
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

Feb. 1999, p. 1301–1312 Vol. 19, No. 2

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Extracellular Signal-Regulated Kinase 7 (ERK7), a Novel ERK
with a C-Terminal Domain That Regulates Its Activity, Its

Cellular Localization, and Cell Growth
MARK K. ABE,1 WEN-LIANG KUO,2 MARC B. HERSHENSON,1 AND MARSHA RICH ROSNER2*

Department of Pediatrics1 and Ben May Institute for Cancer Research and Department of Pharmacological and
Physiological Sciences,2 University of Chicago, Chicago, Illinois 60637

Received 22 July 1998/Returned for modification 31 August 1998/Accepted 27 October 1998

Mitogen-activated protein (MAP) kinases play distinct roles in a variety of cellular signaling pathways and
are regulated through multiple mechanisms. In this study, a novel 61-kDa member of the MAP kinase family,
termed extracellular signal-regulated kinase 7 (ERK7), has been cloned and characterized. Although it has the
signature TEY activation motif of ERK1 and ERK2, ERK7 is not activated by extracellular stimuli that
typically activate ERK1 and ERK2 or by common activators of c-Jun N-terminal kinase (JNK) and p38 kinase.
Instead, ERK7 has appreciable constitutive activity in serum-starved cells that is dependent on the presence
of its C-terminal domain. Interestingly, the C-terminal tail, not the kinase domain, of ERK7 regulates its
nuclear localization and inhibition of growth. Taken together, these results elucidate a novel type of MAP
kinase whereby interactions via its C-terminal tail, rather than extracellular signal-mediated activation
cascades, regulate its activity, localization, and function.

Mitogen-activated protein (MAP) kinases constitute a su-
perfamily of highly related proline-directed serine/threonine
kinases which play critical roles in control of growth, differen-
tiation, apoptosis, and stress responses (33, 46, 53). MAP ki-
nases are regulated through phosphorylation and dephosphor-
ylation involving upstream dual-specificity protein kinases,
called MAP kinase kinases (MAPKKs) and specific protein
phosphatases. MAPKKs phosphorylate tyrosine and threonine
residues of a Thr-X-Tyr (TXY) motif within the activation
loop of MAP kinases (12). Phosphorylation of the threonine
and tyrosine residues is required and sufficient for full activa-
tion of MAP kinases (5).

The TXY activation motif can be used to divide the MAP
kinase superfamily into three main families. The TEY (Thr-
Glu-Tyr) family consists of extracellular signal-regulated ki-
nases (ERKs) (41). ERK1 and ERK2 represent the most
widely studied members of this family. They appear to mediate
signals from growth factors leading to proliferation and/or
differentiation in a variety of cell types (33, 46, 53). The TPY
(Thr-Pro-Tyr) family encompasses the Jun N-terminal kinases
(JNKs), which are analogous to the rat stress-activated protein
kinases (SAPKs) (30). This family of MAP kinases transduces
intracellular signals initiated by a wide variety of cytokines and
stress stimuli such as tumor necrosis factor alpha, interleukins,
and UV light (24, 55). The TGY (Thr-Gly-Tyr) family includes
p38, a mammalian equivalent of the yeast high-osmolarity glyc-
erol kinase, which is also activated by stress stimuli (21).

Many aspects of MAP kinase cascades are highly conserved
in mammals, Drosophila, nematodes, and yeasts (23, 52, 53). In
the budding yeast Saccharomyces cerevisiae, at least six distinct
pathways involving MAP kinases have been identified (23). In
haploid strains, MAP kinase signaling enzymes are involved in
the regulation of the mating-pheromone response and invasive
response. In diploid strains, they regulate pseudohypha and

spore formation. MAP kinase cascades also regulate the re-
sponse to high osmolarity and mediate the signals to maintain
cell wall integrity. The existence of multiple MAP kinase path-
ways regulating diverse functions in yeast indicates that there
may be additional members of the MAP kinase family in mam-
mals that have not been identified.

Consistent with this notion is the recent identification of a
new human MAP kinase termed Big MAP kinase 1 (BMK1) or
ERK5 (31, 56). Initially BMK1/ERK5 was identified as a re-
dox-sensitive kinase (2). Subsequently, it has been shown to
activate the transcription factor MEF2C, a regulator of cardiac
myogenesis (34), and to mediate early-gene expression follow-
ing serum stimulation (25). BMK1/ERK5, like ERK1 and
ERK2, has a TEY activation motif. However, unlike ERK1
and ERK2, BMK1/ERK5 has a unique 400-amino-acid C-ter-
minal domain, which accounts for its higher molecular mass of
110 kDa (56). The purpose of the C-terminal domain or tail
remains unknown.

Other members of MAP kinase signaling pathways contain
regions outside of their kinase domains that have been deter-
mined to be critical to their function. Ste11p in yeast and c-Raf
are members of the MAPKK family (40, 42) that are constitu-
tively active following deletion of the N-terminal domain (7,
50). Analogously, deletion of a portion of the C-terminal do-
main of the recently described human germinal-center kinase-
like kinase reduces its ability to activate JNK in vivo by 10- to
20-fold (16). Whether the potential SH3 binding sites within
the proline-rich regions of the C-terminal domain of germinal-
center kinase-like kinase have a role in this regulation remains
to be studied. A MAPKK in S. cerevisiae, Pbs2p, has an N-
terminal SH3-binding domain that functions as a scaffold for
other members of the Sho1p-dependent high-osmolarity glyc-
erol response pathway (44). This is one mechanism by which
MAP kinase cascades can be assembled and activated with
specificity. Thus, regions outside of the kinase domains of
MAP kinases can regulate kinase activity and facilitate multi-
protein complexes.

In this paper, we report the identification and characteriza-
tion of a novel member of the MAP kinase family, termed
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ERK7. Although it contains a TEY activation motif, ERK7 has
significant constitutive kinase activity. Surprisingly, we found
that the C-terminal domain of ERK7, not kinase activity, is
required for its cellular localization and function as a negative
regulator of growth.

MATERIALS AND METHODS

Materials. Phorbol 12-myristate 13-acetate (PMA), myelin basic protein
(MBP), peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG), and
peroxidase-conjugated goat anti-mouse IgG were purchased from Sigma Chem-
icals (St. Louis, Mo.). Okadaic acid was purchased from LC Laboratories
(Woburn, Mass.). PHAS-1 was purchased from Stratagene (La Jolla, Calif.).
GST-ATF2 was purchased from New England BioLabs (Beverly, Mass.). Anti-
MAP kinase antiserum (Ab283) was developed as previously described (29).
Anti-ERK7 rabbit antiserum (Cocalico Biologicals, Reamstown, Pa.) was raised
against a peptide representing the last 14 amino acids of the C-terminal domain
of ERK7 (Research Genetics, Huntsville, Ala.). Monoclonal antibody (12CA5)
against the hemagglutinin (HA) epitope was purchased from BabCo (Emeryville,
Calif.). Peroxidase-conjugated 12CA5 (12CA5-PC), high-affinity rat anti-HA
monoclonal antibody (3F10), and peroxidase-conjugated, affinity purified sheep
anti-rat Fab Ig were purchased from Boehringer Mannheim (Indianapolis, Ind.).
Affinity-purified peroxidase-conjugated goat anti-rabbit IgG, and anti-mouse
IgG were purchased from Transduction Laboratories (Lexington, Ky.). Anti-
active MAP kinase polyclonal antibody was purchased from Promega (Madison,
Wis.). Enhanced chemiluminenscence reagents, [35S]cysteine (.600 Ci/mmol),
[a-32P]dCTP (3,000 Ci/mmol), and [g-32P]ATP (6,000 Ci/mmol) were purchased
from DuPont/NEN Research Products (Boston, Mass.). Degenerate PCR prim-
ers were obtained from Operon Technologies (Alameda, Calif.). Sequencing
primers were synthesized by Integrated DNA Technologies (Coralville, Iowa)
and Gibco/BRL (Grand Island, N.Y.). The pRSV–b-gal and pCMV–b-gal ex-
pression vectors were a gift from V. Sukhatme. The pSG5 MKP-1 plasmid was a
gift from Lester Lau, and the control plasmid, pSG5, was purchased from Strat-
agene. Plasmid DNAs were prepared by CsCl-ethidium bromide gradient cen-
trifugation as previously described (29) or by purification through columns as
specified by the manufacturer (Qiagen, Chatsworth, Calif.). The unique site
elimination mutagenesis kit was purchased from Pharmacia (Piscataway, N.J.).

