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Abstract
Injury to muscle tissue plays a central role in various cardiovascular pathologies. Overexpression
of the small heat shock protein Hsp27 protects muscle cells against thermal, oxidative and
ischemic stress. However, underlying mechanisms of this protection have not been resolved. A
distinctive feature of muscle cells is the stress-induced association of Hsp27 with the sarcomere.
The association of Hsp27 with the cytoskeleton, in both muscle and non-muscle cells, is thought to
represent interaction with Z-line components or filamentous actin. Here, we examined the
association of Hsp27 with myofibrils in adult zebrafish myocardium subjected to hyperthermia
and mechanical stretching. Consistent with previously published results, Hsp27 in resting length
myofibrils localized to narrowly defined regions, or bands, which colocalized with Z-line markers.
However, analysis of stretched myofibrils revealed that the association of Hsp27 with myofibrils
was independent of desmin, alpha-actinin, myosin, and filamentous actin. Instead, Hsp27
maintained a consistent relationship with a marker for the titin A/I border over various sarcomeric
lengths. Finally, extraction of actin filaments revealed that Hsp27 binds to a component of the
remaining sarcomere. Together, these novel data support a mechanism of Hsp27 function where
interactions with the titin filament system protect myofibrils from stress-induced degradation.
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Introduction
Heat shock proteins (Hsps) are a large family of proteins, many of which are highly
conserved, stress-inducible and confer resistance to various forms of cellular stress and
injury. Most Hsps can act as chaperones, assisting the folding of nascent proteins, or
preventing irreversible aggregation of proteins following loss of structural integrity. Small
heat shock proteins (sHsps) are a distinct subclass of Hsps ranging from 12 to 43 kD in mass
[1]. All sHsps are characterized by a C-terminal crystallin domain necessary for
dimerization, but sHsps also show considerable diversity in sequence, expression pattern and
function [1]. Eleven sHsps have been identified in humans and mice [2], while some species
of plants have been shown to express up to nineteen small heat shock protein family
members [3].
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Hsp27, also known as HspB1, is a widely distributed member of the sHsp family. Hsp27 has
been shown to play roles in the preservation of cytoskeletal architecture [4], resistance to
oxidative [5,6], thermal and ischemic stress [7,8], protection against heavy metal toxicity
[9,10], regulation of cellular redox state [11], and inhibition of cellular apoptotic pathways
[12,13]. In addition to stress-inducible expression, Hsp27 is constitutively expressed in
many cell types [14–16]. High constitutive expression of Hsp27 is detected in muscle
tissues, and thus, its function in striated muscle tissue has received considerable attention.
Altered Hsp27 expression has been reported in patients diagnosed with primary
desminopathies [17] and following prolonged eccentric exercise in skeletal muscles [18,19].
In cardiomyocytes, Hsp27 overexpression has been correlated with resistance to
anthracycline toxicity [20], hypoxia [21], and ischemia/reperfusion injury [7,8,22].

Available data support several mechanisms for Hsp27 cytoprotection of muscle cells. Hsp27
acts as a general chaperone in vitro [23], and overexpression of Hsp27 enhances refolding of
fluorescent reporter proteins in the nuclear compartment of fibroblasts [24]. Hsp27 also
associates with nuclear speckles in cells subjected to various mechanisms of injury [25–27]
and enhances the recovery of RNA splicing activity after experimental heat shock [28]. In
addition, Hsp27 has been reported to alter the activity of critical elements of the apoptotic
signaling pathways including caspases [29,30], cytochrome c [29,31,32] and Akt [33].
However, Hsp27 does not appear to enter the nucleus of differentiated striated muscle cells,
and although the expression of Hsp27 inhibits apoptotic signaling in both non-muscle cells
and undifferentiated muscle stem cells, there is little data to suggest these mechanisms are
significant for the protection of mature muscle cells. Instead, numerous studies have
indicated that Hsp27 interacts with and protects specific structural proteins in muscle cells
subjected to a variety of injury mechanisms. For example, in differentiated striated muscle
cells, Hsp27 translocates from a cytosolic localization to a detergent-insoluble fraction and
to the apparent Z- and M-lines of sarcomeres in response to a variety of conditions including
heat shock [34,35], dilated cardiomyopathy [36] prolonged eccentric exercise [37,38] and
ischemia/reperfusion injury [39,40]. Hsp27 has also been shown to protect desmin and
troponins I and T from proteolytic degradation in tissues subjected to ischemia/reperfusion
injury [22,41]. Finally, Hsp27 also co-localizes with actin filament arrays in injured non-
muscle [42,43] and muscle cells [25,44], and overexpression of Hsp27 enhances the
resistance of actin filament arrays in these and other cell types to stress-induced disassembly
[5,45–47].

