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l. Introduction and Scope

Glycosidase inhibitors have been subject to exten-
sive interest in the past decade. As glycoside cleavage
is a biologically widespread process, glycosidase
inhibitors have many potential medical applications.
Inhibition of intestinal a-glycosidases can be used to
treat diabetes through the lowering of blood glucose
levels, and several a-glycosidase inhibitors are being
marketed against type 2 diabetes.! An alternative
way of treating diabetes that has been explored
recently is through inhibition of glycogen phosphor-
ylase, which also results in a lowering of blood
glucose.? Glycosidases are also involved in the trim-
ming of cell- and viral-surface oligosaccharides, which
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also can be used as a therapeutic target. Inhibition
of these glycosidases can disrupt biosynthesis of
oligosaccharides and hence cell—cell or cell-virus
recognition processes. This principle is used in the
anti-influenza neuraminidase inhibitors that have
recently been marketed?® and is also the basis for the
potential use of a-glycosidase inhibitors against HIV,*
Gauchers disease, hepatitis,® and cancer.®

A. Scope

A very large amount of literature on glycosidase
inhibitors exists. Since the beginning of the 1960s a
number of natural products that are potent glycosi-
dase inhibitors have been found in plants and mi-
croorganisms. This, combined with the always large
interest in natural products, led to a large body of
work on synthesis of these natural products and their
analogues. Thus, a very large fraction of the glycosi-
dase inhibitor literature relates to these natural
products, much of which have been reviewed (Tables
1-3). However, in the past decade several funda-
mentally new types of synthetic inhibitors have
emerged that are very potent and which have led to
new insight in the glycoside cleavage process. It is
the aim of this review to cover this work, but it is
necessary to limit the topic, and this has been done
as follows. Eleven years ago two frequently cited
comprehensive reviews on the glycosidases® and
glycosidase inhibitors were published.” Since then
many reviews (Tables 1—3) and accounts have been
published on the subject covering various subsections
of the field. In particular, the glycosidase inhibitors
from natural products have been covered extensively,
and also Arnold Stutz's book covers in table form all
iminosugar glycosidase inhibitors known until 1998
comprehensively.® The present review will, therefore,
limit itself to cover all new glycosidase inhibitor
structures that appeared since 1990 of non-natural-
product origin, provided they can be regarded as
transition-state analogues of the glycoside cleavage
process and provided they are not natural products
or simple analogues of such. More specifically, we
have not covered nojirimycin analogues, indoliz-
idines, and five-membered iminosugars of the 1,4-
iminoarabinitol type. Nor have we covered cyclopen-
tane inhibitors of the mannostatin type, except the
recent work to rationalize the inhibition of these
compounds.
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B. Design of Transition-State Analogues

An attractive approach to potent inhibitors is to
create compounds that mimic the transition state of
the enzyme-catalyzed reaction. The rationale behind
this method is the belief that the transition state is
likely to be the point on the reaction trajectory that
has the highest degree of enzymatic stabilization. For
glycosidases it is believed that this stabilization is
so huge that the transition state is bound with a
dissociation constant of up to 1072° M, which means
that it is potentially possible to create transition-state
analogue inhibitors with a K; of a similar magnitude.
However, no inhibitor has yet been discovered that
comes even close to this value, due to the impossible
task to precisely mimicking the shape and charge of
the transition state.

To be able to design transition-state analogues of
glycosidases one has to analyze the mechanism of
glycoside cleavage. The mechanism of glycoside cleav-
age have been reviewed several times recently 610!
so only a brief extract will be made here.

Acidic glycoside hydrolysis is believed to be an A-1
process in which protonation of the exocyclic oxygen
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in the glycosidic bond converts it to a leaving group
that is eliminated from the structure with formation
of intermediate cation/oxocarbenium ion 1. The tran-
sition state is believed to be late and quite closely
resemble the ion 1. This is supported by evidence of
various degrees of sp? character of the anomeric
carbon atom in the transition state (Scheme 1), as
obtained from kinetic isotope effects measurements.®

Enzymatic glycoside hydrolysis can follow two
mechanisms (Scheme 1). Glycosidases have two car-
boxylic acids in the active site that afford the
catalysis. Retaining glycosidases convert the sub-
strate to product with retention of anomeric config-
uration (Scheme 1b). The catalysis is believed to occur
by protonation of the exocyclic oxygen by one acidic
group, the catalytic general acid, which converts it



Recent Developments of Glycosidase Inhibitors

Chemical Reviews, 2002, Vol. 102,

Table 1. Recent Reviews and Accounts about Glycosidases and Their Inhibitors

No. 2 517

author title year
A. D. Elbein Glycosidase inhibitors: inhibitors of N-linked oligosaccharide processing 1991253
Y. Nishimura Glycosidase and Glycosyltransferase inhibitors 1992254
G. Mooser Glycosidases and glycosyl transferases 19922%5
B. Winchester et al. Amino-sugar glycosidase inhibitors: versatile tools for glycobiologists 1992256
G. Legler Sugar analog inhibitors for glycosidases, tools for the elucidation of enzymatic 1993257
glycoside cleavage.
A. Vasella et al. Synthesis and evaluation of new glycosidase inhibitors 1994258
G. S. Jacob Glycosylation inhibitors in biology and medicine 1995259
B. Ganem Inhibitors of Carbohydrate-Processing Enzymes: Design and Synthesis of 1996156
Sugar-Shaped Heterocycles
B. Draeger Glycosidase inhibitors. Biological activity and therapeutic significance 1996260
S. Picasso Azasugar glycosidase inhibitors. Useful tools for glycobiologists 1996261
G. Legler The catalytic efficiency of glycoside hydrolases and models of the transition 1998262
state based on substrate related inhibitors
M. Bols 1-Azasugars, Apparent Transition State Analogs of Equatorial Glycoside 1998263
Formation/cleavage
J. D. Esko Natural and synthetic inhibitors of glycosylation 1999264
C. W. Ekhart et al. Tables of glycosidase inhibitors with nitrogen in the sugar ring and their 1999265
inhibitory activities
T. D. Heightman et al. Recent insight into inhibition, structure, and mechanism of configuration- 1999188
retaining glycosidases
C.S.Ryeetal. Glycosidase mechanisms 2000266
E.S. H. Ashry et al. Glycosidase inhibitors and their chemotherapeutic value 200(0267:268,269
Table 2. Recent Reviews and Accounts Focusing on Synthesis of Glycosidase Inhibitors
author title year
G. W. Fleet et al. Plagiarizing plants: amino sugars as a class of glycosidase inhibitors 199027°
P. Vogel Total, asymmetric synthesis of glycosidase inhibitors such as the aza sugars, 1992271
castanospermine and analogs, from furan
F. Effenberger et al. Enzymic carbon-carbon bonding 1993272
G. C. Look et al. Enzyme-catalyzed Organic Synthesis: Practical Routes to Aza Sugars and 1993273
Their Analogues for Use as Glycoprocessing Inhibitors
Y. Ichikawa et al. Topochemistry and inhibition of selectin-mediated cell adhesion: Chemical- 1994274
enzymatic synthesis of inhibitors related to E-selectin recognition
V. Jaeger et al. Synthesis via isoxazolines. Part 23. Synthesis of glycosidase-inhibiting iminopolyols 1994275
via isoxazolines
Y. Nishimura Stereoselective synthesis and transformation of siastatin B. A novel glycosidase inhibitor, 1995187
directed toward new drugs for viral infection and tumor metastasis
C. -H. Wong Enzymic and chemo-enzymic synthesis of carbohydrates 1995276
C. -H. Wong et al. Enzymes in organic synthesis: application to the problems of carbohydrate recognition. Part 2~ 1995277
A. De Raadt et al. Chemical and chemo-enzymatic approaches to glycosidase inhibitors with basic nitrogen in the 1997278
sugar ring
K. Tatsuta Total Synthesis and chemical design of useful glycosidase inhibitors 1998270
A. Goti et al. A Straightforward route to enantiopure pyrrolizidines by cycloaddition to pyrroline N-oxides 1999280
derived from the chiral pool
M. H. Fechter etal. Chemical and chemo-enzymatic approaches to unnatural ketoses and glycosidase inhibitors 1999281
with basic nitrogen in the sugar ring
Table 3. Recent Reviews and Accounts Covering Natural Products That Inhibit Glycosidases
author title year
D. Lednicer et al. Plants and other organisms as a source of anti-human immunodeficiency virus (HIV) drugs 1991282
R. J. Molyneux et al.  Swainsonine, slaframine, and castanospermine 1997283
L. E. Fellows et al. Distribution and biological activity of alkaloidal glycosidase inhibitors from plants 1992284
B. Winchester Natural and synthetic inhibitors of glycosidases 1992285
R. J. Molyneux Isolation, characterization and analysis of polyhydroxy alkaloids 1993286
R. J. Nash et al. Polyhydroxylated alkaloids that inhibit glycosidases 1996287
H. Yamada et al. Pharmacologically active glycosidase inhibitors in medicinal plants 1998288
A. D. Elbein et al. Alkaloid glycosidase inhibitors 1999289
A. D. Elbein et al. Inhibitors of glycoprotein processing 1999290
N. Asano et al. Sugar-mimic glycosidase inhibitors: natural occurrence, biological activity and prospects for ~ 20002°*
therapeutic application
N. Asano Alkaloidal sugar mimetics: Biological activities and therapeutic applications 2000%°2
to a leaving group with formation of a cation/oxo- Thus, this mechanism has two separate steps and,

carbenium ion intermediate similar to 1. This ion
reacts with the other catalytic carboxylates, the
catalytic nucleophile, to form an intermediate ester.
Subsequently, this ester is displaced by a molecule
of water with general base catalysis to form the
product hemiacetal with retention of configuration.

therefore, two transition states. In inverting glycosi-
dases the general acid has the same function, while
a general base acts by directing a water molecule to
attack the anomeric carbon (Scheme 1c). Hence, the
product is obtained with inversion of configuration.
The transition states of the enzymatic reactions are
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likely to resemble that of non-enzymatic glycoside
hydrolysis and there is evidence for this from linear
free energy relationships.’® The most significant
difference is probably that structural distortion of the
substrate is believed to occur in a number of cases of
enzymatic hydrolysis as indicated by several X-ray
structures that show distortion of bound substrate
analogues.'>® Structural distortion may facilitate
bond breakage (Figure 1).

Some difficulty and controversy is associated with
the classification of inhibitors as transition-state
analogues. Direct information about the transition
state can be obtained from kinetic studies, which
include isotope effects studies® (see also the discus-
sion of compounds 266—269 in section V). These
studies have indicated various degrees of sp? char-
acter at the anomeric carbon, which can imply

OH OH N HO H/N
HO 0 HO NN HO/E NN
HO ® HO HO —N

HO OH
1 2 3
OH OH OH
HO ! HO Q@ HO Q
HO HO N ~— HO ®
HO oR HO HO
H®
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Figure 1.
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formation of an oxocarbenium ion-like transition
state. Much classification of glycosidase inhibitors as
transition-state analogues has simply been to com-
pare their conformation with the half-chair that
oxocarbenium ion 5 is expected to adopt. A number
of more “rigorous” criteria are available to help
classify glycosidase inhibitors as transition-state
analogues. These criteria are (a) strong inhibition,
(b) slow inhibition, (c) pH profile, and (d) free energy
relationships. It should be noted that these criteria
will reveal a lack of a transition-state-like property.
Fulfilling a criterion does, however, not necessarily
mean that the inhibitor in question is a very good
transition-state analogue. Criterion (a) must be used
with caution. A good transition-state analogue must
necessarily be a strong inhibitor, but a strong inhibi-
tor does not have to be a transition-state analogue.
In fact, a strong inhibitor may not even bind to the
active site. Criterion (b) has been suggested to be
associated with transition-state analogues based on
the following hypothesis: Enzymes (or some) are
generally in a conformation that binds the substrate
in a ground-state conformation but can then undergo
a conformational change in order to bind the transi-
tion state better. Transition-state analogue inhibitors
can only bind to the conformationally changed en-
zyme, and the slow onset inhibition is associated with
the time spent for the enzyme to change conforma-
tion.* Recent work shows, however, examples of
glycosidase inhibitors that have slow onset inhibition
that is not associated with a slow conformational
change of the enzyme.?%>2% |t is, in the opinion of
these reviewers, likely that slow onset inhibition is
associated with any very strong inhibitor and that it
is too poorly understood to be a safe criterion.
Criterion (c) has been used to disqualify inhibitors,
whose binding profile as a function of pH did not
correlate with that of catalysis.'>” This will typically
occur when the inhibitor changes charge under the
observed pH range, and though this may be regarded
as an imperfection, the inhibitor could still be a
transition-state analogue at one pH and not another.
In criterion (d) the In K; values of an inhibitor toward
a series of enzymes or enzyme mutants are compared
with the In(k.a/Km) values of a substrate toward those
enzymes. Alternatively the same comparison is done
with one enzyme but with a series of similar struc-
tural analogues of an inhibitor and the substrates.
In both cases, a linear relationship should be ob-
tained if the inhibitor or inhibitor-type is a transition-
state analogue of the enzymatic reaction of that
substrate provided that ke.//Km = Keat/Ks, which is a
good assumption. It should be noted that a linear
relationship will only reveal similarity between the
transition state and the inhibitor with regard to what
has been varied.! Parts of the inhibitor that are not
varied may not resemble the transition state. A
classical study in this regard was made by Vasella’s
and Withers’ groups, which found a linear relation-
ship between In(k../Kn) for hydrolysis of a 4-nitro-
phenylglycoside by a series of different mannosidases,
glucosidases, and galactosidases and the In K; value
for gluco- and mannotetrazole 2 and 3.1%3 That a
linear correlation was obtained is remarkable be-
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cause hydrolysis of different substrates by different
enzymes would be expected to have different transi-
tion states. However, the correlation shows that these
transition states have a common denominator which
2 and 3 resemble. This could be the geometry of the
glycon portion of the transition state and the position
of the 2-OH, since the 2-OH was the only varied part
of the inhibitor. However, since no variation in the
charge of the inhibitor was made, it is, in the opinion
of these reviewers, not possible to conclude that
charge is relatively unimportant in the transition
state, as was done in the paper. Similar free energy
relationship studies have been made for other gly-
cosidase inhibitors.16:17

In the design of transition-state analogues of gly-
coside hydrolysis, much of the focus has been on
mimicking the assumed geometry of the transition
state or its assumed charge. Most designs focusing
on geometry have tried to create inhibitors that are
in a half-chair conformation, which is commonly
accepted to be the conformation of the transition
state. It should be noted, however, that the most
substantial evidence for this conformation is the
isotope effects measurements that show various
degrees of sp? character at the anomeric carbon of
the transition state. Designs focusing on charge have
mimicked charge build-up in a number of different
places. This review will be organized according to
where charge build-up is believed to occur. The first
section will deal with inhibitors that mimic protona-
tion at the exocyclic oxygen, thus a compound re-
sembling 4 (section Il). The second section will deal
with inhibitors that mimic charge build-up at the
endocyclic oxygen (5a, section I11), while section IV
deals with compounds that mimic the cation 1.
Section V deals with compounds that mimic two of
1, 4, and 5a at the same time. Finally, section VI
deals with neutral compounds. It should be made
clear that 5a and 5b are resonance forms of the
oxocarbenium ion, while 1 and 5b are conformers.
Conformer 1, which in this review is termed the
glycosyl cation, may have sp? or sp® hybridization at
the anomeric carbon.

[l. Inhibitors that Mimic a Positively Charged
Exocyclic Oxygen

Since glycoside cleavage of an ordinary O-glycoside
will involve protonation of the exocyclic oxygen of the
glycosidic bond, an early transition state may have
a considerable charge on this atom. Thus, stable
compounds that resemble the conjugate acid of the
glycoside, 4, may be regarded as transition-state

0 "OH
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Trehazolin Allosamidin

Figure 2.

Q
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analogues. Compounds that have an amine in place
of the exocyclic oxygen are the most common transi-
tion-state analogues of this kind.

Many of the inhibitors which contain an exocyclic
nitrogen are isolated from nature or derivatives of
these compounds. The main classes of this type of
compounds are the trehazolins, the allosamidines,
acarbose and derivatives thereof, and the manno-
statins (Figure 2).

The trehazolins exhibit powerful specific inhibition
of various trehalases, the allosamidines inhibit vari-
ous chitinases, acarbose is a very potent a-glucosi-
dase inhibitor,*® and the mannostatins inhibit a- and
p-mannosidases very strongly. Therefore, each main
class inhibits mainly one group of enzymes.’® In
accordance with the topic of this review, these
compounds are not discussed here, but a review by
Berecibar et al.*® can be recommended. However, one
exception will be made, namely, the amino(hydroxy-
methyl)cyclopentanetriols, which have a stereochem-
istry similar to the stereochemistry of either gluco-,
manno-, galacto-, fuco-, or xylopyranose. Great
progress has been made in this field the past few
years, and some very strong and specific inhibitors
have been synthesized.

The relation between the structure of the amino-
cyclopentanes and their inhibitory properties is not
yet completely understood. It has been proposed that
mannostatin A mimics the mannosyl cation, and this
has been supported by comparing the inhibitor with
a molecular orbital-optimized half-chair form of the
mannosyl cation.?°~22 By superimposing the assumed
transition state on mannostatin A, it can be seen that
there is a very good overlap of the 2- and 3-OH of
the mannosyl oxocarbenium ion and two of the
hydroxyl groups at mannostatin A and that the
nitrogen of mannostatin A is placed near the oxocar-
benium ion. However, whether the amino group of
mannostatin A mimics charge at ring oxygen or
anomeric carbon in the mannosyl oxocarbenium ion??
or if it corresponds to the protonated exocyclic oxygen
of the substrate has not been determined yet. How-
ever, the importance of having the basic amino group
has been established by means of the N-acetyl-
substituted mannostatin A which does not inhibit any
of the mannosidases it has been tested against.??

