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�B-crystallin in mouse heart mitochondria during ex vivo ischemia.
Am J Physiol Heart Circ Physiol 296: H1633–H1642, 2009. First
published February 27, 2009; doi:10.1152/ajpheart.01227.2008.—�B-
crystallin (�BC) is a small heat shock protein expressed at high levels
in the myocardium where it protects from ischemia-reperfusion dam-
age. Ischemia-reperfusion activates p38 MAP kinase, leading to the
phosphorylation of �BC on serine 59 (P-�BC-S59), enhancing its
ability to protect myocardial cells from damage. In the heart, isch-
emia-reperfusion also causes the translocation of �BC from the
cytosol to other cellular locations, one of which was recently shown
to be mitochondria. However, it is not known whether �BC translo-
cates to mitochondria during ischemia-reperfusion, nor is it known
whether �BC phosphorylation takes place before or after transloca-
tion. In the present study, analyses of mitochondrial fractions isolated
from mouse hearts subjected to various times of ex vivo ischemia-
reperfusion showed that �BC translocation to mitochondria was
maximal after 20 min of ischemia and then declined steadily during
reperfusion. Phosphorylation of mitochondrial �BC was maximal
after 30 min of ischemia, suggesting that at least in part it occurred
after �BC association with mitochondria. Consistent with this was the
finding that translocation of activated p38 to mitochondria was max-
imal after only 10 min of ischemia. The overexpression of �BC-AAE,
which mimics �BC phosphorylated on serine 59, has been shown to
stabilize mitochondrial membrane potential and to inhibit apoptosis.
In the present study, infection of neonatal rat cardiac myocytes with
adenovirus-encoded �BC-AAE decreased peroxide-induced mito-
chondrial cytochrome c release. These results suggest that during
ischemia �BC translocates to mitochondria, where it is phosphory-
lated and contributes to modulating mitochondrial damage upon
reperfusion.

cardiac myocyte; p38 mitogen-activated protein kinase

ISCHEMIA-REPERFUSION (I/R) in the heart leads to the generation
of mitochondrial-derived reactive oxygen species (ROS),
which can contribute to myocardial damage (40, 49). A number
of signaling cascades are activated by ROS generated during
I/R, including the mitogen-activated protein kinases (MAPKs),
which have been associated with both tissue damage and
protection (2–4, 11, 15, 19, 27, 35, 45, 51). p38 MAPK
activation leads to the phosphorylation of the small heat shock
protein (sHSP) �B-crystallin (�BC), one of the 10-member
sHSP family of molecular chaperones (48). �BC is expressed
in several tissues, including the lung, eye, brain, and skeletal
muscle; however, its expression in the heart is particularly
noteworthy, since it comprises 3–5% of the total protein in the
myocardium (6, 12, 48).

Several studies using genetically modified mice have shown
that �BC can protect the heart against various stresses. For
example, compared with wild-type mouse hearts, the hearts
from transgenic mice that overexpress �BC in a cardiac-
specific manner exhibited less tissue damage and preserved
contractile function when subjected to ex vivo I/R (43). �BC
transgenic mice were also shown to be protected from over-
load-induced cardiac hypertrophy (30). The only currently
available �BC knockout mouse model also harbors a deletion
in a sHSP related to �BC, heat shock binding protein 2 (8), due
to the head-to-head orientation of these two genes and the fact
that they share a promoter (46). Consistent with the results
using mice that overexpress �BC were the findings that when
subjected to ex vivo I/R, the hearts from �BC/HSPB2 double
knockout (DKO) mice were more susceptible to injury than
hearts from wild-type mice, suggesting that either or both of
these sHSPs were involved in protection under these conditions
(26, 37). Moreover, �BC/HSPB2 DKO mouse hearts exhibited
exaggerated overload-induced cardiac hypertrophy (30), which
is also consistent with a protective effect. However, there have
also been studies (5) using the same �BC/HSPB2 DKO mouse
model reporting that the absence of these sHSPs fosters less
myocardial damage when examined in in vivo models of I/R
and ischemic preconditioning.

