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ylation and activation of JNK.

(Bacl(ground: MEKK?2 is an important kinase involved in the activation of MAPK pathways.
Results: MEKK2 binds to 14-3-3 in a phosphorylation-dependent manner. This reduced its phosphorylation at an activating

Conclusion: MEKK2 remains inactive until it is dephosphorylated at Thr-283, which releases 14-3-3 and allows autophosphor-

Significance: Binding of 14-3-3 to MEKK2 provides a mechanism for reducing activity and directing signal specificity.
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MEKK2 (MAP/ERK kinase kinase-2) is a serine/threonine
kinase that belongs to the MEKK/STE11 family of MAP kinase
kinase kinases (MAP(3)Ks). MEKK2 integrates stress and mito-
genic signals to the activation of NF-kB, JNK1/2, p38, and ERK5
pathways. We have found that MEKK?2 is regulated through a
phosphorylation-dependent association with 14-3-3, a group of
adapters that modulate dimerization and association between
proteins. We found that MEKK2 was phosphorylated at Thr-
283, which resulted in decreased activation loop phosphoryla-
tion at Ser-519 and consequently reduced activity. Mechanisti-
cally, we found that MEKK?2 associated with inactive MEKK?2 in
the absence of 14-3-3 binding, which led to trams-autophos-
phorylation of Ser-519. Enforced binding with 14-3-3 reduced
Ser-519 trans-autophosphorylation. Expression of T283A
MEKK2 within a MEKK2™/~ background enhanced stress-ac-
tivated c-Jun N-terminal kinase activity while elevating IL-6
expression, but also reduced ERK activation with a correspond-
ing reduced proliferation rate. These results indicate that Thr-
283 phosphorylation is an important regulatory mechanism for
MEKK2 activation.

In yeast, stress and nutrient signals are relayed through the
Stell family of protein kinases to activate transcription. In
mammals, a similar pathway exists that utilizes Stell-like
MAP(3)Ks*> MEKK2 and MEKKS3 to sense growth factor, stress,
and pro-inflammatory signals (1-8). For example, MEKK3
contributes to NF-«kB activation in macrophages by signaling
through the NF-«B axis (9-12). In addition, MEKK2 and
MEKKS3 also activate a number of MAPKKs including MKK6
and MKK?7, which in turn activate MAPK members such as p38
and JNK (2, 6,10, 13-15). Thus, the stimuli that utilize signaling
through MEKK2, MEKKS3, and other MAP(3)Ks are diverse,
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and the precise mechanism for their activation has remained
difficult to fully understand.

MEKK2 and MEKK3 are assembled in a pre-activation com-
plex with other receptor-proximal signaling proteins and uti-
lize conserved protein interaction domains including PB1
domains (11, 16-22). Upon activating signals, MEKK2/3
undergoes phosphorylation within the activation loop Ser-519/
Ser-526 (23), which is critical for kinase activity. Dimerization
of MEKK2/3 is necessary (24, 25), suggesting that Ser-519/Ser-
526 undergoes a mechanism of trans-autophosphorylation.
Furthermore, MEKK3 is phosphorylated at a site that promotes
binding to 14-3-3 proteins (9). This interaction appears to reg-
ulate activation as mutation results in constitutive activation of
MEKKS3 pathways, leading to enhanced NF-«B activation (9).

In the current study, we have investigated the mechanism of
14-3-3 regulation of MEKK2 and the activation of MEKK2-
mediated c-Jun N-terminal kinase (JNK) following stress and
mitogen stimulation. We show that Thr-283 phosphorylation
of MEKK2 is necessary for 14-3-3 binding, and disrupting this
interaction leads to elevated activation of JNK, increased c-Jun
phosphorylation, and elevated transcriptional activity. Mecha-
nistically, 14-3-3 interaction alters MEKK2 activity by limiting
MEKK?2 dimerization and Ser-519 phosphorylation, leading
to inactivation. In mouse embryonic fibroblasts devoid of
MEKK?2, add-back of T283A MEKK2 led to slower growth rates
and reduced ERK phosphorylation/activation, but displayed
greater TNF-« induced IL-6 expression. Therefore, phosphor-
ylation of Thr-283 and binding of 14-3-3 appear to allow con-
trol over MEKK?2 input to several MAPK pathways.