The available data regarding distribution patterns of Hsp27 has led to wide acceptance of the
view that Hsp27 interacts directly with filamentous actin or components of the actinomyosin
contractile system [4,6,48–50]. However, several recent studies have examined the behavior
of the Hsp27 homologue, alpha B-crystallin, within mammalian muscle cells [51,52]. In
these studies, apparent Z-line localization patterns seen in the resting length myofibrils were
shown to be Z-line independent. Instead, alpha B-crystallin was shown to bind to the N2B
domain of the giant myofibrillar protein, titin, in vitro and was localized to the putative N2B
region in myofibrils subjected to ischemia and varying degrees of mechanical stretch. This
interaction alters the mechanical characteristics of titin [53] and may be important for
maintenance of titin and sarcomere stability following stress.

Analysis of Hsp27 localization patterns in stretched myocytes has not been previously
conducted. In previous studies, we have demonstrated that heat shock induces recruitment of
Hsp27 to myofibrils in embryonic zebrafish in a manner that closely mimics the distribution
patterns seen in ischemia/reperfusion injury of mammalian muscle tissues [54]. In the
present study, we have used this model system to examine the distribution of Hsp27 in
resting length and stretched cardiac myocytes of the adult zebrafish under control conditions
and after heat shock. Our results confirm that Hsp27 is recruited to zebrafish cardiac
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myofibrils after heat shock, as it is in stressed mammalian [55] and zebrafish [54] skeletal
muscle cells. We also found that stretching alone was insufficient to recruit Hsp27 to
myofibrils, and that heat shock-induced recruitment of Hsp27 to the myofibrils is
independent of actin filaments. Additionally, Hsp27 did not colocalize with other major
sarcomeric components alpha-actinin, desmin or myosin in this model system. Instead,
qualitative and quantitative comparison of Hsp27 localization patterns and a marker for titin
filaments indicate that Hsp27 is linked to the titin filament system in cardiomyocytes after
heat shock. We propose that the interaction of Hsp27 with titin or a titin-associated protein
plays a central role in its protection of muscle tissues.

Materials and methods
Zebrafish husbandry and stress treatment

Zebrafish (Danio rerio) were reared and maintained as previously described [56]. Adult
zebrafish were heat-shocked in a beaker with 500 mL of fish system water that was
gradually raised from 28 °C to 39 °C in a water bath (Isotemp 202, Fisher Scientific,
Pittsburgh, PA). Air was continuously bubbled into the water during the treatment. The
temperature of system water in the inner beaker was monitored and a 30 min heat shock
begun once the temperature reached 39 °C. After treatment, zebrafish were euthanized by
rapid immersion in ice water, and hearts excised for further protocols. All protocols for the
use of animals in this study were approved by the Washington State University Animal Care
and Use Committee and adhered to National Institute of Health standards established by the
Guidelines for the Care and Use of Experimental Animals.

Myofibril stretch protocols
Excised hearts were placed in relaxing solution (100 mM KCl,1 mM MgCl2, 10 mM
imidazole, 2 mM EGTA, 20 mM 2,3-butanedione monoxime, 5 mM ATP, 1:500 dilution of
Protease inhibitor cocktail (Sigma Aldrich P8340)) and dissected into smaller pieces two to
three millimeters in diameter. Tissue fragments were incubated in relaxing solution for 5
additional minutes at room temperature. To stretch myofibrils, we adapted a squash
technique previously used to examine mitotic chromosomes [57]. Briefly, relaxed tissue was
crushed between poly-(tetrafluoroethylene)-coated plastic and a chrome-gelatin subbed
coverslip for 30 s using a fingertip. Tissues which adhered to the coverslip were then
immediately placed in 4% paraformaldehyde for 30 min at 4 °C followed by processing for
immunofluorescence localization of specific proteins. Myofibrils stretched to varying
degrees were found randomly distributed throughout such preparations. For the purposes of
this study, sarcomeres with lengths similar to those seen in sectioned intact heart tissues
shown in Fig. 1 (≤2 μm) were considered “resting length”. Where noted, tissues were placed
in a lysis buffer (relaxing solution containing 0.1% Triton X-100) for 1 h at 4 °C prior to
stretch. For these experiments, control tissues were placed in relaxing solution without
detergent for 1 h at 4 °C. A total of 41 hearts were prepared by this stretch protocol for
examination under 7 different experimental conditions.

F-actin extraction
Extraction of F-actin from tissues was performed as described [52]. Briefly, pellets were
incubated in 1 mL of extraction (1 M NaSCN in PBS) or control (PBS) solution and
vigorously vortexed. After a 15 min incubation at room temperature, samples were
centrifuged at 10,000 g for 5 min, and pellets suspended in fresh extraction solution. This
procedure was repeated a total of three times for each sample preparation. Final pellets were
washed in PBS and suspended in SDS-PAGE sample buffer (10% v/v glycerol, 62.5 mM
Tris–HCl, pH 6.8, 2% w/v SDS, 0.01 mg/mL Bromophenol Blue) for Western blot analysis
or processed for cryosectioning and immunofluorescence localization of Hsp27. In total, 14
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hearts were utilized for Western blot analysis and 4 hearts were used for
immunofluorescence localization.

