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Protein motions control enzyme catalysis through mechanisms
that are incompletely understood. Here NMR 13C relaxation disper-
sion experiments were used to monitor changes in side-chain
motions that occur in response to activation by phosphorylation
of the MAP kinase ERK2. NMR data for the methyl side chains on
Ile, Leu, and Val residues showed changes in conformational ex-
change dynamics in the microsecond-to-millisecond time regime
between the different activity states of ERK2. In inactive, unphos-
phorylated ERK2, localized conformational exchange was ob-
served among methyl side chains, with little evidence for
coupling between residues. Upon dual phosphorylation by MAP
kinase kinase 1, the dynamics of assigned methyls in ERK2 were
altered throughout the conserved kinase core, including many res-
idues in the catalytic pocket. The majority of residues in active
ERK2 fit to a single conformational exchange process, with kex ≈
300 s−1 (kAB ≈ 240 s−1/kBA ≈ 60 s−1) and pA/pB ≈ 20%/80%, sug-
gesting global domain motions involving interconversion between
two states. A mutant of ERK2, engineered to enhance conforma-
tional mobility at the hinge region linking the N- and C-terminal
domains, also induced two-state conformational exchange through-
out the kinase core, with exchange properties of kex ≈ 500 s−1 (kAB ≈
15 s−1/kBA ≈ 485 s−1) and pA/pB ≈ 97%/3%. Thus, phosphorylation
and activation of ERK2 lead to a dramatic shift in conforma-
tional exchange dynamics, likely through release of constraints
at the hinge.

The MAP kinase, extracellular signal-regulated kinase 2 (ERK2),
is a key regulator of cell signaling and a model for protein

kinase activation mechanisms (1). ERK2 can be activated by MAP
kinase kinases 1 and 2 (MKK1 and 2) through dual phosphor-
ylation of Thr and Tyr residues located at the activation loop
(Thr183 and Tyr185, numbered in rat ERK2) (1, 2). Phosphor-
ylation at both sites is required for kinase activation, resulting
in increased phosphoryl transfer rate and enhanced affinity for
ATP and substrate (3).
Conformational changes accompanying the activation of ERK2

have been documented by X-ray structures of the inactive, un-
phosphorylated (0P-ERK2) and the active, dual-phosphorylated
(2P-ERK2) forms (4, 5). Phosphorylation rearranges the activa-
tion loop, leading to new ion-pair interactions between phospho-
Thr and phospho-Tyr residues and basic residues in the N- and
C-terminal domains of the kinase core structure. This leads to
a repositioning of active site residues surrounding the catalytic
base, enabling recognition of the Ser/Thr-Pro sequence motif at
phosphorylation sites and exposing a recognition site for inter-
actions with docking sequences in substrates and scaffolds (6).
Less is known about how changes in internal motions con-

tribute to kinase activation. Previous studies using hydrogen-
exchange mass spectrometry (HX-MS) and electron paramagnetic
resonance spectroscopy (7–9) led to a model where conforma-
tional mobility at the hinge linking the N- and C-terminal domains
is increased by phosphorylation, therefore releasing constraints
needed for activation. Such a model differs from other types of
autoinhibitory mechanisms in protein kinases, which involve

interactions with domains outside the kinase core (10, 11). How-
ever, how hinge flexibility regulates ERK2 is unknown.
NMR relaxation dispersion methods enable protein dynamics

to be monitored by measuring exchange between conformational
states (12). In particular, Carr–Purcell–Meiboom–Gill (CPMG)
relaxation dispersion experiments report on motions on slow
(100–2,000 s−1) timescales (13), which are often important for en-
zymatic function (13–16). In the CPMG experiment, exchange
between different conformational states is probed with varying
times between “refocusing” pulses. Conformational exchange
leads to imperfect refocusing, thus decreasing the intensity of the
NMR signal. Increasing the pulse frequency allows less chance
for conformational exchange, and therefore increased NMR
signal intensity. For a given pulse frequency, analysis of the signal
intensity yields the effective relaxation rate for the resonance,
R2,eff. This is typically plotted as a relaxation dispersion curve, which
can be fit to a two-state conformational exchange process (e.g.,
A ⇌ B interconversion). Fitting extracts the populations and the
exchange rates between states, thus reflecting the thermodynamics
and kinetics of the system (17, 18).
Here we performed CPMG relaxation dispersion experiments