EXPERIMENTAL PROCEDURES

Plasmids and Mutagenesis—pCMV5-HA-MEKK2 was pur-
chased from Addgene (Boston, MA; plasmid 12182). To gener-
ate FLAG-WT MEKK?2, primers were designed to introduce a
Notl restriction site at the 5" end of HA-MEKK2 and an Nhel
site at the 3’ end by PCR. PCR-generated fragments were
cloned into pCMV10-3XFLAG vector to introduce 3XFLAG
epitope tags at the N terminus. Site-directed mutagenesis of
pCMV5-HA-MEKK2 and pCMV10-3XFLAG-MEKK2 was
performed using QuikChange® mutagenesis kit (Stratagene),
and mutations were sequence-verified.
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To generate the R18 DE/KK MEKK2, we removed the amino
acid sequence surrounding Thr-283 of MEKK2 from both WT
and kinase-dead K385M MEKK2. To excise these regions,
BstBI was introduced in the 5" end, and Apal was introduced at
the 3’ end of MEKK2 by site-directed mutagenesis. Oligonu-
cleotides representing the R18 DE peptide (PHCVPRDLSWL-
DLEANMCLP) and KK peptide (PHCVPRDLSWLDLEAN-
MCLP) with the relevant overhangs synthesized and annealed
to Apal and BstBI digested WT and kinase-dead MEKK2.

Retroviral Infection of MEKK2~"~ MEF Cells—MEKK2 /'~
MEF cells were a kind gift of Dr. Bing Su (Yale University).
Various forms of MEKK2 were cloned into the viral expression
plasmid pQCXIP and transfected into the Ecopack2-293 pack-
aging cell line. Supernatant was harvested 24 h later, and virus
was concentrated using Retro-X concentrator by Clontech,
according to manufacturer’s protocol. MEKK2 '~ MEF cells
were plated at 60% confluency in 4 pg/ml Polybrene for 4 h, at
which point 50-ul aliquots of virus were added directly to cells
and incubated for 24 h at 37 °C. Cells were then selected in 2
pg/ml puromycin for 5 days.

Production of Phosphoantibodies—Peptides were generated
to correspond to amino acids surrounding Ser-519 of MEKK3
and Thr-283 of MEKK2. CMSGTGIRpSVTGTPY and CMS-
GTGIRSVTGTPY (where pS denotes phosphoserine) were
synthesized to correspond to amino acids 511-524 of MEKK2.
YNDGRKpTFPRARR and YNDGRKTFPRARR (where pT
denotes phosphothreonine) were synthesized to correspond to
amino acids 277-289 of MEKK2. Production of antibodies was
performed by Open Biosystems.

Cell Lysis, Immunoprecipitation, and Immunoblotting—
Cells were lysed in 50 mm Tris-HCI, pH 7.4, 1% Triton X-100,
25 mm NaF, 25 mm B-glycerophosphate, 5 mm EDTA, 0.05%
SDS, 100 nm okadaic acid, and protease inhibitors. Anti-FLAG
M2 antibody conjugated to agarose beads (Sigma) or anti-HA
antibody conjugated to agarose beads (Roche Applied Science)
was added to lysates and incubated overnight at 4 °C. Beads
were washed three times with lysis buffer, and proteins were
eluted with 200 ul of 1X lithium dodecyl sulfate sample buffer
and heated to 70 °C for 10 min. Portions of the lysates prior to
immunoprecipitation were also boiled with lithium dodecyl
sulfate-containing sample buffer. Lysates and immunoprecipi-
tations were fractionated by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins were transferred to a low
fluorescence polyvinylidene difluoride (PVDF) membrane
(Millipore Immobilon-FL PVDF), blocked in 5% skim milk for
30 min, and probed with the appropriate antibody overnight at
4 °C. Secondary decoration with IRDye-680 and IRDye-800 was
performed at room temperature for 1 h. Proteins were visual-
ized by direct fluorescence using an Odyssey infrared laser
scanner, and fluorescence intensities were quantified by the
Image] software.

