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Cooperative Ligand Binding to Globular Protein(I).
Binding of Monoanionic Azo Dyes to Hen Egg White Lysozyme
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Binding of sodium 4-(2- or 4-hydroxy-1-naphthylazo)benzenesulfonate and sodium 4-[4-(amino or dialkylamino)-
phenylazo]benzenesulfonate (alkyl: methyl, ethyl, or butyl) to hen egg white lysozyme has been studied by an equilibrium
dialysis method at pH = 7.0 (0.1 mol dm™> phosphate buffer) and 25 °C. In the case of the (2- or 4-hydroxy-1-naphthyl-
azo)benzenesulfonate system, a single cooperative binding stage has been observed with a maximum binding number of
10. In the case of the 4-[4-(dialkylamino)phenylazo]benzenesulfonate systems, two cooperative binding stages have been
observed for the dyes having alkyl groups longer than a methyl group. The maximum binding numbers of the first stage
are 14 and 13 for 4-[4-(diethylamino)phenylazo]benzenesulfonate and 4-[4-(dibutylamino)phenylazo]benzenesulfonate,
respectively, and those of the second stage were the same as those for the first one. The binding isotherms have been well
interpreted by the stepwise binding model, which takes account of the free energy decrease due to interactions between
bound ligands and of its reduction as the binding step proceeds, and binding constants have been evaluated. On the basis
of the binding constants and the free energy changes of binding, the detailed binding mechanism is discussed.

Cooperative ligand binding to proteins is an important
phenomenon in the study of physicochemical and colloidal
properties of the proteins. Especially, binding of surface ac-
tive agents to globular proteins such as serum albumin and
lysozyme, which are the typicals of acidic and basic pro-
teins, has extensively been studied by many authors,' ™ also
from the growing interest in protein denaturation. It has
been known, in many cases, that the initial specific bind-
ings to the oppositely charged residues on protein molecules,
which are cooperative or noncooperative depending on the
systems, are followed by subsequent cooperative bindings
with a large numbers of ligands to form micelle-like struc-
tures. It is also known that some anionic dyes and aromatic
substances bind to those proteins in cooperative or noncoop-
erative manners.' %3

In the analysis of the binding isotherms of the cooperative
binding systems, the concept of Wyman’s binding potential'¥
has often been used.”*!215-17 I this treatment, existence of
only two protein species, i.e., one is the bare protein and the
other is the full-loaded protein with ligands, is assumed in
the limit of strong cooperativity. And the apparent binding
constants have been derived from the binding isotherms, in
further assumption that there exists a predominant species
that binds average-bound-number ligands. From the appar-
ent binding constants, however, we could not obtain a real
image of the cooperativity except in the highly bound region,
because these two assumptions contradict each other. It is
rather desirable to discuss this on the basis of the stepwise
binding model.

In this study, cooperative bindings of two kinds of
monoanionic azo dyes (hydroxynaphthylazobenzenesulfo-
nates and 4-[4-(dialkylamino)phenylazo]benzenesulfonates)

to hen egg white lysozyme have been examined by the equi-
librium dialysis method. In addition to the new experimental
feature on the effects of alkyl chains attached to the aro-
matic substance, the detailed binding mechanism has been
discussed on the basis of the binding constants calculated
using the stepwise binding model.

Experimental

Materials. Hen egg white lysozyme (six times recrys-
tallized) was purchased from Seikagaku Kogyo Co., Ltd. and
was used without further purification. The molar concentra-
tion of lysozyme samples was calculated from the absorbance
at 280 nm using the molar extinction coefficient of 3.77x10*
mol~! dm® cm™1.'® Sodium 4-(4-hydroxy-1-naphthylazo)benzene-
sulfonate (Orange I), sodium 4-(2-hydroxy-1-naphthylazo)benzene-
sulfonate (Orange IT) and sodium 4-[4-(dimethylamino)phenylazo]-
benzenesulfonate (Methyl Orange) were purchased from Wako Pure
Chemical Industries, Ltd. Sodium 4-(4-aminophenylazo)benzene-
sulfonate and sodium 4-[4-(diethylamino)phenylazo]benzenesulfo-
nate (Ethyl Orange) were purchased from Tokyo Chemical Industry
Co., Ltd. Sodium 4-[4-(dibutylamino)phenylazo]benzenesulfonate
(Butyl Orange) was synthesized from sulfanilic acid and N,N-di-
butylaniline, washed with toluene, and purified by three times re-
crystallizations from a mixture of 0.05 mol dm~* HC1 and ethanol.
These dyes were purified by three recrystallizations from an aque-
ous sodium acetate solution and by three further recrystallizations
from an aqueous ethanol solution, and were dried at 110 °C in a
vacuum for 20 h. Figure 1 shows the chemical structure of the dyes.
Molar extinction coefficients of these dyes were measured from the
concentration dependence of the absorption spectrum at pH = 7.0.
All the sample solutions were prepared in a 0.1 mol dm ™ phosphate
buffer of pH = 7.00+0.02.

