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Mitogen-activated protein kinases (MAPKs) mediate cellular
responses to a wide variety of extracellular stimuli. MAPK signal
transduction cascades are tightly regulated, and individual
MAPKs display exquisite specificity in recognition of their tar-
get substrates. All MAPK family members share a common
phosphorylation site motif, raising questions as to how sub-
strate specificity is achieved. Here we describe a peptide library
screen to identify sequence requirements of the DEF site (dock-
ing site for ERK EXF), a docking motif separate from the phos-
phorylation site. We show that MAPK isoforms recognize DEF
sites with unique sequences and identify two key residues on the
MAPK that largely dictate sequence specificity. Based on these
observations and computational docking studies, we propose a
revised model for MAPK interaction with substrates containing
DEF sites. Variations in DEF site sequence requirements pro-
vide one possible mechanism for encoding complex target spec-
ificity among MAPK isoforms.

Mitogen-activated protein kinases (MAPKs)* lie at the bot-
tom of conserved three-component phosphorylation cascades
that integrate cellular responses to a wide variety of extracellu-
lar stimuli, including growth factors, cytokines, UV irradiation,
and oxidative stress (1). Canonical MAPKs are classified into
three major subfamilies, extracellular signal-regulated kinases
(ERK), p38 MAPK (p38), and c-Jun N-terminal kinases (JNK),
based on sequence homology, shared upstream kinases, and
activating stimuli. In addition, the different MAPK subfamilies
phosphorylate a distinct set of protein substrates. These sub-
strates act as the critical effectors that enable cells to mount the
appropriate responses to varied stimuli.
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Analysis of reported MAPK substrate phosphorylation sites
suggests a nearly absolute requirement for a Pro residue
immediately downstream of the Ser or Thr phosphoaccep-
tor. Extensive peptide library studies on ERK1, ERK2, and
p38a have defined a common phosphorylation site motif for
these MAPKs. In addition to the requirement for a Pro resi-
due at the +1 position relative to the phosphorylation site,
this motif includes a weak preference for Pro and other ali-
phatic residues at the —2 position (2—4). Mutagenesis exper-
iments with the JNK substrate JunB have also suggested
additional specificity for JNK family MAPKs at positions
downstream of the phosphorylation site (5). MAPKs have
affinities for short peptide substrates that are at least an
order of magnitude lower than for full-length protein sub-
strates (4, 6 —10). Thus although phosphorylation site motifs
likely serve to direct the MAPK to phosphorylate a specific
serine or threonine residue within a protein, they are insuf-
ficient to fully account for protein substrate recognition.
Although mechanisms such as subcellular localization and
the use of scaffolding proteins can contribute to kinase sub-
strate targeting in vivo, MAPKs also exhibit a high degree of
target specificity in vitro (11-13).

For MAPKSs, substrate specificity is ensured through the use
of docking interactions occurring between sequence motifs in
the substrate distal from the phosphorylation site and regions
of the kinase outside of the active site (1, 14, 15). Two common
types of docking interactions have been identified between
MAPKSs and their substrates that serve to enhance affinity and
specificity. Both involve interaction of short linear sequence
motifs present within substrates with a complementary pocket
or groove on the kinase. The best characterized docking site
utilized by MAPKs is the D-site (also referred to as the D-do-
main, 8-domain, or DEJL. domain), which consists of two or
more basic residues followed by a short linker and a cluster of
hydrophobic residues. Interactions between the MAPK and
substrate D-sites have been mapped by mutagenesis, hydrogen
exchange-mass spectrometry, and x-ray crystallography (16—
20). Docking occurs along a groove on the opposite face of the
MAPK surface relative to the active site that includes acidic and
hydrophobic regions complementary to the D-site. D-sites are
present in many ERK, JNK, and p38 substrates and have been
implicated in specific targeting by the different subfamilies. In
addition, enzymes that regulate MAPKs, including their acti-
vating MAPK kinases (MKKs) and inactivating MAPK phos-
phatases, also contain D-sites that are critical for specific inter-
actions with these kinases (16).
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The second major MAPK docking site, known as the DEF site
(docking site for ERK FXF, also called the F-site), has been iden-
tified in a number of ERK substrates. DEF sites are generally
characterized as an FX(F/Y)P sequence, typically located
between 6 and 20 amino acids C-terminal to the phosphoryla-
tion site. Hydrogen exchange-mass spectrometry experiments
with ERK2 in complex with DEF site peptides have allowed the
DEF interaction site on ERK to be mapped to a hydrophobic
pocket adjacent to the active site cleft (18). Interestingly, acces-
sibility of this pocket to docking sites is coupled to activation of
the kinase. MAPKs are activated by dual phosphorylation of
closely spaced threonine and tyrosine residues within a con-
served region known as the activation loop (15, 21). Phospho-
rylation triggers a conformational rearrangement of the activa-
tion loop, aligning residues important for catalysis, forming the
phosphoacceptor binding site, and exposing the DEF site inter-
action pocket (22).

Most reported substrates bearing DEF sites are transcription
factors, including Elk-1, c-Fos, c-Myc, and JunD (23-26). How-
ever, DEF sites have also been identified in proteins with diverse
functions, such as the ERK scaffolding protein KSR1 (23), the
phosphodiesterase PDE4 (27), the proapoptotic Bcl-2 family
protein Bimg, (28), the GTPase-activating protein CdGAP (29),
and the focal adhesion protein vinexin (30). In addition to play-
ing a role in substrate recruitment, DEF sites can also mediate
interactions with regulators of ERK, including the MKP-1
phosphatase and nucleoporins that facilitate nuclear import of
the kinase (18, 31-33). Although generally described as a dock-
ing site for ERK MAPKs, the DEF site within the transcription
factor SAP-1 has also been implicated in contributing to effi-
cient phosphorylation by p38« (34).

