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Binding of Naproxen and Amitriptyline to Bovine Serum Albumin: Biophysical Aspects

Tuhina Banerjee, Sreelekha K. Singh, and Nand Kishore*
Department of Chemistry, Indian Institute of Technology Bombay, Powai, Mumbai 400 076, India

Receied: May 4, 2006; In Final Form: September 12, 2006

Binding of the drugs naproxen (which is an anti-inflammatory) and amitriptyline (which is an anti-depressant)
to bovine serum albumin (BSA) has been studied using isothermal titration calorimetry (ITC), in combination
with fluorescence and circular dichroism spectroscopies. Naproxen is observed to bind more strongly to BSA
than amitriptyline. The temperature-dependent ITC results indicate the interaction of one molecule of naproxen
with more than one protein molecule. On the other hand, amitriptyline binds to BSA with a reaction
stoichiometry that varies from 1:1.2 to 1:2.9. The van't Hoff enthalpy, which is calculated from the temperature
dependence of the binding constant, agrees well with the calorimetric enthalpy in the case of naproxen binding
to BSA, indicating adherence to a two-state binding process. However, their disagreement in the case of
amitriptyline indicates conformational changes in the protein upon ligand binding, as well as with the rise in

temperature. The spectroscopic results did not suggest appreciable conformational changes as a result of

binding; hence, the discrepancy could be attributed to the temperature-induced conformational changes. With
increases in the ionic strength, a reduction in the binding affinity of naproxen to BSA is observed. This
suggests the prevailing electrostatic interactions in the complexation process. The preponderance of the
hydrophobic interactions in the binding of amitriptyline to BSA is indicated by the absence of any dependence
of the ionic strength. A predominance of electrostatic interactions in the case of naproxen binding to BSA
and that of hydrophobic interactions in the case of amitriptyline binding to BSA is further strengthened by
the results of the binding experiments performed in the presence of ionic and nonionic surfactants. The binding
parameters indicate that Triton X-100 blocks the hydrophobic binding sites on BSA, thereby altering the
binding affinity of amitriptyline toward BSA. A partial overlap of the binding sites for these drugs is indicated
by the binding parameters obtained in the titration of naproxen to the amitriptyiBé& complex and vice

versa. Thus, the results provide a quantitative understanding of the binding of naproxen and amitriptyline to
BSA, which is important in understanding their effect as therapeutic agents individually and in combination
therapy.

1. Introduction tively.2°® Warfarin and benzodiazepine are selective probes for
It is known that the distribution, free concentration, and site | and site I, respective&?:llThlese hydrophobic binding
metabolism of various drugs are strongly affected by the drug POCKets enable the serum albumins to increase the apparent
protein interactions in the blood strednMost of the admin-  Solubility of the hydrophobic drugs in plasma and modulate their
istered drugs are extensively and reversibly bound to plasmadelivery to the cells in vivo and in vitr& The effectiveness of
proteins, such as serum albumin angacid glycoprotein, and er_Jgs as pharmaceupcal agents is depender_ﬁ on their b_|n_d|ng
are transported mainly as a dragrotein complex. To under- abll_lty and can also |nfluence the drug _stab|I|ty_and toxicity
stand the physicochemical basis of drygotein interactions, ~ during the chemotherapeutic procésghe information on the
serum albumins are the best studied models, because of theifnteraction of serum albumins and drugs can make us better
abundance and versatile binding properties. Albumins are theunderstand the absorption and distribution of drugs in vivo. In
most abundant proteins in the circulatory system of a wide addition, the drugralbumin complex may be considered as a
variety of organisms, being the major macromolecule that model for gaining general fundamental insights into the erug
contributes to the osmotic blood pressure, and they are chiefly protein binding. Consequently, it is important in regard to
responsible for maintaining the blood A Many drugs and  improving our understanding of the biomolecular recognition
other bioactive small molecules bind reversibly to albumin and and it forms an essential part of the rational drug-design process.
other serum components. It has been shown to shuttle a broad Naproxen belongs to the nonsteroidal anti-inflammatory class
range of endogenous and exogenous ligands, including moreof drugs. These drugs are used for the management of mild to
than 70% of drug$» Hence, they can have a dominant role in - moderate pain, fever, and inflammation. They work by reducing
the drug disposition and their efficienfyThe capability of  the levels of prostaglandins, which are chemicals that are
serum albumins to bind aromatic and heterocyclic compounds responsible for the aforementioned conditions. Naproxen blocks
is largely dependent on the existence of two major binding the enzyme cyclooxygenase-2, which makes prostaglandins,

regions, namely Sudlow’s site | and site’fiwhich are located  resyiting in its lower concentration, thereby reducing inflam-
within specialized cavities in subdomains IlA and IllA, respec- ation pain, and fever.

