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The regulation of AP-1 activity by mitogen-activated

protein kinases

MICHAEL KARIN

Department of Pharmacology, Program in Biomedical Sciences, University of California, San Diego School of Medicine,

9500 Gilman Drwe, La Jolla, California 92093, U.S.A.

SUMMARY

AP-1 is a collection of dimeric sequence specific, DNA binding, transcriptional activators composed of Jun
and Fos subunits. The composition, the level and the activity of AP-1 complexes are regulated in response
to extracellular stimuli. An important role in this regulation is played by mitogen-activated protein
kinases (MAPKSs). The specific roles of three MAPKs, namely ERK, JNK and FRK, in modulation of

both the level and activity of AP-1, are discussed.

1. INTRODUCTION

AP-1 is a collection of sequence-specific transcriptional
activators composed of members of the Jun and Fos
families (for review see Angel & Karin 1991). These
proteins, which belong to the bZIP superfamily of
DNA binding proteins (for review see Johnson &
McKnight 1989), form a variety of homo- and
heterodimers that bind to a common DNA recognition
site (Angel & Karin 1991). First identified by its role in
human metallothionein II, gene regulation (Lee et al.
1987), AP-1 was also found as a transcription factor
that mediates gene induction by the phorbol ester
tumour promoter 12-0-tetradecanoyl phorbol-13-acet-
ate (TPA) and therefore its recognition site is also
known as the TRE (TPA response element) (Angel et
al. 1987). After its discovery, AP-1 activity was found
to be induced by many other stimuli, including growth
factors, cytokines, T cell activators, neurotransmitters
and uv irradiation (Angel & Karin 1991). Several
mechanisms mediate the induction of AP-1 activity,
some of which increase the abundance of AP-1
components whereas others modulate their activity. A
complete discussion of all the mechanisms that regulate
AP-1 activity, either positively or negatively, is beyond
the scope of this short review (for a more comprehensive
review, see Angel & Karin 1991). This review focuses
on the role of mitogen-activated protein kinases
(MAPKSs) in regulation of AP-1 activity. The regu-
lation and functions of these important signal-trans-
ducing enzymes were recently reviewed by Marshall
(1995) and Cobb & Goldsmith (1995).

One should be aware, however, that although AP-1
DNA binding activity is conveniently measured by
electrophoretic mobility shift or footprinting assays,
changes in AP-1 DNA binding activity do not mirror
the regulation of transcriptional activity of this complex
factor. Therefore, when dealing with AP-1, it is critical
to measure its ability to activate transcription of an
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AP-1 dependent reporter gene. A useful promoter for
such experiments is that of the human collagenase
gene, one of the two AP-1 target genes initially
identified (Angel et al. 1987). The reasons for this
discrepancy are several. First and foremost, several
proteins form complexes that bind to AP-1 sites. These
proteins, however, differ considerably in their ability to
activate transcription of target genes. For instance,
both c-Fos and Fra-1 form stable heterodimers with
any of the Jun proteins and these heterodimers have
similar DNA binding activities and specificities, yet c-
Fos has a potent transactivation domain that is absent
from the smaller Fra-1 protein (Suzuki et al. 1992;
Yoshioka et al. 1995). Second, phosphorylation at
specific sites enhances the transactivating potential of
several AP-1 proteins, including c-Jun and c-Fos,
without changing their DNA binding activities or
dimerization abilities (Smeal et al. 1992 ; Deng & Karin
1994).

2. TRANSCRIPTIONAL REGULATION OF
AP-1 ACTIVITY

Most of the genes which encode AP-1 components
are ‘immediate-early’ genes i.e. genes whose tran-
scription is rapidly induced in response to extracellular
stimuli, independently of de novo protein synthesis.
Amongst these, the regulation of c¢-fos and c¢-jun
transcription is best understood. Several cis elements
mediate c¢-fos induction in response to a diverse
spectrum of extracellular stimuli (reviewed in Treis-
man 1992). A cAMP response eclement (CRE),
recognized by members of the CREB (CRE binding
proteins) family, mediates ¢-fos induction in response to
neurotransmitters and polypeptide hormones, stimuli
that use either cAMP or Ca®*" as second messengers to
activate either protein kinase A (PKA) or calmodulin
dependent protein kinases (CaMKs), respectively
(Sheng et al. 1994). A serum response element (SRE)
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Figure 1. Regulation of ¢-fos and ¢-jun transcription in response to extracellular stimuli. The cis acting elements in the
¢-fos and ¢-jun promoters and the transcription factors that mediate their induction in response to extracellular stimuli
are illustrated. The protein kinases that phosphorylate the transcription factors that interact with these elements are
indicated. LPA-lysophosphatidylic acid. ? -unknown kinase.

