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Abstract

Mitogen-activated protein kinase (MAPK; p38, ERK, and JNK) cascades are

evolutionarily conserved signaling pathways that regulate the cellular response

to a variety of extracellular stimuli, such as growth factors and interleukins.

The MAPK p38 is activated by its specific upstream MAPK kinases, MKK6 and

MKK3. However, a comprehensive molecular understanding of how these cog-

nate upstream kinases bind and activate p38 is still missing. Here, we combine

NMR spectroscopy and isothermal titration calorimetry to define the binding

interface between full-length MKK6 and p38. It was shown that p38 engages

MKK6 not only via its hydrophobic docking groove, but also influences helix

αF, a secondary structural element that plays a key role in organizing the

kinase core. It was also shown that, unlike MAPK phosphatases, the p38 con-

served docking (CD) site is much less affected by MKK6 binding. Finally, it

was demonstrated that these interactions with p38 are conserved independent

of the MKK6 activation state. Together, the results revealed differences

between specificity markers of p38 regulation by upstream kinases, which do

not effectively engage the CD site, and downstream phosphatases, which

require the CD site for productive binding.
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1 | INTRODUCTION

The mitogen-activated protein kinase p38α (MAPK14;
α-isoform; 360 aa; 41.3 kDa; hereafter p38) has critical
functions in cell differentiation, apoptosis and
autophagy.1 Three MAPK Kinases (MAPKKs) phosphory-
late p38 on a threonine and a tyrosine residue (p38α:
T180 and Y182) in the p38 activation loop, which is nec-
essary for p38 to be fully activated.2 The MAPKKs
MKK3b and MKK6 are p38 specific, while MKK4
activates both p38 and JNK.3–5 Dephosphorylation by
different downstream phosphatases, including the KIM-
protein tyrosine phosphatases (KIM-PTPs), leads to p38
inactivation.6,7

Phosphatases, MAPKKs and substrates bind to p38
using short linear motifs (SLiMs) known as D-motifs or

Kinase Interaction Motifs (KIM).8,9 Each KIM contains
two to three basic residues, a short linker and a hydro-
phobic motif, ΦA–X–ΦB, where ΦA and ΦB are Ile, Leu,
Met, or Val.8 The ΦA–X–ΦB motif binds to a deep hydro-
phobic groove on the surface of p38 sandwiched between
p38 helices αD–αE and the β7–β8 reverse turn
(Figure S1a).10,11 The basic residues of the KIM bind to
complementary acidic residues in the so-called common
docking (CD) site on p38.9,12,13 Structural studies of full-
length proteins confirmed an extensive electrostatic inter-
action at the CD site between p38 and the KIMs of MK2,
a substrate, and HePTP, a KIM-PTP.14–17

Previously, the structures of the complexes of p38
bound to the KIM peptides of MKK3b (MKK3bKIM; resi-
dues 16–32) and MKK6 (MKK6KIM; residues 4–17) were
determined using X-ray crystallography (PDB IDs: 1LEZ,
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2Y8O).10,18 While the MKK3/6 KIM sequences differ, with
distinct flanking residues, the structures bound to p38 are
essentially identical (RMSD = 0.14 Å). As expected, the

KIM peptides bind the KIM binding pocket of p38. Unex-
pectedly, the p38 CD binding site was not occupied by the
basic residues of MKK3bKIM and MKK6KIM, suggesting

FIGURE 1 (a) Histogram showing the 1H/15N chemical shift perturbations (CSPs) upon MKK6KIM (top) and full-length MKK6 (bottom)

binding. Also highlighted are the key regions of p38, including the hydrophobic binding groove (green), the activation loop (blue), helix αF
(orange), and the CD site (yellow). Peaks that are broadened beyond detection are indicated by red bars. The horizontal dotted lines correspond

to 1σ (cyan), 2σ (blue), and 3σ (orange) chemical shift changes. (b) Surface representation of p38 residues that exhibit chemical shift

perturbations (1σ: cyan; 2σ: blue; 3σ: orange; line broadened: raspberry) in the presence of MKK6KIM (top) and full-length MKK6 (bottom) are

mapped onto the p38 structure (PDB ID 5UOJ). (c) Key regions of p38 are highlighted as follows: hydrophobic binding groove (green), CD site

