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Abstract

D-sites are a class of MAPK-docking sites that have been found in many MAPK regulators and
substrates. A single functional, high affinity D-site has been identified near the N terminus of each
of the MAPK kinases (MKKs or MEKs) MEK1, MEK2, MKK3, MKK4, and MKKG6. Here we
demonstrated that MKK7 recognizes its target JNK by a novel mechanism involving a partially
cooperative interaction of three low affinity D-sites in the N-terminal domain of MKK?7.
Mutations of the conserved residues within any one of the three docking sites (D1, D2, and D3)
disrupted the ability of the N-terminal domain of MKK7f to bind JNK1 by about 50-70%.
Moreover, mutation of any two of the three D-sites reduced binding by about 80-90%, and
mutation of all three reduced binding by 95%. Full-length MKK7 containing combined D1/D2
mutations was compromised for binding to JNK1 and exhibited reduced JNK1 kinase activity
when compared with wild-type MKK?7. Peptide versions of the D-sites from MKK4 or the JIP-1
scaffold protein inhibited MKK7-JNK binding, suggesting that all three JNK regulators bind to the
same region of JNK. Moreover, peptide versions of any of the three D-sites of MKK?7 inhibited
the ability of JNK1 and JNK2 to phosphorylate their transcription factor substrates c-Jun and
ATF2, suggesting that D-site-containing substrates also compete with MKK7 for docking to JNK.
Finally, MKK7-derived D-site peptides exhibited selective inhibition of INK1 versus ERK2. We
conclude that MKK7 contains three JINK-docking sites that interact to selectively bind JNK and
contribute to JNK signal transmission and specificity.

Mitogen-activated protein kinases (MAPKs)4 are essential components of eukaryotic signal
transduction networks that enable cells to respond appropriately to extracellular signals and
stresses. In mammalian organisms, the following four major MAPK cascades have been
characterized: ERK1/2, ERKS5, p38, and JNK pathways (1). Each cascade contains three
sequentially acting protein kinases collectively known as a MAPK module (2). This module
consists of a MAPK/ERK Kkinase kinase (MEKK or MAP3K), which activates a downstream
MAPK/ERK kinase (MEK, MKK, or MAP2K) that subsequently activates a particular set of
MAPKSs (2). Activated MAPKSs further propagate the signal by phosphorylating downstream
targets such as transcription factors and other kinases. How this ubiquitous versatile module
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achieves specific coupling of signal to cellular response is an important and unresolved issue
that is currently the subject of intense investigation (3-7).

The c-Jun N-terminal kinase (JNK) pathway responds primarily to extracellular stress such
as UV radiation and cytokines such as interleukin-1 (8-11). Dependent upon such factors as
cell type and the nature of the stimulus, JINK has been shown to promote either cell survival
or apoptosis (12—-14). Deregulation of the JNK pathway has been implicated in the
pathogenesis of many human diseases such as cancer (15), obesity and diabetes (16),
muscular dystrophy (17), arthritis (18), Alzheimer disease (19), and Parkinson disease (20).
Inhibition of INK activity is being considered as a possible therapy for many of these
diseases (21-24).

The JNK family of MAPKS is encoded by the three genes JNK1, INK2, and JNK3. JNK1
and JNK2 have ubiquitous expression profiles, whereas JNK3 is primarily found in neural
tissue (9). The three JNK proteins are regulated by two MAPK kinases-MKK4 (also called
JNKK1 or SEK1) and MKK7/JNKK2/SEK2 (25-30). Optimal activation of JNK requires
the activity of both MKK4 and MKK?7; although both MEKSs are capable of dual
phosphorylation of JNK at the activation loop residues Thr and Tyr, MKK4 prefers the Tyr
and MKKY prefers the Thr (31,32). MKKA4 is primarily activated by environmental stresses,
whereas MKK7 is primarily activated by cytokines (10,33).

Genetic studies in mice support a critical role for MKK?7 in several aspects of cell and
organismal physiology. MKK?7 is essential for liver formation during embryogenesis;
furthermore, loss of MKK?7 in fibroblasts results in premature senescence and G,/M cell
cycle arrest (34). In contrast, MKKY is a negative regulator of cell growth in multiple
hematopoietic lineages (35).

MAPK-docking sites are found in the N-terminal regulatory domains of many MKKs, where
they contribute to accurate and efficient enzyme substrate recognition by promoting the
formation of relatively stable, high affinity MKK-MAPK complexes (2). This paradigm of
MAPK recognition was first established for the yeast MEK Ste7 (36—-38) and has since been
extended to mammalian MEK1 (38,39), MEK2 (38), MKK3 and MKKG6 (2), MKK4 (40),
and MEKS (41). The MAPK-docking sites in many MKKs, including yeast Ste7 and human
MEK1/2, MKK3/6, and MKK4, share a core consensus sequence consisting of a cluster of
about three basic residues, followed by a short spacer of 1-6 residues, and finally a
hydrophobic-X-hydrophobic submotif (Fig. 1B) (37,38). Hereafter, we shall refer to this
class of MAPK-docking sites as “D-sites.” D-sites have also been found in MAPK scaffolds,
phosphatases, and substrates (2,42,43).

D-sites in MKKSs are crucial for the activation of their cognate MAPKS in vivo (44,45),
where they function as portable, modular motifs that primarily serve to tether their cognate
MAPKSs near the kinase domain of MKKs (45). D-sites also display some selectivity in
binding to MAPKS, suggesting a role in specificity (40,46). For example, the D-sites in
MEKZ1 and MEK2 do not bind effectively to JNK2 (40).

As noted above, functional D-sites have been characterized in MEK/MKK1-4 and MKKG6.
MEKS does not contain a D-site but instead contains a novel MAPK-docking site of acidic
character (41). No MAPK-docking site has heretofore been identified in MKK7; however,
the N-terminal domain of the MKK7p isoform (the most prevalent isoform in humans) has
been shown to be necessary and sufficient for high affinity complex formation with JINK1
(47,48). Here we demonstrate that the N terminus of MKK7f contains three weak D-sites
that interact in a partially additive, partially synergistic manner to create a high affinity JNK-
docking platform.

J Biol Chem. Author manuscript; available in PMC 2011 January 7.
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EXPERIMENTAL PROCEDURES

Genes

The MKK7p1 clone used in this paper corresponds to Gen-Bank™ accession number
NM_005043. Accession numbers of other genes used in this study have been given in an
earlier work (40).

Proteins and Antisera

Fusions of glutathione S-transferase (GST) to human c-Jun-(1-89), ATF2-(19-96), and
Elk-1-(307-428) were purchased from Cell Signaling Technology. Activated JNK1p1 and
JNK?2p2 and unactivated JNK1p1 were purchased from Upstate Cell Signaling Solutions.
Activated mouse ERK2 was purchased from New England Biolabs. Anti-FLAG M2
monoclonal and anti-FLAG polyclonal antibodies were purchased from Sigma. Anti-V5 was
purchased from Invitrogen.

Plasmids for in Vitro Transcription and Translation

Plasmids pGEM-MKK7pB1 (48) and pGEM-MKK4 (40) have been described previously. To
construct pPGEM-JNK1, the INK1al coding region was amplified by high fidelity PCR
using Pfu DNA polymerase, primers INK1alup and INKlaldownl (see Table 1), and
Genestorm clone ID RG000191 (Invitrogen) as the template. The PCR product was digested
with BamHI and Sall and inserted into the corresponding sites in pGEM4Z (Promega).

