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Abstract

Mitogen activated protein kinases (MAPKSs) control essential eukaryotic signaling pathways. While
much has been learned about MAPK activation, much less is known about substrate recruitment and
specificity. MAPK substrates may be other kinases that are crucial to promote a further
diversification of the signaling outcomes. Here, we used a variety of molecular and cellular tools to
understand the recruitment of two substrate kinases, RSK1 and MK2, to three MAPKs (ERK2,
p38a, ERKS5). Unexpectedly, we identified that the formation of specific, structurally and
functionally distinct heterodimers allows for different signaling outcomes. Furthermore, we show
that small molecule inhibitors likely affect the specific quaternary arrangements of kinase
heterodimers and thus affect downstream signaling. Overall, our results demonstrate that MAPKs
use heterodimer specific strategies to promote different cellular processes that may be exploited in

MAPK based drug development.



Introduction

Mitogen-activated protein kinases (MAPKs) are the essential components of hierarchically
organized protein kinase cascades (Pearson et al., 2001) (Cargnello and Roux, 2011) . These
cascades are critical for a large number of signaling events that drive all biological functions in
higher eukaryotes. MAPKSs are specifically activated by dual-specificity MAPK kinases (MKKs)
that phosphorylate a threonine and a tyrosine residue on their MAPK activation loop (AL), which is
commonly used as a measure of MAPK activation (Canagarajah et al., 1997). Interestingly, both
activating MKKs and downstream substrates use linear binding motifs to anchor to the MAPKs.
These sites have been referred to as the D(ocking)-motif (or Kinase interaction motif/KIM-motif)
and the F-motif, both of which bind on their respective D/F-motif docking grooves on the MAPKs
(Gavin and Nebreda, 1999) (Smith et al., 2000) (Lee et al., 2004) (Zeke et al., 2015). While most
substrate phosphorylation sites are part of intrinsically disordered regions (IDRs), some substrates
are folded proteins. Indeed, one set of such substrates are MAPK activated protein kinases (Figure
1A). Specifically, it has been shown that the MAPKs ERK2 and p38a phosphorylate the kinases
RSK1 or MK2, which have critical roles in the regulation of cell growth and apoptosis, respectively,
and thus regulate central biological processes (Cargnello and Roux, 2011). How the activation of
RSK1 and MK2 is achieved is currently not understood.

The structures of the nonphosphorylated p38a-MK2 and the ERK2-RSK1 complex have
been previously determined. These crystal structures showed how a docking interaction between the
D- motif in the C-terminal tail of MK2/RSK1 and the MAPK docking groove tethers the two kinase
domains together through a short intervening region (Linker) that connects the D-motif to the kinase
domain in MK2/RSK1 (Figure 1B) (White et al., 2007) (ter Haar et al., 2007) (Alexa et al., 2015).
The ERK2-RSK1 complex adopted an antiparallel (head-to-toe) heterodimeric quaternary structure,
where the activation loop of RSK1 may directly engage the ERK2 active site, explaining how

phosphor-transfer can readily occur (Alexa et al., 2015) (Turjanski et al., 2009) (Ghose,



2019) (Figure 1C,D). Unexpectedly, the p38a-MK2 complex adopted a parallel (head-to-head)
heterodimeric quaternary structure, which made it sterically impossible for the MK2 activation loop
to reach the p38 active site (Figure 1C,D). This led to the idea that the adoption of specific
quaternary structure might be important to understanding MAPK signaling specificity.

For this reason, we systematically investigated binding and activation of three MAPKs
(ERK2, p38a, ERK5) with two MAPKAPKs (RSK1, MK2). In order to determine their solution
heterodimer structure we used Small angle X-ray scattering (SAXS), which enables a structural
understanding of dynamic ensembles of complexes, particularly when there are differences in the
quaternary structure (Figure 1E) (Bernad¢ et al., 2007) (Mertens and Svergun, 2010) (Tsutakawa et
al., 2007). This analysis was complemented by nuclear magnetic resonance (NMR) and X-ray
crystallographic analysis on the p38-MK2 heterodimer in different MAPK phosphorylation states.
We show that all MAPK-MAPKAPK pairs can form an antiparellel complex in which the
phosphorylated MAPK is poised to phosphorylate the downstream kinase at its activation loop.
Most critically our data shows that the p38-MK2 heterodimer is unique: it can form both
antiparallel and parallel complexes. This unique behavior provides the structural basis for a recently
discovered MK2 substrate specific p38 inhibitor (Cumming et al., 2015). Taken together, our data
highlights how the quaternary structure of MAPK-substrate kinase complexes contributes to

cognate signaling in ubiquitous MAP kinase signaling pathways.



Systematic characterization of MAPK-MAPKAPK complexes: ERK?2 binds to both RSK1 and MK2,
while p38a exclusively binds to MK2.

MAPK-MAPKAPK binding engages the C-terminal disordered tail of the substrate kinase and the
docking groove of the MAPK to form complexes with sub-micromolar binding affinity. The binding
affinity of nonphosphorylated (np) or double-phosphorylated (pp) p38 to MK2 is similar (~5 or ~20
nM, respectively) (Supplementary Figure S1). For the ERK2-RSK1 complex the binding affinity
was earlier found to be ~100 nM (Alexa et al., 2015). RSK1 is a two kinase domain containing
signaling protein and its C-terminal kinase (CTK) domain is phosphorylated by ERK2. This
phosphorylation event at the activation loop of the CTK (Thr-573) fully activates the kinase (Dalby
et al., 1998), which in turn will activate the N-terminal kinase (NTK) domain responsible for RSK
substrate phosphorylation (Gégl et al., 2019). RSK1 refers to the CTK throughout the text.

In an active heterodimer the activation loop (AL) of the downstream kinase needs to reach
the active site of the upstream kinase. Due to the lack of phosphorylated MAPK-MAPKAPK
structures, how kinase domain-domain contacts form and in turn lead to signaling is not understood.
The two nonphosphorylated crystal structures that are currently available (ERK2-RSK1, PDB ID:
4ANIF; p38a-MK2, PDB ID: 20ZA) give only limited insights into MAPK mediated MAPKAPK
activation, as these complexes do not contain active, phosphorylated MAPKs. Moreover, the two
nonphosphorylated heterodimers are dramatically different: they show a parallel or an antiparallel
quaternary structure (Figure 1B). Formation of the AL phosphorylation competent Michaelis-
Menten (MM) catalytic heterodimer is only possible in the antiparallel arrangement of the ERK2-
RSK1 complex. In order to understand how the nonphosphorylated parallel p38-MK2 heterodimer
may adopt a phosphorylated antiparallel complex, we wanted to structurally characterize ERK2-
RSK1 and p38-MK2 complexes containing double-phosphorylated MAPKs. First, we set out to

characterize protein-protein binding and signaling between three MAPKs (ERK2, p38a, ERK5) and



two MAPKAPKs (MK2, RSK1) in order to be able to identify more MAPK-MAPKAPK
heterodimers that are amenable for structural investigation (see Figure 1A).

We used a luciferase complementation assay to systematically explore the MAPK (p38q,
ERK2, ERKD5) binding specificity for RSK1 and MK2 in HEK293T cells (Figure 2A) (Dixon et al.,
2016). Our data showed that p38a exclusively bound to MK2, while ERK2 and ERKS5 bound to
both RSK1 and MK2. RSK1 and MK2 have a well-known D-motif in their C-terminal tail (~20
amino acid long). As expected, recruitment of RSK1 and MK2 with MAPKSs required the D-motif
(Garai et al., 2012).

To test if RSK1 and MK2 recruitment also meant activation we used both in vitro and
cellular assays. Based on in vitro kinase assays using purified proteins we demonstrated that ERK2
phosphorylates both RSK1 and MK?2, while p38 and ERKS5 are specific to MK2 (Figure 2B). Next,
we tested the phosphorylation specificity of p38 and ERK2 in cells. We used “designer” HEK293T
cells that allow for endogenous MAPKSs to be selectively turned on (Supplementary Figure S2)
(Bach et al., 2007). All assays showed that ERK2 activated RSK1, while p38 activated MK2
(Figure 2B).

As we expected that heterodimer formation is important for MK2 and RSK1 activation, we
tested complex formation between nonphosphorylated and phosphorylated (not shown) p38q,
ERK2, ERK5 with RSK1 and MK2 by size-exclusion chromatography (SEC) (Figure 2C). SEC
chromatograms showed that p38a-MK2, ERK2-MK2, ERK2-RSK1 and ERK5-MK2 form stable
complexes in vitro (independent if nonphosphorylated or phosphorylated), which we used for

further structural studies.

Structural analysis of MAPK-MAPKAPK heterodimers in solution: the quaternary structures of np-

and pp-p38-MK2 complexes differ



Although we focused on p38-MK2, we also analyzed other MAPK-MAPKAPK heterodimers so
that to be able to compare them and establish a more complete model of MAPK-MAPKAPK
heterodimerization based on all structurally tractable complexes. We could create 8 complexes by
either using nonphosphorylated or phosphorylated ERK2, p38a and ERK5 with RSK1 and MK2.
The phosphorylated/activated forms of ERK2, p38a and ERKS5 were prepared by phosphorylation
with their respective MAP2Ks (MKK1, MKK6 and MKK?5) (Supplementary Figure S3). The
MAPKSs were mixed with RSK1 and MK2 and subjected to size exclusion chromatography in order
to ensure homogeneous samples for the subsequent SAXS data collection and analysis.

To determine the correlation between our SAXS data and the two known crystal structures,
we compared our experimental SAXS data with SAXS plots calculated using the ERK2-RSK1 or
p38a-MK2 crystal structures (PDB ID: 4NIF and 20ZA, respectively; Figure 3A) (7-9), which
showed good agreements. Next we compared the SAXS data for the nonphosphorylated or
phosphorylated ERK2-RSK1 complex, which overlapped well (Figure 3B, left panel), showing
that both complexes adopt similar structures in solution. This was in contrast with the
nonphosphorylated or phosphorylated p38a-MK2 complex, which showed significant differences,
indicating that their solution structures differ (Figure 3B, right panel).

