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Background: MAPK cascade proteins bind to each other selectively via docking interactions.
Results: The high selectivity of INK family MAPKs for cognate binding partners is controlled by two key hydrophobic residues

in the docking site.

Conclusion: This contrasts with other proposed models of docking specificity.
Significance: This has implications for drug design and for the evolution of signaling specificity.

MAPKs bind to many of their upstream regulators and down-
stream substrates via a short docking motif (the D-site) on their
binding partner. MAPKs that are in different families (e.g. ERK,
JNK, and p38) can bind selectively to D-sites in their authentic
substrates and regulators while discriminating against D-sites in
other pathways. Here we demonstrate that the short hydropho-
bic region at the distal end of the D-site plays a critical role in
determining the high selectivity of JINK MAPKs for docking sites
in their cognate MAPK kinases. Changing just 1 or 2 key hydro-
phobic residues in this submotifis sufficient to turn a weak JNK-
binding D-site into a strong one, or vice versa. These specificity-
determining differences are also found in the D-sites of the ETS
family transcription factors Elk-1 and Net. Moreover, swapping
two hydrophobic residues between these D-sites switches the
relative efficiency of Elk-1 and Net as substrates for ERK versus
JNK;, as predicted. These results provide new insights into dock-
ing specificity and suggest that this specificity can evolve rapidly
by changes to just 1 or 2 amino acids.

Changes in protein kinase activity are associated with many
human diseases. As such, there is considerable interest in tar-
geting protein kinases with drugs and in understanding kinase
signaling networks (1-3). To advance both of these goals, it is
important to better understand how protein kinases recognize
and select their substrates and regulators.

A key aspect of kinase-substrate recognition is the interac-
tion of the kinase active site with the target phosphosite (4, 5).
Many kinases, however, augment the limited selectivity of this
interaction in various ways. For example, in cyclin-dependent
kinases (CDKs),” the non-catalytic cyclin subunit is critical for
substrate recognition (6, 7). A similar function has also been
proposed for scaffold proteins, which bridge transient interac-
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tions between kinases and their substrates (3, 8). Finally, other
kinases, as exemplified by mitogen-activated protein kinases
(MAPKS), bind directly to short docking motifs on substrates
that are located at various distances from the target phospho-
site (4, 5, 9-11). These docking interactions are thought to
dynamically tether the catalytic domain within range of appro-
priate target sites (12). There is increasing interest in targeting
docking interactions as a possible drug development strategy
(13-17).

MAPK cascades are crucial to the regulation of cell division,
differentiation, and death and are also important regulators of
metabolic, inflammatory, and stress responses (18 -20). The
core of a MAPK cascade consists of a MAPK kinase (MKK or
MEK) that phosphorylates and activates a cognate MAPK. The
activated MAPK then phosphorylates multiple downstream
substrates, including transcription factors, such as Elk-1, c-Jun,
and ATF2 (21). Docking interactions are critical for both of
these steps; MAPK kinases contain a MAPK-docking site that
promotes binding/phosphorylation of their cognate MAPKs,
and MAPK-regulated transcription factors and other sub-
strates typically contain docking sites that enhance their
binding/phosphorylation by MAPKs. Moreover, docking inter-
actions mediate the binding of MAPKs with scaffolds and phos-
phatases (3, 9, 22). These networks of MAPK docking interac-
tions are broadly conserved in eukaryotes (23-25).

Although there are several different classes of MAPK dock-
ing site, the most abundant class is that designated the “D-site”
or “D-domain” (9). The D-site consensus consists of a cluster of
about 2 or 3 basic residues, a short spacer, and a hydrophobic-
X-hydrophobic submotif ((K/R), ;X; (PXP, where X is any
residue and @ is a hydrophobic residue) (26, 27). D-sites are
found in MAPK kinases, in MAPK phosphatases, in MAPK sub-
strates, and in MAPK scaffold proteins. The D-sites in these
proteins bind to a small surface region of the MAPK that con-
sists of closely spaced acidic patches and shallow hydrophobic
pockets, which collectively form a “docking groove” (11, 14).
The docking groove is located on the opposite side of the kinase
structure from the kinase active site.

Major MAPK pathways in mammalian cells include the
MEK1/2 — ERK1/2 pathway, which primarily regulates growth
and developmental signaling and is dysregulated in many types
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of cancer (28 -31); the MKK3/6 — p38 pathway, which mainly
regulates stress responses and inflammation (32, 33); and the
MKK4/7 — JNK pathway, which regulates cell life-death deci-
sions and many other disease-relevant processes and plays a
central role in the pathogenesis of diabetes and related meta-
bolic disorders (34, 35).

As stated above, the ERK1/2, INK, and p38 MAPK families
are activated by distinct MKKs. This interaction is highly spe-
cific, and D-sites located near the N termini of MKKs help
determine this specificity. For example, JNK proteins bind
strongly to D-sites found in their activators, MKK4 and MKK?7,
yet bind weakly or not at all to D-sites found in MKKs that do
not activate JNK (36). A similar situation is seen in MAPK-
substrate interactions: ERK1/2, JNK, and p38 phosphorylate
distinct but overlapping sets of substrates, and differences in
docking affinities are thought to influence these substrate pref-
erences (37, 38). Our understanding of the rules that determine
such family preferences (e.g. why some D-sites bind preferen-
tially to JNK, whereas other bind better to p38) is incomplete
(11, 39-42). What makes this problem particularly challenging
is that D-sites found in ERK, JNK, and p38 binding partners
share a core consensus, and there are no obvious differences in
the non-consensus residues that suggest how they might influ-
ence family preferences.

Here we investigated the docking preferences for the JNK
family of MAPKSs, using the striking preference of JNK for cog-
nate MKK-derived D-sites as a starting point. We found that
the selectivity of D-sites for JNK versus ERK/p38 was largely
determined by the composition of the hydrophobic submotif
and that selectivity could be flipped (with weakly binding
D-sites becoming strong ones and vice versa) by changing just 1
or 2 residues in this element. This work provides significant
new insights into MAPK docking specificity.

Experimental Procedures

Proteins—Fusions of glutathione S-transferase (GST) to
human c-Jun(1-89) and ATF2(19-96) were purchased from
Cell Signaling Technology. Activated human JNKlal and
JNK2a2 were purchased from Upstate Cell Signaling Solutions/
Millipore. Activated mouse ERK2 was purchased from New
England Biolabs. GST fusion proteins used in Figs. 4 and 8 were
expressed in bacteria and purified by affinity chromatography
using glutathione-Sepharose (GE Healthcare) and quantified as
described elsewhere (26).

Peptides—The soluble peptides used in this study were syn-
thesized by Mimotopes. The MEK peptides are composed of
the following residues of the full-length protein; MEKI, resi-
dues 1-17; MEK2, residues 1-20; MKK3, residues 17-33;
MKK4, residues 37-52; MKK®6, residues 2—21; MKK7-D2, res-
idues 37-51.

