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The alternative splicing of the mek5 gene gives rise to two isoforms. MEK5� lacks an extended N terminus
present in MEK5�. Comparison of their activities led us to identify a novel mitogen-activated protein kinase
(MAPK) docking site in the N terminus of MEK5� that is distinct from the consensus motif identified in the
other MAPK kinases. It consists of a cluster of acidic residues at position 61 and positions 63 to 66. The
formation of the MEK5/extracellular signal-regulated kinase 5 (ERK5) complex is critical for MEK5 to
activate ERK5, to increase transcription via MEF2, and to enhance cellular survival in response to osmotic
stress. Certain mutations in the ERK5 docking site that prevent MEK5/ERK5 interaction also abrogate the
ability of MEKK2 to bind and activate MEK5. However, the identification of MEK5� mutants with selective
binding defect demonstrates that the MEK5/ERK5 interaction does not rely on the binding of MEK5� to
MEKK2 via their respective PB1 domains. Altogether these results establish that the N terminus of MEK5�
is critical for the specific organization of the components of the ERK5 signaling pathway.

The mitogen-activated protein kinase (MAPK) signaling
pathways regulate numerous physiological processes during
development and pathogenesis (10). They consist of the se-
quential activation of protein kinases that include a MAPK, a
MAPK/extracellular signal-regulated kinase (ERK) kinase
(MEK or MKK) and a MEK kinase (MEKK) (10). At least
four MAPK subfamilies have been identified: ERK1/2, ERK5,
c-Jun NH2-terminal protein kinases (JNKs), and p38 MAPKs.
MAPK activators include MEK1 and MEK2 for ERK1/2,
MEK5 for ERK5, MKK4 and MKK7 for JNKs, and MKK3
and MKK6 for p38 MAPKs. MEKs/MKKs activate MAPK by
dual phosphorylation on threonine (T) and tyrosine (Y) resi-
dues within a T-X-Y motif. A conserved cluster of two to five
basic residues identified in the N terminus of MEK1 and -2 and
MKK3, -4, -6, and -7 constitutes a consensus MAPK binding
site that is necessary for the transmission of the signal (1, 28).
A similar motif has been identified by sequence homology in
MEK5, but its function as a docking site for ERK5 has not
been proven (28).

The ERK5 signaling pathway regulates by phosphorylation
the activity of a number of transcription factors including myo-
cyte enhancer factor 2 (MEF2) (12, 13). Consistent with its
role in stimulating gene expression through the regulation of
MEF2 activity, ERK5 contributes in vitro to regulating muscle
differentiation and neuronal survival (6, 16, 24). The analysis of
mutant mice in which the erk5 gene can be conditionally de-
leted has provided in vivo genetic evidence that ERK5 medi-
ates the survival of endothelial cells (9). The loss of endothelial
survival may be responsible for the cardiovascular defects ob-
served in erk5�/� and mek5�/� embryos (21, 25, 29, 32). Being

twice the size (815 amino acids) of the other MAPKs, ERK5
possesses a unique C-terminal tail that contains a MEF2-in-
teracting domain and a potent transcriptional activation do-
main (11). The C-terminal tail has been shown to regulate the
nuclear shuttling of ERK5, but its role in mediating ERK5
activation remains controversial (3, 31). In contrast to the
other MAPK cascades, only one activator of ERK5, MEK5,
has been cloned (7, 33).

We have recently provided genetic evidence that MEK5 is a
nonredundant component of the ERK5/MEF2-dependent cell
survival pathway (29). Alternative splicing of the mRNA gives
rise to two isoforms with different N termini, MEK5� (50 kDa)
and MEK5� (40 kDa) (7). The N-terminal extension of
MEK5� has been implicated in its restricted localization to the
particulate fraction, while MEK5� is ubiquitously distributed
and is primarily cytosolic (7). In addition, it contains a phox
and Bem1p (PB1) domain that mediates the binding interac-
tion of MEK5� with the MEK kinases, MEKK2 and MEKK3
(17). Blocking the PB1-dependent formation of the MEKK2/
MEK5 complex prevents MEK5 activation of ERK5 (17). Con-
sistent with this study, MEK5� that lacks the PB1 domain has
been identified as a kinase-dead dominant-negative variant
that can suppress ERK5 signaling (4). However, this is dis-
puted by the ability of a MEK5� transgene to activate ERK5 in
vivo and to promote eccentric cardiac hypertrophy that
progresses to dilated cardiomyopathy and sudden death (18).

To elucidate the functional consequence of differential splic-
ing of the mek5 gene, we have investigated the regulation of
ERK5 by MEK5 isoforms. Our data demonstrate that both
MEK5� and MEK5� are catalytically active enzymes, but the
physical interaction of ERK5 with the N-terminal domain of
MEK5� is critical for ERK5 activation. The docking site iden-
tified in the N terminus of MEK5� is unique since it does not
match the consensus motif present in the other MAPK activa-
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tors (28). Further studies demonstrate that the docking of
ERK5 to MEK5 is essential for the function of MEK5 as a cell
survival factor.

