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50 years of allosteric interactions:
the twists and turns of the models

Jean-Pierre Changeux

Abstract | The concept of indirect or ‘allosteric’ interaction between
topographically distinct sites, and the subsequent 1965 Monod-Wyman-Changeux
(MWC) model for the conformational change mediating them, arose around
50 years ago. Many classic regulatory proteins (including haemoglobin,
Asp transcarbamylase and nicotinic acetylcholine receptor) follow the central
paradigm of the MWC model, which has been expanded and challenged as a result
of novel technologies. Importantly, the concept of allosteric interaction has aided
our understanding of human diseases and drug design.

Allosteric interactions between proteins
and their regulatory ligands were initially
defined, and are still defined today, as
indirect interactions that are established
between topographically distinct sites and
mediated by a discrete reversible alteration
in the molecular structure of the protein.
The concept of allosteric interaction was
first proposed in 1961 to account for the
feedback inhibition mediating the activity
of particular enzymes in metabolic path-
ways in which the inhibitor is not a steric
analogue of the substrate'™. This concept
was expanded in 1963 (REF. 5) to explain
the properties of regulatory proteins in
general, including haemoglobin. In 1965,
the attention focused on the observation
that the substrates and regulatory ligands
often interact with more than one binding
site at the same time, and thus that the
regulatory proteins function as ‘molecular
switches’ This led to the idea that ligand-
protein interactions selectively stabilize a
global cooperative conformational change
of the protein quaternary structure, which
is the foundation of the Monod-Wyman-
Changeux (MWC) model®.

In this Timeline article, I briefly discuss
the origin of the concept of allosteric inter-
action, which arose 50 years ago, the early
evidence supporting it and how the def-
inition of this concept has developed over
time (FIG. 1(TIMELINE)). Then, I describe some

of the key breakthroughs that have occurred
in the field over the past 50 years and present
some of the still debated issues. I end with a
summary of recent progress and thoughts on
the key outstanding questions that need to
be addressed at the atomic level.

Models of allosteric interactions

In this section, the origin and development
of the concept of allosteric interaction

are presented, together with the evidence
supporting it and the debate it initiated.

Feedback inhibition in metabolic pathways.
In 1954, Novick and Szilard’ noticed that the
synthesis of indole-3-glycerol phosphate,
the precursor of the amino acid Trp, was
rapidly inhibited by the addition of Trp

to Escherichia coli growing in chemostats.
Thus, they proposed that an enzyme early in
the pathway was inhibited by negative feed-
back from the end product of this pathway.
In 1956, using cell-free extracts, Umbarger
discovered that L-Thr deaminase, the first
enzyme in the L-Ile biosynthetic pathway,
was inhibited by L-Ile®. Troublesomely,

he also noted that his measurements of
substrate production, and of the inhibitor
binding to the substrate, did not follow the
expected Michaelis—Menten hyperbolic kinetics
but produced sigmoidal curves. In paral-

lel, Yates and Pardee observed that the first
enzyme of the pyrimidine biosynthetic

pathway, Asp transcarbamylase (ATCase),
was inhibited by feedback from the pyrimi-
dine CTP?. A new class of enzymes, referred
to as ‘feedback inhibited enzymes, emerged.
The discovery of these enzymes was the
‘springboard’ for the delineation and gen-
eralization of the concept of allosteric
interaction.

Defining allosteric sites and interactions.
Following the discovery of feedback inhib-
ited enzymes, the question became: which
mechanism accounts for the apparent
‘competitive’ inhibition between a substrate
and its ‘feedback inhibitor’? Observations
made independently and simultaneously by
two graduate students, myself using L-Thr
deaminase in the laboratory of Monod"*!*!!
and Gerhart using ATCase in the labora-
tory of Pardee**'?, provided novel insight.
Both noticed that the sensitivity of the
enzyme to the feedback inhibitor decreased
progressively with time. Heat treatment of
L-Thr deaminase eliminated its sensitivity
to L-Ile without significantly decreas-
ing its enzymatic activity’. Treatment of
ATCase with a sulphhydryl group reagent
decreased its sensitivity to CTP, although
the enzyme retained full catalytic activity>*.
In both cases, Michaelis—-Menten hyper-
bolic kinetics replaced sigmoidal substrate
saturation kinetics of the enzyme that were
seen in the absence of treatment. The term
‘desensitization’ was coined to refer to this
phenomenon, which was soon confirmed as
a general property of regulatory enzymes.
To account for the data on L-Thr deami-
nase, I proposed two models’ (FIC. 2a). In the
first, I put forward that the protein-binding
sites for the substrate and regulatory inhibi-
tor are ‘partially overlapping so that the
interaction is a type of classic competition
by steric hindrance. In the second model,
I suggested that the two sites do not overlap
and that the substrate and regulatory ligand
interact with topographically distinct sites
on the protein. The second model, which
was referred to as ‘no-overlapping, was
favoured on the basis that loss of feedback
inhibition is accompanied by a normali-
zation of the substrate kinetics'. Around
the same time, Gerhart and Pardee con-
cluded that ATCase “has additional groups
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Timeline | The concept of allosteric interaction and its demonstration

The physiological
demonstration of
negative feedbackin
a metabolic pathway’

The concept of allosteric
interaction between
topographically distinct
sites was proposed’**

The Monod-Wyman—Changeux
(MWC) model was shown to link
signal transduction and cooperativity
of allosteric proteins in terms of
discrete conformational changes®

states that had

The X-ray structure of Asp
transcarbamylase demonstrated
the conservation of symmetry
between tense (T) and relaxed (R)

the MWC model*®

An overview of the allosteric
properties of haemoglobin
was provided, based on its
X-ray structure®

been postulated by

The in vitro demonstration of
feedback inhibition of bacterial
biosynthetic enzymes®?

The X-ray structure of haemoglobin was
revealed, demonstrating a conformational
change in its quaternary structure in the
presence of O, (REFS19,108)

[

induced-fit mechanism for
cooperative ligand binding?

