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ABSTRACT: Resonance assignments are the first step in most NMR studies of protein structure,
function, and dynamics. Standard protein assignment methods employ through-bond backbone
experiments on uniformly 13C/15N-labeled proteins. For larger proteins, this through-bond assignment
procedure often breaks down due to rapid relaxation and spectral overlap. The challenges involved in
studies of larger proteins led to efficient methods for 13C labeling of side chain methyl groups, which
have favorable relaxation properties and high signal-to-noise. These methyls are often still assigned by
linking them to the previously assigned backbone, thus limiting the applications for larger proteins.
Here, a structure-based procedure is described for assignment of 13C1H3-labeled methyls by comparing
distance information obtained from three-dimensional methyl−methyl nuclear Overhauser effect
(NOE) spectroscopy with the X-ray structure. The Ile, Leu, or Val (ILV) methyl type is determined by
through-bond experiments, and the methyl−methyl NOE data are analyzed in combination with the
known structure. A hierarchical approach was employed that maps the largest observed “NOE-methyl
cluster” onto the structure. The combination of identification of ILV methyl type with mapping of the
NOE-methyl clusters greatly simplifies the assignment process. This method was applied to the inactive
and active forms of the 42-kDa ILV 13C1H3-methyl labeled extracellular signal-regulated kinase 2 (ERK2), leading to assignment
of 60% of the methyls, including 90% of Ile residues. A series of ILV to Ala mutants were analyzed, which helped confirm the
assignments. These assignments were used to probe the local and long-range effects of ligand binding to inactive and active
ERK2.

Side chain methyl groups represent valuable probes for
nuclear magnetic resonance (NMR) studies, where the

rapid rotation of the methyl group combined with transverse
relaxation-optimization (TROSY)-based techniques leads to
higher signal-to-noise and resolution for larger proteins as
compared with backbone amide groups.1−3 Chemical shift
perturbations, nuclear Overhauser effect (NOE)-derived
distances, and relaxation dispersion-derived kinetic data on
methyl groups have been used to study regulation and activity
in a variety of protein systems ranging from 30 kDa to 1
MDa.1,4,5 Detailed interpretation of the NMR data on methyl
groups requires sequence-specific assignments. For favorable
cases, the backbone resonance assignment can be extended to
methyl resonances as shown for Ile Cδ1, Leu Cδ, and Val Cγ

(ILV) methyl assignment on the 81-kDa malate synthase G.6 A
“divide-and-conquer” approach was applied to a 670 kDa
α7β7β7α7 20S proteasome, where methyl assignments were
made for the individual α and β subunits and then mapped
onto the larger protein complex and confirmed using methyl−
methyl NOE data and mutagenesis.7,8 A high-throughput,
systematic mutagenesis strategy has also been used to assign Ile
and Ala methyls in the 468-kDa homododecameric PhTET2
protein.9 This approach employs efficient methods for
expression and purification of a large set of single-site
mutations, which are then analyzed by two-dimensional (13C,

1H) heteronuclear multiple quantum coherence (HMQC)-type
spectra.
Structure-based strategies have been developed for resonance

assignment in proteins, where the structure of the protein, or a
homology model of the protein, has already been deter-
mined.10−12 Various programs have been developed for
structure-based methyl resonance assignment in proteins that
combine the structural data with experimental data and
theoretical information including distance information obtained
from NOESY and/or paramagnetic relaxation enhancement
(PRE) experiments, predictions of the 1H and 13C chemical
shifts of methyl groups, labeling strategies that allow
identification of residue-type or stereospecific assignment of
methyls.9,13−20 Methods that employ PRE data require
production of multiple constructs or mutant proteins, which
is challenging for proteins that are not highly expressed in
isotopically labeled media. Thus, to make NMR an accessible
technique to a wider array of proteins, it is important to
develop complementary methods that allow even partial methyl
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assignments with a minimum number of isotopically labeled
protein samples.
Here we present a structure-based strategy for obtaining

partial ILV side chain methyl assignments using three-
dimensional (3D) methyl−methyl NOESY and 3D through-
bond methyl side chain “out-and-back” experiments on two
different isotopically ILV methyl-labeled samples combined
with the X-ray structure (Figure 1). This strategy was applied to
the 42-kDa protein, extracellular signal-regulated kinase 2
(ERK2), which had no pre-existing ILV methyl assignments.
This method yielded 60% of Ile, Leu, and Val assignments,
including 90% of Ile assignments. ERK2 is a critical component
in the mitogen-activated protein (MAP) kinase signal cascade,
where it helps regulate many cellular processes including
proliferation, differentiation, and survival.21 Aberrant activation
of ERK2 is found in multiple diseases, including cancer,
diabetes, and heart disease.22 Previous studies yielded partial
assignments (∼50%) of the backbone amides in ERK2,23 but
these included few assignments of methyls. We previously
studied conformational dynamics in both active and inactive
ERK2 using ILV methyl probes,24 and the work here gives the
detailed description of our methyl-assignment procedure. The
structure-based method employed here bypasses the require-
ment for protein backbone assignments. Thus, this method
provides a valuable approach for obtaining methyl assignments
in larger proteins, where the structure, or structural-homologue,
is known and backbone assignments are intractable.
The methyl assignments obtained by the approach described

here were previously used to identify altered conformational
dynamics upon activation of ERK2.24 Those functional studies
of ERK2 were extended here where these methyl groups were
used to probe the effects of binding of two different ligands to
active and inactive ERK2: a non-hydrolyzable ATP analogue,
AMP-PNP; and a peptide Elk1D, which is derived from the
transcription factor Elk1, a substrate of ERK2. Analysis of the
NMR data showed that AMP-PNP induced long-range effects

in both active and inactive ERK2 and that AMP-PNP shows
slow kinetics for binding to ERK2 on the NMR chemical shift
time scale. In contrast, the binding of the peptide Elk1D
induced only local effects around the binding site and showed
fast kinetics for binding. These studies illustrate how structure-
based methyl assignment procedures can be used to study
protein function in larger proteins.

■ MATERIALS AND METHODS

Protein Preparation. The expression and purification of
wild-type 0P-ERK2 in Escherichia coli BL21(DE3) cells were
performed as described.24 The samples used in the 2D (13C,
1H) HMQC and 3D NOESY experiments were uniformly
2H/15N-labeled and selectively ILV-methyl-labeled on Ile
(13CδH3), Leu (13CδH3,

12CδD3), Val (
13CγH3,

12CγD3), using
labeled α-keto-3-(methyl-D3)-butyric acid-4-

13C and 2-ketobu-
tyric acid-4-13C precursors before induction as described.24 The
protein for the 3D-HMCMCBCA experiment was uniformly
2H/15N-labeled with selective labeling of Ile (13CδH3,

13CγD2),
Leu (13CδH3,

12CδD3,
13CγD, 13CβD2), Val (

13CγH3,
12CγD3,

13CβD, 13CαD) using the precursors 2-keto-3-(methyl-D3)-
1,2,3,4-13C4-3-D1-butyrate and 2-keto-3,3-D2-1,2,3,4-

