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Aggregation of sodium dodecyl sulfate
in micellar solution of p-casein analyzed
by 'H NMR self-diffusion, relaxation
and Fourier transform IR spectroscopy

Abstract Micellization of anionic
sodium dodecyl sulfate (SDS) in the
presence of B-casein (B-CN) micelles
in aqueous media was studied by
"H NMR and Fourier transform IR
spectroscopy. At low concentrations
SDS molecules incorporate into
B-CN micelles and modify the pro-
tein secondary structure, increasing
the portion of helical domains. It
was shown that SDS micelles do not
appear until binding sites located

in the hydrophobic core of B-CN
micelles are saturated.
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Introduction

Studies of interaction between proteins and surfactants
are biologically and biotechnologically significant
objectives attracting considerable attention in different
areas [1, 2, 3, 4, 5]. Surfactants have a broad use in
preparative and analytical biochemistry: they stabilize
microemulsions, which is important for micellar enzy-
mology, they influence enzyme functions and they
modify texture and gustatory properties of edible pro-
teins.

B-Casein (B-CN) is one of the most abundant pro-
teins of foods. A molecule of this phosphoprotein is
formed by a single chain of 209 amino acid residues of
known sequence [6] and molecular mass of 24,020 Da
(Fig. 1). The N-terminal part of B-CN consists mostly of
hydrophilic residues and carries nearly all the protein net
charge, whereas the remaining C-terminal portion is
mainly hydrophobic and is characterized by almost
complete absence of charges [7]. Only short fragments of

the protein backbone form small local domains of sec-
ondary structures [8, 9] providing noticeable flexibility to
the B-CN molecule. Owing to its high emulsifying
properties resulting from the combination of flexibility
and amphiphilicity, B-CN undergoes self-association
and forms spherical micelles in dilute aqueous solutions
[10] when the protein content exceeds the critical micelle
concentration (cmc), which is about 1.5x107% g cm™ in
deuterium oxide at 4.5 °C [11]. It is known [11, 12] that
at concentrations up to 1% (w/w) B-CN micelles have an
external radius of around 13.5+1 nm with a dense
spherical core with radius 5.5-6.5 nm surrounded by a
shell of much lower density containing the majority of
the hydrophilic residues.

The emulsifying properties of B-CN determine the
functional characteristics of multiple dairy food prod-
ucts and facilitate the formation of many edible colloidal
systems. For example, the micellar structure of casein
aggregates provides high sorption and increases its
delivery of physiologically important ingredients such as
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Fig. 1 The sequence of amino acid residues in the chain of the
B-casein (B-CN) molecule. Aspartic acid (D), glutamic acid (E)

vitamins and lipids. The addition of anionic surfactant
ligands induces a competitive disruption of hydrophobic
protein—protein interactions [13, 14, 15]. In the case of
casein, sodium dodecyl sulfate (SDS) can induce changes
in the micellar structure, modifying thus the functional
properties [16, 17, 18].

The aim of this study was to consider the protein—
surfactant interactions from the “other-opposite” side;
this means studying the micellization of SDS in B-CN
solutions using '"H NMR and Fourier transform (FT)
IR spectroscopy. On the one hand, our objective was to
use SDS molecules as a probe to check the structure of
B-CN micelles. On the other hand, it was to begin studies
of polymer—surfactant complexes containing amphi-
philic polymer (B-CN). The amphipathy/amphiphilicity
of such complexes can be modified easily by changes of
temperature, pH, ionic strength, etc.

Experimental

Materials

Micellization of SDS (BDH Chemicals, Poole, UK) was studied in
1% (w/w) water solution of B-CN purified from cow milk
according to Zittle and Custer [19]. Deuterium oxide (CEA-ORIS,
Bureau des Isotopes Stables, France) was used as the bulk medium
in order to weaken the '"H NMR water signal. The protein was
dissolved in deuterium oxide and then SDS was added to this stock
solution in amounts from 2 to 400 mM. All measurements were
performed at 25 °C.

