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The role of slow and fast protein motions in allosteric interactions
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Abstract Allostery is fundamentally thermodynamic in na-
ture. Long-range communication in proteins may be mediated
not only by changes in the mean conformation with enthalpic
contribution but also by changes in dynamic fluctuations with
entropic contribution. The important role of protein motions in
mediating allosteric interactions has been established byNMR
spectroscopy. By using CAP as a model system, we have
shown how changes in protein structure and internal dynamics
can allosterically regulate protein function and activity. The
results indicate that changes in conformational entropy can
give rise to binding enhancement, binding inhibition, or have
no effect in the expected affinity, depending on the magnitude
and sign of enthalpy–entropy compensation. Moreover, allo-
steric interactions can be regulated by the modulation a low-
populated conformation states that serve as on-pathway inter-
mediates for ligand binding. Taken together, the interplay be-
tween fast internal motions, which are intimately related to
conformational entropy, and slow internal motions, which
are related to poorly populated conformational states, can reg-
ulate protein activity in a way that cannot be predicted on the
basis of the protein’s ground-state structure.
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Cyclic nucleotide-binding

The catabolite activator protein (CAP), a gene regulatory pro-
tein, is a textbook example of how the binding of small mol-
ecules controls protein activity through allosteric interactions.
CAP is a 47-kDa homodimer comprising 209 residues per
subunit. The protein is very well-folded and stable with a
melting temperature of ∼63 °C and dimerization equilibrium
constant of ∼1010 M−1. Each subunit is organized in two dis-
tinct regions: (i) an N-terminal domain (residues 1–135) that
contains the cyclic nucleotide-binding (CNB) domain and a
long a-helix (C-helix) that mediates dimerization, and (ii) a
DNA-binding domain (DBD; residues 139–209), located at
the C-terminus, that adopts the classical DNA-binding helix-
turn-helix (HTH) motif. A short hinge region (residues 136–
138) connects the N- and C-domains and is essential for me-
diating the allosteric response. The DNA-binding domain
(DBD; residues 139–209) in cAMP-free CAP (apo-CAP)
adopts an orientation that is incompatible with DNA binding
(Popovych et al. 2009). cAMP elicits an allosteric transition
that switches CAP from the Boff^ state, which binds DNA
weakly and nonspecifically, to the Bon^ state, which binds
DNA strongly and specifically. In the cAMP-bound state,
CAP binds to DNA sites located in or adjacent to target pro-
moters resulting in modulation of interactions of RNA poly-
merase with target promoters (Lawson et al. 2004).

Structural basis for allosteric control

How does cAMP switch CAP from the inactive to the active
conformation? The primary mechanism of allosteric control in
CAP is clear and simple (Popovych et al. 2009): cAMP
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binding to the cAMP-binding domain (CBD; residues 1–135)
of CAP induces a coil-to-helix transition that extends the C-
helix, and the intersubunit C-helix/C′-helix coiled coil, by
three turns of helix. This coil-to-helix transition results in ro-
tation of the DBDs of the CAP dimer by ≈60° and translation
of the DBDs of the CAP dimer by ≈7 Å (distance of
intersubunit F-helices is 41 Å in apo-CAP and 34 Å, matching
the distance between successive DNAmajor grooves in CAP-
cAMP2). This rotation and translation places the F-helices
(Brecognition helices^) of the DBDs of the CAP dimer in the
correct orientation and correct position to interact with succes-
sive DNA major grooves.

We explored the mechanisms underpinning allostery in
CAP by engineering mutations at sites remote from the
DNA-binding interface, but which nevertheless modulate
DNA binding (Tzeng and Kalodimos 2009, 2011, 2012). To
dissect the contribution of structure and internal dynamics to
binding energetics, we studied a series of allosteric mutants of
CAP in the unliganded, cNMP-liganded (cAMP- and cGMP-
liganded), and DNA-liganded states (Tzeng et al. 2012). NMR
chemical-shift analysis of all of the CAP variants in the
unliganded and nucleotide-liganded states showed that the
DBD resonances fall on the line that connects the resonances
of the corresponding apo form of wild-type CAP (apo WT-
CAP; the inactive DBD state) and cAMP-bound wild-type
CAP (WT-CAP-cAMP2; the active DBD state) (Fig. 1a).
The relative populations in the two DBD states can be

determined from the chemical shift of the DBD resonances
because the average chemical shift, δ, will be a weighted frac-
tion of the population in the two states.

