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Mitogen-activated protein kinase (MAPK) cascades are central components of the intracellular signaling
networks used by eukaryotic cells to respond to a wide spectrum of extracellular stimuli. An MAPK is activated
by an MAPK kinase, which in turn is activated by an MAPK kinase kinase (MAP3K). However, little is known
about the molecular aspects of the regulation and activation of large numbers of MAP3Ks that are crucial in
relaying upstream receptor-mediated signals through the MAPK cascades to induce various physiological
responses. In this study, we identified a novel MEKK2-interacting protein, Mip1, that regulates MEKK2
dimerization and activation by forming a complex with inactive and nonphosphorylated MEKK2. In particular,
Mip1 prevented MEKK2 activation by blocking MEKK2 dimer formation, which in turn blocked JNKK2, c-Jun
N-terminal kinase 1 (JNK1), extracellular signal-regulated kinase 5, and AP-1 reporter gene activation by
MEKK2. Furthermore, we found that the endogenous Mip1-MEKK2 complex was dissociated transiently
following epidermal growth factor stimulation. In contrast, the knockdown of Mip1 expression by siRNA
augmented the MEKK2-mediated JNK and AP-1 reporter activation. Together, our data suggest a novel model
for MEKK2 regulation and activation.

Mitogen-activated protein kinase (MAPK) cascades are cen-
tral components of the intracellular signaling networks that
eukaryotic cells use to respond to a wide spectrum of extracel-
lular stimuli. An MAPK is activated by an MAPK kinase
(MAPKK), which in turn is activated by an MAPKK kinase
(MAP3K). A growing number of MAP3Ks have been identi-
fied that are capable of activation of the extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 MAPKs, including MEKK1, MEKK2, MEKK3, MEKK4,
ASK1, TAK1, MLKs, DLK, and Tpl2 (1, 15, 18, 22, 23, 35, 36,
40). These kinases have in common a conserved kinase domain
with substantial homology to that of the Saccharomyces cerevi-
siae MAP3K STE11 (28). There is increasing evidence from
biochemical and genetic studies showing that the MAP3Ks are
crucial in relaying distinct cell surface signals through various
downstream MAPK pathways to their cytoplasmic and nuclear
effectors.

Despite extensive efforts in the past, it is still largely un-
known how each MAP3K is activated and which upstream
molecules activate each MAP3K at the molecular level. One
major hurdle preventing us from understanding these pro-
cesses is that when expressed in transient transfection, most of
the MAP3Ks become constitutively activated in the absence of
any agonist stimuli toward their downstream MAPKs, such as
the JNKs, ERKs, and p38. To complicate the matter further,
overexpression of many MAP3Ks could also activate the I�B
kinase-NF-�B pathway in addition to the MAPK cascades (20,
42). These transfection studies suggest a likely possibility that

these protein kinases are negatively regulated by inhibitors or
through intracellular compartmentalization under normal con-
ditions to maintain their inactive status. Yet, direct evidence
supporting this hypothesis remains to be shown. In addition, it
is still unclear whether these kinases require an activating
kinase (an MAP3K kinase) for their activation in a mammalian
system. If not, how are these MAP3Ks activated once the cells
are stimulated?

MEKK2 is a Ser/Thr protein kinase belonging to the
MEKK/STE11 subgroup of the MAP3K family (1, 30).
MEKK2 is expressed in multiple tissues (1, 30), but its physi-
ological functions in different tissues are largely unstudied.
Ample in vitro studies show that MEKK2 activates the JNK1/2,
ERK1/2, p38, and ERK5 MAPKs (1, 5, 9, 14, 26). The strong
and specific JNK activation by MEKK2 is mediated by JNK-
activating kinase 2 (JNKK2) through the formation of a tri-
partite molecular complex consisting of MEKK2, JNKK2, and
JNK1 (5). Activation of the ERK1/2, p38, and ERK5 MAPKs
by MEKK2 is mediated by MEK1/2, MKK3/6, and MEK5,
respectively (1, 4, 9). MEKK2 has been suggested to play a role
in T-cell receptor signaling and may participate in immune
synapse formation during antigenic stimulation (26, 30).
MEKK2-deficient T cells were shown to hyperproliferate sug-
gesting a negative role for MEKK2 in T-cell receptor signaling
(16). Consistent with this finding, T cells deficient in JNKK2/
MKK7, a major target MAPKK for MEKK2, also displayed
hyperproliferative phenotypes (5, 25). MEKK2 has also been
shown to regulate cytokine gene expression in mast cells (4,
14), mediate epidermal growth factor receptor (EGFR) and
fibroblast growth factor 2 receptor signals (21, 34), and play a
role in rheumatoid arthritis (17).

In the study reported here, we investigated the molecular
mechanisms of MEKK2 activation and regulation. We identi-
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fied and cloned an MEKK2 interacting protein (Mip), Mip1,
that interacts preferentially with the nonphosphorylated and
inactive MEKK2. Mip1 expression led to decreased MEKK2
activity, which inhibited JNKK2, JNK1, ERK5, and AP-1 ac-
tivation by MEKK2. Stimulation of cells with epidermal growth
factor, a known MEKK2 agonist that activates the MEKK2-
dependent JNK-AP-1 pathway (34), led to a transient dissoci-
ation of MEKK2 from Mip1. In contrast, the knockdown of
Mip1 expression by small interfering RNA (siRNA) resulted in
the augmented activation of the MEKK2-regulated JNK/AP-1
pathway.

