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The most frequent extracellular signal-regulated kinase 2 (ERK2)
mutation occurring in cancers is E322K (E-K). ERK2 E-K reverses a
buried charge in the ERK2 common docking (CD) site, a region that
binds activators, inhibitors, and substrates. Little is known about the
cellular consequences associated with this mutation, other than
apparent increases in tumor resistance to pathway inhibitors. ERK2
E-K, like the mutation of the preceding aspartate (ERK2 D321N [D-N])
known as the sevenmaker mutation, causes increased activity in
cells and evades inactivation by dual-specificity phosphatases. As
opposed to findings in cancer cells, in developmental assays in Dro-
sophila, only ERK2 D-N displays a significant gain of function, re-
vealing mutation-specific phenotypes. The crystal structure of ERK2
D-N is indistinguishable from that of wild-type protein, yet this
mutant displays increased thermal stability. In contrast, the crystal
structure of ERK2 E-K reveals profound structural changes, including
disorder in the CD site and exposure of the activation loop phos-
phorylation sites, which likely account for the decreased thermal
stability of the protein. These contiguous mutations in the CD site
of ERK2 are both required for docking interactions but lead to un-
predictably different functional outcomes. Our results suggest that
the CD site is in an energetically strained configuration, and this
helps drive conformational changes at distal sites on ERK2 during
docking interactions.
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Extracellular signal-regulated kinase 2 (ERK2) is one of the
most extensively studied enzymes in animal signal trans-

duction (1–5). ERK2 is ubiquitously expressed, but remains inactive
until 2 residues within its activation loop are dually phosphorylated
by mitogen-activated protein kinase kinase (MEK), most commonly
in response to extracellular growth factors that trigger the activity
of highly conserved receptor tyrosine kinase signaling pathways.
Active, doubly-phosphorylated ERK2 (ppERK2) has a broad
spectrum of substrates, which allows it to control critical processes
and functions in the organism, from the first cell divisions in
embryos to learning and memory in adults (6–12). ERK2 activa-
tion is reversed by phosphatases, some of which are specific for
ERKs and dephosphorylate the residues phosphorylated by MEK.
Deregulated ERK2 activation has been associated with human
diseases, including many types of cancer and a large class of de-
velopmental abnormalities (2, 13–16). Many of these diseases are
caused by mutations that affect components of the signaling path-
ways leading to ERK2 activation, which makes these components
common drug targets in oncology and other therapeutic areas.
Detailed understanding of ERK2 activation mechanisms and their
sensitivity to genetic and pharmacological perturbations will in-
form future therapeutic discovery. Our study addresses the effects
of certain activating mutations in ERK2.
While studies of human diseases identified numerous patho-

genic mutations in proteins involved in ERK2 activation, relatively
few disease-related mutations have been reported in ERK2 itself
(13). A notable exception is human ERK2 E322K (hERK2 E-K),
identified in squamous cell carcinomas and identified as a cancer

mutational hotspot; it is currently the most common mitogen-
activated protein kinase 1 (MAPK1) missense mutation found in
genomic data from tumors (17–19). The E-K mutation falls within
the ERK2 common docking (CD) site, which is important for
ERK2 binding to its regulators and substrates (20–22), and has
been shown to enhance MEK-dependent ERK2 activation in an
oral squamous cell carcinoma cell line (HSC6) (17). Studies with
the Drosophila ERK2 ortholog, Rolled (referred to here as
dERK), first demonstrated that mutations within the CD site can
cause gain-of-function developmental phenotypes (23). In partic-
ular, the mutation analogous to hERK2 D321N (D-N) impairs
dERK2 binding to phosphatases and results in increased ERK2
phosphorylation in response to extracellular growth factors (24).
Here, we combine biochemical, genetic, and structural approaches
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to test whether the activating effects of ERK2 D-N and E-K have
similar origins. Surprisingly, we found that while these 2 mutations
are nearly indistinguishable when evaluated in several commonly
used biochemical assays, they cause different effects in Drosophila.
Furthermore, they lead to surprisingly different changes in the
structure and stability of ERK2. Our results reveal functional di-
vergence of activating mutations within a critical docking site of one
of the most highly studied cell-signaling enzymes and pose questions
important for understanding ERK2 signaling in health and disease.

Results
Activation of Phosphatase DUSP6 by ERK2 and Mutants and Their
Inactivation by DUSP6 In Vitro. The ERK2 CD site interacts with
docking (D)/kinase interaction motifs (KIMs) typically of the
form R/K-R/K-X3–5-φ-X-φ in substrates, regulators, and other
interaction partners (21). All experiments were carried out with

rat ERK2 (rERK2) D319N and E320K; rERK2 is 2 residues
shorter than hERK2, lacking a glycine-alanine present at resi-
dues 8 and 9 of hERK2. We tested the interaction of rERK2 wild
type and the CD site mutants D-N and E-K with a D/KIM-
containing peptide corresponding to residues 712–728 from the
ERK substrate RSK1. As expected, both rERK2 D-N and E-K
failed to interact with the RSK1 peptide (Fig. 1A). Similarly, we
found that the E-K mutation also disrupts the interaction with
the D/KIM-containing dual-specificity phosphatase DUSP6
(MKP3) (SI Appendix, Fig. S1A). Because the D-N and E-K
mutations in the CD site interfere with the interaction of
rERK2 with DUSP6, we examined DUSP6 activity toward the
rERK2 mutants. DUSP6 dephosphorylated ppERK2 D-N and
E-K, monitored as loss of immunoreactive pTyr185/pThr183

