Y727 OH OH-8 2.69 OH-4 2.78 2.81
R876 O — — OH-6 2.68 2.53
Waters OH-6 2.71 2.62
N1# 2.72 —
N2b — 3.07

#N1 refers to the anomeric nitrogen atom.
®N2 refers to the nonanomeric nitrogen atom.
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HIS A471

ASP A204 2,19
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Figure 3. Interaction of compound 1 with Zn in the enzyme active site
of GM II.

o

Figure 4. Overlay of swainsonine 8 with compounds 1 and 2. 1 cyan, 2
green, 8 pink.

It is worthwhile comparing the crystal structures of
compounds 1, 2, and swainsonine 8, a nanomolar inhib-
itor of Drosophila GMIL,? in the enzyme active site (Fig.
4, Chart 2). The 2-OH and 3-OH groups of 8 form
hydrogen bonds with Asp A92 (OD1 and OD2), Asp
A204, and Asp A472. This causes the inhibitor molecule
to tilt in an orientation relative to the other compounds.
The tilting facilitates the electrostatic attraction of the
protonated nitrogen with Asp A204 (OD1) (with a
hydrogen bond length of 2.88 A). Conversely, in com-
pounds 1 and 2 there is no significant interaction with
Asp A204 [(N1-Asp A204=3.69A (ODI1), 3.92A
(OD2), N1-Asp A204 =4.23 A (OD1), 4.59 A (OD2),
respectively)] (Fig. 4). The positively charged nitrogen
atom in 1 does show a strong interaction with Tyr 269

OH
HO
N OH HO NH
HO
OH o
8 9

Chart 2.

0
HO™  [h

and Asp 341. Similarly, in compound 2 the positively
charged center interacts with Asp 341.

A detailed comparison of the amidinium salt 2 and
swainsonine 8 bound in the active site of GMII is shown
in Figure 5. The amino acids with the greatest range of
motion between the two complexes are Y269 and R228,
with movements of 0.89 and 1.03 A, respectively.

2.4. Molecular modeling

Due to the X-ray crystal structures of 3 and 4 complexed
to glucoamylase G2 not being available, molecular mode-
ling studies were performed to investigate the interac-
tions of the corresponding inhibitors 3 and 4 in the
active site; the starting point for these studies was the
enzyme structure complexed with deoxynojirimycin 9.7

Molecular modeling with the program AutoDock 3.0
was used to generate various docked structures of 3
and 4 in the glucoamylase G2 active site, and the prob-
able conformations of bound 3 and 4 were obtained by
selecting structures with the lowest binding energy.

Compound 3 binds in the half chair (*Hs) conformation
(Fig. 6). The important interactions of compound 3 with
residues in the enzyme active site are listed in Table 2.

As seen in Figure 6, the 3-OH group shows hydrogen
bonding interactions with Arg 54 and Leu 177, the 4-
OH group shows hydrogen bonding with Arg 54 and
Asp 55, and the 6-OH group shows hydrogen bonding
with Asp 55 and a water molecule. The positively
charged nitrogen atom in 3 interacts with Trp 178 and
Glu 179.

Compound 4 also binds in a half chair (*H3) conforma-
tion (Fig. 7). The interactions with the amino acid resi-
dues in the active site of glucoamylase G2 are listed in
Table 2. The 3-OH group forms hydrogen bonds with
Arg 54 and the carbonyl group of Leu 177. The 4-OH
group shows hydrogen bonding with Asp 55 and Arg
54, and the 6-OH group shows hydrogen bonding with
Asp 55 and a water molecule. The positively charged
anomeric nitrogen atom in 4 interacts with Glu 179,
and the nonanomeric nitrogen atom with Tyr 48 and
Tyr 311 (Fig. 7). Comparison of the interactions of com-
pounds 3 and 4 in the active site indicates that the only
significant difference is the close contact between the

OH

3C
HN 0
HO OH
HO
o) (0]
HO OH
10 HO o
OH
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Figure 5. Comparison of the binding of compound 2 and swainsonine 8 in the active site of dGMII. Compound 2 and its interacting amino acids are
indicated in green. Swainsonine 8 and interactions with the comparable amino acids are indicated in pink.

TRP 178

LEU 177

Figure 6. Compound 3 modeled in the active site of glucoamylase G2.

