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Abstract

Mitogen activated protein kinases (MAPKS) have a docking groove that interacts with linear
motifs in binding partners. To determine the structural basis of binding specificity between
MAPKSs and docking motifs, we quantitatively analyzed the ability of fifteen linear motifs from
diverse MAPK partners to bind to c-Jun N-terminal kinase 1 (JNK1), p38a and extracellular
signal-regulated kinase 2 (ERK2). Classical docking motifs mediated highly specific binding only
to JNK1, and only motifs with a sequence pattern distinct from the classical MAPK binding
docking motif consensus could differentiate between the topographically similar docking grooves
of ERK and p38. We also solved the crystal structures for four MAPK-docking peptide complexes
that represented JNK-specific, ERK-specific or ERK- and p38-selective binding modes. These
structures revealed that the regions located in between consensus positions in the docking motifs
showed conformational diversity. Although the consensus positions in the docking motifs served
as anchor points that bound to common MAPK surface features and mostly contributed to docking
in a non-discriminatory fashion, specificity was determined mainly by the conformation of the
intervening region between the anchor points. These insights enabled us to successfully design
peptides with tailored MAPK binding profiles by rationally changing the length and amino acid
composition of docking motif regions located between anchor points. We present a coherent
structural model underlying MAPK docking specificity that reveals how short linear motifs
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binding to a common kinase docking groove can mediate diverse interaction patterns and
contribute to correct MAPK partner selection in signaling networks.

Introduction

It is important to organize physical protein-protein interactions for correct physiological
function in intracellular signaling networks. Linear binding motifs that play a crucial role in
this process are normally defined based on their consensus motif sequence and are less than
10-20 amino acids in length (1). They enable interactions between unstructured protein
regions and globular protein domains and it is becoming accepted that their role in
mediating protein-protein interactions parallels the importance of classical interactions
formed between globular domains (2-3). Because they bind to “open” protein-protein
interaction surfaces and because only a handful of consensus amino acid positions are
required for binding, it is enigmatic how they can topographically distinguish often similar
binding surfaces. How can intracellular networks in particular rely on them so broadly (4)?

Mitogen activated protein kinases (MAPKS) regulate diverse aspects of cellular life such as
cell division, differentiation or apoptosis and interact with proteins through linear binding
motifs (5-6). MAPKSs are part of multi-tiered kinase cascades in which ERK1/2, INK and
p38 are activated by dedicated mitogen-activated protein kinase kinases (MAP2KSs)
MKK1/2, MKK4/7 and MKK3/4/6, respectively (5). These upstream activators bind to the
same surface on their cognate MAPK as downstream MAPK substrates, inactivating
phosphatases and protein scaffolds by their independently evolved linear motifs (7). Within
the diverse repertoire of physical links observed in signaling networks, the use of linear
motifs directly binding to signaling enzyme’s catalytic domains, known as docking motifs,
is the simplest solution to increase the specificity of promiscuous active sites (8). Similarly
to many signaling enzymes, MAPKSs contain promiscuous active sites. Therefore, additional
protein interaction sites are critical for determining the wiring of MAPK pathways. In this
type of interaction, which is referred to as docking for protein kinases and phosphatases, the
binding surface is separate from the active site (7). For example, MAPKSs phosphorylate
serine and threonine residues that are followed by proline (called a S/TP target site or motif)
and they also bind to docking (D)-motifs, which are ~8-12 amino acid long fragments
satisfying a loose consensus sequence (9), thus enabling these enzymes to form physical
connections with other signaling proteins (10).

The docking grooves of paralogous MAPKSs show a high degree of similarity, likely because
each major group of MAPKSs in animals - typical MAPKSs such as extracellular signal-
regulated kinase (ERK) 1/2; c-Jun N-terminal kinases (JNKSs); p38s; ERKS5; and atypical
MAPKSs such as ERK3, 4, and 7 - emerged through whole genome or individual gene
duplication events and because three members of this family - ERK2, p38a and JNK1 -
share ~40-50% sequence identity (11). Moreover, most docking motifs located in MAPK
partners are thought to fit the same consensus: ¥ 1_3x3.7®x®, in which ¥,® and x mark
positively charged, hydrophobic or any intervening residues, respectively. What factors then
determine the ligand binding space of a given MAPK paralog?

Here, we probed the specificity of linear motifs binding to MAPK docking grooves /n vitro
to compare the biochemical specificity of these protein-peptide interactions with the
biological specificity of MAPKSs and their signaling partners. We found that classical D-
motif docking peptides efficiently distinguished only JNK from ERK and p38, and only
motifs containing a reversed N-to-C-terminal consensus sequence compared to classical D-
motifs could discriminate between the latter two MAPKS. Thus, peptides interacting with
the MAPK docking groove conformed to two distinct consensus motif sequences (classical
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D-motifs and reverse D (revD)-motifs): residues in consensus positions interacted with the
negatively charged common docking groove and with small hydrophobic pockets. However,
the nature of the direct contacts observed in various MAPK-docking peptide complex
structures did not explain MAPK specificity. We found that linear motif regions in-between
consensus motif positions determine the binding mode in the docking groove and thus the
MAPK binding profile of a given docking motif. Thus linear motifs with different
intervening region lengths and distinct compositions are specific and simple protein-protein
interaction tools. In many instances, they underlie or at least greatly contribute to the in vivo
signaling logic between MAPKSs and their partners. At the structural level, MAPK docking
is a well characterized protein-peptide interaction system (9, 12-16). Due to the lack of
systematic and comparative studies, the structural basis of MAPK docking specificity is still
unknown. This is in contrast to the systematically studied interactions between SH2 domains
and linear motifs for which a coherent structural model of SH2 domain binding specificity
has been suggested (17-18). Here, we present a coherent structural model for MAPK-
docking motif specificity that explains how docking motifs can be specific or promiscuous
and why previously characterized docking peptides bind to MAPKs with their reported
specificity.

MAPK binding specificity of classical D-motifs

D-motifs play an important role in MAPK signaling networks by facilitating binding
between specific MAPKSs and their partner proteins (16, 19-21). To quantitatively analyze
the MAPK binding properties of these linear motifs, we determined the binding affinities of
11 chemically synthesized D-motif peptides to three MAPKs (ERK2, p38a and JNK1) (Fig.
1A). (Note that chemically synthesized peptides used in this study are indicated with a “pep”
prefix throughout the text so that to distinguish them from the full-length MAPK partner
proteins in which they occur.) We used reporter peptides from the phosphatase HePTP
(hematopoietic protein tyrosine phosphatase) and the transcription factors MEF2A (myocyte
enhancer factor 2A) and NFAT4 (nuclear factor of activated T cells 4) to monitor the
binding of ERK2, p38a and JNK1 to peptides in fluorescence polarization (FP) based
measurements, respectively (fig. S1). Docking motifs from these three proteins bind the
MAPK docking groove (9,12,22).

We grouped peptides into three distinct sets based on their binding affinities: (i)
promiscuous peptides bound with biologically relevant affinities (0-100 M) to all three
examined MAPKS; (ii) JNK-specific peptides bound only to JNK1; and (iii) p38/ERK
selective peptides bound to p38a and ERK2 with similar affinities (Fig. 1B). Because
several peptides showed a more promiscuous binding pattern than expected, the MAPK
binding profiles determined in this way showed only a limited agreement with in vivo
MAPK signaling network diagrams (Fig. 1C). Peptides derived from JNK partners (MKK?7,
JIP1, JIP3 and NFAT4) were confirmed to be INK-specific. Because the MAPK kinase
(MAP2K) MKK4 participates in both INK and p38 pathways (23), a peptide derived from
MKK4 (pepMKK4) bound to JNK1 and p38a with similar affinities, as expected.
Unexpectedly, D-motif peptides from proteins with documented interactions with either
p38a or ERK2 could bind both MAPKSs and had modest (less than four-fold) discrimination
factors, which is the ratio of binding affinities for cognate compared to non-cognate
MAPKS.

