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Abstract The interaction of an anti-leukemic drug,
imatinib mesylate (IMT) with human serum albumin
(HSA) was investigated by fluorescence, synchronous
fluorescence, three-dimensional fluorescence, circular
dichroism and UV-vis absorption techniques under
physiological condition. The process of binding of
IMT on HSA was observed to be through a spontancous
molecular interaction procedure. IMT effectively
quenched the intrinsic fluorescence of HSA via static
quenching. The values of binding constant, number of
molecules that interact simultaneously with the binding
site and thermodynamic parameters were evaluated by
carrying out the interactions at three different temper-
atures. Based on thermodynamic parameters and dis-
placement studies with site probes, it was proposed that
the drug bound at Sudlow’s site I of subdomain IIA.
The change in the conformation of HSA was evident
from synchronous, three-dimensional fluorescence and
circular dichroism studies. The distance between the
donor (protein) and acceptor (drug) was calculated
based on the Foster’s theory of resonance energy
stransfer and it was found to be 1.30 nm. The effect
of different metal ions on the binding of the drug to
protein was also investigated.
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Introduction

The mesylate salt of imatinib (IMT) (Fig. 1), a tyrosine
kinase inhibitor with antineoplastic activity, is designated
chemically as 4-[(4-Methyl-1-piperazinyl) methyl]-N-[4-
methyl-3-[[4-(3-pyridinyl)-2-pyrimidinyl] amino]-phenyl]
benzamide methanesulfonate. It is used in the treatment of
chronic myelogenous leukemia (CML), gastrointestinal
stromal tumors (GISTs) and a number of other malignan-
cies. Imatinib constitutes the first example of a drug that
was rationally developed to block a known oncogene and
which, as monotherapy, has substantially changed the
biology and clinical course of a human cancer [1]. It binds
to an intracellular pocket located within tyrosine kinases
thereby inhibiting ATP binding by preventing phosphory-
lation and subsequent activation of growth receptors and
their downstream signal transduction pathways. It has been
shown to reduce both the smooth muscle hypertrophy and
hyperplasia of the pulmonary vasculature in a variety of
disease processes including portopulmonary hypertension.
Human serum albumin (HSA) is the most abundant
protein constituent of blood plasma and has been used as a
model protein for many and diverse biophysical and
physicochemical studies [2]. He and Carter [3] have
reported the three-dimensional structure of HSA through
X-ray crystallographic measurements. The globular protein
consists of three homologous domains that assemble to
form a heart-shaped molecule, each domain contains two
subdomains (A and B), and is stabilized by 17 disulfide
bridges. Aromatic and heterocyclic ligands were found to
bind within two hydrophobic pockets in subdomains IIA
and IITA which are consistent with site I and site II. Site I is
formed as a pocket in subdomain IIA and involve the lone
tryptophan of the protein (Trp-214). Site II corresponds to
the pocket of subdomain IIIA, which is almost the same

@ Springer



522

J Fluoresc (2012) 22:521-528

1
N
CH, [ j
N
L . CH,SO4H
o

Fig. 1 Strucure of imatinib mesylate

size as site I, the interior of cavity is constituted of
hydrophobic amino acid residues (Arg-410 and Tyr-411)
[4, 5].

The information on the interaction of serum albumins
with drugs can make us to better understand the absorption
and distribution of drugs in vivo. In addition, the drug-
albumin complex may be considered as a model for gaining
general fundamental insights into the drug-protein binding.
Consequently, it is important to investigate the interaction
between IMT and HSA. The present study attempts to
understand the mechanism of binding of IMT to protein by
employing different spectroscopic techniques.

Experimental
Materials

Human serum albumin (HSA, fatty acid free) was pur-
chased from Sigma Chemical Company, St. Louis, USA
and used without further purification. Working solution of
protein (250x107° mol L") was prepared in phosphate
buffer solution of pH 7.4. Pure IMT was obtained from SPR
Pharma, India. A stock solution of IMT (1000 x
10® mol L") was prepared in water. All other reagents
and solvents were of analytical grade and doubly distilled
water was used throughout the experiment. All stock
solutions were stored at 4 °C.

