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Molecular dynamics simulation of the interaction between the Tenebrio molitor alpha-amylase and its inhibitor at different
proportion of crystal water was carried out with OPLS force field by hyperchem 7.5 software. In the correlative study, the
optimal temperature of wheat monomeric and dimeric protein inhibitors was from 273 K to 318 K. The the average temperature
of experimentation is 289 K. (1) The optimal temperature of interaction between alpha-amylase and its inhibitors was 280 K
without crystal water that was close to the results of experimentation. The forming of enzyme-water and inhibitor-water was easy,
but incorporating third monomer was impossible. (2) Having analyzed the potential energy data, the optimal temperature of
interaction energy between alpha-amylase and its inhibitors covering 9 : 1, 5 : 5, 4 : 6, and 1 : 9 proportion crystal water was 290 K.
(3) We compared the correlative QSAR properties. The proportion of crystal water was close to the data of polarizability (12.4%)
in the QSAR properties. The optimal temperature was 280 K. This result was close to 289 K. These findings have theoretical and
practical implications.
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1. INTRODUCTION

Alpha-amylases (1, 4-α-D-glucan-4-glucanohydrolase; EC3.
2.1.1) are endoglycosidases which catalyze the hydrolysis of
internal α-1, 4-D-glucosidic linkages in starch and dextrins,
thereby generating smaller dextrins and oligosaccharides
with a C1–OH group in the α-anomeric configuration
[1].The enzyme is a subset of the alpha-amylases group
of enzymes that are classified as glycosy1 hydrolase family
13 based on amino acid sequence similarity [2]. Alpha-
amylases play a central role in carbohydrate metabolism
of microorganisms, plants, and animals [3]. Furthermore,
they are widely used in food and starch processing industry
and, after proteases, have become the most used enzymes in
modern biotechnology [4].

Enzyme inhibitors are important tools of nature for
regulating the activity of enzymes in cases of emergency.
Plant seeds are known to produce a variety of enzyme
inhibitors that are thought to protect the seed against
insects and microbial pathogens. Proteinase inhibitors are
the best studied of this group [5]; expression of proteinase
inhibitor genes in transgenic plants provides protection agai-

nst pathogens [6]. Comparatively less is known about the
inhibitors of alpha-amylase which might, on the other
hand, be equally attractive candidates for conferring pest
resistance to transgenic plants since many of them inhibit
both proteinases and alpha-amylase. Plants have evolved
defense strategies to counteract these effects through enzyme
inhibitors impeding the action of insect gut digestive alpha-
amylases and reducing the postprandial glucose peaks [7].
Expression of plants inhibitor genes in transgenic plants
provides protection against pathogens (for a review, see
Ryan). Comparatively less is known about the inhibitors of
alpha-amylases which might, on the other hand, be equally
attractive candidates for conferring pest resistance to trans-
genic plants since many of them inhibit both proteinases and
alpha-amylases [8]. The inhibitor has potentials in various
fields, from the treatment of diabetes to crop protection.
Therefore, we are very interested in which mechanisms
and optimal condition of the inhibitor exerted on alpha-
amylases.

The major alpha-amylases inhibitor (AAI) present in the
seeds of Amaranthus hypochondriacus, a variety of the Mex-
ican crop plant amaranth, is a 32-residue-long polypeptide
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containing 6 cysteines, with 1–4, 2–5, 3–6 three disulfide
bridges. It is the shortest alpha-amylases inhibitor described
so far which has no known close homologs in the sequence
data bases [8]. The structural properties of alpha-amylases
have been elucidated by NMR [9]. People are very interested
in which mechanism and optimal condition of inhibitor
exerted on alpha-amylases.

Quantitative structure-activity relationship (QSAR) rep-
resents an attempt to relate structural descriptors of
molecules with their physicochemical properties and bio-
logical activities. It is widely used for the prediction of
physicochemical properties in chemical, environmental, and
pharmaceutical areas [10, 11]. The main steps implicated
in this method include data collection, molecular descriptor
selection and procurement, correlation model development,
and finally model evaluation. At present, many types of
molecular descriptors have been proposed to describe the
structural features of the molecules [12, 13]. The success
of QSAR approach can be explained by the insight offered
into the structural determination of chemical properties, and
the possibility to estimate the properties of new chemical
compounds without the need to synthesize and test them
[14]. Recently, Anil Kumar has reported the development of
useful QSAR models for antimicrobial activity [15–17] and
anti-inflammatory activity [18].