Many MAPK docking motifs have been previously characterized in transcription factors
whose activity is controlled by MAPK phosphorylation (20). The regulatory
phosphorylation sites in transcription factors are often found in unstructured regions outside
of the DNA-binding domains. Phosphorylation of two residues in MEF2A (Thr312 and
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Thr319) by p38a. and presumably ERK2 stimulates MEF2A-mediated transactivation in
cells, whereas phosphorylation of Ser63 and Ser65 in NFAT4 by JNK promotes its
translocation from the nucleus to the cytosol (22,24). To assess the extent to which the
biochemical interaction specificity of D-motifs controls the phosphorylation of associated
transcription factors, we designed phosphorylation reporters for MEF2A (Fig. 1D) and
NFAT4 (Fig. 1E). Indeed, phosphorylation of these transcription factor based reporters in
vitro corresponded with the MAPK binding specificity of their D-motifs (Fig. 1F,G).

The inability of pepMKKG6 to discriminate between ERK2 and p38a. prompted us to explore
the role of D-motifs in MKK6-mediated p38a. activation. First, we assessed to the extent to
which linear motifs contribute to the binding affinity of the full-length protein. Surface
plasmon resonance-based measurements of the binding affinity for the MKK6-p38a
interaction suggested that the formation of this MAP2K-MAPK complex was quantitatively
determined by the linear motif in the unstructured N-terminal region of MKKG®6 (fig. S2A-E).
The importance of the docking motif in full-length protein constructs was also confirmed by
in vitro kinase assays monitoring MAP2K-mediated MAPK activation in which a form of
MKKG® lacking a docking motif could not phosphorylate its MAPK substrate (fig. S2F-H).
These experiments also showed that MKK6 could phosphorylate p38a but not ERK2. This
suggested that additional mechanisms apart from the specificity of D-motifs were also
involved in governing MAP2K-MAPK signaling. An important factor is the specificity of
the MAP2K active site because the sequence of MAPK activation loops adjacent to the
phosphorylated threonine and tyrosine residues are strictly conserved within specific MAPK
groups but differ among MAPK paralog groups. Indeed, when the amino acid located
between the two MAP2K target residues in the p38a activation loop was changed to that
found in the corresponding position in the ERK2 activation loop, MAPK phosphorylation by
the MAP2K kinase domain was impaired (fig. S21-K).

Thus, our in vitro MAPK activation results suggest that D-motif binding from non-cognate
MAP2Ks may not necessarily result in illicit MAPK activation: Kinase catalytic domains
may cooperate with independent linear binding motifs to formulate the specificity of a given
signaling event. In summary, docking motifs facilitate signaling in MAP2K-mediated
MAPK activation, although specificity here is also influenced by other factors. However,
specificity of docking motifs may fully govern the phosphorylation of critical, presumably
unstructured regions in transcription factors by promiscuous MAPK enzymes.

MAPK binding specificity of MAPKAPK docking peptides

MAPKAPKSs are MAPK activated protein kinases that are comprised of a conserved
calcium/calmodulin-dependent (CaMK)-type protein kinase domain and a C-terminal
extension that enables activation by various MAPKSs (ERK, p38 or both) (25). Furthermore,
RSKSs also possess an additional N-terminal AGC-type kinase domain regulated by its C-
terminal CaMK-type protein kinase domain (Fig. 2A) (25). MAPKAPKS form specific
complexes with their activating enzyme through short (<20 amino acid) C-terminal docking
motifs (25). This region mediates binding to the MAPK docking groove located on ERK or
p38 and this association is indispensable for MAPKAPK activation in cells (25).
MAPKAPK docking motifs, however, do not bind and are not activated by JNKs. Mammals
have the stress-responsive MAPKAPK?2, 3, and 5; MNK1 and 2 and MSK1 and 2 which
mediate both stress and mitogenic stimuli, and RSK1 to 4 which primarily mediate mitotic
and growth responses. The activity of prototypic MAPKAPKS depends upon p38 MAPKs
(26). The two MNKSs are substrates both for p38 and for ERK (27). MSKs, similarly to
MNKSs, can also be activated by both MAPKSs whereas RSKs are generally thought to be the
substrate of ERKSs (28) (Fig. 2B).
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MAPKAPKSs were previously suggested to contain D-motifs that are indispensable for their
activation by MAPKSs (29). The MAPK interaction region in MAPKAPKS is located in their
C-terminal region next to their (CaMK)-type protein kinase domain and this region
determines the specificity of MAPK-mediated MAPKAPK activation (30). Therefore we
analyzed the MAPK-binding specificity of the C-terminal regions of various MAPKAPKSs:
pepRSK1, pepMNKZ1, pepMSK1 and pepMK2. GST pull-down results indicate (Fig. 2C),
and quantitative fluorescence polarization measurements confirm (Fig. 2D) that the binding
of C-terminal MAPKAPK peptides to MAPKSs corresponded with the specificity of MAPK-
mediated MAPKAPK activation. Peptides that were expected to bind both ERK2 and p38a
bound to these kinases with similar affinities (for example, pepMSK1 or pepMNK1) in the
same assay that was used for D-motif peptide measurements (fig. S1B). PepRSK1 and
pepMK2, which reside in ERK and p38-specific MAPKAPKS, respectively, show a more
than tenfold preference (~20 and 400, respectively) for their cognate MAPK (Fig. 2E). Thus,
although they do not have the classical D-motif consensus, MAPKAPK docking peptides
efficiently discriminated between ERK2 and p38a docking grooves.

Distinct linear motif binding modes in the MAPK docking groove

To gain insight into the apparent specificity of three different MAPK docking grooves, we
solved the crystal structures of ERK2, p38a and JNK1 in complex with peptides mediating
MAPK binding with different degree of specificity. Because the crystal structure of a
MAPK-docking peptide complex with the p38a-specific pepMK2 peptide has been
determined (31), we focused on complexes with peptides that show JNK-specific, ERK2/
p38a-selective and ERK2-specific binding and determined the crystal structure of JNK-
pepNFAT4, p38a-pepMKKG, ERK2-pepMNK1 and ERK2-pepRSK1 complexes (table 1
and fig. S3).

To examine how JNK-specific peptides bind to the INK-docking groove, we compared our
JNK1-pepNFAT4 crystal structure to the INK1-pepJIP1 complex (13) (Fig. 3A). The two
docking peptides adopted different main chain conformations between the contact points
corresponding to the D-motif consensus sequence. Thus, these structures displayed two
unrelated solutions to bind to the INK docking groove: pepNFAT4 contacted the CD groove
with an arginine side-chain from a short a-helical region, which is not present in pepJIP1,
and its arginine side chain directly extended from a proline residue located in the lower
pocket.

These structures also revealed how some classical D-motifs with a highly positively charged
N-terminal cluster bind to the CD groove. Similarly to the previously determined structures
of the p38a.-pepMEF2A and p38a-pepMKK3 complexes, the N-terminal region of the
MKK®6 D-motif cannot be seen on the electron density map of the pepMKK6-p38a. complex
(9). This suggests that the positively charged residues may not need to adopt a single
conformation when bound in the negatively charged CD groove (fig. S3).