In contrast to its phosphorylation site motif, which has been
extensively characterized using peptide libraries, our under-
standing of DEF site interactions for ERK are based solely on a
relatively small number of sites that have been identified in
protein substrates. In the absence of a comprehensive analysis,
the essential sequence requirements that constitute an optimal
DEF site for ERK are not clear. Furthermore, it is unknown if
MAPKSs other than ERK can interact with DEF sites in sub-
strates, or whether they recognize distinct DEF site sequence
motifs. To address these questions, we adapted peptide library
screening methods to elucidate consensus sequences for kinase
docking sites. We identified significant differences in the DEF
site docking motifs recognized by MAPK family members. Pep-
tide library screening with a series of point mutants allowed us
to identify critical determinants of specificity within the hydro-
phobic pocket of the kinase. The distinct sequence motifs rec-
ognized by different MAPKs may contribute to targeting these
kinases to their unique substrates.

EXPERIMENTAL PROCEDURES

Peptides—Peptides for library screening were synthesized on
a 2-mg scale by Sigma Genosys and used without further puri-
fication. All peptides were characterized by matrix-assisted
laser desorption ionization time-of-flight mass spectrometry to
confirm identity. The P4 Tyr peptide failed synthesis and was
omitted from the final peptide library. Peptides were dissolved
in DMSO, adjusted to a concentration of 25 mm based on

19512 JOURNAL OF BIOLOGICAL CHEMISTRY

absorbance at 280 nm, and stored at —20 °C. Working 0.5 mm
aqueous stocks were prepared by diluting the DMSO stock rapidly
into 50 mm HEPES, pH 7.4. Aqueous solutions were aliquoted into
384-well polypropylene stock plates in 40-ml aliquots, sealed with
adhesive foil, and stored at —20 °C. Individual peptides were syn-
thesized on a 0.1-mmol scale and high pressure liquid chromatog-
raphy-purified at the Tufts University Core Facility (Boston).
Lyophilized peptides were resuspended in DMSO and quantified
by absorbance at 280 nm. Stock solutions were adjusted to 10 mm
peptide and stored at —20 °C.

Plasmids—Full-length ERK2, p38c, p387y, and p386 MAPK
coding sequences (all from rat) were cloned into pGEX4T-1
(GE Healthcare) for bacterial expression as GST fusion pro-
teins. Coding sequences were cloned as BamHI/NotI fragments
with the endogenous initiator methionine codon immediately
downstream of the BamHI site and the native stop codon intact.
DEF site attenuation and specificity swapping mutations were
made by PCR-based site-directed mutagenesis in these expres-
sion plasmids. Coding sequences for the constitutively active
MKK mutants, MKK1ANS3 (35) and MKK6 S207E/T211E (36),
were cloned into pET28a(+) (Novagen) with their initiator
methionine codons immediately downstream of the BamHI
site. All expression plasmids were confirmed by bidirectional
sequence analysis of the full MAPK coding sequence.

Expression and Purification of MAPKs—Active MAPKs were
produced as GST fusion proteins by co-expression in bacteria
with activating kinases similar to Khokhlatchev et al. (37) with
the following modifications. ERK2 was co-expressed with the
constitutively active MKK1AN3 mutant. Active p38c, p38Yy,
and p388 were generated by co-expression with MKK6 S207E/
T211E. Bacterially produced p38p (a gift from Stefan Knapp,
Oxford University Structural Genomics Consortium) has con-
stitutive activity and was expressed alone. Active His-JNK2 was
produced by co-expression in bacteria with MEKK1 and MKK4
and purified as described previously (37). Full procedures for
protein expression and purification are provided in the supple-
mental material.

Peptide Library Screening—Phosphorylation site specificity
was determined using a positional scanning peptide library as
described previously (38). For the DEF site library, peptides
were reacted in 384-well plates in 10-ul reactions with 10 um
peptide in 20 mm HEPES, pH 7.4, 10 mm MgCl,, 1 mum dithio-
threitol, 0.1% Tween 20, 100 um ATP, 0.25 uCi of [y-**P]ATP,
and 20 ng of kinase for 2 h at 30 °C. A strip of 24 slotted capillary
pins (VP Scientific) was used to spot 1-ul aliquots from each
reaction onto streptavidin-coated filters (SAM?® biotin capture
membrane, Promega). Reactions were quenched by immedi-
ately submerging the membrane in 0.1% SDS in TBS (10 mm
Tris, pH 7.5, 140 mm NaCl). Additional washes were performed
for 5 min each to remove unincorporated radiolabel (once in
0.1% SDS/TBS, twice in 2 M NaCl, and once in 1% H;PO, in 2 M
NaCl). After drying, the membrane was exposed to a phosphor
storage screen for 1-3 days and scanned on a PhosphorImager
(GE Healthcare). Relative phosphorylation rates for each of the
amino acid substitutions were quantified by optical densitom-
etry (using ImageQuant 5.0) as the ratio of the individual signal
intensity to the average signal intensity for all 19 amino acid
substitutions at that DEF site position (P1-P4). Pilot experi-
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ments with DEF site peptides were carried out in a similar man-
ner with reactions carried out in microcentrifuge tubes.

