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ABSTRACT. Hsp27 kinase activities were studied in adult rat ventricular myocytes following sequential
chromatography on Mono Q and Mono S. A basal level of activity was present following cell isolation.
FPLC on Mono Q revealed three peaks of activity, peaks ‘a’, ‘b’, and ‘c’. A fourth peak, ‘d’, was detected
upon subsequent chromatography of the Mono Q flow-through on Mono S. Immunoblotting revealed that
peaks ‘a’, ‘b’, and ‘c’ contained predominantly a 49 kDa form of MAPKAP kinase-2. Peak ‘d’ contained

a 43 kDa form. ‘In-gel’ kinase assays using hsp27 indicated both forms of MAPKAP kinase-2 were
active. No other bands of hsp27 kinase activity were detected. Both forms of hsp27 kinase immunopre-
cipitated with a MAPKAP kinase-2 antibody and have therefore been named MAPKAP Kingp<2)

and MAPKAP kinase-2 (p43). MAPKAP kinase-2 chromatographed on Superose 12 as a 60.7 kDa
monomer whereas the behavior of MAPKAP kinasesiggested both a 65.7 kDa monomer and higher
molecular mass complexes. Both activities phosphorylated hsp27 on serine residues, and two-dimensional
phosphopeptide mapping indicated the same sites were phosphorylated. A tumor-promoting phorbol ester,
phorbol 12-myristate 13-acetate (PMA), stimulated both MAPKAP kinasestd MAPKAP kinase-2

activity. Inhibition of MEK activation with PD 98059 or p883 MAP kinase activity with SB203580
blocked activation by PMA. However, whereas PD 98059 inhibited only the PMA-stimulated activation,
SB203580 inhibited both PMA-stimulated and basal hsp27 phosphorylation. These data demonstrate the
presence of two forms of MAPKAP kinase-2 in adult ventricular myocytes. Both forms are activated
indirectly by the ERK MAP kinase pathway and directly by p38 MAP kinase but independently regulated.

At least four isoforms of p38 MAP kinasbave now been  and inhibition of p38 during the second phase protected these
characterized including p88(1—4), p38./52 (5, 6), p38y cells from ischemic injuryX3). This apparent inconsistency
(7, 8), and p3%® (5, 9. Activation of p38 in the heart is  may be explained by activation of different isoforms of p38
thought to play a role in protecting the myocardium. The MAP kinase as p38 and p3® are present in the heart. The
p38 pathway is activated during myocardial ischemia, and activities of both p38 and p3® were increased in a mouse
this activation is maintained during reperfusiotOf 11). model of pressure overload and correlated with ventricular
Similarly, pretreatment with anisomycin, an activator of p38, hypertrophy 14). Transfecting neonatal myocytes with
protects isolated myocytes from ischemic injury whereas activated mutants of MAP kinase kinase 6b (MKK6b) and
inhibition of p38 using SB203580 abolishes the protective MAP kinase kinase 3b (MKK3b), upstream activators of
effect of preconditioning in isolated hearts). In cultured p38:. and p3®, evoked changes characteristic of the
neonatal myocytes under conditions of experimental is- hypertrophic phenotype (e.g., increase in cell size, enhanced
chemia, two distinct phases of activation of p38 occurred, sarcomeric organization, and elevated ANF expression) and
apoptosis, respectivelyl4). Coexpression of MKK6b with
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1, -2, and -3 and PRAK/MAPKAP kinase-5 have been shown Bradford protein assay reagent were from Bio-Rad. Micro-
to be activated by p3&( 16-20). The MAPKAP kinases  cystin LR and phorbol 12-myristate 13-acetate were from
phosphorylate several proteins including hsp2®),( the Calbiochem. The specific p38 MAP kinase inhibitor SB203580
cAMP response-element binding protein (CREBY)( and was a gift from Dr. John C. Lee (SmithKline Beecham, King
transcription factors ATF-11(7) and serum response factor of Prussia, PA). cAMP-dependent protein kinase inhibitor
(SRF) 1). Hence, it may be through one or more of these peptide (PKI, amino acid sequence TTYADFIASGRTGR-
MAPKAP kinase-activated pathways that p38 effects are RNAIHD) was from the University of Calgary Peptide
mediated. The 27 kDa heat shock protein (hsp27), or its Synthesis Core Facility. Canine hsp27, cloned into the
murine homologue hsp25, is expressed in many tissues.pET24a expression vectoB?), was a kind gift from Dr.
Hsp27 is phosphorylated in response to different forms of William Gerthoffer, Reno, NV. Anti-ERK1-CT antisera,
stress (e.g., heat shock, arsenite, osmotic stress, shear stresgjised against a synthetic peptide, CGGPFTFDMELDDLP-
and oxidative stress) and cytokines or agonists (e.g., mito- KERLKELIFQETARFQPGAPEAP, which corresponds to
gens, serum, interleukin 1, tumor necrosis factor, thrombin, residues 333367 of rat ERK1 MAP kinase and recognizes
histamine, and phorbol esters}, (22—26). Thus, hsp27 both ERK1 and ERK2, was a generous gift from Dr. Steven
phosphorylation appears to represent a common step inPelech, Vancouver, BC. Antibodies to MAPKAP kinase-2
multiple signal transduction pathways. Human hsp27 is (sc-6621) and ERK2 (sc-1647) were from Santa Cruz
phosphorylated at Ser-15, Ser-78, and Ser-82, all locatedBiotechnology Inc. HRP-conjugated secondary antibodies
within the kinase recognition motif X-X-Hyd-X-Arg-X-X-  were from Jackson Laboratories. Myelin basic protein was
Ser-X-X, where Hyd is a bulky hydrophobic residue 25). purified from bovine brain as described previousd@)( All
When heat shock, arsenite, or IL-1 stimulation occurs, hsp27 other reagents were of analytical grade or best grade
phosphorylation is catalyzed by mitogen-activated protein available.

kinase-activated kinase-2 (MAPKAP kinase-2) in a cascade Isolation of Ventricular Myocyteddale Sprague Dawley
distinct from that of Erk MAP kinase2( 4). Hsp27 is a rats (156-200 g) were injected intraperitoneally with 500
cytosolic actin-binding protein that functions to cap the units of heparin and anesthetized with pentobarbital (60 mg/
barbed end of filamentous actin (F-actin), thereby inhibiting kg). The hearts were then rapidly removed. Calcium-tolerant
actin polymerizationZ7, 2§. The control of hsp27 actin-  cardiomyocytes were isolated by Langendorff perfusion as
binding activity has been linked to its phosphorylation state described by Rodrigues and Seversa4)( resuspended in

in that only nonphosphorylated hsp27 binds aci9) (Local 10 mL of Joklik MEM buffer supplemented with 25 mM
phosphorylation of hsp27 could thus regulate the polymer- NaHCQ,, 1.2 mM MgSQ, 1 mM pL-carnitine, and 50@M
ization and organization of F-actin by freeing barbed ends CaCl (buffer A), and maintained under 95%,/6% CQ.

