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m Abstract The phenomenon of allostery is conventionally described for small
symmetrical oligomeric proteins such as hemoglobin. Here we review experimental
evidence from a variety of systems—including bacterial chemotaxis receptors, muscle
ryanodine receptors, and actin filaments—showing that conformational changes can
also propagate through extended lattices of protein molecules. We explore the statistical
mechanics of idealized linear and two-dimensional arrays of allosteric proteins and
show that, as in the analogous Ising models, arrays of closely packed units can show
large-scale integrated behavior. We also discuss proteins that undergo conformational
changes driven by the hydrolysis of ATP and give examples in which these changes
propagate through linear chains of molecules. We suggest that conformational spread
could provide the basis of a solid-state “circuitry” in a living cell, able to integrate
biochemical and biophysical events over hundreds of protein molecules.
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INTRODUCTION

E Pluribus Unum

Since its discovery in the early 1960s, the notion of allosteric changes in protein
molecules has been at the heart of molecular biology. The selective expression
of genes, the transmission of signals within and between cells, the production of
directed movements, the control of metabolism, and many other cellular processes
all depend on the ability of protein molecules to flip in a reversible, thermally
driven manner between stable conformations. The molecular basis of allostery
has been studied in considerable detail, and for some well-known proteins their
change in conformation is understood at the atomic level. Dynamic aspects of the
spread of conformational states in molecules such as hemoglobin and aspartate
transcarbamylase were represented in algebraic fashion by Monod, Wyman, and
Changeux (known as the MWC model) (43) and by Koshlarenéthy, and Filmer

(the KNF model) (33). Biochemistry textbooks often describe the MWC and KNF
models as competing views of the same process and adduce evidence for one or
the other (57). Refinements and extensions of these models, including features
such as multiple conformational states and probabilistic coupling, have been used
to account for the subtleties of allosteric transitions in specific cases such as the
nicotinic acetylcholine receptor (12).

Ingeneral, and with a few notable exceptions (13), descriptions of allostery have
been limited to changes within a single oligomeric molecule, usually a compact
oligomeric protein such as hemoglobin. Our intent in this review is to broaden the
scope of this description and, in particular, to include multimolecular arrays of
proteins and stochastic patterns of conformational change. Our thesis is that it is
possible, indeed expected, that under certain circumstances allosteric effects move
through large heterologous protein complexes, or within extended linear or planar
arrays of identical proteins. The underlying mechanism of this process, which
we term conformational spread (CS), is the same as that of classical allostery,
namely the stabilization of certain conformations by either ligand binding or the
conformational states of neighboring subunits (Figure 1). Indeed, when applied to
simple proteins such as hemoglobin, the CS model provides a natural integration
of the MWC and the KNF viewpoints, which both arise as special boundary cases.
However, our broader perspective is, we suggest, closer to physical reality and
has richer implications for the coordinated action of large numbers of proteins in
extended complexes. It may also teach us something about the integrated behavior
of living cells.
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Figure 1 Characteristic patterns of activity predicted by three models of allostery.
Part of an extended polymer of protein subunits is shown with active conformations in
white, inactive conformations in gray, and bound ligand molecules indicated by black
circles. According to the Monod-Wyman-Changeux (MWC) model of allostery, all
subunits in the polymer adopt the same conformation at the same time—in this case
all subunits have the inactive conformation. In the Koshlamaréthy-Filmer (KNF)
model, ligand molecules force a subunit to adopt an active conformation, which in turn
causes neighboring subunits to bind a ligand molecule. According to this model, the
conformation of a protein depends on whether it has a bound ligand molecule. In the
CS model, individual subunits have a certain probability of being active or inactive
depending ond) whether they are bound to a ligand ablithe conformational states

of their two neighbors. The salient feature of this last model is that conformational
states tend to occur in discrete domains.

EVIDENCE FOR CONFORMATIONAL SPREAD

Let us declare at the outset that conformational spread is a theoretical construct.
There is at present no unequivocal proof for its existence that will satisfy all
skeptics. Nor is it obvious what “conclusive” evidence could be obtained given
present technological limitations. In order to actually visualize protein conforma-
tions spreading across a lattice or array in real time, we would need to make obser-
vations on a microsecond timescale and with a spatial resolution less than 1 nm.
Some techniques come close to these desiderata, but no single method can do it
all. Fluorescence microscopy using fluorescence energy transfer and fluorescence
correlation spectroscopy has the capacity to provide information on the average
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environments of labeled molecules on a microsecond timescale, but spatial reso-
lution is limited. Evanescent wave fluorescence can detect individual fluorescent
molecules, for example, in a cell membrane, but is unable to resolve closely asso-
ciated molecules. Atomic force microscopy has sufficient spatial resolution but a

limited ability to detect conformational states or to record rapid changes.

