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The p38 mitogen-activated protein kinase (MAPK)
group is represented by four isoforms in mammals
(p38a, p38B2, p38y and p383). These p38 MAPK
isoforms appear to mediate distinct functions in vivo
due, in part, to differences in substrate phosphorylation
by individual p38 MAPKSs and also to selective activa-
tion by MAPK kinases (MAPKKs). Here we report
the identification of two factors that contribute to the
specificity of p38 MAPK activation. One mechanism
of specificity is the selective formation of functional
complexes between MAPKK and different p38 MAPKSs.
The formation of these complexes requires the presence
of a MAPK docking site in the N-terminus of the
MAPKK. The second mechanism that confers signaling
specificity is the selective recognition of the activation
loop (T-loop) of p38 MAPK isoforms. Together, these
processes provide a mechanism that enables the select-
ive activation of p38 MAPK in response to activated
MAPKK.

Keywords: MAP kinase/MKK3/MKKG6/p38/signal
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Introduction

The p38 group of mitogen-activated protein kinases
(MAPKSs) is activated by treatment of cells with pro-
inflammatory cytokines and by exposure to environmental
stress (Cohen, 1997). One important function of the p38
signaling pathway appears to be the regulation of cytokine
expression (Lee et al., 1999).

Molecular cloning studies have led to the identfication
of four p38 isoforms: p38a (also known as SAPK2a),
p38B2 (SAPK2b), p38y (SAPK3) and p385 (SAPK4). The
p38a and p383 MAPK are 60% identical to p38y and
p383 MAPK, indicating that these protein kinases represent
related, but distinct, MAPK subgroups (Cohen, 1997).
One subgroup (p38a and p38P) is inhibited by a class of
pyridinyl imidazole drugs, while the other subgroup (p38y
and p389) is insensitive to these drugs (Lee et al., 1999).
These p38 MAPKSs phosphorylate both a common group
of substrates and distinct substrates (Cohen, 1997) and
they can be activated selectively by some extracellular
stimuli (Wilk-Blaszczak et al., 1998; Conrad et al., 1999),
suggesting that they may exert distinct biological actions.
Indeed, studies of HeLa cells indicate that while p38a
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induces apoptosis, p382 promotes cell survival (Nemoto
et al., 1998). These studies suggest that different p38
isoforms have overlapping, but also distinct physio-
logical roles.

Specificity of p38 MAPK signaling has also been
reported in studies of the MAPK kinases (MAPKKSs) that
activate the p38 MAPK isoforms. Two genes that encode
p38-specific MAPKKs have been described: Mkk3
(Derijard et al., 1995) and Mkk6 (Han et al., 1996;
Moriguchi et al., 1996a; Raingeaud et al., 1996; Stein
et al., 1996). Targeted gene disruption studies in mice
have demonstrated non-redundant functions of the Mkk3
and Mkk6 genes (Lu et al., 1999; Wysk et al., 1999).
Furthermore, expression of activated forms of the MKK3
and MKKG6 protein kinases causes different biological
responses in cardiac myocytes (Wang et al., 1998). These
actions are altered by co-expression of specific p38 iso-
forms; thus, p38a induces apoptosis while p3832 promotes
a hypertrophic response in cardiac myocytes (Wang et al.,
1998). This signaling specificity is likely to be important
for the generation of appropriate biological responses by
the p38 MAPK pathway.

The mechanism that accounts for signaling specificity
by the p38 MAPK pathway is not understood. Previously
it has been demonstrated that MKKG6 is a common activator
of p38a, p38B2, p38y and p3886 MAPK, while MKK3
activates only p380c., p38y and p388 MAPK (Jiang et al.,
1996, 1997; Cuenda et al., 1997; Goedert et al., 1997,
Wang et al., 1997; Enslen et al., 1998). This selectivity
of p38 MAPK activation by MKK3 and MKK6 may
contribute to the specificity of signal transduction by the
p38 MAPK pathway.

The purpose of the study reported here was to examine
the specificity of activation of p38 MAPK isoforms by
MKK3 and MKK6. We show that two factors contribute
to the specificity of p38 MAPK signaling: (i) selective
docking interactions between the MAPKK and p38
MAPK; and (ii) sequences within the activation loop
(T-loop) of individual p38 MAP isoforms. Together, these
observations provide insight into the mechanism of p38
MAPK activation.

Results

Role of the N-terminal region of p38 MAPKK in the
selective activation of p3832 MAPK

MKK3 and MKKG6 selectively activate different p38
isoforms (Enslen et al., 1998). To identify the molecular
determinants responsible for this selectivity, we con-
structed chimeric protein kinases using MKK3 and MKK6
sequences (Figure 1A). Constitutively active MAPKKSs
were constructed by replacing the sites of activating
phosphorylation with glutamic acid. These chimeric
kinases caused similar activation of p38atin co-transfection
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Fig. 1. Identification of a domain required for activation of p38f32

by MAP kinase kinases. (A) Schematic representation of MKK3,
MKK3b, MKK6 and chimeras. MKK6 is shown in white, MKK3

in black and the N-terminal extension of MKK3b is gray. In the
chimeras, domains from MKK3 are shown in black and domains from
MKKG6 in white. (B and C) Epitope-tagged p38o. (B) or p38p2 (C)
were immunoprecipitated from COS7 cells co-transfected with an
empty vector (Control) or activated MAPKK. The activated
MAPKKSs were constructed by replacing the two sites of activating
phosphorylation with glutamic acid residues. Immune complex kinase
assays were performed to measure p38 MAP kinase activity using
ATF2 as the substrate. The expression of MAPKK and p38 was
examined by immunoblot analysis (lower panel). The rate of ATF2
phosphorylation was quantitated by Phosphorlmager analysis and is
presented as relative protein kinase activity.