ERK2, but more slowly than wild-type ppERK2 (24) (Fig. 1B).
DUSP6 is also allosterically activated by binding ERK2 (25). To
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Fig. 1. ERK2 D-N and E-K mutations both disrupt DUSP6, but not MEK1, function in an in vitro setting. All panels show experiments with n = 3, except B. (A)
Binding of RSK1 peptide (residues 712 to 728; 5-FAM-ahx-APQLKPIESSILAQRRVR-COO−) to rERK2 wild type (black), D-N (rD319N, red), and E-K (rE320K, blue)
as assessed by fluorescence polarization. ahx, 6-aminocaproic acid linker. (B) ppERK2 wild-type, D-N, and E-K dephosphorylation by DUSP6 as monitored by
Western blot with ppERK2 antibody (pTyr185/pThr183). (C) rERK2 wild-type–, D-N–, and E-K–mediated activation of DUSP6 as monitored by p-nitrophenyl
phosphate (pNPP) hydrolysis. (Left) Three panels indicate rates of pNPP hydrolysis (change in absorbance at 405 nm) as a function of time at various
rERK2 concentrations. (Right) Summary is reaction rate enhancements (calculated from Left) as a function of rERK2 concentration. (D) Binding affinities of
rERK2 wild type, D-N, and E-K to Cy5-labeled MEK1 as determined by microscale thermophoresis. Kd, dissociation constant. Refer to SI Appendix, Fig. S3B. (E)
ppMEK1 phosphorylation of rERK2 wild type, D-N, and E-K as monitored by 32P incorporation. (F) ppERK2 wild-type, D-N, and E-K phosphorylation of model
substrate, MBP, as monitored by 32P incorporation. cpm, counts per minute. (G) ppERK2 wild-type, D-N, and E-K phosphorylation of ERKtide-FAM (NH3

+-
IPTTPITTTYFFFK-5FAM-COO−) as monitored by IMAP FP kinase assay.
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determine effects of ERK2 mutations on allosteric activation
of DUSP6, we monitored DUSP6 activity by p-nitrophenyl
phosphate hydrolysis in the presence of unphosphorylated
rERK2 wild type, D-N, and E-K. Unlike wild-type rERK2, which
activated DUSP6 in the low micromolar range (apparent disso-
ciation constant [Kd] = 1.1 ± 0.1 μM), both rERK2 D-N and E-K
stimulated DUSP6 activity, but each required ∼40-fold higher
protein concentrations to achieve a similar level of DUSP6 ac-
tivation (Fig. 1C). Unless in a scaffolded complex, these mutants
would be unlikely to activate DUSP6 in vivo, because the con-
centrations of ERK2 mutants that would be required exceed a
typical range in cells [<5 μM (26, 27)].

Activation and Activity of ERK2 E-K and D-N.MEK1 binds ERK2 through
both the CD site and the MAPK insert region (21, 28–30). By mi-
croscale thermophoresis, a quantitative method to measure binding
affinity using fluorophore-labeled MEK1, the MEK1 binding affinities
of ERK2 wild-type, D-N, and E-K were similar at 23 ± 8, 31 ± 7, and
45 ± 19 μM, respectively (Fig. 1D and SI Appendix, Fig. S1B), sug-
gesting that MAPK insert binding dominates in vitro interaction.
Phosphorylated active MEK1 activates rERK2 wild type, D-N, and
E-K with similar kinetics (Fig. 1E). Once phosphorylated, both
ppERK2D-N and E-K had kinase activity indistinguishable from wild
type toward 2 different substrates (Fig. 1 F and G). Therefore, the
mutations do not seem to affect MEK-dependent ERK2 activation or
kinase activity in vitro.

In Vivo Evaluation of ERK2 E-K and D-N. We asked whether the
ERK2 mutants, which performed similarly in biochemical assays,
operated differently within the context of a living organism. The
following in vivo assays examined 2 well-characterized ERK-
dependent signaling events in Drosophila. The first occurs during
oogenesis in the follicular epithelium to establish the dorsal-
ventral axis of the future embryo. The second occurs 2 h post-
fertilization at the poles of the embryo, specifying the terminal
structures of the future larva. We overexpressed wild type and
mutant forms of the Drosophila ERK ortholog, Rolled (dERK),
in these 2 different tissues and examined their effects on dERK-
dependent gene expression and morphological structures. We
observed that dERK D-N and E-K have unpredictably different
effects, in contrast to the similar behaviors of their rat homologs
in biochemical assays.
The first of the analyzed signaling events occurs during egg

