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To gain insights into the comparative effect of single-chain/gemini surfactants on
proteins and the possible implications, the interaction of human serum albumin
(HSA) with cationic single-chain surfactant cetyltrimethylammonium bromide
(CTAB) and its gemini counterpart bis(cetyldimethylammonium)butane dibromide
with spacer —-(CH,),~ (designated as G4) using turbidity measurements, far-UV and
near-UV circular dichroism (CD), intrinsic fluorescence and extrinsic fluorescence
spectroscopy at pH 7.0 are reported in this contribution. A decrease of 33.5% a-helical
content at 22.5 yM G4 was monitored compared to a 15% decrease at 2,250 UM CTAB.
Against a 3.5% increase at 11,250 M CTAB, a rise of 21.1% in the o-helical content
was observed 375uM G4. The result is related to the stronger electrostatic and
hydrophobic forces in G4, owing to the presence of two charged headgroups and two
hydrophobic hydrocarbon tails that make it to bind strongly to the protein compared
to its single chain counterpart, CTAB, resulting in larger unfolding. The stabilization
at higher concentrations is attributed to the highly hydrophobic microdomain of the
G4 aggregates formed at such concentrations. The results of the multi-technique
approach are consistent with the fact that the gemini surfactants are more efficient
than their conventional single-chain counterparts and hence may be used more
effectively in the renaturation of proteins produced in the genetically engineered
cells via the artificial chaperone protocol, as solubilizing agents to recover proteins
from insoluble inclusion bodies and in drug delivery.

Key words: aggregation, circular dichroism, gemini surfactants, human serum
albumin, fluorescence spectroscopy.

Abbreviations: CTAB, cetyltrimethylammonium bromide; HAS, Human serum albumin; RFI, relative

fluorescence intensities.

INTRODUCTION

Proteins are the most abundant and versatile macro-
molecules in living systems and serve crucial functions
in essentially all biological processes. The function of
a protein is directly dependent on its three-dimensional
structure. The protein—surfactant interactions have been
the subject of extensive research (I, 2) ever since sur-
factants were found to be strong denaturants of water
soluble proteins (3). Denaturation of proteins by ionic
surfactants involves binding of the surfactant ions
to sites on the protein molecules, which occurs at
1-3 mmol dm~® surfactant concentration (4). This concen-
tration range is much lower than that required for other
commonly used denaturants such as urea (6—8 moldm™>)
or GdmC] (4-6 mol dm™3), wherein the denaturing process
primarily depends on the effect of these compounds on
the water structure and weakening of the hydrophobic
interactions in the tertiary structure of the proteins
(5-7). The understanding of protein folding/unfolding has
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not only provided an intellectual challenge but also has
an immense potential for application. Besides shedding
light on the functional properties of the proteins, the
protein—surfactant interactions are significant for wide
variety of industrial, biological, pharmaceutical and
cosmetic systems (1, 2, 8-16).

The energetics of protein conformation appears to be
driven by the hydrophobic effect (17) or the degree of
attraction for water (I8). Due to the hydrophobic and
hydrophilic properties of the amino acids, a protein
exhibits dualism that makes small amphiphilic molecules
to interact with proteins. The amphiphilic molecules
chosen to study the protein—surfactant complexes, in
general, are the ionic surfactants in view of their applica-
tion in the area of membrane studies (19, 20). The role of
surfactant polar head structure in the protein—surfactant
complexation was examined by Moore et al. (21). The
formation of complexes between anionic surfactants and
proteins in aqueous solutions has been well established
(22-26). Cationic surfactants have been found to interact
with the proteins to a lesser extent compared to anionics
mainly as a consequence of smaller relevance of electro-
static interactions at the pH’s of interest.?” However, the
binding isotherms of both these type of surfactants have
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been found to be similar (27, 28). The conformational
changes induced in the protein, when the surfactant
binds to it, result in changes of polarity and the stability
of the protein (22, 23, 29, 30).

A novel class of surfactants called ‘Gemini surfactants’
has been developed in the recent years. These surfac-
tants are made up of two hydrophobic chains and two
polar headgroups covalently linked through a spacer
group (31, 32). These surfactants possess properties such
as low Kraft temperature, low cmc, strong hydrophobic
microdomain, etc., that make them superior to conven-
tional monomeric surfactants (33). They can be orders of
magnitude more surface active than the comparable
conventional surfactants (34). Geminis have already
shown promise in various potential areas of surfactant
application. Referred to as ‘second generation surfac-
tants’ they are being intensely investigated (35, 36).