assays (Figure 1B). In contrast, differences were detected
in assays using p38B2 (Figure 1C). As expected, MKK®6,
but not MKK3, caused p38B2 activation. However,
replacement of the N-terminal region of MKK6 with
sequences derived from MKK3 blocked the ability of
MKK6 to activate p38B2 (Figure 1C). Conversely,
chimeras of MKK3 with the N-terminal region of MKK6
were able to activate p38B2 (Figure 1C). Residues 1-18
of MKK6 were sufficient, but a larger activation of p382
was observed when MKKG6 residues 1-82 were fused to
the N-terminus of MKK3. These data indicated that the
N-terminal region of MKK3 and MKKG6 regulates substrate
specificity (Figure 1C), but not activity (Figure 1B). This
conclusion was confirmed by studies of an alternative
form of MKK3 (MKK3b) (Moriguchi et al., 1996b; Han
et al., 1997), which contains an additional 29 amino acids
fused to the N-terminus of MKK3. We found that while
MKK3 and MKK3b both activated p38a (Figure 1B),
only MKK3b caused activation of p38B2 (Figure 1C).
Together, these data identify a role for the N-terminal
region of MKK3 and MKKG6 in the determination of
substrate specificity.

The N-terminal region of MAPKK is required for
binding to p38a and p3832 MAPK

The analysis of MAPKK chimeras indicated that the first
18 amino acids of MKKG6 contain a region that can confer
on MKK3 the ability to activate p38B2 (Figure 1C).
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Fig. 2. Binding of p38c and p3832 to MAP kinase kinases.

(A) Primary sequences of the N-terminal domain of MKK3, MKK3b,
MKKG6 and deletion mutants (A) are aligned. Residues that are
identical to MKK3b are indicated with a dot (.). The residues of
MKK3b (LRI) and MKK6 (LKI) deleted in MKK3bA and MKK6A are
indicated in bold. The deleted residues are indicated with a dash (-).
Basic residues are indicated by asterisks. (B) Activated GST-tagged
MKK3, K6(1-18)-K3 or K6(1-82)-K3 were co-transfected with an
empty vector (Control), Flag-tagged p38c or Flag-tagged p38f2 in
COS7 cells. The activated MKKs were constructed by replacing the
two sites of activating phosphorylation with glutamic acid residues.
Protein expression was monitored by immunoblot analysis of cell
extracts. The GST-MKK fusion proteins were isolated from the

cell extracts by incubation with glutathione—Sepharose. The co-
precipitation of p38a and p38f32 with the MKK was examined by
immunoblot analysis with an antibody to the Flag epitope. (C and

D) The interaction of Flag-tagged p38c and p38B2 with GST-tagged
activated MKK3, MKK3b and MKK3bA (C) or MKK6 and MKK6A
(D) co-expressed in COS7 cells was examined using the methods
described in (B). The activated MKKs were constructed by replacing
the two sites of activating phosphorylation with glutamic acid residues.

Alignment of the sequences of MKK3, MKK3b and
MKKG6 indicates that this 18 amino acid sequence present
in the N-terminal region of MKKG®6 is absent in MKK3,
but is conserved in MKK3b (Figure 2A). This region
contains several basic amino acids and also a sequence



motif that has previously been identified as a MAPK
docking site (Holland and Cooper, 1999). The N-terminal
region of MKK3b and MKKG6 conforms to the consensus
sequence for this type of MAPK docking site (-Lys/Arg-
Xaaz-Leu/Ile-Xaa-Leu/Ile-). The N-terminal specificity-
determining region of MKK3b and MKK6 may therefore
function as a p38 docking site. To test this hypothesis, we
examined the binding of p38c and p38P2 to MKK3 and
MKKG6 in co-precipitation assays using extracts prepared
from transfected COS7 cells (Figure 2). We found that
p38a. and p38P2 co-precipitated with MKK6 and MKK3b,
but not with MKK3. Interestingly, more p3832 than p38a
was observed to co-precipitate with MKK3b and MKKG6.
To test whether the putative docking site located in the
N-terminal region of MKK6 and MKK3b was required
for binding to p38, we examined the effect of mutations
of the conserved Leu-Xaa-Ile motif on the interaction
with p38. Mutational removal of the Leu-Xaa-Ile motif
(MKK3A and MKKG6A) reduced the co-precipitation of
p38a and p38PB2 with MKK6 and MKK3b. Furthermore,
fusion of the N-terminal region of MKK®6 (containing the
putative MAPK docking site to MKK3) allowed co-
precipitation of MKK3 with p38c. and p38(32. Fusion of
MKKG6 residues 1-18 was sufficient for co-precipitation
of p38a and p38f2, but a larger amount of co-precipitation
was detected when MKKG6 residues 1-82 were fused to
MKK3. These data indicate that a p38 docking site is
present in the N-terminal region of MKK3b and MKKG6,
but not MKK3.

Binding to MKK3b and MKK®6 potentiates p38
MAPK activation

There is a strong correlation between MAPKK binding to
p38 MAPK and the activation of p38c and p38B2. For
example, MKK3b and MKK6 (but not MKK3) bind to
and activate p38B2. Similarly, p38o. (which is activated
less potently by MKK3 than by MKK3b and MKKG6)
binds to MKK3b and MKK®6, but not to MKK3. To
examine the relationship between MAPKK binding and
p38 activation, we examined the effect of mutations that
inhibit MAPKK binding on p38 activation (Figure 3).
Mutational removal of the MAPK docking site (Leu-Xaa-
Ile) reduced the binding of MKK3b and MKK6 to p38a
and p38B2 (Figure 2). The same mutation also reduced
p38a activation caused by MKK3b and MKKG6 (Figure 3B
and C). Furthermore, like MKK3, these mutant MKK3b
and MKK6 proteins were unable to activate p38[2
(Figure 3D and E). These data indicate that binding to
MKK3b and MKK6 potentiates p38c activation and is
required for p38f32 activation.

