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Abstract

Chronic hemodynamic overload results in left ventricular hypertrophy, fibroblast proliferation, and 

interstitial fibrosis. The small heat shock protein hsp27 has been shown to be cardioprotective and 

this requires a phosphorylatable form of this protein. To further understand the regulation of hsp27 

in heart in response to stress, we investigated the ability of elevated aortic pressure to activate 

hsp27-kinase activities. Isolated hearts were subjected to retrograde perfusion and then snap-

frozen. Hsp27-kinase activity was measured in vitro as hsp27 phosphorylation. Immune complex 

assays revealed that MK2 activity was low in non-perfused hearts and increased following 

crystalline perfusion at 60 or 120 mmHg. Hsp27-kinase activities were further studied following 

ion-exchange chromatography. Anion exchange chromatography on Mono Q revealed 2 peaks (‘b’ 

and ‘c’) of hsp27-kinase activity. A third peak ‘a’ was detected upon chromatography of the Mono 

Q flow-through fractions on the cation exchange resin, Mono S. The hsp27-kinase activity 

underlying peaks ‘a’ and ‘c’ increased as perfusion pressure was increased from 40 to 120 mmHg. 

In contrast, peak ‘b’ increased over pressures 60–100 mmHg but was decreased at 120 mmHg. 

Peaks ‘a’, ‘b’, and ‘c’ contained MK2 immunoreactivity, whereas MK3 and MK5 

immunoreactivity was detected in peak ‘a’. p38 MAPK and phospho-p38 MAPK were also 

detected in peaks ‘b’ and ‘c’ but absent from peak ‘a’. Hsp27-kinase activity in peaks ‘b’ and ‘c’ 

(120 mmHg) eluted from a Superose 12 gel filtration column with an apparent molecular mass of 

50-kDa. Hence, peaks ‘b’ and ‘c’ were not a result of MK2 forming complexes. In-gel hsp27-

kinase assays revealed a single 49-kDa renaturable hsp27-kinase activity in peaks ‘b’ and ‘c’ at 60 

mmHg, whereas several hsp27-kinases (p43, p49, p54, p66) were detected in peaks ‘b’ and ‘c’ 

from hearts perfused at 120 mmHg. Thus, multiple hsp27-kinases were activated in response to 

elevated aortic pressure in isolated, perfused rat hearts and hence may be implicated in regulating 

the cardioprotective effects of hsp27 and thus may represent targets for cardioprotective therapy.
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1. Introduction

Heat shock proteins (HSPs) are molecular chaperones comprising a large family of proteins 

involved in the protection against various forms of cellular stress. The small heat shock 

proteins (sHSPs), so named as their mass ranges from 12- to 42-kDa, are widely expressed 

proteins that that function constitutively in multiple cell types but are also strongly induced 

in response to cellular stress. There are 10 members of the human sHSP family, referred to 

as HSPB1-10, and orthologs of each HSPB are found in other mammals [1–3]. Although 

their monomeric mass is small, sHSPs may associate to form large oligomeric complexes 

and, in their monomeric state, numerous sHSPs are implicated in regulating actin 

polymerization [4,2].

Hsp27 (hsp25 in mice; HSPB1 in humans) is a ubiquitously expressed member of the sHSP 

family that can act as an ATP-independent molecular chaperone [2]. In this context, hsp27 is 

thought to bind and hold destabilized ‘substrate’ proteins in a folding-competent, non-

aggregated state (see [5,3,6]). In the absence of substrate, hsp27 assembles into oligomers of 

up to 800-kDa: substrate binding results in the dissociation of hsp27 subunits from the 

oligomers. Refolding of substrates requires the additional assistance of ATP-dependent co-

chaperones, such as hsp70. In addition to being a molecular chaperone, hsp27 binds to the 

barbed ends of filamentous actin and inhibits actin polymerization [7]. Other members of the 

sHSP are also now known to modulate actin polymerization [4]. Hsp27 function appears to 

be regulated by posttranslational modifications, including phosphorylation at Ser-18, Ser-78, 

Ser-82, and Thr-143 [8,2]. Phosphorylation promotes the dissociation of hsp27 oligomers [9] 

and phospho-mimetic hsp27 mutants (i.e., S-15,78,82-D) show enhanced chaperone activity 

[10]. Furthermore, when phosphorylated, hsp27 dissociates from F-actin and may bind 

laterally to, and stabilize, actin filaments [7,11]. Hence, signalling pathways that result in 

targeted phosphorylation of hsp27 at discrete sites within the cell permits selective 

remodelling of the actin cytoskeleton, implicating hsp27 phosphorylation in cell 

proliferation and migration. Although the effect of phosphorylation upon hsp27 

oligomerization is now well described, its effects upon chaperone-like activity are less clear 

[2,3].

Several members of the sHSP family are expressed at high levels in the heart [4]. Hsp27 

comprises approximately 0.1% of the total protein content [12] in the adult heart and its 

expression is increased during both physiological and pathological hypertrophy [13]. This 

increase is thought to be cardioprotective since the constitutive activation of heat shock 

transcription factor 1, which leads to an increase in hsp27 expression, prevents cardiac 

dysfunction and hypertrophy during chronic pressure overload [13]. Moreover, increased 

hsp27 expression may prevent atrial remodelling and the progression from paroxysmal to 

persistent atrial fibrillation (AF). In fact, atrial tissue from patients with paroxysmal AF (i.e., 
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short and frequent) contain elevated levels of hsp27 protein compared to patients with 

persistent AF or normal sinus rhythm [14,15].

