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Protein kinases often recognize their substrates and regula-
tors through docking interactions that occur outside of the
active site; these interactions can help us to understand kinase
networks, and to target kinases with drugs. During mitogen-
activated protein kinase (MAPK) signaling, the ability of MAPK
kinases (MKKs, or MEKSs) to recognize their cognate MAPKs is
facilitated by a short docking motif (the D-site) in the MKK N
terminus, which binds to a complementary region on the
MAPK. MAPKSs then recognize many of their targets using the
same strategy, because many MAPK substrates also contain
D-sites. The extent to which docking contributes to the specific-
ity of MAPK transactions is incompletely understood. Here we
characterize the selectivity of the interaction between MKK-de-
rived D-sites and MAPKs by measuring the ability of D-site pep-
tides to inhibit MAPK-mediated phosphorylation of D-site-
containing substrates. We find that all MKK D-sites bind better
to their cognate MAPKs than they do to non-cognate MAPKs.
For instance, the MKK3 D-site peptide, which is a remarkably
potent inhibitor of p38a (IC;, < 10 nm), does not inhibit JNK1
or JNK2. Likewise, MAPKs generally bind as well or better to
cognate D-sites than to non-cognate D-sites. For instance, JNK1
and JNK2 do not appreciably bind to any D-sites other than their
cognate D-sites from MKK4 and MKK?7. In general, cognate,
within-pathway interactions are preferred about an order of
magnitude over non-cognate interactions. However, the selec-
tivity of MAPKs and their cognate MKK-derived D-sites for
each other is limited in some cases; in particular, ERK2 is not
very selective. We conclude that MAPK-docking sites in MAPK
kinases bind selectively to their cognate MAPKs.

Changes in protein kinase activity are associated with many
human diseases, often contributing to, or even driving, disease
pathology (1). Consequently, there is a considerable interest in
targeting protein kinases with drugs (2—4), as well as in under-
standing the regulatory networks that kinases are a part of
(5—8). For both these reasons, it is important to better under-
stand how protein kinases select and recognize their substrates
and regulators.

Naturally, a key aspect of kinase-substrate recognition is the
interaction of the kinase catalytic cleft with the target phos-
phoacceptor residue (and with adjacent residues). Many
kinases, however, augment the limited specificity of this cata-
lytic cleft-target site interaction by also binding to one or more
regions of the substrate that are distinct and separate from the

target peptide (9, 10). Such “docking interactions,” mediated
by “docking sites” on kinases and substrates, are thought to
tether relatively low specificity catalytic domains to their
proper substrates (11, 12). There is increasing interest in
targeting these interactions as a drug development strategy
(13-18).

Mitogen-activated protein kinase (MAPK)? cascades (also
sometimes called extracellular signal-regulated protein kinase
(ERK) cascades), are crucial to the transmission of signals initi-
ated by growth factors, developmental regulators, immune sys-
tem mediators, cellular stresses, and many other stimuli. Cen-
tral to such cascades is an MAPK kinase (MKK, also sometimes
called MEK for MAPK/ERK kinase) that phosphorylates and
activates a cognate MAPK. The activated MAPK then phos-
phorylates multiple downstream substrates, including tran-
scriptional regulators. Major MAPK pathways in mammalian
cells include the MEK1/2—ERK1/2 pathway, which is typically
involved in regulating growth and developmental signaling (19)
(indeed, germ line mutations in components of this pathway are
a cause of the hereditary disease cardiofaciocutaneous syn-
drome (20)), the MKK3/6—p38 pathway, which is typically
involved in regulating inflammation (21), and the MKK4/
7—]JNK pathway, which regulates apoptosis and many other
disease-relevant processes (22, 23). There are active efforts to
develop pharmacological inhibitors of MAPK signaling for use
in treating cancer, chronic inflammatory conditions, neurolog-
ical disorders, and many other diseases (24, 25).

Docking interactions are prominent at several steps of
MAPK cascade-mediated signaling, including MKK activation
of MAPKs and MAPK phosphorylation of substrates (26 —28).
During these transactions, short docking motifs on the MKK or
substrate bind to binds to a complementary region on the cog-
nate MAPK (9, 10, 13, 28).

The ability of an MEK/MKXK to recognize its cognate MAPK
is highly dependent on docking interactions involving a short
motif (the “D-site”) found near the N terminus of MKKs (29 —
31). D-sites in MKKs reside in a small regulatory domain and
are well separated from the much larger, C-terminal MKK cat-
alytic domain. The D-site consensus consists of a cluster of
about two or three basic residues, a short spacer, and a hydro-
phobic-X-hydrophobic submotif (K/R, ;-X;_s-¢-X-¢) (30,
31). The D-sites in several MKKs have been shown to be neces-
sary and sufficient for relatively high affinity MAPK binding (i.e.
dissociation constants that are typically in the low micromolar
range) (31-33). Furthermore, preventing docking by mutation,
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or by blocking with competing D-site peptides, substantially
compromises the ability of the MKK to phosphorylate and acti-
vate its cognate MAPK(s) (31-37). The human pathogen Bacil-
lus anthracis has exploited the importance of MKK-MAPK
docking: anthrax lethal factor protease severs MKK D-sites
from the rest of the MKK polypeptide to disable the immune
system during early infection (38, 39).