mediates ¢-fos induction by serum, growth factors,
cytokines and other stimuli that activate MAPKs
(Treisman 1992) and a Sis inducible enhancer (SIE)
mediates induction by growth factors and cytokines
that activate the JAK group of protein kinases (Darnell
etal. 1994). Recently the SRE was shown to be a target
for another signalling pathway activated by mitogens
like lysophosphatidylic acid (LPA), which is not
activated by any of the currently known MAPKs (Hill
et al. 1995). The transcription factor that mediates this
response remains to be identified. It is likely to be
another SRF interacting protein, different from the
known TCFs (Hill et al. 1995). Given this complexity,
it is not surprising that ¢-fos transcription is rapidly
induced in response to almost any imaginable extra-
cellular stimulus (see figure 1a).

The SRE is recognized by the dimeric serum
response factor (SRF) whose binding results in re-
cruitment of ternary complex factors (TCF), which
cannot bind to the SRE by themselves (Treisman
1992). After mitogenic stimulation Elk-1, one of several
candidate TCFs (Treisman 1994), is rapidly
phosphorylated, probably by members of the ERK
group of MAPKs (Gille et al. 1992; Marais e al. 1993).
Phosphorylation of Elk-1 was reported to facilitate
formation of the ternary complex composed of itself,
the SRI and the SRE (Gille et al. 1992) and to
stimulate its ability to activate transcription, without
affecting its DNA binding properties (Marais et al.
1993). Because in wvivo the SRE appears to be
constitutively occupied (Treisman 1992), increased
Elk-1 or other TCF transcriptional activity is the most
likely mechanism by which ERK activation causes ¢-/os
induction. The sites at which Elk-1 is phosphorylated
are clustered within its C-terminal activation domain
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and are conserved in other candidate TCFs, such as
SAP-1 (Treisman 1994). Recently the activity of other
TCFs was shown to be regulated by the same
mechanism involving the phosphorylation of their
activation domain by MAPKs (Price et al. 1995).
Because the SRE also mediates ¢-fos induction in
response to stimuli such as uv irradiation (Biischer et al.
1988), which has only a marginal effect on ERK
activity (Minden et al. 1994a), it is possible that Elk-1
or other TCFs are also phosphorylated by other
MAPKs (see below). Nevertheless, ERK activation
leads to elevated AP-1 activity via ¢-fos induction. This
results in increased c-Fos synthesis which translocates
to the nucleus where it combines with pre-existing Jun
proteins to form AP-1 dimers that are more stable than
those formed by Jun proteins alone (Smeal ¢t al. 1989).
Increased dimer stability results in higher levels of AP-
1 DNA binding activity because more of the Jun and
Fos proteins are found in the dimeric state that is
essential for DNA binding.

By comparison to ¢-fos, the ¢-jun promoter is simpler
and most of its inducers operate through one major cis
element, the ¢-jun TRE (see figure 14). This TRE
differs from the consensus TRE sequence by 1 b.p.
insertion (Angel ¢ al. 1988) and due to this subtle
change it is recognized by c-Jun:ATF2 heterodimers
rather than conventional AP-1 complexes (van Dam et
al. 1993). ATF2 is a constitutively expressed protein,
and despite its inducible expression, most cell types
contain some c-Jun protein before their stimulation.
Like the ¢-fos SRE, the ¢-jun TRE is constitutively
occupied in vivo (Rozek & Pfeifer 1993). After exposure
to stimuli that activate members of the JNK group of
MAPKSs (Dérijard et al. 1992; Minden et al. 1994 a; Su
et al. 1994), both c-Jun (Devary e al. 1992; Minden et
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al. 1994a; Su et al. 1994) and ATF2 (van Dam et al.
1995; Gupta et al. 1995; Livingstone et al. 1995) are
rapidly phosphorylated. The constitutive occupancy of
the ¢-jun TRE indicates that this phosphorylation
occurs while the proteins are bound to the c¢-jun
promoter. Similarly, in the case of the ¢-fos, Elk-1 must
be phosphorylated while bound to DNA. Phosphoryl-
ation of c-Jun and ATF2 stimulates their trans-
activation ability, thereby leading to ¢-jun induction.
Thus part of the increase in AP-1 activity in response
to JNK activating stimuli (such as TNFa, vv ir-
radiation), is due to increased c-Jun synthesis and
possibly c-Fos synthesis (as the JNKs may also
phosphorylate and activate Elk-1; see below). Another
part of the increase in AP-1 activity is due to c-Jun
phosphorylation.