13C4-buty-
rate.1 This sample was grown in minimal media in 99% D2O
with 3 g/L D-glucose12C6-D7 and 1 g/L 15NH4Cl. The sample
of 2P-ERK2 was prepared from 0P-ERK2 using a constitutively
active MAP kinase kinase as described.24 Ile, Leu, or Val to Ala
mutations (I101A, L102A/Q103A, L105A, L110A, L113A,
I124A, L154A, L155A, L161A, L198A, L235A, and I238A)
were prepared from wild-type ERK2 using the QuikChange
Mutagenesis kit (Stratagene), and these 0P-ERK2 mutants were
prepared the same as the samples used in NOESY experiments.
All NMR samples were exchanged to a buffer containing 50
mM Tris pH 7.4, 150 mM NaCl, 5 mM MgSO4, 0.1 mM
EDTA, 5 mM DTT, 99% D2O, and 2.5% (v/v) glycerol, and

Figure 1. Hierarchical strategy for structure-based assignment of the ILV methyl resonances in ERK2. (a) Identification of methyl residue type (I, L,
or V) utilizes both the 13C chemical shifts and through-bond correlation experiments. (b) The predicted and observed Ile−Ile NOE clusters are
analyzed first using a hierarchy of largest to smallest clusters. If there is only a single observed and predicted Ile cluster of a particular size, then this
cluster can be uniquely mapped onto the X-ray structure. If a cluster cannot be uniquely mapped using only Ile−Ile NOEs then additional Ile−Val
and Ile−Leu NOEs are progressively analyzed to try to uniquely map each cluster onto the structure. (c) Once specific clusters have been mapped
onto the X-ray structure, the patterns and sizes of the predicted and observed methyl−methyl NOEs are qualitatively analyzed to assign individual
methyl resonances within a cluster to specific residues in the sequence. Examples for various criteria are given in italics.
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concentrated to 0.3−0.4 mM for wild-type 0P- or 2P-ERK2,
and 0.1−0.2 mM for the mutant 0P-ERK2.
NMR Experiments. All the NMR experiments were

performed at 25 °C on a Varian VNMRS 800 MHz
spectrometer with a z-axis gradient cryoprobe. Two-dimen-
sional (13C, 1H) TROSY-HMQC experiments on wild-type and
mutant ERK2 were performed as described,24 with acquisition
times ranging from 1 to 4 h, depending upon the sample
concentration. The 3D (13C, 13C, 1H) HMCMCBCA experi-
ment on 0P-ERK2 was performed as described.6 The 3D (13C,
13C, 1H) HMQC-NOESY-HMQC experiments25 were per-
formed on 0P- and 2P-ERK2 using a 350 ms mixing time with
total acquisition times of 96 and 82 h, respectively. The 3D
(1H, 13C, 1H) HMQC-NOESY experiments26 were performed
similarly except with a mixing time of 300 ms. The NMR data
were processed with the NMRPipe software package.27 The
points in each indirect dimension were linear-predicted in a
forward−backward manner,28 and the time-domain data in all
dimensions were apodized with a cosine bell and zero filled
prior to Fourier transformation. Baseline corrections were
applied after Fourier transformation as needed. The spectra
were further visualized and analyzed using the program
CcpNmr Analysis.29

Analysis of X-ray Structure. Protons were added to the X-
ray structure coordinates of ERK2 (PDB 1ERK) using the
program http://spin.niddk.nih.gov/bax/nmrserver/pdbutil/sa.
html. Distances between centers of the methyl protons were
estimated using an in-house script. Empirically derived cutoffs
of 8.0, 7.1, and 6.3 Å were used to define I−I, I−L/V, and V/
L−V/L clusters, which take into account the lower intensities
of L/V resonances in the samples used here. Solvent accessible
surface areas for ERK2 were estimated using the server
GETAREA30 (http://curie.utmb.edu/getarea.html), with a 1.4
Å radius spherical water probe.
Binding of Elk1D to ERK2. The peptide Elk1D31

(QKGRKPRDLELPLSPSL, ANASPEC) was prepared in the
same buffer as the ERK2 sample. Elk1D was titrated into 0P-
(50 μM) or 2P-ERK2 (80 μM) where 5 h 2D (13C, 1H)
TROSY-HMQC spectra were collected and analyzed for each
titration point. The titration was stopped when there were no
longer any changes in the chemical shifts of the complex. The
combined chemical shift perturbation (CSPC,H) for individual
methyls was calculated using the equation:32

= + ×CSP CSP (0.25 CSP )C,H H
2

C
2

(1)

where CSPH and CSPC are the chemical shift perturbations (in
ppm) of ERK2 in the 1H and 13C dimensions. The Kd values
were estimated by globally fitting CSPC,H with the following
equation:

= × +

+ − + +

−

⎡⎣

⎤⎦

K

K
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4[Elk1D][ERK2]} /(2[ERK2])

C,H C,H(max) d

d
2
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where CSPC,H(max) is the maximum chemical shift perturbation
between free and bound ERK2, and [Elk1D] and [ERK2] are
the total concentrations of Elk1D and ERK2 for each titration
point. A single Kd was fit for all the methyls with individual
CSPC,H(max) values for each methyl resonance.
Binding of AMP-PNP to ERK2. A 50 mM AMP-PNP

(Sigma-Aldrich) stock solution was prepared in the same buffer
as the ERK2 sample described above. The 0P- and 2P-ERK2

samples used in the AMP-PNP binding experiment were
prepared using the same procedure as the samples used in the
3D-NOESY experiments, except that these two samples were
grown in a protonated background. A set of 5 h 2D (13C, 1H)
TROSY-HMQC spectra were collected on the ∼0.26 mM 0P-
ERK2 and ∼0.3 mM 2P-ERK2 samples with AMP-PNP
concentrations of 0, 0.1, 0.2, 0.3, 1.0, 2.1, and 4.2 mM in the
titrations on 0P-ERK2, and 0, 0.15, 0.3, 0.6, 1.2, and 2.4 mM in
the titrations on 2P-ERK2. The combined chemical shift
perturbation (CSPC,H) of each methyl was calculated as
described above.

■ RESULTS
Strategy for Assignment of ILV Methyls in Proteins

with Known Structure. The strategy employed here for
resonance assignment of an ILV 13CH3-methyl labeled protein
with a known X-ray structure is illustrated in Figure 1 and
involves comparing the observed methyl−methyl NOEs with
those predicted from the structure. To simplify this
comparison, three levels of analysis were employed. The first
level is identification of the methyl type (I, L, or V) for both
partners in each NOE using through-bond 13C, 1H correlation
experiments (Figure 1a). The second level is comparison of the
predicted and observed NOEs in a hierarchical manner starting
with Ile−Ile NOEs followed progressively by Ile-Val, Ile-Leu,
Val-Val, Val-Leu, and Leu-Leu NOEs (Figure 1b). The
rationale for this hierarchy is that NOEs involving Ile methyls
have a higher signal-to-noise than Val/Leu methyls in the
labeling strategy used here, and there are generally fewer Ile or
Val residues in a protein than Leu residues.33 This level also
involves ranking of the sizes of so-called “NOE clusters.” A
NOE cluster is defined as two or more methyls of the same
residue type (e.g., Ile) that are linked through NOEs as well as
methyls of other residue types (e.g., Leu/Val) that show NOEs
to the methyls of the original residue type. For example, an Ile
methyl is included in an Ile-NOE cluster if it shows an NOE to
at least one other Ile, and a Val/Leu residue is included in the
cluster if its methyl(s) show NOEs to an Ile residue in the
cluster. The number of methyls of a certain residue type within
the cluster determines the size of a cluster. For example, an n-
residue Ile cluster is a NOE cluster including n Ile methyls that
are linked through NOEs. The hierarchical approach employed
here analyzes the NOE clusters with largest number of Ile
residues first. If there is a single n-residue Ile-cluster observed in
the NOESY spectra and also predicted in the structure, then
this cluster can be uniquely mapped onto the protein. When
there is ambiguity in the mapping, the next step in the analysis
involves comparison of predicted and observed Ile methyl to
Val/Leu methyl NOEs within this cluster. As more Ile-NOE
clusters are mapped onto the structure, this reduces the number
of possibilities for the remaining clusters.
The same approach is used to map Val-NOE clusters onto

