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A conserved arginine within the aC-helix of Erk1/2 is a latch
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Eukaryotic protein kinases (EPKs) adopt an active confor-
mation following phosphorylation of a particular activation
loop residue. Most EPKs spontaneously autophosphorylate
this residue. While structure—function relationships of the
active conformation are essentially understood, those of the
“prone-to-autophosphorylate” conformation are unclear.
Here, we propose that a site within the aC-helix of EPKs,
occupied by Arg in the mitogen-activated protein kinase
(MAPK) Erk1/2 (Arg84/65), impacts spontaneous autophos-
phorylation. MAPKs lack spontaneous autoactivation, but we
found that converting Arg84/65 of Erkl/2 to various residues
enables spontaneous autophosphorylation. Furthermore, Erkl
molecules mutated in Arg84 are oncogenic. Arg84/65 thus
obstructs the adoption of the “prone-to-autophosphorylate”
conformation. All MAPKs harbor an Arg that is equivalent to
Arg84/65 of Erks, whereas Arg is rarely found at the equiv-
alent position in other EPKs. We observed that Arg84/65 of
Erk1/2 interacts with the DFG motif, suggesting that auto-
phosphorylation may be inhibited by the Arg84/65-DFG in-
teractions. Erkl/2s mutated in Arg84/65 autophosphorylate
not only the TEY motif, known as critical for catalysis, but
also on Thr207/188. Our MS/MS analysis revealed that a large
proportion of the Erk2R®*™ population is phosphorylated on
Thr188 or on Tyrl85 + Thrl88, and a small fraction is
phosphorylated on the TEY motif. No molecules phosphory-
lated on Thr183 + Thr188 were detected. Thus, phosphory-
lation of Thr183 and Thr188 is mutually exclusive suggesting
that not only TEY-phosphorylated molecules are active but
perhaps also those phosphorylated on Tyr185 + Thr188. The
effect of mutating Arg84/65 may mimic a physiological sce-
nario in which allosteric effectors cause Erkl/2 activation by
autophosphorylation.

*For correspondence: David Engelberg, engelber@mail.huji.ac.il, micde@
nus.edu.sg.
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Eukaryotic protein kinases (EPKs) are involved in control-
ling all aspects of life and therefore have been thoroughly
studied. Consequently, important aspects of the mechanism of
catalysis and structure—function relationships of these en-
zymes are known in detail (1-4). Yet, critical issues of regu-
lation, mainly by self-activation, are not understood well (5).
This study shows that a particular position within EPKs, which
was hitherto less appreciated, is a central element in mitogen-
activated protein kinase (MAPK) autoactivation and perhaps
in regulation of all EPKs. Our attention to this site was drawn
by the fact that in the protein kinase Erkl, mutating the res-
idue at this position renders the kinase oncogenic (6).

Although EPKs could be divided to several subfamilies with
unique catalytic and structural properties (1, 7), they all share a
similar topological fold comprising two lobes. A smaller N-
lobe is composed of a core of four beta-strands (f1-p4) and a
single a-helix (known as the aC-helix), whereas a larger C-lobe
is predominantly «-helical. The N-lobe harbors the ATP-
binding site, and the C-lobe includes the substrate-binding
site and the catalytic loop, which contains the catalysis
essential motif, HRD (4, 8—10).

The catalytic activity of EPK is tightly regulated. A large
number of specific modes of regulation has been acquired by
the different EPKs, but almost all of them share a basic acti-
vation mechanism, namely, phosphorylation of a residue; in
most EPKs, a threonine (Thr197 in cyclic AMP-dependent
PKA [cPKA]), located within a highly conserved segment
known as the activation loop (11, 12). The activation loop
contains essential sequences, such as the DFG motif, which
binds Mg/ATP (9, 11). Phosphorylation of the activation loop
imposes dramatic conformational changes, which result in
converting the kinase fold from an “inactive” to an “active
conformation.” Two structural entities, known as the regula-
tory spine and catalytic spine (C-spine), are assembled in the
“active conformation” (8, 13—15). The regulatory spine con-
sists of four residues. Two come from the C-lobe, including the
Phe of the DFG and the His of the HRD motifs. The other two
are aliphatic residues located in the N-lobe’s aC-helix and 4
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strand (8). The C-spine is comprised of eight hydrophobic
residues, two from the N-lobe and six from the C-lobe. The
assembly of the C-spine is completed upon ATP binding
rendering the kinase capable of catalysis (13, 14).

A hallmark of the active conformation following activation
loop phosphorylation is provided by a particular Glu residue of
the aC-helix, which forms a salt bridge with a Lys residue of
the 3. Mutating this Glu in cPKA results in total elimination
of catalytic activity (14, 16). This aC-helix’s Glu is highly
conserved amongst EPKs and is absent from only 33 typical
kinases of 497 human kinases that we analyzed. The aC-helix
further contributes to stabilization of the active conformation
by its movement and formation of bonds with other regions of
the kinase (3, 17).

Another consequence of activation loop phosphorylation is
formation of H-bond interaction between the phosphorylated
Thr and a His residue in the aC-helix (His87 in cPKA) (18).
His87 is not conserved amongst EPKs, and the role of its
interaction with phos-Thr97 is not clear. This interaction was
proposed to assist in stabilizing spine assembly (14), but
mutating His87 to Ala results in an approximately threefold
increase in the catalytic rate of cPKA (14, 19), suggesting that
the interaction of phos-Thr197 with His87 is not a critical
element of the active conformation and may have in fact a
negative effect on catalysis. In Erkl and Erk2, the position
occupied by His87 in cPKA is occupied by an Arg. This Arg
(84 and 65 in Erkl and Erk2, respectively) is the focus of this
study. We propose that the residue at this position is impor-
tant for adoption of yet another conformation of EPKs, the
“prone-to-autophosphorylate” conformation (5).

Phosphorylation of the activation loop’s Thr is commonly
catalyzed by another EPK, but most EPKs are capable, to
various degrees, of spontaneously autophosphorylating (5, 11,
20, 21). The ability to autophosphorylate implies, by definition,
that EPKs acquire, in addition to the nonactive and active
conformations, a conformation that supports autophosphor-
ylation, termed a “prone-to-autophosphorylate” conformation
(5). This conformation is required for a single-round reaction
with a single intramolecular substrate, because once auto-
phosphorylation occurs, no further substrate exists and the
kinase adopts an active conformation. The “prone-to-auto-
phosphorylate” conformation is therefore short-lived, and its
structure is not fully understood (5).

Erkl and Erk2 form a subgroup within the MAPK family.
MAPKSs, which also include the c-Jun N-terminal kinase (JNK),
p38, and ERK5/BMK groups (22, 23), are structurally similar to
all other EPKs but possess certain features that distinguish
them. Most of them are incapable of spontaneous autophos-
phorylation, namely do not acquire the “prone-to-autophos-
phorylate” conformation. Phosphorylation of their activation
loop, and concomitant activation, is dependent on specific and
dedicated kinases known as MAPK kinases (MAPKKs; also
termed MAP2K, MEKs, or MKKs) (24). Notably, MAPKs do
possess an inherent capacity of autophosphorylation, but, as
mentioned, it is not spontaneous but rather inhibited or
occluded. It can be derepressed through mutations (5, 25-30)
or, in the specific instances of p38a, p38P, or p38y, by
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physiologically relevant mechanisms (31-33). The activation
of MAPK requires not a single but a dual phosphorylation of
the activation loop on a TXY motif (T?°**$3EY204/185 iy Erk1/
Erk2) to become fully active. The structural features that
prevent Erk1/2 (and all MAPKSs) of spontaneously adopting the
“prone-to-autophosphorylate” conformation are not clarified.

Erks are activated via the receptor tyrosine kinases—Ras—
Raf-MEK cascade, which is constitutively active in a large
number of cancers because of activating (oncogenic) muta-
tions (34). Erks themselves are rarely found mutated in these
diseases (35). Mutations reported to render Erks active, pri-
marily gain-of-function mutants, were found to possess no
intrinsic catalytic capabilities ([e.g., sevenmaker (36), mutations
identified in cancer patients [E320K in ERK2] [mutation ID in
ERK2, COSM461148] (35, 37)). They seem to bestow a gain-
of-function property because of their reduced affinity to
phosphatases (38, 39). A handful of bona fide intrinsically
active mutants were identified in the laboratory and include
Erk25'°1P (30), Erk2'®*4 (26), and Erk1R8*S/Erk2R®s (6, 25). Of
these, only Erk1®***/Erk2"®*® were shown to be spontaneously
active in vitro, in mammalian cells in culture, and in transgenic
flies and mice (6, 25, 35, 40, 41). Erk1%®%S was further shown to
oncogenically transform NIH3T3 cells (6). Importantly,
another mutation in Arg84 of ERK1, R84H, was identified in
two cancer patients (mutation ID: COSM4875436) and also in
a screen for mutations that render cells that are transformed
by oncogenic Raf resistant to Raf and MEK inhibitors (42). The
effects of the R84H mutation on the biochemical or biological
properties of Erkl were not reported, and it is not known
whether Erk1®¥*" plays a causative role in the tumors in which
it is found.

The mechanism that renders Erk1%%** and Erk2%*® inde-
pendent of upstream activation is the acquirement of spon-
taneous autophosphorylation/autoactivation capability (6, 25),
suggesting that the mutation allows “prone-to-autophosphor-
ylate” conformers. Erk1®%** and Erk2R°*® autophosphorylate
not only their TEY motif but also another phosphoacceptor
within the activation segment, Thr207 in Erkl and Thr188 in
Erk2 (6). Thr207/188 phosphorylation has been observed in a
mouse model and in human patients of cardiac hypertrophy
(43). The role of Thr207/188 phosphorylation, if any, in Erks’
regulation, and specifically in establishment of the “prone-to-
autophosphorylate” conformation of Erk1%®*S and Erk2®®*S is
not known. Here, we report that a rigorous MS/MS analysis
did not identify molecules that are phosphorylated on
Thr183 + Thr188 in the population of Erk2%®>%, whereas many
molecules within this population are phosphorylated on
Tyr185 + Thrl88, or (seem less abundant) on Thr183 +
Tyr185.

The acquirement of autophosphorylation capability of
Erk17%** and Erk2®®*® and the oncogenic potential of Erk1%%*®
were the impetus for investigating the role of Arg84/65 in
depth. Here, we provide evidence that this Arg is a “locker” of
Erks’ intrinsic activity and of its oncogenicity. Replacement of
this Arg by various other residues, including His, found in
tumors, renders the resulting Erkl molecules oncogenic. It is
also reported that all MAPKs throughout evolution, with no
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exception, possess an Arg at this position. Despite its conser-
vation, in the Hogl/p38 and JNK groups, this Arg plays a
somewhat different role than in Erks. Other protein kinases
harbor varying residues at this position but rarely an Arg.
Structural analysis revealed that Arg84/65 of Erk interacts with
the DFG motif, providing a potential explanation for its ability
to occlude autophosphorylation.

Thus, the position within the aC-helix occupied by Arg in
all MAPKs and by His in cPKA seems to play a central role in
determining the kinase’s autoactivation properties. In the case
of Erkl, it also determines its oncogenic capability. The residue
at this position is specifically involved in autoactivation and is
dispensable for adopting the active conformation and for
catalysis per se.

Results and discussion

Mutating Arg84/Arg65 of Erk1/2 to His or to other residues
renders the kinases intrinsically active and oncogenic

Two possible general structure—function explanations may
underlie the self-activation ability of Erk1®®*® and Erk2R¢S,
One notion suggests that the Arg to Ser mutation enforces a
precise and specific “prone-to-autophosphorylate” conforma-
tion. Another possible mechanism is that the Arg84/65 residue
blocks autophosphorylation, and therefore, its replacement
with other residues, not only Ser, would render the kinase
capable of autophosphorylation. To distinguish between these
possibilities, Arg84 in Erkl and Arg65 in Erk2 were replaced
with Ser, His, Ala, Tyr, Thr, Pro, or Lys, and the resulting
proteins were tested in three assays: (1) in vitro kinase assay as
recombinant proteins; (2) phosphorylation status of the TEY
motif when expressed in human embryonic kidney 293T
(HEK293T) cells; and (3) capability to oncogenically transform
NIH3T3 cells.

