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a b s t r a c t

Fluorescence quenching data on interaction of a fungicide methyl thiophanate (MT) with human serum
albumin (HSA) elucidated a primary binding site at sub-domain IIA. Stern–Volmer algorithm and double
log plot revealed the binding affinity (Ka) and capacity (n) of HSA as 1.65×104 M−1 and 1.0 (r2 = 0.99),
respectively. Cyclic voltammetric and circular dichroism (CD) studies reaffirmed MT–HSA binding and
demonstrated reduction in �-helical content of HSA. Substantial release of the carbonyl and acid-soluble
eywords:
uman serum albumin
ethyl thiophanate

ungicide
luorescence spectroscopy

amino groups from MT treated HSA suggested protein damage. The plausible mechanism of methyl
(+CH3) group transfer from MT to side chain NH group of tryptophan and HSA degradation elucidates the
toxicological and clinical implications of this fungicide.

© 2010 Elsevier B.V. All rights reserved.
ircular dichroism
DS-PAGE

. Introduction

Interaction of environmental chemicals with cellular proteins
s an important process in understanding their role in inducing
he cellular damage and structural alterations in proteins through
mino acids modifications [1]. Most of the protein–ligand binding
esearch is primarily focused on investigating the interactions of
arious natural and synthetic chemicals with HSA, their binding site
apping and characterization [2–4]. A large number of drugs, viz.

etracycline [5], adriamycin [6], indomethacin [7], ibuprofen [8],
arfarin [9,8], and diazepam [10], etc. are known to bind with albu-
in at high affinity binding sites and several sites of much lower

ffinity, after their administration into the blood stream. Besides,
he metals [11], vitamins [12], flavonoids [13], alkaloids [14], many
rganic dyes and pH indicator substances have also been reported
o bind to HSA [15]. However, limited studies are reported in lit-

rature on the pesticides as exogenous ligands of HSA [16–18],
nd the extent and nature of binding of the insecticides, herbicides
nd fungicides with albumin have not been adequately explored.
ilva et al. [17] reported that the organophosphorous pesticide

∗ Corresponding author at: Al-Jeraisy Chair for DNA Research, Department of Zool-
gy, College of Science, P.O. Box 2455, King Saud University, Riyadh 11451, Saudi
rabia. Tel.: +966 4675768; fax: +966 4675514.

E-mail address: musarratj1@yahoo.com (J. Musarrat).

141-8130/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijbiomac.2010.03.020
methyl parathion interacts with HSA with an association constant
of 3.07×104 M−1 for the primary binding site close to tryptophan
214 residue. Also, the herbicides (atrazine and 2,4-D) have exhib-
ited the binding constants of 3.5×104 M−1 and 8.0×103 M−1 for
HSA, and induces major changes in the HSA secondary structure
[19]. Our earlier studies on herbicide paraquat–BSA interaction
have reported the binding constant (Ka) and binding capacity (n)
of albumin as 3.4×105 l/mol and 12.9, respectively [16]. Other
spectroscopic binding analysis of herbicide paraquat with HSA also
demonstrated the paraquat mediated decline in the intrinsic flu-
orescence of HSA by static quenching and non-radioactive energy
transferring [18].

The high-resolution crystal structures indicated that the loca-
tion of many ligands on serum albumin is still obscure [20,21].
The drug-albumin interaction studies suggested that binding is a
reversible process resulting in covalent bond formation affecting
the secondary and tertiary structure of albumin [22,23]. Since, the
distribution and metabolism of chemical substances in the body are
correlated with their affinities towards serum albumin, the inves-
tigation with respect to albumin-drug binding is imperative from
cytotoxicity endpoint. In this study, a broad spectrum systemic

fungicide methyl thiophanate (MT) has been chosen for exploring
its interaction with HSA. MT is a known category-III acute inhala-
tion toxicant, likely to be carcinogenic to humans and is widely
used for the control of some important fungal diseases of crops
[24–26]. It is a potential spindle poison and impairs the polymer-