Thus, we expanded our SAXS measurements to see if we can see these structural differences
for other complexes (Figure 3C; Supplementary Figure S4A). In order to allow for a more
quantitative comparison, we calculated the discrepancy value (x°) against the nonphosphorylated
ERK2-RSK1 or p38a-MK2 crystal structures using CRYSOL (Svergun et al., 1995). A low x* (£2)
indicates that the crystallographic structures agrees well with the solution structure, higher values
indicate significant differences. Using this analysis it became evident that the SAXS profiles of
ERK2-MK?2 and ERK5-MK?2 (independent if nonphosphorylated or phosphorylated) matched well

to the antiparallel nonphosphorylated ERK2-RSK1 crystal structure.



To gain further insights into the structural differences between these complexes we
generated free MD simulation runs (150 ns) using the crystal structures as starting models. Here we
collected a single structure each ns to generate 150 stereochemically feasible MAPK-MAPKAPK
heterodimers. These models were used as starting models for the Ensemble Optimization Method
(EOM) (Bernadé et al., 2007). Lastly, we used the Genetic Algorithm Judging Optimization of
Ensembles (GAJOE) to select those MD models that best matched the experimental SAXS data
(Supplememntray Figure S4B) (Franke et al., 2017). GAJOE selected 2-3 different MD models
that likely represent the major conformers of these complexes in solution, with which the
experimental SAXS plots fit with a criterion of x>~ 1. Taken together, these data suggest that the
MAPK-MAPKAPK complexes exist as heterodimeric ensembles in which complexes differ in their

quaternary arrangements and the crystal structures represent one conformer of this ensemble.

NMR analysis on p38-MK2 complexes confirms the differences between np- and pp-p38-MK2

Our SAXS analysis showed that p38-MK2 complex can adopt a variety of confirmation depending
of the phosphorylation state of the p38 activation loop. Thus, to gain additional insights into np- and
pp-p38-MK2 complexes we used solution state biomolecular NMR spectroscopy. Due to the large
molecular size of these complexes (~80 kDa) we used 2D ['H,"””N] TROSY spectra and (*H,"N)-
labeled np-p38 or (*H,"°N)-labeled pp-p38 in complex with (*H)-labeled MK2. Since we have
previously determined the sequence-specific backbone assignment of np/pp-p38, we were able to
map the chemical shift perturbations (CSPs) to determine the solution complex interface on p38
(Figure 4A) (Kumar et al., 2018). The detected p38 CSPs included p38 residues belonging to D-
motif docking groove, showing that the D-motif of MK2 engages the p38 D-motif docking groove
in a highly similar manner for np-p38 and pp-p38. Overall, most p38 CSPs agreed well with
residues that are part of the protein-protein interface as described in the np-p38-MK2 crystal

structure (Figure 4B). However, in the pp-p38-MK2 complex we were able to identify additional



CSPs particularly in p38 helix ac-sheet Bs, helix o and helix a;. These CSPs are likely due to
indirect conformational changes, or as we have recently described, are indicative of allosteric
changes characteristic to the assembly of the catalytic MAPK-substrate complex (Kumar et al.,

2018).

Unique vs universal kinase regions govern parallel/antiparallel complex formation

To better understand the large conformational changes in the p38-MK2 complex in the different
signaling stages we carefully analyzed the amino acid interface between the two proteins. Indeed,
the p38-MK2 crystal structure revealed negatively charged residues (Asp®!, Glu®™* and Glu*®) in the
so-called MK2 inhibitory helix, a structural element of MK2 that is N-terminal to the D-motif
sequence, that are critical for binding (Figure 1B; Supplementary Figure S5A). These residues
form a strong salt-bridge with p38 residues Arg”. Next we tested if mutating these residues
(MK2mut: D351A/E354R/E355R; 2RA) impact heterodimer formation (Supplementary Figure
S4C). Indeed, the p38a-mutMK?2 complex only adopt an antiparallel complex as tested by SAXS
(Supplementary Figure S5B; table, row 1), in contrast to p38-MK2 which is parallel (see Figure
3C; table, rowl). Conversely, when p38 Arg®” was changed to glutamate, the resulting
p38mut(R57E)-MK2 complex can clearly adopt a variety of either parallel or antiparallel complexes
(Supplementary Figure S4D). This highlights that these residues, located in a unique MK2 region
(inhibitory helix) and in a p38 specific loop (Supplementary Figure S5A), have the ability to lock
the parallel confirmation of the nonphosphorylated p38-MK2 complex.

Next, we performed a similar analysis for ERK2-RSK1. The ERK2-RSK1 crystal structure
showed that domain-domain contacts form in this complex via strictly conserved kinase regions:
RSK1 residues at the C-terminal end of helix F («F) contain the conserved APE motif (Ala®®, Pro®®
and Glu®Y) that interacts with the Gly-rich loop residues of ERK2 (**GAYG?Y) (Figure 1B;

Supplementary Figure S5A). Changing the RSK1 APE motif to bulky arginine or glutamate



residues (mutRSK1: A582R/P583E/E584R; RER) had been previously shown to impair ERK2
mediated RSK1 activation (Alexa et al., 2015), but globally SAXS data for pp-ERK2-mutRSK1 or
for the wild-type complex did not differ (Supplementary Figure S5B, Figure 3C), albeit ensemble
modeling chose different models from the MD generated antiparallel set (not shown). This suggests
that APE motif mutations cause only small level changes, nonetheless a properly aligned
antiparallel pp-ERK2-RSK1 heterodimer is key to form an AL phosphorylation competent

Michaelis-Menten (MM) complex.

An MK2 substrate-specific p38 inhibitor converts the phosphorylated antiparallel heterodimer into
parallel
A high-throughput screening (HTS) effort that was designed to specifically identify compounds that
inhibited p38 mediated MK2 phosphorylation discovered a new class of inhibitors (Cumming et al.,
2015). While general p38 inhibitors (e.g. SB202190) interfere with the activity of the kinase
directly (inhibitors of catalysis, IoC) and thus affect all p38 substrates, the new compounds were
selective only towards MK2 and did not block the phosphorylation of another p38 substrate kinase,
MSK1. These compounds, termed as prevention of (MK2) activation (PoA) drugs, were suggested
to have fewer side effects compared to broad-spectrum p38 inhibiting drugs that functions as
generic inhibitors of catalysis (IoC).

In order to further examine the mode of action of MK2 PoA inhibitors, we tested compound
12, hereinafter referred to as “PoA”, from (Cumming et al., 2015) in vitro and in cell-based kinase
assays where phosphorylation of MK2 and other p38 substrates were simultaneously monitored
(Figure 5A). This characterization showed that PoA, in contrast to an IoC inhibitor (§B202190),
indeed specifically blocked MK2 activation. For example, when p38 activation is turned on in HT-
M6 cells (engineered for p38 specific activation after adding doxycycline), ATF2, a downstream

p38-regulated transcription factor (Raingeaud et al., 1995), and MK2 phosphorylation were both
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increased, but PoA inhibitor treatment left ATF2 phosphorylation intact, while MK?2
phosphorylation was blocked. This was in sharp contrast to [0C/SB202190 treatment, which
blocked ATF2 and MK2 phosphorylation. Furthermore, selective blocking of MK2 activation was
also confirmed using in vitro kinase assays with purified proteins (Figure 5B).

The PoA inhibitor binds in the ATP binding pocket of p38 and its binding affinity to p38
alone is several hundred times weaker than binding to the nonphosphorylated p38-MK2 complex.
However, the crystal structure of the np-p38-MK2-PoA ternary complex showed no structural
differences when compared to the np-p38-MK2 complex. Although PoA inhibitors also bind to
activated p38 (pp-p38), their impact on the active pp-p38-MK2 complex has not been addressed.
Based on our earlier results that showed that the dominating structures of nonphosphorylated and
phosphorylated p38-MK2 binary complexes differ in solution, we examined the effect of PoA on
the assembly of the signaling competent pp-p38-MK2 heterodimer. SAXS analysis of pp-p38-MK2
and pp-p38-MK2-PoA samples showed that the solution structure of the inhibitor bound ternary
complex markedly differs from the phosphorylated binary complex. While the latter fit to
antiparallel, the inhibitor bound complex fit to parallel heterodimers, suggesting that inhibitor
binding interferes with the formation of the AL phosphorylation competent antiparallel complex,
providing the molecular basis for this class of specific p38 inhibitors (Figure 5C; Supplementary
Figure S6).

In order to elucidate the structure of the pp-p38-MK2-PoA ternary complex further, we
crystallized this complex and determined its structure by X-ray crystallography to 3.7 A resolution
(Table 1; Supplementary Figure S7A). The asymmetric unit contains four different pp-p38-MK2
heterodimers each binding a PoA inhibitor molecule and the four crystallographic models capture
slightly different parallel arrangements of the kinase domains tethered by D-motif mediated
docking. When the four heterodimers are superimposed on p38, the MK2 molecules are offset by 2-

6 A compared to the nonphosphorylated p38-MK2 crystal structure (Figure 6A). The four
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heterodimers differ similarly from each other and these differences match well to the scale of
quaternary structural differences found between the structures of the MD ensemble (see Figure 3C).
Since the crystallographic model of the nonphosphorylated p38-MK2-PoA ternary complex (PDB
ID: 4TYH) contains only one PoA bound parallel heterodimer in the asymmetric unit (Cumming et
al., 2015), flexibility in global structure seems to be a hallmark of the pp-p38-MK2 containing
complex. The crystal structure of the new PoA bound complex is in excellent agreement with the
results of SAXS experiments: solution scattering of the pp-p38-MK2-PoA showed an excellent fit
to parallel MD ensemble structures (Supplementary Figure S7B). The activation loop of p38 is
markedly different in the pp-p38-MK2-PoA ternary complex compared to the nonphosphorylated
p38-MK2-PoA ternary complex (PDB ID: 4THY). The phosphoamino acids in the p38 AL are
coordinated by arginine residues and make this region well-defined and greatly different from the
nonphosphorylated AL (Figure 6B). AL conformation and contacts between phosphoamino acid
and arginine residues are the same as in the homologous pp-ERK2 crystal structure, but surprisingly
somewhat different compared to the apo pp-p38 crystal structure (Supplementary Figure S7C)
(Canagarajah et al., 1997) (Zhang et al., 2011).

