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ARTICLE INFO ABSTRACT

Capecitabine as a prodrug of 5-Fluorouracil plays an important role in the treatment of breast and gastro-
intestinal cancers. Herein, in view of the importance of this drug in chemotherapy, interaction mechanism
between Capecitabine (CAP) and human serum albumin (HSA) as a major transport protein in the blood cir-
culatory system has been investigated by using a combination of spectroscopic and molecular modeling methods.
The fluorescence spectroscopic results revealed that capecitabine could effectively quench the intrinsic fluor-
escence of HSA through a static quenching mechanism. Evaluation of the thermodynamic parameters suggested
that the binding process was spontaneous while hydrogen bonds and van der Waals forces played a major role in
this interaction. The value of the binding constant (K, = 1.820 x 10*) suggested a moderate binding affinity
between CAP and HSA which implies its easy diffusion from the circulatory system to the target tissue. The
efficiency of energy transfer and the binding distance between the donor (HSA) and acceptor (CAP) were de-
termined according to forster theory of nonradiation energy transfer as 0.410 and 4.135nm, respectively.
Furthermore, UV-Vis spectroscopic results confirmed that the interaction was occurred between HSA and CAP
and caused conformational and micro-environmental changes of HSA during the interaction. Multivariate curve
resolution-alternating least square (MCR-ALS) methodology as an efficient chemometric tool was used to se-
parate the overlapped spectra of the species. The MCR-ALS result was exploited to estimate the stoichiometry of
interaction and to provide concentration and structural information about HSA-CAP interactions. Molecular
docking studies suggested that CAP binds mainly to the subdomain ITA of HSA, which were compatible with
those obtained by experimental data. Finally, molecular dynamics simulation (MD) was performed on the best
docked complex by considering the permanence and flexibility of HSA-CAP complex in the binding site. MD
result showed that CAP could steadily bind to HSA in the site I based on the formation of hydrogen bond and m-%t
stacking interaction in addition to hydrophobic force.
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1. Introduction

5-Fluorouracil (5-FU) is known as a key anticancer drug that has
played an important role in the treatment of breast and gastrointestinal
cancers, either in monotherapy or combination therapy with various
cytotoxic drugs [1]. 5-FU is an analogue of pyrimidine uracil with a
fluorine atom at the C-5 position in place of hydrogen [2]. After par-
ental administration of 5-FU, it quickly enters the cell by using the same
transport mechanism as uracil [3] and is converted intracellularly to
active metabolites [4]. To optimize the efficacy of 5-FU, it is adminis-
tered parentally, but this treatment has side effects such as gastro-
intestinal toxicity and myelosuppression. This quality of 5-FU admin-
istration is accompanied by the inconvenience and high treatment cost,

* Corresponding author.

including those for administration and toxicity related hospitalization
like other cytotoxic drug administration. Capecitabine (CAP, Fig. S1) is
an orally administered prodrug of 5-FU, which is considered as a con-
venient option for self-administration that mostly suits for patients who
want to maintain their independence [5]. It is readily passed intact
through the intestinal mucosa and is ultimately converted to 5-FU
especially in tumor cells. This selectivity is achieved by the thymidine
phosphorylase enzyme (TP), as the final conversion of capecitabine to
5-FU, which is more active in tumor cells compared to normal tissues
[6].

In drug discovery, interactions between drug and human serum
albumin (HSA), as a major transport protein in the blood circulatory
system, play an important role in pharmacokinetics and
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pharmacodynamics behavior of the drugs [7]. Solubility, half-life, me-
tabolism, distribution and excretion of biological active compound
(drugs or natural products) are associated with their affinity toward
HSA [8,9]. HSA is a single chain, globular protein made up of 585
amino acid residues, and 17 disulfide bridges in a heart shape molecule.
Crystallographic data show that HSA contains three homologous a-
helix domains (I-III) that each one is composed of two subdomains (A
and B) [10]. HSA molecule has two specific ligand binding sites called
Sudlow’s site I and site II that are located in hydrophobic cavities in
subdomains IIA and IIIA, respectively [11]. These multiple binding sites
increase the exceptional ability of HSA to binding, transporting and
delivering a wide range of physiological functions such as fatty acids,
hormones, amino acids, toxic metabolites, drugs and metals to their
target organs. Furthermore, binding of biological active compounds to
the HSA may also have an influence on the structure and function of
this protein [12]. Therefore, studying the interaction between drugs
and proteins at the molecular level is important not only to understand
relationship between chemical structure and pharmacological activity,
but also to investigate the effect of drugs on the structure and function
of the protein in the body. There are many techniques to study the
interaction mechanism of drugs with serum albumin, such as; spectro-
scopy (FT-IR, CD, fluorescence, synchronous fluorescence, UV-Vis ab-
sorption and 3D fluorescence spectra) [13-16], electrochemistry [17],
High-performance liquid chromatography (HPLC) [18], Nuclear mag-
netic resonance (NMR) spectroscopy [19], isothermal titration calori-
metry (ITC) [20], scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) analyses [21] as well as computational
methods like molecular docking and molecular dynamic (MD) simula-
tion [22]. However, in the multicomponent reaction system reported
above, it is difficult to extract significant quantitative information from
the composite spectral profile by the common methods of data inter-
pretation. So, in order to solve this problem, chemometrics methods
such as multivariate curve resolution-alternating least squares (MCR-
ALS) technique are applied [23]. This method can provide further in-
formation about the complex formation, the concentration profiles and
pure spectra of each species.

