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Abstract The mechanism of binding of the surfactant—cobalt(III) complex, cis-[Co(phen),-
(C14H9NH;)CIJ(ClO4),-3H,0 (phen = 1,10-phenanthroline, C14HyNH, = tetradecyl-
amine) with bovine serum albumin (BSA) was investigated by UV-vis absorption, circular
dichroism (CD) and fluorescence spectroscopic techniques. The results of fluorescence titra-
tion revealed that the surfactant—cobalt(III) complex quenched the intrinsic fluorescence of
BSA through a combination of static and dynamic quenching. The apparent binding con-
stant (K,) and number of binding sites (n) were calculated below and above the critical mi-
celle concentration (CMC). The thermodynamic parameters determined by the van’t Hoff
analysis of the constants (AH° = 14.87 kJ-mol™'; AS® = 152.88 J-mol~"-K~! below the
CMC and 25.70 kJ-mol~" and 243.14 J-mol~'-K~!, respectively, above the CMC) clearly
indicate that the binding is entropy-driven and enthalpically disfavored. Based on Forster’s
theory of non-radiation energy transfer, the binding distance, r, between donor (BSA) and
the acceptor (surfactant—cobalt(IIl) complex) was evaluated. UV-vis, CD and synchronous
fluorescence spectral results showed that the binding of the surfactant—cobalt(III) complex
to BSA induced conformational changes in BSA.

Keywords Metallosurfactant - Bovine serum albumin - Fluorescence spectroscopy -
Circular dichroism

1 Introduction

Proteins are important chemical substances in our life and are the major target of many
types of medicine in the body. Protein—metal complex/drug interactions have aroused great
interest in recent years [1-3]. Investigating the binding of metal complex/drugs to proteins
can provide useful information of the structural features that determine the therapeutic ef-
fectiveness of drugs. Bovine serum albumin (BSA) is a model globular protein because its
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Fig. 1 Structure of — — 2+
cis-[Co(phen), (C14HagNH,)CI12+

structure and physicochemical properties are well characterized [4]. It is an ideal protein for
intrinsic fluorescence measurement due to the presence of two tryptophan (Trp) residues.
It is also the main protein contributing to the colloid osmotic pressure of the blood [5]. It
is used as a reference in clinical analysis and biochemistry research because of its stability,
water solubility and its wide capacity to bind bio-organic/inorganic components. Binding
studies with BSA find broad and significant applications in the area of rational drug design
as many pharmaceuticals are rendered less effective or entirely ineffective by virtue of their
interaction with serum albumin.

Surfactants are schizophrenic molecules; the opposing character of the hydrophilic
(headgroup) and hydrophobic (tail) moieties leads to a propensity to adsorb at surfaces—
“surface activity”—and the spontaneous formation of rather complex but well-defined
structures—‘self-assembly”. Surfactants are ubiquitous in everyday materials, but until re-
cently their role was derived from a physical function—wetting, solubilization, etc.—rather
than any chemical function. Whilst the functions of transition metal ions immobilized within
biological membranes have long been an area of intense study [6], the study of interface-
bound metals in purely synthetic systems is a relatively new subject area in colloid science.
In the metallosurfactant (i.e. surfactant—-metal complex) class of amphiphiles, the incorpora-
tion of transition metal (d- or f-block) ions into the headgroup introduces into the molecule
not only chemical functionality, such as Lewis acidity and redox activity, but also physical
properties including color, paramagnetism or fluorescence, and this functionality may be
constrained at interfaces by virtue of the inherent surface activity or self-assembly charac-
teristics of the amphiphilic structure of the metallosurfactant.

