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Ligand-Induced Polymerization? 

Lawrence W. Nichol* and Donald J .  Winzor 

ABSTRACT: Three models of ligand-induced polymerization 
are considered, encompassing dimerization of acceptor-ligand 
complex and cross-linking of monomer units via a ligand bridge 
to form either dimer or linear chains. For each model a binding 
equation is developed and examined in terms of limits, form, 
and intersection within a family of curves, each member con- 
structed with fixed but different total acceptor concentration. 
The characteristics of the binding curves that emerge are 
correlated with those found by examining the dependence on 
ligand concentration of either the weight-average molecular 
weight of the acceptor constituent or a function of it. In the 
latter plots, a maximum exists for the cross-linking models at 

T h e r e  are several protein (acceptor) systems for which the 
addition of a specific ligand increases the apparent weight- 
average molecular weight of the acceptor constituent. The 
phenomenon is well understood for those systems in which the 
protein exists as a mixture of polymeric forms in the absence 
of ligand, the addition of which imposes a constraint on this 
equilibrium (Nichol et al., 1967; Nichol and Winzor, 1972; 
Baghurst and Nichol, 1975), but the possibility also exists that 
the ligand induces polymerization, which does not occur in its 
absence. Despite the current usage of the term ligand-induced 
polymerization (Levitski and Koshland, 1972) the latter sys- 
tems have been relatively unexplored in mathematical terms. 
In particular, little is understood of the forms of binding curves 
and their dependence on acceptor concentration, or on the 
functional relationship between the weight-average molecular 
weight of acceptor and ligand concentration. It is the purpose 
of this work to explore these aspects with systems in which li- 
gand-induced polymerization occurs by an indefinite or dis- 
crete set of cross-linking reactions. 

Theory 
Dimerization of an Acceptor-Ligand Complex. Consider 

first a system in which an acceptor A and a ligand E interact 
in solution to form an AE complex that dimerizes. 

A + E + A E ;  K1 = [AE]/[A][E] ( l a )  

Equilibrium constants are expressed on a molar scale. It follows 
that the total concentrations of ligand and acceptor may be 
expressed as 

[E] = [E] + KI[A][E] + 2Kl2K2[AI2[El2 (2a) 

[A] = [A] + Ki[A][E] + 2Ki2K2[AI2[El2 (2b) 
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the same ligand concentration that the corresponding binding 
curves intersect: the existence of the maximum implies that 
at saturating concentrations of ligand only monomeric acceptor 
constituent remains. The practical implication of these findings 
is discussed in terms of experimental systems reported pre- 
viously in the literature. In addition, particular comment is 
made on the forms of binding curves for the three models, 
which assume shapes generally associated with positive and 
negative cooperativity. Finally, comparison is made with those 
systems in which a shift toward polymeric constituent is ef- 
fected by ligand perturbation of a preexisting association 
equilibrium. 

The experimentally determinable binding function r ,  expressed 
as moles of ligand bound per base-mole of acceptor, then be- 
comes 

where [A] may be expressed as an explicit function of K1, [A], 
and [E] by solving the quadratic eq 2b. Figure 1 was con- 
structed on the basis of eq 3 using three different values of the 
dimensionless parameter K2 [A]. Deviations from linearity in 
this family of curves show that the corresponding plots of r VS. 

[E], the limit of r as [E] - being 1, are not rectangular 
hyperbolae, and indeed the appearance of a maximum for the 
systems with higher &[A] values is associated with pro- 
nounced sigmoidality of the binding curves. Moreover, the 
curves do not intersect and acceptor-concentration dependence 
is apparent, characteristics which may be shown from eq 3 to 
apply generally. The latter characteristics are not unique to 
the model specified in eq 1, since they also apply to particular 
cases of the system discussed by Nichol et al. (1967), where 
the acceptor dimerizes (2A F= C) in the absence of E, which 
on its addition binds t o p  and q sites on A and C, respectively, 
with intrinsic binding constants KA and Kc. Thus, it may be 
shown from eq 7 of Nichol et al. (1967) that the point of in- 
tersection of binding curves obtained with different [A] values 
is given by 

For the case q = 2p, for example, it is clear that no such point 
of intersection can exist: moreover, numerical examples with 
p = 1, q = 2, KC > KA have shown that the family of binding 
curves resembles in form those shown in Figure 1, but with that 
referring to the smallest [A] the most sigmoidal. 

