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Effects of thermodynamic nonideality are considered in relation to the quantitative characterization of the interaction 
between a small ligand, S, and a macromolecular acceptor, A, by two types of experimental procedure. The first involves 
determination of the concentration of ligand in dialysis equilibhum with the acceptor/ligand mixture, and the second, 
measurement of the concentration of unbound ligand in the reaction mix:ure by ultrafiltration ‘.r the rate of dialysis method. 
For each situation explicit expressions are formulated for the appropriate binding function with allowance for composition-de- 
pendent nonideality effects expressed in terns of molar volume. cha:ge-charge interaction and .zovolume contributions. The 
magnitudes of these effects are explored with the aid of experimental studies on the binding of tryptophan and of methyl 
orange tc bovine serwn albumin. It is concirded for experiments conducted utilizing &her equilibrium dialysis or frontal gel 
chromatography that, provided a correction is made for any Donnan redistribution of 1igar.d. theoretically predicted 
acceptor-concentration dependence is likely to be negligible and that use of the conventional binding equation written for an 
ideal system is appropriate to the analysis of the results. Use of uitrafiltration or the rate of dialysis method requires 
examination of the .assumption that the activity coefficient ratio yhys/yAs for the reaction mixture approximates unity; but 
again reassurance is provided that nonideality manifested as a dependence of the binding function on acceptor concentratton is 
unlikely to be significant. 

1. Introduction 

The binding of low molecular weight ligands to 
macromolecular acceptors is an a ynt of consider- 
able biological importance, and &me which has 
been studied extensively. For this purpose there 
are several experimental methods available for ob- 
taining binding results, the theoretical interpreta- 
tion of which has also received considerable atten- 
tion [I]. In general, the theoretical expressions 
have been formulated on the basis of thermody- . 
namic ideality, an assumption that has received 
only occasional consideration [2,3]. It is recognized 
at the outset that thenzodynarnic nonideality ef- 
fects are unlikely to infiuence significantly the 
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interpretation of results obtained with relatively 
low acceptor concentrations, but there are systems 
for which physiological considerations indicate thai 
studies of ligand binding at high acceptor con- 
centration would be more relevant. The purpose of 
this paper is to explore the contribution of non- 
ideality effects to the thermodynamic characteriza- 
tion of the multiple binding of ligand over a wide 
range of acceptor concentrations, the appropriate 
theory being written in terms of composition-de- 
pendent activity coefficients, which may be as- 
sessed on the statistical mechanical basis of ex- 
ciuded volumes [3,4]. 

2. Theory 

Consider first an experiment in which the bind- 
ing of a small uncharged ligand, S, to the single 
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site on an acceptor. A, is to be studied by equi- 
librium dialysis or by frontal gel chromatography 
15.63. In either case the quantities available from 
the experiment are i’E2 and iii;, the total acceptor 
and ligand concentrations in the protein-contain- 
ing phase; and rng, the concentration of ligand in 
the protein-free phase. Since the chemical poten- 
tial of S is the same in both phases, it follows that 

_v;rn; = y.$m g (1) 

where _v; and J@ denote the activity coefficients of 
S in the appropriate phases. Moreover, the total 
ligand and acceptor concentrations are clearly 

rTe - .5 - nz; + rn;a Pa) 
G” - mm A- h f JGS (Zb) 

From the definition of the thermodynamic binding 
constant, K, the concentration of complex may be 
written as 

m&. = Knz p4 m c ( .P;.r@_P& ) (3) 

The experimental binding function, r. is then de- 
fined as 

r= (A;-f?z?)/si:: (43) 

which. on combination with eqs. 1-3. may be 
expressed as 

In theory, therefore, the relationship between r 
and P@ is not rectangular hyperbolic: nor is it 
independent of acceptor concentration. It also fol- 
lows from eq. 4b that the extent of deviation of the 
activity coefficient ratios from unity governs the 
magnitude of the departure from hyperbolic form. 
With the aid of eqs. 3. AZ. and A9 of ref. 4. 
written in terms only of the second virial coeffi- 
cient. these activity coefficient ratios may be ex- 
pressed as 

.~~.~~/~.~s=.~p(u~,,rrr6+(L~,.s-~,~.~)f~t: 

