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MAP kinases (MAPKs) form a complex with MAPK
kinases (MAPKKs), MAPK-speci®c phosphatases
(MKPs) and various targets including MAPKAPKs.
These docking interactions contribute to regulation of
the speci®city and ef®ciency of the enzymatic reac-
tions. We have previously identi®ed a docking site on
MAPKs, termed the CD (common docking) domain,
which is utilized commonly for docking interactions
with MAPKKs, MKPs and MAPKAPKs. However,
the CD domain alone does not determine the docking
speci®city. Here we have identi®ed a novel site on p38
and ERK2 MAPKs that regulates the docking speci®-
city towards MAPKAPKs. Remarkably, exchange of
two amino acids in this site of ERK2 for correspond-
ing residues of p38 converted the docking speci®city
for MAPKAPK-3/3pk, which is a dominant target of
p38, from the ERK2 type to the p38 type, and vice
versa. Furthermore, our detailed analyses with a num-
ber of MAPKAPKs and MKPs suggest that a groove
in the steric structure of MAPKs, which comprises the
CD domain and the site identi®ed here, serves as a
common docking region for various MAPK-interact-
ing molecules.
Keywords: docking interaction/MAP kinase/
phosphorylation/speci®city

Introduction

Regulation of cellular functions and responses utilizes a
number of signal transduction pathways. Each pathway
should transduce signals with high ef®ciency and ®delity
in order to avoid unnecessary cross-talk. A recent advance
in the understanding of determinants for this ef®ciency and
®delity is the determination of the domains for protein±
protein interactions, such as SH2, SH3, PDZ, etc. (Pawson,
1995; Hunter, 2000; Pawson and Nash, 2000). Each
protein recognizes and interacts with speci®c partners
through these domains with various ef®ciencies. These
domains often form modular structures, and the amino
acid composition and sequence of the domains determine
the speci®city of the interactions.

Members of the MAP kinase (MAPK) family are known
to be activated by a wide variety of extracellular signals.
There are three major subgroups of the MAPK family:
ERK, p38 and JNK/SAPK. ERK is activated mainly by

growth factors and phorbol esters, and is associated with
cellular proliferation and differentiation. JNK/SAPK and
p38 are activated by extracellular stresses, such as UV
irradiation and osmotic stress, and by in¯ammatory
cytokines. Activation of these protein kinases leads to
variable responses, such as gene expression, cell prolifer-
ation, differentiation, cell cycle arrest, apoptosis, early
development, etc., depending on the cell type (Sturgill and
Wu, 1991; Ahn et al., 1992; Nishida and Gotoh, 1993;
Marshall, 1995; Kyriakis and Avuruch, 1996; Treisman,
1996; Robinson and Cobb, 1997; Ip and Davis, 1998;
Schaeffer and Weber, 1999). The MAPK pathways are
characterized by a cascade of multiple kinases: MAPK
kinase kinase (MAPKKK), MAPK kinase (MAPKK),
MAPK and MAPK-activated protein kinase (MAPKAPK).
Each MAPK has speci®c activators (MAPKKs) and
substrates (MAPKAPKs). For example, MEK1 is a
speci®c activator for ERK, and RSKs are speci®c
MAPKAPKs for ERK. The signal is transduced in the
form of the phosphorylation event from an upstream
kinase to a downstream one. The phosphorylation event,
the kinase reaction, must be ef®cient and speci®c in order
to avoid unnecessary cross-talk among the MAPK cas-
cades or with other signaling pathways. The molecular
basis for regulating the ef®ciency and ®delity of these
reactions, however, is poorly understood. It has been
reported recently that MAPKs form a stable complex with
cognate MAPKKs, MAPKAPKs and speci®c phospha-
tases, and that there is a good correlation between the
binding speci®city and the enzymatic speci®city; for
example, ERK forms a complex with RSKs, but p38 and
JNK/SAPK do not (Bardwell and Thorner, 1996; Fukuda
et al., 1997; Muda et al., 1998; Pulido et al., 1998; Xia and
Karin, 1998; Gavin and Nebreda, 1999; Holland and
Cooper, 1999; Jacobs et al., 1999; Smith et al., 1999;
Zuniga et al., 1999; Tanoue et al., 2000). This is surprising
because MAPKs form a globular structure without a
distinct motif beyond the kinase domain (Zhang et al.,
1994; Wilson et al., 1996; Wang et al., 1997). We have
shown that a C-terminal portion of MAPKs is utilized
commonly for binding to MAPKKs, MAPKAPKs and
phosphatases (Tanoue et al., 2000). We named this site the
CD (common docking) domain. The CD domain is
characterized by negatively charged amino acids
[Asp316 and Asp319 for ERK2 (rat), and Asp313,
Asp315 and Asp316 for p38a (human)], and is located
on the opposite side to the active center in the steric
structure of the molecules (see Figures 1B and 4A). The
corresponding MAPK-binding sites of MAPKKs,
MAPKAPKs and phosphatases are shown to exist outside
their catalytic domain in the primary sequence. Therefore,
such binding is not achieved by a transient enzyme±
substrate interaction through the active center. Thus, this
interaction is called the docking interaction, which was

Identi®cation of a docking groove on ERK and p38
MAP kinases that regulates the speci®city of
docking interactions
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Fig. 1. Structures of p38 and MAPKAPK-3/3pk. (A) Schematic representation of the primary structures of 3pk and p38. (B) Three-dimensional
structure of p38a. Yellow circles indicate acidic amino acids of the CD domain (Asp313, Asp315 and Asp316 for human p38a), and white circles the
ED site (Glu160 and Asp161 for human p38a). An asterisk indicates the position of the active center. An arrowhead indicates Glu163. See text for
details. This ®gure was made using RasMol, based on the crystallographic data (Wilson et al., 1996; Wang et al., 1997).

Table I. p38 mutants and ERK2 mutants used in this study

Name of mutant Mutations introduced

p38 p38 CDm 308FAQYHDPDDEPVA320 ® FAQYHNPNNEPVA
p38 ETDT 154SNLAVNEDCELKIL167 ® SNLAVNTTCELKIL
p38 all 154SNLAVNEDCELKIL167 ® SNLAVNTTCELKIL

308FAQYHDPDDEPVA320 ® FAQYHNPNNEPVA
ERKL-p38 154SNLAVNEDCELKIL167 ® SNLAVNTTCELKIL

308FAQYHDPDDEPVA320 ® FAQYHDPSDEPVA
ERK2 ERK2 CDm 316LEQYYDPSDEPVA328 ® LEQYYNPSNEPVA

ERK2 SD 316LEQYYDPSDEPVA328 ® LEQYYDPDDEPVA
ERK2 TETD 156SNLLLNTTCDLKIC169 ® SNLLLNEDCDLKIC
p38L-ERK2 156SNLLLNTTCDLKIC169 ® SNLLLNEDCDLKIC

316LEQYYDPSDEPVA328 ® LEQYYDPDDEPVA

The numbers shown are the sequences of Xenopus ERK2 and human p38a.