Promising new research in hsp27-mediated cardioprotection has explored the use of the hsp-

inducer, geranylgeranylacetone, in cells and in vivo. Interestingly, stress induced by in vivo 
tachypacing does not increase hsp27 expression, but the deleterious effects observed (e.g. 

myolysis, reduction in L-type Ca2+ current, impaired cell shortening and action potential 

duration) are abolished by hsp induction in isolated atrial myocytes upon oral administration 

of geranylgeranylacetone to tachypaced dogs, or by direct geranylgeranylacetone treatment 

of cultured atrial myocytes or Drosophila pupae [16–18]. Supporting this, increased hsp27 

expression following either a mild heat shock or by transient overexpression of hsp27 also 

prevented tachypacing-induced myolysis, as well as attenuated Ca2+ transient and cell 

shortening in HL-1 atrial myocytes [14,16]. Geranylgeranylacetone has also been shown to 

prevent the electrophysiological abnormalities and arrhythmogenic effects of acute atrial 

ischemia [19]. On the other hand, compromising hsp27 expression using short hairpin RNA 

or expressing hsp27 phospho-defective mutants (i.e., S-15,78,82-A) blocked the ability of 

geranylgeranylacetone to preserve Ca2+ transient and cell shortening following tachypacing 

in HL-1 atrial myocytes [16]. Thus, whereas hsp27 overexpression leads to increased 

cardioprotection, the need for the concomitant phosphorylation of hsp27 suggests an 

associated increase in hsp27-kinase activity.

Chronic pressure overload [20], heart failure [12,21], ischemia [22], haemorrhagic shock 

[23], and oxidative stress [24,25] induce hsp27 phosphorylation in the heart. Furthermore, 

hsp27 phosphorylation plays an important role in heat-shock-induced prevention of 

doxorubicin cardiotoxicity [26,27] and is associated with improved recovery of function 

following ischemic injury [28]. Kinases known to phosphorylate hsp27 include PKA, PKB, 

PKC, PKD, PKG, MK2, MK3, and MK5/PRAK (Fig. 1). In neonatal cardiac myocytes, 

hsp27 phosphorylation in response to H2O2 or osmotic stress is blocked by the p38α/β 
inhibitor SB203580 [29] and p38-MK2 activation is thought to be the principal pathway 

resulting in hsp27 phosphorylating in vivo. The aim of this study was to determine if 

elevated aortic pressure activates a single or multiple kinases in the heart that are capable of 

phosphorylating hsp27, as they may represent targets for cardioprotective therapy.

2. Materials and methods

2.1. Materials

[γ-32P]ATP was from GE Healthcare Life Sciences. Membrane grade (reduced) Triton 

X-100, leupeptin, dithiothreitol, and phenylmethylsulfonyl fluoride were from Roche 

Applied Science. SDS-polyacrylamide gel electrophoresis reagents, nitrocellulose 

membrane, and Bradford protein assay reagent were from Bio-Rad Laboratories. 

Microcystin LR, phorbol 12-myristate 13-acetate, and SB203580 were from Calbiochem. 

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 [30], was a kind gift from 

Dr. William Gerthoffer (Reno, NV). Antibodies to MAPKAP kinase-2 (sc-6621), MAPKAP 

kinase-3 (sc-1973), MAPKAP kinase-5 (sc-8253), and pan-p38 MAP kinase were from 
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Santa Cruz Biotechnology, Inc. HRP-conjugated secondary antibodies were from Jackson 

ImmunoResearch Laboratories, Inc. All other reagents were of analytical grade or best grade 

available.

2.2. Heart Perfusions

All animal experiments were approved by the Montreal Heart Institute ethics committee and 

performed according to the guidelines of the Canadian Council on Animal Care. Male 

Sprague-Dawley rats (150–180 g) were injected intraperitoneally with 500 U of heparin and 

anesthetised with pentobarbital (60 mg/kg). The hearts were then rapidly removed and 

subjected to retrograde perfusion using a small rodent isolated heart perfusion apparatus. 

Briefly, hearts were rapidly cannulated via the aorta and perfused in a retrograde manner 

with a Krebs-Henseleit buffer (25 mM NaHCO3, 119 mM NaCl, 4.7 mM KCl, 2.5 mM 

CaCl2, 1.2 mM KH2PO4, pH 7.6) supplemented with glucose and equilibrated with 95% 

O2/5% CO2. The temperature of the perfusate and the heart was maintained at 37 °C. 

Coronary flows were determined using a flow meter. All hearts were perfused at 60 mmHg 

for a 6–8 min pre-equilibration period until the aortic pressure stabilized. A control group 

was perfused for an additional 15 min at 60 mmHg. A second group was perfused for an 

additional 15 min at an aortic pressure of 40, 80, 100, 120 or 140 mmHg. At the end of each 

perfusion, hearts were removed from the cannula, rapidly trimmed of atria and large vessels, 

snap-frozen in liquid N2, and stored at −80 °C. Ventricles were subsequently pulverized 

under liquid N2 and the powder was resuspended, using a Potter-Elvehjem tissue grinder, in 

5 ml of ice-cold lysis buffer A (50 mM Tris-HCl, pH 7.5 at 5 °C, 20 mM β-

glycerophosphate, 20 mM NaF, 5 mM EDTA, 10 mM EGTA, 1 mM Na3VO4, 1 μM 

microcystin LR, 10 mM benzamidine, 0.5 mM phenylmethylsulfonyl fluoride, 10 μg/ml 

leupeptin, 5 mM dithiothreitol, and 1% Triton X-100).

