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Allosteric signaling in proteins requires long-range communication
mediated by highly conserved residues, often triggered by ligand
binding. In this article, we map the allosteric network in the
catalytic subunit of protein kinase A using NMR spectroscopy. We
show that positive allosteric cooperativity is generated by nucle-
otide and substrate binding during the transitions through the
major conformational states: apo, intermediate, and closed. The
allosteric network is disrupted by a single site mutation (Y204A),
which also decouples the cooperativity of ligand binding. Because
protein kinase A is the prototype for the entire kinome, these
findings may serve as a paradigm for describing long-range cou-
pling in other protein kinases.
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he protein kinase superfamily is one of the largest gene

families in eukaryotes, representing 2—-4% of most genomes
(1, 2). The human genome, for example, has >500 predicted
protein kinases. Protein kinases relay an extracellular signal into
a biological response by phosphoryl transfer on specific sub-
strates resulting in regulation of cell division, memory, differ-
entiation, cell growth, and most other cell processes with ex-
quisite precision. Since the first structure of the catalytic subunit
of protein kinase A (PKA-C) was determined in 1991 (3, 4),
there has been significant progress in filling the structural space
of this family. Over 60 unique kinase structures are now available
in the Protein Data Bank (PDB; www.rcsb.org). All of these
structures share a highly conserved kidney-shaped core that in
PKA-C comprises residues 40-300. The core consists of a small
N-terminal lobe formed by B-strands that binds and positions
ATP during catalysis and a large lobe that provides a docking
surface for the substrate. The N terminus ends with a single helix
of ~40 residues (A helix). The 50 residues comprising the C
terminus wrap around the two lobes, docking into a hydrophobic
pocket located in the small lobe (3, 4).

Despite sharing a highly conserved core, protein kinases are
remarkably diverse in terms of their regulation, activation, and
substrate recognition. Crystal structures suggest that kinases are
highly dynamic, with allosteric networks that radiate throughout
the molecule. Unfortunately, these structures are static and
often only include the kinase core. Although there have been
extensive studies of kinases in solution, including hydrogen/
deuterium exchange coupled with mass spectrometry (H/D-MS),
fluorescence anisotropy (5-7), and small-angle x-ray scattering
(8, 9), these results lack atomic-level resolution and offer an
incomplete picture of protein dynamics and recognition mech-
anisms, presenting a substantial limitation in understanding the
enzymatic cycle of kinases, and leaving many questions unan-
swered. How do these enzymes discriminate cognate and non-
cognate substrates? What is the role of the nucleotide in
substrate recognition? Does allostery play a fundamental role in
these recognition processes?

Here, we analyze the transitions between the major states of
the intact PKA-C (apo, intermediate, and closed) using NMR
spectroscopy under functional conditions. This detailed residue-
by-residue analysis revealed the existence of positive allosteric
cooperativity, which is triggered by ligand binding. NMR chem-
ical-shift mapping showed that a single mutation (Y204A) in the
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peptide-positioning loop is able to disturb the allosteric network
and decouple the cooperativity.

Results

NMR Spectroscopy of the Major Conformational States. The chemical-
shift changes in PKA-C upon ligand binding were monitored by
using 2D 'H/'N TROSY-heteronuclear single quantum coher-
ence (HSQC) (10) spectra. To mimic ATP, the nonhydrolyzable
nucleotide 5’-adenylyl-B,y-imidodiphosphate (AMP-PNP) was
used. The AMP-PNP-saturated enzyme was then titrated with
Kemptide to mimic the Michaelis complex. Fig. 1 shows the
spectra of the four distinct conformational states of the C-
subunit: apo, intermediate-N (enzyme saturated with nucleo-
tide), intermediate-S (enzyme saturated with substrate), and
closed. A total of 253 of 337 expected amide peaks were suitable
for chemical-shift perturbation (A8) and lineshape analyses.
These peaks are well distributed across the protein, giving an
overall view of the enzyme’s behavior during ligand binding.
Although the majority of the peaks displayed fast exchange upon
ligand binding, several of the resonances were exchange-
broadened under saturating ligand conditions, supporting the
existence of multiple conformational states and a complex
energy landscape for the enzyme (11, 12).

