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ABSTRACT NF-kB is activated by various stimuli includ-
ing inflammatory cytokines and stresses. A key step in the
activation of NF-kB is the phosphorylation of its inhibitors,
IkBs, by an IkB kinase (IKK) complex. Recently, two closely
related kinases, designated IKKa and IKKf, have been
identified to be the components of the IKK complex that
phosphorylate critical serine residues of IkBs for degradation.
A previously identified NF-kB-inducing kinase (NIK), which
mediates NF-kB activation by TNFa and IL-1, has been
demonstrated to activate IKKa. Previous studies showed that
mitogen-activated protein kinase/ERK kinase Kkinase-1
(MEKK1), which constitutes the c-Jun N-terminal Kkinase/
stress-activated protein kinase pathway, also activates NF-«kB
by an undefined mechanism. Here, we show that overexpres-
sion of MEKK1 preferentially stimulates the kinase activity of
IKKf, which resulted in phosphorylation of IxBs. Moreover,
a catalytically inactive mutant of IKK blocked the MEKK1-
induced NF-kB activation. By contrast, overexpression of NIK
stimulates Kkinase activities of both IKK« and IKKf compa-
rably, suggesting a qualitative difference between NIK- and
MEKKI1-mediated NF-«B activation pathways. Collectively,
these results indicate that NIK and MEKKI1 independently
activate the IKK complex and that the kinase activities of
IKKa and IKKf are differentially regulated by two upstream
kinases, NIK and MEKK1, which are responsive to distinct
stimuli.

Exposure of cells to certain cytokines [e.g., tumor necrosis
factor (TNF) and interleukin (IL)-1] or environmental stresses
(e.g., UV and vy irradiation) leads to activation of the tran-
scription factors NF-«B and c-Jun (1-4). NF-«B is composed
of hetero- or homodimers of Rel family proteins and is
involved in the inflammatory response, cell adhesion, growth
control, and cell death (2, 5, 6). In unstimulated cells, NF-«xB
is sequestrated in the cytoplasm as a complex with inhibitory
proteins called IkBs (1). In the family of IkBs, the most
important ones seem to be IkBa, IkBB, and a recently cloned
IkBe (1, 7). Various stimuli to activate NF-«B result in
phosphorylation of two serines at the N terminus of IkBa and
I«kBB and subsequent degradation of the IkBs, resulting in
translocation of NF-«B into the nucleus and activation of
target genes. The mutation of the two serine residues Ser-32
and Ser-36 in IkBa decreases phosphorylation and degrada-
tion of IkBa protein (8-11). IkBB and IkBe also have the two
conserved serine residues at the N terminus for signal-induced
degradation (7, 12, 13). These results indicate that identifica-
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tion of the kinases responsible for the IkB phosphorylation is
a critical step for understanding the mechanism of NF-«B
activation. A previous study demonstrated that the IxB kinase
(IKK) forms a large complex with a molecular mass of 700
kDa, and this complex could be activated by ubiquitination or
mitogen-activated protein kinase/ERK kinase kinase-1
(MEKKI1), a member of the MAP kinase kinase kinase
(MAPKKK) family (14). However, the function of MEKKI1 in
TNF-mediated NF-«B activation still remains controversial
(14-18).

The second pathway of stress responses is the c-Jun N-
terminal kinase (JNK)/stress-activated protein kinase (SAPK)
pathway (3, 4). MEKKI1 has been implicated in this pathway,
which activates MKK4 that in turn activates INK/SAPK (19,
20). Then, the JNK/SAPK not only activates c-Jun that
constitutes the transcription factor AP-1 but also contributes
to apoptosis by an undefined mechanism (21).

