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It is important to study enzyme inhibition of a-glucosidase (EC 3.2.1.20) due to its clinical relevance as a
target enzyme for the treatment of type 2 diabetes mellitus. In this study, we investigated Co?*-induced
inhibition as well as structural changes of a-glucosidase integrated with computational simulations. a-
Glucosidase activity was inhibited by Co?* in a dose-dependent manner. Co?* inhibited a-glucosidase
in a parabolic non-competitive inhibition reaction (K;=0.78 +£0.08 mM) and directly induced regional
unfolding of the enzyme resulting in a slight decrease in hydrophobic surface. The computational sim-
Keywords: - . : . . . ot .
o-Glucosidase ulations using molecular dynamics showed that simulation with Co?* resulted in a loss of secondary
Co? structure by positioning Co?* near the active site for glucose production, implying that the Co?* stimulate
enzyme unfolding. Our study revealed the mechanism of Co?* ligand binding mediated structural changes
as well as inhibition of a-glucosidase activity, and suggested that Co?* could act as a potent inhibitor of
a-glucosidase for the treatment of type 2 diabetes mellitus.
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© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

a-Glucosidase (EC 3.2.1.20) is known to hydrolyze a-(1-4)-
linked D-glucose residues to a-glucoside, which is the last catalytic
reaction to release glucose monomers in the digestion of carbo-
hydrates. In this way, plasma glucose levels are directly affected
by a-glucosidase activity; therefore, it is important to study
inhibition of a-glucoside as the potential means of down regu-
lating plasma glucose in patients with type 2 diabetes mellitus
[1-3].

Several a-glucosidase inhibitors have been reported, such as
xanthones from natural sources (Swertia mussotii [4]; Tectona

Abbreviations: pNPG, p-nitrophenyl a-p-glucopyranoside; pNP, 4-nitrophenol;
MES, 2-[N-morpholino]ethanesulfonic acid; ANS, 1-anilino-8-naphthalenesul-
fonate; MD, molecular dynamics.
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grandis flowers [5]), synthetic benzohydrazide derivatives [6], and
Lactobacillus strains present in the human gut that can reduce
blood glucose responses [7,8]. These inhibitors are potential treat-
ments for diabetes by preventing the digestion of carbohydrates
and production of sugars as a result of inhibiting a-glucosidase
activity. In addition to its role in the digestive process as above
described, a-glucosidase also takes part in immune response in
such contexts as Pompe disease [9,10], viral infection [11,12],
glycoprotein trafficking [13,14], tumorigenesis [15], and several
types of cancers [16-18].

Cobalt (Co%*) is a transition group metal that is present in trace
amounts in the human diet; however, in larger doses or chronic
exposures it can be acutely toxic or cause adverse health effects
[19]. It has been revealed that Co%* exposure is known to directly
induce gene expression and protein production including by reg-
ulating pathways related to hypoxia response and oxidative stress
[20]. As an inorganic complex, Co?* is regarded as useful for the
development of potent and promising pharmaceutical agents due
to a diverse array of manipulated properties to yield various drug
candidates [21] and the best known being the role that Co%* plays
as a vitamin B12 cofactor [22,23].
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Recent studies have focused on inhibitors functions during
the folding of a-glucosidase using Zn%* and CaZ* [24,25], and
several denaturants such as urea, guanidine hydrochloride, and
trifluoroethanol have also focused on conformational and activ-
ity changes [26-28]. The previous studies revealed characteristics
of the a-glucosidase active site and the presence of several
unfolded states and transient intermediate structures, reflect-
ing that a-glucosidase has a stable tertiary structure. However,
the relationship between a-glucosidase and Co%* has not been
reported, and a direct ligand binding mechanism between «-
glucosidase and Co2* has not been found. In this study, Co%*, as
an inhibitor of a-glucosidase, was applied to alter the inhibition
kinetics. In addition, a molecular dynamics simulation revealed
the ligand binding mechanism between Co?* and a-glucosidase in
detail. Results of the Co2*-induced inhibitory effect, including struc-
tural changes of a-glucosidase, provide new insights into inhibition
of this important enzyme and suggest possible clinical applications
of Co?*.