In vitro kinase assays with purified recombinant proteins,
phosphorylated or not by MEK, revealed that all mutated
proteins, except Erk1"**</Erk2*X, manifested an intrinsic
(Mek-independent) catalytic activity (Fig. 1, A and B). Activity
levels were not equal among mutants. Erk1*** and Erk2R®®
manifested the highest intrinsic activity, reaching 14.8 + 0.94%
(mean * SD) and 21.2 + 1.98%, of the activity of MEK1-
phosphorylated Erk1¥" or Erk2%7, respectively, as measured
in a scintillation counter. Erk1®¥*" exhibited an intrinsic cat-
alytic activity of 4.6 + 0.16% and Erk2R®** of 17.9 + 1.02%
(Fig. 1B). Other mutants showed lower Mek-independent ac-
tivity (Fig. 1, A and B). Intriguingly, although intrinsically
active, and although efficiently phosphorylated by MEK1
(Fig. 1A, fourth row), some of the mutants manifested reduced
MEK1-dependent activity (Fig. 1, A and B). These include
Erk1"*" whose activity was as low as 44% as compared with
that of MEK-activated Erk1™"' (Fig. 1B). The low MEK1-
dependent activity of Erk1"®**"/Erk2"®*" may be a result of
the effect of proline on the aC-helix conformation, whereas
the low activity of Erk1®**</Erk2R®* may suggest that Lys,
which is relatively similar to the native Arg residue in this
position, is a more powerful latch of activity than Arg. The
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lower MEKI-dependent activity of Erk1®**"/Erk2®®*" and
Erk1®®* is more difficult to explain. It is speculated that these
mutants adopt a stable “prone-to-autophosphorylate” confor-
mation and do not convert into the optimal “active confor-
mation” fold even following phosphorylation by MEKI. It is
not clear to us in this regard why Erk2®®®® manifests 161%
activity when phosphorylated by MEK1.

Intrinsic activity of the mutants was found to be correlated,
in general, with the level of spontaneous phosphorylation on
the TEY motif (Fig. 14, fourth row; for Erk2?*S and Erk2R¢°H,
see also verification of TEY phosphorylation by MS/MS,
Table 1). Namely, while Erk1/2%" and Erk1/2*%5X proteins
are weakly dually phosphorylated on the TEY motif when
purified from Escherichia coli cells, Erk1/2%%*°%5 and Erk1/
QR8Y65H are dually phosphorylated stronger than all other
mutants. Intrinsic activity is also correlated with the level of
phosphorylation on Thr207/188 (Fig. 1A, fifth row; Table 1).
Notably, incubation of the proteins with active MEK1, which
increased activity toward myelin basic protein significantly, did
not affect the levels of Thr207/188 phosphorylation (Fig. 1A4,
fifth row). These observations clearly point at autophosphor-
ylation as the sole source of Thr207/188 phosphorylation and
at strong correlation between Thr207/188 phosphorylation
and autophosphorylation of the TEY motif.

To test whether the intrinsic activity is also manifested in
mammalian cells, the Erkl/2 mutants were transiently
expressed in HEK293T cells. While Erk1/2% " proteins were
phosphorylated at low levels in serum-starved cells that were
not exposed to any stimulus, most mutants (except Erk1%%*"/
Erk2R®® and Erk1®®**/Erk2R®**) were spontaneously phos-
phorylated on the TEY motif (Fig. 2, second row) as well as on
Thr207/188 (Fig. 2, third row). We further tested the most
active variants of Erkl, Erk1®®**®, and Erk1®**, for their
functionality, by testing their effect on AP-1 transcriptional
activity. Both proteins strongly activated AP-1-mediated re-
porter genes (Fig. S2). Curiously, the less active Erk2 mutants,
Erk2R%°T, Erk2R%°?, and Erk2R®°X, caused an increase in TEY
phosphorylation of the endogenous Erk1/2 (Fig. 2, second
row, right blot). The mechanism of this effect is currently
unclear. In accordance with the observation with the purified
proteins, in which Thr207/188 phosphorylation was not
affected by exposure to active recombinant MEK1, exposure
of HEK293T to epidermal growth factor (EGF) caused dra-
matic elevation in TEY phosphorylation but did not affect
Thr207/188 phosphorylation whatsoever (Fig. 2, third row).
Phosphorylation levels of TEY and Thr207/188 were quan-
tified (Fig. S1).

It was next tested whether the unregulated catalytic activity
of the new mutants may impose an oncogenic effect, similar to
that reported for Erk1®®*S (6). Erk1®**" was found able to
transform NIH3T3 cells to a similar degree as Erk1%®*S, with
25 and 20 foci (>2 mm radius) per microgram of transfected
DNA, respectively (Fig. 3). Given that the R84H mutation is
identified in adenocarcinoma and endometrioid carcinoma
(mutation ID: COSM4875436), this observation suggests that
Erk1®¥* could be the disease-causing oncoprotein. In
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Figure 1. Mutating Arg84/Arg65 of Erk1/2 to various other residues renders the resulting mutants intrinsically active in vitro. The indicated re-
combinant purified Erk1/2 mutants were tested in a kinase assay with or without pretreatment with active MEK1. A, fixed volume from each reaction was
subjected to SDS-PAGE and stained with Coomassie brilliant blue to verify loading equal amounts of MBP (second row) and was then exposed to a
phosphorimager screen to visualize 3P incorporation (first row). Samples from each reaction were also subjected to Western blot analysis and probed with
antibodies against total Erk1/2 (third row), phosphorylated(TEY)-Erk1/2 (fourth row), and phosphorylated(Thr207/Thr188)-Erk1/2 (fifth row). B, a portion of

each kinase assay reaction was quantified in a 3-counter. Quantifications are shown as percentage of the activity of MEK1-activated Erk1/2

WT which was

considered as 100% =+ standard deviation (100% of Erk1"T = 235,264 cpm; 100% of Erk2™T = 145,430 cpm). Reactions were performed in triplicates. MBP,

myelin basic protein.

agreement with the in vitro kinase assays, Erk1®**T and
Erk1®¥** were less efficient oncogenes than Erk1%®** and gave
rise to six and two foci per microgram of DNA, respectively.
Erk1®*, Erk1®™*, and Erk1®™*' did not give rise to

appearance of foci (Fig. 3). In contrast to the Erkl mutants,
none of the Erk2 mutants was able to transform these cells as
not even a single focus appeared to grow over the contact-
inhibited cell layer following their expression.

Table 1
Intensities of the indicated peptides in each of the Erk2 proteins shown, as measured in tandem mass spectrometry

ERK2¥” ERK2R¢5S ERK2R¢H

Peptide modified sequence Intensity®

VADPDHDHTGFLTEYVATR 7.4 x 10° 3.5 x 10 1.7 x 10°
VADPDHDHTGFLpTEYVATR 0.00 22 x 10° 1.7 x 10°
VADPDHDHTGFLTEpYVATR 2.1 x 10° 1.0 x 10'° 9.1 x 10°
VADPDHDHTGFLTEYVApPTR 3.4 x 10° 1.0 x 107 1.5 x 107
VADPDHDHTGFLpTEpYVATR 0.00 2.2 x 107 7.3 x 107
VADPDHDHTGFLpTEYVApPTR 0.00 0.00 0.00
VADPDHDHTGFLTEpYVApPTR 2.4 x 10° 6.0 x 107 2.9 x 10°
VADPDHDHTGELpTEpYVApTR 0.00 0.00 24 x 10°

The bold values in the table represent the residues that were found to be phosphorylated in the peptide.
“ Values represent peptide intensities normalized to total Erk2 abundance, as calculated based on measured nonmodified Erk2 peptides GQVFDVGPR, FDMELDDLPK, and

ICDFGLAR.

4 Biol. Chem. (2023) 299(9) 105072
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Replacing Arg68 of the yeast Erk/Mpk1 to Ser, His, Ala, Tyr,
Thr, and Glu renders it independent of MEKs

Erk1®** and Erk2R®*® were created on the basis of a mu-
tation, R68S, which was identified in a genetic screen in yeast
that searched for mutants of the MAPK Erk/Mpk1 that rescue
mkklAmkk2A cells from sensitivity to caffeine (25). Mpkl is
essential for the synthesis and maintenance of the yeast cell
wall, so that yeast strains knocked out for MPK1 or for the
genes encoding its MAPKKs, called MKK1 and MKK2 (ie.,
mpklA and mkk1Amkk2A strains, respectively), do not grow in
the presence of compounds that damage the cell wall (e.g,
caffeine) (44, 45). To test whether in accordance with the
mammalian Erkl and Erk2, mutating Arg68 of Mpkl to
various residues (and not just to Ser) would render the kinase
MKK1/2 independent, Arg68 was replaced with His, Ala, Tyr,
Thr, Glu, Pro, or Lys. All Mpkl mutants were able to rescue
mpklIA cells showing that none of the changes of R68 affected
the activity (MKK1/2 dependent) of the enzyme (Fig. 4, A1 and
A2). When expressed in mkkiAmkk2A cells, most mutants
were able to rescue the cells from caffeine stress (Fig. 4, BI and
B2), suggesting that similar to the observation in the
mammalian Erk1/2, mutating the particular Arg residue within
the aC-helix to various residues renders the yeast Mpkl too
intrinsically active. Also similar to Erkl/2, replacing Arg68
with Pro or Lys did not render Mpk1 intrinsically active (Fig. 4,
BI and B2).

The fact that all Mpkl mutants, including Mpk1®®*" and
Mpk1R¢®, rescued mpklA cells strengthens the notion that
the aC-helix Arg of the Erks is dispensable for catalysis per se
and serves as a suppressor of intrinsic autoactivation.

Arg65 of Erk2 is associated with the DFG motif

The results described previously support the notion that the
position occupied by Arg84/Arg65/Arg68 in Erkl/2/Mpkl is a
hotspot for mutations that evoke spontaneous catalytic and

SASBMB

biological activities of the entire ERK family. It seems that an
Arg was selected by evolution for this position in Erk proteins
to suppress autocatalysis. Lysine, which shares chemical
properties with Arg, is also an efficient suppressor of
autophosphorylation.

