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a b s t r a c t

Thermodynamics of the binding of antibiotic streptomycin to bovine serum albumin have been studied
using isothermal titration calorimetry in combination with fluorescence, UV–vis and circular dichroism
spectroscopies. The values of van’t Hoff enthalpy calculated from the temperature dependence of the
binding constant do not agree with the calorimetric enthalpies indicating temperature dependent con-
eywords:
ovine serum albumin
treptomycin
sothermal titration calorimetry

formational changes in the protein upon binding. With increase in the ionic strength, reduction in the
binding affinity of streptomycin to BSA is observed suggesting the predominance of electrostatic interac-
tions in the binding. The contribution of hydrophobic interactions in the binding is also demonstrated by
decrease in binding affinity in the presence of tetrabutylammonium bromide (TBAB). The value of bind-
ing affinity in the presence of sucrose indicates that hydrogen bonding is not a significant contribution in
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. Introduction

The interaction of a drug with blood components influences its
ioavailability and can affect the functions of several biomolecules
1,2]. Ligand–protein interactions play a key role in the distri-
ution and transport of small molecules in biological systems.
nderstanding the molecular basis of these interactions is impor-

ant in the rational design of new and more efficient therapeutic
gents than can recognize and bind to specific biological targets for
mproved drug activity. Serum albumins are important blood pro-
eins which have ability to transport multitude ligands such as fatty
cids, amino acids, steroids, metal ions and drugs. Animal exper-
ments are indispensable in providing basic information on the
harmacological actions, bio-transformation, bio-distribution, etc.
f drugs. Bovine serum albumin (BSA) is well suited to these stud-
es, since it has been extensively characterized. Studying binding
henomenon with BSA further helps in explaining the relationship
etween structures and functions of proteins. BSA, one of the major
omponents in the plasma protein, is a single-chain 582 amino
cid globular nonglycoprotein cross-linked with 17 cystine residues

eight disulfide bonds and one free thiol). It is divided into three
inearly arranged, structurally distinct, and evolutionarily related
omains (I–III), each of which is composed of two subdomains (A
nd B) [3–5]. The capability of serum albumins to bind aromatic

∗ Corresponding author. Tel.: +91 22 2576 7157; fax: +91 22 2576 7152.
E-mail address: nandk@chem.iitb.ac.in (N. Kishore).
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permitted quantitative evaluation of the interaction of streptomycin with

© 2008 Elsevier B.V. All rights reserved.

nd heterocyclic compounds is largely dependent on the existence
f two major binding regions, namely Sudlow site I and site II [6,7],
hich are located within specialized cavities in subdomains IIA and

IIA, respectively [8,9]. Both these domains are characterized by the
resence of a central cavity formed from six amphipathic helices
rranged in a myoglobin like fold.

Antibiotics are an important class of ribosomal ligands [10].
mong them, streptomycin belongs to amino glycosides category of
rugs which promotes misreading of messenger RNA [11]. Strepto-
ycin, 5-(2,4-diguanidino-3,5,6-trihydroxy-cyclohexoxy)-4-[4,5-

ihydroxy-6-(hydroxymethyl)-3-methylamino-tetrahydropyran-
-yl] oxy-3-hydroxy-2-methyl-tetrahydrofuran-3-carbaldehyde, is
bactericidal antibiotic (Fig. 1) which is used in the treatment of

uberculosis [12]. It is known to interfere with bacterial protein
ynthesis through interaction with 30S subunits and 70S ribosome
13–15]. It also inhibits polypeptide chain initiation and increases
he errors in polypeptide chain elongation [16].

The studies on the interaction of antibiotics with serum albumin
re important in understanding the drug delivery process. Though
he interactions of some antibiotics with the serum albumin are
eported in literature [11,17–19], quantitative studies on the interac-
ion of streptomycin with serum albumin addressing the energetics
nd type of interactions is not available in literature. A combination

f isothermal titration calorimetry and fluorescence spectroscopy
as yielded valuable information on binding interactions in bio-

ogically important systems both quantitatively and qualitatively
20–25]. In this work, we have used isothermal titration calorimetry
n determining binding affinity, enthalpy, entropy and stoichometry

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:nandk@chem.iitb.ac.in
dx.doi.org/10.1016/j.tca.2008.10.012
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Table 1
Binding constant (Ka), enthalpy (�H◦) and entropy(�S◦) binding accompanying the
titration of 5 × 10−3 mol dm−3 streptomycin with 0.045 × 10−3 mol dm−3 BSA at pH
7.0 at different temperatures according to Eq. (5).

