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CONSPECTUS: Protein kinases are ubiquitous enzymes with critical
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the function and regulation of these important enzymes is not well

understood. Nuclear magnetic resonance (NMR) methods provide complementary information about protein conformation and
dynamics in solution. However, until recently, the large size of these enzymes prevented researchers from using these methods
with kinases. Developments in transverse relaxation-optimized spectroscopy (TROSY)-based techniques and more efficient
isotope labeling strategies are now allowing researchers to carry out NMR studies on full-length protein kinases.

In this Account, we describe recent insights into the role of dynamics in protein kinase regulation and catalysis that have been
gained from NMR measurements of chemical shift changes and line broadening, residual dipolar couplings, and relaxation. These
findings show strong associations between protein motion and events that control kinase activity. Dynamic and conformational
changes occurring at ligand binding sites and other regulatory domains of these proteins propagate to conserved kinase core
regions that mediate catalytic function. NMR measurements of slow time scale (microsecond to millisecond) motions also reveal
that kinases carry out global exchange processes that synchronize multiple residues and allosteric interconversion between
conformational states. Activating covalent modifications or ligand binding to form the Michaelis complex can induce these global
processes. Inhibitors can also exploit the exchange properties of kinases by using conformational selection to form dynamically
quenched states.

These investigations have revealed that kinases are highly dynamic enzymes, whose regulation by interdomain interactions, ligand
binding, and covalent modifications involve changes in motion and conformational equilibrium in a manner that can be
correlated with function. Thus, NMR provides a unique window into the role of protein dynamics in kinase regulation and

catalysis with important implications for drug design.

he involvement of eukaryotic protein kinases in nearly all

intracellular processes has prompted extensive structural
studies on this important class of enzymes, beginning with the
first X-ray structure of a protein kinase more than 20 years ago.l’2
Since then, more than 6000 kinase structures have been added to
the PDB database, yielding deep insights into the mechanisms
underlying kinase regulation. The static views obtained by X-ray
crystallography are greatly enhanced by complementary solution
studies that probe conformational dynamics. NMR spectroscopy
is a powerful technique to study the dynamics of proteins in
solution, but until recently there have been only limited
applications of NMR to studies of protein kinases due to their
relatively large size, which leads to fast relaxation of the NMR
signals. NMR techniques that increase the signal-to-noise for
larger proteins include transverse relaxation-optimized spectros-
copy (TROSY) methods,”* which select slow relaxation signals,
and protein labeling methods™® such as perdeuteration, which
reduces the effect of surrounding protons on relaxation. These
now allow glimpses into solution structures and dynamics of
protein kinases. This Account highlights recent studies that use
NMR to examine the contributions of dynamics to regulation of
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protein kinases, yielding fundamental insights into their
mechanisms for activation, inhibition, and catalytic function.
Eukaryotic protein kinases share a conserved catalytic domain,
comprised of N-terminal and C-terminal lobes connected by a
hinge (Figure 1).>”®* ATP binds the active site cleft between the
lobes, forming critical contacts with residues and motifs that are
conserved among kinases. These contacts include a conserved
lysine residue and backbone amides in a glycine-rich motif
(usually referred to as “Gly-loop” in protein kinases and “P-loop”
in other kinases, dehydrogenases, and ATPases) in the N-
terminal lobe, which form hydrogen bonds to the ATP
phosphoryl oxygens, backbone atoms in the hinge, which
hydrogen bond with the adenine ring, and the aspartate side
chain in a conserved Asp-Phe-Gly motif (DFG-loop) in the C-
terminal lobe, which coordinates Mg”*. The activation loop and
peptide recognition segment (P + 1 loop) in the C-terminal lobe
of the kinase form contacts with substrate, conferring sequence
specificity and positioning of the substrate hydroxyl acceptor. A
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Figure 1. The architecture of protein kinases. The X-ray structure of the PKA catalytic subunit bound to ATP (black) and peptide inhibitor, PKI;_,,
(brown) (PDB 1ATP*). Elements conserved among protein kinases that are needed for catalytic function are labeled, including the Gly-loop, Lys—Glu
salt bridge, DFG-loop, hinge, activation loop, P + 1 loop, and catalytic base. Space filled segments indicate internal hydrophobic structural motifs, named