For both types of‘ system discussed above, the apparent 
weight-average molecular weight of acceptor will increase on 
the addition of effector. It is, however, possible by studying the 
acceptor alone to evaluate the equilibrium constant, X = 
[C]/[AI2, by a method such as sedimentation equilibrium or 
(at greater dilutions) frontal gel chromatography (Nichol and 
Winzor, 1972). If X = 0 (no dimer present), a ligand-induced 
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F IGURE I :  Simulated Scatchard plots for a system in which an acceptor 
A and ligand E interact to form an AE complex that dimerizes (eq 1 ) .  The 
number adjacent to each curve denotes the value of K > [ A ]  used in the 
computation of data from eq 3 .  

polymerization must operate, eq 1 providing one example of 
this. If X # 0, then acceptor-ligand mixtures comprise ther- 
modynamically distinct systems, since the additional species 
(unbound dimer) is now present a t  equilibrium. In the latter 
case, even if a cyclic array of equilibria operate including the 
reactions specified in eq 1, three equilibrium constants suffice 
to describe the system (provided binding sites on monomer and 
separately on dimer are equivalent and independent): we 
choose the experimentally accessible constants X, KA, and Kc. 
The redundancy of additional equilibrium constants pertaining 
to the cyclic array merely stresses that the formation of par- 
ticular acceptor-ligand complexes may proceed by alternate 
pathways that cannot be distinguished by equilibrium binding 
or molecular weight studies. In these terms the ligand-induced 
and preexisting acceptor equilibrium cases may be distin- 
guished and specified by X = 0 and X # 0, respectively: it 
remains to discuss evaluation of the respective constants K,,  
Kz ( X  = 0), and K A ,  K c  ( X  # 0). 

First estimates may be obtained by determining the apparent 
weight-average molecular weight of the acceptor constituent, 
A?P, with fixed [ A ]  and varying [ E ]  (Nichol et al., 1972; 
Baghurst and Nichol, 1975) as a function of [E], available 
from prior equilibrium dialysis. Values of fip together with 
the molecular weight of A, M A ,  may be used to formulate the 
function 

It may readily be shown by defining h ? ~  and [A] in terms of 
the equilibrium concentrations of species present (which differ 
for the two systems under discussion), and by assuming that 
ME << M A ,  that use of eq 5 leads to 

r 
F I G U R E  2: Simulated Scatchard plots for a system in  which ligand E 
forms a bridge between two acceptor molecules to form the complex AEA 
(eq 8). The number adjacent to each curve denotes the value of K 2 [ 2 ]  used 
in the computation of data from eq 9 

for X # 0, the preexisting equilibrium system. As for the 
binding curves for the two systems, plots of X* vs. [E] exhibit 
similar qualitative features: both monotonically increase with 
increasing [E] from the appropriate value of X to finite con- 
stant limiting values, K2 (when X = 0) and X ( K C / K ~ ) ~ P  
(when X # 0). The absence of a turning point in each case has 
been verified by differentiating eq 6a and 7a with respect to 
[ E ] .  However, from plots of 1 /dX* vs. 1 /[E] it is clear from 
eq 6b  and 7b that the systems may be further distinguished, 
the linear plot for eq 6b ( X  = 0) leading to the direct deter- 
mination of K I  and K2, and the curvilinear plot of eq 7b (X # 
0) providing information additional to binding data from which 
estimates of p ,  KA and K c  may be obtained. It is not claimed, 
however, that values of X *  or r will be sufficiently precise in 
an experimental context to permit accurate determination of 
the relevant equilibrium constants: this could proceed by 
performing sedimentation equilibrium experiments on ac- 
ceptor-effector mixtures, whereupon the initial study in con- 
junction with computer-simulation procedures (Howlett et al., 
1970; Howlett and Nichol, 1972; Baghurst and Nichol, 1975), 
which require a choice of model and first estimates of equi- 
librium constants, could be used to refine values of the relevant 
parameters. 

