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Introduction

Abstract

Introduction: Fingolimod is a drug that is
used to treat multiple sclerosis (MS). It has
pH-dependent solubility and low solubility
when buffering agents are present. Multi-
spectroscopic and molecular modeling
methods were used to investigate the
molecular  mechanism of  Fingolimod
interaction with human serum albumin
(HSA), and the resulting data were fitted to
the appropriate models to investigate the
molecular mechanism of interaction, binding
constant, and thermodynamic properties.
Methods: The interaction of Fingolimod with HSA was investigated in a NaCl aqueous solution
(0.1 mM). The working solutions had a pH of 6.5. Data was collected using UV-vis, fluorescence
quenching titrations, FTIR, and molecular modeling methods.

Results: According to the results of the fluorescence quenching titrations, the quenching mechanism
is static. The apparent binding constant value (K, = 4.26x10°) showed that Fingolimod is a moderate
HSA binder. The reduction of the K, at higher temperatures could be a result of protein unfolding.
Hydrogen bonding and van der Waals interactions are the main contributors to Fingolimod-HSA
complex formation. FTIR and CD characterizations suggested a slight decrease in the a-helix and
B-sheets of the secondary structure of HSA due to Fingolimod binding. Fingolimod binds to the
binding site II, while a smaller tendency to the binding site I was observed as well. The results of
the site marker competitive experiment and the thermodynamic studies agreed with the results of
the molecular docking.

Conclusion: The pharmacokinetic properties of fingolimod can be influenced by its HSA
binding. In addition, considering its mild interaction, site II binding drugs are likely to compete.
The methodology described here may be used to investigate the molecular mechanism of HSA
interaction with lipid-like drugs with low aqueous solubility or pH-dependent solubility.

binding capacity and plasma half-life (~19 days) provides

Human serum albumin (HSA) is a 66.5 KD globular
protein that spreads in the human blood and extracellular
fluid. Due to the high concentration of HSA in plasma and
its high binding affinity to small molecules (e.g., drugs),
HSA-drug binding is an important factor in designing and
developing new drugs.

Beyond HSA’s physiologic functions and its impact on
drug ADMET (absorption, distribution. metabolism,
excretion, toxicity)," characteristic such as high drug-

ideal facilities for the production of stable bio-therapeutics
with  improved pharmacokinetic —and efficacy.?
Investigation of ligand binding to the HSA, interference of
fatty acids (FAs) and other endogenous compounds with
ligands, and ligand displacement’® provide fundamental
knowledge that could clarify drug pharmacokinetic
properties as well as HSA bioconjugation properties in
vitro or in vivo.*® Different approaches may be used to
examine ligand-induced changes in HSA conformation
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and esterase-like behavior.”* Such information help
researchers better understand the relationship between
drug structure and HSA binding. There are several drug
binding sites on HSA, according to reported molecular
structures of HSA-ligand complexes.*!'*'* In vivo non-
covalent HSA targeting is one of the recent approaches for
drug delivery which can be rationalized using available
information about the HSA-drug binding molecular
mechanisms."

At pH 4.3-8.0, HSA takes on a neutral, heart-shaped
form, and from pH 7 to pH 9.0, it transitions from neutral
to base form.* HSA includes three globular domains (I-I1I),
in which each domain is divided into two subdomains,
A and B (Fig. 1). The major drug binding sites are site I
(Sudlow I) and site II (Sudlow II) (Fig. 1). These sites are
composed of distinct hydrophobic pockets with a rigid
and stable three-dimensional structure. The main driving
forces of HSA conformational stability are 17 S-S bonds.*®

HSA contains only one tryptophan amino acid (Trp214),
while there are other amino acids containing amino or
carboxylic functional groups that make the HSA capable
of buffering the blood pH. Moreover, these functional
groups make HSA stable against denaturing agents and
conditions and enable it to bind a large variety of small
molecules.’® The binding site I (warfarin binding site) is
located in the hydrophobic cavity of the subdomain IIA.
The interior environment of the subdomains ITA is mostly
polar, but it contains polar residues (e.g., arginine) at the
bottom and near the entrance.” These characteristics,
along with the larger size of site I in comparison to site
I, make it favorable for the bulky heterocyclic anions or
the negatively charged molecules that contain a lipophilic
aromatic structure in the middle.>>*'"'® A polar patch
is located near one side of the binding site II (located in
subdomain IITA) entrance, and a cationic amino acid is
located near the surface."” Accordingly, site II is preferred
by lipophilic (e.g. aromatic) carboxylate derivatives with
an extended conformation. Although there is one positive

