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MAPKKK5/ASK1 activates c-Jun N-terminal Kinase
(INK) and p38 kinase signaling pathways and induces
apoptosis when expressed in stably transfected cells.
Using MAPKKKS5 as bait in yeast two-hybrid screen-
ing, a novel protein that interacts with MAPKKKS5 was
identified and cloned. This novel protein is predicted
to contain all 11 kinase subdomains and shares 45%
amino acid identity with MAPKKKS5 and thus is desig-
nated MAPKKK®6. The interaction of MAPKKK®6 with
MAPKKKS5 in vivo was confirmed by coexpression of
MAPKKK5 and MAPKKKG®6 in 293 cells followed by im-
munoprecipitation. In contrast to MAPKKKS5, which
activated both JNK and p38 kinase pathways, MAP-
KKK®6 only weakly activated JNK but not ERK or p38
kinase pathways. © 1998 Academic Press

Mitogen-activated protein kinase (MAPK) cascades
consist of a three-kinase module: MAPK, MAPK kinase
(MKK), and MKK kinase (MAPKKK or MEKK) (re-
viewed in 1-3). These kinase cascades relay signals
from cell surface to nucleus resulting in gene transcrip-
tion. Growth factors and mitogens activate the extra-
cellular regulated kinase (ERK) pathway (4), while
stress stimuli and proinflammatory cytokines activate
two closely related but distinct parallel pathways,
c-Jun N-terminal kinase pathway (JNK) or stress-
activated kinase pathway (SAPK) and p38 kinase
pathways (5, 6).

Multiple upstream kinases (MAP kinase kinase Kki-
nases or MAPKKKSs), that activate the ERK, JNK and
p38 kinase signaling pathways, have been identified.
MEKK1 and MEKKA4 preferably activated JNK when
expressed at physiological levels (7-9). MEKK2,
MEKKS, and Tpl-2 activated both JNK and ERKSs but
not p38 kinase pathway (10-12). MAPKKKJ5/ASK1,
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TAK1, MLKS3/SPRK, and MUK/DLK were shown to
activate both p38 and JNK pathways (13-21). We re-
ported previously the cloning of a new member of the
MAPKKK family kinases, MAPKKKS5 (13), also inde-
pendently cloned as ASK1 (14); MAPKKK5/ASK1 acti-
vated JNK and p38 kinase pathways in 293 cells,
but not the ERK pathway (13, 14). Recombinant
MAPKKK5/ASK1 could directly phosphorylate MKK4,
MKK3, and MKKG® in vitro, leading to their activation,
indicating that MAKKK5/ASK1 was an upstream ac-
tivator in the JNK and p38 kinase pathways. Further-
more, MAPKKKS5/ASK1 induced apoptosis when over-
expressed in stably transfected cells and its catalytic
inactive form inhibits TNF-a-induced apoptosis (14).
The upstream activators of MAPKKK5/ASK1 remain
unknown.

In an effort to elucidate the mechanisms by which
MAPKKK5/ASK1 are regulated, we undertook studies
to identify proteins that bind to MAPKKK5/ASK1 us-
ing the yeast two-hybrid system. We report here the
isolation of a novel cDNA encoding a protein kinase
that specifically interacts with MAPKKKS5.