The Koshland-Nemethy-Filmer (KNF)
model proposed a sequential

The X-ray structure of the lac repressor
was solved and its allosteric transitions
were demonstrated''

The general concept of allosteric
proteins was presented®

for binding its feedback inhibitor, CTP”
(REF. 3). The word ‘allosteric, which origi-
nates from the Greek words for ‘different’
(aAXo-) and ‘solid’ with reference to three-
dimensionality (otepeo-), was first used in
Monod’s and Jacob’s written conclusions of
the 1961 Cold Spring Harbor Symposium
on Quantitative Biology, where my data
were first presented”. It reflects the idea
that there is a difference in stereospecificity
between the binding sites for the substrate
and feedback inhibitor of a protein and
was used to qualify and generalize the ‘no-
overlapping’ mechanism' and its mediation
by a conformational change in the protein.
This article marked the birth of the term
allosteric. In the symposium conclusions it
was further stated that the effect “need not
be restricted to ‘end-product inhibition,
which may turn out to constitute only one
class of allosteric effects” (REF. 4).

In 1963, a paper by Monod, Changeux
and Jacob further developed the concept of
allosteric interaction by excluding that there
is any direct interaction between the sub-
strate and regulatory inhibitor of an enzyme
(the Monod-Changeux-Jacob (MCJ)
models® are shown in FIG. 2b). Such direct
interactions were eliminated by data show-
ing that ligands such as L-Leu'® and ATP?
can act as both activators in their own right
and as antagonists of feedback inhibitors
of Thr deaminase and ATCase, respectively.
This demonstrated the formation of ternary
complexes, ruling out the steric hindrance
mechanism®®.

The MCJ model presented in the paper
also illustrates the concept of allosteric
transition, the conformational change
that mediates allosteric interactions,
with data collected from experiments
using Glu dehydrogenase'S, acetyl-CoA

carboxylase'” and muscle phosphorylase
b's. The data suggested that the conforma-
tional change frequently, but not always,
involves the dissociation and association of
subunits within the protein. The paper also
presented X-ray data for haemoglobin®,
which showed that the four haem groups

of this molecule are far apart (a distance of
25-36 A). This excluded the possibility that
they directly interact with each other in
their cooperative binding of oxygen mole-
cules. The then unpublished observation
that the distance between certain SH resi-
dues in the protein may shift by ~19% upon
oxygenation provided direct evidence of a
conformational alteration of haemoglobin
when it is bound by its ligand. It was stated
that “in hemoglobin there is complete
evidence that the regulatory effect, ie the
cooperative binding of oxygen, is related to
areversible, discrete conformational altera-
tion of the protein” (REF. 5). Last, in the paper
by Monod, Changeux and Jacob, it was
proposed that the conformational change
linking the topographically distinct binding
sites in allosteric proteins was caused by an
‘induced-fit’ sequential mechanism, which
was initially proposed by Koshland for
enzyme activation®*?', and that according to
this mechanism the ligand ‘instructs’ rather
than ‘selects’ the conformational change.

The MWC model

From instruction to selection. The attempt
to further understand, in terms of protein
structure, the conformational change medi-
ating the allosteric interactions between
distinct sites on proteins led to a striking
paradigm shift. The MWC model° (FIG. 2¢)
was designed to establish a causal link
between the structural organization of the
known regulatory proteins, including

the cooperative binding of substrate

and regulatory ligands (activators and
inhibitors), the interrelationships between
cooperative ligand binding and the bind-
ing of regulatory ligands, and last, the
uncoupling of all these interactions through
desensitization. An essential assump-

tion was that the cooperativity observed
between the multiple binding sites for sub-
strate and regulatory ligand (activators and
inhibitors in FIC. 2¢) relies on a particular
structural design of the protein. “Allosteric
proteins are oligomers the protomers of
which are associated in such a way ... that
the molecule possesses at least one axis of
symmetry” (REF. 6). Furthermore, “the con-
formation of each protomer is constrained
by its association with the other protomers”
(REF. 6). The idea that the allosteric transi-
tion involves a change in the aggregation
state of the protein was abandoned, and
the concept that more discrete, yet coop-
erative, conformational changes occurred
was favoured.

Studies on the effect of urea on L-Thr
deaminase suggested that ligands strength-
ened or loosened the assembly of subunits
in the protein without causing their disso-
ciation®. It was thus proposed that regula-
tory oligomers spontaneously exist in ‘R’
(for relaxed) and “T” (for tense) states in
thermodynamic equilibrium, in the absence
of ligand, the states differing “by the dis-
tribution and/or energy of inter-protomer
bonds” (REF. 6). The addition of ligands (sub-
strate, activator or inhibitor) would shift the
equilibrium, stabilizing the oligomer con-
formation for which they have the highest
affinity; substrate and activator would sta-
bilize the R state, and the inhibitor would
stabilize the T state. The model assumes that
the conformational transition occurs for all
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X-ray crystallographic evidence for a
structural change in a receptor channel
was provided, extending the concept of

allosteric transition to membrane
47,49

receptors

A unifying framework of the MWC model for biological
situations as different as regulatory enzymes, ligand-gated
ion channels, chemotaxis, chromatin structure and gene
regulation was presented'?21%

The X-ray structure of rhodopsin
illustrated the allosteric interaction
between a ligand and an active site in a
G protein-coupled receptor (GPCR)!!!

Molecular dynamics simulation and the fast structural transition
recording by wide angle X-ray scattering (WAXS) of
haemoglobin unveiled the intermediate pathway of the
allosteric transition between R and T states**

subunits of an oligomer or for none; that is,
it is ‘concerted’ and thus conserves oligomer
symmetry. The equations describing this
model distinguish a ‘function of state} R,
representing the conformational equilib-
rium, and a ‘binding function, Y, which
differentially evolve as a function of ligand
concentration. Several of these statements
have since been reformulated and discussed
in terms of ‘conformational selection’ or
‘shape or population shift’ (see REFS 23,24).
The MWC model created a theoretical land-
mark in biochemical thinking by suggesting
that a selectionist model of protein regulation,
rather than the traditional induced-fit scheme,
accounts for the conformational change of
allosteric proteins in response to ligands.
Yet, in 1966, Koshland, Nemethy and Filmer
proposed a sequential induced-fit mecha-
nism of allosteric transition (termed the
KNF model®) (FIC. 2d), which involves a pro-
gressive change of conformation assuming
“that a subunit in conformation b is present
only when s is bound to it” (REF. 25) and
which excludes any conformational change
of the protein in the absence of ligand.
Later, the MWC model was applied
to larger, unlimited protein assemblies,
such as those possibly occurring between
membrane proteins®. This led to the idea
that the conformational transition of single
protomers (see also FIC. 2¢) is modulated
by their interaction with other protomers.
This model predicts that, depending on the
value of the free energy of the interaction
between protomers, different responses
to specific regulatory signals can occur.
These range from the graded response of
an oligomeric receptor (for a small number
of protomers, as proposed by the MWC
model) to an all-or-none phase transition
response in large protein assemblies?*?’.