Cross-Linking of Acceptor by Bicalent Ligand. The simplest 
example of this may be represented as 

A + E AE; K I  = [AE]/[A][El (gal 

AE + A F== AEA; K? = [AEA]/[AE][A] (8b) 

for which the binding equation is 
3Kl[E] - 1 + { ( I  + K I [ E ] ) ~  + ~ K I K ~ [ A ] [ E ] ~ ' / ~  

2[Kl [E] + 1 + { ( I  + K I  [E])2 + 8KlK*[A] [E]11'2] 
r =  

(9) 
Equation 9 may be used to establish that as [E] -* a, r -+ 1 
and that a family of binding curves constructed with varying 
K2[A] all intersect a t  the point ( r  = 0.5, [E] = I/K1). This 
behavior is illustrated in Figure 2 which in form (that generally 
attributed to negative cooperativity) and with the point of in- 
tersection exhibits markedly contrasting behavior to that shown 
in Figure 1. However, ambiguity of interpretation may again 
arise, since acceptor-concentration dependence and intersec- 
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tion of binding curves of the same form as those shown in 
Figure 2 are also predicted for the preexisting polymerization 
case ( X  # 0) when q < 2p and K c  > 2 p K ~ / q ,  conditions ap- 
plicable to the binding of organic phosphates to methemoglobin 
A at pH 5.4 (Baghurst and Nichol, 1975). Indeed, it could be 
noted that the conditions satisfy eq 4 in defining real and 
positive coordinates for the point of intersection. In certain 
respects the behavior ofX* (evaluated from eq 5 )  vs. [E] curves 
also parallel each other for the two different systems. For the 
crosslinking model proposed in eq 8, X* = KlKl[E] / ( l  + 
Kl[E])l, which on differentiation shows that dX*/d[E] = 0 
only when [Elc = 1/K1. This single turning point (a maximum) 
corresponds to the maximum in a plot of [AEA] vs. [E], the 
value of [AEA] decreasing to zero as [E] - m .  This is con- 
sistent with the finding that the limiting value of r is 1, since 
as [E] - m all of the acceptor is converted to the AE form. 
Correspondence between the abscissa value of the maximum 
( [Elc = 1 / K I )  and the position of the point of intersection of 
the binding curves is also noted. This correspondence also 
applies to the preexisting polymerization case ( X  # 0, q < 2p, 
Kc > 2pKA/q),  since Baghurst and Nichol(l975) have shown 
that a maximum in the X* vs. [E] plot occurs at the point Xc* 
given by their eq 7 and [Elc given by the same expression as 
eq 4a. These similarities stress the importance of distinguishing 
between the quite different systems by prior studies on acceptor 
alone before attempts are made to obtain first estimates of the 
appropriate equilibrium constants. If X proves to be equal to 
zero (the cross-linking model of eq 8), K1 is directly available 
as the reciprocal of the value [E] a t  which binding curves for 
different [A] intersect or a t  which a maximum in X* is ob- 
served: K2 follows from application of eq 9. If X # 0, evalua- 
tion of the relevant binding parameters could proceed by the 
method illustrated by Baghurst and Nichol (1975), who also 
showed how first estimates of constants obtained from ( X * ,  
[E]) data could be improved by relating experimental and 
computer-simulated sedimentation equilibrium results. 

Indefinite Association of Acceptor Induced by Bivalent 
Ligand. The model in eq 8 is simple in that A was considered 
to be monofunctional toward E. If A and E are both bifunc- 
tional, a series of linear polymers with alternating A and E 
units may coexist in equilibrium, the situation paralleling that 
of indefinite association of a single solute (Van Holde and 
Rossetti, 1967). Provided each successive addition of E or A 
to the chain is governed by the same standard free energy 
change, a single equilibrium constant (K1, on a molar scale) 
suffices to describe the relevant equilibria. It follows, with 
suitable factorization, that the total base-molar concentration 
of acceptor is given by 

[A] = [A](l  + K1[E] + KI2[El2) 
X (1 + 2K12[A][E] + 3Kl4[AI2[El2 + .  . .) ( loa)  