Methods

NMR measurements were performed with a modified Tesla BS
587A spectrometer with a 'H resonance frequency of 80 MHz. A
typical NMR spectrum of the system studied is shown in Fig. 2.
The spectrometer was equipped with homebuilt field gradient units
able to achieve a gradient magnitude up to 0.5 T m™'. The diffu-
sion studies were carried out using the FT—pulsed-gradient spin-
echo technique [20, 21]. The pulse sequence 90°—1—180°—1—echo
was used to determine the self-diffusion coefficients of SDS using
the main resonance peak from methylene protons of the surfactant.
The spin—lattice relaxation times, 7', of methylene and methyl
protons of SDS were measured by applying the inversion recovery

Fig. 2 Proton NMR spectra of a 1% B-CN water solution and
b the sodium dodecyl sulfate (SDS)—B-CN system. The signals from
SDS methyl and main methylene protons, used for diffusion,
relaxation and linewidth measurements, are marked by arrows. The
difference in the amplification of the spectra is about 5 times

pulse sequence (180°-7-90°). The proton NMR spectra for the
linewidth studies were recorded in the continuous mode. The
spectral width was 1.6 kHz with 4,096-points resolution.

The IR spectra were registered using a Vector-22 FTIR spec-
trometer (Bruker) in the frequency range 4,000—1,000 cm™' with
4-cm™! resolution and 256 accumulations. The samples were placed
in a temperature-controlled demountable CaF, cell with 100-um
space gap. The water vapor and solvent absorptions were sub-
tracted from the experimental spectra with subsequent nine-point
smoothing by the Savitski-Goley algorithm. All spectra processing,
including calculation of the second derivative, was executed using
the OPUS program from the spectrometer software. The assign-
ment of the resolved amide 1 components to the secondary
structure features was performed on the basis of the known
correlations [22].

Results and discussion

The SDS and water self-diffusion coefficients for differ-
ent SDS concentrations in the absence and in the pres-
ence of 1% B-CN are shown in Fig. 3. In the case of pure
SDS solutions one can observe the standard micelliza-
tion curve (Fig. 3b). At the minimum SDS content the
self-diffusion coefficient reflects the translational motion
of its monomeric molecules. When the surfactant con-
centration reaches the cmc at 810 mM [23, 24], SDS
forms micelles, which are characterized by much lower
self-diffusion coefficients in comparison with the mono-
meric molecules. As a result of fast (on the NMR
experiment time scale) exchange of surfactant molecules
between micellar and molecular states, the experimen-
tally observed SDS self-diffusion coefficient can be ex-
pressed as

D:Pmoanon"‘PmicDmic» ( 1 )

where Dy,o, and D.,;. are self-diffusion coefficients of
SDS monomers and micelles, respectively; Pr., and
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Fig. 3 Self-diffusion coefficients
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Pnic are corresponding fractions. When the SDS con-
centration exceeds the cmc all additional surfactant
molecules take part in the formation of micelles,
resulting in a steep increase in Pp;. since Ppon+ Prjc = 1.

When B-CN is present one can also observe stepwise
behavior of the SDS self-diffusion concentration
dependence (Fig. 3c); however, some basic differences
should be highlighted. In the low-concentration domain
the surfactant self-diffusion coefficient is much lower
than in the B-CN free system and its decrease in the
transition zone, being shifted towards higher SDS con-
centrations, is not so radical (Fig. 3b). What could be
the most probable reasons for these distinctions? The
decrease in the SDS self-diffusion coefficient at low
concentrations cannot be a consequence of the increase
in the medium viscosity when protein is present. Indeed,
small changes in water diffusion for two systems can be
observed (Fig. 3a). The obstruction effect produced by
B-CN micelles (about 1% of the volume) cannot induce
a threefold decrease of the SDS self-diffusion coefficient
either. Most probably the distinctions are due to the
binding of a considerable amount of SDS with the mi-
celles of B-CN. Because of the large width and low
amplitude of the peak assigned to the mixture of all 8-
CN protons at a resonance frequency of 80 MHz
(spectrum a in Fig. 2) it is impossible to determine the
self-diffusion coefficient of protein micelles in our
experiment. The small-angle neutron scattering data [12]
show that the self-diffusion coefficient of B-CN micelles
is approximately equal to 2x10™"" m? s™! for an average
micelle radius of about 10 nm. Under the assumption
that at low SDS concentrations surfactant is distributed
between B-CN micelles (D=2x10""" m?s™!) and the

