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volved in phosphorylation and activation of the IKKs, especially IKKb, in response to various extracellular stimuli.
MEKK1 functions as the MAPKKK in the c-Jun NH2-terminal protein kinase (JNK) signaling pathway (12, 15, 22).
MEKK1 phosphorylates and activates JNK-activating kinase
(JNKK), which in turn phosphorylates and activates JNK (7,
11, 15, 18, 26, 30, 35). It was suggested that MEKK1 may also
participate in regulation of NF-kB activity, since overexpression of MEKK1 induced IkB phosphorylation (13) and NF-kB
activation (10, 13). The role of MEKK1 in regulation of the
IKK complex, however, is not clear. It was reported previously
that a ubiquitination-inducible IkB kinase complex can be activated through phosphorylation by MEKK1 (13). However, it
has yet to be determined whether the ubiquitination is required for the TNF-a-induced activation of the IKK complex
(9, 21, 25). Although MEKK1 was found to comigrate with the
IKK complex during purification of the IKKs (20), there was
no evidence that MEKK1 directly interacts with and activates
the IKK complex.
Here we report the identification of MEKK1 as an immediate upstream kinase for the IKKs. MEKK1 is activated by
TNF-a and IL-1 and potentiates TNF-a-induced NF-kB activation. MEKK1 interacts with and stimulates the activity of the
IKKs in cells and directly phosphorylates both IKKa and IKKb
in vitro. Furthermore, we find that MEKK1 acts in parallel
with NIK, leading to synergistic activation of the IKK complex.
These findings demonstrate that MEKK1 is an immediate upstream kinase of both IKKa and IKKb and is capable of activating the IKKs in coordination with NIK.

The transcription factor NF-kB regulates gene expression in
response to various extracellular stimuli, including tumor necrosis factor alpha (TNF-a), interleukin-1 (IL-1), lipopolysaccharide, phorbol esters like 12-O-tetradecanoylphorbol-13acetate, and UV irradiation (1–4, 29, 32). In most resting cells,
NF-kB is bound to the inhibitory IkB proteins (IkB-a, -b, and
-ε) and remains in the cytoplasm as a latent-form transcription
factor (1–3, 32). Upon stimulation, IkB becomes phosphorylated on specific serine (Ser) residues (Ser-32 and -36 in IkB-a;
Ser-19 and -23 in IkB-b) (1–6, 8). Phosphorylation of IkB
triggers its ubiquitination and degradation by the 26S proteosome (29, 31, 33). Proteolysis of IkB proteins releases NF-kB
to translocate into the nucleus, where it stimulates transcription of specific target genes (29).
The IkB kinase was first identified as a high-molecularweight protein complex that can be activated in vitro by
MEKK1 or ubiquitination (13). Two subunits of the TNF-ainducible IkB kinase complex (IKKa and IKKb, also known as
IKK-1 and IKK-2, respectively) that specifically phosphorylate
IkB proteins have been recently isolated (9, 21, 25, 28, 34, 38).
Activation of the IKKs apparently requires phosphorylation on
specific Ser residues (Ser-176 and -180 in IKKa; Ser-177 and
-181 in IKKb), which resemble the consensus MEKK phosphorylation motif (SerXaaXaaXaaSer, where Xaa is any amino acid) (20). One of the upstream effector kinases of the IKKs
is NF-kB-inducing kinase (NIK) (19), which is a novel member
of the MEKK family and is able to activate both IKKa and
IKKb (25, 34). Through direct interaction with the TNF-a
and IL-1 receptor-associated factors (TRAF2, TRAF5, and
TRAF6) (19, 25, 27), NIK is thought to mediate the stimulatory effects of TNF-a and IL-1 on the IKK complex. Interestingly, NIK significantly phosphorylates only IKKa on Ser-176,
not IKKb (16). Thus, additional protein kinases may be in-

MATERIALS AND METHODS
Cell culture and transfection. HeLa and COS-1 cells were grown in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal calf serum, 2 mM
glutamine, 100 U of penicillin per ml, and 100 mg of streptomycin per ml.
Transfections were performed as previously described (15, 18).