The first attempt to determine whether
the MWC model or the KNF model
was adequate involved the analysis of
the cooperative binding of NAD to
glyceraldehyde-3-phosphate dehydrogenase
by temperature-jump measurements®. The data
were consistent with an all-or-none inter-
conversion between two conformations
of the enzyme, as postulated by the MWC
model. In another attempt to discriminate
between these models, the conformation and
binding functions of AT Case were assessed.
At variance with the KNF model, the equi-
librium dialysis binding data for ATCase dif-
fered from the conformational change data
measured at variable ligand concentrations
and composition. Under these conditions,
the binding and conformation data were
adequately explained by generalized MWC
equations (REFS 29-31; see also REF. 32).
In summary, it is generally accepted that
allosteric interactions between topographi-
cally distinct sites do occur and are medi-
ated by a conformational transition of the
protein. The cooperative interactions, which,
in many instances, take place between active
and regulatory sites (see below), are better
accounted for by the conformational selec-
tion MWC mechanism rather than by the
induced-fit KNF mechanism, although
the debate still continues.

The MWC model in context

In the early 1960s, only the crystallographic
structures of myoglobin and haemoglobin
had been solved. Since then, 92,350 struc-
tures, including proteins in complex with
nucleic acids, have been deposited in the
Protein Data Bank (PDB)****. Abundant
examples from the PDB validate the concept
that, in regulatory proteins, the regulatory
and active sites are topographically distinct.

PERSPECTIVES

The average topological distance between
sites is ~35 A, but reaches ~60 A between the
acetylcholine-binding sites and the ion chan-
nel within the nicotinic acetylcholine recep-
tor (AChR) and between the CTP-binding
site and catalytic sites within ATCase™®.

As the interaction between these sites takes
place ‘at-a-distance, it is, by definition,
allosteric (FIG. 3).

An interesting feature of allosteric pro-
teins not mentioned by the MWC model is
that a significant fraction of the sites for both
orthosteric and allosteric ligands lie at sub-
unit interfaces (reviewed in REF. 35) (FIG. 3).
These areas of the protein adequately sense
and control the quaternary transitions of an
allosteric oligomer.

The symmetrical oligomeric structure
postulated by the MWC model is a common,
but not universal, property in proteins*-.
Among the 88,000 protein structures depos-
ited in the PDB (excluding nucleic acid
complexes), oligomers (44,735) are approxi-
mately as abundant as monomers (43,160).
Another important feature not mentioned
in the MWC model is the occurrence of
hetero-oligomerization, which generates a
broad combinatorial diversity of oligomers
that exhibit different physiological, pharma-
cological or stability properties of critical
biological importance™?*.

The following examples of classic regula-
tory proteins illustrate the central paradigm
of the MWC model; that is, that R and T
symmetrical end-states spontaneously occur
under equilibrium conditions, in the absence
of a regulatory signal, and they expand on
the model as a result of new kinetics and
molecular dynamics data.

Haemoglobin. From X-ray crystallographic
studies of haemoglobin, it was initially pro-
posed that an equilibrium exists between

a T and an R state (which have low and
high affinity for oxygen, respectively)

in line with a simplified MWC model®.
However, Perutz believed that the Bohr
effect (whereby a decrease in pH causes a
decrease in the oxygen-binding affinity of
haemoglobin), would require the sequential
rupture of hydrogen bonds in the T state,
which would support the KNF model®.
However, studies with fish haemoglobin
suggested that heterogeneity between the
a- and B-types of chain in the T structure
might reconcile data with the MWC model*'.
Molecular dynamics simulations* revealed
that the motion of haemoglobin-a and
haemoglobin-f subunits in the T (deoxy)
to R (tetraoxy) transition involves two
sequential quaternary rotations, which, in
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Figure 2 | Models of allosteric interactions. a|Models proposed by myself
in 1961 for the feedback inhibition of L-Thr deaminase by L-Ile’. Model 1,
named ‘overlapping’, describes the classic model of competitive inhibition
by mutual exclusion through steric hindrance of a common site. In this model
the substrate and inhibitor compete for the same site on the protein. In
model 2, named ‘no-overlapping’, the binding-sites for the substrate and
inhibitor are topographically distinct and the interaction between them is
indirect or ‘allosteric’. b | Shown are the models proposed by Monod,
Changeux and Jacob in 1963 (REF. 5) for the interaction between a substrate
and an inhibitor binding to different groups on the surface of the enzyme. In
addition to the two models proposed in 1961 (left panel and right panel), a
third possibility of a ‘direct interaction’ between the substrate and inhibitor
as a result of them binding to topologically close sites on the target protein
was considered. ¢ | Schematic representation of the two-state concerted
model of Monod, Wyman and Changeux (MWC) in 1965 (REF. 6), that was
originally displayed in my Ph.D. thesis in 1964 (REF. 104). The principal con-
formational transition between two discrete states of a dimer, R (relaxed) and
T (tense), occurs in the absence of ligand and preserves the symmetry of the
quaternary structure of the protein. It involves alterations of the tertiary
structure of the protein (quaternary constraint) and the binding interface
between subunits. The three classes of molecules that bind to the enzyme
and differentially stabilize the R and T states are shown: A (activator), i (inhibi-
tor),and S (substrate). A hypothetical monomeric state, to which A is possibly
bound, is also shown and indicated by the grey arrow. d | Sequential repre-
sentation of the Koshland—Nemethy-Filmer model proposed in 1966
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(REFE. 25). At variance with the MWC model, the conformational transition
(between the round and square subunits) does not take place in the absence
of ligand but is ‘induced’ by the ligand, S. All the unbound subunits are round
and all the ligand-bound subunits are square. There is no unbound square
subunit. Once initiated at the level of one subunit, the conformational
change propagates within the oligomer, with different mixed states occur-
ring during the transition. e | Energy landscape representation of the model
of conformational selection for an hypothetical monomeric (left) and dimeric
(right) allosteric protein proposed by Changeux and Edelstein in 2011
(REF. 105). All the individual valleys correspond to the functionally relevant
substrates, which pre-exist to ligand binding. T and R states are presented on
avertical free energy scale and include the transition state (TS). Kinetic bar-
riers for their interconversion are estimated according to linear free energy
principles for the dimer. Subscript numbers correspond to the number of
ligand molecules (0, 1, 2) bound. The hypothetical pathway for the induced-
fit mechanism is presented by the arrows in grey and includes an inter-
mediate (1) state for the dimer. X represents a ligand; the grey line shows the
ligand-free, the green line the mono-liganded and the blue line the
bi-liganded state. The models in part a are reproduced, with permission, from
REF. 1 ©(1961) Cold Spring Harbor Laboratory Press. The models in part b are
reproduced, with permission, from REF. 5 © (1963) Elsevier. The modelin part
cis reproduced, with permission, from REF. 104 © (1965) Elsevier. The model
in part d is reproduced, with permission, from REF. 25 © (1966) ACS
Publications. The model in part e is reproduced, with permission, from
REF. 105 © (2011) Faculty of 1000 Ltd.