Overall, SAXS and crystallographic structural analysis suggest that PoA binding affects the
quaternary structure and/or dynamics of the pp-p38-MK2 heterodimer differently compared to the

nonphosphorylated complex, allowing for the high specificity of the PoA inhibitors.

Parallel vs antiparallel models of pp-p38-MK2: phosphorylation of auxiliary sites depends on a
parallel heterodimer

Our SAXS analysis showed that the dominating conformer of the pp-p38-MK2 complex is parallel,
which is compatible with AL phosphorylation. In contrast to RSK1 that is known to be
phosphorylated only on its AL (Thr573) and then it becomes fully activated, MK2 apart from AL

phosphorylation (Thr-222) also depends on the phosphorylation of either of two additional sites to
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get fully activated: Ser-272 or Thr-334 (Figure 7A) (Ben-Levy et al., 1995) (Engel et al., 1995).
Phosphorylation of these auxiliary sites cannot happen in the antiparallel heterodimer, since these
sites cannot reach to the p38 active site (HRD motif). Interestingly, the pp-p38-MK2-PoA ternary
complex crystal structure captured an “active” parallel heterodimer in which phosphorylation of
Ser-272 is feasible: the pp-p38 active site is open and the flexible MK2 loop containing Ser-272 can
be docked into the pp-p38 substrate binding pocket. This latter model provides the structural basis
on how alternative regulatory sites on MK2, apart from the AL, can get phosphorylated (Figure
7B). This model postulates that Ser-272 phosphorylation is impaired if parallel pp-p38-MK2
heterodimer formation were blocked. The earlier described mutMK2 protein has its parallel
heterodimer-specific protein-protein contacts disrupted and thus forms an antiparallel complex (see
Supplementary Figure S5). In excellent agreement to our model, Ser-272  (or Thr-334,
Supplementary Figure S8A,B) phosphorylation in mutMK2 is greatly diminished compared to

wild-type MK2 (Figure 7C; Supplementary Figure S8C).
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Discussion

Considerable molecular and cellular data have been reported that enables us to understand the
activation and regulation of kinases, which are critical for virtually all cellular signal transduction.
However, much less is known how kinases recruit their substrates. While over 10,000 kinase
substrate have been reported, it has become apparent that kinase active site recognition sequences
cannot alone account towards the specificity of kinases (Miller and Turk, 2018).

Thus, here we set out to understand how MAPKSs recruit and activate their specific
substrates, the MAPK activated protein kinases RSK1 and MK2. While crystal structures of these
complexes have been reported — they did not provide an understanding on how RSK1 and MK2
were activated and how they function. To understand this substrate interaction is important for
multiple reasons: 1) as kinase:kinase interaction/activation are critical for many signaling events
and thus a detailed molecular understanding can lead to further biological insights; 2) MK2 and
RSK1 have critical roles in a number of key biological processes and 3) a highly specific inhibitor
has been reported for the p38:MK2 interaction — but without understanding its mode of action the
inhibitor cannot be optimized nor can this approach be transferred to other kinase:kinase interaction
modules.

We show that the interaction of p38/ERK2/ERKS are mediated via multiple interactions,
including D-motif mediated binding, but more importantly interactions that regulate the relative
orientation of the heterodimer — either parallel or antiparallel. Indeed, our molecular and cellular
data show that AL phosphorylation for example requires antiparallel heterodimers. Furthermore, we
also demonstrated that MAPK-MAPKAPK heterodimers exist as dynamic ensembles in solution,
while former crystal structures of nonphosphorylated p38-MK2 and ERK2-RSK1 heterodimers
captured only two distinct states. Despite the inherently low resolution of SAXS based structural

analysis, it is complementary to X-ray crystallography that can give only static structures. We
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postulate that both nonphosphorylated and phosphorylated heterodimers display similar D-motif
mediated binding but kinase domain-domain contacts differ.

It is easy to understand why the pp-p38-MK2 complex needs to form the antiparallel
heterodimer based on biochemical logic, namely for MK2 AL phosphorylation. However, it is
enigmatic why p38 and MK2 form a parallel heterodimer that is clearly incompatible with AL
phosphorylation. We postulate that the parallel complex may have two distinct functions, one is
related to nonphosphorylated and the other to phosphorylated p38: 1) On MK2 the nuclear exit
signal (NES) is located on the solvent exposed side of the inhibitory helix and binding to
nonphosphorylated p38 masks this and keeps the complex inside the nucleus. In agreement to this,
it had been reported that protein levels of p38 and MK2 are dependent on each other and nucleo-
cytoplamic shuttling of MK2 also depends on its complex formation with p38 (Kotlyarov et al.,
2002) (Ronkina et al., 2007) (Meng et al., 2002) (Engel et al., 1998) (Ben-Levy et al., 1998). The
nonphosphorylated parallel p38-MK2 heterodimer is a stable decoy complex and is important for
the sequestration of nonphosphorylated p38. 2) When MK2 binds phosphorylated p38, Ser-272 and/
or Thr-334 on MK2 also become phosphorylated, which further increases its enzymatic activity
(Ben-Levy et al.,, 1995). Phosphorylation at these auxiliary sites cannot happen in the AL
phosphorylation competent antiparallel arrangement and it requires a parallel one. It is interesting
to note that the nonphosphorylated p38-MK2 decoy complex and the alternative phosphorylated
heterodimer share a related global quaternary structure (parallel). This suggests that the capacity to
form a nonphosphorylated parallel decoy complex and the capacity to regulate additional regulatory
sites on the substrate kinase domain may be structurally linked. It is interesting to note that regions
responsible for parallel p38-MK2 heterodimerization are strictly conserved in metazoans among
p38/MK2 orthologs but clearly distinct from other MAPK/MAPKAPK paralogs (see
Supplementary Figure S5A). Functionally, the parallel p38-MK2 heterodimer interface may have

co-evolved in these two proteins to acquire new complex-specific signaling functions (Caffrey et
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al., 1999). This sets it apart from the ERK2-MK2 complex for example that can only make an
antiparallel heterodimer (Stokoe et al., 1992) (Coxon et al., 2003). In contrast to this, regions
responsible for antiparallel heterodimerization and required for universal AL phosphorylation are
universally conserved basically in all protein kinases (Gly-rich loop and the APE motif) (Huse and
Kuriyan, 2002).

Here we confirmed that an MK2 substrate-specific p38 inhibitor (PoA) indeed had the
unique capacity to inhibit p38 to signal towards MK2, but not to other differentiation or
development related p38 substrates such as ATF2 or MEF2A transcription factors (Yang et al.,
1999). We demonstrated that PoA interferes with antiparallel heterodimer formation and the
mechanistic basis of this is the following. The active pp-p38-MK2 heterodimer is dynamic and form
antiparallel and parallel structures — since full MK2 activation requires auxiliary site
phosphorylation in addition to AL phosphorylation. In contrast to nonphosphorylated p38, pp-p38
can make an antiparallel heterodimer that seems to be the dominating quaternary conformer in
solution and where pp-p38 is poised to phosphorylate MK2 on its AL. Crystal structures of PoA-
bound p38-MK2 heterodimers revealed that the phenyl group of this compound fits into a pocket
formed by the Hinge of p38, connecting the N- and C-lobe, and the Linker of MK2, connecting the
C-terminal D-motif and the MK2 kinase domain. We postulate that PoA binding favors the parallel
heterodimer-specific arrangement between the p38 Hinge and the MK2 Linker (see Figure 6A).
Although binding of the C-terminal MK2 D-motif to p38 is the same in both heterodimers, the
conformation of the Linker must be different in the two complexes. PoA binding favors the
formation of parallel heterodimers, and thus indirectly prevents MK2 AL phosphorylation occurring
in the antiparallel complex.

MAPKSs are activated by their respective MAPK kinases (MAP2K) at one level higher in the
signaling cascade. As all MAP2Ks have a D-motif required to bind MAPKs, MAP2K-MAPK

heterodimerization likely proceeds similar to what described in this study for MAPK-MAPKAPK
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heterodimers (Garai et al., 2012) (Zeke et al., 2015). Moreover, because of the structural similarity
of protein kinase domain cores and the universal dependence of individual kinase domain activities

on AL phosphorylation, other kinase cascade heterodimers apart from MAPKs may also be similar.
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Materials and Methods

Protein constructs, expression and purification.

All proteins were from human. For MK2, which contains only one CAMK-type kinase domain and
a C-terminal MAPK binding linear motif, an N-terminally truncated construct (41-400) was
expressed. For RSK1, an N-terminally truncated construct lacking the AGC kinase domain was
used (411-735) (Alexa et al., 2015). Full-length ERK2, p38a and a MAPK domain containing
ERKS5 construct was expressed in E. coli using standard procedures as earlier described (Garai et
al., 2012) (Glatz et al., 2013). MK2 and RSK1 were expressed in bacteria as GST fusion proteins
with an N-terminal GST and C-terminal hexa-histidine tag and double-affinity purified (on Ni-NTA
and glutathione resin). After cleaving the GST-tag by the tobacco etch virus (TEV) protease, RSK1
was further purified on a HiTrap Blue-Sepharose column (GE Healthcare). MK2 and RSK1 mutants
were purified the same way. Phosphorylated ERK2 and p38 were produced by co-expressing them
with constitutively active GST-tagged MAP2Ks. Phosphorylated ERK5 (1-431) was prepared by
incubating the bacterially expressed protein with active MKKS5 - produced in SF9 cells — and with
ATP in vitro. The MKKS5 construct containing the kinase domain was expressed as an MBP fusion
protein in SF9 cells with the Bac-to-Bac baculoviral expression system (Invitrogen). The SF9 cell
lysate was double-affinity purified with Ni-NTA and maltose resin. Phosphorylated MK2 was
produced by activating it with pp-p38 in vitro. Phosho-MK2 was further purified on a Resource S
column. Mass spectometry analysis of these samples confirmed phosphorylation of these sites in
our hands, too (Supplementary Figure S3C). Biotinylated p38, ERK2 and pp-p38 for the SPR
experiments were expressed with N-terminal AviTag and co-expressed with the BirA ligase in E.
coli (Fairhead and Howarth, 2015), and purified similarly to other MAPK samples. For the

analytical size-exclusion chromatography experiments, purified MAPK and MAPKAPK samples
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were mixed in a 1:1 ratio and gel-filtrated on a Superdex 200 10/300 (GE Healthcare) column; 0.5

ml fractions were collected and run on SDS-PAGE.

