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Jin JK, Whittaker R, Glassy MS, Barlow SB, Gottlieb RA,
Glembotski CC. Localization of phosphorylated �B-crystallin to
heart mitochondria during ischemia-reperfusion. Am J Physiol
Heart Circ Physiol 294: H337–H344, 2008. First published No-
vember 9, 2007; doi:10.1152/ajpheart.00881.2007.—The cytosolic
small heat shock protein �B-crystallin (�BC) is a molecular chaper-
one expressed in large quantities in the heart, where it protects from
stresses such as ischemia-reperfusion (I/R). Upon I/R, p38 MAP
kinase activation leads to phosphorylation of �BC on Ser59 (P-�BC-
S59), which increases its protective ability. �BC confers protection, in
part, by interacting with and affecting the functions of key compo-
nents in stressed cells. We investigated the hypothesis that protection
from I/R damage in the heart by P-�BC-S59 can be mediated by
localization to mitochondria. We found that P-�BC-S59 localized to
mitochondria isolated from untreated mouse hearts and that this
localization increased more than threefold when the hearts were
subjected to ex vivo I/R. Mitochondrial P-�BC-S59 decreased when
hearts were treated with the p38 inhibitor SB-202190. Moreover,
SB-202190-treated hearts exhibited more tissue damage and less
functional recovery upon reperfusion than controls. I/R activates
mitochondrial permeability transition (MPT) pore opening, which
increases cell damage. We found that mitochondria incubated with a
recombinant mutant form of �BC that mimics P-�BC-S59 exhibited
decreased calcium-induced MPT pore opening. These results indicate
that mitochondria may be among the key components in stressed cells
with which P-�BC-S59 interacts and that this localization may protect
the myocardium, in part, by modulating MPT pore opening and, thus,
reducing I/R injury.

mitochondrial permeability transition; cardioprotection

�B-CRYSTALLIN (�BC), a 175-amino acid, 22-kDa member of
the small heat shock protein (sHSP) family of molecular
chaperones (33), comprises 3–5% of protein in the cardiac
myocytes (3, 8, 17, 24). One mechanism by which �BC may
protect is via direct interaction with key components in stressed
cells. In cardiac myocytes, under nonstressed conditions, �BC
exhibits a diffuse cytosolic localization. However, after certain
stresses, cytosolic �BC redistributes to myofilament proteins
(2, 5, 6, 10, 11, 26, 32), where it may help preserve contractile
protein integrity and myocardial function during potentially
damaging stresses, such as ischemia-reperfusion (I/R). In sup-
port of this hypothesis are studies showing that overexpression
of �BC in cultured rat cardiac myocytes (27) or in hearts of
transgenic mice (31) protects from I/R damage. Moreover, the
targeted disruption of �BC increases sensitivity to I/R injury in
mouse hearts (28).

�BC can be phosphorylated on Ser19, Ser45, and Ser59 in
response to certain stresses (15, 16). In cardiac myocytes, p38

MAP kinase-mediated activation of MAP kinase-activated pro-
tein kinase-2 (MK2) is responsible for phosphorylation of
Ser59 (14). In cultured cardiac myocytes and isolated perfused
mouse and rat hearts, simulated I/R activates p38 MAP kinase
(1) and increases phosphorylation of �BC on Ser59 (P-�BC-
S59), both of which can be blocked by dominant-negative p38
or the p38 inhibitor SB-203580 (14). Overexpression of a form
of �BC that mimics phosphorylation only at Ser59 [�BC-S19A,
-S45A, and -S59E (�BC-AAE)] protects cardiac myocytes
from simulated I/R-induced cell death (27). Taken together,
these findings suggest that the protective effect of �BC on
cardiac myocytes is enhanced upon phosphorylation on Ser59;
however, the mechanism of this protection remains unknown.

Since P-�BC-S59 protects against I/R injury, which is me-
diated in part by signals generated by mitochondria, the present
study was carried out to examine the relationship between
P-�BC-S59 and mitochondria.

MATERIALS AND METHODS

Animals. Approximately 100 C3H female mice (Mus musculus;
8–12 wk-old) were used in this study. All procedures involving
animals were performed in accordance with institutional guidelines.
The animal protocol was reviewed and approved by the San Diego
State University Institutional Animal Care and Use Committee.

