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Abstract Inhibition of metal ions and synergetic inhibition of
metal ions/genistein on a-glucosidase activity has been investi-
gated. We have examined the inhibitory effect of Cu*", Ni**,
Mg2+’ Fe2+’ Hg2+’ Zn2+, Ca2+’ Pb2+, Ag+, V5+’ V4 and Mn2*+
ions. The results show that the nature of the inhibition was
reversible, slow-binding, non-competitive, and the K; values of
some ions such as Cu**, Ni** and Zn>* range from 105 to 10~°
M. Moreover, synergetic inhibitory effect of metal ions and
genistein on a-glucosidase were studied with kinetics method. It
is concluded that the inhibitory effect was much greater when
both of them were added to the reactant solution simultaneously
than that they were added, respectively, which suggests that the
inhibitors seem to bind to the different sites of a-glucosidase at
the same time. Furthermore, the mechanism of the synergetic
inhibition was examined by spectrophotometry.

© 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Glycosidases(glycohydralase) are ubiquitous in the living
world and are involved in carbohydrate metabolism. They
catalyze the cleavage of glycosidic linkage in glycosides, oli-
gosaccharides and polysaccharides as well as such complex
carbohydrate as those present in glycolipids and glycoproteins
[1]. Glycosidase is not only essential to carbohydrate digestion,
but also vital for the processing of glycoproteins and glycoli-
pids. Glycosidases are also involved in a variety of metabolic
disorders and other diseases such as diabetes, viral attachment
and cancer formation. Because of their importance, glycosi-
dase inhibitors can be as a vital tools for studying their
mechanisms of action and act as therapeutic agents for some
degenerative diseases [2-5].

Systematic comparison of the over 2000 known primary
amino acid sequences of glycosyl hydrolases led to the group
classification of 76 families. o-Glucosidases are located in the
brush-border surface membrane of intestinal cells [6], and are
the key enzymes of carbohydrate digestion [7]. It specifically
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hydrolyzes the a-glucopyranosidic bond, thereby releasing an
a-D-glucose from the non-reducing end of the sugar. o-Glu-
cosidase has been found to contribute to the glycosylation of
human immunodeficiency virus type I (HIV-I) 120 and inhib-
itors of a-glucosidase can block the viral infection [8-10].
Recently there has been widespread interest in these enzymes,
partly because of their potential as therapeutic targets.

The inhibition of enzyme by metal ions is of considerable
importance and has been studied extensively. Metal ions such
as copper and zinc ions are physiologically important ions, and
play a crucial role in many biological functions. It was re-
ported that some metal ions such as zinc, nickel, vanadium and
so on were helpful for the therapy of diabetes [11]. However,
the inhibition of a-glucosidase by metal ions has never been
reported, and the nature of the inhibition of a-glucosidase
activity by them is not yet understood.

In this paper, we reported, for the first time, the inhibition of
metal ions on a-glucosidase, and the results of our detailed
investigations of the interaction of various inhibitors with the
enzyme. Since the physiological substrate for a-glucosidase is a
disaccharide (maltose), there must be at least two sugar
binding sites at the enzymatic active site. The study in the si-
multaneous presence of two or more inhibitors was undertaken
to examine the specificity of these binding sites and their to-
pography. We found the synergetic interaction of metal ions
and some natural products such as genistein on a-glucosidase.

The results reported here provided an insight into how metal
ions influence the enzyme activity, and how the synergetic ef-
fect modulates the individual inhibition of each component to
prevent the substrate binding to the enzyme.

2. Materials and methods

2.1. Reagents

p-Nitrophenyl (PNP) glycosides and a-glucosidase (from baker’s
yeast) used in this study were both purchased from Sigma (St. Louis,
MO, USA).

Genistein was isolated and purified from soybean by our laboratory.

Analytic grade metal salts were purchased from Sigma. In all the
experiments deionized water and phosphate buffers are used.