Although a large amount of work has been done on the
interaction of single-chain ionic surfactants with proteins,
gemini surfactant—protein interactions are less studied
(37-40). This communication details a comparative inter-
action of cetyltrimethylammonium bromide (CTAB),
C16H3sN*(CH3)sBr~ and its gemini counterpart with
spacer chain —(CHy)s,—, Ci6H35(CHg)oN*—(CHy)—
N*(CHj3)9C16H332Br™, on human serum albumin (HSA-a
globular protein), using UV-visible spectroscopy, intrinsic
fluorescence, extrinsic fluorescence and circular dichro-
ism. Keeping in view the special interest in the effect of
surfactants on humans, particularly in pharmaceutical,
biotechnological and the cosmetic industry, HSA was
selected as the model protein. The structure of HSA has
been determined to a resolution of 2.8 A (41). HSA is
single polypeptide chain, multi-domain protein composed
of 585 amino-acid residues (42). It consists of three
homologous domains that ensemble to form a heart-
shaped molecule. Each domain in turn is the product of
subdomains A and B which are extensively cross-linked
by disulphide bridges. There are 10 principal helices in
each domain, h1-h6 for subdomain A and h7-h10 for
subdomain B. Helped by 17 disulphide bridges, the pro-
tein is folded into a shape that can be roughly described
by an equilateral triangle with sides of about 80 A and
thickness of about 30 A (43). At neutral pH, it has a net
negative charge (pI 5.2) and is known to undergo
conformational changes at both low and high pH’s (44).
It aids in the transport, metabolism and distribution of
exogenous and endogenous ligands. It serves to maintain
the plasma pH, contributes to colloidal blood pressure,
functions as carrier of many metabolites of fatty acids and
serves as a major transport protein in plasma (45).

MATERIAL AND METHODS

Material—Human serum albumin (HSA) essentially
fatty acid free (lot no. 3872A, Sigma), cetyltrimethylam-
monium bromide (CTAB, Sigma), 1-anilino-8-naphthalene
sulphonic acid (ANS, Sigma) were used as received. The
gemini bis(cetyldimethylammonium)butane dibromide
(C16H33(CH3)2N+—(CH2)4—N+(CH3)2 016H33'2BI'_, G4) was
synthesized and characterized as described elsewhere (33).
All other reagents and buffer components used were
of analytical grade. Double distilled water was used
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throughout the study. Stock solutions of extensively
predialysed HSA, CTAB and G4 were prepared in 20 mM
sodium phosphate buffer (pH 7) and utilized to prepare the
samples of desired concentrations. Compared to a critical
micellar concentration (cme) of 1 mM for CTAB and 28 uM
for G4 the cmc in the sodium phosphate buffer (pH 7) was
determined to be 0.634 mM and 15 uM for CTAB and G4,
respectively, by using the concentration of HSA used for
the measurements carried out was 7.5uM. Proteins
concentrations were determined from the value of specific
extinction coefficient (€'%;.,=5.3) by measuring the
absorbance of protein solutions at 280nm on a Hitachi
U-1,500 spectrophotometer (46), model U-1500 or alter-
nately by method of Lowry et al. (47). The concentration of
the ANS used for extrinsic fluorescence measurements was
50 times that of the protein and was determined from the
value of the extinction coefficient 5.000 M lem™ by
measuring the absorbance of the solution at 350 nm. The
pH measurements were carried out on an ELICO digital
pH meter (model LI610).

Turbidity Measurements—The turbidity of the
surfactant/HSA solutions was monitored by UV absor-
bance at 350 nm using a Shimadzu UV/vis spectrometer.
A cuvette with 1cm path length was used. The mea-
surements were carried out at 25°C. A reference sample
containing buffer and the detergent was measured and
the absorbance observed was negligible.

