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Regulatory roles of conserved phosphorylation 
sites in the activation T-loop of the MAP kinase 
ERK1

ABSTRACT  The catalytic domains of most eukaryotic protein kinases are highly conserved in 
their primary structures. Their phosphorylation within the well-known activation T-loop, a 
variable region between protein kinase catalytic subdomains VII and VIII, is a common mech-
anism for stimulation of their phosphotransferase activities. Extracellular signal–regulated 
kinase 1 (ERK1), a member of the extensively studied mitogen-activated protein kinase 
(MAPK) family, serves as a paradigm for regulation of protein kinases in signaling modules. In 
addition to the well-documented T202 and Y204 stimulatory phosphorylation sites in the 
activation T-loop of ERK1 and its closest relative, ERK2, three additional flanking phospho-
sites have been confirmed (T198, T207, and Y210 from ERK1) by high-throughput mass spec-
trometry. In vitro kinase assays revealed the functional importance of T207 and Y210, but not 
T198, in negatively regulating ERK1 catalytic activity. The Y210 site could be important for 
proper conformational arrangement of the active site, and a Y210F mutant could not be 
recognized by MEK1 for phosphorylation of T202 and Y204 in vitro. Autophosphorylation of 
T207 reduces the catalytic activity and stability of activated ERK1. We propose that after the 
activation of ERK1 by MEK1, subsequent slower phosphorylation of the flanking sites results 
in inhibition of the kinase. Because the T207 and Y210 phosphosites of ERK1 are highly con-
served within the eukaryotic protein kinase family, hyperphosphorylation within the kinase 
activation T-loop may serve as a general mechanism for protein kinase down-regulation after 
initial activation by their upstream kinases.

INTRODUCTION
Protein kinases are major players in intracellular signal transduction 
through their catalysis of the reversible phosphorylation of the vast 
majority of proteins in cells on serine, threonine, and tyrosine resi-
dues. Such phosphorylation provides an efficient and effective 
means to regulate most physiological activities, including metabo-
lism, transcription, DNA replication and repair, cell proliferation, and 
apoptosis (Krebs, 1993; Hunter, 2000; Pawson and Scott, 2005). Dys-
regulation of protein phosphorylation is implicated in >400 types of 
human diseases, including cancer, diabetes, and cardiovascular, 
neurological, and immunological disorders (Hunter, 1998; Blume-
Jensen and Hunter, 2001).

Eukaryotic protein kinases (EPKs) comprise a ubiquitous and 
broadly expanded family of enzymes (Manning et al., 2002a). In hu-
mans, at least 536 protein kinases have been identified, including 
484 typical protein kinases that feature one or sometimes two con-
served catalytic domains (Manning et  al., 2002b). Within the 
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stimulate protein kinase phosphotransferase activity, and of these, 
75% were located within the activation T-loop (Figure 1A). In human 
ERK1, these included the well-characterized T202 and Y204 phos-
phosites at aligned amino acid residue positions 150 and 152, re-
spectively. Also found in ERK1 was a phosphorylatable threonine 
residue at aligned position 155 (T207) and a phosphorylatable tyro-
sine residue (Y210) at the aligned position 158, located −5 and −2 
residues before the subdomain VIII APE sequence. The T207 and 
Y210 phosphorylation sites in ERK1 were highly conserved across 20 
diverse species, as revealed on the PhosphoNET website (www 
.phosphonet.ca/evolution.aspx?protname=P27361%20T207). In fact, 
these flanking phosphosites were identified as among the most 
conserved sites in most human protein-serine/threonine kinases, in-
cluding MAPKs, cyclin-dependent kinases, protein kinase C’s, and 
protein kinase B/AKTs (Figure 1B). Of the 393 catalytic domains of 
human typical protein-serine/threonine kinases, a serine or threo-
nine residue was featured at position 155 in 342, and a tyrosine resi-
due was found at position 158 in 272 (Supplemental Table S1). Of 
these, phosphorylated residues were reported in the literature at 
one or both of these positions in 174 of these protein-serine/threo-
nine kinase catalytic domains (Supplemental Table S2).

Of interest, 100% of human protein-tyrosine kinases featured a 
tryptophan residue instead of tyrosine residue at aligned position 
158, and 98% had a proline residue (alanine and leucine for the ex-
ceptions) instead of a threonine residue at aligned position 155. This 

catalytic domain, 12 extremely conserved subdomains were origi-
nally defined by based on sequences of 65 protein kinases (Hanks 
and Hunter, 1995; Hanks et al., 1998). The functional roles of these 
subdomains were assigned using the results from site-directed mu-
tagenesis (Gibbs and Zoller, 1991) and the crystal structure of the 
catalytic subunit of cAMP-dependent protein kinase (PKA; Knighton 
et  al., 1991a,b). The activation T-loop is a variable segment that 
extends from subdomain VII (DFG sequence) to subdomain VIII 
(APE sequence). In most protein kinases, reversible phosphorylation 
and dephosphorylation of this segment on one or more phospho-
sites plays a key role in stimulating their phosphotransferase activity 
(Taylor and Radzio-Andzelm, 1994; Tayor and Kornev, 2011). Many 
EPKs are capable of autoactivation through autophosphorylation 
within their activation loop. Comparisons of active and inactive pro-
tein kinase structures indicate that conformational changes of this 
flexible region via phosphorylation promote the correct domain ori-
entations and stabilize the macromolecule for catalysis (Johnson 
et al., 1996; Kornev et al., 2006).

Mitogen-activated protein kinases (MAPKs) play fundamental 
roles in the regulation of a broad diversity of functions, including 
meiosis, cell cycle progression, and stress responses, from yeast to 
humans (Schaeffer and Weber, 1999; Raman et al., 2007). The Ras-
Raf–MAPK/extracellular signal–regulated kinase (ERK) kinase (MEK)–
ERK signaling module has served as a paradigm for the study of in-
tracellular signal transduction and protein kinase regulation (Wortzel 
and Seger, 2011). The activity of this pathway is commonly up-regu-
lated in various types of cancers (Dhillon et al., 2007). In ERK1/2, 
dual phosphorylation on a threonine–glutamic acid–tyrosine residue 
(TEY) motif within the activation loop by the upstream kinases 
MAPK/ERK-1 and 2 (MEK1/2) was initially described more than 25 yr 
ago as a critical event in the stimulation of ERK1/2 (Anderson et al., 
1990; Ahn et  al., 1991; Payne et  al., 1991). Phosphosite-specific 
antibodies targeting the phosphorylated TEY site have been widely 
used to indirectly monitor the activation state of ERK1/2. However, 
besides the TEY motif, three flanking phosphorylation sites have 
been identified by mass spectrometry (MS) in multiple cell lines 
and tumor samples, as documented in PhosphoSitePlus (www 
.phosphosite.org) and PhosphoNET (www.phosphonet.ca).