In this work, we selected the structure of alpha-amylases
from Tenebrio molitor larvae (containing 471 amino acid
residues) and inhibitor from the amaranth. A number of
crystal waters were distributed to alpha-amylases and their
inhibitors manually using hyperchem 7.5 software according
to different proportion via molecular dynamics simulation.
The Tenebrio molitor alpha-amylase and the amaranth
alpha-amylase inhibitor QSAR properties were calculated.
The results showed that the crystal water had affected in the
interaction between the alpha-amylases and their inhibitors.
These findings have theoretical and practical implications.

2. MATERIALS AND METHODS

The structure of Tenebrio molitor alpha-amylase, the ama-
ranth alpha-amylase inhibitor, and crystal water (con-
taining 273 molecules) was taken from 1clv (http://www
.rcsb.org/pdb/). (1) Alpha-amylase and inhibitor QSAR
properties were calculated out to find out the correlation
using OPLS force field by hyperchem 7.5 software. There
are partial charges, surface area [approx.], surface area
[grid], volume, hydration energy, log P, refractivity, polar-
izability, and mass of structural variance. (2) The Tene-
brio molitor alpha-amylase, the amaranth alpha-amylase
inhibitor, and crystal water were 3 monomers. 3 monomers
formed 4 united molecules (enzyme-inhibitor, enzyme-
water, inhibitor- water, and enzyme-inhibitor-water). (3)
The partial crystal water formed united molecules with
alpha-amylase or inhibitor. A number of crystal waters
were distributed to alpha-amylase and its inhibitor manually
according to different proportion (E : I = 9 : 1, 8 :
2, . . . , 1 : 9.). The energy of alpha-amylase, inhibitor, crystal
water, and the united molecular structure was calculated out

using OPLS force field by hyperchem 7.5 software. Calculated
detail was the following text.

All modeling procedures, including energy minimiza-
tion and molecular dynamics, were performed using the
hyperchem 7.5 software. Energy calculations were carried
out using the OPLS force field. Optimized molecular
structure until the maximum energy derivative was lower
than 0.1 kcal/moL (0.418 kJ/moL) in order to obtain a
correct geometry. Dynamics simulation was performed using
a time step of 0.5femtosecond, and the temperature was
altering 10 K from 270 K to 370 K. There were 3 processes
in simulation. Firstly, heating, from 0 K to simulation
temperature using 7 K per step, heating time was 0.1 ps.
Secondly, simulating, simulation time was 20 picoseconds in
simulation temperature. Finally, annealing, from simulation
temperature to 0 K using 7 K per step, annealing time was 0.1
picosecond [19].The system was kept for 20.2 picoseconds
at each temperature. After simulation, we collected data of
EPOT [20].

Recent research showed that enzymes had been used
on all conformation not only during catalysis but also
before catalysis. Since the protein motions necessary for
catalysis were an intrinsic property of the enzyme, motion
was localized not only to the active site but also to a
wider dynamic network [21]. Thus, it can be seen that
molecular state was taken on all possible conformation
during reaction or else process. Therefore, in order to reflect
energy during simulation, we carried out abnegating half
potential energy data of starting simulation and averaging
spare potential energy data (twenty thousand states between
10.1 picoseconds and 20.1 picoseconds). Gained data were
regarded as potential energy at this temperature. We kept
enzyme having enough number of state during the process
of simulate temperature and avoided effective influence that
system had been arrived at simulate temperature but was not
likely to reach balance at the same time.

The energy of interaction was calculated from experi-
mental data using the following equation [22–24]:

ΔE = E − (E1 + E2). (1)

Here, E was the overall energy of the binding system; E1 was
the energy of alpha-amylase and crystal water; E2 was the
energy of inhibitor and crystal water; ΔE was the interaction
energy.

3. RESULTS AND DISCUSSION

3.1. The QSAR properties

Since predictions from any QSAR models cannot be intrinsi-
cally better than the experimental data employed to develop
the model, the quality of the input data will greatly influence
the QSAR model performance. In order to build a QSAR
model with good generalized performance, a preliminary
analysis for the quality of the data set (mainly the detection
of outliers) was performed by modeling the complete set of
alpha-amylase and its inhibitor.

The QSAR properties of alpha-amylase and its inhibitor
were provided in Table 1.
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Table 1: The QSAR properties of inhibitor and alpha-amylase.

