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Discovery of a-glucosidase inhibitors has been actively pursued with the aim to develop therapeutics for
the treatment of diabetes and the other carbohydrate-mediated diseases. We have identified four novel
a-glucosidase inhibitors by means of a drug design protocol involving the structure-based virtual screen-
ing under consideration of the effects of ligand solvation in the scoring function and in vitro enzyme
assay. Because the newly identified inhibitors reveal in vivo antidiabetic activity as well as a significant
potency with more than 70% inhibition of the catalytic activity of a-glucosidase at 50 uM, all of them
seem to deserve further development to discover new drugs for diabetes. Structural features relevant
to the interactions of the newly identified inhibitors with the active site residues of a-glucosidase are dis-

© 2008 Elsevier Ltd. All rights reserved.

Glucosidases are responsible for the catalytic cleavage of a gly-
cosidic bond in the digestive process of carbohydrates with speci-
ficity depending on the number of monosaccharides, the position
of cleavage site, and the configuration of the hydroxyl groups in
the substrate.! o- and p-glucosidases are most extensively studied
and are known to catalyze the hydrolysis of the glycosidic bonds
involving a terminal glucose at the cleavage site.? Of the two pop-
ular glucosidases, o-glucosidase (EC 3.2.1.20) has drawn a special
interest of the pharmaceutical research community because it
was shown that the inhibition of its catalytic activity led to the
retardation of glucose absorption and the decrease in postprandial
blood glucose level.>~> This indicates that effective a-glucosidase
inhibitors may serve as chemotherapeutic agents for clinic use in
the treatment of diabetes and obesity. The catalytic role in digest-
ing carbohydrate substrates also makes o-glucosidase a therapeu-
tic target for the other carbohydrate-mediated diseases including
cancer,® viral infections,”® and hepatitis.®

Since the discovery of acarbose (Figure 1), that is the first mem-
ber of a-glucosidase inhibitors approved for the treatment of type
2 diabetes,'® a variety of a-glucosidase inhibitors have been dis-
covered as recently reviewed in an extensive fashion.!! These in-
clude transition state analogues,'> newly identified synthetic
compounds,'> 2! and natural products isolated from a variety of
species.?>~%> Most of the a-glucosidase inhibitors reported in the
literature stem from either the isolation of new scaffolds by high
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throughput screening or the generation of the improved deriva-
tives of pre-existing inhibitor scaffolds. So far the structural inves-
tigations of a-glucosidases have lagged behind the mechanistic
and pharmacological studies. Indeed, structural information of o-
glucosidases has been limited to those of a few bacterial strains
only in ligand-free forms.?%?” The lack of structural information
about the nature of the interactions between a-glucosidases and
the inhibitors has thus made it a difficult task to discover good lead
compounds based on the structure-based inhibitor design.

Recently we have identified several o-glucosidase inhibitors
based on a drug-design protocol involving homology modeling, vir-
tual screening with docking simulations, and in vitro enzyme as-
say.?® In this study, we also apply a structure-based virtual
screening with the aim to discover the new a-glucosidase inhibi-
tors that can reduce the postglandal blood glucose level in vivo.
The present virtual screening approach differs from the previous
one in that a putative ligand is scored with the most populated
binding mode instead of the lowest binding free energy hit. This
may have an effect of increasing the hit rate in enzyme assay be-
cause the binding free energy function in itself is insufficient to en-
sure the successful virtual screening.?® Another characteristic
feature of the present virtual screening lies in the implementation
of an accurate solvation model in the scoring function. It will be
shown that the present virtual screening approach can be useful
for enriching a chemical library with the molecules that are likely
to have desired biological activities.

We used the AutoDock program?° in the structure-based virtual
screening of a-glucosidase inhibitors because the outperformance
of its scoring function over those of the others had been shown
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Figure 1. Chemical structure of acarbose.

in several target proteins.?! The atomic coordinates of a-glucosi-
dase obtained from the homology modeling were used as the
receptor model in the virtual screening with docking simulations.
A special attention was paid to assign the protonation states of
the ionizable Asp, Glu, His, and Lys residues. The side chains of
Asp and Glu residues were assumed to be neutral if one of their
carboxylate oxygens pointed toward a hydrogen-bond accepting
group including the backbone aminocarbonyl oxygen at a distance
within 3.5 A, a generally accepted distance limit for a hydrogen
bond of moderate strength.>? Similarly, the side chains of Lys res-
idues were protonated unless the NZ atom was in a close proximity
of a hydrogen-bond donating group. The same procedure was also
applied to determine the protonation states of ND and NE atoms in
the side chains of His residues.