Apparatus

Fluorescence spectra were recorded on a Hitachi spectro-
fluorimeter Model F-7000 (Hitachi, Japan) equipped with a
150W Xenon lamp and a slit width of 5 nm. Absorption
measurements were made on a double beam CARY 50-BIO
UV-vis spectrophotometer (Varian, Australia) equipped
with a 150W Xenon lamp and a slit width of 5 nm. A
quartz cell of 1.0 cm was used for all measurements. The
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CD measurements were made on a JASCO-810 spectropo-
larimeter (Tokyo, Japan) using a 0.1 cm cell at 0.2 nm
intervals, with 3 scans averaged for each CD spectrum in
the range of 200-250 nm.

Procedures

In the present investigation, the concentration of HSA was
kept constant at 2.5 uM while that of the IMT was varied
from 0 to 22.5 uM and from 0 to 12.5 uM for fluorescence
and UV absorption studies, respectively. Fluorescence
spectra were recorded at 290, 300 and 310 K in the range
of 280—-500 nm upon excitation at 280 nm. The absorbances
of drug—protein mixtures in the concentration range
employed for the experiment did not exceed 0.05 at the
excitation wavelength to avoid inner filter effect.

UV absorption spectra of HSA and IMT-HSA system
were noted down in the range of 200—400 nm at room
temperature. The CD spectra of drug-protein mixtures
(1:0, 1:1 and 1:2) were recorded in the range of 200-
260 nm. The RLS spectra of HSA in the presence and
absence of the drug were recorded at room temperature
in the range of 250 to 650 nm with AA=0 nm. The
synchronous fluorescence spectra of protein were
recorded with scanning ranges, AA=60 nm and 15 nm
in the absence and presence of IMT.

The three dimensional fluorescence spectra were
recorded under the following conditions: the emission
wavelength range 200-600 nm, the excitation wavelengths
at 200-340 nm, scanning number of 15 m and increment of
10 nm with other parameters just the same as those
maintained for fluorescence quenching studies.

The displacement experiments were performed using
different site probes viz., warfarin, ibuprofen and digitoxin
for site I, IT and III, respectively by keeping the concentra-
tion of protein and probe, constant (2.5 uM each). The
fluorescence spectra of IMT-protein system were recorded
in the presence of some cations viz., Ca®", Ni**, Cu®*, Co*"
and Zn®" upon excitation at 280 nm. The overall concen-
tration of HSA and common ion was maintained at 2.5 pM.

Results and Discussion
Stern-Volmer Analysis

Fluorescence quenching of protein results from the de-
creasing of fluorescence quantum yield. The processes such
as excited state reactions, energy transfer reactions, ground-
state complex formation and collisional processes resulted
in quenching of protein [6]. Figure 2 shows the quenching
of fluorescence intensity of HSA upon the addition of a
series of amounts of IMT. Fluorescence results were
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Fig. 2 Quenching of fluorescence intensity of HSA (2.5 uM) upon
the addition of increasing amounts of IMT- 0 [/], 2.5 [2], 5 [3], 7.5
[4], 10 [5], 12.5 [6], 15 [7], 17.5 [&], 20 [9] and 22.5 uM [10]

subjected to Stern-Volmer analysis to understand the
quenching mechanism [6]:

Fo/F = 1+kg70[Q] = 1 + Ksy (1)

where Fy and F are the fluorescence intensities of protein
before and after the addition of quencher respectively, Kgy
is the Stern—Volmer quenching constant which gives a
direct measure of the quenching efficiency, k, is bimolec-
ular quenching rate constant, T, is the average lifetime of
biomolecule and [Q] is the concentration of quencher [6].
Obviously, the value of k; can be deduced from the
equation shown below:

Ksv = kq70 (2)

The value of T, is known to be 10~% s [6]. The values
of Kgv (Table 1) are obtained from the slope of linear
regression of the plots of Fy/F versus [Q] (Fig. 3). The k4
values were found to be in the order of 10" L mol ' s™".
It was evident that the values of kq were larger than the
limiting diffusion constant, k, of the biomolecule (kq=
2.0x10' L mol™' s') [7]. The decreased Kgy values
with increase in temperature suggested that the fluores-
cence quenching was mainly arisen from static quenching
by complex formation. Hence, the results were further

analyzed by modified Stern-Volmer equation shown
below [8]:

Fo/(Fo = F) = 1/Ka[Q] + 1/, (3)
where K, is the modified Stern-Volmer association
constant and f, is the fraction of the initial fluorescence
that is accessible to quencher. The plot of F/(F-F) versus
1/[Q] (Fig. not shown) yielded f,—' as the intercept and
(f, K)!' as the slope. The value of f, was found to be
0.738 indicating that only 73.8% of the initial fluores-
cence of protein was accessible for quenching. The
corresponding results are shown in Table 1.

Identification of Binding Site and Thermodynamic
Parameters

The values of binding constant (K) and the number of
molecules that interact simultaneously with each site (n)
were evaluated using the following equation [9]:

log (Fy — F)/F = log K + n log[Q] (4)

The values of K and n were evaluated from the plot of
log (Fo-F)/F versus log [Q] (Fig. not shown). The values of
n close to unity indicated that one molecule of IMT
interacted with single site of HSA [10].

Using the values of K, the free energy change (AG®)
values were calculated using the equation shown below [91]:

AG" = —RTInK (5)

Enthalpy change and entropy change values were
calculated using the equation shown below:

logk = —AH°/2.303RT + AS°/2.303R (6)

The corresponding results are presented in Table 1. In
the present study, the negative AG® values confirmed the
spontaneity of interaction. From the point of view of water
structure, a positive AS® value was frequently regarded as
evidence for hydrophobic interaction [9]. Positive AS” and
negative AH® values revealed that the hydrophobic and
hydrogen bonding played a major role in the interaction of
IMT to protein [9].

Table 1 Binding and thermodynamic parameters of IMT-HSA interaction

T(K) Kgy (L mol™") R? Modified Stern-Volmer n AG® (KJ mol ™) AH® (KJ mol ") AS® I mol ' K7
constant, K, (L mol ")

290 6.9x10* 0.9931 1.89x10° 1.03 —-29.29

300 6.7x10* 0.9866 1.31x10° 1.02 -29.39 -24.57 19.166

310 6.27x10* 0.9926 1.03x10° 1.04 -29.68
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Fig. 3 The Stern-Volmer plot for binding of IMT with HSA at 290 K
(black diamond), 300 K (black square) and 310 K (black triangle)

Site-specific Interactions of IMT at Sudlow Site I

The high-affinity binding sites on HSA have been divided
into several groups according to their selectivity to the
drugs. Sudlow et al. [11] have identified two distinct
binding sites on albumin for drugs based on their abilities to
displace site markers. Site I and II are commonly known as
the warfarin site and diazepam site, respectively. Sudlow’s
site I is considered as the principal binding site for drugs.
The binding site is a hydrophobic pocket and has high
affinity for small aromatic ligands which may be neutral or
negatively charged on periphery. Sudlow’s site I consist of
several adjacent and overlapping regions and can bind
many diverse ligands. In the present work, the site
specificity of the drug was monitored using site markers
viz., warfarin, ibuprofen and digitoxin for site I, IT and III
respectively at 300 K. The binding constant values of IMT-
HSA were calculated to be 1.03x10°, 1.34x10° and 1.30x
10° M! in the presence of warfarin, ibuprofen and
digitoxin, respectively. It was evident that the warfarin (site
I) showed a significant displacement of IMT suggesting that
both drug and warfarin compete for the same binding site
on HSA. Hence, we propose that IMT bound to protein at
site I subdomain IIA.