MATERIALS AND METHODS

Cell culture and transient transfection. COS-1, 293T, and mouse embryonic
fibroblast cells were cultured in Dulbecco’s modified Eagle’s medium, supple-
mented with 5% fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml
streptomycin. Plasmid DNA was transfected with Lipofectamine (Invitrogen, La
Jolla, CA).

Plasmids, proteins, and antibodies. Flag-tagged JNK1; HA-tagged JNK1,
JNKK2(DD), MEKK2 (1-342), MEKK2 (342-619), MEKK2 (342-424), MEKK2
(1-619), MEKK2(342-619)KM, MEKK2(1-619)KM, and MEKK1; and glutathi-
one transferase (GST)-tagged MEKK2 and MEKK2 (342-619) mammalian ex-
pression plasmids, Gal4-luc, Gal4-c-Jun, and GST-c-Jun have been previously
described (5, 30, 31, 41, 43). Standard cloning procedures were used to construct
hemagglutinin (HA)-tagged Mip1 and Mip1-GFP expression vectors; GST-
tagged Mip1 mammalian expression plasmids; and GST-fused Mip1 (1-184),
Mip1 (1-457), Mip1 (1-486), Mip1 (152-486), and Mip1 (313-486) bacterial ex-
pression plasmids. Anti-HA antibody 12CA5 was prepared from a 12CA5 hy-
bridoma and further purified by using a protein A-Sepharose column. Anti-Flag
antibody M2 was purchased from IBI-Kodak (New Haven, CT). MEKK2-specific
antibody 1128 was described before (5), and 8384 was prepared by immunizing
rabbits with peptide RPALSLQETRKAKSSSPKKQN, and further-affinity-pu-
rified. Mip1-specific antibody K87 was prepared by immunizing rabbits with
peptide CKNIQWKERSKQSA and further affinity purified.

Protein purification. The whole-cell lysates of 293T cells transfected with
either a GST empty vector or GST-MEKK2 (342-619) were prepared by using
lysis buffer (50 mM HEPES, pH 7.6, 300 mM NaCl, 1.5 mM MgCl2, 1 mM
EDTA, 1% Triton X-100, and 10% glycerol). After being precleared with protein
A-Sepharose beads, the lysates were incubated with reduced glutathione (GSH)-
Sepharose beads at 4°C for 4 h on a rotator. The beads were washed six times
with lysis buffer, and the precipitates were eluted with sample buffer, resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and
visualized by silver staining. The putative MEKK2 interacting protein bands were
excised from the gel and analyzed by mass spectrometry.

Immunoprecipitation, in vitro kinase assay, and GST pull-down assay. Cell
lysate preparation, immunoprecipitation, and in vitro kinase assays were per-
formed as described in our previous reports (5, 31). For the GST pull-down
assay, COS-1 cells were transfected with HA-, Flag-, or GST-tagged expression
vectors and they were lysed 40 h later using low-salt lysis buffer (50 mM HEPES,
pH 7.6, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1% Triton X-100, and 10%
glycerol). Nuclear and cellular debris was removed from the lysates by centrif-
ugation for 20 min at 4°C. GST fusion proteins were precipitated from the
clarified lysates with GSH-Sepharose at 4°C during a 4-h incubation in a rotator.
The beads were washed four times with low-salt lysis buffer, the precipitates were
eluted with a sample buffer and resolved by SDS-PAGE, and the interacting
proteins were analyzed by immunoblotting with appropriate antibodies.

RNA interference studies. Oligonucleotides 5�-ACCGATTCATCCTCCTTC
AATGTTCAAGAGACATTGAAGGAGGATGAATCTTTTTC-3� and 3�-TA
AGTAGGAGGAAGTTACAAGTTCTCTGTAACTTCCTCCTACTTAGAAAA
AGAGCT-5� (mip1-siRNA1) and 5�-ACCGATTAGAACGACTCCGAAATTCA
AGAGATTTCGGAGTCGTTCTAATCTTTTTC-3� and 3�-TAATCTTGCTGA
GGCTTTAAGTTCTCTAAAGCCTCAGCAAGATTAGAAAAAGAGCT-5�
(mip1- siRNA2) containing 19-nucleotide sequences matching two independent
mip1 cDNA sequences (underlined, corresponding to amino acids 40 to 46 and
89 to 95, respectively) in reverse orientation were synthesized (Sigma Chemical
Company, St. Louis, MO). The mip1 and nonspecific siRNA oligonucleotides
(matching the lacZ sequence) (a gift from X. Qin) were inserted into a pBS-U6
vector (24). 293T cells grown in a six-well plate were transfected with siRNA
expression plasmids using Lipofectamine (Invitrogen, La Jolla, CA). Knockdown

of the endogenous Mip1 expression was analyzed by immunoblotting with K87
antibody.

Nucleotide sequence accession numbers. The sequences of the genes encoding
Mip1�, Mip1�, and Mip1� have been assigned GenBank accession numbers
AY633624, AY633625, and AY633626, respectively.

