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Mitogen-activated protein kinases (MAPKs) are activated through cascades or modules consisting of a
MAPK, a MAPK kinase (MAPKK), and a MAPKK kinase (MAPKKK). Investigating the molecular basis of
activation of the c-Jun N-terminal kinase (JNK) subgroup of MAPK by the MAPKKK MEKK2, we found that
strong and specific JNK1 activation by MEKK2 was mediated by the MAPKK JNK kinase 2 (JNKK2) rather
than by JNKK1 through formation of a tripartite complex consisting of MEKK2, JNKK2, and JNKI1. No
scaffold protein was required for the MEKK2-JNKK2-JNKI1 tripartite-complex formation. Expression of
JNK1, JNKK2, and MEKK?2 significantly augmented the coprecipitation of, respectively, MEKK2-JNKK2,
MEKK?2-JNK1, and JNKK2-JNKI1, indicating that the interaction of MEKK2, JNKK2, and JNK1 is syner-
gistic. Finally, the JNK1 was activated more efficiently in the MEKK2-JNKK2-JNK1 complex than was the
JNKI1 excluded from the complex. Thus, formation of a signaling complex through synergistic interaction of a
MAPKKK, a MAPKK, and a MAPK molecule like MEKK2-JNKK2-JNK1 is likely to be responsible for the
efficient, specific flow of information via MAPK cascades.

Mitogen-activated protein kinase (MAPK) cascades are cen-
tral components of the intracellular signaling networks in-
volved in transducing a wide spectrum of extracellular signals
to nuclear and cytoplasmic effectors that control cell growth,
differentiation, and apoptosis (for reviews, see references 6, 20,
25, and 26). Multiple MAPK cascades that lead to the activa-
tion of extracellular signal-related kinases 1 and 2 (ERKI and
ERK?2), c-Jun N-terminal kinases 1 through 3 (JNK1 through
JNK3), p38a through p38y, or ERKS were identified in eu-
karyotic cells, and each is believed to respond to a distinct set
of extracellular stimuli (3, 11, 18, 29, 44, 61). Each of these
MAPKSs is activated by a MAPK kinase (MAPKK), usually
with rather narrow specificity (6, 19, 33, 43, 46), although
individual MAPKKs are believed to respond to several or
many MAPKK kinases (MAPKKKs). The MAPKKKs are re-
sponsible for responding to a variety of upstream activators
that connect them to various cell surface receptors. In addition
to amplifying weak receptor-generated signals, MAPK cas-
cades are believed to participate in the generation of signaling
specificity (5, 16, 20, 26, 33, 46).

A given MAPK cascade can respond to several extracellular
stimuli, and a given stimulus can activate several MAPK cas-
cades, but the response and fidelity of MAPK activation are
specific (for reviews, see references 8, 25, 26, and 46). Al-
though MAPK cascades may have ample opportunities in vivo
for cross talk at different levels, an individual MAPK cascade
is generally insulated from other closely related cascades, and
each MAPK cascade is believed to preferentially respond to a
distinct set of stimuli (4, 13, 16, 42, 55).

The molecular mechanism of MAPK cascade specificity is
best studied in yeast. Specific MAPK activation in response to
mating pheromones is conferred by STES, a protein that acts
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as a molecular scaffold tethering the MAPKKK STELlI,
MAPKK STE7, and MAPK FUS3 proteins to form a phero-
mone-responsive module (4, 32, 39). Direct interaction of the
components of a MAPK module has also been observed and
suggested to play a role in determining MAPK specificity. The
MAPKK STE?7 in yeast was shown, for example, to interact
with its target FUS3 in the absence of STES (1), and the yeast
MAPKK PBS2 was shown to assemble a module with the
MAPK HOGI! and the MAPKKK STEI11 in response to os-
motic stress (38).

Although a mammalian homologue of STES has not yet
been identified, two proteins, MP1 and JIP-1, have been sug-
gested to function as a scaffold for MAPK modules that leads
to specific activation of ERK and JNK (41, 52). MP1 binds
both MEK1 and ERKI in activating the ERK pathway (41),
whereas JIP-1, a protein originally identified as a JNK1-inter-
acting protein, binds to JNK1, JNKK2/MKK7, and MAPKKK
MLK3/DLK, thereby facilitating JNK1 activation by MLK3/
DLK (52). A different scheme has been suggested for JNK (or
p38) activation in response to the MAPKKK MEKK]1, in which
the MAPKK JNKK1/MKK4 was shown to be involved in spe-
cific and sequential interactions with MEKKI1 and JNK1 (55).
These interactions were bipartite and sequential, so that for-
mation of a MEKK1-JNKK1 complex resulted in activation of
JNKKI1 followed by disassembly and formation of a specific
JNKKI1-JNK1 complex and then by activation of JNKI1 (55).
No ternary MEKK1-JNKK1-JNK1 complex could be detected,
probably because the same interaction surface on JNKKI, its
N-terminal region, was used to contact either MEKKI1 or
JNKI1 (55). The N-terminal region of MEKK1 was shown in
other studies to be directly associated with the downstream
kinase JNKI1, suggesting that this region may function as a
scaffold in certain situations (56).

The JNK subgroup of MAPKs is activated by a particularly
large number of stimuli, including physical stresses, cytokines,
T-cell costimulation, and growth factors (24, 25, 35, 46). Two
specific JNK-activating MAPKKs, JNKK1/MKK4 and JNKK2/
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MKK?7, were identified (12, 15, 22, 30, 31, 37, 40, 49, 54, 59).
Although JNKK1/MKK4 and JNKK2/MKK?7 are believed to
be able to activate JNK, a recent study suggested that JNKK1
and JNKK2 may differentially phosphorylate their substrate
JNK at the conserved Thr and Tyr residues, thus synergizing
their effect on JNK activation (28). JNKKI/MKK4 and
JNKK2/MKK?7 are also differentially activated by tumor necro-
sis factor alpha and cellular stresses, and distinct upstream
activators were proposed for their activation in those responses
(21, 37). INKK1/MKK4 was found to be the preferential sub-
strate of the MAPKKK MEKK1 (55), while JINKK2/MKK7
was shown to be activated by several MAPKKKs, including
MEKK1, MEKK2, MEKK3, and MLK3/DLK, in JNK activa-
tion ((9, 34, 52, 55; J. Yang and B. Su, unpublished data).

