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A single relaxation was found in the system of sodium dodecyl sulfate and bovine serum albumin using a pres-

sure-jump method with conductivity detection.
surfactant below the critical micelle concentration.

The relaxation was observed in the concentration range of the
The relaxation time becomes fast with the stepwise formation

of a complex between them and finally attains values compatible with those in the system of the pure surfactant

micelle.
of the complex.

This suggests a correlation of the relaxation phenomena with the partial breakdown and reformation
The similarity of the complex to the surfactant micelle was discussed on the basis of the kinetic

aspects of the interaction of the surfactant with the protein.

The interactions between proteins and surfactants
have been extensively investigated.l Quite recently,
the present author and others have studied the interac-
tion between sodium dodecyl sulfate (SDS) and bovine
serum albumin (BSA).22 They have found that an
electric conductivity method is very useful in detecting
the formation of complexes between them. This is
because the measurement is highly sensitive to changes
in the concentrations of surfactant ions. On the other
hand, a pressure-jump method with conductivity
detection has been used in many studies of micellization
kinetics.¥ Therefore, it would be interesting to apply
the pressure-jump method to the study of the surfactant-
protein interactions. It is believed that further studies
from a new aspect would be helpful in understanding
the interactions.

It is worth noting that a similarity of the complex
to the surfactant micelle is also found in the kinetic
phenomena of the interaction. This paper will report
the presence of a single relaxation process in the SDS—
BSA system, which is strongly correlated with the
stepwise growth of the complexes formed between them.

Experimental

The sources of SDS and BSA have been described previous-
ly.? The concentration of the protein was determined
spectrophotometrically using E }%,=6.8 at 280 nm.®

Kinetic measurements were made using a handmade pressure-
jump apparatus similar to that described elsewhere.5:®
However, it has been a little improved as follows. It is driven
by water-pressure and a brass diaphragm bursts at a pressure
of approximately 100 atm (1 atm=101.3 kPa). The trigger-
ing of the recording is done using a piezoelectricity of PbTiO,
(see Acknowledgments). Circular dichroism measurements
were carried out with a JASCO J-500A spectropolarimeter
equipped with a DP-501 data processor.? A 1.0 mm light-
pass-length cell was used in the measurements. The static
conductivity was measured with a Universal Bridge 4265B of
Yokogawa-Hewlett-Packard. Details of the conductivity
measurements have been described elsewhere.?

All the measurements were made at 15 °C, because the
accuracy of the relaxation time obtained by the pressure-jump
method was greater at lower temperatures (see Fig .3 in Ref.
6). The only available solvent in high-precision conducto-
metry has been limited to pure water in the pressure-jump
measurements,” and so all the measurements were carried out
in a non-buffered system, using water prepared by passing
redistilled water through a mixed-bed ion-exchange column.

The specific conductivity of the water used was above 1 x 10-¢
Q-1 cm~1. . The BSA concentration was held constant, 1.0 x
10-5 M (as the concentration unit, ] M=1 mol/dm3 is used).

Results

Prior to the application of the pressure-jump method
to the study of the SDS-BSA interaction, the SDS-
induced conformational change of the protein was
examined by the circular dichroism measurements and
the conductance changes with the complex formation
were also measured. Figure 1 shows the SDS concentra-
tion dependence of the difference of residue ellipticity
at 222 nm, [0],s,, which is one of the characteristic
wavelengths for the helical structure of polypeptides.
The addition of SDS caused a decrease of the helix-like
structure, as may be seen in the insert of Fig. 1. The
helix content decreased with an increase of the SDS
concentration.

A conductivity method has so far been used in order
to detect the micelle formation of ionic surfactants.”
When the method was applied to the present SDS-BSA
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Fig. 1. The dependence of the residue ellipticity, [0],5,
on the SDS concentration. The typical circular
dichroic spectra of BSA solutions in the absence (solid
curve) and in the presence (dotted curve) of 12 mM
SDS are shown in the insert. The arrows indicate the
SDS concentrations where the inflection points appear
in a plot such as Fig. 2.




2548

£/107¢ Q1 cm™?
&
-

1 1 1 1

1 1 1 1 1
0O 2 4 6 8 10 12 14 16 18 20
Total concentration of SDS/1073 M
Fig.2. The specific conductance, &, of solutions of

various SDS concentrations in the presence of 1.0 x 10-3
M BSA.

system, four inflection points were observed in the plot
of the specific conductance versus the concentration of
SDS added to an aqueous BSA solution, as is shown in
Fig. 2. These inflections can be demonstrated more
clearly through an enlarged plot (not shown), as has
been discussed before.?” These inflection points appeared
around 2.5, 6.5, 7.5, and 9.9 mM SDS. In comparing
the SDS concentration dependence of the conformational
change with the results of the conductivity measure-
ments mentioned above, the first and the third inflections
(corresponding to those at 2.5 and 7.5 mM SDS)
appear in the courses of the first predominant conforma-
tional change and the subsequent one respectively, as is
indicated by arrows in Fig. 1. The second and the
fourth inflections (at 6.5 and 9.9 mM SDS) correspond
to the beginning and the end of the second conforma-
tional change respectively (also shown by the arrows).