Because it is unlikely that we could visualize conformational spread directly,
we must turn to evidence of a less direct nature. Historically, the first hint of
an interaction between the subunits of a protein molecule was the sigmoidal re-
sponse of hemoglobin to oxygen, first noted by Bohr et al. in 1904 (4a). Work on
hemoglobin led to the introduction of the Hill Equation (26) and to the two classical
models of allostery already mentioned (33, 43). An interactive cycle of experimen-
tal and theoretical analysis then gradually uncovered the underlying mechanism
of this and other allosteric interactions and led to its universal acceptance. Our
account of conformational spread arises in this same spirit of seeking an adequate
mechanistic model to account for observed quantitative behavior. Specifically, we
examine a number of disparate cellular systems in which the kinetics or magnitude
of a response seem to require something more than classical allostery. In each of
these examples we explain the experimental data by supposing that conforma-
tional changes propagate from subunit to subunit within the multimeric structure.
Although we accept that none of the examples by itself proves the existence of the
phenomenon, we hope that when they are taken together—like weak fibers woven
into a rope—the total structure will bear weight.

Chemotaxis Receptors

One of the best-characterized clusters of membrane proteins is that responsible
for chemotaxis in coliform bacteria (8). Aggregates of transmembrane receptors,
usually localized at one end of the bacterium, mediate detection of a range of
attractants and repellents. Individual receptors have ligand binding domains in the
periplasm and interact with the histidine kinase CheA on the cytosolic side of
the plasma membrane. Conformational changes occurring within the receptor, and
modulated by the binding of ligands, regulate the activity of the kinase and thereby
change the phosphorylation level of the signaling molecule CheY (CheYp). The
latter diffuses through the cytoplasm to the flagellar motors, where it increases the
probability of a change in the direction of flagellar motor rotation. Following a
rapid response to attractant, receptors undergo a slower change due to methylation,
thereby allowing the bacterium to adapt to the stimulus.

The idea of conformational spread arose initially because of the extremely
large amplification, or “gain,” of this cluster of chemotaxis receptors. Experiments
dating back to the 1970s, and confirmed as recently as 2002, reveal that individual
Escherichia colare able to detect the binding of just a few molecules of attractants
such as aspartate to their receptors (6). And yet, calculations based on the best
available information on binding constants, concentrations, and rate constants show
that the occupancy of a few receptors per cell should produce a change in the



CONFORMATIONAL SPREAD 57

concentration of CheYp of at most 0.1%. The binding of a few molecules of

aspartate is expected to produce a change in swimming “bias” (proportion of time
motors spend in counterclockwise rotation) of 0.005, which is roughly 20 times

too small to be detectable by humans, or useful to a bacterium (54).

In 1998 this quantitative discrepancy between theory and experiment led to
the suggestion that crosstalk between receptors in the cluster might result in “front
end” amplification (7). The idea was that a change in conformation in one receptor,
due to ligand binding, would favor similar conformations in neighboring receptors,
even those not themselves associated with a ligand. Because the magnitude of the
downstream signal directly reflects the number of receptors in an active confor-
mation, an “infectious” spread of conformation should amplify the response. The
basis of the proposed spread of conformation was placed on a rigorous physical
footing by an analysis based on an analogous Ising model (17, 51). As we describe
below, this free-energy-based approach revealed that a cooperative spread of ac-
tivity across a large cluster of receptors should be both feasible and consistent with
the biophysics of protein-protein interactions.

What is the evidence for such a spread of activity? In a recent study that com-
bined genetic and biochemical analyses, interactions were demonstrated between
small groups, or “teams,” of receptors (1). For example, mutations in the serine
receptor could be suppressed by compensatory mutations in the aspartate recep-
tor, and direct evidence for a functional association within teams of receptors was
obtained by chemical crosslinking. A broader integration of receptor function was
implicated in a series of analyses employing chemically prepared multivalent lig-
ands (23). Synthetic multivalent ligands thatinteracted through the low-abundance,
galactose-sensing receptor Trg markedly enhanced signal output from these clus-
ters. Significantly, these multivalent ligands also amplified the response to the
attractant serine by at least 100-fold. Apparently, the multivalent activation of Trg
also potentiates the activity of the serine receptor Tsr. The most direct evidence
to date employs fluorescent resonance energy transfer (FRET) to measure signal
responses in living cells. This shows a high degree of cooperativity between re-
ceptors, with a Hill coefficient as high as 16 (V. Sourjik & H.C. Berg, manuscript
submitted).

Evidently, some form of crosstalk must take place between chemotaxis recep-
tors. But are the receptors indeed packed in such a way that allosteric interactions
could occur between them? Structural studies of the receptors revealed a tendency
for the cytoplasmic domains to associate in sets of three, so-called trimers of
dimers (31). Receptors within a trimer of dimers are in intimate contact through
their highly conserved signaling domains, so allosteric interactions should pass
readily between them. But how might conformations spread from one trimer to
the next? One possibility, prompted by the highly flexible nature of the receptor
molecules, is that the periplasmic sensing domains of the receptors might come
together dynamically and in this way influence each other’s conformation (22, 32).
Another possibility, based on the observation that cluster formation requires the
presence of both CheA and CheW, is that conformational information might be
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transmitted from one receptor to the next via a common association with a CheA
molecule (52).

Ryanodine Receptors

lons and small molecules move across otherwise impermeable biological mem-
branes through protein-based pores and channels, which open and shut by con-
certed conformational changes. Opening events of individual channels can be
detected by techniques such as patch-clamping, and numerous instances in which
two or more channels open simultaneously have been recorded. Coordinate open-
ing has been seen in fields of identical membrane proteins such as acetylcholine
receptors (29, 61) and gap junctions (39). There are also examples in which het-
erologous receptors appear to be coordinately gated (30, 34). Because of the high
time resolution available in such studies, it is considered improbable that simul-
taneous opening and shutting of multiple channels could occur by chance. Some
level of crosstalk between contiguous channels seems necessary.