What could be the structural basis for the function of the
aC-helix Arg as an obstructer of autophosphorylation?
Arg65 in Erk2 is very flexible and able to accommodate
many orientations (35). When comparing nine crystal
structures of Erk2, which were crystallized in the P21 space
group and have similar cell parameters, the measured dis-
tance between N of the two extreme orientations is 7.9 A
(Protein Data Bank [PDB] codes: 1ERK, 3ERK, 4ERK, 4S31,
4GT3, 5UMO, 6RFP, 6FLE, and 4XRL) (Fig. 5A4). Despite its
various orientations, in many of them, it interacts with the
DFG motif. For example, comparing two Arg conformations
in Erk2%7 structures (PDB codes: 5UMO and 4S31), in one
of them, Arg65 interacts with Asp165 side chain and in the
other with Gly167 backbone of the DFG motif (Fig. 5B). In
addition, it interacts with Asp334, Thr61, and Glu69 through
the backbone. In contrast, in the crystal structure of the
active variant Erk2R%°S (PDB code: 4S2Z), Ser65 does not
interact with the DFG. In this structure, Ser65 is accom-
modated in an opposite position to that of Arg65 in Erk2™ '
structures and possibly interacts with Tyr34 from the P-loop
(Fig. 5C) (6). In yet another intrinsically active variant of
Erk2, Erk2™®* (PDB code: 4530), which is capable of auto-
phosphorylation, Arg65 is also not associated with the DFG
motif, similar to the case of Erk2R¢°S (Fig. 5D). Thus, the
inability of the residues that replace Arg65 in the active
mutants to interact with the DFG is correlated with auto-
phosphorylation and is a potential explanation for the
spontaneous autophosphorylation activity of the active mu-
tants. We speculate that Arg65 in Erk2 interacts with the
DFG motif and interferes with its function to stabilize Mg>*/
ATP binding and blocks autophosphorylation.
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Figure 3. Some of the Erk1 molecules mutated at Arg84 oncogenically transform NIH3T3 cells. Expression vectors carrying the indicated Erk1/2
mutants were introduced into NIH3T3 cells. Expression vectors carrying no gene (empty vector) or carrying Erk1"T were used as negative controls, whereas

was used as a positive control for cell transformation. Cells expressing the indicated vectors were selected by

the addition of G418 and fixed and stained with crystal violet 4 weeks after transfection. Statistical analysis revealed that the differences in oncogenic
efficiency between Erk1%%* and Erk17®*" mutants were not statistically significant (p value of 0.36). Similarly, no significant differences were observed when
comparing Erk1%8* with Erk1784Y, Erk1784T, Erk178%", and Erk17®* mutants (average p value of 0.16). However, the remaining samples exhibited statistically

significant differences, with an average p value of 0.023.

The role of aC-helix Arg84/65 in the active conformation
(dually TEY phosphorylated), if any, is not clear. As
mentioned, the residue at this position is not part of the hy-
drophobic spines. Arg65 of Erk2 interacts, indirectly, with the
phospho-accepting Thr183 of the TEY motif, similar to the
interaction between His87 and phosphorylated Thr197 of
cPKA (46). Specifically, Arg65 interacts with a water molecule
(Wat544 numbering in PDB code: 2ERK) that in turn interacts
with phosphorylated Thr183. In the structure of phosphory-
lated Erk2 bound to AMP-PNP (PDB code: 60PG), Arg65
interacts with two water molecules, Wat504 and Wat512. On
one side, the water molecules interact with Arg65, and on the
other side, Wat504 interacts with the phosphorylated Thr183,
and Wat512 interacts with Glyl67 of the DFG, thereby
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allowing for an indirect interaction between Arg65 to
phospho-Thr183 and phospho-Glyl167. Crystal structure of
dually phosphorylated Erk1 is not available.

In Erk1/2 molecules that are mutated in Arg84/65,
autophosphorylation of Thr183/202 or Thr207/188 is mutual
exclusive

For Thr202/183 and Tyr204/185 of Erkl/2 to become
phosphorylated, their residue’s hydroxyl must be activated
and rendered nucleophilic. The base amino acid that activates
all Erks’ substrates is Asp166/147, known therefore as the
“catalytic Asp” (47). Crystal structures of apo Erk2 show that
Aspl47 interacts with Lysl49 and Thrl88, which is
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Figure 4. Various mutants of the yeast MAPK Erk/Mpk1, mutated at Arg68 (but not Mpk17°°®¢ and Mpk1®%®®), are intrinsically active. Plasmids
carrying the indicated mutants were introduced to mpk1A yeast cells (A) or mkk1Amkk2A cells (B). Transformants were grown to logarithmic phase on SD
(=URA) medium and then plated in serial dilutions (1:10) on either SD (~URA) plates or on plates containing YPD supplemented with 16 mM caffeine, as
indicated. In panels AT and BT mutants were expressed from YEP352, and in panels A2 and B2, mutants were expressed from AES426 expression vector.
MAPK, mitogen-activated protein kinase; YPD, yeast extract-peptone-dextrose.

autophosphorylated in Erk2R®>® (Figs. 1A and 2) (48). The
critical position of Thr188 in Erk2, and its phosphorylation in
human diseases (43, 49), strongly implies that its phosphor-
ylation plays important regulatory role, which is still un-
known. The spontaneous phosphorylation of Thr207/188 in
Erk1/2 molecules mutated in Arg84/65 provides an experi-
mental platform to look into this role. The results shown
previously, that Thr207/188 phosphorylation is not affected
at all by MEK in vitro, or by EGF in living cells (Figs. 14 and
2), suggest that this mode of regulation is independent of the
RTK-Ras—Raf-MEK pathway. Furthermore, Thr207/188
phosphorylation seems independent of TEY phosphorylation
because it occurs even in molecules mutated in the TEY
motif, namely, Erk1R84S * T202A + Y204F (Eio 6y and Erk2R®S *
TI83A + YI85F () Thus, in the active variants, Thr207/188
phosphorylation is not mediated by the active conformation.
To further inquire into the notion that Thr188 phosphory-
lation is independent of acquiring the active conformation via
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TEY phosphorylation, we tested whether the population of
purified Erk2%" proteins includes molecules that are phos-
phorylated only on Thr188. This was addressed via extensive
MS/MS analysis. The identity of each phospho-peptide in the
assay was unambiguously confirmed with a corresponding
synthetic peptide, which contained heavy isotopes for dis-
tinguishing from the native Erk2 peptide and analyzed
together by mass spectroscopy in a parallel reaction moni-
toring (PRM) experiment. The PRM experiment revealed that
phospho-Thr188-Erk2 molecules, which are not phosphory-
lated on the TEY motif, do exist in the population of Erk2%™,
There are 3-fold and 4.4-fold more such molecules in the
population of Erk2%®*® and Erk2®®**" respectively (Table 1).
This confirms that phosphorylation of Thr188 is an outcome
of the catalytic activity of Erk molecules that are not neces-
sarily phosphorylated on the TEY motif. To our knowledge,
no other examples of phospho-TEY-independent kinase ac-
tivity for Erk have been reported.
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Asp165 Gly167

Figure 5. Arg65 of Erk2 may block spontaneous autophosphorylation activity via its interaction with the DFG motif. A, superposition of Arg65 from
nine crystal structures (Protein Data Bank codes: 1ERK, 3ERK, 4ERK, 4531, 4GT3,5UMO, 6RFP, 6FLE, and 4XRL) of ERK2 that were crystallized in the P21 space
group and have similar cell parameters. The two extreme conformations are colored in dark purple. B, Arg65 conformation comparison between two Erk2
structures (Protein Data Bank codes: 5UMO and 4S31). In both conformations, Arg65 interacts with residues of the DFG motif, either Asp165 or Gly167. C, in
Erk2%%%, Ser65 does not interact with the DFG. D, in Erk2'®*, also an intrinsically active variant (26), Arg65 does not interact with the DFG motif.

The effect of Thr188 phosphorylation is not known yet, but
regulation of Erks via Thr188 autophosphorylation may occur
not only in the active mutants but also in the native Erk2,
in vivo, under some physiological situations. It is plausible that
there exist Erk2’s activators, perhaps allosteric, that induce a
“prone-to-autophosphorylate” conformation, similar to that
imposed by mutating Arg65. Subunits B and y of the trimeric
GTP-binding protein Gq are prime suspects of being such
allosteric activators, as they were reported to induce Thr188
phosphorylation in vitro (43). This hypothetical pathway,
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Figure 6. Thr207/188 phosphorylation is independent of TEY motif
phosphorylation. The indicated recombinant purified Erk1 mutants were
tested in a cold kinase assay with or without active MEK1. Fixed volume
from each reaction was subjected to Western blot analysis and probed with
antibodies against total Erk1/2 (first row), phosphorylated(TEY)-Erk1/2 (sec-
ond row), and phosphorylated(Thr207/Thr188)-Erk1/2 (third row).
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which regulates Erk2 via Thr188 phosphorylation, may be
overactive in patients with cardiac hypertrophy in which
Thr188 is highly phosphorylated (43, 49).

It is not known whether the phosphorylation of Thr188 in
cardiac hypertrophy is an isolated unique case of this phos-
phorylation. It would be most interesting to test whether
Thr188 and Thr207 are also phosphorylated in cancer patients
carrying the R84H mutation in Erk1l. Considering the difficulty
in obtaining these extremely rare samples, we tested the
cancer-derived cell lines PC3, PANC-1, Jurkat, and Karpas and
observed that Erk2 is phosphorylated on Thrl88, to varying
levels, in all of them (Fig. S3). This phosphorylation is thus not
exclusive to cardiac hypertrophy and should be further
investigated in association with cancer.

As shown in Table 1, both active variants, Erk2%®*® and
Erk2®%°H, can autophosphorylate on Tyr185 more efficiently
than Erk2%" (5.1- and 4.7-fold stronger in Erk2®®*S and
Erk2RH compared with Erk2%7, respectively) (Table 1).
Importantly, molecules phosphorylated only on Thr183 were
not detected in Erk2%™ population but were detected in the
populations of the active variants. Also, peptides that are
phosphorylated on Thr183 + Tyr185 were detected only in the
active variant’s samples. Peptides phosphorylated on Tyr185 +
Thr188, on the other hand, did appear at low levels in the
population of Erk2%" molecules and were significantly more
abundant, 24.3- and 118-fold stronger, in the populations of
Erk2R> Erk2Re°H, respectively (Table 1).

Although absolute quantification of the relevant peptides
was not performed, and the phosphorylation site localization
may have some effect on the ionization efficiency of the pep-
tides in the mass spectrometer (thus affecting their measured
intensity), the vast differences in measured intensities of these
peptides suggest that Tyr185 + Thr188 and Thr183 + Tyrl85
are the most abundant populations of doubly phosphorylated
peptides. The doubly phosphorylated Thr183 + Thr188 peptide
was below the MS detection limit, thus at least several orders of
magnitude lower than the other doubly phosphorylated
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peptides, suggesting its rare occurrence or even absence. Triply
phosphorylated molecules, phosphorylated on Thr183 +
Tyrl85 + Thr188, were identified only among Erk2%**" mol-
ecules at a relatively low intensity (Table 1).

As the activity of singly phosphorylated Erk proteins was
shown to be extremely low (50), it is almost certain that the
dually phosphorylated molecules within the population are
responsible for the intrinsic activity of Erk molecules mutated at
the aC-helix Arg. The question remains whether not only
molecules that are phosphorylated on the TEY motif but also
those phosphorylated on Tyr185 + Thr188, which are the ma-
jority of the dually phosphorylated molecules in the populations
of Erk2®%* and Erk2®®*™, are catalytically active. Attempts to
isolate and separate each type of dually phosphorylated protein
and test its catalytic capability was not successful, leaving the
question open. In any case, the MS/MS analysis showed that
mutating Arg84/65 allowed phosphorylation of any of the three
phosphor-acceptors of the activation loop (Table 1).

Arg84/65 of Erk1/2 is invariant in all MAPKs but is not
conserved in other EPKs

The importance of Arg84/65 of Erk1/2 and Arg68 of Mpkl
as suppressors of autophosphorylation raises the questions if
this particular position within the aC-helix has a universal role
in other EPKs, and whether there is a correlation between the
residue at this position and the ability of a kinase to auto-
phosphorylate. In other words, are other EPKs that possess an
Arg at this position also incapable of autocatalysis? By applying
a structure-based multiple sequence alignment, generated by
Modi and Dunbrack (51), it was revealed that an Arg in this
position is invariantly conserved in all MAPKs (Fig. 7A).
Impressively, this Arg appears in all mammalian MAPK sub-
families (p38s, JNKs, and BMK/ERKS5), in all isoforms (Fig. 7B)
and in all MAPKs of lower eukaryotes, including yeast, Cae-
norhabditis elegans, and Drosophila melanogaster (Fig. 7C).
We could not find a single MAPK that does not harbor an Arg
at the relevant position. We therefore refer to this arginine as
the MAPK-aC-Arg. The conservation of this Arg is further
impressive given that there is no conservation of the sequence
of the aC-helix amongst EPKs, and the only highly conserved
residue is the glutamic acid (position 7 at Fig. 7D), which is
critical for interacting with the Lys residue of B3 and stabilizing
the active conformation.

