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SUMMARY

Non-canonical activation of p38α MAPK has been associated to cardiomyocyte 
death in several cardiovascular pathologies, such as myocardial ischaemia-reper-
fusion injury. Unfortunately, current p38α inhibitors are mainly ATP-competitors, 
which have not progressed in clinical trials. Efforts to discover novel allosteric 
p38α inhibitors are crucial to overcome potential side effects that undermine 
their therapeutic efficacy. By running an in silico small molecule drug discovery 
program to target the non-canonical site on p38α, we have identified several 
compounds, named NC-p38i, which inhibit both TAB1-induced and spontaneous 
p38α autophosphorylation in vitro. Additionally, NC-p38i do not inhibit canonical 
MAP2K-dependent p38α activation but slightly impair its ability to phosphorylate 
substrates. A combination of biophysical and structural studies has allowed us to 
characterize their mechanism of action. NC-p38i do not interfere with the binding 
of TAB1 to p38α in vitro but modulate the ATP-binding site and the prone-to-au-
tophosphorylate conformation of the kinase. Nuclear magnetic resonance and 
X-ray crystallography data suggest that NC-p38i probably bind to several sites 
on p38α, including the active site and the N-terminal domain, which may induce 
structural rearrangements that reduce its autoactivation capacity. Cell based 
assays show that NC-p38i decrease ischaemia-reperfusion-induced cardio-
myocyte death both under prophylactic and therapeutic conditions. Moreover, 
these compounds ameliorate doxorubicin-induced cardiac toxicity in human 
iPSC-derived cardiomyocytes and zebrafish models. Importantly, NC-p38i are 
quite specific at inhibiting p38α but not a number of other protein kinases, and 
possess good drug-like properties, including weak cardiac hERG K+ channel 
inhibition and low cytotoxic effects. Together, our data identify NC-p38i as   
novel allosteric p38α inhibitors with promising cardioprotective effects, which 
may serve as a good starting point to develop clinical candidates for treating 
non-canonical p38α signalling associated diseases.
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La activación no canónica de p38α MAPK se ha asociado con la muerte de los 
cardiomiocitos en varias patologías cardiovasculares, como el daño miocárdico 
producido por isquemia-reperfusión. Desafortunadamente, los inhibidores de 
p38α actuales son principalmente competidores de ATP, y no han progresado 
en los ensayos clínicos. Por tanto, resulta crucial descubrir nuevos inhibidores 
alostéricos de p38α para evitar los potenciales efectos secundarios que reducen 
su eficacia terapéutica. En este trabajo, hemos desarrollado un programa in silico 
de descubrimiento de fármacos para diseñar compuestos que se puedan unir al 
sitio no canónico en p38α. Hemos identificado varias moléculas, denominadas 
NC-p38i, que inhiben la autofosforilación de p38α tanto inducida por TAB1 como 
espontánea in vitro. Además, los NC-p38i no inhiben la activación canónica 
de p38α dependiente de MAP2K, aunque afectan ligeramente la capacidad de 
p38α para fosforilar sustratos. La combinación de estudios biofísicos y estruc-
turales nos ha permitido caracterizar su mecanismo de acción. Los NC-p38i no 
interfieren con la unión de TAB1 a p38α in vitro, pero alteran el sitio de unión del 
ATP y la conformación propensa a la autofosforilación de la quinasa. Los datos 
de resonancia magnética nuclear y de cristalografía de rayos X sugieren que 
los NC-p38i podrían unirse a varios sitios en p38α, incluido el sitio activo y el 
dominio N-terminal, lo que puede inducir alteraciones estructurales que reducen 
su capacidad de autoactivación. Ensayos celulares muestran que los NC-p38i 
reducen la muerte de los cardiomiocitos inducida por isquemia-reperfusión 
tanto en condiciones preventivas como terapéuticas. Además, estas moléculas 
mejoran la toxicidad cardiaca inducida por doxorrubicina tanto en cardio-
miocitos humanos derivados de iPSCs como en pez cebra. Cabe destacar que 
los NC-p38i inhiben principalmente a p38α pero no a otras proteína-quinasas, y 
que poseen buenas propiedades farmacológicas, incluyendo una inhibición débil 
del canal hERG K+ cardiaco y una citotoxicidad reducida. En conjunto, nuestros 
datos caracterizan a los NC-p38i como nuevos inhibidores alostéricos de p38α 
con efectos cardioprotectores prometedores, y que pueden servir como punto 
de partida para desarrollar candidatos clínicos utilizables en el tratamiento de 
enfermedades asociadas a la señalización no canónica de p38α.
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1. Cellular signalling by protein kinases 

Cells are constantly dealing with signals from the extracellular environment. For 
example, cells respond to the limiting availability of nutrients and oxygen or to the 
exposure to toxic compounds. This means that they must respond efficiently to 
environmental changes in order to prevent cellular damage. To do that, cells have 
developed several signalling pathways that allow them to receive and interpret 
different stimuli in order to elaborate the appropriate responses (Berridge, 2014).

Proteins play a key role in these pathways as they regulate essential processes 
such as catalysis, transport and structural integrity. The human proteome is 
approximately three orders of magnitude more complex than the coding genome, 
mainly due to alternative splicing of mRNA and post-translational modifications 
(PTMs). A major class of PTM is phosphorylation, which is regulated by enzymes 
known as protein kinases that are essential signal transmitters in eukaryotic cells 
(Taylor and Kornev, 2011; Walsh et al., 2005).  

1.1.  Allosteric regulation of protein kinases

Proteins contain different sites where ligands and other proteins can bind. The 
catalytic site of an enzymatic protein is known as the orthosteric site. In protein 
kinases, this site corresponds to the pocket where ATP binds. Conversely, 
allosteric sites correspond to binding regions elsewhere in the protein surface 
that can regulate the protein activity (He et al., 2019; Nussinov and Tsai, 2012).  

Allosteric regulation is defined as the mechanism by which a stimulus induces 
conformational changes and functional modulation in a protein. Binding with 
ligands (including other proteins and small molecules), mutations, PTMs and 
alterations in the environment (such as temperature, pH and ion concentrations), 
induce proteins to acquire different conformations. For example, phosphor-
ylation induces structural rearrangements that can trigger protein activation 
(Nussinov et al., 2019). 

However, it is difficult to identify allosteric regulatory sites, as some of them 
exist exclusively in intermediate functional states of proteins. Besides, physical 
and chemical properties of these sites might differ from those of conserved 
orthosteric sites. Nevertheless, data from crystallographic, nuclear magnetic 
resonance (NMR) and computational studies have allowed to predict and discover 
novel allosteric pockets in protein kinases (Cheng and Jiang, 2019). 
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The structural changes induced by allosteric mechanisms can be of two 
types. Some can be propagated linearly from the allosteric to the active site 
(dominomodel), while others can modify the dynamic profile of residues with no 
significant conformational changes of the whole protein (violin model) (Kornev 
and Taylor, 2015). Interestingly, allostery can be bidirectional, meaning that 
binding of small molecules at the ATP-site  can also produce conformational 
changes at regulatory sites, which in turn influences protein-protein interactions 
(Leroux and Biondi, 2020). 

 

1.2.  Protein kinase structure and activation mechanisms

Protein phosphorylation is a highly regulated and reversible process that consists 
of the addition of a phosphate group (PO4) to the hydroxyl (-OH) group of polar 
amino acids.  It was discovered in the late 1950s by Krebs and Fischer through 
their studies of glycogen phosphorylase and phosphorylase kinase (Krebs and 
Fischer, 1956; Krebs et al., 1959). Eukaryotic protein kinases have been classified 
based on the sequence similarity of their catalytic domains (Hanks and Hunter, 
1995) and human genome sequencing allowed to identification of 518 protein 
kinases that correspond to nearly 2% of all human genes (Manning et al., 2002). 
Based on the nature of the -OH group that they phosphorylate, these enzymes 
are classified as serine/threonine kinases, tyrosine kinases, tyrosine kinase-like 
enzymes and histidine kinases (Adam and Hunter, 2018; Roskoski, 2019). Protein 
phosphatases catalyse the removal of phosphate groups from proteins, thus 
reversing the action of protein kinases (Chen et al., 2017).

The structure of a typical protein kinases consists of a bi-lobal structure, 
containing a β-sheet rich N-terminal lobe and an α-helical C-terminal lobe, which 
are linked by a flexible hinge that forms the ATP-binding site. Both lobes contain 
functional motifs that enable the catalytic kinase activity (Figure 1) (Taylor et al., 
2012). The main functional motifs are: 

•	 The flexible P-loop (also known as G-loop, glycine-rich loop) located in 
the N-lobe coordinates the binding of the ATP for catalysis.

•	 The activation segment extends from the DFG-motif in the N-lobe to the 
APE-motif in the C-lobe and forms the A-loop (activation loop), which 
contains the phosphorylation sites required for catalytic activation. 

•	 The APE (Ala-Pro-Glu) motif anchors the activation segment to the kinase 
domain. 
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•	 The DFG (Asp-Phe-Gly) motif moves between in and out conformations. 
The DFG-in position normally translates into the active state of kinases, 
whereas the DFG-out maintains the protein inactive, as the Phe residue 
blocks the binding of ATP. The Asp residue binds to a magnesium ion and 
is required for binding to the three phosphate groups of ATP.

•	 The P +1 loop mediates the correct position of the residue located one 
position C-terminal to the phosphorylation site (the P +1 residue) of the 
substrate.

•	 The αC-helix and β3-sheet, located in the N-lobe, form together the 
Glu-Lys bridge that favours the binding of ATP phosphates. Notably, the 
αC-helix also acquires in (active) and out (inactive) conformations. 

•	 The catalytic loop contains an essential Asp residue required for 
the phosphotransfer reaction. Protein kinases that are regulated by 
phosphorylation of their A-loop, it is frequently preceded by an Arg 
residue (RD-motif).

The process that switches protein kinases from inactive to active states is highly 
regulated and involves dynamic reorganization of the protein. The phosphory-
lation of the A-loop triggers the movement of the DFG motif, the rotation of the 
αC-helix, the formation of the Glu–Lys salt bridge, and the closure of a domain 
between the two lobes. These structural rearrangements collectively stabilize the 
active conformation of the protein that catalyses the phosphotransfer reaction 
of the γ-phosphate in the ATP molecule to the phosphoacceptor site of a protein 
substrate (Beenstock et al., 2016; Taylor and Kornev, 2011). Besides phosphory-
lation at the active site, the addition of phosphate groups to sites distinct from 
the A-loop has been shown to modulate protein kinase activity (Pincus et al., 
2018). 

The A-loop phosphorylation can be achieved either by another kinase or by 
autophosphorylation, meaning that protein kinases can be autoactivating 
enzymes. However, autophosphorylation must overcome some obstacles. 
First, the A-loop residues are not correctly aligned in the absence of stabilizing 
elements. Second, kinases have a clear selectivity towards phosphoacceptors, 
which normally correspond to the Thr (or Tyr in tyrosine kinases) residues in 
their A-loop, that are not properly orientated towards the catalytic Asp. This 
means that protein kinases have to adopt a prone-to-autophosphorylate confor-
mation in order to autoactivate (Beenstock et al., 2016). 
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Autophosphorylation mechanisms involve a multistage process that can include 
either (I) the dimerization of non-active monomers or (II) binding to scaffold 
proteins that in turn promote a conformational change enabling a prone-to-au-
tophosphorylate state (Figure 2).
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Figure 1. Conserved structure of eukaryotic protein kinases. (A) Detailed structure of protein 
kinases showing an ATP molecule bound between the two lobes. The main structural elements are 
labelled and indicated in different colours. β-sheets in the N-lobe are coloured in teal, α-helices in 
the C-lobe are shown in red and catalytically important loops are coloured in yellow. Adapted from 
(Taylor and Kornev, 2011). (B) Detailed structure of the phosphorylated A-loop and its interaction 
with functional motifs in active p38α MAPK (PDB 3PY3), including the RD-motif in the catalytic 
loop and the αC-helix, which forms the Glu-Lys salt bridge and aligns the DFG-motif to support 
catalysis in the substrate phosphorylation site. The important residues are labelled and coloured 
in green. Phosphate groups from ATP and the phosphorylated threonine (pThr) in the A-loop are 
coloured in red.  Adapted from (Beenstock et al., 2016). 
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1.3.  Small-molecule protein kinases inhibitors

Mutation, overexpression and dysregulation of protein kinases play important 
roles in the pathogenesis of many human diseases including cancer, cardio-
vascular, inflammatory, autoimmune and nervous disorders. Thus, protein 
kinases have become one of the most attractive drug targets for the last decades. 
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Figure 2. Possible mechanisms for protein kinase autophosphorylation. Protein kinase 
monomers are represented in a bi-lobal fold and phosphate group (yellow) transfer is shown 
with arrows. Examples of kinases that follow each mechanism are below the schemes. (I) Trans-
autophosphorylation between a phosphorylated and active kinase and a non-active kinase that 
functions as a substrate. Theoretical possibility lacking experimental evidence. (IIa) Symmetric 
trans-autophosphorylation. Each monomer phosphorylates and activates the other. (IIb) 
Asymmetric trans-autophosphorylation. One monomer serves as an enzyme and phosphor-
ylates the other. The substrate extends its activation loop into the active site of the enzyme 
monomer, which induces its active conformation. (III) Dimerization-induced cis-autophosphor-
ylation. Each monomer induces cis-autophosphorylation of the other monomer, that works as an 
allosteric activator, in a mechanism that can either be simultaneous or non-simultaneous. (IV) 
Dimerization-independent cis-autophosphorylation. Autophosphorylation occurs in cis either by 
folding into an intermediate structure that is stable and catalytically active during translation 
(i.e.  GSK3b and DYRK1A) or due to an interaction with another protein (i.e. p38α). Adapted from 
(Beenstock et al., 2016).
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There are currently 52 FDA-approved small-molecule inhibitors to target 
around 20 different protein kinases (Roskoski, 2020). These inhibitors are mainly 
ATP-competitive enzyme antagonists, which stop entirely the kinase activity. 
Nevertheless, inhibition of protein kinases by targeting their active site does not 
ensure high selectivity and effectiveness. Actually, this type of inhibitors usually 
leads to numerous side effects, as they may non-specifically inhibit several 
kinases and other ATP-requiring enzymes. As an alternative, structural studies 
have highlighted that targeting allosteric sites can improve the specificity of 
protein kinase inhibitors.

Allosteric inhibitors induce conformational changes of specific motifs that 
modulate the kinase activity, thus increasing the population of inactive enzymes. 
Hence, this inhibitory mechanism of action is indirect, as they do not directly 
compete with the ATP binding. Indeed, some of these inhibitors can bind to their 
target even in presence of ATP. Importantly, allosteric sites are less conserved 
across families, offering a less disruptive way of kinase inhibition that is expected 
to produce fewer side effects (Nussinov and Tsai, 2012).

According to this information, protein kinase inhibitors are classified based on 
the enzyme-bound antagonist complexes (Figure 3) (Roskoski, 2016).
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Figure 3. Classification of small-molecule protein kinase inhibitors. (A) Classification of 
protein kinase inhibitors based on the region where they bind, whether they compete with  ATP 
binding site and the protein kinase conformation. Adapted from (Roskoski, 2016). (B) Inhibition of 
different protein kinase inhibitors (blue). Upper left, ATP-competitive type-I inhibitor dasatinib 
(ABL-dasatinib complex, PDB:2GQG). Upper right, ATP-competitive type-II inhibitor sorafenib 
(FLK-1-sorafenib complex, PDB:3WZE). Lower left, allosteric type-III inhibitor trametinib 
(MEK1:AMP-PNP:trametinib complex, PDB:7JUR). Lower right, allosteric type-IV inhibitor afatinib 
(EGFR:afatinib complex, PDB:4G5J). The main structural elements are labelled, and the binding 
pockets are indicated by coloured elipsoids.
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2. Mitogen-activated protein kinase signalling pathway

The mitogen-activated protein kinases (MAPKs) are serine/threonine kinases 
that convert extracellular signals into a wide range of cellular responses, 
including proliferation, differentiation, apoptosis and inflammation. In mammals, 
there are fourteen MAPKs that are classified into seven different signalling 
pathways. The conventional extracellular signal-regulated kinase (ERK1/2), 
ERK5, c-Jun N-terminal kinase (JNK1-3) and p38 (α, β, γ and δ) families (Widmann 
et al., 1999). Atypical MAPKs include ERK3/4, ERK7 and Nemo-like kinase (NLK) 
which have different functions and regulation (Coulombe and Meloche, 2007). In 
general, whereas ERK1/2 are activated by growth factors and mitogens, JNK and 
p38 MAPKs are strongly activated by stress stimuli, such as osmotic shock and 
ionizing radiation, and by inflammatory cytokines (Zhang and Liu, 2002).  

2.1. MAPK kinase activation and substrate recognition

Canonical MAPK pathways consist of a phosphorylation cascade divided into 
three sequential signalling modules conserved from yeast to human: a MAPK 
kinase kinase (MAP3K), a MAPK kinase (MAP2K) and a MAPK. Upon external 
stimuli, MAP3Ks are activated and phosphorylate MAP2Ks. Once activated, the 
MAP2K selectively interact with MAPK and phosphorylate the tyrosine and 
threonine residues in their conserved TXY motif (where X is any amino-acid) 
on the activation loop (Widmann et al., 1999). Activated MAPKs regulate many 
functions by phosphorylating target substrates at serine or threonine residues 
usually followed by a proline (SP/TP sites). These substrates include other 
kinases such as the MNKs (MAPK-interacting kinases), RSKs (p90 ribosomal S6 
kinases), MK2/3 (MAPK-activated protein kinases 2/3), and MK5 (Cargnello and 
Roux, 2011).

In addition to the consensus phosphorylation sequence, MAPK-substrate 
selectivity is also regulated by dedicated domains termed docking motifs. There 
are two described docking motifs in MAPK substrates: D-domain and FXF motif. 
The D-domain (also known as D site, δ domain, or DEJL domain) consists of a core 
of basic residues followed by a short linker and a cluster of hydrophobic residues 
(Lys/Arg)2 -Xaa2-6-ΦA-X-ΦB, where Φ is a hydrophobic residue, such as Leu, Iso or 
Val).  It is found in the N-terminus of MAPK activators (MAP2Ks) and phosphatases 
(MKPs) (classical D-motif), as well as in the C-terminal domain (reverse D-motif) 
of several substrates (Tanoue et al., 2000). In contrast, the FXF motif (also called 
DEF motif, docking site for ERK FXF) consists of two Phe residues separated 
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by one residue and is found in transcription factors, upstream activators and 
phosphatases (Figure 4A) (Cargnello and Roux, 2011; Liu et al., 2016).

In MAPKs, two conserved domains are involved in the interaction with the 
positively charged D-domain. The C-terminal CD (common docking) domain, 
which is located opposite to the ATP-binding pocket and is comprised of acidic 
residues (Asp313, Asp315, and Asp316), and the ED (ERK docking) domain that 
contributes to substrate selectivity in ERK and p38 MAPKs (Figure 4B) (Tanoue 
and Nishida, 2002).

3. p38 MAPK signalling pathway

p38 MAPKs are strongly activated in response to different stress stimuli and are 
crucial in maintaining tissue homeostasis. However, deregulation of this signalling 
pathway has been associated with inflammatory, cardiovascular, and neurode-
generative diseases as well as with cancer (Canovas and Nebreda, 2021). The p38 
MAPK family is comprised by four members p38α, p38β, p38γ and p38δ, which 
are encoded by different genes and share approximately 60% of their amino 
acid sequence (Figure 5). Whereas p38α is ubiquitously expressed, expression 
of the other isoforms is more restricted to specific tissues, for example p38β in 
the brain, p38γ in skeletal muscle and p38δ in endocrine glands (Cuadrado and 
Nebreda, 2010). 
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Figure 4. MAPK docking motifs. (A) Schematic representation of the D- and the FXF-motifs in 
activators (MAP2Ks), phosphatases (MKPs) and substrates (MAPKAPKs). Modified from (Tanoue 
and Nishida, 2002). (B) Molecular surface representation of p38α MAPK showing the docking 
groove (blue) that binds the D domains of activators and substrates (i.e. MKK3b and MEF2A, 
respectively). The CD site (orange) and ED site (green) that were identified in biochemical studies. 
The active site of the kinase is bound to the chemical inhibitor SB203580 (red). Modified from 
(Weston et al., 2002).
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3.1. p38α MAPK structure

p38α is encoded by the MAPK14 gene located on the 6p21.3-p21.2 chromosome 
region (Coulthard et al., 2009). In addition to the full-length protein, three spliced 
variants of p38α have been identified: CSBP1, Mxi2 and Exip. CSBP1 differs from 
p38α only in an internal 25-amino-acid sequence (Lee et al., 1994). Mxi2 contains 
identical amino acid sequence 1–280 but has a unique C-terminus of 17 amino 
acids (Casar et al., 2007). Finally, Exip has a unique 53-amino-acid C-terminus 
and is not phosphorylated by the usual p38 MAPK-activating treatments (Sudo et 
al., 2002; Yagasaki et al., 2004).

p38α has a typical bi-lobal structure of protein kinases. The N- and C-terminal 
lobes are linked by the ATP-binding site, which contains the K53, R67, R70, E71 and 
D168 residues that participate in the ATP and Mg2+ stabilization. Dual phosphory-
lation by MAP2K in the T180 and Y182 residues of the A-loop TGY motif triggers 
conformational rearrangements that led to the appearance of a new β-sheet 
away from the ATP and substrate binding sites. In addition, p38α contains the 
MAPK insert (MKI), which consists of two α-helices that form a lipid-binding site, 
and the L16 loop, which extends from the C- to the N-lobe (Diskin et al., 2008). 
The L16 loop contains the acidic CD site, which together with the ED site define 
the conserved peptide docking sequence recognized by interacting activators, 
regulators and substrates (Figure 6) (Roux and Blenis, 2004;Tanoue et al., 2000).
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Figure 5. Schematic representation of the four p38 MAPKs.  The gene names (in parentheses), 
amino acid numbers and the different domains are indicated. The kinase domain is 90% identical 
in amino acid sequence among the four members. The CD and ED domains contribute to docking 
interactions with substrates and regulators. The ATP binding site and the phosphorylated Thr and 
Tyr residues of the activation loop are also indicated. p38γ has an additional carboxy-terminal 
region that binds to PDZ domain-containing proteins (serving as scaffolding proteins for various 
signalling pathways). Adapted from (Canovas and Nebreda, 2021).	



INTRODUCTION

49

 

Figure 6. Structural models of p38α MAPK. (A) Inactive p38α (PDB 3S3I), and (B) active, dually 
phosphorylated p38α (PDB 3PY3). Main structural elements are indicated as follows: A-loop in 
purple (inactive) and green (active), αC-helix in red, L16 loop in slate gray, P-loop in cyan, hinge in 
yellow, MKI in orange, ATP-binding site by a grey filled ellipse and αE-helix CD and ED sites by a 
green dashed ellipse. Key residues are labelled and shown as sticks. Different regions are indicated 
by the grey ellipse or green dashed ellipse. Taken from (Kuzmanic et al., 2017).
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3.2. Canonical activation of p38α

p38α is inactive in the non-phosphorylated state. It is present both in the 
cytoplasm and nucleus of quiescent cells and it accumulates in the nucleus of 
cells subjected to certain stresses. The canonical activation takes place through 
dual phosphorylation by the upstream MAP2Ks MKK3 and MKK6. In addition, 
MKK4, an activator of the JNK pathway, can also activate p38α (Cuadrado and 
Nebreda, 2010). Active p38α can phosphorylate a wide range of substrates at SP/
TP sites, including protein kinases, transcription factors, membrane receptors, 
cytosolic proteins and nuclear proteins (Figure 7). Functions attributed to the 
different phosphorylated substrates are frequently cell-type specific and include 
cell proliferation, differentiation, apoptosis, cell-cycle arrest, senescence, RNA 
splicing regulation and inflammatory cytokine production (Canovas and Nebreda, 
2021; Trempolec et al., 2013).

Downregulation of the p38α kinase activity is critical to regulate the intensity and 
the duration of the signal. This involves several phosphatases, such generic Ser/
Thr phosphatases (PP2A and PP2C) and DUSPs (dual-specific phosphatases)/
MPKs (MAPK phosphatases), which dephosphorylate both tyrosine and 
threonine residues (Cuadrado and Nebreda, 2010). In addition, p38α activity can 
be also attenuated by phosphorylation on Thr123 by GRK2, which decrease the 
association of p38α with MKK6 (Peregrin et al., 2006).
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3.3. Non-canonical activation of p38α

Several MAP2K-independent (non-canonical) mechanisms of p38α activation have 
been described. First, the scaffold protein TAB1 can bind to p38α and promote 
a conformational change that induces its autophosphorylation in cis (DeNicola 
et al., 2013; Ge et al., 2002; Ge et al., 2003). This activation mechanism has been 
shown to be specific to certain stimuli and it has been reported mainly in cardio-
myocytes. Second, phosphorylation on Y323 by ZAP70 upon TCR stimulation in 
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Figure 7. The p38 MAPK pathway. Stimuli such as environmental stresses and inflammatory 
cytokines can activate p38 MAPKs, which in turn target protein kinases, cytosolic substrates, 
transcription factors or chromatin remodelers. Adapted from (Cuadrado and Nebreda, 2010).  
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CD4+ T-cells promotes p38α autoactivation (Salvador et al., 2005b). In addition, 
the GRA24 protein secreted by Toxoplasma gondii into the cytoplasm of infected 
cells can bind to p38α and induce its autophosphorylation and nuclear translo-
cation (Pellegrini et al 2017).

On the other hand, several mutations have been described to disrupt the inactive 
conformation of the kinase. These include point mutations in D176 and F327 of  
the L16 loop, which trigger a conformational change in p38α that induces protein 
dimerization and its trans autophosphorylation on T180 (Diskin et al., 2007). 
Interestingly, binding to phosphatidylinositol analogues also enhance p38α 
autophosphorylation via disruption of the stabilization of the L16 loop (Gills et 
al., 2007). 