agreement with the MWC model, ultimately
conserve symmetry. The quaternary transi-
tions include an early large change in quater-
nary structure (which is characterized by a
3° rotation of each a-subunit relative to the

B1B2 dimer), with a lower energy barrier,
and a smaller late quaternary change (char-
acterized by a 6° rotation of the al1p1 and the
a2p2 dimers) with a higher energy barrier*.
The results are consistent with the recent

wide-angle X-ray scattering measurements
(WAXS measurements) of a fast global (2 us)
quaternary transition and a slow (20 us)
transition component that includes tertiary
changes®. The ongoing research (see REF. 44)
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thus reveals new and largely unexplored fea-
tures of the transition dynamics between the
T and R end-states of the MWC mechanism.

The ATCase hexamer. ATCase comprises
two catalytic subunits of three identical
polypeptide chains and three regulatory
subunits that are composed of two identical
chains. X-ray studies of this hexamer identi-
fied structurally distinct and symmetrical T
(low activity) and R (high activity) states in
the presence of substrates or substrate ana-
logues (FIC. 4a). Nuclear magnetic resonance
(NMR) analysis further revealed a spontane-
ous equilibrium between discrete T and R
states in solution, allowing the equilibrium
constant (L ) between R and T forms of the
enzyme, and the shift from T to R by sub-
strate or ATP binding, to be measured quan-
titatively. X-ray data further show that, when
ATCase undergoes the T to R transition,

it expands by 10.6 A, and the upper cata-
lytic trimer rotates 12° relative to the lower
trimer along the threefold axis. All the data
adequately fit a simplified MWC model®.

Nicotinic AChR. The X-ray structures of two
bacterial homologues* of nicotinic AChR,
one stabilized in a closed conformation

and the other in an open symmetrical con-
formation, were compared at the atomic
level”~°. The data revealed that a quater-
nary twist accounts for at least 29% of the
closed to open transition, and it contributes
to the substantial tertiary rearrangement

of the subunit interfaces that results in a

tilt of the transmembrane 2 (TM2) and TM3
segments to widen the opening in the upper
part of the pore from 2 A to 12 A in dia-
meter*** (FIG. 4b). These data are consistent
with a former normal mode computational
analysis of a model for a7 nAChR®! and with
recent atomistic molecular dynamics simu-
lations™ of both eukaryotic and bacterial
homologues. The data are globally explained
by the MWC model for the end-states for the
activation transition®>*. Yet, the dynamics
of the conformational reorganization, which
occurs in a few microseconds, involves
progressive motions and intermediate
conformations between the symmetrical
end-states. For example, rate-equilibrium free
energy analysis of muscle nicotinic AChR
reveals that the extracellular domain moves
before that of the transmembrane domain
(TMD) in the course of channel opening™.
In addition, single-channel electrophysiology
experiments suggest the occurrence of a
hypothetical ‘flip’ or intermediate confor-
mation, possibly including fast and/or slow
desensitized states. Interestingly, a mixed
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Fructose-1,6-
bisphosphate

Figure 3 | An example of a typical allosteric protein. The X-ray structure of L-lactate dehydroge-
nase from Bifidobacterium longum in its R (relaxed) and T (tense) allosteric states. This illustrates the
oligomeric structure of the protein and highlights that the catalytic site (which binds fructose-1,6-bi-
sphosphate) and the regulatory site (which binds NADH) are topographically distinct and located at
different subunit interfaces. The conformational transition between symmetrical R and T states (which
coexist in the same crystal) preserves the symmetry of the protein. The tertiary folding of the subunits
is shown in shades of red for the R state and in shades of blue for the T state. Fructose-1,6-bisphosphate
is shown in green in the R state and in pink in the T state so that it stands out. Oxamate is a structural
analogue of the substrate lactate that preferentially binds to the R state. The images are reproduced,
with permission, from REF. 106 © (1994) Macmillan Publishers Limited.

‘locally closed’ but symmetrical structure has
been identified** in which an open confor-
mation of the extracellular domain is associ-
ated with a closed pore®. Also, more than
the two states proposed in the MWC model
are needed to account for the different steps
of pharmacological desensitization. In other
words, the original MWC model offers

a general frame that needs to be further
refined and expanded to account for the
abundant data available®>*.