3. POST-TRANSLATIONAL REGULATION
OF AP-1 ACTIVITY

The activities of both pre-existing and newly
synthesized AP-1 components are modulated through
their phosphorylation. So far, this form of post-
translational control was demonstrated for c-Jun, c-Fos
and ATF2, but it is likely that other Jun and Fos
proteins are similarly regulated. In the case of c-Jun,
phosphorylation at a cluster of sites located next to its
basic region inhibits DNA binding by c-Jun homo-
dimers, but not by c-Jun:c-Fos heterodimers (Boyle et
al. 1991; Lin et al. 1992). Most likely the phosphates on
c-Jun lead to electrostatic repulsion from phosphates
on DNA, thereby inhibiting DNA binding. On the
other hand, phosphorylation of c-Jun at Ser73 and
Ser63, located within its transactivation domain,
potentiates its ability to activate transcription as either
a homodimer (Pulverer et al. 1991; Smeal et al. 1991,
1992) or a heterodimer with c-Fos (Deng & Karin
1994). These residues, which do not affect DNA
binding activities, are phosphorylated by the newly
discovered members of the MAPK family, the Jun
kinases or JNKs (Hibi ¢t al. 1993 ; Dérijard et al. 1994).
So far, the JNKs are the only protein kinases found to
efficiently phosphorylate the N-terminal sites of c-Jun.
Interestingly, neither ERK1 nor ERK2 phosphorylate
the N-terminal stimulatory sites of c-Jun and instead
phosphorylate one of the inhibitory sites located next
to the C-terminal DNA binding domain (Chou et al.
1992 ; Minden et al. 1994 4). Using an altered specificity
mutant of c-Jun that is phosphorylated by PKA
instead of JNK, phosphorylation of Ser73 (and Ser63
to a lesser extent) was shown to be directly responsible
for potentiating the transactivation function (Smeal et
al. 1994). Phosphorylation at Ser73 may potentiate c-
Jun transcriptional activity through recruitment of
CBP (CREB binding protein), a protein which was
originally identified by virtue of its binding to phospho-
CREB (Arias et al. 1994; Kwok et al. 1994). After
phosphorylation of its N-terminal sites, but not the C-
terminal sites, c-Jun can bind CBP and CBP can
potentiate its ability to activate transcription (Arias et
al. 1994). CBP is thought to act as an adaptor protein
connecting the phosphorylated activation domains of
CREB or c-Jun to the basal transcriptional machinery.

Phil. Trans. R. Soc. Lond. B (1996)
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The amino acids that surround the N-terminal
phosphoacceptors of c-Jun are conserved in the C-
terminal activation domain of c-Fos (Sutherland et al.
1992), suggesting that phosphorylation at Thr232, the
homologue of Ser73 of c-Jun, potentiates c-Fos tran-
scriptional activity. This prediction was confirmed, but
despite the considerable similarity between the two
phosphoacceptor sites, Thr232 of c-Fos is not phos-
phorylated by either JNK1 or JNK2, but by a novel
88kD MAPK termed FRK (Deng & Karin 1994). Like
the ERKs and the JNKs, FRK is a proline-directed
kinase whose activity is rapidly stimulated in response
to Ha-Ras activation by growth factors. Although the
mechanism by which phosphorylation at Thr232
stimulates c-Fos transcriptional activity is not clear, it
appears that in the context of a c-Jun:c-Fos hetero-
dimer phosphorylation of each protein makes a similar
contribution to stimulation of transcriptional activity.