Unlike MAPKs, other EPK superfamilies possess various
residues at the equivalent position (Fig. 7D), suggesting that
the rule for an Arg at this position is restricted to MAPKs.
Even within the CMGC kinases (the group to which MAPKs
belong), this Arg is not conserved. For instance, CDKs possess
either a threonine or a serine (except for CDK20 that has a
glutamine), CLKs have an alanine, GSK3s possess a phenylal-
anine, and DYRKs have a glutamine. The only kinase among
members of the CMGC family that does not belong to the
MAPK family and possesses an arginine at this position is
Nemo-like kinase (Supplemental File 1). Nemo-like kinase
shares many properties with MAPKs and is actually considered
as an atypical member of the MAPK group (52).
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Similarly, among the 62 members of the AGC group of
EPKs, there is no highly preferred amino acid at this position.
About 33.9% of them have histidine (Fig. 7D). All members of
the MRCK, DMPK, and PKC (apart from PRKCI and PRKCZ)
families, belonging to the AGC kinases, harbor a cysteine in
this position (Fig. 7D and Supplemental File 1). Interestingly,
four isoforms of the ribosomal S6 kinase, RPS6KA1L, 2, 3, 6,
which are activated by Erks, are the only AGCs to have an Arg,
equivalent to ERKs’ Arg84/Arg65 (Fig. 7D and Supplemental
File 1).

In CAMK family, which is one of the largest EPK families,
containing 92 members, this position is occupied by many
different residues with lysine being the most common (Fig. 7D
and Supplemental File 1). The CAMKSs that have an arginine in
this position are CAMKK1, PIM1, PLK4, SPEG-2, MKNK1,
MKNK?2, and MELK. In CK1 kinase family, most members
possess a glutamine in this site, and only one, vaccinia-related
kinase 3 possess an Arg. In NEK and RGC groups, there seems
to be no preference for a specific residue, and none of them
have an arginine (Fig. 7D and Supplemental File 1).

Interestingly, in the STE family, this position is mostly
occupied by either an acidic amino acid (aspartic or glutamic
acid) or leucine. For example, in PAK members, there is a
leucine in this position, and in STK members, there is aspartic
acid or glutamic acid. Three members of the MAP2K family
(MAP2K3, 6, and 7, also known as MEK or MAPKK) have
arginine in this position. These kinases are known to phos-
phorylate MAPKs.

Similar to NEK and RGC families, in the TKL group, there is
no preference for a specific residue (Fig. 7D and Supplemental
File 1). The only member of this family that possesses an
arginine in this position is interleukin-1 receptor—associated
kinase 3.

In TYR kinases, which form the largest EPK family, con-
taining 94 kinases, no arginine is found in this position (Fig. 7D
and Supplemental File 1). Notably, these kinases are mostly
self-regulated by autophosphorylation. In many Tyr kinases,
there is either an acidic residue or an alanine, followed by a
hydrophobic residue (mostly Phe, but also Leu, Val, or Met).

The 10th group of typical kinases is known as “OTHER”
kinases and consists of the remaining 65 kinases that have a
remote homology to other kinase families. Several kinases in
this group do have an arginine in this position, including
CDC7, CHUK, EIF2AK4, IKBKB, PBK, PKMYT1, RNASEL,
STK31, TP53RK, and WNK members. It should be noted that
some of these molecules are not bona fide kinases.

In summary, the bioinformatics analysis showed that
MAPK-aC-Arg is almost exclusively restricted to and invari-
antly conserved within MAPKs, which almost all of them are
incapable of spontaneous autophosphorylation. It is very rarely
found in other EPKs, but the few kinases in which it is found
may share some properties with MAPKs.

The MAPK-aC-Arg in Hog1/p38 MAPKs is essential for
autophosphorylation

As explained previously, the original mutation in the
MAPK-aC-Arg was isolated in a screen in yeast for
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Figure 7. An Arg residue, equivalent to Arg84/65 of Erk1/2, is invariantly conserved in MAPKs, found in all MAPKs in nature, and is restricted to
MAPKs. A, a WebLogo depicting the MSA of the a-C helix of all MAPKs. The y-axis represents the probability score. The x-axis displays the position of amino
acid in the MSA. The aC-helix Arg is highlighted in light purple. Note that it is present in all MAPKSs. B, structure-based MSA found in Kincore was used to
align mammalian MAPKs showing 100% conservation of the aC-helix Arg (highlighted in light purple). C, structure-based MSA of MAPKs found in lower
eukaryotes also showing conservation of the aC-helix Arg (highlighted in light purple). D, WebLogos depicting the MSA of the different EPK families. The
position equivalent to Arg84/65 of Erk1/2 in each family in highlighted in light purple. EPK, eukaryotic protein kinase; MAPK, mitogen-activated protein
kinase; MSA, multiple sequence alignment.
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intrinsically active, MKK1/2-independent, Mpkl molecules
(25). Intriguingly, mutations in the equivalent Arg did not
emerge in a similar screen for intrinsically active variants of the
MAPK Hogl (the yeast ortholog of p38) (27, 28), suggesting
that in the p38/Hogl family, it may not be a suppressor of
autophosphorylation. As it could be that the screen was not
saturated, we tested directly whether mutating Arg66 of Hogl
to Ser, His, Ala, or Pro would render Hogl intrinsically active.
It was found that the mutations did not evoke an intrinsic
activity in the resulting mutants (HOGI1?®*S, HOG1?**",
HOG1®***, and HOG1?*") (Fig. S4A). This suggests that,
although highly conserved, the MAPK-aC-Arg of the Hogl/
p38 group functions differently than the MAPK-aC-Arg of the
Erk group. Attempting to generate intrinsically active variants
of JNK1, we also tested mutations in the equivalent Arg in this
MAPK (Arg69) and found the resulting mutant, JNK1%¢%, to
behave just like INK1¥T, namely manifested catalytic activity
only after phosphorylation by MKK?7 (Fig. S4B). Thus, in JNKs
and Hogl/p38s, the Arg equivalent to Arg84/65 of Erkl/2
seems not to function as a major suppressor of autophos-
phorylation so that modifying it does not derepress auto-
phosphorylation. The fact that HOG1®*S, HOG1®*H,
HOGI?***, HOG1®", and JNKI1®*®® function normally,
shows that, similar to the observations in Erks, in Hogl/p38s
and JNKs too, the MAPK-aC-Arg is not at all required for the
MAPKK-dependent activity. Namely, in all kinases tested, it is
not essential for stabilizing the active conformations.
Although not an obvious suppressor of spontaneous auto-
phosphorylation, the MAPK-aC-Arg may still be involved in
regulating autophosphorylation of p38s and JNKs. To address
this matter, we took advantage of the rare examples of MAPKs
that do manifest some degree of spontaneous autophosphor-
ylation. These include p38p (53, 54), the JNK2 splice variant
JNK2a2 (55), and the intrinsically active variants of Hogl (28,
56). The active Hogl variants are particularly indicative tools
for this purpose. These molecules (eg, Hogl®"** and
HognglSS) acquired intrinsic (MAPKK-independent) catalytic
and biological activity. As the Hogl pathway is essential for
proliferation under osmostress, cells knocked out for HOG1 or
for its direct MAPKK PBS2 would not proliferate on medium
supplemented with high concentration of NaCl for example.
Hogl mutants, such as Hogl1”'"** or HognglSS, can rescue
cells knocked out for PBS2 (pbs2A cells), showing that they
function independently of MAPKK/Pbs2 activity. The mech-
anism responsible for the independence of Hogl®'7°* or
Hog1"'® of MAPKK activation is the acquirement of auto-
phosphorylation/autoactivation capabilities (28, 56, 57). Thus,
if the MAPK-aC-Arg is critical exclusively for autophosphor-
ylation of these active mutants, then molecules mutated in it
will still be activated by MAPKK/Pbs2 but will lose their
intrinsic activity. This notion could be tested by monitoring
the ability of the mutants to rescue ogIA and pbs2A cells of
osmostress. If mutating Arg66 in Hog1”'7** molecules affects
catalysis altogether, the mutants will not be able to rescue
either strain. But if mutating Arg66 affects exclusively auto-
phosphorylation, the mutants will still rescue kogIA but not
pbs2A cells. As is shown in Figure 84, expression of Hogl'7%*
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(but not Hog1™T) allows growth of pbs2A cells in the presence
of 0.8 M or even 1 M NaCl, as expected (28, 57). But,
HogID170A + R66S 11,5 1DI70A + RE6H 1151 DI70A + R66A 49
Hog could not rescue the osmosensitivity of
pbs2A cells, whereas they did rescue, efficiently, ogIA cells
(Fig. 8, A and B, lanes 4-7). The loss of their ability to rescue
pbs2A cells is correlated with a reduced level of their phos-
phorylation on the TGY motif, namely, reduced autophos-
phorylation activity (Fig. 8C). This result suggests that the
MAPK-aC-helix of Hogl, Arg66, is specifically essential for
autophosphorylation (but not at all for catalysis per se). This
seems to be the case in the entire Hogl/p38 family because an
equivalent mutation in the mammalian p38f R67S had a very
similar effect. It abolished p38p’s intrinsic autoactivation
capability but maintained its MKK6-dependent activity
(Fig. 9A). The exclusive role of Arg67 of p38f for autophos-
phorylation is also observed in cell culture where p38p™ ", but
not p38pR¢7%, manifested spontaneous phosphorylation
(Fig. 9B). All proteins were phosphorylated in cells exposed to
UV radiation, a known stimulator of the p38 pathway (58)
(Fig. 9B). Thus, similar to the case in the active variants of the
yeast Hogl, Arg67 of mammalian p38p is specifically required
for intrinsic autophosphorylation and not for the catalytic
activity itself.

Finally, we replaced Arg69 in JNK2a2 to Ser and observed
that this mutation prevented its autoactivation capabilities,
whereas its MKK7-induced activity was maintained (Fig. 9C).
Thus, similar to the case seen in p38f and in intrinsically active
variants of Hogl, the MAPK-aC-helix-Arg of JNK2a2 is
important for autophosphorylation but not for catalysis.

In summary, the MAPK-aC-Arg plays a critical role in
controlling autocatalysis in all MAPKs, but the exact roles
differ between Erks and Hogl/p38s/]NKs, reflecting nuances
in the evolution of the control over autophosphorylation
within each MAPK family.