Investigation on binding properties between capecitabine and
human serum albumin is clearly important since it can provide useful
information for clinical and pharmaceutical application of these bio-
logically important molecules. Several pharmacokinetic studies have
been performed on CAP, but amongst them, just one study was per-
formed to investigate the interaction of CAP with HSA by using '°F
NMR spectroscopy [19]. This report showed that capecitabine was ef-
fectively bound to HSA in subdomain ITA (Sudlow’s site I) and different
degrees of microenvironment and conformational change was hap-
pened in HSA but its overall structure was remained unchanged in this
interaction. In the present work, multispectroscopic techniques have
been used to study the quenching mechanism, thermodynamic para-
meters as well as binding parameters of HSA-CAP complexes. Moreover,
MCR-ALS as a soft modeling method was applied to extract information
from overlapping responses of the reaction participants from spectro-
scopic data so that it can help to understand further the complex kinetic
processes and elucidate the contribution of any species involved in the
interaction, and also their concentration profiles and spectra. In the
second step, molecular modeling studies have been used to improve the
understanding of the interaction of CAP with HSA at the molecular
level. Docking study as a fast and inexpensive method has been per-
formed to characterize the CAP binding site, important residue in-
cluded, and main position of the ligand. Science in the docking studies,
flexibility of the protein has not been taken into consideration, there-
fore, MD simulation have been carried out to consider the mobility of
both protein and ligand during the binding. The present study is ex-
pected to make complement the prior studies and provide valuable
information regarding the biological effects of CAP at the molecular
level.
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2. Experimental
2.1. Chemicals and solutions

Commercially prepared human serum albumin (HSA, purity >
99.0%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). CAP
was procured from Baran Co. (Tehran, Iran). All other reagents were
analytical grade, and doubly distilled water was used in all experi-
ments. A stock solution of HSA (300 uM) was prepared in phosphate
buffer (0.05molL~!, pH = 7.4) and were kept in the refrigerator at
dark place. Stock solution of CAP (0.6 mM) was prepared in water.
Experimental solutions of HSA and CAP were prepared by appropriate
dilution of their stock solutions.

2.2. Instruments and softwares

Fluorescence measurements were performed on a PC based spec-
trofluorometer (JASCO Japan FP-8300) equipped with a Xenon lamp
and 1.0 cm quartz cell. The UV-Vis absorption spectrum was recorded
at room temperature on a SQ4802 UV-Vis Diode-Array spectro-
photometer equipped with 1.0 cm quartz cells. The pH values were
measured by using Metrohm, model 691, pH/mV meter. The chemical
structure of the CAP was sketched in Gauss View 5 and optimization
steps were carried out by DFT method at the B3LYP/6-311+ +G"" le-
vels of theory in Gaussian 09 W molecular modeling package [24]. The
X-ray crystal structure of HSA was retrieved from the protein data bank
(PDB ID code: 2BXD) [25]. Autodock 4.2 program was employed to
generate a docked conformation of CAP with HSA [26]. MD simulations
were carried out by the NAMD 2.9 program [27] by using the CHARMM
22 force field. MCR-ALS analyses were performed by using the MCR-
ALS 2.0 MATLAB toolbox [28].

2.3. Spectroscopic studies

2.3.1. Fluorescence quenching measurements

Fluorescence titrations were carried out using a fixed concentration
of HSA (5.0 x 10 3mol L™ ") in the presence of different amounts of
CAP (0.0-30.0 x 10 ®molL™%; interval concentration:
1.5 X 10 %mol L™!). The excitation wavelength was set to 280 nm,
and the emission spectra were recorded at wavelengths from 290 to
550 nm. Prior to fluorescence measurements, samples were thermally
equilibrated at 298 K, 305 K, and 310 K for about 20 min. The titrations
are done manually using the 10 uL. microsyringe. The excitation and
emission slit widths were set at 5nm.

2.3.2. Development of the expanded data matrix for MCR-ALS
Fluorescence and UV-Vis spectroscopic experiments were carried
out in phosphate buffer (0.01 mol L™ ") of pH 7.4 at 298 K. Two separate
experiments were performed based on the mole-ratio method. In ex-
periment 1, the concentration of HSA was kept constant
(5.0 x 10" ®mol L.~ 1) while the CAP concentration is increased in the
range of 0.0-30.0 x 107 °molL™' with an interval of
1.5 X 10 °mol L1, On the other hand, in experiment 2 the con-
centration of the CAP was fixed at 7.2 X 10~ ®mol L ™! while different
values of HSA (0.0-7.2 x 10 °molL~!' with an interval of
3.6 X 107" molL™!) were added to this solution. In both cases after
addition of titrant in each step, the solution was stirred and allowed to
stand for 5 min, then the fluorescence (290-550 nm with a wavelength
interval of 1 nm) and UV-Vis (245-400 nm with an interval of 1 nm)
spectra of this solution were recorded. At the end, four data matrices,
DA DI and DEAP, DY were obtained from these measurements.
DISA and DA refer to fluorescence and absorption spectra of experi-
ment 1 while DSA? and DS4F are the fluorescence and absorption spectra
of experiment 2. These four data matrices were combined and an ex-
panded data matrix, D, was created to satisfy the full rank conditions.
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2.4. Chemometrics methods