CD Measurements—CD measurements were carried
out with a Jasco spectropolarimeter, model J-720,
equipped with a microcomputer. The instrument was
calibrated with D-10-camphorsulfonic acid. All the CD
measurements were carried out at 25°C with a thermo-
statically controlled cell holder attached to a Neslab
RTE-110 water bath with an accuracy of +0.1°C. The
high-tension voltage for the spectra obtained was found
to be less than 600V. Spectra were collected with a scan
speed of 20nm/min and response time of 1s. Each
spectrum was the average of four scans. A reference
sample containing buffer and the detergent was sub-
tracted from the CD signal for all measurements. Far-UV
and near-UV CD spectra were measured at protein
concentration of 7.5 uM. The path length was 1 mm and
1cm, respectively. The results were expressed as mean
residue ellipticity (MRE) in deg cm? dmol™!, defined as

Qobs
MRE = ——— .
R 10 xn xC, x1
The o-helical content was calculated from the MRE
values at 222nm using the following equation (48),

2,340

Percentage of o-helix = (MREzzz " 730300

)xlOO

where 60, is the CD in millidegree, n is the number of
amino-acid residues (585), [ is the cell-path length in cm
and C}, the molarity.

Fluorescence Measurements—Fluorescence measure-
ments were performed on a Hitachi spectrofluorimeter
(model 2500) equipped with a PC. The fluorescence
spectra were collected at 25°C with a 1cm path length
cell. The excitation and emission slits were set at 5nm.
The fluorescence spectra were taken with a protein
concentration of 7.5uM. To the 7.5uM protein stock
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solution, different volumes of the buffer were added
followed by the requisite volumes of stock additive solu-
tions to obtain samples of the desired additive concentra-
tion. The reference sample consisting of the buffer and
the detergent didn’t give any fluorescence signal. Intrin-
sic fluorescence was measured by exciting the protein
solution at 280nm and 295nm and emission spectra
were recorded in the range of 300-400 nm.

For extrinsic fluorescence measurements in the ANS
binding studies, the excitation was set at 380 nm and the
emission spectra were taken in the range of 400-600 nm
or at a fixed wavelength of 470 nm.

RESULTS AND DISCUSSION

Aggregation Studies—The protein—surfactant mixed
solutions are transparent throughout the investigated
concentration range in case of CTAB. The HSA-G4
mixed solutions are clear at low surfactant concentra-
tions; turbidity appears in the solutions with rising G4
concentration and increases so much so that the samples
turn opaque. With further addition of the surfactant the
turbidity again shows a decreasing trend and finally
disappears. The fluctuations in turbidity arise mainly
from the change in the amount and size of aggregates
formed and is attributed to the formation and redissolu-
tion of HSA-surfactant complexes (49-51). These
changes are tracked by following the variations in the
absorbance of the HSA—cationic surfactant mixed solu-
tions at 350 nm employing UV-visible spectroscopy.

The comparative effect of CTAB/G4 on the
UV-absorbance of HSA at 350nm is illustrated in
Fig. 1. The variation in turbidity observed when CTAB
is added to the protein is negligibly small compared to
the changes monitored on the addition of G4. The very
small change in the absorbance values of the HSA—-CTAB
mixed solutions compared to the native protein is
attributed to the fact that the cationic surfactants exhibit
a low tendency to interact with proteins (I, 52). An
increase in the absorbance of HSA-G4 mixed solutions
is observed as the surfactant is added to the protein;

0.8
o
0.6 -
E o
Yol
® 04
C O
1))
Qo
<C
0.2 o
o
O o
0&“ s 9t e8Q o
0 100 200 300 400
[Surfactant])/ uM

Fig. 1. Turbidity curves for HSA (7.5 M) at pH 7 with the
varying concentrations of CTAB (filled diamond) and G4
(filled circle) (temp. 25°C).
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it decreases with increasing surfactant concentration and
attains a constant value finally. The results suggest that
the HSA-G4 interactions are stronger compared to the
interactions of the protein with CTAB.

To have insights into the interactions and to interpret
them more meaningfully, CD and fluorescence spectro-
scopy is employed. Only the clear samples with low
absorbance were used for such studies as the turbid
samples with insoluble aggregates could not be studied
since these cause artifacts due to (i) differential light
scattering which arises when light falls on chiral par-
ticles of dimensions comparable to or greater than its
wavelength, and (ii) absorption flattening which arises
from the high concentration of the proteins in such
aggregates.

Far-UV CD—Alterations of ellipticity at 222nm
(~MREyy,) are useful probe for visualizing varying
o-helical contents.*® Therefore, circular dichroism (CD)
measurements were performed to monitor the changes of
the secondary structure generated by the interaction of
HSA with CTAB or G4.

