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Isoform-specific optical activation of kinase function reveals
p38-ERK signaling crosstalk

Optical activation of protein function through unnatural
amino acid mutagenesis offers precise spatiotemporal
control with complete genetically defined specificity. This
enabled the investigation of four individual protein isoforms
of the mitogen-activated protein kinase (MAPK) p38 and
the identification of a novel point of crosstalk between two
major signalling cascades, the p38/MAPK pathway and the
ERK/MAPK pathway. Using precise photoactivated p38
isoforms, it was found that the p38y and p388 variants are
positive regulators of the ERK signalling cascade, while

the p38a and p38p variants were confirmed as negative
regulators.
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Evolution has diversified the mammalian proteome by the generation of protein isoforms that originate
from identical genes, e.g., through alternative gene splicing or post-translational modifications, or very
similar genes found in gene families. Protein isoforms can have either overlapping or unique functions
and traditional chemical, biochemical, and genetic techniques are often limited in their ability to
differentiate between isoforms due to their high similarity. This is particularly true in the context of
highly dynamic cell signaling cascades, which often require acute spatiotemporal perturbation to assess
mechanistic details. To that end, we describe a method for the selective perturbation of the individual
protein isoforms of the mitogen-activated protein kinase (MAPK) p38. The genetic installation of a
photocaging group at a conserved active site lysine enables the precise light-controlled initiation of

Received 28th June 2022, kinase signaling, followed by investigation of downstream events. Through optical control, we have

Accepted 8th August 2023 identified a novel point of crosstalk between two major signaling cascades: the p38/MAPK pathway and
the extracellular signal-regulated kinase (ERK)/MAPK pathway. Specifically, using the photoactivated p38

isoforms, we have found the p38y and p385 variants to be positive regulators of the ERK signaling
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Introduction

The various substrates and cellular functions associated with
the p38 MAPK are notably diverse." The p38/MAPK pathway is
important for the stress-induced cellular response as it has
been shown to promote not only apoptosis, but also survival,
cell growth, and differentiation in response to extracellular
stimuli such as UV damage, heat, inflammatory cytokines,
and growth factors.>” This signaling pathway has been demon-
strated to suppress tumorigenesis through oncogene-induced
senescence, replicative senescence, DNA-damage responses,
and contact inhibition through its impact on several cell-cycle
regulators.®® The p38 signaling pathway has also been linked
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cascade, while confirming the p38a and p38f variants as negative regulators.

to inflammation and immune (innate and adaptive) responses
through the p38-dependent transcriptional activation of
immune regulators such as cytokines and receptors.” ™

Four isoforms of p38 - p38a, p38p, p38y, and p38d - have
been identified. The contradictory nature of protein isoforms
with redundant or specific functions has long been a topic of
research. The evolution of protein isoforms through alternative
splicing and the extension of multigene families has corre-
sponded with the evolution of multicellularity, supporting their
role in providing biological diversity.'*> While some isoforms
have demonstrated identical roles in a functional context,
research has revealed isoform differentiation in a specialized
context. This has been attributed to varying cell type- and
tissue-dependent expression patterns, as well as alternative
cellular spatiotemporal dynamics and divergent regulatory
mechanisms.”” All three major MAPK signaling proteins
(ERK, JNK, and p38) have multiple isoforms, displaying varying
degrees of redundancy in the regulation of major cellular
processes such as differentiation, apoptosis, and proliferation."?
For example, while the p38 isoforms share overlapping upstream
mitogen-activated protein kinase kinase (MAPKK) activators,
they differ in tissue distribution, regulatory mechanisms (exter-
nal stimuli, feedback control via kinases or phosphatases), and
downstream protein targets (Fig. 1(A))."* The p38a/p isoforms
are expressed in most tissues, while p38y is primarily found in
the skeletal muscle,"”™® and p385 is expressed in the lung,
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Fig. 1 Design of an optically controlled p38 isoform. (A) Light activation of
constitutively active p38a leads to isoform-specific perturbation of down-
stream targets. Solid arrows represent light-mediated p38 signaling.
Dotted arrows represent endogenous p38 signaling, stimulated through
cellular stress. (B) Alignment of p38 isoform sequences in the conserved
N-terminal ATP binding pocket, with the catalytically critical lysine outlined
in red. Alignment was completed by Clustal Omega. Orange = identical
residues; blue = residues of strong similarity; green = residues of weak
similarity. (C) Chemical structure of hydroxycoumarin lysine (HCK) depict-
ing the caging group in red. (D) Light activation of photocaged p38a. Light
exposure (365 nm or 405 nm) restores the native active site and ATP
binding (PDB: 2BAQ).%2 To generate the model on the left (caged p38), ATP
was superimposed into the position of an ATP-analogue inhibitor.