on microfilaments for the addition of monomerg9). The preparation provided-8.2 million cells/heart with 86
Unphosphorylated hsp27 exists in high molecular mass 85% viability, as assessed by counting quiescent cells with
complexes, and phosphorylation by MAPKAP kinase-2 rod-shaped morphology.

causes these complexes to dissociate to tetrarBrs3(). Stimulation of Myocytes and Preparation of Lysatedult
In addition, phosphorylation of hsp27 decreases its ability ventricular myocytes, in buffer A, were divided into 1 mL
to act as a molecular chaperone in vitr8l), Hence, aliquots in 1.5 mL microcentrifuge tubes and used im-

phosphorylation of hsp27 is associated with stabilization of mediately after isolation. PMA and inhibitors were added
the actin cytoskeleton, complex formation, and molecular directly to cells in buffer A from 1000-fold stock solutions
chaperone activity, and each of these may underlie its prepared in either 100% DMSO (PMA, PD 98059) or
cytoprotective effect. distilled water (SB203580). Pretreatment with L0
Herein, we show that two distinct forms of hsp27 kinase SB203580 or 1uM PD 98059 was for 5 min at room
activity are expressed in adult ventricular cardiac myocytes temperature. Stimulation with 10 nM PMA was for 5 min
and are resolved by sequential chromatography on Mono Qat room temperature. To terminate the incubation, cells were
and Mono S. Both activities immunoprecipitated with chilled to 0°C for 1 min, pelleted in a microcentrifuge at
antisera specific for MAPKAP kinase-2 and have therefore 3000 rpm and 3C for 5 min, and resuspended in 0.5 mL of
been named MAPKAP kinaseeaZMono Q) and MAPKAP ice-cold lysis buffer which comprised 50 mM Tris-HCI (pH
kinase-g (Mono S). Both forms are present as monomers 7.5 at 5°C), 20 mM -glycerophosphate, 20 mM NaF, 5
whereas MAPKAP kinasee?also forms higher molecular mM EDTA, 10 mM EGTA, 1 mM NavO, 10 mM
mass complexes. We have demonstrated that both forms aréenzamidine, 0.5 mM PMSF, 14g/mL leupeptin, 5 mM
activated directly by SB203580-sensitive forms of p38 MAP DTT, 1 uM microcystin LR, and 1% (v/v) Triton X-100.
kinase and indirectly by the ERK MAP kinase pathway. The Cells were extracted by mixing for 15 min at°& using a
differences in activity shown over time in freshly isolated clinical rotator, centrifuged at 130§@&nd 5°C for 15 min,
cells indicate that these kinases are regulated independentlyand the soluble fraction was retained. Protein concentrations
of one another; however, phosphopeptide mapping demon-were determined by the method of Bradfor85) using
strated that they catalyze the phosphorylation of the samebovine y-globulin as standard.
sites in hsp27, suggesting the same substrate specificity.  Fast Protein Liquid Chromatography of Myocyte Lysates.
In preparation for separation by fast protein liquid chroma-
EXPERIMENTAL PROCEDURES tography (FPLC), lysates were diluted to a protein concentra-
Materials. [y-3?P]ATP was from Amersham Pharmacia tion of 10 mg/mL with lysis buffer, recentrifuged (130§)0
Biotech. Membrane-grade (reduced) Triton X-100, leupeptin, 10 min, 5°C), and injected into a 0.5 mL sample loop. The
and PMSF were from Roche Molecular Biochemicals. SDS  chromatography system was maintained in a chromatography
polyacrylamide gel electrophoresis reagents, PVDF, andcabinet at 5°C. Separation was achieved using a Mono Q
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HR5/5 column equilibrated with 50 mM Tris-HCI (pH 7.4
at 5°C), 20 mM g-glycerophosphate, 2 mM EDTA, 2 mM
EGTA, 5% (v/v) glycerol, 0.03% (v/v) Brij 35, 1 mM
benzamidine, kg/mL leupeptin, 1 mM Ng/O,, and 0.1%
(v/v) p-mercaptoethanol. Followgna 5 mLisocratic wash,
proteins were eluted using a NaCl gradient (24 mt:0040

M NaCl; 0.1 mL, 0.46-1.0 M NaCl; 0.9 mL, 1.0 M NacCl)

at a flow rate of 0.3 mL/min. Sixty fractions of 0.5 mL were
collected. Fractions-8 from the Mono Q column, corre-
sponding to the flow-through and wash, were pooled, diluted
to 7 mL, and applied to a Mono S HR 5/5 column, using a
10 mL superloop, equilibrated with 20 mM HEPES (pH 7.5
at 5°C), 20 mMg-glycerophosphate, 2 mM EDTA, 2 mM
EGTA, 5% (v/v) glycerol, 0.03% (v/v) Brij 35, 1 mM
benzamidine, kg/mL leupeptin, 1 mM Ng/O,, and 0.1%
(v/v) p-mercaptoethanol (buffer B). Follongna 5 mL
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subjected to two-dimensional thin-layer electrophoresis/
chromatography as described previousBg)( Thin-layer
electrophoresis was for 40 min at pH 1.9 and°IQ For
phosphoamino acid analysisub aliquots were diluted in
0.3 mL Reacti-Vials to 5QuL, and an equal volume of
concentrated HCI was added. Samples were hydrolyzed for
90 min at 110°C, dried in a SpeedVac, and redissolved to
2000 cpmyL in dHO containing 0.25 mgl phosphoamino
acid standards (P-Ser, P-Tyr, P-Thr). A L0 aliqguot was
analyzed by thin-layer electrophoresis inMacetic acid/
pyridine (95:5:0.125)39) at 10°C and 1200 V for 35 min
on Kodak Chromatogram 13255 cellulose sheets without
indicator as described previousI$6g).

Electrophoresis and Immunaoblottingrotein samples were
subjected to SDSPAGE at 15°C, using a discontinuous
buffer system40), in 10—20% acrylamide-gradient slab gels

isocratic wash, proteins were eluted using a NaCl gradient (1.5 mm thick) with a 5% acrylamide stacking gel. Gels were

(24 mL, 0-0.40 M NaCl; 0.1 mL, 0.461.0 M NaCl; 0.9
mL, 1.0 M NaCl) at a flow rate of 0.4 mL/min. Seventy
fractions of 0.5 mL were collected.