From the similar K; values of the a- and f-manno-
configured inhibitors 6, 8, 9, and 11 there is an
indication that the inhibitors mimic the oxocarbe-
nium ion because they are not anomer selective
(Table 4).2* If the protonated N atoms of these
compounds mimicked protonated exocyclic oxygen, a
difference in potency would be expected with 9—11

OH
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Table 4. K; values in gM from Ref 24

R o-man'ase®  O-man'ase”
H
6 HO... ~NHR H 0.41 0.61
HO OH
- CH; 0.062%¢
H
9 H 0.074 0.12
HO:.., NHR
HO OH
" CH, 1.3 0.15
1 Bn 0.5 22

*1Cso value. 2 Jack bean o-mannosidase. ® Almond a-man-
nosidase. ¢ From ref 20.

being less potent. Whether this trend also is present
with the N-methyl manno-configured inhibitors 7 and
10 is unclear, because their inhibitory properties
have been determined at different conditions.

Looking at the series of galacto-configured amino-
(hydroxymethyl)cyclopentanetriols 12—20, it can be
seen that only 12 and 18 inhibit a-galactosidase
(Coffee bean) whereas the p-galactosidases are in-
hibited by almost all of the inhibitors (Table 5). This
seems to show that this class of inhibitors is anomer
selective; thus, the amino group might correspond to

Table 5. K; values in gM from Ref 26

Bols et al.

the exocyclic oxygen of the protonated substrate
instead of mimicking the galactosyl cation.?>?6 How-
ever, this would have been more convincing if a series
of a-galacto-configured inhibitors had been synthe-
sized and their inhibitory properties had confirmed
a similar trend. Second, it should be noted that
pB-glycosidases commonly prefer hydrophobic agly-
cons, perhaps because this mimics the hydrophobic
pyranose core of a monosaccharide unit. The anomer
selectivity observed can be explained by this aglycon
affinity of g-glycosidases.

The same pattern shows by comparing the fuco-
configured inhibitors 22 and 24 where the a-config-
ured inhibitor 22 is the stronger inhibitor toward o-L-
fucosidase (Table 6).27:28 Such a difference cannot be
observed between the unsubstituted inhibitors 21
and 23. However, this is not surprising because if the
N-substituent is large it may be required that it can
fit into the aglycon subsite in the enzyme. Likewise
the nonsubstituted a/f-gluco-configured inhibitors 25
and 26 have comparable K; values against both a-
and fg-glycosidases while the N—CH,CgH;;-substi-
tuted S-gluco-configured inhibitor 27 is more selective
between a- and S-glycosidases than the correspond-
ing nonsubstituted B-gluco-configured inhibitor 26
(Table 7).242% Accordingly, the influence of a hydro-
phobic N-substituent on the K; value is similar in the
gluco-, galacto-, and fucopyranose series. Hence, the
main trend is if the substituent is bulky it enhances
the inhibition toward the anomeric corresponding

R B-glu® PB-gl® o-gal® PB-gal! PB-gal® P-gall
12 H 2.2 0.17 12 4.5 33 0.145
13 CH; 0.45 0.35 - 0.22 0.09 0.068
14 (CH,),OH 5 14 - 0.087 0.48 0.16
15 Ph 113 23 - 185
16 CeHyy 0.83 7 - 2.4 3 0.035
17 Bn 1.39 0.165 - 0.002 0.006 0.14
18 CH,CHyy 0.104 0.12 22 0.02 0.004
19 CH,(4-C¢HsBr)  0.017 0.12 - 0.0006  0.0007
20 CH,(4-CgHal) 0.053- 0.187 - 0.008 0.003

~No inhibition at 1000 «M. 2 Almond S-glucosidase. ? Caldocellum saccharolyticum S-glucosidase. ¢ Coffee bean a-galactosidase.
d E. coli S-galactosidase. ¢ Bovine liver $-galactosidase. f Jack bean -galactosidase.

Table 6. K; values in gM from Ref 28

R o-fuc'ase®  o-fuc'ase®  o-fuctase®  o-fuc'ase?

CHg

21 Ho,,.,Q,NHR H 15 12 14 125
HO  oH

22 Bn 0.68 0.57 0.30 6.0
¢Hs

23 Ho,,,,Q,.“NHR H 28 18 22 58
Ho' YoH

24 Bn 110 28 18 180

a Bovine kidney o-L-fucosidase. ? Bovine epididymis a-L-fucosidase. ¢ Human placenta a-L-fucosidase. ¢ Fusarium oxysporum377

a-L-fucosidase.
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Table 7. K; values in gM from Ref 24
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R a-gli*  o-ght®  o~gl® P-glt®  Bgl® o-gall P-gal®  Pegal®  P-gal!  orman’  B-man®
25 1.6 0.6 85 6.5 1.5 A 21
26 H 6.2 0.7 - 6.6 2.6 115m 2.6 180™
27 CH,C¢H;, 67 100 - 0.024 2.7 - 0.18
28 COCH;, 170™ 16%m 238m 19_§m
29 CH,CH; 2m 2.6™ 0.16™ 20 9¥m 37 115m g¥m

*1Cs value. § % inhibition at 100 uM. 2 Yeast maltase. P Bakers yeast isomaltase. ¢ Rice a-glucosidase. ¢ Almond B-glucosidase.
¢ Caldocellum saccharolyticum g-glucosidase. f Coffee bean a-galactosidase. 9 E. coli 5-galactosidase. " Bovine liver S-galactosidase.
i Jack bean B-galactosidase. | Jack bean o-mannosidase. ¥ Snail 8-mannosidase. ! Inhibition < 50% at 1000 M. ™ From ref 29.

glycosidase, and the opposite is true for the noncor-
responding glycosidase. If the N-substituent is small,
so is the effect on the inhibitory properties. These
anomer selectivities can likewise be explained by the
hydrophobic aglycon affinity of S-glycosidases men-
tioned above.

In the manno series such a relation cannot be
deduced on the basis of the inhibitors which have
been tested so far (Table 4).

The positive effect of a hydrophobic aglycon on
pB-glycosidase inhibition has also been investigated
in a series of cyclophellitol analogues 30—34. The
hydrophobic aglycon enhanced the binding to almond
pB-glucosidase, and it appears that the opposite is true
for inhibition of o-glucosidase from baker’s yeast
(Table 8).3°-32 However, the corresponding a-config-
ured inhibitor 35 has also been synthesized and
tested, and it is a stronger inhibitor of almond
p-glucosidase than of a-glucosidase (baker’s yeast);
thus, the results should not be attached to much
importance.

Classical mimics of the protonated substrate are
glycosylamines.” However, these compounds hydro-

Table 8. % Inhibition at 100 gg/mL from Ref 31

R o-gluase®  B-glu'ase®
HO.
30 ho,, H 50°
NR
HO” ™
OH
31 CH;, 46 82
32 CH,CH; 38 18
33 Bu 20 98
34 o 66 95¢
+00=0CHa
35 HO 12 84
HO.,,
NH
HO” ™
OH

a Bakers yeast oa-glucosidase. ® Almond S-glucosidase. ¢ %
inhibition at 0.22 ug/mL, from ref 30. 9% inhibition at 10
ug/mL.

lyze very quickly under assay conditions (e.g., galac-
tose derivatives of benzylamine and piperidine have
a half-life about 20 min at pH 7 and 25 °C).%
Nevertheless, a mannosylamine and a piperidinyl-
mannose were recently synthesized and their biologi-
cal activities investigated. None of them were very
potent inhibitors (K; = 300 and 700 u«M, respec-
tively).3* A fucosylamine has also been investigated
and found to be a potent inhibitor (Ki = 0.75 uM)
against a-L-fucosidase (bovine kidney).3®

Recently three glycosylamidines 36—38 have been
synthesized, and they turned out to be stable in acidic
solutions (pH 5—7).3¢ They also were shown to be
quite potent and selective inhibitors. For example,
36 only inhibits glucosidases and not galactosidases,
and it is remarkably stronger toward the S-glucosi-
dases than toward the a-glucosidases it has been
tested against (Table 9). The importance of the
positive charge was shown by synthesizing and
testing the neutral glucosylamide 39 which was a
very weak inhibitor.

To make some more stable inhibitors, various
C-(glycopyranosyl)methylamines have been synthe-
sized where the exocyclic oxygen has been replaced
with an aminomethyl group. Indeed, the compounds
are more stable but none were potent inhibitors (all
had a K; value in the millimolar range).®437:38 In 1993
BeMiller et al. investigated the inhibitory properties
of various N-substituted C-(galactopyranosyl)methyl-
amines, and the inhibition was in most cases en-
hanced compared with 41.3° As can been seen in
Table 10 the best substituent was a benzyl group (in
42), which enhanced the inhibition by a factor of 200
compared with 41.

While this increase might be explained by 3-gly-
cosidases preferring hydrophobic aglycons, BeMiller
et al. attempted to eliminate the influence of such
effects. This was done by comparing the K; values of
40—46 with the K; values of the corresponding amide
(i.e., CH,NR; replaced with CONRy) labeled Kj'. By
analyzing Kj'/K; for the inhibitors 40—46 it was found
that 42 and 43 had the best Ki'/K; ratio (Table 10).
Since 42 and 43 have a pK, value that is close to the
pK, of the catalytic acid of this enzyme (pK,; = 8.5),
BeMiller et al. concluded that the optimal pK, value
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Table 9. K; values in gM from Ref 36

Bols et al.

o-gh®  o-gl® B-gl® PB-glu?! o-gall  P-gal
36 é&/ 21 >25006 73 0.094 - -
OH Ph
o
OH
N QR - 41 390 47 7.8
OH
®NH2
&
38 - 1100 11 - -
OH \T]/\Ph
®NH,
39 é& >2500  >2500 - 770 >2500  >2500

Ph

~ No inhibition at 2500 M. 2 Yeast a-glucosidase. ® Aspergillus niger a-glucosidase. ¢ Almond S-glucosidase. ¢ Aspergillus niger
B-glucosidase. ¢ Aspergillus niger a-galactosidase. f E. coli f-galactosidase. 9 Less than 50 % inhibition at 2500 uM.

Table 10. K; values in gM from Ref 39

R, pK, K; K'/K?
40 Hg&/\ C¢H,; . H 9.7 54 52
Ho OH NRz
41 H H 9.1 505 20
42 CH,Ph, H 8.3 2.3 357
43 (CH,),OCH;, H 8.0 19 711
44 (CH,CH,),0 6.1 497 ~1
45 CH,CF;, H 4.7 1597 2.0
46 Ph, H 4.0 171 11

E. coli lacZ $-galactosidase. 2 K{' is the K; value for the amide corresponding to the similar amine (i.e., CH:NR;, =

CONRy).

of such an inhibitor was one that was close to the
pK, of the proton-donating group of the enzyme.

BeMiller et al. also investigated the influence of
pH on the inhibition of 41 against -galactosidase (E.
coli). The results showed that the inhibition was
stronger at high pH values, and it was suggested that
this was because the nonprotonated amine is the
inhibitor and that the inhibitor becomes protonated
in the active site.

Also, the N-(a-C-glucosylmethyl)aniline has been
shown to be a stronger inhibitor (K; = 11 uM)*° than
the corresponding nonsubstituted o-C-glucosyl-
methylamine.

Another way of mimicking the protonated glycoside
has been approached by synthesizing the four amino-
substituted (R/S)-phenylglucosides 47,4 48,41 49,40
and 50% and bis-C-3-(glucopyranosyl)methylamine
51.3742 Only 47 and 50 were reasonably potent
inhibitors: Interestingly, 47 inhibited almond S-glu-
cosidase ca. 100 times better than epimer 48 while
50 had a K; value against a-glucosidase (yeast) that
was ca. 30 times less than the K; value of 49 (Figure
3).4% The observation that 47 is a stronger inhibitor
than 48 suggests that almond j3-glucosidase is a syn-
protonator according Vasellas protonation trajectory
hypothesis (see section V).18 The nitrogen atom is,
however, not perfectly situated to mimic the exocyclic
oxygen in these compounds.

A galactose analogue with a benzothiazole at the
anomeric carbon, 56, has been synthesized and tested
in the hope of finding a strong glycosidase inhibitor
(Figure 3). However, a K; = 650 uM was found
against -galactosidase (E. coli).*® Likewise, none of
the compounds where the nitrogen is placed one atom
father away from the anomeric carbon (57—62) were
strong inhibitors (Figure 4).44746

To mimic the assumed half-chair conformation of
the transition state and the positive charge around
the anomeric carbon, a series of 1-substituted galac-
tals have been synthesized and tested against E. coli
B-galactosidase.*®* The substituents were benz-
imidazole, imidazole, C(NH)OCHj3;, C(NH)NHCH_Ph,
C(NH)NH,, and C(NH)NHNH,. With exception of the
inhibitor with substituent R= C(NH)NHCH_,Ph, which
had a K; = 6 uM, all the inhibitors were weak (K;
between 570 uM (imidazole) and 15500 uM (benz-
imidazole)). There can be at least two explanations
for this: (1) lack of the 2-OH group which is known
to be important in binding to the enzyme’ and (2)
the aglycon might not fit well into the active site of
the enzyme.

Another approach to mimic the charge develop-
ment and the conformation of the assumed transition
state has been made by synthesizing the two bicyclo-
[4.1.0]heptane derivatives 63 and 65.4” The cyclohex-
ane moiety of the compounds were supposed to adopt
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HO H HO HO HO
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HoN™
47 48
70uMP 7600uMP 1100uM° 38pMC
OH
M SL ”Oé&A
HO HO OH HO
HO O HO HO Ph
OH OH OH  NHz OH
5500uM? 6100uMP
No inhibition?
OH OH H oH
HO O HO o N
Ho HO HO 4
HO HO S
OH
NH, Ph
54 55 56

K; in the mM range?

1300uM°©

Figure 3. Inhibition of sweet almond S-glucosidase by 47, 48, and 51—53 and of yeast a-glucosidase by 49, 50, 54, and

55: aref 37, bref 41, cref 40.

OH OH

HO Qo HO QO
HO—= HO oH NH
NH, N

57 58
4500uM? 7000uM®P
OH OH
HO Q HO
Ho HO
%NH >
j N
e &
59 60
38000pMP 150uM®
HO/\Q NH \/o*@"‘ \K@
& B - H
HO  OH HO' OH
61 62
130pM° 340uM°

Figure 4. K; values against sweet almond j-glucosidase:
aref 46, Pref 45, cref 44.

a half-chair conformation by means of a fused cyclo-
propane. Crystal structures confirmed that this actu-
ally was the case. As could be expected, 65 was the
stronger inhibitor and was remarkably potent against
a-glucosidase (Table 11). The basic nitrogen was
demonstrated to be essential, as the N-acetylated
derivatives 64 and 66 were weak inhibitors.

Instead of attempting to mimic a half-chair oxo-
carbenium ion, Lorthiois et al.*® attempted to mimic
the boat conformation which the substrates have
been shown to adopt when binding to several
B-glycosidases.**=>* The conformation of the cyclo-
hexane rings of 67 and 68 were, therefore, locked by
a bridgehead. The bridgehead also contained a ni-
trogen which was supposed to interact with a car-
boxylic acid residue in the active site. The compounds
were shown to be potent inhibitors of snail S-man-
nosidase, and the large difference in K; between 67
and 68 suggests that the benzyl group is placed in

Table 11. K; values in gM from Ref 47

R o-glu'ase? o-glu'ase®
oA
HO,,
63 /(j H 820 2640
HO” ™" “NHR
OH
64 COCH; 800 -
65 H 0.107 103
66 COCH, 4100 -

aYeast o-glucosidase. ? Rice a-glucosidase. ¢ No inhibition
at 1200 M. 9 No inhibition at 1300 uM.

the aglycon binding site of the enzyme (Table 12).
Also, with these compounds the inhibitors are stron-
ger at comparatively high pH, thus indicating that
the inhibitors bind as free amines rather than as
ammonium salts. It must be stressed, however, that
the bound inhibitor can nevertheless be the am-
monium salt.

Compounds with a nitrogen in the glycosidic posi-
tion and with a sulfur in place of endocyclic oxygen
have also been synthesized in the hope of preparing
a stable and potent glycosidase inhibitor.52% Five
different compounds of this type have been synthe-
sized and indeed found to be stable to hydrolysis. It
was found that the inhibitor 69, believed to be the
o-anomer, was a remarkably better inhibitor than
compounds with an aryl group as aglycon (70—73,
Table 13).58

lll. Inhibitors That Mimic a Positively Charged
Endocyclic Oxygen

The transition state of acidic glycoside hydrolysis
is believed to be late and thus resemble intermediates
such as 1 and 5.4 Mimics of 5a are thus potentially



524 Chemical Reviews, 2002, Vol. 102, No. 2

Table 12. K; values in gM from Ref 48

Bols et al.

R B-glu'ase® o-man'ase®  P-man‘ase®
AN HOH
67 HO H 4300* 20000%* 20
HO
68 Bn >5000%* 9600* 0.17

*|Cso value. 2 Caldocellum saccharolyticum S-glucosidase. ? Jack bean a-mannosidase. ¢ Snail S-mannosidase.

Table 13. K; values in gM from Ref 53

R o-gluase®  glucoamylase®

OH
69 HﬁgﬁMH § o 500 4
O

HOGCH,

R
70 § Og @ H >10000 780
HO
HO NH
OH

71 OCH; 1050 470
7 NO, 270
73 CF; 870

2 Brewer'’s yeast o-glucosidase. P Aspergillus niger G2 glu-
coamylase. ¢ Only the a-anomer, ref 52.

transition-state analogues of glycoside cleavage pro-
cesses and have been widely investigated. One of
these mimics is nojirimycin (74).

Nojirimycin 74 was isolated from microorganisms
(Streptomyces) by Ishida et al.>® Subsequently, 1-deox-
ynojirimycin 75 was obtained by Inouye et al.>® by
reduction of 74 or by isolation from bacterial culture®’
or mulberries.>® Over three decades a large number
of naturally occurring or synthesized nojirimycins
have been reported and tested. 74 resembles glucose
very closely, differing only by the presence of an
endocyclic nitrogen rather than oxygen (Figure 5).

OH OH OH
0 NH NH
HO HO HO
Hoégﬁw H&&NOH Ho/ég
OH

OH OH
Glucose 74 75
Figure 5.