MEKK?2 In Vitro Kinase Assay—HEK293 cells were trans-
fected with WT, T284A, or K385M MEKK?2. Cells were lysed in
solubilization buffer containing 20 mm Tris (pH 7.6), 0.5% Non-
idet P-40, 0.25 m NaCl, 1 mm PMSF, 2 mMm NazVO,, 1 ug/ml
aprotinin, 250 mm B-glycerophosphate, 250 mm NaF, 100 nm
okadaic acid. MEKK2 was immunoprecipitated with FLAG M2
monoclonal antibody conjugated to agarose (Sigma-Aldrich)
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for 3 h. Immunoprecipitates were pelleted, and beads were
washed three times in lysis buffer and twice in kinase buffer
containing 25 mM Tris (7.4), 25 mm MgCl,, 1 mm EGTA, 25 mm
B-glycerophosphate, 2 mm dithiothreitol, and 1 ug/ml micro-
cystin-LR. Beads were resuspended in 30 ul of kinase buffer,
and the reactions were initiated by adding 10 um cold/unla-
beled ATP and 1 uCi of [y->?P]ATP. Samples were incubated
for 20 min at 30 °C, and the reactions were terminated by add-
ing an equal volume of 2 X lithium dodecyl sulfate sample buffer
and boiling at 70 °C for 10 min. The proteins were resolved by
SDS-PAGE, transferred to polyvinylidene difluoride, and
immunoblotted with anti-FLAG M2 antibody (Sigma). y->2P-
radiolabeled MEKK2 was visualized by autoradiography using a
Personal Molecular Imager (Bio-Rad Laboratories). In some
reactions, a peptide corresponding to the target site of MKK6
was added (50 nm), and incorporated **P was measured by liq-
uid scintillation counting.

In Vitro JNK Assays—Mouse embryonic fibroblast cells were
co-transfected with 500 ng of HA-tagged W'T, T283A, K385M
MEKK?2, or empty vector along with 500 ng of FLAG-JNKla
where indicated following transfection protocol as outlined
above. Cells were lysed in solubilization buffer containing 20
mM Tris (pH 7.6), 0.5% Nonidet P-40, 0.25 m NaCl, 1 mm PMSF,
2mm NazVO,, 1 ug/mlaprotinin, 250 mm B-glycerophosphate,
250 mM NaF, 100 nm okadaic acid. HA-tagged MEKK2 con-
structs or FLAG-tagged JNK constructs were immunoprecipi-
tated from cell lysates with 25 ul of HA-conjugated agarose
beads (anti-HA affinity matrix, Roche Applied Science) or 25 ul
of FLAG M2 monoclonal antibody conjugated to agarose (Sig-
ma-Aldrich), respectively. Immunoprecipitates were washed
three times in lysis buffer and twice in kinase buffer containing
25 mm Tris (7.4), 25 mm MgCl,, 1 mm EGTA, 25 mm B-glycer-
ophosphate, 2 mum dithiothreitol, and 1 pg/ml microcystin-LR,
and finally, beads were resuspended in 30 ul of kinase assay
buffer containing 10 um ATP and 1 uCi of [y-**P]ATP. GST-
c-Jun (0.5 ug) was used as a substrate. Samples were incubated
for 15 min at 30 °C, and reactions were terminated by the addi-
tion of 2X lithium dodecyl sulfate sample buffer and resolved
by SDS-PAGE. MEKK2 autophosphorylation was visualized by
autoradiography, and [**P]c-Jun was visualized using a Per-
sonal Molecular Imager (Bio-Rad Laboratories).

Luciferase Reporter Assay—HELA cells were transiently co-
transfected with 500 ng of WT-MEKK?2, T283A MEKK2, or
empty vector along with 400 ng of Gal4-c-Jun together with 50
ng of Gal4-luciferase and 200 ng of pCMV--galactosidase as
indicated. After 24 h, the cells were stimulated with 50 ng of
anisomycin for 4 h where indicated. Cellular extracts were pre-
pared using lysis buffer (Promega) and cleared by centrifuga-
tion at 12,000 X g for 10 min. 5 ug of protein was used to
measure luminescence, and all values were normalized to 3-ga-
lactosidase activity.

