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Abstract

Reversible protein phosphorylation directs essential cellular processes including cell division,
cell growth, cell death, inflammation, and differentiation. Because protein phosphorylation
drives diverse diseases, kinases and phosphatases have been targets for drug discovery, with
some achieving remarkable clinical success. Most protein kinases are activated by
phosphorylation of their activation loops, which shifts the conformational equilibrium of the
kinase towards the active state. To turn off the kinase, protein phosphatases dephosphorylate
these sites, but how the conformation of the dynamic activation loop contributes to
dephosphorylation was not known. To answer this, we modulated the activation loop

conformational equilibrium of human p38a MAP kinase with existing kinase inhibitors that bind
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and stabilize specific inactive activation loop conformations. From this, we discovered three
inhibitors that increase the rate of dephosphorylation of the activation loop phospho-threonine by
the PPM serine/threonine phosphatase WIP1. Hence, these compounds are “dual-action”
inhibitors that simultaneously block the active site and stimulate p38a dephosphorylation. Our
X-ray crystal structures of phosphorylated p38a bound to the dual-action inhibitors reveal a
shared flipped conformation of the activation loop with a fully accessible phospho-threonine. In
contrast, our X-ray crystal structure of phosphorylated apo human p38a reveals a different
activation loop conformation with an inaccessible phospho-threonine, thereby explaining the
increased rate of dephosphorylation upon inhibitor binding. These findings reveal a
conformational preference of phosphatases for their targets and suggest a new approach to

achieving improved potency and specificity for therapeutic kinase inhibitors.

Introduction

Reversible protein phosphorylation is widely deployed to control essential cellular physiology
including cell division, cell growth, cell death, stress response, inflammation, and
differentiation!?. For these purposes, kinases and phosphatases are subject to exquisite
regulation, including phosphorylation and dephosphorylation by other kinases and phosphatases,
respectively, thus providing cells with an adaptable and highly-interconnected signaling
network®~. Because misregulation of these cellular pathways cause diverse diseases, kinases and
phosphatases have been targets involved in the most intense efforts for drug-development over
the past 25 years®?. Despite the remarkable clinical success of some kinase inhibitors, broader
application has been hampered by difficulty achieving specificity due to the highly conserved

kinase active site’. Targeting phosphatases has been even more challenging due to their lack of a


https://doi.org/10.1101/2024.05.15.594272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594272; this version posted August 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

traditionally druggable pocket and the fact that phosphatase activation, rather than inhibition, is
advantageous for many therapeutic applications’. An attractive but elusive class of compounds
would selectively direct phosphatase activity to a particular target protein or phosphorylation
site, such as a kinase activation loop. Recently some success has been achieved towards this goal

by localizing a phosphatase to its target using heterobifunctional compounds!®!!

, compounds that
stabilize phosphatase/adapter complexes!?, or a transgenic affinity-tagged phosphatase!®. These
proof-of-concept studies have suggested prospective benefits for specificity, potency, and
kinetics from phosphatase-driven inhibition. However, the investigated molecules lack drug-like
properties and/or relied on transgenic phosphatases for molecular targeting. One example
identified a “phosTAC” that recruits the phosphatase to its kinase substrate using an active site
competitive EGFR inhibitor tethered to a ligand that recruits a PTPN2-FKBP fusion protein!?.
Similarly, Akt kinase was targeted with heterobifunctional molecules combining active site
competitive Akt inhibitors with a ligand to recruit a HALO-PP1 fusion protein or a PP1-

activating peptide'*. A complementary strategy, which we describe here, is to directly target the

conformational state of the kinase to increase the rate of dephosphorylation (Fig 1A).

The dynamic activation loops of kinases often contain phosphorylation sites that control kinase
activity by shifting the conformational ensemble towards states that organize the catalytic center
and promote substrate binding. In contrast, kinase inhibitors frequently project into a variable
allosteric pocket near the active site, thereby displacing the activation loop and selecting inactive
conformations of the kinase®®!>. We postulated that the conformational states adopted by
inhibitor bound kinases would impact the rate of dephosphorylation by protein phosphatases,

providing an experimental approach to identify kinase conformations that are favorable for
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dephosphorylation. If this is the case, it suggests a simple mechanism that leverages
phosphatases for “dual-action” inhibition, in which the inhibitor simultaneously blocks the active

site and directs inactivation of the kinase by dephosphorylation of the activation loop.

We chose the MAP kinase p38a, which is a critical regulatory node for DNA damage response

16-19 "to test whether conformationally selective kinase inhibitors

and inflammatory pathways
modulate activation loop dephosphorylation. p38a is activated by dual-phosphorylation of its
activation loop (p38a-2p) on threonine (pT180) and tyrosine (pY 182) residues. T180
phosphorylation stimulates kinase activity more than 1,000-fold and is sufficient for kinase
activity in cells, whereas Y 182 phosphorylation primarily controls autophosphorylation and
contributes two- to ten-fold towards activity?*2!. In the cell, p38a phosphorylation is controlled
by upstream kinases, autophosphorylation, and a suite of protein phosphatases'8, including
serine/threonine phosphatases WIP122-2*, PPM1A25, and PP2A2%2° as well as tyrosine
phosphatases (PTPs)*, and dual-specificity phosphatases (DUSPs)??. Because p38a activation
controls cell-death pathways that drive cancer progression and inflammatory responses that
cause diseases including myocardial ischemia and neurodegeneration, diverse p38a-specific

ATP-competitive inhibitors have been identified and studied in the clinic®!-3

. Many of these
inhibitors achieve specificity by extending beyond the ATP binding pocket, which would

displace the activation loop from the canonical active conformation, making them ideal

candidates to test whether activation loop conformation modulates phosphatase activity.

We identified three conformation-selective p38a inhibitors that stimulate threonine

dephosphorylation of the p38a activation loop by WIP1. Our X-ray crystal structures reveal that
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these compounds favor an activation loop flipped conformation of p38a that presents pT180 for
dephosphorylation by WIP1. This demonstrates that the conformation of the activation loop is a
critical determinant of the dephosphorylation rate, provides a simple mechanism to promote
dephosphorylation of a particularly important regulatory site by a specific phosphatase(s), and

provides a roadmap for the development of dual-action kinase inhibitors.

Results

Conformation-selective p38a MAP kinase inhibitors modulate threonine
dephosphorylation by WIP1

To test the hypothesis that the conformation of the activation loop determines the rate of p38a
dephosphorylation, we controlled the activation loop conformational state by binding dual-
phosphorylated p38a (p38a-2p) to ATP and a panel of inhibitors (Fig. 1B-D, S1, S2, & S3). We
then measured dephosphorylation of the activation loop threonine (pT180) by WIP1, a
serine/threonine phosphatase that natively targets pT180 of p38a and has been implicated in
oncogenesis?’. From an initial panel of thirteen inhibitors, we found two related compounds,
pexmetinib and BIRB796, that increased the rate of pT180 dephosphorylation 10-fold and 2-fold,
respectively. Additionally, we identified two compounds, SB202190 and LY 2228820, that each
decreased the rate of dephosphorylation 7-fold (Fig. 1B-D, S1A, S2 & S3). To confirm that the
compounds act through binding to p38a-2p, we measured WIP1 hydrolysis of the generic
substrate fluorescein-diphosphate in the presence of the inhibitors (Fig. SIB) and observed no
change in hydrolysis rate, indicating that they do not directly control WIP1 activity. Therefore,
we conclude that conformation-selective p38a inhibitors can modulate the rate of WIP1

catalyzed p38a dephosphorylation. Furthermore, we identify two compounds, pexmetinib and
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BIRB796, that directly inhibit p38a kinase activity and promote p38a inactivation through

pT180 dephosphorylation, leading us to classify them as dual-action inhibitors.

