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Introduction

Glycosidases are involved in the biosynthesis and processing
of the oligosaccharide chains of N-linked glycoproteins in the
endoplasmic reticulum (ER; Figure 1).[1] Inhibition of these gly-
cosidases, especially a-glucosidases, has a profound effect on
the glycan structure and, consequently, affects the maturation,
transport, secretion, and function of glycoproteins, and could
therefore alter cell–cell or cell–virus recognition processes.[2–4]

The neuraminidase inhibitor Tamiflu, for example, has been
prescribed for the treatment of influenza virus infection.[5] The
digestive a-glucosidase inhibitor, N-hydroxyethyldeoxynojiri-
mycin (1, also called Glyset or Miglitol, Scheme 1), has been
used for the treatment of non-insulin-dependent diabetes.[6, 7]

Recent studies also showed that deoxynojirimycin (DNJ, 2) and
its derivatives (especially N-butyl DNJ) were potentially useful
for treating several human diseases such as cancers,[8] viruses
(AIDS,[9,10] hepatitis B,[11,12] hepatitis C,[13,14] and dengue[15,16]),
and glycosphingolipid storage disorders.[17,18] The efficacy of
iminocyclitols is attributed to their mimicry of the transition
state of enzymatic glycosidic cleavage.[19]

The iminocyclitol 2,5-dideoxy-2,5-imino-D-mannitol (3), a nat-
ural product,[20] is a powerful inhibitor of a large range of a-
and b-glucosidases, even surpassing the activity of DNJ, which
is frequently used as a standard.[19,21] The five-membered imi-
nocyclitols that carry hydroxyl groups of a specific orientation
can mimic the shape and charge of the reacting sugar moiety
of the transition state.[19,22,24] Since enzyme inhibition could be
significantly enhanced with slight modifications at the aglycon
moiety,[25–27] iminocyclitols could be used as common cores for
the development of selective glycosidase inhibitors through
identification of an additional group to occupy the aglycon
space. To quickly find such a group for attachment to the 5-
membered iminocyclitol, we decided to conduct a combinato-
rial modification of compound 4 (Scheme 2) at the amine
group in microtiter plates followed by screening in situ, a strat-
egy successfully applied to other enzymes.[27,28] We initially
screened the library for inhibitors of a panel of glycosidases in

vitro, the potent a-glucosidase inhibitors identified in the
screen were then tested in cell-based assays against Japanese
encephalitis virus (JEV), dengue virus serotype 2 (DEN-2), as
well as severe acute respiratory syndrome coronavirus (SARS-
CoV).

In addition, we discovered a new potent inhibitor of human
N-acetyl b-hexosaminidase, which is the dominant glycosyami-
noglycan-degrading glycosidase released by the chrondrocytes
into the extracellular compartment, and is the dominant glyco-
sidase in synovial fluid from patients with osteoarthritis.[29] In-
hibitors of this enzyme could be used in the treatment of os-
teoarthritis.[30]

Results and Discussion

Rapid combinatorial synthesis and high-throughput
screening

The preliminary inhibitory assays of core 4 against a panel of
glycosidases from different sources showed a broad spectrum
of inhibitory activities, except for a-, b-galactosidase and b-
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mannosidase (see Supporting Information). Because core 4 had
only moderate inhibitory activities against a-mannosidase and
a-fucosidase, the library generated from 4 was screened

against a-, b-glucosidase and N-acetyl-b-hexosaminidase in
this study.

A mixture of iminocyclitol 4, a carboxylic acid (1 equiv,
Scheme 2), diisopropyl ethylamine (DIEA, 2.2 equiv), and (1H-
benzotriazole-1-yl)-1,1,3,3-(tetramethyl)uronium hexafluoro-
phosphate (HBTU, 1.1 equiv) in DMSO was shaken in 96-well
microtiter plates for 5 h. Crude reaction products were ran-
domly selected (30%) and analyzed by ESI-MS to ensure the
presence of the desired products. The reaction mixture was di-
luted with appropriate buffer solutions and transferred to an-
other 96-well microtiter plate for screening directly without
any purification. Based on the IC50 values of 4 (see Supporting
Information), the concentrations of reaction products were set
at 20 mM for a-, b-glucosidase and 30 mM for b-hexosaminidase.
Assuming that amide formation is complete, the percentage of
inhibition relative to the control was calculated on the basis of
absorbance at 405 nm for p-nitrophenol released from their
corresponding substrates.