pancreas, kidney, and small intestine."® They also express
differently in various inflammatory cell lineages, including
neutrophiles and macrophages.*°

Various levels of isoform redundancy have been observed
depending on the cellular context, and this redundancy is often
correlated with protein sequence homology."® The four p38
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isoforms share a certain level of homology, including a common
threonine-glycine-tyrosine (TGY) motif for phosphorylation by
MAPKKSs. They can be further divided into two subsets: p38a/f
share 75% sequence homology, p38y/0 share 70% sequence
homology, and p38y/d share about 60% homology to p38a/p
(Fig. 1(B))."* Even though p38a¢, the most broadly expressed
isoform, has been comprehensively studied, the characteriza-
tion of the B, v, and § isoforms is underdeveloped due to a lack
of tools (e.g., small molecule modifiers) that acutely (on a
minute timescale) activate or deactivate their function with
complete isoform specificity. These confounding factors
also blur our understanding of the relationship between p38
signaling and other signal transduction pathways. Optogenetic
approaches combine the specificity of genetic perturbations
with the spatial and temporal precision of light as an external
control element.>** Acute and selective activation of
kinase and phosphatase activities have been explored. Small
molecule-induced activation of signaling pathways has been
demonstrated*® but obviously does not offer spatial control.
Importantly, photoactivatable dimerization inducers®® and
photoswitchable kinase inhibitors®> have also been developed.
These small molecules achieved reversibility either through
re-dosing or light-induced isomerization, which is not shared
by caged UAAs. It should be noted, however, that background
activity and a lack of spatial precision were observed for these
compounds. Previously, kinases coupled with light-responsive
protein domains have also allowed light-induced perturbation
of signaling pathways,**"*° which required extensive screening
for the desirable configurations of fusion proteins. These
efforts may not be easily transferrable from one kinase of
interest to another, hindering easy application of light-
responsive protein domains across different targets. Different
UAAs, activatable with specific optogenetic and chemogenetic
inducers have been applied to optical control of kinase and
phosphatase function.?*°*? They have been shown to enable
activation with ultra-low background and high spatiotemporal
specificity with general applicability to different targets with
identified catalytic active-site residues, but do not allow for
reversibility. All in all, these different approaches complement
each other and should be selected based on the biological
question(s) asked.

Several open questions regarding p38 signaling remain,
including if the isoforms perform redundant or non-redundant
physiological functions, and if potential crosstalk of each isoform
with other closely related MAPK pathways occurs. To that end, we
set out to demonstrate the conditional control of each individual
p38 isoform, enabled by a unique combination of genetic
and photochemical approaches, and triggered by irradiation.
We* and others**™** have previously demonstrated a generally
applicable strategy to create light-activated kinases through repla-
cement of a critical lysine residue within the ATP binding domain
with a photocaged lysine. With this methodology, proteins with
extremely similar sequence and structure can be independently
and acutely controlled, enabling spatial and temporal dissection
of isoform function. While we target p38 here, our approach is
applicable to any set of isoforms in the human kinome.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

