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There are a number of studies on the interac-
tion of surface active agents with high polymers
and proteins. It is well known that proteins
exhibit a markedly strong affinity for both
cationic and anionic detergents. Among various
proteins, gelatin is suitable for investigating the
nature of the affinity of polypeptide chains
with detergents and the mechanism of their
mutual interaction. It is readily available. It
has no organized conformation as globular
proteins have, and it behaves as a random
coil, at least, at elevated temperatures (higher
than about 30°C).

Pankhurst and his coworkers'~*’ have ex-
tensively investigated the interaction of gelatin
with various detergents, particularly with
sodium dodecyl sulfate, by examining the pre-
cipitation of a complex as a function of
mixing ratio. They have pointed out that
gelatin binds with detergents to form a com-
plex and that the binding ratio of detergent
to gelatin is of importance in elucidating the
mode of interaction. Tamaki and Tamamushi®
have also obtained the same conclusion from
the determination of two detergents, sodium
dodecyl sulfate and dodecylamine hydrochloride,
bound to precipitated gelatin on the acidic and
alkaline sides of the isoionic point of gelatin
respectively.

However, the mode of binding of detergents
by gelatin before precipitate formation can
not be known by means of such a solubility
determination. Detergents should interact and
combine with gelatin even without precipita-
tion, since the formation of precipitates would
arise from the enhanced hydrophobicity of the
gelatin-detergent complex with an increasing
amount of detergent bound to gelatin. Evidence
for the combination of detergents with other
proteins in a region wherein precipitation does
not occur has been obtained from studies by
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For solutions of low detergent-gelatin ratios
in which no precipitation occurred, studies by
electrophoresis and equilibrium dialysis were
attempted in order to find quantitatively the
amount of detergent bound to gelatin. With
the experiment by electophoresis, however, two
peaks appeared in the electrophoretic pattern
for gelatin alone. It is supposed that the
pattern would be more complicated in a gelatin
solution mixed with detergent and that its
interpretation will be more difficult. Thus
electrophoretic investigation was abandoned.
In this work, therefore, the mode of binding
of detergent by gelatin has been studied by
means of equilibrium dialysis in the range of
low detergent concentrations at various values
of pH. This paper concerns the interaction
of gelatin with an anionic detergent, sodium
dodecylbenzene sulfonate, and two cationic
detergents, dodecyl pyridinium bromide and
cetyl pyridinium chloride.

Experimental

Materials.—Commercial photographic gelatin was
purified according to the method of James et al.!®
A gelatin solution (2%) was passed through a
column of mixed resins (5 parts of Amberlite IRA-
400 to 2 parts of Amberlite IR-120) at 30~35°C.
The pH of the gelatin solution thus purified was
4.9. The concentration of the stock solution was
determined by dry weight.

Sodium dodecylbenzene sulfonate (SDBS), which
was prepared by the sulfonation of dodecylbenzene
(Oronite Chemical Co., U.S.A.), was obtained
from the Japan Surfactant Association. To remove
the lower homologues and inorganic salts, it was
extracted with distilled water and then with ethyl
alcohol. The pH of a 19 solution of the purified
SDBS was 7.0. Dodecyl pyridinium bromide (DPB)
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supplied by the Kao Soap Co. was recrystallized
twice from acetone. Cetyl pyridinium chloride
(CPC) was prepared from cetyl alcohol of high
purity and recrystallized several times from acetone.