Of the 144 compounds generated from the amide-forming
reaction, several inhibitors were found (see Supporting Infor-
mation). Good inhibitors for each enzyme were selected, resyn-
thesized as pure compounds, and reevaluated for determina-
tion of IC50 or Ki values (Table 1, Scheme 2). In the screening for

Figure 1. The assembly of viral envelope glycoproteins involves the use of host enzymes such as glycosidases and glycosyltransferases. Inhibition of glycosi-
dases could disrupt the process and inhibit viral replication.

Scheme 1. Structures of iminocylitols 1 to 3 and representative transition
states of a- and b-glucosidase-catalyzed reactions showing the aglycon R.
The five-membered iminocyclitol shown top right is used for derivatization
at R’ and R’’ to probe the aglycon binding sites.
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a-glucosidase (bakers’ yeast) inhibition, about two-thirds of re-
action products were found to be more potent than 4 (see
Supporting Information for overall library inhibitory activities).
Briefly, a-glucosidase was inhibited to a greater extent when
the compound contained a fused-aromatic ring (e.g. 17 and
25) and a heteroaromatic component (e.g. 19–21). It is worth
noting that the enzyme was more interactive with a bicyclic
than a tri- or mono-cyclic aglycon (e.g. 16 vs. 25 vs. 10). The a-
glucosidase from Bacillus stearothermophilus was also investi-
gated with the same library. The results were similar to those
with bakers’ yeast. The most potent one against yeast a-gluco-
sidase was compound 24, with a Ki value of 53 nM and a 600-
fold selectivity for a- over b-glucosidase. Interestingly, the IC50

values of compounds 15–17 for a-glucosidase were about
two-to-three orders of magnitude different. These results sug-
gest that, while a lipophilic binding pocket exists that allows a
bicyclic ring such as indole or naphthalene to fit, the specific
orientation of these bicyclic rings is also very important.

In the screening of b-glucosidase (almonds), about one-sixth
of the reaction products were found to be comparable to or
more potent than 4. C-1-modified a-iminocyclitols showed
weaker effects for b-glucosidase than for a-glucosidase. A di-
methylamino group attached to the aromatic ring could en-
hance the inhibitory activity (e.g. 11 and 29), as documented
previously.[26] In particular, structures with a trans-cinnamic
moiety were shown to significantly inhibit this enzyme, espe-

cially those with meta-halogen substituents (e.g. 12, 13, and
26). Because the trans-cinnamic moiety has a board range of
biological properties, including hepatoprotective,[31] antimalari-
al,[32] and antioxidant,[33] our finding suggests a new application
of trans-cinnamic acid and its derivatives. The most inhibitory
was reaction product 28 (up to 67% inhibition), with a Ki value
of 1.2 mM. In general, derivatives of 4 are more selective a-
than b-glucosidase inhibitors.

Inhibition of jack bean N-acetyl-b-hexosaminidase seems to
be greater when there are hydrophilic substituents in the C-1
position (e.g. 6, 8, and 9). However, none of the substituents is
more potent than the acetamido group; this indicates its cru-
cial role in the enzyme active site. This study also showed that
potent inhibitors of b-hexosaminidase can be found from de-
rivatives of 4, though relatively weaker inhibitors of b-glucosi-
dase were observed.

Overall, combinatorial synthesis followed by rapid screening
in situ as described here provided a platform to identify selec-
tive glycosidase inhibitors through modification of a common
transition-state core at the aglycon side chain.

Antiviral activities of 5-membered iminocyclitols

Endoplasmic reticulum (ER) a-glucosidase inhibitors, which
block the trimming step of N-linked glycosylation, have been
shown to eliminate the production of several ER-budding vi-

Scheme 2. The reaction of iminocylitol 4 with a library of carboxylic acids for the subsequent high-throughput in situ screening of glycosidase.
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ruses.[34] Previously, we reported the antivirus effects of an N-n-
nonyl DNJ (NN-DNJ) on flavivirus infections.[16] However, five-
membered iminocyclitols had not been tested for their antivi-
ral activities. With the potent a-glucosidase inhibitors in hand,
we tested their potential antiviral effect based on our previous
assay system for JEV and DEN-2. Details of the antivirus assay
are given in the Experimental Section.

