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The small heat shock protein Hsp20 protects cardiomyo-
cytes against apoptosis, and phosphorylation at its Ser16 site
enhances its cardioprotection. To determine whether genetic
variants exist in human Hsp20, which may modify these ben-
eficial effects, we sequenced the coding region of the Hsp20
gene in 1347 patients suffering from dilated cardiomyopathy
and 744 subjects with no heart disease. We identified a C59T
substitution in the human Hsp20 gene in one patient and
three individuals without heart disease. All subjects were het-
erozygous for this mutation, which changes a fully conserved
proline residue into leucine at position 20 (P20L), resulting in
secondary structural alterations. To examine the potential
functional significance of the P20L-Hsp20 human variant,
adult rat cardiomyocytes were infected with Ad.GFP (where
Ad is adenovirus and GFP is green fluorescent protein), Ad.WT-
Hsp20 (where WT is wild-type), and Ad.P20L-Hsp20 and
subjected to simulated ischemia/reperfusion injury. Expres-
sion of WT-Hsp20 resulted in significant attenuation of apo-
ptosis compared with the GFP control. However, the P20L-
Hsp20 mutant showed no protection against apoptosis,
assessed by Hoechst staining and DNA fragmentation. The
loss of cardioprotection by the mutant Hsp20 was associated
with its diminished phosphorylation at Ser16 compared with
WT-Hsp20. Furthermore, maximal stimulation of cardiom-
yocytes with isoproterenol or protein kinase A-mediated
phosphorylation in vitro confirmed the impaired ability of
themutant Hsp20 to become phosphorylated at Ser16. In con-
clusion, we have identified a P20L substitution in human
Hsp20, which is associated with diminished phosphorylation
at Ser16 and complete abrogation of the Hsp20 cardioprotec-
tive effects which may adversely affect the ability of human
carriers to cope with cellular stress.

Heat shock proteins (Hsp)2 are key mediators of cytoprotec-
tion upon a broad range of potentially deleterious stimuli (1). In
fact, it has been shown that the expression of these molecular
chaperones increases transiently under cellular conditions of
stress, such as heat (2, 3), oxidative stress (2, 4, 5), and �-adre-
nergic stimulation (6, 7) as a protective mechanism. Hsps are a
group of well conserved proteins, which are differentially clas-
sified by molecular mass into various families. Within this
superfamily of cellular chaperones, the small heat shock pro-
teins comprise a subgroup with 10 members, whose molecular
mass ranges from 12 to 43 kDa (8, 9). These proteins contain a
uniqueN terminus and a conserved�-crystallin domain at their
C terminus, which facilitates their chaperone activity (9).
Of particular interest in this subfamily is a protein of �20

kDa, namely Hsp20. This is the only small heat shock protein
that has the consensus motif (RRAS) for protein kinase
A(PKA)/protein kinase G-dependent phosphorylation at Ser16
(10). In recent years, Hsp20 and its phosphorylation have
emerged to be functionally significant in the heart. Interest-
ingly, the levels ofHsp20have been shown to increase under the
physiological stress of exercise training (11), as well as in the
pathological setting of chronic �-adrenergic stimulation (7)
and in tachycardia-induced heart failure (12). Using adenovi-
rus-infected cardiomyocytes and transgenesis, we and others
have demonstrated that this increase is cardioprotective (7,
13–17). More specifically, overexpression of Hsp20 protected
the heart against ischemia/reperfusion (I/R)-induced injury
(13–16), �-agonist-mediated remodeling (17), and isoprotere-
nol (Iso)-induced apoptosis (7, 17). Importantly, our data show
that the phosphorylation of Hsp20 at Ser16 may be instru-
mental to its anti-apoptotic properties. In particular, it has
been reported that the phosphorylation of Hsp20 at Ser16
increased after prolonged exposure to �-agonist stimulation
(7), during I/R (16, 18), as well as in congestive heart failure
(12). To assess the role of enhanced phosphorylation at this
site, a constitutively phosphorylated form of Hsp20 (S16D)
was expressed in cardiomyocytes (7). This mutant Hsp20
protected cardiomyocytes to a higher extent, after Iso-in-
duced apoptosis, compared with WT-Hsp20. Conversely,
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the non-phosphorylatable mutant (S16A) showed no anti-
apoptotic effects. Overall, these data implicate Hsp20 and
its phosphorylation at Ser16 as important mediators of
cardioprotection.
Given the cytoprotective nature of Hsp20 in the heart, this

