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anticancer drug, gefitinib with
human serum albumin: insights from fluorescence
spectroscopy and computational modeling
analysis†

Md. Zahirul Kabir,a Wei-Ven Tee,b Saharuddin B. Mohamad,bc Zazali Aliasa

and Saad Tayyab*ac

Binding of gefitinib (GEF), a promising anticancer drug to human serum albumin (HSA), the major transport

protein in blood circulation was investigated using fluorescence, UV-vis absorption and circular dichroism

(CD) spectroscopy as well as computational modeling. Fluorescence quenching of HSA upon GEF addition

was found to be a static quenching process, as revealed from the decreasing trend of the Stern–Volmer

quenching constant with increasing temperature as well as UV-vis absorption spectral results. Fluorescence

quenching titration results demonstrated moderate binding affinity with the binding constant, Ka value as

1.70 � 104 M�1 between GEF and HSA at 15 �C. Thermodynamic data (DH ¼ �7.74 kJ mol�1 and DS ¼
+54.06 J mol�1 K�1) suggested participation of both hydrophobic interactions and hydrogen bonds in

stabilizing the GEF–HSA complex, which was further supported by computational modeling results. The

far-UV and the near-UV CD spectra showed secondary and tertiary structural changes in HSA, whereas

three-dimensional fluorescence spectral results indicated microenvironmental perturbations around protein

fluorophores upon GEF binding. Binding of GEF to HSA offered significant protection to the protein against

thermal destabilization. Competitive site-marker displacement results along with computational modeling

analysis suggested a preferred location of the GEF binding site as site III, located in subdomain IB of HSA.

Some common metal ions have been found to interfere with GEF–HSA interaction.
1. Introduction

Lung cancer is the most common incidence of cancer world-
wide along with leading mortality statistics.1 Due to some
undesirable side effects of traditional cancer therapies, a new
line of targeted therapeutic agents, i.e., promising anticancer
drug molecules being developed for the treatment of various
carcinomas.2 Among the wide variety of anticancer drugs used
in clinical routine, getinib (GEF) is one of the newly Food and
Drug Administration (FDA) approved drugs for the treatment of
lung cancer.3,4 GEF (Fig. 1) competes with ATP for the ATP-
binding site of the epidermal growth factor receptor (EGFR)
tyrosine kinase and subsequently freezes the functions of the
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signaling cascade of the kinase, thus prevents malignancy.3,5

The effective binding of a drug to the protein in blood circula-
tion may inuence drug's delivery, distribution, therapeutic
efficacy and elimination process.6

Human serum albumin (HSA) facilitates the transportation
of various drugs through blood circulation and their release at
the specic target sites.7,8 Owing to the presence of three well-
characterized drug binding sites, viz. sites I, II and III, located
in subdomains IIA, IIIA and IB, respectively, of HSA, various
drugmolecules reversibly bind to the protein, thus leading to an
improvement in the drug's pharmacokinetics.7,9,10 Such binding
of a drug to the protein also reduces its toxicity and lengthens
its in vivo half-life in circulation.11 In view of this, it is important
to understand the characteristics of drug–protein interaction.

Various methods are available to investigate the binding of
ligands to proteins, which include equilibrium dialysis,12 uo-
rescence,13 UV-vis absorption and circular dichroism (CD)
spectroscopy14 as well as potentiometric titration.15 Among
these methods, equilibrium dialysis is widely preferred, which
is based on the determination of free and bound ligand
concentrations. In many cases, it requires labeled ligands and
takes a long time.16 Lack of selectivity of ion selective electrodes
for many ligands/drugs limits the use of potentiometric method
This journal is © The Royal Society of Chemistry 2016

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra12019a&domain=pdf&date_stamp=2016-09-24
https://doi.org/10.1039/c6ra12019a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA006094


Fig. 1 Structural representations of gefitinib. (A) 2-D structure and (B)
3-D structure.
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for ligand binding studies.15 Fluorescence spectroscopic
method has been greatly exploited in drug–protein interaction
studies in being highly sensitive, less time consuming and easy
to perform. Furthermore, information about different binding
characteristics such as binding constant, binding stoichiom-
etry, mode of binding and binding mechanism can be obtained
from the uorescence data.17

Although, a recent study has shown the binding character-
istics of GEF to bovine serum albumin (BSA),18 no report is
available on the binding of GEF to HSA. Due to subtle differ-
ences in the amino acid sequence and three-dimensional
structure of HSA and BSA,19 drug binding characteristics of
these proteins might be different. Since BSA contains two Trp
residues compared to one present in HSA, uorescence
quenching data and corresponding results might be different
for the two proteins. Furthermore, binding data presented in
the previous paper on BSA remains questionable in the absence
of inner lter effect correction of the uorescence data. There-
fore, we studied the binding characteristics of GEF to HSA in
terms of the binding affinity, interaction forces, location of the
binding site and structural changes in HSA upon GEF binding.
This paper describes the binding studies of GEF to HSA using
uorescence and circular dichroism spectroscopy along with
computational modeling analysis.