Surfactants can be broadly classified into those which bind and initiate protein unfold-
ing, i.e. denaturing surfactants and those that only bind leaving the tertiary structure of the
protein intact. Many studies have been devoted to the study of the interaction of BSA with
surfactants such as CTAB, SDS, and Triton X-100 [7-10] but no attention has been paid
to metallosurfactants. We have been interested in the synthesis, micelle-forming and DNA
binding properties of several cobalt(IIl) complexes containing lipophilic ligands [11-13].
To the best of our knowledge no previous study of the interaction of BSA with a metallo-
surfactant is available. In this paper, we have studied the interaction between the surfactant—
cobalt(IIT) complex (Fig. 1) with BSA, using absorption and fluorescence spectroscopies.
The binding mechanism between the surfactant—cobalt(III) complex and BSA, including
the binding parameters, thermodynamic functions, the binding distances and the effect of
the surfactant—cobalt(III) complex upon the conformation of BSA were investigated.
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2 Materials and Methods
2.1 Materials

The procedure for synthesis of the surfactant—cobalt(IIl) complex of the present study are as
reported in our earlier work [13]. Bovine serum albumin was purchased from Sigma-Aldrich
Chemie GmbH. The samples were dissolved in Tris-HCI buffer solution (0.05 mol-L~! Tris,
0.15 mol-L~! NaCl, pH = 7.4 & 0.1). Milli-Q water was used to prepare the solutions.

2.2 Methods

The CMC values of the surfactant—cobalt(IIl) complex, cis-[Co(phen),(C4Hy9NH,)Cl]-
(C104),-3H,0, at different temperatures are 6.38 x 107> mol-L~! (298 K), 6.45 x 10~ mol-
L~! (308 K), 6.94 x 10~ mol-L™~! (318 K) and 7.43 x 10~> mol-L~! (328 K) [13]. UV-vis
absorption spectra were recorded, using a Cary 500 UV-vis spectrophotometer, in the range
200-800 nm. Absorption titration experiments were carried out by keeping the concentration
of BSA constant (I x 107> mol-L™") while varying the surfactant—cobalt(III) complex con-
centration from 0 to 25 x 10~° mol-L ™" (below the CMC) and 7 to 30 x 10~* mol-L ™! (above
the CMC). The fluorescence quenching measurements and synchronous spectra were car-
ried out in a Perkin Elmer LS 50B Luminescence spectrometer equipped with a 1 cm quartz
cell and a thermostatic bath (Varian Cary Peltier System). The concentration of BSA was
kept constant (1 x 10~> mol-L~") while varying the surfactant—cobalt(IIl) complex concen-
tration from 0 to 25 x 107 mol-L™" mol-L™" (below the CMC) and 7 to 30 x 10~* mol-L ™"
(above the CMC) at four different temperatures (292, 298, 304, 310 K). The excitation wave-
length was 280 nm and the emission was monitored at 340 nm. The width of both excitation
and emission slits was set at 5 nm. The synchronous fluorescence spectra were recorded at
AX =15 and 60 nm. CD spectra were recorded on Jasco J-810 spectropolarimeter using a
0.1 cm cell, at room temperature. Scans were made from 190 to 250 nm and the speed of
200 nm-min~"'. Spectra of appropriate buffer solutions, run under the same conditions, were
taken as blanks and subtracted from the sample spectra.

3 Results and Discussion
3.1 Analysis of Fluorescence Quenching

The BSA molecule has two tryptophan residues that possess intrinsic fluorescence: Trp-134
in the first sub-domain IB of the albumin molecule and Trp-212 in sub-domain ITA. Trp-212
is located within a hydrophobic binding pocket of the protein and Trp-134 is located on the
surface of the albumin molecule [14]. A valuable feature of the intrinsic fluorescence of the
protein is the high sensitivity of tryptophan to its local environment. Changes in the emis-
sion spectrum of tryptophan are common in response to protein conformational transitions,
subunit association, substrate binding or denaturation [15]. So, the intrinsic fluorescence of
the protein can provide considerable information about their structure and dynamics, and is
often considered in the study of protein folding and association reactions.