The above observations clearly demonstrate that MKK-
MAPK docking is crucial for efficient signal transmission.
However, less is known about the role of MKK-MAPK docking
in specificity. MKKs are highly specific enzymes: they phospho-
rylate only their cognate (same pathway) MAPKs, and they do
not target MAPKSs in other pathways; for example MEK1/2 do
not activate JNK or p38 MAPKs (40). MKKs phosphorylate a
threonine and a tyrosine in a TXY motif found in the MAPK
activation loop. In principle, the residues in and around this
motif could provide a means for selective recognition. That is
(for example), MEK1/2 might recognize the sequence FLTEY in
ERK1/2, and MKK3/6 might recognize the sequence EMTGY
in p38 MAPKs. However, loop-swap experiments have not sup-
ported this hypothesis (41-43). Thus, active site-target peptide
recognition does not appear to play a major role in the specific-
ity of MKK-MAPK transactions.

Another attractive possibility is that docking interactions
could play a role in selective MKK-MAPK recognition. This
mechanism would work best if docking sites were pathway spe-
cific. Such a clear-cut solution does exist in the human MEK5-
ERK5 MAPK pathway, because these two proteins have been
shown to dock using an acidic docking site on the MKK that
bears no resemblance to the D-site (44). However, all other
human MKK-MAPK docking interactions are mediated by
D-sites in MKKs, and, as noted above, D-sites share a core con-
sensus. Thus, the degree to which D-site-mediated docking
interactions may provide specificity in mammalian MKK-
MAPK transactions is unclear.

The fact that D-sites are found in both MKKs and substrates
implies that MKKs and substrates may compete for MAPK
binding, a prediction that we have verified by using MKK-de-
rived D-site peptides to inhibit MAPK-mediated phosphoryla-
tion of D-site containing substrates (for example, the D-site
from MEK2 inhibits ERK2-mediated phosphorylation of Elk-1)
(36). Indeed, we have found that this competitive inhibition
assay provides a sensitive method for quantifying the binding of
a particular D-site peptide to a target MAPK. We have previ-
ously used this approach to examine the selectivity of MEK1/2
and MKK4/7 D-sites for ERK1/2 versus JNK1/2 (32, 33). Here
we extend this analysis to include p38, allowing us to compare
D-site selectivity between all three pathways and draw general
conclusions about the selectivity of docking sites in MAPK
kinases.

EXPERIMENTAL PROCEDURES

Proteins—Fusions of glutathione S-transferase (GST) to
human c-Jun, g4, ATF2,4 o, and Elk-15,, ,,, were purchased
from Cell Signaling Technology. GST-MEF2A,, ,,5 and acti-
vated human JNK1lal and JNK2a2 and were purchased from
Upstate Cell Signaling Solutions/Millipore. Activated mouse
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FIGURE 1. MAPK pathways. The schematic shows six of the seven human
MAPK kinases (MKKs, or MEKs) with their cognate, within-pathway MAPKs
indicated by the arrows. The triangles on the MKKs represent their D-sites. See
text for details.

ERK1/2

A
Peptide Sequence
+++ [0p.40)
MEK1 = MP KKKPTP--IQL NPAPDG
MEK2 ¢ MLA RRKPVLPALTI NPTIAE
MKK3 A  GKS KRKKD---LRI SCMSKP
MKK6 B SQSKG KKRNPG--LKI PKEAFE
MKK4 @ MQG KRKA----LKL NFANPP
MKK7-D2 Q RPRPT---LQL PLANDG
B -
Peptide Sequence
MKK3 A GKSKRKKDLRISCMSKP
MKK3EEAA A  GKSKREEDARASCMSKP
MKK3SCRAM ¢ KGSKDRLSKCKMRSIPK
MKK6 ® SQSKGKKRNPGLKIPKEAFE
MKKG6EEAA SQSKGKEENPGAKAPKEAFE
MKK4 ® MQGKRKALKLNFANPP
MKK4EAG O MQGEAKALKGNFANPP

FIGURE 2. Docking sites in MKKs. A, D-site peptides used in this study. Resi-
dues comprising the basic submotif (++ +) are shown in bold and blue; resi-
dues comprising the hydrophobic-X-hydrophobic submotif (¢pX ) are shown
in bold and red. Gaps have been introduced to maximize alignment of func-
tionally similar residues; spaces are for visual clarity. The MEK1 peptide com-
prises residues 1-17 of the full-length protein; MEK2, 1-20; MKK3, 17-33;
MKK®6, 2-21; MKK4, 37-52; and MKK7-D2, 37-51. B, control peptides used in
this study, with the wild-type version shown for comparison. Mutated resi-
dues are colored green.

ERK2 was purchased from New England Biolabs. Activated
human p38a was purchased from BIOMOL International.

Peptides—The soluble peptides used in this study were syn-
thesized by United Biochemical Research and by Mimotopes.
Peptide sequences are shown in Fig. 2.