A similar situation may apply for c-Jun:ATF2
heterodimers, as ATF2 phosphorylation at Thr63 and
Thr71 within its N-terminal activation domain was
recently shown to stimulate its transcriptional activity
(van Dam et al. 1995; Gupta et al. 1995; Livingstone et
al. 1995).

Like c-Jun, ATF2 is phosphorylated by the JNKs
(Gupta et al. 1995), but at least in vitro it is also
phosphorylated by another MAPK that does not
phosphorylate c-Jun, p38/MPK2 (Dérijard et al.
1995). It remains to be determined whether p38/
MPK2 phosphorylates ATF2 in vivo and can thus
contribute to ¢-jun induction. Transactivation by ATF2
is also potentiated upon binding of Rb or EIA,
probably through recruitment of additional activation
domains to the DNA bound ATF2 dimer (Kim et al.
1992). Both ElA and Rb act in concert with
phosphorylation of ATF2 (Gupta et al. 1995). Although
E1A can induce ¢-jun transcription (van Dam et al.
1993) it represses AP-1 activity (Offringa et al. 1990).
This repression could be mediated through competition
for CBP, which is very similar to the p300 E1A binding
protein (Arany et al. 1994). Indeed, it was recently
demonstrated that p300 and CBP are functionally
interchangeable and that E1A can inhibit the co-
activator function of both factors (Arany et al. 1995;
Lundblad et al. 1995).

4. REGULATION AND SPECIFICITY OF
MAPK ACTIVITY

As described above, at least three different types of
MAPKSs, the ERKs, the JNKs and FRKs, contribute
to induction of AP-1 activity after exposure to a diverse
array of extracellular stimuli. It is of considerable
interest that each of these types of MAPKs is affecting
AP-1 activity through phosphorylation of a different
substrate (see figure 2). Although the ERKSs
phosphorylate TCF/Elk-1 and thereby induce c-Fos
synthesis, they do not phosphorylate c-Jun or c-Fos on
the sites that potentiate their transcriptional activities
(Chou et al. 1992; Deng & Karin 1994; Minden et al.
1994a). In addition, the ERKs do not appear to be
involved in ATF2 phosphorylation (van Dam et al.
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Figure 2. Three distinct MAPKs contribute to induction of AP-1 activity. Phosphorylation of TCF/Elk-1 bound to
the ¢-fos promoter by the ERKSs stimulates its transcriptional activity, thus leading to ¢-fos induction. JNK-mediated
phosphorylation of ATF2 and c-Jun bound to the ¢-jun promoter stimulates their transcriptional activities leading to
¢-yun induction. JNK can also phosphorylate Elk-1 and thus cause ¢-fos induction. The newly synthesized c-Fos and
c-Jun proteins combine to form stable AP-1 heterodimers. A further increase in AP-1 activity is brought about by the
JNKs and FRK, which phosphorylate c-Jun and c-Fos, respectively, on sites that augment their transcriptional

activities.

1995; Gupta et al. 1995; Livingstone ef al. 1995). The
JNKSs, on the other hand, phosphorylate the stimu-
latory sites of c-Jun and ATF2 (Hibi et al. 1993; Su et
al. 1994; van Dam et al. 1995; Gupta et al. 1995;
Livingstone et al. 1995), but do not phosphorylate c-
Fos (Deng & Karin 1994). The JNKs are also capable
of phosphorylation and activation of TCF/Elk-1,
suggesting they may be involved in ¢-fos induction
under certain circumstances, such as exposure to Uv
irradiation which results in marginal ERK activation
(Cavigelli et al. 1995). So far, FRK is only known to
affect c-Fos activity (Deng & Karin 1994).

These results indicate that MAPKs are highly
specific in their choice of substrates and do not
phosphorylate just any Ser or Thr that is followed by
a Pro residue, as previously assumed. The molecular
mechanisms underlying this high degree of substrate
specificity are being explored with the Jun:JNK
interaction as a paradigm. Efficient phosphorylation
by the JNKs requires a docking site located between
residues 30 to 60 of c-Jun (Adler et al. 1992 ; Hibi et al.
1993). In vitro, this site mediates binding of c-Jun to the
JNKSs, and although c-Jun:JNK complexes were not
yet isolated from living cells, the integrity of the
docking site is essential for phosphorylation and
stimulation of c-Jun activity (Hibi et al. 1993). The
docking site is not the only feature of c-Jun required for
efficient phosphorylation by the JNKs. In vitro JunB