In this study, we investigated the functional roles of the three ad-
ditional phosphosites flanking the TEY phosphorylation motif in hu-
man ERK1. We also explored the possible regulatory mechanisms of 
these phosphorylation sites by comparing the primary sequences of 
all of the human typical protein-serine/threonine kinases. The influ-
ences of these highly evolutionarily conserved phosphosites on 
ERK1 conformation and functional activity may reflect a general 
mechanism for tight regulation of the EPKs, which represent the sec-
ond largest class of signaling proteins after the G protein–coupled 
receptors. This may ensure that the cell will permit the signaling to 
advance to the next stages only when a sufficient portion of the 
population of a particular protein-serine/threonine kinase is acti-
vated over a sustained period.

RESULTS
T207 and Y210 are highly conserved phosphorylation sites 
in ERK1
To investigate the regulation of protein kinases, we aligned 496 
catalytic domain sequences of 484 human protein kinases with infor-
mation for many of their known experimentally confirmed phospho-
sites (Supplemental Table S1). Of 1950 phosphosites initially identi-
fied, only 27 (1.4%) were known before this study to be inhibitory, 
and seven of these were located in kinase subdomain I in the 
GxGxxG motif. Another 303 (15.6%) phosphosites were reported to 

FIGURE 1:  Phosphorylation sites in human protein kinase catalytic 
domains. (A) Distribution of experimentally confirmed phosphosites in 
human protein kinase domains. Phosphosites identified in human 
protein kinase catalytic domains were mapped on the alignment 
provided in Supplemental Table S1. The total number of phosphosites 
was 1950, with 304 activatory sites (dark purple) mostly clustering at 
activation loop between aligned amino acid residues 139 and 159, 
and inhibitory sites (red). (B) Distribution of phosphotyrosine (orange), 
phosphothreonine (green), and phosphoserine (blue) residues in the 
kinase activation T-loop. The locations of the phosphorylation sites in 
ERK1 are shown in purple. These include the highly conserved 
threonine phosphorylation site at the aligned position 155 and 
tyrosine phosphorylation site at the aligned position 158. The T198 
phosphosite of ERK1 is located with the Insert/Gap 8 region at 
aligned position 148.
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Substitution of Thr-207 to Ala (T207A) markedly increased the 
autophosphorylation at the TEY phosphosites. Surprisingly, the 
T207A mutant preserved only ∼20% of the phosphotransferase ac-
tivity toward MBP when compared with WT. The T207E mutant was 
phosphorylated by MEK1-ΔN3EE to a similar extent with WT and 
T207A, but it completely failed to phosphorylate MBP. The T207E 
phosphosite-mimetic mutant was consistently slightly more inhibi-
tory in its MBP phosphotransferase activity than the T207A mutants 
(Figure 3C), which further supports an inhibitory role for phosphory-
lation of the WT ERK1 at this site. These findings demonstrated that 
the autophosphorylation of T207 can be independent of TEY phos-
phorylation by MEK1. Furthermore, phosphorylation at the TEY site 
does not necessarily correlate with ERK1 phosphotransferase activ-
ity toward an exogenous substrate.

All three mutants with the Tyr-210 substituted by Phe or Glu 
(Y210F or Y210E) or Phe in combination with alanine residue re-
placements of T198 and T207 sites (2AF) were not recognized by 
MEK1-ΔN3EE for phosphorylation, indicating an important role for 
this tyrosine residue in providing the proper conformation of the 
activation T-loop of the kinase for recognition by MEK1.

Mutation at T207 does not affect the specificity of ERK1 
toward peptide substrates
To further characterize the effects of T207 phosphorylation on ERK1 
phosphotransferase activity, we tested ERK1 wild type (WT), T207A, 
and T207E on a Kinex kinase substrate peptide microarray, which 
permitted assessment of the phosphotransferase activity of kinases 

further supported possible specific roles of these phosphosites in 
selective protein-serine/threonine kinases.

ERK1 slowly autophosphorylates T207 in vitro
The aforementioned findings compelled us to investigate more 
carefully the functional relevance of the T207 and Y210 phospho-
sites in ERK1, along with T198, which was also a highly conserved 
phosphosite at aligned position 148, which encompassed the highly 
variable Insert/Gap 8 segment found in the T activation loop of pro-
tein kinases. We raised polyclonal antibodies in rabbits against the 
phospho-T207 and phospho-Y210 sites of ERK1 (T190 and Y193 in 
ERK2), and subjected the sera to negative purification with phos-
photyrosine-agarose columns to deplete generic phosphotyrosine-
specific antibodies. The nonphosphospecific antibodies were re-
moved with peptide columns with ligands that corresponded to the 
unphosphorylated version of these sites, followed by affinity purifi-
cation with columns that used the original immunizing phosphopep-
tides as ligands. Unphosphorylated peptides with the correspond-
ing sequences were also added in the antibody incubation solutions 
to block nonphosphospecific binding. The specificity of each anti-
body preparation was confirmed by peptide dot blot analyses.

To evaluate whether the phosphorylation of these sites was due to 
autocatalysis, a kinase-dead (KD) mutant of ERK1 was created by 
substitution of the Lys-71 residue from the subdomain II AxK motif 
with an alanine residue (K71A). Purified glutathione S-transferase 
(GST) fusion proteins of ERK1 wild type (WT) and KD mutant were 
incubated with or without a constitutively active version of the up-
stream kinase MEK1 (MEK1-ΔN3EE) in the presence of ATP (Figure 
2A). On the one hand, phosphorylation of T207 was detected in WT 
but not KD ERK1, which confirmed autophosphorylation of the site in 
vitro. On the other hand, phosphorylation of Y210 was induced by 
MEK1 with both WT and KD ERK1. We performed a time-course ex-
periment to determine the correlation between these phosphoryla-
tion events and ERK1 activation by MEK1 (Figure 2B). Over 60 min of 
incubation time, T207 phosphorylation increased slowly, whereas the 
phospho-signal from the TEY site was saturated more quickly after 
20 min. Activation of ERK1 by MEK1-ΔN3EE may induce the ability of 
the kinase to more rapidly autophosphorylate at the T207 site.

