Essays

What is Cooperativity ?

DOI: 10.1002/anie.200902490

Christopher A. Hunter* and Harry L. Anderson*

allosteric cooperativity - chelate cooperativity -
cooperative effects - self-assembly -
supramolecular chemistry

1. Introduction: It’s All or Nothing

Cooperativity is a central concept for understanding
molecular recognition and supramolecular self-assembly,!~!
yet there is widespread confusion about the definition and
quantification of cooperativity, particularly in the context of
self-assembled structures.*”] Herein, we delineate two types
of cooperativity—allosteric and chelate cooperativity—in
multivalent systems. Allosteric cooperativity is widely recog-
nized, whereas the significance of chelate cooperativity has
been overlooked.

Cooperativity arises from the interplay of two or more
interactions, so that the system as a whole behaves differently
from expectations based on the properties of the individual
interactions acting in isolation. Coupling of interactions can
lead to positive or negative cooperativity, depending on
whether one interaction favors or disfavors another. Cooper-
ativity is the key feature of systems chemistry that leads to
collective properties not present in the individual molecular
components. It is one of the most important properties of the
molecular systems found in biology.®

Text books often quote two archetypal examples of
cooperativity: the binding of oxygen to hemoglobin,! in
which binding at each of the four sites increases the oxygen
affinity of the other sites (Figure 1a), and the folding of
biopolymers (e.g., protein, DNA, or RNA), characterized by
sharp melting transitions (Figure 1b).”) Supramolecular self-
assembly processes display similar behavior (Figure 1c). The
relationship between these different types of cooperativity
has not been well defined, and is the subject of this Essay.

The three equilibria portrayed in Figure 1a—c shift in
response to changes in conditions (Figure 1d, horizontal axis):
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Figure 1. Representation of processes that display positive cooperativ-
ity: a) hemoglobin binding oxygen, b) protein folding, and c) supra-
molecular self-assembly. d) Speciation profiles. Positive cooperativity
leads to a low peak concentration of intermediates and a sharp
transition from unbound to bound.

oxygen concentration for hemoglobin, denaturant concen-
tration or temperature for biopolymer folding, and concen-
tration or temperature for supramolecular assembly. Positive
cooperativity implies a low concentration of intermediates
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(partially bound, folded, or assembled; red in Figure 1). In
other words, as the system approaches the limit of strong
positive cooperativity, only the extreme states are signifi-
cantly populated. Such systems can exhibit “all-or-nothing”
behavior in two senses:

1) At the molecular level: any individual molecule is likely to
be fully bound or fully unbound; it spends little time in
intermediate states.

2) At the macroscopic level: the behavior of the ensemble is
characterized by a population switch from mainly free to
mainly bound over a small change in conditions. Under
most conditions, one state predominates, and this leads to
the sigmoidal binding isotherms and sharp melting tran-
sitions that are the classical signatures of cooperativity, as
illustrated by the binding of oxygen to hemoglobin!'” and
the denaturation of lysozyme in Figure 2.1
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Figure 2. Experimentally observed isotherms for a) oxygen binding by
hemoglobin as a function of oxygen concentration'” and b) the
denaturation of lysozyme as a function of guanidine hydrochloride
concentration.!""

All-or-nothing behavior is the key consequence of pos-
itive cooperativity. It occurs widely in biology: switching
between “on” and “off” states results from a small change in
conditions. Intermediate structures, which may have undesir-
able properties, are not populated.
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2. Thermodynamic Models

In general, we may consider the multicomponent com-
plexes formed between multidentate ligands and multisite
receptors. A wide variety of different supramolecular archi-
tectures is possible, and coupling between the multiple
intermolecular interactions present in these complexes gen-
erates different kinds of cooperative behavior. Here we
explore the principles by discussing the scenarios (a)-(e)
summarized in Figure 3. In each case, we start by considering
simple equilibria that involve molecules with only one or two
binding sites, then extrapolate to cases with many interac-
tions. A detailed mathematical analysis of the thermodynamic
models discussed here is included in the Supporting Informa-
tion.
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Figure 3. Complexation equilibria involving molecules with one or two
binding sites. a) The reference system. b) Discrete allosteric systems.
c) Polydisperse oligomerization. d) Self-assembled systems. e) Denatu-
ration.

2.1. The Reference System

We start by considering a system where there can be no
cooperativity because there is only one interaction. The
complex between a receptor with one binding site (A) and a
ligand with one binding site (B; Figure 3a) is our reference
point for assessing other scenarios. This simple two-state
equilibrium is characterized by the association constant K
[Eq. (1)], where [A‘B] and [A] are the concentrations of
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bound and free receptor, and [B] is the concentration of free
ligand.

[A-B]
K= W

2.2. Allosteric Ligand Binding

This scenario is the type of cooperativity exhibited by
hemoglobin. The simplest case of two ligands, each with one
binding site, that interact with a receptor with two covalently
connected binding sites is illustrated in Figure 4a. The
receptor has three possible states: free AA, partially bound
AA-B, and fully bound AA-B,. The equilibria are charac-
terized by two microscopic association constants K; and K,,
which are defined by Equations (2) and (3). The statistical
factor of two reflects the degeneracy of the partially bound
intermediate."