+(04.,X - ~~s.,)~~; + (Gs., - t&%Cz)‘Gs 

f =:K’(lis--A) 
21( If m-4)( 1 t YQ5) 

c-1 

where U,_, are covolumes, equal to 4aN( r;- + ~)~/3 
on the basis of spherical geometry; zA the net 
charge borne by the acceptor, which is assumed 
equal to that on AS since S is uncharged; and K is 
the Debye-Hiickel parameter, which may be 
calculated from the ionic strength I. In relation to 
the molar volume terms, only those involving the 
species A and AS. considered to have the same 
partial specific volume, 5, have been included, 
since the molecular weight of S is very much 
smaller than A4*, which approximates MAs. In- 
deed, by virtue of the smallness of S, it is entirely 
reasonable to assume that rns = r-, whereupon 
u .h.S = i&S.,, K., = U,S., = -%S.ASI and the 

above expressions simplify to 

(.~$!!~Y&) = ~~P(U,.s~& (64 

( _L&_$) = axp(C&( nzg - nz$) - ( Us., - nf@)-_;} (6b) 

It is now apparent why (_$~$/_v&) approximates 
unity even at high acceptor concentrations: it is 
simply that the self-covolume of ligand is likely to 
be extremely small (only 2.5 l,/mol for a ligand 
with a radius of 0.5 nm). For the same reason eq. 
6b may be approximated as (j</y<) = 1 + (M.&c 

- Us_,)tT~, which on combination with eq. 4b 
permits us to write 

It is noted that the explicit acceptor-concentration 
dependence has been eliminated in this formula- 
tion. which nevertheless shows that at any rnc the 
value of r is the difference between the normally 
accepted hyperbolic contribution and a linear con- 
tribution given by the second term. With a protein 
such as serum albumin, for which r, is in the 
vicinity of 3.5 nm (the Stokes radius), the quantity 

(%A - MAiF) = 100 l/mol, and hence significant 
error would on!y arise from neglect of the second 
term in eq. 7 if the interaction were sufficiently 



weak to require experiments with rng in the 10 
mM range. 

In summary, for the simple system under dis- 
cussion we have gained the reassurance that use of 
the conventional rectangular hyperbolic formula- 
tion of the binding function is entirely reasonable 
even when high total concentrations of acceptor 
are being studied. There are, of course, more com- 
plicated systems to consider, and comment is now 
made on cases where the l&and and acceptor both 
bear a net charge_ As eq. A9 of ref. 4 shows, this 
offers no difficulty in the estimation of excluded 
volumes, but the Donnan redistribution of charged 
ligand is clearly a complication in the present 
experimental design. We therefore examine the 
merits of adopting ligand-binding procedures such 
as ultrafiltration [7] and sedimentation velocity 
[8,9], which yield mm:. 

In the event that rng may be determined, the 
appropriate expression for the concentration of 
complex, nzg,, for the interaction A + S s AS is 
then 

n:Ts = J+3G(Y~Y~/Y&s) (8) 

and the expression for the experimental binding 
function, V, then becomes 

By reasoning entirely analogous to that adopted 
above it may be shown that the activity coefficient 
ratio for a system with no change of radius upon 
complex formation (r, = r*s) is given by the rela- 
tionship, after neglecting the Us_, term as before, 

1 
-2 

=exp ‘s_- c (l-r2w,) (l+Kr*+Krs) 

21(I+Krs) (l+lvs) - (1 +Kr*) 1 4 
r=* 

f c USAS, - hf*C 
r-0 I 

i- 
=s=*s, 

t 

(l+rcr*+rcrs) _ (1+2lcr*) 

21(1+ #CT*) (It-K%) (I+ kT*) il > KS. 

(10) 

for a ligand and acceptor with valences zs and z*. 
respectively. 

Two points merit immediate comment. First, if 
S is uncharged, combination of eqs. 9 and 10 
yields 

K{exp[(%.* - M*“)=%l)m_E 
y = 1 f K(exp[(U,.* - M*C)fi:]}m; 

(I’) 