at multiple field strengths to compare the dynamic properties of
[13C]methyl-labeled ERK2 in its phosphorylated and unphos-
phorylated states. The results demonstrate that phosphorylation
causes a significant change in exchange dynamics throughout the
kinase core, consistent with a global domain motion. Increasing
hinge mobility by introducing mutations at the hinge also pro-
motes domain motion within the core but with differing kinetics
and populations. Taken together, the results show that large
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changes in dynamics accompany ERK2 phosphorylation, which
are influenced by conformational mobility at the hinge. We pro-
pose that the activation of ERK2 involves removing inhibitory
constraints to domain motion, which are conferred by the internal
architecture of the kinase.

Results
NMR Peak Assignments and Chemical Shift Behavior. ERK2 was
selectively labeled with [methyl-1H,13C]Ile, -Leu, and -Val (ILV) as
described inMaterials and Methods (19, 20) and activated by in vitro
phosphorylation using active MKK1 (21). Fig. 1A overlays 2D
(13C,1H) methyl transverse relaxation-optimized spectroscopy
(TROSY) heteronuclear multiple-quantum coherence (HMQC)
spectra for 0P- and 2P-ERK2 at 25 °C. In 0P-ERK2, 140 of 144
predicted ILV methyl resonance peaks were observed. Of these,
70 methyl peaks were assigned to 60 residues by combining data
from site-directed mutagenesis, through-space 1H-1H nuclear
Overhauser effects (NOEs) between 1H,13C-labeled methyls
analyzed using the X-ray structure of 0P-ERK2, and through-
bond intraresidue (HMCM[CG]CBCA) experiments (Fig. S1)
(4, 5, 22). Most ILV residues in the hydrophobic core of the kinase
were assigned, including those in the structurally conserved
α-helices (αC–αH) and β-strands (β1–β5, β7, β8) as well as non-
conserved helices in the MAP kinase insert (α1L14, α2L14) and C
terminus (αL16). Assignments were limited in the activation loop
and surface-accessible loops, due to the lack of methyl-methyl
NOEs in these regions. In 2P-ERK2, 137 of 144 predicted methyl
resonances were observed, of which 67 were assigned by trans-
ferring assignments from 0P-ERK2 and confirmed by methyl-
methyl NOE measurements of 2P-ERK2.
The differences in [13C]methyl chemical shifts between 0P-

and 2P-ERK2 (in ppm), jΔδ13Cj, provide a sensitive probe of
changes in the local environment. Eight residues showed signif-
icant chemical shift differences between the two forms of ERK2,
ranging between 0.16 and 0.47 ppm, whereas 16 residues showed
moderate changes, ranging between 0.1 and 0.15 ppm (Fig. 1B
and Fig. S2). Two of the three residues with the largest jΔδ13Cj
were I82 and L154 (0.47 and 0.29 ppm, respectively), which in-
teract with the hinge that links the N- and C-terminal domains.
L154 is located in the β7-strand, and I82 is located in the αC-β4
loop. These form hydrophobic contacts with each other as well as
with M106 at the hinge (Fig. 1C). Large chemical shift changes at

these residues were surprising, given their distance from the site
of phosphorylation. The X-ray structures showed no significant
conformational differences between 0P- and 2P-ERK2 around
these residues (Fig. 1C). Significant jΔδ13Cj were also observed
at I72 near the ATP binding site in helix αC, I241 in helix αG,
and I253 in the MAP kinase insert (0.41, 0.26, and 0.25 ppm,
respectively). Other residues with measurable jΔδ13Cj are shown
in Fig. S2. Based on the X-ray structures, chemical shift changes
were expected in the activation loop and C-terminal L16 loop,
but could not be determined due to incomplete assignments.
Overall, the NMR chemical shift data reported significant changes
in the chemical environment of ILV methyl side chains at the
hinge, ATP binding site, and MAP kinase insert upon phosphory-
lation of ERK2.