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 mm dithiothreitol), 1 um substrate
(680 ng of GST-MEF2A, 740 ng of GST-c-Jun, 700 ng of GST-
ATEF?2, or 820 ng of GST-EIk-1), active MAPK (0.9 milliunit (18
ng) of p38, 0.8 milliunit (2.6 ng) of INK1, 0.8 milliunit (~5 ng) of
JNK2, or 10 units (~1 ng) of ERK2), 50 um ATP, 1 uCi of
[y->?P]ATP, and the indicated concentration of peptide. Reac-
tions were for 20 min at 30 °C. Substrate phosphorylation was
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ERK or p38 (47, 48). MKK4 is nota-
ble in that it phosphorylates both
JNK and p38 (45, 49).

Competition Assay for Meas-
uring D-site Selectivity—The ERK1/
2, JNK1/2, and p38 pathways phos-
phorylate distinct but overlapping

substrate: MEF2A o | 10 | 25 | s0 | 100 uM peptide sets of substrates (50-52). In this
MKKSEEJAQ B study we use the MEF2A and ATF2
2100\ ——g—_ _ MKK6EEAA - MKK4e transcription factors as model p38a

z s M eeeen s b P P
% 75 MKK4eaGo - substrates, the c-Jun and ATF2
g 50 w A transcription factors as model
2 2 — |.. - . . e ‘l MKKG6 ]NKI/? sgbstrates, and the Elk-1
2 ) . gMKKd o ® "l i transcription factor as a model
T 1ﬁom ‘L'! LA I X XK XK. ERK2 substrate. All three of these
UM peptide D. | MKK3 substrates contain D-sites that have
been shown to be important in

C MAPK targeting (26, 53, 54).

substrate: ATF2 o | 10 | 25 | so | 100 uM peptide We have previously used a “pep-
/&_A_,/’“\W?EE““ |. - 1. .l- .1_- !1.—-| MKK3EEAA tide competition assay” to show that
2100 ' - T e |ﬁ‘ [ —— 'l MKKGEEAA D-site peptides derived from MEK1
S 75 — I : ! or MEK2 are able to inhibit ERK2-
° % [ - BREEswe | mkke mediated phosphorylation Elk-1
% |. ™Y rrrrer |MKK4 (36). (In addition, these peptides can
2 25 opuisf I I also inhibit MEK-mediated MAPK
L MKK3 & |‘ - - = |MKK3 phosphorylation and MAPK phos-
% 6 7 100 phatase-mediated dephosphoryla-
UM peptide tion (36)). We also showed that
D-site peptides derived from MKK4
D or MKK? could inhibit JNK1/2-medi-
0 jo001]01 | 1 | 10 ,Mpeptide ated phosphorylation of c-Jun and
- |MKK3 ATF2 (32, 33). These observations

|

FIGURE 3. D-site peptides from MKK3, MKK4, or MKK6 inhibit p38 phosphorylation of the MEF2A and
ATF2 transcription factors. A, D-site peptides (triangle) were used to inhibit p38« phosphorylation of MEF2A
or ATF2. B, purified GST-MEF2A (1 um) was incubated with purified active p38a (22.5 nm) and [y-*P]JATP for 20
minin 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 MEF2A was analyzed by SDS-PAGE and quantified on a Phosphorlmager. Data are the
average of at least three experiments, with duplicate data points in each experiment. To the right is shown is an
autoradiogram of a representative experiment. C, as in B, except that the substrate was purified GST-ATF2 (1
um). D, comparison of MKK3 and MKK4 peptides at lower doses. Reaction conditions are as in B, above.

quantified 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
duplicate points in each experiment. We have found IC,, values
measure by our protocol to be reproducible within ~2-fold,
even when re-measured several years later using different lots
of all components.

RESULTS

Specificity of MAPK Kinases—MKKs specifically phospho-
rylate their cognate MAPKs and do not appreciably phospho-
rylate MAPKSs in other pathways (Fig. 1). For instance, MEK1
and MEK2 phosphorylate ERK (meaning ERK1/2), but not JNK
or p38. Likewise, MKK3 and MKK6 phosphorylate p38 but not
ERK or JNK (45, 46), and MKK7 phosphorylates JNK but not
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indicated that MKK-derived D-site
peptides effectively bound to their
cognate MAPKs and blocked docking
interactions between the MAPK and
its transcription factor substrate.

These conclusions have been
supported by binding assays, by
structural studies, and by mutagen-
esis (31-33, 36, 37, 55-59). How-
ever, we have found the peptide
competition assay to be the most
sensitive and reproducible approach to quantitatively compare
the affinity of different D-sites for different MAPKs and have,
therefore, used this approach exclusively in this study. The
sequences of the peptides used in this study are shown in Fig. 2.

p38 Is Potently Inhibited by Cognate D-site peptides—To
extend the above observations to the p38 pathway, we asked if
D-site peptides derived from one of the three MKKs that can
phosphorylate and thereby activate p38, MKK3, MKK4, and
MKKG®, could bind to p38 and thereby inhibit the ability of p38
to phosphorylate the D-site-containing substrates MEF2A and
ATF2 (Fig. 3A). The p38a isoform, the most extensively studied
isoform and the most prominent isoform in human cells and
tissues, was used in all experiments.

As shown in Fig. 3, all three cognate D-site peptides were
effective inhibitors of p38a-mediated phosphorylation of both
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substrates. These results suggest that MKK3, MKK4, and
MKK6 compete with transcription factors for binding to the
same protein interaction site on p38; indeed, in the case of
D-site peptides derived from MKK3 and MEF2A, there are
crystallographic data that support this hypothesis (56).

