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Dynamically driven protein allostery
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Allosteric interactions are typically considered to proceed through a series of discrete changes in bonding interactions that alter
the protein conformation. Here we show that allostery can be mediated exclusively by transmitted changes in protein motions.
We have characterized the negatively cooperative binding of cCAMP to the dimeric catabolite activator protein (CAP) at discrete
conformational states. Binding of the first CAMP to one subunit of a CAP dimer has no effect on the conformation of the other
subunit. The dynamics of the system, however, are modulated in a distinct way by the sequential ligand binding process, with
the first CAMP partially enhancing and the second cAMP completely quenching protein motions. As a result, the second cAMP
binding incurs a pronounced conformational entropic penalty that is entirely responsible for the observed cooperativity. The
results provide strong support for the existence of purely dynamics-driven allostery.

Allosteric regulation is widely used in biological systems as an effective
mechanism to control protein activity'™. Although numerous
allosteric systems have been studied for many decades, the mecha-
nisms that underlie the communication between distant sites and
energetically couple them remain largely elusive. According to the
classical ‘mechanical’ view, allosteric interactions are mediated
by a series of discrete conformational changes that alter protein
structure®”. Because allostery is fundamentally thermodynamic in
nature, long-range communication may be mediated not only by
changes in the mean conformation (enthalpic contribution) but
also by changes in the dynamic fluctuations about the mean con-
formation (entropic contribution)®®. The current view of allostery
tends to explain the phenomenon only in pure structural terms,
neglecting the important role of protein motions. At the other
extreme, allosteric processes could, in theory, proceed solely
through changes in protein dynamics in the absence of confor-
mational changes'?. Although there is increasing evidence suggesting
a role of conformational dynamics in cooperative ligand-binding
processess’u’”, hitherto it has not been known whether dynamic
phenomena can dominate allosteric mechanisms in proteins. Here, we
present direct experimental evidence that allostery can be mediated
solely by changes in protein dynamics.

Typically, studies of systems showing homotropic cooperativity
have focused on comparison of unliganded beginning and ligand-
bound end states. However, the key conformational state with the
potential to provide detailed insight into the mechanisms under-
pinning the allosteric process is the intermediate state. These
states cannot be isolated in positively cooperative proteins because
the singly liganded intermediates are poorly populated. In contrast,
negatively cooperative systems allow, in principle, for the isolation
and characterization of intermediates states'®!8, We have exploited

the strong negative cooperativity of cAMP binding to CAP to ‘freeze’
binding conformations at intermediate stages and used NMR
and isothermal titration calorimetry (ITC) to assess the role of
structure and dynamics in allosteric cooperativity. CAP is a transcrip-
tional activator that exists as a homodimer in solution (Ky of the
dimer is ~0.03 nM)!°, with each subunit comprising a ligand-binding
domain at the N terminus (CAPY; Supplementary Fig. 1 online),
which is also responsible for the dimerization of the protein, and a
DNA-binding domain at the C terminus?>?!. Two cAMP molecules
bind dimeric CAP with negative cooperativity and function as
allosteric effectors by increasing the protein’s affinity for DNA,
The distance between the phosphate groups of the two bound
c¢AMP molecules is more than 24 A (ref. 21); therefore, coulombic
interactions cannot contribute to the negative cooperativity. cAMP
likewise shows strong negative cooperativity in its interaction with the
isolated dimeric CAPN (ref. 22).

To directly characterize the changes in protein structure and
dynamics as a function of the ligation state, we analyzed each of the
three distinct conformational states of the dimeric CAPN (residues
1-138) along the cooperative reaction coordinate: that is, the un-
liganded state (apo-CAPYN), the singly liganded (intermediate) state
(cAMP;—CAPN) and the doubly liganded state (c(AMP,—CAPN). The
isolation and characterization of these states allowed us to probe
directly the effect induced by the binding of the first ligand molecule
on the second, unliganded site. We found that binding of the first
c¢AMP molecule has no or minimal effects on the conformation of the
second binding site. Instead, a distinct change in protein motions
between the two sequential cAMP binding steps results in a large
difference in conformational entropy. Thermodynamic analysis
confirms that the observed negative cooperativity is driven entirely
by changes in entropy.
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