4.The p38α-TAB1 complex
4.1. Structure of the TAB1-p38α complex 

TAB1 is a pseudo phosphatase with no catalytic activity that was originally 
described as an activator of the MAP3K TAK1 in response to TGFβ stimulation 
(Conner et al., 2006; Shibuya et al., 1996). In addition to TAK1, TAB1 can interact 
with p38α and induce its autophosphorylation and activation independently of 
canonical MAP2Ks (Ge et al., 2002). Moreover, the splice variant TAB1β, which 
lacks the 69 C-terminal residues (exon 11 and 12, including the TAK1-binding 
motif), can interact with and activate p38α as well as the full-length TAB1 protein 
(Ge et al., 2003) (Figure 8).
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Figure 8. Schematic diagram of full-length TAB1 structure. S423 and T431 are phosphorylated 
by p38α, whereas S438 is phosphorylated by both JNK1/2 and ERK1/2. In addition, S452/453 and 
S456/457 are phosphorylated by p38α and TAK1. Moreover, ITCH E3 ubiquitin ligase interacts 
with Y148 and O-GlcNAcylation (G) takes place at S395. Adapted from (Pathak et al., 2012; Theivan-
thiran et al., 2015; Wolf et al., 2011).
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Mutagenesis (Zhou et al., 2006) followed by NMR and crystallography (DeNicola 
et al., 2013) analysis has elucidated the key residues (Figure 9) and structural 
features (Figure 10) of the TAB1-p38α interaction. 

TAB1 interacts with p38α in a bipartite manner. The C-terminal 403–412 residues 
of TAB1 interact with a groove of p38α defined by the αD and αE helices and the 
reverse turn between the β7 and β8 sheets in the upper canonical docking site 
(CD and ED domains). Within these residues, P410 of TAB1 is a key docking site 
for p38α. The N-terminal 384–393 residues interact with a lower hydrophobic 
pocket created by αF and αH helices, defined as the lower non-canonical docking 
site of p38α. On the other hand, the p38α Q120 and I116 residues are key to stablish 
hydrophobic interaction with TAB1. In addition, T218 and I275 are essential for 
binding to an adjacent site to αD helix (Figure 9) (DeNicola et al., 2013; Zhou et al., 
2006). Moreover, T185 and D150 were shown to form a hydrogen bond crucial to 
initiate the autoactivation reaction, providing the energy to orient the TGY motif 
toward the kinase catalytic site (Figure 10) (Thapa et al., 2018). 

Figure 9. Structural overview of the p38α–TAB1(384-412) complex. p38α and TAB1 are shown in 
grey and yellow, respectively. Structural elements on p38α are indicated (A-loop, β7-8 strands 
and αD-H helices) and coloured in purple (ED and CD domains). Important residues involved 
in the interaction are shown as sticks and coloured in blue (p38α) and yellow (TAB1). p38α and 
TAB1(384–412) sequences are both from mouse (PDB:4LOO). Adapted from (DeNicola et al., 2013).
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Indeed, TAB1 not only binds to p38α and induces its autoactivation, but it also 
acts as a substrate. p38α phosphorylates TAB1 at S423 and T431, which creates a 
negative feedback mechanism that inhibits TAK1 activation (Cheung et al., 2003). 
In addition, activated p38α can phosphorylate TAB1 at S452/S453 and S456/S457, 
thus affecting TAB1 and p38α subcellular localization and posttranscriptional 
gene expression (Wolf et al., 2011). It has been reported that TAB1 expression 
in cultured neonatal cardiac myocytes was able to modulate the intracellular 
localization of p38α and attenuate canonical MKK3 signalling by competing with 
MKK3 binding to p38 (Lu et al., 2006). 

Figure 10. Structural rearrangements within the p38α-TAB1(384–412) complex. All comparisons 
are with PDB 1P38 (blue). (A, left) Location of zoom views in A (right), B and C panels. (A, right) 
Accommodation of TAB1 (384-412) peptide, causing displacements in the C-terminal lobe of 
p38α, including an ~5° upward swing of αF. (B) Structural rearrangements in the N-terminal 
lobe. A downward swing brings the two lobes of the kinase into proximity and is followed by a 
movement of αC toward the ATP-binding pocket, thus allowing the formation of a K53-E71 salt 
bridge. (C) Conformational changes of the activation loop. The short α-helix at the C-terminus 
of the activation segment becomes extended. This swings T180 towards D150 and D168, the key 
residues coordinating ATP-binding. This loop is stabilized by an interaction between Asp150 (from 
the catalytic HRD-motif) and T185 that may mimic the function in coordinating substrates to 
phosphorylate them. Adapted from (DeNicola et al., 2013).
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4.2. TAB1-induced p38α activation and disease

The discovery of TAB1-induced p38α autophosphorylation raised the question 
of its physiological and pathological relevance. Interestingly, there is evidence 
indicating that non-canonical p38α activation mechanism is relevant in some 
cardiovascular diseases. Thus, in cardiomyocytes, p38α activation by TAB1 
regulates cell death during myocardial ischaemia-reperfusion injury (IRI) (Fiedler 
et al., 2006; Li et al., 2005a; Tanno et al., 2003). Other than IRI, this activation 
mechanism might also play a role in the pathogenesis of cardiac AL (amyloi-
dogenic Ig light chain) amyloidosis by regulating oxidative stress, cardiomyocyte 
dysfunction and apoptosis (Mishra et al., 2013; Shi et al., 2010). In endothelial 
cells, it has been described that the G-coupled protein receptors PAR1 and P2Y1 
can induce p38α autoactivation and regulate cell permeability in vitro as well as 
vascular leakage in vivo (Grimsey et al., 2015; Grimsey et al., 2019). 

Furthermore, non-canonical p38α activation has been proposed to play a role in 
inflammation. Skin lesions formed in knock-out mice of the E3 ubiquitin ligase 
Itch present high levels of p38α phosphorylation and proinflammatory cytokines. 
In this scenario, Itch was found to bind TAB1, thus preventing its binding to p38α. 
Itch deficiency leads TAB1 to bind to and activate p38α, which promotes the 
subsequent skin inflammatory phenotype (Theivanthiran et al., 2015). Toxoplasma 
gondii infection of macrophages also triggers TAB1-dependent p38α autoacti-
vation and IL-12 production (Kim et al., 2005). 

Activation of p38α by TAB1 may also increase pregnancy risks and pre-term birth, 
as it has been shown that cigarette smoke extract induces oxidative stress in 
amnion endothelial cells by triggering TGFβ and p38α autoactivation (Richardson 
et al., 2018). 

In senescent T-cells, DNA damage and intracellular low glucose concentration 
activate AMPK, which triggers p38α autophosphorylation through its recruitment 
to TAB1. In this setting, T-cell proliferation, telomerase activity and expression 
of components of the TCR signalosome are inhibited by p38α (Lanna et al., 2014). 

Finally, AMPK/TAB1 pathway has been described to mediate non-canonical 
p38α activation in white adipocytes and increase their browning through ATF2 
phosphorylation and UCP1 transcription. This induces thermogenesis and 
energy expenditure in adipocytes, suggesting its possible relevance for obesity 
treatment (Matesanz et al., 2017). 
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5. Role of p38α in cardiomyocytes

While all p38 MAPK family members are expressed in the heart, cardiomy-
ocytes predominantly express p38α, which plays both protective and deleterious 
roles (Romero-Becerra et al., 2020; Yokota and Wang, 2016). There is evidence 
that p38α is essential for normal cardiovascular development (Adams et al., 
2000; Allen et al., 2000; Mudgett et al., 2000). However, it can act as a negative 
regulator of neonatal and adult cardiomyocyte proliferation, suggesting that its 
inhibition would enhance tissue regeneration after damage (Engel et al., 2006a; 
Engel et al., 2005; Jopling et al., 2012; Ruiz-Bonilla et al., 2008). In contrast, p38γ 
has been shown to induce muscle regeneration by activating both proliferation 
and myogenesis in satellite cells (Brien et al., 2013; Gillespie et al., 2009). 

5.1. p38α in ischaemia-reperfusion injury

IRI is the pathological condition that results from the recovery of the coronary 
blood flow supply after a severe impairment usually produced by alterations of 
coronary atherosclerotic plaques or thrombosis. 

Myocardial ischaemia reduces oxygen and intracellular glucose levels of 
cardiomyocytes, thus inhibiting glycolysis, oxidative phosphorylation and ATP 
production. To compensate this, cardiomyocytes trigger anaerobic glycolysis, 
which generates lactate and hydrogen ions (H+) that lower the cytosolic pH. 
The elevated pool of H+ activates the Na+/H+  exchanger. The increase of Na+ 

uptake leads to the activation of the plasmatic membrane and sarcolemmal Na+/
Ca2+ exchanger (NCX), which increases the cytosolic and mitochondrial concen-
tration of Ca2+ and impairs myofibrillar contracture. Additionally, there is ROS 
production as well as mitochondrial changes including the opening of membrane 
VDAC-1 and MPTP channels, impairment of its membrane potential, electron 
transport chain dysfunction and matrix swelling. Then, cytochrome  C  release 
promotes apoptosis by activating the caspase cascade. 

Although tissue reperfusion tries to limit the ischaemic injury, restoration of the 
respiratory activity and membrane potential enhances ATP synthesis and increases 
intracellular pH, which worsens cell and tissue damage. The availability of ATP 
together with increased cytosolic Ca2+ levels cause further Ca2+ release from the 
sarcoplasmic reticulum, triggering uncontrolled myofibrillar hypercontraction 
and reopening MPTP channels. Moreover, Ca2+ oscillations activate xanthine 
oxidases that promote additional oxidative stress, which further exacerbates the 
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mitochondrial damage and necrosis (Buja, 2005; Hausenloy and Yellon, 2013; Li 
et al., 2016). 

p38α is activated in response to IRI and is associated with a poor cardiac outcome 
(Tibaut et al., 2017). Interestingly, there is evidence suggesting that p38α and 
p38β play opposite roles in this setting. While p38α activation triggers cardio-
myocyte apoptosis during myocardial ischaemia, p38β protects cardiac cells 
when activated during ischaemic preconditioning (Saurin et al., 2000). Although 
the upstream mechanisms leading to p38α activation are not fully elucidated, 
the energy sensing factor AMPK (Jacquet et al., 2007; Li et al., 2005a) and ROS 
(Emerling et al., 2005) have both been suggested to play a key role. First, AMPK 
interacts with TAB1 forming a complex that recruits p38α, which is autoactivated 
through its interaction with TAB1 (Li et al., 2005a). Alternatively, ROS activate 
ASK1, which in turn activates p38α through MKK3/6 (Meijles et al., 2020) (Figure 
11). 

Once activated, p38α phosphorylates many substrates, including TAB1 (De 
Nicola et al., 2018), MK2, p53 and CREB (Kumphune et al., 2015; Surinkaew et al., 
2013); stabilizes HIF1 (Emerling et al., 2005); and promotes Ca2+ overload (Song 
et al., 2020; Zhu et al., 2017). These events lead to mitochondrial dysfunction 
(Kumphune et al., 2015) and apoptotic cardiomyocyte death (Ashraf et al., 2014). 
Furthermore, p38α has been shown to promote cardiac inflammation by inducing 
Reg3 expression (Sakkinen et al., 2016) and to induce fibrosis after myocardial 
infarction (Molkentin et al., 2017; Wang et al., 2015) (Figure 11).

Consistently, it has been shown that treatment with antioxidants (Du et al., 2010; 
Guo et al., 2018; Yang et al., 2015) and p38α inhibitors during IRI reduces cardio-
myocyte apoptosis, decreases infarct size and improves of ventricular function 
(Kumphune et al., 2012; Martin et al., 2015).
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5.2. p38α in heart failure and cardiac arrhythmia

The p38α pathway is activated in heart failure  and regulates cardiac remodelling 
and fibrosis, which is necessary for the differentiation of cardiac fibroblasts to 
myofibroblasts and for the expression of TNFα and IL6 (Cardin et al., 2003; Li et 
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Figure 11. Proposed mechanism for IRI-induced p38α activation and cardiomyocyte damage. 
Myocardial ischaemia-reperfusion produces changes in the cytosolic Ca2+ levels, oxidative stress, 
myofibrillar hypercontracture and mitochondrial damage. In this setting, p38α is activated and 
induces the opening of mitochondrial membrane channels and production of ROS, as well as 
transcription of Reg3 and Bax, which triggers inflammation and cell death, respectively. Adapted 
from (Buja, 2005; Kumphune et al., 2015; Li et al., 2005a). Solid and dashed lines represent direct 
and indirect regulation, respectively. 
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al., 2001; Li et al., 2005b; Molkentin et al., 2017; Segura et al., 2014).  These data 
suggest that p38α inhibition would be beneficial to ameliorate heart failure (Dorn 
and Molkentin, 2004; Kyoi et al., 2006). 

However, p38α may contribute to the development of arrhythmia, as it reduces 
cardiomyocyte contractility by desensitizing the response of myofibrils to 
Ca2+ (Espejo et al., 2017) and also interferes with the cell-to-cell electrical and 
metabolic coupling through regulation of gap-junctions (Surinkaew et al., 2013). 
The mechanisms that mediate alterations in Ca2+ sensitivity by p38α include 
dephosphorylation of α-tropomyosin and troponin I proteins (Vahebi et al., 
2007), regulation of the sarcoplasmic/endoplasmic reticulum Ca2+ transporter 
SERCA2 (Ca2+-ATPase 2) (Andrews et al., 2003; Kaikkonen et al., 2014; Scharf et al., 
2013) and sarcolemmal NCX expression and activity (Menick et al., 2007). There 
is evidence indicating that p38α also regulates the expression, localization and 
activity of the gap-junctions protein Cx43 (Salameh et al., 2008; Wang et al., 2011; 
Yao et al., 2019).

Contractile dysfunction and arrhythmia are common side effects of some 
chemotherapeutic treatments, such as doxorubicin, which result in heart 
failure in a dose dependent manner. Doxorubicin-induced cardiotoxicity is 
associated with ROS production, lipid peroxidation, myofibrillar deterioration, 
Ca2+ homeostasis dysregulation, and iron metabolism changes (Ma et al., 2020). In 
addition, doxorubicin interacts with the nuclear DNA topoisomerase Top2β, which 
is highly expressed in cardiomyocytes, and the mitochondrial topoisomerase 
Top1mt, causing double-strand breaks in both nuclear and mitochondrial DNA, 
and triggering changes in the expression of genes involved in mitochondrial 
biogenesis and function (Khiati et al., 2014; Zhang et al., 2012). There is also 
evidence showing that doxorubicin-induced oxidative stress activates AMPK and 
p38α, and its inhibition improves cell function and reduces cell death (Guo et al., 
2013; Kang et al., 2000; Ruan et al., 2015; Wold et al., 2005). 

Although non-canonical p38α signalling is thought to be important in cardio-
myocytes subjected to IRI, the implication of this alternative p38α activation 
mechanism in doxorubicin-induced cardiomyocyte damage has not been 
investigated yet. 
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6.p38α as a therapeutic target 
6.1. p38 MAPK inhibitors 

Historically, p38α has been an attractive druggable target for treating inflam-
matory diseases. The majority of p38α inhibitors have been designed to bind to 
the ATP-pocket and compete with ATP binding (Type I, such as SB203580 and 
PH797804) (Selness et al., 2011; Young et al., 1997), or to allosterically interfere 
with the binding of ATP (Type II, such as BIRB0796) (Pargellis et al., 2002). The 
potency of these inhibitors is in the low nanomolar range whereas the cellular 
concentration of ATP ranges from 1 to 10 mM (Wilson et al., 2016). 

Despite being used in several clinical trials, p38α inhibitors have shown limited 
efficacy and none of them has progressed to phase III yet (Figure 12) (Canovas 
and Nebreda, 2021). Systemic inhibition of p38α has several limitations. Given the 
ubiquitous expression of p38α and its importance in regulating cell homeostasis, 
p38α inhibition sometimes triggers undesirable toxicity, which provokes the use 
of lower inhibitor doses limiting the therapeutic effect. It is also possible that 
long-term treatments may lead to the emergence of resistance mechanisms 
that bypass the effect of p38α inhibition. In addition, some p38α inhibitors lack 
selectivity and could have off-target actions. For example, ATP-competitive 
inhibitors may non-specifically target protein kinases in other signalling pathways. 
The inhibition of p38α may also deregulate feedback loop mechanisms, affecting 
other cell functions unrelated to the desired one (Genovese, 2009; Hammaker 
and Firestein, 2010).

2000-2005

Inflammatory 
diseases Cancer Cardiovascular 

diseases Pain Neurodegenerative 
diseases

2005-2010 2010-2015 2015-2020

Others

Clinical trials including p38α inhibitors (2000-2020)

  

It is therefore important to investigate other strategies to target p38α and design 
novel inhibitory compounds that are independent of the catalytic site (Haller et 
al., 2020). 

Figure 12. Summary of clinical trials including p38α inhibitors over the past 20 years. Taken from 
(Canovas & Nebreda 2021). 
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6.2. Novel strategies to target p38α

In the last decade, several publications have reported inhibitors that bind to 
allosteric regions in the p38α protein. This may potentially decrease the drawbacks 
associated with orthosteric inhibitors. In this regards, type IV allosteric kinase 
inhibitors are aimed to either stabilize inactive conformations of the kinase or 
block interactions with other proteins (Gomez-Gutierrez et al., 2016). 

Several compounds have been designed to target selective p38α substrates. 
CMPD1 was described as a MK2 substrate specific inhibitor that binds near the 
p38α active site and induces rearrangements within the ATP-pocket, docking 
groove and Mg2+ binding residues (Davidson et al., 2004). Moreover, UPC-K-005 
was reported to bind to the MK2-binding site in p38α and inhibit both MK2 and 
ATF2 phosphorylation (Gomez-Gutierrez et al., 2016). In addition, UM101 was 
shown to bind to a pocket near the ED-docking site and inhibit MK2 activation 
without affecting ATF2 (Shah et al., 2017). Other non-ATP-competitive p38α 
inhibitors include Compound 10, which binds to a groove formed by the MAPK 
insert (Comess et al., 2011), and Compound 1, whose binding mechanism remains 
to be elucidated (Wilson et al., 2016). 

Interfering with the interaction between TAB1 and p38α by using cell-pene-
trating peptides has been reported to have beneficial effects in mouse models 
of myocardial IRI (De Nicola et al., 2018; Wang et al., 2013) and skin inflammation 
(Theivanthiran et al., 2015). Recent data have described small molecules derived 
from admantanes that bind to the non-canonical site on p38α and inhibit TAB1 
phosphorylation in vitro, but not p38α autoactivation (Nichols et al., 2020). 
Further studies are needed to address the potential of these compounds to treat 
cardiovascular and inflammatory diseases. 

Modulating the non-canonical activation of p38α downstream of the TCR seems 
a promising therapeutic approach to treat tumours highly infiltrated tumors with 
pY323+ CD4+ T cells (Alam et al., 2015). It was described that binding of GADD45-α 
to p38α inhibits its phosphorylation on Y323 by ZAP70 (Salvador et al., 2005a). 
Notably, treatment with a plasma membrane–permeable peptide derived from 
GADD45-α was shown to reduce the production of proinflammatory cytokines 
and pancreatic tumour progression in mice (Alam et al., 2015). To date, this 
alternative signalling pathway remains unexplored by other pharmacological 
approaches. 

These data clearly demonstrate the relevance of exploring the non-canonical 
activation of p38α as a novel therapeutic approach. However, little is known 
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about allosteric inhibition of p38α autoactivation. Therefore, the discovery of 
novel non-canonical inhibitors is needed to exploit this activation mechanism 
for the treatment of human diseases. 
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The main goal of this study was to discover and characterize modulators of the 
non-canonical p38α activation pathway. 

Specific objectives

•	 Identification of small molecules that target non-canonical p38α activation 
(NC-p38i). 

•	 Characterization of the mechanism of action of selected NC-p38i.

•	 Assessment of the efficacy of NC-p38i in models of non-canonical p38α 
activation-associated diseases. 
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1.  Materials
1.1.  General buffers and solutions

Specific buffers are specified in the corresponding sections.

10X Electrophoresis running buffer 5X Sample loading buffer 

0.25 M Tris base 250 mM Tris pH 6.8 

2 M glycine 50% glycerol 

1% SDS 250 mM DTT 

pH 8.3 10% SDS 

0.1% bromophenol blue 

10X Immunoblotting transfer buffer

0.2 M Tris base RIPA buffer 

1.5 M glycine 50 mM Tris-HCl

150 mM NaCl

Ponceau staining 1% NP-40

0.1% Ponceau Red powder 5 mM EDTA

5% acetic acid 1 mM DTT

1 mM Na3VO4

2X HBS buffer 1 mM PMSF

50 mM HEPES 10 µg/ml pepstatin A

280 mM NaCl 10 µg/ml aprotinin

1.5 mM Na2HPO4 10 µg/ml leupeptin

pH 7.12 20 mM NaF

1 µM microcystin 

Coomassie staining solution 2.5 mM benzamidine

0.5% Coomassie Blue R250 

10% acetic acid 10X PBS 

45% methanol 1.37 M NaCl 

27 mM KCl 
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Coomassie distaining solution 100 mM Na2HPO4 

40% methanol 17.5 mM KH2PO4 

10% acetic acid pH 7.4 

1X TBS 

0.1 M Trizma base

1.5 NaCl

1.2.  Commercial reagents and kits 
1.2.1.	 Cell culture

Reagent Company Reference

2-Deoxy-D-Glucose Sigma D8375

Collagenase Type II Worthington LS004174

Cytosine β-D-
arabinofuranoside Sigma C1768

D-glucose Sigma G8260

DMEM (High glucose) Sigma 5796

DMSO Sigma D8418

Doxorubicin Accord 677176

10X DPBS Sigma D1408

DPBS (Mg2+, Ca2+) Gibco 14040133

DPBS without Mg2+ and 
Ca2+ Gibco 14190144

FBS Gibco 10500064

FBS Premium Pan Biotech P30-3302

Fibronectin Sigma F1141

Glutamine LabClinics X0550-100

Horse Serum Gibco 26050088

Lipofectamine 3000 Invitrogen L3000008

LY-2228820 Axon 1895
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M199 Gibco 31150022

Mr.Frosty container ThermoFisher 5100-0001

Pancreatin Sigma P3292

Penicillin/Streptomycin LabClinics P11-010

PH-797804 Selleckem S2726

RPMI Sigma C0378

1x TrypLE Express ThermoFisher 12604013

SB-203580 Selleckem S1076

TC10 Automated cell 
counter BioRad S06BR2077

Trypsin Sigma T3924

Y27632 MedChemtronica AB HY-10583

1.2.2. Cellular and molecular biology

Reagent Company Reference

Acetic acid Panreac 1.310.081.611

40% Acrylamide/Bis 29:1 BioRad 161-0146

Ammonium Chloride (15N) Cambridge Isotopes NLM-467

Ampicillin Vitro CAY-14417

Aprotinin Sigma A6279

APS Sigma A3678

Benzamidine Sigma B6506

Bromophenol blue Sigma B8026

BSA Sigma A7906

Cell strainer 40µm nylon Falcon 352340

Chloramphenicol Sigma C0738

Complete EDTA-free 
protease inhibitors

Roche 11873580001

DAPI Life Technologies P36935
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Deuterated water Silantes 300101400

DTT GE Healthcare 17-1318-02

Dyalisis membrane 
(12-14KDa)

Spectra/Por 132678

Dyalisis membrane 
(6-8KDa)

Spectra/Por 132660

ECL prime WB detection GE Healthcare RPN2232

EDTA Sigma E46758

EGTA Sigma E4378

Ethanol absolute Panreac 1.410.861.214

Glutathione-SepharoseTM 4 
Fast Flow beads

GE Healthcare GE17-5132-01

Glycerol Sigma 49782

Glycine Sigma G7126

HBSS Gibco 14175-137

HEPES Sigma H3375

IPTG Sigma I6758

Kanamycin Sigma K4000

Lambda Phosphatase BioLabs P0753S

L-glutathione reduced Sigma G425

Leupeptin Sigma L2884

Luria Broth Base Invitrogen 12795-084

Lysozime ThermoFisher 89833

Magnesium cloride Merck millipore 1.058.331.000

Methanol Panreac 1.310.911.214

Microcystin Enzo LifeScience ALX350012

Nitrocellulose membrane 
0.2 mm

GE Healthcare 10600002

NP40 AppliChem A16960250

Paraformaldehyde 16%
Electron Microscopy 

Sciences
15710
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Pepstatin A Sigma P4265

Phusion Polymerase High 
Fidelity Master Mix

NEB M0531S

PMSF Sigma P7626

Ponceau Red Sigma P3504

Potasium chloride Sigma P9541

Potasium phosphate 
dibasic

Sigma P3786

Proteinase K Roche 3115852001

Random primers Invitrogen 48190-011

RNAsin Promega N211

SDS Sigma 71725

Sodium chloride Sigma 433209

Sodium fluoride Sigma S7920

Sodium orthovanadate Sigma S6508

Sodium phosphate dibasic Sigma 255793

Superfrost glass slides VWR J1800AMNZ

SYBR Select master mix ThermoFisher 4472942

TCEP-HCl Generon B6055

TEMED Sigma T9281

Triton X-100 Sigma T9284

TRIZMA base Sigma T6066

TRIZMA HCl Sigma T3253

Tween 20 Sigma P7949

TRIzol ThermoFisher 15596026

Triton X-100 Sigma T9284

VECTASHIELD Antifade 
Mounting Medium

NOVUS H-1000-NB
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1.2.3. Commercial kits

Reagent Company Reference

Cell proliferation kit 
(MTT)

Roche 11465007001

Mycoalert Lonza LT07-318

PureLink on column 
Dnase set

Invitrogen 121-85-010

Duolink in situ detection 
(PLA)

Sigma DUO92007

DC Protein assay kit BioRad 5000111

QIAfilter plasmid maxi 
kit

Quiagen 12263

GenElute Plasmid 
miniprep kit

Sigma PLN350-1KT

Protein Thermal Shift 
Dye Kit

Applied Biosciences 4461146

PureLink on column 
Dnase set

Invitrogen 121-85-010

RNA PureLink Minikit Ambion 12183018A

Superscript IV reverse 
transcriptase

Invitrogen 18090010

SYBR Select master mix ThermoFisher 4472942
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2.  Methods 
2.1. Biochemical and structural assays
2.1.1. Purification of recombinant proteins

Table 1. Recombinant protein expression constructs

Hu, Human; Ms, mouse

GST-tagged proteins

Human p38α and p38β proteins with an N-terminal GST-tag were produced in 
E. coli BL21 (BL21-DE3 or BL21-DE3-pLysS). Bacteria was grown in 250-500 ml 
of LB medium containing ampicillin (50 μg/ml) at 37°C until an OD600 of 0.6-0.8 
and induced for 3 h at 18°C with 0.05 mM IPTG. Other GST-tagged proteins, 
including MK2, ATF2 and GST alone, were induced for 3 h at RT with 1 mM IPTG. 

