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Abstract

p38 MAP kinase (MAPK) isoforms a, B, and -y, are expressed in the heart. p38a appears pro-
apoptotic whereas p38p is pro-hypertrophic. The mechanisms mediating these divergent effects
are unknown; hence elucidating the downstream signaling of p38 should further our
understanding. Downstream effectors include MAPK-activated protein kinase (MK)-3, which is
expressed in many tissues including skeletal muscles and heart. We cloned full-length MK3
(MK3.1, 384 aa) and a novel splice variant (MK3.2, 266 aa) from murine heart. For MK3.2,
skipping of exons 8 and 9 resulted in a frame-shift in translation of the first 85 base pairs of exon
10 followed by an in-frame stop codon. Of 3 putative phosphorylation sites for p38 MAPK, only
Thr-203 remained functional in MK3.2. In addition, MK3.2 lacked nuclear localization and export
signals. Quantitative real-time PCR confirmed the presence of these mMRNA species in heart and
skeletal muscle; however, the relative abundance of MK3.2 differed. Furthermore, whereas total
MK3 mRNA was increased, the relative abundance of MK3.2 mRNA decreased in MK2~/~ mice.
Immunoblotting revealed 2 bands of MK3 immunoreactivity in ventricular lysates. Ectopically
expressed MK3.1 localized to the nucleus whereas MK3.2 was distributed throughout the cell;
however, whereas MK3.1 translocated to the cytoplasm in response to osmotic stress, MK3.2 was
degraded. The p38a/p inhibitor SB203580 prevented the degradation of MK3.2. Furthermore,
replacing Thr-203 with alanine prevented the loss of MK3.2 following osmotic stress, as did
pretreatment with the proteosome inhibitor MG132. /n vitro, GST-MK3.1 was strongly
phosphorylated by p38a and p38p, but a poor substrate for p386 and p38y. GST-MK3.2 was
poorly phosphorylated by p38a and p38p and not phosphorylated by p386 and p38y. Hence,
differential regulation of MKs may, in part, explain diverse downstream effects mediated by p38
signaling.
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1. Introduction

Myocardial hypertrophy occurs when the heart is exposed to a chronic increase in peripheral
resistance and/or neurohormonal factors. These agents activate several targets including the
MAP kinase (MAPK) pathways. The MAPK signaling pathways consist of protein kinase
cascades linking extracellular stimuli to various targets in the cytoplasm, cytoskeleton,
membrane, and nucleus and are involved in awide variety of cellular processes such as
proliferation, differentiation, transcription regulation and development [1,2]. There are at
least three distinct MAPK signaling pathways in mammals including the extracellular
signal-regulated kinases (ERKS), the c-Jun N-terminal kinases (JNKSs) and the p38 MAPKs
[3,4]. These kinases are activated in cascades by phosphorylation on both threonine and
tyrosine residues in the regulatory T-X-Y loop present in all typical MAPKSs [5]. p38 (also
known as CSBP,mMHOG1, RK, and SAPK2) is the archetypal member of the second MAPK-
related pathway in mammalian cells [6,7]. There are four known p38 isoforms (a., B, & and
v) (reviewed in[8]). p38a., B, and -y [9], are expressed in the heart. In neonatal cardiac
ventricular myocytes, p38a induces phenotypic changes resembling apoptosis whereas p38
is pro-hypertrophic [10]. The mechanisms by which p38 MAPKSs have such different effects
remain to be elucidated; however, a better understanding of the downstream targets of p38
should answer these questions. The MAPK-activated protein kinases (MKs) -2, -3 and -5 are
directly activated by p38 MAPKSs [11] although activation of MKS5 by p38 /n vivo has
become controversial (see [12]). Hence, the divergent effects of the p38 cascade may be
mediated by differential requlation of the MKs.

MK3 (chromosome 3P kinase, 3pK) is a serine/threonine protein kinase that is expressed in
many tissues including skeletal muscles and heart [13]. Its physiological substrates include
the small heat shock protein hsp27/hsp25 [14,15], 5-lipoxygenase [16], polycomb group
proteins [17], and the transcription factor E47 [18]. /n vitro studies demonstrated that ERK,
p38 MAPK and Jun N-terminal kinase were all able to phosphorylate and activate this
kinase, which suggested the role of this kinase as an integrative element of signaling in both
mitogen and stress responses [19]. Although MK2 and MK3 show extensive similarities in
terms of structure, regulation and substrate specificity [1,13,19-21], the phenotype of
MK3~/~ mice differs from the inflammation-impaired phenotype of MK2~/~ mice [22,23].
Specificity may result from cell-type specific or developmental differences in the expression
of MK2 versus MK3 [24]. Alternatively, as arsenite induces higher levels of MK3 activation
than anisomycin, sorbitol or interleukin-1, the nature of the activating stimulus may also
influence the relative extent of MK2 and MK3 activation [20]. However, as the expression of
MK?2 is generally much greater than that of MK3 [20,23], the differences in phenotype of
the MK2~/~ versus the MK3~/~ mice may result from differences in the level of expression.
Consistent with this, ectopic expression of either MK2 or MK3 can rescue MK2~/~ mouse
embryonic fibroblasts [23]. Furthermore, relative to MK2~/~ mice, MK2~/~:MK3~/~ mice
show further destabilization of p38a and reduction in both LPS-induced tristetraprolin and
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LPS-induced TNF-a expression [23]. Hence, experiments to date suggest that MK2 and
MK3 overlap in their physiological function. Alternatively, although both MK2 and MK3
form a stabilizing complex with p38 in the heart [23], and MK2 is generally expressed at
much higher levels than MK3, transgenically expressed catalytically inactive mutant FLAG-
p38a precipitates MK3, but not MK2, from heart lysates [25], suggesting that p38a/f may
preferentially signal via MK3 in the myocardium.