Concerted opening has been recorded in the calcium channels that control mus-
cle contraction. In both skeletal and cardiac muscle, calcium ions pour into the
cytosol from internal stores through distinctive’Caelease channels, each com-
posed of six identical ryanodine subunits arranged around a central pore. In both
types of muscle, closely packed arrays of ryanodine channels are situated close
to invaginations of the muscle plasma membrane, from where they receive their
activation signal. Those of cardiac muscle are arranged in square arrays, con-
taining groups of 100-300 receptors and a similar number of a second protein,
FK506 binding protein (FKBP), with the four corners of each ryanodine channel
appearing to contact corners of each of its four neighbors. Preparations of mus-
cle sarcoplasmic reticulum containing the ryanodine receptors, fused with lipid
bilayers and examined for single channel recordings under voltage clamp condi-
tions, show coupled gating between receptors (41). Dissociation, or inactivation,
of FKBP from the channels leads to loss of coupling, although the physical lattice
of ryanodine channels remains intact (40).

The physiological consequences of coupled gating have been explored in a
detailed quantitative model of the formation of calcium “sparks” by the heart mus-
cle sarcoplasmic reticulum (53). The model features “sticky clusters” of between
10 and 100 ryanodine channels working in synchrony and faithfully reproduces
most of the observed physiological features of cardiac muscle activity during sys-
tole (opening) and diastole (closing). Clearly, the sticky clusters could arise as a
consequence of conformational spread between neighboring channels (Figure 2).

CRing

Rings of identical, or closely similar, proteins are found in many structures in
both prokaryotic and eukaryotic cells (24). They have diverse functions, for ex-
ample, as channels or pores in membranes, or as enzymes that enclose their sub-
strates. But most have the feature that their individual subunits undergo concerted
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Figure 2 Model of coupled gating in cardiac muscle. Ryanodine channels in the
sarcoplasmic reticulum open to releaséCins from the sarcoplasmic reticulum

into the cytosol. Experiments indicate coupled gating between groups of adjacent
channels, which ensures simultaneous opening of channels during contraction (systole)
and closing during relaxation (diastole). Diagram adapted from Marx et al. (40).

conformational changes. If we wish to analyze such a ring of proteins within the

framework of classical allostery, then there is no difficulty so long as the ring is

relatively small, with up to six or so subunits. Indeed, the traditional analysis of

the hemoglobin molecule treats it (somewhat unrealistically) as a closed ring of
four identical subunits, each capable of binding an oxygen molecule and existing
in either a relaxed or tense conformation. However, as the ring of proteins be-
comes larger it becomes increasingly problematic to adhere faithfully to one of the
canonical models of allostery.

According to the MWC model, all subunits of the protein ring must, at any time,
exist in the same conformation. Whenever one unit flips to a new conformation, all
of the others must also instantaneously flip in a concerted fashion. This becomes
increasingly unrealistic as the size of the ring grows, because it implies action at a
greater and greater distance. The KNF model suffers a different problem, because
in this view of allostery, conformational change is tied to ligand binding, so that



60

BRAY m DUKE

subunits in one conformation always have a bound ligand, whereas subunits in the
other conformation never do. As the ring grows bigger this assumption becomes
increasingly unrealistic, because it requires an increasingly larger binding energy.

An illustrative case is found in the bacterial flagellar motor (3). Bacteria swim
by means of long helical flagella that project from their surface. These are helical
tubes of a single type of protein, flagellin, which are driven by a motor at their base.
Each of the six or so motors on the surface oEanolicell is a roughly cylindrical
structure about 50 nm in diameter. The motors rotate at more than 100 revolutions
per second and can abruptly reverse their direction of rotation on the scale of mil-
liseconds. Each motor is built from about 20 different kinds of protein, several of
which form rings around the structure. One ring, designated C for cytoplasmic,
contains about 34 copies of the protein FliM and is thought to control switching
of the motor between clockwise and counterclockwise rotation. Switching is con-
trolled by the cytosolic concentration of the small diffusible protein CheYp, which
binds in a 1:1 fashion to FliM.

In a wild-type bacterium without stimulation the cytosolic concentration of
CheYp is~3 uM and the flagellar motors undergo stochastic reversals of rotation
approximately every second. Even a small change in CheYp concentration up or
down is sufficient to disrupt this pattern and produce a marked shift toward either
clockwise or counterclockwise rotation. The molecular mechanism of the switch
is unknown and is the subject of some speculation. However, it is widely believed
that binding of CheYp molecules to individual FliM molecules of the C ring causes
a change in their conformation and that this in some way provokes the change in
the direction of rotation.