Assay of ERK Actity. ERK was assayed by its ability to
phosphorylate MBP. Each FPLC fraction (2L) was
assayed for ERK activity. The assay was for 60 min at 30
°C in a final volume of 3QuL in the presence of 50 mM
Tris-HCI (pH 7.5 at 30°C), 13 mMpj-glycerophosphate, 0.5
mg/mL MBP, 10 mM MgC}, 1.3 mM EDTA, 1.3 mM
EGTA, 1.0 mM NaVOy, 0.1 mM [y-*2P]JATP (50-100 cpm/
pmol), 1uM PKI, 10 ug/mL leupeptin, and 10 mM DTT.
Reactions were initiated by the addition of 40 of 3x assay
media and terminated by spotting 20 onto 1.5x 1.5 cm

squares of P81 phosphocellulose paper which were im-

mediately immersed in 0.5%34R0O,. Papers were washed 3

times (5 min each, 500 mL) in 0.5%3R0, and dried, and

32p incorporation was quantified by Cerenkov countiB)
Assay of Hsp27 Kinase Acily. Hsp27 kinase activities

stained in 45% (v/v) denatured ethanol, 10% (v/v) acetic acid
containing 0.1% (w/v) Coomassie Brilliant Blue R-250 and
diffusion-destained in 20% (v/v) denatured ethanol containing
10% (v/v) acetic acid. Destained gels were dried between
two sheets of cellophane (BioDesign, Inc.) and exposed to
Kodak BioMax MR film for 24 h at—80 °C in cassettes
fitted with Kodak TranScreen-HE intensifying screens.
Following autoradiography, gels were exposed to Molecular
Imaging screens for 48 h, ai#P incorporation was digitized
and quantified by phosphorimaging (Bio-Rad GS 525 Mo-
lecular Analyzer). For immunoblotting, following SBS
PAGE, samples were transferred at 100 V amC5for 90

min onto PVDF membranes in a buffer comprising 25 mM
Tris base, 192 mM glycine, and 5% methanol. Membranes
were blocked fo 2 h in asolution comprising 5% (w/v)
skimmed milk powder (Carnation) in 25 mM Tris (pH 7.5
at 20°C), 150 mM NacCl (TBS), and 0.05% (v/v) Tween-20
(TBST). Membranes were incubated with primary antibodies,

were assayed using recombinant canine hsp27 as substratdiluted 1:1000 with 2.5% skimmed milk powder in TBS,

(16). The assay was for 60 min at 3C in a final volume

of 30 uL in the presence of 50 mM Tris-HCI (pH 7.5 at 30
°C), 13 mM pg-glycerophosphate, &g of hsp27, 10 mM
MgCl,, 1.3 mM EDTA, 2 mM EGTA, 1.0 mM Ng/O,, 10
uM [y-3?P]JATP (3.3 Ci/mmol), 1uM PKI, 10 ug/mL
leupeptin, and 10 mM DTT. Reactions were initiated by the
addition of 10uL of 3x assay media and terminated by the
addition of 10uL of 4x Laemmli sample buffer. The

for 16 h at 5°C. After washing, membranes were reblocked
with TBST containing 2.5% skimmed milk powder, and then
incubated in the presence of secondary antibody, horseradish
peroxidase-labeled donkey anti-goat immunoglobulin diluted
1:30 000, fo 2 h atroom temperature. Immune complexes
were detected by the ECL Western blotting detection method
(Renaissance, NEN Life Sciences) according to the manu-
facturer’s instructions and visualized using Kodak BioMax

phosphorylated substrate was separated by electrophoresibiL film.

on 10-20% SDS-polyacrylamide gradient gels and visual-
ized by autoradiography. The incorporation &P, into

‘In-Gel’ Kinase Assaylndicated fractions from Mono Q
or Mono S columns were concentrated using UltraFree-MC

hsp27 was quantified by phosphorimaging (Bio-Rad GS 525 (Millipore) centrifugal filtration units fitted with 10 kDa

Molecular Analyzer). For phosphoamino acid analysis and
phosphopeptide mappingxd of hsp27 was phosphorylated
for 60 min at 30°C, in the presence of either MAPKAP
kinase-2. or MAPKAP kinase-g, in 50 mM Tris-HCI (pH

7.5 at 30°C), 13 mM g-glycerophosphate, 10 mM Mgg&l
1.3 mM EDTA, 2 mM EGTA, 1.0 mM Ngv/O,, 10 uM
[y-32P]ATP (33 Ci/mmol), 1uM PKI, 1 uM microcystin LR,

10 ug/mL leupeptin, and 10 mM DTT. Following SBS

nominal molecular weight cutoff membranes. Concentrated
samples were resolved on-120% acrylamide-gradient gels
containing either 0.5 mg/mL MBP (ERK) or 10% mini gels
containing 0.5 mg/mL hsp27. After electrophoresis, gels were
washed with 20% 2-propanol in 50 mM Tris-HCI (pH 8.0),
and then with 50 mM Tris-HCI (pH 8.0) containing 5 mM
p-mercaptoethanol (buffer C). Gels were incubated for 60
min in buffer C containig 6 M guanidine hydrochloride,

PAGE, gels were stained, destained, dried, and autoradio-and then washed with, and incubated overnight &C5n,
graphed. Bands containing hsp27 were cut out of the dried buffer C plus 0.04% Tween-40. Gels were subsequently

gels and tryptic digests performed in situ using TPCK-trypsin
(Worthington) @7). Less than 5% of thé?P remained in
the gel chips following digestion. Peptides were then
dissolved in dHO to 2000 cpmiL. Samples (luL) were

washed with 50 mM Tris-HCI (pH 8.0) containing 5 mM
p-mercaptoethanol, 1 mM EGTA, 10 mM MggCland 0.1