The aim of this study was to clone and characterize the full-length form of MK3 and a novel
splice variant, referred to herein as MK3.2, from murine cardiac ventricular total RNA to
further improve our understanding on heart-specific MAPK signaling pathways. Our data
suggest that both MK3.1 and MK3.2 are translated in the heart but differ in their subcellular
localization. Upon activation of p38 MAPK by hyperosmotic stress, MK3.1 rapidly
translocated to the cytoplasm whereas MK3.2 was rapidly degraded and this degradation
was inhibited by SB203580, MG132, or replacement of Thr-203 with a non-
phorphorylatable residue. Finally, although only MK3.1 shows binding to p38a and p38,
both MK3.1 and MK3.2 are substrates for p38a and B /n vitro, and hence, may play distinct
roles in mediating downstream effects of the p38 MAPK pathway.

2. Materials and methods

2.1. Materials

[y-32P]ATP was from Amersham Pharmacia Biotech. Membrane grade (reduced) Triton
X-100 (TX-100), leupeptin, and PMSF were from Roche Molecular Biochemicals. SDS-
polyacrylamide gel electrophoresis reagents, nitrocellulose, and Bradford protein assay
reagent were from Bio-Rad. The cAMP-dependent protein kinase inhibitor peptide (PKI,
amino acid sequence TTYADFIASGRTGRRNAIHD) was from the University of Calgary
Peptide Synthesis Core Facility. Canine hsp27, cloned into the pET24a expression vector
[26], was from Dr. William Gerthoffer (Reno, NV). Antibodies to MK2 (sc-6621), MK3
(sc-1973, sc-28782), andMKS5 (sc-8253)were from Santa Cruz Biotechnology Inc. Anti-GFP
and -V5were from BD Biosciences and Invitrogen, respectively. HRP-conjugated secondary
antibodies were from Jackson Laboratories. Myelin basic protein (MBP) was purified as
described previously [27]. Anti-humanMK2 phospho-threonine-222 (3044), plus
phosphorylated, active, recombinant ERK1, ERK2, p38a., B2, 6, and -y were from Upstate
Cell Signaling Solutions. All other reagents were of analytical grade or best grade available.
pGEX-2T murine MK5 and pGEX-2T murine MK2 were cloned by PCR. A plasmid
containing human p38y was a gift from Dr. Jiahuai Han. cDNA for human p38a and p was
from OPEN Biosystems and p386 was from ATCC. Each p38 isoform was subcloned into
pGEX-6p-2 (Amersham) modified to include a hexahistidine tag 3* to the Precision protease
cleavage sequence to create tandem affinity-tagged recombinant proteins. All constructs
were confirmed by sequencing. Plasmids were introduced into £. colistrain BL21 and
expression induced by the addition of 1 mM isopropyl-B-D-thiogalactosidase. GST-fusion
proteins were purified by affinity chromatography on glutathione Sepharose.

2.2. Immunoblotting

SDS-PAGE, transfer and visualization were performed as described previously [28].
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2.3. Protein kinase assay

Purified GST-MK3.1 or GST-MK3.2 (5 ug) were incubated with phosphorylated, activated
forms of ERK1, ERK2 or each p38 MAPK isoform (5 mU) in 30 pl of a medium comprising
20 mM Tris-Cl (pH 7.5), 10 mM MgCl,, 1 mM EGTA, 1 uM PKI, 10 mM DTT, 10 pg/ml
leupeptin, 1 mM NazgVOy, 5 ug hsp27 and 10 puM [y-32P]ATP. MBP was employed to
demonstrate that reactions contained similar levels of p38 or ERK activity. After 1 h at

30 °C, reactions were stopped by the addition of 10 pl 4x SDS-PAGE sample buffer, heated
at 70 °C for 90 s, and the phosphorylated products analyzed by SDS-PAGE and
autoradiography.

2.4. Kinetic assays

Different concentrations of purified GST-MK3.1, GST-MK3.2, GST-MK2 or GST-MK5
fusion proteins were incubated with phosphorylated, activated forms of each p38MAPK
isoformin a buffer containing 20 mM Tris-Cl (pH 7.5), 10mM MgCl,, ImM EGTA, 1uM
PKI, 10 mM DTT, 10 pg/ml leupeptin, 1 mM Na3VOy, 100 uM [y-32P]ATP (3.5 Ci/mmol),
and 167 mU/ml of p38 MAPK activity. The reaction volume was 450 pl. The activity of each
lot of activated p38MAPKwas verified upon receipt using MBP as the phosphate acceptor:
one unit of p38 MAPK activity is defined as 1 nmol/min of phosphate incorporated into 0.5
mg/ml MBP at 30 °C in the presence of 100 uM ATP. This ensured that lot-to-lot differences
in the purity of activated p38 did not result in variability in the concentration of activated
p38 employed in the reaction medium. To determine the reaction velocity (V) at each
substrate concentration ([S]), reactions were allowed to proceed for various incubation times
(0-60 min at 5 min intervals) at 30 °C, then stopped by transfer of 30 pl of reaction mix to a
microcentrifuge tube containing 10 pl of 4x SDS-PAGE sample buffer, heating to 70 °C for
90 s and resolved on 10-20% acrylamide-gradient SDS-PAGE. Gels were stained using
Coomassie Brilliant Blue R-250, dried, bands corresponding to the phosphorylated substrate
protein (i.e., MBP, MK2, MK3, MK5) excised and 32P incorporation determined by liquid
scintillation counting. The specific activity of the 100 uM [y-32P]ATP was also determined
by scintillation counting following appropriate dilution with water. The slope of the linear
region of a plot of phosphate incorporation versus time, determined by linear regression, was
taken as V for each substrate concentration and p38 isoform. The kinetic parameters K, and
Vimax Were calculated from [S] and the experimentally determined values for V by a non-
linear regression curve fit of a parabola to the Michaelis—Menten formula y= Vjpax(X(Kn+X)
~1) using Graphpad Prism™ software (Version 4.0c for Mac). For kinetic assays, the protein
concentration for each recombinant MK was determined by resolving both the MK and a
standard curve of BSA on SDS-PAGE, staining with Coomassie Brilliant Blue R-250, and
quantifying the intensity of the appropriate bands using a gel imaging system and Bio-Rad
Quantity One® software (Version 4.5.2 for Mac).

