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ABSTRACT The c-Jun NH2-terminal kinase (JNK) group
of mitogen-activated protein (MAP) kinases is activated by
phosphorylation on Thr and Tyr. Here we report the molec-
ular cloning of a new member of the mammalian MAP kinase
kinase group (MKK7) that functions as an activator of JNK.
In vitro protein kinase assays demonstrate that MKK7 phos-
phorylates and activates JNK, but not the p38 or extracellular
signal-regulated kinase groups of MAP kinase. Expression of
MKK7 in cultured cells causes activation of the JNK signal
transduction pathway. MKK7 is therefore established to be a
novel component of the JNK signal transduction pathway.

Three groups of mitogen-activated protein (MAP) kinases
have been identified in mammals: the extracellular signal-
regulated kinase (ERK); the p38 MAP kinase; and the c-Jun
NH2-terminal kinase (JNK, also known as SAPK) (1). These
MAP kinases are activated by dual phosphorylation within
protein kinase subdomain VIII (1). This phosphorylation is
mediated by a protein kinase cascade that consists of a MAP
kinase, a MAP kinase kinase, and a MAP kinase kinase kinase.
Individual MAP kinases are activated by different signaling
modules that are regulated by different stimuli (2). For exam-
ple, the ERK group is activated by the MAP kinase kinases
MKK1 and MKK2; the p38 MAP kinase group is activated by
MKK3, MKK4, and MKK6; and the JNK group is activated by
MKK4 (1). These separate signaling modules allow the inte-
grated response of MAP kinase pathways to different stimuli.

The JNK group of MAP kinases is activated by exposure of
cells to environmental stress or by treatment of cells with
pro-inflammatory cytokines (3–7). Targets of the JNK signal
transduction pathway include the transcription factors ATF2
and c-Jun (1). These transcription factors are members of the
basic leucine zipper (bZIP) group that bind as homo- and
heterodimeric complexes to AP-1 and AP-1-like sites in the
promoters of many genes (8). JNK binds to an NH2-terminal
region of ATF2 and c-Jun and phosphorylates two sites within
the activation domain of each transcription factor (4, 9–11).
This phosphorylation leads to increased transcriptional activ-
ity (1). Together, these biochemical studies indicate that the
JNK signal transduction pathway contributes to the regulation
of AP-1 transcriptional activity in response to cytokines and
environmental stress (1). Strong support for this hypothesis is
provided by genetic evidence indicating that the JNK signaling
pathway is required for the normal regulation of AP-1 tran-
scriptional activity (12).

JNK is activated by dual phosphorylation on Thr-183 and
Tyr-185 (4). MKK4 (also known as SEK1) is the only MAP
kinase kinase that has been identified as a component of the
JNK signal transduction pathway (2, 13, 14). Biochemical
studies demonstrate that MKK4 phosphorylates and activates

JNK (2, 13, 14). However, the function of MKK4 may not be
restricted to the JNK signal transduction pathway because
MKK4 also phosphorylates and activates p38 MAP kinase (2,
13). This specificity of MKK4 to activate both JNK and p38
MAP kinase provides a mechanism that may account for the
coordinate activation of these MAP kinases in cells treated
with cytokines or environmental stress (15). However, this
coordinate activation is not always observed. For example,
JNK activation in the liver correlates with decreased p38 MAP
kinase activity (16). These data suggest that the properties of
MKK4 are insufficient to account for the regulation of JNK in
vivo.

The existence of a specific activator of JNK that is inde-
pendent of MKK4 has been proposed previously (2). Indeed,
biochemical studies support the conclusion that MKK4 is not
the only activator of JNK in mammalian cells (17, 18). Fur-
thermore, genetic evidence for this novel JNK activator was
obtained from the results of experiments in which the MKK4
gene was disrupted by homologous recombination (12, 19).
These studies demonstrate that although MKK4 (2y2) cells
are defective in JNK regulation, the loss of MKK4 does not
block JNK activation (12, 19). These studies provide definitive
evidence that MKK4 represents only one mechanism of acti-
vation of the JNK protein kinase in vivo.

