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Abstract

The catalytic subunit of cAMP-dependent protein kinase A (PKA-C) is an exquisite example of a
single molecule allosteric enzyme, where classical and modern views of allosteric signaling
merge. In this chapter, we describe the mapping of PKA-C conformational dynamics and allosteric
signaling in the free and bound states using a combination of NMR spectroscopy and molecular
dynamics simulations. We show that ligand binding affects the enzyme’s conformational
dynamics, shaping the free-energy landscape toward the next stage of the catalytic cycle. While
nucleotide and substrate binding enhance the enzyme’s conformational entropy and define
dynamically committed states, inhibitor binding attenuates the internal dynamics in favor of
enthalpic interactions and delineates dynamically quenched states. These studies support a central
role of conformational dynamics in many aspects of enzymatic turnover and suggest future
avenues for controlling enzymatic function.

[. Introduction

Protein phosphorylation is a central signaling event in eukaryotes and is orchestrated by
protein kinases that catalyze the transfer of the -y-phosphoryl group of a nucleoside
triposphate (usually adenosine triphosphate, ATP) to an amino acid hydroxyl group
(commonly serine, threonine, or tyrosine) of a protein substrate. The protein kinase family
makes up ~2000 enzymes in humans, and ~30% of all proteins encoded by the human
genome undergo reversible phosphorylation (Cohen, 2001). Since aberrant phosphorylation
plays a role in many diseases, from cancer to cardiovascular disease, a complete elucidation
of the molecular mechanisms that regulate reversible phosphorylation would have a major
impact on designing innovative treatments (Cohen, 1999, 2002).

Protein kinase A (PKA, EC: 2.7.1.37) was the first protein kinase ever to be studied (Walsh,
et al., 1968). PKA exists as a holoenzyme of two regulatory subunits and two catalytic
subunits. An allosteric conformational change triggered by 3”,5”-cyclic adenosine
monophosphate causes the regulatory subunits to release active catalytic subunits and
phosphorylate protein substrates. The catalytic core of this enzyme (PKA-C, 350 residues,
Fig. 1A) is highly conserved throughout the protein kinase superfamily and has thus been
used as a model enzyme for the other members (Johnson, et al., 2001). PKA-C recognizes
the amino acid sequence R-R-X-S/T-Y (where X is any residue and Y is a hydrophobic
residue) present in hundreds of cellular substrates (Boeshans et al., 1999; Shabb, 2001).
PKA-C undergoes several co- and posttranslational modifications such as deamidation and
phosphorylation at the N-terminus (Johnson, et al., 2001), and myristoylation at the N-
terminal glycine (Fig. 1A; Taylor et al., 2004). In addition to catalyzing phosphoryl transfer,
PKA-C also serves as a hub for several interacting partners that constitute complex signaling
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machinery (Taylor et al., 2004). It has been hypothesized that co- and posttranslational
modifications of PKA-C may constitute chemical signals for substrate recognition and
localization within the cell, allowing this ubiquitous enzyme to select specific substrates
(Taylor et al., 2004).

In spite of the plethora of structural and functional studies on this kinase, several key
mechanistic questions on phosphorylation remain unanswered: What governs substrate
recognition? What determines substrate specificity? What are the driving forces for substrate
release? How can PKA-C recognize soluble and membrane bound substrates? Answering
these central questions will help our understanding of the etiology of diseases such as
cancer, diabetes, rheumatoid arthritis, and various cardiomyopathies (Cohen, 2001).

X-ray crystallography has offered an essential contribution to understanding the structural
architecture of protein kinases. The pioneering work of Taylor and coworkers resulted in the
first atomic resolution structure of PKA-C in the inhibited state (Zheng et al., 1993).
Following this study, several crystal structures were obtained, which mimicked major
conformational states of the enzyme along the reaction coordinates, by using inhibitors,
pseudosubstrates, and nucleotide analogs (Johnson, et al., 2001; Taylor et al., 2004). Based
on these structures and kinetic data on mutant forms of PKA-C, Taylor and coworkers
hypothesized the existence of a sophisticated intramolecular allosteric network that controls
substrate recognition, chemical step, and product release (Kornev et al., 2008). Although
supported by spectroscopic and computational studies, the allosteric network of
communication had never been probed experimentally until recently (Yang et al., 2005,
2009; Kornev et al., 2006; Masterson et al., 2008, 2010; Hyeon et al., 2009; Kornev and
Taylor, 2009, 2010; Karginov et al., 2010; Gaffarogullari et al., 2011).