the protein followed by Leu-NOE clusters (Figure 1b). At this
point, most of the methyls in a cluster have not been assigned
to specific residues but have only been associated with one or
more clusters in the structure. The next level of analysis
involves qualitative comparison of the patterns and sizes of the
NOEs with the predicted methyl−methyl distances from the X-
ray structure (Figure 1c). This allows residue-specific resonance
assignments for many methyl groups and ambiguous or
tentative assignments for others. Additional information, such
as NMR data on single-site ILV mutants, can then be used to
confirm or extend the methyl resonance assignments. The
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application of this strategy for ERK2 was done manually, but
this hierarchical NOE-cluster approach to ILV methyl
resonance assignment is well suited to automation.
Identification of Residue Type for ILV Methyls in 0P-

ERK2. The first step in the assignment of the ILV methyls in
0P-ERK2 was to determine whether a resonance belonged to
an Ile, Val, or Leu residue. Figure S1 shows the ILV methyl
region of the 2D (13C, 1H) TROSY-HMQC spectrum on an
Ileδ1-[13CH3], Leuδ/Valγ-[13CH3,

12CD3], U-[15N,12C,2H]-la-
beled 0P-ERK2 sample that was generated as described in
Methods. ERK2 has 144 Ile, Leu, and Val methyls, and 140
resonances (97%) were observed in the HMQC spectrum of
0P-ERK2 (Figure S1). The Ile Cδ1-methyl resonances were
readily identified based on their distinctive 13C-chemical
shifts,14 where the criteria used here were that methyls with
13C chemical shifts <18 ppm were identified as Ile. As discussed
below, the HMCMCBCA experiment was used to further
validate identification of Ile residues. ERK2 has 28 Ile residues
and 26 resolved peaks were observed in the Ile methyl region of
the HMQC spectrum (Figure S1). Analysis of the HMQC
spectra of mutants of ERK2 and the NOE patterns observed in
wild-type ERK2 showed that two sets of Ile resonances were
overlapped, and therefore all 28 Ile methyls were observed in
the HMQC spectrum of 0P-ERK2.
The next step in the resonance assignment was determining

whether the non-Ile methyl resonances originated from a Leu
or Val residue. A total of 112 of the 116 expected Leu/Val-
methyl resonances were observed in the HMQC spectrum of
0P-ERK2 (Figure S1). A through-bond “out-and-back” 3D
(13C, 13C, 1H) HMCMCBCA experiment6 was employed here
on methyl protonated (Ileδ1-[13CH3], Leuδ/Val γ -
[13CH3,

12CD3]), and Ileγ/Leuβ,γ/Valα,β-[13C], U-[15N,12C,2H]-
labeled 0P-ERK2 (Figure 2a and Methods). This experiment
correlates an individual Ile, Leu, or Val-methyl group with
aliphatic carbons on the same side chain. Only one non-methyl
13C resonance is observed in the aliphatic carbon dimension of
the HMCMCBCA spectrum for each Ile residue, confirming
residue-type identification of Ile methyls, whereas up to two
non-methyl resonances are observed for both Leu (Cβ, Cγ) and
Val (Cα, Cβ) residues (Figure 2b). It is also possible to
determine the number of carbon−carbon bonds between the
13C and the methyl group from analysis of both the sign and
chemical shift of these 13C resonances.6 Residue-type
identification for the majority of the Leu and Val residues
was made using the distinct chemical shift ranges of the Leu Cβ

and Val Cα resonances (Figure 2b and BMRB34). These
chemical shift ranges would correctly identify residue type for
99.7% of the Val and Leu methyls based on data in the BMRB
(see Figure 2b). If further confirmation is needed, a through-
bond 3D HMCM[CG]CBCA experiment6 can be used to
distinguish Leu and Val residues independent of the chemical
shifts, as previously described for 0P-ERK2.24 This led to
identification of 62 of the 88 Leu methyls and 25 of the 28 Val
methyls in 0P-ERK2. For 12 Val and 19 Leu residues, the
unique chemical shifts of the Cα, Cβ (Val) or Cβ, Cγ (Leu)
resonances made it possible to assign both methyl resonances
of the same residue. The labeling method employed here does
not allow a priori stereospecific assignments of the pro-R and
pro-S methyl groups in Leu or Val, although in some cases
stereospecific assignment could be deduced by analysis of the
NOE data and crystal structure.

Ile-NOE Clusters as the Starting Point for Methyl
Resonance Assignments in 0P-ERK2. Identification of Ile-
NOE clusters in the 3D NOESY spectra was the next step in
resonance assignment in 0P-ERK2 (Figure 1b). The isotope-
labeled sample used in the NOESY experiment has complete
13CH3 labeling of the δ1 methyl on Ile,35 whereas the racemic
mixture of the precursor metabolite results in 13CH3-labeling of
only one of two methyl groups on each Leu and Val residue in
an individual protein.36 Although this labeling scheme leads to
∼50% lower signal-to-noise for the Leu or Val methyl
resonances relative to Ile methyls in the TROSY-HMQC
spectrum, as discussed by Kay and co-workers,37,38 it actually
yields better sensitivity and resolution in both 2D HMQC and
3D NOESY spectra for Leu or Val resonances than having both
methyls 13CH3-labeled in Leu or Val. NOE clusters of Ile
residues were therefore used first because these methyls have
more intense NOE cross peaks than Val/Leu methyls
(assuming equivalent relaxation and methyl−methyl distances)
and because there is only one labeled methyl per residue, which
avoids complications involving stereospecific assignments. Two
3D NOESY spectra were collected that had either (13C, 13C,
1H) or (1H, 13C, 1H) frequency labeling periods (see Methods).
An Ile methyl in the Ile-NOE cluster must show an NOE(s) to
at least one other Ile in the cluster; however, not all Ile methyls
in a cluster will show NOEs to each other, especially for larger
clusters.
Thirty Ile-Ile methyl NOE cross peaks were observed in the

3D (13C, 13C, 1H) NOESY spectrum of 0P-ERK2, arising from
multiple Ile clusters. The largest Ile-NOE cluster in the 3D