2.5. Binding of MK3-V5 to GST-p38

HEK cells transfected with either V5 epitope-tagged MK3.1 or MK3.2 were rinsed with cold
TBS and lysed in ice-cold lysis buffer (50 mM Tris—HCI, pH 7.5 at 5 °C, 20 mM -
glycerophosphate, 20 mM NaF, 5 mM EDTA, 10 mM EGTA, 1 mM NazgVQy, 1 uM
microcystin LR, 10 mM benzamidine, 0.5 mM PMSF, 10 ug/ml leupeptin, 5 mM DTT, and
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1% TX-100). Lysates (1 mg) were incubated with 1 pg of GST-p38 (a, B, -y, or &) or GST
for 1 hat5 °C in 200 ul of binding buffer containing 50 mM Tris—HCI (pH 7.5 at 5 °C), 270
mM sucrose, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 1 mM NazVO,, 1mM sodium
pyrophosphate, and 1% TX-100. Glutathione-Sepharose (30 ul of a 50% suspension) was
added and the lysates incubated at 5 °C for an additional 30 min. The beads were washed 3
times with binding buffer, twice with TBST, and then resuspended in 50 pl of 1x SDS-
sample buffer. Co-precipitated MK3.1-V5 or MK3.2-V5 was detected by SDS-PAGE and
then immunoblotting with V5-specific antiserum.

2.6. Confocal microscopy

The intracellular localization of the MK3.1-V5 and MK3.2-V5 proteins were studied using a
scanning confocal fluorescence microscope (LSM 510 Carl Zeiss, Oberkochen, Germany) as
described previously [28,29]. HEK cells expressing V5 epitope-tagged proteins were plated
on laminin-coated coverslips overnight (37 °C, 95% O,-5% CO»), starved for 16 h, and then
incubated for 15 min in the presence or absence of 0.3 Msorbitol. Cells were fixed for 20
min in 2% paraformaldehyde solution, rinsed three times in PBS, blocked in a solution
containing 2% donkey serum and 0.2% TX-100 and incubated overnight at 4 °C in PBS
containing 1% donkey serum, 0.05% TX-100 and V5 antibody (1:200). The coverslips were
then rinsed with PBS, drained, incubated for 1 h at room temperature with the appropriate
secondary antibody, washed with PBS, drained, and mounted onto glass slides using a drop
of 0.1% DABCO/glycerol medium.

2.7. Preparation of murine cardiac lysates

Hearts were rapidly removed, trimmed, rinsed in ice-cold TBS, snap-frozen in liquid
nitrogen and pulverized under liquid nitrogen using a mortar and pestle. The powdered
tissue was resuspended, using a 2 ml Potter—Elvehjem tissue grinder (15 passes), in 1.25 ml
of ice-cold lysis buffer (see above). Homogenates were then cleared of insoluble cellular
debris by centrifugation for 30 min at 100000x g (48000 rpm) and 4 °C in a Beckman
TLA-100.3 rotor. Finally, supernatants were collected, aliquoted, snap-frozen using liquid
nitrogen, and stored at —80 °C.

2.8. Miscellaneous methods

Protein concentrations were determined by the method of Bradford [30] using y-globulin as
standard.

2.9. Nucleotide sequence accession number

3. Results

The sequence for murine MK3.2 has been deposited in GenBank (accession number
DQ899946).

3.1. Cloning and sequencing of MK3 cDNAs

MK3 cDNA was cloned from total RNA isolated from murine ventricular myocardium.
Initial attempts to amplify full-length MK3 were unsuccessful and hence overlapping 5” and
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3’ segments were amplified separately. The forward and reverse primers employed for PCR
amplification of MK3 were designed according to the mouse MK3 cDNA sequence on
NCBI (XM_204309) and are shown in Supplemental Table 1. PCR using the 5 primer set
always resulted in a single product. Upon ligation into pCR2.1 and amplification, cDNA
from 3 clones was purified and sequenced. All other clones were confirmed by restriction
mapping. The sequences of all 5" clones were identical to the known sequence for the
corresponding region of murine MK3. In contrast, upon amplifying the 3’-terminal fragment
two products, differing in size on agarose gels, were obtained. Cloning and sequencing of
the 3" fragments revealed the larger of the two to be identical to the 3" sequence for MK3
already in the database. Both 3" fragments were ligated to the 5 fragment as described in
Materials and methods. Based upon their relative size, we will refer to the form encoding
full-length MK3 as MK3.1 and the novel shorter form as MK3.2. Alignment of MK3.1 and
MK3.2 with the full-length mRNA encoding MK3 (NM_178907.1) and the murine genomic
sequence (gene ID 102626) indicated that MK3.2 (GenBank accession DQ899946) is a
splice variant resulting from the exclusion of exons 8 and 9. Skipping exons 8 and 9
produced a shift in reading frame in exon 10, resulting in an MRNA wherein translation
continues for an additional 29 amino acids followed by an in-frame stop codon. Hence,
MK3.2, with an open reading frame of 798 bp, putatively encodes a 266 aa protein, whereas
MK3.1 has an open reading frame of 1152 bp and encodes a 384 aa protein. The predicted
amino acid sequence for the C-terminal of MK3.2, starting at Leu-237, differs from that of
MK3.1 (Fig. 1A,B), and similar sequence was not found in any other protein in the
Swissprot database. MK3.2 is missing (i) part of the conserved protein kinase subdomain IX
and entire subdomains X and XI, (ii) two (Ser-253 and Thr-315) of the three potential
proline-directed phosphorylation sites for p38 (Thr-203, Ser-253, and Thr-315), (iii) the
nuclear localization signal (NLS) [19] overlapping with (iv) the putative p38a/B-docking
site, and finally (v) also the nuclear export signal (NES) [21] (Fig. 1B). MK3.1 and MK3.2
were also obtained using RNA isolated from adult mouse ventricular myocytes (not shown).