regulatory (pink) and catalytic (yellow) “spines”.
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Figure 2. Activation of Eph alters conformational dynamics in the kinase domain and juxtamembrane segment (JMS). (a) X-ray structure of the
autoinhibited JMS-KD of EphB2 (PDB 1JPA'*), mapping residues with spectral perturbations (red/pink) accompanying activation by phosphorylation.
NMR line broadening and chemical shift perturbations reflect conformational and dynamic changes from the JMS contact site propagating to the active
site cleft. Sites for activating tyrosine phosphorylation (Y604, Y610 for murine EphB2) and an activating mutation (Y750) are represented with yellow
sticks. (b) *N-HSQC spectra overlaying autoinhibited JMS-KD (black) and activated EphB2 2P-JMS-KD (red), where resonances showing significant
spectral perturbations are labeled. In 2P-JMS-KD, peaks corresponding to JMS residues (numbers underlined) shifted to ~8 ppm (green circle and bold
arrows), revealing an order-to-disorder transition in this region upon activation. Adapted with permission from ref 14. Copyright 2006 EMBO Press.

conserved aspartate residue in the active site serves as the
catalytic base for phosphoryl transfer from ATP to substrate.
Key structural arrangements accompany kinase activation by
covalent modifications or by interactions with regulatory
subunits and domains.”™'" The activation loop is a flexible
segment that can rearrange substantially and is often the location
for regulatory phosphorylation.'® Phosphorylation at the
activation loop allows ion pair interactions with an active site
arginine residue to orient the catalytic base. The conserved N-
terminal lysine, located in strand /33, interacts with a glutamate
residue in helix aC to form a Lys—Glu salt bridge, often coupled
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with lateral movement of helix «C."> Catalytic activity requires
the proper alignment of internal hydrophobic residues, which
form structural motifs, termed regulatory and catalytic “spines”,
which stabilize the position of active site residues."” In particular,
an assembled regulatory spine often indicates an active kinase
structure.”® Together, these represent common locations for
conformational changes that contribute to kinase activation.
Recent reports illustrate the use of TROSY-based NMR
correlation and relaxation experiments to address the essential
role of dynamics in kinase regulation.'*~*° Studies of the tyrosine
kinases Eph and c-Abl, the MAP kinases p38a and ERK2, and the
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Figure 3. Differential regulation of interdomain interactions by c-Abl kinase inhibitors. (a) The lowest energy structural models of the c-Abl/imatinib
complex calculated from RDC and SAXS measurements are shown in different colors. Each model shows the SH3—SH2 domain oriented in an extended
conformation, relative to the kinase domain. (b) The lowest energy models of the ternary c-Abl/imatinib/GNF-S complex show a compact
conformation with multiple contacts between SH3—SH2 and kinase domains. Adapted with permission from ref 15. Copyright 2013 National Academy

of Sciences.

cAMP-dependent kinase reveal regulation of solution conforma-
tional equilibria and active site dynamics by interdomain
interactions, regulatory covalent modifications, and binding of
nucleotide, substrates, and inhibitors. These studies expand our
understanding of protein kinases as dynamic enzymes, whose
motions underlie mechanisms for regulation.

B AUTOINHIBITORY DOMAIN INTERACTIONS IN THE
Eph RECEPTOR TYROSINE KINASE

NMR analysis of the ephrin receptor tyrosine kinase (Eph RTK)
reveals that dynamics in the active site can be controlled through
autoinhibitory domain interactions."* Eph RTK is a trans-
membrane receptor involved in promoting axon guidance and
cell migration, which is activated by dimerization upon binding
the ephrin ligand to its extracellular domain.*"** X-ray structures
of the ephrin type-B receptor 2 (EphB2) show that an
autoinhibitory a-helical juxtamembrane segment (JMS) contacts
the N-terminal lobe of the kinase domain (Figure 2a), resulting
in distortion of helix aC into an inactive, kinked conformation
and disorder of the activation loop.'*** Ephrin binding induces
autophosphorylation at two tyrosine residues in the JMS, which
disrupts intramolecular contacts and activates the kinase.”®
However, because the X-ray structures of activated Eph RTKs
retain the “inactive” helix aC conformation and disordered
activation loop,"*** the mechanism of activation was uncertain.
Thus, it is necessary to employ other tools, such as NMR, to
elucidate how the active state could be achieved.