2. Materials and methods
2.1. Materials

Human serum albumin (HSA), essentially fatty acid free, indo-
methacin (IDM), ketoprofen (KTN) and hemin (HMN) were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Geti-
nib (GEF) was a product of Selleckchem (Houston, TX, USA). All
other chemicals used were of analytical grade.

2.2. Analytical procedures

The stock protein solution was prepared by dissolving a known
amount of HSA in a xed volume of 60 mM sodium phosphate
This journal is © The Royal Society of Chemistry 2016
buffer, pH 7.4 and its concentration was determined spectro-
photometrically using a molar extinction coefficient of 36 500
M�1 cm�1 at 280 nm.20

The stock solutions (1.0 mg ml�1) of various drugs were
prepared by dissolving their crystals in dimethyl sulphoxide
(DMSO). These stock solutions were diluted to the desired
concentration with the above buffer for experimental use. In all
experiments, the nal concentration of DMSO in the incubation
mixture remained less than 1% (v/v).

All experiments were performed in 60 mM sodium phos-
phate buffer, pH 7.4 at 25 �C, unless otherwise stated.
2.3. Spectral measurements

2.3.1. Fluorescence spectra. Fluorescence spectra were
recorded on a Jasco FP-6500 spectrouorometer, equipped with
a xenon lamp source and a 10 mm path length quartz cuvette.
The temperature was controlled using a temperature controller,
attached to a water-jacketed cell holder, which was connected to
a Protech 632D circulating water bath. The excitation and the
emission bandwidths were set at 10 nm each and a scanning
speed of 500 nm min�1 was used throughout these studies. For
the intrinsic uorescence measurements, the protein solution
was excited at 295 nm and the emission spectra were recorded
in the wavelength range, 300–400 nm.

Three-dimensional (3-D) uorescence spectra of HSA (3 mM)
were obtained both in the absence and the presence of GEF
(GEF/HSA molar ratios of 5 : 1 and 10 : 1) using the excitation
wavelength range, 220–350 nm (with 5 nm intervals) and the
emission wavelength range, 220–500 nm.

2.3.2. CD spectra. Jasco spectropolarimeter (model J-815),
equipped with a thermostatically-controlled water-jacketed
cell holder was used under constant nitrogen ow to record
the CD spectra of protein solutions. The path length of the
sample cuvette and the protein concentration used were 1 mm
and 3 mM, respectively, for the far-UV CD spectral measure-
ments, while 10 mm path length cuvette and 10 mM protein
concentration were employed for CDmeasurements in the near-
UV region. The spectra were recorded using a scan speed of 100
nm min�1 and a response time of 0.5 s. Each spectrum was
taken as the average of four successive scans. The measured
ellipticity values were expressed in terms of mean residue
ellipticity (MRE) in deg. cm2 dmol�1 according to the following
equation:

MRE ¼ ½qobs � MRW�
10 � l � Cp

(1)

where qobs is the ellipticity in millidegree; MRW is the mean
residue weight (molecular weight of the protein, 66 500 divided
by the total number of amino acids, 585); l is the path length of
the cuvette in mm and Cp is the protein concentration in
mg ml�1.21

2.3.3. UV-vis absorption spectra. Absorption spectral
measurements were made on a UV-vis spectrophotometer
(Perkin-Elmer Lambda 25) in the wavelength range, 295–400
nm, using a protein concentration of 3 mM. Absorption spectra
of the protein were also obtained in the presence of increasing
RSC Adv., 2016, 6, 91756–91767 | 91757
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GEF concentrations (5–50 mM with 5 mM intervals). These data
were used for inner lter effect correction.

In a separate experiment, absorption spectra of the protein
(15 mM) both in the absence and the presence of GEF (5–50 mM
with 5 mM intervals) were recorded in the wavelength range,
230–380 nm. Absorption spectra of free GEF solutions of similar
concentrations were also obtained in the same wavelength
range.
2.4. Ligand binding studies

2.4.1. Fluorescence quenching titration. Interaction of GEF
with HSA was studied using uorescence quenching titration,
as described earlier.22 In short, a xed concentration (3 mM) of
HSA was titrated with increasing concentrations of GEF (5–50
mM with 5 mM intervals) in a total volume of 3.0 ml. The uo-
rescence spectra were recorded in the wavelength range, 310–
390 nm upon excitation at 295 nm aer 1 h incubation at the
desired temperature. The titration was performed at three
different temperatures, i.e., 288, 303 and 318 K.