[AA - B]
2K = AATB (2)
' [AA - B,

At the molecular level, the cooperativity of the system is
described by the interaction parameter a, which is defined by
Equation (4).%1 In the absence of cooperativity, the micro-

K
« =% e
scopic association constants are identical to the value for the
corresponding reference receptor with one binding site, that
is, K=K, =K and a=1.

Under a given set of conditions, the total fraction of
receptor sites that are bound to ligand is defined as the
binding-site occupancy of the receptor 6,, which is given by
Equation (5), where [AA], is the total receptor concentration

_5[AA -BJ+ [AA - B,

=TTAAL ®

(free and bound). It is often easier to measure 6, than to
determine the concentrations of all the different species
present in equilibrium, and, from a theoretical perspective,
the description of complex equilibria in terms of 6, leads to a
dramatic simplification.

Speciation curves, which show how [AA-B], [AA-B,], and
0, vary with [B],, are plotted for three different cooperativity
regimes in Figure 4b-d, with ¢ =1, 0.01, and 100 (in these
plots, K'[B], is a normalized concentration scale).' In each
case, the site-occupancy (6,) profile of the two-site receptor
(black curve) is compared with that of the one-site reference
receptor (gray dots).

No cooperativity (a« =1, Figure 4b). In this regime K, =
K,, and the 6, curve is identical to that of the one-site
reference system.
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Figure 4. a) Interaction of a monovalent ligand B with a two-site
receptor AA.l'Y Speciation profiles for b) a=1; ¢) #=0.01; and

d) =100 (fully bound AA-B, in blue; intermediate AA-B in red, and
total binding site occupancy 6, in black; [B],=[B]+ [AA-B]+ 2[AA-B,]).
The speciation profile for the reference system with one binding site is
also shown (gray dots). In (d), the population of AA-B, and 6, are
practically identical. In all cases, curves are calculated assuming, for
mathematical simplicity, that [B]o> [AA],."*

Negative cooperativity (o < 1, Figure 4c). Here K, > K,,
and the intermolecular interaction in the intermediate AA-B
is stronger than in the fully bound state AA-B,. Formation of
the fully bound complex takes place over a wider concen-

Angew. Chem. Int. Ed. 2009, 48, 7488-7499


http://www.angewandte.org

tration range than for the one-site reference receptor. The
intermediate AA-B is the dominant species at intermediate
concentrations, and in the limit of a <1, the fully bound state
is never populated.

Positive cooperativity (a > 1, Figure 4d). In this case, K; <
K,, and the interactions in the fully bound state are more
favorable than in the intermediate. In the limit of a > 1, the
intermediate is never populated, and all-or-nothing, two-state
behavior is observed. Assembly and disassembly of the
complex take place over a narrower range of concentrations
than for the single-site reference system.

At the macroscopic level, cooperativity in allosteric
systems is usually characterized by plotting log{0,/(1—0,)}
versus log[B], in a Hill plot."™ The Hill coefficient ny is the
slope of this plot measured at 50% saturation, that is, at
log{0,/(1-60,)}=0. A simple reference receptor with one
binding site gives ny=1; any deviation from this value
indicates cooperative behavior, as illustrated in Figure Sa by
constructing Hill plots for the three regimes of Figure 4b—d.
Negative cooperativity (red line) gives a slope of less than 1 at
the origin (ny < 1), while positive cooperativity (blue line)
leads to a slope of more than 1 at the origin (ny > 1). At the
extremes of the Hill plot, the slope returns to 1, because
changes in 6, are caused by only the first binding event at low

a) 4 o
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log K'[Bl, —=

i Oa =%
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Figure 5. Plots for determining a) the Hill coefficient n, and b) the
switching window ¢ for two monovalent ligands (B) that interact with
a two-site receptor (AA). Three regimes are illustrated: no cooperativity
(=1 in black), negative cooperativity (¢ =0.01 in red), and positive
cooperativity (¢ =100 in blue). Data for the single-site receptor are
shown for reference (gray dots)."!
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ligand concentrations, and only the second binding event at
high ligand concentrations.

The macroscopic behavior of systems of this type can also
be characterized by the switching window cg [Eq. (6)], which

_ [BJ,at6, = 10/11
® = [BJ.ath, = 1/11 ©)

is the factorial increase in ligand concentration required to
change the bound/free receptor ratio from 1:10 to 10:1
(Figure 5b).! In other words, cy is a measure of the
sharpness of the bound—free transition. For the simple one-
site reference receptor, logcg =2, and any deviation from this
value indicates cooperative behavior, as illustrated in Fig-
ure 5b for the examples from Figure 4. Positive cooperativity
(blue line) reduces the value of cy, that is, the bound-free
switch takes place over a narrow concentration range. The
opposite is true for negative cooperativity (red line), which
leads to separation of the two binding events on the
concentration scale.