Plasmids. Hemagglutinin (HA)-IKKb was constructed by subcloning a PCRgenerated HindIII-NotI fragment encoding IKK-2, a gift from Frank Mercurio
(Signal Pharmaceuticals, Inc.) (21), into pRc/b-actin expression vector between
HindIII and NotI sites, as described elsewhere (9). To construct the mammalian
version of glutathione S-transferase (GST)–MEKKD and the kinase-deficient
GST-MEKKD (K432M) mutant, an NcoI-XhoI fragment of MEKKD or the
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IkB kinases (IKKa and IKKb) are key components of the IKK complex that mediates activation of the
transcription factor NF-kB in response to extracellular stimuli such as inflammatory cytokines, viral and
bacterial infection, and UV irradiation. Although NF-kB-inducing kinase (NIK) interacts with and activates
the IKKs, the upstream kinases for the IKKs still remain obscure. We identified mitogen-activated protein
kinase kinase kinase 1 (MEKK1) as an immediate upstream kinase of the IKK complex. MEKK1 is activated
by tumor necrosis factor alpha (TNF-a) and interleukin-1 and can potentiate the stimulatory effect of TNF-a
on IKK and NF-kB activation. The dominant negative mutant of MEKK1, on the other hand, partially blocks
activation of IKK by TNF-a. MEKK1 interacts with and stimulates the activities of both IKKa and IKKb in
transfected HeLa and COS-1 cells and directly phosphorylates the IKKs in vitro. Furthermore, MEKK1
appears to act in parallel to NIK, leading to synergistic activation of the IKK complex. The formation of the
MEKK1-IKK complex versus the NIK-IKK complex may provide a molecular basis for regulation of the IKK
complex by various extracellular signals.
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MEKKD (K432M) mutant was first subcloned into the pGEX-KG vector. A
BamHI-ClaI fragment of pGEX-KG MEKKD or the MEKKD (K432M) mutant
was then subcloned into a mammalian GST expression vector between BamHI
and ClaI sites, as described elsewhere (15). The mammalian GST vectors of
IKKs, including IKKa; the IKKa (K44M) mutant, in which the lysine (K) 44 in
the ATP binding domain was replaced by methionine (M); the IKKa (AA)
mutant, in which Ser-176 and -180 were replaced by alanines; IKKb; the IKKb
(K44M) mutant, in which the lysine (K) 44 in the ATP binding domain was replaced by methionine (M); and the IKKb (AA) mutant, in which Ser-177 and
-181 were replaced by alanines, were constructed by subcloning PCR-generated
ClaI-NotI fragments of corresponding IKK coding sequences into the mammalian GST expression vector (15). NIK and the kinase-deficient NIK (KK429/
430AA) mutant were gifts from David Wallach (The Weizmann Institute of
Science).
Purification of recombinant GST fusion proteins. GST-JNKK1; GST–IkB-a
(1–54); GST–IkB-a (1–54; TT), in which Ser-32 and -36 were replaced by threonines; and the mammalian versions of GST-MEKKD, GST-MEKKD (K432M),
GST-IKKa, GST-IKKa (K44M), GST-IKKa (AA), GST-IKKb, GST-IKKb
(K44A), and GST-IKKb (AA) were purified on glutathione-agarose beads as
described elsewhere (8, 9, 15, 18).
Protein kinase assays. Transfected HA-tagged or M2 Flag-IKKs were immunoprecipitated from HeLa or COS-1 cell extracts with anti-HA monoclonal
antibody (12CA5; Santa Cruz) or anti-M2 monoclonal antibody (Kodak). The
kinase activity of the immune complex was assayed at 30°C for 30 to 60 min in 30
ml of kinase buffer (21) in the presence of 10 mM ATP–10 mCi of [g-32P]ATP (10
Ci/mmol) with GST–IkB-a or GST–IkB-a (TT) proteins as substrates, as indicated in the figure legends. The reactions were terminated with 43 Laemmli
sample buffer. The proteins were resolved by sodium dodecyl sulfate (SDS)–12%
polyacrylamide gel electrophoresis, followed by autoradiography. Radioactivity
in the phosphorylated proteins was quantitated by a phosphorimager.
For in vitro phosphorylation of the IKKs by MEKK1, the mammalian version
of GST-MEKKD, the kinase-deficient mutant GST-MEKKD (K432M), wild-type
GST-IKKa and GST-IKKb, the kinase-deficient mutant GST-IKKa (K44M),
GST-IKKb (K44A), GST-IKKa (AA), and GST-IKKb (AA) were purified to
near homogeneity from transfected COS-1 cells. Purified GST-IKK was incubated with or without purified GST-MEKKD or the GST-MEKKD (K432M)
mutant for 1 h in a kinase reaction buffer (15) containing 50 mM ATP–10 mCi of
[g-32P]ATP. Purified bacterial GST-JNKK1, a known substrate for MEKK1, was
included as a positive control.
Transcription assays. HeLa cells were cotransfected with a 23 NF-kB luciferase (LUC) reporter plasmid and various expression vectors, as indicated in
figure legends. LUC activity was determined as previously described (9, 15).