The uorescence data were corrected for the inner lter
effect in the same way as described earlier23 using the following
equation:

Fcor ¼ Fobs10
(Aex+Aem)/2 (2)

where Fcor and Fobs refer to the corrected and the observed
uorescence intensity values, while Aex and Aem are the differ-
ences in the absorbance values of the protein, observed in the
presence of ligand at the excitation (295 nm) and the emission
(300–400 nm) wavelengths, respectively.23

2.4.2. Data analysis. To investigate the quenching mecha-
nism involved in the GEF–HSA system, the uorescence data
were treated according to the well-known Stern–Volmer
equation:

F0/F ¼ 1 + KSV[Q] ¼ 1 + kqs0[Q] (3)

where F0 and F refer to the uorescence intensity values of the
protein in the absence and the presence of the quencher (GEF),
respectively; [Q] is the concentration of the quencher and KSV is
the Stern–Volmer quenching constant.23

Values of the bimolecular quenching rate constant (kq) for
GEF–HSA system were calculated using the following equation:

kq ¼ KSV/s0 (4)

where s0 is the average lifetime of the uorophore in the
absence of the quencher and it was taken as 6.38 � 10�9 s for
HSA.24

Values of the binding constant (Ka) for the GEF–HSA system
were obtained from the following double logarithmic
equation:25

log(F0 � F)/F ¼ n log Ka � n log[1/([LT] � (F0 � F)[PT]/F0)] (5)

where n is the Hill coefficient; [LT] and [PT] are the total
concentrations of the ligand and the protein, respectively.
91758 | RSC Adv., 2016, 6, 91756–91767
Thermodynamic parameters such as the enthalpy change
(DH), the entropy change (DS) and the Gibbs free energy change
(DG) for the GEF–HSA system were determined to characterize
the acting forces involved in the binding process. Values of DH
and DS were obtained from the van't Hoff equation:

ln Ka ¼ �DH/RT + DS/R (6)

where R and T are the gas constant (8.314 J mol�1 K�1) and the
absolute temperature, respectively. The free energy change, DG
of the binding reaction was estimated from the following
equation:

DG ¼ DH � TDS (7)

2.5. Thermal stability studies

In order to evaluate the effect of GEF binding on the thermal
stability of the protein, uorescence measurements were
carried out on HSA (3 mM) in the absence and the presence of
GEF (30 mM) in the temperature range, 25–80 �C (with 5 �C
intervals). The solution mixture was incubated for 1 h at 25 �C
before uorescence measurements. The uorescence spectra of
HSA and GEF–HSA system were recorded in the wavelength
range, 300–400 nm upon excitation at 295 nm. An additional
time of 10 min was employed at each temperature for equilib-
rium establishment.26

2.6. Effect of metal ions on GEF–HSA interaction

To investigate the effect of some common metal ions, i.e., Ba2+,
Cu2+, Mn2+, Zn2+, Ca2+, K+ and Mg2+ on the binding of GEF to
HSA, titration experiments were performed both in the absence
and the presence of metal ions (100 mM) in the same way as
described in the Section 2.4.1. An incubation time of 12 h with
metal ions was used at 25 �C before uorescence
measurements.

2.7. Competitive site marker displacement experiments

The preferred location of the GEF binding site on HSA was
investigated using competitive site marker displacement
experiments. Three site markers, used in these experiments
were IDM, KTN and HMN for sites I, II and III, respectively.7,10

These experiments were performed by titrating 3 mM HSA and
its equimolar complexes with site markers with increasing GEF
concentrations (5–50 mM with 5 mM intervals). Site marker–HSA
mixtures were allowed to equilibrate for 1 h at room tempera-
ture before titration with GEF. Additional 1 h incubation was
made aer adding GEF and the uorescence spectra were
recorded in the wavelength range, 300–400 nm upon excitation
at 295 nm.

2.8. Computational modeling studies

Molecular docking, visualization and rendering simulation
were performed using AutoDock 4.2 and AutoDockTools 1.5.6
(ADT).27,28 Structural information of HSA was obtained from the
crystal structure (PDB code: 1BM0) with resolution at 2.5 Å. The
This journal is © The Royal Society of Chemistry 2016
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3-D coordinates of the protein were retained and all water
molecules were removed from the crystal structure of HSA. The
atomic coordinates of GEF were extracted from a crystal struc-
ture (PDB code: 4I22) and the ligand was set to be exible during
docking analysis with 8 torsional degrees of freedom. Hydrogen
atoms were added to GEF and HSA, followed by merging of non-
polar hydrogen atoms for efficient computation. Furthermore,
gasteiger partial charges were computed and assigned to all
atoms. For each binding site (sites I, II and III), an independent
docking analysis of 100 runs was performed within a grid box
with 70 � 70 � 70 grid points and a grid space of 0.375 Å. The
coordinates of center of grid box were at x¼ 41.61, y¼ 33.78 and
z¼ 30.49 for binding site I; x¼ 11.61, y¼ 29.78 and z¼ 18.49 for
binding site II and x ¼ 46.61, y ¼ 22.78 and z ¼ 14.49 for
binding site III. The search method used was Lamarckian
genetic algorithms with 250 000 energy evaluations. Cluster
analysis (RMSD tolerance at 2.0 Å) and docking result were
examined using AutoDockTools 4.2. Chimera 1.10.2 soware
was employed to visualize the GEF–HSA complex.29
2.9. Statistical analysis