Our group has studied the structural dynamics of PKA-C using liquid-state NMR
spectroscopy with the objective of mapping the allosteric regulation of the kinase along the
catalytic cycle (Masterson et al., 2008, 2010, 2011a,b; Gaffarogullari et al., 2011; Ha et al.,
2011). This chapter summarizes these studies, highlighting our most recent progress in
connecting conformational dynamics (molecular motion) of the kinase with catalysis,
defined here as the sum of three main steps: substrate recognition, chemical step, and
product release. Using a combination of NMR studies and molecular dynamics (MD)
simulations, we attempted to trace the conformational and dynamic states of the enzyme. We
found that ligand binding affects the conformational equilibrium of the enzyme and defines
the different dynamical states that regulate kinase activity: committed, uncommitted, and
quenched states (Masterson et al., 2010, 2011a,b). Our studies emphasize the importance of
both conformational and dynamic changes for allostery to take place.

Il. Major Conformational States ldentified by X-Ray Crystallography

A wealth of crystallographic data is available on PKA-C, which is a direct result of the
ability to express this enzyme as a recombinant protein in Escherichia coli (Slice, L.W. and
Taylor S.S., 1989). Well over a dozen structures have been deposited for PKA-C in the
protein data bank (PDB) (Johnson, et al., 2001). The fold of PKA-C is shared throughout the
protein kinase family (Johnson, et al., 2001; Fig. 1A,B). The enzyme is bean shaped,
comprising a small lobe, containing mainly p-sheets, and a mostly helical large lobe. The
small lobe includes the nucleotide binding site, glycine-rich loop, p-strand 3, and the C-helix
(Johnson, et al., 2001; Taylor et al., 2004). The large lobe contains docking sites for
substrates, regulatory subunits, and colocalization elements such as A-kinase anchoring
proteins (Wong and Scott, 2004). Key motifs such as the catalytic, DFG, and peptide-
positioning loops are situated at an active site cleft formed between the two lobes, where
phosphory! transfer takes place (Fig. 1B; Johnson, et al., 2001; Taylor et al., 2004). The
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crystallographic data also provided snapshots for the arrangement of the functional groups
involved in the phosphorylation process, identifying the position of the -y-phosphate of ATP
and the acceptor hydroxyl group of the phosphorylatable serine in the substrate (Taylor et
al., 2004). These static representations of the enzyme, along with fluorescence anisotropy
data, suggested that the enzyme toggles between three major conformational states: an gpen
state (typically observed with no ligand bound), an intermediate state (typically observed
with a singly bound ligand), and a c/osed state (observed in the ternary complexes) (Taylor
et al., 2004; Fig. 1B). Because significant conformational changes are observed upon
nucleotide binding, it has been hypothesized that the allosteric signal initiated upon
nucleotide binding travels via the hydrophobic core from the small to the large lobe (Kornev
et al., 2008). Structural changes are also observed for regions peripheral to the active site
cleft. Based on these observations and computational studies, it has been proposed that two
hydrophaobic spines buried in the catalytic core may work as a transmission line for
intramolecular allosteric signaling, thus modulating binding interactions and catalysis
(Kornev et al., 2006, 2008; Kornev and Taylor, 2009, 2010). Analyzing how the signal is
transmitted within the catalytic core is central to understanding enzyme function and
regulation. To this extent, modern NMR spectroscopy methods provide atomic views of
short- and long-range conformational and dynamic changes, offering a unique perspective
on allostery (Kern and Zuiderweg, 2003; Boehr et al., 2006; Tzeng and Kalodimos, 2009;
Kalodimos, 2011).