Consensus Peptide Kinase Assays—The phosphorylation
rates of MAPKSs for individual consensus peptides was deter-
mined by P81 phosphocellulose filter binding assay essentially
as described (39) (the detailed procedure is described in the
supplemental material). To normalize docking site-indepen-
dent activity between individual MAPK preparations, we deter-
mined the rate of phosphorylation of 100 um MAPKtide for
each kinase. All p38 preparations (WT and DEF site interaction
pocket mutants) were re-assayed against 100 um MAPKtide
during each experiment to ensure proper normalization.

Elk-1 Phosphorylation Assays—Phosphorylation of Elk-1 and
its docking site mutants in vitro was studied using a fragment
containing the MAPK phosphorylation sites (residues 307-
428) expressed in bacteria as a GST fusion protein (7). Reac-
tions contained 20 ug/ml GST-Elk-1 and were carried out
under the same conditions as the peptide phosphorylation
assays. Reactions were split and subjected to SDS-PAGE fol-
lowed either by immunoblotting with antibodies against Elk-1
phosphoserine 383 and phospho-ERK (both from Cell Signal-
ing) or by Coomassie staining and autoradiography to detect
total protein phosphorylation.

For expression as a GST fusion protein in mammalian cells,
the sequence encoding the same fragment of Elk-1 was shuttled
into the plasmid pEBG2. NIH3T3 cells were transfected using
Lipofectamine PLUS (Invitrogen) as instructed by the manu-
facturer. At 6 h following transfection, cells were washed once
with serum-free media, changed into media containing 0.1%
calf serum, and incubated for 18 h. Cells were preincubated
with either 5 um U0126 or DMSO carrier for 30 min prior to
stimulation with media containing 10% serum plus U0126 or
DMSO as indicated. After 15 min, cells were washed once
with ice-cold phosphate-buffered saline and then extracted
into lysis buffer (1% Triton X-100 in 20 mm Tris, pH 7.5, 150
mM NaCl, 1 mm EDTA, 1 mm EGTA, 2.5 mMm sodium pyro-
phosphate, 1 mm B-glycerophosphate, 1 mm Na;VO,, 1 mm
dithiothreitol, 1 mm phenylmethylsulfonyl fluoride, 10
png/ml leupeptin, 2 ug/ml pepstatin A, and 10 ug/ml aproti-
nin). Lysates were cleared by centrifugation (10 min at
16,000 X g) and subjected to SDS-PAGE followed by immu-
noblotting with the indicated antibodies.

Docking Studies—The DEF site-MAPK interactions were
modeled using the automatic molecular docking program
Autodock 4 (40). AutoDockTools, the graphical interface to
Autodock 4, was used to set up the docking and subsequently
analyze the clustering after completion of docking. Throughout
the docking experiment a rigid receptor and flexible ligand
were assumed. The published structure of the active form of
ERK?2 (Protein Data Bank code 2ERK) was used as the receptor,
and a capped pentapeptide sequence, acetyl-SFQFP-amide, was
used as the ligand. A grid map of 50 X 50 X 50 points with a
spacing of 0.375 A was centered on the previously identified
hydrophobic pocket on the ERK2 surface (18). We used the
Lamarckian genetic algorithm, the default search method of
Autodock 4, which combines the traditional genetic algorithm
with a local search capacity. The number of runs was set to 256.
The remaining docking parameters were set to the default val-
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ues in AutoDockTools as follows: the number of individuals in
population was set to 150; the maximum number of energy
evaluations was 2,500,000; and the maximum number of gen-
erations was 27,000. The program automatically grouped
potential receptor-ligand complex conformations into clusters
based on their r.m.s.d. from one another, using the default
threshold (2.0 A r.m.s.d.).

RESULTS

MAPKs Have a Common Phosphorylation Site Motif—All
MAPKSs are regarded as proline-directed kinases, in that they
have a major preference for Pro at the +1 position at their
phosphorylation sites. However, not all members of the family
have been fully characterized with respect to active site-medi-
ated specificity, and differences in selectivity at other positions
near the phosphorylation site could potentially distinguish
MAPKs from one another. We therefore first addressed
whether targeting of distinct protein substrates by different
MAPKSs might be due to differences in their respective phos-
phorylation site motifs. We screened a positional scanning pep-
tide library that systematically substitutes each of the 20 amino
acid residues plus phosphothreonine and phosphotyrosine at 9
positions surrounding a central phosphoacceptor (3). Using
this approach we found no significant differences among any of
four representative MAPKs (ERK2, p38a, p386, and JNK2) in
their phosphorylation site consensus sequences (Fig. 1). Our
results confirm the phosphorylation site consensus motif pre-
viously reported for ERK2 and p38«, with a Ser or Thr phos-
phoacceptor followed by an obligate Pro at the +1 position and
a less stringent preference for Pro at —2 (3, 4). Most other
residues surrounding the phosphoacceptor are well tolerated
with the exception of Pro at the —1 position and aromatic res-
idues at the —2 position. This simple motif is common in
eukaryotic proteomes and overlaps with phosphorylation site
motifs of more distantly related kinases (e.g. cyclin-dependent
kinases) (41). Therefore, it appears unlikely that the phospho-
rylation site motif contributes to the unique target specificities
of the various MAPK isoforms.

