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Abstract
Biological processes rely on interactions between many binding partners. Binding results in the modulation of the con-

formational landscape of the interacting molecules, a phenomenon rooted in folding and binding cooperativity underlying

the allosteric functional regulation of biomacromolecules. The conformational equilibrium of a protein and the binding

equilibria of different interacting and cooperative ligands are coupled giving rise to a complex scenario in which protein

function can be finely tuned and modulated. Binding cooperativity and allostery add additional levels of complexity in

protein function regulation. Here we will review some important concepts associated with binding, cooperativity and

allostery in protein interactions, illustrated with several representative protein-dependent biological systems related to drug

discovery and physiological mechanisms characterization and studied by isothermal titration calorimetry.
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Introduction

Misura ciò che è misurabile, e rendi misurabile ciò

che non lo è

Galileo Galilei, 1564–1642

Biological processes can be rationalized on the basis of

multiple interactions between many binding partners. They

involve the interplay of multiple interacting agents; in

particular, proteins show complex conformational equilib-

ria, and at the same time, they are able to bind different

small and large biomolecules as ligands. Thus, very often

ligand binding results in the modulation of the conforma-

tional landscape (ensemble of conformational states and

their populations) of the protein, a phenomenon rooted in

folding and binding cooperativity, which is macroscopi-

cally observed as ligand-induced conformational changes.

The ligand-dependent conformational equilibrium of a

protein represent the structural and energetic basis of

allostery, a phenomenon underlying protein activity regu-

lation. The preexisting conformational equilibrium

between different conformational protein states and their

different ligand binding capabilities represents the basic

elements for the allosteric regulation that explains the

finely tuned biological response (protein activity or func-

tion) as a function of the biochemical input (concentration

of ligand: substrate, cofactor, inhibitor, activator).

A large percentage of the interactions studied in the

laboratory correspond to a simple 1:1 interaction. In
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addition, very often the influence of additional ligands on a

given interaction can be considered implicitly through

apparent binding parameters, and linkage relationships can

be employed for extracting invaluable information. How-

ever, there are some situations where complexity cannot be

avoided: (1) when binding cooperativity parameters are to

be quantified in a rigorous manner and (2) when the protein

possesses more than one ligand binding site.

Then, how is it possible to deal with such complexity?

The researcher must bear in mind important issues: (1)

Which physical model would be considered? (2) Which

experimental technique(s) will be employed? (3) Which

experimental setup would be designed and implemented?

(4) What information would be required prior to the

experimental work and data analysis? (5) What information

experimentally accessible would be available after the

experiments? and (6) Which are the limitations of the

model and the experimental techniques employed?

The general allosteric model is the appropriate concep-

tual and operational tool for handling simultaneously

conformational variability and ligand binding capability

[1]. Together with the formalism of the binding polynomial

or binding partition function [2–4], it is possible to study

virtually any biological system: not only allosteric systems,

but also polysteric systems.

Here we will review some important concepts associated

with binding, cooperativity and allostery in protein inter-

actions, illustrated with several representative protein-de-

pendent biological systems studied experimentally by

isothermal titration calorimetry. Although the analysis of

ITC experiments can be performed even without applying

nonlinear least squares fitting analysis, by relying on the

geometric features of the binding isotherm [5], the only

way to rigorously extract precise and valuable information

on complex interactions requires application of appropriate

models based on the binding polynomial, making use of

mass conservation and chemical equilibrium equations. A

detailed explanation of the application of the binding

polynomial and its application to ITC experiments can be

found elsewhere [6–8].

Cooperativity and allostery

Christian Bohr [9] reported the influence of carbon dioxide

concentration and pH on the ability of hemoglobin to bind

oxygen much earlier than the structural details on this

protein were elucidated. The interplay of oxygen, carbon

dioxide and free protons represents the prototypical

example of cooperative binding effects for which Wyman

coined much later the terms ‘‘homotropic’’ and ‘‘hetero-

tropic’’ cooperativity: The binding of a ligand is affected

by the binding of the same or a different ligand [4].

Additional evidences from other biological systems led

to establishing the concept of ‘‘allostery’’ and ‘‘allosteric

control’’, intimately connected to cooperativity, in which

ligand binding is coupled to a preexisting equilibrium

between different protein conformations exhibiting differ-

ent ligand binding affinities and activities [10, 11]. Ligand

binding shifts the populations of the protein states through

conformational transitions (‘‘allosteric transitions’’) gov-

erned by ligand affinity and regulates protein function by

conditioning further interactions. That way the binding of a

ligand may influence the binding of a subsequent ligand.

The phenomenological definition of allostery is the

control or modulation of the ligand binding equilibrium by

the binding of another ligand. In other words, the binding

of a ligand to a given site in a protein can be affected by the

occupation of another site by another ligand. However, that

simplistic interpretation sheds no light on a plausible

mechanism for allostery, and it may be erroneously con-

cluded that just mere ligand–protein collisions may be the

cause of regulatory protein conformational changes.

The original mechanistic definition of allostery, very

often overlooked nowadays, is the control or modulation of

the protein conformational equilibrium by the binding of a

ligand. The binding of a ligand to a given site in a protein

can affect the conformational equilibrium of the protein.

This conformational equilibrium controlled by ligand

binding will affect any additional ligand binding event

because the different conformational states within the

protein conformational landscape display different struc-

tural and functional properties.

The protein conformational landscape

It is currently assumed that the conformational landscape

of a protein contains not only the native, folded and

structured macrostate (an ensemble of closely structurally

and functionally related conformational microstates) with

the lowest Gibbs energy under native conditions, but also

the unfolded and unstructured macrostate with much higher

Gibbs energy, and a vast diversity of partially unfolded

states, many of them with intermediate Gibbs energies

between those of the native and the unfolded states, and

many of them with Gibbs energies much higher than that of

the unfolded macrostate. This complex conformational

landscape may be conditioned by the existence of structural

or energetic domains within the protein molecule, which

will restrict the conformational landscape from a practical

point of view to a set of discrete and distinguishable con-

formational macrostates in which those domains are either

fully structured or fully unstructured in a quasi-indepen-

dent fashion. In addition, this conformational landscape

may be controlled or modulated by ligand binding. The
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relevant conformational states will be those showing

intermediate energies between those of the native state and

the completely unfolded state. In general, the conforma-

tional landscape of a protein can be represented by a set of

many states characterized by their conformation and their

complexation with ligands. However, all those states can

be clustered according to structural and/or functional sim-

ilarities. For the rest of this work, we will consider a dis-

crete conformational landscape consisting of a set of

structurally and functionally distinguishable and relevant

macrostates, regarding conformation or ligand complexa-

tion; each macrostate consists of a subensemble or cluster

of structurally and functionally similar microstates (Fig. 1).

The population or the molar fraction of a given confor-

mational state depends on its Gibbs energy: The lower its

Gibbs energy, the larger its population, according to the

Maxwell–Boltzmann statistics. Ligand binding to a given

conformational state stabilizes and increases the population

of that state by reducing its overall (conformational plus

binding) Gibbs energy. As a result of the ligand interaction,

all states within the conformational landscape will undergo a

population change or shift, even for those states not inter-

acting with the ligand, because populations are dependent on

relative differences in Gibbs energies, not absolute Gibbs

energies. Some states will increase their population (those

preferentially interacting with the ligand), and some of them

will decrease their population (those not interacting with the

ligand). And therefore, ligand-induced conformational

changes are the macroscopic manifestations of ligand-

induced population shifts in the preexisting conformational

equilibrium, not the results or ‘‘side effects’’ of protein–li-

gand collisions. Because each conformational state may

exhibit different functional properties (e.g., binding a given

partner or certain enzymatic activity), the predominant states

in the conformational landscape of a protein determine the

functional properties of the protein. Thus, summarizing, the

interaction with a certain ligand: (1) alters the protein con-

formational landscape by modifying the population of the

different states and (2) modulates the protein function by

determining further interactions with other biomolecules

(Fig. 1).

From the previous discussion, it can be concluded that:

(1) all proteins are allosteric, since all proteins show a

conformational equilibrium controlled by ligand binding,

and ligand binding is further influenced by the binding of

additional ligands [1, 12]; and (2) all proteins exhibit

homotropic and heterotropic cooperativity, since any pro-

tein is able to interact with more than one ligand. The basic

example for these statements is the pH dependence of the

structural stability, the ligand binding affinity or the

activity in proteins as a result of the coupling with proton

association/dissociation equilibria. In addition, coopera-

tivity and allostery do not require quaternary structure or

molecular symmetry, because monomeric non-symmetric

proteins may display cooperativity and allostery.

Although cooperativity and allostery are deeply inter-

connected, from a rigorous point of view they are not fully

reciprocal: A protein exhibiting binding cooperativity is

(a) (c)(b) 

Fig. 1 Schematic representation of the conformational landscape of a

protein. Each circle represents a distinguishable conformational

macrostate, which is an ensemble of closely similar conformational

and functional microstates. The size of the circle is a measure of the

population, the molar fraction or the statistical mass of that state

within the full landscape. The lines connecting states represent

potential conformational transitions between different conformational

states. The most populated states dominate the landscape, and their

functional properties dominate the observed functional characteristics

of the protein under certain conditions. Different factors (e.g.,

temperature, pressure, ionic concentrations, presence of ligands and

mutations in the protein) can alter the conformational landscape by

modifying the population distribution of the conformational states.