Four peptides derived from MAPKAPK substrates did not contain the classical D-motif
consensus because their basic residues are located on their C-termini. Nevertheless, these
peptides competed with D-peptide reporters in binding assays, suggesting that they also
bound to the same MAPK docking groove (fig. S1B). To explore the binding mode of these
motifs, we determined the crystal structure of the ERK2-pepRSK1 and the ERK2-pepMNK1
complex. These peptides bound in a reversed N- to C-terminal orientation compared to D-
motif peptides (Fig. 3B-D), similar to the binding of pepMK2 to p38a. (31). Based on the
structures of these MAPK-docking peptide complexes, the MAPK docking groove can be
divided up into the hydrophobic ®x® groove, lower and upper hydrophobic pockets, and the
negatively charged CD groove (Fig. 3B). These are all contacted by residues that define the
MAPK docking MAPKAPK consensus or “reverse” D-motif (revD-motif):
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DBXDpXo P X4.6PuxXVY; in which U, L, A and B denote residues binding into the upper
or lower pockets, or in the A or B position of the ®&x® groove; ®,'¥ and x denote
hydrophobic, basic, or any amino acids, respectively. Amino acids that form the consensus
revD-motif contact the MAPK docking groove similarly; however, the intervening regions
between @ and ®p differ in the two peptides.

Structural basis of binding specificity of JNK compared to ERK/p38 and ERK2 compared

to p38a

The docking grooves in JINK1, p38a and ERK?2 are comprised of the negatively charged CD
groove and some small hydrophobic pockets. Overall, the three MAPK docking grooves
appear similar; however, the CD groove lies closer to the hydrophobic pockets in INK1
compared to those in ERK2 (Fig. 4A) or p38a (Fig. 4B) because JNK1 has a positively
charged residue (Lys®3) where p38a and ERK2 have a negatively charged residue (Glu) in
the corresponding position, resulting in a JNK-specific charge-inversion (Fig. 4C). Because
of this charge inversion, a salt bridge forms between Lys83 and Glu32? in JNK1. In addition
to Lys®3, another charged residue in ERK or p38 MAPKSs is replaced by an evolutionarily
conserved small polar residue (Thr64) in INK MAPKs. Therefore the JINK docking groove
is less charged and narrower and these evolutionarily conserved differences in surface
topography and charge distribution sets INK MAPKSs apart from ERK and p38 enzymes.
These differences are exploited by JNK-specific peptides: The intervening region between
the lower pocket and the CD groove interacting amino acids in JIP1 and NFAT4 D-motifs
are shorter compared to those in MKK6- and HePTP-type D-motifs. Furthermore, revD-
motifs with their longer, conformationally well-defined intervening regions were not
compatible with the narrower CD groove in JNK.

MAPKAPK-type revD-motif containing peptides may have a clear binding preference
towards either ERK or p38. Unfortunately, a direct comparison of MAPK:revD-motif
complexes does not reveal how they can efficiently discriminate between the ERK2 and
p38a docking grooves (see Fig. 3D). However, sequence conservation analysis of
MAPKAPK revD-motifs showed that some amino acids located in the intervening regions
of these motifs are conserved similarly to amino acids that form the revD-motif consensus.
The pepMNK?1 sequence logo from various species (including C. elegans and human)
showed that various amino acid positions besides the revD-motif consensus also show a high
degree of conservation (Fig. 4D). Moreover, these conserved positions change in location as
well as in amino acid identity between ERK/p38-selective, ERK- and p38-specific groups
(Fig 4D). Conversely, sequence analysis and comparison of the ERK2-pepRSK1 and p38a-
pepMK?2 crystal structures showed that MAPKSs harbor evolutionarily conserved differences
in key positions of their MAPK docking grooves. MAPK docking grooves have three
structural features (base, top and hinge, the latter of which is a flexible connector between
the N-terminal and C-terminal kinase lobes), which can be used by docking motifs to
discriminate between ERK1/2 and p38. Although the Ca. positions of the two proteins
superimpose well, some docking groove features in these critical regions differed (Fig. 4E).
An ERK2 mutant (ERK2 m6) in which the amino acids at six key positions were changed to
those in the corresponding positions in p38a had a ligand discrimination factor for the two
most specific ligands (pepRSK1 and pepMK?2) resembling that of p38a (Fig. 4F and fig.
S4A). Conversely, the p38a. m6 chimera with an ERK2-like docking groove was less
specific for pepMK2 compared to p38a (fig. S4A). These data suggest that intervening
regions of MAPKAPK revD-motifs have adapted to cognate MAPK docking grooves.

H-bond staples in MAPK:revD-motif binding specificity

An artificially designed revD-peptide (pepSynth-revD) bound to both ERK2 and p38a (but
not to JNK1) with similar affinities [Kdgrk2~10 M, Kdpsg,~30 wM]. We also solved the
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crystal structure of this weakly binding nonspecific peptide and compared the structures of
all four known MAPK:revD-motif complexes (Fig. 5A-D). The comparison of less specific
peptides with ERK2- or p38a.-specific peptides suggested the importance of intra-peptide,
sequence specific hydrogen (H)-bonds in MAPK specific binding: Specific peptides tended
to contain more of these H-bond “staples”. The artificially designed pepSynth-revD peptide
with an arbitrary intervening region did not have H-bond staples; the non-discriminatory
pepMNK1 contains one H-bond staple, whereas at least two specific residues in pepRSK1
and pepMK2 are involved in H-bond stapling. Furthermore, these latter residues (Ser’® and
GIn724 in RSK1, and Asn380 and Arg387 in MK2) are evolutionarily conserved in most
vertebrate MAPKAPK homologs (Fig. 5C-D). Because H-bond stapling amino acids do not
necessarily contact the MAPK docking groove directly, they may play an indirect role in
MAPK-specific binding by fine-tuning the conformation of the intervening region between
anchor points. This could be important for specificity because H-bond stapled intervening
docking motif regions are adjacent to evolutionarily highly conserved MAPK docking
features such as the top and the base, and the divergent nature of these residues between the
ERK and p38 group of MAPKSs appear to be particularly important (Fig. 4D,E). Although all
three MAPKAPK docking motifs display an alpha-helical conformation in their CD groove
binding region or a 31 helical conformation (where the N-H group of an amino acid forms a
hydrogen bond with the C=0 group of the amino acid three residues earlier) in the
intervening region between @, and @, positions when bound to MAPKS, the C-terminus of
MAPKAPKS is unstructured in all of their protein crystal structures (32-33). Because
MAPKAPK C-terminal regions contain the revD-motifs and revD-peptides in complex with
MAPKSs are clearly structured, it is likely that revD-motif containing MAPKAPK regions go
through a disorder-to-order transition, which may be assisted both by features located on the
MAPK docking groove as well as in the docking motif. Thus, our data suggest that flexible
linear motifs may exploit the differences at the MAPK specificity loop (top) and at the base
of the docking groove more efficiently by forming inter-molecular H-bonds or van der
Waals interactions when they are conformationally held in place (or stapled) by intra-
peptide H-bonds. According to this hypothesis, MAPK-specific peptides that lack H-bond
stapling should bind to their coghate MAPKSs with lower specificity.