http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:musarratj1@yahoo.com
dx.doi.org/10.1016/j.ijbiomac.2010.03.020
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zation of tubulin [27] besides causing delayed cellular proliferation
nd increase in the frequency of apoptosis. Our recent studies
emonstrated its genotoxic potential and capacity to induce DNA
trand breaks, micronuclei and 8-oxodG formation in human lym-
hocytes due to ROS generation in vitro [28,29]. Besides inducing
hanges in cells, MT has been reported to inhibit certain metaboliz-
ng enzymes, including CYP modulation [30] and affect biological
ell activities such as synthesis of ATP, signaling, regulation of
iosynthetic and catabolic reactions, transport of metabolites and

ons [31] due to alteration in the structural and functional integrity
f proteins associated with plasma membranes and membranes
f intracellular organelles. Lately, Li et al. [32] reported the bind-
ng of MT with HSA and speculated its binding at site I on HSA

olecule based on computational docking analysis. Nevertheless,
he MT–HSA interaction and impact of MT binding on the conforma-
ional stability and structural integrity of protein warrants critical
nd systematic experimental investigations. Thus, in order to assess
he magnitude and nature of induced structural damage in HSA, a
omprehensive study has been conducted with the aim to deter-
ine the (i) extent and nature of interactions of MT with HSA (ii)

inding constant (Ka) and number of binding sites (n) on HSA for
T and (iii) MT-induced conformational changes and damage to

rotein with its plausible mechanism of interaction.

. Materials and methods

.1. Materials

Human serum albumin (HSA) fraction V, fatty acid free,
crylamide, N,N′-methylenebisacrylamide, TEMED, low range
6500–66,000 Da) lyophilized protein marker, glycine, bilirubin,
imethyl sulfoxide (DMSO) coomassie brilliant blue R-250, were
urchased from Sigma Chemical Company (USA). The methyl
hiophanate (dimethyl 4,4′-(o-phenylene)bis(3-thioallophanate),
AS No. 23564-05-8 (97% pure) was a kind gift from Agro-
hemical Division, Indian Agriculture Research Institute (India).
he stock solution of MT (4 mg ml−1) was prepared in DMSO.
ris(hydroxymethyl)aminomethane, tri-carboxylic acid (TCA),
mmonium persulfate, glycerol, glacial acetic acid, sodium dode-
ylsulfate (SDS) and methanol were obtained from Qualigens
ine Chemicals (India). 2,4-dinitrophenylhydrazine, acetophenone
nd ninhydrin were purchased from s.d. Fine Chemicals (India).
-Mercaptoethanol was purchased from E. Merck, Darmstadt, (Ger-
any). All experiments were performed using MilliQ water.

.2. MT–HSA fluorescence measurements

Fluorescence measurements were carried out on a Shimadzu
pectrofluorophotometer, model RF5301PC equipped with RF
30XPC instrument control software, at ambient temperature. The
uorescence spectra were measured at a protein concentration
f 3.0 �M with a 1 cm path length cell. Excitation and emission
lits were set at 3 nm each. The emission spectra were recorded
n 290–380 nm range and the excitation wavelength was set at
80 nm, while MT was almost non-fluorescent in this range. All
he stock solutions were filtered through 0.45 �m Millipore filters
rior to mixing, to minimize the inner filter effect [33]. Fluorescence
tudies were done by titrating HSA with increasing concentrations
f MT. In brief, to a fixed concentration (3.0 �M) of protein solu-
ion, varying amounts of MT were added to obtain the desired
olar ratios from 1:2 to 1:28. Fluorescence quenching of HSA was
etermined by the Stern–Volmer equation (1) [34]:

F0

F
= 1+ Ksv [Q ] (1)
gical Macromolecules 47 (2010) 60–67 61

where F0 and F denote the fluorescence intensities in the
absence and presence of quencher (MT), respectively, Ksv is the
Stern–Volmer quenching constant, and [Q] is the concentration of
quencher. Therefore, Eq. (1) was applied to determine Ksv by linear
regression of a plot of F0/F vs [Q]. Furthermore, the binding con-
stant (Ka) and number of bound MT to HSA (n) were determined by
plotting the double log graph of the fluorescence data using Eq. (2):

log
F0 − F

F
vs log Ka + n log[Q ] (2)

Also, the binding constant was calculated from the modified
Stern–Volmer equation (3) [35]:

F0

�F
= 1

fa
Ka[Q ]+ 1

fa
(3)

where F0 and F are the relative fluorescence intensities in absence
and presence of the quencher, respectively, �F = F0− F; fa is the
fraction of the initial fluorophore accessible to the quencher, [Q]
the quencher concentration, and Ka is the quenching constant.