Immunoprecipitation and immunoblotting analysis. For coimmunoprecipitation of transfected proteins, COS-1 cells were transfected with mammalian expression plasmids encoding various signaling alleles, as indicated in the figure
legends. After 30 h, cells were harvested and lysed in lysis buffer (20 mM Tris [pH
7.6], 250 mM NaCl, 3 mM EDTA, 1.5 mM EGTA, 10 mM p-nitrophenylphosphate, 1 mM Na3VO4, 1% Nonidet P-40, 1 mM dithiothreitol, and 10 mg of
aprotinin per ml). After clarification by centrifugation, cell lysates (1 mg) were
incubated with anti-HA monoclonal antibody or preimmune serum in the presence of 30 ml (50% [vol/vol]) of protein A-Sepharose beads for 4 h at 4°C.
Proteins were resolved by SDS-polyacrylamide gel electrophoresis on 7.5% poly-

acrylamide gels, blotted onto Immobilon P membranes (Millipore), and subjected to immunoblotting analysis with specific antibodies as indicated in the
figure legends. The antibody-antigen complexes were visualized by the enhanced
chemiluminescence detection system (Amersham).

RESULTS
MEKK1 is activated by TNF-a and IL-1 and potentiates
TNF-a-induced NF-kB activation. We tested whether MEKK1
is involved in TNF-a or IL-1 signaling pathways that lead to
NF-kB activation. COS-1 cells were transiently transfected with
expression vectors encoding HA-tagged full-length MEKK1
(HA-MEKK1); HA-MEKK1 (D3A), which is a dominant negative mutant of the full-length MEKK1 (36); or empty expression vector (Fig. 1A). After 48 h, cells were treated with TNFa or IL-1 or left untreated. HA-MEKK1 was isolated by immunoprecipitation, and its activity was measured in immunocomplex kinase assays with GST-JNKK1, a known substrate
of MEKK1 (14). TNF-a and IL-1 stimulated the activity of
MEKK1, but not the HA-MEKK1 (D3A) mutant (Fig. 1A).
In addition, TNF-a and IL-1 also stimulated the autophosphorylation of MEKK1, which is a characteristic feature of
MEKK1 activation (Fig. 1A). These results demonstrate that
MEKK1 is part of TNF-a and IL-1 signaling pathways.
We then examined the effect of MEKK1 on TNF-a-induced
NF-kB activation. HeLa cells were cotransfected with a 23
NF-kB LUC reporter gene (9), with or without expression
vector encoding the full-length MEKK1. After 40 h, the cells
were treated with a suboptimal dose of TNF-a for 6 h or left
untreated. Treatment with the suboptimal dose of TNF-a induced threefold activation of the 23 NF-kB LUC reporter
gene (Fig. 1B). The full-length MEKK1 by itself mildly stimulated the NF-kB reporter gene activity in a dose-dependent
manner (Fig. 1B). Coexpression of the full-length MEKK1
enhanced the effect of TNF-a synergistically (Fig. 1B). This
result is consistent with previous reports that a dominant negative mutant of MEKK1 was able to block TNF-a-induced NFkB activation (10, 13), indicating that MEKK1 may be involved
in a TNF-a signaling pathway that leads to NF-kB activation.
MEKK1-induced NF-kB activation is mediated by IkB kinases. We and others have shown that MEKK1 may be involved in TNF-a-induced NF-kB activation (Fig. 1) (10, 13).
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FIG. 1. MEKK1 is activated by TNF-a and IL-1 and potentiates TNF-a-induced NF-kB activation. (A) (Top) COS-1 cells were transfected with expression vectors
encoding the full-length HA-MEKK1 or the HA-MEKK1 (D3A) mutant (0.2 mg each) or empty vector, as indicated. After 48 h, cells were treated with TNF-a (50
ng/ml) or IL-1 (10 ng/ml) or left untreated. HA-MEKK1 was isolated by immunoprecipitation with anti-HA monoclonal antibody (12CA5; Santa Cruz). The MEKK1
immunocomplex was incubated at 30°C for 1 h in a kinase buffer (14) containing 10 mCi of 10 mM [g-32P]ATP with purified bacterial recombinant GST-JNKK1 (2 mg)
as a substrate. (Bottom) An aliquot of each lysate was analyzed for its content of MEKK1 or the MEKK1 (D3A) mutant by immunoblotting with anti-HA monoclonal
antibody (14). (B) HeLa cells were cotransfected with a 23 NF-kB LUC reporter plasmid (0.1 mg per plate) and expression vector encoding the full-length MEKK1
(50, 100, 200, and 500 ng) or empty vector. After 40 h, the cells were treated with TNF-a (10 ng/ml) for 6 h or left untreated, as indicated. Relative LUC activity was
determined as described elsewhere (9, 14). LUC activity expressed by cells transfected with empty vector was given an arbitrary value of 1. The results are presented
as means 6 standard errors (error bars) and represent two individual experiments. WT, wild type; Vec., vector.