RESULTS

Cloning of Mip1. We and other groups have shown previ-
ously that MEKK2, like many other members in the MAP3K
family, when transiently expressed, is capable of self-activation
without the need for any agonist stimulation (1, 5, 6, 12, 43).
Thus, an intriguing question is how MEKK2 activation is reg-
ulated under normal conditions to prevent unwanted self-ac-
tivation. One possibility is that MEKK2 may be negatively
regulated by inhibitors under normal conditions. To investigate
this possibility, we expressed GST-MEKK2 (342-619) as a bait
to isolate the Mips using the same GST pull-down assay con-
dition as described before (5).

As shown in Fig. 1A, many unique protein bands (putative
Mips) were precipitated specifically by GST-MEKK2 (342-
619) but not by GST alone. Because of potential problems with
the degradation products, we isolated only those Mips larger
than GST-MEKK2 (342-619) for peptide sequencing by mass
spectrometry. In comparing the sequence data with the gene
bank database, we found that the Mips included hsp70, hsp90,
kinesin-like protein-1, PARP1, and several novel proteins (Fig.
1A and data not shown). One of the Mips, which we identified
by mass spectrometry and named Mip1 (Fig. 1B), with an
apparent molecular mass of 65 kDa, was particularly interest-
ing to us because it shared sequence homology with a con-
served gene called JC310, which encodes a truncated protein
that was characterized as a Ras-inhibitory factor (8) (a full-
length cDNA for JC310 was recently deposited in the National
Center for Biotechnology Information gene bank during the
course of this study). Although the function of the JC310 clone
has not been studied in mammalian cells, it was shown that a
yeast gene encoding a protein called Sty-1-interacting protein
1 (Sin1) that is involved in the yeast MAPK pathway shared
considerable homology with the JC310 clone (38). In addition,
the loss of function of the yeast Sin1 (ySin1) could be com-
pensated for by a chicken homolog gene isolated from chicken
hindbrain with unknown function (38). These results strongly
suggest that Mip1 is a critical regulator of the MAPK cascades
in mammalian cells.

We searched the human expressed sequence tag (EST)
cDNA database to obtain the full-length Mip1 cDNA and
acquired several EST clones. One clone (IMAGE clone ID
303135) containing a 1.9-kb insert was completely sequenced,
which revealed an open reading frame of 1,458 base pairs
encoding a polypeptide of 486 amino acids. The predicted
polypeptide sequence is shown in Fig. 1B. There is a stop
codon upstream of the first methionine codon in the same
coding frame, indicating that this EST clone is the full-length
cDNA that encodes human Mip1.

Comparing the sequence of human Mip1 with the sequences
of chicken Sin1 and JC310 revealed a stretch of 36 amino acids
that was missing from the human Mip1, indicating that addi-
tional forms of human Mip1 may exist. To obtain these differ-
ent forms, we designed primers to flank this region and carried
out a reverse transcriptase PCR in which human Jurkat cDNA
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was used as a template. We identified three different isoforms
of human Mip1, which we named �, �, and �; the correspond-
ing genes encode 486, 522, and 323 amino acids, respectively
(accession numbers AY633624, AY633625, and AY633626,
respectively) (data not shown). A searching of the human
genomic DNA database revealed that these isoforms are de-
rived from the alternative splicing of different exons on chro-
mosome 9q34.12, locus ID79109. Although we still do not
know the functional differences between these isoforms, the
present study was performed with Mip1�. Northern blot anal-
ysis showed that Mip1 is ubiquitously expressed; however, it is
expressed at the highest levels in the heart and skeletal muscle
(Fig. 1C). During the course of this study, Schroder and col-
leagues also reported the cloning and identification of these
differential spliced forms of human Mip1, which they named
human Sin1�, Sin1, and Sin1� (29). They also found that
Mip1/hSin is ubiquitously expressed with highest expression in
heart and skeletal muscle. Interestingly, high MEKK2 expres-
sion in heart and skeletal muscle compared to other tissues was
also observed (30).

Transiently expressed and endogenous Mip1 interacts with
MEKK2. To confirm that the human cDNA indeed encodes
the Mip1 that interacts with MEKK2, we constructed expres-

sion vectors with HA and GST tags with this cDNA and carried
out GST pull-down and coimmunoprecipitation assays. As
shown in Fig. 2A, the transiently expressed Mip1 interacted
with both the catalytic domain (the bait) and the full-length
MEKK2. This interaction appeared to be specific, as Mip1 did
not interact with MEKK1, another member of the MEKK/
Ste11 family, in the same assay (Fig. 2B). Furthermore, we
prepared a Mip1-specific peptide antibody (K87), and using
this antibody, we detected the transiently transfected Mip1
(Fig. 2C, left panel) and the endogenous Mip1 protein with an
apparent molecular mass of 65 kDa (Fig. 2C, middle panel).
The interaction of MEKK2 and Mip1 was further confirmed by
using the K87 antibody to detect the endogenous Mip1 protein
that was pulled down by GST-MEKK2 (342-619) (Fig. 2C,
right panel), thereby confirming that the cDNA is indeed the
Mip1 gene.