Degenerate-primed PCR amplification. The template for amplification was a
6-day-old rat brain cDNA library in lpCEV29 (19). Degenerate upstream and
downstream oligonucleotide primers were synthesized based on regions of highly
conserved amino acid sequences within MAP kinase subdomains II (VAIKKIS)
[59-CTG GAA TTC GTN GCN AT(T/A/C) AA(A/G) AA(A/G) AT-39] and VII
(TRWYRAP) [59-GC TCT AGA TGG (A/G)GC NC(T/G) (A/G)TA CCA
NC(T/G) NGT-39], respectively. An EcoRI site (underlined) was attached to the
59 end of the sense oligonucleotide and an XbaI site (underlined) was attached
to 59 end of the antisense oligonucleotide to allow subcloning of the PCR
products into an Escherichia coli phagemid vector, pGEM-7Z(1) (Promega).
The PCR buffer consisted of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM
MgCl2, 0.2 mM deoxynucleoside triphosphates, 2 mM each primer, and 1 U of
AmpliTaq DNA polymerase (Perkin-Elmer, Norwalk, Conn.) in a final volume
of 50 ml. PCR was performed in a thermocycler (Perkin-Elmer) for 5 min at 97°C
followed by 35 cycles of 30 s at 94°C, 60 s at 50°C, and 60 s at 72°C, and a final
extension at 72°C for 5 min. The band of interest was approximately 450 bp. The
PCR product was purified with the Wizard PCR prep DNA purification system
as specified by the manufacturer (Promega) and subcloned into pGEM-7Z(1)
with the EcoRI and XbaI restriction sites.

Screening of PCR products. Southern blot screening was performed with an
oligonucleotide probe [59-GAG CA(C/T) CA(A/G) ACC TAC TGT CAG-39]
derived from the consensus amino acid sequence within subdomains II to VIII
for rat ERK1 and ERK2, EHQTYCQ. DNA from colonies that did not hybridize
to the ERK1 and ERK2 probe was sequenced (Sequenase version 2.0 kit; Am-
ersham Life Science). The sequences were compared to the GenBank/EMBL
Data Bank by using the Blastn program (4). Of the 20 colonies initially isolated,
3 were ERK1, 8 were ERK2, 1 was ERK3, 7 were BMK1/ERK5, and 1 was only
moderately homologous to known ERKs.

Tissue Northern analysis. cDNA or the PCR product was radiolabeled with
32P by using a nick translation labeling method and used to probe a poly(A)1

RNA rat multiple-tissue Northern blot (Clontech, Palo, Alto, Calif.). The blot
was prehybridized for 6 h in 53 SSPE (0.75 M NaCl, 50 mM NaH2PO4, 5 mM
EDTA [pH 7.4]) with 53 Denhardt’s solution (0.5% Ficoll, 0.5% polyvinylpyr-
rolidone, 0.5% bovine serum albumin), 50% formamide, 0.1% sodium dodecyl
sulfate [SDS], and 100 mg of sheared salmon sperm DNA per ml, hybridized
overnight in the prehybridization solution at 42°C with radiolabeled probe,
washed extensively with 0.13 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)–0.1% SDS at 65°C, and exposed to X-ray film at 280°C.

Screening of cDNA library and isolation of full-length ERK7. The 32P-labeled
ERK7 reverse transcription-PCR product was used to screen a rat testis library
in lgt11 (106 recombinants: Clontech 5’ Stretch). Five positive plaques were
isolated after secondary screening. cDNAs were isolated and subcloned into
pBluescript SK(2) vector (Stratagene), at the EcoRI site. The isolated cDNAs
were evaluated by Southern blotting to verify the identity of ERK7. Nucleotide

sequences of these clones were determined, and a full-length (2.0-kb) cDNA
clone was identified.

Plasmid construction and preparation. The HA-tagged mouse ERK2 (29) was
cloned into pcDNA3 (Invitrogen, Carlsbad, Calif.) at the BamHI and EcoRV
sites. A hemagglutinin antigen tag, YPYDVPDY, was inserted immediately
following the start methionine of ERK7 by using PCR and was verified by DNA
sequencing. Unique site elimination mutagenesis (14) was performed to generate
ERK7 mutants (K43R T175A Y177F and T175A Y177F). The ERK2/ERK7
chimera was generated by inserting the C-terminal region of ERK7 in frame with
ERK2 at a XhoI site created by unique site elimination mutagenesis and at the
EcoRV site in pcDNA3. In the ERK2/ERK7 chimera, the three amino acids,
GYR, at the C terminus of ERK2 were replaced with REE, from ERK7. The
truncated ERK7DT mutant was generated by a restriction site cleavage at a XhoI
site, resulting in a 356-amino-acid protein where the last three residues were
replaced with the sequence alanine-cysteine-isoleucine. The mutated sequences
were verified by sequencing.

Cell culture. COS, CV-1, NIH 3T3, and PC12 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum and antibiotics (50 U of penicillin per ml and 50 mg of streptomycin per
ml) at 37°C in a 95% air–5% CO2 atmosphere. Quiescent cells were obtained by
incubating cells in serum-free medium for at least 24 h. The immortalized H19-7
cells were generated from embryonic rat hippocampal cells as previously de-
scribed (18).

Transient transfections. Unless otherwise noted, approximately 8 3 105 cells
were seeded on 100-mm plates and incubated overnight. The medium was
changed to serum-free OptiMEM (Gibco/BRL), and the cells were transfected
with a total of 10 mg of plasmid DNA and 40 ml of TransIt LT-1 as specified by
the manufacturer (PanVera Corp., Madison, Wis.). Of the total plasmid DNA,
10% consisted of either the pRSV–b-gal or pCMV–b-gal expression vector.
b-Galactosidase activity was used to normalize for transfection efficiency be-
tween groups. Unless otherwise noted, cells were made quiescent in serum-free
medium for 24 h prior to harvesting.

b-Galactosidase assay. Cell lysate (10 ml) was diluted to a final volume of 300
ml in 0.1 M sodium phosphate buffer (pH 7.5)–0.05 M b-mercaptoethanol–1 mM
MgCl2–0.9 mg of o-nitrophenyl-b-D-galactoside per ml. The samples were incu-
bated at 37°C until a faint yellow color developed, at which time 500 ml of 1 M
Na2CO3 was added and the optical density at 410 nm was measured. One unit of
b-galactosidase enzyme was used as a positive control.

Preparation of cell and tissue extracts. Culture cells were washed twice with
ice-cold phosphate-buffered saline and lysed with 1% Triton-based lysis buffer
(TLB) (1% Triton X-100, 50 mM Tris-HCl [pH 7.5], 40 mM b-glycerophosphate,
100 mM NaCl, 50 mM NaF, 2 mM EDTA, 1 mM sodium vanadate, 1 mM
phenylmethylsulfonyl fluoride, 1 mg of aprotinin per ml, 1 mg of leupeptin per ml,
20 mM p-nitrophenyl phosphate). SDS was added to a final concentration of
0.1% where noted. Pulverized, frozen rat tissue (280°C) was lysed in TLB
containing 0.1% SDS. The cell debris was removed by centrifugation (16,000 3
g for 10 min at 4°C). The protein concentration in the cleared supernatant was
estimated as previously described (3).

