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Abstract-The applicability of a model of specific and non-specific binding sites for the binding of 
organic ligands to serum albumin was examined statistically. It is proposed in this model that there are 
a limited number of a single class of high affinity sites and an unlimited number of low affinity sites. 
Ligands bind to the former sites independently, as in the Scatchard model for a single class of binding 
sites, and to the latter sites in a partition-like manner, the amounts bound increasing linearly with the 
concentration of free ligands. In this study, data on the binding of warfarin to human serum albumin 
reported by Wilting er al. [J. Wilting et al., J. biol. Chem. 255, 3032 (1980)) and on the bindings of 
indomethacin and salicylic acid to human serum albumin reported by Hultmark et al. [D. Hultmark et 
al., Acta pharm. suecica 12,259 (1975)] were used. These binding data were analyzed according to the 
model of specific and non-specific sites as well as the Scatchard model of two classes of binding sites. 
Statistical analyses showed that the model of specific and non-specific binding sites fitted the data for 
binding of all compounds very well, indicating the applicability of this model. An index of the upper 
limit of ligand concentrations necessary for accurate analysis of the binding data was also discussed. 

The interaction of drugs and endogenous small 
organic molecules, such as fatty acids and bile acids, 
with serum albumin has been studied extensively, 
because serum albumin acts as a carrier of these 
compounds in the blood, and their biological poten- 
cies and stabilities depend on their affinities for 
serum albumin [l-3]. Since serum albumin binds 
many kinds of compounds, its interactions with these 
compounds have been regarded as typical examples 
of non-specific interactions. However, the number 
of the primary binding sites on albumin for most 
ligands is very small, being far less than 10 per mole 
of albumin in the absence of cooperative binding 
[l-3]. Furthermore, ligands of different chemical 
classes bind to geometrically different sites of 
albumin: binding to a certain site requires specific 
chemical and conformational features [3-51. Since 
these results indicate the existence of specific binding 
sites, characterization of the binding sites has been 
attempted [3,4]. 

Most binding data have been analyzed according 
to the Scatchard model [6], assuming that binding 
sites of a similar nature are of the same class and 
interact with ligands independently without any 
mutual interaction either when they are free or are 
occupied by ligands. However, Scatchard plots, 
where the ratio of the de ree of binding to the free 
ligand concentration, R F, is plotted against the P 
degree of binding R, sometimes show that the R/F 
value is constant in the high R region, in contrast to 
the Scatchard model, where a definite number of 
binding sites is assumed and thus the curve of binding 
should cross the R-axis. Namely, increase of R takes 
place continuously with increase in F, though in the 
Scatchard model R should reach a definite value in 
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the high F region. Thus, another model should be 
considered. 

From the above results, it is reasonable to assume 
that, besides binding to a definite number of specific 
sites, ligands also interact nonspecifically with the 
hydrophobic surface of serum albumin. This idea is 
supported by the fact that the affinities of a wide 
variety of ligands are directly dependent on their 
hydrophobicities irrespective of their chemical struc- 
tures [7-91. In this case, the number of binding sites 
is very great, and thus the binding of ligands to 
these sites increases linearly with the equilibrium 
concentration of the free ligand F, as if the ligand 
were partitioned between an organic solvent and 
water. 

In this study, we analyzed binding data based on 
a model of two types of ligand binding sites: specific 
and non-specific sites, as described above. This type 
of model has been proposed for ligand interaction 
with heterogeneous biopolymers, especially for the 
interaction of hormones with their receptors [lo, 111. 
However, it does not seem to have been considered 
for the interactions of small organic molecules with 
serum albumin. No detailed examinations have thus 
far been carried out on such a model, although in 
some cases the existence of non-specific binding sites 
on albumin has been suggested [ 12,131. Examination 
of the applicability of this model is useful for clari- 
fying the mechanism of binding of ligands to serum 
albumin. In this paper, an index of the upper limit of 
binding data for accurate analysis of binding results is 
also discussed. 