Of the three D-site peptides, the MKK6 peptide was the least
effective, with 50% inhibition (IC,,) occurring at a concentra-
tion of 20 um for inhibition of MEF2A phosphorylation (Fig.
3B) and 10 um for ATF2 phosphorylation (Fig. 3C). The MKK4
peptide was next in potency, with an IC,, of ~7 um with respect
to both substrates. These IC,, values in the low micromolar
range are comparable to what we have previously observed
when testing MEK1/2- and MKK4/7-derived peptides for inhi-
bition of ERK2 and JNK1/2, respectively.

Remarkably, the MKK3-derived D-site peptide was a consid-
erably more potent inhibitor of p38a-mediated phosphoryla-
tion of either substrate, with an IC., of <10 nM (Fig. 3D). This
degree of inhibition is over 100-fold more potent than we have
observed with other D-site peptides.

Three peptides were employed as negative controls. These
peptides, MKK3gp s o, MKK4y , o, and MKK6¢. , o, have substi-
tutions in the key basic and hydrophobic residues of the D-site
consensus (see Fig, 2). As expected, none of these negative con-
trols inhibited p38 (Fig. 3). We have previously shown that
MKK4 , g also does not inhibit JNK1/2.

Specificity of D-site Binding to p38—To begin to explore the
selectivity of D-sites for cognate versus non-cognate MAPKs,
we have previously asked if the MEK1/2 D-site peptides could
inhibit J]NK1/2, and if MKK4/7 peptides could inhibit ERK1/2
(32, 33). To determine the specificity of p38«a binding to MKK-
derived D-site peptides, we compared ability of D-site peptides
from MEK1 and MEK2 to inhibit p38a. As shown in Fig. 4,
although both the MEK1 and (particularly) MEK2 D-sites were
able to weakly inhibit p38a, they were considerable less effec-
tive than the cognate D-site from MKK4. Thus, p38a exhibits
selectivity for cognate versus non-cognate D-sites.

D-sites from MKK3 and MKK6 Do Not Inhibit [INK—W e next
asked if the MKK3- and MKK6-derived D-site peptides could
inhibit the non-cognate MAPKs JNK1 and JNK2. As shown in
Fig. 5, neither peptide was effective at inhibiting either JNK1 or
JNK2. Indeed, the MKKG6 peptide displayed absolutely no inhib-
itory activity toward JNK1/2, and the MKK3 peptide was only
able to weakly inhibit JNK1. This was true whether ATF2 or
c-Jun were used as the relevant JNK substrates (data for JNK1/
c-Jun and JNK2/ATF2 are not shown but reflected the JNK1/
ATF2 and JNK2/c-Jun data shown in Fig. 5).

D-site Peptide from MKK4 Inhibits Two Classes of MAPKs—
MKK4 protein activates two families of MAPKs: JNK and p38
(45, 49, 60). Consistent with the dual function of the full-length
kinase, the D-site from MKK4 is an effective inhibitor of both
p38a (Fig. 3) and JNK1/2 (Fig. 5).

MKK7-D2 Peptide Is Selective for [NK—Although MKK4
activates JNK and p38, MKK?7 protein activates only JNK (47,
48). MKK4, like MEK1/2 and MKK3/6, contains only a single
high affinity D-site. However, MKK7 contains three low affinity
D-sites its N-terminal domain, which interact to create a high
affinity JNK-binding platform (33). We chose to focus on the
MKK?7-D2 D-site for this report, because we have previously
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FIGURE 4. D-site peptides from MEK1 and MEK2 are weak inhibitors of
p38. A, D-site peptides (triangle) were tested for their ability to inhibit p38a
phosphorylation of MEF2A. B, graph representing an average of multiple
experiments, experimental details as in Fig. 3. C, an autoradiogram of a rep-
resentative experiment.

MEK2

found it to exhibit the highest binding affinity for JNK1/2 of
the three MKK7 D-sites (33). Interestingly, the selectivities
of the MKK4 and MKK7-D2 D-sites mirror the preferences
of the full-length kinases: the MKK4 D-sites bind well to
both JNK1/2 and p38 (IC;, < 10 um), whereas MKK7-D2
binds to JNK1 and JNK2 (IC,, values of 8 and 30 um) but does
not bind to p38 (IC;, > 100 um).

D-sites from MKK3 and MKK6 Can Inhibit ERK2—Having
shown that the MKK3 and MKK6 peptides could not inhibit
JNK1/2, we next ask if they could inhibit ERK2. Surprisingly,
both the (non-cognate) MKK3 and MKK6 peptides were
almost as effective at inhibiting ERK2 phosphorylation of Elk-1
as was the (cognate) MEK2 peptide (Fig. 6). Thus, ERK2 cannot
selectively discriminate cognate D-sites from non-cognate, p38
pathway D-sites.