Methods. The extent of ligand binding was measured using the
equilibrium dialysis technique.'® Visking dialysis tubing (24/32)
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Fig. 1. Chemical structure of dyes.

cut to a length of 9 cm was treated twice with a 1% NaHCO3
aqueous solution at 100 °C for 40 min and subsequently im-
mersed in a 95% aqueous ethanol solution overnight, soaked in
a warm 1% EDTA solution for 30 min, and then exhaustively
rinsed with distilled water. A 5-ml sample of lysozyme solution
([lysozyme] = 5.0x 10> mol dm~?) placed inside the dialysis tub-
ing was dialyzed against 10 ml of the dye solution at 25 °C for 48
h. After equilibration, the concentration of the dye solution outside
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the dialysis tubing was measured spectrophotometrically using the
molar extinction coefficients measured before. The extent of bind-
ing was calculated taking into account the amounts of adsorbed dye
on the dialysis tubing, which were measured by a series of blank
measurements without lysozyme. Leakage of the protein out of the
tubing has also been examined, and it was found that the extent was
negligibly small. :

Spectrophotometric measurements were done with Shimadzu
UV-200S and Hitachi U-2000 spectrophotometers. All the ex-
periments were done at 25+0.2°C.

Nonlinear regression analysis for the evaluation of binding pa-
rameters was done with a program of Nagasawa and Oyanagi’® on
an Acos-850 computer system (NEC Corporation).

Results

Binding Isotherms. The binding isotherms for the
binding of the two hydroxynaphthylazobenzenesulfonates
and four 4-[4-(dialkylamino)phenylazo]benzenesulfonates to
hen egg white lysozyme at pH = 7.0 and 25 °C are shown in
Figs. 2 and 3, respectively. From these figures, it can be seen
that these two types of ligand cooperatively bind to lysozyme
in different manners. The hydroxynaphthylazobenzenesul-
fonates cooperatively bind in one stage. From the asymptotic
value of ¥, the maximum binding number was evaluated as
10. On the other hand, the 4-[4-(dialkylamino)phenylazo]-
benzenesulfonates having longer alkyl chains (ethyl and bu-
tyl groups) cooperatively bind in two stages. The maximum
binding numbers of the first and second stages agree with
each other, and those for Ethyl Orange and Butyl Orange are
14 and 13, respectively. As has been observed in the bind-
ing of anionic surfactants to lysozyme,® precipitation was
observed at the end region of the first stage for both of the
two types of ligands, while the precipitate has disappeared
in the end region of the second stage for the Ethyl Orange
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Fig. 2. Binding isotherms for the binding of hydroxynaphthylazobenzenesulfonates to hen egg white lysozyme at pH = 7.0 and 25
°C. (A): V vs. In[L] plots and (B): Scatchard plots,?? for Orange I (circle) and Orange TI (filled circle). The solid lines represent
the theoretical curves calculated using Eq. 7 and the values of the parameters listed in Table 1.
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Fig. 3. Binding isotherms for the binding of 4-[4-(dial-
kylamino)phenylazo]benzenesulfonates to hen egg white
lysozyme at pH = 7.0and 25 °C. (A): ¥V vs. In [L] plots, (B):
Scatchard plots for Ethyl Orange, and (C): Scatchard plots
for Butyl Orange. The symbols denote 4-(4-aminophen-
ylazo)benzenesulfonate (hexagone), Methyl Orange (filled
triangle), Ethyl Orange (square), and Butyl Orange (filled
square). The solid lines represent the theoretical curves cal-
culated using Eq. 9 and the values of the parameters listed
in Table 1, except for the line of Methyl Orange which was
calculated under the assumption of independent and equiv-
alent binding sites (see text). The arrow in (A) shows the
critical micelle concentration of Butyl Orange.