lll. NMR Analysis of Ligand Binding Shows Positive Allosteric Cooperativity

in PKA-C

A stepping stone for carrying out NMR studies is the optimization of functional samples that
also behave well spectroscopically (i.e., provide well-resolved fingerprint resonances).
Under our experimental conditions, PKA-C is functional as established by 3P NMR, with
kinetics similar to those measured by coupled enzyme assays (Masterson et al., 2008). The
assignment of the backbone resonances, however, was far from trivial. The line shapes of
the amide fingerprint in the [*H,2°N]-TROSY-HSQC spectra are inhomogeneous, due to
intermediate exchange broadening in the chemical shift time scale. In addition to the
classical triple resonance experiments, a combination of selectively labeled samples and new
spectral-editing techniques (i.e., CCLS-HSQC (Tonelli et al., 2007)) was necessary to attain
~83% of the total backbone resonance assignments (Masterson et al., 2009). All of the key
regions were identified in the enzyme fingerprint, which enabled us to trace the changes in
the backbone amide resonances upon ligand binding. The NMR titrations carried out with
5-adenylylimido-diphosphate (AMP-PNP) and a standard kinase substrate, Kemptide
(LRRASLG), allowed us to map the effects of the ligands on both wild-type PKA-C (PKA-
CWT) and PKA-CY204A 3 mutant with a severely impaired catalytic efficiency (Fig. 2;
Moore et al., 2003; Yang et al., 2005; Masterson et al., 2008). Since the formation of the
ternary complex occurs via random sequential order (Kong and Cook, 1988; Adams, 2001),
we performed the NMR titrations by adding AMP-PNP first followed by Kemp-tide and
then reversed the order of ligands. The or-rate for nucleotide binding was approximately
two orders of magnitude slower than the diffusion rate, suggesting that binding is likely to
occur via structural rearrangements. These conformational changes are necessary for proper
alignment and positioning of the nucleotide and substrate, along with shielding the active
site from water. The PKA-CWT ligand-binding experiments revealed a positive K-type
cooperativity (Table I), with dissociation constants similar to those reported previously
(Taylor et al., 2004). Although weak (~fourfold), the K-type cooperativity is mutual
between substrate and nucleotide: binding of the nucleotide enhances the substrate affinity,
and substrate binding enhances the affinity for the nucleotide. Interestingly, titrations with
the catalytically impaired mutant PKA-CY204A showed that the ligand-binding events are
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decoupled, that is, there is no binding cooperativity. The chemical shift perturbations
observed in the enzyme fingerprint spectra revealed the presence of local and long-range
(allosteric) changes in PKA-CWT. Based on the X-ray structures, these changes occur as far
as ~20 A from the ATP-binding site, including the N- and C-terminal regions of the small
lobe and residues near the peptide-positioning loop of the large lobe (Fig. 2). Interestingly,
the chemical shift changes for PKA-CY204A were substantially smaller than for the PKA-
CWT. A few long-range perturbations were detected in the large lobe, although with a
different pattern (Fig. 2), and substrate binding resulted in very small changes with no
detectable allosteric effects. Overall, AMP-PNP binding did not produce the allosteric
changes observed for PKA-CWT, Structurally, PKA-CY204A js almost superimposable to
PKA-CWT as assessed by X-ray crystallography (Yang et al., 2004). However, the deletion
of a key hydrogen bond between the hydroxyl group of Y204 and E230 of the F-helix in the
mutant disrupts the interaction network at the interface of the N- and C-lobes, as well as the
interaction with the P-2 site of the substrate (Moore et al., 2003). The NMR fingerprints of
the wild-type and the mutant were nearly superimposable. However, the elimination of these
key interactions dismantles the allosteric communication (i.e., no long-range effects were
observed) and disrupts the K-type cooperativity between nucleotide and substrate observed
for PKA-CWT,

From these measurements, two spectroscopic features were prominent. First, the extent of
chemical shift changes (A8) upon ligand binding was exiguous (~0.03 ppm), which was
unexpected based on the structural differences observed in the X-ray structures (Johnson, et
al., 2001; Taylor et al., 2004). The latter may be due to dynamic averaging of the backbone
chemical shifts caused by the conformational equilibrium of the kinase in solution. Second,
a number of resonances from highly conserved regions (glycine-rich, activation, and
peptide-positioning loops) became exchanged broadened upon nucleotide binding,
indicating that the enzyme is interconverting between at least two different conformational
states in the microsecond to millisecond time scale. Although our initial NMR analysis was
limited to chemical shift changes and warranted further investigation, we could infer that
conformational dynamics played a key role in PKA-C function.

IV. Ligand Binding and Enzyme Motion

A. Thermodynamics and Kinetics of Ligand Binding

To understand the recognition process of the kinase, we compared the binding of the
endogenous inhibitor of the kinase, protein kinase inhibitor (PKI), with that of a
physiological substrate of PKA-C, phospholamban (PLN). PKI controls PKA-C function
and cellular localization (Walsh and Van Patten, 1994; Dalton and Dewey, 2006) acting as a
physiological break to enzyme activity. PKI’s recognition sequence occupies the active site
and prevents phosphorylation of cellular targets. In contrast, PLN is a substrate of PKA-C
and is reversibly phosphorylated during the heart muscle contraction-relaxation cycle
(Traaseth et al., 2008). In both studies, we utilized either synthetic or recombinant peptides,
each corresponding to either the 5-24 fragment of PKI (PKls_p4) or the 1-20 fragment of
PLN (PLNj_pg). Steady-state kinetic data showed that the PKA-C catalytic efficiency for the
PLN1_»q peptide was comparable to that of full-length PLN (Masterson et al., 2010,
2011a,b) and had kinetics similar to Kemptide (Masterson et al., 2010, 2011a,b). The K-type
cooperativity of PLN1_pq was slightly higher than that of Kemptide, with a fivefold increase
in binding affinity in the presence of nucleotide. In contrast, PKl5_p4 binding affinity was
significantly higher (Ky ~ 2 wM for the apo enzyme). The latter was accompanied by ~40-
fold increase in binding affinity when the nucleotide was present (Fig. 3; Masterson et al.,
2011a,b). Thermocalorimetric measurements showed that while the binding of the PLNq_g
peptide substrate is entropically driven, the binding of the PKl5_p4 peptide inhibitor binding
is enthalpically driven. A substantial increase in the overall enzyme thermostability was
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observed upon binding PKls_p4, whereas the nucleotide-bound form, or nucleotide and
substrate bound form, caused only a negligible increase. Stabilization effects were also
present upon addition of excess amounts of Mg2* ions. Under these conditions, Mg2*
behaves as a noncompetitive inhibitor (Cook et al., 1982; Adams and Taylor, 1993; Herberg
et al., 1999; Zimmermann et al., 2008) and two Mg2* ions bind the nucleotide binding cleft.
The kinetic effects of the competitive (PKls_o4) and noncompetitive (secondary Mg2* ion)
inhibitors were synergistic, with an overall decrease of Kjto ~ 12 nM. The latter is in
agreement with the additive changes observed for the two inhibitors by thermal melting
curves (Zimmermann et al., 2008; Masterson et al., 2011a,b). From these data, it is possible
to extrapolate that as the enzyme stability increases, reactivity decreases.