Quantification of IL-6—Stable puromycin-resistant pools of
MEKK2 /"~ MEF cells expressing various forms of MEKK2
were plated in triplicate in 24-well dishes at 30,000 cells/well.
TNE-a (1 ng/ml) was added for 18 h. Supernatants were har-
vested, and IL-6 was quantified using the Quantikine immuno-
assay kit (R&D Systems).
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FIGURE 1. MEKK2 associates with 14-3-3 at Thr-283. A, FLAG-tagged MEKK3, MEKK2, or MEKK2 + HA-14-3-3€ was co-expressed in 293 cells for 24 h. MEKKs
were immunoprecipitated (/P) with anti-FLAG conjugated to agarose and fractionated by SDS-PAGE. MEKK2 or MEKK3 and endogenous co-immunoprecipi-
tated 14-3-3 and HA-14-3-3€ were detected by anti-FLAG and pan-14-3-3 immunoblotting. B, FLAG-tagged MEKK2, or various mutants, were expressed in
HEK293 cells and immunoprecipitated with anti-FLAG-conjugated agarose. MEKK2 and co-immunoprecipitated endogenous 14-3-3 were detected as in A.
Fluorescent secondary antibodies were detected by the Odyssey infrared imager; the density of each band was determined using the ImageJ software, and the
numbers beneath the lower panel represent the ratio of 14-3-3 signal to FLAG-MEKK2 signal. T283A, threonine 283 substituted with alanine; K282R, lysine 282
substituted with arginine; K385M, kinase-dead, lysine 385 substituted with methionine; P, phosphorylated. C, HA-MEKK2, T283A MEKK2, K385M MEKK2, or
empty vector was expressed in HEK293 cells for 24 h. Proteins were immunoprecipitated with anti-HA-conjugated agarose, fractionated by SDS-PAGE, and
immunoblotted with anti-phospho-Thr-283, anti-phospho-Ser-519, anti-HA, and anti-14-3-3. Imaging by the Odyssey infrared scanner was performed as in B.
D, MEKK2 was immunoprecipitated from lysates generated from RAW264 cells or mouse embryonic fibroblasts using a monoclonal anti-MEKK2 antibody (BD
Biosciences), fractioned by SDS-PAGE, and immunoblotted with anti-MEKK2, anti-phospho-Thr-283, or anti-14-3-3. Results are representative of three inde-

pendent sets of experiments.

XTT Assay—MEKK2 '~ MEF pools expressing various
forms of MEKK2 were plated in triplicate at 4,000 cells/well in
96-well dishes. On each day of the assay, wells were washed
twice with PBS and incubated in 100 ul of XTT solution (1
mg/ml XTT containing 0.03 mg/ml PMS (N-methylphenazo-
nium methyl sulfate) in PBS) for 2 h, and then absorbance at 490
nm was measured.

RESULTS

Thr-283 Is a Site of MEKK2 Phosphorylation and 14-3-3
Binding—Of the family of MAP(3)Ks, MEKK2 is most closely
homologous to MEKK3, with 91% amino acid identity in the
C-terminal kinase domain and 61% identity in the N-terminal
regulation domain. We previously reported that the phospho-
binding protein 14-3-3 associates with MEKK3 at Thr-294
within the sequence RRT***FPRI (9). Phosphorylation of this
site could occur by autophosphorylation because Thr-294
phosphorylation was abolished for the kinase-dead mutant.
Furthermore, disruption of 14-3-3 binding by introducing an
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alanine at this site increased NF-«B activation, suggesting that
14-3-3 suppresses MEKK3-NF-«kB pathway signaling through
an as yet unknown mechanism.

We examined MEKK2 and found that the corresponding
region of the kinase contained a site that was highly similar:
RKT?*°FPRA. This similarity prompted us to consider that
Thr-283 of MEKK2 could be phosphorylated and might bind to
14-3-3 to alter MEKK2 activity. When expressed in cells, we
found that both MEKK2 and MEKK3 bound to similar amounts
of 14-3-3 (Fig. 14). MEKK?2 also captured ectopically expressed
14-3-3€ (Fig. 1A), which agrees with Fanger et al. (26), who
detected € interaction with MAP3K proteins.

To test whether binding involved Thr-283, we probed
MEKK?2 with a phosphospecific antibody we had generated for
MEKKS3. This antibody reacted very weakly with MEKK2; how-
ever, the weak signal was abolished upon mutation of Thr-283
to alanine (Fig. 1B). MEKK?2 differs from MEKK3 at Lys-282,
which is an arginine in MEKK3 (RKTFPRI versus RRTFPRI), so
we mutated the MEKK2 Lys-282 residue to arginine and immu-
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FIGURE 2. Thr-283 reduces MEKK2 activity in vitro. A, WT MEKK2, T283A MEKK2, or K385M MEKK2 was expressed in HEK293 cells for 24 h and
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represent the S.D. of triplicate measurements.

noblotted again with anti-Thr-294 antibody. K282R strongly
immunoreacted with anti-phospho-Thr-294. Furthermore, a
compound mutation of the kinase domain Lys-385 to methio-
nine, which renders the kinase inactive, resulted in a large
decrease in anti-Thr-294 immunoreactivity (Fig. 1B).