Plasmids for the Production of GST Fusion Proteins

The vector used for generating the GST fusion proteins was pGEXLB (38), a derivative of
pPGEX-4T-1 (Amersham Biosciences). In pGEXLB, an encoded Pro residue is replaced with
a Gly-Gly-Gly-Gly-Gly-Ser-Gly sequence to promote the independent functioning of the
GST and fusion moieties. The cloning of pGEXLB-JNK1al was described previously (48).
To generate GST-MKK7-(1-85), GST-MKK?7-(1-60), and GST-MKK7-(1-38), PCR was
used to amplify the specific fragments and introduce a BamHI at the N terminus and a Sall
site at the C terminus. The primers used are shown in Table 1; a human MKK731 cDNA
clone (48) was used as the template. The PCR products were digested with BamHI and Sall
and subsequently inserted into the appropriate sites on pGEX-LB. To generate the plasmids
for GST fused to the independent MKK7p-docking sites (see Fig. 3), an adaptor
oligonucleotide approach was used. pGEX-LB was cut with BamHI and Sall, and the
polylinker insert was removed. The excised fragment was replaced by annealed
oligonucleotide pairs that encoded the independent docking sites. To encode MKK7-D2, the
oligonucleotide pair used was MKK7For 35-49 and MKK7Rev 35-49; for MKK7-D3,
MKK7For 67-80 and MKK7Rev 67-80; for the D-site from MKK4, MKK4For 36-49 and
MKK4Rev 3649 (Table 1).

Site-directed mutagenesis (Quickchange, Stratagene) was used to generate the GST-MKK?7-
(1-85)-docking site mutant constructs used in Fig. 4. The template used in these
mutagenesis reactions was pGEM-MKK7-(1-85). The following complement primers were
used to mutate each respective docking site as follows: for D1, MKK7D1mutFor and
MKK7D1mutRev; for D2, MKK7D2mutFor and MKK7D2mutRev; and for D3,
MKK7D3mutFor and MKK7D3mutRev (Table 1). The double and triple D-site mutants
were generated by mutating one D-site at a time. The D12 and D123 mutants required an
additional primer pair to correct the return to wild-type caused by the D1 mutation primers.
The accuracy of all mutant constructs was verified by sequencing.

J Biol Chem. Author manuscript; available in PMC 2011 January 7.
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Plasmids for Tissue Culture Transfections

To generate pcDNA3.1-MKK7B1-FLAG (“MKK7-FLAG”), containing full-lengthMKK7p1
tagged at its C terminus with the FLAG epitope, the MKK7p1 coding sequence was inserted
into the pcDNA3.1/FLAG vector using the Hindlll and Kpnl sites. MKK7-KD-FLAG, a
catalytically inactive (“kinase dead”) mutant (K149A) of MKK7-FLAG, was created by
site-directed mutagenesis using primers MKK7KDFor2 and MKK7KDRev2. MKK7-D12-
FLAG, the D1/D2 double mutant of MKK7-FLAG, was created using the same primers and
site-directed mutagenesis procedure used to make the MKK7-(1-85)-D12 mutant described
above. Mutant constructs were confirmed by sequencing the full-length coding sequence.
Plasmid pcDNA3.1-JNK1al-V5-His, encoding C-terminally epitope-tagged JNK1, was
obtained from the Invitrogen.

Transcription and Translation in Vitro

Proteins labeled with [3>S]methionine were produced by coupled transcription and
translation reactions, partially purified by ammonium sulfate precipitation, and quantified as
described previously (38).

Binding Assays

Peptides

GST fusion proteins were expressed in bacteria and purified by affinity chromatography
using glutathione-Sepharose (Amersham Biosciences) and quantified as described elsewhere
(38). Binding assays were performed, analyzed, and quantified as described previously (38).
Dissociation constant (Ky) estimates are calculated from multiple replicate experiments
(38,40); an example is shown in Table 2.

The soluble peptides used for the binding competition and kinase inhibition experiments
were synthesized by United Biochemical Research Inc. Peptide sequences are shown in
Table 3.

Protein Kinase Assays

The protein kinase assays for ERK2 phosphorylation of Elk-1 (40) and for INK2
phosphorylation of c-Jun or ATF2 (40) have been described previously. Kinase reactions (20
pl) for INK1 phosphorylation of c-Jun or ATF2 contained kinase assay buffer (50mw Tris-
HCI (pH 7.5), 10 mm MgCly, 1 mm EGTA, and 2 mw dithiothreitol), 1 pm (740 ng) GST-c-
Jun, or 1 pum (700 ng) GST-ATF2, 0.8 milliunits (2.6 ng) of active INK1, 50 pw ATP, 1 pCi
of [y-32P]JATP, and the indicated concentration of peptide. Reactions were for 20 min at 30
°C. Substrate phosphorylation was quantified by SDS-PAGE (12% gels), followed by
analysis of relative incorporation using the Phosphorimager.

Tissue Culture and Transfections

HEK?293 cells were cultured using Dulbecco’s modified Eagle’s medium enriched with 10%
heat-inactivated fetal bovine serum (Invitrogen), penicillin, streptomycin, and sodium
bicarbonate. The cells were seeded at a density of 5 x 10° cells per well in a 6-well dish. The
culture was maintained in a humidified environment at 37 °C and 5% CO,. Transient
transfections were performed with Lipofectamine (Invitrogen) following the manufacturer’s
recommended procedures. Cells were harvested 48 h after transfection.

Co-immunoprecipitation Assay

HEK?293 cells were transfected with 1 mg of MKK7-FLAG, MKK7-D12-FLAG, or
pcDNA3.1/FLAG plasmid DNA and co-transfected with 1 pug of pcDNA3.1-INK1al-V5-

J Biol Chem. Author manuscript; available in PMC 2011 January 7.
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His plasmid DNA. At 48 h post-transfection, cells from two 35-mm wells were lysed into
200 pl of lysis buffer (50 mw Hepes (pH 7.6), 150 mw NaCl, 1.5 mu MgCl,, 1 mu EDTA, 1%
Triton X-100, 10% glycerol, 1 mm sodium orthovanadate, 25 mw B-glycerophosphate, 1x
protease inhibitor mixture (Sigma)) and centrifuged at 14,000 x g for 15 min at 4 °C. The
supernatant was then cleared with 20 pl of a 50% slurry of Protein G Plus/Protein A-agarose
beads for 30 min at 4 °C. The cleared lysates were then incubated for 1 h at 4 °C with 20 pl
of beads (50% slurry) that had been preincubated with 1 pl of anti-V5 antibody for 30 min at
4 °C. The beads were washed twice with 0.5 ml of wash buffer (20 mw Hepes (pH 7.6), 150
mw NaCl, 0.1% Triton X-100, 10% glycerol) and resuspended in SDS sample buffer.