Tumor necrosis factor receptor-associated factors (TR AFs)
have emerged as signal-transducing molecules through mem-
bers of the TNF-R superfamily and IL-1R1 (22-35). TRAFs,
except for TRAF4, have been shown to directly or indirectly
interact with cytoplasmic domains of the TNF-R superfamily
molecules and IL-1R1. TRAF2, TRAF5, and TR AF6 mediate
NF-«B activation by these receptors (27-36). NF-«B-inducing
kinase (NIK) was first identified as a TRAF2-interacting
protein and has structural homology to the MAPKKK family
(37). Overexpression of NIK-activated NF-«kB and a kinase
inactive mutant of NIK blocked TNF-, IL-1-, and TRAFs-
mediated NF-«B activation, suggesting that NIK is a common
downstream mediator of NF-«B activation by TNF, IL-1, and
TRAFs (18, 37). TRAF2, TRAF5, and TRAF6 also activate
MEKKI1, which in turn activates the JNK/SAPK pathway (17,
18). Collectively, these results demonstrate that two responses
including NF-«B activation and JNK/SAPK activation diverge
downstream of TRAFs.

Recently, three groups (38—42) have independently identi-
fied two subunits of the IKK complex, designated IKKa (or
IKK-1) and IKKB (IKK-2) by using a protein purification
method or a yeast two-hybrid assay to clone interacting
molecules of NIK. Human IKKe, a previously cloned serine-
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threonine kinase called CHUK (43), and human IKKf are
composed of an N-terminal serine-threonine kinase domain, a
central leucine zipper domain, and a C-terminal helix-loop-
helix domain. These two kinases show 52% identity at the
amino acid level. Biochemical analysis demonstrated that
IKKea and IKK independently phosphorylate both serine 32
and 36 in IkBa (38—-42). Furthermore, overexpression of IKK«
or IKKp activated an NF-kB-dependent reporter and a kinase
negative mutant of IKKa- or IKKB-inhibited NF-«B activation
by TNF or IL-1 (38-42). These results clearly demonstrated
that the IKKa and IKKp constitute the functional IKK com-
plex. Although NIK has been shown to activate IKKe (39), the
regulation of IKKa and IKKp kinase activities is still largely
unknown.

In the present study, we identified a murine homologue of
human IKKp, which is implicated in NF-«B activation by the
TNF-R family members and TRAFs. We demonstrated that
overexpression of MEKKI1 preferentially stimulated the kinase
activity of IKKp, which resulted in phosphorylation of I«Bs. By
contrast, overexpression of NIK activated both IKKa and
IKKB comparably, indicating differential regulation of the
IKK complex by NIK and MEKKI.

MATERIALS AND METHODS

Reagents and Cell Lines. Anti-Flag mAb and anti-
hemagglutinin (HA) mAb (12CAS) were purchased from
Kodak International Biotechnology and Boehringer, respec-
tively. The human embryonic kidney 293 cells were cultured in
DMEM supplemented with 10% fetal bovine serum.

c¢DNA Cloning. To identify an IKKa-related kinase, we
searched an expressed sequence tag (EST) database in the
National Center for Biotechnology Information (NCBI) DNA
database and identified a cDNA clone (AA326115) showing
high homology to IKKa. Then, we screened a murine spleen
cDNA library (Stratagene) with a PCR fragment correspond-
ing to the EST sequence. Several overlapping clones were
obtained and sequenced using series of oligonucleotide prim-
ers by standard methods. A full-length IKKa cDNA was
obtained by screening the same library by standard methods.

Expression Vectors. Mammalian expression vectors encod-
ing CD27 (C. Morimoto, Institute of Medical Science, Uni-
versity of Tokyo) (44), TRAF2 and CD30 (T. Watanabe,
Institute of Medical Science, University of Tokyo) (30), CD40
(H. Kikutani, Research Institute for Microbial Disease, Uni-
versity of Osaka) (45), lymphotoxin-g receptor (LT-BR) (C. F.
Ware, La Jolla Institute for Allergy and Immunology) (28),
TRAFS5 (28), TRAF6, NIK, and NIK-KM(KK429-430AA)
(D. Wallach, Weizmann Institute of Science) (37), and
MEKK1 and MEKK1-KM(K432M) (S. Ohno, Yokohama City
University) (15) have been described previously. Expression
vectors for Flag or HA epitope-tagged IKKa and IKKB were
constructed in-frame with DNA encoding an N-terminal Flag
or HA epitope in pCR-3 (Stratagene). Expression plasmids
encoding IKKa-KM(K44A) and IKKB-KM(K44A) were gen-
erated by using a mutagenesis kit (Stratagene) according to the
manufacturer’s instruction.