study was designed to examine whether genetic variants in
human Hsp20 may diminish its cardioprotective effects and
render cells more susceptible to insults. Thus, heart failure
patients and individuals with no heart diseasewere screened for
variations in the humanHsp20 gene.Wehave identified aC59T
substitution in exon 1 of Hsp20, which changes a proline resi-
due to leucine at position 20 (P20L). We present evidence here
that this substitution is associated with structural alterations,
diminished phosphorylation at Ser16, and complete negation of
the anti-apoptotic effects of Hsp20, suggesting that human car-
riers of the P20L-Hsp20 genetic variant may present with an
impaired ability to cope with cellular stress in the heart.

EXPERIMENTAL PROCEDURES

Population Screening and Mutation Identification—Partici-
pating subjects provided written consent. The protocols used
were approved by the Institutional Review Board of theOnassis
Cardiac Surgery Center, the Georg August University of Goet-
tingen, or the University of Cincinnati College of Medicine.
Genomic DNA was isolated from whole blood from the partic-
ipants. The entire Hsp20 gene (NCBI accession number
NM_144617), consisting of three exons, was initially screened
in 100 dilated cardiomyopathic (DCM)patients and in 100 indi-
viduals with no heart disease. Exon 1 of the humanHsp20 gene
was amplified in a single PCR. Although exons 2 and 3 were
amplified together in a separate PCR, usingAccuprimeGC-rich
DNA polymerase (Invitrogen). The primers used for exon 1
were 5�-CAT CCA GCA GGC GCT TAA TA-3� (sense) and
5�-ATC ACC AGC CTC CTT CAG AG-3� (antisense). The
primers used for exons 2 and 3 were 5�-GTA GGA GAG CTG
ACT GC-3� (sense) and 5�-AGA GGA CAG TCC TTG GC-3�
(antisense). The conditions were as follows: one cycle at 95 °C
for 2 min, linked to 35 cycles at 95 °C for 30 s, 63 °C for 30 s,
72 °C for 30 s, followed by a final extension at 72 °C for 10 min.
The generated PCR product was purified using a PCR-purifica-
tion kit (Qiagen) and sequenced using automated dye-primer
chemistry. The obtained sequences were compared against the
known human Hsp20 gene using an NIH software program
(Blast 2 sequences). In addition, the chromatograms were also
inspected individually for heterozygosis. This initial screen led
to the identification of a C59T transversion in exon 1. A total of
1347 DCM patients and 744 individuals with no heart disease
were analyzed for this substitution. Due to legal restrictions,
clinical data were available for 1111/1347 DCM patients and
744/744 non-cardiomyopathic individuals. The data indicated
that the ages (mean � S.D.) of DCM and non-cardiomyopathic
individuals were 62.58 � 11.46 and 55.91 � 11.28, respectively.
Males composed 58.3% and 50.3% of the DCM and non-car-
diomyopathic populations, respectively.
Secondary Structure Predictions and Circular Dichroism—

The program nnpredict, available through the University of
California at San Francisco, was used to generate the predicted
secondary structure content of the WT and mutant Hsp20.

This was aligned with the primary sequence using the Polyview
protein structure visualization server, available through the
Cincinnati Children’s Hospital Medical Center, to generate a
schematic representation of the secondary structure. Circular
dichroism measurements were performed on recombinant
proteins at a concentration of 0.1mg/ml in 50mMTris-HCl, pH
7.0, using a Jasco 715 spectropolarimeter. A 1-cm path length
cell was used, and the measurements were recorded at 25 °C.
The analysis was performed by PrimeSyn Lab Inc. Estimation of
secondary structure parameters was performed using the
SOMCD algorithm (19).
Generation ofHsp20Recombinant Proteins andAdenoviruses—