development. The ligand Gurken is locally secreted from the
dorsal-anterior cortex of the oocyte and activates the Drosophila
epidermal growth factor receptor (EGFR), establishing a gra-
dient of dERK activity in the overlying follicular epithelium (31,
32). As anticipated, the amount of ppERK detected by immu-
nofluorescence was higher at the embryo poles (Fig. 2 A and C).
The active signal from dERK D-N was similar to that of wild
type (Fig. 2 C, Right), while the signal from dERK E-K was
higher than that of wild type at the embryo poles (Fig. 2 C,
Center). Due to communication between the follicle cells and the
oocyte, this signal influences gene expression in the adjacent
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Fig. 2. Functional divergence of dERK mutants in Drosophila. Transgenic flies were created overexpressing the Drosophila ERK2 ortholog Rolled (dERK) wild
type, D334N (D-N), and E335K (E-K). (A, Top Left) Lateral view of a typical wild-type (WT) embryo stained for ppERK. (A, Top Right) Ventral view of a typical
WT embryo stained for Twist. (A, Bottom) Changes in Twist staining in the presence of dERK mutants (Scale bar, 100 μm). (B, Top) No mutant expression. Table
summarizing percent lethality and observed phenotypes in dERK E-K and D-N in germline (Middle) and somatic tissue (Bottom). (C) dERK activation gradients
in embryos. Plots of activated dERK (normalized ppERK fluorescence intensity) as a function of position in fly embryos are shown for both mutants and
compared with wild type. About 60 embryos were used for each graph.
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regions of the future embryo. A strong signal in dorsal follicle
cells represses the gene twi (twist) on the dorsal side of the
embryo. Accordingly, Twist is expressed on the ventral side of
the embryo, where dERK activity in the follicular epithelium is
low. We found that only dERK D-N disrupts dorsal-ventral
embryonic patterning, based on the morphology of the embry-
onic cuticle and the expression of Twist (Fig. 2A and SI Ap-
pendix, Fig. S2). We observed a dramatic disruption in ventral
expression of Twist only with dERK D-N, suggesting dERK
activation in the lateral- and ventral-most parts of the follicular
epithelium. These patterning defects caused severe disruptions
of the embryonic exoskeleton and were associated with high
embryonic lethality (Fig. 2B and SI Appendix, Fig. S2). Because
the relative expression of the dERK proteins was similar, we
conclude that dERK D-N and E-K have disparate effects on
EGFR-dependent ERK signaling in the follicular epithelium.
The second signaling event occurs in the early embryo when a

locally produced ligand of the receptor tyrosine kinase Torso,
which is itself uniformly expressed, activates the dERK pathway
at the terminal regions of the embryo. dERK signaling at the
embryonic termini counteracts gene repression by the tran-
scriptional repressor Capicua (Cic) (33–35). At the same time,
the dERK pathway is kept inactive in the central regions of the
embryo, where Cic is needed to repress multiple patterning
genes. In the absence of dERK activation, 8 abdominal segments
are formed, coordinated by gradients of transcription factors,
including Cic (36, 37). Even a small increase in dERK activation
in the middle of the embryo interferes with their formation (23).
In the early embryo, expression of dERK D-N caused a range of
defects in embryo segmentation, including fusions or deletions
within abdominal segments, similar to those caused by expres-
sion of other activating components of the dERK pathway. This
indicates strong gain-of-function activity. On the other hand,
expression of dERK E-K caused only single fusions or deletions
in the middle abdominal segment, indicative of a weak gain of
function (Fig. 2B). As expected, these phenotypes were associ-
ated with differences in embryonic lethality.
Despite small phenotypic consequences, expression of E-K

caused a marked increase in dERK phosphorylation at the
poles, where endogenous dERK signaling is triggered by locally
activated Torso (Fig. 2C). This observation is consistent with the
proposed increased susceptibility of dERK E-K to activation.
Importantly, this is not a result of overexpression, as over-
expression of wild-type dERK showed no increase in activity at the
poles (Fig. 2C). This assay was more difficult to perform on the
dERK D-N mutant, as many embryos do not form proper blas-
toderms and the dERK signal could not be measured accurately.
In sum, these assays reveal strong functional differences between
the 2 dERKmutants in vivo. Consequently, we assessed how these
2 adjacent mutations in the CD site of rERK2 differentially alter
the overall structure and stability of the molecule.

Structural Analysis of ERK2 D-N and E-K. To gain insight into mo-
lecular differences in the 2 mutants in Drosophila, we examined
their structures. The relative abundance of the MAPK1 missense
somatic mutation yielding hERK2 E-K is ∼22- to 44-fold greater
than the majority of somatic missense mutations (only 1 or 2 in-
stances for most mutations) in a publicly available database con-
taining the combined results of 200 cancer genomics studies
[cBioPortal (38)] (Fig. 3 A, Top). While E-K is by far the most
heavily enriched mutation in cancer, other residues are also
enriched to varying extents. Four of the 6 ERK2 residues with the
highest mutational frequency (Glu79, Arg133, Asp319, and Glu320)
are within or directly adjacent to the acidic region of the CD site
(Fig. 3 A, Bottom). The other 2 residues, Arg146 and Arg189, are
around the ERK2 active site. Curiously, all are charged residues.
The acidic part of the ERK2 L16 loop harbors both the D-N

and E-K mutations and runs along the backside of the kinase

contacting both the N- and C-terminal domains. The aspartate is
a solvent-facing surface residue that directly contacts D/KIMs,
while the glutamate does not directly interact with docking mo-
tifs and, instead, points into the core structure, participating in
an unusual, buried hydrogen-bonding network (Fig. 3B).
We determined the crystal structures of rERK2 D-N and E-K

(Table 1) and found that their overall structures align with other
ERK2 structures (Fig. 3 C and D and SI Appendix, Fig. S3A).
rERK2 E-K had more substantial structural deviation than D-N
compared with other ERK2 structures (all Cα rmsd): ERK2 (1.82
Å, Protein Data Bank [PDB] ID code 4GSB), ppERK2 (1.83 Å,
PDB ID code 2ERK), ERK2 D-N (1.80 Å), and ERK2 bound to
phosphatase-derived peptides ERK2:hematopoietic protein ty-
rosine phosphatase (HePTP) D/KIM (1.38 Å, PDB ID code
2GPH) and ERK2:DUSP6 D/KIM (1.88 Å, chain A, PDB ID
code 2FYS) (38–41). In ERK2 E-K, 8 residues (rat 318 to 325)
encompassing E-K in the L16 loop/CD site (Fig. 3 C–E and SI
Appendix, Fig. S3D) are disordered, disabling docking of proteins
to the CD site (SI Appendix, Fig. S1A). On the other hand, the
structure of rERK2 D-N, which neutralizes the negative charge
of one of the residues that directly interacts with the basic region
of docking motifs, is almost identical to wild-type ERK2 (all
Cα rmsd = 0.54 Å) (Fig. 3 C and D and SI Appendix, Fig. S3A).
First shown for the MAPK p38, the CD site is allosterically