Mitochondrial isolation from mouse hearts. Mouse hearts were first
fractionated into cytosolic, mitochondrial, nuclear, endoplasmic retic-
ular, and myofibrillar fractions by differential centrifugation, essen-
tially as previously described (26). Briefly, mouse heart ventricles
were frozen in liquid nitrogen, pulverized, and then homogenized in
isolation buffer (70 mM sucrose, 190 mM mannitol, 20 mM HEPES,
0.2 mM EDTA, 1 �M Na3OV4, 10 �g/ml aprotinin, 10 �g/�l
leupeptin, 0.5 mM p-nitrophenylphosphate, and 1 mM phenylmethyl-
sulfonyl fluoride). The homogenate was centrifuged at 600 g for 10
min, yielding a pellet consisting of nuclei and myofibrils and a
supernatant containing mitochondria, endoplasmic reticulum, and cy-
tosol. The pellet was washed twice in isolation buffer, resuspended in
nuclear extraction buffer [20 mM HEPES (pH 7.9), 25% glycerol, 420
mM NaCl, 1.5 mM MgCl2, and 0.2 mM EDTA], and centrifuged at
600 g for 10 min. The pellet contained myofibrils; because the
supernatant, consisting of nuclear components, did not contain any
detectable �BC, it was not analyzed further in this study. The 600-g
supernatant was centrifuged at 5,000 g for 15 min; the pellet consisted
of crude mitochondria. The 5,000-g supernatant was centrifuged at
100,000 g for 10 min to yield a pellet that included the rough
endoplasmic reticulum. The 100,000-g supernatant was the cytosolic
fraction. The crude mitochondria were purified further on an iodixanol
density gradient (catalog no. 1114542 OptiPrep, Axis-Shield, Oslo,
Norway), essentially as previously described (29). Crude mitochon-
dria were applied to the top of the gradient and centrifuged at 100,000
g for 1 h at 4°C. Twenty 1-ml fractions were collected; immunoblot-

Address for reprint requests and other correspondence: C. C. Glembotski,
SDSU Heart Institute and Dept. of Biology, San Diego State Univ., San Diego,
CA 92182 (e-mail: cglembotski@sciences.sdsu.edu).

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Am J Physiol Heart Circ Physiol 294: H337–H344, 2008.
First published November 9, 2007; doi:10.1152/ajpheart.00881.2007.

0363-6135/08 $8.00 Copyright © 2008 the American Physiological Societyhttp://www.ajpheart.org H337

 on F
ebruary 1, 2012

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org/


ting and electron microscopy showed that purified mitochondria were
present in gradient fractions 11–15.

Transmission electron microscopy of mouse heart mitochondria.
Crude and purified mitochondria were fixed with phosphate-buffered,
half-strength Karnovsky’s fixative, overnight at 4°C (22). After sev-
eral buffer washes, the pellets were postfixed in 2% osmium tetroxide
and 3% potassium ferrocyanide for 2 h on ice, rinsed in water,
dehydrated through ascending concentrations of ethanol followed by
100% acetone, and then infiltrated and embedded in Eponate 12 (Ted
Pella). Sections were stained with uranyl acetate and lead citrate.

Ex vivo mouse heart I/R. Ex vivo global I/R of mouse hearts was
performed as previously described (28). Briefly, mice were injected
with heparin (500 U/kg ip) for 10 min and then anesthetized with
pentobarbital sodium (150 mg/kg). Hearts were isolated and rinsed
with ice-cold modified Krebs-Henseleit buffer, the aortas were can-
nulated, and the hearts were mounted onto a Langendorff perfused
heart apparatus. Hearts were perfused by gravity at a constant pressure
of 80 mmHg, and a pressure sensor balloon was inserted into the left
ventricle through the left atrium. Left ventricular developed pressure
(LVDP, mmHg) was assessed using Powerlab software. Hearts were
equilibrated for 30 min submersed in buffer at 37°C and paced at
�400 Hz and 0.5 mA. Hearts were subjected to global no-flow
ischemia without pacing for 25 min and then reperfused for 10–30
min. In some experiments, hearts were treated with SB-202190
(catalog no. 152121-30-7, Sigma-Aldrich, St. Louis, MO), which was
dissolved in DMSO and added to Krebs-Henseleit buffer. Perfusate
was examined for lactate dehydrogenase (LDH) enzyme activity as
previously described (26).