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Since MEKK1 copurified with the IKK complex that controls
NF-kB activation in response to extracellular stimuli (21), we
determined whether MEKK1-induced NF-kB activation requires the IKKs. HeLa cells were cotransfected with the 23
NF-kB LUC reporter gene, along with expression vectors encoding NIK, or a truncated form of MEKK1, MEKKD, which
is a specific activator for JNK but not p38 or ERK unless
overexpressed (15, 22), in the presence or absence of wild-type
IKKb or the IKKb (AA) mutant, in which Ser-177 and Ser-181
residues in the putative MEKK1 phosphorylation motif were
replaced by alanines (21). Like NIK (34), expression of a small

amount of MEKKD significantly stimulated NF-kB activation,
and the stimulation was potentiated by cotransfected HAIKKb and inhibited by the cotransfected HA-IKKb (AA)
mutant in a dose-dependent manner (Fig. 2). The effect of
MEKK1 was also modulated by HA-IKKa in a similar manner
(24). Thus, MEKK1 activation of NF-kB is mediated by the
IKKs.
MEKK1 activates both IKKa and IKKb in vivo. To determine whether MEKK1 is able to stimulate IKK activity, HeLa
cells were transiently transfected with expression vectors
encoding HA-IKKa or HA-IKKb, with or without NIK or
MEKKD. After 48 h, the cells were treated with TNF-a or left
untreated. HA-IKK was isolated by immunoprecipitation, and
its activity was measured by immunocomplex kinase assays
with GST–IkB-a or the GST–IkB-a (TT) mutant as a substrate
(3). The GST–IkB-a (TT) mutant is a very poor IKK substrate
because Ser-32 and Ser-36 residues were replaced by threonine
residues (5, 6, 8). Like TNF-a (Fig. 3A, lanes 8 and 16) (9, 21,
34, 38) and NIK (Fig. 3A, lanes 7 and 15) (25, 34), expression
of a small amount of MEKKD significantly stimulated the activities of both HA-IKKa and HA-IKKb (Fig. 3A, lanes 6 and
14). The activation of the IKKs is specific since they phosphorylated only GST–IkB-a, not the GST–IkB-a (TT) mutant (9)
(Fig. 3A, lanes 10 and 18). This activation was not a result of
increased expression of the HA-IKKs, as demonstrated by
immunoblotting analysis (Fig. 3A). Under the same conditions,
the HA-IKK (AA) mutants (21) were not activated by cotransfected MEKKD, NIK, or TNF-a treatment (24). Expression of
the full-length MEKK1 mildly stimulated IKKb activity in a

FIG. 3. Activation of the IKKs and NF-kB by MEKK1 in vivo. (A) Activation of IKKa and IKKb by cotransfected MEKKD, NIK, or TNF-a treatment. (Top) HeLa
cells were transfected with expression vectors encoding HA-IKKa or HA-IKKb (3 mg per plate each), in the presence or absence of MEKKD (0.1 mg), NIK (3 mg),
or empty vector, as indicated. After 48 h, the cells were either treated with TNF-a (50 ng/ml) for 10 min or left untreated. HA-IKK was immunoprecipitated, and its
activity was determined by immunocomplex kinase assays with GST–IkB-a or GST–IkB-a (TT) as a substrate, as described elsewhere (9). Substrate phosphorylation
was quantitated with a phosphorimager. Fold stimulation is indicated. (Bottom) An aliquot of each lysate was analyzed for its content of IKK by immunoblotting (14).
(B) Coexpression of the full-length MEKK1 potentiates TNF-a-induced IKKb activation. HeLa cells were transfected with expression vectors encoding HA-IKKb (0.1
mg) in the presence or absence of the full-length MEKK1 (0.1, 1, and 3 mg) as indicated. After 48 h, cells were treated with TNF-a (100 ng/ml) for 10 min or left
untreated, as indicated. HA-IKKb was immunoprecipitated, and its activity was determined as described for panel A. (C) Inhibition of TNF-a-induced IKKb activation
by the dominant negative mutant of MEKK1. (Top) HeLa cells were transfected with expression vectors encoding HA-IKKb (3 mg) with or without the dominant
negative form of MEKK1 (lane 3, 1 mg, and lane 4, 2 mg). After 40 h, the cells were treated with TNF-a (50 ng/ml) for 5 min or left untreated, as indicated. HA-IKKb
was immunoprecipitated, and its activity was determined as described for panel A. (Bottom) An aliquot (30 mg) of each sample was analyzed by immunoblotting analysis
with anti-HA antibody for its content of IKKb and used to normalize the IKKb activity. (D) Comparison of activation of IKKa and IKKb by the full-length MEKK1
to that by MEKKD. (Top) COS-1 cells were transfected with expression vectors encoding HA-IKKa (2 mg) or HA-IKKb (0.1 mg), in the presence or absence of either
the full-length MEKK1 (0.5, 1, and 3 mg) or MEKKD (0.05 mg), or empty vector, as indicated. After 48 h, the cells were harvested. HA-IKK was immunoprecipitated,
and its activity was determined as described for panel A. (Bottom) An aliquot of each lysate was analyzed for its content of MEKK1 and MEKKD by immunoblotting
with anti-HA monoclonal antibody (14). VEC, vector; ns, nonspecific.
