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Inhibiting the digestive enzyme a-glucosidase will slow the release of free glucose in the blood stream. This inhibition is one
important strategy to treat sugar-related diseases such as diabetes. Since a 3-D structure of Saccharomyces cerevisiae
a-glucosidase has not yet been solved, study of inhibition must be done through in silico creation of a structural model.
Therefore, a new homology modeled structure of Saccharomyces cerevisiae a-glucosidase was built based on the most
recent crystal structure of S. cerevisiae isomaltase (PDB: 3A47). This new model was used to dock five known natural
a-glucosidase inhibitors to explore the putative allosteric drug binding pockets. Examination of the docking simulations and
in silico mutagenesis revealed a potential druggable pocket for binding and a critical lysine residue capable of thermody-
namically favorable binding with the inhibitors. In order to support the data analyzed from the docking simulation a series of
inhibition assays were conducted on the wild-type enzyme and did show allosteric inhibition of a-glucosidase. These experi-
ments contribute to a deeper understanding of the molecular level interactions required to inhibit this sugar metabolizing
enzyme.

INTRODUCTION (Robinson et al., 1991). There have been countless studies

a-glucosidase (EC 3.2.1.20) is a digestive enzyme which
aids in the hydrolysis of a(1-4)-linked a-D-glucose molecules
at the terminal end of polysaccharides (Jeske et. al., 2018).
Inhibiting this protein slows the release of free glucose in
the small intestines. The therapeutic advantage of inhibiting
a-glucosidase is that it can be used to treat certain diseases
associated with abnormally high blood glucose concentra-
tions, such as Type Il diabetes (diabetes mellitus). Those
with diabetes mellitus do not secrete enough insulin follow-
ing a meal, resulting in post-prandial hyperglycemia (Alberti
and Zimmet, 1998). Inhibiting a-glucosidase can stop the
body from entering a state of hyperglycemia by slowing the
initial absorption of glucose in the blood stream, giving in-
sulin a more manageable increase in blood-glucose levels
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on inhibition of the active site in a-glucosidase using sugar
mimics, which lead to the creation of Acarbose and Migli-
tol medications (Clissold and Edwards, 1988; Laube, 2002;
Scott and Spencer, 2000; Sels et. al., 1999). However, these
drugs induce side effects, including gastrointestinal pain, and
constipation/diarrhea (Aoki et. al., 2010). The use of sugar
mimicking drugs brings about the complication of interaction
with other naturally occurring sugar-binding enzymes, which
can lead to gastrointestinal distress.

The identification of natural allosteric inhibitors, which
do not mimic sugars and bind to an area on the enzyme
distinct from the active site, may reveal more potent in-
hibitors with fewer adverse effects; the inhibition studies
of a-glucosidase in vitro and in vivo have created a pool of
known and potential inhibitors with a specific flavonoid scaf-
fold (Kim et. al., 2000; Singh et. al., 2014; Tadera et. al.,
2006; Xu, 2010). Flavonoids consist of two specific chemical
moieties: a benzopyran containing the A and C-rings, and a
phenyl group referred to as the B-ring (Figure 1) (Panche et.
al., 2016). Several flavonoids have previously been studied
for inhibitory effects on a-glucosidase (Proenga et al., 2017).
Our goal is to identify and confirm how and where these
compounds are binding to a-glucosidase as well as to verify
their inhibitory mechanism because this will broaden the
understanding of how allosteric inhibition of a-glucosidase
works at the molecular level and inform future drug design.
After investigating published research and compiling a list
of natural inhibitors with IC, values similar to acarbose, we
decided on a series of flavonoids was identified for docking
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Figure 1. Structures of flavonoids: (a) general flavonoid struc-
ture (b) quercetin with arrows pointing to the 3-OH of the C-ring (c)
myricetin with arrows pointing to the 3-OH of the C-ring (d) luteolin.

studies (Kim et al., 2000). These common inhibitors belong
to a class of flavonoid derivatives isolated from various plant
extracts. A derivative named luteolin even showed a higher
potency than the current most effective drug acarbose (Kim
et al., 2000). Flavonoids are classified into six groups based
on the C-ring substituents and the linkage between the phe-
nyl group and the benzopyran (Tadera et al., 2006). The fla-
vonoids studied in this project fell into three categories: (1)
flavonols (quercetin, myricetin, and fisetin), (2) flavanones
(hesperetin, naringenin) and (3) flavones (luteolin) (Tadera
et al., 2006). Here, we study these flavonoids for their ability
to dock into allosteric positions on the enzyme, rather than to
the active site where Acarbose and Miglitol bind.