Figure 2. Identification of methyl residue type in ERK2 using 13C
chemical shifts and through-bond 3D HMCMCBCA spectra. (a) The
pattern of 13C-labeling for Ile, Leu, and Val residues in the ERK2
samples used in this 3D experiment, where, as previously described,1

several of the side chain carbons in Ile, and backbone carbons in Leu,
originate from the 12C-labeled glucose and not from the 13C-labeled
precursor (see Methods). The aliphatic carbons colored blue and
magenta have opposite signs for their resonances in the 3D spectrum.
(b) Strip plots of the 3D HMCMCBCA spectrum for 0P-ERK2
showing distinct chemical shifts for Leu and Val aliphatic carbons. In
the 13C aliphatic dimension, Ile residues have one peak, whereas two
peaks of opposite sign (colored blue and magenta) are observed for
Leu (Cγ and Cβ) and Val (Cβ and Cα). The brackets denote the typical
range of chemical shift (average ± 3σ, 99.7%) for a specific aliphatic
carbon in ILV using data from the BMRB.34 The identity of Leu and
Val was primarily determined by the distinct chemical shifts of the Val
Cα and the Leu Cβ resonances (see text).
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(13C, 13C, 1H) NOESY spectrum of 0P-ERK2 consisted of six
Ile residues, giving rise to 18 Ile−Ile NOE cross peaks (Figure
3a). The second largest Ile-NOE cluster consisted of three Ile
residues, with five pairs of two-residue Ile-NOE clusters
(referred to below as Ile-pairs).
The crystal structure of 0P-ERK2 was analyzed using an 8 Å

cutoff to identify potential Ile-NOE clusters. This cutoff was
empirically derived and is approximately the longest distance
observed for methyl−methyl NOEs in the 350 ms mixing time
3D NOESY spectrum of ERK2. The largest Ile-methyl-cluster
predicted in 0P-ERK2 involves Ile residues I54, I70, I84, I87,
I101, I345 in the N-terminal lobe (Figure 3c), which was
uniquely mapped to the six-residue Ile-NOE cluster observed in
the NOESY spectra (Figure 3a,b). The second largest Ile
cluster in the X-ray structure involves Ile residues I81, I138,
I163, which could be uniquely mapped to the single three-
residue Ile-NOE cluster. 0P-ERK2 has five pairs of Ile methyls
separated by less than 8 Å consisting of I51−I88, I131−I215,
I196−I207, I225−I241, and I209−I300. These five Ile-pairs
match the five two-residue Ile-NOE clusters observed in the
NOESY spectra (Figure 3a,b). Thus, 19 of the 28 Ile residues
were found in the 7 Ile-NOE clusters observed in the NOESY
spectra (Figure 3b), whereas the other 9 Ile methyls were too
distant from other Iles to be involved in an Ile-NOE cluster.
The five two-residue Ile-clusters in 0P-ERK2 could not be

uniquely mapped using only Ile-Ile NOEs. This led to the next
level of analysis that utilized Ile to Val/Leu methyl−methyl
NOEs (Figure 1b). Because of the 50% 13CH3-labeling of Val/
Leu methyls, a slightly shorter cutoff of 7.1 Å was used to
predict Ile to Leu or Val NOEs. Using the hierarchical approach
(Figure 1), the Ile-Val NOEs were analyzed first, since there are
many fewer Val than Leu residues in ERK2. Only one Ile-pair
had predicted and observed NOEs to four Val residues and

could be uniquely mapped to I51−I81 (Figure S2). Three Ile-
pairs had predicted and observed NOEs to one Val residue;
thus, analysis of Ile-Leu NOEs was performed next to map
these Ile-pairs onto the structure. These three Ile-pairs showed
Ile-Leu NOEs to five, five, or one Leu residues, which allowed
the last one to be uniquely mapped onto the structure (Figure
S3). The other two Ile-pairs were distinguished based on their
patterns of Ile-Val, Ile-Leu, and Val-Leu NOEs (Supporting
Information). The last Ile-pair had only one predicted and
observed Ile-Leu NOE and no predicted or observed Ile-Val
NOEs, which enabled unique mapping of this pair to I196−
I207.
The seven observed Ile-NOE clusters were unambiguously

mapped onto the structure as described above, but in practice
additional information was used to confirm this mapping. For
example, as seen in Figure S4, the single three-residue Ile-
cluster in 0P-ERK2 (I138-163-181) can be linked to the I131−
I215 cluster because both show NOEs to two connecting Leu
residues (L153 and L161). This additional level of analysis
lends confidence to the mapping and subsequent resonance
assignments of residues in a cluster.
The sizes of the observed and predicted methyl−methyl

NOEs were next used to make sequence-specific resonance
assignments in 0P-ERK2 (Figure 1c). We previously described
how comparison of the observed and predicted methyl−methyl
NOE led to sequence-specific assignment of residues in the six-
residue Ile cluster.24 To make assignments of the three-residue
Ile cluster, I163 in the three-residue Ile cluster was assigned to
the resonance that showed the most intense NOEs to the Leu
residues L153 and L161 (see Figure S4). I138 was assigned to
the methyl that showed NOEs to multiple other Leu residues,
including L161, L148, and L135. The last methyl in the three-
residue Ile cluster, which has the fewest NOEs to Leu residues,

Figure 3. Mapping of Ile-methyl-NOE clusters onto the X-ray structure of ERK2. (a) Strip plots of the 3D (13C, 13C, 1H) HMQC-NOESY-HMQC
spectra for 0P-ERK2 illustrating the Ile-methyl-NOE clusters in the protein. Diagonal peaks are marked with squares, the horizontal solid lines
indicate NOE cross peaks to other methyls, and dashed lines indicate where a cross peak is not observed. Asterisks mark peaks that arise from bleed-
through in the third dimension from a different methyl resonance, and double asterisks indicate noise peaks or artifacts. The numbers at the bottom
of each strip plot are the 13C chemical shift for this methyl plane. (b) Geometry models illustrating the various Ile-methyl-NOE clusters in ERK2.
The numbers at the vertex represent the methyl for that strip plot in (a) and a line connecting two vertices indicates an observed NOE between
these two methyls with single and double headed arrows indicating that one and two NOE cross peaks, respectively, were observed between the two
resonances. (c) Ile-methyl clusters in the X-ray structure of ERK2 that fit the geometry models in (b). The upper panel shows the only six-residue
Ile-methyl cluster (using an 8 Å cutoff), the middle panel shows the only three-residue Ile-methyl cluster, and the bottom two panels show two of the
five 2-residue Ile-methyl clusters. Ile side chains are shown as red lines, their Cδ1 methyls as red spheres and the backbone is a gray ribbon.
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Figure 4. Ile, Val, or Leu to Ala mutations used to confirm methyl assignments. (a) Structure of ERK2 showing the sites of Ala mutations. The
backbone is represented as a gray ribbon and side chains of mutation sites are shown in red with their methyls as spheres. (b) Overlay of the Ile
region of the 2D (13C, 1H) HMQC spectra of mutant I124A (red) and wild-type 0P-ERK2 (black). The missing peak was unambiguously assigned to
I124. (c) Overlay of the Ile region of the HMQC spectra of mutant L161A (red) and wild-type 0P-ERK2 (black). (d) The L161 region of the X-ray
structure of 0P-ERK2 where the distances from the L161 methyl groups to nearby Ile methyls are shown.