To confirm the conclusion that MAPKK binding
increases p38 activation, we tested activated MKK3 and
MKKG6 on the activation of endogenous p38ca in COS7
cells. We have reported previously that MKK6 (but not
MKK3) potently activates endogenous p38co (Raingeaud
et al., 1996). Here, we demonstrate that MKK?3b, like
MKKS®, strongly activates endogenous p38o. (Figure 4).
Disruption of the MAPK docking site located in the
N-terminal region of MKK3b and MKKG6 reduced the
activation of endogenous p38a.. Furthermore, fusion of
the N-terminal region of MKKG6 (containing the putative
MAPK docking site to MKK3) allowed MKK3 to activate
endogenous p38c. These data suggest that the binding of
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Fig. 3. Regulation of p38c. and p38B2 by MAP kinase kinases.

(A) The primary sequences of the N-terminal region of MKK3,
MKK3b and MKK3bA (left panel) and of MKK6, K6(1-18)-K3 and
MKKG6A (right panel) are aligned. (B-E) Flag-tagged p38a (B and C)
or p38B32 (D and E) were co-transfected together with activated
MKK3, MKK3b and MKK3bA (B and D) or activated MKK6,
K6(1-18)-K3 and MKKO6A (C and E) in COS7 cells. The activated
MKKs were constructed by replacing the two sites of activating
phosphorylation with glutamic acid residues. The expression of p38
and MKK was examined by immunoblot analysis of cell lysates.

The protein kinase activity of p38c. and p38B2 was measured in
immune complex kinase assays using ATF2 as the substrate. The
phosphorylated ATF2 was detected after SDS-PAGE by auto-
radiography and was quantitated by Phosphorlmager analysis. The p38
activity is presented as relative protein kinase activity.
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MKK3b and MKK6 to p38 is a determinant of p38a
activation in vivo. This requirement for a binding inter-
action can be compensated by overexpression of p38a,
but not by overexpression of p38f32 (Figure 1).

The N-terminal MAPK docking site is likely to contri-
bute to p38 activation. To test this hypothesis, we
performed competition analyses using synthetic peptides
corresponding to the MAPK docking sites of MKK3b
(Figure 5) and MKKG6 (data not shown). The effect of wild-
type peptides was compared with the effect of peptides in
which the Leu-Xaa-Ile motif was replaced with Gly-Xaa-
Gly (Figure 5A). If binding to the N-terminal docking site
was required for p38 activation, we reasoned that a
synthetic peptide containing this docking site should
function as an inhibitor of p38 activation. Indeed, peptides
derived from MKK3b (Figure 5B) and MKK6 (data not
shown) caused inhibition of p38a activation by MKK3b
and MKKS6, but not by MKK3, which lacks the MAPK
docking site (Figure 5B). In contrast, mutant synthetic
peptides lacking the MAPK docking site caused no change
in p38a activation. Inhibition of p38[32 activation by wild-
type synthetic peptides, but not by mutated synthetic
peptides, was detected in experiments using MKK3b
(Figure 5C and D) and MKKG®6 (Figure SE and F). However,
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Fig. 4. Regulation of endogenous p38c activity by MAP kinase
kinases. Activated epitope-tagged MKK3b, MKK3, K6(1-18)-K3 and
K6(1-82)-K3 (A) or MKK3b, MKK3bA, MKK6, MKK6A and MKK3
(B) were expressed in COS7 cells. The activated MKKs were
constructed by replacing the two sites of activating phosphorylation
with glutamic acid residues. The epitope-tagged MKK expression and
endogenous p38o. were examined by immunoblot analysis of cell
lysates. The activity of the endogenous p38c was measured in
immune complex kinase assays using ATF2 as the substrate. The
phosphorylated ATF2 was detected after SDS-PAGE by auto-
radiography and was quantitated by Phosphorlmager analysis. The p38
activity is presented as relative protein kinase activity.

the inhibitory effect of the peptides on p38B2 activation
was larger than on p38a., confirming the previous observa-
tion (Figure 3) that binding is required for the activation
of p38P2 in vitro, but serves only to potentiate the
activation of p38a.

Taken together, these data indicate that binding of p38
to a docking site in the N-terminal region of MAPKK
contributes to p38 activation.

Docking of p38 MAPK to MAPKK selectively
regulates phosphorylation on threonine and
tyrosine

Activation of p38 is associated with increased threonine
and tyrosine phosphorylation of the Thr-Gly-Tyr motif
within the T-loop (Raingeaud et al., 1995). Simultaneous
replacement of the Thr-Gly-Tyr dual phosphorylation motif
by Ala-Gly-Phe blocks stress-induced p38 phosphorylation
and activation (Raingeaud et al., 1995). To test whether
phosphorylation of both threonine and tyrosine is required
for p38a. and p38[B2 activation, we examined the effect
of single point mutations (Figure 6). Each of these point
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Fig. 5. Inhibition of p38P2 activity by peptide competition. (A) The
primary sequence of synthetic peptides corresponding to the native
(wt-pep) or mutated (gly-pep) N-terminal region of MKK3b is shown.
The mutated peptide was prepared by replacing the residues of
MKK3b (LRI), indicated in bold, with glycine. (B) Purified bacterially
expressed GST-p38o was bound to glutathione—Sepharose and
incubated with 100 pM wild-type or mutated MKK3b peptide. Purified
activated MKK3, MKK3b or MKK6 were incubated with the
immobilized GST-p38a in kinase buffer with ATP for 20 min. The
GST-p38a was washed with kinase buffer and the p38o activity was
measured using ATF2 and [}->?P]ATP as the substrates. The
phosphorylated ATF2 was detected after SDS-PAGE by auto-
radiography and was quantitated by Phosphorlmager analysis. The
p38a activity is presented as relative protein kinase activity.

