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The mechanism by which different mitogen acti-
vated protein kinases (MAPKSs) distinguish between
different substrates is poorly understood. For exam-
ple, p38 and SAPK4 are two closely related p38 MAPKSs
that both phosphorylate ATF2 and MBP. However, p38
phosphorylates MAPKAPK-2 and -3, whereas SAPK4
does not. In this study, we have used mutagenesis to
determine the regions of p38 required for substrate
selection. Alanine scanning mutagenesis identified
one region of p38 that was required for its ability to
phosphorylate MAPKAPK-2 and -3, but that did not
significantly affect its binding to these substrates. Chi-
meras of p38 and SAPK4 identified a second region of
p38 that affected the ability of p38 to both bind and
phosphorylate MAPKAPK-2 and -3. Hence, we show for
the first time that MAPKSs contain two distinct regions
for recognizing and phosphorylating protein sub-

strates. © 1999 Academic Press

Mitogen-activated protein kinases (MAPKSs) are now
known to be key components of both mitogenic and
stress-induced signal transduction cascades regulating
a variety of cellular processes ranging from cell growth
to cell death (1). At least three families of MAPKSs exist
in mammalian cells—the ERKs (2), the JNKs (also
known as SAPK1) (3) and the p38 MAPKSs (also known
as CSBP2, RK, SAPK?2a and in yeast, HOG1) (4, 5).
The ERK family of MAPK is activated primarily by
mitogenic stimuli, growth factors and tumor promoters
(2) while members of the other two families are acti-
vated primarily by environmental stress and inflam-
matory agents (4—6). These extracellular stimuli acti-
vate a cascade of kinases including the MAPKK which
activate the MAPKSs through phosphorylation of a Thr-
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Xaa-Tyr motif in an activation loop near the ATP bind-
ing site (2, 7).

Once activated, MAPKs phosphorylate their sub-
strates on serine and threonine residues. In vitro sub-
strates include myelin basic protein (MBP), ribosomal
protein S6 kinases (RSKs), MAPK interacting proteins
(MNKSs) and c-Myc for ERKSs (8—-13); c-Jun and ATF2 for
JNKs (3, 14), and MBP, ATF2, MNK1, MAPKAPK-2 and
MAPKAPK-3 for p38 (5, 6, 11, 12, 15, 16).

Three homologues of p38 have now been identified—
p38B/B2 (17, 18) (also called SAPK2b), SAPK3 (19)
(also called p38+y (20), and ERK6 (21)), and SAPK4
(also called p386) (18, 22, 23). These homologues are
between 60 and 74% identical to p38 but show some
differences in expression patterns, activation stimuli,
sensitivity to the p38 inhibitor SB 203580, and sub-
strate specificities (18, 23). In particular, while p38 and
p38B/B2 can phosphorylate MAPKAPK-2 and -3 in
vitro or in vivo, neither SAPK3 nor SAPK4 can phos-
phorylate MAPKAPK-2, and they show little or no
phosphorylation of MAPKAPK-3. By contrast, all four
kinases can phosphorylate ATF2 and MBP (18).

In the present study, we have used mutation analy-
sis and p38/SAPK4 chimeras to determine the contri-
bution of various surface regions of p38 to MAPKAPK
binding and phosphorylation. We find that the region
required for substrate phosphorylation is distinct from
the region required for substrate binding/specificity.

EXPERIMENTAL

Plasmid construction and mutagenesis. Cloning and construction
of mammalian expression constructs for FLAG-tagged p38 and
SAPK4 were described previously (16, 18). Mutants of p38 were
generated using a QuikChange site directed mutagenesis kit as
directed by the manufacturer (Stratagene) using 40 base pair oligo-
nucleotides containing the indicated amino acid changes in the mid-
dle. Nomenclature of the mutants indicates the residue and number
of the point mutation of p38 present in that mutant. Numbering of
residues is relative to p38 MAPK as shown previously (18). Chimeras
of p38 and SAPK4 were generated using PCR amplification of
SAPK4 regions inserted into p38 at either BstE 11/Dra Ill sites for
the more 5’ mutant, or Dra Ill/Sal | for the more 3" mutant. The
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p38/SAPK4 chimeras are named after the restriction fragments
used: B stands for BstE I1, D for Dra Ill and S for Sal I. All mutations
were confirmed using a DNA sequencer (Applied Biosystems, Inc.).