A docking groove on MAPKs
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®rst described by Kallunki et al. (1996). Conceptually, the
recognition between MAPKs and the interacting mol-
ecules involves both the docking interaction and the
transient enzyme±substrate interaction through the active
center, and the docking interaction may help to regulate
the ef®ciency and speci®city of the enzymatic reactions.
Previous studies have demonstrated that the ef®ciency of
these enzymatic reactions is regulated by the docking
interactions (Muda et al., 1998; Xia and Karin, 1998;
Gavin et al., 1999; Smith et al., 1999; Tanoue et al., 2000).

The next open question is how the speci®city of the
docking interactions of MAPKs is determined. Because

the CD domain alone did not fully explain the difference in
the docking speci®city among different MAPKs (Tanoue
et al., 2000), we hypothesized the existence of another
region that might regulate the speci®city. In this study, we
have identi®ed a novel site on MAPKs, near the CD
domain in the steric structure, which determines the
docking speci®city towards MAPKAPKs. Surprisingly,
exchange of only two amino acids in this site of p38 and
ERK (Glu160 and Asp161 in p38, and Thr157 and Thr158
in ERK2) converts the docking speci®city. We named this
site the ED site. The ED site is also located on the opposite
side from the active center and utilized differently for
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docking interactions with each interacting molecule.
Furthermore, we show here that amino acid substitutions
in the CD domain also lead to changes in the docking
af®nity of p38 and ERK2 for various MAPKAPKs. We
then propose a model in which a groove in the steric
structure of MAPKs, which comprises the CD domain and
the ED site, serves as a common docking groove. Every
MAPK-interacting molecule may bind to this docking
groove. However, each amino acid residue in the docking
groove is involved differently in each docking interaction.
Thus, this study de®nes the molecular basis for determin-
ing the speci®city and strength of docking interactions of
MAPKs.

Results

Identi®cation of a novel docking site on p38a for
MAPKAPK-3/3pk
We have shown previously that the CD domain on p38
MAPK, which is characterized by three aspartic acids
(Asp313, Asp315 and Asp316; see Table I), is utilized
commonly for docking to MKK6 (p38 activator), MKP-5
(a member of the MKPs) and MNK1 (a member of the
MAPKAPKs) (Tanoue et al., 2000). To examine whether
the CD domain is also utilized for docking to
MAPKAPK-3/3pk (see Figure 1A), the other member of
the MAPKAPKs that is speci®c for p38, we performed a
co-immunoprecipitation binding assay. Wild-type p38 co-
immunoprecipitated well with wild-type 3pk (Figure 2A,
lane 2). When a mutant p38 (p38 CDm), in which the three
aspartic acids in the CD domain were replaced by
asparagines (see Table I), was assayed, the docking ability
was reduced compared with wild-type p38, but the p38
CDm still bound to 3pk signi®cantly (Figure 2A, lane 5).
This result suggested the possibility that a site different

from the CD domain might also participate in the docking
interaction. As the C-terminal portion shows the greatest
diversity in primary sequence among members of the
MAPK family, we ®rst assumed that a cluster of
negatively charged amino acids [Asp354, Glu356,
Glu357 and Glu359 (for human p38)], which is located
in the most C-terminal portion of the molecule, might be
involved in regulation of the docking interaction.
However, even when all these four negatively charged
amino acids of this region, in addition to the three aspartic
acids of the CD domain, were replaced by asparagine or
glutamine, the docking ability of this mutant p38 to 3pk
was almost the same as that of p38 CDm (data not shown).
Thus, this most C-terminal region may not be involved in
the docking interaction. We then noticed another cluster of
negatively charged amino acids [Glu160 and Asp161 (for
human p38)] near the CD domain in the steric structure of
p38 (see Figure 1B). We tentatively named this site the ED
site. To test the possible involvement of the ED site in the
docking interaction, we constructed a mutant form of p38
in which Glu160 and Asp161 were replaced by threonines
(p38 ETDT). p38 ETDT also showed a decreased ability to
bind to 3pk compared with wild-type p38 (Figure 2A,
lane 4). Furthermore, when both the CD domain and the
ED site were mutated (p38 all), the binding was almost
completely lost (Figure 2A, lane 6). Glutathione
S-transferase (GST) pull-down assays using bacterially
expressed GST±3pk protein gave essentially the same
results (Figure 2B, upper panels). In addition, the
bacterially expressed wild-type GST±p38 also bound
directly to the bacterially expressed His-3pk in vitro and
the GST±p38 all showed much weaker af®nity for His-3pk
(Figure 2B, lower panels). Thus, both the CD domain and
the ED site are important for the docking interaction. Next,
to show that a putative p38 docking site of 3pk is indeed a