Phil. Trans. R. Soc. Lond. B (1996)

also binds to the JNKs through the same region used
by c-Jun, but is not phosphorylated by them (T. Deng,
T. Kallunki & M. Karin, unpublished results). JunB is
not phosphorylated by the JNKs because its equiva-
lents of Ser63 and Ser73 of c-Jun are not followed by
prolines. Once prolines are inserted after these serines
in JunB, the resulting variant becomes JNK responsive
(T. Deng & M. Karin, unpublished results). In ad-
dition to the docking site and proline at the P+1
position, efficient phosphorylation of Jun proteins by
the JNKSs requires specific residues that surround the
phosphoacceptor site. These residues, however, are not
a part of the docking site and do not affect JNK
binding (T. Deng, T. Kallunki & M. Karin, unpub-
lished results). When the binding of the two human
JNKSs to c-Jun was compared, JNK2 was found to bind
much better than JNK1 does (Kallunki et al. 1994).
Consequently, the Km of JNK2 towards c-Jun is lower
than the Km of JNK1 towards c-Jun and its Vmax is
higher (Kallunki ef a/. 1994). The catalytic properties
of JNK2 measured with other substrates are not
considerably different from those of JNK1 and JNKI
may be the more effective kinase for other substrates.
The molecular basis for the higher affinity of JNK2
towards c-Jun was traced to a small region of
approximately 23 residues located near its catalytic
pocket (Kallunki et al. 1994). This region, which is
variable amongst all MAPKSs, is not a part of the
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Figure 3. Mechanism of c-Jun phosphorylation by JNK2.
The first step in this reaction involves the binding of JNK2
through its substrate recognition site (rectangular inden-
tation) to the docking site (rectangular protrusion) in the N-
terminal activation domain of c-Jun (black box). Next JNK2
dissociates from the docking site on c-Jun but, due to the high
local concentration of its substrate (c-Jun) it binds through
its catalytic pocket (triangular indentation) to a peptide loop
that contains the phosphoacceptor sites of ¢ Jun (triangular
protrusion). This results in c-Jun phosphorylation and
dissociation of JNK2, allowing the phosphorylation of
another substrate molecule.

catalytic pocket itself. Most likely, it is the element of
JNK2 which interacts with the docking sites on c-Jun,
as illustrated in figure 3. Interestingly this region in
JNK2 is encoded by two alternatively spliced exons,
suggesting that alternative splicing of the primary
JNK2 transcript generates two isozymes that differ in
their choice of substrates (K. Yoshioka, T. Kallunki &
M. Karin, unpublished results).

In addition to the differences in their substrate
specificities, the three types of MAPKs that affect AP-
1 activity differ in their responses to extracellular
stimuli and regulation. The ERKs are most efficiently
stimulated by growth factors and phorbol esters
(Kyriakis ¢t al. 1994; Minden et al. 19944, b; Cobb &
Goldsmith 1995), whereas FRK is activated after
exposure to growth factors but not to phorbol esters
(Deng & Karin 1994). Neither FRK nor ERK
activities are considerably stimulated by exposure to
uv irradiation or tumour necrosis factor, stimuli that
cause efficient JNK activation (Deng & Karin 1994;
Kyriakis et al. 1994; Minden et al. 19944, b). Compared
to the FRKs and the ERKs, JNK activity is modestly
stimulated by growth factors (Kyriakis et al. 1994;
Minden ¢t al. 1994a, b). The largest increases in JNK
activity are observed after uv irradiation (Hibi et al.

Phil. Trans. R. Soc. Lond. B (1996)

Regulation of AP-1 activity M. Karin 131

?

Ras
N ¥
Rac Cdc42

¥

PAK?

b

Raf-1 MEKK1

JNKK1

ERK JNK

Figure 4. Two distinct Ras-dependent protein kinase cascades
lead to ERK and JNK activation. The relations between the
different signalling proteins involved in the Ras-dependent
activation of ERK and JNK in response to growth factors are
illustrated. While Ras directly interacts with Raf-1 to cause
its activation, the activation of MEKKI is mediated through
Rac, another small GTP binding protein. It is not clear how
Rasleads to Rac activation. Once activated Rac binds to and
activates PAK65, but it is not known yet whether PAK65 or
a related kinase are direct activators of MEKK1. MEKKI
can lead to MEK activation, as indicated by the broken
arrow. In wvivo, however, this does not result in ERK
activation. The major function of MEKKI! is therefore
JNKKI activation and consequently JNK activation.