* Author to whom correspondence should be addressed. Tel.: 91-22- Amitriptyline is a popular drug of choice from the tricyclic
2576-7157. Fax: 91-22-2576-7152. E-mail: nandk@chem.iitb.ac.in. antidepressant clan. Depression is an all-pervasive sense of
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sadness and gloom. In some patients with depression, abnormalhere AH is the molar heat of ligand bindingdy; the total
levels of serotonin and noradrenaline may relate to their concentration of the macromolecule, andthe number of
depression. Amitriptyline elevates mood by reducing the re- binding sites in the macromolecule. The heat released from the
uptake of these neurotransmitters, thus raising their levels inith injection for an injection volume\d (AQ(i)) is then given
the brain tissue. A combination of these two drugs has beenby the following equation:
well-used for the trearment of diseases such as fibromyéigia. . _

To the best of our knowledge, the binding thermodynamics AQ() = Q) + %[Q(') +Q( — 1)] _0i-1) @
of amitriptyline with bovine serum albumin (BSA) is not V, 2
reported in the literature and reports on naproxB8SA
interactions are only qualitative in nature. The present study The plot of change in enthalpy against temperature was used
examines the thermodynamics of the binding of these two drugsto calculate the change in heat capacity upon binding, according
to BSA, using isothermal titration calorimetry (ITC), and the to
consequent conformational changes have been monitored using
fluorescence and circular dichroism spectroscopies. Experiments AC. = (@) ©)
have been performed as a function of temperature to extract P p

aT
the binding thermodynamic parameters. The binding of these ,
drugs to BSA has been studied in the presence of salt andThe value of the van't Hoff enthalpy at each temperature was

surfactants (cationic, anionic, and nonionic), to evaluate the c@lculated, including\C, values, using the following equation:
different forces and contributions responsible for the binding _

i A yH(T) =
process. The experiments have also been performed to deduce (KK —
whether the drugs share common binding sites on the protein. {In(K(T)/K(T)
The calorimetric results are then coupled with spectroscopic [(1/T) — (1)
observations to understand the mechanism underlying these (4)
interactions.

(AC/R) In(Ty/T;) + (AC,T/RI(LT,) — (LT)]} x R

2.3. Fluorescence Spectroscopintrinsic fluorescence mea-

. . surements of BSA, in the presence of naproxen and amitrip-
2. Experimental Section tyline, were performed on a PerkifElmer model LS-55
spectrofluorimeter with a 3-mL quartz cell that had a path length
of 1 cm. The protein concentration in all the experiments was
kept at 7.25x 1077 mol dnm 3. The excitation and emission
slit widths were fixed at 5 nm. The excitation wavelength was
set at 295 nm to selectively excite the tryptophan residues, and
the emission spectra were recorded in the wavelength range of
300-400 nm at a scan rate of 100 nm/min. The experiments
were performed using [drug]/[BSA] molar ratios of 0.2, 0.4,

2.1. Materials. Fatty-acid-free BSA, naproxen, sodium salt,
and amitriptyline hydrochloride were purchased from Sigma
Aldrich Chemical Co. The water used to prepare the solution
was double-distilled and further deionized using a €étarmer
mixed-bed ion-exchange column. All the experiments were
performed at pH 7 in 10 mM phosphate buffer. The protein
stock solution was prepared by extensive overnight dialysis at
4 °C against the buffer. The reported pH is that of the final 08 10 16 and 2.0
dialyzate, determined on a standard Control Dynamics pH meter .2,4.C,' 'I’ Di h. N CD) Spect The alterati
at ambient temperature. The concentration of the protein was. "™ ircular Dichroism (CD) Spectroscopy.The alterations

determined on a Shimadzu model UV-265 double-beam spec-'n the secondary and tertiary structure of the protein in the
. % _ 4 presence of the drugs were studied on a Jasco-810 CD
trophotometer, using a value 6.8 at 280 nni:

e “lem ) spectropolarimeter. The protein concentration and path lengths
2.2. Isothermal Titration Calorimetry (ITC). The energetics  ;sed were 5M and 0.2 cm, respectively, for the far-UV CD
of the binding of naproxen and amitriptyline to BSA were experiments and 2@M and 1 cm, respectively, for the near-
assessed using an isothermal titration calqrimeter (VP-ITC, yv cD experiments. The spectropolarimeter was sufficiently
MicroCal, Northampton, USA). All the solutions were thor-  pyrged with 99.9% nitrogen before starting the instrument. The
oughly degassed before loading, and the consequent water |03§pectra were collected at a scan speed of 500 nm/min and a
was compensated using degassed deionized water. The samplg:sponse time of 1 s. Each spectrum was baseline-corrected,
cell was loaded with the buffer or 0.045 mM protein solution. and the final plot was taken as an average of three accumulated

A 250L autopipet was filled with thg rgspgctive dru_g sol_ut.ion plots. The molar ellipticity was calculated from the observed
(0.31 mM naproxen or 1.13 mM amitriptyline) and its stirring g|jipticity 6 as

speed was fixed at 300 rpm. Each experiment consisted of 10-
uL consecutive injections at durations of 20 s each with a 4-min
interval. To correct the heat effects of dilution and mixing,
control experiments were performed at the same concentrations
of the protein and drugs and subtracted from the respectivewherec is the concentration of the protein in mol dfandl
drug—protein titrations. The heat released or absorbed upon eachis the path length of the cell (in centimeters). These experiments
injection was measured, and the data were plotted as integratedvere performed for the [drug])/[BSA] molar ratios of 0.2, 0.4,
guantities. The data were analyzed with a single set of identical 0.8, and 2.0.
binding sites model using the Origin 7 software provided by
MicroCal. The ITC profiles were best-fitted to a single set of 3. Results and Discussion
identical binding sites model. The total heat cont@nof the 3.1. Isothermal Titration Calorimetry of the Binding of
solution contained in the active cell volumg (determined Naproxen to BSA at pH 7 and Various Temperatures.A
relative to zero for the unligated species) at fractional saturation renresentative calorimetric titration profile of 0.31 mM naproxen
© is given by with 0.045 mM BSA at pH 7 and 298.15 K is shown in Figure
1. Each peak in the binding isotherm (see Figure 1, panel A)
Q=nOGMAHYV, (1) represents a single injection of the drug into the protein solution.