2.3. Fast Protein Liquid Chromatography

In preparation for separation by Fast Protein Liquid Chromatography (FPLC), homogenates 

were centrifuged for 15 min at 20,000 g and 4 °C and the soluble fractions were retained. 

Heart lysates were adjusted to a protein concentration of 10 mg/ml with lysis buffer and 

injected into a 0.5 ml sample loop. The chromatography system was maintained in a 

chromatography cabinet at 5 °C. Separation was achieved using a cation exchange Mono Q 

HR 5/5 column equilibrated with buffer B (50 mM Tris-HCl (pH 7.4 at 5 °C), 20 mM β-

glycerophosphate, 2 mM EDTA, 2 mM EGTA, 5% (v/v) glycerol, 0.03% Brij 35, 1 mM 

benzamidine, 1 μg/ml leupeptin, 1 mM Na3VO4, and 0.1% (v/v) β-mercaptoethanol). 

Following a 5 ml isocratic wash, proteins were eluted using a NaCl gradient (24 ml, 0–0.40 

M NaCl; 0.1 ml, 0.40–1.0 M NaCl; 0.9 ml, 1.0 M NaCl) at a flow rate of 0.3 ml/min. Sixty 

fractions of 0.5 ml were collected. For tandem ion exchange chromatography, the flow-

through fractions (fractions 2–8) from the Mono Q column were pooled, diluted to 7.0 ml 

with Buffer C (20 mM Na-HEPES (pH 7.4 at 5 °C), 20 mM β-glycerophosphate, 2 mM 

EDTA, 2 mM EGTA, 5% (v/v) glycerol, 0.03% Brij 35, 1 mM benzamidine, 1 μg/ml 

leupeptin, 1 mM Na3VO4, and 0.1% (v/v) β-mercaptoethanol) and applied onto a Mono S 

HR 5/5 column, previously equilibrated with buffer C, using a 10 ml Superloop. Following a 

3 ml isocratic wash, proteins were eluted using a NaCl gradient (24 ml, 0–0.40 M NaCl; 0.1 

ml, 0.40–1.0 M NaCl; 0.9 ml, 1.0 M NaCl) at a flow rate of 0.3 ml/min. Sixty fractions of 
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0.5 ml were collected. For gel filtration chromatography, indicated samples from the Mono 

Q fractions were applied to a Superose 12 HR (1.0 × 30 cm) column using a 100 μl sample 

loop. The Superose 12 column was pre-equilibrated with buffer B containing 150 mM NaCl. 

Proteins were eluted at a flow rate of 0.1 ml/min. Starting at an elution volume of 7 ml, 40 

fractions of 200 μl were collected and assayed for hsp27-kinase activity. Previous 

experiments determined that blue Dextran (M.Wt. 2 × 106 Da) eluted at 7.8 ml under these 

chromatographic conditions.

2.4. Assay of hsp27-kinase activity

Hsp27-kinase activities were measured in the indicated Mono Q, Mono S, and Superose 12 

fractions using recombinant canine hsp27 as substrate as described previously [31,32]. The 

assay was for 60 min at 30 °C in a final volume of 30 μl in the presence of 50 mM Tris-HCl 

(pH 7.5 at 30 °C), 13 mM β-glycerophosphate, 1 μg hsp27, 10 mM MgCl2, 1.3 mM EDTA, 

2 mM EGTA, 1.0 mM Na3VO, 10 μM [γ-32P]ATP (3.3 Ci/mmol), 1 μM PKI, 10 μg/ml 

leupeptin, and 10 mM dithiothreitol. Reactions were initiated by the addition of 10 μl of 3x 

assay media to 20 μl of sample and terminated by the addition of 10 μl of 4x Laemmli 

sample buffer. The phosphorylated substrate was separated by electrophoresis on 10–20% 

SDS-polyacrylamide gradient gels and visualized by autoradiography. The incorporation of 
32Pi into hsp27 was quantified by phosphor imaging.

Activation of MK2 was assessed by immune complex assay. Lysates (100 μg) were 

incubated in the presence of antibodies to MK2 (0.5 μg), precoupled to protein A/G 

Sepharose, at 5 °C for 16 hr. Supernatants were removed and the pellets washed twice with 1 

ml of lysis buffer and twice with 50 mM Tris-HCl (pH 7.4 at 5 °C), 150 mM NaCl, 20 mM 

β-glycerophosphate, 2 mM EDTA, 2 mM EGTA, 5% (v/v) glycerol, 0.03% (v/v) Brij 35, 1 

mM benzamidine, 1 μg/ml leupeptin, 1 mM Na3VO4, and 0.1% (v/v) β-mercaptoethanol (IP 

wash buffer). MK2 activity was assayed using recombinant canine hsp27 as a substrate. The 

assay was for 60 min at 30 °C in a final volume of 30 μl in the presence of 50 mM Tris-HCl 

(pH 7.5 at 30 °C), 13 mM β-glycerophosphate, 1 μg hsp27, 10 mM MgCl2, 1.3 mM EDTA, 

2 mM EGTA, 1.0 mM Na3VO4, 10 μM [γ-32P]ATP (33 Ci/mmol), 1 μM PKI, 10 μg/ml 

leupeptin, and 10 mM dithiothreitol. Reactions were initiated, terminated and analyzed as 

described above.