All data were expressed as the average� standard deviation (SD)
from a minimum of three experiments. The curves plotting and
statistical data processing were made using the OriginPro 8.5
soware (OriginLab Corp., Northampton, MA).
3. Results and discussion
3.1. GEF–HSA interaction

3.1.1. Fluorescence spectra and quenching mechanism.
The intrinsic uorescence of the protein is mostly contributed
by its aromatic uorophores, tryptophan (Trp) and tyrosine
(Tyr) residues,30 which may be affected by the binding of
a ligand to the protein.31–33 The uorescence spectrum of HSA
Fig. 2 (A) Fluorescence quenching spectra of 3 mM HSA (spectrum 1)
(spectra 2–11), obtained in 60 mM sodium phosphate buffer, pH 7.4 at 15
the fluorescence spectrum of GEF alone. Inset displays the decrease in
increasing GEF/HSA molar ratios. (B) Stern–Volmer plots for the binding
and 318 K.

This journal is © The Royal Society of Chemistry 2016
showed an emission maximum at 343 nm (Fig. 2A) due to the
presence of lone tryptophan (Trp-214) residue at subdomain IIA
of HSA.34 Addition of increasing GEF concentrations led to
signicant quenching in the protein's uorescence along with
red shi in the emission maximum in a concentration depen-
dent manner (Fig. 2A). It is important to note that free GEF did
not produce any uorescence in this range (spectrum ‘a’). About
45% quenching in the uorescence intensity (inset of Fig. 2A)
and 15 nm red shi in the emission maximum, observed at the
highest GEF concentration (50 mM) clearly suggested the
binding of GEF to HSA. Occurrence of the red shi in the
emission maximum can be ascribed to the change in the
microenvironment around lone Trp residue from nonpolar to
polar.35 On the other hand, a variety of molecular processes
such as excited-state reactions, molecular rearrangements,
energy transfer, ground-state complex formation and collisional
quenching may be responsible for the observed quenching of
the protein uorescence upon ligand binding.23 Several earlier
reports have shown quenching of HSA uorescence upon drug
binding with red shi in the emission maximum.36–38

Analysis of the uorescence quenching data obtained at
three different temperatures (288, 303 and 318 K) according to
the eqn (3) yielded the Stern–Volmer plots, as shown in Fig. 2B.
These plots exhibited good linearity with a correlation coeffi-
cient (r) $ 0.997 throughout the GEF concentrations used.
Values of KSV were obtained from the linear regression analysis
of the above plots and are listed in Table 1. Two types of the
uorescence quenching phenomena, namely, static and
dynamic quenching can be differentiated by KSV dependence on
temperature. The quenching constant is expected to decrease
with increasing temperature for static quenching, while the
reverse trend characterizes dynamic quenching.23,39 As shown in
Table 1, value of KSV signicantly decreased with increasing
temperature, thus indicating the characteristic of static
with increasing concentrations (5–50 mM with 5 mM intervals) of GEF
�C upon excitation at 295 nm. The dotted line at the bottom (a) shows
the relative fluorescence intensity of HSA at 343 nm (FI343 nm) with

of GEF to HSA, obtained at three different temperatures, i.e., 288, 303

RSC Adv., 2016, 6, 91756–91767 | 91759
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Table 1 Binding constants and thermodynamic parameters for GEF–HSA interaction, studied at three different temperatures, pH 7.4

T (K) KSV (M�1) Ka (M
�1)

DS
(J mol�1 K�1)

DH
(kJ mol�1)

DG
(kJ mol�1)

288 (1.60 � 0.03) � 104 (1.70 � 0.07) � 104 �23.32
303 (1.36 � 0.07) � 104 (1.43 � 0.04) � 104 +54.06 –7.74 �24.13
318 (1.19 � 0.06) � 104 (1.25 � 0.08) � 104 �24.94
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quenching. Similar trend of KSV with increasing temperature
was observed in a previous study on GEF–BSA interaction.18

Therefore, the observed quenching in the protein's uorescence
upon GEF addition seems to be the result of GEF–HSA complex
formation.

