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The binding of a homologous series of n-alkyltrimethylammonium bromides to bovine serum albumin were mea-
sured in 2.7 mM phosphate buffer, pH 7.0, and at various temperatures using surfactant membrane selective electrodes
as a fast and accurate method. The obtained binding isotherms have been analyzed and interpreted using the binding ca-
pacity concept, Hill equation and Wyman binding potential. The system behaved as a system with two sets of binding sites
in all studied situations. The results represent the essential role of hydrophobic interactions in the first binding set. At high
cationic surfactant concentrations, the occupation of the second binding set occurred, with an accompanying unfolding
and exposure of numerous hydrophobic binding sites. However, this unfolding process occurred for the cationic surfactant
at much higher concentrations than was required for sodium dodecyl sulfate. The Gibbs free energy change calculated on
the basis of the Wyman binding potential concept decreases in the initial stages of binding and passes through a minimum,
followed by occupation of the second binding set. The affinity of binding increased with increasing temperature, indi-
cating an endothermic and essentially entropy driven process.
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Studies on the structure of protein molecules in aqueous so-
lution are formidable not only because of the complexity of the
structure but also because of the absence of any really direct
and general experimental method. Although many native pro-
tein structures are known at present at the level of atomic re-
solution, we do not have a clear concept of the physical princi-
ples of organization of these structures and the forces stabiliz-
ing them in space. The only approach to this problem is by
studying the process of destruction (denaturation) of the native
structure. The denaturation of proteins may be done by denatu-
rating agents such as urea, guanidine hydrochloride, or ionic
surfactants. It is important to note that the mechanism of dena-
turation of proteins by ionic surfactants involves the binding of
the surfactant ions to sites on the protein molecules, which oc-
curs at 1-3 mmol dm~3 surfactant concentration.! This concen-
tration range is much lower than those required for other com-
monly used denaturants such as urea (6-8 mol dm~3) or guani-
dine hydrochloride (4-6 moldm™2),? for which the denatura-
tion process depends primarily on the effect of these
compounds on the water structure and weakening of the hydro-
phobic interactions in the tertiary structure of the proteins.
There is evidence that the initial interaction between surfactants
and proteins is predominantly ionic; the surfactant ions bind to
groups of opposing charge on the protein. These initial interac-
tions cause the protein to unfold, which results in the exposure
of more binding sites. As the surfactant concentration is in-
creased, binding becomes cooperative and, ultimately, satura-

tion occurs.® Thus, for an evaluation of the mechanism of sur-
factant denaturation, a very accurate measurement of the bind-
ing data is essential. The common experimental method which
has usually been used for obtaining the binding data of ionic
surfactants to proteins is equilibrium dialysis, which is a very
tedious and time consuming method.*® Furthermore, at higher
surfactant concentrations, the Donnan effect may be attributed
to our measuring. The influence of this effect on the distribution
of the surfactant ions in equilibrium dialysis is magnified when
the concentration of the surfactant ion is increased relative to
that of non-reactive electrolytes.

Recently, surfactant membrane selective electrodes have
been successfully used for investigating physico-chemical pa-
rameters of ionic surfactants in aqueous solutions containing
various additives.” These electrodes have also been success-
fully used for binding studies of n-hexadecylpyridinium bro-
mide with bovine serum albumin (BSA).!° The potentiometric
method has several advantages, including simplicity, cheapnes,
a wide dynamic range, and fast response time and provides
more accurate and precise data compared with the equilibrium
dialysis technique.

In this paper we report the interactions of a homologous ser-
ies of n-alkyltrimethylammonium bromides with BSA using
surfactant membrane selective electrodes. Serum albumin is
the most abundant protein in plasma with a typical concentra-
tion of 5 g/100 mL, which contributes 80% to the colloid os-
motic blood pressure.'! It has now been determined that serum
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albumin is chiefly responsible for the maintenance of blood
pH.IZ

Based largely on hydrodynamic experiments and low-
angle X-ray scattering,'® serum albumin was postulated to be
an oblate ellipsoid with dimensions of 140 x 40 A. However,
studies using "HNMR indicated that an oblate elipsoid struc-
ture for albumin was unlikely. Rather, a heart-shaped structure
was proposed.'”

The BSA molecule is made up of three homologous domains
(I, II, III) which are divided into nine loops (L1-L9) by 17 di-
sulphide bonds. The loops in each domain are made up of a se-
quence of large—small-large loops forming a triplet. Each do-
main in turn is the product of two subdomains (IA, IB, etc.).