Immunoprecipitation Kinase Assays

RESULTS

HEK?293 cells were transfected with 1 g of plasmid DNA encoding either FLAG-tagged
wild-type MKK7, docking site mutated MKK?7, kinase-dead MKK7, or empty vector. After
48 h, the cells were serum-starved for 30 min and then treated with anisomycin (20 pg/ml)
and IL-1 (5 ng/ml) for another 30 min. Cells were lysed, and MKK7-FLAG derivatives were
immunoprecipitated as above. The immunoprecipitation complexes were then washed twice
with wash buffer and once with kinase buffer (50 mu Tris-HCI (pH 7.5), 10 mm MgCly, 1 mw
EGTA, and 2 mw dithiothreitol). The activity of MKK7 was determined in a reaction at 30
°C for 30 min in 40 pl of kinase buffer containing 0.5 pg of unactivated INK1, 2 pg of
GST-c-Jun, 50 pw ATP, and 1 uCi of [y-32P]JATP. The reactions were terminated by the
addition of SDS sample buffer, resolved by SDS-PAGE, detected by immunoblot and
autoradiography, and quantified on a Phosphorimager.

Three Putative Docking Sites in the N Terminus of MKK78

Because all other human MKKs had been shown to contain MAPK-docking sites near their
N termini, we inspected the amino acid sequence of MKK?7 for potential D-sites. Three
putative D-sites (hereafter D1, D2, and D3) were found in the N-terminal domain of
MKKT7p (Fig. 1A). All three conform to the D-site consensus, which consists of a basic
submotif separated by a short spacer from a hydrophobic-X-hydrophobic submotif (Fig. 1B).
Furthermore, all three have detectable similarity to identified D-sites in other MKKSs and to
D-sites found in JNK substrates such as the transcription factors ATF2, c-Jun, and Elk-1 and
JNK scaffold proteins such as JIP-1 and JIP-3 (Fig. 1B).

The D-sites in MEK1, MEK2, MKK3, MKK4, and MKK®6 have been shown to be cleaved
by the anthrax lethal factor protease (48,49). In addition, MKK4 contains a second lethal
factor cleavage site that is not a functional high affinity MAPK-docking site (40,49). MKK7
has also been shown to be cleaved by lethal factor at two sites in its N terminus (49). These
correspond to putative D-sites D2 and D3 (Fig. 1A).

The N Terminus of MKKB Binds to JNK

To confirm that the MKK7pB N terminus was sufficient to bind JNK, and to evaluate whether
systematic removal of the putative docking sites would compromise binding, fusions of GST
to portions of the N terminus of MKK?7 were tested for their ability to bind in vitro to 3°S-
labeled JNK1 (Fig. 2A). We used JNK1 because our previous studies showed that INK1
exhibits substantially stronger binding to MKK7 than JINK2 (48). As shown in Fig. 2B,
MKK7-(1-85), which contains all three putative D-sites, bound efficiently to INK1 (Kq ~ 90
pm). The GST moiety by itself bound only trace amounts of JNK1, demonstrating that the
observed interaction was specific to the MKK7 constituent. MKK7-(1-60), which lacks D3,
exhibited only slightly decreased JNK1 binding. In contrast, MKK7-(1-38), which contains
only D1, exhibited an ~7-fold decrease in INK1 binding (Fig. 2, B and C). Taken at face
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value, these results imply that some sequence between residues 38 and 60 (perhaps the
second putative D-site, D2) was responsible for the ability of theMKK7p N terminus to bind
JNK. However, additional experiments, presented below, suggested that an unexpected,
more complicated mechanism mediated INK-MKK7 docking.

None of the Three Putative D-sites Are Sufficient for High Affinity JNK Binding

To determine whether any of the D-sites were sufficient for high affinity JNK binding, we
constructed GST fusions to each of them. For example, GST was fused to MKK?7 residues
35-49, yielding GST-D2 (Fig. 3A). The individual fusions were then assessed for their
ability to bind INK1. When tested separately in this manner, neither D2 nor the other two
putative D-sites bound to JNK1 nearly as strongly as MKK7-(1-85) or MKK7-(1-60). Of
the three D-sites, D2 exhibited the strongest JNK binding followed by D1; D3 did not
detectably bind JNK above background (Fig. 3, B and C). In contrast, the isolated D-site
from MKK4 (MKK4-(36-49)) bound reasonably well to JNK1 when tested in the same
assay (Fig. 3, B and C). MKK4-(36-49) site bound to JINK1 with about the same efficiency
as did MKK7-(1-85) or MKK7-(1-60), but much more efficiently than did any of the
isolated D-sites from MKK?7. These results suggested that, unlike the D-site from MKK4,
none of the individual D-sites from MKK?7 were sufficient for high affinity JNK binding. It
was intriguing, however, that MKK7-(1-60), which contains both D1 and D2, bound to
JNK1 with an affinity comparable with the single MKK4 D-site; this suggested that D1 and
D2 might collectively comprise a relatively high affinity JNK-binding moiety.

The Three D-sites Interact to Promote High Affinity JNK Binding

To ascertain if any of the D-sites were necessary for high affinity JNK binding, substitution
mutations were introduced into D1, D2, and D3, either alone or in combination, in the
context of MKK?7-(1-85). The substitutions replaced conserved residues in the basic and
hydrophobic submotif with nonconsensus residues (Fig. 4A). The ability of the mutant
proteins to bind to JNK1 was then compared with wild-type MKK7-(1-85). As shown in
Fig. 4B, mutation of either D1 or D2 resulted in an approximate 70% decrease in JNK
binding, whereas mutation of D3 resulted in less than a 50% decrease in JINK1 binding.
Strikingly, the double mutants displayed an even stronger binding defect than any of the
single mutants; in particular, the D1/D2 mutant showed a 90% decrease in binding when
compared with the wild type. Finally, the D1/D2/D3 triple mutant almost completely lost the
ability to bind JNK. These results demonstrate that the three D-sites (particularly D1 and
D2) jointly contribute to the binding of MKK73’s N terminus to JNK.

The D-sites of MKK7 Are Critical for Interaction and Activation of INK1 in Cell-based

Assays

To examine the importance of D-site-mediated MKK7-JNK binding for MKK?7 function in
vivo, the D1/D2 double mutant used in Fig. 4 was introduced into the context of full-length
of MKK7f that was tagged at its C terminus with the FLAG epitope. The resulting mutant
protein was expressed in human kidney epithelial (HEK293) cells and compared with wild-
type, FLAG-tagged MKKT7 for its ability to bind to co-overexpressed JNK1, as assessed by
co-immunoprecipitation (Fig. 5A). When wild-type MKK7[ was immunoprecipitated with
the anti-FLAG antibody, a detectable amount of JNK1 co-immunoprecipitated with it (Fig.
5B, lane 2). In contrast, the double D-site mutation disrupted the ability of MKK7 to bind to
co-expressed JNK1 (Fig. 5B, lane 4).