A growing number of MAPKKKs are being identified as
capable of JNK activation; they include MEKK1, MEKK2,
MEKKS3, MEKK4, MEKKS5, ASK, TAK, and Tpl (2, 14, 16, 17,
23, 27, 47, 48, 51, 58). These kinases have in common a con-
served kinase domain with substantial homology to that of the
yeast MAPKKK STE11. These MAPKKKs are believed to be
major players involved in sorting distinct cell surface signals to
the downstream cytoplasmic and nuclear effectors. While
MEKKI clearly prefers INKK1/MKK4 to JNKK2/MKK?7, it is
not known whether other MAPKKKSs operate preferentially
via JNKK1, JNKK2 or an as yet unidentified JNKK in JNK
activation.

We investigated the molecular mechanisms that underlie the
strong and specific JNK1 activation by human MEKK2, a mol-
ecule we cloned from human T cells. We identified a tripartite
molecular complex consisting of MEKK2, INKK?2, and JNK1
that was responsible for strong, specific JNK1 activation by
MEKK?2.

MATERIALS AND METHODS

Cell culture and transient transfection. COS-1 cells were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 5% fetal bovine serum, 100 U
of penicillin per ml, and 100 mg of streptomycin per ml. Plasmid DNA was
transfected into COS-1 cells with Lipofectamine (Life Technologies, Gaithers-
burg, Md.).

Plasmids, proteins, and antibodies. Hemagglutinin (HA)-tagged JNKI,
JNKKI1, INKKI(AL), INKK2, JNKK2(AL), MEK1, MEK2, MKK6, p38, and
MEKKI1(CT) were cloned into pSRa3 vector as previously described (30, 36, 45,
59). INKK1(AL) and JNKK2(AL) are the kinase domain mutants in which
Ser-257 and Thr-261 (JNKK1) and Ser-271 and Thr-275 (JNKK2) were replaced
with Ala and Lys, respectively, using a PCR-directed mutagenesis method. The
HA-tagged MEKKI1(CT) expression vector has been described by Minden et al.
(36). The HA-tagged MEKK2(CT) expression vector was constructed by intro-
ducing an Ncol site at codon 343 by the PCR-based method, followed by sub-
cloning into the expression vector pSRa3HA at the Ncol site, in which
MEKK2(CT) fused in frame with the HA tag. The pCMV-Flag-JNK1 expression
vector has been described previously (11). Glutathione S-transferase (GST)-
tagged MEKK2(FL), MEKK2(CT), MEKKI1(CT), and JNKK2 mammalian ex-
pression vectors were cloned into the pEGB vector (30) by standard molecular
biology techniques. Briefly, MEKK2(FL) and JNKK2 were introduced into an
Ncol site at the first Met codon, MEKK2(CT) at codon 343, and MEKK1(CT)
at codon 1199 by the PCR-based method, followed by subcloning into the Ncol
site in mammalian expression vector pEGB and fused in frame with a GST tag.
Bacterial recombinant protein expression vectors for GST—c-Jun, GST-JNK1,
and His-p38 have been described previously, as have expression and purification
of the recombinant proteins (30, 36, 45). Anti-HA antibody 12CA5 was prepared
from the 12CAS5 hybridoma (53) and further purified using a protein A-Sepha-
rose column. Anti-Flag antibody M2 was purchased from IBI-Kodak. Anti-
MEKKI antibody (C22) was purchased from Santa Cruz (Santa Cruz, Calif.).
MEKK?2-specific antibody 1128 was prepared by immunizing rabbits with a GST
fusion protein fused in frame with a fragment of human MEKK2 peptide (amino
acids 343 to 428) (B. Su and J. Cheng, unpublished data). Anti-JNK1 antibody
was from Pharmingen.

Immunoprecipitation and in vitro kinase assay. Cell lysates were prepared
40 h after transfection, as described previously (45, 55), and incubated with
appropriate antibodies for 4 h at 4°C in a rotator; protein A-Sepharose beads
were added for another 45 min. The beads were washed four times with lysis
buffer (20 mM Tris [pH 7.5], 0.5% Nonidet P-40, 250 mM NaCl, 3 mM EDTA,
3 mM EGTA, 100 mM Na;VO,) and twice with kinase reaction buffer (20 mM
HEPES [pH 7.6], 1 mM MgCl,, 10% glycerol). The immunoprecipitates were
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then subjected to kinase assays in 30 pl of kinase buffer with appropriate sub-
strates in the presence of 0.5 pl of [y->?P]ATP and 20 pM cold ATP. After 20
min at 30°C, the reactions were terminated by addition of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer and boil-
ing for 5 min. The proteins were separated by SDS-PAGE, and *°P incorporation
was determined with an FX Phosphorimager (Bio-Rad Laboratories, Richar-
mond, Calif.).

Coupled-kinase assay. Cell lysates and immunoprecipitates were prepared as
described previously (45). The immunoprecipitates were subjected to a coupled-
kinase assay as described by Lin et al. (30). Briefly, the immunoprecipitates were
incubated in 30 wl of kinase buffer with two substrates, GST-JNK1 and GST—c-
Jun, in the presence of 1 pl of [y->?P]ATP and 30 pM cold ATP. After 40 min
at 30°C, the reactions were terminated by adding SDS-PAGE loading buffer and
boiling for 5 min. The proteins were separated by SDS-PAGE, and 3?P incor-
poration into GST-JNK1 and GST-c-Jun was determined.

Coprecipitation assay. COS-1 cells transfected with HA-, Flag-, or GST-
tagged expression vectors were lysed 40 h after transfection by using low-salt lysis
buffer (50 mM HEPES [pH 7.6], 150 mM NaCl, 1.5 mM MgCl,, 1 mM EDTA,
1% Triton X-100, 10% glycerol). The nuclei and cell debris were removed from
the lysates by centrifugation in a microcentrifuge for 20 min at 4°C. Expressed
proteins were precipitated from the clarified lysates with glutathione (GSH)-
Sepharose beads at 4°C for a 4-h incubation in a rotator. The beads were washed
four times with low-salt lysis buffer, and the precipitates were eluted with sample
buffer and resolved by SDS-PAGE. After electrophoresis and transfer, the pro-
teins were analyzed by Western blotting with appropriate antibodies. Western
blotting was quantitated with a Bio-Rad G360 Image system.

