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The binding of 11 azo and pyrene dyes (which have 1 to 4 sulfonato groups) to bovine serum albumin at
pH=7.0 and 25 °C has been studied by spectrophotometry, equilibrium dialysis, and/or ultrafiltration method.
Binding parameters were determined assuming one or two classes of independent binding sites. By combining
with data reported before, we examined the effects of hydrophobicity and net charge number of ligands on the
binding parameters for a total of 19 dyes. The ratio of the binding ability to the primary sites to the total
binding ability, a measure of binding specificity, was found to increase with an increase in the anionic charge
number of ligands. The values of binding constant for nonspecific binding of the monoanionic dyes and for the
primary binding of the multicharged dyes were found to have a strong correlation to both the hydrophobicity
and the anionic charge number of ligands. A multiple regression analysis has derived the equation:

m

log K = 0.86 log P +2.00)  a; — 0.81,

i=1

where K is a binding constant, P is the partition coefficient in 1-octanol/water system, and m and «; are
respectively the number of anionic groups and the degree of dissociation of the #-th group. From this equation,
the contribution of electrostatic interactions due to a unit net charge on ligands to the standard free energy
change of binding was estimated to be —11.4 kJ mol™'. The role of electrostatic interactions has been discussed
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in detail.

To elucidate the origin of the inherent role of serum
albumin as the carrier of many kinds of organic
molecules, it is essential to study the relationship be-
tween the structure of the protein and ligands and their
mutual binding properties. The method of quantitative
structure—activity relationship,’—* which has been suc-
cessfully applied to presumption of action mechanism
and prediction of biological activity of many chemical
compounds*® and to design of medical substances,®”
has also been applied to albumin-ligand binding.

The conventional way to express activity has been
the binding ability, which is defined as the reciprocal
of free ligand concentration required for the formation
of 1:1 complex.5'® However, this quantity is not a
direct measure of binding constants and is liable to un-
derestimate the binding ability for the case in which a
strong binding to one site is predominant. Therefore,
it is better to analyze overall binding isotherms and to
use binding constant or standard free energy change of
binding as the activity expression. It is also desirable
for the determination of the binding isotherms to use
the data of equilibrium dialysis or ultrafiltration, which
measure directly the concentration of free ligand in equi-
librium with the bound one, rather than the data from
indirect methods such as spectrophotometric or fluore-
metric probe techniques.*!—1%

The structural character of ligands is often given
by the partition coefficient of an acid form in 1-oc-
tanol/water system.®—!% A linear relationship in the
logarithm plot between reciprocal free-ligand concentra-
tion required for the 1:1 complex formation or binding

constant and the partition coefficient is expected; that
is, the higher the hydrophobicity of ligands, the more
the binding ability of them to albumin molecules in-
creases. On the other hand, the importance of electro-
static interactions due to ionized groups on ligands has
sometimes been pointed out,'*—® and their contribu-
tion to the free energy change of binding has also been
estimated.!®—2% Their effect on binding properties has
been studied from the viewpoint of quantitative struc-
ture—activity relationships.!??324) However, at present,
no clear-cut quantitative results concerning the role of
the electrostatic interactions have yet been presented.
This is because these studies have not necessarily suc-
ceeded in separating this effect from the other ones, due
to the limitation to monoanionic ligands.

In the present study, the effects of net charge number
of ligands upon the number of binding sites and a quan-
titative relationship between binding constant, ligand’s
hydrophobicity and charge number have been studied
for bovine serum albumin (BSA), through determina-
tions of binding isotherms and binding parameters for
the binding of anionic azo and pyrene dyes, which have
1 to 4 sulfonato groups.

Experimental

Materials. BSA samples (Fraction V and Fatty acid
free <0.02%) were purchased from Armour. The former
was defatted by means of charcoal treatment in an acid
solution®® and lyophilized. The latter was used without
further purification. The molar concentration of BSA solu-

tions was determined from the absorbance at 280 nm (EL% =
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HO