1D17OA + R66P

In the crystal structures of JNK2a2 and p38p, both capable of
autophosphorylation, MAPK-aC-Arg does not interact with
DFG residues

As discussed, the MAPK-aC-Arg of ERKs interacts with the
DFG motif (Fig. 5). To test whether in other MAPKs it also
associates with the DFG, we analyzed available crystal struc-
tures of MAPKs. In JNK1 (PDB code: 4L7F, with inhibitor), the
arginine has two possible conformations, which indicate that,
as in Erk2, it is also a flexible residue. Interestingly, similar to
the case observed in Erk2 structures, in one conformation, the
MAPK-aC-Arg of JNK1 (Arg69) is rotated toward the Asp of
the DFG motif and can form a charged interaction with it
(Fig. 10A). In the apo-structure of JNK3 (PDB code: 4KKG),
the MAPK-aC-Arg (Argl07) can interact with Asp207 of the
DFG motif (Fig. 10B). In inactive p38y structure (PDB code:
7CGA), MAPK-aC-Arg, Arg70, interacts with Glyl73 of the
DFG motif (Fig. 10C). Similarly, in p388 structure (PDB code:
4YNO), Arg68 can make hydrogen bonds with Asp168 of the
DFG motif (Fig. 10D). Interestingly, MAPK-aC-Arg does not
interact with DFG residues in the crystal structures of JNK2a2
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Figure 8. Mutating Arg66 in the yeast MAPK p38/Hog1 affects specifically intrinsic autophosphorylation but not catalysis. A, pbs2A cells harboring
the indicated expression plasmids were plated in five serial dilutions on plates containing YPD supplemented with 0.8 M or T M NaCl. All strains were also
plated on plates containing SD (~URA) medium with no NaCl. B, as in A but in hogTA cells. C, protein lysates prepared from pbs2A cells harboring the
indicated plasmids, and exposed or not exposed to 0.77 M NaCl, were subjected to a Western blot analysis and probed using the indicated antibodies.
MAPK, mitogen-activated protein kinase; YPD, yeast extract-peptone-dextrose.
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Figure 9. Arg67 and Arg69 are essential for autophosphorylation of p38f and JNK2a2, respectively. A, the indicated, recombinant, purified p38
molecules were tested in an in vitro kinase assay. A fixed volume from each reaction was subjected to SDS-PAGE and exposed to an X-ray film to visualize

P incorporation (first row). Samples were also subjected to Western blot analysis andéprobed with antibodies against the polyhistidine, targeting the His
tag on the p38p proteins (second row), and phosphorylated(TGY) p38 (third row). p38BY°°" molecules, mutated in the adjacent residue of Arg67, were used
as a control for the specificity of the Arg67 function. B, HEK293T cells were transfected with the indicated vectors. About 48 h post-transfection, cells were
irradiated, or not, with UV radiation and lyzed 1 h later. Protein lysates were subjected to Western blot analysis using the indicated antibodies. C, INK2a2""
and JNK2a2%®* molecules were tested in an in vitro kinase assay using GST-c-Jun as a substrate, with or without pretreatment with active MKK7. Reaction
mixtures were separated on SDS-PAGE and exposed to an X-ray film. GST, glutathione-S-transferase; HEK293T, human embryonic kidney 293T cell line; JNK,

c-Jun N-terminal kinase.

and p38p, both capable of autophosphorylation (Fig. 10, E and
F). In the JNK2a2 structure (PDB code: 3E70) (59), the
conserved Arg69 side chain can interact with His66. It is not
oriented toward the DFG motif and makes no interaction with
it (Fig. 10E). Similarly, in the three available p38( costructures
with inhibitors, the conserved Arg67 makes only backbone
interactions with residues from the oC-helix and does not
interact with the DFG motif (Fig. 10F). Taking together, the
observations in the structures of Erk2%%°S, Erk2®*A, INK2, and
p38p propose that the absence of the interaction between the
aC-helix Arg and the DFG is a potential explanation for the
spontaneous autophosphorylation activity of these molecules.
Nevertheless, the absence of this interaction is not sufficient
for promoting autophosphorylation as in the structures of
p38a (PDB codes: 5ETC and 5UQ]J), which does not manifest
basal activity, the conserved Arg67 makes no interaction with
the DFG motif.

We thus propose that disrupting the interaction of the
MAPK-aC-helix Arg with the DFG motif is an important
event, but not always sufficient, for igniting autophosphor-
ylation of MAPKs.

In summary, the experimental results, combined with
structural and bioinformatic analysis, point at the position at
the aC-helix, occupied by histidine (His87) in c¢PKA and

SASBMB

Arg84/65 in Erkl/2, as a specific regulator, of autophosphor-
ylation, and not of catalysis per se, of MAPKs.

The fact that an Arg at this position is MAPK specific dis-
tinguishes between MAPKs and the rest of EPKs. Analysis of
the position in all other EPKs is required to assess the effect of
this site, if any, on the activity of each EPK, particularly on its
ability to acquire the “prone-to-autophosphorylate” confor-
mation. It was already shown that in c¢PKA, conversion of
His87 to Ala caused an increase in intrinsic activity, which
relies on autophosphorylation (19). This clearly shows that
His87 is not critical for catalysis and seems to be involved in
autophosphorylation, supporting an idea that the nature of the
residue at the position may affect the autophosphorylation
properties of many EPKs.

Why did evolution preserve an efficient autophosphor-
ylation potential (even if suppressed) in the Erk1/2 molecules,
which are activated by MEK and do not seem to need auto-
phosphorylation for activation? The answer to this riddle is
currently unknown, but in the p38 family, the a, B, and y
isoforms were reported to be activated, under specific phys-
iological conditions, via the so called “alternative pathway,” a
machinery that exploits their hidden autophosphorylation
capacity (31-33). Perhaps Erk molecules too are activated,
under yet unknown situations, by desuppressing their

J. Biol. Chem. (2023) 299(9) 105072 13
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A INK1 B
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INK3 C

INK2 F

p38y

Arg107

p38p

Phe169

Gly171

Gly170

Arg67

Figure 10. Analysis of crystal structures of p38s and JNKs reveals an association between interaction of MAPK-ac-helix-Arg with DFG and
spontaneous autophosphorylation capability. A, amino group of Arg69 (colored in purple) of JNK1 (Protein Data Bank [PDB] code: 4L7F) interacts with the
carboxyl group of Asp169 (colored in green) of the DFG motif. The distance of the charged interaction between the two atoms is indicated. B-D, as in A, but
a zoom in into the interaction between the MAPK-ac-Arg and DFG motif of JNK3 (PDB code: 4KKG), p38y (PDB code: 7CGA), and p386 (PDB code: 4YNO). E,
zoom in into the MAPK-ac-Arg (colored in purple) of JNK2 (PDB code: 3E70) showing no association with the DFG motif (colored in green), providing a
potential analysis for its autophosphorylation activity. F, as in E but the structural analysis of p383 (PDB code: 3GC9). JNK, c-Jun N-terminal kinase; MAPK,

mitogen-activated protein kinase.

autophosphorylation potential. The observation that Erk2 is
phosphorylated on Thr188 in patients with cardiac hyper-
trophy (43, 49) and in cells derived from tumors (Fig. S3),
combined with the identification of the R84H mutation in
ERK1 of some cancer patients, supports such a notion.

14 J Biol. Chem. (2023) 299(9) 105072

Understanding the alternative mode of Erk activation is
therefore clinically important for both cancer and cardiac
diseases, and inhibitors against it, particularly against
Erk1®¥*  might be new tools for combating these
morbidities.
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Experimental procedures
Cloning and plasmids

Previously reported pET15b or pCEFL vectors carrying
either human ERK1 or rat ERK2 (6, 25) were used as bacterial
and mammalian expression vectors and for templates for site-
directed mutagenesis. Mutants generated in pET15b were N-
terminally tagged by a 6xHis tag. ERK1 mutants in pCEFL
were also N-terminally tagged with a 6xHis tag, whereas ERK2
mutants in pCEFL were N-terminally tagged with 3xHA tag
(YPYDVPDYA). For expression in yeast and for generating
mutations in MPK1 and HOGI, the plasmids pAES426-HA-
MPK1¥" and pAES426-HA-HOG1¥" (25) were used. For
bacterial and mammalian expression and for mutating p38p,
we used pET15bp38p™" and pCEFL-3xHA-p38B™ " vectors

Table 2
Primers used in site-directed mutagenesis reactions

Arg84/65 is a latch of autoactivation of Erk1/2

(53). For bacterial expression, human JNK2a2 complementary
DNA (N-terminally tagged with 6xHis) was cloned into the
Ndel/HindIII restriction sites of pET28. Site-directed muta-
genesis of all genes was performed using the quick-change
mutagenesis kit, according to the manufacturer’s in-
structions, using the PfuUltrall Fusion HS DNA Polymerase
(Agilent; catalog no.. 600672). Primers used are listed in
Table 2.

Protein expression and purification

All proteins were expressed and purified as previously
described (25). Briefly, expression plasmids were introduced
into E. coli Rosetta strain cells (Novagene), which were grown
at 37 °C in LB medium to logarithmic phase. Expression was

Description

Primer sequence

ERK1-R84H-F
ERK1-R84H-R
ERK1-R84Y-F
ERK1-R84Y-R
ERK1-R84A-F
ERK1-R84A-R
ERK1-R84T-F
ERK1-R84T-R
ERK1-R84P-F
ERK1-R84P-R
ERK1-T84K-F
ERK1-T84K-R
ERK2-R65H-F
ERK2-R65H-R
ERK2-R65A-F
ERK2-R64A-R
ERK2-R65T-F
ERK2-R65T-R
ERK2-R65Y-F
ERK2-R65Y-R
ERK2-R65P-F
ERK2-R65P-R
ERK2-R65K-F
ERK2-R65K-R
MPK1-R68S-F
MPK1-R68S-R
MPK1-R68H-F
MPK1-R68H-R
MPK1-R68A-F
MPK1-R68A-R
MPK1-R68T-F
MPK1-R68T-R
MPK1-R68Y-F
MPK1-R68Y-R
MPK1-R68P-F
MPK1-R68P-R
MPK1-R68K-F
MPK1-R68K-R
MPK1-R68E-F
MPK1-R68E-R
HOG1-R66S-F
HOG1-R66S-R
HOG1-R66H-F
HOG1-R66H-R
HOG1-R66A-F
HOGI-R66A-R
HOG1-R66P-F
HOG1-R66P-R
JNK2-R69S-F
JNK2-R69S-R
P38B-R67S-F
P38B-R67S-R
P38B-Y68H-F
P38B-Y68H-R
P38B-Y323Q-F
P38B-Y323Q-R

CCTACTGCCAGCACACGCTCCGGGAG
CTCCCGGAGCGTGTGCTGGCAGTAGG
CAGACCTACTGCCAGTACACGCTCCGGGAGATC
GATCTCCCGGAGCGTGTACTGGCAGTAGGTCTG
CAGACCTACTGCCAGGCCACGCTCCGGGAGATC
GATCTCCCGGAGCGTGGCCTGGCAGTAGGTCTG
CAGACCTACTGCCAGACCACGCTCCGGGAGATC
GATCTCCCGGAGCGTGGTCTGGCAGTAGGTCTG
CAGACCTACTGCCAGCCCACGCTCCGGGAGATC
GATCTCCCGGAGCGTGGGCTGGCAGTAGGTCTG
CAGACCTACTGCCAGAAAACGCTCCGGGAGATC
GATCTCCCGGAGCGTTTTCTGGCAGTAGGTCTG
CAGACCTACTGTCAGCATACCCTGAGAGAG
CTCTCTCAGGGTATGCTGACAGTAGGTCTG
CACCAGACCTACTGTCAGGCAACCCTGAGAGAGATAAAA
TTTTATCTCTCTCAGGGTTGCCTGACAGTAGGTCTGGTG
CCAGACCTACTGTCAGACAACCCTGAGAGAGATAA
TTATCTCTCTCAGGGTTGTCTGACAGTAGGTCTGG
GCACCAGACCTACTGTCAGTATACCCTGAGAGAGATAAAAA
TTTTTATCTCTCTCAGGGTATACTGACAGTAGGTCTGGTGC
CCAGACCTACTGTCAGCCAACCCTGAGAGAGATAA
TTATCTCTCTCAGGGTTGGCTGACAGTAGGTCTGG
CCAGACCTACTGTCAGAAAACCCTGAGAGAGATAA
TTATCTCTCTCAGGGTTTTCTGACAGTAGGTCTGG
AAGACCTTACTATGTAAAAGCTCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGAGCTTTTACATAGTAAGGTCTT
AAGACCTTACTATGTAAACACTCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGAGTGTTTACATAGTAAGGTCTT
AAGACCTTACTATGTAAAGCATCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGATGCTTTACATAGTAAGGTCTT
AAGACCTTACTATGTAAAGAATCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGATGTTTTACATAGTAAGGTCTT
AAGACCTTACTATGTAAATACTCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGAGTATTTACATAGTAAGGTCTT
AAGACCTTACTATGTAAACCCTCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGAGGGTTTACATAGTAAGGTCTT
AAGACCTTACTATGTAAAAAGTCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGACTTTTTACATAGTAAGGTCTT
AAGACCTTACTATGTAAAGAATCCCTACGTGAGCTAAAG
CTTTAGCTCACGTAGGGATTCTTTACATAGTAAGGTCTT
CCACTGCAGTGCTGGCCAAAAGCACATATCGTGAAC
GTTCACGATATGTGCTTTTGGCCAGCACTGCAGTGG
CCACTGCAGTGCTGGCCAAACATACATATCGTGAAC
GTTCACGATATGTATGTTTGGCCAGCACTGCAGTGG
CCACTGCAGTGCTGGCCAAAGCGACATATCGTGAAC
GTTCACGATATGTCGCTTTGGCCAGCACTGCAGTGG
CCACTGCAGTGCTGGCCAAACCGACATATCGTGAAC
GTTCACGATATGTCGGTTTGGCCAGCACTGCAGTGG
CCAAACTCATGCAAAGAGCGCTTATCGTGAACTTGTCC
GGACAAGYYCACGATAAGCGCTCTTTGCATGAGTTTGG
CGCTGATCCACGCGCGCAGCACGTACCGGGG
CCCGGTACGTGCGCGCGTGGATCAGCG
CACGCGCGCAGAACGCACCGGGAGCTGCGG
CCGCAGCTCCCGGTGCGTTCTGCGCGCGTG
CGCTCTCATCTTGTGGCTCGGCCTCTGGCTCATCCTCGGGG
CCCCGAGGATGAGCCAGAGGCCGAGCCACAAGATGAGAGCG