To parse the functions of the p38 isoforms, it is essential that
each isoform can be activated without cell surface stimulation
of the entire MKK3(6)/p38 signaling pathway. This precludes
the possibility that any upstream MAPKKK or MAPKK would
simultaneously activate multiple p38 isoforms or perturb the
others MAPK signaling pathways, such as the MEK/ERK
pathway.**

The p38 isoforms were therefore rendered constitutively
active by introducing the following mutations: p38x D176A
F327S, p38P D176A, p38y F324S, and p385 D179A.*> These
mutations induce conformational changes within the activa-
tion loop (residues 171-183), stimulate autophosphorylation of
the TGY motif, and result in constitutive activation without the
need for upstream activators.’®™' The constitutively active
mutants were used for all experiments to decouple the resulting
activity from parallel growth factor-induced signaling. To
achieve light activation of p38, a conserved lysine residue
critical for catalytic function (p38a K53, p38f K53, p38y K56,
and p388 K54) in the N-terminal ATP-binding pocket®>>>* was
mutated to hydroxycoumarin lysine (HCK)>* through unnatural
amino acid mutagenesis in cells with an expanded genetic code
(Fig. 1(C)).>”> The hydroxycoumarin protection group removes
the positive charge from the lysine side chain, disrupting an
electrostatic interaction with the a-phosphate of ATP, as well as
a stabilizing salt bridge interaction with the conserved gluta-
mate E71.°®*” The introduction of HCK thus renders the p38
kinase inactive until a brief 365-405 nm light exposure removes
the caging group, restoring the native active site. Through a
decaging study using an HCK synthetic intermediate, we
showed a dose-response relationship for the release of the
caging group with respect to the duration of irradiation (Fig. S1,
ESIt). ATP docking is then restored and stabilized through
electrostatic interactions with the catalytic lysine and acidic
residues D112 and D168,” initiating a phosphoryl transfer
reaction toward the cognate substrates (Fig. 1(D)). One advan-
tage for the use of HCK is that hydroxycoumarin and its
photolysis byproduct, hydroxycoumarin alcohol (Fig. S2, ESIT),
are of low cytotoxicity and do not generate reactive oxygen
species nor activate the p38 signaling pathway.’®

NIH3T3 cells were selected for analyzing kinase activity
since they grow as a monolayer, facilitating fluorescence ima-
ging and imaging cytometry.®® The uniform and efficient
expression of photocaged p38 kinases is important for the
assessment of light-induced kinase activity through western
blot analysis, since a low population of cells expressing the
kinase would consequently yield a low concentration of phos-
phorylated substrate. A positive signal can thus be easily
diluted by the greater population of cells lacking the caged
protein. We therefore endeavored to increase the pool of caged
p38 (and its downstream targets) through the generation of a
stable cell line expressing a chimeric synthetase (HCKRS)
specific for the caged lysine and four copies of the tRNAcya.
The HCKRS was engineered for accepting HCK as a substrate
and combines the N-terminus of PylRS from Methanosarcina

© 2023 The Author(s). Published by the Royal Society of Chemistry
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barkeri and the C-terminus of PylRS from Methanosarcina mazei
since this variant provides higher amber codon suppression
efficiency than other previously tested by us.®* In brief, the
genetic elements expressing these components were integrated
in the NIH3T3 genome by the PiggyBac transposase via flanking
inverted terminal repeat sequences. The monoclonal cell line
with the highest UAA incorporation efficiency and PylRS/PylT
expression level was selected and cryopreserved, designated
from here as the NIH3T3 stable cell line (NIH3T3"°X). The
p38 isoform genes carrying the discussed activation mutations,
the amber codon mutation, and a C-terminal monomeric
tagRFP-HA fluorophore attached via a flexible GGGS linker®®
were cloned into a pcDNA backbone. An EFla promoter was
chosen for protein expression, as it provided the most efficient
amber codon suppression compared to other plasmid-based
systems (Fig. 2(A)).®® This construct allowed for confirmation of
HCK-containing, full-length p38 isoform expression through
fluorescence microscopy. HCK-dependent expression of each of
the caged isoforms in NIH3T3"X cells was further confirmed
by western blot (Fig. 2(B)).