Thus, in the situation where rng (rather than mcj 
is determined, a family of hyperbolic plots of Y vs. 
tnz would be obtained in a series of experiments 
conducted with fixed b-ut different acceptor con- 
centrations, provided the range of acceptor con- 
centrations were sufficiently large for the exponen- 
tial term to deviate significantly from unity. Nev- 
ertheless, a single value of K would emerge from 
the analysis of every curve provided suitable as- 
sessment of (Us., - 1%4*5) were made. Secondly, it 
is possible to generalize eq. 10 for the case of 
ligand binding to p equivalent and independent 
sites [IO] on an acceptor by extending the summa- 
tion to cover all values of i (0 G i <p). Thus, it 
may readily be shown that the ac tivity coefficient 
ratio (~$$y~/yAp~,+,) is independent of i provided 
the reasonable assumptions 
is conserved on successive 
that all rAs = ‘-,. In these 
written 

are made that charge 
ligand addition, and 
terms eq. 9 may be 

(12) 

where k, is the intrinsic association constant [IO] 
for the interaction of Iigand with acceptor. As with 
eq. 11, acceptor-concentration dependence of 
binding curves is predicted for the multiple bind- 
ing situation, even when the ligand is uncharged; 
but this is likely to be observed only if a very wide 
range of acceptor concentrations is examined. Per- 
haps of even greater interest for many studies is 
the further inspection of eq. 10 in its generalized 
form in relation to the contribution of charge- 
charge interaction terms to results obtained with 
even moderate concentrations of acceptor. This 
question is best examined by considering a partic- 
ular experimental system for which realistic values 
may be assigned to the various parameters in eq. 
10. 
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3. Experimental 

3.1. Marerink 

A salt-free crystalline sample of bovine serum 
albumin was obtained from Sigma Chemical Co., 
who also supplied the L-tryptophan used in this 
investigation. Methyl orange was obtained from 
B.D.H. Chemicals Ltd. Unless specified other- 
wises, concentrations of albumin solutions were 
based on spectrophotometric measurements and 
an absorption coefficient (A::,) of 6.6 at 280 nm 
[ 1 I]. Ligand concentrations were also estimated 
spectrophotometrically using molar absorptivities 
of 5650 at 279 nm for tryptophan [12] and 23000 
at 440 nm for methyl orange [13]. 

3.2. Srudies of rtyprophan binding to bovine serum 
albwnin 

Solutions of bovine serum albumin were pre- 
pared by direct dissolution of the crystalline pro- 
tein in 0.10 M sodium phosphate buffer, pH 7.4. 
I = 0.26 M, the same buffer being used to prepare 
a stock solution of r_-tryptophan (1.01 x 10-j M). 
Mixtures ( = 20 ml) were then prepared by mixing 
10 ml of the tryptophan with 10 ml of albumin 
so!ution, these mixtures being prepared by weight 
in order to define more accurately the composition 
in terms of protein and ligand constituents_ The 
mixtures were allowed to equilibrate at 37°C for 
10 min and then subjected to frontal gel chro- 
matography [5] at that temperature on a Sephadex 
G-25 column (1.2 X 9 cm) preequilibrated with 
0.10 M sodium phosphate buffer, pH 7.4, a peri- 
staltic pump being used to maintain a flow rate of 
0.8 ml/min. The concen:ration of tryptophan in 
the protein-free plateau region of the trailing elu- 
tion profile was determined from a continuous 
recording of the effluent absorbance at 279 nm. As 
shown previously [6], this concentration corre- 
sponds to m$_ The binding function, r, was then 
calculated in accordance with eq_ 4a, a value of 
66000 for the molecular weight of bovine serum 
albumin [ 141 being used in the conversion of weight 
concentrations to their molar counterparts, iii:. 

Differential gel chromatography [I51 has been 
used to test for any volume change associated with 

complex formation_ A solution of bovine serum 
albumin (25 ml, 2.2 mg/ml) in 0.10 M sodium 
phosphate buffer, pH 7.4, was applied to a column 
of Sephadex G-100 (1.4 x 9.6 cm) preequilibrated 
with the same buffer made 2 mM with respect to 
tryptophan, a concentration sufficient to saturate 
effectively the albumin-binding site. Throughout 
application of the sample and the subsequent elu- 
tion with the phosphate buffer, the column was 
maintained at 37% and a flow rate of 0.16 ml/min, 
the effluent being monitored continuously by the 
biuret procedure [ 161. 

