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Abstract Betulinic acid (BA) is a naturally occurring
pentacyclictriterpenoid possessing anti-retroviral, anti-
cancer, and anti-inflammatory properties. Here, we studied
the interaction of BA with human serum albumin (HSA) by
using molecular docking, and molecular dynamic simulation
methods. Molecular docking studies revealed that BA can
bind in the large hydrophobic cavity of drug binding site I of
sub-domain IIA and IIB, mainly by the hydrophobic
interactions and also by hydrogen bond interactions. In which
several cyclohexyl groups of BA are interacting with Phe
(206), Arg(209), Ala(210), Ala213), Leu(327), Gly(328),
Leu(331), Ala(350), and Lys(351), residues of sub-domain
A and IIB of HSA by hydrophobic interactions. Also,
hydrogen bond interactions were observed between the
hydroxyl (OH) group of BA with Phe(206) and Glu(354) of
HSA, with hydrogen bond distances of 0.24 nm,0.28 nm
respectively. Further, specifically, the molecular dynamics
study makes an important contribution in understanding the
effect of the binding of BA on conformational changes of
HSA and the stability of the protein-drug complex system in
aqueous solution. The root mean square deviation values of
atoms in the free HSA molecule were calculated from 3000 ps
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to 5000 ps trajectory and the results were obtained as 0.72+
0.036 nm and 0.814+0.032 nm for free HSA and HSA-BA,
respectively. The radius of gyration (Rg) values of both
unliganded HSA and HSA-BA were stabilized at 2.59+
0.03 nm, 2.51+0.01 nm, respectively. Thus, this work may
play an important role in the design of new BA inspired
drugs with desired HSA binding affinity.

Keywords Betulinic acid - Docking - Human serum
albumin - Molecular dynamics

Introduction

Natural compounds to treat various types of diseases have
recently attracted considerable interest due to their versatile
biological properties and usually broad safety window during
administration. One such group of compounds is triterpenes
with betulinic acid. Betulinic acid (BA) is a naturally
occurring pentacyclictriterpenoid. The molecular mass of
BA is 456.7 Da and its molecular formula is C3gH4305 (See
Fig. 1). BA and its derivatives are anti-retroviral, anti-
malarial, and anti-inflammatory agents that are not steroids
[1-6]. Initially BA was considered to be melanoma specific
(undergoing phase II clinical trials) [6] but recent studies
suggested that it shows anticancer activity against a broad
spectrum of cancers. Anticancer activity has been linked to
its ability to directly trigger mitochondrial membrane
permeabilization, a central event in the apoptotic process
that seals the cell’s fate [7]. They were used primarily in the
treatment of chronic arthritic conditions and certain soft
tissue disorders associated with pain and inflammation. They
act by blocking the synthesis of prostaglandins by inhibiting
cyclooxygenase, which converts arachidonic acid to cyclic
endoperoxides, precursors of prostaglandins. Inhibition of
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Fig. 1 Structure of betulinic acid

prostaglandin synthesis accounts for their analgesic, antipy-
retic, and platelet-inhibitory actions [1]. It has been shown
that BA suppresses the activity of DNAtopoisomerase 1 [4].
In addition, molecular modeling experiments have predicted
that BA may be a substrate for cytochrome P450 [8]. In other
reports, BA derivatives acylated on the C-3-hydroxyl group
inhibited HIV-1 replication by interfering with HIV-1
maturation [9, 10].

Interaction studies of drugs with plasma proteins plays a
crucial importance to understand the pharmacodynamics and
pharmacokinetics of drugs. Drug binding influences the
distribution, excretion, metabolism, and interaction with the
target tissues. HSA, the most abundant protein in human

