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Abstract

Human serum albumin (HSA) is a principal plasma protein, carries the drug molecules to target sites in human body. Ellagic acid (EA)
derived from ellagitannins plays an important role as a drug because of its unique pharmacological properties. The interactions between EA
and HSA were studied by fluorescence spectroscopic techniques under similar to human physiologic conditions. The binding parameters have
been evaluated by fluorescence quenching methods. The results proved the mechanism of fluorescence quenching of HSA while interacting
with EA is due to the formation of EA-HSA complex formation. The thermodynamic parameters like AH and AS were calculated to be
—17.32kJ/mol and 34.91 J/mol/K, respectively, which proves the involvement of weak interactive forces like hydrogen and hydrophobic bonds
during the interaction. Molecular docking study shows hydrogen-bonding distance between EA and HSA molecule. The distance r between donor
(HSA) and acceptor (EA) was obtained according to the Forster’s theory of non-radiative energy transfer and found to be 1.96 nm. This study
will give an insight on the evaluation of the drug stability during transport and releasing efficiency at the target site in human physiological

conditions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Human serum albumin (HSA) is present in blood plasma
abundantly (60%) and structurally well characterized [1-3]. The
principal function of HSA is to transport fatty acids as well as
broad range of drug molecules to its molecular targets [4,5]. The
crystallographic analysis revealed that HSA is composed of 585
amino acid residues with three similar a-helical domains (I, IT
and III), each containing two sub-domains (A and B), stabilized
by 17 disulphide bridges and presence of a single tryptophan
residue (Trp214) [6-10]. Two hydrophobic pockets are present
in sub-domains ITA and IIIA, which accommodate the aromatic
and heterocyclic ligands (drugs and bioactive molecules) to bind
reversibly [11-13]. Albumins increase the apparent solubility
of hydrophobic drugs in plasma. This property makes HSA an
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important and dominant regulator in pharmacokinetic behavior
of many drugs [14].

Ellagic acid (EA; molecular structure; Fig. 1) is a polyphenol
found at high concentrations in a number of fruits like grapes,
strawberries, blacks currants and raspberries and shows a variety
of biological activities including antioxidant, anti-inflammatory
and anti-fibrosis. Recently dietary polyphenols are receiving
increasing attention as potential protectors against a variety of
human diseases like hepatitis B virus (HBV) and cancer in ani-
mal models [15,16]. EA blocks hepatitis ‘e’ antigen (HBeAg)
secretion in a HBV infected cell line and HBeAg transgenic
mice. This work suggested the therapeutic use of EA as HBV
carriers, since it overrules the viral strategy to guarantee HBV
infection [17]. Anti-apoptotic activity of EA in normal human
peripheral blood mononuclear cells is studied and has a Bcl-2
independent mechanism hypothesized by [18].

Reports are available, identifying EA to a naturally occurring
tannic acid derivative, as a novel potent CK2 inhibitor using a
virtual screening approach. EA is found to be the most potent
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Fig. 1. Molecular structure of ellagic acid.

known CK2 inhibitor with an inhibitor constant (K;) of 20 nM
[19]. Inhibition of mutagenesis through DNA masking and car-
cinogenesis by arresting G1 phase of cancer cell, was observed in
presence of EA [20]. EA acts as a potent antioxidant and reduces
heart diseases, birth defects, liver fibrosis and facilitates wound
healing. EA is evaluated to be a potent antiestrogen in MCF-7
breast cancer-derived cells by increasing, like the pure estro-
gen antagonist ICI 182780, insulin-like growth factor binding
protein 3 (IGFBP-3) levels [21].

The study of the molecular interactions taking place between
ligand and macromolecule, during drug transport and the type
of interaction involved, commands the releasing efficiency from
the carrier molecule is necessary to predict the effectiveness
of a drug molecule. EA quenches the intrinsic fluorescence of
bovine serum albumin (BSA) and results a change in confor-
mation with a strong binding constant and weaker tryptophan
quenching than tannic acid has been reported [22]. However,
detailed investigations of the interaction of HSA with EA have
not been yet conducted. Because of wide application of EA in
health sciences, information on the interaction study with HSA
will give deep insight of its pharmacological applications. In
the present report, fluorescence spectroscopy, a nondestructive
and powerful method is used to study and understand the inter-
action involves between the macromolecule and ligand under
physiological conditions.