The phosphorylation of �BC in response to I/R may affect
its chaperone function. In response to I/R and other stresses,
�BC is phosphorylated on serine 59 (24) in a p38-dependent
manner (1, 21). Moreover, a molecular mimic of phospho-
�BC-S59, �BC-AAE, was shown to enhance the ability of
�BC to protect cells against several different stresses that
imitate I/R; in contrast, �BC-AAA, which blocks �BC phos-
phorylation, increased I/R-mediated myocardial cell death
(36). Consistent with these findings are other studies (13) that
have suggested that �BC phosphorylation may augment its
chaperone activity.

In terms of its subcellular localization �BC is very dynamic.
Several studies (9, 16, 17, 50) have demonstrated that in the
heart, stress induces a large proportion of the total cellular �BC
to move from a diffuse cytosolic locale to sarcomeres, where it
has been hypothesized to stabilize myofilament structure. More
recent studies (34) in mouse hearts have shown that in addition
to sarcomeres, during ex vivo I/R, �BC translocates to mito-
chondria, where it has been postulated to reduced I/R damage.
Also, phospho-�BC-S59, which has been found to be associ-
ated with mouse heart mitochondria, was shown to increase
upon ex vivo I/R; moreover, inhibiting p38 decreased mito-
chondrial phospho-�BC-S59 and increased I/R damage (25).
Taken together, these results suggest that �BC is phosphory-
lated and moves to mitochondria during I/R; however, the
sequence of these events and full scope of their functional
consequences are not well understood. Accordingly, the
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present study was undertaken to examine whether �BC trans-
locates to mitochondria during I/R, whether it is phosphory-
lated before and/or after translocation, and whether phospho-
�BC-S59 has functional effects on mitochondria in cardiomyo-
cytes that are consistent with its ability to decrease I/R damage.

MATERIALS AND METHODS

Animals. Approximately 100, 10- to 14-wk-old C57/BL6 mice
(Mus musculus) were used in this study. All procedures involving
animals were performed in accordance with institutional guidelines.
The animal protocol used in this study was approved by the San Diego
State University Institutional Animal Care and Use Committee.

In vivo myocardial infarction and immunocytofluorescence. In vivo
myocardial infarction and immunocytofluorescence were carried out
as previously described (18, 47) using TOM20 (Abcam no. ab56783)
at 7 �g/ml and PS59 �B-crystallin (Stressgen no. SPA-227) at 10
�g/ml. All other antibodies were previously described (25).

Ex vivo I/R. Global no-flow ex vivo I/R was performed on a
Langendorff apparatus, as previously described (37). Briefly, mice
were treated with 500 U/kg of heparin 10 min before administration of
150 mg/kg of pentobarbital, both via intaperitoneal injection. Animals
were then killed, and hearts were quickly removed and placed in
ice-cold modified Krebs-Henseleit buffer. The aortas were then can-
nulated, and the hearts were mounted on a Langendorff apparatus and
perfused with oxygenated Krebs-Henseleit buffer at a constant pres-
sure of 80 mmHg. The left atria were removed, and water-filled
balloons connected to a pressure transducer were inserted into the left
ventricle and inflated to record left ventricle developed pressure.
Hearts were electrically paced at 8.7 to 9.2 Hz via an electrode placed
on the right atrium. After a 30-min equilibration period, hearts were
subjected to varying times of ischemia with or without subsequent
reperfusion. Hearts were submerged in buffer at 37°C at all times.
After the appropriate treatment times, hearts were quickly removed
from the apparatus, the right atria and any remaining vessels and
connective tissue were removed, and hearts were flash frozen in liquid
nitrogen. Hearts were stored at �80°C until processed.