Protein sample preparation for SAXS, data analysis, and modeling

Proteins were mixed in a 1:1 stoichiometric ratio and gel-filtrated on a Superdex 200 Hiload 16/600
(GE Healthcare) column, concentrated and dialyzed in 20mM Tris-HCL pH 8.0, 150mM NaCl,
1mM DTT, 1mM TCEP, 10% glycerol using small volume dialysis buttons. In order to preclude
buffer scattering subtraction problems, equilibrated dialysis buffer was used as the control buffer in
the SAXS measurement as well as in the dilution series. Control buffers were always handled
parallel to protein samples (e.g. freezing and thawing the same time), as this was important for best
buffer correction for good SAXS measurements. The PoA inhibitor (100 pM dissolved in DMSO),
DMSO (2%) or AMPPNP (1 mM) were dialyzed into concentrated protein samples using dialysis
buttons, where compounds were added into the dialysis buffer (~10 ml). The equilibrated buffers
were used for making the corresponding dilution series and for buffer correction. Protein complexes
for SAXS were analyzed by Western blotting using pp-ERK2 antibody (Phospho-p44/42 MAPK
T202/Y204; Cell Signaling #9101), pp-p38 antibody (Phospho-p38 MAPK T180/Y182; Cell
Signaling #9215), pp-ERKS antibody (Phospho-Erk5 Thr218/Tyr220; Cell Signaling #3371),
phospho-MK2 antibody (Phospho-MAPKAPK-2 T222 Rabbit; Cell Signaling #3316S), and
phospho-RSK1 antibody (phospho-p90RSK Thr573; Cell Signaling #9346). The phosphorylation
state of each samples were analyzed by mass spectrometry. The mass measurement of intact
proteins was performed by HPLC-MS using a Q-TOF Premier mass spectrometer in positive
electrospray ionization mode coupled to an Acquity UPLC System (Waters Corporation, Milford,
MA, USA). To determine the site of phosphorylation, trypsin digested proteins were analyzed by
nanoUHPLC/MS/MS using a Bruker Maxis II ETD Q-TOF (Bremen, Germany) mass spectrometer

with CaptiveSpray nanoBooster ionization source coupled to a Dionex Ultimate 3000 NanoLC
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System (Sunnyvale, CA, USA). SAXS measurements were performed at the BM29 beamline at
ESREF or at the P12 beamline at EMBL-Hamburg (PETRA). Data were analyzed using the ATSAS
program package (Franke et al.,, 2017). Primary data analysis was performed in PRIMUS. To
minimize the inter-particle effect on the scattering curve, a dilution series on concentrated
stoichiometric complexes from ~10-15 to ~0.2 mg/ml were measured. Only minor concentration
effect was observed during the measurement that was excluded by manual merging (Supplementary
Figure S4A). Fit of the crystal structures were determined by CRYSOL. Ensemble modeling was
done with GAJOE using the externally generated MD structural pools, which were generated as

described previously (Alexa et al., 2015).

Protein crystallization and X-ray structure determination

The gel-filtrated pp-p38-MK2 complex was concentrated to 11 mg/ml. Commercial and in-house
custom crystallization trials gave no results with this complex. Next, samples were mixed with 250
BM PoA inhibitor. Crystallization was carried out in hanging drop diffusion setups having 1.0 M
(NH4):SO; in the reservoir. Crystals finally grew in 0.1M HEPES pH 7.3, 3.5 % PEG 8000, 1%
MPD and 1% DMSO. Crystals were flash cooled in liquid nitrogen after supplementing the drop
with 25% glycerol as cryoprotectant. Data were collected at PETRA III beam lines, Hamburg. The
crystal structure of the pp-p38-MK2-PoA complex was solved by molecular replacement using
PHASER (McCoy et al., 2007). The p38 search model contained the full polypeptide chain of the
MAPK from the p38-pepMKKG6 protein-peptide complex (PDB ID: 2YO08), while the MK2 search
model was from the nonphosphorylated p38-MK2 complex (PDB ID: 20ZA) but lacked the C-
terminal docking motif region (365-400) and the activation loop (219-236). The MR solution
contains four different p38-MK2 binary complexes (8 polypeptide chains) bound via the C-terminal
MK2 docking motif region. The MK2 activation loop, the phosphorylated p38 activation loop, the

C-terminal MK2 docking motif region and PoA inhibitors were manually built in Coot (Emsley et
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al., 2010). Structure refinement was done using PHENIX with NCS restraints for corresponding
polypeptides (Adams et al., 2011). All four binary pp-p38-MK2 complexes contain a PoA inhibitor
located in the p38 nucleotide binding pocket and the p38 activation loop is well-defined and shows
clear electron density for the phospho-tyrosine (Tyr'®*) and phospho-threonine (Thr'®) residues

(Supplementary Figure S7A). Details of the structure solution and refinement are found in Table 1.

NMR experiments

Expression and purification of human p38 was performed as described earlier (Kumar et al., 2018).
For NMR measurements, expression of uniformly [°H,”N]-labeled p38 and [*H]-labeled MK2 was
achieved by growing cells in D,O based M9 minimal media containing 1 g/L ""NH,CI and “NH,CI,
respectively, and D-glucose as the sole nitrogen and carbon sources. Multiple rounds (0%, 30%,
50%, 70% and 100%) of D,O adaptation was necessary for high-yield expression. The interaction
between nonphosphorylated/phosphorylated p38 and MK2 was studied by direct comparison of 2D
['H,"”N] TROSY spectra of free and [*H]-MK2-bound [°H,"’N]-labeled np-/pp-p38. The final
concentration used was 0.05-0.1 mM for the np-/pp- p38:MK2 complex in 10 mM HEPES pH 7.4,
0.15 M NaCl, 5 mM DTT and 90% H>0/10% D-0O. The spectra was processed using Topspin 4.0.6
and analyzed using NMRFAM-SPARKY. The NMR spectra were acquired on a Bruker Avance
NEO 600 MHz 'H Larmor frequency NMR spectrometer equipped with a TCI-active HCN cooled

z-gradient cryoprobe at 308K.

Modeling by CORAL and HADDOCK

Rigid body modeling was done with CORAL (Franke et al., 2017). Here the MAPK domain bound
to the C-terminal docking motif of the MAPKAPK and the kinase domain of the MAPKAPK were
treated as two rigid bodies. The Linker between the D-motif motif and the kinase domain, the

terminal elements and the relative orientation of the kinase domains were allowed to change freely.
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The antiparallel pp-p38-MK2 model (MM-AL-T222) was generated by applying
multidomain flexible docking with HADDOCK?2.2 on one of the parallel heterodimers from the pp-
p38-MK2-PoA crystal structure (Karaca and Bonvin, 2011). The extended MK2 activation loop
from this structural template was remodeled based on the MAPKAPK activation loop from the
ERK2-RSK1 (PDB ID: 4NIF) crystal structure, the MK2 Linker was defined as fully flexible and
the MK2 APE motif region was restrained to be close to the MAPK Gly-rich loop as in the ERK2-
RSK1 crystal structure: the distance between Ca of Pro®(MK2) and Tyr*(p38) was set to ~5A. The
HADDOCK models were re-ranked according to the SAXS data; the final model had a x* value of
1.1. The model of the parallel pp-p38-MK2 complex (MM-S72) was generated by completing the
unstructured part of Loop-272 in the pp-p38-MK2-PoA crystal structure. The model for the
antiparallel pp-ERK2-RSK1 complex (MM-AL-T573) was made by superimposing pp-ERK2
(PDB: 2ERK) on the MAPK of the nonphosphorylated ERK-RSK1 crystal structure (PDB
ID:4NIF) and the short unstructured part of RSK1 AL was completed. After energy minimization,
models were submitted to directed docking to model MAPKAPK activation loop confirmation if it
were to bind at the MAPK catalytic site (van Zundert et al., 2016) (Piserchio et al., 2017). The
quaternary arrangement was allowed to change only minimally, but the RSK1 or MK2 AL or Loop-
272 from MK2 were flexibly docked by applying restraints on the distance of the MAPK
phosphorylation target site (Thr”® in RSK1 and Thr*** or Ser*”” in MK2) and the catalytic residue
(ERK2: Asp'® or p38: Asp™) based on the crystal structure of the DYRK1A-substrate peptide

complex (PDB ID: 2WO6) (Alexa et al., 2015) (Soundararajan et al., 2013).

