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Abstract Human serum albumin (HSA), the most abun-
dant protein found in blood plasma, transports many drugs
and ligands in the circulatory system. The drug binding
ability of HSA strongly influences free drug concentrations
in plasma, and is directly related to the effectiveness of
clinical therapy. In current work, binding of HSA to
angiotensin II receptor blockers (ARBs) are investigated
using docking and molecular dynamics (MD) simulations.
Docking results demonstrate that the main HSA—-ARB
binding site is subdomain IIIA of HSA. Simulation results
reveal clearly how HSA binds with valsartan and telmi-
sartan. Interestingly, electrostatic interactions appear to be
more important than hydrophobic interactions in stabilizing
binding of valsartan to HSA, and vice versa for HSA—
telmisartan. The molecular distance between HSA Trp214
(donor) and the drug (acceptor) can be measured by
fluorescence resonance energy transfer (FRET) in experi-
mental studies. The average distances between Trp-214 and
ARBs are estimated here based on our MD simulations,
which could be valuable to future FRET studies. This work
will be useful in the design of new ARB drugs with desired
HSA binding affinity.
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Introduction

Human serum albumin (HSA), the major constituent of
plasma protein, plays a fundamental role in the transport of
fatty acids, metabolites, and drugs. Binding to HSA is
crucial for drug absorption, distribution, metabolism, and
efficiency. In addition, HSA can act as a catalyst for the
hydrolysis of various compounds, such as esters, amides,
and phosphates [1].

The structure of HSA has been known since 1975, and
the first high-resolution crystal structure of HSA was
determined in 1992 [2]. HSA is comprised of 585 amino
acids and has a molecular mass of 66 kDa; the secondary
structure is shown in Fig. 1. HSA is composed of three
homologous domains (I-IIT) and each domain is divided
into two subdomains (A and B) that contain six and four «-
helices, respectively [2, 3]. The main drug binding sites on
HSA are located in subdomains IIA and IIIA [2], which are
known as warfarin- (site I) and benzodiazepine- (site II)
binding sites [4, 5], respectively.

Hypertension is one of the most prevalent human
diseases in the developed world [6]. Angiotensin II (Ang II)
plays a key role in the regulation of blood pressure and
electrolyte balance. Ang II receptor blockers (ARBs) have
proved to lower blood pressure effectively and have fewer
side effects than other classes of antihypertensive drugs
[7, 8]. Nowadays, ARBs are widely used in the treatment
of hypertension and have also been found to display some
other pharmacologic effects in the treatment of diabetes
[9-11] and heart disease [12, 13].

So far, there are seven main ARBs on the market and
their chemical structures are shown in Fig. 2. Most of these
compounds have a common biphenyl fragment bearing an
acidic moiety (tetrazole ring or carboxyl), but their side
chains are different. The differences in molecular structures
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Fig. 1 Secondary structure of human serum albumin (HSA; PDB
code: 1 H9Z). Domains: Red 1, green 11, blue 11I; A and B subdomains
are depicted in dark and light shades, respectively

of ARBs result in pharmacologic and pharmacokinetic
differences. All of these drugs exhibit high plasma protein
binding, ranging from 95% (for valsartan) to 99.5% (for
telmisartan) [14-16]. High plasma protein binding can
prolong the duration of drug action. However, it also can
reduce the concentration of free drug available for
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Fig. 2 Chemical structures of angiotensin II (Ang II) receptor
blockers (ARBs)
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therapeutic action and retard the time of onset [17-19].
Moreover, previous studies revealed that HSA is the main
protein bound to ARBs by comparing with «l-acid glycopro-
tein and gamma globulins both in vitro and in vivo [20, 21].
Due to their high albumin binding properties, any change in
the interaction between ARBs and HSA could lead to
significant changes in the pharmacologically active concen-
tration of ARBs. For instance, Maillard et al. [22] evaluated
the effect of human plasma on the antagonistic activity of two
ARBEs, tasosartan and enoltasosartan. The presence of plasma
protein increased the ICsq of these ARBs, especially that of
enoltasosartan, with ICs, values increasing by up to 1,000
times. However, a detailed understanding of the interactions
between HSA and ARBs at a molecular level has not yet
been reported.