Plasmids for the Production of GST Fusion Proteins—The
vector used for generating GST fusion proteins was pGEX-LB, a
derivative of pGEX-4T-1 (Amersham Biosciences) (26). In
pGEX-LB, an encoded Pro residue is replaced with a Gly-Gly-
Gly-Gly-Gly-Ser-Gly coding sequence to promote the indepen-
dent functioning of the GST and fusion moieties. Plasmids
encoding GST-JNK1lal, GST-JNK2«2, and GST-p38f3 have
been described elsewhere (43). To generate GST-Elk1(310—
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393) and GST-Net(288 —367), PCR was used to amplify the spe-
cific fragments and introduce an EcoRI site at the N terminus
and a Sall site at the C terminus; human ELK1 and NET cDNA
clones were used as templates. The PCR products were digested
with EcoRI and Sall and subsequently inserted into the appro-
priate sites on pGEX-LB.

Protein Kinase Assays—Protein kinase reactions (20 ul) con-
tained kinase assay buffer (50 mm Tris-HCI (pH 7.5), 10 mm
MgCl,, 1 mm EGTA, and 2 mwm dithiothreitol), 0.1 mg/ml BSA,
1 uM substrate, active MAPK (2 milliunits (~17 ng) of JNK1 or
JNK2 or 10 units (~1 ng) of ERK2), 50 um ATP, 1 uCi of
[y-**P]ATP, and (for peptide competition assays, see below)
varying concentrations of particular D-site peptides. Reactions
were for 20 min at 30 °C. Substrate phosphorylation was quan-
tified by SDS-PAGE (12% gels), followed by analysis of relative
incorporation using a PhosphorImager. All data points shown
are averages from experiments repeated 3—7 times, with dupli-
cate points in each experiment. The S.E. between experiments
was typically <10% of the mean.

Binding Assay—The binding assay shown in Fig. 4 was per-
formed as described previously (26). The human genes used in
this experiment were MKK4 (MAP2K4; NCBI accession num-
ber NM_003010), INKlal (MAPKS8; NM_002750), INK2a2
(MAPK9; NM_002752), and p38B (MAPK11; NM_002751).

Competition Assay for Measuring D-site Selectivity—D-sites
in MKKs and D-sites in substrates compete for MAPK binding.
This competition can be demonstrated by using MKK-derived
D-site peptides to inhibit MAPK-mediated phosphorylation of
substrates containing D-sites (44). For example, the D-site from
MKK4 inhibits JNK-mediated phosphorylation of c-Jun and
ATEF2 (45, 46). We have found that this competitive inhibition
assay provides a highly sensitive method for quantifying the
binding of a given D-site peptide to a target MAPK (36, 44 —46)
and have used it extensively in the present study. To perform
this assay, protein kinase reactions are set up as described above
but with peptide competitor included in the reaction. Under
the conditions of our assay, reaction velocity responds approx-
imately linearly to changes in [substrate]; thus, [substrate] <<
K,,,. (Furthermore, under the conditions of our assay, velocity is
approximately linear in [E]). Assuming a competitive inhibition
scheme (47-49), and given that [substrate] << K, the IC, (the
concentration of D-site peptide that inhibits substrate phos-
phorylation by 50%) is a measure of the dissociation constant
(K ) of the peptide-kinase binding interaction, with alower IC,,
indicating tighter binding (50, 51). We have found that IC,,
values measured by this protocol are reproducible within about
2-3-fold, even when remeasured several years later using dif-
ferent lots of all components. Furthermore, IC,, values mea-
sured using this procedure have generally correlated well with
K, values measured in direct binding assays (45, 46). IC, esti-
mates were obtained by nonlinear fitting of the quantified data
to a competitive inhibition isotherm.

Results
Selectivity of Docking Sites in MAPK Kinases—MKKs effi-
ciently phosphorylate their cognate, within-pathway MAPKs
and do not appreciably phosphorylate MAPKs in other path-
ways (Fig. 1A4). In particular, MEK1 and MEK2 phosphorylate
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FIGURE 1. MAPK pathways and docking sites in MKKs. A, the schematic
shows six of the seven human MAPK kinases (MKKs or MEKSs) with their cog-
nate, within-pathway MAPKs indicated by the arrows. The triangles on the
MKKs represent their D-sites. Whereas most MKKs contain a single, higher-
affinity D-site near their N termini, MKK7 contains three lower-affinity D-sites
in its N-terminal domain (46). B, comparison of D-sites found in the human
MKKs shown in A. Residues comprising the basic submotif (++ +) are shown
in boldface blue type; residues comprising the hydrophobic submotif
(dXP(XP)) are shown in boldface red type. The last “(X¢)" indicates the
extended hydrophobic submotif found in some D-sites. Isoleucine residues in
the core “¢pX¢" are also highlighted in yellow. Gaps have been introduced to
maximize alignment of functionally similar residues; spaces are for visual clar-
ity. C, schematic interpretation of the co-crystal structure of the D-site of the
NFAT4 transcription factor binding to the JNK1 MAPK (42), an example of a
cognate docking interaction. The interaction of the basic submotif of the
D-site with negatively charged acidic residues in the MAPK is depicted on the
left, whereas the interaction of the hydrophobic submotif of the D-site with
the three hydrophobic pockets (®, ®,, and ®g) in the docking groove of the
MAPK is shown on the right. The illustration is inspired by a similar represen-
tation by Reményi et al. (58); the pockets are labeled according to Peti and
Page (11).

ERK (meaning ERK1 and ERK2) but not JNK or p38. Likewise,
MKK3 and MKK6 phosphorylate p38 but not ERK or JNK (52,
53), and MKK?7 phosphorylates JNK but not ERK or p38 (54,
55). MKK4 is an exception in that it phosphorylates both JNK
and p38 (52, 56).

The selectivity of MEK-MAPK docking interactions largely
parallels the specificity of MEK-MAPK enzymatic transactions.
In other words, D-sites from MKKs bind to their cognate
MAPKSs with about a 10-fold higher affinity than they bind to
non-cognate MAPKs (36). In particular, JNK1 and JNK2 are
highly selective, binding to their cognate D-sites (from MKK4
and MKK?7) between 5- and 50-fold tighter than to non-cognate
D-sites (36,45, 46). Similarly, p38 also exhibits selective binding
to its cognate D-sites in MKK3, MKK4, and MKK6 (36). In
contrast, ERK2 exhibits a promiscuous ability to bind to D-sites
of non-cognate MKKs (36).
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Comparison of the Basic Submotif in Strong Versus Weak
JNK-binding D-sites—MKK-derived D-sites that bind effi-
ciently to JNK include the single high-affinity D-site in the N
terminus of MKK4 (45) and the three interacting, lower affinity
D-sites in the N terminus of MKK7 (46) (Fig. 1B); as stated
above, MKK4 and MKK?7 are the cognate, within-pathway
upstream kinases for JNK family MAPKs. MKK-derived D-sites
that bind to JNK weakly (or not at all) consist of the D-sites in
MEK1, MEK2, MKK3, and MKK6 (Fig. 1B); these D-sites/ki-
nases are in different MAPK cascades; in other words, they are
non-cognate with respect to the JNK pathway. To restate,
D-sites in proteins that are in the JNK pathway bind tightly to
JNK, whereas D-sites in proteins in other pathways bind weakly
to JNK.