MATERIALS AND METHODS

Cell culture, transfection, and preparation of lysates. COS-7 cells were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with 5% fetal bo-
vine serum (Invitrogen), 2 mM L-glutamine, 10 U/ml penicillin, and 100 mg/ml
streptomycin in a humidified atmosphere with 5% CO2. Mouse embryonic fi-
broblasts (MEFs) established from mek5�/� embryos were described previously
(29). Transfection was performed using the Lipofectamine (Invitrogen) or Meta-
fectene (Biontex, Munich, Germany) reagents, following the manufacturer’s
instructions. A total of 3 �g of each plasmid DNA was used unless indicated
otherwise. Proteins were extracted from cells in triton lysis buffer (TLB; 20 mM
Tris, pH 7.4, 137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 25 mM �-glycer-
ophosphate, 10% glycerol, 1 mM orthovanadate, 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml leupeptin, 10 �g/ml aprotinin). Extracts were clarified by
centrifugation (14,000 � g for 10 min at 4°C). The concentration of soluble
proteins was quantified by the Bradford method (Bio-Rad).

Plasmid constructs. The epitope-tagged MEKK2 and MEKK3 (2), the dom-
inant-active mutant MEK5� (MEK5D) (12), and the glutathione S-transferase
(GST)-ERK5 (33) expression vectors were provided by C. Widmann, J.-D. Lee,
and J. E. Dixon, respectively. Wild-type MEK5 was created by replacing D311
and D315 with S311 and T315 using a QuikChange XL Site-Directed Mutagen-
esis kit (Stratagene). N-terminal Flag-tagged MEK5� and MEK5� constructs
were obtained by subcloning the cDNAs into p3*Flag-CMV-10 (where CMV is
cytomegalovirus) vector (Sigma) using HindIII and NotI. Mammalian expression
plasmids encoding full-length wild-type or mutant MEK5�, MEK5�, or N-ter-
minal fragments of MEK5� fused to GST were created by in-frame ligation of
the cDNAs into the pEBG vector (22) using SpeI and NotI. The ERK5 and
MEK5 cDNAs were subcloned into pRSETA (BamHI/HindIII) and pGEX4T-1
(SalI/NotI) vectors to produce histidine (His) and GST fusion proteins, respec-
tively. All constructs were confirmed by sequencing using the Big Dye kit (Ap-
plied Biosystems) on an ABI 377 sequencer.

Immunoblot analysis. Cell extracts (20 �g) were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 12% polyacrylamide
gel) and electrophoretically transferred to Immobilon-P membrane (Millipore).
Membranes were incubated with 3% nonfat dry milk for 30 min at room tem-
perature and then probed overnight at 4°C with primary antibodies to Flag
(Sigma), hemagglutinin (HA; Covance), ERK5 (Sigma), GST (Amersham Bio-
sciences), or MEK5 (29). Immunocomplexes were detected by enhanced chemi-
luminescence (Pierce or Amersham Biosciences) with goat (Jackson Laborato-
ries), rabbit, or mouse (Amersham Biosciences) immunoglobulin G coupled to
horseradish peroxidase as the secondary antibody. Immunoblot signals were
quantified with the ImageQuantifier software (BioImage, Jackson, MI) to nor-
malize for protein expression prior to protein kinase assays.

Binding assays. Cell extracts (100 to 500 �g) were incubated at 4°C for 2 h with
1 to 2 �g of antibody and protein A agarose beads or with 1 to 5 �g of His- or
GST-fusion protein and Ni-nitrilotriacetic acid (NTA) agarose (QIAGEN) or
glutathione (GSH)-Sepharose (Amersham) beads, respectively. Complexes were
washed three times with TLB and analyzed by immunoblotting. Affinity chro-
matography was performed as described previously (8).

Protein kinase assays. ERK5 and MEK5 protein kinase activity was measured
in cell lysates following incubation with antibodies to ERK5, Flag, or GST and
protein A agarose beads for 2 to 3 h at 4°C. Immunocomplexes were washed
three times with TLB and twice with kinase buffer (25 mM HEPES, pH 7.4, 25
mM �-glycerophosphate, 25 mM MgCl2, 2 mM dithiothreitol, 0.1% orthovana-
date) prior to incubation for 30 min at 30°C in kinase buffer containing 50 �M
[�-32P]ATP (10 Ci/mmol) and 1 �g of GST-MEF2 and GST-ERK5 or myelin
basic protein (MBP) for ERK5 and MEK5 assays, respectively. The radioactivity
incorporated into recombinant proteins was quantitated after SDS-PAGE by
PhosphorImager analysis (Fuji FLA 3000).

