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Abstract A computational approach to designing a peptide-
based ligand for the purification of human serum albumin
(HSA) was undertaken using molecular docking and molecu-
lar dynamics (MD) simulation. A three-step procedure was
performed to design a specific ligand for HSA. Based on the
candidate pocket structure of HSA (warfarin binding site), a
peptide library was built. These peptides were then docked
into the pocket of HSA using the GOLD program. The
GOLDscore values were used to determine the affinity of
peptides for HSA. Consequently, the dipeptide Trp–Trp,
which shows a high GOLDscore value, was selected and
linked to a spacer arm of Lys[CO(CH2)5NH] on the surface
of ECH-lysine sepharose 4 gel. For further evaluation, the
Autodock Vina program was used to dock the linked com-
pound into the pocket of HSA. The docking simulation was
performed to obtain a first guess of the binding structure of the
spacer–Trp–Trp–HSA complex and subsequently analyzed by
MD simulations to assess the reliability of the docking results.
These MD simulations indicated that the ligand–HSA com-
plex remains stable, and water molecules can bridge between
the ligand and the protein by hydrogen bonds. Finally, absorp-
tion spectroscopic studies were performed to illustrate the
appropriateness of the binding affinity of the designed ligand
toward HSA. These studies demonstrate that the designed
dipeptide can bind preferentially to the warfarin binding site.
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Introduction

Analysis of biological fluids such as serum, plasma and urine is
complicated due to the enormous dynamic range of protein
concentrations existing in these complexmixtures [1–4]. Human
serum albumin (HSA) generally makes up more than half of the
total plasma or serum proteins, so it often interferes with detec-
tion, determination and purification of low abundance proteins
that can be indicators or biomarkers for various diseases. There-
fore, decreasing the concentration of high abundance proteins,
especially albumin, is an essential step in the detection of low
abundance proteins in serum [5–7]. On the other hand, HSA,
which is commonly used for therapeutic purposes, must be of
high purity. Thus, selective isolation of HSA from blood plasma
can be very helpful in therapeutic procedures.

Affinity chromatography is a highly selective separation
technique usually employed for the purification and isolation
of biological macromolecules [8, 9]. This technique separates
molecules on the basis of a reversible interaction between a
target macromolecule and a specific ligand coupled to a chro-
matographic matrix. Affinity chromatography is a highly se-
lective technique that offers high resolution as well as having a
high capacity for the molecule(s) of interest [10]. Researchers
are now focusing on the design of affinity ligands for the
specific separation of target molecules [11, 12]. For example,
enzymes, antibodies, antigens, small nucleic acids or peptides
can be used as affinity ligands to purify their corresponding
binding partners. Commonly, to identify an appropriate affin-
ity medium, different synthetic ligands are immobilized onto a
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matrix, and the more efficient medium with higher selectivity
and resolution for the target molecule(s) is selected by chro-
matographic experiments; however, this method is time-
consuming and laborious.

Recently, molecular modeling methods have been used to
identify specific ligands [11–18]. To predict a compound that
can bind strongly to the key regions of target molecules (with
known three-dimensional structure), computer-aided structure-
based design and high throughput docking-based screening are
used as fundamental discovery tools [19–24]. A three-step
procedure is generally used to design a ligand with high affinity
toward the target protein [8, 25–27]. Building a library of several
candidate molecules is the first step. Docking these molecules
into the pocket of target protein is the second step. This step can
be performed using a docking program, such as DOCK [28, 29],
FlexX [30, 31], AutoDock [32, 33] and GOLD [34]. In the third
step, these molecules are ranked by docking scores [35]; how-
ever, the predictive accuracy of the scoring functions of com-
mon docking methods is sometimes low. Docking methods and
protocols usually consider the proteins as rigid entities and they
routinely omit water molecules, or employ only discrete water
molecules, and neglect the effect of explicit solvent on the
complex structure. Molecular dynamics (MD) simulations re-
solve both deficiencies, namely solvent effects and the flexibility
of protein [36, 37], but require time-consuming computational
calculations, limiting applications of such simulations to a few
ligand–protein complexes. These issues can be resolved by
splitting the procedure into two steps. In the first step, a fast
docking method is applied to screen large compound libraries
and, in the second step, more valid but time-consuming MD
simulations are performed for just a selected ligand [8, 38–40].