SDS polyacrylamide gel electrophoresis and Western blotting
For collection of detergent-insoluble protein, whole hearts were homogenized in a Triton
X-100 based lysis solution (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5%
Triton X-100, pH 7.3) followed by incubation on ice for 20 min. Pellets were collected by
centrifuging samples at 10,000 g for 8 min. Supernatants were discarded and pellets
solubilized in SDS-PAGE sample buffer. Protein concentrations were measured using a Bio-
Rad Dc Protein Assay Kit. 30 μg/lane of protein (approximately 0.5 hearts/sample) was
separated on 4% acrylamide stacking and 12% separating gels, transferred to nitrocellulose
membranes (Nitrobind, 0.22 μm, GE Water & Process Technologies) and membranes were
subsequently stained with Ponceau S to confirm equal loading of lanes (data not shown).
Detection of Hsp27 was performed using an anti-Hsp27 serum described previously [14], or
an anti-sarcomeric actin antibody (Sigma Aldrich, clone 5C5), and horseradish peroxidase
labeled secondary antibodies. Blots were developed using chemiluminescent detection
reagents (Amersham Biosciences Inc.) and images obtained with an Autochemi™ System
(UVP Bioimaging Systems, LLC Upland, CA). The integrated optical density (IOD) of
bands was measured using NIH ImageJ software (rsbweb.nih.gov/ij/). IOD values were
expressed as a normalized percent integrated optical density, where the value obtained for
each band is compared to the total IOD for all bands on an individual blot and experimental
values were normalized to values obtained from control samples [58]. Each experiment was
performed four times.

Fluorescent immunolocalization and analysis
Tissues shown in Figs. 1 and Fig. 5B were fixed for 30 min in 4% paraformaldehyde
following appropriate experimental treatment, rinsed in PBS and frozen in 100% OCT by
immersion in liquid nitrogen. 15 μm thick sections were cut using a Reichert–Jung cryotome
(Cryocut model 1800) and mounted on chrome-gelatin subbed coverslips. Cryosections were
fixed for an additional 5 min on ice. Tissues shown in Figs. 2, 4B, and 6 were adhered to
coverslips as stated in the myofibril stretch protocols section. All samples were
permeabilized for 30 min in lysis buffer on ice. Samples were incubated with primary
antibodies (1:300 in PBS containing 0.1% Tween 20 (PBS-T) and 10% donor calf serum
(DCS)) overnight at 4 °C in a humid chamber. Primary antibodies used were polyclonal anti-
Hsp27 serum, anti-desmin (Millipore, MAB3430), anti-alpha-actinin (Sigma Aldrich, clone
EA-53), anti-titin, clone T11 (Sigma Aldrich), and anti-MHC F59 (Santa Cruz). The T11
antibody is a specific marker for the A/I boundary of titin filaments [59].

Fluorochrome labeled secondary antibodies were incubated with samples at a concentration
of 1:500 in PBS-T with 10% DCS for 2 h at room temperature. F-actin was detected using
rhodamine-conjugated phalloidin (Molecular Probes). Coverslips were mounted on slides
using Mowiol containing an antifade agent (DABCO, Sigma Chemical Co). Images were
acquired using a Zeiss LSM 510M confocal microscope (Carl Zeiss Inc., Thornwood, NY)
with a 63×1.4 NA oil immersion objective or a 20×1.2 NA glycerol immersion objective.
Post processing of images was conducted using Adobe Photoshop CS2 to enhance contrast.
Images contained within the same figure were processed together and identically. A total of
57 hearts were used for 9 immunolocalization protocols.

Quantification and statistical analyses
Fluorescently labeled areas of myofibrils (band) widths and sarcomere lengths were
measured using ImageJ version 1.37 (Wayne Rasband, National Institute of Health,
Bethesda, MD). Distance measurements were exported to Microsoft Excel, where scatter
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plots were created for each data set. Linear regression of band width data was performed
using Microsoft Excel software. All other statistical comparisons were performed using
Minitab version 15. Fitting data to a general linear model was performed to determine
statistical significance of linear regression slope comparisons. Analysis of Western blot
densitometry was performed using a one-way ANOVA and Tukey’s W procedure for data in
Fig. 4, and Student’s t-tests for data shown in Fig. 5. An alpha of 0.05 was used as a
measure of statistical significance in all calculations.