Leu387, Arg410, Tyr 411
Lysd414, Leud30, Lue453, SerdS9

Lys199, Trp214, Arg218
Arg222, His242 Arg257

center on the surface of site II, the availability of a negative
charge is not necessary for site II binders.>'*'”!8 One of
the main endogenous binders of HSA is FA molecules.
Multiple binding sites were found for FAs. It is suggested
that the binding of long-chain fatty acids to albumin alters
its ligand-binding properties.!! FAs possess poor aqueous
solubility. Binding to HSA modulates their solubility and
enables their transportation in the body. Some drugs
are structurally similar to the FAs, and HSA binding is
one of the main factors for the efficacy improvement of
those drugs. The application of HSA as a modulator for
low soluble drug molecules has been of interest in recent
years.” Also, HSA conjugation has been applied for the
development of long-acting and more stable therapeutics.”
Due to incompatibility with salts and buffering agents,
some drug molecules have low aqueous solubility, pH-
dependent solubility, or weak solubility. Investigation
of such drugs' HSA-binding will add to the knowledge
required for proper formulation and pharmacokinetic
study and improvement. Fingolimod (Gilenya, FTY
720) (Fig. 1) is a chemical derivative of sphingosine.
It is oral multiple sclerosis (MS) drug. Fingolimod
is a sphingosine-1 phosphate receptor modulator. It
stops T-cells from going to sites of inflammation by
lowering the expression of the sphingosine-1 phosphate
receptor on T-cells.” Fingolimod is incompatible with
many excipients, such as buffering agents, in which it is
practically insoluble in phosphate buffer.! Fingolimod
hydrochloride is soluble in water (more than 100 mg/mL)
at 25°C and 37°C*'. Fingolimod is a weakly basic drug (pKa
7.8). Its solubility is decreased by the pH enhancement
from acidic pH to neutral or alkaline pH.*>** In addition
to the solubility, the variation in ionization of drugs has a
significant impact on their pharmacokinetic properties.**
Techniques with the capability of real-time monitoring
of interaction between two molecules are more interested
in protein binding investigations.”” HSA interaction with
small molecules has been studied frequently using a multi-
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Fig. 1. 2D-structure of Fingolimod, 3D-structure of HSA and the main ligand-binding sites.
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spectroscopic approach based on the data obtained from
UV-Vis, fluorescence, circular dichroism (CD) and Fourier
transform infrared (FTIR) spectroscopy. The ability to
detect minor absorbance variations in complexes with
high background absorbance is a major advantage of using
various spectroscopic methods in protein-drug research.?
Also, surface plasmon resonance?” and electrochemical
methods have been utilized for drug-protein binding
characterization. UV-Vis absorption and fluorescence
emission titrations provide an easy and practical way to
detect a significant change in the drug-protein complex's
hydrophobicity and structure. Since the aromatic amino
acids (tyrosine, tryptophan, and phenylalanine) are present
in proteins, they typically have a specific absorption
peak around 280 nm and emission peak around 340 nm
while exciting at 280 nm. The tryptophan has the highest
absorption strength and fluorescence quantum yield
among all other aromatic amino acids.*>* Interacting with
small molecules lead to the change in the polarity around
the chromophore of proteins which in turn leads to the
variation in the absorption and fluorescence emission
spectra’s intensity and blue or red-shift of their maximum
emission wavelength. FTIR and CD techniques have been
used to track secondary structural changes in the HSA asa
result of interactions with small molecules. The a-helices,
B-sheets, and B-turns are the main elements of proteins’
secondary structures.*>*%*

We studied the binding of Fingolimod with HSA using
spectroscopic techniques (i.e. Fluorescence, UV-Vis,
FT-IR, and CD spectroscopy) and molecular modeling
methods. To figure out the low solubility of Fingolimod
in the presence of the buffering agents, we investigated
the compatibility of Fingolimod with commonly utilized
buffering agents. Furthermore, we studied the applicability
of buffer-free solutions for binding studies. To simulate
the ionic strength of the physiologic conditions all
experiments were implemented in the presence of 100
mM NaCl. The binding mechanism of Fingolimod to
HSA was studied in the optimized medium based on
the spectroscopic methods and the obtained data were
analyzed based on our previously published papers.*** To
investigate the mode of Fingolimod-HSA interaction and
details of binding forces, we utilized computational and in
silico methods.

Materials and Methods

Materials

HSA (lyophilized powder, fatty acid-free 585 amino acids
(66 kDa), purity 299%) and Fingolimod hydrochloride
were obtained from Sigma-Aldrich, Warfarin, and
Ibuprofen were purchased from Sobhan pharmaceutical
company. HSA (0.05 % w/v, 7.77 x10° M) was dissolved
in NaCl solution (10* M, pH 6.5) to prepare the stock
solution. Fingolimod stock solution (3.2x10° M) was
prepared by dissolving 0.025 g of drug in 25 mL methanol.
Ibuprofen and Warfarin were dissolved in 25 mL

methanol to prepare 5x10° M stock solutions. All stock
solutions were sealed and stored in the refrigerator (0-
4’C). NaCl aqueous solution was used to prepare working
solutions to simulate the blood ionic strength, which is
routine in similar studies.***® The investigation of ligand-
HSA interaction in buffer-free aqueous solutions with or
without NaCl has been reported in several papers.’*

