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Abstract In this study, the binding of Bovine serum
albumin (BSA) with three flavonoids, kaempferol-3-O-a-
L-rhamnopyranosyl-(1-3)-a-L-rhamnopyranosyl-(1-6)-b-
D-galacto- pyranoside (drug 1),kaempfol-7-O-rhamnosyl-
3-O-rutinoside (drug 2)andkaempferide-7-O-(4"-0O-
acetylrhamnosyl)-3-O-ruti- noside (drug 3) is investigated
by molecular docking, molecular dynamics (MD) simula-
tion, and binding free energy calculation. The free ener-
gies are consistent with available experimental results and
suggest that the binding site of BSA-drugl is more stable
than those of BSA-drug2 and BSA-drug3. The energy
decomposition analysis is performed and reveals that the
electrostatic interactions play an important role in the
stabilization of the binding site of BSA-drugl while the
van der Waals interactions contribute largely to stabiliza-
tion of the binding site of BSA-drug2 and BSA-drug3.
The key residues stabilizing the binding sites of BSA-
drugl, BSA-drug2 and BSA-drug3 are identified based
on the residue decomposition analysis.

Keywords Binding energy - Bovine serum albumin -
Flavonoid - Molecular dynamics (MD) simulation

X. Niu * X. Gao - H. Wang * X. Wang -+ S. Wang (D<)
Department of Food quality and Safety, Jilin University,
Changchun 130062, People’s Republic of China

e-mail: ws@jlu.edu.cn

X. Niu
e-mail: niuxd@jlu.edu.cn

X. Niu - S. Wang

State Key Laboratory of Theoretical and Computational
Chemistry, Institute of Theoretical Chemistry, Jilin University,
Changchun 130061, People’s Republic of China

Introduction

Many flavonoids are found in nature, and it has been
reported that these natural products have various biolog-
ical properties, for example, anti-oxidative [1, 2], anti-
mutagenic activities [3-5], anti-inflammatory activity
[6], antifungal activity [7] and antitumor activity [8].
Therefore, flavonoids have been linked with many
health benefits, and foods rich in flavonoids have
attracted most interest in recent years. Most flavonoids
consist of a benzene ring (A-ring) condensed with a six-
membered ring (C-ring) which carries a phenyl group
(B-ring) as a substituent in the 2-position. Recent stud-
ies have shown that these biological activities vary with
the number and substitution positions of hydroxyl and/
or methoxy groups in the flavonoid molecules [9-11].
The structural difference of flavonoids also affects their
binding process to serum albumin significantly [12, 13].

Serum albumin is the major soluble protein in the circu-
latory system, which has many physiological functions,
such as maintaining the osmotic pressure and pH of blood
and as carriers transporting a great number of endogenous
and exogenous compounds such as fatty acids, amino acids,
drugs and pharmaceutical [14]. The drug-serum albumin
interaction plays a dominant role in drug disposition and
efficacy. Bovine serum albumin (BSA) is usually employed
as a model protein because of its low cost, availability and
structural similarity with human serum albumin (HSA) [15,
16].