Gel filtration. Cell lysates containing 200 pg of proteins were prepared from
COS-1 cells expressing GST-MEKK2(CT), HA-JNKK2, or HA-JNK1 and
loaded onto a fast protein liquid chromatography (FPLC) Superdex-200 column
(Pharmacia). The column was washed with buffer containing 20 mM Tris-HCI
and 150 mM NaCl. Then 0.2-ml fractions were collected and subjected to West-
ern blotting and coprecipitation assays as described above.

RESULTS

Strong and specific JNK1 activation by MEKK2 is not me-
diated by JNKKI. During our investigation of upstream acti-
vators of the INK MAPK cascade expressed in Jurkat T cells,
we isolated a cDNA that encodes human MEKK2 (GenBank
accession no. AF111105) and demonstrated its involvement in
transducing T-cell-activating signals to JNK (B. Su et al., un-
published data). Human MEKK?2 is highly homologous to mu-
rine MEKK?2, and its expression leads to strong activation of
JNKs in many cell lines similar to the murine MEKK?2 (2, 9; Su
et al., unpublished). Like all other MAPKKKs, MEKK?2 does
not activate JNK1 directly; such activation requires the in-
volvement of an intermediary MAPKK, although the specific
MAPKK through which MEKK?2 operates is not known.

We used cotransfection experiments to compare the abilities
of MEKK1 and MEKK2 to activate JNK1 and found that
MEKK?2 was an even more potent JNKI1 activator than was
MEKXKI, one of the most potent JNK activators reported to
date (J. Cheng and B. Su, unpublished results). MEKK1 has a
much larger N-terminal domain than MEKK?2, and this do-
main was shown to affect the MEKKI1 expression level (55, 57),
suggesting that the difference in the abilities of full-length
MEKKI1 and MEKK?2 to activate JNK1 may be due to their
different expression levels. Since the expression levels of the
kinase domains of MEKKI1 (residues 1199 to 1495) and
MEKK?2 (residues 343 to 618) are compatible and both are
potent activators of JNK1 (Fig. 1), we compared the activities
of the MEKK1 and MEKK?2 kinase domains, which have 49%
homology. Cotransfecting JNK1 and JNKKI1 expression vectors
with different amounts of expression vectors for the kinase
domains of MEKK1 [MEKKI1(CT)] and MEKK2 [MEKK2
(CT)], we determined the enzymatic activities of JNK1 and
JNKKI1 by an in vitro kinase assay. At low levels of
MEKK1(CT) and MEKK2(CT) expression plasmids, we found
MEKK2(CT) to be a more effective JNK activator than
MEKKI1(CT), but the difference was diminished when higher
levels of MEKK1(CT) and MEKK2(CT) vectors were used
(Fig. 1A). Under the same conditions, however, the patterns of
JNKKI1 activation by MEKK1(CT) and MEKK2(CT) were
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reversed: MEKK2(CT) was a less effective activator of JNKK1
than was MEKK1(CT) (Fig. 1B). These results suggested that
in activating JNK1, INKK1 may not be the preferred substrate
for MEKK2.

To further address this possibility, we examined the effect of
JNKKT1 expression on MEKK1(CT)- and MEKK2(CT)-medi-
ated JNK1 activation. Coexpression of JNKKI1 with MEKK1
had been shown to strongly potentiate MEKKI1-mediated
JNKI activation (30, 55). We found, similarly, that coexpres-
sion of JNKKI1 clearly augmented JNKI activation by
MEKKI1(CT) (Fig. 1C), although the JNKK1 coexpression had
only a marginal effect on JNKI1 activation by MEKK2 (CT)
(Fig. 1C). Furthermore, overexpression of a kinase-defective
JNKK1 mutant, INKK1(AL), which has mutations of the con-
served Ser-257 and Thr-261 to Ala and Leu, respectively, in-
hibited MEKK1(CT)- but not MEKK2(CT)-mediated JNK1
activation (Fig. 1C). While confirming the previous results that
JNKI activation by MEKK1 is mediated by JNKKI1 (30, 55),
these data also indicated that activation of JNK1 by MEKK2 is
unlikely to be mediated by JNKK1 but may occur through a
JNKKI-related MAPKK.

JNKK?2 is a major effector MAPKK for MEKK2 in JNK1
activation. A second JNK-activating MAPKK, JNKK2/MKK?7,
was recently identified (15, 22, 31, 37, 49, 54, 59). JNKK2 was
found not to activate ERK1 and ERK2 and, unlike JNKK1, not
to activate p38. To investigate whether JNKK2 serves as the
major intermediary MAPKK between MEKK?2 and JNK1, we
performed a coupled-kinase assay. Cotransfection of JNKK2
with MEKK2(CT) resulted in strong JNKK?2 activation even at
very low MEKK2(CT) expression levels (Fig. 2A). Although
JNKKI1 could also be activated by MEKK2(CT) in this assay,
we found that almost 10 times more MEKK2(CT) expression
vectors were needed (100 ng for JNKKI activation versus 10 ng
for JNKK2 activation) to obtain JNKKI1 activation levels sim-
ilar to those of JNKK2. These results suggested that in acti-
vating JNKI1, JNKK2 may be a preferred MAPKK for
MEKK?2. To study this possibility more thoroughly, we exam-
ined whether coexpression of wild-type JNKK2 or the JNKK2
kinase-defective mutant JNKK2(AL) could affect MEKK2-
mediated JNKI1 activation. Coexpression with wild-type
JNKK?2 augmented JNKI1 activation by MEKK2(CT), whereas
coexpression with JNKK2(AL) inhibited JNKI1 activation by
MEKK2(CT) (Fig. 2B). Furthermore, JNKK2 was directly
phosphorylated by MEKK?2 at Ser-271 and Thr-275 in the
SXXXT motif, a highly conserved motif in all members of the
MAPKK supergene family. Mutation of these residues abol-

