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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 p38α ΜΑP 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 p38α dephosphorylation. Our 

X-ray crystal structures of phosphorylated p38α 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 p38α 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 

differentiation1,2. 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 

network3–5. 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 years6–9. 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 site7. Targeting phosphatases has been even more challenging due to their lack of a 
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traditionally druggable pocket and the fact that phosphatase activation, rather than inhibition, is 

advantageous for many therapeutic applications9. 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 compounds10,11, compounds that 

stabilize phosphatase/adapter complexes12, or a transgenic affinity-tagged phosphatase13. 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 protein10. 

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 peptide14. 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 kinase6,8,15. 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 p38α, which is a critical regulatory node for DNA damage response 

and inflammatory pathways16–19, to test whether conformationally selective kinase inhibitors 

modulate activation loop dephosphorylation. p38α is activated by dual-phosphorylation of its 

activation loop (p38α-2p) on threonine (pT180) and tyrosine (pY182) residues. T180 

phosphorylation stimulates kinase activity more than 1,000-fold and is sufficient for kinase 

activity in cells, whereas Y182 phosphorylation primarily controls autophosphorylation and 

contributes two- to ten-fold towards activity20,21. In the cell, p38α phosphorylation is controlled 

by upstream kinases, autophosphorylation, and a suite of protein phosphatases18, including 

serine/threonine phosphatases WIP122–24, PPM1A25, and PP2A26–29 as well as tyrosine 

phosphatases (PTPs)30, and dual-specificity phosphatases (DUSPs)22. Because p38α activation 

controls cell-death pathways that drive cancer progression and inflammatory responses that 

cause diseases including myocardial ischemia and neurodegeneration, diverse p38α-specific 

ATP-competitive inhibitors have been identified and studied in the clinic31,32. 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 p38α inhibitors that stimulate threonine 

dephosphorylation of the p38α activation loop by WIP1. Our X-ray crystal structures reveal that 
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these compounds favor an activation loop flipped conformation of p38α 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 p38α 

dephosphorylation, we controlled the activation loop conformational state by binding dual-

phosphorylated p38α (p38α-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 p38α and has been implicated in 

oncogenesis23. 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 LY2228820, that each 

decreased the rate of dephosphorylation 7-fold (Fig. 1B-D, S1A, S2 & S3). To confirm that the 

compounds act through binding to p38α-2p, we measured WIP1 hydrolysis of the generic 

substrate fluorescein-diphosphate in the presence of the inhibitors (Fig. S1B) and observed no 

change in hydrolysis rate, indicating that they do not directly control WIP1 activity. Therefore, 

we conclude that conformation-selective p38α inhibitors can modulate the rate of WIP1 

catalyzed p38a dephosphorylation. Furthermore, we identify two compounds, pexmetinib and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


 6 

BIRB796, that directly inhibit p38α kinase activity and promote p38α 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 p38α-2p is stimulated by dual-action inhibitors, 

we solved X-ray crystal structures of human p38α-2p in unliganded- and pexmetinib-bound 

states (Fig. 2; PDB: 9CJ2 & 9CJ3, respectively & Table S1). In the unliganded form, the two 

chains of our p38α-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-2p33 (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 water34–37 (Fig. 2A & S4). 

 

In our pexmetinib-bound structure of p38α-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-p38α-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 pY182 makes hydrogen bonds to the sidechains of R186 and 

H174, and the backbone of T175 (Fig. 2A). The side chain of R186, which coordinates pY182 in 

our apo structures, is flipped in murine apo p38α-2p to the position we detected in our human 

pexmetinib-bound p38α-2p (Fig. 2A), suggesting that coordination of the phosphate is flexible. 

Our results suggest that pexmetinib promotes p38α 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 p38α-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 pY182 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 

p38α that showed a fully disordered activation loop38 (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 pY182 by H174 and T175, which are not 

resolved in the electron density maps of the BIRB796-p38α-2p structure (Fig. S5E).  

Because BIRB796 and pexmetinib only differ in the portion of the molecule that docks in the 

ATP binding site of p38α (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-
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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 αD-helix that follows is ordered and 

resolved in the structure of p38α-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-p38α-2p (Fig. 3E). Additionally, the αD-helix is unwound 

and there is a disulfide bond between C119 and C16239 (Fig. S7). Together, our results reveal that 

activation loop flipping promotes dephosphorylation of p38α-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 p38α 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 p38α-2p, we performed a DALI search40. 

This revealed a structure of human p38α-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. S8A-B; PDB: 3NNX, RMSD 0.4 Å to pexmetinib-p38α-2p)41. 

Similar to the case of BIRB796 bound to p38α-2p, H174 and T175 do not coordinate the 

phosphate of pY182 and the αD-helix is disordered (Fig. S8A & C). Although DP802 was not 

commercially available for phosphatase assays, the authors noted that p38α-2p phosphorylation 

decreased in human cells treated with DP802 indicating a potential increase in cellular 

phosphatase activity41. 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 p38α dephosphorylation to some extent. 