The docking library for a-glucosidase comprising about 85,000
compounds was constructed from the latest version of the Inter-
bioscreen chemical database (http://www.ibscreen.com) contain-
ing approximately 30,000 natural and 320,000 synthetic
compounds. This selection was based on the drug-like filters that
adopt only the compounds with physicochemical properties of po-
tential drug candidates.>® All of the compounds in the docking li-
brary were then subjected to the Corina program to generate
three-dimensional coordinates, followed by the assignment of
Gasteiger-Marsilli atomic charges.>* Docking simulations were
then carried out in the active site of a-glucosidase to score and
rank the compounds according to the calculated binding free en-
ergy of the most populated binding configurations.

In the actual docking simulation of the compounds in the dock-
ing library, we used the empirical scoring function improved by the
implementation of a new solvation model for a compound. The
modified scoring function has the following form:

A: B
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where Wyaw, Whbonds Welee» Wior, and Wy, are the weighting factors
of van der Waals, hydrogen bond, electrostatic interactions, tor-
sional term, and desolvation energy of an inhibitor, respectively.
r represents the interatomic distance, and Ay, B, G, and Dj; are re-
lated to the depths of the potential energy well and the equilibrium
separations between the two atoms. The hydrogen bond term has
an additional weighting factor, E(t), representing the angle-depen-
dent directionality. Cubic equation approach was applied to obtain
the dielectric constant required in computing the interatomic elec-
trostatic interactions between o-glucosidase and a ligand mole-
cule® In the entropic term, Ny, is the number of sp3 bonds in the
ligand. In the desolvation term, S; and V; are the solvation parameter
and the fragmental volume of atom i, respectively, while Occ™*

stands for the maximum atomic occupancy. In the calculation of

molecular solvation free energy term in Eq. 1, we used the atomic
parameters recently developed by Kang et al.>” because those of
the atoms other than carbon were unavailable in the current ver-
sion of AutoDock. This modification of the solvation free energy
term is expected to increase the accuracy in virtual screening, be-
cause the underestimation of ligand solvation often leads to the
overestimation of the binding affinity of a ligand with many polar
atoms.>®

Docking simulation of a compound in the library started with
the calculation of the three-dimensional grids of interaction energy
for all of the possible atom types present in library. These uniquely
defined potential grids for the receptor protein were then used in
common for docking simulations of all compounds in the library.
As the center of the common grids in the active site, we used the
center of mass coordinates of the docked structure of the probe
molecule, acarbose, whose binding mode had been known in the
active site of 4-ai-glucanotransferase that is closely similar in struc-
ture to the template (oligo-1,6-glucosidase) used in the homology
modeling.?® The calculated grid maps were of dimension
61 x 61 x 61 points with the spacing of 0.375 A, yielding a recep-
tor model that includes atoms within 22.9 A of the grid center.
For each compound in the library, 10 docking runs were performed
with the initial population of 50 individuals. Of the conformations
obtained from 10 docking runs, those clustered together have sim-
ilar binding modes differing by less than 1.5 A in positional root-
mean-square deviation. The most populated binding configuration
of the enzyme-inhibitor complex was then selected for further
analysis.

As widely used, the commercially available a-glucosidase from
baker’s yeast (Sigma, G5003) was selected as the target protein in
this study using p-nitrophenyl-a-p-glucopyranoside (Sigma,
N1377) as the substrate. The compounds selected from the prece-
dent virtual screening were purchased from InterBioScreen Ltd.
and dissolved in DMSO. The reason for this choice for solvent lies
in that most of the test compounds were soluble and maintained
stable in DMSO. The enzyme and the substrate were dissolved in
0.07 M potassium phosphate buffer with pH 6.8. Then, the enzy-
matic reaction mixture composed of 100 pl o-glucosidase (0.1 U/
ml), 99 ul of 5 mM substrate, and 1 pl (10 mM/ml DMSO) of test
compound was incubated at 37 °C for 30 min. The inhibitory activ-
ity of each test compound was determined by measuring the
remaining activity of o-glucosidase at the concentration of
50 uM. The enzymatic activity was measured by the amount of
the released product, p-nitrophenol, that was detected by spectro-
photometer at the wavelength of 415 nm. For all test compounds,
the inhibition assay was performed in duplicates.

Parturient female rats (Sprague-Dawley) were housed in a tem-
perature-controlled room (24 + 2 °C) under artificial illumination
(12 h light/dark cycle) and at 55 + 5% relative humidity. The rats
were maintained on a standard pellet diet and water ad libitum.
Newly born male rats were used to induce experimental diabetes.
Diabetes was induced by two times of intraperitonial injection of
40 mg streptozotocin (STZ; Sigma, S-0313) per kg body weight
freshly dissolved in 100 pl of ice-cold 0.1 M citrate buffer (pH
45) at 2 and 4 days after birth. Five-week old rats weighing
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180-190 g were divided into six groups (n = 4): STZ control, acar-
bose, compound 1, compound 2, compounds 3 and compound 4.
After the rats were fasted for 24 h, 1 ml of each chemical main-
tained at 10 mM in saline solution was administered by oral route
to each group of rats, which was immediately followed by the oral
administration of 1.5 g/kg of corn starch. Blood was then with-
drawn from the rat tail vein at 0, 30, 60, 90 and 120 min post-
administration. The blood glucose levels were measured by glu-
cose-dye-oxidoreductase test strips (Accu-Check Active, Roche,
Germany).