Western analysis. Cell extracts (10 to 60 mg of protein per lane, unless oth-
erwise noted) were resolved on an 8% acrylamide separating gel by SDS-poly-
acrylamide gel electrophoresis (PAGE). Proteins were transferred to a nitrocel-
lulose membrane. Membrane blocking, washing, antibody incubation, and
detection by enhanced chemiluminescence were performed as previously de-
scribed (3).

Immunoprecipitation and immune complex kinase assay. Immune complex
kinase assays were performed with ectopically expressed epitope-tagged protein
kinases from COS and CV-1 cells as previously described (29), except that 2 mg
of each substrate was used per reaction in kinase buffer (20 mM HEPES [pH
7.4], 10 mM MgCl2, 1 mM dithiothreitol, 0.2 mM sodium vanadate, 10 mM
D-nitrophenylphosphate, 5 mCi of [g-32P]ATP). Proteins were separated by SDS-
PAGE on a 10% acrylamide separating gel, transferred to a nitrocellulose, and
subjected to autoradiography. Quantitation of substrate phosphorylation was
determined by digital optical scanning on an image analyzer (AMBIS, San Diego,
Calif.). The presence of epitope-tagged proteins in the immunoprecipitates was
verified by Western analysis with 12CA5, 12CA5-PC, or 3F10 monoclonal anti-
body. Immunoprecipitation assays were performed in a similar fashion; however,
the immune complexes were eluted prior to the kinase reaction and subjected to
Western analysis.

Immunocytochemistry. CV-1 cells, about 60% confluent on coverslips, were
transfected with either ERK7, K43R, or ERK7 DT and pCMV–b-gal with Tran-
sIt LT1 reagent. Following the transfection and overnight incubation in serum-
containing medium, the medium was switched to serum-free DMEM for 24 h.
The cells were then fixed in 10% formalin for 15 min, washed, blocked, and
incubated simultaneously with rabbit polyclonal anti-b-galactosidase antibody (5
Prime-3 Prime, Boulder, Colo.) at a 1:300 dilution and anti-HA 12CA5 mono-
clonal antibody (1:500). After a 1-h incubation at room temperature, the cells
were washed and then incubated with Texas Red-conjugated anti-mouse and
fluorescein isothiocyanate-conjugated anti-rabbit antibodies (Molecular Probes,
Inc., Eugene, Oreg.). The stained cells were analyzed under a Zeiss Axioplan
fluorescence microscope, and images were captured with a Photometrics PLX
cooled charge-coupled device digital camera controlled by OPENLAB software
(Improvision Ltd.).
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GST fusion proteins. Plasmids encoding glutathione S-transferase (GST)–c-
Fos (210 to 313), GST–c-Jun (1 to 93), GST–Elk-1 (307 to 428), and GST–c-Myc
were generously provided by T. Deng, E. Wattenberg, R. Treisman, and N. Hay,
respectively. GST fusion proteins were prepared by using a GST purification
system (Pharmacia).

BrdU incorporation in CV-1 cells. CV-1 cells plated in 12-well dishes at
approximately 6 3 104 cells per well were transfected with either pcDNA3,
ERK7, K43R, or ERK7 DT (1 mg/well) and pCMV–b-gal (0.5 mg/well) by using
TransIt LT1 solution. Following the transfection and overnight incubation in
serum-containing medium, the medium was switched to serum-free DMEM for
24 h. Subsequently, the cells were stimulated for 24 h with 10% fetal bovine
serum (FBS) in DMEM containing BrdU (10 mM). Transfected cells were
detected by an in situ b-galactosidase assay with 5-bromo-4-chloro-3-indolyl-b-
D-galactopyranoside (X-Gal) as a substrate, as previously described (29). After
the b-galactosidase assay, the cells were treated with 2 N HCl for 15 min,
neutralized with 0.1 M borate buffer (pH 9.0), and washed with phosphate-
buffered saline. BrdU incorporation was determined by immunocytochemistry
with an anti-BrdU monoclonal antibody (Oncogene Research Products, Cam-
bridge, Mass.). A colometric detection method, consisting of the Vectastain ABC
kit with Vector VIP, a peroxidase substrate kit (Vector Laboratories, Burlin-
game, Calif.), was used. The stained cells were analyzed under a Leitz DMIRB
microscope. The b-galactosidase-positive cells with or without BrdU incorpora-
tion were scored separately, and the percentage of BrdU-positive cells was
calculated.

GenBank accession number. The GenBank accession number for the ERK7
cDNA reported here is AF078798.

RESULTS

Molecular cloning and tissue distribution of ERK7. Regions
of highly conserved amino acid sequences within MAP kinase
subdomains II (VAIKKIS) and VIII (TRWYRAP) were used
to design degenerate upstream and downstream oligonucleo-
tide primers. By using a 6-day old rat brain cDNA library in
lpCEV29 as a template, a 455 bp clone representing a novel
sequence was generated by PCR. The gene encoding this se-
quence was eventually termed ERK7. A rat testis library was
screened with the PCR product to obtain the full-length clone.

Nucleotide sequence analysis of the ERK7 clone reveals a
translation start site in good agreement with the Kozak con-
sensus sequence (28) (Fig. 1A). The open reading frame ex-
tends 1,638 bp, encoding a protein of 546 amino acids with an
estimated molecular mass of 61 kDa (Fig. 1A). The deduced
amino acid sequence contains a putative ATP binding site, a
highly conserved lysine in subdomain II, and a threonine-glu-
tamine-tyrosine activation sequence within subdomain VIII,
indicating that the cDNA encodes for a novel member of the
ERK/MAP kinase family.

Alignment of the deduced amino acid sequence of the clone
with other MAP kinases containing the TEY activation motif
reveals a rather unique C-terminal extension of 195 amino
acids, which is considerably shorter than that of ERK5/BMK1
(Fig. 1B). We therefore named this cDNA ERK7. This C-
terminal region has two PXXP proline-rich segments thought
to be ligands for binding to SH3 domains (43). In addition, the
C-terminal region contains a putative nuclear localization sig-
nal (PARKRGP) (38). Apart from the C-terminal region,
ERK7 is approximately 40% homologous to rat ERK1 and
ERK2. Overall, ERK7 has low homology to ERK5/BMK1,
suggesting that it is a distinct member of the ERK/MAP kinase
family.

The tissue distribution of ERK7 transcripts was determined
by Northern analysis of poly(A)1 RNA from multiple rat tis-
sues (Fig. 2A). A 2.0-kb ERK7 mRNA was most highly ex-
pressed in testis followed by lung tissue (Fig. 2A). Both the
testis and lung contain additional bands on Northern analysis
which might represent splicing intermediates or mRNA encod-
ing for homologous proteins. Although ERK7 was originally
identified by using a 6-day-old rat brain library, the presence of
ERK7 in adult rat brain could be observed only following
extended exposure (data not shown). To further characterize

the distribution of ERK7, antiserum was raised against a pep-
tide corresponding to the last 14 amino acids of the C-terminal
domain of ERK7. Western analysis of multiple rat tissues and
cell types with this antiserum indicated that ERK7 is widely
distributed, although at low levels (Fig. 2B). The relative abun-
dance of ERK7 in testes compared to other tissues evaluated
by Western analysis is consistent with the results of Northern
analysis. These findings suggest that ERK7 is differentially
expressed between tissue types.