Several in silico models for the evaluation of drug-
binding affinity to HSA have been established using
docking and quantitative structure—activity relationship
(QSAR) methods [23-25]. In addition, molecular dynamics
(MD) simulations have been used successfully to gain
insight into the dynamic behavior of HSA-ligand com-
plexes in solution. For example, Diaz et al. [26] studied the
effect of different protonation states of Lys195 and Lys199
on the IIA binding site using MD simulation; Fujiwara et
al. [27, 28] 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 experimental results [28].

In the current work, in order to gain insight into the
interactions between HSA and ARBs at a molecular level,
molecular docking of ARBs to HSA was first performed to
identify the binding site. Then, MD simulations were
performed on HSA-ARBs complexes in aqueous solution
to explore the stabilities and dynamic properties of the
binding sites. Our molecular docking and MD simulations
revealed interesting features of HSA—valsartan and HSA—

Table 1 Binding energies (kcal mol ') obtained from molecular
docking of human serum albumin (HSA) with angiotensin II (Ang II)
receptor blockers (ARBs)

ARB Lowest binding energy Mean binding energy
Site 1 Site 11 Site 1 Site 11
Telmisartan -10.97 -13.34 -10.31 —12.88
Candesartan —8.41 -9.69 —8.51 -9.49
Losartan -10.25 -11.43 —10.15 -10.96
Olmesartan * -10.31 —-12.63 -9.43 -12.13
Irbesartan -9.60 -10.89 —9.41 -10.07
Eprosartan —-10.27 —10.69 —-10.11 —9.58
Valsartan -8.19 -9.66 —7.65 -8.76

? Olmesartan represents olmesartan medoxomil
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Fig. 3 a,b Most favorable
docking structures of ARBs in
site II. Based on differences in
the positions of biphenyl-acidic
groups (tetrazole ring or
carboxyl), the binding modes of
HSA-ARBs can be divided

into two classes: (a) mode I and
(b) mode II. Carbon atoms of
ARBSs: blue telmisartan, orange
eprosartan, magenta olmesartan
medoxomil, yellow valsartan,
white candesartan, hotpink
irbesartan, purple losartan

telmisartan binding sites, which will be helpful in designing
drugs with appropriate HSA binding affinity.

Computational methods

ARB docking to HSA was performed with the AutoDock
4.0 program using the Lamarckian genetic algorithm [29].
The initial structures of ARBs were obtained from the
DrugBank database [30] and were optimized at the HF/6-
31G* level. Three-dimensional (3D) crystal structures of
HSA complexed with warfarin [31] (PDB code 1H9Z) and
with propofol [32] (PDB code 1E7A) were used as starting
models. Two grid maps for site I and site 11 of HSA,
centered at the middle of subdomains IIA and IIIA,
respectively, were calculated using an 80x80x80 points
rid size with 0.375A grid spacing. HSA is held rigid and all
the torsional bonds of ARBs are taken as being free during
docking calculations. Polar hydrogens for HSA were then
added using AutoDock Tools, and Kollman united atom
partial charges [33] were assigned. In docking calculations,
the preferred conformation obtained from docking depends
on selection of the appropriate algorithm and scoring
function (based on their energies). Moreover, the protein
is usually set to be rigid, and there is no consideration of
the effect of solvent molecules on docking. In our docking
calculations, 150 docking runs were carried out, and 150
structures of complexes were obtained. Based on the root
mean squares (RMS) cluster tolerance (1.5A used in this
work) between structures, these complexes were sorted into
clusters, i.e., different clusters with different HSA binding
modes. For example, in the HSA-valsartan docking
calculation of site II, we finally obtained 28 clusters.
Judging from the values of mean binding energy and
number of structures in the cluster, cluster 2 was found to
be the preferred binding site as it had the lowest mean
binding energy (—8.76 kcal mol ') and the largest number
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Fig. 4 Time dependence of root-mean square deviations (RMSDs). a
C4 RMSD for free HSA and bound HSA. b RMSD values of HSA
subdomain IIIA and valsartan in the HSA—valsartan complex. The
center of mass (CM) distance between carboxyl and tetrazole groups
of valsartan (trace D1) is also shown for comparison. ¢ RMSD values
of HSA subdomain IIIA and telmisartan in the HSA-telmisartan
complex
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of structures (23). Accordingly, the structure with the
lowest binding energy in cluster 2 was chosen as the
preferred binding mode.