Among those factors, ligand binding is one of the most determinant

factors in vivo. Given a conformational landscape dominated by a

certain conformational state (white circle) under certain circum-

stances (a), if a ligand (dark gray rectangle) is present, it may bind to

the most populated state, further stabilizing it and, therefore, not

exerting a significant alteration in the conformational landscape. But,

if the ligand binds to a less populated state (b) or to a negligibly

populated state (c) and stabilize it, that conformational state will now

be the predominant state governing the biological response (protein

function or activity). The extent of the stabilization and the

concomitant increase in the population for each state depends on

the ligand binding affinity, the ligand binding stoichiometry and the

concentration of ligand. Being ligand binding affinity and stoichiom-

etry intrinsic properties for each protein conformational state, the

nature of the ligand and its concentration is the biochemical input

resulting in a different biological response under certain

circumstances
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allosteric, but an allosteric protein does not necessarily

exhibit binding cooperativity. A minimal monomeric pro-

tein with a single binding site for a ligand and displaying

two conformational states, one of them able to interact with

the ligand, is an allosteric, because ligand binding will shift

the conformational landscape toward the binding-compe-

tent state, but it is not cooperative, since a single ligand

binding site cannot show cooperativity. The same occurs if

the two allosterically related conformational states are able

to bind the ligand, but one state shows higher affinity.

Importantly, because the two conformational states are in

equilibrium and they interconvert between each other, the

overall behavior is that of a protein with a single binding

site with apparent ensemble-averaged binding parameters,

no matter how large the extension of the conformational

change linking both conformational states is [7, 13].

Structural similarity or homology in proteins or ligands

does not result in similar behavior regarding binding

affinity, allostery or binding cooperativity. For example, it

is known that: (1) similar ligands bind to a given protein

with different binding affinities and/or different coopera-

tivity effects [14, 15]; (2) similar proteins bind the same

ligand with different binding affinities and/or different

cooperativity effects [16]; and (3) similar proteins exhibit

markedly different conformational landscapes and different

susceptibilities for the same ligand [17–19].

The general allosteric model: conformational
and ligand binding equilibria

Wyman realized the behavior of proteins interacting with

ligands could be modeled in a very general way through the

use of the general allosteric model and the binding poly-

nomial. Starting from them, key features, such as the

linkage relationships, can be outlined [4, 20, 21].

The general allosteric model is the formal representation

of the conformational landscape and its coupling with

ligand binding (Fig. 2). This model considers a variety of

conformational states Ps that are able to bind up to n

molecules of ligand A. Then, the binding polynomial, Z, for

the system is expressed as the relative fraction of all

macromolecular species taking as a reference the unli-

ganded, native state P0:

Z ¼
Xt

s¼0

Xn

i¼0

PsAi½ �
P0½ � ¼

Xt

s¼0

Xn

i¼0

bsi Ps½ � A½ �i

P0½ � ¼
Xt

s¼0

Xn

i¼0

bsics A½ �i

ð1Þ

where PsAi represents the complex between the protein in

conformational state s with i ligand A molecules bound and

bsi is its corresponding overall stoichiometric association

constant (that is, it represents an ensemble of different

complexes sharing the same conformational state and the

same number of ligand A molecules bound, but with

potentially many different internal configurations regarding

the location of the ligand A molecules within the macro-

molecule), and cs is the conformational equilibrium con-

stant for the conformational state s (with c0 = 1). The

fraction or population of each protein species in equilib-

rium is expressed as:

vsi ¼
PsAi½ �
P½ �T

¼ bsics A½ �i

Z
ð2Þ

and the main averages can be calculated directly or through

the first derivatives of the partition function:

DGh i ¼ �RT ln Z

nLB;A ¼
Xt

s¼0

Xn

i¼0

ivsi ¼
o ln Z

o ln A½ �

� �

T;p...

DHh i ¼
Xt

s¼0

Xn

i¼0

DHsivsi ¼ RT2 o ln Z

oT

� �

p; A½ �...

ð3Þ

where hDGi is the excess average Gibbs energy of the

system containing specifically the contribution of ligand

A binding, nLB,A is the average number of ligand

A molecules bound per protein molecule, T is the absolute

temperature, p is the pressure, DHsi is the overall binding

enthalpy associated with the formation of complex PsAi

and hDHi is the excess average binding enthalpy of the

system.

It can be demonstrated (see ‘‘Appendix’’) that the

overall stoichiometric association constants bsi’s can be

expressed as a function of the total number of binding sites,

n, the number of ligand A molecules bound per macro-

molecule, i, the first stoichiometric association constant for

ligand A, bs1 (or the intrinsic site-specific association

constant, K), and the cooperativity constant accounting for

homotropic cooperativity effects for ligand A binding, asi
(with as1 = 1 for all s; that is, there is no homotropic effect

for the first ligand bound):

bsi ¼
n

i

� �
n�ibis1asi ð4Þ

The binding equations are obtained when considering

the chemical equilibrium (basically, the binding polyno-

mial) together with the mass conservation principle:

A½ �T¼ A½ � þ P½ �TnLB;A ¼ A½ � þ P½ �T
o ln Z

o ln A½ �
P½ �T¼ P½ �Z

ð5Þ

and the calorimetric equation provides the heat effect, q,

per individual injection k (binding isotherm) when inject-

ing ligand A into protein P:
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qk ¼ V0 P½ �T;k DHh ik� DHh ik�1

� �

¼ V0

Xt

s¼0

Xn

i¼0

DHsi PsAi½ �k� PsAi½ �k�1 1� v

V0

� �� �
ð6Þ

where V0 is the calorimetric cell volume and v is the

injection volume. Nonlinear least squares regression data

analysis of the binding isotherm allows estimating the

overall binding parameters (bsi’s and DHis’s).

Not all overall association constants are independent;

because of the energy conservation principle, for each

square we can define in the global chart one of the con-

stants depends on the other three ones. In addition, and

fortunately, not all conformational states are able to bind

the ligand A, and therefore, most of the bsi’s are equal to

zero. There might be significant differences in binding

affinity among the conformational states able to bind ligand

A, and therefore, additional simplifications can be made if

certain low-affinity binding states can be neglected. This

kind of simplifications was previously assumed in the

Monod–Wyman–Changeux (MWC) model [10] and the

Koshland–Nemethy–Filmer (KNF) model [22], where the

general allosteric model is strongly simplified to a reduced

number of statistically and biologically significant protein

states.

A different kind of simplification can be applied if the

binding polynomial is renormalized as follows, by pro-

jecting downward the general chart (Fig. 2):

Z ¼
Pt

s¼0

Pn
i¼0 bsics A½ �i

Pn
i b0i A½ �i

¼
Xt

s¼0

cs

Pn
i¼0 bsi A½ �i

Pn
i¼0 b0i A½ �i

¼
Xt

s¼0

cs
Zs;A

Z0;A
¼
Xt

s¼0

capps ð7Þ

Any renormalization is performed by dividing the

binding polynomial by a set of terms representing a specific

subset of protein states, a subensemble that will be con-

sidered as a reference for the thermodynamic potentials and

whose thermodynamic parameters will be implicitly con-

sidered within apparent parameters. Therefore, in practice

any renormalization will consist of a simplification of the

protein conformational and functional landscape by

focusing only on a specific aspect of that system, while

keeping implicitly other secondary aspects. In fact, the

renormalization leading to a simplification in the binding

polynomial is commonly and implicitly assumed when the

description of the system is just based on one specific

aspect, either conformational equilibrium or ligand binding

equilibrium. In Eq. 7, the subensemble of P0Ai states (that

is, the native state with any number of ligand A molecules

bound) has been taken as a reference, and Z is simplified by

focusing the description just on the protein conformational

Fig. 2 Chart corresponding to the general allosteric model for the

coupling of conformational equilibrium and ligand binding (ho-

motropic cooperativity). Each conformational state has up to n

binding sites for ligand A. The conformational landscape of the

protein will be altered by the presence of ligand A: Depending on the

ligand binding capabilities (overall association constants and stoi-

chiometry) of the different conformational states Ps, their population

will increase, if ligand A binds preferentially, or decrease, if ligand

A does not bind preferentially or does not bind at all. Projecting

downward or rightward, and performing the appropriate renormal-

ization of the binding polynomial, this complex scenario is converted

into a quasi-simple conformational equilibrium or a protein–ligand

binding equilibrium (Eqs. 7–8), thus reducing the apparent complex-

ity of the system. However, the complexity of the system remains in

the apparent equilibrium constants (Eqs. 7–8)
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equilibrium and keeping ligand binding ‘‘hidden’’ into

apparent conformational constants capps . Zs,A is the sub-

polynomial restricted to the subensemble of Ps confor-

mation with any number of ligand A molecules bound,

and capps is the apparent conformational equilibrium con-

stant for the Ps conformation. This expression for Z is

used when studying the conformational equilibrium of a

protein and assessing the influence of ligand A binding.

The effect of ligand A binding is contained within the

apparent conformational constants. Equation 7 indicates

that the apparent conformational equilibrium constant for

the Ps conformation, capps , is equal to that constant in the

absence of ligand A modulated by two factors: the ligand

A-dependent binding subpolynomials for Ps and P0

conformations.