Fig. 2. Glu160 and Asp161 of p38a are necessary for the docking interaction with 3pk. (A) Lysates of NIH 3T3 cells co-transfected with the indicated
combinations of constructs were immunoprecipitated with anti-Myc antibody. Co-immunoprecipitated wild-type (wt) and mutant forms of p38 were
detected [upper panel, aHA (IP)]. The expression levels of p38 in each sample were similar [middle panel, aHA (whole)]. Comparable amounts of
3pk were immunoprecipitated in each lane [lower panel, aMyc (IP)]. Similar results were obtained in three different experiments. (B) An equal
amount (7 mg) of GST or GST±3pk was incubated with each lysate from NIH 3T3 cells expressing HA-wild-type (wt) or mutant forms of p38 (upper
two panels). The proteins were precipitated with glutathione±Sepharose beads and analyzed by immunoblotting with anti-HA antibody (aHA).
Comparable amounts of p38 were expressed [aHA (whole)]. Similar results were obtained in three different experiments. The direct binding between
p38 and 3pk in vitro was examined using GST±p38 and His-3pk (lower two panels). GST fusions of p38 and His-3pk were expressed in bacteria and
puri®ed by the method described previously (Tanoue et al., 2000). Puri®ed His-3pk (1 mg) was mixed with puri®ed GST±p38 wt (~1 mg) or GST±p38
all (~1 mg) in a solution containing 50 mM HEPES pH 7.4 and 150 mM NaCl, and incubated for 1 h at 4°C. His-3pk was then precipitated with
Probond resin (Invitrogen) and co-precipitated GST±p38 was detected by immunoblotting with anti-GST antibody (bound). (C) The binding between
wild-type p38 and wild-type or mutant 3pk was examined by GST pull-down assay. An equal amount (10 mg) of GST or GST±p38 was incubated
with each lysate from NIH 3T3 cells expressing Myc-wild-type (wt) 3pk or a mutant (mut) 3pk. Co-precipitated 3pk was detected (upper panel,
aMyc). Comparable amounts of 3pk were expressed [lower panel, aMyc (whole)]. Similar results were obtained in three different experiments.
(D) The binding between the mutant forms of p38 and the C-terminal portion of 3pk (residues 326±382) (GST±3pk Ct) was examined by GST pull-
down assay. An equal amount (30 mg) of GST or GST±3pk Ct was incubated with each lysate from NIH 3T3 cells expressing HA-wild-type (wt) or
mutant forms of p38. Co-precipitated p38 was detected (upper panel, aHA). Comparable amounts of p38 were expressed [lower panel, aHA (whole)].
Similar results were obtained in three different experiments. (E) NIH 3T3 cells transfected with either SRa-Myc-wild-type 3pk (wt) or SRa-Myc-
mutant 3pk (mut) were exposed to 0.5 M NaCl for 15 min. Immunoprecipitated 3pk activity was measured using MBP as substrate (Activity).
Comparable amounts of endogenous p38 were activated in both cell types after the stimulation (a-p-p38). Comparable amounts of 3pk were
immunoprecipitated (aMyc). Similar results were obtained in three different experiments. (F) The ability of p38 to phosphorylate the docking-
de®cient 3pk (3pk mut) in vitro. Myc-3pk (wt) or Myc-3pk (mut) was prepared by immunoprecipitation from cells transfected with each construct.
Activated p38 was prepared by incubating with His-tagged MKK6. The fold phosphorylation rates are shown (fold). Similar results were obtained in
three different experiments. (G) The ability of the mutant forms of p38 to phosphorylate GST±3pk in vitro. Various forms of HA-tagged p38 were
prepared by immunoprecipitation from COS7 cells transfected with each construct. The expression levels of the mutant forms of p38 are shown (IP).
The p38 in the immunoprecipitates was then activated in vitro by incubating with His-tagged MKK6 (for 1 h at 37°C). Comparable phosphorylation
levels of various forms of p38 were com®rmed by immunoblotting with anti-phospho-p38 (a-p-p38). The phosphorylation of MBP by these
phosphorylated (thus activated) forms of p38 is shown (MBP). The rate of GST±3pk phosphorylation relative to that of MBP was quanti®ed and the
value relative to the wild-type p38 is shown (3pk/MBP). (H) Quanti®cation of the data from four independent experiments of (G).
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docking site, we constructed a mutant 3pk in which ®ve
consecutive basic amino acids (KRRKK) in the putative
docking site were replaced by methionines (3pk mut, see
Figure 1A), and examined its docking ability. Whereas
wild-type 3pk co-immunoprecipitated with wild-type p38,
the mutant 3pk did not (Figure 2A). This result was also
con®rmed by the GST pull-down assay using bacterially
expressed GST±p38 protein (Figure 2C). We then per-
formed the GST pull-down assay using a fusion between
GST and a C-terminal portion of 3pk (residues 326±382).
While wild-type p38 co-precipitated well with this frag-
ment of 3pk, p38 ETDT, p38 CDm and the double mutant
(p38 all) did not (Figure 2D). These results suggest that the
C-terminal, basic region of 3pk serves as a direct docking
site for p38. However, we cannot exclude the possibility

that the other site of 3pk might also participate in the
docking interaction between 3pk and p38, because the
C-terminal portion of 3pk bound to p38 more weakly than
full-length 3pk (see Figure 2B and D).

Both the CD domain and the ED site of p38 are
essential for the optimal, ef®cient activation of 3pk
We showed previously that the docking interactions
through the CD domain were indispensable for the
ef®cient enzymatic reactions between MAPKs and various
MAPK-interacting molecules (Tanoue et al., 2000). Thus,
we examined whether both the CD domain and the ED site
of p38 are required for the ef®cient phosphorylation of
3pk. As shown in Figure 2G and H, the ability of both
mutants p38 ETDT and p38 CDm to phosphorylate 3pk

Fig. 3. The possible role of the docking interaction in the subcellular localization of 3pk. (A) Subcellular localization of a GFP-tagged C-terminal
portion of 3pk (residues 326±382) (GFP±3pk Ct) in cultured cells. NIH 3T3 cells were transfected with GFP±3pk Ct. The cells were treated with
leptomycin B (LMB, 8 ng/ml) for 40 min (right panel). (B) The subcellular localization of GFP-tagged wild-type 3pk (3pk wt) or a GFP-tagged
docking-de®cient 3pk (3pk mut) in cultured cells. The cells were stimulated with osmotic stress (0.4 M sorbitol) for 20 min (right panels).
(C) Subcellular localization of GFP-tagged wild-type 3pk in the absence or presence of overexpressed wild-type p38 (p38 wt), kinase-negative p38
(p38 KD) or p38 all (p38 all). Lys53 was replaced by methionine in the kinase-negative form of p38. p38 KD, p38 all and p38 wt showed the same
pan-cellular localization (data not shown). (D) Quanti®cation of the data from three independent experiments in (C). The three experiments gave
essentially the same results. The cells in which the concentration of GFP±3pk in the nucleus was much higher than that in the cytoplasm (see C, 3pk
alone) were regarded as the cells showing `nuclear localization of GFP±3pk', and are shown as percentages of total cells examined. In each case, 300
cells were examined in total. Comparable amounts of HA-p38 were expressed (lower panel, representative of three experiments).
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was markedly decreased compared with that of wild-type
p38, and the double mutant showed the lowest ability,
whereas all the mutant forms of p38 exhibited almost the
same ability as wild-type p38 to phosphorylate myelin
basic protein (MBP), which appears not to have a docking

site. The decrease in the ability to phosphorylate 3pk
correlated roughly with the decrease in the docking af®nity
(see Figure 2A, B, G and H). These results thus suggest
that both the CD domain and the ED site are required for
the ef®cient phosphorylation of 3pk by p38. We then