2.2. Enzyme assays

The inhibitory effect of various metal ions on a-glucosidase was done
as described previously [12,13]. In brief, a-glucosidase activity was
assayed using 50 mM phosphate buffer at various pH (6.8 or 7.0), and
the appropriate PNP glycosides (at 1 mM) were used as substrates. The
concentration of the enzymes is specified in each experiment. Metal
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ions at the designated concentration was added to the enzyme solution
and incubated at 37 °C for 0.5 h, and the substrate was then added to
initiate the enzyme reaction. The enzyme reaction was carried out at 37
°C for 30 min. Product (PNP) was monitored spectrophotometrically
by measuring the absorbance (4 = 400 nm). One unit of a-glucosidase
is defined as the amount of enzyme liberating 1.0 pmol of PNP per
minute under the assay conditions specified.

2.3. Dialysis experiment

o-Glucosidase (0.5 ml, 10 U/ml) and metal (10 uM) were mixed for
appropriate times at 30 °C were dialyzed against phosphate buffer (5
mM, pH 6.8) at 4 °C for 24 h, changing the buffer every 12 h. Another
0.5 ml aliquot was kept at 4 °C for 24 h without dialysis. The residual
enzyme activity in both dialysis tubes and aliquot without dialysis were
determined as described in Section 2.2.

2.4. Kinetics of enzyme inhibition

The enzyme reaction was performed in the above reaction conditions
with inhibitors of various concentrations. Inhibition types for the in-
hibitors were determined by Dixon plot and its replot of slope versus
the reciprocal of the substrate concentration.

2.5. Circular dichroism (CD) assay

The characterization of secondary structure of a-glucosidase in the
buffer solution with or without inhibitors was examined with circular
dichroism micrometry. The data obtained from the experiments were
dealt with the professional software Secondary Structure Estimation
and Origin 6.0.

3. Results and discussion

Metal ions such as copper and zinc ions are physiologically
important ions, and play a crucial role in many biological
functions. However, the inhibition of a-glucosidase by metal
ions has never been reported, and the mechanism of the inhi-
bition of a-glucosidase activity by them is not yet understood.
In the course of development of a-glucosidase inhibitors from
natural sources, we found metal ions as candidates for a-glu-
cosidase inhibitors, we first examined which metal ions spe-
cifically inhibit a-glucosidase.
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Fig. 1. Inhibition by various metal ions against a-glucosidase. (Enzyme
solutions were treated with designated concentrations of metal ions.)

Table 1
Inhibition of a-glucosidase by various metal ions
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In order to establish the effect of metal ions on the a-glu-
cosidase, we have tested the influence of different chloride salts
of these metals on the activity of the a-glucosidase (Fig. 1). The
various metals of 1 mM were added to reaction solution of o-
glucosidase and PNP-a-glucopyranoside, and the formation of
p-nitrophenyl was monitored spectrophotometrically by mea-
suring the absorbance (4 = 400 nm).

Transitions state metals such as copper, vanadium, nickel
and zinc showed an almost complete inhibition, whereas iron
and boron gave a mediated inhibition. However, magnesium
gave a weak inhibition and manganese, calcium, aluminum
were without effect (Table 1).

The activity of a-glucosidase is inhibited by metal ions in a
dose-responsive manner (Figs. 2-4). We therefore performed
dose-response experiments for further investigating the in-
hibitory effect of copper, nickel and zinc on a-glucosidase, and
determined the ICsy values (Figs. 2-4). Enzyme was strongly
inhibited by Cu?*, with an ICs; value of 2.28 uM (Fig. 2) and
an I1Cs value of 23.3 of Ni?* (Fig. 4), as well as of 99.3 uM of
Zn>* (Fig. 3). It is showed that the activity of a-glucosidase is
weakened by metal ions in a dose-responsive manner. This
suggests that the metal ions have strong affinity towards o-
glucosidase.