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FIG. 2. MEKK1-induced NF-kB activation is mediated by the IKKs. HeLa
cells were cotransfected with the 23 NF-kB LUC reporter plasmid (0.5 mg per
plate) and expression vectors encoding MEKKD (20 ng), NIK (0.5 mg), wild-type
IKKb or the inactive IKKb (AA) mutant (2, 10, 50, and 100 ng each), or empty
vector, as indicated. LUC activity was determined as described for Fig. 1B. The
results are presented as means 6 standard errors (error bars) and represent
three individual experiments.
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dose-dependent manner and potentiated the stimulatory effect
of TNF-a on IKKb activity (Fig. 3B). Conversely, expression
of a dominant negative form of MEKK1, MEKKD (K432M),
partially blocked activation of IKKb by TNF-a (Fig. 3C). In
COS-1 cells, expression of the full-length MEKK1 also stimulated the activities of both IKKa and IKKb in a dose-dependent manner (Fig. 3D). In comparison to MEKKD, however,
the full-length MEKK1 was less potent (Fig. 3B and D). These
results indicate that MEKK1 may act as an upstream activator
for both IKKa and IKKb in response to extracellular stimuli
such as TNF-a.
MEKK1 interacts with the IKKs in vivo. Next we examined
the interaction between MEKK1 and the IKKs. COS-1 cells
were cotransfected with expression vectors encoding HA-IKKa
or HA-IKKb, with or without the mammalian version of GSTMEKKD. After 30 h, cells were harvested and the lysates were
immunoprecipitated with anti-HA monoclonal antibody (12CA5;
Santa Cruz) or control antibody. Immunoblotting analysis with
an antibody against the C-terminal region of MEKK1 (C-22;
Santa Cruz) revealed that GST-MEKKD was specifically coimmunoprecipitated with both HA-IKKa (Fig. 4A, lane 5) and
HA-IKKb (Fig. 4A, lane 8), with similar affinities. These results demonstrate that MEKK1 may physically interact with
the IKKs in vivo.
The C-terminal helix-loop-helix (HLH) domain of IKK has
been proposed to be involved in interaction with the upstream
regulators of IKKs (25, 36), and mutations that disrupt the
HLH motif resulted in greatly reduced IKK activity in response
to TNF-a stimulation or overexpression of IKKb (38). Therefore, we examined whether a mutant with the defective HLH
motif could affect IKK activation by MEKK1. Coexpression of
the HA-IKKa (HLH)2 mutant (38), in which leucine 605 and
phenylalanine 606 were replaced with arginine and proline,
respectively, resulted in inhibition of M2-IKKb activation by
cotransfected MEKKD (50%) or NIK (60%) in a dose-dependent manner (Fig. 4B, left panel). The inhibition was not a
result of changes in expression of M2-IKKb, as demonstrated
by immunoblotting analysis (Fig. 4B). The HA-IKKa (HLH)2
mutant itself had very low activity (Fig. 4B, right panel), as
previously reported (38). In addition, the untagged IKKa
(HLH)2 mutant inhibited the activation of HA-IKKa by
MEKKD and NIK, although to a lesser extent (24). Thus, an
intact HLH domain activation may be required for activation
of the IKKs by MEKK1, as it was for activation by NIK (25).
MEKK1 is an immediate upstream kinase for the IKKs. To
determine whether MEKK1 activates IKK directly, we tested
the ability of MEKK1 to phosphorylate IKK in in vitro kinase

assays. Because bacterial GST-IKK was insoluble (24), we constructed mammalian GST versions of the kinase-deficient IKKa
(K44M) and IKKb (K44A) mutants, in which lysine 44 residues
in the ATP binding sites were replaced with methionine or alanine (9, 21). Mammalian GST-MEKKD and its kinase-deficient
mutant GST-MEKKD (K432M) were also constructed. The fusion proteins were expressed and purified from COS-1 cells to
near homogeneity (Fig. 5A). GST-JNKK1, the known MEKK1
substrate (15), was used as a positive control. Purified GSTMEKKD significantly phosphorylated both GST-IKKa (K44M)
and GST-IKKb (K44A) (Fig. 5B, lanes 2 and 5), as well as
GST-JNKK1 (Fig. 5B, lane 8). In contrast, the kinase-deficient
mutant GST-MEKKD (K432M) failed to phosphorylate GSTIKKa (K44M), GST-IKKb (K44A), or GST-JNKK1 (Fig. 5B,
lanes 3, 6, and 9). Under the same conditions, phosphorylation
of the GST-IKK (AA) mutants by GST-MEKKD was greatly
reduced in comparison to phosphorylation of wild-type GSTIKKs (24). These data indicate that MEKK1 may phosphorylate the IKKs directly, probably on the serine residues in the
putative MEKK1 phosphorylation motif. Although we cannot
formally rule out the possibility that the phosphorylation of
GST-IKK might be carried out by an unknown protein which
copurified with GST-MEKKD, this does not appear likely,
since no other proteins were detected in the preparation of
purified GST-MEKKD (Fig. 5A, lane 3).