2.3. Cyclic voltammetric analysis of MT–HSA binding

The redox potentials of the MT and MT–HSA were determined by
cyclic voltammetry in aqueous medium containing 0.4 M KNO3, as
a supporting electrolyte, at room temperature. Cyclic voltammetric
experiments were performed using a CH Instruments Electrochem-
ical Analyzer (Japan). A conventional three electrode system was
employed with a platinum microcylinder as working electrode,
platinum wire as an auxiliary electrode and Ag/AgCl as a reference
electrode. The formal potential (E1/2) was taken as the average of
the anodic (Epa) and cathodic (Epc) peak potentials.

2.4. Site-specific binding of MT on HSA using marker ligands

The specific binding of MT on HSA molecule was studied with
bilirubin, which specifically binds to site I on HSA molecule. In this
study, HSA was used as fluorescence probe and the changes in flu-
orescence intensity of HSA bound MT were monitored at 340 nm
after excitation at 280 nm upon addition of varying amounts of
marker ligands. The percent reduction in fluorescence intensity
upon marker ligand binding was calculated considering the fluo-
rescence intensity of MT–HSA complex as 100%.

2.5. Synchronous fluorescence analysis of MT treated HSA

To further determine the induced structural changes in HSA
with the addition of MT, synchronous fluorescence analysis has
been performed. In brief, the fixed concentration of HSA (3 �M)
was titrated with MT at varying molar ratios (1:1–1:10). The wave-
length ranges of synchronous scanning were from 310 to 370 nm
(�� = 60 nm) and 280 to 330 nm (�� = 15 nm).

2.6. Circular dichroism (CD) measurements

Effect of MT on the native conformation of HSA was analyzed
by treating HSA at a fixed concentration of 4.5 �M with 0.1 and
0.2 �M of MT to get the MT–HSA molar ratio of 1:0.02 and 1:0.04.
The untreated and MT treated samples were incubated for 2 h
in white light at 37 ◦C. CD measurements were carried out on a
Jasco spectropolarimeter, model J-815, Japan. The instrument was

calibrated with d-10-camphorsulphonic acid. All the CD measure-
ments were performed at 25 ◦C with a thermostatically controlled
cell holder attached to a NESLAB RTE-110 water bath (NESLAB
Instruments, Inc., USA) with an accuracy of ±0.1 ◦C. Spectra were
collected at a scan speed of 100 nm per min with a response
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F t curve) and presence of increasing amounts of MT. The spectra were obtained in 10 mM
T re: (top to bottom) 0.0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26 and 28, respectively.
F ra is shown by horizontal (←) arrow. (B) Stern–Volmer plot describing the fluorescence
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ig. 1. (A) Fluorescence decay in emission spectra of HSA in the absence (uppermos
ris–HCl buffer, pH 7.4 at ambient temperature. The molar ratios of MT to HSA we
luorescence decay is indicated by down arrow (↓) and shift in the emission spect
uenching of HSA by MT at varying molar ratios.

ime of 1 s. Each spectrum was the average of four scans. Far-
V CD spectra (200–250 nm) of the untreated and treated HSA
ere at a 1 mm path length cell. The protein samples for CD mea-

urements were filtered through a Millipore filter (0.45 �M) to
emove any suspended material. The results were expressed as
ean residue ellipticity (MRE) in deg cm2 dmol−1, which is defined

s [MRE = �obs(mdeg)/10×n× l×Cp]. The �obs represents the ellip-
icity in millidegree, n is the number of amino acid residues (585), l
s the path length of the cell in cm and Cp is the mole fraction. The �-
elical content of HSA was calculated from the MRE value at 222 nm
sing the equation % helix = [(MRE222−2340)/30,300]×100 as
escribed by Chen et al. [36].