To generate the Fingolimod-HSA complex, a suitable
amount of Fingolimod solution (diluted with 0.1 M NaCl
solution) was added to the HSA solution, and the final
volume of the mixture was set to 5mL using NaCl aqueous
solution (0.1 M). The NaCl was added to the complex
medium to simulate partial in vivo ionic strength, as is a
common procedure in similar studies.”**

Methods
Uv-Vis absorbance and fluorescence spectrum
The UV-Vis absorption study was performed using
a double beam Shimadzu 1800 (Tokyo, Japan) in the
wavelength range of 200-400 nm, at room temperature
using a slit of 5 nm. Absorption spectra of HSA-
Fingolimod complexes were recorded in the presence of
10%-10* M of the Fingolimod. The results showed that
the spectroscopic behavior of the complex is linear in the
Fingolimod concentration of 1.0, 1.5, 2.0, 2.5, 3.0 X 10° M.
Fluorescence quenching titrations were performed
using a Shimadzu spectrofluorometer (RF-5301PC)
equipped with the temperature control device of and
Cytation 5 plate reader. The emission spectra of titrations
of HSA and HSA-Fingolimod complexes were recorded in
the wavelength range of 300-450 nm after being excited
at 278 nm. The emission spectra of Warfarin-HSA and
Ibuprofen-HSA have been utilized as a positive control
for the fluorescence quenching titrations.** The recorded
fluorescence spectra were used to investigate the complex
formation and HSA quenching mechanism due to
Fingolimod binding. Thermodynamic properties of HSA-
Fingolimod complex formation were investigated using
the fluorescence spectra at enhanced temperatures i.e.
300, 305, 310, and 315 K. The results were manipulated
using suitable mathematical models.

FTIR and CD analysis

The secondary structural and conformational properties of
the HSA were studied using FTIR and CD. Spectral shifts
in the amide I and II peptide bands could be investigated
using FTIR spectra.’ FTIR spectra of free HSA and HSA-
Fingolimod complexes were recorded using the Tensor
27 FTIR spectrometer (Brucker Company, Germany)
equipped with an attenuated total reflection accessory.
The spectra were recorded at the resolution of 4 cm™ in
the range of 400-4000 cm™ at 298 K. Free drug spectra
and blank solution spectra were recorded as well. Each
sample was measured two times and blank sample spectra
were subtracted before analysis. To obtain the extent of
conformation variation, CD spectra of free HSA and HSA-
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Fingolimod complexes were monitored at 298 K in two
different concentrations of the drug (1, 3 x10° M) in the
range of 200-260 nm using a 0.01 cm quartz cell under a
nitrogen atmosphere with Aviv, CD spectrometer (USA).
The CD spectrum of each sample was recorded two times.
Competitive interaction of the HSA-Fingolimod in the
presence of site markers

The Fingolimod binding site was investigated using
specific site marker drugs. Warfarin and Ibuprofen were
utilized as markers of site I (Subdomain IIA) and site II
(Subdomain IITA) respectively.”” Fingolimod was added
to the solution of the HSA-site marker and the variations
in the fluorescence emission spectra of HSA-site markers
due to the Fingolimod addition were studied to investigate
the major binding site of the Fingolimode on the HSA.
To accomplish this, stock solutions of site-markers (5x10°
M) were prepared, and five enhanced concentrations
(1.0, 1.5, 2.0, 2.5, 3.0 x 10° M) of them were added
to Fingolimod-HSA solutions while the fingolimod
concentration remained unchanged. Furthermore,
increased Fingolimod concentrations were added to the
Warfarin-HSA and Ibuprofen-HSA solutions during the
analysis, while warfarin and ibuprofen concentrations
remained unchanged.*>*

Molecular modeling

The molecular interaction between Fingolimod and
HSA was studied using molecular modeling methods.
The X-ray structure of HSA (PDB ID code: IN5U) was
obtained from the RCSB protein data bank (http://
www.RCSB.org/PDB) and viewed and prepared by
AutoDockTools1.5.6 software.*® AutoDock Vina was used
for docking simulations.**** The chemical structure of
Fingolimod was drawn with ChemBioDraw software and
energy-optimized using Chembioultra MM2 and AM1
methods.***! Polar hydrogens and Kollman charges were
added to the HSA structure before modeling. Also, water
molecules were removed. The grid box of site I (Subdomain
ITA) and site II (Subdomain IITA) was designed based
on the available information about the relevant amino
acids.**** The grid box is defined separately for the site
I and site IT HSA with dimension size 20.25x20.25x20.25
A’ in the XxYxZ directions with 1A grid spacing.