Pexmetinib and BIRB796 present phospho-threonine for dephosphorylation

To determine how WIP1 dephosphorylation of p38a-2p is stimulated by dual-action inhibitors,
we solved X-ray crystal structures of human p38a-2p in unliganded- and pexmetinib-bound
states (Fig. 2; PDB: 9CJ2 & 9CJ3, respectively & Table S1). In the unliganded form, the two
chains of our p38a-2p structure showed slight differences in the closure of the N-lobe and the
ordering of the P-loop compared to a previous structure of murine p38a.-2p** (PDB: 3PY3). In
all three cases, the activation loop is oriented to the right of the active site. While the
coordination of the phosphates differs slightly, both phospho-sites are inaccessible to WIP1,
which catalyzes dephosphorylation via planar nucleophilic attack of the phosphate by a metal-

activated water**>7 (Fig. 2A & S4).

In our pexmetinib-bound structure of p38a-2p, the activation loop is flipped to the opposite site
(Fig. 2A-B). Importantly, this exposes pT180 to solvent, which would render it accessible for a
phosphatase to attack. In fact, pT180 and the four preceding amino acids are not resolved in the
electron density map, suggestive of flexibility in this region (Fig. 2A-B & S5 A & D). The
flipped conformation of the pexmetinib-p38a-2p activation loop is stabilized from the N-terminal
end by interactions between the drug and the conserved DFG motif that serves as a hinge for the
activation loop (Fig. 2B & C). The carbonyl oxygen of pexmetinib coordinates this interaction
through hydrogen bonding with the backbone nitrogen of D168 while the indazole moiety of the

drug makes hydrophobic interactions with F169 (Fig. 2A-B). Additionally anchoring the flipped
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activation loop, the phosphate of pY 182 makes hydrogen bonds to the sidechains of R186 and
H174, and the backbone of T175 (Fig. 2A). The side chain of R186, which coordinates pY 182 in
our apo structures, is flipped in murine apo p38a-2p to the position we detected in our human
pexmetinib-bound p38a-2p (Fig. 2A), suggesting that coordination of the phosphate is flexible.
Our results suggest that pexmetinib promotes p38a dephosphorylation by flipping the activation

loop to present pT180 for dephosphorylation by WIP1.

Bolstering our conclusion that activation loop flipping drives dephosphorylation, a similar flip
occurs in our structure of p38a-2p bound to the second dual-action inhibitor BIRB796, which
stimulated WIP1 dephosphorylation to a lesser extent (Fig. 1B-D, 3A-B, S1A, S5B, & Table S1;
PDB: 9CJ4). Like pexmetinib, BIRB796 anchors the activation loop in a flipped conformation
through interaction with D168 and F169 from the N-terminal side (Fig. 3A-D, S2, & S5B & E),
and pY 182 docks in a similar position as in the pexmetinib-bound structure (Fig. 3 & S5D-E).
The activation loop is displaced from the kinase-active position by a moiety of BIRB796 that is
shared with pexmetinib (Fig. 3B & S2) and clashes with the activation loop position in structures
of apo-p38-2p (Fig. 2C), similar to a previous structure of BIRB796 bound to unphosphorylated
p38a that showed a fully disordered activation loop*® (Fig. S6; PDB: 1KV2). Correlated with
reduced WIP1 stimulation, the flipped activation loop conformation appears less stable as
indicated by lack of coordination of the phosphate of pY 182 by H174 and T175, which are not
resolved in the electron density maps of the BIRB796-p38a-2p structure (Fig. S5E).

Because BIRB796 and pexmetinib only differ in the portion of the molecule that docks in the
ATP binding site of p38a (Fig. 3B & S2), we speculate that differences in this moiety cause two

changes that account for differential stabilization of the flipped activation loop. First, the phenyl-


https://doi.org/10.1101/2024.05.15.594272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594272; this version posted August 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ring of F169 interacts with the indazole of pexmetinib in contrast to a non-aromatic carbon of
BIRB796. Second, the compounds interact differently with the linker (107-113) connecting the N
and C-lobes of the kinase (Fig. 3A & E). This linker and the aD-helix that follows is ordered and
resolved in the structure of p38a-2p bound to pexmetinib, with contacts between the terminal-
hydroxyl group of pexmetinib with M109 and A111. In contrast, this region (111-118) is poorly
ordered or unresolved for BIRB796-p38a-2p (Fig. 3E). Additionally, the aD-helix is unwound
and there is a disulfide bond between C119 and C162*° (Fig. S7). Together, our results reveal that
activation loop flipping promotes dephosphorylation of p38a-2p by WIP1 and suggest that the
magnitude of phosphatase stimulation correlates with the stability of the flipped activation loop
conformation. Further, our structures inform a model for how chemical groups of the inhibitors

determine the magnitude of WIP1 stimulation.

A shared conformational state directs p38a dephosphorylation

To determine if any of the hundreds of structures of p38 in the PDB share the flipped activation
loop conformation of pexmetinib and BIRB796-bound p38a-2p, we performed a DALI search®,
This revealed a structure of human p38a-2p bound to DP802, a compound that lacks an ATP-
binding site element but has a similar moiety that projects into the activation loop docking site as
do pexmetinib and BIRB796 (Fig. SS8A-B; PDB: 3NNX, RMSD 0.4 A to pexmetinib-p38a-2p)*'.
Similar to the case of BIRB796 bound to p38a-2p, H174 and T175 do not coordinate the
phosphate of pY 182 and the aD-helix is disordered (Fig. S8A & C). Although DP802 was not
commercially available for phosphatase assays, the authors noted that p38a-2p phosphorylation
decreased in human cells treated with DP802 indicating a potential increase in cellular

phosphatase activity*'. Together with the structure, this finding supports our hypothesis that the
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shared moieties of pexmetinib, BIRB796, and DP802 are sufficient for activation loop flipping

and predicts that DP802 would stimulate p38a dephosphorylation to some extent.

A search of deposited kinase structures using KinCoRe*? revealed one additional structure with a
similar activation loop conformation: unphosphorylated human p38f bound to the ABL inhibitor
nilotinib (Tasigna, PDB:3GPO0, p38[ shares 73.6% sequence identity to p38a). Based on this
observation, we solved a structure of nilotinib-p38a-2p. The activation loop was indeed flipped
similar to what we observed with our two dual-action inhibitors (S5C & F & S9A & B, Table S1;
PDB: 9CJ1). Consistent with our prediction that the flipped activation loop presents the phospho-
threonine for dephosphorylation, nilotinib stimulated WIP1 dephosphorylation of p38a-2p 5-fold
(Fig. IB-D & S1A & B). Thus, we conclude that nilotinib is a third dual-action inhibitor of p38a

and that the resulting activation loop flipped conformation favors dephosphorylation by WIP1.

Although nilotinib originated from an unrelated compound series to that of pexmetinib and
BIRB796, the chemical features that flip the activation loop are similar (Fig. S9B & S2). D168 is
coordinated by a carbonyl oxygen of nilotinib and F169 makes hydrophobic interactions with
nilotinib to anchor the N-terminus of the activation loop. Nilotinib has a moiety that displaces the
activation loop, projecting even further beyond the ATP-binding pocket than pexmetinib and
BIRB796 (Fig. S9B). Interestingly, imatinib (Gleevec), which does not stimulate WIP1
dephosphorylation of p38a-2p only differs from nilotinib in the moiety that projects beyond the
ATP binding pocket (Fig. 1B, S1A & S2), emphasizing the importance of this moiety for

phosphatase stimulation.
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Phospho-tyrosine is not required to stimulate threonine dephosphorylation

The fact that nilotinib causes activation loop flipping of unphosphorylated p38p (Fig. S9A) and
that the coordination of the phosphate of pY 182 is variable in our three structures of inhibitor-
bound p38a-2p (Fig. SOC-E) raises the question of whether tyrosine phosphorylation is required
for dual-action inhibition of p38a. We therefore tested whether our three dual-action compounds
stimulate WIP1 dephosphorylation of singly threonine phosphorylated p38aY!82f-pT (Fig. 4A-B
& S1A). Suggestive of a contribution of pY 182 to dephosphorylation, WIP1 dephosphorylation

Y182F

of unliganded p38a -pT was 2-fold slower than for p38a-2p. While the stimulatory effects of
BIRB796 and nilotinib on WIP1 dephosphorylation of p38aY!¥?-pT were unchanged, the effect
of pexmetinib was reduced an additional 2-fold (Fig. 4A-B & S1A). This result is consistent with
the inference that additional contacts from tyrosine phosphorylation stabilize the flipped

activation loop conformation of p38a when bound to pexmetinib and that such stabilization leads

to an increased dephosphorylation rate.