3.3. Studies of methyl orange binding to bovine 
serum albunain 

Because of the limited solubility of methyl 
orange, mixtures of bovine serum albumin and this 
ligand were prepared by dialyzing protein in Tris- 
chloride buffer, pH 7.4, for 24 h at 25°C against 
buffer (four 500-ml portions) containing methyl 
orange, the concentration of which ranged be- 
tween SO yM and 1 mM. Such preparation of 
mixtures by equilibrium dialysis has necessitated 
the use of Tris-chloride buffers with ionic strength 
dependent on the albumin concentration used, in 
order to achieve the same ionic strength in the 
reaction mixtures_ For experiments with an al- 
bumin concentration of 2.4 mg/ml the ionic 
strength of the Tris-chloride buffer (pH 7.4) used 
was 0.047 M, the estimated ionic strength of mix- 
tures prepared by dialysis of more concentrated 
albumin solutions (13.1 mg/ml) against methyl 
orange in buffer with I = 0.050 M. In experiments 
with even higher protein concentration (35.0 
mg/ml), the ionic strength of the Tris-chloride 
buffer was raised to 0.054 M. In these allowances 
for the Donnan redistribution of ions the average 
net protein charge was taken as -28, which was 
based on a valence of -22 for bovine serum 
albumin, the value obtained by combining ultra- 
filtration with dialysis [ 171, and the presence of an 
additional six negative charges due to bound 
methyl orange, corresponding to the mean of the 
range of Y values obtained. The concentration of 
albumin (Kzz) in these dialyzed mixtures was de- 
termined calorimetrically [ 181 after suitable dilu- 
tion by weight with T&-chloride buffer. An iden- 
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tical concentration of methyl orange was included 
in the albumin solutions used as standards, which 
were also made up in the same Tris-chloride buffer 
in order to take into account the effect of Tris on 
color production in the method of Lowry et al. 

[I91- 
Values of Y for the interaction of methyl orange 

with bovine serum albumin were obtained by mea- 
suring the absorbances at 440 nm of protein/ligand 
mixtures and the ultrafiltrates obtained therefrom 
by means of an Amicon 8MC ultrafiltration as- 
sembly fitted with a YMlO membrane. Since 440 
nm represents an isobestic point for the serum 
albumin/methyl orange system [ 131, the ab- 
sorbance of each mixture yielded the total ligand 
concentration, ii?:, while that of the ultrafiltrate 
yielded rnZ$ the concentration of free ligand in the 
mixture [7,17]. Eq. 9 was then used to calculate Y. 

3.4. Measurement of ligand binding by rate of dialy- 
sis 

The concentrations of free methyl orange in the 
bovine serum albumin/methyl orange mixtures 
were also determined by a modified version of the 
procedure of Colowick and Womack [20], in which 
the liquid in the lower compartment of the dialysis 
assembly formed part of a closed system, a flow 
cell being placed in the return line to allow spec- 
trophotometric analysis of the lower phase. A peri- 
staltic pump was used to maintain a flow rate of 
1.6 ml/rnin in this phase (4.0 ml), which was 
monitored at 460 nm, the wavelength at which 
methyl orange absorbs maximally [ 131. Reaction 
mixture (1.0 mlj with defined constituent con- 
centrations of albumin (i?iz) and methyl orange 
(Z?;) was placed in the upper part of the assembly, 
which was separated from buffer in the lower 
compartment by a cellulose dialysis membrane 
(Technilab Instruments). In experiments of this 
design attainment of the required steady state [20] 
is signified by linear time dependence of the mea- 
sured absorbance at 460 nm, the slope being inter- 
preted in terms of the free ligand concentration 
(m:) in the reaction mixture by means of a 
calibration plot obtained with different concentra- 
tions of pure ligand in the upper compartment 
(fig. 1). As an empirical means of determining 

0 4 6 12 16 0 0.2 0.4 0.6 0.8 1.0 
Time (min) rng (mm) 

Fig. 1. Evaluation of methyl orange concentrations by the 
modified rate of dialysis method. (a) Time dependence of A,,, 
in the lower compartment of the dialysis assembly in an 
experiment with an upper concentration, (m”,)“. of 0.52 mM: 
(b) dependence of the steady-state slope upon (mz),, = m;. 

ligand concentrations this method has no obvious 
advantages over that of Colowick and Womack 
[20]; but it does provide a means of obtaining 
better insight into the nature of the empiricism. 

