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Abstract—In this work binding properties and conformational changes in alpha lactalbumin (o-LA) upon
interaction with sorafenib were investigated by spectrofluorimetry, UV-Vis spectroscopy, Fourier transform infra-
red spectroscopy and molecular modeling methods. The fluorescence spectroscopic results revealed that sorafenib
could effectively quench the intrinsic fluorescence of alpha lactalbumin through a static quenching mechanism.
Evaluation of the thermodynamic parameters (AH,, = —120.167 kJ mol~!, AS; = —309.507 J mol~! K~!) suggested
that the binding process was spontaneous while hydrogen bonds and van der Waals forces played a major role in
this interaction. The fluorescence, UV-absorption and FT-IR spectra showed that conformational changes
occurred in alpha lactalbumin structure after interaction with sorafenib. The molecular docking studies
showed one binding site in alpha lactalbumin which most of its interactions are hydrophobic. The value of
calculated docking AG, (—27.11232 kJ mol~!) (is in agreement with those obtained from fluorescence spec-
troscopy measurement. Finally, molecular dynamics simulation was performed on the best docked complex
by considering the permanence and flexibility of o.- LA—sorafenib complex in the binding site.
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ular docking
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INTRODUCTION

Whey proteins are globular proteins which consti-
tute 20% of all milk proteins. alpha lactalbumin
(a-LA) type of whey protein is found in the milk of all
mammals. It has molecular weight of 14.2 kDa and
isoelectric point of 4.2 to 4.5 [1]. It has been reported
that o-LA has many physiological functions, such as
reduction of stress, opioid activity, antihypertensive
action, regulation of cell growth and immunomodula-
tion [2, 3]. In acidic pH and low ionic strength, o-LA
can form a molten globule structure (incompletely
folded tertiary structure). In this structure, the protein
can bind several hydrophobic colorants and lipids [4].
Under normal conditions, the tertiary structure of a-
LA is consist of a large domain (o) and a small domain
(B) divided by a cleft. It made up of eight cysteines
which form four disulfide bridges [5] and showed that
the a-LA molecule has high-affinity binding site for
Ca’" and the weak binding of Zn?*. The removal of
bound calcium greatly decreases the thermal stability
of a-LA, however the protein retains essentially the
same folded conformation [6]. Multimeric o-LA was
shown to bind to the cell surface, go into the cyto-
plasm, and accumulate in cell nuclei, which is consis-
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tent with its ability to induce apoptosis. This multim-
eric form appears to exist in human milk [7].

Delavari and others discovered that The binding of
vitamin D at the o.-LA binding site is stable and has a
hydrophobic interactions [8].

Some drugs that are used by the mother may have
influence of on composition of mother’s milk. The
milk volume may be decreased or increased by some
drugs, furthermore many of drugs are transfer to the
milk, resulting in exposure to the child [9]. Although
the general opinion is to be conservative with drug use
during lactation, the number of drugs that are usually
compatible with breastfeeding is much larger than the
number of drugs that have been correlated with
adverse effects on infants [10]. For a number of drugs
frequently used by lactating women, such as anti-can-
cer drugs, information about the effects on the infant
is still limited, and use of these drugs during lactation
thus warrants caution.

Sorafenib, which its chemical name is 4-[4-[[4-
chloro-3-(trifluoromethyl)phenyl]carbamoylamino]-
phenoxy]-N-methyl-pyridine-2-carboxamide, is a
type of biological agent called a protein tyrosine kinase
inhibitor (TKI). Tyrosine kinase is a protein which
acts as a chemical messenger (an enzyme). There are a
number of different tyrosine kinases that blocks cancer
cells to grow. in two ways. It can stop signals that tell to
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Fig. 1. The fluorescence quenching spectra of o-LA
(10uM) in the presence of different concentrations
sorafenib under physiological condition (pH 7.4) at 298 K,
Aex =280 nm.

cancer cells to grow and can also stops cancer cells
blood vessels formation, which they need to grow.
Treatment that stops the formation of blood vessels is
called anti-angiogenesis treatment [11—13]. Until
now, sorafenib is confirmed for the treatment of
advanced renal cell carcinoma, hepatocellular carci-
noma [14], and radioactive iodine resistant advanced
thyroid carcinoma [15]. Furthermore, it has also been
demonstrated that sorafenib has the preclinical and
clinical activity against several other tumor types such
as prostate cancer, non-small cell lung cancer and so
on [16]. Many ligands such as nanoparticles, drugs
bind reversibly to the human plasma protein. Thus,
they are bounded in the form of complex with them
[17, 18].