2. Materials and methods

2.1. Materials

cerevisiae), 4-nitrophenyl-
dichloride, 8-anilino-

and 2-(N-morpholino)
were obtained from

a-Glucosidase (Saccharomyces
B-p-glucuronic acid (pNPG), cobalt
1-naphthalenesulfonic acid (ANS),
ethanesulfonic acid (MES) buffer
Sigma-Aldrich (USA).

2.2. Enzyme assay

a-Glucosidase was incubated with varying concentrations of
Co2* (0-5.0 mM) in 50 mM MES buffer (pH 6.5) at 25 °C. The activity
(v) was determined at 37 °C by measuring the change in absorbance
at 400nm using a U-3900 spectrophotometer (Hitachi, Japan),
which accompanies the hydrolysis of pNPG to generate pNP accord-
ing toapreviously described method [27,28]. The substrate reaction
mixture contained 2.5mM pNPG substrate and 8.0 .l of enzyme
solution in 1.0 ml 50 mM phosphate buffer (pH 7.2), with or with-
out Co?* at various concentrations. One unit of enzyme activity was
defined as the amount of enzyme that liberated 1.0 M of D-glucose
from pNPG per minute at 37 °C (pH 7.2).

2.3. Tertiary structure measurements via intrinsic and
ANS-binding fluorescence monitoring

Samples were treated for 1h at 25°C in incubation solutions
containing different concentrations of Co2*. Intrinsic fluorescence
spectra were measured using an excitation wavelength of 280 nm
and emission wavelengths ranging from 300 to 400nm that
were recorded using an F-2500 fluorescence spectrophotometer
(Hitachi, Japan), using a 1.0cm path length cuvette. Monitoring
hydrophobic surface via ANS-binding fluorescence was performed
by labeling the enzyme samples with 63 wM ANS for 40 min prior
to measurement. An excitation wavelength of 380 nm was used for
ANS-binding fluorescence, and emission wavelengths ranged from
400 to 600 nm. After the enzyme sample was incubated with Co2*
for 1h, ANS was added to each sample. The final enzyme concen-
tration was 2.0 wM. All reactions and measurements were carried
out in 50 mM MES buffer (pH 6.5) at 25°C.

2.4. Computational simulations
Since the structure of a-glucosidase from yeast (NCBI accession:

NP_011808.1) has not been characterized by any experimenta-
tion, homology modeling was conducted using a Pseudo-Quadratic
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Fig. 1. Effect of Co?* on the activity of a-glucosidase. The enzyme was incubated
with Co?* for 1h at 25°C. The activity was then measured by comparing with a
native control enzyme and measuring the change in absorbance at 400 nm at 37 °C.
The reaction mixture was composed of 2.5 mM pNPG and 8.0 .l of enzyme solution
in 1.0 ml of 50 mM phosphate buffer (pH 7.2). The final enzyme concentration was
5.0 M. Data are presented as the mean values (n=3).

Restraint Simulated Annealing (PQR-SA) protocol [29]. The same
methods were used to generate the homology model, so the
developed structure was similar to one from previous work [28].
Using a generated homology model, we searched for plausible
active sites using the Dockable Pocket Site Prediction (DPSP)
software. Five nanosecond (ns) molecular dynamics (MD) simu-
lations were performed in simulation conditions with and without
Co2*. We counted twenty Co?* satisfying the experimental con-
dition of a 10 mM concentration. A periodic boundary box size of
118 A x 118 A x 118 A was used to prevent ions from moving away
from the protein. A Generalized Born model of simple SWitching
function (GBSW) was used to consider implicit water molecules
[30]. For trajectory analyses, the Root Mean Square Deviation
(RMSD) from the initial structure, the Root Mean Square Fluctuation
(RMSF) as a function of residue number, and the number of bound
Co%* were calculated for every picosecond trajectory. All compu-
tational calculations were conducted using the CHARMM program
[31]. The ratio of secondary structure (alpha/beta; units shown in
percentage) was measured using the DSSP program [32].