Results
Zebrafish Hsp27 associates with myofibrils in cardiomyocytes after heat shock

In zebrafish heart tissues fixed under control conditions, the distribution of Hsp27 in
cardiomyocytes is largely diffuse (Fig. 1, CN), although a faint striated pattern (inset, solid
arrows), can be seen, suggesting that a small fraction of Hsp27 may associate with
sarcomeres under control conditions. In contrast, cardiomyocytes obtained from hearts of
heat-shocked animal display a dramatic and nearly complete association of Hsp27 with
myofibrils (Fig. 1, HS). Regularly spaced, narrow, brightly stained regions (inset, closed
arrows) alternate with much more faintly stained areas (inset, open arrows). We have
demonstrated similar localization patterns for an EGFP-zfHsp27 fusion protein expressed in
zebrafish embryonic skeletal muscle under control conditions and after heat shock [54]. In
addition, we have recently demonstrated the specificity of the Hsp27 antiserum used here
[14]. Finally, this Hsp27 immunolocalization pattern has also been demonstrated by others
examining stressed mammalian cardiac and skeletal muscle cells [34,35,37,38]. Therefore,
we conclude that this pattern represents specific localization of zebrafish Hsp27 protein.
This pattern is consistent with strong recruitment of Hsp27 to the area of the sarcomere near
the Z-line (see Fig. 4B), with some, but lesser, association with M-band structures.

Hsp27 associates with the titin filament system independently of actin filaments
To determine if Hsp27 associates with F-actin, co-localized F-actin and Hsp27 in ventricular
myocytes were stretched to varying lengths. Fig. 2 provides representative images showing
that Hsp27 (green) and F-actin (red) colocalize in resting length myofibrils (Fig. 2A, top). In
stretched myofibrils, F-actin remains as single bands (Fig. 2A, lower panels), and co-
staining of these preparations with probes for the Z-line marker alpha-actinin (not shown)
revealed that each phalloidin stained band is centered on a single Z-line, as expected.
However, increasing stretch resulted in the Hsp27 localization pattern showing increasingly
separated doublet bands found progressively outward from the center of phalloidin stained
F-actin bands. Finally, in sarcomeres stretched to the longest distances (Fig. 2A, bottom
panel), the Hsp27 doublets are spatially distinct from the staining pattern for F-actin. These
data are inconsistent with direct interaction between Hsp27 and F-actin.

Next, we assessed the relationship between Hsp27 and a marker for the titin A/I boundary.
Fig. 2B is a representative image showing co-localization of Hsp27 and the T11 epitope
marking the A/I boundary within a myofibril stretched to an average sarcomere length of 4.4
μm. As shown previously for mammalian muscle cells [60], T11 staining was characterized
by doublet bands in all preparations. Myofibrils in these preparations could not be stretched
as greatly as those shown in Fig. 2A without loss of defined T11 staining. However, in this
and all similar preparations, T11 (red) flanked Hsp27 immunolocalization (green) bands and
doublets. Therefore, these data indicate that the site of Hsp27 binding in the sarcomere lies
between the Z-line and the A/I boundary recognized by the T11 antibody.

To further assess the relationship between Hsp27, F-actin and titin within cardiomyocytes,
we measured doublet band separation for both Hsp27 and T11 staining as well as the width
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of phalloidin stained F-actin bands in the heart preparations described above. These
dimensions were then plotted against the length of associated sarcomeres, and resulting
scatter plots (Fig. 3A) were subjected to linear regression. Slopes of the regression lines,
which indicate the increase of measured doublet separation (Hsp27) or band length (F-actin)
as sarcomere length increased, were 0.8299 for Hsp27 (empty triangle) and 0.1658 for F-
actin (solid diamond). Statistical analysis indicated that the slopes for F-actin and Hsp27
were significantly different (p<0.001). These results demonstrate that the measured width of
phalloidin stained F-actin bands changes only slightly as sarcomeres are stretched, a finding
consistent with the sliding filament model of muscle contraction. In contrast, the separation
between Hsp27 doublet bands increases nearly 8 fold greater than the F-actin band lengths
over the same sarcomere stretch distances.

We repeated this analysis for data obtained from samples probed with Hsp27 antiserum (Fig.
3B, open triangles) and the T11 antibody, which recognizes the A/I boundary region of titin
(solid diamond). The resulting regression lines have slopes of 0.9879 for Hsp27 and 1.0398
for T11 and are not significantly different (p=0.11). The similarity of regression slopes
calculated from these data strongly suggests a link between Hsp27 and the titin molecule
within the sarcomere. It should be noted that the slope for Hsp27 doublet separation
presented here is different than that calculated for Fig. 3A. This is due to our inability to
detect T11 staining in myofibrils stretched greater than 6 μm. If the Hsp27 data set shown in
Fig. 3A is limited to values less than 6 μm, the calculated slope is not significantly different
from that shown in Fig. 3B (data not shown).