Preparation of subcellular fractions. Frozen hearts were pulverized
while in dry ice and then homogenized in 1 ml of isolation buffer (70
mM sucrose, 190 mM mannitol, 20 mM HEPES, 0.2 mM EDTA, 200
�M sodium orthovanadate, 10 �g/ml aprotinin, 10 �g/ml leupeptin,
0.5 mM p-nitrophenyl phosphate, and 1 mM PMSF). After homoge-
nization, 70 �l of the homogenate were added to 400 �l of RIPA
buffer (150 mM NaCl, 20 mM Tris �HCl pH 7.5, 0.1% SDS, 1%
Triton X-100, 1 mM EDTA, 200 �M sodium orthovanadate, 10 �g/ml
aprotinin, 10 �g/ml leupeptin, 0.5 mM p-nitrophenyl phosphate, and
1 mM PMSF), and this whole homogenate fraction was saved for
immunoblot analysis. The remainder of each homogenate was centri-
fuged at 600 g for 10 min to remove nuclei and myofibrils. The
resulting supernatant, containing mitochondria and membrane frac-
tions, was centrifuged at 5,000 g for 15 min, producing a pellet
enriched in mitochondria and a supernatant. The pellet was washed
twice with 1 ml of isolation buffer and then resuspended in 400 �l of
RIPA buffer to produce the final mitochondrial fraction. The super-
natant was centrifuged at 100,000 g for 60 min. The resulting
supernatant was the final cytosolic fraction.

Trypsin protection assay. Mitochondria (200 �g of mitochondrial
protein) were resuspended in 200 �l of isolation buffer and treated
with or without trypsin (1 mg/ml) for 1 h on ice. Mitochondria were
then collected by centrifugation at 5,000 g for 15 min, washed twice
with isolation buffer containing soybean trypsin inhibitor (1 mg/ml),
and then resuspended in 100 �l of RIPA buffer, also containing
soybean trypsin inhibitor (1 mg/ml). Mitochondria were then analyzed
by Western blotting for the presence of �BC (Stressgen; SPA-223),
phospho-�BC-S59 (Stressgen; SPA-227), TOM 20 (Santa Cruz; sc-
11415), and cytochrome oxidase subunit IV.

Cytochrome c release assay. Neonatal rat ventricular myocyte
cultures (NRVMC), prepared as previously described, were infected
with recombinant adenovirus encoding either no �BC (AdV-control),
wild-type �BC (AdV-�BC), or a mutant form of �BC that mimics
phosphorylation at serine 59, while blocking phosphorylation at
serines 19 and 45 (�BC-AAE). Forty-eight hours after infection,
cultures were subjected to 200 �M H2O2 for 1 h, after which cells
were harvested by trypsinization, collected by centrifugation, and
subjected to subcellular fractionation by differential centrifugation to
yield a pure cytosolic fraction. Western blotting, using anti-cyto-
chrome c antibody (BD Pharmingen; 556433), was performed to
analyze cytochrome c release into the cytosol.

RESULTS

To determine whether phospho-�BC-S59 is generated in
stressed cardiac myocytes in vivo, confocal immunocytofluo-
rescence microscopy was used to examine sections of hearts
from a previously described in vivo mouse model of permanent
occlusion myocardial infarction (18, 47). Sections prepared
from mice euthanized 4 days after infarction were stained with
an antibody specific for phospho-�BC-S59. A subset of tropomy-
osin-positive myocytes in the infarct border zone stained pos-
itively for phospho-�BC-S59 (Fig. 1, A and B, BZ), while
tropomyosin-positive myocytes in a region remote from the
infarct did not stain for phospho-�BC-S59 (Fig. 1 A and B, R).
A significant amount of the phospho-�BC-S59 and tropomyosin
colocalized (Fig. 1, A-C, arrow 1), consistent with the sarco-
meric association of phospho-�BC-S59. However, a portion of
the phospho-�BC-S59 did not colocalize with tropomyosin
(e.g., Fig. 1, A and C, arrow 2), consistent with the localization
of phospho-�BC-S59 to other structures, such as mitochondria.
To further examine this possibility, heart sections were stained
for phospho-�BC-S59 and the mitochondrial outer membrane
protein TOM20. As expected, phospho-�BC-S59 staining was
increased in the infarct border zone (Fig. 1D), while TOM20
staining was more uniform throughout the section (Fig. 1E).
Examination of a portion of this image (e.g., Fig. 1F, box) at a
higher power showed that while most of the phospho-�BC-S59
assumed a sarcomeric pattern, as expected (Fig. 1G), there
were numerous areas where phospho-�BC-S59 and TOM20
colocalized (Fig. 1I, arrows 1, 2, and 3). These results are
consistent with the generation of phospho-�BC-S59 in isch-
emic cardiac myocytes in vivo and its localization to sarco-
meres and mitochondria.