Fig. 4. Glu160 and Asp161 in p38 and Thr157 and Thr158 in ERK2 are the determinants for the docking speci®city towards 3pk. (A) Three-
dimensional structure of ERK2. A yellow circle indicates the CD domain (Asp316 and Asp319 for rat ERK2, and Asp321 and Asp324 for Xenopus
ERK2). A white circle indicates the site corresponding to the ED site of p38 (Thr157 and Thr158 for rat ERK2, and Thr162 and Thr163 for Xenopus
ERK2). This ®gure was made using RasMol, based on the crystallographic data (Zhang et al., 1994). (B) The primary sequences of the ED site (or the
TT site) and the CD domain of p38 and ERK2. The numbers shown are the sequences of Xenopus ERK2 and human p38. (C) The binding of p38-like
ERK2 (p38L-ERK2) to 3pk. Lysates of NIH 3T3 cells co-transfected with the indicated combinations of constructs were immunoprecipitated with
anti-Myc antibody. Co-immunoprecipitated wild-type (wt) p38, wild-type (wt) ERK2 or p38-like ERK2 (p38L-ERK2) were detected [upper panel,
aHA (IP)]. The expression levels of these HA-tagged constructs were similar [middle panel, aHA (whole)]. Comparable amounts of 3pk were
immunoprecipitated in each lane [lower panel, aMyc (IP)]. Similar results were obtained in three different experiments. (D) The binding of the mutant
forms of ERK2 to 3pk. Lysates of NIH 3T3 cells co-transfected with the indicated combinations of constructs were immunoprecipitated with anti-Myc
antibody. Co-immunoprecipitated wild-type or the mutant forms of ERK2 were detected [upper panel, aHA (IP)]. The expression levels of these HA-
tagged constructs were similar [middle panel, aHA (whole)]. Comparable amounts of 3pk were immunoprecipitated in each lane [lower panel, aMyc
(IP)]. Similar results were obtained in three different experiments. (E) The ability of wild-type ERK2 (w) or p38-like ERK2 (m) to phosphorylate 3pk
in vitro (upper panel). GST±3pk was produced in bacteria. The GST portion was cut off by precision protease treatment, and the remaining 3pk was
used as substrate. The amount of 3pk used was 6, 3, 2, 1 or 0.5 mg in 20 ml of reaction buffer, as indicated. The HA-tagged wild-type ERK2 or the
HA-tagged p38-like ERK2 was expressed in DB-Raf:ER cells (Pritchard et al., 1995) and activated by estrogen treatment. The activated ERK2
constructs were then immunoprecipitated and used. Comparable amounts were immunoprecipitated (data not shown), and they showed comparable
kinase activity towards MBP (lower panel; left, wild-type ERK2; right, p38-like ERK2). Similar results were obtained in three different experiments.
(F) Activation of 3pk in cells by wild-type ERK2 or p38-like ERK2. NIH 3T3 cells co-transfected with SRa-Myc 3pk and SRa-HA-tagged wild-type
(wt) ERK2 or HA-tagged p38-like ERK2 (p38L-ERK2) were serum deprived and then stimulated by 10% FCS for 15 min. Myc-3pk was then
immunoprecipitated and assayed for kinase activity using MBP as substrate (upper panel, MBP). To remove co-precipitated ERK2, the immuno-
precipitated 3pk was washed extensively with a high-salt buffer before kinase assay. Comparable amounts of 3pk were immunoprecipitated in each
lane [middle panel, aMyc (IP)]. Comparable amounts of ERK2 were expressed in each lane [lower panel, aHA (whole)].
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tested a docking-de®cient mutant of 3pk. The mutant 3pk
was not signi®cantly activated in response to osmotic
stress, although we could not measure the fold activation
of the docking-de®cient 3pk after osmotic stress accur-
ately because the activity was too low to quantitate
(Figure 2E). The phosphorylation rate by p38 in vitro was
also decreased greatly in the docking-de®cient 3pk
(Figure 2F). These results, taken together, suggest the
importance of the docking interaction in the ef®cient
phosphorylation and activation of 3pk by p38.

The docking interaction regulates the subcellular
localization of 3pk
It has been reported that MAPKAPK-2 has a nuclear export
signal (NES) sequence and a putative nuclear localization
signal (NLS) in tandem in the C-terminal portion. Under
unstimulated conditions, MAPKAPK-2 is present in the
nucleus, and upon stimulation it becomes phosphorylated
by p38 and is consequently exported from the nucleus
probably due to unmasking of its NES (Ben-Levy et al.,
1998; Engel et al., 1998). The primary sequence of 3pk is
similar to that of MAPKAPK-2, and both the NES and

NLS-like sequences are conserved in 3pk (Engel et al.,
1998; see Figure 1A). To test whether the putative NES and
NLS of 3pk are functional, we constructed a fusion [green
¯uorescent protein (GFP)±3pk Ct] between GFP and a
C-terminal portion of 3pk (residues 326±382) that contains
both the NES and NLS-like sequences. When expressed in
NIH 3T3 cells, GFP±3pk Ct localized in the cytoplasm
(Figure 3A, left), suggesting that the activity of the NES, if
exposed, is stronger than that of the NLS. When the cells
were treated with leptomycin B (a speci®c inhibitor of
NES-mediated active nuclear export), GFP±3pk Ct
translocated to the nucleus and accumulated there
(Figure 3A, right). Thus, 3pk has both the NES and NLS
in the C-terminal portion, like MAPKAPK-2. Next, we
examined the subcellular localization of full-length 3pk
before and after osmotic stress. GFP-tagged wild-type 3pk
was present in the nucleus before stimulation and
translocated to the cytoplasm after osmotic stress
(Figure 3B, 3pk wt). Since this behavior is identical to
that of MAPKAPK-2 (Engel et al., 1998), it is likely that
the stimulus-dependent change in the subcellular localiza-
tion of 3pk is also caused by the phosphorylation by p38.

Fig. 5. Involvement of the ED site in the docking interaction of MAPKs with MSK2 and PRAK. (A) The binding of the mutant forms of p38 to
MSK2. Lysates of NIH 3T3 cells co-transfected with the indicated combinations of constructs were immunoprecipitated with anti-Flag antibody for
Flag-MSK2. Co-immunoprecipitated wild-type p38 (wt) and mutant forms of p38 (HA-tagged) were detected [upper panel, aHA (IP)]. The expression
levels of p38 in each sample were similar [middle panel, aHA (whole)]. Comparable amounts of Flag-MSK2 were immunoprecipitated in each lane
[lower panel, aFlag (IP)]. pMT-Flag-MSK2 was used. Similar results were obtained in three different experiments. (B) The binding of p38-like ERK2
or ERK2-like p38 to MSK2 was examined as in (A). Similar results were obtained in three different experiments. (C) The binding of the mutant forms
of ERK2 to MSK2 was examined as in (A). SRa-HA-wild-type ERK2, HA-ERK2 SD, HA-ERK2 TETD and HA-p38-like ERK2 were used. Similar
results were obtained in three different experiments. (D) The binding of the mutant forms of p38 and ERK2 to PRAK was examined as in (A). SRa-
Myc-PRAK was used. A longer exposure of the most upper panel is shown in the second upper panel [aHA (IP) long exp]. Similar results were
obtained in three different experiments.
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When the docking-de®cient mutant of 3pk (3pk mut) was
examined for its subcellular distribution, it localized in
both the nucleus and the cytoplasm under unstimulated
conditions, and this distribution did not change after stress
stimulation (Figure 3B, 3pk mut). The pan-cellular local-
ization of 3pk mut before stimulation may be due to the
partial disruption of NLS by docking-disrupting mutagen-
esis, as the ®ve basic amino acids (residues 364±368; see
Figure 1A) are essential for both the docking and the NLS.
The inability to change its localization upon stimulation
may be due to the inability of 3pk mut to be phosphorylated
by p38, suggesting that the docking interaction is essential
for the phosphorylation of 3pk by p38 in cells.