Previously, researchers have studied the docking of lu-
teolin, quercetin, and myricetin in a homology model cre-
ated from the sequence of S. cerevisiae a-glucosidase and
the structure of Bacillus cereus oligo-1,6-glucosidase (PBD:
1UOK) which, had a 38% amino acid sequence identity in
common with yeast a-glucosidase (Bharatham et. al., 2008;
Ferreira et al., 2010; Guerreiro et al., 2013). This docking
study identified a hydrophobic, 14-residue pocket (pocket is
defined as region on the biomolecule that is available for
binding a molecule) and revealed that the inhibitory activity
of luteolin was almost identical to the activities of quercetin
and myricetin (Kim et al., 2000). In turn, it is thought that a
3-OH on the C-ring (Figure 1) of quercetin and myricetin is
vital for holding the molecules in the most favorable orienta-
tion for inhibiting a-glucosidase. These results suggest that
overall, the B-ring of flavones plays a more critical binding
role than the A and C-rings in the inhibition of a-glucosidase.
Homology models based on Bacillus cereus oligo-1,6-gluco-
sidase (1UOK structure deposited in the protein data bank
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in 1998) were used in the majority of docking simulations for
a-glucosidase until a recent docking study used a homolog
based on the crystal structure of isomaltase from S. cerevi-
siae (PDB ID: 3AJ7) (Khan et al., 2014). This newer docking
study, using 3AJ7, focused on biscoumarin analogs binding
to the active site.

Our current study focuses on the allosteric binding of fla-
vonoids to S. cerevisiae a-glucosidase based on the newest
crystal structure of the isomaltase homologue (PDB 3A47).
One of the impetuses for this work is the greatly improved
sequence identity, which should afford creation of a more
accurate model compared to other studies. Using a yeast
isoform of a-glucosidase allows for easier in vivo testing and
has proven to be a viable comparison to the human variants
(Braun et. al., 1995). It is common practice in biochemistry
to investigate many homologous enzymes from a variety of
species to get a complete understanding of the relationship
between structure and function.

To begin, we built and validated a homology model of S.
cerevisiae a-glucosidase based on the newest crystal struc-
tures available. Next, this model was explored for druggable
allosteric binding pockets. In silico docking studies provided
molecular level information about drug-enzyme binding. Fi-
nally, the wild type S. cerevisiae a-glucosidase was inhibited
in vivo, setting up the future investigation of these putative
drug molecules.

METHODS

Creating an a-glucosidase protein model

S. cerevisiae is a common species used to study in vitro
a-glucosidase inhibition and it is readily available for pur-
chase. However, there is not a solved protein structure of S.
cerevisiae a-glucosidase MAL12 (UniProtKB: P53341). To
obtain a 3D structure of a-glucosidase to use as a scaffold to
build our model, the primary sequence was entered in NCBI
BLAST and results were restricted to sequences within the
Protein Data Bank. The X-ray crystal structure of isomaltase
from S. cerevisiae (PDB: 3A47) showed the highest similar-
ity with 72% shared amino acid sequence identity. Using the
sequence-template alignment and the full model builder fea-
tures in ICM-Pro (Molsoft, LLC.), a homology model of the
S. cerevisiae a-glucosidase MAL12 was built using the 3A47
structure as a template. The final model consisted of 586
amino acid residues and corresponds to amino acids 4-584
with two gaps in the a-glucosidase sequence at amino acids
282 and 563; in both gaps 3A47 had two additional residues.