The relationship between the molecular parameter o and
the macroscopic parameters ny and cg is illustrated in
Figure 6. At the non-cooperative reference point, a=1,
ng=1, and logcg=2. For systems that exhibit modest

Tlog Cr OF Ny

log ¢ —

Figure 6. Relationship between the molecular parameter a and macro-
scopic parameters ny and c; for binding a monovalent ligand to a two-
site receptor.

cooperativity, the value of ny depends strongly on a. At the
extremes, ny tends to a value of zero for strong negative
cooperativity (a <1) and to a value of two for strong positive
cooperativity (a>1). In contrast, logcy decreases as a
increases, and tends to a limit of one for systems with strong
positive cooperativity. In the negative cooperativity regime,
the value of cy is inversely proportional to a, as the first and
second binding events simply move further apart on the
concentration axis.

The properties of this two-site system can be generalized
to receptors with a large number (N) of binding sites
(Figure 7). The number of possible intermediates increases
with N, as do the number of independent association
constants. We will consider the three limiting regimes:

No cooperativity (a =1). In this regime, the macroscopic
behavior of the system is effectively independent of N.
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Figure 7. Binding of N monovalent ligands (B) to a receptor with N
binding sites (A---A). There are many possible partially bound inter-
mediate states, but they will not be significantly populated if the
system displays strong positive allosteric cooperativity. Binding iso-
therms are shown for this equilibrium in the regime of strong positive
allosteric cooperativity (0>1). N=1 gray dots, N=2 blue, N=4 red,
N=38 black."

Although the speciation profiles are complicated by a large
number of intermediates, the concentration dependence of
the site occupancy (6,) is identical to the one-site reference
system; ny =1 and logcg =2.

Negative cooperativity (a < 1). Similarly, the only change
that occurs on increasing N is an increase in the number of
intermediate states. The concentration range over which these
states are populated is extended.

Positive cooperativity (o > 1). In this regime, the proper-
ties of the system are strongly dependent on N. Figure 7
illustrates the influence of N on the binding isotherm in the
limit of strong positive cooperativity with N=2, 4, and 8. The
transition between free and bound states takes place over a
progressively narrower concentration window as N increases.
In the limit of high a, logcy tends to 2/N, and ny tends to N.I'"!
As a consequence, the large number of potential intermedi-
ates that proliferate as N is increased are never populated,
and two-state all-or-nothing behavior is observed at the
molecular level. In the limit of large N and large a values, the
switch between the free and bound states of the receptor can
be achieved with a small change in the concentration of
ligand, so the systems displays macroscopic all-or-nothing
behavior.

Allosteric cooperativity has been extensively studied in
biological systems, such as oxygen binding to hemoglobin,!!
and peptide binding to the vancomycin dimer.'¥ Many
mechanisms can result in positive or negative allosteric
cooperativity, for example, conformational changes,*” elec-
tronic polarization of the receptor,” or long-range electro-
static interactions between the ligands.'"¥ The most trivial
cause for negative cooperativity is steric repulsion between
two bound ligands. The details are beyond the scope of this
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Essay, but in general, positive cooperativity can be achieved
either by making the first binding event less favorable or by
making subsequent binding events more favorable.

2.3. Nucleation-Growth of Polydisperse Open Oligomers

Cooperative oligomerization is important in the aggrega-
tion of amyloid peptides,?!! actin strands,?? and supramolec-
ular polymers.”®! These processes can be understood by
considering the simple model shown in Figure 3¢ and 8a, in
which monomer AB self-associates to give a distribution of
oligomers (AB);, where i=1—oc. If all of the stepwise
association constants are identical (K;= K), a concentration-
dependent statistical mixture of oligomers, known as an
isodesmic distribution, is formed. The 6, binding isotherm for
this type of non-cooperative process is identical to that for
dilution of a 1:1 mixture of A and B, the reference system
(Figure 8, black line and gray points).

a) Ky Kz Ki
AB === (AB); === - (AB); === (AB)j1 -~

b)

log K'[AB]y ——

Figure 8. a) General representation for oligomerization of a self-com-
plementary molecule AB. b) Binding isotherms for a =1 black,
a=0.01 red, ®=100 blue, showing measurements of the correspond-
ing concentration switching windows ¢ (K;=K; for all i>1 and
a=K,/K;). The binding isotherm for dilution of a 1:1 mixture of A and
B is shown for reference (gray dots)."!

In principle, any distribution of association constants is
possible. We will consider a simple scenario that leads to the
observation of macroscopic cooperativity in the formation of
polydisperse open-chain aggregates:*** all of the association
constants for adding monomer units to oligomeric chains are
identical (K,), except for the formation constant for the dimer
(AB),, which is K;. As before, the allosteric interaction
parameter is defined as a=K,/K,. Three regimes can be
identified (Figure 8b):

No cooperativity (a =1). Isodesmic growth with a stat-
istical distribution of oligomers.

Negative cooperativity (a <1). The dimer is the most
stable species, so that oligomerization does not take place
until high concentrations of AB are reached.

Angew. Chem. Int. Ed. 2009, 48, 7488-7499
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Positive cooperativity (o > 1). The dimer is the least stable
species and is not significantly populated. Dimer formation
constitutes a nucleation step; subsequent oligomerization
takes place over a narrow concentration window and the
system shows macroscopic cooperativity. Thus the major
species that are populated are monomer and long oligomers.