Heat shock-induced association of Hsp27 with myofibrils is not altered by stretching
It is possible that stretching can alter the association of Hsp27 with myofibrils or revealed
Hsp27 binding sites not present under normal physiological conditions. To address these
issues, we assessed whether the amounts of Hsp27 present in detergent-insoluble protein
fractions were different in resting length and stretched preparations. Fig. 4A shows an anti-
Hsp27 Western blot loaded with equal amounts of detergent-insoluble protein per lane.
Consistent with results obtained in studies of mammalian muscle tissues and results shown
in Fig. 1, the total amount of detergent-insoluble Hsp27 is dramatically greater in heat-
shocked zebrafish heart tissue than in control preparations for both resting length (rest) and
stretched (str) samples (compare samples labeled CN and HS in Fig. 4A). However, the
amount of Hsp27 detected in samples prepared from resting length and stretched tissues
were not different within each experimental group (compare samples labeled unstr and str in
Fig. 4A). Analysis of percent IOD values for Hsp27 measured from this and 3 additional
independent experiments is shown in Fig. 4B revealing a small, but not statistically
significant, increase in the amount of detergent-insoluble Hsp27 following stretch with or
without heat shock. In contrast, heat shock highly and significantly increased the amount of
insoluble Hsp27 in both stretched and unstretched tissues. We conclude that mechanical
stretch has only a minor role, if any, in causing redistribution of Hsp27 in this model.

We also considered that alternative Hsp27 binding targets might be revealed or altered by
our stretching protocol. To address this issue, we lysed muscle tissues to remove unbound
Hsp27 prior to stretching and compared the distribution pattern of Hsp27 and alpha-actinin
in these preparations (Fig. 4C, bottom panel) with that seen in myofibrils stretched while
intact (Fig. 4C, top panel). However, the localization patterns of Hsp27 (green) in relation to
that of the Z-line marker alpha-actinin (red) in these two types of preparations were
indistinguishable. Together, data shown in Fig. 4 indicate that the amount and location of
Hsp27 recruited to myofibrils is largely independent of stretching, but is instead primarily
determined by the heat shock treatment.
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Extraction of F-actin does not significantly remove Hsp27 from detergent-insoluble protein
fractions

To further assess the relationship between actin filaments and the Hsp27 associated with
myofibrils, we extracted F-actin from detergent-insoluble pellets obtained from heat-
shocked myocardial tissues by incubation with 1 M NaSCN. Fig. 5A shows duplicate
Western blots of equal amounts of these samples probed with antibodies detecting Hsp27
and alpha-sarcomeric actin. Percent IOD values measured from this and three other
independent experiments (Fig. 5B) show that the amount of Hsp27 in pellets (left panel)
does not significantly decrease following NaSCN extraction (p=0.10). However, average
percent IOD values for sarcomeric actin (right panel) decreased by nearly 60% in these
preparations (p=0.02). Similarly to results published by Golenhofen et al. examining rat
Hsp25 [55], our results indicate that NaSCN extracts detergent-insoluble actin from
zebrafish myocardial pellets much more efficiently than Hsp27. We also examined the
distribution of actin filaments and Hsp27 in detergent-insoluble pellets (Fig. 5C). Results of
this analysis show that a total of 45 min of incubation in PBS alone did not noticeably alter
the localization pattern of F-actin or Hsp27 associated with myofibrils (compare Fig. 5C, top
left with Fig. 1B). In contrast, F-actin, as measured by the presence of rhodamine-labeled
phalloidin, was largely removed from pellets by incubation with 1 M NaSCN (Fig. 5C,
lower, right). However, Hsp27 remained in pellets after NaSCN extraction and maintained a
striated distribution pattern indicative of association with remaining sarcomeric components
(Fig. 5C, lower left). The T11 antibody is not suitable for immunoblotting, and we did not
conduct Western blot analysis of titin in the present study. However, previous authors have
demonstrated titin’s resistance to NaSCN extraction at the concentrations used here [52].

Hsp27 does not colocalize with myosin or desmin in heat-shocked cardiac muscle
Finally, recent studies have shown that Hsp27 can protect a variety of cytoskeletal filament
proteins from degradation in stressed myocytes [22,41]. To address whether the association
of Hsp27 with myofibrils in heat-shocked myocardium could be correlated with other
components of myofibrils, we probed stretched myofibril preparations with Hsp27 antiserum
(green, Fig. 6) and antibodies recognizing desmin (red, Fig. 6A) and myosin (red, Fig. 6B).
Images shown in Fig. 6A reveal that desmin is primarily detected in stretched myofibrils in
single bands and distinct from Hsp27 doublet bands. In addition, as shown in Fig. 6B,
myosin localization patterns show no obvious co-localization with Hsp27 in stretched
myofibril preparations.