2.5. In-gel kinase assay

Indicated fractions from the Mono Q HR 5/5 column were resolved on 0.75 mm thick 10% 

mini gels containing hsp27 (0.5 mg/ml) as substrate protein. Following electrophoresis, gels 

were washed with 20% 2-propanol in 50 mM Tris-HCl (pH 8.0), and then with 50 mM Tris-

HCl (pH 8.0) containing 5 mM β-mercaptoethanol (buffer D). Gels were incubated for 60 

min in buffer D containing 6 M guanidine-HCl, then washed with, and incubated 16 h at 

5 °C in, buffer D plus 0.04% Tween-40. Gels were subsequently washed with 50 mM Tris-

HCl (pH 8.0) containing 5 mM β-mercaptoethanol, 1 mM EGTA, 10 mM MgCl2, 0.1 μM 

PKI. In situ hsp27 phosphorylation was performed in 50 mM Tris-HCl (pH 8.0) containing 5 

mM β-mercaptoethanol, 1 mM EGTA, 10 mM MgCl2, 0.1 μM PKI, and 2 μCi/ml 

[γ32P]ATP for 3 h at 20 °C. After washing with 5% TCA and 10% sodium pyrophosphate 
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until no further 32P was detected in the wash solution, gels were rinsed in destain solution, 

dried, and autoradiographed.

2.6. Immunoblotting

Proteins from indicated FPLC fractions were separated by electrophoresis on 10–20% 

acrylamide-gradient SDS-PAGE and then transferred at 100 V and 5 °C for 90 min onto 0.2 

μM nitrocellulose membranes in a buffer comprising 25 mM Tris base, 192 mM glycine, and 

5% methanol. Membranes were blocked for 2 h in a TBS solution containing 0.05% (v/v) 

Tween-20 (TBST) and 5% (w/v) skimmed milk powder and then incubated with primary 

antibodies, diluted 1:1000 with 1% BSA in TBST, for 16 h at 5 °C. After washing with 

TBST (3 × 5 min), membranes were reblocked with TBST containing 1% BSA, and 

incubated in the presence of secondary antibodies (1:10 000) for 2 h. Following a final round 

of washes (TBST, 3 × 5 min), immune complexes were visualized by the ECL Western 

blotting detection method using Kodak BioMax ML or MR film.

2.7. Miscellaneous Methods

Protein concentrations were determined by the method of Bradford [33] using γ-globulin as 

standard.

3. Results

As a first step to better understand the signalling pathways regulating the phosphorylation of 

hsp27 in the heart, we investigated if MK2, the best characterized of the hsp27-kinases (Fig. 

1), was activated in rat hearts in response to acute elevations in aortic pressure. Following a 

15 min equilibration at 60 mmHg, isolated hearts were subjected to aortic perfusion 

pressures of 60 (normal) or 120 mmHg (elevated) and snap-frozen using liquid nitrogen. 

Lysates from control and perfused hearts were prepared and MK2 activity determined by 

immune complex assay. In lysates from perfused hearts, following immunoprecipitation 

using MK2-specific antisera, hsp27-phosphorylating activity was recovered primarily in the 

immune complex. When a pre-immune serum was employed, hsp27-kinase activity 

remained in the supernatant (Fig. 2). In non-perfused hearts, no MK2 activity was detected 

(Fig. 2). Thus, MK2 was activated in response to perfusion. In addition, some hsp27-kinase 

activity was not associated with the MK2 immune complex, suggesting that other kinases 

capable of phosphorylating hsp27 were also activated in ex vivo perfused hearts.

As MK2 immune complex assays suggested the possibility that hsp27-kinases in addition to 

MK2 were being activated in the heart during retrograde perfusion, lysates were resolved by 

ion-exchange chromatography and then hsp27-kinase activity assessed in each fraction. 

Sequential chromatography of lysates from ventricular myocytes on anionic (Mono Q) and 

then cationic (Mono S) ion exchange media has been shown previously to resolve hsp27-

kinase activity into several peaks [31]. As observed in immune complex assays (Fig. 2), 

hsp27-kinase activity was virtually undetectable in samples from non-perfused hearts (Fig. 

3A,F). Fractionation of lysates from hearts perfused at 60 mmHg on Mono Q revealed 4 

peaks of activity (Fig. 3B). The first peak eluted in fractions 1–10, which comprise the flow-

through and wash. Three additional peaks of activity eluted between fractions 16–40. A 
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small peak of activity was centered on fractions 20–21 (85 mM NaCl). A larger peak, 

labeled ‘b’ in Figure 3, eluted in fractions 25–27 (135 mM NaCl). Finally, a small, broad 

peak eluted around fraction 30 (170 mM NaCl), forming a shoulder off of peak ‘b’, and is 

labeled ‘c’. Pooling Mono Q fractions 2–10 (fraction 1 represents the ‘dead-volume’ of the 

system), and chromatography of this pool on Mono S revealed a single peak eluting around 

fraction 38 (250 mM NaCl), labeled ‘a’ (Fig. 3G). In hearts perfused at 80 (Fig. 3C,H), 100 

(Fig. 3D,I), or 120 mmHg (Fig. 3E,J), hsp27-kinase activities a-c increased relative to 60 

mmHg. In addition, when a perfusion pressure of 40 mmHg was employed, following a 15 

min equilibration at 60 mmHg, peaks a-c were reduced relative to 60 mmHg (data not 

shown). It was interesting to note that whereas peak ‘b’ represented the predominant activity 

at pressures of 40–100 mmHg, when the pressure increased to 120 mmHg, peak ‘b’ 

decreased whereas peak ‘c’ continued to increase, resulting in ‘c’ becoming the predominant 

hsp27-kinase activity in the Mono Q profile. Thus, tandem ion-exchange chromatography 

has revealed three peaks of hsp27 kinase activity, suggesting that the picture is more 

complex than observed using immune-complex kinase assays.