Sorafenib can bound to human plasma proteins
extensively. This drug is widely distributed to tissues,
mainly indicative of its lipophilic properties. In pre-
clinical models, 27.3% of the administered dose was
recovered in the milk within 32 hr and the total expo-
sure of sorafenib and its metabolites in milk was higher
than for maternal plasma with a milk-to plasma ratio
of 4.9. These observations indicate that sorafenib
administration should be used with caution in breast-
feeding mothers [19].

The aim of this study was to analyze the thermody-
namic and binding properties (including binding
mechanism, binding constant, and the number of
binding sites) of interaction of sorafenib with o-LA
under physiological pH conditions. To study binding
interactions of sorafenib with o-LA, fluorescence
emission [20] and UV-Vis [21] spectroscopies, Fourier
transform infrared spectroscopy (FT-IR), molecular
docking [22] and molecular dynamics (MD) simula-
tion [23] had been used in this work. This study is
expected to provide important insight into further elu-
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cidating the transport process of sorafenib in breast
feeding.

RESULTS AND DISCUSSION

Fluorescence spectroscopy. One method to study
the ligand-protein interaction is based on the measure
of changes in the fluorescence intensity of protein
during titration with ligand or vice versa [32]. The
intensity, the position of emission wavelength and the
lifetime are some parameters that are used to charac-
terize a fluorophore. Addition of sorafenib to o-LA
decreases its intrinsic fluorescence intensity (Fig. 1).
This fluorescence spectral changes are the result of
solvent relaxation of fluorescent amino acids, in a-LA
such as Trp and Tyr, and give us some important infor-
mation on the protein ligand interactions.

In order to understand the mechanism of the fluo-
rescence quenching, the Stern—Volmer equation is
used (Eq. (2)). According to the following equation 1
the slope of this graph is Kgy or kT, [33]:

%:1+KSV 0], ?)

where F, and F are the steady-state fluorescence
intensities in the absence and in the presence of
quencher (sorafenib), respectively, Kgy is the Stern—
Volmer quenching constant which is considered to be
a measure of efficiency of fluorescence quenching, K,
is the quenching rate constant of the biomolecule, 7, is
the average lifetime of the biomolecule without
quencher (1, =107% s), and [Q] is the concentration of
the quencher. The variation in Fy/F is plotted against
the concentration of sorafenib to determine (Eq. (2))
whether the interaction is static or dynamic (Fig. 2). In
this figure the Stern—Volmer plots for quenching of
fluorescence emission of a-LA in the presence of
sorafenib at three different temperatures.

Also linear Stern—Volmer plots indicate the pres-
ence of interaction between of fluorophore such as
tryptophan accessible to the quencher.

The obtained values of Kgy and K are listed in
Table 1. As shown in this table, the values of Kgy
decreased by the increasing of temperature. which
confirms that the quenching mechanism is static in
system.

Binding constant and binding modes. When the
quenching mechanism is confirmed as the static
quenching, it can be assumed that there are several
independent binding sites of ligand to o-LA. The
binding constant (K},)) and number of binding sites (n)
can be calculated by the following equation [34, 35]:

log[(F, — F)/F] = log K, + nlog[Q]. (3)

The values of K, and » can be calculated from the
intercept and slope of the plot of log[(F, — F)/F] versus
log[ Q] (Fig. 3). According to this plot the value of K,
is 7.94 x 10* M~! at 298 K, which suggesting that the
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Fig. 2. Stern—Volmer plots for the quenching of a.-LA by
sorafenib at different temperatures.

binding interaction of sorafenib with o-LA is very
strong.

The values of K, in investigated temperature are
presented in Table 2. The values of n at the studied
temperature range are near to 1, indicating that the
existence of a single binding site on o- LA for sorafenib
and suggesting that there is one high affinity binding
site in the o.-LA for sorafenib ( small deviation from 1
is the results of experimental uncertainty).

