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Allosteric enhancement of MAP kinase p38a’s activity
and substrate selectivity by docking interactions

Yuji Tokunaga'2, Koh Takeuchi?, Hideo Takahashi®>* & Ichio Shimada?3

Mitogen-activated protein kinases (MAPKSs) are essential to intracellular signal transduction. MAPKs anchor their pathway-
specific substrates through so-called 'docking interactions’ at locations distal from the active site. Docking interactions ensure
efficient substrate recognition, but their contribution to the kinase reaction itself remains unclear. Herein, we use solution NMR
to analyze the interaction between dually phosphorylated, active human p38a and the C-terminal fragments of its substrate
MK2. p38a phosphorylation and ATP loading collaboratively induce the active conformation; subsequently, p38a accommodates
MK2 phosphoacceptor residues in its active site. The docking interaction enhances binding of ATP and the phosphoacceptor

to p38a, accelerating the phosphotransfer reaction. Thus, the docking interaction enhances p38a’s enzymatic activity toward
pathway-specific substrates allosterically as well as by the anchor effect. These findings clarify how MAPK cascades are organized
in cells, even under ATP-depleted conditions often associated with environmental stress.

MAPKs have pivotal roles in intracellular signal transduction, the
process of converting various stimuli into corresponding cellular
events!~>. An isoform of the p38 subfamily, p38c., mediates stress-
induced apoptosis® and is involved in the production of inflammatory
cytokines, including tumor necrosis factor o, thus making the protein
a potential drug target for inflammatory diseases”:8. Because of the
importance of MAPKs in various cellular functions, MAPK signals
must be strictly regulated to elicit the correct cellular responses!>.
MAPKs are controlled in a common scheme called the MAPK cascade,
which is characterized by the stepwise phosphorylation of three tiers
of hierarchical kinases: MAPK kinase kinase, MAPK kinase (MAPKK)
and MAPK?. The activated MAPKK dually phosphorylates MAPK
at the threonine and tyrosine residues in the conserved TXY motif,
which is required for the full activation of MAPK!®!1. The activated
MAPK phosphorylates its substrates to evoke cellular responses? that
are subsequently turned off by their specific phosphatases!2.
MAPKSs consist of a typical kinase domain composed of N and C
lobes!3-15. The N lobe binds ATP, and the C lobe contains the P+1
site, to which the substrate’s phosphoacceptor residues localize dur-
ing the phosphotransfer reaction (Fig. 1a). An activation loop, which
contains the TXY phosphorylation motif (180-TGY-182 for p38a),
lies in a groove between these two lobes. Whereas the N and C lobes
are spatially separated to form an ‘open’ conformation in unphos-
phorylated, inactive MAPKSs (for example, PDB 1P38 (ref. 14) and
IWEC! for p38aand 1ERK!® for ERK2), the distance between these
two lobes decreases to form a ‘closed’ conformation in the crystal
structure of phosphorylated p38y bound to adenylyl imidodiphos-
phate (AMP-PNP; PDB 1CM8 (ref. 17)). Such closure is essential
for efficient phosphotransfer because the spatial proximity of the

Y-phosphate of ATP, which binds the N lobe, and the hydroxyl groups
of the substrate phosphoacceptor residues trapped in the C lobe are a
prerequisite for the reaction!”-18, Crystal structures of phosphorylated
apo-MAPKSs have been solved in both closed (ERK2, PDB 2ERK!8)
and open (p38c., PDB 3PY3 (ref. 19)) conformations. This suggests
that the dual phosphorylation itself may not always coincide with
formation of the closed, active conformation of MAPK.

The specific interactions of MAPKs with MAPKKs, substrates and
phosphatases rely on conserved docking interactions?0-2¢ that use
sites distal from the active sites in MAPKs and functional sites in
the binding partners (for example, the substrate phosphoacceptor
sites). In the case of a p38c. substrate, MAP kinase-activated protein
kinase 2 (MK2), a C-terminal, 30-residue sequence (amino acids (aa)
371-400) is responsible for binding to p38a., while the phosphoaccep-
tor residues, Thr222, Ser272 and Thr334, are distant from the docking
sequence (Fig. 1b). Deletion of the C-terminal docking sequence in
MK?2 impairs binding and efficient phosphorylation by p38c (ref. 27).
The p38a. crystal structures solved in complex with various docking
sequences indicate that p38o accommodates the docking sequences
in a site located opposite to its active site?®2? (Fig. 1a), and differences
in the amino acid compositions of the docking sequences determine
the specificity toward the partner molecules??30:31. Therefore, the
docking interaction is the key mechanism through which the MAPKs
efficiently discriminate their binding partners from the other proteins
within the same signaling pathway.

The consensus motif of the MAPK substrate phosphoacceptor site
contains serine or threonine followed by proline at the +1 position
and a preference for proline at —2. This simple motif overlaps with the
phosphorylation motifs of other kinases? and thus is not sufficient to
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Figure 1 Functional sites in p38a and the substrate peptides used in
this study. (a) Surface (left) and ribbon (right) representations of a model
structure of the dually phosphorylated p38c. The model was generated
by the SWISS-MODEL server®0, with the crystal structure of p38y-2P

in complex with AMP-PNP (PDB 1CMS8 (ref. 17)) as the template. The
structure of bound AMP-PNP was omitted in the figure. The N and C lobes
are colored green and pink, respectively. At right, Thr180 and Tyr182 in
the activation loop, which are phosphorylated by MAPKK, are indicated
by green stick representations, and the ATP-binding site, the P+1 site
and the docking site are indicated by orange, cyan and magenta circles,
respectively. (b) Schematic representation of the p38a substrate, MK2
and the peptides derived from MK2 used in this study.

determine the target specificities of MAPKs. The structural mecha-
nisms underlying phosphoacceptor binding and phosphotransfer are
not well understood. The reported structures fora MAPK in complex
with a phosphoacceptor-containing substrate are of unphosphorylated
p38a (PDB 20NL2? and 20ZA33). However, these structures cannot
explain the phosphotransfer mechanism because the phosphoacceptor
residues of the substrate, MK2, do not bind to the P+1 site of p38c.
The absence of the interaction may arise from the use of the unphos-
phorylated, inactive p38a. for the structural analysis. In addition, it
is not clear whether the docking interaction is used only to tether the
substrate and increase the local concentration of phosphoacceptor
sites or whether it has additional allosteric effects on the enzymatic
activity of MAPK. A previous kinetic analysis showed that ATP and
a substrate, activating transcription factor 2 (ATF2), cooperatively
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enhance the binding to p38a (ref. 34). Such molecular-level analysis,
however, cannot determine whether ATP enhances binding at the
docking site, phosphoacceptor binding to the P+1 site or both.