Mip1 is a negative regulator of MEKK2 signaling. To de-
termine the role of Mip1 in MEKK2 signaling, we next exam-
ined its effect on MEKK2-induced JNK activation. As shown in
Fig. 3A, the expression of Mip1 by itself had no effect on the
basal activity of JNK. However, its expression did significantly
inhibit MEKK2-induced JNK1 activation in a dose-dependent
manner. Consistent with the observation that Mip1 does not

FIG. 1. Identification and cloning of human MEKK2 interacting protein Mip1. (A) Purification and mass-spectrometric analysis of Mips. Cells
(293T) were transfected with an empty vector or with GST-MEKK2 (342-619). The total cell lysates were prepared for precipitation with
glutathione beads, and the complex was thoroughly washed, resolved by a SDS-polyacrylamide gel, and visualized by silver staining. The
MEKK2-interacting protein bands (indicated by arrows) that were specifically precipitated by GST-MEKK2 (342-619) but were not in the control
gel were excised from the gel and analyzed by mass spectrometry. Endogenous GST and GST-MEKK2 (342-619) were indicated. (B) The
high-performance liquid chromatography/tandem mass spectrometry (HPLC/MS/MS) spectra of one representative Mip1 tryptic peptide. The
predicted amino acid sequence of Mip1 is shown in the insert. The peptide sequence corresponding to the HPLC/MS/MS data of Mip1 is boxed
and highlighted. Other peptides identified by MS/MS are also shown (underlined in boldface). (C) Northern blot analysis of Mip1 expression in
human tissues. A PstI (0.6-kb) fragment of mip1 cDNA was labeled with 32P and used to probe an mRNA blot prepared from human tissues as
indicated.
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interact with MEKK1, Mip1 did not affect MEKK1-induced
JNK1 activation, although both MEKK2 and MEKK1 are po-
tent JNK activators. Since a study of Schizosaccharomyces
pombe showed that the Mip1 ortholog ySin1 regulates the yeast
Sty-1 MAPK function (38), it is possible that the inhibition we
observed is due to a direct blockade of JNK activity rather than
to the inhibition of MEKK2 activity. To assess this possibility,
we examined the MEKK2 activity in the presence and absence
of Mip1. As shown in Fig. 3B, Mip1 inhibited MEKK2 activity
directly (as shown by its autophosphorylation) and hence its

activation of its substrate JNKK2. We further found that Mip1
did not inhibit the JNKK2-induced JNK1 activation, thereby
confirming that Mip1 is a direct regulator of MEKK2 in the
control of the MEKK2 signaling pathway (Fig. 3C). Consistent
with the inhibition of MEKK2-induced JNK activation, we
found that Mip1 blocked the MEKK2-induced, but not the
MEKK1-induced, AP-1 reporter gene expression (Fig. 3D).
Thus, these results establish that Mip1 is a negative regulator
of MEKK2 signaling in the JNK-AP-1 pathway. Since MEKK2
has also been shown to regulate the ERK5 pathway (14, 33),
we further determined if Mip1 inhibits the MEKK2-mediated
ERK5 activation and found that Mip1 was able to block ERK5
activation by MEKK2 (Fig. 3E).

Mip1 binds to the same region required for MEKK2 dimer-
ization. To understand how the interaction of Mip1 and
MEKK2 negatively regulates MEKK2 activation, we per-
formed a GST pull-down assay to map the domains in both
Mip1 and MEKK2 that were required for their interaction. As
shown in Fig. 4A, we found that the 184 amino acids at the N
terminal of Mip1 were sufficient to confer MEKK2 binding.
The carboxyl terminal was not required for this binding and did
not interact with MEKK2.

We recently mapped a small region (dimerization motif;
amino acids 342 to 424) in the catalytic domain of MEKK2 that
is required for MEKK2 dimer formation and demonstrated
that MEKK2 dimer formation is an essential step for MEKK2
activation (6). As shown in Fig. 2A, Mip1 interacted with
MEKK2 through the catalytic domain of MEKK2. Since Mip1
appears to act as an inhibitor for MEKK2 activation, one
possibility is that Mip1 may interact with the MEKK2 dimer-
ization motif thereby preventing MEKK2 from forming
dimers, hence activation. Indeed, as shown in Fig. 4B, the
MEKK2 dimerization motif MEKK2 (342-424) was sufficient
to interact with Mip1. This interaction appeared to be as strong
as that with the entire catalytic domain, suggesting that this is
the binding motif in MEKK2 to interact with Mip1.

Thus the above results suggested that Mip1 negatively reg-
ulated MEKK2 activation by preventing MEKK2 from forming
dimers. If this were the case, we would expect that Mip1 ex-
pression should disrupt MEKK2 dimer formation. To further
confirm that Mip1 interferes with MEKK2 dimer formation,
we performed a GST pull-down assay to examine the dimer
formation between GST-MEKK2 (342-619) and either
MEKK2 (342-619) or MEKK2 (342-619)(KM) in the presence
or absence of Mip1. As shown in Fig. 4C, Mip1 expression
significantly inhibited MEKK2 dimer formation with either
MEKK2 (342-619) or MEKK2 (342-619)(KM). Concomi-
tantly, GST-MEKK2 (342-619) formed a complex with Mip1
(Fig. 4C). We also observed similar results when we used
GST-MEKK2 (342-619) to pull down the full-length MEKK2
protein (data not shown). To further confirm that Mip1 is able
to directly disrupt MEKK2 dimer formation, we purified GST-
MEKK2, HA-MEKK2 (342-619), and GST-Mip1 and then ex-
amined if Mip1 could disrupt MEKK2 dimer formation. As
shown in Fig. 4D, addition of GST-Mip1 but not control GST
recombinant proteins significantly blocked MEKK2 dimer for-
mation.