The protonated inhibitors 76 and 77 mimic the
charge development of a transition state resembling
glucosyl oxocarbenium ion 5a, but they have a chair
conformation instead of the expected half-chair con-
formation of 5a (Figure 6). It is not possible for the

HO— @ HO o) HO— ©

NH H

HO 2 HO F] HO

HO&NOH HO&& H&g
OH OH

76 77 5a
Figure 6.

transition state to have a charge on ring oxygen and
a chair conformation at the same time, and therefore,
nojirimycin 74 and 1-deoxynojirimycin 75 cannot be
expected to be perfect transition-state analogues. The
Withers group has made a linear free energy rela-
tionship analysis (kca/Km Vs Kj) of the resemblance

of 75 with the transition state of S-glucosidase
hydrolysis and concluded that 75 was not a transi-
tion-state analogue in that case.!” Nevertheless, an
N-substituted derivative of 75 has been used as a
transition-state analogue to obtain catalytic antibod-
ies so the compound must have some transition-state
character.> Therefore, several groups have embarked
on a quest to design and prepare glycoimidazole-,
glycopyrrole-, and glycotriazole-type glycosidase in-
hibitors that mimic 5a better. The following section
will only discuss such types of transition-state ana-
logues which mimic both charge and shape. Nojiri-
mycin (74) and its five-, six-, and seven-membered
analogues are considered natural-product analogues
and will not be covered, and the reader is referred to
Stutz's book.8

In 1991, Streith and collaborators synthesized the
interesting series of imidazolopentoses D-78,5961
L-79,52 L-80.%%, L-78, D-79, D-80, p-81, and L-81.%* Of
those eight stereocisomers, five (p-78, b-79, L-79, L-80,
L-81) showed modest inhibitory properties of some
glycosidases whereas the remaining three (L-78, b-80,
D-81) were inactive. p-78 inhibited o-mannosidase
from jack beans with a K; = 54 uM and a weak
inhibition of a-mannosidase from almonds (K; = 1000
uM). The L-79 isomer proved to be a weak inhibitor
of both a-mannosidase from jack beans (K; = 360 uM)
and o-galactosidase from E. coli (Ki = 380 uM). Its
enantiomer, p-79, was a rather weak inhibitor of
o-galactosidase from green coffee beans (1Cso = 1000
uM). L-80 exhibited weak inhibition toward both
p-galactosidase from jack beans (K; = 1300) and
o-glucosidase from baker’s yeast (K; = 580 uM). L-81
was a moderate inhibitor of a-galactosidase from E.
coli (Ki = 89 uM), Figure 7.

N N N
7 @, , o7
NZon HO-LslZoH  Ho L Ho- L Z oH

HoOH oH OH On

D-78: D-arabino L-79: L-xylo L-80: L-lyxo L-81: L-ribo

"
i H
NN 1o NN oy EN/*N HO NN
HO —/ M=/ "% = /W—_—/
OH OH Oy o

L-78: L-arabino D-79: D-xylo D-80: D-lyxo D-81: D-ribo

Figure 7.

Even though the half-chair conformation of imida-
zole analogues 78—81 may mimic a oxocarbenium
transition state, they lack the hydroxymethyl group
which may be important for binding to many glycosi-
dases. As a consequence, it is unlikely that they will
have optimal interactions with the glycosidase active
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site. The same effect has been found in five-carbon
iminoalditols.?®* The extent of the impairment by
lacking the hydroxymethyl group seems to be de-
pendent on the enzymes. It is worth noting that these
azasugars showed more potent inhibition of a-gly-
cosidases than f-glycosidases.

Compared with nagstatine 82, a natural product
(Figure 8),%567 the inhibitors 78—81 are quite poor

OOH

H OH OH

N Ho/é T

HO: HO —N
NHAc OH

82 83

Figure 8.

glycosidase inhibitors and differ from 82 by having
the most basic nitrogen atom one bond farther away.
This suggests that it may be essential to have a basic
nitrogen positioned as in 82. This is supported by the
report of Tatsuta et al. that an imidazole analogue
83 was a potent inhibitor of S-glucosidase from
almonds (ICsp = 0.7 uM, see section V) and the
findings of Vasella et al. regarding neutral tetrazole
2, which is a relatively poor inhibitor (see section VI).

These observations led Heightman and Vasella to
propose that 5-glycosidases do not protonate their
substrates from above but laterally, either anti or syn
to the endocyclic C1—0O bond (see section V).188

To support this hypothesis Vasella et al. designed
analogues, 84—93, which lack a nitrogen atom at the
glycosidic position.®®° The inhibition data are sum-
marized in Tables 14 and 15, respectively.

Table 14. K; values in gM from Ref 244
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Indeed, all derivatives showed weaker inhibition
than the corresponding tetrazoles 2 and 94, respec-
tively (Tables 14 and 15). The higher K; values of
these pyrroles indicate clearly a heteroatom, corre-
sponding to the glycosidic O-atom, is required for
strong inhibition. A remarkable increase of inhibition
of f-glucosidase is observed for 89 and 92 compared
to 84 and 85. This possibly reflects that the interac-
tion between a 2-NH;" and the nucleophilic carboxy-
late contributes to an increase of the inhibitory
strength. It is also worth noting that 85, which
possesses a =C—COOMe group at the glycosidic
position, is a stronger inhibitor than 84, in which the
=C—COOMe group is one bond farther away, whereas
89 is a stronger inhibitor than 92. The authors
explained that the methoxycarbonyl group of 85
interacts with catalytic acid (see A and B in Figure
9) similar to the glycosidic heteroatom of 2 (see C in
Figure 9), and the lower inhibitory activity of 85 than
2 is ascribed to the lower basicity and the cost of the
required positional adjustment. This interaction is
lost upon replacement of the OH group by an NH3™
group, perhaps by a competing intramolecular H-
bond from the NH3;" to the methoxycarbonyl group
or under the influence of the stronger z-acceptor on
the basic properties of the ester (Figure 9). Surpris-
ingly, B-glucosaminidases are inhibited about twice
as strongly by the trifluoroacetamido analogues 90
and 93 than by the acetamides 88 and 91.

To further strengthen the postulate of in-plane
protonation, triazoles 95, 96, and 97 were synthe-
sized and their inhibition of g-glycosidases was
compared with that of the tetrazoles 2 and 3 (see

R, Ry B-ghuase®  B-glu'ase®
OH
=R
84 Hﬁ)o/gx_z ' CO,CH; H 6000 1150* (pH6.8)
OH R2
85 H CO,CH; 300 410% (pH6.8)
86 CO,CH;  CO,CH; 25000
87 CH,OH CH,OH 14000
OH
—N=
2 HO&N: =N
o h 200 5

OH

*Estimated values. 2 Almond S-glucosidase. ® Caldocellum saccharolyticum S-glucosidase.

Table 15. K; values in gM

R B-glucosaminidase®  B-glu'ase®
o CO,CH
88 Ho/ég/ 28 Ac 19 -
HO
NHR
89 H - 12 (pH 6.8)
90 CF,CO 10 -
OH
91 Hﬁm Ac 20 -
NHR CO2CH3
92 H - 21 (pH 6.8)
93 CF;CO 13 -
OH
94  HO NNy 02 .
HO
NHAc

a Bovine kidney S-glucosaminidase. ? Caldocellum saccharolyticum S-glucosidase.
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Table 16. K; values in gM

Bols et al.

B-glu‘ase?® B-glu'ase® B-man'ase®  PB-gal'ase®
OH
95 Ho- NN=N >8000 2000 - >8000
OH
OH
N-N=N
9%  HOo o >8000 (pH 6.8) 2800 (pH 6.8) - -
NH,
OH
2 HﬁongNﬂ“ 200 5 ; 15
OH
HO
97 Ho- N’EN - - >8000 -
HO:
N—N=
3 Ho- W - - 150

~No inhibition. 2 Almond S-glucosidase. ? Caldocellum saccharolyticum S-glucosidase. ¢ Snail S-mannosidase. 4 Bovine liver

f-galactosidase.

HO _OH HO _OH
HO = HO =
0 7 OCH3 ®NH 7 OCH3
H ol H H o
60._0 H 0o ®o__0 o
T < N4
A B
HO _OH
o -
ONE
HoW
@o\fo o<
i E
) c
Figure 9.

section VI). A dramatically different inhibitory po-
tency was observed. At a concentration of 8000 uM,
95 showed no activity against the 5-glucosidase from
sweet almonds and was 400 times weaker than the
tetrazole 2 against S-glucosidase from Caldocellum
saccharolyticum. Interestingly, 96 showed similar
inhibitory strength to 95. The mannotriazole 97 is
inactive at 8000 M against snail f-mannosidase,
Table 16.

Fleet et al. also prepared glycotriazoles 98 and 99
and their corresponding esters 100 and 101 and
tested these on a number of glycosidases (Figure 10).

OH H OH
N —Ns
HO N= N N-N=N
HO — HO —
OH CO.R OH  TOR
98:R=H 99: R=H
100: R = CHj 101: R = CHa
Figure 10.

However, no significant inhibition of glycosidases was
observed by either of the triazole carboxylic acids 98
and 99 or the methyl esters 100 and 101 at the
concentration of over 500 «M, but the compounds
showed weak inhibition of glycogen phosphorylase b
with a K; 7400 uM.™

Though pyranose imidazole 106 was first prepared
by Streith et al. in 1991, its inhibitory activity was

not determined until 1999,7* when related derivatives
were also reported. Toward f-glycosidase all ana-
logues were inactive. The dihydroxy compounds 102
and 103 exhibited practically no inhibition of a-gly-
cosidases either, while 104 showed slight inhibitory
activity toward a-mannosidase from jack bean with
ICs0 = 500 uM. These low activities can partly be
ascribed to the absence of hydroxymethyl group.
Among the trihydroxy compounds 106 had no inhibi-
tion of a-glycosidase, 104 exhibited moderate inhibi-
tion of a-mannosidase (ICsp = 150 uM), whereas 105
showed strong inhibition of this enzyme (ICso = 10
uM, Ki = 5 uM). This is clearly due to the correct
configuration of hydroxyl groups in 105, Figure 11.

N N N
HOw- N —Q§/ HOu- N
HO HO
102 104
/OH OH
/ N N/\\N
HOw- g
HO
104 105 106
Figure 11.

Recently, a tetrahydro-4H-1,2,3-trizolo[1,5-a]azepin
107 was synthesized by Martin and co-workers.” The
effect of this compound on a number of glycosidases
was investigated. Homonojiritriazole 107 showed
only weak inhibition of a-galactosidase from E. coli
(inhibition 36% at 1000 x«M) and isomaltase from
bakers yeast (37% at 1000 uM). In addition, it
appears that insertion of a g-configured hydroxyme-
thine group in the saturated ring is not sufficient to
restore inhibition: the additional OH group does not

HO N=N
N =
Hﬁo&@@
OH
107

Figure 12.
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play the role of a surrogate of a glycosidic heteroatom,
Figure 12.

A. Glycosidase Inhibitors in the Form of Cyclic
Sulfonium lons

Mimicry of the developing positive charge on the
endocyclic oxygen has been accomplished by using
sulfonium ions. The first compound synthesized of
this class was a salt 108 closely related to the alkaloid
swainsonine (Figure 13). Compound 108 was tested

Swainsonine 108
OH OH
N—-S0,Tol +
5= Ho/gs\ —
109 110
Figure 13.

against 12 different human enzymes but showed only
appreciable inhibition of two enzymes. Inhibition of
a-mannosidase (76% at 1 mM, pH 6.5) was somewhat
smaller than by swainsonine but comparable with
that of 1-deoxymannonojirimycin. o-Fucosidase was
also moderately inhibited (41% at 1 mM, pH 5.5) by
the cyclic sulfonium ion 108.72

Two diastereomeric compounds, 109 and 110,
containing a trivalent sulfur were also investigated
as glycosidase inhibitors by Wong and co-workers.
Both compounds were tested for inhibition against
almond g-glucosidase, bovine kidney N-acetyl-3-glu-

Table 17. ICso values in mM from Ref 245
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coaminidase, and brewer’s yeast a-glucosidase. Only
pB-glucosidase was weakly inhibited (K; = 1.7 mM)
and only by one of the diastereoisomers.”

The most interesting member of this class of
glycosidase inhibitors is perhaps the natural com-
pounds salacinol 111 and kotalanol 115 (Tables 17
and 18). These natural products are beyond the scope
of this review. However, they deserve to be mentioned
because they are potent natural inhibitors of a-glu-
cosidases. Because of this powerful affinity, they have
been used as a treatment of diabetes in traditional
Indian medicine. Two recent total syntheses of sala-
cinol have appeared’7® as well as synthesis of a
sulfonium-ion analogue of natural compound castano-
spermine.”’

IV. Transition-State Analogues with Nitrogen in
the Anomeric Position

The transition state of enzymatic glycoside cleav-
age may involve charge on the anomeric carbon
through either resemblance of the intermediates
carbocation 1 or oxocarbenium ion resonance form
5b (Figure 1). Whether the transition state has more
charge on the ring oxygen and resembles resonance
form 5a or has more charge on the anomeric carbon
and resembles resonance form 5b (or conformer 1)
may depend on the enzyme studied. The question was
recently addressed for nonenzymatic glycoside hy-
drolysis with the claim being made that in that case
97% of the positive charge in the transition state
resides on the oxygen atom.”® This claim has been
questioned however.”®

One way of mimicking 1 would be to incorporate a
nitrogen atom in place of C1.8°782 This idea has been
investigated mainly by the groups of Bols, Ichikawa,
and Nishimura. Nishimura has thoroughly investi-

o-glh®  ogl®  o-gh®  oghd  B-gl®  o-man®
HQ
H
OH
111 Hoésw 0.0011 25 21
HO 60330
on HQ
® > OH
112 HO&S\/\(\ 038 34 36
HO 60350
22 21 14 12

113/ 0H® OH 2.0
-
4 HO&S\ H0§3@
HO HO

aRice a-glucosidase. ? Baker's yeast a-glucosidase. ¢ Yeast a-glucosidase. 9 B. Stearothermophilus a-glucosidase. ¢ Almond
B-glucosidase. f Almond a-mannosidase. 9 4:6 mixture of diastereoisomers.

Table 18. K values in gM

Structure Sucrase® Maltase® Isomaltase®
HQ
OH
OH
111 HO&SQ)\';/\ 0.96" 0.93 1.41°
HO @OgSO
Ho HQ
115 OH@H 0.43° 0.54° 4.25°
S
HO OH
HO @080

a Rat a-glucosidase. ® Reference 246. ¢ Reference 247.
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gated Siastatin B analogues, which are in fact 2-ami-
noisofagomine analogues.

A. The Isofagomines

In 1994 the first synthetic azasugar 116 with
nitrogen in the pseudo-anomeric position was pre-
pared.8384 For stability reasons the 2-hydroxy group
had been omitted, and because of the close resem-
blance between 116 and the natural product fagom-
ine, the compound was named isofagomine. Isofag-
omine is a potent inhibitor of g-glucosidase, while
o-glucosidase inhibition is moderate (Table 19). The
inhibition of sweet almond S-glucosidase by 116 has
been more deeply investigated. The onset of inhibitor
was found to be slow, and the binding was found to
be driven by a large increase in entropy. This was in
striking contrast to the binding of 75, which was
found to bind due to a decrease in enthalpy.®
Isofagomine 116 has been recognized as a potential
drug in the treatment of type-1l diabetes due to its
powerful inhibition of glycogen phosphorylase.®® Re-
cently, an exhaustive study of analogues was con-
ducted but only resulted in poorer inhibitors.8” Iso-
fagomine 116 has also been shown to inhibit glycogen
phosphorylase activity in cultured astrocytes and

Table 19. K; values in gM

Bols et al.

mouse brain, where it demonstrated 1Csy values of
3.3 and 1.0 uM, respectively.8®

Soon after the first synthesis of 116 (for subsequent
syntheses of 1168979294) other 1-iminosugars-type
inhibitors were prepared. They all showed potent
inhibition of their corresponding $-glycosidases. The
o-glycosidases, however, were generally more power-
fully inhibited by the 1-deoxynojirimycin analogues.
Hence, S-glucosidases, 5-galactosidases,®** and 3-glu-
curonidases®* were all strongly inhibited by iso-
fagomines 120 (Table 20, alternative synthesis®) and
128 (Table 22, alternative synthesis®), respectively.
L-Fuco-isofagomine 125 (Table 21),°497-9% however,
was a relatively modest inhibitor of o-fucosidases
when compared to the corresponding 1-deoxynojiri-
mycin analogue 126.

Several explanations of the observed inhibitory
profile of isofagomines compared to that of the related
1-deoxynojirimycins have been offered. It has been
proposed that strong interactions between the pro-
tonated form of the piperidine and the active site
nucleophilic carboxylate are the reason for the ob-
served potent inhibition. The differentiation between
isofagomines and 1-deoxynojirimycins by o- and
pB-glycosidases has been proposed to be due to the

o-glwase® P-glwase® isomaltase®  glucoamylase’ g-man’ase® GP’ase’
OH
Ho/ﬁ 3 g 8 h h 0.7
116 o N 86 0.11 7.2 3.7 770
OH
75 HOZ H 25h 47" 11b 9.8" 270" 55000/
OH
OH
HO k k k
117 HOﬁNH 0.022 0.069 0.025
OH
OH
HO&\‘\H 1 1 1 # ; PR
118 Ho N 6.9 0.32 0.27 3306 13.5
OH
119 "o \NH 60

*1Cso value. * Inhibitor is racemic. = No inhibition. 2 Yeast o-glucosidase. ® Sweet almond j-glucosidase. ¢ Yeast isomaltase.
d Aspergillus awamori glucoamylase. ¢ Jack bean a-mannosidase. f Glycogen phosphorylase. 9 Reference 83. " Reference 110.
i Reference 87. 1 Reference 100. k Reference 126. ! Reference 204. ™ Reference 154.