Identification of MAPK Docking Motifs—We next turned our
attention to interactions outside of the kinase active site, and
asked whether targeting by specific MAPKs might involve rec-
ognition of distinct docking site sequences. The close proximity
of the DEF site interacting pocket to the active site cleft on
ERK2 means that both a MAPK phosphorylation site and a DEF
site docking sequence can be encoded in a single extended pep-
tide (7, 23). We therefore developed a substrate optimized for
DEF site-dependent phosphorylation using peptides based on
amino acids 386 -399 of Elk-1 (Fig. 24). This region encom-
passes a single ERK phosphorylation site and a functional DEF
site (23). In these peptides, we independently varied the
sequence surrounding the phosphoacceptor and the spacing
between the phosphorylation site and DEF docking site. In each
case, we compared the phosphorylation rate between peptides
containing an intact DEF site (FQFP) and those with a point
substitution within the site (DQFP). To ensure that ERK phos-
phorylation was directed exclusively to its endogenous target
site (Ser-389), other potential phosphoacceptors (Ser-394 and
Ser-399) were changed to Ala. Initial rates of phosphorylation
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FIGURE 1. MAPKs share a common consensus phosphorylation site spec-
ificity. Preferred amino acids flanking the Ser or Thr phosphoacceptor were
identified for four representative MAPKs by measuring the relative rate of
phosphorylation of 198 members within a positional scanning peptide library
(sequence shown at top). Kinase reactions were performed in parallel in solu-
tion in the presence of [y->3P]ATP. Biotin-labeled peptides were then cap-
tured on a streptavidin membrane, and the relative rate of phosphorylation
was assessed by phosphorimaging. ERK2, p38¢, p385, and JNK2 share a com-
mon active site motif with a requirement for Pro at the +1 position and a
preference for Pro at —2. pT, phosphothreonine; pY, phosphotyrosine.
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of these peptides were measured at subsaturating concentra-
tions (10 um). Disruption of the DEF site by changing FQFP to
DQFP decreased ERK phosphorylation of the peptide closest to
the native Elk-1 sequence (peptide PF) by ~15-fold (Fig. 2B).
Substitution of the nonessential Pro residue at the —2 position
with Ala slowed the phosphorylation rate by slightly less than
3-fold (compare the phosphorylation rates of PF and AF). How-
ever, disruption of the DEF site in the context of this modifica-
tion further decreased the phosphorylation rate by 43-fold (AF
versus AD). Alternatively, inserting an additional residue
between the phosphoacceptor Ser and the DEF site both
increased the peptide phosphorylation rate by 7-fold (PF versus
PKF) and provided the maximal DEF site dependence (a 47-fold
difference between PKF and PKD).

These results suggested that the increased phosphorylation
rate afforded by a functional DEF site is enhanced in peptide
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A phosphorylation DEF
site site
Elk1 386 APRSPAKLS@ES 399
PF biotin-YAPRSPAKLAF QFPA-amide
PD Dbiotin-YAPRSPAKLADQFPA-amide
AF biotin-YAARSPAKLAF QFPA-amide
AD biotin-YAARSPAKLADQFPA-amide

PKF biotin-YAPRSPAKLAKF QFPA-amide
PKD biotin-YAPRSPAKLAKDQFPA-amide
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FIGURE 2. Optimization of peptide substrates containing DEF sites.
A, pairs of DEF site peptides based on amino acids 386-399 of human Elk-1
that were evaluated for phosphorylation by ERK2. Peptides contain the
endogenous ERK phosphorylation site (Ser-389) and either an intact DEF site
(FQFP) or a nonfunctional DEF site with charged residue in position P1
(DQFP). B, extent of phosphorylation was measured by radiolabel incorpora-
tion from [y->*P]ATP. The increase in phosphorylation rate afforded by an
intact DEF site is potentiated by incorporating a suboptimal phosphorylation
site sequence (peptide AF) or by separating the phosphorylation site from the
DEF site by one additional residue (peptide PKF). Error bars reflect the stand-
ard deviation of three separate experiments.

substrates bearing either a suboptimal phosphorylation site
sequence or having a DEF site that begins seven residues down-
stream of the phosphorylated Ser residue. Both of these features
were incorporated into a positional scanning peptide library
designed to determine consensus sequences at the DEF site
(Fig. 3A4). The DEF peptide library consists of 73 biotinylated
peptides, in which each of the four positions within the FQFP
sequence (designated P1 through P4) is substituted one at a
time with the remaining 18 possible amino acids (excluding
cysteine). Peptides were arrayed in a 384-well plate and sub-
jected simultaneously to radiolabel kinase assays with a given
MAPK. At the end of the reaction, peptides were spotted onto a
streptavidin membrane and washed to remove unincorporated
radiolabel. Subsequently, the extent of phosphorylation of each
peptide was quantified (Fig. 3B).

We first screened the DEF peptide library with ERK2, which
has the best characterized DEF motif (Fig. 3B). The peptide
library yielded a consensus sequence for the ERK2 DEF site
characterized by a strong preference for aromatic residues at
positions P1 (Phe and Trp) and P3 (Phe, Tyr, and Trp). This
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motif closely matches functional
DEF sites in ERK protein substrates,
and confirms previous reports of the
importance of the aromatic residues
within the Elk-1 DEF site (7, 23).
Although Pro does appear to be the
optimal residue at the P4 position,
substitution of other residues at this
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FIGURE 3. ldentification of MAPK DEF site motifs using a novel positional scanning peptide library. A, peptide
library incorporates 19 amino acid substitutions (2) at each of the four positions within the DEF site (P1-P4).
B, peptides were subjected to phosphorylation by the MAPK in the presence of [y->*P]ATP followed by capture on
streptavidin membrane and exposure to a phosphor screen (left panel). p38 MAPK isoforms displayed unique selec-
tivity atthe P1 position. The p38a selectivity is similar to ERK2, with a preference foraromatic residues at P1, although
p38é&favors aliphatic residues at P1. p383 and p38y displayed intermediate P1 selectivity with p388 more similar to
p38a and p38y more similar to p388. JNK2 did not display a strong sequence preference in the DEF site (<2-fold
difference for any substitution). The P4 Tyr peptide was not included because of failed synthesis (space indicated
with an asterisk). Histograms depict the quantified radiolabel incorporation for the P1 position. The selectivity value
is calculated as the level of phosphorylation of a given peptide divided by the average level of phosphorylation for
all 19 peptides. Error bars represent the standard deviation from three separate experiments.