pGEX-1kBa(1-100), pGEX-IxBp(1-120), and pGEX-
IkBe(1-61) were constructed by subcloning the RT-PCR
products encoding corresponding amino acids into pGEX-4T
vector (Pharmacia). pGEX-IkBa(1-100) (S32A, S36A; desig-
nated as 1-100AA), pGEX-IkBB(1-120) (S19A, S23A; desig-
nated as 1-120AA), and pGEX-IkBe(1-61) (S18A, S22A;
designated as 1-61A A) were generated by using the mutagen-
esis kit. Expression and purification of the glutathione S-
transferase (GST) fusion proteins were performed as de-
scribed previously (46).

NF-kB-Dependent Reporter Assays. 293 cells (1 X 10°) were
plated in 35-mm dishes. On the following day, the cells were
transfected with the indicated expression vectors using Lipo-
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fectamine (Promega). Every transfection included 50 ng of
B-actin-B-gal (K. Yokota, NIH, Japan), B-actin promoter-
driven B-galactosidase expression plasmid, for the normaliza-
tion of transfection efficiency, together with 100 ng of the
reporter plasmid and various amounts of each expression
vector. Total DNA was kept constant by supplementation with
pCR-3. The reporter plasmid, 3xkB-L, has three repeats of the
NF-«B site upstream of a minimal thymidine kinase promoter
and a luciferase gene in pGL-2 vector (Promega) (M. Kashi-
wada, NIH, Japan). After 24 h, the cells were harvested in PBS
and lysed in a luciferase lysis buffer, LC-B (Piccagene, Toyo
Ink, Tokyo). The lysates were assayed for luciferase and
B-galactosidase activities using a luminometer (Berthold).

In Vitro Phosphorylation Assays. 293 cells (2 X 10°) were
plated in 60-mm dishes and transfected with various expression
vectors using Lipofectamine. After 24-36 h, the cells were
washed with ice-cold PBS and lysed for 30 min on ice in 1 ml
of a lysis buffer containing 1% Nonidet P-40, 50 mM Hepes
(pH 7.3), 150 mM NaCl, 2 mM EDTA, 1 ug/ml aprotinin, 1
pg/ml leupeptin, 1 ug/ml pepstatin, 1 mM phenylmethylsul-
fonyl fluoride, 0.1 mM sodium orthovanadate, and 1 mM NaF.
Nuclei were removed by centrifugation, and the supernatant
was precleared with protein G-Sepharose (Pharmacia) for 1-2
h. The cleared lysates were incubated with anti-HA or anti-
Flag mAD for 1 h at 4°C. After addition of 30 ul of protein
G-Sepharose, the lysates were incubated for a further 1 h. The
immunoprecipitates were washed three times with the lysis
buffer and twice in a kinase buffer containing 20 mM Hepes
(pH 7.3), 20 mM MgCl,, 20 mM MnCl,, 1 mM EDTA, 1 mM
NaF, 0.1 mM sodium orthovanadate, and 1 mM DTT. The
immunoprecipitates were then incubated with 1 ug of GST-
IkBa(1-100), GST-IkBa(1-100AA), GST-1kBp(1-120), GST-
IkBB(1-120AA), GST-IkBe(1-61), or GST-IkBe(1-61AA)
and [y-*?P]ATP (10 pCi) in the kinase buffer for 20 min at
30°C. The reaction was stopped by addition of the Laemmli’s
sample buffer. The eluted proteins were subjected to SDS/
PAGE, and the autoradiograms were visualized on an image
analyzer (Fujix, BAS2000). In all cases, expression of the
transfected proteins was verified by immunoblotting of ali-
quots of the cell lysates as described previously (47). In some
experiments, amounts of the GST-I«Bs in the reaction mix-
tures were verified by Coomassie blue staining.