T (K) Ka (M−1) �H◦ (kJ mol−1) �S◦ (J K−1 mol−1) �G◦ (kJ mol−1)

283.15 (2.39 ± 0.12) × 103 −24.06 ± 0.42 −20.25 −18.33
293.15 (2.30 ± 0.41) × 103 −24.27 ± 2.34 −19.00 −18.87
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Fig. 1. Structure of streptomycin.

f binding of streptomycin with bovine serum albumin at 283.15 K,
93.15 K, 298.15 K, 303.15 K and 308.15 K. We have used fatty acid
ree BSA to avoid interference due to the binding capacity of fatty
cids to the protein. The corresponding conformational changes in
he protein as the result of binding have been monitored by UV–vis,
uorescence and circular dichroism spectroscopies.

. Experimental

.1. Material and methods

Fatty acid free bovine serum albumin and streptomycin sulphate
ere purchased from Sigma–Aldrich Chemical Private Limited,
SA. Tetrabutylammonium bromide (TBAB) was purchased from
pectrochem Private Limited, India, and sodium chloride and
ucrose were extra pure analytical reagent grade obtained from
erck, India. The water used for preparing the solutions was dou-

le distilled and then deionized using a Cole Parmer research

ixed bed ion exchange column. The protein stock solutions were

repared by extensive overnight dialysis at 4 ◦C against 10 mM
hosphate buffer at pH 7.0 with three changes. The reported pH is
hat of the final dialysate determined on a standard control dynam-
cs pH meter at ambient temperature.

(
T
a
p
c

able 2
inding constant (Ka), enthalpy (�H◦) and entropy(�S◦) binding accompanying the titrati
5.0 ◦C in presence of NaCl, TBAB and Sucrose according to Eq. (5).

oncentration (mol dm−3) Ka (M−1) �H◦ (kJ

NaCl]
0.1 (1.74 ± 0.33) × 103 −5.44 ±
0.35 (0.36 ± 0.16) × 103 −35.56 ±
0.5 No bind

TBAB]
0.02 (0.84 ± 0.31) × 103 −69.87 ±
0.05 (0.50 ± 0.12) × 103 −38.41 ±
0.1 No bind

Sucrose]
1.0 (2.28 ± 0.02) × 103 −37.91 ±
98.15 (2.23 ± 0.07) × 103 −26.36 ± 1.59 −24.81 −19.12
03.15 (2.12 ± 0.05) × 103 −35.27 ± 2.09 −52.72 −19.29
08.15 (1.10 ± 0.07) × 103 −67.66 ± 0.04 −161.92 −17.95

.2. UV–vis spectroscopic measurements

The concentration of BSA was determined on a Shimadzu
ouble-beam spectrophotometer (UV-265), using extinction coef-
cient of E1%

280 = 6.8 [26]. If the extinction coefficient of the protein
ere to be in error by 5%, the calculations suggest that the
aximum error in the thermodynamic quantities reported in

ables 1 and 2 will be within 10%. The thermal denaturation of
ovine serum albumin in the presence of streptomycin was also
arried out on this spectrophotometer with a Cole Parmer constant
temperature circulator attached to it. With this arrangement, the

emperature of the solutions in the cuvettes was stable to ±0.05 K.
efore loading into the cuvettes, all the solutions were degassed and
he water loss due to vaporization was made up by adding appropri-
te amount of deionized and degassed water. The reference solution
as buffer when the measurements were done made in buffer,
r buffer containing drug when the experiments were carried out
n the presence of the drug. To check the reversibility of thermal
enaturations, the sample in the first scan was heated to a tem-
erature slightly above the complete denaturation temperature,
ooled immediately, and then reheated. The data on absorbance
s a function of temperature was analyzed with the EXAM program
f Kirchoff [27] and thermodynamic parameters were evaluated.