To examine the molecular details of phospho-�BC-S59
generation and localization to mitochondria in the heart and to
determine whether phospho-�BC-S59 is generated during I/R,
mouse hearts were subjected to ex vivo ischemia or I/R for
various times (Fig. 2A) and then homogenized and subjected
subcellular fractionation. Immunoblotting for the myofibril,
cytosol, and mitochondria marker proteins, �-actinin, GAPDH,
and voltage-dependent anion channel, respectively, in subcel-
lular fractions prepared from a control heart showed that the
mitochondrial fractions were relatively pure and did not con-
tain significant amounts of proteins from the cytosol and
myofibril fractions (Fig. 2B), which can potentially contain
large quantities of �BC.

Whole homogenates prepared from hearts subjected to the
I/R protocols shown in Fig. 2A were examined by immuno-
blotting; sample blots are shown in Fig. 3A. An antibody that
cross-reacts with all forms of �BC, regardless of phosphory-
lation state, was used to measure total �BC in homogenates.
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Compared with control hearts, the levels of total �BC in hearts
subjected to ischemia or I/R did not change significantly (Fig.
3A, total �BC). Quantification of immunoblots performed
using samples obtained after at all ischemia and I/R times
examined further demonstrated that compared with perfusion
time-matched controls, there was no significant change in the
level of total �BC (Fig. 3B, total �BC). In contrast, phospho-
�BC-S59 in whole heart homogenates reached a maximum of
eightfold over control after 30 min of ischemia/60 min of
reperfusion (Fig. 3A, phospho-�BC-S59; Fig. 3B). Since the
phosphorylation of �BC on serine 59 depends on p38 activa-
tion, the levels of total and phosphorylated (i.e., active) p38
were also examined. As expected, total p38 did not change as
a function of I/R (Fig. 3A, total p38; Fig. 3C, total p38).
However, the relative levels of phospho-p38 increased tran-
siently to �10-fold over control within 10 min of ischemia and
then decreased to about threefold over control at the longer
ischemia times (Fig. 3A, phospho-p38; Fig. 3C, phospho-p38).
Phospho-p38 exhibited a s transient increase of 12-fold over
control after 30 min of ischemia/10 min reperfusion, which
was followed by more modest increases to approximately six-
to eightfold over control after 60 and 120 min of reperfusion,
respectively. This profile of p38 activation is consistent with
the previously observed transient activation of p38 during
ischemia (44) and reactivation again during reperfusion (39),
the latter of which requires mitochondrial-derived ROS (14).
These results demonstrate that �BC serine 59 phosphorylation
occurred primarily during reperfusion when whole heart ho-
mogenates were examined.

Although the levels of �BC in whole heart homogenates did
not change upon I/R, after as little as 5 min of ischemia there
was a decrease in total �BC and phospho-�BC-S59 from the

cytosol, which progressed until there was essentially no �BC
in the cytosol after 30 min of ischemia (Fig. 4A). This pattern
persisted throughout all reperfusion times examined (e.g.,
Fig. 4B, total �BC). Interestingly, while total p38 in the
cytosol also decreased precipitously after as little as 20 min
of ischemia, a large proportion of the p38 that remained in
the cytosol after the onset of ischemia was phosphorylated,
suggesting a high degree of activation (Fig. 4, B and C).
Accordingly, it was apparent that during ischemia �BC and
p38 quantitatively relocated from the cytosol to other sub-
cellular fractions.1 To examine possible localization of �BC
and p38 to mitochondria, immunoblots were prepared from
mitochondrial fractions of hearts subjected to various I/R
times. Total �BC in mitochondrial fractions increased pri-
marily during ischemia (Fig. 5A, total �BC) on a time frame
that coordinated with the loss of �BC from the cytosolic
fraction (Fig. 4). Quantification of blots of all ischemia and
I/R times demonstrated that total mitochondrial �BC in-
creased by about fourfold after as little as 10 min of
ischemia, reaching a maximum of sixfold over control after
20 min of ischemia, followed by a decline through the
remaining times examined (Fig. 5B, total �BC).