To test the ability of the photocaged p38 isoforms to
efficiently catalyze substrate phosphorylation in a light-
dependent manner, we chose to assess a pan-p38 substrate,
the activating transcriptional factor 2 (ATF2). All four p38
enzymes, once activated, lead to the transcriptional activation
and phosphorylation of the T69/71 “phosphoswitch” sites of
ATF2."%%7"%% The T69/71 dual phosphorylation occurs in a two-
step manner: T71 is predominantly phosphorylated by the Ras/
MEK/ERK pathway, while T69 phosphorylation is carried out by
P38 MAPK.” It is important to note that according to an in vitro
kinetics study, phosphorylation of mono-phosphorylated ATF2
differs depending on which threonine is phosphorylated first.
Phosphorylation of T71 had no significant effect on the rate of
T69 phosphorylation, but T69 phosphorylation reduced the
efficiency of T71 phosphorylation to 2.5% of unphosphorylated
ATF2.”" Thus, we set out to validate in vivo light activation of
caged p38 isoforms by probing ATF2 pT69 levels in the
presence of a constitutively active MEK1 (MEK1 S222/224D)
for the prerequisite phosphorylation of ATF2 T71. NIH3T3"X
cells expressing each of the photocaged p38 isoforms and
caMEK1 were serum-starved for 4 hours before irradiation
(365 nm, transilluminator, 3 min). Cells were harvested and
lysed at 0 min (—UV), 5 min, 30 min, and 60 min after light
activation. Phospho-ATF2 levels increased rapidly in response
to light-activated p38, but not in NIH3T3"“ cells grown in the
absence of HCK (i.e., no caged kinase expression), confirming
optical activation of p38 kinase activity in a temporally con-
trolled manner (Fig. 2(C)). The kinetics of ATF2 T71 phosphor-
ylation (the phosphorylation site detected in Fig. 2(C)) also
indicates that the p38f and vy isoforms have a preference for
this site, while the p38a and § isoforms do not. These results
from our cell-based studies are supported by earlier, biochem-
ical assays.®” The reduced phospho-ATF2 levels (Fig. 2(C)) could
be explained by the negative feedback mechanism for p38
regulation through the activation of phosphatases, such as
DUSP1. These phosphatases interact with multiple downstream

RSC Chem. Biol., 2023, 4, 765-773 | 767
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Fig. 2 Expression and light activation of photocaged p38 isoforms in
NIH3T3HK cells. (A) Construct for the expression of photocaged p38
isoforms in the NIH3T3 cell line stably expressing the PylRS/PylT pair.
(B) Western blot analysis of photocaged p38-tagRFP isoform expression in
the absence or presence of HCK (0.25 mM). (C) Western blot analysis of
p38 light activation, leading to phosphorylation of ATF2, a pan-p38
substrate.

targets, including p38 and ATF2, which resulted in the depho-
sphorylation of the autophosphorylated TGY motif of decaged
cap38 as well as phospho-ATF2.”> The observation of changes
in phosphor-ATF2 levels demonstrates that photoactivation of
p38 is a valuable tool to study direct and transient cellular
responses.

A set of kinase translocation reporters (KTR) fused to Clover,
a bright monomeric variant of EGFP, were reported to monitor
kinase activity with high signal-to-noise ratio.”® By combining a
MAPK-specific distant docking region, a nuclear export signal
(NES), a bipartite nuclear localization sequence (bNLS), and a
fluorescent protein, these MAPK activity reporters reside mainly
in the nucleus when the cognate MAPK is not active. The
reporter is excluded from the nucleus after the activated
cognate MAPK enters the nucleus and phosphorylates the bNLS
and NES sequences (Fig. S3, ESIt). Translocation of KTR Clover
is represented by the ratio between Clover fluorescence inten-
sity in the cytoplasm and the nucleus (C/N ratio) of individual
cells. We aimed to use the both the ERK and p38 KTR Clover
constructs for real-time analysis of p38-mediated regulation of
MAPK signaling.