[6] = 100 x (C Z |) ®)
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Time (min) TABLE 1: Binding Parameters Accompanying the Titration
0 20 40 60 80 100 120 of 0.31 mM Naproxen with 0.045 mM Bovine Serum
T . T T T T T Albumin (BSA) at pH 7 and Various Temperatures®
ol W YT ] , .
change in change in
05 - . temperature, K enthalpy AH entropy,AS
10 A T(°C) N (x10°M™1) (x 10*cal/mol) (cal K™t mol™?)
§ 10 0.76 8.33:2.67 —1.41+0.02 —13.8
=A5F 1 15 0.82 475152 —-1.58+0.19 —19.8
£ 20 0.77 3.06£0.06 —1.76+0.01 —25.8
20 T 25 0.61 3.68t1.18 —2.31+0.03 —42.9
25 | 30 0.58 1.8G-0.52 —2.48+0.04 —48.4
35 0.57 1.14-0.05 -—2.89+0.07 —61.3
B L B S 2 Note that 1 caF= 4.18 J.
T D LI
5 |- i -12000
| B
A0 ' — -15000

- [ - 18000

8

i -21000
]

kcal/mole of injectant
&

&
AH/ (cal mol™)

1
00 02 04 06 08 10 12 14
Molar Ratio, [Naproxen] / [BSA]

Figure 1. (A) Raw data for the titration of 0.31 mM naproxen with L I L . . I
0.045 mM BSA at pH 7 and 2%C, showing the calorimetric response " * 2 B *
as successive injections of the ligand are added to the sample cell. (B) Temperature | 'C

Integrated heat profile of the calorimetric titration shown in panel A. Figure 3. Plot of enthalpy against temperature for the binding of
The solid line represents the best nonlinear least-squares fit to a single-naproxen to BSA at pH 7 and Z%.

binding-site model.

-24000

27000

a high affinity constant at all of the studied temperatures. The
gt value ofK varies from (8.33+ 4.97) x 10’ M—t at 10°C to
e Rae (1.14+ 0.05) x 10’ M~1 at 35°C. The binding is entropically
opposed but enthalpically favored in the studied temperature
range. The enthalpy of binding is in the range-cf4.1+ 0.02
kcal/mol to —28.9 + 0.07 kcal/mol. Naproxen is a negatively
charged molecule at pH 7 Kg = 4.9)'6 and it is expected to
s bind at the sites that are comprised of the positively charged
amino acid residues and hydrophobic side chains on the protein.
The strong exothermicity observed in the binding suggests the
involvement of electrostatic interactions in the binding process.
The binding of naproxen to BSA is primarily driven by the
. . . . . . . . enthalpic contribution, whereaBAS contributes unfavorably
00 02 04 06 08 10 12 14 (see Table 1). Generally, the value of the stoichiometry of the
Molar ratio, [Naproxen] / [BSA] binding is <1. With increases in temperature, there can be an
Figure 2. Binding isotherms for the titration of 0.31 mM naproxen expansion of the binding site that affects the favorable interac-
with 0.045 mM BSA at pH 7 and various temperaturelif) 10, (@) tion of the protein with naproxen. This leads to a reduction in
15, (x) 20, (v) 25, (#) 30, and &) 35°C. the binding affinity and a decrease in the stoichiometry of
Panel B of the figure shows the plot of the amount of heat binding. This could possibly be assigned to the interaction of
liberated per injection as a function of the molar ratio of the the negatively charged ester group of naproxen with one protein
drug to the protein. A standard nonlinear least-squares regressioimolecule and via hydrophobic interactions of the aromatic
binding model, involving a single class of noninteracting sites naphthalene group with the other protein molecule and thus
fitted well to the data. The smooth solid line shown in Figure decreasing the stoichiometry from 0.76 at°IDto 0.57 at 35
1 (panel B) is the best fit to the experimental data. The binding °C. This explanation is consistent with a decrease in the entropy
profiles from 10°C to 35 °C are shown in Figure 2. The of binding with an increase in temperature, indicating more
temperature dependence of the thermodynamic parametergestriction of the protein molecule, as a result of binding. The
accompanying the binding of naproxen to BSA is summarized value of the van't Hoff enthalpy was calculated from the
in Table 1. Each value in this table is an average of two to temperature dependence of the binding consiamaind AC,,
three independent experiments. The observed enthalpy does notising eq 4. It agrees well with the calorimetric enthalpy at each
have significant contribution from the buffer ionization, because temperature, indicating adherence to two-state binding process
phosphate has a small value for the enthalpy of ionization and that the binding of naproxen to the protein does not alter
(AHioniz = 3.6 kJ/mol)!® Therefore, the observed enthalpy is its conformation appreciably. A plot @&H against temperature
practically the binding enthalpy of the drug to the protein. (Figure 3) yields a straight line with a correlation coefficiét
As seen in Figures 1 and 2, the ITC titrations of 0.31 mM = 0.985 and yielding a value ckC, = —609 + 53 cal K!
naproxen with 0.045 mM BSA yielded negative heat deflection, mol~! from the slope, which implies that there is a burial of
which indicated that the binding is an exothermic process with hydrophobic groups due to the binding process. Excellent
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21000 TABLE 2: Binding Parameters Accompanying the Titration
of 1.13 mM Amitriptyline with 0.045 mM BSA at pH 7 and
18000 Various Temperaturest
15000 change in change in
_ temperature, K enthalpy AH entropy,AS
F',—g 12000 T(°C) N (x10°M™1) (x 10°cal/mol) (cal K*mol™)
E 10 1.2 216117 —3.54+1.68 7.30
5 9000 15 1.8 392£1.71 —2.33+0.46 12.9
. 20 2.7 425200 -0.82+0.22 18.4
6000 25 29 4.65-2.19 -1.00+0.26 18.0
30 21 21.3:£9.1 —1.11+ 0.08 20.7
000 1 aNote that 1 cak 4.18 J.
-28000 -24000 -20000 -16000 -12000
TAS / (cal mol'™")