Mammalian transfections and preparation of lysates. HelLa cells
were maintained in DMEM containing 10% FBS in a humidified 5%
CO, incubator at 37°C. Transient transfections were performed using
Lipofectamine according to the manufacturer’s instructions (Life Tech-
nologies, Inc.). 24 h after transfection, cells were split into four plates.
48 h later, two plates were treated with 0.4 M sorbitol (Sigma) in
DMEM with 10% FBS for 20 minutes, and the other two plates were
treated with DMEM with 10% FBS for 20 minutes then harvested as
described (16).

Immunoprecipitations, kinase assays and Western blotting.
Epitope-tagged proteins were immunoprecipitated from HeLa cell ex-
tracts as described previously (16) using anti-FLAG M2 antibody con-
jugated to agarose (Sigma) then divided into 5 equal portions. Immune
complex kinase assays were performed on 4 of the 5 immunoprecipi-
tated aliquots of extract in 30 ul kinase buffer containing 50 uM cold
ATP, 2 uCi [y-*P]ATP (specific activity 4500 Ci/mmol) and one of four
substrates—10 g of MBP, 3 ug GST-MAPKAPK-3, 1 ug GST-
MAPKAPK-2 (Upstate Biotech.) or 3 pug GST-ATF2 (amino acids
1-109)—for 30 minutes at 30°C. The reactions were stopped by the
addition of SDS sample buffer and the phosphorylated products were
analyzed by SDS-PAGE and autoradiography. The radioactive bands
were quantitated on a Betagen Betascope. For Western blotting, the
other one fifth of the immunoprecipitated extract was subjected to
SDS-PAGE, transferred to nitrocellulose, incubated with anti-phospho-
Thr180/Tyr182 specific p38MAPK (New England Biolabs, Inc.) anti-
body and detected by ECL (Amersham) as described by the manufac-
turer. The blots were then stripped as described by the manufacturer
(Amersham), reprobed with anti-FLAG M2 antibody and again detected
by ECL. All experiments were repeated at least three times with the
results shown being representative of the three experiments.

Binding experiments. Unstimulated HeLa cell extracts were mixed
with either 2 pug of GST-MAPKAPK-2 (Upstate Biotech.) for one and a
half h at 4°C followed by incubation with Glutathione Sepharose 4B
agarose (Pharmacia) for two h at 4°C or with 10 pg of GST-
MAPKAPK-3 prebound to Glutathione Sepharose 4B agarose for two h
at 4°C. GST-MAPKAPK-3 was prepared in E. coli as previously de-
scribed (16). The beads were washed two times with lysis buffer then
resuspended in Laemmli buffer and subjected to SDS-PAGE and West-
ern blotting with the anti-FLAG M2 antibody as described above. Ex-
periments were performed two or three times. In preliminary experi-
ments, the amount of MAPKAP kinase-2 used for precipitation was
varied over several ug to determine the minimal amount (2 ug) required
to quantitatively precipitate all of the p38 in the lysate sample. An
excess (6 ng) of MAPKAPK-2 did not precipitate SAPK4.

Phosphoamino acid analysis. Phosphoamino acid analysis was
performed essentially as described (24) with the following modifica-
tions. Extracts from transfected HeLa cells treated with or without
0.4 M sorbitol were immunoprecipitated with anti-FLAG M2 anti-
body. Kinase assays were performed on part of the extract in the
absence of exogenously added substrate. Proteins were subjected to
SDS PAGE and transferred to Immobilon-P membrane (Millipore).
The bands corresponding to phosphorylated protein were excised and
analyzed as described (24).

Protein structures. 3D structures of p38 were generated from pdb
files using RasMol (RasWin Molecular Graphics Windows Version
2.4, copyright 1993, 1994, by R. Sayle). The Brookhaven reference
number for p38 is 1p38.pdb (25).