The inhibition mode of the metals was examined. Non-
competitive inhibition was partially observed because the K;
values varied with the length of pretreated time of a-glucosi-
dase with metal ions. When copper ions and substrate was
added simultaneously, showing a K; value of 500 nM (data not
shown), whereas, when the enzyme was pretreated with copper
ions (2.22 uM) for 1 h, the K; value was 10 uM. Double-
reciprocal plots of a-glucosidase with copper revealed that the
nature of enzyme inhibition was non-competitive (shown in
Fig. 5). At this point, the K; value was calculated using the
values of V. obtained at 2 and 2.9 uM of copper. The results
showed that the inhibition of metal ions on a-glucosidase
seems to be a slow-binding non-competitive mode.
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Fig. 2. Inhibition by CuCl, against a-glucosidase.
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Fig. 5. Double-reciprocal plots of the inhibition kinetics of yeast o-
glucosidase by copper. a-Glucosidase (50 pl, 10 U/ml) that was treated
first with copper ions for 1 h at 37 °C, then treated with de-
signed concentration of PNP-a-glucopyranoside to initiate the enzyme
reaction.
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Because the percent of o-helix structure relate to the hy-
drophobic property of the protein molecular, and the higher
content of a-helix within the second structure of the protein,
the more stronger hydrophobic property the molecular have.
However, two subunits of a-glucosidase [14] must form
somewhat hydrophobic domain (active center) to hydrolyze
the substrate, poor hydrophobic surroundings led to the failure
of the formation of active center.

In order to study the mechanism of the inhibition of metal
ions, the influence of inhibitors on the secondary structure of
a-glucosidase was examined with circular micrometry. The
results in Table 2 showed the decline in the percent of a-helix
within the secondary structure of a-glucosidase when the en-
zyme inhibited by metal ions alone. The results obtained from
CD assay showed that the metal ions could increase the hy-
drophilic of a-glucosidase and weaken the hydrophobic
property (see Table 2). Therefore, the activity of enzyme was
influenced and inhibited. In present study, we can concluded
that metal ions offer a possibility of being developed as suc-
cessful a-glucosidase inhibitor.

Since there could be more than one active site on the mo-
lecular of a-glucosidase, we combined other natural products
with known inhibitory effects against the enzyme. In our ex-
periments, we chose genistein (from soybean), at both high
and low concentrations as the counterpart inhibitor against
a-glucosidase in the experiments demonstrating synergetic
inhibition.

Genistein (5,7,4'-trihydroxy-isoflavone, as shown in Scheme
1) belongs to the isoflavonoid family and is the isoflavone of
greatest interest in soy protein. Most of the studies have
focused on the pharmacological activities of genistein as a
tyrosine kinase inhibitor, and its chemoprotectant activities
against cancers and cardiovascular disease, as well as its phy-
toestrogen activity. Recently, It has been reported that geni-
stein could be a potent a-glucosidase inhibitor [2,15].

In our study, the inhibition tests were performed in solutions
containing the metal ions alone or in mixture with genistein.
As shown in Figs. 6-8, though, genistein, and Copper ion

Table 2
The influence of metal ions on the second structure of a-glucosidase
Metal ions a-Helix B-Sheet  B-Turn Random

(%) (%) (V) (%)
Without inhibitor 37.8 16.4 17.0 28.8
Cu?* (1.33 uM)  25.0 16.6 22.7 35.7
Gen (18.3 pM) 5.1 0.0 38.6 56.4
Zn* (189 uM) 274 6.8 27.2 38.7
V4 (133 pM) 20.9 19.9 21.5 37.7
Ni* (52 uM) 25.1 10.7 26.2 37.9
Mg?* (768 uM)  33.3 17.8 18.6 30.2

OH ©
OH o
OH

Scheme 1. The structure of genistein (5,7,4'-trihydroxyisoflavone).
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Fig. 6. The synergic inhibition of Cu?* and genistein on a-glucosidase.
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Fig. 7. The synergic inhibition of Zn>* and genistein on a-glucosidase.

0.0050 4

0.0045 | Na, VO, have almost

no inhibition effect

0.0040

0.0035
0.0030

0.0025

ABS(%)

0.0020
0.0015
0.0010

0.0005

0.0000 +—————F———F——F———1—————
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

The Concentration of Genistein (mM)

Fig. 8. The synergic inhibition of V°* and genistein on a-glucosidase.

alone at concentrations (10.4 and 2.28 uM, respectively) were
demonstrated for inhibiting a-glucosidase by 50%, but when
combined in pairs, the ICsy value of the Cu?*/genistein, were
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decreased to 4.39 and 1.1 uM, respectively. Same phenomenon
was observed as concerned as Zn>*/genistein, which also
showed significant synergy at the test concentration. The ICs
value of Zn>* declined from 99.3 to 30 pM with genistein of
4.39 uM.