Therefore, in this study, we set out to clarify whether the dock-
ing interaction allosterically contributes to p38c. activity. For this
purpose, we prepared dually phosphorylated, active p38o. (p380ci-2P)
and structurally analyzed its interaction with C-terminal fragments
of MK2 containing both the docking sequence and the phospho-
acceptor residue by solution NMR spectroscopy. We found that all of
the individual steps in the p38c.-2P kinase reaction, namely binding
of ATP and phosphoacceptor residues to the p38a active site and
subsequent phosphotransfer, are positively regulated by the dock-
ing interaction. Our findings clarify how MAPKs transduce signals
steadily in the cell in various environments, including ATP-depleted
conditions often associated with stresses, while distinguishing their
specific substrates from other miscellaneous proteins.

RESULTS

Phosphorylation- and ATP-induced p38a conformational change
As the first step toward gaining insight into the mechanistic
regulation of substrate phosphorylation by p38c, we analyzed the
phosphorylation- and ATP-dependent activation of p38c.. We obtained
dually phosphorylated, active p38a.-2P by in vitro phosphorylation,
using a constitutively active form of MAPKK6 (Online Methods and
Supplementary Fig. 1a-k). p380.-2P in complex with ATP or an ATP
analog (ATP-loaded p38ai-2P) exhibited substantial chemical-shift
perturbations (CSPs) in methyl 'H-13C heteronuclear multiple quantum
correlation (HMQC) spectra, as compared to those of apo-p38c.-2P
(Fig. 2a and Supplementary Fig. 2a,b). Perturbed methyl sites were
distributed throughout the structure of p38c and not localized to the
ATP-binding site (Fig. 3a,b and Supplementary Fig. 2b), thus indicating

Figure 2 Effects of dual phosphorylation and ATP-analog binding on p38a
NMR spectra. (a) Overlay of the annotated methionine and isoleucine

(81) methyl 1H-13C band-selective optimized flip-angle short transient
(SOFAST)-HMQC spectra of p38a-2P in the absence (black) and presence
(red) of 5 mM ATP analog. Large chemical-shift changes are indicated

by blue arrows. (b) Overlay of the annotated methionine and isoleucine
(81) methyl 1H-13C SOFAST-HMQC spectra of p38a-2P (blue) and
unphosphorylated p38a. (black) in the apo state.
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spectral changes upon ATP binding (Figs. 2

and 3). In addition, the affinity of unphosphorylated p38o. for ATP was
quite weak (dissociation constant Ky >15 mM; Supplementary Fig. 2e).
The size-exclusion chromatography (SEC) data also supported the
ATP-dependent closure of p380.-2P, in which the elution volume of
p380.-2P in the presence of ATP was larger than that in the absence
of ATP (Supplementary Fig. 1k).

*

3

Substrate binding-induced CSPs in p38a

We next structurally investigated the interactions between the cata-
lytically active, ATP-loaded p38a-2P and the model substrate, a 334D
peptide (Fig. 1b). The 334D peptide, which contains the C-terminal
unstructured region of the p38a substrate MK2, includes a native
phosphorylation site, Thr334, and a C-terminal docking sequence.
The K4 for 334D-peptide binding to p38a-2P was 80 nM, as deter-
mined by isothermal titration calorimetry, a value similar to that
previously reported for the longer MK2 fragment (aa 47-400)27.

Furthermore, the 334D peptide competed with the longer MK2
fragment for binding to p38a-2P (Supplementary Fig. 11) and
was phosphorylated more efficiently by p38c.-2P than was the 334
peptide (Supplementary Fig. 1m), which lacks the docking sequence
(Fig. 1b). These data confirmed that the 334D peptide retains the
characteristics of native p38a. substrates.

Titration of the unlabeled 334D peptide to p38a.-2P, which
was selectively labeled with 'H and !3C at methyl sites of isoleucine
(81), leucine, valine and methionine (ILVM) residues, induced
substantial spectral changes (Figs. 4 and 5 and Supplementary
Fig. 4). Resonances from the residues in the docking site, including
Ile116 and Val158, exhibited substantial CSPs, both in the absence
and presence of the ATP analog (Fig. 5a-c). We also observed a
large CSP for Met109 in the hinge region, which is located above
the docking site (Fig. 5a—c). This suggests that anchoring the sub-
strate to p380.-2P via the docking interaction occurs independently of
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Figure 4 Effects of substrate binding on p38a NMR spectra. (a) Overlay
of the annotated methionine and isoleucine (81) methyl 1H-13C SOFAST-
HMQC spectra of p38a-2P without the ATP analog in the absence (black)
and presence (red) of an equimolar amount of the 334D peptide. Large
chemical-shift changes are indicated by blue arrows. (b) As in a, except
that p38a-2P is in complex with the ATP analog.

ATP-analog binding. The spectral changes were saturated by the
addition of an equimolar amount of the 334D peptide, indicating a
tight 1:1 stoichiometric interaction between p38a.-2P and the MK2
docking sequence (data not shown).