To assess the ability of the D1/D2 double mutant to phosphorylate and activate JNK1, wild-
type or mutant MKK?7 was expressed in HEK293 cells, immunoprecipitated, and mixed with
purified JNK1 and c-Jun proteins in a coupled kinase assay (Fig. 5C). This assay measures
the ability of MKK?7 to phosphorylate and thereby activate JNK; the activated JNK then

J Biol Chem. Author manuscript; available in PMC 2011 January 7.
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phosphorylates c-Jun, which provides the readout. As a negative control for MKK7 kinase
activity, a kinase-dead mutant was generated by mutating the critical lysine residue in the
ATP-binding pocket to alanine. When compared with wild-type MKK?7, the kinase activity
of the D-site double mutant was reduced by over 2-fold (Fig. 5D) to a level that did not
greatly exceed the activity of the kinase-dead mutant. Hence, the collective functions of D-
sites 1 and 2 ofMKK?7 are important for the phosphorylation and activation of JNK1.

The D-sites in JIP-1 and MKK4 Compete with MKK7 for JNK Binding

The results of the previous experiment strongly suggested that the ability of MKK7-(1-85)
to bind JNK can be attributed to D-site-mediated interactions. To substantiate this idea
further, we used a peptide competition approach to ask if MKK7p bound to the same regions
of INK1 as the D-sites of MKK4 and JIP-1 (Fig. 6A). Full-length, radiolabeled MKK7p was
produced by in vitro translation, and its ability to co-sediment with GST-JNK1 bound to
glutathione-Sepharose beads was tested in the presence or absence of D-site peptides
derived from MKK4, JIP-1, or MKKY7 itself (see Table 3 for peptide sequences). Previously,
we used this approach to show that the D-sites of JIP-1 and MKK4 compete for interaction
with JNK (40).

As shown in Fig. 6, B and C, in the absence of any added peptide, full-length MKK7p bound
to GST-JNK1 (lane 3) but not to GST alone (lane 2). The addition of either the D-site
peptide from MKK4 (Fig. 6C, lanes 4 and 5) or from JIP-1 (lanes 6 and 7) significantly
reduced MKK?7-JNK1 binding. This inhibition appeared to plateau around 50%. The lack of
further inhibition may be due to relatively strong binding of the kinase domain of MKK?7 to
JNK, as we have observed previously that MKK7p-(77-419), which lacks all three putative
D-sites, binds to GST-IJNK1 at 40% of the level of full-length, wild-type MKK7p,
presumably because of contacts between JNK1 and the kinase domain of MKK?7 (48). In
contrast to the relatively strong inhibitory potency of the MKK4 and JIP-1 D-site peptides,
the MKK?7-D2 peptide was a weak inhibitor, and the MKK7-D1 and -D3 peptides did not
show any significant inhibition (data not shown). As expected, the negative control
MKK4gac peptide (which carries substitutions in three residues that are critical for INK
binding, see Table 3) also did not inhibit. These results indicate that MKK7 makes contacts
with regions of JINK that at least partially overlap with the regions that are contacted by the
MKK4 and JIP-1 D-sites.

D-site Peptides from MKK7 Inhibit INK1/2 Phosphorylation of c-Jun and ATF2

Previously, we demonstrated that the D-site peptide derived from MKK4 strongly inhibited
the ability of JINK2 to phosphorylate the downstream transcription factors c-Jun and ATF2,
providing evidence that the D-site of MKK4 was competing with the known c-Jun and
ATF2 D-sites for binding to JNK (40). To assess the possibility that MKK7 competes with
D-site-containing JNK substrates for JNK binding, and to measure the relative potency of
the D-site peptides from MKK?7, these peptides were evaluated for their ability to inhibit the
phosphorylation of c-Jun or ATF2 by purified and active JINK1 or INK2 (Fig. 7A).

As shown in Fig. 7, the D-site peptide derived from MKK4, used as a positive control,
strongly inhibited JNK1 phosphorylation of c-Jun in a dose-dependent manner (ICgg ~ 5 ),
as shown previously for INK2 (40). Also as demonstrated previously for INK2, the
MKK4gac mutant peptide, used as a negative control, did not inhibit INK1. All three of the
D-site peptides from MKK?7 inhibited the ability of JNK1 to phosphorylate ¢c-Jun (Fig. 7, B
and C). TheD2 peptide was the strongest inhibitor of the three (IC5g ~ 6 pm), whereas D1
and D3 were somewhat weaker (ICgg ~ 15 ). Similar trends of inhibition were seen when
the peptides were evaluated for the ability to inhibit INK1 phosphorylation of ATF2 (Fig. 7,
D and E). Again, MKK7-D2 was the strongest inhibitor of the three, but it was not as
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effective as the D-site peptide from MKK4. These results are consistent with the binding
data shown in Fig. 3, where D2 also exhibited the highest binding efficiency of the three
isolated D-sites from MKK?7.

Compared with their potency in inhibiting JNK1, the ability of the MKK7-derived D-site
peptides to inhibit INK2 phosphorylation of ¢c-Jun or ATF2 was about 5-fold lower (Fig. 7,
F, G, and H); this is consistent with our previous data demonstrating a considerable
preference (7-20-fold) of MKK?7 for binding to JNK1 or JNK3 over JNK2 (48). As with
JNK1, D2 was the strongest JNK2 inhibitor of the three D-site peptides from MKK?7.

Specificity of the D-sites from MEK1/2 and MKK7

Previously we showed that D-site peptides derived from MEK1 and MEK2 were poor
inhibitors of INK2 but effective inhibitors of their cognate MAPK ERK2 (40). Conversely,
the MKK4-derived D-site peptide was a better inhibitor of INK2 than of ERK2 (40). Thus,
these D-site peptides exhibited specificity, binding better to their cognate, within-the-
pathway MAPKSs than to noncognate MAPKSs. To extend these studies to JNK1, the MEK1
and MEK2 D-site peptides were compared with the MKK7-D2 peptide for their ability to
inhibit INK1 phosphorylation of c-Jun or ATF2 (Fig. 8, A-E). The JIP-1-derived D-site
peptide was used as a positive control for these experiments. Furthermore, to assess the
specificity exhibited by the MKK7-derived D-site peptides for INK (cognate) versus ERK
(noncognate), their ability to inhibit ERK2 was also compared with the MEK1 and MEK?2
D-site peptides (Fig. 8, A and F). ERK2 activity was assessed using Elk-1 as a substrate;
Elk-1, like INK1 and ATF2, contains a D-site necessary for efficient MAPK-mediated
phosphorylation (50). A mutant MEK2 peptide, MEK2ggaa, Was used as a negative control
in this experiment (48).

As shown in Fig. 8, B-E, MKK7-D2 was a more effective JNK inhibitor than the MEK1 or
MEK?2 D-site peptides. Also, as shown in Fig. 8F, the MEK2-derived D-site peptide was a
more effective ERK2 inhibitor than any of the three MKK7-derived peptides. Thus, like the
D-site peptides from MEK1, MEK?2, and MKK4 (40), the D-site peptides from MKK7
exhibited specificity for cognate versus noncognate MAPKSs. However, this specificity was
not complete, because the MEK1- and (particularly) MEK2-derived D-site peptides had
some activity against INK1, and the MKK7-derived peptides had some weak inhibitory
activity against ERK2.

Selectivity of the D-sites from MEK2 and MKK7

To obtain quantitative insights into D-site specificity, selectivity ratios were calculated. One
type of selectivity ratio evaluates how a given kinase reaction is inhibited by a particular
cognate peptide as compared with another peptide. This selectivity ratio consists of the ICs
of the comparison peptide divided by the ICgq of the cognate peptide, assessed against the
same kinase. Thus, a higher ratio signifies amore selective cognate peptide, i.e. the peptide
has a proportionally lower ICsq value for the chosen reaction than the comparison peptide.