uM PKI. In situ phosphorylation of MBP or hsp27 was
performed in 50 mM Tris-HCI (pH 8.0) containing 5 mM
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B-mercaptoethanol, 1 mM EGTA, 10 mM Mgg€lo.1 uM level of activity was present in myocyte extracts. FPLC on
PKI, and 10uM [y-3?P]JATP (2 uCi/mL) for 3 h at 20°C. Mono Q revealed a slightly asymmetric peak of hsp27-
After being washed with a 5% TCA solution containing 10% phosphorylating activity (Figure 1A, peak ‘a’) eluted at 130
sodium pyrophosphate, gels were dried and autoradio-mM NaCl. To establish the stability of this activation over
graphed. time, myocytes were also incubated at room temperature
Partial Purification of MAPKAP Kinase-2MAPKAP under 95% @5% CQ, for 90 or 180 min prior to lysis. These
kinase-2 was partially purified from canine heart as describedlonger incubations revealed that the activation of peak ‘a’
previously @1) with minor modifications. Briefly, canine  persisted for upd 3 h and therefore was not a short-term
hearts (96-120 g, Pel Freeze Biologicals) were minced and result of the cell isolation procedure. However, at 90 min a
homogenized using a Waring blender on low fox330 s much broader peak was observed in comparison with either
in 500 mL of Tris buffer (pH 7.5 at 8C) containing 5 mM 30 or 180 min. Peak ‘a’ was flanked by two additional peaks
EGTA, 5 mM EDTA, 0.1% (v/v)5-mercaptoethanol, 1 mM  of activity, eluting at 110 mM (peak ‘b’) and 145 mM (peak
benzamidine, and 0.1 mM PMSF. The resulting homogenate‘c’) NaCl. In addition, a low level of activity was detected
was centrifuged for 35 min at 5000 filtered through in Mono Q flow-through and wash fractions. When Mono
cheesecloth, and then centrifuged again for 30 min at Q fractions 8 were pooled and applied to a Mono S
10000@. The pH of the supernatant was readjusted to 7.5 column, a peak of hsp27-phosphorylation activity (peak ‘d’)
with 1.0 M Tris base and then applied to a %6 cm CM- was observed eluting at 160 mM NaCl (Figure 1B). The
Sephadex G-25 column equilibrated with 20 mM MOPS (pH unmasking of the hsp27 kinase activity in the Mono Q flow-
7.5 at 5°C), 1 mM EGTA, 1 mM EDTA, 0.1% (v/v) through following chromatography on Mono S suggests the
p-mercaptoethanol, 1 mM benzamidine, and 0.1 mM PMSF presence of an inhibitor of this kinase activity. Whereas the
(buffer D). The column was washed with equilibration buffer activity eluting from Mono Q as peak ‘a’ remained un-
until the Aggo returned to baseline, and MAPKAP kinase-2 changed, the activity eluting from Mono S (peak ‘d’) was
was eluted with 200 mL of buffer D containing 300 mM detected at 30 min but was absent following 90 or 180 min
NaCl. The eluate was adjusted to 45% saturation with solid of incubation.
ammonium sulfate over 30 min, left mixing at°® for 30 To determine if MAPKAP kinase-2 copurified with hsp27
min, and then centrifuged for 10 min at 10@00The kinase activity, samples were resolved on SIPRAGE,
supernatant was discarded, and the pellet was resuspendegiansferred onto PVDF, and probed with specific antisera.
in 3 mL of 5 mM MOPS (pH 7.5 at 8C), 0.25 mM EGTA, Immunoblot analysis revealed a prominent band of 49 kDa
1.0 mM EDTA, 0.1% (v/v)-mercaptoethanol, 1 mM in peaks ‘a’, ‘b’, and ‘c’ (Figure 1C). In addition, peak ‘a’
benzamidine, and 0.1 mM PMSF (buffer E) and dialyzed contained a minor immunoreactive band of 52 kDa. Immu-
for 16 h against 500 mL of buffer with 3 changes. After noreactive bands of 43, 49, and 70 kDa were detected in
centrifugation for 60 min at 1000@0the supernatant was peak ‘d’. To determine which of the bands detected by
applied to a Ix 5 cm DEAE-Sephacel column equilibrated immunoblotting represented active forms of MAPKAP
with buffer E and subsequently washed with buffer E. Three kinase, FPLC fractions were concentrated 10-fold, and in-
fractions of 12 mL each, including the flow-through, were gel kinase assays were performed with hsp27 as the substrate
collected. Fractions 1 and 2 were combined, diluted 1:3 with (Figure 1D). These experiments revealed that peaks ‘a’, ‘b’,
buffer B, and chromatographed on Mono S as describedand ‘c’ contained a 55 kDa renaturable hsp27 kinase activity
above. The fractions from Mono S were screened for whereas in peak ‘d’ a kinase of 47 kDa was active. The
MAPKAP kinase-2 immunoreactivity and the peak fractions values for molecular mass determined by immunoblotting
pooled and stored at80 °C. differ from those determined in the gel kinase assay due to
differences in the electrophoretic mobility of the prestained
RESULTS standards on large acrylamide-gradient gels versus isogradic
There are currently five known MAP kinase-activated mini gels. The 47 and 55 kDa renaturable kinase activities
protein kinases (MAPKAP kinases), and three of these, detected in the in-gel kinase assays correspond to the 43 and
MAPKAP kinase-2 16), MAPKAP kinase-3 42), and 49 kDa immunoreactive bands, respectively. No other bands
MAPKAP kinase-5/PRAK 20), have been shown to phos- of hsp27-phosphorylating activity were detected using the
phorylate hsp27. The activation of the different kinases in-gel kinase assay system. Similarly, no bands were
catalyzing the phosphorylation of hsp27 was studied in adult observed in the in-gel kinase assay if the substrate hsp27
rat ventricular myocytes. Hsp27 phosphorylating activity was was omitted from the gel (not shown). Occasionally, some
detected in freshly isolated, unstimulated, cardiac myocytesof the lower molecular weight form was detected in the Mono
(data not shown). To determine if this represented a short-Q fractions (e.g., Figure 1D, lane 2), suggesting a weak
term activation of hsp27 kinase(s) due to the cell isolation interaction with Mono Q was possible under the chroma-
procedure versus a prolonged activation, these activities weretography conditions employed. When the ionic strengths of
determined at various times following cell isolation. Cells the lysis buffer and the Mono Q buffer were decreased by
were isolated and allowed to recover for 30, 90, or 180 min using 10 MM MOPS-HCI (pH 7.5) in place of 50 mM Tris-
at room temperature under 95%/&% CG;, and then lysates  HCI (pH 7.5), greater than 95% of the hsp27 kinase activity
were prepared. Cell viability was also determined at each was retained on Mono Q (not shown).
time point. The lysates were resolved by sequential FPLC To determine the extent to which MAPKAP kinase-2
(see below) on Mono Q and Mono S, and hsp27 phospho-contributed to the hsp27-phosphorylating activities detected
rylating activity was assessed. Whereas extracts preparen Mono Q and Mono S, the ability and extent to which
from unstimulated, snap-frozen whole rat ventricles exhibited these activities were immunoprecipitated by antisera specific
no hsp27-phosphorylating activity (data not shown), a basal to MAPKAP kinase-2 were studied. Peak fractions from both
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Ficure 1: MAPKAP kinase-2 activity in unstimulated myocytes. Rat ventricular myocytes were freshly isolated and incubated at room
temperature under an atmosphere of 95%6% CQ,, and then lysates were prepared after 30, 90, or 180 min as described under Experimental
Procedures. Five milligrams of lysate was applied to the Mono Q column and chromatographed as described under Experimental Procedures.
(A) MAPKAP kinase-2 activity was measured in the indicated Mono Q fractions, using hsp27 as substrate, derived from BJI9GBO (

(@), or 180 (&) min after isolation. The NaCl gradient is shown by the dashed line. (B) FractioBsdorresponding to the flow-through

and wash, from the Mono Q column were pooled, diluted to 7 mL with Mono S buffer, applied to a Mono S HR 5/5 column, and
chromatographed as described under Experimental Procedures. MAPKAP kinase-2 activity was measured in the indicated Mono S fractions,
using hsp27 as substrate, derived from cellsiB)) 90 @), or 180 (&) min after isolation. The NaCl gradient is shown by the dashed line.
Hsp27 phosphorylation was quantified by phosphorimaging. Kinase activity was normalized to the highest activity detected in this experiment
and expressed as relative kinase activity. The four peaks of hsp27-phosphorylating activity are tadelge) and (D) Indicated column

fractions were concentrated 10-fold and 20 aliquots analyzed by immunoblotting and ‘in-gel’ kinase assays. (C) Indicated fractions

from either the Mono Q or the Mono S columns were resolved orn20%% acrylamide gradient SBFAGE, transferred to PVDF, and

probed with MAPKAP kinase-2-specific antisera. (D) Indicated fractions from either the Mono Q or the Mono S columns were resolved
on 10% SDS-PAGE mini-gels containing 0.5 mg/mL hsp27, and in situ phosphorylation of hsp27 was assayed as described under
Experimental Procedures. Numbers to the left of the panels indicate the positions of the prestained molecular mass marker proteins (in
kDa). Letters and numbers below indicate, respectively, the peak and time post-isolation (in min). These results are representative of two
(C, D) or three (A, B) independent experiments performed on different myocyte preparations.