Table 2. Interactions of polar groups of compounds 3, 4, 9, and 10 with residues in the active site of glucoamylase G2

Groups Amino acids of glucoamylase G2 Distance (A)
Compound 3 Compound 4 Compound 9* Compound 10>¢
OH-2 ARG 305:NH1 3.29 3.49 3.23 2.99
OH-3 ARG 54:NE 2.93 2.77 3.27 3.39
ARG 54:NH2 3.49 3.06
LEU 177:0 2.63 2.61 2.65 2.73
OH-4 TRP 52: NEI 3.36
ARG 54:NE 3.12 343 3.32 3.12
ARG 54:NH2 2.81 2.89 291 2.86
ASP 55:0D1 2.67 2.67 2.73 2.80
OH-6 ASP 55:0D2 2.97 2.80 2.57 2.77
WAT 501 2.88 2.97
NI TRP 178:0 3.47
GLU 179:0E2 2.51 2.92¢ 2.66
WAT 501 2.82
WAT 634 2.82
N2°¢ TYR 48:0H 2.49
TYR 311:0H 3.00

2 From the crystal structure of the complex.'”

® From the crystal structure of the complex.'®
€¢OH-2, OH-3, OH-4, and OH-6 refer to the A ring.
4NI refers to the anomeric nitrogen atom.

¢ N2 refers to the nonanomeric nitrogen atom.
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Figure 7. Compound 4 modeled in the active site of glucoamylase G2.

nonanomeric nitrogen atom in 4 with Tyr 48 and Tyr
311. This difference is presumably responsible for the in-

creased binding affinity of compound 4 to glucoamylase
G2.

The modeled structures of compounds 3 and 4 were then
compared to that of 1-deoxynojirimycin 9, a nanomolar
inhibitor of glucoamylase G2, bound in the active site
(see Figs. 8 and 9).!7 The interactions of 9 with glucoam-
ylase G2 are listed in Table 2. Comparison of the struc-
tures is based on the dominant interaction of the
positively charged center with the active site amino acids
of glucoamylase G2. The positive center in 1-deoxyno-
jirimycin 9 interacts with two water molecules Wat 634
and Wat 501. The hydrogen bond with W 501 in turn
interacts with Glu 400. In compound 3, on the other
hand, the positively charged center interacts with Glu
179 (Fig. 8). The positive center in 4 interacts with Tyr
48 (OH) and Tyr 311 (Fig. 9). The 2-OH, 3-OH,
4-OH, and 6-OH groups in compounds 3 and 4 share
similar interactions with 9 in the enzyme active site.

It was also noteworthy to compare the modeled com-
plexes of glucoamylase G2 with 3 and 4 to that of the
crystallographically-determined structure of the gluco-

\/ /\’

Figure 8. Superimposition of compound 3 with compound 9 in the
active site of glucoamylase G2.
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LEU 177 GLU 179

Figure 9. Superimposition of compound 4 with compound 9 in the
active site of glucoamylase G2.

amylase G2-acarbose 10 complex;'® acarbose 10 is a
known glycosidase inhibitor. It is clear from Figures
10 and 11 that ring A of acarbose 10 superimposes well
on the half-chair conformation of the six-membered ring
in compounds 3 and 4, the positively charged anomeric
nitrogen atom interacting with Glu 179 in all three cases.

2.5. Ring distortion

Of special note is the ring distortion displayed by the
inhibitors 1-4 when bound in the active sites of
the respective enzymes. The widely held belief is that
the transition state in a glycosidase-catalyzed hydrolysis
reaction is one in which the six-membered ring is dis-
torted to a half chair conformation. Accordingly design
efforts for new inhibitors have focused on mimicking the
half chair conformation, although there are some re-
ports of mimicking a boat conformation.!® The possibi-
lity of a boat transition state has gained some support
from the reported crystal structure of cellobiohydrolase

GLU 400

WAT 501

Figure 10. Superimposition of compound 3 with compound 10 in the
active site of glucoamylase G2.
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T\’R 3n
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Figure 11. Superimposition of compound 4 with compound 10 in the
active site of glucoamylase G2.