MCR-ALS is a well-known multivariate self-modeling curve resolu-
tion method which is applicable to resolve the multicomponent mix-
tures into pure contributions of constituents only from the information
obtained from an original two-way data matrix [28,29]. This method is
based on the bilinear decomposition of the experimental data set, D,
into the product of two matrices, C and S” that contains pure compo-
nents profiles in a mixture system. The bilinear model is expressed in
the following way:

D=CST+E (@]

where D is the matrix of experimental data with dimension of M
(spectral object) X N (wavelengths), C (M X P) is the matrix of con-
centration profile of P species existing in the given measurement pro-
files, ST (P x N) is the pure spectra of P species, and E is the matrix of
residuals with the data variance unexplained by the model. During the
ALS optimization, different types of constraint (such as non-negativity
and unimodality) are applied to C and S” in each iteration in order to
provide physically meaningful and chemically interpretable solutions,
and facilitate the finding of pure or most representative contributions to
the data matrix using real variables [30]. Also, the use of multiset
structure along with soft modelling constraints greatly helps to make
the solution more robust [31,32]. In this way, when different data
matrices are augmented and simultaneously analyzed by MCR-ALS
method, the number of possible solutions of Eq. (1) is substantially
reduced and, hopefully, converged to a unique solution. In the present
study, the augmented data matrix of the two-way fluorescence and
UV-Vis spectral data (D) is built up by placing the individual data
matrices corresponding to the two experiments series side by side
[33,34]. The related bilinear model for MCR-ALS analysis is given by
Eq. (2):

[DF Dyv] = C[SES{y] + [ErEuv] 2

If Dr and D, were the data matrices obtained with the two spec-
troscopic techniques, there would be a single concentration profile
matrix, C, and two row-wise augmented spectral matrix of measured
spectra, Sf;, and S?, which contain the pure signals of the spectroscopic
techniques used to obtain D, and D,,, matrices, respectively.

In order to assess the quality of the obtained MCR-ALS model, lack
of fit (LOF) as a statistical parameter is calculated by using Eq. (3)
which describes the difference between the original data set, D, and the
approximation made for it by the CSt product of the extended MCR—
ALS analysis.

[ 2 d7—di)?
LOF(%) = 100 x ,| ool
\ Zdj ©)

In the above equation, dj is an element of the experimental matrix D
and d; is the analogous element of the reproduced data matrix (cs™
obtained by the MCR-ALS model [35].

2.5. Molecular docking studies

Molecular docking studies were performed to probe the binding site
in HSA and to predict the conceivable orientation of the molecule
during the ligand-protein interaction. Herein, the AutoDock4.2 soft-
ware package [26] was used to perform the molecular docking, along
with sampling based on the empirical free energy function and the
Lamarckian genetic algorithm (LGA) method. Protein coordinates were
extracted from the crystal structure of HSA-inhibitor complexes with
the code 2BXD in protein data bank [25].Some residues in the loop
regions were not solved in the crystal structure, therefore, the missing
residues were added by using the Modeler 9.19 software [36]. During
the preparation of the protein input file, the Gasteiger charges were
assigned to the receptor protein and the water molecules were removed,
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then, polar hydrogen atoms were added in AutoDock Tools environ-
ment. In docking routine, the protein was considered as a rigid body
during the docking, but all torsion bonds in inhibitors were set free and
the docking software was allowed to rotate all rotatable bonds of in-
hibitors to achieve the best and optimized conformer of the inhibitors
within the active site of protein. In order to justify the location of ligand
in the ligand-protein complex, a grid map was defined with a grid point
spacing of 0.375 A and 60 X 60 X 60 points, which included not only
the binding site of the HSA but also the significant regions of the sur-
rounding surface. The amount of independent docking runs carried out
for each docking simulation was set to 100 and other parameters were
maintained at the default settings. Cluster analysis (root mean square
tolerance equal to 0.5 A) was then performed on the docked results. The
pose with the lowest binding energy on the cluster was considered for
future analysis and as the initial structure for the molecular dynamics
step.