RESULTS AND DISCUSSION

c¢DNA Cloning and Expression of Murine IKKp. Recent
identification of the first subunit of the IKK complex (IKK«)
(38, 39) prompted us to search for IKKa-related kinases. We
found a homologous sequence in the EST database and
subsequently cloned a full-length cDNA from a murine spleen
cDNA library. During preparation of this manuscript, a human
kinase highly related to IKKa has been cloned and named
IKKpB or IKK-2 (40—42). As our clone has the highest homol-
ogy to human IKKB (hIKKp) (see below), it seems to be the
murine IKKB (mIKKp).

The mIKKB ¢cDNA encodes 758 amino acids, which shows
92% and 50% identity to human IKKB and murine IKK« in
amino acid level, respectively (Fig. 1). mIKKp is composed of
an N-terminal serine threonine kinase domain, a leucine
zipper domain, and a C-terminal helix-loop-helix domain, as is
mIKKa (Fig. 1B). Northern blot analysis with the mIKKpB
cDNA probe revealed a ubiquitous expression of a 4-kb
transcript in various murine tissues (data not shown).

A Kinase Inactive Mutant of IKKf Blocks NF-kB Activa-
tion by Members of the TNF-R Superfamily and TRAFs. A
kinase inactive mutant of IKK«a or IKKB blocked TNF- and
IL-1-induced NF-«B activation (refs. 39, 41, and 42, and our
unpublished results). To test whether IKKB is also involved in
NF-«B activation by other members of the TNF-R superfam-
ily, we constructed a kinase inactive mutant of murine IKKp
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Fi6.1. Amino acid alignment of murine and human IKKea and IKKp. (4) Comparison of murine and human IKKp. The full-length amino acid
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and IKKe. Identical residues are indicated by asterisks. The amino-terminal kinase domains are indicated by large boxes, and the conserved amino
acids to form a leucine zipper are indicated by small boxes. The leucine zipper and the helix-loop-helix domains are indicated by boldface type.

(IKKB-KM), in which a lysine at the ATP binding site in the
kinase domain was substituted by an alanine. We transiently
transfected 293 cells with expression vectors for members of
the TNF-R superfamily along with a reporter plasmid, 3xxB-L.
As shown in Fig. 24, cotransfection of IKKB-KM blocked
CD27-, CD30-, CD40-, and LT-BR-induced reporter gene
activation. NF-kB activation, induced by these receptors, TNF,