NaOaSO-N-N-Q-N-N

SOsNa
No.13 Biebrich Scarlet

1 Methyl Orange SOsNa H  N(CHs):2

5 Metanil Yellow H SOsNa NHCsHs NaOsS
6 Tropaeolin 00 SONa H  NHCeHs HsC-Q-N'N
CHs
OsNa
Rs 2 Ry No.17 Ponceau SX
m-Q—u-n Rs
Rs
R«
No. Dye Ry Rz R3 R¢ Rs Rse Ry
2 Orangel SOsNa H OH H H H H
3 Orangell SOsNa OH H H H H H
4 Ponceau 4G H OH H SOsNa H H H
7 Sunset Yellow FCF SO;Na OH H SONa H H H
8 Ponceau 2R CHs OH H SOsNa CHi3 H SOs:Na
12 Ponceau 3R CHs OH H SOsNa CH: CH3s SONa
HO R2 R SOsNa
Ri N=N
Rs
Rs Na0OsS SOsNa
No. Dye R R2 Ry R¢ No. Dye R
9 Acid Red 13 SOsNa H SONa H 14 Solvent Green 7 (o], ]
10 Bordeaux Red H SOsNa SOQNQ H 18 Tetra sodium
11 Crystal Scarlet H H  SOsNa SOsNa 1,3.6.8-pyrene SOsNa
15 Amaranth SONa SOsNa SOsNa H tetrasulfonate
16 Ponceau 4R SOsNa H SOaNa SOsNa
19 Ponceau 6R SONa SOsNa SOsNa SOsNa

Fig. 1. Chemical structure of dyes.

6.629), assuming a molecular weight of 67 kDa (1 Da=
1.66054x10™2" kg). Sodium 3-[4-(phenylamino)phenylazo]-
benzenesulfonate (Metanil Yellow), sodium 4-[4-(phenylami-
no)phenylazo]benzenesulfonate (Tropaeolin OO), disodium
3-hydroxy-4-(2,4-dimethylphenylazo)-2,7-naphthalenedisul-
fonate (Ponceau 2R), disodium 3-hydroxy-4- (2,4, 5- tri-
methylphenylazo)-2,7-naphthalenedisulfonate (Ponceau 3R)
and disodium 3-(2,4-dimethyl-5-sulfonatophenylazo)-4-hy-
droxy-1-naphthalenesulfonate (Ponceau SX) were purchased
from Wako Pure Chemical Industries. Disodium 4-(2-hy-
droxy- 1- naphthylazo)- 5- (4-sulfonatophenylazo)benzenesul-
fonate (Biebrich Scarlet) was purchased from Chroma. Di-
sodium 7-hydroxy-8-(1-naphthylazo)-1,3-naphthalenedisul-
fonate (Crystal Scarlet) was purchased from Aldrich Chem-
ical Company. Disodium 3-hydroxy-4-(1-naphthylazo)-
2,7-naphthalenedisulfonate (Bordeaux Red) was purchased
from Tokyo Chemical Industry Co., Ltd. Disodium 6-

hydroxy-5-(4-sulfonatonaphthylazo)-2-naphthalenesulfonate
(Acid Red 13) was prepared by coupling sodium 4-amino-
1-naphthalenesulfonate with sodium 6-hydroxy-2-naphtha-
lenesulfonate. All of these samples were purified by three
recrystallizations from an aqueous ethanol solution, and
were dried at 110 °C in a vacuum for 20 h. Tetrasodium
1,3,6,8-pyrenetetrasulfonate and trisodium 8-hydroxy-1,3,6-
pyrenetrisulfonate (Solvent Green 7) were purchased from
Eastman Kodak Company, and used without further purifi-
cation. pK, values of the hydroxyl group of these dyes have
been determined by a series of spectrophotometric titration.
From the concentration dependence of absorption spectrum
at pH=7.0, molar extinction coefficients of these dyes were
also determined. Figure 1 shows the chemical structures
of the dyes which were supplied to the present analysis of
a structure—activity relationship on albumin binding. All
the other chemicals used were reagent-grade. All the sam-
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ple solutions were prepared in a 0.1 moldm™3 Na,HPO4—
NaH32POj4 buffer of pH=7.001+0.02.

Methods. The extent of binding of ligands was de-
termined by the equilibrium dialysis and/or ultrafiltration
techniques. The details of the equilibrium dialysis technique
have been reported elsewhere.'® The apparatus and method
for the ultrafiltration were similar to that reported by Ima-
mura et al.?” A 5 ml sample of BSA-dye solution placed
inside a dialysis tubing (Visking 18/32) was centrifuged for
2 h at 4500 rpm using Marusan 45-CFS centrifuge. During
the centrifugation, the temperature of the sample was main-
tained at 25 °C. An aliquot of the ultrafiltrate was supplied
to spectrophotometric determination of free ligand concen-
tration. The extent of binding was estimated by taking into
account the amount of absorbed dye on the tubing, which
was determined by a series of blank measurements with-
out the protein. Spectrophotometric measurements were
carried out with Shimadzu UV-200S and Hitachi U-2000
spectrophotometers. All the experiments were performed at
2510.2°C. Nonlinear regression analysis for the evaluation
of binding parameters was carried out with a program of
Nakagawa and Oyanagi®® on an Acos-850 computer sys-
tem (NEC Corporation). logP values of the dyes in 1-
octanol/water system were calculated using a program of
CLOGP version 3.54.