Pockets, docking, and scoring

Using the feature ICM PocketFinder within the 3D predict
section in ICM-Pro, seven pockets with likelihood of drug
binding were located based on the factors of volume, area,
hydrophobicity, and buriedness, which are some of the most
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Figure 2. NCBI BLAST alignment of the primary sequence of Saccharomyces cerevisiae isomaltase (PDB 3A47) with Saccharo-
myces cerevisiae a-glucosidase (Mal12).

common factors in considering binding capability. During
structural analysis, maps were created to isolate the amino
acids surrounding each of the seven potential druggable
pockets. These in silico maps are defined regions of the mol-
ecule that are targeted during the docking studies. All poten-
tial inhibitors being docked were drawn into ICM-Pro using
the 2D ligand edit feature and converted to a single chemical
table for efficient docking to each pocket. The program then
proceeds with docking the ligands into the pockets by plac-
ing the small molecule ligand within the defined 3D area of
the enzyme pocket that was previously identified. The dock-
ing process allows in silico translational and rotational move-

ment of both the amino acids in the enzyme pocket and the
smaller ligand molecule. After sampling many structural fits,
the program computes the best fit score based on allowable
bond angles and intermolecular forces present. To obtain
the best score, multiple trials were run to ensure the ligands
docked in the most energetically favorable conformation.
An average of four trials with a thoroughness setting of 5.0
was utilized for docking. The thoroughness setting ranges
from 1 - 10 and affects how long it will dock each compound.
Consultants at Molsoft advocated using settings of 1 - 5 with
multiple runs to maximize time efficiency while still producing
accurate results.
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ICM-Pro creates a score for the likelihood that the small mol-
ecule will bind to the protein in an energetically favorable
manner. This likelihood score is commonly used to compare
the binding of a variety of small molecules or to compare
wild-type and mutated pockets for binding ability. This score
is analogous to a AG of binding with the following contribut-
ing factors: the number of rotatable torsions, hydrogen bond
energy, hydrophobic energy, explicit van der Waals energy,
internal conformation energy of the ligand, dissolved hydro-
gen bond donors and acceptors, electrostatic energy, and
the mean force score. A strong score can vary by pocket;
however, a score of -32 or smaller can be used if there is
no known ligand to compare for binding in a specific pocket.
With no proven inhibitors to the pockets in our new homolo-
gy model, the baseline score of -32 was used in our study to
signify an energetically favorable dock. To explore the com-
position of the most likely drug pockets, amino acids were
mutated to test the importance of size, polarity, and acidity
in drug binding. Default torsion parameters by ICM-Pro were
used to position mutated amino acid in an energetically fa-
vorable manner.

Inhibitor assays

To support computational analysis of binding, a series
of inhibition assays were conducted using S. cerevisiae
a-glucosidase (MAL12 Sigma-Aldrich G5003) with the 4-ni-
trophenyl a-D-glucopyranoside substrate (Sigma-Aldrich
N1377), which can absorb light at 405 nm when cleaved.
Each assay was run in 100 L reactions at 23 °C. Reaction
components were added at the following concentrations:
5.214x10-3uM (10-2 U) enzyme, 50 mM sodium phosphate
buffer (pH 7.0), and a substrate range of 25-500 uM. To al-
low for even drug dispersion in the solution, the inhibitors
(luteolin, myricetin, quercetin) were suspended in DMSO,
with a maximum of 5% DMSO per reaction well and tested
at concentrations of 1 - 25 uyM. The colorimetric reactions
were monitored at 405 nm using a BIO-Tek PowerWave XS.
The absorbances were recorded at intervals of 14 seconds,
with a total read time of 20 minutes. Following data collec-
tion, kinetic curves were plotted and analyzed using Excel
and Origin software.

RESULTS

The NCBI BLAST program scans all known protein se-
quences to find similar sequences to the query protein. In
this case, the BLAST results showed that the two sequences
S. cerevisiae a-glucosidase MAL12 and S. cerevisiae iso-
maltase (sequence from PDB structure 3A47, IMA1) aligned
with 72% of their amino acids matching exactly and only five
gaps out of a total of 587 residues (Figure 2). Uniprot has
identified the nucleophile for the active site listed at amino
acid D214 and the proton donor for the active site at E276,
which were preserved in the alignment with 3A47. The ter-
tiary structural alignment indicates a high degree of struc-
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Figure 3. Structural cerevisiae

comparison of the S.
a-glucosidase model (silver) with the isomaltase (PDB: 3A47)
template (red). Areas of misalignment are highlighted with blue

and green boxes.