BINDING MODEL AND ANALYSIS OF BINDING DATA 

Let us suppose that a ligand binds to serum albu- 
min in two ways, by specific and non-specific binding. 
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A ligand binds to specific sites (S sites) according to 
the law of mass action as in the Scatchard model with 
a single set of binding sites, and to non-specific sites 
(NS sites) as in the partition between an organic 
solvent and water, i.e. specific binding is charac- 
terized by a high affinity and a small binding capacity, 
whereas non-specific binding is characterized by a 
low affinity and an unlimited binding capacity for the 
ligand. There is no cooperativity in either case. Thus, 
the moles of ligand bound per mole of serum 
albumin, R, is the sum of the moles of ligand bound 
to these two kinds of sites (R, and R,,) as shown in 
equation 1. 

R = R, + R,,. (1) 

The binding to S sites obeys the law of mass action, 
in which the number of binding sites (NJ and the 
association constant (KS) govern the binding, as 
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Fig. 1. Binding isotherm (A) and Scatchard plot (B) accord- 
ing to the specific and non-specific binding model. R rep- 
resents the moles of ligand bound per mole of serum 
albumin, and F, the concentration of free ligand at equi- 
librium. The model binding system with N, = 1.0, 
K, = 10 x lo5 and Km = 0.5 X lo5 was used to depict the 
curves. Key: curve (a) total binding; (b) specific binding: 
(c) non-specific binding; and (d) limiting slope of curve (a). 

shown in equation 2. 

R, = NxK,F/(l + K,F) (2) 

where F is the concentration of free ligand at 
equilibrium. 

The binding to NS sites is partition-like. Thus the 
ligand binding, R,,, is linearly dependent on F as 
expressed by equation 3. 

R,,, = K,sF (3) 

where K,,, is the association constant of the binding 
to NS sites, which is similar to a partition coefficient. 

The total amounts of a ligand bound per mole of 
serum albumin, R, is expressed by equation 4. 

R = N,K,F/(l f K,F) f K,,,F. (4) 

This model is referred to as the “specific and non- 
specific binding model (S and NS model)“. A plot of 
R against F according to equation 4 yields Fig. lA, 
in which R was computed with values of N,, K, and 
K,,, of 1, 10 X 10’ and 0.5 X 105, respectively, as an 
example. 

In Fig. lA, curve (a) represents the dependence 
of the total amount of bound R on F, and curve (d) 
is the limiting line of curve (a) at the extreme of F 
with a slope of 5.0 x lo4 and with an intercept on 
the Y-axis of 1.0, corresponding to the value of N,. 
The specific binding (R,) shown by curve (b) reaches 
a saturation value of R at higher F values, which 
corresponds to N, (= 1). Curve (c) represents 
the non-specific binding, being the straight line for 
R,, = 5.0 x lo4 F. It is noteworthy that, in curve 
(a), R increases first rapidly, and then linearly with 
increase in F, and R does not attain a saturation 
level, which should be equal to the total number of 
binding sites. This type of curve has sometimes been 
observed for the bindings of organic compounds to 
serum albumin, even when the binding was measured 
over a very wide range of F [14-161. This is the 
reason why the binding data satisfy the Freundlich 
adsorption isotherm [17, 181. 

A Scatchard plot of these binding data is shown in 
Fig. lB, indicating that the relation between R/F 
and R for the total binding is downward convex. This 
relationship can be expressed by equation 5 [19]. 

R/F = N,K, - K,R, + K,,, (5) 

The first two terms on the right-hand side of equation 
(5) represent the binding to S sites, while the last 
term represents that to NS sites. Thus, curve (a) in 
Fig. 1B is composed of two straight lines for specific 
and non-specific interactions [curves (b) and (c) in 
Fig. 1B respectively]. The Scatchard plot for the 
specific binding gives a straight line with the slope 
-KS and an intercept on the abscissa of R = N,, and 
that of the non-specific binding gives the horizontal 
straight line of R/F = K,,$. The Scatchard plot with 
regard to total binding [curve (a) in Fig. lB] gives a 
constant value at higher R values, since only non- 
specific binding occurs at these values. A similar 
horizontal part has often been observed in the Scat- 
chard plot for ligand binding to serum albumin in 
the high R region [20-241. 