Figure 5. Binding of the peptide Elk1D to inactive and active ERK2. (a) Titration of Elk1D into 0P- or 2P-ERK2 as monitored by chemical shift
changes of methyl resonances for L155 and L119 in the 2D HMQC spectra. The arrows show the change in the position of the methyl resonance
upon titration with Elk1D, where the free ERK2 is in black, and the saturated peak ([0P-ERK2]:[Elk1D] = 1:7, [2P-ERK2]:[Elk1D] = 1:10) is in
red. The CSPC,H values for these methyl resonances are similar in 0P and 2P-ERK2 (Table S2). (b) The CSPC,H values for L155 and L119 are
plotted against the concentration of Elk1D, where the solid lines are the global fits to a single-site binding curve. (c) The CSPC,H values for 2P-ERK2
derived from the binding curves are mapped onto the X-ray structure of 0P-ERK2 in complex with a DEJL-motif peptide (colored in gold) derived
from hematopoietic tyrosine phosphatase (HePTP, PDB 2GPH). The color scale for the CSPC,H values is on the right, with blue indicating no
measurable perturbation and red indicating the largest perturbation.
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was assigned to I81. This general approach was then used to
extend methyl resonance assignment to the rest of protein as
discussed in Supporting Information.
Single Site ILV Mutants Were Used to Confirm

Resonance Assignments in 0P-ERK2. A set of 12 Ile, Leu,
or Val to Ala mutants of 0P-ERK2 was used to help confirm the
methyl assignments obtained from the NOE data (Figure 4). In
optimal cases, where there is little effect on the chemical shifts
of other methyl resonances, a mutated I, L, or V residue can be
directly assigned from the loss of one (Ile) or two (Leu/Val)
peak(s) in the 2D HMQC spectrum of the mutant when
compared with the wild-type protein.9 There was only one such
case in 0P-ERK2 (I124A, Figure 4b) where unambiguous
assignment could be confidently made solely from comparison
of mutant and WT spectra. In most cases, the chemical shifts of
other methyls were also perturbed by the mutation (Figure S5),
and these spectra then represented additional data that
complement the NOE-derived distance constraints. For
example, the overlay of the Ile region of the HMQC spectra
of L161A and WT ERK2 (Figure 4c) showed significant
chemical shift perturbations for the methyl resonances that had
been assigned to I163, I131, and I215 based on NOE analysis.
These perturbations are consistent with the X-ray structure
(Figure 4d) where these three Ile methyls are in proximity to
the L161 methyls. Thus, although mutants that only show loss
of ILV methyl resonance(s) with no perturbation of other
methyls in their HMQC spectra are easy to interpret and
directly lead to assignments, as illustrated by Boisbouvier and
co-workers,9 mutants that show perturbations of other methyl
resonances provide valuable information for structure-based
assignment that complement the NOE data. The combined
analysis of the HMQC spectra, NOE data, X-ray structure, and
mutagenesis led to confident resonance assignment for 60% of
the ILV methyl resonances in 0P-ERK2 (Table S1), including
89% of Ile, 49% of Leu, and 68% of Val methyls.
Resonance Assignments from 0P-ERK2 Were Trans-

ferred to 2P-ERK2. ILV methyl resonance assignments for 2P-
ERK2 were obtained by transferring the assignments from 0P-
ERK2 and were confirmed with NOE data from 3D NOESY
spectra on 2P-ERK2. In 2P-ERK2, 137 out of 144 methyl
resonances were observed, and 80 of these were assigned
(Table S1). Some resolved and assigned peaks in 0P-ERK2
were not observed in the HMQC spectrum of 2P-ERK2
possibly due to intermediate exchange between multiple
conformations in the activated ERK2.24 For example, a well-
resolved Ile peak that was assigned as I196 was not observed in
2P-ERK2.
Peptide Binding to 0P- and 2P-ERK2. ERK2 function

requires binding of various ligands, including ATP, substrates,
and other protein regulators (kinases, phosphatases, and
scaffolds). The extensive set of methyl assignments obtained
here was used to probe the effects of ligand binding throughout

the structure of ERK2. For example, 2D (13C, 1H) HMQC
spectra were used to study chemical shift changes and to
determine the Kd for binding of a peptide, Elk1D, to 0P-ERK2
or 2P-ERK2 as illustrated in Figure 5a. The Elk1D peptide is
derived from the transcription factor substrate, Elk1, and binds
to a “Docking site for ERK and JNK, LXL” (DEJL) motif
binding site in ERK2.39 The chemical shift changes for many
methyl resonances upon titration with peptide showed that
peptide binding to ERK2 is in fast exchange on the NMR
chemical shift time scale, meaning that the observed chemical
shift is a population weighted average of the chemical shifts of
the free and bound states. Chemical shift perturbations of the
13C and 1H resonances (CSPC,H) for ILV methyls were then
globally fit to a binding isotherm, yielding a single Kd for
binding as well as the magnitude of the chemical shift
differences between the free and bound states of ERK2 (Figure
5b, Tables 1 and S2). The Kd values obtained for Elk1D
binding to 0P- and 2P-ERK2 were 10 ± 1 and 30 ± 3 μM,
respectively. Thus, active ERK2 shows slightly weaker binding
for this peptide than inactive ERK2. Significant chemical shift
perturbations (CSPC,H > 0.03 ppm) were observed for nine
methyl resonances (both methyls of L110, both methyls of
L113, a single methyl of L119, both methyls of L155, a single
methyl of L306, and a single methyl of L311) in both 0P- and
2P-ERK2. These residues are close to the DEJL binding
interface, which includes the sheet β7, the helices αD and αE
and extends to the CD site (see Figure 5c). Smaller chemical
shift perturbations (0.01 to 0.03 ppm) were observed for
residues more distant from the binding interface, such as I82
and I124. These residues showed similar magnitudes and
directions of chemical shift perturbation in both 0P- and 2P-
ERK2, indicating similar conformational changes between
inactive and active ERK2 upon Elk1D binding. The locations
of these residues are consistent with X-ray structures of 0P-
ERK2 in complex with another DEJL peptide and with a
previous NMR study showing changes in chemical shifts of
backbone amides upon Elk1D binding.23,40

Nucleotide Binding to 0P- and 2P-ERK2. Binding of
ATP, or ATP-site inhibitors, can induce long-range perturba-
tions in protein kinases, for example, as seen with the
reorientation of the N-terminal and C-terminal lobes in protein
kinase A or the transition from a compact to a more extended
form in c-Abl.41−43 The effects of nucleotide binding to inactive
and active ERK2 were studied here by monitoring the ILV
methyl region of the HMQC spectra of ERK2 as a function of
the concentration of the ATP analogue AMP-PNP. In contrast
to the fast exchange observed with Elk1D peptide binding,
multiple methyl resonances in 0P- and 2P-ERK2 showed slow
or intermediate exchange between free and bound states upon
addition of nucleotide, depending on their chemical shift
differences between these states. As seen in Figure 6a, the
volume for one of the methyl resonances for L26 decreased

Table 1. Binding and Kinetic Data for Ligand Interactions with 0P- and 2P-ERK2

Elk1D AMP-PNP

Kd (μM) kon (μM
−1 s−1) koff (s

−1) Kd (μM) kon (μM
−1 s−1) koff (s

−1)