FIG. 1. MEKK?2 is a stronger JNKI activator but weaker JNKKI1 activator
than is MEKKI. (A) HA-JNKI1 expression vector (0.5 pg/plate) was cotrans-
fected into COS-1 cells with increasing amounts of either MEKK2(CT) or
MEKKI1(CT)
expression vectors. HA-JNKI1 activity was measured by an immunocomplex ki-
nase assay (KA) as described in Materials and Methods. Expression of HA-
JNK1, MEKKI1(CT), and MEKK2(CT) was determined by Western blotting
(WB). The relative fold increase in JNK1 activity is shown in the upper panel. (B)
HA-JNKKI1 expression vector (0.5 pg/plate) was cotransfected into COS-1 cells
with increasing amounts of either MEKK2(CT) or MEKKI1(CT) expression
vectors. HA-JNKKI1 activity was measured as described in Materials and Meth-
ods. Expression levels of HA-JNKK1, MEKKI1(CT), and MEKK2(CT) were
determined by Western blotting (WB). The relative JNKK1 activity is shown in
the upper panel. (C) Either GST-MEKK1(CT) or GST-MEKK2(CT) (each at 10
ng/plate) and Flag-JNK1 (0.5 pg/plate) expression vectors were cotransfected
into COS-1 cells with expression vectors for HA-JNKK1(WT) or HA-
JNKKI1(AL) as indicated. Flag-JNK1 was immunoprecipitated, and its activity
was determined by the immunocomplex kinase assay and quantitated by the
Bio-Rad FX Imager system. Relative JNKI1 activity is shown after being normal-
ized to its expression level. Expression levels of Flag-JNK1, HA-JNKK1(WT),
HA-JINKK1(AL), GST-MEKKI(CT), and GST-MEKK2(CT) were determined
by Western blotting (WB).
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FIG. 2. JNKK2 is a major effector of MEKK2 in JNK1 activation. (A) An
increasing amount of GST-MEKK2(CT) expression vectors was cotransfected
into COS-1 cells with HA-JNKK2 or HA-JNKKI1 expression vectors (0.5 g/
plate each) as indicated. HA-JNKK2 and HA-JNKK1 were immunoprecipitated,
and their activities were determined by a coupled-kinase assay. The relative fold
increases of JNKK1, JNKK2, and JNKI1 activities are indicated. Expression of
HA-JINKK2 and HA-JNKK1 was determined by western blotting (WB). (B)
GST-MEKK2(CT) (10 ng/plate) and Flag-JNK1 (0.5 wg/plate) expression vec-
tors were cotransfected into COS-1 cells alone or with HA-JNKK2 or HA-
JNKK2(AL) expression vectors (0.5 pg/plate) as indicated. Flag-JNK1 activity
was measured as described for Fig. 1C, and the expression levels of Flag-JNKI,
HA-JNKK2(WT), and HA-JNKK2(AL) were determined by western blotting
(WB). Relative JNK1 activity is shown in the top panel. (C) Empty vectors or
HA-MEKKI1(CT) or HA-MEKK2(CT) expression vectors (0.5 pg/plate) were
transfected into COS-1 cells. HA-MEKK1(CT) and HA-MEKK2(CT) were im-
munoprecipitated, and their activities were measured by an in vitro kinase assay
with JNKK1, INKK1(AL), INKK2 or JNKK2(AL) as substrates as described in
Materials and Methods. The amounts of JNKKI1, JNKK1(AL), JNKK2, and
JNKK2(AL) used in the in vitro kinase assay were shown by Coomassie blue
staining (CB). Expression of HA-MEKKI1(CT) and HA-MEKK2(CT) was de-
termined by Western blotting (WB).
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indicated. The percentages of HA-JNKK1, HA-JNKK2, HA-MEK1, HA-MEK?2,
and HA-MKKG6 bound to GST-MEKK2(CT) were determined with a Bio-Rad
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JNK1 expression vector (0.5 pg/plate). The mixtures were incubated for 4 h at
4°C in a rotator, and GST, GST-JNKK1 or GST-JNKK2 was precipitated with
GSH-Sepharose beads as described above. The bound and input HA-JNK1 was
analyzed by Western blotting (WB).

ished JNKK?2 phosphorylation by MEKK?2 (Fig. 2C). Although
JNKK2 was also phosphorylated by MEKKI1(CT), this was
much less efficient than the phosphorylation mediated by
MEKK2(CT). In contrast, JNKK1 was more efficiently phos-
phorylated by MEKK1(CT) than by MEKK2(CT) on its con-
served SXXXT motif (Fig. 2C). Together with the recent find-
ing that JNKK1 but not JNKK?2 is the major effector MAPKK
for MEKKI (7, 55), these results suggested that MEKK1 and
MEKK? use different effector MAPKKSs in activating JNKI.
JNKK?2 interacts with MEKK2 and JNKI1. Protein-protein
interactions have been suggested to play a critical role in de-
termining the specificity of signal transduction pathways. To
investigate whether such a mechanism can explain the selec-
tivity of MEKK?2 in JNKI1 activation, we performed coprecipi-
tation assays. As shown in Fig. 3A, INKK?2 coprecipitated with
MEKK2(CT) about six times more efficiently than JNKK1 did,
consistent with the finding that JNKK1 was activated less ef-
ficiently than JNKK2 by MEKK2. We also examined the in-
teraction of MEKK?2 with MEK1, MEK2, and MKK6 and did
not observe any significant complex formation (Fig. 3A). Con-
sistent with a report by Xia et al. (55), MEKKI1 preferentially
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interacted with JNKKI1 over other MAPKKSs, including JNKK2
(data not shown). In addition to the preformed complex inside
cells, INKK2 and MEKK?2 could form a complex in vitro when
cell lysates prepared from COS-1 cells transfected separately
with JNKK2 and MEKK?2 expression vectors were mixed (data
not shown). We also found, in a similar coprecipitation assay,
that JNKK2, like JNKKI, could interact directly with JNK1
(Fig. 3B), confirming the finding by Holland et al. (22) and
Tournier et al. (50). These results suggested that specific JINK1
activation by MEKK?2 may be mediated by JNKK2-MEKK?2
and JNKK2-JNK1 protein-protein interactions.