Here we describe the molecular cloning of a new member of
the MAP kinase kinase group, MKK7. This protein kinase is
widely expressed in mammalian tissues and, in contrast to
MKK4, functions as a specific activator of JNK. We propose
that MKK7 is a novel component of the JNK signal transduc-
tion pathway.

MATERIALS AND METHODS

Molecular Cloning of MKK7. We designed the primers
ATNGCNGTNAARCARATG and ATNCKYTCNGGNGC-
CATRTA based on the sequence of the Drosophila MAP
kinase kinase hep (20). These primers were used in a reverse
transcriptase–PCR (RT-PCR) with murine testis mRNA as
the template. One sequence that encoded a hep-related protein
kinase was identified. Full-length murine cDNA clones were
isolated by screening a testis library (Stratagene). The cDNA
clones were examined by sequencing with an Applied Biosys-
tems model 373A machine. The MKK7 expression vector was
constructed by subcloning a MKK7 cDNA (EcoRI and PvuII
fragment) in the EcoRI and EcoRV sites of pCDNA3 (In-
vitrogen). The hep cDNA (20) was cloned by RT-PCR ampli-
fication of 0- to 4-hr Drosophila embryo mRNA (21).

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424y97y947337-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: MAP, mitogen-activated protein; ERK, extracellular
signal-regulated kinase; JNK, c-Jun NH2-terminal kinase; RT-PCR,
reverse transcriptase–PCR; GST, glutathione S-transferase.
Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. U93030, U93031,
AF003199, and U93032 for MKK7, MKK7b, MKK7c, and hep cDNAs,
respectively).
†C.T. and A.J.W. contributed equally to this study.
§To whom reprint requests should be addressed.

7337



Hybridization Analysis. Northern blot analysis was done
with poly(A)1 mRNA (2 mg) isolated from different tissues.
The mRNA was fractionated by denaturing agarose gel elec-
trophoresis and transferred to a nylon membrane (CLON-
TECH). The blot was probed with MKK4 and MKK7 cDNAs
labeled by random priming with [a-32P]dATP (Amersham).

Recombinant Proteins. The bacterial MKK7 expression
vector was prepared by subcloning a MKK7 cDNA (EcoRI and
PvuII fragment) in the EcoRI and SmaI sites of pGEX-5X1
(Pharmacia-LKB). The glutathione S-transferase (GST) fu-
sion protein was purified by affinity chromatography (22). The
recombinant proteins GST–ATF2 (10), GST–c-Jun (4), GST–
c-Myc (23), GST–ERK2 (24), GST–p38a (25), and GST–JNK1
(4) have been described.

Tissue Culture. CHO cells were maintained in DMEM
supplemented with fetal calf serum (5%) (GIBCOyBRL). The
cells were transfected with the lipofectamine reagent accord-
ing to the manufacturer’s recommendations (GIBCOyBRL) (4).

Reporter Gene Expression. Luciferase reporter gene expres-
sion was measured in cotransfection assays using 0.5 mg of the
reporter plasmid pTRE-luciferase (26) and 0.25 mg of the
b-galactosidase expression vector pCH110 (Pharmacia-LKB).
Experiments using GAL4 fusion proteins were performed
using 0.25 mg of pGAL4–ATF2 (residues 1–109), 0.5 mg of the
reporter plasmid pG5E1bLuc, and 0.25 mg of pCH110 (10).
The effect of protein kinases was examined by cotransfection
with 0.3 mg of an empty expression vector or a protein kinase
expression vector. The ERK2, p38a, JNK1, MKK1, MKK4,
and MKK6 expression vectors have been described (2, 24, 25,
27). The cells were harvested 36 h post-transfection. The
b-galactosidase and luciferase activity in the cell lysates was
measured as described (10).

