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Energetic redistribution in allostery to execute

protein function

Jin Liu*" and Ruth Nussinov®<"

A perturbation at one site of the protein could cause
an effect at a distant site. This important biological
phenomenon, termed the “allosteric effect,” is essen-
tial for protein regulation and cell signaling, playing an
important role in cellular function. Its fundamental func-
tional significance has inspired numerous works aiming
to understand how allostery works. Allostery can involve
large, or unobserved, subtle (mainly side-chain) confor-
mational changes (1). Conformational changes are
driven by enthalpy. The term “dynamic allostery” was
coined by Cooper and Dryden in the early 1980s to
describe allostery “even in the absence of a macromo-
lecular conformational change” (2). Cooper and Dryden
argued that dynamic allostery is primarily an entropy
effect. However, numerous works have been published
over the last 20 y taking “dynamic allostery” to imply a
complete absence of conformational change because
the authors did not observe such changes (1). Impor-
tantly, “dynamic allostery” without observable confor-
mational changes is still ruled by a population shift
between two “distinct” states where a new energetic
redistribution favorable for the allosteric (functional)
state is either dominated by entropy, enthalpy, or both.
Few studies questioned whether enthalpy plays a role
in dynamic allostery as well (1). In PNAS, Kumawat and
Chakrabarty (3) demonstrate that indeed even in dy-
namic allostery enthalpy plays a role by redistributing
internal energies, especially electrostatic interaction en-
ergies, among residues upon perturbation (Fig. 1).

Electrostatics is an established player in function.
Decades ago, Warshel (4) and Warshel et al. (5) dem-
onstrated its critical role in protein catalysis and Perutz
(6) in allostery. Recently, rearrangements of electro-
static networks were reported for conformationally
driven allostery (7, 8). The report of hidden electrostatic
interactions in dynamic allostery in PNAS (3) argues that
redistribution of electrostatic interaction energy could
be universal in allosteric proteins, with or without sig-
nificant conformational change.

Proteins embrace redistribution of electrostatic
interaction energies to execute their functions. For

example, myosin, a motor protein, binds to the
negatively charged ATP, which redistributes the elec-
trostatic bond network, thus altering the charge of the
actin-binding site, leading to myosin’s dissociation
from actin (7). Thus, myosin redistributes electrostatic
interaction energy in allostery to execute its function
of dissociation from actin.

The PDZ domain protein is a well-known cell signal-
ing protein. The major functions of PDZ domains include
recognition of the disordered C-terminal peptide motifs
of hundreds of receptors and ion-channel proteins,
dimerization with other modular domains, and phospho-
lipid binding. As a dynamic regulator of cell signaling,
PDZ function can be modulated allosterically (9). In the
PDZ3 domain protein, the peptide recognition site is
located at the hydrophobic p2—-a2 region. Mutations of
distal residues on the PDZ3 domain or deletion of the
distal a3 helix (10) allosterically affect the binding affinity
at the recognition site without causing significant confor-
mational change. By contrast, binding of the peptide
at the recognition site changes the dynamics of the
PDZ3 domain, albeit still without large conformational
change. Using molecular dynamics simulations and anal-
ysis of protein interaction energy, Kumawat and Chakra-
barty (3) show that the perturbation of the binding of a
peptide in the p2-a2 region leads to the side-chain rear-
rangement of certain charged residues to form new fa-
vorable electrostatic interactions. As a result, some of the
previously favorable electrostatic interactions in the un-
bound state become unfavorable. Like a domino effect,
additional side-chain rearrangements occur to release
this energetic stress, altering the electrostatic and hydro-
gen bond network, especially in the N- and C-terminal
regions, consistent with the known allosteric sites. How
does this energetic redistribution affect PDZ3 function?
PDZ domains are usually sequential on the protein chain.
The energetic redistribution in one PDZ domain can
propagate through an allo-network (11) to a second
PDZ domain, thus affecting cell signaling. It is difficult
to detect this dramatic redistribution of energy in exper-
iments, because the energetic redistribution does not
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Fig. 1. The scheme of the electrostatic basis of dynamic allostery in the PDZ3 domain protein. Dynamic allostery has no significant conformational
change. Upon binding of the peptide (CRIPT), there is no significant enthalpy change, but Kumawat and Chakrabarty (3) reported a redistribution
of the electrostatic energies. Such redistribution may propagate to other PDZ domains for the proteins to execute their function.

change the total interactive energy due to the cancellation of the
favorable and unfavorable interactions.