Autoinhibited and activated forms of EphB2 were examined
using two-dimensional (2D) 'H,"N correlation experiments,
which correlate the chemical shifts of backbone amide groups.'*
These chemical shifts reflect the local chemical environment and
therefore serve as probes for conformational changes. The
autoinhibited state, modeled by a JMS-kinase domain (JMS-KD)
construct, was compared with three active kinase forms,
corresponding to JMS-KD phosphorylated at both tyrosine
residues (2P-JMS-KD), JMS-KD with an activating mutation
(JMS-KD-Y750A), and the kinase domain alone. The active
kinases, 2P-JMS-KD and JMS-KD-Y750A, each showed spectral
perturbations of JMS amides relative to the autoinhibited form.
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Upon activation, the 'H chemical shifts of JMS amides moved to
~8 ppm, a region typical for unfolded polypeptides (Figure 2b).
This signifies a major conformational change in the JMS,
involving its transition from an ordered structure to a disordered
state upon release of autoinhibition.

Changes in conformational dynamics were also seen within the
kinase domain upon activation. * This was revealed by NMR line
shape analysis, where nuclei that interconvert between multiple
conformations can adopt varying line widths and numbers of
peaks, depending on the ratio of the difference in chemical shift
(IAwl) to the rate constant for exchange between conformers
(k.y).”® Assuming two-state exchange (e.g, A = B, where k,, =
ks + kga), slow interconversion (k,, < |Awl) leads to two
resolved peaks, each representing a distinct state, whereas fast
interconversion (k., > |Awl) yields only one peak having a
chemical shift at the weighted average population of the two
states. When interconversion occurs in an intermediate time
regime (k, ~ |Awl), line broadening leads to reduction of peak
height, often below noise. Thus, changes in peak number or line
shape can reflect changes in dynamics and information about
exchange rate constants.

In all three active states of EphB2, a similar set of amide
resonances showed line broadening or chemical shift perturba-
tions from the autoinhibited state.'* These spectral changes
occurred in regions throughout the N-terminal lobe and in the
active site cleft, including residues in the Gly-loop, the hinge, the
activation loop, and the catalytic site (Figure 2a). Many of these
regions were too far from the JMS-contacting sites to be
explained simply by disrupted JMS interactions. Instead, they
revealed allosteric changes in conformation or altered protein
dynamics, propagating from the JMS interaction region in helix
aC to the active site. The active mutant JMS-KD-Y750A showed
multiple amides that had two peaks in slow exchange, whose
chemical shifts indicated a major autoinhibited state and a new,
lower populated state."* This suggests a model in which the
dynamics of the activated Eph RTK enables it to sample rare
active conformers against a larger population of autoinhibited
conformers. Thus, the NMR chemical shift and line broadening
results reveal correlations between kinase activation and
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Figure 4. Conformational selection in binding the p38« inhibitor BIRB796. (a) X-ray structure of p38a (magenta) bound to BIRB796 (blue) (PDB
1KV2*") shows selection for the inactive DEG-out conformation. (b) *N-HSQC spectra show the Phe169 resonance, observed in p38a/BIRB796
(blue) but not observed in apo-p38a (black) or p38ct/SB203580 (red) due to line broadening. Line broadening reflects altered dynamics leading to

conformational exchange in the intermediate time regime. (c) X-ray structure of p38a (magenta) bound to SB203580 (red) (PDB 2EWA'®) shows that
both DFG-in and DFG-out conformers can form. Adapted with permission from ref 16. Copyright 2006 John Wiley and Sons.

dynamics within the active site and explain why X-ray structures
of active Eph RTKSs resemble the inactive state.