Synergistic activation of IKKb by MEKK1 and NIK. Because both NIK and MEKK1 activate IKK, we examined the
relationship between NIK and MEKK1 in respect to IKK activation. In HeLa cells, expression of wild-type NIK was able to
stimulate HA-IKKb activity in a dose-dependent manner
(Fig. 6A, lanes 2 and 3), and expression of a small amount
of MEKKD alone also activated HA-IKKb (Fig. 6A, lane 4).
Coexpression of MEKKD and NIK together enhanced NIKstimulated IKKb activity synergistically (Fig. 6A, lanes 5 and
6). Consistently, the effect of NIK on NF-kB activation was
also potentiated by MEKKD. In transcription assays, expression of a suboptimal amount of wild-type NIK stimulated the
activity of NF-kB in a dose-dependent manner, as measured by
the 23 NF-kB LUC reporter gene (Fig. 6B, thick-diagonalstripe bars). Expression of a small amount of MEKKD mildly
stimulated NF-kB activation (Fig. 6B, open bar). Coexpression
of MEKKD and NIK, however, synergistically stimulated NFkB activation (Fig. 6B, thin-diagonal-stripe bars). In reciprocal
experiments, coexpression of NIK also augmented MEKKDinduced IKKb activity (Fig. 6C) and NF-kB activation synergistically (Fig. 6D).
The synergistic activation of IKKb by MEKK1 and NIK does
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FIG. 4. (A) MEKK1 interacts with the IKKs in vivo. COS-1 cells were cotransfected with expression vectors encoding mammalian GST-MEKKD (0.2 mg per plate),
HA-IKKa, HA-IKKb (3 mg each), or empty vector, as indicated. After 24 to 30 h, cells were harvested. The lysates were immunoprecipitated with anti-HA monoclonal
antibody (HA; lanes 3, 4, 5, 7, and 8) or control antibody (Pre; lane 6) and then analyzed by immunoblotting with an antibody against the C-terminal region of MEKK1
(C-22; Santa Cruz). Lysates of empty vector and GST-MEKKD-transfected cells were also directly analyzed by immunoblotting (lanes 1 and 2). (B) The IKKa (HLH)2
mutant inhibits IKK activation by MEKK1. (Top) COS-1 cells were cotransfected with expression vectors encoding M2-IKKb (0.1 mg per plate), along with MEKKD
(20 ng), NIK (1 mg), or empty vector, in the presence or absence of the HA-IKKa (HLH)2 mutant (lanes 3 and 7, 1 mg each; lanes 4 and 8, 2 mg each; lanes 10 and
13, 0.5 mg each; lanes 11 and 14, 1 mg each), as indicated. After 48 h, the cells were harvested. M2-IKKb and HA-IKKa (HLH)2 mutant were immunoprecipitated,
and their activities were determined, respectively, as described elsewhere (9). (Bottom) An aliquot of each lysate was analyzed for its content of IKK by immunoblotting
with anti-M2 (left panel) or anti-HA monoclonal antibody (right panel), as indicated elsewhere (14). ns, nonspecific.
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not reveal whether NIK and MEKK1 act sequentially, or in
parallel, to activate IKKb. Therefore, we examined the effect
of a dominant negative MEKK1 mutant, MEKKD (K432M)
(22), on the activation of IKKb by NIK. Expression of the
MEKKD (K432M) mutant resulted in at least 70% inhibition
of HA-IKKb activation by cotransfected NIK in a dosedependent manner (Fig. 7A). Consistently, expression of the
MEKKD (K432M) mutant also abolished NIK-induced NF-kB
activation in transcription assays, as measured by the activity
of the 23 NF-kB LUC reporter gene (Fig. 7B). In reciprocal
experiments, expression of a dominant negative NIK mutant,
NIK (KK429/430AA), in which the lysine residues in the ATP
binding site were replaced with alanines (8), mildly inhibited

HA-IKKb activation by MEKKD (Fig. 7C) and partially
blocked MEKKD-induced NF-kB activation (Fig. 7D). These
results suggest that MEKK1 and NIK may act in parallel to
stimulate IKK activity. The mutual inhibitions exerted by the
dominant negative mutants of MEKK1 and NIK indicate that
MEKK1 and NIK might have a common docking region on the
IKKs (25, 36).