In the present study we analyzed binding data 
according to the S and NS mode1 and compared 
the results statistically with those analyzed by the 
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Scatchard model based on the presence of two sets 
of independent “specific” binding sites 1 and 2. When 
the numbers of binding sites and association con- 
stants of these sites are denoted as N, and Nz, and 
K1 and Kz, respectively, this relation is expressed by 
equation 6. 

R = NIKIF/(l + K,F) + N,K,F/(l + K2F). (6) 

The binding data were analyzed by the unbiased 
least-squares parameter-fitting method reported by 
Perrin et al. [25] with a Panafacom U1400. The 
results were evaluated statistically by determining 
the correlation coefficient, r, and the standard devi- 
ation, S.D., and by Student’s t-test (t-test). 

RESULTS 

Availability of the specific and non-specific binding 
model. To determine the availability of the specific 
and non-specific binding model (S and NS model), 
we analyzed the reported data on the bindings of 
some drugs to albumin, by the least-squares par- 
ameter-fitting method according to the S and NS 
model and the Scatchard model, in which two classes 
of binding sites were assumed. The data used were 
those on binding to human serum albumin of war- 
farin at pH6.1 and 25”, reported by Wilting et al. 
[26], and of salicylic acid and indomethacin at pH 7.4 
and 20”, reported by Hultmark et al. [27], since 
these binding data were obtained under rigorous 
conditions and were easily readable from the 
literature. 

Figure 2A illustrates the relation of R and F for 
the binding of warfarin based on the S and NS model. 
The results of this analysis, in which total binding R 
[curve (a), with curve (d) showing its limiting slope] 
is considered to consist of specific [curve (b)] and 
non-specific [curve (c)] binding, coincides well with 
the original binding data (circles). Figure 2B shows 
results in the lower F region on an enlarged scale. 
The values of N,, K, and K, were determined as 
1.28, 3.17 x lo5 and 2.12 x lo4 respectively. The 
triangles and squares in Fig. 2 indicate binding data 
calculated from these binding parameters. Results 
with indomethacin and salicylic acid are shown in 
Figs. 3 and 4 respectively. 

The binding parameters of these drugs with human 
serum albumin calculated according to the S and NS 
model and the Scatchard model are summarized in 
Table 1. The numbers of data points used in the 
analyses, the correlation coefficients and the stand- 
ard deviations from the regressions are shown in 
Table 1 under n, r, and S.D. respectively. The figures 
in parentheses are values for the 95% confidence 
intervals. 

Table 1 shows that the regressions of analyses of 
binding data for the three drugs based on the S and 
NS model are very good with large r and small 
SD. values. The small values of the 95% confidence 
intervals also indicate that the data points for the 
analyzed binding relations fall in very narrow ranges. 

All the results with the Scatchard model also show 
good correlations, except that with salicylic acid. 
With salicylic acid, the binding appears to conform 
to a model consisting of only one class of binding 
sites, because K2 was computed to be null with great 

fluctuation, although the Scatchard plot is curvilinear 
(cf. Fig. 8). Thus, the binding does not conform to 
the present Scatchard model. The values of S.D. for 
warfarin and indomethacin are smaller according to 
the Scatchard model than according to the S and 
NS model, suggesting better correlations with the 
Scatchard model. However, this is because there are 
more binding parameters (= 4) in this model than in 
the S and NS model (= 3). It is noteworthy that the 
values of the 95% confidence intervals with the S 
and NS model are in general smaller than those with 
the Scatchard model, suggesting better correlations 
with the former model. Thus, the above results 
clearly indicate the participation of non-specific 
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Fig. 2. Binding isotherm of warfarin to human serum albu- 
min at pH 6.1 and 25”, according to the specific and non- 
specific binding model. Original bindine data were taken 
from the paper-of Wilting etaf. (261. (A)-all data points for 
binding. (B) Binding in a smaller Fregion. Circles represent 
data points. Triangles and squares represent computed 
values of specific and non-specific binding, respectively, 
based on the relation showed in Table 1 for the binding of 
warfarin. Key: curve (a) total binding; (b) specific bind&g; 
(c) non-specific binding; and (d) limiting slope of curve (a). 
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Fig. 3. Binding isotherm of indomethacin to human serum 
albumin at pH7.4 and 20”, according to the specific and 
non-specific binding model. Original binding data were 
taken from the paper of H&mark et al. [27]. Curves (a) to 
(d) and symbols are as described in the legend of Fig. 2. 