3.2. In vivo expression of MK3.1 and MK3.2

To confirm the existence of MK3.2 mRNA /n vivo, a real-time quantitative PCR (QPCR)
approach was employed. Primers were designed according to the mouse MK3 cDNA
sequence in the NCBI database (XM_204309), using Primer Express (Version 2, ABI).
Primers for total MK3 flanked the boundary between exons 4 and 5, which is common to
both MK3.1 and MK3.2. To selectively detect MK3.2, the forward primer was specific to a
sequence in exon 5 whereas the reverse primer was designed to span the exon 7/10 junction,
a sequence only present if exons 8 and 9 were absent. To detect MK3.1, primers that flanked
the boundary between exons 8 and 9 were chosen (not shown). Expression levels of the
splice variants in both cardiac and skeletal muscle were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, stable expression in all samples) expression (Fig. 2A).
Based upon melting-curve analysis, MK3.2-selective primers amplified a single product
from total mouse heart RNA, which sequencing confirmed to be the appropriate target
sequence. Both cardiac and skeletal muscles express high levels of MK3 mRNA relative to
other tissues [13]: the amount of total MK3 mRNA detected in the heart was 2.7-fold greater
than that in skeletal muscle (Fig. 2A). Analysis of the abundance of MK3.2 mRNA revealed
that the ratio of MK3.2/total MK3 mRNA was 2-fold greater in RNA isolated from the
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ventricular myocardium than RNA from skeletal muscle (Fig. 2B). Interestingly, mRNA
levels of MK3.2 did not vary with pressure-overload induced hypertrophy nor through the
different stages of post-natal development (data not shown).

Human MK3 and MK2 show sequence identity of 75% at the amino acid level [13,19] and
results obtained employing MK2~/~ and MK3~/~ mice indicate that MK3 and MK2 may
serve similar physiological function [23]. In light of this similarity, we examined the
possibility that the absence of functional MK2 may result in compensatory changes in the
expression or splicing of MK3. Analysis of MK3 mRNAs in RNA isolated from hearts of
MK27~/~ mice [22] by real-time PCR revealed a 2-fold increase in total MK3 mRNA (Fig.
2A) and a 3-fold reduction in the quantity of MK3.2 relative to total MK3 mRNA, compared
with wild-type (Fig. 2B). Hence, the absence of functional MK2 results in compensatory
changes in both the amount of MK3 mRNA and a reduction in exon skipping that results in
formation of MK3.2 mRNA.

The expression of MK3.1 and MK3.2 at the protein level was examined in the heart by
immunoblotting using antisera directed against the N-terminus of MK3. Two
immunoreactive bands were revealed in lysates prepared from intact murine ventricular
myocardium and the upper and lower bands displayed mobilities on SDS-PAGE similar to
recombinant MK3.1 and MK3.2 (see below), respectively, once the GST moiety was
removed with thrombin (Fig. 2C). Furthermore, in the MK2-deficient hearts,
immunoblotting indicated that MK3 protein levels were about twice that detected in wild-
type litter mates (Fig. 2D).

3.3. Subcellular localization of MK3 splice variants

Inactive MK3 is sequestered in the nucleus [18,31]; however, the C-terminal of MK3.2 does
not include the NLS and NES found in MK3.1 (Fig. 1C). To compare the subcellular
localization 0fMK3.1 and MK3.2, constructs were engineered in a pIRES-EGFP vector
wherein MK3.1 orMK3.2 were modified to include a C-terminal V5 epitope tag and inserted
upstream of the internal ribosomal entry site. pIRES is a bicistronic vector that allows 2
separate proteins (e.g., MK3 and EGFP) to be simultaneously expressed from the same
mRNA. Immunoblotting for EGFP or the V5 epitope tag in lysates of HEK293t cells,
transfected with either pIRES-MK3.1-V5-EGFP or pIRES-MK3.2-V5-EGFP, demonstrated
that both forms of MK3 were expressed (Fig. 3). To determine the subcellular localization of
MK3.1 and MK3.2, and the effect of activation upon this localization, HEK293t cells,
transfected with either pIRES-MK3.1-V5-EGFP or pIRES-MK3.2-V5-EGFP, were serum-
starved and then incubated in the presence of 0.3 Msorbitol for 15 min to stimulate p38
MAPK [19]. The intracellular localization of MK3.1-V5 and MK3.2-V5 was revealed by
decorating fixed cells with anti-V5 antisera and imaging using a Zeiss LSM-510 confocal
fluorescence microscope. MK3.1-V5 localized to the nucleus in non-stimulated HEK293t
cells whereas MK3.2-V5 showed a more uniform subcellular distribution (Fig. 3A).
However, in response to hyperosmotic stress MK3.1-V5 translocated to the cytosol, whereas
the total cellular level of MK3.2-V5 immunoreactivity appeared to be reduced. Subsequent
analysis of MK3.1-V5 and MK3.2-V5 by SDS-PAGE and immunoblotting in lysates from
sorbitol-treated cells confirmed the loss of MK3.2-V5 immunoreactivity (Fig. 3B).
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Furthermore, pretreatment with the p38a./p inhibitor SB203580 (10 uM) prevented the
sorbitol-induced breakdown of MK3.2. In contrast, phorbol 12-myristate 13-acetate (0.1 M,
15 min), a potent activator of ERK1/2, did not induce the breakdown of MK3.2 (data not
shown). To confirm that sorbitol was indeed inducing the phosphorylation of MK3 at p38-
specific sites, an antibody against phosphorylated Thr-222 of human MK2 was employed.
This site is conserved in mouse MK2 (Thr-208) and MK3 (Thr-203). Phosphorylation of
MK3.1-V5 was observed following exposure to osmotic stress; however, no phosphorylated
MK3.2-V5 was detected in V5 immunoprecipitates (Fig. 3C). One explanation for these data
is that MK3.2 becomes unstable and is rapidly degraded upon phosphorylation by p38. To
further examine this possibility, Thr-203, the only remaining site for phosphorylation by p38
in MK3.2, was mutated to alanine. MK3.2 T203A was no longer degraded in response to
osmoatic stress (Fig. 3D). Blocking nuclear export of MK3.2 with leptomycin B did not alter
the stability of MK3.2-V5 whereas the preincubation with the proteosome inhibitor MG132
prevented the sorbitol-induced breakdown of MK3.2 (Fig. 3E). Taken together, these results
suggest that phosphorylation of exogenously expressed MK3.2-V5 at T203 resulted in its
rapid degradation by the proteosome.