Fluorescence Resonance Energy Transfer

In order to estimate the fluorescence resonance energy
transfer efficiency of the donor Trp214 and further to
determine the distance of donor (HSA)-acceptor (IMT)
pair, we have employed the FOrster’s theory [6]. The
rate of energy transfer depends on the extent of over-
lapping of the emission spectrum of the donor with
absorption spectrum of acceptor, the quantum yield of
the donor, the relative orientation of the donor and
acceptor transition dipoles, and the distance between the
donor and acceptor molecules. The FOrster distances are
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comparable to the size of the biomolecules and the
distance between sites on multi-subunit proteins. Any
condition that affects donor-acceptor distance will affect
the transfer rate, allowing the change in distance to be
quantified. In this type of application, one uses the extent
of energy transfer between a fixed donor and acceptor to
calculate the donor-acceptor distance, and thus obtain
structural information about the macromolecule. For this,
UV absorption spectrum of IMT was overlapped with the
fluorescence emission spectrum of protein (Fig. 4). The
transfer efficiency, E was measured using the average
lifetime of the donor in the absence (F,) and presence of
acceptor (F) as follows [12]:

E=1-F/F,=R,/(R," +1°) (7)

where R, is the critical distance when the transfer
efficiency is 50% and it is given by the equation [13]:

R,* = 8.8 x 107 ¥k’n*dJ (8)

where k? is a factor describing the relative orientation in
space of the emission and absorption transition dipoles of
the donor and acceptor, respectively. J is the overlap
integral which expresses the degree of spectral overlap
between the donor emission and the acceptor absorption.
The value of J is obtained using the equation below [14]:

J = ZF(A)e(A)A* AL/ XF (L) AL 9)

where F()\) is the fluorescence intensity of the donor and
e(A) is the extinction coefficient of the acceptor at A,
k?=2/3,1=1.336 and $=0.118 [15]. From Egs. (7) to (9),
we obtained that J=0.829x10"'* cm® L mol ', £=0.5807,
Ry=2.54 and r=1.30 nm.

The calculated binding distance (r) was lower than 8 nm,
and fulfilled the condition, 0.5R,<r<1.5R, [16] which
indicated that the non-radiation energy transfer occurred
from HSA to IMT.
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Fig. 4 The overlap of fluorescence spectrum of HSA [x] with
absorption spectrum of IMT [y]
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The Effect of Metal Ions on Binding

Some plasma proteins (serum albumin) usually act as
elimination agent of metal ions and have a variety of metal
sites with different specificities. This phenomenon of serum
albumin molecular conformational alteration caused by
metal ions-HSA binding could be observed in some metal
ions-HSA interaction process. Furthermore, many metal
ions could form complexes with medicinal molecules, and
affect some properties of drug. They would affect the
interaction of medicinal molecule-HSA in a ternary system
of drug-protein-metal ion, and thus it would influence the
distribution, pharmacological property, and metabolism of
medicine in blood. In view of this, the binding aspect of
IMT-HSA was investigated in the presence of common ions
viz., K, C02+, Cu2+, Ni2" and Mn®" at 300 K. As evident
from Table 2, the binding constant values of IMT-HSA
decreased in the presence of the above ions indicating the
shortening of storage time of drug in blood plasma. All
these results indicated that the quenching efficiency of drug
was influenced by the metal ions.

Characteristics of RLS Spectra

Resonance light scattering spectroscopy (RLS) is a sensi-
tive and selective technique for monitoring molecular
assemblies which can provide some insights into the
interaction [14]. RLS is an elastic scattering that occurs
when an incident beam is close to an absorption band.
Pasternack et al. established this technique to study
biological macromolecules employing an ordinary fluores-
cence spectrometer [17].