The interaction of surfactant—cobalt(II) complex with BSA was evaluated by monitor-
ing the intrinsic fluorescence intensity changes of BSA upon addition of the surfactant—
cobalt(Ill) complex. Fluorescence spectra of BSA in the absence and in the presence of
the surfactant—cobalt(III) complex (below and above the CMC) are shown in Fig. 2. As the
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Fig. 2 Emission spectra of BSA in the absence (dotted lines) and in the presence of surfactant—cobalt(III)
complex (solid lines). [BSA] = 10 pmo]-L*], [surfactant—cobalt(IIl)] = 2-25 pmol-L*1 (below the CMC)
and 0.07-0.3 mmol-L~! (above the CMC). Arrow shows intensity changes upon increasing surfactant—co-
balt(III) complex concentrations

data show, the fluorescence intensity of BSA decreased gradually with increasing concen-
tration of the surfactant—cobalt(IIl) complex, which indicates that the surfactant—cobalt(II)
complex can bind to BSA.

Quenching can appear as a result of various inter and intramolecular interaction, in-
cluding molecular collisions (dynamic quenching), complex formation (static quenching),
energy transfer and/or conformational changes [16]. Therefore, quenching of the intrinsic
BSA fluorescence by the surfactant—cobalt(IIl) complex offers information on the binding
process. Fluorescence quenching is described by the Stern—Volmer equation [17]:

Fo

where Fj and F are the fluorescence intensities of BSA in the absence and presence of the
quencher, respectively. K, is the Stern—Volmer quenching constant, and [Q] is the concen-
tration of quencher. Stern—Volmer plots of BSA with the surfactant—cobalt(IIT) complex at
below and above the CMC are shown in Fig. 3. Below the CMC, the Stern—Volmer plot is
linear whereas, above the CMC, the plot shows a positive deviation (concave towards the
y axis), suggesting the presence of a combination of static and dynamic quenching by the
same fluorophore. According to Eftink and Ghiron [18, 19], the upward curvature in the
Stern—Volmer plot indicates that an additional static quenching takes place near the subdo-
main(s) where tryptophan residues are located. Thus, the positive deviation above the CMC
is due to the presence of a quencher molecule in the micellar cage of the fluorophores at the
moment of excitation.

In order to calculate the K, value of the surfactant—cobalt(IIl) complex at above the
CMC, a modified Stern—Volmer equation that describes quenching data for both dynamic
and as static quenching was applied [17]:

F
0 = 1+ Ko [Qlep(VIQ) @

where V is the static quenching constant and the value of V can be obtained from Eq. 2 by
plotting (Fy/F — 1)/ exp(V[Q]) versus [Q] for varying V until a linear plot is acquired. The
K, value can be then obtained from slope of the (Fy/F — 1)/exp(V[Q]) versus [Q] plot.
Values of V and K, at four different temperatures (292, 298, 304 and 310 K) are presented
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Fig. 3 Stern—Volmer and
modified Stern—Volmer plots of
the surfactant—cobalt(I1I)
complex at below and above the
CMC (T =292 K) with BSA
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Table 1 Stern—Volmer quenching constants for the interaction of the surfactant—cobalt(IIT) complex with

BSA at different temperatures

T Kgv (L-mol™h) kq (L-mol~1-s~1) V (L-mol™!) R?

(K) Below Above Below Above Above Below Above
CMC CMC CMC CMC CMC CMC CMC
(x10%) (x10%) (x1012) (x10'h (x10%)

292 7.19 5.55 7.19 5.55 9.31 0.9909 0.9904

298 7.65 5.21 7.65 5.21 8.69 0.9901 0.9910

304 7.96 4.34 7.96 434 8.52 0.9902 0.9964

310 8.33 3.81 8.33 3.81 8.35 0.9916 0.9908

4R is the correlation coefficient

in Table 1. The Stern—Volmer quenching constant increases with increasing temperature at
and below the CMC but decreases above the CMC.
As for a bimolecular quenching process, Eq. 3 is employed for the evaluation of the

quenching rate constant kq:
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Table 2 Binding constants and number of binding sites of the surfactant—cobalt(II) complex—BSA at differ-
ent temperatures

T Ka (L-mol™!) n R?