.3. Isothermal titration calorimetry

The energetics of the binding of streptomycin to BSA was
ssessed using an isothermal titration calorimeter (VP-ITC
icrocal, Northampton, MA). Before loading, the solutions were

horoughly degassed by using Thermo Vac degassing unit supplied
y Microcal, USA. The reference cell was filled with the respective
egassed buffer. The protein solution was kept in the sample cell,
nd aqueous streptomycin was filled in the syringe of volume
50 �L. The drug solution was added sequentially in 10 �L aliquots

for a total of 25 injections, 20 s duration each) at 4 min intervals.
he values of heat of dilution were determined independently
nd corrections were applied to the main BSA–streptomycin heat
rofiles. The data were analyzed for obtaining the values of binding
onstant Ka, enthalpy �H, entropy �S, free energy �G◦ and

on of 5 × 10−3 mol dm−3 streptomycin with 0.045 × 10−3 mol dm−3 BSA at pH 7 and

mol−1) �S◦ (J K−1 mol−1) �G◦ (kJ mol−1)

0.67 −44.43 −18.49
0.33 −122.17 −14.60

ing observed

4.14 −180.12 −16.69
1.97 −76.99 −15.40

ing observed

2.72 −62.97 −19.16
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toichiometry of binding with a single set of binding sites using
he Origin 7 software provided by Microcal [28]. According to the
ingle site binding model, the total heat content Q of the solution
ontained in the active cell volume V0 (determined relative to zero
or the unligated species) at fractional saturation � is given by,

= n�Mt�HV0 (1)

here, �H is the molar heat of ligand binding, Mt is the total con-
entration of the macromolecule and n is the number of binding
ites in the macromolecule. The binding constant Ka is related to the
ractional saturation � and free concentration of the ligand [X] by,

= �

(1 − �)[X]
(2)

The heat released �Q(i) from the ith injection for an injection
olume dVi is then given by the following equation:

Q (i) = Q (i) + dVi

V0

[
Q (i) + Q (i − 1)

2

]
− Q (i − 1) (3)

.4. Fluorescence spectroscopy

Intrinsic fluorescence experiments were performed on a
erkinElmer LS-55 spectrofluorimeter with a 3 mL quartz cell that
ad a path length of 1 cm. The protein concentration in all the
xperiments was kept at 1.508 × 10−6 mol dm−3 and the [Strep-
omycin]/[BSA] molar ratio was varied from 0.07 to 53.33. Both
he excitation and emission slit widths were fixed at 5 nm. The
xcitation wavelength was set at 295 nm to selectively excite the
ryptophan residues, and the emission spectra were recorded in the
avelength range of 300–400 nm at a scan rate of 100 nm min−1.

he data thus obtained were analyzed by modified Stern–Volmer
quation to calculate the value of binding constant.

.5. Circular dichroism (CD) spectroscopy

The alterations in the secondary and tertiary structure of the
rotein in the presence of the drugs were studied on a JASC0-810
D spectropolarimeter. For the far UV CD experiments, the pro-
ein concentration and path lengths used were 5 × 10−6 mol dm−3

nd 0.2 cm while 20 × 10−6 mol dm−3 and 1 cm, respectively, were
sed for the near UV CD experiments. The spectropolarimeter
as sufficiently purged with 99.9% dry nitrogen before starting

he instrument. The spectra were collected at a scan speed of
00 nm min−1 and a response time of 1 s. Each spectrum was base-

ine corrected, and the final plot was taken as an average of three
ccumulated plots. The molar ellipticity [�] was calculated from the
bserved ellipticity � as

�] = 100 ×
(

�

c × l

)
(4)

here c is the concentration of the protein in mol dm−3 and l is the
ath length of the cell (in centimeters). These experiments were
erformed for the [Streptomycin]/[BSA] molar ratios in the range
f 1.0–25.0.

.6. Lifetime measurements

Time-resolved fluorescence measurements were performed
t the magic angle using a pulsed Nano-LED based time-

orrelated single-photon counting fluorescence spectrometer with
ex = 295 nm and �em = 340 nm. The full width at half-maximum
f the instrument response function is 250 ps and the resolution is
6 ps per channel. The data are fitted to biexponential function after
econvolution of the instrument response function by an iterative

o
T
w
s
a

ica Acta 482 (2009) 21–29 23

econvolution technique by the IBH DAS 6.0 data analysis software
sing reduced �2 and weighted residuals as parameters for good-
ess of the fit. The BSA concentration in these experiments was kept
xed at 15 × 10−6 mol dm−3 and the [streptomycin]/[BSA] ratio was
aried from 1:1 to 1:10.