In recent research, most works have reported the binding
process between flavonoids and bovine serum albumin,
using parameters such as binding constant, binding affinity,
binding distance, and energy transfer by means of various
spectroscopic methods [17—-19]. For example, the three
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flavonoids including naringenin, hesperetin and apigenin
binding to bovine serum albumin (BSA) at pH 7.4 was
studied by fluorescence quenching, synchronous fluores-
cence and UV—vis absorption [20]. Yuping Zhang et. al.
[21] reported that four flavonids quercetin, luteolin, taxi-
folin and (+)-catechin with the same A- and B- rings but
different C-ring substitutents had been investigated for
their binding to bovine serum albumin (BSA) in the
absence and presence of Cu®" using fluorescence, UV-
visible and circular dichroism. Xiaolei Shi co-worker [22]
pointed out that three kinds of flavonoids have strong
ability to quench the intrinsic fluorescence of BSA by
forming complexes. The binding constants, number of
binding sites, thermodynamic parameters and energy
transfer were also obtained. However, the mechanisms
about how the drugs bind to BSA at atomic level are
not clear, which could provide useful information to fur-
ther assist in drug design. This makes the study on the
dynamic characteristics more significant. As a benzene
ring condensed with a six-membered ring which carries
a phenyl group is a key part of many flavonoids for their
potency and activation, three flavonoids, kaempferol-3-O-
a-L-rhamnopyranosyl-(1-3)-a-L-rhamnopyranosyl-(1-6)-b-
D-galacto- pyranoside (drug 1), kaempfol-7-O-rhamnosyl-
3-O-rutinoside (drug 2)andkaempferide-7-O-(4"-O-
acetylrhamnosyl)-3-O-ruti- noside (drug 3), are selected
in this study and their chemical structures are shown
in Fig. 1. Accordingly, based on the result from the
homology modeling and molecular docking, molecular
dynamics (MD) simulations, calculation of binding free
energy, and ligand-residue interaction decomposition were
performed.

Fig. 1 Structures of drugl (a),
drug2 (b), and drug3 (c)
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Materials and methods
Homology modeling of BSA

Sequence alignment was done with the on-line BLAST
(http://www.ncbi.nlm.nih.gov) [23]. The 3D structure of
BSA was built with the on-line version of 3D-JIGSAW
[24, 25] and was subjected to further 50 ns molecular
dynamics using Gromacs 4.5.2 software package [26].

The geometries of drugl, drug2, and drug3 were opti-
mized at the B3LYP/6-31G" level using the Gaussian 03
program [27].

Molecular docking calculation

The initial structure of BSA was obtained from the homol-
ogy modeling. To obtain the starting structure of the drugs-
BSA complex for molecular dynamics (MD) simulation, a
standard docking procedure for a rigid protein and a flexible
ligand was performed with AutoDock 4 [28, 29]. The La-
marckian genetic algorithm (LGA) was applied in the dock-
ing calculations. All of the torsional bonds of the drugs were
free to rotate while BSA was held rigid. Then, the polar
hydrogen atoms were added for BSA using the AutoDock
tools, and Kollman united atom partial charges [30] were
assigned. A total of 150 independent runs were carried out
with a maximum of energy evaluations to 25,000,000 and a
population size to 300. A grid box (70x70%70) with spac-
ing of 1.000 A was created and centered on the mass center
of the ligand. Energy grid maps for all possible ligand atom
types were generated using Autogrid 4 before performing
the docking.

OH HO O o o O OH
O | Qo

OH OH

OH OH OH
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The clusters were ranked according to the lowest energy
representative in each cluster. The lowest energy conformation
in the most populated cluster was chosen for further study [31].

Molecular dynamics simulations

All of the simulations and the analysis of the trajectories
were performed with Gromacs 4.5.2 software package [26]
using the Charmm?27 force field and the TIP3P water model
[32]. The BSA-drug systems were first energy relaxed with
2000 steps of steepest-descent energy minimization fol-
lowed by another 2000 steps of conjugate-gradient energy
minimization. The systems were then equilibrated by a
500 ps of MD run with position restraints on the protein
and ligand to allow for relaxation of the solvent molecules.
The first equilibration run was followed by a 25 ns MD run
without position restraints on the solute. The first 20 ns of
the trajectory were not used in the subsequent analysis to
minimize convergence artifacts. The equilibration of the
trajectory was checked by monitoring the equilibration of
quantities, such as the root-mean-square deviation (rmsd)
with respect to the initial structure, the internal protein
energy, and fluctuations calculated for different time inter-
vals. The electrostatic term was described with the particle
mesh Ewald algorithm. The LINCS [33] algorithm was used
to constrain all bond lengths. For the water molecules, the
SETTLE algorithm [33] was used. A dielectric permittivity,
=1, and a time step of 2 fs were used. All atoms were given
an initial velocity obtained from a Maxwellian distribution
at the desired initial temperature of 300 K. The density of
the system was adjusted during the first equilibration runs at
NPT condition by weak coupling to a bath of constant
pressure (Py=1 bar, coupling time 7,=0.5 ps) [34]. In all
simulations, the temperature was maintained close to the
intended values by weak coupling to an external tempera-
ture bath with a coupling constant of 0.1 ps. The proteins
and the rest of the system were coupled separately to the
temperature bath. The structural cluster analysis was carried
out using the method described by Daura and co-workers
with a cutoff of 0.25 nm [34].