interaction in the binding of organic compounds with 
serum albumin. 

Index of binding data for accurate analysis. Next, 
to determine how the values of binding parameters 
changed with the number of binding data, we carried 
out least-squares analyses based on the two binding 
models by omitting binding data successively from 
either the lowest or the highest regions of F. The 
results with warfarin are summarized in Table 2. As 
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Fig. 4. Binding isotherm of salicylic acid to human serum 
albumin at pH7.4 and 20”, according to the specific and 
non-specific binding model. Original binding data were 
taken from the paper of Hultmark et al. [27]. Curves (a) to 
(d) and symbols are as described in the legend of Fig. 2. 

can be seen from the values of the 95% confidence 
intervals of binding parameters with all the binding 
data (n = 21) for warfarin, the values of N,, K, and 
K,, in the S and NS model were in the ranges of 1.22 
to 1.34 (i.e. 1.28 2 0.06), 2.73 x lo5 to 3.61 x lo5 
and 2.01 x lo4 to 2.23 x 104, respectively, and those 
of Nr, K1, N2 and K2 in the Scatchard model were 
intherangesof0.95 to 1.17,3.54 X 105t05.00 x 105, 
7.03 to 14.23 and 0.15 x lo4 to 0.39 x lo4 respect- 

Table 1. Parameters for the bindings of drugs with human serum albumin according to the specific 
and non-specific binding model and the Scatchard model* 

Drug 

Specific and 
non-specific model 

Binding 
parameter Scatchard model 

KS x IO-’ K, x lo-’ 

4 (M-9 CM-‘) 

K, x 10m5 Kz x 1O-3 

N, (Mm’) N> (M-‘) n r S.D. 

Warfarin 

Indomethacin 

Salicylic acid 

1.28 3.17 2.12 21 1.000 0.032 
(0.06) (0.44) (0.11) 

1.06 4.27 10.63 0.27 21 1.000 0.022 
(0.11) (0.73) (3.60) (0.12) 

4.04 2.12 1.15 20 0.996 0.252 
(0.36) (0.68) (0.15) 

3.10 3.90 11.96 0.21 20 0.999 0.134 
(0.32) (1.14) (2.30) (0.08) 

2.82 0.60 0.13 20 0.997 0.191 
(0.23) (0.20) (0.02) 

2.82 0.60 20.36 0.00 20 0.799 2.043 
(2.49) (2.09) (=) (13.34) 

* Binding data for warfarin at pH 6.1 and 25” reported by Wilting et al. [26], and for indomethacin 
and salicyclic acid at pH 7.4 and 20” reported by Hultmark et al. [27]. were analyzed. In the table n 
is the number of data points, r is the correlation coefficient and S.D. is the standard deviation. The 
values in the parentheses are those of 95% confidence intervals. 
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Table 2. Dependence of the binding parameters in the specific and non-specific binding model and the Scatchard model 
on the number of data for the binding of warfarin to human serum albumin used* 

Specific and non-specific 
binding model Scatchard model 

K, x 1o-5 K,, x 1O-4 K, x 1O-5 K2 x 1O-4 F x lo5 
n N, (M-l) (M-l) N1 (M-l) Nl (M-l) (M) 

21 1.22-1.34 2.73-3.61 2.01-2.23 0.95-1.17 3.54-5.00 1.03-14.23 0.15-0.39 0.01-10.68 