 

A search of deposited kinase structures using KinCoRe42 revealed one additional structure with a 

similar activation loop conformation: unphosphorylated human p38β bound to the ABL inhibitor 

nilotinib (Tasigna, PDB:3GP0, p38β shares 73.6% sequence identity to p38α). Based on this 

observation, we solved a structure of nilotinib-p38α-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 p38α-2p 5-fold 

(Fig. 1B-D & S1A & B). Thus, we conclude that nilotinib is a third dual-action inhibitor of p38α 

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 p38α-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 p38β (Fig. S9A) and 

that the coordination of the phosphate of pY182 is variable in our three structures of inhibitor-

bound p38α-2p (Fig. S9C-E) raises the question of whether tyrosine phosphorylation is required 

for dual-action inhibition of p38α. We therefore tested whether our three dual-action compounds 

stimulate WIP1 dephosphorylation of singly threonine phosphorylated p38αY182F-pT (Fig. 4A-B 

& S1A). Suggestive of a contribution of pY182 to dephosphorylation, WIP1 dephosphorylation 

of unliganded p38αY182F-pT was 2-fold slower than for p38α-2p. While the stimulatory effects of 

BIRB796 and nilotinib on WIP1 dephosphorylation of p38αY182F-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 p38α 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-p38α revealed that the 

unphosphorylated activation loop is flipped, with Y182 similarly positioned as pY182 (Fig. 4C-E 

& Table S1; PDB: 9CJ5). However, the resolution of the pexmetinib-p38α structure was 

significantly lower than for pexmetinib-p38α-2p, indicative of increased conformational 

flexibility. Together, we conclude that tyrosine phosphorylation promotes, but is not required for, 

pexmetinib-induced presentation of the p38α phospho-threonine for dephosphorylation by WIP1. 
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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 

accessibility34,37,43–45 (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: 

PPM1A, a PPM phosphatase related to WIP1 that natively targets p38α25, DUSP3, a dual 

specificity family phosphatase (related to tyrosine phosphatases that targets Ser/Thr and Tyr) that 

is capable of dephosphorylating p38α and has been well characterized biochemically46, 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 

p38αT180A-pY in the presence of our five modulating compounds. While the compounds induced 

small changes in dephosphorylation, the direction and magnitude of the effects were distinct 

from that for pT180 dephosphorylation of both p38a-2p and p38αY182F-pT (Fig. 5B & S11D). 

Thus, the modulatory effects of conformation-selective inhibitors on p38α dephosphorylation are 

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

phosphatase/kinase pairs.  

 

Discussion 
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Here, we have identified dual-action inhibitors of p38α 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 p38α-2p 

How can active p38α-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 loop47 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 p38α 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)48. In this complex the activation loop is oriented to project 

outwards from the kinase in a related orientation to the flipped activation loop of p38α-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 (MKK6DD) trapped in complex 

with the substrate analogue p38αT180V (PDB: 8A8M), similarly showed the p38αT180V activation 

loop redirected towards the orientation that we report for p38α-2p bound to dual-action 

inhibitors49 (Fig. 5C & S12B). Whereas the activation loop conformation in our human apo 

p38a-2p structures and the published murine p38a-2p structure33 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 p38αT180V and SnRK2.6 

bound to their respective partners. This leads us to postulate that the activation loop of p38α 

samples an ensemble of related, but distinct, modification-competent states that determine the 

extent to which p38α activation loop is phosphorylated and dephosphorylated (Fig. 5C). Because 

conformational flexibility of the activation loop is a general feature of protein kinases3, 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 

previous approaches that used heterobifunctional molecules 10,11,13, our discovery reveals that 

both modes of action can be achieved by a single compound that traps a phosphatase preferred 
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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-p38α conformation we observe) stimulate 

ERK tyrosine dephosphorylation50, and some Akt inhibitors block dephosphorylation by trapping 

an active state of Akt that occludes the phosphorylated residues51.  

 

Our finding that nilotinib and pexmetinib stimulate p38α dephosphorylation may provide 

examples of the clinical relevance of dual-action inhibition. Initial biochemical kinase screening 

identified p38α as a weaker off-target binder of nilotinib (Kd: 460 nM) compared to its primary 

target ABL (Kd: 10 nM)52. However, nilotinib’s side effects correlated with p38 inhibition53, 

which could be exacerbated by its phosphatase interaction. Conversely, nilotinib has been 

investigated as a treatment for neurodegenerative diseases including Lewy Body Dementias54, 

Alzheimer’s disease55,56, and Parkinson's disease57, with therapeutic benefit attributed to 

reduction of inflammation in the brain that could be due to p38 inhibition58. 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 p38α 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 oC in Lennox 

lysogeny broth (LB) to an OD600 of 0.6 and induced at 16 oC for 14-18 hours with 1 mM 

isopropyl β-d-1-thiogalactopyranoside (IPTG) unless otherwise specified. Cells were harvested 

and purified as followed: 

 

WIP1  

In addition to 1 mM IPTG cells were induced with 2 mM MgCl2. Cell pellets were resuspended 

in lysis buffer (50 mM Tris-HCl pH 7.4, 500 mM NaCl, 10 mM MgCl2, 10% (v/v) glycerol, 1 

mM dithiothreitol (DTT)) with 1 mM phenylmethylsulphonyl fluoride (PMSF), 10 μg/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-HCl pH 7.4, 500 mM NaCl, 10 mM MgCl2, 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 μg per mg total protein of ULP1-R3 

protease59 in dialysis to lysis buffer overnight at 4 oC. WIP1 was further purified on a Superdex 

S200 16/600 column equilibrated with lysis buffer. Fractions were pooled, concentrated to 200 

μM and treated with a 5-fold molar excess of EDTA to remove metal. Chelated WIP1 was buffer 

exchanged into storage buffer (50 mM Tris-HCl pH 7.4, 500 mM NaCl, 10% glycerol (v/v)), 

flash-frozen and stored at -80 oC. 