Further demonstrating that tyrosine phosphorylation stabilizes activation loop flipping by
pexmetinib, an X-ray crystal structure of unphosphorylated pexmetinib-p38a revealed that the
unphosphorylated activation loop is flipped, with Y182 similarly positioned as pY 182 (Fig. 4C-E
& Table S1; PDB: 9CJ5). However, the resolution of the pexmetinib-p38a structure was
significantly lower than for pexmetinib-p38a-2p, indicative of increased conformational
flexibility. Together, we conclude that tyrosine phosphorylation promotes, but is not required for,

pexmetinib-induced presentation of the p38a phospho-threonine for dephosphorylation by WIP1.

10
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Conformationally selective activation loop recognition is shared across phosphatase
families

Since the conformational change of the activation loop that stimulates WIP1 dephosphorylation
exposes pT180, we reasoned that other phosphatases that share a requirement for pT180
accessibility**37434 (Fig. S10), might similarly be stimulated by the dual-action compounds. We
surveyed the subset of inhibitors that had the largest effects with three additional phosphatases:
PPMI1A, a PPM phosphatase related to WIP1 that natively targets p38a2°, DUSP3, a dual
specificity family phosphatase (related to tyrosine phosphatases that targets Ser/Thr and Tyr) that
is capable of dephosphorylating p38a and has been well characterized biochemically*®, as well as
the alkaline phosphatase from shrimp (SAP). The same trends of dephosphorylation stimulation
and inhibition were observed for all of the phosphatases but not to the same extent as seen for
WIP1 (Fig. 5A, S1A & S11A-C). SAP had the largest change in activity upon inhibitor binding,
followed by PPM1A and DUSP3. To determine if this effect was specific for threonine
dephosphorylation, we assayed DUSP3 dephosphorylation of singly tyrosine phosphorylated

T180A_pY in the presence of our five modulating compounds. While the compounds induced

p38a
small changes in dephosphorylation, the direction and magnitude of the effects were distinct
from that for pT180 dephosphorylation of both p38a.-2p and p38aY!82F-pT (Fig. 5B & S11D).
Thus, the modulatory effects of conformation-selective inhibitors on p38a dephosphorylation are

generalizable across phosphatase families, but the magnitude of change is specific to particular

phosphatase/kinase pairs.

Discussion

11
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Here, we have identified dual-action inhibitors of p38a MAP kinase that simultaneously inhibit
the kinase by binding to the active-site and promote inactivation through dephosphorylation of
the activation loop. This dual-action is accomplished by flipping the activation loop to a new
conformation that presents the phospho-threonine for dephosphorylation. These discoveries
provide answers to two longstanding questions: (1) how do phosphatases dephosphorylate their
substrates when the phosphates are shielded from nucleophilic attack? and (2) how can cellular

phosphatases be leveraged to enhance the efficacy of kinase inhibition?

Phosphatases recognize a modification competent state of p38a-2p

How can active p38a-2p be turned off by phosphatases, given that the phosphorylated residues of
the activation loop are inaccessible for nucleophilic attack as observed in X-ray crystal structures
(Fig. S4 & S10)? Our new structures of p38a-2p bound to dual-action phosphatase-stimulating
inhibitors delivered an answer to this puzzle: namely, that these inhibitors shift a pre-existing
equilibrium of the activation loop*’ towards a higher population of a dephosphorylation-
competent state (Fig. 5C). Our biochemical and structural data suggest that this state exposes
pT180 for dephosphorylation in an activation loop flipped conformation (Fig. 2A). While there
are no structures yet of p38a bound to a cognate phosphatase, there exists a structure of
unphosphorylated SnRK2.6 kinase bound to its cognate phosphatase, HAB1 (PDB: 3UJG, a
PPM phosphatase related to WIP1)*. In this complex the activation loop is oriented to project
outwards from the kinase in a related orientation to the flipped activation loop of p38a-2p bound
to dual-action inhibitors, providing a template of how activation loop flipping could position the

target residue for a docked phosphatase (Fig. 5C & S12A).
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Suggestively, a recent cryo-EM structure of the upstream kinase (MKK6PP) trapped in complex
with the substrate analogue p38a'!8V (PDB: 8 A8M), similarly showed the p38a3V activation
loop redirected towards the orientation that we report for p38a-2p bound to dual-action
inhibitors* (Fig. 5C & S12B). Whereas the activation loop conformation in our human apo
p38a-2p structures and the published murine p38a.-2p structure’? are resistant to
dephosphorylation, binding of pexmetinib, BIRB796, or nilotinib shifts the equilibrium towards
states that are dephosphorylation-competent (Fig. 5C). These dephosphorylation-competent
states are similar, yet not identical, to the aforementioned structures of p38a™¥"V and SnRK?2.6
bound to their respective partners. This leads us to postulate that the activation loop of p38a
samples an ensemble of related, but distinct, modification-competent states that determine the
extent to which p38a activation loop is phosphorylated and dephosphorylated (Fig. 5C). Because
conformational flexibility of the activation loop is a general feature of protein kinases?, it is
possible that similar conformational equilibria determine how protein phosphatases target diverse

kinases.

Dual-action kinase inhibitors may increase drug efficacy by leveraging phosphatases

How can cellular phosphatases be leveraged to enhance the efficacy of kinase inhibition? A dual-
action kinase inhibitor such as pexmetinib, nilotinib, or BIRB796 that stimulates
dephosphorylation of its target could achieve increased efficacy. This could be achieved by
increasing the potency or completeness of inhibition, or by blocking aspects of the kinase
mechanism that are phosphorylation dependent but do not require kinase activity. In contrast to

10,11,13

previous approaches that used heterobifunctional molecules , our discovery reveals that

both modes of action can be achieved by a single compound that traps a phosphatase preferred

13


https://doi.org/10.1101/2024.05.15.594272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594272; this version posted August 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

conformational state. This provides a new roadmap to identifying dual-action kinase inhibitors.
Finally, cell-type variability of phosphatase activity profiles raises the possibility that specificity
conferred by such dual-action inhibition mechanism could enable rationally guided identification
of cell-type specific kinase inhibitors. Suggestive that similar dual-action inhibitors may be
identifiable for diverse kinases, inhibitors that trap the activation loop of the MAP kinase ERK2
in an inactive conformation (distinct from the flipped-p38a conformation we observe) stimulate
ERK tyrosine dephosphorylation®®, and some Akt inhibitors block dephosphorylation by trapping

an active state of Akt that occludes the phosphorylated residues®'.