10 100 1000
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SDS?

monomeric state (D=4.9x10""" m?>s™' in 4 mM SDS
solution), on the basis of an equation similar to Eq. (1) it
is possible to estimate that for an SDS concentration of
4 mM about 70% of its molecules are bound to casein
micelles, which corresponds to seven SDS molecules per
molecule of B-CN. Apparently, it is energetically
advantageous for SDS molecules to aggregate with
B-CN, forming mixed micelles, rather than to exist in the
monomeric state in aqueous media.

The concentration dependence of the SDS self-diffu-
sion coefficient in B-CN micellar solution reflects the
complicated character of surfactant redistribution be-
tween the three possible states: monomers, SDS micelles
and mixed micelles formed by surfactant and B-CN
giving the measured self-diffusion coefficient:
D:Pmoanon"‘PmicDmic+PcsDcs7 (2)
where D is the self-diffusion coefficient of mixed mi-
celles formed by B-CN and SDS molecules and P is the
portion of SDS bound to these micelles. When the sat-
uration of B-CN micelles by SDS is reached, all addi-
tional SDS molecules remain monomeric. A further
increase of SDS concentration in the system raises the
concentration of free surfactant to cmc; and one can
observe a micellar transition at an SDS concentration of
40-50 mM.

In analyzing the results of nuclear magnetic relaxation,
it is necessary to remember that as in the case of self-
diffusion, the relaxation parameters are the sum of weight-
average contributions from protons of SDS molecules
located in different aggregation states: monomers, SDS
micelles and mixed micelles of SDS and B-CN.
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Fig. 4 '"H NMR 7T, values for methyl (triangles) and main
methylene (circles) protons of SDS in the absence (open symbols)
and in the presence (closed symbols) of B-CN

The T, concentration dependence, observed for the
SDS methyl and main methylene protons in water
solution (Fig. 4), depicts the typical micellization pro-
cess. The inflexion points coincide exactly with the self-
diffusion data, particularly for methylene protons of
SDS, and reflect the changes in the size of the molecular
aggregates. The 7' values for these protons in the f-CN—
SDS system indicate that at low surfactant concentra-
tions almost all SDS molecules interact with large f-CN
micelles. As the surfactant concentration increases,
redistribution of the portions of surfactant in different
states takes place and only at SDS concentrations
exceeding 200 mM the contribution from SDS bound to
B-CN micelles becomes negligible.

The resonance line of the main methylene protons
consists of several signals with a small chemical shift
difference, and the alteration in its width cannot easily
be separated from changes in the chemical shift. Al-
though the half-width of this signal does not give an
exact description of spin—spin relaxation it gives a
qualitative understanding of changes in the size of the
micellar aggregates [25]. The initial broadening of the
resonance signal of the main methylene protons in
aqueous SDS solutions (Fig. 5) can be mainly explained
by the formation of SDS micelles and to some extent by
the changes in the packing of surfactant alkyl chains
during the micellization process. Beyond the cmc one
can see a region with the unchanged structure of SDS
micelles. At higher concentrations one can observe
changes in the form and/or in the size of SDS micelles.
When B-CN is present at low surfactant concentrations
the half-width indicates (Fig. 5) that most of the sur-
factant molecules tumble with large-scale aggregates, the
B-CN micelles being the large ones. During the increase
in the surfactant concentration, the contribution from
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Fig. 5 Half-width of the signal of the main methylene protons of
SDS in the absence (open circles) and in the presence (closed circles)
of B-CN
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Fig. 6 Absorbance spectra of SDS alkyl chains normalized to the
optical density at the maximum of the band at 2,925 cm™' (v,s CH,)

SDS molecules bound to casein micelles is lowered at the
expense of the contribution to the growth of the SDS
micelles.