Immunoprecipitation. The cells were solubilized with lysis
buffer (20 mM Tris, pH 7.4y1% Triton X-100y10% glyceroly
137 mM NaCly2 mM EDTAy25 mM b-glycerophosphatey1
mM Na orthovanadatey2 mM pyrophosphatey1 mM phenyl-
methylsulfonyl f luoridey10 mg/ml leupeptin) and centrifuged
at 100,000 3 g for 15 min at 4°C. The epitope-tagged protein
kinases were immunoprecipitated by incubation for 3 h at 4°C
with an anti-HA monoclonal antibody bound to protein-G
Sepharose (Pharmacia-LKB). The immunoprecipitates were
washed three times with lysis buffer (10).

Protein Kinase Assays. Protein kinase assays were per-
formed in kinase buffer [25 mM 4-(2-hydroxyethyl)-1-
piperazineethansulfonic acid, pH 7.4y25 mM b-glycerophos-
phatey25 mM MgCl2y2 mM dithiothreitoly0.1 mM orthovana-
date]. The assays were initiated by the addition of 1 mg of
substrate proteins and 50 mM [g-32P]ATP (10 Ciymmol; 1 Ci 5
37 GBq) in a final volume of 25 ml. The reactions were
terminated after 15 min at 25°C by addition of Laemmli sample
buffer. The phosphorylation of the substrate proteins was
examined after SDSyPAGE by autoradiography.

RESULTS

Molecular Cloning of MKK7. We employed RT-PCR to
identify a fragment of a novel mammalian MAP kinase kinase.
The design of the primers was based on the sequence of the
Drosophila MAP kinase kinase hep (20). The hep protein
kinase is an activator of Drosophila JNK (21). A single product
(461 bp) was detected following RT-PCR amplification of
murine testis mRNA. Sequence analysis identified this PCR
product as a fragment of a novel mammalian MAP kinase
kinase. This cDNA fragment was used as a probe to screen a
murine l phage cDNA library to isolate full-length clones.

A group of seven clones was identified by sequence analysis
to contain a single long open reading frame that encoded a
putative protein kinase (Fig. 1). In-frame termination codons
were detected in the 59 and 39 regions of these clones. This
sequence includes protein kinase subdomains I–XI and is

related to the MAP kinase kinase group. The novel protein
kinase was designated MKK7. The sites of activating phos-
phorylation of MAP kinase kinases located in subdomain VIII
are conserved in MKK7. Comparison of MKK7 with other
members of the mammalian MAP kinase kinase group dem-
onstrates that MKK7 is related to the JNK activator MKK4
(Fig. 1). MKK7 is most similar to the Drosophila JNK activator
hep (Fig. 1)

One additional cDNA clone isolated from the murine l
phage library differed from the other seven clones. This clone
contained the same 39-untranslated region and coding region
of MKK7 but had a different 59 region that lacked an in-frame
termination codon. This clone may represent an alternatively
spliced form of MKK7 (MKK7b). Similar forms of MKK1,
MKK3, MKK4, MKK5, and MKK6 that are alternatively
spliced in the 59 region have been identified (2, 27, 30–33). The
putative MKK7b cDNA clone we obtained does not have an
initiation codon in the alternative 59 region; this cDNA
therefore encodes the same MKK7 protein kinase as the other
clones we isolated. However, if the MKK7b cDNA clone is not
full length, it is possible that additional 59 sequence may
include an in-frame initiation codon. If true, MKK7b is
predicted to fuse the sequence M-[?]-SPAPAPSQRAALQL-
PLANDGGSRSPSSESSPQHPTPPTRPRH- to the initiating
methionine of MKK7 (Fig. 1).