After induction, cells were harvested by centrifugation (4000 rpm for 10 min at 
4 ºC), resuspended in 13.5 ml of cold PBS containing 1 mg/ml lysozyme, 5 mM 
EDTA, 1 complete EDTA-free protease inhibitor cocktail tablet, and sonicated. 
Then, Triton X-100 was added to a final concentration of 1% (v/v) and cell debris 

Protein Vector Resistance

GST-p38α (Hu) pGEX-4T-3 and pGEX-6P-1 Ampicilin

GST-p38β (Hu) pGEX-4T-1 Ampicilin

His-Avi-p38α (Hu) pOPIN Ampicilin

MBP-MKK6DD (Hu) pMalc2 (Alonso et al., 2000) Ampicilin

GST-MK2 (46-400) (Hu)
pGEX-KG (Ben-Levy et al., 

1995)
Ampicilin

GST-ATF2 (19-96) (Hu)
pGEX-KG (Livingstone et al., 

1995)
Ampicilin

His-SUMO-p38α (Ms) pOPINS Kanamycin

GST pGEX-6P-1 Ampicilin
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was cleared by centrifugation (10000 rpm for 20 min at 4 ºC). Glutathione-Sep-
haroseTM 4 Fast Flow beads were washed in cold PBS buffer, resuspended in PBS 
(50:50), and 70 µl of the bead slurry were added per 1 ml of supernatant. After 2 
h rotating at 4ºC, samples were centrifuged (1000 rpm for 2 min at 4 ºC) and the

After 2 h rotating at 4ºC, samples were centrifuged (1000 rpm for 2 min at 4 
ºC) and the supernatant was removed. Beads were washed three times with 10 
ml of cold PBS and once with 10 ml of cold 50 mM Tris-HCl pH 8.0, and then 
centrifuged to remove residual buffer. Beads were incubated with 1 ml of 10 mM 
L-glutathione in 50 mM Tris-HCl pH 8.0 to elute the proteins. After 2-3 min at 
RT, beads were centrifuged (1000 rpm for 1 min at 4 ºC), and the supernatant 
was collected. Protein elution was repeated three times. To remove glutathione, 
eluted proteins were put into a dialysis bag (12-14 MWCO) and dialyzed against 2 l 
of buffer containing 20 mM Tris pH 8.0, 50 mM NaCl, 0. 1 mM EDTA, 0.5 mM DTT 
and 5% glycerol, overnight at 4ºC. Following dialysis, samples were collected, 
aliquoted and stored at -80°C. An aliquot was analyzed in 10% SDS-PAGE gel 
and stained with Coomassie blue to quantify the purified proteins using BSA as 
a reference.

His-Avi-p38α protein

Human p38α with an N-terminal His-tag followed by an Avi-tag sequence were 
expressed in E.coli BL21-DE3-pLysS. A bacteria pre-culture was grown in 50 ml 
of LB medium containing kanamycin (50 μg/ml) and chloramphenicol (25 μg/ml) 
overnight at 37ºC. Then, 10 ml of pre-culture was added to 500 ml of LB medium 
containing ampicillin (50 μg/ml) and grew at 25°C until the OD600 was 0.5, and 
then expression was induced for 3 h at 21°C with 0.2 mM IPTG after adding biotin 
at 2µM final concentration. After induction, cells were harvested by centrifu-
gation (4000 rpm for 10 min at 4 ºC) and pellets were resuspended in lysis buffer 
(50 mM NaPO4 pH 8, 300 mM NaCl, 10 mM imidazole, 1 mM PMSF) containing 0.2 
mg/ml lysozyme, 10 µg/ml DNAse and 1 complete EDTA-free protease inhibitor 
cocktail tablet, and sonicated. The protein was purified using His GraviTrap™ 
TALON Column (Cytiva), and was dialyzed overnight in 50mM NaPO4 pH 7.4 and 
concentrated using Amicon Ultra 4lm 10K.

The phosphorylated and active His-Avi-p38α was obtained by incubation of the 
purified protein with MBP-MKK6DD. 
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His-SUMO-p38α protein 

Mouse p38α with an N-terminal His-tag followed by a SUMO protease cleavage 
sequence were expressed in E.coli Rosetta-DE3-pLysS and in BL21. Bacteria 
pre-cultures were grown in 50 ml of LB medium containing kanamycin (50 
μg/ml) and chloramphenicol (25 μg/ml) (Rosetta-DE3-pLysS) or in minimal 
medium (BL21) prepared with 15N ammonium chloride and deuterated water 
and kanamycin (50 μg/ml) overnight at 37ºC (Aragón et al, 2019). Then, Rosetta-
DE3-pLysS pre-cultures were grown in LB medium containing ampicillin (50 μg/
ml) at 25°C until an OD600 of 0.5 and were induced for 3 h at 18°C with 0.2 mM 
IPTG. Alternatively, BL21 cells were grown at 37 ºC to reach an OD600 of 0.8-1.0 
and induced overnight at 20°C with 0.2 mM IPTG. After induction, cells were 
harvested by centrifugation (4000 rpm for 10 min at 4 ºC) and pellets were stored 
at -80ºC until protein purification. 

Thawed cells from 1 l culture were resuspended in 50 ml of cold lysis buffer 
containing 50 mM Tris pH 7.4, 500 mM NaCl, 10 mM imidazole and 1 complete 
EDTA-free protease inhibitor cocktail tablet, and sonicated. Cell debris was 
cleared by centrifugation (13000 rpm for 30 min at 4 ºC) and the supernatant 
was passed through a 0.45 μm filter. Then, protein was purified by FPLC using an 
NGC Quest 10 Plus Chromatography system (BioRad) on a HisTrap HP column 
5ml (GE Healthcare, 17-5248-01) at 4ºC, which was previously equilibrated with 
buffer A (50 mM Tris pH 7.4, 500 mM NaCl, 10 mM imidazole). Protein was eluted 
by applying 16 CV (column volumes) of a linear 10 mM to 500 mM gradient of 
imidazole. 

Fractions from each chromatographic step were analysed by 12% SDS-PAGE gel 
and stained with Coomassie blue. Cleavage of His-SUMO-tag was performed 
overnight at 4ºC (6-8KDa membrane) with in-house purified Recombinant 
His-Tagged SUMO protease (50µl at 2.5mg/ml for 2.5mg of fusion protein) 
against 3 l of dialysis buffer containing 25 mM Tris pH 7.4, 150 mM NaCl, 10 mM 
MgCl2 and 1 mM DTT. Cleaved p38α was checked by SDS-PAGE stained with 
Coomassie blue. The cleaved protein was dilute to 50mM of NaCl and was loaded 
onto a HiTrap Q HP anion exchange column 5 ml (GE Healthcare, 17-1154-01) at 
4ºC, which was previously equilibrated with buffer A (50 mM Tris pH 7.4, 50 mM 
NaCl, 10 mM MgCl2, 5% glycerol and 1 mM DTT) and buffer B (50 mM Tris pH 
7.4, 500 mM NaCl, 10 mM MgCl2, 5% glycerol and 1 mM DTT) (5 CV of buffer A 
+ 5 CV of buffer B + 5 CV of buffer A). Protein was eluted by applying 40 CV of a 
linear 50 mM to 500 M NaCl gradient. Fractions from each chromatographic step 
were analysed by 12% SDS-PAGE and stained with Coomassie blue. Fractions 
containing p38α were further purified by size-exclusion chromatography using 
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a predgrade HiLoad 16/600 Superdex 75 column (GE Healthcare) in buffer C (20 
mM Tris pH 7.5, 100 mM NaCl, 10 mM MgCl2, and 5 mM TCEP). Pure p38α protein 
was quantified using a NanoDrop One Microvolume UV-Vis Spectrophotometer 
(Thermo Scientific). Finally, protein was concentrated to 10-15 mg/ml with 
Amicon Ultra-4 filter units (10KDa) and used for crystallography or to 5-10mg/
ml for NMR experiments.

Expression, purification and mass spectrometry analysis of the [2H,15N]p38α 
protein used for NMR was performed by Eric Aragón and Dr. Lidia Ruiz (Macias 
Lab, IRB Barcelona). 

2.1.2.  Cloning

The cloning method as described in (Gibson et al., 2009) was used to generate 
the following constructs.

Human p38α was amplified from pGEX-4T-3-p38α and was inserted into BamHI/
XhoI of the pGEX-6-P1 expression vector with primers: 

Construct GST-p38α 

Fw 5’-3’ CCAGGGGCCCCTGGGATCCATGTCTCAGGAGAGGCCCAC

Rv 5’-3’ CGATGCGGCCGCTCGAGTCAGGACTCCATCTCTTCTTGGTCA

Mouse p38α was amplified from pET30-p38α and inserted into KpnI/HindIII of 
the pOPINS expression vector with primers: 

Construct GST-p38α 

Fw 5’-3’ GCGCATCGCGAACAGATCGGTGGTGGTATGTCGCAGGA-
GAGGCCC

Rv 5’-3’ G G T G T T T A A A T G G T C T A G A A A G C T T T C A G G A C T C -
CATTTCTTCTTGGTCAAG

The PCR parameters were as follows: melting temperature at 58ºC and elonga-
tion at 72ºC for 20 sec.
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2.1.3. Dephosphorylation of p38α with Lambda Phosphatase

Purified and dialyzed recombinant GST-p38α protein (5 μg) from E. coli BL21 E. 
Coli was dephosphorylated with 1 μl of Lambda Phosphatase (BioLabs) in 20 μl 
of 1X PMP Buffer (50 mM HEPES 100 mM NaCl, 2 mM DTT and 0.01% Brij 35) 
containing 1 mM MnCl2. After 2 h at 37ºC, 2 μl of 100 mM Na3VO4 were added to 
stop the reaction. Dephosphorylated GST-p38α protein was stored in aliquots at 
-80°C.

2.1.4. p38α kinase activity assays

Phosphorylation of p38α by MKK6

Purified and dialyzed recombinant GST-p38α protein (4 μg) was incubated with 
purified MBP-MKK6DD (1 μg) in 20 μl of buffer containing 50 mM Tris-HCl pH 7.5, 
2 mM DTT, 10 mM MgCl2, 100 μM Na3VO4, 1 mM PMSF, 10 μg/ml aprotinin, 10 μg/
ml leupeptin and 200 μM ATP for 30 min at 37 °C. Reactions were stopped by the 
addition of 5X sample loading buffer and boiling at 95 °C for 5 min. Phosphor-
ylation of GST-p38α was confirmed by western blotting using antibodies that 
recognize the two phosphorylation sites in the activation loop of p38α.

Basal p38α autophosphorylation

Dephosphorylated GST-p38α protein (2 μg) was incubated with 600 μM ATP in 
20 μl of buffer containing 100 mM NaCl, 20 mM Tris-HCl pH 7.5, 2 mM DTT, 2 
mM MgCl2 for 2 h at 37ºC. Reactions were stopped by the addition of 5X sample 
loading buffer and boiling at 95 °C for 5 min. Autophosphorylation was detected 
by western blotting as above.

TAB1-induced p38α autophosphorylation

A peptide corresponding to amino acids 386-414 of human TAB1 [RVYPVSVPYS-
SAQSTSKTSVTLSLVMPSQ] (GenScript) was resuspended in 50 mM Tris-HCl pH 
7.5, at a concentration of 100-300 mM and stored in aliquots at -80ºC. Non-phos-
phorylated GST-p38α protein (2 μg) was incubated with 15 μM TAB1 peptide in 20 
μl of buffer containing 100 mM NaCl, 20 mM Tris-HCl pH 7.5, 2 mM DTT, 2 mM 
MgCl2 and 600 μM ATP for 2 h at 37ºC. Reactions were stopped by the addition of 
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5X sample loading buffer and boiling at 95 °C for 5 min. Autophosphorylation was 
detected by western blotting as above. 

Phosphorylation of substrates by active p38α

Active GST-p38α (200 ng) was prepared by incubation with MKK6 as describe 
above, and was incubated with purified GST-ATF2 or GST-MK2 proteins (0.5 μg) 
in 20 μl of buffer containing 50 mM Tris-HCl pH 7.5, 2 mM DTT, 10 mM MgCl2, 
100 μM Na3VO4, 1 mM PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin and 200 μM 
ATP for 30 min at 30 °C. Reactions were stopped by the addition of 5X sample 
loading buffer and boiling at 95 °C for 5 min. Phosphorylation of ATF2 or MK2 was 
detected by western blotting using antibodies that recognize the corresponding 
p38α phosphorylation sites.  

2.1.5. Surface plasmon resonance assay

Surface plasmon resonance assays were performed in collaboration with Dr. 
Isabelle Brun-Heath (Orozco Lab, IRB Barcelona) using a Biacore T200 instrument 
at 25ºC (Cytiva) (Bukhtiyarova et al 2004). 

Inactive (non-phoshorylated) and active (phosphorylated) biotinylated 
His-Avi-p38α protein were coupled to a high-affinity streptavidin (SA) 
sensor (Cytiva, 29104992) in buffer containing 10 mM Tris, 150mM NaCl and 5% 
DMSO using the manufacturer's directions. Of the four channels in the chip, 
channel 1 did not contain any protein, channel 2 contained inactive non-phos-
phorylated protein, and channel 3 contained phosphorylated protein. The 
immobilization level was 2200 resonance units (RU) for both proteins.

Kinetic parameters were measured by injecting different concentrations of each 
compound (SB203580, 3-400 nM; NC-p38i 37 and A02, 0.2-25 µM; 60 and E2.2, 
2-100 µM) to the immobilized protein at a flow rate of 60 µl/min. Washing and 
solvent correction steps were performed between each compound. All samples 
were prepared as 2-fold serial dilutions in the experimental buffer. Affinity and 
kinetics data were determined using the BiacoreT200 Evaluation Software.
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2.1.6. Thermal shift assay 

Thermal shift assays were performed in 96-well plates (MicroAmp Fast 96 well 
plates, Applied Biosystem, 4346907) using (BioRad) instrument. Samples were 
prepared in triplicates by mixing purified GST-p38α or GST proteins (1.5 µM) with 
assay buffer (20 mM TRIS pH 7.5, 100 mM NaCl, 2mM MgCl2, 2 mM DTT), Protein 
Thermal Shift Buffer (1X final concentration, Applied Biosystem Protein Thermal 
Shift™ Kit) and NC-p38i compounds at different concentrations (10 mM stock 
in 100% DMSO) or the equivalent volume of DMSO as a control. Samples were 
incubated at RT for 30 min prior to the assay. 1X SYPRO Orange was added before 
reading the plate. Fluorescence intensity was measured at 1ºC intervals from 
25°C–95°C at a rate of 0.5°C/s.  All measurements were performed in triplicates 
and mean values were reported for all compounds to calculate their ΔTm relative 
to DMSO control samples.

2.1.7. Isothermal titration calorimetry

Isothermal titration calorimetry experiments were carried out in a NanoITC Low 
volume calorimeter (TA instruments). 

GST-p38α protein at 260 μM (50 μl) was injected into a rapidly mixing solution 
(200 rpm) of TAB1386-414 peptide  at 26 μM (320 μl) within the calorimetric cell 
(De Nicola et al 2013). In addition, NC-p38i at 260 μM (50 μl) were injected into 
a rapidly mixing solution (200 rpm) of GST-p38α  at 26 μM (320 μl) within the 
calorimetric cell. All reagents were prepared in a buffer containing 20 mM Tris 
pH 8, 50 mM NaCl, 5% glycerol and 1mM TCEP. A total of 17 injections of 2.97 μl 
were made during the experiment. 

After completion of the experiment, Nanonalize de TA data software was used 
to analyse the result. The heat of the first injection was discarded from the 
analysis to avoid artefacts due to diffusion that occur during the long equilibrium 
period which affected the local protein concentration near the syringe. Control 
experiment injecting identical amounts of ligands  into buffer alone were 
performed to subtract the dilution heat for each experiment. 

The data fitting gave us the values for binding stoichiometry (n), binding affinity 
(K), enthalpy (ΔH) and entropy (ΔS) and Gibbs free energy (ΔG) was calculated 
according to the formula ΔG = ΔH – TΔS.  
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2.1.8. Fluorescence polarization assay 

Fluorescence polarization assays were performed in low volume 384-well 
plates (non-binding surface, black, Corning, 3575) using an Infinite® 200 (Tecan) 
microplate reader. GST-p38α  protein was dialyzed overnight against assay buffer 
containing 20 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT and 10 mM MgCl2. The 
fluorescent N-terminally labelled-fluorescein isothiocyanate (FITC)-TAB1386-414 

peptide (ChinaPeptides) stock was prepared at 10 mM in 100% DMSO. 

For direct binding assays, FITC-TAB1386-414 (10 nM) and non-phosphorylated 
GST-p38α (0.17-22 μM) were prepared in triplicates in assay buffer (30 μl/well) 
and incubated for 1h at RT. The FP signal (mP) was measured at an excitation 
wavelength (λex) of 485 nM and emission wavelength (λem) of 535 nM. The 
concentration of GST-p38α that increased the FP signal up 80% was used to 
perform the competitive assays. 

For competition assays, FITC-TAB1386-414 (10 nM) and non-phosphorylated 
GST-p38α (5.6 μM) were prepared in triplicates in assay buffer (30 μl/well) in 
presence of either non-labelled TAB1386-414 peptide or NC-p38i at increasing 
concentrations (diluted from a 10 mM stock in 100% DMSO). The equivalent 
volume of DMSO (1%) was added as a control. The FP (mP) signal was measured 
after incubation for 1h at RT. 

2.1.9. NMR spectroscopy

NMR experiments were performed by Dr. Maria Macias and Dr. Pau Martin 
(Macias Lab, IRB Barcelona). 

2D  1H-15N Transverse Relaxation Optimized Spectroscopy (TROSY) experiments 
were performed to obtain the spectra of p38α alone or in complex with 
either  TAB1386-414  peptide  (2 equivalents)  or NC-p38i (5 equivalents), or both 
simultaneously in  buffer containing 20 mM Tris pH 7.5, 100 mM NaCl, 2 mM 
TCEP and 10 mM MgCl2. Measurements were performed in a Bruker Avance III 
600 MHz spectrometer equipped with a quadruple (1H,  13C,  15N,  31P) resonance 
cryogenic probe head and a z pulsed-field gradient unit at 293 K. All spectra 
were acquired and processed with the Bruker TopSpin 3.5pl7 software and 
were analysed with CARA (Bartels et al., 1995).  Chemical-shift variations were 
determined by comparison of the 2D 1H-15N -TROSY spectrum of free p38α with 
that of p38α-TAB1386-414 and p38α-NC-p38i, respectively,  and  mapped onto the 
structure of p38α (PDB:3MGY) using the assignments from BMRB:27273.
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2.1.10. X-ray crystallography 

Crystallography experiments were performed in collaboration with Dr. Joan Pous 
at the Automated Crystallography Platform (PAC) of IBMB-CSIC and IRB. Crystals 
harvesting, data collection and analysis were performed by Dr. Joan Pous (PAC), 
Blazej Baginski and Dr. Radoslaw Pluta (Macias Lab, IRB Barcelona).

Full-length mouse p38α protein (10-15 mg/ml) was crystallized in the presence 
of different combinations of NC-p38i (p38α:NC-p38i, 1:1.5 ratio) and SB203580 (1 
mM) in a solution containing 20 mM Tris pH 7.5, 100 mM NaCl, 10 mM MgCl2, and 
5 mM TCEP. Standard screenings and optimizations were done in a Tecan Evo 
100 (Table 2). The resulting crystallization conditions and the protein-ligands 
mix were dispensed in volumes of 200 nl each using a Phoenix robot from ARI. 
Crystal complexes were grown by sitting-drop vapor diffusion and monitored on 
Bruker Crystal Farmsat in 4 ºC or 20 ºC. 

Table 2. Summary of crystallization experiments 

Crystallization plates 51

Crystallization conditions 9792

Diffracted crystals 196

Collected datasets 65

Indexed, processed and molecular 
replacement performed datasets

27

Datasets refined 15

Datasets selected 2

Crystals were cryoprotected in mother liquid solution supplemented with 
glycerol and flash-frozen in liquid nitrogen in a polyamide loop. The X-ray data 
were collected at 100 K from an Orthorhombic crystal using a PILATUS 6M 
detector on BL13-XALOC at the ALBA Synchrotron Light Source (Barcelona) 
(Juanhuix et al., 2014). In each case, a total rotation of 180º was collected at a 
wavelength of 0.9792 Å with an exposure time of 0.1 s and an oscillation of 0.2°. 

Data reduction and processing were carried out using iMOSFLM (Battye et 
al., 2011), POINTLESS and SCALA from CCP4 (Winn et al., 2011), and autoPROC 
(Vonrhein et al., 2011) with STRANISO (Tickle et al., 2018). Structures were solved 
by molecular replacement of the template structure file PDB:4LOO using Phaser 
and refined using REFMAC5 (Murshudov et al., 2011), Coot (Emsley et al., 2010) 
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and Phenix software suite (Liebschner et al., 2019). PDB-REDO web server was 
also used during structure refinement (Joosten et al., 2014) (Supplementary Table 
1). Graphical representations were prepared using PyMOL (Schrödinger, LLC) 
and Chimera (Pettersen et al., 2004). 

2.2. Cellular and molecular biology assays
2.2.1. Cell culture

Cell maintenance

HEK293T, H9c2, U2OS, BBL358, MCF-7, MDA-MB-231 cells were cultured DMEM 
(high glucose) medium supplemented with 10% FBS, 1% penicillin/streptomycin 
and 1% L-glutamine.  BT549 cells were cultured in RPMI supplemented with 10% 
FBS, 1% penicillin/streptomycin and 1% L-glutamine. Cells were maintained at 
37°C and 5% CO2. 

For sub-culturing and passage, cells were washed with 1X DPBS and incubated 
with trypsin-EDTA for 5 min at 37°C. Then, complete fresh media was added, 
cells were counted automatically in a Bio-Rad TC20™ cell counter and diluted as 
desired depending on the confluence. 

Human iPSC-derived cardiomyocytes were cultured following providers’ 
instructions (NCardia). 

Cell collection 

For harvesting, cell cultures were washed with 1X DPBS and trypsinized. Then, 
cells were resuspended in complete fresh media and centrifuged at 1200 rpm 
for 5 min. Media was aspirated, and the pellet was washed with 1X DPBS. Cell 
suspension was again centrifuged, and supernatant was discarded. The final cell 
pellet was resuspended according to the specific procedures. 

Cell freezing and thawing

For freezing, cells from 70-85% confluent culture plates were collected as above 
and resuspended in freezing media consisting of 90% FBS and 10% DMSO and 
transferred to 1.5 ml cryo-tubes. Specifically, H9c2 cells were frozen in 95% 
DMEM and 5% DMSO. Cryo-tubes were stored in a Mr. Frosty container at -80°C 
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for up to one week and then transferred to liquid nitrogen for long term storage. 

For thawing, frozen cells were placed in a 37°C water bath for 2-3 min. Then, cells 
were diluted in fresh media and centrifuged at 1200 rpm for 5 min to remove 
DMSO. The supernatant was aspirated, cells were resuspended in fresh complete 
media and transferred to a new plate. Next day, the media was replaced to remove 
dead cells.

Mycoplasma detection 

Cells were routinely tested using Mycoplasma Detection Kit. 100 µl of cell media 
were taken, centrifuged and transferred to a test tube. First, MycoAlert Reagent 
(A, 100 µl) was added and luminescence was measured after 5 min incubation. 
Then, MycoAlert Substrate (B, 100 µl) was added and luminescence was measured 
after 10 min. The ratio of B/A was used to determine the mycoplasma status 
according to the manufacturer´s protocol.

Cell treatments

ATP-competitive inhibitors of p38α and NC-p38i compounds were prepared in 
100% DMSO and stored in aliquots at -20ºC.

Inhibitors were used at the indicated concentrations and for the indicated times 
depending on each experiment. 

2.2.2. Cellular protein extraction and quantification

For protein extraction, cell plates were placed on ice and cells were washed with 
ice cold 1X PBS. Then, cells were lysed in 1X RIPA buffer using a scrapper. Samples 
were incubated for 30 min on ice and then centrifuged at 15000 rpm at 4°C for 
15 min. Then, supernatants were collected and processed by western blotting or 
frozen at -80°C. 

Total protein was quantified using RC DC protein assay kit according to manufac-
turer’s instructions. Protein concentration was measured at 750 nm using Epoch 
2 spectrophotometer (BioTek) and a BSA standard curved as a reference. 
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2.2.3. Western blotting 

Cell lysates (30-40 µg of protein) were prepared in 1X loading buffer and boiled 
for 5 min at 95°C. Then, samples were loaded onto different types of SDS-poly-
acrylamide gels (SDS-PAGE) depending on protein size. Gel composition is 
shown in Table 3.