Results and Discussion

Binding Isotherms and Binding Parameters.
Figure 2 illustrates Scatchard plots?® of the binding of
Metanil Yellow, Bordeaux Red, and Ponceau SX to BSA
at pH=7.0 and 25 °C, in which 7 and L are the average
number of bound ligand per one molecule of the protein
and the free ligand concentration, respectively. The lin-
ear dependence of L~! on ¥ for BSA-Metanil Yellow
system shows the existence of one class of equivalent
binding sites. This type of binding is called nonspecific
binding. On the other hand, the curved plots for the
latter two dyes show that BSA has at least two classes
of binding sites. Assuming that all of the binding sites

are independent of each other, ¥ can be expressed as3®
e niK;L

1

r- L, g

where n; and K; are the number of binding sites and the
binding constant, respectively. The subscript i refers to
the th class of binding sites, and n. is the number of
classes. The data were fitted to Eq. 1 by the nonlinear
regression analysis for n.=1 or 2. The determined val-
ues of the binding parameters are listed in Table 1. The
solid curves in Fig. 2 represent the theoretical ones cal-
culated using these values. The values of log P and the
average number of anionic charges on a ligand, which
was estimated as the sum of degrees of dissociation of
ionizable groups in the present conditions (E a;), are

also listed in this table. Ponceau SX is exceptlonally
classified as a trianionic ligand, whereas it is dianionic
in the free state under the present conditions. This is
because the hydroxyl group of this dye was found from a
spectrophotometric titration to be deprotonated in the
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Fig. 2. Scatchard plots of the binding of Metanil Yel-
low (circle), Bordeaux Red (hexagon), and Ponceau
SX (triangle) to BSA at 25 °C and pH=7.0. The
open symbols show the data of equilibrium dialysis,
and the filled ones show those of ultrafiltration. The
solid lines represent the theoretical curves calculated
using the values of the binding parameters listed in
Table 1.

bound state at the primary site.

Binding Specificity.  As for the monoanionic li-
gands, there are two cases of binding: (1) a small num-
ber of primary sites and a large number of nonspecific
secondary sites coexist, (2) the typical nonspecific case
in which there exists only one class of a large number
of binding sites. From the similarity in the number
of binding sites, the binding parameters of the second
case are listed as the secondary sites in Table 1. For
the ligands having more than one anionic charges, there
commonly exist two classes of binding sites. However,
the number of the secondary sites has a tendency to de-
crease with an increase in the number of anionic charges
of ligands.

Figure 3 illustrates the dependence of the number
of sites on the anionic charge number of ligands. This
shows that the total number of binding sites extensively
decreases with an increase in the number of anionic
charges; this is due to the reduction of the number of
the secondary sites. The ratio of the binding ability to
the primary sites to the total binding ability;