(C-F) Purified bacterially expressed GST-p38p2 was bound to
glutathione—Sepharose and incubated with increasing concentrations
of the wild-type (C and E) or mutated (D and F) MKK3b peptide.
Purified activated MKK3b (C and D) or MKKG6 (E and F) were
incubated with the immobilized GST-p38f2 in kinase buffer with ATP
for 20 min. The GST-p38P2 activity was measured as described in
(B).

mutations blocked p38 activation, indicating that dual
phosphorylation on threonine and tyrosine was required
for activation.

The observation that dual phosphorylation was required
for p38 activation (Figure 6) has implications for the
mechanism of p38 activation and the role of a docking
interaction between p38 and upstream MAPKK. The
requirement for a docking interaction for efficient p38
activation might reflect changes in overall phosphorylation
on threonine and tyrosine. Alternatively, the docking
interaction may selectively alter threonine or tyrosine
phosphorylation. For example, the docking interaction
might increase the processivity of the dual phosphorylation
on threonine and tyrosine. Since dual phosphorylation is
required for p38 activation, this mechanism could account
for the effect of docking interactions on p38 activation.
To test this hypothesis, we performed phosphoamino
acid analysis of p38 phosphorylated by MKK3, MKK3b,
MKKS6 and chimeric protein kinases.

We found that p38a. was phosphorylated preferentially
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Fig. 6. Dual phosphorylation on threonine and tyrosine is required for
p38 MAPK activation. Epitope-tagged wild-type and mutated p38c.
(A and B) or p38B2 (C and D) were expressed in COS7 cells. The
mutated p38 contained point mutations in the Thr-Gly-Tyr (TGY) dual
phosphorylation motif (replacement of threonine and tyrosine with
alanine and phenylalanine, respectively). The effect of treatment with
80 J/m2 UV (A and C) or co-expression with activated MKK6 (B and
D) was examined. Immune complex kinase assays were performed to
measure p38 activity using ATF2 as the substrate. The expression of
p38 and activated MKK6 was examined by immunoblot analysis
(lower panel).

on tyrosine by MKK3, which lacks the MAPK docking
site (Figure 7). In contrast, increased p38c. phosphorylation
on threonine was observed in experiments using MAPKK
with an N-terminal MAPK docking site, including
MKK3b, K6(1-82)-K3 and K6(1-18)-K3 (Figure 7).
These data suggest that the docking of MAPKK to p38a
contributes to increased dual phosphorylation on threonine
and tyrosine and therefore to p38a activation (Figure 6).
However, K3(1-64)-K6 (which lacks a docking site)
caused dual phosphorylation of p38c on threonine and
tyrosine. Thus, MKK3 requires a docking domain for
efficient dual phosphorylation of p38c., but MKKG6 is able
to phosphorylate p38a on both threonine and tyrosine in
the absence of a docking domain. In contrast, p3832 was
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Fig. 7. Phosphoamino acid analysis of p38c and p3832
phosphorylated by MAP kinase kinases. Activated epitope-tagged
MKKs (described in Figure 1A) were expressed in COS7 cells and
isolated by immunoprecipitation. Immune complex kinase assays were
performed using [y->2P]JATP and purified bacterially expressed GST—
p38a or GST—p38[32 as the substrates. The phosphorylated p38 was
examined by phosphoamino acid analysis. The figure shows an
autoradiograph of the phosphoamino acids separated by thin layer

electrophoresis. The relative phosphorylation on serine, threonine and
tyrosine was examined by Phosphorlmager analysis.

not phosphorylated by MAPKK that lacked the MAPK
docking site [e.g. MKK3 and K3(1-64)-K6], but was
phosphorylated on threonine and tyrosine by all MAPKKs
tested with a docking site [e.g. MKK3b, MKK6, K6(1-
18)-K3 and K6(1-82)-K3].

These data demonstrate that the role of docking inter-
actions differs between p38a and p38B2. Docking
increases dual phosphorylation of p38c. In contrast, dock-
ing is required for p38B2 phosphorylation. Thus, p38c.
and p38P2 differ in their functional interactions with
MAPKK.

The T-loop of p38c can direct activation by MKK3
Sequences within the N-terminal region of MAPKK appear
to be important for the binding and activation of p38
(Figure 3). However, little is known concerning the p38
sequences that are required for activation. Differences in
the sequences of p38 may contribute to the specificity of
MAPKK-mediated activation of specific p38 isoforms. An
example of isoform-specific p38 activation is provided by
the observation that while p38a binds to and is activated
similarly by MKK3b and MKK®6, p38[32 is activated more
potently by MKKG®, although its binding to MKK3b and
MKKG is similar (Figures 1-3). These data indicate that
factors other than binding can contribute to the activation
of p38 isoforms. This conclusion was strongly confirmed
by the observation that overexpressed MKK3 and
MKK3bA, which do not bind p38a or p38p2 (Figure 2),
caused activation of co-transfected p38a., but not p3832
(Figures 1 and 3). Together, these data indicate that
sequences within the structure of p38 contribute to the
selectivity of the activation of different p38 isoforms.