B. X-Ray Structures of PKA-C in Complex with Substrate and Inhibitors

The crystal structures of the ternary complexes of PKA-C with AMP-PNP and PLN;_;g Or
PKls_»4 displayed striking differences between the substrate- and inhibitor-bound
complexes (Zheng et al., 1993; Masterson et al., 2010). In spite of excess amounts of
substrate and nucleotide, the PKA-C/AMP-PNP/PLN;_19 complex crystallized with two
enzyme molecules in the asymmetric unit: an enzyme in a closed conformation bound to
both ligands and an apo form enzyme in an open conformation. Interestingly, the gpo form
had lower B-factors than those in the ternary complex and, with the exception of the first
few residues at the N-terminus, showed a well-defined electron density for all regions of the
enzyme. On the other hand, the electron density of the complex with the substrate was
undefined for the highly conserved glycine-rich loop and part of the C-terminal tail, which is
believed to stabilize interactions with the substrate. These regions were observed in the
crystal structures formed with PKl5_p4 (Johnson, et al., 2001; Taylor et al., 2004), in which
the inhibitor likely traps these regions into a stable conformational minimum. Qualitatively,
there is an agreement between the thermodynamic data and the structural features observed
in the crystals of the substrate versus the inhibitor; when the enthalpic contribution is
dominant, the structure is more resolved (i.e., lower B-factors), whereas when the entropic
contribution is dominant, static and dynamic disorder decrease the resolution (i.e., higher B-
factors).

C. Dynamic States of PKA-C Define Catalysis and Inhibition

To follow the conformational changes along the enzymatic coordinates, we analyzed five
different forms of PKA-C: (1) apo enzyme, (2) binary form (AMP-PNP bound), (3) ternary
complex with low Mg?* bound to PLN;_s (which mimics the productive complex), (4) a
ternary complex bound to PKls_y4 with low Mg?2* (nonproductive complex), and (5) a
ternary complex bound to PKls_y4 with high Mg2* (super-inhibited, nonproductive
complex) (Masterson et al., 2011a,b). The overall trend in chemical shift changes in the
enzyme fingerprint correlates qualitatively with the displacement of C atoms observed by
X-ray crystallography for the apo, binary and ternary forms. Therefore, in agreement with
the crystal structures (Fig. 1B), only minimal changes occur in the overall fold for the
transitions from nucleotide-bound binary form to the ternary complexes, and the average
conformation of the ternary complex with peptide inhibitor closely resembles the ternary
complex with substrate.