The value of 4.7 has been reported as the isoelectric pH of
BSA.' The BSA molecule is not uniformly charged within
the primary structure. A net charge of —10, —8, and O have
been calculated for domains I, II, and III of BSA at neutral
pH, respectively.'® Various researchers has studied the struc-
ture and properties of serum albumin and its interactions with
surfactants in order to understand its functionality.?*-2* Howev-
er, there is no comprehensive study on the interactions of a ho-
mologous series of cationic surfactants with BSA. This led us to
the study of the interactions between a homologous series of n-
alkyltrimethylammonium bromides and BSA. A thermodynam-
ic analysis of binding data would provide a better understand-
ing of the mechanism involved.
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Experimental

Materials. BSA type F (fatty acid free), obtained from Sigma
Chemical Co., was used as received. Calculations were made
assuming a molecular weight of 66000 D for BSA.?> The BSA con-
centration was determined with the use of &g = 4.4 x 10*
M~!em™!.26 All of the cationic surfactants, 98% purity provided
by Alderich Chemical Co., were purified by repeated crystalliza-
tion from an acetone/water mixture. Tetrahydrofuran (THF) ob-
tained from Merck was purified by distillation. All solutions were
prepared with double distilled water. All of the measurements were
carried out in 2.7 mM sodium phosphate buffer solution, pH 7.0
and / = 0.0046.

Methods. Conditioning and Casting of Membrane: 0.5 gram
of carboxylated PVC dissolved in purified THF (20 mL) was added
dropwise to 100 mL of 4 x 103 mol dm™—> surfactant in distilled
water. The solution was allowed to stand for 4 h at room temper-
ature. The precipitate was filtered off and dried between two sheets
of filter paper. After that, the product was stored under vacuum at
30 °C over night. Freshly distilled THF (25 mL) was added to the
40% (0.12 g) conditioned PVC and 60% (0.18 g) of plasticizers
(Elvaloy 742) in a 100 mL beaker. The solution was filtered
through a 10 pL Teflon millipore filter in to a 5.5 cm glass dish
(preveiously cleaned with THF). The dish was then left to stand
in a dust free environment for two to three days to allow the solvent
to evaporate at room temperature. The membrane was approxi-
mately 0.1 mm thick. A scalpel was used to cut around the mem-
brane and water was added to assist in the removal of the mem-
brane from the dish. The membrane was dried between two sheets
of filter paper and a cork bore was used to cut a disk for the elec-
trode tip. The THF was used to attach the membrane to the tip of
the electrode.

Electrode Body: A silver rod was sealed to the PVC electrode
body and then coated with AgBr in 0.1 mol dm~3 NaBr solution in
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a 100 mL beaker. The silver rod (as an anode) and platinum (as a
cathode) were connected in series with a 4 V battery and immersed
in salt solution for 15 min. Finally, the coated rod was washed with
distilled water.

Emf Measurements: The surfactant ion-selective electrode
(ISE) was used for measurement of the free concentration of sur-
factant ions, [S]f, in equilibrium with BSA—surfactant complexes
at various conditions. The potentials were measured relative to a
commercial sodium ion-selective electrode (Corning 476210). In
all experiments, the temperature was controlled to within 0.1
°C by circulating thermostated water through the jacketed glass
cell, and the sample solution was continuously stirred using a mag-
netic stirrer.

At surfactant concentrations below the critical micelle concen-
tration (cmc), the surfactant was dissociated completely. There-
fore, the logarithm of the concentration of surfactant against the
emf gives a Nernstian slope. Obviously, the potential of the elec-
trode should be measured relative to the reference electrode. The
cell configuration used was:

PVC

membrane

internal test reference

Ag ‘ AgBr

solution solution | electrode

The following equations can be written for different electrode
potentials, according to the Nernst’s equation:

. RT
Egr = E%gr + 7 In Agurt (D

RT
Enat = E°Na + 7 In ay,+ 2)

where T, R, F, ag,+, and ay,+ are absolute temperature, gas con-
stant, Faraday’s constant, activity of surfactant ion, and activity
of sodium ion, respectively. Eg,+, Enat> E gurt»> and E°y,+ indicate
the sodium, surfactant, and corresponding standard electrode
potentials, respectively.