) ) o a larger hydrophobic area for the binding, which accounts for
Figure 4. Plot of enthalpy-entropy compensation for the binding of 6 jncrease in the value of the equilibrium constant. The change
naproxen to BSA at pH 7 and 2%, in enthalpy is favorable in all the cases but decreases as the

Time (min) temperature increases. Amitriptyline, being an amphiphilic
0 20 40 60 80 100 molecule, has a critical micelle concentration of 36 riMn
ool ' | T T T ] all our experiments, the concentration of the drug in solution
) f‘m was well below its critical micelle concentration. Therefore, the
il i observed binding is essentially that of the monomeric drug
molecules to the protein. The unfavorable decrease in the
g 02 - binding enthalpy is compensated by a steady increase in the
= positive entropy values, as observed in Table 2. A ploAbf
8-03F A - againstTASyielded a straight line with a slope 0.80 andR
= 0.998, which also supports this observation. Here, the van’t
04 7 Hoff enthalpy, which is calculated from the temperature
05 . . . . . dependence of the binding constant, did not match with the
calorimetric enthalpy. Possible reasons for this mismatch could
08 - ] be assigned to alteration in the conformation of the protein upon
E ool | binding, as well as with the increase in temperatfifehe value
i .__ff..!-ﬂ of the heat capacity of binding, calculated from a plotAdf
£ ost —— § againstT, is 124 £ 30 cal KX mol? with a correlation
° ] " coefficient R= 0.947. The positive value afC, indicates that
§_ 10 _.'-li'l'."' . the binding leads to an exposure of the hydrophobic surfaces
3 sl | of the protein. The increase in positive entropy with increases
= B in temperature indicates that the hydrophobic interactions are
2.0 1 ! ! L ! more dominant during the binding process and that there is an
0 1 2 3 4 5 increase in the degree of freedom upon binding.

Molar Ratio, [Amitriptyline] / [BSA] 3.3. lonic Strength Dependence of the Binding of Naprox-
Figure 5. (A) Raw data for the titration of 1.13 mM amitriptyline  en and Amitriptyline to BSA. The salt dependence of a
with 0.045 mM BSA at pH 7 and 28C, showing the calorimetric  himglecular association is often used to assess the contribution
response as successive injections of the ligand are added to the samplgf charge-charge interactions to the free energy of bind’iﬁg

cell. (B) Integrated heat profile of the calorimetric titration shown in . : . e
panel A. The solid line represents the best nonlinear least-squares it To understand the role of electrostatic interactions in the binding

to a single-binding-site model. process, the ionic strength dependence of the binding of
naproxen and amitriptyline with BSA was studied. The experi-
enthalpy-entropy compensation is observed in the plofef ments were performed in the presence of 0.2, 0.5, and 1.0 mol

againsfTASwith the slope= 1.01 and the correlation coefficient dm™3 NaCl at pH 7 and 25C. The binding parameters thus
R=0.9997 (Figure 4). This means that, in the case of naproxen obtained are listed in Table 3.

binding to BSA, only single molecular interactions are occurring, ~ For naproxen, an increase in the ionic strength from 0.2 mol
which are consistent with our conclusions on the equivalence dm=3to 1.0 mol dn72 leads to a decrease in the binding affinity

of the van't Hoff and calorimetric enthalpy. of the drug to the protein, as reflected by the decrease in the
3.2. Isothermal Titration Calorimetry of the Binding of value ofK by a factor of 10. The stoichiometry of the binding
Amitriptyline to BSA at pH 7 and Various Temperatures. increases from 0.65 to 0.98 with an increase in the ionic strength

Figure 5 shows representative calorimetric titrations of 1.13 mM from 0.2 mol dnt3 to 1.0 mol dn13. However, in the case of
amitriptyline with 0.045 mM BSA at pH 7 and 28C. These amitriptyline, the value of the binding constant remains the same
titrations also exhibited exothermic characteristics. The data within the standard deviation with an increase in ionic strength.
obtained at different temperatures, fitted to a single set of The binding becomes more exothermic, as shown by the increase
binding site model and the binding parameters thus obtained,in the value ofAH compared to that in the absence of NaCl.
are given in Table 2. With an increase in temperature from 10 The values ofAS shows a decrease, as a result of these ionic
°C to 30°C, the stoichiometry and the association constant also interactions, and, in the presence of 1 mol dnNaCl, it
increase. This could be due to a slight expansion of the binding becomes negative, which indicates unfavorable entropic con-
site, to allow more amitriptyline molecules to be accommodated tributions; however, the interaction still proceeds favorably,
on a single set of identical binding sites with increased affinity. because of the larger exothermic enthalpic contribution. For
It is possible that the expansion of the binding site also offers naproxen, the slope of a double logarithmic plot of kbggainst
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TABLE 3: Binding Parameters Accompanying the Titration of 0.31 mM Naproxen and 1.13 mM Amitriptyline with 0.045 mM
BSA at pH 7 in the Presence of NaCl at 25C?