= [A](1 + Ki[E] + Kl2[EI2)/(1 - K I ~ [ A ] [ E ] ) ~  (lob) 

Equation 10b follows from eq 10a by setting the infinite series 
equal to S,  whereupon it may be shown that S(  1 - KI2[A] [E]) 
equals a geometric progression with common ratio K12[A] [E] 
and first-term unity. By entirely analogous reasoning it may 
be shown that 

@I = F I ( 1  + KI[AI + Ki2[AI2>/(1 - K I ~ [ A ] [ E I ) ~  
(11) 

Combination of eq 10b and 11 yields 

KI[EIII + 2Ki[EI + Ki[AI(1 - Ki2[E12)l 
1 + Kl[E] + Kl2[EI2 

(12) r =  

r 

FIGURE 3: Simulated Scatchard plots for a system in which indefinite 
association of acceptor is induced by ligand cross-links between acceptor 
units. The number adjacent to each curve denotes the value of K ,  [ A ]  used 
in the computation of data from eq 12. 

where [A] may be expressed as an explicit function of K1, [A], 
and [E] by solving the quadratic eq lob. Figure 3 presents 
binding curves calculated from eq 12 for three values of K1 [A]. 
Three points merit comment. First, the limiting value of r is 
2, which shows that AE2 is the sole acceptor species present 
as [E] - m. Second, all of the binding curves intersect a t  the 
point ( I  = 1, [E] = l /Kl) :  this may be shown generally by 
substituting [E] = 1/K1 into eq 12. Third, the change in form 
of the binding curves with K1 [A] is quite dramatic: with the 
largest K1 [A] the shape parallels that shown in Figure 2 for 
the simple cross-linking system; with the smallest K I  [A] a 
maximum is observed in the plot, which like Figure 1 implies 
sigmoidality of the binding curve; the intermediate behavior 
observed with the remaining value of K1 [A] would be difficult 
to distinguish experimentally from a rectangular hyperbola 
in a direct plot of r vs. [E]. Since the switch from apparent 
negatively cooperative behavior to apparent positive cooper- 
ativity may be observed with the same system by suitably 
varying [A], an experimenter is in danger of misinterpreting 
the system from binding results alone, especially if only a single 
binding curve (at a particular [A]) is used as the basis of in- 
terpretation. 

The formulation of X* from M p  data is inappropriate in this 
case, which would be indicated from binding results in that the 
limiting value of r is 2, in contrast to the value of unity found 
with the dimerizing systems (eq 1 and 8). It is possible, how- 
ever, to write an expression for A?p in terms of K1, [A], and 
[E], assuming M E  << M A ,  which becomes on cancellation of 
the common factor 

M p  = 

1 + 4K12[A][E] + 9Ki4[AI2[El2 + ~ ~ K I ~ [ A ] ~ [ E ] ~  + .  . . 
1 + 2K12[A][E] + 3Ki4[AI2[E]* + 4Ki6[AI3[El3 + . , . 

(13a) 

=  MA(^ + Ki2[A1[E1)/(1 - Ki2[A1[E1) (13b) 
The closed solution in eq 13b, obtained by summing the infinite 
converging series in eq 13a, is useful since it may be used with 
eq 10b to show that a maximum occurs in the plot of M p  vs. 
[E] at [E] = l /K l ,  and to construct the plots shown in Figure 
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FIGURE 4: Simulated plot of the dependence of the weight-average mo- 
lecular weight of acceptor constituent for a system undergoing ligand- 
induced indefinite_ association. The number adjacent to each curve denotes 
the value of K I  [ A ]  used in the computation of data from eq 13b. 
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FIGURE 5: Dependence of X *  on total ligand concentration for mixtures 
of human mercaptalbumin ( A )  and mercuric chloride ( E )  in acetate 
buffer, pH 4.25,I0.05. The curve, which has no theoretical significance. 
has been drawn to emphasize the trend of the data, calculated from Figure 
6 of Edelhoch et at. (1953) by means of eq 5. 