The results from such calculations are shown in Table 4, in which the MKK7-D2 and MEK2
peptides are the cognate peptides. The MKK7-D2 peptide was a relatively selective inhibitor
of INK (particularly JINK1) when compared with the MEK1 D-site peptide. This is because
the D2 peptide was a potent JNK1 inhibitor and the MEK1 peptide was a relatively poor
JNK1 inhibitor. Similarly, the MEK1 and (particularly) MEK2 peptides were relatively
selective inhibitors of ERK compared with MKK7-D2.

A second type of selectivity ratio evaluates how well a particular D-site peptide inhibits the
kinase reaction of a cognate MAPK versus a noncognate MAPK. This ratio consists of the
ICsq value with which a given peptide inhibits a noncognate kinase divided by the 1Csq
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value with which the same peptide inhibits a cognate kinase. Thus, a higher ratio indicates
that the D-site peptide is significantly less effective inhibiting the noncognate kinase
reaction versus the cognate reaction and is therefore more selective.

The results from such calculations are summarized in Table 5. The MKK7-D2 peptide stood
out as a highly selective inhibitor of INK1 (compared with its inhibition of ERK2) and was
the most selective of the three MKK?7 peptides in this regard. However, the MKK7 peptides
were less selective inhibitors of INK2, because of their weaker activity against this kinase.
As reported previously (40), the MEK2 D-site peptide is a relatively selective inhibitor of
ERK2 compared with its inhibition of INK2. However, because the MEK2 peptide exhibits
considerable activity toward JNK1, its selectivity for ERK2 versus JNK1 is lower.

DISCUSSION

Docking interactions between MKKs and their cognate MAPKSs are crucial for effective and
accurate signal transmission. Like other MKKs, MKK?7 contains an N-terminal domain that
is important for high affinity MAPK binding and efficient signaling (47). The experiments
presented in this study demonstrate that, unlike other MKKs, the JNK-binding motif in the
N terminus of MKK?7 is not a single docking site. Rather, the N-terminal domain of MKK7
contains three functional low affinity docking sites of the class herein referred to as “D-
sites” (Figs. 1-3). These D-sites were shown to be collectively necessary for the formation
of stable MKK7-JNK complexes (Figs. 4 and 5), and for the efficient phosphorylation and
activation of INK1 by MKK?7 (Fig. 5). In further experiments, we showed that the MKK?7-
JNK interaction was competed by D-site peptides from JIP-1 or MKK4 (Fig. 6), and that
peptides corresponding to the three D-sites of MKK?7 inhibited JNK-mediated
phosphorylation of the c-Jun and ATF2 transcription factors (Fig. 7), suggesting that MKK7
competes with these JNK regulators and substrates for binding to JNK. Finally, we showed
that the MKK7-derived D-sites exhibited selectivity, binding preferentially to JNK1 over
ERK2 (Fig. 8). We conclude that MKK7 uses a novel MAPK-docking strategy, wherein
three low affinity D-sites interact to provide a high affinity JNK docking platform, thereby
facilitating signal transmission and specificity in the JINK cascade. It seems likely that some
other MAPK-interacting proteins, including some substrates, will also utilize this type of
docking strategy.

Three Interacting JNK-docking Sites in MKK7

Our contention that the D-sites in the N terminus of MKK7 work together to bind JNK is
supported by several observations. Each of the three D-sites was genuine, because they
displayed JNK binding activity when tested individually. D1 or D2 was able to bind to JINK
in a pull-down assay (Fig. 3). Additionally, D1, D2, or D3 peptides were able to inhibit INK
phosphorylation of c-Jun or ATF2 (Fig. 7), indicating an ability to bind to JNK and block
substrate docking. However, although they were authentic, the MKK7-derived D-sites,
individually, had a relatively low affinity for INK, compared with the isolated MKK4-
derived or JIP-1-derived D-sites (Figs. 3 and 6-8 and Table 4). In contrast, full-length
MKK?7 and full-length MKK4 bind to JNK1 and JNK3 with comparable affinity (Kg ~ 30 pw
for MKK7; Kq ~ 40 pm for MKK4 (48)). Likewise, the N-terminal domains of MKK?7 and
MKK4 bind to JNK1 and JNK3 with similar affinities (Kg ~90 pw for MKK7-(1-85); Kq ~
25 pm for MKK4-(1-94) (40)). The discrepancy between the relatively high INK-binding
affinity of the N-terminal domain of MKK7 and the relatively low binding affinity of the D-
sites situated therein suggested the possibility that the D-sites might interact to bind JNK.
Indeed, when substitution mutations were introduced into D1, D2, or D3, the JNK-binding
affinity of MKK7-(1-85) was reduced by about 50-70%. Revealingly, mutation of any two
of the three D-sites reduced binding by about 80-90%, and mutation of all three reduced
binding by 95% (Fig. 4). In other words, all three D-sites were required for full binding
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affinity, whereas any two of the three supplied partial affinity and any one of the three
supplied minimal affinity.

Competition for JINK Docking

D-sites are present in many MAPK-interacting proteins, including transcription factors,
MAPK phosphatases, and scaffolds (2,43). The similar primary structure of D-sites suggests
that they may bind to the same protein interaction site(s) on their cognate MAPKSs. Here we
showed that the D-sites in MKK4, JIP-1, and c-Jun/ATF2 compete withMKK7for docking
to JNK. This suggests that two very different classes of protein, activators/regulators of INK
(MKK4, MKK7, and JIP-1) and substrates of JNK (c-Jun and ATF2), bind to the same site
in the kinase.

MKK?7 is found in both the nucleus and the cytoplasm of stimulated and unstimulated cells
(47); therefore, competition between MKK?7 and transcription factors could occur in vivo
and may influence the dynamics of MAPK signaling. For example, Bruna et al. (51) recently
showed that glucocorticoids induce the disassembly of INK from MKK?7 by promoting the
association of JNK to a docking site in the glucocorticoid receptor.

JIP-1 is a putative scaffold protein that binds to JINK, MKK?7, and certain upstream kinases
(52). Perhaps the docking interaction between MKK?7 and JNK is unnecessary or
undesirable when both are bound to JIP-1. Competition for MAPK docking between a
scaffold and an MKK is also seen in the yeast mating pathway (42,53).

Mechanism of D-site Interaction

How do the D-sites in MKK?7 interact to bind JNK? Two possibilities to consider are an
additive mechanism versus a synergistic mechanism. In an additive mechanism, the different
D-sites bind to the same region of INK (Fig. 9A), and the effect is comparable with tripling
the concentration of a single D-site. This model is consistent with the similar primary
structure of the three D-sites (Fig. 1A), with data that D-sites compete for MAPK binding
(40,54), and with evidence that D-sites bind to a few conserved regions on MAPKSs, the CD
and ED regions and the hydrophobic docking groove (42,55-60).