What are the key differences between the cognate D-sites in
MKK4 and MKK?7 that bind tightly to JNK and the non-cognate
sites in MEK1/2 and MKK3/6 that bind weakly to JNK? D-sites
are composed of two main elements: an N-terminal basic sub-
motif and a C-terminal hydrophobic submotif, which are sepa-
rated by a spacer of variable length (Fig. 1B). Mutagenesis
experiments have established that the integrity of both of these
submotifs is crucial for MAPK binding (26, 45). There is no
obvious difference between the basic submotifs of MKK-de-
rived D-sites that bind to JNK and those that do not (Fig. 1B).
Consistent with this, engineering conservative substitution
mutations (i.e. lysine for arginine or vice versa) into the D-site of
MKK4 did not diminish binding to JNK1, whereas alanine sub-
stitutions had a more dramatic effect (Table 1) (45). These
results suggest that the precise chemical identity of a given basic
residue does not dramatically influence binding efficiency and
thus likewise does not determine binding specificity. This is
consistent with the idea that the basic residues may be able to
bind to corresponding acidic patches in the docking groove in a
flexible or “fuzzy” manner, accounting for the lack of resolution
of this portion of the D-site in many co-crystal structures (11,
42).

Comparison of the Hydrophobic Submotif in Strong Versus
Weak JNK-binding D-sites—The hydrophobic submotif of the
D-site has the consensus sequence ®X®, where @ is a hydro-
phobic residue and X is a non-hydrophobic residue. Further-
more, many D-sites contain an “extended” ®XPXP hydropho-
bic submotif. The “extra” hydrophobic residue in such D-sites
can be accommodated in an additional hydrophobic pocket in
the docking groove, as was first seen in the co-crystal structure
of the MEF2A D-site peptide with p38« (57) and has since been
observed in several other D-site-MAPK co-crystal structures,
including Msg5-Fus3 (58), Ste7-Fus3 (58), INK1-NFAT4 (42),
and JNK3-ATF2 (59). A schematic depiction of the
JNK1-NFAT4 structure is shown in Fig. 1C.

When we compared the hydrophobic submotifs of the
D-sites in the six human MKKs (Fig. 1B), we found two intrigu-
ing differences between the JNK-binding versus non-binding
groups.

The first difference we noticed was in the first 3 residues of
the hydrophobic submotif. For the JNK-binding group of
MKKs, the D-site of MKK4 contains LXL, as do all three of the
D-sites in MKK?7. In contrast, for the MKKs in other pathways,
the D-sites of the ERK pathway activators MEK1 and MEK2
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TABLE 1

Lysine to arginine substitutions in basic subdomain do not affect
MKK4-JNK binding

Shown is a summary of MKK4-JNK binding assay data. Experiments were per-
formed with **S-radiolabeled full-length MKK4 protein and mutants thereof, which
were tested for binding to purified GST-JNK1 as in Fig. 4, or with °S- radiolabeled
full-length JNK3 protein, which was tested for binding to GST- MKK4(37-94) and
mutants thereof as described in Ho et al.(45). Each plus sign represents approxi-
mately 20% of wild-type binding after background subtraction.

MKK4 D-site sequence
#  Allele +++ DOXD JNK Binding
1 WT KRK A LKLNF  +++++
2 KA40R RRK A LKLNF +++++
3 R41K KKK A LKLNF +++++
4 K42R KRR A LKLNF +++++
5 K40A ARK A LKLNF +++
6 R41A KAK A LKLNF ++
7 K42A KRA A LKLNF ++++
8 KaA KAA A LKLNF -
9 RAA RAA A LKLNF -
10 ARA ARA A LKLNF ++
11 AKR AKA A LKLNF ++
12 AAK AAK A LKLNF -
13 AAR AAR A LKLNF -
14 AAA AAA A LKLNF -

contain IXL and LXI, respectively, and the D-sites of the p38
activators MKK3 and MKK6 both contain LXI. In other words,
the cognate MKK D-sites for JNK are LXL, whereas the non-
cognate D-sites are IXL or LXI.

This first observation suggested a straightforward hypothe-
sis. Perhaps JNK dislikes isoleucine in the hydrophobic submo-
tif, and this contributes to its poor binding to D-sites from non-
cognate MKKs.

MKK D-sites That Bind JNK Weakly Lack an Extended
Hydrophobic Motif—The second difference we noticed
between JNK binders and non-binders was whether or not the
hydrophobic submotif was extended to include a third hydro-
phobic residue. First, examination of MKK D-site sequences
revealed the presence of a putative extended hydrophobic sub-
motif in the single high-affinity JNK-docking D-site in MKK4,
which has the sequence LKLNF (Fig. 1B). This interpretation
was predicated on the assumption that the phenylalanine at
position 48 in MKK4 is a suitable hydrophobic residue; in sup-
port of this assumption, leucine is most often substituted with
isoleucine/methionine, phenylalanine, and valine, in that order,
according to the PAM250 (percent accepted substitution)
matrix, which records the likelihood of change from one amino
acid to another in homologous protein sequences during evo-
lution (60). Furthermore, in the crystal structure of JNK3 co-
crystalized with a D-site peptide derived from ATF2, the phe-
nylalanine in the extended hydrophobic submotif of ATF2
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(MTLKEF) occupies the @5 hydrophobic pocket of the docking
groove (59).

Examination of the three D-sites present in the N terminus of
MKK?7 revealed that MKK7-D1 and MKK7-D2 also contain
putative extended hydrophobic motifs (Fig. 18). MKK7-D2, the
site with the highest JNK binding affinity of the three (46), con-
tains the sequence LQLPL. MKK7-D1, the site with the next
highest binding affinity for JNK, contains the sequence LNLDI.
Only MKK7-D3, which has the lowest affinity for JNK of the
three MKK?7 D-sites, appears to lack an extended hydrophobic
submotif, having instead the sequence LGLPS.

In contrast, examination of the p38 pathway kinases MKK3
and MKKG6 revealed that neither of them feature an extended
hydrophobic submotif. Instead, MKK3 contains the residue
cysteine, which would be expected to be polar in the reducing
intracellular environment and is seldom substituted for leucine
according to the PAM250 matrix. Strikingly, MKK6 contains
the highly polar, positively charged residue lysine at the posi-
tion where the third hydrophobic residue would sit. Based on
these observations, we hypothesized that the presence or
absence of a third hydrophobic residue might contribute to the
ability of JNK to discriminate between its cognate D-sites in
MKK4 and MKK7 and the non-cognate D-sites in the p38 path-
way kinases MKK3 and MKK6.