CelA, in complex with cellohexaose 11 (Chart 3). 20 The
glucosyl residue D is bound in the active site in a dis-
torted »°B conformation, which presumably facilitates the
formation of an oxacarbenium ion intermediate and
cleavage of the D C glycosidic bond. Vaarot et al.>! have
also reported a 2B conformation for the isofagomine
ring of 12 in the active site of the 1nvert1ng B-gluco-
sidase Cel6A. A similar observation of a >°B conforma-
tion of manno-noeuromycin 13 in the active site of
GMII has been noted.?? In this regard, it is also relevant
that the structure of a covalent GMII-linked intermedi-
ate derived from the inhibitor 5-fluoro-p-L- gulopyrano-
syl ﬂuorlde (5FGuIF) 14 indicates that the ring adopts
an 85 Conformatlon with Asp 204 attached to the ano-
meric carbon.?? Finally, Johnson et al. have reported
that the sulfonium-ion glycosidase inhibitor 15 is bound
by glucoarnylase G2 in a conformation in which the six-
membered rmg adopts a high-energy boat ('*B)
conformation.?*

3. Conclusions
X-ray crystallographic studles indicate that compounds

1 and 2 adopt a boat (!*B) conformation when bound
in the active site of Golgi a-mannosidase II. Molecular

modeling studies suggest that compounds 3 and 4 adopt
a boat (B, 4) and half chair conformation (*H,), respec-
tively, when bound in the active site of glucoamylase
G2. The strained conformations are stabilized by the
various hydrogen bonds and electrostatic interaction be-
tween the protonated nitrogen atom and a carboxylate
group or a tyrosine residue in the enzyme active site.
Since compounds 1-4 exhibit distorted ring conforma-
tions and charged interactions within the enzyme active
sites, it is likely that they function as transition-state
analogues. It is interesting that these inhibitors have
similar binding properties, specifically strained ring con-
formations, in two structurally unrelated families of
glycosyl hydrolases operating by different catalytic
mechanisms. This emphasizes the similarities of the nat-
ure of the transition states of inverting and retaining gly-
cosidases. Finally, this class of compound may represent
a general starting point for the design of inhibitors of
many glycosyl hydrolases.

4. Experimental
4.1. General

Optical rotations were measured with a Rudolph
Research Autopol II automatic polarimeter. '"H NMR
and '*C NMR spectra were recorded on a Bruker
AMX-400 NMR spectrometer at  400.13 and
100.6 MHz, for '"H and '*C, respectively. Chemical
shifts are given in ppm downfield from TMS for those
spectra measured in CDCl; or CD3;0D and from 2,2-di-
methyl-2-silapentane-5-sulfonate (DSS) for those spec-
tra measured in D,0O. Chemical shifts and coupling
constants were obtained from a first-order analysis of
the spectra. All asmgnments were confirmed with the
aid of two-dimensional "H/'"H COSY, 'H/'*C HMQC,
and 'H NOESY experiments, using standard Bruker
pulse programs. Processing of the spectra was per-
formed with standard UXNMR (Bruker) and WIN-
NMR software. Zero filling of the acquired data (512
t; values and 2K data points in #,) led to a final data
matrix of 1K x 1K (F; X F,) data points. Analytical
thin-layer chromatography (TLC) was performed on
aluminum plates precoated with Merck silica gel 60F-
254 as the adsorbent. The developed plates were
air-dried, exposed to UV light and/or sprayed with a

11

12 13

Chart 3.

HO
R ® Gt
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solution containing 1% Ce(SQOy4), and 1.5% molybdic
acid in 10% aqueous H,SO4 and heated. Compounds
were purified by flash chromatography on Kieselgel 60
(230-400 mesh). Solvents were distilled before use and
dried, as necessary, by literature procedures. Solvents
were evaporated under reduced pressure and below
50 °C. High-resolution mass spectra were liquid second-
ary ionization fast atom bombardment (LSIMS(FAB)),
using Cs* ions, run on a Kratos Concept H double
focusing mass spectrometer at 10,000 RP, using meta-
NO,-benzyl alcohol as matrix or, as in the case of com-
pounds 2 and 4, with glycerine as matrix and PEG-sul-
fate as the mass reference. For purification by HPLC,
crude compounds 2 and 4 were each dissolved in 1 mL
water and applied to a medium-pressure ODS column.
Compound 2 was eluted with water (5 mL/min) and
compound 4 was eluted with (9:1) a water—acetonitrile
mixture (4 mL/min). The fractions were collected
and freeze-dried to give the desired products as white
foams.