MEKK?2, JNKK2, and JNK1 form a multimolecular com-
plex through synergistic interaction. The above results pro-
vided strong evidence that JNKK2 is a major effector MAPKK
for MEKK2 in JNK activation. It is not clear, however,
whether MEKK2-JNKK2 and JNKK2-JNKI1 interactions occur
sequentially or simultaneously. Recently, sequential protein-
protein interactions between MEKKI1-JNKK1 and JNKKI-
JNK1 were shown to underlie specific JNK activation by
MEKKI1 (55). MEKK1 was also shown to interact directly with
JNK1 (56) and JNKKI1 (T. Hunter, personal communication),
independent of scaffolding molecules. No tripartite complex of
MEKKI1, JNKKI1, and JNK1 has been demonstrated so far,
however. To determine whether MEKK2, JNKK2, and JNK1
interact sequentially or simultaneously, we carried out copre-
cipitation assays using COS-1 cell lysates expressing variously
tagged MEKK2, JNKK2, and JNKI1. As shown in Fig. 4A, both
full-length MEKK?2 and its COOH-terminal kinase domain
coprecipitated JNK1 (lanes 3 and 7). Similarly, both full-length
MEKK? and its COOH-terminal kinase domain coprecipitated
JNKK?2 (Fig. 3A and 4A, lanes 2 and 6). Most importantly, by
using a JNKI-specific monoclonal antibody, we found that
MEKK?2 could coprecipitate not only the transfected HA-
JNK1 but also the endogenous JNKI1 (Fig. 4B). Since both
full-length MEKK?2 and the COOH-terminal kinase domain of
MEKK?2 coprecipitated JNKK2 and JNKI1 equally well, the
kinase domain of MEKK2 was apparently sufficient for mount-
ing a specific interaction with its downstream components.
Consistent with this, we could not detect stable interactions
between the truncated N-terminal portion of MEKK2 (without
the entire COOH-terminal kinase domain) and either JNKK2
or JNKI (data not shown).

In addition to coprecipitating JNKK2 and JNK1 individu-
ally, MEKK2 was found to simultaneously coprecipitate
JNKK?2 and JNKI1 (Fig. 4A, lanes 4 and 8). Most interestingly,
MEKK?2 (either the full-length or the COOH-terminal kinase
domain) coprecipitated both JNKK2 and JNKI1 more effi-
ciently than when they were coexpressed with either protein
alone (compare lanes 2 and 3 with lane 4, and compare lanes
6 and 7 with lane 8). We consistently observed twofold in-
creases in JNKK2 coprecipitation with MEKK2 upon JNK1
coexpression and two- to threefold increases in JNK1 copre-
cipitation with MEKK2 upon JNKK2 coexpression. JNK1 was
coprecipitated with MEKK2 without JNKK2 cotransfection
(lanes 3 and 7), but this coprecipitation may be mediated by
the endogenous JNKK2. Thus, these data suggested that co-
expression of JNKI1 or JNKK2 could significantly affect the
interaction between MEKK?2 and JNKK2 or between MEKK?2
and JNKI1, indicating a synergistic interaction among the three
kinases MEKK?2, JNKK2, and JNKI.

To further investigate whether the interaction of MEKK2,
JNKK2, and JNKI1 was synergistic, we coprecipitated JNK1
with JNKK2 in the presence of increasing amounts of MEKK?2.
If a synergistic interaction occurred among MEKK?2, JNKK2,
and JNK1, we would expect JNK1 coprecipitation with JNKK2
to increase significantly when increasing amounts of MEKK2

MoL. CELL. BIOL.

were added. In contrast, if the interactions were independent,
we would expect JNK1 coprecipitation with JNKK2 to de-
crease because of the competition of MEKK with JNKK2. As
shown in Fig. 4C, while JNKK2 and JNKI1 expression levels
were constant in all transfections, JNK1 coprecipitation with
JNKK?2 increased dramatically (up to sevenfold) with the in-
creasing amounts of MEKK2. As expected, MEKK?2 also co-
precipitated with the JNKK2-JNK1 complex (Fig. 4C). To-
gether with the results described above, these data confirmed
that the interaction of MEKK2, JNKK?2, and JNK1 is synergistic.

To investigate whether the formation of the MEKK2-
JNKK2-JNK1 complex required additional scaffolding or an-
choring molecules, we carried out gel filtration experiments to
determine the molecular weight of the MEKK2-JNKK2-JNK1
multimolecular complex. Cytosolic extracts were prepared
from COS-1 cells transfected with GST-MEKK2(CT), HA-
JNKK2, and HA-JNK1 expression vectors and subjected to gel
filtration analysis using a Pharmacia FPLC system with a Su-
perdex-200 column. Elution of MEKK?2, JNKK2, and JNK1 in
each fraction was monitored by Western blotting with the
MEKK?2-specific antibody 1128 and anti-HA tag antibody
12CAS. The MEKK2-JNKK2-JNKI1 complex in each fraction
was determined by the coprecipitation assay described for the
experiment in Fig. 4A. As shown in Fig. 4D, while MEKK2,
JNKK?2, and JNK1 were coeluted in fractions with a molecular
mass up to 200 kDa, the MEKK2-JNKK2-JNKI tripartite com-
plex was detected only in fractions corresponding to a molec-
ular mass about 158 kDa, approximately the combined molec-
ular masses of GST-MEKK2(CT), HA-JNKK2, and HA-
JNKI1. Thus, these data strongly indicated that MEKK2,
JNKK2, and JNK1 can form a tripartite complex inside cells
independent of scaffolding proteins. The MEKK?2, JNKK2,
and JNK1 that were eluted at a molecular mass larger than 158
kDa could be from different multimolecular complexes, since
no MEKK2-JNKK2-JNKT1 tripartite complex was detected in
these fractions. Such a high-molecular-mass complex was re-
ported previously by Moriguchi et al. (37); for example, in
L5178Y cells, nearly all INKK2/MKK?7 molecules were found
by a similar gel filtration assay in fractions peaking at 180 kDa.