To determine if the difference in chromatographic properties of the hsp27-kinase activities 

detected in peaks ‘b’ and ‘c’ resulted from hsp27-kinases forming homo- or hetero-

oligomeric complexes, the fractions corresponding to peaks ‘b’ and ‘c’ from hearts perfused 

at 120 mmHg were concentrated and further resolved on a gel filtration column [i.e., 

Superose 12 HR (1.0 × 30 cm)]. In both cases, hsp27-kinase activity eluted with an apparent 

molecular mass of 50-kDa (Fig. 4), with the hsp27-kinase activity from peak ‘b’ resolving 

with a trailing edge. As the molecular masses of MK2, MK3 and MK5 are similar to this 

value, the observed changes in elution profiles of hsp27-kinase activities following tandem 

ion-exchange chromatography was not a result of one of these kinases forming high 

molecular weight complexes, and more likely represented changes in the activation of 

distinct hsp27-kinases possessing a similar apparent molecular mass.

We next examined the molecular mass of the hsp27-kinase activities resolved by tandem 

ion-exchange chromatography by performing an in-gel kinase assay with all three peaks of 

hsp27-kinase activity. FPLC fractions corresponding to peaks ‘a’, ‘b’, and ‘c’ in Figure 3 

were concentrated 10-fold, resolved on SDS-PAGE gels polymerized in the presence of 

hsp27, and in-gel kinase assays performed. These experiments revealed that peaks ‘b’ and 

‘c’ from hearts perfused at 60 mmHg contained a 49-kDa renaturable hsp27-kinase activity, 

whereas activity from peak ‘a’ was not renaturable (Fig. 5). The results shown in Figure 1 

suggest that this was likely to be MK2; however, MK2 renatures in an hsp27 in-gel kinase 

assay [34]. Interestingly, when comparing the hsp27-kinase activity peaks ‘b’ and ‘c’ from 

60 mmHg-perfused hearts following chromatography on Mono Q (Fig. 3B), it appears that 

the hsp27-kinase activity from peak ‘b’ did not renature as efficiently as the hsp27-kinase 

activity observed in peak ‘c’ following SDS-PAGE purification. When hearts were perfused 

at 120 mmHg, not only did labeling of the 49-kDa band increase (compared to the peaks ‘b’ 

and ‘c’ from 60 mmHg-perfused hearts), but additional bands of 43-, 45-, 54-, and 66-kDa 

were detected. Furthermore, in-gel kinase assays revealed that in addition to possessing 

different renaturing properties, the identity of the hsp27-kinase species underlying peaks ‘b’ 

and ‘c’ differed. Faint 43-kDa and 66-kDa hsp27-kinase activities were detected in peak ‘a’, 

in addition to the previously described 49-kDa hsp27-kinase, at 120 mmHg. On the other 
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hand, the in-gel kinase assay of peak ‘c’ from 120 mmHg-perfused hearts revealed a 

complex pattern of hsp27-kinase activities (i.e. 49-, 54- and 66-kDa) that had been 

overlooked in the previous assays. Overall, a 49-kDa hsp27-kinase activity has been 

consistently detected in hearts perfused at 60 mmHg, whereas 4 distinct hsp27-kinase 

activities have been revealed in hearts perfused at 120 mmHg.

To determine which MK co-eluted with the major peaks of hsp27-kinase activity in hearts 

perfused at 120 mmHg, tandem ion-exchange chromatography fractions from peaks ‘a’, ‘b’ 

and ‘c’ from these hearts were immunoblotted with antisera to specific MK isoforms. MK2 

antisera revealed a band of 49-kDa in peaks ‘a’, ‘b’, ‘c’ and a 43-kDa band in ‘b’ and ‘c’ 

(Fig. 6). Several other bands were detected, especially in peak ‘c’. MK2 and p38α can form 

a complex in vivo [35]. Although the p38 isoforms do not phosphorylate hsp27 [36], 

alterations in p38α binding could possibly change the elution of MK2 from Mono Q, 

resulting in MK2 eluting as more than 1 peak. Peak fractions were probed for total p38α as 

well as phospho p38 immunoreactivity: however, immunoreactivity for both total and 

phosphorylated p38 was detected in peaks ‘b’ and ‘c’, but not ‘a’. Specific antisera against 

MK3 and MK5 revealed immunoreactive bands of 45-and 56-kDa respectively. MK3 and 

MK5 immunoreactivity was detected in peak ‘a’ but not in peaks ‘b’ and ‘c’.

Although peak ‘a’ was never resolved into more than one component under the 

chromatographic conditions employed herein, this peak occasionally displayed asymmetry 

(e.g., Figure 3H), suggesting that more than one component may underlie this peak. In 

addition, there was a lack of correlation between the size of the peak of activity detected in 

the flow through of the Mono Q column and the size of the peak observed once these same 

fractions were pooled and resolved on Mono S. A similar phenomenon was observed in 

isolated cardiac myocytes [31].

