
A

l
S
i
1
a
T
b
d
o
©

K

1

p
a
s
c
A
e
p
S
I
h
t
i
t
a

0
d

Available online at www.sciencedirect.com

Journal of Pharmaceutical and Biomedical Analysis 47 (2008) 260–267

Mechanism of interaction between human serum albumin and N-alkyl
phenothiazines studied using spectroscopic methods

P.B. Kandagal, S.S. Kalanur, D.H. Manjunatha, J. Seetharamappa ∗
Department of Chemistry, Karnatak University, Dharwad 580 003, India

Received 1 November 2007; received in revised form 28 December 2007; accepted 3 January 2008
Available online 20 January 2008

bstract

The binding characteristics of human serum albumin (HSA) with N-alkyl phenothiazines derivatives (NAP) viz., levomepromazine monoma-
eate (LMM) and propericiazine (PPC) have been studied by employing fluorescence, absorption, circular dichroism and FT-IR techniques. The
tern–Volmer quenching constant, KSV values were found to decrease with increase in temperature thereby indicating the presence of static quench-

ng mechanism in the interactions of NAP with HSA. The number of binding sites, n and the binding constant, K were noticed to be, respectively,
.11 and (5.188 ± 0.034) × 104 M−1 for LMM and 1.06 and (4.436 ± 0.066) × 104 M−1 for PPC at 298 K. The negative value of enthalpy change
nd positive value of entropy change in the present study indicated that the hydrophobic forces played a major role in the binding of NAP to HSA.
he circular dichroism and FT-IR spectral data revealed the conformational changes in the structure of protein upon its interaction with NAP. The

inding distances and the energy transfer efficiency between NAP and protein were determined based on Förster’s theory of energy transfer. The
ecreased binding constants of HAS–LMM and HAS–PPC systems in presence of common ions indicated the availability of higher concentration
f free drug in plasma.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Human serum albumin (HSA), the most abundant human
lasma protein contains a single polypeptide chain of 585 amino
cids. It is largely helical (∼67%) and is composed of three
tructurally homologous domains (I, II and III) [1]. Each domain
ontains 10 helices; helices 1–6 form the respective sub-domains
and helices 7–10 comprise sub-domains B. Aromatic and het-

rocyclic ligands were found to bind within two hydrophobic
ockets in sub-domains IIA and IIIA, namely sites I and II.
even binding sites are localized for fatty acids in sub-domains
B, IIIA, IIIB and on the sub-domain interfaces [2]. HSA has a
igh affinity metal binding site at the N-terminus [3]. The mul-
iple binding sites underlie the exceptional ability of HSA to

nteract with many organic and inorganic molecules and make
his protein an important regulator of intercellular fluxes, as well
s the pharmacokinetic behavior of many drugs [2,1].
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Plasma protein binding of drugs assumes great importance
ince it influences their pharmacokinetic and pharmacodynamic
roperties, and may also cause interference with the binding
f other endogenous and/or exogenous ligands as a result of
verlap of binding sites and/or conformational changes. There-
ore, detailed investigation of drug–protein interaction assumes
ignificance for thorough understanding of the pharmacokinetic
ehavior of a drug and for the design of analogues with effec-
ive pharmacological properties. Hence, it becomes an important
esearch field in chemistry, life sciences and clinical medicine.

Drug binding to HSA has been studied by numerous meth-
ds including immobilized affinity chromatography, equilibrium
ialysis, affinity capillary electrophoresis, ultra filtration and
ltracentrifugation [4–11]. However, these methods suffer from
ack of sensitivity, long analysis time or reproducibility. It is
ot possible to get information with regard to the mechanism
f quenching, transfer efficiency of energy, changes in confor-

ation (secondary structure of protein) upon interaction, the
icroenvironment surrounding the fluorophore in the macro-
olecule, etc., by the above methods. However, spectroscopic

echniques are ideal to obtain the above information and at the

mailto:j_seetharam@rediffmail.com
dx.doi.org/10.1016/j.jpba.2008.01.027
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presence and absence of various common ions viz., Cu2+,
ig. 1. Structure of (a) levomepromazine monomaleate and (b) propericiazine.

ame time they are known for accuracy, sensitivity, rapidity and
onvenience of usage. Hence, spectroscopic techniques have
een widely applied in investigating drug binding with albumin
nder physiological conditions.