This work involves the design of a peptide ligand for HSA
by molecular simulations, aiming at the development of a
novel affinity chromatography matrix for HSA purification.
This rational design includes three steps: (1) building a library
of several di- and tri-peptides, (2) docking of these peptides
into the pocket of the target protein and using scoring func-
tions to evaluate the affinity of the peptides to the target
protein, and (3) investigating the interactions between the
selected peptide ligand coupled to a spacer arm and the target
protein by MD simulations. We used this procedure to design
a dipeptide of high affinity toward HSA. The dipeptide was
synthesized and its affinity to HSAwas evaluated by UV-vis
spectroscopy to ensure that this ligand has enough affinity for
the purification of HSA by affinity chromatography.

Materials and methods

Materials

HSA (free fatty acid fraction V, purity >97 %) and warfarin
were purchased from Sigma (St. Louis, MO). The dipeptide

(H–Trp–Trp–OH) was synthesized (in the solution phase) by
the peptide research center at KN Toosi University of Tech-
nology [41–44]. Methanol as a solvent of the ligand was
purchased from Merck (Darmstadt, Germany). All salts used
for buffer preparation were of analytical grade and were
dissolved in double distilled water. All experiments were
carried out in a 10 mM phosphate buffer at pH 7.2.

Preparation of stock solutions

Stock solutions of HSA (2.4×10−4 mol L−1) and warfarin
(4.8×10−4 mol L−1) were prepared by dissolving them in
10 mM phosphate buffer (pH 7.2). Stock solution of Trp–
Trp dipeptide was prepared by dissolving an appropriate
amount of the peptide in methanol, and the peptide solution
was then diluted with phosphate buffer to a final concentration
of 0.64 mM. All solutions used were freshly prepared.

Absorption spectroscopy

Absorption spectra were recorded at room temperature with an
Agilent 8,453 single-beam spectrophotometer in the range of
200–400 nm using a quartz cell with 1.0 mm path length. The
UVabsorption profiles of HSA in the presence and absence of
dipeptide ligand solution were recorded at pH 7.2 by keeping
the concentration of HSA constant (0.012mM), while varying
the concentration of the ligand from 0.005 to 0.048 mM. The
binding constant of the ligand–HSA complex was calculated
according to a previously reported method [45, 46]. It was
assumed that the interaction between the protein P and the
ligand L results in a single complex PL (1:1). The plot of 1/ΔA
versus 1/[L] is linear and the binding constant can be estimat-
ed from the ratio of intercept to the slope of the line.ΔA is the
difference between the initial absorbance of the free HSA at
278 nm and the recorded absorbance at different ligand con-
centrations, and [L] is the ligand concentration. Binding loca-
tion study of the dipeptide ligand in the presence of the
warfarin site marker was performed by preparing 1:1 (and
1:2) mixtures of warfarin and HSA solutions and then adding
Trp–Trp solution to the mixture to achieve 1:1:1 (and 1:2:1)
mixtures.

Molecular docking

The crystal structure of HSA (1H9Z) was taken from RCSB
protein databank [47] (http://www.pdb.org). The candidate
binding pocket (site) of HSA was identified by Discovery
Studio 2.5 [48] (Accelrys, San Diego, CA) on the basis of
its original ligand (warfarin). The pocket was defined as all
residues within 7.7 Å of warfarin. For the preparation step of
albumin, the CHARMm force field was applied, hydrogen
atoms were added, all water molecules were removed, and the
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pH of protein was adjusted to almost neutral, 7.4, using the
protein preparation protocol.

Molecular docking simulations were carried out with Dis-
covery Studio 2.5. The GOLD program was used to dock
peptides into the protein [49]. GOLD is a genetic algorithm for
the docking of flexible ligands into protein binding sites that
accounts for the side chain flexibility for the target protein.
Peptides were sketched in ChemBioDraw Ultra [50] (http://
www.cambridgesoft.com) and the preparation steps were
carried out in SYBYL 7.3 molecular modeling package
(Tripos, St. Louis, MO) running on a Redhat Linux
workstation 4.7. The resulting structures were imported into
Discovery Studio, and typed with CHARMm force field and
partial charges were calculated using the Momany-Rone op-
tion [51]. Charges were then minimized with Smart Minimiz-
er, which performs 1,000 steps of steepest descent with a RMS
gradient tolerance of 3, followed by conjugate gradient min-
imization. Other parameters were set as the default protocol
settings. The structure of this protein as presented in PDB
format is not complexed with any of the peptides under
investigation, so, in the docking step, its original ligand was
removed and the designed peptides in the library were then
docked sequentially in the active site of HSA. Finally,
Goldscore was used to evaluate the affinity of peptide ligands
toward the candidate pocket of HSA. The dipeptide with the
largest GOLDscore value was selected and the ECH spacer
was linked to it. The GOLD program does not have the ability
to consider the spacer rigid, so AutoDock vina was used to
resolve this deficiency [52–54]. AutoDock is an automated
procedure for the docking of flexible ligands to flexible re-
ceptors. AutoDock Vina is a new generation of docking
software from the Molecular Graphics Laboratory at the
Scripps Research Institute (La Jolla, CA). It achieves signifi-
cant improvements in the average accuracy of the binding
mode predictions, while being two orders of magnitude faster
than AutoDock 4. Three grid boxes, all centered on the
binding site with a grid spacing of 0.375 Å were examined:
the larger grid box was set to 60 Å×60 Å×60 Å, the medium
box was 40 Å×40 Å×40 Å and the smaller box was set to
26 Å×18 Å×16 Å, which is bigger than the size of the
dipeptide. An exhaustiveness option of 8 (average accuracy)
was used in the Vina calculation. AutoDockTools [55] was
applied for calculation of atomic partial charges by the
Gasteiger method.