Compounds 7, 17, 20, 22, and 24 exhibited no inhibition at
50 or 100 mM (data not shown). The peracetylated compound
30, which is believed to increase the cellular uptake and is
then converted to compound 24 by cellular esterases,[35] was
subjected to the cell assay. However, it also showed no inhibi-
tion at 50 mM (data not shown). We then turned our attention
to modifying the ring nitrogen on the most potent a-glucosi-
dase inhibitor 24. Side-chain modification by alkylation of DNJ
has previously been reported to enhance both the ability to in-
hibit glycan processing and virus production.[13,36–38]

To study the influence of the alkyl-chain length on the cell-
based assay, a series of compounds with alkyl chains ranging
from C4 to C12 attached to compound 24 was synthesized by
using reductive amination with appropriate aldehydes to give
rise to compounds 31–38 (Scheme 3). The inhibition activities
of N-alkylated derivatives against a- and b-glucosidase were
also investigated (see Supporting Information). The results
showed that these molecules still have a-glucosidase selectivi-
ty, albeit with low activity compared to the parent compound
24. This result was also observed in the in vitro anti-a-glucosi-

dase activity of DNJ and NN-
DNJ. The cell-based sodium 3,3’-
{1,[(phennylamino)carbonyl]-3,4-
tetrazolium}-bis(4-methoxy-6-ni-
tro)benzene sulfonic acid hy-
drate (XTT) assay, which mea-
sured cell proliferation, indicated
that most of the compounds
were not toxic at 10 mM (Fig-
ure 2A). The exception was com-
pound 38, which showed a low
level of cytotoxicity. In general,
the alkylated iminocylitols were
more active against DEN-2 than
JEV infection (Figure 2B). Rela-
tive to the virus titer derived
from cells treated with NN-DNJ,
these newly synthesized mole-
cules were less potent against
DEN-2 infection (Figure 2C).
However, in anti-JEV infection,
compounds 36–38 were more
potent than NN-DNJ. Compound
37 (Figure 3) appeared to be less
cytotoxic and more potent with
IC50=4.7 mM and IC90=9.2 mM for
DEN-2 (Table 2). In the present
studies, compounds 36–38 with
chain lengths of nine, ten, and

Scheme 3. Compounds 30–41 for antivirus assays.

Table 1. Inhibition activities of C1 derivatives of 3 against a-glucosidase, b-glucosidase, and b-hexosaminidase.

a-glucosidase[a] b-glucosidase[b] N-acetyl-b-hexosaminidase[c]

Compd. Inhibition
[%][d]

IC50 (Ki)
[mM]

Inhibition
[%][d]

IC50 (Ki)
[mM]

Inhibition
[%][d]

IC50 (Ki)
[mM]

Core (4) 23% 30 32% 27 42% 62
5 12% 280 20% >500 85% 0.16 (0.022)
6 10% –[e] 23% – 67% –
7 61% 4.0 52% 4.8 20% 19
8 20% – 31% – 50% –
9 27% – 37% – 53% –
10 16% 12% 13%
11 41% – 55% – 6% –
12 19% 49% 8%
13 19% – 59% – 3% –
14 51% 7% – 54% –
15 45% 100 28% 58 (30) 31% 44
16 67% 19 44% 49 10% 15
17 94% 0.28 (0.077) 45% 92 45% –
18 36% 120 53% 10 (6.2) 23% 42
19 82% – 15% – 14% –
20 85% 1.2 (0.43) 23% 130 29% –
21 83% 11 20% 75 27% 3.2
22 42% 0.81 34% 260 16% 63
23 63% 17 28% 92 14% 4.7
24 93% 0.15 (0.053) 45% 92 9% 11
25 56% – 63% – 17% –
26 31% – 52% – 17% –
27 26% – 55% – 6% –
28 27% 250 67% 2.4 (1.2) 52% –
29 22% 280 55% 3.2 (1.4) 17% 7.02

[a] From bakers’ yeast. [b] From almonds. [c] From jack bean. [d] Inhibition percentage (%)= [enzyme activity
(blank)�enzyme activity (inhibitor)]/enzyme activity (blank)N100%. [e] Not determined.