and IL-1, is mediated by TRAF2, TRAFS, or TRAF6 and their
interacting kinase NIK (refs. 18, 25, 28-32, 36, and 37, and our
unpublished results). Cotransfection of IKKB-KM also inhib-
ited NF-«kB-dependent reporter gene activity elicited by
TRAF2, TRAFS, and TRAF6 (Fig. 2B). Furthermore, NF-«B
activation by NIK was also inhibited by IKKB-KM, indicating
a critical contribution of IKKp to the NIK-mediated NF-«B
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F1G. 2. A kinase inactive mutant of IKKB (IKKB-KM) blocks NF-«B activation by members of the TNF-R superfamily or TRAFs. (4) Effect
of IKKB-KM on CD27-, CD30-, CD40-, and LT-BR-induced NF-«B-dependent reporter activity. 293 cells were transiently transfected with 100
ng of 3xkB-L and 0.5 pg of expression vectors for CD27, CD30, CD40, or LT-BR along with or without 0.5 ug of IKKB-KM. Total amount of the
DNAs was kept constant by supplementation with pCR-3. The cells were harvested 24 h posttransfection. Luciferase activities were determined
and normalized on the basis of B-galactosidase (B-gal) expression from cotransfected B-actin-B-gal (50 ng). The level of induction in luciferase
activity was compared as a ration to cells transfected with the control vector. Data are shown as mean = SEM of triplicated samples and represent
one of three experiments with similar results. (B) Effect of IKKB-KM on TRAFs- and NIK-induced NF-«B reporter activity. 293 cells were
transfected with 0.5 ug of expression vectors for TR AF2, TR AFS, TRAF6, or NIK with or without 0.5 ug of IKKB-KM along with 100 ng of 3xkB-L
and 50 ng of B-actin-B-gal. Data were obtained and are represented as in A.
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F1G. 3.  In vitro phosphorylation of IkBe, -B, and -& by IKKf and
IKKa. (4) Specificity of IkBs phosphorylation by IKKB. 293 cells were
transiently transfected with expression vector for HA-IKKp or Flag-
IKKB-KM. Twenty-four hours after transfection, IKKp proteins were
immunoprecipitated with anti-Flag or anti-HA mAb. The precipitates
were incubated with GST-IkBa(1-100), GST-IkBa(1-100) (S32A,
S36A; designated as 1-100AA), GST-1kBB(1-120), GST-1xBB(1-120)
(S29A, S32A; designated as 1-120AA), GST-1kBe(1-61), or GST-
IkBe(1-61) (S18A, S22A; designated as 1-61AA) and [y-3?P]ATP,
resolved by SDS/PAGE, and analyzed by autoradiography. The kinase
activity (KA) is indicated (Top). The amounts of IKKg and IKK3-KM
were determined by immunoblotting with anti-Flag and anti-HA mAbs
(Middle). The amounts of GST-fusion proteins were assessed by
Coomassie Blue (CB) staining (Bottom). Right arrows mark the
positions of each protein. (B) NIK enhances phosphorylation of 1kBs
by IKKp. 293 cells were transiently transfected with expression vectors
for HA-IKKp, Flag-NIK, and/or NIK. HA-IKK or Flag-NIK was
immunoprecipitated and incubated with GST-IkBa(1-100), GST-
IkBB(1-120), or GST-1kBe(1-61) in the presence of [y-3?P]JATP. The
kinase activity (KA) is indicated (Upper). The amounts of HA-IKKf
and Flag-NIK were determined by immunoblotting with anti-Flag and
anti-HA mAbs (Lower). The positions of each protein are indicated at
the right. (C) NIK enhances phosphorylation of IkBe by IKKa. 293
cells were transiently transfected with expression vectors for Flag-
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activation, as has been demonstrated for IKKa (39). Collec-
tively, these results indicated that IKKpB is a common down-
stream kinase for NF-«B activation through members of the
TNF-R superfamily and their signal transducers, TRAFs and
NIK.

IKKp Phosphorylates IkBe As Well As IkBa and IkBf3 and
Is Activated by NIK. To characterize the kinase activity of
IKKB, HA-tagged IKKp or Flag-tagged IKKB-KM was tran-
siently expressed in 293 cells. The immunoprecipitates with
anti-HA or anti-Flag mAb were subjected to in vitro phos-
phorylation assays using GST fusion proteins of IkBa, 8, or &
as substrates. As shown in Fig. 34, IKKp, but not IKKB-KM,
phosphorylated the wild-type GST-IkBa(1-100) and GST-
IkBB(1-120) but not their mutants, in which the two critical
serines for phosphorylation (Ser-32 and Ser-36 for IkBa and
Ser-19 and Ser-32 for IkBB) were both replaced by alanines.
The kinase activity of IKKB to GST-IkBp was consistently
lower than that to GST-IkBa. IkBe is a newly identified
member of the IkB family, and phosphorylation of Ser-18 and
Ser-22 is required for degradation (7). It has not been deter-
mined whether I«Be is also phosphorylated by IKK« or IKK.
Then, we also examined the phosphorylation of IkBe by IKK«
or IKKB. As shown in Fig. 3 A-C, neither IKKB nor IKK«
alone phosphorylated GST-IkBe(1-61).