Protein kinase assays
Radioactivity based kinase reactions were carried out in 50 mM HEPES, pH 7.5, 100 mM NaCl, 5
mM MgCl, 0.05% IGEPAL, 5% glycerol, 2 mM DTT using recombinant expressed and purified

proteins in the presence of 400 pM ATP and ~5 puCi of [y-**P]ATP. Reactions were stopped with
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protein loading sample buffer complemented with 20 mM EDTA, boiled, and then subjected to
SDS-PAGE. Gels were dried before phosphorimaging by a Typhoon Trio+ scanner (GE Healthcare).
Western-blot based reactions were carried out in the same buffer but using 1 mM ATP. Western-blot
results were analyzed using Odyssey CLx imaging system (Li-Cor) and fluorescently labeled
secondary antibodies (IRDye 680 RD goat anti-Rabbit 925-32211, IRDye 800 CW goat anti-Rabbit
925-32211, or IRDye 680 RD goat anti-Mouse 925-68070; Li-Cor). FLAG tagged protein, total
p38, MK2 or ATF2 phosphorylation levels were monitored by using the following antibodies: anti-
FLAG (Sigma #F1804), anti-p38 (Cell Signaling #9228), phosphoMK2 (Phospho-MAPKAPK-2
T222 Rabbit, Cell signaling #3316S; Phospho-MAPKAPK-2 (Thr334), Cell Signaling #3007; or
Phospho-MAPKAPK2(Ser272), Invitrogen PAS-39792), and phosphoATF2 (T69/T71, Cell
Signaling #9225). Western-blots based on ECL detection were analyzed on a Fluorchem FC2
camera (Cell Bioscience) using anti-rabbit IgG HRP-linked antibody (Cell Signaling #7074S) and
anti-mouse IgG (Millipore #401215). SB202190 generic p38 inhibitor was purchased from Sigma
(# S7067), and the PoA inhibitor ((N-[5-(Dimethylsulfamoyl)-2-methylphenyl]-1-phenyl-5-propyl-
1H-pyrazole-4-carboxamide); compound 12 from (Cumming et al., 2015) was synthesized as

described.

Protein-protein interaction assays

For surface plasmon resonance (SPR) measurements, biotinylated ERK2, ERKS5, p38 and pp-p38
were captured on a Biacore CAP sensor chip using a Biacore S200 instrument (GE-Healthcare). All
measurements were done at room temperature using single-cycle setup with the standard Biacore
method for CAP chip including double referencing. MK2 binding was measured with a 3X dilution
series with two replicates. Sensorgrams and steady state affinity binding fits were processed with

the BiaEvaluation software.
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For luciferase complementation NanoBiT assays in live cells, HEK293T cells were
transfected with Lbit and Sbit containing plasmids using Lipofectamin 2000 in DMEM. cDNAs
were sub-cloned into Lbit and Sbit expression vectors: MAP kinase constructs were expressed
(ERK2, ERKS and p38) as N- or C-terminal Lbit fusions and MAPKAP kinases (MK2 and the C
terminal kinase domain of RSK1) as C-terminal or N-terminal Sbit fusion proteins. Cells were
serum-starved for 20 hrs and luciferase activity was measured (for 10-15 minutes) in 96 well plates
(Greiner 657160) in a luminescence plate reader (Cytation 3, BioTek) after the addition of 10 pM

Coelenterazine h.

Cell Culture

For making the HT-M cell lines, HEK293T cells were transfected with pEBDTet vectors containing
constitutively activated versions of MAP2Ks with phospho-mimicking activation loop residues:
MKKI1EE, MKK6EE, MKKZ7EE, MKK5DD, which turn on ERK1/2, p38, JNK and ERKS5,
respectively (Bach et al., 2007). HEK293T Tet-on (HT) stable cell lines (HT-M1, HT-M6, HT-M7
and HT-M5) were established by keeping the cells under puromycine for at least one week, then
expression of FLAG-tagged MAP2Ks and concomitant specific MAPK activation were monitored
by Western-blots after doxycycline (DOX) treatment (2 pg/mL) in DMEM containing 10 % FBS.
Cells were transfected with Lipofectamine 2000 reagent and were kept under puromycine (5

pg/mL) selection.
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Supplementary Materials

Figure S1. Results of surface plasmon resonance (SPR) measurements for MK2 containing

complexes.

Figure S2. HEK293T based “designer cells” for specific MAPK activation.

Figure S3. Characterization of protein samples by Western-blots and mass spectrometry.

Figure S4. Detailed information on SAXS data processing and model fitting.

Figure S5. SAXS analysis on p38-MK2 and ERK2-RSK1 heterodimers mutated on the parallel vs

antiparalell MAPK-MAPKAPK interface.

Figure S6. SAXS analysis on the effects of PoA binding to p38-MK2 and pp-p38-MK2

heterodimers.

Figure S7. Details of the pp-p38-MK2-PoA ternary complex crystal structure.

Figure S8. AL (Thr-222), Ser-272, and Thr-334 phosphorylation of MK2 by p38.
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Table 1. Crystallographic data collection and refinement statistics

Data collection
Space group

a, b, c(A)

o B,y ()

Resolution range (A)

c121
279.35 69.27 221.11
90.00 123.85 90.00
70.0 — 3.7 (3.86-

3.70)

CCip 0.997 (0.841)
Runerge T 0.123 (0.725)
<I/e(I)> 6.4 (1.5)
Completeness (%) 99.4 (99.6)
Redundancy 3.8(3.9)

No. reflections 144336 (18144)
Refinement

Ryork/ Riree 0.2514/0.2972
Number of atoms 21798
Protein 21678
Ligand/ion 120
B-factors (A?) 149.6
Protein 149.7

Ligand 123.6
Ramachandran

Favored (%) 95.08 %
Allowed (%) 4.69 %
Outliers (%) 0.23 %
Rotamer outliers (%) 0.09 %

R.m.s deviations

Bond lengths (A) 0.003

Bond angles (°) 0.625

TRmerge = ZnaZi |Li(hkl)-<I(hkl)>|/ZnaX; Ii(hkl); Data for the highest resolution bin is shown in

brackets.
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Figure Legends

Figure 1. MAPKSs and their substrate kinases, MAPKAPKS, form distinct heterodimers

(A) Independently from phosphorylation state, all MAPK-MAPKAPK heterodimers depend on the
D-motif mediated interaction between the disordered C-terminal MK2/RSK1 tail and the MAPK
docking groove. Schematic of three MAPKs (ERK2, p38a and JNK1) and two MAPKAPKSs (RSK1
and MK2) and their binding. Naturally, only double-phosphorylated (pp) MAPK binding will result
in MAPKAPK activation. The binding of 4 nonphosphorylated (inactive) and 4 phosphorylated
(active) MAPK-MAPKAPK heterodimers were studied and these were also structurally analyzed
(see arrows). “BC” or “D” indicate that these complexes are shown in panels B/C or D with more
structural details. How phosphorylated MAPKs form signaling competent MAPK-MAPKAPK
heterodimers is not understood (?).

(B,C) Crystal structure of the nonphosphorylated p38a-MK2 (PDB ID: 20ZA; MK2 is shown in
blue, p38a in salmon) and ERK2-RSK1 (PDB ID: 4NIF; RSK1 is shown in green, ERK2 in
orange). The N-terminal kinase lobes are colored in white on panel C showing these two structures
in a rough surface representation. Note that the N-to-C terminal direction of the interacting kinases
is different: antiparallel vs parallel. Panel B: The MAPKAPK activation loop is at the other side of
the MAPK in the parallel complex and it is inaccessible for the MAPK catalytic site. The C-
terminal MAPK binding docking region (D-motif) and the activation loop (AL) of the kinases are
shown in thicker ribbon and the latter is colored red. The catalytic sites (Asp'°, Asp'*® in p38a or
ERK2, respectively) and the MAPK phosphorylation target sites on the AL of MK2 (Thr**?) or on
RSK1 (Thr*”®) are colored in magenta and shown in stick representation. N and C denote N-terminal
and C-terminal lobes of the kinases, respectively. The boxed regions highlight the distinct kinase
domain-domain contacts in the parallel (MK2 inhibitory helix, amwn, and p38 $3-aC loop) or in the

antiparallel (RSK1 APE motif and ERK2 Gly-rich loop) crystallographic heterodimers, which are
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shown in a view 180°rotated on the right. In addition to the specific kinase domain-domain contacts,
the intervening region connecting the D-motif and the MK2/RSK1 kinase domain (Linker) plays an
important role in orienting the two D-motif tethered kinase domains.

(D) Michaelis-Menten (MM) model of the phosphorylated pp-ERK2-RSK1 complex (MM-AL-
T573). The flexible AL of RSK1 (colored in red containing the MAPK target site, Thr-573 shown
with a green sphere) can reach to the pp-p38 active site where its phosphorylated activation loop,
pp-AL(p38), has a different conformation compared to the nonphosphorylated enzyme. The model
was generated based on the antiparallel nonphosphorylated ERK2-RSK1 (PDB ID: 4NIF) and the
pp-ERK2 (PDB ID: 2ERK) crystal structures using multidomain flexible docking combined with
directed modeling of the RSK1 activation loop. The structure of the signaling competent pp-p38-
MK2 heterodimer (MM-AL-T222) is enigmatic (?) as the parallel arrangement is incompatible with
AL phosphorylation.

(E) Calculated SAXS plots of p38a-MK2 (in blue) and ERK2-RSK1 (in green) complexes based on
their crystal structures. Arrows show the N-to-C terminal direction of the kinases in the parallel vs
antiparallel heterodimers. The active site on the MAPK is shown with an ellipsoid and * indicates
the MAPK phosphorylation target site on the MAPKAPK in magenta. Because of their different
shapes, the D-motif tethered antiparallel or parallel heterodimers have distinct scattering (I:

intensity).

Figure 2. Complex formation between ERK2, p38a, ERK5 and MK2 or RSK1.

(A) Binding of MAPKs and MAPKAPKs was monitored by using the NanoBit luciferase
complementation assay in HEK293T cells. MAPKAPK_dC constructs lack the C-terminal MAPK
binding D-motif.

(B) Results of in vitro phosphorylation assays using recombinant expressed and purified kinases.
MK2 and RSK1 phosphorylation by MAPKs were monitored by phosphorimaging of SDS-PAGE

gels. Activated p38a, ERK2 and ERKS5 (*) were made by adding their cognate constitutively active
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MAP2Ks (MKK6, MKK1 and MKKS5, respectively) into the kinase reaction mix (5 pM
MAPKAPK, 1 pM MAPK and 0.5 pM MAP2K). Note that despite that ERK5 and RSK1 showed
some interaction on Panel A, ERKS5 did not phosphorylate RSK1 but only MK2. Moreover, ERK5
could not be gel-filtrated together with RSK1 (see panel C), so this potential complex was not
pursued further.