Observations from mass spectrometry analyses also indirectly 
supported autophosphorylation of the T207 site. We prepared sam-
ples of trypsin-digested peptides from ERK1-WT and KD that were 
phosphorylated by MEK1 in vitro and subjected them to MS analy-
sis. In the ERK1-KD sample, a peptide from the activation segment 
(amino acid residues 190–208) with the TEY motif (T202 and Y204) 
dually phosphorylated was the only phosphopeptide detected. The 
unphosphorylated form of this peptide was also detected in the KD 
sample but not in the WT sample. Surprisingly, the peptide corre-
sponding to the activation loop was not detected at all in the ERK1-
WT in two independent experiments. Possible explanations for 
these negative results are that the additional phosphate groups on 
this target peptide made it difficult to ionize for MS detection and 
the resultant fragment had too high a charge-to-mass ratio and trav-
eled too quickly through the mass spectrometer (Xie et al., 2011).

T207 and Y210 play critical roles in ERK1 regulation
To further characterize these phosphosites, we mutated T207 and 
Y210, as well as another threonine residue (T198) upstream on the 
N-terminal side of TEY in ERK1 (Figure 3A). Coupled kinase assays 
with recombinant MEK1-ΔN3EE, ERK1, and myelin basic protein 
(MBP) as a substrate revealed the functional effects of phosphoryla-
tion of T207 and Y210, but not T198, on ERK1 activation and its 
downstream phosphotransferase activity in vitro (Figure 3, B and C).

FIGURE 2:  Phosphorylation of ERK1 T207 and Y210 in vitro. (A) ERK1-
WT and KD phosphorylation by MEK1-ΔN3EE. The reactions were 
carried out at 30°C for 15 min. (B) Time-course experiment of 
ERK1-WT phosphorylation. At each time point, an aliquot of the 
incubation mix was taken and mixed with SDS–PAGE sample buffer to 
terminate the reaction. The samples were subsequently probed with 
phosphosite-specific antibodies (ERK1 pT207, PYKSD8 for pY210 and 
dual phospho-ERK1/2 pTEpY for pT202 and pY204) or the pan-
expression ERK1/2-CT (ERK-CT) antibody. Western blots from the 
region of the migration of ERK1. Similar results were obtained in at 
least three independent experiments.
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peptide with the sequence (GGSFPLSPGKKGG). The ratio of net 
signal strength between WT and T207A from this peptide was 10:3. 
Among the top hits from the T207A mutant, 14 of 16 peptides were 
also strongly phosphorylated by ERK1 WT. These results are consis-
tent with the in vitro kinase assays described earlier and supported 
the conclusion that an alanine mutation at T207 of ERK1 did not af-
fect the specificity toward peptide substrates but decreased the 
overall phosphotransferase activity of the kinase by ∼70%.

Phosphorylation at T207 may reduce the stability 
of activated ERK1
To investigate this matter further in a physiologically relevant cell-
based system, we transfected ERK1-WT, T207A, and T207E con-
structs with Flag tags into the human embryonic kidney HEK293 cell 
line. After stimulation of overnight serum-deprived cells with 10% 
fetal bovine serum (FBS) for 10 min to obtain maximal ERK1/2 acti-
vation, we immunoprecipitated Flag-ERK1 from the lysates of the 
harvested cells. We observed that with similar amounts of the ki-
nase, the T207A mutant had a significantly higher level of TEY phos-
phorylation than WT (Figure 4A). However, only a weak phospho-
TEY signal was detected from the T207E phosphorylation-mimicking 
mutant. This indicated that the phosphorylation of T207 might inter-
fere with MEK1 phosphorylation and activation of ERK1 in vivo and/
or enhance the dephosphorylation of the TEY phosphosites, since 
the absolute levels of the Flag-ERK1 constructs were comparable. 
Considering that all three forms of ERK1 were phosphorylated to an 
equal level by MEK1-ΔN3EE at TEY in vitro, the weaker TEY phos-
phorylation of ERK1-T207E in vivo was unlikely to be due to de-
creased phosphorylation by MEK1.

The immunoprecipitated ERK1 proteins were also tested for their 
kinase activity toward MBP (Figure 4B). Despite the stronger phos-
phorylation of ERK1-T207A at the TEY site after incubated with ATP, 
neither the Ala nor Glu mutants were able to phosphorylate MBP as 
a substrate. Substitution of a nonphosphorylatable alanine residue 
at T207 induced only the autophosphorylation activity of ERK1, in-
dicating that the unphosphorylated threonine residue is important 
for the kinase to maintain its active conformation. Once phosphory-
lated at T207, the phosphotransferase activity of the kinase would 
be suppressed, and this might also serve to increase recognition of 
the TEY site for dephosphorylation by phosphatases.

Phosphorylation of T207 is regulated by protein 
phosphatases
We also examined the phosphorylation of T207 in multiple cell lines 
with various treatments that activated ERK1/2 (Supplemental Figure 
S2). None of these conditions was able to produce stable phos-
phorylation of T207 of ERK1 or T190 of ERK2, which indicated that 
ERK1 and ERK2 that were phosphorylated on this threonine site 
were quickly removed from the cells by dephosphorylation and/or 
degradation. Protein levels of ERK1 and ERK2 have been reported 
to be negatively regulated by the ubiquitin/proteasome pathway 
(Lu et al., 2002). However, treatment with a specific proteasome in-
hibitor, MG132, increased the phosphorylation of only the TEY site 
and not that of the T207/T188 sites of ERK1/2 in A431 cells (Figure 
5A). Given the earlier results that expression of ERK1-T207E did not 
affect the protein level of ERK1/2 in HEK293 cells, we believe that 
the T207 phosphorylation of ERK1 was probably not related to en-
hanced degradation of the kinase in vivo.

To investigate the effect of protein phosphatases on ERK1/2 
T207/T190 phosphorylation, we treated A431 cells with protein-ty-
rosine phosphatase (PTP) or serine/threonine phosphatase (STP) in-
hibitors (Figure 5B). Both sets of inhibitors were able to elevate the 

toward 445 different peptides patterned after optimal substrate 
consensus sequences for hundreds of different protein kinases. Re-
combinant ERK1 and its mutants were preactivated by incubation 
with MEK1, and the MEK1 phosphotransferase activity was subse-
quently inhibited by adding the compound UO126 at the end of the 
preincubation. After analyzing the microarray image, we observed 
no phosphotransferase activity of ERK1-T207E mutant compared 
with the MEK1/UO126 control field (Supplemental Figure S1). The 
T207A and WT preparations showed the same selectivity in phos-
phorylating the substrate peptides on the chip. The strongest phos-
phorylation detected in both fields was from the same substrate 

FIGURE 3:  Phosphorylation and activity of ERK1 and its mutants. Six 
ERK1 mutants were created to characterize the functional roles of the 
three flanking phosphosites near the TEY motif (A). Purified 
recombinant ERK1 and its mutants were incubated with MEK1-ΔN3EE 
(orange) or kinase dilution buffer (blue) in presence of 50 μM ATP at 
30°C for 15 min. An aliquot of each reaction mix was mixed with 
2.5 μg of MBP and incubated for another 2 min. Samples were mixed 
with SDS–PAGE sample buffer and analyzed by Western blotting 
using the dual phospho-ERK1/2 pTEpY antibody (B) and phospho-
MBP antibody (C). The results are averaged from three to five 
separate experiments with the SDs indicated by bars. **p < 0.005.
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phosphorylation, we suspect that phosphorylation of T207 might 
induce the dephosphorylation of ERK1 by MAPK phosphatases.