A number of recent studies have examined the relationship between CheYp
and the rotational bias (the proportion of time motors spend in a counterclockwise
direction). When CheYp levels were monitored in individual bacterial cells at the
same time that their flagellar rotation was measured, the sensitivity coefficient was
found to be extremely large, between 10 and 11 (14). However, FRET studies in
which the actual binding of CheY to FliM was measured indicate that this is much
less cooperative, with a Hill coefficient of between 1 and 2 (55). This difference in
apparent cooperativity between the motor switch and CheYp binding was actually
predicted in a CS model published prior to the experimental findings (18). In this
model the conformations of FIiM molecules are influenced by binding to CheYp
and by the conformation of their two neighbors. The model gives a stochastic output
that agrees well with both sensitivity curves and gives a rate of transition between
clockwise and counterclockwise rotation of the order of a second, as observed.

Flagella

To a true believer, there can be no plainer demonstration of conformational spread
than the beating of cilia and flagella. Cilia and eukaryotic flagella are larger and

more complex structures than bacterial flagella. They consist of a long extension
of the cell enclosed by the plasma membrane and are built upon a structural core,
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or axoneme, of microtubules plus a large number of accessory proteins (5). Mi-
crotubules in the axoneme are arranged in a characteristic 29 arrangement

and generate waves that travel down the length of the cilium or flagellum. Ev-
ery dynamic bend or curve of the structure must therefore signify changes in the
relative positions of protein molecules within the tightly packed axoneme. These
movements are driven by the ATP-dependent sliding of neighboring microtubules
generated by the cylindrical motion of the motor protein dynein. However, in order
to generate an integrated waveform, sliding itself must be regulated so that it takes
place only in certain regions and at certain times (5). It has been known for many
years that axonemes detached from the cell and with their plasma membrane re-
moved are capable of propagating waves. So it seems inescapable that regulatory
influences cannot depend on freely diffusing ions or small molecules. Evidently,
some other kind of signal must spread from one region of the axoneme to another
through the protein structure. One possibility considered recently is that dynein
activity is controlled by the local curvature of outer doublet microtubules (9). An-
other is that regions of active microtubule sliding are defined by the position of
the central apparatus (60). Either mechanism must depend crucially on a spread
of protein conformations.

The situation is simpler in bacteria. b coliand related bacteria, flagella are
naked helical tubes built from a single type of protein. The cylindrical wall of the
flagellum contains 11 protofilaments, each a linear polymer of flagellin molecules.
Over 30 years ago it was pointed out that, for geometrical reasons, in order for
the protofilaments to make a helix rather than a linear cylinder, they must have
two distinct lengths, corresponding to two states of the flagellin molecule (10).
Some protofilaments on the “inside curve” of the helix have to be shorter than the
others, and indeed the precise number of shorter protofilaments was predicted to
specify the waveform of the flagellum. This was indeed a triumph of theoretical
biology, because crystallographic studies of the flagellin molecule performed in
recent years have identified two states: the L-type and R-type flagellin, which
differ in length by 0.8A (50). The two forms occupy distinct positions within the
flagellum, consistent with the predictions of Calladine (10).

The relevance to conformational spread becomes clear when one realizes that
the waveform of an individual bacterial flagellum is not static but highly dynamic.
Flagellar waveforms change with the environment of the bacterium and the ro-
tation of its motors. In the normal swimming pattern of a wild-typecoli, for
example, most flagella have a long pitch left-handed helix and are driven in a coun-
terclockwise direction by their motors. But brief reversals of the motors occur at
random intervals and drive the flagella in a clockwise direction, producing tran-
sient segments of a relatively tight right-handed helix that propagate out toward the
flagellar tip (36). Evidently, each motor reversal must initiate a change in confor-
mation of flagellin molecules within certain protofilaments. It is believed that each
subunit acts as a mechanical switch and that under the stress of motor reversal,
some L-type flagellin subunits are converted into the R-type, thereby shortening
the protofilament length slightly. The steady progression of this region of altered
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Figure 3 Polymorphic transitions in bacterial flagella. Sketches of the helical waveforms
of swimming Salmonella(A) In a normal forward-swimming mode, or “run,” all six or so
flagella motors turn counterclockwise. Their appended flagella form a large bundle of normal
waveform (long pitch left-handed helixBY Exposure to a repellent or to high-intensity blue
light causes one or more of the motors to rotate in a clockwise direction and their attached
flagella to adopt a short pitch right-handed helix. The sharp transition in waveform propagates
out from the cell toward the flagellar tigtrow) and the cell undergoes a period of chaotic
movement, or “tumbling.”C) In other situations, such as a recovery from a tumble, changes
in waveform can be seen to propagate in the other direction, moving from the distal tip of a
flagellum toward the cell body. Adapted from Reference 36.

helix is therefore a visible manifestation of a propagating conformational change
(Figure 3). It would be difficult to account for such a phenomenon by one of the
canonical models of allostery.