U

SASBMB

J. Biol. Chem. (2023) 299(9) 105072 15



Arg84/65 is a latch of autoactivation of Erk1/2

induced at 30 °C with 0.2 mM IPTG, and cultures were
further incubated for 5 h. Cells were harvested by centrifu-
gation at 3200g for 10 min and flash frozen at -80 °C. Protein
purification was performed using Ni—-NTA beads (Hadar
Biotech). Proteins were dialyzed, and their concentrations
were determined based on their extinction coefficient at
280 nm. Finally, they were flash frozen in liquid nitrogen and
stored at —80 °C.

In vitro kinase assay

In vitro kinase assay of all proteins was done as described
previously (6). In brief, Erk1/2 proteins were incubated with
[y->*p] ATP and the substrate myelin basic protein, with or
without pretreatment with active MEK1. p38f activity was
checked toward the substrate glutathione-S-transferase-ATF2,
with or without pretreatment with active MKK6. JNK2 activity
was measured toward glutathione-S-transferase-c-Jun, with or
without preactivation with active MKK7. The activity was
quantified by monitoring **P incorporation into the substrates
using a scintillation counter running a **P Cherenkov program
and was also visualized, qualitatively by running a fraction of
the reaction mixture on SDS-PAGE. Other fractions of reac-
tion mixtures were tested by Western blot.

Mammalian cell culture transfection and foci formation assay

HEK293T, NIH3T3, PC3, and PANC-1 cells were cultured
in Dulbecco’s modified Eagle’s medium (Sigma—Aldrich),
whereas Karpas and Jurkat cells were grown in RPMI1640
(Gibco) medium. All media were supplemented with 10% fetal
bovine serum, sodium pyruvate, penicillin, and streptomycin
(Biological Industries). In the case of PC3, nonessential amino
acids were included in the media. Cells were grown at 37 °C
and 5% CO,. HEK293 cells were transfected using the calcium
phosphate method (60). About 48 h post transfections, cells
were serum starved (incubated in medium with no serum) for
16 h. Then, cells were either exposed to a fresh medium or to a
medium containing 50 ng/ml EGF (PeproTech; catalog no.:
AF-100-15) for 10 min. To prepare cell lysates, medium was
removed, cells were washed twice with cold PBS, and then
scrapped into tubes with 100 pl of Laemmli sample buffer
(1.075 M glycerol, 2% SDS, 0.05 M Tris [pH 6.5], 0.1 M DTT,
and bromophenol blue dye) using a rubber policeman followed
by 10 min of boiling at 95 °C. Protein concentration was
measured using the protein quantification assay (Macherey—
Nagel; catalog no.: 740967.50).

Foci formation assay

NIH3TS3 cells were transfected using TurboFect transfection
reagent (Thermo Scientific; catalog no.: R0533) according to
the manufacturer’s instructions. About 48 h post-transfection,
cells were selected for the presence of the plasmids by incu-
bation with 400 pg/ml G-418 (Sigma-Aldrich; catalog no.:
A1720). Four weeks after transfection, cells were washed with
PBS, fixed with 100% MeOH for 20 min, and stained with 4%
crystal violet dye for 5 min.

16 J Biol. Chem. (2023) 299(9) 105072

Monitoring p38f activity in HEK293 cells

About 48 h post-transfection, cells were irradiated by UV
(120 J/m?) and lysed 1 h later. Samples were separated by SDS-
PAGE and subjected to Western blot analysis with a-HA and
o-p-p38 antibodies.

Luciferase assay

About 7.5 x 10° HEK293T cells were cotransfected with an
ERK expression vector, Renilla luciferase, and either 6x AP-1-
luc construct or pY2-luc construct (6). The assay was per-
formed 24 h post-transfection. Cells were lysed according to
the manufacturer’s protocol (Promega; dual luciferase assay;
catalog no.: E1910), and luciferase was measured with a plate
luminometer (Plate Reader-BioTek Synergy H1). The firefly
luciferase activity was normalized to the Renilla luciferase
activity.

Yeast strains, media, and cell lysate preparation

The Saccharomyces cerevisiae strains used in this study were
mkkiA/mkk2A (BY4741; Mat a; his3A1; leu2A0; metlSA0;

ura3A0, YPL140c:kanMX4, wmkkl:LEU2; (25)), mpklA
(BY4741; Mat a; his3A1; leu2A0; metl5A0; ura3A0;
YHRO030c::kanMX4; obtained from EUROSCARF), JBY13

(MATa, ura3-52, lys2-801“"%, ade2-101°"", trp1-A63, his3-
A200, leu2-Al, hoglA:TRPI1), and MAY1 (MATa, ura3-
52,lys2-801“""*" ade2-101°7"", leu2-A1,his3-A200,pbs2-
A2:LEU2). JBY13 and MAYT1 strains were obtained from M.C.
Gustin, Rice University. Yeast cultures were maintained on
YPD (1% yeast extract, 2% Bacto Peptone, and 2% glucose,
plus, where indicated, 14—15 mM caffeine or 0.8—1.0 M NaCl)
or on the synthetic medium YNB(-URA) (0.17% yeast nitrogen
base without amino acids and NH4(SO,)5, 0.5% ammonium
sulfate, 2% glucose, and 40 mg/] adenine, histidine, tryptophan,
lysine, leucine, and methionine).

Yeast cell plasmid transformation and drop assay

Plasmids were transformed into the relevant S. cerevisiae
strains by the lithium acetate method (61).

Drop assay of yeast cells on medium supplemented with
caffeine or NaCl was performed as previously described (62).

Protein lysate preparation of yeast cultures

To induce osmotic shock in liquid media, cultures were
grown to logarithmic phase (absorbance of 0.5-1.0 at 600
nm) at 30 °C. Culture was split in half, where half of the
culture was supplemented with 0.77 M NaCl and the other
half received double-distilled water. Cells were collected
10 min later (3500g, 5 min) and incubated with 0.1 N NaOH
for 5 min, followed by centrifugation at 17,000¢g for 3 min.
About 100 pl Laemmli sample buffer was added on the cell
pellet, and the samples were then boiled at 97 °C for 5 min.
Protein concentration was measured using the protein
quantification  assay  (Macherey—Nagel; catalog no.
740967.50). Finally, 10 pg of protein were loaded onto 12%
SDS-PAGE and subjected for Western blot analysis.
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Western blot

Unless stated otherwise, 30 pg of the different lysates were
separated on 12% SDS-PAGE, transferred to polyvinylidene
difluoride membranes (Bio-Rad; catalog no.. 1620174) and
blocked in blocking buffer, composed of Tris-buffered saline
(TBS) (10 mM Tris—HCl [pH 7.5] and 150 mM NaCl)
with 0.1% Tween-20 (TBS-T) supplemented with 3% dry milk.
Blots were then probed with primary antibodies diluted 1:1000
in blocking buffer overnight at 4 °C. Following three washes
with TBS-T, the membranes were incubated with secondary
antibody diluted 1:10,000 in blocking buffer for 1.5 h at room
temperature and then washed three times with TBS-T.
Membranes were incubated with ECL mix (Thermo Fisher
Scientific) for 2 min, and reactive bands were visualized using
Fusion Pulse (Vilber Lourmat). Antibodies used in this study
are listed later (Table 3).

Targeted proteomic analysis

To validate and confirm identification of specific phospho-
peptides within the Erk molecules in an unambiguous manner,
eight synthetic peptides that correspond to residues 171 to 189
of Erkl (*”*-VADPDHDHTGFLTEYVATR-"*°) were synthe-
sized with heavy-isotope labeled amino acids (heavy labeled
Arg* = Arg U-13C6, U-15N4) (JPT Innovative Peptide Solu-
tions). The synthetic peptides included a nonphosphorylated,
monophosphorylated (on either Thr183, Tyr185, or Thr188),
dually phosphorylated (Thr183 + Tyr185; Thr183 + Thrl88;
Tyr185 + Thr188), and a triply phosphorylated (on all three
residues) peptide. Synthetic peptides were included in the
analysis to unequivocally identify each peptide.

Sample preparation

Protein samples were subjected to in-solution tryptic
digestion using the suspension trapping (S-Trap) method as
previously described (63). Briefly, 6 ug of total protein was
supplemented with a 10% SDS stock solution to a final 5% SDS
concentration. The protein was reduced with 5 mM DTT and
alkylated with 10 mM iodoacetamide in the dark. Each sample
was loaded onto S-Trap micro-columns (ProtiFi) according to
the manufacturer’s instructions. After loading, samples were
washed with 90:10% methanol/50 mM ammonium bicarbon-
ate. Samples were then digested with trypsin (1:50 trypsin/
protein) for 1.5 h at 47 °C. The digested peptides were eluted
using 50 mM ammonium bicarbonate. Trypsin was added to
this fraction and incubated overnight at 37 °C. Two more

Table 3
Antibody list used in this study

Antibody Manufacturer
a-ERK Cell Signaling Technology; catalog no.: 4695
a-p(TEY) ERK Cell Signaling Technology; catalog no.: 4370
a-p(T207/188) Kinexus; catalog no.: pk865

ERK
a-His Sigma; catalog no.: H1029
a-HA Roche; catalog no.: 11867423001
a-Mpkl Santa Cruz Biotechnology; catalog no.: SC6803
a-Hogl Santa Cruz Biotechnology; catalog no.: SC9079
a-p-p38 Cell Signaling Technology; catalog no.: 9211
a-GAPDH Thermo Fisher Scientific; catalog no.: MA515738
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elutions were made using 0.2% formic acid and 0.2% formic
acid in 50% acetonitrile. The three elutions were pooled
together, desalted using Oasis-HLB pElution format (Waters),
and vacuum-centrifuged to dryness. Samples were kept at —80
°C until further analysis.

Stable isotope labeled synthetic peptides (SpikeTides L)
were purchased from JPT Peptide Technologies GmbH. Dry
peptides were dissolved in 97:3% H,O/acetonitrile + 0.1%
formic acid.