16 1.29 3.02 2.10 1.09 4.01 11.41 0.25 0.08-10.68 
14 1.29 2.89 2.09 1.10 3.85 11.94 0.23 0.15-10.68 
11 1.35 2.48 2.05 1.15 3.44 13.24 0.20 0.32-10.68 

20 1.23 3.40 2.22 1.07 4.22 11.31 0.25 0.01-8.86 
18 1.19 3.60 2.31 0.81 6.01 3.51 0.14 0.01-4.99 
16 1.04 4.43 2.84 0.83 5.90 3.69 1.30 0.01-3.35 

* The binding data for warfarin reported by Wilting et al. [26] were used. In the table, n is the number of binding data 
points. Analyses were carried out with binding data points in the range of the free concentration of warfarin at equlibrium 
F shown in the table, by omitting original data points (n = 21) successively from the lowest or the highest region of F to 
obtain the numbers of data points n shown in the table. The values with n = 21 are those of the original binding parameters 
within the range of 95% confidence intervals. 

ivelv. These values are referred to as the original 
binding parameters in further analyses. 

The results in Table 2 show that even deletion of 
10 binding data (n = 11) from the region of lowest 
data points affected both binding models only 
slightly, whereas deletion of 3 and 5 data points from 
the highest region of F (n = 18 and 16 respectively) 
had significant effects on the values of all the binding 
parameters, resulting in their deviation from the 
values of the original binding parameters in both 
models. Similar tendencies were observed with data 
on the binding of indomethacin and salicylic acid. 
The results with salicylic acid are shown in Fig. 5. 
Thus, binding data in the high Fregion are important 
for accurate determination of binding parameters, 
irrespective of the binding model. 

However, in binding experiments, determination 
of R in the high F region is generally difficult. Thus, 
it is useful to know the upper limit for measurement 
of R in the region of high F (or R) for exact analysis 
of binding. Let us refer to this R value as R,. Figures 
6-8 show Scatchard plots of the bindings of warfarin, 
indomethacin and salicylic acid in the high R region. 
Numbers beside data points in Figs. 6-8 are numbers 
of binding data numbered from the lowest to the 
highest R. Let us denote the lowest number of data 
points from which computed binding parameters fall 
either closely or completely within the range of 95% 
confidence intervals of the original binding par- 
ameters as II,. Namely, n, is the minimum number 
of binding data points from the lowest R for accurate 
computation. With the S and NS model, the value 
of n, was found to be 19 for warfarin, 19 for indo- 
methacin, and 17 for salicylic acid. With the Scat- 
chard model, n, was 19 for warfarin and 18 for 
indomethacin. The results in Figs. 6-8 indicate that 
almost all the data points with numbers of more than 
n, are located in the region above the R value 
denoted as R,. R, corresponds to the point on the 
total binding curve crossed by a line from the origin 
passing through the crossing point of the two straight 
lines representing the downward convex total bind- 

ing curve in the Scatchard plot of both binding 
models (cf. Figs. 6-8). Thus, binding data R should 
be determined up to at least RJR,,, 5 R,) for accurate 
analysis of binding results. 

DISCUSSION 

In this study we examined the availability of the S 
and NS model for the bindings of the drugs warfarin, 
indomethacin and salicylic acid to human serum albu- 
min by statistical analysis of published binding data. 
In their original paper, Wilting et al. [26] determined 
the binding parameters of warfarin according to a 
Scatchard model consisting of two independent sites 
by fixing N,:N1 = 1, K1 = 4.8 x lo’, Nz = 10, and 
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Fig. 5. Effect of the number of data points for the binding 
of salicylic acid to human serum albumin on values for 
binding parameters according to the specific and non- 
specific binding model. Numbers beside data points rep- 
resent numbers of binding data points numbered in order 
from the lowest F (or R) value. Key: curve (a) analysis of 
all the data points (numbers l-20); (b) 18 data points 
(numbers 1-18); and (c) 15 data points (numbers l-15). 
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Fig. 6. Scatchard plot of the binding of warfarin to human 
serum albumin in the higher R region according to the 
specific and non-specific binding model (A) and the Scat- 
chard model (B). R, represents the R value at the inter- 
section with the curve of a line from the origin through the 
crossing point of the two straight lines composing the 
total binding curve. Numbers beside data points are as 

in Fig. 5. 