plasma (~600 mM), is a 67 kDa monomer containing three
homologous helical domains, I (residues 1-195), 11 (196-383)
and III (384-585), each divided into A and B sub-domains
and the overall structure is stabilized by 17 disulfide bridges
[11-15]. An electron density corresponding to residues 1—4
and residues 583-585 of the HSA molecule is not clearly
observed, probably due to conformational flexibility at both
termini [16]. Structurally, it is a non-glycosylated single
polypeptide heart shaped protein with 67% o-helical content
(Fig. 2a and b). It binds various endogenous and exogenous
ligands including hormones, fatty acids and foreign mole-
cules such as drugs [11-29]. Recently our group has shown
that HSA binds to BA with a binding constant of Kga=
1.685+0.01x10° M ™' [24]. We have also shown that there
are conformational changes in protein due to binding of BA
to HSA. Also, it is shown in a recent report from our group
on different phytomedicines like maslinic acid, trimethoxy-
flavone, and coumaroyltyramine, sitosterol, strongly binds to
HSA leading to change in protein conformation [25-28].
Molecular dynamics (MD) simulation gives insights into
the natural dynamics on different timescales of protein-
ligand complexes in solution, and affords thermal averages
of molecular properties. There have been several MD

e

Fig. 2 Betulinic acid docked in the binding pocket of HSA using
autodock4.0. Different view of HSA and BA docked conformation,
(a) overview in surface model of betulinic acid binding to HSA, (b)
cartoon model, (¢)The docking poses of the HSA-betulinic acid
complex depicted in a ball and stick model (light orange), and HSA,
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represented the main chain in stick model and side chains in lines
model, d)Hydrophobic pocket of HSA and betulinic acid, the betulinic
acid represents in ball and stick model (orange color) and the binding
pockets in cyanocolor, in which the green color represents the binding
pocket residues. Images are generated using VMD and PyMol



J Mol Model (2012) 18:2589-2597

2591

simulation studies regarding HSA. For example, Sudhamalla
et al. [27] studied the stability of HSA-[3-sitosterol complex
in aqueous solution using MD simulation. Another report
by Diaz et al. [30] showed the effect of different
protonation states of Lys195 and Lys199 on the IIA binding
site using MD simulation. Also Fujiwara and Amisaki [31]
performed MD simulations on HSA binding with fatty
acids, and their recent work has revealed high and low
affinity sites for fatty acids on HSA that are in good
agreement with the experimental results [32]. In another
report, the HSA-ligand interactions of warfarin and
ketoprofen were shown with the molecular dynamic studies
which reveal the binding of these ligands to site I and II,
respectively [33]. However, a detailed understanding of the
interactions between HSA and BA at molecular level has
not yet been reported.

In the current study, we used molecular docking to find the
binding site and its interactions between HSA and BA at
molecular level. Further, MD simulations were performed on
HSA-BA complex in aqueous solution to explore the
stabilities and dynamic properties of the binding site.

Materials and methods
Molecular modeling and docking

BA docking to HSA was performed with the AutoDock4.0
program using the Lamarckian genetic algorithm [34, 35].
The known crystal structure of HSA (PDB Id: 1AO6) was
obtained from the Brookhaven Protein Data Bank. Three
dimensional structure of BA was built from its 2D structure,
and its geometry was optimized using discover3 in the
Insightll/Builder program. Water molecules and ions were
removed (including ordered water molecules) and hydrogen
atoms added to functional groups with the appropriate
geometry within the protein, which was ionized as required
at physiological pH. The structure of HSA was protonated
in Insightll (www.accelrys.com). Kollman united atom
partial charges [36] were assigned to HSA and then non-
polar hydrogens of HSA were merged using AutoDock Tools.
HSA was held rigid and all the torsional bonds of BA are
taken as being free during docking calculations. In docking
calculations, the preferred conformation obtained from dock-
ing depends on the binding energies of the conformer.
Moreover, the protein is usually set to be rigid, and there is
no consideration of the effect of solvent molecules on
docking. To recognize the binding sites in HSA, blind
docking was carried out, the grid size set to 126, 126 and
126 along X-, Y-, and Z-axis with 0.0375 nm grid spacing.
The center of the grid set to 2.95, 3.18, 2.35 nm. The docking
parameters used were, GA population size: 150; maximum
number of energy evolutions: 250,000. During docking, a

maximum numbers of top 30 conformers were considered,
and the root-mean-square (RMS) cluster tolerance was set to
0.2 nm.