Preparation of recombinant �BC. The preparation of cDNAs
encoding wild-type �BC (�BC-WT) or mutant �BC has been previ-
ously described (27). cDNAs encoding rat �BC and �BC-S19A,
-S45A, and -S59E (i.e., �BC-AAE) were subcloned from pcDNA3.1
into pRSET-A (catalog no. V351-20, Invitrogen, Carlsbad, CA) to
prepare constructs that would encode �BC-WT or �BC-AAE with an
NH2-terminal 6� His tag. These constructs were transfected into
BL21 cells and then purified under native conditions on Ni-NTA
Superflow columns (catalog no. 30622, Qiagen, Valencia, CA) ac-
cording to the manufacturer’s protocol.

Immunoblotting. Unless otherwise stated, 2–100 �g of protein were
fractionated by SDS-PAGE, transferred to polyvinylidene difluoride
paper, and analyzed by immunoblotting using standard techniques.
Anti-�BC (catalog no. SPA-223), anti-phosphorylated (Ser59) �BC
(catalog no. SPA-227), and anti-glucose-regulated protein 78 (GRP-
78; catalog no. SPA-826) were purchased from Stressgen; anti-
MAPKAPK-2 (catalog no. 3042) and anti-phosphorylated MAPKAPK-2
(catalog no. 3044) from Cell Signaling (Danvers, MA); anti-dynamin
II (catalog no. 610263) from BD Bioscience (San Jose, CA); anti-
cytochrome c oxidase IV (catalog no. A21348) from Invitrogen;
anti-lysosomal membrane protein (LAMP1; catalog no. sc-17768)
from Santa Cruz Biotechnology (Santa Cruz, CA); and anti-�-actinin
(catalog no. A7811) and anti-�-sarcomeric actin (catalog no. A2172)
from Sigma-Aldrich.

Mitochondrial swelling assays. Mitochondrial swelling assays used
to examine permeability transition pore opening were performed as
previously described (35). Briefly, aliquots containing 25 �g each of
mitochondrial protein were mixed with 1 nmol of recombinant protein
in a 96-well plate with swelling buffer [10 mM Tris (pH 7.4), 120 mM
KCl, 20 mM MOPS, and 5 mM KH2PO4] to 100 �l total volume and
then incubated for 15 min at room temperature. Mitochondrial swell-
ing was initiated by addition of 250 �M CaCl2, and absorbance was
measured for 1 h on a plate reader at 520 nm. To confirm that
absorbance decreases were due to permeability transition pore open-
ing, cyclosporin A (CsA) was added to final concentration of 15 nM.

Assessment of mitochondrial membrane potential in cultured car-
diac myocytes. The effects of overexpressing various forms of �BC on
mitochondrial membrane potential (��m) were assessed in rat pri-
mary neonatal ventricular myocytes using tetramethylrhodamine

methyl ester (TMRM). Cells were infected with recombinant adeno-
viral (AdV) strains expressing green fluorescent protein (GFP) alone
(control), GFP and rat �BC-WT, or GFP and rat �BC-AAE, each at
a multiplicity of infection of 10. In these AdV strains, GFP and �BC
are driven by separate cytomegalovirus promoters. The myocyte
isolation and the preparation and use of these AdV strains have been
described previously (27). The cells were pretreated with 20 nM
TMRM for 15 min, treated with 100 �M H2O2 for 150 min to induce
mitochondrial permeability transition (MPT) pore opening, and then
viewed by fluorescence microscopy. The number of TMRM-positive
cells was determined in three different fields per culture, totaling
�200 cells per culture (n � 3 cultures per treatment). Results are
reported as the ratio of TMRM-positive cells to the total number of
cells in each field.

Statistical analyses. Unless otherwise stated, values are means �
SE. Significant differences between groups were assessed using a
one-way ANOVA followed by Bonferroni’s test or Newman-Keuls
post hoc analysis at P 	 0.05 or 0.01.