Table 2. Antiviral activities of different iminocyclitols 36–38.

Compd. JEV M.O.I.=0.1 DEN M.O.I.=0.1
IC50 [mM] IC90 [mM] IC50 [mM] IC90 [mM]

36 11.3�1.9 17.5�0.8 11.8�0.2 18.0�0.2
37 9.6�0.8 18.0�0.2 4.7�1.5 9.2�0.6
38 7.6�0.1 9.7�0.1 6.0�0.5 9.1�0.3
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twelve carbons, respectively, were found to be optimal for the
antiviral activity. A similar effect was also noticed against vari-
cella zoster virus.[39] Longer alkyl chains, such as, the decyl
chain in compound 38, provided a modest increase in potency
in cell-based assays, but also resulted in an increase in cytotox-
icity, presumably due to the disruption of the lipid bilayer.[36]

From a structural perspective, the alkylated iminocyclitol can
be viewed as consisting of two distinct molecular elements:
1) an imino sugar head group and 2) an N-alkyl side chain. The
head group is recognized by the ER-a-glucosidase. The role of
the tail, as shown for NN-DNJ, is unclear but it might be able
to insert into the membrane to increase its local concentration
near the membrane-associated ER glucosidase.[40] In recent
studies, N-nonyldeoxygalactonojirimycin (NN-DGJ), a galactose-
type iminocyclitol, was found to still have anti-HBV[12] and anti-
BVDV[13] activities, although it lacks the ability to inhibit a-glu-
cosidase. These observations suggest that NN-DNJ might pos-
sess a different antiviral mechanism. Nevertheless, we found
that NN-DGJ did not inhibit either JEV or DEN-2 in our cell-
based assay system.[16] The weaker a-glucosidase inhibitors
39–41, derived from core 4 with eight to ten carbons
(Scheme 3), were then evaluated, and we found that 39–41 at
10 or 50 mM did not inhibit either JEV or DEN-2 infection (data
not shown) in the cell-based assay.

Inhibitors 36–38 were also screened against the infection of
SARS-CoV by following our previously established procedure.[41]

The IC50 for compound 37 was around 3.3–10 mM. The antiviral
effects of compounds 36–38 on JEV, DEN-2, and SARS-CoV
shown in the present study are likely mediated by inhibition of
the ER a-glucosidase; however the possibility of other mecha-
nisms besides a-glucosidase inhibition cannot be rigorously
excluded.[16]

Discovery of potent human b-hexosaminidase inhibitors

In our previous study, compound 5 and its N-methyl derivative
42 ((2R,3R,4R,5R)-N-methyl-2-(acetamidomethyl)-3,4-dihydroxy-

Figure 2. Cell-based assays of the anti-JEV and anti-DEN effects of com-
pounds 24, 31–38 and NN-DNJ (10 mM). A) Cell survival was measured by
XTT assays. Data are shown as the percentage versus the mock-infected
BHK-21 cells without inhibitor treatment (none, 100%). B) The viral protein
expressions of IFA were read by fluorescence microplate reader (Molecular
Device) with an excitation wavelength of 355 nm and an emission wave-
length of 488 nm. Data are shown as the percentage versus untreated inhib-
itor 1. C) The culture supernatants were collected for viral titration by
plaque-forming assay. The virus titers are shown as PFU (plaque forming
unit) per milliliter. Representative results from two independent experiments
are shown here.

Figure 3. Morphology of favivirus-infected BHK-21 cells. Cells infected with
mock, JEV (M.O.I. of 0.1) and DEN-2 (MOI of 0.1) were treated with various
dose of inhibitor 37 as indicated. Two days postinfection, cells were fixed
and stained with anti-JEV and anti-DEN NS3 MAb and a FITC-conjugated sec-
ondary antibody (green). Cell nuclei were stained by DAPI (blue). Pictures
were taken by using an inverted fluorescent microscope (Leica) with filters
for FITC and DAPI, and the pictures were superimposed in the same fields.
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5-(hydroxymethyl)pyrrolidine) were found to be potent inhibi-
tors of human N-acetyl-b-hexosaminidases, with Ki�24 nM.[30]

In particular, incubation of human chondrosarcoma cells with
iminocyclitol 42 resulted in an accumulation of glycosamino-
glycans (GAGs) in the cell-associated fraction and a decrease in
the release of GAGs into the culture supernatant. The discovery
of iminocyclitols as potential chondroprotective agents sug-
gests a new avenue for the development of drugs to treat os-
teoarthritis.