DISCUSSION
Phosphorylation of the activation T-loop is the most common mech-
anism for posttranslational kinase stimulation. Protein kinases are 
dynamically regulated in this flexible segment to control down-
stream signaling. Under physiological conditions, activation of pro-
tein kinases is usually transient, and robust treatments are required 
to ensure elicitation of the appropriate physiological responses. 
Various processes, including phosphorylation at inhibitory sites, de-
phosphorylation at activatory sites, and enhanced proteolysis, have 
been reported to account for negative regulation of the phos-
photransferase activity of different individual protein kinases. How-
ever, no common mechanism has yet been proposed for negative 
regulation of protein-serine/threonine kinases in general, although 
phosphorylation of several of the cyclin-dependent protein kinases 
within the subdomain I GxGxxG motif is known to be inhibitory (Gu 
et al., 1992; Mueller et al., 1995; Welburn et al., 2007).

In this study, we focused on the activation segment of human 
protein kinases and by careful alignment identified the two most 
ubiquitous phosphorylation sites in all protein-serine/threonine ki-
nases. At least 35 articles have been published regarding the func-
tional analyses of these two phosphosites, using mutagenesis tech-
niques with 33 protein kinases (Figure 6; Fisher and Morgan, 1994; 
Alessi et al., 1996; Butch and Guan, 1996; Raingeaud et al., 1996; 
Konishi et al., 1997; Lawler et al., 1997; Siow et al., 1997; Tassi et al., 
1999; Masai et al., 2000; Lee and Chung, 2001; Rutter et al., 2001; 
Tan et al., 2001; Zhang et al., 2001, 2006; Liu et al., 2002; Huang 
et al., 2003; Moran et al., 2003; Rafie-Kolpin et al., 2003; Durkin 
et al., 2004; Arnold et al., 2005; Beullens et al., 2005; Graves et al., 
2005; Jung et al., 2005; Kaur et al., 2005; Gagnon et al., 2006; Lu 
et al., 2006; Stafford et al., 2006; Bunkoczi et al., 2007; Harraz et al., 
2007; Mattison et  al., 2007; Hashimoto et  al., 2008; Tyler et  al., 
2009; Guo et al., 2010; Jin et al., 2010; Li et al., 2010; Rodgers et al., 
2010; Zheng et al., 2010; Gordon et al., 2011). All of the mutants 
created, including substitutions with nonphosphorylatable residues 
or phosphomimicking residues, were reported to show decreased 
activity, and it has been repeatedly interpreted that phosphorylation 
of these phosphosites may play a critical role in maintaining the ac-
tive conformation of kinases. Indeed, in Figure 1, these were accord-
ingly represented as stimulatory sites, although we now challenge 
these conclusions. Our findings indicate that phosphorylation of 
these two phosphosites may actually repress the catalytic activity 
of these protein kinases, which is contrary to the interpretations 
offered in most of these previous studies.

We used glutamic acid substitutions as phosphomimetics to ex-
plore the roles of the phosphorylation sites in the ERK1 activation T-
loop. The locations of the oxygen atoms in the carboxyl moiety in the 
side chain of glutamic acid better approximates the positions of oxy-
gen atoms in the phosphate moiety in a phosphorylated serine or 
threonine residue than they do in the shorter side chain aspartic acid 
residue. However, it was interesting to learn which acidic amino acid 
residue was in practice a better phosphomimetic. As shown in Sup-
plemental Table S3B, primarily from the UniProt website, we were 
able to identify 695 human phosphosites that were demonstrated to 
be functionally important and for which site-directed mutagenesis 
had been performed to alter these critical residues. These included 
477 activatory phosphosites and 183 inhibitory phosphosites. As 
summarized in Supplemental Table S3A, for a glutamic acid substitu-
tion of a serine, threonine, or tyrosine residue that corresponded to a 
phosphosite, the activatory or inhibitory effect of the phosphorylation 

TEY phosphorylation level, but the phospho-T207/T190 signal in-
creased only in PTP inhibitor-treated cells. These PTP inhibitors 
(phenylarsine oxide [PAO] and Na3VO4) suppress the activity of 
protein-tyrosine phosphatases and dual-specificity phosphatases/
MAPK phosphatases. Because the expression of the phosphomim-
icking T207E mutant of ERK1 resulted in decreased levels of TEY 

FIGURE 4:  Phosphorylation and activity of ERK1-WT, T207A, and 
T207E in HEK293 cells. (A) Phosphorylation of TEY motif of ERK1 
under serum stimulation. HEK293 cells stably expressing Flag-ERK1 
were starved overnight before stimulation with 10% FBS for 10 min. 
(B) Activity of immunoprecipitated Flag-ERK1. After serum 
stimulation, Flag-ERK1 was immunoprecipitated by Flag-tag antibody 
and incubated with 5 μg of MBP and 50 μM ATP at 30°C for 15 min. 
The samples were subsequently subjected to SDS–PAGE and Western 
blotting with phosphosite-specific antibodies for the dual phospho-
ERK1/2 phosphosite pTEpY and myelin basic protein (pMBP) and the 
Flag tag (Flag). (C) Each image is representative of three independent 
experiments, and the averages of the phosphorylation of the pTEpY 
site and MBP from the three separate experiments are shown with 
the SDs indicated by bars. **p < 0.005.
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the side-chain carboxyl group of D166 and 
2.8 Å from the nitrogen atom (NZ) in the 
side-chain amino group of K168. In T204-
phosphorylated ERK1, these atoms pairs 
were still within 4.0 Å of each other. Simi-
larly, with unphosphorylated ERK1, the oxy-
gen in the hydroxyl moiety of Y210 was 
within 3.5 Å of the two oxygen atoms (OD1 
and OD2) in the side-chain carboxyl group 
of E237. In T204-phosphorylated ERK1, 
these atom pairs were also still within 3.9 Å 
of each other. D166 and K168 in ERK1 cor-
respond to the highly conserved positions 
D116 and K118 in kinase subdomain VI in 
the aligned sequences of protein kinase 
catalytic domains. Site-directed mutagene-
sis studies with the yeast cAMP-dependent 
protein kinase demonstrated that the D116 
and K118 positions are critical for the phos-
photransferase activity (Gibbs and Zoller, 
1991). E237 in ERK1 corresponds to highly 
conserved E185 site in the aligned se-
quences of protein kinase catalytic domains 
and is located 5 amino acid residues after 