Our finding that nilotinib and pexmetinib stimulate p38a dephosphorylation may provide
examples of the clinical relevance of dual-action inhibition. Initial biochemical kinase screening
identified p38a as a weaker off-target binder of nilotinib (Kq: 460 nM) compared to its primary
target ABL (Kq: 10 nM)*2. However, nilotinib’s side effects correlated with p38 inhibition>?,
which could be exacerbated by its phosphatase interaction. Conversely, nilotinib has been
investigated as a treatment for neurodegenerative diseases including Lewy Body Dementias®*,
Alzheimer’s disease®-¢, and Parkinson's disease®’, with therapeutic benefit attributed to
reduction of inflammation in the brain that could be due to p38 inhibition®. Similarly,
pexmetinib is currently in a phase II clinical trial for solid tumors and it is possible that
interactions with phosphatases in this context could impact clinical outcome. Thus, our discovery
that conformation-selective kinase inhibitors can control phosphatase activity towards their
targets could enable the development of therapeutics with improved efficacy and emphasizes the

importance of determining how kinase conformations control their dephosphorylation.
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Methods

Protein expression constructs

Full length PPM1A, p38a, and DUSP3 were generated by isolation of their respective coding
sequences from HEK 293 genomic DNA and inserted into pET47b vectors with an N-terminal 6-
His tag. Mutations were introduced to the p38a expression construct using the QuikChange site-
directed mutagenesis kit (Agilent). pCDFDuet-MKK6-EE was a gift from Kevin Janes (Addgene
plasmid #82718; http://n2t.net/addgene:82718; RRID: Addgene 82718). The cloning sequence
was inserted into a pET47b vector with an N-terminal 6-His tag. The 1-420 WIP1 construct was
codon optimized by GenScript and was inserted into a pET28b vector with an N-terminal 6-His

SUMO tag.

Protein expression and purification

All proteins were expressed in E. coli BL21 (DE3) cells, were grown at 37 °C in Lennox
lysogeny broth (LB) to an OD600 of 0.6 and induced at 16 °C for 14-18 hours with | mM
isopropyl B-d-1-thiogalactopyranoside (IPTG) unless otherwise specified. Cells were harvested

and purified as followed:

WIPI1
In addition to 1 mM IPTG cells were induced with 2 mM MgCl. Cell pellets were resuspended
in lysis buffer (50 mM Tris-HCI pH 7.4, 500 mM NacCl, 10 mM MgCl, 10% (v/v) glycerol, 1

mM dithiothreitol (DTT)) with 1 mM phenylmethylsulphonyl fluoride (PMSF), 10 ug/mL
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lysozyme and 1:1000 (by volume) benzonase and were lysed using three passes in a
microfluidizer at 10,000 PSI. Cell lysates were cleared by spinning at 16,000 RPM for 45
minutes in an Avanti JA-20 rotor. 10 mM imidazole was added to the cleared lysates. A HisTrap
HP column on an AKTA FPLC was equilibrated with lysis buffer and 6% elution buffer (50 mM
Tris-HCI pH 7.4, 500 mM NaCl, 10 mM MgCl,, 10% (v/v) glycerol, 1 mM DTT, 400 mM
imidazole). Cleared lysates were then run over a HisTrap HP column, washed with 6% elution
buffer for 10 column volumes, and eluted over a gradient to 100% elution buffer over 20 column
volumes. Purity of fractions was analyzed via SDS-PAGE using a 10% Tris-Tricine
polyacrylamide gel stained with Coomassie brilliant blue solution. Protein containing fractions
were pooled and the SUMO-His tags were cleaved with 10 ug per mg total protein of ULP1-R3
protease® in dialysis to lysis buffer overnight at 4 °C. WIP1 was further purified on a Superdex
S200 16/600 column equilibrated with lysis buffer. Fractions were pooled, concentrated to 200
uM and treated with a 5-fold molar excess of EDTA to remove metal. Chelated WIP1 was buffer
exchanged into storage buffer (50 mM Tris-HCI pH 7.4, 500 mM NacCl, 10% glycerol (v/v)),

flash-frozen and stored at -80 °C.

PPMIA, MKK6"E, p38a and p38a mutants

Cell pellets were resuspended in lysis buffer (50 mM HEPES pH 7.5, 200 mM NacCl, 20 mM
imidazole, 10% (v/v) glycerol, 0.5 mM DTT) with 1 mM PMSF and were lysed using three
passes in a microfluidizer at 10,000 PSI. Cell lysates were cleared by spinning at 16,000 RPM
for 45 minutes in an Avanti JA-20 rotor. A HisTrap HP column on an AKTA FPLC was
equilibrated with lysis buffer. Cleared lysates were then run over a HisTrap HP column, washed

with lysis buffer for 10 column volumes, and eluted over a gradient to 100% elution buffer
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elution buffer (50 mM HEPES pH 7.5, 200 mM NacCl, 400 mM imidazole, 10% (v/v) glycerol,
0.5 mM DTT)) over 20 column volumes. Purity of fractions was analyzed via SDS-PAGE using
a 10% Tris-Tricine polyacrylamide gel stained with Coomassie brilliant blue solution. Protein
containing fractions were pooled and the 6-His tags were cleaved with 3C protease at a 1:100
protease to protein molar ratio in dialysis to lysis buffer overnight at 4 °C. Cleaved tags were
subtracted by passing over a column containing Ni-NTA resin equilibrated with lysis buffer.
Proteins were further purified on a Superdex S200 16/600 column equilibrated with FPLC buffer
(50 mM HEPES pH 7.5, 200 mM NaCl, 10% (v/v) glycerol, 2 mM DTT). Fractions were pooled,

concentrated to 500 uM, flash-frozen and stored at -80°C.

DUSP3

Cell pellets were resuspended in lysis buffer (50 mM HEPES pH 7.5, 200mM NaCl, 20 mM
imidazole, 10% (v/v) glycerol, 0.5 mM DTT) with 1| mM PMSF and were lysed using three
passes in a microfluidizer at 10,000 PSI. Cell lysates were cleared by spinning at 16,000 RPM
for 45 minutes in an Avanti JA-20 rotor. A HisTrap HP column on an AKTA FPLC was
equilibrated with lysis buffer. Cleared lysates were then run over a HisTrap HP column, washed
with lysis buffer for 10 column volumes, and eluted over a gradient to 100% elution buffer
elution buffer (50 mM HEPES pH 7.5, 200 mM NacCl, 400 mM imidazole, 10% (v/v) glycerol,
0.5 mM DTT) over 20 column volumes. Fractions containing protein were pooled, concentrated

to 800 uM, flash-frozen and stored at -80°C.
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Compound Source Cat. #
pexmetinib APExBIO (Houston, TX) B6012
nilotinib APExXBIO (Houston, TX) A8232
BIRB796 APExBIO (Houston, TX) A5639
imatinib APExXBIO (Houston, TX) A3487
SD169 APExBIO (Houston, TX) C5850
VX-702 APExXBIO (Houston, TX) A8687
FGA-19 Fisher Scientific (Hampton, NH) 5304860001
SB203580 APExBIO (Houston, TX) AB254
RWIJ67657 APExBIO (Houston, TX) C5316
VX-745 APExBIO (Houston, TX) A8686
TAK-715 APExBIO (Houston, TX) A8688
losmapimod APExBIO (Houston, TX) B4620
SB202190 APExBIO (Houston, TX) A1632
LY2228820 APExBIO (Houston, TX) AS5566
Fluorescein diphosphate, tetra Fisher Scientific (Hampton, NH) 501953367
ammonium salt (FDP)

X-ray crystallography

Crystallization
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p38a was dual phosphorylated by MKK6F using established methods*’. Dual phosphorylation

was verified by the protein intact mass measurements using mass spectrometry.

Crystals of p38a-2p apo were obtained by combining 0.3 pL of 8 mg/mL p38a-2p with 0.3 uL
of 100 mM BIS-TRIS pH 6.5 and 25% polyethylene glycol (PEG) 3350. Crystals were grown in
sitting drops for two weeks at 20 °C. Crystals were harvested and flash-frozen (liquid N2) in 15%

glycerol.