N-alkyl phenothiazines derivatives (NAP) viz., levomepro-
azine monomaleate (LMM) and propericiazine (PPC) (Fig. 1a

nd b) an important class of tricyclic phenothiazine compounds
re widely used as anticholinergic, antihistaminic and antipsy-
hotic drugs [12]. Some aspects of binding of a few tricyclic
ompounds to plasma proteins have been reported [13–15].
owever, attempts have not been made so far to investigate the

nteractions of LMM and PPC with HSA. The present study
s focused on interactions of NAP with HSA. This is the first
eport on the mechanism of interaction of LMM and PPC with
SA employing fluorescence spectroscopy, UV–vis absorption

pectroscopy, FT-IR and CD methods.

. Experimental

.1. Equipments and spectral measurements

Fluorescence measurements were performed on a Hitachi
pectrofluorimeter Model F-2000 (Tokyo, Japan) equipped with
150W Xenon lamp and a slit width of 5 nm. The CD measure-
ents were made on a JASCO-J-715 spectropolarimeter (Tokyo,

apan). The infrared spectra were acquired on a Thermo Nicolet-
700 FT-IR spectrometer (Waltham, MA, USA) equipped with a
ermanium attenuated total reflection (ATR) accessory, a DTGS
Br detector and a KBr beam splitter. All spectra were recorded
ia the ATR method with a resolution of 4 cm−1 and 60 scans.
he absorption spectra were recorded on a double beam Varian
ARY 50-BIO UV–vis spectrophotometer (Mulgrave Victoria,
ustralia) equipped with a 150W Xenon lamp and a slit width
f 5 nm.

.2. Reagents

Essentially fatty acid free HSA was obtained from Sigma
hemical Company (St. Louis, USA). Levomepromazine mono-
aleate and propericiazine were obtained as gift samples from
/s A.G. Bayer, Leverkusen and Byk Gulden Pharmaceuticals

Germany). The solutions of NAP and HSA were prepared in
.1 M phosphate buffer of pH 7.4 containing 0.15 M NaCl. HSA
olution was prepared based on its molecular weight of 66,000.

ite probes viz., warfarin, ibuprofen and digitoxin were initially
issolved in minimum amount of methanol and then diluted with
istilled water. All other materials were of analytical reagent
rade and double distilled water was used throughout.
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.3. Procedures

.3.1. NAP–HSA interactions
Fluorescence measurements were carried out by keeping the

oncentration of HSA fixed at 5 �M and that of NAP was varied
rom 10 to 60 �M. Fluorescence spectra were recorded at 288,
98 and 308 K in the range of 300–500 nm upon excitation at
80 nm in each case (n = 3 replicates).

.3.2. Circular dichroism (CD) measurements
The CD spectra of HSA (5 �M) in presence and absence

f NAP were recorded in the range of 200–250 nm using a
.1 cm cell at 0.2 nm intervals with three scans averaged for
ach CD spectra. The molar ratios of HSA to drug main-
ained were 1:4 and 1:8 for HAS–LMM and 1:2 and 1:4 for
AS–PPC.

.3.3. FT-IR measurements
The FT-IR spectra of HSA (5 �M) in presence and absence

f NAP were recorded (n = 3 replicates) in the range of
500–1700 cm−1. The molar ratio of HSA to drug was
aintained at 1:4. The corresponding absorbance contri-

utions of buffer and free NAP solutions were recorded
nd digitally subtracted with the same instrumental parame-
ers.

.3.4. Energy transfer between protein and NAP
The absorption spectrum of NAP (5 �M) was recorded in the

ange of 300–500 nm (n = 3 replicates). The emission spectrum
f HSA (5 �M) was also recorded in the range of 300–500 nm
n = 3 replicates). Then, the overlap of the UV absorption spec-
rum of NAP with the fluorescence emission spectrum of HSA
as used to calculate the energy transfer.