4.2. Synthesis

4.2.1. 5-Thio-p-glucopyranosylamine 3. 5-Thio-p-glu-
cose 7 (0.1 g, 0.5 mmol) was dissolved in dry methanol
(2mL), the reaction mixture saturated with ammonia
gas and was stirred for 4 days. TLC showed the forma-
tion of a more polar compound. The compound was iso-
lated and purified using flash chromatography (EtOAc—
MeOH-H,0 6:4:1). The desired product 3 was obtained
as a yellowish foam of an o:f (1:2) mixture (0.016 g,
16%). The starting material (0.077 g, 78%) was then
recovered. Compound 3: "H NMR (D,0), minor o-ano-
mer: 6 4.32 (d, 1H, J;, =4.3 Hz, H-1), 3.88 (m, 1H, H-
2), 3.62-3.51 (m, 4H, H-3, H-4, H-6A, H-B), 3.20 (ddd,
1H, JS,GA = }8 Hz, J5,6B = 5.2 Hz, .]5,4 =9.1 Hz,
H-5). Major B-anomer: 6 4.00 (d, 1H, J,,=9.6 Hz,
H-1), 391 (dd, 1H, Jeas=3.2Hz, Jeaep=11.9 Hz,
H-6A), 3.81 (dd, 1H, Jsp s = 6.1 Hz, H-6B), 3.55 (dd,
1H, J43=9.1 Hz, H-4), 3.40 (t, 1H, J,5=9.4 Hz, H-
2), 3.27 (t, 1H, J34=9.1 Hz, H-3), 3.01 (ddd, 1H,
Js4=9.4Hz, H-5). 13C NMR, minor o-anomer: o
80.05 (C-2), 61.14 (C-3), 65.58 (C-6), 57.63 (C-1),
45.38 (C-5). Major B-anomer: ¢ 80.53 (C-2), 79.92 (C-
3), 75.93 (C-4), 62.90 (C-6), 58.67 (C-1), 49.07 (C-5).
Anal. Caled for C¢H3S;NO4: C, 36.91; H, 6.71; N,
7.17. Found: C, 36.60; H, 6.94; N, 6.84.

4.2.2. Improved synthesis of 5-thio-p-glucopyranosyl-
amine 3. Compound 7 (0.9 g, 4.6 mmol) was dissolved
in concentrated aqueous ammonia (50 mL) and the mix-
ture stirred at room temperature for 3 days. Completion
of reaction was tested using thin-layer chromatography.
Evaporation of aqueous ammonia yielded the desired
product, which was purified using column chromatogra-
phy (EtOAc-MeOH-H,O 6:3:1). Compound 3, a yel-
lowish foam, was obtained as an o:f (1:2) mixture
(0.64 g, 71%).

4.2.3. 2-Phenylthioacetimidic acid phenyl ester hydrobr-
omide 5.'>  Benzyl cyanide (5 mL, 43 mmol) was added
to thiophenol (4.5 mL, 43 mmol) in diethyl ether (6 mL).

The reaction mixture was stirred for 40 min, at 0 °C
under an atmosphere of HBr. The white precipitate
formed was then removed by filtration and rinsed with
diethyl ether. Crude compound 5 was recrystallized
from a mixture of acetonitrile and diethyl ether to give
the desired product as white crystals (11.35 g, 85%).
Mp 159 °C (dec). 'H NMR (CDCls): 6 13.6 (s, 1H,
NH,), 9.5 (s, 1H, NH>), 7.7-7.2 (m, 10H, 2Ph), 4.5 (s,
2H, CH,Ph). >*C NMR (CDCl;): 6 196.23 (-C=N-),
135.33, 133.39, 131.82, 131.60, 129.90, 129.31, 128.76,
12091 (C-2Ph), 42.03 (CH,Ph). Anal. Calcd for
C14sH4SNBr: C, 54.55; H, 4.58; N, 4.54. Found: C,
5437, H, 4.54; N, 4.66. MALDI-MS: Calcd for
C14H4SNBr: 228.08 (M+Br); Found: 228.15 (M+Br).