3.4. Expression and purification of recombinant MK3.1 and MK3.2

Full-length MK3.1 and MK3.2 cDNAs were cloned into bacterial expression vector
pGEX-2T to produce fusion proteins with GST at the N-terminus, thus permitting
purification of the MK3 splice variants as GST-fusion proteins by affinity chromatography
on glutathione Sepharose. Induction with IPTG followed by purification on glutathione
Sepharose and SDS-PAGE revealed GST-MK3.1 and GST-MK3.2 fusion proteins of
approximately 65-kDa and 50-kDa, respectively, were expressed (Fig. 4A). The identity of
these bands was confirmed by immunoblotting using antisera against both GST and the N-
terminus of MK3 (Fig. 4B). Interestingly, although affinity purification resulted in relatively
pure preparations of GST-MK3.1 (Fig. 4A), preparations of GST-MK3.2 were characterized
by numerous other bands. Immunoblotting with antisera to GST or MK3 also revealed many
bands in GSTMK3.2 preparations following affinity purification (Fig. 4B). As these bands
were generally absent in preparations of GST-MK3.1, GST-MK3.2 may be prone to
degradation.

3.5. Activation of the MK3.1 and MK3.2 by ERK1/2 and p38 MAPKs

To compare the phosphorylation and activation of MK3.1 and MK3.2 by ERK1/2 and p38
MAPKS, in vitro kinase assays were performed. Based upon a sequence alignment of MK3
with MKZ2, there are 3 putative proline-directed sites in human MKS3 for phosphorylation by
p38 MAPK: Thr-201, Ser-251 and Thr-313 [19], which correspond to Thr-203, Ser-253 and
Thr-315 in murine MK3. ERK1/2 phosphorylates human MK3 at Thr-201 and Thr-313 [1]
whereas p38 may phosphorylate all 3 sites. The predicted amino acid sequence for MK3.2
indicates the loss of Thr-315 and the replacement of Pro-254 with an arginine. As a result of
this latter change, Ser-253 no longer lies within a p38 consensus phosphorylation sequence.
Thus, 2 out of 3 potential sites for phosphorylation by p38 are absent in MK3.2. To
determine if both MK3.1 and MK3.2 are phosphorylated and activated by ERK1/2 or p38
MAPK, purified recombinant GST-MK3.1 or GST-MK3.2 was incubated with hsp27, an in
vitro substrate of MK3 [1], together with the phosphorylated, activated forms of ERK1,
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ERK2 (Fig. 5A) or each p38 MAPK isoform (Fig. 5B) in kinase buffer containing
[y-32P]ATP and Mg2*. As p38a, B, and y mMRNAs were detected in RNA from both heart
and ventricular myocytes (Fig. 5C) and p38a., 8, and -y were detected at the protein level
(Fig. 5D), all 4 isoforms of p38 were examined in order to assess potential differences in the
ability of GST-MK3.1 and/or GST-MK3.2 to act downstream in the p38 cascade. Low levels
of p386 MRNA were also detected (not shown). To ensure that similar levels of activity were
employed in each case, the specific activity of ERK1/2 and each p38 isoform was
determined using MBP as a substrate. Although Thr-203 remained unaffected by splicing,
GST-MKa3.1, but not GST-MK3.2, was phosphorylated by ERKs 1 and 2. When
phosphorylated by ERK1/2, GST-MK3.1 was activated and phosphorylated hsp27. Both
GST-MK3.1 and GST-MK3.2 were phosphorylated by p38a and p38p (Fig. 5B); however,
GST-MK3.2 was phosphorylated to a much lesser extent than GST-MK3.1. Phosphorylation
of GST-MK3.1 and GSTMK3.2 by p38a./f resulted in increased catalytic activity towards
hsp27. In contrast, both MK3 variants were poor substrates for p386 and p38y (Fig. 5B).

To further characterize the ability of GST-MK3.1 and GST-MK3.2 to serve as substrates for
p38 MAPKS, and thus their role in p38 signaling, kinetic assays were performed using the
four p38 MAPK isoforms and MK3.1 and MK3.2 as well as MK2 and MKS5 as controls (see
Materials and methods). As shown previously [32], MK3.1 was phosphorylated by p38a and
B, and to a lesser extent & and -y (Fig. 6A, Table 1). MK3.2 was only poorly phosphorylated
by p38a and B (Fig. 6B, Table 1), this being characterized both by a higher Ky, and by Vinax
values that were over 20-fold lower than observed for MK3.1. Due to the low levels of
phosphate incorporation into MK3.2 catalyzed by p38y and 6 (Fig. 5B), further kinetic
analysis was not undertaken. MK2, which is 70% identical to MK3, was phosphorylated to
similar levels as MK3.1 by each isoform of p38 MAPK (Fig. 6C, Table 1). Phosphorylation
of MK5 was characterized by K, values similar to those of MK2 and MK3, but 10-100-fold
greater Vimax. In fact, under the /n vitro conditions employed herein, MK5 was the substrate
with the largest Vihax for each p38 isoform (Fig. 6D, Table 1). In each case, the observed
kinetic constants indicated that the MKs were better substrates for p38a and f than for & and

Y-

As discussed above, MK3.2 lacks two of the three sites for phosphorylation by p38 and this
may underlie its reduced capacity to serve as a substrate for p38; however, p38a and p38p
displayed high Vjax for phosphorylation of MK5, which also possesses only a single site for
p38. Alternatively, MK3.1 interacts with p38a./p via a docking domain located in its C-
terminal and this domain is absent in MK3.2. To study further the interaction between
MK3.2 and p38, GST pull-down assays were employed using lysates from cells transfected
with either MK3.1-V5 or MK3.2-V5 plus purified recombinant p38 MAPK isoforms (Fig.
7A). MK3.1-V5 bound to p38a and p38p but not p388 or p38y whereas MK3.2-V5 was not
precipitated by any of the p38 isoforms. In conclusion, MK3.2 was only poorly
phosphorylated by p38 and this likely resulted from the absence of a p38a./B-docking
domain and, hence, an inability to form high affinity interactions with p38. Similarly,
MK3.1-V5, but not MK3.2-V5, was pulled down by GST-ERK1 (Fig. 7B), and this inability
to form a high affinity interaction with ERK1 may underlie the ability of ERK1 and ERK2
to phosphorylate MK3.1-V5 but not MK3.2-V5 (Fig. 5A).
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4. Discussion