RESULTS

In order to try to identify residues of p38 involved in
substrate binding and phosphorylation, 49 surface res-
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idues in the carboxy terminal domain of p38 were mu-
tated, mostly to alanine. After transient transfec-
tion into HelLa cells, the mutant proteins were im-
munoprecipitated using an anti-FLAG antibody and
assayed for kinase activity with four substrates—MBP,
MAPKAPK-2, MAPKAPK-3, and ATF2 (some exam-
ples are shown in Fig. 1A). These immune-complexes
also resulted in the phosphorylation of a co-
immunoprecipitated molecule (IM) that was also p38
dependent, since it was absent in cells transfected with
inactive mutants of p38 (D168A and the double mutant
Thr180E, Tyrl82E (TY-E)) (Fig. 2B) (26). IM was
shown to be p38 itself, since it was immunoprecipitated
by both anti-FLAG and anti-p38 antibodies (Figs. 2A
and 2B). In the latter case it runs with slightly slower
mobility than endogenous p38 due to the amino termi-
nal FLAG tag. Furthermore, phosphoamino acid anal-
ysis of IM shows that it is phosphorylated on threonine
and tyrosine (Fig. 2B), and mutation of Thr180 and
Tyrl82 of p38 (TY-E) results in loss of this phosphor-
ylation (Figs. 2B and 2D). Hence IM represents a p38
dependent phosphorylation of p38.

From this analysis, several mutants were identified
with significant loss of ability to phosphorylate MAP-
KAPK 2, 3 and ATF2, of which 6 are illustrated in Fig.
1A. Four of these mutants (R149A, K152A, R189A,
Y200A) retained or enhanced the phosphorylation of
p38 (IM), two (K152A, L195A) retained the ability to
inducibly phosphorylate MBP, and one (D150A) lost all
inducible kinase activity (Fig. 1A, panels 1-4). All were
expressed and phosphorylated on Thr and Tyr (Fig. 1A,
panels 5 and 6). The ability of the mutants to retain
kinase activity and/or act as substrates for phosphor-
ylation suggests that none of these mutants had a large
change in tertiary structure.

One possible explanation for why these mutants
showed a decrease in phosphorylation of specific sub-
strates might be their inability to bind them. To ad-
dress this question, GST-MAPKAPK-2 and 3 coated
beads were used to pull down transfected p38 mutants
from transfected HeLa cell nuclear extracts (Fig. 3A).
The amount of MAPKAP kinase-2 used was the mini-
mum required to quantitatively precipitate all of the
p38 in the extract so as to detect even small reductions
in affinity. Despite this, all of the mutants that had
shown a decrease or loss of kinase activity against
substrate could still bind substrate similarly, suggest-
ing limited changes in affinity. GST coated beads did
not pull down p38 (data not shown and (16)). These
mutants therefore define a region of p38 required for
substrate phosphorylation.

Two recently identified homologues of p38, SAPK3 and
SAPK4, are incapable of phosphorylating MAPKAPK-2
and only weakly phosphorylate MAPKAPK-3 (18). This
suggested that chimeric p38/SAPK4 proteins could be
used to further explore the regions of p38 required for
recognition and phosphorylation of MAPKAPK-2 and
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Kinase activity of alanine scanning and chimeric mutants of p38. (A and B) Extracts from HelLa cells transfected with the

indicated constructs and treated with or without 0.4 M sorbitol were immunoprecipitated with anti-FLAG antibody and equal portions tested
for kinase activity with MBP (panel 1), GST-MAPKAPK-2 (panel 2), GST-MAPKAPK-3 (panel 3) or GST-ATF2 (panel 4) as substrates or
probed by Western blot with anti-phosphospecific-p38 antibody (panel 5) and anti-FLAG M2 antibody (panel 6). The coimmunoprecipitated
band IM is p38 and the small arrows in panels 2 and 3 indicate an unidentified endogenous substrate coimmunoprecipitated with anti-FLAG
antibody. Nomenclature of mutants indicates the residue and number of the point mutation of p38. The experiments were performed three

or four times with similar results.