Results

Fingolimod solubility in buffer solutions

Fingolimod solubility was studied in different buffer
solutions and the results are shown in Fig. 2. The results
showed that Fingolimod hydrochloride is practically
insoluble in PBS (0.04 M pH 7.4). Also, its solubility
decreased in the presence of Tris (0.2 M), Sodium
di Phosphate (0.05 M), and HEPES (0.1 M) buffers.
The aqueous NaCl solution (0.1 M) was utilized as an
alternative for buffer solutions and the results showed
that the pH of the prepared solutions before and after the
HSA addition was 6.5 for all studied concentrations of
Fingolimod. The existence of NaCl in the solution could

Fig. 2. Solubility of Fingolimod in NaCl (1), HEPES (2), PBS (3), Sodium
Phosphate (4), and Tris (5) buffer solutions.

interfere with electrostatic-driven complex formation.*
To evaluate the probable influence of NaCl on the
fluorescent emission of the Fingolimod-HSA complex
and we recorded the fluorescence emission spectra of
Fingolimod-HSA in the presence and absence of NaCl
and we observed no significant variation in the studied
NaCl concentration (0.1 M). The results showed that the
contribution of electrostatic forces in the Fingolimod-HSA
complex formation is not highly probable.*** The effect of
the higher concentrations of NaCl on complex formation
was not evaluated in the current study. Consequently, all
experiments were performed in an aqueous NaCl (0.1 M,
pH 6.5) solution.

Fingolimod-HSA complex formation study using UV-Vis
UV-Vis absorption spectra of HSA and HSA-Fingolimod
solutions showed in Fig. 3A. Proteins show a UV-Vis
absorption at 280 nm which is a result of aromatic
residues like tryptophan (Trp). Trp is responsible for the
great molar absorptivity and intrinsic high fluorescence
quantum yield of HSA." Ligand binding to the HSA can
change the intensity of the HSA fluorescence emission
and maximum absorption wavelength. The extent of this
variation depends on the concentration of bound ligand,
binding constant, and binding mechanism. The average
distance between HSA and bound ligands has a significant
role in the polarity around Trp.*** Variation in the
microenvironment polarity leads to the alteration of the
HSA spectroscopic properties due to the ligand binding.
HSA shows a strong absorption peak at 278 nm (Fig. 3A),
and its intensity increased following the addition of an
enhanced concentration of Fingolimod. Also, a significant
shift of HSA maximum absorption wavelength was
observed toward shorter wavelengths (from 278 to 273).
These results confirmed the complex formation between
Fingolimod and HSA.

Binding mechanism and binding constant
The mechanism of complex formation was studied
using fluorescence quenching titrations. Fig. 3B shows
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Fig. 3. (A) UV-Vis absorption of free HSA and HSA-Fingolimod complex and (B) Fluorescence spectra of free HSA and HSA-Fingolimod complex due to the
addition of enhanced Fingolimod concentration (a—f) 0, 1x 10%, 1.5x10°, 2x10°5, 2.5x10, 3x10°M.

the maximum emission wavelength of HSA at 339 nm
after excitation at 278 nm. The decreased fluorescence
emission intensity of HSA due to the addition of enhanced
concentration of Fingolimod is obvious in Fig. 3B. Also, a
maximum wavelength shift from 339 nm to 341 nm was
observed which could be attributed to the results showing
that Fingolimod interacts with HSA and quenches the
fluorescence emission intensity of HSA.

The quenching rate constant (association constant of
the quencher) could be calculated using the Stern-Volmer
plot (Fig. 4A). To study the fluorescence quenching rate,
the Stern-Volmer equation (equation 1) was utilized:

Fy
7 = 1+ K[Ql = 1+ Kqro[Q] (1)
where Fand F stand for fluorescence emission
intensity of HSA in the absence and presence of quencher
(Fingolimod), respectively. [Q], K, Kq, and T, denote
the concentration of quencher, quenching constant,
the quenching rate constant, and the average lifetime
of the HSA fluorescence without the quencher. The

(A)

©300 @305 @310 @315

FO/F

GE-05 8E-05 0.0001

QM

4E-05

InKb

log[(FO-F)/F]

obtained intercept for the fittings at 300 K was 0.98 which
indicates a 1:1 interaction mechanism between HSA and
Fingolimod. Assuming the T, value for HSA is 10*s5,* we
calculate Kq (Table 1). The natural lifetime of HSA and
the rate at that the excited state is deactivated by non-
radiative processes (collisions and other mechanisms) are
determinant factors of the fluorescence emission intensity.
The obtained vaalue (1.88x10" L mol-'s™!) was 10 times
greater than the maximum value of scattering collision
quenching constant (2.0x10"L mol™'s™).*

As shown in Table 1, K, values slightly decreased due
to the temperature enhancement. The interaction between
Fingolimod and HSA is slightly weakened at higher
temperatures.