Interestingly, the resonances around the P+1 site showed dis-
tinct CSP patterns that were dependent on the presence of the ATP
analog (Fig. 5a—c). As exemplified by the signals from Met194, Ile229
and Ile259, the P+1 site showed substantial CSPs only in the presence
of the ATP analog. When the resonances from the !>N-labeled
334D peptide were observed in the presence of unlabeled p380.-2P,
addition of the ATP analog led to the disappearance of the resonances
from the 334D peptide, including the resonance from the
phosphoacceptor site, Thr334 (Supplementary Fig. 5a). These results
indicate that the interaction of the 334D peptide with the P+1 site
in p38a-2P is formed only upon ATP loading on p38c.-2P. This
characteristic was not specific to the ATP analog because it was
also present for ATP (Supplementary Fig. 5b). Thus, the docking

ARTICLES

interaction itself is not sufficient to induce phosphoacceptor
binding to the p380.-2P active site.

To investigate the direct interaction between the phosphoacceptor
residues of the substrate and the active site of p380.-2P, we designed the
334 peptide, which consists of a 17-aa sequence centered at phospho
acceptor Thr334 (Fig. 1b). In the absence of the ATP analog,
the 334 peptide did not induce any spectral changes in p380.-2P,
even when added in ten-fold molar excess (Supplementary Fig. 5¢).
In contrast, the P+1-site methyl resonances of p38o.-2P exhib-
ited CSPs and reduction of signal intensity only in the presence of
the ATP analog (Supplementary Fig. 5d), a characteristic that was
also present with ATP (Supplementary Fig. 5e). In addition,
in titration of p38ci-2P against the 334 peptide, we observed
binding-induced line-broadening only in the presence of the ATP
analog (Supplementary Fig. 5f,g). These results clearly show that
the phosphoacceptor binds to the catalytic site only when ATP is
loaded onto p38a.-2P.

It should be noted that there were several residues outside the P+1
site that exhibited CSPs upon 334D-peptide titration that differed
depending on ATP-analog presence (Fig. 5a). We found that bind-
ing of the ATP analog (Fig. 2a) and the 334D peptide (Fig. 4a) to the
apo-p38a-2P induced similar CSPs of the residues in the allosteric
site, thus offsetting the CSPs induced by the 334D peptide to ATP-
loaded p38ai-2P (Fig. 4b). In contrast, some residues showed larger
CSPs in the presence of the ATP analog. Some of these residues (for
example, Leu238 and Leu285) were located between the docking site
and the P+1 site in the p38a: structure; thus, the enhanced CSPs in the
presence of the ATP analog might also reflect the phosphoacceptor
binding to the P+1 site.

Docking-enhanced kinase-reaction steps of p38a-2P

The finding that the docking interaction does not guarantee bind-
ing of the phosphoacceptor residues to the p380.-2P active site also
implied that the role of the docking interaction may be more com-
plicated. Therefore, to investigate whether the docking interaction
exerts allosteric effects on the p380.-2P active site, we titrated a
D peptide, which contains only the docking sequence of MK2,
against ILV methyl-labeled p380.-2P in the presence of the ATP ana-
log (Fig. 1b). Interestingly, we observed CSPs for both the methyl
resonances of the docking site and those of Val89 in the ATP-binding
site and Ile259 near the P+1 site of p380.-2P (Supplementary Fig. 6),
each of which is distant from the docking site of p38a-2P (Fig. 1a).
Thus, these CSPs would reflect allosteric structural modifications to
the active site induced by the D-peptide binding.

We determined the binding affinities of p380.-2P to ATP and to the
ATP analog in the presence or absence of the D peptide. We determined
the affinity for the ATP analog by measuring the dose-dependent
decrease in the intensity of the unbound-state Ile84 signal in the
ATP-binding site of p38a.-2P (Fig. 6a and Supplementary Fig. 7a).
We observed substantial enhancement of the affinity of p38a-2P for
the ATP analog upon addition of the D peptide (Table 1). The affinity
enhancement with the D peptide was more prominent for ATP (Table 1
and Supplementary Fig. 7b).

We also investigated the allosteric effect in phosphoacceptor binding
to the P+1 site of p38a.-2P by determining the affinity of ATP-loaded
p380.-2P for the 334 peptide. The dissociation constant decreased
from 80 UM to 37 UM when the D peptide was present (Fig. 6b,
Table 1 and Supplementary Fig. 7c). Furthermore, the k., for phos-
phorylation of the 334 peptide by p38ci-2P also increased upon addi-
tion of the D peptide (Fig. 6¢, Table 1 and Supplementary Fig. 7d).
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These results indicate that the docking interaction allosterically
enhances the p380.-2P catalytic steps.

Although the high-affinity substrate MK2 forms a stable complex
with p380.-2P, regardless of whether ATP is loaded on p38c-2P, other
p38a. substrates, such as myocyte enhancer factor 2A (MEF2A), have
weaker docking affinities. For these substrates, ATP binding would occur
before substrate docking. Thus, we also considered the case in which
ATP is preloaded on p38c-2P. The titration of docking fragments from

MEF2A and MK2 to p380.-2P in the absence or presence of the ATP
analog revealed that preloading the ATP analog to p380.-2P considerably
enhanced the affinity of the MEF2A docking sequence (Supplementary
Fig. 8a-d and Supplementary Table 1), whereas the change in MK2
docking-sequence affinity was less substantial (Supplementary Fig. 8e,f
and Supplementary Table 1). Thus, ATP binding and the docking inter-
action are mutually cooperative, and ATP preloading may contribute to
specificity for substrates that dock more weakly.
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initial step of activation, p38a is dually
phosphorylated by the upstream MAPKKs (left).
For genuine p38a substrates containing the
docking sequence (top), p38a-2P recognizes the
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depleted conditions are indicated by the black
and blue dashed lines, respectively.