The level of mitochondrial phospho-�BC-S59 was also
maximal during I, but exhibited delayed kinetics compared
with that of total mitochondrial �BC (Fig. 5, A and B,
phospho-�BC-S59). In fact, mitochondrial phospho-�BC-
S59 was maximal after 30 min of ischemia, 10 min after the

1 The levels of phospho-p38 were too low to detect in cytosolic samples;
accordingly, quantification of the percentage of total p38 that was phosphor-
ylated was not possible. Therefore, Fig. 4C shows only total p38.

Fig. 1. Confocal immunocytofluorescence analysis of phos-
pho-�B-crystallin (�BC)-S59 in mouse hearts after myocardial
infarction. FVB mice were subjected to in vivo myocardial
infarction via permanent occlusion of the left ascending coro-
nary artery. Four days after the surgery, mice were euthanized
and sections were prepared. All procedures have been previ-
ously described (18, 47). Micrograph represents results from 3
different mice. A: section of a mouse heart that included the
infarct and surviving myocytes in the border zone (BZ) and in
a remote region, distant from the infarct (R), was stained for
phospho-�BC-S59 (P-�BC). Arrow 1 points to nonsarcomeric
phospho-�BC-S59, while arrow 2 points to phospho-�BC-S59
that stained in a sarcomeric pattern. B: section sequential to
that shown in A was stained for tropomyosin. Arrows 1 and 2
point to the same regions of the same cells as in A. C: sections
shown in A and B were overlayered and the P-�BC, tropomy-
osin, and nuclei stainings are shown in green, blue, and red,
respectively. Arrows 1 and 2 point to same regions of same
cells as in A and B. D and G: section of a mouse heart that
included the infarct and surviving myocytes in the border zone
and in a remote region, distant from the infarct, was stained
for phospho-�BC-S59. Box shows region that was scanned
at a higher magnification in G. E and H: section sequential
to that shown in D was stained for TOM20. Box shows
region that was scanned at a higher magnification in H. F
and I: sections shown in D and G were overlayered and the
P-�BC, tropomyosin, and nuclei stainings are shown in
green, red, and blue, respectively. Arrows 1, 2, and 3 point
to same regions of same cells as in D and G.
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maximum for total �BC. At longer reperfusion times, the
level of mitochondrial phoshpo-�BC-S59 declined steadily
to about fourfold over control after 120 min of reperfusion,
the last time point examined (Fig. 5B, phospho-�BC-S59).2

Since it appeared as though �BC phosphorylation occurred
after translocation to mitochondria, and since p38 activation is
required for this phosphorylation, the levels of p38 in the
mitochondrial fractions were analyzed. Total p38 in mitochon-
drial fractions increased by about twofold over control within
5 min of the onset of ischemia (Fig. 5, A and C, total p38).
Total mitochondrial p38 remained at this level through 60 min
of reperfusion, and then declined somewhat thereafter. The
levels of phospho-p38 in the mitochondrial fractions exhibited
a transient increase to about fivefold over control within 10 min
of ischemia, which was followed by a decline to nearly control
levels of phosphorylation at the later ischemia times (Fig. 5, A
and B, phospho-p38). Mitochondrial phsopho-p38 increased to
�2.5-fold over control upon 10 min of reperfusion, remained
at this level through 60 min of reperfusion, and then declined
to control levels by 120 min or reperfusion. Taken together,

these results indicate that in contrast to what was observed in
whole heart homogenates, the increases in mitochondrial total
�BC and phospho-�BC-S59 occurred primarily during ische-
mia. Moreover, the timing of the increases in phospho-p38 in
mitochondrial fractions provided support for the idea that �BC
is phosphorylated in a p38-dependent manner and that at least
in part this phosphorylation takes place after its translocation to
mitochondria.