When small molecules bind to several binding sites on
a macromolecule such as HSA, the Hill plot (equation 2)
could be used to calculate the binding constant (K,) and
cooperativity factor (n) that also represents the number of
binding sites.**

Fo—F

log = log Ky, + nlog[Q] (2)

1 (B)

©300 @305 @310 @315

log [Q]

0.0032
T

0.00325

0.0033 0.00335

Fig. 4. (A) Stern-Volmer and (B) Hill plot of HSA fluorescence quenching titrations in the presence of the enhanced concentration of Fingolimod, (C) Vant Hoff

plot at 300. 305, 310, and 315 K.
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Table 1. K, K, K, and n values of HSA-Fingolimod interaction at different temperatures

Stern-Volmer model Hill model
i K, x10° (M) qulO“ (M1S%) b (intercept) R? K, (M) n R?
300 1.88 1.88 0.98 0.98 4.26x10° 1.09 0.99
305 1.84 1.84 1.01 0.99 4.89x10? 0.84 0.99
310 1.52 1.52 1.04 0.97 8.51x10" 0.65 0.98
315 1.49 1.49 1.09 0.98 1.73x10* 0.46 0.98
K, of the HSA-Fingolimod complex was 4.26x10° L equation (5):
mol”, which was decreased significantly with temperature
enhancement. n was 1.1, which shows that there is one E=1— F _ R§ (5)

major binding site in HSA for Fingolimod at 300 K and
there is slight positive cooperativity for Fingolimod
binding.*

Thermodynamic parameters and binding forces
Fig. 4C shows the Van't Hoff plot of Fingolimod binding
to the HSA. The obtained AH’, AS’, and AG" values are
listed in Table 2. The thermodynamic parameters such as
the standard enthalpy change (AH’) and standard entropy
change (AS") were calculated using the Van't Hoff model
(equation 3):
0 0

INKp = — 2+ 3)

where K, shows the binding constant, and R is the
universal gas constant. AH® and AS® were calculated
from the slope and intercept of the Van't Hoff plot. The
standard free energy change (AG®) was calculated using
equation (4):

AG® = AH® — TAS° (4)

The obtained AH" (-2.86x10° J/mol) and AS’ (-8.8x10?
Jmol'K!) values were used to calculate the AG of the
interaction at different temperatures. Increased AG" at
higher temperatures indicates that the binding is less
favorable at higher temperatures which is consistent with
binding constant reduction at higher temperatures.

Forster energy transfer (ERET) analysis

Fig. 5 shows the overlapping between the Fingolimod
absorption spectrum and the HSA emission spectrum.
Calculated distance (r) and R were calculated using the

Table 2. Thermodynamic parameters of interaction between HSA and
Fingolimod at different temperatures

T (K) AG (J.mol?) AH (J.mol?) AS (J.mol*K?)
300 -2.25x10* -2.86x10° -8.83x10?
305 -1.81x10* -2.86x10° -8.83x10?
310 -1.37x10* -2.86x10° -8.83x10?
315 -9.34x10% -2.86x10° -8.83x10?

Fo  RG+ 16

where E is the effectiveness of energy transfer between
acceptor and donor, 1 is the distance between the acceptor
and donor; R is the critical distance for the occurrence of
50% of energy transfer and other symbols are as described
previously. R can be calculated with equation (6):

Ry = 8.8x10"25K2N~* @] (6)

where K? is the dipole-dipole orientation factor, N and @
are the refractive index of the medium, and the quantum
yield of the donor without the acceptor, and ] is the
spectral overlap integral between the donor’s fluorescence
emission and acceptor’s UV-Vis absorption spectra. For a
random orientation, K?=2.3, N=1.33, ®=0.15 and J can be
obtained in equation (7):

= Y FQ) e0) A*AL (7)
Y F(A) AX

F(X) is the fluorescence intensity of the fluorescent donor
(Trp214) without acceptor and € (A) is the acceptor’s molar
absorption coefficient.*** Obtained J, R, E, and r values
are shown in Fig. 5. The calculated distance between the
Fingolimod and HSA (r = 2.93 nm) is less than 8 nm and
0.5R, <2.93< 1.5R.

%07 J=1.8x10"cm3ML [i2s
- -2
s | E=7.0x102)
Ry =4.90 nm
70 4 r=2.93nm
£
S 60 - .
o
Riso1 g
8 2
g !
g 40 2
8 <
$§ 30
—
20
10
0
288 308 328 348 368 388

Wavelength (nm)

Fig. 5. The overlap of the fluorescence spectrum of HSA and the absorption
spectrum of Fingolimod, and calculated FRET energies and distances.
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Site marker competitive experiments

Fig. 6A illustrates the fluorescence spectra of the HSA -
Ibuprofen complex. The addition of Fingolimod to the
HSA-Ibuprofen solution leads to a significant reduction
in the fluorescence intensity of the HSA-Ibuprofen
complex (Fig. 6B). The fluorescence intensity of the
Warfarin-HSA shown in Fig. 6C system was almost the
same as Warfarin-HSA-Fingolimod complexes (Fig. 6D).
According to the results of Fig. 6, a significant blue shift
was observed which shows that the binding of Ibuprofen
to HSA reduces the hydrophobic nature of tyrosine or
tryptophan residues microenvironment in the HSA-
Fingolimod complex. There is no red or blue shift for the
Warfarin-HSA fluorescence spectra in the presence of the
Fingolimod.