B CONTROL OF DYNAMICS BY SMALL MOLECULE
INHIBITORS IN c-Abl AND p38a MAP KINASE

c-Abl

NMR studies of the tyrosine kinase c-Abl show how inhibitor
binding can modulate conformational dynamics."> c-Abl
contains SH3, SH2, and kinase domains with flexible linkers
between each domain.*® X-ray structures show that the SH3—
SH2 domain interacts with the N-terminal and C-terminal lobes
of the kinase domain to form a compact conformation, common
among members of the Src tyrosine kinase family.”’~>* The
compact, inhibited conformation in c-Abl is maintained by an N-
terminal myristoyl group, which inserts into a hydrophobic
pocket in the C-terminal lobe of the kinase domain and stabilizes
SH2—kinase interactions.”” X-ray structures of activated tyrosine
kinases (e.g., c-Src) show changes in the relative orientation of
the SH3—SH2 domain to form an extended conformation with
fewer interdomain interactions.®® A similar disruption of the
interaction between the SH3—SH?2 and kinase domains has been
proposed for the active c-Abl.>®

Imatinib (Gleevec) is an ATP-competitive inhibitor of c-Abl,
whose potency toward the constitutively active Bcr—Abl fusion
protein has led to its clinical use for treating chronic
myelogenous leukemia (CML).*"** Several NMR experiments
revealed that the binding of imatinib to c-Abl disrupts
interactions between the SH3—SH2 and kinase domains,
allowing formation of an extended conformation (Figure 3a)."
This was unexpected, given that the extended conformation is
usually associated with activated forms of Src family kinases.*>>°
It should be noted that the c-Abl protein in this NMR study was
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not myristoylated and therefore might be more prone to escaping
autoinhibition. Nevertheless, 2D-NMR correlation experiments
showed significant chemical shift perturbations for backbone
amide resonances throughout the kinase and SH3—SH2 domains
upon imatinib binding."> These were supplemented with N
relaxation experiments, from which the apparent rotational
correlation time of molecular tumbling (7.) can be extracted.*® In
the c-Abl/imatinib complex, faster tumbling within the SH3 and
SH2 domains indicated their independent movement relative to
the kinase domain."® Finally, NMR residual dipolar coupling
(RDC) experiments, which yield information on the relative
orientations of individual amide bond vectors,** confirmed that
imatinib binding induces a change in the orientation of the SH3
and SH2 domains with respect to the kinase domain.'* By
combining RDC constraints with radius of gyration (ng,)
measurements from small-angle X-ray scattering (SAXS),
structural models were calculated showing an extended
conformation for the c-Abl/imatinib complex (Figure 3a).

NMR was also used to shed light on the role of dynamics in the
interaction between imatinib and a new class of allosteric
inhibitors."> Chronic myelogenous leukemia patients treated
with imatinib often acquire resistance through mutations in the
kinase domain of Ber—Abl that block inhibitor binding.>® To
overcome this, ATP noncompetitive inhibitors have been
developed, including GNF-S, which occupies the myristoyl-
binding pocket of c-Abl (Figure 3b).373# In contrast to imatinib,
the binding of GNF-5 to c-Abl induced local chemical shift
perturbations that were restricted to the myristoyl-binding
pocket and rotational correlation times indicating a rigid
structure for the SH3—SH2 and kinase domains.'> These
together with RDC constraints and Ry, measurements showed
that c-Abl/GNE-5 adopts the compact conformation."
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Figure 5. Ligand binding regulates conformational dynamics of PKA. (a) PKA backbone structure showing slow (microsecond to millisecond)
dynamics of amides in the ternary PKA/AMP-PNP/peptide complex, reflected by the magnitude of relaxation caused by chemical exchange (R,). (b)
Space filled residues (orange) localized around the active site reflect amides that synchronize to the same exchange process, modeled as conformational
interconversion between open and closed states (arrow). Adapted with permission from ref 18. Copyright 2010 Nature Publishing Group.

Significantly, the NMR measurements also indicated a
compact conformation of the c-Abl/imatinib/GNE-S ternary
complex (Figure 3b)."® This means that the two classes of
inhibitors have dramatically different effects on the protein
conformation, where GNF-5 binding reverses the extended
conformation induced by imatinib. Thus, GNF-S alters the
dynamic equilibrium of c-Abl to maintain the compact,
autoinhibited state. Such behavior may provide inhibitors of
this class with favorable clinical properties, given that GNF-5 or a
related analogue, when combined with the ATP-competitive
inhibitors imatinib or nilotinib, extend survival in animal models
of Ber—Abl-induced leukemia and delay the emergence of drug
resistance mutations in Bcr—Abl>’

p38a MAP Kinase

Alterations in kinase dynamics by inhibitor binding were also
observed in the p38a MAP kinase,'® which mediates cell stress
responses leading to inflammation and apoptosis.*® The X-ray
structure of p38a bound to the ATP-competitive inhibitor
BIRB796 reveals an allosteric mechanism involving movement of
the Mg**-coordinating aspartate residue located within the
conserved DFG motif (Figure 4a).** Here, aspartate is displaced
from its active site conformation (“DFG-in”) through rotation of
the Asp—Phe backbone to form an inactive “DFG-out”
conformation, which exposes a hydrophobic pocket.***!
BIRB796, like other so-called “type II” kinase inhibitors that
have been identified for many kinases, occupies this new pocket
and thus selects for and stabilizes the DFG-out conformation.*!