MD simulations were performed on HSA—valsartan and
HSA—telmisartan complexes obtained from docking using
the Gromacs 3.3.3 package [34, 35] with GROMOS96 force
field [36]. The coordinates of ARBs were transferred into
Gromacs topologies using the PRODRG [37] algorithm.

Bound and unbound HSA were solvated with water in a
cubic periodic box. The SPC/E water model [38] was used
and sodium ions were added to neutralize the system. The
closest distance from any protein atom to the walls of the
box was not less than 10A. The LINCS algorithm [39] was
used to constrain the bond lengths. Short-range electrostatic
and van der Waals forces, with a cutoff radius of 1.0 nm
and 1.4 nm, respectively, were calculated for all pairs of a
neighbor list, updated every ten steps. Electrostatic inter-
actions were calculated by the Particle Mesh Ewald (pmE)
method [40, 41]. To release conflicting contacts, energy
minimization was performed using the steepest descent
method for 2,000 steps, followed by the conjugated
gradient method for 2,000 steps. The position-restrained
dynamics simulation of the system, in which the positions
of heavy atoms of HSA were restrained by 1,000 kJ mol ™’
A2, was then performed at 300 K for 400 ps. Finally, we
performed a 10-ns MD simulation for the system with the
NPT ensemble. The periodic boundary condition was used
and the motion equations were integrated by applying the
leap-frog algorithm with a time step of 2 fs. The pressure
was coupled to 1 bar with an anisotropic coupling time of
1.0 ps, and the temperature was kept at 300 K during the
simulations with a coupling time of 0.1 ps. Both pressure
and temperature were controlled using a Berendsen barostat
and thermostat [42].

LIGPLOT [43], a program for automatically plotting
protein—ligand interactions, was used to analyze the
hydrogen bonds and hydrophobic interactions between

Fig. 5 a Two-dimensional schematic representation of hydrogen bond p

and hydrophobic interactions. W4912, W5515 Water molecules,
dashed lines hydrogen bonds, spiked residues form hydrophobic
interactions with valsartan. The figure was plotted using the program
LIGPLOT. b Time dependence of interatomic distances associated
with hydrogen bond interaction of valsartan with HSA in the binding
site. Trace DI represents the distance between the side chain amidic
nitrogen of Asn391 and the ketone oxygen of valsartan; traces D2, D3
and D4 account for distances between the side chain amidic nitrogen
of Lys414 and the tetrazole group of valsartan. To enhance visual
clarity, the curves of D1, D2, and D3 are shifted upward by 0.9, 0.6,
and 0.3 nm, respectively. ¢ CM distances associated with hydrophobic
interactions of valsartan with HSA in the binding site with time
evolution. Trace D5 represents the distance between the B-phenyl ring
of valsartan and the phenyl ring of Phe488; trace D6 displays the
distance between the butyl group of valsartan and the side chains of
Leu387; trace D7 accounts for the distance between the B-phenyl ring
of valsartan and the phenyl ring of Tyr411. The curves of D5 and D6
are shifted upward by 0.2 and 0.4 nm, respectively
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HSA and ARBs. Molecular graphics were prepared using
PyMOL (Delano Scientific, Palo Alto, CA).