MATERIALS AND METHODS

Plasmid construction for the yeast two-hybrid system and yeast
two-hybrid library screen. Oligonucleotide primers were used in
PCRs to amplify a 1371-bp DNA fragment encoding amino acids 648
to 1374 containing the kinase subdomains and the C-terminus of
MAPKKKS5 using MAPKKKS5 cDNA as template. The primers used
were 5-AGCTGAGTCGACTGGTGAACACCATTACCGAAGAGA-3’
and 5'-AGCTGAGTCGACGAAGATTAGATTGAGCAACAGTC-3'. PCR
products were cut with Sall restriction enzyme and cloned into the
Sall site of plasmid pGBT9 (ClonTech) to create an in-frame fusion
with GAL4 DNA binding domain gene. The cloning junction was
sequenced to confirm the fusion. The pGBT9-MAPKKKS5 was trans-
formed into yeast strain HF7c using the lithium acetate procedure
and plated onto synthetic complete (SC) media lacking tryptophan.
Plasmid DNA from HeLa cell cDNA library (ClonTech) was then
transformed into the yeast strain containing the MAPKKKS5 bait
plasmid and plated on SC medium minus tryptophan, leucine, and
histidine and grown at 30°C for 3-5 days. Transformants were as-
sayed for B-galactosidase activity. Plasmid DNA was recovered by
transformation into DH10B cells and sequenced on both strands.
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MAPKKK6 EtGerlLvLGk GtyGvVYagr DrhTrvriAi Kei...... p erDSrfsQplL hEEIaLhrrL rHKNIVrYLG sa..sqggyl. KIFMEevPGG
MAPKKK5 EngdrvvLGk GtyGiVYagr DlsnquriAi Kei...... p erDSrysQpL hEEIaLhKhl, KHKNIVQYLG sf..sengfi KIFMEQVPGG
MEKK4 kwgrgnkiGe GgyGkVYtCi sVDTGelmAm KeirF....qg PnDhKtiket adElkifegi KHpN1VrYfG velhreE..m yIFMEYcdeG
MEKK3 rrGRK1L1LGg GAfGRVY1Cy DVDTGrelAs KguQF.dPdS PEtSKEVsAL ecEIQL1KnL gHerIVgYyG cLRDraEkil tIFMEYmPGG
MEKK2 rlGK1L1LGg GAfGRVY1Cy DVDTGrelAv KquQF.nPeS PEtSKEVNAL ecEIQL1KnL 1HerIVqYyG cLRDpgEktL sIFME1sPGG
MEKK1 EwlKgggiGl GAfsscYgaqg DVgTGtlmAv KgutyvrntS sEgeevVeAlL rEEIrmmghl nHpNIirmLG atceksn. .y nlFiEwmaGG

Con. E-GK-L-LG- GA-GRVY-C~ DVDTG---A- K--QF--P-S PEDSKEVQAL ~EEI-L-K-L KH-NIV-YLG -LRD--E--L KIFMEY-PGG
VI VII
MAPKKK6 SLssLLRSvw GpLKDNEStI sfYTRQILGG LgYLHANhIV HRDIKGANVL IntfsGlLKi sDFGtSKRLA gItPCt.... EtfTGT1lgYM
MAPKKKS SLsaLLRSkw GpLKDNEqgtI gfYTKQILEG LkYLHANQIV HRDIKGANvL IntysGvLKi sSDFGtSKRLA gInPCt.... EtfTGTlgYM
MEKK4 tLeevsR.1l. .gLg..EhVI R1YTkQItva invLHehgIV HRDIKGANIf 1tSsGl.iK1l GDFGcSvkLk nnagtmpgev nStlGTaaYM
MEKK3 SvkDgLk.aY GALt..ESVt RkYTRQILEG mSYLHsNmIV HRDIKGANIL rDSaG.NvKl GDFGASKRLg tICm.sGTGi rSvTGTpywM
MEKK2 SikDgLk.aY GALt..EnVt RKYTRQILEG vhYLHsNmIV HRDIKGANIL rDSTG.NiKl GDFGASKRLg tICl.sGTGm kSvTGTpywM
MEKK1 SvahLLs.kY GAfK..ESVv inY¥YTeQlLrG LSYLHeNqIi HRDVKGANLL IDSTGgrLri aDFGAaaRLA skgtgaGefq ggllGTiafM
Con. SL-DLLRS-Y GALKDNESVI R-YTRQILEG LSYLH-N-IV HRDIKGANIL IDSTGGNLK- GDFGASKRLA -ICPC-GTG- ES-TGT--YM
VIII IX X XTI