Dual

DISCUSSION

Phosphorylation- and ATP-induced active conformation of p38«a
In the previously reported crystal structures of dually phos-
phorylated MAPKs, both open and closed conformations have been
observed!7-1935. Although it has been suggested that dual phos-
phorylation itself is sufficient to induce the conformational transition
of ERK2, this notion is not consistent with the recent structures of
ATP-unbound, dually phosphorylated p38o. (refs. 19,35). In this study,
we demonstrated that both dual phosphorylation and ATP binding
are required to attain the active conformation of p38c.-2P in solution
(Figs. 2 and 3 and Supplementary Fig. 2). This apparent difference
in the requirement of ATP loading for the activating conformational
transition may be due to different equilibria between the active and
inactive conformations among MAPKs, or it may simply reflect the
different crystallization conditions. Nevertheless, our NMR analyses

Table 1 Enhancements of substrate-phosphorylation steps of
p38«-2P by the docking interaction

Without With Enhancement
D peptide D peptide ratio

Ky, ATP analog (uM) 209 + 452 17 +6.22 12.3

Kg, ATP (uM) 381 +81b 13+4.6b 29.3

Ky, 334 peptide (uM) 80 +13.02 37+1.52 2.2

Keat (/s) 17+1.8° 24 £ 4.7 1.4

Km (UM) 420+ 53b 410+ 1200 1

aDifference between two individual experiments. S.d. estimated from fitting errors.

Substrate with the docking sequence

888

phosphorylation

(Pseudo)substrate without the docking sequence

8-8 =

phosphorylation

Product
“@-8-6
<«
.
e i W e

Product\e_

8=8-

Pseudo)substrate
binding

ATP binding Phosphotransfer

0.2 mM ATP
(depleted)

2mM ATP
(normal)

0.75

0.50 A

0.25 — W/o docking interaction

— W/ docking interaction

Normalized reaction efficiency (E)

0.1 1.0 10.0
ATP (mM)

clearly indicate that both dual phosphorylation and subsequent ATP
loading are required for the full activation of p38o..

Phosphoacceptor binding to p38a-2P requires ATP preloading
The NMR titration experiments of the 334D peptide against p38c.-2P
and separately observed docking and phosphoacceptor interactions
clearly demonstrated that the phosphoacceptor residue binds to the P+1
site only when ATP is loaded on p38c.-2P, whereas the docking inter-
action is spontaneous and does not require ATP loading (Fig. 5b,c).
ATP binding to p38ci-2P seems to be central for induction of the
active conformation of the P+1 site because it enhances the interaction
between the N and C lobes via the activation loop, which directly
precedes the P+1 site in the amino acid sequence. ATP binding before
phosphoacceptor binding seems to be structurally preferable because
the ATP-binding site is located deep in the cleft between the N and C
lobes, whereas the P+1 site is located outside the ATP-binding pocket.
Thus, a random or inverted order may interfere with the ATP loading
on p380.-2P and may prevent efficient phosphotransfer.

Kinase-reaction steps optimized by the docking interaction

We found that binding of the MK2 docking sequence to p38c.-2P
positively regulates each individual step in the kinase reaction: ATP
loading, phosphoacceptor binding and the subsequent phosphotransfer
reaction (Fig. 6). The affinity of p38c-2P for ATP also increased
more than one order of magnitude in the presence of docking
fragments derived from other p38a. substrates, MEF2A and ATF2
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(data not shown). Thus, the enhancement of the kinase reaction from
formation of docking interactions with physiological substrates seems
to be a conserved characteristic of p38c.. The DEF motif, another
type of docking sequence identified in many ERK1/2 substrates and
consisting of a consensus sequence of FXFP3%, however, is beyond the
scope of this study. Dalby and co-workers reported that the deletion
of the N-terminal docking sequence of the transcription factor Ets-1
does not influence the k.,; of ERK2 (ref. 37); however, Ets-1 hasa SAM
domain that binds the FXFP site in addition to the N-terminal dock-
ing sequence. Veglia and co-workers reported that binding of either
AMP-PNP or a phosphoacceptor peptide, kemptide, allosterically
enhances subsequent binding of the other to the active site of protein
kinase A for efficient substrate phosphorylation3. Our findings are
distinct from the former study, showing the collaborative interplay
between the kinase reaction and the docking interaction, the latter
of which occurs outside the active site and represents a key element
for specific substrate recognition. Thus, the allosteric enhancement
of the kinase reaction by the docking interaction, shown here, couples
specific substrate recognition to efficient phosphorylation, thereby
providing a rationale for the strict selectivity of the MAPK pathway
in the cellular context.

Biological importance of the elucidated mechanism

In the intracellular environment, many macromolecules such as pro-
teins and nucleic acids exist at concentrations up to 300 mg/ml (ref. 39).
Under such dense conditions, random collisions and nonspecific
interactions between the macromolecules are expected to be common.
Even under such chaotic conditions, biomolecules use multiple spe-
cific interactions and reactions to maintain cellular homeostasis and
environmental responsiveness. The p38o. MAPK cascade is a well-
known representative of this strictly controlled signal-transduction
pathway. The fine-tuned coupling between the enzymatic reaction and
the specific docking interaction, shown here, may maximize the reac-
tion efficiency for a substrate that has both the docking sequence and
phosphoacceptor residues in the same polypeptide chain (Fig. 6d). We
found that the docking interaction induces enhanced affinity for the
substrate phosphoacceptor site and for ATP, corresponding to a free-
energy gain of —0.4 kcal/mol and —1.8 kcal/mol, respectively. Thus,
in total, the docking interaction contributes —2.2 kcal/mol energetic
gain, favoring formation of the functional trimeric complex. Although
the energetic gain for phosphoacceptor binding is less than that for
ATP binding, the stabilization of both elements is required to enhance
the formation of the functional trimeric p380.-2P-ATP-phosphoacceptor
complex. In addition, the docking interaction enhanced kcy.
Therefore, the kinase activity of p38o. toward nonspecific targets
or pseudosubstrates without a docking sequence, both of which would
be abundant in the cell given the simple consensus phosphoacceptor
motif of MAPKSs, is maintained at a very low level to avoid undesired
phosphorylations and to conserve the cellular energy source, ATP
(Fig. 6d). The mechanism diverts the specific p38o. pathway, which
relies on the docking interaction, from other unwanted random events
so that it may appropriately integrate environmental inputs to evoke
the necessary cellular responses.