coupled to the conformation of the MAPK activation loop (39).
Three activation loop conformations of ERK2 (Fig. 3G) have
been captured in crystal structures of unphosphorylated ERK2,
ppERK2, and ERK2 bound to D/KIM peptides (40–42) (Fig.
3G). In the low-activity structure, the activating phosphorylation
sites, rERK2 Tyr185 and Thr183, are protected in pockets on the
surface and the activation loop is tacked onto the MAPK insert.
In the active structure, pTyr185 and pThr183 make distinct in-
teractions on the protein surface to support greatly increased
activity. In multiple docking motif-bound ERK2 structures, the
activation loop is solvent exposed similar to p38 (39). The
rERK2 E-K activation loop from Thr183 to Arg189, including
Tyr185 and Thr183, assumes a solvent-exposed conformation vir-
tually identical to that in peptide-bound structures (Fig. 3 F and
H and SI Appendix, Fig. S3E). The rest of the rERK2 E-K ac-
tivation loop is disordered and likely solvent-exposed as well
(Fig. 3 C, D, and H and SI Appendix, Fig. S3E). This third con-
formation is energetically accessible in the absence of docking
peptides in rERK2 E-K. Since the exposed activation loop
conformation is observed in multiple structures, each with dif-
ferent crystal lattices, it is unlikely to be caused by crystal con-
tacts. Thus, the ERK2 E-K mutation mimics the conformational
changes induced by CD site engagement by docking motifs.
In addition, we attempted to seed rERK2 D-N crystals with

rERK2 E-K crystals and rERK2 E-K crystals with rERK2 D-N and
wild-type crystals, but neither was successful. However, we were
able to seed rERK2 D-N crystals with rERK2 wild-type crystals,
which suggests that the structure of rERK2 E-K is not compatible
with the crystal lattice of the rERK2 wild-type and D-N crystals
used in this study. Both the rERK2 D-N and E-K lattices are ca-
pable of supporting the solvent-exposed and buried activation loop
conformations based on structural alignments, indicating that no
steric clashes exist with the surrounding crystal lattice.

Effects of CD Site Mutations on ERK2 Stability. The solvent-exposed
conformation of the rERK2 E-K activation loop decreases ac-
tivation loop contacts with the MAPK insert (Fig. 3F). A second
docking site, the F site, is made up of elements from the MAPK
insert, helices αF and αG, and the ERK2 activation loop (28–30),
and is required for interactions between phenylalanine-containing
FxF motifs. The activation loop conformation modulates the affin-
ity for FxF motifs. Electron density for the activation loop near the
residues of the MAPK insert that make up part of the F site in the
rERK2 E-K mutant is absent.
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Fig. 3. Crystal structures of ERK2 CD site mutants D-N and E-K reveal areas of structural disruption and activation loop allosteric effects. (A, Top) Schematic of
hERK2 with identified missense mutations in the MAPK1 gene shown as green dots. Dots represent combined results of 200 large-scale cancer genomics
studies found at cBioPortal (37). Dot height represents the relative abundance of the given mutation. hERK2 E322K (corresponding to rERK2 E320K) is the
most abundant. (A, Bottom) Residues with the highest mutational frequencies (≥5 instances; rat numbering; Glu79 = 5, Arg133 = 8, Arg146 = 5, Arg189 = 6,
Asp319 = 9, Glu320 = 44) are indicated in yellow on the crystal structure diagram of ERK2. Four of the 6 most highly mutated residues cluster near the CD site.
(B) Close-up view of the interactions between the dual-arginine residues in the DUSP6 KIM peptide (lime) and the acidic residues Asp316/Asp319 (red label) in
the rERK2 L16 loop (blue) that makes up part of the CD site. Glu320 (red label) is a buried charge that points inward toward the kinase domain, and Asp319

points out into solvent. (C) Structural overview of rERK2 E-K (orange) and D-N (magenta). The schematic indicates positions of relevant structural elements
and residues, and regions of disorder in the crystal structure (dashed lines). The activation loop (pink), MAPK insert (purple), and L16 loop and αL16 helix
(blue) are shown. (D) Structures of rERK2 E-K (orange) and D-N (magenta). D-N is virtually identical to wild type, while E-K has disorder within the activation
loop and L16 loop around the E-K mutation. SI Appendix, Fig. S3A shows structural alignments compared with wild type. (E) Comparison of the L16 loops
(part of CD site) of inactive ERK2 (cyan) and rERK2 E-K (orange). The region around E-K (residues 318 to 325) is disordered in the crystal structure of rERK2 E-K.
SI Appendix, Fig. S3D shows an electron density map. (F) Comparison of the activation loop conformations of rERK2 wild type (WT), D-N, and E-K. E-K is
solvent-exposed, and D-N is identical to WT. SI Appendix, Fig. S3E shows electron density maps. (G) Three known conformations of the rERK2 activation loop
around the activating phosphorylation sites Tyr185 and Thr183: inactive ERK2 (PDB ID code 4GSB, cyan), active ppERK2 (light purple), and ERK2:DUSP6 KIM
(pink). (H) Comparison of rERK2 E-K activation loop (orange) conformation near Tyr185/Thr183 to structures of ERK2 bound to KIM peptides derived from
DUSP6 (pink) and HePTP (green). (PDB ID codes: 4GSB [ERK2 WT], 2ERK [ppERK2], 6OT6 [ERK2 D319N], 6OTS [ERK2 E320K], 2FYS [ERK2:DUSP6], and 2GPH
[ERK2:HePTP]).
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rERK2 E-K helices αF and αG and MAPK insert helices have
high B-factors indicative of increased mobility (Fig. 4 A and B).
B-factors for the C-terminal domain of rERK2 E-K were overall
higher relative to the N-terminal domain, in contrast to previous
ERK2 structures (Fig. 4 A and B and SI Appendix, Fig. S3 B and
C). The majority of intermolecular contacts with symmetry-
related molecules in the crystal lattice are mediated by the
N-terminal domain (SI Appendix, Fig. S3C). Interdomain motion
is likely greater, because C-terminal domain B-factors increase as
a function of distance from the kinase hinge despite the fact that
E-K is ∼20 Å from the hinge (Fig. 4A). The B-factor relationship
to the kinase hinge, and the fact that other D-KIM–bound
ERK2 structures do not have similar properties as rERK2 E-K,
imply that the increased B-factors are not the result of localized
destabilization caused by loss of activation loop contacts. The
increased interdomain mobility observed in the rERK2 E-K
C-terminal domain is likely not apparent in the N-terminal domain
because of the presence of considerably more crystal lattice
contacts (SI Appendix, Fig. S3C).
rERK2 D-N and E-K both phosphorylated Ser383 of ELK1, an