Fig. 3. The representative relaxation curve of 6.0 mM
SDS solution containing 1.0x 10-3 M BSA at 15 °C.
The sweep rate is 10 m s/div.

The conductivity pressure-jump method was applied
to the study of the SDS-BSA interaction. A representa-
tive relaxation curve is shown in Fig. 3. The relaxation
phenomena in the presence of the protein were observed
even in low SDS concentrations below the critical
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Fig. 4. The dependence of reciprocal relaxation time,
771, on the SDS concentration (open circle). The
vertical lines were drawn through the experimental
points.  Solid circles show the values of -1 in the pure
SDS system.

micelle concentration (CMC), although they had been
observed only above the CMC in the pure SDS system.®
The SDS concentration dependence of the relaxation
time, 7, is presented in Fig. 4. The value of -1 gradually
increased at first, attained a plateau between 3 and 7
mM SDS, and increased again up to about 9 mM SDS.
The final values of 7! are compatible with those
obtained in a solution containing only SDS micelles,
indicating that the phenomena are not completely
independent of those of micellization.

Discussion

The BSA has been proposed to have a few fairly
independent domains.?=11 The results obtained by the
limited proteolysis of the protein strongly indicate that
the protein consists of, at least, two independent
domains.8-19 It has been suggested by Jones et al.,
in the light of the domain-structure theory, that the
binding of surfactants initially occurs mainly to the C-
terminal section of the protein molecule, bringing about
its unfolding, and that the more stable N-terminal part
then begins to unfold exposing new binding sites with
an increase of the surfactant concentration.!t) At the
same time, it is generally accepted that the surfactant
molecules cooperatively bind to the protein by hydro-
phobic interaction following the first binding of approxi-
mately 8—10 molecules by electrostatic interaction.1,12)
In the interaction of the BSA with surfactants, the
stepwise and all-or-none nature of the complex formation
has been emphasized,'® that is, there exist only com-
plexes which consist of, at most, a few particular binding
ratios (surfactants/protein), depending on the surfactant
concentration ranges.'*-1® The binding isotherm has
so far been explained in terms of the following ex-
pression ;12,18-20)

P = PS,_,, = PS, = PS,, = PS5, (n = 40—50),

where P and S denote the protein and a surfactant,
respectively, and n is the binding number of the surfac-
tants (mol/mol). As has been discussed before,? and also
as has been mentioned above, the profile of the conduc-
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tance change is also reflected by the stepwise formation
of complexes and the concomitant conformational
changes of the protein with clearly separate domains.
The binding of SDS to BSA and the accompanying
conformational changes of the protein have previously
been examined under experimental conditions? different
from those of this work. In taking account of the SDS
concentration dependence of the ellipticity at 222 nm?V
and the SDS concentration where the first inflection
of the conductance change appears, it seems that there
exist the complexes with bound surfactants above
40—50 molecules in the SDS concentration range where
the relaxation has been observed. Thus, the discussion
given below will be limited to the behavior of the
complexes which have been considered to be formed
cooperatively.