2.6. Molecular dynamics simulations

In order to investigate the in-vivo stability of the docked complex,
the MD simulations were performed in the presence of an explicit sol-
vent by using NAMD software. The MD simulations were carried out by
using NAMD 2.9 program [27] and applying the CHARMM 22 force
field. The topology and force field parameters for the CAP were gen-
erated by using Swissparam webserver [37]. Pure HSA and HSA-CAP
complex were solvated by simple point charge water molecule in the
cubic box by using periodic boundary condition [38]. To avoid the
direct interaction of the HSA complex with its own periodic image, the
distances between complex and the box wall was kept at 12A. The
solvated system was neutralized by adding Na® counter ions in the
simulation. Initially, energy minimization of system was carried out to
relieve unfavorable interactions by using 1000 steps of the steepest
descent algorithm and subsequently 1000 steps of the conjugate gra-
dient algorithm. Finally, the full system was subjected to 15 ns MD in an
isothermal isobaric ensemble (NPT) at temperature of 310K under
1 bar pressure. The temperature and pressure were kept constant by
using Langevin dynamics and Nose-Hoover-Langevin piston, respec-
tively. Lennard Jones interactions were calculated within a cut-off
distance of 13.0 f\, and Particle Mesh Ewald (PME) was employed to
deal with the long-range electrostatic interactions [39]. A time step of
2.0fs was used for the overall simulations, and data were collected
every 1 ps.

3. Results and discussion
3.1. Fluorescence and UV-Vis spectroscopy

Fluorescence spectroscopy has been extensively used to study the
interaction between small molecules and protein due to its exceptional
selectivity, sensitivity, convenience, and abundance of theoretical
foundation [40]. This technique can provide useful information about
the binding mechanism of the ligand to protein, such as; quenching
mechanism, binding site, binding constant, and the interaction dis-
tances [41]. Intrinsic fluorescence emission of HSA is mainly derived
from the tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) re-
sidues. However, the main contribution to the intrinsic fluorescence of
the HSA comes from the tryptophan residues. The fluorescence of Trp
residues is extremely sensitive to its environment. Fig. 1A and C display
the fluorescence emission spectra obtained from experiment 1 and 2,
respectively (see Section 2.3.2). As can be seen in Fig. 1A, the fluor-
escence intensity of HSA was gradually decreased with increasing
concentration of CAP at fixed concentration of HSA. Additionally, a
new intensive peak appeared at 387 nm which is the wavelength cor-
responding to the emission peak of CAP on its addition. Moreover,
quenching of HSA was associated with a slight shift toward longer
wavelengths which showed that HSA had interaction with HSA and
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Fig. 1. Fluorescence emission and UV-Vis absorption spectra obtained from different experiments. Experiment 1: (A) fluorescence (D5*) and (B) UV-Vis (DI*);
Cusa = 5.0 X 1073mol L™}, Ccap = 0.0-30.0 X 10 ®mol L%, Experiment 2: (C) fluorescence (D§F) and (D) UV-Vis (DH); Ceap = 7.2 X 10 ®mol L1,

Cusa = 0.0-7.2 x 10" ®mol L™,

HSA-CAP complex is formed. Additionally, the microenvironment
around the fluorophore (Trp,;4) in the protein solution has been
changed. The fluorescence spectra of CAP in the presence of different
concentrations of HSA (Fig. 1C) showed that CAP fluorescence intensity
was initially increased slightly and then increased more strongly with a
distinct blue shift from 387 nm to 375 nm. Simultaneously, a new HSA
fluorescence peak has been appeared at 338 nm.

UV-Vis absorption spectroscopy can be used as a simple and in-
tuitive approach to explore the structural changes of protein and often
can confirm the formation of a molecular complex [42]. Fig. 1B and D
show the UV-Vis absorption spectra of the experiments 1 and 2, re-
spectively. Absorption spectral of HSA at different concentrations of
CAP (Fig. 1B) showed that the intensity of absorption peak for HSA at
about 280 nm was increased continuously by addition of CAP. Fur-
thermore, a distinct red shift (from 280 to 286) was observed at the
maximum absorption wavelength which suggests that the fluorophore
of HSA was placed in a more hydrophilic environment after addition of
CAP. These results indicate the formation of HSA-CAP complex and
conformational changes of HSA during the interaction. Moreover, a
new absorption peak was appeared at around 305 nm which is related
to CAP molecule. On the other hand, as shown in Fig. 1D, the absorp-
tion intensities of CAP were increased with increasing the concentration
of HSA and a new peak was appeared at 280 nm. For further in-
vestigation and to obtain more information about the formation of HSA-
CAP complex, these data were resolved by using MCR-ALS which is

described in the next parts.

3.2. Quenching studies

The fluorescence quenching may be results of various processes
such as excited-state reactions, molecular collision, molecular re-
arrangements, ground-state complex formation and energy transfor-
mation [43]. The mechanisms of these processes are frequently cate-
gorized into dynamic quenching and static quenching which can be
distinguished with their different dependence on temperature, visc-
osity, and excited state lifetime. Static quenching is usually associated
with complex formation between the fluorophore (protein) and the
quencher which is decreased by increasing the temperature. On the
contrary, dynamic quenching depends on the diffusion of species and
since the increase in temperature results in faster diffusion of quencher,
the quenching constants are expected to be increased with increasing
temperature. To explore the quenching mechanism involved in the
CAP-HSA system, the fluorescence quenching data at different tem-
peratures was analyzed using the Stern-Volmer equation [44]:
o _ 1 4 kg [caP] = 1 + Kyn[CAP]