2. Materials and methods

2.1. Materials

HSA and EA were procured from Sigma Aldrich Chemical
Pvt. Ltd. (USA). Chemicals like sodium dihydrogen phos-
phate, disodium hydrogen phosphate, sodium chloride and other
involved in the experiments were all of analytical grade. Solu-
tions were prepared using milli Q water. Sodium phosphate
buffer saline (0.1 molL™!, 0.15molL~! NaCl, pH 7.440.1)
was used. EA and HSA solutions (5 wM) were prepared in the
sodium phosphate buffer saline. All stock solutions were stored
at 0-4°C.

2.2. Equipments

The UV spectrums were recorded at room temperature on
Jasco spectrophotometer equipped with 1.0 cm quartz cells. All
fluorescence spectra were recorded on Jasco-55 Spectrofluo-
rimeter equipped with 1.0 cm quartz cells and a thermostat water
bath (Julabo, USA).

2.3. Spectroscopic measurements

The absorption spectroscopy of EA was performed at room
temperature in phosphate buffer saline. To minimize the con-
tribution of the tyrosine residues fluorescence measurements
were carried out at 295 nm excitation wavelength. The spec-
trum data points were collected from 300 to 425 nm. The widths
of both the excitation and the emission slit were set at 2.5 and
6 nm, respectively. Fluorescence measurement was carried out
at different temperatures (298, 302, 306 and 310K). The con-
centration of HSA was fixed at 5 wuM and EA concentration was
varied from O to 30 wuM. Appropriate buffer has been taken as
blank and subtracted from the experimental spectrum to correct
the background of fluorescence.

2.4. Molecular docking study of EA with HSA

The crystal structure of HSA (Protein Data Bank (PDB) entry
1AO6 [23]) was downloaded from the PDB [24]. Sybyl 6.92
was used to generate the 3D structure of EA and the energy
minimized conformation was obtained with the help of the TRI-
POS force field using MMFF94 charges with a gradient of
0.005 kcal/mol. The other parameters dielectric constant, itera-
tion number, maximum displacement, minimum energy change,
simplex threshold and simplex iteration were set to 1.0, 1000,
0.01, 0.005, 1000 and 20, respectively. FlexX single molecule
docking software was used for the docking of EA to HSA. The
ranking of the generated solutions is performed using a scoring
function as mentioned by Rarey et al. [25], which estimates the
free binding energy AG of the protein—ligand complex. PyMol
[26] was used for visualization and measurement of distances
between the ligand and the receptor.

The accessible surface area of HSA and the HSA-EA docked
complex were calculated using NACCESS [27]. In this case if
a residue lost more than 20 A accessible surface area when
going from the non-complexed to the complexed state it was
considered as being involved in the interaction.

3. Results and discussions
3.1. Fluorescence characteristics of EA and HSA

Any process, which decreases the fluorescence intensity of a
sample, is referred as fluorescence quenching [28]. The basic
principles like excited state reactions, molecular rearrange-
ments, energy transfer, ground state complex formation, and
collisional quenching involves in molecular interaction, which
can result in quenching. Quenching can occur by different
mechanisms like dynamic quenching and static quenching. The
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mechanism can be distinguished from the differing dependence
on temperature and viscosity on the Stern—Volmer constant
(Ksy) values. Dynamic quenching depends upon diffusion.
Since higher temperatures results larger diffusion coefficients,
the bimolecular quenching constants are expected to increase
with increasing temperature. In contrast, increased temperature
is likely to result in decreased stability of complexes, and thus
lower values of the static quenching constants [29].

In order to discuss the results within the linear concentration
range, we selected carrying out the experiment within the lin-
ear part of Stern—Volmer dependence and quenching data were
analyzed in terms of Stern—Volmer constant (Ksy) which was
calculated from the ratio of the unquenched and the quenched
fluorescence intensities, F/F, using the relationship in the fol-
lowing equation:

F
20 1= Ksvl0] (1)

F

Here Q is the molar concentration of the quencher, Fy the flu-
orescence intensity at O concentration ligand, F the fluorescence
intensity at varied ligand concentration, and [Q] is the quencher
concentration.