To examine whether formation of this tripartite complex is
specific, we used p38, a JNK1-related MAPK, and JNKKI1 as
controls. Although both JNK1 and p38 were expressed at sim-
ilar levels (Fig. 5, lanes 3 through 6), only JNK1 (lanes 3, 5, and
7) and not p38 (lanes 4, 6, and 8) was readily coprecipitated by
MEKK?2. Even when JNKKI1 and JNKK2 were coexpressed,
p38 could not be coprecipitated by MEKK2. This result sug-
gested that p38 could not form a specific molecular complex
with MEKK?2 and JNKK2. Importantly, although JNKKI is
able to interact with and activate p38 (30, 55, 60; Cheng and
Su, unpublished), its coexpression with p38 did not result in
coprecipitation of p38 with MEKK2, even though MEKK2
could coprecipitate JNKK1 (lane 6). Consistent with the re-
sults shown in Fig. 3A, MEKK?2 also coprecipitated JNKKI1 but
with a lower affinity than it coprecipitated JNKK2 (lanes 1 and
2). Importantly, this coprecipitation was not affected by the
coexpression of JNK1, nor was MEKK2 coprecipitation with
JNK1 affected by the expression of JNKKI1 (lane 5). These
results suggested that coprecipitation of JNK1 and JNKKI1 by
MEKK?2 (lane 5) may be due to differential precipitations of
JNK1 and JNKK1 by MEKK2 rather than by a MEKK2-
JNKKI1-JNKI tripartite complex.

Formation of an MEKK2-JNKK2-JNK1 complex leads to
efficient JNK activation. To determine the functional signifi-
cance of the MEKK2-JNKK2-JNK1 complex, we examined
whether JNK1 associated with the complex was activated more
strongly and efficiently than were nonassociated forms. Since
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FIG. 4. MEKK2, JNKK2, and JNK1 form a tripartite complex through syn-
ergistic interaction. (A) COS-1 cells were transfected with various combinations
of expression vectors for GST-MEKK2(FL) (1 ng/plate) (lanes 1 to 4), GST-
MEKK2(CT) (0.5 pg/plate) (lanes 5 to 8), HA-JNKK2 (0.5 pg/plate) (lanes 2, 4,
6, and 8), and HA-JNK1 (0.5 pg/plate) (lanes 3, 4, 7, and 8) as indicated in the
figure. GST-MEKK2(FL) and GST-MEKK2(CT) were precipitated with GSH-
Sepharose beads, and their associated proteins were analyzed by Western blot-
ting (WB) as described in the legend to Fig. 3. The percentages of HA-JNK1
bound to the GST-MEKK2(CT)-containing complex were measured. Expression
of HA-JNKK2 and HA-JNK1 (middle panel) and of GST-MEKK2(FL) and
GST-MEKK2(CT) (bottom panel) was determined by Western blotting. (B)
COS-1 cells were transfected with GST-MEKK2(CT). After 40 h, GST-
MEKK2(CT) was precipitated with GSH-Sepharose beads and its associated
proteins were analyzed by Western blotting (WB) using anti-JNK1 antibody.
Expression of GST-MEKK2(CT) was determined by Western blotting. (C) Equal
amounts of cell lysates prepared from COS-1 cells transfected with GST-JNKK2
vector were mixed with equal amounts of COS-1 cell lysates expressing HA-
JNK1 and increasing amounts of HA-MEKK2(CT). The mixtures were incu-
bated for 4 h at 4°C in a rotator, and GST-JNKK2 was precipitated with GSH-
Sepharose beads as described above. JNKK2-bound and input HA-JNK1
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only a small portion of JNK1 was found in a complex contain-
ing MEKK2 (Fig. 4), we used an anti-HA antibody to immu-
noprecipitate the entire pool of transiently expressed HA-
JNKI1 from lysates of cells in which HA-JNKI1 was coexpressed
with MEKK2 and compared its activity to that of JNKI1 iso-
lated by coprecipitation with MEKK2 (presumably from the
complex). As shown in Fig. 6A, the JNKI presented in the
MEKK?2-containing complex was much more active than that
of the total-cell lysate, indicating that the JNK1 in the complex
was activated more efficiently. Furthermore, we found that
cotransfection of a wild-type JNKK2 caused an even greater
increase of JNK1 enzymatic activity in the complex (Fig. 6B),
probably because more JNKI1 was recruited into the complex,
as shown in Fig. 4. In contrast, when we cotransfected a JNKK2
mutant, JNKK2(AL), the JNK1 activity decreased (Fig. 6B),
suggesting that the mutant could block MEKK2-activating sig-
nals in the complex and providing further evidence that
JNKK?2 is a major intermediate MAPKK for MEKK?2 in JNK1
activation. Although wild-type JNKK2 and the mutant
JNKK2(AL) were expressed equally in these transfections, a
coprecipitation assay showed that more JNKK2(AL) than
wild-type JNKK2 was coprecipitated by MEKK2 (Fig. 6C).
This could be caused by the inability of INKK2(AL) to disso-
ciate from MEKK2. On the other hand, wild-type JNKK2 and
JNK1 may quickly dissociate from MEKK2 when activated. By
competing with wild-type JNKK2 for interaction with MEKK?2
and JNKI, the JNKK2(AL) mutant blocks JNK1 activation by
MEKK?2 (Fig. 2 and 6B). Taken together, these results suggested
that the MEKK2-JNKK2-JNK1 complex is an efficient MAPK
module that is capable of strong and specific JNK1 activation.

DISCUSSION

To respond to the vast number of extracellular cues, eukary-
otic cells have evolved an efficient “antenna” system with spe-
cific cell surface receptors to detect distinct stimuli and a com-
plicated intracellular network system with many protein kinase
cascades to transduce and integrate the surface signals in order
to activate or initiate specific cellular processes that result in
cell proliferation, differentiation, or apoptosis. Many of the
responses are regulated by members of the MAPK family of
signal-transducing protein kinases. The recent identification of
multiple MAPKs, MAPKKs, and MAPKKKs that can be ex-
pressed within a single cell raises the question of how specific
extracellular cues can activate distinct repertoires of MAPK
effectors (13, 24, 25, 42).