A human MKK7 cDNA was also identified. This cDNA
contained an in-frame termination codon in the 59-
untranslated region and encoded a protein that fused the
sequence MAASSLEQKLSRLEAKLKQENREARRRIDL-
NLDISPQRPRPTLQLPLANDGGSRSPSSESSPQHPTPP-
ARPRH to the initiating methionine of MKK7. This NH2-
terminal extension diverges from the sequence of mouse
MKK7b. The human clone may therefore encode a different
isoform, MKK7c. Together, these data indicate that the MKK7
gene is expressed as a group of protein kinases with different
NH2 termini.

MKK7 Is Widely Expressed in Murine Tissues. The expres-
sion of MKK7 was examined by Northern blot analysis of
mRNA isolated from different tissues. MKK7 was found to be
widely expressed in murine tissues. A single MKK7 transcript
('4.0-kb) was detected in all of the tissues examined, except
for testis where two MKK7 transcripts (4.0 and 1.6 kb) were
detected (Fig. 2). MKK4 was also found to be widely expressed
in murine tissues (Fig. 2). Although MKK4 and MKK7 are
coexpressed, the relative abundance of each MAP kinase
kinase is different in each of the tissues examined.

MKK7 Is an Activator of JNK in Vitro. We performed in
vitro protein kinase assays to examine the specificity of MKK7
(Fig. 3A). Recombinant MKK7 purified from bacteria was not
observed to autophosphorylate. Incubation of the recombi-
nant MKK7 with MAP kinases demonstrated that MKK7
phosphorylated JNK1, but not ERK2 or p38a. Control exper-
iments demonstrated that ERK2 and p38a were activated by
their cognate MAP kinase kinases, MKK1 and MKK6 (data
not shown). Interestingly, MKK7 was phosphorylated by p38
and JNK1. The significance of this retrophosphorylation of the
MAP kinase kinase by the MAP kinase is unclear, but similar
retrophosphorylation has been detected in kinase assays using
MKK4 (2) and the Drosophila JNK activator hep (21).

The test whether the phosphorylation of JNK1 by MKK7
caused increased protein kinase activity, we performed exper-
iments using ATF2 as the JNK substrate (Fig. 3B). ATF2 was
not phosphorylated by MKK7, but was weakly phosphorylated
by JNK1. Incubation of MKK7 with JNK1 caused phosphor-
ylation of JNK1 and a large increase in ATF2 phosphorylation.
These data indicate that MKK7 phosphorylates and activates
JNK1. To confirm this conclusion, we examined the effect of
replacement of the JNK dual phosphorylation motif Thr-Pro-
Tyr with Ala-Pro-Phe. The mutated JNK1 protein was not
phosphorylated by MKK7. Furthermore, MKK7 did not in-
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crease ATF2 phosphorylation by the mutated JNK1 protein
kinase. We conclude that MKK7 functions as an activator of
JNK in vitro.

MKK7 Is an Activator of JNK in Vivo. We performed
cotransfection assays to examine the specificity of MKK7 in
vivo. We found that the ERK2 and p38a MAP kinases were not
activated by coexpressed MKK7 (Fig. 4A). Control experi-
ments demonstrated that the ERK2 and p38a MAP kinases
were activated by their respective cognate MAP kinase ki-
nases, MKK1 and MKK6 (Fig. 4A). In contrast, MKK7 did
activate JNK1 (Fig. 4A). Interestingly, the activation of JNK1
by coexpressed MKK7 was slightly greater than that caused by
the previously described JNK activator MKK4. Control exper-
iments using epitope-tagged activated MKK4 and MKK7
demonstrated that these MAP kinase kinases are expressed at
similar levels, indicating that MKK7 may be a more potent
activator of JNK than MKK4 (data not shown). Together,
these data establish that MKK7 can function as an activator of
JNK in cultured cells.

JNK is activated by exposure of cells to environmental stress
(4, 15). Exposure of transfected cells to UV-C radiation (80
Jym2) caused increased activity of both MKK7 and JNK (data
not shown). MKK7 may therefore contribute to the regulation
of JNK activity in vivo.