Comparison of D-site Binding Affinity—Fig. 7 shows the com-
piled IC,, values for the inhibition of MAPKs by MKK-derived
D-sites. Assuming a simple competitive inhibition scheme,
which seems entirely reasonable here (61— 64), IC,, values are a
measure of the dissociation constant (K)) of the peptide-kinase
binding interaction, with a lower IC,, indicating tighter bind-
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the IC., with which a given pep-
tide inhibits a non-cognate kinase
divided by the IC,, with which the
same peptide inhibits a cognate
kinase. Thus, a higher ratio indi-
cates that the D-site peptide is sig-
nificantly less effective inhibiting
the non-cognate kinase reaction
versus the cognate reaction, and is
therefore more selective. In essence,

Substrate: ATF2 0 | 10| 25| 50 | 100 uM peptide this comparison asks “How much

MKK3SCRAM® I"'" I —— |MKK3SCRAM better )(]igoe(si a given D-site Ee'g'

> 100 e 4 I I i i MKKS3) bind its cognate MAPK (e.g.

E - = MKke® |ﬁ L B B N N ¢|MKK6 p38) compared wigth its bindingti

8 MKK6EEAA ' : ' : non-cognate MAPKs (eg JNKI,
< s - odhodhood i BB | MKKBEEAR 12, and ERK2)?

2 25 I\I\:Eﬁ: |-- - «-|MKK3 The results from such calcula-

° T T T T tions are summarized in Table 1 and

|' - |MKK4 Fig. 8.In general, all the D-sites were

2% %0 » M 120 tide selective for their cognate MAPKs,

v pep with a median selectivity of 8 (we

C use the median rather than the

mean because the mean is so

Substrate: c-Jun 0| 10| 25| 50| 100 uM peptide strongly influenced by the ex-

MKK6EEAA |.“-~"--'- |MKKGEEAA tremely high selectivity of the

2 100 0 —— -'__-'_ —— | KK MKK3 D-site). The MKK3 D-site

2 MKKG = r r r was the most selective peptide, with

e 75 MKK3 A |m e G o s W A S e | MKK3 a median selectivity of 900, driven

g so0 ' ' ' by its highly potent inhibition of

g |--" —— |MKK4 p38. Next, in order, were the D-sites

8 MKK4 e of MEK2, MKK7-D2, MKK®,

25 5 75 100 MKK4, and MEK1, with median

uM peptide selectivities of 12, 7, 5, 4, and 3,

FIGURE 5. The MKK3 and MKK6 D-site peptides are poor inhibitors of JNK1/2. A, D-site peptides (triangle)
were tested for their ability to inhibit JNK1 or JNK2-mediated phosphorylation of ATF2 or c-Jun. B, purified
GST-ATF2 (1 um) was incubated with purified active JNK1 (2.5 nm) and [y->?P]JATP for 20 min in the absence or
presence of the specific concentrations of the indicated peptides. Other details are as in Fig. 3. C, as in B, except
that the substrate was purified GST-c-Jun (1 um), and the kinase was JNK2 (5 nm).

ing. Indeed, IC,, values as measured in the competition assay
used here have generally correlated well with K, values meas-
ured in direct binding assays (32, 33). As can be seen (Fig. 7),
IC, values for cognate interactions range from 0.1 um (MKK3
D-site to p38) to 32 um (MEK1 D-site for ERK2), whereas IC,,
values for non-cognate interactions range from 5 um (MKK3
D-site for ERK2) to >100 uM (many examples, e.g. all non-
cognate D-sites for JNK2).

Notably, almost all of the MKK-derived D-sites bound
better to their cognate MAPK(s) than to non-cognate
MAPKs (Fig. 84). The single exception was the MKK6
D-site, which inhibited non-cognate ERK2 about as well as it
inhibited cognate p38. Similarly, with the exception of ERK2,
the MAPKs strongly preferred cognate D-sites to non-cog-
nate D-sites (Fig. 8B).

Selectivity of Docking Sites in MKKs—To obtain additional
quantitative insights into D-site specificity, selectivity ratios
were calculated. One type of selectivity ratio evaluates how well
a particular D-site peptide inhibits the kinase reaction of a cog-
nate MAPK versus anon-cognate MAPK. This ratio consists of
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respectively. These comparisons
indicate that, in general, MKK
D-sites bind ~8-fold better to their
cognate MAPKs than they do to
non-cognate MAPKs.

A second type of selectivity ratio evaluates how a given kinase
is inhibited by a cognate peptide as compared with another
peptide. This selectivity ratio consists of the IC;, of the com-
parison peptide divided by the IC,, of the cognate peptide,
assessed against the same kinase. Thus, a higher ratio signifies a
more selective cognate peptide; that is, the peptide has a pro-
portionally lower IC,, for the chosen reaction than the compar-
ison peptide. In essence, this comparison asks “How much bet-
ter does a given kinase (e.g. ERK2) bind to cognate D-sites (e.g.
MEK1/2) compared with its binding to non-cognate D-sites
(e.g. MKK3/4/6)?”