Pocket Volume Area h Buriedness DLID Radius hericity
Pocket 1 490.057 462.827 0.644 0.846 0.669 4.891 1.540
Pocket 2 302.069 324.147 0.575 0.756 -0.199 4.162 1.489
Pocket 3 311.297 293.137 0.641 0.869 0.417 4.204 1.320
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Figure 4. Seven pockets identified in S. cerevisiae

a-glucosidase that are potentially able to bind to small drug
molecules. The darker shade of blue indicates the most common
size drug pockets. The highest scoring pocket was Pocket 1 by
both DLID and the size of the pocket. The second most drug-like
pocket according to the DLID score is Pocket 3, which is an allo-
steric pocket. Pocket 2 also had a favorable score and was investi-
gated in some initial docking studies.

tural similarity with the template (Figure 3). There is some
degradation in one a-helix (Figure 3: green outline) but this
is distant from both the active site and the highest scoring al-
losteric pocket. As expected, there are also slight variations
in some outer loop regions, which are typically more mobile
(Figure 3, blue outline).

ICM PocketFinder located seven possible pockets with
assigned scores that makes them likely for ligand binding,
and their scores are within the range to be potential drug ac-
ceptors. The volume and area for drug-like binding pockets
is marked by the blue cells in Figure 4 with the darker cells
signifying a stronger possibility. The DLID column in Figure 4
indicates a drug-likelihood score. The highest scoring pocket
was Pocket one by both DLID and the size of the pocket.
Pocket one was confirmed to be the enzyme active site by
comparing the pocket location to a model of isomaltase with
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Figure 5. Homology model of S. cerevisiae a-glucosidase
3A47 (colored pink) binding pocket 2 electrostatic potential
mesh viewed from the opening with docking of myricetin, the
highest scoring flavonoid for this pocket.

Figure 6. Homology model of S. cerevisiae a-glucosidase (col-
ored pink) binding pocket 3 electrostatic potential mesh view
from the pocket opening with docking of hesperetin, the high-
est scoring flavonoid for this pocket.

an a-D-glucose bound into the structure (PDB: 3AXH). The
second most drug-like pocket according to the DLID score is
Pocket three, which is an allosteric pocket indicated by the
yellow square on Figure 4. Pocket two also had a favorable
score and was investigated in some initial docking studies
(Figure 4, orange marker).

Eight flavonoid derivatives, purchasable compounds
known to inhibit a-glucosidase, were docked into Pockets
two and three. The compounds were then filtered by a score
of -30 or lower, with the most negative being the most favor-
able. Pocket two bound to three of these compounds with
scores close to -30: myricetin, quercetin, and fisetin (Table
1). The binding mode for each of these molecules varied
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greatly within the pocket. Hydrogen bonding was seen be-
tween multiple hydroxyl groups on the putative inhibitor and
various amino acids side chain and backbone moieties. This
is likely due to the location of the pocket in an area domi-
nated by a loop structure (Figure 5). Thus, the binding mode
for these inhibitors in Pocket two is not definitive.

When docking into Pocket three (Figure 6), five flavo-
noids (luteolin, quercetin, naringenin, hesperetin, and fi-
setin) scored below -30 (Table 1). Four of the compounds
scored significantly below the -30 target with scores below
-35, indicating a high likelihood of drug-like binding. Unlike
Pocket two, there were key amino acids in Pocket three that
appeared to play a significant role in the binding of the flavo-
noid. The flavonoid carbonyl group formed a hydrogen bond
with the amino group at the end of K155 repeatedly during
the docking (Figure 7). When this was coupled with 5C and
7C hydroxyl groups on the flavonoid to the backbone nitro-
gen of K236 and G160 respectively, binding was optimal.
To validate the importance of the K155 in the putative bind-
ing pocket, a K to F mutagenesis was performed on the
model. The phenylalanine prevented the binding because
the compounds could not interact with the key amino acids,
thus altering the score above -20, which falls outside of the
likely-druggable range (Table 1).

An activity assay was conducted on a-glucosidase with-
out inhibitor to verify our enzyme and substrate were func-
tioning properly. The data retrieved from the assay was com-
piled and the first 120 seconds were used to calculate initial
velocities. A Michaelis-Menten analysis of the data indicated
an active enzyme with a vV of 0.00175 pM/s (S.E. = 5.29
x 10®), a K of 450 uM (S.E. = 23.28), and a K, of 0.3356
s'. Next, DMSO concentrations were tested to ensure that
adding this compound would not inhibit enzyme activity. An
optimal 5% DMSO solution was required to solubilize the
inhibitor molecules and did not interfere with native enzyme
activity. Inhibition assays were conducted with luteolin (Fig-
ure 8) and myricetin to demonstrate their inhibitory proper-
ties, which indicated a trend of mixed/non-competitive inhibi-
tion of a-glucosidase.