In order to further improve the potency of 42, considerable
effort has been directed toward modification of the ring nitro-
gen and the C1 nitrogen of iminocyclitol 4.[42] However, none
of the synthesized inhibitors was more potent than compound
42. The structure–activity relationship of iminocyclitols re-
vealed that the acetamido group at the C1 position is crucial,
and that the active site pocket of b-hexosaminidase does not
tolerate larger substituents. The methyl group at the ring nitro-
gen enhances the inhibition activity, whereas aromatic ring
substituents cause a decrease in inhibition activity. Our alterna-
tive approach to increasing potency is to probe a distant agly-
con-binding site of b-hexosaminidase. We therefore decided to
attach a long-chain alkyl group with a terminal amine to the
ring nitrogen through reductive animation. The resulting pri-
mary amine is easy to diversify by amide-bond formation to
generate libraries as mentioned above.

Our strategy began with reductive amination of compound
5 with aldehydes of different lengths to give compounds 43–
49 (Scheme 4). These intermediates were either deprotected
under acidic conditions or hydrogenolyzed to give primary
amines 50–56. In our first attempt to generate a library from
compound 50 by amide-bond formation as mentioned above,
the high-throughput screening showed no compounds with
significantly enhanced inhibitory activities (data not shown).
Thus, inhibition studies of compounds 51–56 against human
placenta N-acetyl-b-hexosaminidase were carried out. 4-Meth-
ylumbelliferyl N-acetyl-b-D-glucosaminide (4-MU-GNAc) was
used as the substrate. The apparent Km and Vmax values for

each substrate were calculated from the Lineweaver–Burke
double reciprocal plot of [1/v]/[1/S] . The Ki values were deter-
mined from a replot of the Km app versus the inhibitor concen-
tration. Compound 54 is the most potent competitive inhibitor
with a Ki value 2.6 nM (Figure 4). Interestingly, in varying the
linkage from N-propyl to N-octyl of compounds 50–55, we ob-
served a trend in human b-hexosaminidase inhibition. Com-
pound 54, with a heptamine moiety, was the strongest inhibi-
tor. In an attempt to further optimize the inhibitor, the linker
was replaced by an ethylene glycol chain (hydrophilic linker) to
give compound 56 (Ki=60 nM) and by moderate N-alkyl chains
to give compounds such as 57, 58, and 59 (Ki=180, 250, and
160 nM, respectively). However, these modifications had a neg-
ative effect; this indicated the important role of the amino
group and the lipophilic chain in compound 54. As the crystal
structure of human b-hexosaminidase B is now available,[43] its
complex with 54 was modeled to reveal a narrow hydrophobic
cleft in the active site, which is mainly enclosed by the side-
chain groups of residues W424, Y450, A447, and L453 and the
backbone of residues K425 and D426 (Figure 5). The amino
group at the terminal site is expected to be largely protonated
when binding to the enzyme. It presumably forms a salt
bridge with the secondary aglycon binding site of the
enzyme.[44] It appears that the alkyl linkage is long enough to
bring the amine end near enough to have hydrogen-bond in-
teractions with the backbone carbonyl of K425 and A447 and
a possible ionic interaction with the carboxyl group of D426.

Conclusion

Based on the structure of 1-amino-1,2,5-dideoxy-2,5-imnio-D-
mannitol (4), we applied a combinatorial synthesis in microtiter
plates for in situ screening. This method is a powerful proce-
dure to rapidly identify significant binding-site differences
among similar enzymes and develop potent and selective in-
hibitors. For the inhibitors of a-glucosidase, structures with bi-
cyclic rings such as indole and naphthalene gave the best in-