Species

QSAR Inhibitor alpha-amylase Inhibitor/alpha-amylase (%)

Partial charges 0.00 0.00 —

Surface area[approx.] 5220.84 over —

Surface area[grid] 8104.71 50393.60 16.1

Volume 6860.60 43349.11 15.8

Hydration energy 2214.75 over —

Log P −1.71 −1218.30 0.1

Refractivity 871.39 6694.71 13.0

Polarizability 351.61 2826.71 12.4

Mass 3661.59 51193.14 7.2
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Figure 1: The respective chart of ΔE among 3 monomers.

Because the inhibitor and alpha-amylase were neutral
molecules, so their partial charges were zero in Table 1. The
proportion of surface area [approx.], hydration energy of
inhibitor, and alpha-amylase was very small and neglected.
But the proportion of surface area [grid], volume, log P,
refractivity, polarizability, and mass were 16.1%, 15.8%,
0.1%, 13.0%, 12.4%, 7.2%, respectively. Therefore, the
different distributed proportion of crystal water was possible
close to these QSAR properties proportion.

3.2. Simulate optimal temperature
among 3 monomers

We calculated the interaction energy among 3 monomers
according to (1). The relation of the interaction energy with
temperature was presented in Figure 1 (the respective chart
of ΔE among 3 monomers). From Figure 1, the interaction
energy between alpha-amylase and its inhibitor was negative
at 280 K and 290 K, which showed that it was combined and
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Figure 2: The compositive chart of ΔE in different crystal water
proportion.

reacted between alpha-amylase and its inhibitor. However, it
was not combined between alpha-amylase and its inhibitor
at the others temperature. The interaction energy was on the
nadir at 280 K which was the optimal temperature between
alpha-amylase and its inhibitor.

This information showed that the interaction energy
between crystal water and alpha-amylase inhibitor was
negative from 270 K to 370 K, which showed that they were
combined and reacted among crystal water, alpha-amylase,
and its inhibitor. As temperature increases, the interaction
energy between alpha-amylase and its inhibitor tends to
get smaller. However, the interaction energy between crystal
water and alpha-amylase inhibitor was negative, and the
numerical value was very big from 270 K to 370 K.The results
showed that it was easy to combine between crystal water and
alpha-amylase inhibitor.

Analysis of the results indicated that the interaction
energy between alpha-amylase and its inhibitor was negative
from 270 K to 370 K. The forming of inhibitor-water was
easy, but the incorporating alpha-amylase was impossible.

The interaction energy between alpha-amylase and its
inhibitor was negative, and the numerical value was very big
from 270 K to 370 K. The forming of enzyme-water was easy,
but the incorporating inhibitor was impossible.

The result was as follows: the forming of enzyme-water
and inhibitor-water was easy, but the incorporating third
monomer was impossible.

3.3. Simulate optimal temperature at the
different distributed proportion of crystal water

The interaction energy between alpha-amylase and inhibitor
covering different proportion of crystal water was calculated

according to (1). The relation of the interaction energy
with temperature was presented in Figure 2 (the compositive
chart of ΔE in different crystal water proportion) and
Figure 3 (the respective chart of ΔE in different crystal water
proportion).Then, we would discuss them, respectively.

From Figure 2, it could be seen that the interaction
energy between alpha-amylase and its inhibitor covering
different proportion of crystal water was all negative. This
information showed that it was combined and reacted
between alpha-amylase and its inhibitor from 270 K to 370 K.
The interaction energy was on the nadir at 330 K, when the
different distributed proportion of crystal water was 2 : 8. In
this condition, the reaction was the easiest between alpha-
amylase and its inhibitor. However, the interaction energy
was on the peak at 320 K, when the different distributed
proportion of crystal water was 9 : 1. In this condition,
the reaction was the hardest between alpha-amylase and its
inhibitor.

From Figure 3, the optimal temperature of the interac-
tion between alpha-amylase and its inhibitor was changed by
the distributed proportion of crystal water. In the correlative
study, it was reported that the optimal temperature of wheat
monomeric and dimeric protein inhibitors was from 273 K
to 318 K [25, 26].