Residues in 0P-ERK2 Show Local Conformational Dynamics. Confor-
mational dynamics of ILV methyl groups were examined in
0P-ERK2 using (13C,1H) multiple-quantum CPMG relaxation
dispersion experiments (18). Methyl groups undergoing confor-
mational exchange on the microsecond-to-millisecond timescale
showed changes in their effective relaxation rate R2,eff, measured
as a function of the frequency of the refocusing pulses (νCPMG).
Relaxation dispersion curves, collected at 25 °C and at three field
strengths (600, 800, and 900 MHz), are shown in Fig. 2 and Fig.
S3. Dynamics were indicated when Rex, the contribution to R2,eff
from exchange, was significant (>4 s−1), yielding curvature in the
plot of R2,eff vs. νCPMG (Fig. 2 and Table S1). No evidence for
dynamics was indicated when Rex ≈ 0 s−1. For individual ILV
methyl groups, the dispersion curves at 600, 800, and 900 MHz
were fit to a two-state exchange model (A ⇌ B), yielding ex-
change rate constants (kex = kAB + kBA) (17, 18). Under optimal
conditions, the populations (pA and pB) and the 13C chemical shift
differences between the two states, jΔω13Cj (in Hz, or jΔδCPMG

13Cj
in ppm), were obtained for individual methyl groups (17, 18).
Methyl peaks from 13 residues in 0P-ERK2 showed significant

conformational exchange dynamics (Fig. 3A and Table S1). These
residues were clustered in three regions located in the cleft be-
tween the N- and C-terminal domains, including the αC-β4 loop,
β7-β8 loop, and helix αE. Other regions with significant exchange
were located near the activation loop and the P+1 loop, helix αG,
and helices in the MAP kinase insert, α1L14/α2L14. Individual
fits of the relaxation dispersion data yielded kex ranging between
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900 and 2,200 s−1 (Table S1). These exchange processes were fast
on the NMR chemical shift timescale (i.e., kex > jΔω13Cj), and
therefore it was not possible to confidently extract populations
and chemical shift differences for individual methyls. Attempts
to globally fit all or subsets of residues resulted in poorly defined
populations. Thus, relaxation dispersion measurements on 0P-
ERK2 were inconsistent with ILV residues undergoing a single
exchange process. Instead, they reported fast conformational
exchange processes in subdomains of the kinase, with little or no
evidence for coupling between residues, including those with
interacting methyl groups.

Phosphorylation of ERK2 Induces Large-Scale Conformational Exchange
Dynamics. Significant changes in conformational exchange dynamics
were observed between 0P-ERK2 and 2P-ERK2, as reflected by

differences in their dispersion curves (Fig. 2). Methyls from 22
residues in 2P-ERK2 showed significant Rex. For many ILV
methyls, the values of kex, populations, and

13C chemical shift dif-
ferences between the two states in ppm jΔδCPMG

13Cj could be
confidently fit for individual residues (Fig. 3B and Table S2).
Nineteen residues throughout the kinase core and in the catalytic
pocket could be globally fit (Fig. 3C), consistent with a single ex-
change process with kex = 300 ± 10 s−1 and pA and pB populations
of 20% and 80% (± 0.6%). They included residues at the hinge,
αC-β4 loop, and β5, which formed the hydrophobic cluster at the
cleft between the N- and C-terminal domains; N-terminal domain
residues located at the interface between αC and β3-β4 strands; C-
terminal domain residues at the interface between αE and αF; and
C-terminal domain residues between αF and αG (Fig. 3C). In
contrast, residues in the MAP kinase insert could not be fit globally,
but individual fits yielded kex values of 640–750 s−1, significantly
lower than the corresponding kex of 1,200–2,200 s

−1 in 0P-ERK2.
The results revealed that phosphorylation of ERK2 induces a
dramatic change in dynamics, where internal motions become
dominated by a slow-exchange process characterized by in-
terconversion between two major conformational states with
populations of 20% and 80%.