Furthermore, kq values, viz., 2.51 � 1012, 2.13 � 1012 and
1.87 � 1012 M�1 s�1 obtained at 288, 303 and 318 K, respec-
tively, for the GEF–HSA system were signicantly higher than
the value of 2 � 1010 M�1 s�1, reported for the maximum
dynamic quenching constant for the association of various
quenchers and the uorophore in a bimolecular complex.40

Shen and coworkers18 have also reported similar order of
magnitude (1012) for kq values in GEF–BSA system. Therefore, it
can be concluded that the quenching mechanism involved in
the GEF–HSA system was initiated by static rather than dynamic
quenching process.

3.1.2. Binding affinity. Fig. 3 shows double logarithmic
plots for the binding of GEF to HSA at different temperatures, as
obtained aer treatment of the uorescence quenching data
according to eqn (5). Values of the binding constant (Ka) for the
GEF–HSA system at three different temperatures were retrieved
from these plots by dividing the Y-axis intercept with the slope
value and are included in Table 1. Since the Ka value for the
GEF–HSA system was found to remain in the range of 1.70–1.25
� 104 M�1, it indicated a moderate binding affinity between
GEF and HSA. BSA has been found to bind GEF with slightly
higher affinity (Ka ¼ 6.61 � 104 M�1 at 25 �C).18 Such moderate
binding affinity is benecial for the efficient transport of the
drug and its subsequent release at its target site. As can be seen
Fig. 3 Double logarithmic plots of log(F0� F)/F versus log[1/([LT]� [(F0
� F)[PT]/F0)] for the binding of GEF to HSA, obtained at three different
temperatures, i.e., 288, 303 and 318 K. Inset shows the van't Hoff plot
for the GEF–HSA system.

91760 | RSC Adv., 2016, 6, 91756–91767
from Table 1, the Ka value of the GEF–HSA system showed
a decreasing trend with increasing temperature due to decom-
position of the GEF–HSA complex at higher temperature.
Several published reports on the binding of various drugs to
HSA have shown moderate affinity.33,41,42

3.1.3. Interaction forces. In view of the temperature
dependence of the binding constant, ligand–protein interaction
seems to be a thermodynamic process.32 Therefore, determi-
nation of thermodynamic parameters, i.e., DS, DH and DG for
GEF–HSA interaction is important to predict the acting forces
involved in the binding reaction. The inset of Fig. 3 shows linear
van't Hoff plot for GEF–HSA interaction. Values of DH and DS,
as obtained from the slope and the intercept, respectively, of the
van't Hoff plot along with the DG values at three different
temperatures are listed in Table 1. The negative sign of DG value
showed spontaneous nature of the binding reaction at all
temperatures. In addition, the negative value of DH revealed
that the formation of GEF–HSA complex was an exothermic
process.

Various noncovalent forces, such as hydrophobic interac-
tions, hydrogen bonds, van der Waals interactions and elec-
trostatic interactions are known to stabilize ligand–protein
complexes.43,44 The sign and magnitude of DS and DH are useful
in predicting the nature of the forces involved in various ligand–
protein binding processes.45 For example, a positive vale of DS is
regarded as an evidence for hydrophobic interactions, while the
hydrogen bonding as well as van der Waals interactions are
accompanied by a negative DH value.45 In view of the positive DS
value and negative DH value, obtained for GEF–HSA system,
hydrophobic interactions along with hydrogen bonds and van
der Waals forces seem to favor the stabilization of GEF–HSA
complex. A previous study has reported the involvement of van
der Waals interactions and hydrogen bonds in the binding of
GEF to BSA.18 Participation of similar forces in the binding of
GEF to HSA and BSA is not surprising as both BSA and HSA
show 76% structural similarity.46 Several published reports have
shown the involvement of hydrophobic interactions and
hydrogen bonds in ligand–protein association process, based
on the positive DS and negative DH values.22,47,48 Although,
electrostatic interactions are also accompanied by a positive DS
value, but the value of DH has been found to be either small or
close to zero.45 Accordingly, the large negative value of DH
(�7.74 kJ mol�1) for GEF–HSA system cannot be taken as an
evidence for the electrostatic interactions.45,47 Absence of
charged group in the GEF molecule and negative DH value,
obtained in this study excluded the participation of electrostatic
interactions in the stabilization GEF–HSA complex.45 On the
other hand, it is feasible to account more than one
This journal is © The Royal Society of Chemistry 2016
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intermolecular binding forces for ligand–protein interactions
on the basis of thermodynamic parameters.47 Thus, thermody-
namic data clearly revealed both hydrophobic interactions and
hydrogen bonds as the major stabilizing forces in the GEF–HSA
complex formation. This was further supported by our molec-
ular docking results, as described in the Section 3.7.
3.2. UV-vis absorption results