The absolute value of the interaction energy was the
greatest at 300 K when the distributed proportion of crystal
water was 9 : 1, 8 : 2, 7 : 3, 5 : 5, 4 : 6, 3 : 7, and 1 : 9.
The results showed the optimal temperature via molecular
dynamics simulation which was agreed with the results of
experimentation. And the binding of alpha-amylase average
temperature was 289 K.The interaction energy between
alpha-amylase and its inhibitor was on the nadir at 290 K in
figure when the distributed proportion of crystal water was
9 : 1, 5 : 5, 4 : 6, and 1 : 9. In the case of 1 : 9, the optimal
temperature may be related to some QSAR properties.

The interaction energy between alpha-amylase and its
inhibitor was on the nadir at 340 K, 330 K when the
distributed proportion of crystal water was, respectively,
6 : 4 and 2 : 8. These results were disagreeing with the
experimental results that may be caused by the distributed
proportion of crystal water and others causation, which had
studied as follow.

3.4. Simulate optimal temperature in the case of
the different distributed proportion of crystal
water is 12.4%

For the sake of an accurate result, we must treat jointly
the experimental results related to some QSAR properties.
In the case of 1 : 9 (about 11.1%), the interaction energy
between alpha-amylase and its inhibitor was the greatest
in all figures above, and this proportion of crystal water
was close to the data of polarizability (12.4%) in the QSAR
properties. This indicated that polarizability of the QSAR
properties possibly had higher influence to the interaction.
We want to validate below that polarizability affected reactive
temperature condition of interaction between alpha-amylase
and its inhibitor.
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Figure 3: The respective chart of ΔE in different crystal water proportion.
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Figure 4: The chart ofΔE in polarizability crystal water proportion.

We calculated the interaction energy between alpha-
amylase and its inhibitor covering (87.6 : 12.4) proportion of
crystal water according to (1). The relation of the interaction
energy with temperature was presented in Figure 4. From
Figure 4, the optimal temperature was 280 K which was from
273 K to 318 K. However, this result was a little different to
289 K (290 k) which was average temperature in the correla-
tive report. The proportion of Surface Area (Grid), Volume,
Refractivity, and Mass effect in the interaction between
alpha-amylase and its inhibitor will be studied in future.

REFERENCES

[1] S. Hokari, K. Miura, I. Koyama, et al., “Expression of α-
amylase isozymes in rat tissues,” Comparative Biochemistry
and Physiology B, vol. 135, no. 1, pp. 63–69, 2003.

[2] B. K. Tibbot, D. W. S. Wong, and G. H. Robertson, “A
functional raw starch-binding domain of barley α-amylase



6 Bioinorganic Chemistry and Applications

expressed in Escherichia coli,” Journal of Protein Chemistry, vol.
19, no. 8, pp. 663–669, 2000.

[3] B. Svensson, “Regional distant sequence homology between
amylases, α-glucosidases and transglucanosylases,” FEBS Let-
ters, vol. 230, no. 1-2, pp. 72–76, 1988.

[4] M. Vihinen and P. Mantsiila, “Microbial amylolytic enzymes,”
Critical Reviews in Biochemistry and Molecular Biology, vol. 24,
no. 4, pp. 329–418, 1989.

[5] W. Bode and R. Huber, “Natural protein proteinase inhibitors
and their interaction with proteinases,” European Journal of
Biochemistry, vol. 204, no. 2, pp. 433–451, 1992.

[6] C. A. Ryan, “Proteinase inhibitor gene families: strategies for
transformation to improve plant defenses against herbivores,”
BioEssays, vol. 10, no. 1, pp. 20–24, 1989.

[7] F. Payan, “Structural basis for the inhibition of mammalian
and insect α-amylases by plant protein inhibitors,” Biochimica
et Biophysica Acta, vol. 1696, no. 2, pp. 171–180, 2004.

[8] J. Guang-feng, “Preparation Determination of Alpha-amylase
Inhibitor,” Food and Drug, vol. 9(02A), pp. 34–36, 2007.

[9] D. Peng-Chi, L. Shan-Yun, L. Jing-Chu, et al., “Sequence-
specifics 1H-NMR assignment of proton resonances of the α-
amylases inhibitor AAI and structure analysis,” Acta Biochim-
ica et Biophysica Sinica, vol. 16, no. 3, pp. 444–452, 2000.

[10] A. R. Katritzky, D. C. Fara, R. O. Petrukhin, et al., “The
present utility and future potential for medicinal chemistry of
QSAR/QSPR with whole molecule descriptors,” Current Topics
in Medicinal Chemistry, vol. 2, no. 12, pp. 1333–1356, 2002.