IR spectroscopy was used to study surfactant solu-
tions at two concentrations: one of them (4 mM) being
below the cmc and the other one (200 mM) being
essentially higher. The environments of the SDS
molecules at these concentrations are different as judged
from the spectral band positions of its alkyl groups
(Fig. 6). SDS (4 mM) shows a high-frequency position
(2932 cm™") of the most intensive CH, stretching band,
which is characteristic of a polar environment [26]. The
observed low-frequency shift in the case of 200 mM SDS
suggests a transition of its CH, groups to a more
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Fig. 7 The second derivative of the B-CN spectrum in the range of
amide I absorbance. The symbols point to the wavelengths
typical of the following protein secondary structures: B B-extended,
o a-helix, » random, and ¢ B-turn

hydrophobic and tightly packed environment, i.e. the
surfactant micellization. Addition of protein results in
an approximately identical hydrophobic environment
for alkyl chains for both SDS concentrations with little
difference from the hydrophobic core of the SDS mi-
celles. These data, as well as NMR results, indicate that
even at minimal concentrations SDS is bound to B-CN
micelles, presumably in their hydrophobic core.

B-CN in deuterium oxide is predominantly in a ran-
dom conformation with the amide 1 band centered on
1,641 cm™ [22] (Fig. 7). The considerable portion of
B-turns at 1,662 cm™' can also be attributed to the dis-
ordered structure and high content of prolines. Besides,
a small but distinct amount of extended structure is seen
at 1,630 cm™!, which can be attributed either to the
presence of extended loops in the molecule of B-CN or to
regular B-structures. The addition of 4 and 200 mM
SDS shifts progressively the visible maximum of the
amide 1 band to higher frequencies. The second-deriv-
ative analysis (Fig. 7) reveals a decrease in the content of
the extended structure and an increase in the absorbance
at 1,652 em™', typical of a helical structure, which is in
agreement with the known tendency of proteins to be-
come more helical in less polar media [27].

SDS induces the decrease of the absorbance of ion-
ized carboxylic groups (COO™) of the B-CN aspartic
acid residues (1,585 cm™). It is noteworthy that, at the

same time, the glutamic acid absorbance (1565 cm™)
remains unchanged. Taking into account that aspartate
residues are mainly located in the hydrophobic region of
the B-CN molecule whereas glutamates are mostly in the
hydrophilic N-terminal region (Fig. 1), one may deduce
that SDS is bound preferably in the hydrophobic core of
B-CN micelles, where C-terminal parts of this protein
should be particularly abundant.

On the one hand, B-CN-SDS behaves as an ordinary
uncharged polymer—detergent system, where polymer—
surfactant complexes are formed well below the cmc [24,
28, 29, 30]. On the other hand, there is no evidence for
self-aggregation of SDS below the cmc when B-CN is
present or for the formation of SDS micelles bound to
the biopolymer chain. The main specificity of the system
studied lies in the self-association of amphipathic B-CN
molecules. The hydrophilic residues in the outer shell of
the B-CN micelle, bearing nearly all the protein negative
charges [7], do not allow anionic SDS to bind in this
domain because of electrostatic repulsion. The results of
the present study demonstrate that incorporation of
SDS into the hydrophobic core of the B-CN micelles is
taking place. The binding of SDS by B-CN involves
hydrophobic interactions of the surfactant alkyl chains
with nonpolar amino acid residues of the protein and
Coulombic interactions of SDS with small amounts of
positive charges placed in the C-terminal part of the
protein molecule. As can be seen in Fig. 1 the positive
charges in the N-terminal part of B-CN are neutralized
by the neighboring negative charges harbored by
aspartate, glutamate and phosphorylated serines.