Other possible kinases mediating the phosphorylation of exogenous hsp27 include PKA, 

PKB, PKC, PKG, and PKD (reviewed in [8]). However, hsp27 phosphorylation was assessed 

in the presence of a PKA-inhibitory peptide to inhibit the activity of any free PKA catalytic 

subunit present in the samples. In addition, these assays were performed in the absence of 

activators of PKC or PKG. Alternatively, PKB is activated by phosphorylation (Thr-308, 

Ser-473) and, like the MKs, could retain activity in an in vitro kinase assay. However, when 

examined, higher concentrations of NaCl were required to elute PKB immunoreactivity and 

kinase activity from Mono Q (i.e., fractions 45–55; data not shown) than observed for the 

hsp27-kinase activities detected in hearts perfused at elevated aortic pressure.

4. Discussion

Using recombinant canine hsp27 as an in vitro substrate, the present study reports for the 

first time that multiple hsp27-kinases, including MK2, are activated in the isolated, 

retrograde-perfused heart in response to elevated aortic pressure. Three chromatographically 

distinct pools of activity were detected. Hsp27 is thought to play a role in protecting the 

myocardium during periods of stress and linkage analysis suggested hsp27 as a determinant 

of heart mass in spontaneously hypertensive rats [37]. The actin-capping, aggregation and, 

possibly molecular chaperone function, of hsp27 are regulated by phosphorylation (see 
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[8,10]). The expression and/or phosphorylation of hsp27 in the heart is increased in response 

to chronic pressure overload [20], both physiological and pathological hypertrophy [13], 

heart failure [21,38,39], oxidative stress [24,25], ischemic injury [22], and haemorrhagic 

shock [23]. Increased hsp27 expression prevents cardiac dysfunction and hypertrophy during 

chronic pressure overload [13], protects against doxorubicin-induced cardiomyopathy 

[26,27], and prevents tachypacing-induced atrial remodelling and atrial fibrillation 

[14,17,16,19]. The ability of heat shock to protect against doxorubicin-induced 

cardiomyopathy involves an increase in p38 activity and hsp27 phosphorylation [26,27]. 

Furthermore, the protective effects of hsp27 in tachypacing were prevented by a phospho-

defective mutant of hsp27 [16]. Hence, phosphorylation, in addition to enhanced expression, 

is likely implicated in the cardioprotective effects of hsp27 during periods of stress. Since 

p38 activators fail to induce hsp27 phosphorylation in MK2−/− murine embryonic fibroblasts 

[34], it is generally thought that MK2 is the major kinase that phosphorylates hsp27 in vivo. 

That several distinct hsp27-kinase activities were increased in perfused hearts in response to 

elevated aortic pressure suggests a complexity in regulating the phosphorylation status and, 

possibly, functional state of hsp27 in the heart in response cellular stress.

Hsp27 is phosphorylated by several protein kinases, including PKA [40], PKB [41,42], PKC 

[40,43], PKD [44], PKG [45], MK2 [46], MK3 [47], and MK5/PRAK [48,49] in vitro (Fig. 

1, reviewed in [8]). Thus, hsp27 has the potential to integrate input from multiple signalling 

pathways. The present study used recombinant hsp27 as an in vitro substrate to determine if 

hsp27-kinases were activated in the isolated, retrograde-perfused heart in response to 

elevated aortic pressure. Our results revealed that MK2 immune complex assays depict an 

incomplete portrait of the hsp27-kinase activities as additional activities were revealed by 

tandem ion-exchange chromatography and in-gel kinases assays. We were able to show that 

multiple different kinases able to phosphorylate hsp27 in vitro were activated in response to 

elevated aortic pressure. These kinases differed both on the basis of molecular mass on in-

gel kinase assays as well as their elution from anion and cation exchange resins. 

Furthermore, the Mono Q and Mono S elution profiles of hsp27-kinase activity from hearts 

perfused at different aortic pressures revealed peaks of activity that differed in terms of their 

dependency on aortic pressure, indicated hsp27 kinases that were activated by distinct 

upstream signalling cascades.

The different hsp27 kinase activities resolved chromatographically could result from one or 

more of the following: 1) the activation of different kinases, 2) the same kinase incorporated 

into different complexes, 3) post-translational modification, or 4) alternative splicing. Of the 

kinases shown to catalyze the phosphorylation of hsp27, PKC is lipid-dependent and the 

experiments conducted herein were performed without lipid and in the presence of EGTA 

plus a peptide inhibitor of PKA (PKI, 1 μM); hence, these kinases would not be active. PKB 

forms a complex with [50] and phosphorylates hsp27 [41,42]. However, activated PKB 

requires higher [NaCl] to elute from Mono Q than observed for the hsp27 kinase activities 

reported herein. MK2, MK3, and MK5 share structural similarities and overlapping substrate 

specificities (see [51]), phosphorylate hsp27 in vitro, and multiple forms of each are 

expressed in heart [31,36,52]. MK2 is generally thought to be the primary kinase catalyzing 

hsp27 phosphorylation in response to cellular stress, as deletion of p38α prevents the stress-

induced activation of MK2 [53], MK2 and p38α physically associate [35], and deletion of 
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MK2 prevents arsenite-induced hsp27 phosphorylation [34]. As MK3 is also activated by 

p38 in response to cellular stress, is expressed at lower levels than MK2, but has similar 

substrate specificities to MK2 and can rescue MK2 deficiency, MK3 and MK2 are thought 

to have similar physiological functions (see [54]). However, this has become more 

complicated in light of evidence showing that MK2 and MK3 have opposing effects on LPS-

induced STAT3 activation [55].