According to experimental data K, indicating that
the binding interaction sorafenib with a-LA is strong,
Ksv indicating that is consistent with the high com-
bined rate of sorafenib with o.-LA also, The values of
Stern—Volmer constant (Kgy) and binding constant
(K,) show similar trend on.

In addition, the correlation coefficients () in
Fig. 3 three different temperatures are greater than 0.97,
which indicated that the interaction of sorafenib with
o-LA almost exactly match the site-binding model
based on (Eq. (3)).

Thermodynamic parameters and binding forces. The
interaction forces between drugs and biomacromole-
cule can be hydrophobic forces, electrostatic interac-
tions, van der Waals interactions, hydrogen bonds for-
mation, etc. The binding constant K, of o-LA with
sorafenib was measured at three different temperatures
(298, 303, 308 K). To elucidate the energy changes
during the interaction of sorafenib with o-LA, the
thermodynamic parameters where calculated from
van’t Hoff plots. If the enthalpy change (AH) during
formation of complex does not vary significantly over
studied temperature range, then the values of entropy
change (AS) can be determined from the van’t Hoff
equation [36] (Eq. (3)):
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Fig. 3. The plot of log[(Fy — F)/F] versus log[Q] for
quenching process of sorafenib with o.-LA (10 uM) at 298,
303, 308 K, A, =280 nm.

Ink, = —AH’ L AS" @)

RT R

In the above equation K, is the binding constant at
corresponding temperature and R is the gas constant.
The enthalpy changes (AH) is calculated from the
slope and the entropy change (AS) from intercept of
the van’t Hoff plot (Fig. 4). Then the free-energy
change (AG) can estimated from the following equa-
tion (Eq. (5))

AG’ = AH’ —TAS". (5)

Based on the viewpoint of Ross and Subramanian
[37], since both AH, and AS, are negative, therefore
that the main force between sorafenib—oi- LA complex
is the van der Waals force and/or hydrogen bonding
interaction [38]. On the other hands if both AH, and
AS, are positive, the main interaction force is a hydro-
phobic interaction. Finally, if, AH, is almost zero and
AS; is positive, the main interaction force is electro-
static forces. The van’t Hoff plot for the interaction of

Table 1. Stern-Volmer equation constants for the interac-
tion of a-LA with sorafenib at different temperatures
(pH 7.4)

Stern—Volmer equation
T, K
K., L/mol | K, L/mol s" Per
298 1.87 x 10* | 1.87 x 1012 0.9490
303 0.94 x 10* | 0.94 x 1012 0.9400
308 0.83 x 10* | 0.83 x 10" 0.9741
2,2 is the correlation coefficient.
b KSV = quO‘
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Table 2. Binding and thermodynamic parameters of the sorafenib—o-LA system, studied at different temperatures

T, K K, L/mol n P AHy, kJ mol~! ASy, (J mol~!) K~! AGy, kJ mol~!
298 7.94 x 104 1.1717 0.982 —120.167 —309.507 —27.9343
303 3.71 x 104 1.145 0.973 —26.3868
308 1.78 x 10% 1.07 0.974 —24.8392

sorafenib with a.-LA was shown in Fig. 4. The thermo-
dynamic parameters were calculated and listed in
Table 2 which indicated that the value of AG is nega-
tive, therefore that the interaction process is sponta-
neous and since the value of AS and AH are negative,
therefore hydrogen bonding and van der Waals forces
play the major role during the binding process.

Obtained value of AGy;,gi, from the thermody-
namic analysis of o-LA with sorafenib is —27.9343,
—26.3868, —24.8392 kJ mol~! and the binding con-
stant K, (7.94 x 104, 3.71 x 104, 1.78 x 10%) was mea-
sured at three different temperatures (298, 303, 308 K),
respectively, which indicated a stronge binding
between sorafenib and o-LA, implicating that
sorafenib can be stored and carried by the o-LA in
breast milk.

The study provides an accurate and full basic data
for explaining the binding mechanisms of sorafenib
with a-LA and is helpful for understanding its effect
on protein function during drug transportation pro-
cess to mother’s milk and its toxicity for infants in vivo
[39, 40].