n1K1

RSl= —————,
n1 K1 +n2 Ko

(2)
shows the relative importance of the primary sites in
the overall binding of a ligand, and may be used as a
measure of the degree of binding specificity. The in-
sert in Fig. 3 shows that the ligand-binding specificity
strongly increases with an increase in the number of an-
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Table 1. Binding Parameters
—4 —4
No. Dye ni 10—K1 L log P §m: o Reference
mol~! dm?® mol~! dm? =1
1 Methyl Orange® — — 17 0.34 2.633 1 31,32,33
2 Orange I — — 15.6 0.97 3.274 1 34
3 Orange II 2.01 18.0 20.8 1.13 3.274 1 35
4 Ponceau 4G 1.98 17.3 21.4 1.06 3.274 1 35
5 Metanil Yellow — — 13 10 4.259 1 This work
6 Tropaeolin OO 0.61 270 18 3.3 4.259 1 This work
7 Sunset Yellow FCF 1.6 6.2 3.2 0.60 1.417 2 35
8 Ponceau 2R 3.3 6.9 5.4 1.2 2.415 2 This work
9 Acid Red 13 3.5 19 5.0 1.7 2.591 2 This work
10 Bordeaux Red 3.84 33.1 7.57 0.85 2.591 2 This work
11 Crystal Scarlet 3.7 32 8.9 0.20 2.591 2 This work
12 Ponceau 3R 0.63 51 7.0 3.2 2.864 2 This work
13 Biebrich Scarlet 3.3 130 7.8 4.9 3.125 2 This work
14 Solvent Green 7 1.6 3.2 2.8 0.39 —1.228 3.36  This work
15 Amaranth 0.9 60 2.4 1.2 0.734 3 18
16 Ponceau 4R 1.0 140 1.8 1.8 0.734 3 18
17 Ponceau SX 1.2 690 4.8 2.1 2.415 3 This work
18 Tetrasodium 1.5 3.6 1.5 0.16 —2.478 4 This work
1,3,6,8-pyrene-
tetrasulfonate
19 Ponceau 6R 1.0 960 14 0.8 -1.123 4 18
a) The values of the binding parameters of this dye are the averages of the cited reference data.
25 o sulfonato groups of the ligand prohibits an approach
0'5_ of its hydrophobic part to the hydrophobic region of
J- the sites, resulting in a considerable weakening of hy-
20t _osf 1 ) . . .
ol drophobic interaction. This mechanism seems to ap-
2 I ply also to the cases of multi-charged ligands in Fig. 3.
@15} % 002 . . On the other hand, one can see from Table 1 that hy-
3 % 1 2 2a 3 4 drophobicity of ligands does not directly relate to the
E / = number of binding sites.
g0 Z ] Multiple Regression Analysis of Binding Con-
2 % stants. From Fig. 4, the plots of log K vs. log P, one
5t / can see that the value of log K in each group of charge
/ numbers and binding classes linearly increases with in-
@ creasing values of log P, and the slopes are similar, while
0 1 2 . 3 4 those of the secondary sites for the multicharged li-
= gands seems somewhat reduced. If one pays attention to
Fig. 3. Dependence of the number of binding sites the .n OnSp?CIﬁc secondary sites O.f n}onf)anlonlc ligands
(which exist for all the monoanionic ligands) and the
on Za, the total number of binding sites (open

square), the number of primary sites (filled square),
and the number of secondary sites (shaded square).
The insert shows the dependence of RS1 defined by
Eq. 2 on Z a;.

ionic charges on ligands; it reaches almost 100% for the
tetranionic ligands.

One of the origins of this tendency is obviously a rel-
ative increment of the number of primary sites due to
a reduction of the number of secondary sites. A possi-
ble mechanism of the reduction for a dianionic ligand
has been proposed by Murakami.®® That is, nonspecific
binding sites are composed of a hydrophobic region and
at least one positively-charged residue and one of the

primary sites of multicharged ligands, it is further found
that the value of log K also increases linearly with in-
creasing number of charges of ligands. On the basis of
this observation, we analyzed these data by a multiple-
regression analysis, using log P and Z a; as indepen-

dent parameters. It would be relevant here to note the
reason of using log P of the neutral forms of ligands,
which are neither the most abandant forms (the an-
ionic forms) nor the forms transferring from water to 1-
octanol phase (the ion-pairs with the salt cations3¢—3%))
under the present conditions. In order to consider the
contribution of the net charges of ligands to log K as
an independent term of Z a;, we must use log P of the

=1
neutral forms rather than that of the latter two forms,
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Fig. 4. Plots of log K vs. logP for monoanionic

(circle), dianionic (hexagon), trianionic (triangle),
and tetranionic (square) ligands. The designated
numbers mean the dye numbers which are listed in
the first column of Table 1. The open and filled sym-
bols show the data for the primary and secondary
sites, respectively. The data encircled by solid lines
have been supplied to the present analysis of a quan-
titative structure-activity relationship (see text).

