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Abstract—In the study, molecular dynamics simulations combined with MM-PBSA (Molecular Mechanics and Poisson–Boltzmann
Surface Area) technique were applied to predict the binding mode of the polyphenol inhibitor in the binding pocket of the HCV NS3
serine protease for which the ligand–protein crystal structure is not available. The most favorable geometry of three candidates from
molecular docking had a binding free energy about 3 and 6 kcal/mol more favorable than the other two candidates, respectively, and
was identified as the correct binding mode. In the mode, the correlation of the calculated and experimental binding affinities of all
five polyphenol compounds is satisfactory indicated by r2 = 0.92. The most favorable binding mode suggests that two galloyl res-
idues at 3 and 4 positions of the glucopyranose ring of the inhibitors interact with SER139, GLY137, ALA157, and ASP81 by
hydrogen bond interaction and with ALA156 and HIE57 by hydrophobic interaction and are essential for the activities of the stud-
ied inhibitors.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

HCV NS3 protease has been used as target enzyme1–3

for screening anti-HCV drugs because it is essential to
the viral replication of the hepatitis C virus (HCV),4

an important human pathogen causing chronic hepati-
tis, cirrhosis of the liver, and hepatocellular carcinoma.5

Researches in recent decade years make it a well-charac-
terized target, meanwhile its crystal structure has been
solved by several groups.6–8

A number of inhibitors have been designed based on the
cleavage of native substrates in recent years for the inhi-
bition of HCV NS3 serine protease,9–15 many of which
are large peptidomimetic compounds with poor phar-
macokinetic properties.16 As one of the strategies to find
new lead compounds with less peptidic character, bio-
guided isolation of pharmacologically active plant com-
ponents for HCV NS3 serine protease is still a valuable
one.
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In previous experimental work in our group, we
screened the natural products in more than one hun-
dred kinds of traditional Chinese medicine to find po-
tential lead compounds for inhibiting HCV infection. A
number of compounds with potential biological activity
were identified from several plants, including Saxifraga
melanocentra, Rhodiola kirilowii, Terminalia chebula
Retz., Terminalia chebula Retz. Var. tomentella kurt,
Chinese galla, and Corilagin. Some of them were char-
acterized as polyphenol compounds, which include a
glucopyranose ring with two or more galloyl residues
substituting the hydrogens of hydroxyls, respectively.
The compounds studied here are shown in Table 1.
Considering that the crystal structure of every one of
the inhibitors/HCV NS3 was not available, molecular
docking studies, molecular dynamics (MD) simula-
tions, and binding free energy calculations were per-
form to gain a better insight into the binding
interaction between HCV NS3 serine protease and this
series of inhibitors.
2. Results and discussion

All 30 decoys from docking are grouped into three clus-
ters by the hierarchical clustering using relative rms. In
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Table 1. Structures, activities, and resource of polyphenol compounds with potential biological activity for inhibiting HCV infection identified from

several plants

Compound Structure and name Molecular weight IC50(lg/mL) (lM) Plant resource
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every cluster, the proposed interaction mode of the li-
gand with the HCV NS3 serine protease active site is
determined as the highest scored conformation among
all conformation as according to the pmf-score. MD
simulations of 100 ps were performed for all three bind-
ing modes of HCV NS3 serine protease/compound 5
complexes. For the binding mode I of compound 5,
root-mean-square deviation (RMSD) from the starting
structure from docking for the main chain atoms of pro-
tein and all atoms of ligand are shown as a function of
time for the 100 ps runs in Figure 1. After 50 ps simula-
tion, RMSD of the main chain is smaller than 0.10 Å
and that of the ligand is smaller than 0.50 Å, which indi-
cates that the system was equilibrated and the trajecto-
ries after 50 ps can be applied to collect snapshots for
further analyses.

Table 2 lists the calculated relative binding free energies
of three candidates, as well as the components of molec-
ular mechanics and solvation energies. The binding free
energy of binding mode I is �17.47 kcal/mol, about
3 kcal/mol more negative than the second best binding
mode (binding mode III, �14.28 kcal/mol) and is most
favorable among the three binding modes. Moreover,
the binding mode I has the lowest van der Waals energy,
gas-phase electrostatic energy, and nonpolar solvation



Figure 1. Root-mean-square deviations (Å
´

) of all main chain atoms of

HCV NS3 serine protein (black line) and all atoms of compound 5

(blue line) during 100 ps MD simulations compared with the first

coordinate frame.
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energy, but the gas-phase electrostatic contributions to
the energy are canceled against the contribution to the
energy from polar solvation. The hydrophobic interac-
tion energy (DGSA + DEvdw = �48.63 kcal/mol) is com-
parable with the electrostatic energy (DGPB +
DEele = 31.10 kcal/mol) for formation of complex be-
tween protein and compound 5, which shows that no
predominant factor leads to stable complex formation.