.7. SDS-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis of untreated and MT
reated HSA was carried out on 10% (w/v) gel, according to the

ethod of Laemmli [37]. In brief, HSA (25 �g) treated with increas-
ng concentrations (1–5 mM) of MT was photoexcited for 2 h at
7 ◦C. The aliquots (6 �g each) of untreated control and treated pro-
ein were loaded on the gel and run at 3 mA per well for 3 h. The gel
as stained with coomassie brilliant blue R-250 (0.25%, w/v) and
estained with 5% methanol and 7.5% glacial acetic acid at room
emperature. Gel was scanned using UVP GelDoc-It imaging sys-
em (UVP Ltd., UK) and the staining intensities (densities) of the
arent (untreated) and MT treated protein bands were determined
ith UVP DOC-It LS image analysis software.

.8. MT-induced degradation of serum albumin

Damage to HSA was assessed by measuring the TCA soluble
mino groups according to the method of Moore and Stein [38].

typical reaction mixture containing HSA (25 �M) and MT in
ncreasing concentrations (200–1000 �M) was exposed to white
ight for 2 h at 37 ◦C. The reaction was stopped with the addi-
ion of 100 �M EDTA followed by precipitation with 5% (w/v)
CA. Supernatant was obtained after centrifugation at 2500 rpm
or 30 min and the acid-soluble amino groups were quantitated

sing the calibration curve of glycine. Absorbance was read at
70 nm and plotted as a function of MT concentration. The carbonyl
roups released from treated serum albumin were also estimated
sing 2,4-dinitrophenylhydrazine reagent following the procedure
f Lappin and Clark [39].
Fig. 2. The double-logarithmic plot of MT–HSA interaction to determine the binding
constant (Ka) and number of binding sites (n) on HSA molecule.

3. Results

3.1. Fluorescence quenching of HSA upon MT interaction

Effect of MT on HSA molecule was measured by monitoring
the changes in the intrinsic fluorescence of serum albumin at dif-
ferent MT–HSA molar ratios. The fluorescence emission spectra
of HSA alone and in presence of varying molar ratios (28:1) of
MT–HSA were recorded in the range of 290–380 nm. Fig. 1 A shows
the fluorescence decay curves of the free HSA and HSA–MT com-
plex. The titration curves exhibited a pronounced shift of 30 nm
towards shorter wavelength in the emission maxima (�em) of HSA.
The fluorescence intensity of MT in the range of 290–380 nm was
found to be non-significant as compared with HSA fluorescence.
Fig. 1B shows the Stern–Volmer plot of the quenching of HSA flu-
orescence by MT. The quenching constant (Ksv) was determined
to be 1.94×104 M−1 (r2 = 0.98). Based on the double log plot of
the fluorescence data, the binding constant (Ka) and number of
binding sites (n) on HSA were found to 1.65×104 M−1 and 1.0

2
(r = 0.99), respectively (Fig. 2). Furthermore, the binding charac-
teristics were revalidated with the modified Stern–Volmer plot of
F0/F vs 1/[Q] (Fig. 3) and the reproducible binding constant has been
obtained.
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Fig. 3. Modified Stern–Volmer plot of MT–HSA interaction data.
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Fig. 5. Panel A (inset) represents the fluorescence quenching of MT–HSA complex
with the addition of increasing concentration of bilirubin. Spectra from top to bot-

The significant reductions in the MRE reflect the alterations in
ig. 4. Cyclic voltammograms showing typical Nernstian behavior at a scan rate of
.3 V s−1. Curve 1: MT (1 mM); curve 2: MT + HSA (1 mM).

.2. Cyclic voltammogram of MT–HSA solution

Fig. 4 shows the cyclic voltammograms of MT in the absence and
resence of HSA. MT alone (curve 1) exhibited a quasi-reversible
eak with an oxidation peak at −0.464 V and a reduction peak at
0.287 V. With the addition of equimolar concentration of HSA

1:1) the cathodic peak current (ipc) of MT decreased from 3.210
o 2.886. The formal potential, E′0 (or voltammetric E1/2) taken as
n average of Epc and Epa has been determined to be−0.376 V with
T alone. Addition of HSA to MT solution shifts the E′0 value from
0.376 V to a lesser negative potential of −0.359 V.