To test this hypothesis, we replaced some of the critical residues involved in H-bond
stapling with alanines in pepRSK1 and pepMK?2. pepRSK1_Q/A contained a replacement
for GIn’24; pepRSK1_S/A,Q/A contained replacements for Ser’19 and GIn’24; and
pepMK2_R/A contained a replacement for Arg387; however, Asn380 was not replaced
because this residue forms inter-molecular H-bonds as well (Fig. 5E and fig. S4B-D).
Discrimination factors calculated from the binding affinities of these mutant peptides with
ERK2 and p38a showed that alanine replacements in H-bond stapling positions decreased
the peptide’s capacity to distinguish between the similar docking grooves in ERK2 and
p38a (Fig. 5F). We also investigated the impact of alanine replacements of key amino acids
involved in H-bond stapling in a long revD-motif containing RSK1 protein construct (amino
acids 411-735 of RSK1c) (fig. S4C). The specificity of wild-type RSK1c and RSK1c_Q/
A,S/A constructs with ERK2 and p38a showed a good agreement with measurements
carried out with chemically synthesized RSK1 peptides (fig. S4C,D). These results indicate
that H-bond stapling residues are important determinants of MAPK specificity not only for
chemically synthesized peptides but also for full-length MAPK protein partners.

We also attempted to build new H-bond staples in revD-motif peptides to further assess their
role in MAPK binding specificity (Fig. 5E,F and fig. S4E,F). The affinity and specificity of
pepMK2_R/A for p38a was lower compared to pepMK2 and we replaced a solvent facing
leucine (Leu384) with glutamine in this peptide (pepMK2_R/A,L/Q) to rebuild its original
p38a specificity (fig. S4E). Based on the MAPK-pepMK?2 crystal structure the introduced
glutamine in its preferred side-chain conformation could form a similar H-bond with the
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main-chain of the peptide compared to the formerly removed one, albeit in a different way
(fig. S4E). Although the binding affinity of this latter peptide compared to pepMK2_R/A did
not increase substantially, its specificity for p38a compared to ERK2 increased to an extent
comparable to that of pepMK2. Similarly, when we tried to build an H-bond staple into
pepSynth-revD (pepSynth-revD_K/S,Q/R) the binding specificity for ERK2 was increased
largely because of decreased p38a binding (fig. S4F). Overall, these results are consistent
with a model in which H-bond staples in the ERK2-pepRSK1 and p38a-pepMK2 complex
crystal structures contribute to their MAPK-specific binding.

Designing peptides that bind to MAPK docking grooves

After elucidating the structural basis underlying biochemical specificity for MAPK-docking
motif binding, we successfully altered the MAPK binding profiles of naturally occurring
motifs and designed novel peptides with tailored MAPK specificity (Fig. 6). Our earlier
analysis showed that pepNFAT4 bound JNK1 exclusively, whereas pepMKK4 bound all
three tested MAPK paralogs. We used these two peptides as starting points to convert a
promiscuous motif into a specific one and vice versa by exploiting the structural and
evolutionary sequence conservation information presented above. We changed pepNFATA4,
which originally contained a JINK1-specific D-motif motif, to facilitate its binding to ERK/
p38 MAPKS as well. The new peptide (pepNFAT4m) had a longer basic motif region to
optimize interaction in the wider CD grooves in ERK and p38 and it also contained an
additional positively charged residue that could facilitate binding to the top region in ERK2/
p38a. This rationally modified peptide indeed behaved in a more promiscuous manner (Fig.
6A and fig. S5A). We could also make pepMKK4 less promiscuous and shift its dual
capacity to bind p38a and JNK1 to favor the former MAPK by making the sequence of
pepMKK4m more similar to that of pepMKK6. pepMKKG6 contains a proline in @ and the
leucine-to-proline modification in @ of pepMKK4 limited its binding to JNK1 to a greater
extent than its binding to p38a because this change efficiently interfered with the capacity
of pepMKKA4 to adopt the INK1-specific pepNFATA4-type binding mode (Fig. 6B and fig.
S5B). Because the ability of pepNFAT4 to bind specifically to JNK1 depended on the
formation of a small helical turn at the intervening region between @, and 'Y, a proline at
this region disfavors an alpha-helical main-chain conformation required to span the distance
between @ and ¥ in a manner required for the JINK-specific pepNFAT4-type binding
mode. In summary, pepNFAT4m became promiscuous presumably because it acquired the
pepMKKG6-type binding mode in addition to the original INK1-specific binding mode of
pepNFATA4. Conversely, pepMKK4m became p38a.-specific because the introduced proline
limited the dual capacity of pepMKK4 to bind in a INK1-specific pepNFAT4-type mode
more than its capacity to adopt the p38a. compatible pepMKK®6-type binding mode.

Next, we tested the MAPK interaction profile of artificially designed peptides conforming to
a classical D-motif consensus (pepSynth-D) or to a classical revD-motif consensus
(pepSynth-revD) (Fig. 6C). pepSynth-D contained four arginines as the basic motif to allow
unrestricted binding to the CD grooves in MAPKSs, three leucines to bind to the lower pocket
and the ®x® groove, and serines and histidines in the intervening region positions.
pepSynth-revD was comprised of leucines for all hydrophobic positions (®g, @4, ©|, and
®yy), two arginines as the basic motif (¥), amino acids with large polar groups (lysine or
glutamine) at the C-terminus to facilitate a-helix formation at this region, and serine or
alanine residues in the intervening regions. Both peptides bound MAPKSs with low-to-
medium micromolar affinities (1-30 M) and their MAPK interaction profiles fit well to
what we predicted: pepSynth-D was promiscuous, whereas pepSynth-revD was ERK/p38-
selective (fig. S5C,D).

pepSynth-revD could not bind to JINK1, presumably because its helical structure around the
basic motif was not compatible with the narrower CD groove in JNK1. This artificially

Sci Signal. Author manuscript; available in PMC 2013 April 09.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Garai et al.

Page 9

designed peptide bound to p38a and ERK2 with modest binding affinities (~30 and 10 M,
respectively) compared to other naturally occurring revD-motifs derived from MAPKAPKS,
which normally bind with sub-micromolar affinities to their cognate MAPK. Our earlier
observations suggested that the sequence of the intervening region, in addition to the
residues located in consensus defining positions, was also important for MAPK-specific
binding. Therefore, we changed the intervening region of pepSynth-revD according to an
analysis of revD-motifs from MK proteins (Fig. 6C). Important intervening region features
from the MK revD-motif sequence logo were introduced in two steps. First, five serine or
alanine amino acids in pepSynth-revD were replaced with corresponding amino acids that
show a high degree of sequence conservation in the MK logo (pepSynth-revD m1). This
new peptide had sub-micromolar affinity for p38a but its affinity for ERK2 was not
changed substantially. Next, we introduced a two amino acid insertion (alanine and serine)
into the intervening region between the ®_ and &y positions of pepSynth-revD m1
(pepSynth-revD m2), because pepMK2 homologous revD-motifs that preferentially bind
p38 homologs have two additional amino acids in this region. This second modified peptide
still bound to ERK2 with similar affinity as the original Synth-revD motif containing
peptide, but its binding affinity for p38a was increased by ~6,000 fold (from 30 M to 5
nM) (Fig 6D and fig. S5D). Thus, these modifications of an artificially designed minimal
revD-motif which originally bound two MAPK paralogs with comparable affinities resulted
in a peptide that could discriminate ERK2 from p38a. better than pepMK2. We also tested
the specificity of pepSynth-revD m2 in the context of a full length protein. JIP1 is a scaffold
protein of the INK MAPK module and recruits JNK through its D-motif (pepJIP1) (34). We
replaced the JNK1 specific D-motif (pepJIP1) in JIP1 with the sequence of pepSynth-revD
m2 and tested MAPK binding of this chimeric protein in GST pull-down assays using
lysates from HEK293T cells that were transiently transfected with ERK?2 or p38a constructs
(fig. S5E). In contrast to JIP1, the JIP1_pepSynth-revD m2 chimera bound only p38a. This
result demonstrated that the binding specificity of small docking peptides may correspond to
the binding specificity of full length proteins as well.