Crystals of p38a-2p bound to pexmetinib were obtained by combining 0.3 pL of 8 mg/mL p38a.-
2p + 250 uM pexmetinib for a final DMSO concentration of 5% with 0.3 pL of 100 mM MES
pH 6.5, 200 mM ammonium sulfate, 4% 1,3-Propanediol, and 30% PEG8000. Crystals were
grown in sitting drops for two weeks at 20 °C. Crystals were harvested and flash-frozen (liquid

N») in 15% glycerol.

Crystals of p38a.-2p bound to nilotinib were obtained by combining 0.3 uL of 8 mg/mL p38a-2p
+ 250 uM nilotinib for a final DMSO concentration of 5% in a 0.3 pL reservoir of 100 mM BIS-

TRIS pH 6.0 and 23% PEG3350. Crystals were grown in sitting drop for two months at 20 °C.

Crystals were harvested and flash-frozen (liquid N») in 15% glycerol.

Crystals of p38a-2p bound to BIRB796 were obtained by combining 0.3 uL of 8 mg/mL p38a.-
2p + 250 uM BIRB796 for a final DMSO concentration of 5% with 0.3 pL reservoir of 100 mM

BIS-TRIS pH 5.5, 200 mM ammonium sulfate, and 25% PEG3350. Crystals were grown in
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sitting drops for two weeks at 20°C. Crystals were harvested and flash-frozen (liquid N2) in 15%

glycerol.

Crystals of p38a bound to pexmetinib were obtained by combining 0.3 pL of 8 mg/mL p38a +
250 pM pexmetinib for a final DMSO concentration of 5% in a 0.3 pL reservoir of 100 mM
MES pH 6.0, 200 mM ammonium sulfate, 4% 1,3-Propanediol, and 20% PEG6000. Crystals
were grown in sitting drops for two weeks at 20 °C. Crystals were harvested and flash-frozen

(liquid N») in 15% glycerol.

Data collection and processing

Cryogenic (100 K) X-ray diffraction data of single crystals were collected at Advanced Light
Source (Lawrence Berkeley National Laboratory) at beamlines 2.0.1 (p38a.-2p and pexmetinib-
p38a-2p) and 8.2.2 (nilotinib-p38a-2p, BIRB796-p38a-2p and pexmetinib-p38a). The data
were integrated with XDS%, scaled and merged in Aimless®!, and data quality was assessed using
Xtriage (Phenix)%2. Structures of p38a-2p and pexmetinib-p38a-2p were solved by molecular
replacement using Phaser (Phenix)% utilizing as a search model chain A of 3PY3 (murine p38a.-
2p). Initial phases for nilotinib-p38a-2p, BIRB796-p38a-2p and pexmetinib-p38a were obtained

using pexmetinib-p38a-2p as a search model.

Refinement and model building
Refinement and manual model building were performed using phenix.refine (Version 1.20.1)%
and Coot, respectively. Models were validated using MolProbity®®. Figures of structure models

were created using ChimeraX®’.
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Phosphatase assays

All phosphatase assays were performed with p38a.-2p that was labeled with *?P by incubating
p38a (25 uM), 6His-MKK6EE (0.625 uM), and 20 uCi of y-32P ATP for 6-8 hours at room
temperature in 20 mM HEPES pH 7.5, 0.5 mM EDTA, 20 mM MgClz, 2 mM DTT. Following
initial incubation, excess cold ATP was added for a final concentration of 12 mM and was
incubated overnight. This results in dual-phosphorylated p38a with the 3P; nearly exclusively
incorporated on T180. Unincorporated nucleotide was removed by buffer exchange using a Zeba
spin column equilibrated in 50 mM HEPES pH 7.5, 100 mM NaCl. 6His-MKK 6% was then
removed by Ni-NTA resin equilibrated in 50 mM HEPES pH 7.5, 100 mM NaCl, 20 mM
imidazole. The flow-through fraction from the Ni-NTA resin containing **pT180 labeled p38a.-
2p was then exchanged into 50 mM HEPES pH 7.5, 100 mM NacCl buffer using 3 subsequent
Zeba spin columns to remove all unincorporated nucleotide and free phosphate. *pT180 labeled

p38a-2p was aliquoted and frozen at -80°C for future use.

All phosphatase assays were analyzed using the following exponential decay equation:
y=b+ (a—b)7k

With a being the y-intercept, b being the baseline, k being the kobs, and t being time

WIPI and PPM1A4
All WIP1 phosphatase assays were performed at room temperature in 50 mM HEPES pH 7.5, 0.8
mM CHAPS, 0.05 mg/mL BSA, and 15 mM MnCl,. WIP1 concentration was 2.5 uM, PPM1A

concentration was 0.5 uM and **pT180 labeled p38a-2p was 0.25 uM unless otherwise stated.
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1.25 uM p38a inhibitors were added to reactions at a 5% final DMSO concentration immediately
before the start of the reaction. Reactions were stopped with 0.5 M EDTA pH 8.0 and run on
PEI-Cellulose TLC plates developed in 1 M LiClz and 0.8 M acetic acid and imaged on a
Typhoon scanner. Phosphatase assays were performed more than three independent times as

separate experiments.

DUSP3

All DUSP3 phosphatase assays were performed in 50 mM HEPES pH 7.5 and 100 mM NacCl.
Reactions were stopped with SDS and run on PEI-Cellulose TLC plates run through water then
developed in 1 M LiCl; and 0.8 M acetic acid and imaged on a Typhoon scanner. Phosphatase
assays were performed more than three independent times as separate experiments. Data shown
in figures is from a single representative experiment, and reported errors are the error from the fit
unless indicated otherwise. Reactions with p38a-2p were run at 37 °C with 50 uM DUSP3 and
0.25 uM *pT180 labeled p38a-2p. 1.25 uM p38a inhibitors were added to reactions at a 5%
final DMSO concentration immediately before the start of the reaction. Reactions with 32pY182
labeled p38a™¥92-pY were run at room temperature with 15 uM DUSP3 and 0.25 uM 3*pY'182
labeled p38a'¥%4-pY. 1.25 uM p38a inhibitors were added to reactions at a 5% final DMSO

concentration immediately before the start of the reaction.

SAP
All SAP phosphatase assays were performed at 37 °C in 1x SAP reaction buffer. SAP
concentration was 1 unit per 5 uL reaction and **pT180 labeled p38a-2p concentration was 0.25

puM. 1.25 uM p38a inhibitors were added to reactions at a 5% final DMSO concentration
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immediately before the start of the reaction. Reactions were stopped with SDS and run on PEI-
Cellulose TLC plates run through water then developed in 1 M LiCl, and 0.8 M acetic acid and
imaged on a Typhoon scanner. Phosphatase assays were performed more than three independent
times as separate experiments. Data shown in figures is from a single representative experiment,

and reported errors are the error from the fit unless indicated otherwise.