Table 20. K; values in gM

o-gal’ase® PB-galase® PB-gal'ase® P-gal'ase® P-gluase®
120 H(E gOH 50f 0.0048 0.2%f 0.33 0.097"
HO NH v _ _
121 HO _oH 0.0016! 12.5 81f 540!
NH
HO
OH _ _ _
122 HO _oH 0.74 0.035 0.40' 0.091
HO NH
OH
123 HO _oH 0.28f 0.04f 0.30f 7.8f 0.13°
gN\H
HO NH
4.5 410%

124 Hi §OH 73%
HO N—NHa

# Inhibitor is racemic. @ Green coffee bean a-galactosidase. ® Aspergillus oryzae fS-galactosidase. ¢ E. coli S-galactosidase.
d Saccharomyces fragilis S-galactosidase. ¢ Sweet almond S-glucosidase. f Reference 211. 9 Reference 93. " Reference 85. ' Reference

7.1 Reference 126. k Reference 217.
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Table 21. K; values in gM

o-fuc’ase®  o-fuc’ase®

125 %,NH 8.4¢ 6.4¢

HoOH
126 R 0.0013¢

?\ZOH

HOOH
127 NH 0.0047¢ 0.0032"

%OH

HOOH

aBovine kidney o-L-fucosidase. P Human placenta a-L-fu-
cosidase. ¢ Reference 97. 9 Reference 98. ¢ Reference 248. f Ref-
erence 126.

location of the active site carboxylate. Hence, the
catalytic carboxylate in, e.g., f-glucosidase is located
beneath the sugar ring, thereby interacting strongly
with the protonated isofagomine, whereas no favor-
able interaction can be made directly with the pro-
tonated 1-deoxynojirimycin. In a-glucosidase, on the
other hand, the catalytic carboxylate in a-glucosidase
is located slightly above the sugar ring, thereby being
able to favorably interact with the protonated 1-deoxy-
nojirimycin but not the protonated isofagomine.!8
This does not explain, however, why the 2-hydroxy
analogue 117 (noeuromycin) is so strong an a-glu-
cosidase inhibitor. It was, therefore, recently pro-
posed that the catalytic nucleophile of both o- and
f-glycosidases can interact with the anomeric nitro-
gen atom and that the weak inhibition of o-glycosi-
dases by the isofagomines is due to their lack of an
essential hydroxyl group.1?®

Another explanation is simply that isofagomines
in their protonated form imitate the transition state
of enzymatic g-glycoside hydrolysis. Because of the
lack of sp? character by the piperidines, this has been
a much-challenged view. However, it has been sug-
gested that f-glycoside hydrolysis happens through
a simple dissociation in the chair ground-state con-
formation giving a C1 cation that later rehybridizes
to the resonance-stabilized oxocarbenium ion. Thereby
a protonated isofagomine would be a good analogue
of both charge and shape of a high-energy spe-
cies.94100.263 |sgfagomine 116 has also been suggested
to mimic the intermediate glycosyl—enzyme inter-
mediate rather than the transition state. This pro-
posal was based on the similarity between the X-ray
structure of an isofagomine—enzyme complex and a
2-deoxy-2-fluoroglycosyl—enzyme complex.?!® It is
also supported by the accepted view that the transi-
tion-state structure in the enzymatic g-glycoside
hydrolysis differs from that of the a-glycoside.1%!

Table 22. K; values in gM
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Cleavage of the o-glycosidic bond has been sug-
gested to be facilitated by electron donation from the
endocyclic oxygen lone pair. Thereby a transition
state that resembles oxocarbenium ion resonance
form 5a would be the direct result. The protonated
form of 1-deoxynojirimycin (77, Figure 6) is only a
partial mimic of this ion closely related to the
proposed transition state, since it imitates only
charge but not shape.%4?263

The 2-deoxyribofuranose analogue 133 and the
N-acetylneuraminic acid (132) analogue 131 have
also been made in the hope of obtaining potent
inhibitors of human purine nucleoside phosphorylase
and bacterial and viral sialidases, respectively (Fig-
ure 14). Imitation of aglycon was attempted in both

Q
OH H
OH
HO N\e\\ Ho\/V\%\;\(DH
AcHN—m S7r~0
HO R AcHN—= )

131 (R=H or Bn) 132
0
HO
/\Q—R 133 (R=Hor /fLNH )
HO N/%
@) H
H HO _oH
Ho HO OCHg oH s
N (0} HO N H N._NH
HO oH s T
HO OH e}
HO OH
134 135

K; = (cellulase) 200uM Inhibitor of a-1,3-galactosyltransferase

Figure 14.

cases, which resulted in inhibition constants in the
micromolar region. Better aglycon mimicry and in-
corporation of a glycerol side chain in N-acetyl-
neuraminic acid analogue 131 was suggested to be
able to improve inhibition.101-104

A xylobiose analogue of isofagomine, 136, has been
made by the Withers group together with five other
xylobiose analogues (137—141), and they have been
investigated as inhibitors (Table 23) of two different
xylanases, namely, the retaining enzymes Cex
(Cellulomonas fimi) and Bcx (Bacillus circulans).
These enzymes belong to different glycosidase fami-
lies; Cex is an anti-protonator of family 10, while Bcx
is a syn-protonator of family 11.

B-gluwase®  B-gluwase®  o-gluase®  B-gluase’
128 o OzH 0.079° >1000% 1 >1000%f
HO NH i i
129 %&C 80¢ 6.1%%" 89.4%%"
HO
HO
OH
130 HO 1.3%° >1000%f >1000%f
HO—M~NH
COsH

*1Cso value. § Inhibition at 0.56 mM. 2 Bovine liver s-glucuronidase. ® Human liver s-glucuronidase. ¢ Yeast a-glucosidase. ¢ Sweet
almond S-glucosidase. ¢ Reference 95. f Reference 94. 9 Reference 249. M Reference 250.
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Table 23. K; values in gM

Bex® Cex®  Cex-mutant®

136 HO O 11004 0.13¢ 1.6°
A R =
137 HO NH 15009 5.8¢ 4800°
%A o
OH

on H
138 HO NH 3100¢ 1109
O
HO/;%H/HO
139 HO o = 5200 0.15¢ 200°
HO FO =N
140 HO H 1400¢  0.37¢ 1300°
O
141 HO O 9000°  0.34° 2000°
H%’%O NH
(o]

a Bacillis circulans S-xylosidase. ? Cellulomonas fimi -xy-
losidase. ¢ N126A Cex-mutant. @ Reference 105. ¢ Reference
124.

The inhibitor 136 was an inhibitor of Cex-xylanase
in the nanomolar region (K; = 0.13 M) and as such
the strongest among the inhibitors toward this
enzyme. All the inhibitors studied were poor inhibi-
tors of Bex-xylanase with inhibition constants rang-
ing from 520 to 9000 «M. This low activity against
the family 11 xylanase was explained by the enzyme
being a syn-protonator that favors boat conformers
in the enzyme-catalyzed transition state, while Cex
was believed to prefer a half-chair conformation.

From X-ray structures of the 2-fluorocellobiosyl
covalent intermediate of Cex, it has been suggested
that residue Asnl126 interacts with the 2-OH. To
investigate the effect of this aspargine residue, the
Asnl126 was changed by mutation to an alanyl
residue. Many of the inhibitors of the natural enzyme
which had a 2-hydroxyl group were poor inhibitors
of this mutant, which showed that the 2-hydroxyl
group contributed significantly to the binding of these
inhibitors. However, the xylobiose isofagomine 136
was still a strong inhibitor,105106.124 which is consis-
tent with its lack of a 2-OH.

All of the above-mentioned xylobiose-derived aza-
sugars except the fagomine (1,2-dideoxynojirimycin,
138) analogue were viewed as inhibitors complexed
in the Cex active site through X-ray crystallography.
It was shown that, as expected, all inhibitors were
bound in the —2 and —1 subsites. It was further
revealed that for deoxynojirimycin analogue 137
together with the isofagomine 136, the azasugar
moiety adopted a “C; conformation. Even though
xylobiose isofagomine 136 is a very potent inhibitor
of Cex, it demonstrated only a few contacts with the
enzyme. The most important interaction was pro-
posed to be between the protonated anomeric nitro-
gen and the oxygen of the catalytic nucleophile.
Because of this minority of inhibitor enzyme interac-
tions and the conformation of the isofagomine, its
strong binding was proposed to be fortuitous. 1-Deoxy-
nojirimycin analogue 137 binds 830 times better than
xylobiose, although no direct interactions were ob-
served to the azasugar’s nitrogen atom. Two water
molecules, however, were found to form hydrogen
bonds to the basic center, one of which forms a
hydrogen bond back to the enzyme.?*®

Bols et al.

B. N-Substituted Isofagomines

The endocyclic amine functionality of isofagomines
provides an attractive handle for making analogues
by alkylating the nitrogen atom. This has in the
1-deoxynojirimycin (75) cases produced highly active
compounds such as N-2-hydroxyethyl-1-deoxynojiri-
mycin (miglitol) and N-butyl-1-deoxynojirimycin,107.108

Inhibition of glycogen phosphorylase (pig liver) was
investigated with a series of N-alkylated isofagom-
ines including ring-substituted N-benzoylmethyl iso-
fagomines. Together with different isomeric isofag-
omines inhibition results only showed loss of activity.8”

Isofagomines with stereochemistry resembling p-
glucose (116), p-galactose (120), L-galactose, and
L-fucose (125) have been studied as N-butyl deriva-
tives. p-Isogalactofagomine (120) was also investi-
gated for glycosidase inhibition in its N-butyl-N-oxide
form. A moderate loss of inhibition was observed in
each case toward the corresponding -glycosidase for
the p-galacto (ICsp (N-butyl) = 5 uM, 1Cs (N-butyl-
N-oxide) = 9.5 uM) and p-gluco (ICso (N-butyl) = 38
uM) isofagomines. In the L-galacto case, however,
both the isofagomine and the butylated version
showed equal potency (ICso = 300 uM) toward S-ga-
lactosidase. Inhibition of the corresponding o-gly-
cosidases was roughly unchanged for N-butylated
versions of isofagomines compared to the secondary
amines; pb-gluco (ICso = 140 uM), p-galacto (1Cso (N-
butyl) = 45 uM; 1Cs (N-butyl-N-oxide) = 90 uM),
L-galacto (ICsq > 1000 uM). L-Fuco-analogue, how-
ever, demonstrated a moderate loss in enzyme affin-
ity upon butylation (ICso = 270 uM) compared to 125.
The N-butyl derivative demonstrated an enhance-
ment in inhibition of g-glucosidase (ICsp = 80 uM)
by an order of magnitude compared to 125.%

Racemic 120 has been studied as its N-methyl
derivative. a-Galactosidase inhibition was roughly
maintained (Ki = 74 uM) compared to the demethy-
lated inhibitor (120), but inhibition at g-galactosidase
was negatively affected upon N-methylation (K; = 77
#M)_109

C. Mimicry of the Aglycon Segment

A way of enhancing inhibitor binding to enzyme
could be to augment the number of enzyme inhibitor
interactions. Since the natural substrates for repre-
sentative glycosidases are di- or oligosaccharides,
imitation of the aglycon part is believed to be
important. Targeting a-glucosidases and glucoamy-
lase, isomaltose, and maltose analogues with iso-
fagomine as the glycon moiety have been pre-
pared.8110.111 They showed that inhibition of almond
B-glucosidase and yeast isomaltase deteriorated upon
introduction of aglycon (Table 24), except in the case
of isomaltose analogue N-oxide where inhibition was
essentially unchanged compared to the parent com-
pound 116. Furthermore, inhibition of a-glucosidase
was basically unaffected by isomaltose analogue and
its N-oxide compared to that of isofagomine itself.
Toward glucoamylase (Aspergillus niger), an enzyme
powerfully inhibited by the pseudo-tetrasaccharide
acarbose (K; = 0.024 uM, Figure 2)11° activity was
considerably enhanced in the cases of maltose ana-
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Table 24. K; values in gM
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a-glw'ase®  B-glu'ase®  isomaltase® glucoamylase?
OH
HO& & € C €
142 o N 59 23 100 0.063
HO
HO
HOGoh
OH
HO/&\ f f f f
143 o N H >500 28 480 0.54
HO—™%
OCH3
H
144 Hgﬁﬁ? 70 0.38¢ 19¢ 0.24¢
| Ie} Q
P Ho o
OCHy
OH
145 Hg&ﬁ? 280° 150° >1000° 94¢
o
HO
HOGG,
OH
Hﬁo&\,ﬁi
146 >1000° 510° 190° 160°
HO
FO
HOocH,

a Yeast a-glucosidase. ? Sweet almond S-glucosidase. ¢ Yeast isomaltase. ¢ Aspergillus awamori glucoamylase. ¢ Reference 110.

f Reference 111.

logue, isomaltose analogue, and the N-oxide of the
latter. The distance between the sugar residues was
used as an explanation of the stronger inhibition by
isomaltose analogues, compared to that of maltose
analogue. It was argued that lengthening of the
glycosidic bond occurs in the transition state of
hydrolysis; thus, the methylene spacer of the maltose
analogue would be too short. The good inhibition by
the N-oxide compared to other disaccharide ana-
logues may be due its potential ability to mimic the
negative charge of a departing negative oxygen.
The two diastereomeric ammonium ions of the
isomaltose analogue showed a significant loss of
activity toward all enzymes investigated compared
to isofagomine 116. The reason for this was proposed
to be sterical hindrance by methyl groups and
restricted flexibility of the ammonium ions.

An isofagomine isomer analogous to p-gulo- or
D-idopyranose linked to a glucosidic unit 134 has
been investigated as an inhibitor of cellulase from
Humicola insolens (Figure 14). On the basis of the
X-ray structure of a non-hydrolyzable thiooligosac-
charide/cellulase complex, the isofagomine isomer
unit was chosen since it was believed to imitate the
ring-distorted substrate. The disaccharide analogue
was demonstrated to be a competitive inhibitor with
an inhibition constant (K;) of 200 uM.*2

An effort to rationally design an inhibitor of a-1,3-
galactosyl transferase was made by Ichikawa and co-
workers.'*® By building a mimic of UDP-galactose
using isogalactofagomine, a diol from L-tartric acid,
and 5'-thio-uridine moiety, a more selective (mixed)
inhibitor 135 of the target enzyme was found (Figure
14). Galactosyltranferase inhibition compared to that
from the azasugar 120 itself was doubled, and the

unwanted inhibition of S-galactosidase was consider-
ably diminished. Neither 120 nor 135 affected bovine
B-1,4-galactosyltransferase. Interestingly, 1-deoxy-
galactonojirimycin 121 inhibits neither the o-1,3- nor
the -1,4-transfererase.'*

D. Exchange or Addition of Isofagomine Hydroxyl
Groups

The early chiral pool syntheses of 116 and 120
involved many steps. More easily obtained, both from
D-mannose, were the isofagomine analogues 147 and
149, which have an extra hydroxyl group in the
5-position®~117 The compounds showed that a high
degree of inhibitory activity was lost toward all
glycosidases investigated when this OH was incor-
porated. Activity was also lost upon N-butylation
(Table 25). 5-Hydroxyisofagomines with a N-butyl or
N-octyl substituent, however, demonstrated some
inhibition of glycolipid biosynthesis.'!®

Isofagomine analogues of both enantiomers of
2-deoxyribose with an extra 4-hydroxy group, 158
and 159, were prepared. Analogue 158 demonstrated
essentially little change in activity (K; = 180 uM),*6
compared to the analogous nonhydroxylated racemic
diol (133, R = H, K; = 160 uM), toward purine
nucleoside phosphorylase from human blood.102.103
Triols were also tested for inhibitory activity against
o- and p-glucosidase. Neither enantiomer had any
significant activity,’® which was also the case for
iminosugar 160, which additionally was tested against
galactosidases, mannosidases, xylosidases, and an
a-L-fucosidase.'8

As a potential inhibitor of fucosidases, the analogue
of 125 was prepared with the 5-methyl group ex-
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Table 25. K values in gM

Bols et al.

o-glwrase®  B-glwase®  o-gal’ase®  P-gal’ase’
147 OH 2307 438 >5000%8  >5000%%2
HoN
HO oo NH
OH
148 OH 1500%" 850*h
HO
HO ~NBu
149 HO _oH >2000% 420* 610% 57
HO 1 NH
OH
150 HO _oH 400%"
HO: NBu
151 HO >1000%" geh >1000*h >1000%"
152 HO _oH >1000/ 20 >1000) 405%
NH
OH @
153 OH >1000! 76 37 9
HO
NH
OH [E5)
154 ﬁ >1000/ >1000} >1000’ 530/
HO
NCH3
OH ()
155 <§H - R *
kOH
156 Hi 60% 1700 89* 180°K
HO~NBn
157 Hi - 140% X ok
HOXH
158 HO—N 3800° 1400°
HO™ NH
HOY
159 HO//"‘. f f
. )/\/\NH 2000 1130
HO
1000' A

160 HO 800'
-

T
Q

*ICsp values. ~ No inhibition. ¢ Noncompetitive inhibition. 2 Yeast a-glucosidase. ® Sweet almond -glucosidase. ¢ Green coffee
bean o-galactosidase. ¢ Aspergillus oryzae -galactosidase. © E. coli -galactosidase. f Reference 116. 9 Reference 115. " Reference
94. P Reference 117. 1 Reference 109. ¥ Reference 120. ' Reference 118.

changed for a methyleno or a methoxy substituent.
No inhibition of fucosidase or other glycosidases by
these azasugars was observed below 1 mM.%7

All stereoisomers of isofagomine 116 have been
prepared.®4109119.120 Generally, inhibitors with an
isomeric configuration compared to the natural sub-
strate for the enzyme show considerably less activity
compared to that of rightly configured inhibitors. The
only exceptions are isogalactofagomine 120, which
inhibits almond f-glucosidase as well as isofagomine
116,% and racemic isoallofagomine 153, which is
more potent than isogalactofagomine 120 toward
o-galactosidase.%°

A series of racemic isofagomine analogues 161—
174 has been prepared, where the 3-hydroxy group
was exchanged for other polar groups such as amino

group, carboxylic acid, and hydroxymethyl (Figure
15). The result of this study was in most cases
complete loss of activity. Only a few moderate inhibi-
tors of S-glucosidase were identified. Surprisingly the
inhibitors 169 and 170 which have an epimeric
configuration, compared to that of 116, showed the
greatest activity. It was, therefore, proposed that
almond S-glucosidase had a previously unexploited
binding site beneath the sugar ring to which the
3-hydroxy methyl or 3-amino group could inter-
act.*?1122 Investigating the inhibition by 3-deoxyiso-
fagomine 173 proved that the contribution to inhibi-
tor binding of the 3-substituent was essential, since
the deoxy compound showed no activity. A hybrid
compound 174 of 116 and 170 was thought to exploit
the proposed two binding sites, thereby being a
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FlicoN NH
2 HO
(#)-161 162
209uM >1000uM
Hi §OH HO _oH
Hy NH HO NH
(3)-165 166
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HO HO
NH NH
NH, HO
(£)-169 (#)-170
26uM 47uM
OH OH
HO HO
NH HO NH
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5000uM 7uM

OH OH
N Pt
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Figure 15. Inhibition constants (K;) against sweet almond f-glucosidase. From refs 121, 123, and 125. @Uncompetitive

inhibition.

stronger inhibitor than isofagomine (116) itself. The
inhibition of S-glucosidase by 174, however, turned
out to be 32 times weaker than 116. This was
explained by competition of the two 3-substituents
to the same binding site.'?