Although p38 activation results in the MK2-mediated phosphorylation of hsp27, and 

phosphorylation has been implicated in the cardioprotective effects of hsp27, conflicting 

roles have been attributed to p38 activation in the heart. In cultured neonatal myocytes, 

activation of p38 MAP kinase by an activated mutant of MAP kinase kinase 6 (MKK6) 

[56,57], or mechanical stretch [58], evoked changes characteristic of the hypertrophic 

phenotype, which were suppressed by pharmacological inhibitors of p38 MAP kinase. These 

morphological changes are consistent with results obtained by overexpressing an active 

mutant of MKK6b, an upstream activator of p38β, whereas activation of p38α by MKK3b 

increases apoptotic cell death of neonatal myocytes [59]. Conversely, other studies suggested 

that p38 inhibition is insufficient to prevent the hypertrophic response [60,61]. Sustained 

activation of p38 in the mouse heart failed to induce hypertrophy [62,63] whereas acute 

activation of p38 in the adult mouse heart by tamoxifen-induced myocyte-directed 

overexpression of MKK3EE resulted in a rapid onset cardiomyopathy and heart failure [64]. 

These observations are inconsistent with the cardioprotective and anti-hypertrophic roles 

attributed to increased hsp27 expression and phosphorylation and suggest that other kinases 

may be responsible for hsp27 phosphorylation in the myocardium.

MK5 is highly expressed in the left ventricle [65] and has been shown to phosphorylate 

hsp27 at Ser-15, Ser-78 and Ser-82 in vitro [48]. However, arsenite or phorbol esters induce 

hsp27 phosphorylation in MK5−/− but not MK2−/− murine embryonic fibroblasts [34], 

suggesting that either 1) MK5 is not an hsp27 kinase in vivo, 2) MK5 phosphorylates hsp27 

in response to stimuli that differ from those activating MK2, or 3) the relative roles of MK2 

and MK5 as in vivo hsp27 kinases varies in a cell type-specific manner depending upon their 

expression levels. In PC12 cells, endogenous MK5 and hsp27 co-immunoprecipitate and 

overexpression of a constitutive active MK5 L337A mutant resulted in phosphorylation of 

hsp27 at Ser-76 and Ser-82 [66]. No phosphorylation at Ser-15 was detected. Atypical MAP 

kinases ERK3 and ERK4 bind to and activate MK5 [67–70] and MK5 co-

immunoprecipitates from murine heart lysates with ERK3, but not ERK4 or p38α [36]. 

Furthermore, MK5 may also be activated by PKA. In unstimulated cells, MK5 is located 

primarily in the nucleus whereas treatment of PC12 cells with the cAMP-elevating agent 

forskolin or overexpressing the catalytic subunit of PKA result in both a transient nuclear 

export and modest activation of MK5 [71]. Forskolin induces a similar nuclear export of 

MK5 in HeLa cells [71]. This translocation requires catalytically active forms of both MK5 

and PKA and the PKA-mediated phosphorylation of MK5 at Ser-115 [72]. In HEK293 cells, 

forskolin-mediated hsp27 phosphorylation is suppressed by depletion of MK5, but not MK2 

[73]. Forskolin also induces F-actin remodelling in PC12 cells and this remodelling is 

inhibited by siRNA-mediated MK5 knockdown [71] or overexpression of a 

nonphosphorylatable hsp27 mutant (S-15,78,82-A) [66]. In contrast, treatment of U251 MG 

human glioma cells with either forskolin or cholera toxin failed to induce dissociation of 
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hsp27 aggregates whereas PMA induced a rapid redistribution of hsp27 from large 

aggregates into smaller complexes [9]. Cell-type specific differences in MK5 expression or 

upstream regulation may underlie these differences. In the mechanically stressed heart, MK5 

immunoreactivity co-eluted with a peak of hsp27 kinase activity.

Interestingly, PKG has also been shown to phosphorylate hsp27 at Thr-143 [45]. Although 

the expression of a phosphomimetic T-143-E mutant of hsp27 has no effect upon actin 

polymerization, mutating T-143-E in hsp27 S-15,78,82,143-E, to mimic phosphorylation at 

the 3 known MK2/3/5 phosphorylation sites, restores the ability of hsp27 to bind to and 

inhibit actin polymerization [45]. PKG also inhibits the pro-apoptotic effects of TAB1-p38 

activation in cardiac myocytes [74]. These observations suggest that PKG may oppose the 

effects of MK activation. However, phosphorylation of hsp27 by MKs in general, and MK2 

in particular, in response to cellular stress is thought to be protective. PKG activation is also 

thought to be cardioprotective [75,76]. Hence, further study is required to determine the 

functional effects, and possible concerted effects, of hsp27 phosphorylation in heart in 

response to activation of multiple hsp27 kinase activities.