Allosteric regulation by slow dynamics

We performed a series of relaxation dispersion experiments
(Bouvignies et al. 2010; Hansen et al. 2008a, b; Korzhnev
et al. 2004; Loria et al. 1999) suited for detecting conforma-
tional states that are poorly populated and thus only transiently
visited. The results indicated that two variants—CAP-T127L/
S128I and CAP-S62F-cAMP2—underwent an exchange be-
tween conformational states on the microsecond-to-
millisecond timescale (Tzeng and Kalodimos 2009, 2012)
(Fig. 2a, b). Data fitting was indicative of a two site exchange
process for both variants, with the population of the excited
state being ∼7 % for CAP-T127L/S128I and ∼2 % for CAP-
S62F-cAMP2. The differences in chemical-shift (Δω) values
between the major and the minor conformations of CAP-
T127L/S128I and CAP-S62F-cAMP2, as determined by re-
laxation dispersion measurements (Δωdisp), correlates with
the absolute 15N or 13C Δω values of the DBD residues mea-
sured between apo WT-CAP (inactive) and WT-CAP-cAMP2
(active) (Fig. 2c). Thus, the data provide strong evidence that
the excited state that the DBD transiently populates in CAP-
T127L/S128I and CAPS62F-cAMP2 closely resembles the
active DBD conformation.

Fig. 1 a Overlaid 1H–15N heteronuclear single quantum coherence
(HSQC) spectra of the CAP variants, showing the resonance of the
G184 amino acid, a residue located in the DNA recognition helix. The
chemical shift of apo WT-CAP (labeled WT) indicates the inactive
conformation of the DBD, whereas the chemical shift of WT-CAP-
cAMP2 indicates the active conformation of the DBD. Each CAP
variant is denoted by a number (gray circles) and color, which are the

same in each figure panel. b The relative population of each CAP variant
in the active DBD state as a function of the variant’s theoretical (open
circles) and experimentally determined (filled circles) affinity for DNA. c
Thermodynamic components of the binding of the CAP variants to DNA.
d Effect of DNA binding on the methyl order parameters, S2axis, of CAP-
T127L/S128I. Figure reproduced from Tzeng and Kalodimos 2012
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Because the affinity of the active DBD conformation
for DNA (for example, in CAP-cAMP2) is many orders of
magnitude higher than that of the inactive DBD confor-
mation (for example in apo-CAP), DNA will preferential-
ly bind to the active DBD conformation of CAP-T127L/
S128I and CAP-S62F-cAMP2, despite being so poorly
populated. Thus, the data indicate that DNA binding to
CAP-T127L/S128I and CAP-S62F-cAMP2 proceeds with
a population-shift mechanism. The lowly populated con-
formational state serves as an on-pathway intermediate for
DNA binding and depletion of this intermediate is thus
expected to result in DNA binding inhibition. Binding of
cGMP to CAP-T127L/S128I seems to have no effect on
the conformation of the DBD, and the chemical shifts of
the DBD residues of CAP-T127L/S128I in apo and
cGMP-bound states are essentially identical (Tzeng and
Kalodimos 2012). However, relaxation dispersion experi-
ments of CAP-T127L/S128I–cGMP2 complex showed
profiles that are characteristic of the absence of any alter-
native conformational states that form on the ms–μs time
scale (the detection limit of the relaxation dispersion ex-
periments is ∼0.5 %). The data suggested that cGMP
binding suppresses the active conformation and then re-
sults in allosteric inhibition of DNA binding (Tzeng and
Kalodimos 2013) (Fig. 2c, d). Collectively, the allosteric
interaction can be effected by stabilizing or destabilizing a
low-populated conformation state that serves as an on-
pathway intermediate for ligand binding, without altering
the protein’s ground-state structure. Therefore, protein
function cannot be simply predicted on the basis of the
ground state of protein structures.