Phosphorylation Shifts the Equilibrium Between Two Conformational
States. We next examined the temperature dependence of the
HMQC spectra of 2P-ERK2. Several methyls appeared as two
discrete peaks at 5 °C, indicating two conformational states in
slow exchange on the NMR chemical shift timescale (Fig. 4A).
These methyls showed similar populations of the two states as
a function of temperature, varying from 50%:50% at 5 °C to
80%:20% at 25 °C. Importantly, the populations at 25 °C
matched those obtained from the global fits of the relaxation
dispersion experiments (Table S2). This demonstrates that the
conformational exchange process reflects two discrete conformers,
which shift their populations with temperature.
Thermodynamic parameters determined from van’t Hoff plots

were most accurately measured for residue I72, yielding ΔH° =
9.7 ± 1.1 kcal/mol and ΔS° = 36 ± 2 cal·mol−1·K−1 (Fig. S4A).
Thermodynamic parameters estimated for other residues (e.g.,
I72, I131, and L288) were consistent with these values, indicating
that the same conformational exchange processes underlie dy-
namics throughout most of the molecule. The exception was I241,
located within helix αG, which gave ΔH° = 5.8 ± 1.1 kcal/mol
and ΔS° = 22 ± 3 cal·mol−1·K−1 (Fig. S4B), indicating a dis-
tinct process.
In 0P-ERK2, each methyl group appeared as one peak in the

HMQC spectra. In each case, peaks from 0P-ERK2 overlapped
well with those corresponding to the minor conformational state
in 2P-ERK2 (i.e., with 20% population at 25 °C) (Fig. 4B). Thus,
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based on chemical shifts, the major state in 0P-ERK2 corre-
sponds to the minor state in 2P-ERK2. In 0P-ERK2, the single
observed conformer (population >99.5%) exchanges with an
unobservable conformer (population <0.5%), from which ΔG°
can be estimated as >+3.1 kcal/mol. In 2P-ERK2, interconvert-
ing conformers represent two states with populations of 80% and
20%, yielding ΔG° = −0.8 kcal/mol. Two-dimensional (13C,1H)
HMQC experiments performed on 0P-ERK2 and 2P-ERK2 in
the presence and absence of saturating Mg2+-adenosine-5′-
(β,γ-imido)triphosphate (AMP-PNP) showed little or no effect
on the populations in either kinase, indicating that the major
state in 2P-ERK2 is not affected by nucleotide binding (Fig. S5).

The Conformational Switch Is Controlled by Hinge Residues.We next
asked what type of dynamics might be reflected by a large-scale
two-state exchange process involving residues throughout the
consensus kinase core. Prior HX-MS studies suggested that
phosphorylation of ERK2 leads to enhanced backbone flexibility
at the hinge, reducing the constraint for interdomain motion
between the N- and C-terminal domains (9). We therefore asked
whether increased hinge motion could affect the conformational
exchange process, as measured by NMR.
To address this, mutations were engineered to increase con-

formational mobility at the hinge, by replacing residues M106-
E107 with G-G to create an “ME/GG-ERK2” mutant. HMQC
spectra were acquired on the [methyl-13C]ILV-labeled ME/GG-
ERK2 and assigned as described in Materials and Methods. The
chemical shifts of the methyls in ME/GG-ERK2 overlaid well
with wild-type 0P-ERK2, except for residues near the mutation
site, where structural changes would be expected (Fig. 5 A and B).
Relaxation dispersion experiments on unphosphorylated