In the following synopsis, we describe the changes in the
HSQC fingerprint data of the wild-type and Y204A mutant of
PKA-C upon addition of nucleotide and substrate.

AMP-PNP Binding. Fig. 2 summarizes the chemical-shift perturba-
tions occurring at each amide site upon AMP-PNP binding. As
expected for AMP-PNP binding, a cluster of residues within the
small lobe of the enzyme is highly sensitive to the addition of
nucleotide. The most pronounced changes (A8 > 0.05 ppm) are
observed in residues of the B3-strand and the highly conserved
glycine-rich loop (B1- and B2-strands), which actively participate
in positioning the nucleotide. Crystal structures have shown that
the B3-strand flanks the nucleotide-binding site and contains
K72, which coordinates the a- and B-phosphates of ATP (13, 14).
Gradual decreases of Ad toward the C- and N-terminal regions
from the glycine-rich loop suggest that nucleotide binding affects
distal sites within the small lobe of the enzyme. This is evident
by the large AS values for residues that in the crystal structure
are >35 A away from helices A and B (Fig. 3).

A second region is centered at A188 and at the surface of the
large lobe where substrate docking would take place (Figs. 2 and
3). This large perturbation is important, because crystal struc-
tures reveal that the A188 amide group points toward the
substrate recognition sequence (15). This region contains highly
conserved loops, including the DFG loop, which has been
proposed to be a switch between active and inactive kinase
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Fig. 1.

TH/'>N TROSY-HSQC spectra obtained for the conformational states of PKA-C: apo (Upper), intermediate-N (Left), intermediate-S (Right), and closed

(Lower). Expanded boxes highlight residues of the glycine-rich and peptide-positioning loops. Titrations with AMP-PNP first were performed with 0.63 mM
C-subunit, and titrations using Kemptide first were performed with 0.44 mM C-subunit.

conformations (16). The resonances belonging to the DFG loop
(F185, G186, and F187) were broadened beyond detection (see
*, Fig. 2), indicating conformational interconversion between
multiple states, which were silent to the x-ray analysis. Significant
changes are observed for residues T201 and G200, which became
exchange-broadened; these residues are conserved throughout
the Ser/Thr kinase family (17). The large perturbations at the
peptide positioning loop, with concomitant changes in the DFG-
and glycine-rich loops, reveal that the nucleotide affects both the
small and large lobes, perhaps priming the enzyme for substrate
binding. This is supported by x-ray studies carried out by Johnson
et al. (18) that show ligand-induced conformational changes at
these domains. The F helix located near the peptide-positioning
loop also has large Ad values that gradually decrease toward the
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C terminus where a third region is sensitive to binding. The large
A8 values for residues at the C terminus reflect the structural
features of the enzyme highlighted in Fig. 3; the C terminus
wraps around the small lobe of the enzyme and positions
F325-E337 near the glycine-rich loop (19). Marked changes
along the primary sequence in the large lobe (including the F-J
helices) suggest that nucleotide binding radiates its effects to
distal sites of both lobes.

Kemptide Binding. After saturation with the nucleotide (i.e.,
formation of intermediate-N), Kemptide was titrated into the
sample to mimic the closed state (Michaelis complex). Whereas
AMP-PNP caused large A throughout the enzyme (=~30% of
the assigned residues have Ad > 0.05), the perturbations ob-
served upon binding Kemptide are significantly lower ((A8) =
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Fig. 2. Residue specific perturbations observed during ligand bind
(A8 = \/Aafl + (0.154A8N)?) vs. residue. The cutoffs for (A8) and (A8) plus
exchange broadened residues.