Infrared spectroscopy. Infrared spectroscopy is
used to investigate the secondary structures and
dynamics of protein. The band frequencies as a result
of amide I and II. vibrations in the IR region provide
information about the secondary protein structure
(i.e., the amide I band 3.407—3.517 cm ™! and amide I1
band 1.641cm™"). The information provided by amide I
is more valuable due to its sensitivity to protein struc-
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Fig. 4. Van’t Hoff plots for the binding interaction of
sorafenib with o-LA.
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ture change than amide II. In Fig. 5 IR spectra pro-
vides information regarding the changes in o-LA
structure during the titration with sorafenib. It is
showing a shift in amide I peak from 3471.72 to
3483.29 cm™! and a slight shift in amide II peak from
1544.70 to 1543.02 cm~!, by increasing the values of
sorafenib to a-LA solution which suggesting a change
in the secondary structure of o.-LA after complex for-
mation.

UV-Vis spectroscopy. UV-Vis absorption spectros-
copy is a very simple but effective method for explor-
ing the structural change and understanding the com-
plex formation [32]. The UV spectra of a-LA in the
presence of sorafenib were shown in Fig. 6. The results
revealed that there were two absorption bands for the
o-LA—sorafenib complex. The absorption band near
210 nm reflect the framework conformation of o.-LA
and weak absorption bands at near 280 nm belonged to
the T — m* transition of the aromatic amino acids such
as Trp, Tyr and Phe. It was obvious that the intensity
of UV-absorption of oi-LA increased with the addition
of sorafenib. However, the observed red shift of maxi-
mum peak of o.-LA at 210 nm and blue shift of maxi-
mum peak of a-LA at 280 nm were also noticed prob-
ably due to the formation of o.-LLA- sorafenib complex.

Molecular docking studies. Molecular docking
studies can provide some insights into the interaction
between small molecule and bio macromolecule [32,
41]. In this work, to complement our experimental
observations and investigate the interactions between
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Fig. 5. FT-IR spectra (free a-LA and o-LA + different
concentration of sorafenib in aqueous solution.
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Fig. 6. UV spectra of a-LA (10 uM) in the presence of
sorafenib under physiological condition (pH 7.4) at room
temperature.

sorafenib and various amino acid residues of o.-LA in
the binding site, molecular docking studies was per-
formed. the results of these studies can show the best
probable binding site of sorafenib on a-LA. According
to Fig. 7a, sorafenib binds near the flexible loop of
alpha domain of a-LA. Sorafenib interacted with
Trp104, Thr33, Tyr103, Val99, Trp60, Leul05, Asn56,
Lys58, 11e59 and hydrophobic interaction played the
major role in the binding. In addition, the Ser47,
Alal06 Residues formed two hydrogen bonds with
sorafenib (Fig. 7b). The Gibbs free energy (AG,) of

BAGHERI, FATEMI

binding data calculated from docking analyses was
equal to —27.11 kJ mol~! which is near to experimental
results in Table 2. The reason for the slight differences
between these values is probably due to the differences
between the X-ray structure of the protein and the o-LA
in the aqueous medium and/or due to the role of water
and DMSO molecules in the hydrophobic interaction
of sorafenib with oi-LA. On the other hand The fluo-
rescence emission experiments have been done in
solution environment that is vital condition but the
molecular modeling results have been obtained in
cyberspace.In addition, experiment conditions in two
techniques are different [42, 43].

However, the results obtained from the docking
studies are in agreement with those from fluorescence
spectroscopy measurement in which the binding pro-
cess is spontaneous.

By comparison between the conformation of
sorafenib in complex with free sorafenib (Figs. 8a, 8b),
it can be found that the conformation of sorafenib in
sorafenib-a-LA complex significantly changes, sug-
gesting that the flexibility of sorafenib plays an
important role in increasing the stability of the whole
system upon association of sorafenib with a-LA.