Figure 2 shows the positions and orientations of com-
pound 5 after 100 ps simulation for three possible bind-
ing modes. There are significant differences among these
orientations and positions of three candidates. In bind-
ing mode III, compared to in binding mode I, com-
pound 5 adopts a reverse turn conformation around
an axis that passes nearly parallelly through two galloyl
residues at 1 and 4 positions of inhibitors. The galloyl
residue at 4 position cannot be embed deeply into active
site like the one in binding mode I due to its upper sub-
stitution position at the glucopyranose ring of inhibitors
and only forms two hydrogen bonds with GLY137 and
LEU135, respectively. The galloyl residue at 3 position
interacts with LYS136 by a hydrogen bond and hydro-
phobic interaction because of its orientation. The con-
formation of compound 5 in binding mode II has a
similar position as binding mode III, but the galloyl res-
idue at 4 position directs to ASP81 and is not located in
the binding cleft. Although it forms a hydrogen bond
with ASP81 and the hydrophobic interactions with
ALA156 and HIE57 which occur in binding mode I,
the salt bridge with SER139 and the hydrogen bond
with GLY137 are not maintained. In addition, in both
Table 2. Comparison among calculated relative binding free energies and th

Binding mode DEele DEvdw DEi

I �80.55 �42.08 �12

II �46.94 �37.23 �8

III �50.98 �36.44 �8

All energies are in kcal/mol.
conformations of the binding mode II and III, inhibitors
form other hydrogen bonds with CYS159 and other
hydrophobic interaction with VAL158. Above analysis
about interactions between inhibitor and protein shows
that in both error modes not only the number of formed
interactions is fewer than in bonding mode I, but also
the interactions important to activity in previous publi-
cations17 are more or less absent. These may explain
why the most favorable geometry of three candidates
has a binding energy about 3 and 6 kcal/mol more favor-
able than the other two candidates, respectively.

To better understand the interaction between protein
and compound 5 in binding mode I, we analyzed hydro-
gen bond and hydrophobic interactions using LIG-
PLOT program18 (Fig. 3). One salt bridge forms
between two hydroxy oxygen atoms of the galloyl resi-
due at 4 position of the glucopyranose ring of com-
pound 5 and SER139 and one hydrogen bond forms
between one of the hydroxy oxygen atoms of the galloyl
residue and GLY137, while the other hydrogen bond oc-
curs between the carbonyl oxygen atom of the galloyl
and ALA157. Like in most non-covalent inhibitors of
HCV NS3, these interactions would provide a significant
contribution to binding. This can be further validated by
the fact that compounds 2 and 3 without the 4-position-
galloyl residue, as well as the predicted binding mode II
of compound 5, in which the gallolyl residue is not ori-
ented to SER139 of the catalytic triad correctly, yield
lower experimental and calculated binding free energies.
Another prominent residue for the binding of inhibitor
is the galloyl residue at 3 position of the glucopyranose
ring of compound 5. In the structure of complex, the
galloyl interacts with ASP81 through a salt bridge, with
HIE57 and ALA156 through hydrophobic interactions.
Moreover, p–p stacking interaction between the indole
ring of HIE57 and benzene ring of the galloyl also stabi-
lizes the binding of ligand and protein. This can be used
to explain why the binding affinity of the predicted bind-
ing mode III is more positive than the binding mode I.
The above results suggest that two galloyl residues at
3 and 4 positions of inhibitors are essential for activity.
In addition, inhibitor forms other hydrogen bonds with
ARG123 and CYS159 and other hydrophobic interac-
tion with VAL158.

Because the galloyl group at 4 position is located deeply
in the binding pocket and produces close contact with
the receptor, introduction of large groups on the galloyl
will be unfavorable to the surface and energetic comple-
mentarity between ligand and receptor. The surface of
protein contacting with the galloyl at 3 position is a
hydrophobic area which is formed by several residues:
ALA156, HIE57, and ARG155. This means that substi-
eir components of three binding candidates

nter DDGPB DDGSA DGcalc

2.57 111.65 �6.55 �17.47

4.18 75.07 �5.17 �14.28

7.28 81.84 �5.93 �11.38



Figure 2. Orientations and positions of compound 5 in three binding modes after 100 ps MD simulation (a) binding mode I, (b) binding mode II, and

(c) binding mode III.
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tution of the carbonyl group or the phenolic hydroxyl
group, which is not involved in formation of a salt
bridge with ASP81, with the other nonpolar groups
should improve the binding affinities of ligand. More-
over, if we change the hydroxyl group at 6 position of
a ligand to a large hydrophobic group and make the
ligand interact with LYS136 and VAL132 through
hydrophobic interactions, the biological activities of
the ligand should be probably improved.