(C) Complex formation in vitro was monitored by size exclusion chromatography (SEC) using
purified proteins. Eluted fractions were run on SDS-PAGE (MAPK alone on top, MAPKAPK alone

in the middle and 1:1 mix of the two at the bottom). Gels show 0.5 ml fractions from 14 to 20 ml.

Figure 3. Structures of nonphosphorylated and phosphorylated heterodimers.

(A) Fit between the experimental scattering plots (ERK2-RSK1 in green, p38-MK2 in blue) and the
simulated curves calculated with nonphosphorylated ERK2-RSK1 and p38a-MK2 crystal structures
(in brown).

(B) Experimental SAXS plots for nonphosphorylated (green or blue) and active (pp) complexes
(orange or salmon).

(C) Summary of SAXS analysis on four nonphosphorylated and four phosphorylated (pp) MAPK-
MAPKAPK heterodimers. Rg: radius of gyration; Dmax: maximum dimension; x* : discrepancy
value for the fit to the simulated solution scattering curve calculated with the crystal structure (4NIF
or 20ZA) or to models chosen from the MD ensemble (MD 4NIF or MD 20ZA). Quality of the fit
is color-coded: red — bad (x* > 3); orange — moderate (x* = 2-3); green — good (x> < 2). MD models
used for ensemble modeling are shown below. The starting model for the MD runs is shown on the
left and the MD generated ensemble (150 structures) is on the right. * highlights that the
nonphosphorylated p38-MK2 complex has a different quaternary structure compared to all other
nonphosphorylated or phosphorylated MAPK-MAPKAPK heterodimers. The last 4 rows in the

table are boxed and shown in gray and contain results for ERK2-MK2 and ERK5-MK2, which were
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not analyzed further in this study but the data were used for comparison to ERK-RSK1 and p38-

MK2 (shown in the upper 4 rows).

Figure 4. NMR analysis on MK2 binding of nonphosphorylated (np) or phosphorylated (pp)
p38a.

(A) Histograms showing the 1H/15N chemical shift perturbations (CSPs) upon MK2 binding vs
residue number for np-p38 (left) and pp-p38 (right). Peaks that are broadened beyond detection are
shown in brown. Dashed lines indicate CSPs corresponding to 16, 26 or 36 changes. Biggest
changes map to the Gly-rich loop (a), the MAPK docking groove: hydrophobic (b) or the charged
CD groove (c), and to the activation loop (d) for both complexes. Regions displaying the greatest
CSP differences between the two complexes are boxed in green (e.g. Boa-Bob, 0tc-Pa, O, OT O).

(B) Backbone nitrogen atoms displaying line broadening (red: np-p38; blue: pp-p38) or CSPs above
26 (magenta) are shown in the parallel np-p38-MK2 crystal structure (PDB ID: 20ZA; top) or in
the antiparallel pp-p38-MK2 model (bottom) with spheres. MK2 is colored blue and shown in
transparent surface representation. * indicates the position of the p38 catalytic site. A this
antiparallel model was built by multi-domain flexible docking. D-motif: MK2 docking motif
binding in the MAPK docking groove. AL: MK2 activation loop. Note the different AL
conformation in the parallel or in the antiparallel complex. Panels on the right show the same

structure as on the left but the view is 90° rotated so that to see p38 from the top.

Figure 5. An MK2 substrate-specific p38 inhibitor blocks antiparalell pp-p38-MK2
heterodimer formation.
A) Inhibition of MK2 and ATF2 by PoA or a generic (IoC/SB202190) p38 inhibitor was tested

using MK2 and ATF2 phospho-specific antibodies in Western-blots. p38 activation in HT-M6 cells
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was initiated by doxycycline (DOX) addition. MKK6EE-FLAG expression was monitored by using
anti-FLAG antibody and concomitant p38 activation was confirmed by

using a pp-p38 specific antibody. (Inhibitors were added in 1 pM concentration an hour ago before
sample collection.)

(B) The impact of inhibitors (1pM) on p38 mediated substrate phosphorylation were tested in in
vitro kinase assays. Phosphorylation of a reporter construct (2 pM) - containing a p38 binding
docking motif (MEF2A) and a MAPK phosphorylation target site (Garai et al., 2012) - was
compared to MK2 (2 pM) phosphorylation. Concentration of pp-p38 was 10 nM. Kinase reactions
were initiated by the addition of ATP(y)*P, reactions were stopped by the addition of loading buffer
at different time points, samples then were loaded onto SDS-PAGE gels, and analyzed by
phosphorimaging. Error bars show SD of the phosphorylation rates calculated based on three
independent experiments.

(C) SAXS analysis of p38-MK2 complexes bound to the PoA inhibitor. SAXS data were collected
on p38-MK2 and pp-p38-MK2 bound to PoA, and these were compared to binary complexes
without the compound. The schematic below shows that PoA binding only affects the quaternary
structure of the pp-p38-MK2 heterodimer. Inhibitor binding promotes the formation of the
“inactive-like“ parallel complex from an antiparallel phosphorylated heterodimer, while the parallel

nonphosphorylated p38-MK2 complex is unaffected.

Figure 6. Crystal structure of the pp-p38-MK2-PoA ternary complex.

(A) Comparison of the nonphosphorylated p38-MK2-PoA (PDBID: 4THY) and the pp-p38-MK2-
PoA crystal structures. The four heterodimers from the pp-p38 complex were superimposed through
the MAPK (colored in salmon) and MK2 molecules are colored in blue (panel on the left corner).
One of the heterodimers from this complex was similarly superimposed to the nonphosphorylated

heterodimer (main panel). The PoA compound and the p38 catalytic site (Asp') is colored in
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yellow, and the flexible loop region containing the Ser”’* regulatory site in MK2 is colored red.
Dotted lines indicate disordered regions. The inset on the right shows a zoomed-in view of the
Docking motif-Linker-Inhibitory helix region of MK2, but the view is 180° vertically rotated
compared to the other panels. Key contact residues, responsible for high affinity p38-MK2 binding
are colored yellow (e.g. Ile”, 1le’*, Tle’”, Leu®® and Arg*®). In addition, a pivotal residue in the
Linker connecting the docking motif and the inhibitory helix is also highlighted (GIn**®). This
region serves as a pivot through which the kinase domains may bind differently but still held
together similarly by the D-motif mediated interaction. Notice that the p38 Hinge (connecting the
N- and C-lobes of the MAPK) and the MK2 Linker both contribute to PoA inhibitor binding.

(B) Structural comparison of the nonphosphorylated vs phosphorylated p38 activation loop. Panels
on the top or below show a zoomed-in view around the p38 catalytic site (Asp™) from the
nonphosphorylated p38-MK2-PoA ternary complex (PDB ID: 4TYH) or from the activated pp-p38-
MK2-PoA complex, respectively. Notice that the nonphosphorylated p38 activation loop is wedged
in-between the MK2 inhibitory helix and the structured part of Loop-S272. The activation loop is
fixed in this inhibitory position by several H-bonds (shown with dashed lines). The activation loop
of p38 between the DFG loop and the APE motif are colored in magenta. Disordered segments are
indicated with a dotted line. Phosphates of the double-phosphorylated p38 AL (p-Thr'® and p-
Tyr'®) are coordinated by arginines (Arg'*, Arg'”®, Arg'® and Arg'®), which pulls the AL down and

opens up the catalytic site.

Fig. 7. Phosphorylation of MK2 at different sites requires the formation of different pp-p38-
MK?2 heterodimers.

(A) Schematic of MK2 regulatory sites and their 3D location (lower panel) relative to the p38
catalytic site in different p38-MK2 heterodimers. The structural panel below shows the position of

the three phosphorylation sites (Thr*?, Ser””? and Thr*** ) in the parallel nonphosphorylated p38-
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MK2 heterodimer. The catalytic HRD region is colored red and the inhibitory helix is magenta.
NES: nuclear export signal.

(B) Structural models of the antiparallel and parallel Michaelis-Menten (MM) pp-p38-MK2
heterodimers (MM-AL-T222 or MM-S272, respectively; * indicates complexes with pp-p38). The
models were generated using multidomain flexible docking by starting out from the
nonphosphorylated parallel p38-MK2 or from the new parallel crystal structure of the pp-p38-MK2-
PoA complex. The MK2 activation loop (AL) or Loop-272 (colored in red) were docked into the
pp-p38 active site by directed docking. Note that the nonphosphorylated (see Panel A) and the
phosphorylated parallel p38-MK2 heterodimers have the same global quaternary structure, but these
parallel complexes differ locally at the p38 active site: the nonphosphorylated p38 AL blocks while
phosphorylated p38 AL allows access for Ser-272 to the active site (compare the upper and lower
panels on Figure 6B).

(C) Phosphorylation of Ser”’? in MK2 vs mutMK2 by pp-p38. The panel shows the results of in
vitro kinase assays in which the relative phosphorylation of Ser*”” vs Thr*** was monitored by using

phosphosite-specific antibodies (see Supplementary Figure S8C).
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Figure S1. Related to Figure 2. Results of surface plasmon resonance (SPR)
measurements for MK2 containing complexes.

Upper panel on the left shows the results of a single-cycle titration experiment (after double
referencing) in which increasing amounts of the analyte (MK2) was injected over the MAPK
surface. The equilibrium RU binding curve is shown on the right. MAPKSs (p38, pp-p38,
ERK2 or ERKS5) were produced biotinylated and captured on a Biacore CAP chip. The table
contains the Kd values calculated from the binding curves for different p38-MK2 complexes.
Note that p38-MK2 binding affinity is similar to that of the p38-mutMK2 complex (~5 nM).
Binding plots below are shown for ERK2-MK?2 and ERK5-MK2 similarly measured as
described above. The table below shows the Kd values for these two complexes. Error bars
indicate the standard error from two replicate measurements.