Serum starved NIH3T3 cells expressing both caged p38-
tagRFP and MAPK KTR Clover (Fig. 3(A)) were imaged following
365 nm irradiation (2 s, DAPI filter). Prior to stimulation, both
ERK KTR and p38 KTR Clover localized in the nucleus due to
suppressed MAPK signaling of the serum starved -cells.
As expected, light activation of p38a triggered p38 KTR Clover
translocation (Fig. 3(B)).”> A similar response was observed
upon activation of p38a’s close analogue, p38p (Fig. 3(C)). Light

768 | RSC Chem. Biol., 2023, 4, 765-773

View Article Online

RSC Chemical Biology

A pE363_p38-tagRFP KTAG_4xPyIT

B ERKKTR — p38KTR
ERK Ulv
KTR 020
s
a z 15
p38 o
KTR 1.0%
0 20 40 60
time (min)
C
ERK 25 W
KTR ° !
8 % 2.01
Z 151
p38 o
KTR 1.01
0 20 40 60
time (min)
D
ERK 25 ULV
KTR % 20
v % 15
p38 - :
KTR 10 T T T 1
0 20 40 60
time (min)
E
uv
ERK
3.0
KTR o |
®
5 > 201
p38 o
KTR 10- T T T T T T 1
0 20 40 60

time (min)

Fig. 3 Divergent functions of p38a/f and p38y/d subsets in NIH3T3 cells.
(A) Plasmid maps for the expression of photocaged p38 in cells:
pE363_p38-tagRFP KTAG_4xPylT and pE323_chimeric HCKRS_4xPylT.
Representative fluorescence microscopy images and time-course quanti-
fication of C/N ratio of Clover fluorescence before and after stimulation of
irradiated cells expressing ERK KTR Clover or p38 KTR Clover and,
(B) caged p38a (ERK: n = 4; p38: n = 33), (C) caged p38pB (ERK: n = 11;
p38: n = 10), (D) caged p38y (ERK: n = 25; p38: n = 12), or (E) caged p383
(ERK: n = 20; p38: n = 25). Scale bars = 20 um. Error bars represent 95%
confidence intervals.

activation of the p38c/p isoforms was shown to have no effect
on the ERK/MAPK pathway, a result that is supported by a
previous report demonstrating the failure of p38ax and f to
trigger ERK KTR Clover translocation upon stimulation with
anisomycin,”® a chemical inducer of stress pathways.”* Alter-
natively, light activation of p38y (Fig. 3(D)) and p385 (Fig. 3(E))
failed to trigger the translocation of p38 KTR Clover. This can
be attributed to the MAPK docking site of p38 KTR Clover based
on the p38a-specific substrate, Mef2C, which is not shared by
the p38y/5 isoforms.' Intriguingly, light activation of caged
p38y/6 resulted in rapid cytoplasmic translocation of ERK
KTR Clover, plateauing within 20 minutes of irradiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Investigation of crosstalk between p38 isoforms and the ERK
signaling pathway. (A) Plasmid map for the expression of photocaged
p38 in the NIH3T3"Kcell line: pE363_p38-tagRFP K53TAG_4x-
PylT_hPGK-ERK KTR Clover. hPGK = humanized PGK promoter. Repre-
sentative fluorescence images of NIH3T3"X cells expressing each p38-
tagRFP KTAG in the absence or presence of HCK (0.25 mM) and time-
course quantification of C/N ratio of Clover fluorescence before and after
stimulation of irradiated cells in the absence or presence of caged
(B) caged p38a (n = 5), (C) caged p38p (n = 5), (D) caged p38y (n = 5),
or (E) caged p385 (n = 5). UV treatment at O min timepoint; FGF treatment
at 25 min timepoint. Scale bars = 20 um. Error bars represent 95%
confidence intervals.