Although the binding isotherms in Figure 8b appear
similar to those for the allosteric receptor-ligand systems
(Figure 5b), the oligomerization isotherm is not symmetric
about the origin on the concentration scale. The reason is that
self-association is studied by dilution experiments rather than
titrations: when the ligand is present in excess, as in a titration
experiment, it is almost all free ([B]~[B],), but at high
concentrations of AB in a dilution experiment most of the AB
is bound ([AB]<[AB],). Hill plots are problematic for
dilution experiments: the slope for the non-cooperative
isodesmic system is not constant and does not have a
maximum at 50 % saturation (see the Supporting Informa-
tion). However, the concentration switching window cg can be
used as a macroscopic measure of cooperativity in dilution
experiments. The only difference from titration experiments
is that logcg =3 for the non-cooperative isodesmic system.
Any deviation from this value indicates cooperative behavior.
In the limit of strong positive cooperativity (a>1), logcg
tends a value of 1: a sharp nucleation point is observed
followed by growth of oligomers, and a 10-fold increase in
concentration is required to reach 90 % saturation.

There are many different molecular mechanisms that give
rise to this type of cooperative oligomerization. For example,
in helical aggregates, the ith monomer unit can have a
favorable contact interaction with the (i—2)th monomer
unit.’? In H-bonded urea aggregates, the ith monomer unit
has a favorable noncontact interaction, which is mediated by
polarization, with the (i—2)th monomer unit.”! The nuclea-
tion and growth behavior in Figure 8 has been studied by
Meijer and co-workers in the context of very large H-bonded
assemblies.™ As with discrete allosteric systems, positive
allosteric cooperativity is achieved by making initial binding
events less favorable or by making later binding events more
favorable.

2.4. Self-Assembly of Closed Systems

Now we turn to the type of cooperativity observed in
protein folding or DNA duplex formation and consider the
consequences of allowing some of the interactions to become
intramolecular. The simplest case of two molecules that each
have two binding sites is illustrated in Figure 9. This system is
more complicated than the allosteric systems in Figure 4,
because there are more possible bound states. However, if the
ligand is present in a large excess relative to the receptor, then
we can ignore complexes that involve more than one receptor,
because they will not be significantly populated. Under these
conditions, there are only four states for the receptor (high-
lighted in the box in Figure 9): free AA, two 1:1 complexes
(the partially bound open intermediate 0-AA-BB and the
fully bound cyclic complex c-AA-BB), and the 2:1 complex
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Figure 9. A two-site receptor (AA) that interacts with a divalent ligand
(BB), assuming a = 1.1 Many states are possible for this system, but
if [BB]o>[AA],, only the species inside the box are populated.

AA-(BB),. Here we limit ourselves to the scenario where
a =1 and there is no allosteric cooperativity.

At the molecular level, the key feature that defines the
properties of this system is the intramolecular binding
interaction that leads to the cyclic 1:1 complex c-AA-BB.
This interaction is described using the effective molarity
(EM) as defined in Equation (7).

1 [c-AA - BB]
P KEM = [0-AA -BB]

™)

As implied by this equation, the ratio of the open and
closed 1:1 complexes is independent of the ligand concen-
tration. The product K EM determines the extent to which the
cyclic complex is populated, and is the key molecular
parameter that defines the cooperativity of self-assembled
systems. Two regimes are considered in Figure 10.

KEM <1 (Figure 10a). Under these conditions, the
partially bound intermediate is more stable than the cyclic
complex. The system is unaffected by the presence of the
cyclic complex, and the behavior is identical to that found for
monovalent ligands (compare Figure 4b and Figure 10a).

KEM > 1 (Figure 10b). In this case, the cyclic complex is
more stable than the partially bound intermediate, and
c-AA-BB is the major species over a wide concentration
range. The open partially bound intermediate 0-AA-BB is
barely populated, and formation of the 2:1 complex
AA-(BB), is suppressed compared to the situation with the
corresponding monovalent ligands. The cyclic 1:1 complex
c-AA-BB opens to form the 2:1 complex AA:(BB), only
when 2[BB],> EM. In other words, EM defines the concen-
tration at which simple monovalent intermolecular interac-
tions compete with cooperative intramolecular ones. If we
compare the speciation profile with that of the one-site
reference system (gray dots in Figure 10b), it is clear that the
intramolecular interaction significantly increases the overall
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Figure 10. Speciation profiles for the equilibria shown in Figure 9
(cyclic complex c-AA-BB in green, open intermediate 0-AA-BB in red,
2:1 complex AA-(BB), in blue, and total binding-site occupancy 6, in
black). a) KEM=0.01 and b) KEM=100. In both cases, a=1. The
speciation profile for the system with one intermolecular interaction is
shown for reference (gray dots)."*"]

stability of the complex at low ligand concentrations. The
cyclic complex is the dominant species (>50%) over a
concentration window [Eq. (8)]:

(K> EM)™' < 2[BB], < EM ®)

In these examples a=1, but in general, the allosteric
interaction parameter may deviate from 1, and this modifies
the behavior of self-assembled systems. Changes in a do not
affect the ligand concentration window over which the cyclic
complex c-AA-BB is populated, but they perturb the
equilibrium between the open and cyclic 1:1 complexes.