F a7 “
where F, and F are the fluorescence intensities before and after addition
of CAP, respectively. Kgy is the Stern-Volmer quenching constant in
Lmol ™!, [CAP] is the concentration of CAP, Kq is the bimolecular
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Fig. 2. (A) Stern-Volmer plots for the quenching of HSA by CAP at different

temperatures. (B) Plot of log [(Fo-F)/F] versus log [Q] for the HSA-CAP system
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quenching rate constant, and T, (107 85) is the average lifetime of the
HSA without CAP as a quencher and is generally equal to 10~ %s [45].
The Stern-Volmer plots for quenching of fluorescence emission of HSA
in the presence of CAP at three different temperatures are shown in
Fig. 2A. The obtained values of Kgy and K, are listed in Table 1. As
shown in this table, the Ksy values of the systems inversely correlate
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with the temperature, furthermore, corresponding kq values are much
greater than the maximum scatter collision quenching constant of the
biopolymers (K, = 2.0 x 10"°Lmol~*s™ ") [46], indicating that the
quenching is caused by formation of a complex between HSA and CAP,
rather than by a dynamic collision [47].

3.3. Binding parameters

In static quenching, it is assumed that several binding sites (n) are
available on the HSA that the drug can bind independently to these
sites. The binding constant and n involved in the CAP-HSA system can
be determined according to the modified Stern-Volmer equation as
follows [48]:

FOF F = logK}, + nlog[CAP] )
The values of K;, and n were obtained from the intercept and slope of
the plot of log [(Fo — F)/F] versus log [CAP] at three different tem-
peratures (Fig. 2B), respectively and are listed in Table 1. As it is seen in
this table, the values of n are approximately equal to 1 at different
temperatures, suggesting that there is one high affinity binding site in
the HSA for CAP. The binding constant (K;) between drug and HSA is
the main factor in its accessibility to diffuse from the circulatory system
to the target, K}, values indicate the drug is bound to protein which will
have diminished concentration of free fraction of drug in plasma while
weakly bound drugs have faster clearances and shorter stay in the body
[49]. The value of binding constant (K;, = 1.820 X 10%) for HSA-CAP
system, suggest a moderate binding affinity when compared to protein-
ligand complexes with higher binding constants (10°-10%) [50-52]. So
the moderate binding in the present case indicates that CAP cannot be
tightly stored and carried by HSA in the body and eventually, it would
be transferred and released in the target tissue [53]. In addition, it was
clear that the value of K, was declined with increasing the temperature.
This was coincided with the changes in the Kgy, and suggested that the
quenching mechanism should belong to static quenching [54].

log

3.4. Thermodynamic parameters analysis

Essentially, there are four main types of non-covalent interactions
including van der Waals forces, electrostatic, hydrophobic and H-bonds,
which exist in ligand binding to macromolecules [55]. The thermo-
dynamic parameters such as enthalpy change (AH®), entropy change
(AS®) and free energy change (AG®) of the reaction, play an important
role to confirm the non-covalent acting forces. Ross and Subramanian
have reported that the signs and magnitudes of the thermodynamic
parameters (AH® and AS®) can provide a strong evidence to confirm the
binding forces [56]. That is, if AH® > 0, AS® > 0, the main force
would be hydrophobic interaction, while van der Waals and hydrogen-
bonding interactions play major roles in the reaction, if AH® < 0,
AS® < 0 [57]. Since in the studied temperature range, the temperature
effect was very small, the enthalpy change (AH®) of a system can be
regarded as a constant. Under these conditions, the values of the en-
thalpy (AH®) and entropy changes (AS®) for the HSA-CAP system can be
calculated from the slope and intercept of the linear van’t Hoff plot
(Fig. 2C) of In K versus 1/T according to following equation [58]:

AHO AS°
= =%r ¥k ©
where Ky, is the binding constant at the corresponding temperature (T),
and R (J moll K1) is the gas constant.

The value of free energy change (AG) is estimated from the fol-
lowing relationship:

AG® = AH? — TAS° @)

The obtained values of AH®, AS®, and AG® for HSA-CAP interaction
are summarized in Table 1. The negative sign for free energy (AG®) in
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Table 1
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Binding and thermodynamic parameters of the CAP-HSA system, studied at different temperatures.

T (K) Key LM™Y) Kq

K, LM~

298 1.971 0.004 x 10* 1.971

310 1.606 * 0.003 x 10* 1.606

+ + 0.004 x 10'2 1.820 + 0.084 x 10* 0.998
CAP 305 1.908 + 0.006 x 10* 1.908 + 0.006 x 102 6.109 = 0.155 x 10° 0.899
+ + 0.003 x 10'2 3.801 * 0.059 x 10° 0.865

n AHC (kJmol ™) AS° Jmol H K™? AG® (kJ mol 1)
—24.301
—80.475 -189 —24.882
—25.283

Table 1 means that the binding process is spontaneous under physio-
logical conditions. The negative enthalpy (AH®) and entropy (AS°) va-
lues of the interaction of CAP and HSA indicate that the binding is
mainly enthalpy driven, whereas the entropy is unfavorable to it,
where, hydrogen bonds and van der Waals forces played a major role in
the reaction. Regarding the structure of the CAP, which contains two
hydroxyls and one amino group, it was expected that the hydrogen
bond can be formed between these functional groups and HSA.