 

PPM1A, MKK6EE, p38α and p38α mutants  

Cell pellets were resuspended in lysis buffer (50 mM HEPES pH 7.5, 200 mM 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 
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elution buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 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 oC. 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 μM, flash-frozen and stored at -80oC. 

 

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 NaCl, 400 mM imidazole, 10% (v/v) glycerol, 

0.5 mM DTT) over 20 column volumes. Fractions containing protein were pooled, concentrated 

to 800 μM, flash-frozen and stored at -80oC. 
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Small molecule reagents 

Compound Source Cat. # 

pexmetinib APExBIO (Houston, TX) B6012 

nilotinib APExBIO (Houston, TX) A8232 

BIRB796 APExBIO (Houston, TX) A5639 

imatinib APExBIO (Houston, TX) A3487 

SD169 APExBIO (Houston, TX) C5850 

VX-702 APExBIO (Houston, TX) A8687 

FGA-19 Fisher Scientific (Hampton, NH) 5304860001 

SB203580 APExBIO (Houston, TX) A8254 

RWJ67657 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) A5566 

Fluorescein diphosphate, tetra 

ammonium salt (FDP) 

Fisher Scientific (Hampton, NH) 501953367 

 

X-ray crystallography 

 

Crystallization 
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p38a was dual phosphorylated by MKK6EE using established methods47. Dual phosphorylation 

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

 

Crystals of p38a-2p apo were obtained by combining 0.3 µL of 8 mg/mL p38a-2p with 0.3 µL 

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 oC. Crystals were harvested and flash-frozen (liquid N2) in 15% 

glycerol.  

 

Crystals of p38a-2p bound to pexmetinib were obtained by combining 0.3 µL of 8 mg/mL p38a-

2p + 250 µM pexmetinib for a final DMSO concentration of 5% with 0.3 µL 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 oC. Crystals were harvested and flash-frozen (liquid 

N2) in 15% glycerol. 

 

Crystals of p38a-2p bound to nilotinib were obtained by combining 0.3 µL of 8 mg/mL p38a-2p 

+ 250 µM nilotinib for a final DMSO concentration of 5% in a 0.3 µL reservoir of 100 mM BIS-

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

Crystals were harvested and flash-frozen (liquid N2) in 15% glycerol. 

 

Crystals of p38a-2p bound to BIRB796 were obtained by combining 0.3 µL of 8 mg/mL p38a-

2p + 250 µM BIRB796 for a final DMSO concentration of 5% with 0.3 µL 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 20oC. Crystals were harvested and flash-frozen (liquid N2) in 15% 

glycerol. 

 

Crystals of p38a bound to pexmetinib were obtained by combining 0.3 µL of 8 mg/mL p38a + 

250 µM pexmetinib for a final DMSO concentration of 5% in a 0.3 µL 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 oC. Crystals were harvested and flash-frozen 

(liquid N2) 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 XDS60, scaled and merged in Aimless61, and data quality was assessed using 

Xtriage (Phenix)62. Structures of p38a-2p and pexmetinib-p38a-2p were solved by molecular 

replacement using Phaser (Phenix)63 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)64 

and Coot,65 respectively. Models were validated using MolProbity66. Figures of structure models 

were created using ChimeraX67. 
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Phosphatase assays 

All phosphatase assays were performed with p38a-2p that was labeled with 32P by incubating 

p38α (25 µM), 6His-MKK6EE (0.625 µM), and 20 µCi of γ-32P ATP for 6-8 hours at room 

temperature in 20 mM HEPES pH 7.5, 0.5 mM EDTA, 20 mM MgCl2, 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 p38α with the 32Pi 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-MKK6EE 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 32pT180 labeled p38a-

2p was then exchanged into 50 mM HEPES pH 7.5, 100 mM NaCl buffer using 3 subsequent 

Zeba spin columns to remove all unincorporated nucleotide and free phosphate. 32pT180 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)!"# 

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

 

WIP1 and PPM1A 

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 MnCl2. WIP1 concentration was 2.5 µM, PPM1A 

concentration was 0.5 µM and 32pT180 labeled p38a-2p was 0.25 µM unless otherwise stated. 
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1.25 μM p38α 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 LiCl2 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 NaCl. 

Reactions were stopped with SDS and run on PEI-Cellulose TLC plates run through water then 

developed in 1 M LiCl2 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 p38α-2p were run at 37 °C with 50 µM DUSP3 and 

0.25 µM 32pT180 labeled p38a-2p. 1.25 µM p38α inhibitors were added to reactions at a 5% 

final DMSO concentration immediately before the start of the reaction. Reactions with 32pY182 

labeled p38αT180A-pY were run at room temperature with 15 µM DUSP3 and 0.25 µΜ	32pY182 

labeled p38αT180A-pY. 1.25 µM p38α 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 µL reaction and 32pT180 labeled p38a-2p concentration was 0.25 

µM. 1.25 µM p38α 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 LiCl2 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 MnCl2, 30 nM WIP1 and 

50 µM FDP. 1.25 µM p38α inhibitors were added at a final DMSO concentration of 5% 

immediately before the start of the reaction. Fluorescence (lex: 470 nm lem: 530 nm) was read on 

a plate reader taking timepoints every 30 seconds at a constant temperature of 25 ºC. 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


 25 

References 

 

1. Manning, G., Whyte, D. B., Martinez, R., Hunter, T. & Sudarsanam, S. The Protein Kinase 
Complement of the Human Genome. Science 298, 1912–1934 (2002). 