Equilibrium Dialysis. — A dialysis cell consists
of two compartments of equal volume, separated
by a membrane. As a membrane, Vising cellulose
casings (diameter of a pore: ca. 24A) were used
after rinsing them with warm distilled water. A
10 ml. portion of a detergent solution was placed
in one compartment of the cell and equilibrated
against an equal volume of gelatin solution in the
other compartment. Dialysis was carried out at
30 or 43°C for 3 to 4 days, with an occasional
shaking of the cell. The concentration of gelatin
was kept constant, 0.2%, and the pH of solution
was adjusted by hydrochloric acid or sodium
hydroxide. It was confirmed by a Horiba model
M3 pH-meter that no change in the pH of the
solutions was observed before and after dialysis,
except for a slight difference of pH in the case of
the binding of SDBS at the isoionic point of gelatin.
After the attainment of equilibrium, the detergent
concentration in the compartment containing no-
gelatin was determined spectrophotometrically,
because the molar extinction coefficient of detergent
was greatly affected by the presence of gelatin.
Since 0.1 M sodium chloride was added to all solu-
tions to eliminate the correction for Donnan’s
effect, the amount of bound detergent was directly
calculable from an analytical value. A control
experiment with detergent alone was always carried
out to minimize analytical errors. This dialysis
method is applicable only to dilute solutions of
detergent, since the detergent formed micelles at
some high concentrations and was difficult to per-
meat through membrane!®,

Determination of Concentration of Detergents.
—A spectrophotometric method has been developed
to determine the concentration of detergents having
benzene or pyridinium rings as low as 10-3 m!®,
Measurements of the ultraviolet absorption were
made by means of a Hitachi type EPU-2A spectro-
photometer at a wavelength of 230 mp with SDBS
(molar extinction coefficient, espps=8.75x10%) or at
a wavelength of 259 my with DPB and CPC (sppp=
4.48x10% and ecpc=4.59x10%).

Results

The Binding of an Anionic Detergent, SDBS,
by Gelatin.—The permeability of SDBS through
dialysis membrane decreased with increasing
concentration on account of the micelle forma-
tion and further decreased with the addition
of neutral salts such as sodium chloride because
of the lowering of the critical micelle con-
centration'®. SDBS was permeable to mem-
brane with difficulty at concentrations above
1.3x107% when 0.1M sodium chloride was
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Fig. 1. Binding curves of SDBS by gelatin.
O, pH 2.7, 30°C; [, pH 5.0, 30°C; W,
pH 5.0, 43°C; A, pH 8.0, 30°C

added. In addition, on the acidic side of the
isoionic point of gelatin, precipitation occurred
when gelatin was added to a relatively con-
centrated solution of SDBS. Accordingly, all
the experiments were carried out at concentra-
tions of SDBS lower than 1.0x10~3 M.

Figure 1 illustrates the binding curves in which
the number of moles bound SDBS per 10° g. of
gelatin, r is plotted against the logarithm of
the concentration of free SDBS, loge. The
amount of binding of SDBS increases accelera-
tively with increasing concentration. As the
pH of the solution is lowered, the binding of
SDBS is enhanced, but even on the alkaline
side of the isoionic point of gelatin, SDBS
combines with gelatin to a considerable extent.
This indicates that gelatin has a strong
affinity for SDBS, as other proteins have for
long chain alkyl sulfate and alkylaryl sul-
fonate®:5:7:113,

The Binding of Cationic Detergents, DPB
and CPC, with Gelatin. — Since the critical
micelle concentration of DPB lies in such a
high concentration as 10.5x10-3m', dialysis
experiments were possible up to relatively
high concentrations. However, experiments
with CPC were carried out only at a low con-
centration region because of its low critical
micelle concentration, i.e., 0.9 X103 M7,

Figure 2 shows the curves for the binding
of DPB and CPC by gelatin. CPC combines
with gelatin at the isoionic point as well as on
the alkaline side of it, but not on the acidic
side. DPB is, however, less bound with gelatin
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Fig. 2. Binding curves of DPB and CPC

by gelatin at 30°C. O, CPC, pH 7.0;
[, CPC, pH 4.9; A, DPB, pH 7.0

even on the alkaline side. Both cationic deter-
gents can bind with gelatin only to a less
extent than the anionic detergent, SDBS. It
has been observed® that proteins other than
gelatin also have a weaker affinity for cationic
detergents than for anionic detergents.