In general (see Table 2 and Fig. 8), all the MAPKs were selec-
tive for their cognate D-sites, with a median selectivity of 11.
JNK1 was the most selective MAPK, with a median selectivity of
21 for its cognate D-sites MKK4 and MKK?7. Next, in order,
were p38 and JNK2, with median selectivities of 14 and 7,
respectively. ERK2 was not highly selective: although it did pre-
fer its cognate MEK2 D-site the most, it preferred the non-
cognate D-sites from MKK3, MKK4, and MKK®6 over its cog-
nate D-site MEKI.
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FIGURE 6. The MKK3 and MKK6 D-site peptides are effective inhibitors of
ERK2. A, D-site peptides (triangle) were tested for their ability to inhibit ERK2-
mediated phosphorylation of Elk-1. B, purified GST-Elk-1 (1 um) was incu-
bated with purified active ERK2 (~1 nm) and [y->?P]ATP for 20 min in the
absence or presence of the specific concentrations of the indicated peptides.
Other details are as in Fig. 3. C, an autoradiogram of a representative experi-
ment. Elk-1 is phosphorylated by ERK2 on multiple residues, resulting in a
ladder of bands displaying retarded electrophoretic mobility (36). Peptide-
dependent inhibition was revealed both by the progressive collapsing of this
ladder and by reduced phosphate incorporation overall. The fastest migrat-
ing band, which was largely unaffected by peptide inhibition, was excluded
from quantification.

DISCUSSION

Apparently, it is crucial that MKKs do not make mistakes. In
other words, there appears to have been a great deal of selective
pressure for fidelity in MKK-MAPK transactions: MKKs are
dedicated to phosphorylating their cognate MAPKs and do not
phosphorylate other targets. MAPK-docking sites are found in
the N termini of all seven human MKKs and have been thought
to contribute to selective recognition of MAPKs. However, with
the exception of MKKS5, all the docking sites found in human
MKXKs are of a single class (the D-site class) and share a core
consensus. Thus, it was reasonable to entertain the hypothesis
that D-sites might contribute only to binding energy, and not to
specificity.

The data presented herein, combined with our previous
studies, allow us for the first time to systematically assess the
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IC50’s Kinase/Substrate
D-si?e ERK2/Elk-1 | p38/MEF2A | p38/ATF2 | JNK1/ATF2 | JNK2/c-Jun
Peptide
MEK1 = 32 uM >100 uM 90 uM >100 uM >100 uM
MEK2 ¢ 5 40 60 >100
MKK3 A 5 <0.1 <0.1 90 >100
MKK3EEAR A >100 >100
MKK3SCRAM ¢ >100 >100 >100
MKK6 = 17 20 10 >100 >100
MKK6EEAA >100 >100 >100 >100 >100
MKK4 @ 26 7 6 2 9
MKK4EAG O >100 >100 >100 >100 >100
MKK7 85 >100 8 30

FIGURE 7.1C5, values for the inhibition of the given kinase/substrate pair
by the indicated D-site peptide. The ICy, is the concentration of peptide
required to inhibit kinase activity by 50%; a lower IC;, indicates better bind-
ing. Cognate interactions are highlighted in yellow, while non-cognate and
control interactions are not highlighted.

A Preferences of D- Preferences of
sites for MAPKs MAPKs for D-sites
Median Kinase Median
D-site Kinase IC50 selectivity (Substrate) D-site IC50 selectivity
MEK1 ERK2* 32 >3 p38 (MEF2A) MKK3* 0.1 1000
p38 100 " MKK4* 7 14
JNK1 100 MKK6* 20 7
JNK2 100 MEK2 40
MEK1 100
MEK2 ERK2* 5 12 MKK7 >100
p38 40
JNK1 60 JNK1 (ATF2)  MKK4* 2 47
JNK2 100 " MKK7* 8 12
MEK2 60
MKK3  p38* 0.1 900 MKK3 90
ERK2 5 MEK1 100
JNK1 90 MKK6 100
JNK2 100
JNK2 (cJun) MKK4* 9 >11
MKK4  JNK1* 2 13 " MKK7* 30 >3
p38* 7 4 MEK2 >100
JNK2* 9 3 MKK3 >100
ERK2 26 MEK1 >100
MKK6 >100
MKK6  p38* 15 5
ERK2 17 ERK2 (Elk-1) MEK2* 5 4
JNK1 100 " MKK3 5
JNK2 100 MKK6 17
MKK4 26
MKK7-  JNK1* 8 12 MEK1* 32 <1
D2 JNK2* 30 3 MKK7 85
ERK2 85
p38 >100

FIGURE 8. Preferences of D-sites for MAPKs and of MAPKs for D-sites. A, all
MAPKs that each D-site had been tested against are listed in order of prefer-
ence, with highest to lowest binding affinity (i.e. lowest to highest IC,,) run-
ning from top to bottom. The one or more cognate MAPK(s) for each D-site are
indicated with blue text and an asterisk. Non-cognate MAPKs are indicated
with red text. See Tables 1 and 2 for selectivity calculations. B, all D-sites that
each MAPK had been tested against are listed in order of preference, as in A.
Cognate D-sites for each MAPK are indicated with blue text and an asterisk.
Non-cognate D-sites are indicated with red text.

selectivity of D-sites in human MKKs for their cognate MAPKs.
From this assessment, we draw three main conclusions.

First, MKK-derived D-sites are selective for their cognate
MAPKSs. Each of the MKK-derived D-sites preferred its cognate
MAPK(s) to non-cognate partners (Fig. 84). This selectivity
ranged from a high of >1000 (the preference of the MKK3
D-site for p38 over JNK2) to a low of just over 1 (the preference
of the MKK6 D-site for p38 over ERK2) and had a median value
of 8, meaning that MKK-derived D-sites bind ~8-fold better to
their cognate MAPKs than to non-cognate MAPKs.