Table 3. Composition of SDS-polyacrylamide gels

Stacking 8% 
SDS-PAGE

10% 
SDS-PAGE

12% 
SDS-PAGE

Tris-HCl 1.5 mM (pH 8.8) -- 2.5 ml 2.5 ml 2.5 ml

Tris-HCl 1M (pH 8.8) 625 µl -- -- --

40% Acrylamide/Bis (29:1) 500 µl 2 ml 2.5 ml 3 ml

H2O 3.8 ml 5.3 ml 4.9 ml 4.3 ml

10% SDS 25 µl 50 µl 50 µl 50 µl

10% APS 50 µl 100 µl 100 µl 100 µl

TEMED 5 µl 8 µl 8 µl 8 µl

Proteins were separated by SDS-PAGE for 1.5 h at 100-120 V. After electrophoresis, 
proteins were transferred from the gel to a nitrocellulose membrane using a 
wet-transfer system (Mini Trans-Blot Cell, BioRad). After the transfer, membranes 
were stained with Ponceau S solution to assess the transfer. Membranes were 
rinsed in distilled water and distained in 1X PBS. Then, membrane was blocked in 
5% non-fat dry milk in 1X PBS for 1 h at RT. The primary antibody diluted in 5% 
BSA in TBS-Tween 0.05% was added to the membrane and incubated overnight 
at 4°C or for 2h at RT. Then, membranes were washed three times with PBS 
and incubated with the secondary antibody diluted in 2.5% BSA in TBS-Tween 
0,05% for 1 h at RT. Finally, membranes were washed three times as above and 
protein-bound antibodies were detected using the Odyssey Infrared Imaging 
System. The antibodies used are indicated in Tables 4 and 5.  
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Table 4. Primary antibodies used for western blotting

Antibody Dilution Company Reference

c-Myc 1:1000 Abcam Ab9132

Caspase-3 1:1000 Cell Signalling 9662

Flag 1:1000 Sigma F3165.2MG

GFP 1:1000 Santa Cruz sc9996

GST 1:1000 Santa Cruz sc138

HSP27 1:1000 Santa Cruz sc-1049

HSP27 phospho-S82 1:1000 Cell Signaling 2401

MK2 phospho-T334 1:500 Cell Signaling 3007

MKK6 1:500 Homemade (Ambrosino et al., 2003)

p38α 1:1000 Cell Signaling 9218

p38α 1:1000 Santa Cruz sc81621

p38 phospho-T180/
Y182

1:1000 Cell Signaling 9211

p38 phospho-T180/
Y182

1:1000 BD Biosciences 612288

TAB1 1:1000 MRC S823A

TAB1 phospho-S423 1 ug/ml MRC S739A

Tubulin 1:10000 Sigma T9026

Table 5. Secondary antibodies used for western blotting

Antibody Dilution Company Reference

Goat anti-Mouse IgG 
(AlexaFluor 680)

1:5000 Invitrogen A21057

Goat anti-Rabbit IgG 
(AlexaFluor 680)

1:5000 Invitrogen A21076

Donkey anti-Goat IgG 
(IRDye 800CW)

1:5000 Licor 926-33214
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Donkey anti-Mouse 
IgG (IRDye 800CW)

1:5000 Licor 926-32212

Rabbit anti-Sheep IgG 
(DyLight 800)

1:5000 Invitrogen SA5-10060

Donkey anti-Sheep 
IgG (HRP)

1:5000 Santa Cruz sc2473

2.2.4. Cell transfection

Mouse myc-tagged p38α and GFP-tagged TAB1 sequences were inserted into the 
pcDNA3 mammalian expression vector and used for transient transfection. 

Transfection of HEK293T cells with CaCl2

HEK293T cells seeded in 10 cm plates were used for transfection when reached 
a 60-70% confluency. DNA (5 µg myc-p38α, 10 µg GFP-TAB1) was dissolved in 
450 µl of sterile water, and 50 µl of 2.5 M CaCl2 were added drop by drop and 
incubated for 5 min at RT. Afterwards, 500 µl of 2X HBS were added drop-wise 
with bubbling and incubated for 20-30 min at RT. The final mix (1 ml) was added 
to cells and incubated overnight. Next day, the media was replaced by fresh 
DMEM to avoid CaCl2 toxicity. After 24 h, cells were trypsinized and seeded in 60 
mm plates to perform experiments.  

Transfection of U2OS cells with Lipofectamine 3000

U2OS cells were seeded in coverslips in 6-well plates and used for transfection 
with Lipofectamine 3000 following manufacturer’s instructions. Briefly, DNA (2.5 
µg) was mixed with 125 µl of Opti-MEM and 10 µl of p3000 reagent. In parallel, 9 
µl of lipofectamine were mixed with 125 µl of Opti-MEM. After 5 min, the mixture 
containing the DNA was transferred to the tube containing the lipofectamine and 
mixed. After 10 min, the mixture was added to the cells in 6-well plates cultured 
in media without antibiotics.  Medium was replaced after 16 h.
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2.2.5. Proximity ligation assay

U2OS cells were transfected with the required plasmids as indicates in the Cell 
transfection section (2.2.4), grown on coverslips, washed with PBS and fixed for 
20 min with ice-cold methanol (-20°C). After fixation, cells were incubated with 
anti-Myc and anti-GFP primary antibodies (Table 3) as for a normal immunofluo-
rescence. The next day, PLA was performed following manufacturer’s instructions. 
Briefly, anti-mouse and anti-rabbit antibodies were diluted 1:5 in blocking buffer 
and incubated 20 min at RT. Then, coverslips were incubated with the antibodies 
for 1 h at 37°C in a humid chamber. After incubation, coverslips were washed with 
buffer A (0.01 M Tris HCl, 0.15 M NaCl and 0.05% Tween 20) and incubated with 
the ligation reaction (ice-cold ligase diluted 1:40 in 1X ligation buffer provided in 
the kit) for 30 min at 37°C in humidity chamber. Coverslips were washed again 
with buffer A and incubated in the amplification reaction (polymerase diluted 1:80 
with 1X amplification buffer supplied in the kit) for 100 min at 37°C in humidity 
chamber. The, samples were washed three times with buffer B (0.2 M Tris HCl, 
and 0.1 M NaCl) and dried. Coverslips were placed in superfrost glass slides with 
ProLong Gold antifade DAPI mountant or VECTASHIELD Antifade Mounting 
Medium. 

2.2.6. NanoBRET target engagement assay 

These experiments were performed by Aurelia Bioscience as indicated in the 
following protocol.

HEK293T cells were trypsinized, counted and resuspended in Opti-MEM 
containing 1% FBS. Then, cells were transfected in suspension with a mixture of 
Transfection Carrier DNA (9 μg/ml) and NanoLuc fusion p38α vector (1 μg/ml) 
using 30 μl of FuGENE HD transfection reagents in Opti-MEM without serum 
and seeded into 96-well plates for 20 h to allow NanoLuc fusion p38α expression. 

To prepare 1X Tracer for BRET assay, 100X NanoBRET Tracer (in 100% DMSO) was 
diluted 1:4 in Tracer Dilution Buffer (20X) and added directly to cells (1:20). Then, 
the plates were mixed for 15 s at 700 rpm. NC-p38i compounds were prepared 
by serial dilutions in Opti-MEM and added to cells. Plates were again mixed for 
15 s at 700 rpm and further incubated for 2 h at 37°C 5% CO2. Finally, plates were 
incubated for 15 min at RT to cool down before performing BRET measurements. 

Immediately prior to BRET measurements, 3X Complete NanoBRET Nano-Glo 
Substrate was prepared in OptiMEM without serum or phenol red (1:166 
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dilution of NanoBRET Nano-Glo Substrate plus a 1:500 dilution of Extracellular 
NanoLuc Inhibitor in OptiMEM without serum or phenol red) and mixed gently 
by inversion. 50 µl were added per well of 3X Complete NanoBRET Nano-Glo 
Substrate and incubated 2-3 min at RT. Measurements were done within 10 min 
of substrate activation. Following addition of NanoBRET Nano-Glo Substrate, 
donor emission (e.g. 450 nm) and acceptor emission (e.g. 610 nm or 630 nm) 
were measured using a NanoBRET-compatible luminometer. To generate raw 
BRET ratio values, acceptor emission values (e.g. 610 nm) were divided by the 
donor emission value (e.g. 450 nm) for each sample. Then, raw BRET units were 
converted to % inhibition for interpretation of the results.

2.2.7. Simulated ischaemia-reperfusion in H9c2 cells

H9c2 cells were seeded in 60 mm plates and grown for 24 h. Then, medium was 
replaced and NC-p38i compounds or p38α ATP-competitive inhibitors were 
added for 24 h pre-treatment. 

For simulated ischaemia, the medium was changed to 3 ml of Ischemic Buffer 
(137 mM NaCl, 12 mM KCl, 0.5 mM MgCl2, 0.9 mM CaCl2, 4 mM HEPES, 10 mM 
2-deoxy-glucose and 20 mM sodium lactate, pH 6.2) (Esumi et al. 1991) containing 
either DMSO, p38α ATP-competitive inhibitors or NC-p38i compounds. Cells 
were kept in H35-hypoxistation chamber flushed with 0.1% O2 5% CO2 and 95 % 
N2 (65% HR) for 2 h. For simulated reperfusion, cells were switched back to the 
original medium and kept for 4 h in a normal incubator with 5% CO2. Non-treated 
cells were maintained in a normal incubator with 5% CO2 (normoxia). 

After reperfusion, the media containing dead cells as well as the 1X DPBS from 
washing were collected. Cells were trypsinized and suspension was centrifuged 
at 1500 rpm for 5 min. Then, cell pellet was lysed in RIPA buffer. 

2.2.8. Neonatal ventricular myocytes purification 

Neonatal rat ventricular myocytes (NRVMs) were isolated from newborn (1-2 days) 
Wistar rats. Hearts (11-15 pups) were collected in ice-cold CBFHH buffer (137 mM 
NaCl, 20 mM HEPES, 0.81 mM Mg2SO4, 0.44 mM K2PO4, 0.33 mM Na2HPO4, 5.6 
mM glucose, 5.4 mM KCl, pH 7.3) and atria, blood vessels and tissues from other 
organs were existed. Minced ventricles were put into a 100 ml Erlenmeyer flask 
and NRVMs were purified by serial enzymatic digestions of tissue with 0.6 mg/ml 
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of collagenase Type II and 0.4 mg/ml pancreatin in CBFHH buffer shaking at 37ºC. 
First digestion (20 min) was discarded. After the second (20 min), third (25 min), 
fourth (25 min) and fifth (15 min) digestions, the cell suspension was placed into 4 
ml Premium FBS at 37ºC. After all digestions, cells were centrifuged at 900 rpm for 
5 min and the pellet was resuspended in 10 ml of high-glucose DMEM:M199 (4:1) 
supplemented with 10% Horse Serum, 5% Premium FBS and 1 μg/ml AraC. The 
suspension was passed through a 40 µm nylon filter and pre-plated for 90 min 
on a 10 cm plate at 37ºC, to allowing the attachment of fibroblasts. The remaining 
cell suspension was collected, cardiomyocytes were counted automatically, 
and cell survival was determined by Trypan Blue exclusion. Then, NRVMs were 
seeded onto 1% gelatin-coated 96-well plates. After 24 h, media was changed, 
and cells were kept at 37ºC and 5% CO2 for 3 days, when a confluent monolayer 
of spontaneously beating myocytes was observed. 

After pre-plating, primary cardiac fibroblasts were maintained with DMEM 
medium, supplemented with 10% FBS, 1% Penicillin/Streptomycin and 1% 
L-glutamine. After 48 h, cells were trypsinized and split 1:2 for 3 days allowing 
them to proliferate. 

2.2.9. Cell death analysis by DAPI staining 

The media containing dead cells as well as the 1X DPBS from washing were 
collected. Then, cells were trypsinized and suspension, including media and 
washing 1X DPBS, was centrifuged at 1500 rpm for 5 min. Supernatant was 
aspirated and cell pellet was resuspended in 300-500 µl 1X DPBS. Next, 3 µl of 
DAPI (10 ug/ml) was added and cell death was analysed by Gallios Flow Cytometer 
(Beckman Coulter) and FlowJo software.

2.2.10. Gene expression analysis by qRT-PCR

RNA extraction

Cells were washed twice with 1X PBS and resuspended in TRIzol (500 µl). Then, 
chloroform (100 µl) was added and tubes were centrifuged 15000 ×g for 10 min 
at RT. The fraction with less density was transferred into new tubes and samples 
were mixed with 70° ethanol (200 µl). The RNA was extracted using PureLink RNA 
mini kit. DNAse treatment was performed using on-column DNase treatment 
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following manufacturer’s instructions. 

cDNA synthesis 

RNA samples were quantified using Nano Drop, and 1 µg was used for cDNA 
synthesis with SuperScript IV reverse transcriptase, RNAsin and random primers 
following manufacturer’s instructions. 

qRT-PCR 

cDNA (25 ng) was mixed with 5.5 µl of SYBR green reagent and 0.25 µl of gene 
specific Fw and Rv primers in a 10 µl final volume. The plate was sealed, centrifuged 
for 1 min at 200 ×g and run as follows: 50°C for 2 min, 95°C for 10 min, 60º for 1 
min,  40 cycles of denaturation at 95°C for 15 s, annealing and elongation at 60°C 
for 1min, and three final steps of 95°C for 15 s, 60°C for 1 min and 95°C for 15 s. 
Samples were analysed in triplicates.  

Primers for H9c2 cells (Rattus Norvecigus) are shown in Table 6.

Table 6. Primers used in qRT-PCR

Gene Fw sequence 5’-3’ Rv sequence 5’-3’

MAPK14 GCATCATGGCTGAGCTGTTG TGTAGTTTCTTGCCTCATGGC

TAB1 CCTACTCTCACTAACCAGAGCC AGGTGGAAGTGAGTGAGCCG

MKK3 GTGCGACTTTGGCATCAGTG TTGATCCTCTCAGGGGCCAT

MKK4 GCCCAGCGGCGAGAAAAA CCCTGCTTGTAGCTGTACTCC

MKK6 GTCTGGGCATCACCATGATTG AACTTGTCCGCTGGGAGTTG

2.2.11. Cell viability assays

Cells were seeded in duplicates onto 96-well plates. Next day, the media was 
replaced and NC-p38i were added. Compounds were prepared by serial dilutions 
in 100% DMSO at 100X or 10X final concentration. Then, 1:100 or 1:10 dilutions 
(0.1 or 1% final DMSO) were performed in media to obtain the indicated concen-
trations. 
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Cell viability was determined after 24, 48 and 72 h using an MTT kit (Roche), 
by adding first 10 μl of reagent A to every well and 4 h later 100 μl of reagent B. 
Next day, absorbance was read at 570 nm using the spectrophotometer Epoch 2 
(BioTek). Absorbance was proportional to the viable number of cells and values 
were normalized to the DMSO control. 

2.2.12. Colony formation assay

BBL358 cells (Canovas et al., 2018) were trypsinized, counted and plated in 60 
mm plates. After 24h, cells were treated with NC-p38i and p38α ATP-competitive 
inhibitors. Media and compounds were replaced every 2-3 days. After 10 days, 
when colonies were visible, cells were fixed with 4% PFA for 15 min at RT. Plates 
were washed with water, stained for 10 min with crystal violet, and finally wells 
washed again with water. Images of the colonies were quantified by using Fiji 
software.

2.2.13. Doxorubicin-induced toxicity in human iPSC-CM 

Doxorubicin-induced toxicity in human iPSC-derived cardiomyocytes (hiPSC-CM) 
experiments were performed by NCardia as indicated in the following protocol. 

hiPSC-CMs were seeded on fibronectin-coated CardioExcyte 96-well plates. Cell 
media was changed every 48h. After 7 days, cells were treated with doxorubicin 
(1 and 10 µM) and NC-p38i compounds for 72h. Cell responses, including viability, 
contractility and electrophysiology, were evaluated in parallel by cell-induced 
electrical impedance and MEA (microelectrode array) technology using the 
xCELLigence RTCA CardioECR instrument at 4, 24, 48 and 72 h.  Cardiac Troponin 
I release was also evaluated at 48 and 72h.

2.3. ADME-Tox assays 
2.3.1. Kinase selectivity panel 

NC-p38i compounds were tested in a panel of 97 human kinases using the 
Z´-LYTE technology by ThermoFisher. The assay is based on the measurement 
of proteolytic cleavage of peptide substrates labelled with two fluorophores that 
produce FRET signal. In the primary reaction, the active kinase phosphorylates 
a synthetic substrate FRET-peptide. In the secondary reaction, a site-specific 
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protease recognizes and cleaves non-phosphorylated FRET-peptides, thereby 
disrupting FRET signal between the donor and acceptor fluorophores. In this 
assay, peptide phosphorylation inhibits its cleavage. To quantify the reaction 
progress and correlate it with the inhibitory effect of NC-p38i, the Emission ratio 
between donor emission and acceptor emission after excitation of the donor 
fluorophore at 400 nm was calculated. The Emission ratio remains low if there 
is low kinase inhibition (FRET-peptide phosphorylation), whereas it is high if the 
kinase is inhibited (no phosphorylation of FRET-peptides). 

2.3.2. Permeability in Caco-2 cells in vitro  

The apparent permeability (Papp) for NC-p38i compounds was tested in Caco-2 
cells as a model to study transport across the intestinal barrier. This experiment 
was performed by Draconis. 

Caco-2 cells were grown as monolayers for 21 days in 96-well plates. NC-p38i 
were assayed in triplicates in HBSS-HEPES buffer pH 7.4 and added to the donor 
side, while the receiver side was filled only with HBSS-HEPES buffer pH 7.4. TEER 
and Lucifer yellow assay were used as markers of integrity of the cell monolayer. 
After incubation for 2 h at 37ºC, media was removed from the receiver side and 
samples were analysed by HPLC-MS to calculate the Papp values. Metoprolol was 
used as reference compound. 

2.3.3. In vitro metabolic stability in human and rat liver           	
	 microsomes 

The in vitro metabolic stability of NC-p38i compounds was tested in human and 
rat liver microsomes by Cyprotex following this protocol.

Human and rat microsomes (0.5 mg protein/ml) were prepared in 0.1 M phosphate 
buffer pH 7.4 with NC-p38i compounds (1 µM and 0.25% final DMSO) and pre-in-
cubated at 37 °C prior to the addition of NADPH (1 mM) to initiate the reaction. 

A negative cofactor control was included for each compound tested where 0.1 M 
phosphate buffer pH 7.4 was added instead of NADPH. Two control compounds 
were included with each species. All incubations were performed singularly for 
each test compound at 0, 5, 15, 30 and 45 min. The negative control was incubated 
for 45 min only. The reactions were stopped by transferring into acetonitrile at 
the appropriate time points (1:3 ratio). The termination plates were centrifuged 
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for 20 min at 3000 rpm at 4 °C to precipitate the protein. 

Following protein precipitation, the sample supernatants were combined in 
cassettes of up to 4 compounds, an internal standard was added, and samples 
were analysed using LC-MS/MS conditions. From a plot of ln peak area ratio 
(compound peak area/internal standard peak area) against time, the gradient 
of the line was determined. Subsequently, half-life and intrinsic clearance were 
calculated using the equations below: 

•	 Elimination rate constant (k) = (- gradient)

•	 Half-life (t½, min) = 0.693/k

•	 Intrinsic clearance (CLint, μl/min/mg protein) = (V x 0.693)/t½; V = Incubation 
volume (μL)/Microsomal protein (mg) 

2.3.4. Human hERG K+ channel inhibition in vitro 

The percentage of hERG K+ channel inhibition of NC-p38i compounds was 
performed by Axxam Spa following this protocol.

CHO-hERG DUO cells were cultured in Ham’s Nutrient Mixture F-12, supple-
mented with 10% FBS, 5% penicillin/streptomycin, G418 (1 ml of 50 mg/ml) and 
Hygromycine B (0.5 ml of 100 mg/ml) for 48 h before the experiment onto a 
T225 flask. Just before the experiment, cells were washed twice with DPBS and 
trypsinized. Then, cells were then re-suspended in 25 ml EX-CELL ACF CHO 
medium containing 0.25 ml of 100X Penicillin/Streptomycin and 0.1 ml of Soybean 
Trypsin Inhibitor 10 mg/ml and placed on the Qpatch 16X. NC-p38i compounds 
were tested at four concentrations starting from 10 μM with 1:5 dilution steps. 
(0.1% final DMSO). Verapamil was used as a reference agonist. 

The following solutions were used for Patch clamp assay: 

•	 Intracellular solution: 120 mM KCl, 5.37 mM CaCl2, 1.75 mM MgCl2, 10 mM 
EGTA, 10 mM HEPES, 4 mM Na2-ATP (pH 7.2 adjusted with KOH). 

•	 Extracellular solution: 145 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 
mM HEPES, 10 mM Glucose (pH 7.4 adjusted with NaOH). 

Patch clamp experiments were sampled at 5 KHz. After establishment of the seal 
and the passage in the whole cell configuration, cells were held at -90 Mv and 
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the hERG current was performed by applying 200 ms step at -50 Mv; 2000 ms 
step at +20 Mv; 2000 ms step at -50 Mv; and back to -90 Mv; every 15 sec in the 
absence (vehicle period) and in the presence of increasing concentrations of the 
compounds.

The percentage of hERG K+ channel inhibition NC-p38i compounds was assayed 
in duplicates. IC50 values indicated were only calculated when % inhibition was 
higher that 50% inhibition. 

2.3.5. Plasmatic protein binding 

The percentage of protein plasmatic binding was performed by Eurofins following 
the protocol below.

The protein matrix from human and rat plasma was spiked with NC-p38i 
compounds at 10 μM in duplicates (1% DMSO). The dialysate compartment of the 
plate was loaded with PBS (pH 7.4) and the sample side was loaded with equal 
volume of the spiked protein matrix. Then, the plate was sealed and incubated at 
37 °C for 4 h. After the incubation, samples were taken from each compartment, 
diluted with the phosphate buffer followed by addition of acetonitrile and centrif-
ugation. The supernatants were analysed by HPLC-MS/MS. 

Acebutolol, quinidine, and warfarin were tested as reference compounds, which 
yield protein binding values that represent low, medium and high bindings to 
human plasma proteins, respectively. Additionally, control samples without 
dialysis were prepared from the spiked protein matrix, which served as basis for 
recovery determination.  

The percent bound to proteins and the recovery were calculated using the 
equations below:

•	 Protein binding (%) = [(Areap-Areab)/Areap]*100

•	 Recovery (%) = [(Areap-Areab)/Areac]*100

Areap, peak area of analyte in the protein matrix; Areab, peak area of analyte in the 
assay buffer; Areac, peak area of analyte in control sample.
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2.4. In vivo experiments 
2.4.1. Maximum tolerated dose in Zebrafish 

The maximum tolerated dose of NC-p38i was tested in zebrafish embryos by 
Biobide following the protocol below. 

Zebrafish embryos from BBD-T-010 at 3 hpf (hours post fertilization) were exposed 
to NC-p38i at different concentrations (10 embryos per condition, 5 embryos/
well in a 24-well plate) for 72h at 28.5ºC. Control embryos were maintained in 
E3 media with 0.5% DMSO.  Embryo lethality and developmental toxicity was 
evaluated using a stereoscope at the end of treatment.

2.4.2. Doxorubicin-induced cardiotoxicity in Zebrafish 

A doxorubicin-induced cardiotoxicity study was performed by Biobide in 
zebrafish embryos following this protocol. 

Zebrafish embryos from BBD-T-010 at 3 hpf (hours post fertilization) were 
exposed to doxorubicin (100 μM) in combination with NC-p38i at different 
concentrations (10 embryos per condition, 1 embryos/well in a 96-well plate) for 
72h at 28.5ºC. Vehicle control embryos were maintained in E3 media with HEPES 
and 0.5% DMSO and positive control embryos were treated with doxorubicin 
alone. At the end of the treatment, embryos heart beat was counted during 15 
s using a stereoscope and the presence of arrhythmia as well as the absence of 
heartbeat (death, fibrillation) was evaluated. Then, embryos were fixed, stained 
with ApopTtag In situ apoptosis detection kit (Millipore) and heart morphology 
was evaluated using Leica DMi8 inverted microscope (20X).

2.4.3. Maximum tolerated dose in rats 

A maximum tolerated dose study was performed by Eurofins in male Sprague-
Dawley rats following IV administrations of NC-p38i at 10, 30, 50, 65, 80 and 100 
mg/kg.

NC-p38i compounds were formulated at 2, 6, 10, 13, 16 and 20 mg/ml in 10% 
DMA, 20% PG), 40% PEG 400 and 30% of 0.9% NaCl vehicle solution. A dosing 
volume of 5 ml/kg was applied through the lateral veins of the tail. 
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NC-p38i compounds were administered IV to animal cohorts of four Sprague-
Dawley rats (2 males and 2 females). If animals survived for 72 h, the next cohort 
was tested with a higher dose. The testing stopped when all animals survived 
at the highest condition, or when all dose levels were tested. Full clinical 
examinations and animal death was analysed within 15 min, 1h and 72 h after 
dosing at each dose level. 

Animal examination included a detailed analysis on the following profiles: 

•	 Behavioural: body weight, alertness, passivity, stereotypy, vocalization, 
transfer reactivity, touch escape, tail-pinch, toe-pinch, pinna reflex, startle 
response, visual placing.

•	 Neurological: body elevation, limb position, tail elevation, limb tone, grip 
strength,  body tone, abdominal tone, change in gait, catalepsy, righting 
reflex, twitches, convulsion.

•	 Autonomic: palpebral size, excretion (urination, diarrhoea), secretion 
(salivation, lacrimation), piloerection, body temperature, skin color, 
respiration, death. 

2.4.4. Pharmacokinetic study in rats

A plasma pharmacokinetic study was performed by Eurofins in male Sprague-
Dawley rats following IV administrations of NC-p38i at 30 mg/kg. 

NC-p38i compounds were formulated at 6mg/ml in 10% DMA, 20% PG, 40% 
PEG 400, 30% of 0.9% NaCl. A dosing volume of 5 ml/kg was applied through 
the lateral veins of the tail. The plasma samples were collected at 3, 10, 30, 60, 
120, 240, 360 and 1440 min post-treatment for each group of animals (3 rats/ 
compound). The body weight of each animal was measured before dosing. 