Three important facts should be taken into considera-
tion in discussing the relaxation mechanism of the present
system. The first is the fact that the contribution of the
protein to the conductance is negligibly small compared
with that of the surfactant, as has been stated pre-
viously.? * This is also to be expected from the fact that
the conductivity curve actually starts from the origin
in Fig. 2 in spite of the existence of the protein. Natural-
ly, the behavior of the surfactant molecules seems to be
primarily related to the relaxation phenomena observed
here. This may indeed be reasonable, when a similarity
of the values of 7 in the present system to those in the
pure SDS system is taken into account. The second
is that only complexes with particular binding ratios
can exist at a certain SDS concentration, as has been
stated above. Since the complexes are formed in the
low SDS concentration range where the concentration
of unbound surfactants is lower than the CMC,? the
ordinary micelle does not exist in the total concentration
range of SDS below about 10 mM (=about 8 mM
(CMC) of unbound SDS+about 2 mM of SDS bound
to 1.0x10-5M BSA?). Therefore, the participating
species of the surfactant may be limited to both free
monomers and those bound to the protein with particular
binding ratios. The nature of the latter participating
species may critically change with the shift of the SDS
concentration range.}'-16) Thirdly, it has been reported
that the surfactant molecules bound to proteins are not
easily removed from the proteins, so their removal
needs specially designed techniques.?® The difficulty
of the removal of such surfactants is reminiscent of the
long period necessary to attain the dialysis equilibrium
which has frequently been utilized in studies of the
binding of surfactants to proteins.!:23-25  Therefore,
it is improbable to assume a reversible process of a
large-scale formation and complete dissociation of the
complex such as nS4+P+w=PS,. This situation is also
reminiscent of a previous experimental finding that
only the relaxation process with relaxation times in the
milli-second range exists in an emulsion system consisting
of SDS and pentadecane.?® In such an emulsion system,
it would be impossible to assume a reversible process
of a large-scale formation and complete dissociation
of the emulsified particle. These facts might appear
to contradict the previously proposed assumptions of
micellization kinetics that the relaxation process with
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relaxation times in the milli-second range is related
to the formation and complete dissociation of surfactant
micelles.3:27:28) Because of the reasons mentioned above,
nevertheless, the formation and complete dissociation
of the complex cannot be assumed, at least, in the
present complexes system. Therefore, in the surfactant—-
protein system, a probable reversible process is the
partial breakdown and reformation of the complex as
follows;
kg
mS + PSS, ., = P,S,, (n
kot
where m<n, P; indicates the protein with the i-th
conformation in the stepwise conformational change,
and £, and k£, are the corresponding apparent rate
constants.
The rate of Reaction 1 is expressed as follows;
MBS SRS — BlPS) (@)
where [ ] designates instantaneous concentrations
during the perturbation of the equilibrium. The
following relationship can be defined between the
instantaneous concentrations and the equilibrium ones
designated by the subscript, e;

x=[S]— [S]e: r= [Ptsn- m] = [PSu_mles and
z=[P;S,] — [P.S,]. (3)
By substituting Eq. 3 into Eq. 2, and by then expanding
it in a power series, we obtain;
d[P,S,]
dt
+ [S189) — ku([P.S.]e + 2). 4)

Here, by introducing both the definition of the equilib-
rium condition and these relations; x=—mz and y=—z2
obtained from the stoichiometry of Reaction 1, we
obtain;

= kio([SI2[P .Sy nle + m[SIS ' [PSy_nle¥

Lo (e ISI RS )+ [STE) + k)2 (5)
Then, we obtain;
T = kyp(m*[S]e T P Sn_nle + [S]T) + ka (6)
Since
Kl2 = km = '—[Pén—]e—,
2% [SI3[PSn_nle
we obtain; )
ka[S]13 = kal[—I[’iBSi—f%,' (7)
By assuming
[P:Sp_mle = [PiSules (8)

and by neglecting the magnitude of the first term
compared with the second one in parentheses of Eq. 6,
we obtain;

-1

-5
Therefore, we can substantially evaluate 50-—80 s~ as
the magnitudes of %, depending on the SDS concen-
tration. This treatment apparently indicates that the
rate constant of the dissociation becomes faster with

)

kal =
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the complex growth, as has been anticipated from Fig. 4.
However, the apparent dependence of &y on the SDS
concentration range should be considered to be mainly
due to changes in the [P;S,]./[P;S,_,.]e ratio. Strictly
considered, it is considered that the ratio becomes
greater than 1 in higher SDS concentrations, because
the average amounts of the surfactants bound to the
protein increase with the total SDS concentration, as
judged from the binding isotherms.»® Such a change
in the ratio with the complex growth leads to smaller
values of &y than those straightforwardly obtained by
Eq. 9. Therefore, the present author considers that the
magnitudes of &y, hardly change at all with the complex
growth in the SDS concentration range discussed here.

The magnitudes of k,, can be connected with those
of the elementary steps of Reaction 1 as follows. It
should be assumed that Reaction 1 consists of these
succesive bimolecular steps;

ky
PS, »n+S =PS, ..
PS, .+ S == PS,_, (10)
PS, .+ S = PS,
where k+ and k_ are forward and backward rate con-

stants, respectively. If each bimolecular step has the
same activation energy, we obtain;

jﬁlK,::ﬁ::i:Km(lgjgm), (11)
= - 21

where K; is the equilibrium constant of each elementary
step. Then, we obtain;

k, = k¥ and k_ = k3™ (12)

The m value has been assumed to be very small. There-
fore, we can substantially evaluate the rate constant,
k-, of the elementary dissociation process to be in orders
of 1 to 10.29

Kinetic studies have so far been neglected with regard
to the surfactant-protein interactions. Needless to say,
further studies are required in order to discuss the
relaxation mechanism of the system in detail.

The micelle-like properties of the surfactant-protein
complexes have previously been demonstrated.3® It is
worth noting that a similarity of the complexes to the
surfactant micelle also appears in the kinetic aspects
of the interactions.
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