The present rate of dialysis assembly bears a 
striking resemblance to the later version [21] of the 
diaphragm cell devised originally by Northrop and 
Anson [22] for the measurement of diffusion coef- 
ficients. In an experiment with an initial ligand 
concentration (mz) u in the upper compartment, 
the concentrations of ligand in the two phases at 
time t are related to its diffusion coefficient, D, by 
W231 

where /3 is a cell constant that depends not only on 
the thickness (6x) and effective pore area (A) of 
the membrane, but also on the volumes (Vu, VL) 
of liquid in the two compartments [24]. Since 

(ms)” = (&)u - [(ms)rVL/VU17 eq. 13 may be 
rewritten as 

((m”s)v-(ms)~[l+(Vr/~-“;)l}/(m~), 
=exp(-/3Dr)=i-/3Dt (14) 

the truncation of the exponential term being an 
acceptable approximation for small values of j3Dt. 
Sample calculations indicate that this situation 
should prevail for the first 20 min of the present 
experiments, during which time the concentration 
of ligand in the lower compartment is therefore 
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given by 

(nls)r=PDr(mOS)u/EI+(Vr/Vv)l (‘5) 

In accord with fig. 1, the concentration of ligand 
in the lower compartment increases linearly with 
time, the slope. d( ms) ./dr, being directly propor- 
tional to (nrO,), under conditions where D may be 
regarded as a constant_ Binding results obtained 
from rate of dialysis measurements are thus based 
on the reasonable approximation that the free 
diffusion coefficient of the ligand is unaffected by 
the presence of protein in the reaction mixture. 

4 Results and discussion 

4. I. Interucrion of ryptophan w*ith bovine serum 

ulbmnin 

A frontal gel chromatographic investigation of 
the binding of r_-tryptophan to bovine serum al- 
bumin at pH 7.4 provides a system appropriate to 
the exploration of eqs. 4b and 7 written for the 
formation of a 1 : 1 complex. Thus. estimates of 
the stoichiometry of the complex range between 
0.85 and 0.98 mol ligand bocnd per mol albumin 
[12.25]. Moreover, at neutral pH tryptophan is 
essentially uncharged [ 121, and the experimentally 
determined value of ?IZ~ [6] therefore requires no 
correction for the Donnan effect. In table 1. which 

summarizes results from eight such experiments, 
co!umn 4 gives values of the binding function r 
calculated using eq. 4a, and column 5 the values of 
the second term of eq. 7, which are indeed seen to 
contribute negligibly to r. Accordingly, the first 
term of eq. 7 suffices in the calculation of the 
values of K, which are reported in column 6 of 
table 1. Clearly, the same value of K (9000 t 700 
M-‘) emerges from the results obtained over a 
IO-fold range of albumin concentration, which 
supports the reasoning that the activity coefficient 
ratios in eq. 4b closely approximate unity in such 
studies. 

It should be noted that the results presented in 
table 1 are at variance with those reported by 
?owmer and Lindup [26], who observed an inverse 
dependence of the binding constant upon bovine 
serum albumin concentration from equilibrium di- 
alysis studies performed under similar conditio.ls. 
The latter results could only find explanation i.? 
terms of thermodynamic nonideality if an ap- 
proximation inherent in eq. 7 were invalid. In that 
regard, inspection of eq. 5a reveals that our ap- 
proximation that rAs - r- = 0 deserves further 
scrutiny. Numerical calculations based on eq. 5a 
show that the required volume change would need 
to be markedly greater than that associated with 
the acid expansion of bovine serum albumin. a 
phenomenon readily detected by differential gel 
chromatography [ 151. In the event, the differential 
gel chromatography experiment performed to 

-l-Ale 1 

Binding of r.-trgptophan to bovine serum albumin at pH 7.4. I = 0.26 hi. and 37OC 

El”, 
(hf) (X IOJ) 

3.67 
7.42 
1.86 
1.28 
0.65 
0.65 
0.57 
0.36 

?x- 
&(x*05) 

5.04 
4.88 
5.04 
5.04 
5.04 
5.06 
5.04 
4.98 

??,g 
(M) ( x 105) 

1.24 
I .59 
2.12 
2.57 
3.45 
3.63 
3.54 
4.16 

r 

ti). 104 
0.136 
0.157 
0.193 
0.245 
0.220 
0.263 
0.228 

( u,. ., - Alf,,C ) ??I_ c K 
(X IO’)” :M-‘) 

1.24 9400 
1.59 9900 
2.12 xx00 
2.57 9300 
3.45 9400 
3.63 7x00 
3.54 iOlO0 
4.16 7100 