2. Brognard, J. & Hunter, T. Protein kinase signaling networks in cancer. Curr. Opin. Genet. 
Dev. 21, 4–11 (2011). 

3. Huse, M. & Kuriyan, J. The conformational plasticity of protein kinases. Cell 109, 275–282 
(2002). 

4. Taylor, S. S. & Kornev, A. P. Protein kinases: evolution of dynamic regulatory proteins. 
Trends Biochem. Sci. 36, 65–77 (2011). 

5. Endicott, J. A., Noble, M. E. M. & Johnson, L. N. The structural basis for control of 
eukaryotic protein kinases. Annu. Rev. Biochem. 81, 587–613 (2012). 

6. Schindler, T. et al. Structural mechanism for STI-571 inhibition of abelson tyrosine kinase. 
Science 289, 1938–1942 (2000). 

7. Cohen, P., Cross, D. & Jänne, P. A. Kinase drug discovery 20 years after imatinib: progress 
and future directions. Nat Rev Drug Discov 20, 551–569 (2021). 

8. Johnson, L. N. Protein kinase inhibitors: contributions from structure to clinical compounds. 
Q. Rev. Biophys. 42, 1–40 (2009). 

9. Munter, S. D., Köhn, M. & Bollen, M. Challenges and opportunities in the development of 
protein phosphatase-directed therapeutics. ACS Chem. Biol. 8, 36–45 (2013). 

10. Hu, Z. et al. EGFR targeting PhosTACs as a dual inhibitory approach reveals differential 
downstream signaling. Sci. Adv. 10, eadj7251 (2024). 

11. Chen, P.-H. et al. Modulation of Phosphoprotein Activity by Phosphorylation Targeting 
Chimeras (PhosTACs). ACS Chem. Biol. 16, 2808–2815 (2021). 

12. Leonard, D. et al. Selective PP2A Enhancement through Biased Heterotrimer Stabilization. 
Cell 181, 688-701.e16 (2020). 

13. Simpson, L. M. et al. An affinity-directed phosphatase, AdPhosphatase, system for targeted 
protein dephosphorylation. Cell Chem. Biol. 30, 188-202.e6 (2023). 

14. Yamazoe, S. et al. Heterobifunctional Molecules Induce Dephosphorylation of Kinases–A 
Proof of Concept Study. J. Med. Chem. 63, 2807–2813 (2020). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


 26 

15. Agafonov, R. V., Wilson, C., Otten, R., Buosi, V. & Kern, D. Energetic dissection of 
Gleevec’s selectivity toward human tyrosine kinases. Nature Structural & Molecular Biology 21, 
848–853 (2014). 

16. Ronkina, N. & Gaestel, M. MAPK-Activated Protein Kinases: Servant or Partner? Annu. 
Rev. Biochem. 91, 505–540 (2022). 

17. Roux, P. P. & Blenis, J. ERK and p38 MAPK-activated protein kinases: a family of protein 
kinases with diverse biological functions. Microbiology and Molecular Biology Reviews 68, 
320–344 (2004). 

18. ZARUBIN, T. & Han, J. Activation and signaling of the p38 MAP kinase pathway. Cell Res 
15, 11–18 (2005). 

19. Canovas, B. & Nebreda, A. R. Diversity and versatility of p38 kinase signalling in health and 
disease. Nat. Rev. Mol. Cell Biol. 22, 346–366 (2021). 

20. Askari, N., Beenstock, J., Livnah, O. & Engelberg, D. p38α Is Active in Vitro and in Vivo 
When Monophosphorylated at Threonine 180. Biochemistry 48, 2497–2504 (2009). 

21. Zhang, Y.-Y., Mei, Z.-Q., Wu, J.-W. & Wang, Z.-X. Enzymatic Activity and Substrate 
Specificity of Mitogen-activated Protein Kinase p38α in Different Phosphorylation States*. J. 
Biol. Chem. 283, 26591–26601 (2008). 

22. Takekawa, M. et al. p53-inducible wip1 phosphatase mediates a negative feedback regulation 
of p38 MAPK-p53 signaling in response to UV radiation. EMBO J 19, 6517–6526 (2000). 

23. Yamaguchi, H. et al. Substrate specificity of the human protein phosphatase 2Cdelta, Wip1. 
Biochemistry 44, 5285–5294 (2005). 

24. Gilmartin, A. G. et al. Allosteric Wip1 phosphatase inhibition through flap-subdomain 
interaction. Nat Chem Biol 10, 181–187 (2014). 

25. Takekawa, M., Maeda, T. & Saito, H. Protein phosphatase 2Calpha inhibits the human stress-
responsive p38 and JNK MAPK pathways. EMBO J. 17, 4744–4752 (1998). 