-3. Chimeras were created in which small regions of
SAPK, differing from p38 in 12 or 13 residues, re-
placed the equivalent regions of p38. As before, the
chimeras were transiently transfected into HelLa cells,
immunoprecipitated with anti-FLAG antibody and
analyzed for kinase activity using four different sub-
strates: MBP, GST-MAPKAPK-2, GST-MAPKAPK-3,
and GST-ATF2 (Fig. 1B).

A p38/SAPK4 chimera (p38/SAPK4-B/D-7), in which
residues 110 through 184 of p38 were replaced by res-
idues 111 through 184 of SAPKA4, results in a change
of 12 amino acids from the sequence of p38. Like
SAPK4, this chimera was unable to phosphorylate
MAPKAPK-2 or -3 but could phosphorylate MBP (Fig.
1B). This chimera only weakly phosphorylated ATF2
even though both p38 and SAPKA4 can utilize ATF2 as
a substrate, but like SAPK4 did not lead to p38 (IM)
phosphorylation. A second chimera (p38/SAPK4-D/S-
2), in which residues 193 through 281 of p38 were
replaced by residues 193 through 281 of SAPK4 result-

ing in a change of 13 amino acids, showed no change
in phosphorylation of any of the substrates relative
to p38.

Chimeras were examined for binding to MAP-
KAPK2 and 3 in the pull down assay described above
(Fig. 3B). Neither SAPK4 nor the chimera p38/
SAPK4-B/D could bind to MAPKAPK-2 or -3, directly
correlating with the inability of these kinases to
phosphorylate these substrates. This lack of binding
was shown to be independent of the amount of
substrate used, since p38 could bind MAPKAPK-2
at concentrations ranging from 1 to 6 ug of
MAPKAPK-2 while SAPK4 showed no binding at any
of these concentrations (data not shown). In contrast,
a second chimera, p38/SAPK4-D/S, was identical in
binding and kinase assays to p38. These results in-
dicate that the several of the 12 p38 amino acids
altered in the chimera, p38/SAPK4-B/D, are required
for binding of the substrates MAPKAPK-2 and -3 to
p38 MAPK. Mutation of individual amino acids in
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FIG. 2. Identification of IM as p38. Extracts from HeLa cells

transfected with the indicated constructs and treated with or with-
out 0.4 M sorbitol were divided into several equal portions. In panels
A and B, equal portions of HeLa cell extracts were immunoprecipi-
tated with either anti-p38 or anti-FLAG antibody, respectively, and
kinase assays performed in the absence of exogenously added sub-
strate. A second anti-FLAG immunoprecipitated portion was sub-
jected to SDS PAGE, and immunoblotted with anti-p38 antibody
(panel C). In panel D, a portion of p38 and the Thrl80Glu,
Tyrl82Glu (TY-E) p38 transfected extract were treated as in panel
B, transferred to an Immobilon-P membrane, and the phosphory-
lated band marked IM excised and subjected to phosphoamino acid
analysis.

this region did not affect MAPKAPK-2 binding to
p38, suggesting that multiple residues may be im-
portant for this interaction (data not shown).
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DISCUSSION

We have shown that substrate phosphorylation by
p38 is determined by two distinct surface regions. One
region is involved predominantly in substrate binding
while the second region is important for substrate
phosphorylation but does not significantly affect bind-
ing to protein substrate. The region which affects sub-
strate phosphorylation (residues 149, 150, 152, 189,
195, 196, 199, 200, 201) appears as a shaded patch in
the right hand panel of Fig. 4A. Mutation of any resi-
due in this region to alanine results in a loss or de-
crease in substrate phosphorylation, but little or no
change in binding to substrate (some data not shown).
Six of these residues (R149, D150, K152, R189, L195
and Y200) are completely conserved among MAPK in
species ranging from H. sapiens to S. cerevisiae (27).
Three of these residues (R149, D150, and K152) are
also conserved in other kinases such as cAPK, PKC,
CDC28, and Raf (7). The conserved nature of many of
these residues indicates that they may be involved in
substrate phosphorylation by kinases in general and
not specifically by p38. In cAPK and many other ki-
nases the equivalent residues are involved in forming
the P + 1 binding pocket or catalytic site (28, 29). It is
likely that upon activation the conformation of p38
changes and allows these residues to form this P + 1
pocket for phosphorylation of the substrate. Indeed the
equivalent residues of the activated form of ERK2 have
been shown to play a role in stabilization of the phos-
phorylated Thr183 and Tyr185 and in forming the P +
1 pocket for substrate phosphorylation (30).