As the p38 docking site of 3pk overlaps the NLS (see
Figure 1A), when co-expressed with p38, wild-type 3pk
must have the same localization pattern as the docking-
de®cient 3pk because the NLS sequence might be masked
by the docking of p38; this was found to be the case. As
shown in Figure 3C and D, GFP±3pk became localized in
both the nucleus and the cytoplasm when co-expressed
with wild-type (p38 wt) or kinase-negative p38 (p38 KD).
In contrast, co-expression of the docking-de®cient p38
(p38 all) did not induce the pan-cellular localization of
3pk; 3pk remained in the nucleus. All these results are
consistent with our argument that the docking interaction
between p38 and 3pk is achieved through the direct
interaction of the C-terminal portion of 3pk (the NLS-like
sequence) with the CD domain and the ED site on p38.

The ED site regulates the docking speci®city
The amino acid residues in ERK2 that correspond to the
ED site (Glu160 and Asp161) of p38 are Thr157 and
Thr158 (for rat ERK2) (Figure 4B). They are also expected
to be surface exposed and to be localized in a position
almost identical to that of the ED site on p38 in the steric
structure (see Figures 4A and 1B, right). Glutamic acid and
aspartic acid are negatively charged, whereas threonine is
not. As we have shown previously that the electrostatic
interaction is important for the docking interactions of
MAPKs (Tanoue et al., 2000), we then postulated that
these two amino acids might regulate the docking
speci®city of ERK2 and p38. We ®rst constructed a
mutant ERK2 (ERK2 TETD), in which the two threonines
were replaced by glutamic acid and aspartic acid,
respectively. While wild-type ERK2 did not bind to 3pk
in the co-immunoprecipitation assay, ERK2 TETD bound
signi®cantly (Figure 4D, lane 4), indicating the importance
of the ED site in docking to 3pk. In the CD domain, p38
has three acidic amino acids (Asp313, Asp315 and
Asp316) that are surface exposed, while the residue
corresponding to Asp315 is serine in ERK2 (Figure 4B and
see Tanoue et al., 2000). We then constructed a mutant
ERK2 (ERK2 SD), in which this serine was replaced by
aspartic acid. ERK2 SD bound to 3pk, although its binding
ability was much weaker than that of ERK2 TETD
(Figure 4D, lanes 3 and 4). When both mutations (TETD
and SD) were introduced, the resulting ERK2 (termed p38-
like ERK2) bound to 3pk more strongly than ERK2 TETD
(Figure 4D, lane 5). The binding ability of p38-like ERK2
(p38L-ERK2) was comparable to that of p38 (Figure 4C).
Thus, both the ED site and the CD domain play a role in
regulating the docking interaction, and the ED site
contributes more to regulation of the docking speci®city

towards 3pk. In agreement with this, the mutant p38 (p38
ETDT), in which the ED site sequence of p38 was changed
into the ERK2 sequence, bound to 3pk much more weakly
than wild-type p38, although the binding was not
completely lost (Figure 2A and B).

We next examined the ef®ciency of the enzymatic
reaction. Activated wild-type ERK2 and activated p38-
like ERK2 were prepared and assayed for the ability to
phosphorylate 3pk in vitro. As shown in Figure 4E, p38-
like ERK2 (m) had stronger enzymatic activity than wild-
type ERK2 (w), whereas both had comparable kinase
activity towards MBP, which appears not to have a
MAPK-docking site. When co-expressed in cells, p38-like
ERK2 activated 3pk more strongly than wild-type ERK2
(Figure 4F). However, the difference was modest, prob-
ably because endogenous p38 and ERKs might affect the
result; for example, the activity of endogenous molecules
might be inhibited to different extents by the two
exogenously expressed molecules.

A docking groove on p38 and ERK MAPKs
We extended our analyses to other p38-speci®c
MAPKAPKs, MSK2 and PRAK (Deak et al., 1998; New
et al., 1998; Pierrat et al., 1998). In the co-immunopre-
cipitation assay, MSK2 bound to wild-type p38, but not to

Fig. 6. Docking interactions of p38 and ERK2 with RSK2. (A) The
binding of the mutant forms of p38 and ERK2 to RSK2. Lysates of
NIH 3T3 cells co-transfected with the indicated combinations of
constructs were immunoprecipitated with anti-Myc antibody for Myc-
RSK2. Co-immunoprecipitated HA-ERK2 wt, HA-p38L-ERK2, HA-
p38 wt and HA-ERK2L-p38 were detected [upper panel, aHA (IP)].
The same membrane was exposed for a longer time (long exp). The
expression levels of these HA-tagged constructs were similar [middle
panel, aHA (whole)]. Comparable amounts of Myc-RSK2 were
immunoprecipitated in each lane [lower panel, aMyc (IP)]. Similar
results were obtained in three different experiments. (B) The binding of
ERK2 CDm to RSK2 was examined as in (A). Similar results were
obtained in three different experiments.
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wild-type ERK2 (Figure 5B). The CD domain of p38 was
essential for the docking (Figure 5A). p38 ETDT showed
almost the same ability to bind to MSK2 as wild-type p38
(Figure 5A), and ERK-like p38 showed a marked decrease
in this ability (Figure 5B). Although ERK2 SD did not
bind to MSK2, like wild-type ERK2, ERK2 TETD bound
MSK2 slightly. Moreover, p38-like ERK2 bound to MSK2
more strongly than ERK2 TETD (Figure 5C). Thus, both
the CD domain and the ED site regulate the docking
speci®city of p38 and ERK2 towards MSK2.

PRAK bound to wild-type p38, but not to wild-type
ERK2 (Figure 5D). The CD domain of p38 was essential
for the docking. The mutation in the ED site of p38 induced
a dramatic decrease in the docking ability (p38 ETDT), and
p38-like ERK2 bound to PRAK slightly more strongly than

wild-type ERK2 (Figure 5D). Thus, in the case of PRAK,
both the CD domain and the ED site are important for
determining the docking speci®city, but amino acid
residues other than those of ED (TT) and the CD domain
may also participate in regulating the speci®city.