Another simplification can be applied if the binding

polynomial is renormalized as follows, by projecting the

general chart rightward (Fig. 2):

Z ¼
Pt

s¼0

Pn
i¼0 bsics A½ �iPt
s¼0 cs

¼
Xn

i¼0

Pt
s¼0 bsicsPt
s¼0 cs

A½ �i

¼
Xn

i¼0

bappi A½ �i ð8Þ

In this expression, the subensemble of ligand A-free Ps

conformation states (that is, any conformational state with

no ligand A molecules bound) has been taken as a refer-

ence, and Z is simplified by focusing the description just on

the ligand binding equilibrium and keeping the conforma-

tional equilibrium ‘‘hidden’’ into apparent binding con-

stants bappi . Thus, bappi is the apparent overall association

constant for the complex with i molecules of ligand A

bound. This expression for Z is used when studying the

ligand binding equilibrium of a protein and assessing the

influence of conformational equilibrium. The effect of the

conformational equilibrium is contained within the appar-

ent binding constants. Equation 8 indicates that the

apparent overall binding constant for the PAi complex,

bappi , is the population-weighted average of the individual

binding constants within the subensemble of PsAi

complexes.

The general allosteric model: two ligand
binding equilibria

The binding polynomial can also be generalized for a

macromolecule able to bind two ligands, A with n sites and

B with m sites (Fig. 3) [1]:

Z ¼
Xn

i¼0

Xm

j¼0

PAiBj

� �

P½ � ¼
Xn

i¼0

Xm

j¼0

bij A½ �i B½ �j ð9Þ

where bij is the overall association constant for the com-

plex PAiBj. The constant bij can be conveniently split into

two factors: bij = bi0bj/i, where bi0 is the overall associa-

tion constant for P ? Ai $ PAi and bj/i is the overall

association constant for PAi ? Bj $ PAiBj. Furthermore,

the constant bj/i can be factorized as: bj/i = b0jaij, where aij
accounts for the reciprocal (see ‘‘Appendix’’) heterotropic

cooperative effect between ligand A and ligand B binding

(with ai0 = a0j = 1; that is, there is no heterotropy between

molecules of the same ligand). Depending on the value of

aij, the binding of ligand A and ligand B will be indepen-

dent (aij = 1) or cooperative (aij = 1). The homotropy

between identical ligands is accounted for within bi0 and

b0j (Eq. 4). The fraction or population of each protein

species in equilibrium is expressed as:

vij ¼
PAiBj

� �

Z
¼

bij A½ �i B½ �j

Z
¼

bi0b0jaij A½ �i B½ �j

Z
ð10Þ

and the main averages can be calculated directly or through

the first derivatives of the partition function:

DGh i ¼ �RT ln Z

nLB;A ¼
Xn

i¼0

Xm

j¼0

ivij ¼
o ln Z

o ln A½ �

� �

T;p; B½ �...

nLB;B ¼
Xn

i¼0

Xm

j¼0

jvij ¼
o ln Z

o ln B½ �

� �

T;p; A½ �...

DHh i ¼
Xn

i¼0

Xm

j¼0

DHijvij ¼ RT2 o ln Z

oT

� �

p; A½ �; B½ �...

ð11Þ

where hDGi is the excess average Gibbs energy of the

system containing specifically the contribution of ligand

A and ligand B binding, nLB,A and nLB,B are the average

numbers of ligand A and ligand B molecules bound per

protein molecule, DHij is the overall binding enthalpy

associated with the formation of complex PAiBj and hDHi
is the excess average binding enthalpy of the system. It is

important to realize that Eq. 11 represent generalizations of

the usual link between the equilibrium constant and DG,
and the van’t Hoff equation or the Gibbs–Helmholtz

equation.

Again, the overall stoichiometric association constants

bi0’s and b0j’s can be expressed as a function of the total

number of binding sites, n or m, the number of ligand A and

ligand B molecules bound per macromolecule, i or j, the

first stoichiometric association constants for ligand A and

ligand B, b01 or b10 (or the intrinsic site-specific association
constants, KA and KB), and the cooperativity constant

accounting for homotropic cooperativity effects for ligand

A or ligand B binding, aAi or aBi :
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bi0 ¼
n

i

� �
n�ibi10a

A
i

b0j ¼
m

j

� �
m�jbj01a

B
j

ð12Þ

The binding equations are obtained when considering

the chemical equilibrium (basically, the binding polyno-

mial) together with the mass conservation principle:

A½ �T ¼ A½ � þ P½ �TnLB;A ¼ A½ � þ P½ �T
o ln Z

o ln A½ �

B½ �T ¼ B½ � þ P½ �TnLB;B ¼ B½ � þ P½ �T
o ln Z

o ln B½ �
P½ �T ¼ P½ �Z

ð13Þ

and the calorimetric equation provides the heat effect, q,

per individual injection k (binding isotherm) when inject-

ing ligand A into protein P in the presence of ligand B:

qk ¼ V0 P½ �T;k DHkh i � DHh ik�1

� �

¼ V0

Xn

i¼0

Xm

j¼0

DHij PAiBj

� �
k
� PAiBj

� �
k�1

1� v

V0

� �� �

ð14Þ

where V0 is the calorimetric cell volume and v is the

injection volume. Nonlinear least squares regression data

analysis of the binding isotherm allows estimating the

overall binding parameters (bij’s and DHij’s).

Not all overall association constants are independent;

because of the energy conservation principle, for each

square we can define in the global chart one of the con-

stants depends on the other three ones. In addition, and

fortunately, not all ligand A complexes would be able to

bind the ligand B, and therefore, many bij are equal to zero

(especially in the case of competitive ligands). There might

be significant differences in binding affinity for ligand

B among the ligand A complexes states, and therefore,

additional simplifications can be made if certain low-

affinity binding states can be neglected.

The binding polynomial can be renormalized as follows,

by projecting the general chart rightward (Fig. 3):

Z ¼
Pn

i¼0 bi0 A½ �i
Pm

j¼0 b0jaij B½ �j
Pm

j¼0 b0j B½ �j
¼
Xn

i¼0

bi0
Zi;B

Z0;B
A½ �i

¼
Xn

i¼0

bappi A½ �i ð15Þ

In this expression, the subensemble of ligand A-free

states PBj (that is, any complex with any ligand B mole-

cules and no ligand A bound) has been taken as a reference,

and Z is simplified by focusing the description just on

ligand A binding equilibrium, keeping the other ligand B

binding equilibrium ‘‘hidden’’ into apparent binding con-

stants bappi . Zi,B is the binding subpolynomial restricted to

the subensemble of state PAiBj with any ligand B mole-

cules bound and just i ligand A molecules bound, and bappi

is the apparent association constant for the subensemble of

states with i ligand A molecules bound. Equation 15 indi-

cates that the apparent overall binding constant for the state

PAi, b
app
i , is equal to that constant in the absence of ligand

Fig. 3 Chart corresponding to the general allosteric model for the

coupling of the binding of two different ligand bindings (heterotropic

cooperativity). Each conformational state has up to n binding sites for

ligand A and up to m binding sites for ligand B. The landscape of the

protein will be altered by the presence of ligand B: Depending on the

ligand B binding capabilities (overall association constants and

stoichiometry) of the different complexes PAi, their population will be

increase, if ligand B binds preferentially, or decrease, if ligand B does

not bind preferentially or does not bind at all. Projecting rightward,

and performing the appropriate renormalization of the binding

polynomial, this complex scenario is converted into a quasi-simple

protein–ligand binding equilibrium (Eq. 15), thus reducing the

apparent complexity of the system. However, the complexity of the

system remains in the apparent equilibrium constants for ligand

A (Eq. 15)
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B modulated by two factors: the ligand B-dependent

binding subpolynomials for states PAi and P.

The simplifications of the coupling between different

equilibria contained in Eqs. 7, 8 and 15 indicate that

apparent conformational and binding equilibrium constants

can be employed and the complexity of the system is

reduced considerably. This is usually done when studying

the conformational stability or the interaction of a given

protein as a function of certain ligand (e.g., protons, salt

ions, cofactor, small molecule, another protein). Using

apparent binding parameters allows reducing a complex

system and its binding equations (Eq. 13) to a simpler

system (Eq. 5). Using just apparent equilibrium constants

will provide very useful, but partial and incomplete,

information, as it will be shown below, and in order to get

additional insight into the energetics of the cooperative and

allosteric affects, the explicit functional dependence of the

apparent equilibrium constants on the concentration of the

additional ligand must be taken into account. The apparent

binding parameters contain implicitly the influence of the

additional ligand, and when convenient and possible, they

allow estimating the cooperativity parameters.

Of course, the binding polynomial can be further gen-

eralized in a straightforward manner for a protein exhibit-

ing a conformational equilibrium and able to bind two

different ligands. Similar simplifications are constructed by

projecting appropriately the three-dimensional (conforma-

tion, ligand A and ligand B) general chart for the general

allosteric model. As it will be shown in the next section,

each simplification of the general allosteric model leads to

a linkage relationship.

Linkage relationships

It can be concluded from Eq. 7 that:

capps ¼ cs
Zs;A

Z0;A

DGapp
s ¼ DGs þ DGs;A

� 	
� DG0;A

� 	

o ln capps

o ln A½ �

� �

T;p;...