and Butyl Orange systems. The 4-[4-(dialkylamino)phenyl-
azo]benzenesulfonates having shorter alkyl chains than ethyl
group did not cooperatively bind to lysozyme. In the case
of Methyl Orange, the solubility was smaller than those of
the other dyes and the observed binding number was less
than 2 below it. In the case of 4-(4-aminophenylazo)ben-
zenesulfonate, no binding was observed for the measured
concentration range. As a conclusion, the longer the length
of the alkyl chain becomes, the stronger the cooperativity.
.Analysis of Binding Parameters.  Binding of ligands
to protein is generally expressed by the stepwise binding

scheme:??

p + L = PL
PL  + L = Pl o
PL,,_] + L (——> PLn7
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where P, L, and PL; show free protein, free ligand, and com-
plex species, respectively, and #n means the number of binding
sites. The macroscopic binding constants for the steps are
expressed by??

Ki = [PLI/[PIL],
£ = PLIPLLL @
K, = [PLyJ/[PL,—t][L].

Using these equations, the average number of bound ligands
per molecule of protein can be expressed by*?

Ki[L1+2K KL +- - +nK Ky - - - Ku[L]"
1+Ki L]+ K KL+ +Ki K- - Ku[L]*

V= 3)
If the number of binding sites is large, it is in general dif-
ficult to calculate all the values of the binding constants
from observed binding isotherms. When the sites on pro-
tein molecules are equivalent and independent of each other,
however, the macroscopic binding constants can simply be
expressed by the microscopic binding constant k; as*™

Ki=(@n+1—ik /i )

The observed positive cooperativity shows that the free en-
ergies of the states in which more than one ligand are bound
are less than those for the above independent case, due to the
interaction between bound ligands. Although analytical ex-
pressions of binding isotherm, in which interactions between
bound ligands are explicitly taken into account in molecular
level, have been obtained for systems having high symmetry
such as ligand-binding to linear polymers,” 29 we have now
no useful expression for protein systems because of the lack
of such symmetry.

The cooperative bindings on protein surface may be liable
to occur at the region where binding sites are closely placed.
Among them, the first cooperativity (cooperativity between
the ligands bound in the first and second steps) would occur at
the nearest-neighbor pair (the closest binding-site pair) in the
highest probability. This may result in a decrease in the free
energy change of binding in the second step. The third ligand
would bind to the next nearest-neighbor site, interacting with
the already bound two ligands. In this third step, however,
the decrease in the free energy change of binding would
be somewhat reduced since the site is more remote from
the nearest-neighbor pair. Like this, the cooperativity may
extend to a wide area. On the basis of this consideration,
we now introduce the following phenomenological relations
between microscopic binding constants, as the simplest one
to express the situation.

kis1 = kiexp(— o /RT) 15ign—1, (5)
where k; is the microscopic binding constant for the bind-
ing of i-th ligand. @ and S are the parameters which take
account of the free energy decrease due to interaction be-
tween bound ligands and of the reduction of the free energy-
decreasing effect as the binding step proceeds (0 f = 1),
respectively. Here the rate of reduction is assumed to be
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constant. Equation 4 was extended to
Ki=(n+1—ik/i. (©)

By using Egs. 3, 5, and 6, ¥ was written as a function of #,
ki, a, 3, and [L] as

=1

i {f{(n i+ 1)kj/j} Ly
S @)

V=

i

1+i{n<n —j+1)k,~/j} Ly
=1 =1

where -
]q:klexp{—a (Z,B"'l) /RT}. ®)
k=1

The data for the hydroxynaphthylazobenzenesulfonates were
fitted to this equation, considering k;, @, and f as indepen-
dent parameters. The values of the parameters evaluated are
listed in Table 1. The value of k; for the Orange II system
was assumed to be the same as that for the Orange I system,
due to the lack of data in the low concentration region before
the cooperative effect appears. As can be seen in Fig. 2, the
observed data fall on the theoretical curves calculated using
these values (solid lines).

For the Ethyl Orange and Butyl Orange systems in which
the two cooperative binding stages observed in distinct con-
centration regions, it is convenient to extend Egs. 3 and 5
to the next ones (Egs. 9 and 10), by assuming that the two
stages occur independently of each other.