Scheme 4. Synthesis of hexosaminidase inhibitors 50–58.
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hibitory potency, as illustrated by 24 with a Ki value of 53 nM

and 100-fold increase in activity compared to parent core 4.
The N-alkylated derivatives of compound 24 were also tested
for antiviral activity, and 36–38, which contain lipophilic alkyl
groups, were the most active, with an IC50 of about 5–10 mM

against JEV, DEN-2, and SARS-CoV infection.
Given its important role in osteoarthritis, the inhibition of N-

acetyl-b-hexosaminidase was investigated with regard to the
substituent effects on the C1 nitrogen and ring nitrogen of
core 4. The results showed that the acetamido group at the C1
position was crucial, with modification at the ring nitrogen
with aromatic groups causing loss of inhibition. However, ex-
tending the alkyl chain at the ring nitrogen gave the most

potent human b-hexosamini-
dase inhibitor known to date,
that is, compound 54, with a Ki

value of 2.6 nM. Modeling indi-
cated strong binding of com-
pound 54 with b-hexosamini-
dase in its lipophilic cleft and
an ionic interaction with the
secondary binding site. Alto-
gether, this work clearly demon-
strates the effectiveness of our
simple combinatorial approach
strategy for the rapid discovery
of potent inhibitors as potential
candidates for medical applica-
tions.

Experimental Section

Materials : The sources of en-
zymes were as follows: a-glucosi-
dase (EC 3.2.1.20) from bakers’

yeast and Bacillus stearothermophilus ; b-glucosidase (EC 3.2.1.21)
from almonds; a-galactosidase (EC 3.2.1.22) from Aspergillus niger ;
a-mannosidase (EC 3.2.1.24) from jack bean; b-mannosidase (EC
3.2.1.25) from snail acetone powder; N-acetyl-b-hexosaminidase
(EC 3.2.1.52) from jack beans and human placenta. All of the above
enzymes were purchased from Sigma (St. Louis, MO). b-Glucosidase
from sweet almonds and b-galactosidase (EC 3.2.1.23) from Escheri-
chia coli were purchased from Toyobo Co., Ltd. (Osaka, Japan).
Human a-fucosidase (EC 3.2.1.51), a recombinant protein, was a
gift from Professor Chun-Hung Lin at Academia Sinica (Taipei,
Taiwan).

General method for chemical synthesis : All nonaqueous reactions
were run in oven-dried and vacuum-cooled glassware under nitro-
gen atmosphere. Reactions were monitored by thin-layer chroma-
tography (Merck, silica gel 60F-254) by utilizing ninhydrin, p-anisal-
dehyde, or cerium molybdate as the stain reagent. Silica gel used
for flash column chromatography was Mallinckrodt type 60 (230–
400 mesh). Unless otherwise noted, reagents and materials were
obtained from commercial sources and used as provided without
further purification. 1H and 13C NMR spectra were recorded on a
Bruker AV-400 or AV-500 spectrometer and referenced to residual
solvent peaks (CDCl3:

1H d=7.24, 13C d=77.0; [D4]MeOH: 1H d=
3.30, 13C d=49).

General procedure for coupling reactions and in situ screening :
Carboxylic acid (10 mL from a 10 mM stock solution in DMSO,
0.1 mmol), HBTU (10 mL from a 11 mM stock solution in DMSO,
1.1 equiv, 0.11 mmol), and DIEA (10 mL from a 22 mM stock solution
in DMSO, 2.2 equiv, 0.22 mmol) were added to DMSO (10 mL) in
each well of a 96-well microtiter plate. The reaction was initiated
by adding compound 4 (10 mL from a 10 mM stock solution,
0.1 mmol) to each well. The reaction mixtures were shaken at room
temperature for 5 h and were monitored for completion based on
the disappearance of 4 by TLC with a mobile phase of CHCl3/
MeOH/NH4OH (1:3:1, Rf=0.33). Then an aliquot (5 mL) was with-
drawn from the previous reaction mixture and mixed with phos-
phate buffer (95 mL, pH 7.0) to reach a 20-fold dilution. The same
procedure was repeated to give the desired dilution (i.e. a final
concentration of 20 mM product in each well of a microtiter plate).

Figure 4. Lineweaver–Burk double reciprocal plots of compound 54 were carried out to obtained Km app and Vmax

values. Moreover, Ki was obtained from a replot of the Km app and inhibitor concentrations. The Ki value of each
molecule is shown on the y axis.