.3.5. Displacement experiments
The displacement experiments (n = 3 replicates) were per-

ormed using the site probes viz., warfarin, ibuprofen and
igitoxin by keeping the concentration of HSA and probe con-
tant (each of 5 �M). The fluorescence quenching titration was
sed as before to determine the binding constants of NAP–HSA
ystems in presence of the above site probes for sites I, II and
II.

.3.6. Absorption measurements
The absorption spectra of HSA in presence and absence of

AP were noted down in the range of 200–320 nm (n = 3 repli-
ates). HSA concentration was fixed at 5 �M while that of NAP
as varied from 10 to 50 �M.

.3.7. Effects of common ions
The fluorescence spectra of NAP–HSA were recorded in
i2+, Zn2+, Ca2+ and Co2+ in the range of 300–500 nm upon
xcitation at 280 nm (n = 3 replicates). The concentrations of
SA and common ion were fixed at 5 and 6 �M, respec-

ively.
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. Results and discussion

.1. Analysis of fluorescence quenching of HSA by NAP

Fluorescence quenching is the decrease of the quantum yield
f fluorescence from a fluorophore induced by a variety of
olecular interactions with a quencher molecule. Generally,

he fluorescence of HSA comes from tryptophan, tyrosine and
henylalanine residues. The intrinsic fluorescence of HSA is
lmost due to tryptophan alone because phenylalanine has a very
ow quantum yield and the fluorescence of tyrosine is almost
otally quenched if it is ionized or near an amino group, a car-
oxyl group or a tryptophan. This viewpoint was well supported
y the experimental observations of Sulkowska [16]. That is,
he change of intrinsic fluorescence intensity of HSA was due
o tryptophan residue when small molecules bound to HSA.

hen different amounts of drug solution were titrated with a
xed concentration of HSA, a remarkable decrease in the flu-
rescence intensity of HSA was observed with both LMM and
PC (Fig. 2A and B) in the present study. The emission wave-

ength of HSA was shifted from 336 to 333 nm indicating that
he chromophore of protein was placed in a more hydropho-
ic environment after the addition of LMM [17]. Under the
xperimental conditions, LMM did not show any fluorescence

ntensity. PPC was observed to be weakly fluorescent (Fig. 2B).

red shift in maximum emission wavelength of HSA (from 336
o 350 nm) was observed upon the addition of PPC probably due
o the loss of the compact structure of hydrophobic sub-domain

ig. 2. (A) Fluorescence spectra of HSA in presence of LMM. Concentration
f HSA was fixed at 5 �M (a) while that of LMM was maintained at 10 (b),
0 (c), 30 (d), 40 (e), 50 (f) and 60 �M (g). (B) Fluorescence spectra of HSA
n presence of PPC. Concentration HSA was fixed at 5 �M (a) while that of
PC was maintained at 10 (b), 20 (c), 30 (d), 40 (e), 50 (f) and 60 �M (g). The
oncentration of PPC alone was 10 �M (x).
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ig. 3. Stern–Volmer plot for the binding of PPC with HSA at 288 (�), 298 (�)
nd 308 K (�).

here tryptophan was placed [16]. PPC exhibited maximum
mission wavelength at 368 nm. Further, the occurrence of an
soactinic point at 355 nm revealed the existence of bound and
ree PPC in equilibrium [18]. In other words, an isoactinic point
as considered as a direct evidence for drug–protein complex.

.2. Binding parameters and mechanism

Quenching can be induced by dynamic and static process.
ynamic and static quenching can be distinguished based
n their differences on temperature dependence. Higher tem-
erature results in faster diffusion and larger amounts of
ollisional quenching. It will typically lead to the dissociation of
eakly bound complexes and smaller amounts of static quench-

ng. Therefore, the quenching constant increases for dynamic
uenching while it decreases for static quenching with increase
n temperature. The possible quenching mechanism can be
educed from the Stern–Volmer plot. The Stern–Volmer plot
or a representative drug–HSA system is shown in Fig. 3. The
tern–Volmer plots were observed to be linear for NAP–HSA
ith the slopes decreasing with increase in temperatures. The
alues of KSV and R2 at different temperatures were evaluated
nd the same are given in Table 1. The values of KSV at different
emperatures indicated the presence of static quenching mecha-
ism in the interaction between NAP and HSA. In order to invoke
his possibility, the mechanism was assumed to involve dynamic
uenching. The equation for dynamic quenching is presented by
19]:

F0

F
= 1 + Kqτ0[Q] = 1 + KSV[Q] (1)

here F and F0 are the fluorescence intensities with and without
uencher, respectively. Kq, KSV, τ0 and [Q] are the quenching
ate constant, the dynamic quenching constant, the average life-
ime of the biomolecule without quencher and the concentration
f quencher, respectively. Obviously,

Kq

SV =

t0
(2)

Since the fluorescence lifetime of the biopolymer is 10−8 s
20], the quenching rate constant, Kq can be calculated using
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Fig. 4. Absorbance spectra of HSA, PPC and HAS–PPC system. HSA concen-
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ration was 5 �M (a). PPC concentration for PPC–HSA system was maintained
t 10 (b), 20 (c), 30 (d), 40 (e) and 50 �M (f). The concentration of PPC alone
as 5 �M (x).

he above equation. The values of Kq are given in Table 1.
he maximum scatter collision quenching constant, Kq of var-

ous quenchers with the biopolymer [21] is reported to be
× 1010 L M−1 S−1. The order of magnitude of Kq was calcu-

ated to be 1012 for both LMM–HSA and PPC–HSA systems in
he present study. So, the rate constants of the protein quenching
rocedure initiated by LMM and PPC are greater than the value
f Kq for the scatter mechanism. This implied that the quenching
as not initiated by dynamic collision but originated from the

ormation of a complex.

.3. Changes of the protein’s secondary structure induced
y drug binding

In order to obtain more information on NAP–HSA inter-
ctions, UV absorption spectra of drug, HSA and drug–HSA
ystems were recorded. It was observed that the absorption of
SA increased regularly upon the successive addition of NAP.
he maximum peak position of LMM–HSA was shifted slightly

owards higher wavelength region. This indicated the change in
olarity around the tryptophan residue and the change in peptide
trand of HSA molecules and hence the change in hydrophobic-
ty [22,23]. So, the binding of LMM to protein molecule might
ead to change in conformation of the protein [24]. For PPC, a
lue shift of maximum peak position (Fig. 4) was noticed due
o formation of a complex between the drug and HSA [22].
his also indicated that the peptide strands of protein molecules
xtended further more upon the addition of PPC to HSA [22].

In order to understand the physicochemical properties of NAP
overning its spectral behavior and to draw relevant conclusions
n the NAP–HSA binding mechanism, CD measurements were
erformed on HSA and NAP–HSA systems. The CD spectra of
SA in presence and absence of a representative drug, PPC are
iven in Fig. 5. The HSA exhibited two negative bands, which
re characteristic of �-helix structure of the protein [25] in UV
egion at 209 ± 1 and 220 ± 2 nm. The reasonable explanation is

hat the negative peaks between 208 and 209 nm and 222–223 nm
re both contributed to n → �* transfer for the peptide bond of
-helix [26]. Appreciable changes in the conformation of HSA

n terms of �-helicity were not noticed with lower concentration
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ig. 5. The CD spectra of the HAS–PPC system. HSA concentration was fixed
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f NAP. However, noticeable changes in �-helicity values were
bserved in presence of higher concentrations of both NAP.

The CD results were expressed in terms of mean residue
llipticity (MRE) in deg cm2 dmol−1 according to the equation
27]:

RE = Observed CD (mdeg)

CPnl × 10
(3)

here CP is the molar concentration of the protein, n is the
umber of amino acid residues and l is the path length. The �-
elical contents of free and bound HSA were calculated from
RE value at 208 nm using the equation [27]:

-Helix (%) = [−MRE208 − 4000]

[33, 000 − 4000]
× 100 (4)

here MRE208 is the observed MRE value at 208 nm, 4000 is
he MRE of the �-form and random coil conformation cross
t 208 nm and 33,000 is the MRE value of a pure �-helix at
08 nm. As evident from Fig. 5, the interaction of the drug with
SA decreased the intensity of the far-UV CD bands without

ausing any significant shift of the peaks. Further, the results
evealed that the �-helicity was decreased from (63.74 ± 0.7)%
n free HSA to (48.62 ± 0.8)% in HAS–LMM complex and from
63.74 ± 0.6)% in free HSA to (54.2 ± 0.8)% in HAS–PPC com-
lex. The CD spectra of HSA in presence and absence of NAP
ere observed to be similar in shape indicating that the struc-

ure of HSA was also predominantly �-helical [28] even after
inding to NAP.