Aberrant activation of protein kinases can result in fatal diseases
such as cancer®#l, Thus, many kinases have regulatory domains
that enable specific activation by certain signals and suppress
activity when it is not necessary?!. MAPKs, however, are composed
of only a catalytic domain and therefore require another regulatory
mechanism. The modulation of kinase activity by the docking inter-
action may fulfill this need. Allosteric regulation by the docking
interaction seems to be reasonable, considering that p38c is

the molecular hub in the MAPK cascade and must interact with
several upstream and downstream molecules that belong to the
same signaling cascade. Regulatory domains often exhibit very precise
selectivity to certain molecules, and they might be too selective to
act as molecular hubs. Thus, the docking interaction seems to
provide a good balance between the requirements for both specifi-
city and robustness of the MAPK signal. For some authentic p38o
substrates lacking any docking sequences, another mechanism,
such as subcellular colocalization, may operate to ensure efficient
phosphorylation in vivo®.

One of the most intriguing findings in this study is the affinity
enhancement of p380.-2P for ATP by the docking interaction (Fig. 6a
and Supplementary Fig. 7a,b). Most protein kinases have an appar-
ent Michaelis constant for ATP of less than 50 uM (refs. 42,43), and
such kinetics may have been evolutionarily optimized for kinases
to work properly in cellular environments. The affinity of p38c.-2P
for ATP in the absence of the docking interaction (430 uM) is
atypically weak. Although cells maintain the homeostatic ATP
concentration at 1-2 mM under normal conditions, intracellular
ATP concentrations can drop in certain physiological conditions
that require p38a. activation. For example, in the ischemic heart,
the ATP concentration can be as low as 20% of the normal level#4.
Additionally, ATP concentration reportedly drops in response to UV
exposure and cellular senescence®®. Even under these ATP-depleted
conditions, p38at is required to transfer stress signals*. The enhance-
ment of the ATP binding affinity by the docking interaction may
contribute to p38a function during stress, as shown in the simulated
ATP-concentration dependence of the substrate phosphorylation effi-
ciency by p38a (Fig. 6e). Thus, the allosteric regulation of p38o.-2P
by the docking interaction seems to be physiologically important,
especially in stress-response signaling.

Although previous studies have used NMR to investigate the func-
tion and interactions of p38a. (refs. 47-49), to our knowledge, our
study is the first to clarify and quantify the allosteric enhancement of
p38o enzymatic activity by the docking interaction. We emphasize
that the observations presented here are based on firm experimental
evidence using the dually phosphorylated, enzymatically active p38c..
In addition, the advantage of solution NMR in providing structural
information under nearly physiological conditions was crucial to
revealing the structural basis for allosteric regulation.

We have shown that phosphoacceptor binding to the active site
of p380.-2P requires ATP binding and that the docking interaction
alone is not sufficient for the phosphoacceptor residue to bind to
the active site of p38a-2P. Furthermore, the docking interaction
allosterically enhances p38c.-2P enzymatic function. Such regulatory
mechanisms may help p38a effectively phosphorylate its specific
substrates, even under low cellular ATP concentrations, while avoid-
ing the nonspecific phosphorylation of random kinase substrates
in the cell.

Given that the docking interaction is a conserved characteristic of
the interactions between MAPKSs and their partners, the roles of the
docking interactions in other MAPKs must also be considered. In addi-
tion, there are many other examples in which the specific interactions
between enzymes and substrates are distant from the catalytic cores?!.
Although it is clear that these interactions contribute to maximizing the
encounter rate between the enzymes and their substrates, the possible
contribution of an allosteric enhancement should also be considered.

METHODS
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Preparation of unphosphorylated p38c. The pET15b vector for the expres-
sion of human p38o. (aa 2-360) with an N-terminal hexahistidine (His) tag was
a kind gift from H. Hanzawa (Daiichi Sankyo Co.). The Escherichia coli BL21
(DE3) transformed with the plasmid was grown in 10 mL of Luria-Bertani (LB)
medium containing 100 mg/mL ampicillin, at 37 °C overnight. The cells were
further inoculated into 11 of D,0O-based ampicillin-M9 medium supplemented
with p-[?H;/13Cg]glucose and "’NH,Cl as the sole carbon and nitrogen sources,
respectively. When the culture attained an optical density at a wavelength of
600 nm (ODgg) of 0.6, 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG)
was added to induce protein expression. The culture was further incubated
at 16 °C for 16 h. For selective 13CHj; labeling of the isoleucine (81), leucine,
valine and methionine methyl groups in a *H/!>C background (so-called
ILVM-methyl labeling>2>%), 70 mg/L of [methyl-13C, 3,3-2H,]o-ketobutyric
acid, 100 mg/L of [3-methyl-13C, 3,4,4,4-H,] o.-ketoisovaleric acid and 50 mg/L
of L-[methyl-13C]methionine were supplemented into the medium, 30 min before
the addition of IPTG. The p38a was purified from the supernatant of the cell
lysate by two column-chromatography steps, including nickel affinity and SEC.
The cell lysate was applied to an Ni-NTA agarose (Qiagen) column equilibrated
with a buffer consisting of 20 mM Tris-HCI, pH 8.0, 500 mM NaCl, 2 mM dithio-
threitol (DT'T), 10 mM imidazole and 0.6% (w/v) CHAPS. After thorough wash-
ing of the column with the equilibration buffer, p38c. was eluted with the same
buffer but containing 250 mM imidazole. The eluate was further purified by SEC,
with a HiLoad Superdex 200 prep-grade column (GE Healthcare), which was
equilibrated with a buffer containing 50 mM NaPi, pH 6.8, 150 mM NaCl and
3 mM DTT. The eluate fraction was buffer-exchanged into 25 mM Tris-HCI,
pH 7.5, with 150 mM NaCl and 5 mM DTT and stored at —30 °C until use.