Kumawat and Chakrabarty (3) demonstrated the hidden electro-
static basis on PDZ3 domain protein, raising the question of
whether the electrostatic interaction redistribution is a common
feature among “dynamics-driven” allosteric proteins with minor
conformational change, or whether it is a unique feature of the
PDZ3 domain protein. PDZ3 recognizes the peptide through its
hydrophobic pocket, but a positively charged residue, K5, initiates
the rearrangement of the H-bonded network, leading to changes in
electrostatic interaction energies (3). One question that arises is
whether the charged residue at the binding interface is critical for
the electrostatic interaction energy redistribution. For example,
cAMP-catabolite activator protein (CAP) has been considered a
classic dynamics-driven allosteric protein. Binding of one cAMP to
CAP decreases the binding affinity for a second cAMP allosterically;
however, even though NMR suggested absence of conformational
change, subsequent cAMP-CAP crystal structures (12, 13) indicated
that large conformational changes are necessary for its DNA bind-
ing function (14). Interestingly, mutations of CAP to reduce its con-
tact with cAMP can enhance this negative allosteric cooperativity
(15). Note that charged residues are involved in the interaction in-
terface between CAP and cAMP. One may then speculate that
these charged residues, which are perturbed by binding, trigger
redistribution of the internal electrostatic interaction energy and
thus play a role in CAP allosteric function. Protein kinases were also
proposed to be dynamics-driven allosteric proteins (16), where al-
lostery is orchestrated by a dynamic hydrophobic core (17). Like the
butterfly effect, a single mutation in cancer can remodel the whole
cell (18). Interestingly, many of the frequent cancer mutations in-
volve charged residues, such as the BRAF V600E cancer mutation.
This raises the question of whether these charged residue muta-
tions trigger redistribution of internal energies within the protein
and in between proteins through allo-network (11) shifts of side
chains, which could partly explain the butterfly effect in cancer.

Electrostatic interactions are not the only source for energetic
redistribution. Kumawat and Chakrabarty (3) report that Van de
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Waals interactions and H-bonded networks are both involved in
energetic redistribution to some extent. The energy of a pro-
tein represents all potential local and long-range interactions
within and between residues. In one protein, multiple amino acid
interaction networks can be identified to describe different inter-
actions (19). Upon perturbation, one or more amino acid inter-
action networks could be altered, to different extents, and the
energy could be redistributed. The protein is not an isolated
system but interacts with its environment including water mole-
cules. Kumawat and Chakrabarty (3) noticed significant local sol-
vation environment change for certain residues, indicating that
the energetic redistribution is not only within or between proteins;
protein—water interactions also contribute to the energetic
redistribution.

How can we unify the electrostatic basis and dynamic basis in
dynamic allostery? Previous studies advanced entropy as a driving
force in dynamic allostery. Recently, a few computational and
experimental reports suggested that La Chatelier’s principle may
be behind dynamic allostery. Using a rigid residue scan molecular
dynamics simulation-based method, Kalescky et al. (20, 21)
reported that decreasing local entropy by increasing individual
residue rigidity of PDZ domain proteins often leads to increasing
global configurational entropy. Recently, biophysical experiments
performed by Law et al. (22) revealed that the volume of
PDZ3 domain protein is coupled with local internal motion, fol-
lowing La Chatelier’s principle. Interestingly, deletion of a3 helix
at the distal site decreases binding affinity but increases the pro-
tein volume and entropy. From the standpoint of energetic re-
distribution, the loss of local entropy triggers the redistribution
of global entropy to balance the local entropy loss. Thus, dynamic
allostery can also be viewed as the redistribution of entropy. How-
ever, the arrangement of side chains to have the population shift
of the amino acid networks (electrostatic, H-bonded network, etc.)
is a result of side-chain dynamics. Therefore, we can unify the en-
thalpy and entropy basis of dynamic and conformational allostery
through energy redistribution and propose that allosteric function
can be executed through the internal energy redistribution upon
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the perturbation of external energy. The Kumawat and Chakrabarty
(3) observations are thus important in refocusing current views.
Rather than classifying allostery as entropic or dynamic, they con-
tend that for the PDZ3 domain protein it should be viewed in
terms of internal redistribution and population shift of spe-
cific electrostatic interactions. Future studies should explore the

generality of these findings and their predictions in cell signaling
and drug discovery.
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