This system displays a different kind of cooperativity from
that discussed above for allosteric systems. Cooperative
assembly of the complex is driven by the difference in
strength between the intermolecular and intramolecular
interactions, and is a consequence of the molecular architec-
ture. This phenomenon gives rise to the chelate effect,® so
we call it chelate cooperativity. This is the type of coopera-
tivity exhibited in the folding of proteins and supramolecular
self-assembly (Figure 1b,c).
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Cooperativity in this system is expressed at the molecular
level, with all-or-nothing population of the cyclic complex in
the limit of strong chelate cooperativity. However, the
macroscopic parameters used to characterize allosteric coop-
erativity ny and cg do not provide an insight into cooperativity
in the c-AA-BB complex: ny; =1 and logcg =2 for all of the
examples shown in Figure 10. Therefore it can be difficult to
recognize the cooperativity present in self-assembled systems.

The behavior of the two-site system shown in Figure 9 can
be extrapolated to a larger number (N) of interaction sites in a
variety of ways. Here we consider two architectures: firstly,
we keep the stoichiometry of the complex at 1:1 and increase
the number of binding sites on both components (Figure 11);

SERENIIL
N2 A-A c-A--A+B-B

Figure 11. Self-assembly of a 1:1 complex of a polytopic receptor
(A--A) and a complementary polyvalent ligand (B---B). There are many
other possible states, but they will not be significantly populated if the
system displays strong chelate cooperativity (KEM>1).

secondly, we increase the number of molecules in the
complex, while keeping two binding sites per molecule
(Figure 12). The former architecture illustrates the kind of
cooperativity observed in the assembly of a DNA duplex,
while the latter corresponds to the cooperativity in the self-
assembly of a multicomponent complex, such as a virus
capsule.

a) K K K
AB == 0-(AB); == - 0-(AB)y == 0-(AB)pu1 -
‘“ (1/N) K EM
¢-(AB)y
b) i
N D\ —_ 6_ 7\ c-(AB)y
AB \L_R N-1
c)

e
o

_—y
=4

log K'[AB], —

Figure 12. a) Self-assembly of AB oligomers where one open oligomer
can cyclize (@=1)." b) If the system displays strong chelate cooper-
ativity, ¢-(AB)y is the dominant bound state. c) Binding isotherms for
N=2 blue, N=4 red, N=8 black, N=30 green (KEM>1)."
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1) Interaction of an oligomeric ligand with an oligomeric
receptor. The number of possible partially bound inter-
mediates increases with the number of binding sites. The
population of each intermediate depends on the product
K EM for the relevant intramolecular interaction. How-
ever, in the limit of KEM>1, no intermediates are
formed, and two-state all-or-nothing behavior is observed
(Figure 11). The overall stability of the complex increases
as N is increased, but the shape of the binding isotherm is
independent of N, because this case is simply a 1:1
complexation process (ny =1 and logcg =2). Here, the all-
or-nothing behavior is molecular but not macroscopic, and
the concentration dependence of the free-bound transi-
tion is no sharper than that for an isolated one-site
interaction. Macroscopic cooperativity can however be
observed by thermal or chemical denaturing of the c-
A--A-B--B duplex (see below).

Closed oligomeric assemblies of a self-complementary
molecule. These systems represent a special case of the
oligomerization of AB illustrated in Figure 8a. Section 2.3
dealt with polydisperse open-chain aggregates of AB, but
if an oligomer of a particular size has a significant
tendency to cyclize, then this cyclic oligomer can become
a thermodynamic sink (Figure 12a). In the limit of
KEM>1 (where EM is the effective molarity for
cyclization of a specific linear oligomer 0-(AB)y), the
system reduces to a two-state equilibrium (Figure 12b).
Figure 12 ¢ shows how the binding isotherm depends on N
in this regime when a =1, that is, there is no allosteric
cooperativity. For high values of N and K EM, the system
displays both molecular and macroscopic all-or-nothing
behavior. In the limit of strong chelate cooperativity
(KEM>1), logcg tends to 1+42/(N—1). In the limit of
large values of N, a sharp nucleation point is observed and
logcg =1 (Figure 12¢ green line). Although the distribu-
tion of K values for the formation of discrete closed
oligomers is different from that for polydisperse open
aggregates, the macroscopic cooperativity exhibited by the
open and closed systems is practically identical. For
example, the binding isotherm for N=28 in Figure 12¢c
(black line) is the same as that for & =100 in Figure 8b
(blue line). Thus for N >2, chelate cooperativity in the
self-assembly of a closed cyclic complex is indistinguish-
able, at the macroscopic level, from positive allosteric
cooperativity in the formation of polydisperse open
oligomers.

2)

The behavior of these systems is not affected by increasing
the number of interaction sites per molecule, and this model
describes a wide variety of self-assembled architectures.
Chelate cooperativity has been investigated in supramolec-
ular systems such as helicates!”*! and ladders.®™” Fujita’s cages
illustrate the type of process described in Figure 12b.!