Reporter gene expression assay. The reporter plasmid pG5E1bLuc (23) was
transiently cotransfected together with a construct encoding the fusion protein
GAL4-MEF2A (Hung-Ying Kao, Case Western University, Cleveland, Ohio)
with or without expression vectors encoding wild-type or mutant MEK5� or
MEK5�. A pRL-Tk plasmid encoding Renilla luciferase was cotransfected to
monitor transfection efficiency. Aliquots of cell lysates were assayed for firefly
and Renilla luciferase activities using a dual-luciferase reporter assay kit (Pro-
mega) on a Turner Designs 20/20 luminometer.

Cell survival assays. Cell viability was quantified by luciferase activity follow-
ing transfection with the pCMV luciferase plasmid (15) or by flow cytometry
using an anti-GST antibody coupled to Alexa Fluor 488 (Molecular Probes).
Fluorescent cells were counted on a DakoCytomation Cyan flow cytometer
equipped with a coherent Sapphire laser (488 nm; 20 mW) using a 530/40 nm
band-pass filter.

RESULTS

Comparison of protein kinase activities of MEK5 isoforms.
To further understand how MEK5 regulates ERK5, we com-
pared the protein kinase activities of MEK5 isoforms. Lysates
of COS-7 cells overexpressing ERK5 and dominant-active mu-
tants of MEK5� or MEK5� were obtained. The activation of
ERK5 by MEK5 was examined following immunoprecipitation
of ERK5 using an anti-ERK5 antibody and recombinant
MEF2 as a substrate (Fig. 1A and B). This assay demonstrated
that MEK5� was a stronger activator of ERK5 than MEK5�
regardless of the amount of MEK5 protein expressed. The
analysis of the immune complexes by immunoblotting indi-
cated that MEK5� interacted with ERK5 with a weaker affinity
than MEK5� (Fig. 1A). Control experiments showed similar
levels of expression of MEK5 isoforms. These observations
suggested that the different activities of MEK5 isoforms were
due to their distinct ability to interact with ERK5. Indeed,
when MEK5 was coimmunoprecipitated with ERK5 using an
anti-Flag antibody prior to the protein kinase assay, MEK5�
activated ERK5 to a level similar to activation by MEK5� (Fig.
1A and B, IP:ERK5�MEK5). Similarly, ERK5 activation in
cells transfected with 0.3 or 0.03 �g of MEK5� cDNA ap-
peared higher than in experiments where only ERK5 was im-
munoprecipitated (Fig. 1A). In vitro activation of ERK5 by
MEK5 contributes to increasing the levels of MEF2 phosphor-
ylation, although we cannot totally exclude the presence of
other protein kinases associated with the immunoprecipitated
complexes.

The ability of MEK5 isoforms to regulate ERK5 in vivo was
determined by testing their effect on the transcriptional regu-
lation of MEF2 (Fig. 1C). mek5�/� fibroblasts were cotrans-
fected with MEK5� or MEK5� together with the reporter
plasmid pG5E1bLuc and a construct encoding GAL4-MEF2A.
A pRL-Tk plasmid encoding Renilla luciferase was employed
for monitoring transfection efficiency. The results demon-
strated that only MEK5� increased the transcriptional activity
of MEF2A as determined by the luciferase reporter assay (Fig.
1C).

To determine whether similar differences could be detected
following activation of MEK5, we examined the effect of
MEKK2 and MEKK3, two strong activators of the ERK5 sig-
naling pathway (5, 26). COS-7 cells were cotransfected with
wild-type MEK5� or MEK5� together with or without
MEKK2 or MEKK3 and ERK5. MEK5 and ERK5 activity was
measured following immunoprecipitation using recombinant
ERK5 and MEF2 as substrates, respectively. At the basal level,
MEK5� was more active than MEK5�, but no marked differ-
ence was detected in the ability of MEKK2 and MEKK3 to
activate either isoform (Fig. 2A). However, the activation of
ERK5 by MEKKs mediated via MEK5� was more potent than
via MEK5� (Fig. 2B).

Together these data provide evidence that MEK5� and
MEK5� are catalytically active enzymes and that the binding
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interaction between ERK5 and MEK5 contributes to mediat-
ing ERK5 activation.