A

HT-M1 HT-M6 HT-M7 HT-M5
phospho-MAPK ‘ - ..‘ ‘ . - --‘ ‘ —y g’Q." ’ —-‘}
FLAG | wemmmlll | ol e AMNN
GAPDH L"..._.\ |--!g_-!‘ ’-----" ’--......._-’
Time (hrs after DOX): 0 2 4 6 8 10 0 2 4 6 8 10 0 2, 4 -6 18110 0 2 4 6 8 10
MAP2K MKK1* MKKG6* MKK7* MKK5*
MAPK ERK?2 p38a JNK1 ERK5
After 10 hrs of DOX: » e
er rs o SO K
pp-ERK2 ‘- ‘
pp-p3s | |
pp-INK | ® |
pp-ERK5 | - |
B
HT-M1 HT-M6 EGF Sorbitol EGF Sorbitol
} }
phospo-RSK v — T ——— l l
! |
phospo-MK2 e on — — :_l'll')l\oﬂ)l( - WK I-:_TDI\(II;;(
pp-ERK1/2 - o - - — \A | | ’/
e ERK1/2 p3s
pp-p38 -— o - - GDED - - l l

Time after DOX (hrs) O 6 10 0 6 10 @
Time after stimulus (min) 0 10. 45 0: A5 30

Figure S2. Related to Figure 2. HEK293T based “designer cells” for specific MAPK
activation

(A) HT-M cells allow specific MAPK activation only one at a time and they contain high
levels of ERK1/2 and p38. Activation of these endogenous MAPKs was monitored by using
phospho-specific antibodies from cell lysates. Endogenous JNK and ERKS5 levels in 293T
cells are low, therefore HT-M7 and HT-M5 cells were transfected with JNK1 and ERK5
expressing constructs, respectively. (HT-M?7 cells were not used in this study as JNK cannot
activate MAPKAPKSs directly due to its narrowed MAPK docking groove that cannot accept
MAPKAPK linear motifs (Garai et al, 2012). Note that the lower phospho-MAPK Western-
blot panels demonstrate specific MAPK activation in HT-M cells after DOX treatment. The

system exploits the uniquely high degree of specificity between MAP2Ks and their cognate
MAPK substrates.



(B) Phosphorylation of RSK1 and MK2 in HT-M1 and HT-M6 cells. Activation of
endogenous RSK1 or MK2 was monitored by phospho-MAPKAPK Western-blots after
addition of doxycycline (left panels). DOX induced RSK1 and MK2 phosphorylation was
compared to when cells were stimulated by EGF (50 ng/mL) or sorbitol (0.5M), respectively.
Notice that EGF elicits ERK-RSK specific activation, while sorbitol treatment turns on both
p38 and ERK1/2 pathways. In contrast, the use of HT-M cells allows specific MAPK and
thus specific downstream kinase activation, devoid of any lateral signal spread observed after
sorbitol treatment for example.



&Q ,»X &Q
Na N & ¥ oF ¥
N @) & & 4 X' 59 x
& 2 & v & 2 2
o & g ¥ & o FES e DY
SN S W AP IVAP I A & @ <
T &N oF S S ST S NG N ¥ &
CESNE &£ CESOEE LS && ¢ & &
M SE L & & M FFESE &L & & @ &
~— i h
: — - - amw W :
e o - - | — -—-
L B E3 h
- anti-phosphoRSK1 anti-pp-ERK5 |
anti-phosphoRSK1 3 ‘ ' - .
| - ;
anti-phosphoMK2 anti-phosphoMK2 anli»phosphoMKz
- - |
anti-pp-EREZ o antipp-ERK2
. ‘ - " -
anti-pp-p38
- -
pp-p38; Mw: 41596 Da pp-ERK2; Mw: 41621 Da pp-ERK5; Mw: 49734 Da
@ @ D 100
g 100 3p E100 2p % 5P
g g e 4P
gs 3s 82
B 4P 37 ‘ s
§ : \WM § ) i § Al )
41500 41600 41700 41800 41900 42000 42100 42200 41400 41500 41600 41700 41800 41900 42000 42100 49600 49800 50000 50200 50400 50600
Mass Mass Mass

phosphoMK2; Mw: 42821 Da

phosphoRSK1; Mw: 37738 Da

8 100 8 100
{4
5 4P 3 2P| |3P
g =
| EES
o 3
g g | M
2 oltha rusld Ml £ ol WU
42800 42900 43000 43100 43200 43300 43400 43500 37600 37700 37800 37900 38000 38100 38200 38300
Mass Mass
pp-ERK2

pp-p38

174-186 2P-HTDDEMTGYVATRWYR

173-191 2P-VADPDHDHTGFLTEYVATR
173-194 2P-VADPDHDHTGFLTEYVATRWYR

X10°3 X107
\ > ! m/z: 562.64 5+
£ ] || miz:828.29 3+ 41 M/z: 768.65 3+
5 I 5
£ I\ 27
9 ,J \¥ T T T T 0

a2 43 44 45 4

Retention time (min)

phospho-RSK1

565-588 2P-AENGLLMTPCYTANFVAPEVLKR

EY 60 62
Retention time (min)

pp-ERK5
206-225 2P-GLCTSPAEHQYFMTEYVATR

X107] x10° g

> o8] m/z:689.31 4+ = m/z: 841.00 3+
@ 251 245

E o4 £10

Tos

0.0

N A
Retention time (min)

71

60 61 62
Retention time (min)

63

phospho-MK2
pT222 in 213-242
P-ETTSHNSLTTPCYTPYYVAPEVLGPEKYDK

X107
2 3 m/z: 885.91 4+

2
E05-
o0

60 65
Retention time (min)

T
55

pT334 in 314-340

P-MTITEFMNHPWIMQSTKVPQTPLHTSR
x10°
2 1

m/z: 659.11 5+

24

Intensi

]

68 6 i
Retention time (min)

67
pS272 in 243-276
P-SCDMWSLGVI
MYILLCGYPPFYSNHGLAISPGMK
x10°4
2> 0.8
(%]

0.6

m/z: 990.21 4+

0.4

Inten:

0.2

00

160 0 1{0
Retention time (min)

Figure S3. Related to Figure 2. Characterization of protein samples by Western-blots

and mass spectrometry



(A) Coomassie stained SDS-PAGE of gel filtrated MAPK-MAPKAPK heterodimers (upper
panels). (Unfortunately, MK2 runs close to all MAPKSs, and the two protein bands from
MAPK-MK?2 complexes are barely discernible.) After gel filtration, samples were
concentrated to ~8 mg/ml and 1 pL. was loaded on the gel. The phosphorylation state of the
prepared samples was confirmed by Western-blots using activation loop phosphorylation
specific antibodies (phosphoRSK1, phosphoMK?2, pp-ERK?2 or pp-p38). ATP was added to
active heterodimers and incubated at room temperature for 1 hour in kinase buffer to
demonstrate the intact function of assembled heterodimers. In addition, these phosphorylated
samples — where MAPK and MAPKAPK were both phosphorylated — were also analyzed by
SAXS.
(B) Mass analysis of intact proteins: the molecular weight of phosphorylated proteins was
determined using HPLC-MS. The deconvoluted mass spectra show that all protein samples
were at least double-phosphorylated. Mw — expected molecular weight of nonphosphorylated
proteins.
(C) Ion-chromatograms of functionally relevant peptides corresponding to protein regions
(e.g. kinase activation loop) regulated by phosphorylation. Phosphorylated protein samples
were trypsin digested. The phosphorylation is confirmed by the ion chromatogram of
phosphorylated peptides.

Note that activated MK2 is known to be phosphorylated on residues outside of its
activation loop (on Ser*”? and Thr**, in addition to Thr*??). These sites were also found to be
phosphorylated.
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Figure S4. Related to Figure 3. Detailed information on SAXS data processing and
model fitting



(A) Guinier plot analysis of SAXS data. MAPK-MAPKAPK complexes were measured in
different concentrations by diluting the stock with the equilibrated buffer obtained when the
concentrated stock had been dialyzed. Scattering of each examined complex is shown in the
so-called Guinier representation for the whole concentration dilution series (differently
colored). The Guinier region used for calculating the radius of gyration (Rg) is highlighted
with a red line. The merged curve used for the final Rg calculation is shown in black.
Measured data on the whole dilution series were manually merged together. Samples showed
mild concentration dependent aggregation, which fortunately was not apparent under lower
concentration conditions (after several two-fold dilutions).

(B) Single state vs. ensemble modeling. Panels on the left show the calculated curves using
the ERK2-RSK1 or the p38a-MK2 crystallographic model to experimental SAXS curves for
all complexes shown in the table on Figure 2D. Panels on the right: Fits to ensembles
calculated by a set of 4NIF or 20ZA MD models. Calculated curves are shown in black. For
the ensemble set (shown in magenta or cyan), the abundance of individual MD models (with
their MD identifier number) is shown on the panels on right. The most abundant MD model
is colored in magenta, others in cyan while the MD model corresponding to the crystal
structure (MD1) is colored in black. Ensemble heterodimer models were superimposed via
the MAPK and this aligned ensemble is shown on the right panels.

(C) Fit of the p38-mutMK2 experimental SAXS curve to the crystallographic complexes
(CRYSOL) or to MD ensembles (EOM). Note that the wild-type p38-MK2 complex could be
best fitted to the 20ZA MD ensemble, while the mutated complex fitted best to the 4ANIF MD
ensemble.