To test whether specific regions of p38o. and p38P32 are
important for selective activation, we created chimeric
p38a/B2 molecules (Figure 8A) and examined the effect
of activated MKK3 and MKKG®6 in co-transfection assays.
We found that MKK6 activated the p38o, p38B2 and
chimeric p38c/B2 similarly (Figure 8C). In contrast,
marked differences were observed in experiments using
MKK3 (Figure 8B). MKK3 activated p380., but not p38[32.
Examination of chimeric p380/B2 indicated that molecules
with an N-terminal region derived from p38a were acti-
vated by MKK3 if the fusion was created within subdomain
VIII, but not if the fusion was created in subdomain V or
VII (Figure 8C). These data suggested that the region
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Fig. 8. Regulation of chimeric p38 MAPK by MKK3 and MKK®6.
(A) Schematic representation of p38c., p38B2 and chimeric protein
kinases. Regions of p38a are shown in black and regions of p38f32 in
white. The p38B2-TL-p38c. was constructed by replacing residues
within the T-loop of p38B2 with those derived from p38c. (B and

C) Epitope-tagged p38a, p38B2 or p38 chimeras were expressed in
COS7 cells together with an empty vector (—) and activated (+)
MKK3 (B) or MKK6 (C) The expression of MKK and p38 was
examined by immunoblot analysis. The p38 activity was measured in
immune complex kinase assays with ATF2 as the substrate. The rate
of phosphorylation was quantitated by Phosphorlmager analysis and is
presented as relative p38 activity.

located between subdomains VII and VIII of p38a is
required for activation by MKK3. This region includes
the Thr-Gly-Tyr motif located in the T-loop that is
phosphorylated by MKK3 and MKK6. To test whether
the T-loop of p38a. can confer on p38f32 the ability to be
activated by MKK3, we constructed a p3832 molecule
with the sequence of the T-loop of p38a (p3832-TL-
p38a). This chimeric p380/B2 was activated by MKK3
(Figure 8B). Reciprocal studies of p38a with the T-loop
of p38B32 were also performed. In contrast to p38c., p380o.-
TL-p38B2 was not activated by MKK3 and was poorly
activated by MKKG6 (data not shown). Together, these data
indicate that the T-loop of p38 contributes to the specificity
of activation of p38 isoforms.

Inspection of the primary sequence of the T-loop of
p38 isoforms indicates that this region is highly conserved
within the p38 group (Figure 9A). Only four amino acids
are different in this domain between p38a and p38[32. To
test which of these amino acid substitutions is relevant to
activation by MKK3, we examined the effect of point
mutations at these four residues by substituting the corres-
ponding amino acid found in p38a. Each of these mutated
p38P2s was activated by MKK6 (Figure 9C), but none
were activated by MKK3 (Figure 9B). We therefore
constructed all 10 possible double and triple mutants of
p38P2. The results obtained for six mutants are presented
in Figure 9D and E, and similar data were obtained for
the remaining four possible combinations of double and
triple point mutants (data not shown). Each of these
mutated p38B2s was activated by MKK6, but not by
MKK3.
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Fig. 9. Effect of p38a T-loop mutations on p3832 activation.

(A) Comparison of the sequences of p38c., p38B2, p38y and p385
within the dual phosphorylation domain (T-loop). Residues in p38
isoforms that are identical to p38B2 are indicated with a dot (.). The
sites of activating phosphorylation (threonine and tyrosine) are
indicated with asterisks. (B-E) Flag-tagged p38c., p38p2 or T-loop
mutants of p38f32 were expressed in COS7 cells and p38 activity was
measured in immune complex kinase assays using ATF2 as the
substrate. The effect of co-expression together with an empty vector
(-) and activated (+) MKK3 (B and D) or activated MKK6 (C and E)
was examined. The expression of MKK3, MKK6 and p38 was
monitored by immunoblot analysis. The rate of phosphorylation was
quantitated by Phosphorlmager analysis and is presented as relative
p38 activity.

Together, these data indicated a role for the T-loop in
the recognition and activation of p38a by MKK3. The
four amino acid differences in the primary sequence of
the T-loops of p38a. and p38P2 account for the observation
that MKK3 activates p38c., but not p3832. Replacement
of these four residues in the T-loop of p38f2 with the
corresponding residues of p38a allows the activation of
p38P2 by MKK3 (Figure 8). All four residues in the
T-loop contribute to the activation specificity of p38a
and p38[32.

The T-loop of p38y and p385 can direct activation
of p38p2 by MKK3

In addition to p380., both p38y and p38d are activated by
MKK3 (Enslen et al., 1998). This analysis suggested that
the T-loops of p38a., p38y and p388 may allow activation
by MKXK3 and that the T-loop of p38B2 is distinct because
it prevents activation by MKK3. Comparison of the
primary sequence of the T-loops of p38y and p383 with
that of p38f32 indicated three amino acid differences for



p38y and five for p388 (Figure 9). To test the role of
these amino acid differences, we examined the effect of
mutations within the T-loop of p38f32.

Examination of the sequence of p38y indicated that
Argl65, Glul77 and Alal84 of p38[32 are replaced with
lysine, serine and valine, respectively. To test the role of
these amino acid differences in activation by MKK3, we
examined the effect of point mutations. We focused our
analysis on Argl65 and Glul77, which are located within
the T-loop of p38B2. Control experiments demonstrated
that MKK3 activated p38y but not p38p2, while MKK6
caused similar activation of both p38y and p38B2
(Figure 10). Simultaneous mutation of both Argl65 and
Glul77 (p38B2-TL-p38Y) caused increased activation of
p38P2 by MKK3, while a smaller increase was detected
for a single point mutation at Glul177. These data suggest
that the T-loop of p38y contributes to the specificity of
activation by MKK3.