Liquid chromatography

ULC/MS grade solvents were used for all chromatographic
steps. Dry digested samples were dissolved in 97:3% H,O/
acetonitrile + 0.1% formic acid. Samples were spiked with
equal amounts of isotopically labeled synthetic peptides (after
optimization), loaded, and then analyzed using split-less nano-
Ultra Performance Liquid Chromatography (10 kpsi nano-
Acquity; Waters). The mobile phase was (A) HO + 0.1%
formic acid and (B) acetonitrile + 0.1% formic acid. The pep-
tides were loaded and separated using a T3 HSS nanocolumn
(75 um internal diameter, 250 mm length, 1.8 um particle size;
Waters). Loading and elution from the column into the mass
spectrometer was done using the following gradient: 3% B for
10 min at 500 pl/min while loop offline (loading), followed by
separation at 350 ul/min going from 3% to 35% B in 44 min,
35% to 90% B in 5 min, maintaining at 90% B for 5 min, and
then back to initial conditions.

Mass spectrometry

The nano-Ultra Performance Liquid Chromatography was
coupled online through a nanoESI emitter (10 um tip; New
Objective) to a quadrupole orbitrap mass spectrometer
(Orbitrap Exploris 480; Thermo Scientific) using a Flexlon
nanospray apparatus (Proxeon).

Data were acquired in PRM mode, while monitoring all Erk2
peptides of interest (heavy and light VADPDHDHTGFLTEY-
VATR with 0, 1, 2, or 3 phosphorylations, as well as light mutant
peptides with or without phosphorylations and nonmodified
Erk2 peptides GQVFDVGPR, FDMELDDLPK, and ICDF-
GLAR). Identification of the additional Erk2 peptides to whom
no synthetic standards were used was done during method
optimization, using a data-dependent acquisition analysis of the
samples, while searching the data using the Byonic search en-
gine (64) against the rat Erk2 protein sequence (WT and mu-
tants) and common laboratory protein contaminants.

For the PRM analysis, MS1 resolution was set to 120,000 (at
200 m/z), mass range of 375 to 1500 m/z, standard automatic
gain control target, and maximum injection time was set to
100 ms. MS2 resolution was set to 15,000, quadrupole isolation
2 m/z, higher-energy collision dissociation energy 30%, stan-
dard automatic gain control target, and maximum injection
time mode set to auto.

Data processing and analysis

Raw data from the PRM experiment were processed with
the Skyline software, version 22.2.0.255, which was developed
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by Michael MacCoss’ lab (65). Peak boundaries and relevant
transitions were manually refined, and peak intensities were
calculated. Peptide intensities were normalized to Erk2 total
abundance, as calculated by the sum of the three unmodified
Erk2 peptides, which were included in the PRM experiment.

Data availability

Raw MS/MS data are available at the website of the Institute
of Life Science, the Hebrew University of Jerusalem.

Supporting  information—This article contains

information.

supporting

Acknowledgments—We thank Dr Allan Bar-Sinai and Prof Shlomo
Sasson for useful comments on the article. We acknowledge The
De Botton Protein Profiling institute of the Nancy and Stephen
Grand Israel National Center for Personalized Medicine for
performing the MS/MS experiments. We thank Dr Alon Savidor
for helping in analyzing the MS data.

Author contributions—N. S. and D. E. conceptualization; N. S., A. B,,
K. S--A., J. B, R. H,, O. L,, and R. I. methodology; A. B. formal
analysis; N. S., A. B, J. B, Y. G, R. H,, M. A, and D. E. investigation;
N. S, A. B, R. L, and D. E. writing—original draft.

Funding and additional information—The study was supported by
the Israel Science Foundation, grant 1463/18 (to D. E.), the Israel
Cancer Association (to D. E.), and the Singapore National Research
Foundation under its HUJ-NUS partnership program in the
Campus for Research Excellence and Technology Enterprise (to D.
E.). D. E. holds a Wolfson family chair in Biochemistry. N. S. is a
fellow of the Arianne de Rothschild Women Doctoral Program.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ¢cPKA, cyclic AMP-
dependent PKA; C-spine, catalytic spine; EGF, epidermal growth
factor; EPK, eukaryotic protein kinase; HEK293T, human embry-
onic kidney 293T cell line; JNK, c-Jun N-terminal kinase; MAPK,
mitogen-activated protein kinase; MAPKK, MAPK kinase; PDB,
Protein Data Bank; PRM, parallel reaction monitoring; TBS, Tris-
buffered saline; TBS-T, TBS with Tween-20.

References

1. Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S.
(2002) The protein kinase complement of the human genome. Science
298, 1912-1934

2. Hanks, S. K., and Hunter, T. (1995) The eukaryotic protein kinase su-
perfamily: kinase (catalytic) domain structure and classification 1. FASEB
J. 9, 576-596

3. Taylor, S. S., Keshwani, M. M., Steichen, J. M., and Kornev, A. P. (2012)
Evolution of the eukaryotic protein kinases as dynamic molecular
switches. Philosophical Trans. R. Soc. B: Biol. Sci. 367, 2517-2528

4. Taylor, S. S., Wu, ], Bruystens, J. G. H., Del Rio, J. C,, Lu, T. W., Kornev,
A. P, et al. (2021) From structure to the dynamic regulation of a mo-
lecular switch: a journey over 3 decades. /. Biol. Chem. 296, 100746

5. Beenstock, J., Mooshayef, N., and Engelberg, D. (2016) How do protein
kinases take a selfie (autophosphorylate)? Trends Biochem. Sci. 41,
938-953

18 J. Biol Chem. (2023) 299(9) 105072

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Smorodinsky-Atias, K., Goshen-Lago, T., Goldberg-Carp, A., Melamed,

D., Shir, A., Mooshayef, N., et al. (2016) Intrinsically active variants of Erk
oncogenically transform cells and disclose unexpected autophosphor-
ylation capability that is independent of TEY phosphorylation. Mol. Biol.
Cell 27, 1026—1039

. Duong-Ly, K. C., and Peterson, J. R. (2013) The human kinome and kinase

inhibition. Curr. Protoc. Pharmacol. https://doi.org/10.1002/0471141755.
ph0209s60

. Taylor, S. S, and Kornev, A. P. (2011) Protein kinases: evolution of dy-

namic regulatory proteins. Trends Biochem. Sci. 36, 65—77

. Knighton, D. R,, Zheng, ], Ten Eyck, L. F., Ashford, V. A., Xuong, N. H,,

Taylor, S. S., et al. (1991) Crystal structure of the catalytic subunit of
cyclic adenosine monophosphate-dependent protein kinase. Science 253,
407-414

Taylor, S. S., Zhang, P., Steichen, J. M., Keshwani, M. M., and Kornev, A.
P. (2013) PKA: lessons learned after twenty years. Biochim. Biophys. Acta
Proteins Proteom. 1834, 1271-1278

Nolen, B, Taylor, S., and Ghosh, G. (2004) Regulation of protein kinases:
controlling activity through activation segment conformation. Mol. Cell
15, 661-675

Johnson, L. N., Noble, M. E. M., and Owen, D. J. (1996) Active and
inactive protein kinases: structural basis for regulation. Cell 85, 149-158
Kornev, A. P., Taylor, S. S., and Ten Eyck, L. F. (2008) A helix scaffold for
the assembly of active protein kinases. Proc. Natl. Acad. Sci. U. S. A. 105,
14377-14382

Meharena, H. S., Chang, P., Keshwani, M. M., Oruganty, K., Nene, A. K,,
Kannan, N., et al. (2013) Deciphering the structural basis of eukaryotic
protein kinase regulation. PLoS Biol. 11, 1001680

Kornev, A. P., and Taylor, S. S. (2015) Dynamics-driven allostery in
protein kinases. Trends Biochem. Sci. 40, 628—647

Meharena, H. S., Fan, X., Ahuja, L. G., Keshwani, M. M., McClendon, C.
L., Chen, A. M., et al. (2016) Decoding the interactions regulating the
active state mechanics of eukaryotic protein kinases. PLoS Biol. 14,
€2000127

Endicott, J. A., Noble, M. E. M., and Johnson, L. N. (2012) The structural
basis for control of eukaryotic protein kinases. Annu. Rev. Biochem. 81,
587-613

Huse, M., and Kuriyan, J. (2002) The conformational plasticity of protein
kinases. Cell 109, 275-282

Cox, S., and Taylor, S. S. (1995) Kinetic analysis of cAMP-dependent
protein kinase: mutations at histidine 87 affect peptide binding and pH
dependence. Biochemistry 34, 16203-16209

Lochhead, P. A. (2009) Protein kinase activation loop autophosphor-
ylation in cis: overcoming a catch-22 situation. Sci. Signal 2, pe4

Pike, A. C. W., Rellos, P., Niesen, F. H., Turnbull, A., Oliver, A. W.,
Parker, S. A., et al. (2008) Activation segment dimerization: a mechanism
for kinase autophosphorylation of non-consensus sites. EMBO J. 27,
704714

Pearson, G., Robinson, F., Beers Gibson, T., Xu, B., Karandikar, M.,
Berman, K., et al. (2001) Mitogen-activated protein (MAP) kinase
pathways: regulation and physiological functions. Endocr. Rev. 22,
153-183

Kyriakis, J. M., and Avruch, J. (2012) Mammalian MAPK signal trans-
duction pathways activated by stress and inflammation: a 10-year update.
Physiol. Rev. 92, 689-737

Kyosseva, S. V. (2004) Mitogen-activated protein kinase signaling. Int.
Rev. Neurobiol. 59, 201-220

Levin-Salomon, V., Kogan, K., Ahn, N. G., Livnah, O., and Engelberg, D.
(2008) Isolation of intrinsically active (MEK-independent) variants of the
ERK family of mitogen-activated protein (MAP) kinases. /. Biol. Chem.
283, 34500-34510

Emrick, M. A, Lee, T., Starkey, P. J., Mumby, M. C., Resing, K. A., and
Ahn, N. G. (2006) The gatekeeper residue controls autoactivation of
ERK2 via a pathway of intramolecular connectivity. Proc. Natl. Acad. Sci.
U S. A. 103, 18101-18106. https://doi.org/10.1073/pnas.0608849103
Askari, N, Diskin, R., Avitzour, M., Yaakov, G., Livnah, O., and Engel-
berg, D. (2006) MAP-quest: could we produce constitutively active var-
iants of MAP kinases? Mol. Cell Endocrinol 252, 231-240

SASBMB


http://refhub.elsevier.com/S0021-9258(23)02100-2/sref1
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref1
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref1
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref2
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref2
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref2
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref3
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref3
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref3
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref4
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref4
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref4
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref5
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref5
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref5
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref6
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref6
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref6
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref6
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref6
https://doi.org/10.1002/0471141755.ph0209s60
https://doi.org/10.1002/0471141755.ph0209s60
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref8
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref8
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref9
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref9
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref9
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref9
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref10
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref10
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref10
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref11
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref11
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref11
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref12
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref12
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref13
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref13
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref13
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref14
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref14
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref14
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref15
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref15
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref17
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref17
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref17
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref18
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref18
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref19
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref19
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref19
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref20
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref20
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref23
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref23
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref23
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref24
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref24
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref25
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref25
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref25
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref25
https://doi.org/10.1073/pnas.0608849103
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref27
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref27
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Bell, M., Capone, R., Pashtan, I, Levitzki, A., and Engelberg, D. (2001)
Isolation of hyperactive mutants of the MAPK p38/hogl that are inde-
pendent of MAPK kinase activation. /. Biol. Chem. 276, 25351-25358
Avitzour, M., Diskin, R., Raboy, B., Askari, N., Engelberg, D., and Livnah,
O. (2007) Intrinsically active variants of all human p38 isoforms. FEBS J.
274, 963-975