NMR has been used to show how the dynamics of p38a
enables conformation selection by type II inhibitors.'® Line
shape analysis of the amides of phenylalanine residues in p38a,
followed using selective labeling with 'H,"*N-phenylalanine,
showed that the DFG-in and DFG-out conformations exist in
equilibrium. In apo-p38a, the resonance for Phel69 within the
DFG motif was not observed due to line broadening (Figure 4b),
indicating its conformational exchange in the intermediate
(microsecond to millisecond) regime. Therefore, the apoenzyme
interconverts between conformers on a microsecond to
millisecond time scale, transiently exposing the allosteric pocket
in the DFG-out state. In contrast, in the p38a/BIRB796
complex, Phe169 appeared as a single amide resonance (Figure
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4b), which could be associated with the DFG-out conformer
based on the X-ray structure (Figure 4a). Thus, BIRB796 alters
the motions in p38a by binding with higher affinity to the DFG-
out conformer and trapping this inactive state. Interestingly, line
broadening of Phel69 was also seen in p38a bound to the
inhibitor SB203580, which does not occupy this pocket (Figure
4c). Thus, the dynamics of p38a provide properties of
conformation selection that can be exploited specifically by
type II inhibitors.

B LINKAGE BETWEEN KINASE DYNAMICS AND
CATALYSIS IN cAMP-DEPENDENT PROTEIN KINASE
(PKA)

Elegant NMR experiments on the catalytic subunit of PKA have
linked internal dynamics to its catalytic function.'” " Two-
dimensional NMR correlation experiments were used to examine
binary and ternary intermediates of PKA in complex with the
ATP analog fy-imidoadenosine 5'-triphosphate (AMP-PNP)
and a peptide substrate.'” The binding of AMP-PNP induced
chemical shift perturbations or line broadening of amide
resonances for residues throughout the active site that are
needed for catalytic function, including residues in the Gly-loop,
the Lys—Glu salt bridge, the DFG-loop, the substrate-positioning
(P + 1) loop, and comprising the hydrophobic spines. In
contrast, an inactivating point mutation in the P + 1 loop
attenuated the perturbations induced upon nucleotide binding,
while also eliminating positive cooperativity in binding affinities
between nucleotide and peptide substrate.'” Thus, a network of
spectral changes induced by AMP-PNP reflect propagation of
conformational and dynamic responses to the active site and
correlate with ligand binding cooperativity.

NMR relaxation studies comparing apo- vs ligand-bound PKA
demonstrated the relevance of perturbations in dynamics to
enzyme turnover.'® Fast dynamics (picosecond to nanosecond)
of amide bonds can be monitored by heteronuclear nuclear
Overhauser effect (H—X NOE) experiments, which measure the
relaxation of "N nuclei via dipole—dipole interactions with 'H.**
Both the binary PKA/AMP-PNP and ternary PKA/AMP-PNP/
peptide substrate complexes showed increased numbers of
residues with fast dynamics, including residues in the catalytically
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Figure 6. Global motion accompanies activation of ERK2 by phosphorylation. (a) Isoleucine, leucine, and valine methyls in the kinase core of OP-ERK2
show large variations in k., reflecting uncoupled, local motions. Each methyl could be fitted individually, except those in black spheres, which show
microsecond to millisecond dynamics but high errors in k,,. (b) In contrast, methyls throughout the core of 2P-ERK2 (blue) could be fit together to a
two-state exchange process with global k., &~ 300 s™". Black sticks show the phosphorylation sites in the activation loop. (c) A mutation at the hinge
(M106G, E107G) induces global exchange, even in the absence of phosphorylation. Adapted with permission from ref 20. Copyright 2014 National

Academy of Sciences.

important active site regions.'® Strikingly, binding of a high-
affinity peptide inhibitor (PKI) to PKA/AMP-PNP reduced the
fast time scale dynamics to levels matching that of apoenzyme.'
Thus, nucleotide binding increases dynamics within the active
site, whereas inhibitor binding creates a conformationally
“quenched” state.