TABLE 1
DEF site motifs for MAPKs

Residues positively selected at each position within the DEF site library are shown
for each MAPK. Selectivity values in parentheses were calculated as described in the
legend to Fig. 3. Residues with selectivity values greater than 1.5 are shown, and
positions where no residues were selected to such an extent are indicated with an X.
Residues with values greater than 3.0 are shown in boldface.

Position
Kinase
P2 P3 P4
ERK2 Phe (76) Trp (1.7) Phe (47) Pro (24)
Trp (5.5) Glu (1.6) Trp  (4.5) Phe (2.2)
Val (1.5) Tyr (43) Trp (1.7)
Glu (1.6)
p38a Trp (7.5) Glu (2.1) Trp (8.8) Pro (2.8)
Phe (3.5) Val (1.6) Tyr (2.6) Trp (1.8)
Phe (2.1) Phe (1.6)
p38B Trp (4.0) Ile (1.8) Trp  (5.3) Phe (2.3)
Phe (2.7) Glu (1.8) Phe (2.8) Trp  (1.8)
Leu (2.0) Val (1.8) Tyr (2.2)
Phe (1.6)
p38y Leu (2.5) Leu (1.7) Trp  (3.5) X
Ile (1.8) Phe (1.9)
Pro (1.7)
p386 Ile (4.0) Val 1.7y  Trp (3.7) Pro (1.9)
Leu (3.7) Phe (2.6) Trp  (1.8)
Pro (2.8) Leu (1.6) Phe (1.7)
Val  (2.1)
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for Trp at both sites. In contrast,
p386 strikingly preferred aliphatic
residues (Ile, Leu, Pro, and Val) over
aromatic residues at the P1 position,
while having a similar aromatic
preference at P3. We were surprised
to find such a dramatic difference
between members of a single sub-
family of MAPKs. However, the p38
subfamily can be further subdivided
based on sequence homology into two groups, composed of
p38a/B and p38vy/8. Accordingly, we found that p388 DEF site
specificity most closely resembled p38«, whereas p38+y speci-
ficity resembled p388, although these other p38 isoforms are
more tolerant of both aliphatic and aromatic residues at the P1
position. JNK2 displayed no selectivity and phosphorylated all
of the peptides in the library with roughly equal efficiency, sug-
gesting that it does not use this particular docking site. Pre-
ferred residues at all four positions are summarized in Table 1
(histograms of the full library screening results are shown in
supplemental Fig. 1).

Consensus DEF Site Peptide Substrates Display Selectivity for
Specific MAPKs—Short peptide substrates for MAPKs tend to
have very high K, values and do not distinguish between dif-
ferent members of the family. To generate efficient and specific
MAPK substrates, we evaluated individual consensus peptides
for p38a and p386, referred to here as ALPHAtide and
DELTAtide, respectively (Fig. 4A). These substrates share a
common 12-residue N-terminal sequence with an optimized
MAPK phosphorylation site (based on the data from Fig. 1),
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Elk-1 autoradiography

intact DEF site is because of favor-
able changes in both V| and K,
values. Rates of phosphorylation of
ALPHAtide and DELTAtide were
measured for all p38 isoforms at a
single subsaturating concentration
(5 uMm). For each isoform, the rela-
tive rates of phosphorylation of the
two peptides reflect their P1 speci-
ficities observed in the DEF peptide
library (Fig. 4C).
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DELTAtide YAEPLSPRKLAK | VWPA sequence
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FIGURE 4. DEF site-dependent phosphorylation of consensus peptide and protein substrates.
A, sequences of consensus peptides used in this study. B, phosphorylation rates of consensus peptides by p38«a
and p386 were assayed at concentrations ranging from 2.5 to 120 um. The two p38 isoforms phosphorylate
their respective consensus peptides at a faster rate at all concentrations tested. A peptide with Ala substitu-
tions in positions P1 and P3 in the DEF site (DEFless) was phosphorylated inefficiently by both kinases. C, rate of
phosphorylation of ALPHAtide or DELTAtide at 5 um concentration by all four p38isoformsis shown (relative to
their phosphorylation rate of MAPKtide at 100 um). Selectivity for the two consensus peptides reflects their
specificity at the P1 position observed in the DEF peptide library, with p383 and p38y having intermediate
selectivity between p38a and p386 (cf. Fig. 3B). Error bars reflect the standard deviation of three separate
experiments. D, fragment of human Elk-1 containing its MAPK phosphorylation and docking sites (residues
307-428, WT), and the same fragment with its DEF sequence mutated from FQF to either AAA or IVW as
indicated, was phosphorylated in vitro with ERK2. Site-specific phosphorylation was determined by immuno-
blotting with a phosphospecific antibody against phospho-Ser-383, and total phosphorylation was deter-
mined by autoradiography. £, NIH3T3 cells were transfected with either an empty vector or plasmids encoding
the same fragment of Elk-1 used in D and the indicated mutants. Cells were serum- starved overnight and either
harvested without further treatment or treated with media containing 10% calf serum to stimulate ERK activity.
Cells were pretreated where indicated with the MEK1/2 inhibitor U0126 (5 um) to block ERK activation. Shown
are immunoblots of cell lysates using antibodies to detect phosphorylated and total Elk-1 and ERK1/2.