New insights into conformational changes
The MWC model shows intrinsic limita-
tions that have been introduced, in particu-
lar, by its founding postulates inspired by
bacterial regulatory enzymes and haemo-
globin. In the past decades, the development
of novel technologies (see REFS 24,43,52)

has increased our understanding of protein
structure and conformational changes,
providing new insights and, in specific
cases, challenging features of the original
MWC model.

Do allosteric monomers exist? Although
the MWC model suggests that allosteric
proteins are oligomeric, some monomeric
proteins, including proteases®, thrombin®
and phospholipases®, are thought to
mediate signal transduction and there-
fore undergo an allosteric transition®*.

G protein-coupled receptors (GPCRs),
which contain seven TMDs, may belong
to this category. Reconstitution of single
molecules of B, adrenergic receptor (B2AR)

in lipid nanodiscs demonstrated that a
monomer can activate a G protein in vitro.
Structural studies were performed using
B2AR and adenosine A2A receptor ‘mono-
mers’ in which their unbound or antagonist-
and agonist-bound states were compared.
The transition between these states involved
conformational rearrangements that are
similar to those initially observed during
the activation of the GPCR rhodopsin; that
is, a global and concerted rearrangement of
the helix bundle that shifts the cytoplasmic
end of TM6 (and to a lesser extent TM5)
away from the bundle core (which com-
prises TM1-TM4 and TM?7), offering an
additional interacting surface for the G pro-
tein (discussed in REF. 57). Moreover, NMR
analysis of "F-labelled f2AR in complexes
with various ligands, revealed that the cyto-
plasmic ends of helices TM6 and TM7 adopt
two major conformational states. Changes
in the NMR signals demonstrate that ago-
nist binding primarily shifts the equilibrium
towards the G protein-specific active state of
TM6. By contrast, B-arrestin-biased ligands
predominantly affect the conformational
states of TM7 (REF. 58). These data support
the notion that, in agreement with the con-
formational selection mechanism postulated
by the MWC model, GPCRs may undergo
spontaneous transitions between discrete
conformational states, but, at variance with
the MWC model, at the level of a single
monomer. Would GPCR monomers then
possibly be viewed as ‘mini-oligomers’ of
seven transmembrane helices?
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Figure 4 | Diversity of allosteric mechanisms. a | X-ray structure of
Asp transcarbamylase (ATCase) in the tense (T) and relaxed (R) states.
In agreement with the Monod-Wyman-Changeux (MWC) model, the sym-
metry between these two states is conserved. The catalytic subunits are in
shades of blue and the regulatory subunits in yellow and tan. The axes of
symmetry along the catalytic trimer (c) and regulatory dimer (r) are shown.
The molecule expands 11 A along the threefold axis during the allosteric
transition. During the T to R transition, the regulatory dimers rotate
~6% around their respective twofold axes, and the catalytic trimers
rotate ~7.5° around the threefold axis'®®. b | Superimposed X-ray structure
of two bacterial pentameric ligand-gated ion channels (these are bacterial
homologues of the nicotinic acetylcholine receptor (AChR)). One is crystal-
lized at pH 4.6 in an open conformation (Gloeobacter violaceus; shown in
green) and the other in a closed conformation (Erwinia chrysanthemi;
shown in red). The conformational transition involves a global quaternary
twist between closed and open states, which is accompanied by changes
in the tertiary structure with conservation of symmetry along the fivefold

b Ligand-gated ion channel
Pentameric bacterial receptors

Axis of rotational
symmetry ~

rExtracellular
domain

rTransmembrane
domain

Conformation
== Open
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rotational axis. The extracellular domain carrying the orthosteric ligands
(top) and the transmembrane domain with the ion channel in the axis of
symmetry (bottom) are shown. ¢ | Molecular dynamics model of the trans-
membrane domain of Tyr kinase receptors transitioning from inactive
monomers (top left) to an inactive dimer (top right) and active dimer
(bottom). Also depicted is the ‘off’ to ‘on’ signal transduction transition,
which involves a change in the relative position of the transmembrane
domains and reorganization of the cytoplasmic kinase domain (top right
and bottom). d | The Nudaurelia capensis w virus capsid undergoes a global
change of shape when the basic icosahedral units comprising the capsid
undergo an allosteric transition. This transition involves proteolysis and
results in capsid maturation. The images in part a are reproduced, with
permission, from REF. 45 © (2012) ACS Publishing, and REF. 107 © (2012)
Elsevier. The image in part b is reproduced, with permission, from REF. 47 ©
(2009) Macmillan Publishers Limited. The image in part c is adapted from
REF. 67 © (2013) Cell Press. The images in part d are reproduced, with
permission, from REF. 83 © (2013) Elsevier.

However, it should be noted that
rhodopsin has been detected as dimers and
as larger oligomers, both in crystals and in
solution®. The first p2AR structure was also
solved as a dimer, and dimers were found in
the crystal structure of the CXC chemokine
receptor 4 (CXCR4) and p-opioid GPCRs,
although these dimers had variable dimeri-
zation interfaces”’. Some class C GPCRs,
such as the GABA, (y-aminobutyric acid B)
and glutamate receptors, form obligatory
heterodimers with an asymmetric mode

of activation whereby only one protomer
within a dimer activates the G protein.
Furthermore, fluorescence resonance
energy transfer (FRET) studies indicate
that B2AR reconstituted in a model lipid
bilayer can form tetramers, which would
represent an inactive form of the receptor®.
Thus, the signal transduction mediated

in vivo by some GPCRs that are functionally
active in vitro as monomers might possibly
be modulated by higher-order aggregation

transitions®”¢%¢!,

Unstructured proteins and allostery. The
occurrence of intrinsically disordered protein
segments noted in several systems illustrates
the difficulty of establishing unequivocal
relationships between the primary structure
and the three-dimensional organization of
proteins®***. Evidently, in the presence