Molecular surface analysis

Molecular surface analysis was performed with MOLCAD
(Tripos) (http://www.tripos.com) to create a Connolly surface
[72] around the selected ligand or protein The electrostatic
potential energy of this surface was calculated and shown in
images of the molecular surface by different colors.

Molecular dynamics simulation

To evaluate the reliability of the docking results and
also to investigate the changes of the complex over
time, MD simulations were performed with the
GROMACS 4.5.3 simulation package [56] using the
Amber99sb-ildn force field [57]. The 3D structures and
the partial charges of the ligand and spacer were created
by the program Chimera 1.8.1 [58]. The molecular
topology file was generated using ANTECHAMBER—
a tool provided with the AMBER 9 package, a com-
monly used package for molecular mechanics [59, 60].
There are some missing atoms and residues in the
crystal structure of HSA (1H9Z); therefore the pdb file
was corrected by MOE 2009.10 [61]. The ligand–pro-
tein complex structure was solvated in a cubic box of
size 2,219.20 nm3 with simple point charge (SPC) water
molecules [62]. The minimum distance between the
complex and the edge of the box was set to 2 nm. In
order to neutralize the charge of the system, 16 Na+

ions were added. An energy minimization step was
performed for the full system without constraints using
the steepest descent integrator for 50,000 steps, until a
tolerance of 10 kJ mol−1. This was followed by a short
(200 ps) position restrained equilibration simulation at
300 K. Finally, MD simulations were performed for a
period of 20 ns with a time step of 2 fs. The LINCS
algorithm (Linear Constraint Solver), which is three to
four times faster than the SHAKE algorithm, was used
to constrain the length of covalent bonds [63]. The
particle-mesh Ewald (PME) summation technique was
used to compute long-ranged electrostatic interactions
[64]. The Coulomb and van der Waal’s cut-offs were
set to 1.0 and 1.4 nm, respectively. To build a surface-
like structure and to consider this fact that the spacer is
covalently attached to the sepharose surface, the end of
spacer should be fixed in the simulation box. Thus,
positional restraint energy in the form of;

Ei
restraint ¼ K Δxið Þ2 ð1Þ

was used to atom i, where K is the weight of positional
restraint energy (+1.0 kcal molÅ−1) and Δx is the difference
between the present and reference position of the restrained
atom i [65]. The terminal spacer atom that would be covalently
attached to the surface and the next two atoms were restrained
throughout the whole simulation by the restrained energy men-
tioned above. The constant temperature and volume (NVT)
ensemble at 300 Kwith periodic boundary conditions was used
to perform the simulation. Initial velocities were assigned from
Maxwell distribution at 300 K. The Berendsen thermostat was
applied to keep the temperature constant.
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Results and discussion

Designing a peptide ligand by molecular docking

On the basis of the candidate pocket structure of HSA, only
dipeptides can be docked perfectly into the pocket because
tripeptides are bigger than the pocket size. A random dipeptide
library has 202 (= 400) unique dipeptides. This library can be
built by linking two amino acids to each other. It is difficult to
build the peptide library manually due to the large number of
peptides. So, de novo design can be used along withmolecular
docking method [66] to determine the high-affinity fragments
(amino acids) from the pocket structure. These fragments are
then linked to form new molecules. These new molecules are
docked to the target protein to evaluate their affinity.