Alternatively, if the different D-sites bind to distinct regions of JNK, then they may act
cooperatively (Fig. 9B). In a strongly cooperative mechanism, a mutation of any one single
D-site should have almost the same effect as a triple D-site mutation. Based on the
experiments shown in Figs. 3 and 4, the effect of mutating or deleting single D-sites is more
severe than a strictly additive mechanism would predict, but less severe than a strong
cooperative mechanism would entail. This suggests a partially additive, partially synergistic
mechanism for JNK binding by the D-sites in MKK?7 (Fig. 9C). This could occur, for
instance, if the basic subdomain of D1 binds preferentially to the CD region of JNK,
whereas the hydrophobic subdomain of D2 binds preferentially to the hydrophobic docking
groove, and D3 makes additional weak contacts.

Ubiquity of MAPK-docking Sites in MKKs

Functional docking sites for MAPKs have now been found in the N-terminal domains of all
seven human MKKs. MEK1, MEK2, MKK3, MKK4, and MKKG6 have single D-sites in
their N termini (38-40,44). MEKS5 does not have a D-site but has a different MAPK-docking
site of acidic character (41). Finally, as shown herein, MKK?7 has three low affinity D-sites.

Why should natural selection favor three low affinity D-sites in MKK?7 versus one high
affinity D-site in other MKKs? One speculation is that it may be advantageous for the JINK-
binding affinity of MKK?7 to be adjustable. Such modulation could occur, for example, if the
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binding of other proteins to MKK?7 obstructed one or two of the D-sites. Also, the INK-
binding affinity of MKK7 could be fine-tuned by alternative splicing. Indeed, D2 is spliced
out in some MKK?7 isoforms (47).

Relationship of MKK D-sites to Anthrax Lethal Factor Cleavage Sites

Comparison

The D-sites in MEK1, MEK2, MKK3, MKK4, and MKKG6 are cleaved by the lethal factor
protease of Bacillus anthracis (49), resulting in reduced MAPK binding (48). MKK7p is
also cleaved by lethal factor at two sites in its N terminus that correspond to D-sites D2 and
D3 (49). Thus, our results extend the correlation between bona fide D-sites in MKKs and
lethal factor cleavage sites. However, our results also provide the first example of a
legitimate (although weak) D-site in an MKK that is not a cleavage site for anthrax lethal
factor, MKK7 DL1. Lethal factor cleavage occurs within the hydrophobic submotif of the D-
site. One feature of MKK7 D1 that is unusual compared with other D-sites in MKKSs is that
the hydrophobic submotif is flanked by acidic residues. Hence, perhaps these acidic residues
are incompatible with lethal factor recognition.

and Conclusion

Recently, Mooney and Whitmarsh (60) mutated D1 and D2 in the context of full-length
MKK?7 and concluded, based on the modest decrease in JNK binding and phosphorylation
they observed, thatMKK7must bind to JNK using distinct binding determinants. Their
results are presumably attributable, at least in part, to the relatively strong JNK binding
activity exhibited by the kinase domain of MKK7 (48). We found a stronger effect by
examining D1/D2 double mutants in the context of MKK7-(1-85) (Fig. 4). Also, Mooney
and Whitmarsh (60) used JNK2, which binds less well to MKK?7, and as such may be less
sensitive to docking defects. Here, we found that the D1/D2 double mutant of full-length
MKK?7 was defective in INK1 binding and phosphorylation (Fig. 5).

In conclusion, the results reported herein reveal a novel mechanism of MAPK docking and
highlight the versatility with which docking sites can be employed to enhance signal
transmission and specificity.
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MKK3 GKS EKREKKD---LKL SCMSKP 17-33
MKKGE SKG KEKRNPG--LKI PKEAFE 4-21
MKK4 MQOG KREKA----LEKL NFANPP 37-52
MKK7-D1 REA RRRID---LNL DISPQR 22-38
MKK7-D2 SPQ RPRPT---LQL PLANDG 35-51
MKK7-D3 PPA RPRHM---LGL PSTLFT 67-83
c-Jun SNP KILKQSMTLNL ADPVGS 29-48
ATF2 AVH KHKHE---MTL KFGPAR 43-59
Elk-1 QPQ KGRKPRD-LEL PLSPSL 309-327
JIP-1 DTY RPEKRPTT-LNL FPQVPR 154-172
JIP-3 GRS RKERPTS-LNV FPLADG 199-217

FIGURE 1. MKK7p contains three putative D-sites

A, schematic of MKK7p1. The hatched box represents the catalytic domain; the three
triangular protrusions represent the putative D-sites. Sequences of and around the putative
D-sites are shown below; consensus-matching residues are boldface and underlined. The
triangles indicate where anthrax lethal factor cleaves within D2 and D3 (49). B, known D-
sites in JNK-binding proteins aligned with the putative D-sites in MKK?7. Consensus basic
(+) and hydrophobic (¢) residues are shown in boldface. Dashes were inserted to optimize
the alignment; spaces are for visual clarity.
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FIGURE 2. Localization of the JNK-binding region in the N-terminal domain of MKK7

A, GST-MKK7p1 N-terminal truncations tested for INK1 binding. GST-MKK7-(1-85)
contains all three D-sites, 1-60 contains the first two, and 1-38 contains only the first. 3°S-
Labeled INK1al was produced by in vitro translation; GST pull-down assays were used to
test the binding between the truncations and JINK1al. B, INK1 (~1 pmol) was tested for
binding to 10 and 40 pg of GST (lanes 2 and 3), GST-MKK7-(1-85) (lanes 4 and 5), GST-
MKK7-(1-60) (lanes 6 and 7), or GST-MKK?7-(1-38) (lanes 8 and 9). Lane 1 shows 10% of
the total INK1 input. The lower panel shows Coomassie Blue (CB) staining of the
sedimented GST fusion proteins. C, quantification of INK1-MKK?7 binding, using 40 ug of
GST-MKK?7 truncations per reaction. Standard error bars are shown (n = 8).
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FIGURE 3. Isolated D-sites from MKK?7 display weak JNK1 binding activity

A, fusions between GST and D1, D2, or D3 were constructed and tested individually for
binding to JINK1. The MKK?7 residues included in each fusion are shown. B, INK1 was
tested for binding to 40 pg of GST-MKKA4-(36-49) (lane 2), 40 pg of GST (lane 3), and 10
or 40 pg of GST-MKK?7-D1 (lanes 4 and 5), GST-MKK?7-D2 (lanes 6 and 7), or GST-
MKK7-D3 (lanes 8 and 9). Other details are as in Fig. 2. C, quantification of JINK1 binding
to various D-sites containing fusion proteins, using 40 pg of GST fusion per reaction.
Standard error bars are shown (n = 5).
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FIGURE 4. Mutation of D-sites of MKK7

A, D1, D2, and D3 were mutated as shown, either alone or in combination, in the context of
GST-MKK7-(1-85). The mutations are underlined. B, quantification of binding of MKK7
D-site mutants (40 pg) to JINK1, normalized to the binding of wild-type GST-MKK7-(1-
85). Standard error bars are shown (n =5). The key shows whether the indicated D-sites
were wild-type (WT) (+), mutated (m), or absent (—). Shown below the graph are
representative data bands showing the amount of 3°S-JNK1 co-sedimented with the
indicated GST-MKK?7 mutant in a typical experiment.
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FIGURE 5. A D1/D2 double mutant of MKK?7 is defective for INK1 activation