In a similar fashion, serum starved NIH3T3" ¥ cells expres-
sing both the caged p38-tagRFP and ERK KTR Clover (Fig. 4(A))
were imaged following sequential 365 nm irradiation (2 s, DAPI
filter) and surface stimulation with FGF. Importantly, light
activation of caged p38a (Fig. 4(B)) or p38p (Fig. 4(C)) was
sufficient for suppression of FGF-induced ERK/MAPK signaling
in cells, as indicated by the reduced nuclear exportation of ERK
KTR Clover (Fig. S5, ESIt). While FGF alone resulted in a nearly
2-fold change in C/N fluorescence intensity, light-activated
p38a or p38P effectively reduced the level of reporter translocation
back to baseline. This indicated negative crosstalk between the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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active p38 and ERK signaling pathways, a mechanism which may
be mediated by the p38-dependent activation of the ERK1/
2-specific phosphatase PP2A.”> As anticipated from the previous
result, light activation of caged p38y (Fig. 4(D)) and p385
(Fig. 4(E)) has no effect on FGF-induced ERK/MAPK signaling,
as cell surface stimulation induces ERK/MAPK signaling.

These results establish a precedent for opposing roles of the
p38 isoform subset in the crosstalk attenuation of a parallel
MAPK signaling pathway, with broader implications as to the
isoform-specific role of the p38y/d subset in cellular develop-
ment in response to stress. It is possible that positive regulation
of ERK/MAPK signaling through the p38y/6 subset is respon-
sible for dampening the p38c/B-mediated ERK inhibition. The
predominant form of feedback regulation would be dependent
on the cell type-dependent isoform expression levels. Changes
in substrate specificity may be attributed to differences in
isoform structure and cellular context. Notably, ERK2 and
p38y share almost identical structures within the activation
loop,”® and ERK and p388 recognize a similar FXF (Phe-Xaa-
Phe-(Pro)) motif, indicating possible overlap in substrate iden-
tity and supporting a role in promotion of the same pathways.””
Our results may also provide mechanistic insight as to the
seemingly contradictory roles of p38 in certain disease states.
For example, similar to the function of ERK1/2, the p38y/d
isoforms confer resistance to drug-induced apoptosis in renal
cell carcinoma, contradicting the pro-apoptotic function of
p380/B.”% Given these parallels, it is not entirely surprising that
p38a/B and p38y/d subsets play opposite roles in association
with the ERK signaling pathway.

To further validate the results observed using the ERK KTR
reporter assay, we utilized immunofluorescence for the direct
analysis of ERK phosphorylation in response to light-induced
p38y/3. Serum-starved NIH3T3 cells expressing photocaged
p38y or p383 were stimulated through exposure to 405 nm
light (1 min, LED), and following a 60 minutes incubation, cells
were fixed and stained using antibodies against phospho-ERK1/
2 (T202/Y204 phosphosites, pERK1/2) and HA, followed by
fluorophore-labeled secondary antibodies. Fluorescence inten-
sity levels were quantified for individual cells using a high
content imager, and p38 expressing transfected cells were gated
based on HA expression (Fig. S6A and B, ESIt). Relative to the
nonirradiated control, nuclear ERK phosphorylation was
significantly higher in cells expressing p38y (Fig. 5(A)) and
p3856 (Fig. 5(B)) post-irradiation. This is consistent with the
translocation mechanism of phosphorylated ERK,”® and sup-
ports positive crosstalk between p38y/6 and the ERK/MAPK
signaling pathway. Additionally, this data further validates our
results demonstrating rapid activation of ERK KTR upon sti-
mulation of the caged p38y and p38d proteins through positive
regulation of ERK. Importantly, in the absence of p386 or p38y
expression, cells exposed to light showed no significant
increase in pERK1/2 levels relative to the nonirradiated control
(Fig. S6C, ESIT) confirming that irradiation is not responsible
for ERK activation.