ME/GG-ERK2 showed that methyls on 21 ILV residues had sig-
nificant dynamics, located throughout the enzyme (Fig. 5C and
Table S3). These corresponded to 12 of the 13 residues with
significant Rex in 0P-ERK2, and 14 of 22 residues with significant
Rex in 2P-ERK2. Importantly, 16 residues throughout the kinase
core could be fit to a single exchange model, indicating a global
motion with kex = 500 ± 60 s−1 and populations of 97 and 3 ±
0.2% (Fig. 5C). The similar chemical shifts for ME/GG-ERK2
and 0P-ERK2 mean that the dominant state is similar in both

proteins. Within the MAP kinase insert of ME/GG-ERK2, kex
values of 1,200–1,600 s−1 were observed, comparable to the ex-
change rate constants in 0P-ERK2. Therefore, ME/GG par-
tially mimics the shift in conformational exchange dynamics
induced by phosphorylation and activation of ERK2.

Discussion
Our study demonstrates that the catalytic activation of a eukary-
otic protein kinase elicits significant changes in protein dynam-
ics. In 0P-ERK2, side chains show fast, localized motions on a
microsecond-to-millisecond timescale, with little evidence of cou-
pling. In the phosphorylated enzyme, side-chain motions are dom-
inated by a global exchange process involving residues throughout
the kinase core. The NMR data demonstrate that large-scale
interdomain motion, with an exchange rate constant of 300 s−1,
accompanies phosphorylation and activation. Motions within
the MAP kinase insert indicated a separate process, illustrating
that independent subdomain motion occurs outside the con-
sensus kinase core. The results support a model, illustrated in
Fig. 6A, in which unphosphorylated ERK2 is stabilized in the
inactive conformer by an inhibitory constraint. This is released
upon phosphorylation, allowing a global shift in equilibrium
between conformational states, illustrated here as a hypotheti-
cal domain movement.
Lateral or rotational movements between the N- and C-terminal

domains provide one conceptual model to describe the global
motions observed in active ERK2. Interconversions between
“open” and “closed” domain conformations have been noted in
other enzymes, including protein kinases (23, 24). In the cAMP-
dependent protein kinase catalytic subunit (PKA-C), the X-ray
structure of the apo form shows an open conformation, whereas
a binary complex with Mg2+-AMP-PNP shows a closed confor-
mation formed by rotation of the N-terminal domain and closure
of the catalytic cleft around the nucleotide (25, 26). NMR
relaxation measurements of backbone amides in the nucleotide–
PKA-C binary complex show global exchange behavior in residues
lining the catalytic core (27, 28), which are absent in apo PKA-C,
and have been interpreted as an equilibrium shift to a closed
conformation. Thus, PKA-C and active ERK2 share characteristics
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regions of the 2D HMQC spectra showing similar chemical shifts for these
methyls in 0P-ERK2 (blue) and ME/GG-ERK2 (red). (B) The jΔδ13Cj between
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consistent with interconversion between open and closed con-
formers, with comparable rates of conformational exchange (kex ≈
200 s−1 in PKA-C and 300 s−1 in 2P-ERK2). However, in PKA-C,
the closed conformation is stabilized by nucleotide binding (28),
whereas Mg2+-AMP-PNP has little or no effect on the equilibrium
between conformers in ERK2 (Fig. S5). This suggests that the
simple domain closure observed in PKA-C may not adequately
describe the dynamics in ERK2, where global exchange is allo-
sterically stabilized by phosphorylation but not by ligand binding.
Other models are possible, for example, one involving rotation

of secondary structures within the N-terminal domain. In X-ray
structures of ERK2, phosphorylation induces rearrangement of
the activation loop, which in turn directs movement of helices αC
and αL16 and refolding of the C-terminal L16 extension (4, 5). A
network of hydrogen bond and hydrophobic residue interactions
throughout the N-terminal domain enables communication be-
tween these structures as well as connectivity with residues in
the β3–β5 strands. It is possible that this network extends to
the hinge through connections with the αC-β4 loop, and that the
large chemical shift changes induced by phosphorylation within
this region (Fig. 1B) reflect environmental changes due to ro-
tational movements in the N-terminal domain.
An important finding from our study was that the unphos-