4.2.4. 5-Thio-p-glucopyranosylamidinium bromide 4.
Glucosylamine 3 (0.50 g, 2.6 mmol) was dissolved in
dry pyridine, the thioimidate salt 5 (0.79 g, 2.6 mmol)
then added, and the reaction mixture was stirred for
4 days at room temperature, under nitrogen. Comple-
tion of the reaction was indicated by TLC. The solvent
was removed under reduced pressure and the compound
purified by flash chromatography (EtOAc-MeOH-H,O
7:3:1). The desired product was obtained as an a: (1:7)
mixture (0.35 g, 35%). The product was further purified
using high performance liquid chromatography using
water as the mobile phase. Pure compound 4 was ob-
tained as an o:p (1:15) mixture (0.1 g, 10%). '"H NMR
(D,0O) Minor a-anomer: § 7.49-7.26 (m, SH, Ph), 4.90
(d, 1H, J,,=4.4 Hz, H-1), 4.04 (dd, 1H, J,3 =9.7 Hz,
H-2), 3.96 (s, 2H, CH,Ph), 3.78 (dd, 1H, H-6A), 3.79
(dd, 1H, Jseg = 3.2 Hz, Joa s = 11.9 Hz, H-6B), 3.65
(t, 1H, J34=79Hz, H-3), 3.63 (t, 1H, H-4), 2.88
(ddd, lH, J5,6A =53 HZ, J5’4 =84 HZ, H-S) Major
B-anomer: ¢ 7.49-7.26 (m, SH, Ph), 4.75 (d, 1H,
J1,2 =93 Hz, H-l), 391 (dd, 1H, J6A,5 = 3.2 Hz,
Jeasp = 12 Hz, H-6A), 3.90 (s, 2H, CH,Ph), 3.83 (dd,
1H, Je¢ps=5.8 Hz, H-6B), 3.72 (t, 1H, J,53=9.3 Hz,
H-2), 3.59 (dd, 1H, J34=9.3 Hz, J45=10.4 Hz, H-4),
3.30 (t, 1H, H-3), 3.05 (ddd, 1H, H-5). >C NMR
(D,0): 0 170.34 (-C=N), 131.98, 131.45, 130.98, (6C,
Ph), 79.82 (C-3), 77.57 (C-2), 75.25 (C-4), 62.49 (C-6),
57.80 (C-1), 49.33 (C-5), 41.18 (CH,Ph). HRMS Calcd
for Ci4H>1N,SBrO;s (M+Br): 313.1222. Found:
313.1225.

4.2.5. 5-Thio-p-mannose 6. 1,2,3,4,6-Penta-0O-acetyl-5-
thio-a-pD-mannopyranose (1.0 g, 2.5 mmol) was dis-
solved in dry methanol. A catalytic amount of sodium
methoxide was added and the reaction mixture stirred
at room temperature for 1.5h. The reaction mixture
was neutralized using Rexyn 101 acid resin. The resin
was removed by filtration and the desired product puri-
fied using column chromatography (EtOAc-MeOH-
H,O 7:3:1). Evaporation of the solvent gave an o:f
(9:1) mixture of 5-thio-pD-mannopyranose 2 as a white
foam (0.37 g, 77%). '"H NMR (D,0) Major a-anomer:
0 488 (d, IH, J,,=39Hz, H-1), 414 (dd, 1H,
Jr3=2.6Hz, H-2), 390 (dd, 1H, Jeas=3.4Hz,
J6A,6B =11.9 Hz, H-6A), 3.80 (dd, 1H, J6A,5 =6.7 Hz,
H-6B), 3.72-3.78 (m, 2H, H-3 and H-4), 3.19 (ddd,
1H, Js4=9.8 Hz, H-5). Minor B-anomer: 6 5.15 (d,
1H, J,,=1.9 Hz, H-1), 4.17 (dd, 1H, J,3=2.7 Hz, H-
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2) 3.94 (dd IH J6A5_3 SHZ J6A6B_ 11. 8HZ H-
6A), 3.78-3.70 (m, 2H, H-6B & H-4), 3.45 (dd, 1H,
J3.4=9.5Hz, H-3), 2.95 (ddd, 1H, H-5). BC NMR
(D,O) Major a-anomer: 6 78.44 (C-1), 75.28 (C-2),
74.01 (C-3), 72.23 (C-4), 63.15 (C-6), 46.49 (C-5). Minor
B-anomer: 6 76.60 (C-1), 76.42 (C-3), 63.34 (C-6), 48.32
(C-5).

4.2.6. 5-Thio-pD-mannopyranosylamine 1. 5-Thio-D-
mannose 6 (1 g, 5.1 mmol) was dissolved in aqueous
ammonia (60 mL) and stirred at room temperature for
2 days. Completion of the reaction was tested using
thin-layer chromatography. Evaporation of the aqueous
ammonia yielded the desired product, which was puri-
fied using flash chromatography (EtOAc-MeOH-H,O
6:3:1). Glycosylamine 1 was obtained as an o:f§ (1 3)
mixture (0.79 g, 79%) in the form of a white foam. 'H
NMR (D,O) Minor a-anomer: 6 4.07 (m, 1H, H-2),
3.92 (dd, 1H, H-6A), 3.78 (dd, 1H, Jegs=6.9 Hz,
Joass = 11.9 Hz, H-6B), 3.76 (t, 1H, J43=9.6 Hz, H-
4), 3.68 (m, 1H, H-3), 3.15 (ddd, 1H, Js4=11.0 Hz,
Jsea = 3.5 Hz, H-5). Major B-anomer: 6 4.35 (d, 1H,
J1,=1.2Hz, H-1), 4.06 (dd, 1H, H-2), 3.92 (dd, 1H,
Jeasp = 11.8 Hz, H-6A), 3.68 (dd, 1H, H-6B), 3.64 (t,
1H, J43=9.4 Hz, H-4), 3.43 (dd, 1H, J3, =2.7 Hz, H-
3), 296 (ddd, 1H, Js4= 103Hz Js6a = 3.3 Hz,
Jsep = 7.2 Hz, H-5). 13C NMR (D-»0), Major B-anomer:
0 77.68 (C-3), 76.68 (C-2), 72.14 (C-4), 63.41 (C-6), 58.61
(C-1), 49.29 (C-5). Anal. Calcd for C4H{3SNO4: C,
36.91; H, 6.71; N, 7.17. Found: C, 36.97; H, 6.91; N,
6.87.