Mip1 interacts with nonphosphorylated and inactive
MEKK2. Transiently expressed MEKK2 (342-619) was a phos-
phor protein with a retarded mobility on an SDS-PAGE gel,

FIG. 2. mip1 gene product specifically interacts with MEKK2.
(A) Mip1 binds to transfected MEKK2. HA-tagged MEKK2 and
MEKK2 (342-619) were expressed alone or with GST-Mip1 in COS-1
cells for a GST pull-down assay (right panel). The total lysates were
analyzed by immunoblotting (IB) with an anti-HA antibody (left
panel). NS, nonspecific band. (B) Mip1 binds to MEKK2 but not
MEKK1. HA-tagged MEKK1 or MEKK2 were transfected alone or
with GST-Mip1 into COS-1 cells for a GST pull-down assay.
(C) MEKK2 interacts with endogenous Mip1 protein detected by a
Mip1-specific antibody. An empty vector or HA-Mip1 expression vec-
tor was transfected into COS-1 cells. The cell lysates were subjected to
immunoprecipitation (IP) with an anti-HA antibody followed by IB
analysis with an anti-Mip1 peptide antibody K87 (left panel). The
lysates prepared from 293T cells were subjected to immunoprecipita-
tion with preimmune serum (Pre) or K87 followed by IB analysis with
K87 (middle panel). 293T cells were transfected with an empty vector
or a GST-MEKK2 (342-619) expression vector (right panel). The cell
lysates were precipitated with glutathione beads followed by IB anal-
ysis with K87 antibody. IgG, immunoglobulin G.
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whereas the kinase-inactive MEKK2 (342-619)(KM) mutant
was nonphosphorylated, with only the band of fastest mobility
(Fig. 4C). Protein phosphatase treatment of MEKK2 (342-
619) led to its dephosphorylation so that it regained the fast

mobility on an SDS-PAGE gel like the mutant MEKK2 (342-
619)(KM) (Fig. 5A). Thus we were able to distinguish if the
transiently expressed MEKK2 (342-619) protein was phos-
phorylated or not phosphorylated according to its mobility.

FIG. 3. Mip1 inhibits MEKK2-mediated JNK1 activation, ERK5 activation, and AP-1 reporter gene expression. (A) Flag-tagged JNK1 was
cotransfected into COS-1 cells with an empty vector, GST-MEKK1, or GST-MEKK2 in the absence or presence of HA-tagged Mip1, as indicated.
JNK1 was immunoprecipitated for an in vitro kinase assay (KA). The relative induction of JNK activity was determined by a PhosphorImager
(Bio-Rad FX) and normalized to the JNK1 expression level. IB, immunoblotting. (B) Mip1 blocks MEKK2 phosphorylation and kinase activity
toward JNKK2. HA-tagged MEKK2 expressed with an empty vector or Mip1 in COS-1 cells was immunoprecipitated with anti-HA antibody for
an in vitro kinase assay using JNKK2(KR) as a substrate. The expression levels of MEKK2 and Mip1 were determined by IB with an anti-HA
antibody (middle and bottom panels). (C) Mip1 does not block JNKK2-mediated JNK activation. Flag-tagged JNK1 was cotransfected with an
empty vector or HA-tagged JNKK2(DD) (an active form of JNKK2) in the absence or presence of GST-Mip1, as indicated. JNK1 activity was
determined by an in vitro kinase assay as described for panel A. The expression levels of Flag-JNK1 and GST-Mip1 were determined by IB with
an anti-Flag antibody and K87, respectively. (D) Mip1 inhibits the AP-1 reporter gene expression induced by MEKK2 but not MEKK1. Gal4-Luc
reporter plasmid and Gal4-cJun plasmid were cotransfected with an empty vector or with MEKK1 or MEKK2 expression vectors in the absence
or presence of Mip1 plasmid as indicated. An actin-�-galactosidase (�-gal) plasmid was cotransfected in every transfection as a control for
transfection efficiency. The reporter gene expression was determined 36 h later and normalized to the �-gal activity. The results shown are the
averages of the results of three independent experiments. (E) Flag-tagged ERK5 was cotransfected into COS-1 cells with an empty vector or
MEKK2 (342-619) in the absence or presence of the Mip1 expression vector as indicated. ERK5 was immunoprecipitated for an in vitro kinase
assay. Expression levels of Mip1, ERK5, and MEKK2 (342-619) were determined by IB as indicated (middle and bottom panels). The relative
ERK5 activity was determined by a PhosphorImager (Bio-Rad FX) and normalized to the ERK5 expression level.
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Interestingly, we found that the interaction between Mip1 and
MEKK2 (342-619) was significantly increased when MEKK2
(342-619) had been pretreated with a protein phosphatase
compared to the untreated sample (Fig. 5A). In addition, more
MEKK2 (342-619)(KM) than MEKK2 (342-619) was copre-
cipitated by Mip1 (Fig. 5A). Most importantly, we found that
almost all the MEKK2 protein pulled down by Mip1 corre-
sponded to the nonphosphorylated MEKK2 as shown by their
fastest mobility on the SDS-PAGE gel, suggesting that Mip1
preferentially interacted with the nonphosphorylated, and
likely inactive, MEKK2 (Fig. 5A).