Concentration of EA varied from (0 to 30) x 10"®molL~!
fixing the concentrations of HSA at 5.0 x 107® mol L~!. As can
be seen from Fig. 2, addition of increasing concentrations of
EA caused a progressive reduction of the fluorescence intensity,
accompanied by a decrease of wavelength emission maximum
(Amax) in the HSA spectrum. Thus, the fluorescence was strongly
quenched, whereas Amax was reduced from 338 to 329 nm by
addition of 30 x 10~ mol L~! EA. But, this quenching is quan-
titatively lower then reported interaction of HS A with tannic acid
derivatives like tannic acid and gallic acid [22], which may be
described because of BSA has greater affinity towards gallotan-
nins rather ellagitannins as reported earlier [30]. This suggests
an increased hydrophobicity of the region surrounding the tryp-
tophan site [31-33] in the domain ITA. Emission spectrum of
native EA indicates a negligible effect on the intrinsic fluores-
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Fig. 2. Fluorescence spectra of the HAS-EA system. The concentration of HSA
was 5 x 1076 M and EA concentration was increased from (0 to 30) x 1070 M.
T=302K; pH=7.4+0.1; Lex =295 nm. For the clarity of the spectra at the
red-end, it is shown in the insert.
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Fig. 3. Stern—Volmer plot of HAS-EA system, at different temperatures con-
centration of HSA was 5 x 107 M, pH 7.4; Aex =295 nm. Temperature is shown
as legend in Kelvin unit.

cence of EA, at 295 nm A¢y; (Fig. 2). In case of BSA the increase
in hydrophobic region is observed towards the surface area in
presence of EA has been reported [22].

Analysis of Stern—Volmer plots (Fig. 3, Table 1) in this
regime yields equilibrium expressions for static quenching (K,),
which are analogous to associative binding constants for the
quencher—acceptor system [34]. The binding parameters like
association constants K and binding stochiometry n for the
HAS-EA complex at 298, 302, 306 and 310 K from fluorescence
quenching data were calculated from Scatchard plot (Fig. 4 [35]).
The method is based on the general equation:

;
D nkK —rK 2)
where r is the moles of EA bound per mole of protein, Dr the
molar concentration of free EA, n the binding stochiometry per
class of binding sites, and K is the equilibrium binding constant.
The stochiometric studies of tannin protein co-precipitation has
been studied and predicted that with the increase in the number of
galloyl groups bound increases the BSA precipitatory activities.
A two stage mechanism of initial complexation of galloylglucose
with BSA and subsequent precipitation has been established
[36]. But in the present study, the precipitation does not occur
because of the low concentration of macromolecule and ligand.

Fig. 4 displays the Scatchard plots of the HAS-EA sys-
tem at different temperatures; the corresponding Stern—Volmer
quenching constants are calculated and shown in Table 1.
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Fig. 4. Scatchard plot for the HAS-EA system. The concentration of HSA was
5107 M, T(K)=298; 4, 302; x,306; W, 310; A; pH=7.4 £0.1; Aex =295 nm.
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Table 1
Thermodynamic parameters for EA-HSA system

T (K) Ksy® (mM~1) K,* (mM~1) K* (mM~1) AG* (kI mol~1) AH (kImol™1) AS (Jmol~' K1)
298 102 79 179 0.862 —6.9

302 92 76 158 0.895 —6.8 —17.32 34.91

306 81 66 146 0.917 —6.6

310 79 64 117 0.955 —6.5

4 Experimental error & 5%.

The results show the Stern—Volmer quenching constant Kgy is
inversely correlated with temperature, which indicates that the
probable quenching mechanism of fluorescence of HSA by EA
is not initiated by dynamic collision but from complex forma-
tion. Therefore, the quenching data were analyzed according to
the modified Stern—Volmer plot at four different temperatures
(Fig. 5). The modified Stern—Volmer equation [37] is

B L1
(01  fa

AF — fuKq

3

In the present case, AF is the difference in fluorescence in the
absence (Fp) and presence of the quencher F, at concentration
[Q], fa the fraction of the initial fluorescence, which is accessible
to the quencher, and Kj is the effective quenching constant.