Ectopic ERK7 is constitutively TEY phosphorylated in COS
cells. To study ERK7 in intact cells, ERK7 was epitope tagged
with the 9-amino-acid immunodominant portion of the influ-
enza virus HA by PCR and subcloned into the mammalian
expression vector, pcDNA3. In addition, four mutant forms of
epitope-tagged ERK7 were generated. Arginine was used in-
stead of highly conserved lysine-43 in subdomain II to generate
the kinase-inactive mutant, K43R. The TEY activation domain
was mutated either by changing the threonine residue to ala-
nine, T175A, changing the tyrosine residue to phenylalanine,
Y177F, or combining both mutations, T175A Y177F. COS
cells were transiently transfected with ERK7 and the mutant
forms of ERK7, and a 61-kDa protein was recognized by West-
ern analysis with the anti-HA antibody (Fig. 3A, left). The
wild-type ERK7 is seen as a double band. To determine
whether the band with reduced electrophoretic mobility rep-
resented the TEY phosphorylated form of ERK7, Western
analysis was performed with the anti-active MAP kinase poly-
clonal antibody (Fig. 3A, right). This antibody specifically rec-
ognizes the dually but not the singly phosphorylated TEY
motif of ERK1 and ERK2, which corresponds to the active
form of ERK (26). It also cross-reacts with ERK5/BMK1, the
only other known MAP kinase with a TEY activation motif
(48). Only the wild-type ERK7 had a band at about 61 kDa,
recognized by the anti-active MAP kinase antibody. This band
corresponded to the band with reduced electrophoretic mobil-
ity seen in the anti-HA Western blot. Since this upper band
represents about half of the total ectopically expressed ERK7,
Western analysis suggests that as much as 50% of ERK7 may
be TEY phosphorylated and active in serum-starved trans-
fected cells. Since the K43R mutant is not recognized by the
anti-active MAP kinase polyclonal antibody (Fig. 3A, right), it
is possible that kinase activity, perhaps through autophosphor-
ylation, is required for TEY phosphorylation and activation of
ERK7.

ERK7 is constitutively active. To further explore the possi-
bility that ERK7 has constitutive kinase activity, potential sub-
strates were evaluated by an in vitro kinase assay. Immunopre-
cipitated wild-type HA-ERK7, isolated from serum-starved
transfected COS cells, phosphorylated GST-c-Fos, GST-c-
Myc, and MBP in in vitro kinase assays (Fig. 3B). Immuno-
precipitated K43R mutant failed to phosphorylate these sub-
strates in vitro, indicating that this activity was specific for
ERK7. Unlike other members of the MAP kinase family,
ERK7 did not significantly phosphorylate GST-Elk1 (39),
PHAS1 (35), GST–c-Jun (24), and GST-ATF2 (45). The latter
results also suggest that the phosphorylation was on c-Fos, and
c-Myc but not on GST. Similar in vitro kinase assays were
performed with the TEY mutants (Fig. 3C). None of these
mutants had significant kinase activity. These results confirm
that ERK7 is a functional kinase with discrete activity even in
serum-starved cells.

To test whether the simian virus 40 transformation of COS
cells contributes to the constitutive activity of ERK7, similar
experiments were performed with CV-1 cells. As seen in COS
cells, the wild-type ERK7 and the kinase-inactive mutant were
recognized by the anti-HA antibody as a double and a single
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FIG. 1. Primary structure of ERK7 and comparison with other members of the MAP kinase family. (A) The nucleotide and deduced protein sequence of ERK7
cDNA. The threonine and tyrosine residues within the activation motif are marked with asterisks. Putative SH3 binding motifs, PXXP, in the C-terminal region are
underlined. The putative nuclear localization sequence, PARKRGP, is doubly underlined. (B) Computer-generated alignments (GeneWorks, Oxford Molecular Group,
Inc., Campbell, Calif.) of ERK7, ERK1, ERK2, and ERK5/BMK1. The C-terminal regions of ERK7 and ERK5 were not aligned. Roman numerals indicate the 11
conserved protein kinase regions. The conserved threonine/tyrosine regulatory residues are marked with asterisks.
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band, respectively (Fig. 4A, top). Similarly, only the electro-
phoretically retarded band of the wild-type ERK7 was recog-
nized by the anti-active MAP kinase antibody, indicative of
TEY phosphorylation (Fig. 4A, bottom). An in vitro kinase
assay with GST–c-Fos as a substrate confirmed that immuno-
precipitated ERK7 is active in serum-starved CV-1 cells (Fig.
4B). For comparison, CV-1 cells were transiently transfected
with HA-ERK2. In serum-starved cells, ERK2 appeared as a
single band (Fig. 4A, top). After serum stimulation, a second
band with reduced electrophoretic mobility appeared (Fig. 4A,
top). Western analysis with the anti-active MAP kinase anti-
body demonstrated that the vast majority of the ectopically
expressed ERK2 in serum-starved CV-1 cells was not TEY
phosphorylated and therefore was not active as a kinase (Fig.
4A, bottom). The expression of constitutively activated ERK7
probably is not limited to monkey cells. Western analysis with
the anti-HA antibody of NIH 3T3 cells transfected with HA-
ERK7, like COS and CV-1 cells, also revealed a second band
with reduced electrophoretic mobility corresponding to the
active form (data not shown). Together, these data suggest that
ERK7 is constitutively active even in serum-starved cells.

Consistent with the CV-1 results, the kinase activity of
ERK7 is significantly greater than that of ERK2 in serum-
starved COS cells. To assess the relative kinase activities of the
two enzymes, COS cells were transfected with expression vec-
tors for either ERK7 or ERK2. The ERKs were immunopre-

cipitated with anti-HA antibody and then either assayed di-
rectly for kinase activity under equivalent conditions with
GST–c-Fos as a substrate (13) or quantitated by immunoblot-
ting with anti-HA antibody. Surprisingly, the level of cytomeg-
alovirus promoter-regulated ERK7 expression in COS cells
was significantly lower than that of ERK2 (Fig. 5A, bottom).
Differences in transfection efficiency as assessed by b-galacto-
sidase activity (data not shown) could not explain this disparity.
Over 140 times more ERK2 than ERK7 was isolated from
serum-starved cells, but both enzymes had the same kinase
activity as determined by scanning densitometry (Fig. 5A, top).
These results demonstrate that ERK7 has significant constitu-
tive kinase activity relative to ERK2.

Regulation of ERK7 differs from that of ERK2. To deter-
mine if activators of ERK2 might also activate ERK7, COS
cells were transiently transfected with HA-ERK7 and HA-
ERK2. Cells within each transfection group were pooled and
split to equalize transfection efficiency. After serum starvation
for 24 h, the cells were stimulated with several known activa-
tors of ERK2. Cellular protein immunoprecipitated with the
anti-HA antibody was subjected to Western analysis with ei-
ther the anti-HA or the anti-active MAP kinase antibody.

As expected, serum, epidermal growth factor (EGF), PMA,
and okadaic acid dramatically increase the amount of TEY-
phosphorylated HA-ERK2 in comparison to quiescent cells
(Fig. 5B, bottom). However, none of these agents significantly
increases the amount of TEY-phosphorylated ERK7 (Fig. 5C,
bottom). The lack of additional activation of ERK7 was con-
firmed in an immune-complex kinase assay with GST–c-Fos as
a substrate (Fig. 5C, top). Consistent with the anti-active MAP
kinase Western analysis, no increase in GST–c-Fos phosphor-
ylation was seen following stimulation with serum, EGF,
PMA, or okadaic acid. In addition, activation of ERK7 was not
seen following stimulation with anisomycin or H2O2 (data not
shown). In quiescent COS cells, only a very small fraction of
HA-ERK2 is TEY phosphorylated (Fig. 5B, control). In con-
trast, a significant portion of HA-ERK7 appears to be TEY
phosphorylated (Fig. 5C, control). Since TEY phosphorylation
of the MAP kinase family is necessary and sufficient for acti-
vation (5), these results indicate that regulation of ERK7 dif-
fers from that of ERK2 and are consistent with constitutive
activation of ERK7.