phorylated ME/GG hinge mutant induced a global exchange
process similar to that of 2P-ERK2. This involved residues as
widely spread across the kinase core as in 2P-ERK2, strongly
implying that the constraints to global exchange in 0P-ERK2 can
be released by enhancing hinge flexibility. Mechanically, ERK2
might be conceptualized as having a strong spring constant at the
hinge, which is weakened upon either phosphorylation or muta-
tion, thus leading to a change in population of the conformational
states. Fig. 6A illustrates this model, where the ME/GG mutation
bypasses the constraint to domain movement in 0P-ERK2 by
mimicking the effect of phosphorylation on conformational mo-
bility at the hinge. This increased hinge flexibility lowers the bar-
rier to domain movement relative to 0P-ERK2. However, unlike
2P-ERK2, ME/GG-ERK2 showed a smaller population (3%,
instead of 80%) of the “active-like” conformer (Fig. 6).
The specific activity of ME/GG-ERK2 (0.06 nmol·min−1·mg−1)

was comparable to that of 0P-ERK2 (0.08 nmol·min−1·mg−1), both
significantly lower than 2P-ERK2 (264 nmol·min−1·mg−1). The
NMR relaxation dispersion data summarized in Fig. 6A show no
correlation of the kinase activity with the kinetics or populations
for any of the studied forms of ERK2. Instead, the data support
a model where multiple events take place following the phos-
phorylation of ERK2. One event involves removal of a constraint

to global exchange dynamics, illustrated by domain movement,
which can be induced by either ME/GG or phosphorylation. A
second event involves stabilization of the “active” conformation
in 2P-ERK2, illustrated by ionic interactions that promote
interactions between the N- and C-terminal domains (Fig. 6C).
Further work is needed to understand the details of the con-
formational transitions, as well as the kinetic and thermodynamic
contributions, that occur upon activation of ERK2.
Compared with the large amount of structural information on

protein kinases, the understanding of how kinases are regulated
at the level of internal protein motions is much less well de-
veloped. A major conclusion of this study is that, before phos-
phorylation, ERK2 is maintained in its inactive form by a
mechanism that imposes constraints on protein dynamics. Unlike
autoinhibitory mechanisms that involve intra- or intermolecular
occlusion at the catalytic site in other kinases, the constraints
in ERK2 involve the hinge region, distal from the site of phos-
phorylation. The importance of hinge mobility has been suggested
in other protein kinases. For example, allosteric communication
between the activation loop and hinge was reported in fibroblast
growth factor receptor 2 (FGFR2), which forms an autoinhibitory
“molecular brake” involving a triad of interacting residues at
the hinge, αC-β4 loop, and β8 strand (29). Structural studies also
showed an extensive hydrogen-bond network accompanied by re-
duced hinge flexibility in zeta-chain–associated protein kinase 70
(ZAP-70), which was proposed to maintain the kinase-inactive
form (30). Finally, molecular dynamics calculations suggested
local unfolding of the hinge in the catalytic domain of epidermal
growth factor receptor (EGFR), which was proposed as an in-
termediate step toward the transition from the inactive to the active
state (31, 32). However, in contrast to FGFR2, ZAP-70, and
EGFR, the X-ray structures of ERK2 show no significant con-
formational changes around the hinge upon phosphorylation (4,
5). Likewise, both inactive and active X-ray structures of ERK2
show a properly formed catalytic site and an intact “hydrophobic
spine” network, whose misalignment underlies the mechanism of
inactivation in many protein kinases (33, 34). Thus, the mechanism
of communication from the activation loop to the hinge most
likely involves subtle reorganization of residues, suggesting that
the autoinhibitory regulation in ERK2 involves architectural
features that may be unique to this kinase. Our findings now set
the stage for future studies to define the details of this archi-
tecture and understand its prevalence across the protein kinase
superfamily.
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Materials and Methods
Protein Preparation and Enzyme Assays. Wild-type or mutant rat His6-ERK2
was expressed from the pET23a plasmid in Escherichia coli BL21(DE3) cells
(35). [methyl-13C]ILV-labeled samples of 0P-ERK2 were prepared and purified
as described in SI Materials and Methods. 2P-ERK2 was prepared from
0P-ERK2 in vitro using constitutively active mutant MKK1 as described (21). The
buffer used for ERK2 in NMR experiments contained 50 mM Tris (pH 7.4),
150 mM NaCl, 5 mM MgSO4, 0.1 mM EDTA, 5 mM DTT, 100% D2O, and 2.5%
(vol/vol) glycerol. Kinase activities of 0P-ERK2, ME/GG-ERK2, and 2P-ERK2
were measured as described in a previous study (36). Nucleotide binding
experiments were performed by titrating AMP-PNP (Roche Applied Science)
into the NMR samples of 0P-ERK2 and 2P-ERK2, to final AMP-PNP concen-
trations of 1.35 mM and 1.15 mM, respectively.