The complex structures of HCV NS3 serine protease
with other four analogues (compounds 1–4) were con-
structed using the binding modes I of HCV NS3/com-
pound 5 as the template in Sybyl modeling program.
The binding free energy of each complex was obtained
after MD simulation and MM-PBSA method with the
same parameters as the binding modes I of HCV NS3/
compound 5, respectively. All results are list in Table 3.
In the binding mode, the rank order of predicted bind-
ing free energies of five compounds is in good agree-
ment with the experimental results (Fig. 4). The
correlation coefficient between the predicted and exper-
imental binding energies is 0.96. This further verifies
the predicted binding mode of this series of complex
rational.
3. Conclusion

In this study, we predict a binding mode in which a
series of polyphenol compounds, which include a glu-
copyranose ring with two or more galloyl residues
substituting the hydrogens of hydroxyls respectively,
interact with HCV NS3 serine protease by FlexX,
explicit solvent MD simulations, and MM-PBSA meth-
od. In the binding mode, the correlation coefficient be-
tween the predicted relative free binding energies and
experimental values of five compounds is 0.96. Two
galloyl residues at 3 and 4 positions of glucopyranose
ring of inhibitors are predicted to interact with
SER139, GLY137, ALA157, and ASP81 by hydrogen
bond interaction and with ALA156 and HIE57 by
hydrophobic interaction and to be essential for the
activities of the series of inhibitors. Therefore, correct



Figure 3. Schematic diagrams showing hydrogen bond interactions and hydrophobic interactions between HCV NS3 serine protease and compound

5 in mode I.

Table 3. Calculated binding free energies and experimental results of five complexes (kcal/mol)

No. DEele DEvdw DEinter DDGPB DDGSA DGcalc DGexpt
a

1 �71.55 �30.03 �101.50 89.52 �5.24 �17.22 �8.181

2 �56.47 �21.22 �77.68 67.11 �4.27 �14.83 �4.119

3 �59.70 �26.04 �85.73 73.78 �4.51 �16.46 �6.812

4 �79.13 �39.25 �118.33 106.67 �6.59 �18.25 �8.409

5 �80.55 �42.08 �122.57 111.65 �6.55 �17.47 �8.427

All energies are in kcal/mol.
a Experimental binding free energies are calculated from IC50 using the following formula: DGexpt � RT lnIC50, where R is ideal gas constant, T is

temperature in K (298 K is used in this paper).

Figure 4. Calculated relative binding free energies (DGcalc) versus

experimentally determined binding free energies (DGexp) for the series

of inhibitors.
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binding mode of 2-O-(4-O-galloylgalloyl)-1,3,4-tri-O-
galloyl-b-DD-glucose can be used as a novel scaffold
for anti-HCV for the further reconstruction and design
of new protease inhibitors.
4. Methods

4.1. Screening of inhibitors

We adopt the method reported by Nobuko Kakiuchi
et al.19 to express and purify the HCV NS3 serine prote-
ase. The functional monomer MAA (4.7 mmol), the
cross-linker Trim (24 mmol), and the initiator AIBN
(32 mg) were used to prepare the polymeric carrier in a
test tube. The frontal affinity chromatographic experi-
ments were done at room temperature as previously de-
scribed.20 HCV NS3 serine protease was immobilized on
the polymeric material and then packed wetly in the
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affinity columns (PEEK tubing, 0.75 · 50 mm). The
sample solution (in 2 mM, pH 6.7, NH4Ac) and metha-
nol were mixed in the T valve and then entered the
detector of Mariner electrospray ionization time-of-
flight (ESI-TOF) mass spectrometer (PE Biosystems,
USA ESI-TOF MS. A). Screening the crude extracts
from Saxifraga melanocentra, Rhodiola kirilowii, and
Terminalia chebula Retz. by HCV NS3 serine protease
column, five polyphenol compounds 1, 2, 3, 4, and 5,
which inhibited HCV NS3 serine protease with IC50 of
1.00, 949.70, 10.09, 0.68, and 0.80 lM, were obtained,
respectively.