In order to conrm the complex formation between GEF and
HSA, UV-vis absorption spectra of HSA were studied in the
absence (spectrum 1) and presence (spectra 2–11) of increasing
GEF concentrations (Fig. 4). These changes in the UV absorp-
tion spectra of the protein at respective GEF concentrations
were obtained by subtracting the spectra of the pure GEF
solutions from the spectra of GEF–HSA mixtures (ESI Fig. 1A
and B†). Signicant change in the absorbance value of HSA at
280 nm upon GEF addition suggested microenvironmental
perturbations around the protein chromophores due to the
complex formation between GEF and HSA. Absorption spec-
trum of free GEF was characterized by the presence of a peak at
332 nm (ESI Fig. 1B†). Increase in the absorbance value at 332
nm with increasing GEF concentration was also noticed, which
was suggestive of the complex formation between GEF and HSA.
Such changes in the absorption spectrum of HSA in the pres-
ence of GEF supported the involvement of static quenching
mechanism in GEF–HSA system.
3.3. Ligand-induced microenvironmental perturbations
around protein uorophores

Microenvironmental perturbations around Tyr and Trp residues
of the protein induced by ligand binding can be observed by
studying the three-dimensional uorescence spectral changes
in HSA in the presence of GEF. The 3-D uorescence spectra and
corresponding contour maps of HSA (A) and GEF–HSA systems
(B and C) are shown in Fig. 5, while spectral characteristics are
Fig. 4 UV-vis absorption spectra of HSA (15 mM), obtained in the
absence (spectrum 1) and presence (spectra 2–11) of increasing GEF
concentrations (5–50 mM with 5 mM intervals) in 60 mM sodium
phosphate buffer, pH 7.4 at 25 �C.

Fig. 5 Three-dimensional fluorescence spectral projections and
corresponding contour maps of (A) 3 mM HSA, (B) GEF–HSA (5 : 1) and
(C) GEF–HSA (10 : 1) systems, obtained in 60 mM sodium phosphate
buffer, pH 7.4 at 25 �C.

This journal is © The Royal Society of Chemistry 2016
listed in Table 2. Four peaks are commonly observed in the 3-D
uorescence spectrum of HSA. Peaks ‘a’ and ‘b’ are known as
the rst-order Rayleigh scattering peak (lex ¼ lem) and the
second-order Rayleigh scattering peak (2lex ¼ lem), respec-
tively.23,30 In addition, two strong uorescence peaks, viz. peaks
1 and 2 were due to spectral characteristics of Tyr and Trp
RSC Adv., 2016, 6, 91756–91767 | 91761
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Table 2 Three-dimensional fluorescence spectral characteristics of
HSA (3 mM) and GEF–HSA complexes, obtained at 25 �C, pH 7.4

System Peak
Peak position
[lex/lem (nm/nm)] Intensity

HSA

230/230 / 350/350 16.44 / 88.91
250/500 89.28
280/337 361.02
230/335 114.41

[GEF] :
[HSA] ¼ 5 : 1

230/230 / 350/350 14.70 / 75.92
250/500 40.55
280/353 261.10
230/347 27.74

[GEF] :
[HSA] ¼ 10 : 1

230/230 / 350/350 14.81 / 71.06
250/500 22.95
280/361 190.73
230/361 19.04

Fig. 6 (A) Far-UV and (B) near-UV CD spectra of HSA in the absence
and the presence of equimolar concentration of GEF, obtained in 60
mM sodium phosphate buffer, pH 7.4 at 25 �C. The CD spectra were
recorded using a protein concentration of 3 mM and 10 mM in the far-
UV and the near-UV regions, respectively.

Fig. 7 Effect of temperature on the fluorescence intensity of HSA at
343 nm (FI343 nm) in the absence and the presence of GEF, studied in
the temperature range, 25–80 �C. The spectra were obtained with 3
mM HSA and GEF–HSA (10 : 1) system in 60 mM sodium phosphate
buffer, pH 7.4.
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residues of HSA. A comparison of the 3-D uorescence spectral
characteristics of HSA in the absence and the presence of GEF (5
molar excess) showed �28% reduction in the intensity along
with 16 nm red shi in the emission maximum of peak 1 and
�76% reduction in the intensity along with 12 nm red shi in
peak 2 (Table 2). These changes in the uorescence character-
istics of the peaks became more pronounced in the presence of
10 molar excess of GEF (Table 2). Such changes in the uores-
cence spectral characteristics clearly indicated microenviron-
mental perturbation (from nonpolar to polar) around Trp and
Tyr residues in subdomain IIA of HSA, which housed the lone
Trp-214 of HSA.

3.4. Ligand-induced structural changes

Alterations in the secondary and the tertiary structures of HSA
in the presence of GEF were evident from the far-UV (Fig. 6A)
and the near-UV (Fig. 6B) CD spectra of the protein, respectively.
Presence of the a-helical structure in HSA was reected from the
appearance of two minima at 208 and 222 nm in the far-UV CD
spectra (Fig. 6A). Binding of GEF to HSA in 1 : 1 molar ratio
induced signicant change in the far-UV CD spectrum of HSA
(Fig. 6A), thus suggesting secondary structural changes in the
protein.