5. Conclusions

Increased expression and phosphorylation of hsp27 are thought to be cardioprotective. In 

general, the major kinase thought to be responsible for phosphorylating hsp27 in vivo is 

MK2. In the present paper, we show that multiple kinases were activated in isolated, 

retrograde-perfused rat hearts in response to elevated aortic perfusion pressure, which were 

able to phosphorylate hsp27 in vitro. The role these kinases play in regulating the 

cardioprotective effects of hsp27 phosphorylation during cellular stress must be determined 

as they represent potential targets for cardioprotective therapy.
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ABBREVIATIONS: The abbreviations used are

DMSO dimethylsulfoxide

DTT dithiothreitol

ERK extracellular signal-related kinase

FPLC fast protein liquid chromatography

GST glutathione S-transferase

MAP kinase mitogen-activated protein kinase

MK2 MAP kinase-activated protein kinase-2

MK3 MAP kinase-activated protein kinase-3
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MK5 MAP kinase-activated protein kinase-5

MBP myelin basic protein

MEK MAP/ERK kinase

PKC protein kinase C

PKI cyclic AMP-dependent protein kinase inhibitory peptide

PAGE polyacrylamide gel electrophoresis

PMA phorbol 12-myristate 13-acetate

PMSF phenylmethylsulfonyl fluoride
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Figure 1. Protein kinases currently known to phosphorylate hsp27
(A) Schematic diagram of human hsp27 (HSPB1) showing the currently know sites of 

phosphorylation. The numbers refer to the amino acid residues in the human hsp27 
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sequence. The phosphorylation sites and protein kinases shown to phosphorylate hsp27 at 

these sites are indicated in. (B) Alignment of the amino acid sequences of human, canine, 

and rat hsp27. Sequences were aligned using T-Coffee (http://tcoffee.vital-it.ch/). ‘*’ 

Indicates identical residues in all 3 sequences. ‘:’ Indicates a conserved substitution. ‘.’ 

Indicates a semi-conserved substitution. Dashes represent gaps. The phosphoacceptor sites 

Ser-15, Ser-78, and Ser-82, Ser-86, and Thr-146 are shown in bold. The one-letter amino 

acid code is used.
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Figure 2. Elevated aortic pressure activates MK2 in isolated perfused hearts
Aliquots (200 μg) of lysates from isolated rat hearts, perfused at 60 or 120 mmHg, were 

incubated in the presence of either MK2 or pre-immune serum precoupled to protein A/G 

Sepharose at 5 °C for 16 h. The supernatant (S) was removed and the pellets (P) washed 3x 

with 1 ml of immunoprecipitation wash buffer. Hsp27 phosphorylation was subsequently 

determined as described in “Methods”.
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Figure 3. Hsp27-kinase activities in perfused rat hearts
Rat hearts were removed and subjected to retrograde perfusion (60–120 mmHg), lysates 

were prepared, and 5 mg of lysate was applied to the Mono Q column and chromatographed 

as described in “Methods”. (A–E) Hsp27-kinase activity was measured in the indicated 

Mono Q fractions, using recombinant canine hsp27 as substrate, derived from control non-

perfused hearts (A), or hearts perfused at 60 (B), 80 (C), 100 (D), or 120 mmHg (E). The 

NaCl gradient is shown by the broken line. (F–J) Fractions 1 to 8, corresponding 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 column and chromatographed as described in “Methods”. 
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Hsp27-kinase activity was measured in the indicated Mono S fractions, using hsp27 as 

substrate, derived from control non-perfused hearts (F), or hearts perfused at 60 (G), 80 (H), 

100 (I), or 120 mmHg (J). The NaCl gradient is shown by the broken line. Hsp27 

phosphorylation was quantified by phosphor imaging. Kinase activity was normalized to the 

highest activity detected in this experiment and expressed as relative kinase activity. The 

three major peaks of hsp27-phosphorylating activity are labeled a – c. Data shown are 

representative of 3 qualitatively similar data sets.
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Figure 4. Superose 12 gel filtration chromatography of Mono Q hsp27-kinase activities
Hsp27-kinase activities were resolved by chromatography on Mono Q. Aliquots (300 μl) 

from the peak activity fractions were concentrated to 50 μl and applied to a Superose 12 

column (1.0 × 30 cm). The flow rate was 0.1 ml/min. Between 8.0 ml (Vo) and 16.0 ml, 

fractions of 0.2 ml were collected and assayed for hsp27 phosphorylation as described in 

“Methods”. The arrows denote the positions of the marker proteins catalase (232-kDa), 

bovine serum albumin (67-kDa), ovalbumin (43-kDa), and chymotrypsinogen (25-kDa).
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Figure 5. In-gel kinase assay of hsp27-kinase activities
Fractions containing the three peaks of hsp27-phosphorylating activity from Mono Q (Q) 

and Mono S (S) columns (labeled a – c) were concentrated 10-fold and analyzed by in-gel 

kinase assays. Indicated fractions from either the Mono Q or 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 in “Methods”. Numbers to the left of the panels indicate the 

positions of the molecular mass marker proteins (in kDa). Letters and numbers above 
indicate, respectively, the peak and perfusion pressure (in mmHg).
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Figure 6. Identification of MK2, MK3 and MK5 as hsp27-kinases
Indicated column fractions containing the three peaks of hsp27-phosphorylating activity 

(labeled a – c) from 120 mmHg perfused hearts were concentrated 10-fold, and 20 μl 

aliquots analyzed by immunoblotting. Indicated fractions from either the Mono Q or Mono 

S columns were resolved on 10–20% acrylamide gradient SDS-PAGE, transferred to 

nitrocellulose membrane, and probed with MK2, MK3, MK5, or p38 and phospho-p38 

specific antisera.
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