MD simulation analysis. Molecular dynamic simu-
lations were performed on the obtained lowest dock-
ing energy’s trajectories and the best conformer struc-
tures. Root mean square deviations (RMSD) is one
criterion that is used to determine the system’s arrival
time to a stable state and to confirm the stability of the
simulations [44, 32]. In this work, the RMSD plots of
the complexes and o.-LLA protein alone were obtained
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Fig. 7. (a) Stereo image presentation of binding site of o.-LA and sorafenib; (b) Lig plot diagram of the interaction between o-LA

and sorafenib.
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Fig. 8. The conformation of sorafenib in sorafenib-o-LA complex and free sorafenib. (a) Free sorafenib, (b) complex.

from the back bone atoms of protein. The attained
RMSD plot of complex and o-LA as a reference
(Fig. 9a) shows that the RMSD value was increased
sharply until approximately 2 ns, and then was
remained constant until the end of the simulation.
This phenomenon indicates that the complex was rel-
atively stable after 2 ns, so it is reasonable to investigate
the binding site based on the snapshots which have
been extracted from 2 to 20 ns. The root mean square
fluctuation (RMSF) values is other criteria obtained
from MD simulation that is used for investigation of
the protein mobility [45]. The RMSF of all residue
over all time scale was calculated for a-LA and com-
plex and results was shown in (Fig. 9b). Generally, the
fluctuations were found to be very similar to those of
pure o-LA and the sorafenib-o-LA complex. How-
ever, local changes upon binding of the ligand
occurred not only in the binding sites but also in the
distant regions of the protein, which may suggest an
overall conformational change of the protein. To fur-
ther analyze the binding mode during the simulation,
average conformation of the binding pocket of a-LA
complexed with sorafenib was obtained from MD sim-
ulation. As can be seen in Fig. 10, the most key resi-
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dues have been appeared around the sorafenib in the
binding pocket on the basis of average M D-simulated
complex structure are approximately similar to the
results obtained from docking however. Analysis of
MD results shows that hydrogen bonds which are
formed between NH group of Trp60 and the carbonyl
group of sorafenib and NH, group of the Alal60 were
remained stable throughout the simulation, which
indicates that these hydrogen bond interactions were
strong. In addition, hydrophobic interactions (Val99,
Asp44, Tyr103, Asp46, 11e59, Leul05, Trp104, Thr33,
GIn54) played an important role in stabilization of
sorafenib in the binding pocket (Fig 10).

EXPEREMENTAL
Materials and Methods

Chemical and reagents. o-LA from bovine milk-
type IIl-calcium depleted (L 6010) was supplied by
Sigma-Aldrich. Sorafenib was procured from Baran
Co. (Tehran, Iran). A stock solution of o.-LA (10 uM)
was prepared in phosphate buffer (0.05 mol L™,
pH 7.4) and were kept in the refrigerator at dark place.
Stock solution of sorafenib (4.5 mM) was prepared in
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absence and presence of sorafenib.

DMSO. Experimental solutions of o-LA and
sorafenib were prepared by appropriate dilution of
their stock solutions.

Spectroscopic experiment. Fluorescence measure-
ments were performed on a PC based spectrofluorom-
eter (JASCO Japan FP-8300) equipped with a Xenon
lamp and 1.0 cm quartz cell.

Fluorescence titrations were carried out using a
fixed concentration of a-LA (10 x 107° mol L") in
the presence of different amounts of sorafenib (0.0—
50.0 x 10~® mol L~!; interval concentration: 10 x
10-¢ mol L-").The excitation wavelength was set to
280 nm, and the emission spectra were recorded at
wavelengths from 300 to 500 nm. Prior to fluorescence
measurements, samples were thermally equilibrated at
298, 303, and 308 K for about 10 min. The titrations
are done manually using the 10 LL micro syringe. The
excitation and emission slit widths were set at 5 nm. In
order to decrease the inner filter effect, fluorescence
intensity was corrected for the absorption of excited
light according to the following equation [24]:
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F o= F gt A2

cor obs

(1
Where F, . and F,,  are corrected and observed fluo-

rescence intensity, respectively, 4, and A, are the
absorption of the system at excitation and emission
wavelength, respectively.

UV spectra of all a-LA solutions in the absence
and presence of sorafenib were recorded from 200 to
400 nm at room temperature on a SQ4802 UV-Vis
diode-array spectrophotometer equipped with 1.0 cm
quartz cells.

Bruker Tensor 27 FT-IR spectrometer coupled
with the OPUS software was used to obtained IR spec-
tra (spectral resolution 4 cm™!; 32 scans, from 400 to
4000 cm™! wavenumber). The IR spectra for o-LA
solution in buffer and o.-LA—sorafenib solutions were
obtained and Then converted to absorbance. The FT-IR
results provided evidence of possible conformational
changes in the protein molecule.