(yellow), helix αF (orange), Gly-rich loop (pink), activation loop (blue), and MAPK insert (raspberry). Also, shown are the residues that are

unassigned (black spheres) and prolines (cyan spheres). (d) Isothermal titration calorimetry of full-length MKK6 with p38. Data were recorded

in triplicate. (e) Overlay of 2D [1H,15N] TROSY spectrum of (2H,15N)-p38:MKK6 (red), and (2H,15N)-p38 (black). (f) Cartoon representation

showing the location of key regions involved in the interaction with MKK6–hydrophobic binding groove (helix αD, αE, loop αD–αE, β-turns β7
and β8), CD site and helix αF. Note that the helix αF is sandwiched between the hydrophobic binding groove regions. Resides showing CSPs are

color coded as in A and are annotated. (g) Helix αF forms the central kinase core by anchoring the residues of catalytic spine. Residues L216

and I212 of helix αF are part of the catalytic spine (cyan), which connects the hinge residue M109 (orange) to the regulatory spine (pink)
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that either the electrostatic interaction between the CD site
and the MKK peptide residues does not occur or that an
electrostatic interaction occurs but is too weak and/or tran-
sient to be observed in the crystal structure. Furthermore,
no molecular data has been reported for a full-length
MKK:p38 complex.

Here we used biomolecular NMR spectroscopy and
isothermal titration calorimetry (ITC) to address the fol-
lowing questions: (a) does the MKK6KIM peptide interact
with the p38 CD site in solution and (b) is the interaction
of p38 with full-length MKK6 different that of the
MKK6KIM peptide. We show that the MKK6KIM peptide
interacts extensively with the hydrophobic MAPK bind-
ing groove, but not with the CD site, consistent with the
crystallographic results. Importantly, we discovered that
full-length MKK6 interacts more extensively with p38
than the MKK6KIM peptide, affecting also p38 helix αF, a
secondary structural element that has previously been
suggested to be important for the organization of acti-
vated p38.

2 | RESULTS

MAPK p38 recognizes its upstream kinases, phosphatases
and substrates using the highly conserved D-/kinase
interaction motif (KIM). It has been previously shown
that the upstream kinase MKK6 KIM motif peptide
(MKK6KIM; residues 4–17) binds p38 (KD � 7 μM; SPR).18

We confirmed this result using ITC (KD = 7 ± 2 μM)
(Figure S1B, Table S1). Next, we employed NMR spectros-
copy to define the molecular interactions of MKK6KIM
with p38. A direct comparison of the 2D [1H,15N] TROSY
spectra of free and MKK6KIM-bound p38 reveals chemical
shift perturbations (CSPs) of 28 peaks, 26 of which are in
fast exchange and 2 peaks (L113 and N114) with line-
widths broadened beyond detection (Figure S1C). The
majority of perturbations map to the p38 hydrophobic
binding groove, affecting residues in helix αD, helix αE,
the αD-αE loop, and the β7-β8 turn (Figure 1a,b;
Figure S1C). No perturbations map to the p38 CD site
residues. Importantly, the sequence-specific backbone
assignment for p38 is ≥83% complete, including most res-
idues in the key docking regions. -Thus monitoring of
ligand/peptide binding to p38 can be achieved with high
confidence (Figure 1c). Together, these data confirm that
the mode of interaction observed in the p38:MKK6KIM
crystal structure also occurs in solution.