Conclusions

The addition of B-CN to SDS water solutions results in
the shift of the surfactant micellization curve towards
higher concentrations in comparison with pure SDS
aqueous solutions. SDS is bound mostly in the hydro-
phobic core of B-CN micelles and modifies the protein
secondary structure, increasing the proportion of helical
domains. Only after the saturation of binding centers in
B-CN micelles by surfactant (SDS) SDS molecules can
form micellar structures by themselves.

Acknowledgements The authors express their gratitude to the
French Foreign Affair Ministry, whose support in the frame of this
publication was made possible thanks to support by Programme
Cocop registered under the number DSUR-NGE-4C1-701. Alexey
G. Krushelnitsky is thanked for critical reading of the manuscript
and useful suggestions.



269

References

. Goddard ED, Ananthapadmanabhan
KP (eds) (1993) Interactions of surfac-
tants with polymers and proteins. CRC,
Boca Raton

. Martinek K, Levashov AV, Klyachko
NL, Khmelnitsky YL, Berezin IV
(1986) Eur J Biochem 155:453

. Durchschlag H, Tiefenbach K-J, Weber
R, Kuchenmiiller B, Jaenicke R (2000)
Colloid Polym Sci 278:312

. Mathis A, Zana R (2002) Colloid Polym
Sci 280:968

. Lefebvre-Cases E, Tarodo De La Fu-
ente B, Cuq JL (2001) J Food Sci 66:38

. Ribadeau Dumas B, Brignon G, Gros-
claude F, Mercier JC (1972) Eur J Bio-
chem 25:505

. Farell HM Jr, Wickham ED, Unruh JJ,
Qi PX, Hoagland PD (2001) Food Hy-
drocolloids 15:341

. Creamer LK, Richardson T, Parry
DAD (1981) Arch Biochem Biophys
211:689

9

10.
I1.
12.
13.
14.
15.
16.

17.

18.
19.

20.

. Kumosinski TF, Brown EM, Farell HM

Jr (1993) J Dairy Sci 76:931

Schmidt DG, Payens TAJ (1972)

J Colloid Interface Sci 39:655

Leclerc E, Calmettes P (1997) Phys Rev
Lett 78:150

Leclerc E, Calmettes P (1998) Physica B
241-243:1141

Markus G, Karush E (1957) J Am
Chem Soc 79:3264

Cheeseman GC (1968) J Dairy Res
35:439

Cheeseman GC, Knight J (1970)

J Dairy Res 37:259

Cheeseman GC, Jeffcoat J (1968)

J Dairy Res 37:245

Lefebvre-Cases E, Gastaldi E, Tarodo
De La Fuente B (1998) Colloids Surf
11:281

Lefebvre-Cases E, Tarodo De La Fu-
ente B, Cuq JL (2001) J Food Sci 66:555
Zittle CA, Custer JH (1963) J Dairy Sci
46:1183

Stilbs P, Moseley ME, Lindman B
(1980) J Magn Reson 40:401

21.
22.
23.
24.
25.
26.
217.
28.

29.

30.

Séderman O, Stilbs P (1994) Prog Nucl
Magn Reson Spectrosc 26:445

Byler DM, Susi H (1986) Biopolymers
25:469

Bakshi MS (1993) J Chem Soc Faraday
Trans 2 89:4323

Bahadur P, Dubin P, Rao YK (1995)
Langmuir 11:1951

Nilsson P-G, Wennerstrom H, Lindman
B (1983) J Phys Chem 87:1377
Reichardt C (1988) Solvents and solvent
effects in organic chemistry. VCH,
Weinheim, Germany

Singer SJ (1962) Adv Protein Chem 17:1
Zana R, Lianos P, Lang J (1985) J Phys
Chem 89:41

Touhami Y, Rana D, Neale GN,
Hornof V (2001) Colloid Polym Sci
279:297

Yuan HZ, Luo L, Zhang L, Zhao S,
Mao SZ, Yu JY, Shen LF, Du YR
(2002) Colloid Polym Sci 280:479