MEK5� interacts with ERK5 via its N-terminal domain.
The distinct affinity of MEK5 isoforms for ERK5 was con-
firmed by affinity chromatography. ERK5 protein produced in
COS-7 cells was loaded onto GSH-agarose columns packed
with equal amounts of bacterially expressed GST-MEK5� or
GST-MEK5�. The elution was performed using increasing
concentrations of KCl (0.01 to 1 M). The presence of ERK5
was detected in the eluates by immunoblot analysis. Whereas
10 mM KCl was sufficient to dissociate the ERK5/MEK5�
complex, a significant proportion of ERK5 remained bound to
MEK5� until the highest 1 M KCl concentration was used
(Fig. 3A). Consistently, less ERK5 was detected in the first and
the second washes and in the 10 mM KCl fraction of the

FIG. 1. Activation of ERK5 by MEK5 isoforms. (A and B) COS-7
cells were cotransfected with expression vectors encoding Flag
epitope-tagged ERK5 and MEK5� or MEK5�. The expression of
MEK5 and ERK5 in cell lysates and the presence of MEK5 in the
complexes immunoprecipitated with an anti-ERK5 antibody were ex-
amined by immunoblot analysis (IB) using an anti-Flag antibody (A).
ERK5 activity was measured by protein kinase assays (KA) following
immunoprecipitation using an anti-ERK5 (IP:ERK5) or an anti-Flag
(IP:ERK5�MEK5) antibody (A and B). The radioactivity incorpo-
rated into GST-MEF2C was quantitated after SDS-PAGE by phos-
phorimager analysis and expressed as a percentage of the maximum
value. (B). Data of three independent experiments are shown (means
� standard error of the means). (C) The reporter plasmid pG5E1bLuc
was transiently cotransfected with a construct encoding the fusion
proteins GAL4-MEF2A without (Cont) or with MEK5� or MEK5�.
MEF2 transcriptional activity was measured by a dual-luciferase re-
porter assay system. Values are expressed as ratios of firefly to Renilla
luciferase activity. The data correspond to the means � standard error
of the means of three independent experiments (***, P 	 0.001).

FIG. 2. Effect of MEKK2 and MEKK3 on ERK5 signaling. COS-7
cells were cotransfected with expression vectors encoding Flag-tagged
MEK5� or MEK5� and HA-tagged MEKK2 or MEKK3 without
(A) or with ERK5 (B). MEK5 and ERK5 activities were measured by
protein kinase assays (KA) following immunoprecipitation using an
anti-Flag (A) or an anti-ERK5 (B) antibody, respectively. The radio-
activity incorporated into GST-MEF2C was quantitated after SDS-
PAGE by phosphorimager analysis and expressed as a percentage of
the maximum value (B). Data of three independent experiments are
shown (means � standard error of the means).
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MEK5� compared to the MEK5� column. These studies
clearly demonstrated that MEK5� displayed a higher affinity
for ERK5 than MEK5�. To confirm the interaction between
MEK5� and ERK5, bacterially expressed His-tagged ERK5
incubated with lysates of fibroblasts was precipitated, and the
presence of MEK5 in the precipitates was detected by immu-
noblot analysis (Fig. 3B). Endogenous MEK5� expressed in
wild-type and erk5�/� MEFs coprecipitated with ERK5. A
control experiment shows that no protein was detected when
lysate of mek5�/� MEFs was used (Fig. 3B).

To determine how the binding affinity of MEK5 isoforms is
affected by alternative splicing, we investigated the interaction
of ERK5 with the N terminus of MEK5� (amino acids 1 to 89
[�-Nter, where � indicates MEK5�]). ERK5-transfected
COS-7 cells were incubated with an equal amount of bacteri-
ally expressed GST-MEK5�, GST-MEK5�, or GST-�-Nter.
Immunoblot analysis of the complexes pulled down by GSH
beads showed that the binding affinity of ERK5 for �-Nter was

similar to that for MEK5� and significantly higher than for
MEK5� (Fig. 3C). To identify more specifically the region of
MEK5� responsible for the binding to ERK5, COS-7 cells
were cotransfected with ERK5 together with different N-ter-
minal fragments of MEK5� (Fig. 3D). ERK5 was immunopre-
cipitated, and the presence of MEK5 in the precipitates was
detected by immunoblot analysis. Fragments 1 to 89 and 1 to
69 displayed affinity for ERK5 similar to that of the full-length
MEK5�. In contrast, fragment 1 to 29 was unable to bind
ERK5 (Fig. 3D). These studies indicate that amino acids 29 to
69 within the PB1 domain of MEK5 (17) are critical for me-
diating a strong binding interaction between MEK5 and
ERK5.