ERK2 substrate known to interact through the ERK2 F site (43),
to similar extents (Fig. 4A and SI Appendix, Fig. S4D), and both
mutants phosphorylated an FxF motif-containing peptide sub-
strate (which binds the F site) similarly (Fig. 1G). These findings
support the conclusion that the enhanced B-factors observed in
ERK2 E-K are due to enhanced interdomain motion as opposed
to localized destabilization around the F site.
To evaluate the impact of the increased disorder in rERK2 E-K,

we measured effects of various mutations on thermal stability
(Fig. 4C). rERK2 E-K is destabilized by almost 5 °C relative to
wild-type rERK2, most likely as a consequence of introducing
charge repulsion in the internal hydrogen bonding network
(denoted by dotted lines in Fig. 3B). To evaluate the effect of
another mutation that increases ERK2 flexibility and partially
activates it, we introduced a smaller residue in place of the
gatekeeper residue, Q103A, located in the kinase hinge (44).
Mutation to Q103A also destabilizes rERK2 by nearly 5 °C (Fig.
4C). In contrast, rERK2 D-N was unexpectedly stabilized by
almost 5 °C relative to wild type and nearly 10 °C relative to
rERK2 E-K (Fig. 4C). Increased stability is likely due to elimi-

nating a negative charge in the CD site charge cluster, 316DXXDE320
(Fig. 3B). To provide perspective on the increased stability of
rERK2 D-N, we mutated another negatively charged solvent-
exposed residue on the surface of rERK2, E347Q. Mutation to
E347Q, unlike D-N, had no effect on rERK2 stability (Fig. 4C).
These results highlight the significance of the CD site as an
energetic hot spot.
To control for potential sample heterogeneity due to auto-

phosphorylation in our recombinant protein preparations, we
utilized a purification scheme that removed ppERK2 (SI Ap-
pendix, Fig. S4A). In addition, we utilized dynamic light scat-
tering to control for potential aggregation caused by the
mutations. rERK2 wild type, D-N, and E-K all had nearly
identical hydrodynamic radii, and aggregates were not detected
(Fig. 4D and SI Appendix, Fig. S4B).

Discussion
One of the main challenges in understanding the functional con-
sequences of mutations affecting cell signaling proteins is that
each of them engages in multiple interactions, and because each of
these interactions might be differentially affected by the same
mutation, the overall phenotypes cannot be predicted by exam-
ining any single interaction or process. Our studies of the D-N and
E-K mutations in the CD site of ERK2 underscore this com-
plexity. We found that the effects of mutations are indistinguish-
able in vitro, based on the decreased rates of ERK2
dephosphorylation by DUSP, similar rates of ERK2 phosphor-
ylation by MEK, and decreased ERK2-dependent activation of
DUSP phosphatase activity. None of the quantitative changes
observed in vitro could have predicted the strikingly different
phenotypes caused by expression of the 2 dERK variants in
Drosophila, where dERK D-N has significantly higher lethality,
even though the E-K mutant displays greater signal-dependent
phosphorylation.
The disparate effects of activating mutations in vivo prompted

us to take a closer look at their effects on ERK2 itself and
revealed that they result in dramatically different changes in the
structure and stability of ERK2. The consequences of the 2 CD
site mutations, one involving no conformational change and the
other involving long-range conformational changes, highlight the

Table 1. ERK2 mutant crystallographic data and refinement statistics

ERK2 D319N ERK2 E320K

Data collection
Resolution, Å 50 to 1.65 (1.68 to 1.65) 50 to 2.1 (2.14 to 2.10)
Space group P21 C2
Cell dimensions

a, b, c; Å 48.9, 70.3, 60.5 182.3, 41.9, 50.3
α, β, γ; ° 90, 109.6, 90 90, 105.9, 90

Unique reflections 45,537 (2,250) 19,252 (568)
Redundancy 7.4 (6.8) 4.0 (3.3)
Completeness, % 98.0 (96.4) 88.5 (53.1)
<I/σ(I)> 18.9 (1.9) 23.3 (1.7)
Rmerge 0.107 (1.526) 0.055 (0.605)
Rpim 0.042 (0.610) 0.031 (0.357)
CC1/2 (in highest resolution shell) 0.64 0.63