The ERK pathway kinases MEK1 and MEK2 contain a pro-
line at the position where the third hydrophobic residue should
be (Fig. 1B). Although proline is non-polar, it is infrequently
substituted for leucine, isoleucine, or phenylalanine according
to the PAM250 matrix. Thus, we considered the possibility that
this position might contribute to the ability of JNK to discrim-
inate against MEK1 and MEK2.

For the purpose of increased clarity, we will adopt the follow-
ing terminology in the remainder of this paper. We will refer to
the first and second hydrophobic residues in the D-site using
the terms “first position” and “second position.” Also, we will
use the term “third position” to refer to the residue that is gen-
erally hydrophobic in MKK4/7 but not hydrophobic in MEK1/2
and MKK3/6. In addition, we will often abbreviate the sequence
of a particular hydrophobic submotif as LXLXF (for MKK4) or
LXIXK (for MKK®6), etc., to emphasize the identity of the resi-
dues in the first, second, and third positions.

Swapping MKK6 Residues into the MKK4 D-site Reduces JNK
Binding—T o begin to explore the hypothesis that differences in
the hydrophobic submotif underlie the ability of JNK to dis-
criminate cognate from non-cognate D-sites, we measured the
ability of MKK4-derived D-site peptides to bind to JNK and
thereby inhibit JNK-mediated phosphorylation of the D-site-
containing substrates c-Jun and ATF2. We have shown that this
“peptide competition” assay provides a highly sensitive method
for quantifying the binding of a given D-site peptide to a target
MAPK (36,44 —46) (Fig. 2A; see “Experimental Procedures” for
details). The wild-type MKK4 peptide corresponds to residues
37-52 of full-length MKK4 protein and hence contains leucines
at positions corresponding to MKK4 residues 44 and 46 and a
phenylalanine at the position corresponding to MKK4 residue
48 (Fig. 2B). Thus, its hydrophobic submotif can be abbreviated
as LXLXF. As shown in Fig. 2, C—E, this peptide was an effective
inhibitor of JNK-mediated phosphorylation, as we have
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FIGURE 2. Effect of “MKK6-like” hydrophobic residue substitutions on MKK4-JNK binding. A, peptide competition assay. D-site peptides (triangles) were
used to inhibit JNK phosphorylation of the D-site-containing substrates c-Jun or ATF2. B, the MKK4 D-site peptide (red) binds with high affinity to JNK and
inhibits JNK-mediated phosphorylation of D-site-containing substrates. The MKK6 D-site peptide (blue) does not bind to JNK and therefore does not inhibit
JNK-mediated phosphorylation. The experiment was designed to measure the binding of MKK4 peptides that were substituted with residues taken from MKK6.
Will these hybrid D-site peptides bind to JNK or not? C, sequence of D-site peptides used in this experiment; all sequences used in this paper are human.
Substituted residues are indicated in green and underlined. To the left of the sequences, the ICs, (the peptide concentration that inhibits phosphorylation by
50%; see “Experimental Procedures” for more details) for each kinase/substrate combination tested is shown. For the mutant MKK4 peptides, the -fold increase
in IC5,, normalized to wild-type MKK4, is also shown. Lower IC5, values indicate stronger D-site:JNK binding; thus, “-fold increase in IC5," quantifies the factor
by which JNK binding has been reduced by the mutations indicated. D, purified GST-ATF (1 um) was incubated with purified active JNK1 (~50 nm) and
[y->?P]ATP for 20 min in the absence or presence of the specific concentrations of the indicated peptides. In the graph, results are plotted as percent
phosphorylation relative to that observed in the absence of any added peptide. Phosphate incorporation into ATF2 was analyzed by SDS-PAGE and quantified
on a Phosphorlmager. Data are the average of 3-8 experiments, with duplicate data points in each experiment. The S.E. between experiments was typically
<10% of the mean; error bars are omitted for visual clarity. E, representative autoradiogram of experiments averaged and graphed in D. F and G, similar to D
and E, except the kinase was JNK2, and the substrate was GST-c-Jun.

reported previously (36, 45, 46). The peptide concentration MEK2 and MKK3) contain a leucine at the first position; how-

required for 50% inhibition of JNK1 phosphorylation of ATF2
(i.e. the IC,,) was 2 um. The IC,, was 6 uMm when the same
peptide was used to inhibit JNK2 phosphorylation of c-Jun. In
contrast, the MKK6 D-site peptide (hydrophobic submotif:
LXIXK) exhibited no detectable binding to JNK; the IC,, was
much greater than 100 uM for both the INK1-ATF2 and JNK2-c-
Jun reactions.

We next designed mutant MKK4-derived peptides in which
position 2 or position 3 residues in MKK4 were exchanged with
the equivalent residues in MKK®6. In other words, we made the
MKK4 peptide more “MKK6-like” by swapping key residues in
the hydrophobic submotif. Both MKK4 and MKK6 (as well as
SASBMB
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ever, MKK6 has an isoleucine at the second position and a
lysine at the third position. The L46I substitution makes the
MKK4 D-site resemble MEK2, MKK3, and MKK6 at the second
position. The F48K mutation makes the D-site of MKK4 resem-
ble MKK6 at the third position. As shown in Fig. 2, both
“MKK®6-like” single substitutions in MKK4 (L461 and F48K)
reduced the ability of the MKK4 peptide to inhibit JNK, with
the F48K change showing the more substantial effect. Strik-
ingly, the peptide containing both substitutions (designated
MKK4 LXIXK) was as ineffective at binding to JNK as the native
MKKS6 D-site peptide. Moreover, these conclusions were con-
sistent regardless of whether JNK1 or JNK2 was used as the
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FIGURE 3. Effect of “MEK1-like” hydrophobic residue substitutions on MKK4-JNK binding. A, the MKK4 D-site peptide (red) binds with high affinity to JNK
and inhibits JNK-mediated phosphorylation of D-site-containing substrates. The MEK1 D-site peptide (green) does not bind to JNK and therefore does not
inhibit JNK-mediated phosphorylation. The experiment was designed to measure the binding of MKK4 peptides that were substituted with residues taken
from MEK1. Will these hybrid D-site peptides bind to JNK or not? B, peptide sequences used in A. C and D, inhibition of JNK1 phosphorylation of ATF2 by the
D-site peptides shown in B. E and F, inhibition of JNK2 phosphorylation of c-Jun by the D-site peptides shown in B. Other details are as in Fig. 2.

kinase and whether c-Jun or ATF2 was used as the substrate
(Fig. 2).

Swapping MEK1 Residues into the MKK4 D-site Reduces JNK
Binding—We next made the MKK4 D-site peptide more
“MEK1-like,” again by swapping key residues in the hydropho-
bic submotif. The D-site of MEK1 is the only MKK-derived
D-site that contains an isoleucine at the first position. In addi-
tion, MEK1 contains a proline at the third position (as does
MEK2). The L441 substitution makes the MKK4 D-site resem-
ble MEK1 at the first position, whereas the F48P substitution
makes the MKK4 D-site resemble MEK1 (and MEK2) at the
third position. As shown in Fig. 3, both the L4411 and the F48P
substitutions reduced the ability of the MKK4 peptide to inhibit
JNK. Similar to the results presented in Fig. 2, the change in the
third position (F48P) exhibited the more substantial effect. Fur-
thermore, the peptide containing both substitutions (desig-
nated MKK4 IXLXP) was even less effective at binding to JNK
than the wild-type MEK1 D-site peptide. Once again, these
conclusions were consistent regardless of whether JNK1 or
JNK2 was used as the kinase and whether c-Jun or ATF2 was
used as the substrate (Fig. 3).