MKK7 Activates the JNK Signal Transduction Pathway.
The JNK signaling pathway is known to regulate AP-1 tran-
scriptional activity (1). We therefore postulated that the
expression of MKK7 would cause increased AP-1 transcrip-
tional activity. To test this hypothesis, we examined AP-1
transcriptional activity in a cotransfection assay employing a
luciferase reporter gene that contains three AP-1 sites cloned
upstream of a minimal promoter element (26). Expression of
MKK4, MKK7, or JNK1 did not cause marked changes in AP-1
reporter gene expression (Fig. 5A). In contrast, coexpression
of MKK7 with JNK1 caused increased AP-1-dependent re-
porter gene expression. Consistent with the observation that
MKK4 causes a lower level of activation of JNK than MKK7
(Fig. 4), coexpression of MKK4 with JNK caused a smaller
increase in AP-1 reporter gene expression (Fig. 5A). Together,
these data demonstrate that MKK7 can function as an activator
of the JNK signal transduction pathway.

To further examine the effect of MKK7 on transcriptional
activity, we investigated the effect of MKK7 on the transcrip-
tion factor ATF2. Previous studies have demonstrated that
ATF2 is a target of the JNK signal transduction pathway
(9–11). JNK phosphorylates two sites (Thr-69 and Thr-71) in
the NH2-terminal activation domain of ATF2 and increases
transcriptional activity. We employed a GAL4 fusion protein
strategy to monitor the transcriptional activity of the activation
domain of ATF2 (10). Measurement of reporter gene expres-
sion demonstrated that the coexpression of MKK4 with JNK1
caused increased transcriptional activity (Fig. 5B). A similar
level of reporter gene expression was caused by expression of

FIG. 1. MKK7 is related to the Drosophila MAP kinase kinase hep.
(A) The primary structure of MKK7 and HEP was deduced from the
sequence of cDNA clones. These sequences were compared with the
MAP kinase kinases MKK1, MKK2, MKK3, MKK4, MKK5, and
MKK6 using the PILE-UP program (version 7.2; Wisconsin Genetics
Computer Group, Madison). Gaps introduced into the sequences to
optimize the alignment are illustrated with a dash (-). The sites of
activating phosphorylation of MAP kinase kinases (2, 27–29) are
indicated with asterisks (p). The sequences of the MKK7, MKK7b,
MKK7c, and hep cDNAs have been deposited in GenBank with
accession numbers U93030, U93031, AF003199, and U93032, respec-
tively. (B) The relationship between members of the MAP kinase
kinase group (kinase subdomains I–XI) is presented as a dendrogram
created by the unweighted pair-group method using arithmetic aver-
ages (PILE-UP program). The MAP kinase kinases MKK1, MKK2,
MKK3, MKK4, MKK5, MKK6, and MKK7 and the Drosophila MAP
kinase kinase hep are presented.
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MKK7 and a larger increase was detected when MKK7 was
coexpressed with JNK1. The more potent effect of MKK7,
compared with MKK4, on transcriptional activity is consistent
with the relative effects of MKK7 and MKK4 on JNK activa-
tion (Fig. 4). To confirm that the increased reporter gene
expression is mediated by ATF2 phosphorylation, we exam-
ined the effect of replacement of the sites of ATF2 phosphor-
ylation (Thr-69 and Thr-71) with Ala. The mutated ATF2
protein was not regulated by MKK4, MKK7, or JNK1 (Fig.
5B). Together, these data demonstrate that MKK7 can regu-
late a physiological target of the JNK signaling pathway.