We performed a similar analysis of p38d. Five residues
differ between the T-loop of p388 and p38B2. Four of
these residues are also replaced in p38c (Figure 9A).
MKK3 activated p380 but not p3832, and MKKG6 activated
both p38d and p38f32 (Figure 11). Simultaneous replace-
ment of the four residues in the T-loop of p38p2 (Argl65,
GlIn174, Alal75 and Glul77) (p38P2-TL-p389d) increased
the activation by MKK3 without altering activation by
MKKG6 (Figure 11). Single point mutations at these residues
and Alal84 caused no change in p38P2 activation by
MKK3. These data suggest that the T-loop of p38d
contributes to the specificity of activation by MKK3.

Discussion

MAPKSs regulate a wide array of biological functions;
therefore, mechanisms must exist to achieve signaling
specificity and to ensure the correct biological response
to extracellular stimulation. The complexity of each MAPK
pathway provides multiple levels where specificity may
be determined. Two simple mechanisms that can achieve
signaling specificity are: (i) selective activation of different
MAPKSs; and (ii) distinct MAPK substrate specificities.
Such differences in signaling specificity exist not only
between the major groups of MAPK, but also between
individual members of a single group of MAPKs.

The substrate specificity of MAPK depends, in part, on
binding interactions between the MAPK and its substrates
(Ip and Davis, 1998; Holland and Cooper, 1999). A
docking interaction between MAPK and MAPKK has also
been reported to contribute to the substrate specificity of
MAPKK in yeast (Bardwell and Thorner, 1996). Here we
report that a p38 docking domain in p38-specific MAPKK
contributes to the selective activation of p38 isoforms.
For example, p38[2 is not activated by MAPKK isoforms
that lack a docking site (e.g. MKK3), but can be activated
by MAPKK with a docking site (e.g. MKK6). We also
demonstrate that differences in the primary sequence of
the T-loop of the p38 isoforms contribute to signaling
specificity. Together, these data indicate that the selective
activation of p38 by MAPKK requires multiple molecular
determinants present in both enzymes.

MAPK docking domains
Two genes encode proteins that act as specific activators
of p38: Mkk3 and Mkk6 (Derijard et al., 1995; Han et al.,
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Fig. 10. Effect of p38y T-loop mutations on p38B2 activation. Flag-
tagged p38y, p38P2 or T-loop mutants of p38f32 were expressed in
COS7 cells and p38 activity was measured in immune complex kinase
assays using ATF2 as the substrate. The effect of co-expression
together with an empty vector (-) and activated (+) MKK3 (A) or
activated MKK6 (B) was examined. The expression of MKK3, MKK6
and p38 was monitored by immunoblot analysis. The rate of
phosphorylation was quantitated by Phosphorlmager analysis and is
presented as relative p38 activity.

1996; Moriguchi et al., 1996a; Raingeaud et al., 1996;
Stein et al., 1996). Targeted gene disruption studies in
mice have demonstrated non-redundant functions of the
Mkk3 and Mkk6 genes (Lu et al., 1999; Wysk et al.,
1999), indicating that the MKK3 and MKKG6 protein
kinases have distinct biological functions.

MKK3 activates the isoforms p38c., p38y and p389,
but not p38B2. However, both MKK6 and MKK3b (a
variant form of MKK3, which has an additional 29 amino
acids fused to the N-terminus of MKK3) activate the four
p38 isoforms p38al, p38P2, p38y and p38d. In this study,
we have identified a p38 kinase docking site within the
N-terminal region of MKK3b and MKK6. These sequences
are highly conserved and are required for p3832 activation
by these two enzymes. MKK3, which lacks the docking
site, does not activate p3832. Fusion of the p38 docking site
of MKKG6 to the N-terminus of MKK3 allows activation of
p38B2. Furthermore, synthetic peptides based on the
primary sequence of the docking sites of MKK3b and
MKKG6 inhibit the activation of p38(32. These data indicate
that the binding of p38B2 to an N-terminal region of the
MAPKK is necessary for p3832 activation. In contrast,
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Fig. 11. Effect of p388 T-loop mutations on p38f32 activation. Flag-
tagged p385, p38B2 or T-loop mutants of p38B2 were expressed in
COS7 cells, and p38 activity was measured in immune complex kinase
assays using ATF2 as the substrate. The effect of co-expression
together with an empty vector (-) and activated (+) MKK3 (A) or
activated MKK6 (B) was examined. The expression of MKK3, MKK6
and p38 was monitored by immunoblot analysis. The rate of
phosphorylation was quantitated by Phosphorlmager analysis and is
presented as relative p38 activity.

binding to p38c. is not a requirement for activation
by MKK3b and MKKG6 in vitro. However, the binding
interaction does serve to potentiate p38a. activation. These
data provide an explanation for the selective activation of
p38a., but not p38P2, by MKK3.