The exposure levels (ng/mL) of NC-p38i in plasma samples were then determined 
by LC-MS/MS. Then, plots of plasma concentrations versus time (mean ± 
SD) were constructed for each compound. The fundamental PK parameters 
(including t1/2, C0, AUCInf, MRT, Vss, and CL) of each compound were obtained 
from the non-compartmental analysis (NCA) of the plasma data using WinNonlin.
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2.5. Statistical analysis

Data are expressed as mean ± SD. Statistical analysis was performed by using a 
two-tailed Student’s t-test for the comparison of two groups or ANOVA using 
Dunnet post-hoc correction for multiple groups using GraphPad Prism Software 
9.0.0 (GraphPad Software, Inc., La Jolla CA). p-values are expressed as *P ≤ 0.05, 
**P ≤ 0.01 and ***P ≤ 0.001.





RESULTS





RESULTS

105

R1
R2

V273I275

V388

P387 Y386

GST-p38α + TAB1

Compound 27

C- D 1 8 9 19 26 27 33

P-p38T180/Y182

p38α

% inhibition 20 10 29 28 50 -17 4

[30μM]

D

-ATP

- +

++

-TAB1

GST-p38α

P-p38T180/Y182

p38α

Inhibition of TAB1-induced 
p38α activation (%)

0-2
0

20

40

60

80

100

N
um

be
r o

f c
om

po
un

ds

20
-40

40
-60

60
-80

80
-10

0

C

A B

Figure 13. Constraints imposed for the high-throughput virtual screening with Glide. The 
restrained docking was run considering the key p38α-TAB1 interactions involving V273 and L275 
residues and at least one of the two hydrophobic regions (R1 and R2, purple ellipsoids) on the 
non-canonical pocket of p38α. Dashed red lines represent the H-bonds that were sought to 
mimic by the screened compounds. p38α and TAB1 are coloured in grey and yellow, respectively 
(PDB:4LOO).

1. Identification of small molecules that inhibit p38α 
autophosphorylation 

1.1. Screening for compounds that inhibit TAB1-induced 	
	 p38α autophosphorylation 

A computational strategy based on the combination of in silico virtual screening, 
docking and molecular dynamics techniques was applied to identify novel 
allosteric compounds that modulate the non-canonical activation of p38α. This 
work was performed by our collaborators Dr. Modesto Orozco (IRB Barcelona), 
Dr. Robert Soliva and Dr. Lucía Díaz (Nostrum Biodiscovery, NBD).

Given that many p38α interactors share the canonical docking site, we aimed 
to antagonize the non-canonical binding site using small molecules (Figure 9). 
First, a restrained high-throughput virtual screening (HTVS) aimed at mimicking 
the interaction between p38α and TAB1 (Figure 13) was run using Glide (version 
6.1, Schrödinger, LLC, New York, NY, 2013) and the LEADS-LIKE-NOW database 
(2.419.472 compounds as of 2013-11-01). Then, the compounds were energetically 
ranked and a final selection of 35 compounds was made considering different 
criteria such as chemical structural diversity, drug-like properties, and favorable 
interactions.

The 35 compounds were tested in an in vitro assay for TAB1-induced p38α 
autophosphorylation. We observed that recombinant non-phosphorylated 
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GST-p38α protein showed a basal autophosphorylation activity in the presence 
of ATP, which was enhanced by incubation with the TAB1386-414 peptide (Figure 
14A). We found that some compounds were able to inhibit TAB1-induced p38α 
autoactivation (Figure 14B), being compound 27 the most active one (Figure 14C). 

Based on the chemical structure of compound 27, we selected commercially 
available analogues and ended up getting with 87 compounds, which were all 
tested in vitro. Exhaustive and detailed simulations were performed to design 
several analogues to complete SAR (structure-activity relationship) on the 
putative binding site. As a result, 46 additional compounds were synthesized 
and tested. Overall, only 23 out of the 133 tested compounds displayed greater 
than 80% inhibition of TAB1-induced p38α autophosphorylation (Figure 14D 
and Supplementary Figure 1). These biochemical studies allowed us to define 
the structural features associated with the compounds’ ability to inhibit p38α 
autophosphorylation. We named the active compounds as NC-38i for non-ca-
nonical p38α inhibitors.
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Figure 14. NC-p38i inhibit TAB1-induced p38α autophosphorylation in vitro. (A) Western blot 
of p38α autophosphorylation assays using recombinant non-phosphorylated GST-p38α (1,5 µM), 
TAB1386–414 peptide (15 µM) and ATP (600 µM). (B) Western blot of TAB1-induced p38α autophos-
phorylation assays in the presence of the indicated compounds at 30 µM. C-, negative control 
containing GST-p38α and ATP. D, DMSO. Ponceau staining indicates total GST-p38α. (C) Structure 
of compound 27. (D) Histogram showing the inhibitory activity for the 133 compounds analysed at 
≥10 µM in the TAB1-induced p38α autophosphorylation assay. 
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Next, we examined whether NC-p38i impaired non-canonical p38α activation in 
cells. Since previous results showed that co-transfection of TAB1 induces p38α 
autophosphorylation in cells (Ge et al., 2002), we co-transfected HEK293T cells 
with vectors encoding GFP-TAB1 or myc-p38α. Then, cells were treated with five 
of the most potent NC-p38i (Figure 15) and p38α phosphorylation was analysed 
by western blotting.

As a control for p38α kinase activity inhibition, we used the ATP-competitor 
SB203580. We found that treatment with NC-p38i significantly decreased p38α 
phosphorylation levels as compared with cells treated with DMSO (Figure 16), 
supporting the results obtained in the in vitro autophosphorylation assays.

Figure 15. Structure of the most potent 
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Figure 4R. NC-p38i inhibit TAB1-induced p38α autophosphorylation in vitro
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Figure 16. NC-p38i inhibit TAB1-induced p38α activation in cells. (Left) Western blot of HEK293T 
cells overexpressing GFP-TAB1 and myc-p38α and treated with the indicated NC-p38i compounds 
at 30 and 10 µM for 6 h. SB203580 was used at 10 µM. C-, HEK293T cells co-transfected with GFP 
and myc-p38α as negative control. D, DMSO used as the vehicle. (Right) Histogram showing the 
quantification of p38α phosphorylation levels normalized to the DMSO-treated cells. Data are 
shown as the mean ± SD normalized to DMSO-treated cells (n>2 experiments). 
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1.2. NC-p38i also inhibit basal p38α autophosphorylation

Since GST-p38α possesses an intrinsic autophosphorylation activity 
independently of TAB1 (Figure 14A), we wondered whether it was inhibited by 
NC-p38i. We performed in vitro assays using non-phosphorylated recombinant 
GST-p38α in the presence of ATP and found that NC-p38i inhibited basal p38α 
autophosphorylation, thereby suggesting that NC-p38i might interfere with the 
p38α conformational change that triggers its autoactivation (Figure 17).  

 

1.3. NC-p38i do not interfere with canonical MAP2K- 		
	 dependent p38α activation 

Since NC-p38i inhibit p38α autophosphorylation, we examined whether they 
might also interfere with the canonical MAP2K-dependent p38α activation. In 
vitro kinase assays using recombinant MBP-MKK6DD, which is a constitutively 
active form of MKK6 containing S207D and T221D mutations in the activation 
loop (Alonso et al., 2000), and GST-p38α showed that the NC-p38i did not affect 
canonical p38α phosphorylation by MKK6 (Figure 18A).

We also measured the effect of NC-p38i on the ability of MKK6-activated p38α 
to phosphorylate substrates. We performed in vitro kinase assays with active 
GST-p38α and either GST-MK2 or GST-ATF2 as substrates in presence of 
NC-p38i. We observed that NC-p38i at 10 µM weakly reduced the phosphory-
lation of MK2 an ATF2 compared with the ATP-competitive inhibitor PH797804 
at 2 µM (Figure 18B and 18C). 
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Altogether, these results support the notion that NC-p38i may act as specific 
inhibitors of the non-canonical p38α activation mediated by autophosphory-
lation. 

37 A02C- D 38 E2.2

P-p38T180/Y182

p38α

MBP-MKK6DD+ GST-p38α 

[10μM]

P-ATF2T71

E2.2E2.8 A02C- D PH 37 38 39 60

P-MK2T334

Active GST-p38α + Substrate + ATP 

MK2
KA

ATF2
KA

[10μM]

BA

0 0 3688 23 17 13 11

33 3 4989 30 34 25 29% Inhibition

% Inhibition

P-p38T180/Y182

p38α

38
[μM]D 1 0.3 0.1 0.05

37
GST-p38α + TAB1 + ATP

10 1 0.3 0.1 0.0510

NC-p38αi [µM]

P-
p3

8 
in

hi
bi

tio
n 

(%
)

37 
38 

Figure 7R. NC-p38i inhibit TAB1-induced p38α autophosphorylation in cells

Figure 10R. IC50s

ATP
competitor

NC-p38i 

50 150 250

0

5

10
50 150 250

1

11

16

6

NC-p38i 
(37)

ATP-competitor
(SB)

R
es

po
ns

e 
(R

U
)

R
es

po
ns

e 
(R

U
)

Time (s)

Time (s)

Figure 8R. SPR experiments

A B

Sample KD (μM) ka (1/Ms) kd (1/s)

SB* 0.036 (I)
0.016 (A)

5.76E+5 (I)
8.33E+5 (A)

2.09E-2 (I)
1.32E-2 (A)

A02

E2.2

60

37 5.66 (I)
2.25 (A)

2.29 (I)
1.82 (A)

4.10 (I)
9.65 (A)

9.19 (I)
4.24 (A)

--

--

--

--

BA

0.01 0.1 1 10

0

50

100

133 100 17 33 0% Inhibition 100 100 0 0 0

37    0.34±1.19µM  
38    1.01±1.17µM 

IC50

0

20

40

60

80

100

P-
AT

F2
 in

hi
bi

tio
n 

(%
)

PH 37 38 39 60
E2.2E2.8 A02

0

20

40

60

80

100

P-
M

K2
 in

hi
bi

tio
n 

(%
)

C

PH 37 38 39 60
E2.2E2.8 A02

C-

Figure 18. Effect of NC-p38i on canonical p38α activation and its kinase activity in vitro. 
Western blot of in vitro kinase assays showing the effect of the indicated NC-p38i compounds 
on (A) canonical MKK6-induced p38α phosphorylation and (B) GST-p38α kinase activity on 
the substrates GST-MK2 and GST-ATF2. The blots were developed with antibodies against the 
indicated phosphorylation sites. MBP-MKK6DD, constitutively active MKK6. C-, negative control, 
GST-p38α in (A) and GST-MK2 or GST-ATF2 in (B). D, DMSO. PH, ATP-competitor PH797804. 
Ponceau staining indicates total GST-p38α levels. (C) Graphs showing the percentage of inhibition 
of GST-MK2 and GST-ATF2 by active GST-p38α incubated with NC-p38i at 10 µM or PH797804 at 
2 µM. Results are shown as mean ± SD from n>2 experiments. 
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2. Characterization of the mechanism of action of 
NC-p38i

Since we found that NC-p38i can effectively inhibit p38α autophosphorylation 
both in vitro and in cells, we sought to determine their mechanism of action.  

2.1. NC-p38i form a transient and fast complex with p38α 

The efficacy of drugs is usually related with the lifetime of the ligand-protein 
complex (Lu and Tonge, 2010; Tonge, 2018).

As a first approach to monitor the binding between NC-p38i and p38α, we 
performed Surface Plasmon Resonance (SPR) assays. SPR technology allows to 
measure the affinity and kinetics for ligands to an immobilized target protein, 
including the equilibrium binding affinity constant (KD) and the rates of association 
(ka) and dissociation (kd) (Renaud et al 2016).

Previous SPR studies analysing the binding of p38α inhibitors to its ATP-site 
were performed with the p38α protein immobilized through amine coupling 
chemistry (Casper et al., 2004; Thurmond et al., 2001). We considered that this 
strategy might induce random conformational changes in p38α that could impair 
proper binding of allosteric NC-p38i compounds. Consequently, we used biotin-
streptavidin binding to favour the exposure of the non-canonical binding site of 
p38α (Hutsell et al., 2010; Papalia et al., 2008).

First, biotin-labelled non-phosphorylated p38α was homogeneously immobilized 
on the chip and SB203580 was tested as a positive control (Casper et al., 2004; 
Thurmond et al., 2001; Zhu et al., 2016). We observed dose-response sensograms 
(Figure 19A, upper panel) with a binding profile that allowed the instrument to 
calculate its associated KD, as well as the ka and kd rates (Figure 19B). 

NC-p38i also exhibited dose-dependent sensograms with a steady state plateau 
at all concentrations tested (Figure 19A, lower panel). These data indicated direct 
binding of NC-p38i to p38α and allowed the instrument to calculate a KD for 
each compound. However, the compounds formed a very fast and transient 
complex with p38α that did not allow to measure NC-p38i kinetic parameters, 
as the values were out of the resolving power of the Biacore T200 instrument 
(Figure 19B). These results indicate a different mechanism of action for NC-p38i 
compared to an orthosteric ATP-competitive inhibitor. 
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It has been described that the phosphorylation state of p38α does not affect its 
binding to TAB1 (De Nicola et al., 2018). To evaluate whether p38α phosphory-
lation might interfere with NC-p38i binding, we performed in vitro kinase assays 
using recombinant MBP-MKK6DD and biotinylated p38α. Then, we repeated the 
SPR experiment with phosphorylated p38α protein, and obtained sensograms 
and binding affinities that were comparable to the data obtained using non-phos-
phorylated p38α protein (Figure 19B). These results confirm that the activation 
state of p38α does not affect NC-p38i binding.

2.2. NC-p38i compounds 37 and 38 inhibit simulated       		
	 ischaemia-reperfusion induced cell death 

As mentioned above, NC-p38i inhibit p38α activation induced by TAB1 overex-
pression in HEK293T cells (Figure 16). This non-canonical mechanism of p38α 
activation has been proposed to be relevant during myocardial ischaemia-reper-
fusion injury (IRI) and play an important role in triggering cardiomyocyte cell 
death in vitro and in vivo (Kumphune et al., 2012; Li et al., 2005a; Tanno et 
al., 2003; Wang et al., 2013). In this context, inhibition of non-canonical p38α 
activation was postulated to be therapeutically useful to reduce cardiomyocyte 
death upon IRI. Indeed, pharmacological inhibition of p38α with SB203580 has 
been reported to improve myocardial function (Clark et al., 2007; Kumphune et 
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Figure 19. SPR experiment showing NC-p38i binding to p38α protein. (A) Sensograms showing 
the binding of SB203580 and NC-p38i compound 37 at different concentrations (different colour 
lines) on biotinylated non-phosphorylated p38α. RU, response units. (B) Detailed binding analysis 
between NC-p38i and biotinylated p38α. The binding model 1:1 was used to perform binding 
analysis. The ATP-competitor SB203580 was used as a control. I, inactive, non-phosphorylated 
p38α; A, active, phosphorylated p38α; *SB203580 binding parameters were analysed by kinetics. 
KD, binding affinity constant; ka, association rate; kd, dissociation rate.
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al., 2015; Surinkaew et al., 2013).  

We investigated whether NC-p38i could interfere with cardiomyocyte death in an 
in vitro model of ischaemia-reperfusion. We used the H9c2 rat cardiac myoblast 
cell line as a well-established cell culture model of simulated ischaemia-reper-
fusion (SIR) (Chen and Vunjak-Novakovic, 2018; Du et al., 2010). H9c2 cells 
treated for 2 h with simulated ischaemia (0,1% O2) followed by 4 h of reperfusion 
(normoxia) underwent apoptotic cell death, as indicated by cleaved caspase-3 
detection (Figure 20). As previously reported, we found that preincubation of 
H9c2 cells with SB203580 inhibited SIR-induced H9c2 cell death. Intriguingly, 
the ATP competitive inhibitor LY222880 was less potent than SB203580 at 
inhibiting SIR-induced H9c2 cell death. We also tested several NC-p38i and 
found that compounds 37 and 38 potently decreased cleaved caspase-3 levels in 
H9c2 cells, supporting that were able to inhibit SIR-triggered cell death, whereas 
compounds 60, E2.2 and A02 showed smaller effects.  

 

Taken together, our results demonstrate that NC-p38i compounds 37 and 38 can 
protect H9c2 cells from SIR-induced damage. Therefore, we decided to focus 
on these two compounds to perform a detailed analysis of their mechanism of 
inhibition.
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Figure 20. NC-p38i compounds 37 and 38 inhibit SIR-induced cell death. Western blot of H9c2 
cells that were treated for 2 h with simulated ischaemia (0,1% O2, 5% CO2) followed by 4 h of 
reperfusion (normoxia) and incubated with ATP-competitive inhibitors SB203580 (10 µM) and 
LY2228820 (0.2 µM) or the indicated NC-p38i (30 µM). The compounds were added 24 h before 
and maintained during the treatments. Cleaved caspase-3 levels were quantified and normalized 
to DMSO-treated cells (D) to calculate the percentage of inhibition. Results are representative 
from n>3 experiments for compounds 37, 38 and 60, and n=1 for compounds E2.2 and A02.
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2.3. NC-p38i are allosteric inhibitors with low micro-                                 	
	 molar potencies  

To determine the potency of NC-p38i compounds 37 and 38, we tested their 
ability to inhibit TAB1-induced p38α autophosphorylation in vitro at different 
concentrations. Our data showed that both compounds have IC50s within the 
low micromolar range for the inhibition of p38α autophosphorylation (Figure 21).

The thermodynamic characterization of a ligand provides additional information 
beyond its binding affinity, on how the ligand associates with its target (Su and Xu 
2018). Isothermal titration calorimetry (ITC) measures the heat flow of the ligand-
target binding and determines the interaction thermodynamic parameters, such 
as enthalpy (ΔH), entropy (ΔS), the binding affinity constant (KD) and the stoichi-
ometry (n) of the reaction (Su and Xu 2018). 

We performed ITC with NC-p38i compounds 37 and 38 and GST-p38α. The 
TAB1386-414 peptide was used as a positive control for interaction with p38α. As 
previously described, TAB1386-414 peptide was placed inside the sample cell and 
GST-p38α was serially injected from a syringe. In contrast, NC-p38i compounds 
were serially injected to the GST-p38α, which was placed inside the sample cell 
(DeNicola et al., 2013). In both cases, subsequent heat flow generated by binding 
was monitored. 

ITC data showed significant heat changes upon TAB1386-414 and NC-p38i binding 
to free GST-p38α (Figure 22). Results obtained with TAB1386-414 were a bit lower 
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Figure 21. Dose-response inhibition of TAB1-induced p38α autophosphorylation by NC-p38i. (A) 
Western blots showing the percentage of p38α autophosphorylation that is inhibited by NC-p38i 
compounds at 0.05 to 10 µM in assays using non-phosphorylated GST-p38α, the peptide TAB1386-414 
and 600 µM ATP. Values were normalized to the phosphorylated p38α levels in the DMSO vehicle 
control (D). C-, negative control containing GST-p38α and ATP only. (B) Dose-response inhibition 
curves of TAB1-induced p38α autophosphorylation by compounds 37 and 38. Data were fitted 
using a nonlinear regression fit model (Graphpad Prism) to determine IC50s. Results are shown as 
mean ± SD from n>3 experiments. 
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(n=0.528 and KD=2.3 µM) but comparable to published data (n=0.8 and KD=1.5 
µM) (Figure 22, left) (de Nicola et al 2013). Indeed, we noticed that saturation of 
the system was rapidly reached, meaning that readjusting the concentrations of 
reagents would probably result in a better sigmoidal curve.

Importantly, the binding behaviour of NC-p38i appeared to be different from 
TAB1386-414, as we observed flat curves that did not reach saturation (Figure 22, 
right). Lack of an inflection point did not allow to properly calculate stoichi-
ometry and the associated thermodynamic parameters (Turnbull and Daranas, 
2003). Therefore, NC-p38i thermodynamic parameters could not be conclusively 
estimated, and ITC was not considered suitable to measure binding of NC-p38i 
to p38α. 

In addition to SPR and ITC experiments, we performed fluorescent-based 
thermal shift assays (TSA) to further characterise the binding mechanism of KD (μM)
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Figure 22. Characterization of NC-p38i interaction with p38α by ITC. ITC data for the interaction 
of TAB1386-414 peptide (left) and compound 37 (right) to non-phosphorylated GST-p38α. Upper 
panels show the raw heat data from the titration of either GST-p38α into TAB1386-414 or NC-p38i 
into GST-p38α. Lower panels show the integrated heat of injections, which was corrected for heats 
of dilutions and normalized to the molar amount of sample. Results from TAB1386-414 represent n=1 
experiment. Results for NC-p38i compounds 37 and 38 were similar and figure illustrate one of the 
n=2 experiments performed with compound 37. 
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NC-p38i to p38α. In this assay, the inherent protein thermal stability is monitored 
by measuring its unfolding through SYPRO Orange dye fluorescence emission, 
which determines the protein melting temperature (Tm), when exposed to 
different ligands (Huynh and Partch, 2015; Lo et al., 2004). Importantly, it has been 
reported that Tm shift data can correlate with the IC50 values of kinase inhibitors. 
For example, an inhibitor that at 10 μM induces a ΔT m of 4°C corresponds to a 
binding affinity <1 μM (Fedorov et al., 2007). 

Graphical representation of non-phosphorylated GST-p38α protein denaturation 
revealed two distinct denaturation curves, which correspond to the unfolding of 
both p38α (first curve) and the GST tag (second curve) (Figure 23A). 

As a positive control, we used the ATP competitive inhibitor SB203580. In 
agreement with published data, SB203580 strongly stabilized p38α (Casper et al., 
2004; Shah et al., 2017), which was shown by a large shift of a single peak GST-p38α 
denaturation curve (ΔTm at 10 µM = 13.35 ± 0.49 °C) (Figure 23). However, increasing 
concentrations of NC-p38i mildly stabilized p38α in a dose-dependent manner, 
as reflected by a moderate shift of the first portion of the GST-p38α curve (Figure 
23A). We observed that compound 37 stabilized better p38α than compound 38 
(ΔTm at 10 µM = 2 ± 0.68 °C and 1.05 ± 0.74 °C, respectively) (Figure 23B). 

Control experiments using GST protein were also performed to confirm the 
specificity of NC-p38i towards p38α, as the GST melting curves did not shift 
(Figure 23A).

Overall, the data from TSA highlight a different mechanism of action between 
high affinity (nanomolar range) orthosteric ATP binding inhibitors versus low 
affinity (low-micromolar range) allosteric NC-p38i compounds in terms of target 
protein stabilization. 
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Figure 23. NC-p38i increases thermal stability of p38α. 
(A) Representative denaturation curves of non-phosphor-
ylated GST-p38α and GST proteins in the presence of 
SB203580 (SB) and NC-p38i compounds 37 and 38 at 30, 
10 and 1 µM. DMSO was used as vehicle control. (B) Table 
indicating the ΔTm of GST-p38α upon binding to SB203580 
or compounds 37 and 38 at the indicated concentrations 
(ΔTm = Tm inhibitor - Tm DMSO). SB203580 was used as 
a positive control for p38α stabilization. Results are shown 
as mean ± SD of n≥3 experiments done in triplicates.
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2.4. NC-p38i do not interfere with TAB1 binding to p38α 

NC-p38i inhibited p38α autophosphorylation induced by TAB1, presumably by 
binding to the non-canonical TAB1 binding site in p38α and directly competing 
with it. To examine whether NC-p38i compounds interfere with TAB1 binding to 
p38α, we used fluorescence polarization (FP) assays. 

FP measures molecular interactions between a fluorescently labelled ligand 
and its target protein. Competition assays with non-labelled molecules allow 
to discover novel ligands for the same binding site, such as protein-protein 
interaction inhibitors (i.e. Bcl2 inhibitors) (Hall et al., 2016). 

We used a TAB1386-414 peptide N-terminally labelled with FITC that was incubated 
with increasing concentrations of non-phosphorylated GST-p38α and binding 
was monitored by measuring FP of FITC at different time points. We observed 
a dose-dependent increase in fluorescence 1 h after the addition of GST-p38α, 
which indicated the binding of FITC-TAB1386-414 (KD = 0.9889 ± 0.16 µM) (Figure 24A). 
To perform the following assays, we chose the GST-p38α concentration of 5.6 
µM, which produced an 80% increase in FP. As a positive control, we used non-la-
belled TAB1386-414 peptide for direct competition. We found that FITC-TAB1386-414 

was displaced by increasing concentrations of unlabelled TAB1386-414 up to 1.5 µM 

(Figure 24B). Unexpectedly, we observed an increase in the fluorescence after 
adding 3.125 µM of TAB1386-414, which could be due to peptide precipitation that 
causes light scattering interference with FP measurements (Moerke, 2009).

Next, the compounds 37 and 38 were incubated at increasing concentrations 
(0.75 to 100 µM) with FITC- TAB1386-414 and GST-p38α. However, we found that 
neither compound 37 nor 38 decreased the FP signal, indicating that NC-p38i 
compounds do not interfere with the interaction between TAB1 and p38α (Figure 
24C). 
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Whereas TAB1 binds to p38α in a bipartite manner, NC-p38i were designed to 
bind only to the non-canonical binding site of p38α. Since our results showed 
that NC-p38i do not compete with TAB1, we wondered whether both ligands 
could bind simultaneously to p38α. 