(K) Below Above Below Above Below Above
CMC CMC CMC CMC CMC CMC
(x10%) (x108)

292 2.15 1.15 1.102 1.973 0.9965 0.9932

298 2.38 1.83 1.105 2.046 0.9985 0.9914

304 2.63 1.90 1.109 2.056 0.9971 0.9942

310 3.09 2.24 1.121 2.080 0.9978 0.9976

4R is the correlation coefficient for the van’t Hoff plot

where ky is the quenching rate constant of the biomolecule, and Ty is the average lifetime
of the biomolecule without quencher. The value of 7, of the biopolymer is 1078 s~ [20].
The k4 value is thus calculated to be of the order of 10" L-mol~"-s™! (below the CMC)
and 10'° L-mol~"-s~! (above the CMC). Futhermore, the maximum diffusion collision
quenching rate constant, kq, of various kinds of quenchers with the biopolymer is 2 x
10'° L-mol~'-s~! [20]. However, the rate constants for the quenching of BSA caused by
the surfactant—cobalt(IIl) complex are higher than this value. This supports our assertion
that complex formation plays a significant role in this quenching process.

3.2 Analysis of Binding Equilibria

When drug molecules bind independently to a set of equivalent sites on a macromolecule,
the equilibrium between free and bound molecules is given by the Eq. 4 [21]:

Fo—F
logyg OT =log;o K +nlog;,[Q] “

where K, is the apparent binding constant of the surfactant—cobalt(III) complex with BSA
and n is the number of binding sites per albumin molecule, which can be determined by
the slope and the intercept of the double logarithm regression curve of log,,((Fop — F)/F)
versus log,, [Q] based on Eq. 4. We have calculated the apparent binding constant and num-
ber of binding site values for our surfactant—cobalt(IIl) complex below and above the CMC.
The values are shown in Table 2. The table shows that the binding constants below the CMC
are lower than those above the CMC and also that the binding constant value increases with
increasing temperature for a given system. This is because of the higher hydrophobicity and
micelle formation of the surfactant—cobalt(III) complex above the CMC. Recently, we have
reported that the critical micelle concentration (CMC) values of the surfactant—cobalt(IIT)
complexes increase with increasing the temperature [11-13]. This behavior may be related
to two competitive effects. Firstly, a temperature increase causes a decrease in hydration
in the hydrophilic group, which favors micellization. Secondly, a temperature increase also
disrupts the water surrounding the hydrophobic group and this retards micellization. The rel-
ative magnitude of these two opposing effect will determine the CMC behavior. The number
of binding sites (n) below the CMC is approximately equal to 1, indicating that there is one
class of binding site, whereas above the CMC the value of n is approximately 2, which indi-
cates that there is more than one class of binding site for the surfactant—cobalt(IIl) complex
with BSA.
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Fig. 4 Van’t Hoff plot of the
BSA-surfactant—cobalt(III)
complex at below and above the
CcMC
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3.3 The Binding Force Between the Surfactant—Cobalt(IIT) Complex and BSA

The forces acting between a pharmaceutical and biomolecule include hydrophobic forces,
electrostatic interactions, van der Waals interactions, hydrogen bonds, etc. If the temperature
changes little, the reaction enthalpy change is regarded as a constant. In order to explore
the interaction of the surfactant—cobalt(III) complex with BSA, thermodynamic parameters
were calculated from the van’t Hoff equation and corresponding thermodynamic functions
based on the temperature effect:

AH° AS° 5
RT + R ©)
where K is the analog to the associative binding constants corresponding to various temper-
atures, and R is the gas constant. The enthalpy change (A H°) can be calculated from the
slope of the van’t Hoff relationship (Fig. 4). The Gibbs energy change (AG®°) was conse-
quently obtained according to the following equation:

AG°=AH°—-TAS°=—RThK (6)

Values of AG°, AH®°, and AS° are summarized and listed in Table 3. The negative AG°
values indicate that the binding process is favorable. Ross and Subramanian [22] have char-
acterized the sign and magnitude of the thermodynamic parameter associated with various
individual kinds of interaction that may take place in the protein association processes. From
the point of view of the water structure, the positive AH° and AS° values are frequently
taken as typical evidence for hydrophobic interaction. Futhermore, specific electrostatic in-
teractions between ionic species in aqueous solution are characterized by a negative A H°