A similar role for a docking mechanism has been
described in the yeast Saccharomyces cerevisiae where a
high affinity interaction between a MAPKK (Ste7p) and
MAPK (Kss1p and Fus3p) is required for MAPK activation
(Bardwell et al., 1996). This interaction depends on a
MAPK docking site present in the N-terminus of Ste7p.
The sequence of the MAPK docking site of Ste7p is
related to that identified in MKK3b and MKK®6. These
sequences are similar to the previously reported MAPK
docking site consensus sequence found in MAPK sub-
strates: -Arg/Lys-Xaas-Leu/lle-Xaa-Leu/lle- (Yang et al.,
1998a,b; Holland and Cooper, 1999). Interestingly, the
N-terminal regions of MEK1 (32 amino acids), MKK4
(43 amino acids) and MKK7 (73 amino acids) have been
demonstrated to be important for binding and activation
of ERK and JNK (Fukuda et al., 1997; Xia et al., 1998;
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Tournier et al., 1999; Xu et al., 1999). Sequences similar
to the MAPK docking sites of MKK3b and MKK6 are
present in the N-terminal regions of MEK1, MKK4 and
MKK?7. Further studies are required to characterize the
MAPK docking site with the N-terminus of MEK1, MKK4
and MKK?7. In contrast, this study has established the
presence of p38 docking sites on MKK3b and MKK6 by
mutational analysis and peptide competition analysis.

The MAPK docking sites present in MAPKK appear
to be targeted during infection by some pathogens. For
example, the lethal factor (LF) of anthrax lethal toxin (the
major cause of death in animals infected with anthrax)
inhibits the ERK signal transduction pathway (Duesbery
et al., 1998). LF is a protease that cleaves the N-terminus
of MEK1 and MEK?2, causing decreased activity towards
ERK (Duesbery et al., 1998). The N-terminal cleavage of
MEKI1 and MEK2 destroys the putative ERK docking
site. Loss of the ERK docking site may account for the
ability of LF to block activation of ERK by MEK1 and
MEK?2 in vivo (Duesbery et al., 1998). Interestingly,
sequences similar to the LF cleavage site in MEK1 and
MEK?2 are present in the N-terminus of MKK3b and
MKKG6. Cleavage of MKK3b and MKK®6 by LF at these
sites would remove the p38 docking domain and would
therefore be predicted to prevent binding and activation
of p38B2 and markedly decrease activation of p38c.
Indeed, LF recently was reported to inhibit p38 signaling
in macrophages (Pellizzari et al., 1999).

MAPK docking sites are present in MAPKK, MAPK
substrates and MAPK phosphatases

Short peptide sequences that bind p38c and p38B32 have
been identified in the transcription factors MEF2A and
MEF2C (Yang et al., 1999). These domains are necessary
for efficient phosphorylation and activation of MEF2A
and MEF2C by p38a and p38B2 (Yang et al., 1999).
Similar MAPK-binding motifs have been characterized in
several MAPK substrates, including c-Jun (Hibi et al.,
1993), JunB (Gupta et al., 1996; Kallunki et al., 1996),
Elk-1 (Yang et al., 1998a,b), NFAT4 (Chow et al., 1997)
and ATF-2 (Gupta et al., 1995; Livingstone et al., 1995).
In general, these docking sites conform to the general
consensus sequence -Arg/Lys-Xaa-Xaa-Xaa-Xaa-Leu/Ile-
Xaa-Leu/Ile- (Yang et al., 1998a,b; Holland and Cooper,
1999). However, three additional classes of docking sites
have been identified. These docking sites correspond
to the Phe-Xaa-Phe-Pro motif identified in some Ets
transcription factors that binds ERK (Jacobs et al., 1999),
the -Leu-Ala-Gln-Arg-Arg-Xaas-Leu/Ile- motif in Mnk2
and p90™* that binds ERK (Gavin and Nebreda, 1999;
Smith et al., 1999) and the Leu-hydrophobic-Lys/Arg-
Lys/Arg-Lys/Arg-Lys/Arg- motif in PRAK and MAPKAP-
K2 that binds p38 (Smith et al., 1999). Binding sites for
MAPK have also been identified in phosphatases that
regulate MAPK activation (Camps et al., 1998; Pulido
et al., 1998; Oh-hora et al., 1999). These considerations
indicate that MAPK docking sites are located on the
kinases that activate MAPK (MAPKK), on phosphatases
that inactivate MAPK and on MAPK substrates.

The observation that MAPKSs can bind related sequences
in both their substrates and enzymes that regulate MAPK
activity (MAPKK and phosphatases) is intriguing. Is it
possible that the regulatory enzymes and substrates



compete for binding to MAPK? This hypothesis predicts
that substrate phosphorylation by MAPK would only be
observed following release of the activated MAPK from
MAPKK. Indeed, evidence in favor of this hypothesis
has been reported in studies of yeast MAPK signaling
pathways. For example, the S.cerevisiae MAPK Ksslp is
not able to phosphorylate exogenous substrates when
bound to the MAPKK Ksslp (Bardwell et al., 1996).
Similarly, the Schizosaccharomyces pombe MAPKK
Pek1p binds to and inhibits the MAPK Pmk1p, but releases
activated Pmkl1p following stimulation (Sugiura et al.,
1999). Similar models for binding and release of activated
MAPK in mammals have been reported for JNK activation
by MKK4 (Xia et al., 1998) and ERK activation by MEK1
(Fukuda et al., 1997).

In this study, we have identified protein regions that
determine the specificity of p38 MAPK activation by
MAPKK. Additional studies are required to identify the
relationship of p38 MAPK docking to MAPKK with the
interaction of MAPK with phosphatases and substrates.
Differences in the interaction of substrates and phosphat-
ases with individual p38 MAPK isoforms may contribute
to the specificity of p38 MAPK signaling in vivo. For
example, the C-terminus of p38y functions as a docking
site that interacts with PDZ domain-containing proteins
(Hasegawa et al., 1999).