To examine the nature of the association of �BC with
mitochondria, a protease protection analysis was carried out.
After treatment of isolated mitochondria with trypsin, total
�BC and phospho-�BC-S59 were both decreased by �50%
(Fig. 6, A and C), indicating that about one-half of the �BC is
located on the mitochondrial surface, while the remainder may
be localized to regions of mitochondria that are protected from
trypsin. To examine the effects of trypsin on other proteins of
known mitochondrial localization, immunoblots were carried
out for TOM20, which resides on the mitochondrial surface,
and for cyclooxygenase (COX)-4, which is in the matrix. As
expected, TOM 20 was completely digested by trypsin, while
COX-4 was completely resistant to protease treatment (Fig. 6A,
TOM20 and COX IV). To address the formal possibility that
some forms of �BC are less susceptible to degradation by
trypsin, mitochondria were subjected to sonication before pro-
tease treatment, and it was found that both �BC and COX-4
were completely degraded. Taken together, these results sug-
gest that approximately one-half of the mitochondrial �BC and
phospho-�BC-S59 reside on the outer mitochondrial mem-

2
Since there was an increase in phospho-�BC-S59 during I in mitochondrial

samples (Fig. 5B) that was not observed in whole homogenate samples (Fig.
3B), it is probable that mitochondrial phospho-�BC-S59 constitutes a rela-
tively small proportion of the total phospho-�BC-S59 in cardiac myocytes
under these conditions. This is consistent with previous findings that other
subcellular fractions, e.g., myofilaments, serve as a major sink for �BC
translocation in I/R stressed cardiac myocytes.

Fig. 2. Diagram of the ischemia-reperfusion (I/R) protocol used in this study
and subcellular fractionation. A: after 30 min of equilibration mouse hearts were
subjected to various times of I/R on a Langendorff apparatus (n � 3 mouse
hearts/time). A continual perfusion control that matched each ischemia and I/R
time was also generated. B: after each treatment, hearts were homogenized and,
after removal of a sample for later analysis, homogenates were subjected to
subcellular fractionation. Tissue was later homogenized and fractionated by
differential centrifugation and examined by immunoblot for �-actinin, GAPDH,
and voltage-dependent anion channel (VDAC), which are marker proteins for
myofibrils, cytosol, and mitochondria, respectively.

H1636 MITOCHONDRIAL TRANSLOCATION OF �B-CRYSTALLIN

AJP-Heart Circ Physiol • VOL 296 • MAY 2009 • www.ajpheart.org

 on F
ebruary 1, 2012

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org/


brane surface, while the remainder may be localized within the
outer mitochondrial membrane.

To examine functional roles for mitochondrial �BC, the
effects of overexpressing wild-type �BC, or �BC-AAE, the
latter of which mimics phosphorylation at serine 59, in cultured
cardiac myocytes were assessed (36). When cultures were
infected with the control adenovirus Con-AdV but not sub-
jected to oxidative stress, there was no detectible release of
mitochondrial cytochrome c, as expected (Fig. 7A, lanes 1–3;
Fig. 6B, bar 1). However, when Con-AdV-infected cultures
were treated with H2O2, the release of mitochondrial cyto-
chrome c increased dramatically (Fig. 7A, lanes 4–6; Fig. 7B,
bar 2). In contrast, when cultures were infected with �BC-AdV
or �BC-AAE-AdV, which encode similar amounts of each
transgene in NRVMC (25), H2O2-activated cytochrome c re-
lease decreased by �25 and 50%, respectively (Fig. 7A, lanes
7–12; Fig. 7B, bars 3 and 4), suggesting that �BC protects
mitochondria from oxidative damage and that phosphorylation
of �BC on serine 59 may enhance this protective effect.
Consistent with the abilities of these forms of �BC to effect

changes in mitochondrial function was the finding that both
HA-�BC and HA-�BC-AAE were associated with mitochon-
dria isolated from AdV-infected NRVMC (Fig. 7C). This
suggests that HA-�BC might become phosphorylated upon
arrival at mitochondria or that either native or phosphorylated
�BC can associate with mitochondria. Alternatively, it is
possible that �BC-AAE in the cytosol and on sarcomeres could
indirectly account for the reduced cytochrome c release. Taken
together, the results shown in Fig. 7 are consistent with our
previous findings that �BC-AdV and �BC-AAE-AdV reduce
H2O2-mediated loss of mitochondrial membrane potential in
NRVMC and that �BC-AAE is more effective in this regard
than wild-type �BC (25).