Additional evidence regarding NAP–HSA interactions was
btained from FT-IR spectroscopic results. Infrared spectra of
protein exhibit a number of the so-called amide bands, which

epresent different vibrations of the peptide moiety. Of all the
mide modes of the peptide group, the single most widely used
ne in studies of protein secondary structures is the amide I. The
mides I and II peak occur in the region of 1600–1700 cm−1 and
500–1600 cm−1, respectively. Amide I band is more sensitive

o the changes in protein secondary structure compared to amide
I. Hence, the amide I band is more useful for the studies of sec-
ndary structure [29–32]. In the amide I region, the observed
tretching frequency of C O hydrogen bonded to NH moieties

b

l

he protein solution) and (b) the FT-IR difference spectra of HSA (subtracting
he absorption of the PPC-free form from that of PPC–HSA bound form) in
hosphate buffer; CHSA = 5.0 and CPPC = 20 �M.

s dependent upon the secondary structure adopted by the pep-
ide chain. Changes in the structure of the protein are reflected by
hanges in the component band positions of the amide I region
33]. The FT-IR spectra of free HSA (Fig. 6a) and its PPC com-
lex (Fig. 6b) in phosphate buffer solution were recorded at
98 K. The peak positions of amides I and II were found to be
hifted upon the addition of NAP to HSA. The amide I band
as shifted from 1648 ± 0.5 to 1650 ± 0.6 cm−1 for LMM and

rom 1648 ± 0.3 to 1646.23 ± 0.6 cm−1 for PPC while the amide
I peak was shifted from 1543.4 ± 0.7 to 1542.2 ± 0.9 cm−1

or LMM and from 1543.4 ± 0.5 to 1546.65 ± 0.7 cm−1 for
PC. These results indicated that both the NAP interacted
ith the C O and CN groups in the protein polypeptides.
he NAP–protein complexes caused the rearrangement of the
olypeptide carbonyl hydrogen-bonding network and finally the
eduction of the protein �-helical structure.

.4. Apparent binding constant and binding sites

When small molecules bind independently to a set of equiva-
ent sites on a macromolecule, the equilibrium between free and

ound molecules could be represented by the equation [22]:

og
(F0 − F )

F
= log K + n log[Q] (5)
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here K and n are the binding constant and number of bind-
ng sites, respectively. The values of K and n for LMM–HSA
nd PPC–HSA systems were calculated from the intercept and
lope of the plot of log(F0 − F)/F versus log[Q] and the same
lot for a representative system, PPC–HSA is given in Fig. 7.
he value of K is significant to understand the distribution of

he drug in plasma since the weak binding can lead to a short
ifetime or poor distribution, while strong binding can decrease
he concentrations of free drug in plasma. The values of K and

are summarized in Table 1. It was noticed that the binding
onstant values decreased with increase in temperature due to
eduction of the stability of NAP–HSA complexes. The value of
is helpful to know the number of binding sites and to locate the
inding site in HSA for the drug. The values of n for LMM–HSA
nd PPC–HSA were noticed to be almost unity indicating that
here was one independent class of binding sites on HSA for
oth NAP. Hence, the NAP most likely bound to the hydropho-
ic pocket located in sub-domain IIA; that is to say Trp 214 is
ear or within the binding site [27].