Discussion

Binding Isotherm. — If detergent ions bound
with protein have no interaction with one
another, the equation for the binding is written
as

kmc

T 1% ke

where & is a binding constant and m is
the maximum amount of binding'®. Eq.
1 implies that » approaches to a saturated
value, m, when ¢ is increased and that a plot
of 1/r vs. ¢ or r/c vs. r should be linear. It
was found, however, that the binding data of
detergents, SDBS and CPC, with gelatin could
not fit Eq. 1. Since detergent ions can com-
bine acceleratively with increasing concentra-
tion, detergent ions already bound seem to
promote the succeeding binding; that is, the
bound detergent ions interact with one another.

When the binding takes place cooperatively,
Eq. 1 should be modified to!?—21

€)]

(n>1) (2)

where n is a constant characteristic of the
kind of binding, and is greater than unity if
the interaction is operative towards stabiliza-
tion. Eq. 2 can be rewritten as

,
=k (€))
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The present experiments are concerned with
the low detergent-gelatin ratios at which no
precipitation occurs. Since the phase separation
or precipitation occurs only at relatively high
detergent-gelatin ratios, the amount of bound
detergent in the present experiment is expected
to be far less than the maximum amount of
binding. The increasing steepness of the bind-
ing curves also suggests that the saturated
amount of binding or the number of the bind-
ing sites is very large, if it exists at all.
Based on these experimental facts, it may be
assumed that » is small compared with m.
Then Eq. 3 reduces to

r=Kc* (K=km) “)
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Fig. 3. The log r vs. logc diagram for the
binding of SDBS by gelatin. O, pH 2.7,
30°C; [, pH 5.0, 30°C; W, pH 5.0,
43°C; A, pH 8.0, 30°C
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Fig. 4. The log r vs. log ¢ diagram for the
binding of CPC by gelatin at 30°C. O,
pH 7.0; ], pH 4.9
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which is formally identical with the Freundlich
adsorption isotherm, although n is greater than
unity. Then a plot of logr vs. loge should
be linear.

If the data of the binding of detergents,
SDBS and CPC, with gelatin are replotted in
a logarithmic scale, straight lines are obtained
for all cases, as is shown in Figs. 3 and 4.
Thus cooperative stabilization is effective for
the binding of these detergents by gelatin.
The values of the constants, K and »n, which
can be estimated from the intercept and slope
of the straight line, are listed in Table I

TasLE I. DEPENDENCE OF n AND K oN pH
Dg?::tr' Teg'(":p' pH n K log K
30 2.7 213 8.71x10° 9.94
SDBS 30 g0 a0 2eskio 847
43 5.0 2.12 1.15x10°  9.06
CPC % 0 1 eoae s

Significance of the Constants, K and n.—
Equation 2 can be expressed by an alternate
form???

r 1 n c
w2 {l +tanh (—2' In o )} (5)

in which ¢i/; represents the concentration of
free detergent ions at half saturation (r=m/2).
Equation 5 can be identified with Eq. 2, if

k=6‘1,.-’z—n (6)
Hence, in Eq. 4 for m>r,
K=mecy,~" N

In this respect, K is regarded as a measure of
the ability of binding or the extent of affinity.

On the other hand, the physical meaning of
n is not explicit; the value of n depends on
the strength of mutual interaction between
bound detergent ions. If » is greater than
unity, there occurs a cooperative interaction
stabilizing the protein bound with detergent,
so that the uptake of one ion makes another
ion bind easier?"-21,

Dependence of K and n on pH and the Nature
of the Binding. — As is shown in Table I, the
value of K increases with the lowering of pH
in the case of the binding of SDBS by gelatin.
A linear relationship is found between log K
and pH, as is shown in Fig. 5, which is re-
presented by

log K=10.7—0.27 pH at 30°C

Thus the magnitude of K is related to the
interaction of DBS anions with gelatin. This
suggests that an electrostatic attraction between
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pH for the binding of SDBS by gelatin.

DBS anions and positively charged groups of
gelatin is partly responsible for the binding.
Even on the alkaline side gelatin has positively
charged sites and binds a finite number of
DBS anions.