3. Results
3.1. Inhibitory effect of Co?* on a-glucosidase activity

We found that a-glucosidase activity was inhibited in a
dose-dependent manner following incubation with varying con-
centrations of Co2* (Fig. 1). The enzyme activity was completely
inactivated at a concentration of 5.0mM Co2*, and the ICs
(inhibitor concentration leading to a 50% loss of activity) of Co2*
was measured for a-glucosidase as 0.345+0.01 mM (n=3). This
result indicates that Co%* acts as a relatively strong ligand binding
inhibitor for a-glucosidase.

In a subsequent experiment, we investigated the reversibility of
Co%*-induced inhibition by evaluating the plots of v (a-glucosidase
activity) vs. various enzyme concentrations in the presence of dif-
ferent Co2* concentrations (Fig. 2). The results revealed that all
straight lines passed through the origin of point zero; these data
indicate that the inhibition by Co?* is reversible.
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Fig. 2. The plots of v vs. [E]. The Co?* concentrations were O (W), 0.025 (@), 0.4 (a),
and 1.0 (v) mM, respectively. The experimental conditions were the same as for
Fig. 1. [E] indicates the concentration of a-glucosidase.

3.2. Study of inhibition mechanism by Co?*: Lineweaver-Burk
plot analysis

To evaluate the mechanism of Co?*-mediated inhibition on a-
glucosidase, we performed a classical kinetic Lineweaver-Burk
double reciprocal analysis. We found that in the double recipro-
cal plots, the apparent Vihax appeared to change significantly while
the K, value was fixed (Fig. 3), indicating that the Co%*-mediated
inhibition of a-glucosidase follows a non-competitive inhibition
mechanism. The K; value was calculated to be 0.78 +0.08 mM
(n=3). The double reciprocal plots demonstrated that Co%* could
directly bind a-glucosidase near the active site, which in turn
resulted in changes to the V¢ but not the Ky
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Fig. 3. Lineweaver-Burk plot. The Co?* concentrations were O (M), 0.015 (®), 0.15
(), and 0.4 (v) mM, respectively. The enzyme was incubated with Co?* for 1h at
25°C, and then the activity was measured. The final enzyme concentration was
5.0 WM. Data are presented as the mean values (n=3).

Fig. 4. Kinetic time-courses for a-glucosidase in the presence of Co*. The enzyme
solution was mixed with Co?* at 0.015 (W), 0.025 (®), 0.15 (a), 1 (¥), and 2 (+) mM,
respectively. The aliquots were collected at the indicated time intervals and assayed.
The final enzyme and pNPG concentrations were 5.0 wM and 2.5 mM, respectively.

3.3. Kinetics of a-glucosidase inactivation by Co?*: time-interval
measurements

To determine the kinetic time-course, we performed time-
interval measurements (Fig. 4). As the results indicate, there were
no changes in a-glucosidase activity with timed intervals of Co2*
incubation from lower to higher concentrations (0.015-2.0 mM).
Co%* appeared to bind a-glucosidase very quickly without an
apparent change of kinetic time course of inactivation. Co%*-
induced inactivation rapidly achieved an equilibrium state in a very
short incubation time.

3.4. Conformational changes of «-glucosidase during
Co?*-mediated inactivation

Next, we measured the intrinsic fluorescence spectra of a-
glucosidase in the presence of Co?* to probe whether the
a-glucosidase tertiary structural changes were induced by Co%*. We
observed that the fluorescence spectra intensity was significantly
decreased (Fig. 5A) with maximum peak wavelength changes
that were significantly red-shifted in a dose-dependent manner
(Fig. 5B), showing that Co?* binding to a-glucosidase directly
induced tertiary structural changes. The red shift of the maximum
peak approached a plateau at excessively high Co?* concentra-
tions (90 mM) where the activity was completely inactivated at this
range. Compared with the results shown in Fig. 1, the concentra-
tion of Co?* required to induce structural changes in a-glucosidase
is greater than the concentration required to achieve a loss of enzy-
matic activity, indicating that the loss of activity induced by Co2* is
more sensitive than the loss of tertiary structure.