. Results and discussion

.1. Isothermal titration calorimetry of the binding of
treptomycin to BSA

A representative isothermal titration calorimetric heat profile
or the binding of streptomycin with BSA at pH 7.0 and 298.15 K is
hown in Fig. 2A. Each peak in the binding isotherm represents a
ingle injection of the drug into the protein solution. The thermo-
ynamic parameters accompanying the binding of streptomycin to
SA at different temperatures are summarized in Table 1.

As seen in Fig. 2A, the titration of streptomycin with BSA yielded
ositive heat deflection. The dilution of 5 × 10−6 mol dm−3 strep-
omycin is also significantly endothermic process (Fig. 2B). The
ntegrated heat profile shown in the bottom panel of Fig. 2A is cor-
ected for all the dilution effects. The overall binding as reflected by
he overall titration profile after correction for the dilution effects
hows that the binding of streptomycin to BSA is an exothermic pro-
ess accompanied by an unfavorable change in the entropy of bind-
ng. The value of K varies from (2.39 ± 0.12) × 103 M−1 at 283.15 K to
1.10 ± 0.07) × 103 M−1 at 308.15 K. It is recommended [29] that for
he most reliable ITC measurements, the values of c parameter (pro-
ein concentration K) should be between 1 and 1000. Experiments
ere also performed with 0.33 mM BSA (20 mg ml−1) to raise the

alue of c parameter, and the results obtained were essentially same
see supplementary information). The disadvantage of using such
high concentration of BSA in the binding experiments is that the

esults will be affected by the aggregation of the protein. Further,
he agreement of the ITC results with those obtained from fluores-
ence measurements supports the accuracy of the results obtained.
he value of the stoichiometry of the binding is fixed to one based
pon the goodness of the fit to ITC data and the fluorescence obser-
ations as discussed further in the text. Therefore we represent the
inding reaction in the form of following equation.

treptomycin + BSA = Streptomycin · BSA (5)

The enthalpy of binding is observed to vary non-linearly with
emperature suggesting that heat capacity of binding is tempera-
ure dependent. The data presented in Table 1 indicates that though
he binding of streptomycin to the BSA is exothermic, the value of
he binding constant decreases with rise in temperature. Hence the
an’t Hoff dictates are not followed. The inconsistency between the
olar enthalpy of reaction calculated from the van’t Hoff equation

nd calorimetrically determined molar enthalpy of reaction could
e due to conformational changes in the protein as a function of
emperature, as well as upon ligand binding.

Complete enthalpy–entropy compensation resulting in lin-
ar relationship is generally obtained when a group of similar
pecies interact [30,31]. Enthalpy–entropy compensation is typ-
cally assigned to solvation effects, solvent structure, and more
pecifically, this is usually ascribed to be a property of water.
he values of entropy of binding varies from −4.84 J K−1 mol−1 at
83.15 K to −38.70 J K−1 mol−1 at 308.15 K. The large unfavorable
ntropy changes for streptomycin binding are atypical for water loss

n binding to a hydrated pocket and for desolvation of the ligand.
he thermodynamic parameters presented in Table 1 associated
ith the binding of streptomycin with BSA show a linear relation-

hip between �H and T�S (Fig. 3) with the slope of the plot as 0.99
nd a correlation coefficient of 0.999.
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ig. 2. (A) (I) Raw data for the titration of 5 × 10−3 mol dm−3 streptomycin with 0.04
itration shown in panel I. The solid line represents the best nonlinear least- squar
treptomycin with buffer (II) Integrated heat profile of the calorimetric titration sho

.2. Ionic strength dependence of the binding of streptomycin to
SA

The salt dependence of a bimolecular association is often used
o assess the contribution of charge–charge interactions to the free
nergy of binding. To understand the role of electrostatic interac-
ions in the binding process, the ionic strength dependence of the

inding of streptomycin to BSA was studied. The experiments were
erformed in the presence of 0.1–0.5 mol dm−3 NaCl and the cor-
esponding binding parameters thus obtained are listed in Table 2.