4.2. Molecular docking

All compound structures were constructed and mini-
mized using the SYBYL modeling program. We used
the crystal structure of HCV NS3/NS4/peptide Inhibitor
(1dy8)7 as the template to generate the receptor active
site. The FlexX module21 in SYBYL 7.0 was used to
dock all compounds into the active site of the crystallo-
graphic HCV NS3/NS4 structure, which was defined as
all residues within 6.5 Å away from the peptide inhibitor
in original complex. Using an incremental construction
algorithm, FlexX is a fast method to dock small con-
formationally flexible ligands into fixed protein binding
sites. For every compound, 30 conformations were ob-
tained from docking and were scored by Cscore pro-
gram. Three binding modes were identified after
cluster analysis on all decoys. The best conformation
in every cluster was selected for subsequent MD simula-
tions by consensus score and pmf-score22 based on our
previous work about the comparison of several empiri-
cal scoring functions.23

4.3. Molecular dynamics (MD) simulations

Several sets of MD simulations were performed with
Amber 8.0 package using a time step of 0.5 fs and the
Amber force field.24 All of complexes were solvated
using a shell of TIP3PBOX water molecules25 with a
closeness parameter of 16 Å away from the boundary
of any protein and ligand atoms. Counterions (Cl�)
were added to neutralize the charge of system. Each sol-
vated system was first energy minimized for 1000 steps
using the steepest descent method followed by conjugate
gradient to remove bumps possibly existing between sol-
vent molecules and the proteins. Conjugate gradient
energy minimizations were performed repeatedly four
times using the positional restraints to all heavy atoms
with 1000, 500, 100, and 0 kcal/mol/Å force constants
in sequence. The maximum number of cycles of minimi-
zation was 20,000 and the convergence criterion for the
energy gradient was 0.5 cal/mol/Å. Further 100 ps MD
simulation was carried out. In the simulations all atoms
of water molecules beyond 8 Å from the atoms of the
complexes were held fixed. All simulations were per-
formed using the SANDER module of AMBER8.

4.4. MM-PBSA

Using the MM/PBSA method,26–28 the binding free
energies between receptor and inhibitors were calculat-
ed for snapshot structures taken from the MD trajecto-
ry of the system. From the latter 50-ps complex-ligand
MD trajectories of HCV NS3 and polyphenol inhibi-
tors, 50 snapshots were taken at even intervals for
the binding energy analyses in the study. In the MM/
PBSA method the binding free energy (DGbind) was
estimated by summing the molecular mechanical gas-
phase energies (DEMM), solvation free energies (DGsolv),
and entropy contributions (TDS) of the binding
process:

�Gbinding¼DGgas�DGReceptor
solv �DGLigand

solv þDGComplex
solv

¼DH gas�TDS�DGReceptor
PBSA �DGLigand

PBSA þDGComplex
PBSA

¼DH gas�TDS�DGReceptor
PBSA �DGLigand

PBSA þDGComplex
PBSA

�H gas �DEgas ¼ DEintra þ DEelec þ DEvdw

DDGPB ¼DGComplex
PB � DGReceptor

PB þ DGLigand
PB

� �

DDGSA ¼DGComplex
SA � DGReceptor

SA þ DGLigand
SA

� �

where DEgas is the average molecular mechanics ener-
gy term that is approximated as the sum of internal
strain energy (DEintra), van der Waals energy (DEvdw),
and electrostatic energy (DEelec). DEintra is the average
internal strain energies in bonds, angles, and torsion
angles. The solvation free energy, DGsolv, can be fur-
ther divided into contributions from polar solvation
(DGPB) and nonpolar solvation term (DGSA) using a
continuum representation of the solvent. The polar
contribution (DGPB) to the solvation energy was calcu-
lated using the DELPHI program with PARSE atom
radii and standard Parm94 charges for amino acids.
A grid resolution of 0.5 Å/grid point was used in the
Delphi calculations. The dielectric constant was set
to 1 for interior solute and 80 for exterior water.
The nonpolar contributions (DGSA) are estimated
using a simple equation:

DGSA ¼ c� SASAþ b kcal mol�1

SASA is the solvent-accessible surface area that was
estimated using the MSMS algorithm with probe radi-
us of 1.4 Å. The surface tension proportionality con-
stant c and the free energy of nonpolar salvation for
a point solute b were set to 0.00542 kcal/mol/Å2 and
0.092 kcal/mol, respectively. The entropy contributions
in the binding free energies for this series of inhibitors
should have no remarkable differences because of their
similarities of their structures. Moreover, the prediction
of entropy contribution computed by the normal-mode
analysis using the nmode module in AMBER 8 has rel-
atively large error.29 So, entropy contributions (TDS)
in the binding free energies were not estimated in this
study.
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