Preparation of the constitutively active MAPKK6. The ¢cDNA clone of
human MAPKK6 (MKK6) was purchased from Toyobo. MKK6 (aa 1-334)
was subcloned into the pGEX-5X-3 vector with an N-terminal glutathione
S-transferase (GST) tag followed by a factor Xa cleavage site. The constitu-
tively active $207D T211D MKK6 mutant (MKK6PP) was constructed with a
QuikChange Mutagenesis Kit (Agilent Technologies). BL21 (DE3) cells trans-
formed with the plasmid were grown in LB medium. When the culture attained
an ODgq of 0.6, 0.5 mM IPTG was added to induce protein expression. The
culture was then incubated at 16 °C for 20 h. The MKK6PP protein was purified
by GST-affinity chromatography. Briefly, the cells, resuspended in 50 mL of buffer
(10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA and 10% (w/v) glycerol),
were lysed by sonication. Triton X-100 and DTT were added to final concentra-
tions of 1% (w/v) and 2 mM, respectively. The lysate was incubated at 4 °C for
30 min with rotation. The supernatant was applied to a glutathione Sepharose 4B
column (GE Healthcare). After the column was thoroughly washed, MKK6PP
was eluted with buffer containing 25 mM Tris-HCI, pH 7.4, 150 mM NaCl,
2 mM DTT and 50 mM reduced glutathione. The eluate was buffer-exchanged
by dialysis against 1 1 of storage buffer, containing 25 mM Tris-HCI, pH 7.5,
150 mM NaCl, 2 mM DTT and 10% (w/v) glycerol. The resulting stock was
stored on ice, and its activity was retained for at least six months.

Preparation of the p38a substrate, MK2. The full-length ¢cDNA clone of
human MK2 was purchased from Toyobo. From the MK2 ¢cDNA, four fragments
corresponding to aa 47-400, 326-400 (334D peptide), 326-342 (334 peptide)
and 369-400 (D peptide) were amplified by polymerase chain reaction (PCR)
(Fig. 1b). The longer MK2 fragment (aa 47-400) was ligated into the pET15b
vector with an N-terminal Hisg tag. The smaller MK2 fragments were ligated into
the pET28a vector with an N-terminal GBI tag followed by a human rhinovirus
3C (HRV3C) cleavage site and a C-terminal Hisq tag. These plasmids were trans
formed into BL21 (DE3) for protein expression. The bacterial culture for the
D peptide was grown in LB medium, whereas cultures for MK2, the 334D peptide
and the 334 peptide were grown in M9 medium. When the cultures reached an
0D of 0.6, the medium was supplemented with 1 mM IPTG, and the cultures
were then incubated at 25 °C for 12 h. The longer MK2 fragment was purified
with a four-step column-chromatography procedure according to the previously
reported protocol®*, with minor modifications. The 334D, 334 and D peptides
were purified by nickel-affinity chromatography. The GB1 tag was removed from
the D peptide by HRV3C protease and then separated from HRV3C and GB1 by
nickel-affinity chromatography.

Preparation of dually phosphorylated p38a (p38a-2P). Unphosphorylated p38c
(10 uM) was phosphorylated by a 0.014 molar equivalent of MKK6PP, in a reaction
buffer containing 50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 2 mM DTT, 10 mM
MgCl,, 0.5 mM EDTA and 2 mM ATP, by following a previously published pro-
tocol with minor modifications!!. The reaction was carried out at 14 °C for 48 h.
The completion of the dual-phosphorylation reaction was confirmed by SDS-
PAGE, with a 9% polyacrylamide gel supplemented with 30 uM of Phos-tag acry-
lamide>® (Supplementary Fig. 1a), as well as by NMR (Supplementary Fig. 1b-i).
p380.-2P was isolated from MKK6PP by nickel-affinity chromatography. The
kinase activity of the prepared p38ct-2P was measured by an in vitro kinase assay
at 25 °C with MK2 as the substrate. The reaction mixture consisted of 5 uM MK2
and 0.5 UM p380.-2P, in the same buffer used for the phosphorylation of p38a.
by MKK6PP. Phosphorylation of MK2 was confirmed by Phos-tag SDS-PAGE
(Supplementary Fig. 1j). The active p380.-2P was used for further analysis.

NMR experiments. Vogtherr ef al.>® reported that 25% of the backbone-amide
'H-15N resonances in the unphosphorylated p38c. were not observed, probably
because of local conformational multiplicities, and 36% of the backbone resonances
were not assigned. The unobservable/unassigned regions contain the residues in the
ATP-binding site and a large part of the phosphoacceptor-binding site. Therefore,
we used the methyl-TROSY technique®” to obtain the structural information for
these sites. Methyl TH/13C resonances are highly sensitive in a uniformly deuterated
background and thus provide high-quality NMR spectra. The ILVM-methyl moie-
ties of p380. were selectively 'H/!3C-labeled with established protocols®s.

Uniformly 2H/!3C/1°N-labeled p380.-2P was concentrated to 0.1-0.4 mM in
220 uL of aqueous buffer containing 25 mM Tris-HCI, pH 7.5, 150 mM NaCl,
5 mM DTT and 10% D,0. NMR samples of ILVM (or ILV) methyl-labeled
p380.-2P were prepared in D,0-based buffer at protein concentrations of 20 uM
and 40 pM for two-dimensional (2D) experiments and 0.3 mM for three-
dimensional (3D) experiments. For the analysis of p380-2P in the presence
of ATP or analogous compounds such as ADP, 5’-adenylyl imidodiphosphate
(AMP-PNP), adenylyl methylenediphosphate (AMP-PCP), ATP-YS and AMP,
the buffer was supplemented with 20 mM MgCl,. We found that p38a-2P has
intrinsic ATPase activity, and more than 50% of 1 mM ATP was hydrolyzed in
30 min at 25 °C in the presence of 20 pM p38ct-2P (data not shown). To avoid
chemical inhomogeneity due to ATP hydrolysis by p38c.-2P, we used ADP as an
ATP analog unless otherwise indicated. ADP had almost the same affinity for
p380.-2P as did ATP, and the NMR spectrum of the ADP-bound p38a.-2P closely
matched that of the ATP-loaded p38c.-2P (data not shown). The NMR spectra of
p380-2P in complex with other conventional ATP analogs, such as AMP-PNP,
AMP-PCP and ATP-1S, did not fully reproduce the spectrum with ATP. Thus,
we chose ADP as the most appropriate ATP analog for this study. To obtain
the ATP-bound p380.-2P spectra, the experimental time was shortened with a
'H-13C SOFAST-HMQC experiment® and the highest-field magnet (800 MHz in
'H frequency) equipped with a TCI cryoprobe. Experiments were conducted at a
low temperature (10 °C) to minimize ATP hydrolysis. Under these conditions, the
ATP hydrolysis during the experiment was suppressed to less than 10%, as con-
firmed by the 'H-1D spectra before and after the SOFAST-HMQC measurement.
For kinetic analyses of 334-peptide phosphorylation, a buffer consisting of 50 mM
Tris-HCI, pH 8.0, 100 mM NaCl, 2 mM DTT, 0.5 mM EDTA, 10 mM MgCl, and
10% D,0 was used. All NMR spectra were measured at 600, 700 and 800 MHz
IH frequencies on Bruker Avance spectrometers equipped with a TXI cryoprobe,
a TXI room-temperature probe and a TCI cryoprobe, respectively. All NMR
experiments were performed at 25 °C, except for the 'H-13C SOFAST-HMQC
experiments for p38c.-2P in the presence of ATP. NMR data were processed
with TopSpin 2.1 (Bruker) and analyzed with CARA (http://cara.nmr-software.
org/downloads/) and Sparky (http://www.cgl.ucsf.edu/home/sparky/).

