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H
istorical perspectives and the
underlying mechanisms of
allostery have been recently
reviewed (1–4), increasingly

highlighting conformation selection and
population shift (5). A classical example
is transcription factor (TF) catabolite
activator protein (CAP) activation by
cAMP in response to extracellular stim-
uli (6). cAMP–CAP–DNA complex was
the first TF with 3D structure (7), and it
was postulated that cAMP binding
causes structural rearrangements allow-
ing CAP to bind DNA (6, 8). Twenty-
eight years later, NMR structures have
confirmed the allosteric transition para-
digm; as reported in this issue of PNAS,
Popovych et al. (9) found that without
cAMP binding, the CAP apo form loses
3 helical turns and the DNA binding
domain rotates, shifting from its DNA
binding-ready state. Consistent with the-
oretical expectation, some mutations
shifted the ensemble toward a DNA-
compatible active state even without
cAMP binding (9). Coiled-coil
order-disorder transition coupled with
cAMP binding permits efficient allo-
steric control; yet, it is not necessarily
used in other structurally similar cAMP
binding domains (10). Protein kinase A
undergoes a kink transition sufficient to
break the inactive protein kinase A
(PKA) tetramer complex on cAMP
binding (11). In the CAP/fumarate and
nitrate reduction regulator (FNR) su-
perfamily, the CooA (effector: CO)
does not involve an order–disorder tran-
sition but dissimilative nitrate respira-
tion regulator (DNR) (effector: NO)
does (9).

Mechanistically, cAMP concentration
in the nucleus can be low and CAP
order–disorder transition can amplify
allosteric signaling. Allostery can am-
plify catalysis and signal transduction
(12) and intrinsic disorder can maximize
(13) allosteric response. Popovych et al.
(9) illustrate the order-disorder transi-
tion: both cAMP binding to wt-CAP
and CAP mutations shift the landscape
toward an ordered active state. In disor-
dered states the barriers are low. They
are easily overcome by mutational, li-
gand binding, or posttranslational modi-
fication perturbation events affecting the
relative residue-residue (or solvent) in-

teraction strengths, shifting a preexisting
conformational ensemble (14). All such
events are allosteric.

The allosteric order/disorder rationale
is consistent with transcription factors
and other cell-signaling proteins being
disproportionately intrinsically unstruc-
tured. A similar mechanism was ob-
served in the related cAMP response
element-binding protein (CREB). Al-
though CREB was initially identified as
a cAMP pathway target, CREB is now
known to be activated by hundreds ex-
tracellular stimuli. Many of these trans-
mit through G protein-coupled receptors
(GPCRs). CREB can be activated by
KID (kinase-inducible domain) Ser-133
phosphorylation by PKA. This allows
interaction with the CREB binding pro-
tein KIX domain. When unphosphory-
lated and unbound, KID is disordered.
Cooperative folding and binding occur

upon pKID–KIX interaction, forming
2 �-helices kinked near the phosphory-
lated site (15). KIX is an allosteric
domain able to bind 2 other proteins
cooperatively. Different partners binding
at the second site can modulate the con-
formations and thus the affinity of
pKID–KIX interaction, regulating the
transactivation complex (16). Indeed,
the magnitude of the CREB-dependent
transcriptional response is determined
by the binding strength between the
KID and KIX domains.

Although allostery is the focus of in-
creasing attention, not much is known
about allosteric mechanisms in cellular
pathways. Previous studies focused on
individual proteins or complexes reveal-
ing common features in allosteric regu-
lation and catalysis; yet, allostery is not
confined to individual protein systems;
rather, allosteric mechanisms are com-
ponents in the connected systems level
signal transduction pathways. Consider
allostery within the cellular signal trans-
duction: GPCRs stimulated by hor-
mones and neurotransmitters activate
adenylyl cyclase. This membrane-bound
enzyme catalyzes cAMP synthesis.
cAMP then binds signaling proteins
(here, CAP and PKA). Thus, GPCR–
cAMP–CAP and GPCR–cAMP–PKA–
CREB are 2 ‘‘short’’ cAMP-related
signaling pathways (Fig. 1A). Both
GPCR and PKA are classical examples
of allosteric regulation (11, 17, 18).
These pathways span the cell: from
membrane-bound GPCR, to cytoplasmic
PKA, to CAP or CREB-CBP in the
nucleus.