subdomain IX. This glutamic acid residue has also been identified as 
important for protein substrate recognition, particularly for basic 
amino acid side chains that are located two residues before the 
phosphoacceptor site in substrates (Gibbs and Zoller, 1991). As 
shown in Supplemental Figure S3B, these interactions are similarly 
preserved in both the inactive and T185/Y187 dual-phosphorylated 
forms of ERK2. Consequently, loss of T207 and Y210 interactions 
with other amino acid residues in ERK1, and the equivalent T190 
and Y193 interactions in ERK2, which would be highly disrupted 
with their phosphorylation, would also be expected to be inhibitory 
to the catalytic activities of both of these kinases. Emrick et al. (2006) 
originally proposed that hydrogen bonding of the T190 in ERK2 to 
D149 (aligned position D116) might be responsible for maintaining 
the conformation of the activation loop and preventing kinase auto-
activation by autophosphorylation. The highly increased autophos-
phorylation of ERK1 that we observed with the T207A ERK1 mutant 
in our study is in keeping with this idea.

Autophosphorylation of the T190 site in ERK2 was reported to 
promote cardiac hypertrophy in both mice and humans without af-
fecting the phosphotransferase activity of the kinase (Lorenz et al., 
2009; Ruppert et al., 2013). By contrast, our results with ERK1 mu-
tants of the corresponding T207 site indicate that phosphorylation 
of this site apparently inhibits the phosphotransferase activity of 
ERK1 toward exogenous substrates. Any mutation of the T207 resi-
due resulted in a dramatic decrease of ERK1 phosphotransferase 
activity even when the TEY activating motif was phosphorylated.

Both the T207 and Y210 sites were phosphorylated slowly in vi-
tro, and their phosphorylations were usually increased along with 
TEY phosphorylation and kinase activation. In contrast to our in vitro 
studies with recombinant protein kinases, in cell lysates, we ob-
served very low levels of T207/T190 phosphorylation even when the 
ERK1/2 pathways were activated. This might be taken to indicate 
that these sites might not be appreciably phosphorylated in cells. 
However, in HEK293 cells that stably expressed the phosphomim-
icking ERK1-T207E mutant, the phosphorylation of TEY under se-
rum stimulation was lower than with WT and T207A, indicating that 
the hyperphosphorylated forms of ERK1/2 were quickly removed 
from these cells. This hypothesis was supported by increased levels 

of that site on the protein’s function was successfully mimicked 70.0, 
77.6, and 55.6% of the time, respectively. For an aspartic acid substi-
tution of a serine, threonine, or tyrosine residue that corresponded to 
a phosphosite, the activatory or inhibitory effect of the phosphoryla-
tion of that site on the protein’s function was successfully reproduced 
89.8, 85.0, and 83.3% of the time, respectively. Based on these litera-
ture findings, it would appear that aspartic acid is more often a slightly 
better mimetic of phosphorylation than glutamic acid. Although we 
did not test aspartic acid mutants of the ERK1 T207 site, apparently 
ERK2 T190D mutants behave very much like the ERK1 T207E mu-
tants with respect to enhanced autophosphorylation at the TEY phos-
phosites and abolition of phosphotransferase activity toward exoge-
nous substrates (Smorodinsky-Atias et al., 2016).

We used ERK1, one of the most fundamental and well-studied 
kinases, as a model in which to investigate the functional roles of 
these highly conserved phosphorylation sites in activation T-loop. 
Based on our data, T207 in ERK1 arose from autophosphorylation, 
whereas the phosphorylation of Y210 was catalyzed by MEK1. All of 
the mutants of these two sites (T207A, T207E, Y210F, and Y210E) 
showed significantly decreased phosphotransferase activity toward 
MBP regardless of the level of TEY phosphorylation, which is consis-
tent with the results from studies of other protein-serine/threonine 
kinases with mutation of equivalent amino acid residues (Figure 6). 
The Y210 mutants were not recognized by MEK1, indicating the 
importance of this residue in its unphosphorylated form for the 
maintaining the structure of ERK1 so that it can be targeted by 
MEK1 and MEK2.

Careful examination of the x-ray crystallographic structure of hu-
man ERK1, with and without phosphorylation of the activating Y204 
site, revealed that the internal amino acid interactions associated 
with the side chains in T207 and Y210 are relatively unaffected by 
the presence of the phosphate moiety on Y204. As shown with the 
three-dimensional (3D) structure of monophosphorylated ERK1 in 
Figure 7, T207 appears to interact with K168, D166, and Y210, 
whereas Y210 may also interact with P169, E237, and W209. In par-
ticular, as documented in Supplemental Table S4A, in unphosphory-
lated ERK1, the oxygen atom (OG1) in the T207 side-chain hydroxyl 
group was within 3.6 Å of the two oxygen atoms (OD1 and OD2) in 

FIGURE 5:  Phosphorylation of ERK T207/T190 is regulated by protein phosphatases in A431 
cells. (A) A431 cells were treated with 10 μM proteasome inhibitor MG132 for 4 h, followed by 
stimulation with 100 ng/ml EGF for 5 min. (B) A431 cells were treated with 0.025% dimethyl 
sulfoxide (CTRL), PTP inhibitors (25 μM PAO and 50 μM Na3VO4), or STP inhibitor (30 mM NaF) 
for 30 min. The samples were subsequently subjected to SDS–PAGE and Western blotting with 
antibodies that were dual phospho-ERK1/2 pTEpY phosphosite-specific and ERK1 pT207 
phosphosite-specific (which cross-reacts with ERK2 pT190) or the pan-expression ERK1/2-CT 
(ERK-CT) antibody. The migration positions of phospho-ERK1 (**), phospho-ERK2 (°°), ERK1 (*), 
and ERK2 (°) on the SDS–PAGE gel are indicated.
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FIGURE 6:  Site-directed mutagenesis of phosphorylation sites in the activation T-loop of protein-serine/threonine 
kinases. Publications were identified in which site-directed mutagenesis had been performed on protein kinases that 
featured a phosphorylated threonine residue at aligned position 155 and/or a phosphorylated tyrosine residue at 
aligned position 158 in their catalytic domains. The effects of mutation of these and flanking phosphosites are shown as 
gain of function (GoF), loss of function (LoF), or without known effect (NoE) on the phosphotransferase activities of the 
tested protein kinases. Activatory phosphosites are highlighted in green, and suspected inhibitory phosphosites are 
highlighted in pink. A more complete list of mutated phosphorylation sites in diverse human proteins is provided in 
Supplemental Table S3B.