al change in enthalpy, change in entropy,
NaCl hange i halpy hange i py
(mol dn3) N K(M™) AH (cal/mol) AS(cal K" mol™)
Naproxen
0.2 0.65 (1.73£ 0.35) x 107 (—1.97+0.02) x 10¢ -32.9
0.5 0.94 (7.57 0.45)x 1¢° (—1.34+£0.01)x 10¢ —13.6
1.0 0.98 (1.6 0.27)x 10° (—1.84+0.03) x 10¢ —334
Amitriptyline
0.2 14 (1.53+ 0.49) x 10* (—3.83+ 1.11)x 10° 6.27
0.5 15 (1.90+ 0.38) x 10* (—3.28+0.01) x 10? 8.56
1. 1.1 1. A40)x 1 —6.59+ 2.85)x 1 -3.
0 (1.28+ 0.40) x 10* (—6.59+ 2.85)x 10° 3.30

aNote that 1 cakF 4.18 J.
CH, O of the buffer. As seen in this figure, the heat signals toward

CH—C—ONa Q.O o - Hal saturation cross from exothermic to endothermic effect and do
Pk not become zero. This is due to the reason that tevalue
CH;0

CHCH, CH, —N

cH, of naproxen is 4.9 and therefore at pH 7 it exists as negatively

A) (B) charged molecule and forms a complex with the positively

Figure 6. Structure of naproxen sodium salt (A) and amitriptyline charged HTAB. In the dilution experiment of naproxen, the
hydrochloride (B). syringe contained a solution of naproxen and HTAB, which was

added to the cell that contained only HTAB solution. Figure 8

log [Na'] was —1.45, which is generally equivalent to the represents the enthalpy profile obtained from the dilution of
number of counterions released upon the drug bingfing. ligand. It is possible that the alteration in the complexation
However, in the case of amitriptyline, the value of the slope is behavior of the naproxerHTAB complex is different in
almost zero, which indicates the absence of significant electro- aqueous HTAB than in aqueous solution that contains HTAB
static contributions in the binding process. The possibilities of and BSA, thereby leading to a nonzero saturating heat signal
the ionic strength dependence include the binding to the chargedn the binding profile. Contrary to SDS, HTAB is a positively
amino acid residues and also the formation of an ion pair with charged surfactant and is not expected to block the binding sites
the drug. Naproxen has a carboxyl group with a free negative for naproxen via electrostatic interactions. It also appears that,
charge (see Figure 6A) and is able to interact strongly with the at the experimental concentration, the denaturing effect of HTAB
positively charged sites available on the protein. Although does not lead to a loss of the integrity of binding sites and,
amitriptyline is also ionic, it has a larger hydrophobic content hence, the typical binding profile is observed (see Figure 7B).
(see Figure 6B). This results in a stronger electrostatic interaction Figure 7C shows the binding of naproxen to BSA in the presence
of naproxen with the protein, compared to that of amitriptyline ©f the nonionic surfactant Triton X-100 (TX-100). The number
at the same pH value. of moles of naproxen molecules binding per mole of BSA
3.4. Effect of Surfactants on the Binding of Naproxen and ~ increases from 0.61 to 0.94 with a reduction in the binding
Amitriptyline to BSA. To understand the effect of hydrophobic ~ affinity from (3.68+ 1.18) x 107 to (5.53+ 1.31)x 1° M "%,
moieties on the binding of drugs to BSA and the extent of There is a significant change in the entropy of binding. It
overlap of binding sites on BSA for the drugs and surfactants, changes from an unfavorable value-042.9 cal K** mol™*in

experiments were performed on the binding of naproxen and the absence of TX-100 to 17.7 calKmol™* in its presence.
amitriptyline to BSA in the presence of anionic, cationic, and Changes in the values of bofiH andASindicate a reduction