For streptomycin, an increase in the ionic strength from
.1 mol dm−3 to 0.35 mol dm−3 leads to a decrease in the value of

ig. 3. Plot of enthalpy–entropy compensation for the binding of streptomycin to
SA at pH 7.0 and various temperatures.
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−3 mol dm−3 BSA at pH 7 and 298.15 K. (II) Integrated heat profile of the calorimetric
to a single binding site model. (B). Raw data for the titration of 5 × 10−3 mol dm−3

panel I.

inding affinity of the drug as reflected by fall in the value of K
y a factor of nearly 5. On further increasing the ionic strength to
.5 mol dm−3, no detectable binding is observed (Fig. 4). The fall

n the value of binding constant with an increase in ionic strength
ndicates that the association of streptomycin with BSA involves
onic interactions since the ions of NaCl can interfere in the binding
rocess.

.3. Effect of tetrabutylammonium bromide on the binding of
treptomycin to BSA

TBAB as cosolute can give better insights into role of hydropho-
ic and electrostatic interactions in the binding process since
BAB can affect its both charge–charge and hydrophobic interac-
ions [32]. The binding experiments were done in the presence
f 0.02–0.1 mol dm−3 TBAB and the results obtained are listed in
able 2.

Fig. 5 shows the ITC profiles obtained for the binding of strep-
omycin to BSA in the presence of TBAB. In the presence of
.02 mol dm−3 and 0.05 mol dm−3 TBAB, the binding affinity of
treptomycin with BSA decreases. On further increasing the con-
entration of TBAB to 0.1 mol dm−3, no binding profile is observed.
n comparing the results of titration of streptomycin with BSA

n the presence of 0.1 mol dm−3 NaCl and 0.1 mol dm−3 TBAB, it
s seen that the binding is almost lost in the latter where as the
alue of K in the former is (1.74 ± 0.33) × 103 M−1. This indicates
hat hydrophobic interactions also play significant role in the bind-
ng process since the value of K decreases due to interference of the
ulky tetrabutyl groups of TBAB.
.4. Effect of sucrose on the binding of streptomycin to BSA

Studies on streptomycin–BSA interactions in the presence of
ucrose will provide information on the involvement hydrogen
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ig. 4. ITC profiles for the titration of 5 × 10−3 mol dm−3 streptomycin to 0.045 × 10−

98.15 K.

onding in the binding process since sucrose has hydroxyl groups
hich can interfere in the hydrogen bond formation between the
rug and protein. In the presence of 1 mol dm−3 sucrose, the bind-

ng affinity of the streptomycin to the protein remains the same as
n the absence of sucrose (Fig. 6, Table 2) though binding is more

xothermic. Since the binding affinity does not change, it indicates
hat sucrose does not interfere in the binding of streptomycin with
SA. However the increase in exothermicity of binding may have
ontributions from the structural changes of water in the presence
f sucrose.

o
e
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r
s

dm−3 BSA in the presence of (A) 0.1 (B) 0.35 and (C) 0.5 mol dm−3 NaCl at pH 7 and

.5. Fluorescence measurements

The binding of streptomycin with BSA was also assessed by
ntrinsic fluorescence measurements (Fig. 7). The maximum flu-
rescence intensity for BSA in the absence of the streptomycin is

bserved at 345.3 nm. A steady increase in the intensity of the
mission maxima is observed upon addition of streptomycin with
maximum shift in the value of �max = 2 nm. These fluorescence

esults indicate that the binding of streptomycin does not cause a
ignificant alteration in the local environment of the tryptophan
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ig. 5. Isothermal titration calorimetric profile for the titration of 5 × 10−3 mol dm−

.1 mol dm−3 TBAB at 298.15 K.

oieties, which are located at positions 134 and 212 in the sub
omain IA and IIA, respectively [8].