Second, the MAPKs JNK1, JNK2, and p38« are selective for
their cognate D-sites: they bound better to D-sites derived from
their cognate, within-pathway MKKs than to non-cognate
D-sites. This selectivity ranged from a high of >1000 (the pref-
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TABLE 1 TABLE 2
Selectivity ratios of D-sites for MAPKs Selectivity ratios of MAPKs for D-sites
D-site Cognate  Cognate Non-cognate Non-cognate Selectivity Kinase Cognate Cognate Non-cognate Non-cognate Selectivity
peptide MAPK | (O MAPK 1C5 ratio” peptide | (O peptide 1C5 ratio”
MEK1 ERK2 32 p38/MEF2Ab >100 >3 p38/MEF2Ah MKK3 0.1 MEK1 >100 >1000
MEK1 ERK2 32 p38/ATF2 90 3 p38/MEF2A MKK3 0.1 MEK2 40 400
MEK1 ERK2 32 JNK1 >100 >3 p38/MEF2A MKK3 0.1 MKK7 >100 >1000
MEK1 ERK2 32 JNK2 >100 >3 p38/MEF2A MKK6 20 MEK1 >100 >5
MEK1 mean 3 p38/MEF2A MKK6 20 MEK2 40 2
MEKI1 median 3 p38/MEF2A MKK6 20 MKK?7 >100 >5
MEK2 ERK2 5 p38/MEF2A 40 8 p38/MEF2A MKK4 7 MEK1 >100 >14
MEK2 ERK2 5 p38/ATF2 ND¢ ND p38/MEF2A MKK4 7 MEK2 40 6
MEK2 ERK2 5 JNK1 60 12 p38/MEF2A MKK4 7 MKK?7 >100 >14
MEK2 ERK2 5 JNK2 >100 >20 P38/ATF2? MKK3 0.1 MEK1 90 900
MEK2 mean 13 P38/ATF2 MKK6 10 MEK1 90 9
MEK2 median 12 P38/ATF2 MKK4 6 MEK1 90 15
MKK3 p38b <0.1 JNK1 90 >900 p38 mean 281
MKK3 p38 <0.1 JNK2 >100 >1000 p38 median 14
MKK3 p38 <0.1 ERK2 5 >50 JNK1 MKK4 2 MEK1 >100 >50
MKK3 mean 650 JNK1 MKK4 2 MEK2 60 30
MKK3 median 900 JNK1 MKK4 2 MKK3 90 45
MKK4 JNK1 2 ERK2 26 13 JNK1 MKK4 2 MKK6 >100 >50
MKK4 JNK2 9 ERK2 26 3 JNK1 MKK7-D2 8 MEK1 >100 >13
MKK4  p38/MEF2A 7 ERK2 26 4 JNK1 MKK7-D2 8 MEK2 60 8
MKK4  p38/ATF2 6 ERK2 26 4 JNK1 MKK?7-D2 8 MKK3 90 11
MKK4 mean 6 JNK1 MKK?7-D2 8 MKK6 >100 >13
MKK4 median 4 JNK1 mean 27
MKK6  p38/MEF2A 20 JNK1 >100 >5 JNK1 median 21
MKK6  p38/MEF2A 20 JNK2 >100 >5 JNK2 MKK4 9 MEK1 >100 >11
MKK6  p38/MEF2A 20 ERK2 17 1 JNK2 MKK4 9 MEK2 >100 >11
MKK6  p38/ATF2 10 JNK1 >100 >10 JNK2 MKK4 9 MKK3 >100 >11
MKK6  p38/ATF2 10 JNK2 >100 >10 JNK2 MKK4 9 MKK6 >100 >11
MKK6  p38/ATEF2 10 ERK2 17 2 JNK2 MKK?7-D2 30 MEK1 >100 >3
MKK6 mean 5 JNK2 MKK?7-D2 30 MEK2 >100 >3
MKK6 median 5 JNK2 MKK7-D2 30 MKK3 >100 >3
MKK7 JNK1 8 p38/MEF2A >100 >13 JNK2 MKK7-D2 30 MKK6 >100 >3
MKK?7 JNK1 8 ERK2 85 11 JNK2 mean 7
MKK7 JNK2 30 p38/MEF2A >100 >3 JNK2 median 7
MKK7 JNK2 30 ERK2 85 3 ERK2 MEK1 32 MKK3 5 0.2
MKK7 mean 7 ERK2 MEK1 32 MKK6 17 0.5
MKK?7 median 7 ERK2 MEK1 32 MKK4 26 0.8
All mean 150 ERK2 MEK1 32 MKK7 85 3
All median 8 ERK2 MEK2 5 MKK3 5 1
“ Selectivity ratio = ICjy, (D-site peptide with non-cognate MAPK)/IC;, (D-site ERK2 MEK2 5 MKK6 17 3
. . ERK2 MEK2 5 MKK4 26 5
peptide with cognate MAPK). ERK2 MEK2 5 MKK?7 85 17
? The p38 the substrate used is shown. For p38 inhibition by the MKKS3 peptide, both ERK? mean 4
substrates gave the same results. ERK2 median 2
¢ND, not determined. All mean 102
All median 11

erence of p38 for the MKK3 D-site over that of MEK1 or
MKK?7) to alow of 2 (the preference of p38 for the MKK6 D-site
over that of MEK2), and had a median value of 11, meaning that
these MAPKs bind ~11-fold better to their cognate D-sites
than to non-cognate D-sites.