¼ nLB;s;A � nLB;0;A ¼ DnLB;s;A

RT2 o ln capps

oT

� �

A½ �;p;...
¼ DHapp

s ¼ DHs þ Hs;A

� 	
� H0;A

� 	

ð16Þ

where nLB,s,A is the average number of ligand A molecules

bound per protein molecule in the subensemble of the Ps

conformation, DGs and DHs are the conformational Gibbs

energy and enthalpy for the Ps conformation, and hDGs,Ai
and hDHs,Ai are the excess average ligand binding Gibbs

energy and the enthalpy for ligand A in the subensemble of

the Ps conformation. Equations 16 contain well-known

linkage relationships between conformational equilibrium

and ligand binding [1].

The population of the conformational state Ps in the

absence of ligand A is given by:

vs ¼
csPt
s¼0 cs

ð17Þ

but in the presence of a certain concentration of ligand A is

given by:

vs ¼
Xn

i¼0

vsi ¼
Pn

i¼0 bsics A½ �i
Pt

s¼0

Pn
i¼0 bsics A½ �i

¼ cs
Zs;A

Z
ð18Þ

and the total Gibbs energy associated with that conforma-

tion Ps (intrinsic conformational energy plus that provided

by ligand A binding) considering the conformation P0 as a

reference, is given by (see Eq. 16):

DGapp
s ¼ �RT ln cs � RT ln

Xn

i¼0

bsi A½ �i
 !

þ RT ln
Xn

i¼0

b0i A½ �i
 !

ð19Þ

Interestingly, from Eq. 16, the conformational equilib-

rium constant will depend on ligand A if there is a differ-

ence in the binding extent for ligand A between

conformation Ps and P0 (i.e., if bsi[ b0i or bsi\ b0i):

o ln capps

o ln A½ �

� �

T;p;...

¼ DnLB;s;A ¼
Pn

i¼0 ibsi A½ �i
Pn

i¼0 bsi A½ �i
�
Pn

i¼0 ib0i A½ �i
Pn

i¼0 b0i A½ �i

ð20Þ

These last equations (Eqs. 19 and 20) indicate that

ligand A binding will elicit a decrease or an increase in the

overall Gibbs energy for conformation Ps, or ligand A will

promote the forward or backward P0 $ Ps process,

depending on the relative affinity for conformation Ps

compared to that of conformation P0: If ligand A binds

preferentially to conformation Ps (bsi[ b0i), the overall

Gibbs energy of conformation Ps is reduced and its popu-

lation is increased, promoting the conformational transition

from P0 to Ps; if ligand A binds preferentially to confor-

mation P0 (bsi\ b0i), the overall Gibbs energy of confor-

mation Ps is increased and its population is decreased,

promoting the conformational transition from Ps to P0.

It can be concluded from Eq. 14 that:
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bappi ¼ bi0
Zi;B

Z0;B

DGapp
i ¼DGi0þ DGi;B

� 	
� DG0;B

� 	

o lnbappi

o ln B½ �

� �

T;p;...

¼ nLB;i;B�nLB;0;B ¼DnLB;i;B

RT2 o lnbappi

oT

� �

B½ �;p;...
¼DHapp

i ¼DHi0þ DHi;B

� 	
� DH0;B

� 	

ð21Þ

where nLB,i,B is the average number of ligand B molecules

bound per protein molecule in the subensemble of states

with i molecules of ligand A bound, DGi0 and DHi0 are the

binding Gibbs energy and enthalpy for the complex PAi,

and hDGi,Bi and hDHi,Bi are the excess average binding

Gibbs energy and the enthalpy for ligand B in the

subensemble of states with i molecules of ligand A bound.

Equation 21 contains well-known linkage relationships for

the coupling of the binding of two ligands [1].

The population of a given ligation state PAi in the

absence of ligand B is given by:

vi ¼
bi A½ �i

Pn
i¼0 bi A½ �i

ð22Þ

but in the presence of a certain concentration of ligand B is

given by:

vi ¼
Xm

j¼0

vij ¼
Pm

j¼0 bi0b0jaij A½ �i B½ � j
Pn

i¼0

Pm
j¼0 bij A½ �i B½ � j

¼ bi0 A½ �iZi;B
Z

ð23Þ

and the total Gibbs energy associated with complex PAi

(intrinsic energy plus that provided by ligand B binding),

considering the ligand A-free subensemble as a reference,

is given by (see Eq. 21):

DGapp
i ¼ �RT ln bi0 � RT ln

Xm

j¼0

b0jaij B½ � j
 !

þ RT ln
Xm

j¼0

b0j B½ � j
 !

ð24Þ

Interestingly, from Eq. 21, the conformational equilib-

rium constant will depend on ligand B if there is a differ-

ence in the binding extent for ligand B between complex

PAi and ligand A-free P (i.e., if aij[ 1 or aij\ 1):

o ln bappi

o ln B½ �

� �

T;p; A½ �...
¼ DnLB;i;B

¼
Pm

i¼0 jb0jaij B½ � j
Pm

j¼0 b0jaij B½ � j
�
Pm

i¼0 jb0j B½ � j
Pm

j¼0 b0j B½ � j

ð25Þ

These last equations (Eqs. 24 and 25) indicate that

ligand B binding will elicit a decrease or an increase in the

overall Gibbs energy for complex PAi, or ligand B will

promote the forward or backward P $ PAi process,

depending on the relative affinity of state PAi for ligand

B compared to that of ligand A-free P: If ligand B binds

preferentially to complex PAi (aij[ 1), the overall Gibbs

energy of complex PAi is decreased and its population is

increased, promoting the ligand A association from P to

PAi; if ligand binds preferentially to ligand A-free P (aij-
\ 1), the overall Gibbs energy of complex PAi is increased

and its population is decreased, promoting ligand A disso-

ciation from PAi to P.

General linkage relationship

Considering ligand A as the primary ligand and ligand B as

the secondary ligand, it is obvious that Eqs. 16 and 21

share a common starting point:

Kapp
eq B½ �ð Þ ¼ Keq

Zq;B

Z0;B
ð26Þ

where Kapp
eq B½ �ð Þ is an apparent equilibrium constant (either

a conformational constant capps for the process P0 $ Ps, or a

binding constant bappi for the process P ? iA $ PAi) in the

presence of secondary ligand B and, therefore, dependent

on ligand B concentration and affinity. Keq is the intrinsic

equilibrium constant in the absence of secondary ligand B,

and the multiplying factor is the quotient of two binding

subpolynomials, accounting for the details of the coupling

between conformational and ligand B binding equilibria or

between ligand A and ligand B binding equilibria. Deriving

with respect to ligand B concentration, the following

expression can be obtained:

o lnKapp
eq B½ �ð Þ

o ln B½ �

� �

T;p;...

¼ DnLB;B ð27Þ

which indicates that the equilibrium constant for a given

process between two states and associated with confor-

mational transition or complex formation will depend on

ligand B concentration if the binding extent for ligand

B (number of ligand B molecules bound per protein

molecule) is different between the final and initial states of

the process.

This general linkage equation can be employed for

establishing conservation and variation theorems for Kapp
eq :

• Kapp
eq is constant (does not depend on ligand B concen-

tration) if and only if DnLB,B is zero. This will occur if

ligand B does not bind to any of the two states, or if
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ligand B binds equally to both states (i.e., bsi = b0i, or
aij = 1) with no allosteric and cooperative effect.

• Kapp
eq is not constant (depends on ligand B concentration)

if and only if DnLB,B is nonzero. This will occur if

ligand B binds preferentially to any of the two states

(i.e., bsi = b0i or aij = 1) through an allosteric and

cooperative fashion.

These statements derived from Eq. 27 represent the

mathematical formulation of the already stated principle

for which a ligand will stabilize and increase the population

of those (conformational or ligand A bound) states the

ligand binds preferentially to.

The relevance and power of Eq. 27 lie in its simplicity.

No matter what the intricacies of the conformational

equilibrium or the interaction with ligand A are, and what

underlying complexities of the coupling with ligand B there

are, this relationship provides information on the influence

of ligand B on a certain conformational change or a certain

binding process. The quantity DnLB,B is the net difference

in the binding extent of ligand B between two protein

states. DnLB,B can be a fractional number, because it is the

difference between two fractional numbers. The binding

extent, nLB, is a statistical average number of ligand

molecules bound per protein molecule. For that reason,

DnLB,B does not provide direct quantitative information on

the cooperativity or allosteric effect; it is not possible to

infer the differences in ligand B affinities between con-

formational states, i.e., bsi and b0i, or between complexes,

i.e., aij. However, it provides semiquantitative and very

useful information: DnLB,B indicates whether bsi is larger or
smaller than b0i, or whether aij is larger or smaller than 1.

In addition, it allows estimating how much Kapp
eq will vary

for a relatively small variation in ligand B concentration,

by integrating Eq. 27, and considering DnLB,B constant

within a small ligand B concentration range:

Kapp
eq B½ �ð Þ ¼ Kapp

eq B½ �0
� � B½ �

B½ �0

� �DnLB;B

DKapp
eq B½ �ð Þ

K
app
eq B½ �ð Þ ¼ DnLB;B

D B½ �
B½ �

ð28Þ

The reason for stating ‘‘a relatively small variation in

ligand B’’ is that, if different binding sites for ligand B,

with different binding affinities and different contributions

to DnLB,B, are present, then a non-constant DnLB,B value

along the practical range of ligand B concentration arises.

The parameter DnLB,B is related to the number of ligand

B binding sites (m), but it does not report such number.