In the NMR interaction analyses between p38a.-2P and the substrate peptides,
average CSPs of methyl 'H-13C correlations are defined as

2

2 ACDC

Awgy, =, [AOF +| —=
avg H [ 56 J
where Amy; and A@c are CSPs in 'H and 13C dimensions, respectively. The scaling
factor 5.6 is used in the 1*C dimension, which is the ratio of the chemical-shift
deviations of methyl 13C and 'H nuclei deposited in the Biological Magnetic

Resonance Data Bank.
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NMR resonance assignments of p38a. Backbone resonance assignments
of p38o. were performed with standard TROSY-type triple-resonance NMR
spectra, including HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, HNCO and
HN(CA)CO. For the assignments of p380.-2P in complex with the ATP analog,
alanine, phenylalanine, histidine, methionine, threonine and tyrosine 1’N-amino
acid-type selectively labeled p38c.-2P were also used. The completeness per-
centage of the assignments for unphosphorylated p38a., p380.-2P and p38ct-2P
bound to the ATP analog were 61%, 59% and 48% of 342 nonproline residues,
respectively. The completeness of the assignment for the unphosphorylated p38a.
was the same as that reported previously (BMRB 6468)°°. As discussed above,
incomplete assignments are mainly due to the intrinsic local dynamics of p38a.

Assignments of the ILVM-methyl resonances were performed by com-
bining mutational analyses, J coupling-based triple-resonance experiments
((H)CC(CO)NH, H(CCCO)NH, and HCCH-TOCSY experiments), and an
intermethyl '"H-"H NOE network analysis based on the crystal structures. For
the ILVM-methyl resonances, assignments were achieved for 95%, 95% and 78%
of all 152 methyl resonances in apo-p38a,, apo-p38ct-2P and the p380.-2P bound
to the ATP analog, respectively. As for the isoleucine-81 and methionine-¢€ reso-
nances, more than 90% of the resonances were assigned under all experimental
conditions. These assignments provided highly sensitive site-specific information
for all of the functional elements in p38o..

Preparation of the p38a-specific phosphatases PPM1A and HePTP. The cDNA
clones encoding human protein phosphatase Mg?*/Mn?* dependent 1A (PPM1A)
and hematopoietic protein tyrosine phosphatase (HePTP) were gifts from
N. Goshima (AIST), and were originally from the NEDO full-length human cDNA
sequencing project. The information about these clones is available in the Human
Gene and Protein Database (HGPD) (http://hgpd.lifesciencedb.jp/cgi/)0%oL.
DNA fragments corresponding to amino acid residues 15-339 of PPM1A and
1-382 of HePTP were amplified by PCR. The PPM1A fragment was ligated into
the pET28a vector (Merck Millipore) without a purification tag, whereas the
HePTP fragment was ligated into the pET15b vector (Merck Millipore) with an
N-terminal Hisg tag. Each of these plasmids was transformed into E. coli BL21
(DE3) cells, and the bacteria were grown in LB medium. When the cultures
reached an ODg of 0.6, the culture medium was supplemented with I mM IPTG
and was incubated at 30 °C for 8 h. PPM1A was purified by cation-exchange chro-
matography and SEC. HePTP was purified by nickel-affinity chromatography
and SEC. Dephosphorylation of p380.-2P by these phosphatases was performed
with 10 uM p380.-2P in the presence of 0.01 molar equivalent of phosphatases.
The reaction was performed in 50 mM MOPS, pH 7.0, 100 mM NaCl, 10 mM
MgCl,, 0.1 mM EDTA and 2 mM DTT, for 1 h at room temperature, by following
a previously published protocol with minor modifications!™.

Competition experiment between the 334D peptide and MK2 for p38a-2P.
In this competition assay, p38ci-2P in solution was assayed for binding between
the N-terminally GB1-fused 334D peptide (GB1-334D peptide) immobilized
on IgG beads and a soluble, longer MK2 fragment (aa 47-400). All proteins
or peptides were prepared in a buffer consisting of 50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 2 mM DTT and 0.05% (v/v) Tween 20 (TBST buffer). A 50-uL
bead volume of IgG Sepharose 6 Fast Flow (GE Healthcare) was suspended in
300 uL of the 5-uM solution of the GB1-334D peptide and incubated with gentle
shaking at 4 °C for 1 h. After the beads were washed three times with 300 pL
TBST buffer, they were suspended in 300 UL of the 5 uM solution of p38c.-2P
and incubated at 4 °C for 1 h. The beads were washed five times with 300 pL of
the TBST buffer. Then the beads were suspended in 500 UL of the solution of
the longer MK2 fragment, at concentrations of 0.3, 0.6 or 1.2 uM in 500 pL of the
TBST buffer, and incubated at 4 °C for 1 h. GB1 was used instead of the GB1-334D
peptide, as a control. For the eluate from the control experiment, the solution
of the longer MK2 fragment was prepared at 5 WM. Supernatants from the bead
suspension in the solution of the longer MK2 fragment were analyzed by SDS-
PAGE and transferred to a PVDF membrane. Western blotting of p38c:-2P was
performed, with a 1:1,000 dilution of the anti-p38 mouse monoclonal antibody
(Cell Signaling Technology; 9228S) as the first antibody and a 1:10,000 dilu-
tion of horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Santa Cruz
Biotechnology; sc-2005) as the second antibody. These antibodies have been veri-
fied by the manufacturers to recognize human p38otand mouse IgG, respectively,
with validation available on the manufacturers’ websites. Bound HRP conjugates