Our third conclusion is that the ERK2 MAPK is not highly
selective for cognate versus non-cognate D-sites. ERK2 bound
just about as well to cognate MEK2 as it did to non-cognate
MKK3 and bound better to non-cognate MKK3, MKK4, and
MKKG®6 than it did to cognate MEK1.

Model for MKK-MAPK Specificity—Our results support a
bipartite model for MKK/MAPK specificity, in which both the
MKK D-site and the MKK catalytic domain play important
roles. The specificity cannot be determined uniquely by the
D-site-MAPK interaction, because some such interactions are
not selective enough (in particular, those involving ERK2).
However, it is also unlikely that docking interactions have no
role in MKK/MAPK specificity, because in most cases these
interactions are quite selective.

In the case of ERK2, deletion of the D-site impairs but does
not completely eliminate MEK1/2 binding (31). Consistent
with this, mutations in two distinct regions of the kinase
domain diminish the physical interaction with MEK1/2, sug-
gesting at least two additional regions of contact in addition to
the docking interaction (65, 66). Indeed, ERK2 would seem to
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“ Selectivity ratio = IC5, (MAPK with non-cognate D-site peptide)/IC;, (MAPK
with cognate D-site peptide).
? The p38 the substrate used is shown.

need these additional contacts for specificity, because the dock-
ing interaction is not very selective.

Flexibility of D-site Binding—The present results highlight
the flexibility of D-site binding. Apparently, it has been possible
to evolve D-sites that fit JNK but not p38 (i.e. MKK7-D2), p38
but not JNK (i.e. MKK3 and MKKS®6), and both JNK and p38
(MKK4). Likewise, some D-sites in transcription factors bind to
more than one family of MAPK, e.g. the Elk-1 D-site, which
binds to both ERK and JNK, and the ATF2 D-site, which binds
to both JNK and p38 (26). The D-site-MAPK interaction can
apparently be tuned to be highly selective for a single MAPK
family or to involve multiple families. On the other hand, it
seems possible that selective pressure to recognize multiple dif-
ferent D-sites on multiple different substrates might ultimately
compromise the ability of a MAPK to bind in a highly selective
manner to some D-sites and not others. Indeed, perhaps such
a scenario may explain the promiscuity of ERK2-D-site
interactions.

MKK3 D-site Is a Highly Potent Inhibitor—In the course of
these studies, we found that the MKK3-derived D-site peptide
was a particularly potent inhibitor of p38«, with a degree of
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inhibition over 100-fold greater than observed with other
D-site peptides. p38a continues to generate a great deal of
interest as a drug target (16, 21, 24). Our results suggest that
using an MKK3-derirved peptide to inhibit p38 may be a ther-
apeutic approach worth considering, as is currently being
explored with the JIP-1 peptide that targets JNK (67). Even if
this ultimately proves impractical, a better understanding of the
high efficiency of this inhibition may provide insight useful for
designing more traditional small molecule agents.

A co-crystal structure of unphosphorylated p38 bound to an
MKK3-dervied D-site peptide has been solved (56), but this
structure does not show any interactions involving the basic
residues in the MKK3 D-site, and thus does not provide much
insight as to why this interaction may be particularly high affin-
ity. It should be noted that the lack of contacts involving the
basic submotif in this structure may well be due to the particu-
lar crystallization conditions chosen, because such contacts
have been observed in other MAPK/D-site peptide complexes
(37,57, 58). Further structure-function studies will be required
to dissect the mechanism of MKK3 D-site binding/inhibition.

Implications for Drug Design—Although many kinase inhib-
itors bind to the ATP binding pocket of their target kinase,
there is increasing interest in developing drug candidates that
modulate kinase function by a different mechanism, such as by
blocking kinase-substrate interactions (68, 69). Indeed, there
are current efforts to target MAPK/D-site interactions for ther-
apeutic purposes, using either peptides or more traditional
small molecule compounds (13-18). Clearly, such efforts will
be facilitated by information regarding D-site selectivity, such
as we have provided here.

More particularly, as noted above, our results indicate that
the MKK3 D-site peptide may be a particularly promising rea-
gent along these lines. Another implication for drug design fol-
lows from our observation that JNK1 and particularly JNK2 do
not appreciably bind to non-cognate D-sites. Thus, targeting
the D-site-binding regions of JNK1 and JNK2 would seem to
have a reasonable probability of a highly selective outcome.

Summary—We have systematically and quantitatively com-
pared the binding of docking sites derived from MAPK kinases
(MKXKs) for their cognate (within-pathway) and non-cognate
MAPKSs. We find that cognate interactions are preferred ~10-
fold over non-cognate interactions. These results are consistent
with a “double selection” model, in which both the docking-site
interaction and interactions involving the catalytic domain of
the MKK are important for specificity.
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