0P-ERK2 10 ± 1 >3a (30b) >30a (300b) 200−500 <0.08c <80c

2P-ERK2 30 ± 3 >1a >30a 200−500 <0.08c <80c

aValues were obtained using the relationship kex = kon[Elk1D]free + koff > 60 Hz, and Kd = koff/kon, with [Elk1D]free of 5 μM and 14 μM for 0P- and
2P-ERK2, respectively. bThe kon and koff values were obtained from fits of the line shapes of the L113 methyl peak for titration of Elk1D into 0P-
ERK2, where the spectra were simulated using LineShapeKin73 with |Δω| of 200 Hz (see Figure S6). cValues were obtained using the relationship kex
= kon[AMP-PNP]free + koff < 80 Hz, using [AMP-PNP]free of 1 mM for both 0P- and 2P-ERK2.
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with no change in chemical shift upon addition of AMP-PNP to
either 0P- or 2P-ERK2, and a new resonance appeared at higher
AMP-PNP concentrations. In 2P-ERK2, the magnitude of the
chemical shift difference (|Δω| in Hz) of L26 methyl between
free and bound forms is ∼80 Hz and is primarily in the 1H
dimension. The slow exchange means that kex is less than 80
Hz, where kex = kon[AMP-PNP]free + koff. Methyl resonances
that showed smaller |Δω| broadened and shifted upon addition
of AMP-PNP, consistent with intermediate to fast exchange
between the free and bound forms of 0P/2P-ERK2 (data not

shown). It was not possible to accurately determine the Kd
values for AMP-PNP binding to ERK2, because slow or
intermediate exchange lowers the signal-to-noise of the methyl
peaks, preventing accurate measurement of the peak volumes
and therefore populations. Furthermore, the standard equations
for extracting kinetic data from 1D line shapes do not apply in
2D spectra unless there is no 1H or 13C chemical shift
difference for the two states. Given these limitations, it was still
possible to estimate Kd values ranging between 200 and 500
μM for AMP-PNP binding to 0P- or 2P-ERK2 (Table 1).
The chemical shift perturbations for assigned methyls upon

binding of AMP-PNP to 0P- and 2P-ERK2 were mapped onto
the X-ray structure of the 0P-ERK2:AMP-PNP complex as
illustrated in Figure 6b. The binding of AMP-PNP induced
perturbations throughout the N-terminal lobe and upper C-
terminal lobe for both 0P- and 2P-ERK2. The methyls in
proximity to the ATP binding site either showed the largest
chemical shift perturbations (e.g., I29, L105, and L155), or
were not observed (e.g., V37 and L154) even upon saturation
with AMP-PNP. The latter methyls were likely not observed
due to exchange broadening between multiple conformations in
the bound state. Overall, the methyls that were perturbed upon
AMP-PNP binding to 0P- and 2P-ERK2 are quite similar, with
small differences in the magnitudes of perturbations for
individual methyls.

■ DISCUSSION
Understanding the detailed mechanism of action of proteins
usually requires a combination of both structural and
biochemical information. In many cases, analysis of the
biochemical data from only static X-ray structures yields
incomplete insight into the mechanism, because static
structures may not report on conformational dynamics required
for protein activity, especially for enzymes. Thus, there are a
growing number of examples where X-ray structures are
complemented with experimental or theoretical techniques
that probe protein motions, such as NMR relaxation experi-
ments or molecular dynamic simulations.44−46 For studies of
dynamics by NMR, the bottleneck is often resonance
assignment, especially as the size of the protein increases.
Here we report a structure-based strategy that yielded
assignment of ∼60% of the ILV methyl resonances in 0P-
and 2P-ERK2. Two perdeuterated and selectively ILV 13C1H3-
methyl labeled samples were used for 0P-ERK2, one for
determining methyl residue type using through-bond correla-
tion experiments and the other for collecting methyl−methyl
NOE data. The approach here employs a hierarchical analysis
of the predicted and observed methyl “NOE-clusters”, where
NOEs involving Ile methyls are analyzed first followed by Ile-
Val, Ile-Leu, etc. (see Figure 1).

Methyl Assignments of ERK2 through a “Hierarchical
Search of Uniqueness”. The first step in the structure-based
ILV-methyl assignment procedure is identification of methyl
type. A 2D (13C, 1H) TROSY-HMQC spectrum was used to
determine the number of resolved methyl resonances and also
to distinguish Ile Cδ1 methyls from Leu/Val methyls based on
the distinctive 13C chemical shifts of the Ile Cδ1 methyl
resonances. Larger proteins often show fewer methyl peaks
than expected, due to resonance overlap. Overlapping peaks
can often be identified by collecting spectra at different
temperatures or by analysis of the NOE patterns, both of which
were used here for ERK2. The Leu and Val methyl resonances
were next distinguished using through-bond information such

Figure 6. Binding of AMP-PNP to inactive and active ERK2. (a) A
portion of the Leu/Val region of the 2D HMQC spectra of 0P- and
2P-ERK2 upon titration with AMP-PNP. These spectra show that one
of the methyl resonances of L26 is in slow exchange on the NMR
chemical shift time scale between free and bound forms for both 0P-
and 2P-ERK2. The arrows point to the peak in the free form of ERK2,
and the dashed lines outline the position of the free peak. (b) The
CSPC,H for methyls between the free and AMP-PNP-bound form is
mapped onto the X-ray structure of 0P-ERK2 bound to ATP (PDB
4GT3). The color scale for the CSPC,H values is on the right, with blue
indicating no measurable perturbation, red indicating the largest
perturbations, and black indicating that these peaks were not observed
in the spectra with saturated AMP-PNP, possibly due to chemical
exchange broadening in the bound state. The ligand ATP is
highlighted with orange sticks. The side chains of the eight catalytic
spine residues were shown in magenta sticks. Six out of the eight these
residues were I/L/V, with their methyls highlighted with magenta
circles.
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as HMCMCBCA or HMCM[CG]CBCA experiments,6 which
correlate the Leu or Val methyl resonances with their other side
chain carbon resonances (Figure 2). The identification of
residue type is a key component of the NOE-cluster-based
assignment process. In 0P-ERK2, all of the Ile Cδ1 methyl
resonances and 89% and 70% of the Val and Leu methyl
resonances, respectively, were identified by residue type, with
low signal-to-noise usually being the limiting factor for
identification. If a higher percentage of residue-type identi-
fication for the ILV methyls is required, methyl correlation
experiments can be employed that direct magnetization to a
single Cγ, Cβ, or Cα resonance, leading to higher single-to-
noise.47 Alternatively, Ile-, Val-, or Leu-only methyl-labeled
samples can be prepared, which each yield unambiguous
residue-type identification.16,35,48−50 However, these labeling
methods do not allow direct linking of the two Val (or Leu)
methyl groups to the same residue. For 0P-ERK2, ∼53% of
methyl groups (86% of V, 43% of L) were unambiguously
linked from analysis of the HMCMCBCA experiment and
identifying the two methyls that belong to the same residue
facilitates the structure-based assignment process. If higher-
resolution structural information is desired, stereospecific
assignments for the methyl groups of Leu or Val can be
obtained using procedures that employ chirally labeled
precursors,16,51 amino acids,49,52 or partial 13C enrichment.53