To address this possibility, we performed TSA and measured the Tm of GST-p38α 
incubated with NC-p38i alone or in combination with the TAB1386-414 peptide. 
As expected, TAB1386-414 increased the GST-p38α stability. Surprisingly, the 
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Figure 24. NC-p38i do not affect the interaction between TAB1 and p38α in vitro. (A) FITC- 
TAB1386-414 peptide (10 nM) was incubated with increasing concentrations of non-phosphorylated 
GST-p38α for 1 h, and binding was monitored using a fluorescence polarization (FP) assay. Values 
were normalized as the percent of FP signal, and data were fitted using a nonlinear regression fit 
single site-binding model (Graphpad Prism) to determine KD. Results are shown as mean ± SD of 
n=1 done in triplicates. (B, C) FITC-TAB1386-414 peptide (10 nM) and non-phosphorylated GST-p38α 
(5.6 μM) were incubated with increasing concentrations of (B) non-labelled TAB1386-414 peptide 

(0.024-100 μM) or (C) compounds 37 and 38 (0.75-100 μM) for 1 h. Binding of the compounds to 
GST-p38α was monitored using a FP assay as in (A). Results are shown as mean ± SD of n=1 done 
in triplicates for non-labelled TAB1386-414 peptide and as mean ± SD of n=2-3 experiments done in 
triplicates for compounds 37 and 38. 
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combination of NC-p38i and TAB1386-414 significantly increased the Tm of GST-p38α 
compared to the NC-p38i alone (Figure 25). These observations indicate an 
additive effect of both ligands, thereby suggesting that NC-p38i and TAB1 might 
have independent binding sites p38α. 

To further investigate whether NC-p38i might impair the TAB1-p38α interaction 
in cells, we performed proximity ligation assays (PLA). U2OS cells were co-trans-
fected with GFP-TAB1 and Myc-p38α, treated with NC-p38i compounds and 
analysed by immunofluorescence and PLA. 

Although cells transfected only with GFP-TAB1 showed some unspecific PLA 
signal, co-transfection with Myc-p38α significantly increased the PLA signal in 
cells, supporting that both proteins interacted (Figure 26A). We performed two 
independent experiments. We observed that treatment with NC-p38i decreased 
the PLA signal of co-transfected cells in the first experiment, but this result was 
not so clear in the second experiment (Figure 26B). Of note, the percentage of 
PLA positive cells was very low. (Figure 26C). Another technical problem was 
the low co-transfection efficiency, as GFP-TAB1 was expressed at lower levels 
compared to myc-p38α (Figure 26D). Taken together, the PLA results did not 
allow us to validate the effect NC-p38i on the interaction between TAB1 and p38α 
in cells. 
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Figure 25. NC-p38i and TAB1 can bind simultaneously to p38α. Histograms showing the Tm of 
non-phosphorylated GST-p38α upon binding to compounds 37 (left) and 38 (right) alone or in 
combination with the TAB1386-414 peptide (15 μM). Results are shown as mean ± SD of n≥3 experiments 
done in triplicates. Unpaired t-test was used to compare the Tm of GST-p38α incubated with 
TAB1386-414 versus DMSO control, and NC-p38i alone versus NC-p38i combined with TAB1386-414. D, 
DMSO. T, TAB1386-414 peptide.
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2.5. Structural characterization of NC-p38i binding to 		
	 p38α

Our FP and TSA results were not consistent with the hypothesis that NC-p38i 
compounds bind to the non-canonical pocket of p38α. To elucidate the binding 
site of NC-p38i, we performed nuclear magnetic resonance (NMR) spectroscopy 
and X-ray crystallography experiments in collaboration with Dr. Maria Macías 
Lab and Dr. Joan Pous (IRB Barcelona). These techniques provide detailed 
information of the p38α structure at the amino acid level, and their combination 
reveals potential structural rearrangements, dynamics and high-resolution 
interactions induced by binding of different ligands. Similar studies have been 
performed in the past using the wild-type and mutated p38α proteins (DeNicola 
et al., 2013; Francis et al., 2011; Nielsen and Schwalbe, 2011; Vogtherr et al., 2006).

We performed two-dimensional (2D) 1H,15N-TROSY-based titration experiments 
(Pervushin et al., 1997) to identify the residues potentially involved in the 
interaction between NC-p38i and p38α in solution. For this purpose, p38α was 
expressed in E. Coli using 2H and 15N labelled minimal medium. Next, a 2D 1H,15N-
TROSY spectrum of free [2H,15N]p38α was acquired and the signal was compared 
to the previously published data (DeNicola et al., 2013). We observed a great 
dispersion of the protein (Figure 27, green spectrum), indicating a well-folded 
p38α with a proper tertiary structure. The similarity of the amide resonances 
allowed us to use the published protein assignment. 

As a positive control of the functional protein, we tested the binding of the 
TAB1386-414 peptide to p38α. In this experiment, [2H,15N]p38α was incubated 
with unlabelled TAB1386-414 (1:2). The chemical shift changes introduced upon 
binding were similar to those described in the literature (DeNicola et al., 2013), 
thereby validating our experimental settings (Figure 27, orange spectrum). 

Figure 26. PLA experiment showing the effect of NC-p38i on the TAB1-p38α interaction in cells. 
(A) Representative immunofluorescence (Left) and PLA (Right) images of U2OS cells transfected 
with GFP-TAB1 and/or Myc-p38α and then treated with compounds 37 and 38 (30 µM) for 6 
h. DMSO was used as vehicle control treatment. Scale bar = 22 µm. (B) Quantification of PLA 
signal per cell area in two independent experiments. The percentage of PLA signal per cell area 
was plotted for all PLA positive cells in each case. Each dot represents an individual cell. Results 
are shown as mean ± SD. T, TAB1 alone; D, DMSO. (C) Quantification of the percentage of PLA+ 
cells in each case. Results are shown as mean ± SD of n=2 experiments. (D) Quantification of 
the percentage of co-transfected cells overexpressing either myc-p38α, GFP-TAB1 or both, as 
determined by immunofluorescence. Results are shown as mean ± SD of n=2 experiments. Exp, 
experiment.
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Then, we tested the binding properties of NC-p38i compound 38 by NMR. Prior 
to perform the titration experiment, we measured the compound solubility in 
the protein buffer and found aggregation at concentrations higher than 0.5 
mM (Figure 28). We acquired the 2D 1H,15N-TROSY spectrum of labelled p38α 
with increasing amounts of compound 38 without exceeding the solubility limit 
(1:5). Substantial chemical shift changes were observed on p38α, many of which 
were similar to those induced by TAB1. However, we also observed changes that 
were not detected upon incubation with TAB1. These results suggested that the 
compound 38 could interact with a single site and induce allosteric changes of 
the protein backbone, or that it could bind at several locations (Figure 29). 

TSA analysis suggested that NC-p38i and TAB1386-414 could bind simultaneously 
to p38α (Figure 25). Thus, we decided to explore whether NMR also detected 
these interactions when both ligands were added to the protein solution. The 
TROSY spectrum of the mixture (Figure 30A) revealed similar alterations to those 
observed with each ligand separately (Figures 27 and 29). Of note, chemical shift 
changes that affect the amino acids E19, R23, S28, S32, T91 and A299, as well 
as others indicated with circles that could not be assigned, seem specific for 
compound 38 binding. These results suggest that compound 38 might bind to 
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the N-terminal domain (Figure 30B). 
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To obtain further structural insights into the NC-p38i mechanism of action, we 
attempted to determine co-crystal structures of the NC-p38i- p38α complex 
(Lee et al., 2006). In these experiments, the type-I inhibitor SB203580 was used 
to stabilize the kinase structure and facilitate the crystallization process through 
binding to the ATP-site of p38α (Pav et al., 1997). 
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We set up a co-crystallization screening using non-phosphorylated p38α 
mixed with SB203580 and different NC-p38i compounds and obtained crystals 
diffracting from 1.7 to 2.7 Å resolution. The electron density data unveiled two 
different crystal structures: p38α:SB203580 (Figure 31A, 1.9 Å resolution) and 
p38α:SB203580:C37 complexes (Figure 31B, 2.2 Å resolution). Of note, compound 
37 was added to the crystallization mixture in both cases, together with p38α 
and SB. Initial docking experiments predicted that NC-p38i compounds could 
interact with the non-canonical binding site region. However, compound 37 was 
unexpectedly found at the active pocket above the SB203580 inhibitor (Supple-
mentary figure 2B).

Comparison of both structures revealed a similar conformation for the traceable 
regions, suggesting that the presence of the NC-p38i compound 37 during the 
crystallization might induce comparable changes (Figure 31C).

 

To address how NC-p38i could bind to the active site, we explored the residues from 
the ATP pocket and the P-loop in both structures. We noticed that Y35 displayed 
two different orientations. It is known that in presence of SB203580, Y35 orients 

Figure 31. Crystal structures of p38α in presence of NC-p38i. 
p38α structures in complex with (A, blue) SB203580 alone (SB, 
yellow stick) or (B, green) together with compound 37 (37, red 
stick). Both structures have a DFG-in conformation. The X-ray 
data collection and refinement statistics are shown in Supple-
mentary Table 1. (C) Superimposition of structures (A) and (B) 
indicates an RMSD difference of 1.148 Å, and a similar confor-
mation of p38α independently of whether compound 37 was 
detected or not.
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its aromatic ring towards the methylsulfinylphenyl ring of SB203580 (Wang et al., 
1998). This “Y35-in” orientation was also observed in our p38α:SB203580 crystal 
(Figure 32A). Conversely, in the p38α:SB203580:C37 complex, there was not a 
strong electron density signal corresponding to the Y35 residue, indicating its 
high mobility (Supplementary Figure 2C and D). However, the “Y35-out” confor-
mation appeared to be the most favourable (Figure 32B), suggesting that this 
movement might enable access of the compound 37 to the active site even if it 
is occupied by a ligand (Figure 32C). In addition, the compound 37 did not form 
any H-bond within this region, thereby corroborating the weak binding mode of 
NC-p38i.  

Subsequently, we performed a comparative analysis with a p38α:SB203580 
control structure (PDB 1A9U) to dissect the allosteric effects induced by NC-p38i. 
In agreement with our NMR data (Figure 29), the incubation with compound 
37, either visible or not in the structure, produces notable rearrangements at 
different regions of p38α. At the N-terminal domain, the β1L0-β2L0 strands (L13, 
K15, W18, E19) (Figure 33A) and the P-loop (β1-β2 loop, G32-G36) (Figure 33B) bent 
down, thus displacing the SB203580 molecule 6.1 Å and the hinge 2.3 Å (M109) 
(Figure 33D). In the presented structures, the electron density signal of the 

Figure 32. Y35 residue can adopt different conformations. (A) p38α:SB203580 structure 
containing Y35-in residue. (B) p38α:SB203580:37 complex showing a Y35-out conformation. Note 
that the P-loop of this structure lacks the A35 residue. SB203580, like ATP, forms a H-bond with 
M109 from the hinge in both structures (Wang et al., 1998). (C) Superimposition of both structures 
illustrating how Y35-in may restrict the accessibility of compound 37 at the active site.
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A-loop amino acids was partially observed. The strongest signal was observed 
in the p38α:SB203580:37 structure, allowing for the placement of some of the 
amino acid residues (Supplementary Figure 2E), and modelling others, such as 
T180 and Y182, with high degree of certainty (Figure 33C). Available data strongly 
suggests their displacement in comparison to the control p38α:SB203580 
structure (PDB:1A9U). 

Furthermore, displacements were also found at the C-terminal domain, including 
the canonical ED site (β7-β8 turn) (Figure 33E) and helix αD (Figure 33F), which 
exhibited a significant shift (6.7 Å), as well as helices αE, αF and αH (Figure 33G). 

Given these observations, we next examined how NC-p38i could affect the 
conformational changes that TAB1 triggers on p38α. We noticed that compound 
37 might interfere with the downward swing of P-loop (Figure 34A) and distort 

Figure 33. Overview of potential allosteric effects induced by compound 37 on p38α. Superim-
position of p38α structures crystallized in presence of SB203580 and compound 37 with a 
p38α:SB203580 control complex (grey, PDB:1A9U) highlights the effects induced by NC-p38i 
binding on (A) β1L0-β2L0 strands, (B) P-loop, (C) A-loop, (D) hinge, (E) ED site, (F) αD-helix and 
(G) αE, αF and αH helices. SB203580 (SB, yellow sticks). Compound 37 (37, red stick). The RMSD 
difference of 1A9U structure aligned with p38α:SB (37 no visible, blue) and p38α:SB:37 (green) is 
2.289 and 2.192 Å, respectively.
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the αD-helix position (Figure 34C), the correct positioning of C-terminal region 
of TAB1 at the canonical binding site without affecting its binding. 

Collectively, these results demonstrate that NC-p38i binding to p38α may 
produce allosteric rearrangements that modulate its autoaphosphorylation 
capacity and catalytic activity.

2.6. NC-p38i modulate ATP binding 

In general, the potency of ATP-competitive kinase inhibitors greatly depends on 
the ATP concentration in the assay, so that increasing ATP levels will decrease 
the activity of the inhibitor. In contrast, allosteric inhibitors are less dependent 
on ATP levels (Knight and Shokat 2005). It has been reported that some allosteric 
compounds are also able to modify its active site (Leroux and Bondi 2020). In this 
case, the activity of these compounds might be affected by the assay conditions.     

Figure 34. NC-p38i might impair the structural changes triggered by TAB1. Structural superim-
position of p38α crystallized in the presence of compound 37 with a p38α:TAB1 structure (pink, 
PDB:4LOO) suggesting how NC-p38i might impair TAB1-induced p38α autoactivation (indicated 
with squares). The RMSD difference of 4LOO structure aligned with p38α:SB203580 (blue, C37 
not visible) and p38α:SB203580:37 (green) is 1.843 and 1.543 Å, respectively. SB220025 (SB4, orange 
sticks). SB203580 (SB, yellow sticks). Compound 37 (37, red stick).
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Crystallography data indicate that NC-p38i inhibit p38α autophosphorylation 
by inducing conformational changes that affect the ATP-pocket of the protein. 
Thus, we investigated whether the potency of NC-p38i was affected by the ATP 
concentration in the assay. We performed in vitro assays for both basal and 
TAB1-induced p38α autophosphorylation, and tested compounds 37 and 38 at 
different ATP concentrations. The IC50 values were calculated and compared 
with the potency determined at 600 µM ATP, being the standard concentration 
used for the in vitro autophosphorylation assays. 

In basal p38α autoactivation assays, we observed that IC50s for both compounds 
remained stable at 100 and 600 µM ATP but increased at high concentrations of 
ATP (2000 µM) (Figure 35A). These data support that NC-p38i are not ATP-com-
petitive inhibitors but they decrease the affinity for ATP by interfering with the 
spontaneously adopted p38α prone-to-autophosphorylate.   

In contrast, this effect was not so clear in TAB1-induced p38α autoactivation 
assays (Figure 35B). Notably, TAB1 induces a conformational change in p38α that 
increases its affinity for ATP and enhances autophosphorylation (DeNicola et al., 
2013). In these conditions, p38α might be less dependent on the levels of ATP and 
NC-p38i might impair the structural changes triggered by TAB1. 
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To confirm these results, we performed NanoBRET kinase target engagement in 
HEK293T cells. This experiment is based on the emission of light (BRET) from 
the NLuc fusion protein when it is near an energy transfer probe that reversibly 
targets the kinase active site of the protein of interest. Changes in the BRET signal 
intensity reflect the binding of compounds to the kinase. Although this approach 
has been extensively used to test ATP-competitive inhibitors, it is also useful for 
certain allosteric compounds that induce rearrangements at the catalytic site of 
the kinase (Vasta et al., 2018) (Figure 36A).  

For these assays, HEK293T cells were transfected with NLuc-p38α and incubated 
with a cell-permeable energy transfer probe, which generated a BRET signal in 
live cells. Then, cells were treated with the ATP-competitor VX-702, which that 
directly competed with the probe and efficiently decreased the BRET signal. 
Importantly, treatment with compound 37 was also able to lower the BRET signal 
in these cells but at higher concentrations (Figure 36B). 

These results validate that NC-p38i interaction with p38α induces changes in the 
ATP-site reducing its accessibility and thereby its affinity.

Figure 35. In vitro autophosphorylation assays at different concentrations of ATP. Dose-response 
inhibition curves of (A) basal and (B) TAB1-induced p38α autophosphorylation by compounds 37 
and 38 (0.035 to 10 µM) at different ATP concentrations (100, 600 and 2000 µM). Data were fitted 
using a nonlinear regression fit model (Graphpad Prism) to determine IC50s. Results are shown as 
mean ± SD from n≥3 experiments. 
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Figure 36. NC-p38i induce allosteric changes that affect the ATP-binding site. (A) Scheme 
showing the NanoBRET Target engagement experiment in HEK293T cells overexpressing 
NLuc-p38α and treated with NC-p38i. Adapted from Vasta et al. 2018. (B) Graph showing the effect 
of compound 37 in displacing the energy transfer probe from the ATP-binding site of p38α. The 
ATP-competitive inhibitor VX-702 was used as a positive control. NLuc, NanoLucTM Luciferase. 
Results are shown as mean ± SD from n=1 experiment done in duplicates and are representative 
for 2 experiments.
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3. Assessment of the NC-p38i efficacy in models of 
non-canonical p38α activation-associated diseases

3.1. NC-p38i reduce SIR-induced cell death under 			
	 prophylactic and therapeutic conditions

Non-canonical p38α activation induced by TAB1 has been proposed to trigger 
cardiomyocyte death upon myocardial ischaemia-reperfusion injury in vitro and 
in vivo (Kumphune et al., 2012; Li et al., 2005a; Tanno et al., 2003). Pharmaco-
logical inhibition of p38α with SB203580 either before or during ischaemia, but 
not during reperfusion, reduces heart damage by reducing myocardial cell death 
(Kumphune et al., 2015; Surinkaew et al., 2013). These results emphasize that 
the timing of p38α inhibition could be crucial to determine the efficacy of the 
treatment.

To evaluate the therapeutic potential of compounds 37 and 38 in this setting, 
H9c2 cells were treated with NC-p38i at different time points and subjected to 
in vitro SIR protocol. First, we observed that treatment with 10 µM SB203580 
during ischaemia with or without cell pre-treatment reduced SIR-induced cell 
death, thereby recapitulating published data (Figure 37A). Similarly, treatment 
with compounds 37 and 38 during ischaemia reduced cell death in a concen-
tration-dependent manner. In contrast, treatment with wither SB203580 or 
NC-p38i during reperfusion did not protect from cell death triggered by SIR 
(Figure 37A). These results suggest that NC-p38i compounds 37 and 38 have a 
cardioprotective effect both under prophylactic and therapeutic conditions 
when applied only during the ischemic insult. 

Little is known about the substrates downstream of non-canonically activated 
p38α in response to myocardial ischaemia-reperfusion injury. TAB1 and HSP27 
phosphorylation can be regulated by p38α, either directly (TAB1) or through MK2 
(HSP27). Reduced phosphorylation of these two proteins has been correlated 
with both reduced myocardial infarct size and improved cardiac function in vivo 
(De Nicola et al., 2018; Jacquet et al., 2007; Kumphune et al., 2012; Kumphune et 
al., 2015; Surinkaew et al., 2013). 

To investigate whether compounds 37 and 38 inhibited endogenous p38α 
autoactivation upon SIR, the phosphorylation levels of p38α pathway substrates 
were assessed in H9c2 cells after 2 h of simulated ischaemia followed by 15 
min of reperfusion. We observed that while SB203580 strongly reduced both 
phospho-TAB1 and phospho-HSP27 levels, compounds 37 and 38 only partially 
reduced the phosphorylation of both proteins, with compound 37 having a 
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stronger effect that compound 38 (Figure 37B). 

In contrast, we did not observe any differences in the p38α phosphorylation levels 
of SIR-stimulated H9c2 cells treated either with SB203580 or with NC-p38i. This 
observation could be accounted by the existence of feedback loop mechanisms 
that compensate for the inhibition of p38α autophosphorylation (De Nicola et 
al., 2018). To elucidate which MAP2K might contribute to this compensatory 
mechanism, we measured the mRNA levels of MKK3, MKK6 and MKK4 in H9c2 
cells. We observed that MKK3 mRNA was highly expressed in H9c2 cells whereas 
MKK6 and MKK4 mRNAs were not detectable (Figure 37C). These data suggest 
that MKK3 might be responsible for p38α phosphorylation in these cells. 
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3.2. NC-p38i partially impair stress-induced p38α 		
	 signalling 

We observed that compounds 37 and 38 at 30 µM were able to decrease HSP27 
phosphorylation in H9c2 cells stimulated with SIR. Therefore, we wondered 
whether NC-p38i could affect the stress-activated canonical p38α signalling 
pathway. 

We selected three cell lines (H9c2, U2OS and BBL358), which were treated with 
the stress stimuli UV, anisomycin and NaCl (Figure 38A). The three stimuli were 
able to induce the activation of canonical p38α signalling in the three cell lines, 
as shown by the increased phosphorylation of MKK3/6, together with p38α and 
MK2. 

Cells were pre-treated with either SB203580 or compounds 37 and 38, and 
subjected to the same stresses (Figure 38B). We noticed that SB203580 partially 
reduced p38α activation, an observation that was previously reported in some 
cell lines (Franz et al 1998) probably due to its binding to inactive p38α, which 
interferes with its activation by upstream MAP2Ks (Munoz et al., 2010). Similarly, 
we also observed reduced p38α activation with NC-p38i compounds in some of 
the treatments and cell lines.  

Moreover, SB203580 completely inhibited the phosphorylation of MK2 in the 
three cell lines, whereas compounds 37 and 38 only partially inhibited it in 
some cases. Interestingly, H9c2 cells seemed to be more sensitive to NC-p38i 
compounds than U2OS and BBL358 cells, especially in the case of compound 
37. In addition, we noticed that NC-p38i compounds significantly affected p38α 
signalling in BBL358 cells stimulated with NaCl (Figure 38B). 

Figure 37. NC-p38i protect against SIR-induced death of H9c2 cells. (A) Western blot of H9c2 
cells treated with SB203580 (SB, 10 µM) or compounds 37 and 38 (30 and 10 µM) for the indicated 
times and exposed for 2 h to simulated ischaemia (0,1% O2, 5% CO2) followed by 4 h of reperfusion 
(normoxia). Histogram shows the mean ± SD normalized to the DMSO-treated cells of n>3 
experiments. (B) Western blot of H9c2 cells pre-treated for 24 h and then treated with SB203580 
(SB, 10 µM) or compounds 37 and 38 (30 and 10 µM) during 2 h of simulated ischaemia (0,1% O2, 5% 
CO2) followed by 15 min of reperfusion (normoxia). DMSO was used as vehicle control. Histograms 
show the mean ± SD normalized to the DMSO-treated cells of n>2 experiments. (C) qRT-PCR 
analysis of MAPK14 (p38α), TAB1, MKK3, MKK4 and MKK6 mRNAs in H9c2 cells. Levels of mRNAs 
are referred to MAPK14 expression. 
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for each cell line.
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Taken together, these data show that NC-p38i mitigate the kinase activity of p38α 
in cells, thereby supporting the notion that NC-p38i may allosterically modulate 
the affinity for ATP. 

3.3. NC-p38i protect against doxorubicin-induced cardiac 	
	  toxicity

Cardiomyocyte death triggered by ischaemia-reperfusion injury involves AMPK 
activation followed by TAB1-mediated p38α autophosphorylation (Bairwa et 
al 2016). Similarly, anthracycline-induced cardiomyocyte death also involves 
oxidative stress production, AMPK and p38α activation, and treatment with the 
p38α inhibitor SB203580 reduces doxorubicin-induced cardiomyocyte death 
(Guo et al., 2013; Wold et al., 2005). Therefore, we speculated that specifically 
targeting the non-canonical p38α activation pathway mediated by autophos-
phorylation could be useful to ameliorate anthracycline-induced cardiotoxicity 
without affecting the cancer cell toxicity of the chemotherapeutic drug.

To evaluate whether NC-p38i compounds impair anthracycline-induced cardio-
toxicity, we initially used rat myocardial H9c2 cells that were treated with 250 
and 500 nM of doxorubicin in combination with either DMSO, SB203580 or 
compounds 37 and 38. After 24 and 48 h, cell viability and death were measured by 
MTT, DAPI staining and cleaved caspase-3 immunoblotting. We also performed 
cell cycle analysis to determine the cell population in G0 as an additional of cell 
death, and measured doxorubicin accumulation in the death cells. The results 
show no differences in cell death between H9c2 cells treated with doxorubicin 
alone or combined either with NC-p38i or with classical ATP-competitive p38α 
inhibitors (Figure 39).  
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H9c2 cells are probably not the best model for this type of studies, as anthra-
cycline-induced cytotoxicity has been reported to vary greatly depending on 
the experimental conditions and number of passages (Witek et al., 2016). As 
an alternative, use human hiPSC-CMs have been reported to recapitulate the 
patients’ response to doxorubicin-induced cardiotoxicity at the cellular and 
molecular level (Burridge et al., 2016). Therefore, we decided to use these human 
cardiomyocytes as a pre-clinical in vitro model to investigate the cardiopro-
tective role of NC-p38i compounds 37 and 38. 

Before evaluating the effect of combining doxorubicin and NC-p38i in these 
cells, we tested them separately and measured cell viability and contractility by 
recording the cellular attachment impedance and the electrical field potential in 
parallel after 24, 48 and 72 h. As expected, doxorubicin significantly decreased 
cell viability and beat rate in a dose- and time-dependent manner (Adamcova et 
al., 2019). Notably, 10 µM doxorubicin had such a strong effect on the attachment 
and viability of hiPSC-CMs that their beat rate was not properly recorded at 48 
and 72 h. Conversely, compounds 37 and 38 did not impair these parameters 
except at the highest concentration (100 µM), which had a negative effect (Figure 
40). In addition, the release to the media of cardiac troponin I (cTnI), a well-known 
biomarker of cardiomyocyte damage (Herman et al., 1998), was measured at 
48 and 72 h. In agreement with the impedance data, cTnI levels significantly 
increased in doxorubicin treated cells in a dose- and time-dependent manner. 
Treatment with NC-p38i did not induce the release of cTnI at any concentration, 
indicating that they do not have a strong cytotoxic effect although the viability 
and contractility of cardiomyocytes was affected at 100 µM (Figure 41). 