These results prompted us to generate a phosphospecific
antibody to Thr-283 of MEKK2. This reagent showed that wild-
type MEKK?2, but not T283A MEKK?2, was reactive with the
anti-Thr-283 antibody, and again this was dependent on kinase
activity (Fig. 1C). Furthermore, we noticed that the activation
loop of MEKK2 was phosphorylated at Ser-519 in wild-type
MEKK2, but not K385M MEKK2, as had been reported previ-
ously (27). Interestingly, Ser-519 phosphorylation was higher in
T283A MEKK2 (Fig. 1C), suggesting that Thr-283 phosphory-
lation and 14-3-3 binding might play a role in restricting Ser-
519 phosphorylation, which we investigate further below. In all
cases where we quantified immunoblot signals, we used direct
immunofluorescence and report the phosphorylation signal as
the ratio of total protein.

To test whether endogenous MEKK2 bound to endogenous
14-3-3, we immunoprecipitated MEKK2 from both RAW264 cells
and mouse embryonic fibroblasts (Fig. 1D). In both cell types,
MEKK?2 was phosphorylated at Thr-283, with corresponding
association to 14-3-3. Control antibody did not precipitate
either Thr-283 signal or 14-3-3, and a second antibody raised
against MEKK2 produced identical results (not shown).

14-3-3 Binding to Thr-283 Restricts Dimer Formation and
Ser-519 trans-Autophosphorylation—To understand how Thr-
283 phosphorylation could impact on MEKK2 function, we
measured MEKK2 activity in vitro following expression and
immunoprecipitation from cells. Mutation of MEKK2 Thr-283
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to alanine increased both autophosphorylation (Fig. 24) and its
activity toward a peptide substrate (Fig. 2B). This suggested that
Thr-283 phosphorylation might restricc MEKK2 activation,
consistent with our earlier observations with MEKK3 (9). Thus,
we set out to understand the mechanism of this activity
modulation.

To begin, Fig. 1C indicates that Ser-519 phosphorylation and
activity are higher in MEKK2 harboring the T283A mutation,
suggesting that trans-autophosphorylation of Ser-519 could be
regulated by 14-3-3. Work by Cheng et al. (24, 25) has shown
that the kinase domain of MEKK2 dimerizes when inactive, so
we hypothesized that dimer formation and subsequent auto-
phosphorylation could be altered upon 14-3-3 binding. We set
out to test this hypothesis by conducting a series of experiments
in which we co-expressed FLAG- and HA-tagged MEKK2 pro-
teins harboring various mutations and monitored dimeriza-
tion, Thr-283 phosphorylation, and Ser-519 phosphorylation.
First, we co-expressed kinase-dead FLAG-K385M MEKK2
with HA-MEKK2, HA-MEKK2 T283A, and HA-MEKK2
K385M, immunoprecipitated with anti-HA antibodies, and
probed for the co-immunoprecipitation of FLAG-K385M
MEKK?2, which was quantified by fluorescent detection using
the Odyssey infrared scanner (Fig. 34). FLAG-K385M MEKK2
co-immunoprecipitated to a greater extent with HA-T283A
MEKK?2 than with wild-type HA-MEKK2 (almost 3-fold; Fig.
3A). Furthermore, this interaction appeared to be stronger than
the co-immunoprecipitation between kinase-dead forms (HA-
K385M MEKK?2 precipitating FLAG-K385M MEKK?2), which
was marginally greater than wild-type HA-MEKK2. These
results show that the optimal dimer formation is between an
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FIGURE 3. Increased dimerization and trans-autophosphorylation at Thr-
283 by MEKK2. A, HA epitope-tagged MEKK2 proteins were expressed either
alone or with FLAG-K385M-MEKK2 in HEK293 cells. After 24 h, HA-MEKK2 was
immunoprecipitated (IP), and the co-precipitating FLAG-MEKK2 was deter-
mined by immunoblotting. B, wild-type HA-MEKK2 or HA-MEKK2 with various
mutations was co-expressed with FLAG-T283A-MEKK2 or FLAG-K385M-
MEKK2. HA-tagged proteins were immunoprecipitated, and the degree of
Thr-283 phosphorylation and bound 14-3-3 was determined by immunoblot-
ting and detection with the Odyssey Infrared scanner. Results are represent-
ative of three independent experiments. P, phosphorylated.

active, but non-Thr-283 phosphorylated MEKK2, and the
kinase inactive form.