2.5. Denaturation

Finally, we consider processes in which a monovalent
ligand breaks up a supramolecular assembly (as in the
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unfolding of a protein by addition of guanidine hydrochloride,
Figure 2b). Again we start by considering the simplest
possible system: the competition between a monovalent
ligand (B) and a divalent ligand (BB) for a two-site receptor
(AA), Figure 13. This competition allows us to make a direct

AAB, 1) AdeH ]“

2KZEM ‘” 23 R,
YY——AA
| c-AA-BB e

ol 3
AT

g -y

0-AABB AA+(BB),

Figure 13. Competition between ligands with one and two binding sites
(B and BB respectively) for a two-site receptor (AA).'” Many species
are possible, but if [BB],>[AA], and KEM> 1, then the only states of

the receptor that are significantly populated are AA, c-AA-BB, AA-B,
and AA-B,.

comparison between the two types of cooperativity discussed
in Sections 2.2-2.4. In the denaturation experiment, B is
added to the AA-BB complex to displace BB from the
receptor. A large number of different states are possible, but
we will consider the scenario where the ligand is present in a
large excess relative to the receptor, such that [BB], > [AA],.
Under these conditions, only four states are populated to any
significant extent (highlighted in the box in Figure 13).

The behavior of the system depends on the values of the
molecular parameters o and K EM, but we restrict ourselves
to the case of a=1, where binding of B to AA is non-
cooperative in the absence of BB. Two limiting regimes are
illustrated in Figure 14.

K EM <1 (Figure 14a). Under these conditions, BB is not
strongly bound to AA, so formation of AA-B, is unaffected by
the presence of BB. The speciation profile is identical to the
non-cooperative system (compare Figure 4b and Figure 14 a).
It is possible to construct a Hill plot for the interaction of B
with the AA-BB complex. Complexation is not cooperative
(ny=1 and logcy =2).

KEM>1 (Figure 14b). Now only two states of the
receptor are present at significant concentrations: the cyclic
complex c-AA-BB and the 1:2 complex AA-B,. Binding of
the first molecule of B competes with the cooperative
intramolecular interaction between AA and BB in the doubly
linked c-AA-BB complex, whereas binding of the second
molecule of B competes with the non-cooperative intermo-
lecular interaction between AA and BB in the singly linked
B-AA-BB. The speciation profile for this system is identical to
the profile obtained for an allosteric system with positive
cooperativity (compare Figure 4d and Figure 14b). Under
these conditions, the denaturation system shows all the
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a) KEM=0.01

AA-BJ[AA]
[AA-BoIAA],
B
[A-BIAl

b) KEM=100 1.0

AA-B)AA]
[AA-Bol[AA]p
iR 0.5

[ABIAlo

log K'[Bl]y —=

Figure 14. Speciation profiles for the denaturation of AA-BB by addition
of B (equilibria in Figure 13; AA-B in red, AA-B, in blue, and total
binding site occupancy 6, for sites of AA occupied by B in black). The
speciation profile for the system with one intermolecular interaction is
shown for reference (gray dots). a) K EM=0.01; b) K EM =100 (in this
case, the black and the blue curves are practically identical). a=1;
K=1m", [BBJo=1m, and [AAl,=0.1 m.l"

macroscopic hallmarks of positive cooperativity (ny > 1 and
logcg < 2). It is important to note that @ =1 in this example,
and so the macroscopic cooperativity observed for the
binding of B is solely a consequence of the chelate cooper-
ativity associated with self-assembly of the c-AA-BB com-
plex.

The relationships between the macroscopic indicators of
cooperativity ny and cy (for the binding of B to the c-AA-BB
complex) and K EM (the molecular parameter that quantifies
the chelate cooperativity in the binding of BB to AA) are
shown in Figure 15. When K EM < 1, simple non-cooperative
binding of B is observed; ngy=1 and logcg =2. The Hill
coefficient ny increases with K EM and tends to a limiting
value of 2; logcy decreases as K EM increases and tends to a
lower limit of 1. In the strong chelate cooperativity regime,
the relationships of ny and cg with K EM shown in Figure 15
are strikingly similar to the relationships of ny and cg with a
shown in Figure 6. KEM and a are analogous measures of
two different types of cooperativity, and the denaturation
experiment reveals how they are related. Comparison of
Figure 6 and Figure 15 shows that allosteric cooperativity can
be positive or negative (depending on whether a > 1), where-
as chelate cooperativity is positive for all values of K EM.
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k T log cg or ny

log KEM ———

Figure 15. Relationship between the molecular parameter KEM and the
macroscopic parameters n, and ¢y for the denaturation of the self-
assembled complex ¢c-AA-BB by a monovalent ligand B.

The behavior of this system can be generalized to any
number (N) of interaction sites. For example, consider
denaturation of the 1:1 complex of a polytopic receptor
(A-+A) and a polyvalent ligand B---B (Figure 16a). If K EM <
1, cooperative self-assembly does not take place, and dena-
turant binding is non-cooperative (ny=1 and logcy =2).
However if KEM>1, denaturant binding competes with
cooperative self-assembly, and the denaturation isotherm
shows all the macroscopic hallmarks of positive allosteric
cooperativity. Binding isotherms for different values of N are
shown in Figure 16b. In the limit of strong chelate coopera-
tivity, ny tends to a value of NV, and logcg tends to a value of 2/
N. Binding of the Nth denaturant competes with an inter-
molecular interaction, whereas binding of the first (N—1)

a) 1
ik ke _ E?B'"B

SRR 434

b)

000

log K'[Bly ——a=

Figure 16. a) Denaturation of a 1:1 complex of a polytopic receptor
A---A and a complementary polyvalent ligand B---B, both with N
binding sites in the limit of strong chelate cooperativity. b) Denaturant
site occupancy 6, profiles plotted for N=1 (gray dots), N=2 (blue),
N=4 (red), and N=8 (black).""
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denaturants compete with intramolecular interactions. Thus,
the positive macroscopic cooperativity is a consequence of the
strong binding interaction with the final ligand.