A, D1/D2 double mutant of MKK?7 is defective for JINK binding in vivo. HEK293 cells were
co-transfected with plasmid DNA encoding V5-tagged JNK1 and with either empty vector,
FLAG-tagged wild-type MKK7, or a FLAG-tagged D1/D2 double docking site mutant of
MKK?7. Cells were lysed 48 h post-transfection, and MKK?7 was immunoprecipitated using
an anti-FLAG antibody. B, immunoprecipitated complexes (IP) along with 5% of the input
lysate (5%) were analyzed by immunoblotting using antibodies against the FLAG and V5
tags. WB, Western blot. C and D, D1/D2 double mutant of MKK?7 is defective for INK
activation. HEK293 cells were transfected with either empty vector (EV, lane 1) or one of
three FLAG-tagged MKKY derivatives: catalytically inactive kinase-dead MKK?7 (KD, lane
2), wild-type MKK?7 (WT, lanes 3 and 4), or the MKK7 D1/D2 double mutant (D mut, lane
5). 48 h post-transfection, the cells were stimulated (+) or not (=) with both anisomycin (20
pg/ml) and interleukin-1 (10 ng/ml) and lysed, and the MKK?7 derivatives were
immunoprecipitated with anti-FLAG antibodies. Purified unactivated JINK1 and GST-c-Jun
were added to the immunoprecipitated pellets, and the MKK7-mediated activation of INK1
was assessed by the ability of INK1 to subsequently phosphorylate GST-c-Jun. D, top panel,
representative immunoblot of MKK7 immunoprecipitates with anti-FLAG antibodies;
middle panel, representative Phosphorlmager image showing c-Jun phosphorylation; bottom
panel, the incorporation of radioactive phosphate into GST-c-Jun in four independent
experiments was quantified and averaged; standard error bars are shown.
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FIGURE 6. Inhibition of MKK?7 binding to INK1 by MKK4 and JIP-1 D-site peptides

A, D-site peptides (triangle) were used to inhibit the ability of MKK?7 to bind to GST-JNK1.
B, quantification of peptide inhibition data. Shown is the average percent binding of MKK7
to GST-JNK1 (40 ug), normalized by setting the binding of the “no peptide” point to 100%.
Standard error bars are shown (n = 4). C, 35S-labeled MKK?7 was tested for binding to 40
ug of either GST or GST-JNK1. Lane 1 shows a 10% input of the MKK7 protein. Synthetic
peptides (25 and 100 pwm) were added to the indicated reactions to inhibit binding of MKK7
to GST-JNK1. The lower panel shows Coomassie Blue (CB) staining of the sedimented
GST fusion proteins.
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FIGURE 7. Inhibition of INK phosphorylation of transcription factors c-Jun and ATF2 with D-

site peptides from MKK?7

A, D-site peptides (triangle) were used to inhibit INK1 or INK2 phosphorylation of ¢c-Jun or
ATF2. B and C, purified GST-c-Jun (1 uw) was incubated with purified active INK1 (2.5 nw)
and [y-32P]JATP for 20 min in the absence or presence of the specific concentrations of the
indicated peptides (see Table 3). B, results are plotted as percent phosphorylation relative to
that observed in the absence of any added peptide. Phosphate incorporation into c-Jun was
analyzed by SDS-PAGE and quantified on a Phosphorimager. Data are the average of at
least two experiments, with duplicate or triplicate data points in each experiment. C, shown
is an autoradiogram of a representative experiment. D and E, as for B and C, respectively,
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with the exception that the substrate was purified GST-ATF2 (1 pm). F and G, as for B and
C, except the kinase was INK2 (5 nw). H, as for D, except the kinase was JNK2.
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FIGURE 8. Selectivity of MKK7 D-site interaction with INK versus ERK

A, D-site peptides (triangle) were used to inhibit INK1 or ERK2 (MAPK) phosphorylation
of the c-Jun, ATF2, or EIk-1 transcription factors (TF). B and C, inhibition of INK1-
dependent phosphorylation of c-Jun. The details are as described for Fig. 7, B and C,
respectively. D and E, inhibition of INK1-dependent phosphorylation of ATF2. The details
are as in Fig. 7, D and E. F, inhibition of ERK2-dependent phosphorylation of Elk-1.
Purified GST-EIk-1 (1 pwv) was incubated with purified active ERK2 (~1 nw) and [y-32PJATP
for 20 min in the absence or presence of the specific concentrations of the indicated peptides
(see Table 3). Results are plotted as percent phosphorylation relative to that observed in the
absence of any added peptide. EIk-1 phosphorylation was analyzed by SDS-PAGE and
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quantified on a Phosphorimager. Data are the average of at least two experiments, with
duplicate data points in each experiment.
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FIGURE 9. Possible mechanisms by which multiple D-sites could interact to bind INK

For clarity, only two D-sites are shown. A, additive interaction, in which the individual D-
sites bind to the same region of JNK. B, synergistic interaction, in which the different D-
sites bind weakly to distinct regions of JNK. C, an example of a partially additive, partially
synergistic mechanism. In this example, the basic submotif of D1 interacts preferentially
with the CD region of INK, whereas the hydrophobic submotif of D2 interacts preferentially
with the hydrophobic docking groove of JNK. If an individual D-site is absent, residues
from another D-site can fill its slot, although not with the same affinity.
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TABLE 1

Oligonucleotides used in this study

Where appropriate, restriction sites used for subcloning are underlined, and the translation initiation codon is
shown in boldface.

Name Sequence (5" — 3') Use

JB812B GCCCEGATCCACCATGECEECGTCCTCCCTG PGEX-MKK?7 (1-38, 1-
60, 1-85), pGEM-MKK7

JB818 CCGCTCGACCTACCT GAAGAAGEECECEGTG pGEM-MKK7

MKK7-(1-38)-R
MKK7-(1-60)-R
MKK7-(1-85)-R
M7For-(35-49)
MKK7Rev-(35-49)
MKK7For-(67-80)
MKK7Rev-(67-80)
MKKA4For-(36-49)
MKK4Rev-(36-49)
MKK?7D1mutFor

MKK7D1mutRev

MKK7D2mutFor

MKK7D2mutRev

MKK7D3mutFor

MKK7D3mutRev

MKK7D2mutFixF

MKK7D2mutFixR

MKK7KDFor2
MKK7KDRev2

GGCGT CGACT CACCGCTGGGEECTGATATCCAG

GGCGT CGACGCTCTCTGAGGAT GGCGAGCGG

GGCGT CGACGCGEEGTGTGAACAGEGT TG

GATCCAGCCCACAGCGECCCAGECCCACCCT GCAGCTCCCGCTGECCAACG

TCGACGT TGECCAGCGEGAGCT GCAGEGT GEECCTGEECCECTGTGEECTG
GATCCCTCCAGCTCGACCT CGACACATGCTGCGACTCCCTTCAACCTGAG

TCGACTCAGGT TGAAGGGAGT CCCAGCAT CTGT CGAGGT CGAGCT GGAGGEG
GATCCAGCATGCAGGGTAAACGCAAAGCACTGAAGT TGAATTTTGCAG
TCGACTGCAAAATTCAACTTCAGTGCTTTGCGT TTACCCTGCATGCTG
GAGAACCGGEGAGGCCGAGGAGGAGAT CGACGCCAACGCGGATAT CAGCCCGCAGCGECCCAGG