nonionic surfactants at pH 7 and 26. The ITC data for the in the extent of electrostatic interaction between the ligand and
binding of drugs to BSA in the presence of the surfactant the protein.
micelles are given in Table 4. These results also indicate an overlap between the binding
Figure 7 shows the ITC binding profiles obtained for binding Site of TX-100 and naproxen on BSA. The increase in the value
of naproxen to BSA in the presence of the surfactants. In the of Nfrom 0.61 in the absence of TX-100 to 0.94 in the presence
presence of the anionic surfactant sodium dodecyl sulfate (SDS),0f this surfactant indicates that TX-100 leads to 1:1 binding of
no typical binding pattern is observed (see Figure 7A). SDS, naproxen with BSA. This reducthn in thg extent of electrostatic
being an anionic surfactant, can interfere in the binding of interaction could be due to the interaction of polar groups of
naproxen to the positively charged residues on the protein. TX-100 with those which constitute the binding sites on BSA.
Gelamo and Tab&kused CD spectroscopy to demonstrate that ~ Figure 9 represents the binding of amitriptyline to BSA in
the normalized ellipticity of the native BSA at 198 nm decreases the presence of the surfactants at’5 The presence of SDS
to 60% of the initial ellipticity above 2 mM, up to 10 mM of  (Figure 9A) is also observed to reduce the binding of amitrip-
the surfactant. The ellipticity at 222 nm decreases to 80% of tyline with BSA, as reflected by a decrease in the value of the
the initial ellipticity in the same concentration range. This partial affinity constantk from (4.654 2.19) x 10 M1 to (1.14+
denaturing capability of SDS at our experimental concentration 0.42) x 10* M1,
manifests in the reduction of the integrity of the binding sites. ~ SDS at higher concentrations mainly interacts via hydrophobic
The combined result of these two effects leads to the no-binding interactions; therefore, at the micellar concentration, it can
profile of naproxen for BSA in the presence of SDS, as observed interfere in the hydrophobic associations of amitriptyline with
in Figure 7A. Naproxen is observed to bind to BSA in the BSA. Also, as discussed in the case of naproxen, SDS has the
presence of a cationic surfactant, such as hexadecyltrimethyl-ability to partially denature the protein in the studied concentra-
ammonium bromide (HTAB), in a cooperative manner (Figure tion, which disturbs the binding site of the protein for the drug
7B). The data presented in this figure have been corrected formolecules. It is also observed, in Tables 2 and 4, that the binding
the dilution effects of ligand, protein, and for the mixing effects changes from exothermic to endothermic in the absence and
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Figure 7. Isothermal titration calorimetry (ITC) profile for the titration of 0.31 mM naproxen to 0.045 mM BSA in the presence of (A) 8.5 mM
SDS, (B) 1.10 mM HTAB, and (C) 0.35 mM TX-100 at pH 7 and Z5.

TABLE 4: Binding Parameters Accompanying the Titration of 0.31 mM Naproxen and 1.13 mM Amitriptyline with 0.045 mM
BSA at pH 7 in the Presence of Surfactants at 23C*#

concentration of change in enthalpy, change in entropy,
surfactant surfactant (mM) N K(M™) AH (cal/mol) AS(cal Kt mol™?)

Naproxen
SDS 8.50 no binding
HTAB 1.10 0.91+ 0.03 (2.27+ 4.81) x 107 (—7.11+0.46) x 1C° 9.74
TX-100 0.35 0.94+ 0.01 (5.53+ 1.31) x 10° (—=1.45+ 0.02) x 10* 17.7

Amitriptyline
SDS 8.50 3.9%0.24 (1.14+ 0.42) x 10¢ (2.32+0.39)x 10° 26.3
TX-100 0.35 no binding

aNote that 1 cakF 4.18 J.

Time (min) binding regions, using the nomenclature of Sudlow ef-al.,
9 20 4 & 80 10 12 corresponds to sites | and Il, respectively. Both of these domains
0.00 - 1 are characterized by the presence of a central cavity formed

” from six amphipathic helices arranged in a myoglobin-like
005 |- 1 fold.2% Based on the equilibrium dialysis and intrinsic fluores-
cence spectroscopic studies, Kragh-Hansen%tpabposed that
010 7 there are nine binding sites for amphipathic dodecyl compounds
on human serum albumin. With this, they predicted that all the
domains of serum albumin have the capacity to bind amphipathic
dodecyl compounds. Gelamo et?4lsuggested that the fluo-
. T e, rescence quenching observed in the case of SDS binding to BSA
was due to direct contact of the surfactant molecule with the
- indole of Trp131 residue. Thus, taking into account the type of
association SDS can have with the serum albumins, it is obvious
that it will influence any other hydrophobic associations, as in
the case of amitriptyline binding to BSA, which results in the
" accommodation of more drug molecules with lower affinity.
s s s Similar to the results obtained in the presence of naproxen,
00 08 10 18 the interaction of amitriptyline with HTAB also does not show
Molar Ratio zero saturating heat signals (see Figure 9B).

Figure 8. ITC profile for the dilution of 0.31 mM naproxen in the The ionization constant K) of amitriptyline in the free
presence of 1.10 mM HTAB at 25C. molecular state is 9.2:26 At pH 7, amitriptyline exhibits a
presence of SDS, respectively. This indicates a reduction in thecationic character. The tricyclic portion of the amitriptyline
extent of electrostatic interaction in the binding process. It has molecule is hydrophobic, and the tertiary amine portion is
been reported, based on structural three-dimensional data, thahydrophilic. The tertiary amine becomes protonated (cationic)
the binding sites for many diverse ligands are localized within at low pH and deprotonated (neutral) at high pH vaRfes.
subdomain IIA or IIA of the albumin molecule?? These Amitriptyline also seems to form a complex with HTAB via
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Figure 9. ITC profile for the titration of 1.13 mM amitriptyline to 0.045 mM BSA in the presence of (A) 8.5 mM SDS, (B) 1.10 mM HTAB, and
(C) 0.35 mM TX-100 at pH 7 and 2%C.