Discussion

MAPKS represent a paradigm for understanding how specificity in cellular signaling can be
achieved with enzymes that share a common origin (11). Our first analysis of fifteen motifs
readily identified peptides that could discriminate three major human MAPK paralogs.
However, we unexpectedly found that peptides from MAPK-specific protein partners often
behaved less specifically in binding assays. D-motifs from the initial set that bound p38a.
also bound ERK2, which presumably reflected the highly similar groove topography in these
two paralogs. This latter observation highlights the limitations of simple D-motif mediated
interactions, although these may be efficiently mitigated in the context of other binary
interactions also contributing to MAPK specificity. For example, activation of p38a by
MKKG6 also depends on the substrate preference of the MKKG6 active site even if the MKK6
D-motif autonomously appears to determine the binding affinity between these two proteins.
Moreover, the existence of FXFP (Phe-any amino acid-Phe-Pro) motifs in certain MAPK
(especially ERK) substrates and a separate docking groove for such motifs on ERK suggest
that in some cases two docking grooves on ERK may operate in combination: Elk1 for
example contains both an FxFP and a D-motif (35-37). (Note that FxFP motifs are unrelated
to D- or revD-motifs.) Efficient phosphorylation of certain ERK/p38 selective MAPK target
sites in cells in an ERK- or p38-specific manner might require additional MAPK recruitment
events (38).

It appears that MKK4 is unique in its ability to interact both with the highly divergent

docking grooves in JNK and ERK/p38, which agrees with its biological function, which is to
activate JNK and p38. Unfortunately, our efforts to crystallize MAPK complexes with this
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peptide have failed so far but the intervening region composition of pepMKK4 is predicted
to be compatible with two unrelated binding modes. It bound JNK1 in a similar manner to
pepNFAT4 and p38a in a similar manner to pepMKKS6. (The weakened but still detectable
binding of this peptide to ERK2 was presumably the consequence of the less specific
pepMKKG6-type binding mode.)

We unexpectedly found that side-chain specific intra-peptide H-bonds contribute to the
affinity and to the specificity of MAPK-linear motif interactions. MAPK specificity was
decreased when H-bond staples were removed in MAPKAPK revD-motifs by alanine
replacements and increased when they were introduced at new positions. Mechanistically,
H-bond staples are likely to function by making flexible docking peptides more rigid upon
MAPK binding at their intervening region. This could favor binding to cognate MAPKS but
H-bond staples may also prevent a peptide from adopting a different conformation
compatible with binding to non-cognate MAPKSs. H-bond staples, however, are not unique
to MAPKAPK docking regions bound to MAPKSs and are also used in other linear motif
based interaction systems such as those operating in TGFp signaling (the TGFp effector
SMADZ3 interacts with a linear motif in the adaptor SARA) or in DNA repair regulation (the
DNA recombinase RADS51 interacts with a short peptide segment from the scaffold protein
BRCA2) (39-41) (Fig. S6).

The low sequence stringency in linear motif definitions normally hinders an accurate
assessment of their frequency in various proteomes. Unfortunately, our current
understanding of these interactions is rarely sufficient to segregate motifs into sub-groups
representing different binding modes of the same global motif definition. Detailed
understanding of the subclasses of linear motifs with more stringent sequence requirements
however is likely to promote linear motif discovery at the systems level by decreasing the
rate of false positives that may occur by chance. The D-motif consensus sequence was
previously loosely defined and it encompassed motif sequences that belonged to different
MAPK binding modes and specificity. Our structural and biochemical analysis in
combination with other studies clarified the minimal sequence requirements for linear motifs
to bind the MAPK docking groove (42-47). We grouped MAPK binding linear matifs into
five different classes: pepJIP1, pepNFAT4, pepMKK®6, pepHePTP D-motifs and
MAPKAPK revD-motif types. A simple motif scan of the human proteome with more
stringent consensus sequences representing these five different MAPK-binding classes, after
applying a sophisticated filtering and scoring protocol, identified 650 sequence motifs in 595
proteins that match well to known D- or revD-motifs in sequence and in other properties
(table S1 and S2). Because of the small number of evolutionarily independent docking motif
sequences belonging to a certain motif sub-class, it is likely that additional filtering and
scoring protocols will be required to further increase the reliability of this sequence
matching approach (for example, by implementing procedures that could also score motif
sequence conservation across different organisms or structural compatibility to various
MAPK docking grooves). Despite these pitfalls, the lists were statistically significantly
enriched in proteins associated with known MAPK signaling functions or with MAPK
pathway components. Intervening sequence region information of known MAPK docking
motifs representing different docking groove binding modes greatly contributed to this
enrichment. This suggests that detailed understanding of the physical nature of these protein-
peptide interactions allows the identification of functional linear motifs with greater
reliability. This in turn will contribute to the drawing of more extended and more reliable
“wiring” diagrams for signaling networks at a system level.

Most of the experiments presented in this work on the MAPK binding specificity of linear
motifs were carried out by using chemically synthesized peptides. How relevant are these
results to proteins when these fragments function in the contexts of full-length proteins? It
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was previously shown that the MAPK binding specificity of full length proteins can be
altered by swapping motifs that bind different MAPKSs in cell based reporter systems (30). In
one case the MAPK binding specificity of MAPKAPKs (MK2 and RSK?2) was changed
from p38 to ERK and vice versa in cells, and another study demonstrated that
responsiveness to JNK or p38 in c-JUN and MEF2A could be changed by swapping their
docking motifs (48). Similarly, the specificity of ERK2/p38 chimeras had already been
tested (19), which showed that the “ED-site” (also known as the MAPK top region) helps to
define MAPK-MAPKAPK wiring in cells. In addition, our in vitro docking motif swap
experiments using longer fragments from NFAT4 and MEF2A, GST pull down binding
experiments with the JIP1_pepSynth-revD m2 chimera and quantitative protein binding
assay results with the RSK1c protein construct presented in this study support the notion that
binding specificity rules obtained with chemically synthesized peptides can be extended to
full-length MAPK partner proteins.

In summary, we showed that the specificity of linear motifs binding to different MAPK
paralogs is coded either in the length or in the amino acid composition of intervening
regions (or both) of their consensus motifs. Amino acids located in variable intervening
regions form intra-motif hydrogen bonds or limit peptide main chain flexibility through
prolines (or both). Thus, these residues are mostly responsible for specificity, whereas
residues in consensus motif positions bind the general surface features and mostly contribute
to these interactions in a non-discriminatory fashion. Because of these properties, docking
motifs can stay short (<15-20 aa). They are evolutionarily plastic solutions for forming new
connections between signaling proteins because they may freely emerge in unstructured
protein regions and their binding specificity for kinases may also be easily changed (49).
From an evolutionary standpoint, results of our study help to assess the frequency of MAPK
docking groove binding linear motifs in various proteomes (50,51). Moreover, the coherent
structural model of MAPK-docking motif binding specificity may enable highly specific
interference with various MAPK pathway mediated physiological functions (52). Our results
show that small peptides can efficiently discriminate ERK, p38 and JNK docking grooves.
The specificity of artificially designed peptides can be fine-tuned and thus they may be used
to ablate MAPK-specific signaling in vivo, even if they bind to the docking groove that is
common to all MAPKSs.