Sudlow et al. [34] have suggested two main distinct binding
ites (sites I and II) in HSA. Sites I and II of HSA show affinity for
arfarin and ibuprofen, respectively. It is reported that digitoxin
inding is independent of sites I and II [35] and binds to site III. In
rder to establish the binding site in HSA for NAP, displacement
xperiments were performed using site probes, warfarin, ibupro-
en, digitoxin. For this, emission spectra of ternary mixtures of
AP, HSA and site probe were recorded. The corresponding
inding constant values were evaluated and these are recorded in
able 2. The binding constants of NAP–HSA decreased remark-
bly upon the addition of warfarin while these remained almost
ame with the addition of ibuprofen/digitoxin. These results
evealed that warfarin displaced both LMM and PPC from the
inding site while ibuprofen and digitoxin had a little effect on
he binding of NAP to HSA. Hence, we have concluded that the
AP were bound to site I of HSA.

.5. Thermodynamic parameters
The thermodynamic parameters, enthalpy change (�H0) and
ntropy change (�S0) of NAP–HSA interaction are important
or confirming binding mode. For this purpose, the temperature

R

w
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nd Biomedical Analysis 47 (2008) 260–267 265

ependence of binding constant was studied. Binding studies
ere carried out at 288, 298 and 308 K at which HSA does
ot under go any structural degradation. The molecular forces
ontributing to protein interactions with small molecular sub-
trates may include van der Waals interactions, hydrogen bonds,
lectrostatic and hydrophobic interactions and so on [22]. The
hermodynamic parameters were evaluated using the equations:

og K = −�H0

2.303RT
+ �S0

2.303R
(6)

G0 = �H0 − T�S0 (7)

The plot of log K versus 1/T enabled the determination of
he values of �H0 and �S0. Ross and Subramanian [36] have
haracterized the sign and magnitude of the thermodynamic
arameters associated with various individual kinds of interac-
ion. For typical hydrophobic interactions, both �H0 and �S0

re positive, while these are negative for van der Waals forces and
ydrogen-bond formation in low dielectric media [36,37]. More-
ver, the specific electrostatic interaction between ionic species
n an aqueous solution is characterized by positive �S0 value
nd negative �H0 value (small). For NAP–HSA complexes, the
ain source of �G0 value was derived from a large contribu-

ion of �S0 term with a little contribution from �H0 factor. So,
he main interaction between NAP and HSA was believed to be
ydrophobic. However, the electrostatic interaction could not be
xcluded.

.6. Energy transfer from HSA to NAP

Fluorescence resonance energy transfer (FRET) is a distance
ependent interaction between the different electronic excited
tates of molecules in which excitation energy is transferred from
ne molecule (donor) to another molecule (acceptor) without
mission of a photon from the former molecular system. The
fficiency of FRET depends mainly on the following factors:
i) the extent of overlap between the donor emission and the
cceptor absorption (ii) the orientation of the transition dipole
f donor and acceptor and (iii) the distance between the donor
nd acceptor. The spectral overlap between the fluorescence
mission spectrum of free HSA and absorption spectrum of a
epresentative drug, PPC is shown in Fig. 8.

The efficiency of energy transfer, E was determined according
o Förster’s energy transfer theory [38]. The value of E was
alculated using the equation:

= 1 − F

F0
= R6

0

R6
0 + r6

(8)

here F and F0 are the fluorescence intensities of HSA in pres-
nce and absence of NAP, r is the distance between acceptor and
onor and R0 is the critical distance when the transfer efficiency
s 50%. The value of R0 was evaluated using the equation:
6
0 = 8.8 × 10−25k2N−4 ΦJ (9)

here k2 is the spatial orientation factor of the dipole, N is the
efractive index of the medium, Φ is the fluorescence quantum
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Table 2
Comparison of the binding constant of NAP–HSA before and after the addition of the site probe

Drug K, without the site probe (×10−4 M−1) K, with warfarin (×10−4 M−1) K, with Ibuprofen (×10−4 M−1) K, with digitoxin (×10−4 M−1)

L 5.082 ± 0.017 5.245 ± 0.028
P 4.281 ± 0.026 4.386 ± 0.033
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Table 3
Effects of common ions on binding constants of NAP–HSA systems

System Binding constant (M−1)