DISCUSSION

The mammalian MAP kinase kinase group includes at least
seven members. The first group of MAP kinases that were
identified are MKK1 and MKK2 (34). These protein kinases
function as activators of the ERK group of MAP kinases (Fig.
6). Subsequent studies demonstrated that the p38 MAP ki-
nases are activated by MKK3, MKK4, and MKK6; the BMK1y
ERK5 MAP kinase is activated by MKK5; and the JNK group
of MAP kinases is activated by MKK4 (1). Each of these MAP
kinase kinases functions as an activator of a single group of
MAP kinases with the exception of MKK4, which phosphor-
ylates and activates both JNK and p38 MAP kinases (Fig. 6).
A specific activator of JNK has therefore not been previously
identified. Here we report the molecular cloning of a new
member of the mammalian MAP kinase kinase group, MKK7.
This MAP kinase kinase activates JNK, but not ERK2 or p38
MAP kinases in vitro (Fig. 3). Transfection assays demonstrate
that MKK7 activates JNK and not the p38 or ERK MAP
kinases in vivo (Fig. 4). The MKK7 protein kinase therefore
appears to be the specific JNK activator that has been pro-
posed in previous studies (2).

MKK7 Is Related to the Drosophila MAP Kinase Kinase
hep. Comparison of the primary sequence of MKK7 with other

members of the mammalian MAP kinase kinase group dem-
onstrates that MKK7 is most similar to MKK4 (Fig. 1). This
similarity in primary sequence reflects the common enzymatic
property of MKK4 and MKK7 as activators of JNK (Fig. 6).
However, MKK7 is most similar to the Drosophila MAP kinase
kinase hep (Fig. 1). Biochemical analysis of hep demonstrates
that it is a potent activator of Drosophila JNK in vitro (21). The
function of hep as a physiological JNK activator is supported
by genetic analysis. Loss-of-function alleles of the MAP kinase
kinase (hep) and JNK (bsk) cause the same embryonic lethal
phenotype (20, 21, 35). Detailed studies of Drosophila devel-
opment demonstrate that the JNK protein kinase is required
for morphogenetic cell movement during embryogenesis (20,
21, 35). Similarly, the JNK pathway is required for embryonic
viability in mice (12). It is therefore possible that, like Dro-
sophila, the JNK signaling pathway is required for embryonic
morphogenesis in mammals. The specific targets of the JNK
signaling pathway during embryonic development remain to be
identified.

FIG. 2. MKK7 is widely expressed in mammalian tissues. The
expression of MKK4 and MKK7 was examined by Northern blot
analysis of poly(A)1 mRNA isolated from various murine tissues.
Autoradiographs of the dried blots are presented.

FIG. 3. MKK7 is an activator of the JNK protein kinase in vitro. (A)
Recombinant MAP kinases were incubated with GST (Control) or
with GST–MKK7 in an in vitro protein kinase assay using the substrate
ATP[g-32P]. MKK7 phosphorylates JNK1, but not GST, ERK2, or
p38a. MKK7 is phosphorylated by p38a and JNK1. (B) GST-MKK7
was incubated in a protein kinase assay with recombinant JNK1 or
JNK1(APF). The mutated JNK1 protein (APF) was constructed by
replacing the dual phosphorylation motif Thr-Pro-Tyr with Ala-Pro-
Phe. The JNK activity was measured by including the JNK substrate
ATF2 in each assay.
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MKK7 and the JNK Signal Transduction Pathway. The
function of the JNK signal transduction pathway in vivo is
poorly understood. Gene disruption experiments in mice
demonstrate that the JNK pathway is required for the normal
regulation of AP-1 transcriptional activity (12). The biological
significance of AP-1 regulation by the JNK pathway is unclear,
but this pathway has been implicated in the stress-induced
apoptosis of neurons (36), the malignant transformation of
pre-B cells (37), and the expression of E-selectin by endothelial
cells (38). Further studies of the physiological role of the JNK
signal transduction pathway in mammals will be greatly facil-
itated by the creation of animals with specific defects in JNK
signaling. Targetted disruption of the MKK4 gene causes only
a partial defect in JNK signaling (12, 19). It is likely that MKK7
may be able to complement the defect in MKK4 expression.
The analysis of MKK4 knockout mice is therefore compro-
mised by the widespread expression of MKK7 in murine tissues
(Fig. 2). The identification of the MKK7 gene now allows the
creation of murine cells that are defective in both of the known

JNK activators, MKK4 and MKK7. These studies will assist our
progress toward understanding the physiological function of
the JNK signaling pathway.