4, which have their binding counterparts in Figure 3. Evidently 
a first estimate of K1 could be determined from either the point 
of intersection of the binding curves (Figure 3) or the maxi- 
mum position in Figure 4. The importance of conducting a 
series of experiments a t  fixed (but different) [A] values is also 
apparent from both Figures, since binding results a t  a partic- 
ular [A] considered alone are likely to be misinterpreted, as 
noted earlier. 

Discussion 
It is timely to consider the behavior of certain experimental 

systems in relation to the above theory. The interaction of 
mercaptalbumin with mercuric chloride forms a convenient 
first example, since it is well-established that mercaptalbumin 
does not exist as a rapidly equilibrating monomer-dimer sys- 
tem in the absence of ligand (Edelhoch et al., 1953). Moreover, 
the existence of a single sulfhydryl group per mole of monomer 
and the bifunctional nature of mercuric chloride almost cer- 
tainly ensure that the observed ligand-induced dimerization 
conforms basically to eq. 8. Figure 5 presents a plot of X* vs. 
[e] for this system, the ordinate values being calculated from 
eq 5 and the light scattering data from Figure 6 of Edelhoch 
et al. (1953). The predicted maximum is observed, occurring 
at an  X* value (K2/4) which indicates that K2 = 3.0 X lo4 
M-I, in agreement with the value calculated by Edelhoch et 
al. (1953) on the assumption that [E] = 0. The present inter- 
pretation does not involve this assumption and, moreover, may 
be used to test its validity. Thus, for the values of [A] and [E] 
appropriate to the maximum the free concentration [E], al- 
though not known explicitly, equals 1/K1. Accordingly this 
information may be used to solve the simultaneous equations 
for [A] and [e], the result being a value less than lo-* M for 
[E], which substantiates the previous assumption. It also shows 
that binding curves cannot be obtained for this system. Finally, 
we note that equilibrium considerations alone suffice to explain 
the progressive decrease in concentration of dimeric complex 
with [E] or [e] a t  high [e], but recognize that the detailed 
mechanism indicated from kinetic studies may well be more 
complicated (Edelhoch et al., 1953). 

A similar ligand-induced dimerization has been proposed 

for the interaction of Zn2+ with a-amylase monomer to form 
dimer via a Zn2+ cross-link (Stein and Fischer, 1960). How- 
ever, the proportion of dimer, as judged by sedimentation ve- 
locity analysis, progressively increases as [E] increases (Ise- 
mura and Kakiuchi, 1962), and indicates a limiting value of 
m for X*:  such behavior is a t  variance with that of discrete or 
indefinite cross-linking mechanisms. Possible alternative 
models must be examined in this light and in accord with the 
finding that whereas monomeric a-amylase contains no zinc. 
the dimeric species contains 0.5 mol of Zn/base-mole (Stein 
and Fischer, 1960). The latter observation excludes the model 
specified in eq 1, which would require a 1 : 1 stoichiometry. A 
simple explanation that seems to account for all findings is that 
a-amylase exists as a mixture of monomeric and dimeric 
species in the absence of Zn2+ and that on addition of Zn2+ 
p = 0, q = 1. In this connection it is of interest that a-amylase 
in the presence of 0.01 M calcium-EDTA dimerizes with an 
equilibrium constant of 2.4 X lo3 M-I, a value deduced from 
the light-scattering data of Kakiuchi et al. (1965). I t  is now 
possible to employ their light-scattering data obtained in the 
presence of Zn2+ (curve V in Figure 4 of Kakiuchi et al., 1965) 
to obtain X* (eq 5 )  and hence K c  from eq 7a: [E] was obtained 
from [E] by similar means to that adopted with the mercap- 
talbumin system. From five determinations of M p ,  K c  was 
estimated to be 7.0 f 1 .O X lo5  M-I. 