Conformational variation of HSA due to the Fingolimod
binding
Fig. 7 shows the FTIR spectrum of free HSA and HSA-

o7 (A)

Free HSA

Fluorescence Intensity
w
&

290 310 330 350 370 3% 410 430
Wavelength (nm)

Free HSA

70 x

Fluorescence Intensity

200 310 330 350 370 390 410 430
Wavelength (nm)

Fingolimod complexes. The CD spectra for HSA in the
absence and presence of Fingolimod were recorded (190-
260 nm) (Fig. 8). The infrared spectra of proteins are
determined by intense absorptions in two spectral regions
for the amide I band (1600 to 1700 cm™) and for the
amide II band (1550 to 1570 cm™). Amid I contains C=0
stretch and amid II includes CN stretch coupled with NH
bending mode.* As results show the peak position of amid
I and II bands of HSA shifted from 1696.7 to 1691.6 cm™
and 1541.5 to 1544.5 cm™ respectively due to Fingolimod
binding to HSA. These shifts indicate a slight change in the
secondary structure of HSA a-helix and p-sheets.” The
extent of conformational variation was further analyzed
using CD spectroscopy. CD has been widely used to
determine the secondary structure of biomolecules and
their conformational changes caused by mutations, heat,
and binding interactions.*®* According to the results (Fig.
8) the obtained spectra displayed two negative double
peaks absorption at 210 and 220 nm. These double

©71 (B)

Free HSA

«

Fluorescence Intensity

290 340 390 440

Wavelength (um)

80 (D)

70 Free HSA

Fluorescence Intensity
2
5

200 310 330 350 370 390 410 430
Wavelength (nm)

Fig. 6. The fluorescence spectra of the HSA in the presence of Ibuprofen (A), Ibuprofen+Fingolimod (B) Warfarin (C), and Warfarin+Fingolimod (D).
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Fig. 7. FTIR spectra of HSA-Fingolimod complex; a (HSA), b (1 HSA: 0.5x10-°M), ¢ (1 HSA:1x 10°M), d (1 HSA:1.5x 10-*M) and e (Fingolimod).
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Fig. 8. CD spectra of HSA in the presence of Fingolimod in two different concentrations.

peaks are characteristic peaks of the a-helical structure
of proteins which are contributed to m>n* and n>m*
electron transfer of peptide bond.*® The a-helical content
of the studied moieties was calculated by CDNN software.
A reduction of a-helix substructure was observed (59.50%
in free HSA to 47.80% in HSA-Fingolimod complexes).
Besides, B-sheets and the random coil content increased
from 13.50% to 15.40% and from 22.10% to 26.20%
respectively.**!

Molecular modeling of HSA-Fingolimod interaction

The mode of the interaction between Fingolimod and
HSA was studied using molecular docking methods.
The binding mode of Fingolimod with amino acids of
binding sites I and II in the lowest energy conformers
are shown in Fig. 9A. Due to the lipid-like properties

of Fingolimod chemical structure, the docked pose of
Fingolimod compared with Myristic Acid in site II. Some
common FAs such as Myristic acid (14:0), Palmitic acid
(16:0), and Stearic acid (18:0) with crystallographic
PDB code IN5U, 4769, and 1E7I, respectively, occupy
the binding site II (IIIA) of HSA. In Fig. 9B, the lowest
energy docked conformer of Fingolimod was compared
with crystallographic Myristic Acid interacted with HSA.
According to this figure, both structures are completely
oriented in the same mode in the hydrophobic cavity of
site II. The hydrophobic hydrocarbon tails were oriented
towards the outside of HSA whereas the polar groups
were headed towards the inside of HSA. Fingolimod
shows almost the FA similar binding mode in the binding
site II HSA. Beyond the hydrophobic interactions,
Fingolimod binds via hydrogen bonds to Lys199 and

Crystal conformer of Myristic Acid: Cyan color

Docked conformer of Fingolimod: Yellow color

Fig. 9. The 3D representation of Fingolimod binding with the site | and Il of HSA (A), the superimposed crystallographic Myristic Acid conformer with a docked

conformer of Fingolimod in site Il (B).
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His242 (subdomain ITA) and Asn391, Arg410, and Tyr411
(subdomain IITA). Also, the contribution of the Arg257,
Ser342, Tyr411, Val433, Leu481, Arg485, and Ser489 in
the hydrogen bonding was observed in other conformers
(Fig. 10A, B). Arg257 residue participates in the formation
of cation-m non-covalent interaction with benzene ring of
Fingolimod in site I. The calculated binding energy for the
interaction of Fingolimod with the binding site I and II
were -27.63 KJ.mol" and -32.23 K].mol ' respectively. Also,
Myristic Acid was docked to the native binding site in the
site I HSA (Fig. 10 C) for validation and comparison with
Fingolimod. The calculated binding energy of Myristic
Acid to HSA is -26.37 KJ.mol ..