Binding Assay—In order to determine the effect of D-site
substitutions on the binding of full-length MKK4 to JNK, we
produced full-length human MKK4 protein by in vitro tran-
scription/translation and measured its binding to purified, full-
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length GST-JNK1, JNK2, or p38 proteins. As shown in Fig. 4,
wild-type MKK4 protein bound to all three of these cognate
MAPKSs, as expected, exhibiting the highest affinity binding for
JNK?2, followed by JNK1 and then p38. (It is interesting to note
that MKK?7 binds to JNK1 preferentially over JNK2 and does
not bind to p38 (46).)

We also produced four mutant versions of full-length human
MKK4 protein, by altering just 2 amino acids, and measured the
binding of these derivatives to JNK1/2 and p38. In the first of
these mutant MKK4 “alleles,” the first and third positions of the
hydrophobic submotif of the D-site were exchanged with the
corresponding residues of MEKI1. In the next three, the second
and third positions were exchanged with the corresponding
residues in MEK2, MKK3, or MKK®6. In other words, we created
MEK1-like, MEK2-like, MKK3-like, and MKK6-like alleles of
MKXK4 by changing 2 residues in the MKK4 D-site (Fig. 4A4).

As shown in Fig. 4, all four of the mutants displayed a dra-
matic decrease in MKK4-JNK binding. For JNK1, binding of the
MKK3- and MKK6-like mutants was reduced about 5-fold, and
binding of the MEK1- and MEK2-like mutants was reduced by
over 10-fold. Even more dramatically, the binding of all four
non-cognate mutants to JNK2 was reduced over 20-fold (Fig. 4).

The cognate MKKs for p38 are MKK3, MKK4, and MKK6
(52, 56). Thus, it was not clear what would happen with regard
to p38 binding when the MKK4 D-sites were changed to be
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FIGURE 4. Non-cognate hydrophobic residue substitutions into the D-site
of full-length MKK4 reduce JNK binding. A, **S-radiolabeled full-length
human MKK4 protein and mutant derivatives thereof were produced by in
vitro translation and tested for binding to full-length, purified human GST-
MAPK proteins in a pull-down assay. Results were quantified by SDS-PAGE
followed by Phosphorlmager analysis. The sequences of the D-sites of the
wild-type and mutant proteins are shown below a schematic of full-length
MKK4. B, MKK4 (~1 pmol) was tested for binding to 20 ug of GST (lane 2),
GST-IJNK1a1 (lane 3), GST-INK2a2 (lane 4), or GST-p38p (lane 5). Lane 1 shows
10% of the total MKK4 input. The bottom panel shows the Coomassie Blue
staining of the sedimented GST fusion proteins. C, quantification of MAPK-
MKK4 binding based on several experiments, such as that shown in B. Error
bars, S.E. (n = 3).

MKK3- or MKK6-like, because this could be viewed as chang-
ing cognate residues into different cognate residues. Indeed, as
shown in Fig. 4, these changes only resulted in a modest
decrease in MKK4-p38 binding.

In summary (Figs. 2—4), the MKK4 D-site, which normally
binds JNK with high affinity, can be converted into a D-site that
binds to JNK as poorly as the non-cognate D-sites in MEK1,
MEK2, MKK3, and MKK®6. Furthermore, this conversion can
be accomplished by exchanging just 1 or 2 residues with the
equivalent residues in the hydrophobic submotif of the non-
cognate D-site.

Hydrophobic Substitutions into MKK3 and MKK®6 Increase
JNK Binding—Having shown that binding to JNK was reduced
by changing the MKK4 D-site into the non-cognate, MKK6-like
sequence LXIXK (Fig. 2), we next asked whether the converse
were true; would changing 1 or 2 residues of the D-site of MKK6
into those of MKK4 (LXLXF) or MKK7-D2 (LXLXL) be suffi-
cient to enable these non-cognate D-sites to bind efficiently to
JNK?

The MKK6 D-site contains the hydrophobic submotif
LKIPK. We made a double substitution in MKK®6, 115L/K17L,
which converted the MKK6 hydrophobic submotif to LKLPL
(compare with LQLPL in MKK7-D2). As shown in Fig. 5,
whereas the wild-type MKK6 D-site peptide exhibits no detect-
able binding to JNK, the “MKK7-like” MKK6 D-site bound to
JNK with an affinity comparable with the wild-type MKK7-D2
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and MKK4 D-sites. In contrast, the single 1151 (MKK4- and
MKK7-like) or K17L (MKK?7-like) changes in the MKK6 D-site
exhibited a much less dramatic increase in JNK binding than
the double substitution.

The MKK3 D-site contains the hydrophobic submotif
LRISC. As shown in Fig. 6, changing the isoleucine in this D-site
toleucine (I127L), the residue found at the equivalent position in
MKK4 and MKK7-D2, modestly improved JNK binding. In
addition, changing the cysteine in the MKK3 D-site to leucine
(C29L), the residue found at the equivalent position in MKK7-
D2, substantially improved the binding of the MKK3 D-site to
JNK. Finally, when the I127L and C29L substitutions were com-
bined, converting the hydrophobic submotif of MKK3 to
LRLSL (again, compare with LQLPL in MKK7-D2), this further
increased the binding of the substituted MKK3 peptide to JNK,
to a level that was comparable with the cognate MKK4 peptide
(Fig. 6).

Making MEK2 More MKK4/7-like Greatly Increases JNK
Binding—The MEK2 D-site contains the hydrophobic submo-
tif LTINP. As shown in Fig. 7, changing the proline in this D-site
to leucine (P16L), the residue found at the equivalent position
in MKK7-D2, dramatically improved the binding of the MEK2
D-site to JNK. Moreover, the addition of a further 114L substi-
tution, which converted the MEK2 hydrophobic submotif to
LTLNL, similar to the LQLPL in MKK7-D2, further increased
the binding of the substituted MEK2 peptide to JNK. Indeed,
the MEK2 LXLXL D-site bound to JNK essentially just as well as
the wild-type MKK7-D2 and MKK4 D-sites. Although these
changes in the MEK2 D-site dramatically enhanced non-cog-
nate binding to JNK, they had little or no effect on cognate
binding to ERK2 (Table 2).

In summary, the results from the experiments described in
Figs. 2—7 all support a crucial role for particular residues in the
hydrophobic submotif of the D-site in determining the speci-
ficity of MKK-JNK interactions; JNK prefers leucine over iso-
leucine and greatly prefers D-sites with an extended ®XPXP
hydrophobic submotif.