Actin Filaments

The ubiquitous actin filaments that underlie the structure and motility of eukaryotic
cells have a simple structure, composed of a double helical array of a single protein.
Molecular models of the actin filament in textbooks (based on atomic coordinates
obtained from crystals of unpolymerized actin) convey the impression of a precisely
defined, rigid structure in which every atom is bonded into a unique location.
However, there is abundant evidence that this cannot be the complete story. The
helical rotation from one subunit to the next, for example, may vary as much as
+5% along the length of the filament and is known to have characteristic values
in different actin-containing structures, such as stereocilia and sperm acrosomal
processes (58). Individual actin filaments in solution writhe and twist continually,
displaying a flexibility that seems inconsistent with a rigidly defined atomic subunit
structure. For reasons similar to those put forward above, it seems likely that these
changes in shape of the filament are in some way accompanied by changes in
subunit conformation. Unlike the case for bacterial flagella, however, the detailed
structures of the different conformations are not known.
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Actin filaments within a living cell writhe less because they are heavily in-
vested with a variety of actin binding proteins. But even in this situation there
is reason to think that their subunits can exist in more than one conformation.
First, the binding of certain proteins such as the small protein cofilin changes
the helical pitch of the filament (42). The interaction between cofilin and actin is
highly cooperative and its kinetics suggests a structural change that propagates
along the filament (49). Second, different sets of actin binding proteins appear
to be mutually exclusive in their binding, in that the binding of one type of pro-
tein changes the actin filament so as to exclude proteins of the other kind. Thus,
the rod-like protein tropomyosin, which in both muscle and nonmuscle cells is
aligned along the long axis of actin filaments, stabilizes a state of actin with an
increased affinity for the drug phallotoxin but a decreased affinity for cofilin and
gelsolin (45). Gelsolin, a protein that binds to the fast-growing “barbed” end of
an actin filament, has been reported to stabilize the subunits of the polymer in a
different conformation, in which they have an enhanced affinity for both gelsolin
and cofilin. Interestingly in the present context, these changes appear to affect
long stretches of an actin filament beyond those regions directly in contact with
the modifying protein. Biochemical studies indicate that the binding of a gelsolin
molecule to the end of an actin filament causes a change in binding affinity of
10 to 20 actin subunits (49). Optical anisotropy and electron microscopy of the
same situation indicate that changes in conformation and torsional rigidity caused
by the binding of a single gelsolin molecule may propagate throughout the entire
actin filament (48).

THEORETICAL BASIS OF CONFORMATIONAL SPREAD

The idea behind the CS model can be best seen by considering a closed ring of
N identical protein subunits, each able to exist in one of two conformations. A
ring is more convenient than an infinitely long linear polymer for this purpose be-
cause end effects need not be considered. If each subunit in the ring is assumed to
make rapid stochastic transitions between its two conformations and the chain is at
thermodynamic equilibrium, then the probability of occurrence of a particular con-
figuration will be determined by its free energy according to the usual Boltzmann
formulation. In the case where interactions between adjacent subunits are neg-
ligible, the subunits flip conformation largely independently and there is little
correlation of states along the chain. But suppose that there is a significant inter-
action between neighbors and, moreover, that when two adjacent subunits have
the same conformation, their combined energy is lower than when they have dif-
ferent conformations. This coupling causes the conformation of each subunit to
influence that of its neighbor, and so on down the chain—the basic mechanism of
conformational spread.

The consequence of a local rule of this kind is that a pattern of dynamically
shifting domains of subunits occupying the same state will emerge. The average
extent of a domain (the degree of conformational spread) increases as the coupling
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energy gets stronger. In the limit, the entire ring exists in one conformation for
extended periods of time, converting abruptly to the other conformation as all sub-
units flip almost simultaneously. It will then be as though the ring exists in just two
states rather than a multitude of configurations, a situation close to that envisaged
in the conventional MWC model (see Figure 1). But notice that the kinetics of
the transition are entirely different. From the standpoint of conformational spread
the ring progresses from one extreme state to the other via a large number of
intermediate situations that are not considered at all in the classical model.

Regulation by Ligand

In many situations of biological interest, conformational transitions of proteins are
regulated by the binding to a diffusible ligand molecule—as in the case of the ring of
FliM proteins discussed above. Mindful that many allosteric protein complexes are
enzymes, receptors orion channels whose activity is regulated by a ligand, we shall
designate the two conformations “activefY and “inactive” (), although other
labels may be more appropriate in certain systems. In hemoglobin, for example,
the conformations are called “relaxed” and “tense” and for bacterial flagella they
are “right” and “left.” We shall further assume that the ligand, at concentration

is an effector, so that ligand binding shifts the conformational equilibrium so as to
make the active state more probable. For simplicity, we consider the symmetrical
case inwhich the free energy of the active state, relative to that of the inactive state,
changes from+-Ex to -Ex when a subunit binds ligand. As above, we additionally
suppose that there are conformation-dependent cooperative interactions between
adjacent subunits that favor similar conformational states. Again, we consider the
symmetrical situation for simplicity and assume the free energy of a subunit to
be reduced b¥; for each neighboring subunit that is in the same conformational
state.

The occurrence of multiple domains of active and inactive subunits around
the ring is favored entropically but penalized by the energetic interactions at the
cluster boundaries. The latter are sufficiently important wiBgexceeds a critical
value Ej for the ring to consist of a single domain for most of the time—it is
either entirely active or entirely inactive. The critical value of the coupling energy
depends on the number of subunits in the ring:

E¥=kTInN, (N> 1)

wherek is the Boltzmann constant afdis the absolute temperature (18). When
E; > EjJ, thering is effectively bistable and switches stochastically between fully
active and fully inactive configurations. The proportion of time spent in each of
these two configurations depends sensitively on the ligand concentration.