Although small, the chemical shift changes affect the catalytically important regions of the
enzyme that are conserved throughout all protein kinases, including the glycine-rich,
activation, DFG, and peptide-positioning loops (Fig. 4). Many of the changes in the amide
fingerprint followed linear progressions from the apo, to the intermediate, to the closed
super-inhibited ternary complex (PKls_p4 plus two Mg2*, Fig. 4A). The linearity of
chemical shifts revealed that the apo form exists as an ensemble of interchanging
conformers (conformational equilibrium) that includes all of the different states of the
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kinase. Ligand binding acts on the enzyme equilibrium, shifting the populations of the
conformational ensemble. Nucleotide binding shifts the conformational ensemble of open
toward the intermediate state, and substrate or inhibitor peptide binding skews the
population toward the closed state. To corroborate these data, we carried out NMR
relaxation measurements, which are able to image ground and excited states of proteins
(Palmer, 2001; Boehr et al., 2006, 2009; Popovych et al., 2006; Berlow et al., 2007;
Henzler-Wildman et al., 2007; Loria et al., 2008; Baldwin and Kay, 2009; Korzhnev et al.,
2010; Mittag et al., 2010; Villali and Kern, 2010; Kalodimos, 2011). In agreement with
previous spectroscopic data (Taylor et al., 2004), our results show that the enzyme becomes
more compact upon ligand binding. Small but significant differences in stability are
observed between the ternary complexes, with the most stable complex (inhibited enzyme
under high Mg?*) showing that the most compact structure has the shortest overall
correlation time. These results follow the same trend as the thermocalorimetric data. The apo
form of the enzyme displayed the expected flexibility in the nanosecond to picosecond (fast
motion in the NMR time scale), with high mobility of residues in regions between structural
elements such as the acidic cluster (residues 328-334) and the glycine-rich, catalytic, DFG,
activation, and peptide-positioning loops. Surprisingly, using the conventional experiments
for spin relaxation (Farrow et al., 1994), we could not detect microsecond to millisecond
motions (slow motion in the NMR time scale) in the apo form. It should be noted, however,
that the current NMR techniques are sensitive to a specific window of conformational
dynamics within the microsecond to millisecond time scale and we cannot rule out any
motions outside this range (Jarymowycz and Stone, 2006). Remarkably, upon nucleotide
binding, we detected a noticeable increase in conformational dynamics, on both fast and
slow time scales, for several key regions of the enzyme (Fig. 5). This was most apparent for
the glycine-rich and the DFG loops, which are directly involved in nucleotide binding, as
well as the activation loop, the peptide-positioning loop, and the acidic cluster (Fig. 6).
Overall, the conformational dynamics of residues surrounding the active site were found to
increase upon nucleotide binding. A diagnostic parameter of the conformational exchange is
the relaxation rate of exchange (Rex), which quantifies motion in the microsecond to
millisecond time scale (Palmer, 2001). We found R,y values greater than 25 Hz for several
residues located in regions involved in catalysis. Although attenuated and interspersed, these
conformational dynamics persist when PLN1_pg is bound. The latter indicates that
conformational dynamics persists in the ternary complex and might be required for opening
the active site and product release (Fig. 6). In fact, the linear correlation observed between
Rex and Ac?, where A w is the difference in chemical shifts between free and bound
enzyme, confirms that several residues experiencing slow motions undergo synchronous
conformational dynamics (i.e., opening and closing) (Massi et al., 2006). From these data,
we estimated an average rate constant for opening the active site cleft of ~ 20-30 s~1, which
agrees remarkably well with the catalytic constant (et ~ 23 s71) (Adams and Taylor, 1992;
Lew et al., 1997). Taken together, these data support that a global conformational change is
the rate-determining step for enzyme turnover.

From the above data, it is possible to speculate that the gpo form of PKA-C experiences
conformational dynamics outside the microsecond to millisecond time scale. This motion is
not productive, that is, not synchronous with the opening and closing frequency necessary
for catalysis. Nucleotide binding dynamically activates the enzyme, completing the C-spine
architecture and engaging the small and large lobes (Kornev et al., 2006, 2008; Kornev and
Taylor, 2009, 2010). The adenine group acts as a pivot point between the two major enzyme
domains (Kornev and Taylor, 2009) and activates the microsecond to millisecond
conformational dynamics necessary for catalysis to occur (Fig. 6). Changes in conformation
and dynamics upon nucleotide binding prime the active site for catalysis; that is, while the
active site may be preorganized for the chemical step, these internal motions initiated by the
nucleotide may contribute to surmounting the free-energy barrier for phosphoryl transfer to
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take place (Nashine et al., 2010). Although direct experimental proof of the role of dynamics
in the chemical step is lacking, it has been shown that several mutations that disrupt the C-
spine region lead to a significant decrease in catalytic rate (Kornev and Taylor, 2009). The
latter strongly supports the hypothesis that the C-spine is a necessary element for allosteric
dynamic transmission of the signals from the small to the large lobe. The opening and
closing of the active cleft persists in the ternary complex with the substrate. These motions
are probably responsible for product release, enabling opening of the active site cleft after
phosphory! transfer and allowing the exit of ADP and the phosphorylated product.

This process described by the NMR data epitomizes a conformational selection mechanism
(Csermely et al., 2010). Nucleotide binding skews the preexisting equilibrium toward the
next step of the enzymatic cycle, increasing the enzyme affinity for the substrate (positive
allosteric cooperativity) and enhancing substrate recognition (Figs. 3 and 5).

We also mimicked the inhibited and super-inhibited forms of the enzyme with ternary
complexes of PKA-C bound to PKl5_y4 under low and high Mg?* concentrations,
respectively. PKlg_»4 binding to the enzyme quenched both fast and slow motions
throughout the entire enzyme backbone, trapping it in a dynamically inert or quenched state
(Fig. 5). The attenuation of the conformational dynamics is even more apparent when two
Mg?2* ions are bound in the nucleotide binding cleft. In the presence of substrate, the kinase
preserved most of the flexibility in the proximity of the enzyme active site. In contrast, the
presence of the two inhibitors reduced these pervasive dynamics to a handful of residues
located in the conserved loops. The linear chemical shifts progressed toward the closed state,
suggesting a shift of the enzyme conformational ensemble toward a well-defined basin with
quenched dynamics and unable to carry out catalysis (Fig. 4A).