0.023), with <8% of the residues perturbed >0.05 ppm. Residue-
specific differences are evident in Fig. 2, but the overall pattern
of Aé for the Kemptide titration is similar to that of the
nucleotide. The most prominent perturbations are localized in
three regions: in the glycine-rich loop, between the catalytic and
the peptide-positioning loops, and the C-terminal portion of the
enzyme. The largest perturbation occurs at S53, which in the
crystal structures bridges the nucleotide and substrate. The
backbone amide interacts with the y-phosphate of ATP, and its
side chain hydroxyl group forms a hydrogen bond with the

wild-type
o /)
- @
B-Helix 2 .§
’ Q - C-Helix ?E“
e H
ot R B —
AMP'PNP Peptide DFG loo - ,.
Positioning N »
loop ,’ N %; %
G-Helix e '_- E3 E',,
.4 N 6 5
\ \ ) J-Helix

F-Helix E-Helix —

H-Helix  I-Heli

>0.08
>0.04

<0.02

Kemptide

Fig. 3. Chemical-shift perturbation mapping. Perturbations were mapped
for the nucleotide-bound (intermediate-N) and closed forms of wild-type
(Left) and Y204A (Right) enzymes.
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ing. Histograms show the combined 'H/'>N chemical shift perturbations
1 SD are given as green and red dashed lines, respectively. Asterisks indicate

backbone carbonyl of the P-site residue of the substrate (15). A
gradual decrease of Ad was observed from the glycine-rich loop
toward the N and C termini. Significant Aé at distal sites of the
small lobe again suggest sensitivity to binding, but here they are
induced by changes at the surface of the large lobe.

Interestingly, the exchange broadening caused by nucleotide
binding for residues in the DFG- and peptide-positioning loops
persists under saturation with Kemptide. Additionally, G50 and
G52 became exchange-broadened, supporting the existence of
interconverting conformations. As with AMP-PNP, the extent of
A8 decreases from the F to the J helix. Small yet significant A
values may be indicative of a redistribution of the conforma-
tional energy upon substrate binding, an effect not anticipated
from x-ray structures. Of course, Kemptide is a small substrate
and the effects described could be further widespread or in-
creased with larger substrates.

Reverse Order of Ligand Binding. The titrations were repeated by
inverting the order of ligand additions, adding Kemptide first
(i.e., intermediate-S) and then saturating the enzyme with
AMP-PNP to form the Michaelis complex [the histograms with
residue vs. Ad number are provided in supporting information
(SI) Fig. 5]. Unlike AMP-PNP addition to the apo-enzyme,
saturation with Kemptide caused relatively modest changes to
the enzyme fingerprint. Only the phosphorylated S10 located in
the A helix shows a drastic chemical-shift change. However,
smaller changes are detected throughout the entire enzyme’s
backbone, which indicates that Kemptide binding radiates its
effects to both lobes. Subsequent addition of AMP-PNP to the
Kemptide-bound enzyme caused changes in three regions that
are similar to the direct titration: around the glycine-rich loop,
between the catalytic and peptide-positioning loops, and the
unstructured C-terminal portion of the enzyme (SI Fig. 5).
Irrespective of the order of ligands used in the titrations, the 2D
TH/N TROSY-HSQC spectra of the closed form of the enzyme
are superimposable, which illustrates the thermodynamic equiv-
alence for binding pathways.

Masterson et al.
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Table 1. Binding constants (K4, ©M) measured from the NMR
titrations of C-subunit PKA

AMP-PNP first Kemptide first

Enzyme KQMP—PNP ngmptide ngmptide KﬁMP*PNF
wt-PKA 396 292 = 61 980 + 163 123
Y204A-PKA 78 = 20 834 + 92 700 = 105 68 + 4

Cooperativity of Ligand Binding. Resonances undergoing fast ex-
change were selected for the calculation of the dissociation
constants (Kg). Table 1 summarizes the calculated K4 values, and
representative fits are provided in SI Fig. 6. We measured a K4
of 39 = 6 uM for AMP-PNP and an apparent K value of 292 =
61 uM for Kemptide, which compares well with values reported
for ATP (Kq = 25 = 1 uM) and Ala-Kemptide (LRRAALG)
(Kq = 230 = 70 uM) attained by transient-state kinetic studies
(20). The relative affinity of substrate and nucleotide was also
examined from the reverse-order titration by using Kemptide
first. In this case, the Ky for Kemptide was 980 + 163 uM, and
the apparent K4 for AMP-PNP was 12 = 3 uM. Thus, binding of
the first ligand appears to enhance the affinity of the second
ligand, which corresponds to positive cooperativity.