3.5. Interpretation of the MCR-ALS results

It is difficult to distinguish the formation of a complex in the binding
reaction systems and deduce the changes in concentration of reaction
components during the titration process only based on the fluorescence
and UV-vis spectra (Fig. 1A-D), due to the high spectral overlap which
is observed for each species. Therefore, multivariate analysis of the
recorded experimental data was performed by MCR-ALS as a powerful
chemometric tool to extract more useful information regarding the
formation of any HSA[CAP],, complex, and also about the relative
concentrations of the various reactant and product species. Therefore,
individual data matrices obtained from UV-Vis and fluorescence mea-
surement were combined into two row-wise augmented data matrices
[DESASHSA] [DSAP DGAF1, respectively, as previously explained, and then
these augmented matrices were submitted for simultaneous resolution
by MCR-ALS. Before starting the resolution, the number of contribu-
tions to the augmented matrix was determined by using singular value
decomposition (SVD) (Table S1). The results indicated that four sig-
nificant factors can account for the spectral features. One guess is that
two of these four components can be related to free CAP and free HSA,
while the rest of them can belong to the complex species. Taking into
account that MCR-ALS needs information as real as possible to start the
resolution, the concentration profiles of the species existing in the
binding procedure were estimated by the use of the Evolving Factor
Analysis (EFA). Then, resolution of augmented data matrix was ob-
tained by using MCR-ALS and applying the constraint of non-negativity
during the repetitive process for both concentration and spectral pro-
files and also the total concentrations of HSA and CAP were known in
the systems, and they were used as a closure constraint for the con-
centration profiles. As previously mentioned, the quality and reliability
of the MCR-ALS solution may be assessed using the percent of lack of fit
(LOF) and explained variance (R%» parameters that allow assessing the
dissimilarity among the input data (D) and the data reproduced from
the product (CST) obtained by MCR-ALS. In this study, the best LOF and
R? values for the experiments at constant concentration of HSA and CAP
were obtained to be 0.396, 99.998% and 0.884%, 99.992%, respec-
tively, which implied that almost all variability of the experimental
data has been modelled.

The results obtained from MCR-ALS are shown in Fig. 3A-D. Fig. 3A
and B represent the extracted concentration profiles of the species in-
volved in the experiments. Fig. 3A shows that when CAP is added to
HSA, concentration of HSA is decreased and two new complex species
are formed. As can be seen in this figure, concentration of the first
complex species is increased and reached a maximum at [CAP]/[HSA]
1 which is a 1:1 HSA-CAP complex specie. On the other hand, con-
centration of the second species was increased sharply and reached a
maximum at the ratio of [CAP]/[HSA] 3. Therefore, it may be con-
cluded that this specie is a 1:3 HSA-CAP complex specie. Also, it can be

observed from this figure that after the point of [CAP]/[HSA] 3, CAP is
released which suggests that the formation of complex between HSA
and CAP is finished and also only two complex species were formed
upon the addition of CAP to HSA. In order to judgment about the
stoichiometry of complex species and make a reasonable decision about
these species, the results of Fig. 3B should also be considered. This
figure showed that the concentration of second species was increased
and reached a maximum at [HSA]/[CAP] 0.33 which confirms the
formation of 1:3 HSA-CAP complex. Thus, as can be seen, concentration
of first species was increased and reached a maximum at [HSA]/[CAP]

1, which confirms the formation of 1:1 HSA-CAP complex. Fig. 3C and
D show the pure fluorescence and UV-Vis spectral profiles resolved by
MCR-ALS for different species which provide new qualitative informa-
tion about the nature of the species involved in each technique. As can
be seen, the pure fluorescence and absorption spectra of four compo-
nents (HSA, CAP, and two HSA-CAP complex species, solid line) were
extracted and the resolved spectra of CAP and HSA agreed well with the
measured spectra (dashed lines). This agreement between the theore-
tical and experimental data is a strong evidence for the high quality of
the fitting process and indicates that the concentration profiles were
correctly resolved. It's important to note that the fluorescence and
UV-Vis spectra of the HSA[CAP],, complex, which could not be ob-
served based on the conventional methods, were obtained with the use
of MCR-ALS. As shown in Fig. 3D, a slight red shift was occurred in the
absorption spectra of HSA-CAP complex compared to HSA and a major
red shift was observed for the HSA[CAP]; complex compared to HSA.
The red shift indicated that the microenvironment of tryptophan re-
sidues on HSA has been altered so that the polarity around the Tyr and
Trp residues was decreased and the hydrophobicity was decreased [59].