Kig[L]+---+mKyy - Kiq [L]1"

1+Kia[L]+- -+ K11+ K [L]m
K [L]+- - +mKag - Ky [LT?
1+Koi[L]+---+ Koy Koy [LI2]

V=

and

ki =kiexp(—ai 8771 /RT)

§ n—1, 10)
ka1 = kaexp(—on/RT) <m-—1

where the first subscript of the binding constants means the
binding stage and the second one the binding step. The
independent parameters in this case are k11, @, and f for
the first stage and k,; and o, for the second stage. The
first stages of these systems correspond to those of the hy-
droxynaphthylazobenzenesulfonates systems. The B factor
is omitted for the second stage to minimize the number of
parameters. The values of the parameters, obtained by the
fitting procedure, are also listed in Table 1. The theoretical
curves calculated using these values reproduce the observed
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data well (the solid curves in Fig. 3). The dependences
of the microscopic binding constants, calculated from the
parameters, on the binding step are shown in Fig. 4.

In the Methyl Orange system, we could not observe any
marked cooperative effect. Therefore, assuming that all the
biding sites are equivalent and independent to each other and
that the number of binding sites is equal to that of the first
stage for the Ethyl Orange system, the microscopic binding
constant k; were evaluated as 132 mol ! dm®.

Discussion

It is known that some anionic surfactants bind to lysozyme
in a cooperative manner, in which two cooperative binding

1.1 1.5 1.10 21 25 2,10
je—First stage ~—| j— Second stage —
Binding step

Fig. 4. Dependence of microscopic binding constants on
binding step, for Orange I (circle), Orange II (filled circle),
Ethyl Orange (square), and Butyl Orange (filled square).
The first number of the paired two numbers in the abscissa
means the binding stage and the second one the binding
step.

Table 1. Binding Parameters for the Binding of Hydroxynaphthylazobenzenesulfonates and
4-[4-(Dialkylamino)phenylazo]benzenesulfonates to Lysozyme at pH = 7.0 and 25 °C

Dye ki, ki1 ‘m B ka1 (453
mol ! dm?3 kJ mol ™! mol ! dm® kJ mol ™!
Orange 1 38 —4.97 0.631
Orange IT 38 —4.84 0.745
Methyl Orange 132
Ethyl Orange 329 —2.74 0.820 1.49 —2.18
Butyl Orange 40.2 —12.10 0.365 2150 —0.752
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stages have been observed.”®'> The first stage of these sys-
tems, in which the maximum binding numbers are compara-
ble to the number of net charge on the protein, is regarded as
the specific bindings to cationic residues. On the other hand,
the maximum binding numbers of their second stage have
been found to be extremely large (more than fifty). Consid-
ering the binding number, the first stages observed for these
systems correspond to the specific bindings in which the sul-
fonato groups of the dyes are bound to cationic residues on
lysozyme and the hydrophobic parts of them interact with
each other. A total of 19 cationic groups including the a-
amino group are present on lysozyme molecules, and they
all seem to be in the cationic forms at pH = 7.0, judging from
their pK, values.?” The fact that the observed binding num-
bers (10 to 14) for the first stage are less than the possible
binding number (19) means that not all of the residues effec-
tively act as binding sites. This discrepancy may reasonably
be interpreted by the assumption that some of the cationic
residues form ionic or hydrogen bonds with neighboring an-
ionic residues and do not serve as effective binding sites.
In fact, such ionic or hydrogen bonds have been found in
crystals of lysozyme.?® ,

Figure 4 shows that the microscopic binding constants for
Orange I and Orange II systems increase as the binding steps
proceed, and the value for Orange Il increasingly exceeds that
for Orange I in the steps after the third one. The correspond-
ing free energy of binding (AG}? = —RTln k;) changes from
AGS = —9 kImol™! to AGS, = —22.3 kImol~! (Orange 1)
and AG$, = —26.7 kI mol~! (Orange II). These results show
that the states in which more than three Orange II molecules
are bound are more stable than those for Orange I. This
large cooperative effect for the Orange II system could be
attributed to its stronger stacking tendency.