The C-terminal domain is required for ERK7 activity. To
determine whether the unique C-terminal region of ERK7
plays a role in regulating ERK7 activity, a form of HA-ERK7
truncated at Pro-353 of the C terminus, termed ERK7DT, was
generated. When ERK2 and ERK5 are aligned by their ho-
mologous kinase domains, the carboxy terminus of ERK7DT is
comparable in length to the carboxy terminus of ERK2. The
anti-HA antibody recognizes both the full-length and trun-
cated ERK7 in whole-cell lysates from transfected COS cells
(Fig. 6A, top), whereas under the same conditions, the anti-
active MAP kinase antibody recognizes only the full-length
ERK7 (Fig. 6A, bottom). However, concentration by immuno-
precipitation with the anti-HA antibody allows the truncated
ERK7 to be detected by the anti-active MAP kinase antibody
(Fig. 6B, right). Compared to the full-length ERK7, only a
small fraction of the truncated form appears to be TEY phos-
phorylated. Detection by the anti-active MAP kinase antibody
indicates that the truncated form of ERK7 is recognized and
phosphorylated by its upstream activator, although perhaps
with significantly reduced efficiency. An in vitro kinase assay
with GST–c-Fos as a substrate confirmed that the kinase ac-
tivity of the truncated ERK7 mutant in serum-starved COS
cells is significantly reduced compared to the full-length ERK7
(Fig. 6C). In addition, ERK7DT, like the full-length ERK7, is

FIG. 2. Tissue distribution of ERK7. (A) A rat multiple tissue poly(A)1

RNA Northern blot (Clontech) was probed with radiolabeled ERK7. The posi-
tions of the RNA size markers in kilobases are illustrated on the right. (B)
Lysates (100 mg) from multiple rat tissues, H19-7 and PC12 cells, were immu-
noblotted with the anti-ERK7 antiserum. Whole-cell lysates (50 mg) from COS
cells transiently transfected with either pcDNA3 or HA-ERK7 are shown in the
two left-hand lanes. The exposure time needed to detect endogenous ERK7 was
considerably longer (4 min) than that needed to detect the ectopically expressed
HA-ERK7 (,2 s).
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not activated by serum stimulation (data not shown). To de-
termine if the C-terminal domain is sufficient for activation of
ERK2, a chimeric protein consisting of ERK2 with the C-
terminal domain of ERK7 was constructed. Following serum
stimulation, the chimeric protein was able to phosphorylate
both PHAS1 and MBP in vitro like wild-type ERK2 (Fig. 6D),
but the presence of the ERK7 C-terminal region was not suf-
ficient to activate ERK2 in serum-starved COS cells (Fig. 6E).
Together, these data indicate that the C-terminal tail is re-
quired for the full constitutive activity of ERK7 in serum-
starved cells but is insufficient to activate ERK2. Reactivity of
the truncated ERK7 with the anti-active MAP kinase antibody
is substantially reduced in comparison to that of full-length
ERK7, requiring concentration by immunoprecipitation to al-
low detection.

MKP-1 dephosphorylates ERK7. To explore the possibility
that the C-terminal region of ERK7 contributes to the consti-
tutive activity of ERK7 by protecting the TEY motif from
dephosphorylation, cotransfections with the dual-specificity
protein phosphatase, MKP-1, were performed. MKP-1 has
been shown to inactivate ERK2 as well as other members of
the MAP kinase family through specific dephosphorylation of
the TEY activation motif (51). COS cells were cotransfected
either with HA-ERK7 or HA-ERK2 and either MKP-1 or a
control plasmid. When they were assayed by an electrophoretic

mobility shift assay, reduced activation of both immunoprecipi-
tated HA-ERK7 and HA-ERK2 from cells cotransfected with
MKP-1 was observed compared to controls following serum
stimulation (Fig. 7, top). Western analysis with the anti-active
MAP kinase antibody confirmed that cotransfection with
MKP-1 reduced the amount of the TEY-phosphorylated forms
of both HA-ERK2 and HA-ERK7 (Fig. 7, bottom). A modest
reduction in the HA-ERK7 gel shift was noted following im-
munoprecipitation, suggesting that ERK7 was further dephos-
phorylated during the immunoprecipitation process (Fig. 7,
top). The effect of MKP-1 on ERK7 in serum-starved cells was
identical to that in cells treated with serum (data not shown).
These experiments indicate that the C-terminal region of
ERK7 does not significantly protect ERK7 from TEY dephos-
phorylation. Therefore, it appears unlikely that the C-terminal
region regulates the constitutive activity of ERK7 by protecting
the activation motif against dephosphorylation.

Cellular localization of ERK7. Another possible regulatory
mechanism is that the C-terminal domain facilitates the acti-
vation of ERK7 by directing it to its activator within the cell.
To explore this possibility, immunocytochemistry was per-
formed to test whether the C-terminal domain influences the
subcellular localization of ERK7. CV-1 cells were transiently
transfected with either ERK7, K43R, or ERK7DT and pCMV–
b-gal. With the anti-HA antibody, cells transfected either with

FIG. 3. ERK7 is TEY phosphorylated and has constitutive activity in COS cells. (A) Ectopically expressed ERK7 in mammalian cells is constitutively TEY
phosphorylated. COS cells were transfected with epitope-tagged ERK7, the empty mammalian expression vector pcDNA3, or various ERK7 mutants. A kinase-inactive
ERK7 mutant, K43R, was made by replacing the highly conserved lysine in the ATP binding region with arginine. The TEY activation domain was mutated by either
changing the threonine residue to alanine, T175A, changing the tyrosine residue to phenylalanine, Y177F, or using both mutations, T175A Y177F. Lysates from
serum-starved transfected cells were prepared and analyzed by immunoblotting with either the anti-HA 12CA5 monoclonal antibody (left) or the anti-active MAP
kinase antibody (right). The data shown are representative of three experiments. (B) COS cells were transiently transfected with either pcDNA3, HA-ERK7, or K43R,
serum starved for 24 h, and lysed with 1% TLB. Following immunoprecipitation with the anti-HA 12CA5 monoclonal antibody, enzyme activity was measured by an
immune complex kinase assay with 2 mg of either GST–c-Fos, GST–c-Myc, GST-Elk1, PHAS1, GST–c-Jun, GST-ATF2, or MBP as noted on the right. The
immunoprecipitated proteins were analyzed by Western blotting with the anti-HA 3F10 monoclonal antibody. A representative blot of immunoprecipitated protein is
displayed at the bottom. ERK7 is seen as a single band as a result of the shorter duration of electrophoresis and the higher percentage acrylamide gel used for the in
vitro kinase assays. (C) COS cells were transiently transfected with pcDNA3, ERK7, K43R, or the TEY mutants, serum starved for 24 h, and lysed with 1% TLB.
Following immunoprecipitation with anti-HA 12CA5 monoclonal antibody, enzyme activity was measured by an immune complex kinase assay with 2 mg of GST–c-Fos
(top). Western analysis of the immunoprecipitated proteins was performed with the anti-HA 3F10 monoclonal antibody (second row), the anti-ERK7 antiserum (third
row), and the anti-active MAP kinase antibody (bottom). The data shown are representative of three experiments.
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ERK7 or K43R had predominantly nuclear staining (Fig. 8A
and D). On the other hand, ERK7DT was localized outside the
nucleus (Fig. 8G). Specific staining was not detected in adja-
cent, nontransfected cells. Staining for b-galactosidase in the
transfected cells revealed a cytoplasmic pattern (Fig. 8B, E,
and H). Unlike ERK1 and ERK2, which translocate to the
nucleus upon serum stimulation (20, 32), ERK7 and K43R
localize to the nucleus even in serum-starved cells. These find-
ings suggest that localization of ERK7 to the nucleus is not
dependent on its kinase activation state. The staining pattern
of the truncated ERK7 mutant, on the other hand, suggests the
C-terminal region plays a role in nuclear localization, consis-
tent with the presence of a putative nuclear localization signal
within this domain. Together, these results suggest that local-
ization to the nucleus alone is insufficient for activation of
ERK7 through TEY phosphorylation, since the majority of the
kinase-inactive mutant is not recognized by the anti-active
MAP kinase antibody (Fig. 3A). However, it remains possible
that directed cellular localization by the C-terminal region of
ERK7 is required for activation of ERK7.