Typical far-UV CD spectra in the range 200-250 nm for
native HSA and HSA in the presence of surfactants are
shown in the Fig. 2. The spectrum of untreated HSA at
pH 7 shows negative minima nearly at 208nm and
222nm, characteristic of o-helical structure (53). It is
observed that when CTAB is added to HSA (Fig. 2A and
Table 1), the mean residue ellipticity (-MREs25) and
hence the o helical content, as calculated by the method
of Chen (48), decreases from 58.2% when untreated
to 41.5% at a surfactant concentration of 2,250uM,
increases again to 45% at 11,250 uM CTAB, and assumes
an almost constant value thereafter. The a-helical con-
tent in G4 decreases from 58.2% (in the untreated state)
to 24.7% at 22.5uM surfactant concentration. After-
wards, the helical content begins to rise and attains a
value of 45.8% at 375uM, remaining almost constant
thereafter. G4, thus, registers a 33.5% loss in a-helical
content at 22.5 uM which corresponds to [G4]/[HSA] ratio
of 3 [against a 15% loss by CTAB at 2,250 uM, corre-
sponding to [CTAB]/[HSA] molar ratio of 300]. The gain
in the helical content in G4 is again much more signifi-
cant, i.e. 21% at [G4]/[HSA] molar ratio of 50, compared
to 3.5% at [CTABJ/[HSA] ratio of 1,500. The decrease in
the a-helical content in G4 as well as CTAB is attributed
to the unfolding of the protein whereas the increased
a-helix depicts stabilization. The turbidity in the samples
did not permit the CD studies to be performed in the
concentration range 30-225 M (Table 2).

The decrease in the helical content is associated with
the fact that as the surfactant is added it binds to the
protein and thus initiates unfolding (4, 28, 29). Large
amounts of the surfactant molecules are adsorbed on the
protein with increasing concentration of the surfactant,
forming micelle-like clusters which, in turn, lead the
intrachain hydrophobic interactions in the protein to
be replaced by the electrostatic repulsive forces between
the micellar aggregates, unfold the protein further and
thus decrease the o-helical content. The stabilization
may be associated with the structural transition of
the micelles to a shape with a stronger hydrophobic
core as the surfactant concentration increases (14).
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Fig. 2. Far-UV CD spectra of HSA (7.5 M) at pH 7, in the
native state (1) and in the presence of 300 uM (2), 1,000 pM
3), 2,250 pM (4), 5,250 uM (5), 11,250 pM (6) and 15,000 pM
(7) CTAB (2A) and 0pM (1), 7.5 1M (2), 22.5 1M (3), 30 pM (4)
225 M (5), 375uM (6), 750 uM (7) G4 (2B) (temp. 25°C).

Table 1. MRE at 222nm and the percentage of a-helix of
HSA at different concentrations of CTAB.

(CTAB) (uM) (CTAB)/(HSA) —MREgz2 a-helix (%)
0 0 20,000 58.2
300 40 18,114 52
1,000 133 16,608 47
2,250 300 14,942 415
5,250 500 15,314 42.8
11,250 1,500 15,971 45
15,000 2,000 15,686 44

The self-association of the surfactant molecules in the
aqueous media is highly cooperative and generally starts
with the formation of roughly spherical micelles. At
higher surfactant concentrations, non-spherical micelles,
such as the rod-shaped, may be formed by the surfactant
(54-56). That the gemini surfactants undergo a structure
transition and their hydrodynamic radius increases
appreciably with an increase in surfactant concentration
has already been studied (35). The hydrophobic interac-
tions, due to the stronger hydrophobic microdomain of

Table 2. MRE at 222nm and the percentage of a-helix of

HSA at different concentrations of G4.

N. Gull et al.

(G4) (uM) (G4)/(HSA) —MREg332 a-helix (%)
0 0 20,000 58.2

7.5 1 19,942 58

22.5 3 9,828 24.7

30 4 10,171 25.8
225 30 15,171 42.3
375 50 16,228 45.8
750 100 16,514 46.7

the gemini surfactant, seem to be enhanced to such an
extent that they do not only limit the unfolding but also
compress or increase the o-helical content of the protein.
In case of the single-chain surfactant, the effect is not
significant enough to bring about any noticeable change.

The results presented clearly show that both the
surfactants used (CTAB and G4) lead to a reduction in
the secondary structure of the protein upto a particular
concentration (because of unfolding of the protein). At
high surfactant concentrations, the structure is again
induced and stabilization occurs with no further sig-
nificant change. Although the trend is similar, yet the
gemini surfactant is found to be more effective compared
to its single chain counterpart.