.3. Site-specific binding of MT on HSA molecule

The competitive displacement of MT from MT–HSA complex
ith the addition of bilirubin in increasing molar ratios of 1:0.25,

:0.5 and 1:1 demonstrated the site I specific MT binding on HSA
olecule. The emission spectra of MT–HSA complex at 340 nm

howed significant reduction in HSA fluorescence upon addition
f bilirubin, with a shift of 28 nm in the emission maxima (Fig. 5A).
he total percentage decline in fluorescence quenching of MT–HSA
omplex with the addition of bilirubin has been determined to

e 58.12% at 1:1 molar ratio (Fig. 5B). However, the addition of
iazepam at the same molar ratios does not exhibit any reduction

n the emission spectra of MT–HSA complex (results not shown).
tom: MT–HSA complex (10:1), bilirubin–HSA molar ratios of 0.25, 0.5 and 1.0. Panel
B shows decline in the initial fluorescence of MT–HSA (10:1) complex with the
addition of increasing molar ratios of site I marker (bilirubin).

3.4. Conformational changes of HSA upon interaction with MT

Synchronous fluorescence spectra present the information
about changes in the molecular microenvironment in vicinity of
the fluorophore functional groups. In the synchronous fluorescence
of HSA, shift in position of maximum emission wavelength corre-
sponds to the changes of polarity around the fluorophore of amino
acid residues. The effect of MT on HSA synchronous fluorescence is
shown in Fig. 6A and B. The results in Fig. 6A, reflect that the fluo-
rescence of tyrosine residues is weak and the position of maximum
emission wavelength had no change when �� was 15 nm. How-
ever, the fluorescence of tryptophan residues was higher and the
maximum emission wavelength show a moderate red shift when
�� was 60 nm (Fig. 6 B).

3.5. Assessment of structural alterations in HSA upon MT
treatment by CD analysis

Titration of HSA with MT has been optimized to achieve the
molar ratios of 1:0.02 and 1:0.04 for recording the character-
istic HSA spectra. Since MT also absorbs in the spectral range
of 200–250 nm at concentrations above 0.1 �M, the lower molar
ratios were opted for CD analysis as compared to fluorescence
studies, in order to overcome the MT spectral interference with-
out compromising the impact of MT on HSA secondary structure.
The spectra of HSA exhibited two negative bands in the ultravio-
let region at 209 and 222 nm, characteristic for �-helical structure
of protein (Fig. 7). The reasonable explanation is that the neg-
ative peaks between 208, 209 and 222–223 nm are contributed
to n→�* transfer for the peptide bond of �-helix. A concentra-
tion dependent change in the ellipticity value has been recorded.
protein helicity. The percent changes in the �-helical content of
the protein are shown in Table 1. At a molar ratio of 1:0.04, the
perturbation has been determined to be 8% with loss in protein
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Fig. 6. Synchronous fluorescence spectrum of HSA in absence and presence of MT. (A) �� = 15; (B) �� = 60. From top to bottom HSA (3.0 �M), MT: 3, 6, 9, 12, 15, 18, 21, 24,
27 and 30 �M, respectively. Fluorescence decay and shift in the emission spectra are indicated by down and horizontal arrows.

Fig. 7. CD spectra of HSA at different MT concentrations. (1) Free HSA; (2) MT:
0.1 �M; (3) MT: 0.2 �M.

Table 1
Change in relative �-helicity of HSA upon interaction with MT.

HSA–MT molar ratio MRE222 (deg cm2 dmol−1) �-Helix %Perturbation

h
t

3

a
t
c
i
g
c
1
g
a
r
a
a

HSA (1:0) 18,950 54.81 –
HSA–MT (1:0.02) 18,142 52.15 5
HSA–MT (1:0.04) 17,670 50.60 8

elicity from 54.8% in native untreated HSA to 50.6% upon MT
reatment.

.6. MT-induced damage in HSA

The quantitative spectrophotometric assays of carbonyl and
cid-soluble amino groups released from MT treated HSA indicated
he MT-induced HSA damage. Treatment of HSA at the varying con-
entrations of 200, 400, 600, 800 and 1000 �M of MT for 2 h resulted
n the release of 72.2, 129.4, 222.4, 271.8 and 332.1 �M carbonyl
roups, respectively (Fig. 8). Also, the increase in absorbance of blue
olor developed due to acid-soluble amino groups was noticed up to
000 �M MT at 570 nm. The absolute amount of acid-soluble amino

roups released from the MT treated HSA at 200, 400, 600, 800
nd 1000 �M were determined to be 1.1, 3.0, 4.1, 5.9 and 7.1 �M,
espectively (Fig. 9). Although the protein fragmentation was not
pparent on SDS-PAGE at lower concentrations, however, the dis-
ppearance of parent bands was noticed at a higher dose range
Fig. 8. Carbonyl group released from HSA treated with photosensitized MT for 2 h.
The data points represent the mean± S.D. of three independent experiments done
in duplicate.