The a-glucosidase from baker’s yeast was selected as the target
protein because it had been used most extensively in biological as-
says to evaluate the newly discovered a-glucosidase inhibitors. Of
the 85,000 compounds subject to the virtual screening, 100 top-
scored compounds were selected as virtual hits. Ninety-four of
them were available from the compound supplier and were tested
for inhibitory activity by in vitro enzyme assay. Eight of the 94
screened compounds reveal more than 50% inhibition at the con-
centration of 50 uM. The inhibitory activities and the chemical
structures of the newly identified inhibitors exhibiting more than
70% inhibition of a-glucosidase activity are shown in Table 1 and
Figure 2, respectively. These inhibition assays were done in dupli-
cates at the concentration of 50 pM using acarbose as a reference.

Table 1
Inhibitory activities of 1-4 for a-glucosidase

Compounds % inhibition at 50 pM
Acarbose 88.1+5.7
1 88.7+3.3
2 86.0+4.8
3 78.9+5.1
4 752+ 4.6
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We note that compounds 1 and 2 are as potent as the reference
compound in inhibiting the activity of a-glucosidase and possess
a common 5-[1-(2-phenoxyethyl)-1 H-pyrrol-2-ylmethylene]-1-
phenylpyrimidine-2,4,6(1H, 3H,5H)-trione scaffold. 3 and 4 reveal
a similar inhibitory activity of 75-80% inhibition of a-glucosidase
activity, either of which may be viewed as an independent inhibi-
tor scaffold. The four inhibitors shown in Figure 2 can thus be di-
vided into three structural classes. To the best of our knowledge,
all of these compounds have not been reported as o-glucosidase
inhibitors so far. It is also noteworthy that none of the four com-
pounds was included in the hit compounds of the previous virtual
screening that uses the lowest binding free energy hit in the scor-
ing.?® This indicates the usefulness of scoring with the most popu-
lated binding mode in virtual screening o-glucosidase inhibitors.
Judging from the potency and the structural diversity, all of the
newly identified inhibitor scaffolds seem to deserve further devel-
opment by structure-activity relationship (SAR) methods to opti-
mize their inhibitory activities.

To obtain structural insight into the inhibitory mechanisms for
the identified inhibitors of a-glucosidase, their binding modes in
the active site were investigated using the AutoDock program in
comparison with that of the known inhibitor acarbose. Figure 3
shows the best-scored AutoDock conformations of acarbose, 1,
and 3 in the active site gorge of a-glucosidase. As revealed by
the superposition of the docked structures, all of the inhibitors
seem to be stabilized through the interactions with the two cata-
lytic residues, Glu276 and Asp349. In order to examine the possi-
bility of the allosteric inhibition of o-glucosidase by the
inhibitors, docking simulations were carried out with the grid
maps for the receptor model so as to include the entire part of a-
glucosidase. However, the binding configuration in which an inhib-
itor resides outside the active site was observed neither for the
new inhibitors nor for acarbose. These results support the possibil-
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Figure 2. Chemical structures of the newly identified a-glucosidase inhibitors.
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Figure 3. Comparative view of the binding modes of acarbose, 1, and 3 in the active
site of a-glucosidase. Carbon atoms of the catalytic residues, acarbose, 1, and 3 are
indicated in cyan, green, pink, and yellow, respectively.

ity that the inhibitors would impair the catalytic activity of a-glu-
cosidase through the specific binding in the active site.

The calculated binding mode of 1 in the active site of a-glucosi-
dase is shown in Figure 4. We note that the pyrimidine-2,4,6-trione
moiety of 1 resides in the vicinity of the catalytic residue Glu276
with one of its amidic nitrogens donating a hydrogen bond to the
side chain of Thr215. The proximity to the catalytic residue with
the hydrogen-bond stabilization indicates that the pyrimidine-
2,4,6-trione moiety can serve as an effective surrogate for the
terminal monosaccharide of a carbohydrate substrate. A stable
hydrogen bond is also established between the terminal methoxy
group of 1 and the side chain hydroxy group of Ser244. This hydro-
gen bond seems to be positioned by a face-to-edge hydrophobic

¥ vio0s

Figure 4. Binding mode of 1 in the active site of a-glucosidase. Carbon atoms of the
protein and the ligand are indicated in green and cyan, respectively. Each dotted
line indicates a hydrogen bond.

interaction of the adjacent phenyl ring with the side chain of
Phe157. 1 can be further stabilized in the active site by the hydro-
phobic interactions of its aromatic rings with the nonpolar residues
including Phe177, Leu218, Leu237, Phe300, and Phe311. Judging
from such structural features, 1 should be capable of inhibiting
the catalytic action of a-glucosidase by binding in the active site
through the establishment of the multiple hydrogen bonds and
hydrophobic interactions in a cooperative fashion.