DISCUSSION

This study is the first to show that in an ex vivo mouse heart
model of I/R ischemia induces a nearly complete disappear-
ance of �BC from the cytosol that coordinates temporally with
the appearance of �BC in mitochondrial fractions. Moreover,

Fig. 3. Effect of ischemia or I/R on �BC, phospho-�BC-
S59, p38, and phospho-p38 in whole heart homogenates.
Before subcellular fractionation, samples of the whole heart
homogenates from the 8 experimental samples shown in Fig.
1A, and 8 time-matched controls (n � 3 hearts per time),
were subjected to immunoblot analysis. A: samples from 4 of
the time points were analyzed by immunoblotting for total
�BC, phospho-�BC-S59, p38, phospho-p38, and GAPDH.
B: immunoblots of all samples for total �BC (■ ) and phos-
pho-�BC-S59 (‚) were quantified; values are shown as fold
over control hearts for each time point normalized to
GAPDH. C: immunoblots of all samples for total p38 (■ )
and phospho-p38 (‚) were quantified; values are shown as
fold over control hearts for each time point normalized to
GAPDH. All values are means � SE; n � 3 for each time
point. All values for phospho-�BC-S59 and phospho-p38
are significantly greater than control perfusion values (P �
0.05). In cases where error bars are not visible, they are
smaller than the symbol. The reason for observing the
doublet in some phospho-p38 lanes is not known, but it
could be the result of proteases that are activated during
ischemia and I/R, such as calpain, that can cleave p38.
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the results of these studies are consistent with the hypothesis
that the ischemia-mediated translocation of p38 and �BC to
mitochondria, and the p38-dependent phosphorylation of �BC,
occur in a sequence suggesting that �BC phosphorylation can
take place at the mitochondrion. These findings raise questions
about the mechanisms responsible for �BC translocation to,
and phosphorylation at mitochondria, as well as precisely
where in and/or on mitochondria �BC is located, and what the
functional roles of �BC are in terms of mitochondrial function
during ischemic stress.

The mechanism responsible for �BC translocation to
mitochondria is not known; however, previous studies on
cardiac myocytes and other cell types suggest that the
chaperone activity of �BC is likely to play a central role.
For example, �BC binds to numerous sarcomeric proteins
(6, 9, 10), where it is believed to help maintain contractile
element integrity during stress (17). Additionally, in C2C12
myoblasts and in cultured carcinoma cells, �BC binds to
procaspase 3 and inhibits its autocatalytic activation (22, 28,
29). In rabbit N/N1003A lens epithelial cells, �BC interacts
with p53 and decreases its translocation to mitochondria,
thus modulating p53-mediated apoptosis in this cell type
(31). �BC also binds to the proapoptotic BH3-only proteins
Bax and Bcl-xs in the cytosol of human lens epithelial cells

and in so doing impedes their translocation to mitochondria,
thereby inhibiting apoptosis (33). While none of these
reports describe �BC association with mitochondria, it is
possible that a portion of the cytosolic proteins to which
�BC binds also translocate to mitochondria. In this way,
�BC translocation would occur by virtue of a binding
partner and not due to direct interaction of �BC with
mitochondrial proteins. An additional stimulus for �BC
translocation to mitochondria is the unfolding of mitochon-
drial outer membrane proteins. For example, the mitochon-
drial outer membrane protein TOM20, which is part of the
mitochondrial protein import system, is prone to unfolding
during myocardial ischemia, and other chaperones, includ-
ing HSP79 and HSP90, are known to bind to it, as well as
other TOM subunits under these conditions (7). Addition-
ally, it has been postulated that mitochondrial permeability
transition pore proteins unfold during oxidative stress and
that modulating this unfolding through the binding of chap-
erones may decrease permeability transition and the associ-
ated apoptotic cell death (20). Accordingly, acting as a
chaperone, �BC might bind to proteins in the cytosol that
translocate to mitochondria, or it may bind to proteins on the
outer mitochondrial membrane that unfold during ischemia.