D. Interpretation of Molecular Motions by MD Calculations

Although NMR can detect the rates of conformational motions, it cannot interpret how these
motions occur. Therefore, we carried out MD simulations in explicit solvent with the
different forms of PKA-C: apo, nucleotide-bound (with one or two bound Mg?* ions), and
ternary complexes with either substrate (PLN1_5q) or inhibitor (PKls_o4 with one or two
bound Mg?2* ions) (Masterson et al., 2011a,b). The analysis of the MD trajectories showed
that the enzyme regions with the largest root mean square fluctuations (RMSF) coincide
with the trends observed in the heteronuclear NOE measurements for both nucleotide-bound
or ternary complex (Masterson et al., 2010, 2011a,b). Specifically, a good agreement
between simulated and experimentally determined conformational dynamics was observed
for the glycine-rich, activation, DFG, and peptide-positioning loops. Moreover, we observed
marked differences between the motions experienced by the ternary complexes of PKA-C
with nucleotide and substrate (PLN1_pg) and those corresponding to the complex with
nucleotide and inhibitor (PKls_54). In particular, the RMSF for the complex with the
substrate are on average higher than those with the inhibitors (Fig. 7A). Compared to the
complex with PKls_»4, the ternary complex with the substrate displays significantly higher
RMSF values for the glycine-rich loop, 3, B helix, the loop connecting the F and G helices,
as well as the C-terminal region. On average, the RMSF values are higher for all of the
catalytically important loops. Also, substantially higher RMSF values are obtained for both
the nucleotide and the substrate in their respective binding sites. In sharp contrast, the
average fluctuations of the inhibited complex are rather attenuated (Fig. 7D-F). The latter is
apparent from the perspective of the enzyme, the inhibitor, and the nucleotide. Qualitatively,
these data follow the same trend observed by the thermocalorimetric measurements as well
as the NMR relaxation data. The analysis of intermolecular hydrogen bond and electrostatic
interactions between the enzyme and bound peptides revealed strong interactions between
the PKl5_p4 (from the P+1 through P-6 sites) and several residues constituting the binding
groove. In contrast, a lower occurrence of these types of interactions is detected for the
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substrate during the MD simulations (Fig. 7B—C). These results are in agreement with the
enthalpy- and entropy-driven binding modes for inhibitor and substrate, respectively,
determined by isothermal titration calorimetry.

The large amplitude motions were projected using principal component analysis (PCA)
(Amadei, A. et al., 1993; Miyashita et al., 2003; Maragakis and Karplus, 2005; Henzler-
Wildman et al., 2007). We found that the first two principal components accounted for ~
60% of the variance in coordinates during the MD simulations (Fig. 8A). The first principal
component (PC1) corresponded to the predicted opening and closing motion between the
small and large lobes. The second component (PC2) corresponded to a shearing motion
between these two lobes. This motion is favored by the greasy interface between the two
major domains, conferring to the enzyme an “asymmetric bite” as monitored during MD
simulations. A common parameter used in X-ray crystallography for the identification of the
open and closed conformations is the distance between Ser53 and Gly186 (ds53_G186, Fig-
8B) in PKA-C, which was used to probe active site accessibility during the MD simulations.
We combined PC1 with ds53_g136 to describe the relative motion of the two lobes. Based on
29 X-ray crystallographic structures, these two parameters are diagnostic of the kinase
conformational state (Fig. 8C). The 2D plots reported in Fig. 8B display well-separated
clusters, corresponding to the open, intermediate, and closed conformations. Among the
different forms, the apo enzyme sampled a broad distribution of conformations that spanned
all of the states: open, intermediate, and closed. The binary form with one Mg2* ion bound
had a distribution of conformations that sampled open and intermediates states, while
addition of the substrate shifted the ensemble toward the closed state. The second Mg?* ion
narrowed the minima of the conformational landscape explored by the enzyme for both
binary and ternary complexes. Interestingly, the simulations with PKls_,4 and two Mg2*
ions (super-inhibited complex) showed the narrowest conformational distribution, which
converged toward the closed conformations identified by X-ray structures. Collectively, the
three major conformational states hypothesized by the X-ray data correspond to well-defined
dynamic states of the enzyme. Together with the NMR data, we can give a qualitative
description of the energy landscape of the enzyme (Fig. 6), assigning the apo enzyme to a
dynamically uncommitted state located in a broad basin, where motions are present but not
on a timescale relevant for turnover; and to the nucleotide-bound or Michaelis complex with
the substrate, a dynamically committed state, with a more defined basin and where motions
are synchronous with the rate-limiting step of enzyme turnover; and finally to the inhibited
and super-inhibited complexes a dynamically quenched state with a basin where the enzyme
dynamics are hindered (Fig. 8). The latter state is more populated when two Mg2* are
bound, and conformational dynamics are substantially attenuated. Previous H/D exchange
(YYang et al., 2005) and fluorescence measurements (Li et al., 2002) are consistent with our
definitions of the energy landscape.