All dynamic proteins are allosteric (5)
and the pure dynamics (19) in one do-
main can be coupled with conformation
change in another domain as in the case
of CAP (9). Thus, it is not surprising
that catalytic and signal transduction
proteins are allosterically regulated.
When considering allosteric proteins as
modules in signal transduction pathways
extending from extracellular stimuli to
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Fig. 1. Nanoscale allosteric signal transduction
relay from the cell surface to the nucleus. (A) Allo-
steric proteins and cell signaling. The simplified
GPCR-cAMP-CRP and GPCR-cAMP-PKA-CREB path-
ways represent short routes connecting extracellular
stimuli to the nucleus via the cytoplasm. Cytoplasmic
proteins often display an on/off transmission switch,
likethePKAandscaffoldMAPKsystems. (B)Allosteric
relay in signal transduction can be nanoscale, over
hundreds of nanometers.
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the responding nuclear events, as in the
GPCR to CAP (or CREB) cases, the
global allosteric response is not confined
to the proteins in their isolated states;
rather, allosteric response is system-opti-
mized. Thus, in single proteins an allo-
steric signal travels from the effector
perturbation site to the response ligand
binding site over nanoscale distances
ranging from 1 to 20 nm; yet, in the cell,
signals transmitted from the extracellu-
lar surface through the cytoplasm to the
nucleus to activate (or repress) tran-
scription are relayed through several
proteins over much larger distances
(Fig. 1B).

If allosteric regulation is not opti-
mized solely for an individual protein
but for a cell-spanning pathway, what
are the advantages of allosteric regula-
tion on the cellular scale? First, cross-
membrane signaling has to be allosteric;
allosteric regulation of a transmembrane
receptor allows a graded signal response
(Fig. 1B) to fluctuating extracellular
stimuli. GPCRs are examples of such a
graded response. The ste5 scaffold
MAPK system localized near the G
protein similarly allows graded signal
transduction, with graded response to
pheromone level increase (or decrease)
(20, 21). Second, the extremely crowded
cytoplasmic environment requires an
ultrasensitive on/off digital response.
cAMP-activated PKA presents such an

on/off transition. The ste5 scaffold
MAPK system also displays an on/off
switch (21). Third, signals reaching the
nucleus after traversal over a long dis-
tance can be weakened; and optimized

transactivation/transcription could re-
quire amplification. Intrinsic protein dis-
order, characteristic of transcription
factors, is well-suited for such amplifica-
tion: the low barriers between the con-
formers in the ensemble are easily
overcome, shifting the equilibrium to-
ward an energetically less-favored, al-
though active binding-ready preexisting
state (14). The cAMP-CAP and CREB-
CBP constitute such cases. Finally,
above we addressed ‘‘outside-in’’ signals
traveling from the extramembraneous
cell surface to the nucleus; yet, it be-
hooves us to recall that similar consider-
ations apply for ‘‘inside-out’’ signaling.
Integrins provide an excellent example;

these transmembrane receptors allow
both outside-in and inside-out allosteric
signaling (22). Their elongated het-
erodimeric membrane-crossing �- and
�-chains (with the extracellular ligand
binding domain and cytoplasmic domain
�20 nm apart in the fully extended ac-
tive state) present large interdomain,
hinge-mediated conformational changes
transmitting bidirectional signals (22).

In the current era, with accumulating
systems and detailed structural informa-
tion (9), concerted cell-level allosteric
regulation can be addressed. Allosteric
signal-transmitting proteins span
nanoscale sizes and extracellular stimuli
are tandemly relayed to the nucleus via
the cytoplasm through allosteric proteins
over very long distances, reaching tens
and even hundreds of nanometers. Allo-
steric relay is advantageous: signal trans-
duction through the plasma membrane
allows graded response to stimuli; in the
crowded cytoplasm it allows sensitive digi-
tal on/off switch; and in the nucleus—in
particular, when intrinsically unstruc-
tured proteins are involved—large allo-
steric population shifts amplify weak
signals while retaining graded transcrip-
tional activity.
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