The dependence of Fo/AF on the reciprocal value of the
quencher concentration [Q]~! is linear with slope equal to the
value of (f,K,)~! (Fig. 5). The value f,~! is fixed on the ordi-
nate. The constant K, is a quotient of an ordinate f, ! and slope
(fuKa)~!. The corresponding results at different temperatures are
shown in Table 1. The decreasing trend of K, with increasing
temperature was in accordance with Kgy’s dependence on tem-
perature as mentioned above. It shows that the binding constant
between EA and HSA is remarkable and effect of temperature
is negligible. A binding constant (Ksy =75+ 16 mM™~!) of EA
with BSA is earlier reported [22]. Thus, it may be concluded
that EA can be stored and carried by human serum albumin in
the body at physiological conditions.
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Fig. 5. Modified Stern—Volmer plots of the HAS-EA system: the concentration
of HSA:5 x 107° M; pH 7.4 £ 0.1; Aex =295 nm, temperature (K) as mentioned
in the legend.

3.2. Binding mode and nature of binding site between EA
and HSA

The interactions forces between drugs and bimolecule may
include electrostatic interactions, multiple hydrogen bonds, van
der Waal’s interactions, hydrophobic and steric contacts within
the antibody-binding site, etc [38]. The binding capacity of drug
depends in the strength of interaction (ellagic acid with BSA
is 297.3 g/mL [39]). In order to elucidate the interaction of EA
with HSA, the thermodynamic parameters were calculated from
the van’t Hoff plots.

Considering there is not very significant change of enthalpy
(AH) value over the temperature range studied, the entropy
change (AS) can be determined from the van’t Hoff equation:
K —AH AS 4

nkK=—r—+—4 4)
where associative binding constants (K) are analogous to the
effective quenching constants K at the corresponding tempera-
ture and R is the gas constant. The temperatures used were 298,
302, 306 and 310 K. The plot of In k against 1/T'is a straight line,
the equation of which provides the enthalpy (AH) and entropy
(AS).

The free energy change (AG) of binding is estimated from
the following relationship:

AG = AH — TAS 5)

Fig. 6, by fitting the data of Table 1, it shows that assumption
of near constant AH is justified. Table 1 shows the values of
AH and AS obtained for the binding site from the slopes and
ordinates at the origin of the fitted lines. The binding process is
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Fig. 6. Temperature dependence of binding constant (van’t Hoff plot) at pH
7.440.1; HSA concentration: 5.0 x 1070 M.
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spontaneous is evidenced by the negative values of free energy
(AG) (Table 1).

Van der Waal’s interactions and hydrogen bonds play major
role in the protein ligand interaction [40,41]. In the present study,
the negative values of enthalpy (AH) of the interaction of EA
and HSA indicate that the binding is mainly enthalpy-driven and
the entropy (AS) value is unfavorable for it. Hydrogen bonds
are specific and directed, which may be best identified through
their negative enthalpy of complex formation. HSA is charac-
terized by only one tryptophan residue (Trp214), which is in a
well characterized binding cavity (sub-domain IIA) for small
charged aromatic molecules [6-10] and [42,43]. The crystallo-
graphic analysis of serum albumin also revealed that the major
ligand binding sites are identified within this region [43]; itis also
known that the binding activity of the sub-domain ITA affects
conformational changes [44], which agree with the conforma-
tion character mentioned above. Thus, combining this analysis
with the structure of EA, we can infer that the binding site for
EA on HSA is located in sub-domain ITA (Trp214).

3.3. Molecular docking study of EA with HSA

The experimental observations were followed up with dock-
ing studies where EA was docked to HSA to determine the
preferred binding site on the protein. The docking pose shown
in Fig. 6 shows that EA is located within the binding pocket
of sub-domains IIA and IIIA. Trp214 is part of helix 12, which
spans residues 208-223. We find that in the best-docked confor-
mation obtained, the indole-NH of Trp214 is within hydrogen
bonding distance of the hydroxyl group of EA (3.03 and 4.23 A,
Fig. 7). The C=0 moiety of the side chain of Asp 451 of helix 24
comprising residues 444-467 is also within hydrogen bonding
distance (2.92 A) of the hydroxyl group of EA. This is indicative
of an ionic contribution to the interaction between HSA and EA
as observed in the thermodynamic studies. The -NH; of Arg

218 form hydrogen bonding with the C=0 group of EA within
a hydrogen bonding distance 3.02 and 2.75 A bonding distance
from the C atom of the main ring of EA. The -NH; side group
of Arg-222 residue maintains a hydrogen bonding distance of
2.88 A with the C=0 group of EA at the most favorable structure.