Protein Kinase UniProt ID P-Site Citation

148 149 150 151 152 153 154 155 156 157 158 159 160 161 162 A F D E
T308 T M K T F C G T P E Y L A P E GoF GoF
Y315 T M K T F C G T P E Y L A P E LoF

ANKRD3 (RIPK4) P57078 T184 S M D G L F G T I A Y L P P E LoF LoF Moran et al., 2003
ASK1 (MAP3K5) Q99683 T842 C T E T F T G T L Q Y M A P E LoF Bunkoczi et al., 2007
CDC7 O00311 T376 Q V A P R A G T P G F R A P E LoF Masai et al., 2000
CDK7 P50613 T175 A Y T H Q V V T R W Y R A P E LoF Fisher and Morgan, 1994

T383 L M R T L C G T P T Y L A P E LoF
T387 L M R T L C G T P T Y L A P E LoF
T389 L M R T L C G T P T Y L A P E GoF
Y390 L M R T L C G T P T Y L A P E LoF
S343 H H S T I V S T R H Y R A P E NoE
T344 H H S T I V S T R H Y R A P E LoF

COT (MAP3K8) P41279 T290 F P K D L R G T E I Y M S P E LoF LoF LoF Stafford et al., 2006
DAPK3 O43293 T180 E F K N I F G T P E F V A P E LoF Graves et al., 2005

T202 F L T E Y V A T R W Y R A P E LoF LoF LoF
Y204 F L T E Y V A T R W Y R A P E LoF LoF LoF
T207 F L T E Y V A T R W Y R A P E LoF LoF
Y210 F L T E Y V A T R W Y R A P E LoF LoF
S171 R R L S F I G T P Y W M A P E LoF
T175 R R L S F I G T P Y W M A P E LoF
T486 T H T S R V G T C L Y A S P E LoF
T488 T H T S R V G T C L Y A S P E LoF
T493 T H T S R V G T C L Y A S P E LoF LoF

IKKb O14920 Y188 L C T S F V G T L Q Y L A P E LoF Huang  et al., 2003
S2032 G I K T S E G T P G F R A P E NoE NoE NoE
T2035 G I K T S E G T P G F R A P E LoF LoF LoF

MAP3K14 (NIK) Q99558 T559 T G D Y I P G T E T H M A P E LoF Jin et al., 2010
MEKK1 (MAP3K1) Q13233 T1412 F Q G Q L L G T I A F M A P E LoF LoF Siow et al., 1997

S520 G M K S V T G T P Y W M S P E LoF
T522 G M K S V T G T P Y W M S P E LoF
T524 G M K S V T G T P Y W M S P E LoF
S526 G M R S V T G T P Y W M S P E LoF
T528 G M R S V T G T P Y W M S P E LoF
T530 G M R S V T G T P Y W M S P E LoF
T167 H L Q T C C G S L A Y A A P E LoF GoF GoF
S171 H L Q T C C G S L A Y A A P E LoF LoF
T211 A K T I D A G C K P Y M A P E LoF GoF GoF
Y219 A K T I D A G C K P Y M A P E LoF
S308 T K M S A A G T Y A W M A P E LoF
T312 T K M S A A G T Y A W M A P E LoF
S234 Q S S V A V G T P D Y I S P E LoF
T240 Q S S V A V G T P D Y I S P E LoF
T190 K R N T F V G T P F W M A P E LoF
T194 K R N T F V G T P F W M A P E LoF
T175 F A K T F V G T P Y Y M S P E LoF GoF
T179 F A K T F V G T P Y Y M S P E LoF LoF
S560 K R K S L V G T P Y W M A P E
Y566 K R K S L V G T P Y W M A P E LoF
T1161 L F Y T F C G T I E Y C A P E LoF
T1165 L F Y T F C G T I E Y C A P E LoF
T507 R A S T F C G T P D Y I A P E NoE
Y514 R A S T F C G T P D Y I A P E LoF
T446 K R T R S K G T L R Y M S P E LoF
T451 K R T R S K G T L R Y M S P E LoF

GCWTSLP681S95075PKIS S P P Y A A P E LoF LoF Hashimoto et al., 2008
T233 V R K T F V G T P C W M A P E LoF
T237 V R K T F V G T P C W M A P E LoF
T181 P A N S F V G T P Y W M A P E LoF
Y183 P A N S F V G T P Y W M A P E LoF

TGFbR2 P37173 Y424 N S G G Q V G T A R Y M A P E LoF Lawler  et al., 1997

FoLFoLEPPMYNVTGVQSDKV686T18933PKTT Mattison et al., 2007; Tyler et 
al., 2009

TAOK3 (MAP3K18) Q9H2K8 Tassi et al., 1999

Butch and Guan, 1996;
This study

Raingeaud et al., 1996; Harraz 
et al., 2007

Lu et al., 2006; Gordon et al., 
2011

Konishi et al., 1997; Liu et al., 
2002PKCd (PRKCD) Q05655

PKR (EIF2AK2) P19525 Zhang et al., 2001

STLK3 (STK39) Q9UEW8 Gagnon et al., 2006

PAK6 Q9NQU5 Kaur et al., 2005

PASK Q96RG2 Rutter et al., 2001

MRCKa (CDC42BPA) Q5VT25 Tan et al., 2001

MST3 (STK24) Q9Y6E0

Rellos et al., 2007P51955NEK2

MELK Q14680 Beullens et al., 2005

MKK6 (MAP2K6) P52564

MLK1 (MAP3K9) P80192 Durkin et al., 2004

Arnold et al., 2005

Rodgers et al., 2010

MEKK2 (MAP3K2) Q9Y2U5 Zhang et al., 2006

MEKK3 (MAP3K3) Q99759 Zhang et al., 2006

HRI (EIF2AK1) Q9BQI3 Rafie-Kolpin et al., 2003

LRRK2 Q5S007 Li  et al., 2010

CLK2 P49760

ERK1 (MAPK3) P27361

HPK1 (MAP4K1) Q92918

Position in Aligned Protein Kinases Substitution 
Mutation

Akt1 (PKBa) P31749 Alessi et al., 1996; Jung et al., 
2005; Zheng et al., 2010

Chk2 (CHEK2) O96017 Lee and Chung, 2001;   
Guo et al., 2010
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view of the high conservation of the ERK1 T207 and Y210 phospho-
sites in most protein-serine/threonine kinases. At the very least, 
phosphosite-specific antibodies for stimulatory sites in the T-loop 
can demonstrate that the target kinase has been recently activated 
in its history, although not necessarily at the time of the isolation of 
the kinase.