The near-UV CD spectrum of HSA was characterized by the
spectral features due to aromatic chromophores and disulde
bonds present in the protein. Appearance of two minima
around 263 and 269 nm and shoulders around 282 and 291 nm
characterized the near-UV CD spectrum of HSA. Signicant
alteration in the near-UV CD spectra of HSA was observed in the
presence of GEF, suggesting tertiary structural changes in HSA
due to GEF binding.

Similar changes in the far- and near-UV CD spectra were also
noticed in BSA in the presence of GEF.18

3.5. Thermal stabilization of HSA upon GEF binding

Fig. 7 shows the inuence of temperature on the uorescence
intensity at 343 nm (FI343 nm) of HSA as well as GEF–HSA system
91762 | RSC Adv., 2016, 6, 91756–91767
in the temperature range, 25–80 �C. HSA showed a gradual
decrease in FI343 nm with the increase in temperature. Inter-
estingly, lesser decrease in the FI343 nm was noticed in the
presence of GEF at higher temperatures (>45 �C) compared to
that observed in its absence. These results clearly suggested
signicant protection of HSA against temperature-induced
structural changes at higher temperatures. Such changes in
the uorescence intensity can be explained by coupling of
binding and unfolding equilibria.49,50 Several earlier reports
have shown ligand-induced thermal stabilization of HSA.51,52
3.6. Location of the GEF binding site

Treatment of the uorescence quenching titration results of
HSA and its complexes with different site markers with
increasing GEF concentrations according to eqn (5) yielded the
double logarithmic plots, as shown in Fig. 8. In order to
compare the inuence of site markers on the binding of GEF to
This journal is © The Royal Society of Chemistry 2016
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HSA, values of the binding constant (Ka), obtained in the
absence and the presence of site markers were determined
(Table 3). As can be seen from the Table 3, decrease in the Ka

value for GEF–HSA interaction was signicantly higher in the
presence of HMN, compared to those observed with KTN/IDM-
bound HSA. In other words, presence of HMN, which is known
to bind to site III, located in subdomain IB, signicantly
affected the binding of GEF to HSA. These results clearly sug-
gested site III as the preferred GEF binding site on HSA.
Furthermore, these results were in line with our molecular
docking analysis, as discussed in the Section 3.7. Site I (sub-
domain IIA) has been proposed as the GEF binding site in BSA
based on competitive ligand displacement experiments.18

However, binding site III was not explored in the previous
study.18 Furthermore, a decrease in the log Kb value from 4.92 to
4.58 has been taken as the evidence for site I selection.18
3.7. Computational modeling analysis

Computational modeling analysis allows elucidation of the
most favored binding mode of ligand to binding site at atomic
resolution. In docking analysis, GEF was set to be exible with 8
torsional degrees of freedom due to rotatable bonds. Estimated
free energy of binding was computed for each binding mode
based on a semi-empirical force eld with evaluated energy
terms such as electrostatic interaction, torsional entropy,
hydrophobic interaction and others. The energy minimized and
Fig. 8 Double logarithmic plots of log(F0 � F)/F versus log[1/([LT] �
[(F0 � F)[PT]/F0)] for the GEF–HSA system in the absence and the
presence of different site markers, i.e., IDM, KTN and HMN, obtained at
25 �C, pH 7.4.

Table 3 Binding constant for GEF–HSA interaction in the absence and
the presence of site markers, obtained at 25 �C, pH 7.4

Site markers Ka (� 104 M�1)

— 1.53 � 0.04
IDM 1.35 � 0.08
KTN 1.10 � 0.07
HMN 0.29 � 0.03

This journal is © The Royal Society of Chemistry 2016
geometrically optimized ligand was allowed to explore the
conguration space within grid boxes centered at drug binding
sites I, II and III of HSA. For each binding site, we performed
100 rounds of docking followed by ranking of binding modes
based on their estimated free energy of binding. Binding modes
of GEF were clustered according to conformational similarity
using root mean square deviation (RMSD) values with cutoff
RMSD at 2.0 Å. Comparison of binding modes in three binding
sites showed getinib binds more favorably to binding site III
(Fig. 9). As shown in Fig. 9, 10 clusters constituted by 40 out of
100 binding modes exhibit mean binding energy lower than
�29.3 kJ mol�1 in binding site III. However, most of the binding
mode clusters in binding sites I and II possesses mean binding
energy > �29.3 kJ mol�1. Therefore, the binding site III of HSA
was the preferred binding site of GEF, as suggested by cluster
analysis.