RESULTS

Initial studies were carried out to determine the levels of
�BC in subcellular fractions prepared from mouse hearts
subjected to ex vivo I/R. �BC was abundant in the cytosolic
fractions prepared from control mouse hearts, as expected;
however, it was nearly undetectable in cytosolic fractions
prepared from hearts subjected to 25 min of ischemia followed
by 10 min of reperfusion (Fig. 1, A and D), consistent with a
possible redistribution of �BC to other subcellular locations.
Since �BC has been reported to localize to myofibrils in rat
hearts subjected to I/R (11), we examined the myofibril frac-
tions. �BC was very low in the myofibril fractions prepared
from control mouse hearts but increased by �3.5-fold after I/R,
as expected (Fig. 1, B and D), demonstrating that the myofil-
ament fraction is one of the targets for I/R-mediated �BC
redistribution. Since mitochondria are susceptible to I/R dam-
age and mitochondrial proteins are susceptible to unfolding
during I/R (13), mitochondrial fractions were examined for
�BC. Some �BC was associated with mitochondria isolated
from control mouse hearts; however, upon I/R, the level of
mitochondrial �BC increased substantially (Fig. 1, C and D),
suggesting that mitochondria are a target for �BC binding
during I/R. Since I/R activates p38 and �BC phosphorylation
on Ser59, the levels of P-�BC-S59 were examined by immu-
noblotting with an antibody that cross-reacts with only this form
of �BC. Under control conditions, the level of P-�BC-S59 asso-
ciated with mitochondria was very low; however, after I/R,
mitochondrial P-�BC-S59 increased �3.5-fold (Fig. 1, C and D).

To confirm the localization of �BC to mitochondria,
mitochondria were purified further by density gradient sed-
imentation. Transmission electron microscopy of samples
from the differential and density gradient centrifugation
steps demonstrated that the mitochondria from untreated
mouse hearts were highly enriched after density gradient
centrifugation (Fig. 2, A and B). Essentially all the objects in
the micrograph of the gradient-purified mitochondria were
intact mitochondria or clearly recognizable as mitochondrial
remnants, thus supporting the high degree of purity of these
mitochondria. The density gradient fractions were analyzed
for �BC, as well as several marker proteins for mitochon-
dria and potentially contaminating organelles, by immuno-
blotting. �BC immunoreactivity was high in the homoge-
nate as well as in the crude mitochondrial sample (Fig. 2C).
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Moreover, �BC immunoreactivity in the density gradient
fractions closely mirrored that of the mitochondrial specific
cytochrome component cytochrome oxidase IV (Fig. 2C).
Dynamin II, GRP-78, LAMP1, and �-actinin, which are
markers for plasma membrane, rough endoplasmic reticu-
lum, lysosomes, and myofilaments, respectively, did not
comigrate with �BC and cytochrome oxidase IV. Taken
together, the results in Fig. 2 demonstrate the high purity of
the mouse heart mitochondria, as well as the localization of
�BC to the same fraction as the purified mitochondria.
Moreover, the continued association of �BC with mitochon-

dria after migration into a density gradient further supports
the relatively strong association of �BC with mitochondria.

The levels of �BC, P-�BC-S45, and P-�BC-S59 were ex-
amined in density gradient-purified mitochondria from mouse
hearts subjected to ischemia or I/R. There was no significant
change in the level of P-�BC-45 under any of the conditions
(Fig. 3A). There was a small, approximately twofold, increase
in �BC and P-�BC-S59 after 25 min of ischemia (Fig. 3, A and
B). Mitochondrial �BC and P-�BC-S59 increased further,
�3.5-fold, when a 25-min period of ischemia was followed by
10 or 30 min of reperfusion (Fig. 3, A and B). No significant
change in cytochrome oxidase IV was observed after the
various treatments. These results demonstrate that the levels of
mitochondrial �BC and �BC-59P increased coordinately dur-
ing ischemia and I/R but that the greatest levels of mitochon-
drial �BC were observed after I/R. Accordingly, further ex-
periments focused on the levels of total �BC and P-�BC-S59
with 25 min of ischemia followed by 10 min of reperfusion.

To examine the relationship between p38 activation and the
levels of mitochondrial P-�BC-S59, mouse hearts were pre-
treated with vehicle only or with the p38 MAP kinase inhibitor
SB-202190 and then subjected to ex vivo I/R. MK2, which lies
directly downstream of p38 (1), was examined to ensure the
efficacy of p38 inhibition by SB-202190. Immunoblots showed
that I/R increased the phosphorylated, active form of MK2 in

Fig. 2. Transmission electron micrographs of mouse heart mitochondria.
Subsarcolemmal mitochondria were isolated by differential centrifugation
(A) followed by iodixanol gradient centrifugation (B). Sedimented material
from each purification step was sectioned, stained with uranyl acetate and
lead citrate, and then viewed by transmission electron microscopy. Mag-
nification �21,000; scale bars, 2,000 nm. M, mitochondria exhibiting
cristae structure; MG, mitochondrial ghosts, which appear to be mitochon-
dria that have swelled and lost their contents. C: samples from iodixanol
gradient analyzed by SDS-PAGE followed by immunoblotting for �BC,
cytochrome oxidase IV, dynamin II, glucose-regulated protein-78 (GRP-
78), lysosomal membrane protein (LAMP1), and actinin. H, homogenate;
C, crude mitochondria. Low and high represent low- and high-density
regions of the gradient.