hydrophobic interactions. The dissociation of the complex, upon studied to understand if these drugs share common binding sites
its addition to a buffer or protein solution, may be different, on the protein. This is expected to provide information on the
thereby leading to nonzero saturating heat signals. In the nature of the binding sites and the relative affinity of the drug
presence of the nonionic surfactant TX-100, amitriptyline does for the protein in the presence of each other. Figure 10 shows
not bind to the protein (see Figure 9C). Comparison of the data the ITC profiles obtained for the binding of naproxen to BSA
on the binding of naproxen and amitriptyline with BSA (see in the presence of amitriptyline and vice versa. The drug
Tables 1, 2, and 4) shows that the extent of electrostatic protein complex in the cell was prepared in a 2:1 molar ratio.
interaction, in the case of naproxen, is greater. Because TX- The integrated heat profiles best-fit a single-binding-site model,
100 is a neutral molecule and it can bind via polar and nonpolar and the results thus obtained are summarized in Table 5. The
interactions with equal preference, it seems, from the data, thatbinding profile for the titration of 0.31 mM of naproxen to the
the hydrophobic groups of TX-100 are blocking the binding amitriptyline—BSA complex also fitted to a single-binding-site
sites for amitriptyline on BSA where the drug can bind to the model. The results show that naproxen binds to BSA in the
protein via hydrophobic interactions. presence of amitriptyline with reduced affiniti) (= 1.2). A

3.5. Comparison of the Binding of Naproxen and Ami- decrease in the favorable negative enthalpy is observed, whereas
triptyline to BSA in the Presence of Anionic, Cationic, and the entropy of binding is lessr negative than that obtained at 25
Nonionic Surfactants.SDS interacts with BSA via electrostatic  °C in the absence of amitriptyline. Similar titrations of 1.13
and hydrophobic interactior®8 Titrations of naproxen to BSA  mM amitriptyline with the naproxenBSA complex also fitted
in the presence of SDS show that the drug does not bind toto a single-binding-site model. Here also, the values show a
BSA in the presence of SDS micelles, whereas appreciabledecrease in the binding affinity and an insignificant change in
binding of amitriptyline is observed, which suggests stronger the value of the stoichiometry of the reaction. The binding
involvement of electrostatic interactions between naproxen andenthalpy and entropy remained same within the limits of
BSA, which are interrupted in the presence of SDS. The standard deviation. The slight fall in the binding affinity of
combined effect of the partial denaturing action of SDS and its naproxen to BSA in the presence of amitriptyline is accompanied
ability to interfere with the naproxen binding results in no by a reduction in the exothermicity of the reaction and an
binding of the drug to the protein. Because amitriptyline still increase in the number of naproxen molecules binding to BSA
shows appreciable binding and its enthalpy of interaction is by a factor of 2. The structures of naproxen and amitriptyline
endothermic, it indicates nonoverlapping binding sites for SDS (see Figure 6) suggest that naproxen can interact via electrostatic
and amitriptyline on BSA and also that the involvement of as well as hydrophobic interactions with the protein binding
hydrophobic interactions are more predominant in the case of sites, whereas amitriptyline, being more hydrophobic in nature,
amitriptyline—BSA binding. The data on the binding of drugs can make stronger hydrophobic contact at the binding sites. The
to BSA in the presence of HTAB suggests that the pretein  value ofN = 0.61 in the case of naproxen binding to BSA in
ligand binding is affected due to the formation of a drug  the absence of amitriptyline at 2& suggests that one molecule
surfactant complex. Appreciable binding of naproxen to BSA of naproxen can bind to two molecules of the protein. This
in the presence of TX-100 and no binding of amitriptyline in includes a possibility that the negatively charged end group of
the presence of the surfactant confirms that involvement of naproxen binds via electrostatic interaction with one molecule
hydrophobic interactions are more prominent in the case of and by hydrophobic interaction with the other molecule of BSA,
amitriptyline—BSA binding. thus sandwiching itself between the two protein molecules.

3.6. Binding of Naproxen and Amitriptyline to BSA in However, when naproxen is interacting with the amitriptyline-
the Presence of Each OtherThe binding of naproxen with  bound BSA, the hydrophobic binding sites probably are already
BSA in the presence of amitriptyline and vice versa was also blocked by amitriptyline and, hence, forces naproxen to bind
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Figure 10. ITC profiles for the titration (A) of 0.31 mM naproxen into the cell containing 0.09 mM amitriptyline and 0.045 mM BSA, and (B)
of 1.13 mM amitriptyline into the cell containing 0.09 mM naproxen and 0.045 mM BSA, each at pH 7 &l 25

TABLE 5: Binding of Naproxen and Amitriptyline with of Amax Shows a blue shift of 2 nm at a molar ratio of 1.0 and
0.045 mM BSA at pH 7 and 25°C@ remains the same up to a molar ratio of 2.0. The presence of
N K (M) AH (cal/mol) AS(cal K" mol™) amitriptyline in the molar ratios of 0.2 and 0.4 shows a slight
Titration of 0.31 mM Naproxen to AmitriptylineBSA Complex decrease in the fluorescence intensity without any change in
1.2 (1.88+0.23)x 107 (—1.524 0.01)x 10* -17.6 the value oflmax (Figure 11B). Beyond this point, up to a molar
ratio of 2.0, the spectra exhibit a slight increase in the

Titration of 1.13 mM Amitriptyline to NaproxenBSA complex . > R, _
3.1 (1.34+1.10)x 10* (—1.70+ 0.80)x 10° 13.2 fluorescence intensity again without any change in the value of