Only in the case of almost no binding to one of the states

and high affinity to the other state linked by Keq (bsi & 0

and large b0i, or b0i & 0 and large bj0), or in the case of

high cooperativity (aij � 1 or aij � 1), DnLB,B will be

close to m at some ligand B concentration. The absolute

value of DnLB,B is a lower bound for m (m C |DnLB,B|).
In the case of an allosteric effect, the influence of ligand

B on capps will be maximal at an intermediate ligand B

concentration in the order of the overall dissociation con-

stants (see ‘‘Appendix’’). For very low or very high ligand

B concentrations, DnLB,s,B will be close to zero because the

ligand B binding extent to both states, Ps and P0, will be

similarly small or large. Likewise, in the case of a het-

erotropic effect, the influence of ligand B on bappi0 will be

maximal at an intermediate ligand B concentration in the

order of the overall dissociation constants (see ‘‘Ap-

pendix’’). For very low or very high ligand B concentra-

tions, DnLB,B will be close to 0 because the ligand

B binding extent to both states, PAi and P, will be similarly

small or large. In both cases, allostery and heterotropy, the

maximal value of DnLB,z,X (z : s or i, X : A or B) occurs

at the concentration of ligand X for which the derivative of

DnLB,z,X with respect to ligand X concentration vanishes

(i.e., the binding capacity of the protein for ligand X [1, 23]

is the same for both linked states, either Ps and P0, or PAi

and P).

The quantity DnLB,B is experimentally accessible by

constructing the Wyman plot: measuring Kapp
eq (conforma-

tional stability constant or binding affinity constant for

ligand A) as a function of ligand B concentration and

plotting ln(Kapp
eq ) versus ln([B]). Thus, the slope of the plot

is DnLB,B.
The connection of Eqs. 27 and 28 with the Le Chate-

lier’s principle is obvious: If a process characterized by an

equilibrium constant Kapp
eq is coupled to the association/

dissociation of ligand B through a net quantity DnLB,B, a
change in the concentration of ligand B will trigger a shift

in the overall equilibrium favoring certain protein (con-

formational and ligand A bound) states according to the

magnitude and sign of DnLB,B.
Other interesting linkage relationships can be obtained

from the application of Legendre transformations and

Maxwell relationships to the binding potential [1, 4].

Example 1: GltPh shows heterotropic aspartate
and sodium ions binding cooperativity

GltPh is an archeal homologue of mammalian glutamate

transporters that co-transports by symport an aspartate

molecule together with sodium ions [24, 25]. The favorable

internalization of sodium through its electrochemical gra-

dient provides energy for internalization of aspartate into

the cytoplasm against its concentration gradient. Aspartate

and sodium hardly bind to GltPh in the absence of each

other ligand. However, both ligands bind to the transporter

with high positive cooperativity [26], where a remarkable
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increase in affinity (aspartate dissociation constant Kd from

120 lM to 8 nM) is observed in a very small sodium

concentration range (Fig. 4a). The three aspartate binding

sites in this trimeric protein seem to behave as identical and

independent, and therefore, Kd = 1/K = 3/b1 (see Eq. 47).

The constant slope observed in the Wyman plot (qlnKd,asp/

qln[Na?] = - DnLB,Na) indicates that the three binding

sites for sodium in each subunit display identical binding

association constants (or they bind with very high homo-

tropic cooperativity) and that, within the experimental

range employed for sodium, the binding of aspartate results

in the same net change in the binding extent of sodium

between the aspartate-bound transporter and the aspartate-

free transporter, DnLB,Na (Fig. 4b). For much higher

sodium concentrations (much more than its intrinsic dis-

sociation constant, which is larger than 100 mM), DnLB,Na
would be diminished because of a larger preexisting

sodium saturation fraction for the aspartate-free trans-

porter. It can be concluded that: (1) aspartate and sodium

show positive heterotropic cooperativity (DnLB,Na = 0);

(2) sodium binds preferentially to the aspartate-bound

transporter (DnLB,Na[ 0); (3) at least three sodium ions

bind to each transporter subunit (m C 2.6); and (4) a ten-

fold difference in sodium concentration leads to a 400-fold

difference in aspartate affinity (according to Eq. 28).

Example 2: pH dependence of inhibitor binding
to HIV-1 protease

HIV-1 protease is one of the main targets for therapeutic

intervention against AIDS [27, 28]. KNI-272 belongs to the

family of allophenylnorstatine derivatives exhibiting

enthalpically driven binding to this enzyme [29]. Because

this enzyme has a single binding site for the ligand,
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Fig. 4 a Dependency of the dissociation constant Kd for aspartate

binding to trimeric GltPh as a function of sodium ion concentration.

The dissociation constant for aspartate, determined by isothermal

titration calorimetry and fluorescence spectroscopy, shows a marked

dependency on sodium concentration, indicating a heterotropic

cooperativity effect between aspartate and sodium [26]. b The

Wyman plot allows estimating the net difference in the binding extent

of sodium between the aspartate-bound GltPh and aspartate-free GltPh
(qlnKd,asp/qln[Na

?] = - DnLB,Na): DnLB,Na = 2.6, which indicates

that the binding of at least 3 sodium ions occurs cooperatively with

the binding of an aspartate molecule to each of the three subunits in

GltPh [26]. c Dependency of the association constant, K, for the

interaction of the inhibitor KNI-272 with the HIV-1 protease. The

association constant is not constant along the pH range, indicating

that the binding of the inhibitor is coupled to the de/protonation of

certain functional groups (heterotropic cooperativity between inhi-

bitor and protons) [29]. The slope of the Wyman plot at any pH is

equal to the net difference in proton binding extent, DnLB,H between

the inhibitor-bound state and the inhibitor-free state (qlogK/
qpH = - DnLB,H) at that pH. From pH 0 to pH 5.5 a deprotonation

event (DnLB,H\ 0) dominates the pH dependency of the inhibitor

association constant, while from pH 5.5 to pH 10 a protonation event

(DnLB,H[ 0) dominates that dependency. d Experiments performed

at the same pH with buffers with different ionization enthalpies

allowed estimating DnLB,H and DH0 for KNI-272 binding to HIV-1

protease from linear regression data analysis (Eq. 29). Experimental

data (observed experimental enthalpy of interaction) at pH 3.6

revealing DnLB,H\ 0 (closed squares) and at pH 6 revealing

DnLB,H[ 0 (open squares) as a function of the buffer ionization

enthalpy are shown
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b1 = K (see Eq. 47). According to an exhaustive charac-

terization of the inhibitor interaction as a function of pH, it

was found that the binding of the inhibitor is linked to the

protonation/deprotonation of two ionizable groups [29]. In

the free reactants state, these groups have pKa’s of 6.0 and

4.8, shifting to 6.6 and 2.9 in the bound reactant state.

These groups were identified as one of the aspartates in the

catalytic dyad in the protease (becoming protonated upon

inhibitor binding) and the isoquinoline nitrogen in the

inhibitor molecule (becoming deprotonated upon inhibitor

binding). The changes in pKa’s (changes in proton affinity)

experienced by those groups as a result of inhibitor binding

and the change in inhibitor affinity as a result of proton

association/dissociation reflect the reciprocal heterotropic

cooperative effect between proton and inhibitor binding.

The variable slope observed in the Wyman plot (Fig. 4c)

indicates that DnLB,H is not a constant quantity because

there are two groups involved in the proton exchange

process, with different proton affinities (different pKa’s)

and with different cooperative effects and susceptibilities

(undergoing different pKa changes), resulting in a different

binding extent of protons (proton saturation fraction) to the

inhibitor-free and inhibitor-bound states at different pHs.

It can be concluded that: (1) inhibitor and protons show

negative heterotropic cooperativity at acidic pH (deproto-

nation upon binding, DnLB,H\ 0) and positive heterotropic

cooperativity at neutral pH (protonation upon binding,

DnLB,H[ 0); (2) at acidic pH protons bind preferentially to

the inhibitor-free state (DnLB,H\ 0), while at neutral pH

protons bind preferentially to the inhibitor-bound state

(DnLB,H[ 0); (3) at least two ionizable groups are

involved in the proton exchange process (not because of

the magnitude of DnLB,H, but because of the biphasic shape
observed in Fig. 4c); (4) along the deprotonation at acidic

pH, a pH change of 1 unit or a tenfold difference in free

proton concentration leads to a sixfold difference in inhi-

bitor affinity, while along the protonation at neutral pH, a

pH change of 1 unit leads to a twofold difference in inhi-

bitor affinity (according to Eq. 28) and (5) the maximal

inhibitor binding affinity is observed around pH 5–6

(DnLB,H & 0).