Results and discussion
The docking energies obtained are listed in Table 1. It is
clear that site II is more favorable in energy than site I for

HSA-ARBs, and that telmisartan has a higher affinity for
HSA than valsartan, in agreement with experimental results
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[14—-16]. The detail binding modes of HSA-ARBs are shown
in Fig. S1. Based on differences in the positions of biphenyl-
acidic groups (tetrazole ring or carboxyl), the binding modes
of HSA-ARBs can be divided into two classes as shown in
Fig. 3: (1) the biphenyl-tetrazole (carboxyl) groups locate at
the bottom of IIIA and form hydrogen bonds with amino
acids of IIB, e.g., HSA—telmisartan, HSA—olmesartan, and
HSA-—eprosartan; (2) the groups locate between the phenyl
groups of Tyr411 and Phe488, e.g., valsartan—-HSA, irbesartan—
HSA, candesartan-HSA, and losartan—-HSA. Compared with
mode II, ARBs in mode I more easily form hydrogen bonds
with HSA, and the non-biphenyl parts are of the appropriate
size to occupy the binding site. The similar U-bend configu-
ration has also been observed in HSA—fatty acid complexes
[44]. Analysis of mode II binding sites suggests that the
biphenyl groups are located inside the hydrophobic pocket
formed by Leu453, Leud57, Leu387, Phe488, Tyrdl1, and
Leu430. In addition, the hydroxyl groups of Tyr41l and
Ser489 form electrostatic interactions with the tetrazole rings.
Previous reports revealed that Tyr411 could play a key roles in
esterase reactions, and covalent and non-covalent drug binding
in HSA [45-48]. Compared with other ARBs with mode II
binding sites, the non-biphenyl-tetrazole part of losartan has
an inverse orientation since its methylene tail occupies a
hydrophobic tunnel formed by Leu414, Val426 and Leu460.
Moreover, an intramolecular hydrogen bond forms between
the hydroxyl and tetrazole groups of losartan.

Fig. 6 Snapshots of the a
hydrogen bond network in the
binding site of HSA-valsartan at
4 ns (a), 8 ns (b), and 10 ns

(¢) of MD simulation. Carbon
atoms: green HSA, cyan
valsartan. Black dotted lines
hydrogen bonds

We took two complexes—HSA—valsartan and HSA—
telmisartan, which are representative of complexes with
binding sites of mode I and II, respectively—as the initial
conformations for MD simulation. MD simulations were
performed on these two complexes to investigate the
dynamics properties of HSA—ARBs complexes in water.

Initially, the root-mean square deviations (RMSDs) with
respect to the starting backbone C, atom structure for
unliganded and liganded HSA were calculated to examine
whether each system reaches equilibrium. As shown in
Fig. 4a, in each system, RMSD values reach stable values
after 2, 6, and 3 ns for free HSA, HSA—valsartan, and
HSA-—telmisartan, respectively. Figure 4b,c displays the
RMSD values of the IIIA subdomain, valsartan, and
telmisartan in complexes, respectively. The RMSD values
of valsartan increase significantly within 5.5-6 ns, thereafter
remaining constant. The RMSD values of subdomain IIIA in
the HSA—valsartan complex decrease significantly within
5.5—-6 ns, reaching a stable value after 6 ns. A rapid change in
RMSD value is always associated with a significant confor-
mational change [49]. It was found that the distance between
the center of mass (CM) of the carboxyl and tetrazole groups
of valsartan also exhibits a large fluctuation in the same time
period (5.5-6 ns) and then stayed constant after 6 ns
(Fig. 4b). Therefore, the rapid change in RMSDs of valsartan
is related to conformational changes in the carboxyl and
tetrazole groups of valsartan. These RMSD results demon-
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strate that, for the HSA—valsartan complex, both subdomain
IITA and valsartan exhibit conformational changes within
5.5-6 ns, and the HSA—valsartan complex reaches a stable
conformation after 6 ns. For HSA-telmisartan, RMSD
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« Fig. 7 a Two-dimensional schematic representation of hydrogen bond