26. Lee, T., Kim, S. J. & Sumpio, B. E. Role of PP2A in the regulation of p38 MAPK activation 
in bovine aortic endothelial cells exposed to cyclic strain. J. Cell. Physiol. 194, 349–355 (2003). 

27. Sundaresan, P. & Farndale, R. W. p38 mitogen‐activated protein kinase dephosphorylation is 
regulated by protein phosphatase 2A in human platelets activated by collagen. FEBS Lett. 528, 
139–144 (2002). 

28. Alvarado-Kristensson, M. & Andersson, T. Protein Phosphatase 2A Regulates Apoptosis in 
Neutrophils by Dephosphorylating Both p38 MAPK and Its Substrate Caspase 3*. J. Biol. Chem. 
280, 6238–6244 (2005). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


 27 

29. Boudreau, R. T. M., Conrad, D. M. & Hoskin, D. W. Apoptosis induced by protein 
phosphatase 2A (PP2A) inhibition in T leukemia cells is negatively regulated by PP2A-
associated p38 mitogen-activated protein kinase. Cell. Signal. 19, 139–151 (2007). 

30. Muñoz, J. J., Tárrega, C., Blanco-Aparicio, C. & Pulido, R. Differential interaction of the 
tyrosine phosphatases PTP-SL, STEP and HePTP with the mitogen-activated protein kinases 
ERK1/2 and p38alpha is determined by a kinase specificity sequence and influenced by reducing 
agents. Biochem J 372, 193–201 (2003). 

31. Haller, V., Nahidino, P., Forster, M. & Laufer, S. A. An updated patent review of p38 MAP 
kinase inhibitors (2014-2019). Expert Opin Ther Pat 30, 453–466 (2020). 

32. Kompa, A. R. Do p38 mitogen-activated protein kinase inhibitors have a future for the 
treatment of cardiovascular disease? J Thorac Dis 8, E1068–E1071 (2016). 

33. Zhang, Y.-Y., Wu, J.-W. & Wang, Z.-X. Mitogen-activated Protein Kinase (MAPK) 
Phosphatase 3-mediated Cross-talk between MAPKs ERK2 and p38α*. J. Biol. Chem. 286, 
16150–16162 (2011). 

34. Das, A. K., Helps, N. R., Cohen, P. T. & Barford, D. Crystal structure of the protein 
serine/threonine phosphatase 2C at 2.0 A resolution. EMBO J 15, 6798–6809 (1996). 

35. Shi, Y. Serine/threonine phosphatases: mechanism through structure. Cell 139, 468–484 
(2009). 

36. Tanoue, K. et al. Binding of a third metal ion by the human phosphatases PP2Cα and Wip1 is 
required for phosphatase activity. Biochemistry 52, 5830–5843 (2013). 

37. Kumar, J. P. et al. Crystal structure and mechanistic studies of the PPM1D serine/threonine 
phosphatase catalytic domain. J. Biol. Chem. 107561 (2024) doi:10.1016/j.jbc.2024.107561. 

38. Pargellis, C. et al. Inhibition of p38 MAP kinase by utilizing a novel allosteric binding site. 
Nat. Struct. Biol. 9, 268–272 (2002). 

39. Pous, J. et al. Structural basis of a redox-dependent conformational switch that regulates the 
stress kinase p38α. Nat. Commun. 14, 7920 (2023). 

40. Holm, L. & Rosenström, P. Dali server: conservation mapping in 3D. Nucleic Acids 
Research 38, W545-9 (2010). 

41. Ahn, Y. M. et al. Switch control pocket inhibitors of p38-MAP kinase. Durable type II 
inhibitors that do not require binding into the canonical ATP hinge region. Bioorg. Med. Chem. 
Lett. 20, 5793–5798 (2010). 

42. Modi, V. & Dunbrack, R. L. Kincore: a web resource for structural classification of protein 
kinases and their inhibitors. Nucleic Acids Res. 50, D654–D664 (2021). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


 28 

43. Guo, F. et al. Structural basis of PP2A activation by PTPA, an ATP-dependent activation 
chaperone. Cell Res (2013) doi:10.1038/cr.2013.138. 

44. Wu, S. et al. Multidentate Small-Molecule Inhibitors of Vaccinia H1-Related (VHR) 
Phosphatase Decrease Proliferation of Cervix Cancer Cells. J. Med. Chem. 52, 6716–6723 
(2009). 

45. Backer, M. M. E. D., McSweeney, S., Lindley, P. F. & Hough, E. Ligand‐binding and metal‐
exchange crystallographic studies on shrimp alkaline phosphatase. Acta Crystallogr. Sect. D 60, 
1555–1561 (2004). 

46. Schumacher, M. A., Todd, J. L., Rice, A. E., Tanner, K. G. & Denu, J. M. Structural basis for 
the recognition of a bisphosphorylated MAP kinase peptide by human VHR protein Phosphatase. 
Biochemistry 41, 3009–3017 (2002). 

47. Soon, F.-F. et al. Molecular mimicry regulates ABA signaling by SnRK2 kinases and PP2C 
phosphatases. Science 335, 85–88 (2012). 

48. Juyoux, P. et al. Architecture of the MKK6-p38α complex defines the basis of MAPK 
specificity and activation. Science 381, 1217–1225 (2023). 

49. Pegram, L. M. et al. Activation loop dynamics are controlled by conformation-selective 
inhibitors of ERK2. Proc Natl Acad Sci USA 116, 15463–15468 (2019). 