The RLS spectra of HSA, IMT and HSA-IMT complex
were recorded by synchronously scanning from 240 to
600 nm with AA=0 nm. The results are shown in Fig. 5.
Upon the addition of trace amounts of IMT to HSA
solution, a remarkably increased RLS was observed. The
production of RLS was correlated with the formation of
certain aggregate [18] and the RLS intensity was dominated
primarily by the particle dimension of the formed aggregate
in solution. So, it was proposed that the enhanced RLS

Table 2 Effects of common ions on binding of IMT to HSA

System Association constant (M ")
HSA+IMT 1.31x10°
HSA+IMT+K" 1.18x10°
HSA+IMT+Co?" 1.11x10°
HSA+IMT+Cu?" 1.07x10°
HSA+IMT+Ni2* 1.23x10°
HSA+IMT+Mn>" 1.26x10°

1000

Intensity

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 5 Resonance light scattering spectra of HSA (2.5 uM) with
increasing concentrations of IMT- 1) 0, 2) 2.5, 3) 5, 4) 7.5, 5) 10, 6)
12.5 uM

intensity observed in the present study was due to the
formation of HSA-IMT complex.

Investigation of Conformational Changes
Absorbance Measurements

The UV absorption spectrum of IMT showed a broad band
with absorption maximum at around 255 nm while HSA
has a strong absorption band at 280 nm (Fig. 6). With
gradual addition of IMT, the absorbance of HSA gradually
increased. This enhancement of absorption of HSA in the
presence of IMT appeared to be initially due to the
formation of a complex from the intermolecular interactions
and further results exhibited a concentration dependent
relationship. In addition, the A,,,x of HSA showed a slight
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Fig. 6 Absorption spectra of HSA and IMT-HSA system. HSA
concentration was maintained at 2.5 uM [/] and that of IMT was
varied- 2.5 [2], 5 [3], 7.5 [4], 10 [5], and 12.5 uM [6]. [X] is the
absorption spectrum of only IMT (2.5 uM)
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blue shift of 15 nm (from 280 to 265 nm). These results
indicated that the interaction between IMT and HSA altered
the microenvironment around HSA.

Synchronous Fluorescence

Synchronous fluorescence is a useful tool to investigate the
microenvironment around the fluorophore groups. As is
known, synchronous fluorescence spectra represent tyrosine
residues of HSA only at the wavelength interval (AA) of
15 nm and tryptophan residues only at AA of 60 nm [19].
The synchronous fluorescence spectra of HSA in the
absence and presence of increasing amounts of IMT were
scanned at AA=60 nm and 15 nm. The fluorescence of
tryptophan (Fig. 7) decreased with the addition of increas-
ing amounts of IMT and the A, was found to be shifted
from 341 to 349 nm. However, the fluorescence intensity of
tyrosine was noticed to be weak (Fig. not shown). Further,
no shift in maximum emission wavelength (A.x) Was
noticed upon the addition of IMT. The red shift in A, of
tryptophan emission suggested that the polarity around
tryptophan increased where as the hydrophobicity of
protein decreased. This indicated that the interaction
between IMT and HSA significantly affected the confor-
mation of tryptophan residue micro region.

Circular Dichroism

The albumin structure is predominantly a-helical. Approx-
imately, 67% of HSA is helical, the remaining secondary
structure consists of 10% (-turns and 23% extended
peptide chain. The CD spectra of the HSA exhibited two
negative bands in the ultraviolet region at 209 and 222 nm
characteristic of o -helical structure of the protein. Upon
the addition of IMT to HSA, the a-helicity of protein

400

300 +

200 - 15

Intensity

100 A

300 320 340 360 380 400
Wavelength (nm)