Fig. 1. Distribution of �B-crystallin (�BC) in subcellular fractions prepared
from mouse hearts subjected to ex vivo ischemia-reperfusion (I/R). Mouse
hearts were subjected to continual perfusion for 65 min (control) or equilibra-
tion for 30 min followed by 25 min of global ischemia and 10 min of
reperfusion (I/R; n � 3 hearts per treatment). After perfusion, ventricular
homogenates were subjected to differential centrifugation to isolate cytosol
(A), myofibrils (B), and mitochondria (C). Portions of each fraction from each
heart were then analyzed by SDS-PAGE and immunoblotting for �BC,
GAPDH, �-actinin, �BC phosphorylated on Ser59 (P-�BC-S59), and cyto-
chrome oxidase IV (Cox IV). D: �BC bands in immunoblots in A–C were
quantified by densitometry and normalized to GAPDH, �-actinin, or cyto-
chrome oxidase IV, which were used as loading controls for fold, myofibril,
and mitochondrial fractions, respectively. Normalized values for �BC in I/R
samples are plotted as fold of each control (n � 3 hearts per treatment). **P 	
0.01 vs. control.
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an SB-202190-sensitive manner, whereas total MK2 levels
were unaffected (Fig. 4, A and B), demonstrating the effective
inhibition of p38 by SB-202190. SB-202190 also decreased the
levels of mitochondrial P-�BC-S59 during I/R but had no
effect on total mitochondrial �BC1 (Fig. 4, A and C). These
results indicate that a portion of the �BC associated with
mitochondria during I/R was P-�BC-S59 and that this associ-
ation can be inhibited by SB-202190.

The effects of SB-202190 on the function of hearts subjected
to I/R were examined. As expected, mouse hearts that were
continually perfused, and not subjected to I/R, retained rela-
tively high LVDP, which was established as 100% (Fig. 5A).
Moreover, perfusion with SB-202190 had no effect on LVDP
in the absence of I/R (Fig. 5A). Hearts subjected to global
ischemia exhibited a complete loss of LVDP during ischemia
and a partial recovery of function on reperfusion, amounting to
�24% of maximal LVDP after 10 min of reperfusion (Fig. 5A).
In contrast, hearts that were pretreated with SB-202190 during

the equilibration period and during ischemia and I/R exhibited
significantly lower recovery than the other treatment groups,
amounting to �12% of maximal LVDP after 10 min of
reperfusion (Fig. 5A). Release of LDH was measured to esti-

1 Depending on the experiment, we found that the increase in the total �BC
associated with mitochondria upon I/R varied from �1.5- to 3-fold.

Fig. 4. Effect of SB-202190 on I/R-mediated activation of MAP kinase-
activated protein kinase-2 (MK2) and on mouse heart mitochondrial �BC.
A: hearts were subjected to 30 min of equilibration followed by continual
perfusion for 35 min (control) or 25 min of global ischemia followed by 10 min
of reperfusion (I/R), as described in Fig. 2 legend. In some cases, hearts were
perfused during 30 min of preequilibration and 10 min of reperfusion with 10
�M SB-202190 (SB; I/R SB). After these treatments, mitochondria were
purified by density gradient centrifugation and subjected to SDS-PAGE fol-
lowed by immunoblotting with antisera specific for phosphorylated or total
MAPKAP-K2, total �BC, P-�BC-S59, or cytochrome oxidase IV. B: quanti-
fication of phosphorylated and total MK2 immunoblots in A (n � 3 hearts per
treatment). * or †P 	 0.05 vs. all other values. C: quantification of phosphor-
ylated and total �BC immunoblots in A (n � 3 hearts per treatment). ** or
††P 	 0.01 vs. all other values.