Inhibition of cell growth by ERK7 requires its C-terminal
domain. The classic MAP kinases ERK1 and ERK2 have been
implicated in the regulation of cell growth by growth factors
(33, 46, 53). To determine whether ERK7 can also influence
cell growth, we measured the effect of ectopic expression of
ERK7 on DNA synthesis as monitored by BrdU incorporation
in CV-1 cells. CV-1 cells were cotransfected with either
pcDNA3 alone or pcDNA3 containing ERK7, K34R, or
ERK7DT cDNA along with a b-galactosidase expression vec-
tor to identify transfected cells. No effect of ERK7 on serum-

FIG. 4. ERK7 is TEY phosphorylated and has constitutive activity in CV-1
cells. (A) CV-1 cells were transiently transfected either with pcDNA3, ERK7,
K43R, or ERK2. Following serum starvation for 24 h, the cells were lysed with
1% TLB. Whole-cell lysates (left) were subjected to Western analysis with either
anti-HA monoclonal antibody (top) or anti-active MAP kinase antibody (bot-
tom). CV-1 cells transiently transfected with ERK2 (right) were treated with
10% FBS for 5 min or left untreated. Epitope-tagged ERK2 was immunopre-
cipitated with the anti-HA 12CA5 monoclonal antibody and analyzed by immu-
noblotting with either anti-HA monoclonal antibody (top) or anti-active MAP
kinase antibody (bottom). (B) CV-1 cells were transiently transfected with
pcDNA3, ERK7, or K43R, serum starved for 24 h, and lysed with 1% TLB.
Following immunoprecipitation with the anti-HA 12CA5 monoclonal antibody,
enzyme activity was measured by an immune complex kinase assay with 2 mg of
GST–c-Fos. ERK7 is seen as a single band as a result of the shorter duration of
electrophoresis and the higher-percentage acrylamide gel used for the in vitro
kinase assays. The data shown are representative of three experiments.

FIG. 5. ERK7 and ERK2 are differentially regulated. (A) The relative kinase
activity of ERK7 in serum-starved COS cells is significantly greater than that of
ERK2. COS cells were transiently transfected with equal amounts of either
HA-ERK7 or HA-ERK2. Following serum starvation for 24 h, the cells were
lysed with 1% TLB. The ERKs were immunoprecipitated with anti-HA 12CA5
monoclonal antibody and then either assayed directly for kinase activity under
equivalent conditions with 2 mg of GST–c-Fos as a substrate (top) or immuno-
blotted with anti-HA 3F10 monoclonal antibody (bottom). ERK7 is seen as a
single band as a result of the shorter duration of electrophoresis and the higher-
percentage acrylamide gel used for the in vitro kinase assays. (B) Phosphoryla-
tion of the activation domain of ERK2 is stimulated by extracellular factors. COS
cells were transiently transfected with ERK2. The cells were pooled and split
equally. Following serum starvation for 24 h, the cells were treated with 20%
FBS, 50 ng of EGF per ml, 200 nM PMA, or 200 nM okadaic acid or left
untreated. The cells were lysed with 1% TLB, and the epitope-tagged proteins
were immunoprecipitated with the anti-HA 12CA5 monoclonal antibody. Fol-
lowing separation by SDS-PAGE and transfer to nitrocellulose, ERK2 was sub-
jected to immunoblotting with either anti-HA monoclonal antibody (top) or
anti-active MAP kinase antibody (bottom). (C) Phosphorylation of the activation
domain of ERK7 is unaffected by extracellular factors. COS cells were transiently
transfected with ERK7. The cells were pooled and split equally. Following serum
starvation for 24 h, the cells were treated with 20% FBS, 50 ng of EGF per ml,
200 nM PMA, or 200 nM okadaic acid or left untreated. The cells were lysed with
1% TLB, and the epitope-tagged proteins were immunoprecipitated with the
anti-HA 12CA5 monoclonal antibody. Following immunoprecipitation, the en-
zyme activity of ERK7 was measured by an immune complex kinase assay with
2 mg of GST–c-Fos (top). Western analysis of the immunoprecipitated proteins
was performed with the anti-HA 3F10 monoclonal antibody (middle). TEY
phosphorylation of ERK7 was analyzed by immunoblotting with anti-active MAP
kinase antibody (bottom).
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starved cells was observed (Fig. 9). However, transient trans-
fection of wild type ERK7 suppressed DNA synthesis in
serum-treated CV-1 cells by approximately 50% compared to
the control (P , 0.01) (Fig. 9). Surprisingly, this reduction
appears to be independent of the kinase activity of ERK7,
since the kinase-inactive mutant K43R has an identical effect

(P , 0.002) (Fig. 9). Since b-galactosidase and ERK7 were
coexpressed in only approximately 80% of the cells that were
counted, it is likely that the actual inhibition of DNA synthesis
was greater than 50%. In contrast to the kinase-inactive K43R
mutant, the truncated ERK7D mutant that is also kinase im-
paired did not reduce BrdU incorporation, indicating that the
C-terminal domain appears to be required. These data indicate
that ERK7 can function as a negative regulator of growth.
Surprisingly, it appears that the C-terminal domain, rather
than kinase activity, is the primary component of ERK7 re-
quired for this function.

DISCUSSION

In this report, we describe the cloning of the cDNA encod-
ing a novel member of the MAP kinase family, which we have
termed ERK7. Although it has the signature TEY activation
motif of ERK1 and ERK2, ERK7 appears to be significantly
different from other ERK family members. In contrast to pre-
viously reported ERKs, ERK7 is a constitutively activated en-
zyme that is targeted to the nucleus in both the active and
inactive states and can function as a negative regulator of
growth independent of its kinase activity. In all cases, these
properties are dependent upon the presence of the C-terminal

FIG. 6. The C-terminal domain is required for ERK7 activity. COS cells were transiently transfected with either pcDNA3, ERK7, or an epitope-tagged ERK7
mutant lacking the C-terminal domain, ERK7DT. The cells were serum starved for 24 h and lysed with 1% TLB. (A) Whole-cell lysates were evaluated by Western
analysis with either the anti-HA 12CA5 monoclonal antibody (top) or anti-active MAP kinase antibody (bottom). (B) Epitope-tagged proteins immunoprecipitated with
the anti-HA 12CA5 monoclonal antibody were detected with either the peroxidase-conjugated anti-HA monoclonal antibody (left) or anti-active MAP kinase antibody
(right). (C) The epitope-tagged wild-type ERK7, kinase-inactive K43R mutant, and truncated ERK7DT mutant were immunoprecipitated with the anti-HA 12CA5
monoclonal antibody. Immune complex in vitro kinase activity was measured with 2 mg of GST–c-Fos as a substrate. (D) COS cells were transiently transfected with
ERK2 or ERK2/ERK7, a chimera consisting of ERK2 and the C-terminal region of ERK7. Following stimulation with serum, the epitope-tagged proteins were purified
by immunoprecipitation with the anti-HA 12CA5 monoclonal antibody. Immune complex in vitro kinase activity was measured using 2 mg of either PHAS1 (left) or
MBP (right) as a substrate. (E) COS cells were transiently transfected with ERK2/ERK7 or ERK7. Following serum starvation for 24 h, the cells were stimulated
without or with PMA. Whole-cell lysates were subjected to Western analysis with either anti-ERK7 antiserum (left) or anti-active MAP kinase antibody (right). The
data shown are representative of three experiments.