Discussion

As described in the results section buffering agents leads
to significant Fingolimod reduction in aqueous solubility.
Consequently, all experiments were performed in the
presence of NaCl, while the pH of the complex solutions
was 6.5. pH is a determinant factor of HSA conformation
and binding properties. Variation of HSA ionization state
depends mainly on its histidine moieties ionization state.
HSA is in the normal structural form in physiologic pH
7.4. Reversible conformational transitions of HSA from
neutral to base (N->B) that is suitable for HSA function
as a carrier occurs in pH 7-9.° HSA possesses a normal
structural form in pH 6.5 which is similar to its form in
the physiologic pH 7.4.

(A)

(B)

The complex formation between Fingolimod and HSA
was confirmed using UV-Vis spectroscopic studies in
which, increased absorption intensity and blue shift of
A, due to the addition of enhanced concentration of
Fingolimod to the HSA solution, indicate the changes
of the chromophore microenvironment polarity and
hydrophobicity due to the ligand binding®*. Blueshift occurs
due to an increase in the energy gap between the excited
and ground state of the chromophore. The increased
energy gap is a result of the polarity enhancement of the
chromophore microenvironment. The higher polarity of
the microenvironment leads to the stabilization of the
excited state of the electron and accordingly the needed
energy for the excitation increases and the absorption
maximum wavelength of the chromophore decreases®*.
The higher polarity occurs due to the binding of the ligand
to the macromolecule.

The mechanism of complex formation was further
studied using fluorescent quenching titrations. The
obtained results were consistent with the contribution
of the static quenching mechanism and ground-state
complex formation between HSA and Fingolimod.*>*
Stern-Volmer constant (K ) is a measure of the
effectiveness of the Fingolimod as a quencher. K  value
of the studied interaction was 1.88x10° M at 300 K which
is lower than the moderately strong binders of HSA (K
>10* M").”” Moreover the weaker quenching efficacy at
higher temperatures could be a result of HSA unfolding

Fig. 10. Fingolimod located at the binding site | (A), binding site Il (B), and Myristic Acid located in binding site Il (C).
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(conformational change).”® Besides, when the quencher
does not bind to the fluorophore, quenching occurs due to
the variation in the micro-environment of the fluorophore
as a result of the variation in the interaction of other amino
acids with a fluorophore that could affect the quenching
efficiency at different conditions. Also, the accessibility
of the fluorophore could be changed as a result of the
conformational change of the protein.

By fitting the obtained fluorescence quenching titrations
results to the Hill equation, we found that temperature
enhancement leads to the significant reduction of the n
(cooperativity coefficient) value that is consistent with
negative cooperativity of Fingolimod binding at higher
temperatures. The molecules are more disturbed and
vibrate fast at higher temperatures which can make the
complex unstable.* Also, it was assumed from Stern-
Volmer analysis that complex formation contributes
slightly to the quenching and quenching occurs mainly
due to collisional mechanism. The results were consistent
with previous findings of the 1:1 interaction between
Fingolimod and HSA. Static quenching is subsided
at higher temperatures, while dynamic quenching is
accelerated.”

To investigate the contribution of different binding
forces in the Fingolimod-HSA complex formation, the
obtained binding constants were fitted to the Van't Hoff
model and the obtained thermodynamic parameters
were evaluated to discuss the binding forces. It is well-
known that the enthalpy contribution to the AG reflects
the contribution of the different binding forces, while the
entropic contribution is a measure of the dynamics of the
overall system.® Hydrogen bonds, hydrophobic forces,
electrostatic interaction, and Van der Waals forces are the
main players in the interaction between biomolecules and
small molecules. If AH>0 and AS>0 signify a hydrophobic
interaction, AH<0 and AS<O0 indicate hydrogen bonding
and Van der Waals interactions, and if AH ~ 0 and AS>0
electrostatic forces are involved.®** Hydrogen bonds are
consistent with favorable enthalpy, while hydrophobic
interactions are characteristic of favorable entropy.
Conformational changes are entropically unfavorable.®
The negative sign of AH and AS show that hydrogen
bonds and Van der Waals forces play a dominant role
in the HSA-Fingolimod complex formation. Besides the
interaction is enthalpy driven. The negative signs for AG’
indicate that the binding is spontaneous in all studied
temperatures.” Increased AG’ at higher temperatures
indicates that the binding is less favorable at higher
temperatures which is consistent with binding constant
reduction at higher temperatures.