A second distinct region of p38 (residues 114-126) is
required for binding and phosphorylation of
MAPKAPK-2 and -3 (shaded in the left-hand panel of
Fig. 4A). This is most readily exemplified by the chi-
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FIG. 3. Binding of selected alanine mutants of p38 to MAPKAPKSs. (A and B) Equal portions of unstimulated extracts from HeLa cells
transfected with the indicated constructs were mixed with E. coli expressed GST-MAPKAPK-2 (panel 1), GST-MAPKAPK-3 (panel 2) and
purified with Glutathione Sepharose 4B agarose. A third portion was immunoprecipitated with anti-FLAG M2 antibody (panel 3). After SDS
PAGE, p38 was detected by Western blotting with an anti-FLAG antibody. Nomenclature of the mutants is as in Fig. 1. The experiments were

performed two or three times with similar results.
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FIG. 4. Regions of p38 involved in substrate binding and phosphorylation. (A) Two views of the tertiary structure of p38, 180° apart, are
shown. Residues for substrate binding and phosphorylation are identified in the left and right views respectively, as described in the text.
Thr180 and Tyr 182 are the residues phosphorylated upon activation. (B) Alignment of sequences of p38 and JNK kinases in the regions

which bind substrate.

mera p38/SAPK4-B/D-7, which showed substrate spec-
ificity and binding very similar to SAPK4 despite dif-
fering from p38 by only 12 amino acids. This region is
distinct from the region of JNK2 required for binding
to c-Jun (corresponding to the residues 218-224 of p38)
(31) and the region of cAPK required for binding to its
inhibitor peptide (32). The chimera in which this region
of p38 was replaced by SAPK4, (p38/SAPK4-D/S-2)
showed no difference in substrate preferences com-
pared to p38, confirming that this region plays no role
in determining the substrate preference for
MAPKAPK-2 and -3. An alignment of several kinases
showing the region of p38 important for substrate bind-
ing for MAPKAPK-2 and -3 and the region homologous
to the region of JNK2 required for binding c-Jun is
shown in Fig. 4B. This shows significant sequence dif-
ferences between the different isoforms, but similari-
ties between p38 and p38p3, which both phosphorylate
MAPKAPK-2 and -3 (18). These results support the
idea that different regions on this face of MAPKs may
contribute to substrate selection.

The chimera p38/SAPK4-B/D, which showed SAPK4
substrate preferences, also had decreased activity
against ATF2, despite the fact that p38 and SAPK4 both
phosphorylate ATF2. This effect could be due to the sub-
stituted region of SAPK4 containing one amino acid less
than the equivalent p38 region (residue 121 in Fig. 4B),
which might alter the orientation of this region and hence
affect ATF2 binding. However, this spacing difference
cannot explain the preference of p38 for MAPKAPK-2
and -3, since SAPK3 is not missing an amino acid but is
also incapable of phosphorylating MAPKAPK-2 and -3.

We have shown here for the first time that substrate
specificity is determined by the both binding interac-
tion and through interaction with the P + 1 site. This
finding along with previous work (16, 33) suggests the
following mechanism of substrate phosphorylation.
First, unphosphorylated p38 binds the substrate. Upon
activation of p38 by phosphorylation of the activation
loop, ATP binds and the P + 1 site is formed. The P +
1 site then engages the bound substrate so that it can
be phosphorylated. It will be of interest to determine
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the detailed molecular interactions in these two re-
gions that contribute to substrate selectivity. The dis-
covery of a p38MAPK homologue with altered sub-
strate specificity opens up the possibility of conducting
studies in vivo that determine the role of its different
substrates in p38 induced cellular responses.
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