On the other hand, two others, V/genistein also showed
synergetic inhibition at the test concentration, although V>*
had almost little inhibitory activity alone on a-glucosidase.
The ICs, value of genistein declined from 10.4 to 3.69 uM with
V3+ of 0.133 mM.

Fig. 6 shows that both genistein and copper ions have in-
hibitory effect and that the mixture of the two compounds
results in an additive effect of their inhibition activities. Indeed,
the plots corresponding to the results obtained on mixtures are
higher than those calculated by summing the effects of each
compound alone. Zinc ions and genistein showed the same
additive pattern. As shown in Figs. 6 and 7, though, genistein,
at low concentrations when combined with metal ions in pairs,
the inhibition activity of the M?*/genistein, were remarkably
high.

In order to study the mechanism of the synergetic inhibition
of metal ions and genistein, the influence of both inhibitors on
the secondary structure of a-glucosidase was examined with
circular micrometry. The results in Table 3 showed the decline
in the percent of a-helix within the secondary structure of o-
glucosidase when the enzyme inhibited by the mixtures of
genistein and metal ions.

The mechanism of the synergetic effect observed remains
unknown. It is possible that the compounds bound to the
different sites of the enzyme with non-covalent bond, thus in-
fluenced the hydrophilic and hydrophobic property of the
molecular of a-glucosidase. The data shown in Table 3 could
demonstrate above hypothesis. The percent of a-helix within
the secondary structure of a-glucosidase declined to such a
extend when the enzyme inhibited by the mixtures of genistein
and metal ions, that the hydrophilic property of a-glucosidase
increased much. Moreover, the mixtures could increase the
hydrophilic and weaken the hydrophobic (see Table 3) prop-
erties more than the summing effects of each compound alone.
Which led to the strong inhibitory effect on a-glucosidase since
poor hydrophobic surroundings led to the failure of the for-
mation of active center, therefore, the inhibitory effect of the
combination of genistein metal ions was stronger than that of
each components alone.

Our results are very similar to those found in previous
studied [15], which showed that there existed synergetic in-
hibitory effect when genistein and D-glucose, a very poor

Table 3
The synergic inhibition of M?* and genistein (18.3 uM) on a-glucosi-
dase

Metal ions Conc.  o-Helix  B-Sheet B-Turn Random
M) (%) (%0) (%0) (%0)
Without inhibitor 17.9 17.5 25.2 39.3
Genistein 18.3 114 0.0 33.2 55.5
(Cu/Gen) 1.33  10.2 0.0 37.7 52.1
(Zn/Gen) 189 10.3 0.0 36.0 53.7
(V/Gen) 13.3 10.8 0.0 24.1 65.1
(Ni/Gen) 52 7.1 0.0 354 57.5
(Mn/Gen) 117.7 4.3 0.0 34.2 61.5
(Mg/Gen) 154 13.1 0.0 34.5 52.4
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competitive inhibitor of a-glucosidase, added to the reactants
solution at the same time. However, our results are different on
the question of the interaction of metal ions with genistein,
since the metal ions are non-competitive inhibitors. The results
show that interaction also existed among non-competitive in-
hibitors, which suggested there were at least more than one
binding site other than active center where the inhibitors could
bind.

What is reported here provided an insight into how metal
ions influence the enzyme activity, and how the synergetic ef-
fect modulates the individual inhibition of each component to
prevent the substrate binding to the enzyme. Similar trend has
been also observed regarding the inhibition and the synergetic
effect of metal ions on yeast a-glucosidase at various pH values
(6.8-7.2).

The synergy activity may also be important in human health
because oral administration of specific a-glucosidase inhibitor
could effectively improve hyperglycemia as well as diabetic
complications [16,17]. So our future research should be fo-
cused on understanding the mechanism of the synergetic in-
hibition against a-glucosidase located in the brush-border
surface membrane of intestinal cells, since whose optimal pH
value is different from that of yeast a-glucosidase, and de-
signing novel drugs derived from combined inhibitors of o-
glucosidase beneficial to human health.
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