Molecular docking studies. The chemical structure
of sorafenib was sketched in Gauss View 5. Then the
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Fig. 10. Plot of the M D-simulated structures of sorafenib in the binding site of a-LA.

structure treated by semi-empirical method (PM3)
level and then optimized by density functional theory
(DFT) at B3LYP/6-31+g(d,p) level using Gaussian
03W molecular modeling package [25]. The X-ray
crystal structure of o-LA was fetched from Protein
Data Bank (PDB ID code: 1HFZ) [26]. Then, the
polar hydrogen atoms in o-LA molecule were added
[27]. In the next step, the partial atomic charges of o.-
LA and sorafenib were calculated using Gasteiger—
Marsili method [28], respectively. Finally, the differ-
ent conformers of sorafenib were generated by using
Lamarckian genetic algorithm (LGA) [29] with the same
parameters of each docking. Autodock 4.2 [30] program
was employed to generate a docked conformation of
sorafenib with o-LA. In order to recognize best binding
site of oi-LLA, grid-size was kept at 40 x 48 x 50 A witha

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

grid-point spacing of 0.375 A is investigated to ensure
an appropriate docking size of sorafenib accessible.
Based on calculated root mean square cluster toler-
ance between proposed structures, the complexes of
sorafenib with oi-LA were sorted. Finally, according to
the Autodock scoring function, the conformation of
o-LA-sorafenib complex with the lowest binding
energy was selected as the most stable conformation of
o-LA-sorafenib complex.

Molecular dynamic simulations. In order to evaluate
the in-vivo changes of the the o-LA and a-LA-
sorafenib complex equilibrium and also to investigate
the reliability of the docking results, 20 ns the molec-
ular dynamic calculations (simulation and trajectory
analysis) was performed in the presence of an explicit
solvent by using the GROMACS 5.1.2 program, with
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the GROMOS 43a7 force field. The topologies
parameters using the PRODRG?2 Server. The simula-
tion conditions for both protein and complexes were
the same. The solvated system was neutralized by add-
ing Na* counter ions in the simulation box. energy
minimization was performed using the the steepest
descent algorithm for 50000 steps. Canonical NVT
(constant Number of particles, Volume, and Tem-
perature) and NPT (constant Number of particles,
Pressure, and Temperature) ensemble were performed
for equilibration. NVT ensemble at 300 K was used
with periodic boundary conditions, and the tempera-
ture was kept constant by the Berendsen thermostat
[31]. NPT ensemble at 300 K was used and pressure
was kept constant by the Parrinello—Rahman. Both
phase of equilibration was performed by 50000 steps
and 100 ps. Cut-off distances for the calculation of
Coulomb and van der Waals interactions were 1.0 nm
and time step were set to 2 fs for all phase. Finally, the
full system was run at constant temperature (300 K)
and pressure (1 bar).

CONCLUSION

In the current study, the interaction of sorafenib
with a-LA was investigated by fluorescence, UV-Vis
and FT-IR spectroscopies. These procedures were
combined with molecular modeling and MD method
to further analyze the o-LA-sorafenib system under
simulated physiological conditions.

The results of this study indicated that sorafenib
can bind to of a-LA and quench the intrinsic fluores-
cence of oi-LA due to the formation of a-LA-sorafenib
complex. The number of binding sites in o-LA-
sorafenib complex is single and binding interaction
with o-LA is relatively strong. The obtained thermo-
dynamic parameters revealed that the main forces in
the binding process of sorafenib with a-LA are hydrogen
bonding and van der Waals interactions. The UV-Vis and
FT-1IR results showed that the secondary structure of
o-LA slightly changes after binding with sorafenib,
while the conformation of sorafenib is obviously
change, indicating that the flexibility of sorafenib
plays a key role in the binding process of sorafenib with
o-LA. MD results showed that the o.-LA and o-LA-
sorafenib complex achieved stability after about 2 ns.
Analysis of sorafenib binding mode after MD showed
the existence of different interactions between
sorafenib and o-LA.

Finally, the results of this investigations can help us
to obtain more information about the influence of
sorafenib on the mother’s milk.
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