Disruption of the Allosteric Network and Decoupling Positive Coop-
erativity. Is it possible to remove positive cooperativity by
disrupting the allosteric network? To answer this question, we
repeated the NMR titrations with the Y204A-PKA-C mutant.
This mutation is located in the peptide-positioning loop and yet
the enzyme binds ATP and a peptide inhibitor similar to the
wild-type enzyme (21). However, solvent accessibility and ther-
mostability studies have pointed to a disruption of the allosteric
network, which likely causes the 30-fold decrease in the enzyme’s
turnover rate (22, 23). The direct titration using the nucleotide
first resulted in a Ky value of 78 = 20 uM and an apparent K4
value of 834 * 92 uM for Kemptide. The reverse titration
(Kemptide first) resulted in a K4 value of 700 *= 105 uM for
Kemptide and an apparent Ky value of 68 = 4 uM for AMP-PNP.
The Kq4 values (Table 1) for the mutant show no cooperative
binding effect, indicating that the two binding events have
become decoupled.

Fig. 2 shows the A upon the direct titration of AMP-PNP,
whereas SI Fig. 5 shows the corresponding reverse titration. The
overall trend of Ad for AMP-PNP is similar to the wild type, with
three regions primarily affected: the glycine-rich loop, the peptide-
positioning loop, and the C terminus. However, these perturbations
are attenuated and altered with respect to the wild-type enzyme. In
particular, smaller changes were observed at the distal sites near the
N-and C-terminal regions of the small lobe, residues 100-110, and
the residues surrounding the peptide positioning loop of the large
lobe. Fig. 3 illustrates two different allosteric networks of interac-
tions between the wild-type and mutant enzymes. Although the
chemical shift perturbations are more localized around the binding
site of the wild-type enzyme, the allosteric effects induced by the
nucleotide binding in Y204A are dispersed throughout the large
lobe (see Ad for helices G-J). The disruption of the allosteric
network in Y204 A is more apparent upon binding Kemptide, where
modest chemical-shift changes throughout the protein backbone
are observed. The only region showing significant perturbation is
the glycine-rich loop, which is drastically attenuated compared with
the wild-type enzyme. Moreover, the effects that radiated to distal
sites in the small and large lobe are no longer present for Kemptide

(Fig. 3).
Lineshape Analysis for Wild-Type PKA-C. Among all of the resolved

amide resonances we isolated those experiencing an intermedi-
ate two-site exchange during AMP-PNP titrations and carried
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out a quantitative lineshape analysis to evaluate the binding
kinetics. Because Kq values were independently measured from
residues affected by fast exchange, we calculated both the on-
and off-rates (Kq = kott/kon) by analyzing the NMR line-
broadening dependence from koq[ligand] and ko (24). The
lineshape analyses of five different peaks (F110, F108, F100,
R190, and R93) resulted in on-rates for AMP-PNP ranging
between 0.7 and 2.8 X 10° M~!-s~1. Examples of lineshape fitting
and a table reporting the k,, values for five residues are reported
in SI Fig. 7 and SI Table 2). These on-rates are very similar to
those reported for PKA-C using transient kinetic measurements
(20). As for other enzymes (24, 25), kon is ~2 orders of
magnitude lower than the bimolecular diffusion-controlled rates
(=~108-10° M~1-s~1). The low on-rates support the hypothesis of
a rather complex binding mechanism for the nucleotide, which
requires conformational changes in the small lobe (18). These
changes within segments of the small lobe are thought to be
responsible for binding, aligning, and positioning the nucleotide
for the formation of a catalytically competent complex. In
addition to this, changes in both lobes occur to properly position
the substrate and shield the active site from bulk water (26).