Conclusions. We report the molecular cloning of a new
member of the MAP kinase kinase group in mammals, MKK7.
This protein kinase is related the Drosophila MAP kinase

FIG. 4. MKK7 is an activator of the JNK protein kinase in vivo. (A)
CHO cells were cotransfected with epitope-tagged JNK1 together with
an empty expression vector (Control) or an expression vector encoding
MKK4 or MKK7. The JNK1 was isolated by immunoprecipitation
using an HA monoclonal antibody, and the protein kinase activity was
measured in the immunecomplex with [g-32P]ATP and c-Jun as
substrates. The product of the phosphorylation reaction was visualized
after SDSyPAGE by autoradiography. (B) The cells were cotrans-
fected with epitope-tagged p38 MAP kinase together with an empty
expression vector (Control) or an expression vector encoding MKK6
or MKK7. The activity of p38a MAP kinase was examined in an
immunecomplex kinase assay using ATF2 as the substrate. (C) The
cells were cotransfected with epitope-tagged ERK2 together with an
empty expression vector (Control) or an expression vector encoding
MKK1 or MKK7. The activity of ERK2 was examined in an immu-
necomplex kinase assay using c-Myc as the substrate.

FIG. 5. MKK7 is an activator of the JNK signal transduction
pathway. (A) CHO cells were cotransfected with the AP-1 reporter
plasmid pTRE-luciferase together with an empty expression vector, or
expression vectors for MKK4, MKK7, JNK1, and JNK1 (APF). The
mutated JNK1 protein (APF) was constructed by replacing the dual
phosphorylation motif Thr-Pro-Tyr with Ala-Pro-Phe. Transfection
efficiency was monitored by cotransfection with a b-galactosidase
expression vector. The relative luciferaseyb-galactosidase activity de-
tected in the cell lysates is presented. The data shown are the mean 6
SD (n 5 3). (B) The transcriptional activity of a GAL4–ATF2 fusion
protein was measured in a cotransfection assay in CHO cells using the
reporter plasmid pG5E1bLuc. The effect of cotransfection with an
empty expression vector or expression vectors for MKK4, MKK7,
JNK1, and JNK1 (APF) was examined. Control experiments were
performed using a mutated GAL4–ATF2 vector (mATF-2) in which
the sites of ATF2 phosphorylation by JNK (Thr-69 and Thr-71) are
replaced with Ala. Transfection efficiency was monitored by cotrans-
fection with a b-galactosidase expression vector. The relative lucif-
eraseyb-galactosidase activity detected in the cell lysates is presented.
The data shown are the mean 6 SD (n 5 3).
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kinase hep. Both hep and MKK7 function as activators of the
JNK signal transduction pathway.
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2. Dérijard, B., Raingeaud, J., Barrett, T., Wu, I.-H., Han, J.,

Ulevitch, R. J. & Davis, R. J. (1995) Science 267, 682–685.
3. Gupta, S., Barrett, T., Whitmarsh, A. J., Cavanagh, J., Sluss,
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FIG. 6. MKK7 is an activator of the JNK signal transduction
pathway. The ERK, BMK1yERK5, p38, and JNK signal transduction
pathways are illustrated schematically. MKK1 and MKK2 are activa-
tors of the ERK subgroup of MAP kinase. MKK3, MKK4, and MKK6
are activators of p38 MAP kinase. MKK5 is an activator of BMK1y
ERK5. MKK7 is a specific activator of the JNK group of MAP kinases,
whereas MKK4 activates both the p38 and JNK subgroups of MAP
kinase.
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