The parameters of drugl, drug2, and drug3 were estimat-
ed with the antechamber programs [35] and the structures
were shown in Fig. 1. AM1-BCC partial atomic charges
from the Amber suite of programs [36].

Analysis of the trajectories was performed using VMD,
PyMOL analysis tools and Gromacs analysis tools.

Calculation of binding free energy

In this work, the binding free energies are calculated using
molecular mechanics/Poisson-Boltzman surface area (MM-
PBSA) approach [37-40] supplied with Amber 10 package.
We choose a total number of 100 snapshots evenly from the

last 10 ns on the MD trajectory with an interval of 10 ps.
The MM-PBSA method can be conceptually summarized
as:

AGbind = AGcomplex_ [AGprotein + AGlig] ( 1 )

AGying = AH-TAS, (2)

where AH of the system is composed of the enthalpy
changes in the gas phase upon complex formation (AEj;,)
and the solvated free energy contribution (AGy,,), while —
TAS refers to the entropy contribution to the binding. Equa-
tion (2) can then be approximated as shown in Eq. (3):

AGbind = AEMM + AGSUZ_TAS7 (3)

where AE,;, is the summation of the van der Waals
(AE,4,) and the electrostatic (AE,,) interaction energies.

AEMM = AEW{W + AEe/e. (4)

In addition, AG,,;, which denotes the solvation free
energy, can be computed as the summation of an electro-
static component (AGy s,;) and a nonpolar component
(AGnonpolar,sol)a as shown in Eq (5)

AGsol = AGele‘,ml + AGnonpolar,sol~ (5)

Ligand-residue interaction decomposition

The interactions between drugs and each residue in the
binding site of «x-HL are analyzed using the MM-GBSA
decomposition process applied in the MM-GBSA module in
Amber 10. The binding interaction of each ligand-residue
pair includes three terms: the Van der Waals contribution
(AE,4,), the electrostatic contribution (AE,,;.), and the sol-
vation contribution (AE;,). All energy components are
calculated using the same snapshots as the free energy
calculation.

Results and discussion

Determination of the binding mode of BSA with drugl,
drug2, and drug3

Because flavonoids binds to the BSA, we were interested in
identifying the potential binding of drugs to BSA in the active
site via molecular docking and molecular dynamics simula-
tion using AutoDock 4.0 and Gromacs 4.5.1 software pack-
age. The initial structure of the monomeric BSA was obtained
from homology modeling, as previously reported [41].

To explore the mechanism of BSA bound with drugl,
drug2 and drug3, we determined the preferential binding
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Fig. 2 The root-mean-square deviations (RMSD) of all the atoms of
BSA-drugs complexes with respect to their initial structures as function
of time

mode of BSA with drugs by 25-ns molecular dynamics
simulations based on the docking results. Initially, the
root-mean-square deviations (RMSD) of backbone C,
atoms are analyzed to examine whether each system reaches
equilibrium and it can be seen that the complex was found to
reach equilibrium at 10 ns, as is shown in Fig. 2. The drugl,

Fig. 3 The predicted binding
mode of drugs (green) (a drugl;
b drug2; ¢ drug3) in the BSA
binding pocket obtained from
MD simulation

drug2, and drug3 are bound to BSA and the best solutions
are given in Fig. 3. It is clear that three drugs can bind to
BSA via hydrogen bonding and hydrophobic interactions.
Over the time course of the simulation, drugs localize to the
catalytic pocket (50 to 200, 400 to 600).