We have demonstrated the presence of a novel splice variant of MK3, which we have termed
MK3.2, in murine striated muscle. MK3.2, with an open reading frame of 798 bp, putatively
encodes a 266 aa protein, whereas MK3.1 has an open reading frame of 1152 bp and
encodes a 384 aa protein. The predicted amino acid sequence for the C-terminal of MK3.2,
starting at Leu-237, is unique and differs from that of MK3.1. As a result, MK3.2 is lacking
part of conserved protein kinase subdomain 1X and all of subdomains X and XI.
Furthermore, two (Ser-253 and Thr-315) of three potential phosphorylation sites for p38
(Thr-203, Ser-253, and Thr-315), both nuclear localization [19] and nuclear export [21]
signals, and a putative p38-docking domain are also absent. Northern analysis of MK3
expression revealed a major mRNA of 3.5-kb as well as a minor mRNA of 2-kb that was
absent in brain and showed highest abundance in cardiac and skeletal muscle [19].
Quantitative realtime PCR analysis revealed a predominance of mRNA for the MK3.1
variant with respect to that of the MK3.2 variant in mouse heart. MK3.2 was also detected in
skeletal muscle and, interestingly, the abundance of MK3.2 mRNA, relative to the level of
total MK3 transcript, was less in skeletal muscle than in the heart. MK3 and MK2 show
sequence identity of about 75% [13,19] and may serve similar physiological functions [23];
hence, we examined the possibility of compensatory changes in the expression or splicing of
MK3 in the absence of functional MK2. Although MK3 expression at the protein level was
reportedly unaltered in MK2™~ mice [23], the abundance of total MK3 mRNA was 2-fold
greater in MK2-deficient hearts (Fig. 2A) and the relative abundance of MK3.2 mRNA was
3-fold lower (Fig. 2B). A comparable increase in MK3.1 protein was also observed (Fig.
3D). Hence, in response to a deficiency of MK2, there was a compensatory increase in MK3
mRNA as well as altered splicing of theMK3 transcript; however, it is not currently known if
the increase in mRNA resulted from alterations in promoter activity versus mRNA stability.

MK2 and MK3 contain both functional NLS [13,19,33,34] and NES [21] in their C-termini.
The NLS is accessible in both the inactive and active forms of MK2 whereas access to the
NES is prevented by intramolecular interactions when MK2 is inactive. Phosphorylation at
Thr-317 by p38 MAPK induces a conformational change, activating MK2 and freeing the
NES. As a result, MK2 is rapidly exported from the nucleus. Hence, these motifs function
together to modulate the subcellular distribution of MK2 in a phosphorylation-dependent
manner [21]. Regulation of MK3 is thought to follow the same pattern. MK3.2 lacks both
NLS and NES, and ectopically expressed MK3.2-V5 displayed uniform distribution in
unstimulated HEK cells. In contrast, a fusion protein comprising GFP plus MK2 C-terminal
amino acids 315-383, containing both the NLS and the NES, localized exclusively to the
cytosol [21]. Unexpectedly, whereas MK3.1 translocated to the cytosol in response to
osmoatic stress, MK3.2 was degraded and this breakdown required the activation of an
SB203580-sensitive p38 MAPK, a phosphorylatable residue at amino acid position 203, and
an active proteosome.

Differences in substrate selectivity indicate that signaling through the p38 cascade diverges
following activation of the p38 MAPKSs [35-37]. Activation of MK2 and MK3 /n vivois
mediated by SB203580-sensitive p38 MAPK isoforms a and B [1,19,20]. /n vitro, MK3 and
MK2 are phosphorylated by p38a and p38p [1,19,35] and p38a phosphorylates MK2 and
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MK3 with similar substrate specificity constants (k.q/ Kin) [38]. Phosphorylation of MK2
and MK3 by p38+y has been controversial; however, when observed, the kinetics of
phosphorylation do not correlate with those of activation, suggesting that phosphorylation of
MK2 and MK3 by p38y is at sites unrelated to activation [35,39-41]. In the present study,
p38a and p38p phosphorylated MK3.2 but to a lesser extent than MK3.1. A splice variant of
MK2, MK2b, which lacks a C-terminal p38-docking domain [34,42,43] fails to co-
precipitate with p38, suggesting the p38-docking domain is required for MK2 to form a high
affinity complex with p38 [34]. Furthermore, disruption or prevention of the formation of
this complex using a synthetic peptide corresponding to the p38-docking domain (MK2
residues 370-400) inhibits phosphorylation of MK2 by p38a [44]. Similarly, MK3.1-V5,
but not MK3.2-V5, co-immunoprecipitated with p38a or B, suggesting that the lower levels
of phosphorylation of MK3.2, relative to MK3.1, observed /n vitro were a result of the lack
of high affinity binding between MK3.2 and either p38a. or p38p. This may also underlie the
inability of ERK1/2 to phosphorylate MK3.2, as MK3.1 was pulled down by ERK1 whereas
MK3.2 was not. All MKs were poor substrates for p386 and p38+y. Although missing
conserved protein kinase subdomains X and XI, including two of the predicted sites for
phosphorylation by p38 MAPK, MK3.2 was catalytically active, albeit weakly, upon
phosphorylation. Reduced catalytic activity may result from the absence of components
within the catalytic domain; however for full activation, MK3 must also be phosphorylated
at two of the three potential regulatory sites [1] and only one of these sites is functional in
MK3.2. The relevance of MK3.2 activation is unclear at present as ectopically expressed
MK3.2 was degraded upon activation of the p38a/B by osmotic stress.