1993; Dérijard ef al. 1994) or costimulatory activation
of T cells (Kallunki et al. 1994; Su et al. 1994).
Although the activities of all three MAPK types are
stimulated in response to Ras activation (Robbins ¢t al.
1992; Thomas et al. 1992; Minden et al. 19945, 1995),
the JNKs also respond to Ras independent signals
(Minden et al. 19945, 1995). Even Ras activation,
however, affects ERK and JNK through different
kinase cascades (see figure 4). The major pathway
leading from Ras to ERK is based on the Ras mediated
recruitment of Raf-1 to the plasma membrane (Leevers
et al. 1994). This results in activation of Raf-1, a
Ser/Thr kinase which phosphorylates and activates the
dual specificity kinases MEK1 and MEK2 (Dent et al.
1992). The latter are responsible for phosphorylation
and activation of the ERKs (Crews et al. 1992). Raf-1
activation, however, does not lead to direct JNK
activation. Instead, it is activated by another MAPK
kinase kinase called MEKK!1 (Minden et al. 19945).
Whereas MEKKI related in its primary structure to
Raf] it is even closer in sequence to yeast MAPK kinase
kinases, such as STE1l (Lange-Carter et al. 1993).
Although MEKKI1 is an efficient MEK activator
(Lange-Carter et al. 1993; Lange-Carter & Johnson
1994), its activation results in JNK instead of ERK
activation (Minden et al. 1994b; M. Cobb, personal
communication). It is not yet clear why MEK
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activation by Raf-1 results in efficient ERK activation,
although a similar increase in its activity through
MEKKI] does not translate into ERK activation (M.
Cobb, personal communication). One explanation for
this paradox is the existence of specific adaptor proteins
that are required for effective organisation of MAPK
cascades (Herskowitz 1995).

MEKKI is believed to act downstream of Ras, yet
unlike Raf-1 it is not activated through direct
interaction with Ras (Lange-Carter & Johnson 1994).
Recently it was found that Ras-dependent activation
of the JNK cascade by growth factors requires
activation of another member of the Ras superfamily of
small G proteins, Rac (Goso et al. 1995; Minden et al.
1995). Although constitutively activated Rac mutants
activate the JNK cascade, they have no effect on ERK
activity (Coso et al. 1995; Minden et al. 1995). In
addition to acting downstream of Ras on the pathway
leading to JNK activation, Rac may also act in parallel
to Ras, as activated Ras and Rac mutants have a
synergistic effect on JNK activity (Minden et al. 1995).
JNK activation also occurs after expression of activated
Cdc42Hs, a relative of Rac, but not in response to
another member of that group of small G proteins, Rho
(CGoso et al. 1995; Minden et al. 1995). Interestingly,
both Rac and Cdc42Hs bind and activate in a GTP-
dependent manner, a protein kinase called PAK65
(Manser et al. 1994). PAK65 is closely related to a yeast
protein kinase called STE20, which is required for
activation of STE11 (Herskowitz 1995). As MEKKI1 is
a homolog of STEI], it is likely that its activity is
directly stimulated by PAK65 mediated phosphoryl-
ation. Thus, unlike Ras-dependent ERK activation
which requires only two upstream protein kinases, Raf
and MEK, the Ras-dependent activation of JNK, as
illustrated in figure 4, appears to require one additional
small GTP binding protein, Rac, and three upstream
protein kinases, PAK65 (or a close relative), MEKK1
and a JNK activating kinase called JNKK1, XMEK2,
SEK! or MKK4 (Sanchez et al. 1994; Dérijard et al.
1995; Lin et al. 1995). Although JNKKI1 phosphoryl-
ates and activates the JNKs, it does not phosphorylate
the ERKs. Likewise the MEKs do not phosphorylate
the JNKs. Thus, the JNK and ERK cascades are
clearly separated at the level of their MAPK kinases.
However, in addition to the JNKs, JNKK1 phosphoryl-
ates and activates p38/MPK2 (Dérijard e/ al. 1995;
Lin et al. 1995). Curiously, however, MEKKI1 can
strongly potentiate the activation of JNK by JNKKI1 in
vivo, while hardly having an effect on the activation of
p38 by JNKKI (Lin et al. 1995). Yet, in vitro JNKKI1,
that was activated by coexpression with MEKKI,
phosphorylates and activates both JNK and p38 with
similar efficiency (Lin et al. 1995). These useful findings
are similar to those described above regarding the
inability of MEKK-activated MEK to activate ERK.
The simplest explanation for these findings is to invoke
the existence of STE5-like scaffolding proteins that
organise mammalian MAPK cascades in the same
manner used by STE5 to organise the pheromone-
responsive MAPK cascade in yeast. It has been known
for a while that the three kinases within the pheromone
responsive MAPK cascade, STE11, STE7 and FUS3