MAPKKK6 APEiIDQGp. rGYGKAADIW SLGCTVIEMA TGrPPfHelg spQ..AAmFqg vgmykvhPPm PSsLSaEaga FLLRtfEpDP rLRaSAQtLL
MAPKKK5S APEiIDKGp. rGYGKAADIW SLGCTiIEMA TGKPPfyelg EpQ..AAmFK vgmfkvhPel PesmSaEaka FilkCEEpDP dkRacAndLL
MEKK4 APEVItrakG EGhGRAADIW SLGCVVIEMv TGKrPWH.Ey E.hnfgimyK vg.mghkPPI PerLSpEgka FLshC1EsDP kiRwtAsqLL

MEKK3 SPEVI...sG EGYGRKADVW SLGCTVVEMl TeKPPW.AEy Ea..MAAiFK iatQpTnPgl PSHiSehgRd F.LRrifvea rqRPSAEELL
MEKK2 SPEVI...sG EGYGRKADIW SvaCTVVEM] TeKPPW.AEf Ea..MAAiFK iatQpTnPkl PpHvSdytRd F.Lkrifvea kLRPSAEELL
MEKK1 APEV1...rG ggYGRscDvW SvGCaiIEMA caKPPWnAEk hsnhlAliFK iasatTaPsI PSHLSpglRd vavRClELlgP QdRPpsrELL
Con. APEVID-G-G EGYGRAADIW SLGCTVIEMA TGKPPWHAE- E-Q-MAA-FK ---Q-T-PPI PSHLS-E-R- FLLRC-E-DP -LRPSAEELL

FIG. 1. Amino acid sequence comparisons. (Top) The amino acid sequence of MAPKKKG6 was aligned with MAPKKKS5 using the GAP
program of the University of Wisconsin Genetics Computation Group. (Bottom) The putative catalytic domain of MAPKKKG®6 was aligned and
compared with the catalytic domains of MAPKKK5, MEKKZ1, -2, -3, and -4 using the PILEUP and PRETTY program of the University of
Wisconsin Genetics Computation Group. The kinase subdomains are indicated with Roman numerals. The conserved residues are in capital
letters, while the nonconserved amino acid residues are shown in lowercase letters. The consensus sequence is also shown.
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FIG. 2. Tissue distribution of MAPKKK6 mRNA. A tissue blot
containing poly (A)* RNA from the indicated tissues was hybridized
with radioactive MAPKKK®6 probes as described under Materials
and Methods. RNA size markers are shown on the left.

cDNA library screening and Northern blot analysis of MAPKKK®6.
A human skeletal muscle cDNA library in AZAPII phage vector was
purchased from Stratagene. Replicate filters were prehybridized for
1 h at 68°C in ExpressHyb (ClonTech) and hybridized overnight in
the same solution to a 700-bp probe labeled with [a-32P]dCTP. After
hybridization, the filters were washed twice (2X 30 min) in 0.1X
SSC/0.1% SDS at 55°C. Positive clones were isolated and sequenced
on both strands. Filters containing poly(A)™ RNA (2 mg per lane)
from various tissues were purchased from Clontech. Filters were
probed with a MAPKKKG6 probe corresponding to the C-terminal
coding region. Hybridization was performed at 68°C in Express Hy-
bridization Buffer (Clontech) followed by three washings in 0.1%
SSC, 0.1% SDS at 55°C. Blots were exposed for 24 h at —70°C.

Plasmid construction and expression. Oligonucleotide primers
were used in PCRs to amplify MAPKKKG6. The primers added a
FLAG epitope tag sequence at the 5’ end. The PCR product was
cloned into the mammalian expression vector pCR3.1 (Invitrogen). A
catalytically inactive mutant of MAPKKKG6 was created by substi-
tuting lysine 677 with a glutamic acid (K677E mutant) by site-
directed mutagenesis using the overlapping PCR method as de-
scribed (22). 293 cells were grown in Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 10% FBS, 50 U/ml penicillin,
50 mg/ml streptomycin. Cell transfection and harvesting were as
previously described (23).