The predicted binding mode of drugl with BSA is illus-
trated in Fig. 3, and the electrostatic potentials of the resi-
dues around the binding site are mapped using APBS
software, [42] as shown in Fig. 3. In detail, the binding
model of drugl with the BSA (Fig. 4a) revealed that the
hydroxyl group and oxygen of drugl both formed hydrogen
bonds with the side chains amino and carbonyl of Gln 57,
carbonyl of Asp 135, and amino group of Lys 138. As is
shown in Fig. 4b, the number of hydrogen bonds fluctuates
between 4 and 6 within the simulation time, which indicates
that there are always 4—6 hydrogen bonds between drugl
and BSA. Moreover, the electropositive side chains of
Lys138 and GIn57 form electrostatic interactions with
drugl. It can be seen that GIn57 anchor the benzene ring
of drugl, and Lys138 plays an important role in stabilizing
the 4H-chromen-4-one moiety of drugl, which will be con-
firmed by energy decomposition analysis. In addition, the
binding modes of drug2 and drugl are similar, as is shown
in Fig. 4c. The hydroxyl groups of drug2 can form hydrogen
bonds with the side chain carbonyl of Glu164 and Asp535

@ Springer




J Mol Model (2013) 19:1039-1047

1043

(a)

LY¥S5-138 Y"‘ g

Asp.lzy\d ___{

iy 2l

LEU-421 &

Number of H-bond

Number of H-bond

12

(b)

Number of H-bond

12 13
Time (ns)

Time (ns)

12
Time [ns)

Fig. 4 Predicted binding modes of BSA with the drugl (a), drug2 (c), and drug3 (e) are shown with labels for key residues. The number of
hydrogen bonds between drugl (b), drug2 (d), drug3 (f) and BSA during the last 10-ns simulation is shown

and the benzene ring can form hydrophobic interactions
with Lys138 and Leu539. As is shown in Fig. 4d, the
number of hydrogen bonds fluctuates between 2 and 4
within the simulation time, which indicates that there are
always 2—4 hydrogen bonds between drug2 and BSA. How-
ever, the position of drug3 is on the other side of the pocket.
Figure 4e show that in the BSA-drug3 complex, the benzene
ring of drug3 is parallel with the benzene ring plane of
residue Tyr424, and Tyr424 is close to drug3. In this case,
a 71-7T interaction between the two conjugate systems prob-
ably exists, leading to a strong interaction between the
residue and drug3. In addition, there are two hydrogen
bonds between drug3 and Leu421 and Glu572. The number
of hydrogen bonds fluctuates between 1 and 3 within the
simulation time, which indicates that there are always 1-3

hydrogen bonds between drug3 and BSA, as is shown in
Fig. 4f. The corresponding results of H-bonds between BSA
and drugs were shown in Table 1.

The root mean square fluctuation (RMSF) of the residues
around the drugs binding sites of BSA in the BSA-drugs
complexes and in free BSA were calculated to reveal the
flexibility of these residues. The RMSF of these residues are
shown in Fig. 5, clearly depicting different flexibilities in
the binding sites of BSA in the presence and absence of
drugs. In Fig. 5a and b, the residues (50-200) in the BSA
binding site that bind with drugl and drug2 show a small
degree of flexibility with RMSF of less than 5.00 A when
compared with free BSA, indicating that these residues
seem to be more rigid as a result of binding to drugl and
drug2. In Fig. 5c, the residues (400-600) in the BSA
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Fig. 5 RMSF of residues around the ligand-binding site of BSA (50—
200, 400-600) in the BSA-drugs complexes (a drugl; b drug2; ¢
drug3) and free BSA during the last 10-ns simulation time

binding site that bind with drug3 also show a small degree
of flexibility with RMSF of less than 2.5 A when compared
with free BSA.