To delineate the interaction between the p38y/d isoforms
and the ERK signaling pathway, select nodes at different levels
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Fig. 5 Immunofluorescence analysis of p38y/3-induced ERK phosphor-

ylation in NIH3T3 cells. Representative fluorescence microscopy images
and quantification of pERK1/2 immunofluorescence intensity in HA
expressing cells, before and after photoactivation (405 nm LED, 1 min) of
cells expressing (A) caged p38y (—UV, n = 1957; +UV, n = 1956) and (B)
caged p386 (—UV, n = 569; +UV, n = 704). p < 0.0001 for both isoforms
from unpaired two-tailed Mann—Whitney test.

of the ERK signaling cascade were blocked by utilizing small
molecule inhibitors for Raf (LY3009120),%° MEK (U0126)*" and
ERK (SCH772984)%* (Fig. 6(A)). NIH3T3 cells expressing ERK
KTR Clover and photocaged p383 or p38y were pre-treated with
LY3009120 (1 pM), U0126 (10 uM), SCH772984 (1 uM), or DMSO
for 30 min. Following inhibition, the cells were irradiated with
365 nm light (2 s, DAPI filter), and p38/ERK crosstalk was

A C}
SO QL

H

N AN ™ it N‘N
H H SN W N Lon B {
N N)\u N, 1 NH, T\N\j H 7

NS \\

LY3009120 NHp || N SCH772984 "

N

uo126

p38y-tagRFP K56HCK p385-tagRFP K54HCK

25 uv uv — LY3009120

| 20{ ¥
° ° U0126
= 2.0 =
® €15 SCH772984
z z _
515 5 DMSO

1.0%F
10V T
0 20 40 60 80 0 20 40 60 80
time (min) time (min)

Fig. 6 Light activation of photocaged p38y/3 isoforms in the presence of
ERK pathway inhibitors. (A) Structures of the Raf inhibitor LY3009120, the
MEK inhibitor U0126, and the ERK inhibitor SCH772984. Time-course
guantification of C/N ratio of Clover fluorescence before and after irradia-
tion of cells expressing ERK KTR Clover and (B) caged p38y in the presence
of inhibitors LY3009120 (n = 6), U0126 (n = 23), SCH772984 (n = 20), or
DMSO (n = 21), or (C) caged p383 in the presence of LY3009120 (n = 12),
U0126 (n = 20), SCH772984 (n = 15), or DMSO (n = 21). p = 0.0012, p =
0.0032, and p = 0.0002 for comparison of DMSO and LY3009120, U0126,
or SCH772984, respectively, in cells expressing caged p38y. p = 0.0003,
p = 0.0004, and p = 0.0005 for comparison of DMSO and LY3009120,
U0126, or SCH772984, respectively, in cells expressing caged p386.
Significance was calculated from unpaired two-tailed student’s t test. Error
bars represent 95% confidence intervals.
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monitored through the extent of ERK KTR Clover translocation.
While DMSO had no significant effect on KTR activity upon
activation of p385 and p38y, all three inhibitors suppressed the
crosstalk between the ERK pathway and either p38y (Fig. 6(B))
or p38d (Fig. 6(C)). This may indicate that the crosstalk is
mediated by activating upstream regulators in the Ras/Raf/
MEK/ERK signaling pathway, likely Ras. While p38 has been
identified as a negative regulator of ERK signaling both directly
(through the phosphorylation of fibroblast growth factor recep-
tor substrate-2 (FRS2)**) and indirectly (through the activation
of the phosphatase PP2A”°), this is the first reported example of
positive ERK regulation in response to p38 activation. Notably,
the previous observations of downregulation of ERK signaling
were not obtained through p38 isoform-specific perturbation.

Conclusions

In conclusion, we have demonstrated the usefulness of engi-
neering individual light-responsive protein isoforms to dissect
their unique contributions to cell signaling mechanisms
through precise control of kinase activity. Through mutagen-
esis with photocaged lysine, we have combined the exquisite
specificity of genetic manipulation with the precise temporal
regulation of optical activation. Installation of the hydroxy-
coumarin photocaging group on the e-amino group of a critical
active site lysine in kinases ensures disruption of ATP cofactor
binding. This can be attributed to two factors: (1) the steric
displacement of ATP by the hydroxycoumarin caging group,
effectively blocking the active site, and (2) the removal of the
electrostatic interactions between the critical lysine side chain
and the alpha phosphate on ATP.>**’ Light-induced decaging
restores the native active site, leading to ATP binding, and
enzymatic function of the constitutively active kinase.