We conclude that ERK1 slowly autophosphorylates the T207 site 
and this phosphorylation is markedly stimulated with ERK1 activa-
tion, phosphorylation at this site inhibits the phosphotransferase 
activity of ERK1 toward other substrates, and it is involved in the 
dephosphorylation and deactivation of ERK1 by MAPK phospha-
tases. At least a few previous studies also suggested that the phos-
phorylation of the serine or threonine residues at aligned position 
155 might be inhibitory for Chk2 (Schwarz et  al., 2003), MARK4 
(Timm et al., 2003), and NEK2 (Rellos et al., 2007). We propose this 
may be an important general mechanism by which protein-serine/
threonine kinases negatively regulate their activity after their initial 
activation. This ensures that only when a sufficient portion of the 
population of a particular protein-serine/threonine kinase is acti-
vated over a sustained period will the cell permit the signaling to 
advance to the next steps.

For many cellular processes, the subsequent inactivation of pro-
tein kinases is just as critical as their initial recruitment. Such pro-
cesses include, among others, cell cycle progression in response to 
growth stimuli, relief from checkpoint controls with availability of 
nutrients and repair of DNA damage (Elledge, 1996; Johnson and 
Walker, 1999; Kastan and Bartek, 2004), resumption of anabolic re-
actions and inhibition of catabolic reactions with restoration of ATP 
levels after buildup of AMP and cAMP, and depression of the im-
mune system after an infection has subsided.

The ability of signaling proteins to autoinactivate is not uncom-
mon. For example, G proteins feature an intrinsic GTPase activity that 
curtails their actions on effector proteins. Many GTPase-activating 
proteins act to stimulate the rates of GTP hydrolysis by G proteins. 
We speculate that some regulatory proteins might act directly on 
protein kinases to accelerate or depress their rates of autoinactivation 
by stimulation of phosphorylation of the inhibitory phosphosites up-
stream of the kinase subdomain VIII APE sequence. Such kinase-inac-
tivating proteins might specifically recognize the phosphorylated re-
gion just before the APE region, which in the phosphorylated state 
would be very conserved among most protein-serine/threonine ki-
nases. These regions also may act as docking sites for members of 
the large family of dual-specificity protein phosphatases to facilitate 
their dephosphorylation of the activating phosphorylation sites that 
are located further downstream in the activation T-loop.

A tyrosine residue at aligned position 158 does not occur in any 
of the 90 human protein-tyrosine kinases. Previous studies showed 
that this region near the C-terminus of activation loop is one of the 
major determinants in conferring the specificity of protein-tyrosine 
kinases versus protein-serine/threonine kinases (Taylor et al., 1995; 
Hubbard, 1997). Protein-tyrosine kinases would be more likely than 
protein-serine/threonine kinases to undergo rapid autophosphory-
lation and inactivation with a tyrosine residue just before the APE 
region. Of interest, one-third of the human protein-tyrosine kinases 
feature a tyrosine residue that is located just four amino acid resi-
dues C-terminal to the subdomain VIII APE sequence (aligned posi-
tion 166), and phosphorylation of this site has been confirmed for 
two-thirds of these tyrosine residues by mass spectrometry. It is 
tempting to speculate that this highly conserved tyrosine phospho-
site serves as an inactivating autophosphorylation site for protein-
tyrosine kinases. Although little is known from experimental studies 
about the physiological role of this tyrosine phosphorylation site, 

of both TEY and T207/T190 phosphorylation of ERK1/2 in PTP 
inhibitor-treated A431 cells.

Careful inspection of the PhosphoSitePlus website (www 
.phosphosite.org) for the number of reports by mass spectrometry 
of the phosphorylation of threonine and serine residues at aligned 
position 155 and tyrosine residues at aligned position 158 in pro-
tein-serine/threonine kinases revealed that phosphorylation at these 
sites is detected in general at much lower frequency than other 
phosphosites in the activation T-loops of protein kinases (Supple-
mental Table S2). This may be related to the difficulty of detecting 
highly phosphorylated short peptides in large-scale MS studies. As 
mentioned in the Results section, we experienced difficulty in de-
tecting phosphorylation of the T207 and Y210 sites of ERK1 in vitro 
by MS. It is also likely that the hyperphosphorylated forms of protein 
kinases are subjected to increased rates of degradation or dephos-
phorylation in vivo.

Phosphosite-specific antibodies for the detection of phosphory-
lation of the TEY site in MAP kinases have been extensively used in 
thousands of studies to demonstrate the state of activation of these 
protein kinases. Although such antibodies can reveal the stimula-
tions of signaling pathways that converge on these and other pro-
tein kinases, our results reveal that despite the presence of specific 
phosphorylation of the TEY site, the MAP kinases can still be cata-
lytically inactive. In fact, this could be a very general problem, in 

FIGURE 7:  Interactions with T207 and Y210 residues in the 3D 
structure of human ERK1. The x-ray crystallographic structure of T204 
phosphorylated human ERK1 (PDB Id 2ZOQ) was originally deduced 
by Kinoshita et al. (2008) and is rendered with JMol on the RCSB PDB 
website. The backbone atoms of ERK1 appear with white bonds, and 
most of the atoms in the tyrosine, tryptophan, and proline side-chain 
residues are colored orange, green, and yellow, respectively. Most 
oxygen, nitrogen, and carbon atoms in the other amino acid residue 
side chains appear as red, blue, and gray, respectively. Distances of 
atoms in the side chains of T207 and Y210 that were within 5 Å of the 
atoms of other amino acid side chains are indicated with orange 
dashed lines. In particular, T207 appears to interact with K168, D166, 
and Y210, whereas Y210 also interacts with P169, E237, and W209. 
Supplemental Table S4, A and B, respectively, provides listings of the 
actual distances between the phosphoacceptor residues in ERK1 and 
ERK2 with neighboring amino acid residues.
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factor-alpha (TNFα) for 10 min; and 10% FBS for 10 min. For the 
following treatments, cells were previously maintained in 10% 
FBS: 25 μM arsenite for 2 h, 25 μM PAO for 30 min, 50 μM 
Na3VO4 for 30 min, 30 mM NaF for 30 min, 10 μM MG132 
(Calbiochem/EMD Millipore, Billerica, MA) for 4 h, and 100 ng/ml 
nocodazole for 16 h. After treatments, cells were usually washed 
with ice-cold phosphate-buffered saline before scraping into ly-
sis buffer (20 mM 3-(N-morpholino)propanesulfonic acid [MOPS], 
pH 7.2, 5 mM EDTA, 2 mM ethylene glycol tetraacetic acid 
[EGTA], 0.5% [vol/vol] Triton X-100, 30 mM NaF, 20 mM Na4P2O7, 
1 mM Na3VO4, 40 mM β-glycerophosphate, 1 mM dithiothreitol 
[DTT], 1 mM phenylmethylsulfonyl fluoride, 3 mM benzamidine, 
5 μM pepstatin A, and 10 μM leupeptin). Cells were briefly soni-
cated and then subjected to ultracentrifugation at 100,000 × g 
for 30 min to prepare lysates for Western blotting.