Amax These fluorescence results indicate that the binding of
naproxen and amitriptyline does not cause significant alteration
in the local environment of the tryptophan moieties, which are

aNote that 1 cakF 4.18 J.

only via electrostatic interactions at a single site with a relatively i . .
reduced affinity, resulting in thdl = 1.2 value. These results Iocated.at positions 134 and 212 in subdomains IA and IIA,
also indicate that amitriptyline binds to BSA mainly via respectl\./elf. . ) )
hydrophobic interactions. The hydrophobic cavity could be large ~ 3-8. Circular Dichroism Spectroscopy.The changes in the
enough to accommodate the hydrophobic rings of both naproxensecondary and tertiary structures of the protein in the presence
and amitriptyline, because the binding affinity of amitriptyline ©f the drugs were studied in the far ultraviolet (UV) and near
with BSA is not affected in the presence of naproxen. This UV CD region at increasing molar ratios of [drug])/[BSA]. The
indicates the absence of the significant electrostatic interactionsspectrum of intact BSA showed two minima at 209 and 222
of amitriptyline with BSA and that the major force of interaction hm, which is in accord with the literatufé.n the presence of
is hydrophobic in nature. Our observations are consistent with naproxen, no appreciable perturbation of the secondary and
those of Leis et ak? who studied the pH-dependent adsorption tertiary structures in the protein is observed (see Figure 12).
of amitriptyline on human serum albumin, using conductometric Similarly, no significant change in the conformation of the
measurements, and concluded that the adsorption was aprotein is observed in the presence of amitriptyline also (Figure
consequence of hydrophobic effects. 13). Thus, for both amitriptyline and naproxen, the aromatic
3.7. Fluorescence Spectroscopylo understand the effect ~and peptide regions do not show any appreciable change in the
of drugs on the tryptophan environment of the protein, the CD spectra, which rules out significant conformational changes
intrinsic fluorescence of 7.2% 10~7 mol dm 3 of BSA in the in the protein on drug binding, the results of which are consistent
presence of increasing concentrations of drugs in the molar ratiowith the fluorescence observations.
of [drug]/[BSA] was studied. The fluorescence spectra of the 4. Mode of Interaction of Drugs with BSA. A reduction in
protein in the presence of naproxen and amitriptyline are shown the binding affinity of naproxen to BSA with increasing ionic
in Figures 11A and B, respectively. The maximum intensity strength indicates a predominance of electrostatic interactions
for BSA in the absence of the drug is observed at 346.5 nm, in the complexation. However, the binding affinity of amitrip-
which is consistent with those reported in the literafiire. tyline for BSA is not altered, which suggests the involvement
The addition of naproxen at a molar ratio of 0.2 leads to a of non-Coulombic interactions in the binding process. The
decrease in the intensity of the emission maxima with no change predominance of ionic interactions in the binding of naproxen
in the value ofimax Further increases in the drug concentration to BSA is further supported by an absence of a typical binding
show a steady increase in the fluorescence intensity. The valuepattern in the presence of SDS, which blocks the binding sites
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Figure 11. Intrinsic fluorescence emission spectra of BSA in the presence of (A) naproxen and (B) amitriptyline. The numbers indicate the
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Figure 12. Circular dichroism (CD) spectra of BSA in the presence of naproxen: (A) far-UV CD spectroscopy and (B) near-UV CD spectroscopy.
The concentrations used are represented as [naproxen]/[BSA] molar ratios (0.2, 0.4, 0.8, and 2.0).
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Figure 13. CD spectra of BSA in the presence of amitriptyline: (A) far-UV CD spectroscopy and (B) near-UV CD spectroscopy. The concentrations
used are represented as [amitriptyline]/[BSA] molar ratios (0.2, 0.4, 0.8, and 2.0).

for the drug via electrostatic interactions, in addition to its ability vice versa, indicate a partial overlap of the binding sites for
to partially denature the protein. The presence of TX-100 seemsthese drugs on BSA.

to interfere with the binding of naproxen to the protein and shifts A study by Goldenberg et &F.on 62 patients with fibromy-
the value of N from 0.61 to 0.94. On the other hand, algiaindicated that patients taking the combined amitriptytine
amitriptyline binds to BSA in the presence of SDS and does haproxen regimen experienced minor, but not significant,
not bind to the protein in the presence of TX-100. Being a improvement in pain, when compared with patients who took
neutral molecule, TX-100 can block the hydrophobic binding @mitriptyline alone. They concluded that amitriptyline, or a

sites, which are observed in the titration profile of amitriptyline combination of amitriptyline and naproxen, is an effective
with BSA in its presence. These results show the predominancetherapeutlc regimen for patients with fiboromyalgia. Our results

of hydrophobic interactions in the binding of amitriptyline with support t_his observation that the binding affinity of amitriptyline
BSA. The predominance of electrostatic interactions in the for BSA is not altered in the presence of naproxen. Therefore,

binding of naproxen to BSA and that of hydrophobic interactions it is able to execute its action, even in the presence of naproxen.
in the binding of amitriptyline with BSA are further supported Acknowledgment. The authors acknowledge the financial
by the results of binding experiments performed in the presencesupport for this work from the Department of Science and
of each other. Also, the binding parameters obtained in the Technology, and Council of Scientific and Industrial Research,
titration of naproxen to the amitriptylireBSA complex, and New Delhi, India.
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