and hydrophobic interactions. Dashed lines Hydrogen bonds, spiked
residues/carbon atoms hydrophobic interactions of HSA—telmisartan.
This figure was plotted using the program LIGPLOT. b Time
dependence of interatomic distances associated with hydrogen bond
interactions for the binding site of HSA—telmisartan. Traces D/ and
D2 represent the distances between the carboxyl oxygen atoms of
telmisartan and the side chain amidic nitrogen of Arg348; traces D3
and D4 account for the distances from benzimidazole nitrogen atoms
of telmisartan to the nitrogen atoms of Asn391 and Arg485,
respectively. To enhance visual clarity, the curves of D2, D3, and
D4 are shifted upward by 0.3, 0.6, and 0.9 nm, respectively. ¢ Time
dependence of CM distances associated with hydrophobic interactions
in the binding site of HSA-telmisartan. Trace DJ5 represents the
distance between the phenyl ring of Tyr411 and the D-phenyl ring of
telmisartan; trace D6 displays the distance from the side chain of
Leu453 to the C-phenyl ring; trace D7 represents the distance between
the side chain of Val344 and the A-phenyl ring; trace D8 accounts for
the distance between Leu387 and the propyl group of telmisartan. The
curves of D6, D7, and D8 are shifted upward by 0.2, 0.4, and 0.6 nm,
respectively

values of subdomain IIIA increase significantly within 7.5—
8 ns, remaining constant thereafter. The RMSD values reveal
that telmisartan does not exhibit a large conformational
change when it combines with HSA. Therefore, the U-bend
configuration of telmisartan is already quite well suited to
the IITA subdomain pocket.

5.0

=5.0

Fig. 8 Electrostatic potentials (=5 to +5 kT/e) for binding sites of
HSA-valsartan (a) and HSA—telmisartan (b). Red Negative regions,
blue positive regions, white neutral regions
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Fig. 9 Final conformations of
the binding sites of HSA—
valsartan (a) and HSA—
telmisartan (b) after 10 ns
molecular dynamics (MD)
simulation. Carbon atoms:
green HSA, pink ARBs. Black
dotted lines Hydrogen bonds

LIGPLOT was used to explore the hydrogen bonds and
hydrophobic contacts between valsartan and HSA as shown
in Fig. 5a; four hydrogen bonds exist between valsartan and
HSA. As shown in Fig. 5, one hydrogen bond forms
between the side chain amide nitrogen of Asn391 and the
ketone oxygen of valsartan (distance D1); the other three
hydrogen bonds are established between the side chain
amine group of Lys414 and the tetrazole group of valsartan
(distance D2-D4). The right side of Fig. 5a shows the
hydrophobic contacts between the benzene ring/side chain
carbon of valsartan and resides (Ala449, Ile388, and
Phe488) of HSA. Figure 5b represents the interatomic
distances between “heavy” atoms associated with H-bonds
with time evolution. The hydrogen-bond distances (D1-D4)
are maintained at around 0.35 nm after 6 ns, which suggests
that hydrogen bond interactions contribute to the stability of
the HSA—valsartan complex. The stabilities of the hydro-
phobic interactions between HSA and valsartan may be
estimated by examining the time dependencies of the
associated CM distances. As shown in Fig. 5S¢, D5, D6,
and D7 remained constant after 6 ns. This dynamic stability
in the interatomic distances reveals that these hydrophobic
interactions stabilize valsartan in the binding site of HSA.
Moreover, most interatomic distances shown in Fig. Sb,c
fluctuate significantly within 5.5—6 ns, remaining constant
thereafter, which correlates with the RMSDs shown in
Fig. 4b.

Figure 6 represents snapshots of the evolution of the
hydrogen bond network in the binding site of HSA—
valsartan with time. It can be seen that there are hydrogen
bonds between valsartan and the Asn391 and Lys414
residues of HSA. Interestingly, several water molecules
locate around the HSA—valsartan binding site as shown in
Fig. 6. Interestingly, these water molecules join carboxyl/
tetrazole groups of valsartan and two residues (Tyr411 and
Ser489) of HSA together through hydrogen bonds as shown
in Fig. 6b,c. Furthermore, several water molecules in the
hydrogen bond network always exchange with other water
molecules with the time evolution shown in Fig. 6. Clearly,