In vitro kinase assay with myelin basic protein
Purified GST-ERK1 was first incubated with constitutively active mu-
tant of MEK1 (MEK1-ΔN3EE) in 5 mM MOPS, pH 7.2, 2.5 mM β-
glycerolphosphate, 0.4 mM EDTA, 1 mM EGTA, 5 mM MgCl2, 0.5 
mM DTT, and 100 μM ATP at 30°C for 15 min. Purified MBP was 
added to the mixture and incubated for another 2–5 min before the 
reaction was terminated. Flag-ERK1 and its mutants were immuno-
precipitated from cell lysates with Flag-tag antibody before incuba-
tion with MBP and ATP in the same buffer.

Kinase substrate antibody microarray
Kinex kinase substrate microarrays (Kinexus) were printed with 445 
kinase substrate peptides as spots in triplicate. Purified ERK1 and its 
T207A and T207E mutants were preincubated with MEK1-ΔN3EE as 
described. At the end of the incubation, activated ERK1 was diluted 
in the same kinase assay buffer with MEK1 inhibitor UO126 to 200 μl. 
The mixture was then loaded onto a Kinex kinase substrate microar-
ray slide and incubated at 30°C for 2 h. We used Pro-Q Diamond 
Phosphoprotein Stain (Molecular Probes/Thermo Fisher Scientific, 
Waltham, MA) to detect phosphorylation on the microarray. Microar-
ray analysis software from ImaGene was used to analyze microarray 
images. Net signal median was calculated to represent the signal 
strength of each spot. Standard deviation of triplicates was used to 
eliminate inconsistent signals. Short lists were generated using a cer-
tain threshold percentage when compared with the strongest signal.

Databases and online resources
Information on protein phosphorylation sites was based on data col-
lected from the UniProt (www.uniprot.org/), PhosphoSitePlus (www 
.phosphosite.org/), and PhosphoNET (www.phosphonet.ca/) data-
bases. Protein structures were from the RCSB protein data bank 
(PDB; www.rcsb.org/pdb/) and visualized using PDB Protein Work-
shop. All numbering of amino acids in proteins is based on the un-
processed human forms as reported in UniProt.

this residue at T701 in TrkA is known to be inhibitory for at least this 
kinase (de Pablo et al., 2008).

MATERIALS AND METHODS
Plasmids and commercial antibodies
The plasmids pGEX-2T-GST-ERK1, pGEX-2T-GST-ERK1-K71A, and 
pGEX-2T-GST-MEK1-ΔN3EE were constructed by David L. Charest 
from our lab (Charest et al., 1993). The plasmid containing full-length 
wild-type ERK1 (pGEX-2T-GST-ERK1) was used for mutagenesis (Q5 
Site-Directed Mutagenesis Kit; New England BioLabs, Whitby, ON, 
Canada). ERK1 and its mutants were also subcloned into pcDNA3 
vectors with Flag tag for mammalian cell expression. All DNA oligos 
were synthesized by Integrated DNA Technologies (Coralville, IA). 
We used the following commercial antibodies for Western blotting 
or immunoprecipitation (IP): ERK1/2-CT for the C-terminus of 
ERK1 and ERK2 (NK055-6; Kinexus), dual phospho-ERK1/2 pTEpY 
(KAP-MA021, discontinued; Stressgen, Victoria, BC, Canada), Flag 
tag antibody (2368; Cell Signaling Technology, Danvers, MA), and 
phospho-MBP (05-429; Upstate/EMD Millipore, Billerica, MA).

ERK1 phospho-T207 and phospho-Y210 antibodies
A phosphopeptide corresponding to human ERK1 204-209 
(pYVApTRW) was synthesized to raise phosphosite-specific antibod-
ies in rabbits against the ERK1 T207 (ERK2 T188) site, and this was 
subsequently used to affinity purify the antibodies from the rabbit 
sera. Non–phosphosite-specific antibodies were depleted by an 
agarose column coupled with pYVATRW peptide and an agarose 
column coupled with phosphotyrosine just before affinity purifica-
tion with immunogenic peptide column. In Western blotting experi-
ments using the ERK1 p207 antibody (PK866; Kinexus), the anti-
body solution was supplemented with 15 μg/ml pYVATRW peptide 
to further eliminate the binding to unphosphorylated ERK1. Dot 
blot studies demonstrated that this antibody preparation immuno-
reacted similarly with phosphopeptides with the sequences pYVAp-
TRW and YVApTRW. The ERK1 pY210 site was detected with the 
PYKSD8 antibody (PG005; Kinexus), which was raised in rabbits 
against the WpYRAPE peptide. The PYKSD8 antibody was subse-
quently affinity purified from serum with an agarose column to which 
this peptide was covalently coupled after the serum was initially pas-
saged through a phosphotyrosine-agarose column to deplete ge-
neric phosphotyrosine antibodies.

Cell cultures, transfections, and treatments
Human epidermoid carcinoma A431 and human embryonic kidney/
HEK293 cells were cultured in DMEM (Life Technologies/Thermo 
Fisher Scientific, Waltham, MA) and MEM (Life Technologies), re-
spectively, supplemented with 10% FBS (Applied Biological 
Materials, Richmond, BC, Canada). HEK293 cells were used as 
transfection hosts of Flag-ERK1 and its mutants. Culture dishes were 
coated with 2% poly-l-lysine solution (Sigma-Aldrich, Oakville, ON, 
Canada) for 20 min before each use. At 50–60% confluency, cells 
were transfected with pcDNA3.0-ERK1 plasmids using Lipo-
fectamine 2000 transfection reagent (Life Technologies). The trans-
fection medium was replaced 6 h after transfection. Cells were cul-
tured for another 48 h before selection with 500 μg/ml G418 for 
positively transfected clones. Clones stably expressing Flag-ERK1 
were tested and expanded for further experiments.

For growth factor treatments, the cells (80% confluency) were 
maintained in serum-free medium for 16–18 h and then treated 
separately with one of the following agents: 10 ng/ml human 
epidermal growth factor (EGF) for 5 min; 100 nM phorbol 12-my-
ristate 13-acetate (PMA) for 10 min; 100 nM tumor necrosis 
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