Within the heart, the p38 cascade is activated by pro-hypertrophic stimuli including
endothelin-1, phenylephrine, angiotensin Il, mechanical stretch, and pressure overload [45—
48]. The targets for p38 MAPK signaling in the heart remain largely unknown.
Overexpression of constitutively active MKK3 together with wild-type p38a controls the
expression of genes related to cell division, inflammation, cell signaling, cell adhesion and
transcription [49]. Forced activation of p38 with arsenite or by transgenic overexpression of
constitutively active mutant MKK3bE or MKKGbE is associated with increased fibrosis,
negative inotropy, reduced cardiac function, and premature death due to cardiac failure
[25,50-52]. Alternatively, left ventricular remodeling secondary to coronary artery ligation
is unaffected by ablation of MKK3 [53] suggesting potential redundancy or functional
overlap in signaling upstream of p38. Furthermore, the scaffold protein TAB-1 activates
p38a in an MKK3-independent manner and p38a activated in this manner is retained within
the cytosol, thus targeting a spectrum of substrates distinct from those downstream of
MKK3-p38a signaling [54,55]. The role of p38p has not been extensively studied in the
heart. Although the results from the /n vitro experiments presented herein suggest that p38a
and B may play similar roles, others have shown that the functional roles of p38a. and f in
the myocyte are markedly different [10]. Kinetic analysis revealed that, among the MKs,
MKS5 was a better substrate for all the p38 isoforms /in vitro (Table 1), although its role as a
physiological substrate for p38 /n vivois controversial [56]. Furthermore, as shown
previously, p38a and B were better activators of the MKs than p388 and -y. In addition to
p38a and B, heart expresses p38y at both the mRNA and protein levels (Fig. 5C,D; [9]).
p38+y and p38a exert opposing effects upon activating protein 1-mediated transcription [37].
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Furthermore, the depressed contractile function associated with activation of p38 is not
reversed upon pharmacologic inhibition of p38 or expression of a dominant negative mutant
p38a [25,51,57] implying the involvement of p38y. Although p38a and B have been more
thoroughly studied due to the availability of selective inhibitors for these isoforms [58], the
role of p38y in regulating cardiac structure and/or function remains unknown.

5. Conclusions

We have identified a novel splice variant of MK3, MK3.2. mRNA encoding MK3.2 was
detected in both skeletal and cardiac muscles and the ratio of MK3.2 to total MK3 mRNA
differed between these two tissues, implying tissue-specific regulation of maturation of the
MK3 transcript. MK3.2, which lacked a p38-docking domain, did not bind p38, was only
poorly activated by p38a/p but displayed detectable catalytic activity towards hsp27 in vitro.
Interestingly, in resting HEK cells, MK3.1-V5 localized to the nucleus whereas MK3.2-V5
immunoreactivity was both nuclear and cytosolic; however, MK3.1-V5 translocated to the
cytosol upon hyperosmotic stress, whereas MK3.2-V5 was degraded. One possible
explanation for this would be that it allows for a rapid, selective inactivation of MK3.2-V5
without the requirement for a phosphatase. Future work aimed at identifying such a
substrate(s) is critical for understanding the role of MK3 in the heart. Finally, the biological
consequence of MK3.2 activation merits further investigation as it may play a distinct role in
mediating the cellular response to stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Supported by grants from the Canadian Institutes of Health Research (MOP-77791). BGA was a New Investigator
of the Heart and Stroke Foundation of Canada and a Senior Scholar of the Fondation de la Recherche en Santé du
Québec (FRSQ).

Abbreviations

DM SO dimethylsulfoxide

DTT dithiothreitol

ERK extracellular signal-related kinase
FPLC fast protein liquid chromatography
GST glutathione S-transferase

MAPK mitogen-activated protein kinase
MK2 MAPK-activated protein kinase-2
MK3 MAPK-activated protein kinase-3
MK5 MAPK-activated protein kinase-5
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MBP myelin basic protein

NES nuclear export signal

NLS nuclear localization signal

PKI cyclic AMP-dependent protein kinase inhibitory peptide
PAGE polyacrylamide gel electrophoresis

PM SF phenylmethylsulfonyl fluoride

TX-100 Triton X-100
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c¢DNA and amino acid alignment of MK3 splice variants. (A) Predicted amino acid sequence
of MK3.1 and MK3.2. Putative sites of phosphorylation by p38 MAPK (Thr-203, Ser-253,
and Thr-315) are indicated by an asterisk and the auto-phosphorylation site (Thr-319) is
indicated by a dot. Roman numerals above refer to the subdomains (I-1X) conserved in all
protein kinases. The consensus bipartite nuclear localization signal is underlined whereas the
putative nuclear export sequence is indicated by a double underline. Dashes represent gaps.
(B) Schematic representation of MK3.1 and MK3.2. “‘E’ nuclear export signal; ‘L’, nuclear

localization signal.
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Fig. 2.
Detection of the MK3.1 and MK3.2 in murine ventricular myocardium. (A) The relative

expression levels of total MK3 and MK3.2 mRNA were measured in RNA isolated from
murine ventricular myocardium (filled bars) or skeletal muscle (open bars) of wild-type
(MK2*/*) or MK2~/~ mice by gPCR. Values are normalized to the amount of total MK3
transcript in hearts from MK2*/* litter mates. (B) Abundance of MK3.2 mRNA expressed as
percentage of total MK3 mRNA. (C) MK3.1 and MK3.2 protein are detected in mouse heart
by immunoblotting. Recombinant GST-MK3.1 (lane a) and GST-MK3.2 (lane c), treated
with thrombin to remove the GST moiety, were electrophoresed alongside 100 ug of lysate
prepared from mouse ventricular myocardium (lane b). (D) Detection of MK3 protein in
lysates from MK2~/~ hearts and MK2*/* litter mates by immunoblotting. Shown on the
right, immunoreactive bands were quantified and normalized to GAPDH content. gPCR data
are the mean and S.E. (/7=8-10). *** p<0.001 vs. total MK3 in MK2*/* hearts (A) or
MK3.2/total MK3 in MK2*/* hearts (B); one-way ANOVA with Newman-Keuls post-hoc
analysis.
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Fig. 3.
Characterization of recombinant, expressed MK3.1-V5 and MK3.2-V5. (A) Subcellular