Fig. 3. Effect of ischemia or I/R on mouse heart mitochondrial �BC.
A: perfused mouse hearts were subjected to 30 min of equilibration, during
which optimal heart function on the perfusion apparatus was established.
Hearts were then subjected to continued perfusion for an additional 55 min
(control), global ischemia for 25 min (I-25), or global ischemia for 25 min
followed by reperfusion (R) for 10 or 30 min (I-25/R-10 or I-25/R-30, n � 3
hearts per treatment). After each treatment, hearts were collected, and density
gradient-purified mitochondria were subjected to SDS-PAGE followed by
immunoblotting (IB) with antisera specific for total �BC (T-�BC), P-�BC-
S45, P-�BC-59S, or cytochrome oxidase IV. B: quantification of immunoblots
in A. Phosphorylated and total �BC were normalized to cytochrome oxidase IV
(n � 3 hearts per treatment). *P 	 0.05; **P 	 0.01 vs. control.
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mate necrosis,2 the major source of tissue damage after 10 min
of reperfusion of ex vivo mouse hearts. In control, continu-
ously perfused hearts, LDH in the perfusate was not detectable
(Fig. 5B). However, after I/R, perfusate LDH levels reached
�150 U/mg of protein in untreated hearts and �400 U/mg in
the SB-202190-treated hearts (Fig. 5B). Taken together, the

results in Figs. 4 and 5 indicate that pretreatment of isolated
perfused mouse hearts with SB-202190 effectively inhibited
p38 and MK2, reduced the quantity of mitochondrial P-�BC-
S59, impaired functional recovery during reperfusion, and
increased necrosis. Although SB-202190 may have widespread
effects on many p38-dependent pathways, these findings are
consistent with a possible role for P-�BC-S59 in affecting
mitochondrial function during I/R.

I/R activates MPT pore opening, which can contribute to
necrosis early in I/R and apoptosis with longer periods of I/R
(12). Accordingly, swelling assays were performed with iso-
lated mitochondria to examine the effects of P-�BC-S59 on
calcium-activated MPT pore opening in vitro. In this assay,
swelling is evident as a decrease in absorbance, and the extent
of swelling correlates with MPT opening. In the absence of
added calcium, isolated mouse heart mitochondria exhibited
little swelling, as shown by moderate decreases in absorbance
(Fig. 6A). However, upon addition of calcium, absorbance
decreased rapidly, indicating increased swelling and, thus,
increased MPT pore opening (Fig. 6A), which was significantly
different from the outcome in the absence of calcium (Fig. 6B).
CsA, an inhibitor of MPT pore opening, significantly inhibited
the calcium-induced swelling (Fig. 6, A and B), confirming that
some of the swelling that occurred in the absence of calcium
was due to MPT pore opening but that the increased swelling
observed on addition of calcium induced additional pore open-
ing. Addition of recombinant wild-type �BC decreased mito-
chondrial swelling (Fig. 6A), but the decrease did not reach
statistical significance (Fig. 6B). In contrast, addition of recom-
binant �BC-AAE, which mimics phosphorylation on Ser59,
resulted in a significant reduction in mitochondrial swelling,
equivalent to values obtained in the absence of calcium (Fig. 6,
A and B). Addition of CsA along with �BC-WT or �BC-AAE
marginally decreased swelling, but these values were not
statistically significantly different from those observed in the
absence of calcium (Fig. 6, A and B). These findings are
consistent with a possible role for mitochondrial P-�BC-S59 as
an inhibitor of MPT pore opening.

To verify the results of the swelling assays, the effects of
overexpression of hemagglutinin (HA)-tagged �BC-WT or
HA-�BC-AAE on H2O2-induced MPT pore opening in cul-
tured neonatal rat ventricular myocytes were assessed by ex-
amination of ��m. Initial experiments demonstrated that the
relative expression levels of HA-�BC-WT and HA-�BC-AAE
were the same in cultures infected with AdVs encoding these
forms of �BC (Fig. 7A). The number of TMRM-positive cells
decreased by �50% when myocytes infected with control AdV
were treated with H2O2 (Fig. 7, B, B
, C, C
, and H), consistent
with the expected loss of ��m as a result of H2O2-induced
MPT pore opening. Although the number of TMRM-positive
cells also decreased in response to H2O2 in myocytes infected
with AdV-HA-�BC-WT (Fig. 7, D, D
, E, and E
), the de-
crease amounted to only �20% (Fig. 7H), consistent with the
possibility that overexpression of �BC-WT moderates the loss
of ��m that is due to MPT pore opening. Finally, the number
of TMRM-positive cells showed no significant change in
response to H2O2 in myocytes infected with AdV-HA-�BC-
AAE (Fig. 7, D, D
, E, E
, and H). Taken together, the results
in Fig. 7 are consistent with the swelling assay results in Fig. 6,
further supporting the hypothesis that phosphorylation on Ser59

enhances the ability of �BC to moderate MPT pore opening.
2 Although widely accepted as a measure of necrosis, LDH release could

also be the result of anaerobic metabolism or nonnecrotic tissue damage.