FIG. 7. MKP-1 dephosphorylates ERK7. COS cells were cotransfected with
either the wild-type HA-ERK7 or HA-ERK2 and either MKP-1 or a control
plasmid. Following serum starvation for 24 h, the cells were stimulated with 10%
FBS for 5 min and cell lysates were prepared. Epitope-tagged ERK7 and ERK2
were immunoprecipitated with the 12CA5 monoclonal antibody and assessed by
Western analysis with either anti-HA 3F10 monoclonal antibody (top) or anti-
active MAP kinase antibody (bottom). Whole-cell lysate (left) from ERK7-
transfected COS cells was also assessed by Western analysis with either anti-HA
3F10 monoclonal antibody (top) or anti-active MAP kinase antibody (bottom).
The data shown are representative of three experiments.
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tail. Thus, ERK7 represents a new class of MAP kinase family
members whose activity, localization, and function require in-
teractions mediated by a C-terminal region rather than just
response to extracellular signal activation cascades. Among
this class of MAP kinases, regulation of protein expression may
be as critical for function as regulation of the activation state of
the enzyme.

Several lines of evidence suggest that ERK7 is constitutively
active. Western blot analysis detected an electrophoretically
shifted band consistent with phosphorylation of ERK7. The

anti-active MAP kinase antibody recognizes only the shifted
band of ERK7. Neither ERK7 dephosphorylated by MKP-1
nor the TEY mutants are recognized by the anti-active MAP
kinase antibody, strongly suggesting that ERK7 contains a du-
ally phosphorylated TEY activation motif. Phosphorylation of
both threonine and tyrosine residues in this motif has been
shown previously to be required and sufficient for ERK1 and
ERK2 activation (5). Finally, constitutive kinase activity was
confirmed through in vitro phosphorylation of substrates such
as c-Fos, c-Myc, and MBP and by comparison to the basal

FIG. 8. Cellular localization of ectopically expressed ERK7, K43R, or ERK7DT in serum-starved CV-1 cells. CV-1 cells were cotransfected with either epitope-
tagged ERK7 (A to C), K43R (D to F), or ERK7DT (G to I) and pCMV–b-gal. (A, D, and G) Immunofluorescent staining for HA-tagged proteins; (B, E, and H) the
same cells after immunofluorescent staining for b-galactosidase; differential interference contrast (Nomarski) micrographs showing cells with double immunofluores-
cent staining (arrows) (C, F, and I). The data shown are representative of three experiments.
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activity of ERK2 under serum-starved conditions. The kinase
activity is ERK7-specific as shown by comparative studies with
the kinase-inactive mutant. These results suggest that approx-
imately 50% of the ectopically expressed ERK7 is TEY phos-
phorylated and enzymatically active.

Although ERK7 is constitutively active, the level of in vitro
substrate phosphorylation by ERK7 appears low. Direct com-
parison to ERK2 suggests that the low level of phosphorylation
results primarily from limited ERK7 expression, since the
amount of ERK7 is significantly smaller than that of ERK2.
However, it is also possible that none of the proteins we tested
represent the physiologic substrate of ERK7. While ERK5/
BMK1 initially appeared to have poor in vitro kinase activity
when MBP was used as a substrate (1), the extent of enzyme
activation was significantly greater in recent studies with the
transcription factor MEF2C as a target of both in vitro phos-
phorylation and in vivo activation (25). Therefore, the true
measure of the kinase activity of ERK7 may await identifica-
tion of a reporter system or a substrate reflective of the phys-
iologic kinase function of ERK7.

The regulation of the constitutive activity of ERK7 appears
to depend, at least in part, on two features of the enzyme, a
functional kinase domain and the C-terminal region. The
highly conserved lysine-43 facilitates ATP binding and is re-
quired for maximal enzyme activity (22). Since the kinase-
inactive mutant K43R is not recognized by the anti-active
MAPK antibody, inhibiting the ability of ERK7 to bind ATP
apparently prevents dual phosphorylation of its TEY activation
motif. Thus, the ability of ERK7 to bind ATP, rendering it a
functional kinase, appears to be required for its own TEY
phosphorylation and activation. One explanation is that ERK7
is activated by autophosphorylation. While ERK1 and ERK2
have been noted previously to autophosphorylate, the degree
of autophosphorylation is limited to only a few percent (10).
Although we have not been able to detect autophosphorylation

of ERK7 in vitro, this failure may be related to low-level of
ERK7 expression. Alternatively, it is possible that the up-
stream activator of ERK7 requires limited autophosphoryla-
tion of ERK7 or another binding protein for full activation of
ERK7. In contrast, ERK2 can be TEY phosphorylated in the
absence of its kinase activity (47). Whereas TEY phosphory-
lation of ERK2 leads to homodimerization and subsequent
nuclear import (27), ERK7 can be translocated to the nucleus
in the absence of TEY phosphorylation. Thus, the mechanism
regulating ERK7 activation and cellular localization appears to
differ from that of ERK2.

The second feature required for activation of ERK7 is the
presence of the C-terminal region. Removal of the tail signif-
icantly reduces the TEY phosphorylation of ERK7, its ability
to phosphorylate substrates in vitro, its nuclear localization,
and its inhibitory effect on growth. Although the results indi-
cate that the C-terminal region is required, more experiments
must be done to determine whether the ERK7 tail is sufficient
by itself to confer these properties on the enzyme. Interest-
ingly, addition of the ERK7 tail to ERK2 did not alter ERK2
kinase activity, suggesting that the activation mechanism is
specific for ERK7. However, the ERK2/ERK7 chimeric pro-
tein induced a small but reproducible reduction in BrdU in-
corporation compared to wild-type ERK2, consistent with a
role for the C-terminal region of ERK7 as a negative regulator
of growth (data not shown). It is likely that the effect of the
ERK7 tail is masked or underestimated in these chimera ex-
periments, since the properties of ERK2 with respect to
growth regulation are contrary to those of ERK7. Thus, alter-
native approaches must be used to clearly elucidate the func-
tion of the ERK7 tail.

The possibility that truncation of the C-terminal region in-
activates ERK7 through distortion of protein structure is a
potential concern. However, several lines of evidence suggest
that the truncated ERK7 is not significantly altered in confor-
mation or stability. First, the truncated version of ERK7 is
soluble and expressed at levels comparable to the wild-type
ERK7. Since the truncated ERK7DT is comparable to ERK2
at the C terminus upon alignment of the homologous kinase
domains, the catalytic domain of ERK7DT should be intact.
Consistent with this observation, ERK7DT can be immunopre-
cipitated and detected by Western analysis with the anti-active
MAP kinase antibody, although at low levels. Therefore, the
structure of ERK7DT is intact enough to allow limited TEY
phosphorylation despite deletion of the C-terminal region. In
addition, similar C-terminal truncated mutants of other mem-
bers of the MAP kinase pathways retain their kinase activity.
Removal of the C-terminal domain of ERK5/BMK1 allowed a
GST-ERK5/BMK1 fusion protein construct to autophospho-
rylate, whereas a full-length ERK5/BMK1 protein lacked de-
tectable kinase activity (56). Similarly, truncation of the C-
terminal domain of an ERK2/ERK5 chimera within a couple
of residues of the comparable site in ERK7DT conferred ki-
nase activity whereas the full-length ERK2/ERK5 chimera was
inactive (17). This finding suggests that for ERK5/BMK1, trun-
cation allowed the kinase domain to function. Removal of the
180 amino acids from the C terminal of ERK3, a related
member of the MAP kinase family with a SEG activation
motif, does not impair its ability to autophosphorylate (9).
These results indicate that large C-terminal deletions do not
inactivate other members of MAP kinase signaling pathways.
Thus, the isolation of TEY-phosphorylated ERK7DT and the
analogy to other ERKs with respect to activation state as well
as structural features elucidated by the MAP kinase crystal
structures (8) suggest that ERK7DT is a potentially active
enzyme.