E. Mutual Conformational Selection Mechanism for Enzyme and Substrate

Studies of full-length PLN revealed a preexisting equilibrium between four major
conformational states (Gustavsson et al., 2011) driven by the reversible binding of
cytoplasmic domain la to membranes (Fig. 9): a highly populated T state (L-shaped
configuration), with domain la adsorbed on the membrane surface; a T” state, with domain
Ib partially unfolded; an R” state that is partially unfolded at the N-terminus and in the C-
terminal part of domain la; and an R state, which has domain la and 1b unfolded. The T", R
’, and R states are less populated and represent excited states, with the T and R states
representing two extremes of conformational dynamics in PLN. Kinetic and structural
measurements using a series of PLN analogues showed a clear correlation between
phosphorylation efficiency with the extent of R state (Masterson et al., 2011a,b). We found
that in the ground state (T state), PLN is less accessible to the protein kinase, and this
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decreases the catalytic efficiency of phosphorylation. By shifting the conformational
equilibrium toward the R state, PKA-C catalytic efficiency increases. A plausible
explanation is that the enzyme binds to the R state more readily and selects the extended
conformation for phosphoryl transfer to occur. NMR and sequence homology-driven
molecular docking provided a view of the structural ensemble of the complex between PKA-
C and PLN1_»q (Masterson et al., 2011a,b). These results corroborate the kinetic preference
of the membrane detached and extended conformation (R state) of PLN. The structural
ensemble of the complex agrees with the nuclear spin relaxation data. The substrate remains
quite dynamic when bound in the active site, with the exception of the recognition sequence
(Masterson et al., 2010, 2011a,b). On the other hand, PLN binding shifts the PKA-C
conformational equilibrium toward the closed state of the enzyme (Masterson et al., 2010,
2011a,b). The energy landscape for both PLN and PKA-C affects one another, leading to
mutual adaptation. This recognition process exemplifies the recently theorized mutual
conformational selection model reported by Nussinov and coworkers (Csermely et al., 2010;
Fig. 9). During the encounter (i.e., recognition process), the two binding partners affect each
other’s energy landscape with a mutual adjustment in conformations. The binding process
causes both proteins to reach a minimum in the free-energy landscape, allowing proper
positioning of the chemical groups for catalysis to occur.

V. Conclusions and Future Perspectives

Our work highlights the prominent role of conformational dynamics in defining the energy
landscape of PKA-C and its substrates. We found that local and long-range conformational
dynamic changes contribute to the propagation of allosteric signals in this single protein
enzyme. Both fast and slow dynamics (ps—ms) are modulated by ligand binding,
emphasizing the necessity of high-frequency vibrations, rotations, and librations as well as
low-frequency and large amplitude (i.e., breathing) motions for catalysis to occur. PKA-C
internal motions increase upon nucleotide binding. Not only does ATP have an essential role
for the chemistry occurring in the active site, but it also engages the two lobes of the enzyme
structurally, completing the hydrophobic C-spine via its adenine ring. We propose that this
event synchronizes the motions of small and large lobes, positioning the binding groove for
substrate recognition, guiding it along the reaction coordinates. Taken with the kinetic
measurements, the analysis of the enzyme and substrate structural dynamics within the
Michaelis complex underscores the mutual dynamic adaptation of the two proteins upon
binding. This mutual conformational selection mechanism is not surprising, given the large
number of substrates targeted by PKA-C. Substrate and inhibitor binding have opposite
effects. While substrate binding preserves the opening and closing of the active cleft,
inhibitor binding traps the enzyme in a dynamically quenched state, where most of the
motions are rather attenuated. This aspect opens up the possibility of tuning the structural
dynamics of PKA-C via allosteric modulators, controlling enzyme function.

However, many aspects of allosteric propagation and signaling within PKA-C and other
enzymes remain obscure. While most of the allosteric network can be clearly traced via
contiguous residues (either in sequence or in space), there are many noncontiguous paths
that are difficult to rationalize based on only physical contacts between atoms. Recent
interpretations of allosteric signaling rely on statistical correlations of the chemical shifts to
describe the propagation of allosteric signaling (Lipchock and Loria, 2010; Selvaratnam et
al., 2011). Although state-of-the-art, these approaches still fall short for the complete
description of allosteric phenomena. From a statistical thermodynamic point of view,
allostery is a nonequilibrium relaxation process, where both entropy and enthalpy changes
are concurrent and define the energetic states of a system (the protein and the environment)
(Tsai et al., 2008; Vendruscolo, 2011). Indeed, the NMR analysis presented here is limited
to the quantification of the conformational entropy of the protein backbone, while side
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chains dynamics and solvent effects remain uncharacterized. The combination of methyl
group NMR spin relaxation methods with more sophisticated and longer time scale MD
simulations promises to fill this apparent lacuna.
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Fig. 1.