50. Lin, K. et al. An ATP-Site On-Off Switch That Restricts Phosphatase Accessibility of Akt. 
Sci. Signal. 5, ra37 (2012). 

51. Davis, M. I. et al. Comprehensive analysis of kinase inhibitor selectivity. Nat. Biotechnol. 
29, 1046–1051 (2011). 

52. Contreras, O., Villarreal, M. & Brandan, E. Nilotinib impairs skeletal myogenesis by 
increasing myoblast proliferation. Skelet. Muscle 8, 5 (2018). 

53. Skylar-Scott, I. A. & Sha, S. J. Lewy Body Dementia: An Overview of Promising 
Therapeutics. Curr. Neurol. Neurosci. Rep. 23, 581–592 (2023). 

54. Stevenson, M. et al. Inhibition of discoidin domain receptor (DDR)-1 with nilotinib alters 
CSF miRNAs and is associated with reduced inflammation and vascular fibrosis in Alzheimer’s 
disease. J. Neuroinflammation 20, 116 (2023). 

55. Turner, R. S. et al. Nilotinib Effects on Safety, Tolerability, and Biomarkers in Alzheimer’s 
Disease. Ann. Neurol. 88, 183–194 (2020). 

56. Pagan, Fernando. L. et al. Nilotinib Effects on Safety, Tolerability, and Potential Biomarkers 
in Parkinson Disease. JAMA Neurol. 77, 309–317 (2020). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


 29 

57. Kim, J., Lee, H., Park, J.-H., Cha, B.-Y. & Hoe, H.-S. Nilotinib modulates LPS-induced 
cognitive impairment and neuroinflammatory responses by regulating P38/STAT3 signaling. J. 
Neuroinflammation 19, 187 (2022). 

58. Lau, Y.-T. K. et al. Discovery and engineering of enhanced SUMO protease enzymes. J. 
Biol. Chem. 293, 13224–13233 (2018). 

59. Kumar, G. S. et al. Dynamic activation and regulation of the mitogen-activated protein 
kinase p38. Proc Natl Acad Sci USA 115, 4655–4660 (2018). 

60. Kabsch, W. XDS. Acta Crystallogr. Sect. D 66, 125–132 (2010). 

61. Evans, P. R. & Murshudov, G. N. How good are my data and what is the resolution? Acta 
Crystallogr. Sect. D: Biol. Crystallogr. 69, 1204–1214 (2013). 

62. Liebschner, D. et al. Macromolecular structure determination using X-rays, neutrons and 
electrons: recent developments in Phenix. Acta Crystallogr. Sect. D 75, 861–877 (2019). 

63. McCoy, A. J. et al. Phaser crystallographic software. J Appl Crystallogr 40, 658–674 (2007). 

64. Afonine, P. V. et al. Towards automated crystallographic structure refinement with 
phenix.refine. Acta Crystallogr. Sect. D: Biol. Crystallogr. 68, 352–367 (2012). 

65. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. 
Acta Crystallogr D Biol Crystallogr 66, 486–501 (2010). 

66. Williams, C. J. et al. MolProbity: More and better reference data for improved all‐atom 
structure validation. Protein Sci. 27, 293–315 (2018). 

67. Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers, educators, and 
developers. Protein Science 30, 70–82 (2021). 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


Figure 1

D.

p38α MAP kinase

N-lobe

C-lobe

P

pptase

p38α inhibitor
p38α MAP kinase

N-lobe

C-lobe

pptase

X
P P

P
activity

A.

B.

fold change in relative rate of 
p38α-2p dephosphorylation

-6 -4 -2 2 4 6 8 10-8

pexmetinib
nilotinib

BIRB796
imatinib
SD169

SB203580
RWJ67657

VX-745
TAK-715

losmapimod
SB202190

LY2228820

VX-702
FGA-19

ATP

pe
xm

et
in

ib

ni
lo

tin
ib

B
IR

B
79

6

S
B

20
21

90

LY
22

28
82

0

D
M

S
O

1

0.8

0.6

0.4

0.2

0

k ob
s (

m
in

-1
)

C.

fra
ct

io
n

p3
8α

-2
p

time (min)

0

0.5

1

0 10 20

fra
ct

io
n 

p3
8α

-2
p

time (min)

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

A-loop

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


Figure 1: p38α inhibitors modulate dephosphorylation of p38α by WIP1 
phosphatase. (A) Schematic depicting p38α inhibitors changing activation loop (A-loop) 

conformation (apo orange and blue drug bound), leading to a change in phosphatase 

activity on phosphorylated p38α MAP Kinase. Phosphorylation sites are depicted as 

yellow spheres on activation loop cartoon. (B) Fold change in single turnover WIP1 

phosphatase activity (kobs (min-1)) 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 (min-1)) of p38α (0.25 µM) dephosphorylation at pT180 by WIP1 

(2.5 µM) in the absence or presence of excess p38α inhibitors (1.25 µM). 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 p38α inhibitors induce an activation loop conformation that 
exposes pT180 for dephosphorylation. (A) Overlay of X-ray crystal structure of 

human apo p38α-2p (orange; PDB: 9CJ2) and pexmetinib bound human p38α-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 p38α-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 p38α-2p bound pexmetinib (dark blue). Light blue dotted lines 

indicate hydrogen bonding of pexmetinib to D168 (DFG motif). (C) Activation loop of 

p38α-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-p38α-2p is structurally similar yet less 
stable than in pexmetinib-p38α-2p. (A) Overlay of BIRB796-p38α-2p (light blue; PDB: 