The candidate pocket of HSA (warfarin binding site) is
composed of two sites: the interior (P1), and the exterior (P2)
sites (Fig. 1a). In order to know which amino acid would
interact with these sites with high affinity, two dipeptide series
were prepared. In the first series, alanine was kept constant
and linked to 20 different amino acids. The second series was
composed of 19 dipeptides in which alanine was kept constant
as the second amino acid. All 39 resulting dipeptides were
docked into the candidate pocket of HSA by the GOLD
program. The GOLDscore was used to evaluate the affinity
of the dipeptides toward HSA. It was concluded that the four
amino acids tryptophan (Trp), tyrosine (Tyr), histidine (His),

and phenylalanine (Phe) have favorable interactions with site
P1 and the three amino acids tryptophan (Trp), tyrosine (Tyr),
and phenylalanine (Phe) interact favorably with site P2. These
seven amino acids were linked sequentially to form 12 (4×3)
dipeptides. All 12 of these dipeptides were docked success-
fully into the pocket of HSA. Figure 1b shows Trp–Trp
dipeptide docked into the pocket of HSA. The values of the
GOLDscore obtained are listed in Table 1.

Since the Trp–Trp dipeptide had the largest GOLDscore
value, it was selected for subsequent steps. As can be seen
from theMOLCAD output, Trp–Trp is shorter than the pocket
depth, hinting that the N-terminal of Trp is embedded in the
pocket. The decrease in affinity by the attachment of the N-
terminus to a solid phase can be avoided by lengthening the
peptide and considering a handle arm. Therefore, lysine was
linked to the N-terminus of the Trp–Trp dipeptide. This
tripeptide ligand should be connected by a spacer arm to the
chromatographic matrix. Some studies have shown that hy-
drophobic spacers are not suitable as they can provide a site
for nonspecific adsorption and reduce the specificity of the
affinity systems [67, 68]. The shorter or more hydrophilic
spacer arms can diminish these undesirable hydrophobic in-
teractions. Busini et al. [69] demonstrated that hydrophilic and
rigid spacers provide an extended spacer and solvated ligand,
while increasing the spacer length by CH2 groups makes it
more hydrophobic and flexible, which corresponds to adsorp-
tion of the ligand onto an agarose matrix. They found that if

Fig. 1 a Structure of the
candidate pocket of human serum
albumin (HSA) shown as
Connolly [72] created with the
MOLCAD program [color-coded
according to electrostatic
potential which ranges from red
(most positive) to blue (most
negative)]. All possible dipeptides
were tested for docking into the
pocket. b The best conformation
of the Trp–Trp dipeptide within
the pocket of HSA. Color coding
for the amino acids: gray carbon,
red oxygen, blue nitrogen, green
hydrogen
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the spacer is long and hydrophilic, multiple conformations are
possible.

In this work, lys[CO(CH2)5NH] was selected as a spacer of
sufficient length and hydrophilicity to allow the ligand to
reach the pocket of HSA. The N-terminus of the dipeptide
was coupled with the carboxylic group of lysine at the end of
the spacer arm of lys[CO(CH2)5NH] of ECH-lysine sepharose
4 gel (Fig. 2). The attaching of the ligand to a solid matrix
decreases the flexibility of the ligand and thus results in
decreasing the conformational space of the ligand. Thus, the
spacer arm will reduce the affinity of the peptidic ligand for
HSA. Therefore, it is important to include the spacer in the
simulation procedure. Finally, the designed ligand was
coupled to the spacer arm of Lys-ECH and docked into the
candidate pocket of HSA. The result of the docking process
was used for the first guess of the binding structure of the

HSA-[Trp-Trp-Lys-CO(CH2)5NH] complex for subsequent
MD simulation.

Analyzing protein-ligand interactions

Molecular docking

The main docking procedure was performed with the GOLD
program and the Trp–Trp dipeptide with the largest
GOLDscore value was selected and the ECH spacer was
linked to it. The GOLD program does not have the ability to
consider the spacer rigid, so AutoDock vina was used to
resolve this deficiency. The aggregate of dipeptide and spacer
was thus defined as the ligand. The ECH spacer was consid-
ered rigid, while the Trp–Trp–Lys tripeptide was left free to
rotate around the sp3 bonds. This strategy was followed be-
cause if the ECH group is left flexible, the spacer takes the
orientation toward the interior parts of the protein rather than
going out of the protein surface for immobilization on a solid
matrix. Three grid boxes, all centered on the binding site, were
examined. The larger grid box was set to 60 Å×60 Å×60 Å,
the medium box was 40 Å×40 Å×40 Å and the smaller box
was set to 26 Å×18 Å×16 Å, which is bigger than the size of
the Trp–Trp dipeptide. In the case of bigger grid boxes, the
program considers the whole [spacer–Trp–Trp] as a ligand
and docks the center of [spacer–Trp–Trp] in the pocket instead
of docking Trp–Trp in the pocket and the spacer was oriented
toward the interior parts of the protein rather than going out of
the protein surface. Therefore the smaller grid box was select-
ed for furthur investigation. The docking energies of the best
poses of the smaller box are reported in Table 2; it can be
noted that, in the first and second poses, the spacer is oriented
toward the inner part of the protein while it needs to be turned
toward the solvent. Furthermore, poses in which the Trp–Trp
ligand is located near the candidate pocket are selected. In the
first and second poses, the spacer is located in the candidate
pocket. For this reason, first and second poses were excluded
and the third pose was selected as the first guess of binding
structures for the following MD runs (Fig. 3).