localization of MK3.1-V5 or MK3.2-V5 in response to osmotic stress. HEK293t cells were
transfected with pIRES-MK3.1-V5-EGFP or pIRES-MK3.2-VV5-EGFP, starved, stimulated
for 15 min with 0.3 M of sorbitol, fixed, labeled with V5 antisera and visualized by confocal
fluorescence microscopy. Scale bar is 10 uM. (B) Osmotic stress induces a rapid breakdown
of MK3.2-V5. HEK293t cells were transfected with pIRES-EGFP, pIRES-MK3.1-V5-EGFP
or pIRES-MK3.2-V5-EGFP and, where indicated, were starved, stimulated for 15 min with
0.3Mof sorbitol, rinsed with cold TBS, lysed, and V5 immunoreactivity revealed following
SDS-PAGE and immunoblotting. Where indicated, cells were pretreated with SB203580 (10
uM) for 10 min and then maintained for an additional 15 min in the presence of SB203580
and in the presence or absence of 0.3M sorbitol. Membranes were then stripped using 0.2 M
NaOH (2x10 min) and reprobed using EGFP-specific antisera. In separate immunoblots,
employing the same samples, filters were probed for phosphorylated p38 MAPK, stripped,
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and reprobed for total p38a. immunoreactivity. Numbers at the left indicate the positions of
the molecular mass marker proteins (in kDa). (C) Osmotic stress induces the
phosphorylation of MK3. HEK293t cells were transfected with pIRES-EGFP, pIRES-MK2-
V5-EGFP, pIRES-MK3.1-V5-EGFP or pIRES-MK3.2-V5-EGFP and, where indicated, were
starved, stimulated for 15 min with 0.3 Mof sorbitol, rinsed with cold TBS, lysed, and
probed with an antibody against human MK2phospho-threonine-222 following SDS-PAGE
and immunoblotting. MK3.1-V5 and MK3.2-V5 were immunoprecipitated from lysates (1
mg) using an anti-V5 antibody. (D) MK3.2-V5T203A does not degrade in response to
osmotic stress. HEK293t cells were transfected with pIRES-EGFP, pIRES-MK3.2-VV5-EGFP
or pIRES-MK3.2-V5 T203A-EGFP and, where indicated, were treated as described for
panel B. (E) Effect of leptomycin B and MG132 upon the stability of MK3.2 during osmotic
stress. HEK293t cells were transfected with pIRES-MK3.1-V5-EGFP or pIRES-MK3.2-V5-
EGFP and, where indicated, were starved, stimulated for 15 min with 0.3 M of sorbitol,
rinsed with cold TBS, lysed, and V5 immunoreactivity revealed following SDS-PAGE and
immunoblotting. Where indicated, cells were pretreated with leptomycin B (LMB; 20 nM,
30 min) [21] or MG132 (50 uM, 4 h) [59] and then maintained for an additional 15 min in
the presence of LMB or MG132 and in the presence or absence of 0.3 M sorbitol. Cells were
then rinsed with cold TBS, lysed, and V5 immunoreactivity revealed following SDS-PAGE
and immunoblotting.
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Fig. 4.
Expression of recombinant MK3 splice variants. (A) Aliquots of purified GST-MK3.1 and

GST-MK3.2 were resolved by 10-20% acrylamide-gradient SDS-PAGE then stained with
Coomassie blue. (B) Purified GST-MK3.1 and GST-MK3.2 were separated by 10-20%
acrylamide-gradient SDS-PAGE, transferred to nitrocellulose and probed with antisera
raised against GST (left) or MK3 (right). Numbers at the left indicate the positions of the
molecular mass marker proteins (in kDa).
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Phosphorylation of MK3 splice variants by ERK1/2 and p38 MAPK isoforms. Purified
proteins GST-MK3.1 and GST-MK3.2 were incubated for 1 h at 30 °C with phosphorylated,
activated forms of (A) ERK1, ERK2 or (B) each p38 MAPK isoform (5 mU). The specific

activity of each MAPK was determined using myelin basic protein (5 pg of MBP).

Following phosphorylation, samples were solubilized using SDS-PAGE sample buffer and

separated using SDS-PAGE. Gels were dried and 32P incorporation determined by

autoradiography. (C) The relative expression levels of p38a, p38@, and p38y mMRNA were
measured in RNA isolated from murine cardiac ventricular myocardium (filled bars) or
cardiac ventricular myocytes (open bars) of wild-type mice by qPCR using the primers listed
in Supplemental Table 2. Quantitation by qPCR was performed in triplicate: the results

shown are the means (£S.E.) of 3 (heart) or 2 (myocyte) biological replicates. (D) The

expression of p38a, p38P, and p38y proteins were examined in the indicated amounts of
murine ventricular lysate by immunoblotting using isoform-specific antisera.
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Fig. 6.
Kinetic analysis of p38 MAPK-mediated phosphorylation of MK2, MK3 and MKS5.

Different amounts of purified GST-MK3.1 (A), GST-MK3.2 (B), GST-MK2 (C), or GST-
MKS5 (D) were incubated with the phosphorylated, activated forms of p38a. (H), p38p (@),
p385 (A), or p38y (V). A time course of 32P incorporation was performed at 30 °C for
each indicated [S] as described in Materials and methods. Following phosphorylation,
samples were solubilized using SDS-PAGE sample buffer and separated using SDS-PAGE.
Gels were stained with Coomassie Brilliant Blue R-250, dried, the substrate band excised,
and 32p incorporation determined by liquid scintillation counting. The specific activity of the
[y32P]ATP was determined for each experiment.
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MK3.2 does not bind to p38 MAPK or ERK1. To determine if there are direct interactions
between MK3.2 and p38 (A) or ERK1 (B), lysates from HEK cells transfected with either
MK3.1-V5 or MK3.2-V5 (1 mg) were incubated with recombinant GSTp38a, GST-p38p,
GST-p388, GST-p38y, GST-ERK1 (1 ug) or GST. Co-precipitated MK3.1-V5 or MK3.2-V5
was detected by immunoblotting using anti-V5 antisera.
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Kinetic parameters describing p38 MAPK isoform-mediated phosphorylation of MK2, MK3, and MK5.

p38a p388  p386 p38y

K (M)

MK2 15.2 12.7 23.7 22.7

MK3.1 6.01 5.54 13.9 3.40

MK3.2  19.0 256 nd nd

MKS5 17.5 14.8 15.8 8.91
Vinax (pmol/min)

MK2 0.546  0.618 0.138 0.0185

MK3.1  0.537 0.883 0.208 0.0214

MK3.2 0.0296 0.0177 nd nd

MK5 2.59 462 0503 0.0402
Vinax! Km

MK2 36 49 5.8 0.82

MK3.1 89 160 8.4 24

MK3.2 1.6 0.69 nd nd

MKS5 150 310 32 4.5
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