The human Hsp20 cDNA (Open Biosystems) was cloned
into the pGEX-6P-3 plasmid. The P20L mutant was generated
using the Quik-Change site-directed mutagenesis II kit (Strat-
agene). Subsequently,WTandmutantHsp20were expressed as
glutathione-S-transferase-fusion proteins in BL21 CodonPlus
(DE3)-RIPL competent cells as described previously (20).
Briefly, the proteins were purified using the B-PER glutathione-
S-transferase fusion protein purification kit (Pierce), and the
glutathione-S-transferase tag was digested using the PreScission
protease (GE Healthcare). Samples were analyzed by SDS-PAGE
to estimate the extent of cleavage and protein yield after puri-
fication. The protein concentration was determined using the
MicroBCA assay (Pierce). The adenoviruses were generated as
previously described (20). Briefly, the Ad-Easy XL system
(Stratagene) was used to generate adenoviruses expressing the
WT-Hsp20 (Ad.WT-Hsp20), the Hsp20 mutant (Ad.P20L-
Hsp20), or green fluorescent protein (Ad.GFP). The viruses
were purified using the adenovirus mini purification kit (Vira-
pur) and titered using the Adeno-X Rapid Titer kit
(Clontech).
Isolation of Adult Rat Cardiomyocytes and Simulated I/R—

Animals were handled according to the Institutional Animal
Care and Use Committee at the University of Cincinnati. Myo-
cytes from adult male Sprague-Dawley rats (�300 g) were iso-
lated by collagenase digestion as previously described (20).
Myocytes were resuspended in modified culture medium
(M199, Sigma), counted, andplated on laminin-coated plates or
dishes for 2 h at 37 °C in a humidified, 5% CO2 incubator and
subsequently infected with the adenoviruses at a multiplicity of
infection of 500 for 2 h. At 48 h post-infection, the cells were
subjected to simulated ischemia/reperfusion. Specifically, the
mediumwas replaced with ischemic buffer containing 1.13mM
CaCl2, 5 mM KCl, 0.3 mM KH2PO4, 0.5 mM MgCl2, 0.4 mM
MgSO4, 128 mM NaCl, 4 mM NaHCO3, 10 mM HEPES, pH 6.8
(13), and placed in a chamber mimicking the hypoxic (1% O2)
and hypercapnic conditions (20% CO2), observed during ische-
mia (21). The ischemic buffer was replaced with normal
mediumand the cells were placed back in the humidified cham-
ber at atmospheric conditions to allow reperfusion for 3 h. The
cells were either collected for the DNA fragmentation studies
and Western blotting or fixed in plates for Hoechst staining.
Detection of Apoptosis through Hoechst Staining and DNA

Fragmentation—For Hoechst staining, the cells were fixed
using 4% paraformaldehyde for 25 min at 4 °C. The cells were
then washed with phosphate-buffered saline and stored at
�20 °C in 70% ethanol. Prior to staining, the cells were washed
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with phosphate-buffered saline. Finally, the cells were stained
with Hoechst and visualized under a fluorescent microscope.
DNA fragmentation was assessed using a commercially avail-
able ELISA kit (Roche Applied Science), which measures cyto-
solic mono- and oligonucleosomes (16). 100 �g of cytosolic
protein were incubated with 80 �l of immunoreagent, consist-
ing of anti-histone biotin and anti-DNA-peroxidase antibodies,
in streptavidin-coated plates for 2 h at room temperature. Color
development was initiated with the colorimetric substrate
ABTS. Optical density values were recorded in an ELISA plate
reader at 405 nm.
Generation of a pSer16-Hsp20 Antibody—The pSer16-Hp20

antibody was generated by Affinity Bioreagents (Golden, CO)
using the BioSpecificTM plan. Specifically, specific-pathogen-
free-rabbits were immunized with the synthetic phosphopep-
tide SWLLRRA-S-(PO3)-APLPG conjugated to keyhole limpet
hemocyanin using glutaraldehyde as a cross-linker. The
adjuvant used during the immunizations was Freund’s com-
plete adjuvant for the primary injection and Freund’s incom-
plete adjuvant for the following boosts. The phosphorylation
state-specific antibody was then antigen affinity-purified
from the antisera through a two-step purification process
utilizing the non-phosphorylated peptide followed by the
phosphorylated peptide.
Immunoblot Analysis—Proteins were separated by 15% SDS-