Mono Q and Mono S were examined. In both cases, in the P

presence of the MAPKAP kinase-2-specific sera, the hsp27- [® ®® o hpz
phosphorylating Qctivity was recovered in the immune mapkaPK2[ T - [+ - T+ [-1+1-
complex whereas in the presence of control preimmune sera controlf - J+]-J+]-T+]-[+

the kinase activity remained in the supernatant (Figure 2). T e (i

Quantification by phosphorimaging revealed that, relative to - ) o )
the control sera, MAPKAP kinase-2 antisera precipitated FIGURE 2: Immunoprecipitation of hsp27 kinase activities with

A o S MAPKAP kinase-2 antisera. Aliquots (3fL) of fractions contain-
94% (‘)f’the activity in peak ‘a’ and 96% of the activity in  jyq the peak of hsp27-phosphorylating activity from the Mono Q
peak ‘d’. When purified from rabbit skeletal muscle, MAP-  and Mono S columns were incubated in the presence of either

KAP kinase-2 was found to exist as two closely related forms MAPKAP kinase-2 or preimmune serum precoupled to protein A/G
of 53 and 60 kDa, respectivel¢1). The two immunoreactive Sepharose at 5C for 16 h. A 20uL aliquot of the supernatant

forms of MAPKAP kinase-2 from rat myocytes possessed ‘é"gsn:ﬁ,lm%'g_j,’_glld(;ze ?‘34”6;? ‘g’fgf V\g%hergl\fl' t,'\lrgg V\%h rlnm L of
the same electrophoretic mobility as the two forms present g_giycerophosphate, 2 mM EDTA, 2 mM EGTA, 5% (v/v) glycerol,

in MAPKAP kinase-2 partially purified from canine heart 0.03% (v/v) Brij 35, 1 mM benzamidine, Ag/mL leupeptin, 1

(Figure 3), and the two activities detected herein were taken MM NagVO,, and 0.1% (v/v)3-mercaptoethanol. Hsp27 phospho-

to represent these two forms of this enzyme. Thus, we haverylatlon was subsequently determined as described under Experi-
luded that both f f hsp27-bh h ' lati ' . - “mental Procedures. This result is representative of two independent

concluded that both forms of hsp 7-phosphorylating activity experiments.

represent MAPKAP kinase-2 and for the purposes of clarity

will refer to p49 as MAPKAP kinasee? and p43 as To determine if the differences in chromatographic proper-

MAPKAP kinase-3. ties of MAPKAP kinase-& and -3 result from the forma-
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species along with the 65700 Da monomeric form. In
1224 addition, a peak of activity eluted with an apparent molecular
934 mass of 240 700 Da. In immune complex assays, each of
these activities was precipitated by MAPKAP kinase-2-
specific antisera (data not shown). These results suggest that

51 e =

' e .. b MAPKAP kinase-2. exists both as a monomer and in higher
397 molecular mass complexes, whereas MAPKAP king$és2
30+ 3 . é' only present in monomeric form.

) . o . Following sequential chromatography on Mono Q and
Ficure 3: MAPKAP kinase-2 immunoreactivity in cardiac myo-  nMono S of lysates from arsenite-stimulated PC12 cells or

cytes. MAPKAP kinase-2, purified from canine heart as described : .
under Experimental Procedures, and fractions corresponding to the€at-shocked Hela cells, MAPKAP kinase-2 activity was

peaks of hsp27 kinase activity from Mono Q and Mono S were detected, using the substrate peptide KKLNRTLSV, in the
resolved on 1620% acrylamide gradient SBSPAGE, transferred  flow-through fractions but was not retained by Mono4). (

to PVDF, and probed with MAPKAP kinase-2-specific antisera. Using intact canine hsp27, we have always observed MAP-
The FPLC fractions were concentrated 10-fold. Numbers to the \« Ap kinase-2x activity in cardiac myocytes. Similarly, a

left of the panels indicate the positions of the prestained molecular . . ) .
mass marker proteins (in kDa). Arrows to the right of the panels MAPKAP kinase-2 activity was detected using hsp27 in

indicate the positions of the 43 and 49 kDa forms. The numbers Mono Q fractions from neutrophils following stimulation

below the panel indicate the following samples: S, MAPKAP with N-formyl-methionyl-leucyl-phenylalanine (fMLPX%Q)

kinase-2 purified from canine heart; 1, Mono Q peak; 2, Mono S and MRC-5 fibroblasts stimulated with interleukin-1 or tumor

peak. This result is representative of two independent experiments. o~ cis factorad). The consensus phosphorylation sequence
for MAPKAP kinase-2 is X-X-Hyd-X-Arg-X-X-Ser-X-X,

@ & ) 2 where Hyd is a bulky hydrophobic residue (Phe, Leu, lle)

Y (44). Small changes in this consensus sequence, such as
changing serine to threonine, are not well tolerated by
MAPKAP kinase-2. Hsp27 contains three serine residues in
sequences fitting this consensus sequence that are phospho-
rylated in vivo in response to growth factors and heat
shock: Ser-15, Ser-78, and Ser-82 of human hsi®y, (
corresponding to Ser-15, Ser-82, and Ser-86 of canine hsp27
(45). Ser-82 in the human sequence, corresponding to Ser-
86 in the canine sequence, was preferentially phosphorylated
in vitro by MAPKAP kinase-2 purified from rabbit skeletal
. muscle (6). One possible explanation for not detecting
000t o % ) pr] MAPKAP kinase-2. activity is that the two forms of

fraction number MAPKAP kinase-2 have different preferences with respect
FiGURE 4: Gel filtration of hsp27 kinase activities on Superose tg the sites phosphorylated in hsp27 and the peptide is only
12. Hsp27 kinase activities were resolved by sequential chroma- ¢ ;ito11e as a substrate for MAPKAP kinasg-7Zo test this
tography on Mono QW) and Mono S @). Aliquots (300uL) from o .
the peak activity fractions were concentrated tq&Cand applied ~ POssibility, hsp27 was phosphorylated by either MAPKAP
to a Superose 12 column (1:030 cm) equilibrated with 50 mM  kinase-2« or MAPKAP kinase-g and subjected to both
Tris-HCI (pH 7.4 at 5°C), 150 mM NaCl, 20 mM3-glycerophos- phosphoamino acid analysis and phosphopeptide mapping.
phate, 2 mM EDTA, 2mM EGTA, 5% (v/v) glycerol, 0.03% (v/V)  phosphoamino acid analysis revealed that both forms of