Discussion

NMR spectroscopy is becoming the method of choice to analyze
allostery (27-35), cooperativity (27, 32, 36-38), energy land-
scapes (11, 32, 36-38), and coordination of reactions for small
and large enzymes (11, 38, 40). The first vivid picture of the
complex changes occurring during the transitions from apo to
intermediate and from intermediate to closed conformations in
the backbone of PKA-C emerges from our NMR titrations.
Specifically, the NMR characterization of allostery resulted in
the identification of positive cooperativity for ligand binding. A
key result in our data is the presence of exchange broadening for
highly conserved residues in the kinase family (i.e., G50, G52,
F185, G186, and G200) under saturating conditions of nucleo-
tide or nucleotide plus substrate (see Figs. 1 and 2 and SI Fig. 6).
This suggests that PKA-C interconverts between multiple dy-
namic or conformational states. Thus, it is possible that in
solution, the conformational states identified by x-ray crystal-
lography are in equilibrium. In the absence of ligands, the
protein favors the conformation observed in the crystal structure
of the apo state, with small populations of the other states. The
addition of ligand alters this equilibrium to favor the interme-
diate and closed conformations. In this manner, the first ligand
can drive the system close to the final state, facilitating binding
of the second ligand.

To test the existence of the allosteric network, we mutated
Y204 to A. Y204 is located in the P + 1 loop and is part of the
tetrad of residues that keeps the F helix, D helix, and P-2-binding
site together through electrostatic interactions (21, 23). This
single mutation caused disruptions in the allosteric network and
removed binding cooperativity. The comparison of our NMR
titrations between the wild-type and Y204A mutant enzymes
shows that this allostery is mediated by both local (contiguous)
and long-range (non-contiguous or disperse) (41) changes. Dur-
ing the binding of nucleotide, we observed a cluster of hydro-
phobic residues (L59, A70, M120, and L106) that were partic-
ularly sensitive (A8 ~0.1 ppm) in the wild-type enzyme. These
residues make contact with the evolutionarily conserved “spine”
(L106, 195, F185, and Y164) recently identified by Kornev et al.
(42), to form a hydrophobic lining about the adenine ring (Fig.
4). Sensing and positioning of the nucleotide at this region could
act as a trigger for signaling, which is propagated across a
network of residues away from the active site. Perturbations
>(.05 ppm are traceable across conserved residues within van
der Waals radii from the hydrophobic lining (Fig. 4). Several
contiguous pathways of intramolecular cross-talk can also be
traced from the hydrophobic lining to residues, which can
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propagate signals to and from the glycine-rich, activation, Asp-
Phe-Gly, and peptide-positioning loops at the entrance of the
active site. We also detected noncontiguous propagation for a
small subset of residues in distal sites, for which no clear pathway
of interaction can be traced. In the wild-type enzyme, two
regions display relatively large A5 values. The first is located at
the N terminus ( ~24 A from the nucleotide-binding pocket).
The second region, located at ~12 A from the nucleotide-
binding pocket, comprises F100 and F102, which bridge the small
and large lobes (18), and demonstrates that the signal is trans-
mitted across the two lobes of the enzyme. A possible explana-
tion for noncontiguous signaling is that small local conforma-
tional changes add up and culminate in crucial regions of the
enzyme, providing a long-range intramolecular signaling mech-
anism up to ~24 A from the nucleotide-binding site (see red
residues in Fig. 4). In contrast, the Y204A mutation causes an
overall rearrangement of the allosteric communication between
the two lobes of the enzyme upon nucleotide binding and an
interruption of this communication upon substrate binding.
To what extent do the chemical-shift changes reflect the
conformational transitions to the states observed by x-ray crys-
tallography? Chemical-shift changes encompass several differ-
ent phenomena (conformational interconversion, different bind-
ing modes, binding kinetics, electrostatics, and hydrogen
bonding) (43-46), and in the absence of spin-relaxation mea-
surements to supplement these results, it is difficult to quantify
the different contributions. However, we found a direct corre-
lation between the measured A8 values and the difference in the
Ca atomic coordinates between the apo (1J3H) and intermedi-
ate (1BKX) structures and between the intermediate (1BKX)
and closed (1ATP) structures (SI Fig. 8). The overall trend is
remarkably similar, which supports the hypothesis that allostery
is partially mediated by conformational changes throughout the
entire enzyme. These observations are in agreement with other
studies carried out by using fluorescence anisotropy (18). This
does not exclude the role of protein dynamics for the positive
allosteric cooperativity. In fact, the crystal structures for the
closed forms of Y204A and wild-type PKA-C are identical (21),
although solution data indicate Y204A is more dynamic (23).
This increase in dynamics may contribute to the disruption of the