If this were true, the MEKK2 that was associated with Mip1
should be inactive, thus unable to undergo autophosphoryla-
tion. To test this possibility, MEKK2 (342-619) was either
coprecipitated by GST-Mip1 or immunoprecipitated with an
anti-HA antibody, before being used for an in vitro kinase
assay to determine its activity. As shown in Fig. 5B, although a
significant amount of MEKK2 was pulled down by Mip1, the
ability of this MEKK2 to autophosphorylate itself was signifi-
cantly decreased, suggesting that the MEKK2 associated with

Mip1 was inactive. In contrast, the MEKK2 precipitated by an
anti-HA antibody was active and phosphorylated. These results
thus further indicate that Mip1 inhibited MEKK2 signaling by
binding to the catalytic domain of MEKK2, which prevented its
dimerization and activation.

Epidermal growth factor stimulation dissociates the
MEKK2-Mip1 complex. If MEKK2 is negatively regulated
through its binding to Mip1, Mip1 may need to dissociate from
MEKK2 in order for MEKK2 to be activated during cell stim-
ulation. To test this possibility, we examined the association of
MEKK2 and Mip1 in nonstimulated cells and in cells treated
with EGF for different times since EGF is a potent MEKK2
activator (13). Using an MEKK2-specific antibody, we then
immunoprecipitated the endogenous MEKK2 from the un-
stimulated and stimulated cells and examined the Mip1 that
was coprecipitated with MEKK2 by immunoblotting. In the
absence of EGF treatment, we were able to detect the endog-
enous MEKK2 and Mip1 complex (Fig. 5C). However, after 10
min of EGF treatment, there was a significant decrease of the
MEKK2-Mip1 complex. Interestingly, the MEKK2-Mip1 com-

FIG. 4. Mapping the Mip1-MEKK2 interaction motif. (A) Recombinant GST and GST fused with various regions of Mip1 were purified from
bacteria (left panel) for a GST pull-down assay by using COS-1-expressed HA-tagged MEKK2 (342-619) (right panel). (B) Mip1 binds to the
MEKK2 dimerization motif. HA-tagged MEKK2 (342-619) or MEKK2 (342-424) was cotransfected into COS-1 cells with an empty vector or
GST-Mip1. The cell lysates were prepared 36 h later for a GST pull-down assay, as described for Fig. 2. The expression levels of MEKK2 (342-619)
and MEKK2 (342-424) in cell lysates were determined by immunoblotting (IB) with an anti-HA antibody (left panel). (C) Mip1 disrupts MEKK2
dimers. GST-MEKK2 was cotransfected with HA-tagged MEKK2 (342-619) or MEKK2(342-619)KM into COS-1 cells with or without Mip1. The
cell lysates were prepared 36 h later for a GST pull-down assay as described in Fig. 2. The expression levels of MEKK2 (342-619), MEKK2(342-
619)KM, and Mip1 were determined by IB with an anti-HA antibody (bottom two panels). (D) Recombinant Mip1 disrupts MEKK2 dimer
formation. HA-MEKK2 (342-619) expressed in COS-1 cells was immunoprecipitated with an anti-HA antibody and incubated with equal amount
of GST-MEKK2 in the presence of GST or GST-Mip1 recombinant proteins for a coprecipitation assay as indicated. MEKK2 dimers were
determined by IB with anti-MEKK2 antibody 8483. Co-IP, coimmunoprecipitation.
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FIG. 5. Mip1 is a negative regulator of the MEKK2 signaling pathway. (A) Mip1 preferentially interacts with nonphosphorylated MEKK2.
GST-Mip1 was cotransfected into COS-1 cells with expression vectors for HA-tagged MEKK2 (342-619) and MEKK2(342-619)KM for a GST
pull-down assay, as indicated (top panel). For calf intestine phosphatase (CIP) treatment, cell lysates were prepared in the absence of phosphatase
inhibitors and incubated with 1 unit/ml CIP at 37°C for 30 min before immunoblotting (IB) analysis. The levels of the MEKK2 and Mip1 proteins
in the lysates were determined by IB (middle and bottom panels). (B) Mip1-associated MEKK2 is inactive. HA-tagged MEKK2 (342-619) was
cotransfected with an empty vector or GST-Mip1 into COS-1 cells. The cells were lysed 36 h later and subjected to precipitation with glutathione
beads or with an anti-HA antibody. The amounts of HA-tagged MEKK2 (342-619) precipitated by immunoprecipitation and by glutathione beads
were determined by IB (middle panel). Equal amounts of HA-tagged MEKK2 (342-619) from each precipitation were used for an in vitro kinase
assay (KA) (top panel). (C) EGF stimulation dissociates the endogenous Mip1-MEKK2 complex. Ten million 293T cells were either untreated or
stimulated with EGF (25 ng/ml) for the times indicated before being lysed for immunoprecipitation (IP) with anti-MEKK2 antibody 8384. The
immunocomplexes were thoroughly washed and separated on an SDS-PAGE gel for IB with anti-Mip1 antibody K87 (top panel) or anti-MEKK2
antibody 8384 (bottom panel). (D) mip1 siRNA specifically knocks down Mip1 gene expression. A Mip1-GFP expression vector was cotransfected
with control siRNA (Ctr-siRNA) or with mip1-siRNA1 or mip1-siRNA2 expression vectors into 293T cells as indicated. Cells were harvested 48 h
later and analyzed by flow cytometry for GFP-positive cells. Nontransfected cells with no siRNA (No-siRNA) were used as a baseline control
whereas the Mip1-GFP transfections with No-siRNA or Ctr-siRNA were used as a positive control for GFP expression for the flow cytometry
analysis (left graph). (E) The knockdown of Mip1 expression by siRNA induces JNK activity. Flag-JNK1 and HA-MEKK2 were cotransfected into
293T cells with Ctr-siRNA or mip1-siRNA1 or mip1-siRNA2 as indicated. The endogenous Mip1 protein levels were determined by IB with K87,
and anti-�-actin IB was used as a loading control as indicated. The JNK1 activity was determined by an in vitro KA and by anti-phospho-JNK IB
(pJNK1). The JNK1 level was determined by IB with an anti-Flag antibody (Flag-JNK1). (F) The knockdown of Mip1 expression activates AP-1
reporter gene expression. AP-1-Luc reporter plasmid and HA-MEKK2 were cotransfected into 293T cells with an empty vector (control) or with
mip1-siRNA1 or mip1-siRNA2 or Ctr-siRNA as indicated. AP-1-Luc transfected alone stimulated with EGF was used as positive control. Relative
luciferase activity was determined 48 h later and normalized to Renilla luciferase activity by using Promega’s dual-luciferase system. The results
shown are the averages of the results of three independent experiments.
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plex appeared to reform after 60 min of EGF stimulation,
indicating that Mip1 may also be involved in the negative
feedback regulation of MEKK2 signaling following cell stimu-
lation (Fig. 5C).