Architecture of PKA-C. (A) Secondary structure, domains, conserved motifs (see asterisks),
and ligand-binding regions of PKA-C. (B) Conformational changes observed in PKA-C by
X-ray crystallography. The major conformational states are defined by the angle between the
large and small lobes and by the S53/G186Ca distance (open, intermediate, and closed
conformational states). The average angles and distances are calculated from open (PDB:
307L, 1CMK, 1CTP, 1J3H, and 2QVS), intermediate (PDB: 1BKX, 1BX6, 1STC, 1JLU,
1RES, 1REK, 3DND, 3DNE, 3IDB, and 3IDC), and closed (PDB: 1JBP, 1ATP, 1APM,
1YDS, 1YDR, and 1YDT) X-ray structures.
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Chemical perturbations upon ligand binding for PKA-CWT and PKA-CY204A The binding
of nucleotide and substrate indicates attenuated local and long-range (allosteric)
perturbations for PKA-CY204A,

Adv Protein Chem Struct Biol. Author manuscript; available in PMC 2013 January 16.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

MASTERSON et al. Page 16

A
PLIN1—20 PIK|5—24
1 1
%) Apo ADP Apo ADP
< 5
T
B
g
S35 5] I
m 8
~10 4
o
<
= -15
B
AMP-PNP AMP-PNP
AMP-PNP PLN, 5 PKl, ,,
Mg2* — — —
condition: Low High Low High Low High
4_ _______________________________________________
§ 4
2_ _____________________________________________
I\E T
< -
0 il T T il T T T

Fig. 3.

Thermocalorimetric parameters for the binding of the substrate PLN1_»g and inhibitor
PKls_»4 to PKA-C. (A) Binding energy for substrate and inhibitor to the apo or nucleotide-
bound PKA-C. PLN1_yq is entropy driven, while PKl5_p4 binding is enthalpy driven. (B)
Thermal melting of PKA-C complexes. A small increase in thermal stability (relative to the
apo enzyme melting temperature, AT) is present upon nucleotide or substrate binding under
low and high Mg2* concentration. A substantial increase in stability is measured in the
presence of PKls_ps and high Mg2*.
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Linearity of chemical changes among different forms of PKA-C. (A) Linearly correlated
chemical shift changes in different regions of the small and large lobes. The two extremes of
the correlations are the apo and the super-inhibited ternary complex of PKA-C, suggesting a
fast conformational exchange between closed and open conformational states. (B) The
location of these representative residues included regions near the active site and allosteric
sites as far as 20 A (W302) away.
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Free-energy landscape of PKA-C and ligand binding. Ligand binding defines the
conformational equilibrium of the kinase, skewing the populations in a dynamically
uncommitted (apo form) basin with motions not synchronous to turnover, dynamically
committed basin (nucleotide-bound and ternary complex with substrate) with motions
synchronous with turnover, and dynamically quenched basin (inhibited complexes) with
attenuated motions and low free energy.
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Schematic for the formation of the catalytically competent ternary complex. The apo
enzyme constitutes a dynamically uncommitted state, with its C-spine (red) disengaged
between the two lobes. The nucleotide acts as an allosteric effector which is sensed
throughout the enzyme. This binding event completes the C-spine architecture and induces a
dynamically committed state. Fluctuations between open and closed conformations take
place at a time scale which is synchronous with turnover. These fluctuations persist in the

ternary complex with substrate, limiting the rate of catalytic turnover.
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Fig. 7.

MD simulations of PKA-C ternary complexes with PLNq_»q or PKl5_p4. All plots indicate
ternary complexes with PLN4_»q (red) or PKls_o4 (black). (A) Backbone sub-nanosecond
RMSF of PKA-C ternary complexes. Strong (red) and weak (green) hydrogen bonding
networks which persisted during the simulations when PKls_p4 (B) or PLN1_yq (C) was
present. (D) RMSF of the peptide backbone of PLN4_5q or PKl5_p4. (E) The structure and
atom number of ATP, and (F) RMSF of ATP during simulations with the substrate or
inhibitor.
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MD simulations of PKA-C. (A) PCA analysis of the MD trajectories indicated two
orthogonal motions between the small and large lobes which described ~50% of the

X-ray structure
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variance: an opening/closing motion (PC1) and a shearing between the lobes (PC2). (B) The
occlusion of the active site was probed using the distance between S53 and G186 C* atoms

and monitored with PC1 to assess active site accessibility. (C) 2D plots indicated that

inhibitors restrict the conformational space accessible by PKA-C, while the other forms
accessed these states more frequently.
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Fig. 9.

Proposed mutual conformational selection mechanism between PKA-C and PLN. Both
PKA-C and PLN undergo preexisting equilibria between major conformational states. PKA-
C fluctuates between open and closed conformations, induced by nucleotide binding. PLN
undergoes conformational fluctuations between various degrees of folded and unfolded
conformations. These equilibria influence one another upon interaction, leading to a mutual
adaptation and allowing the proteins to reach a minimum in the free-energy landscape of the
complex.
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Table |
Binding Constants (Kjy, in units of micromolar) Measured from the NMR Titrations of PKA-C

AM P-PNP first Kemptide first

— Kemptid Kemptide _
K:;\MP PNP Kd mptide K mpi K(/]\MP PNP

d
PKA-CWT  39+6 292+61  980+163 12+3
PKA-CY204A 78 +20 834+92  700+105 68+4
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