PAGE and transferred to nitrocellulose membranes. Nonspe-
cific binding was blocked for 1 h using 5% dried milk in Tris-
buffered saline, pH 7.4, containing 0.1% Tween 20.Membranes
were probed overnight at 4 °C with primary antibodies. A sec-
ondary peroxidase-labeled antibody (Amersham Biosciences)
was used in combination with an enhanced chemiluminescent
detection system (Supersignal West Pico chemiluminescent,
Pierce) to visualize the primary antibodies. The optical density
of the bands was analyzed using ImageQuant 5.2 software. For
the peptide competition experiments, the primary antibody
was preincubated with the peptide in excess (5-fold) for 1 h and
then added to the membranes. The phosphopeptide was
SWLLRRA-S-(PO3)-APLPG, and the dephosphopeptide was
SWLLRRASAPLPG.
Protein Kinase A Phosphorylation in Vitro—Recombinant

proteins (2–25 �M) were phosphorylated in vitrowith 1.5 �g of
the catalytic subunit of protein kinase A (Promega) in 50 mM

Tris-HCl, pH 7.0, 5 mM MgCl2, 5 mM NaF, and 1 mM EGTA.
The reaction was initiated with the addition of 250 �M ATP at
37 °C, and it was terminated after 30min by the addition of SDS
sample buffer. The extent of phosphorylation was determined
by Western blotting using the pSer16-Hsp20 antibody. The
same membrane was stripped and probed with an antibody
against total Hsp20 (RDI). Densitometric analysis was per-
formed with ImageQuant 5.2, and the extent of phosphoryla-
tion was expressed as the ratio of pSer16-Hsp20/Hsp20 levels.
Michaelis-Menten parameters were determined using Graph-
Pad Prism v.4.
Statistical Analysis—All the values are expressed as mean �

S.E. for n experiments. Comparisons between two groups were
evaluated by Student’s t test for unpaired data. Statistical anal-
ysis of multiple groups was carried out by one-way ANOVA

with a Tukey test for post hoc analysis. Results were considered
statistically significant at p � 0.05.

RESULTS

Identification of a Human Hsp20 Mutant (C59T)—To iden-
tify variants in the human Hsp20 gene that could potentially
alter its cardioprotective properties, the entire Hsp20 gene,
which consists of three exons, was screened in 100 DCM
patients and in 100 subjectswith noheart disease.We identified
a genetic variant entailing substitution of cytosinewith thymine
at position 59 (C59T) in exon 1 of the Hsp20 gene (Fig. 1).
Interestingly, this Hsp20 genetic variant has been previously
described in the single nucleotide polymorphismdata base (ref-
SNP ID rs11549029), but it is not currently known whether it is
a common polymorphism and whether it may affect the func-
tion of Hsp20. Thus, 1347 DCM patients and 744 individuals
with no heart disease were subsequently examined for this
Hsp20 variant. This analysis identified one DCM patient and
three individuals without heart disease who were heterozygous
carriers of the C59T substitution. These data show that C59T is
a rare mutation found in both the cardiomyopathic and non-
cardiomyopathic populations.
The C59T Genetic Variant Results in Alterations of Hsp20

Secondary Structure—The C59T mutation changes a proline
residue at position 20 to leucine (P20L). As shown in Fig. 2A,
comparison of this site in human, dog, rat, and mouse revealed
that it is fully conserved among these species, suggesting a crit-
ical role in Hsp20 function. Considering the fact that proline
residues are structural disruptors, it was important to examine
the functional significance of this mutation to the secondary
structure ofHsp20. As such, protein structure analysis software
was initially used to predict any potential alterations. Interest-
ingly, residue 20 is found near the PKA/protein kinase G phos-
phorylation site (Ser16) in a region predicted to be characterized
by short helical segments in the WT protein (Fig. 2B). Similar
analysis for the mutant revealed a potentially extended helical
region around the RRAS phosphorylation motif (Fig. 2B).
Importantly, the secondary structure was also determined
experimentally. Specifically, recombinant proteins encoding
WT-Hsp20 (WT) and mutant-Hsp20 were generated and ana-
lyzed using circular dichroism (CD) spectroscopy, a commonly
usedmethodology that yields information on the relative struc-
tural constitution of a protein. The far UV CD measurements