To obtain more information about the distance between
Fingolimod and Trp residues the FRET analysis was
performed. The intermolecular energy transfer efficiency
of drug-HSA interactions represents the distance between
ligand and Trp residues. The molecular distance plays
a critical role in complex formation. FRET explains the

distance between quencher and fluorophore using the
non-radiative energy transfer.®® FRET occurs when a
fluorescence emission of the donor (fluorophore, Trp-214
residue in HSA) is quenched by a ligand (the acceptor).
FRET is possible when the donor-acceptor pair has
a dipolar overlap. Dipolar overlap occurs when the
fluorescence emission spectrum of the donor overlaps with
the absorption spectrum of the acceptor (Fingolimod).
FRET occurs when the calculated distance (r) between the
Fingolimod and HSA is less than 8 nm and it is between
0.5R and 1.5R . R or Férster radius is the critical distance
when the energy transfer is 50%. The results indicate
that the energy transfer between HSA and Fingolimod
occurred. If r=0.5 R , the FRET efficiency becomes larger
than 0.984 and for r beyond 1.5 R , the efficiency of energy
transfer is very low (<0.81).% According to the results, r is
about 0.6 R, which indicates that the FRET efficiency is
higher than 0.81 in the studied system.

In addition to the FRET study, we also performed
site marker competitive studies to evaluate the probable
bindingsite of the Fingolimod onthe HSA. Accordingto the
results, the binding of Fingolimod to HSA was interfered
with by the addition of ibuprofen. The results indicate that
the hydrophobic nature of the microenvironment around
ibuprofen increased due to the competitive binding of
Fingolimod to site II (subdomain IITA).*

The conformational changes of HSA due to the
complex formation with Fingolimod were studied using
CD analysis. Due to the results, the observed reduction
in a-helix content along with the increase of the B-sheets
and the random coil content confirms the conformation
change of HSA structure. Such variation in the
substructures' content could be a result of HSA unfolding
due to the Fingolimod binding.***!

The binding mode of Fingolimod with amino acids
of binding sites I and II was studied using molecular
docking studies and the results indicated that, beyond
the hydrophobic interactions. Fingolimod binding
in comparison to Myristic Acid is stronger because
Fingolimod has an extra electronegative nitrogen atom
and benzene aromatic ring in its structure that facilitate
the formation of more hydrogen bonds and extra van der
Waals interactions with HSA. The results are in agreement
with the findings from the thermodynamic and site
marker studies that indicated the tendency of Fingolimod
to the binding site IT mainly via hydrogen bond and van
der Waals forces.

Conclusion

The interaction between Fingolimod (a lipid-like drug)
and HSA was investigated using spectroscopic techniques
and molecular modeling methods. Fingolimod as a
derivative of sphingosine possesses pH-dependent
solubility. Also, it is incompatible with buffering agents.
Accordingly, all studies were performed using NaCl
10* M aqueous solution. The final pH of the working
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Research Highlights

What is the current knowledge?

v Fingolimod is a lipid-like anti-MS drug that it's binding to
HSA has not been studied until now.

V Fatty acids bind to the HSA via specific binding sites.

v Fingolimod possesses pH-dependent solubility that makes
binding study difficult.

What is new here?

v Fingolimod solubility in the presence of PBS and other
buffers decreases significantly.

v Fingolimod is soluble in an aqueous HSA solution
containing 0.1 M NaClL

v Fingolimod binds using hydrogen and van der Waals bonds
to site II, while the interaction is enthalpy driven.

v Fingolimod binds to the fatty acid binding site on the HSA,
using a similar mode of interaction.

V The current study suggested a buffer-free method for the
study of drugs’ interaction with proteins.

solutions was 6.8. The results of quenching titrations
suggested that Fingolimod interacts with HSA with
low affinity (K, = 4.26x10°). The calculated binding
distance using FRET was 2.93 nm, indicating that non-
radiative energy transfer occurs between Fingolimod
and HSA. FTIR and CD spectroscopic studies showed
that Fingolimod may induce conformational changes in
HSA upon interaction. Thermodynamic analysis suggests
that Fingolimod could bind to HSA using hydrogen
bonding and Van der Waals forces. Results of site marker
competitive experiments showed that Fingolimod binds
to site II (subdomain IITA). Molecular docking studies
confirmed the experimental results of binding forces and
binding sites. Fingolimod binding to the HSA may possess
a role in its pharmacokinetic properties. Also, despite its
moderate interaction, competing with the site II binding
drugs is probable. The reported methodology could be
used to study the molecular mechanism of drug-protein
interaction of lipid-like drugs with poor aqueous solubility
or pH-dependent solubility. The current study provided
information about the interaction of a lipid-like drug with
HSA. The results could be used for a better understanding
ofthe pharmacodynamics and pharmacokinetic properties
of Fingolimod. Also, the results would be helpful for the
designing of the improved formulation of Fingolimod.
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