The quantity DnLB,H can be more conveniently deter-

mined by performing calorimetric titrations using buffers

with similar pKa and different ionization enthalpies

(Fig. 4d). The observed interaction enthalpy, DHobs, can be

plotted as a function of the ionization enthalpy of the buffer

employed, DHion,buffer, and DnLB,H and DH0 (buffer-inde-

pendent ligand binding enthalpy) can be readily estimated

as the slope and y-axis intercept from linear regression

analysis:

DHobs ¼ DH0 þ DnLB;HDHion;buffer ð29Þ

A detailed analysis of DnLB,H and DH0 as a function of

pH allowed dissecting the proton exchange contributions to

the overall inhibitor binding energetics and outlining the

pH dependency of the inhibitor association constant

(Fig. 4c) [29]. Proton exchange coupling is a specific,

widespread example of heterotropic cooperativity in pro-

teins. If a protein has a single ligand binding site for a

ligand (with association constant K = b1), and m protona-

tion sites (in the protein or in the ligand) that undergo

changes in their pKa from pKfree
a;j to pKbound

a;j upon ligand

binding, Eqs. 21–25 can be translated to a more familiar

form:

Kapp ¼ K

Qm
j¼0 1þ 10pK

bound
a;j �pH


 �

Qm
j¼0 1þ 10pK

free
a;j �pH


 �

DnLB;H ¼
Xm

j¼0

10pK
bound
a;j �pH

1þ 10pK
bound
a;j �pH

�
Xm

j¼0

10pK
free
a;j �pH

1þ 10pK
free
a;j �pH

DH0 ¼ DHint þ
Xm

j¼0

10pK
bound
a;j �pH

1þ 10pK
bound
a;j �pH

DHbound
a;j

�
Xm

j¼0

10pK
free
a;j �pH

1þ 10pK
free
a;j �pH

DHfree
a;j

ð30Þ

where DHint is the pH-independent (completely deproto-

nated interacting species) ligand binding enthalpy and

DHa,j is the protonation enthalpy for a given proton

binding site (which, similar to pKa,j, may be different

whether or not the ligand is bound). The proton binding

subpolynomials Zbound,H and Zfree,H have been conve-

niently factorized assuming that the set of proton binding

sites behave independently, and the removal of the

enthalpic contribution from the buffer indicated in Eq. 29

has previously been applied. These are well-known rela-

tionships for the pH dependency of ligand binding

parameters due to coupling of proton exchange at ioniz-

able groups [13, 30].

Allostery exists beyond protein interactions, and similar

phenomena can be found in other systems. In particular, the

formation of pH-dependent non-canonical base pairs in

DNA and RNA coupled to changes in pKa’s is another

appropriate example of interaction coupled to proton

exchange, similar to the interaction of the inhibitors with

the HIV-1 protease [31].

Example 3: NQO1 shows homotropic FAD-
binding cooperativity

NQO1 NAD(P)H quinone dehydrogenase 1 is an FAD-

binding homodimeric protein responsible for the reduction

of quinones and intervening in essential cellular detoxifi-

cation processes and activation of antitumor quinone-
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related prodrugs [32]. Deficiency in NQO1 activity results

in decreased p53 stability, as well as chemoresistance due

to inefficient prodrug activation. NQO1-FAD interaction is

an excellent system to study homotropic cooperativity,

because NQO1 binds two FAD molecules per dimer in a

cooperative fashion [33].

A global analysis of calorimetric titrations (Fig. 5a) at

different temperatures was performed applying a homo-

tropy model for two binding sites (n = 2) [7, 8, 34]:

Z ¼ 1þ b1 A½ � þ b2 A½ �2 ð31Þ

where the constants b’s already contain implicitly the

conformational heterogeneity in the protein (Eq. 8).

According to Eqs. 4 and 49, the binding polynomial can be

written in terms of the overall constant b1 (or the site-

specific association constant K) and the homotropic coop-

erativity constant a2:

Z ¼ 1þ b1 A½ � þ 1

4
b21a2 A½ �2¼ 1þ 2K A½ � þ K2a2 A½ �2

ð32Þ

The influence of the temperature was implemented

considering the extended van’t Hoff equation with nonzero

binding heat capacity in order to estimate the intrinsic

FAD-binding parameters and the cooperative FAD-binding

parameters (Fig. 5a). The cooperative behavior of FAD

binding is not apparent at all temperatures, because of the

temperature dependency of the cooperativity binding

parameters. Thus, the requirement for performing titrations

at different temperatures in order to confirm whether or not

ligand binding to a given protein is cooperative cannot be

overemphasized. From those experiments, it was concluded

that the second FAD molecule binds to the dimer with half

the binding affinity of the first molecule (a2 = 0.53), and

this cooperative effect is dominated by a favorable

enthalpic contribution of - 50 kJ mol-1, accompanied by

an unfavorable entropic contribution of 52 kJ mol-1 [34].

Communication of biochemical signals within multi-

meric allosteric proteins still remains poorly understood,

even for dimeric systems such as NQO1. Homodimeric

proteins represent model systems for observing confor-

mational and dynamic processes interconnecting active

sites. Combined complementary experimental techniques

can be used to assess binding and cooperativity energetics,

as well as local and global structural changes occurring in

the protein [35].

Example 4: Hepatitis C virus NS3 protease shows
heterotropic substrate and NS4A cofactor
binding cooperativity

The life cycle of the hepatitis C virus in infected cells

requires the expression of a polyprotein that must be pro-

cessed by host and viral proteases [36, 37]. NS3 protease is

one of those two viral proteases and a main therapeutic

target against hepatitis C virus. NS3 protease is a zinc-

dependent enzyme which requires the binding of an addi-

tional viral cofactor, NS4A, for proper configuration of the

catalytic triad in the substrate binding site. The interplay

between substrate and cofactor was studied by ITC con-

sidering a simple heterotropic model for two ligands

binding to a protein (n = 1, m = 1) [7, 38]:
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Fig. 5 a Calorimetric titrations for NQO1 interacting with FAD at

different temperatures. Increasing the temperature led to a more

pronounced enthalpically favored cooperativity effect. Applying a

global analysis for a homotropic protein with two ligand binding sites

together with the van’t Hoff equation for the intrinsic and cooperative

binding parameters allowed estimating the intrinsic binding param-

eters (b1 = 1.8�108 M-1, DH1 = - 93 kJ mol-1, DCP1

= - 3.3 kJ K-1 mol-1) and the cooperative binding parameters

(a2 = 0.53, Dh2 = - 50 kJ mol-1, DcP2 = - 4.6 kJ K-1 mol-1) at

25 �C [34]. b Calorimetric titrations for hepatitis C virus NS3

protease interacting with its substrate in the absence (closed squares)

and the presence (open squares) of the viral NS4A cofactor (at

200 lM concentration of NS4A, with b01 = 105 M-1, which repre-

sents an almost saturating concentration) [38]. The inactive single-

point mutant S139A of the protease was employed. Substrate titrated

into the protease provided the binding parameters: b10 = 8.1�105 M-1,

DH10 = 16.3 kJ mol-1), and the apparent binding parameters:

bapp10 = 4.2�106 M-1, DHapp
10 = - 16.2 kJ mol-1). Then, the coopera-

tive interaction parameters can be calculated: a11 = 5.2 and Dh11
= - 32.5 kJ mol-1, according to Eq. 37 [38]. With no approximation

(Eq. 36), a value of 5.4 is estimated for a11
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Z ¼ 1þ b10 A½ � þ b01 B½ � þ b11 A½ � B½ � ð33Þ

that can be written in terms of the heterotropic interaction

constant a11:

Z ¼ 1þ b10 A½ � þ b01 B½ � þ b10b01a11 A½ � B½ � ð34Þ

Instead of solving the ternary equilibrium (Eq. 13)

[39, 40], the binding polynomial can be renormalized on

the basis of ligand B (Eq. 15):

Z ¼ 1þ b10
1þ b01a11 B½ �
1þ b01 B½ � A½ � ¼ 1þ bapp10 A½ � ð35Þ

from which the following relationships can be obtained

(see Eq. 61):

bapp10 ¼ b10
1þ b01a11 B½ �
1þ b01 B½ �

DHapp
10 ¼ DH10 �

b01 B½ �
1þ b01 B½ �DH01

þ b01a11 B½ �
1þ b01a11 B½ � DH01 þ Dh11ð Þ

ð36Þ

where Dh11 is the binding cooperativity enthalpy.

If ligand B can be employed at a saturating concentra-

tion, the apparent binding parameters for ligand A are

simplified to:

bapp10 � b10a11
DHapp

10 � H10 þ Dh11
ð37Þ

and then, the cooperativity parameters can be readily

estimated through Eq. 37 by just performing two titrations

and analyzing them as simple binary titrations: One titra-

tion consists of injecting ligand A into protein (binary

titration) and provides b10 and DH10, and the other one

consists of injecting ligand A into protein mixed with

ligand B at saturating concentration (ternary titration) and

provides bapp10 and DHapp
10 . Otherwise, there are two alter-

natives: (1) obtain the intrinsic binding parameters for each

ligand through binary titrations (b10, b01, DH10 and DH01),

and then, perform a ternary titration and solve the exact

ternary equilibrium in order to account explicitly for the

interplay between both ligands and obtain a11 and Dh11
[39, 40]; or (2) perform several ternary titrations under

different ligand B concentrations, analyze them as binary

titrations, obtain bapp10 and DHapp
10 at several ligand B con-

centrations, and use Eqs. 36 in order to estimate the

intrinsic binding parameters (b10, b01, DH10 and DH01), and

the cooperative binding parameters (a11 and Dh11) by

nonlinear regression analysis [40, 41]. The problem in this

last procedure is that at low/moderate ligand B concen-

tration the concentration of ligand B is not constant through

the calorimetric titration, and if the affinity of ligand B is

high, subsaturating concentrations of ligand B may result in

biphasic binding isotherms. From the previous discussion,

the differences between b10, b
app
10 and b10a11 are obvious:

bapp10 is an apparent association constant for ligand A

dependent on concentration and binding affinity of ligand

B. bapp10 has two limiting vales: (1) b10, the intrinsic asso-

ciation constant for ligand A in the absence of ligand B, and

(2) b10a11, the value for bapp10 at very high concentration of

ligand B.