The value of n is about 2.1 and is inde-
pendent of pH. This means that the uptake
of DBS anions by gelatin favors further
binding of other DBS anions in the vicinity
of the binding site on gelatin, probably because
of the hydrophobic cohesion between DBS
anions. Thus, DBS anions form aggregates
like micelles on a gelatin molecule. This
might have some relation with the increase in
the solubilizing power of sodium dodecyl
sulfate in the presence of gelatin?®. Generally,
the binding of detergents on synthetic polymers
is also interpreted as essentially due to the
formation of this kind of micelles on a polymer
molecule?®,

It may be concluded that a DBS anion com-
bines with a positively charged group of
gelatin and that its binding promotes the
further binding of DBS anions around this site
due to hydrophobic cohesion. Bound DBS
anions form micelle-like aggregates on a gelatin
molecule. The former binding will be mostly
related to pH’s while the latter will be in-
fluenced by the length of the alkyl chain
of detergent. The effect of the length of
alkyl chain has been investigated for anionic
detergent-protein systems*", and it is known?*?
that the increase in chain length makes the
detergent-gelatin ratio lower above which a
precipitate separates out. This would also
support the concept of the micelle formation
on gelatin.

The binding isotherm of SDBS by gelatin
can be expressed by

log r=10.7—0.27 pH+2.13 log ¢ at 30°C

Temperature elevation scarcely influences the

22) S. Saito, Kolloid-Z., 158, 120 (1958).
23) S. Saito, ibid., 154, 19 (1957).
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value of n, but it does decrease the value of
K by a small amount.

On the other hand, the value of K for CPC
is considerably smaller than that for SDBS,
and it increases with pH. Further, the value
of n for CPC, 1.4, is independent of pH and
smaller than that for SDBS, 2.1. These are an
indication of the lower affinity of CPC for
gelatin ; that is, CPC and DPB are less bound
to gelatin than SDBS. Generally, a cationic
detergent exhibits less affinity for proteins and
polymers than an anionic detergent®:?%,

The dependence of the value of K upon pH
suggests that the binding of CPC by gelatin
is of electrostatic nature. According to
Pankhurst®, an ion-ion binding is responsible
for the combination between gelatin and CPC,
but an ion-dipole binding can not occur at the
peptide bonds of gelatin owing to a steric
effect. However, the difference in the binding
behavior of DPB from that of CPC, i.e., the
insignificant binding of DPB as compared with
CPC, implies that the length of the alkyl
chain, i.e., the hydrophobic cohesion, is of
primary importance even with the sufficiently
long alkyl chain in the case of cationic deter-
gents.

Summary

The mode of the binding of detergents, SDBS,
CPC and DPB, by gelatin in the region of low
detergent-gelatin ratios, where solutions are
stable without precipitation, was investigated
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by determining the bound detergents by means
of equilibrium dialysis.

Detergents bind with gelatin in accordance
with the isotherm r=Kc" where K and n
(>1) are constants which measure an affinity
for the binding and an extent of cooperative
interaction respectively. The value of K,
which is dependent on pH and temperature,
decreases with increasing pH for the binding
of SDBS and vice versa for CPC. The value
of n is characteristic of a given detergent.
The value of n for SDBS is significantly greater
than that for CPC. Thus the extent of the
cooperative stabilization of a bound detergent
is higher for SDBS than for CPC.

Both anionic SDBS and cationic CPC com-
bine with gelatin, but cationic DPB scarcely
combines with it. Further, it was inferred
that a detergent, especially SDBS, binds with
gelatin, forming aggregates on it in such a
manner as the micelle formation.

The sign of charge of the detergent is of
essential importance for the binding of the
detergent by gelatin, and the length of the
alkyl chain of detergent also has additional
effects on the binding. The effect of chain
length was examined with cationic detergents.

Institute for Protein Research
(T. 1. & F. T.)
and
Faculty of Science
(T. 1. & §. I.)
Osaka University, Osaka