Brij 35, 1 mM benzamidine, kg/mL leupeptin, 1 mM Ng/O,, . ) .
and 0.1% (v/v)3-mercaptoethanol. The flow rate was 0.1 mL/min. MAPKAP kinase-2 phosphorylated hsp27 solely on serine

Between 8.0 mL \;) and 16.0 mL, fractions of 0.2 mL were (Figure 5). This is consistent with the findings of Stokoe et
collected and assayed for hsp27 phosphorylation as described undeal. (44) where replacement of serine with threonine in the
Experimental Procedures. The arrows denote the positions of thesubstrate peptide KKLNRTLSV resulted in a 33-fold de-
marker proteins catalase (232 kDa), bovine serum albumin (67 kDa), crease in phosphorylation by MAPAKP kinase-2. Two-

ovalbumin (43 kDa), and chymotrypsinogen (25 kDa). Peak . : . . )
activities before normalization were 13 200 PR mn? for dimensional phosphopeptide mapping confirmed that MAP-

MAPKAP kinase-2 and 16 600 PD< mm? for MAPKAP kinase- ~ KAP kinase-2 and MAPKAP kinase-2 phosphorylated
2B. This result is representative of two independent experiments. hsp27 at the same sites. The tryptic phosphopeptide maps

of hsp27 phosphorylated by MAPKAP kinase-ZFigure
tion of complexes, myocyte lysates were subjected to 6A), MAPKAP kinase-3 (Figure 6B), and a mixture of the
sequential chromatography on Mono Q and Mono S, and two (Figure 6C) were identical. In each case, three phos-
the fractions corresponding to the peak of hsp27-phospho-phopeptides were detected: two intense and one weak. These
rylating activity were concentrated 6-fold and resolved on results indicate that the two forms of MAPKAP kinase-2 do
Superose 12 (Figure 4). The apparent molecular masses ofot differ in selectivity of phosphorylation sites on hsp27.
MAPKAP kinase-2c and -3, as determined by gel filtration, ~ The lack of MAPKAP kinase-2 activity retained on Mono
were 65 700 and 60 700 Da, respectively. The sequence forQ reported by Rouse et ak)(may be a result of cell type,
MAPKAP kinase-2 predicts a mass of 45 000 Da: hence, as the regulation of both INK and MAP kinase kinase have
both forms were present as monomers. However, whereasbeen shown to differ depending upon the nature of the
MAPKAP kinase-3 eluted as a single symmetrical peak of cellular stress or the cell type employetby.
kinase activity, the elution profile for MAPKAP kinasex2 Hsp27 becomes phosphorylated in many cells in response
was asymmetric, suggesting the presence of higher masdo stimuli such as tumor necrosis facto?5( 47-49),

[=} o -
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Ficure 5: Phosphoamino acid analysis of hsp27 phosphorylated fraction number
by MAPKAP kinase-22 and MAPKAP kinase-2. [3?P]Hsp27
phosphorylated by MAPKAP kinasex2(lane 1) or MAPKAP B

kinase-B (lane 2) was separated by SBBAGE, identified by
autoradiography, and excised from the gel as described under
Experimental Procedures. Following in situ tryptic digestion in gel

—
-

P — —

chips and acid hydrolysis, phosphoamino acids were separated and .
identified by thin-layer electrophoresis. This result is representative 24 &= fz::cffn ﬁﬁmt?:fr 31 32 33

of two independent experiments.

A B c C

- - . L@paa Erk 1

o i .  €p42 Erk 2
24 25 26 27 28 29 30 31 32 33
fraction number
Ficure 7: Activation of ERK MAP kinases by PMA. Rat
ventricular myocytes were isolated, and the preparation was equally
o] o] (o] divided into 4 tubes, and then immediately treated as follows:
control (A, O); treated with 10 nM PMA for 5 min (AM);
e pretreated for 5 min with 1@M PD 98059 followed by 10 nM
LT PMA for 5 min (A, ¥); pretreated for 5 min with 1M SB203580

) ) followed by 10 nM PMA for 5 min (A,a). Following treatment,
FiGURE 6: Phosphopeptide mapping of hsp27 phosphorylated by the cells were transferred onto ice and lysates prepaxes mg
MAPKAP kinase-2. and MAPKAP kinase-2. Hsp27 was phos-  sample of each lysate was applied to a Mono Q HR 5/5 column
phorylated by incubation with MAPKAP kinasexdr MAPKAP and chromatographed as described under Experimental Procedures.
kinase-g for 60 min. After separation by SDSPAGE, hsp27  (A) Column fractions were assayed for myelin basic protein (MBP)
bands were identified by autoradiography and excised from the gel. phosphorylating activities. The two peaks of activity are labeled 1
Following tryptic digestion, peptides were separated by two- and 2. The NaCl gradient is shown by the dashed line. (B and C)
dimensional thin layer electrophoresis/chromatography, and phos-sejected column fractions (Mono Q fractions 24 through 33) were
phopeptides were identified by autoradiography. (A) MAPKAP  concentrated 20-fold and resolved on-ED% acrylamide-gradient
kinase-2; (B) MAPKAP kinase-; (C) MAPKAP kinase-2. + SDS-PAGE gels containing 0.5 mg/mL myelin basic protein, and
MAPKAP kinase-B. The ‘O’ on each panel indicates the original  in situ phosphorylation of myelin basic protein was assayed as
sample loading site. The cathode)(and anode<) are onthe left  gescribed under Experimental Procedures. (B) PMA-treated cells;
and right sides, respectively, of each panel. This result is repre- (C) control cells. Numbers below the panels indicate the column
sentative of two independent experiments. fractions from panel A. This result is representative of six

interleukin-1 @8, 50, platelet-derived growth facto5(), independent experiments.