Using this approach, we established diverging functions of
the four isoforms of p38: a, B, v, and 8. Western blot analysis of
a pan-p38 substrate, ATF2, revealed light-induced ATF2 phos-
phorylation by all four isoforms, confirming the endogenous
activity of the light-triggered p38 isoforms. We next set out to
establish the specificity of all four isoforms for regulation of the
ERK/MAPK and p38/MAPK signaling pathways. As expected,
KTR translocation indicated the ability of the decaged p38a/B
subset to activate the p38/MAPK pathway, while the ERK/MAPK
signaling pathway remained inactive. Interestingly, the decaged
p38y/6 isoform subset had the opposite result: while p38
KTR Clover remained inactive and nuclear sequestered, ERK
KTR Clover was rapidly and extensively activated. This was
further supported by the increase of ERK1/2 phosphorylation
in response to light-mediated p38y/d activation, as assessed
through immunofluorescence measurements of cellular
PERK1/2 levels. Ras-dependent activation of the p38 signaling
pathway®! has been demonstrated and is well established,
however, evidence for crosstalk in the reverse direction — from
p38 to ERK - has been insufficient. In one incidence, p38 was
shown to be indispensable for ERK activation in a specific,
GMP-dependent protein kinase-dependent manner when

© 2023 The Author(s). Published by the Royal Society of Chemistry
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induced by thrombin.®* The results presented in this study not
only revealed unexpected crosstalk between the ERK/MAPK
pathway and the p387y/d isoforms without upstream induction,
but also demonstrated the effectiveness of the optically trig-
gered kinase strategy for selective light activation of kinase
isoforms.

To determine the signaling node at which p38 crosstalk
occurs within the ERK/MAPK signaling cascade, we tested p38-
dependent ERK signaling activity in the presence of three
inhibitors. Crosstalk was completely suppressed through
application of a Raf (LY3009120), MEK (U0126) and ERK
(SCH772984) inhibitor compared to the DMSO control, sug-
gesting the point of ERK/MAPK signaling perturbation occurs
at or above the Raf level. The crosstalk interaction requires
further biochemical analysis to better understand the
specific mechanism of ERK/MAPK attenuation by the decaged
p387/d isoforms. The p38-dependent negative attenuation of
ERK signal transduction is hypothesized to occur through
three different mechanisms: p38-mediated deactivation of
scaffolding protein FRS2,** PP2A-mediated deactivation of
kinase suppressor of Ras-1 (KSR1), and PP2A-mediated deac-
tivation of Raf1.”> However, our results represent the first
demonstration of positive ERK signaling regulation upon p38
activation.

Collectively, these results support the efficiency and useful-
ness of photocaging for the acute control of kinase activity,
leading to the dissection of complex mechanisms of protein
signaling with complete isoform specificity. Given the level of
sequence homology and functional redundancy often found
between protein isoforms, this level of specificity is a major
advantage of our technique. The small size of the hydroxy-
coumarin caging group, paired with the restoration of the
native active site upon decaging minimizes the possibility of
structural disruption. This has the benefit of reducing the
need for protein engineering and diminishing the possibility
of background activity in the dark state, both of which are
common challenges of optogenetic technologies.®

Future applications of this caging technique may be useful
as an alternative to traditional biochemical analysis in deter-
mining the mechanistic function of individual isoforms with
spatiotemporal accuracy and complete genetic specificity.
For example, it could be utilized to investigate the extensive
substrate landscape for each of the p38 isoforms, including
how cell type and status (e.g., cell cycle) may contextualize
isoform function, both of which are currently underrepresented
areas of p38 research.
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