The above examples suffice to illustrate a system where l i -  
gand in a rigorous sense has induced dimerization and one i n  
which it has merely perturbed a preexisting dimerization. At 
first sight it might appear that the detection of a ligand-induced 
polymerization would be facilitated by examining the acceptor 
in the presence of saturating concentrations of ligand. The 
findings in this work show that this approach is entirely inap- 
propriate to the study of cross-linking reactions (discrete or 
indefinite); for with these systems the acceptor would have 
reverted to monomeric constituent. The approach is valid for 
the detection of ligand-induced dimerizations represented by 
eq 1 or in general to systems where ligand perturbs a preex- 
isting monomer-polymer equilibrium (except for the special 
case q < 2p, Kc > 2 p K ~ / q ) .  The fact that some systems ex- 
amined in the context of ligand-induced polymerization do 
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exhibit sigmoidal binding curves and are characterized by an 
infinite value of X* (or its equivalent) at saturating ligand 
concentrations strongly suggests that these too may belong to 
the preexisting equilibrium category. Examples include the 
binding of threonine to the aspartokinase-homoserine dehy- 
drogenase system (Janin and Cohen, 1969; Wampler et al., 
1970) and of ATP or UTP to cytosine triphosphate synthetase 
(Levitzki and Koshland, 1972). Two final points'may be made. 
First, despite the apparent similarity in experimental behavior 
of alternative models, mathematical expressions are now 
available which permit computer-simulation of, for example, 
binding curves and hence distinction in quantitative terms 
between possible alternatives. The second and related point is 
that it is hazardous to ascribe mechanistic significance to the 
form of a binding curve merely on the grounds that it exhibits 
apparent positive or negative cooperativity. 
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Histone Interactions in Solution and Susceptibility to Denaturation? 

Dennis E. Roark,* Thomas E. Geoghegan,l George H. Keller, Karl V. Matter, and Richard L. Engle 

ABSTRACT: Histone interactions in solution may depend upon 
treatments used for purification. Optical rotatory dispersion 
and sedimentation-velocity measurements have been made in 
a reference solvent, before and after exposure to various 
treatments, to investigate histone susceptibility to irreversible 
denaturation. Some acid conditions and urea and guanidine 
solutions may denature. Interaction studies performed on 
nondenatured histones indicate that the dimer, (H4)(H3), and 

H i s t o n e  interactions play an essential role in the mainte- 
nance of chromatin structure. The role may be that of pack- 
aging the DNA and/or nonspecific mediation of the regulation 
of transcription or replication. Recent studies have begun to 
describe the structural features of nucleoprotein. Chromatin 
subfragments have been visualized by electron microscopy of 
cross-linked chromatin (Olins and Olins, 1974), and isolated 
following nuclease digestion (Hewish and Burgoyne, 1973; 
Sahasrabuddhe and van Holde, 1974; Noll, 1974; and Oost- 
erhof et a]., 1975). Kornberg (1974) has suggested that these 
subfragments are the primary structural unit of chromatin and 
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tetramer, (H4)2(H3)2, dissociate to monomers a t  low ionic 
strength. Sedimentation-velocity experiments suggest a model 
for the (H4)2(H3)2 tetramer, with a compact semispherical 
center and four protruding amino-terminal regions. Fractions 
H2a and H2b interact to form the mixed dimer in equilibrium 
with monomers. Fraction H2a self-associates readily to dimers, 
tetramers, and octamers, while fraction H 1 associates only 
weakly to form dimers. 

contain two each of histones H4, H3, H2a, and H2b. Partial 
cross-linking of histones bound to DNA has indicated the 
proximity of histones H4, H3, H2a, and H2b (Martinson and 
McCarthy, 1975; Hyde and Walker, 1975; and van Lente et 
al., 1975); indeed, Thomas and Kornberg (1975) have iden- 
tified the octamer containing two each of these four histones. 
These proximal histones interact both with DNA and with each 
other. Studies of isolated histones in solution may be used to 
investigate histone-histone interactions. The cross-linking of 
DNA-bound histones and the solution studies complement 
each other in that the former elucidates the chromatin struc- 
ture, while the latter identifies specific histone interactions 
contributing to that structure. 

Solution studies have demonstrated several pairs of histone 
interactions. We have previously reported the existence of an 
H4-H3 complex which reversibly self-associates to form the 
(H4)2(H3)2 tetramer (Geoghegan et al., 1974; Roark et al., 
1974; Roark, 1976). The tetramer has been observed in the 
similar solution studies of Kornberg and Thomas (1 974) and 
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