FIGURE 1. Identification of a C59T substitution in the human Hsp20 gene.
A partial nucleotide sequence of the Hsp20 coding region in an individual
with normal Hsp20 (A) and in an individual who was heterozygous for the
C59T substitution (B) is shown.
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showed that the WT protein yielded a profile with negative
maxima at 212 nm (Fig. 2C). This spectrum is typical of proteins
predominated by �-sheets and is consistent with previously
reported CD data from Hsp20 and other small Hsps (22–24).
Interestingly, the P20L substitution shifted the negative max-
ima to 209 nmanddecreased theCD spectrumamplitude in the
far-UV wavelength range (Fig. 2C). Secondary structure esti-
mates obtained using the SOMCD algorithm (19) showed that
there was an increase in helical content (from 7.4% to 9.1%) and
in unordered conformation (from 36.9% to 40.1%), whereas
there was a decrease in �-sheet content (from 46.5% to 41.7%)
with no change in �-turns (9.2%) in themutant Hsp20. Overall,
these results indicated that the P20L substitution in human
Hsp20 is associated with structural perturbations. On the basis
of these secondary structure alterations, we postulated that this
mutation may prevent efficient phosphorylation of Hsp20 at
Ser16, which may result in loss or attenuation of its cardiopro-
tective effects.
Human P20L-Hsp20 Is Associated with Loss of Cardio-

protection—To delineate the functional significance of the
human P20L-Hsp20 variant, adult rat cardiomyocytes were
infected with Ad.GFP as a control, Ad.WT-Hsp20, and
Ad.P20L-Hsp20. Adenoviral infection efficiency, assessed at
48 h post-infection by green fluorescence (Fig. 3A, right panel)
indicated that �100% of the cells were infected. As shown in
Fig. 3B, this resulted in comparable levels of overexpression
between the WT-Hsp20 and P20L-Hsp20 groups (�9-fold
compared with the GFP control). Because the anti-apoptotic
properties of Hsp20 are now well recognized (7, 13–17), it was
important to examine any potential alterations by the mutant
Hsp20 protein on programmed cell death. Thus, we deter-
mined the extent of apoptosis in the control GFP, WT-Hsp20,

and P20L-Hsp20 groups. First, the
effect of the P20L substitution on
basal levels of apoptosis was exam-
ined using Hoechst staining to visu-
alize nuclei. Cells undergoing apo-
ptosis have pyknotic nuclei, which
appear round, although longitudi-
nal nuclei are indicative of non-apo-
ptotic cells. As shown in Fig. 4 (A
andB), no differences were detected
between the three groups at basal
levels. Further evaluation of the
effect of the P20L mutant, using a
more quantitative method to meas-
ure the extent of DNA fragmenta-
tion, indicated no differences in the
basal levels of apoptosis between
the three groups (Fig. 4C), similar to
the Hoechst staining.
Because Hsp20 has been previ-

ously shown to be cardioprotective
against I/R-induced injury (13–16),
infectedmyocytes were subjected to
simulated I/R (1 h of ischemia/3 h of
reperfusion) to assess any potential
alterations elicited by the P20L

mutation on the beneficial effects of Hsp20. We found that the
percentage of pyknotic nuclei increased significantly from 16%
to 52% in the controlAd.GFP-infected cells following simulated
I/R (Fig. 4,A andB).However, the percentage of pyknotic nuclei
in the WT-Hsp20 group was significantly lower (29%) than in
the control group after I/R (Fig. 4,A and B), consistent with the
cardioprotective effects of Hsp20 (7, 13–17). Interestingly, the
mutant P20L-Hsp20 showed no cardioprotection (53% of
nuclei were pyknotic after I/R). In further experiments, these
findings were confirmed using the DNA fragmentation assay,
described above. The extent of DNA fragmentation was
reduced by 23% in the WT-Hsp20 group compared with the
control following I/R (Fig. 4C). On the contrary, the P20L-
Hsp20 group exhibited similar values to the control group (Fig.
4C). Overall, these data show that the P20L-Hsp20 mutant
completely abrogates the anti-apoptotic effects of Hsp20.
Effect of the P20L Substitution on Phosphorylation at Ser16 of