E. 2-Hydroxy Analogues

It is believed that the 2-OH of natural compound
1-deoxynojirimycin 75 greatly contributes to enzyme
binding, since removal of this group results in a
significant decrease of inhibitory activity.® Although
desirable, it was speculated that direct introduction
of a 2-OH into 116 would result in a highly unstable
hemiaminal 8105124 As a replacement, a 2-hydroxy-
methyl and a methyl group were introduced to form
homoisofagomines 175 and 176, which were prepared
together with their 5-epimers (Figure 15). The aza-
sugars 175 and 176 were investigated for inhibition
of yeast a-glucosidase, jack bean a-mannosidase, and
almond S-glucosidase. Only 175 and 176 were inhibi-
tors and only of the latter enzyme, which was
competitively inhibited in the low micromolar region.
The 20—60 times lower enzyme affinity compared to
116 was attributed to steric hindrance by the 2-sub-
stituents.?®

Although an isofagomine with a hydroxy group
neighboring the nitrogen was believed not to be
stable, synthesis was attempted in order to test this
proposed instability. The isofagomine-like hemiami-
nal 117 was discovered on the day of the Danish Euro
Referendum (Sept 28, 2000), and because of its
similarity with natural compound nojirimycin, it was
given the name noeuromycin. It seemed to be fairly
stable in acidic solution, but at neutral pH it under-
went the Amadori rearrangement (see Scheme 2).
The compound, however, was stable enough under
assay conditions, and the activity of 117 was dem-

Scheme 2
HO oL HO coH HO2
HO NH ———— HO NH HO N
N OH
R1 Rz HO
191: Ry = H; R, = COCF3 198 199

192: R = H; Ry = COCCly

197: R1, Rg =

HQ cooH o ;
HO NH HO -«— HO
HO "NH

203 202 201

|
HO.
HO»;:\/NH
© 200 H
|
HOy
—Z/DNH
o

onstrated to be in the nanomolar region for o-glu-
cosidase, isomaltase, and g-glucosidase (Table 19).
The inhibition of the a-glucosidases was much higher
than that of the 2-deoxy compound 116. To further
elaborate on this important finding, the study was
extended to involve bp-galactose and L-fucose ana-
logues as well. They also showed from submicromolar
to low nanomolar inhibition of their corresponding
glycosidases. L-Fuco-analogue 127 was a strong in-
hibitor of both bovine kidney and human placenta
o-L-fucosidase (Table 21). p-Galacto analogue 122
was especially a strong inhibitor against -galactosi-
dase from Sacc. fragilis. Other -galactosidases were
not inhibited as strongly as by 120, and a-galactosi-
dase inhibition was considerable though still 500
times weaker than that of 1-deoxygalactonojirimycin
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(121, Table 20). This result showed, however, that
contrary to past beliefs, inhibitors with nitrogen in
the anomeric position can effectively inhibit a-gly-
cosidases.'?® Independently of this work done in the
Bols group, Nishimura and co-workers discovered
that 127 was an extremely strong fucosidase inhibi-
tor. This was realized by following the degradation
of the corresponding 2-aminoisofagomine by measur-
ing the inhibitory activity, at pH 6.3. The 2-aminoiso-
fagomine was shown to turn into hemiaminal, which
later formed a hydrated ketone through an Amadori
rearrangement. This was also observed for the ga-
lacturonic-type 2-aminoisofagomine, which also had
a high activity toward f-glucuronidase after degrada-
tion.1?’

F. 2-Amino Analogues

Close relatives of isofagomine 116 are siastatin B
(177) and its derivatives. Siastatin B (177) was
isolated by Umezawa et al. in 1974 from Streptomyces
verticillus var. quantum and found to inhibit siali-
dases, s-glucuronidase, and N-acetyl-3-b-glucosamini-
dase.'?® The relative configuration of 177 was deter-
mined as (2R/S,3R/S,4S/R,5S/R)-2-acetamido-3,4-
dihydroxypiperidine-5-carboxylic acid by *H NMR
and X-ray crystallography. 177 is clearly related to
116, though this was apparently not realized at first.
The absolute configuration of 177 was established as
the (2R,3R,4S,5S)-sterecisomer unambiguously
through first total synthesis of 177 and its enanti-
omer by Nishimura and co-workers.?°~131 Another
total synthesis was accomplished by Knapp and co-
worker.'32 Three other diastereomers 178, 179, and
180 were isolated by Takatsu et al. in 1996 from the
culture filtrate of Streptomyces nobilis SANK 60192
(Figure 16).133.134

O.H
OpH ‘E? NHAC

HO. NH NH HO

NHAC b, NHac NHAc

179 180
Figure 16.

As shown in Figure 17, 177 has the same topo-
graphical orientation of the functional groups as

HO cooH Hi §OOH
HO OH HO NH

OH NHAG
181 177
OOH OOH
Ho&(a HO Q
HO NHa O @
NHAS OH
182 183

Figure 17.

galacturonic acid 181. It was suggested by Nishimura
et al. that 177 mimics glucuronic acid, 181, in
ground-state binding to p-glucuronidase.'®® Later
they modified the postulate stating that the proto-
nated form 182 of gem-diamine 1l-iminosugars (or
1-azasugars) may mimic glycopyranosyl cation 183,

Bols et al.

which may resemble the transition state of enzymatic
glycosidic hydrolysis.136

Over a decade Nishimura and co-workers synthe-
sized a number of derivatives of 177 in order to
investigate the structure—activity relationship. In
turn, they also designed and synthesized related
compounds and 177 has been modified as shown in
Figure 18.1%" Considering the topic of this review, we

dehydroxylation or inversion

conversion

dehydration \
l insertion or inversion
89 coo

HO

inversion /

NH substitution
NHAC ™~

N conversion

will not discuss the inhibition of sialidases by 177
and analogues.

The parent compound 177 exhibited inhibition of
p-glucuronidase from bovine liver with 1Cso = 71 uM
but no inhibition of a-glucosidase from baker’s yeast
(inhibition: 3% at 100 xg/mL). In contrast, 1-N-
alkylated derivatives 184—190 had practically no
activity against glucuronidase (Figure 19). The activ-

HO com HO co,H
HO R HO N
NHAc

Figure 18.

NHAc
184: R = propyl 187:R=H
185: R = isobutyl 188: R=CHj3
186: R = neopentyl 189:R=F
190: R=CF3

Figure 19.

ity against a-glucosidase varied with substitution.
1-Propyl- and benzylsiastatin B derivatives, 184 and
187, exhibited enhanced inhibition of glucosidase
(inhibition: 40% and 93% at 100 ug/mL, respectively).
This phenomenon has been explained with hydro-
phobic interaction between the inhibitor and an
aglycon binding site within the enzyme. There are a
number of precedents for such an interaction.?426
However, not all 1-N-alkylated derivatives showed
the same effect, and small changes of the structure
disrupted the inhibition completely.

As shown in Table 26, modification of the amide
function at C-2 of 177 had a remarkable effect on the

Table 26. ICx values in uM

R B-glucuronidase®  B-glu'ase®
HQ cooH
177 HO \H -COCH; 71 >460
NHR
191 -COCF, 0.065 13
192 -COCCl, 4.7 137
193 -NHC(=NH)NH, 4.1 96

aBovine liver g-glucuronidase. ® Almond S-glucosidase.

inhibitory activity. Replacement of the acetamide
group by trifluoroacetamide, trichloroacetamide, or
guanidine groups clearly enhanced the inhibitory
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activity toward f-glucuronidase and pS-glucosi-
dase.13>138.139 In particular, 191 was found to be an
extremely potent inhibitor of S-glucuronidase from
bovine liver (ICso = 0.065 uM) and a potent inhibitor
of f-glucosidase from almond (ICsqg = 13 uM). The
inhibition of S-glucuronidase from bovine liver by 191
is over 1000 times stronger than that of 177.
Glucuronic acid-type 2-trifluoroacetamidoisofago-
mine 194 is also a very potent inhibitor of 5-glucu-
ronidase from bovine liver with 1Cso = 0.065 uM and
is a moderate inhibitor of S-glucosidase with 1Cso =
100 uM®6 (Table 27). Although the ICs, values of
siastatin analogues were not determined under the
same conditions as the K; value of the corresponding
isofagomine 128 (K; = 0.079 uM), the siastatin
analogue 194 seems to be more potent than the
isofagomine analogue 128.% Furthermore, the values
of the 1Csos showed clearly that 194 is more potent
toward the $-glucosidase from almonds than 128.

Table 27. 1Cs values in uM from Ref 136

R B-glucuronidase®  P-glu'ase®
94 OzH _NHCOCF; 0.065 98
HO NH
R n
128 -H 0.079%¢ >1000°
HO2G NHR
195 9 2\ COCF 0.065 36
HO. NH - 3 .
196 HO -COCF 130
HMNH ’
HO2C NHR

*K; value. 2 Bovine liver B-glucuronidase. ® Almond -gluco-
sidase. ¢ Reference 94.

Trifluoroacetamide and trichloroacetamide ana-
logues of 177 are unstable under the biological
condition, although they are stable for several weeks
in hydrochloric acid (pH < 1) according to the report
from Nishimura et al.*?"14 For example, 191, 192,
and 197 were shown to rearrange in the media (pH
5.0—6.3) to a ketone hydrate 203 or lactone 202 via
hemiaminal 198. In contrast to 191 and 192, 2-
phthalimide 197 is unstable in a solution of strong
acid (Scheme 2). The ICs values of 191, 192, and 197
against -glucuronidase are 0.092, 0.096, and 0.073
uM, respectively, while the values of 198 and 202 are
0.16 and 3.1 uM. Inhibition studies indicated that the
2-trifluoroacetamide 191, 2-trichloroacetamide 192,
and 198 are equally potent inhibitors of S-glucu-
ronidase and that all contribute significantly to the
overall inhibitory activity. However, 197 proved to
be very unstable in the test medium. Therefore, the
ICso value of 197 must be expected to be that of 198.
The importance of the 2-hydroxy group has also been
affirmed in the case of noeuromycin (117) and its
analogues 122 and 127.'%¢ Therefore, it is under-
standable that hemiaminal 198 showed strong inhi-
bition of S-glucuronidase. As bioisosteres of OH,
2-trifluoroacetamide and trichloroacetamide may act
as H donors and, therefore, enhance the interaction
between the inhibitor and active-site residues.

Interestingly, b-mannuronic acid analogue 195 also
inhibited 5-p-glucuronidase very strongly. This result
is consistent with the reports that mannojirimycin
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and p-mannono-1,5-lactam were slightly stronger
against glucosidases than 74 and b-glucono-1,5-
lactam (204, Figure 27).1417144 The conformation of
195 is indicated to be a boat conformation by its *H
NMR spectrum. Nishimura et al. explained that 195
is likely a mimic of the glycopyranosyl cation, the
flattened conformational cation in the course of the
enzymatic reaction. This explanation seems to be in
conflict with the result achieved by Arai et al. 180
showed over 20 times higher inhibition toward g-glu-
curonidase from bovine liver than that of 177 and
over 30 times higher inhibition toward heparanase
than that of 177. However, it was proved that the
conformation of 180 was chair form and the acetyl
substituent at the C-2 position on the piperidine ring
was oriented axially according to 'H NMR.133134 The
conformational discrepancy between 180 and 195
can, however, be explained by stereoelectronic sub-
stituent effects.'*> The NMR data published by Nish-
imura et al.*® are also consistent with 195 being in
a C4 conformation in protonated form, and confor-
mational change from “C; to !C, conformation on
protonation has recently been observed in similar
compounds.'#® Stereoelectronic substituent effects
predict that 180 will be less likely than 195 to
undergo conformational change on protonation be-
cause of the axial 4-hydroxyl group.

The other two natural heparanase inhibitors 178
and 179 have contributed to deepening the knowl-
edge of the relationship between the structure and
biological activity of 177. Comparing the data ob-
tained, it was found that the 3-epimer did not
diminish the inhibition against S-glucuronidase
clearly; however, inhibitory activity of 3,4-diepisia-
statin 179 is 10 times weaker than siastatin B.
Against heparanase (endo-5-glucuronidase), only 180
exhibited potent inhibition with 1Cso = 12 uM.

The role of the 4-OH was investigated (Table 29).
Because the f-glucosidase and j-glucuronidase be-
long to family 1 and family 2, respectively, according
to the classification of glycosidases by Henrissat,46
they show little preference for a specific configuration
at C-4.188 Indeed, both 191 and 194 have the same
inhibition value toward this enzyme (ICso = 0.065
uM) (see Tables 26 and 27), whereas 191 inhibited
pB-glucosidase even about 8 times stronger than 194.
It is interesting to note that 177 showed 20 times

Table 28. 1Cs values in uM from Ref 134

B-glucuronidase® heparanase®
HO cozH
178 NH 50 >350
OH NHAc
O,H
179 MO g 350 >350
Oy NHAC
HO GO2H
180 NRA 1.6 12
HO NH
H‘E §OQH
177 39 >350
HO H
NNHAc

aBovine liver g-glucuronidase. ® B16—BL6 melanoma cell
heparanase.
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Table 29. ICs values in uM

b

o-glu'ase® B-glucuronidase
HO cot
177 HO H >460 71
NHAc
OoH
205 HogNH 26 60
NHAc
HOf
206 oS 80 115
NHAc

a Baker's yeast o-glucosidase. ? Bovine liver g-glucuronidase.

weaker activity toward o-glucosidase from baker’s
yeast than its 4-deoxy analogue 205 (Table 29). The
result showed that the presence of the 4-OH may not
contribute significantly to the binding interaction.
Instead, the basicity of the aminal group can be
weakened by 4-OH through a field effect.”® 4,5-Olefin
206 showed similar activity. The three compounds
177, 205, and 206 exhibited similar activity against
glucuronidase from bovine liver (Table 29).14

Compounds 191, 194, and 195 were also evaluated
as inhibitors of recombinant human heparanase
(endo-a-glucuronidase) from human melonoma A375M
cell transfected with pBK—CMV expression vector
containing the heparanase cDNA.3¢ The ICso values
are 1.02, 10.6, and 29.0 uM, respectively. Heparanase
cleaves the f5-1,4-linkage between glucuronic acid
(GlcUA) and N-acetylglucosamine (GIcNAc) in hep-
arin sulfate. The weak activities against heparanase
compared with exo-o-glucuronidase indicate that
heparanase should recognize simultaneously glucu-
ronic acid and adjacent glycoses on both sides of the
scissile glycosidic bond.

As shown in Table 30, introduction of a 5-OH in
compounds 207 and 208 decreased activity against
pB-glucuronidase slightly compared with analogues
177 and 191. It is clear that the 5-OH group plays a
minor role in inhibition. 137148

However, the 5-COOH was found to be an essential
functional group for inhibition of glucuronidase from
bovine liver. Replacement with any other functional
group to form analogues 209—217 diminished the
inhibition to 1Csy > 100 ug/mL (Figure 20).137.148

Table 30. ICs values in uM from Ref 137: 1Cs Values
Calculated According to I1Csp in gg/mL

o-glu'ase® B-glucuronidase®
HO co,H
207 HONNH - 107
HO NHAc
HO co,H
177 HO \H - 61
NHAG
HO co,H
208 HONI N 24 0.062
HO NHCOCF;
HQ coH
191 6 " 13 0.026
NHCOCF3

a Baker's yeast a-glucosidase. ? Bovine liver S-glucuronidase.

Bols et al.
H HO
HO (E R R
HO HO&NH
HO& ~t~NH
HO NNAC HO NHCOCF; NHAc

209: R = CHoNO» 211: R = CH,NO, 213: R = CH,0H
210: R = CHoNH, 212: R = GHoNH, 214: R = CHyN3

215: R = CHoNH,
216: R = CH»SCH3
217: R = CH,S(0)CHs

Figure 20.

These compounds have also been studied in vivo
against cancer metastasis. It was supposed that the
metabolism of a-L-iduronide from basement mem-
branes and/or extracellular matrix was responsible
for tumor metastasis.1*%%° According to this proposal,
Nishimura and co-workers accordingly synthesized
L-iduronic acid analogues 218—222. By pretreatment
of B16BL6 cells with these compounds in culture,
pulmonary metastasis in mice was remarkably in-
hibited.

H
HOLC—7 L NH HOLC NH HOLC—7J L NH
RHN HzNﬁ RHN
NHAc NHAc NHCOCF3

221:R=H
222: R = -C(=NH)NH,

218:R=H 220
219: R = -C(=NH)NH;

Figure 21.

Glucose and galactose analogues of 177 were
reported in 1999 (Table 31).14%%51 Trifluoroacetamide
analogues 224 and 225 were found to inhibit glu-
cosidase and galactosidase stronger than acetamide
analogues 223 and 213, while 223 and 213 are better
inhibitors of both $-b-N-acetylgalactosaminidase from
chicken liver and -p-N-acetylglucosaminidase from
bovine liver. This result is consistent with those of
siastatin B derivatives we have discussed earlier.
Both gluco- and galacto-configured iminosugars 224
and 225 showed similar inhibition of g-glucosidase
from almonds with 1Cso = 0.42 and 0.47 uM, respec-
tively, and 4 times weaker than the isofagomine (K;
= 0.1 uM). 223 and 213 affected j3-p-N-acetylglu-
cosaminidase at 1Csp = 12 and 2.1 uM, respectively,
but 224 and 225 have practically no inhibitory effect
against this enzyme. The binding groups equivalent
to the 2-NHAc groups in N-acetylgalacto- and glu-
cosamine are likely to play important roles for
specificity and potency of the inhibitors for the
corresponding enzymes. For inhibition of o-glucosi-
dase, a-galactosidase, and 5-p-N-acetylgalactosamini-
dase, the correct configuration of 4-OH proved to be
crucial. 224 inhibited a-glucosidase with 1Cso = 0.19
uM, while 225 showed only weak inhibition toward
this enzyme (ICso > 340 uM). Similarly, 225 affected
o-galactosidase from Aspergillus niger (ICso = 0.34
uM), while 224 showed practically no inhibition
toward this enzyme (ICso > 320 uM). Isofagomines
116 and 120 showed the same trend but much
weaker inhibition of a-glucosidases.