Similar behavior is observed for the denaturation of any
self-assembled structure held together by cooperative intra-
molecular interactions, regardless of the architecture.

Denaturation is widely used to measure the stability of
biopolymer assemblies, such as proteins®? and oligonucleo-
tides.®™™ Often these are two-state equilibria, and Hill
coefficients can be used to quantify their cooperativity. For
example, the data for denaturation of lysozyme by guanidine
hydrochloride plotted in Figure 2b""! gives a linear Hill plot
in the range 0.1 <0, <0.9 with ng=17. This result implies
that each lysozyme molecule binds at least 17 molecules of
guanidine hydrochloride on denaturation. However, there are
problems with the interpretation of protein denaturation in
terms of binding models, because the protein does not have
discrete binding sites for the denaturant, and the activity of
the denaturant may not be proportional to its concentra-
tion.? In practice, the cooperativity of protein denaturation
is generally analyzed in terms of the empirical relationship in
Equation (9):5>3

~RTIn{60,/(1-0,)} = AG-mB], 9)

where —RT1In{6,/(1—0,)} is the free energy of protein folding
at a concentration of denaturant of [B]y, AG is the free energy
of folding in the absence of the denaturant, and m is a
macroscopic cooperativity parameter, which is found to be
proportional to the change in the solvent-accessible surface
area on unfolding.®

Surprisingly few denaturation experiments have been
reported for supramolecular systems. Whitesides and co-
workers have studied cooperativity in self-assembled H-
bonded complexes using DMSO denaturation.”® The coop-
erative formation of supramolecular ladders has been probed
by denaturation,” and binding curves for the displacement of
multivalent ligands from cyclic porphyrin oligomers with
pyridine match the simulated curves in Figure 16.”7

3. Standard State Considerations

The relationship between allosteric and chelate coopera-
tivity is illustrated by considering free energies. Here we
compare the free energy of formation of the complexes
AAB, and c-AA-BB (Figure 4a and Figure9). The free
energy of formation of AAB, is given by Equations (10) and
(11):

AGpp, = —RTIn(a K?) (10)

=2AG,3—RTIn(a) (11)

Positive cooperativity (a > 1) arises when the free energy
of formation of the assembly is more than the sum of the free
energies of the isolated interactions. Equations (12)-(14)
describe the corresponding case for formation of c-AA-BB
with a=1:
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AG, aaps = —RTIn(2EM K?) (12)
=2AG,3—RT1In (2EM) (13)
= AGAp—RTIn (2K EM) (14)

The apparent similarity of Equations (11) and (13) is
deceptive. Whereas a is the dimensionless ratio of two
bimolecular association constants, EM has units of concen-
tration, so the sign of In(2EM) depends on the choice of
standard state. The situation where 2EM = 1M has no special
significance. The dimensionless parameter that characterizes
cooperativity in self-assembled systems is the product K EM,
so Equation (13) should be rewritten as Equation (14). The
significance of the situation where (2 K EM) =1 is that it is the
threshold below which self-assembly does not perturb the
properties of the system. The thermodynamic analysis of
complexes with different numbers of components and inter-
actions is a common source of confusion: cooperativity in self-
assembled systems should be quantified by the dimensionless
product K EM rather than EM.

4. Conclusions

In this Essay, we have examined the two distinct types of
cooperativity that determine the speciation in supramolecular
and biological systems: allosteric and chelate cooperativity.
Chelate cooperativity is a feature of closed self-assembled
structures and operates even when the microscopic affinities
of the binding sites for monovalent ligands are all identical.
We have shown that chelate cooperativity can lead to
macroscopic behavior that is indistinguishable from that of
positive allosteric cooperativity. This is evident from the
concentration dependence of the self-assembly of closed
oligomers c-(AB)y (Figure 12) and from the denaturation of
self-assembled complexes c-AA-BB by addition of a denatur-
ant (Figure 14 and Figure 16). If one were only able to
observe the overall fraction of bound receptor sites 6, as a
function of the ligand concentration, then one would not be
able to distinguish chelate cooperativity from allosteric
cooperativity (compare Figure 8b with Figure 12 ¢, Figure 4d
with Figure 14 b, and Figure 7 with Figure 16b). In the limit of
strong positive cooperativity, a characteristic two-state speci-
ation profile with a stoichiometry-determined shape is
observed for allosteric ligand binding to a polytopic receptor,
self-assembly of an oligomeric complex, and denaturation of a
structure held together by multiple intermolecular interac-
tions.