@ Springer

Identification of the binding sites in the BSA-drugs
complexes

To gain more information about the residues surrounding
the binding site and their contribution to the whole
system, the electrostatic, Van der Waals, solvation and
total contribution of the residues to the binding free
energy of BSA-drugs were calculated with the molecular
mechanics generalized Born surface area (MM-GBSA)
method [43, 44]. The calculation was performed over
the 50 MD snapshots taken from the last 20-ns simula-
tion. The summations of the per residue interaction free
energies were separated into Van der Waals (AE,z,),
electrostatic (AE,;,), solvation (AE,,), and total contri-
bution (AE,,;). The energy contributions from the se-
lected residues are summarized in Fig. 6a, b and c.
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Fig. 6 Decomposition of the binding energy on a per-residue basis in
the BSA-drugl complex (a), BSA-drug2 complex (b) and BSA-drug3
complex (c)
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Table 1 BSA-drugs H-bonds from MD simulations

Acceptor Donor Presence % Distance (A)
Drugl:
lig>0O Lys138 N-H 95.2 2.2+0.12
lig>0O 93.6 1.9+0.15
lig H-O GIn57 N-H 91.5 2.5+0.11
GIn57 C=0 lig O-H 93.4 1.7+0.16
Aspl35 C=0 lig O-H 67.4 1.9+0.20
Drug2:
Glul64 C=0 lig O-H 89.5 1.7+£0.13
lig O-H 88.7 1.5+0.15
Asp535 C=0 lig O-H 69.7 2.0+0.19
Drug3:
Leud21 C=0 lig O-H 47.1 3.3+£0.23
Glu572 C=0 lig O-H 84.2 2.0+0.19

As shown, in the BSA-drugl complex, Lys138 has an
appreciable electrostatic (AE,;,) contribution, with a AE,;, of
< =10 keal mol™ (Fig. 6a). In fact, Lys138 is close to the
glycosides moiety of drugl, and two electrostatic interactions
exist, leading to two strong H-bonds between BSA and drugl.
In addition, residue GIn57, with a AE,;, of <—9 kcal mol™, has
another strong electrostatic interaction with the ligand because
of the close proximity between the carbonyl of residue GIn57
and glycosides moiety of drugl, which promotes two strong H-
bonds in the complex. Except for the residues Phe60 and
Tyr108, the majority of the decomposed energy interaction
originated from electrostatic interactions, apparently through
hydrophilic interactions, while the Van der Waals contribution
appeared to be a minor influence on those key residues in BSA-

drugl complex formation. However, for BSA-drug2 complex,
except for the residues Glu164 and Asp535, the majority of the
decomposed energy interaction originated from Van der Waals
interactions. Lys138 has the strongest attraction interaction
(with van der Waals term of —2.3 kcal mol™). Glul64 and
Asp535 have two large electrostatic (—12 kcal mol™ and
—10 keal mol ™) terms, while solvation (AE,,;) shows unfavor-
able contributions at 11 kcal mol™ and 9 kcal mol'l, which
results in that the total energy contributions of Glul64 and
Asp535 are weak. Similarly, for BSA-drug3 complex, the van
der Walls interactions of Leu421 and Tyr424 are —3.0 kcal
mol™ and —4.0 kcal mol™, respectively, which suggests that
both are key residues near the electropositive groups of drug3
as observed from binding modes (Fig. 6b and c).

Binding affinity of BSA-drugs

In addition, the total binding free energy for the BSA-drug
complexes and their detailed energy contributions calculated
according to the MM-PBSA approach, are summarized in
Table 2. The AGy,;,s can be divided into polar (AG s +
AE,;,) and nonpolar energies (AG onpoiar T AE ). The free
energy of drugl binding to BSA is primarily derived from the
AG o501+ AE ), at —52.07 keal mol™!, while the AG onpotar T
AE, 4, shows a likely unfavorable contribution at 29.29 kcal
mol™'. This is due to the intermolecular electrostatic energy,
which is mainly achieved from the drugl-binding residues.
With the summation of the solute entropy term (~10.7 kcal
mol™), an estimated AG);,4 of —12.08 kcal mol™! was found
for drugl, suggesting that drugl can bind to and interact with
the binding site of BSA through electrostatic energy, while for
drug? and drug3, the free energies are primarily derived from
the nonpolar energies (AGonpoiar + AE,q) at —10.34 keal