To monitor changes to the hydrophobic surface as a result
of structural changes induced by Co?*, we measured the ANS-
binding fluorescence spectra (Fig. 6). Our results demonstrate that
ANS-fluorescence intensity of a-glucosidase decreased slightly in
a dose-dependent manner with increasing Co2* concentrations.
Interestingly, compared to the results demonstrating intrinsic
fluorescence change, the hydrophobic surface of a-glucosidase
was slightly changed and not exposed by Co?* binding. Because
hydrophobic surface changes are associated with conformational
changes in the active site, we deduced that the shape of the active
site pocket was slightly changed. However, the active site change
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Fig. 6. ANS-binding fluorescence intensity change of a-glucosidase induced by
B Co?*. ANS (63 wM) was incubated for 40 min to label the hydrophobic surface of
a-glucosidase prior to the measurement after incubation with Co?* for 1 h. The final
336 concentration of the enzyme was 2.0 wM. The excitation wavelength was 380 nm.
Label 1 indicates ANS background without incubating with the enzyme. Labels 2-8
3354 indicate concentrations of Co?* at 0, 0.5, 5, 15, 25, 50, and 90 mM, respectively.
£
£ 3344
=
% 333 4 u Five ions were already bound at the initial structure and another
E 332 five ions were quickly bound at the initial step of molecular dynam-
g ics (~50 ps). Finally, twelve ions were bound to the protein after 1 ns
< 3314 and eight ions were free in the aqueous environment. Both RMSD
§ time profiles (Fig. 7A) and the number of bound Co?* (Fig. 7B) were
x 3901 similar in that the two quickly increased by 1ns and kept their
g 3294 states from 1 ns to the final 5 ns. These data imply that the binding
- of Co?* to the protein may make the protein more rigid.
328 T T T T ) The initial and final structures with Co?*, generated from the
0 20 40 60 80 100 MD simulations, are shown in Fig. 8. In the initial structure, Co?*
Co* (mM) were randomly distributed (Fig. 8A). In the final structure (Fig. 8B),

Fig. 5. Intrinsic fluorescence spectra changes of a-glucosidase induced by Co?*. (A)
The enzyme was incubated with different concentrations of Co?* for 1 h. The final
enzyme concentration was 2.0 wM. The excitation wavelength was 280 nm. The
Co?* concentrations for curves 1-6 were 0, 5, 10, 15, 20, and 25 mM, respectively.
(B) Secondary replot of the maximum wavelength versus Co?*. The experimental
conditions were the same as for (A). Data are presented as the mean values (n=3).

could not directly induce substrate accessibility and docking to the
catalytic reactive residues, which was monitored by the unchanged
Km value in Fig. 3. The combination of results from intrinsic and
ANS-binding fluorescence experiments gave us insight into the
conformational state of a-glucosidase in the presence of Co2*
where it did not induce whole level structural changes but rather
local regional changes by decreasing surface hydrophobicity. Thus,
the conformational change in the active site induced by Co?* was
mainly to be synchronized with the loss of catalytic function but it
was less effectively to the overall structural change of the enzyme.

3.5. Molecular dynamic simulations of Co 2* and a-glucosidase

Two molecular dynamics simulations with and without Co%*
were performed during 5-ns intervals. The RMSD time profile of
two simulations is shown in Fig. 7A. The RMSD in the simulation
with Co?* plateaued within 1 ns while the simulation without Co2*
plateaued in 2 ns. Because Co?* can bind to the negative residues
of a protein and restrict protein motion (flexibility), the number of
bound Co%* was measured as a function of simulation time (Fig. 7B).