Experimentally, both types of cooperativity can be
observed from the Hill coefficient ny and the concentration
switching window cp. At the molecular level, allosteric
cooperativity is characterized by the interaction parameter
a, while chelate cooperativity is characterized by product
KEM. In allosteric systems, cooperativity can be either
positive or negative, depending on the value of a, whereas
chelate cooperativity can only be positive. Comparison of
allosteric binding with denaturation of self-assembled com-
plexes reveals that the relationships of the macroscopic
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parameters ny and cg with a are very similar to the relation-
ships with K EM. In the limit of strong positive cooperativity
(a>1 or KEM > 1), the stoichiometry of the complex (N)
can be determined from titration experiments, where ny tends
to (N—1) and logcy tends to 2/(N—1), or from dilution
experiments, where logcy tends to 1+2/(N—1).

There are two cases in which the macroscopic parameters
ny and ci do not provide insight into the cooperativity that is
present at the molecular level: unimolecular folding and
bimolecular self-assembly. The former is independent of
concentration, and because the stoichiometry of the latter is
two, the binding isotherms have the same form as non-
cooperative binding that involves only one intermolecular
interaction. However, the presence of chelate cooperativity in
both cases can be revealed by denaturation.

The link between allosteric and chelate cooperativity is
exemplified by hemoglobin.'! Chelate cooperativity in he-
moglobin leads to formation of a self-assembled tetrameric
protein (Figure 1c). In mammalian hemoglobin, each part of
the tetramer binds oxygen in an allosteric manner (Figures 1a
and 2a). In hemoglobin from lamprey fish, oxygen binding
causes the four subunits to dissociate, and cooperativity in
ligand binding is associated with denaturation of the tetramer
(Figure 17). In this case, the frame of reference determines
whether the cooperativity is described as positive or negative:
as far as the ligand is concerned, the binding of one oxygen
molecule increases the affinity of the receptor for other
oxygen molecules (positive homotopic cooperativity); as far as
the receptor is concerned, the binding of one oxygen molecule
reduces the affinity of one hemoglobin monomer for another
hemoglobin monomer (negative heterotopic cooperativity).
Tabushi exploited the link between allosteric and chelate
cooperativity by showing that hemoglobin-like cooperativity
can be achieved using oxygen as a monovalent ligand to
displace a chelated divalent ligand from a metalloporphyrin
dimer (see Figure 13).5*

Allosteric cooperativity is widely recognized, and its
definition is unambiguous.”) However, there has been a
tendency to define cooperativity in such a way as to exclude
chelate effects. At the molecular level, chelate and allosteric
effects are completely different, but they can result in

)
-
T o}

Figure 17. Lamprey hemoglobin forms a self-assembled tetramer (top),
but oxygen binding (right) competes with subunit interactions. The
monomer has a higher affinity for oxygen than the tetramer, so the
species that dominate are the free tetramer and bound monomer. The
chelate cooperativity that stabilizes the tetramer leads to positive
allosteric cooperativity in oxygen binding.

+40,

—_— .
——

5*6‘55‘
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identical macroscopic cooperative behavior. Furthermore,
most natural and artificial examples of strong positive
cooperativity are cases of chelate cooperativity. Typical
microscopic association constants in supramolecular systems
are in the range 10*-10*M~" with typical effective molarities in
the range 10°-10'm,*" which lead to K EM values of 10—
10°, whereas the value of « is typically 107°~102.11%21 Many
apparent cases of strong positive allosteric cooperativity
actually involve chelation. For example, highly cooperative
nucleation—growth of open linear aggregates usually involves
the formation of helical or multistrand oligomers with closed
loops of intramolecular chelate interactions.? 4!

In reality, chelate and allosteric effects often exist
together in the same system. When the cooperating inter-
action sites are far apart, cooperativity is easy to quantify, as
discussed above. However, when the sites are close together,
this analysis becomes difficult, because an appropriate single-
site reference system may not be available. Consider a
guanine—cytosine base-pair for example. There is allosteric
cooperativity, which arises from secondary electrostatic
interactions between neighboring H-bond sites,*! and chelate
cooperativity, which stabilizes the triply H-bonded state
relative to partially bound intermediates. However, dissection
of the contributions of K EM and a is problematic because of
the difficulty in selecting the reference systems required to
estimate K values for the individual H-bond sites.*”

The recognition of chelate cooperativity, as similar to, but
different from, allosteric cooperativity, has important impli-
cations. For example, the realization that multivalent assem-
blies can be designed to exhibit sharp bound—free transitions
is useful in the creation of responsive materials, sensors, or
drug delivery systems, where small changes in conditions lead
to an abrupt switch in binding. Cooperativity is also funda-
mental to understanding the operation of biological systems,
where coordinated switching of molecular species between
discrete states is the key to managing complexity.

Abbreviations

a allosteric interaction parameter

[A] concentration of species A (free)

[A], total concentration of A, including free and
A bound to other species.

Cr concentration switching window

EM effective molarity

K association constant

K normalized association constant!'*!

log decadic logarithm

In natural logarithm

ny Hill coefficient

N number of binding sites

R gas constant

T temperature

AG free energy change of equilibrium

Oa site occupancy of receptor A
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