The potential of each electrode depends upon the logarithm of
the activity of the surfactant and sodium ions. In this way, cells
without a liquid junction were constructed which to respond to
two ionic species concentrations, namely the surfactant monomer
ion, [S]¢, and co-ion (where Na™), [C],, which comes from the
backing electrolyte.

The electrochemical cell can be considered to be between the
surfactant electrode and the sodium electrode as a reference elec-
trode:

Ecenl = Eqyrv — Exa+ 3)

where E is the potential of the electrochemical cell between sur-
factant and sodium electrodes.

The activity coefficient for an ionic species measures the devia-
tion from ideal behavior resulting mainly from interionic interac-
tions of an electrostatic nature. At low ionic strength, the mean ac-
tivity coefficient of different ions, irrespective of charge and shape,
leads to unity.27 Based on the above discussion, it is reasonable to
assume that:

YNat = Vourt ~ 1 C))
and with this assumption the monomer concentration of the surfac-
tant ion can be determined below and above the cmc using the
following equations:

Elog [S]f)/sufr )
F oo Ok Ve

At a constant sodium ion concentration, which applies to this

Eccll = Eosur+/Na+ + 2.303 (5)
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experiment, this assumption leads immediately to:
o RT
Een =E surt/Na* +2.303 ? log[S], (6)
where
o [o} RT
E” g Nat = E°gurt Nat — 2.303 ?log[C]s. 7

Since the surfactant is dissociated completely into ions below the
cmc, the plot of E. against log[S];. obeys Nernstian behavior.
Hence, the slope of the line is refered to (4+2.303R7T/F) and the in-
tercept, E°’ g+ /Na+ - This calibration line can be used for the deter-
mination of monomer surfactant ion concentration above the cmc
by adjusting data on the calibration line. A least mean squares
method was used for determination of the slope, 2.303RT/F, and
intercept, E g+ /nq+» for each set of data.

Results and Discussion

Figure 1 shows the plot of emf versus the logarithm of total
surfactant concentration, log[S];, in the absence of BSA at
specified experimental conditions. It is obvious that at low con-
centrations of surfactant (below the cmc), the emf is directly
proportional to log[S], with a Nernstian slope (57-60 mV).
However, at higher concentrations, the resulting plots show a
distinct break at the cmc. An increase in surfactant concentra-
tion causes a decrease in [S]; in the concentration range above
the cmc. The decrease in monomer surfactant concentration
above the cmc was confirmed by Hall’s theory in 1981.28 How-
ever, many workers have assumed that the monomer concentra-
tion is constant above the cme.?%3° The cmc values obtained for
dodecyltrimethylammonium bromide (DOTAB), tetradecyltri-
methylammonium bromide (TTAB), and hexadecyltrimethyl-
ammonium bromide (HTAB) are 1.45 x 1072, 3.6 x 1073,
and 9.2 x 1074, respectively, which are in good agreement
with the literature values.?!

Figures 2 and 3 show the emf as a function of log[S]; in the
presence of BSA. The curves in this figures can be divided in to
three distinct regions as follows:

150

100

E o/ mV
<

-100

-150
% 5 -4 -3 2 -1 [
log[S]

Fig. 1. Electromotive force of surfactant ions against its
logarithm of total concentration in the absent of BSA at
2.7 mM phosphate buffer, pH 7, and 27 °C: DTAB(@®),
TTAB(H), and HTAB(A).
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Fig. 2. Electromotive force of surfactant ions against its
logarithm of total concentration in the present of (0.1%
w/v) BSA at 2.7 mM phosphate buffer, pH 7, and 27 °C:
DTAB(@®), TTAB(M), and HTAB(A).
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Fig. 3. Electromotive force of surfactant ions against its
logarithm of total concentration in the present of (0.1%
w/v) BSA at 2.7 mM phosphate buffer, pH 7, and 37 °C:
DTAB(®), TTAB(M), and HTAB(A).

I) The first region, which is at very low concentrations of sur-
factant, shows a Nernstian slope, which is approximately equal
to the corresponding value in the absence of BSA. Hence, it can
be concluded that there is no measurable interaction between
BSA and surfactant at low concentrations.
II) The second region begins with a distinct break, shown as C;
in the plot. This deviation from linearity is due to the interac-
tions of the surfactant with BSA, and continues until the second
distinct break, shown as C», is reached.
IIT) The third region is located after C,, where the monomer
concentration gradually decreases as the total concentration
of surfactant is increased. In this region, aggregation of surfac-
tant ions and micelle formation occurr.