DISCUSSION
In this report, we demonstrate that MEKK1 may play an
important role in regulation of the IkB kinase complex and
NF-kB activation in response to extracellular stimuli. This con-

FIG. 6. Synergistic activation of IKKb and NF-kB by cotransfected MEKKD and NIK expression vectors. (A) HeLa cells were cotransfected with HA-IKKb (3 mg
per plate) with or without MEKKD (20 ng) and NIK (3 and 5 mg). The activity of HA-IKKb was determined as described for Fig. 3A. (B) HeLa cells were cotransfected
with the 23 NF-kB LUC reporter plasmid (0.5 mg per plate) and expression vectors encoding MEKKD (20 ng) in the presence or absence of NIK (5, 10, 50, 100, 250,
and 500 ng). LUC activity was determined as described for Fig. 1B. This experiment was repeated three times with similar results. (C) HeLa cells were cotransfected
with expression vectors encoding HA-IKKb (3 mg per plate) with or without NIK (4 mg) and MEKKD (10 and 50 ng). The activity of HA-IKKb was determined as
described for Fig. 3A. (D) HeLa cells were cotransfected with the 23 NF-kB LUC reporter plasmid (0.5 mg per plate) and expression vectors encoding NIK (0.25 mg)
with or without MEKKD (1, 5, 10, 20, 50, and 100 ng). LUC activity was determined as described for Fig. 1B. This experiment was repeated three times with similar
results. Vec, vector.
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FIG. 5. Phosphorylation of the IKKs by MEKKD in vitro. (A) Mammalian versions of the GST-IKKa (K44M) mutant (0.4 mg), the GST-IKKb (K44A) mutant (0.4
mg), GST-MEKKD (3 mg), and the kinase-deficient GST-MEKKD (K432M) mutant (1 mg) were purified from COS-1 cells to near homogeneity. GST-JNKK1 (0.4 mg)
was also purified from bacteria. The purified fusion proteins were analyzed by SDS–9% polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue
(CBB). (B) Purified mammalian GST-IKK kinase-deficient mutants (0.2 mg each) were incubated with or without purified MEKKD (0.1 mg) or the MEKKD (K432M)
mutant (0.1 mg) for 1 h in a kinase buffer (14) containing 50 mM ATP–10 mCi of [g-32P]ATP. Purified bacterial GST-JNKK1 (0.4 mg) (14) was included as a positive
control. This experiment was repeated three times with similar results.
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clusion is based on several lines of evidence. First, TNF-a and
IL-1, two potent extracellular signals that stimulate IKK activity and NF-kB activation, stimulated MEKK1 activity (Fig.
1A), and the effect of TNF-a on NF-kB activation was potentiated by MEKK1 (Fig. 1B). Second, expression of MEKK1 by
itself stimulated NF-kB activation, and its effect was mediated
by IKKb (Fig. 2). These results are consistent with previous
reports that a dominant negative mutant of MEKK1 was able
to block TNF-a-induced NF-kB activation (10, 13) and suggest
that MEKK1 may be part of the TNF-a signaling pathway that
leads to NF-kB activation. Third, expression of MEKK1 or
MEKKD, the activated form of MEKK1, stimulated the activities of both IKKa and IKKb in transfected cells (Fig. 3A) and
potentiated the effect of TNF-a on IKKb activation (Fig. 3B).
Conversely, the dominant negative form of MEKK1 partially
blocked the activation of IKKb by TNF-a (Fig. 3C). Finally,
MEKK1 physically interacted with the IKKs in vivo and directly phosphorylated the IKKs in vitro (Fig. 4A and 5B), suggesting that MEKK1 may be an immediate upstream kinase for
IKKs. After submission of the manuscript, Gaynor and his colleagues reported that Tax, a viral protein of human T-cell
leukemia virus type 1, binds to and activates MEKK1, resulting
in stimulation of IKK activity and NF-kB activation (37). In
addition, it was recently reported by Maniatis and his colleagues that MEKK1 was able to activate both IKKa and IKKb
and induced phosphorylation of IKKs in the IKK complex (14).
These findings further support our conclusion and suggest that
MEKK1 may play a critical role in NF-kB activation through
stimulation of the IKKs in response to extracellular stimuli
such as human T-cell leukemia virus type 1 and TNF-a.
The full-length MEKK1 and MEKKD stimulated the activ-

ities of two catalytic subunits of the IKK complex, IKKa and
IKKb, in vivo. The putative MEKK1 phosphorylation motif appears to be required for activation of the IKKs by MEKK1
(24), as it does for NIK or TNF-a treatment (21, 25). In COS-1
cells, both the full-length MEKK1 and MEKKD activated IKKb
more effectively than IKKa (Fig. 3D), consistent with recent
reports that MEKK1 may activate IKKb differentially (23, 37).