Fluorescein diphosphate phosphatase assay

All FDP reactions were performed at 25 °C in a Corning 3573 384-well black flat bottom plate in
50 mM K HEPES pH 7.5, 0.8 mM CHAPS, 0.05 mg/mL BSA, 10 mM MnCl,, 30 nM WIP1 and
50 uM FDP. 1.25 uM p38a inhibitors were added at a final DMSO concentration of 5%
immediately before the start of the reaction. Fluorescence (Aex: 470 nm Aem: 530 nm) was read on

a plate reader taking timepoints every 30 seconds at a constant temperature of 25 °C.
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Figure 1: p38a inhibitors modulate dephosphorylation of p38a by WIP1
phosphatase. (A) Schematic depicting p38a inhibitors changing activation loop (A-loop)
conformation (apo orange and blue drug bound), leading to a change in phosphatase
activity on phosphorylated p38a MAP Kinase. Phosphorylation sites are depicted as
yellow spheres on activation loop cartoon. (B) Fold change in single turnover WIP1
phosphatase activity (kobs (Min')) in the presence of inhibitors relative to a DMSO
treated control (error is the propagated error of the fit). Data for the compounds that
caused the largest effects are shown in (C). Observed rates were obtained from single
turnover reactions (kobs (mMin-')) of p38a (0.25 uM) dephosphorylation at pT180 by WIP1
(2.5 yM) in the absence or presence of excess p38a inhibitors (1.25 yM). Data are fit to
an exponential decay (see methods section) (error on datapoints are + 1 SD from an
n=3). Inset depicts the first 20 minutes of the reaction. (D) kobs from panel C shown as
bar graphs (kobs were averaged from an n=3 + 1 SD).
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Figure 2: Dual-action p38a inhibitors induce an activation loop conformation that
exposes pT180 for dephosphorylation. (A) Overlay of X-ray crystal structure of
human apo p38a-2p (orange; PDB: 9CJ2) and pexmetinib bound human p38a-2p (dark
blue; PDB: 9CJ3) emphasizing activation loop (A-loop, solid colors) and phosphorylation
site rearrangements (shown as sticks). Left zoom shows pexmetinib mediated A-loop
conformation and coordination of pY182. Note that pT180 is unresolved, likely due to
flexibility. Right zoom shows apo p38a-2p A-loop and coordination of pT180 and pY182.
Light blue dotted lines indicate hydrogen bonds to the phosphate group in both zooms.
(B) Activation loop of p38a-2p bound pexmetinib (dark blue). Light blue dotted lines
indicate hydrogen bonding of pexmetinib to D168 (DFG motif). (C) Activation loop of
p38a-2p (orange) overlayed with pexmetinib from the bound structure to emphasize the
clash of pexmetinib with F169. In all structures, oxygen, nitrogen, phosphorous and
fluorine atoms are colored red, blue, orange and light green, respectively. Crystal

contacts are illustrated in Fig. S13.
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Figure 3: pY182 coordination in BIRB796-p38a-2p is structurally similar yet less
stable than in pexmetinib-p38a-2p. (A) Overlay of BIRB796-p38a-2p (light blue; PDB:
9CJ4) and pexmetinib-p38a-2p (white, pexmetinib in dark blue; PDB: 9CJ3). D168 and
F169 are shown as sticks and pY182 is shown as spheres and sticks. (B) Chemical
structures of pexmetinib and BIRB796. (C) Interactions of pexmetinib (left; white and
dark blue) and BIRB796 (right; white and light blue) with D168 and F169 (DFG motif)
are shown in sticks with the hydrogen bond of the ligand to D168 shown as light blue
dashes and (D) as spheres representing stacking and van der Waals interactions. (E)
Zoom of linker and aD-helix region of BIRB796-p38a-2p (light blue) and pexmetinib-
p38a-2p (white and dark blue). Dashed lines indicate regions that lacked electron
density indicating increased flexibility for the BIRB796-p38a-2p structure. In all
structures, oxygen, nitrogen, phosphorous and fluorine atoms are colored red, blue,
orange and light green, respectively. Crystal contacts are illustrated in Fig. S13.
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Figure 4: Tyrosine 182 phosphorylation is not required for stimulation of WIP1. (A)
Dephosphorylation of p38aY'82F-pT by WIP1 performed under single turnover
conditions: 2.5 yM WIP1 with 0.25 uM single threonine phosphorylated p38a¥'82F-pT in
the absence or presence of excess p38a inhibitors (1.25 yM). Data were fit to an
exponential decay (see methods section, n=2 * error of the fit). (B) Bar graph of rates
derived from panel A (n=2 + error of the fit) with kobs of p38a-2p pT180
dephosphorylation by WIP1 (Fig. 1D) shown as translucent bars for reference. (C) X-ray
crystal structure of unphosphorylated p38a bound to pexmetinib (dark blue; PDB: 9CJ5)
overlayed with p38a-2p bound to pexmetinib (white; PDB: 9CJ3), showing a similar
activation loop conformation. (D) Zoom in of pexmetinib-p38a activation loop (white)
showing coordination of Y182. (E) Zoom in of pexmetinib-p38a-2p activation loop (dark
blue) showing coordination of pY182. In all structures, blue dashes indicate hydrogen
bonding and oxygen, nitrogen, phosphorous and fluorine atoms are colored red, blue,
orange and light green, respectively. Crystal contacts are illustrated in Fig. S13.


https://doi.org/10.1101/2024.05.15.594272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594272; this version posted August 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 5
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Figure 5: p38a exists in a conformational equilibrium that facilitates
dephosphorylation by multiple phosphatases.

(A) Comparisons of p38a-2p (0.25 uM) dephosphorylation rates by PPM1A (0.5 uM),
DUSP3 (50 yM), and SAP (1 uM) in the presence of excess inhibitors (1.25 uM) as fold
change compared to a DMSO control (error displayed is the propagated error of the fit).
Comparable relative rates of p38a-2p dephosphorylation by WIP1 (Fig. 1B) are shown
as translucent background bars on each plot as a reference. (B) Comparisons of pY182
of p38aT'8%.-pY (0.25 uM) dephosphorylation rates by DUSP3 (15 uM) in the presence
of excess inhibitor (1.25 yM) compared to a DMSO control (error displayed is the
propagated error of the fit (n=2)). (C) Model proposing a conformational equilibrium
between modification resistant (human apo p38a-2p; PDB: 9CJ2) with inaccessible
phosphorylation states, and modification competent states that represent exposed
phosphorylation sites (pexmetinib-p38a-2p (PDB: 9CJ3), HAB1-SnRK2.6, HAB1 not
shown (PDB: 3UGJ), and MKK6PP-p38a™'8%V MKK6PP not shown (PDB: 8A8M)).
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Phosphatase | p38a variant Ligand Rate (min')
WIP1 p38a-2p none (DMSO)| 0.086+0.007
WIP1 p38a-2p ATP 0.075+0.006
WIP1 p38a-2p pexmetinib 0.852+0.03
WIP1 p38a-2p nilotinib 0.408+0.03
WIP1 p38a-2p BIRB796 0.189+0.01
WIP1 p38a-2p Imatinib 0.099+0.01
WIP1 p38a-2p SD169 0.083+0.01
WIP1 p38a-2p VX-702 0.062+0.005
WIP1 p38a-2p FGA-19 0.083+0.01
WIP1 p38a-2p SB203580 | 0.045+0.003
WIP1 p38a-2p RWJ67657 0.078+0.008
WIP1 p38a-2p VX-745 0.048+0.004
WIP1 p38a-2p TAK-715 0.050+0.005
WIP1 p38a-2p losmapimod | 0.051+0.007
WIP1 p38a-2p SB202190 | 0.012+0.001
WIP1 p38a-2p LY2228820 | 0.011+0.001
WIP1 p38aY'®F-pT [none (DMSO)| 0.043+0.002
WIP1 p38aY'#F-pT | pexmetinib 0.178+0.02
WIP1 p38aY'eF-pT nilotinib 0.179+0.01
WIP1 p38aY'eF-pT BIRB796 0.102+0.02
WIP1 p38a’'8F-pT | LY2228820 | 0.009+0.001