To investigate the electrostatic effect of substitu-
ents at C-5 on affinity for glycosidases, the hy-
droxymethyl group of 213 was replaced by azido-
methyl, aminomethyl, methylthiomethyl, and methyl-
sulfinylmethyl groups in analogues 214—217.152 The



Recent Developments of Glycosidase Inhibitors

Table 31. ICs values in uM from Refs 94, 151, and 136
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o-glu®  B-glu®

o-gal®°  B-gal® N-Ac-  N-Ac-
a-glu®  B-gluf

15

(o]

gt
T

=z

T

223 2.9 54
NHAc
OH
224 Hao NH 0.19 0.42
NHCOCF3
OH
HO
116 % \H 150 0.1
HO __OH
213 >420 79
HO NH
NHAc
HO _OH
225 >340 0.47
HO NH
NHCOCF3
HO _OH
120 >2000 0.19
HO NH

>390 >390 >390 12

>320 190 >320 >320
>2000 270

25 17 0.33 2.1
0.34 0.17 22 340
200 0.012

a Baker's yeast a-glucosidase. ® Almond S-glucosidase. ¢ Aspergillus niger a-galactosidase. ¢ Aspergillus niger g-galactosidase.
¢ Chicken liver a-p-N-acetylgalactosaminidase. f Bovine liver 8-b-N-acetylgalactosaminidase.

Table 32. ICs5 values in gM from Ref 152

H R
213 HO gNH OH >530

NHAc
214 N, >530
215 NH, >530
216 SMe >530
217 S(OMe  >530

R B-glu'ase® NAc-o-glu'ase® NAc-B-glu'ase®
1.3 2.1
2.6 197
187 >530
85 1.2
224 >530
>530 >530

OH
226 HO&\NH 46

NHAc

a Almond S-glucosidase. ? Chicken liver o-p-N-acetylgalactosaminidase. ¢ Bovine liver 5-p-N-acetylgalactosaminidase.

inhibitory activities of synthesized derivatives for
three different glycosidases are summarized in Table
32. Interestingly, the 4-deoxy analogue 226 showed
potent inhibition of g-glucosidase (almonds). This
result suggests that 4-OH may not be crucial for this
enzyme.

The last series of inhibitors synthesized by Nish-
imura et al. were Siastatin analogues of L-fu-
cose. 10153 Strikingly, 229, 230, and 231 affected very
potently o-L-fucosidase equivalent to the trifluoro-
acetamide 228. As discussed above (Scheme 2), they
are unstable in the test media and slowly change
their structures to a ketone hydrate, similar to 203,
via the hemiaminal, fuconoeuromycin 127. A mixture
of three different compounds proved to contribute to
the inhibitory activity. 234, derived from 230, showed
practically no inhibition. As expected, the correct
configuration of the 5-methyl group turned out to be
essential. Changing the configuration to form 232
diminished inhibitory activity drastically. Compared
with isofagomine 125, 2-amino analogues showed
inhibitory values 1000—2000 times higher and com-
parable to 127, Table 33.

A more perfect mimic of 1 or 5b than isofagomine
(116) is presumably the oxazine 119 (Table 19), a
compound with a weakly, basic nitrogen in the
anomeric position and the sugar ring oxygen re-

Table 33. ICs values in uM

R o-L-fucosidase?
NH

227 NHR COCH 0.48

HOOH 3 E
228 COCF; 0.011
229 COCCl, 0.009
230 H 0.016
231 wm 0013

OH

HO 4
232 #LNHHCOCFa 18

HOOH

NH
233 %,NHCOCF;; 0.7
OH

234 ?LNHg >270
OH

a Bovine kidney a-L-fucosidase.

tained. It had no significant inhibition of a-glucosi-
dase and galactosidases, however. It was an inhibitor
of sweet almond f-glucosidase with an inhibition
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constant (K;) of 60 uM. A reason for the considerable
loss of activity compared to 1-azafagomine (118, pK,
5.3),2* which is similar to the oxazine in many ways,
was suggested to be the lower base strength of the
oxazine (pKj, 3.6).1%

V. Inhibitors that Mimic Charge in Several Places

The transition state of glycoside cleavage is likely
to have charge distributed over several atoms. Tran-
sition-state analogues that not only mimic charge in
one position but in several places may mimic the
transition state better. Mimics that combine two of
1, 4, and 5a have been investigated.

A. Mimics of 4 and 5a

In 1990 the Ganem group synthesized the first
transition-state analogues which mimicked both the
partial positive charge on the endo- and exocyclic
oxygen, the sp2-hybridized anomeric carbon, and the
flattened chair conformation of the assumed transi-
tion state.’®5156 They synthesized the amidine ana-
logues of b-glucose (235 and 236, Table 34).

The amidine 235 was shown to be a relatively
strong competitive inhibitor of S-glucosidase (sweet
almond), having a K; value (K; = 8 uM) on the same
scale as the K; value of 1-deoxynojirimycin 75 (K; =
18 uM).’> The amidine 236 was shown to be less
potent than 235.

A special feature of those inhibitors was that they
also inhibited a-mannosidase (jack bean) and -ga-
lactosidase (bovine liver) in contrast to 1-deoxynojiri-
mycin 75 and most other glycosidase inhibitors.
Therefore, M. K. Tong et al. called the inhibitors
broad spectrum.

Since the synthesis of 235 and 236, the galacto-
(241) and manno-analogues have been synthesized.'%8
Some amidrazones and amidoximes (237—240, 242—
243) have also been made, and all are broad spectra
inhibitors of glycosidases (Table 34).159.160

Also worth noting is that the K; values of 235
(pPKa = 10.6), amidrazone 237 (pK, = 8.7), and

Table 34. K values in gM

Bols et al.

amidoxime 238 (pK, = 5.6), (Figure 22) against
pB-glucosidase (sweet almond) are on the same scale
despite the large difference in pK,. This has lead G.

Figure 22.

Papandreou et al. to assume that the flattened chair
conformation and the sp? hybridization of the ano-
meric carbon are more important for inhibition than
having a positive charge.

An observation that supports this hypothesis is
that gemdiamine 244 is an inhibitor of S-glucosidase
(sweet almond, K; = 40 uM, Figure 23) but does not

OH
H
HO
Hcﬂ/Nl'b

OH
244

Figure 23.

inhibit o-glucosidase (yeast), a-mannosidase (jack
bean), a-galactosidase (coffee bean), nor 5-galactosi-
dase (bovine liver).161

A fucose analogue has also been synthesized and
was shown to be a potent inhibitor of o-L-fucosidase
(human, K; = 0.82 uM).162

P. Ermert et al. questioned if amidines and their
derivatives were transition-state analogues.'63 They
argued that when glycosidases were specific regard-
ing substrates, then transition-state analogues should
also be specific. Likewise, it was shown that the most
stable tautomer of the amidoxime was 238 both in
the solid state and in solution (Figure 22), and thus
the double bond was not endocyclic as assumed by
M. K. Tong et al. but exocyclic.'®* This has been
proven by X-ray, *H NMR, and by >N NMR of the
5N-labeled isotopomers 245 and 246 (Figure 24).164
The location of the double bond is interesting to
study, particularly because it has a large effect on

d

R; R, B-glwase®  o-gallase®  P-gallase®  o-man'ase
OH
235 Hgoé&,( ' H H 8t @8 of
OH Rz
236 CH; CH, 83" 83 (40"
237 H NH, 8.4¢ 19% 31"
238 H OH 13.8¢ ao® 12!
HO H R
239 Hg(ﬂ“ ' H  NH 200 57% 0.17¢
o
240 H OH 210" 2h
HO _OH R
241 N W H H 25" 8.5"
OH Rz
242 H NH, 2.4t 8.3" 6.5"
243 H OH s 10t

*1Cs value. § Noncompetitive inhibition, values in parentheses estimated from 1Cs values. @ Sweet almond S-glucosidase. ° Coffee
bean o-galactosidase. ¢ Bovine liver f-galactosidase. ¢ Jack bean a-mannosidase. ¢ Aspergillus niger S-mannosidase. f Reference
155. 9 Reference 159. " Reference 158. ' Reference 171. 1 Reference 170.
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HO. 15 HO
HO NH/ HO NH/15
HO "OH HO o OH
245 246

Figure 24.

the conformation of the compound and thereby also
on the interpretation of the inhibitory properties.
However, when the compounds are protonated they
will all adopt a half-chair-like conformation because
of a stronger conjugative interaction between the exo-
and endocyclic nitrogens.

Various groups have synthesized and tested ami-
dine and amidoxime derivatives where the substitu-
ent at the exocyclic nitrogen has been varied®4-171
These substituents are supposed to mimic the agly-
con in the natural substrates, thereby enhancing the
selectivity and inhibitory properties of the com-
pounds. However, they have only succeeded in im-
proving the selectivity, and the K; values are com-
parable with the K; value of the corresponding
monosaccharide analogues (Tables 35—37). By means
of some theoretical calculations and interresidue
NOE experiments it was shown that the orientation
of the phenyl group in 249 differed significantly from
the position of the leaving group in the transition
state.'’? Thus, this can be an explanation of why the
inhibitory properties did not improve significantly by
mimicking the aglycon.

Table 35. K values in gM
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Y. Blériot et al. synthesized and tested some
amidine derivatives which contained no or one hy-
droxy group. They showed some inhibition against
different glycosidases; however, their K; values were
all in the range of 14000—700 uM.67

Recently a disaccharide analogue (261) was syn-
thesized which consisted of a 1—4 linked glucosyl and
amidoxime moiety. Thus, the analogue was supposed
to bind at the —1/—2 subsite in the enzyme. Its
biological activity against two cellulases was inves-
tigated,'”® and as expected it was a stronger inhibitor
than the corresponding monosaccharide analogue
(Table 38). However, the inhibition was of the mixed
type; thus, the inhibitor is not binding at the subsites
occupied by the substrate (—2, —1, +1), and therefore,
it can hardly be a transition-state analogue. The
influence of the glycosyl moiety was particularly
evident when tested against Cel6A (Trichoderma
reesei) (Ki = 5 uM), which the amidoxime does not
inhibit at all.

A disaccharide analogue (262) which was supposed
to bind at the —1/+1 subsite in the enzyme has also
been synthesized, but it did not inhibit the two
cellulases it was tested against.

Compounds which mimic trisaccharides (263—265)
have also been synthesized and tested against the
two cellulases, but the K; values were at best com-
parable with the inhibitory properties of the disac-
charide analogue (Table 38).173

R o-glu® B-glu® B-glu® B-gal® o-man® B-man’
OH
247 Hggﬂ/h‘\ butyl  9.0¢ 4.8 0.13¢
OH R
248 dodecyl 0.00028%
HO—_ OH
249 H&&T&H\ benzyl 5" - 0.55" 6"
R
HO—HO
250 Hgﬂ“ 100" A 2.6" 1200

N— OH
HO Q
H

OCH,

*ICso value. = No inhibition at 1000 «M. § Competitive component of mixed competitive/noncompetitive inhibition. 2 Yeast
a-glucosidase. ® Sweet almond S-glucosidase. ¢ Cytostolic bovine 3-glucosidase. ¢ Bovine liver S-galactosidase. ¢ Jack bean a-man-

nosidase. f Snail S-mannosidase. ¢ Reference 166. " Reference 168.

Table 36. K; values in gM from Ref 164

R B-gluase®  P-glu'ase”
OH o H
251 Hgoé&.\ j’ 13 1.2
oH O-R
H |
H
O N |
253 jf \©/c 12 0.9
254 0.8

a Sweet almond g-glucosidase.

H
(e} N
o, -
Cl

b Agrobacterium faecalis 3-glucosidase.
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Table 37. K; values in gM from Ref 170

Bols et al.

R o-glu? B-glu® B-glu® o-gal? B-gal®
OH CIZHZS
255 chﬂ;N 40* 2% 0.3*
o-R
OH O
256 CH(CH,OH), 4000* 150* 8*
257 CH,SCH; 50f 24t 2.4f
OH
4 Q
258 Hg% >5000* 1000% 2%
OCHg
OH
o)
259 '}'&@H’OCHS 2500* 60* 3.6%
HO ol OH
gﬁH 5 Q *
260 o In H&OCHS 3.3 250 2500
OH O~ OH

*1Csp value. @ Brewer’s yeast a-glucosidase. ® Sweet almond S-glucosidase. ¢ Caldocellum saccharolyticum B-glucosidase. 9 Coffee
bean a-galactosidase. ¢ Bovine liver 3-galactosidase. f Reference 171.

Table 38. K; values in gM Taken from Ref 173

Cel6A® Cel7A?
261 H OHH OH 5 190(0=2.3)
HO o)
HO Ho =N
OH OH
262 OH - -
HOﬂLN OH
HO \O
OH B9 OCHj
OH
263 H OH 14 6000
HO 0 N OH
HO 0 HO =N, o
OH OH o OCHg
OH
264 OH 700 40
N\,
o HO OCHs
OH OH
265 o OH 1 740
HO HO /Nb
oH OH

~ No inhibition at 2000 «M. @ Trichoderma reesei cellobiase Cel6A. P Trichoderma reesei cellobiase Cel7A.

The transition state of inosine during hydrolysis
by nucleoside hydrolase has been characterized by
kinetic isotope effects, bond-energy/bond-order vibra-
tional analyses, and molecular electrostatic potential
surface calculations.'*177 On this basis various
transition-state analogues have been synthesized,
and among these are four amidrazone derivatives
(266—269). The analogues have been tested against

H H
N\ N\ N\ N\
HO OH HO T N,
HO ~ OH HO OH
266 267
>50uM 10pM
NO,
H H
NN /© Ny N /©/
N N, N
o~
HO/\Q/ N Ho TN
HO  ©H HO' ©OH
268 269
0.21uM 0.002uM

Figure 25.

a nucleoside hydrolase (Crithidia fasciculata), and
they all were shown to be inhibitors of the nucleoside
hydrolase (Figure 25).17¢ 269 was remarkably stron-
ger than the others. It has been found through
resonance Raman and ultraviolet—visible absorbance
spectroscopy experiments that 269 binds to the
enzyme as the neutral zwitterionic species with a
negative charge positioned at the nitro group and the
positive charge is centered at the anomeric carbon.’®
269 is the only compound of the four which has the
possibility to form a zwitterion; thus, this can be an
explanation of why it is such a strong inhibitor
compared with the similar compounds.

Another class of compounds which mimics a flat-
tened chair conformation, the sp?-hybridized ano-
meric carbon, and a positive charge are compounds
containing a cyclic guanidinium structure such as
270 (Figure 26).17° Most of these compounds lack the
3-hydroxy group in order to restrict the compound
in the pyranose form, because only this form mimics
the natural sugars well.*®9-182 The inhibitors have
been varied by substituting the exocyclic nitrogen
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O ~OH H H@
Hz’\s QM Pl N-q/
N OH HoMN=—NH:

HN H

Figure 26.

with different groups that are supposed to mimic the
aglycon, by mimicking gluco-, galacto-, or fucopyra-
nosides and by substituting the exocyclic nitrogen by
sulfur, 183184

A series of 2-hydroxy guanidino sugars'®* and a
series consisting of seven- and nine-membered cyclic
guanidinium structures'®>18¢ have also been synthe-
sized. None of the cyclic guanidino sugars were potent
inhibitors toward the glycosidases they have been
tested against.

Another approach to mimic both the flattened chair
conformation and the positive charge of the assumed
transition state was begun in 1991 by Vasella’s
group.'®” They tried to mimic the conformation and
charge of the transition state by synthesizing com-
pounds which consisted of an azasugar fused with
heterocycles such as triazoles (section I11) or imida-
zoles.'® In this way it was possible to make a series
of compounds which mimicked the transition state
in the desired manner and which had a wide range
of pKa values (tetrazoles pK, ca. —4, imidazoles pKa,
ca. 6).18 Yet another benefit was that the azoles were
expected to be more stable than the amidines and
amidine derivatives which were already known. It
should also be mentioned that imidazole itself and
derivatives of L-histidine also have turned out to be
moderate to strong inhibitors of different glycosi-
dases.’ In this section only the azoles which are
likely to be protonated both in the position of the
endo- and exocyclic oxygen of the transition state are
referred to. That is, the tri and imidazoles which do

Table 39. ICx values in uM
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not have a nitrogen in the position of the exocyclic
oxygen and the tetrazoles are discussed in section VI.

In 1992 the potent and selective inhibitor nagstatin
(82) was isolated in the fermentation broth of Strep-
tomyces amakusaensis MG846 fF3 by Aoyagi et al.®®
Nagstatin was shown to be a N-acetylgalactosamine
fused with a substituted imidazole;” thus, the struc-
ture was similar to the tetrazoles synthesized by
Vasella’s group. By comparing 1Cs values of nagsta-
tin with 1Cso values of 271 and 276 against N-acetyl-
p-D-glucosaminidase and N-acetyl-a-galactosidase, it
can be seen that the substituent at the imidazole does
not contribute to the binding (Table 39). The NHAc
group at C2 (sugar numbering) on the other hand
must, not surprisingly, be very important since the
ICso value of 271 is a factor of 104 smaller than the
ICso value of 276 against N-acetyl-5-p-glucosamini-
dase and a factor ca. 10 smaller against N-acetyl-a-
D-galactosaminidase.