Materials and Methods

Protein expression and purification

Proteins were recombinantly expressed in £. coli Rosetta(DE3) pLysS (Novagen) cells using
standard techniques. cDNAs encoding human proteins were produced from mRNA derived
from HEK?293 cells. Reverse transcription was followed by PCR with protein specific PCR
primer pairs. All sequences were verified by DNA sequencing after sub-cloning into pET
expression vectors. Recombinant proteins were purified with standard chromatography
techniques: the procedure involved a Ni- or GST-affinity chromatography step that was
followed by an ion-exchange step. Affinity tags were removed by TEV protease cleavage.
Final protein samples were dialyzed into storage buffer containing 20 mM Tris pH=8.0, 100
mM NaCl, 10% glycerol and 2 mM TCEP. All peptides were synthesized on an ABI 431A
peptide synthesizer using Fmoc strategy. Activated ERK2, p38a. and JNK1 were produced
by co-expressing the MAPKSs with constitutively active GST-tagged MAP2KSs in £. coli
using bi-cistronic modified pET vectors. Dephosphorylated MAPKSs were produced by co-
expressing the MAPKSs with GST-tagged A phage phosphatase. Activated MAPKSs were
purified and treated similarly as described above for dephosphorylated MAPKSs. The activity
of MAPK samples were then characterized in /n vitro kinase assays using MBP (myelin
basic protein) as the substrate. Double phosphorylation of the activation loop of MAPKs
was confirmed in Western blots using anti-phospho MAPK specific antibodies: ERK2,
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9101S; p38a., 9215S; and JNK1, 9251S (Cell Signaling). RSK1c, full length JIP1 and
constitutively active forms of MKK1 and MKK6 were expressed as N-terminal GST-fusion
proteins with C-terminal His-tag, double-affinity purified, then used in binding affinity
measurements, GST pull downs or in vitro kinase assays. ERK2 and p38a cDNAS were
cloned into a modified pcDNA 3.1 vector which adds a C-terminal FLAG tag to the inserted
protein. HEK293T cells were transiently transfected with expression vectors by
lipofectamine (Invitrogen), harvested and lysed 48 hours after transfection in Triton lysis
buffer (1% Triton, 25mM Tris pH 7.4, 150mM NaCl, 2.5mM DTT, 2mM EDTA + protease
inhibitor mix).

Protein-protein binding assays

For fluorescence polarization (FP) based binding affinity measurements reporter peptides
were labeled at the N-terminus with carboxy-fluorescein (CF) or tetramethylrhodamine
(TAMRA) fluorescent dyes (CF-pepHePTP: RLQERRGSNVALMLDV; TAMRA-
pepMEF2A: SRKPDLRVVIPPS and TAMRA-pepNFAT4: LERPSRDHLYLPLE) by Fmoc
chemistry. An increase in the FP signal, which indicated complex formation between the
MAPK and the labeled peptide, was monitored as a function of increasing concentration of
purified MAPKSs with an Analyst GT (Molecular Devices) plate reader in 384-well plates.
The labeled peptide was used at 10 nM in 20 mM Tris pH=8.0, 200 mM NacCl, 0.05%
Brij35P, 2 mM DTT. The resulting binding isotherms were fit to a quadratic binding
equation with the OriginPro7 software (OriginLab Corporation). The affinities of the
unlabeled peptides to MAPKSs were measured in steady-state competition experiments: 10
nM of labeled reporter peptide was mixed with MAPK samples at a concentration to achieve
~60-80% complex formation. Subsequently, increasing amount of unlabeled peptide was
added and the FP signal was measured as described earlier for direct titration experiments.
The Kd for each MAPK-unlabeled peptide interaction was determined by fitting the data to
a competition binding equation. Titration experiments were carried out in triplicates and the
average FP signal was used for fitting the data with OriginPro7. (Note that the MAPK
interaction profiles determined in this way are based on K; values because the competition
assay measures the extent to which the tested peptide inhibits the binding of reporter
peptides.) For GST pull-down experiments GST beads were equilibrated with binding buffer
(20mM Tris, 100 mM NaCl, 0.1% IGEPAL, 2mM p-mercaptoethanol). 10 g immobilized
GST-fusion peptides or GST-fusion proteins (and GST protein as negative control) were
incubated with 10 uM MAPKSs in 200 p.l binding buffer for 30 min at room temperature.
GST beads were pelleted by centrifugation and washed three times. Retained proteins were
eluted from the resin with SDS loading buffer. GST pull-downs with MAPKSs from
HEK?293T cell lysates were performed in a similar manner to that described above but
precipitated proteins were detected by Western-blot using anti-FLAG antibody (F1804,
Sigma).

In vitro kinase assays

50 nM activated MAPKSs were used in each in vitro kinase assay experiment to
phosphorylate 0.5 .M control, “wild-type” or D-motif chimera reporters. Reactions were
carried out in 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl,, 0.05% IGEPAL, 5%
glycerol, 2 mM DTT using recombinantly expressed and purified proteins, 200-400 pM
ATP, and ~5 uCi of ATP(y32P). Reactions were stopped by protein loading sample buffer
containing 20 mM EDTA, boiled and then subjected to SDS-PAGE. Gels were dried before
analysis by phosphorimaging on a Typhoon Trio+ scanner (GE Healthcare).

X-ray structure determination

10-15 mg/ml dephosphorylated MAPK samples were mixed with peptide solutions to yield
an approximate four-fold peptide excess and the solution was supplemented with 2 mM
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AMPPNP and 2 mM MgCl,. Crystallization conditions were found by using a custom in-
house PEG crystallization screen in standard vapor diffusion set-ups with hanging drops at
room temperature. The best crystals for the ERK2-pepMNK1 complex grew in 15%
PEG20000 buffered with 100mM MIB composite buffer pH=6.5. p38a.-pepMKKG® crystals
were obtained in 22% PEG3350, 100 mM HEPES pH=7.5. INK1-pepNFAT4 crystals with a
C-terminal truncated version of INK1 (JNK1AC20) grew in 20% PEG8000 buffered with
100mM sodium citrate pH=5.5. (The diffraction of INK1-pepNFAT4 crystals with full-
length JNK1 was considerably weaker, only to ~ 2.6 A resolution. This structure is also
deposited in the PDB with accession number: 2XS0). Crystals were shock-frozen in liquid
nitrogen after supplementing the mother liquor with 15-20% glycerol or 15% ethylene

glycol.

The ERK2-pepSynth-revD complex crystallizes in the P2,212, space group with cell
parameters: a=45.03A, b=65.66A, c=117.23A, in 20-24% PEG6000 buffered with 100mM
TRIS pH=8.5. The first two amino acids of pepSynth-revD (LSL SSL AASSL AKRRQQ,
underlined; and consensus positions are shown in bold) could not be located in the density
because a hydrophobic side-chain from a symmetry-related ERK2 molecule occupied the
®g pocket. Because earlier attempts to obtain an ERK2-pepRSK1 complex with wild-type
ERK2 failed, we designed an ERK2 construct in which amino acids responsible for crystal
packing interactions observed in the ERK2-pepSynth-revD crystal were mutated to alanines
(ERK2AA: R77A. E314A). This construct readily crystallized in complex with pepRSK1
and crystals grew within 4-5 days with typical dimensions of 0.30mm x 0.10mm x 0.02mm
in 27-29% PEG6000 buffered with 200mM MES composite buffer pH=6.5. The ERK2AA-
pepRSK1 complex crystallized in the P2;212; space group, with cell parameters: a=41.80A,
b=59.08A, c=156.12A.

High resolution data on frozen crystals were collected on PXI and PXIIl beam lines of the
Swiss Light Source (Villigen, Switzerland), and data for the pepMNKZ1-ERK2 complex was
collected on a Rigaku R200 rotating anode X-ray generator at the Institute of Chemistry,
Eo6tvos Lorand University. Structures were solved by molecular replacement. Data was
processed with XDS (53). The main chain of ERK2, p38a, and JNK1 from the PDB entry
2GPH, 3GC7, 1UKH, respectively, were used as molecular replacement (MR) models in
PHASER (54,55). The MR search identified single MAPK molecules per asymmetric unit in
all cases. Structure refinement was carried out in PHENIX (56) and structure remodeling
and building was done in Coot (57).