Near-UV CD—To obtain more information about the
structural alterations of HSA, the near-UV CD spectra,
which can infer the tertiary structure of HSA (57-59),
were recorded at different surfactant concentrations.
The CD spectra were used to probe the asymmetry of
the protein’s aromatic amino acid environment.

Figure 3A shows the near-UV CD spectra of HSA in
the presence of varying concentrations of CTAB.
At 300 uM CTAB an increase in the ellipticity is observed
in the entire wavelength range of 250-300 nm (curve 2),
compared to the untreated HSA (curve 1), signalling
some gain of tertiary structure. At higher surfactant
concentrations, i.e. 1,000 uM (curve 3), 2,250 uM (curve 4)
and 15,000 uM (curve 5), the ellipticity at 262nm and
268nm remains almost unaffected reflecting no signifi-
cant changes in tertiary structure of the protein. Varia-
tions observed in the wavelength range 280-300nm are
ascribed to the changes in the environment of tryptophan
residues.

The near UV-CD spectra of the G4-HSA mixed solu-
tions in the wavelength range of 250-300nm are shown
in Fig. 3B. A significant rise in ellipticity compared to
the untreated HSA (curve 1) is observed as the protein
is treated with 7.5uM G4 (curve 2) corresponding to a
surfactant/protein molar ratio of 1. This is attributed to
the presence of two hydrophobic chains in the gemini
surfactants which, at these concentrations, make the
hydrophobic linkages available between the non-polar
residues of the HSA and hence enhance hydrophobicity
resulting in increased tertiary structure. A loss in
tertiary structure is registered at 22.5uM G4 (curve 3).
The decrease in the tertiary contacts due to decreased
a-helical content at this concentration may be responsible
for this structure loss. An increase in the tertiary struc-
ture is monitored at G4 equal to 375uM (curve 4) and
750 M (curve 5). This is associated with the increase
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Fig. 3. Near-UV CD spectra of HSA (7.5,M) at pH 7 in the and 7.5uM (2), 22.5pM (3), 375uM (4), 750 uM (5) G4 (3B)

native state (1) and in the presence of 300pM (2),
1,000pM (3), 5,250pM (4), 15,000pM (5) CTAB (3A)

in the hydrophobic interactions as the protein stabilizes.
These results are in cognizance with the far UV-CD as
well as the aggregation studies and suggest that the
gemini surfactant interacts more efficiently with HSA
compared to its single chain counterpart, i.e. CTAB.
Intrinsic Fluorescence—The changes in the fluores-
cence intensities at 340nm by exciting the protein at
295nm and 280nm can be used as a probe for folding/
unfolding of proteins (60, 61). A single tryptophanyl
residue is present almost at the middle of domain II of
HSA (Trp 234) while the eighteen tyrosine residues are
distributed among all the domains. The changes in the
fluorescence spectra observed by exciting HSA at 295 nm,
at which only tryptophan present deep within the HSA

Vol. 145, No. 1, 2009

(temp. 25°C).

molecule is excited, is used to probe the changes in its
inner core. On the other hand, at 280nm both trypto-
phan and tyrosine residues get excited and this is used to
probe changes in their respective microenvironments and
provides a picture of the global change in the protein.
In Fig. 4A, changes in the normalized relative fluores-
cence intensities (RFI) at 340nm against the increasing
concentration of the surfactant (CTAB), as the protein
is excited at 280/295nm, are plotted. Normalized RFI
have been calculated by taking the intensity of the
untreated protein as 100. The tryptophanyl fluorescence,
when HSA is excited at 295nm, is found to remain
almost constant up to 300 M CTAB (inset of Fig. 4A)
corresponding to the CTAB/HSA molar ratio of 40.
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Fig. 4. (A) Normalized RFI of HSA (7.5 M) at pH 7 in the
presence of CTAB on the basis of fluorescence intensity
at 340nm by exciting at 295nm (open circle) and 280 nm
(filled circle); inset, Normalized RFI of HSA (7.5uM) at
PH 7 in the presence of CTAB on the basis of fluorescence
intensity at 340nm by exciting at 295nm (open circle).
(B) Change in maximum emission wavelength of CTAB-
denatured HSA at 295nm (open circle) and 280nm (filled
circle) (temp. 25°C).