9CJ4) and pexmetinib-p38α-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 αD-helix region of BIRB796-p38α-2p (light blue) and pexmetinib-

p38α-2p (white and dark blue). Dashed lines indicate regions that lacked electron 

density indicating increased flexibility for the BIRB796-p38α-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 p38αY182F-pT by WIP1 performed under single turnover 

conditions: 2.5 µM WIP1 with 0.25 µM single threonine phosphorylated p38αY182F-pT in 

the absence or presence of excess p38α inhibitors (1.25 µM). 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 p38α-2p pT180 

dephosphorylation by WIP1 (Fig. 1D) shown as translucent bars for reference. (C) X-ray 

crystal structure of unphosphorylated p38α bound to pexmetinib (dark blue; PDB: 9CJ5) 

overlayed with p38α-2p bound to pexmetinib (white; PDB: 9CJ3), showing a similar 

activation loop conformation. (D) Zoom in of pexmetinib-p38α activation loop (white) 

showing coordination of Y182. (E) Zoom in of pexmetinib-p38α-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. 
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Figure 5
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Figure 5: p38α exists in a conformational equilibrium that facilitates 
dephosphorylation by multiple phosphatases. 
(A) Comparisons of p38α-2p (0.25 µM) dephosphorylation rates by PPM1A (0.5 µM), 

DUSP3 (50 µM), and SAP (1 µM) in the presence of excess inhibitors (1.25 µM) as fold 

change compared to a DMSO control (error displayed is the propagated error of the fit). 

Comparable relative rates of p38α-2p dephosphorylation by WIP1 (Fig. 1B) are shown 

as translucent background bars on each plot as a reference. (B) Comparisons of pY182 

of p38αT180A-pY (0.25 µM) dephosphorylation rates by DUSP3 (15 µM) in the presence 

of excess inhibitor (1.25 µM) 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 p38α-2p; PDB: 9CJ2) with inaccessible 

phosphorylation states, and modification competent states that represent exposed 

phosphorylation sites (pexmetinib-p38α-2p (PDB: 9CJ3), HAB1-SnRK2.6, HAB1 not 

shown (PDB: 3UGJ), and MKK6DD-p38αT180V, MKK6DD not shown (PDB: 8A8M)). 
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Supplemental Figure 1
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Figure S1: Single turnover kinetics compiled rates. (A) Table of compiled rates (kobs 

(min-1)) ± error of the fit from data shown in Figures 1, 4, 5, and S11. (B) Multiple 

turnover kinetics of fluorescein diphosphate (FDP; 50 µM) hydrolysis by WIP1 (30 nM) 

in the absence and presence of 1.25 µM inhibitors showing no change in WIP1 activity 

toward a generic substrate with the addition of p38α 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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Supplemental Figure 2
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Figure S2: Chemical structures of all compounds. Chemical structures of 

compounds tested in Fig 1B.  
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Supplemental Figure 3
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Figure S3: MKK6EE preferentially phosphorylates T180 in p38α and WIP1 
dephosphorylates only pT180 in p38a-2P. (A) Time course of WIP1 (2.5 µM) 

catalyzed p38α-2p (0.25 µM) dephosphorylation. Reaction is visualized on a TLC plate 

over time. p38α-2p (radioactively labelled pT180, with 32P) substrate is seen on the 

bottom and radioactive free phosphate (32Pi) 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 γ-32P ATP 

followed by excess cold ATP during the phosphorylation reaction by MKK6EE results in a 

sample of p38α-2p which is radioactively labeled exclusively on pT180. Therefore, the 

measured rates in Fig. 1B-D of p38α-2p dephosphorylation are p38α-pT (radioactive 

pT180, with 32P) in the context of p38α-2p. (B) Dephosphorylation of p38αT180A-pY (0.25 

µM, radioactive Y182, with 32P) by WIP1 (2.5 µM) in the absence (left) or presence 

(right) of excess pexmetinib (1.25 µM) shown on a TLC plate over time. p38αT180A-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 p38αY182F-pT (with 32P). (C) 

Dephosphorylation of p38αY182F-pT (0.25 µM with 32P) by WIP1 (2.5 µM) in the absence 

(left) or presence (right) of excess pexmetinib (1.25 µM) shown on a TLC plate over 

time. p38αY182F-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: p38α-2p phosphorylation sites are inaccessible to nucleophilic attack. 
(A-C) Surface representation of human p38α-2p chain A (A) and chain B (B) (PDB: 

9CJ2) and murine p38α-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. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.05.15.594272doi: bioRxiv preprint 

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


Supplemental Figure 5
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Figure S5: Activation loops of ligand bound p38α structures are resolved 
differently. 2Fo-Fc electron density (grey mesh; contoured at 1 σ within 1.5 Å within 

selection) of (A) pexmetinib (PDB: 9CJ3) (B) BIRB796 (PDB: 9CJ4) and (C) nilotinib 

(PDB: 9CJ1). (D) 2Fo-Fc electron density (grey mesh; contoured at 1 σ within 1.5 Å 

within selection) of activation loop (167-184) in p38α-2p bound to pexmetinib model 