We next examined RSK2, a MAPKAPK speci®c for
ERK2. RSK2 bound to ERK2, but not to p38 (Figure 6A).
The CD domain of ERK2 was essential for the docking
(Figure 6B). p38-like ERK2 showed a decreased ability to
bind to RSK2, whereas ERK-like p38 did not bind to
RSK2. Thus, the amino acids in the ED site and the CD
domain are not the only determinants of the docking
speci®city.

We next examined MSK1 and MNK1, members of the
MAPKAPK subfamily that are speci®c for both p38 and

Fig. 7. Docking interactions of p38 and ERK2 with MSK1 or MNK1. (A) The binding of the mutant forms of p38 to MSK1. Lysates of NIH 3T3 cells
co-transfected with the indicated combinations of constructs were immunoprecipitated with anti-Flag antibody for Flag-MSK1. Co-immunoprecipitated
HA-p38 wt, HA-p38 ETDT, HA-p38 CDm and HA-p38 all were detected [upper panel, aHA (IP)]. The expression levels of these HA-tagged
constructs were similar [middle panel, aHA (whole)]. Comparable amounts of Flag-MSK1 were immunoprecipitated in each lane [lower panel, aFlag
(IP)]. pMT-Flag-MSK1 was used. Similar results were obtained in three different experiments. (B) The binding of p38-like ERK2 or ERK2-like
p38 to MSK1 was examined as in (A). SRa-HA-ERKL-p38 and SRa-HA-p38L-ERK2 were used. Similar results were obtained in three different
experiments. (C) The binding of ERK2 CDm to MSK1 was examined as in (A). Similar results were obtained in three different experiments. (D) The
binding of the mutant forms of ERK2 to MSK1 was examined as in (A). SRa-HA-ERK2 wt, SRa-HA-ERK2 SD, SRa-HA-ERK2 TETD and SRa-
HA-p38L-ERK2 were used. Similar results were obtained in three different experiments. (E) The binding of the mutant forms of p38 and ERK2 to
MNK1. Myc-tagged MNK1 was expressed. Similar results were obtained in three different experiments.
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ERK2 (Fukunaga and Hunter, 1997; Waskiewicz et al.,
1997; Deak et al., 1998; New et al., 1999). MSK1 bound to
both wild-type p38 and wild-type ERK2 (Figure 7B). The
CD domain was essential for the MSK1 docking to p38
and ERK2 (Figure 7A and C). p38 ETDT and ERK-like
p38 showed an increased ability to bind to MSK1
compared with wild-type p38, while ERK2 SD, ERK2
TETD and p38-like ERK2 also showed an increased
ability in docking to MSK1 compared with wild-type
ERK2 (Figure 7D). MNK1 also bound to both wild-type
p38 and wild-type ERK2, and the CD domain was
essential (Tanoue et al., 2000). ERK-like p38 showed a
decreased docking ability compared with wild-type p38,
and p38-like ERK2 also showed a decreased docking
ability compared with wild-type ERK2 (Figure 7E).
Therefore, in the case of these two p38- and ERK-speci®c
MAPKAPKs, the docking interactions require the CD
domain, and changes in amino acid compositions or
sequences in the ED site and the CD domain could affect
the docking af®nity.

The above results taken together suggest that a region
comprising both the ED site and the CD domain on p38

and ERK MAPKs is a docking surface for MAPKAPKs.
By looking at the steric structure of p38 and ERK2, we
found that there is a groove comprising both the CD
domain and the ED (TT) site (see Figures 1B and 4A). We
propose that the overall structure of this groove and the
location and number of charged amino acids in the groove
are important for determining both the docking speci®city
and the af®nity of docking interactions (see Figure 9). We
call this groove a docking groove. It is likely that each
amino acid residue in the docking groove is utilized
differently in each docking interaction.

The docking groove is also utilized in the docking
interaction between MAPKs and MKPs
We examined the docking between MAPKs and MKP-5 or
MKP-3. MKP-5 is a dual-speci®city phosphatase speci®c
for p38 and JNK/SAPK (Tanoue et al., 1999). While wild-
type p38 bound strongly to MKP-5, wild-type ERK2
bound only slightly to MKP-5. p38-like ERK2 bound to
MKP-5 slightly more strongly than wild-type ERK2, and
p38 ETDT showed almost the same ability to bind to
MKP-5 as wild-type p38 (Figure 8A). MKP-3 is a dual-
speci®city phosphatase speci®c for ERK (Muda et al.,
1998). MKP-3 bound to wild-type ERK2, but not to p38
(Figure 8B). p38-like ERK2 lost the ability to bind to
MKP-3, although p38 ETDT did not bind to MKP-3
(Figure 8B). It was shown previously that the CD domain
is indispensable for the docking interaction between
MAPKs and MKP-5 or MKP-3 (Tanoue et al., 2000).
Collectively, these results indicate that the docking groove
of p38 and ERK MAPKs may also be utilized for the
docking interactions with MKPs, and that each amino acid
in both the ED (TT) site and the CD domain may affect the
docking speci®city in a distinct way.

Discussion

In this study, we have identi®ed a novel site (termed the
ED site) on p38 (Glu160 and Asp161 of human p38) that is
needed for the docking interactions with several
MAPKAPKs. Furthermore, this site on p38 and the
corresponding site on ERK2 (Thr156 and Thr157 of rat
ERK2) are shown to regulate the docking speci®city of
p38 and ERK2 for MAPKAPKs. Thus, when the two
amino acid residues of ERK2, Thr157 and Thr158, were
replaced by glutamic acid and aspartic acid, respectively,
ERK2 bound to 3pk and MSK2, indicating that the
exchange of amino acids in the ED site converts the
docking speci®city of ERK2 to that of the p38 type.
However, the reverse exchange in p38 did not convert the
docking speci®city of p38 toward RSK2 from the p38 type
to the ERK2 type. This implies that the other amino acid
residues also participate in the docking interaction. The
amino acids comprising the CD domain and the ED site
form a groove-like structure in the steric structure of p38
and ERK2 (see Figures 1B and 4A). Thus, we propose the
concept of a docking groove (see Figure 9). The structural
difference in the docking groove between p38 and ERK2
might affect both the af®nity and speci®city of docking.
Each amino acid residue in the docking groove appears to
contribute differently to each docking interaction. In
agreement with this idea, although the CD domain is