Molecular dynamics simulations

A 5000 ps molecular dynamics simulation of the complex was
carried out with GROMACS4.0 [37, 38], package using the
GROMOS96 43al force field [39, 40]. The initial conforma-
tion was taken from the one with binding energy closest to
experimental binding energy and binding constant (Table 1).
The topology parameters of HSA were created by using
Gromacs program. The topology parameters of BA were built
by the Dundee PRODRG2.5 server (beta) [41]. Then the
complex was immersed in a cubic box (7.335x6.135x
8.119 nm) of extended simple point charge (SPC) water
molecules [39]. The solvated system was neutralized by
adding sodium ions in the simulation box, the entire system
was composed of 5843 atoms of HSA, one BA and 15 Na*
counter ions and 69,491 solvent atoms. To release conflicting
contacts, energy minimization was performed using the
steepest descent method of 1000 steps, followed by the
conjugate gradient method for 1000 steps. MD simulation
studies consist of equilibration and production phases. In the
first stage of equilibration, the solute (protein, counter ion and
betulinic acid) was fixed and the position-restrained dynamics
simulation of the system, in which the atom positions of HSA
were restrained at 300 K for 30 ps. Finally the full system
was subjected to 5000 ps MD at 300 K temperature and 1 bar
pressure. The periodic boundary condition was used and the
motion equations were integrated by applying the leaf-frog
algorithm with a time step of 2 fs. The atomic coordinates
were recorded at every 0.5 ps during the simulation for latter
analysis. The MD simulation and results analysis were
performed on OSCAR Linux cluster with 16 nodes (dual
xeon processor) at CMSD facility, University of Hyderabad.

Results and discussion

Our previous in vitro report exhibits that BA binding
interactions and conformational changes of HSA. From this
study the binding constant of BA to HSA was calculated from
fluorescence data and found to be Kga=1.685+0.01x
10° M! [24], indicating a strong binding affinity. It is
interesting that the computationally calculated binding con-
stant 1.68x10° M ™" also accurately matches the experimental
value (Table 1). The secondary structure changes that
appeared with the HSA-BA complex, indicate that the HSA
in this complex is partially unfolded due to binding of BA to
HSA.

In principle, there are four types of non-covalent inter-
actions in ligand binding to proteins. Those are hydrogen
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Table 1 Docking summary of

HSA with betulinic acid by SN Rank Sub rank Binding energy [kcalM™'] Inhibitory constant Ki Ka [M]

AutoDock program generated

different ligand conformers 1 1 1 —-10.51 19.76 nM 5.06x10’

using a Lamarkian 2 1 2 -10.42 22.99 nM 4.35%x107

genetic algorithm 3 2 1 —9.81 64.54 M 1.55%107
4 2 2 -9.61 90.61 nM 1.10x107
5 2 3 9.6 92.62 nM 1.08x107
6 3 1 -9.57 96.1 nM 1.04x107
7 4 1 -9.38 133.15 nM 7.51x10°
8 4 2 -8.98 260.18 nM 3.84x10°
9 5 1 -8.49 594.86 nM 1.68x10°
10 5 2 -8.46 628.55 nM 1.59x10°
11 6 1 -8.19 992.56 nM 1.01x10°
12 7 1 -7.86 1.73 uM 5.78x10°
13 7 2 -7.83 1.81 uM 5.52x10°
14 8 1 ~7.83 1.82 uM 5.49x10°
15 8 2 -7.7 2.26 uM 4.42x10°
16 9 1 -7.58 2.76 uM 3.62x10°
17 10 1 -7.58 2.79 uM 3.58x10°
18 11 1 ~7.47 3.33 uM 3.00x10°
19 12 1 -7.25 4.84 uM 2.07x10°
20 12 2 -7.19 539 uM 1.86x10°
21 12 3 -7.12 6.04 uM 1.66x10°
22 13 1 -7.05 6.76 uM 1.48x10°
23 14 1 —-6.94 8.12 uM 1.23x10°
24 14 2 -6.92 8.44 uM 1.18x10°
25 15 1 -6.89 8.97 uM 1.11x10°
26 15 2 —-6.84 9.65 uM 1.04x 103
27 15 3 -6.83 9.89 UM 1.01x10°
28 15 4 -6.81 10.27 uM 9.74x10*
29 16 1 -6.67 12.81 uM 7.81x10*
30 17 1 -6.16 30.41 pM 3.29x10*

bonds, van der Waals forces, hydrophobic and electrostatic
interactions. The thermodynamic parameters of the interaction
are the main evidence for confirming the forces involved. By
using the above binding constant, Kgs=1.685+0.01x
10° M, if we calculate the standard free energy according
to Eq. 1.