which already contain the effect of charges of the li-

gands. The result is
log K = 0.861 log P + 1.997 g o — 0.805
(0.206) (0.378)  (1.193)

nd =19, s=0.113,
r =0.945, F = 66.57,

3)

where nd, s, r, and F are the number of analyzed data,
the standard deviation, the multiple correlation coeffi-
cient, and the F-value, respectively. The numerical val-
ues in the parentheses show the 95% confidence intervals
of the parameters. The vaﬁ}ues of the partial correlation
coefficients of log P and >’ a; became 0.912 and 0.942,
respectively. Figure 5 shows the plot of observed log K
vs. the value calculated with Eq. 3. These results show
that the observed data are well interpreted by the equa-
tion. If the data set in which Ponceau SX is counted as
dianionic (charge number in free state) was used for the
analysis, the resultant values of the statistical parame-
ters (s=0.226, r=0.877, F'=29.4) were less satisfactory
than Eq. 3. This also confirms that Ponceau SX is in the
trianionic form in the bound state at the primary site.
This fact is very interesting from the view points of pre-
sumption of charged states of bound ligands and effec-
tiveness of charges of ligands for the stabilization of the
complexes. That is, one can presume their ionization
states from Eq. 3 using the data of their binding con-
stant and hydrophobicity. Further, it can be seen from
Fig. 4 that the binding constant of the secondary sites
for the multicharged ligands depends also on the num-
ber of charges on ligands. From this, one can also pre-
sume that Ponceau SX (Data No. 17 in Fig. 4) bound to
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Eq. 3.

Plot of observed log K vs. calculated one from

the secondary sites exists in the dianionic form, unlike
the primary site, and one of the two sulfonato groups
of Crystal Scarlet (Data No. 11 in Fig. 4) bound to the
secondary sites does not contribute to the stabilization
of the complexes.

Role of Electrostatic Interactions on Ligand
Binding. In many studies concerning ligand-bind-
ing to serum albumin, much attention has been paid
to the role of hydrophobic interaction.®—1%3% However,
Eq. 3 shows that the electrostatic interaction due to net
charges of ligands in addition to the hydrophobic one
plays an important role in this binding. In terms of
standard free energy change of binding, log K may be
expressed as

loge °
BT AG°. (4)

According to Hansch and Helmer,*® this may be fac-
tored, as a first approximation, into some contributions:

log K = —

loge o
RgT ( AG (hydrophobic)

log K = —
+ AGo(net-charge electrostatic)
+  AG® (other electrostatic) (5)
+  AG®(other) )

where A G° (hydrophobic) Means the contribution of a hy-
drophobic interactions, AG®(net—charge electrostatic) and
AG®(ther electrostatic) are the contribution of electro-
static interactions arising from the net-charges on li-
gands and that of other electrostatic interactions, re-
spectively. The last term (AG°(oner)) means the con-
tribution of other effects such as steric factor. The sec-
ond term of Eq. 3 corresponds to the second term of
Eq. 5. Therefore, one can estimate the contribution of
a unit net-charge on ligands to the standard free en-
ergy change to be —11.4 kJmol~!. This value is sim-
ilar to that reported for other systems;'®—2% it may
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be more reliable since the present procedure has sep-
arated the electrostatic effect due to net charges from
the other ones. Using this value, one can evaluate the
percentage of the contribution of the net-charge electro-
static interactions to the standard free energy change as
40—50% for the nonspecific binding of the monoanionic
dyes, 70—80% for the primary binding of the dianionic
dyes, 90—100% for the primary binding of the trian-
ionic dyes, and almost 100% for the primary binding
of the tetranionic dyes. That is, as the number of an-
ionic charges of ligands increases, the electrostatic in-
teractions become more and more important. The fact
that charges on a ligand having more than one sulfonato
group contribute to the standard free energy change in
an additive manner (Eq. 3) shows that the electrostatic
interactions due to the charges operate independently
of each other. These binding properties of the mul-
tianionic ligands suggest that their primary sites are
composed of several cationic residues, and their rela-
tive arrangement in space is flexible to allow effective
electrostatic bonds with the anionic charges of ligands.
This expectation agrees well with the result of the recent
crystallographic study by He and Carter,?? that is, two
principal ligand-binding regions have been shown to be
hydrophobic cavities containing three or four cationic
residues at their entrances.

At the present stage, application of Eq. 3 is limited
to the primary binding of multianionic ligands and the
nonspecific binding of monoanionic ligands. The ap-
pearance of the specific binding for monoanionic ligands
seems to be related to some steric factor, because it is
governed by a slight difference in the position of the
functional groups (compare the data of Orange I and
Orange II and those of Metanil Yellow and Tropaeolin
0O0). In order to modify Eq. 3 so as to describe the
specific binding for the monoanionic ligands as well, it
would therefore be necessary to introduce another new
parameter which takes into account the steric factor.
This will be achieved by another set of binding stud-
ies, and the clarification of the relation between these
results and the information about binding regions and
their tertiary structures is an important subject for fu-
ture research.
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