LMM PPC

HAS (5.188 ± 0.034) × 104 (4.436 ± 0.034) × 104

HSA + Cu2+ (4.436 ± 0.034) × 104 (2.506 ± 0.066) × 104

HSA + Zn2+ (3.349 ± 0.034) × 104 (2.208 ± 0.034) × 104

HSA + Ni2+ (3.326 ± 0.034) × 104 (2.824 ± 0.034) × 104

H
H

s
N
m
i
s
m
l
t

4

o
c
T
c
o
H

MM 5.188 ± 0.025 4.068 ± 0.012
PC 4.436 ± 0.031 3.635 ± 0.023

ield of the donor and J is the overlap integral of the fluorescence
mission spectrum of the donor and the absorption spectrum of
he acceptor. J is given by

= ΣF (λ)ε(λ)λ4�λ

ΣF (λ)�λ
(10)

here F(λ) is the fluorescence intensity of the fluorescent
onor of wavelength, λ, ε(λ) is the molar absorption coef-
cient of the acceptor at wavelength, λ. In the present
ase, K2 = 2/3, N = 1.36 and Φ = 0.118 [27]. From equations
8)–(10), we could calculate that J = 1.14 × 10−16 cm3 L mol−1,
= 0.24, R0 = 2.57 nm, and r = 3.11 nm for LMM–HSA sys-

em and, J = 1.04 × 10−16 cm3 L mol−1, E = 0.32, R0 = 2.53 nm
nd r = 2.87 nm for PPC–HSA system. The average distance of
–8 nm between a donor and acceptor indicated that the energy
ransfer from HSA to NAP occurred with high probability [39].
he larger value of r compared to that of R0 in the present study
lso revealed the presence of static type quenching mechanism
18].

.7. Effects of other ions on the interactions of NAP with
SA

In plasma, there are some metal ions, which can affect the
eactions of the drugs and serum albumins. Trace metal ions,
specially the bivalent type are essential in the human body and
lay an important structural role in many proteins. It is reported
40] that Cu2+, Zn2+, Ni2+, Co2+ and Ca2+ and other metal ions
an form complexes with serum albumins. Hence, the effects of
ome metal salt solutions viz., CuCl2, ZnCl2, NiCl2, CoCl2 and

aCl2 on the binding of NAP with HSA were investigated in

he present study. The binding constants of NAP–HSA in pres-
nce of above ions were evaluated and these results are shown
n Table 3. The binding constants of LMM–HSA and PPC–HSA

ig. 8. The overlap of the fluorescence spectrum of HSA (a) and the absorbance
pectrum of PPC (b). {c(HSA)/c(PPC) = 1:1}.

h
t
w
T
s
N
a
m
t
t
i

A

o
a
e
t
f

SA + Co2+ (2.831 ± 0.034) × 104 (2.118 ± 0.034) × 104

SA + Ca2+ (3.155 ± 0.034) × 104 (2.103 ± 0.034) × 104

ystems decreased in various degrees in presence of Cu2+, Zn2+,
i2+, Co2+ and Ca2+. This was likely to be caused by a confor-
ational change in the vicinity of the binding site. The decrease

n the binding constant in presence of above metal ions would
horten the storage time of the drug in blood plasma and hence
ore amount of free drug would be available in plasma [24]. This

ed to the need for more doses of NAP to achieve the desired
herapeutic effect in presence of above ions.

. Conclusions

In the present work, the binding of NAP to HSA was carried
ut employing spectroscopic techniques under physiological
onditions. Various binding parameters have been evaluated.
he decreased values of K with increase in temperature indi-
ated the presence of static quenching mechanism. The values
f n revealed the presence of a single class of binding site on
SA for NAP. Thermodynamic parameters indicated that the
ydrophobic interactions played a major role in the interac-
ions of NAP with HSA. The distance r between NAP and HSA
as obtained based on fluorescence resonance energy transfer.
he spectroscopic results revealed the changes in the secondary
tructure of HSA in presence of NAP. The decreased K values of
AP–HSA complexes in presence of common ions indicated the

vailability of higher concentrations of free drug. Since, the phar-
aceutical firms need standardized screens for HSA binding in

he first step of new drug design, this kind of study of interac-
ion between HSA with NAP would be useful in pharmaceutical
ndustry, chemistry, life sciences and clinical medicine.
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