fMLP (43), fibroblast growth factor25, 50, arsenite 25), activity (Figure 7A, peaks 1 and 2) eluting at 140 and 190
serum @5), thrombin @5), tumor-promoting phorbol esters mM NaCl. Four criteria were used to identify the peaks of
(25, 49, 51, 52 fluid shear stres2@), and heat shock26, MBP kinase activity as the ERK MAP kinases. First, the
53—55). Several of the stimuli that induce the phosphoryl- Mono Q elution profile is similar to that previously described
ation of hsp27 are known to activate ERK, and ERK has for ERK in cells exposed to PMA. Second, immunoblot
been shown to phosphorylate and activate MAPKAP kinase-2 analysis of Mono Q fractions using antisera specific to both
in vitro (41). To determine if the ERK MAP kinase cascade ERK1 and ERK2 revealed the presence of immunoreactive
could directly activate either MAPKAP kinasexdr MAP- bands at 44 kDa (ERK1) in both peaks 1 and 2 whereas the
KAP kinase-2 in vivo in cardiac myocytes, myocytes were 42 kDa band (ERK2) was detected only in peak 1 (not
treated with phorbol 12-myristate 13-acetate (PMA, 10 nM) shown). These results were confirmed using ERK2-specific
for 5 min prior to lysis. Tumor-promoting phorbol esters, antibody (Santa Cruz cs-1647). Third, when Mono Q frac-
including PMA, represent the most potent known activators tions were concentrated and resolved on-20% acryl-

of the ERK MAP kinase pathway in cardiac myocytes. First, amide-gradient SDSPAGE gels containing MBP and MBP
experiments were performed to ensure that the ERK MAP phosphorylation was determined in situ in the gels, peak 1
kinase cascade remained intact in these cells following MBP kinase activity migrated at 42 kDa and peak 2 MBP
isolation and was responding under the experimental condi-kinase activity migrated at 44 kDa (Figure 7B). Peak 2 also
tions employed. FPLC of the myocyte lysates on Mono Q contained an unidentified 41 kDa MBP kinase activity. No
revealed two major peaks of PMA-stimulated MBP kinase phosphorylation was observed in the in-gel assays when
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Ficure 8: Effect of PD 98059 or SB203580 upon PMA-stimulated hsp27 kinase activity. Rat ventricular myocytes were isolated and
immediately treated as described below. Following treatment, the cells were transferred onto ice and lysates Arpageshmple of

each lysate was applied to a Mono Q HR 5/5 column and chromatographed as described under Experimental Procedures. (A) MAPKAP
kinase-2 activity was measured in the indicated Mono Q fractions, using hsp27 as substrate. Treatments were as follow&);cbdtrol (

nM PMA for 5 min (); pretreated for 5 min with 1@M PD 98059 followed by 10 nM PMA for 5 minX); pretreated for 5 min with 10

uM SB203580 followed by 10 nM PMA for 5 mina). (B) Fractions 18, corresponding to the flow-through and wash, from the Mono

Q column were pooled, applied to a Mono S HR 5/5 column, and chromatographed as described under Experimental Procedures. MAPKAP
kinase-2 activity was measured in the indicated Mono S fractions, using hsp27 as substrate. The NaCl gradient is shown by the dashed line.
Hsp27 phosphorylation was quantified by phosphorimaging. Kinase activity was normalized to the highest activity detected in this experiment

and expressed as relative kinase activity. These results are representative of three independent experiments performed on different myocyte
preparations

Mono Q fractions from unstimulated cell lysates were Myocytes were stimulated with PMA (10 nM, 5 min), and
examined (Figure 7C). Similarly, no activity was detected hsp27 phosphorylation was examined following sequential
when MBP was omitted from the gel. Finally, both of these chromatography on Mono Q and Mono S (Figure 8A,B).
peaks were absent if cells were pretreated with an inhibitor PMA increased hsp27 kinase activity by-2-fold over the
of MEK activation, PD 98059 (1&M, 5 min). Thus, the basal activity. To determine the extent to which hsp27
ERK cascade was intact in these cells, and the conditionsphosphorylation is regulated by p38 in vivo, cells were
employed were appropriate for activation of this pathway. pretreated with a specific inhibitor for theandg forms of

In light of results in Figure 1 suggesting differences in p38 MAP kinase, SB203580 (1&M, 5 min). Blocking of
the activation or inactivation of MAPKAP kinasex2and p38u/p for 5 min inhibited hsp27 phosphorylation in both
MAPKAP kinase-3, we determined if any of the hsp27 the Mono Q and Mono S fractions in both the presence
kinase activities were downstream of the ERK pathway. (Figure 8A,B) and absence (Figure 9A,B) of PMA. Whereas
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Ficure 9: Effect of PD 98059 or SB203580 upon basal hsp27 kinase activity. Rat ventricular myocytes were isolated and immediately
treated as described below. Following treatment, the cells were transferred onto ice and lysates. gxépargdample of each lysate was

applied to a Mono Q HR 5/5 column and chromatographed as described under Experimental Procedures. (A) MAPKAP kinase-2 activity
was measured in the indicated Mono Q fractions, using hsp27 as substrate. Treatments were as followsOgdreaibf for 5 min with

10 uM PD 98059 @); treated for 5 min with 1«M SB203580 ¢7). The NaCl gradient is shown by the dashed line. (B) Fraction8, 1
corresponding to the flow-through and wash, from the Mono Q column were pooled, applied to a Mono S HR 5/5 column, and
chromatographed as described under Experimental Procedures. MAPKAP kinase-2 activity was measured in the indicated Mono S fractions,
using hsp27 as substrate. The NaCl gradient is shown by the dashed line. Hsp27 phosphorylation was quantified by phosphorimaging.
These results are representative of three independent experiments performed on different myocyte preparations.

blocking MEK activation with PD 98059 was able to block DISCUSSION

the PMA-mediated activation of MAPKAP kinase-2, this

compound did not inhibit the basal hsp27 phosphorylation.  In this report we demonstrate the presence of two distinct
The fact that the basal activity was inhibited by SB203580 forms of hsp27 kinase activity in adult rat cardiac myocytes.
suggests that MAPKAP kinase-2 is under strong phosphataseSequential chromatography on Mono Q and Mono S resulted
control and that the MAPKAP kinase-2 activity measured in complete separation of these two activities. The different
in nonstimulated cells is a result of tonic activation of the hsp27 kinase activities could result from one of the follow-

entire p38 pathway. Taken together, these data indicate thaing: (1) the expression of different kinases; (2) the same
p38x and/or p3@ are in vivo regulators of hsp27-phospho- kinase as part of different complexes; (3) posttranslational
rylating activities in adult ventricular myocytes whereas any modification; or (4) alternative splicing. There are currently

effects of the ERK pathway are indirect, involving members five known kinases that have been shown to catalyze the
of the ERK cascade acting upon upstream components ofphosphorylation of hsp27: the cyclic AMP-dependent protein
the p38 cascade. kinase (PKA) b6), protein kinase C (PKC)56, 57,
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MAPKAP kinase-2 16), MAPKAP kinase-3 42), and
MAPKAP kinase-5/PRAK 20, 58. Phosphorylation by PKC

Chevalier and Allen

Subsequent work showed it to be activated in vivo by p38
MAP kinase (—4). Tumor-promoting phorbol esters, potent

is lipid-dependent, and the experiments conducted hereinactivators of the ERK MAP kinase cascade, have been shown
were performed without lipid and in the presence of EGTA to induce phosphorylation of hsp27 in vivdg, 49, 51, 52,
plus the inhibitory peptide of PKA (PKI, ZM); hence, these 60, 61). However, others have reported a lack of effect of
kinases would not be active. All hsp27 phosphorylation was phorbol esters upon hsp27 phosphorylati@#)( These
sensitive to inhibition of p38 MAP kinase with SB203580. differences may be cell-type-related as cell-type differences
Furthermore, hsp27 kinase activities on both Mono Q and have been associated with the regulation of transfected c-Jun
Mono S were immunoprecipitated by an antibody to human N-terminal kinases (JNK) and MAP kinase kinase isoforms
MAPKAP kinase-2. In addition, MAPKAP kinase-3 requires (46) and with the responses of the ERK pathway to PMA

a higher concentration of NaCl for elution from Mono S than (62). As the ERKs are not able to phosphorylate hsp27