Next, we investigated the interaction of full-length
MKK6 with p38. When we previously compared the
interaction of p38 with either KIM peptides or their
corresponding full-length MAPK-phosphatases (HePTP,
PTP-SL, and STEP), interactions at the KIM site became

stronger and additional CSPs were detected.15,19 The ITC
data measured for the interaction of MKK6 and p38 is
exothermic with a KD of 2.0 ± 0.1 μM (Figure 1d,
Table S1), which is approximately 3.5-fold stronger than
the interaction of MKK6KIM with p38, suggestive of a
larger binding interface between the two proteins. To
identify the key residues involved in the interaction
between p38 and MKK6, we formed the p38:MKK6 com-
plex using size exclusion chromatography (SEC;
Figure S1D). A 2D [1H,15N] TROSY spectrum of the p38:
MKK6 complex ([2H,15N]-labeled p38 and unlabeled
MKK6) was then recorded and compared with the 2D
[1H,15N] TROSY spectrum of free p38 (Figure 1e). The
quality of the 2D [1H,15N] TROSY spectrum of the
approximately 80 kDa p38:MKK6 complex is excellent
and similar to the 2D [1H,15N] TROSY spectra recorded
for other p38 complexes (p38:HePTP; p38:STEP).15,19

Direct comparison of the 2D [1H,15N] TROSY spectra
with and without MKK6 reveals CSPs of 41 peaks, 30 in
fast exchange and 11 peaks with linewidths broadened
beyond detection (Figure 1a). Most of the perturbed resi-
dues belong to the hydrophobic docking groove of p38
(Figure 1a,b), as observed for MKK6KIM-bound p38. Resi-
dues that flank the p38 CD site also show small CSPs in
the interaction with full-length MKK6. Finally, full-
length MKK6 caused 11 peaks to broaden beyond detec-
tion (L113, H126, V127, D161, C162, L164, W207, V209,
C211, A214, and E215). The majority of the line-
broadened p38 peaks map to the hydrophobic docking
groove. Notably, multiple residues in helix αF, which are
located immediately below the hydrophobic binding
groove, are also line broadened (Figure 1f). p38 helix αF
serves as the major organizing center for the kinase.20,21

Two residues (I212 and L216) in helix αF are part of the
“catalytic spine” (C-Spine; residues V38, A51, L156,
A157, V158, I212, and L216), which connects the kinase
core to the ATP binding pocket through the hinge residue
M109 and the p38 regulatory spine (R-Spine; residues
L75, L86, H148, and F169) (Figure 1g). Thus, while the
lack of CSPs for p38 residues distal from the KIM binding
site suggests there are no additional interactions between
the catalytic domain of MKK6 and p38, MKK6 binding to
the p38 KIM-binding site cause significant changes to the
p38 kinase core by, likely indirectly, affecting helix αF.
Our attempts to mutate residues in the helix αF to deter-
mine their exact role in the full-length MKK6:p38 inter-
action were unsuccessful, as helix αF variants result in
protein that is insolubly expressed, indicating that helix
αF plays an important role in the proper folding of p38.

In order to test the interaction of active MKK6 with
p38, we repeated NMR experiments with the constitu-
tively active MKK6 variant (MKK61-334

S207ET211E; hence-
forth, referred as mutMKK6; this MKK6 variant readily
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phosphorylates p38 in vitro22). The binding affinity of
mutMKK6 with p38 is similar to that observed for MKK6
(3.5 ± 1.4 μM vs. 2.0 ± 0.1 μM) (Figure S1B, Table S1).
Like MKK6, mutMKK6 also perturbed p38 residues clus-
tered within the hydrophobic docking groove, helix αF
and, to a lesser extent, the CD site (Figure S1C,E). This
shows that the p38 engages both inactive and active
MKK6 in a comparable manner.