4.2.7. 5-Thio-p-mannopyranosylamidinium  bromide
2. Mannopyranosylamine 1 (0.42 g, 2.15 mmol) was
dissolved in dry pyridine, the thioimidate salt 5 (0.3 g,
0.76 mmol) added and the reaction mixture stirred for
4 days at room temperature, under nitrogen. Comple-
tion of reaction was tested by TLC. The solvent was re-
moved under reduced pressure and the compound
purified by flash chromatography (EtOAc-MeOH-
H,O 7:3:1). The desired product was obtained as an
o, mixture in 37% yield. The product was further puri-
fied by high performance liquid chromatography using
water as the mobile phase with a flow rate of 4 mL/
min. Pure 2a (0.057 g, 7%) and 2p (0.13 g, 18%) were
isolated as white foams. '"H NMR (D,0) Minor a-ano-
mer: 6 7.30-7.50 (m, 5H, Ph), 4.31 (d, 1H, J,,=4.5Hz,
H-1), 4.27 (dd, J,3=3.1Hz, 1H, H-2), 3.91 (s, 2H,
CH,Ph), 3.88 (t, 1H, J45=9.1 Hz, H-4), 3.84 (dd, 1H,
J6A6B_ 12.1 HZ J6A5_4 1 HZ H- 6A) 3.79 (dd lH
Jops = 6.5 Hz, H6B) 3.74 (dd 1H, J34=8.7 Hz, H-
3), 2.90 (ddd, 1H, H-5). °C NMR (D,0): & 169.35
(-C=N), 130.93, 131 30, 132.00, 135.39 (6C, Ph), 74.32
(C-3), 72.83 (C-2), 71.73 (C-4), 63.07 (C-6), 59.16
(C-1), 48.74 (C-5), 41.02 (CH,Ph). HRMS Calcd
for C14H21N2SBYO4 (M+Br) 313.1222. Found: 313.
1218 [a ]fjo = 4161 (c 0.0041 g, H,0).

B-anomer: ¢ 7.30-7.50 (m, 5H, Ph), 5.03 (d, 1H,
J12,=22Hz, H-1), 426 (t, J,5=2.5Hz, 1H, H-2),
3.85 (dd, 1H, J¢a s = 4.4 Hz, H-6A), 3.84 (t, 1H, H-4),
3.65 (dd, 1H, Jeaep = 11.9 Hz, Jeps=7.2 Hz, H-6B),

3.56 (dd, 1H, J34,=8.6Hz, H-3), 2.98 (ddd, 1H,
Js.4 = 8.8 Hz, H-5). '3C NMR (D,0): 6 169.4 (-C=N),
130.27, 131.60, 131.99 (6C, Ph), 83.79 (C-3), 73.18 (C-
2), 69.92 (C-4), 68.75 (C-6), 67.30 (C-1), 51.23 (C-5),
36.61 (CHQPh) HRMS Calcd for C14H21N2SBYO4
(M+Br): 313.1222. Found: 313.1219.