Then, hiPSC-CMs were treated with 1 µM doxorubicin in combination with either 
DMSO or compounds 37 and 38 at different concentrations and followed for 72h. 
After 24 h, compound 37 improved neither the cell viability nor the beat rate 
of cardiomyocytes treated with doxorubicin, but compound 38 significantly 
ameliorated hiPSC-CMs viability at 30, 3 and 1 µM, which was accompanied by 
an increased beat rate tendency. At 48 h of treatment, we did not observe that 
NC-p38i increased the cell viability. However, both compounds increased the 

Figure 39. NC-p38i do not mitigate doxorubicin-induced death of H9c2 cells. (A) Graph showing 
the percentage of DAPI positive H9c2 cells after being treated with 500 nM doxorubicin in 
combination with DMSO (D), SB203580 (SB, 10 µM) or compounds 37 and 38 (30 and 10 µM) for 
48h. Data are shown mean ± SD of n=4 experiments. (B) Summary of experiments performed in 
H9c2 cells treated with 250 and 500 nM doxorubicin in combination with DMSO, SB203580 or 
compounds 37 and 38 for 24 and 48 h.
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beat rate of hiPSC-CMs, suggesting that these compounds might help cells to 
recover beating but were unable to overcome the irreversible damage induced 
by doxorubicin at longer time points (Figure 42A). In this line, NC-p38i did not 
affect the doxorubicin-induced cTnI release. Remarkably, a significant increase 
of cTnI levels was observed at 100 µM of NC-p38i, suggesting that the damage 
induced at this high concentration might synergize with the deleterious effect 
of doxorubicin (Figure 42B). After 72 h treatment, cells were so damaged by 
doxorubicin that no electrophysiological parameter could be measured. 

In summary, these results suggest that compound 38, but not 37, might have 
a cardioprotective role against doxorubicin-induced toxicity in hiPSC-CMs at 
short time points. 
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Figure 41. Doxorubicin but no NC-p38i induces Troponin I release. Cardiac Troponin I levels 
(pg/ml) in the media of hiPSC-CMs treated with DMSO (0.1%), doxorubicin (1 and 10 µM) or 
compounds 37 and 38 (100, 30, 10 and 3 µM) for 48 and 72h. Data are shown mean ± SD of n=1 
experiment done in triplicates.
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To further characterise the possible application of NC-p38i compounds for the 
cardioprotection to chemotherapy, we analysed their effect on the cytotoxic 
effect of anthracyclines on cancer cells, which is essential for chemotherapy 
success. Human MDA-MB-231 and MCF7 breast cancer cell lines and murine 
cells derived from PyMT-induced mammary tumours (BBL358) were treated with 
doxorubicin in combination with either DMSO, SB203580 or compounds 37 and 
38 and cell death was measured by DAPI staining. The results indicated similar 
levels of cell death in human breast cancer cells treated with doxorubicin alone 
or combined with NC-p38i compounds. Curiously, we observed that treatment 
with compounds 37 and 38, but not with SB203580, reduced doxorubicin-induced 
death in BBL358 cells (Figure 43). Additional studies should explore whether 
compounds 37 and 38 protect murine BBL358 cells from doxorubicin by reducing 
their proliferation. 

In conclusion, NC-p38i compounds do not seem to have a major effect in the 
chemotherapeutic effect of anthracyclines in human breast cancer cells. 

Figure 42. Compound 38 might have a cardioprotective role in hiPSC-CMs treated with 
doxorubicin. (A) Histograms representing the normalized cell viability and beat rate values of 
hiPSC-CMs treated with 1 µM doxorubicin in combination with either DMSO (0.1%) or compounds 
37 and 38 (100, 30, 10 and 3 µM) for 24 and 48h. (B) Histograms representing the cardiac troponin I 
(cTnI) (pg/ml) in the cell media of cells treated with 1 µM doxorubicin in combination with 37 and 
38 (100, 30, 10 and 3 µM) for 48h. Symbols are the same as in (A). Data are shown as mean ± SD of 
n=1 experiment done in triplicates. 
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To investigate whether NC-p38i ameliorate anthracycline-induced cardiotoxicity 
in vivo, experiments using zebrafish embryos were performed (Calienni et al., 
2018; Chang et al., 2014). First, we evaluated the maximum tolerated dose (MTD) in 
zebrafish embryos for compounds 37 and 38 and observed no significant toxicity 
up to a concentration of 1000 µM. However, it should be noted that NC-p38i 
precipitated at 1000 µM (Figure 44A). 

Therefore, both compounds were tested at 10, 30 and 100 µM in combination 
with 100 µM doxorubicin, and after 72 h of exposure, the heart rate of zebrafish 
embryos was manually counted. Doxorubicin alone induced bradycardia, which 
was not recovered by compound 37. In contrast, compound 38 improved the 
heart rate at the three concentrations tested, although it was only significant at 
10 µM compared to animals treated with doxorubicin alone (Figure 44B). 

Additionally, morphology was analysed. Hearts from embryos treated with the 
vehicle control all contained two chambers, whereas hearts from doxorubi-
cin-treated embryos were dimmer and contained only one smaller chamber. 
The positioning of some embryos treated with compounds 37 and 38 made 
it not possible to detect the heart, and those were classified as uncertain. In 
agreement with the heart rate results, we observed that compound 38 interfered 
with doxorubicin-induced heart malformations. The morphologic improvement 
of hearts treated with compound 38 was observed at 10 and 30 µM but was 
strongest at 100 µM. Of note, despite compound 37 at 100 µM also improved 
heart morphology, it did not seem to improve the heart rate (Figure 44C).

Altogether, these results support previous data in hiPSC-CMs and suggest that 
NC-p38i compound 38 can ameliorate heart damage induced by doxorubicin 
treatment, thereby suggesting a potential cardioprotective role against anthra-
cycline-induced cardiac toxicity.
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Figure 44. NC-p38i protect zebrafish embryos against doxorubicin-induced cardiac toxicity. (A) 
Results from the maximum tolerated dose experiment performed in embryos (3 hpf) incubated 
with compounds 37 and 38 (0.1, 1, 10, 100 and 1000 µM) for 72 h. Embryos phenotype: x, not affected; 
y, affected but not dead; z, dead. 10 embryos were used per condition. hpf, hours post-fertil-
ization. (B) Histogram showing the heart beat (number of beats counted in 15 sec) of zebrafish 
embryos after treatment with vehicle and doxorubicin (D, 100 µM) alone or in combination with 
compounds 37 and 38 (10, 30 and 100 µM) for 72 h. V, vehicle, 0.5% DMSO. Data are shown as 
mean ± SD. (C) Histogram showing the heart morphology of zebrafish embryos from panel (B) and 
classified as indicated. 
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4. NC-p38i possess promising drug-like and ADME-Tox 
properties 

4.1. NC-p38i are highly specific for p38α

To assess the selectivity of NC-p38i compounds 37 and 38, a kinase profiling study 
against 97 different human protein kinases was performed. Both compounds 
mainly inhibited the activity p38α, and to a lesser extent also inhibited p38β and 
COT (Figure 45). 

These results support the high-selectivity of compounds 37 and 38, and suggest 
that they do not function as general inhibitors of protein kinase activity. 

p38α and p38β are 74% identical in amino acid sequence (Jiang et al., 1996). 
To evaluate whether the p38α amino acids affected by the binding of NC-p38i 
compounds were conserved in p38β, we compared the sequences of both 
proteins. Interestingly, we observed that most residues affected by NC-p38i 
binding to p38α (Figure 29) were conserved in p38β except for S28, T44, T218, 
H228 and F270 (Figure 46), suggesting that they might be important for NC-p38i 
binding and/or activity.

Interestingly, p38β strongly autophosphorylates in vitro independently of TAB1 
(Beenstock et al., 2016; Zhou et al., 2006). To investigate whether NC-p38i inhibit 
p38β autophosphorylation, we performed in vitro assays using non-phosphor-
ylated recombinant GST-p38β protein in presence of ATP and NC-p38i. The 
results indicated that NC-p38i also inhibit p38β autophosphorylation, but with 
much less potency than for p38α (Figure 47). 

Figure 45. Kinase selectivity profile 
of NC-p38i. Graph showing kinase 
selectivity of compounds 37 and 38 (10 
µM) against a panel of 97 human kinases 
(Supplementary Table 2). Data show the 
percentage of inhibition in the presence 
of the indicated compound. Particular 
kinases were assayed at a concentration 
of ATP at or below their apparent Km. 
Results are shown as mean ± SD from n=1 
experiment done in duplicates.
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Figure 46. Comparison of potential NC-p38i binding residues in p38α and p38β. Amino acid 
sequence comparison of human p38α (MAPK14) and p38β (MAPK11) generated using T-Coffee. 
Conserved amino acids and conservative replacements for amino acids with similar charges, are 
highlighted in black and grey, respectively. Asterisks indicate amino acids affected by NC-p38i 
binding to p38α that are conserved (black) or non-conserved (red) in p38β.
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Figure 47. Effect of NC-p38i on the spontaneous p38β autophosphorylation activity. (A) 
Western blots of GST-p38α and GST-p38β in vitro autophosphorylation assays in the presence of 
compounds 37 and 38 at the indicated concentrations. C-, negative control containing GST-p38α 
or GST-p38β without ATP. D, DMSO. Ponceau staining indicates total GST-p38α or GST-p38β 
proteins. Results are representative from n=2. (B) Dose-response inhibition curves of basal p38α 
and p38β autophosphorylation by compounds 37 and 38. Data were fitted using a nonlinear 
regression fit model (Graphpad Prism) to determine IC50s. Results are shown as mean ± SD from 
n=2 experiments. CI, confidence interval.
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4.2. NC-p38i have cytostatic but not cytotoxic effects at		
	 high concentrations

A potential use of NC-p38i compounds would be to treat cardiovascular diseases, 
being cardiomyocytes their target cells. Therefore, we measured whether 
compounds 37 and 38 could affect cell viability of different cardiac-related cells, 
including H9c2 cells, primary neonatal rat ventricular myocytes (NRVMs) and 
cardiac fibroblasts, and hiPSC-CMs. 

As differentiated cardiomyocytes do not proliferate, cells were seeded at high 
confluency and treated with different concentrations of compounds 37 and 38. 
After 24 and 48 h, NC-p38i did not induce significantly decreased cell viability at 
any concentration, as measured by MTT assays (Figure 48A). Interestingly, primary 
neonatal rat cardiomyocytes were a bit more sensitive to both compounds at 100 
and 30 µM after 24 h of treatment. In addition, we did not observe increased 
death in H9c2 cells treated with NC-p38i, in line with the MTT results. However, 
human cardiomyocytes treated with compounds 37 and 38 at 100 µM showed 
an increase in apoptotic cell death compared to H9c2 cells (Figure 48B), thus 
correlating with previous impedance data (Figure 40). 
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Interfering with p38α activity has been shown to reduce the proliferation of some 
cancer cells (Canovas et al., 2018). Since NC-p38i compounds were not cytotoxic, 
we wondered whether they might affect cell proliferation. We performed MTT 
assays using different cancer cell lines (BBL358, MCF7 and BT549 cells) seeded at 
low confluency conditions and treated with the compounds 37 and 38 at different 
concentrations for 48 and 72 h. We observed a slightly reduced of proliferation in 
BBL358 and MCF7 cells treated with NC-p38i at 30 µM (Figure 49A).

Moreover, we performed colony formation assays to further study the effect of 
NC-p38i compounds on cell proliferation. We observed that compounds 37 and 
38 significantly reduced colony formation by BBL358 cells at 30 µM, which is 
consistent with a cytostatic effect of these compounds at high concentrations 
(Figure 49B).
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Figure 48. NC-p38i are not cytotoxic in non-proliferating cells. (A) Heatmaps showing the effect 
of treatment for 24 and 48 h with compounds 37 and 38 (100, 30, 10, 5 and 1 µM) on the viability of 
H9c2 cells (n=3), neonatal rat ventricular myocytes (37, n=2; 38, n=1), primary cardiac fibroblasts 
(37, n=2; 38, n=1) and hiPSC-CMs (n=1) seeded at high confluency conditions.  Percentage of 
the reduced cell viability was measured by MTT and normalized to DMSO-treated cells. Data 
represent the mean ± SD of n=2-3 experiments or mean of n=1 done in duplicates. (B) Effect of 
treatment for 24 and 48 h with compounds 37 and 38 (100, 30, 10 and 1 µM) on the death of H9c2 
cells and hiPSC-CMs seeded at high confluency. The percentage of cell death was measured by 
DAPI staining and analysed by FACS. Data represent the mean ± SD of n=2 experiments for H9c2 
cells and n=1 for hiPSC-CMs. 
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4.3. NC-p38i posess good drug-like properties 

As a first approach to predict the physicochemical and ADME-Tox properties 
of compounds 37 and 38, we used the QikProp software (Schrödinger Release 
2019-1: QikProp, Schrödinger, LLC, New York, NY, 2019). The parameters analysed 
were aqueous polar-surface area (PSA), solubility and lipophilicity, Caco-2 cell 
permeability, metabolic stability, IC50 for inhibition of hERG K+ cardiac channel 
and binding to human serum albumin (Figure 50). Based on the predicted 
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Figure 49. NC-p38i are cytostatic in proliferating cancer cells. (A) Heatmaps showing the effect 
of treatment for 48 and 72 h with compounds 37 and 38 (30, 10 and 1 µM) on the viability of BBL358, 
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parameters, compounds 37 and 38 appear to be promising hits as they are 
small molecules (MW 300-400) with good solubility and polarity values, which 
correlate with high permeability, low metabolic profiles and binding to plasmatic 
proteins. However, we observed that the logIC50 values (QPlogHERG) for hERG 
K+ channel blockage were below -5, which were concerning.  

Some of these properties were experimentally validated (Figure 51). We observed 
that both compounds exhibited high permeability in intestinal Caco-2 cells and 
showed weak inhibition of hERG channel at 10 μM. These data suggest that 
NC-p38i compounds 37 and 38 might be highly absorbed in vivo and might not 
induce undesired cardiac toxicity. 

In addition, to assess the in vitro metabolic stability of compound 37 and 38, 
we determined their degradation rate in the presence of human and rat liver 
microsomes. The estimated t1/2 suggested that both compounds were much more 
stable in human microsomes than in rat microsomes.

On the other hand, both compounds exhibited high binding to plasmatic proteins, 
92-94% approximately, indicating that only 6-8% of NC-p38i would be free in the 
plasma. 

10 mg/kg
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65 mg/kg

85 mg/kg

No toxicity

Very low toxicity

Mild toxicity

Mild toxicity

No toxicity

No toxicity

N.D.

N.D.
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100 mg/kg 1/4 deaths
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2/4 deaths

Figure 30. Qikprop table

Figure 34. MTD table
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Figure 50. Predicted physicochemical and 
ADME-Tox properties of NC-p38i. Summary of 
the predicted PSA (7 to 200), solubility (QPlogS, 
-6.5 to 0.5), lipophilicity (QPlogPo/w, octanol/
water partition coefficient; -2.0 to 6.5); number 
of expected primary metabolites (1-8); Caco-2 
cells permeability (>500 nm/sec), IC50 for human 
hERG K+ blockage (QPlogHERG, concern below 
-5); and binding to human serum albumin (-1.5 to 
1.5) were calculated for compounds 37 and 38. 
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Fluorination of compounds has been linked to enhanced biological potency by 
improving metabolic stability, bioavailability and ligand-protein binding affinity 
(Purser et al., 2008; Shah and Westwell, 2007). Indeed, compound 38 is a fluorinate 
derivative of compound 37. However, both compounds had similar metabolic 
stability in rat microsomes. Therefore, we decided to synthesize two additional 
derivates of compound 38, IRB-111 and IRB-112 (Figure 52A) and test their metabolic 
stability in human and rat microsomes (Figure 52B). We concluded that these 
modifications were not sufficient to increase the compounds’ metabolic stability 
in rat microsomes. Indeed, we even observed some decreased stability in human 
microsomes. Therefore, we continued with compounds 37 and 38 for the in vivo 
ADME-Tox characterization. 
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Figure 51. Determination of ADME properties of NC-p38i. Compounds 37 and 38 at 10 μM were 
tested in the CacoReady™ intestinal barrier permeability system (Papp A-B), inhibition of hERG 
K+ channel, human and rat liver microsomes and binding to human and rat plasmatic proteins, 
respectively. Papp > 10*10-6cm/s predicts high (70-100%) in vivo intestinal absorption. hERG K+ 
channel inhibition data are shown as mean ± SEM of n=1 experiment in duplicates. 
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Figure 52. Fluorinate derivatives of NC-p38i 
do no improve the metabolic stability. (A) 
Structure of the fluorinate derivatives of 
compound 38 IRB-111 and IRB-112. (B) Summary 
of the compounds’ associated metabolic stability 
in human and rat microsomes (t1/2). 
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Before testing NC-p38i compounds in vivo, we performed a solubility study to 
select a proper vehicle for intravenous (IV) administration. Compound 38 was 
prepared in seven vehicles at 20 mg/ml and the solubility was measured by 
laser nephelometry. The results indicated that compound 38 was only soluble 
in vehicle-4, but insoluble in the other tested vehicles (Figure 53). Therefore, 
vehicle-4 was selected for in vivo experiments.

 

Next, we performed an MTD study in Sprague-Dawley rats. Compounds 37 and 
38 were administered to four animals (two males and two females) at concen-
trations ranging from 10 to 100 mg/kg. The compounds’ associated toxicity was 
assessed during the first 15 and 60 min and animal survival was evaluated up to 
72 h. At each dose level, animals were observed for the presence of acute toxic 
symptoms (i.e. mortality, convulsions, tremors, muscle relaxation and sedation) 
and autonomic effects (i.e. diarrhoea, salivation, lacrimation, vasodilation and 
piloerection) (Figure 54). 

No relevant associated toxicity was observed at doses ≤ 30 mg/kg in both male 
and female rats, and no body weight changes were noted, suggesting that these 
concentrations are non-toxic. However, decreased limb and abdominal tone as 
well as deeper respirations were noted at 15 min and 1 h after administration of 
compound 37 at 30 mg/kg. 

At 50 mg/kg, rats had a slight decrease in the body tone after 60 min of dosing. 
No other significant side effects were observed within the 72 h of examination 
period, thereby considering this concentration as well tolerated. 

At dose levels ≥ 65 mg/kg, moderate to severe decrease in alertness; touch 
scape; grip strength; limb, abdominal and body and abdominal tone; as well as 
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5% DMSO, 5% Solbutol HS-15, 90% PBS

10% Cremophor EL, 10% ethanol, 80% of 0.9% NaCl

10% DMA, 10% ethanol, 20% PG, 60% of 0.9% NaCl

10% DMA,  20% PG, 40% PEG 400, 30% of 0.9% NaCl

40% PEG 400, 10% ethanol, 50% of 0.9% NaCl

Veh #6 40% PEG 400, 10% Cremophor EL, 70% of 0.9% NaCl

Veh #7 0.5% Tween 80, 99.5% of 0.9% NaCl

Soluble

Insoluble

Insoluble

Insoluble

Insoluble

Insoluble
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Figure 53. Solubility study of NC-p38i in different vehicles suitable for intravenous adminis-
tration. DMA, dimethylacetamide; PG, propylene glycol; PEG, polyethylene glycol. 
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laboured respiration and gait changes were observed at 15 min after adminis-
tration. These adverse effects decreased at 60 min, and animals neither die nor 
changed in body weight. 

Importantly, animals treated with 100 mg/kg showed 25% and 50% mortality 
within a few minutes of administration of both compounds, indicating that this 
concentration is highly toxic. 

Based on the observed toxicity, we chose compounds 37 and 38 at 30 mg/kg to 
evaluate their pharmacokinetic properties in rats (Figure 55A). Both compounds 
exhibited good PK properties with high terminal half-life (t1/2) and plasma 
exposure (AUC), reasonable mean residence time (MRT), high systemic clearance 
(Cl) and high volume of distribution (Vss). For instance, compounds 37 and 38 
demonstrated t1/2 of 4.67 and 5.22 h, plasma exposure of 74.3 ± 19.4 and 50.7 ± 9.5 
µM/ml, and clearance values of 21 ± 6 and 29 ± 6, respectively. 

However, given the observed binding of NC-p38i to plasmatic proteins (Figure 
51R), we calculated the concentration of free compound as an estimation of the 
concentration of drug that could directly arrive to the target cell (i.e. cardiomy-
ocytes) (Figure 55B). Considering that in vitro IC50 values of both compounds 37 
and 38 is approximately 1 µM, these data indicate that free plasma levels NC-p38i 
would be around 10 times greater than the in vitro IC50 at 3 min after adminis-
tration. 

Together, these results suggest that the in vivo administration of NC-p38i should 
be performed just prior or during the damaging insult (i.e. ischaemia-reperfusion 
injury). 
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Figure 30. Qikprop table

Figure 34. MTD table
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Figure 55. Single dose plasma pharmacokinetics of NC-p38i administered intravenously 
in rats. (A) PK profile of compounds 37 and 38 formulated at 6 mg/ml in 10% DMA, 20% PG, 
40% PEG 400, 30% of 0.9% NaCl. Dosing volumes of 5 ml/kg were administered IV to reach a 
concentration of 30 mg/kg. PK parameters of each compound were obtained from the non-com-
partmental analysis (NCA) of the plasma data in (B) using WinNonlin. Results are shown as mean ± 
SD of n=3 rats per compound. The concentration of 37 and 38 in plasma samples was determined 
by LC-MS/MS in [ng/ml] and converted to [µM]. C0, initial concentration; t1/2, terminal half time; 
AUC, area under the concentration-time curve; AUCInf, AUC curve to infinite time; MRT, mean 
residence time; Vss, volume of distribution at steady state; CL, total body clearance. (B) Plasmatic 
compounds 37 and 38 levels corrected with rat plasmatic protein binding (%) data.
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For the last decades, p38α has been an attractive druggable target to treat inflam-
mation, cardiovascular diseases and cancer (Canovas and Nebreda, 2021). The 
availability of potent p38α inhibitors has allowed to study the role of this kinase 
in pathophysiology, but traditional pharmacologic approaches using ATP-com-
petitors have not succeeded in clinical trials yet. Systemic inhibition of p38α by 
targeting its active site may lead to the upregulation of feedback loops, which 
together with potential off-target effects may result in toxicity that undermines 
the beneficial effect of the compounds. Therefore, efforts to discover novel p38α 
inhibitors are key to tackle this bottleneck (Haller et al., 2020). 

Allosteric modulators have been proposed as a new generation of kinase 
inhibitors (Wu et al., 2015). In silico 3D structure-based drug design strategies 
offer a rational approach for the generation of candidate compounds (Batool et 
al., 2019). Integration of these computational tools with structural and molecular 
biology assays provide the basis for discovering novel kinase inhibitors (He et al., 
2019). 

Here, we present a comprehensive biochemical and structural characterization 
of a novel class of p38α inhibitors that includes testing in models of non-ca-
nonical p38α associated diseases and assessing their drug-like properties.

1. Discovery and characterization of novel allosteric 
inhibitors of p38α

Current p38α inhibition strategies include tailor-made molecules (mainly type-II) 
for treating lung or skin diseases by local application (Haller et al., 2020), acute 
p38α inhibition in combination with other drugs for short-term treatments 
(Patnaik et al., 2016; Vergote et al., 2020) and inhibitors of specific substrates, such 
as MK2 (Davidson et al., 2004; Gomez-Gutierrez et al., 2016). Although showing 
increased specificity, these compounds may interfere with the canonical p38α 
activation pathway.

Emerging evidence highlights that targeting the non-canonical p38α pathway 
could be an alternative approach with greater specificity, given that this activation 
mechanism is restricted to a subset of functions in certain cell types (Arabacilar 
and Marber, 2015). For example, small-molecule derivates from admantanes 
have been proposed as type-IV p38α-TAB1 complex inhibitors, which reduce 
TAB1 phosphorylation in vitro but not p38α autoactivation (De Nicola et al., 
2018; Nichols et al., 2020). While the in vivo potency of these compounds has 
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not been addressed yet, these studies emphasize the importance to find novel 
modulators of non-canonical p38α signalling to treat myocardial infarction and 
other TAB1-induced p38α activation-associated diseases.

In this work, we run an in silico small molecule drug discovery program to discover 
novel inhibitors of non-canonical p38α activation. Then, we performed in vitro 
autophosphorylation assays allowed us to identify several candidate compounds, 
named NC-p38i, that inhibit TAB1-induced (Figure 14) and spontaneous p38α 
autophosphorylation (Figure 17) in vitro within the low micromolar range (Figure 
21). 

Using SPR and ITC experiments, we have shown that NC-p38i can form a fast 
complex with p38α (Figures 19 and 22). Although we cannot measure their 
associated kinetic and thermodynamic parameters, NC-p38i are able to increase 
the thermal stability of p38α in a concentration-dependent manner (Figure 23). 
Hence, these data indicate that NC-p38i have a low residence time.

NC-p38i were initially designed to target the non-canonical TAB1 binding site on 
p38α. However, FP competitive experiments showed that NC-p38i do not appear 
to interfere with TAB1386-414 binding to p38α (Figure 24). Moreover, we observed an 
additive effect on thermal stability when p38α was incubated with both ligands 
(Figure 25), suggesting that NC-p38i and TAB1 can both simultaneously bind to 
p38α. 

To characterize the mechanism of NC-p38i binding to p38α, we performed NMR 
and X-ray co-crystallization experiments. These assays show that NC-p38i can 
induce multiple changes on the entire p38α protein structure, suggesting a high 
plasticity in the modulation of p38α autophosphorylation activity. 

The analysis of several p38α crystals seeded in the presence of NC-p38i allowed us 
to determine two structures. Intriguingly, an extra electron density corresponding 
to NC-p38i was only observed in one of them. This could be attributed to the low 
residence time of these compounds, suggesting that NC-p38i can diffuse in and 
out of the crystallized protein. Unexpectedly, the compound 37 was found above 
SB203580 in the ATP-site, which indicates that p38α may adopt certain confor-
mations that restrict its accessibility there (Figure 31). Indeed, we observed 
that this binding mode is enabled by the dynamic position of the Y35 residue 
(Figure 32). Moreover, this observation is supported by in vitro autophosphor-
ylation assays showing that NC-p38i potency decreases at high concentrations 
of ATP, as well as NanoBRET experiments indicating that NC-p38i can displace 
an ATP-competitive ligand from the p38α active site in cells (Figures 35 and 36).  
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SPR binding assays show that NC-p38i associates to both inactive non-phos-
phorylated (DFG-out) and active phosphorylated (DFG-in) forms of p38α (Figure 
19). Notably, NC-p38i might inhibit p38α autophosphorylation in vitro by binding 
to inactive non-phosphorylated kinase first. Our p38α crystal structures exhibit 
a typical DFG-in conformation that allows SB203580 binding (Young et al., 1997). 
Hence, additional in silico molecular dynamics and crystallography experiments 
should be performed to explore whether NC-p38i can also enter into the ATP-site 
of the DFG-out p38α. For example, the type-II inhibitor BIRB796 could be used 
instead of SB203580 to fix the inactive form of the protein. 

