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llosteric regulation of enzyme activity is a subject of great

interest for a wide range of applications, from drug
discovery to gene-editing technologies. Allosteric mechanisms
involve the transmission of a signal, often as a structural change
or dynamical perturbation that propagates from one protein
site to a distal site where the enzyme function is altered.
Understanding allosteric sites, including their evolutionary
origin and how to target them by protein engineering, or with
small molecule ligands, could provide valuable insights for a
wide range of applications. Hadzipasic et al.' recently
performed an intriguing study for Aurora A kinase (AK) and
its allosteric activator, TPX2. They used Bayesian methods to
reconstruct the phylogenetic tree for both proteins and then
inferred the protein sequence at the ancestral node of interest
for subsequent biochemical studies. What this work showed
was that of the two activation mechanisms of AK,
autophosphorylation arose first. Perhaps not surprisingly the
allostery involving TPX2 arose in AK only after appearance of
TPX2. More thought-provoking is that the evolution of the
allosteric interaction seemed to reside solely within AK where
the most recent AK shows a 1.8-fold preference, in terms of
catalytic enhancement, for its TPX2 versus the more distant
ancestor TPX2,yc; and a 1.2-fold enhancement upon binding
the more recent TPX2,ycy. The TPX2 binding interface was
remarkably stable across the history of AK, whereas
optimization of catalytic activity for phosphorylation of the
human substrate, Lats2, resulted from mutation of 15 residues
in the protein interior that enhanced the coupling of TPX2
binding to the catalytic site. Thus, all that was necessary for
TPX2 allosteric activation was the initial formation of an AK/
TPX2 complex, followed by exploitation of binding through
evolution of intervening residues of AK itself, suggesting that
the critical step was colocalization of the binding partners,
rather than coevolution of them. This illuminating result shares
similarities with other studies of allosteric proteins. Allosteric
residues typically come in two flavors, surface residues
responsible for interacting with the allosteric partner, and
pathway residues that relay the allosteric signal.

Two recent studies also describe the independence of the two
types of allosteric residues. For example, adaptation to extreme
temperature has caused protein lineages to diverge signifi-
cantly. Such changes often occur at surface-exposed sites,
which are more susceptible to temperature changes but also
distant from the active site. Studies by Hilser and co-workers”
with Escherichia coli adenylate kinase showed that by tuning the
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unfolding of a distant allosteric region, one can independently
tune the active site activity and affinity, thereby elucidating the
driving force behind such allosteric adaptations. Their work
uncovered two distal domains whose modification has a direct
effect on the active site. Mutations to LID, a domain that
includes part of the active site, increased the unfolded
population of LID from 5% (WT) to 40% at physiological
temperature. Such destabilization markedly decreased the
kinase substrate affinity, thereby modulating the activity.
Mutation to another region, AMPbd, had no such effects on
affinity but instead lowered the activation energy through a
similar unfolding event. These disruptions opposed the
increased level of folding of the kinase at lower temperatures,
making the enzyme’s optimum temperature vary between the
WT, LID, and AMPbd forms.

Similarly, the enzyme imidazole glycerol phosphate synthase
(IGPS) is a prime example of a system with buried allosteric
residues whose role is to relay the allosteric signal rather than
to alter catalytic activity. IGPS has a basal catalytic rate for
glutamine hydrolysis that is 5000-fold lower than its allosteri-
cally activated rate. Activation occurs upon binding of its small
molecule ligand, PRFAR. Solution NMR and computational
studies identified residues that are allosteric nodes in IGPS.
Mutation of these residues produced a dramatic decrease in the
ability of PRFAR to allosterically enhance this glutaminase
activity, although the basal glutaminase activity was unchanged.
Amazingly these mutations were distant from both the
glutaminase and the activator binding sites.” Like the Hilser
study, this work pointed to the role of dynamic regions of the
enzyme as being critical for allostery.” Importantly, drugs that
bind to allosteric sites have the great advantage of finely tuning
activity, both spatially and temporally, thus avoiding the risk of
overdosage.

The retrospective analysis of allosteric evolution in kinases
has implications for evolving or engineering new functions, an
example being the tailoring of allosteric sites for enzymatic
regulation and drug development. CRISPR-Cas9 has become
widely used due to its ability to perform genome editing with
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remarkable specificity. For Cas9 to cleave DNA, it must couple
the distal RuvC nuclease domain to the DNA binding
recognition lobe (REC2). Network analysis performed by
East et al.> confirmed that the HNH region, located between
REC2 and RuvC, facilitates signaling between the domains and
uncovers the collection of residues in the allosteric pathway.
Being able to pinpoint the precise path of allosteric signaling
enable the ability to better engineer large macromolecular
complexes like Cas9.

Important studies like that of Kern and co-workers' often
elicit additional questions. Hadzipasic et al. anticipate one area
of future work, the evolution of the substrate. To begin to
account for substrate evolution, they show that their ancestral
reconstructions demonstrate responses to a nonspecific
peptide similar to those of the natural human substrate
Lats2. Whether this holds for the actual substrates of the
ancestors remains to be explored. The evolution of substrate
specificity would be an exciting area of study.

The basic research studies described in the references
mentioned above aimed to study the fundamental principles of
evolution and the biophysical properties that underlie the
fascinating phenomenon of allostery. They also serve as an
exemplar for the virtues of basic research. Angiotensin
converting enzyme 2 (ACE2), a receptor for SARS-CoV and
SARS-CoV2, which has been implicated in early stages of
human infection, shares features with the systems described
above: breathing motions, coupled motions, and allosteric
linkages from surface residues to its active site. This starkly
brings the understanding of the evolution, purposes, and
mechanisms of allostery to the forefront of critical scientific
research and the current pandemic challenge.
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