In order to determine the mean activity of the ring as a function of concentra-
tion, it is necessary to take account of the reciprocal effect that the conformational
state has on ligand binding. Because the ligand stabilizes the active state, ther-
modynamic consistency implies that the active state binds ligand more strongly.
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The dissociation constarks andK ; of the ligand for active and inactive subunits
are related according to

Kq —2E

—4 —exp A).

Kg kT

Note that even when the concentration of ligand is constant, the average amount
of ligand bound changes each time the ring switches between the two bistable
configurations, owing to the different affinities of the active and inactive subunits.
The concentration at which the time-averaged ligand occupancy is one half is

c=Cos =/ KiKg.

Atlow concentrations; < Cg 5 the ring is overwhelmingly in the fully inactive
configuration and at high concentrationss> ¢y, it is fully active. It is only at
concentrations in the vicinity ofg s that the ring frequently switches between
both configurations. The range of concentrations over which this switching occurs
diminishes as the coupling energs, increases. Wheg; > E3, the change in
time-averaged activity caused by a small change in ligand concentration can be as
much asN tanhEa/KT) times greater than it would be for an uncoupled system
(18). Thus the ring may function as a logical control element whose activity can
be abruptly modified by a slight alteration of the level of the effector ligand.

Relation to Canonical Models of Allostery

A more general version of our CS model would omit the assumption of symmetry.
There would then be two separate energy differences between the active and in-
active statesE when a subunit is unliganded afk when it is liganded. Also,
there would be two different coupling energi&s; between pairs of inactive sub-
units andE} between active pairs (with the active-inactive interaction being taken
as the reference). The MWC model is thermodynamically equivalent to this more
general model in the limit where the two coupling strengths are |dge-6 oo,

E2" — o0). Mixed configurations are then prohibited, owing to their high energy,
and the ring makes concerted transitions between the fully active and fully inactive
states. In its usual formulation the MWC model contains two main parameters:

is the ratio of fully inactive to fully active configurations in the absence of ligand,
andC s the ratio of the ligand affinities of the all-inactive and all-active configura-
tions. The relation between the MWC parameters and those of the general model
of conformational spread is as follows:

N EC EC + EL
L= exp< kTA)’ C= exp[%}.

In the KNF model there is a close link between ligand binding and conforma-
tional change. An association with a ligand molecule causes the protein to change
to a conformation that favors tight binding—a process sometimes termed induced



66 BRAY m DUKE

fit. Moreover, the change in conformatia of this one subunit is propose to alter
directly the conformatio of adjacem subunits so as to malke their affinity for lig-
ard highe. In our more generdmodé of conformationhsprea the KNF model
is equvalert to the limit in which the influence of the ligand is overwhelming
(E — oo, EX — —00). Unde thes conditiors aligand molecuk always in-
duces a conformationachang in the subunit to which it binds and the effective
affinity of thering changsas succeswe ligand molecule bind owing to the coop-
eratveinteractiors betweea subunits Conformationasprea isthus ageneralized
descriptia of allostely and incorporatsthe two canonichmodebk asspecidcases
(Figure 4).

Other One-Dimensional Systems

With slight modificationsthe CSmodd may be extendel to cover avariety of other
one-dimensionasystemsFor example alinear polyme can exist principally in
two configuratioms if the coupling enegy exceeds

Ey=2kTInN, (N> 1).

The critical coupling eneagy is twice tha of a closel ring becaus only one
bounday iscreatel when apolyme splitsinto two domainsFactosthat influence
the conformationa stak of individud subunits, othe than ligand binding may
also beaccountd for. Inthe cag of aflagella protofilamemnthe conformatia of a
monome might be affected by mechanickstressasmentione above. Thesubunits
of voltage-gatd ion channet are influencel by an electric field applied acrosthe
membraneSituatiors sud as thes may be modelea by assigniig an appropriate
value of theenegy difference Ea, betwea conformationastatesQuite generaly,
if E;> E%, therewil| beashaptransiticninthestaeof thesysten asthemagnitude
of theexternd influence varies ard over anarmow intermediaé rance of valuesthe
systen will be bistable The bistabk region would normally be characterize by
stochasti flipping betwea the two statesHowever, for large systens with strong
coupling thetransitian rates may be slow enoudn for hysterett betavior to occu.

Two-Dimensional Systems

In two-dimensionh systens suc as arrays of membrae proteins the greater
degree of connedivity of the subunits enhancethe sprea of conformationsThe
main consequereis tha the critical coupling enegy, E?*, above which “all-or-

noné€ behavior ensus does not increa® with the numbe of subunitsasit doesin

aone-dimensionasystem Insteal E’ has afixed value that depend only on the
geomety of thelattice:

0.6 kT, honeycomb (3 neighbors)
0.443 KT, squae (4 neighbors)
0.275 KT, triangula (6 neighbors)
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As before, wherk; > E3, the entire lattice tends to lock into one of the two
configurations in which all of the subunits have the same conformation. Strong
coupling would permit, for example, the coordinated gating of ion channels of the
kind described above for cardiac ryanodine channels.