Knockdown Mip1 expression in vivo activates the JNK-AP-1
pathway. Although the above studies strongly suggest that
Mip1 is a negative regulator of the MEKK2 signaling pathway,
it is still possible that Mip1 might act as an adaptor molecule
to positively control the MEKK2 signal transduction. However,
if Mip1 could acts as an endogenous inhibitor, it is conceivable
that, under normal conditions, most endogenous MEKK2 is
either sequestered in specific intracellular compartments or
associated with Mip1, thus preventing MEKK2 from forming
dimers and activating itself. When MEKK2 is ectopically ex-
pressed, there may not be enough Mip1 in the cells to inhibit
MEKK2 dimer formation and activation, thus allowing the
nonspecific activation of the downstream JNK-AP-1 pathway.
If this were the case, we would expect that the knockdown of
Mip1 might allow MEKK2 to activate the JNK-AP-1 pathway.
To test this possibility, we constructed mip1 siRNA expression
vectors that target two independent mip1 coding sequences. As
shown in Fig. 5D, the mip1 siRNAs but not the control siRNA
specifically knocked down the expression of a cotransfected
Mip1-GFP fusion protein. Using these two mip1 siRNAs, we
knocked down the endogenous Mip1 protein expression (Fig.
5E) and examined how it would affect the JNK and AP-1
activation by an in vitro kinase assay and an AP-1 reporter
assay. As shown in Fig. 5E and 5F, transfection of the mip1-
specific siRNA but not control siRNA led to the augmented
activation of both JNK and the AP-1 reporter gene. Together,
these results confirm that Mip1 is a negative regulator of
MEKK2 in vivo.

DISCUSSION

The existence of multiple MAP3Ks that are capable of ac-
tivating multiple MAPKs within a single cell raises the question
of how a specific extracellular cue can activate distinct reper-
toires of MAPK effectors (19, 28, 32). Different models based
on large numbers of biochemical studies have been proposed
to explain the specificity of the MAPK modules. The common
feature of these models is that each MAPK module is able to
form a unique multimolecular signaling complex through pro-
tein-protein interaction (7, 37). Such signaling complexes have
been demonstrated in both yeast and mammalian cells (5, 11,
27, 39). However, one of the key questions regarding the spe-
cific activation of each MAPK module is how a MAP3K within
a given MAPK module is first activated and regulated. Al-
though ample evidence has suggested that MAP3Ks respond to
numerous upstream stimuli, precisely how they are activated at
the molecular level remains largely speculative. In yeast, there
is genetic evidence of MAP3K kinase (such as Ste20) that
appears to act upstream of MAP3Ks (10). However, such ev-
idence remains elusive in the mammalian system. One of the
major hurdles in studying the MAP3Ks in the mammalian
system is that, unlike MAP2Ks or MAPKs, once over ex-
pressed, most MAP3Ks become active, thus preventing further
analysis of how they are activated.