of these segments, protein symmetry may
not be rigorously established. Yet, as out-
lined below, they may contribute to the
modulation and diversification of allosteric
transitions.
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The lac repressor is a DNA-binding pro-
tein in E. coli that represses the transcrip-
tion of genes encoding proteins involved
in lactose metabolism®. It was proposed
to be an allosteric protein® that spontane-
ously binds to DNA but is released to allow
transcription in the presence of a lactose
analogue (inducer). Its minimal structure
is a homodimer of a subunit type that con-
sists of an amino-terminal DNA-binding
domain (which interacts with the DNA
sequence of the lac operator), a disordered
hinge region (also termed linker), a ligand-
binding domain and a carboxy-terminal
helix®. Crystallographic data show that
the lac repressor is partially disordered
in the absence of DNA. However, when
it is bound to DNA, the repressor dimer
becomes a fully symmetrical molecule,
with a dyad axis of symmetry from the
N-terminal domain to the C-terminal
helix. Binding of the inducer to the lac
repressor stabilizes a subtle hinge motion
in its N-terminal subdomain relative to the
C-terminal subdomain. This reduces
the affinity of the repressor for the opera-
tor by several orders of magnitude, thus
triggering its release from DNA and ulti-
mately transcription. It has been suggested
that the data collected in the presence or
absence of an inducer can be quantitatively
accounted for by the MWC model®.

Tyr kinase receptors are high-affinity cell
surface receptors that are activated by poly-
peptide growth factors, cytokines and hor-
mones. Long timescale molecular dynamics
simulations of membrane-embedded
epidermal growth factor receptor (EGFR)
reveal that its N lobe dimerization interface
is intrinsically disordered in the monomer
and becomes ordered and activatable only
upon dimerization (FIG. 4c). In ligand-bound
dimers, the extracellular domains assume
conformations that favour the dimerization
of each single transmembrane helix near
the N terminus, and thus the formation
of asymmetric (active) kinase dimers®’
(FIG. 4c). These simulations need experi-
mental confirmation but are nevertheless
authentic breakthroughs in the understand-
ing of this exceptionally important class
of receptors. They suggest that Tyr kinase
receptors follow a MWC mechanism during
activation, even though the cytoplasmic
kinase dimer is asymmetric, and thus
uncharacteristic of the MWC model, in the
active state.

Glucokinase (GCK) shows particu-
larly striking behaviour, as it displays a
sigmoidal kinetic response to increasing
blood glucose levels, even though it is a
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Glossary

Congenital myasthenic syndrome

An inherited neuromuscular disorder caused by defects at
the neuromuscular junction, for instance, by mutations

at the level of the postsynaptic receptors. This syndrome
is distinct from autoimmune myasthenia gravis.

Induced-fit scheme

(also interpreted as a ‘Lamarckian” mechanism). When a
ligand binds to a protein site, it instructs a conformational
change in the protein that is complementary to its
structure and that does not exist in its absence.

Intrinsically disordered protein

Often referred to as a naturally unfolded protein or
disordered protein. These proteins are characterized by a
lack of a stable and well-defined three-dimensional tertiary
structure when the protein exists as an isolated polypeptide
chain (a subunit) under physiological conditions.

Ising model

A mathematical model of ferromagnetism in statistical
mechanics, named after the physicist Ernst Ising. This
model represents magnetic dipole moments of atomic spins
arranged in a lattice, allowing each spin to interact with its
neighbours and yielding sharp phase transitions, as a
simplified model of a strongly cooperative change of state.

Michaelis—=Menten hyperbolic kinetics

The simplest and best-known models of enzyme kinetics.

It involves an enzyme (E) binding to a substrate (S) to form
a complex (ES), which is converted into a product (P) and E.
The relation between enzyme velocity, as a function of
substrate concentration, follows an hyperbolic law.

Molecular dynamics simulations

A computational method to calculate the time-dependent
behaviour of a molecular system. These provide detailed
information on the fluctuations and conformational
changes of proteins and nucleic acids.

Normal mode computational analysis

A computational method that can reveal the overall change
in the conformation of large proteins, without the need to
calculate the specific molecular mechanism, such as the
motion of specific bonds. For instance, for proteins, each
amino acid is represented as a bead and all pairs of beads
are connected by springs.

Orthosteric sites
The principal binding sites carried by proteins, for instance,
the neurotransmitter-binding sites of receptors in the brain.

Population shift

A formulation, in terms of energy landscape, for proteins
of the conformational selection mechanism of the
Monod-Wyman-Changeux (MWC) model.

monomer that harbours only one glucose-
binding site. NMR studies revealed large-
scale, glucose-mediated disorder to order
transitions that would account for the
observed apparent cooperative effects®.
A mechanism such as this, based on an
unstructured protein organization, would
be unrelated to the MWC model.

Last, it has been noted that disordered
segments in protein kinase A (PKA) con-
tribute to the diversity of the oligomers by

Protomers
The repeated units of a symmetrical oligomeric protein.

Quaternary structure
The arrangement of multiple folded protein units in a
multisubunit oligomeric complex.

Rate-equilibrium free energy analysis

An analysis that provides information on transition-state
structures. It revealed, for instance, the temporal
sequence in which the different regions of an ion channel
protein move during a closed—open conformational
transition.

Selectionist model of protein regulation

(also interpreted as a ‘Darwinian’ mechanism). The ligand
selectively stabilizes pre-existing conformations when it
binds to the state for which it exhibits preferential affinity.
That is, the variability of the conformations takes place
before selection occurs.

Sigmoidal substrate saturation kinetics

A classic deviation from Michaelis—Menten hyperbolic
kinetics, revealing the cooperative interaction between
several identical binding sites, as is the case when oxygen
binds haemoglobin.

Single-channel electrophysiology

This patch clamp technique affords high resolution of the
detailed properties of single-ion channel currents from
many cell types.

Startle disease

(also known as hyperekplexia or exaggerated surprise).
A neurological disorder classically characterized by
pronounced startle responses to tactile or acoustic
stimuli and hypertonia, and caused by genetic
mutations in a number of different genes (such as

the gene encoding Gly receptor).

Temperature-jump measurements

A technique for measuring rapid chemical kinetics, in
which the solution is rapidly heated, for example, by the
output of a pulsed laser.

The free energy landscape paradigm of protein
folding

A statistical description of a potential surface of a
protein. It assumes that folding occurs through
organizing an ensemble of structures rather than
through only a few uniquely defined structural
intermediates.