Fig. 7 The effect of IMT on synchronous fluorescence spectra of
HSA- (a) AA=15 nm; (b) AA=60 nm. [HSA]=2.5 uM [/]; [IMT]=
2.51[21, 53], 7.5 [4], 10 [5], 12.5 [6]), 15 [7], 17.5 [8], 20 [9], 22.5
[101, 25 [11], 27.5 [12], 30 [13], 32.5 [14] and 35 uM [15]
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decreased and hence, the reduced intensity of double
minimum was observed (Fig. 8). The CD results are
expressed in terms of mean residue ellipticity (MRE) in
deg cm? dmol ! according to the equation shown below:

(10)

where C, is the molar concentration of protein, n is the
number of amino acid residues and / is the path length. The
a-helical contents of free and combined HSA are calculated
from MRE values at 208 nm using the equation given
below [20]:

MRE = observed CD (mdeg)/[Cynl x 10]

@ — helix(%) = [(—~MRE,gs — 4000)/(33000 — 4000)] x 100
(11)

where MRE, g is the observed MRE value at 208 nm, 4000
is the MRE of the a-form and random coil conformation
cross at 208 nm and 33,000 is the MRE value of a pure -
helix at 208 nm. Using the above equation, the a-helicity in
the secondary structure of HSA was determined. It
decreased from 66.58% in free HSA to 58.49% in IMT-
HSA. The CD spectra of HSA were observed to be similar
in shape in the presence and absence of IMT indicating that
the structure of HSA was also predominantly a-helical [21].
Therefore, we propose that the binding of IMT to HSA
induced changes in secondary structure of HSA.

Three Dimensional Fluorescence

Three-dimensional fluorescence contour map is a rising
fluorescence analysis technique in recent years. The
excitation wavelength, the emission wavelength and the
fluorescence intensity can be used as axes to investigate the
integrated information of the samples, and the contour
spectra provide a lot of important information [22]. Figure 9
represented the projection spectra and contour map of HSA
(9a and 9¢) and IMT-HSA (9b and 9d), respectively. In
Fig. 9c, peak 1 and peak 2 are the Raleigh scattering peaks

10000

5000
Wavelength (nm)

220 230 250 260

-15000

-20000

-25000 -

-30000

Fig. 8 CD spectra of HSA (5 uM) in the absence [/] and presence of
5[2] and 10 uM [3] of IMT
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Fig. 9 The three-dimensional fluorescence spectra and corresponding contour diagrams of HSA (a and ¢) and IMT-HSA (b and d). [HSA]=

2.5 uM and [IMT]=22.5 uM

(Aex=Aem) and the second-ordered scattering peaks (Aop,=
2Aex). Two typical fluorescence peaks (peak A: Ao/Aem=
230/320 nm; peak B: Aex/Aer;=280/330 nm) could be easily
observed in three-dimensional fluorescence contour map of
HSA. The excitation wavelength of peak A observed at
230 nm provided some clues to investigate the character-
istics of this peak due to n — 7* transition of HSA’s
characteristic polypeptide backbone structure, C = O.
Besides peak A, there was another new strong fluorescence
peak B that revealed the intrinsic fluorescence of trypto-
phan and tyrosine residues. The intensity of peak A and

peak B was found to be decreased to different degrees
(Table 3). This phenomenon showed that the binding of
IMT induced some micro-environmental and conformation-
al changes in HSA.

Conclusions
The present paper describes the interaction of an antileuca-

mic drug with HSA as investigated by absorption,
fluorescence, RLS and CD techniques for the first time.

Table 3 Three-dimensional

fluorescence spectral parameters System Peak 1 (nm) AN (nm) Intensity Peak 2 (nm) A (nm) Intensity
for HSA in the absence and - -
presence of IMT }\ex Aem }\ex Aem
HSA 230 320 90 153.6 280 330 50 45.55
HSA-IMT 230 320 90 371.0 280 330 50 123.2
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As evident from absorption and RLS studies, there was a
formation of ground state complex between IMT and
protein. Further, the synchronous and 3D fluorescence
measurements revealed the microenvironmental changes
around tryptophan moiety of the protein upon binding with
IMT. CD studies also indicated the changes in secondary
structure of the protein upon binding to IMT.
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