Fig. 5. Effect of SB-202190 on heart function and lactate dehydrogenase
(LDH) release during I/R. A: mouse hearts were subjected to 30 min of
equilibration with or without SB-202190 and continual perfusion for 35 min
(control and control � SB) or 25 min of global ischemia followed by 10 min
of reperfusion with or without 10 �M SB-202190 (I/R and I/R � SB). Left
ventricles were filled with a balloon connected to a Millar pressure transducer,
which enabled an estimation of relative left ventricular developed pressure
(LVDP). Maximum LVDP of each heart after 30 min of preequilibration was
set to 100%, and all subsequent LVDP values were normalized to that value.
Values are means � SE of numbers of hearts shown in brackets. *P 	 0.05 vs.
all other values at this time point. B: LDH activity in perfusate at conclusion
of each experiment. Values are means � SE of number of hearts shown in
brackets. ND, not detectable. *P 	 0.05 vs. I/R.
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DISCUSSION

Previous studies have shown that �BC protects the heart
from I/R damage (28, 31). During I/R, p38-mediated activation
of MK2 results in phosphorylation of �BC on Ser59 (14–16),
generating a form of �BC that protects cultured cardiac myo-
cytes from simulated I/R-induced cell death (27). The results of
the present study extend these earlier findings, showing that I/R
increases mitochondrial �BC, a portion of which is P-�BC-
S59. Moreover, the present study showed that inhibiting the
mitochondrial localization of only P-�BC-S59 did not affect
the mitochondrial levels of other forms of �BC but decreased
functional recovery upon I/R, supporting the possibility that

the effect of P-�BC-S59 on the heart is different from the
effect of other forms of �BC. Finally, a form of �BC that
mimics P-�BC-S59, �BC-AAE, effectively inhibited MPT
pore opening on mitochondria, in vitro, consistent with a
functional role for this form of �BC at the mitochondrial level.
The latter findings are consistent with two recent studies
showing an increase in calcium-induced MPT pore opening in
mitochondria prepared from mice that lack �BC compared
with wild-type mouse mitochondria (18, 36).

What function(s) might �BC exert upon association with
mitochondria? Since �BC is a molecular chaperone, it is prob-
able that it exerts its protective effects by binding to other proteins
on or in mitochondria. For example, P-�BC-S59 may bind to and
modulate the function of MPT pore proteins. Such an effect could
account for our observation that �BC-AAE decreases calcium-
inducible mitochondrial swelling in vitro. In further support of this
possibility is a recent finding that mutations that mimic �BC
phosphorylation increase its chaperone function (9). �BC could
also localize to mitochondria as a member of signaling complexes
that translocate to mitochondria upon I/R stress. In support of
this possibility is the finding that p38 and MK2, both of which
can form a complex with �BC, translocate to mitochondria
during certain stresses (30). Also, HSP27, which can also
reside in a complex with p38 and MK2, has been found to
associate with mitochondria (37).

What is the stimulus for �BC movement to mitochondria?
�BC may localize to stressed mitochondria in response to
unfolding of mitochondrial proteins. For example, the outer
mitochondrial membrane protein TOM20, a member of a
mitochondrial protein translocase, is prone to unfolding on
myocardial ischemic stress, and by maintaining TOM20 struc-
ture, other HSPs, e.g., HSP70, contribute to the protective
effects of ischemic preconditioning (4). Additionally, the un-
folding of MPT pore proteins during oxidative stress might
attract �BC to the mitochondrial surface. Consistent with this
possibility are studies showing that one mechanism by which
MPT is activated is the unfolding of MPT pore proteins upon
stress (13). In addition to binding to the surface of mitochon-
dria, recent electron-micrographic studies provide evidence
that �BC can localize to the inside of mitochondria (36). Such
conditional localization of cytosolic sHSPs to the interior of
mitochondria has also been shown for HSP25, which binds to
and protects cytochrome complex I from oxidative stress in
PC12 cell mitochondria (7). The possibility that sHSP, similar
to �BC and HSP25, can gain entry into mitochondria is
intriguing, since they do not possess known mitochondrial
translocation sequences, and further studies are required to
determine the responsible mechanism.