DISCUSSION

The S. cerevisiae isomaltase was chosen for this model-
ing study because of its 72% identity match to S. cerevi-
siae a-glucosidase. Previous studies have used B. ce-
reus oligo-1,6-glucosidase, which has only a 38% match
(Bharatham et al., 2008). Despite a-glucosidase being a
1 - 4 linkage cleaving maltase, using a 1 - 6 cleaving iso-
maltase was more beneficial in preserving the structural
accuracy due to the high sequence identity. Any active site
variance is negligible considering all computational simula-
tions were run on allosteric regions of the enzyme. Choos-
ing S. cerevisiae isomaltase as the structural scaffold for
our a-glucosidase model allowed us to improve sequence
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Table 1. Binding scores of flavonoids docked in S. cerevisiae a-glucosidase pocket 2, pocket 3, and K155F mutated pocket 3.

Molecule Name Pocket 3 Pocket 2 K155F Molecule Name Pocket3  Pocket 2 K155F
Score Score Mutation Score Score Mutation
Score Score
Luteolin -36.601  N/A -18.759 l i Hesper- -38.382 N/A -17.466
| N ‘ : \\‘L_/
P
Quercetin ~ -35.671  -30.870853 -16.116 Fisetin -30.096 -30.182038 -15.052
NG : Naringenin -34.666  N/A -17.587
N P

K155

/
Yo A
K236 Y
. »\‘/\*\ 22100 -
1 m

1.9

v

Figure 7. Top scoring flavonoid derivatives docked into Pocket
3 (non-interactive amino acids removed for clarity). The hydro-
gen bond formed between the protein and inhibitor are shown.
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Figure 8. Inhibition of S. cerevisiae a-glucosidase by luteolin
shown in a Lineweaver-Burk plot. Inhibition occurs even with
sub-micromolar concentrations of inhibitor and appears to have a
mixed or non-competitive binding mode.

identity, model within the same species, and use the most
current structural model.

The homology model created from isomaltase was used
to study the docking of natural inhibitors known as flavo-
noids. Seven binding pockets were identified, one was the
active site, and two were identified as potential druggable
pockets. The binding of several flavonoids was shown to
be the most thermodynamically favorable when docked into
Pocket three, where a specific lysine residue was crucial
for interacting with each inhibitor. This Pocket three lysine
(K155) was mutated to a phenylalanine to see if this large,
hydrophobic amino acid would block the compound’s access
to that section of the pocket. This K to F mutation effectively
blocked the primary carbonyl binding site and prevented in-
teraction with the two amino acids important to binding with
the inhibitor hydroxyl groups. These results indicate the im-

portance of K155 in this drug-binding pocket.

Preliminary attempts at expressing S. cerevisiae
a-glucosidase with the K155F mutation were not successful.
However, the wild-type assays conducted with luteolin and
myricetin displayed a similar mixed/non-competitive inhibi-
tion as reported in literature (Tadera et al., 2006). While this
indicates the compounds allosterically inhibit a-glucosidase,
the exact pocket location and the importance of the K155F
residue must still be determined in vitro. To validate the im-
portance of residue K155 from Pocket 3, next steps would in-
clude mutating this lysine in the S. cerevisiae a-glucosidase
and performing inhibitory studies with wild-type and mutant
proteins. Once validated, interactions with the specific lysine
can be used to filter large compound libraries.

Docking simulations using large scale compound librar-
ies play a key role in modern day drug discovery (Mario
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Geysen et. al., 2003). This study identifies an area on the
S. cerevisiae a-glucosidase that could be used to inhibit
the enzyme. Key amino acids within this druggable pocket
have been identified and can be tested in vitro. Given this
enzyme’s role in sugar metabolism, this study provides mo-
lecular-level information that can be used to develop bet-
ter inhibitors that could potentially decrease side effects
of current drugs Acarbose and Miglitol in treating diabetes
mellitus. These inhibitors would slow the release of glucose
monomers in the intestine, which would allow those diabetic
patients better control over blood glucose levels.
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