Fig. 8. Involvement of the ED site in the docking interaction of
MAPKs with MKPs. (A) The binding of the mutant forms of p38 and
ERK2 to MKP-5. Lysates of NIH 3T3 cells co-transfected with the
indicated combinations of constructs were immunoprecipitated with
anti-Myc antibody for Myc-MKP-5. Co-immunoprecipitated HA-p38
wt, HA-p38 ETDT, HA-ERK2 wt and HA-p38L-ERK2 were detected
[upper panel, aHA (IP)]. The same membrane was exposed for a
longer time (long exp). The expression levels of these HA-tagged
constructs were similar [middle panel, aHA (whole)]. Comparable
amounts of Myc-MKP-5 were immunoprecipitated in each lane [lower
panel, aMyc (IP)]. SRa-Myc-MKP-5 was used. Similar results were
obtained in three different experiments. (B) The binding of the mutant
forms of p38 and ERK2 to MKP-3. SRa-Myc-MKP-3 was used.
Similar results were obtained in three different experiments.
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important in the same way for all the docking interactions
between MAPKs and MAPKAPKs examined in this study,
the ED site is involved differently in each interaction. For
example, while the mutation of the ED site of p38 (Glu160
and Asp161 were replaced by threonines) weakened its
docking interaction with PRAK, the same mutation
strengthened the docking interaction with MSK1.
However, not only the ED site but also the CD domain
is important for regulating the docking speci®city of p38
and ERK2. For example, ERK2 SD, in which the CD
domain of ERK2 was converted to that of p38, was able to
bind to 3pk, like p38, while wild-type ERK2 was unable to
bind to 3pk. In addition, the conversion of both the CD
domain and the ED (TT) site of ERK2 to those of p38
converted the docking speci®city of ERK2 towards MSK2
to that of p38. Moreover, it is likely that other amino acids
near the CD domain and the ED site within the docking
groove are also involved in the docking interactions. The
difference in the amino acid composition and sequence of
the MAPK docking sites of the MAPK-interacting mol-
ecules (MAPKKs, MKPs and MAPKAPKs) might affect
the speci®city and af®nity of their docking interactions
with the docking groove of MAPKs.

Asp319 (in rat ERK2) in the CD domain is mutated to
asparagine in the sevenmaker mutant of Drosophila ERK/
Rolled (Brunner et al., 1994). It has been reported recently
that a mutation of Asp160 (in rat ERK2) to asparagine
leads to a phenotype similar to that of the sevenmaker
mutant (Lim et al., 1999), suggesting involvement of
Asp160 in the docking interaction. Asp160 (see Figure 4A,
arrowhead) is located adjacent to Thr158 of the ED (TT)
site in the steric structure of ERK2 (Figure 4B). The

corresponding amino acid in p38 is Glu163 (see Figure 1B,
right, arrowhead). It is clear that both Asp160 of ERK2
and Glu163 of p38 are located within the docking groove
and are expected to be surface exposed (see Figure 9).
Therefore, this recent observation is consistent with our
idea of a docking groove.

Does the docking interaction alone determine the
substrate speci®city?
Previously, it was reported that the N-terminal portion
(Cdc25-like domain) of dual-speci®city phosphatases
(MKP-3 and M3/6) determines both the docking speci®-
city and the enzymatic speci®city (Muda et al., 1998). This
is a case where the docking interaction determines the
enzymatic speci®city. It was reported, on the other hand,
that multiple regions of ERK2 and p38 are important for
the determination of the enzymatic speci®city of upstream
kinases (MAPKKs) towards MAPKs (Brunet and
Pouyssegur, 1996; Wilsbacher et al., 1999). Recently it
has been shown that the substitution of amino acid residues
within the T-loop of p38b2 greatly affects the activat-
ability by MKK3 (Enslen et al., 2000), indicating the
importance of the transient enzyme±substrate interaction
in determining the substrate speci®city. Our results here
suggest that the docking interaction through the docking
groove helps to regulate the speci®city of the enzymatic
reaction towards MAPKAPKs in most cases, but is not the
sole determinant for the substrate speci®city.

The docking interactions in the MAPK cascades
The docking groove is located on the opposite side of the
active center in the steric structure. Thus, the docking

Fig. 9. Schematic representation of the docking groove. The three-dimensional structures of the docking pocket of p38 and ERK2 are shown (upper
panels). The CD domain and the ED (TT) site are indicated. The arrows indicate Glu163 of p38 or Asp160 of ERK2. See text for details.
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interaction is different from the transient enzyme±
substrate interaction achieved through the active center.
It has been shown that several enzymes need a co-factor(s)
or a speci®c interaction sequence of their own for an
ef®cient and speci®c enzymatic reaction. For example,
PP2A requires speci®c co-factors or subunits to recognize
each substrate (Millward et al., 1999), and PDK1 has a
hydrophobic docking pocket for the interaction with its
substrates, PKA, PKCz and PRK2 (Balendran et al., 2000;
Ricardo et al., 2000). However, it is not known whether
such interactions besides the transient enzyme±substrate
interaction through the active center are always necessary
for kinase±substrate recognition. Interestingly, other sub-
strates of MAPKs, such as transcription factors PDE and
SOS, have also been shown to have a docking site for
MAPKs (Kallunki et al., 1996; Yang et al., 1998, 1999;
Jacobs et al, 1999; T.Tanoue and E.Nishida, unpublished
observations). Although it is not known at present whether
the docking groove of MAPKs is also utilized in these
docking interactions, they are in fact docking interactions
different from the transient enzyme±substrate interaction,
as their proposed docking sites are located far from the
phosphorylation sites in the primary sequence.

What is the role of the docking interaction between
MAPKs and their substrates? While it is often the case that
the consensus sequence of the phosphorylation site in the
substrate for protein kinases involves charged amino acids,
such as the sequence RXRXXS/TP-Hyd (Hyd is a hydro-
phobic residue) for Akt/PKB (Alessi et al., 1996), the
sequence S/TPXR/K for cyclin-dependent kinases, a group
of acidic amino acids for casein kinase II, etc. (Pinna and
Ruzzene, 1996), the consensus sequence for MAPKs, PXS/
TP or S/TP (Clark-Lewis et al., 1991; Gonzalez et al.,
1991), does not contain charged amino acids. Thus, it can
be deduced that MAPKs utilize the docking interactions
involving the charged amino acids in order to increase their
ef®ciency and speci®city for the substrates. However, this
idea does not necessarily explain why the same docking
groove is utilized for the docking interactions with
MAPKKs and phosphatases. Therefore, the docking inter-
actions in the MAPK cascades might have other roles.
First, as the docking interactions of MAPKs with
MAPKKs, phosphatases and MAPKAPKs are mutually
exclusive, they may underlie the molecular basis for the
sequential and speci®c activation and inactivation of
MAPKs. Secondly, the docking interactions may
function to determine the subcellular localization of
MAPKs and MAPK-interacting molecules. For example,
the N-terminal portion of MEK1 is the ERK docking
domain, and MEK1 can function as a cytoplasmic anchor
for ERK2 (Fukuda et al., 1997). In addition, we have
shown here that the docking interaction with p38 regulates
the subcellular localization of 3pk, a member of the
MAPKAPKs.