Comparison of the D-sites in Elk-1 and Net—Given the
importance of the hydrophobic submotif in determining the
specificity of MKK-MAPK interactions, we looked for other
examples where differences in the hydrophobic submotifs of
D-sites in paralogous proteins might underlie the specificity of
MAPK targeting. We found examples in the ternary complex
factor (TCF) subfamily of ETS domain transcription factors.

The ETS domain family of transcription factors, originally
identified on the basis of homology to the ets-I proto-onco-
gene, is found in metazoan organisms from sponges to humans
(61). The TCFs are a subfamily of ETS domain factors that are
distinguished by sequence homology and by the biochemical
ability to bind to serum response factor. There are three mam-
malian TCFs: Elk-1, Elk-3/Net/Erp/Sap2, and Elk-4/Sap1l. The
TCFs share several regions of primary sequence similarity,
including an N-terminal ETS DNA-binding domain and a
C-terminal transcriptional regulation domain (designated the
C-domain), which is a target for MAPK-mediated phosphory-
lation (62, 63). The C-domain includes both a D-site and mul-
tiple downstream target phosphosites (Fig. 84). MAPK-medi-
ated phosphorylation of a TCF C-domain enhances its DNA
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FIGURE 5. Hydrophobic residue substitutions into the MKK6 D-site increase JNK binding. A, the cognate MKK4 D-site peptide (red) binds with high affinity
to JNK, whereas the non-cognate MKK6 D-site peptide (blue) does not. The experiment was designed to measure the binding of MKK6 peptides that were
substituted with residues taken from MKK4. Will these hybrid D-site peptides bind to JNK or not? B, peptides used in this experiment; MKK7-D2 is shown for
comparison. Cand D, inhibition of JNK1 phosphorylation of ATF2 by the D-site peptides shown in B. E and F, inhibition of JNK2 phosphorylation of c-Jun by the
D-site peptides shown in B. G, ICs, values of the various D-site peptides, normalized to the IC, of MKK4, plotted in bar graph format, for the JNK1-ATF2 peptide
competition assay shown in C. Lower IC, values indicate stronger D-site*JNK binding. H, as in G, except the data are from the JNK2/c-Jun peptide competition

assay shown in E. Other details are as in Fig. 2.

binding and also alters its interactions with other transcrip-
tional regulators, promoting transcriptional activation.

The different members of the TCF subfamily respond differ-
entially to the three MAPK pathways. For example, whereas
Elk-1 is an efficient substrate for ERK and JNK, the C-domain of
Net has been shown to be a good ERK substrate but a relatively
poor JNK substrate, with important physiological conse-
quences (39, 64, 65). Because the structural basis of this dis-
crimination is not known, we examined the sequences of the
D-sites of human Elk-1 and Net for differences in their hydro-
phobic submotifs that might contribute to the differential tar-
geting by ERK versus JNK. As shown in Fig. 8B, the Elk-1 D-site
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has the hydrophobic submotif LELPL, with leucines at the first,
second, and third hydrophobic positions. Based on the results
obtained in this study with MKK D-sites, this D-site would be
predicted to bind strongly to both ERK and JNK, consistent
with published binding and kinase assays that demonstrate that
Elk-1 is an efficient substrate for both of these MAPKs (39). In
contrast, the Net D-site has a hydrophobic submotif of
sequence LEISA. Notably, the Net D-site contains an isoleucine
as one of its hydrophobic residues and also lacks a third hydro-
phobic residue. Based on the results obtained in this study with
MKK D-sites, both of these characteristics should negatively
impact JNK binding and phosphorylation relative to ERK bind-
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FIGURE 6. Hydrophobic residue substitutions into the MKK3 D-sites increase JNK binding. A, the cognate MKK4 D-site peptide (red) binds with high affinity
to JNK, whereas the non-cognate MKK3 D-site peptide (blue) binds more weakly. The experiment was designed to measure the binding of MKK3 peptides that
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ing and phosphorylation. Thus, we hypothesized that these two
single-residue differences might determine the specificity of
Elk and Net interactions with ERK and JNK.

Switching the MAPK Selectivity of Elk-1 and Net—To test the
hypothesis that two residues in the hydrophobic submotifs of
the D-sites of Elk-1 and Net were important in determining the
specificity of MAPK phosphorylation, we fused the C-domains
of these two transcription factors to Schistosoma japonicum
GST; the resulting fusion proteins were then expressed in bac-
teria and purified by adsorption to glutathione-Sepharose
beads. We chose to express the C-domains of the two transcrip-

TABLE 2
IC5, values for inhibition of ERK2 by the indicated D-site peptides

The concentration of D-site peptide required to inhibit ERK2 phosphorylation of
Elk-1 by 50% (the IC, value) is shown for the indicated peptides.

Increase in
IC,, (relative

IC,, for inhibition of ERK2

D-site peptide phosphorylation of Elk-1 to WT)
wat Sfold
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tion factors, rather than the full-length proteins, in order to
focus solely on the role of the D-sites in directing C-domain
phosphorylation. (Net is known to be phosphorylated by INK in
another part of the protein (64).) For the same reason, an FQFP
sequence that abuts the C-terminal end of the C-domains of
both proteins was omitted from the expressed fragments (Fig.
84); EXFP is the consensus sequence for DEF-type MAPK-
docking sites, which contact a different part of the MAPK sur-
face than D-sites bind to (66, 67).

First, to verify previous observations that the Net C-domain
was a less efficient JNK substrate than the Elk-1 C-domain,
these two substrates were incubated with purified active JNK1,
JNK2, or ERK2 and radiolabeled ATP in a standard in vitro
kinase assay (Fig. 8, C and D). We first titrated the amount of
JNK1, JNK2, or ERK2 added so that the amount of Elk-1 phos-
phorylation by the three kinases was roughly equivalent. Next,
the same amounts of kinase were incubated with Net. When
Net was used as the substrate rather than Elk-1, the level of Net
phosphorylation catalyzed by ERK was about 60% of that seen
with Elk-1, indicating that Net is a somewhat less efficient ERK
substrate than Elk-1. In contrast, Net was a much less efficient
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FIGURE 8. Switching the MAPK preference of Elk-1 and Net. A, comparison of Elk-1 and Net proteins, showing the D-site (triangle), a region subjected to
multiple MAPK-mediated phosphorylations (circled P), and the FXFP site (pink stripe). Also shown are the GST fusion protein derivatives of Elk-1 and Net used
in this study, which contain the D-site and phosphorylation site but lack the FXFP site. Sequences shown are human. See “Results” for further details. B, ERK
efficiently phosphorylates both Elk-1 and Net, whereas JNK prefers Elk-1 (left schematic). We asked if switching just 2 hydrophobic residues in the D-site would
switch specificity as predicted in the right schematic. C, phosphate incorporation into Elk-1 derivatives was determined in a standard protein kinase assay, using
ERK2, JNK1, or JINK2, as indicated. Results for each kinase were normalized relative to phosphorylation of wild-type Elk-1. Error bars, S.E. (n = 3). Representative
data are shown below the graph. The band images shown were compiled from several different experiments; images were adjusted to make the exposures
equivalent. D, phosphate incorporation into Net derivatives was determined and analyzed as in C.
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JNK substrate than Elk-1, being phosphorylated to less than
20% of the level of Elk-1. Mutant versions of Elk-1 and Net
lacking the D-site (Elk-1j,,, and Nety ) were uniformly
poor substrates for all three kinases, verifying the requirement
of the D-site for efficient phosphorylation of the C-domain (64,
66, 68). In summary, the C-domain of Elk-1 was phosphorylat-
ed effectively by both ERK and JNK, whereas the C-domain of
Net was phosphorylated effectively by ERK but not JNK.