Phil. Trans. R. Soc. Lond. B (1996)

or KSSI, are necessary but not sufficient for an
effective pheromone response, which requires an
additional component called STES (reviewed by
Herskowitz 1995). It was recently shown that STES is
a large protein that contains separate binding sites for
STE1l, STE7 and FUS3/KSS1 (Choi et al. 1994). By
binding to all three protein kinases STES forms a large
multi-component complex whose integrity appears to
be necessary for effective signal transduction through
the cascade (Choi et al. 1994). Based on this example,
it is postulated that effective signalling through
mammalian MAPK cascades also requires STE5-like
scaffolding proteins. One such protein may bind Raf-
I, MEK and ERK but does not allow MEKKI
binding. On the other hand, the scaffolding protein
that binds MEKKI1, JNKKI1 and JNK does not bind
p38. Another scaffolding protein and another MEKK-
like kinase will be required for effective stimulation of
p38 activity through JNKKI. It is therefore a major
challenge to find such proteins and determine their
mechanism of activation. As both ERK and JNK can
translocate to the nucleus after their activation,
whereas their upstream activation remains in the
cytoplasmic or in membrane attached complexes, it is
likely that the multisubunit complexes allow the release
of the MAPK component after its activation.

5. PERSPECTIVE

Although a great deal remains to be learned about
the mechanisms that contribute to the regulation of
AP-1 activity and most of the important target genes
whose expression is modulated by the different forms of
AP-1 are yet to be identified, quite a lot has been
revealed so far by focusing on this transcription factor
and its response to extracellular stimuli. The investi-
gation of AP-1 regulation had revealed some of the
general mechanisms by which protein phosphorylation
modulates transcription factor activity (reviewed in
Hunter & Karin 1992) and the strategies used by cell
surface receptors to communicate with the nucleus
(reviewed in Hill & Treisman 1995). In addition to the
identification of important AP-1 target genes that will
explain the physiological functions of the different
forms of this transcription factor, a major challenge for
the future is understanding the mechanisms that confer
biological specificity to the actions of protein kinases
and transcription factors. It is clear that even generic
and ubiquitous signalling proteins like AP-1 and the
MAPK cascades can be involved in highly specific
biological responses.

I thank Ms P. Alford for preparation of the manuscript and
Dr T. Kallunki, Dr B. Su and Dr A. Lin for preparation of
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Discussion

P. T. HawkiNs (The Babraham Institute, Cambridge, U.K.).
Does Professor Karin know whether wortmannin blocks the
activation of JNK by EGF or NGF?

M. KariN. We have not seen any inhibition by wortmannin
but we have not run a positive control to show that
phosphoinositide 3-kinase is blocked in the same cells.
However, we have looked at a mutant FGF receptor from
Jonathan Cooper that does not couple to phosphoinositide 3-
kinase, and it activated JNK as well as the wild-type
receptor. However, both sets of experiments have some
problems, and the question of whether phosphoinositide 3-
kinase feeds into the JNK pathway remains an open question.

Question. In terms of control of the APl complex, how
important are the relative quantities of the different
components and the effects of post-translational modi-
fication?

M. Karin. The contributions will vary in different cell-types
in response to different stimuli. We really shall not have
answers until knockouts for the various Jun and Fos proteins
and the various kinase pathways have been fully analysed. So
far, the reverse genetic experiments suggest that nearly
everything is important, but they do not tell us which are the
most important players in particular circumstances.
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