We showed in Fig. 1 that Thr-283 phosphorylation was
dependent upon kinase activity, suggesting a mechanism of
autophosphorylation. We therefore rationalized that if MEKK2
dimerizes in its inactive state, this could allow for trans-auto-
phosphorylation at Thr-283 and increased 14-3-3 associa-
tion. To test this, we co-expressed FLAG-T283A MEKK2 or
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the kinase-dead FLAG-K385M MEKK2 together with HA-
MEKK2, HA-T283A MEKK2, or HA-K385M MEKK2 and
immunoprecipitated the HA-tagged proteins to evaluate their
phosphorylation at Thr-283 and association with 14-3-3 (Fig.
3B). Co-expression of FLAG-T283A MEKK?2 led to higher Thr-
283 phosphorylation of HA-MEKK2. More importantly, the
HA-K385M MEKK2 showed detectable Thr-283 phosphoryla-
tion and 14-3-3 binding when co-expressed with FLAG-T283A
MEKK2, but not when co-expressed with FLAG-K385M
MEKK?2. This result showed that the HA-K385M MEKK2
underwent frans-autophosphorylation by T283A MEKK2,
which then enabled binding to 14-3-3.

This led us to ask how Thr-283 phosphorylation and 14-3-3
binding could influence Ser-519 phosphorylation. For these
experiments, we used a kinase-dead MEKK2 as a substrate for
phosphorylation in cells by an active MEKK2 with Thr-283
intact or not. In addition, we engineered MEKK2 to bind to
14-3-3 independently of Thr-283. To do this, we substituted the
18 amino acids surrounding Thr-283 with the R18 peptide (28).
This peptide was isolated from a phage display screen that
selected for peptides with strong 14-3-3 interaction (28). The
mode of interaction depends upon two acidic residues (DE)
within the peptide and therefore binds independent of phos-
phorylation. A control peptide was also used that harbors lysine
substitutions at the acid residues (termed KK) and does not
bind to 14-3-3. As expected, the HA-DE-MEKK2 precipitated
more 14-3-3 than wild-type HA-MEKK2, whereas the HA-KK-
MEKK?2 did not bind to 14-3-3 (Fig. 44). Importantly, kinase-
dead HA-DE-K385M MEKK2 bound to 14-3-3 equally well as
active HA-DE-MEKK?2, indicating that 14-3-3 association to
this protein was now independent of activity.

We then used FLAG-K385M MEKK?2 as a substrate in cells
with the various HA-MEKK2 forms and probed for Ser-519
phosphorylation. The HA-T283A MEKK?2 provided the strong-
est input for Ser-519 phosphorylation, correlating with the
highest level of dimerization (Fig. 4B). In contrast, the HA-DE
MEKK?2, which bound very well to 14-3-3, provided the weakest
input to Ser-519. The HA-KK-MEKK2, on the other hand, did
result in Ser-519 phosphorylation, about as well as HA-T283A
MEKK2. Together these results provide evidence that Thr-283
phosphorylation and 14-3-3 binding influence dimerization
and Ser-519 trans-autophosphorylation. In contrast to the DE
and KK mutations, conversion of Thr-283 to single aspartic
acid or glutamic acid residues did not promote binding to
14-3-3, and thus, these minimally altered proteins could not be
used to characterize MEKK2 function. This was similar to our
observations with MEKK3 (9). Furthermore, although R18
DE and KK substitutions appeared to permit MEKK2 auto-
phosphorylation, downstream substrate phosphorylation
was impaired by these modifications. Therefore, DE and KK
MEKK2 had limited utility for probing MEKK2 pathway
activation.

14-3-3 Association Controls MEKK2 Activation of JNK—
MEKK?2 has been reported to be necessary for JNK activation in
various cell models in response to some agonists. We asked
whether Thr-283 phosphorylation and the binding to 14-3-3
could control MEKK2 signaling to JNK. To test this, we co-ex-
pressed JNK1 together with WT or T283A MEKK?2, and mea-
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MEKK2 shown beneath the panel. B, HA-MEKK2 or MEKK2 with various muta-
tions including the DE and KK R18 peptide inserts were co-expressed with
kinase-dead FLAG-K385M-MEKK2. After 24 h, FLAG-K385M-MEKK2 was
immunoprecipitated with anti-FLAG-agarose and immunoblotted with anti-
Ser-519 antibody using the Odyssey infrared scanner. The numbers beneath
the panel represent the ratio of phospho-Ser-519 to total HA-MEKK2. P,
phosphorylated.