We investigated how MEKK2, a member of the MEKK/
STE11 subgroup of MAPKKKs, leads to specific JNK activa-
tion. Overexpression of a modest amount of MEKK2 results in
strong JNK1 activation but only marginal activation of ERK1
and ERK2 and of p38 (9; Cheng and Su, unpublished). We
found that although both MEKK2 and the closely related
MAPKKK MEKKI1 activated JNK strongly, MEKK2 was a
weaker activator of JNKK1 but a more efficient activator of

and HA-MEKK2(CT) were analyzed by Western blotting. The relative fold
increase of JNKI1 coprecipitated with JINKK2 is indicated. (D) In gel filtration
analysis of the MEKK2-JNKK2-JNK1 complex, cell lysates prepared from
COS-1 cells transfected with GST-MEKK2(CT), HA-JNKK2, and HA-JNK1
were loaded on a Superdex-200 column and run on a Pharmacia FPLC system.
Then 20 pl of each fraction was analyzed by western blotting (WB) with anti-HA
antibody and anti-MEKK?2 antibody for HA-JNK1, HA-JNKK2, and MEKK2
respectively (top two panels). The remains of each fractions were subjected to a
coprecipitation assay with GSH-Sepharose beads as described in the legend to
Fig. 3. The precipitated GST-MEKK2(CT) and GST-MEKK2(CT)-bound HA-
JNKK2 and HA-JNK1 were analyzed by western blotting (bottom two panels).
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FIG. 5. JNKI1 but not p38 synergizes with JNKK2 to form a stable multimo-
lecular complex with MEKK2. Equal amounts of COS-1 cell lysates expressing
GST-MEKK2(CT) were mixed with lysates of COS-1 cells expressing HA-
JNKKI (lanes 1, 5, and 6), HA-JNKK2 (lanes 2, 7, and 8), HA-JNKI1 (lanes 3, 5,
and 7), and HA-p38 (lanes 4, 6 and 8) as indicated. The mixtures were incubated
in a rotator at 4°C for 4 h. GST-MEKK2(CT) was precipitated by adding GSH-
Sepharose beads and analyzed as described in Materials and Methods. The
bound (top panel) and input (middle panel) amounts of HA-tagged proteins
were determined by Western blotting (WB). The input amount of MEKK2(CT)
was determined by Western blotting using an anti-MEKK2 antibody (bottom
panel).

JNKK2 than was MEKKI1. Coexpression of JNKK2 augmented
MEKK?2-mediated JNKI activation, whereas coexpression of
an inactive JNKK2 mutant inhibited MEKK2-mediated JNK1
activation (Fig. 2B). In contrast, expression of either wild-type
or mutant JNKK2 had only a marginal effect on MEKKI1-
mediated JNKI1 activation (data not shown). Previous studies
have shown that MEKKI1 activates JNK and p38 via JNKKI,
which is the preferred substrate for this MAPKKK (55).
JNKK1/MKK4, but not other MAPKKs such as MEK1 and
MEK2, MKK3, MKK6, and JNKK2/MKK?7, is the major ef-
fector molecule directly downstream of MEKK1 (30, 55).
Thus, MEKK1-JNKKI1 specificity has been attributed to a di-
rect physical interaction between the two molecules. We showed,
in contrast, that MEKK?2 appears to operate via JNKK2 rather
than via JNKKI1. Since JNKK2 is a more specific JNK kinase than
is JNKKI1, which is incapable of p38 activation (15, 37, 49, 59),
these results also explain why MEKK?2 is a less potent activator of
p38 than is MEKK1 (9; Cheng and Su, unpublished).

The strong and specific JNK1 and JNKK2 activation by
MEKK?2 was found to be caused by a synergistic interaction of
MEKK?2, JNKK2, and JNKI. In both coprecipitation and gel
filtration experiments, MEKK?2, JNKK2, and JNK1 were found
in the same complex. Most notably, the MEKK2-JNKK2-JNK1
interaction seemed synergistic, since the interaction between
any two of these three kinases was further strengthened by the
presence of the third. We observed two- to threefold augmen-
tation of MEKK2-JNKK?2 and MEKK2-JNKI1 coprecipitation
and up to sevenfold augmentation of INKK2-JNKI1 coprecipi-
tation by expression of JNK1, INKK2, or MEKK2, respectively
(Fig. 4). Although MEKK?2 could also interact with JNKKI,
expression of JNK1 or JNKKI1 could not affect the interaction
of MEKK2-JNKK1 or MEKK2-JNKI1. Furthermore, p38, a
MAPK closely related to JNK1, could not form a multimolecu-
lar complex with either MEKK2-JNKK2 or MEKK2-JNKKI1,
even though p38 could interact with JNKKI, suggesting that
the MEKK2-JNKK2-JNK1 complex is specific.

Recently, it was reported that MEKK3, a close homologue of
MEKK?2 (75% overall homology), also activated JNKI via
JNKK?2 (10). Whereas we could not detect a tripartite complex of
MEKKS3, JNKK2, and JNKI1 (data not shown), it remained to be
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FIG. 6. Effective JNK1 activation in a multimolecular complex. (A) COS-1
cells were transfected with 0.1 g of control vector or GST-MEKK2(CT) ex-
pression vector per plate, together with 0.5 ug of HA-JNK1 per plate. The cells
were lysed 40 h later. Half of the lysates was used to precipitate the
MEKK2(CT)-containing complex by adding GSH-Sepharose beads as described
above; the other half was used to immunoprecipitate (IP) HA-JNK1 by adding
the 12CA5 monoclonal antibody. The amount of HA-JNKI1 precipitated by IP
and GST-Sepharose beads was determined by Western blotting (WB). Equal
amounts of HA-JNKI1 from each precipitation were assayed for JNK activity
using GST-c-Jun as substrate, as described in the legend to Fig. 1A. The relative
fold increases of JINK1 activity are shown. (B) GST-MEKK2CT (10 ng/plate) and
HA-JNK1 (0.5 pg/plate) expression vectors were cotransfected into COS-1 cells
with expression vectors for HA-JNKK2 (0.5 pg/plate) or HA-JNKK2(AL) (0.5
pg/plate) as indicated. Cells were lysed 40 h later, and GSH-Sepharose beads
were added to coprecipitate HA-JNK1 from the lysates as described in the
legend to Fig. 4. The coprecipitated HA-JNK1 was assayed for kinase activity as
described in the legend to Fig. 1A. Expression levels of HA-JNKK2, HA-
JNKK2(AL), and HA-JNK1 were determined by Western blotting (WB). The
relative fold increases of JNK1 activity are shown. (C) GST-MEKK2(CT) (0.1
wg/plate) and HA-JNK1 (0.5 pg/plate) expression vectors were cotransfected
into COS-1 cells with 0.5 pg of expression vectors for HA-JNKK2 or HA-
JNKK2(AL) per plate as shown. The cells were lysed 40 h later, and GSH-
Sepharose beads were added to precipitate the MEKK2(CT)-containing com-
plex. Coprecipitated HA-JNKK2, HA-JNKK2(AL), and HA-JNKI1 (upper
panel) and their expression levels in the cell lysates (lower panel) were deter-
mined by Western blotting (WB).