To test the role of critical hydrophobic residues in the D-sites
of Elk and Net in determining this targeting specificity, double-
point mutant versions of the two C-domains were constructed,
expressed, and purified. The mutant Elk-1, ;. has the “Net-
like” hydrophobic submotif LEIPA instead of the wild-type
Elk-1 sequence LELPL. As shown in Fig. 8, this 2-residue
change was sufficient to decrease JNK-mediated phosphoryla-
tion by >2-fold. In contrast, ERK-mediated phosphorylation
was barely different between wild-type Elk-1 and EIk-1; y;yx-
Very similar results were obtained with another Elk-1 mutant,
EIk-1; y; 1o which has the sequence LEIPK. This mutant resem-
bles MKKS, in that a positively charged lysine residue occupies
the position where the third hydrophobic residue is found in
Elk-1 and MKK4/7. Thus, we hypothesized that this mutant
would show decreased phosphorylation by JNK. Consistent
with this expectation, the Elk-1; 37y mutation dramatically
reduced Elk phosphorylation by JNK1 and JNK2 (Fig. 8C). In
addition, this mutation had virtually no effect on Elk phosphor-
ylation by ERK2, consistent with our previous finding that ERK
is not particularly selective for cognate D-sites and can bind to
both the MEK1 D-site (cognate) and MKK6 D-site (non-cog-
nate) with comparable affinities (36).

The mutant Net; y; y;, has the “Elk1-like” hydrophobic sub-
motif LELSL instead of the wild-type Net sequence LEISA. As
shown in Fig. 8D, this 2-residue change was sufficient to
increase JNK-mediated phosphorylation by about 3-fold. ERK-
mediated phosphorylation was also increased by this change, to
about 1.5-fold higher.

To summarize, exchanging two positions in the hydrophobic
submotifs of Elk-1 and Net was in large part sufficient to switch
the specificity for JNK targeting, making Elk a poor JNK sub-
strate and Net a good JNK substrate. In contrast, ERK targeting
was largely unaffected by these changes.

Discussion

This study examined the specificity of MAPK docking inter-
actions. We chose to focus on the interaction of MAPKs with
their upstream activators, the MAPK kinases (MKKs), because
it is clear that these interactions have evolved to be highly spe-
cific. In particular, we focused on the very high selectivity of
JNK family MAPKs for their cognate docking sites (D-sites) in
MKK4 and MKK7. We found that the identity of 2 residues
in the hydrophobic submotif of the D-site plays a crucial role in
selective binding to JNK. We then extended these findings to
the Elk-1 and Net transcription factors and confirmed their
importance. Our findings thus highlight a key role for core con-
served hydrophobic residues in driving the specificity of MAPK
docking interactions.

Two-residue Specificity—We found the hydrophobic submo-
tif of the D-site plays a crucial role in MAPK-binding specificity,
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as follows. First, INK prefers leucine to isoleucine in the hydro-
phobic submotif, preferring LXL (MKK4, MKK7-D1, MKK7-
D2, Elk-1) to IXL (MEK1) or LXI (MEK2, MKK3, MKK®6, Net).
Second, and more importantly, JNK prefers D-sites with
extended hydrophobic submotifs (e.g. LXLXL in MKK7-D2 and
Elk-1 and LXLXF in MKK4) to those without (e.g. IXLXP in
MEK]1, LXIXP in MEK2, LXIXC in MKK3, LXIXK in MKKS6,
and LXIXA in Net). We showed that JNK binding specificity
could be switched (a weak JNK-binding D-site could be turned
into a strong one, or vice versa) by changing 1 or 2 hydrophobic
residues. For example, the high-affinity JNK binding of the
MKK4 D-site could be abrogated by changing its hydrophobic
submotif from LXLXF to LXLXK; this change replaced the third
hydrophobic residue in MKK4 with a positively charged lysine
residue found in the equivalent position of MKK6, a poor JNK
binder (Fig. 1). Conversely, the MKK6 D-site (which exhibits no
detectable binding to JNK) could be converted to a strong JNK
binder by switching just 2 residues in its hydrophobic submaotif,
from LXIXK to LXLXL (Fig. 5). Similar results were obtained for
the MEK2 and MKK3 D-sites; they could be switched from
weak to strong JNK binders by changing just 2 residues in order
to convert their hydrophobic submotifs to LYLXL (Figs. 6 and
7).

In general, the change in the third position appeared to be
more important in driving the changes to specific binding. The
L versus I difference in the first or second positions clearly con-
tributed to the observed effect, however, and in some cases
there was clear synergism (e.g. Figs. 2C and 5). The synergism
can be understood as follows. Each of the single mutations
causes roughly equal increase in the free energy of binding;
these AG values synergize in the double mutant because of the
exponential relationship between free energy and the equilib-
rium constant.

When we examined the ternary complex factor subfamily of
ETS domain transcription factors, we found that the D-sites in
Elk-1 and Net differed in precisely the 2 residues that directed
specificity in JNK-MKK transactions. Moreover, these D-site
differences are consistent with the known kinase preferences of
Net and Elk; LXIXA is present in Net, which is a better substrate
for ERK than JNK, whereas LXLXL is present in Elk-1, an effi-
cient substrate of both kinases. Importantly, we showed that
switching the two key residues between Elk and Net switched
their kinase preferences as predicted, making Elk-1 a poorer
substrate for JNK (but not for ERK) while making Net a better
substrate for JNK (Fig. 8).