Discussion
Hsp27 is associates with the titin filament system but not actin filaments in heat-shocked
zebrafish cardiac muscle

Hsp27/Hspb1 is a small heat shock protein that participates in a variety of cytoprotective
mechanisms, including reduction of reactive oxygen species levels [11], anti-apoptotic
signaling [12,13,29–33] and the maintenance of cytoskeletal integrity [4]. The mechanisms
underlying these functions are not fully understood, and Hsp27 does not appear to exhibit all
of these functions in an individual cell type. Expression of Hsp27 has been shown to inhibit
cell death and promote contractile function of mammalian cardiomyocytes after ischemia/
reperfusion injury [7,8,22,61]. A common feature of the stress response in both muscle and
many non-muscle cells of mammals including humans is the translocation of Hsp27 to the
cytoskeleton, specifically to actin filament arrays in non-muscle cells and to the Z- and less
commonly M-lines for sarcomeres in striated muscle cells. Understanding the interaction
between Hsp27 and its cytoskeletal targets is essential to understanding its mechanism of
cytoprotection. The present study focuses on further defining the role of Hsp27 in cardiac
muscle cells and establishing the zebrafish as a model for determining mechanisms involved
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in Hsp27-based cardioprotection. We report that Hsp27 is diffusely distributed in the
cytoplasm of adult zebrafish cardiomyocytes under control conditions and associates with a
single band centered on the Z-line in resting length zebrafish myofibrils after heat shock.
This translocation and distribution pattern is identical to that observed in mammalian hearts
in response to ischemia/reperfusion injury [36,39,40,44]. Therefore, heat shock of the
poikilotherm zebrafish appears to be an appropriate model system to analyze the interaction
between Hsp27 and its cytoskeletal target in the myocardium.

Although previous studies have supported the view that Hsp27 associates with actin or actin
filaments in stressed cells (see [4] for review), our results demonstrate that the association of
zebrafish Hsp27 with myofibrils is independent of actin filaments. In zebrafish cardiac
tissues, phalloidin stained actin filaments within myofibrils appeared as a single band
centered on each sarcomere’s Z-line. Measured widths of these bands were only slightly
increased in stretched myofibrils compared to resting length myofibrils, consistent with
previously published data from electron micrographs and the sliding filament model of
muscle contraction. In contrast, Hsp27 was localized to doublet bands in stretched
myofibrils, still centered on the Z-line. The distance of separation between Hsp27 doublet
bands was variable and correlated positively with the length of stretched sarcomeres, while
the width of phalloidin stained F-actin regions was largely independent of sarcomere length.
These data are not consistent with a model in which Hsp27 binds along the length of actin
filaments. Additionally, Hsp27 bands were spatially separated from phalloidin stained
regions of myofibrils in extremely stretched myofibrils. These data are also inconsistent with
binding of Hsp27 to actin filament ends. In contrast, Hsp27 maintained a consistent
relationship with T11 stained titin domains, and slopes of regression analysis for both
markers, performed on measured Hsp27 and T11 band separation as a function of associated
sarcomere length, were indistinguishable. Biochemical extraction of actin filaments from
detergent-insoluble fractions of heat-shocked hearts had little effect on either the amount of
Hsp27 present in these fractions or the association of Hsp27 with remaining myofibrillar
structures. Finally, stretched cardiac myofibrils co-labeled with probes for myosin, alpha-
actinin or desmin all failed to reveal an association with Hsp27. Together these data strongly
support the hypothesis that Hsp27 does not associate with actin filaments in heat-shocked
zebrafish cardiomyocytes, and instead indicate that Hsp27 associates with the titin filament
system in muscle cells subjected to an experimental stress.

Does zebrafish Hsp27 model the behavior of mammalian Hsp27 orthologues?
Interaction between the related small heat shock protein alpha B-crystallin and titin
filaments has been previously demonstrated [51,52]. Although several laboratories have
documented the expression of a zebrafish alpha B-crystallin orthologue [62], this protein has
not been detected in zebrafish cardiac or skeletal muscle. Therefore, it is possible that
zebrafish Hsp27 plays the role carried out by alpha B-crystallin in mammalian systems.
However, translocation of mammalian Hsp27 to myofibrils in mammalian muscle tissues,
which also express endogenous alpha B-crystallin, is well documented [36,39,40,44]. The
reported Hsp27 localization pattern in resting length mammalian muscles is
indistinguishable from the pattern observed in our studies of resting length zebrafish
myofibrils. Sequence comparison of mammalian and zebrafish Hsp27 and alpha B-crystallin
proteins also show that zebrafish Hsp27 is much more closely related to mammalian
orthologues than alpha B-crystallin in either system [54]. For example, three phosphorylated
serines (S15, S78, and S82 in human Hsp27) and a cysteine (C137 in human Hsp27) have
previously been shown to play roles in the regulation of mammalian Hsp27 function [63,64].
All four of these amino acids are conserved in zebrafish Hsp27 but absent in alpha B-
crystallin proteins from both systems. Finally, significant interactions between alpha B-
crystallin and desmin in cardiomyocytes have been established [52,65]. Here, we show that
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Hsp27 does not colocalize with desmin after stretch, with Hsp27 being excluded from the
desmin localization pattern. We conclude that the association of zebrafish Hsp27 with the
titin filament system likely mimics the behavior of mammalian Hsp27 proteins.