We found that compound 37 induces significant allosteric changes in the 
N-terminal domain and the active site of p38α, which decrease its affinity for 
ATP. In addition, alterations of the canonical ED site and the αD-helix (Figure 
33 and 34) may impair the optimal occupancy of the C-terminal part of TAB1. 
Bi-partite binding of TAB1 to p38α stabilizes the active conformation of the 
protein and induces the rearrangement of the activation loop that triggers 
autophosphorylation in cis (DeNicola et al., 2013). However, this loop is poorly 
visible in our crystal structures due to its high mobility, which prevents the 
proper observation of the TGY motif (Supplementary Figure 2E). Overall, we 
consider that in addition to modify the affinity for ATP, NC-p38i may impair 
the acquisition of the p38α prone-to-autoactivate conformation, reducing both 
TAB1-induced and spontaneous autophosphorylation. 

The amino acids comprising the ED site (E160 and D161) and the CD domain 
(D313, D315 and D316) of p38α form a docking groove behind the hinge region 
that is essential for interactions with activators, substrates, and phosphatases 
such as MKK6, MK2 and DUSP10/MKP5 (Tanoue et al., 2000). While compound 
37 affects the ED site, the CD domain is not altered. Notably, our in vitro kinase 
assays show that NC-p38i do not reduce canonical activation of p38α by MKK6 
but weakly decrease the phosphorylation of MK2 in vitro and in H9c2 cells 
(Figures 18 and 38). Nevertheless, compounds 37 and 38 can inhibit around 75 % 
of the p38α catalytic activity at 10 µM according to the in vitro kinase selectivity 
panel assays (Figure 45). These results suggest that while NC-p38i may affect the 
catalytic activity of p38α, they do not influence its docking interactions. In line 
with this idea, the ability of these compounds to decrease the kinase activity of 
p38α differs depending on the experimental conditions of the assay, which may 
impact on the p38α conformation.  

Allosteric regulation of protein kinases is a bidirectional process. On the one 
hand, interaction of ligands at the regulatory sites usually affects the active 
site. On the other hand, several studies emphasize that ligands or compounds 
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interacting with the ATP-binding site regulate not only the kinase function per se 
but also control protein-protein interactions (so-called reverse allostery) (Leroux 
and Biondi, 2020). For example, ATP-competitive inhibitors PS653 and MLN8237 
inhibit the AGC kinases PDK1 and Aurora kinase, respectively, and affect their 
PIF-pocket, a hydrophobic pocket located in the N-lobe between helices αB and 
αC and β4 and β5 strands (Schulze et al., 2016). Additional examples illustrating 
this process are the pseudokinase KSR2 and the endoplasmic reticulum 
transmembrane kinase/endoRNase IRE-1a. The compound APS-2-79 stabilizes 
KSR2 and antagonizes the oncogenic Ras signalling by decreasing its interaction 
with RAF and subsequent phosphorylation of MEK (Dhawan et al., 2016). APY29, 
sunitinib and compound 3 inhibit the oligomerization and RNase activity of 
IRE-1a (Wang et al., 2012). Furthermore, there is evidence that JNK (Lombard et 
al., 2018), ERK2 (Hari et al., 2014) and p38 MAPKs (Kumar et al., 2018; Kuzmanic 
et al., 2017) also undergo reverse allosteric modulation and ATP-competitors can 
enhanced or block docking interactions. 

Mechanistically, we have found no evidence in our crystal structures supporting 
that NC-p38i bind to additional sites other than the ATP-pocket. In fact, the above 
examples would support the rearrangements observed in p38α. Nevertheless, 
comparison of our two structures suggests that compound 37 induces similar 
changes independently of whether it is bound below the P-loop or not (Figure 
33). These findings led us to speculate that the observed changes may not be only 
caused by this binding mode, and we favour the idea that NC-p38i might bind to 
other sites. 

Several examples in the literature show that targeting the N-terminal domain of a 
kinase also affects its active site and further its activity. This inhibitory mechanism 
is observed in compounds binding to the PIF-pocket of AGC kinases such as of 
PDK1 (Engel et al., 2006b), PLK1 (Raab et al., 2018) and PKCζ  (Lopez-Garcia et al., 
2011). Another study shows that the MAP2K protein MKK7, an upstream activator 
of JNK, contains an allosteric site located at the top of the N-lobe where the 
type-I inhibitor ibrutinib can bind (Schroder et al 2020). Interestingly, recent 
data show that small-molecules intended to bind to the non-canonical site of 
p38α, which were obtained from a fragment-based crystal screening, can also 
bind to its N-terminal region (Nichols et al., 2020). For instance, an admanta-
nol-derived fragment (KCL615) binds to three different sites on p38α, including 
(1) the non-canonical site (L243 and L222) but also (2) the ED site (D161), and 
(3) the β2-strand (N26 and S28) (PDB:6SPL). On the other hand, the fragment 
KCL802 binds to two pockets: (1) the non-canonical site (T218 through a DMSO 
molecule) and (2) a pocket between β2L0 and β1- β4 (D88 and T91) (PDB:6SP9).
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The 2D 1H,15N-TROSY spectrum of [2H,15N]p38α incubated with compound 38 
shows that amino acids E19, R23, S28, S32, T91 at the N-lobe are specifically 
affected by its binding (Figure 29). Although the crystal structure of p38α:TAB1 
complex shows some displacements of these residues, specially S28 and S32, 
we hypothesise that NC-p38i might bind to this N-terminal region and block 
the allosteric effect triggered by TAB1 (Figure 30). We are currently performing 
a global analysis combining different in silico approaches such as Fpocket (Le 
Guilloux et al., 2009) and SiteMap (Halgren, 2009) in order to determine the 
most likely sites of NC-p38i binding and further understand their mechanism of 
action. Importantly, preliminary analysis has identified a putative binding site at 
the N-terminal domain similar to that described for the KCL802 fragment (Figure 
56). Additional simulations also suggest that amino acids K15, R23, K45 and R94 
could be involved in the binding of NC-p38i to the N-terminal domain of p38α, 
which would correlate with the chemical shifts observed by NMR.

We have shown that NC-p38i are able to inhibit at high concentrations the 
spontaneous p38β autophosphorylation. We propose that S28R, T44A, T218Q, 
H228Y and F270L may be responsible for the dramatic decrease of NC-p38i 
activity towards p38β (Figure 46). To decipher the importance of these residues, 
we plan to perform in vitro autophosphorylation assays using proteins in which 
those amino acids have been swapped between p38α and p38β by site-directed 

Figure 56. Putative binding site of NC-p38i at the N-terminal domain of p38α. Figure showing 
one of the predicted binding sites of NC-p38i at the N-lobe of p38α obtained from a computational 
ligand-binding method (Colizzi et al. 2021, manuscript in preparation) exploring the configurational 
space with enhanced-sampling molecular dynamics simulations in explicit water. p38α structures 
used in this study come from (Kuzmanic et al., 2017). Ligands and important residues are indicated 
in sticks and different colours: p38α (grey), NC-p38i (red), KCL802 (green), and SB220025 (SB4, 
orange).
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mutagenesis. 

The observation that compound 37 can access the active site of p38α, raises the 
question of what type of kinase inhibitors NC-p38i are. Based on their binding 
properties and biophysical data, they do not behave as type-I orthosteric 
inhibitors. Conversely, structural data show that they do not bind to the deep 
allosteric pocket near the ATP-site, meaning that they cannot be classified as 
type-II or type-III inhibitors. Ongoing experiments will validate whether NC-p38i 
are type-IV inhibitors. 

In summary, our data identify NC-p38i as allosteric inhibitors of p38α that can 
modulate its conformation and interfere with its kinase catalytic activity. More 
research is clearly needed to better understand the binding mode of NC-p38i, 
but our results provide an initial framework into the molecular basis of a novel 
type of p38α inhibitors.

2. Therapeutic relevance of targeting p38α with NC-p38i

Non-canonical TAB1-induced p38α activation has been described to be restricted 
to specific stimuli, mainly in cardiomyocytes and endothelial cells. Inhibition 
of this pathway could be useful to treat cardiovascular diseases, by precisely 
targeting cardiomyocyte death and vascular leakage. We first observed NC-p38i 
compounds can inhibit non-canonical p38α activation in cells overexpressing 
myc-p38α and GFP-TAB1 (Figure 16). We also determined the compounds 37 and 
38 significantly decrease SIR-induced H9c2 cell death both under prophylactic 
and therapeutic conditions (Figure 37A). These results are promising but in vivo 
experiments in rodents are critical to evaluate the clinical potential of NC-p38i.

The effect of NC-p38i in H9c2 cells was compared with the activity of SB203580, 
a commonly used p38α inhibitor in cell-based to address the role p38α in cardio-
myocyte death (Kumphune et al., 2012). However, the beneficial effect of this 
ATP-competitor does not have a straight-forward interpretation due to its 
well-known off-target effects (Karaman et al., 2008). In contrast, compounds 37 
and 38 mainly inhibit p38α (Figure 45). Hence, our results support that specific 
inhibition of p38α protects cardiomyocytes against SIR stimuli. Unfortunately, we 
had difficulties detecting p38α phosphorylation in H9c2 cells treated with only 
simulated ischaemia. Thus, following the ischaemic period, cells were subjected 
to additional 15 min of reperfusion under normoxic conditions. Whereas 
treatment with NC-p38i reduced the phosphorylation of TAB1 and HSP27, we do 
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not observe a reduction of p38α phosphorylation in these cells (Figure 37B). This 
could be explained by the upregulation of feedback loops during reperfusion, 
which mitigates p38α inhibition (De Nicola et al., 2018). On the other hand, there 
is evidence implicating ROS-induced ASK1 activation in the canonical activation 
of p38α during ischaemia-reperfusion (Meijles et al., 2020). In fact, we cannot 
rule out that the two mechanisms might cooperate in the phenotype observed 
in H9c2 cells. This could be analysed by using siRNAs to MKK3, the major p38α 
canonical activator in these cells (Figure 37C), and then test the effect of NC-p38i 
on p38α autophosphorylation.

Cardiotoxicity is a major side effect of cancer patients treated with anthra-
cyclines (Brown et al., 2015). To further expand possible uses of NC-p38i, we 
investigated whether NC-p38i could impair doxorubicin-induced cardiomyocyte 
death. We observed that compound 38 might have a cardioprotective role against 
doxorubicin-induced toxicity in hiPSC-CM cells (Figure 42). The results suggest 
that NC-p38i may be active for short time points in cultured cells, as the effect 
was only observed at 24 h. Therefore, it would be interesting to repeat these 
experiments adding fresh NC-p38i every day and investigate if they protect cells 
against sustained doxorubicin damage. Importantly, the beneficial effect of the 
compound 38 was confirmed in vivo using zebrafish embryos (Figures 44). 

These promising data support the interest in performing additional experiments 
to address the implication of p38α autophosphorylation in anthracy-
cline-induced cardiomyocyte death. We hypothesise that both the canonical 
and non-canonical pathways may coexist in the same cell, and understanding 
their individual relevance would help to mitigate cardiomyocyte irreversible 
damage. In addition to p38α activation, doxorubicin also induces mitochondrial 
damage, dysregulation of Ca2+ metabolism and formation of double-strand DNA 
breaks in cardiomyocytes (Ma et al., 2020). To further validate the cardiopro-
tective effect of NC-p38i on anthracycline-induced toxicity, the mitochondrial 
transmembrane potential can be measured by TMRE staining in hiPSC-CMs 
treated with doxorubicin (Crowley et al., 2016) as a read out of mitochondrial 
dysfunction. In addition, calcium-sensitive fluorescent probes such as Fluo-4 
AM and γ-H2AX staining can be used to monitor the changes in the intracellular 
Ca2+ levels and in DNA damage, respectively (Maillet et al., 2016).

We have shown that NC-p38i efficiently inhibit in vitro spontaneous p38α 
autophosphorylation, in addition to that induced by TAB1. Hence, we hypothesize 
that these compounds may impair p38α autophosphorylation in other settings 
such as in T-cells. The TCR stimulation promotes p38α phosphorylation on Y323 
by ZAP70, which leads to p38α autoactivation. This activation mechanism has 
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been reported to disrupt the hydrophobic core formed by Y69, F327, and W337 
(Avitzour et al., 2007; Canagarajah et al., 1997; Diskin et al., 2007). We have not 
observed any change in the conformation of the aforementioned residues in 
our crystal structures (Figure 57), suggesting that NC-p38i might alter neither 
Y323 phosphorylation nor the subsequent conformational changes. Regardless, 
NC-p38i might impair the subsequent autoactivation of p38α by effecting the 
ATP-site. We posit that NC-p38i compounds may diminish the hyperactivation 
of this pathway in specific scenarios such us in tumours highly infiltrated with 
p38α-Y323+ CD4+ T-cells (Alam et al., 2015). Additional in vitro experiments 
should be performed in cultured CD4+ T lymphocytes to investigate the impact of 
NC-p38i in ZAP70-induced p38α activation and in the production of proinflam-
matory cytokines. As a control, the combination of PMA plus ionomycin could be 
used to activate the canonical MAP2K dependent pathway on these cells (Ai et al., 
2013; Alam et al., 2014). Interestingly, a differential substrate specificity has been 
reported between the two pathways (Mittelstadt et al., 2009). 

3. Future perspectives of NC-p38i

As novel therapeutic candidates, a potential drawback of NC-p38i lies in their low 
residence time. Importantly, the target residence time associated with a kinase 
inhibitor is a predictor of its biological activity in terms of the target engagement 
in vivo rather than correlating with its inhibitory potency (Lu et al., 2018; Willem-
sen-Seegers et al., 2017). Additional in silico studies are key to figure out the 
binding mode of NC-p38i and optimize the binding affinity of these compounds, 

Figure 57. NC-p38i might not impair p38α phosphorylation by ZAP70 in T-cells. Superimposition 
of p38α structures crystallized in presence of SB203580 and compound 37 (Figure 30) with a 
p38α:SB203580 control complex (grey, PDB:1A9U).  
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so the life-time of the NC-p38i:p38α complex can be improved.

The lack of selectivity of many p38α inhibitors tested in clinical trials has been 
associated to random interference with other signalling pathways (Kumar et 
al., 2018). It appears that allosteric NC-p38i compounds might overcome this 
issue. The kinase selectivity panel that we used only contains 97 out the 518 
human kinases reported. It has been recently shown that p38 inhibitors such 
as SB220025, VX-702 and SFK-86002 can efficiently inhibit NLK in vitro (Wang 
et al., 2021). Since this protein was not present in our screening, it would be 
important to investigate the NC-p38i effect on NLK.  

Emerging evidence suggest that a kinase selectivity profiling is not sufficient to 
predict in vivo toxicity. In fact, the majority of human kinases still lack selective 
inhibitors. Thus, chemical proteomic approaches have been proposed to overcome 
this problem and obtain a detailed profile of drug targets in complex proteomes 
(Lanning et al., 2014). For instance, activity-based protein profiling (ABPP) is a 
great technique to understand the interaction mechanisms between chemical 
compounds and their targets in a genome wide scale in specific physiological and 
pathological processes. This approach uses small-molecule probes consisting 
on the compound of interest linked to a reporter group, either fluorescent 
groups or other components (biotin, alkynes or azide) that can be modified to 
be visualized. The probe then used to identify target proteins by gel-based or 
quantitative approaches (label-free, iTRAQ, SILAC). These experiments allow to 
study many other enzymes, in addition to kinases (Wang et al 2018), which might 
provide better correlation with the side effects that systemic administration of a 
kinase inhibitor may cause. These methods are used for covalent or high-affinity 
inhibitors, and we would need to optimize the binding affinity of NC-p38i to be 
able to perform proteome-wide experiments. 

Treatment with NC-p38i for 72h do not show significant acute toxicity neither in 
cultured cells up to 30 µM nor in rats up to 50 mg/kg (Figure 54). Therefore, we 
extrapolate that NC-p38i have a safety profile as a single dose regimen. In vivo 
repetitive dosing experiments followed by histological examination of the tissues 
from treated animals should be performed to further validate these observations. 

Another potential disadvantage of NC-p38i lies in their in vitro metabolism. 
Surprisingly, they are more rapidly metabolized by rat microsomes than in the 
human counterparts (Figure 51). Since the two synthesized fluorinated derivatives 
of compound 38 do not have not increased stability in rat microsomes (Figure 52), 
elucidation of the generated metabolites would give us novel chemical structures, 
which could be synthesized and tested in vitro to calculate their remaining 
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inhibitory activity. This information is of great importance for planning further 
experiments in rodents and choosing the administration route in order to delay 
the hepatic metabolism of NC-p38i. 

Overall, our results support the notion that NC-p38i compounds are novel and 
specific p38α inhibitors, which serve as a good starting point to develop clinical 
candidates for treating non-canonical p38α signalling associated diseases.
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1.	 We have identified new chemical compounds (NC-p38i) that inhibit 
TAB1-induced and spontaneous p38α autophosphorylation in vitro. 

2.	 NC-p38i do not inhibit canonical MAP2K-dependent p38α activation but 
partially impair the ability of p38α to phosphorylate substrates.  

3.	 NC-p38i probably bind to several sites on p38α but do not interfere with its 
interaction with TAB1.

4.	 NC-p38i interaction disturbs the ATP-binding site of p38α and its 
prone-to-autophosphorylate conformation. 

5.	 NC-p38i reduce ischaemia-reperfusion-induced cardiomyocyte death, and 
doxorubicin-induced cardiac toxicity in several models, suggesting a cardio-
protective effect.
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Compound 37

Compound 60

Compound E2.2

Compound 39

Compound 42

Compound A10

Compound A02

Compound E2.3

Compound E2.8Compound 27

Compound A06a

Compound A07

Compound A08

Compound A01

Compound IRB-001

Compound IRB-002

Compound IRB-003

Compound IRB-111

Compound IRB-112

Compound IRB-004_2

Compound A06

Compound 38

Compound IRB-4.3

Supplementary Figure 1. Structure of compounds that inhibit >80% TAB1-induced p38α 
autophosphorylation at ≥10 µM. 
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Crystal B2X4_03 Crystal B2X14_07

Crystallization conditions

Protein content p38α + compound 37 + 
SB203580 (1mM)

p38α + compound 37 + 
SB203580 (1mM)

Screening Proplex B11 TOP96 E2

Ratio p38α:C37 1:1.5 1:1.5

Crystallization 
condition

0.1 M HEPES pH 7, 15% w/v 
PEG400

25% w/v PEG350

Temperature 15 days at 4ºC, then moved to 
20ºC

15 days at 4ºC, then moved to 
20ºC

Cryobuffer 10% glycerol 10% glycerol

Data collection

Beamline BL13-Xaloc (Alba) BL13-Xaloc (Alba)

Wavelenght 0.9792 Å 0.9792 Å

Detector Pilatus 6M Pilatus 6M

Temperature 100K 100K

Images 900 1200

Oscillation angle 0.2º/image 0.15º/image

Exposure 0.1s 0.09s

Distance 432.06 mm 359.69 mm

Resolution 2.2 Å 1.9 Å

Structure process, resolution and refinement (highest resolution shell in 
parentheses)

Indexing 
program Imosflm (CCP4) AutoPROC

Resolution range 78.02-2.60 (2.74-2.60) Å 41.5-1.71 (1.771- 1.71) Å

Multiplicity 5.7 (5.9) 2.0

Rmerge 0.108 (0.495) 0.01584 (0.1962)

Completeness 100% (100%) 99.96 (99.95)

Mosaicity 0.75° ?

Supplementary Table 1. Crystallization, data collection and refinement statistics. 
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I/σ(I) 78.02 - 2.60 (2.74 - 2.60) Å 41.5    - 1.71 (1.771    - 1.71)

Wilson B factor 
(Å⁻²) 5.7 (5.9) 2.0

Spacegroup P212121 P212121

Cell (α=β=γ=90°)

a=65.41Å a=65.0583

b=74.49Å b=74.5683

c=78.02Å c=77.9394

Solution Method Molecular replacement Molecular replacement

Program Phaser (CCP4) Phenix and Phaser

Model 4LOO 4LOO

LLG, TFZ 1822, 38.9 2095, 37.6

Refinement 
program Refmac5 Phenix.refine, PDB-REDO

R, RF 0.22, 0.34 0.20, 0.23

RMS bonds 0.006 0.017

RMS angles 1.625° 2.618°

RMS chiral 0.122° 0.232°

<B> 53.3 Å2 35.90 Å2

Ramachandran

Favoured 300 (86.21%) 95.47%

Outliers 17 (4.89%) 0%

Number of 
residues refined 314 335

Number of water 
molecules 31 232

Other molecules SB203580, C37 SB203580

Presence of 
disulfide bond 

C119-C162
Yes Yes
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Supplementary Figure 2. │Fo│-│Fc│omitted electron density maps of p38α:SB203580 
(B2X14_07) and p38α:SB203580:C37 (B2X4_03) crystals. (A) Manual fit of SB203580 ligand in the 
p38α:SB203580 (B2X14_07) crystal after molecular refinement. (B) Density map corresponding to 
compound 37 (green density) around SB203580 in the p38α:SB203580:C37 (B2X4_03) crystal. Note 
that the P-loop formed by β1-β2 strands is highly mobile (red and absence of density). (C) Difference 
map corresponding to the “in” conformation of the Y35 residue in the p38α:SB203580 (B2X14_07) 
crystal. (D) Difference map corresponding to the mobile Y35 residue in the p38α:SB203580:C37 
(B2X14_07) crystal suggesting an “out” conformation. (E) Difference map of the mobile A-loop 
from the p38α:SB203580:C37 (B2X14_07) crystal. Note that there is a strong signal right after the 
D168 and F169. Then, the following residues are poorly visible. 
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Supplementary Table 2. Kinase selectivity of compounds 37 and 38. Compounds 37 and 38 were 
tested on a panel of 97 human kinases. Results are shown as the mean of n=1 experiment in 
duplicates. Kinases inhibited >25% are in bold. 

Protein kinase Compound 37 (10 μM) Compound 38 (10 μM)

ABL1 0 3

ACVR1B (ALK4) 12 -6

ADRBK1 (GRK2) 13 1

AKT1 (PKB alpha) -1 0

AKT2 (PKB beta) -13 2

ALK 12 8

AMPK (A1/B2/G2) 4 3

AURKA (Aurora A) 3 2

AURKB (Aurora B) -10 -1

AXL 3 -2

BRAF 7 9

BTK 10 0

CAMK2A (CaMKII alpha) -2 2

CDC42 BPA (MRCKA) -15 1

CDK1/cyclin B 5 0

CDK17/cyclin Y 8 6

CDK2/cyclin A 8 2

CDK5/p25 -2 1

CHEK1 (CHK1) -2 -3

CHEK2 (CHK2) 2 2

CSF1R (FMS) 10 1

CSNK1D (CK1 delta) 4 5

DCAMKL1 (DCLK1) -7 0

DNA-PK 21 12

DYRK1B 1 5

EGFR (ErbB1) 3 -5

EPHA2 8 3
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ERBB2 (HER2) -3 -3

ERBB4 (HER4) 8 6

FGFR1 0 0

FGFR2 9 10

FGFR3 11 -2

FLT1 (VEGFR1) 7 1

FLT3 13 3

FRAP1 (mTOR) -2 2

GRK4 -10 0

GSK3B (GSK3 beta) 0 0

HIPK3 (YAK1) -3 6

IGF1R 19 7

IKBKB (IKK beta) 4 2

IKBKE (IKK epsilon) 13 4

INSR 2 0

IRAK4 0 -2

JAK1 -2 -3

KDR (VEGFR2) 3 0

KIT -11 -3

LCK 8 11

MAP2K1 (MEK1) 17 2

MAP2K2 (MEK2) 4 3

MAP2K6 (MKK6) -3 7

MAP3K8 (COT) 31 7

MAP3K9 (MLK1) -9 1

MAP4K2 (GCK) -1 5

MAPK1 (ERK2) 9 3

MAPK10 (JNK3) 7 5

MAPK11 (p38 beta) 41 28

MAPK12 (p38 gamma) 13 8

MAPK13 (p38 delta) 4 2
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MAPK14 (p38 alpha) Direct 68 52

MAPK14 (p38 alpha) 78 64

MAPK3 (ERK1) 3 8

MAPK7 (ERK5) 13 21

MAPK8 (JNK1) 15 0

MAPK9 (JNK2) -20 6

MAPKAPK2 -1 2

MAPKAPK5 (PRAK) 3 5

MARK3 -4 0

MET (cMet) -3 -1

MKNK1 (MNK1) -2 -3

NEK1 -10 2

NTRK1 (TRKA) 8 8

PAK1 10 0

PAK4 -1 2

PDGFRA (PDGFR alpha) 8 -1

PDGFRB (PDGFR beta) 7 0

PDK1 7 4

PIM1 0 0

PIM2 -5 -1

PIM3 8 -1

PLK1 14 3

PRKACA (PKA) -10 -3

PRKCA (PKC alpha) 4 6

PRKCE (PKC epsilon) -3 2

PTK2 (FAK) 10 4

RAF1 (cRAF) Y340D Y341D -3 4

RET 3 5

ROCK1 0 0

RPS6KA2 (RSK3) -2 -1

RPS6KA5 (MSK1) 5 0
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RPS6KB1 (p70S6K) -7 6

SRC 9 3

SRPK1 0 5

TAOK2 (TAO1) 4 -4

TEK (Tie2) -2 2

TYK2 -1 3

YES1 6 6

ZAP70 14 -1
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