We selected the best-scored binding mode from the cluster
with the lowest binding energy in binding site III for subsequent
analyses (Fig. 10). The binding energy of GEF docked to binding
site III is computed to be at �36.4 kJ mol�1. At the binding site
III, GEF docked to a hydrophobic pocket walled by 21 amino
acids within 5 Å: Leu-115, Val-116, Arg-117, Pro-118, Met-123,
Phe-134, Lys-137, Tyr-138, Glu-141, Ile-142, His-146, Phe-149,
Phe-157, Tyr-161, Lys-181, Leu-182, Asp-183, Leu-185, Arg-186,
Gly-189 and Lys-190. Hydrophobic interaction would be
a major factor that stabilizes the complex of GEF–HSA through
Fig. 9 Cluster analysis of the docking of GEF to three ligand binding
sites, viz., I (A), II (B) and III (C) of HSA crystal structure, 1BM0. A total of
100 runs were performed for each binding site.

RSC Adv., 2016, 6, 91756–91767 | 91763
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Fig. 10 (A) Binding orientations of the lowest docking energy conformation of GEF (rendered in sticks) in the subdomain IB (binding site III) of
HSA. Different domains of HSA are shown in green (domain I), sky blue (domain II) and red (domain III) colors. (B) The enlarged view of the binding
locus showing a hydrogen bond (black line) between Tyr-138 (rendered in yellow stick) and GEF. (C) Residues involved in hydrophobic inter-
actions are shown with their molecular surface in mesh surface representation. Interacting residues with their side chains are colored in yellow
while red dashed line indicates hydrogen bond.
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Phe-134, Tyr-138, Leu-182 and Leu-185 in proximity (Fig. 10C).
However, the interaction between GEF and HSA cannot be
presumed to be exclusively hydrophobic in nature; as there were
several polar residues in the proximity of the bound ligand that
may participate in polar interactions with the hydrophilic
groups of GEF. One hydrogen bond was predicted between
hydroxyl group of Tyr-138 and amine group of GEF with bond
distance of 1.92 Å (Fig. 10B). Therefore, our docking simulation
predicted that GEF has a binding preference for binding site III,
located in subdomain IB of HSA and involves both hydrophobic
interactions and hydrogen bonds in the GEF–HSA complex
formation. These docking results were consistent with our
competitive site marker displacement results as shown in the
Section 3.6. In a previous study, docking analysis with BSA
91764 | RSC Adv., 2016, 6, 91756–91767
revealed the preferred binding location of GEF in subdomain
IIA (site I) of BSA.18 In the absence of the docking results for site
III, conclusions about site I as the preferred GEF binding site
remains questionable.

3.8. Metal ions interference with GEF–HSA interaction

Presence of some common metal ions, viz., Ba2+, Cu2+, Mn2+,
Zn2+, Ca2+, K+ and Mg2+ in the blood plasma might affect the
binding of a drug to the protein.26 The interference of these
common ions with GEF–HSA interaction was investigated by
determining the Ka values of GEF–HSA binding reaction in the
absence and the presence of these metal ions. As shown in
Table 4, both increase and decrease in the Ka value was noticed
in the presence of these metal ions. Whereas, K+ and Mg2+
This journal is © The Royal Society of Chemistry 2016
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Table 4 Binding constant for GEF–HSA interaction at 25 �C, pH 7.4 in
the absence and the presence of some common ions

Metal
ions Ka (� 104 M�1)

— 1.53 � 0.04
Ba2+ 0.79 � 0.08
Cu2+ 1.02 � 0.07
Mn2+ 1.08 � 0.09
Zn2+ 1.16 � 0.10
Ca2+ 1.69 � 0.08
K+ 1.91 � 0.13
Mg2+ 2.10 � 0.17
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produced slight increase in the Ka value, decrease in the Ka was
observed in the presence of Ba2+, Cu2+, Mn2+ and Zn2+ ions.
These results clearly suggested some inuence of metal ions on
the binding of GEF to HSA, which may prolong and/or weaken
the storage time of the drug in plasma. Therefore, it is impor-
tant to adapt the dose of the drug in the presence of these ions
to achieve the desired therapeutic effect.32,53

4. Conclusions

Molecular characterization of the binding of GEF to HSA was
made in terms of the binding affinity (Ka ¼ 1.53 � 104 M�1 at 25
�C), thermodynamic data (DH ¼ �7.74 kJ mol�1 and DS ¼
+54.06 J mol�1 K�1), interaction forces involved (hydrophobic
interactions and hydrogen bonds), change in the protein's
secondary and tertiary structures as well as microenvironmental
perturbation around protein uorophores upon drug binding.
GEF binding to HSA improved thermal stability of the protein
and site III (subdomain IB) was identied as the GEF binding
site on HSA. These ndings provided detailed insight to
understand the binding properties of GEF to HSA, whichmay be
benecial for medical and pharmaceutical applications in
future.
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