Wide-angle X-ray scattering measurements
(WAXS measurements). An X-ray-diffraction technique that
is used to determine the crystalline structure of proteins.

driving the assembly of distinct tetramers
that have different allosteric properties
but also binding partners, resulting in
distinct cellular locations®. Under these
conditions, the flexibility generated by the
disordered segments would contribute
not only to the diversification of allos-
teric oligomers mediating distinct MWC
processes but also to their different distri-
bution in the cell and thus to their role in
metabolism.
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Allostery without conformational change?
An interesting condition has been revealed
by the catabolite activator protein (CAP)
from E. coli, the allosteric interactions

of which are claimed to be mediated by
“changes in protein intrinsic motions in

the absence of structural change” (REF. 70).
CAP is an activator of transcription initia-
tion, the DNA-binding domain of which is
modulated by cyclic AMP (cAMP) binding
to it at a distance. This allosteric interaction
does not seem to involve structural changes,
but NMR analysis revealed that the intrinsic
motion of residues in the unliganded sub-
unit of CAP that cannot be predicted by the
inspection of static structures™ are strongly
affected by cAMP binding. This would pro-
vide a means of propagating the allosteric
signal to the distal site”". Last, structure anal-
ysis of the cAMP-mediated CAP switch from
the inactive to the active state provides one
of the clearest examples of population shift
(REF. 72). Additional examples of ‘allostery
without conformational change’ have been
considered (see REF. 73).

Supramolecular assemblies. The concept of
allosteric interaction was initially extended
to ‘supramolecular’ assemblies of proteins
organized in two-dimensional lattices,

as mentioned above?®. Since then, E.coli
chemotaxis receptors that regulate flagellar
rotation have been shown to exist in a
thermal equilibrium between two or more
conformations that establish cooperative
interactions between ‘nearest neighbours’
within a regular two-dimensional hexagonal
lattice. The data can be accommodated by
the model that myself and colleagues pro-
posed in 1967 and by some of its statistical
derivatives™ which, at variance with the
original MWC model, yield very sharp,
almost all-or-none, response curves to the
chemoattractant accompanied by the spread
of the conformational change throughout
the membrane lattice™.

More limited in size, the chaperonin
complex GroEL comprises 14 identical
protomers, arranged in two seven-member
rings, that twist and turn as a result of a sin-
gle set of discrete allosteric transitions”’°.
Also, the inositol 3-phosphate (IP3) recep-
tor forms a ‘balloon’ with numerous holes
and pockets that interact with multiple
molecular effectors, thus providing a
‘platform’ for a diversity of cell signalling
events””. Other examples of large assem-
blies are the 2.5 megadalton proteasome
complex’, the cyclosome”, the anaphase-
promoting complex® and the molecular
machinery that regulates striated muscle

contraction®® and even virus capsid matu-
ration®® (FIC. 4d). All of these execute their
function through networks of at-a-distance
transitions (in a cascade) that are far more
complex than can be predicted by a simple
MWC mechanism.

In conclusion, despite its simplicity and
sometimes its limitations, the MWC model
has opened many new avenues of active
research on protein conformational changes.
The recent research discussed in this sec-
tion further helps to develop and adapt the
MWC model to situations that were largely
unanticipated at the time it was conceived.

Allostery, disease and drug design
The concept of allosteric interaction had
important practical consequences for the
understanding of human diseases and
the design of pharmacological agents.

Constitutive mutations and ‘receptor
diseases’. An important prediction of the
MWC model is that the shift of the T to R
equilibrium of allosteric proteins by muta-
tions, causing loss or gain of function, might
be associated with disease states. This was
initially found to be true for haemoglobins®
and several regulatory enzymes. As a result
of mutation, the T to R equilibrium becomes
considerably shifted in favour of the active
state (R) and the enzyme shows sponta-
neous (or basal) activity in the absence

of ligand. In the case of ligand-gated ion
channels, a wealth of electrophysiological
studies, including single-channel record-
ings, first with a7 nicotinic AChR®* and
then with more than 1000 mutants of
muscle nicotinic AChR™, showed that full
channel openings may take place spon-
taneously and with high frequency in the
absence of agonist. This definitively rules
out the induced-fit mechanism proposed by
the KNF model. Many of the mutations in
nicotinic AChR cause congenital myasthenic
syndrome (muscle nicotinic AChR) or auto-
somal dominant nocturnal frontal lobe
epilepsy (neuronal nicotinic AChR). These
mutations are preferentially located either at
the interface between subunits or within a
given subunit at the interface between rigid
domains of the receptor protein®. Mutations
have been found in similar locations in the
5-HT,, GABA, and Gly receptors and are
responsible for several diseases, includ-

ing startle disease. The disease phenotype

of these receptor mutations can in most
instances be explained by the very high level
of steady receptor activation resulting from
the shift of the MWC equilibrium in favour
of the active R state®*.

About 100 constitutive mutations in
GPCRs have been identified and found to
be responsible for more than ten diseases.
These mutations frequently increase the basal
activity of the receptor; this can be restored
to the ‘resting activity’ by the use of nega-
tive allosteric modulators (also known as
inverse agonists)*”*. Mutations in Tyr kinase
receptors that increase their activity in the
absence of ligand have also been reported,
for decades, to be oncogenic as they allow
receptor proteins to dimerize and undergo
autophosphorylation. In addition, constitu-
tive mutations of nuclear receptors cause
many human diseases®. In general, these dis-
ease data are simply accounted for by adapted
versions of the MWC model. Interestingly,
the AlloSteric Data Base mentions a total of
571 allosteric-related diseases.

Allosteric modulation and drug design.
Until recently, drugs were almost exclusively
designed to either mimic or competitively
inhibit ligands binding to the principal sites
(orthosteric sites) of their targets. A major
breakthrough was the discovery that various
molecules acting at allosteric sites that are
topographically distinct from the orthosteric
sites modulate signal transducing proteins,
selectively potentiating or inhibiting their
physiological activity without directly affect-
ing the ongoing signalling processes. In the
case of ligand-gated ion channels, several
categories of allosteric modulatory sites have
been identified”, and these are distributed
throughout the protein®.