However, this apparent difference in activation does not necessarily exclude the possibility that MEKK1 may still be an upstream activator of IKKa. IKKa has less intrinsic activity than
IKKb in several cell lines examined, including COS-1 and 293
cells (Fig. 3) (38). A larger amount of expression vector encoding IKKa needs to be transfected into the cells in order to
generate considerable activity. This results in a higher basal
level of IKKa activity and a lesser degree of its activation by
the full-length MEKK1 or MEKKD. This is consistent with
an earlier report that, with increased amounts of transfected
IKKs, the fold stimulation by TNF-a was decreased (38). Interestingly, we found that both IKKa and IKKb were activated
by MEKKD to a similar extent in HeLa cells (Fig. 3A). One
possible explanation is that expression levels of the IKKs are
much lower in HeLa cells than they are in COS-1 cells (24).
Consequently, the basal activities of the IKKs were much lower
and can be stimulated to a greater extent by MEKKD.
The full-length MEKK1 and its activated form MEKKD may
respond differently to extracellular stimuli, since MEKKD
lacks the N-terminal domain that is presumably required for
interaction with its regulators (36, 37). However, MEKKD can
still act as a specific activator in transfection experiments, since
it activates only JNK, and not p38 or ERK unless overexpressed (15, 22). In this report, we found that the full-length

Downloaded from http://mcb.asm.org/ on September 25, 2020 by guest

FIG. 7. MEKKD and NIK act in parallel to stimulate IKKb and NF-kB activity. (A) (Top) HeLa cells were cotransfected with HA-IKKb (3 mg per plate) with or
without NIK (3 mg) and MEKKD (K432M) (1, 2, and 4 mg). HA-IKKb was immunoprecipitated from cell extracts that had been normalized to contain equal or greater
amounts of IKKb proteins compared to NIK alone (lanes 1, 2, and 3, 30 mg each; lanes 4 and 5, 150 mg each). The activity of HA-IKKb was determined as described
for Fig. 3A. (Bottom) An aliquot of each sample (lanes 1, 2, and 3, 15 mg each; lanes 4 and 5, 75 mg each) was immunoblotted for its content of IKKb. (B) HeLa cells
were cotransfected with the 23 NF-kB LUC reporter plasmid (0.5 mg per plate) and expression vectors encoding NIK (0.5 mg) with or without MEKKD (K432M) (0.01,
0.05, 0.1, 0.5, and 1 mg). LUC activity was determined as described for Fig. 1B. This experiment was repeated three times with similar results. (C) HeLa cells were
cotransfected with expression vectors encoding HA-IKKb (3 mg per plate) with or without MEKKD (0.1 mg) and NIK (KK428-430AA) (1, 2, and 3 mg). HA-IKKb was
immunoprecipitated from cell extracts that had been normalized to its content of IKKb proteins (lanes 1, 2, and 3, 30 mg each; lanes 4 and 5, 150 mg each). The activity
of HA-IKKb was determined as described for Fig. 3A. (Bottom) An aliquot of each sample (lanes 1, 2, and 3, 15 mg each; lanes 4 and 5, 75 mg each) was immunoblotted
for its content of IKK. (D) HeLa cells were cotransfected with the 23 NF-kB LUC reporter plasmid (0.5 mg per plate) and expression vectors encoding MEKKD (50
ng) with or without NIK (KK428-430AA) (10, 50, and 100 ng). LUC activity was determined as described for Fig. 1B. This experiment was repeated three times with
similar results. ns, nonspecific; Vec, vector.
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might act upstream of MEKK1. However, we were unable to
detect activation of MEKK1 by cotransfection of NIK (24). It
is more likely that the NIK (AA) mutant might occupy only the
docking region of IKKa, allowing MEKKD to interact with the
docking region of IKKb and position itself to act on IKKb and
then IKKa once the NIK (AA) mutant dissociates. This scenario is further supported by the observations that NIK preferentially interacts with IKKa rather than IKKb (25, 34). The
fact that the IKKa (HLH)2 mutant was able to inhibit IKK
activation by MEKK1 and NIK (Fig. 5) supports the notion
that the HLH domain may be required for IKK activation by
its upstream activators (38). Whether the HLH domain is, however, part of the docking region overlapped between MEKK1
and NIK has yet to be determined. Further mutational analysis
of IKK is needed to map the binding region(s) in the IKKs that
is involved in their interaction with both MEKK1 and NIK.
Investigation of coordinate regulation by MEKK1 and NIK
should provide new insights into how specificity and diversity
are achieved for the signaling pathways that lead to activation
of the IKK complex and NF-kB.
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