AG’ = —RT InK, (1)

where AG is free energy, K is binding constant at the
corresponding temperature (25 °C) which can be obtained
from fluorescence data and R is the gas constant. Thus, the
free energy change is—8.5 kcal M at 25 °C. These results
were fully supported by computational calculation which
was obtained as—8.49 kcal M ' (Table 1). A similar type of
interaction like hydrophobic and hydrogen bonding were
observed with our recent studies of natural compounds,
feruloylmaslinic acid, trimethoxy flavones, coumaroyltyr-
amine and {3-sitosterol with HSA having binding constants
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of Kppal42 £0.01x10° M, K1ppl.040.01x10° M, and
Ker 4540.01x10° M, Kgosterod.6 £0.01x10° M ! and
their free energies are —10.9, -5.4, -7.6, and —5.0 kcal, M
[25-28]. Further, we performed computational studies like
molecular docking and simulations to understand more details
of its binding and also stable conformation of protein.

Molecular docking studies

Crystal structure analysis has revealed that HSA consists of
a single polypeptide chain of 585 amino acid residues and
comprises three structurally homologous domains (I-III): 1
(residues 1-195), I (196-383), and III (384-585) that
assemble to form a heart-shaped molecule [17]. The
principal regions of ligand binding sites of HSA are located
in hydrophobic cavities in sub-domains ITA and IIIA, which
correspond to site I and site II, respectively, other than this
there are eight fatty acid binding sites [11-13, 23, 42].
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In this study, AutoDock program was chosen to examine
the binding mode of BA at the active site of HSA. A total
of 30 different conformations were generated through blind
docking. Based on RMS cluster tolerance between struc-
tures, these complexes were sorted into clusters, i.e.,
different clusters with different binding modes with HSA;
finally we obtained 17 clusters (data not shown). Judging
from the values of mean binding energy and number of
structures in the cluster, cluster 1 was found to be the
preferred binding site as it had the lowest mean binding
energy (—8.49 kcal M) (Table 1) and also it is very close
to the experimental value (8.5 kcal M ') which was
published by our group [24] and the binding constant also
matches the experimental value (Table 1). After visual
inspection we have observed that out of 30 conformations
ten conformations were found in II A and IIB sub-domain.
Our lowest energy conformation (Fig. 2a and b) is also
found to be docked with sub-domain II A and IIB which

can be justified with the results shown by Subramanyam et
al. [24]. The fluorescence maximum at 362 nm emission
increased with increasing concentrations of BA (0.01—
0.1 mM) keeping the concentration of HSA (0.025 mM)
fixed. It is important to note that the Trp-214 residue of
HSA is in close proximity to the sub-domain IIA. The
probable cause of this conformational change may be due
to allosteric interaction between domains I, II and III. As
sub-domain ITA and IIIA are topologically similar, and the
only chance for drug binding is in sub-domain IIA and IIB
which have been observed from docking results. So we can
say on the basis of AutoDock result that the most probable
binding site for BA is between sub-domain IIA and IIB
(Fig. 2c and d).

The BA molecule moiety was located within the hydro-
phobic binding pocket and several cyclohexyl groups of BA
interact with Phe(206), Arg(209), Ala(210), Ala(213), Leu
(327), Gly(328), Leu(331), Ala(350), and Lys(351), etc.