Methods for efficient 13C1H3 labeling of Ala, Met, and/or Thr
methyls have also been developed, which yield additional NOE
data and more NMR probes.35,36,54−56

Structure-based assignment procedures have a long history in
protein NMR. One of the earliest examples was the main-chain-
directed assignment procedure developed by Englander &
Wand in 1987 where patterns of 1H−1H NOEs in 2D NOESY
spectra were compared with distances predicted for secondary
structure motifs derived from a set of X-ray structures.10 The
two protons in the NOEs were also identified by atom type:
HN, Hα, or Hβ. The structure-based methods were largely
replaced by triple-resonance heteronuclear through-bond
correlation experiments with the advent of efficient procedures
for production of 13C/15N-labeled proteins. These through-
bond experiments eliminate the ambiguities inherent in
through-space NOE connectivities. Thus, triple-resonance
backbone assignment experiments on 13C/15N-labeled proteins
are generally the method of choice for resonance assignment of
small-to-medium sized proteins. However, fast relaxation in
larger proteins leading to poor magnetization transfer and
therefore low signal-to-noise limits the application of the triple
resonance backbone assignment experiments. Thus, structure-
based assignment methods are being more commonly used for
studies of larger proteins with known structures or for studies
on homologous or mutant proteins.
The current structure-based methods for assignment of

methyl groups are conceptually similar to the original main-
chain-directed procedure; however, there have been tremen-
dous experimental, algorithmic, and computational improve-
ments, which allow larger and more complex systems to be
studied. NOE distance constraints still represent the primary
type of experimental data for structure-based assignments,
because a complete set of NOE-derived methyl−methyl
distances can be obtained using a single perdeuterated,
13C1H3-labeled sample. The high level of deuteration in this
sample helps reduce 1H−1H spin-diffusion, which further
simplifies the analysis of the NOE data in larger proteins.57 The
NOE data are most valuable when there is a high density of

methyl groups, such as on the interior of protein but are less
useful for surface residues where fewer methyl−methyl NOEs
are observed. For example, 70% of ILV methyls on the
hydrophobic interior of ERK2 were assigned (accessible surface
area (ASA) < 1 Å2), whereas only 50% of the partially exposed
methyls (ASA > 9 Å2) and 20% of the highly exposed methyls
(ASA > 30 Å2) were assigned. One of the disadvantages of
using NOE data is that there is generally no reference point
from which to begin making unambiguous assignments. The
hierarchical approach employed here helps to overcome this
issue by mapping uniquely sized methyl−methyl NOE clusters
onto the X-ray structure.
In addition to NOEs, other structural information such as

PREs,18 pseudocontact shifts,58 stereospecific assignments for
chiral centers,17,18 residual dipolar couplings,59 and chemical
shifts13 have been used in structure-based methyl assignment
methods. The PRE distance data are a natural complement to
the methyl−methyl NOEs, where the paramagnetic label is
usually placed on a surface residue where the bulky nitroxide or
metal is less likely to perturb the structure. In addition, the
spin-label then represents a known reference point in the
structure, allowing assignment of isolated methyls (especially
surface exposed methyls) where no methyl−methyl NOE is
observed. The PRE data can therefore provide a unique starting
point for resonance assignment; this is extremely helpful in
reducing the combinatorial problem inherent in structure-based
methyl assignments, as discussed below.
One of the major challenges for structure-based assignment

of methyls is that for proteins with large numbers of methyls
(>100) the problem becomes computationally intractable, and
therefore it is not possible to exhaustively search all possible
combinations of methyl resonance assignments. Thus, various
mathematical methods have been applied to help overcome this
problem, including graph theory, fuzzy math/logic, nuclear
vector representation, clustering algorithms, and probabilistic
techniques.12,13,15,17,18,59−62 A number of programs have been
developed for automated structure-based assignment of methyl
resonances, including MAP-XS (II),13,17 FLAMEnGO(2.0),15,18

and a PRE-based program.63 All these programs first employ
residue-type identification to reduce the complexity of the
search and then employ NOE and/or PRE constraints as their
primary experimental data. To identify residue types, MAP-XS
and FLAMEnGO employ through-bond techniques similar to
the approaches used here. The PRE-based program63 did not
employ through-bond assignment methods for distinguishing
methyl-type; instead three samples were prepared where only
the methyls on Ile, Ala, or Met residues were 13C1H3-labeled.
Once methyls have been identified by residue type, the next

step is comparison of predicted distances with the experimental
short-range (NOE) or long-range (PRE) distance information.
The highest agreement between distance constraints and the
structure is assumed to be the best assignment, or in some
programs this is a set of possible assignments. However, even
assuming complete residue-type identification, a complete
search is computationally impossible (e.g., ERK2 has at least
Nres(I)! × Nres(L)! × Nres(V)! = 28! × 44! × 14! = 1095

possible assignments even if methyls were only assigned to
individual residues). Therefore, various approaches are used to
reduce the size of the search. The most common way is to
introduce known assignments, which not only reduces the size
of the search but also provides reference points for performing
fragment searches where only a subset of the structure is
searched. The NOEnet program60 utilizes a complementary
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strategy that reduces the complexity of the search by ruling out
impossible assignments (instead of the more common
approach of introducing unambiguous assignments). This
approach yields an ensemble of assignments that are consistent
with the experimental data and structure. The search process in
NOEnet is further simplified by a fragmentation approach
involving analysis of the largest networks first, similar to the
hierarchical clustering approach employed in this study. As
discussed above, the hierarchical analysis here eliminates the
brute force search of all possible assignments by instead
mapping the largest (e.g., I−I) cluster onto the structure, which
can then be used as a unique starting point to extend
assignments.
We attempted to make assignments of ERK2 using both

MAP-XSII and FLAMEnGO, but not the PRE-based program
(because we did not collect any PRE data) or NOEnet (because
it is not yet set up for methyl groups and therefore has issues
with stereospecific assignments of the Val/Leu methyl−methyl
NOEs). Our input to the former programs included a chemical
shift list of methyl resonances of ERK2 from HMQC spectra
with the identified residue types, a chemical shift list predicted
from the program CH3shift,14 a protonated structure of ERK2
(PDB 1ERK) and a list of (13C, 13C, 1H) NOEs. Twenty trials
were performed on each of these programs using a distance
cutoff of 8.0 Å. The five trials with best scores had a low
percentage (<20%) of confident assignments as well as a low-
level of convergence for the methyls assignment (Table S3).
The low-level of convergence in these programs could arise
from multiple reasons including an inadequate number or
distribution of observed NOEs; inability to adequately sample
the huge combinatorial space of all possible methyl assignments
for a protein with the size of ERK2 (on the order of 1095

combinations); or incomplete residue-type identification
leading to a very large sample space in the search for methyl
assignments. Thus, we did not pursue further structure-based
assignment with these automated programs.
Using Methyl Groups to Probe Ligand Binding to