Implications for understanding the target and function of Hsp27 in cardiomyocytes
Previously proposed mechanisms for Hsp27 cytoprotection in cardiomyocytes have largely
focused on the potential of Hsp27 to act as a general protein chaperone for unfolded actin
and other muscle proteins either by acting in concert with the high molecular weight heat
shock protein Hsp70 (reviewed in [1]) or stabilization of actin filament arrays through lateral
or filament end interactions [4,6,48–50]. In addition, Hsp27 expression has been linked to
enhanced resistance of myofibrillar proteins troponin [22] and desmin [41] to degradation in
injured muscle cells. However, the distribution of Hsp27 in injured muscle cells is often
reported to be highly restricted to specific regions of myofibrils. The identification of the
binding target for Hsp27 under these conditions may therefore provide important insight into
its regulation and function. Here, we report that although the distribution of Hsp27 in resting
length myofibrils of heat-shocked zebrafish cardiomyocytes is consistent with data from
other systems, its localization as revealed by stretching of myofibrils, is independent of the
actinomyosin cytoskeleton, as well as desmin. Instead, the distribution of Hsp27 is
consistent with a protein that binds to the I-band region of the titin filament system. Within
this region, Hsp27 may bind to either titin itself or a titin-associated protein. In light of these
novel data, we briefly consider possible targets for Hsp27 in this model system and
implications for Hsp27 function.

Titin integrity is critical to the maintenance of myofibril structure (reviewed in [66]), and a
direct interaction of Hsp27 with titin could result in the stabilization of myofibrils in injured
myocytes. However, our data do not strongly support this mechanism. The region of titin
between the Z-line and A/I boundary that recruits Hsp27 has been well characterized.
Within the I-band region of the titin molecule, there are several repeating immunoglobulin-
like (Ig) domains, a PEVK domain, and the N2A and N2B alternatively spliced domains.
The Ig and PEVK domains are among the first to unfold following stretch and are
responsible for much of the passive tension created by the titin molecule in overstretched
sarcomeres [67]. These domains could be a target for a general chaperone function of Hsp27
upon stress-induced unfolding. However, the lack of increase in detergent-insoluble Hsp27
following stretch argues against this possibility. The Hsp27 homologue, alpha B-crystallin
has also been shown to bind to the N2B domain [51,55]. However, we have observed that
Hsp27 binds myofibrils in zebrafish skeletal muscle [54], as well as cardiac muscle, and
others have reported similar results for mammalian skeletal muscle. As zebrafish [68] and
mammalian [69] skeletal muscle do not express N2B containing titin splice isoforms, the
N2B domain is also an unlikely target.

Instead of binding to titin itself, Hsp27 could bind to a titin-associated protein following heat
shock. The I-band region of titin is a scaffold for a number of signaling proteins, including
DRAL/FHL2 [70] and cardiac ankyrin repeat protein [71]. The interaction of Hsp27 with
these proteins could have profound implications for myocytes. Additionally, the N2A
domain found in both skeletal and some cardiac splice isoforms of titin is a binding site for
p94 [60,72], also known as calpain 3. Although there is no calpain 3 in cardiac muscle, a
similar localization pattern has been reported for the ubiquitous calpain 1 [73]. Low level
calpain activation is necessary for normal sarcomeric turnover [74], but myocyte injury is
often correlated with a massive calcium influx leading to an overactivation of calpain
activity [75]. Therefore, Hsp27 may interact with, and perhaps inactivate, calpains following
stress similarly to the Hsp27-based inactivation of procaspase 3 cleavage [30]. An inhibition
of calpain activity by Hsp27 could explain various data concerning Hsp27-based protection
of cytoskeletal components. Also, as calpains participate in necrosis and apoptosis [76,77],
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an interaction with Hsp27 could explain the apparent anti-necrotic and anti-apoptotic
activities of Hsp27 in various cell types. Although further study is needed to resolve these
issues, based on the above discussion we feel available data most strongly suggest direct
interaction of Hsp27 with regulatory proteins associated with titin filaments, rather than titin
itself.