Hsp20—The observed secondary structure alterations (Fig. 2, B
and C) suggested that the ability of the mutant Hsp20 to
become phosphorylated at Ser16 may be compromised. To
assess this experimentally, an antibody against pSer16-Hsp20
was generated in rabbits. Our initial experiments focused on
characterizing this antibody (Fig. 5). Myocytes were infected
with Ad.WT-Hsp20 and either collected under control, non-
stimulated conditions or after stimulation with 100 nM isopro-
terenol (Iso) to activate PKA. Upon Western blotting, two
bands were observed in the cells treated with Iso, one of which
migrated at �20 kDa, which is consistent with the molecular
mass of Hsp20 (Fig. 5, left panel). At basal levels, no phospho-
rylated Hsp20 could be detected, consistent with the low activ-
ity of PKA in isolated myocytes. To test the specificity of this
antibody, peptide competition was performed with the anti-

FIGURE 2. The C59T substitution changes a fully conserved proline at position 20 to a leucine (P20L),
which results in secondary structural alterations. A, partial amino acid sequence alignment (amino acids
11–29) in human, dog, rat, and mouse shows that proline 20 is fully conserved. B, secondary structure predic-
tions revealed alterations in the helical content around the Ser16 phosphorylation site as well as around the site
of the mutation. Blue, linear coil; red, helical content. C, far-UV CD data obtained from analysis of recombinant
proteins indicated that the P20L substitution shifted the negative maxima from 212 nm to 209 nm and
decreased the CD amplitude in the far-UV wavelength range. Secondary structure estimates obtained using
the SOMCD algorithm (19) showed that the secondary structure constitution was altered (see “Results”).
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genic peptide used to generate the antibody. The band at �20
kDa was the only band out-competed by the phosphopeptide
(Fig. 5,middle panel), but it was still detectable in the presence
of the dephosphopeptide (Fig. 5, right panel). These findings
suggest that the band at �20 kDa is specific for Hsp20 phos-
phorylated at Ser16. Therefore, the phosphorylation status of
the adenovirus-infectedmyocyteswas subsequently tested (Fig.
6, A and B). Our results showed that the P20L mutant was
phosphorylated to a significantly lower extent than the WT
protein (23% ofWT) after simulated I/R (Fig. 6,A andB). Taken
together, these data suggest that the conformational changes in
themutantHsp20 (Fig. 2,B andC)maymake it a poor substrate
for phosphorylation. To further test this hypothesis in a more
direct manner, cardiomyocytes infected with Ad.GFP, Ad.WT-
Hsp20, or Ad.P20L-Hsp20 were subjected to maximal �-adre-
nergic stimulation (100 nM isoproterenol) to activate PKA and
phosphorylate Hsp20. As shown in Fig. 6C, phosphorylation of
the P20L mutant protein was decreased by 39% compared with
the WT protein. The differences in the extent of the decrease
upon I/R and after Iso stimulation are probably related to the
extent of the kinase/phosphatase activities under the two dif-
ferent conditions. To better understand the mechanism by
which the P20L substitution in Hsp20 reduces its ability to

become phosphorylated efficiently at its Ser16 site, enzyme
kinetic parameters were determined from PKA-dependent
phosphorylation of WT- and P20L-Hsp20 recombinant pro-
teins in vitro. The P20L substitution did not alter the apparent
Km of the reaction but significantly decreased the Vmax value
(by 33%), suggesting that the affinity of the mutant Hsp20 for
PKA was unaltered but the turnover number and catalytic effi-
ciency was significantly decreased by the P20L substitution
(Fig. 6D). Collectively, these results show that the human P20L-
Hsp20 mutant is associated with diminished phosphorylation