Immunoprecipitation and Western blot analysis. Cell Lysates
containing 100 ug of protein were immunoprecipitated with 5 ug of
anti-HA monoclonal antibody (mAb) 12CA5 (Berkeley Antibody Co.)
or the anti-FLAG M2 mAb (Sigma) and protein A—Sepharose CL-4B
beads (Pharmacia Biotech). For Western blot analysis, lysates con-
taining equal amounts of total protein were resolved by 10% SDS—
polyacrylamide gel electrophoresis (SDS—-PAGE), and electroblotted
onto nitrocellulose membranes. The blots were then probed with
mAb M2 or 12CA5, followed by biotinylated rabbit anti-mouse 1gG
and developed using the enhanced chemiluminescence detection sys-
tem (Amersham Life Science Inc.)

JINK/ERK/p38 kinase immunocomplex protein kinase assay. Ly-
sates from cells cotransfected with MAPKKKG®6 and HA tagged JNK1,
Erk2, or p38 kinase plasmids were prepared and recombinant pro-
tein was immunoprecipitated with mAb 12CA5 and protein A beads.
Beads were washed 3 times with lysis buffer and once with kinase
buffer (25 mM Hepes, pH 7.4, 25 mM B-glycerophosphate, 25 mM
MgCl,, 25 mM DTT, and 0.1 mM NagVO,) and resuspended in 40 ul
of the same kinase buffer. The beads were then incubated with
human GST c-Jun (1-169), PHAS-I or ATF-2 peptides and 1 ul of
[v-32P]ATP at 30°C for 30 min. Reaction mixtures were then termi-
nated and phosphorylated proteins were analyzed by SDS-PAGE.
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RESULTS AND DISCUSSION

Molecular cloning of MAPKKK6. A yeast two-
hybrid screen was used to identify proteins that inter-
act with MAPKKKS5. Several clones were identified and
sequenced. One such clone termed Y11 appeared to
contain novel cDNA sequence and was further charac-
terized. Y11 was then transformed into yeast strain
HF7c along with either MAPKKKS5 bait plasmid or
several other bait plasmids. Y11 was found specifically
to interact with the kinase and c-terminal domain of
MAPKKKS5 but not with other kinases such as MKK6
or GLK (data not shown).

To isolate a full-length cDNA clone of Y11, we probed
a human skeletal muscle cDNA library, a human heart
c¢DNA library and a human brain library with the Y11
sequence. Several clones were isolated and sequenced
and all found to contain overlapping sequences. The
longest clone (5.0 kb) from a human skeletal muscle
c¢DNA library contained a full-length cDNA sequence
(Fig. 1). It was predicted to encode an open reading
frame of 1280 amino acids. This novel cDNA was pre-
dicted to encode a novel serine/threonine kinase with
high sequence homology to MAPKKKS5 and thus we
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FIG. 3. Interaction of MAPKKK6 with MAPKKKS5 in 293 cells.

A. 293 cells were cotransfected with vector and HA tagged MAPKKKS5
(lane 1), vector and FLAG tagged MAPKKKG®6 (lane 2), HA tagged
MAPKKKS5 and FLAG tagged MAPKKK®6 (lanes 3 and 4). Lysates
were immunoprecipitated with anti-FLAG (A, lanes 1 to 3) or
anti-HA (B, lane 1 to 3) mAb and protein A-Sepharose or not
immunoprecipitated (lane 4). Proteins were separated on SDS-
PAGE and transfected onto nitrocellulose membranes. Membranes
were then blotted with either an HA mAb (A) or a FLAG mAb (B).
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FIG. 4. JNK, ERK, and p38 kinase activities in cells transfected
with MAPKKKS6. 293 cells were transfected with HA epitope-tagged
JNK1, or cotransfected with vector, MAPKKK6 K677E, MAPKKKS6,
or MAPKKKS plus HA epitope-tagged JNK1. The cells were collected
48 h later, and immunocomplex kinase assays were performed with
anti-HA mADb, using GST c-Jun (1-79) as substrate. (B). 293 cells
were transfected with vector, MAPKKK6 K677E, MAPKKKS®, plus
HA epitope-tagged ERK. Cells in the last lane were stimulated with
5 ng/ml of EGF for 15 min. Immunocomplex kinase assays were
performed with anti-HA mAb, using PHAS-I as substrate. (C) 293
cells were transfected with vector, MAPKKK6 K677E, MAPKKKS6,
or MAPKKKS5 plus HA epitope-tagged p38 kinase. Immunocomplex
kinase assays were performed with anti-HA mAb using ATF-2 (1-96)
as substrate.