PPM1A p38a-2p none (DMSO)| 0.283+0.03
PPM1A p38a-2p pexmetinib 0.634+0.05
PPM1A p38a-2p nilotinib 0.453+0.03
PPM1A p38a-2p BIRB796 0.351+0.06
PPM1A p38a-2p SB202190 | 0.105+0.005
PPM1A p38a-2p LY2228820 | 0.065+0.005
DUSP3 p38a-2p none (DMSO)| 0.006+0.0006
DUSP3 p38a-2p pexmetinib | 0.012+0.001
DUSP3 p38a-2p nilotinib 0.007+0.0007
DUSP3 p38a-2p BIRB796 | 0.008+0.0007
DUSP3 p38a-2p SB202190 | 0.004+0.0005
DUSP3 p38a-2p LY2228820 | 0.005+0.0003
SAP p38a-2p none (DMSO)[  0.110+0.02
SAP p38a-2p pexmetinib 0.618+0.05
SAP p38a-2p nilotinib 0.344+0.03
SAP p380-2p BIRB796 0.409+0.03
SAP p380-2p SB202190 | 0.070+0.007
SAP p38a-2p LY2228820 | 0.056+0.005
DUSP3 p38aT1eoApy |none (DMSO)| 0.034+0.009
DUSP3 p38a™eApY | pexmetinib | 0.047+0.006
DUSP3 p38aT18%ApY nilotinib 0.014+0.002
DUSP3 p38aT1eA-pY BIRB796 0.019+0.002
DUSP3 p38aT®Apy | SB202190 | 0.016+0.003
DUSP3 p38aTieApY | LY2228820 | 0.043+0.004
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Figure S1: Single turnover kinetics compiled rates. (A) Table of compiled rates (Kobs
(min"))  error of the fit from data shown in Figures 1, 4, 5, and S11. (B) Multiple
turnover kinetics of fluorescein diphosphate (FDP; 50 uM) hydrolysis by WIP1 (30 nM)
in the absence and presence of 1.25 yM inhibitors showing no change in WIP1 activity
toward a generic substrate with the addition of p38a inhibitors. Data is shown as the fold
change in kobs in the presence of inhibitors relative to a DMSO treated control (kobs were

averaged from an n=3 * propagated 1 SD)
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Figure S2: Chemical structures of all compounds. Chemical structures of
compounds tested in Fig 1B.
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Figure S3: MKKG6EE preferentially phosphorylates T180 in p38a and WIP1
dephosphorylates only pT180 in p38a-2P. (A) Time course of WIP1 (2.5 yM)
catalyzed p38a-2p (0.25 uM) dephosphorylation. Reaction is visualized on a TLC plate
over time. p38a-2p (radioactively labelled pT180, with 32P) substrate is seen on the
bottom and radioactive free phosphate (*2P;) is the product at the top of the TLC plate
(left panel). Time points in red are shown on a western blot on the right, probed for
phospho-tyrosine, showing no phospho-tyrosine dephosphorylation over the reaction
time course. This indicates that the sequential addition of sub saturating y-°P ATP
followed by excess cold ATP during the phosphorylation reaction by MKK6EE results in a
sample of p38a-2p which is radioactively labeled exclusively on pT180. Therefore, the
measured rates in Fig. 1B-D of p38a-2p dephosphorylation are p38a-pT (radioactive
pT180, with 32P) in the context of p38a-2p. (B) Dephosphorylation of p38a™8%A-pY (0.25
UM, radioactive Y182, with 32P) by WIP1 (2.5 uM) in the absence (left) or presence
(right) of excess pexmetinib (1.25 uM) shown on a TLC plate over time. p38a™8A-pY
(with 32P) substrate is seen on the bottom and radioactive free phosphate is the product
at the top of the TLC plate. WIP1 cannot dephosphorylate p38aY'82F-pT (with 32P). (C)
Dephosphorylation of p38aY'82F-pT (0.25 uM with 32P) by WIP1 (2.5 uM) in the absence
(left) or presence (right) of excess pexmetinib (1.25 pM) shown on a TLC plate over
time. p38a"'82F-pT (with 32P) is seen on the bottom and radioactive free phosphate is

the product at the top of the TLC plate.
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Supplemental Figure 4
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Figure S4: p38a-2p phosphorylation sites are inaccessible to nucleophilic attack.
(A-C) Surface representation of human p38a-2p chain A (A) and chain B (B) (PDB:
9CJ2) and murine p38a-2p (PDB: 3PY3) showing buried phospho-sites inaccessible for
nucleophilic attack by a phosphatase. In all structures, oxygen, nitrogen, phosphorous
and fluorine atoms are colored red, blue, orange and light green, respectively. Crystal

contacts are illustrated in Fig. S13.
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Figure S5: Activation loops of ligand bound p38a structures are resolved
differently. 2F,-F. electron density (grey mesh; contoured at 1 o within 1.5 A within
selection) of (A) pexmetinib (PDB: 9CJ3) (B) BIRB796 (PDB: 9CJ4) and (C) nilotinib
(PDB: 9CJ1). (D) 2F.-F: electron density (grey mesh; contoured at 1 o within 1.5 A
within selection) of activation loop (167-184) in p38a-2p bound to pexmetinib model
(dark blue; PDB: 9CJ3). (E) 2F,-F. electron density (grey mesh; contoured at 1 o within
1.5 A within selection) of activation loop (167-184) in p38a-2p bound to BIRB796 model
(light blue; PDB: 9CJ4). (F) 2F.-F. electron density (grey mesh; contoured at 1 o within
1.5 A within selection) of activation loop (167-184) in p38a-2p bound to nilotinib model
(pink; PDB: 9CJ1). In all structures, oxygen, nitrogen, phosphorous and fluorine atoms
are colored red, blue, orange and light green, respectively. Crystal contacts are
illustrated in Fig. S13.


https://doi.org/10.1101/2024.05.15.594272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594272; this version posted August 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplemental Figure 6

A
B.
@
O )
2
F169>
A185§
C.

BIRB796-p38a (PDB: )
pexmetinib-p38a-2p (PDB: 9CJ3)


https://doi.org/10.1101/2024.05.15.594272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594272; this version posted August 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure S6: Pexmetinib binding to p38a-2p is similar to known binding of BIRB796
to unphosphorylated p38a. (A) Overlay of previously published crystal structure of
unphosphorylated human p38a bound to BIRB796 (light blue; PDB: 1KV2) and our
structure of dual phosphorylated human p38a bound to pexmetinib (white; PDB: 9CJ3)
showing a similar binding mode between the two ligands, including missing electron
density for BIRB796-p38a (residues 170-184) and pexmetinib-p38a-2p (residues 176-
180). Phospho-tyrosine in the pexmetinib-p38a-2p is shown as sticks. Zoom depicts the
ligand binding site and activation loop of (B) BIRB796-p38a and (C) pexmetinib-p38a-
2p. In all structures, oxygen, nitrogen, phosphorous and fluorine atoms are colored red,
blue, orange and light green, respectively. Crystal contacts are illustrated in Fig. S13.
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Supplemental Figure 7
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Figure S7: BIRB796 and nilotinib bound p38a-2p structures form a disulfide bond
previously described. (A) Overlay of p38a-2p bound to BIRB796 (light blue; PDB:
9CJ4), bound to nilotinib (pink; PDB: 9CJ1), and bound to SB203580 (white; PDB:
8ACM). Disulfide bond between C119 and C162 is shown in yellow as spheres. (B)
Isolated overlay of the activation loop and linker region containing the disulfide bond
(yellow). In all structures, oxygen, nitrogen, phosphorous and fluorine atoms are colored
red, blue, orange and light green, respectively. Crystal contacts are illustrated in Fig.
S13.
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Figure S8: p38a activation loop flip is observed in existing phosphorylated p38a
structure. (A) Overlay of X-ray crystal structures of p38a-2p bound pexmetinib (dark
blue; PDB: 9CJ3) with p38a-2p bound to DP802 (white and green; PDB: 3NNX). pY182
residue in both structures is shown as sticks. (B) Chemical structures of pexmetinib and
DP802. (C) Zoom in of overlayed linker and aD-helix region showing greater flexibility in
the DP802-p38a-2p structure (white and green) indicated by a lack of order compared
to the pexmetinib-p38a-2P (white and dark blue). In all structures, oxygen, nitrogen,
phosphorous and fluorine atoms are colored red, blue, orange and light green,
respectively. Crystal contacts are illustrated in Fig. S13.
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Supplemental Figure 9
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Figure S9: p38a activation loop flip is observed in an unphosphorylated p388
structure. (A) Overlay of X-ray crystal structures of p38a-2p bound nilotinib (pink; PDB:
9CJ1) with p38B bound nilotinib (white; PDB: 3GPO0). Y182 (white) and pY182 (pink) are
shown as sticks. (B) Zoomed in structure of nilotinib-p38a-2p structure (pink; PDB:
9CJ1) showing coordination of nilotinib through hydrogen bonding with D168 (blue
dashed line). (C) Interaction of activation loop in p38a-2p bound to (C) pexmetinib
(PDB: 9CJ3), (D) BIRB796 (PDB: 9CJ4), and (E) Nilotinib (PDB: 9CJ1). In all panels,
hydrogen bonds are shown as light blue dashes. In all structures, oxygen, nitrogen,
phosphorous and fluorine atoms are colored red, blue, orange and light green,
respectively. Crystal contacts are illustrated in Fig. S13.
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Figure S10: p38a-2p phosphorylation sites are inaccessible to phosphatases. (A)
Surface representation of human p38a-2p chain A (PDB: 9CJ2) showing the
phosphorylation sites (pT180 and pY182) are inaccessible to phosphatases. (B-G)
Surface representation of various families of phosphatases that target kinases. White
arrow indicating their active sites that are all inside of pockets. The active sites are
occupied by the following: (B) two magnesium ions (C) phosphate ions, (D) ATPyS, (E)
small molecule inhibitor SA3, (F) magnesium (green sphere) and sulfate ion (yellow
sphere), and (G) a sulfate ion. In all structures, oxygen, nitrogen, phosphorous and
fluorine atoms are colored red, blue, orange and light green, respectively. Crystal