MAPKAP kinase-2 42), making MAPKAP kinase-3 an
unlikely candidate for the hsp27 kinase activity retained on
Mono Q. Hence, it is unlikely that MAPKAP kinase-3 or
MAPKAP kinase-5 underlies either of the peaks of hsp27

directly, this activation must involve the action of a member
of the ERK pathway upon MAPKAP kinase-2 or higher in
the p38 pathway. In the present study, whereas inhibition of
MEK activation with PD98059 blocked only PMA-induced

kinase activity detected in myocytes. We have therefore activation of hsp27 kinase, all hsp27 kinase activity was

referred to the activity retained on Mono Q as MAPKAP
kinase-2. and that on Mono S as MAPKAP kinas@-2
Chromatographically different forms of MAPKAP kinase-2
activity may result from its incorporation into complexes.
This has been ruled out as both MAPKAP kinase&hd
MAPKAP kinase-2 activities behaved as monomers during
gel filtration. Murine cells contain 45 and 55 kDa forms of
MAPKAP kinase-2 §9), and this kinase was purified from

sensitive to inhibition by SB203580. Hence, MAPKAP
kinase-2 lies downstream of p38, and the point of interaction
between the ERK pathway and p38 pathway is at or upstream
of p38. An alternative explanation for these results is that
MAPKAP kinase-2 requires phosphorylation by both ERK
and p38 for activation. However, phosphorylation by either
ERK (4, 41 or p38 ©3) is sufficient for full activation in
vitro. In addition, PD 98059, which blocks the activation of

rabbit skeletal muscle as two forms having molecular massesMEK, inhibited the PMA-stimulated but not the basal

of 53 000 and 60 000 Da. These two forms did not result
from proteolysis during purification as their relative abun-
dance remained unchangetl). Amino acid sequencing of
six tryptic peptides from each protein revealed identical
structures 41), establishing that these are closely related
isoforms of MAPKAP kinase-2 or derived from the same
gene. Using northern blot analysis, Stokoe et4) (letected
only a single 3.3 kb transcript for MAPKAP kinase-2 in six

activity. These findings are not consistent with a requirement
for phosphorylation by both Erk and p38 MAP kinases.
Purified MAPKAP kinase-2 is inactivated upon incubation
with PP2A @1), and the rapid effect of SB203580 we
observed upon basal MAPKAP kinase-2 activity indicates
rapid regulation of this enzyme by an associated phosphatase
activity. Thus, in ventricular myocytes, both MAPKAP
kinase-2t and MAPKAP kinase-2 are directly activated by

human tissues, including skeletal muscle, whereas Zu et al.an SB203580-sensitive form of p38 MAP kinase and

detected mMRNA of both 3.3 and 4.8 kbQj. MAPKAP
kinase-2. and MAPKAP kinase-2 differed in their apparent

indirectly by the ERK MAP kinase pathway.
In vivo, MAPKAP kinase-2 has been shown to phospho-

molecular masses on immunoblots, in gel kinase assays, andylate hsp27 16), the cAMP response-element binding

following gel filtration, suggesting the difference is one of
posttranslational modification rather than the formation of
complexes. The two forms do not arise from differences in

protein (CREB) 17), and transcription factors ATF-1.Y)
and serum response factor (SREY) A bipartite nuclear
localization sequence is present near the C-terminus of

phosphorylation as the 53 and 60 kDa forms persisted MAPKAP kinase-2 44) and in Swiss 3T3 cells transfected

following dephosphorylation with PP2A and rephosphoryl-
ation with ERK @1). In contrast, the differences between
peaks ‘a-c’ could represent the incorporation of MAPKAP
kinase-2. into complexes which, in turn, modify its chro-

with a green-fluorescent protetMAPKAP kinase-2 fusion
protein (GFP-MK?2), the fusion protein localized predomi-
nantly in the nucleus6d). Exposure of cells to stressful
conditions, including anisomycin, J,, or arsenite, which

matographic behavior on Mono Q. However, as peak ‘a’ does activate the p38 pathway, resulted in translocation of GFP

not diminish in the presence of peaks ‘b’ and ‘c’, this is not
just a shift, but the activation of additional pools of MAPKAP
kinase-2. Alternatively, ‘a’, ‘b’, and ‘c’ may differ due to

MK2 from the nucleus into the cytoplasm. Translocation was
complete by 40 min of stimulation and blocked by SB203580.
Similarly, phosphorylation of CREB and ATF-1 in response

phosphorylation at sites other than the activation sites. Asto fibroblast growth factor (FGF) peaked after 15 min of

the activation of MAPKAP kinase-2 is dependent upon its

stimulation and then declined 7). Hence, upon activation

phosphorylation, the differences in time-courses of activation/ of the p38 MAP kinase pathway, MAPKAP kinase-2

inactivation of the individual forms likely reflect changesin undergoes a p38 MAP kinase-dependent relocation to the
the phosphorylation state of the various forms of this enzyme. cytosol. Nuclear export of MAPKAP kinase-2 could repre-
This, in turn, results from differences in interactions with sent down-regulation of kinase activity in the nucleus
activating kinases or inactivating phosphatase activities. Thus,following a brief pulse of nuclear phosphorylation, or,
the two forms of hsp27 kinase activity detected in ventricular alternatively, the localization of MAPKAP kinase-2 away
myocytes, referred to herein as MAPKAP kinase-2nd from its cytosolic substrates may serve to enhance the
MAPKAP kinase-8, represent two distinct forms of MAP-  specificity of p38 MAP kinase-mediated responses. Hsp27
KAP kinase-2. is a cytosolic actin-binding protein that functions to cap the
MAPKAP kinase-2 was originally identified as a protein barbed end of filamentous actin (F-actin), thereby inhibiting
kinase that is only active after phosphorylation by ERK)( actin polymerization 47, 28. The control of hsp27 actin-
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binding activity @9), but not its subcellular localizatio® 1),

has been linked to its phosphorylation state in that only
nonphosphorylated hsp27 can bind acfif)( Hence, phos-
phorylation of hsp27 is associated with stabilization of the
actin cytoskeleton, and this may be the mechanism underly-
ing its cytoprotective effect. As mentioned above, hsp27 is
phosphorylated in vivo by several kinases, including MAP-

KAP kinase-2, and dephosphorylated by protein phosphatase

2A (65). Activation of MAPKAP kinase-2 is via p38 MAP
kinase, and several isoforms of this kinase have now been
characterized including p88(1—4), p383./52 (5, 6), p38y

(7, 8, and p39® (5, 9. The isoformsa. and  are both

8.
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