sured JNK1 activity in vitro (Fig. 5). In serum-starved cells, the
basal level of INK activity was higher in T283A MEKK2-ex-
pressing cells when compared with WT MEKK2 (Fig. 54).
Upon stimulation with FGF2, JNK1 activity increased to similar
levels (Fig. 5B). When cells were growing in the presence of 10%
serum, anisomycin did not activate JNK1 above basal levels in
cells expressing ectopic WT MEKK2 (Fig. 5C). However,
T283A MEKK2 co-expression led to robust activation of JNK1
following anisomycin treatment, which returned to basal levels
by 30 min (Fig. 5C). Expression of both WT MEKK2 and T283A
MEKK?2 also led to increased endogenous phospho-c-Jun local-
ized in the nucleus (Fig. 5D). These results indicate that aniso-
mycin can utilize T283A MEKK2 to activate JNK1, but not WT
MEKK?2. Finally, we measured the transcriptional activity of a
GAL4-c-Jun fusion protein on a gal-luciferase reporter. Both
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WT MEKK2 and T283A MEKK?2 could elevate c-Jun activity
above expression of GAL4-c-Jun alone; however, T283A
MEKK?2 led to a great increase in both the basal and the aniso-
mycin-stimulated transcriptional response when compared
with WT MEKK?2 (Fig. 5E).

IL-6 Expression Is Modulated by Thr-283 Phosphorylation—
Our results probing the activation of JNK and phosphorylation
of c-Jun by WT MEKK2 and T283A MEKK?2 suggested that
downstream signaling events might be altered in cells express-
ing these forms. To test this, we established stable retrovirus-
induced pools of MEKK2 ™/~ MEFs expressing either WT or
T283A MEKK2 and measured the generation of IL-6 in
response to TNFa. The mouse IL-6 promoter contains several
cis-regulatory sites that govern both inducible and constitutive
expression, including cAMP-response element-binding pro-
tein (CREB), NF-«B, C/EBP-1, and AP1. T283A MEKK2 caused
a significant potentiation of IL-6 expression following stimula-
tion with TNFa when compared with WT MEKK2, despite
similar levels of expression (Fig. 6).

Proliferation Is Reduced by the T283A MEKK2—We also
measured the proliferation rate of MEKK2 knock-out MEFs
expressing WT, T283A, or kinase-dead K385M MEKK2. Under
low serum conditions, the vector alone and K385M MEKK2-
expressing MEFs displayed the highest proliferation, whereas
WT MEKK2 proliferated slower and T283A MEKK2 MEFs dis-
played the slowest proliferation (Fig. 74). The addition of 2%
serum elevated the response of MEFs expressing WT MEKK2,
but not T283A MEKK?2 (Fig. 7B).

To understand this effect, we monitored the activation state
of ERK within these cells following either growth factor starva-
tion or stimulation with FGF2. The level of serum-starved ERK
phosphorylation at its activating site was lower in MEKK2-ex-
pressing MEFs when compared with vector alone-expressing
MEFs (Fig. 7C). Stimulation with FGF2 led to a robust activa-
tion of ERK, indicating that the basal status of ERK was affected
by MEKK?2 presence but not by the acute stimulation by FGF2
activation (Fig. 7C). Cells growing continuously in serum were
also analyzed; WT, kinase-dead, and empty vector-expressing
MEFs had ~3-fold higher ERK phosphorylation when com-
pared with T283A MEKK2-expressing MEFs (Fig. 7D).
Together these results indicate that MEKK2 activation by
T283A results in reduced ERK phosphorylation accompany-
ing a reduced proliferation rate.

DISCUSSION

We show here that MEKK2 is phosphorylated at Thr-283
through autophosphorylation and that this leads to association
with 14-3-3 proteins. This observation is similar to our previous
findings with the closely related MAP(3)K, MEKK3, which is
phosphorylated at the homologous site Thr-294 (9). For
MEKKS3, phosphorylation of Thr-294 reduced the activation of
NE-«B, a primary target of MEKK3 signaling downstream of
TLR4 receptors. Thus, we considered whether a similar mode
of negative regulation could occur for MEKK2.