Slower motions were monitored by '*N relaxation experi-
ments that measure R, the apparent rate constant for relaxation
arising from chemical exchange between two states (e.g, A =
B).*” In this experiment, R,, was estimated by a simplified form of
the Hahn-echo experiment, where the transverse relaxation rate
(R,) was measured at only one frequency, and chemical
exchange-dependent processes were isolated by removing
contributions from exchange-independent processes. Binding
of AMP-PNP and peptide to mimic the Michaelis complex led to
an increased number of residues that showed millisecond
dynamics, again including those in the Gly, DFG, activation,
and P + 1 loops (Figure 5a).'® Significantly, many residues
showed synchrony with a global exchange process (Figure Sb).
This was indicated by linear correlations between the square of
the chemical shift difference (Aw*) and the R,,, suggesting that
their exchange rate constants are the same.'® Thus, ligand
binding to PKA induces a slow global motion described by two-
state exchange. Based on X-ray structures of apoenzyme and
ternary complex,"”'®* this was interpreted as interdomain
movements between N- and C-terminal lobes, leading to
interconversion between open and closed conformations (Figure
Sb). Assuming that the closed conformation is dominant in the
ternary PKA/AMP-PNP/peptide complex, the rate constant for
opening (kopen) could be estimated as 31 s™.'® This value is
similar to the k., of 20 s™, which is rate-limited by product
dissociation (kg = 23 s7').® Thus, NMR reveals substantial
effects of nucleotide and substrate binding on backbone
dynamics at both fast and slow time scales. The slower dynamics
in particular reveal global motions indicating ligand-induced
exchange between open and closed conformations, where
interdomain opening correlates with the rate-limiting step in
catalytic turnover.
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B GLOBAL MOTIONS ARE INDUCED BY
PHOSPHORYLATION IN ERK2

The MAP kinase extracellular regulated kinase-2 (ERK2) is
activated by dual phosphorylation at threonine and tyrosine
residues in the activation loop,* increasing the rate of
phosphoryltransfer by 60000-fold.* X-ray structures of the
active, phosphorylated kinase (2P-ERK2) and the inactive,
unphosphorylated kinase (OP-ERK2) show that phosphorylation
rearranges the activation loop to accommodate substrate
binding, reorganizes active site residues, and exposes a pocket
for substrate docking (Figure 6a,b).**~** NMR revealed global
dynamics induced upon kinase activation, which were not
apparent from the X-ray structures.”® Here, NMR relaxation
experiments and line shape analysis were used to monitor
motions of 'H,"*C methyls on isoleucine, leucine, and valine side
chains, in protein prepared using isotopically labeled precursors.
The fast rotation of methyls offers favorable relaxation
properties, yielding high signal-to-noise and sharp peaks.®

The Carr—Purcell-Meiboom—Gill (CPMG) relaxation dis-
persion experiment is used to monitor dynamics on the
microsecond to millisecond time scale.”>*” It applies a Hahn-
echo experiment at varying refocusing pulse frequencies,
measuring exchange by analysis of transverse relaxation rates as
a function of the interval between pulses. Under optimal
conditions, each methyl can be fit to a two-state model to extract
the rate constant for exchange (k.,) and the populations of the
two states (py, pp)->° The CPMG experiments revealed striking
changes in dynamics upon ERK?2 activation.” Fitted individually,
methyls within the catalytic core of OP-ERK2 showed millisecond
dynamics with large variations in k., (Figure 6a). By contrast, the
methyls in 2P-ERK2 converged to a narrow range of rates,
allowing most to be fit globally to a single two-state model with
ke =300s"" and p,/p = 80%:20% (Figure 6b). Thus, motions in
OP-ERK2 appear uncoupled, whereas motions in 2P-ERK2 are
dominated by a global exchange process.