were detected by chemiluminescence, derived from the oxidization of luminol
catalyzed by HRP in the presence of hydrogen peroxide.

Determination of the affinity of p38a-2P for the ATP analog. The ATP analog
was added to 40 uM of ILV methyl-labeled p38c.-2P at 0.2, 0.4, 0.5, 0.6, 0.7, 0.8,
1.0 and 1.5 mM in the absence of the D peptide, and at 20, 40, 60, 80, 100 and
200 uM concentrations in the presence of a 1.1 equimolar amount of the D peptide
(Supplementary Fig. 7a). The resonance from the 31-methyl group of Ile84 in
the ATP-binding site exhibited distinct chemical shifts between the ATP ana-
log-unbound and analog-bound forms. The intensities of the resonance derived
from the unbound state were fit by assuming 1:1 binding.

Determination of the affinity of p38a-2P for ATP. The affinity of p380.-2P for
ATP was determined by the competition experiment with the ATP analog, with
the following relationship:

[ATP] — [p3802P x ATP]
[ATPanalog]O 7[p380(2P x ATPanalog]

ATP ATPanalog [p38<x2P X ATPanalog]
Ky =Ky x pg X
[p38a:“" x ATP]

where [ATP]? and [ATP analog]® are the total concentration of each compound
(2.5 mM). The concentrations of p38c.-2P that bound ATP ([p38a2P x ATP])
and the ATP analog ([p38a2f x ATP analog]) were estimated from the intensi-
ties of the NMR signals that have distinct chemical shifts in the ATP- and ATP
analog-bound states (Supplementary Fig. 7b). In both the absence and presence
of the D peptide, 'H-13C SOFAST-HMQC spectra of 20 UM ILV methyl-labeled
p380.-2P were acquired in the presence of the mixture of 2.5 mM ATP and
2.5 mM ATP analog. The spectra in the presence of either 5 mM ATP or 5 mM
ATP analog were used as the reference for the intensity of each state. The
experiments were conducted at 10 °C to suppress ATP hydrolysis. The loss of
ATP during the experiment was negligible.

Determination of the affinity of p38a-2P for the 334 peptide. 50 uM of
ILV methyl-labeled p38ct-2P was titrated with the 334 peptide (Supplementary
Fig. 7c). The 334 peptide was added at 25, 50, 75, 100, 200 and 400 uM in both
the absence and presence of 1.1 molar equivalent of the D peptide. The CSPs of
the 81-methyl group of I1e259, which is located near the P+1 site, were fit to a 1:1
binding model, and the dissociation constant was determined.

Determination of the kinetic constants for phosphorylation of the 334 pep-
tide by p380.-2P. Phosphorylation of the [U-1°N]334 peptide by p38c.-2P was
confirmed by MALDI-TOF mass spectrometry with an AXIMA spectrometer
(Shimadzu) (data not shown) and by the 'H-'N HSQC spectra before and
after p38ai-2P treatment (Supplementary Fig. 7d). Phosphorylation at Thr334
was confirmed with the T334A mutant of the 334 peptide. The time course of
the phosphorylation was monitored by successive measurements of 'H-1°N
SOFAST-HMQC spectra®? (Supplementary Fig. 7d). The intensity of the reso-
nance derived from the pThr334 exhibited characteristic low field shifts in both
dimensions®. The 334 peptide at concentrations of 100, 200 and 300 UM was
phosphorylated by 10 nM of p38a.-2P in the absence and presence of 10 uM
D peptide. The kinetic constants were determined by the Lineweaver-Burk plot.

Calculation of normalized reaction efficiency. The normalized reaction
efficiency (E) was calculated by the population of the functional trimeric p38o.-
2P-ATP-phosphoacceptor complex, and the catalytic rates were calculated,
assuming the Ky and k., values in Table 1. Under physiological conditions,
in which [ATP], >> [p38li [substrate]y,, E is described by the
equation E = A X k¢ X ([ATP]so¢ /KfTP +[ATP;,;). A is a constant, which
includes p38o.

Determination of the affinities of p38a:-2P for the docking fragments. The
IH-13C HMQC spectra of ILV methyl-labeled p380:-2P (20 uM) were measured
in the presence of increasing amounts of the docking fragment derived from
the substrate MEF2A (Supplementary Fig. 8a,b). The docking fragment was
added to p38a at 20, 50, 100, 200, 400 and 500 UM in the absence of the ATP
analog, and at 5, 10, 20, 40, 80 and 160 UM in the presence of 4 mM ATP analog
(Supplementary Fig. 8c,d). The CSPs in the 81-methyl signal of Ile116, which is
located in the docking site, were fit to a 1:1 binding model, and the dissociation
constant was determined.
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To determine the affinity of p38c.-2P for the D peptide, isothermal titration
calorimetry (ITC) experiments were performed with a VP-ITC calorimeter
(MicroCal) (Supplementary Fig. 8e.f). The D peptide (500 uM) was added from
the syringe to p380.-2P (50 uM) in the isothermal cell by 25 injection steps, in
either the absence or presence of 4 mM ATP analog. Experiments were performed
at 25 °C. The dissociation constant was determined by fitting the calorimetric
data to a 1:1 binding model, with Origin software.
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