FIGURE 3. Adenovirus-mediated expression of WT-Hsp20 and P20L-
Hsp20 in adult rat cardiomyocytes. A, cardiomyocytes were infected with
Ad.WT-Hsp20 and Ad.P20L-Hsp20. The Ad.GFP vector was used as a control.
Bright-field image of adult rat cardiomyocytes 48 h post-infection (left panel)
and fluorescent image (right panel) that show GFP expression indicates
�100% infectivity. B, a representative Western blot of Hsp20 expression 48 h
post-infection. C, quantification of the relative overexpression of WT- and
P20L-Hsp20, normalized to calsequestrin, revealed a 9-fold increase in both
groups compared with the GFP control. Values represent mean � S.E.
obtained from five independent myocyte lysates.*, p � 0.0001 versus GFP.

FIGURE 4. The P20L substitution abrogates the cardioprotective effects
of Hsp20. A, representative images of cardiomyocytes stained with Hoechst
33342 to detect apoptotic nuclei. Apoptotic nuclei are pyknotic (white arrow),
whereas non-apoptotic nuclei are longitudinal (yellow arrow). B, pyknotic
nuclei were counted and expressed as the percentage of total nuclei. Bars
represent mean � S.E. from three independent experiments with �200
nuclei counted per heart per group. C, the extent of DNA fragmentation was
quantified in an ELISA-based method, which measures cytoplasmic histone-
associated DNA fragments. Optical density values from the GFP basal group
were used as a reference, and data were expressed as –fold change relative to
this group. Values represent mean � S.E. from six independent myocyte
lysates. *, p � 0.05 versus GFP basal; #, p � 0.05 basal versus I/R; $, p � 0.05
versus GFP I/R.

FIGURE 5. Generation and characterization of a pSer16-Hsp20 antibody. A
newly raised antibody (Ab) against pSer16-Hsp20 recognized a band at �20
kDa in myocytes infected with Ad.WT-Hsp20 only after Iso stimulation (left
panel). Competition with the phosphopeptide (p-peptide) and dephos-
phopeptide (d-peptide) (middle and right panels, respectively) showed that
this band is specific for Hsp20 phosphorylated at Ser16.
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at Ser16, which may be associated with the observed loss of
cardioprotection.

DISCUSSION

This study is the first to show that a human genetic variant in
the Hsp20 gene, which results in the substitution of a highly
conserved proline for leucine at amino acid position 20 (P20L),
is associated with structural alterations, diminished phospho-
rylation at Ser16, and loss of the cardioprotective effects of
Hsp20 under stress conditions. Although this variant has been
previously described in the single nucleotide polymorphism
data base, we have shown that the C59T transversion is a rare
human mutation found in individuals with no heart disease as
well as dilated cardiomyopathic patients.
Similar to other small heat shock proteins, the �-crystallin

domain of Hsp20 is dominated by �-sheets, whereas its N ter-
minus is characterized by short helices (25, 26). Indeed, the
spectra from the circular dichroism analysis in the present
study also revealed a pattern typical of proteins rich in �-sheets
and low �-helical content. Notably, the amino acid sequence in
the Hsp20 N-terminal region contains several proline residues,
which probably facilitate proper helical structure by serving as
secondary structure breakers in this region. Interestingly, pro-
line 20 is located just four amino acids downstream of the Ser16
phosphorylation site. Our results suggest that the P20L substi-
tution alters Hsp20 structure by creating an extended helical
region, which is predicted to be located around the Ser16 phos-
phorylation site, and by decreasing the protein’s �-sheet con-
tent. Future studies may be designed to further investigate the
effects of the P20L substitution on Hsp20 secondary structure
under different conditions, including increased temperature, to
allow for partial unfolding of the protein.