An increase in RFT is observed in the concentration range
300-1,000 uM ([CTABI/[HSA]=133). Beyond 1,000 M,
a decrease in fluorescence intensity is registered which,
finally, assumes an almost constant value with further
concentration rise. The fluorescence intensity is found
to vary similarly when the protein is excited at 280 nm
(Fig. 4B). The variations in the wavelength of the emis-
sion maximum (A,.,), a parameter sensitive to protein
conformation (62, 63), is found to follow the intensity
changes faithfully. A decrease in An. or blue shift is
observed as RFI decreases and increased RFI is asso-
ciated with red shift or increased wavelength.

These results predict that CTAB at low concentrations
(upto 300 uM) do not influence tryptophanyl fluorescence
but the CTAB monomers may quench the tyrosinyl
fluorescence and create a hydrophobic environment
around these residues resulting in decreased fluorescence
intensity and a significant blue shift at the excitation

N. Gull et al.

wavelength of 280nm and no significant changes at
295 nm. This is attributed to the fact that the tryptophan
residues are present in the inner core of the HSA while
the tyrosine residues are distributed throughout. Thus
CTAB as a ligand primarily acts on tyrosine residues.
The binding of the surfactant monomers to the inner core
leads to the unfolding of the protein and hence exposure
of more and more aromatic chromophores to the surface
leading to a rise in RFI and a red shift in the concen-
tration range of 300—1,000 uM. The decrease in RFI along
with a blue shift beyond 1,000 M results from the
adsorption of the micelles on the protein backbone that
gives rise to a hydrophobic environment and leads to
fluorescence quenching. The constant value exhibited by
the normalized RFI and no significant variations in Ag..
in the high [CTAB] range is attributed to the fact
that the protein backbone is saturated by the micelles at
such concentrations and further addition of the surfac-
tant does not alter its environment significantly. These
results are in perfect coordination with the binding
isotherm suggested for the protein—surfactant interac-
tions (27). The variation of the fluorescence intensity
(Fig. 4A) is more pronounced at 295nm than at 280 nm,
suggesting that tryptophan is the main contributor of the
HSA fluorescence.

Fluorescence measurements, when the protein is
excited at 295nm and 280nm, were used to monitor
the changes in the tertiary structure of HSA induced
by its interaction with G4 (Figs 5 and 6). When the
excitation wavelength of the protein is set at 280nm
(Fig. 5A), the fluorescence intensity remains almost con-
stant upto 7.5uM, showing a variation of about three
units. On further addition of the surfactant, the intensity
exhibits a decreasing trend till the G4 concentration
reaches 22.5uM ([G4]/[HSA]=3). The variations in the
normalised fluorescence intensity at excitation wave-
length of 280nm are perfectly followed by the Agax
variations (Fig. 5B), which show a blue shift correspond-
ing to the decreased intensity and a red shift, coupled
with the increase in the normalised fluorescence inten-
sity. The decreased fluorescence intensity and the blue
shift observed at the surfactant concentration of 22.5 uM
suggests that the aromatic chromophores have shifted
to a more hydrophobic or apolar environment, possibly
because of the formation of micellar aggregates at this
concentration. An increase in the fluorescence intensity
coupled with a red shift is observed at 30 uM G4 con-
centration. Insoluble aggregates leading to a very high
turbidity limited the fluorescence measurements in
the concentration range 30-225uM. At 225uM G4
([G4]/[HSA] =30), the insoluble aggregates dissociate,
supposedly by the stronger hydrophobic domain of the
micelles, into soluble complexes and the intensity again
shows a rising trend till the surfactant concentration
reaches 375 uM ([G4]/[HSA] =50). The increased intensity
may be related to the increase in structure of the protein
as suggested by the far-UV CD observations. The
normalised fluorescence intensity is found to remain
more or less constant beyond the surfactant/protein ratio
of 50. Figure 6A presents the spectra demonstrating the
fluorescence variations of the HSA-G4 mixed solutions
excited at 295nm containing G4 concentrations of
22.5uM (curve 2), 225uM (curve 3), 375uM (curve 4)
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Fig. 5. (A) Normalized RFI of HSA (7.5M) at pH 7 in the
presence of G4 on the basis of fluorescence intensity at
340nm by exciting at 295nm (open circle) and 280 nm
(filled circle). (B) Change in maximum emission wavelength
of G4 (5B) at 295nm (open circle) and 280nm (filled circle)
(temp. 25°C).

and 750uM (curve 5). The untreated HSA is demon-
strated by curve (1). The variations in the fluorescence
intensity (Fig. 5A) and Ay, (Fig. 5B) at 295nm show a
similar trend with the difference that the fluorescence
variations at 280 nm are more significant at low surfac-
tant concentrations that remains almost unchanged at
higher concentrations. At higher surfactant concentra-
tions, the fluorescence changes at excitation wavelength
of 295nm are more pronounced (Table 3) for the reasons
mentioned above.