N terminus of MEK5� contains a docking site for ERK5.
The analysis of the N terminus of MEK5� revealed the pres-
ence of four acidic residues, EDED (amino acids 63 to 66),
which are highly conserved in PB1 domains found in other
proteins (14). To determine the role of these residues in me-

FIG. 3. Interaction of ERK5 with MEK5 isoforms. (A) Lysates (500 �g) of COS-7 cells expressing Flag-ERK5 were passed through a
GST-MEK5� or a GST-MEK5� affinity chromatography column. Columns were washed twice prior to being eluted with increasing concentrations
of KCl. The presence of ERK5 in the fractions was detected by immunoblot analysis using an anti-Flag antibody. (B) MEF extracts (500 �g) were
incubated with bacterially expressed His-tagged ERK5 (1 �g). ERK5 was isolated by incubation with Ni-NTA agarose beads. The binding of MEK5
was examined by immunoblot analysis with an antibody to MEK5. (C) Lysate (250 �g) of COS-7 cells expressing HA-tagged ERK5 was incubated
with 5 �g of GST, GST-tagged MEK5�, MEK5�, or �-Nter. MEK5 was isolated by incubation with GSH-agarose beads. The binding of ERK5
was examined by immunoblot analysis with an antibody to the HA epitope tag. (D) COS-7 cells were cotransfected with the expression vectors
encoding Flag-ERK5 without (Cont) or with GST, MEK5�, or fragments of the N-terminal domain of MEK5� (amino acids 1 to 89, 1 to 69, and
1 to 29) fused to GST. Immunoblot analysis using an anti-Flag and an anti-GST antibody confirmed similar expression of ERK5 and MEK5 in cell
lysates, respectively. ERK5 was isolated by incubation with anti-ERK5 antibody. The binding of MEK5 was examined by immunoblot analysis with
an antibody to GST.
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diating the binding of MEK5� to ERK5, we generated two
mutants in which the EDED motif was either deleted (�
63–
66, MEK5� with a deletion of amino acids 63 to 66) or re-
placed with aliphatic amino acids (�63LVLV66) (Fig. 4A).
Mutants �K146L/K147L and �R153L/K154L were engineered
to test whether the putative docking site present in both MEK5
isoforms and identified by sequence homology with other
MAPKKs (28) was implicated in mediating the binding to
ERK5.

An in vitro binding assay was performed using bacterially
expressed His-tagged ERK5 and GST-fused wild-type and mu-
tant MEK5�. MEK5 was precipitated, and the presence of
ERK5 in the complexes was detected by immunoblot analysis
(Fig. 4B). This assay revealed that the ability of MEK5� to
bind ERK5 was dramatically affected following the deletion or
the mutation of the EDED motif, while mutations in the pro-
posed docking site had no effect. To confirm in vivo the role of
the EDED motif, lysates of COS-7 cells overexpressing ERK5
and wild-type or mutant MEK5� were obtained. The presence
of MEK5 was detected by immunoblotting following the im-
munoprecipitation of ERK5 (Fig. 4C). A control experiment
shows equal amounts of ERK5 in the immune complexes.
Consistent with the in vitro data, the �K146L/K147L and the
�R153L/K154L mutants, but not the �
63–66 or the
�63LVLV66 mutants, bind ERK5 as well as the full-length
MEK5�.

The MEK5/ERK5 interaction was further characterized by
engineering more specific mutations in the N terminus of
MEK5� (Fig. 4A). Lysates of COS-7 cells overexpressing wild-
type or mutant MEK5� were incubated with bacterially ex-
pressed His-tagged ERK5. ERK5 was precipitated, and the
presence of MEK5 in the complexes was detected by immu-
noblot analysis (Fig. 5A). The result showed that the deletion
of two acid residues in the EDED motif (
63–64) was sufficient
to completely abolish the binding of ERK5 to MEK5 (Fig. 5A).
The �
63 mutant in which one acidic residue was deleted
displayed a lower affinity for ERK5 compared to the wild-type
MEK5�. Outside of the EDED motif, a glutamic acid and an
aspartic acid residue at positions 61 and 68 were replaced by a
leucine and a valine residue, respectively (Fig. 4A). The E61L
mutation significantly decreased the ability of MEK5 to bind
ERK5, while the D68V mutation had no effect. This analysis
demonstrates that acidic residues within the EDED motif and
at position 61 are critical for mediating the MEK5�/ERK5
interaction.

Since the docking site is contained within the PB1 domain,
we analyzed the ability of the mutants to bind MEKK2 (Fig.
5B). COS-7 cells were cotransfected with expression vectors
encoding wild-type or mutant GST-MEK5� with HA-tagged
MEKK2. MEK5 was precipitated, and the presence of
MEKK2 in the complexes was detected by immunoblot anal-
ysis. Mutations in the EDED motif decreased the ability of
MEK5 to interact with MEKK2. Similarly, the �D68V mutant
that displayed normal affinity for ERK5 was unable to bind
MEKK2. In contrast, the E61L substitution had no effect.
These results indicate that the EDED motif and the D68
residue constitute an important sequence for mediating
MEKK2/MEK5 interaction. The selective effect of the E61L
and the D68V mutations on ERK5 and MEKK2 binding

