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New procedure for analysing drug binding data, exempliied by warfarin binding 
to human serum albumin 
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Abstract-Determination of binding constants for multiple binding of a ligand usually results in highly 
variable figures. We have found that the variations depend mainly upon cooperativity of ligand binding, 
and that cooperativity is generally absent on binding to human serum albumin. When this is taken into 
account it becomes possible to obtain binding constants with only slight variation. A computerized 
curve fitting procedure for analysing binding data has been established consisting of the following steps. 
(1) Fitting of Scatchard’s equation to observed binding equilibrium data to obtain a best-fit set of 
Scatchard binding constants. (2) Repetition of the fitting procedure, not to obtain best fit but to generate 
30 acceptable sets of Scatchard binding constants. (3) Fitting of Adair’s equation to the observed points 
to obtain a best fit. If the sum of weighted and squared deviations is significantly smaller than the fitting 
of Scatchard’s equation, cooperativity should be considered. If not, cooperativity cannot be demonstrated 
and the binding constants obtained by fitting Scatchard’s equation can be accepted, with the variations 
found. (4) Final transformation of all Scatchard constants to Adair’s. To illustrate the method warfarin 
data obtained by equilibrium dialysis was used. 

Results of binding equilibrium studies are normally Several writers [lO-121 have proposed another model which 
obtained as a number of points representing free and bound does not assume anything about the binding mechanism. 
drug concentrations. Experimentally such measurements This model is a consequence of a stoichiometrical 
are straightforward. However analysing the binding data consideration and v can thereby be expressed by the Adair 
is a much more complicated task. Experimental binding equation [9]: 

cK, + 2c2K,K2 + 3c’K,K2K, +..*+ NcNK,K2K, ‘.. KN 

’ = 1 + cK, + c2K,K2 -I- c3K,K2K3 i-s.*+ cNK,K2K,**. KN 

data, resulting from measurement of ligand binding to 
macromolecular carriers, are usually described by fitting 
of binding constants. Determination of the constants usually 
results in higher variable figures, partly because cooperative 
solutions are included. Furthermore it is well known that 
cooperativity is generally absent on binding to human 
serum albumin. Taking this into account we propose in the 
present paper a new computerized curve fitting procedure 
giving binding constants with only slight variation. The 
method is illustrated with warfarin as an example because 
it is a well known drug and is used as a marker substance 
for a specific binding site on the albumin molecule [l, 21. 

Analysis procedure 

Data. Binding of warfarin was studied by equilibrium 
dialysis using the same procedure as described by Larsen 
etaf. [3], 230 points were obtained. To illustrate cooperative 
phenomena we used the classical oxygen-haemoglobin 
binding data taken from Winslow et al. [4]. 

Binding equations. Binding equilibrium of a ligand with 
a carrier is normally described by Scatchard’s equation [S] 

j 
v=): 

nicki 

i=, 1 + Cki 

where v is the molar concentration of bound ligand divided 
by the concentration of albumin, c is the free ligand 
concentration, ni and ki represent the number of binding 
sites and the corresponding association constants (Scatchard 
constants) in the ith binding class, and j is the number of 
binding classes. In the following it is assumed that ni is 
systematically equal to one in each class of binding sites. 
It is well known that even a good fit (a set of site association 
constants) to the experimental data does not prove that 
binding takes place to pre-existing independent sites (6-91. 

where K,, K2 . . . KN are step constants (stoichiometric 
binding constants or Adair’s constants). This equation can 
be used without knowledge of the actual binding mechanism 
if it is a homogeneous protein and only one binding ligand 
is present. The two binding equations are mathematically 
identical, when the same number of constants are used, 
since. Adair’s equation can be derived from Scatchard’s by 
giving a common denominator to all terms [6,7]. The 
stoichiometric binding constants (KJ can be expressed by 
the Scatchard site association constants (k,) in the following 
manner [6,8,13]. 

k,k2 *-. kN 

KN = K,K2 . . . K,_, 

where Zi<fiikj means the sum of all combinations of k,kj (i 
and j different) without repeating any combination, i.e. if 
there are three Scatchard constants the sum will look as 
follows: 

k,k2 + k,k3 + k2kj. 