Docking interactions increase the dual
phosphorylation of p38 MAPK on threonine and
tyrosine

MAPKSs are activated by dual phosphorylation on threonine
and tyrosine. Analysis of p38 MAPK phosphorylation
by MKK3 and MKKG6 provides evidence for selective
phosphorylation on these activating sites. The p38a MAPK
was phosphorylated preferentially on tyrosine by MAPKK
that lacked a MAPK docking site (e.g. MKK3). MAPKK
with a MAPK docking site (MKK3b and MKK6) caused
similar phosphorylation of p38at MAPK on both threonine
and tyrosine. These data suggest that the docking inter-
action may increase the processivity of MAPK phos-
phorylation, leading to increased dual phosphorylation
and, consequently, increased activation. The requirement
for dual phosphorylation for MAPK activation is likely
to account, in part, for the role of docking interactions
between MAPK and MAPKK.

Previous studies of the JNK signaling pathway provide
another example of selective phosphorylation of MAPK
on threonine or tyrosine (Lawler et al., 1998). MKK4 was
found to phosphorylate JNK1 preferentially on tyrosine,
while MKK?7 preferentially phosphorylated JNK1 on
threonine. The mechanism that accounts for this selectivity
has not been established. However, the different specifi-
cities of MKK4 and MKK?7 in vitro suggest that these
MAPKKs may collaborate to activate JNKI1 in vivo
(Lawler et al., 1998).

The T-loop of p38 MAPK is a specificity

determinant for activation by MKK3, but not MKK6
MKK3 activates p38c. MAPK, but not p3832 MAPK.
Since MKK3 does not bind to p38c or p38f32, the
selectivity of MKK3 in activating p38ac MAPK is not
caused by a difference in docking interactions of MKK3
with p38c and p38B2. Instead, these data suggest that

Specificity of p38 MAPK activation

molecular determinants within p38a (that are absent in
p38B2) contribute to recognition and activation by MKK3.
Studies of chimeric p380/f2 MAPK indicated that the
T-loop was a critical element that determined the extent
of activation by MKK3. In contrast, these changes in the
T-loop did not alter activation by MKK®6. Since the T-loop
contains the sites of threonine and tyrosine phosphorylation
by MKK3, the finding that the T-loop contributes to the
specificity of substrate phosphorylation by MKK3 is
intriguing because it suggests that it might play a direct
role in substrate recognition by the active site of MKK3.
Previous studies have not indicated that the sequence of
the T-loop plays an important role in determining the
specificity of MAPK activation by MAPKK. Although an
important role for the T-loop in substrate recognition by
MKK3 is established, our data do not exclude a role for
other regions of the p38 MAPK in determining specificity
(Brunet and Pouyssegur, 1996; Wilsbacher et al., 1999).

Materials and methods

Plasmids

The p38, MKK3 and MKKG6 expression vectors have been described
(Enslen et al., 1998). Point mutations and chimeric constructs were
prepared using standard techniques.

Protein kinase isolation

Cells were solubilized in Tris lysis buffer (TLB) [20 mM Tris pH 7.5,
10% glycerol, 1% Triton X-100, 0.137 M NaCl, 25 mM B-glycerophos-
phate, 2 mM EDTA, 0.5 mM dithiothreitol (DTT), 1 mM sodium
orthovanadate, 2 mM NaPPi, 10 pg/ml leupeptin and 1 mM phenyl-
methylsulfonyl fluoride (PMSF)] and centrifuged at 15 000 g for 15 min
at 4°C. Epitope-tagged protein kinases were immunoprecipitated by
incubation (4 h) with the M2 Flag monoclonal antibody (Sigma) bound
to protein G—Sepharose (Amersham Pharmacia Biotech). The Sepharose
beads were collected by centrifugation, washed twice with TLB and
twice with kinase assay buffer (25 mM HEPES pH 7.4, 25 mM -
glycerophosphate, 25 mM MgCl,, 0.5 mM DTT, 0.1 mM sodium
orthovanadate). The immunoprecipitation of endogenous p38a was
performed similarly except that an anti-p38 rabbit polyclonal antibody
bound to protein A—Sepharose (Sigma Chemical Co.) was employed
(Raingeaud et al., 1995). In some assays, the immunoprecipitated
epitope-tagged protein kinases were eluted by incubation with
0.1 mg/ml Flag synthetic peptide at 30°C (20 min).

Protein kinase assays

Protein kinase immunoprecipitates were used for kinase assays. The
reactions were initiated by the addition of substrate protein (1 pg) and
50 uM [7-32P]ATP (10 Ci/mmol), and the reactions were terminated
after 20 min at 30°C by addition of Laemmli sample buffer. Assays of
p38 kinase activity were performed using GST-ATF2 as the substrate
(Raingeaud et al., 1995). Substrate phosphorylation was examined after
SDS-PAGE by autoradiography and PhosphorImager analysis (Molecular
Dynamics Inc.).

Peptide competition experiments were performed using bacterially
expressed GST—p38 bound to glutathione—Sepharose and pre-incubated
with synthetic peptides for 2 h at 4°C. The recombinant p38 was
phosphorylated by MKK3b or MKK®6 (isolated by elution from immuno-
precipitates prepared from transfected COS7 cells) by incubation (20 min
at 30°C) in kinase buffer with 50 puM ATP. The immobilized p38 was
then washed four times with kinase buffer and the p38 activity was
measured in kinase assay with GST-ATF2 (1 ug) and 50 uM [y-3*P]ATP
(10 Ci/mmol). The reaction was terminated after 20 min at 30°C
and the phosphorylated ATF2 examined by SDS-PAGE, detected by
autoradiography and quantitated by PhosphorImager analysis.

Binding assays

GST-tagged MKK proteins were isolated from transfected COS7 cells
using glutathione—Sepharose (Amersham Pharmacia Biotech) in TLB
for 7 h at 4°C. The beads were washed five times with TLB, and the
presence of bound co-transfected p38c or p38B2 was examined by
immunoblot analysis.
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