termed this novel cDNA MAPKKKS®6. Overall, MAPKKK6
is 45% homologous to MAPKKKS5 as aligned by GAP
program of GCG (Fig. 3A). The kinase domain of
MAPKKK®6 is 82% identical to that of MAPKKKS5
at amino acid level. In addition to its homology
to MAPKKKS5, the putative catalytic domain of
MAPKKK®6 shares 37, 42, 43, and 42% amino acid
identity to the kinase domains of MEKK1, MEKK2,
MEKKS3, and MEKK4 (Fig. 1). The expression of the
MAPKKK®6 was examined in a variety of human tis-
sues by Northern blot analysis. The MAPKKKG6 probe
hybridized to a single species of mMRNA of approxi-
mately 5.0 kb (Fig. 2). Among the tissues examined,
strong hybridizing signals were observed in human
heart and skeletal muscle. Weaker signals were detected
in human lung, liver, Kidney, testis, and spleen (Fig. 2).

MAPKKKS5 associates with MAPKKKG6 in transfected
293 cells. To determine whether MAPKKKS5 could
associate with MAPKKK®6 in mammalian cells, 293
cells were cotransfected with an HA epitope tagged
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MAPKKKS5 and a FLAG epitope tagged MAPKKKG®6.
Cells were lysed and MAPKKK®6 was first immunopre-
cipitated with mAb to the FLAG epitope and then
immunoblotted with mAb to HA epitope. Alternatively,
MAPKKKS5 was first immunoprecipitated with the HA
mAb and then immunoblotted with FLAG mAb. In
both cases, MAPKKKS5 coprecipitated with MAPKKK®,
indicating that MAPKKKS5 associated with MAPKKKG6
in cotransfected cells (Fig. 3).

JNK, ERK, and p38 kinase activities in cells trans-
fected with MAPKKKG6. To determine whether
MAPKKKS®6 could activate INK activity, 293 cells were
cotransfected with mammalian expression vectors en-
coding portions of MAPKKK6 and an HA epitope
tagged JNK. Recombinant JNK was then immunopre-
cipitated from cell lysates and used in a protein kinase
assay with GST c-Jun protein as a substrate. As shown
in Fig. 4A, transfection with MAPKKKG6 resulted in
three- to fourfold activation of INK. Transfection with
a kinase inactive form of MAPKKKS®, in which lysine
677 in the ATP binding domain was mutated to a
glutamic acid, resulted in no activation of JNK, indi-
cating that the kinase activity of MAPKKKG6 is re-
quired for the activation of INK. Western blot analysis
showed that JNK was expressed in comparable levels
in all lanes (data not shown).

To determine whether MAPKKK®6 could also func-
tion to activate the ERK and p38 kinase, 293 cells were
transiently transfected with MAPKKKG6 along with HA
epitope-tagged ERK2 or p38 kinase. ERK2 or p38 Kki-
nase was then immunoprecipitated and its activity was
assayed in immunoprecipitates using PHAS-1 or ATF-2
peptide as substrate. Addition of EGF to 293 cells
strongly activated ERK2 (Fig. 4B) and transfection of
cells with MAPKKKS5 activated p38 kinase. However,
no increase in ERK2 or p38 kinase activity was ob-
served when MAPKKKG6 was overexpressed in 293
cells (Figs. 4B and 4C). Western blot analysis con-
firmed that both MAPKKKG6, ERK2 and p38 kinase
were expressed in the transfected 293 cells (data not
shown). These data suggest that MAPKKK6 may
not play a role in the MAPK/ERK or p38 kinase
pathway.
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