Conclusion
This study demonstrates that Hsp27 translocates to myofibrils of zebrafish cardiomyocytes
following heat shock. Localization of Hsp27 in relation to other cytoskeletal proteins
revealed that Hsp27 is not associated with actin, actin associated proteins, myosin or
desmin. Instead, we demonstrate for the first time that Hsp27 is associated with the titin
filament system in heat-shocked cardiomyocytes. Hsp27 translocation is only stimulated
following thermal stress as stretch alone is insufficient to recruit Hsp27 to the titin filaments.
Further characterization of this interaction may prove essential to determining the
cytoprotective mechanisms of Hsp27 within the myocardium of zebrafish and mammalian
systems.
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Fig. 1.
Hsp27 immunolocalization in adult zebrafish myocardium. CN shows the largely diffuse
distribution of Hsp27 in the absence of heat shock. The inset shows faintly striated
immunostaining of myofibrils with Hsp27 antiserum. HS shows immunolocalization of
Hsp27 in myocardium following heat shock. The inset shows bright staining centered on
presumptive Z-lines (solid arrows) as well as faint staining of M-bands (open arrows). Scale
bar is 20 μm.
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Fig. 2.
Dual localization of Hsp27 and F-actin or titin in heat-shocked cardiomyocytes. (A) Resting
length (top) and stretched myofibrils labeled for Hsp27 (green) and F-actin (red). Stretched
myofibrils display a doublet of Hsp27 centered on each Z-line. Values represent average
sarcomere length for the corresponding myofibril. Images are representative of squash
preparations from 7 hearts. (B) Titin T11 immunolocalization (red) is a doublet centered on
each Z-line. Hsp27 (green) is Z-line proximal in relation to the T11 binding epitope in this
stretched myofibril. The average length of sarcomeres in this preparation was 4.4 μm. The
image is representative of results obtained from preparations of three hearts. Scale bars are 5
μm.
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Fig. 3.
Comparison of Hsp27 band doublet width with F-actin band length and T11 binding epitope
separation in stretched myofibrils. (A) Data points are doublet band separation (Y axis) for
Hsp27 (empty triangle) and F-actin band length (solid diamond) plotted against the length of
associated sarcomere (X-axis). Slopes of the regression lines are significantly different
(p≤0.05). (B) Separation of Hsp27 band doublets (empty triangle) and the titin T11 epitope
(solid diamond) plotted against the length of associated sarcomeres. Slopes of the two
regression lines are not statistically different (p>0.05). Fig. 3A shows measurements from
249 sarcomeres for Hsp27 and F-actin obtained from preparations of three hearts. Fig. 3B
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shows measurements from 391 sarcomeres probed for Hsp27 and 221 sarcomeres probed
with T11 antibody obtained from preparations of three hearts.
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Fig. 4.
Recruitment of Hsp27 to myofibrils is dependent on heat shock but not stretch. (A) Western
blot analysis of detergent-insoluble Hsp27. CN samples were obtained from animals
maintained at 28 °C and HS samples were obtained from heat-shocked animals. Insoluble
proteins were obtained from hearts without stretch (unstr) or after stretching (str) and probed
for Hsp27. Stretching did not alter the amount of detergent-insoluble Hsp27 in these
samples. (B) Analysis of Triton X-100 insoluble Hsp27 collected from hearts with or
without stretch and heat shock. Data was collected from a total of four independent
experiments. (*) denotes a statistically significant difference when compared to hearts after
no heat shock and no stretch. Error bars are the SEM. (C) The association of Hsp27 with
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myofibrils occurs prior to stretch. Hsp27 (green) was localized in heat-shocked, stretched
myocytes either without (top) or with (bottom) a prior lysis in detergent containing buffer to
remove unbound Hsp27. Lysis of myofibrils prior to stretch and fixation did not alter Hsp27
recruitment patterns. Scale bars are 5 μm.
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Fig. 5.
Effect of selective removal of F-actin from detergent-insoluble pellet on Hsp27. (A) Western
blot of Hsp27 and α-sarcomeric actin in the detergent-insoluble fraction of heat-shocked
myocardium following incubations with PBS or 1 M NaSCN. (B) Quantitative analysis of
Hsp27 (left) and sarcomeric actin (right) immunoblots following incubations with PBS or 1
M NaSCN in 4 independent experiments. (*) denotes statistically significant difference
when compared to PBS treated samples. Error bars are the SEM. (C) Localization of Hsp27
(left) and F-actin (right) in detergent-insoluble fractions of heat-shocked adult zebrafish
myocardium following treatment with PBS or 1 M NaSCN. Hsp27 (lower left) remains in a
striated pattern associated with myofibrils after extraction of F-actin. Scale bars are 10 μm.
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Fig. 6.
Hsp27 does not colocalize with either myosin or desmin in heat-shocked cardiac muscle.
Immunolocalization of Hsp27 (green) and desmin (red, top) or myosin (red, bottom) in heat-
shocked zebrafish myocardium subjected to stretch. Desmin and myosin in stretched
sarcomeres are found in bands that do not colocalize with Hsp27 (green). The image is
representative of results obtained from preparations of 3 hearts. Scale bar is 5 μm.
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