contacts are illustrated in Fig. S13.
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Figure S11: p38a dephosphorylation rates differ between phosphatases
Experimental data from which the rates were derived for the bar graphs in Fig. 5A-B. (A-
C) Single turnover kinetics of p38a-2p (0.25 yM) dephosphorylation by (A) PPM1A (0.5
u M), (B) DUSP3 (50 uM), and (C) SAP (1 uM), in the absence or presence of excess
inhibitor (1.25 pM). (A) PPM1A was measured at room temperature while (B) DUSP3
and (C) SAP were measured at 37 °C to increase rate of dephosphorylation. All data is
fit to an exponential decay (see methods section, n=2 + error of the fit). (D) Single
turnover kinetics of p38aT'8%A-pY (0.25 uM) dephosphorylation by DUSP3 (15 uM) in the
absence or presence of excess inhibitor (1.25 yM) conducted at room temperature. All
data is fit to an exponential decay (see methods section, n=2 + error of the fit).
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Supplemental Figure 12
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Figure S12: Activation loop shift is required for phosphorylation and
dephosphorylation of the activation loop phospho-sites in kinases. (A) PPM plant
phosphatase HAB1 (green) bound to unphosphorylated SnRK2.6 kinase (white; A-loop
in black) (PDB: 3UJG). S171 and S175 of SnRK2.6 are shown as spheres and sticks in
green. (B) Ser/Thr kinase MKK6PP (pink) bound to unphosphorylated p38a'8V (white;
A-loop in black) (PDB: 8A8M). Y182 and T180V of p38a are shown as sticks in pink. In
all structures, oxygen, nitrogen, phosphorous and fluorine atoms are colored red, blue,

orange and light green, respectively.
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Figure S13: All crystal structures have distinct crystal contacts. Crystal contacts of
each chain are highlighted in an associated color. Phosphorylation sites (pT180 and
pY182) are shown as sticks. (A) Mouse p38a-2p (purple; PDB: 3PY3) Yellow stars
indicate the two residues unique to mouse p38a compared to human p38a. H28 (top) is
a crystal contact and A263 (bottom) is adjacent to a crystal contact. (B) Human p38a-2p
chain A (orange; PDB: 9CJ2). (C) Human p38a-2p chain B (orange; PDB: 9CJ2). (D)
Human p38a-2p bound pexmetinib (dark blue; PDB: 9CJ3). (E) Human p38a-2p bound
BIRB796 (light blue; PDB: 9CJ4). (F) Human p38a-2p bound nilotinib (pink; PDB:
9CJ1). (G) Human p38a bound pexmetinib (dark blue; PDB: 9CJ5). In all structures,
oxygen, nitrogen, phosphorous and fluorine atoms are colored red, blue, orange and

light green, respectively.
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Table S1: X-ray structures data collection and refinement statistics
Statistics for the highest-resolution shell are shown in parentheses.
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pexmetinib- BIRB796- nilotinib- pexmetinib-
p38a-2P p38a-2P p38a-2P p38a-2P p38a-0P
PDB-ID 9CJ2 9CJ3 9CJ4 9CJ1 9CJ5
Resolution 47.04-2.83 | 50.01-1.95 49.64-1.8 45.74-1.8 31.72-3.301
range (2.86-2.82) (2.01-1.95) (1.84-1.8) (1.86-1.8) (4.16-3.3)
Space group P22121 C121 C121 P1211 P 41
Unit cell 45.59 96.30 | 88.274 63.056 | 87.206 62.719 | 38.137 67.195 | 44.855 44.855
220.199090 | 90.581 90 91.413 90 63.016 90 | 215.906 90 90
90 111.52 90 111.39 90 97.8 90 90
Total reflections 151877 113063 283299 192213 89420
(20849) (8337) (17198) (11857) (18842)

Unique
reflections 26902 (2606) | 33195 (3012) | 42440 (2812) | 29069 (2635) 6362 (6175)
Multiplicity 6.2 (6.0) 3.4 (3.6) 6.7 (6.9) 6.6 (6.8) 13.9 (14.3)
Completeness
(%) 99.59 (98.04) | 97.90 (97.22) | 99.39(99.65) | 99.19(99.51) | 99.48 (99.25)
Mean I/sigma | 7.8 (0.8) 7.2(2.1) 13.1 (1.6) 15.2(1.2) 10.6 (0.7)
R-merge 0.138 (2.743) | 0.076 (0.507) | 0.097 (1.208) | 0.054 (1.436) | 0.222 (4.263)
CC1/2 0.996 (0.290) | 0.997 (0.767) | 0.998 (0.647) | 0.999 (0.636) | 0.999 (0.362)
Reflections
used in
refinement 26902 (2606) | 33195 (3012) | 42440 (2812) | 29069 (2635) 6362 (3175)
Reflections
used for R-free 1338 (1220) 1609 (128) 2161 (164) 1477 (138) 307 (154)
R-work 0.288 0.153 0.1707 0.1859 0.2487
(0.4793) (0.1956) (0.2712) (0.3268) (0.3684)
R-free 0.318 0.1984 0.2052 0.2317 0.2687
(0.5352) (0.2373) (0.3167) (0.3601) (0.3978)
Number of non-
hydrogen atoms 5589 3431 3488 2969 2759
Macromolecules 5573 2911 2992 2752 2697
Ligands 11 122 122 63 62
Solvent 5 398 374 154 0
Protein residues 685 344 336 331 334
RMS (bonds) 0.003 0.013 0.01 0.006 0.53
RMS (angles) 0.61 1.38 1.37 0.8 8.28
Ramachandran
favored (%) 94.39 97.93 98.47 96.89 94.3
Ramachandran
allowed (%) 5.31 2.07 1.53 3.1 5.06
Ramachandran
outliers (%) 0.30 0 0 0 0.63
Rotamer
outliers (%) 0.66 0.93 1.14 1.99 0
Clashscore 4.66 5.47 6.28 5.7 5.84
Average B-
factor 118.57 31.9 29.014 47.27 152.52
Macromolecules 118.61 30.44 27.14 46.98 153.16
Ligands 110.44 31.98 40.9 50.36 124.86
Solvent 86.67 42.54 40.41 51.26 -
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