followed by a DEF site sequence predicted to be optimal for its
respective kinase. At subsaturating concentrations (below 50
M) each of these peptides was phosphorylated by its respective
kinase over an order of magnitude more efficiently than either a
truncated peptide lacking a DEF site (MAPKtide, data not
shown) or a peptide with alanine substitutions at P1 and P3 of
the DEF site (DEFless, Fig. 4B). At all concentrations tested,
p38a and p388 phosphorylated their respective consensus pep-
tides most efficiently. At higher concentrations (40-100 um),
reaction rates began to decrease, suggestive of substrate inhibi-
tion, and we were unable to establish V, . and K, values for
p385. We were able to determine these values for p38a
phosphorylation of ALPHAtide (K,,, = 24 uM; V,,,,, = 366 pmol
of P,/s/nmol kinase), DELTAtide (K, = 49 u™m; V., = 354
pmol P,/s/nmol kinase), and DEFless (K,, = 1740 um; V. =
45 pmol P,/s/nmol kinase). This comparison suggests that the
enhancement of phosphorylation by p38a afforded by an
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An Optimal DEF Site Sequence Is
Essential for Efficient Phosphoryla-
tion of Elk-1 by ERK2—We also
tested the requirement for specific
DEF site motifs for efficient phos-
phorylation of the Elk-1 transcrip-
tion factor by ERK2. As shown pre-
viously, mutation of the P1-P3 DEF
site motif residues in Elk-1 from
FQF to AAA specifically impairs
phosphorylation at Ser-383 but has
only a modest effect on the overall
level of phosphorylation (Fig. 4D)
(7, 18). We found that substitution
with the p386 consensus sequence
(IVW) also inhibits phosphoryla-
tion by ERK2 specifically at Ser-383
in vitro. Furthermore, when ex-
pressed in NIH3T3 cells, the opti-
mal DEF site sequence was required
for ERK-dependent phosphoryla-
tion of Elk-1 at Ser-383, as neither
the AAA nor the IVW mutant was
detectably phosphorylated at that
site. These results suggest that spe-
cific DEF site sequences are
required for phosphorylation of
MAPK targets both in vitro and in
cultured cells.

Structural Determinants of MAPK
DEF Site Specificity—Sequence alignments of ERK2 and the
p38 isoforms show a high degree of conservation of residues
within the hydrophobic DEF interacting pocket defined by Lee
et al. (18) (Fig. 5A). Alanine substitution of residues lining the
hydrophobic pocket selectively impairs phosphorylation of
substrates with DEF sites by ERK2 in vitro and in vivo (18, 42).
We generated point mutants of a subset of these residues in
p38a and p386 and characterized their effects on phosphoryl-
ation of DEF site containing peptides. Alanine substitutions at
Leu-195 or Tyr-258 in p38a significantly attenuated phospho-
rylation of ALPHAtide relative to MAPKtide (Fig. 5B). For
p386, mutation of Leu-232 or Tyr-258 had a similar attenuating
effect, although the L195A mutant displayed a phosphorylation
rate equivalent to the wild-type (WT) kinase. We further char-
acterized the effects of these mutations by screening the full
DEF peptide library (results are shown in supplemental Fig. 2).
Mutation of Leu-195 in p38a led to aloss of selectivity at the P1
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FIGURE 5. Mutagenesis of the DEF site interaction pocket. A, primary
sequence alignment of the residues surrounding the DEF site interaction
pocket (highlighted residues) of ERK2, p38 isoforms, and JNK2 reveals a high
degree of sequence conservation. Amino acids that were mutated in this
study are indicated with an asterisk. B, single amino acid substitutions to Ala
were made in p38a at Leu-195 and Tyr-258 and in p38d at Leu-195, Leu-232,
and Tyr-258. With the exception of p385 L195A, the phosphorylation rates of
DEF site consensus peptides were attenuated ~4-fold relative to the WT
kinase. Results from screening the DEF peptide library with these mutants are
shown in supplemental Fig. 2. C, specificity transposition mutants (p38a
1193V/M194l and p385 V1931/I1194M) were screened against the DEF peptide
library. Mutation of these residues interchanges the selectivity for aromatic
versus aliphatic side chains at the P1 position between p38a and p388.
D, relative rates of phosphorylation of ALPHAtide and DELTAtide consensus
peptides by the transposition mutants mirror those for the WT p38 isoforms.
Error bars reflect the standard deviation of three separate experiments.

position but had little effect at P3. The p386 L195A mutant
displayed a slightly increased tolerance for aromatic groups at
P1 but appeared similar to the WT kinase overall. Conversely,
Ala substitution at Leu-232 in p388 abolished selectivity at the
P3 position while maintaining wild-type selectivity for aliphatic
side chains at P1. The Y258A mutation in both p38«a and p386
displayed reduced selectivity at P1 and P3, suggesting an overall
disruption of the hydrophobic pocket.