Table 2 Calculated energy

components, binding free energy Energy cg{nponents Drug 1 Drug 2 Drug 3
(kecal mol™) of three flavonoids (kcal mol™)
binding to active site of BSA. K,
is the binding constant, reflect- AE . —47.51+6.96 —2.72+3.87 —2.97+7.60
ing the reaction degree of BSA AE, 4., —-34.58+2.98 -39.23+7.38 —43.85+3.43
and flavonoids and  is the AEy —82.09+7.87 —41.95+9.45 —46.82+9.82
number of binding sites
AGee 501 —4.56+0.22 —3.89+0.26 —1.68+0.20
AG ompolarsol 63.87+6.46 28.89+8.15 30.30+9.14
AG,o; 59.31+6.35 25.00+8.15 28.62+4.27
AGjeso1 + AE . —52.07+7.18 —6.61+£7.47 —4.64+7.97
AGompotar + AE gy, 29.29+4.71 ~10.34+5.61 ~13.55+4.71
AG o —22.78+2.83 -16.95+£2.99 —18.19+2.51
-TAS 10.7+2.51 9.87+2.01 9.19+2.47
AGyina —12.08+1.23 ~7.08+1.48 —9.00+1.52
K, (1x10% L-mol ™" [22] 0.89 0.30 0.41
n [22] 0.92 0.81 0.83
r[22] 0.9998 0.9778 0.9971
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mol! and —13.55 kcal mol’, respectively. The AG, 40 +
AE,;, show a minior contribution at —6.61, —4.64 kcal mol ™,
respectively, which suggests that drug2 and drug3 can bind to
BSA through van der Waals energy.

Moreover, the MM-GBSA calculation predicted that
drug2 and drug3 bound more weakly to BSA than did drugl
(—7.08 kecal mol™ for drug2 and —9.00 kcal mol™ for drug3),
as shown in Table 2. The calculations for drug2 and drug3
revealed that these two drugs resulted in a decrease of
approximately 3 to 5 kcal mol™ of binding energy compared
to drugl. According to the experimental results [22], the
binding constants, K, of the interaction between drugs and
BSA decrease in the following order: drugl > drug3 >
drug2, which means that drugl has the strongest ability to
bind to BSA and drug2 has the weakest ability, as shown in
Table 2. The calculated binding free energies are in good
agreement with the experimental data. We believe that the
MD simulations generated the reliable BSA-drugs
complexes.

Conclusions

In summary, the current computational study insights into
the structure and interactions for the binding of three flavo-
noids to BSA at the atomic level using molecular docking,
MD simulation, and binding free energy calculations. The
binding mode of BSA-drug3 is different from those of BSA-
drugl and BSA-drug2, which is mainly ascribed to their
different chemical structures. The computed binding ener-
gies are consistent with available experimental results. The
calculated free energies of BSA-drugl, BSA-drug2 and
BSA-drug3 reveal that the binding site of drugl is more
stable than those of drug2 and drug3. The energy decompo-
sition analysis shows that the electrostatic interactions play
an important role in the stabilization of the binding site of
BSA-drugl while the van der Waal interactions contribute
largely to stabilization of the binding sites of BSA-drug2
and BSA-drug3. The residue decomposition analysis illus-
trates that Lys138 is the key residue for binding sites of
BSA-drugl and BSA-drug2 while Leu421 and Tyr424 are
two key residues for the binding site of BSA-drug3. The
current MD simulation results provide insights into the
mechanism of how drugs bind to BSA at the atomic level
and will be useful for the development of an erythrocyte-
based drug delivery system.
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