A previous study demonstrated that NIK stimulates the
kinase activity of IKKa to IkBa (39). To test the effect of NIK
on the kinase activity of IKKp, we transfected 293 cells with
expression vectors encoding HA-IKKp along with NIK. The
expressed IKKB was precipitated with anti-HA mAb and
subjected to in vitro phosphorylation assays. The cotransfected
NIK markedly enhanced the phosphorylation of GST-IkBa by
IKKB (Fig. 3B). Notably, the coexpression of NIK induced
phosphorylation of GST-1kBe(1-61) by IKKp (Fig. 3B). GST-
1kBe(1-61) (S18A, S22A; designated as 1-61AA), in which
both Ser-18 and Ser-22 were mutated to alanines, was not
phosphorylated under the same conditions (data not shown).
We next examined whether IKKa could also phosphorylate
GST-IkBe(1-61) when coexpressed with NIK. As shown in
Fig. 3C, NIK stimulated IKK« to phosphorylate GST-1xBe(1-
61) but not GST-IkBe(1-61AA). These results indicated that
NIK activates IKK as well as IKK« and that both IKK« and
IKKp can specifically phosphorylate the critical serine residues
of IkBa, IkBpB, and IkBe for their degradation. The kinase
activity of IKKs to IkBB and IkBe seems to be weaker than that
to IkBa, which could explain the slower kinetics of degradation
of IkBB and IkBe (7).

NF-kB Activation by MEKKI1 Is Mediated by IKK« and
IKKpB. NF-kB activation by members of the TNF-R super-
family is mediated by TRAF2, -5, or -6 and their interacting
kinase NIK (18, 27-37). On the other hand, these receptors
and TRAFs also activate the INK/SAPK pathway, which is
mediated by MEKKI1 (17, 18). MEKK1 has been also shown to
be involved in TNF-induced NF-«B activation, but the precise
mechanism of this pathway remains undefined (14-16). We
then examined the contribution of IKKB and IKKa to the
MEKK1-mediated NF-«B activation. We first tested the effect
of a catalytically inactive mutant of IKKa or IKKf on the
MEKKT1-induced NF-«B activation using reporter assays (Fig.
4). Coexpressed IKKB-KM or IKKa-KM inhibited the re-
porter gene activity elicited by MEKKI1, indicating that both
IKKa and IKKp are involved in the MEKK1-mediated NF-«B
activation. We further examined the contribution of NIK to
MEKKI1-mediated NF-«B activation. As also shown in Fig. 4,
a kinase inactive mutant of NIK (NIK-KM) partially inhibited

IKKa, Flag-IKKa-KM, and/or NIK. Flag-tagged proteins were im-
munoprecipitated, and in vitro phosphorylation of GST-IkBe(1-61) or
GST-1kBe(1-61AA) was performed as in A. The positions of phos-
phorylated IKK«a and GST-1«Be are indicated (Right).
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FiG. 4. Effect of IKKB-KM, IKKa-KM, or NIK-KM on MEKK1-
induced NF-«B activation. 293 cells were transiently transfected with
100 ng of 3xkB-L and 0.5 pg each of the indicated expression vectors.
The NF-«kB reporter assays were performed as in Fig. 2. Data represent
one of three experiments with similar results.

MEKKI1-induced reporter gene activity, suggesting some con-
tribution of NIK to this pathway.

MEKKI1 and NIK Differentially Activate IKK« and IKKf.
To further characterize the MEKK1-mediated NF-«B activa-
tion pathway, we examined the effect of MEKKI1 on the kinase
activity of IKK« and IKKB. As shown in Fig. 54, coexpression
of MEKKI1, but not MEKK1-KM, markedly enhanced the
phosphorylation of GST-IkBa by IKKB, whereas the IkBa
phosphorylation by MEKKI1-stimulated IKK« was marginal.
In contrast, coexpression of NIK markedly enhanced the
kinase activity of both IKK« and IKKp, and comparable levels
of IkBa phosphorylation were observed with NIK-activated
IKK«a and IKKB. An apparently greater extent of activation of
IKKa than IKKB by NIK (16.5-fold versus 4.0-fold) is consis-
tent with previous studies (39, 41). These results indicated that
MEKKI1 preferentially activates IKKB, whereas NIK effi-
ciently activates both IKK« and IKKf to phosphorylate IkBe.