(dark blue; PDB: 9CJ3). (E) 2Fo-Fc electron density (grey mesh; contoured at 1 σ within 

1.5 Å within selection) of activation loop (167-184) in p38α-2p bound to BIRB796 model 

(light blue; PDB: 9CJ4). (F) 2Fo-Fc electron density (grey mesh; contoured at 1 σ within 

1.5 Å within selection) of activation loop (167-184) in p38α-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. 
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Supplemental Figure 6
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Figure S6: Pexmetinib binding to p38α-2p is similar to known binding of BIRB796 
to unphosphorylated p38α. (A) Overlay of previously published crystal structure of 

unphosphorylated human p38α bound to BIRB796 (light blue; PDB: 1KV2) and our 

structure of dual phosphorylated human p38α bound to pexmetinib (white; PDB: 9CJ3) 

showing a similar binding mode between the two ligands, including missing electron 

density for BIRB796-p38α (residues 170-184) and pexmetinib-p38α-2p (residues 176-

180). Phospho-tyrosine in the pexmetinib-p38α-2p is shown as sticks. Zoom depicts the 

ligand binding site and activation loop of (B) BIRB796-p38α and (C) pexmetinib-p38α-

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 p38α-2p structures form a disulfide bond 
previously described. (A) Overlay of p38α-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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Supplemental Figure 8
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Figure S8: p38α activation loop flip is observed in existing phosphorylated p38α 
structure. (A) Overlay of X-ray crystal structures of p38α-2p bound pexmetinib (dark 

blue; PDB: 9CJ3) with p38α-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 αD-helix region showing greater flexibility in 

the DP802-p38α-2p structure (white and green) indicated by a lack of order compared 

to the pexmetinib-p38α-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: p38α activation loop flip is observed in an unphosphorylated p38β 
structure. (A) Overlay of X-ray crystal structures of p38α-2p bound nilotinib (pink; PDB: 

9CJ1) with p38β bound nilotinib (white; PDB: 3GP0). Y182 (white) and pY182 (pink) are 

shown as sticks. (B) Zoomed in structure of nilotinib-p38α-2p structure (pink; PDB: 

9CJ1) showing coordination of nilotinib through hydrogen bonding with D168 (blue 

dashed line). (C) Interaction of activation loop in p38α-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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Supplemental Figure 10
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Figure S10: p38α-2p phosphorylation sites are inaccessible to phosphatases. (A) 

Surface representation of human p38α-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) ATPγS, (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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Supplemental Figure 11
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Figure S11: p38α 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 p38α-2p (0.25 µM) dephosphorylation by (A) PPM1A (0.5 

µ M), (B) DUSP3 (50 µM), and (C) SAP (1 µM), in the absence or presence of excess 

inhibitor (1.25 µM). (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 p38αT180A-pY (0.25 µM) dephosphorylation by DUSP3 (15 µM) in the 

absence or presence of excess inhibitor (1.25 µM) 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 MKK6DD (pink) bound to unphosphorylated p38αT180V (white; 

A-loop in black) (PDB: 8A8M). Y182 and T180V of p38α 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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Supplemental Figure 13
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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 p38α-2p (purple; PDB: 3PY3) Yellow stars 

indicate the two residues unique to mouse p38α compared to human p38α. H28 (top) is 

a crystal contact and A263 (bottom) is adjacent to a crystal contact. (B) Human p38α-2p 

chain A (orange; PDB: 9CJ2). (C) Human p38α-2p chain B (orange; PDB: 9CJ2). (D) 

Human p38α-2p bound pexmetinib (dark blue; PDB: 9CJ3). (E) Human p38α-2p bound 

BIRB796 (light blue; PDB: 9CJ4).  (F) Human p38α-2p bound nilotinib (pink; PDB: 

9CJ1). (G) Human p38α 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. 

 
p38α-2P 

pexmetinib-
p38α-2P 

BIRB796-
p38α-2P 

nilotinib-
p38α-2P 

pexmetinib-
p38α-0P 

PDB-ID 9CJ2 9CJ3 9CJ4 9CJ1 9CJ5 
Resolution 

range 47.04-2.83 
(2.86-2.82) 

50.01-1.95 
(2.01-1.95) 

49.64-1.8 
(1.84-1.8) 

45.74-1.8 
(1.86-1.8) 

31.72-3.301 
(4.16-3.3) 

Space group P 2 21 21 C 1 2 1 C 1 2 1 P 1 21 1 P 41 
Unit cell 45.59 96.30 

220.19 90 90 
90 

88.274 63.056 
90.581 90 
111.52 90 

87.206 62.719 
91.413 90 
111.39 90 

38.137 67.195 
63.016 90 
97.8 90 

44.855 44.855 
215.906 90 90 

90 
Total reflections 151877 

(20849) 
113063  
(8337) 

283299 
(17198) 

192213 
(11857) 

89420  
(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 I 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 

(0.4793) 
0.153 

 (0.1956) 
0.1707 

(0.2712) 
0.1859 

(0.3268) 
0.2487 

(0.3684) 
R-free 0.318 

(0.5352) 
0.1984 

(0.2373) 
0.2052 

(0.3167) 
0.2317 

(0.3601) 
0.2687 

(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 0.011 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 3.11 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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