Allosteric regulation by fast dynamics

In general, the affinity of a protein for a ligand is directly
proportional to the concentration of the active binding
species. Eleven CAP variants that differentially populate
the active DBD state were characterized. The population
of the active DBD state by the CAP variants is expected
to correlate with the affinity of the CAP variants for
DNA, with higher populations of the active state giving
rise to stronger binding (Fig. 1b, open circles). However,
the experimentally measured affinities showed no correla-
tion with the population of the active DBD state (Fig. 1b,
filled circles). CAP-S62F-cAMP2 (∼2 % active DBD
state) and CAP-T127L/S128I (∼7 % active DBD state)
were expected to bind with a 50- and 15-fold lower affin-
ity than WT-CAP-cAMP2 (∼100 % active DBD state);
however, all three of these CAP variants bound to DNA
with the same affinity. Similarly, CAP-A144T (∼50 %
active) was expected to bind to DNA with only a twofold
lower affinity than WT-CAP-cAMP2; however, it bound
with a 50-fold lower affinity. Even for CAP variants that
populate the active and inactive states to the same extent
(for example, CAP-A144T and CAP-A144T-cGMP2), a
75-fold difference in binding affinity for DNA was mea-
sured experimentally. Clearly, factors in addition to the
structure have a major role in modulating the affinity of
the protein–DNA interactions.

To explore the thermodynamic basis for binding of
CAP variants to DNA, we used isothermal titration calo-
rimetry (ITC) to measure the association free energy
(ΔG), binding stoichiometry, affinity, and its enthalpic

Fig. 2 a Relaxation dispersion profiles of 13C side-chain methyls of
representative CAP-T127L/S128I (CAP*) DBD residues in the apo and
cGMP-bound form. b Enhanced R2 relaxation rate (Rex) values of CAP*
and CAP*–cGMP2. c Correlation between the 13CH3 Δω and Δωdisp

chemical shifts of selected DBD residues. d CAP* interconverts between

a ground state, which adopts the inactive conformation and is 93 %
populated, and an excited state, which adopts the active conformation
and is only ∼7 % populated. cGMP binding to CAP* results in the
suppression of the active conformation through an allosteric
mechanism. Figure reproduced from Tzeng and Kalodimos 2013
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(ΔH) and entropic (ΔS) components. Interestingly, the
various CAP proteins bound to DNA using alternative
thermodynamic strategies, with some interacting with fa-
vorable enthalpy (ΔH) and others with favorable entropy
(ΔS) (Fig. 1c). To gain more insight into the origin of this
large variation in binding entropy, we sought to determine
the role of fast (picosecond to nanosecond; one picosec-
ond is 10−12 s) protein motions in the binding process by
measuring changes in the order parameter S2. The order
parameter is a measure of the amplitude of internal mo-
tions on the ps–ns timescale and may vary from S2=1, for
a bond vector having no internal motion, to S2=0, for a
bond vector rapidly sampling multiple orientations (Li
and Bruschweiler 2009; Yang and Kay 1996). We deter-
mined the changes in the S2 of the side-chain methyl
groups (S2 axis) of CAP that were elicited by DNA bind-
ing (Tugarinov et al. 2007). S2 values are indicative of the
amplitude of spatial fluctuations experienced by a bond
vector and thus can be related to conformational entropy
(Marlow et al. 2010). The results showed that DNA bind-
ing to each of the CAP variants resulted in a notable
redistribution of the amplitude of motions throughout the
entire protein in a distinct manner (Tzeng and Kalodimos
2009, 2012) (Fig. 1d). DNA binding to WT-CAP-cAMP2
results in widespread increase in S2, indicating a global
rigidification of the protein and thereby giving rise to a
large and unfavorable change in conformational entropy.
By contrast, DNA binding to either CAP-S62F-cAMP2 or
CAP-T127L/S128I only causes residues of DBD to de-
crease their motions, as evidenced by the corresponding
increase in their S2 values, but resulted in the majority of
the residues remote from the DNA-binding interface be-
coming more flexible, thereby giving rise to a favorable
conformational entropy change. Notably, the large chang-
es in amplitudes of motion might have been expected only
at regions close to the binding interface, but such changes
extend much farther away, involving methyl groups more
than 50 Å from the interface. In the absence of such a
significant change in conformational entropy, the two
CAP variants might have bound poorly to DNA, and the
results indicated that large net changes in conformational
entropy can significantly increase the stability of the
complex.