510 | www.pnas.org/cgi/doi/10.1073/pnas.0709214104

allosteric network and decoupling of the binding cooperativity.
Further analyses of NMR spin relaxation properties supple-
mented by solvent accessibility and thermostability are needed
to determine the relative importance of dynamics and confor-
mational changes in the positive allosteric cooperativity of the
C-subunit.

The modern view of molecular allostery recognizes the exis-
tence of a dynamic structural ensemble of the protein native
states (47-51). Our data suggest the reshaping of the allosteric
energy landscape through ligand binding: the population of
states, which are encoded in the apo enzyme shift in the presence
of ligand to generate positive cooperativity. This work demon-
strates that PKA-C is an exquisite example of allostery and
communication networks between distal regions. These findings
may serve as a paradigm for describing long-range coupling in
other protein kinases.

Methods

Sample Preparation. PKA-C expression and activity assays were performed as
previously described (52, 53) (details are provided in the S/ Text and SI Fig. 9).
NMR samples consisted of 0.44 and 0.63 mM of wild-type C subunit for the
forward and reverse titrations, respectively. Samples for the mutant enzyme
were ~0.24 mM for the forward and reverse titrations. All samples were
prepared in 20 mM KH;PO4, 10 mM DTT, 180 mM KCl, 10 mM MgClz, 1 mM
NaNs, and 5% 2H,0.

NMR Assignments and Ligand Titrations. NMR experiments were carried out by
using Varian Inova spectrometers operating at 800.24 or 599.71 MHz and
equipped with triple-resonance cryogenic probes. Backbone resonance assign-
ments for the wild-type enzyme were carried out by using HNCA, HN(CO)CA,
HNCACB, HNCO, and HN(CA)CO experiments on 2H/'5N/'3C-labeled PKA samples
at 300 K. Assignments were also assisted by selective >N amino acid labeling.
These samples were titrated with both ligands to determine assignments for the
bound states. SI Tables 3 and 4 summarize all experiments and acquisition
parameters. Our resonance assignments compare well with the previous partial
(55%) assignment obtained by Langer et al. (54). Spectra for the Y204A samples
were virtually superimposable with resonances of wild-type enzyme; thus, as-
signments in this case were based on comparison (overlay of spectra are provided
in SI Fig. 10). NMR data were processed and visualized by using the software
NMRPipe (55) and SPARKY (56). Chemical-shift perturbations from NMR titra-
tions were quantified using Eq. 1,

AS = A8 + (0.154A5y)?, [

where AS is the combined chemical shift, and ASy and Ady are the differences
of "H and >N chemical shifts, respectively, between the first and last points of
the titrations. The weighting factor for the >N chemical shift has been
previously described (24).

Assuming a 1:1 enzyme:ligand ratio (3, 4), Kq values were determined by a
nonlinear fit (Eq. 2) of resonances in fast exchange between free and bound
enzyme (57):

AQ,

 Kat [Lq] + [Er] = V(Kp + [L7] + [E7))? - 4[L7][E7] A
- 2[E/] ’

[2]

where [E]r and [L]r are total concentrations of enzyme and ligand added,
respectively, and AQ; and AQ are the chemical-shift differences between the
observed and initial and final and initial resonances, respectively. Nonlinear
least-squares fitting of the quadratic equation to the data was performed by
using Mathematica software (39). The calculation for the dissociation con-
stants in the Michaelis complex, which accounts for the small amount of free
enzyme, is described in the S/ Text.
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