Figure 5. A modeling complex of human b-hexosaminidase with 54 (light
gray at central). The hydroxyl groups of the inhibitor could form hydrogen-
bond interactions with residues R211, D355, D452, and E491. The C1 N-
acetyl group of 54 hydrogen bonds with D354, and its carbonyl group hy-
drogen bonds with the side-chain hydroxyl group of Y450. The computed
molecular surface exhibits a narrow hydrophobic cleft near the binding site
of the iminocyclitol ring. Additional binding affinity from the long alkyl
chain could result from hydrogen-bond interactions of the end amino
group with the backbone carbonyl of K425 and A447 or possible induced
ionic interactions with the carboxyl group of D426. Figure produced with
MGLTOOLS.
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In each well of another plate, the a-glucosidase from baker’s yeast
(10 mL, 0.1 UmL�1) and p-nitrophenyl-a-glucopyranoside (50 mL,
2 mM) were mixed with an aliquot (50 mL) of the aforementioned
mixture and 90 mL buffer (to give ~20 mM inhibitor) for the enzyme
inhibition assay.

Enzyme assay. General procedure for the assay with various gly-
cosidases : The initial velocities of hydrolysis at 30 8C were mea-
sured spectrophotometrically at various concentrations of p-nitro-
phenylglycopyranoside (4 mM, 2 mM, 1 mM, 0.5 mM, 0.25 mM,
0.125 mM, 0.0625 mM) at 405 nm by using Bio Assay Reader
(Perkin–Elmer HTS 7000 Plus). The obtained data were fitted into
the Michaelis–Menten equation by using the Kaleida Graph pro-
gram to determine the apparent Km values. The substrate concen-
trations were used at three- to fivefold Km values for evaluation of
the inhibitory effect against various glycosidases. To give an ideal
progress curve, an appropriate enzyme concentration (0.01–0.2
units per mL) and inhibitor concentration (from 1 nM to 500 mM)
were used. The 50% inhibitory concentration (IC50) was determined
as the concentration at which the velocity of the hydrolysis was re-
duced to 50% as compared to the untreated control. The assays
performed in wells of the microtiter plate contained either sodium
phosphate buffer (50 mM, pH 7, for a- and b-glucosidase, a- and b-
galactosidase, a- and b-mannosidase, a-fucosidase), or McIlvaine’s
buffer (25 mM, pH 6, N-acetyl-b-hexosaminidase, jack bean).

The Ki values of the inhibitors were determined by the double re-
ciprocal plot (1/V vs. 1/[S]) to give apparent Km (the Km in the pres-
ence of inhibitors). The secondary plot was generated by plotting
the apparent Km values as a function of inhibitor concentrations. Ki

was calculated from the negative value of the x-intercept of this
plot.

Kinetic analysis of human placenta b-hexosaminidase. Incuba-
tions were performed in a total volume of 200 mL. Unless otherwise
stated, reaction mixtures contained citrate buffer (100 mM, pH 4.5),
various amount of 4-methylumbelliferyl N-acetyl-b-D-glucosami-
nide, and various amounts of inhibitors with 0.02 mU per well of b-
hexosaminidase. After incubation for 15 min at 30 8C, the reaction
was terminated by the addition of sodium glycine buffer (0.5 M),
pH 10.5. Enzyme activity was measured by the release of 4-methyl-
umbelliferone with an excitation wavelength of 360 nm and an
emission wavelength of 460 nm.

Cell lines, viruses, and virus infection : BHK-21 cells were cultured
in RPMI 1640 medium containing 5% fetal bovine serum (FBS) and
L-glutamine (2 mM). JEV strain RP-9 [45] and the Taiwanese DEN-2
strain PL046 [46] were used in this study. Virus propagation was car-
ried out in C6/36 cells by using RPMI 1640 medium containing 5%
FBS. Inhibitors were dissolved in DMSO. For infection with JEV or
DEN-2, monolayers of BHK-21 cells in six- or 12-well plates were
adsorbed with virus for 1 h at 37 8C. After adsorption, unbound vi-
ruses were removed by gentle washing with serum-free medium,
followed by addition of fresh medium containing various amounts
of inhibitors for further incubation at 37 8C. To determine virus
titers, culture media were harvested for plaque-forming assays. Var-
ious virus dilutions were added to 80% confluent BHK-21 cells and
incubated at 37 8C for 1 h. After adsorption, cells were washed and
overlaid with 1% agarose (SeaPlaque; FMC BioProducts, Cambrix
Bioscience, Rockland, ME, USA) containing RPMI 1640 with 1% FBS.
After incubation for 4 days for JEV and 7 days for DEN-2, cells were
fixed with 10% formaldehyde and stained with 0.5% crystal violet.
The inhibitors concentrations required to inhibit virus production
by 50% (IC50) and 90% (IC90) were determined.