Curve fitting procedure. The fitting and graphical 
procedures were carried out on a SUN-4/SPARC 
workstation. The curve fitting is in principle the same for 
both the Scatchard and the stoichiometric equation. In the 
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following the curve fitting procedure is demonstrated by 
using the stoichiometric equation. 

The Adair equation is fitted to the experimental data by 
varying the K-values to minimize the sum, 5, of weighted 
and squared deviations in 

N-M . 

cj is the free ligand concentration, oj is the observed 
concentration of bound ligand divided by that of the carrier, 
u,(cj) is the calculated. N is the number of observations, M 

is the maximum number of ligand molecules bound. W(cj) 
is the weighting parameter calculated as 

where ca indicates a concentration of free ligand, 
approximately in the middle of a low variation area and 
4,. q2 are parameters chosen to allow fairly even distribution 
of weighted residuals throughout the range of concentrations 
observed. The best-fit approximation, represented by a set 
of K-values, is found by the iterative procedure described 
by Brodersen et al. [14]. The resulting K-values are 
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Fig. 1. Calculated warfarin binding isotherm from best-fit approximation. Observed points, u vs C, and 
a binding curve derived from the stepwise binding equilibrium equation (Adair equation), giving a best 
fit approximation of the 230 observed points. In panel A using the following weighting parameters M = 
4, ca = 1 x 10m3, q, = 0, q2 = 0. In panel B M = 6, c,, = 1 x lows, q, = 0.2, q2 = 0.5. Inserted figures 

show plots of weighted residuals vs concentration of unbound warfarin. 
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evaluated by looking at a corn uter- reduced plot of the 
weighted residuals, uj - a,(~,) P w(cj) plotted against log 
cP Ideally the weighted residuals should then be evenly 
distributed above and below the zero line and should vary 
approximately equally throughout the concentration range. 
In case of a markedly uneven distribution it may be 
necessary to repeat the curve fitting using more suitable 
values of hl, co, 9, and q2. 

In Fig. 1 we have analysed the warfarin data using 
different values of M, co, 9,, 9r to demonstrate the 
importance of these parameters. Figure 1A shows a poor 
fit. The inserted figure shows an obvious wave pattern of 
the residuals which indicate that a poor set of weighting 
parameters was chosen (M = 4, cn = 1 x 10e3. a, = 0. a, = 
b). By changing the weighting parameters (fi = 6; &, = 
1 x lo-‘, a, = -0.2. a, = 0.51 we obtained a sienificantlv . . .- 

better fit. Figure 1B shows that the fitted cu;e clearly 
resembles the observation points. In the inserted figure the 
weighted deviations are evenly distributed above and below 
the zero line throughout the concentration range. 

In order to assess the variation of the binding constants 
as originating from the stochastic errors of the observed 
data, a set of 30 acceptable solutions with slightly higher 
deviations than the best-fit approximation were also 
calculated. This was done by the previously described 
iterative procedure, starting with a slightly different set of 
K-values, generated from the best-fit constants by 
multiplying with a normally distributed variation factor. A 
probability limit of 0.75 was chosen in the present study, 
and a corresponding F-value was taken from the F- 
distribution. This is repeated until the S-value has decreased 
to an acceptable value, s,, fulfilling the condition 

\S” / 

where So is the value of S in the best-fit. 
According to Table 1 column 2, considerable variation 

of binding constants is obtained, the last constants being 
nearly indeterminate. In spite of this, any one of the 30 
sets of binding constants gives a good fit to the observed 
points. 

Cooperativity. Our observations for binding of warfarin 
were successfully fitted by both binding equations, 
Scatchard’s as well as Adair’s. This is not always so. Data 
for binding of oxygen to haemoglobin [4] shown in Fig. 2 
cannot be fitted by Scatchard’s equation while an excellent 
fit is obtained with Adair’s. Bindine of oxveen to 
haemoglobin is cooperative. Since one-equation ian be 
derived from the other we might expect that both equations 
could be used equally well. However, Scatchard’s equation 
fails to fit in cases of cooperative binding. Adair’s equation 
can be used irrespective of interaction of bound molecules. 
If we could use complex values for the binding constants, 
composed of a real and an imaginary component, the 
oxygen binding data would be fitted equally well by both 
equations. We can utilize this to test whether cooperativity 
is present. Cooperativity of oxygen binding to haemoglobin 
is clearly demonstrated by the fact that Adair’s equation 
fits better than Scatchard’s. 