Materials and methods

Plasmids
The expression vector used for 3pk, MNK1, RSK2, PRAK, MKP-5
(human) and MKP-3 (rat) (Fukunaga and Hunter, 1997; Muda et al.,
1998; New et al., 1998; Tanoue et al., 1999) is pDL-SRa-3XMyc. For
ERK2 (Xenopus) and p38a (human), pDL-SRa-HA was used. For MSK1
and -2 (human) (Deak et al., 1998; New et al., 1999), pMT-Flag was used.

Mutagenesis
The mutants used were constructed by PCR-based mutagenesis. PCR was
performed using Pfu polymerase (Stratagene). A DpnI restriction enzyme
(Stratagene)-treated PCR product was transformed into Escherichia coli.
Positive clones were picked up and mutagenesis was veri®ed by
sequencing. The primers used for p38 CDm were 5¢-ctttgctcagtaccacaa-
tcctaataatgaaccagtggccg-3¢ and 5¢-cggccactggttcattattaggattgtggtactgag-
caaag-3¢; 5¢-gtaatctagctgtgaatacaacatgtgagctgaagattctgg-3¢ and 5¢-cca-
gaa-tcttcagctcacatgttgtattcacagctagattac-3¢ for p38 ETDT; 5¢-ctttgctca-
gtacc-acaatcctaataatgaaccagtggccg-3¢, 5¢-cggccactggttcattattaggattgtggt-
actgagcaaag-3¢, 5¢-gtaatctagctgtgaatacaacatgtgagctgaagattctgg-3¢ and
5¢-ccaga-atcttcagctcacatgttgtattcacagctagattac-3¢ for p38 all; 5¢-gct-
cagtaccacgat-cctagtgatgaaccagtggccg-3¢, 5¢-cggccactggttcatcactaggatcgt-
ggtactgagc-3¢, 5¢-gtaatctagctgtgaatacaacatgtgagctgaagattctgg-3¢ and 5¢-
ccagaatcttc-agctcacatgttgtattcacagctagattac-3¢ for ERKL-p38; 5¢-ctggag-
cagtattataa-cccaagtaatgagcctgtagctg-3¢ and 5¢-cagctacaggctcattacttgggt-
tataatactgctc-cag-3¢ for ERK2 CDm; 5¢-gcagtattatgacccagatgatga-
gcctgtagctgaagc-3¢ and 5¢-gcttcagctacaggct-catcatctgggtcataatactgc-3¢
for ERK2 SD; 5¢-caaatttgctgcttaacgaggactgtgatctcaagatctg-3¢ and 5¢-cag-
atcttgagatca-cagtcctcgttaagcagcaaatttg-3¢ for ERK2 TETD; and 5¢-gca-
gtattatgacccagatgatgagcctgtagctgaagc-3¢, 5¢-gcttcagctacaggctcatcatct-
gggtcataatactgc-3¢, 5¢-caaatttgctgcttaacgaggactgtgatctcaagatctg-3¢ and
5¢-cagatcttgagatcacagtcctcgttaagcagcaaatttg-3¢ for p38L-ERK2.

Cell cultures and transfection
NIH 3T3 cells were cultured in Dulbecco's modi®ed Eagle's medium
(DMEM) containing 10% calf serum. DB-Raf:ER cells (Pritchard et al.,
1995) were cultured in DMEM containing 10% fetal bovine serum and
25 mM HEPES pH 7.4 without phenol red. These cells were maintained
in 5% CO2 at 37°C. Cells were split onto 35 or 60 mm dishes at 2 3 105

or 5 3 105 cells per dish, respectively. After 19 h, cells were transfected
using Lipofectamine Plus reagent (Gibco-BRL) according to the
manufacturer's protocol.

Co-immunoprecipitation
Cells were lysed in 50 mM HEPES pH 7.4, 10% glycerol, 2 mM EGTA,
2 mM MgCl2, 1% NP-40, 1 mM phenylmethylsulfonyl ¯uoride (PMSF)
and 20 mg/ml aprotinin. Tagged proteins were immunoprecipitated from
cell lysates (~3 3 106 cells in each sample) by incubation with 5 mg of
anti-c-Myc antibody (9E10) (Santa Cruz) or 5 mg of anti-Flag antibody
(Kodak) and protein A±Sepharose beads (25 ml) (Pharmacia) for 2 h at
4°C. The precipitates were then washed twice with lysis buffer. The
proteins were separated by SDS±PAGE and analyzed by immunoblotting.

GST pull-down assay
Cells were lysed in 50 mM HEPES pH 7.4, 2 mM EGTA, 2 mM MgCl2,
10% glycerol, 1% NP-40, 1 mM PMSF and 20 mg/ml aprotinin. The
lysates were incubated with GST recombinant proteins and
glutathione±Sepharose beads for 16 h. The precipitates were then washed
twice with lysis buffer. The proteins were separated by SDS±PAGE and
analyzed by immunoblotting.

Kinase assay
Cells were lysed in lysis buffer (20 mM Tris±HCl pH 7.5, 12 mM
2-glycerophosphate, 150 mM NaCl, 1.5 mM MgCl2, 2 mM EGTA, 10 mM
NaF, 1% Triton X-100, 1 mM PMSF, 1 mM sodium vanadate and 20 mg/
ml aprotinin). Tagged proteins were immunoprecipitated from cell lysates
(~1 3 106 cells in each sample) by incubation with 2 mg of appropriate
antibody and protein A±Sepharose beads (15 ml) (Pharmacia) for 2 h at
4°C. Each precipitate was washed twice with TBS [20 mM Tris±HCl
pH 7.5, 0.5 M NaCl, 1 mM PMSF, 2 mM dithiothreitol (DTT), 1 mM
sodium vanadate and 20 mg/ml aprotinin], and then washed with Tris
buffer (20 mM Tris±HCl pH 7.5). The washed beads were mixed with
substrates in a kinase reaction buffer [20 mM Tris±HCl pH 7.5, 10 mM
MgCl2 and 100 mM ATP (2 mCi of [g-32P]ATP)], and incubated for 15 min
at 37°C. The reaction was stopped by addition of Laemmli's sample
buffer. Substrate phosphorylation was detected by autoradiography and
BAS 2500 (Fuji Film) after SDS±PAGE.
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