In addition to binding to mitochondria, �BC interacts with
other structures in cardiac myocytes, such as myofilaments,
where it might provide stability against stress-induced unfold-
ing. Moreover, in other cell types, �BC interacts with cytosolic
proteins to provide protection. For example, in cultured breast
carcinoma cells, �BC binds to pro-caspase-3 and inhibits the
autoproteolytic generation of caspase-3 (19, 20). �BC also
binds to and inhibits tumor necrosis factor apoptosis-inducing
ligand (TRAIL) in breast carcinoma cells and, in so doing,
exerts an antiapoptotic effect by blocking TRAIL-mediated
caspase-3 activation (21). �BC has also been shown to bind to
p53, which inhibits its translocation to mitochondria, thus
modulating peroxide-mediated apoptosis in mouse C2C12

Fig. 6. Effect of �BC on calcium-induced swelling of isolated mitochondria.
A: swelling assays were performed on mouse heart mitochondria. Decreases in
absorbance in the absence of added calcium (No Ca) represent baseline
swelling; absorbance changes in the presence of 250 �M calcium only (�Ca)
represent maximal swelling. Addition of calcium � cyclosporin A (CsA)
demonstrated that swelling was due to mitochondrial permeability transition
(MPT) pore opening. Effects of addition of 1 nmol of recombinant wild-type
�BC (�BC-WT) or recombinant �BC-AAE with and without CsA on calcium-
induced swelling are also shown. Swelling was initiated by addition of 250 �M
calcium � various other additions. As a control for possible aggregation of
recombinant �BC during the assay, effects of �BC-WT or �BC-AAE in the
absence of mitochondria were examined (�BC-AAE or �BC-WT w/o mito).
Absorbance at 560 nm was followed throughout the assay. Averages of
compiled data are shown, but SE, which averaged �5%, are omitted for clarity
(n � 3 different experiments on different mitochondrial preparations).
B: absorbance at 560 nm from A at the end of each experiment, i.e., at 60 min
(3,600 s). Values are means � SE. *P 	 0.05, �BC-WT vs. Ca.
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cells (23). In human lens epithelial cells, �BC binds to the
proapoptotic, BH3-only proteins Bax and Bcl-xS in the cytosol;
this interaction inhibits translocation of these Bcl-2-binding
proteins to mitochondria, which inhibits Bcl-2/Bax and Bcl-2/
Bcl-xS dimer formation, therefore moderating apoptosis (25).

In summary, the results of the present study demonstrate that
�BC-S59P localizes to mitochondria of mouse hearts subjected
to ex vivo I/R. Our previous findings that a mutant of �BC that

mimics P-�BC-S59 (i.e., �BC-AAE) protects cultured cardiac
myocytes from simulated I/R-mediated cell death (27) com-
plements the present study, which showed that �BC-AAE
inhibited calcium-induced MPT in vitro, and suggest further
supporting cardioprotective roles for P-�BC-S59. It remains to
be determined whether mitochondrial levels of other phosphor-
ylated forms of �BC and/or nonphosphorylated �BC increase
upon I/R stress. Thus it is possible that, in addition to P-�BC-

Fig. 7. Effect of �BC-WT or �BC-AAE on mitochondrial
membrane potential in cultured cardiac myocytes. Cultured
neonatal rat ventricular myocytes were infected with adenovi-
rus (AdV) strains encoding no �BC (Con), hemagglutinin
(HA)-tagged �BC-WT, or HA-�BC-AAE. All three AdV
strains encode green fluorescence protein (GFP) driven off a
cytomegalovirus promoter separate from that driving �BC
expression. Cultures were treated with H2O2, incubated with
tetramethylrhodamine methyl ester (TMRM), and viewed by
fluorescence microscopy. A: immunoblots for HA and GAPDH
demonstrated similar levels of HA-�BC-WT and HA-�BC-
AAE expression. B–G and B
–G
: cultures were microscopi-
cally examined for GFP to demonstrate 100% transfection
efficiency, as previously described, and to identify cells in each
field (B–G). The same fields were then examined to identify
TMRM fluorescence (B
–G
). H: each GFP-positive cell was
scored for the presence of TMRM, and results are plotted as
fraction of TMRM-positive GFP-positive cells (�200 cells
were counted per culture; n � 3 cultures per treatment). ** or
##P 	 0.01 vs. all other treatments.
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S59, these other forms of �BC also localize to mitochondria,
where they could exert isoform-specific functions that are yet
to be examined.
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