FIG. 9. Effect of ERK7 on the proliferation of CV-1 cells. CV-1 cells were
transfected with either pcDNA3, ERK7, K43R, or ERK7DT and pCMV–b-gal.
In situ assay of b-galactosidase and immunostaining of BrdU incorporation were
performed as described in Materials and Methods. The b-galactosidase-express-
ing cells were scored as proliferating (BrdU-positive) or nonproliferating (BrdU-
negative) cells, without (h) and with (■) serum stimulation for 24 h. The total
number of cells counted in each group is noted at the top of each column. The
data represent the change in fractional BrdU labeling of serum-stimulated cells
for each treatment group normalized to that of serum-stimulated control cells,
which was defined as 100%. The data are derived from three independent
experiments, and the means and standard deviations are indicated. Where not
shown, the error bars were too small to be seen on the graph. Analysis by the
one-tailed Student t test indicates that the inhibition by ERK7 (P , 0.01) and
K43R (P , 0.002) is statistically significant.
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The exact mechanism by which the C-terminal region of
ERK7 facilitates its activation is not entirely clear. The tail
does not appear to provide significant protection against phos-
phatases such as MKP-1, an effective dual-specificity phospha-
tase that inactivates ERK1 and ERK2 (51). In cotransfection
experiments, MKP-1 was able to dephosphorylate ERK7 al-
most as effectively as it dephosphorylated ERK2. One possi-
bility is that the tail is required to direct ERK7 to its activator
within the cell. Intact ERK7 is localized predominately in the
nucleus, whereas loss of the tail confers an extranuclear local-
ization. This is in contrast to ERK3, which, despite a large
deletion of its C-terminal domain, remains constitutively nu-
clear (9). Thus, the C-terminal tail of ERK7 may facilitate
activation through directed cellular localization. However, lo-
calization alone appears insufficient for activation, since the
kinase-inactive mutant is not TEY phosphorylated yet localizes
to the nucleus.

Alternatively, the C-terminal tail may act as a scaffold to
bind activators of ERK7. An interesting feature of the tail of
ERK7 is the existence of two potential SH3 binding motifs,
PXXP, in the proline-rich C-terminal region of ERK7 (Fig.
1B). SH3 domains have been shown to facilitate the assembly
of signaling complexes leading to enzyme activation (43). Re-
cently, we have demonstrated that ERK7 binds specifically to
the SH3 domains of Grb2 in vitro (data not shown). This
finding demonstrates the potential for ERK7 to be regulated
by or function through the association with SH3 domain-con-
taining proteins such as Grb2. In general, SH3 interactions
organize protein complexes, localize proteins within the cell,
facilitate enzyme-substrate interactions, and regulate enzyme
activity (43). In Saccharomyces cerevisiae, two proteins func-
tioning as scaffolds for the components of both the mating/
pheromone and osmoregulatory pathways have been recently
identified. One of these proteins, Pbs2p, is a MAPKK in one of
the high-osmolarity pathways (37). A proline-rich motif in its
N-terminal domain localizes Pbs2p to the cytoplasmic SH3
domain of Sho1p, a transmembrane osmosensor. This interac-
tion is essential for the activation of Pbs2p by its upstream
activator, Ste11p (44). In addition, Pbs2p appears to function
as a scaffolding protein binding other key members of the
Sho1p-dependent high-osmolarity glycerol response pathway.
Like that of Pbs2p, the SH3 binding motif on ERK7 provides
a potential mechanism by which the C-terminal region can
facilitate protein-protein interactions crucial for its activation
and/or function.

The ability of ERK7 to function as a negative regulator of
growth may also involve SH3 binding interactions, since this
phenotype occurs independently of kinase activity. While we
cannot rule out the possibility that this phenotype is a conse-
quence of ERK7 overexpression, other examples of kinase-
independent function exist. The most relevant example is that
of the Rous sarcoma virus oncogene src, a prototypic signaling
enzyme which has a tyrosine kinase catalytic domain as well as
SH2 and SH3 binding domains (6). Kinase-independent func-
tion was recently demonstrated in Src2/2 transgenic mice,
whose one major phenotype is osteopetrosis as a result of an
intrinsic defect in osteoclast function (49). Expression of ki-
nase-deficient Src in Src2/2 mice reduced osteopetrosis and
partially restored a cytoskeletal organizational defect in the
osteoclasts. Data from this transgenic-mouse model provides
compelling evidence that certain signaling enzymes also have
crucial kinase-independent functions. The SH2 and SH3 do-
mains of Src are speculated to be responsible for the kinase-
independent function, allowing Src to function as an adapter
molecule and facilitate protein interaction or cellular localiza-
tion. Recently, the ERK1 and ERK2 homolog, Kss1, involved

in the mating/pheromone pathway in S. cerevisiae, was also
shown to be a potent negative regulator of filamentation
and/or invasive growth in its inactive state (11, 36). Activation
of Kss1 through phosphorylation by Ste7 removed this repres-
sive effect (11). Kss1 is the first example of a MAP kinase
exhibiting regulatory function in the absence of kinase activa-
tion and is consistent with our finding that ERK7 can exhibit a
growth-inhibitory function that is kinase-independent.

The regulation of ERK7 activity differs from that of other
characterized MAPKs. The typical activators of ERK1, ERK2,
JNK, and p38 do not activate ERK7 through TEY phosphor-
ylation, and overexpression or inhibition of MEK1 has no
effect on ERK7 activity (data not shown). In addition, our
studies suggest that the level of expression of ERK7 appears to
be very tightly regulated compared to ERK2. In similarly trans-
fected cells, the level of ERK7 expression is markedly lower
than that of ERK2. Since its ability to inhibit growth is not
dependent on kinase activity, control of the level of expression
of ERK7 is a possible regulatory mechanism. Consistent with
this notion are preliminary studies indicating that extended
stimulation with phorbol esters, treatment with hydrogen per-
oxide, or overexpression of constitutively active MEKK, an
activator of the stress kinases (55), can lead to an increase in
the relative amount of ERK7. These results raise the possibility
that ERK7 contributes to the inhibition of growth during
stressful conditions.

It seems unlikely that interference with growth is the only
function of ERK7. Other cellular proteins appear to be mul-
tifunctional. Rac1, a member of the Rho family of Ras-related
GDP-GTP-regulated proteins, has several functions including
regulation of transformation, gene expression, and cytoskeletal
organization (54). Recently, the cyclin-dependent kinase inhib-
itor p21Cip1/WAF1 was shown to inhibit keratinocyte differenti-
ation independently of its ability to regulate cyclin–cyclin-de-
pendent kinase complex formation (15). The ability of ERK7
to phosphorylate certain transcription factors in vitro and its
localization primarily to the nucleus suggest that it may also
play a role in the regulation of gene expression.

Cloning of this novel MAP kinase indicates that there are
probably additional members of the MAP kinase family, per-
haps with extended C-terminal regions, that remain unidenti-
fied. Certainly ERK7 appears to be significantly different from
previously described MAP kinases. The initial characterization
of ERK7 indicates that the extended C-terminal domain plays
an important role in its regulation and function, perhaps
through interaction with SH3 domain-containing proteins. Un-
derstanding the role of the C-terminal tail of ERK7 should
provide further insight into the function of ERK7 and its integra-
tion into the increasingly complex cellular signaling pathways.
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