Array of Adaptive Receptors

An interesting example of a two-dimensional system is a lattice of membrane
receptors, such as the bacterial chemotaxis receptors described above, designed
to detect changes in the extracellular concentration of a ligand molecule. This
implies that the receptors must possess an adaptation mechanism and that their
activity is influenced by a modification reaction, as well as by the presence of
bound ligand. Modification counters the effect of ligand binding but proceeds on

a slower timescale. As a consequence, a sudden change in ligand concentration
transiently affects the activity of the receptors, but the system subsequently adapts
to the new level and the activity returns to its former value.

In order to respond to both increases and decreases in ligand concentration, the
fraction of active receptors in an adapted system would ideally have an intermediate
value between zero and unity. The all-or-none response that occurEykeR?
would therefore be inappropriate for this system of detection. Cooperative coupling
between adjacent receptors can nevertheless be extremely advantageous, especially
if the coupling energyE,, is close to the critical valuggj, but slightly lower (17).

When the ligand concentration increases by a small amount, a few additional re-
ceptors will bind ligand. This will bias their activity and, through coupling, will
tend to alter the activity of other receptors in their immediate vicinity. The realm
of influence of these ligand-bound receptors will fluctuate in size, due to thermal
noise, but averaged over the duration of ligand occupancy local patches of altered
activity will be created. As a consequence, the transient response of the lattice will
be much greater than that of an equivalent set of isolated receptors. The average
extent of the conformational spread is given by the correlation leggtbf the
equivalent Ising model, and the enhancement of the response is proportional to the
areaf2. Becausé grows indefinitely as the critical condition is approached;

(1— Ey/E3)~1, the gain can be extremely large when the coupling energy is slightly
lower thanEj. The sensitivity of the receptor lattice is thus greatly heightened.

CELLULAR IMPLICATIONS OF CONFORMATIONAL
SPREAD

Protein Machines

The various examples of conformational spread we have discussed all relate to
systems that are at thermodynamic equilibrium, or are at least approximately equi-
librated over the timescale of interest. The probability that a subunit occupies
a particular conformation is therefore influenced by energetic interactions with



68

BRAY m DUKE

neighboring subunits according to the laws of equilibrium statistical mechanics.
As we have seen, the system may then be succinctly parameterized in terms of
conformation-dependent coupling energies. But the concept of conformational
spread has a wider compass and may be extended to systems that are out of
equilibrium. In particular, the cooperative spread of conformational changes is
of fundamental importance in protein machines such as molecular motors and ion
pumps, which are driven by the hydrolysis of ATP. In such systems, conformational
transitions are typically precipitated by a biochemical reaction occurring at the nu-
cleotide binding site—either the association of ATP or the dissociation of one of
the products of hydrolysis, ADP or Pi (44). Because the ATP hydrolysis reaction is
maintained far from equilibrium in the living cell, protein machines cycle stochas-
tically through a sequence of conformations. These repetitive structural changes
are intrinsic to the machines’ function, permitting, for example, molecular motors
to step along cytoskeletal filaments. In these systems, conformational spread often
arises through “mechanochemical coupling” (27): The conformation of one subunit
influences the rates of the biochemical reactions that are concomitant with confor-
mational transitions in other subunits (21). Thus a structural change in one subunit
can induce the same or a different change in other components of the machine.

The actomyosin system provides an illustrative example of how mechanochem-
ical coupling works. A wide range of data, from both structural studies and micro-
manipulation experiments using single molecules, indicate that the myosin head
domain undergoes a major conformational change when it is bound to actin. The
transition, triggered by Pi release, occasions a movement of the distal part of
the head through several nanometers and is the basis of the generation of force
and movement in muscle contraction. In a muscle sarcomere, however, myosin
molecules do not work individually. Many myosin molecules bound together in
a myofilament act together on the same actin flament. Because the large number
of heads linking the paired filaments constrains their relative motion, a conforma-
tional change in the head domain of a given myosin molecule can be accommodated
only by deformation of its tail domain. Thus whereas the conformational change
is favored by the negative free-energy change accompanying the release of Pi, it
is disfavored by the mechanical work needed to deform the molecule. The latter
slows down the rate of the transition or, to put it another way, the kinetics of the
conformational change is strain dependent (47).

How can this mechanochemistry lead to conformational spread? When one
myosin head releases Pi and changes conformation, the extra force that it generates
causes the two filaments to shift slightly relative to one another. This diminishes the
strain of all the other bound heads, thereby enhancing the rate at which they release
Pi and execute the same conformational transition. Under the right circumstances,
one head can trigger an avalanche in which all of the myosin molecules change
conformation almost simultaneously (15). The mechanical coupling of the myosin
molecules through the stiff flaments can induce biochemical synchronization.

Just as mechanochemical coupling can cause many components of a system to
adopt the same conformation simultaneously, it can also cause different elements
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to adopt different conformations, generating biochemical antisynchrony. Such ap-
pears to be true for the protein machine F1 ATP synthase, which consists of a ring
of three dimeric subunits, each of which can bind and hydrolyze nucleotide (46).

At a given instant, each subunit is at a different stage of the hydrolysis cycle—one
has bound ATP, another bound ADP, and the third an empty binding site—and all
three progress to the next stage in a coordinated fashion.