First, in the extracellular domain, the
binding sites for Ca?* or Zn** are located
at the subunit interface below the neuro-
transmitter-binding pocket. In hetero-
pentameric receptors like neuronal nicotinic
AChRs, defined subunit interfaces bind
orthosteric ligands such as ACh and others
do not. This is also the case for GABA,
receptors for which the sites located at ‘non-
agonist’ interfaces were suggested, a while
ago®, and biochemically demonstrated to be
the target of the benzodiazepines (the most
commonly prescribed psychopharmaceutical
drug), which behave as potent allosteric
modulators of GABA | receptors®®.

Second, the TMD is the target of various
allosteric modulators, including general
anaesthetics, ethanol and other alcohols,
neurosteroids, lipids and cholesterol, as well
as several synthetic compounds®**. These
target three distinct loci: an intrasubunit cav-
ity; an intersubunit cavity; and a lipid bilayer
interface. Lipids, free fatty acids and steroids
may behave as the endogenous allosteric
modulators of these ligand-gated ion channels.
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Third, other modulatory sites, such
as phosphorylation sites®, are present in
the cytoplasmic domain of ligand-gated
ion channels®”®* and may have important
roles in the clustering, stabilization and
modulation of receptor functions (such
as desensitization).

Moreover, many allosteric modula-
tory sites have been identified in GPCRs”,
although so far the only GPCR the crystal
structure of which has been solved in
complex with an allosteric modulator is
in complex with Na* ions®. On a final note,
the AlloSteric Database contains 22,004
allosteric modulator entries and 16,842 allos-
teric druggable entries, which highlights the
potential for targeting allosteric modulation
with drugs.

Conclusion
The original concept of allosteric inter-
actions as indirect, at-a-distance interactions
that are established between topographically
distinct sites and mediated by a discrete
conformational change of the protein'~ has
‘held true’ throughout the years for various
biological systems. The MWC model®
further attempted to specify the property
that such ‘cybernetic sensors’ frequently
behave as all-or-none molecular switches
through a cooperative organization of the
protein into a symmetrical oligomer. Since
the models were first published, the MCJ
paper® has been cited 1730 times, and the
MWC paper® 6317 times (a number which
is still increasing at a rate of about 150 per
year), as determined using Google scholar.
The MWC model proposes a conform-
ational mechanism and a mathematical
formulation, the simplicity (some even say
‘beauty’) of which made it easy to use and
widely apply. Retrospectively, it seems to be
a fundamental step in the recognition of the
central importance of protein folding and
conformational reorganizations in protein
function. However, its simplicity introduces
necessary restrictions on the validity of some
of its detailed applications. As a result, three
principal issues are still under active debate.
First, the MWC model was, by design,
limited to a minimum number of conforma-
tional states (two) under a thermodynamic
equilibrium. It is now established that, in
several systems, more than two states have
to be taken into consideration. Moreover,
since then, the detailed description of the
kinetics of allosteric transitions and of their
nested intermediate conformations has
become a lively field of research. Second,
the symmetry of allosteric oligomers, a fea-
ture that was initially proposed to specify

the cooperativity of the structural transi-
tion mediating cooperative binding, is also
debated. Many classic allosteric proteins
are unambiguously symmetrical oligom-
ers, the conformational end-states of which
preserve the symmetry of the molecule.
Yet, several well-documented cases have
been described in which signal transduction
is mediated by non-oligomeric structures,
such as monomers (for example, GPCRs)
or even supramolecular assemblies (for
example, a ribosome, a myosin molecule
or a riboswitch), that do not exhibit evi-
dent symmetrical properties throughout
the diverse conformational transitions that
they undergo.

Third, studies on the physics of allosteric
communications between far distant sites in
proteins are ongoing, using their own con-
cepts and methods. One may mention, for
instance, the free energy landscape paradigm
of protein folding®**~* (FIG. 2e), which encom-
passes the native conformation as well as any
non-native conformations sampled during
folding or catalysis. From a functional stand-
point, there are two key points: first, all the
individual valleys, which are the functionally
relevant substrates, pre-exist; and second,
the landscape is dynamic, and the relative
populations of the substrates will change fol-
lowing, for instance, mutations or binding of
a drug at an allosteric site (FIG. 2¢). To opti-
mize the newly formed interactions, atoms
within the protein move and reorient. This
creates strain energy (frustration), which
forces the next layer of atoms to also move,
which in turn affects the next layer, and so
on, yielding perturbations that travel across
the structure as a ‘wave’. Thus, allostery
works via a population shift. Amazingly, this
conclusion is, at this stage, fully consistent
with the conformational selection mecha-
nism postulated by the MWC model (FIC. 2e).

In parallel, several theoretical approaches
have attempted to provide a ‘unifying
framework for allosteric interactions. First,
the relative contribution of the conforma-
tional transition of ‘equivalent monomers’
in cooperation within an oligomer were
re-evaluated'®'”". Second, using the MWC
model, six ‘sensing characteristics, used to
specify the complex conformational change
taking place during the allosteric transition,
have in fact been shown to be strongly inter-
dependent, (that is, specifying one character-
istic strongly constrains the others)'®. Last,
a general mathematical implementation of
the MWC model has been proposed, using
statistical mechanics, which links biological
situations that otherwise do not seem to be
connected, including regulatory enzymes,

PERSPECTIVES

ligand-gated ion channels, chemotaxis,
chromatin structure and gene regulation'®.
This illustrates the ‘design’ constraints faced
by these molecules which, according to the
authors, are “beginning to assume simi-

lar proportions in biology as those of the
Ising model in physics” (REF. 103).

As for any scientific theory, the MWC
model did not aim to give an exhaustive
description of biological reality. However,
perhaps one of its most positive values is that
it has been, and still is, a strong incentive for
empirical research on proteins and now on
supramolecular protein assemblies, carried
out using the broad diversity of biophysical
and molecular dynamic methods that are
presently available. In short, 50 years on, the
MWC model still provides a useful basis for
future research.
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