The designed Trp–Trp dipeptide shows specific interac-
tions with HSA and can bind specifically to HSA binding
pocket residues. Figure 4 shows that the hydroxyl and amino
groups of the synthetic ligand can form four hydrogen (H)-

Table 1 Results of the best dipeptides docked into the candidate pocket
of human serum albumin (HSA)

Peptide Gold score fitness Peptide Gold score fitness

Trp-Trp −70.667 Phe-Phe −62.425
Trp-Tyr −63.075 Phe-His −60.269
Trp-Phe −65.426 Tyr-Trp −65.665
Trp-His −63.169 Tyr-Tyr −59.256
Phe-Trp −66.676 Tyr-Phe −61.530
Phe-Tyr −60.165 Tyr-His −59.358

Fig. 2 Hypothesized structure of solid phase

Table 2 Docking ener-
gies (kcal mol−1) of
HSA-[Trp-Trp-Lys-CO
(CH2)5NH] complex
evaluated by AutoDock
Vina

Pose Affinity

1 −9.6
2 −8.2
3 −7.6
4 −7.4
5 −7.3
6 −6.8
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bonds with Arg 257 of the HSA pocket, while the indole
functional groups of Trp–Trp ligand have π-σ and π-cation
interaction with Leu 238, Arg 222 and 218, respectively.

Affinity analysis using MOLCAD

A molecular surface analysis program was used to ana-
lyze the interactions between the ligand and protein.
Figures 1 and 2 show the MOLCAD surface structures
representing the electrostatic potential of HSA. The
electrostatic potential color ramp ranges from blue (most
electronegative potential values) to red (most electropos-
itive potential values). These figures indicate that the
pocket of HSA is a hydrophobic pocket (indicated in
green), so hydrophobic amino acids with phenyl groups
show high affinity toward the binding site. Therefore,
the Trp–Trp dipeptide with two indole group is a good
suggestion as a ligand for this pocket as it can make
π–π interactions with hydrophobic residues of the
pocket.

Molecular dynamics simulation

The ligand–HSA complex was further analyzed by MD sim-
ulations in order to evaluate the reliability of the docking
results. The first guess at the binding structure of the
HSA–[Trp–Trp–Lys–CO(CH2)5NH] complex structures was
obtained from docking simulations. This structure was simu-
lated for 20 ns using the GROMACS MD package. As
discussed in Materials and methods, the above described
restrained energy was applied to atoms C10, O11 and C13
of the spacer through the whole simulation (Fig. 2).

The root mean square deviation (RMSD) of the trajectories
from their initial structures was used to examine whether the
structure of the ligand–HSA complex remained stable under
the simulation conditions or not. The RMSD values of the
protein backbone and ligand ranged from 0.13 to 0.35 nm and
0.09 to 0.18 nm, respectively, as shown in Fig. 5a. The RMSD
of the ligand reached about 0.13 nm after 1,500 ps, and was
maintained at almost this level throughout the simulation
process. This indicates that the docked complex structure is
stable throughout the MD simulation. However, the whole

Fig. 3 The designed ligand [Trp–
Trp–Lys–CO(CH2)5NH] docked
into the candidate pocket of HSA
by AutoDock Vina. The surface
of protein is shown as Connolly
created with the MOLCAD
program (color-coded according
to electrostatic potential as in
Fig. 1)

Fig. 4 The best docked ligand in
the pocket of HSA results in four
hydrogen (H)-bonds and three
π-σ and π-cation interactions.
Only residues of HSA close to the
pocket are shown. Line drawing
Protein residues 3D
representation ligand, dotted
yellow lines H-bonds, orange
lines π interactions
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protein has a larger RMSD value of about 0.15 nm. This
demonstrates that the structure of the protein shows much
greater fluctuations, while the ligand exhibits smaller confor-
mational changes. These results are in parallel with the high
affinity of the ligand and the residues of the protein forming a
stable complex with low flexibility.The superimposition of the
average structures of the ensemble for the last 200 ps of
trajectory and the docked structure is shown in Fig. 5b.