Indirect immunofluorescence assay (IFA): Cells were fixed in ace-
tone/methanol (1:1) for 3 min and then treated with a monoclonal
antibody (MAb) against JEV NS3 [47] or DEN-2 NS3 .[46] After being
washed with phosphate-buffered saline (PBS), cells were further
stained with a goat anti-mouse fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (Jackson ImmunoResearch, West
Grove, PA, USA), and the resulting cells were examined under a
Leica fluorescent microscope. The viral protein expressions by IFA
were read by fluorescence microplate reader (Molecular Devices)
with an excitation wavelength of 355 nm and an emission wave-
length of 488 nm. Data are shown as percentage infected BHK-21
cells versus those without inhibitor treatment (none, 100%). Cell
nuclei were visualized by 4’,6’-diamidino-2-phenylindole (DAPI)
staining in 0.9% sodium chloride at room temperature for 5 min.

XTT assay : To determine cell viability, a colorimetric XTT-based
assay was performed (Cell Proliferation Kit II ; Roche). BHK-21 cells
in a 96-well plate were incubated with various concentrations of
inhibitors for 2 days before the XTT labeling reagent was added to
the culture medium. Cells were incubated at 37 8C for about
30 min and then read by an ELISA reader at 450 nm (Molecular
Devices).

Primary screening for anti-SARS-CoV activity : Vero E6 cells (2N
104 per well) were cultured in a 96-well plate in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10% FBS. The cul-
ture medium was removed after 1 day’s incubation, when the cells
reached 80–90% confluence. A solution of DMEM (100 mL), with
2% FBS containing the compound to be tested was placed in
three wells. Cells were incubated in a CO2 incubator at 37 8C for
2 h and inoculated with SARS-CoV (H.K. strain) at a dose of 100
TCID50 per well ; the cytopathic morphology of the cells was exam-
ined by using an inverted microscope 72 h after infection.

Computer modeling. Docking experiments were conducted by
using Autodock 3.0.5 with a Lamarckian genetic algorithm (LGA).[48]

The crystal structure of a human b-hexosaminidase B complex with
a transition-state-analogue inhibitor, 2-acetamido-2-deoxy-D-gluco-
no-1,5-lactone (d-lactone),[44] was downloaded from the RCSB Pro-
tein Data Bank (PDB code 1o7a). Chain A of the structure was ex-
tracted and utilized in docking simulation. The structure models of
inhibitors were built in CAChe (Fujitsu, Japan) and refined by per-
forming an optimized geometry calculation in Mechanics by using
augmented MM3 parameters and stored in PDB format. MGLTOOLS
(Molecular Graphics Lab, Scripps Research Institute)[49] was used for
protein-structure preparation and parameter creation to meet the
input requirements of Autodock. Briefly, essential hydrogen atoms
were added to the structure model of hexosaminidase followed by
assigning Kollman united atom charges and solvation parameters.
Compound molecules were assigned Gasteiger–Marsili charges,
nonpolar H atoms were merge, and torsions were defined. Auto-
grid tool in Autodock 3.0.5 was applied to produce energy grids
(50N50N50 in xyz directions with 0.375 P spacing) of various types
of compound atoms. These grip maps were centered at the active
site where the d-lactone bound. During docking experiments, each
compound was kept flexible and the protein was kept rigid. Solis &
Wets’ local search method with LGA was applied to generate avail-
able conformations of compound structures within the active site.
The conformational search was conducted by utilizing 0.2 P qua-
ternion and 28 torsion steps. For each compound structure, a maxi-
mum of 5N106 energy units were evaluated, and 50 poses were se-
lected from 2.7N105 generations per run. Plausible docking modes
were selected from the most abundant cluster (RMSD=2.0 P),
which had the strongest affinity energy. Pictures of the final simu-
lated complex were generated in MGLTOOLS.
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