Importantly, these alterations make Hsp20 a poorer sub-
strate for phosphorylation. Our study is the first to show that
the P20L substitution in Hsp20 disrupts its structure and
alters its ability to become phosphorylated at Ser16. This
diminished phosphorylation results in complete loss of the
cytoprotective properties of Hsp20, pointing to an instru-
mental role of phosphorylated Hsp20 in cardioprotection.
Indeed, our previous studies have shown that the constitu-
tively phosphorylated mutant S16D-Hsp20 conferred car-
dioprotection against Iso-induced apoptosis in cultured
myocytes (7). Conversely, the constitutively dephosphoryla-
ted mutant, namely S16A-Hsp20, displayed no anti-apopto-
tic properties (7), similar to our findings with the P20L
mutant. Increased phosphorylation at Ser16 may provide
protection at multiple levels. First, we have previously shown
that Hsp20 confers protection via inhibition of the Bax/
caspase-3 pro-apoptotic pathway (16), which may be subject
to regulation by its phosphorylation state. Second, pSer16-
Hsp20 may help maintain cardiomyocyte integrity via stabi-
lization of the cytoskeleton (16, 27). Finally, Hsp20 may form
both homologous and heterologous macromolecular struc-
tures (3, 27, 28), which may be affected by its phosphoryla-
tion status. Overall, loss of the Hsp20 ability to become phos-
phorylated may have detrimental effects on its cellular
functions. Future studies expressing either S16A- or S16D-
Hsp20 in vivomay further elucidate the physiological role of
phosphorylation at Ser16.

Because we have identified this mutation at low frequen-
cies in the cardiomyopathic and non-cardiomyopathic pop-
ulations, its relevant contribution to cardiac pathogenesis is
not clear at this point. However, we did observe loss of Hsp20
anti-apoptotic effects by the P20L substitution. This may be
of relevance to both experimental (29–31) and human (32,
33) heart failure, where apoptosis has been shown to be
increased. Furthermore, a recent study in transgenic mice
expressing a conditionally active form of caspase-8 demon-
strated that induction of apoptosis as low as 4–10-fold lower
than the degree observed in human heart failure is deleteri-
ous as it causes lethal, dilated cardiomyopathy (34). Thus,
the need for increased Hsp20 expression becomes more
important in the pathophysiological setting of heart failure.
Indeed, previous studies have shown that the levels of Hsp20
as well as its phosphorylation levels at Ser16 increase in the
diseased myocardium (7, 10, 12, 16, 18) as a protective mech-
anism (7, 13, 14–17). Consistent with these findings, we
observed that the extent of apoptosis was reduced signifi-
cantly in cells infected with Ad.WT-Hsp20 after simulated
I/R compared with the control group. Because we have
shown that the mutant Hsp20 loses these beneficial effects, it
is intriguing to speculate that this may render the heart more
susceptible to insults in a scenario where Hsp20 levels would
increase, but would not confer protection.
In summary, we have identified a human Hsp20 mutation

that is associated with diminished phosphorylation at Ser16 and
negation of the protein’s anti-apoptotic effects. Future studies
may be designed to elucidate the functional role of this human
variant in vivo.

FIGURE 6. The P20L mutation is associated with diminished phosphoryl-
ation at Ser16. A, Western blot analysis from lysates of cardiomyocytes in the
GFP, WT-Hsp20, or P20L-Hsp20 groups after simulated I/R revealed that the
mutant Hsp20 failed to become phosphorylated to the same extent as the WT
protein. B, quantification of the relative pSer16-Hsp20 levels, normalized to
total Hsp20 levels, revealed that the P20L-Hsp20 mutant was phosphorylated
only to 23% of WT-Hsp20. Bars show means � S.E. from five independent
experiments. *, p � 0.0005 versus WT I/R. C, Western blot analysis of cell lysates
in the GFP, WT-Hsp20, and P20L-Hsp20 groups treated with maximal isopro-
terenol (100 nM) showed that phosphorylation at Ser16 was decreased in the
P20L mutant protein compared with the WT protein. D, the plot represents
Michaelis-Menten analysis of protein kinase A-dependent phosphorylation
of WT- and P20L-Hsp20 recombinant proteins in vitro. The extent of phospho-
rylation was expressed as the pSer16-Hsp20 levels normalized to total Hsp20
levels in that sample determined by Western blotting and using substrate
concentrations ranging from 2 to 25 �M. Values represent mean � S.E. from
four independent experiments.
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