FIG. 4. Identification of a novel MAPK docking site in the N ter-
minus of MEK5�. (A) Schematic representation of the MEK5� and
the MEK5� sequences. The residues mutated in the PB1 domain and
in the proposed ERK5 docking site are indicated in bold. The deletion
is indicated by dashes. (B) Bacterially expressed His-ERK5 (1 �g) was
incubated without (Cont) or with 1 �g of GST or GST-tagged wild-
type and mutant MEK5�. MEK5 was isolated by incubation with
GSH-agarose beads. The binding of ERK5 was examined by immuno-
blot analysis with an antibody to ERK5. One-tenth of the His-ERK5
used is shown (input). (C) COS-7 cells were cotransfected with the
expression vectors encoding Flag-tagged ERK5 and GST or wild-type
or mutant MEK5� fused to GST. ERK5 was isolated by incubation
with an anti-Flag antibody. The binding of MEK5 was examined by
immunoblot analysis with an antibody to the GST epitope tag. Immu-
noblot analysis of the lysates and of the immunoprecipitates with an
anti-GST and an anti-ERK5 antibody shows similar levels of expres-
sion of wild-type and mutant MEK5� and ERK5, respectively.

9824 SEYFRIED ET AL. MOL. CELL. BIOL.



clearly demonstrates that the binding of MEK5 to ERK5 does
not rely on the PB1 domain.

The docking site of MEK5 is essential for mediating ERK5
activation. The role of the docking site in regulating MEK5
activity was investigated under basal conditions (Fig. 6). COS-7
cells were cotransfected with wild-type or mutant MEK5�.
MEK5 activity was measured following immunoprecipitation
using recombinant ERK5 or MBP as substrates (Fig. 6A and
B). While the activity of the �K146L/K147L and the �R153L/
K154L mutants remained comparable to the wild-type
MEK5�, mutations in the EDED motif that affected the bind-
ing of MEK5 to ERK5 also prevented MEK5 from phosphor-
ylating ERK5. Consistently, the �E61L mutant displayed a
lower level of activity than the �D68V mutant or the wild-type
MEK5� (Fig. 6B). A control experiment shows no marked
difference in the ability of wild-type and mutant MEK5 to
phosphorylate MBP, ruling out a deleterious effect of the mu-
tations on protein kinase activity (Fig. 6A). The expression of
MEK5�, �K146L/K147L, or �R153L/K154L in the mek5�/�

fibroblasts caused a significant increase in luciferase activity. In
contrast, �
63–66 and �63LVLV66 were unable to regulate
MEF2-induced transcription (Fig. 6C). Together these data

demonstrate that the binding of MEK5 to ERK5 via its dock-
ing site is required for activating the ERK5 cascade.

A similar defect was observed in the regulation of MEK5 by
MEKK2 (Fig. 7). COS-7 cells were cotransfected with wild-
type or mutant MEK5� together with or without MEKK2.
Mutations in the docking site that affected the MEKK2/MEK5
interaction also abrogated the ability of MEKK2 to increase
MEK5 activity. This is demonstrated using MBP as a substrate
to exclude the effect of the mutations on MEK5 binding to
ERK5. A similar result was obtained with MEKK3 (data not
shown).

The survival function of MEK5 is dependent on its docking
domain. Consistent with our previous data (29), we found that
the mek5�/� MEFs were more sensitive than the wild-type
cells to the toxic effect of sorbitol (data not shown). Cell via-
bility assays that employ a luciferase plasmid showed that the
ectopic expression of MEK5� but not of �
63–66 or
�63LVLV66 mutants was able to partially restore this defect.
mek5�/� MEF transfected with an empty vector or a vector
encoding MEK5� mutants defective in ERK5 binding dis-
played between 40% to 60% decrease in luciferase activity
following sorbitol treatment (Fig. 8A). In contrast, no marked
decrease was observed in cells overexpressing MEK5� (Fig.
8A). To confirm the requirement of the docking site in medi-
ating the protective effect of MEK5�, we tested the effect of
wild-type and mutant MEK5� on the survival of transfected
COS-7 cells in response to sorbitol (Fig. 8B). The number of
viable COS-7 cells expressing MEK5 was quantified by flow
cytometry using a fluorescence-coupled antibody against
MEK5. The results showed that cell loss was significantly pre-
vented by wild-type MEK5� but not by the �
63–66 or
�63LVLV66 mutants. These results demonstrate that, unlike
wild-type MEK5�, MEK5� mutants defective in their ability to
bind and activate ERK5 are unable to protect cells against
stress-induced death.

DISCUSSION

Consistent with the analysis of mutant mice in which the erk5
gene has been deleted (9, 21, 25, 32), we have previously
established the role of MEK5 in vivo as an activator of ERK5
and as an essential regulator of cell survival that is required for
normal embryonic development (29). Here we demonstrate
that the protective effect of MEK5 is dependent on its ability to
bind ERK5. A novel MAPK docking site in the N terminus of
MEK5 mediates the interaction between MEK5� and ERK5
that is critical for ERK5 activation. As purified recombinant
MEK5 and ERK5 form a stable complex, the interaction be-
tween the two proteins is direct.