A Model of Docking Specificity—We propose that the weak
binding of MEK1/2, MKK3/6, and Net to JNK is attributable to
the fact that these D-sites do not have extended hydrophobic
submotifs. Moreover, this shortcoming is compounded by the
fact that they also contain isoleucine in one of the two hydro-
phobic positions that they do have. In contrast, ERK and p38
can apparently bind effectively to D-sites that lack an extended
hydrophobic submotif and can tolerate isoleucines more read-
ily than JNK. There are no published crystal structures of JNK
complexed to any of the D-sites studied in this paper. Never-
theless, a structure-inspired interpretation of our results, which
is based on some of the relevant co-crystal structures that do
exist, is presented in Fig. 9.
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FIGURE 9. Role of the hydrophobic submotif in selective MAPK binding. A,
schematic representation of published cognate D-site*MAPK co-crystal com-
plexes of MKK6-p38a and MEK2-ERK2 (42, 69), displaying the interaction of
the D-site hydrophobic residues, and of a proline or leucine in the spacer
region, with hydrophobic pockets in the docking groove. The structures sug-
gest how MEK2 and MKK6 can bind effectively to their cognate D-sites in the
absence of an extended hydrophobic submotif, because a residue in the
spacer fills the @, hydrophobic pocket. Other details are as in Fig. 1C. B,
hypothesized cognate structures of the MKK4 and Elk-1 D-sites bound to JNK.
The MKK4 and Elk-1 D-sites cannot fill the &, pocket with a spacer residue,
because their spacers are too short. Rather, it is the hydrophobic nature of the
third position residue that allows all three pockets to be filled. (In addition, the
JNK docking groove structure may prevent spacer residues from binding to
®,; see ). G, hypothesized non-cognate structure of the MKK6 D-site weakly
bound to JNK. In this model, some currently unknown structural feature of the
JNK docking groove impedes spacer residues from binding in the ®, pocket
(vellow X). Hence, the binding is weak because all three hydrophobic pockets
cannot be filled. The presence of the second position isoleucine also contrib-
utes to the weakness of this interaction.

Published structures (42, 69) indicate that MKK6 and MEK2
are able to fill all three hydrophobic pockets in the docking
groove of their cognate MAPKs by using a residue from the
spacer that connects the basic and hydrophobic submotifs to fill
the ®; pocket (Fig. 94). We hypothesize that the length/and or
composition of the spacer makes this mode of binding unten-
able for the MKK4, MKK?7, and Elk-1 D-sites. Rather, it is the
extended hydrophobic submotif in these D-sites that allows
them to occupy all three hydrophobic pockets in the docking
groove (Fig. 9B). In addition, presumably the structure of the
JNK docking groove hinders D-sites from using spacer residues
to fill the ®; pocket (Fig. 9C), thus explaining why the D-sites
from MEK2, MKKS®, etc. cannot bind to JNK (unless they are
mutated to gain an extended hydrophobic residue). The possi-
ble structural basis by which JNK might discriminate against
spacer residue binding is not readily apparent, however,
although structures exist that allow a comparison of the dock-
ing grooves of JNK, ERK, and p38 (11).

Comparison with Other Models—In contrast to other pub-
lished models of how specificity in MAPK docking interactions
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is determined, our results stress the importance of conserved
residues in the hydrophobic submotif. Several studies have
emphasized the potential role of residues outside the D-site in
driving docking specificity (e.g. see Refs. 40 and 70-72;
reviewed in Ref. 11). Clearly, because most of our experiments
employed short D-site peptides, there is no possible involve-
ment of regions outside the D-site in driving the selectivity dif-
ferences we observed.

Another model of docking specificity was published recently
by Garai et al. (42). These authors proposed that specificity is
encoded in the spacer between the conserved basic and hydro-
phobic submotifs and that the conserved residues in the sub-
motifs play the role of nonspecific anchors. In stark contrast, we
found here that key hydrophobic submotif residues can drive
specificity and that we could switch JNK binding specificity
between two D-site peptides by switching only 1 or 2 residues in
the hydrophobic submotif while leaving the spacers intact.

In attempting to accommodate these distinct models into a
comprehensive picture of docking specificity, it is important to
recall that published structural studies indicate that different
D-sites can bind to the same docking groove in conformation-
ally distinct modes (10, 11). Thus, in other MAPK/D-site inter-
actions (including other JNK/D-site interactions), it is quite
possible that different factors might play a predominant role in
driving specific binding. For instance, as proposed by Garai
etal. (42), the less charged and narrower docking groove of JNK
may exclude certain D-sites (such as those found in MNK1 and
RSK1) based on the size and composition of their spacer. At the
same time, JNKs may discriminate against non-cognate D-sites
in MKKs and Net based on differences in their hydrophobic
submotifs, as shown here.

Although MAPKs may discriminate against different non-
cognate D-sites in different ways, it is also likely that a D-site
that is suboptimal for MAPK binding in one submotif can make
up for this by being ideal in another binding motif. Thus, we
should not be surprised to find MAPK substrates that do not
“obey all the rules” (as defined here and elsewhere), particularly
because substrates may not need to dock to their cognate
MAPKs with the same high affinity with which MKKs do.

Rapid Evolution of Docking Specificity—Our results show
that a change of 1 or 2 residues in a MAPK-docking site can
dramatically change specificity and, thus, that docking specific-
ity can evolve rapidly by point mutation. Indeed, the TCF sub-
family of transcription factors (also known as the ELK subfam-
ily or ELK group) shows some evidence of this type of
evolutionary plasticity. The divergence of the vertebrate TCF
subfamily from a single ELK1-like ancestor into Elk-1, Net, and
Sap-1 is thought to have occurred after the divergence of pro-
tostomes (which includes nematode worms and insects) from
the deuterostomes (which includes vertebrates) but before the
emergence of vertebrates (61). In the fruit fly Drosophila mela-
nogaster, the proposed Elk ortholog Aop/Yan is a known a sub-
strate of ERK (rolled in flies) but is not known to be phosphor-
ylated by JNK (basket in flies) (73). Consistent with this, the
hydrophobic submotif in the proposed D-site of Aop/Yan,
ISLLR, is predicted to be a very poor JNK binder based on the
results in this paper. In the nematode worm Caenorhabditis
elegans, the ELK ortholog Lin-1 is a known substrate of ERK
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(Mpk-1 in worms) but is not known to be a substrate of any of
the three JNK paralogs (74). The D-site of Lin-1 has the
sequence LNLTA (73). Although it is not clear that this
sequence would strongly discriminate against JNK, nor is it
optimal for JNK binding. In vertebrate Net orthologs, the
hydrophobic submotif, LEISA, is highly conserved, suggesting
conservation of discrimination against JNK. The LELPL
sequence of Elk-1 orthologs is also conserved but not as
strongly. Notably, this sequence is LELPS in fishes. Collectively,
these data are consistent with the following two hypotheses.
First, the ancestral ELK group transcription factor was predom-
inantly a substrate for ERK but not for JNK. Second, early in the
evolution of vertebrates, there was positive selection pressure
for Elk-1 to become a better JNK substrate, and this was accom-
plished, at least in part, by changes in the hydrophobic submotif
of the Elk-1 D-site. At any rate, it appears that the D-sites of
ELK group transcription factors display sequence variation
between taxonomic classes that is consistent with correspond-
ing variations in the fine-tuning of MAPK specificity.

Conclusions—W e have investigated the sequence features of
MAPK-docking sites that influence their ability to bind to cog-
nate, within-pathway MAPKs over non-cognate MAPKs. Our
findings provide insight into specificity in MAPK signaling net-
works and should be relevant to efforts to develop docking
inhibitors (13-17) and to predict new MAPK substrates and
regulators (75).
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