Man( i ZS,) 9000 & 700 

., Based on a value of 100 I/mol for (t&,, - M,,I’). as mentioned in the discussion of eq. 7. 
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compare the weight-average elution volumes of and its implicit approximation that no volume 
albumin ir? the presence and absence of tryptophan changes accompany complex formation. After such 
revealed no change in plateau concentration in the correction, all results are adequately described by 
region where the ligand boundary emerged. This the straight line shown in fig. 2, which is the 
negative result leads us to the conclusion that relationship for a system with p = 15 and k, = 

r/Is - r-A does approximate zero: and that, there- 3300 m-‘. Again, the form of eq. 7 appropriate to 
fore, eq. 7 is appropriate to the description of the multiple binding has been shown to apply, with no 
system, as confirmed by the results shown in table real acceptor concentration effects being operative, 
1. and with a negligible value of the second term. 

4.2. Interaction of methyl orange with bovine serum 
albumin 

With the growing interest in employing analysis 
techniques which determine rng rather than rng, it 
is timely to explore the same system in relation to 
eq. 12 and the generalize=; form of eq. 10. Fig. 3 
presents the results of a series of binding experi- 
ments in which the values of nzg were determined 
either by ultrafiltration [7] or by a modified _F>rrn 

The binding of methyl orange to bovine serum 
albumin presents a system involving multiple equi- 
libria between a charged acceptor specie; (I,, = 
- 22) and a charged ligand (zs = - 1) at pH 7.4. 
Results of equilibrium dialysis experiments used in 
the preparation of the protein/ligand mixtures are 
presented in fig. 2, where r was calculated using 
eq. 4a on the basis of measured values of %i: and 
P?Z~ at fixed acceptor concentrations of 2.4 mg/ml 
(I) and 35 mg/mI (0) At first sight the apparent 
acceptor concentration dependence of the 
Scatchard ]27] plots seems to be at variance with 
eq. 7, which was, however, derived on the basis of 
the ligand being uncharged. Accordingly, it is nec- 
essary to correct the results for the Donnan effect 
before any interpretation k made in terms of eq. 7 

5 I I I I I 
I 

5 10 
Binding Function r 

Fig. 2. Scatchard plot of binding results obtained by equi- 
librium dialysis at 2PC for the interaction of methyl orange 
with bovine serum albumin in experiments with protein con- 

centrations of 2.4 mg/ml (I) and 35.0 mg/ml (0) in Tris-chlo- 
ride buffer. pH 7.4. I = 0.047 M. 

‘4x 

2 

0 
0 2 4 8 10 

m,a 
CM6 x 104) 

12 

Fig. 3. Binding results (with error bars indicated) obtained by 
ultrafiltration (open symbols) and rate of dialysis (closed sym- 
bols) for the interaction at 2S°C between methyl orange and 
bovine serum albumin in Tris-chloride buffer, pH 7.4, I = 0.047 
M. The solid curve denotes the rectangular hyperbola that best 
describes the results from experiments with albumin concentra- 
tions of 2.4 mg/ml (a). 13.1 mg/ml (0, e) and 35.0 mg/ml 
(I); and the broken curdes the extent of uncertainty ( f 2s,) 

associated with the best-fit description (p = 14.9. k, = 3300 
M-I). 
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of the rate of dialysis method [20]. Open symbo!s 
are used to denote the former, and closed symbols 
the latter results. in experiments with constituent 
albumin concentrations (nig) of 2.4 mg/ml (trian- 
gles). 13.1 mg/ml (circles) and 35.0 mg/ml 
(squares). Several points in relation to fig. 3 are 
noted. First, in view of the empirical nature of the 
procedure of Colowick and Womack, it is reassur- 
ing to observe agreement between results obtained 
by rate of dial!,sis measurements and those ob- 
tained by ultrafiltration, where the measured 
quantity is certainly rnz [7,17]. Secondly, there is 
no discernible dependence of the binding function 
Y upon the concentration of albumin used for its 
determination, all of the results being described 
adequately by the rectangular hyperbola s!;own as 
the solid line in fig. 3. This relationship, wi;ich was 
obtained by nonlinear regression analysis of the 
untransformed (r. rng) results [28], indicates a 
value of 14.9 for p. the number of binding sites. 
and an intrinsic association constant of 3300 
( + 600) IL-‘: the broken lines define the region 
encompassed by the reported uncertainty ( t 2s,) 
in k,. Thirdly. the value of 14.9 ( + 1.2) for p. the 
number of sites for methyl orange, agrees with. but 
is more definitive than, the most recent estimate of 
15 (L-6) for this parameter from studies of the 
system in 0.1 M .ohosphate, pH 5.68 1291. Finally, 
the insensitivity o.- the present binding parameters 
to the concentration of albumin used for their 
determination is encouraging inasmuch as it sig- 
nifies that the consequences of thermodynamic 
nonideality manifested in the activity coefficient 
ratio of eq. 12 have little or no effect on the 
experimental evaluation of k, by methods in which 
UZ: is the free ligand concentration that is mea- 
sured. This implies that the ratio (Y~_v~/_v;s) must 
closely approximate unity for the system under 
consideration. 