4.3. Enzyme inhibition

4.3.1. Golgi a-mannosidase II. Inhibition of mannosi-
dase activity for compounds 4 and 6 was carried out
in microtiter plates in a final volume of 50 pL. Inhibitors
were dissolved in water to a final concentration of
200 mM. The reaction mixture consisted of 25 uL of
10 mM para-nitrophenyl oo mannoside (PNP-mannose),
10 uL of 200 mM buffer and 10 uL of water or inhibitor.
The buffer used was MES pH 5.75. The reaction mixture
was pre-warmed to 37 °C and 5 pL of mannosidase di-
luted in 10 mM Tris pH 8, 100 mM NaCl was added
to initiate the reaction. The amount of enzyme added
was that which was necessary to keep the reaction in
the linear range. In the case of the GMII this was
approximately 350 ng of protein for a 15-min reaction.
At the endpoint, the reaction was stopped using 50 puL
of 0.5 M sodium carbonate. The absorbance of the reac-
tion was measured at 405 nm with 520 nm background
corrections on a microtiter plate reader. The 100% activ-
ity was the activity of the enzyme in the absence of any
inhibitor. Activity remaining was calculated as a per-
centage of this uninhibited activity and a value of 50%
inhibition (ICsy) was taken from plots of remaining
activity versus inhibitor concentration.

4.3.2. Glucoamylase G2. The glucoamylase G2 from
Aspergillus niger was purified from a commercial
enzyme (Novo Nordisk, Bagsvaerd, Denmark) as de-
scribed.'*!> The initial rates of glucoamylase G2-cata-
lyzed hydrolysis of maltose was tested with 1 mM
maltose as substrate in 0.1 M sodium acetate pH 4. 5 at
45°C using an enzyme concentration of 7.0 x 107 M
and five inhibitor concentrations in the range 1 um-
5 mM. The effect of the inhibition on rates of substrate
hydrolysis for compounds 3 and 5, were compared. The
glucose released was analyzed in aliquots removed at
appropriate time intervals using a glucose oxidase assay
adapted to microtiter plate reading and using a total
reaction volume for the enzyme reaction mixtures of
150 or 300 pL.?’ The K; values were calculated assuming
competitive inhibition from 1/V = (1/Vyay) + [(Km)/
(VmaxISIK)] % [1] (Fig. 37 and Fig. 38), where V is the
rate measured in the presence or absence of inhi-
bitor, [I] and [S] the concentrations of inhibitor and
substrate, K, 1.6mM and kg 11.3s7', using
ENZFITTER ¢

4.4. X-ray crystallography

4.4.1. Crystallization. Crystallization of Drosophila
Golgi mannosidase II was carried out using hanging
drop vapor diffusion as described previously.” In all
cases, crystals were less than 24 h old at the time of crys-
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tal evaluation and freezing. In the case of 1 and 2,
co-crystallization was successful in producing large
well-diffracting crystals. Prior to freezing, the crystals
were passed through drops containing 10%, 15%, 20%,
and 25% 2-methyl-2,4-pentanediol. These cryo-solutions
all contained 10 mM inhibitor. Inclusion of inhibitor in
the cryo-solution was essential for visualizing clear
electron density of these compounds. Subsequent to
cryo-solution exposure, the crystals were mounted fro-
zen in nylon CryoLoops (Hampton Research) directly
in a liquid nitrogen cryostream.

4.4.2. Data collection. All data were collected at 100K.
Data were collected at the Ontario Cancer Institute on a
MAR Research 2300 image plate detector mounted on a
rotating anode generator with Cu target, operated at
50 kV and 100 mA with beam focusing using Osmic op-
tics. Typically, 300400 frames of 0.5° oscillation were
collected for each data set.

4.4.3. Refinement. The structures of the complexes
were solved by molecular replacement starting with the
unliganded enzyme structure (protein Data Bank code
IHTY).? Briefly, rigid body refinement was carried out
against the published structure of native dGMII with
Tris and waters in the region of the active site removed.
This was followed by simulated annealing to 3500 K,
group B-factor refinement and individual B-factor
refinement, prior to generation of electron density maps.

Table 3. Statistics for data collection and refinement

Compound # 1 2

PDB code 1R33 1R34

HET symbol LKA LKS

Crystal

Space group . P2,2,2, P2,2,2,

Cell dimensions (A) 68.84/109.91/138.89  68.77/109.56/138.74
Mosaicity 0.35 1.0

Data processing:
overall (high oresolution shell)
Resolution (A) 20-1.80 (1.86-1.80) 30-1.95 (2.02-1.95)

Reflections/redundancy 97070/7.1 73805/4.2
I/sigma 37.7 (7.1) 12.2 (3.14)
% Completeness 98.4 (84.5) 94.8 (95.0)
R merge 0.045 (0.178) 0.104 (0.378)
Refinement
Riest/ Riree (reflections 0.156/0.185 (2957)  0.151/0.196 (2143)
for Rfrcc)
Amino acids 1014 1014
Water molecules 1153 1058
Rmsd bonds (A) 1.80 1.90
Rmsd angles (°) 0.017 0.020
Average B-factor (Az)
Overall 15.14 15.35
Protein main chain 12.67 12.78
Protein side chain 14.64 15.24
Water 25.40 24.86
Inhibitor 11.26 26.91
Zn 11.14 12.21
MPD 17.93 22.63
NAG 35.87 50.17