3 | DISCUSSION

Short linear motifs (SLiMs) are critical mediators of pro-
tein: protein interactions, especially for interactions
involving kinases and phosphatases.23 The KIM SLiM is
strictly required for the association of MAPKKs with
MAPKs.10,18 However, the binding interface between p38
and a full-length MAPKK has never been molecularly
characterized. Therefore, it was unknown if MAPKK
binding affects residues distal from the p38 KIM-binding
site. Here, we used NMR spectroscopy and ITC to define
the binding interface of MKK6KIM, full-length MKK6 and
activated MKK6 with p38. Consistent with published
crystal structures, our solution-based data show that the
MKK6KIM does not interact with the p38 CD site. How-
ever, here, we also show that the interaction of p38 with
full-length MKK6 is more extensive than that with
MKK6KIM.

Dynamic charged: charged interactions have recently
been shown to be important for the interaction of intrin-
sically disordered regions (IDRs) of proteins with their
cognate binding partners.24–26 The lack of a charged:
charged interaction between the MKK6KIM and the p38
CD site, and the limited CSPs observed with full-length
MKK6 and the CD site, contrasts with the significant
electrostatic interactions observed between the CD sites
and the KIM-PTP family of phosphatases under identical
experimental conditions.15 This finding is further
supported by the p38:MKK3bKIM crystal structure, where
no interaction between the MKK3bKIM basic residues and
CD site was observed, and a hydrogen-deuterium
exchange (HDX) study, which showed minimal interac-
tions between the MKK3bKIM peptide and the p38 CD
site.10,27 Additionally, point mutations within the CD site
of another MAPK ERK2 did not inhibit the binding, cyto-
solic retention, and phosphorylation of ERK2 by its acti-
vating kinase, MEK1, while the same mutations
completely disrupted the interaction of ERK2 with
PTPRR (a KIM-PTP).28 Therefore, the interaction of the
cognate upstream kinases with both p38 and ERK2 are
similar. Critically, the distinct interactions of these
MAPKs with their upstream kinases versus their down-
stream phosphatases now explains various gain-of-

function mutations, which occur in the CD site of
MAPKs from Saccharomyces and Drosophila.29,30 Thus, it
is likely that mutations within the MAPK CD site allow
the upstream kinase to bind normally and subsequently
phosphorylate and activate the MAPK, while preventing
the downstream phosphatases from binding,
dephosphorylating, and inactivating the MAPK.31

Full-length MKK6 binding to p38 affected several res-
idues in helix αF (this is likely an indirect effect from
MKK6 binding). This helix serves as the major organizing
center of the kinase and anchors the C-and R-spines,
which are connected to all structural motifs that are
important for catalysis, including the catalytic loop, the
P + 1 loop, and the phosphorylation loop.20,32 Three resi-
dues in particular, W207, C211, and E215, which were
perturbed by MKK6, form a docking site for the kinase
Ala–Pro–Glu (APE) motif.20 The highly conserved APE
motif stabilizes the activation segment by docking to
helix αF. Additionally, the APE motif stabilizes the P + 1
loop providing a means by which helix αF, and these resi-
dues in particular, defines substrate binding at P + 1 site.
Helix αF was not affected by binding any of the full-
length KIM-PTPs.15,19 Therefore, this finding may high-
light a mechanism by which docking of the activating
kinase, MKK6, to the p38 KIM-binding site prepares the
kinase for phosphorylation by MKK6, in addition to the
role of dynamics in the activation of p38.22,33,34 Collec-
tively, our results reveal striking differences between
specificity markers of p38 regulation by upstream kinases
and downstream phosphatases, which may be a key fac-
tor in their differential regulation.

4 | MATERIALS AND METHODS

4.1 | Peptide and protein preparation

The MKK6KIM peptide (SQSKGKKRNPGLKIPKEAF; res-
idues 2–20) was custom synthesized and HPLC purified
(>95% purity; Biosynthesis, Inc.). The expression and
purification of human p38 (residues 2–349, α-isoform)
was carried out as previously described.22 For NMR
experiments, expression of uniformly [2H,15N]-labeled
p38 was achieved by growing cells in D2O based
M9 minimal media containing 1 g/L of 15NH4Cl and
4 g/L of D-glucose as the sole nitrogen and carbon
sources, respectively. Multiple rounds (0, 30, 50, 70, and
100%) of D2O adaptation was necessary for high yield
protein expression.35