the presence of these water bridges is important for
stabilizing the configuration of the HSA—valsartan binding
site. However, the binding mode of telmisartan with HSA
(Fig. 7) obtained from MD simulations is different from
that of HSA—valsartan. As shown in Fig. 7a, there are two
hydrogen bonds between the carboxyl moiety of telmisartan
and the side chain of Arg348, which correspond to the
distances D1 and D2 in Fig. 7b. These two hydrogen bonds,
with average lengths of 0.32 and 0.33 nm, respectively, are
stable during the MD simulation. Another two weak
hydrogen bonds form between the benzimidazole groups
of telmisartan and Asn391 (distance D3) and Arg485
(distance D4), respectively. These hydrogen bond distances
remain stable after ~8 ns, and are consistent with the
RMSD changes of HSA subdomain IIIA and telmisartan.
The left side of Fig. 7a notes the hydrophobic contacts
between the benzene rings of telmisartan and the Tyr411,
Leu453, Val344, and Leu387 resides of HSA. Figure 7c
shows the time evolution of the CM distances associated
with hydrophobic interactions of telmisartan in the binding
site of HSA. Based on the bound structures, hydrophobic
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Fig. 10 The distance distribution between Trp214 and ARBs in MD
simulation
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interactions appear to play a larger role in HSA—telmisartan
binding than in HSA—valsartan binding.

In order to examine the effect of electrostatic interactions
on ARB-HSA binding sites, the electrostatic potential of the
binding sites were calculated as shown in Fig. 8. It can be
seen that the electronegative tetrazole group of valsartan
lies in a strongly positive pocket formed mainly by Arg410,
Tyr411, Lys414, and Ser489. Similarly, telmisartan, which
has a negative charge, locates in a positive pocket consisting
mainly of Leu345, Arg348, Arg485, Arg410, Asn391, and
Leu387 residues. This demonstrates that electrostatic inter-
actions contribute to binding side formation in ARBs—-HSA.
The final structures of the HSA—valsartan and HSA-telmisartan
binding sites after 10 ns MD simulation are shown in Fig. 9.
The conformation of valsartan in HSA—valsartan is similar to
that in other protein—valsartan complexes [50, 51].

The molecular distance between Trp214 (donor) and
drug (acceptor) is an important binding parameter of HSA—
drug complexes, which can be measured by FRET in
experimental studies [52—54]. The fluorescence of protein
from tryptophan can be quenched by some substrates, and
Trp214 located in subdomain IIA is the sole tryptophan
residue in HSA. Therefore, the distance distribution
between Trp214 and ARBs from the current MD simu-
lations were measured and are shown in Fig. 10. The
average distances between Trp-214 and ARBs are 1.96+
0.09 nm (for HSA—valsartan) and 1.58+0.10 (for HSA—
telmisartan), respectively. The shorter average distance in
the latter complex demonstrates a potential for greater energy
transfer than in the former complex. This information
could be very helpful for further FRET analysis of the
bound complexes.

Conclusions

In this work, the binding of ARBs to HSA at the molecular
level was investigated and explored by docking and MD
simulations for the first time. The docking results revealed
that site II (subdomain IITA of HSA) is more favorable in
energy than site I for HSA—ARBs. Also, telmisartan has a
higher affinity to HSA than does valsartan, which is in
agreement with the available experimental results. The
conformations of the HSA—valsartan and HSA—telmisartan
binding sites remain stable after 6 and 8 ns MD
simulations, respectively. MD simulation results demon-
strate that electrostatic interactions appear to be more
important than hydrophobic interactions in stabilizing the
binding site of HSA—valsartan, while the converse is true
for HSA—telmisartan. In addition, the average distances
between Trp-214 and ARBs were estimated based on MD
simulations, which could be very helpful for future FRET
analysis.

@ Springer

It is well known that designing drugs with a desired
affinity to HSA is a complicated and difficult task, and
researchers have to consider whether modification of the
drugs reduces the therapeutic effect. The insights into
HSA—-ARB binding sites obtained from this work should
provide valuable information for the rational design of new
ARB drugs.
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