3.6. Molecular docking studies

Molecular docking studies provide some insights into the interaction
between small molecule and bio macromolecule [22]. In this paper, to
complement our experimental observations and investigate the inter-
action between CAP and various amino acid residues of HSA in the
binding site, molecular docking technology was performed. At first in
order to understand the binding mode of CAP on site I and II of HSA,
molecular docking was conducted on both sites. As shown in Table 2,
the value of AGyinging Obtained on sites I and II were —6.081 and
—5.460 kcal/mol, respectively, which revealed the relatively higher
prevalence of CAP toward site I. This is consistent with the results
obtained from spectroscopy section and displacement studies reported
by Wu and co-workers [19]. Moreover, the obtained value of AGpinding
from the thermodynamic analysis is —23.30 kJ mol ~* or —5.565 kcal/
mol, which is in good agreement with Docking results. As can be seen in
the docking pose of CAP (Fig. 4A), the binding pocket of CAP in site I
was predominantly surrounded by hydrophobic residues, including
Arg257, Ser192, Leu238, Glul53, Tyrl50, leu219, Leu234, Ser287,
11e290, Leu260, and Ile264. In addition, the Gln196, Lys199, His242,
Ala291 residues formed seven hydrogen bonds with CAP. The carbonyl
group of GIn196 built two hydrogen bonds with OH groups of CAP with
bond lengths of 2.80 and 2.92 A and energies of —2.30 and — 2.40 kcal,
respectively. The NH, group of the Lys199 side chain formed two hy-
drogen bonds with hydroxyl and carbonyl group of CAP with bond
lengths and energies of 3.03A, —7.50kcal and 3.36 A, —9.60kcal,
respectively. The NH group of His242 was connected to the carbonyl
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Fig. 3. The results of applying MCR-ALS to augmented matrix: (A) and (B) Extracted concentration profiles of species involved. (C) and (D) Extracted spectral profiles

of different species involved in fluorescence and UV-Vis experiment, respectively.

group CAP along with bond lengths and energies of 3.08 A, —0.90 kcal,
respectively. Furthermore, the NH, group of Ala291 formed hydrogen
bond with carbonyl group of CAP with bond lengths and energies of
3.2 A, —0.90 keal, respectively. The obtained molecular docking results
indicated that hydrophobic forces as well as hydrogen bonding play a
major role in the binding of CAP with HSA, which were consistent with
our experimental results.

3.7. Molecular dynamics simulation

MD simulations of 15 ns were performed to provide structural and
dynamic information on the interaction between HSA and CAP. Root-
mean-square deviation (RMSD), which is a crucial parameter in
evaluating the stability of the complex during simulation time, was
computed for backbone atoms with respect to the starting structure.
The attained RMSD plot of HSA-CAP and HSA as a reference (Fig. 5A)

Table 2

shows that the RMSD value was increased sharply until approximately
2ns, and then was remained constant until the end of the simulation.
This phenomenon indicates that the HSA-CAP complex was relatively
stable after 2ns, so it is reasonable to investigate the binding site
based on the snapshots which have been extracted from 2 to 15 ns. The
analysis of root mean square fluctuations (RMSFs) of the backbone
atoms of HSA in the absence and presence of CAP can be used to reveal
a local change in the mobility of residue during the interaction
(Fig. 5B). As can be seen in Fig. 5A, the main fluctuations (> 0.35 nm)
belong to residues that were far from the ligand binding pocket. In
contrast, the residues such as Lys199, Hse242, Arg257, Leu238, etc.
that were located in the binding site I of HSA were the most stable
residues of this protein (RMSF < 0.10 nm) that involved in the drug
contacting. As previously expressed, the CAP-HSA complex was sta-
bilized after 2ns due to conformational rearrangement, therefore, to
further analyze the binding mode during the simulation, average

The binding energy, residues involved in H-bond and hydrophobic interactions of HSA-CAP complex in both site I and II.

HSA-CAP complex  Binding energy (kcal Mol ~!)  Hydrogen bonds interaction

Hydrophobic Interactions

Site I —6.081 GIn196, Lys199, His242,
Ala291
Site II —5.460 Ser489, Lys414, Tyr411,

Arg257, Ser192, Leu238, Glul53, Tyr150, leu219, Leu234, Ser287, 11e290, Leu260, Ile264

Arg485, Arg410, Leu407, Leu430, Phe403, Val433, Leu453, Asn391, Ala449, Leu387,
11e388, Cys437, Cys438
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¢ Site IT

Fig. 4. Binding mode of CAP in the (A) site I and (B) site II of HSA. Residues involved in H-bond are shown as dashed line.

conformation of the binding pocket of HSA complexed with CAP was
obtained from the last 100 conformations in the last 3 ns of the MD
simulation. As can be seen in Fig. 6, the most key residues have been
appeared around the CAP in the binding pocket on the basis of average
MD-simulated complex structure are very similar to the results ob-
tained from docking however, several new hydrogen bonds appeared
that were not observed in the docking study. Analysis of MD result
shows that hydrogen bonds between NH, group of the Lys199 and the
carbonyl group of CAP, and NH group of His242 and the carbonyl
group of CAP, were remained stable throughout the simulation, which
indicates that these hydrogen bond interactions were strong. More-
over, a new hydrogen bond was formed between the carboxyl group of
Glul53 and hydroxyl group of CAP with bond lengths and energies of
3.2A and —0.90 keal, respectively. The NH group of His242 formed a
hydrogen bond with nitrogen groups of CAP with bond lengths and
energies of 3.21 A and —0.90 keal, respectively. In addition, NH and
NH, groups of Arg257 could form two hydrogen bonds with carbonyl
group of CAP with bond lengths of 3.04 and 2.93A and energies of
—1.80 and —5.80kcal, respectively. In addition, phenyl ring of
Tyr150 displayed a m-m stacking with cytidine ring of CAP, where, this
attractive hydrophobic interaction played an important role in stabi-
lization of CAP in the binding pocket. As a result, the difference be-
tween binding mode of CAP after the molecular docking and after the
MD can be attributed to the small size of the CAP and the sufficient
free space around it in the binding site.