Mutation of Thr-283 led to higher levels of activity in vitro
and stronger activation of JNK and c-Jun transcriptional activ-
ity in cells. We extend these observations by providing expla-
nations as to the mechanism of Thr-283 phosphorylation-de-
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times. JNK was immunoprecipitated, and activity was measured in vitro using GST-c-Jun(1-186) as substrate. The error bars represent the S.D. of
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inverted microscope and captured using the Q-Capture software. E, HELA cells were transfected with gal4-Luc reporter and either Gal4-c-Jun or
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pendent 14-3-3 regulation. The nonphosphorylated T283A
MEKK?2 was able to dimerize with inactive MEKK2 to a greater
extent than WT MEKK?2. It was also able to stimulate a higher
level of Ser-519 phosphorylation of a kinase-dead substrate.
Furthermore, enforced binding of 14-3-3 by substituting the
R18 peptide at the Thr-283 site resulted in diminished trans-
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Ser-519 phosphorylation, an effect that could be reversed by
substituting the two critical 14-3-3 binding residues in the R18
peptide to lysine. The resulting KK-MEKK?2 was able to phos-
phorylate kinase-dead MEKK2 at Ser-519 severalfold better
than DE-MEKK2. In each of these experiments, we utilized a
model in which an active form of MEKK2 phosphorylated a
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kinase-dead substrate MEKK?2 in cells. Each kinase was differ- These results point to a mechanism whereby MEKK2
entially epitope-tagged and could be purified from the other. dimerizes in an inactive state and processes Thr-283 autophos-
This prevented the complication of cis-autophosphorylation;  phorylation, which then facilitates binding to 14-3-3. Inputs
we normally found that active MEKK2 was highly phosphory-  that dephosphorylate Thr-283 result in increased autophos-
lated at both Thr-283 and Ser-519 in cells. The K385M MEKK2  phorylation of Ser-519 and elevated activity. Our hypothesis is
was not, and only experienced phosphorylation upon co-ex- strengthened by previous findings that inactive MEKK2
pression of active MEKK2. dimerizes (24) and that Ser-519 phosphorylation increases fol-
lowing stimulation with agonist that activates the MEKK2
pathway (27). 14-3-3 could play a number of potential roles in

A o Ii > this regard; it could maintain MEKK2 in a state that restricts
« 8 E 3 : autophosphorylation of Ser-519, or it could facilitate interac-
g Y s = tion with a Ser-519-specific phosphatase. It may also restrict
g & & g 3 MEKK?2 access to a membrane-proximal signal activation
S complex.
0FLAG-MEKK2 g R If Thr-283 phosphorylation is a mechanism for MEKK2
R deactivation, dephosphorylation by phosphatases could repre-
0-14-3-3 E Ty — % 1 sent a reciprocal mechanism to specifically activate MEKK2. A
= candidate may be the JNK stimulatory phosphatase (JSP)-1
" identified by Shen et al. (29), who reported that expression of

MEKK2-/- WT  T283A JSP-1 activated the JNK pathway.

FIGURE 6. MEKK2 regulation of IL-6 expression. A, MEKK2~/~ mouse Loss of Thr-283 phosphorylation had significant 1mpact. on
embryonic fibroblasts were infected with retrovirus containing empty vector, ~ pathways downstream of MEKK2. We found that JNK activa-

FLAG-WT MEKK2, or FLAG-T283A MEKK2 cDNA. Following 5 days of selection  tjon was higher in cells expressing T283A MEKK2 which was
in puromycin, resistant pools were isolated and immunoblotted for expres- ’

sion of MEKK2. B, stable puromycin-resistant pools of MEKK2/~ MEFs further amplified by either serum starvation or treatment with
expressing various forms of MEKK2 were plated in triplicate in 24-well dishes  the translation inhibitor anisomycin. Furthermore, expression

at 30,000 cells/well and then treated with TNFa (1 ng/ml) for 18 h. Superna- s .
tants were harvested, and IL-6 was quantified using the Quantikine immuno- of a TNFa-target gene, IL-6, was Slgnlflcantly elevated in

assay kit (R&D Systems). Error bars represent S.D. T283A MEKK2-expressing cells. Finally, we found that the pro-
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liferation rate of cells expressing T283A MEKK2 was dimin-
ished under reduced serum conditions. Although it remains to
be precisely understood how activated MEKK2 affects cell cycle
progression, these results support previous biochemical and
genetic studies suggesting that chronic activation of the JNK
pathway leads to deactivation of ERK (30 —32), possibly through
the JNK-dependent expression of dual specificity phosphatases
(31). This prompted us to probe ERK phosphorylation levels in
MEFs expressing T283A MEKK2; phosphorylation of ERK at
an activating site did not change significantly in a background
of vector alone, WT, or kinase-dead MEKK2, whereas T283A
caused a reduction of phospho-ERK signal by 70%.

The observations we have made with MEKK2 closely parallel
those of MEKK3 (9). With MEKK3, we also noted transient
Thr-294 phosphorylation (the analogous site of Thr-283) and
association with 14-3-3, and this reduced MEKK3-dependent
activation of NF-kB following stimulation with TNF« and LPS.
Given that MEKK2 and MEKK3 share significant homology
both within their kinase domains and in the region surrounding
14-3-3 binding, we conclude that 14-3-3 is a common modula-
tor for both kinases with the likely role to coordinate specific
signals to appropriate subcellular targets.
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