Furthermore, 50 % of the CAP-A144T molecules pop-
ulate the active conformation and the addition of cGMP to
CAP-A144T seems to have no effect on the DBD (Tzeng
and Kalodimos 2012) (Fig. 1b). Because both CAP-
A144T and CAP-A144T-cGMP2 equally populate the ac-
tive species, they are expected to bind to DNA with sim-
ilar affinities. However, CAP-A144T binds to DNAwith a
75-fold lower affinity than does CAP-A144T-cGMP2.
Thermodynamic analysis showed that the basis of this
affinity difference is exclusively of an entropic nature,

with the difference in entropy, Δ(−TΔS), for DNA bind-
ing to CAP-A144T and CAP-A144T-cGMP2 amounting
to ∼15 kcal mol−1 (Fig. 1c). The difference in the confor-
mational entropy of binding between the two complexes,
Δ(−TΔSconf), is ∼25 kcal mol−1. It is of particular interest
that although the two CAP variants populate the active
DBD state to the same extent, they have remarkably dif-
ferent affinities for DNA because of the distinct responses
of their conformational entropy to DNA binding. Similar
behavior is seen in the case of CAP-G141S and CAP-
G141S-cGMP2, with the two variants populating the ac-
tive species to an almost equal extent, but with CAP-
G141S binding to DNAwith an order of magnitude weak-
er affinity, driven by the large difference in conformation-
al entropy. Thus, our data show that unfavorable changes
in conformational entropy can markedly suppress a pro-
tein’s DNA binding affinity, giving rise to a binding inhi-
bition that cannot be rationalized on the basis of protein
structural data.

For some of the CAP variants, the experimentally deter-
mined affinity for DNA was similar (within twofold) to the
theoretical affinity (expected on the basis of the population of
the active DBD state). This is the case for CAP-D53H-
cAMP2, CAP-T12L/S128I-cAMP2, CAP-G141S-cAMP2,
and CAP-A144T-cAMP2. However, the thermodynamic strat-
egies used by these variants to interact with DNA are distinct,
with the binding being either enthalpically or entropically
driven and accompanied by large changes in conformational
entropy. The difference in the entropy of binding of these
complexes spans a range of ∼35 kcal mol−1. Dynamic analysis
demonstrated that the response of each of the CAP variants to
DNA binding is distinct, with the change in conformational
entropy spanning a range of ∼40 kcal mol−1. However, and
despite the markedly different dynamic changes, there seems
to be a strong enthalpy–entropy compensation that results in
little or no effect on the affinity for DNA (Kalodimos 2012;
Tzeng and Kalodimos 2012).

Conclusions

Recent results on the catabolite activator protein (CAP) have
revised our view about how allosteric interactions can bemod-
ulated. In particular, NMR studies of the binding of cAMP and
DNA to CAP have established that (i) allostery can be medi-
ated through changes in protein motions, in the absence of
detectable changes in the mean structure of the protein; (ii)
changes in conformational entropy can give rise to binding
enhancement or binding inhibition; and (iii) allosteric interac-
tions can be effected by stabilizing or destabilizing low-
populated conformation states that serve as on-pathway inter-
mediates for ligand binding, without altering the protein’s
ground-state structure.
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