MKK6 (residues 1–334) was subcloned into RP1B
with an N-terminal His6-tag and a TEV protease recogni-
tion sequence.36 The expression vector was transformed
into BL21-(DE3) RIL Escherichia coli cells (Agilent).
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Cultures were grown in Luria broth at 37�C with shaking
at 250 rpm until reaching an optical density (OD600)
between 0.6 and 0.8. Expression was then induced by the
addition of 1.0 mM isopropylthio-β-D-galactoside (IPTG;
Goldbio), and the cultures were grown for an additional
18–20 h at 18�C. The cells were harvested by centrifuga-
tion (6,000g, 15 min, 4�C) and stored at −80�C until puri-
fication. His6-MKK61-334 was initially purified using
immobilized metal affinity chromatography (IMAC). Fol-
lowing overnight cleavage with TEV protease in 50 mM
Tris pH 8.0, 500 mM NaCl (4�C), MKK61-334 was sepa-
rated from the TEV and the His6-tag using a second
IMAC step. The protein was further purified using size-
exclusion chromatography (SEC; Superdex 200 26/60)
pre-equilibrated in ITC buffer (10 mM Tris pH 7.5,
150 mM NaCl, 0.1 mM EDTA, and 0.5 mM TCEP) or
NMR buffer (10 mM HEPES pH 7.4 or 6.8, 150 mM NaCl,
and 5 mM dithiothreitol [DTT]). MKK6KIM peptide was
solubilized in the NMR buffer immediately prior to the
experiment. Constitutively active mutMKK6
(MKK61-334

S207ET211E) was generated by site-directed
mutagenesis and purified as described above.

4.2 | NMR spectroscopy

All NMR experiments were performed at 298 K on a
Bruker Advance IIIHD 850 MHz (1H Larmor frequency)
spectrometer equipped with a TCI HCN z-gradient cryo-
probe. NMR samples were prepared in NMR buffer con-
taining 10% D2O (vol/vol). NMR spectra were processed
and analyzed using Topspin 3.0/3.1 (Bruker, Billerica,
MA) and NMRFAM-Sparky.37 Solubilized MKK6KIM pep-
tide was added to (2H,15N)-p38 in 1:1, 1:3, 1:5, and 1:8
excess peptide ratios (100 μM p38) and 2D [1H,15N]
TROSY spectra recorded. Complex of 2H,15N-labeled p38
with unlabeled MKK61-334 and mutMKK61-334 was gener-
ated by mixing equimolar ratios of the proteins followed
by purification using SEC (Superdex 200 26/60, pre-
equilibrated in NMR Buffer). The assignments for non-
phosphorylated p38 can be retrieved under BMRB num-
ber 17471. Backbone amide chemical shift deviations
were calculated: Δδ = √(0.5 ([δHN,bound − δHN,free]

2 + 0.04
[δN,bound – δN,free]

2).

4.3 | Isothermal titration calorimetry

ITC experiments were performed at 25�C using a VP-ITC
micro-calorimeter (Microcal Inc.). Titrant (10 μl per injec-
tion) was injected into the sample cell over a period of
20 s with a 250-s interval between titrations to allow for
complete equilibration and baseline recovery. About

28 injections were delivered during each experiment, and
the solution in the sample cell was stirred at 307 rpm to
ensure rapid mixing. To determine the thermodynamic
parameters (ΔH, ΔS, and ΔG) and binding constant (K)
of the p38:MKK61-334 interaction, p38 was titrated into
MKK61-334, and the data was analyzed with a one-site
binding model assuming a binding stoichiometry of 1:1
using Origin 7.0 software. A nonlinear least-squares algo-
rithm and the titrant and sample cell concentrations were
used to fit the heat flow per injection to an equilibrium
binding equation, providing values of the stoichiometry
(n), change in enthalpy (ΔH), and binding constant (K).
All data were repeated in triplicate.
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