Table 2 Hydrophobic interac-

tion between BA atoms and Ligand(BA) Residue no Atom no Residue Residue no Atom no Distance (nm )
HSA atoms with distance (nm)

LIG 583 C13 LYS 351 CE 0.366
LIG 583 C13 LYS 351 CD 0.318
LIG 583 C29 ALA 350 CB 0.314
LIG 583 C23 ALA 350 CB 0.35

LIG 583 Cl1 ALA 350 CB 0.327
LIG 583 C04 ALA 350 CB 0.38

LIG 583 C11 LEU 331 CD2 0.327
LIG 583 C10 LEU 331 CD2 0.373
LIG 583 C10 GLY 328 CA 0.372
LIG 583 C10 LEU 327 C 0.368
LIG 583 C27 ALA 213 CB 0.384
LIG 583 C21 ALA 213 CB 0.319
LIG 583 C19 ALA 213 CB 0.378
LIG 583 C15 ALA 213 CB 0.372
LIG 583 C12 ALA 213 CB 0.303
LIG 583 Co03 ALA 213 CB 0.333
LIG 583 Co1 ALA 213 CB 0.372
LIG 583 Co03 ALA 213 CA 0.356
LIG 583 Co1 ALA 213 CA 0.337
LIG 583 C14 ALA 210 CB 0.377
LIG 583 C27 ARG 209 Ccz 0.373
LIG 583 C25 ARG 209 Ccz 0.346
LIG 583 C25 ARG 209 CD 0.351
LIG 583 C27 ARG 209 CG 0.32

LIG 583 C25 ARG 209 CG 0.309
LIG 583 C02 ARG 209 CG 0.38

LIG 583 CO05 PHE 206 CEl 0.386
LIG 583 C08 PHE 206 CDl 0.341
LIG 583 CO05 PHE 206 CD1 0.344
LIG 583 C08 PHE 206 CB 0.36
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residues of sub-domain binding to drug site I of IIA and IIB of
HSA by hydrophobic interaction (Table 2) (Fig. 3) generated
by ligplotl.0 [43]. Thus it could be concluded that the
interaction of BA with HSA is mainly hydrophobic, which is
in perfect agreement with the thermodynamic results obtained
from fluorescence emission by Subramanyam et al. [24].
Furthermore, there were also a number of specific hydrogen
bonds, because several polar residues in the proximity of the
ligand play an important role in binding the BA molecule via
H-bonds. Hydrogen bonding interactions were observed
between the hydroxyl (OH) group of BA and Phe(206) and
Glu(354)of HSA, with hydrogen bond distances of 0.24 nm
and 0.28 nm, respectively (Fig. 2a). The results suggested that

Fig. 3 Representation of
betulinic acid interaction with
its binding pocket in
2-dimensional view, generated
by LIGPLOT 4.5.3
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the formation of hydrogen bonds stabilize the BA-HSA
complexes. Therefore, the results of molecular docking
indicate that the interaction between BA and HSA are
dominated by hydrophobic forces, which is in agreement
with the fluorescence data of Subramanyam et al. [24].

Analysis of the dynamics trajectories

In order to investigate the stability of the system (protein,
ligand, water, ions, etc.) properties were examined by means of
RMS deviations (RMSDs) of HSA and BA with respect to the
initial structure, root mean square fluctuations (RMSFs) and
the radius of gyration (Rg) of protein. In addition, the stability
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Fig. 4 Time dependence of root mean square deviations (RMSDs).
C, RMSD values for free HSA and HSA- betulinic acid complex
during 5000 ps molecular dynamics (MD) simulation

of system proved the credibility of the docking result (Fig. 2),
where the BA bound to HSA at drug binding domain IIA and
B were used for MD simulations. The RMSD values of
atoms in free HSA and HSA-BA with respect to initial
structures were calculated along the 5000 ps trajectories and
shown in Figs. 4, 5, 6 and 7. Analysis of Fig. 4 indicates that
the RMSD of both systems reaches equilibration and oscillate
around an average value after 3000 ps simulation time. The
RMSD values of atoms for HSA, HSA-BA were calculated
from 3000 ps to 5000 ps trajectory data and obtained 0.72+
0.036 nm and 0.81+0.032 nm for free HSA and HSA-BA,
respectively. RMSD value of BA binding sub-domain
between IIA and IIB of drug binding site 1 (Fig. 4) shows
very little deviation in comparison with the whole protein.
RMSD of HSA-BA is stabilized at 1000 ps while RMSD of
HSA is not stabilized at BA binding site suggesting that the
sub-domain IIA and IIB is more favorable for BA binding.
After comparing the RMSD of BA binding site and whole
protein, it can be stated that binding of BA between sub-
domains ITA and IIB leads to the allosteric effect on these
domains which was observed by our group by fluorescence
analysis [24]. Our group previously reported that the
fluorescence emission is increased upon BA binding to