Mechanochemical coupling can produce further striking effects in systems in
which many motor proteins work together. One such effect that has been observed
experimentally is the bidirectional motion of cytoskeletal filaments as they glide
across a surface coated with motor proteins (20). We have previously explored how
the coupling of protein subunits in a linear chain can create a bistable polymer. Ina
similar fashion, the mechanical coupling of molecular motors through a filament to
which they are commonly bound can create a dynamical system with two steady
states—one in which the motors push the filament and the other in which they
pull it (2, 16). It has been suggested that this bistability is the basis of oscillatory
contraction of insect flight muscle and that it might explain the coordination of
dynein motors in the axoneme.

Itis likely that many other protein machines, including ion pumps, chaperones,
and helicases, make extensive use of concerted conformational changes induced
by mechanochemical coupling. It is notable that many of these molecules have
symmetric ring-like structures to facilitate coordinated action, as seen in the large
family of AAA mechanoenzymes (59).

Solid-State Circuitry

Let us accept, for the sake of argument, that in the examples mentioned, which
include clusters of receptors, linear polymers of proteins, rings of proteins, and
chains of motor proteins, allosteric conformations do indeed spread between pro-
tein molecules. We can then ask whether these are simply special cases or whether
they might be indicative of a much more general phenomenon. How common is
conformational spread? What are its broader implications? How far can allosteric
transitions propagate? What information might they carry, and how might a cell
make use of this information?

Our response to these questions is strongly influenced by two universal princi-
ples of cell biology. The firstis that allosteric proteins are found throughout a living
cell and are essential for all of its most important functions. Itis hard to think of any
cellular process, from DNA replication and gene expression to signal transduction,
energy production, and motility, that does not depend crucially on the dynamic
changes in conformation of protein molecules. The second universal principle is
that living cells are, to a first approximation, made of a gel-like matrix of protein
molecules. Aggregates of proteins with myriad catalytic and structural roles link
membranes to the cytoskeleton to the nucleus in a complex web of protein-protein
interactions permeated by an aqueous solution of ions and small molecules (35).
The topology of this matrix is not known in detail and indeed probably changes
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dynamically with the changing physiology of the cell. But there is good reason to
believe that it is physically continuous over long distances (38). In other words, it
seems likely that any two locations of the cytoplasm are connected by a chain of
protein molecules.

Inthe light of these arguments it seems plausible to us that cascades of propagat-
ing conformational change will be a common occurrence in living cells. Environ-
mental influences outside of the cell will affect the conformation of proteins in the
plasma membrane, which will relay their changes to proteins on their cytoplasmic
domains. Allosteric transitions of proteins in the cell cortex, including proteins
involved in the generation of cell signals, will spread to formed elements of the cy-
toskeleton. Actin filaments and microtubules may then be able to propagate these
signals, especially if their subunits are poised between two easily interchangeable
conformations (as a consequence of the nucleotide hydrolysis that accompanies
polymerization). Moreover, if proteins that bind to these filaments, such as cross-
linkers or motor proteins, are also sensitive to actin or tubulin conformations, then
signals could travel without decrement over long distances to every corner of the
cell.

Butif such a universal mechanism of integration exists, why has it not been seen
before? The answer is that it has. In fact the literature is full of references to phe-
nomena that, although they have different names, nevertheless resemble closely
what we call conformational spread. A search of the literature reveals, in addition
to papers already cited, a review of the function of focal contacts that concludes
that extracellular binding, the cytoskeleton, and signal transduction pathways are
coupled via “long-range conformation changes” and “allosteric equilibria” (28).

A review of the motility of spring-linked assemblies of actin and other filaments

in such structures as tlhémulussperm acrosomal process says structural changes
propagate through a bundle of filaments “in the same way as a defect moves though
a crystal” (37). An analysis of T cell recognition shows that a spread of protein
conformations between receptors “can enhance T cell specificity significantly”
(11). An analysis of the physics of focal adhesions calls upon coupled confor-
mational changes to explain the effects of mechanical tension (4). The number
and variety of published speculations about the possibility of long-distance spread
of allosteric states is impressive. Although some may be found to be incorrect,
they show, at least, the potential utility of such a mechanism. And if any of the
postulated mechanisms are eventually supported by experimental evidence, they
will strengthen the case for conformational spread as a universal mechanism of
integration within living cells.
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Figure 4 States of the hemoglobin molecule predicted by different models of alostery.
For simplicity, the molecule is shown as a symmetrical arrangement of identical subunits,
each of which can exist in one of two conformational states (orange or white) and each of
which can bind an oxygen molecule (red dot). With this formalism, there are 54 distinct
possible states of the molecule (assuming that rotational states and mirror images are
equivaent) (19). States predicted by the KNF or MWC formalisms are shown at twice the
size for emphasis. The KNF model assumes that conformational states are tied to ligand
occupancy of the subunit—these states are shown on the dark gray diagona. The MWC
model assumesthat al subunits simultaneously adopt the same conformation—these states
are shown along the two horizontal bars (light gray). The CS model of allostery incorpo-
rates all 54 varieties as possible states of the molecule. In this model, progression from one
state to the next is a probabilistic process governed by statistical mechanics. Note, howev-
er, that not every state is occupied to the same extent and that experimental evidence shows
that the most probable states are those predicted by the MWC formalism (25).
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