Refinement
Rwork/Rfree, % 16.8/20.0 23.1/26.3
Bond rmsd 0.005 0.003
Angle rmsd 0.7 0.582
Ramachandran favored, % 98 91.4
Ramachandran outliers, % 0.3 0.3
<B-factor> 25.7 76.7
Rotamer outliers, % 1.2 3.4
Clashscore 3.2 3.7
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roles of the 3 crystallographically observed configurations of
ERK2 in pathway control (39–42, 45–47). The 3 ERK2 config-
urations are most stable under different conditions: when
unphosphorylated; when phosphorylated; and when docked and
interacting with phosphatase, kinase, or substrate partners.
Furthermore, docking induces activating conformational changes
for DUSPs (48, 49). We suspect that the 3 configurations con-
tribute to pathway specificity: DUSP binding increases accessi-
bility of the phosphorylation sites for chemistry, and the DUSP is
inactive until it sees an optimum activator. The ERK2 D-N
mutant stabilizes the unphosphorylated configuration so that it
transitions less well to the docked configuration, and thus
probably does not change the shape of the DUSP. The ERK2 E-K

mutant destabilizes the unphosphorylated configuration so
that it adopts the docked configuration, but is then less able to
induce DUSP conformational changes.
Crystal structures are snapshots of proteins that, in solution,

occupy multiple conformations in dynamic equilibrium. By
NMR, phosphorylation of ERK2 leads to synchronized dynamics
throughout the molecule, thought to be mediated by the hinge
between the 2 domains and to cause increased catalytic efficiency
(50). Without phosphorylation, coupled dynamics in ERK2 are
minimal. However, mutation of hinge residues leads to enhanced
flexibility and mimics phosphorylation (50). Four of 6 of the most
highly mutated ERK2 residues in cancer are clustered within or
around the CD site acidic region. The proximity of these residues
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Fig. 4. E-K mutant destabilizes rERK2, and D-N mutant stabilizes rERK2. (A and B) Structures of rERK2 E-K, D-N, and wild type colored by B-factors and a
B-factor plot comparing rERK2 E-K B-factors with those of 9 other ERK2 structures with similar resolutions (1.9 to 2.6 Å), but all different crystal lattices (PDB ID
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(WT), D-N, and E-K as determined by dynamic light scattering. The full dataset in SI Appendix, Fig. S4B does not indicate the presence of aggregates in any of
the samples (n = 3).

15520 | www.pnas.org/cgi/doi/10.1073/pnas.1905015116 Taylor et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
14

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905015116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1905015116


www.manaraa.com

to the hinge suggests that perturbations within the CD site
through either ligand binding or mutation could have an impact
on the hinge, and thus affect ERK2 interdomain motion (SI
Appendix, Fig. S4C). A previous NMR study of ERK2 showed
D/KIMs were associated with chemical shift perturbations in resi-
dues in the hinge (Gln103), the acidic patch of the CD site, and
residues physically in between (e.g., Glu79, which is mutated in
cancer as illustrated in Figs. 3 A and B and 4A) (51). These
findings, together with the fact that CD site binding causes sol-
vent exposure of the activation loop, suggest the hinge provides a
link between the CD site and the activation loop. In contrast to
findings with ERK2, in an NMR study of the related MAPK p38,
peptide binding to the CD site and phosphorylation were both
required to induce uniform exchange dynamics thought to be
mediated by the hinge (52). Even though both ERK2 and
p38 have different requirements for dynamics-driven activation,
both display an allosteric coupling between the CD site and the
activation loop.
The 5 °C destabilization of ERK2 E-K is a consequence of the

charge repulsion introduced by this mutant that affects an in-
ternal hydrogen bond network. Introducing a smaller side chain
in place of the gatekeeper glutamine (rQ103A) also caused a
5 °C destabilization, presumably due to an increase in flexibility
of the hinge region and, like the CD site, communication with
the activation loop (44). Perhaps more surprising is the 5 °C
stabilization resulting from adding an amide to the surface as-
partate in ERK2 D-N, an effect not caused by neutralizing an
analogous surface charge elsewhere on the protein. The result is
a nearly 10 °C difference in stability between the 2 CD site
mutants, again pointing to the energetic control of ERK2 from
the CD site. This stability difference reveals uncharacterized
ERK2 properties essential to its biological activities. The en-
hanced thermal stability of D-N suggests that part of the mecha-
nism for allosteric control of the activation loop by the CD site
results from strain induced by 3 adjacent negative charges. Charge
repulsion imparts additional energy to the system that helps drive
changes in the activation loop conformation following engagement
of the CD site aspartates by basic residues in D/KIMs. The relative
stabilities of the ERK2 mutants present strong evidence that the
CD site is an energetic hot spot in ERK2.
Going forward, it will be important to establish a mechanistic

connection between this structural view of the effects of acti-
vating mutations provided by our study and their differential
effects in vivo. We expect that critical insights will be provided by
comparison of the global ERK2 interactomes. These studies may
explain why the E-K mutant causes relatively minor de-
velopmental phenotypes in Drosophila and why it is much more
commonly observed in sequencing studies of human cancers.
While our results imply that other MEKs and DUSPs will behave
similarly to MEK1 and DUSP6, additional studies analyzing the
effects of the ERK2 mutations on activation and deactivation by
other upstream kinases and phosphatases could yield mecha-
nistic insights if differences in regulation are observed. Our re-
sults suggest that it will also be important to expand the scope of
our biochemical, structural, and functional studies of ERK2
regulation and function to other ERK2 mutants, which might
ultimately explain the dramatic differences between the func-
tional impact of mutations in ERK2 and other components of
the ERK2-dependent signaling networks.