Subsequently, Tatsuta’s group also synthesized
compounds of this class (82, 83, and 271—277),32191-1%
As can be seen in Tables 39 and 40, the imidazoles
are potent inhibitors of various glycosidases and are
more selective than the amidines and their deriva-
tives. Also, the 1,2,4-triazoles are potent and selective
inhibitors though they are not as strong as the
imidazoles. This may be due to their lower basicity.
Probably for the same reason the gluco- and man-
noimidazoles with a N-acetyl substituent at C2 or C3
(273, 274, 279, 280) (systematic numbering)*®® and
the glucoimidazole with an iodine at C2 (278)*° were
not very strong inhibitors (Tables 39 and 40). In light
of a pK4/K; correlation, with 273—274 and 279— 80
it could also be seen that it was not favorable to have
a substituent at C3. This may be due to two things:
(1) An unfavorable position of the C3 substituent or

B-glu'ase® P-gal'ase® o-man'ase® P-man'ase’  NAc-B- NAc-a-
glu'ase’ gal'ase’
gi\ cooH >334% 0.013% 63%
NHAc
OH
7 EN(W 319% 0.006% 10%
NHAc
m Hgoﬁi\/_w 17% >500% 0.6% 0.1% >500% >500%
HO H NHAc
NHAC
274 g( N/I\’ 130 27sh
HO =N §i §i §i
275 H(&C&:N 285 65 0.4
H OH
276 HO N/_7 0.5% 0.008% >500% 370% 60% 125%
OH
H OH
277 Ho fNN 128 >5008 >500%
OH

§ Recalculated from ug/mL. @ Sweet almond -glucosidase. ° E. coli S-galactosidase. ¢ Jack bean a-mannosidase. ¢ Snail 5-man-
nosidase. ¢ Bovine kidney N-acetyl-3-glucosaminidase. f Chicken liver N-acetyl-a-galactosaminidase. ¢ Reference 194. " Reference

189. i Reference 195.
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Table 40. K; values in gM

a-glwase®  P-glwase®  P-gluase®  N-Ac-B-glu'ase®
OH
HO - e e .
83 HO&&:N 59 0.1 0.02
OH
OH '
278 Hoéi/_ﬁ/ 1850%¢ 1.28% 0.17°
HO N
OH
OH
NHAc
N~
279 HQS = 71%€ 3%e 1.5%¢
OHJN:AC
280 HOéL: 136%¢ 250¢ 91
Ho N
OH
OH
HO N"==N € © e
281 H&:N 870 19 0.17
OH
OH
HO NT=y #h *h
282 o — 133 0.007
NHAc
OH
N5 i i
283 Hgm 68 20
NHa
OH
HO =N i
284 o ) 0.034
NHAc
OH
N-==N i i
HO
285 o ) 210 12
NH,

*1Csp value. § Recalculated from ug/mL. 2 Brewer’s Yeast a-glucosidase. ® Almond -glucosidase. ¢ Caldocellum saccharolyticum
p-glucosidase. 4 Bovine kidney N-acetyl-3-glucosaminidase. ¢ Reference 251. f Reference 196. 9 Reference 189. " Reference 194.
I Reference 220. } Reference 244.

(2) the conformation of the C3-substituted imidazoles L-galactosamineimidazole and a N-acetyl-L-galacto-

deviates slightly from the "Hg conformation the C2-
substituted and the unsubstituted imidazoles have
adopted because of an 1,5-interaction between the
acetamido and the hydroxymethyl groups. This de-
viation may result in the C3-substituted imidazoles
274 and 280 mimic the transition state to a lesser
extent.

A manno- and a glucoimidazole analogue in which
the stereochemistry of C5 is inverted,’®” a N-acetyl-

imidazole,’®* have also been synthesized but, not
surprisingly, neither were strong inhibitors toward
the glycosidases they were tested against.

To enhance the K| values and the selectivity toward
p-glucosidases, several imidazoles with a substituent
at C2 (systematic numbering) which was supposed
to mimic the aglycon were synthesized (286—298).
As can be seen in Table 41 that the selectivity of the
inhibitors between S-glucosidases and a-glucosidase

Table 41. K; values in gM from Ref 196

R a-glu'ase®  B-glu'ase® B-glu'ase®
OH A
83 Hgm H 59 0.1 0.02(0=3.2)
OH
286 CH, 72* 0.26* 0.025*
287 CH,OH 69* 0.011 0.005
288 CH,NH, 2060* 1.6* 0.15*
289 (CH,);NH, 185% 0.07* 0.025*
290 /O >3400* 3% 0.6
N
291 (CH,),COOH 242% 0.055* 0.018*
292 (CH,),COOCH; 25% 0.0099°  0.0018(a=2.5)
293 Ph 554% 0.1(0=7.0) 0.018
294 (CHy),Ph 0.5% 0.0012 0.00011(0=15)
295 (R)-CH(OH)CH,Ph 3 0.063 0.016
296 (S)-CH(OH)CH,Ph 10 0.041 0.007
297 CONHPh 2150* 3 0.14
298 SO,C6H,CH; 60% 54 0.04(0=2.2)°

*I1Csp values. § Noncompetitive inhibition. 2 Brewer’s yeast a-glucosidase. ® Almond S-glucosidase. ¢ Caldocellum saccharolyticum
B-glucosidase. ¢ Reference 68.
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has only been enhanced by a maximal factor of ca.
10 (287) compared with 83, and in some cases it has
even reduced the selectivity (e.g., 295). In an appar-
ent contradiction, the K; values for 3-glycosidases are,
in the case of 292 and 294, lowered by a factor of ca.
10 (almond and Caldocellum saccharolyticum) and
ca. 100 (almond) and 200 (Caldocellum saccharolyti-
cum), respectively. This is similar to what was found
when investigating the N-substituted amino(hy-
droxymethyl)pentanetriols (section 1), and it has
been explained by the flexibility of the substituents
so they can make favorable interactions with the
aglycon binding subsite.%¢

Two disaccharide analogues 139 and 299 which
were supposed to bind to the —2/—1 subsites in the
enzymes have also been synthesized (Table 42).105173

Table 42. K; values in gM

Cex*  Bex® Cel6A®  Cel7A!
HO =
E&/o Y
139 HOTY, Hg;%fN 0.15°  520°
1308

OH OH/W
HO O = f
299 Ho%méL—N !
OH OH

§ Noncompetitive inhibition. 2 Cellulomonas fimi xylanase.
b Bacillus circulans xylanase. ¢ Trichoderma reesei cellobiase
Cel6A. 9 Trichoderma reesei cellobiase Cel7A. ¢ Reference 105.
f Reference 173.

Both inhibit the glycosidases they have been tested
against, and a crystal structure of Cel5A (Bacillus
agaradhaerens) complexed with 299 showed that the
inhibitor indeed binds to the —2/—1 subsites in the
enzyme.'®® Worth noting also is the very strong
inhibitor 139 of Cellulomonas fimi xylanase (K;
0.15 «M) which is one of the best small inhibitors
seen for xylanases.

The azoles are not only interesting because of their
strong inhibitory properties, but also have provided
a better understanding of the enzymatic mechanism
of the hydrolysis of glycosides.'88

In 1996 Heightman et al. noticed that the moderate
to strong S-glycosidase inhibitors 2, 3, 83, 204, 237—
238, 270, and 300—302 all had a heteroatom (N or
0) at the glycosidic position (Figure 27) and that the
similar compounds 95, 97, and 303—305 which did
not have a heteroatom in this position (Figure 28)
were weak inhibitors; therefore, they suggested that
there is an important interaction with the enzyme
at this position.'® Assuming that the inhibitors are
bound in the same way in the enzyme as the
substrate, it is reasonable to propose that the en-
zyme—inhibitor interaction is an interaction between

OH
HO
AN
OH
300
H OH
/ézN = NH
H HO
|c_|)o /—W H&;N
OH OH OH
83 238

Figure 27.

OH OH H/N HO

oo SR (SN NS i NS
OH OH OH OH ©
204 301 2 3
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the catalytic acid and the heteroatom, thus mimick-
ing the protonation of the glycosidic oxygen at the
substrate.

OH OH og
AR R s
Ho Ho o

303 304 305
OH
N-Ns Ho Hon
HO i HO Ny
HO —
OH HO
95 97

Figure 28.

According to Koshland’'s mechanism of the hydroly-
sis by retaining glycosidases,?® the catalytic acid is
placed above the saccharide ring plane, but this
disagrees with the hypothesis above, e.g., in the case
of the tetrazole as inhibitor because the lone pair at
the glycosidic nitrogen is positioned in the plane of
the ring.

To investigate the importance of the heteroatom,
Heightman et al. synthesized a gluco- and a manno-
configured 1,2,3-triazole (95 and 97, see section I11)
of which the structure is similar to the corresponding
tetrazoles (2 and 3) except they lack a heteroatom in
the glycosidic position.’®® As expected, the triazoles
did not inhibit -glucosidases as good as the corre-
sponding tetrazoles; thus, the results supported that
the heteroatom is important, and on the basis of this
Heightman et al. proposed that the catalytic acid is
placed in the plane of the ring in fS-glycosidases
(Figure 29).

Q ;
OH H
HO%&&,
HO NG
oi f® OYO@

Figure 29.

OH

ety
OH O

~0

To verify this they also manually docked glucote-
trazole 2 into the active site of cyanogenic -glucosi-
dase (white clover) and galactotetrazole 302 into the
active site of g-galactosidase (E. coli) and the 6-phos-
pho-f$-galactosidase (Lactococcus lactis).'*® The mod-
eling did indeed show that the catalytic acid was
placed close to the saccharide ring plane in all three
cases. Also, the crystal structure of Cel5A (Bacillus
agaradhaerens) complexed with 299'% and crystal
structures of various other g-glycosidases complexed
with substrates, products, or inhibitors have sup-
ported this finding.88

H HO _oH N
N’Ntl;l N/-_:ll\l
—N HO%N
OH

302

OH H OH
H&ﬂLN e
oH NHp  HO—
237 270
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Heightman et al. were aware that the interaction
between the heteroatom and the catalytic acid could
not be an important interaction with all the inhibi-
tors. For example, they noted that the glycosidic
nitrogen in the amidinium salt 236 was not able to
interact with the catalytic acid and proposed that a
charge—charge interaction with the nucleophile played
an important role for the inhibition by such salts
(Figure 30).2°% This raised the question to what extent

HO: ® H OH N
e R S\t s
OH CHgy H
H
236 o o

Figure 30.

does a charge—dipole interaction between the nu-
cleophile and the anomeric carbon contribute to the
binding of neutral inhibitors such as the tetrazole?
To be able to estimate this they calculated the
distance-dependent heats of formation of various
azole acetate complexes using theoretical calculations
(AM1). The results showed that about one-half of the
binding energy came from the charge—dipole interac-
tion and the other half must be due to interactions
with the catalytic acid.

Another finding concerning the position of the
catalytic acid in g-glycosidases was that the partial
protonation can occur either syn or anti to the O5—
C1 bond dependent on the orientation of the aglycon
(Figure 31).

——

OH 0 OH Oﬁ»-“‘
HO HO O 0
Hcﬁ/oslﬂ Hoﬁ‘/qo H
HOYL HOl R
OYO © © O%[/O ©)

Anti protonation

Figure 31.

Syn protonation

In most cases it can be seen from the crystal
structures whether an enzyme is a syn- or an anti-
protonator, and not very surprisingly there is a
correlation between this and the glycosidase families
defined by the amino acid sequence to which the
enzyme belongs.

Whether a glycosidase is a syn- or anti-protonator
should also be possible to determine by investigating
the inhibitory properties of a series of carefully
selected compounds. For example, the imidazoles
which contain a heteroatom at the glycosidic position
would be expected to be selective anti-protonators
because the orientation of the lone pair at the
glycosidic nitrogen should be able to interact with the
catalytic acid only in this type of enzymes. Unfortu-
nately only a few transition-state analogues have
been tested against both syn- and anti-protonators,
and in those cases the results have not been very
convincing, probably because the inhibitors did not
mimic the transition state well enough.”®

Bols et al.

B. Mimics of 1 and 5

On the basis of the observation that the position
of the nitrogen atom greatly influences whether o-
or p-glycosidases are strongly inhibited, compound
118 was synthesized (Table 19). This compound, first
prepared as a racemate, was a hybrid of fagomine
(1,2-dideoxynojirimycin) and isofagomine (116), since
it contained a nitrogen atom in a position corre-
sponding to both an endocyclic oxygen and anomeric
center. It was, therefore, capable of being protonated
in two different positions, thereby being able to mimic
a proposed transition state for both - and g-glucoside
hydrolysis. The hydrazine 118, which was given the
name 1-azafagomine, indeed turned out to be a potent
inhibitor of a- and S-glucosidase (Table 19). Activity
toward isomaltase and glycogen phosphorylase was
also demonstrated to be powerful.’®® Later, both
enantiomers of the 1-azafagomine were prepared,?02-204
and along with this, a careful study of its mode of
slow binding to glycosidases was undertaken. The
process of slow inhibition was established to be due
to slow association/dissociation of enzyme and inhibi-
tor and not a consequence of slow interchanges
between enzyme conformations.?®® The slow rates of
inhibitor—enzyme association were later explained
from thermodynamic and kinetic measurements that
an enthalpy barrier had to be crossed in order to get
enzyme—inhibitor binding. As in the case of g-glu-
cosidase inhibition by isofagomine 116, entropy was
shown to be the driving force for formation of the
enzyme—inhibitor complex. This was in contrast to
the binding of the natural compound 1-deoxynojiri-
mycin 75, which was demonstrated to bind to almond
B-glucosidase because it was energetically favored.85206

By using 2C-labeled 1-azafagomine 118 ([5-*3C]-
1-azafagomine), a way of measuring the concentra-
tion of enzyme active sites was reported. This led to
an alternative way of determining the kg value of
glycosidases inhibited by l-azafagomine, even of
impure enzyme samples. The method was based on
monitoring the decrease in signal intensity for un-
bound inhibitor in a series of binding experiments
by ¥C NMR spectroscopy relative to that of a refer-
ence.?%’

Racemic 1-azafagomine 118 has furthermore been
used as the glycon part in the synthesis of the first
combinatorial library of 125 potential glycosidase
inhibitors (Figure 32).2%820° The hydrazine was coupled
via an acetic acid linker on N-1 to a variable tripep-
tide chain. The library was screened for activity
toward o- and S-glucosidase as well as glycogen
phosphorylase, and more selective compounds were
found since essentially only -glucosidase was inhib-
ited. The library member with the lowest inhibition
constant (307) was identified via decomposition to
contain a tripeptide consisting of three hydroxypro-
line residues. This compound had a K; of 40 uM,
which was considerably lower than the K; values for
the corresponding compound containing only the
linker (306) or the linker with one hydroxyproline
residue (308). This suggested that a longer chain
enhances inhibitory activity toward almond j-glu-
cosidase.
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309

70uM

Figure 32. Inhibition constant (K;) against sweet almond S-glucosidase of the strongest library member and dendrimer.

The glycon moeity is racemic.

In this study a dendrimer (309) in the form of a
tetravalent azasugar was prepared (Figure 32). The
synthesis of this compound was also performed on a
solid phase using diamino acid ornithine. The target
compound showed an inhibition constant toward
almond S-glucosidase of 70 uM.?%°

1-Azafagomine (118) was studied as a potential
inhibitor of processing glycosidases, and the activity
was compared to that of 1-deoxynojimycin (75) and
castanospermine (312). The potency of 1-azafagomine
(118) was determined to be considerably lower than
that of the alkaloids.?*°

To further test the generality of glycosidase inhibi-
tion by azafagomines, analogues of the naturally
occurring galactostatin (galactonojirimycin) and
castanospermine (312) have been synthesized.

1-Azagalactofagomine (123) was found to be a
strong inhibitor of galactosidases (Table 20). Inhibi-
tion toward S-galactosidases was noticeably stronger
than that of 1-deoxygalactonojirimycin (121).
addition, the azafagomine’s inhibition of a-galactosi-
dase was shown to be superior to that of the corre-
sponding isofagomine analogue 120. The hydrazine,
however, could not compete with 1-deoxygalactonojir-
imycin’s (121) inhibition of o-galactosidase and isoga-
lactofagomine’s (120) inhibition of -galactosidases.
This was explained supposedly to be due to a higher
basicity of the amines and the presence of an ad-
ditional OH-substituent in the case of 1-deoxygalac-
tonojirimycin (121).2%

Since azafagomines apparently are broad-spectrum
glycosidase inhibitors, a study of the preferred ori-
entation of the 6-OH for both - and j-glycosidases
was undertaken with a castanospermin analogue
(310) and an epimer thereof (311). Inhibition results
showed that enzymes a-glucosidase (rice), isomaltase
(yeast), and 3-glucosidase (sweet almonds) all favored
an axial 6-OH. This was concluded since the inhibi-
tion by castanospermine analogue 310 was moderate
whereas the epimer’s (311) activity was significantly
less. Steric hindrance from the ethylene bridge was
used to explain the similar inhibition of yeast a-glu-
cosidase by either epimer.?12

C. Analogues of Azafagomines

The hydrazine functionality of 1-azafagomine has
been oxidized and thereby transformed into two
different hydrazones 315 and 316 (Table 43). By
studying these compounds as glycosidase inhibitors
it was suggested that mimicry of transition-state
charge rather than shape is more important for

Table 43. K; values in ugM

o-glu® B-glu®  isomaltase®
HO 600°, 15%¢ 10° 79¢
310 HO N
HO NH
@
HOw. 570, >1000%* 690° 550°
311 HO N
HO NH
@
HO >1000%, 0.015% 1.5¢
312 HO
HO!
OH
HO H o 2759 250% 660° >1000°
313 NH
HO NH
]
HO. OH  380°, 150% 820° >1000°
34 g NH
HO NH
®

OH 1820 >1000" 237h
315 Ho NH
HO: N
OH 244" >1000" 758"
e o
HO NH ) ) )
OEH 340! 56/ 79
HON& \
317 Hol NH

OIZ'H >1000% 128 3080¢
318 HO&\NH

OH
@)
o NH >1000 28 >3000%
319 NH
OH
€3]
O'Ile 1541 153!
HO
320 LN H&\NH
&)
O:H >1000" 79!
HO
32 F “NH
@

a Yeast a-glucosidase. ? Sweet almond S-glucosidase. ¢ Yeast
isomaltase. 9 Rice a-glucosidase. ¢ Reference 212. f Reference
8. 9 Reference 7. " Reference 213. ' Reference 121. i Reference
205. k¥ Reference 100. ' Reference 252.
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strong inhibitor—enzyme binding. The argument was
based on the less basic hydrazones being poor inhibi-
tors, although they were believed to possess a half-
chair conformation.?** Among analogues of 1-azafag-
omine mainly the 3-position (carbohydrate numbering)
has been explored. Interestingly, 3-deoxy-3-fluoro
analogue 321 was a much poorer inhibitor than
l-azafagomine (118) itself. This suggests that the
3-OH of 1-azafagomine (118) is involved in hydrogen
bonding.?** It was proposed in the paper that the
3-OH act as a hydrogen-bond donor based on the
belief that a fluoro substituent was capable of acting
as a hydrogen-bond acceptor as well as the OH group.
However, new results show that fluorine generally
is a very poor hydrogen-bond acceptor.215:216

The consequence of epimerizing the 3-OH was
drastic on inhibition of glucosidases as it resulted in
decreased activity. However, additional removal of
the 6-OH resulted in a slight regain of inhibition
toward S-glucosidase.'%%2% The strongest inhibitor of
the l-azafagomine analogues was the 3-deoxy-3-
amino version of the hexahydropyridazine inhibitor
(317), which was the only modified 1-azafagomine
that demonstrated o-glucosidase inhibition.?1.205

D. Mimics of 1 and 4

As a hybrid compound of the galactosidase inhibi-
tors 1-aminogalactose and isogalactofagomine (120),
the hydrazine 124 was prepared (Table 20). This
compound was a micromolar inhibitor of o- and
p-galactosidase. The inhibition constant toward a-ga-
lactosidase (coffee beans) was determined to be 73
uM, comparable to inhibition by isofagomine ana-
logue 120 (K; = 50 «M).?'! The activity is about 10
times less than 1-aminogalactose.” The hydrazine
inhibited -galactosidase (Aspergillus oryzae) with a
Ki value of 4.5 uM and f-glucosidase (almonds) with
a K value of 410 uM, which is about 1000 and 4000
times less potent than isogalactofagomine (120),
respectively.?’