Rg (nm)

2000 3000 4000

Time (ps)

1000 5000

Fig. 5 Time evolution of the radius of gyration (Rg) during 5000 ps
MD simulation of HSA and betulinic acid
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Fig. 6 Root mean square fluctuations (RMSF), time dependence of
root mean square deviations (RMSDs). C, RMSD values for free
HSA and HSA-betulinic acid complex during 5000 ps molecular
dynamics (MD) simulation

HSA, which indicates that binding to the betulinic acid is
not close to the tryptophan residue (Trp 214).

In the present MD studies, we determined the radius of
gyration (Rg) values of free HSA and HSA-BA complex as
shown in Fig. 5. In both systems, Rg values were stabilized at
about 3500 ps, indicating that the MD simulation achieved
equilibrium after 3500 ps. Initially the Rg values of both free
HSA and HSA-BA complex was 2.7 nm. The free HSA,
HSA-BA were stabilized at 2.59+0.03 nm, 2.51£0.01 nm,
respectively (Fig. 5). The radius gyration of both HSA and
HSA-BA are approximately similar to each other which
clearly indicate that there are moderate conformational
changes during the simulation. Our results clearly match
the experimental evidence that the protein conformational
changes are marginal while BA is binding to the HSA [24].
Also the previous reports show that during MD simulation
conformational changes may occur upon binding of ligands
[27, 31-33, 44].

Local protein mobility was analyzed by calculating the
time-averaged root mean square fluctuation (RMSF) values
of free HSA and HSA-BA complexes were plotted against
residue numbers based on the 5000 ps trajectory data
(Fig. 6). The general profiles of atomic fluctuations were

Solvent Accessible Surface
T T T d T ¥ T

— Free HSA ||
— HSA.BA

—
n

Area (nm?)
—

0.5

2000 3000 4000

Time (ps)

1000 5000

Fig. 7 Graphical representation of the sequence of conformational
changes during MD simulation
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found to be very similar to each other. Comparison of
RMSF for free HSA and HSA-BA in sub-domains IIA and
IIB, where BA is binding, shows that RMSF values of
HSA-BA was much less than free HSA (Fig. 6), with very
little fluctuation.

The solvent-accessible surface area (SASA) defines the
surface area of a group that is accessible to a solvent probe. The
SASA values for tryptophan residue (Trp214) during this MD
simulation were calculated in order to know the effect of BA
on sub-domain ITA (drug site I). The SASA value for Trp214 in
free HSA has a lower value in comparison with Trp214 in
HSA-BA (Fig. 7) which clearly indicates that tryptophan in
HSA-BA is more exposed to water than in free HSA. These
results are clearly in justification to the fluorescence results
shown by Subramanyam et al. [24] that fluorescence
emission intensity was increased after complexation of BA
with HSA.

Conclusions

Here we have reported betulinic acid binding and conforma-
tional changes of human serum albumin by using molecular
docking and dynamics simulations. Our previous experimen-
tal data [24] is in full agreement with the present computa-
tional calculations of free energy which was —8.49 kcal M.
Nonetheless, BA was bound to HSA mainly by hydrogen and
hydrophobic interactions with drug site I at IIA and IIB
domain. MD simulation studies revealed that HSA and HSA-
BA complexes were stabilized around 3500 ps and also
exhibited minor conformational change. The molecular
docking, and MD simulation study described herein is a
promising approach for probing the interactions of plant
medicines with relevant target proteins. Accurate measure-
ments of betulinic acid-albumin binding properties and
knowledge of its binding site locations are important to
prevent adverse drug reactions and thus this study may help in
designing accurate drugs for life-threatening diseases such as
cancer, HIV, and so forth.
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