H-bond interactions between the ligand and the protein are
shown in Fig. 6. Lots of H-bond interactions are identified in
MD simulations, and are represented in Table 3. It can be seen
that some of these H-bonds are unstable. The movements of
the ligand and protein atoms are responsible for the existence
of these transient H-bonds. These labile H-bonds may make a
small contribution to the ligand–protein affinity. It can be
observed from Fig. 6 that three H-bonds exist during the most
of the simulation time and that these are very stable. These H-
bonds play a key role in ligand–protein binding, and are
formed between the carbonyl groups (Trp and Lys residues)
of the ligand and the NH group of Arg257 as well as the

hydrogen atom of the amino group of Gln196 and the oxygen
atom of the ECH spacer. These stable H-bonds are also
observed in the docking simulation.

Water molecules are usually removed before docking [56].
However, in the solvation and desolvation processes, water
molecules are the main portion of the simulation that can
affect ligand–protein binding and can bridge between the
ligand and protein [70]. The final snapshot was used to study
the important effect of water molecules. Figure 7 shows four
water-mediated H-bonds. Three H-bonds are formed between
the two nitrogen atoms of the side chain of Arg257 and the
oxygen atom of the carbonyl group of Trp by mediation of the
SOL4678 water molecule. The SOL41water molecule gives a
H-bond donor to the oxygen atom of the carboxyl group of
Leu234 and accepts the H-bond atom from the nitrogen of the
indole group of Trp of the ligand. In addition, the SOL4428
water molecule bridges the side chain amino group of Lys199
and the carbonyl group of Lys of the peptide ligand by H-
bonds. Finally, SOL2595 bridges between the carboxyl group
of Asp451 and the nitrogen of the ECH spacer. It can be noted

Fig. 5a,b Molecular dynamics (MD) simulation results. a The root mean
square deviation (RMSD) of the protein (blue) and docked ligand (red)
versus MD simulation time (picoseconds). b View of superimposed

backbone atoms of the average structure of the last 200 ps of the MD
simulation (blue) and the initial structure (red)

Fig. 6 H-bond interactions
between the ligand [Trp–Trp–
Lys–CO(CH2)5NH] and the
candidate pocket of HSA
observed in the 20 ns MD
simulations. The presence of H-
bond interactions at any time is
represented by a colored mark
according to protein residue
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that these water-mediated H-bonds are stable during the entire
simulation and play an important role in stabilization of the
protein–ligand complex.

The warfarin-binding site is a hydrophobic pocket, there-
fore hydrophobic interactions could be an important interac-
tion in the association of ligand and the pocket of HSA. The
most relevant hydrophobic interaction can be observed be-
tween the hydrophobic residues of the binding site (Ala291,
Leu238, and Phe223) and the Trp–Trp dipeptide. The mini-
mum distance between these hydrophobic residues and the
Trp–Trp dipeptide was studied byMD simulations; no notable
changes were observed in the distances between these resi-
dues and the dipeptide during the last 10 ns of MD simulation
(Fig. 8). However, compared with Ala291 and Leu238,
Phe223 has a larger distance of about 0.1 nm from the

dipeptide and also fluctuates more widely, demonstrating that
the hydrophobic Ala291-dipeptide and Leu238-dipeptide in-
teractions are important and form a stable complex with only
small conformational changes.

Absorption spectroscopy

The Trp–Trp dipeptide was designed bymeans of docking and
MD simulations. To examine whether the designed ligand has
sufficient affinity to HSA or not, an absorption spectroscopy
study was carried out. Figure 9a shows that an increase in the
dipeptide concentration resulted in an increase in absorption at
278 nm that can be related to complex formation. The double
reciprocal plot of 1/(A − A0) versus 1/(ligand concentration) is
linear and the binding constant (K) can be estimated from the

Table 3 Residues and atom types
involved in intermolecular H-
bonds illustrated from the 10–
20 ns snapshot

Ligand
residue

Atom type Receptor residue Atom type

Trp 1 O of the hydroxyl group of backbone Arg 257 H of the NH1 group of side chain

Trp 1 O of the C = O group of backbone Arg 257 H of the NE group of side chain

Trp 2 O of the C = O group of backbone Arg 257 H of the NH1 group of side chain

Trp 2 N of the indole group of side chain Lys 199 H of the NH group of side chain

Trp 2 H of the NH2 group of backbone His 242 N of the imidazole group of side chain