NMR Spectroscopy. De novo nonstereospecific Ile, Leu, and Val methyl
assignments ([1Hm,

13Cm]) were made for methyl peaks of 0P-ERK2 using 3D
(13C,13C,1H) HMQC-NOESY, 2D (13C,1H) methyl TROSY HMQC, and 3D
(13C,13C,1H) HMCM[CG]CBCA experiments (SI Materials and Methods), car-
ried out at 25 °C on a Varian 800-MHz NMR spectrometer with a cryoprobe.
Leu and Val methyls were distinguished using HMCM[CG]CBCA experiments
to facilitate accurate identification of ILV clusters (Fig. S1A). Spatially adja-
cent ILV methyls were identified in 3D (13C,13C,1H) HMQC-NOESY spectra,
and assigned by mapping onto the X-ray structure of 0P-ERK2 (Fig. S1 B and
C). Two-dimensional (13C,1H) methyl TROSY HMQC spectra of 10 ERK2 I, L,
or V to A mutants were used to help assign individual methyls (Fig. S1D).
Methyl assignments for ME/GG-ERK2 were made by transferring assignments
from 0P-ERK2.

Methyl side-chain dynamics were measured using 2D (13C,1H) multiple-
quantum (MQ) CPMG relaxation dispersion experiments (17, 18) on 0P- and
2P-ERK2 (SI Materials and Methods), performed at 25 °C on Varian 600-, 800-,

and 900-MHz NMR spectrometers with cryoprobes. The CPMG dispersion
profiles were fit on a per-methyl basis to a two-state exchange model using
the Carver–Richards equation (18, 37), obtaining the exchange rate constant
(kex), populations (pA, pB), and

13C chemical shift changes (in ppm) between
states A and B (jΔδCPMG

13Cj, assuming jΔδCPMG
1Hj = 0). Fittings were per-

formed using the program CATIA (http://pound.med.utoronto.ca/software).
The estimated errors of the individual fittings (Tables S1–S3) assumed a two-
state exchange process, and could be underestimated due to the existence
of more than two states.

Slow exchange in 2P-ERK2 was probed from analysis of methyl peaks in
HMQC spectra, collected on a Varian 800-MHz spectrometer with a cryoprobe
at 5, 10, 15, 20, and 25 °C. The peak volumes of slow-exchanging peaks were
estimated using CcpNmr Analysis software (38). Equilibrium constants of
two-state exchange (Keq) were calculated from the volume ratios of the two
slow-exchanging peaks.

Two-dimensional (13C,1H) single-quantum CPMG measurements (39) on
0P- and 2P-ERK2 were carried out at 900 MHz, in parallel with 2D (13C,1H) MQ
CPMG experiments. The results showed dispersion curves (Fig. S6) comparable
to MQ CPMG experiments, validating the assumption that jΔδCPMG

1Hj is ≈ 0.
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