These results clearly indicate that the G4 starts
interacting with the protein at very low surfactant/
protein ratios and the resulting changes culminate or
reach the saturation point earlier compared to its single-
chain counterpart.

Extrinsic Fluorescence—1-Anilino-8-naphthalene-
sulphonate (ANS) is a widely wused fluorescent
probe known to bind to the hydrophobic patches of
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Fig. 6. Fluorescence spectra of the HSA (7.5 M) at pH 7 in
the native state (1) and in the presence of 22.5pM (2),
225uM (3), 375uM (4), 750pM (5) G4 when excited at
295nm (A) and 280 nm (B) (temp. 25°C).

Table 3. Normalized RFI of HSA at pH 7 in the presence of
different concentrations of G4 on the basis of fluores-
cence intensity at 340nm at excitation wavelength of
295nm or 280 nm.

Normalized RFI

(G4) (uM) (G4)/(HSA) (340/295) (340/280)
0 0 100 100

3 0.4 103.9 102.3
7.5 1 103.7 103.2
15 2 101 97
22.5 3 97 89.5
30 4 97 92.7
225 30 110.6 84.78
375 50 135.6 92.05
525 70 157.7 101.76
750 100 157 102.4

a protein (64). There are two different apparent ranges
over which ANS binds to the proteins like serum
albumins (65). One of these is a broad range involving
as many as 100 binding sites at pH’s below 5, where most
of the bound ANS is not fluorescent. In a much narrower
range of binding, where ANS is assumed to act as
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Fig. 7. (A) Fluorescence intensity at 480 nm of ANS bound
HSA (7.5pM) at pH 7 in the presence of CTAB when excited
at 380nm. (B) Fluorescence spectra of ANS bound HSA in the
presence of varying amounts of G4 when excited at 380nm
[G4] =0uM (1), 3pM(2), 7.5 uM (3), 15 uM (4), 22.5 uM (5), 225 uM
(6), 375 uM (7), 525 uM (8), and 750 uM (9) (temp. 25°C).

a hydrophobic probe, ANS may become fluorescent.
Five hydrophobic sites have been detected on native
serum albumins in the pH range 5-7 (66, 67). The
fluorescence exhibited by the native HSA at pH 7 is
attributed to the presence of these hydrophobic patches
and the variation of the fluorescence intensity can be
effectively used to monitor the accessibility of the
hydrophobic patches. Bound ANS excites at 380nm and
emits maximally at 480 nm.

Figure 7A depicts the changes in fluorescence inten-
sities at 480 nm with increasing concentrations of CTAB.
The initial increase in the ANS binding is due to the
co-binding of the surfactant and the probe molecules
near the hydrophobic regions of the protein. The proteins
exhibit a decrease in ANS binding with increasing sur-
factant concentrations assuming a constant value finally.
The decrease observed is associated with the decrease
in the hydrophobic patches as the protein unfolds due
to binding of the surfactant molecules resulting in
decreased o-helical content. The ANS binding assumes
an almost constant value at CTAB equal to 2,250 uM that
interestingly coincides with the surfactant concentration

N. Gull et al.

beyond which ellipticity and hence the a-helical content
does not register any significant variation. Like the far
UV-CD results and the intrinsic fluorescence studies
ANS binding also follows the binding isotherm suggest-
ing that the protein undergoes conformational changes
only up to a particular surfactant concentration after
which the protein backbone is saturated with micelles
and further addition of the surfactant does not bring
about any significant change (27).

An increase in ANS binding is observed in the G4
concentration range of 0-22.5uM (Fig. 7B, curves 1-5).
This initial increase in the ANS binding, like in case of
CTAB, is associated with the co-binding of the surfactant
and the probe molecules near the hydrophobic regions
of the protein. The ANS binding could not be monitored
in the concentration range 30-225uM because of the
samples turning turbid due to the formation of insoluble
aggregates. At 225uM (6), the ANS binding again
exhibits a significant increase. This rise coincides with
the increase in o-helix in the protein and is attributed
to the strong hydrophobic interactions that make the
hydrophobic part of the HSA molecule exposed outside
while its hydrophilic part is totally buried inside.
The binding of ANS to these hydrophobic patches leads
to enhancement in the fluorescence intensity. A further
decrease of the ANS binding with the increased G4
concentration signals displacement of the probe mole-
cules bound to the protein by the surfactant and their
subsequent expulsion in the aqueous phase.