MAPK binding linear motif identification in silico

Putative MAPK binding docking motifs were identified in silico with the following
procedure. Human protein sequences and sequence annotations were retrieved from
UniProtKB/SwissProt (58). All sequences were scanned for instances of D-motif (pepJIP-,
pepNFAT4-, pepMKKG6-, or pepHePTP-type) and revD-motif (RSK/MAPKAP-type)
subclasses using the regular expressions [RK][P]..[LIV].[LIVMPF] (pepJIP-type), [RK]..
[LIVMP].[LIV].[LIVMPF] (pepNFAT4-type), [RK].{3,4}[LIVMP].[LIV].[LIVMPFA]
(pepMKKG6-type), [LI]..[RK][RK].{5}LIVMP].[LIV].[LIVMPFA] (pepHePTP-type), and
[LIVMPFA].[LIV].{1,2}[LIVMP].{4,6}[LI]..[RK][RK] (RSK/MAPKAP-type). We
discarded sequence matches that overlapped with secondary structure elements (alpha-
helices, turns, beta-strands, coiled coils), modular protein domains, repeats, signal peptides,
propeptides, or mitochondrial transit peptides. Because we were interested in intracellular
MAPK signaling, we removed motifs that were located in extracellular or intralumenal
proteins or protein regions. To make our search criteria more stringent for D-motifs, we
excluded putative MAPK substrates that had no potential S/TP target site located within
10-50 amino acids C-terminal of their D-motif end position, because roughly two-thirds of
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MAPK S/TP target sites that have been shown to be physiologically relevant are located
within this region (table S3). Note that this target site filter essentially limited the D-motif
lists for MAPK substrates only. This latter filter, however, also removed some bona fide
motifs that may also govern phosphorylation of S/TP target sites falling outside the region
specified by this filter (59,60). Because the revD-motif consensus search pattern was
inherently longer, the putative revD-motif containing protein list was not further filtered.
Moreover, a target site filter would not have been as efficient in removing false positives
because revD-motifs mediate phosphorylation of distant SP/TP sites located N-terminal
from motifs (29). Moreover, linear motifs binding into MAPK docking grooves may not
only contribute to signaling specificity through MAPK substrate partner selection. They may
recruit MAPKSs into higher order complexes, which may not necessarily involve direct
phosphorylation of their binding partners.

Because linear motifs often occur in unstructured regions (49), we used DisSEMBL 1.5 (61)
to computationally predict amino acids belonging to an unstructured or disordered protein
region. To increase the reliability of disorder prediction, putative D-motifs were only
considered if more than 60% of the amino acids spanning from the motif start site to the first
S/TP target site were annotated as disordered (according to at least one of the DisSEMBL
disorder criteria); revD-motifs were only analyzed further if more than 90% of their amino
acids were disordered. These values were obtained by inspecting a set of benchmark motifs
that were either proven to mediate binding or to have a physiological relevance in cells. The
final list was further manually curated to remove residual false positives consisting fof
intralumenal, vesicular, mitochondrial or extracellular proteins (amounting to less than 5%
of the final entries).

We incorporated this information about the intervening regions in-between conserved motif
residues by developing position-specific scoring matrices (PSSMs) to rank the remaining
lists of putative MAPK D-motifs. We did not perform scoring for revD-motifs due to the
lack of our knowledge on revD-motifs apart from those in the RSK/MAPKAPK family. The
PSSMs were based on human examples of each particular docking peptide conformation
class. To obtain a sample of representative size, we used the high conservation of MAPK
docking surfaces in metazoans and collected the motif sequences of non-human proteins
orthologous to human examples from UniProtKB. Non-human sequences were only
included in the dataset if they were of the same motif subclass as their human correspondent,
as determined by pairwise and multiple alignments. The proteins included in the PSSM-
generator sets were as follows: JIP-type: JIP(1/2), JIP(3/4), IRS (1/2/4) and their orthologs
containing the same motif (n=51); NFAT4-type: NFATC3, JUN(B/C/D), MKK4, Gli(1/2/3)
and their orthologs (n=133); MKK®6-type: MEF2(A/C), MKK3, MKK6, MKK1, MKK2,
MKK4, Gli(1/2/3) and their orthologs (n=87). The HePTP-type set included PTPN5, PTPN7
and PTPRR and their orthologs (including the PTP-ER proteins known from insects, thus
yielding n=65). Note that the same motif may be included in more than one subclass,
because promiscuous motifs can satisfy more than one consensus at the same time (for
example, pepMKK4 is both NFAT4-type and MKKG6-type). Consensus motif window size
was set to 12 in the case of classic short (<12 amino acids) D-motifs (JIP, NFAT4 and
MKKG6-types) to make their scores directly comparable and appropriately longer for those in
the HePTP-type D-motif subclass spanning =15 amino acids. For each putative D-motif we
calculated a score as the log ratio score of observed and expected probabilities (a priori
amino acid probabilities were calculated based on human UniProtKB/SwissProt sequences),
as previously described (62). This logPSSM-score was used to rank the top candidates and
identify further false positives (for example, JIP peptides in the MKKG6-type list). After
manual list inspections, we set the logPSSM score cutoffs to -3.0 for JIP-type, -3.0 for
NFAT4-type and +2.5 for MKKG6-type motifs, and removed all motifs with lower scores
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from the final list. Because the pepHePTP-type PSSM was based only on one related set of
proteins, logPSSM scores were used only for ranking, but no cutoff was applied.

The benchmark set in the analysis included 30 previously characterized MAPK binding
partners, belonging to 10 independent groups of paralogous proteins: JIP, NFAT, MAP2K,
IRS, GLI, JUN, MEF2, MAPK phosphatases and MAPKAPKS (63, 64, 50, 48, 65, 12, 25).
Our in silico analysis correctly identified 29 of these benchmark proteins and mostly
grouped them correctly into five motif classes, presumably binding MAPKs with different
profiles: pepJIP1- and pepNFATA4-type D-motifs bind to JNK, whereas pepMKK®6-,
pepHePTP-type D-motifs or revD-motifs bind to ERK or p38 with varying degree of
specificity, depending on the composition of the intervening regions.

To identify broader biological processes and pathways among the MAPK binding proteins
identified in our study, we performed enrichment analyses for each motif subclass and the
combined full list. Protein annotations were retrieved from the Gene Ontology (GO)
Annotation Database (UniProtKB-GOA) and the Pathway Interaction Database (P1D)
(66,67). Enrichments were calculated with a hypergeometric test in R (68,69); the
background distribution of annotations was calculated based on the human UniProtKB/
Swissprot sequences. We adjusted the resulting p-values for multiple testing errors using the
false discovery rate (FDR) (70). Only annotations with an adjusted p-value (g-value) of less
than 0.05 were considered to be significantly enriched in the respective list. Because GO
annotations are organized in a hierarchy, the set of enriched GO annotations can be further
summarized by identifying and filtering semantically similar annotations (71). We used
ReEVIGO to identify semantically similar annotations and only kept the annotation that was
most representative for the group (72).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biochemical specificity of classical D-motifs