A theoretical evaluation of the activity coeffi- 
cient ratio was made using the generalized form of 
eq. 10 with K = 3.27 x IO’ 0, MA =66000 [14]. 
5 = 0.734 ml/g [30,31], r, = 3.5 nm [32] and rs = 
0.5 nm i24]. this being the Stokes radius of sucrose, 
which has a molecular weight comparable with 
that of methy! orange. The calculation was sim- 
plified by noting that the coefficient of mzs, in the 
summed term of eq. IO taken from i = 0 to i = 15 

varied between 188 and 240 l/mol as a conse- 
quence of the increasing value of zAs,: the reasona- 
ble approximation was therefore made that this 
coefficient was effectively a constant, which per- 
mitted eq. 10 to be written as 

(y;y;/~;~) =exp(l.3m~+214Ei~} (16) 

On this basis the activity coefficient ratio is calcu- 
lated to be 1 .I2 in the experiments with the highest 
albumin concentration (5.30 X 10m4 M), 1.04 in 
those with EIz = 1.98 X 10e4 M. and 1.01 in those 
with lowest albumin concentration (3.6 X 10m5 M), 
the values being insensitive to the range of mz 
encountered in each set of experiments. In strict 
terms these calculations show that the product 

kA(YZYSn/YZS! appearing in eq. 12 should vary 
slightly in the series of experiments conducted 
with different acceptor concentrations by methods 
which determine nz;. However. with the present 
system the effect is negligible, being well within 
the limits of uncertainty (f 18%) associated with 
the measurement of k,. 

5. Concluding remarks 

As exemplified by eq. 7, table 1 and fig. 2, all 
applicable to situations in which FTZ~ (corrected for 
Donnan effects) has been determined by equi- 
librium dialysis or frontal gel chromatography, 
little if any error is likely to be introduced by the 
neglect of thermodynamic nonideality effects even 
when high total concentrations of acceptor are 
employed. The one reservation that applies to this 
statement might arise if binding of ligand is 
accompanied by large volume changes of reaction: 
in that instance acceptor-concentration depen- 
dence might be observed and would necessitate 
reconsideration of the ratio (yzYt/y&) in terms 
of eq. 5a. In contrast. binding results determined 
by the evaluation of rn; merit closer scrutiny. It is 
true that such results need no correction for Don- 
nan redistribution of ligand, and that, as fig. 3 
exempiifies, system parameters may be such as to 
render conventional interpretation appropriate. 
Nevertheless, eq. 12 emphasizes that such interpre- 
tation neglecting thermodynamic nonideality is 
only appropriate when the ratio (yzySp/_&) ap- 



CL Fard er al./Nonideality in ligand binding studies 9 

proximates unity for the acceptor concentration 
employed_ The discussion of eq. 10 has indicated 
how this condition may be explored for other 
systems, where the origin of acceptor-concentra- 
tion dependence is uncertain_ 

In summary. the present theory and experimen- 
tal results have provided the reassurance that the 
consequences of thermodynamic nonideality in the 
multiple binding of small ligands to a single mac- 
romolecular state of a protein are likely at most to 
be a second-order effect. This reassurance has 
considerable simplifying implications in the for- 
mulation of binding theory for multiple interac- 
tions of ligand with several states of a protein 

acceptor coexisting in equilibrium_ For such sys- 
tems, a full treatment of all thermodynamic non- 
ideahty effects is prohibitively difficult, particu- 
larly if a space-filling macromolecule is also to be 
included [33-351; but in view of the present work 
it now appears possible to focus attention prim- 
arily on the thermodynamic nonideality factors 
which influence the protein self-association rather 
than those affecting in a minor way the binding of 
!igar:d to the individual acceptor species. 
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