of 1–5 mM MT, accompanied with some cross-linked products
retained on top of the representative gel (Fig. 10A). Furthermore,
the densitometric analysis of the bands on the gel revealed a MT
concentration dependent decline in the intensity of the HSA bands
with 80% loss of band intensity, at 4 mM MT (Fig. 10B).

4. Discussion

Human serum albumin emits strong intrinsic fluorescence at the
excitation wavelength of 280 nm, and is sensitive to perturbations
in the local surroundings of its microenvironment. Factors such as
conformational transition, biomolecular binding and denaturation
substantially influence the protein fluorescence [40]. The fluores-
cence of HSA originates from its aromatic amino acids [41,42],
and the intrinsic fluorescence has been used as an indicator of its
structural and functional dynamics, to help understand the pro-

tein folding and association reactions [14]. In this study, we have
explicitly demonstrated the MT-induced conformational changes
in the secondary structure of protein through fluorescence and CD
analysis. The MT–HSA interaction also triggered the release of pro-
tein hydrolysis products indicative of the protein damage, which



Q. Saquib et al. / International Journal of Biolo

F
i
q
d

c
i
i
l
h
t
t
t
s
a
i
b
H
T
t
c
i
t

F
t
w

ig. 9. Photosensitized MT-induced protein fragmentation. HSA was treated with
ncreasing concentration of MT for 2 h and the amount of acid-soluble amino group
uantitated. The data represent the mean± S.D. of three independent experiments
one in duplicate.

omplements with MT-induced ROS production and DNA damage
n vitro in our earlier studies [28,29]. Thus MT–macromolecular
nteractions may have some reasonable implications from toxico-
ogical perspective. Most likely, the pesticides upon assessing the
uman body interact with the serum proteins. Binding of pesticides
o plasma proteins has toxicological importance by controlling
heir free and active concentrations in the body, thus reducing
heir time of action [43,44]. Albumin being the most abundant
erum protein and a major drug carrier in the blood have more
ccessibility to bind with such electrophiles and therefore requires
n-depth investigation with the aim of determining the extent of
inding and consequent molecular damage. Binding of MT with
SA has significantly quenched the intrinsic fluorescence of HSA.

he assessment of MT–HSA fluorescence quench titration based on
he Stern–Volmer plot of F0/F vs MT suggest that the quenching
ould be either dynamic or static quenching. The strong quench-
ng effect accompanied with a prominent shift in emission peak
owards the shorter wavelength, as noticed in this study has ear-

ig. 10. (A) SDS-PAGE of HSA showing loss of parent band with increasing concentrations
reated with 1, 2, 3, 4 and 5 mM of MT, respectively. (B) Histogram represents the densito
ith increasing concentrations of MT.
gical Macromolecules 47 (2010) 60–67 65

lier been reported in HSA with other small ligands [45,46,32]. This
could be the effect of changes in microenvironment of aromatic
amino acids. The changes around the single tryptophan residue
located at 214 position possibly induces conformational deformity
in the sub-domain IIA (site I) of HSA molecule, causing loosening of
its native structure [47,40,32]. The plausible mechanism of methyl
group transfer from MT to NH group of tryptophan upon interac-
tion suggest the formation of dialkylated tryptophan, which may
provoke conformational transition in sub-domain II A as depicted
in Scheme 1.

The MT stimulated change in the microenvironment around
the tryptophan moiety has been further supported by synchronous
fluorescence spectroscopic data, which exhibited relatively higher
fluorescence quenching of tryptophan residue along with a mod-
erate shift in the emission wavelength. Perturbations within the
microenvironment of aromatic amino acids have been assessed
by measuring the possible shift in wavelength emission maxima
(�max), which corresponds to the changes of the polarity around the
chromophore molecule [48]. When the �� values between excita-
tion and emission wavelength were stabilized at 15 or 60 nm, the
synchronous fluorescence provides the characteristic information
about the 18 tyrosine and one tryptophan residues [49,50]. Thus,
the shift in the emission spectra of synchronous fluorescence val-
idated that MT binds to tryptophan in the hydrophobic cavity and
induces structural alterations in HSA, as a consequence the polarity
get increased and hydrophobicity get reduced.