At this initial stage, R-factors were typically in the range
of 22%, and the Fo-Fc density clearly showed the pres-
ence of bound compound and unassigned waters. Subse-
quent iterative rounds of refinement and visual fitting to
the electron density resulted in the final statistics pre-
sented in Table 3. Final coordinates and diffraction data
are deposited in the Protein Data Bank under codes
1R33 and 1R34. The intermolecular interactions were
analyzed using Insight II software.

4.5. Molecular modeling

To investigate the interactions of ligands 3 and 4 with
glucoamylase, the protonated forms of compounds 3
and 4 were docked into the active site in various conform-
ations using AutoDock 3.0.%7 The structures were
built using Sybyl 6.6 molecular modeling software (Tri-
pos, Inc.). The structure energy minimization was per-
formed using the standard Tripos molecular mechanics
force field and Gasteiger-Marsili charges,”® with a
0.001 kcal/mol energy gradient convergence criterion.
The six-membered ring of compounds 3 and 4 was
constructed in the following different conformations: 2
chair conformations (*C; and 'C,); 6 boat conforma-
tions (1’4B, B 4, 258, B, s, 3.0, Bs;); 6 skew conforma-
tions ('Ss, °S, Sy, 'Ss, 3Ss, and °S;) and 1 half-chair
conformation *H;. Thus, 15 starting conformations of
each of 3 and 4 were obtained for the docking
simulations.

The crystallographic coordinates of glucoamylase were
extracted from the Protein Data Bank [(PDB entry
1DOG, X-ray structure of the complex of 1-deoxynojiri-
mycin 9 with glucoamylase from Aspergillus awamori
var. X100 at 2.4 A'7 and were analyzed using the Sybyl
6.6 program (Tripos, Inc.)]. All water molecules were re-
moved from the structure except the water 501. Only
polar hydrogen atoms were added to the protein, and
Kollman united-atom partial charges®® were assigned.
At the start of each docking simulation, the six-mem-
bered ring of each conformation of compound 3 and 4
was superimposed over the equivalent part of 1-deoxy-
nojirimycin 9, from the crystal structure of the glucoam-
ylase complex.!”

The grid maps representing protein were calculated
using Autogrid version 3.0.7 In all cases, we used grid
maps with 60 x 60 x 60 points, and a grid-point spacing
of 0.375 A. All the rotatable bonds in the ligand were
allowed to rotate. For 3, 100 simulations were per-
formed and for 4, 300 simulations were performed. A
Lamarckian Genetic Algorithm (LGA) was used to
search for potential binding modes. For the analysis of
the docked conformations, the clustering tolerance for
the root-mean-square positional deviation was 2 A with
respect to the starting position.

The energies of the docked complexes of 3 and 4 in the
glucoamylase active site in different conformations are
shown in Table 4. The lowest-energy binding mode for
each of protonated 3 and protonated 4 was the *H;
half-chair conformation.
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Table 4. Docking results for compounds 3 and 4 in the glucoamylase
active site.”

Conformation of Final docked energy (kcal/mol)
six-membered ring Compound 3 Compound 4
’H, —7.41(—7.28) —11.19(=10.78)
Ic, —5.91(—5.61) —9.28(—8.27)
iC, —7.10(—6.97) —10.47(-9.79)
L4 —6.84(—6.66) —9.44(—8.44)
B4 —6.41(—6.00) —9.80(—8.73)
25 —6.14(—5.74) —10.24(—8.79)
Bss —6.21(—5.99) —9.33(-8.07)
3.0 —6.75(—6.51) 0.9(1.72)
Bso —6.40(—6.28) —9.29(-8.17)
IS, —6.82(—6.56) —10.30(—7.98)
3, —6.28(—5.96) —9.70(—8.79)
’S, —5.88(—5.57) —9.16(—7.92)
'S5 —6.26(—5.92) —9.86(—8.45)
385 —6.96(—6.66) —10.37(=9.24)
5S, —6.28(—5.91) —9.79(—8.78)

#Docked structures are grouped into clusters, the best clusters being
shown. The energy of the optimal structure in each cluster is to the
left and that of the cluster average is given in parentheses.
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