Given that overexpressed IKKa or IKKB most likely forms
homodimers, we next examined the effect of NIK or MEKK1
on the kinase activity of IKKaf heterodimer, which can
normally exist in cells (40-42). To form the IKKaf het-
erodimer, we transfected Flag-IKKa with or without HA-
IKKB. When IKK« alone was expressed, the immunoprecipi-
tates with anti-Flag mAb phosphorylated GST-IkBa very
weakly. In contrast, when Flag-IKKa and HA-IKKB were
coexpressed, phosphorylation of GST-IkBa by the anti-Flag
immunoprecipitate was substantially enhanced (Fig. 5B), sug-
gesting the coprecipitation of IKKB with IKKa. In this con-
dition, additional coexpression of either NIK or MEKKI1
markedly enhanced the phosphorylation of GST-IkBe, indi-
cating that both NIK and MEKKI can activate the IKKaf
heterodimer comparably. Taken together, these results suggest
that MEKKI1 can activate the IKK complex as potently as NIK
but in a different manner with a preferential activation of
IKKB. Because NIK has been demonstrated to interact with
both IKK« and IKK directly (39, 41), the partial inhibition of
MEKKI-induced reporter gene activity by NIK-KM (Fig. 4)
seems to result from competitive inhibition of MEKKI-
mediated activation of IKKB by overexpressed NIK-KM,
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FiG. 5. Regulation of IKKa and IKKp activities by MEKK1 and
NIK. (A4) Effect of NIK and MEKK1 on IkBa phosphorylation by
IKKa or IKKp. 293 cells were transiently transfected with Flag-IKK e,
Flag-IKKa-KM, HA-IKKB, or Flag-IKKB-KM along with NIK,
MEKKI1, or MEKK1-KM. IKKa or IKKB were immunoprecipitated,
and in vitro phosphorylation of GST-IkBa(1-100) was performed as in
Fig. 3. The kinase activity (KA) is indicated (Upper). The amounts of
IKKa and IKKB were determined by immunoblotting with anti-Flag
and anti-HA mAbs (Lower). The positions of each protein are
indicated (Right). (B) Both NIK and MEKKI1 activate IKKaf het-
erodimer. 293 cells were transiently transfected with expression vectors
for Flag-IKKa and HA-IKKp along with NIK or MEKK1. IKK« was
precipitated with anti-Flag mAb, and in vitro phosphorylation of
GST-IkBa was performed as in Fig. 3. The kinase activity (KA) is
indicated (Upper). The amounts of IKK« and IKKB were determined
by immunoblotting with anti-Flag and anti-HA mAbs (Lower). The
positions of each protein are indicated (Right).

rather than a direct contribution of NIK as the downstream
kinase of MEKKI. The less efficiency of MEKKI1 compared
with NIK to activate IKKa also supports this notion and
suggests that MEKKI1 can activate the IKK complex indepen-
dently of NIK. In our preliminary experiments, MEKK1
appears not to interact with IKKa or IKKp directly. However,
MEKKI1 has been identified to be a component of the large
IKK component (42). Therefore, a putative downstream ki-
nase of MEKKI1 for IKKf activation may be involved in the
IKK complex, which remains to be identified in the future
study.

In the present study, we characterized for the first time the
molecular mechanism of the MEKK1-mediated NF-«B acti-
vation and found a qualitative difference in the MEKK1- and
NIK-mediated NF-«B activation pathways. Our present data
are consistent with previous findings that MEKK1 was present
in the IKK complex (42) and exogenously added MEKKI1
stimulated kinase activity of the IKK complex in vitro (14).
Various stresses, including UV light, protein synthesis inhib-
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itor, and hyperosmolarity shock, activate both NF-«kB and
JNK/SAPK pathways. Unlike the TNF case, JNK/SAPK
activation by these stresses is not blocked by a dominant
negative form of TRAF2, suggesting that this pathway is
independent of TRAF and NIK (48). It has been known that
these stresses can activate members of the MAPKKK family
including MEKK1 (4). Because the activation of MEKK1 by
these stresses is independent of TR AF, the presently revealed
MEKKI1-mediated IKK activation pathway could play a crucial
role in NF-«kB activation by these stresses. It remains to be
determined whether pathways from all stimuli finally converge
on IKKa and/or IKKB, or stimulate other kinases such as
p90™k! (49), for the phosphorylation of IkBs.
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