Emrick, M. A., Hoofnagle, A. N., Miller, A. S., Ten Eyck, L. F., and Ahn,
N. G. (2001) Constitutive activation of extracellular signal-regulated ki-
nase 2 by synergistic point mutations. /. Biol. Chem. 276, 46469—46479
Ge, B., Gram, H., Di Padova, F., Huang, B., New, L., Ulevitch, R. ], et al.
(2002) MAPKK-independent activation of p38a mediated by TABI-
dependent autophosphorylation of p38a. Science 295, 1291-1294
Salvador, J. M., Mittelstadt, P. R., Guszczynski, T., Copeland, T. D.,
Yamaguchi, H., Appella, E., et al. (2005) Alternative p38 activation
pathway mediated by T cell receptor-proximal tyrosine kinases. Nat.
Immunol. 6, 390-395

Koh, A., Molinaro, A., Stéhlman, M., Khan, M. T., Schmidt, C., Man-
nerés-Holm, L., et al. (2018) Microbially produced imidazole propionate
impairs insulin signaling through mTORCI. Cell 175, 947-961.e17
Dhillon, A. S., Hagan, S., Rath, O., and Kolch, W. (2007) MAP kinase
signalling pathways in cancer. Oncogene 26, 3279-3290
Smorodinsky-Atias, K., Soudah, N., and Engelberg, D. (2020) Mutations
that confer drug-resistance, oncogenicity and intrinsic activity on the
ERK MAP kinases-current state of the art. Cells 9, 129

Brunner, D., Oellers, N., Szabad, J., Biggs, W. H., Zipursky, S. L., and
Hafen, E. (1994) A gain-of-function mutation in Drosophila MAP kinase
activates multiple receptor tyrosine kinase signaling pathways. Cell 76,
875-888

Taylor, C. A., Cormier, K. W., Keenan, S. E., Earnest, S., Stippec, S.,
Wichaidit, C., et al. (2019) Functional divergence caused by mutations in
an energetic hotspot in ERK2. Proc. Natl. Acad. Sci. U. S. A. 116,
15514-15523

Misiura, M., and Kolomeisky, A. B. (2019) Kinetic network model to
explain gain-of-function mutations in ERK2 enzyme. J. Chem. Phys. 150,
155101

Bott, C. M., Thorneycroft, S. G., and Marshall, C. J. (1994) The seven-
maker gain-of-function mutation in p42 MAP kinase leads to enhanced
signalling and reduced sensitivity to dual specificity phosphatase action.
FEBS Lett. 352, 201-205

Kushnir, T., Bar-Cohen, S., Mooshayef, N., Lange, R., Bar-Sinai, A.,
Rozen, H., et al. (2020) An activating mutation in ERK causes hyper-
plastic tumors in a scribble mutant tissue in drosophila. Genetics 214,
109-120

Mutlak, M., Schlesinger-Laufer, M., Haas, T., Shofti, R., Ballan, N., Lewis,
Y. E., et al. (2018) Extracellular signal-regulated kinase (ERK) activation
preserves cardiac function in pressure overload induced hypertrophy. Int.
J. Cardiol. 270, 204-213

Goetz, E. M., Ghandi, M., Treacy, D. ], Wagle, N., and Garraway, L. A.
(2014) ERK mutations confer resistance to mitogen-activated protein
kinase pathway inhibitors. Cancer Res. 74, 7079-7089

Lorenz, K., Schmitt, J. P., Schmitteckert, E. M., and Lohse, M. J. (2009)
A new type of ERK1/2 autophosphorylation causes cardiac hypertrophy.
Nat. Med. 15, 75-83

. Levin, D. E. (2005) Cell wall integrity signaling in Saccharomyces cer-

evisiae. Microbiol. Mol. Biol. Rev. 69, 262—291

Engelberg, D., Perlman, R, and Levitzki, A. (2014) Transmembrane
signaling in Saccharomyces cerevisiae as a model for signaling in meta-
zoans: state of the art after 25years. Cell Signal 26, 2865-2878

Taylor, S. S., and Radzio-Andzelm, E. (1994) Three protein kinase
structures define a common motif. Structure 2, 345-355

Cole, P. A, Grace, M. R, Phillips, R. S., Burn, P., and Walsh, C. T. (1995)
The role of the catalytic base in the protein tyrosine kinase Csk. J. Biol.
Chem. 270, 22105-22108

SASBMB

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Arg84/65 is a latch of autoactivation of Erk1/2

Canagarajah, B. J., Khokhlatchev, A., Cobb, M. H., and Goldsmith, E. J.
(1997) Activation mechanism of the MAP kinase ERK2 by dual phos-
phorylation. Cell 90, 859-869

Ruppert, C., Deiss, K., Herrmann, S., Vidal, M., Oezkur, M., Gorski, A.,
et al. (2013) Interference with ERKThr188 phosphorylation impairs
pathological but not physiological cardiac hypertrophy. Proc. Natl. Acad.
Sci. U. S. A. 110, 74407445

Zhou, B, and Zhang, Z. Y. (2002) The activity of the extracellular signal-
regulated kinase 2 is regulated by differential phosphorylation in the
activation loop. J. Biol. Chem. 277, 13889-13899

Modi, V., and Dunbrack, R. L. (2019) A structurally-validated multiple
sequence alignment of 497 human protein kinase domains. Sci. Rep. 9, 19790
Brott, B. K, Pinsky, B. A., and Erikson, R. L. (1998) Nlk is a murine
protein kinase related to Erk/MAP kinases and localized in the nucleus.
Proc. Natl. Acad. Sci. U. S. A. 95, 963—968

Beenstock, J., Ben-Yehuda, S., Melamed, D., Admon, A., Livnah, O., Ahn,
N. G,, et al. (2014) The p38p mitogen-Activated protein kinase possesses
an intrinsic autophosphorylation activity, Generated by a short region
composed of the a-G Helix and MAPK insert. /. Biol Chem. 289,
23546-23556

Beenstock, J., Melamed, D., Mooshayef, N., Mordechay, D., Garfinkel, B.
P, Ahn, N. G, et al. (2016) p38B mitogen-activated protein kinase
modulates its own basal activity by autophosphorylation of the activating
residue Thr180 and the inhibitory residues Thr241 and Ser261. Mol. Cell
Biol. 36, 1540-1554

. Cui, J., Holgado-Madruga, M., Su, W., Tsuiki, H., Wedegaertner, P., and

Wong, A. J. (2005) Identification of a specific domain responsible for
JNK2a2 autophosphorylation. /. Biol. Chem. 280, 9913-9920

Yaakov, G., Bell, M., Hohmann, S., and Engelberg, D. (2003) Combination
of two activating mutations in one HOGI1 gene forms hyperactive en-
zymes that induce growth arrest. Mol. Cell Biol. 23, 4826—4840
Maayan, I, Beenstock, ], Marbach, I, Tabachnick, S., Livnah, O., and
Engelberg, D. (2012) Osmostress induces autophosphorylation of Hog1 via a
C-terminal regulatory region that is conserved in p38a. PLoS One 7, e44749
Brancho, D., Tanaka, N., Jaeschke, A., Ventura, J. J., Kelkar, N., Tanaka,
Y., et al. (2003) Mechanism of p38 MAP kinase activation in vivo. Genes
Dev. 17, 1969-1978

Shaw, D., Wang, S. M., Villasenor, A. G., Tsing, S., Walter, D.,
Browner, M. F., et al. (2008) The crystal structure of JNK2 reveals
conformational flexibility in the MAP kinase insert and indicates its
involvement in the regulation of catalytic activity. J. Mol. Biol. 383,
885-893

Kingston, R. E., Chen, C. A,, and Rose, J. K. (2003) Calcium phosphate
transfection. Curr. Protoc. Mol. Biol. https://doi.org/10.1002/0471143030.
¢b2003s19

Schiestl, R. H., and Gietz, R. D. (1989) High efficiency transformation of
intact yeast cells using single stranded nucleic acids as a carrier. Curr.
Genet. 16, 339-346

Goshen-Lago, T., Goldberg-Carp, A., Melamed, D., Darlyuk-Saadon, I,
Bai, C., Ahn, N. G., et al. (2016) Variants of the yeast MAPK Mpkl are
fully functional independently of activation loop phosphorylation. Mol.
Biol. Cell 27, 2771-2783

Elinger, D., Gabashvili, A., and Levin, Y. (2019) Suspension trapping (S-
trap) is compatible with typical protein extraction buffers and detergents
for bottom-up proteomics. J. Proteome Res. 18, 1441-1445. https://doi.
org/10.1021/acs.jproteome.8b00891

Bern, M., Kil, Y. J., and Becker, C. (2012) Byonic: advanced peptide and
protein identification software. Curr. Protoc. Bioinformatics. https://doi.
0rg/10.1002/0471250953.bi1320s40

MacLean, B., Tomazela, D. M., Shulman, N., Chambers, M., Finney, G. L.,
Frewen, B., et al. (2010) Skyline: an open source document editor for
creating and analyzing targeted proteomics experiments. Bioinformatics
26, 966—968

J. Biol. Chem. (2023) 299(9) 105072 19


http://refhub.elsevier.com/S0021-9258(23)02100-2/sref28
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref28
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref28
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref29
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref29
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref29
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref30
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref30
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref30
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref31
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref31
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref31
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref32
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref32
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref32
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref32
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref33
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref33
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref33
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref34
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref34
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref35
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref35
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref35
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref36
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref36
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref36
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref36
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref38
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref38
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref38
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref40
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref40
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref40
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref40
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref41
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref41
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref41
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref41
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref42
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref42
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref42
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref43
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref43
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref43
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref44
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref44
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref46
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref46
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref47
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref47
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref47
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref48
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref48
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref48
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref49
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref49
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref49
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref49
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref50
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref50
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref50
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref51
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref51
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref52
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref52
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref52
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref55
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref55
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref55
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref56
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref56
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref56
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref57
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref57
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref57
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref58
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref58
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref58
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref59
https://doi.org/10.1002/0471143030.cb2003s19
https://doi.org/10.1002/0471143030.cb2003s19
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref61
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref61
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref61
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref62
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref62
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref62
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref62
https://doi.org/10.1021/acs.jproteome.8b00891
https://doi.org/10.1021/acs.jproteome.8b00891
https://doi.org/10.1002/0471250953.bi1320s40
https://doi.org/10.1002/0471250953.bi1320s40
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref65
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref65
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref65
http://refhub.elsevier.com/S0021-9258(23)02100-2/sref65

	A conserved arginine within the αC-helix of Erk1/2 is a latch of autoactivation and of oncogenic capabilities
	Results and discussion
	Mutating Arg84/Arg65 of Erk1/2 to His or to other residues renders the kinases intrinsically active and oncogenic
	Replacing Arg68 of the yeast Erk/Mpk1 to Ser, His, Ala, Tyr, Thr, and Glu renders it independent of MEKs
	Arg65 of Erk2 is associated with the DFG motif
	In Erk1/2 molecules that are mutated in Arg84/65, autophosphorylation of Thr183/202 or Thr207/188 is mutual exclusive
	Arg84/65 of Erk1/2 is invariant in all MAPKs but is not conserved in other EPKs
	The MAPK-αC-Arg in Hog1/p38 MAPKs is essential for autophosphorylation
	In the crystal structures of JNK2α2 and p38β, both capable of autophosphorylation, MAPK-αC-Arg does not interact with DFG r ...

	Experimental procedures
	Cloning and plasmids
	Protein expression and purification
	In vitro kinase assay
	Mammalian cell culture transfection and foci formation assay
	Foci formation assay
	Monitoring p38β activity in HEK293 cells
	Luciferase assay
	Yeast strains, media, and cell lysate preparation
	Yeast cell plasmid transformation and drop assay
	Protein lysate preparation of yeast cultures
	Western blot
	Targeted proteomic analysis
	Sample preparation
	Liquid chromatography
	Mass spectrometry
	Data processing and analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