By considering the fact that the emf is reduced in the pres-
ence of BSA, the amount of surfactant bound to BSA can be
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Fig. 4. Binding isotherms for DTAB(®), TTAB(H), and
HTAB(A) on interaction with BSA at pH 7 and 27 °C.
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Fig. 5. Binding isotherms for DTAB(®), TTAB(H), and
HTAB(A) on interaction with BSA at pH 7 and 37 °C.

calculated.
The average number of surfactant molecules bound per BSA
molecule has been calculated as:

[STe — [ST¢
Ve — =

G ®)

where C, is the total concentration of BSA.

Figures 4 and 5 show the binding isotherms (a semi logarith-
mic plot of the average number of surfactant bound per BSA
molecule, v, against the logarithm of the free surfactant concen-
tration, [S];) for the interactions of DOTAB, TTAB, and HTAB
as a homologous series of cationic surfactants, with BSA at the
specified conditions. All the isotherms are for the free surfac-
tant concentrations below the cmc values. All plots are con-
cave, characteristic of cooperative binding.

The plot of binding capacity, 8, versus log[S]; can be a very
useful approach for analysing the binding isotherms*?33 0 is the
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Fig. 6. The plot of 8/RT versus log[S]; for DTAB(@®),
TTAB(H), and HTAB(A) on interaction with BSA at pH
7 and 27 °C.
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Fig. 7. The plot of 8/RT versus log[S]; for DTAB(@®),
TTAB(H), and HTAB(A) on interaction with BSA at pH
7 and 37 °C.

derivative of the binding isotherms representing the change in
the number of moles of surfactant bound per mole of protein
(v), which is related to log[S]; according to the following
equation:

ov _ ov _ ov
o, RTAIn[S];  2.303RTdlog[S];

(€))

Where (t, is the chemical potential of the surfactant. Other
parameters have been previously defined. The value of 6 at
any v can be determined by calculating the slope of the binding
isotherms. Figures 6 and 7 show the plots of 6/RT versus
log[S]; for the binding of DOTAB, TTAB, and HTAB to
BSA at 27 and 37 °C, respectively. The main feature of these
figures is the existence of two maxima for all binding iso-
therms, and therefore the binding data should be fitted to the
Hill equation for two sets of binding sites (Eq. 10).3*3> Howev-
er, the first maximum appears at lower concentration values of
surfactant as the hydrocarbon chain of the surfactant is increas-
ed. The second maxima does not completely appear for TTAB
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Table 1. Parameters Derived from Eq. 10 for the Binding of Cationic Surfactants to BSA

Temperature g1 n K, x 1072 o) no K, x 1072
/oC /M71 /M71
DOTAB 27.0£0.1 24012 6.19£0.30 5.50+£0.03 172 £ 8 2.58+£0.12 2.00+£0.09
37.0£0.1 33.0£1.6 430£021 4444022 140 =7 2.51£0.13 2.05+0.10
TTAB 27.0£0.1 120£0.6 5894+029 253+1.2 120+ 6 2.62+£0.13 850+£043
37.0£0.1 14.0£0.7 7374+048 30.7+£20 90.0+4.2 2504+0.12 10.3+0.5
HTAB 27.0£0.1 62+03 5.04+£022 51.0+2.2 573£29 1.754£0.09 9.82+0.53
37.0£0.1 754+£04 4.64+£025 478+25 40.0£2.0 239+0.14 1424+09
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and HTAB, which may be due to the fact that TTAB and
HTAB, with lower cmc values compared to DOTAB, form
micelles before full occupation of the second binding set. The
Hill equation for two sets of binding sites is:

:{ siKi[S1p™ } { §2(Ka[S1p)™ }
1+ (K [S]p)™ 1+ (K2[S1p)™

where g;, K, and n; are the number of binding sites, the bind-
ing constant, and the Hill coefficient for the first binding set, re-
spectively, and g;, K3, and n, are the corresponding parameters
for the second binding set. Fitting was done using a computer
program for non-linear least-square fitting.>® The results are
shown in Table 1, which indicate that the values of K are larger
than K>, and show that the initial interactions are stronger. The
positive cooperativity in the first set (n; > 1) is due to the fact
that the anti-cooperative electrostatic interaction is not the only
interaction in the first binding set. This conclusion can also be
reached by comparing the values of K| for DOTAB, TTAB,
and HTAB with each other. The values of K, increase due to
the increasing hydrocarbon chain length of the surfactants.
Therefore, the hydrophobic interactions between the hydrocar-
bon tail of the surfactant and hydrophobic patches on the sur-
face of the protein play an important role in the initial interac-
tions of cationic surfactants with BSA. The large number of
binding sites in the second set indicates that the binding is ac-
companied by unfolding and exposure of numerous hydropho-
bic binding sites. The concentration at which unfolding occurs
is decreased by increasing the length of the hydrocarbon tail of
the surfactants. This implies that the hydrophobic interactions
have an essential role in the denaturation process of BSA.

Another common approach for determining the binding con-
stant and evaluating the binding mechanism has been proposed
by Wyman, who introduced the binding potential concept,
I7,.37 The value of the binding potential at any specified v is
calculated from the area under the binding isotherms according
to the following equation:

10)

In[S]¢
I, = RT/ vd In[S];. an
0
This is related to an apparent overall macroscopic binding
constant, Kypp,v, as follows:

M, = RTIn(1 4 Kapp [STY). (12)

Values of K, , were determined by application of Eq. 12, and
used to determine the values of the Gibbs free energy of binding
per mole of surfactant, AG,:

RT

AGy = == InKupy. (13)

DOTAB

TTAB

AG, /Kl mol

HTAB

-21

<23

Fig. 8. Variation of Gibbs free energy of binding per mole
of surfactant on interaction with BSA as a function of v:
() 27 °C, (W) 37 °C.

Figure 8 shows the variation of AG,, versus v for the binding
of DOTAB, TTAB, and HTAB to BSA. It is obvious that the
affinity of binding is increased with increasing length of the hy-
drocarbon tail of the surfactants. This is further evidence that
the hydrophobic tail of the surfactant plays an important role
in the interaction with BSA. However, all curves in Fig. 8 have
a minimum and approach a limiting value with increasing v.
The limiting value of AG, (approximately —12, —16, and
—18 kImol~! for DOTAB, TTAB, and HTAB, respectively)
can be predominantly related to hydrophobic binding. The min-
ima are located in the first binding set region, which has a high
binding energy with the ionic sites. However, the variation of
AG, with respect to v dose not show the trends expected from
the cooperativity coefficients (Table 1). AG, becomes less neg-
ative after v > g;, although from Table 1 the Hill coefficients
are greater than one for both binding sets of all studied surfac-
tants. This is due to this fact that AG,, obtained from the appa-
rent macroscopic binding constants, K., that contain the stat-
istical contribution and its variation cannot show this kind of
cooperativity.>

The values of AG, are more negative at the higher temper-
atures, which represents the endothermic and essentially entro-
py driven process. With respect to the entropic nature of hydro-
phobic and enthalpic nature of electrostatic interactions, this
observation represents the more predominant role of hydropho-
bic interactions in the overall process.
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Conclusions

Analysis of binding data for the interactions of cationic sur-
factants with BSA represents a system with two sets of binding
sites. Both electrostatic and hydrophobic interactions are in-
volved in the first binding set at lower concentrations of surfac-
tants. At higher surfactant concentrations, in which the occupa-
tion of the second binding set was occurred, the cationic surfac-
tant resembled sodium dodecyl sulfate (SDS), i.e., binding co-
operatively to BSA with an accompanying unfolding and
exposure of numerous hydrophobic binding sites. However,
this unfolding process occurs for the cationic surfactants at
much higher concentrations than is required for SDS.*’ There-
fore, the cationic surfactants are not suitable as substitutes for
SDS certain procedures, such as determination of molecular
weight by gel electrophoresis, in which the denaturating action
of the surfactant is an essential feature.

The trend of the variation of AG, confirms our binding data
analysis on the basis of two sets of binding sites. The limiting
values of AG, at high concentrations of surfactants are approx-
imately equal to AGpicene, Which indicates that the structure
of the BSA-—surfactant complex and the related micelle are
similar.

The endothermicity of the process also indicates that the
hydrophobic interactions play an important role in the BSA-
surfactant binding, whereas electrostatic interactions play only
a minor one.

The authors are grateful for the financial support from the
Research Councils of Bu-Ali Sina and Isfahan Universities.
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