According to Eq. 37, performing just two titrations

(substrate as ligand A into enzyme and substrate into

enzyme saturated with NS4A cofactor as ligand B), it was

possible to obtain the binding parameters for the substrate

binding to the enzyme: b10 = 8.1�105 M-1, DH10-

= 16.3 kJ mol-1, as well as the apparent binding param-

eters for the substrate binding to the protein in the presence

of saturating cofactor concentration: bapp10 = 4.2�106 M-1,

DHapp
10 = - 16.2 kJ mol-1 (Fig. 5b) [38]. Then, the coop-

erative interaction parameters, a11 = 5.2 and Dh11-
= - 32.5 kJ mol-1, could be calculated using Eq. 37,

without the need for determining the intrinsic binding

parameters for the NS4A cofactor (b01 and DH01). Sub-

strate and NS4A cofactor binding show positive hetero-

tropic cooperativity: The binding of any of the two ligands

increases the binding affinity of the other ligand by a

fivefold factor.

Example 5: Interaction of nucleotides with F1-
ATPase subunits is modulated by magnesium
through an heterotropic cooperative fashion

The F-ATPase is part of the mitochondrial machinery

responsible for synthesizing ATP from the chemical energy

stored as an electrochemical gradient of protons generated

through electron transfer processes [42]. The F1 domain of

the ATPase is oriented toward the mitochondrial matrix

and is able to synthesize ATP from ADP, while the F0

domain is embedded in the mitochondrial inner membrane

and is in charge of coupling the energetically favorable

channeling of protons from the intermembrane space to the

matrix. Among other elements, F1 domain contains three

alpha and three beta subunits conforming a heterohexamer.

Each subunit is able to interact with ADP and ATP.

Because nucleotides are very often complexed with mag-

nesium, in order to understand the global ATP synthesis

process, it was important to determine: (1) the ability of

those subunits for discriminating both nucleotides and (2)

the influence of magnesium in the nucleotide recognition.

For that purpose, the interaction of ATP and ADP with

alpha and beta subunits was measured by ITC in the

absence and the presence of magnesium [43, 44]. The

binary experiments consisting in titrating nucleotides into

protein subunits do not pose any problem, but in the ternary
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experiments it will be difficult to extract meaningful

information unless we deal with the underlying complex-

ity: Nucleotides can bind magnesium, and there will be

different species populations (free nucleotide, nucleotide

with one magnesium ion bound and nucleotide with two

magnesium ions bound in the case of ATP); at the same

time, protein subunits may interact with magnesium-free

and magnesium-bound nucleotides.

The interplay between the three elements can be best

studied if we center the system on the nucleotide molecule,

which is able to interact with magnesium and protein sub-

units. Thus, magnesium (ligand B) and protein subunit (li-

gand A) play the role of ligands for the nucleotide. These

ligands show homotropic cooperativity (magnesium binding

to nucleotide) and heterotropic cooperativity. Therefore, this

is an example of homotropy and heterotropy coupling. The

binding polynomial for the system is (n = 1, m = 2):

Z ¼ 1þ b10 A½ � þ b01 B½ � þ b02 B½ �2þb11 A½ � B½ � ð38Þ

with b02 = 0 in the case of ADP. This expression can be

written in terms of the homotropic and heterotropic inter-

action constants aB2 and a11 (see Eqs. 4 and 49):

Z ¼ 1þ b10 A½ � þ b01 B½ � þ 1

4
b201a

B
2 B½ �2þb10b01a11 A½ � B½ �

ð39Þ

Renormalization of the binding polynomial for simpli-

fying the system does not offer much benefit, and the

ternary equilibrium must be solved (Eq. 13). Therefore, a

set of experiments was performed: (1) magnesium titrated

into nucleotide (for estimating b01 and DH11, and b02 and
DH02, or aB2 and DhB2 ); (2) nucleotide titrated into protein

subunit (for estimating b10 and DH10); and (3) nucleotide

titrated into protein subunit in the presence of magnesium

(for estimating a11 and Dh11) [43, 44]. From those exper-

iments, it was found that: (1) beta subunit binds Mg?2:ATP

and Mg?2:ADP with similar affinity, while alpha subunit

binds Mg?2:ATP with higher affinity; (2) there is negative

homotropic cooperativity for ATP interacting with Mg?2

(aB2 = 0.01); (3) there is positive heterotropic cooperativity

for ATP and Mg?2 binding to beta and alpha subunits

(a11 = 8 and 300, respectively); and (4) there is negligible

heterotropic cooperativity for ADP and Mg?2 binding to

beta and alpha subunits (a11 close to 1).

Although this formalism is appropriate, it is interesting

to note that, contrary to FAD binding to homodimeric

NQO1, magnesium binding to ATP could not be consid-

ered as a system with two identical binding sites with

homotropic cooperativity, but two nonidentical binding

sites with intrinsic site-specific association constants K1

and K2 (with K1[K2). In that case, the site-specific

association constants for magnesium binding to ATP are

related to the overall association constants by:

b01 ¼ K1 þ K2

b02 ¼ K1K2

ð40Þ

and

K1 ¼
1

2
b01 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� aB2

q� �

K2 ¼
1

2
b01 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� aB2

q� � ð41Þ

from which

aB2 ¼ 4K1K2

K1 þ K2ð Þ2
ð42Þ

If aB2 = 1, then K2 = K1 and both sites are identical and

there is no homotropic effect; if aB2 = 0, thenK2 = 0 and both

sites are reciprocally excluding each other and exhibit

maximal negative homotropic cooperativity. For small val-

ues of aB2 (i.e., K2 � K1), which is the case for

ATP/magnesium:

K1 � b01 1� aB2
4

� �

K2 � b01
aB2
4

K2

K1

� aB2
4

ð43Þ

Similar control and regulatory mechanisms exerted by

metal ions can be found in other systems. In particular,

RNA interaction with magnesium is another nice example

of allosteric control of conformation by ligand interaction,

resulting in considerable structural rearrangements in

RNA, which will influence subsequent binding of other

ligands through cooperative heterotropic interactions [45].

Final remarks

In biological interactions, both thermodynamics and

kinetics govern the populations of the different possible

conformational states, ligand complexes and their inter-

conversions. In fact, protein conformational dynamics can

dictate binding affinity [46], which may modulate further

interactions. Reciprocally, allosteric control of the con-

formational landscape may not only alter the predominant

conformational states by stabilizing and populating certain

preferential Gibbs energy basin locations in the confor-

mational landscape and resulting in conformational tran-

sitions, but it also modulates the width of those Gibbs

energy basins which dictates the dynamic properties of the
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conformational states and the rates of the conformational

transitions [47, 48]. The reduced amount of accumulated

knowledge on the dynamics of allosteric transitions in

proteins is likely due to the small size of structural changes

in the protein elicited by allosteric effectors and the chal-

lenges in the design of appropriate experiments directed at

observing those allosteric transitions [49].

The binding polynomial is a general representation of all

protein species in equilibrium, which, though a limited

representation that overlooks protein kinetics and dynam-

ics, is a useful steady-state representation that describes

reasonably well key aspects of the system. The main

benefit from using the binding polynomial formalism is

twofold. First, it provides a general, systematic, versatile

framework for the description of the chemical equilibria in

biological interactions, even for allosteric or polysteric

systems. And second, it provides tools (e.g., linkage rela-

tionships and Wyman representation) that can be employed

in a straightforward way to extract valuable information

about those biological interactions, without the need to

develop system-dependent ad hoc procedures.

Allosteric interactions are physiologically important for

controlling and regulating protein function and protein-

dependent signaling networks. Therefore, distortion of

allosteric interactions, caused directly by protein mutations

or indirectly by inappropriate provision of allosteric

effectors, may constitute the molecular basis of a disease

[50, 51]. On the other hand, allosteric effectors represent an

important set of potential drugs intended for innovative

therapies [52]. Allosteric drugs may exhibit strategic

advantages; in particular, allosteric ligands do not have to

compete with natural ligands for binding to the orthosteric

site in the protein target, and they may show better target

specificity and selectivity profile provided that allosteric

sites seem to be less conserved than orthosteric sites [50].

Allosteric drugs may be even more important in the case of

targeting protein–protein interactions, fundamental ele-

ments in a wide range of biological processes, which, due

to their large, shallow and featureless binding interfaces,

are quite challenging for small molecule drug design [53].

Allostery has been thought to rely on well-defined

intramolecular pathways able to communicate and transmit

structural and dynamical perturbations between distant

locations within the protein molecule. However, a wider

interpretation and description of allostery in terms of the

energetics of conformational changes and allosteric inter-

actions has made possible to explain observations in sce-

narios apparently lacking site-to-site coupling and

intermolecular pathways: allosteric phenomena in the

absence of structural distortions and the ability of some

effectors to act as allosteric agonists or antagonists depend-

ing on the circumstances [54].

Allosteric interactions are important for all proteins.

However, because of the remarkable structural plasticity of

intrinsically disordered proteins and their ability to adapt to

multiple environments exemplified by their capability to

interact with numerous biological partners, allosteric

interactions may be even more important among this group

of proteins [55–57]. In fact, allostery within or mediated by

intrinsically disordered proteins ensures robust and effi-

cient biochemical signal integration and transduction

through mechanisms that would be unfavorable or even

impossible for well-folded proteins [58, 59].