Based on sequence homology with the other MAPK activa-
tors, the docking site on MEK5 was predicted to correspond to
a cluster of basic residues on positions 146 to 153 present in
both MEK5 isoforms (28). Our data show that this was not the
case. The substitution of lysine 146 and 147 or arginine 153 and
lysine 154 to leucine did not affect the binding of MEK5� or
MEK5� with ERK5 (Fig. 4B and C and 6A; data not shown).
In addition, no marked differences were observed between the
ability of these mutants and the wild-type proteins to activate
ERK5 under basal conditions or following activation (Fig. 6A
and 7 and data not shown). The region in the MEK5� isoform

FIG. 5. Characterization of the ERK5 docking site in the N termi-
nus of MEK5�. (A) Bacterially expressed His-ERK5 (1 �g) was incu-
bated with extracts of COS-7 cells transfected with the expression
vectors encoding wild-type or mutant MEK5� fused to GST. ERK5
was isolated by incubation with Ni2�-NTA beads. The binding of
MEK5 was examined by immunoblot analysis with an antibody to the
GST epitope tag. (B) COS-7 cells were cotransfected with expression
vectors encoding wild-type or mutant GST-MEK5� with HA-tagged
MEKK2. MEK5 was isolated following precipitation with an anti-GST
antibody. The binding of MEKK2 was examined by immunoblot anal-
ysis with an antibody to the HA epitope tag. The expression of MEK5
(A and B) and MEKK2 (B) in cell lysates and the presence of ERK5
(A) in the immune complexes were detected by immunoblot analysis
using an anti-GST, an anti-HA, and an anti-ERK5 antibody, respec-
tively.
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that contributes to the interaction with ERK5 (Fig. 1A and 3A
and C) remains to be identified.

Consistent with its low binding affinity for ERK5, MEK5�
that lacks the N terminus extension of MEK5� is a weak ERK5
activator (Fig. 1 and 2). However, when both MEK5 and ERK5
were coimmunoprecipitated, MEK5 isoforms displayed a sim-
ilar ability to activate ERK5 (Fig. 1). These results lead us to
conclude that MEK5� is an active enzyme, thereby emphasiz-
ing the functional importance of the interaction between
MEK5 and ERK5 to mediating ERK5 signaling. The different
activities of MEK5 isoforms are due to their distinct ability to
interact with ERK5. Overall, our data do not support the idea
that MEK5� is an enzyme-dead variant and a dominant-neg-
ative regulator of the ERK5 signaling pathway (4). Further
studies are required to elucidate the function of MEK5� in
vivo in order to understand the physiological significance of
alternative splicing of the mek5 gene.

The higher affinity of MEK5� compared to MEK5� for
ERK5 (Fig. 3) suggested that the N-terminal extension of
MEK5� was implicated in mediating the strong binding of
MEK5 to ERK5. We found that the deletion of at least one
acidic residue within the 63-EDED-66 motif or the mutation of
a glutamic acid residue at position 61 in the N terminus of
MEK5� dramatically decreased the binding interaction be-

tween MEK5 and ERK5 as well as the ability of MEK5 to
activate ERK5 (Fig. 4, 5, and 6). These residues define a novel
MAPK docking motif in the N-terminal domain of MEK5�
within its PB1 domain (28). In contrast to the �E61L mutant,
the �D68V mutant displayed normal affinity for ERK5 but was
unable to interact with MEKK2 (Fig. 5). The identification of
specific mutations in MEK5� that selectively affect the binding
to ERK5 and MEKK2 clearly demonstrates that the interac-
tion of MEK5� with its upstream and downstream kinases is
mediated via distinct motifs. In particular, the formation of the
MEK5/ERK5 complex does not rely on the PB1 domain of
MEK5�. The region in the N terminus of ERK5 responsible
for the binding to MEK5 corresponds to a stretch of 61 amino
acids (amino acids 78 to 139) containing 11 basic residues (31).
Altogether, these studies suggest that the interaction between
ERK5 and MEK5 is triggered by opposite charges in the con-
tact sites of the proteins.