In this study, in which we attempted to elucidate the under-
lying molecular mechanisms governing the activation of the

MAP3K MEKK2, we identified a MEKK2-interacting protein,
Mip1, that interacts with the inactive MEKK2 and negatively
regulates MEKK2 activation by preventing MEKK2 dimer for-
mation. We recently found that MEKK2 dimer formation is a
critical step for MEKK2 activation (6). The MEKK2 and Mip1
interaction essentially blocks the MEKK2 dimerization motif
that is required for MEKK2 to form a dimer thus keeping it
from being activated. Mip1 expression decreased MEKK2 ac-
tivity and inhibited JNKK2, JNK1, ERK5, and AP-1 activation
by MEKK2. In contrast, EGF stimulation led to a transient
dissociation of MEKK2 from Mip1 suggesting that Mip-1 may
control the basal activity of MEKK2. Furthermore, we found
that the knockdown of Mip1 expression by siRNA resulted in
the augmented activation of the MEKK2 downstream target
JNK/AP-1 pathway. We have thus identified a novel mecha-
nism for the negative regulation of MEKK2 involving an in-
tracellular inhibitors as depicted in Fig. 6.

Mip1 has not been characterized in mammalian cells before.
A partial human sequence clone called JC310 was reported to
suppress the defect resulting from a RAS2Val19 mutation in
Saccharomyces cerevisiae (8). In addition, a chicken full-length
cDNA sharing about 98% homology with JC310 with an un-
known function in mammalian cells was isolated from the
chicken hindbrain (38). The chicken cDNA was able to par-
tially compensate for the defects caused by deletion of the
yeast Mip1 ortholog Sin1 in S. pombe suggesting that Mip1 has
a conserved function (38). The function of ySin1 was studied in
more detail in yeast (38). ySin1 was found to be required for
the function of yeast MAPK Sty-1 possibly through physical
interaction although it is not a substrate of Sty-1. How ySin1
affects the Sty-1-mediated phosphorylation of Atf1 and the
activation of yeast AP-1-responsive gene expression remains
unclear. ySin-1 appeared to work at the MAPK Sty-1 level and
did not interact with yeast MAP3K Wak1 (38). Yet, whether
Sin1 interacts with and regulates other MAP3Ks such as Ste11,
Ssk2p, and Ssk22p remains to be shown. In our study, we found
that Mip1 plays a major role in MEKK2 signaling suggesting
that it is capable of functioning at the MAP3K level in mam-
mals. In S. cerevisiae, JC310 acted as a ras inhibitor, suggesting

FIG. 6. Model of MEKK2 regulation and activation.
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that Mip1 is capable of regulating the MAPK module at dis-
tinct levels.

Interestingly, the C terminal of chicken Sin1 was required to
complement the loss of function of ySin-1 in yeast MAPK Sty-1
signaling, whereas, in our study, the N-terminal region was
involved in regulating MEKK2 activation. Sequence analysis of
Mip1 homologues from different species revealed several con-
served regions in both the N and C termini of Mip1 suggesting
that different regions of Mip1 have distinct functions in regu-
lating the MAPK module (29). It is possible that in addition to
its function as a MEKK2 regulator, Mip1 may also act as a
scaffold protein to modulate the MAPK cascade similar to that
of JIP1 in the MLK-MKK7-JNK module (44). In this regard,
we found that Mip1 was also capable of interacting with
JNK1/2 although this interaction seems not to facilitate JNK
activation by MEKK2 nor does it affect the MEKK2-Mip1
interaction (data not shown). In addition, Mip1 appeared not
to affect JNKK2-induced JNK activation. Future investigation
on this issue may reveal a distinct function of Mip1 in the
MAPK cascade regulation.

We mapped the motifs in MEKK2 that are required for
MEKK2 dimerization and for Mip1 binding and discovered
that the same motif in MEKK2 confers the ability both for
MEKK2 to form dimers and for MEKK2 to interact with Mip1.
These data may partially explain how Mip1 regulates MEKK2
activation; that is, an MEKK2-Mip1 complex prevents MEKK2
from being activated by occupying the motif required for
MEKK2 dimer formation, an essential step for MEKK2 acti-
vation. At the molecular level, the interaction motif in Mip1
contains a unique coiled-coil structure, as predicted by com-
puter modeling. Such a coiled-coil structure has been found in
large numbers of proteins and is suggested to form a specific
protein-protein interaction surface (2, 3). Thus, Mip1 may use
this putative coiled coil structure to interact with MEKK2.

Although our present study established Mip1 as an impor-
tant regulator of MEKK2 signaling, it is likely that Mip1 is also
a critical regulator of MEKK3 since the Mip1 interaction motif
in MEKK2 is conserved between MEKK2 and MEKK3. In-
deed, a preliminary study confirmed that Mip1 and MEKK3
interact (data not shown). The use of mip1-specific siRNAs to
knock down Mip1 in nonstimulated cells led to augmented
JNK and AP-1 reporter gene expression, further suggesting
that Mip1 is a naturally existing inhibitor of the MEKK2 and
perhaps also the MEKK3 signaling pathways. Future studies
on how Mip1 regulates the MEKK2 and MEKK3 pathways
under normal physiological conditions should prove fruitful.
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