K2 = 0.2 x 10” [26]. Our results for a Scatchard 
model are very similar to theirs (cf. Table 1). 
However, they showed that a model with three inde- 
pendent classes of binding sites also fitted the data 
points reasonably well. Hultmark et al. [27] analyzed 
the binding data for indomethacin and salicylic acid, 
according to a modification of the stepwise model 
[28] and found that these drugs had four or five 
strong binding sites as well as some weak ones [27]. 
Several parameters were necessary for analyses of 
the data points for these drugs. 

In the present study, we showed statistically that 
an S and NS model with only three parameters 
accommodated the binding data very well in all cases, 
while a Scatchard model with four parameters fitted 
the binding data for warfarin and indomethacin 
equally well, but fitted those for salicylic acid very 
poorly. Use of fewer parameters is better in statistical 
analyses, if it results in the same level of statistical 
significance. Thus, the S and NS model should be 

examined first for evaluation of the binding data of 
organic ligands with serum albumin. 

The S and NS model examined in this study con- 
sisted of a limited number of a single class of high 
affinity sites and an unlimited number of low affinity 
sites. The existence of two or more classes of high 
affinity sites is also a possibility that requires exam- 
ination. The present study is the first to demonstrate 
the availability of this model from the statistical 
point of view, although the existence of non-specific 
binding has been suggested [12,13]. 

Warfarin. indomethacin and salicyclic acid exist in 
both neutral and anionic forms in the binding system, 
the relative amounts of these forms depending on 
the pH of the solution. In partition studies, we found 
that 2.4-dinitrophenol and indomethacin are trans- 
ferred from an aqueous to an organic phase in three 
ways: directly in the neutral and anionic forms, and 
via an ion-pair complex of the anionic form with 
counter ions in solution [29,30]. The extent of trans- 
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Fig. 7. Scatchard plot of the binding of indomethacin to 
human serum albumin in the higher R region according to 
the specific and non-specific binding model (A) and the 
Scatchard model (B). Numbers beside data points are as 

described in the legend of Fig. 5. 
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Fig. 8. Scatchard plot of the binding of salicylic acid to 
human serum albumin according to the specific and non- 
specific binding model. Numbers beside data points are as 

in Fig. 5. 

fer in these three ways depends on the hydro- 
phobicity of the compounds, and also on the relative 
amounts of these molecular species in solution. 
Transfer of the anionic species via the ion-pair com- 
plex was, however, always greater than the direct 
transfer of the anionic species itself [29,30]. The 
dependence of the binding ability on the hydro- 
phobicity of organic ligands has been studied exten- 
sively, especially with respect to quantitative struc- 
ture-activity relationships [31,32]. 

In view of these results, it is likely that either the 
neutral species binds directly to specific sites or that 
the anionic species binds to these sites in the form 
of an ion-pair with cationic residues of serum 
albumin. In addition, another species binds to non- 
specific sites. These sites may be hydrophobic regions 
at the surface of serum albumin, with which the 
species partitions as with an organic phase. A study 
of the mechanisms of specific and non-specific bind- 
ing is under way. 

In this work, we also showed that data points of 
R in the high F region are very important. As an 
index of the limiting value of R in the high F region, 
we showed experimentally that data points of R up 
to a value of R, at least were necessary in both 
binding models. R, corresponds to the point on the 
total binding curve intersected by a line from the 
origin passing through the crossing point of the two 
straight lines composing the total binding curve in 
the Scatchard plot. Namely, the lowest possible value 
of R (= R,) should be about R, or more. This value 
could be a useful index in examining the availability 
of the binding model and the reliability of values of 
binding parameters. It is noteworthy that at least 5 

data points per parameter are necessary in regression 
analysis [33]. Theoretical consideration of the value 
of R, is in progress. 
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