A steady increase in BSA fluorescence intensity with increase

n streptomycin concentration was used in the determination of
inding constant and number of binding sites on BSA as described
y Tedesco et al. [33–35]. According to this method the BSA flu-
rescence intensity (F) scales up with increase in streptomycin
oncentration according to the following relation [36]:

(
t
s
(

tomycin to 0.045 × 10−3 mol dm−3 BSA in the presence of (A) 0.02 (B) 0.05 and (C)

F0 − F

F − F∞
=

(
[Streptomycin]

Kb

)n

(6)
The binding constant Kb is obtained by plotting log (F0 − F)/
F − F∞) versus log [Streptomycin], where F0 and F∞ are the rela-
ive fluorescence intensities of BSA alone and BSA saturated with
treptomycin, respectively. The slope of the double-logarithm plot
Fig. 8) gives the number of the binding site (n), whereas the value of
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ity to the protein as a result of binding. Fig. 10 shows the thermal
denaturation profiles of BSA in the absence and presence of differ-
ig. 6. ITC profile for the titration of 5 × 10−3 mol dm−3 streptomycin to 0.045 × 10−3

ol dm−3 BSA in the presence of 1 mol dm−3 Sucrose at 298.15 K.

og [streptomycin] at log [(F0 − F)/(F − F∞)] = 0 equals the logarithm
f the binding constant (Kb). The value of Kb and n thus obtained are
.23 × 103 M−1 and 0.92, respectively. Since the fluorescence results
uggest nearly 1:1 stoichometry for the streptomycin complex, the
alue of N in the ITC data analysis was fixed to 1.0.
.6. Lifetime measurements

Fluorescence lifetime measurements were carried out for BSA in
he absence and presence of streptomycin. The sample containing

ig. 7. Intrinsic fluorescence emission spectra of 1.5 × 10−6 mol dm−3 BSA in pres-
nce of various concentrations of streptomycin.

e
t
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ig. 8. Plot of log [(F0 − F)/(F − F∞)] against log [streptomycin] to determine the value
f binding constant.

5 × 10−6 mol dm−3 BSA was excited at 295 nm and the emission
ntensity was monitored at 340 nm. The decay curves in Fig. 9 fitted

ell to biexponential function yielding relative fluorescence life-
imes of 2.92 ns and 6.77 ns, and an average lifetime (�0) of 5.57 ns.
t can be seen from Fig. 9 and Table 3 that the decay remains biex-
onential [37]. The fluorescence lifetime of BSA did not change
ignificantly with the rise in the concentration of streptomycin
uggesting formation of static complex between the drug and the
rotein.

.7. Thermal denaturation of BSA with the streptomycin

Since the ITC results show weak binding pattern for the
treptomycin–BSA interactions, the thermal denaturation of BSA
n the presence of the drug was also performed. These experiments

ere done to understand if the drug provides any thermal stabil-
nt concentrations of streptomycin at pH 7.0 and the corresponding
hermodynamic parameters are given in Table 4. The mid point

ig. 9. Fluorescence decay profiles of 15 × 10−6 mol dm−3 BSA in the absence
nd presence of streptomycin in 10 × 10−3 mol dm−3 phosphate buffer of pH 7.0.
ex = 295 nm and �em = 344 nm. BSA concentration was fixed at 15 × 10−6 mol dm−3

nd BSA–streptomycin in ratio 1:1, 1:5 and 1:10.
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Table 3
Lifetime of fluorescence decay of 15 × 10−6 mol dm−3 BSA in phosphate buffer of pH
7.0 at different concentration of streptomycin.

Streptomycin Lifetime (ns) Amplitude Average lifetime (ns) �2

(�M) �1 �2 A1 A2 <�>

0 2.92 6.77 31.7 68.3 5.57 1.12
15 4.38 7.34 47.7 52.3 5.98 1.18
75 4.42 7.45 51.6 48.40 5.93 1.09

150 4.53 7.56 49.30 50.07 6.03 1.06
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Table 4
The transition temperature (T1/2) and enthalpy (�H) change parameters accompany-
ing the thermal unfolding of 14 × 10−6 mol dm−3 BSA at the different concentration
of streptomycin.