(A) Binding affinities of chemically synthesized D-motif peptides with JNK1, p38a and
ERK2. “-” indicates no detectable binding, Kd > 100 .M; N=3 experiments. (B) These
binding affinities are plotted on a three-dimensional scatter plot in which axes represent
dissociation constants (Kd) for the three different MAPKSs and squares correspond to
individual peptides listed in the table on the left. (C) The in vivo wiring diagram for MAPKs
with their partners. Black connections indicate physiologically relevant links; gray dashed
lines indicate binding that does not concur to physiologically relevant connections. (D-G)
Docking motifs govern the phosphorylation of critical transcription factor regions in
MEF2A (D) and NFAT4 (E) by MAPKSs. A representative set of phosphor imaging results
of SDS-PAGE gels are shown from at least two in vitro kinase experiments using activated
(*) MAPKS to phosphorylate control, “wild-type” or D-motif MEF2A (F) and NFAT4 (G)
chimera reporters. AP constructs: Thr or Ser residues in target S/TP site were mutated to
alanines; NoDock constructs: the basic and ®x® motif residues, indicated by arrows, were
mutated to alanines; DBD, DNA-binding domain.
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(A) Domain architecture of MAPKAPKSs. MAPK docking regions and phosphorylation sites
on MAPKAPKS that are important for regulation of MAPKAPK activity regulation in cells

are indicated with black rectangles and circles, respectively. (B) The in vivo MAPK

interaction profile of the C-terminal MAPK docking regions in select MAPKAPKS. (C)
Results of the GST pull down experiments (N=2) are shown on Coomassie stained SDS-

PAGE gels. (D) Results of binding affinity measurements with chemically synthesized

peptides are shown in table at the bottom. “-” indicates no detectable binding or Kd > 100
M. N=3 experiments. (E) Discrimination factors of peptides were calculated by taking the
logarithm of the ratio of binding affinities for ERK2 and p38a and were plotted in a bar

graph.
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Figure 3. MAPK docking grooves are compatible with different linear motif binding modes

(A) Overlay of the INK1-pepNFAT4 and the INK1-pepJIP1 (PDB ID: 1UKH) crystal
structures (13). (B) Crystal structure of the ERK2-pepMNK1 complex. The MAPK docking
groove is located on the opposite side of the kinase relative to the active site (arrow in the
inset). N and C, N- and C-termini of the peptide, respectively. (C) Comparison of the ERK2-
pepMNK1 complex with the ERK2-pepHePTP complex (PDB ID: 2GPH) (12). Colored
arrows indicate the N—C-terminal direction of the docking peptides. The last hydrophobic
contact point in the pepHePTP D-motif consensus is only inferred because this residue was
modified and the slight mis-alignment at this region is likely to be the result of the forced
covalent attachment of pepHePTP to ERK2 through an artificial disulfide bond. (D)
Superposition of the ERK2-pepRSK1 complex with the p38a-pepMK2 (PDB ID: 20KR)
crystal structure (30). (C) and (D) show the ERK2 or the p38a surface from the ERK2-
pepMNK1 and p38a-pepMK?2 crystal structures, respectively. Non-cognate protein-peptide
pairs do not show any clash, indicating that surface complementarity alone does not explain
the selective formation of ERK2-pepRSK1 and p38a.-pepMK2 complexes. New structures
shown on this figure are INK1-pepNFAT4, ERK2-pepMNK1 and ERK2-pepRSK1.
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Figure 4. Topography of paralogous MAPK docking grooves

(A-C) Structural basis for the ability of JINK to discriminate between certain D-motifs and
RevD-motifsPeptide-bound docking surfaces of ERK2 (A), p38a (B) and JNK1 (C) are
presented in the same orientation. Arrows on (C) indicate the critical region in JNK that
determines the width of the CD groove, which in turn also influences the size of the upper
pocket. The insets show the sequence logo of the corresponding regions in MAPK homologs
from sponges to human. Stars denote the tentative position of the pepMKKG®6 basic region in
the p38a. CD groove. (D) Structural determinants of p38-ERK discrimination. Arrows
indicate conserved amino acids in the pepMNKZ1 sequence logo that are not part of the revD-
motif consensus, which are colored in magenta on the human MAPK:revD-motif complex
structure below. Superimposed p38a is colored in light gray and shown as a Ca-trace. (E)
The evolutionarily conserved nature of the base, top and hinge is shown for ERK1/2 and p38
homologs from sponges to human from the KinBase database (73) as sequence logos. (F)
The impact of amino acid swaps in the ERK2 docking groove on pepRSK1 or pepMK2
binding is shown as a bar diagram. Amino acid swaps were done in the base (m2), in the
base and the top (m4) and in all three regions (m6) of ERK2. New structures shown on this
figure are p38a.-pepMKKG®6, INK1-pepNFAT4 and ERK2-pepMNK1.
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Figure 5. Sequence-specific intra-peptide hydrogen bondsin revD-motifs contribute to their

MAPK specificity

(A-D) Sequence-specific inter-molecular and intra-peptide H-bonds in MAPK:revD-motif
crystal structures. Peptide sequence specific inter-molecular H-bonds are gray, whereas
sequence specific, intra-peptide H-bonds are red. Selected side-chains of the top region and
the base are orange for ERK2 and salmon for p38a.. The schematic insets on the upper left

corners emphasize the intervening region between two anchor points (@, and ®j;

hydrophobic anchor points are shown as pentagons). These also depict the top and the base
regions because they mediate important differential inter-molecular H-bonding interactions.
Light blue circles indicate peptide amino acids adopting a 31 helical conformation and red
dotted lines depict H-bond staples. Small insets in the upper right corners of the last two
panels show the sequence logo of RSK1/2 or MK2/3 revD-motifs. The logos were based on
ten sequences from five different vertebrate organisms (Danio rerio, Xenopus laevis, Gallus
gallus, Mus musculus and Homo sapiens). Evolutionarily conserved amino acids that are
involved in H-bond stapling are highlighted in red. New structures are ERK2-pepSynth-
revD (A), ERK2-pepMNK1 (B) and ERK2-pepRSK1 (C). (E) Role of H-bond staples in
mediating MAPK:revD motif binding specificity. The table shows binding affinities of
revD-motifs with different H-bond staples to ERK2 and p38a (left). Amino acids involved
in H-bond stapling or replaced by alanines are bolded and revD-motif defining amino acids

are underlined. (F) Discrimination factors of peptides were calculated by taking the

logarithm of the ratio of binding affinities for ERK2 and p38a and were plotted in a bar
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graph on the right. Heights for bars indicated with a “>" sign are low estimates because the
experimental assay cannot measure binding affinities weaker than 100 pM.
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Figure 6. M odification and design of M APK -docking motif interaction profiles

(A-B) Manipulation of MAPK interaction profiles for natural D-motif peptides. The JNK-
specific docking peptide of NFAT4 was made more promiscuous (A) and the promiscuous
motif found in MKK4 was made more selective (B) with appropriate mutations. Binding
affinities of peptides are plotted on a three-dimensional scatter plot where axes represent
dissociation constants (Kd) for INK1, p38a and ERK2. Arrows (m) indicate the impact of
amino acid replacements in the MAPK ligand space. Amino acid replacements are indicated
below the original peptide sequence. Amino acids in consensus motif defining positions are
underlined. (C-D) Design of artificial motifs with tailored MAPK specificity profiles.
Peptides containing a minimal D-motif (pepSynth-D) or a revD-motif (pepSynth-revD) are
promiscuous or ERK/p38 selective, respectively. Amino acid replacements in the ERK/p38
selective pepSynth-revD are shown under the original peptide sequence (C), and their effect
on the discrimination factor for ERK2 compared to p38a binding is shown in the bar graph
(D). TAS indicates a two amino acid insertion of alanine and serine residues.
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