(D) SAXS analysis on the solution structure of the p38(R57E)-MK2 complex. Scattering
curves for the p38(R57E)-MK2 complex (in black) and for wild-type p38 containing
complexes (p38-MK2 in salmon and pp-p38—MK?2 in green) are shown below the summary
table on the left. MD ensemble fit for the p38(R57E)-MK2 complex is shown on the right.
The best EOM fit was obtained if models were allowed to be chosen from both the 20ZA
(~70% with two models) and the 4NIF MD ensembles (~30% for two models). These models
from both ensembles are shown below (using the MAPK as the reference)
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Figure S5. Related to Figure 3. SAXS analysis on p38-MK2 and ERK2-RSK1
heterodimers mutated on the parallel vs antiparalell MAPK-MAPKAPK interface

(A) p38a-MK?2 and ERK2-RSKI1 crystal structures revealed distinct heterodimeric protein-
protein contacts (1,20). The C-terminal end of the oF helix from RSK1 (APE motif: Ala>®,
Pro*® and Glu®*) contacts the Gly-rich loop of ERK2 (G34-G37) in the inactive ERK2-RSK1
complex, where a backbone mediated hydrogen bond forms between these kinase regions.
The CAMK inhibitory helix is colored in magenta, hydrogen bonds are highlighted with
dashed lines and ATP bound in the nucleotide binding pocket is shown in gray. In contrast to
this, negatively charged residues from the inhibitory helix of MK2 (Asp*', Glu®™* and Glu®>)
and two amino acids from p38a (Arg”, Tyr*) form side-chain specific intermolecular
hydrogen bonds in the inactive p38a-MK2 complex. Sequence logos below show the
evolutionary sequence conservation of MAPK and MAPKAPK regions engaged in the
parallel p38-MK?2 heterodimer. Arg®” of human p38a (highlighted in pink) is conserved in all
orthologs. The autoinhibitory helix of MK2 contains negatively charged residues (Asp®’,
Glu**, Glu®>; highlighted in blue). Logos were made based on orthologs from sponge
through flat worm, worm, insects to vertebrates (e.g. fish, frog, reptile, bird, human).

(B) SAXS data analysis on MAPK-MAPKAPK heterodimers with MK2 or RSK1 interface
mutants. Note that in contrast to wild-type p38a-MK2 (parallel), the p38a-mutMK2 complex
adopts an antiparallel heterodimer. However, the ERK2-mutRSK1 complex stays antiparallel
but fits to different MD models compared to the wild-type heterodimer.



74 v X Y
Rg (hm) Dmax (nm)| 4NIF 20ZA  MD4NIF MD 20ZA
b38—MK2 2.99 9.4 4.6 2.4 8.9 1.2
p38—MK2 + PoA 2.98 9.6 36 1.6 4.5 1.1
bp-p38—MK2 3.16 10.7 38 23.2 1.5 26.7
p-p38—MK2 + PoA 3.09 10.3 2.2 2.1 3 1.1
b38—MK2 + DMSO 2.98 9.5 58 31 9.9 0.9
bp-p38—MK2 + DMSO 3.14 10.4 37.6 77.3 1.1 18.3
p-p38—MK2 + AMPPNP 3.13 10.4 2.4 15.3 1.2 9.9

Figure S6. Related to Figure 5. SAXS analysis on the effects of PoA binding to p38-MK2
and pp-p38-MK2 heterodimers

SAXS analysis of p38-MK2 complexes bound to the PoA inhibitor. The upper part of the
table shows the summary of the SAXS analysis with PoA and the lower part with some
control compounds. Note that the p38-MK2-PoA sample fit well to the inactive p38-MK2
complex (20ZA). The crystal structure of the ternary complex was also determined (PDB ID:
4TYH) and was found to be basically identical to the inactive binary complex. Unexpectedly,
the pp-p38-MK2-PoA ternary complex fit neither to parallel nor to antiparallel
crystallographic heterodimers, but a good fit to structures from the parallel MD 20ZA
ensemble suggests that this complex adopts a parallel quaternary structure. In contrast,
samples with DMSO or AMPPNP fit to antiparallel heterodimers as expected. These two
latter samples were analyzed to show that PoA affects MAPK-MAPKAPK
heterodimerization in a specific and unique way, and the observed changes are not due to the
presence of DMSO (2%; as ternary complex samples with the PoA inhibitor contained this
amount of organic solvent) or because of the nucleotide binding pocket is filled up by a small
molecule (e.g. by a non-hydrolyzable ATP analogue, AMPPNP). SAXS data for the p38-
MK2 and the pp-p38-MK2 binary complexes on this figure are the same as presented on
Figure 3C.
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Figure S7. Related to Figure 6. Details of the pp-p38-MK2-PoA ternary complex crystal
structure

(A) SigmaA-weighted omit map contoured at 26 for the PoA inhibitor (in gray) and sigmaA-
weighted omit map contoured at 26 for the phosphorylated p38 activation loop (177-186, in
magenta). Arg'®, Arg'” and Arg'®, Arg' coordinating phospho-Thr'® or phospho-Tyr'®
respectively, are colored in cyan. The main chain ribbon for p38 is shown in orange.

(B) CRYSOL fits between the SAXS data collected on the pp-p38-MK2-PoA ternary
complex and different crystallographic MAPK-MAPKAPK heterodimers: chain AB, CD, EF,

b



GH from the new pp-p38-MK2-PoA ternary complex, 20ZA or 4NIF crystallographic
models. This analysis showed that any of the four crystallographic heterodimers fit the
solution structure better than the heterodimer from the inactive p38-MK2 crystallographic
complex (20ZA or 4TYH). Surprisingly, the SAXS data matched best to a heterodimer that
differed most from the inactive p38-MK2 crystallographic model (chains GH).

(C) Comparison of the pp-p38 (in salmon) and pp-ERK2 (PDB ID: 2ERK, in orange)
activation loops. Phospho-amino acids are coordinated similarly by arginines (in yellow),
therefore the C-terminal half of the activation loop — which blocks access to the catalytic
aspartate in the inactive form - is anchored to the C-lobe and contributes to the formation of
an open substrate binding pocket.



A C

Western-blot MK2 T222-P Western-blot MK2 T334-P Western-blot MK2 T222-P Western-blot MK2 S272-P
PP-P38 | - —---l | ——-l i | —_---l | —'---l
mutMK2 mutMK2
Pp-p38 | ,____.l | =] e | -]

Time (s): 0 30 60 180 300 600 0 30 60 180 300 600
Time (s): 0 30 60 180 300 600

o

30 60 180 300 600

o o o o
N < \] N
=N 10 —[— 2 1.0 ] § 1.0 } g 1.0 I
= [ =
2 08 208 2 0.8 %‘ 0.8
3 8 8 s
§ 0.6 § 0.6 ¢ 0.6 5 o 0.6
= & © ©
£ 04 £ 04 .g 0.4 £ 0.4
c c < £
© 02 ® 02 ® 0.2 2 0.2
2 i 2 £
% 0.0 . % 0.0 * § 0.0 ; g 0.0 v [
@ o 2 2 K K2
K2 N2 WK2 K2 K ot 3 !
o o 38 ot pr g oo ® a0
po® o v-"“/‘“ oo® pv""ﬁ/ P oo®
MK2 mutMK2
B g TP

| o 0 00 G e ---d +50X pp-p38

Time(s): 0 30 60 180300600 0 30 60 180300 600

D

Time (min) T222-p S272-P  T334-P

; :

é 100% $ § ¢ i i

3 = %* i b4 [}
Ke] ®

s e 0

12 sapas E ! o T222P

®©00 0 1

20 | seses o shees B vy b g " Tiar

25 60000 °°°;Z e 8 i

30 00000 oo ©o 00 080 .5_40% §

40 o0 00© ©coo0o000 eo0©o0o0 ~ :

50 o0 000 o 0000 00000 X g

60 00000 © 0000 0000 Z 0% 'é

75 coo0o0o0 00000 °c®o0oo0 o

90 o0 o000 o0 000 e00 00 u"

120 oo0o000 00000 ©00 00 0%1¢ T T

0 20 40 60 80 100 120

Time (min)

Figure S8. Related Figure 7. AL (Thr-222), Ser-272, and Thr-334 phosphorylation of
MK2 by p38

(A) Phosphorylation of MK2 at Thr*** and Thr*** by pp-p38. Quantitative Western-blot (WB)
analysis was used to monitor phosphorylation of T334 in comparison to phosphorylation at
Thr** (activation loop). 3 nM of pp-p38 was incubated with 2 pM MK?2 (or mutMK?2). The
initial rate of phosphorylation at these two different MK2 sites was linearly fitted and plotted
in the graph below. Error bars show SD for three independent experiments and WB panels
show a representative set.

(B) Phosphorylation of MK2 by activated p38 on Thr*** — Western blot signal control. This
control experiment demonstrates that amino acid replacements in mutMK2
(D351A/E354R/E355R) do not interfere with the epitope binding capacity of the
phosphoMK2(T334) antibody. Note that 50-fold more activator (pp-p38) gives equally strong



WB signal with mutMK?2 as with wild-type MK2. (1X: 5 nM pp-p38; MK2 concentration
was 2 pM)

(C) Phosphorylation of MK2 at Ser*”* and Thr*** by different activated MAPKs. Quantitative
Western-blot (WB) analysis was used to monitor phosphorylation of S272 in comparison to
phosphorylation at Thr*** (activation loop). The experiments were done similarly as for Panel
B, but the anti-phosphoS272-MK2 antibody, in addition to phosphoT222, was used as the
WB read-out.

(D) Kinetics of MK2 phosphorylation at T222, S272 or T334 by pp-p38.

In vitro kinase assay reactions were carried out using 2.5 mM ATP, 1 nM pp-p38 and 1 pM
MK?2. The reaction was stopped by adding 50 mM EDTA. Samples were collected in
different time points until 2 hours. Five parallel aliquots were dotted onto the membrane for
every time points and dot-blots were analyzed using phospho-T222, phospho-S272, or
phospho-T334 specific MK2 antibodies. Western-blot signal was analyzed using Odyssey
CLx imaging system (Li-Cor), where measured WB signal fell within the linear range of the
detection, which was checked by using a calibration series of fully phosphorylated MK2. All
MK2 site phosphorylation reached a plateau after 60 minutes. These maxima (100%) were
used to normalize the WB signal so that they could be compared. Error bars show SD based
on five technical replicates.