Materials and Methods
Fluorescence Polarization.A total of 100 nM FAM-RSK1 712 to 728 (5FAM-ahx-
APQLKPIESSILAQRRVR-COO−) and varying concentrations of ERK2 were
combined in 25 mM Tris·HCl (pH 7.75), 100 mM NaCl, and 1 mM dithiothreitol
(DTT). Anisotropy was measured using a BioTek Synergy H1 multimode plate
reader with a fluorescein isothiocyanate (FITC) fluorescence polarization (FP)
filter cube. Data were fit with GraphPad Prism to a 1-site binding model.

Microscale Thermophoresis. Binding affinity measurements of ERK2 to
cysteine-labeled (Cy5 dye) MEK1 were made on a NanoTemper Microscale
Thermophoresis instrument. Samples were in 25 mM Tris·HCl (pH 7.6),
100 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine (TCEP), 1 mM ethyl-
enediaminetetraacetic acid (EDTA), and 0.05% Tween. MEK1 was 50 nM.
Data were analyzed using PALMIST software with a T-Jump model to ac-
count for effects of temperature-dependent protein destabilization (53).

Phosphatase Assays. Recombinant MKP-3 (0.14 μM; Enzo) was combined with
1 μM recombinant ppERK2 proteins in 10 mM Hepes (pH 8.0), 10 mM MgCl2,
1 mM benzamidine, and 1 mM DTT, and was incubated for up to 16 min at
room temperature. Aliquots were withdrawn at the indicated times and
added to tubes containing 5× Laemmli sample buffer to terminate the re-
actions. Samples were immunoblotted using a ppERK antibody (Sigma).
Changes in phosphorylation state were quantified using LiCor Odyssey
infrared imaging.

p-Nitrophenyl Phosphate Hydrolysis Assays. Assays consisted of 100 mM Tris
(pH 7.5), 100 mM NaCl, 0.5 mM TCEP, 1 mM EDTA, 20 mM p-nitrophenyl
phosphate, 300 nM recombinant MKP3 tagged at the N terminus with
maltose binding protein, and varying concentrations of ERK2 added to a 384-
well plate. The production of p-nitrophenol was measured by absorbance at
405 nm using a BioTek Synergy H1 multimode plate reader.

Kinase Assays. To measure MEK1 kinase activity toward ERK2, 300 nM
MEK1 and 3 μM ERK2 proteins were incubated in 10 mM Tris (pH 7.5), 10 mM
MgCl2, 50 μM adenosine 5′-triphosphate (ATP), and 0.01 mCi/μL [γ-32P]ATP
at room temperature. A total of 5× Laemmli sample buffer was added,
followed by heating for 5 min at 100 °C for analysis by denaturing gels. The
ERK2 bands were excised from the gels after staining and analyzed by liquid
scintillation counting in a Beckman LS6500 instrument. To measure
ppERK2 kinase activity, reactions containing 1 mg/mL myelin basic protein
(MBP) and 10 nM ppERK2 were incubated at 30 °C for varying amounts of
time. Reactions were stopped by the addition of 5× Laemmli sample buffer,
followed by heating for 5 min at 100 °C, for analysis on denaturing gels. MBP
bands were excised from the gels and analyzed as above. To measure
ppERK2 activity toward ERKtide-FAM (NH3+-IPTTPITTTYFFF[K-5FAM]-COO−)
using the IMAP fluorescence polarization assay (IMAP FP Kit; Molecular
Devices), 3 nM ppERK2 was incubated with 500 nM ERKtide-FAM for varying
times in “IMAP FP reaction buffer with bovine serum albumin,” 1 mM DTT,
50 μMATP, and 15 mMMgCl2. The reaction was stopped with binding buffer
(60% buffer A, 40% buffer B, and 1:1,200 IMAP beads). Anisotropy was
measured using a BioTek Synergy H1 multimode plate reader with an FITC FP
filter cube.

Immunofluorescence.Assessments of ppERK inDrosophilawere as described (54).

Fly Stocks. The E335K and D334N mutations were introduced into Rolled
(gene coding for dERK) using site-directed mutagenesis with the Phusion
enzyme and verified by sequencing. Mutant Rolled was then cloned into
pTiger between the KpnI and NheI restriction sites. These constructs were
integrated into the second chromosome using the ΦC31 integration system
at the attP site in pTiger. These flies were crossed to 67;15 (a driver in the
early embryo obtained from the laboratory of Eric Wieschaus, Princeton
University) or TrafficJam-Gal4 flies to drive expression of mutant Rolled in
the early embryo and follicle cells.

Lethality Counts. Embryos were collected frommutant flies crossed with 67;15
(as above) for 3 h (or until 100 to 200 embryos were laid). Embryos were left to
develop at 25 °C for 30 h or longer. The total numbers of empty and un-
hatched eggshells were counted. Lethality was determined by comparing
the number of unhatched embryos with total embryos laid. Around
1,000 total embryos were considered for both mutations.

Cuticle Preparation. Unhatched embryos were selected more than 24 h after
embryo collection. Unhatched embryos were dechorionated for 1.5 min in
bleach and incubated overnight at 65 °C in a 1:1 mixture of lactic acid and
Hoyer’s medium. Hatched larvae were selected more than 24 h after embryo
collection. They were also incubated at 65 °C in a 1:1 mixture of lactic acid
and Hoyer’s medium. Embryos and larvae were imaged on a Nikon Eclipse
Ni instrument.