Binding analysir. Determination of binding constants for 
multiple binding of a ligand usually results in higher variable 
figures. The variation is partly due to the fact that 
cooperative solutions are included in the analysis. It appears 
to be a general feature of ligand binding to albumin that 
cooperativity is absent. In the literature only a few cases 
have been described. An exception is binding of protons, 
which is clearly cooperative in a certain range of pH values 
[15]. In the following we describe a method for analysing 
binding data by which it becomes possible to obtain binding 
constants with comparatively slight variation. 

First the computer generated the binding constants until 
a minimum of weighted and squared deviations of the 
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Fig. 2. Best-fit curves obtained from Scatchard’s and Adair’s equations, fitted to the oxygen-haemoglobin 
equilibrium data of Winslow et al. [4]. Semilogarithmic plot of concentrations of bound vs free oxygen, 

plotted as v vs log c. 

points from the curve was obtained and then generated 30 
acceptable variations. In this way we obtained one best-fit 
set of Scatchard binding constants and 30 acceptable variant 
sets, and likewise one set of best-fit Adair’s constants and 
30 variants of those (see Table 1 columns 1 and 2). If the 
sum of weighted and squared deviations is significantly 
smaller than by fitting Scatchard’s equation, cooperativity 
should be considered. If not, cooperativity cannot be 
demonstrated and the binding constants obtained by fitting 
Scatchard’s equation can be accepted as final, with the 
variations found. 

The calculated isotherms for warfarin (not shown) 
according to the Scatchard’s and Adair’s equations clearly 
demonstrates that the two equations can be fitted equally 
well to the data. Furthermore, the sum of weighted and 
squared deviations (sscs, = 0.037507, s,+~~, = 0.037195) are 
statistically the same. This demonstrates that cooperativity 
in the case of warfarin is absent. This is further supported 
by looking at a Scatchard plot (c/v vs v) (not shown) where 
no upward bend is seen. 

As we have excluded cooperativity we can transform 
Scatchard site association constants into stoichiometric 
binding constants (see Table 1 column 3). Comparing 
columns 2 and 3 we see that the Adair constants in column 
3 (transformed Scatchard constants) show a lesser variation, 
especially &-Ks, compared to the Adair constants found 
in column 2. This is perhaps better illustrated in Klotx’s 
affinity protiles (ilKi vs i) [16] shown in Fig. 3. The binding 
constants in Fig. 3A compared to 3B show less variation 
because cooperative solutions are not included. 

Discussion 

The Scatchard equation has been used by several authors 
117.181 to analvse serum albumin bindinn data. However. 
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the Scatchard equation fails if cooperative binding is 
present, which is why we have chosen to eliminate 
cooperative binding before using the Scatchard equation. 
We believe it is best to report stoichiometric constants 
because the presence of actual sites or of independent 
binding cannot be concluded from equilibrium measure- 
ments while a traditional report of Scatchard constants 
implies that a number of independent sites with known 
binding constants exist in the albumin molecule. There has 
been much discussion of the Scatchard versus the Adair 
equations [6,8,9,19]. 

The aim of the present study is to present a method for 
analysing multiple binding. If cooperativity is absent it 
becomes possible to obtain binding constants with only 
slight variation. For this purpose we needed a curve fitting 
procedure. Different authors have presented methods for 
non-linear least squared parameter estimations, suitable 
for analysis of ligand binding equilibrium data [20-231. We 
found that the iterative curve fitting procedure, presented 
by Brodersen et al. [14] served our purposes well. 

Binding measurements and analysis provide the essential 
data for the evaluation of ligand-carrier affinities [24]. 
With the wealth of drug and ligand binding data, combined 
with current advances in recombinant technology, and with 
a more complete understanding of albumin structure [25] 
and function, researchers should soon be in a position to 
understand and predict ligand displacement interactions 
for a variety of endogenous and exogenous ligands. 
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Fig. 3. Klotz’s affinity profiles for binding of warfarin to human serum albumin. The observed data 
were fitted by Scatchard’s equation in panel A, 30 acceptable variants, followed by transformation of 
Scatchard binding constants into Adair’s. Panel B shows Adair constants obtained by fitting of Adair’s 
equation. 
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