CCTGEECCAECTCEEECTGATATCCGCGT TGECGT CGATCTCCTCCTCGECCTCCCGGTTCTC

CCTCAACCT GGATAT CAGCCCGCAGGAGCCCGAGCCCACCGCGCAGECCCGECT GECCAACGAT GGG

CCCATCGT TGECCAGCCGEECCT GCGCGGT GEECT CGEECT CCTGCGEECTGATAT CCAGGT TGAGG

CCCGCAGCACCCGACGCCACCCGCCGAGCCCGAACACAT GGCGGEECCTCCCGTCAACCCTGT TCACAC

GTI'GTGAACAGGGT TGACGEGAGGECCCGECCAT GT GT TCCEECT CAECEEGET GRCGT CGGEGT GCTGCGEEG

GCCAACGCGGATAT CAGCCCGCAGGAGCCCGAGCCCACCGCGCAGECC

GGCCTGCGCGGT GGECT CGEGECTCCTGCGEECTGATATCCGCGT TGEC

CAGGCCACATCATTGCTGT TGCGCAAATGCGGCGCTCTGGGAAC
GTTCCCAGAGCGCCGCATTTGCGCAACAGCAATGATGTGECCTG

PGEX-MKK?7-(1-38)
PGEX-MKK7-(1-60)
PGEX-MKK?7-(1-85)
PGEX-MKK7-D2
PGEX-MKK7-D2
PGEX-MKK7-D3
PGEX-MKK7-D3
PGEX-MKK4-Ds
PGEX-MKK4-Ds

pGEX-MKK?7 D1 mutants,
pcDNA-MKK7-D12-
FLAG

pGEX-MKK?7 D1 mutants,
pcDNA-MKK7-D12-
FLAG

pGEX-MKK?7 D2 mutants
pcDNA-MKK7-D12-
FLAG

pGEX-MKK?7 D2 mutants
pcDNA-MKK7-D12-
FLAG

pGEX-MKK7D3 mutants
pGEX-MKK7D3 mutants

pGEX-MKK?7 D12
mutants pcDNA-MKK7-
D12-FLAG

pGEX-MKK?7 D12
mutants pcDNA-MKK7-
D12-FLAG

pcDNA-MKK7-KD-FLAG
pcDNA-MKK7-KD-FLAG
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TABLE 2
Binding assay data for MKK?7-(1-85)-JNK1 interaction

Experiment & Binding? K¢
% 19Y]

A-1 6.4 83
A-2 5.4 99
A-3 5.3 101
A-4 5.0 106
A-5 5.6 95
A-6 7.3 72
Mean 93

S.D. 13

S.E. 6

aBinding reactions (200 pl) contained ~1 pmol (~5 nwm) of 35S-Iabeled, in vitro translated JNK1 and 40 pg (5.6 pm) of GST-MKK?7-(1-85) fusion
protein.

bPercent of the input 355 |abeled protein that bound to the GST fusion protein.

c . . . - .
Calculation was based on the known input concentrations and percent binding, as described elsewhere (38,40).
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Residues mutated to make the MKK4gag and MEK2ggaa control peptides are underlined.

TABLE 3

Peptides used in this study

Name Sequence (NH, — COOH) Residues of protein
MKK4 MQGKRKAL KLNFANPP 37-52
MKK4eae  MQGEAKAL KGNFANPP

JIP-1 YRPKRPTTLNLF 152-163
MKK7-D1 ~ REARRRI DLNLDI SP 22-36
MKK7-D2 ~ QRPRPTLQLPLANDG 37-51
MKK7-D3  PPARPRHMLGLPSTLFT 67-83
MEK1 MPKKKPTPI QLNPAPDG 1-17
MEK2 M_LARRKPVLPALTI NPTI AE 1-20
MEK2gean  MLAEEKPVLPAATANPTI AE
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Selectivity ratios

TABLE 4

Selectivity of MAPKSs for D-sites

Comparison peptide

ICs  selectivity of MKK7-D22

Hm

JNK1 phosphorylation of c-Jun

MEK1
MEK2
MKK7-D1
MKK?7-D2
MKK?7-D3
MKK4

105 175
20 3.3

6 1.0

<5

JNK1 phosphorylation of ATF2

MEK1
MEK2
MKK7-D1
MKK?7-D2
MKK?7-D3
MKK4

>150 >18
60 7.5
25
8 1.0
30
5

JNK2 phosphorylation of c-Jun

MEK1
MEK2
MKK7-D1
MKK?7-D2

MKK?7-D3
MKK4

>3000 >10
105P 35
100
30 1.0
65
75

JNK?2 phosphorylation of ATF2

MEK1
MEK2
MKK7-D1
MKK?7-D2
MKK?7-D3
MKK4

>3000 >4.6
>1500 23
>100

65 1.0

100

15

Selectivity of MAPKSs for D-sites

Comparison peptide

1Cs Selectivity vs. MEK22

UM

ERK2 phosphorylation of Elk-1

MEK1

185D

J Biol Chem. Author manuscript; available in PMC 2011 January 7.

Page 28



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Ho et al.

Selectivity of MAPKSs for D-sites

Comparison peptide

ICs  selectivity of MKK7-D22

MEK2
MKK7-D1
MKK7-D2
MKK?7-D3
MKK4

75 10
88 11.7
85 113
125 16.7
50b 6.6

aSeIectivity ratio = 1IC5Q (comparison peptide)/IC50 (cognate peptide), where the cognate peptide is MKK7-D2 or MEK2.

b
Data were taken from Ho et al. (40).
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Selectivity ratios

TABLE 5

Selectivity of D-sites for MAPKs

D-site peptide  Noncognate/cognate  JNK substrate  gejectivity ratio?
MKK7-D1 ERK2/JNK1 c-Jun 5.9
MKK7-D1 ERK2/JNK1 ATF2 3.5
MKK7-D1 ERK2/INK2 c-Jun 0.9
MKK7-D1 ERK2/JNK2 ATF2 <0.9
MKK7-D2 ERK2/JNK1 c-Jun 14.2
MKK7-D2 ERK2/JNK1 ATF2 10.6
MKK7-D2 ERK2/JNK2 c-Jun 2.8
MKK7-D2 ERK2/INK2 ATF2 13
MKK7-D3 ERK2/JNK1 c-Jun 8.3
MKK7-D3 ERK2/JNK1 ATF2 4.2
MKK7-D3 ERK2/INK2 c-Jun 1.9
MKK7-D3 ERK2/INK2 ATF2 13
MKK4 ERK2/JNK1 c-Jun >10.0
MKK4 ERK2/JNK1 ATF2 10.0
MKK4 ERK2/INK2 c-Jun 6.7
MKK4 ERK2/JNK2 ATF2 3.3
MEK2 INK1/ERK2 c-Jun 2.7
MEK2 INK1/ERK2 ATF2 8.0
MEK2 INK2/ERK2 c-Jun 14.0
MEK2 INK2/ERK2 ATF2 >20.0

aSelectivity ratio = 1C5( (D-site peptide with noncognate MAPK)/IC5( (D-site peptide with cognate MAPK).
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