The binding between MEKK2 or MEKK3 and MEK5� is
mediated via their respective PB1 domains (17). The substitu-
tion of a conserved lysine residue at position 47 to an alanine
residue in the N-terminal part of the PB1 domain of MEKK2
renders MEKK2 unable to bind MEK5 (17). In this study, we
have identified residues 63 to 66 and 68 as critical amino acids
of the PB1 domain of MEK5� (Fig. 5B and 7). Heterodimer-

FIG. 6. Mutations in the MAPK docking site affect MEK5 activity. (A and B) COS-7 cells transfected with expression vectors encoding GST
or wild-type or mutant MEK5� fused to GST. MEK5 activity was measured by protein kinase assay (KA) following immunoprecipitation with an
anti-GST antibody. The radioactivity incorporated into GST-ERK5 or MBP was quantitated after SDS-PAGE by phosphorimager analysis and
expressed as a percentage of the maximum value. Data of three independent experiments are shown (means � standard error of the means). The
presence of MEK5 in the immune complexes was detected by immunoblot (IB) analysis using an anti-GST antibody (A). (C) The reporter plasmid
pG5E1bLuc was transiently cotransfected together with a construct encoding GAL4-MEF2A with expression vectors encoding GST, wild-type or
mutant GST-MEK5�. MEF2 transcriptional activity was measured by a dual-luciferase reporter assay system. Values are expressed as ratios of
firefly to Renilla luciferase activity. The data are the mean � standard error of the means of three independent experiments (***, P 	 0.001).

9826 SEYFRIED ET AL. MOL. CELL. BIOL.



ization between PB1 domains occurs via the interaction be-
tween conserved basic and acidic residues (19). Thus, residues
63 to 66 and 68 of MEK5 may constitute the binding site for
lysine 47 of MEKK2. This interaction between MEK5 and
MEKK2 is unique among the other MEK/MKK families
(MEK1, MKK3, MKK4, MKK6, and MKK7) that have been

found to bind their upstream kinases through a DVD site
located in their C termini (27).

Mutations that prevent the formation of the MEK5�/
MEKK2 complex abolish the activation of MEK5 by MEKK2
(Fig. 7). This observation appears to be inconsistent with the

FIG. 7. Effect of mutations in the docking site on the regulation of
MEK5 by MEKK2. COS-7 cells cotransfected with expression vectors
encoding GST, wild-type or mutant GST-MEK5�, and HA-tagged
MEKK2. MEK5 activity was measured by protein kinase assay (KA)
following immunoprecipitation with an anti-GST antibody. The radio-
activity incorporated into GST-ERK5 or MBP was quantitated after
SDS-PAGE by phosphorimager analysis and expressed as a percentage
of the maximum value. Data of three independent experiments are
shown (means � standard error of the means). The expression of
MEKK2 in cell lysates and the presence of MEK5 and MEKK2 in the
immune complexes were detected by immunoblot analysis (IB) using
an anti-GST and an anti-HA antibody.

FIG. 8. The docking site is essential for the survival function of
MEK5�. (A) mek5�/� fibroblasts were cotransfected with an empty
vector (vector) or a vector encoding wild-type or mutant GST-MEK5�
and luciferase (pCMV-luc) to monitor cell viability. At 36 h after
transfection the cells were treated with 500 mM sorbitol for 6 h prior
to being lysed, and the luciferase activity was measured. The values are
normalized to the protein content. The data expressed as the percent-
age of treated versus untreated cells correspond to the means �
standard error of the means of three independent experiments.
(B) COS-7 cells were transfected with an expression vector encoding
wild-type or mutant GST-MEK5� and were treated with 500 mM
sorbitol for the indicated times 24 h after transfection. The cells were
fixed, stained with an anti-GST antibody coupled to Alexa Fluor 488,
and analyzed by flow cytometry. The percentage of viable transfected
cells identified by high fluorescence (�100-fold higher than baseline)
was calculated. Cell loss represents the normalized values of treated
versus untreated cells. The data are representative of two independent
experiments.
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ability of MEKK2 to increase MEK5� activity (Fig. 2A). In-
deed, MEK5� that lacks the PB1 domain is unlikely to bind
MEKK2. To explain this apparent discrepancy we propose that
the N terminus of MEK5� contains an auto-inhibitory domain
that masks the phosphorylation sites of MEK5 by upstream
kinases. The interaction of MEK5 with MEKK2 affects the
overall conformation of MEK5� so that S311 and T315 be-
come accessible for phosphorylation. The recently solved
structure of MEK1 (20) together with the identification of a
conserved MEKK docking site in the C terminus of MEK1 (27)
supports this general idea that the formation of the MEK/
MEKK complex is not only required for mediating specificity
but is also critical for making MEK receptive to phosphoryla-
tion by the bound MEKK.

In conclusion, as both MEKK2 and ERK5 interact with the
N-terminal extension of MEK5�, we suggest that MEKK2 and
ERK5 compete for binding to MEK5 rather than form a ter-
nary complex. Based on a similar model proposed to explain
the organization of the JNK signaling pathway (30), we hy-
pothesize that MEKK2 and MEK5 form a complex that is
dissociated upon activation. Activated MEK5 becomes free to
interact with its substrate ERK5. Accordingly, the specific
transmission of the signal within the ERK5 signaling pathway
may not implicate a scaffold protein.
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