Interestingly, the residues corresponding to Ile-196 and Met-
197 of ERK2 are conserved in p38a and p388 but are substi-
tuted with Val and Ile, respectively, in both p38y and p385. We
hypothesized that these surface-exposed hydrophobic residues
might be responsible for the differences observed in P1 selec-
tivity between p38a/3 and p38+y/8. To test this hypothesis, we
mutated Ile-193 and Met-194 in p38a to Val and Ile, respec-
tively, and made the converse V193I and 1194M mutations in
p384. Analysis with the DEF peptide library revealed that p38«a
1193V/M1941 displayed p386-like selectivity at P1, with a pref-
erence for aliphatic side chains, including Pro, whereas aro-
matic residues were no longer tolerated (Fig. 5C). Similarly,
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p386 V1931/1194M exhibited a p38c-like profile, a preference
for aromatic residues, and a decreased tolerance of aliphatic
amino acids at P1. The transposed specificity of the two double
mutants was affirmed by measuring phosphorylation rates of
the consensus ALPHAtide and DELT Atide substrates (Fig. 5D).
Although wild-type p38« efficiently phosphorylates both pep-
tides, with a slight preference for ALPHAtide, the 1193V/M1941
mutant is highly specific for DELT Atide. Likewise, the V1931/
1194M mutation confers upon p388 the ability to phosphorylate
ALPHAtide.

Collectively these mutagenesis experiments support a mode
of binding in which the P1 residue contacts residues analogous
to Ile-196, Met-197, and Leu-198 of ERK2, whereas the P3 res-
idue makes contact with Leu-235. Because structures of active
p38a and p386 have not been solved, we modeled docking
interactions of a capped pentapeptide DEF site ligand (SFQFP)
onto the DEF interaction site of the published structure of
diphosphorylated ERK2 (22). Of 256 docking runs with random
initial conditions, over one-half (139) of the models converged
on the lowest energy cluster, with root mean squared deviation
(r.m.s.d.) values of less than 2 A relative to each other. In con-
trast to the docking model proposed by Lee et al. (18), which
seeks to accommodate all four DEF site residues into the hydro-
phobic pocket, this revised model shows the P1 and P3 Phe
residues buried deeply within the pocket, whereas the P4 Pro is
more exposed to solvent (Fig. 6). This mode of interaction is
consistent with our peptide screening data, which indicates
strong selectivity for the P1 and P3 residues with a less stringent
preference for the Pro at the P4 position. Based on the struc-
tural model, we can rationalize the distinct DEF site specificities
observed for the different p38 isoforms. Within the hydropho-
bic pocket, ERK2 and p38a differ by only two residues, Tyr-231
and Leu-232 of ERK2, which are present at the walls of the
pocket and correspond to His-228 and Ile-229 of p38a. As nei-
ther residue projects deeply into the pocket, p38a would be
anticipated to have DEF site specificity similar to ERK2. By con-
trast, compared with Met-197 of ERK2, the branched side chain
of Ile-194 in p38y/§ is likely to restrict the depth of the pocket
in the region that interacts with the P1 residue. This substitu-
tion thus reduces the capacity of the pocket to accommodate
large aromatic side chains, while still allowing favorable inter-
action with smaller aliphatic residues.

DISCUSSION

Protein kinase specificity is determined in part through rec-
ognition of consensus sequences immediately flanking the site
of phosphorylation by the kinase active site. Accordingly, much
effort has been directed toward identifying these phosphoryla-
tion site sequence motifs by peptide library screening (3, 41,
43-46). However, short amino acid sequence motifs can occur
at high frequency in proteomes. Furthermore, as we have
shown here for MAPKs, related kinases often utilize similar
motifs. Active site specificity alone is therefore generally
insufficient to direct a particular kinase to a specific protein
substrate.

Protein kinase substrate affinity and specificity is enhanced
by interactions that occur outside of the active site. Some pro-
tein kinases possess relatively high affinity protein interaction
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FIGURE 6. Proposed model for DEF site-MAPK interactions. Docking of a
capped pentapeptide ligand representing an aromatic-X-aromatic DEF
sequence (acetyl-SFQFP-amide) to the active form of ERK2 (Protein Data Bank
code 2ERK) was modeled using AutoDock. A, docking of the peptide ligand
(orange) was restricted to the previously identified hydrophobic pocket on
the ERK2 surface (green). Residues constituting the P + 1 selectivity pocket are
highlighted in blue. B, close up view of the docking model (rotated 90° coun-
terclockwise from A). Consistent with peptide screening data showing
strongest selectivity at the P1 and P3 positions, the two Phe residues extend
deeply into the ERK2 hydrophobic pocket, whereas the Pro residue at P4
makes less intimate contact. C, removal of the surface detail from B. Residues
lining the hydrophobic pocket are shown in stick representation. The P1 Phe
residue is in closest proximity to Met-197, consistent with the change in spec-
ificity observed when the analogous residue in p38« is mutated to lle.

domains, such as Src homology 2 and 3, C2, and polobox
domains, among others (47). These domains can play a role in
both subcellular localization of the kinase and substrate recruit-
ment through direct interactions. The strong affinities of these
protein interaction domains for peptide ligands (K, < 1 um)
make them amenable to characterization by peptide library
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analysis of direct binding interactions (48 —51). The relatively
weak binding affinities of docking interactions within the
kinase catalytic domain (K, > 10 um), however, preclude the
use of such an approach for analyzing docking specificity. Alter-
natively, methods that characterize the phosphorylation site
specificity of protein kinases typically involve analysis of low
affinity peptide substrates. By using peptide substrates with a
phosphoacceptor and a tethered docking site, we have
expanded the repertoire of peptide screening methods to
include relatively weak docking interactions within the kinase
catalytic domain. Efficient peptide substrates for MAPKs have
also been generated by incorporating D-site peptides (10), sug-
gesting that this approach will be generally useful for identify-
ing docking sequence motifs utilized by these kinases.