[11] A. R. Katritzky, U. Maran, V. S. Lobanov, and M. J. Karel-
son, “Structurally diverse quantitative structure—property
relationship correlations of technologically relevant physical
properties,” Journal of Chemical Information and Computer
Sciences, vol. 40, no. 1, pp. 1–18, 2000.

[12] H. Kubinyi, QSAR: Hansch Analysis and Related Approaches,
vol. 1, Wiley-VCH, New York, NY, USA, 1993.

[13] P. K. Larsen, T. Lifjefors, and U. A. Madson, Textbook of
Drug Design and Development, vol. 96, Harwood Academic,
Melbourne, Australia, 2nd edition, 1996.

[14] C. A. Ramsden, “Quantitative drug design,” in Comprehensive
Medicinal Chemistry, C. Hansch, Ed., vol. 4, p. 9, Pergamon
Press, Oxford, UK, 1990.

[15] O. Ivanciuc, T. Ivanciuc, D. J. Klein, W. A. Seitz, and A. T.
Balaban, “Quantitative structure-retention relationships for
gas chromatographic retention indices of alkylbenzenes with
molecular graph descriptors,” SAR and QSAR in Environmen-
tal Research, vol. 11, no. 5-6, pp. 419–452, 2001.

[16] B. Narasimhan, D. Belsare, D. Pharande, V. Mourya, and
A. Dhake, “Esters, amides and substituted derivatives of
cinnamic acid: synthesis, antimicrobial activity and QSAR
investigations,” European Journal of Medicinal Chemistry, vol.
39, no. 10, pp. 827–834, 2004.

[17] B. Narasimhan, V. Mourya, and A. Dhake, “Design, synthesis,
antibacterial, and QSAR studies of myristic acid derivatives,”
Bioorganic & Medicinal Chemistry Letters, vol. 16, no. 11, pp.
3023–3029, 2006.

[18] N. A. Gangwal, B. Narasimhan, V. Mourya, and A. Dhake,
“Synthesis and QSAR studies of substituted -4- (1H)-
quinazolinones,” Indian Journal of Heterocyclic Chemistry, vol.
12, no. 3, pp. 201–204, 2003.

[19] S. Kirkpatrick, C. D. Gelatt Jr., and M. P. Vecchi, “Optimiza-
tion by simulated annealing,” Science, vol. 220, no. 4598, pp.
671–680, 1983.

[20] A. Chagolla-Lopez, A. Blanco-Labra, A. Patthy, R. Sáncheza,
and S. Pongor, “A novel α-amylase inhibitor from amaranth
(Amaranthus hypocondriacus) seeds,” Journal of Biological
Chemistry, vol. 269, no. 38, pp. 23675–23680, 1994.

[21] E. Z. Eisenmesser, O. Millet, W. Labeikovsky, et al., “Intrinsic
dynamics of an enzyme underlies catalysis,” Nature, vol. 438,
no. 7064, pp. 117–121, 2005.

[22] D. Zhenyu, X. Mingjin, Z. Han, H. Yanmin, and Z. Tongrong,
“Molecular simulation studies on adsorption of benzoic
acid amine salt over wax surface,” Petroleum Processing and
Petrochemicals, vol. 30, no. 12, pp. 42–45, 1999.

[23] J.-L. Wang, Y. Yang, S.-M. Zhang, J.-T. Li, F.-M. Miao,
and J. Zhao, “Molecular mechanics and molecular dynamic
calculation, synthesis and antibacterial activities of pyrazolin-
β-diketone ligands,” Chemical Journal of Chinese Universities,
vol. 23, part 2, pp. 226–229, 2002.

[24] Z. Han, J. Zhenhua, and X. Mingchun, “Molecular simulation
studies on the compatibility of template agents and TS-1st
ructure1,” Acta Petrolei Sinica, vol. 16, no. 4, pp. 43–47, 2000.

[25] V. Buonocore, F. Gramenzi, W. Pace, T. Petrucci, E. Poerio,
and V. Silano, “Interaction of wheat monomeric and dimeric
protein inhibitors with α-amylase from yellow mealworm
(Tenebrio molitor L. larva),” Biochemical Journal, vol. 187, no.
3, pp. 637–645, 1980.

[26] P. J. B. Pereira, V. Lozanov, A. Patthy, et al., “Specific inhibition
of insect α-amylases: yellow meal worm α-amylase in complex
with the Amaranth α-amylase inhibitor at 2.0 Å resolution,”
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