3.8. Fluorescence resonance energy transfer studies

Fluorescence resonance energy transfer (FRET) is a distance-de-
pendent photophysical process in which the energy is transferred from
an excited donor fluorophore (HSA) to an acceptor fluorophore (CAP)
through the radiationless process [60]. The efficiency of energy transfer
depends on the extent of overlap between emission spectrum of donor
and absorption spectrum of acceptor, proper dipole orientation of two
fluorophore (donor and acceptor), and the distances between donor and
acceptor which should be within the forster distance of 2-8 nm [61].
The efficiency of energy transfer (E) can be explained and determined
according to the forster energy transfer theory by using the following
equation:

F RS

E=1-—=—2%_
F, RJ+7r® (8)

Here, F and F, are fluorescence intensities of the donor (HSA) in the
presence and absence of the acceptor (CAP), r is the distance from the
acceptor (CAP) to tryptophan residue of (HSA), and Ry is the forster
critical distance, when the transfer efficiency is 50%, which can be
calculated by Eq. (9):

RE = 8.79 x 102K 2n~4g3J 9

where, K is the spatial orientation factor related to the geometry of the
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Fig. 5. (A) The root mean square deviations (RMSD) versus the MD simulation
time for HSA (blue) and HSA-CAP complex (red) in the MD simulation system.
(b) RMSF value of each residue of HSA during the entire simulation time, in
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this figure legend, the reader is referred to the web version of this article.)

donor and acceptor, n is the refractive index of the medium surrounding
the fluorophores, @ is the fluorescence quantum yield of the donor in
the absence of an acceptor, and J is the overlap integral of the

Bioorganic Chemistry 90 (2019) 103037

fluorescence emission spectrum for the donor and the absorption
spectrum of the acceptor (Fig. S2), which could be calculated by the
following equation:

Sy FQe@2*(dd)

SOF@)da (10)

where F(A\) and e(\) are the fluorescence intensity of the HSA and
molar absorption coefficient of the CAP at wavelength A, respectively.

The overlap between the absorption spectrum of CAP and the
fluorescence emission spectrum of HSA is shown in Fig. S2. The values
of K2, n, and @ for HSA-ligand bindings are reported as 2/3, 1.336 and
0.118, respectively [62]. Thus, according to the above equations the
values of J, Ry, E and r were calculated to be
1.16 x 10" em®L mol ™1, 3.92nm, 0.41 and 4.135 nm, respectively.
Meanwhile, the average distance between CAP and Trp residues of HSA
was far less than 8 nm and 0.5R, < r < 1.5 Ry which indicated that
the energy transfer from Trp of HSA to CAP occurs with high prob-
ability. Furthermore, the larger value of r in comparison to R, revealed
the presence of static type quenching mechanism for the interaction of
CAP with HSA [63,64].

4. Conclusion

In the current study, the interaction of CAP with HSA was in-
vestigated by fluorescence and UV-Vis spectroscopies. These proce-
dures were combined with molecular modeling method to further
analyze the HSA-CAP system under simulated physiological conditions.
According to fluorescence emission spectra, the fluorescence intensity
of HSA was gradually decreased and a new intensive peak was appeared
at 387 nm upon the addition of CAP, which indicates the formation of a
complex between CAP and HSA. Moreover, UV-Vis results showed that
the binding of CAP to HSA leads to changes in the protein secondary
structure. Based on the fluorescence quenching studies, it can be stated
that CAP quench the inherent fluorescence intensity of HSA via the
static quenching rather than dynamic quenching. The values of binding
constant were determined which showed a moderate binding affinity
between CAP and HSA and the efficiency of energy transfer was ob-
tained to be 0.41. The obtained thermodynamic parameters revealed
that hydrogen bonds and van der Waals forces played a major role in
stabilizing the CAP-HSA complex. The resolved concentration profiles
by MCR-ALS revealed that in addition to pure signals for HSA and CAP,
there were two other complex species with a ratio of 1:1 and 1:3. The
results derived from molecular docking exhibited that the CAP had
higher prevalence toward site I which coincided well with the

19/
N I )

Fig. 6. Plot of the MD-simulated structures of capecitabine in the binding site of HSA.



S.F. Mousavi and M.H. Fatemi

experimental results. Moreover, MD results showed that the HSA and
HSA-CAP complex achieved stability after about 2 ns. Analysis of CAP
binding mode after MD showed different interaction between CAP and
HSA residues compared with docking binding mode which can be at-
tributed to the small size of the CAP and the sufficient free space around
it in the binding site. Finally, the present study provides insights into
the binding mechanism of CAP and HSA which can facilitate further
investigations on pharmacological properties of CAP.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bioorg.2019.103037.
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