Along with the other spectroscopic tools, the extrinsic
fluorescence yet again proves that G4 is more efficient
than its conventional counterpart. The peak as well as
the decreasing trend in the ANS binding in gemini
surfactant is observed much earlier, i.e. at much lower
surfactant/protein ratios, compared to that of its single-
chain counterpart.

The protein—surfactant interactions, as can be con-
cluded from the above results are very strong in case of
gemini surfactants compared to their single chain
counterpart. The presence of two charged surfactant
headgroups and two non-polar tails in case of the gemini
surfactants enhances both the electrostatic as well as
hydrophobic forces. This characteristic feature makes
them to interact with the protein at comparatively
smaller concentrations and these initial interactions
trigger changes, owing to the cooperative nature of
protein folding/unfolding process (68) that makes the
gemini surfactant—-HSA interactions more significant,
resulting in greater unfolding changes in the protein
conformation compared to its single chain counterpart.
Substantial increase in o-helical content observed in
HSA on interacting with G4, compared to the negligible
effect in case of CTAB, shows that the hydrophobic forces
are enhanced appreciably in case of the gemini surfac-
tant, while the variations are not very significant in case
of the single-chain surfactant.

Keeping in view the results presented and the diverse
applications of protein-surfactant interactions, it is sug-
gested that the interaction of the geminis with the
proteins may add new dimensions to this field. They can
be used as solubilizing agents to recover proteins from
inclusion bodies. Misfolding and aggregation pose a
serious problem to the industrial process of producing
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recombinant proteins. Biological systems have sophisti-
cated machinery, the chaperone proteins, for encouraging
folding by discouraging aggregation (69). Surfactants are
efficient folding aids and have proved effective with
several proteins (65, 68, 70). A method, called artificial
chaperone-assisted refolding, involving the sequential
introduction of a detergent and cyclodextrin and promot-
ing the assembly of protein’s native conformation was
proposed by Rozema et al. (70-72). In the first step of
this approach the detergent forms a complex with the
denatured protein preventing aggregation while in the
second step cyclodextrin selectively binds the detergent
stripping it from the protein which is then able to refold.
The cationic detergent CTAB was found to efficiently
refold Xylanase used from alkalophilic thermophilic
bacillus (73). Since the gemini surfactant has more
affinity for the protein then its conventional counterpart,
it may be used as an efficient and inexpensive folding
catalyst that acts like chaperone and helps in the
optimization of the refolding process. The gemini surfac-
tant, because of stronger electrostatic and hydrophobic
forces, may capture the denatured protein at much lower
concentration compared to the single-chain surfactant
in the first step of the artificial chaperone protocol and
hence inhibit aggregation. Since the slow removal of
detergent from the protein is deleterious to proper
refolding, it may be stripped by cyclodextrin more rapidly
and thus facilitate the second step.

Certain surfactants have been found to enhance the
absorption of drugs from the surface of skin or from
mucous membrane but the amounts of the surfactants
have been found to show irritating properties and the use
of low surfactant concentrations has been suggested (74).
From the present study we conclude that the gemini
surfactants may prove to be more efficient and sup-
posedly may act at lower concentrations compared to
their single-chain counterparts.

CONCLUSIONS

We have tracked the comparative interaction of HSA
with the cationic single-chain surfactant CTAB and its
gemini counterpart with spacer —(CHs)y— using well-
recognized spectroscopic techniques. The results arrived
at made it amply clear that the gemini surfactant G4
affects the conformation of HSA much more significantly
than its single-chain counterpart CTAB. The results are
attributed to the architecture of the gemini surfactant
that confer it with unique characteristics such as much
lower cme, special aggregate morphology, and a very
strong hydrophobic microdomain (28-33). These proper-
ties enable the gemini surfactant to interact with the
protein at much lower concentrations resulting in unfold-
ing and also leads to more substantial stabilization
at higher concentrations compared to its single chain
counterpart. We wait, with great excitement, to see how
the present work is utilized to investigate the potential of
the gemini surfactants in various areas especially in
drug delivery, as artificial chaperones, and as solubiliz-
ing agents to recover proteins from insoluble inclusion
bodies.
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