Streptomycin (10−3 mol dm−3) T1/2 (K) �H (kJ mol−1)

0 334.8 ± 0.3 225.5 ± 4.6
0.2 334.5 ± 0.2 220.3 ± 16.5
0.3 336.7 ± 0.3 233.0 ± 13.2
0.4 337.3 ± 0.2 239.0 ± 8.6
0
0
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binding energetics obtained have allowed us to draw important

F
r

ig. 10. Thermal denaturation of 7.25 × 10−6 mol dm−3 BSA in the absence and pres-
nce of varying concentration of streptomycin/10−3 mol dm−3 at pH 7.0: (�) 0, (�)
, (�) 4 and (�) 6.

f thermal transition for BSA was observed at (334.8 ± 0.3) K. The
aximum increase in the value of transition temperature of BSA

bserved in the presence of 0.8 × 10−3 mol dm−3 streptomycin is
339.5 ± 0.2) K.

It is well known that protein thermal stability is modified by lig-
nd binding due to coupling between two mutual processes under
quilibrium. Relatively small enhanced thermal stability of BSA in

he presence of the streptomycin supports the ITC results that strep-
omycin binds weakly to the native BSA. The enthalpy of unfolding
lso does not change significantly which suggests further weak
inding of the drug to the protein.

c
c
s
B

ig. 11. Circular dichorism (CD) spectra of BSA in the presence of streptomycin: (A) Far U
epresented as [streptomycin]/[BSA] molar ratio was 1 (b) 10 (c) 20 (d) and 25 (e).
.5 338.6 ± 0.1 248.6 ± 3.9

.6 339.1 ± 0.0 268.9 ± 4.4

.8 339.5 ± 0.2 269.0 ± 5.8

Experiments were conducted on the effect of TBAB on the ther-
al stability of BSA. The value of T1/2 in the presence of 0.1 M TBAB is

29.2 K which is 5.6 K lower than that of the protein in the absence
f TBAB. However, NaCl is reported [38] to stabilize BSA at pH 7.0 by
bout 14 K at 0.5 M concentration level where no binding of strep-
omycin to BSA is observed by us. These results indicate that the
ffect of decreased binding in the presence of these additives is not
ue to denaturation of the enzyme in the presence of TBAB and
aCl in the studied concentration range.

.8. Circular dichroism spectroscopy

Circular dichorism is a sensitive technique to monitor the con-
ormational changes in the protein upon interaction with the
igand. The CD spectra of BSA in the absence and presence of strep-
omycin are shown in the Fig. 11. The CD spectra of BSA exhibited
wo negative bands in the far UV CD region at 208 nm and 220 nm,
hich are characteristics of an �-helical structure of the protein

39]. Upon increasing concentration of streptomycin in BSA, the
econdary structure of BSA is observed to increase. However, there
s no appreciable change in the tertiary structure of BSA. An increase
n the secondary structural content is consistent with the rise in the
ransition temperature and calorimetric enthalpy of denaturation.

. Mode of interaction

In addition to the quantitative measurements, the results on
onclusions on the nature of molecular forces taking part in the
omplexation of streptomycin with BSA. With increase in ionic
trength, reduction in the binding affinity of streptomycin to
SA indicates involvement of electrostatic interactions is in the

V CD spectroscopy and (B) near UV CD spectroscopy. The concentration used are
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omplexation. The contribution of hydrophobic interactions in the
inding process is also demonstrated by decrease in the binding
ffinity of the streptomycin to BSA in the presence of TBAB which
as four bulkier hydrophobic tetrabutyl groups. The reduction in
he binding affinity in the presence of higher concentrations of
BAB can also have contributions from its partial denaturating
bility on the protein. However, the fact that the loss of binding
n the presence of NaCl occurs at 0.5 mol dm−3 level, it indicates
hat the involvement of electrostatic interactions are significant
nd more predominant. Though streptomycin has several hydroxyl
roups, the presence of sucrose does not interfere in the binding
hereby suggesting that hydrogen bonding is probably not sig-
ificant contribution in the complexation. This is also reflected

n the relatively low heat of binding since hydrogen bond for-
ation is always accompanied by heat evolution in the range

f 6–84 kJ mol−1. Electrostatic interactions lead to a decrease in
he entropy of the system where as hydrophobic interactions of
rganic anions with serum albumin have been reported to lead
o increase in entropy [40]. In the present work, the entropy of
inding in all the experiments is observed to be negative thereby

ndicating predominance of electrostatic interactions in the com-
lexation. Upon binding to streptomycin, the thermal stability of
SA is enhanced as a result of strengthening of its secondary struc-
ure.
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