Lys N of the NH2 group of backbone Arg 257 H of the NH1 group of side chain

Lys O of the C = O group of backbone Arg 257 H of the NH1 group of side chain

Lys H of the NH2 group of backbone Val 241 O of the C = O group of backbone

Lys H of the NH group of side chain Glu 153 O of the C = O group of side chain

Lys H of the NH group of side chain Glu 153 O of the hydroxyl group of side chain

ECH O of the C = O group Gln 196 H of the NH2 group of side chain

Fig. 7 Snapshot of H-bond
interactions between the protein
as well as ligand and four water
molecules (SOL41, SOL4678,
SOL2595 and SOL4428) found
near the candidate pocket of HSA
observed in the final
conformation of the 20 ns MD
simulations. Residues of the
candidate pocket that interact with
the water molecules are labeled
(Lys199, Arg257, Leu234 and
Asp451). Line drawing Protein
residues, 3D representation
ligand and water molecules,
dotted-green lines H-bonds.
Atoms: red oxygen, blue
nitrogen, white hydrogen, gray
carbon. The structures were
plotted using VMD software
(http://www.ks.uiuc.edu/
Research/vmd/)
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ratio of the intercept to the slope as described above (Fig. 9b).
A0 is the initial absorbance of the free HSA at 278 nm and A is
the measured absorbance at different ligand concentrations. A
binding constant of 3.01(± 0.09)×103 M−1 was determined
from this experiment. The relationship between the binding

constant,Kbinding, and the binding free energy between protein
and ligand, ΔGbinding, is

ΔGbinding ¼ −RT lnKbinding ð2Þ

where R is the gas constant, 1.987 cal K−1 mol−1, and T is
the absolute temperature, 298.15 K. An experimental binding
free energy between protein and ligand of −4.7 kcal mol−1 was
obtained, confirming that this ligand has enough affinity for
the purification of HSA by affinity chromatography.

HSA has two major and selective binding sites: Ι and ΙΙ.
Warfarin is known as the site Ι marker [71]. In order to
investigate whether the Trp–Trp dipeptide, which was de-
signed for the warfarin binding site (site Ι), interacts with the
target site, binding location studies between the Trp–Trp di-
peptide and HSA in the presence of the warfarin site marker
were performed. As can be seen from Fig. 10, warfarin shows
a band at approximately 309 nm. Upon formation of the
HSA–warfarin complex, the band intensity decreased slightly
due to the decrease in free warfarin concentration. Converesly,
when adding Trp–Trp dipeptide to the HSA–warfarin

Fig. 8 Changes in distances of the most relevant hydrophobic interac-
tions between hydrophobic residues of the binding site [Ala291 (red),
Leu238 (blue), and Phe223 (green)] and the Trp–Trp dipeptide during the
last 10 ns of MD simulation

Fig. 9a,b Absorption spectra of
free HSA and its Trp–Trp
dipeptide complexes in aqueous
solution. a Spectra of 1 free
dipeptide (0.012 mM); 2 free
HSA (0.012 mM); 3–10
dipeptide–HSA complexes: 3
0.005 mM, 4 0.008 mM, 5
0.012 mM, 6 0.016 mM, 7
0.02 mM, 8 0.024 mM, 9
0.032 mM and 10 0.048 mM. b
1/(A − A0) versus (1/ligand
concentration), where A0 is the
initial absorbance of HSA
(278 nm) and A is the measured
absorbance at different ligand
concentrations (0.005–
0.048 mM) with constant HSA
concentration of 0.012 mM at
pH 7.2

J Mol Model (2014) 20:2446 Page 9 of 13, 2446



complex, the observed 309 nm band remains unchanged. This
could verify the specific interaction between the dipeptide
ligand and HSA by releasing warfarin and consequently in-
creasing its concentration in the solution. It is clear that the
binding of warfarin to HSA is responsible for the shift of the
HSA band with λmax at 278 nm towards a higher wavelength

(i.e., red shift) of the spectrum. No similar effect was observed
after addition of the Trp–Trp dipeptide to HSA-warfarin com-
plex solution, suggesting that the dipeptide ligand can displace
warfarin in a competitive manner to bind to the HSA site.