Figure 5 shows the most populated binding mode of 3 in the ac-
tive site of a-glucosidase. The binding mode of 3 differs from that
of 1 in that the hydrogen bond between Thr215 and the inhibitor is
not observed. In the calculated o-glucosidase-3 complex, the role
of a surrogate for the terminal monosaccharide of a substrate
seems to be played by the'>*triazine-2,4-diamine group that do-
nates a hydrogen bond to the catalytic residue Glu276. The impor-
tance of the capability to form a hydrogen bond with the catalytic
residue in the inhibition of glucosidase activity was also demon-
strated in recent computational studies.*® As in the o-glucosi-
dase-1 complex, the side chain hydroxyl group of Ser244 serves
as a hydrogen bond donor with respect to an oxygen atom of 3. An-
other characteristic feature that discriminates the binding mode of
3 from that of 1 lies in that the former is stabilized in the active site
by less nonpolar side chains than the latter. Because the number of
hydrogen bonds is the same in the two complexes, the weakening
of the hydrophobic interactions should be responsible for the low-
er inhibitory activity of 3 than 1.

In order to investigate the in vivo antidiabetic activity of the
newly identified a-glucosidase inhibitors, acute single dose 120-
min time-course experiment was carried out using male streptozo-
tocin (STZ) diabetic rats. The blood glucose level increases from
68.2 + 6.1 in normal rats to 116.9 + 8.7 mg/dl in the measurement
made immediately after the treatment of STZ, and up to
332.7 + 24.1 mg/dl after 60 min. This significant increase in blood
glucose level may serve as evidence for the occurrence of diabetes
in STZ rats. Compounds 1-4 were then tested for antidiabetic activ-
ity along with acarbose that was used as a standard. The test and
standard compounds suspended in saline solution were orally
administred to the respective groups consisting of four STZ rats
(n=4), which was followed by the blood sampling from rat tail
at 30, 60, 90, and 120 min. The blood glucose levels were then mea-
sured at each time interval, and the results are summarized in
Figure 6.

Y71

D214

D349

E276

A278

F300

Figure 5. Binding mode of 3 in the active site of a-glucosidase. Carbon atoms of the
protein and the ligand are indicated in green and cyan, respectively. Each dotted
line indicates a hydrogen bond.
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Figure 6. Time evolutions of the serum glucose levels after single oral administra-
tion of various compounds to STZ diabetic rats. Each error bar indicates the stan-
dard deviation measured over the four rats belonging to the same group.

We note that all of the a-glucosidase inhibitors identified in this
work and the standard compound (acarbose) exhibit antidiabetic
activity with 20-35% decrease in serum glucose levels at 60 min
after administration of the compounds. Consistent with the in vitro
enzyme assay results for the inhibition of a-glucosidase, com-
pounds 1 and 2 reveal a little higher antidiabetic effect than 3
and 4. Despite the similar in vitro inhibitory activity against o-glu-
cosidase between 1 and 2, however, the substitution of an ethyl
group of the terminal phenyl ring in 2 for the methoxy and chlorine
in 1 leads to 5% and 23% decreases in serum glucose level at 60 and
120 min, respectively. As a result, 2 exhibits a comparable in vivo
antidiabetic activity to acarbose. The improvement of ADME prop-
erties in going from 1 to 2 can be invoked to explain the difference
in the in vivo antidiabetic activity because the inhibitory activities
against o-glucosidase are similar. Judging from the in vivo antidi-
abetic activities as well as the in vitro inhibitory activity for a-glu-
cosidase, compounds 1-4 seem to be able to serve as a new
starting point for the discovery of new oral hypoglycemic agents.

In conclusion, we have identified four new novel inhibitors of
a-glucosidase by applying a computer-aided drug-design protocol
involving the structure-based virtual screening with docking sim-
ulations under consideration of the effects of ligand solvation in
the scoring function. These inhibitors reveal in vivo antidiabetic
activity as well as a significant in vitro potency. Therefore, they
seem to deserve further development to discover new drugs for
diabetes. Detailed binding mode analyses with docking simulation
show that the inhibitors can be stabilized in the active site through
the formation of multiple hydrogen bonds with catalytic residues
and the establishment of hydrophobic contacts in a cooperative
fashion.
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