twelve ions were bound to the proteins and eight ions (in the black
circles) were still unbound. The most secondary structures of the
initial structure were lost in the final structure. The alpha/beta
ratio was changed from 26.5/14.4 (the initial structure) to 9.4/0.7
(the final structure), implying that the Co?* trigger unfolding of a-
glucosidase as they penetrate into the core of the protein although
the RMSD of the structure was constant during the simulation.
The secondary structure schemes from two final structures with
and without Co%* were compared (Fig. 9A). The two final structures
lost the most secondary structures relative to the initial structure.
In particular, the final structure with Co2* lost secondary structure
(alpha/beta=9.4/0.7) by 4.1% relative to the structure without Co%*
(11.5/2.7). To qualify the flexibility of the protein motion, RMSFs of
two MD simulations were measured (Fig. 9B). RMSF shows flexibil-
ity of proteins during MD simulations with (red line) and without
(green line) Co2* (Fig. 9B). The protein without Co?* had more flex-
ibility, in particular in N- and C-terminals, whereas the bound Co2*
could make the protein more rigid because the docked residues
with Co?* (red boxes in Fig. 9B below) were generally positioned at
the low RMSF values (red line in Fig. 9B). The fact that the bound
Co?* contribute to less flexibility in the protein is consistent with
the previous time profile result shown in Fig. 7. The DPSP method
identified a plausible pocket site (Fig. 9C) that ACG called “penta-
saccharide” based on the Protein Data Bank (PDB). The ACG binding
residues were MET69, TYR71, PHE177, ARG212, ASP214, GLU276,
HIS348, ASP349, and ARG439. These residues may comprise a plau-
sible active site for glucose production. The residues (blue boxes)
are located close to the interacting regions of the Co2* in the final
structure (red boxes in Fig. 9B below), indicating that the Co?*
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simulation integration study. Process Biochem (2014), http://dx.doi.org/10.1016/j.procbio.2014.08.002



dx.doi.org/10.1016/j.procbio.2014.08.002

G Model
PRBI-10207; No.of Pages7

X. Li et al. / Process Biochemistry xxx (2014) XxX—xXx 5

A g

RMSD (A)
H

Q°2+ o
No ions

4000

0 1 1
0 1000 2000 3000

Simulation time (ps)

5000

20 :

10 :

Number of Co>*

o 1 i 1 1
0 1000 2000 3000 4000

Simulation time (ps)

5000

Fig.7. Trajectory analyses of molecular dynamics simulations. (A) Root Mean Square
Deviation of Carbon alpha (Ca) with the reference structure of the initial structure
at Ons. RMSDs of simulations with (red line) and without (green line) Co%* were
measured every 1 ps. The X-axis is the simulation time from 0 to 5 ns (5000 ps) and
the Y-axis is the RMSD (A). (B) The number of bound Co?* to a-glucosidase during the
MD simulations. The X-axis is the simulation time from 0 to 5 ns and the Y-axis is the
number of Co?* to the protein. The number of bound Co?* is counted when the Co?*
ion approaches within 5 A from the protein. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

can pre-occupy the regulatory site and block the enzyme catalytic
reaction.

4. Discussion

From our studies on inhibition kinetics, we discovered that
Co2* effectively inhibits a-glucosidase, following a typical non-
competitive inhibition mechanism. Co?* binding also induces the
active site structure of a-glucosidase. It is not clear whether the
Co?*-mediated conformational change is the more energetically
favored state; however, the catalytic activity of a-glucosidase in
this state clearly showed complete loss after Co%* binding. In
comparison to the reaction concentration of Co%*, a higher con-
centration of Co2* is needed to regulate the tertiary structure of
a-glucosidase, and this observation indicates that the active site
responds to Co2* in a manner that is distinct from the overall struc-
ture.

Co%*-induced inhibition is non-competitive in that partial o-
glucosidase unfolding likely affects the enzyme-substrate state
in the Co?* bound state, as displayed by a change in Vpax, but

A

Fig. 8. MD structures. (A) Initial structure of the simulation with Co?* and (B) the
final a-glucosidase structure. The proteins are drawn by a gray cartoon image and
the Co?* are shaded using a red space-fill model. In (B), the unbound Co?* to the
protein are drawn by red circles. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

simultaneously does not affect the substrate binding in the active
site, as reflected by no change in Ky, value. This might be due to the
flexible active site response to Co2* binding on the docking site of
a-glucosidase.

Computational simulations show that the Co?* play a role in
unfolding a-glucosidase. These simulations are supported by tra-
jectory analyses from the MD simulations (e.g. RMSD, RMSF, and the
number of bound Co?* plot). The results are also used to support
experimental kinetic studies.

In conclusion, we revealed the effect of Co2* on a-glucosidase
inhibition as well as the mechanism of Co?* binding to -
glucosidase at the molecular level by integrating computational
simulations. Co2* may be useful as a potent dietary supplement
for treating type 2 diabetes mellitus.
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article.)
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