The MWC and KNF can be used to simplify the con-

formational landscape and reduce the complexity of the

binding polynomial and the description of the cooperative

protein system. While these two models are able to

reproduce homotropic cooperative behavior, they show

significant differences: (1) MWC cannot be applied for

negative ligand binding cooperativity; (2) MWC only

involves two conformational states linked by a global

concerted conformational change in the protein, while KNF

involves a sequence of local conformational changes, with

as many conformational states as the number of ligand

binding sites; (3) if the number of binding sites is larger

than 3, KNF requires more parameters than MWC; and (4)

because of the global concerted structural and functional

change, MWC is able to explain a simultaneous dual

activating/inhibiting role for the same ligand [60], while

the gradual, sequential structural and functional change in

KNF is only able to explain an activating or inhibiting role

for a given ligand.

Finally, a protein with a single binding site for ligand

A cannot exhibit a biphasic titration (i.e., a titration for

which the isotherm shows more than one potential inflec-

tion point). By particularizing Eqs. 8 and 15 for n = 1, it is

obvious that the protein must exhibit a single apparent

binding association and, therefore, a single apparent bind-

ing enthalpy. From Eq. 8, the apparent binding constant is

the population-weighted average binding constant over the

ensemble with all possible conformational estates. Non-

binding conformational states contribute by reducing the

effective apparent binding constant; however, if they are in

equilibrium within the global ensemble, they do not reduce

the fraction of binding-competent protein because of their

interconversion with binding states (unless there are

remarkable kinetic barriers). And from Eq. 15, the apparent

binding constant is the normalized binding constant con-

sidering the binding subpolynomials for ligand B, with the

subensemble of ligand A-free states as a reference. Con-

sequently, if a non-monophasic binding isotherm is

observed for ligand A, it is possible that: (1) there is more

than one binding site for ligand A (with or without coop-

erativity); (2) there is no equilibrium between some protein

conformational exhibiting different affinities for ligand A;
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(3) there is no equilibrium between some ligand B-bound

states exhibiting different affinities for ligand A; or (4)

ligand B shows high affinity and allosteric coupling with

ligand A and is present at a subsaturating concentration. In

other words, in general, conformational changes or sec-

ondary ligands (un)binding cannot be invoked to explain

non-monophasic titrations.

It is important to remind that, in principle, there is a

huge number of possible conformational states and a huge

number of possible secondary ligands for a given protein,

all of them a priori unknown or irrelevant to the experi-

menter, and they can be implicitly considered and hidden

within the apparent binding constants when a simplified or

renormalized form of the binding polynomial is employed.

The experimental strategy usually starts with the simplest

model and binding polynomial, and as the number of fac-

tors (temperature, pH, co-solutes and additional ligands)

entering into play increases and more information on the

interaction is gathered, the binding polynomial may be

conveniently expanded/simplified. Thus, conformational

changes or secondary ligand binding are not explicitly

reflected in the calorimetric isotherms, but through the

dependency of the apparent binding parameters on the

environmental variables (temperature, pH, ionic strength,

co-solute concentration, etc.).
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Appendix

The overall association constants bi can be
expressed as a function of b1

It can be demonstrated that the overall stoichiometric

association constant bsi for the formation of complex PsAi

can be expressed as a function of the total number of

binding sites, n, the number of ligand A molecules bound

per macromolecule, i, the intrinsic site-specific association

constant for ligand A, bs1 (that is, the overall stoichiometric

association constant for the formation of complex PsA),

and the cooperativity constant accounting for homotropic

cooperativity effects for ligand A binding, asi:

bsi ¼
n

i

� �
n�ibis1asi ð44Þ

If a protein conformational state P has n identical and

independent binding sites for ligand A, the binding poly-

nomial factorizes into identical terms, each one represent-

ing one of the ligand binding sites as a subsystem:

Z ¼
Xn

i¼0

bi A½ �i¼ 1þ K A½ �ð Þn ð45Þ

where K is the intrinsic site-specific association constant

for each of the ligand binding sites. From that expression, it

is obvious that:

bi ¼
n

i

� �
K i ð46Þ

with:

b1 ¼ nK ð47Þ

and from that:

bi ¼
n

i

� �
n�ibi1 ð48Þ

Then, potential homotropic cooperative effects can be

accounted for by introducing an additional factor ai, with
a1 = 1, because there is no homotropic effect for the first

bound ligand:

bi ¼
n

i

� �
n�ibi1ai ð49Þ

This expression is completely general and it can be

applied to any situation (i.e., identical or nonidentical

binding sites, cooperative or non-cooperative sites) by

decomposing b1 and ai into additional factors [8]. Such

decomposition will help in reducing the number of binding

parameters required in the model [61].

From Eq. (46), the binding polynomial can be factorized

into identical terms if, for all i’s, it is fulfilled that [1]:

bi
n

i

� �

bi�1

n

i� 1

� �

0
BB@

1
CCA

i=i� 1
¼ 1 ð50Þ

And it can be factorized into nonidentical terms if, for

all i’s, it is fulfilled that [1]:
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bi
n

i

� �

bi�1

n

i� 1

� �

0

BB@

1

CCA

i=i� 1
\1 ð51Þ

Therefore, the ligand binding sites are identical and

independent if:

ai

ai�1ð Þi=i� 1
¼ 1 ð52Þ

and the ligand binding sites are nonidentical and indepen-

dent if:

ai

ai�1ð Þi=i� 1
\1 ð53Þ

Thus, the independent and identical nature of the ligand

binding sites can be judged by comparing the overall

association constants (b’s) or the homotropic cooperativity

parameters (a’s).

The extent of the heterotropic effect
between ligand A and ligand B is fully reciprocal

The heterotropic effect between two ligands is fully

reciprocal or symmetric. Because of the energy conserva-

tion principle, if ligand B modifies the intrinsic affinity for

ligand A by a factor aij, then ligand A causes the same

effect on ligand B. The constant bij can be split into two

factors: bij = bi0bj/i, where bi0 is the overall association

constant for P ? Ai $ PAi and bj/i is the overall associa-

tion constant for PAi ? Bj $ PAiBj. Alternatively, bij can
be split into two factors: bij = b0jbi/j, where boj is the

overall association constant for P ? Bj $ PBj and bi/j is
the overall association constant for PBj ? Ai $ PAiBj.

Furthermore, the constants bj/i and bi/j can be factorized as:

bj/i = b0jaij and bi/j = bi0aij.

The maximal allosteric effect occurs
at concentrations around the dissociation
constant of the ligand

From Eq. 20, if, for the sake of simplicity, only a single

binding site for ligand B is considered:

o ln capps

o ln B½ � ¼ DnLB;s;B ¼ bs B½ �
1þ bs B½ � �

b0 B½ �
1þ b0 B½ � ð54Þ

DnLB,s,B will be zero for zero and infinite ligand B

concentration, and for bs = b0. Deriving with respect to

ligand B concentration:

oDnLB;s;B
o ln B½ � ¼ bs B½ �

1þ bs B½ �ð Þ2
� b0 B½ �

1þ b0 B½ �ð Þ2
ð55Þ

and a maximal value for DnLB,s,B will be achieved when:

bs � b0 � bsb0 bs � b0ð Þ B½ �2¼ 0 ð56Þ

whose solutions are: (1) bs = b0 and any value of [B]

(trivial case); or (2) bs = b0 and [B] = (bsb0)
-1/2, the

inverse of the geometric mean of the overall association

constants, which is the concentration of ligand B for a

maximal allosteric effect on the apparent conformational

constant capps for Ps.

The maximal heterotropic effect occurs
at concentrations around the dissociation
constant of the secondary ligand

From Eq. 25, if there are several (i = 1…n) binding sites

for ligand A and, for the sake of simplicity, a single binding

site for ligand B:

o ln bappi

o ln B½ � ¼ DnLB;i;B ¼ b01ai1 B½ �
1þ b01ai1 B½ � �

b01 B½ �
1þ b01 B½ � ð57Þ

DnLB,i,B will be zero for zero and infinite ligand B

concentration, and for ai1 = 1. Deriving with respect to

ligand B concentration:

oDnLB;i;B
o ln B½ � ¼ b01ai1 B½ �

1þ b01ai1 B½ �ð Þ2
� b01 B½ �

1þ b01 B½ �ð Þ2
ð58Þ

and a maximal value for DnLB,B will be achieved when:

ai1 � 1� b201ai1 ai1 � 1ð Þ B½ � ¼ 0 ð59Þ

whose solutions are: (1) ai1 = 1 and any value of b01 and

[B] (trivial case); or (2) ai1 = 1 and [B] = b01
-1ai1

-1/2, which

is the concentration of ligand B for a maximal heterotropic

effect on the apparent overall association constant bappi for

PAi.

Enthalpy changes associated with equilibrium
constants are calculated by applying the van’t
Hoff equation

Every equilibrium constants has an associated enthalpy

change (besides changes in other thermodynamic poten-

tials). The corresponding enthalpy change can be calcu-

lated by applying the van’t Hoff equation:

DH ¼ RT2 o lnKeq

oT
ð60Þ

From that, if a given equilibrium constant is a function

of other equilibrium constants, then, the corresponding

enthalpy can be calculated by applying Eq. 53:
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Keq ¼ f Keq;r

 �� �

DH ¼ RT2 o lnKeq

oT
¼ RT2 o ln f Keq;r

 �
; DHrf g

� �

oT

ð61Þ
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blutes auf dessen sauerstoffbindung übt. Skand Archiv Physiol
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