InK =—
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Table 3 Thermodynamic parameters for the binding of the surfactant—cobalt(III) complex to BSA

T AH® (kJ-mol™1) AG® (kJ-mol™1) AS° (J-mol~ LK~ 1)
(K) Below CMC Above CMC Below CMC Above CMC Below CMC Above CMC

292 —29.81 —45.06
298 14.87 25.70 —30.67 —47.14 152.88 243.14
304 —31.54 —48.18
310 —32.58 —49.55

and a positive AS° value, while negative entropy changes arise from both van der Waals
forces and hydrogen bond formation. Therefore, it can be deduced that the binding force of
the surfactant—cobalt(IIT) complex to BSA is mainly hydrophobic.

3.4 Energy Transfer from BSA to the Surfactant—Cobalt(IIT) Complex

Energy transfer phenomena have wide application in energy conversion processes [23]. Ac-
cording to Forster’s non-radiative resonance energy transfer theory [24], a transfer of en-
ergy can take place through a direct electrodynamic interaction between the initially excited
molecule and its neighbors [25]. The ligand—protein interaction gives rise to energy changes,
from which the distance between two interacting molecules can be easily evaluated. The ef-
ficiency of an energy transfer, E, is related to the distance, r, between donor and acceptor
by the following equation [26]:

F RS

E:l——:
F() R8+r6

(N

where F and F; are the fluorescence intensities of BSA in the presence and absence
of surfactant—cobalt(IlT) complex, r is the distance between donor (BSA) and acceptor
(surfactant—cobalt(IIl) complex). Ry, the critical distance at which the transfer efficiency
equals 50%, is given by the following equation:

RS =88 x 107 ¥kn*®J ®)

In Eq. 8, k? is the orientation factor of the dipole; n is the refractive index of the medium;
@ is the fluorescence quantum yield of the donor and J expresses the degree of spectral
overlap between the donor emission and the acceptor absorption (Fig. 5) spectra, which can
be calculated by the equation:

Y FW)e(A* AL

/= S F(A)AM ©

where F(A) is the fluorescence intensity of the fluorescence donor at wavelength A, and
&(A) is the molar absorption coefficient of the acceptor at wavelength A. In the presence
case, k> =2/3, n =1.36 and & = 0.15 for BSA [4]. Using Eqs. 7-9, we calculate that
J =219 x 107" cm3-L-mol™!, E = 0.647, Ry =2.87nm and r = 2.63 nm (below the
CMC) and J = 1.308 x 107'® cm*®.L-mol™', E = 0.922, Ry = 1.22 nm and r = 0.99 nm
(above the CMC). The distance between donor and acceptor is less than 8 nm [27], which
implies that the energy transfer from BSA to the surfactant—cobalt(IlT) complex occurred
with high probability, especially above the CMC.

@ Springer



302 J Solution Chem (2012) 41:294-306

i ] J24
2 Below CMC |16 200 L, AbovecMc
24 | A 2.0
-~ —_
3 20 {12 5 1507 >
) zZ 8 16 2
z Jos g 'Z 1004 12 g
8 124 2 8 2
k] . & 5 08 @
il 104 50 4
4] 04
300 330 360 390 420 300 330 360 300 420
Wavelength (nm) Wavelength (nm)

Fig. 5 Spectral overlap between the fluorescence emission spectrum of BSA (A) and UV-vis absorption
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Fig. 6 Absorption spectra of BSA in the absence (dotted lines) and in the presence of increasing amounts
of cis-[Co(phen),(C14HrgNH)CI(ClO4)2-3Hy0 (solid lines). [BSA] = 10 umol-L~!, [surfactant—
cobalt(IlT)] = 2-25 pmol-L_1 (below the CMC) and 0.07-0.3 mmol-L~! (above the CMC). Arrow shows
the absorbance changes upon increasing surfactant—cobalt(III) concentrations