VI. Inhibitors That Do Not Mimic Charge

There is evidence from Kinetic isotope effects stud-
ies that the anomeric carbon has various degrees of
sp? hybridization in the transition state of glycoside
hydrolysis. This is consistent with a transition state
that has half-chair geometry. Confirming this hy-
pothesis was the quite old observation that 6-aldono-
lactones and lactams are glycosidase inhibitors.
These molecules are uncharged yet inhibit glycosi-
dases much better than aldoses, which has been
interpreted as these molecules geometrically more
closely resemble the transition state. Aldonolactones
and lactams have a sp2-hybridized anomeric carbon,
and their resonance forms may be able to resemble
a double bond between C,;—0Os. Interestingly it has
recently been suggested that the increased binding
of these molecules is due to not only geometry but
also binding between the carbonyl group and the
catalytic acid.'®®

The aldonolactams have recently been revisited.
Nishimura’s group synthesized all possible p-stereo-
isomers of hexono-1,5-lactam 204 and 322—328,

Bols et al.
Table 44. K; values in gM
Structure Conformation B-glu'ase® B-gal‘aseb
204 OH H 51 -
H
HO N
Ho'éN
OH ©
322 HO-HO Bs» 0.51 4.5
HO N
HO
0
323 H H 85 -
H H
HO
OH ©
324 HE @HH Bs, 120 15
HO
0
325 H H - -
H H
N
OHOH O
326 HO--HOL S - -
HO :
OH 0
327 HO H H - -
HO N
OHOH o
328 Ho OH Bs, 46
H
N
oH ©
329 iH 6.6
H
HO
HO

NH, O

~“No inhibition. Mannolactam 322 also inhibited snail
p-mannosidase with K; = 9 uM and jack bean o-mannosidase
with K; = 68 uM, while 329 inhibited g-glucosidase from C.
saccharomyces with K; = 0.7 uM. @ Almond p-glucosidase.
b Aspergillus niger s-galactosidase.

obtained their X-ray structures, and studied the
inhibition of a number of glucosidases, galactosidases,
and mannosidases.?*® It was found that most of the
stereoisomers were not inhibitors, with two excep-
tions: The p-manno isomer 322 was a good inhibitor
of both a- and p-mannosidase, 3-glucosidase, and
pB-galactosidase and five different stereoisomers (glu-
co 204, manno 322, galacto 323, talo 324, and ido
328) (Table 44) were able to inhibit almond S-glu-
cosidase. Interestingly, all the lactams that are in the
boat conformation (322, 324, 328) are among those,
suggesting that this conformation was preferred.
However, the energy difference between half-chair,
boat, and scew-boat is likely to be small, and it is
conceivable that all these inhibitors bind in a differ-
ent conformation than found unbound. Thus, it has
recently been shown that several xylanase inhibitors
shifted from half-chair to envelope conformation
when bound to the enzyme,?'® and this shows that
caution must be taken when evaluating the effect of
an inhibitor's geometry on its enzyme inhibition.

Panday et al. recently made the b-glucosamino
lactam 329 and found that it was a relatively good
B-glucosidase inhibitor, Table 44.22°

Interesting new types of lactams were introduced
by Withers’ group in which the nitrogen is in its
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B-xyl-O HO N,
HON—eNH HO NH HO NH
o 0 o
141 330 331
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Figure 33.

anomeric position similar to the isofagomines and the
carbonyl group in the 2-position (see also section
1V).1%> The rationale behind this inhibitor was to try
to exploit a strong interaction between the enzyme
and a substrate 2-OH. They made the xylobiose
analogue 141 and found that it bound to Cex-
xylanase with K; = 0.34 uM. They also showed that
Cex mutant having the amino acid supposed to bind
the 2-OH replaced bound 141 poorly but bound the
corresponding isofagomine showing that the carbonyl
group was important for binding. It was suggested
that this isofagomine lactam was binding as its
iminol tautomer, since this tautomer resembled an
isofagomine with a 2-OH, and this hypothesis was
not inconsistent with an X-ray crystal structure of
141 bound to Cex.'?®> Nevertheless, this theory must
be regarded as questionable since the free energy cost
of amide—iminol isomerization is very large (~45 kJ/
mol).

Subsequently, the b-galacto analogue 330 was
made.??* This compound is also a strong inhibitor
with K;j = 18 nM toward fg-galactosidase from As-
pergillus oryzae. Other galactosidases are inhibited
less by 330, but it is definitely much more potent
than galactonolactam 323 (Table 44).

Vasella’'s group has made the analogues tetra-
hydropyridazinone 331, which can be regarded as an
azafagomine lactam.??? This compound was found to
inhibit g-glucosidase and g-mannosidase with a K;
of 13 and 6 uM, respectively. The corresponding 5-ene
was considerably weaker against both enzymes.

A series of ureas 332—334 have been made that
quite closely resemble hexonolactams. These com-
pounds lack, however, both the 2- and 3-OH and are
consequently very poor inhibitors (15—90 mM) of
B-glucosidase and -galactosidase, Figure 34.223

Hzo%ﬂi&() (@l X HO’%/N K

332
130 mM (B-glu'ase) 90 mM (B-glu'ase)

Figure 34.

15 mM (B-gal'ase)

Aldonolactone oximes are compounds that are
closely related to the lactones and were first reported
by Vasella more than 15 years ago. These molecules
have a very low basicity and are, therefore, regarded
as neutral inhibitors here. While the unsubstituted
oxime was originally found to be a moderate inhibi-
tor, substituted analogues were found to inhibit
almond -glucosidase in the low micromolar range.??*
It has now been found that an N-O-dinitrophenyl
derivative 335 (Figure 35) inhibits a-glucosidase with
a similar potency.??®
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Figure 35.

Vasella’s group has in the glycotetrazoles made a
series of neutral transition-state analogues that both
resemble the hexonolactams and the Ganem-type
aminidines.'* These compounds have an estimated
pK, value of —4 and cannot be expected to be fully
protonated in the active site. The first two examples
of these compounds, the glucose and mannose ana-
logues 2 and 3 (Table 45), were found to have a half-
chair conformation and inhibit glycosidases moder-
ately, though 2 inhibited g-glucosidase and 3-galacto-
sidase with a K; of about 1.5 uM."° Interestingly, a
log(keat/Km) Vs log K plot for the inhibitors 2 and 3
and for the hydrolysis reaction of 4-nitrophenyl
glucoside or mannoside by a series of different
glycosidases gave a linear relationship. This suggests
a similarity between the transition state of these
different enzyme-catalyzed reactions and the inhibi-
tors at least in regard to the changes made in the
inhibitor and substrate/enzyme pair.

Mannotetrazole 3 has been found to be a poor
a-fucosidase inhibitor,??® while glucotetrazole 2 has
been found to inhibit glycogen phosphorylase with a
Ki of 53 uM. An X-ray structure of the inhibitor
binding to the enzyme was also reported and showed
that it bound together with phosphate.??’

Several stereoisomers and analogues of 2 and 3
have been reported. The galactose and N-acetylglu-
cosamine analogues 302 and 94 have been made; the
former inhibit S-galactosidase with K; = 0.8—1 uM,
while 94 inhibits -glucosaminidase with K; = 0.2 uM
(Table 15).228

The 6-deoxy analogue of 3, 336 has been made
together with some furanoside analogues (Figure 36).

H
—~Naz ~N
NN HO/ﬁ( NN
HO N HO —N
OH
302 336
1 puM (B-gal'ase)

Figure 36.

These compounds were in general poor glycosidase
inhibitors except that 336 was found to be a better
inhibitor of o-mannosidase than 3.22°23% Another
furanose analogue, the L-rhamnofuranose tetrazole
337, inhibited naranginase with K; = 56 uM (Figure
37).2%0 Curiously, the corresponding L-rhamnopyra-
nose analogue 340 inhibited this enzyme less than
337. The 5-epimer of 340, 341 was even weaker
(Figure 38).231.236 A cellobiosyl tetrazole 342 has also
been made, but inhibition studies have apparently
not been made.?3?

A series of compounds that can be regarded as
related to the lactones and lactams are the glucose-
resembling phosphonates and phosphonamides 343—
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Table 45. K; values in gM from Ref 163

Bols et al.

Structure B-glu® o-glu®

d f

B-gal® Bf-man® o-man® o-man

HO.
2 Ny A
HO 1}
HO —N

3 HO H/N:N 6000 100000
HO% N
HO =N

1300-5600

1.5 47000 8500 13800

14000 160 180 700

a Agrobacter S-glucosidase. ° Yeast a-glucosidase. ¢ Bovine liver S-galactosidase. ¢ Snail A-mannosidase. ¢ Jack bean a-man-

nosidase. f Almond o-mannosidase.
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345 recently reported by Darrow and Drueckhammer
(Figure 39), albeit the geometry is quite different.
These compounds were, however, very poor inhibitors
of a number of glycosidases.?33

HO H HO
HO
oS QS fox2 -0 o0
3 o )
HO & HO  OMe HO  NHMe
343 344 345
Figure 39.

A carbocyclic analogue of a mannosyl oxocarbenium
ion has been made by Hudlicky and collaborators,
who synthesized hydroxylated tetrahydronaphtha-
lene 346 (Figure 35).2%* This compound displayed
some inhibition of g-galactosidase but not of man-
nosidase. However, recently a surprisingly high af-
finity has been found in the hydroxylated decahy-
dronaphthalene 347.2% Octol 347 inhibited a-gluco-
sidase with K; = 12 uM but did not inhibit -glucosi-
dase.

Field et al. studied the j-glucosidase and -galac-
tosidase inhibition of a series of five- and six-
membered anhydroalditols (Table 46), and the five-
membered anhydroalditols may possibly have a
transition-state-like geometry. The p-gluco, b-galacto,
and p-xylo stereoisomers of both pyranose and fura-
nose form were made, but all compounds only inhib-
ited the enzymes in the millimolar range, which is
comparable to the inhibition displayed by mono-
saccharides.?%¢

In a related study glycosidase inhibition of a series
of 1,4-, 1,5-, and 1,6-thioalditols was investigated
(Figure 40), and again the five-membered alditols
may be considered transition-state analogues in
terms of geometry.?3” The corresponding cyclic sul-
foxides and sulfones were also studied. All com-

Table 46. K; values in gM from Ref 236

Structure R B-glu‘aseh B_galvasec
R
o
348 "L?om CH,0H 60000 71000

OH
349 H 39000 85000
350 CH, ; 42000
351 @g
140000 7400
HO
OH
352
H,E’O%( CH,OH 36200 51000
353 H 390000 77000
354 H.OH

14800 1900
HO

2 Almond S-glucosidase. ° E. coli S-galactosidase.

pounds displayed weak inhibition comparable in
strength to that of the anhydroalditols. The strongest
inhibitor was the mannose analogue 357, which had
K; = 700 uM toward a-mannosidase.

OH HO
355 356 357
H H
OH -
HO S s— HO i
HO OH HO ~Ph
“oH HO S BH N
o]
358 359 cl
cl
o ©
360
Figure 40.

Thioglycosides are known to be weak to moderate
glycosidase inhibitors by being nonhydrolyzable sub-
strate analogues and are as such not covered here.
It should be mentioned, however, that glycosyl sul-
foxides have been investigated for glycosidase inhibi-
tion. One of the more potent of these compounds was
the glucosamine derivative 360, which inhibited
B-glucosidase with K; = 166 uM.238

A neutral series of glycogen phosphorylase inhibi-
tors (361—368) has recently emerged that may
resemble elements of the transition state. Bichard et
al. found that the spirohydantoin 361 inhibited the
muscle glycogen phosphorylase b with a K; of 3.1
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Table 47. K; values in gM toward Glycogen Phosphorylase (GP)

Structure Liver GP a Liver GP b Muscle GPa  Muscle GP b
OH
361 N9 N 16.5 12.8 26 42
HO >=O
o N
OH
362 5] R 29.8 7 10.9 5.1
HO '\B':S
o”
oH
363 Hﬁ)()’&%//( 2050 105
HOHN\(NH
o
OH
364 HQ3 N 59.7
HO
(o] N
H
Ho—~ M 8200
OH ©
o N
HO OH 220000
366 o
OH HN&NH
HO OH
367 Lo =0 HAS:
HO 0
o N
HO OH
368 o
HO
HO yn \(NH
(o]

~No inhibition.

uM.23% Isomer 363 was somewhat less potent (K; =
28.6 uM). As 363 contained a contamination of 361,
it was entirely possible that the impurity was causing
the inhibition. The inhibition of both muscle and liver
glycogen phosphorylase of 361 and 363 and thio
analogue 362 has recently been subject to renewed
study (Table 47).2*° While the K; of 361 against
muscle glycogen phosphorylase was essentially con-
firmed, 363 was found to be weaker than previously
reported having K; = 105 uM, which suggests that
the first sample of 363 may indeed have been impure.
The thiohydantoin 362 had a similar potency as 361.

The diketopiperazin analogue 364 has also been
made but was weaker than 361 (Table 47).2*! A series
of furanose hydantoins have also been reported but
had disappointing activity (365—368, Table 47).242243
The 3-deoxy analogues of 365 and 3662*° and the
N-phenyl analogues of 367 and 368%°° were also
studied but were not inhibitors.

VII. Conclusion

This review clearly shows that a large number of
potential transition-state analogues have been evalu-
ated for inhibition of glycosidases and that inhibitors
with nanomolar affinity for glycosidases have been

found. The most potent inhibitors have been found
in all five inhibitor categories 11—-VI. This can be
summarized as follows.

Among the inhibitors that emulate protonation of
exocyclic oxygen (category Il), the aminobicyclohex-
ane 65 is a very strong a-glucosidase inhibitor and
also the aminocyclopentanes 12, 25, and 26 have
submicromolar affinity. Inhibition in the low nano-
molar range has been obtained by substituting lipo-
philic groups on some of the aminocyclopentanes.

Strong inhibitors are also found among compounds
that emulate an oxocarbenium ion (category II1),
though this has not been deeply covered in this
review. Some 1-deoxynojirimycin analogues, such as
126 and 121, are extremely potent a-glycosidase
inhibitors with K; values in the low nanomolar range.
Strong inhibition by this type of inhibitor seems to
be isolated to certain enzymes, however. Thus, 1-de-
oxynojirimycin 75 itself is a rather poor inhibitor of
many glycosidases.

Inhibitors that mimic charge at the anomeric
position (category 1V) have been found to be potent
inhibitors of many glycosidases. Particularly the
noeuromycins, 117, 122, and 127, are remarkable by
being nanomolar inhibitors of both o- and S-glycosi-
dases. The inhibition of the 2-deoxy analogues, the
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isofagomines, are strong against some enzymes par-
ticularly S-glycosidases.

Category V, inhibitors that mimic charge in several
places, also contain very strong inhibitors. In par-
ticular, the imidazoles such as 83 and 272 are very
potent inhibitors. Substitution of imidazoles with
lipophilic groups has been used to create low nano-
molar inhibitors.

The neutral inhibitors (category VI) are generally
weaker glycosidase inhibitors than inhibitors mim-
icking charge development. An exception is the
isofagomine lactam 141 and analogues which are
submicromolar inhibitors of some enzymes though
the activity appears very confined to some enzymes.

Altogether it can be concluded that the best gly-
cosidase inhibitors are compounds that have a nitro-
gen in place of the exo- or endocyclic oxygen or
anomeric carbon and thus potentially mimic a charged
transition state or intermediate. This suggests that
it is more important to mimic the charge development
in the transition state than the shape.

It has been argued that some of these potentially
charged inhibitors are not transition-state analogues
but rather so-called fortuitous binders that owe their
binding to a coincidental favorable interaction be-
tween the charged center and a residue in the
enzyme.” However, the fact that it is particularly
favored to have a possibly charged group, where
charge is anticipated to develop during the reaction,
does not appear coincidental. Indeed, since these
potentially charged inhibitors bind strongly (and if
they are indeed charged), the corresponding charged
reaction intermediates must also bind strongly.

Nevertheless, the transition state must be bound
much stronger by a glycosidase than any known
glycosidase inhibitor, and as such even the best
glycosidase inhibitors are imperfect transition-state
analogues. It seems that inhibitors that mimic charge
in exocyclic, endocyclic, and anomeric positions all
mimic features of the transition state. Which feature
is the more important to mimic may depend on the
enzyme.
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