ERK2. Once methyl groups have been assigned in a protein
they provide multiple valuable probes of structure, function,
and mechanism of action. The DEJL-motif binding site is one
of the major docking sites that ERK2 uses to bind its activating
kinase, substrates and scaffold proteins.27,45 The large set of
methyl assignments obtained in this study were used to
measure the binding affinity of the DEJL-motif peptide Elk1D
to 0P- and 2P-ERK2 and also to set a lower limit on rate
constants for binding. There was a 3-fold difference in the KD
for Elk1D binding to inactive versus active ERK2 (Table 1).
The KD for Elk1D binding to 0P-ERK2 (10 μM) is similar to
the previously measured KD of 5 μM for the full-length Elk1
protein and a 0P-ERK2 mutant that was binding competent
only at the DEJL-site.64 The DEJL-docking interaction has
been previously studied,23,31 but there are currently no kinetic
data for binding to this site. The NMR titration of Elk1D into
0P or 2P-ERK2 showed some peaks in fast exchange (Figure
5), which provides limits on the association and dissociation
rate constants of the binding. For a chemical shift difference
between free and bound forms, |Δω|, of 60 Hz and a
[Elk1D]total of 23 μM in the titration of 0P-ERK2 (Figure 5a),
the exchange rate constant for the binding, kex (where kex =
kon[Elk1D]free+ koff) is larger than 60 Hz, yielding kon > 3 μM−1

s−1 or koff > 30 s−1 (Table 1). However, most methyls showed
chemical shift changes in both dimensions, increasing the
complexity of kinetic analysis. One methyl resonance of L113

(Figure S6a) showed exchange broadening at [Elk1D]total = 23
μM in the titration of 0P-ERK2, indicating fast-intermediate
exchange. This resonance in 0P-ERK2 has a |Δω(13C)| of 200
Hz and very small |Δω(1H)| (Figure S6a), making it possible to
simulate the observed exchange broadening with kon of 30
μM−1 s−1 and koff of 300 s−1 (Figure S6). All the methyls that
showed significant chemical shift changes upon binding of the
peptide Elk1D to both active and inactive ERK2 were in
proximity to the known DEJL-motif binding site,39 indicating
no perturbation on the rest of the molecule (Figure 5c and
Table S2). This is consistent with the observed local
perturbations in the solution study of the peptide/protein
HePTP binding to the DEJL-motif in p38α.65

The Elk1 protein can bind to both the DEJL- and DEF-
docking sites in 2P-ERK2,66 whereas it only binds to the DEJL-
site in 0P-ERK2, because the other site is sterically blocked by
the activation loop.31 One question is whether Elk1 shows a
preference for binding to one of these sites. Previous studies of
an Elk1F peptide that binds to the DEF-site in 2P-ERK2
yielded Kd = 8 μM, kon = 56 μM−1 s−1, and koff = 450 s−1.67

These results are comparable to those obtained here for the
DEJL-site binding peptide Elk1D (Table 1). This suggests that
these two regions on Elk1 bind to different docking sites in 2P-
ERK2 with no kinetic or thermodynamic preference.
Our measurements of AMP-PNP binding also provided

insight into the enzymology of ERK2. Multiple methyl
resonances in 0P- or 2P-ERK2 were in slow exchange on the
chemical shift time scale in the NMR titration with AMP-PNP
(Figure 6). As noted above, this made it difficult to obtain
precise KD values for AMP-PNP binding, but they were in the
range of 200−500 μM for both 0P- and 2P-ERK2 (Table 1),
which is consistent with values previously determined by
isothermal titration calorimetry.68,69 The similarity in KD
between 0P- and 2P-ERK2 is quite different from the situation
for MAP kinase p38α, which showed >30 fold increase in the
binding affinity of ATP upon phosphorylation (>15 mM for
0P-p38α and 430 μM for 2P-p38α).70 The observed slow
exchange for the methyl resonance of L26 during the titration
of AMP-PNP into 2P-ERK2, which has a |Δω(1H)| ≈ 80 Hz,
yielded upper limits of kon < 0.08 μM−1 s−1 and koff < 80 s−1

(see Figure 6a, Table 1). These limits are consistent with a
previous study that measured kon,ATP = 0.015 μM−1 s−1 and
koff, ATP = 0.5 s−1 for formation of the ternary MBP-bound
complex of Tyr-185 phosphorylated (pY) ERK2.71

The methyls of L26 show the expected behavior for
resonances in slow exchange during NMR titration of AMP-
PNP (Figure 6a). However, some other methyls that showed
chemical shift perturbations in the titration with AMP-PNP for
either 0P- or 2P-ERK2 were not observed in the HMQC
spectrum upon saturation of the ligand. For example, titration
with AMP-PNP reduces the intensities of the methyl
resonances of V37 for the free form of ERK2 in the HMQC
spectra, but the resonances of the bound form are not observed
(Figure S7). This indicates that these methyl resonances are
undergoing intermediate exchange between conformers in the
AMP-PNP-bound form.
Finally, our results provide information about the structural

perturbations on ERK2 induced by binding different ligands. In
contrast to the primarily local perturbations induced by Elk1D,
the binding of AMP-PNP to both 0P- and 2P-ERK2 showed
chemical shift perturbations for methyls throughout the N-
terminal and the upper C-terminal lobes (Figure 6b). Similarly,
2P-p38α also showed methyl chemical shift perturbations
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distant from the ATP binding site upon the binding of an ATP
analogue.70 These results suggest that nucleotide binding to
kinases causes long-range conformational perturbations in both
the N- and C-terminal lobes. This may arise from the assembly
of the so-called “catalytic spine”, which is a spatially conserved
hydrophobic motif identified from crystal structures of active
kinases that is formed by residues in both the N- and C-
terminal lobes, and is completed by the adenine ring of ATP.72

All of the ILV residues of the proposed catalytic spine showed
clear methyl chemical shift perturbations upon AMP-PNP
binding (Figure 6b), which may result from the transition to
the assembled form of the catalytic spine. Such long-range
conformational perturbations upon binding ATP may arise
from a common mechanism that kinases use to achieve a
catalytically productive conformation.

■ CONCLUSION
This study describes a hierarchical NOE-clustering approach
that simplifies the structure-based methyl assignments of
proteins. The approach starts with residue-type identification
of the ILV methyl groups. It then compares observed methyl−
methyl NOEs with those predicted from the X-ray structure in
a novel, hierarchical manner, where the largest NOE-methyl
cluster(s) of specific residue type are identified first. There are
generally few large NOE-methyl clusters in a protein, so these
can often be uniquely mapped onto the structure, as illustrated
here for the unique six-residue and three-residue Ile-NOE
clusters in ERK2. The structure-based approach yielded 60% of
Ile, Leu, and Val methyl assignments in ERK2. This extensive
set of methyl probes was then used to quantify binding affinity
and kinetics of an Elk1D peptide and an ATP analogue to both
inactive and active ERK2, where the peptide showed primarily
local effects in the protein, whereas nucleotide binding induced
long-range effects. Although the approach here was applied to
assignments of Ile, Leu, and Val methyls, it is applicable to
proteins with selective methyl labeling of other residues. The
method relies on observation of methyl−methyl NOEs; thus it
is most useful for assignment of methyls on the interior of the
protein, since there are generally fewer methyl−methyl NOEs
on the protein surface. PRE63 and/or mutagenesis9 of surface
methyls could be used to complement the NOE data to obtain
higher percentage of assignments. The hierarchical cluster-type
analysis employed here is amenable to automation and could be
incorporated into existing structure-based assignment pro-
grams.
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