The absorption band at 278 nm is due mainly to the
presence of the Trp214 residue of HSA. Basically, although

Fig. 10 Absorption spectra of
free HSA (0.012 mM), warfarin
(War; 0.012 mM), Trp–Trp
dipeptide (0.012 mM) and their
1:1 complexes in aqueous
solution. Spectra of free HSA
(blue), free dipeptide (brown),
free War (indigo), 1:1 HSA:War
solution (green), 1:1
HSA:dipeptide solution (red), and
1:1:1 HSA:War:dipeptide
solution (yellow) are shown

Fig. 11 Absorption spectra of a
free Trp-Trp dipeptide
(0.012 mM), b free warfarin (War,
0.012 mM) and their HSA
complexes with difference spectra
obtained at the concentration of
0.012 mM for all components at
pH 7.2
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there is no significant spectral shifting upon interaction be-
tween the dipeptide ligand and HSA, its intensity exhibits
considerable variations. To identify and investigate these var-
iations, difference spectra were obtained as follows. In
F ig . 11a , the spec t r a o f the 1 :1 :1 mix tu re o f
HSA:warfarin:Trp–Trp was subtracted from the 1:1 HSA-
warfarin complex to certify the existence of the free dipeptide
in solution. The difference spectrum has lower intensity than
the dipeptide solution spectrum with the same concentration.
This observation indicates that some of dipeptides can interact
with HSA in the presence of warfarin. The difference spec-
trum between the 1:1 mixture of HSA:dipeptide and HSA
solution was smaller in intensity than the two spectra
of Trp–Trp and HSA:War:Trp–Trp. This result suggests
a reduction in free dipeptide concentration in the solu-
tion due to the interaction of dipeptide with protein. As
indicated in Fig. 11b, difference spectra that show the
presence of free warfarin in solution can be represented.
It can be seen that the interaction between warfarin and
HSA decreases in the presence of the Trp–Trp dipeptide
in solution. However, if the concentration of warfarin is
increased two-fold (1:2:1 HSA:warfarin:dipeptide mix-
ture), the dipeptide no longer has any chance to com-
pete with warfarin to interact with the binding site.
These results are in agreement with the higher binding
constant of warfarin and HSA.

The difference spectra in Fig. 12 are the result of two
consecutive subtractions or a double subtraction spectrum.
In the first step, the dipeptide spectrum is subtracted from
1:1:1 HSA:warfarin:dipeptide spectrum and in the second step
the warfarin spectrum is subtracted from the difference spec-
trum resulting from the first step (the concentration of all
components is 0.012 mM). The double subtraction spectrum

shows a considerable intensity in the range of 300–350 nm
with regard to the HSA spectrum. This can be assigned to the
presence of warfarin in the binding site of HSA. This obser-
vation can be considered as probable confirmation that the
dipeptide ligand can more or less separate HSA from the
HSA–warfarin complex or any HSA–drug complex. This
finding must be proved by further computational and experi-
mental studies.

The results of these spectroscopic studies show that
the designed ligand has enough affinity for purification
of HSA by affinity chromatography. However, the di-
peptide ligand needs to be attached to ECH-lysine se-
pharose gel to see whether or not this solid phase can
absorb the HSA efficiently and specifically from the
serum. Furthermore, the binding mechanism of the pep-
tide ligand and HSA should be studied in more detail in
subsequent research.

Conclusions

This article introduces a computational approach to the design
of a dipeptide ligand for HSA purification by exploiting
structure-based docking and MD simulation. In the first step,
a peptide library of 39 dipeptides was built. Afterwards, these
peptides were docked into the candidate pocket (warfarin
binding site) of HSA. It was found that four amino acids have
high affinity with the interior site and three amino acids show
high affinity interactions with the exterior site. Hence, a sec-
ond dipeptide library was built by linking these amino acids
sequentially. After docking simulation, a Trp–Trp dipeptide
with the highest GOLDscore value was selected. In the third
step, this dipeptide was connected to a spacer arm of ECH-
lysine sepharose gel in order to simulate the chromatographic
separation process. Afterwards, the ligand-spacer set was
docked into the candidate pocket of HSA to obtain a first
guess binding structure of the HSA–[Trp–Trp–Lys–
CO(CH2)5NH] complex structure for MD simulation. To
identify the interactions between the designed ligand and
HSA, 20-ns MD simulations were performed. It was found
that water molecules play an important role in stabilization of
the protein–ligand complex by bridging the ligand and the
protein by H-bonds. In addition, all the H-bonds found in the
docking were confirmed by MD simulations. Finally, high
affinity of the dipeptide ligand toward HSA was examined
by spectroscopic analysis. It was affirmed that the designed
dipeptide can bind specifically to the warfarin binding site.
The present work has demonstrated that a combination of
docking and MD simulations is a reliable strategy for the
rational design of new affinity ligands on the basis of protein
structure.

Fig. 12 Absorption spectra of free HSA (0.012 mM, blue) and the
difference spectrum between the 1:1:1 HSA:War:dipeptide solution and
dipeptide solution and then subtracted again from warfarin solution
obtained at the concentration of 0.012 mM (red) for all components at
pH 7.2
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