Multiple methyl resonances in 2P-ERK2 appeared as two
peaks in slow exchange, yielding populations from their relative
intensities that agreed well with those measured by CPMG.>° By
quantifying changes in population as a function of temperature,
enthalpies for exchange were found to be similar at different
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methyls, confirming the same underlying process. By comparison
of chemical shifts, the single peaks in OP-ERK2 could be matched
to the peaks with lower populations in 2P-ERK2.%° This means
that the unphosphorylated kinase is constrained into one
conformer (e.g,, A), whereas the phosphorylated kinase forms
two separate conformers that exchange on a millisecond time
scale (e.g, A = B). Thus, phosphorylation alters the dynamics of
ERK2 to allow interconversion with a new conformer. Insight
into the nature of the constraint in OP-ERK2 was provided by a
mutant that modified hinge residues to increase flexibility
(M106G, E107G). This mutant altered the conformational
exchange such that many residues showed global exchange, even
in the absence of phosphorylation (Figure 6¢).*° Kinetic studies
showed that this mutant activated the kinase in a manner that
bypassed the need for tyrosine phosphorylation.>® This implies
that the global motions induced by phosphorylation involve
perturbations that propagate over long distances, from the
activation loop to the hinge.

Additional studies showed that the equilibrium between the
two states in 2P-ERK2 can be shifted by inhibitor binding,
revealing a new mechanism for conformation selection.
Chemical shifts of 2P-ERK2 in complex with an ATP-
competitive inhibitor, Vertex-11e, showed complete conversion
to the new conformer.’” This means that the effect of
phosphorylation on dynamics exposes sites that can be
selectively recognized by Vertex-11e. This is analogous to the
recognition of DFG-out conformations by type II inhibitors;
however, the DFG-in/DFG-out mechanism does not occur in
ERK2.4647 Instead, the global motions in 2P-ERK2 reflect a
different allosteric mechanism, which can be exploited by a new
class of conformation selective inhibitors.>> Structural analyses of
this mechanism should yield new models of kinase activation and
inhibition.

B PERSPECTIVES AND OUTLOOK

There are only a handful of examples where NMR has been used
to study functional protein kinases. Nevertheless, these studies
have revealed a central role for solution conformational changes
and dynamics in kinase regulation and function. NMR chemical
shift perturbation and line shape analyses reveal that changes in
conformation and dynamics are strongly affected by enzyme
activation and ligand binding. NMR relaxation experiments
provide a powerful approach to quantify changes in the kinetics
of conformational exchange, and to distinguish uncoupled
motions between individual residues from global processes.
The NMR data do not define the conformational changes
undergoing dynamics (e.g, DFG in/out, conformational
selection); the interpretation of which requires structural
information from X-ray crystallography or other experiments.
Nevertheless, the ability of NMR to measure populations of
conformations in solution and provide a kinetic view of their
interconversion, is a singular strength of this method that is
difficult to achieve by other ensemble techniques.

Certain common findings emerge from these studies. First, as
seen in Eph and PKA,'"""” common patterns of regulated
dynamics occur around the kinase active site, involving
conserved motifs that participate in enzyme turnover. These
are often distant from interaction sites with regulatory domains
or ligands, suggesting that the kinase architecture enables
propagation of motions from distal sites to catalytically
important regions. Second, global motions can be regulated in
kinases, induced by ligand binding to form the Michaelis complex
in PKA," or regulatory phosphorylation to activate ERK2.*

1112

These demonstrate the importance of motions involving
conformational interconversion on microsecond to millisecond
time scales for catalytic function. Most conclusions so far are
based on correlative results. Therefore, a goal for the future will
be to prove that these patterns of regulated dynamics and global
motions are functionally important for kinase activity, which will
require deeper comparisons between NMR relaxation measure-
ments and enzyme kinetics.

Finally, NMR studies reveal a profound influence of inhibitor
binding on kinase dynamics. Most inhibitors restrict dynamics or
impede allosteric mechanisms through conformational selection,
as in the examples of PKI binding to PKA,'” BIRB796 binding to
p38a,'® GNF-5 binding to c-Abl,"> and Vertex-11e binding to
ERK2.%? Other inhibitors unexpectedly show the opposite effect
of releasing constraints to conformational interconversion, as in
the example of imatinib binding to c-AbL"> Thus, NMR yields
novel insight into the solution behavior of kinases, by showing
that different inhibitors elicit distinct effects on dynamics.
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