We have shown that most MAPK family members can inter-
act with DEF sites and that they exhibit distinct sequence pref-
erences for DEF docking sites. To date, DEF sites have been
identified almost exclusively in ERK substrates, with a single
report suggesting that p38a also can use DEF sites. The idea
that DEF site interactions are restricted to these two MAPKs
likely arises from the fact that the other p38 isoforms, in partic-
ular p38+yand p384, are not specific for optimal FXF sequences.
These isoforms constitute a separate group within the p38 sub-
family, with distinct inhibitor sensitivity, unique protein sub-
strates, and discrete biological functions (52). It is likely that
cryptic DEF sites exist within specific substrates for these iso-
forms that contribute to their selective phosphorylation. In
contrast to the p38 family members, we observed an almost
complete lack of specificity by JNK2 for peptides within the
DEF library. This could mean that JNK2 does not use this par-
ticular docking site, and instead relies on other docking inter-
actions to achieve substrate specificity. Alternatively, it is pos-
sible that JNK2 has a DEF site sequence specificity that is so
divergent from the sequence found in Elk-1 that it does not
interact appreciably with any of the peptides within the library
that we used. Interestingly, the residue corresponding to Leu-
235 in the DEF interacting pocket of ERK2 is conserved across
all p38 isoforms but is a Trp residue in JNK isoforms (see Fig.
5A). Substitution of this much larger residue could occlude the
pocket in JNK, or simply perturb the overall geometry of the
pocket so that it can no longer accommodate the aromatic res-
idues in the DEF library peptides. It is also possible that this
region of JNKs binds to docking sites on substrates using an
alternative binding mode. For example, the analogous region of
glycogen synthase kinase 33 (GSK3p), a related kinase, inter-
acts with peptides that are in a helical rather than extended
conformation (53, 54).

A general function of docking sites is to enhance phospho-
rylation through substrate recruitment, and the affinity of
MAPKs for their substrates appears to derive entirely from
docking rather than phosphorylation site interactions (8, 9).
Accordingly, DEF site interactions have been reported to lower
the K, value for phosphorylation of peptides by ERK and effect
modest changes in V, . values (7, 23). We show here for p38«a
that the presence of a DEF site dramatically lowers the K, value
and increases V. values. This discrepancy could mean that
engagement of the DEF site has different mechanistic conse-
quences for ERK and p38a or, alternatively, that effectson V.
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depend on the substrate used. The hydrophobic pocket that
interacts with DEF sites is located very near the kinase activa-
tion loop, and it is in fact occluded by the activation loop in the
unphosphorylated, inactive form of ERK2. Substrate docking to
the hydrophobic pocket would be expected to stabilize the acti-
vation loop in its active conformation, potentially increasing
Vinax Values. Alternatively, DEF site engagement could help to
align the substrate such that its phosphorylation site is oriented
in a manner that promotes phosphorylation. Other docking
interactions have also been implicated in allosteric control of
MAPK activity but by distinct mechanisms. D-site binding to
ERK, JNK, and p38« influences their activation loop conforma-
tions through long range communication, potentially affecting
accessibility to MKKs and MAPK phosphatases (17-20, 55).
Binding of the Ste5 scaffold to the yeast MAPK Fus3 occurs
through two regions of the kinase, including the D-site inter-
acting groove, and induces partial autophosphorylation and
activation of the kinase (56). Impacting function through mech-
anisms beyond substrate recruitment is a recurring theme for
MAPK docking interactions and may turn out to be a more
general feature of interactions with kinase catalytic domains.

Another important function of docking sites is to augment
the specificity of kinase-substrate interactions, and under-
standing sequence requirements for interaction with docking
sites can help to identify new kinase substrates. Approximately
30% of human proteins in the Swiss-Prot data base have at least
one occurrence of the optimal MAPK phosphorylation site
motif (PX(S/T)P), and by itself the phosphorylation site motifis
insufficient to direct specific targeting. Furthermore, searching
protein data bases for MAPK consensus sequences has failed to
uncover new substrates or even significantly enrich for known
substrates (4). The presence of docking sites can facilitate sub-
strate targeting by specific kinases, and the characterization of
docking site motifs has predictive value to identify novel sub-
strates by computational scanning. This principle was demon-
strated recently for the yeast polo-like kinase Cdc5, where a
data base search for both the optimal phosphorylation site and
docking site sequences led to the identification of several novel
substrates (57). As a relatively small number (306) of human
proteins have an ERK/p38a consensus DEF sequence ((F/
W)X(F/Y/W)) within 20 residues downstream of the optimal
MAPK phosphorylation site, this approach is anticipated to be
fruitful for identifying new MAPK substrates as well.

Therapeutic targeting of MAPKs is currently of great clinical
interest. Inhibitors of the ERK, p38, and JNK pathways have all
reached clinical trials for diverse indications, including cancer,
inflammation, and neurodegenerative disease (52, 58, 59). Effi-
cient kinase-specific peptide substrates such as those described
here are adaptable to high throughput assays and are thus val-
uable tools for drug discovery. Incorporation of these peptides
into fluorescent biosensors could also provide a means for cell-
based screening (60— 62). In addition, docking grooves offer an
alternative to the ATP-binding site as a strategy for targeting
with small molecule inhibitors (63). The identification of differ-
ences in docking specificity between the various MAPKs not
only illuminates fundamental mechanisms of substrate dis-
crimination but also suggests an avenue for designing isoform-
specific inhibitors of potential clinical value.
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