X-Ray Crystallography. Crystals were obtained by hanging drop vapor dif-
fusion. A total of 7mg/mL ERK2 E320K in 25mMTris·Cl (pH 7.5), 100mMNaCl,
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1 mM EDTA, and 5 mM DTT was mixed with an equal volume of reservoir
solution containing 28% (wt/vol) polyethylene glycol (PEG) 1500 and 100 mM
Tris·Cl (pH 8.0). A total of 7.5 mg/mL ERK2 D319N in 25 mM Tris·Cl (pH 7.5),
100 mM NaCl, 1 mM EDTA, and 5 mM DTT was mixed with an equal volume
of reservoir solution containing 1.5 M ammonium sulfate, 100 mM Hepes
(pH 7.75), and 2% (vol/vol) PEG 500 monomethyl ether. D319N crystals were
initially small needle clusters, but after 3 rounds of serial seeding, large plate
crystals were obtained. Crystals were incubated at 20 °C and harvested at
1 wk for E320K and at 3 d for D319N. Diffraction data were collected at
beamline 19-ID at the Advanced Photon Source (Argonne National Labora-
tory, Argonne, IL). Data were indexed, integrated, and scaled in HKL3000
(55). The structure of ERK2 E320K was determined using molecular re-
placement in PHASER in Phenix (56–58). The N- and C-terminal domains
(residues 6 to 169 and 170 to 358) of the active ERK2 structure (PDB ID code
2ERK) were used as search models, and a similar procedure using ERK2 wild
type (PDB ID code 4GBS) was employed for ERK2 D319N. The structures
contain 1 molecule per asymmetric unit. Iterative rounds of refinement (TLS,
rigid body, individual atomic displacement parameters, and atomic positions
[only N-terminal domain atomic positions for E320K]) were carried out in
phenix.refine, and model building was carried out in Coot (58–60). Sec-
ondary structure restraints were used early in model building for E320K.
Simulated annealing was used early in model building for D319N. Model
validation was conducted in phenix.refine, which uses analyses derived, in
part, from the MolProbity web server (58, 60, 61).

Dynamic Light Scattering. ERK2 dynamic light scattering measurements were
made using a DynaPro NanoStar (Wyatt Technologies). Samples purified by
Superdex200 gel filtration at 24 μM (1 mg/mL) in 25 mM Tris·HCl (pH 7.6),
100 mM NaCl, 1 mM TCEP, and 1 mM EDTA were used. Analysis was carried
out using the DYNAMICS software package.

Thermal Stability. Temperature-dependent changes in SYPRO orange fluo-
rescence were monitored using a C1000 Thermal Cycler combined with a
CFX96 Real-Time Monitoring System (Bio-Rad). ERK2 protein was at 5 μM in
25 mM Tris·HCl (pH 7.6), 100 mM NaCl, 1 mM TCEP, and 1 mM EDTA. Tm was
defined as the temperature of maximum change in SYPRO orange fluores-
cence and determined in Microsoft Excel.

Protein Expression and Purification. His6-tagged rat ERK2 wild type and mu-
tants in a NpT7 vector were expressed in Escherichia coli DE3. Fifty-milliliter
starter cultures were grown overnight at 30 °C in the presence of 100 μg/mL
ampicillin in Luria broth. Twenty milliliters was then used to inoculate 1-L
cultures, which were grown at 30 °C. Protein expression was induced with
400 μM isopropyl-β-D-1-thiogalactopyranoside at an optical density at
600 nm = 0.7, and cultures were allowed to grow overnight at 30 °C (21 h
postinduction worked best). Cultures were centrifuged, and pellets were
frozen in liquid nitrogen. Pellets were thawed and resuspended in 50 mM
Na-phosphate (pH 8.0) and 300 mM NaCl. Ten percent saturated lysozyme

solution and 0.5% Triton-X were added, followed by sonication. Clarified
lysates were incubated with nickel-nitrilotriacetic acid beads (0.5 mL of
beads per liter of culture) for 1 h at 4 °C while rocking. All subsequent
washes were carried out in a conical tube, and beads were sedimented by
centrifugation. Beads were washed 5 times each with 10 bed volumes of
50 mM Na-phosphate, 300 mM NaCl, and 40 mM imidazole (pH 8.0). Proteins
were eluted by incubation with 3 bed volumes of 50 mM Na-phosphate (pH
8.0), 300 mM NaCl, and 300 mM imidazole (pH-adjusted) for 30 min at 4 °C
with occasional stirring by pipette. Before MonoQ purification, the sample was
filtered through a 0.2-μm filter and then dialyzed into 10 mM Tris·HCl (pH 8.2)
and 0.5 mM TCEP (buffer A). Filtering is essential to prevent aggregation during
dialysis into the low-salt buffer. Samples were passed over a MonoQ GL 5/5
column (GE Life Sciences) at 0.3 mL·min−1. Protein was eluted by 3 column
volumes of buffer A, followed by a 0 to 25% gradient of buffer B (buffer
A + 1 M NaCl) over 40 volumes. Western blotting using ppERK2 antibody was
used to determine which fractions to exclude due to autophosphorylation.
Protein is highly pure after MonoQ, but Superdex200 gel filtration was used to
prepare protein for biophysical measurements and crystallography. Gel fil-
tration buffer was 25 mM Tris·HCl (pH 7.6), 100 mM NaCl, 1 mM TCEP, and
1 mM EDTA.

Data and Materials Availability. The following crystallographic datasets were
used: ERK2 D319N (PDB ID code 6OT6) and ERK2 E320K (PDB ID code 6OTS).
All other materials are available upon request.
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