Competitive binding of MT–HSA complex with bilirubin as a site
I marker exhibited 58.12% reduction in the fluorescence of MT–HSA
complex, which has explicitly suggested MT binding at site I on
HSA and corroborated the earlier findings [32]. The data has also
been validated by cyclic voltammetric analysis, where a significant
reduction in the cathodic peak current (ipc) was noticed upon addi-
tion of HSA to MT solution. The reduction in peak current could be
explained in two possible ways, firstly the HSA interacts with MT
to form a non-electrochemical complex, which blocks the electron
transfer between the quasi-reversible peaks of MT and electrode,
and secondly the competitive adsorption of HSA may occur at the
glassy electrode surface, as also suggested by Zhao et al. [51]. The
CD analysis has reaffirmed the MT-induced conformational change
in secondary structure of HSA even at much lower concentrations of

0.1 and 0.2 �M MT as compared to the amount used in fluorescence
based studies. This is the first study on CD based determination
of conformational alterations in HSA upon MT–HSA complexation.
The MT concentration dependent decrease in band intensities at
209 and 222 nm in the far-UV region suggests a considerable change

of MT. M: molecular size marker; C: untreated control HSA (6 �g); lanes 1–5: HSA
metric analysis of the HSA bands in lanes 1–5 indicating the loss of parental band
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Scheme 1. Proposed mechanism of

n the protein secondary structure, primarily due to reduction in
-helical content of treated protein.

The MT-induced protein fragmentation was ascertained by
easuring the carbonyl and acid-soluble amino groups as pro-

ein degradation markers. The quantitative assessment showed a
oncentration dependent release of these markers from treated
rotein in a concentration dependent manner. Since MT mainly

nteracts with C O and to a less extent with C–N, therefore, a
arger amount of carbonyl groups are released in solution contain-
ng treated protein. The protein degradation may be due to peptide
ond hydrolysis and/or chain scission at �-carbon position. The
ensitometric analysis of HSA bands on gel revealed a gradual MT
oncentration dependent decline in the intensity. No evidence was
btained for the presence of discrete fragments, however, the reac-
ion of MT with HSA results in the loss of the parent protein via
he formation of small random fragments, which corroborates with
he results of Hawkins and Davies [52] who have also reported the
isappearance of HSA bands at much higher (150- and 200-fold)
oncentration of hypochlorite (HOCl) in SDS-PAGE analysis. It is
ikely that the MT-induced HSA damage observed in the form of its
egradation products could be due to its significant binding and/or
eneration of free radicals in vicinity of protein upon photoexci-
ation, as demonstrated in our earlier studies on MT-induced ROS
roduction and macromolecular damage [28,29].

. Conclusions

In conclusion, the fluorescence quench titration suggested
trong binding affinity of HSA for MT. The interaction mainly occurs
ith aromatic amino acids, preferably the tryptophan moiety on

ub-domain IIA due to the alkyl group transfer from MT to amino
cid functional group. The proposed mechanism (Scheme 1) sug-
ests that the amino group of tryptophan possessing free lone pair
f electrons may act as a nucleophile. It attacks the alkyl cation

nd facilitate the release of (+CH3) group from MT to side chain
H group of tryptophan on HSA. Consequently, the HSA containing
ialkylated tryptophan at subdomain II A may undergo structural
hanges. Thus, the critical MT–HSA binding and the tendency of
T to generate reactive oxygen species as reported in our ear-

[
[
[

[

duced modification of tryptophan.

lier studies, renders the serum albumin vulnerable to progressive
degradation as demonstrated with the release of carbonyl and
acid-soluble amino groups from MT treated HSA. Also, the interac-
tion of MT with the physiologically important carrier protein HSA
entails pesticide toxicity and stipulates the possibility of developing
pesticide-specific biosensors for human biomonitoring and health
risk assessment.
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