In the first stage of the 4-[4-(dialkylamino)phenylazo]ben-
zenesulfonate systems, the microscopic binding constant of
Butyl Orange steeply increases and reaches a plateau value
in the early steps, while that of Ethyl Orange increases
more gradually. The free energy of binding changes from
CAGY ;= -9 kImol™! to AGS 4= —22.8 kJmol~! (Ethyl
Orange) and AGS 5 = —28.1 kJ mol~! (Butyl Orange). The
difference in the free energy of binding between Butyl Or-
ange and Ethyl Orange at the early steps (from the second
to sixth step) takes the values in the region of —9.8——11.9
kImol~!. These values means the contribution of the four
alkyl groups, which Butyl Orange has in excess of Ethyl
Orange, to the free energy change due to the interaction be-
tween bound ligands. Converting these values to those per
unit alkyl group, we obtain —2.5——3.0 kJmol~!. These
values agree with the contribution of the unit alkyl group to
the free energy change of micelle formation of surfactants,
i.e., —2.9 kI mol~!,* showing that the alkyl chains of Butyl
Orange are in a similar hydrophobic environment to that in
the micelles. In addition, it is reasonable to consider that both
the aromatic and the alkyl parts of the dyes contribute to the
interaction between bound ligands, through the hydrophobic
and/or stacking interactions.

Another characteristic of the 4-[4-(dialkylamino)phenyl-
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azo]benzenesulfonate systems is in the second stage. The
maximum binding numbers of the second stage are the same
as those of the first one, while the second stage of surfac-
tant-lysozyme systems has very large binding numbers and
is thought of as the formation of micelle-like structures. The
free energies of binding for the first steps of the second stage
are very different between dyes as AG3; = —1.0 kJmol™ !
(Ethyl Orange) and AGS ; = —19.0 kJ mol~! (Butyl Orange).

As the binding step proceeds both of them decrease linearly
and reach the final values of AG3 ;4= —29.3kJ mol~! (Eth-
yl Orange) and AGj3 ;3 = —28.1 kImol™ I (Butyl Orange),

being comparable to each other. The charge of the free en-
ergy of binding per one-step increase () was evaluated as
—2.18 kJmol~! (Ethyl Orange) and —0.75 kJ mol~! (Butyl
Orange) (Table 1), that is, the magnitude of the free energy
of binding for Butyl Orange is larger in negative value than
that for Ethyl Orange but the rate of its decrease is smaller
than that for Ethyl Orange (about one third). These obser-
vations suggest that two factors participate in the binding of
the second stage. The first factor is the interaction between
the ligands bound in the first stage and the ligands coming in
the second stage. In this interaction, the secondary ligands
must not migrate into the deep position in the layer formed
by the ligands in the first stage, because the magnitude of the
free energies of binding for the earlier steps is too small to
consider such a situation. The previously cited value (—19.0
kJ mol~!) of the free energies of binding for the first steps of
the second stage of Butyl Orange is 80—97% of the value
which could be expected if alkyl chains of Butyl Orange are
in a micelle-like hydrophobic environment. On the other
hand, that value for Ethyl Orange (—1.0 kI mol™!) is only
8—10% of the value, suggesting that the alkyl groups of
the first layer of Ethyl Orange do not provide an effective
hydrophobic environment to the secondary ligands. That is,
the hydrophobic interaction between alkyl chains may play
a central role in this interaction. This idea seems to interpret
the facts that the large difference between the free energies of
binding for Ethyl Orange and Butyl Orange in the first step
and that the second stage was not observed for the hydroxy-
naphthylazobenzenesulfonates which have no alkyl chain.
The second factor is the interaction between bound ligands.

First stage

Reaction coordinate ———>»
Fig. 5. Schematic representation of the cooperative binding
model for the systems of (A) Orange I and Orange I and
(B) Ethyl Orange and Butyl Orange.
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In the case of Butyl Orange, the orientation of the bound
ligands would be highly restricted since the butyl groups are
strongly interacting with those in the first layer. This results
in a reduction of the lateral interaction between aromatic
parts through hydrophobic and/or stacking forces. In the
case of Ethyl Orange, this effect may be smaller than the Bu-
tyl Orange case. The difference in o, between Ethyl Orange
and Butyl Orange systems may be interpreted in this way.
As a result, the second stages of these systems may be char-
acterized by the completion of the formation of a bilayer-like
structure of bound ligands. Figure 5 shows the schematic
illustration of this complex formation model. According to
this model, the complexes formed in the first stage would be
liable to aggreate since the protein charges are neutralized
and the hydrophobic parts of bound ligands are exposed to
the solvent, on the other hand, the complexes formed in the
second stage would be more soluble than the first ones be-
cause these are charged up again by the second-layer ligands
the charged groups of which are exposed to the solvent. This
agrees with the observed precipitation behavior.

The author wishes to thank Mr. Satoshi Tanigawa and Mr.
Kohji Uesaka of Yamaguchi University for their assistance
with the measurements.
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