determined whether the kinase domain of MEKK3 could form a
tripartite complex with JNKK2 and JNKI, since the homology
between the kinase domains of MEKK2 and MEKK3 is much
higher than their overall homology (93 and 75%, respectively).
The synergistic interaction of MEKK2-JNKK2-JNK1 is
physiologically relevant. Using an in vitro kinase assay, we
found that JNK1 in the MEKK2-containing complex was acti-
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vated more efficiently than JNKI that was not associated with
the complex. Its activation of JNK1 in the MEKK2-containing
complex depended on the presence of a functional JNKK2,
since such activation could be blocked by expression of a ki-
nase-defective JNKK2 mutant, JNKK2(AL). Inhibition of
JNKI1 activation in the complex by such a mutant was not
caused by the inability of JNK to bind to the complex. Inter-
estingly, significantly more mutant JNKK2(AL) than wild-type
JNKK2 was found in the MEKK2-containing complex (Fig.
6C). Such an example was also observed for STE11 and STE7
in yeast (4). This suggested that when JNKK2 and JNKI in the
MEKK?2-containing complex are activated, they may quickly dis-
associate from MEKK?2, allowing MEKK?2 to phosphorylate and
activate more substrates and hence amplify the upstream signals.

Direct and specific protein-protein interaction between ki-
nases in the MAPK module has been demonstrated in both
yeast and mammalian cells. Such an interaction is crucial in the
formation of multimolecular signaling complexes. In mam-
mals, MEKKI1 interacts directly with its preferred MAPKK,
JNKKT1 (55), and with JNK1 independent of JNKK1 (56). INKK1
and JNKK?2 also interact directly with their substrates, JINK or
P38 (22, 50, 55). Although the subject of speculation, a MEKKK,
a MAPKK, and a MAPK have not been shown to form a tripar-
tite complex without anchoring or scaffolding molecules in yeast
and mammalian cells before. Our present study demonstrated
that a mammalian MAPKKK, a MAPKK, and a MAPK could
interact synergistically to form a specific signaling complex.

Two mammalian molecules, MP-1 and JIP-1, were shown
recently to function as scaffold proteins, like STES in yeast, in
organizing the ERK-MAPK and JNK-MAPK modules (4, 32,
39, 41, 52). MP1 was shown to significantly increase the com-
plex formation between MEK1 and ERKI1, the two kinases in
the ERK MAPK module. JIP-1 was shown to bind simulta-
neously to MLK3/DLK, JNKK2/MKK?7, and JNK1, thus orga-
nizing a JNK MAPK module. Whether MLK3/DLK, JNKK2/
MKK?7, and JNKI1 in the JIP-1-organized kinase module could
synergistically interact with one another was unclear. Studies
from several groups including ours have shown that MLK3/
DLK and JNKK2/MKK?7 could directly interact with one an-
other, as could JINKK2/MKK?7 and JNK1 (22, 34, 50; Cheng
and Su, unpublished). Such interactions may be crucial for
initiating the stable MAPK module formation organized by the
scaffolding protein JIP-1 (52). The interactions could also in-
crease the fidelity of individual MAPK pathways. Although our
study suggested that coordinated interaction between the ki-
nase molecules in certain MAPK pathways could form distinct
signaling modules without an anchoring or scaffolding protein,
it did not rule out the possibility that additional molecules
could participate in the complex under certain conditions.
Their participation could provide additional levels of specific-
ity control for each MAPK module. For instance, participation
of such molecules could provide additional surface area for
interaction with various upstream activating molecules or
could insulate the MAPK module from cross talk with func-
tionally unrelated kinases in the same cell. Thus, both scaffold
proteins and direct kinase-kinase interaction within a MAPK
module may be required to determine the specificity of the
MAPK cascade. Together with the sequential-activation model
(55), three distinct JNK1 MAPK modules may be responsible
for efficient and specific JNK1 activation in response to distinct
upstream stimuli, as illustrated in Fig. 7.

The functional role of the putative N-terminal regulatory
domain of MEKK?2 is still not clear. We found that the full-
length MEKK2 and COOH-terminal kinase domain of
MEKK?2 interact with and activate JNKK2 and JNK1 similarly,
suggesting that the N-terminal region of MEKK?2 may have a
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FIG. 7. Schematic diagram of three postulated mammalian JNK1 MAPK
modules.

more distinct regulatory function than the C-terminal kinase
domain. Interestingly, overexpression of the N-terminal region
of MEKK2 could block MEKK?2 activation of JNK1 (Cheng
and Su, unpublished), suggesting that the N-terminal region of
MEKK?2 may interact with another, as yet unidentified mole-
cule that regulates the activity of the MEKK2-JNKK2-JNK1
signaling complex. By using the yeast two-hybrid system, we
recently isolated several candidate genes whose products seem
to interact specifically with the N-terminal region of MEKK?2.
Studies of such interacting molecules should provide further
clues to understanding the specificity and regulating mecha-
nisms of MEKK2 and other members of the MEKK/STE11
gene family in general.
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