3.5 The Effect of the Surfactant—Cobalt(IIl) Complex on the BSA Conformation
3.5.1 Absorption Spectroscopic Studies

UV-vis absorption studies were performed to ascertain changes of the secondary structure
of BSA and to analyze the interaction affinity between the surfactant—cobalt(IIT) complex
and BSA. It is well known that the absorption of a chromophore is shifted in directions
and magnitudes that depend on whether it is transferred to a more hydrophilic or more hy-
drophobic environment [28]. Figure 6 shows the effect of increasing concentration of the
surfactant—cobalt(II) complex on the absorption spectrum of BSA (the absorption spectrum
of the surfactant—cobalt(III) complex is shown in Fig. 7). It was observed that the absorp-
tion of BSA increased on the addition of the surfactant—cobalt(IIl) complex. The maximum
peak position of surfactant—cobalt(II)-BSA was shifted slightly towards lower wavelengths.
The results indicate interaction between surfactant-cobalt(IIT) complex and BSA and that a
ground state complex was formed; the microenvironment around BSA was changed [29].
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Fig. 7 Absorption spectrum of cis-[Co(phen);(C14H29NH»)CI](C104),-3H,0

3.5.2 Synchronous Fluorescence Spectroscopic Studies

It is well known that the fluorescence of BSA comes from the tyrosine, tryptophan and
phenylalanine residues. The spectrum of BSA is sensitive to the microenvironment of these
chromophores and allows non-intrusive measurements of protein under physiological condi-
tions. In synchronous fluorescence spectroscopy, according to Miller [30], distinction of the
difference between excitation wavelength and emission wavelength (A)) reflects the spec-
tra of disparate chromophores; with AX of 60 nm, the synchronous fluorescence of BSA is
characteristic of tryptophan residues and with AA of 15 nm is characteristic of tyrosine.

Figure 8 shows, the synchronous fluorescence spectra of BSA upon addition of the
surfactant—cobalt(II) complex (below and above CMC) at AA = 15 and 60 nm. As shown
in Fig. 8, the quenching of the fluorescence intensity of tryptophan residues is stronger than
that of the tyrosine residues, suggesting that the tryptophan residues contribute greatly to
the quenching of intrinsic fluorescence. Moreover, a red shift of the maximum emission
wavelength of tyrosine and tryptophan residues from 286 to 288 nm below the CMC and
286 to 290 nm above the CMC indicates that the conformation of BSA changed and the
hydrophobicity around both residues increased.

3.5.3 Circular Dichroism Studies

To get a deeper insight into the role of the structural changes of BSA with addition of
the drug, circular dichroism experiments exploring the secondary structure of the protein
affected by the surfactant—cobalt(IIl) complex were performed. BSA has a high percent-
age of «-helical structure, which shows a characteristic strong double minimum at 222
and 208 nm [31]. The intensities of the double minimum reflect the amount of helicity
of BSA and indicate that BSA contains more than 50% of «-helical structure. Binding of
the surfactant—cobalt(III) complex to BSA (Fig. 9) shows a distinct decrease in the band at
222 nm, whereas the band at 208 nm was completely quenched. The pattern of the CD spec-
trum is unusual compared with other BSA-drug CD spectra [32-34], which show a distinct
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decrease in both negative bands of BSA. We attribute the CD change to an overall decrease
in the a-helical structure compared to S-pleated sheet secondary structure [35].

4 Conclusion

In the present work, the binding of surfactant—cobalt(Ill) complex, cis-[Co(phen),-
(C14H29NH;)CIJ(ClO4),-3H,0 to BSA was studied using spectroscopic techniques under
physiological conditions. Various binding parameters have been evaluated. The positive val-
ues of thermodynamic parameters (A H° and AS°) suggested that the surfactant—cobalt(III)
complex is bound to BSA mainly through hydrophobic interactions. The binding distances
(r = 2.63 nm below the CMC, and 0.99 nm above the CMC) between BSA and surfactant—
cobalt(IIT) complex were obtained using fluorescence resonance energy transfer. The results
of synchronous fluorescence spectroscopy and circular dichroism spectra indicated that the
conformation of BSA was changed in the presence of the surfactant—cobalt(III) complex.
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