To further identify the other residues taking part in the interac-
tion, we calculated the accessible surface area for free HSA and
the HSA-EA complex. Residues where the absolute accessible
surface areas have decreased by more than 20 A% are Lys 195,
Trp214, Arg 218, Glu 292, and Asp 451. We find that most of
the residues involved in the interaction belong to sub-domains
ITA and IITA as expected from our experimental results. The
inside pocket of sub-domain IIA which comprises site I is pre-
dominantly hydrophobic in nature with the entrance surrounded
by positively charged residues. It has been observed that among
these residues Lys 195, Asp 451 and Arg 218 lose the maximum
surface area on binding (51.52, 29.26 and 28.33 A2, respec-
tively). This result provides a good structural basis to explain
the very efficient fluorescence quenching of HSA emission in
the presence of EA.

3.4. Energy transfer between EA and HSA

In this work, the efficiency of energy transfer was studied
according to the Forster resonance energy transfer theory (FRET
[45]). The fluorescence quenching of HSA after binding with
EA indicated the transfer of energy between EA and HSA has
occurred. The efficient ligand—protein interaction gives rise to
energy data, from which the distance between two interacting
molecules can easily evaluated. The efficiency of energy transfer
E, is described by the following equation:

6
E=1-L__% (©6)
Fy Rg + 10

TRP-214
/!

/

drG-218

/

|

ARG-222
|

Fig. 7. Schematic representation of the docked pose of EA and HSA (PDB entry 1A06). The residues of HSA are represented using lines and the EA structure is
represented using sticks. The hydrogen bonds between EA and HSA are represented using dashed line. The picture was drawn in PyMol. TRP: Tryptophan, ARG:
Arginine, Asp: Aspartate. The number shows the amino acid residue number and the distance is shown in A unit.
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Fig. 8. The overlap of fluorescence emission spectra (a) and the absorp-
tion spectra (b) when the molar ratio of EA and HSA ratio is 1:1 and
[HSA]=[EA]=5.0 x 107°M, pH=7.4+0.1.

where F and Fj are the fluorescence intensities of HSA in the
presence and absence of EA, r the distance between acceptor and
donor, and Ry is the critical distance when the transfer efficiency
is 50%:

RS =88x 107 K2N*oJ (7

where K is the spatial orientation factor of the dipole, N the
refractive index of the medium, @ the fluorescence quantum
yield of the donor, J is the overlap integral of the fluorescence
emission spectrum of the donor and the absorption spectrum of
the acceptor. J is given by

Y FMeGAT AL

S°F(M)AM ®)

where F(A) is the fluorescence intensity of the fluorescent donor
at wavelength A, and (1) is the molar absorption coefficient of
the acceptor at wavelength A. From the above relationships, J and
E can be easily obtained; therefore, Ry and r can be further calcu-
lated. Fig. 8 showed the overlap of the fluorescence spectrum of
HSA and the absorption spectrum of EA when the molar ratio of
EA to HSA is 1:1. J was obtained to be 9.692 x 10~ cm3> M~!
by integrating the overlap of the UV absorption spectrum of EA
and the fluorescence emission spectrum of HSA (Fig. 7), and E
was calculated to be 0.81.

It was reported earlier that K, =2/3, &=0.118, N=1.336
for HSA [46]. Based on these data, we found Ry =2.5nm and
r=1.96 nm. So the distance between EA and tryptophan residue
in HSA is 1.96 nm, which is far lower than 7 nm [47]. This obeys
the conditions of Forster energy transfer theory.

4. Conclusions

The interaction between EA and HSA was studied by flu-
orescence and UV-vis absorption spectroscopy under similar
physiological conditions revealed, the quenching of HSA was
by static quenching mechanism. The mode of binding reaction
was spontaneous, and the probable binding domain of EA was
at the hydrophobic pocket located in sub-domain IIA. The dis-
tance between Trp214 and bound EA was calculated using FRET
analysis for the first time. Weak interactions like van der Waal’s
interactions and hydrogen bonding played major role in this

reaction. The mode of binding of EA with HSA may be further
investigated by a crystal structure of the complex. The effect of
mutations of the crucial residues that interact with HSA can be
explored. This present study on the interaction of EA with HSA
will open up new vistas in drug designing.
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