Fig. 4. Effect of ischemia and I/R on �BC in cytosolic
fractions. Immunoblotting was performed on cytosolic
fractions from all the time points to examine total �BC
and GAPDH. After subcellular fractionation, samples of
the cytosolic fractions from the 8 experimental samples
shown in Fig. 1A, and 8 time-matched controls (n � 3
hearts per time), were subjected to immunoblot analysis.
A: samples from 4 of the time points were analyzed by
immunoblotting for total �BC, phospho-�BC-S59, p38,
phospho-p38, and GAPDH, as labeled. B: immunoblots of
all samples for total �BC (■ ) and phospho-�BC-S59 (‚)
were quantified; values are shown as fold over control
hearts for each time point normalized to VDAC. C: im-
munoblots of all samples for total p38 (■ ) were quantified;
values are shown as fold over control hearts for each time
point normalized to VDAC. All values are means � SE;
n � 3 for each time point. All values are significantly
greater than control perfusion values (P � 0.05). In cases
where error bars are not visible, they are smaller than the
symbol. Due to the lack of signal in control lanes, it was
not possible to determine the proportion of total p38 that
was phosphorylated under control conditions, so only total
p38 is shown in this figure.
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Perhaps it is through these interactions that �BC contributes
to the retention of proper mitochondrial function during this
extreme stress.

In the present study, the kinetics of ischemia-mediated �BC
translocation and phosphorylation were consistent with the
possibility that at least a portion of �BC phosphorylation
occurred in the mitochondrial fraction. The known dependence
of �BC phosphorylation on the p38-activated MAPK-activated
protein kinase-2 (21, 23, 24) is consistent with the findings in
the current study that increased levels of activated p38 were
associated with mitochondrial fractions after ischemia (Fig.
5C). Previous studies (42) showing that �BC can form a
complex with p38, which itself can translocate to mitochondria
during stress, provide further support for the possibility that
�BC may associate with mitochondria by binding to other
proteins that translocate from the cytosol to mitochondria.
These findings complement other recent studies (38, 41, 52) in
cardiac myocytes and other cell types documenting the trans-
location of numerous signaling kinases, including PKC, PKA,

ERK, JNK, Akt, hexokinase, and GSK3�, from the cytosol to
mitochondria. It is apparent that most of these kinases trans-
locate to the surface of mitochondria and, in some cases, gain
entry to the interior of mitochondria and that their functions are
exerted by phosphorylated key proteins located on or in mito-
chondria.

An examination of whether �BC is on or in mitochondria
was also examined in the present study. It was shown that at
least one-half of the phospho-�BC-S59 was susceptible to
proteolytic degradation, suggesting that �BC localizes on the
surface of mitochondria during ischemia but that the remain-
ing, protease-resistant portion might be within the outer mem-
brane (Fig. 6). Since �BC does not have a canonical mitochon-
drial targeting sequence, the mechanism by which it might
gain entry to the interior of the mitochondrion is unclear. It
is known that the posttranslational translocation of mito-
chondrial proteins through the TOM/TIM translocation ma-
chinery requires the partial unfolding of proteins on the
exterior of mitochondria and the subsequent refolding dur-

Fig. 5. Effect of ischemia and I/R on �BC, phospho-�BC-
S59, p38, and phospho-p38 in mitochondrial fractions.
After subcellular fractionation, samples of the mitochon-
drial fractions from the 8 experimental samples shown in
Fig. 1A, and 8 time-matched controls (n � 3 hearts per
time), were subjected to immunoblot analysis. A: samples
from 4 of the time points were analyzed by immunoblot-
ting for total �BC, phospho-�BC-S59, p38, phospho-p38,
and VDAC, as labeled. B: immunoblots of all samples for
total �BC (■ ) and phospho-�BC-S59 (‚) were quantified;
values are shown as fold over control hearts for each time
point normalized to VDAC. C: immunoblots of all samples
for total p38 (■ ) and phospho-p38 (‚) were quantified;
values are shown as fold over control hearts for each time
point normalized to VDAC. All values are means � SE;
n � 3 for each time point. All values are significantly
greater than control perfusion values (P � 0.05). In cases
where error bars are not visible, they are smaller than the
symbol.
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ing and/or after translocation across the outer and inner
mitochondrial membranes, which is known to require other
heat shock proteins, such as HSP70 and HSP90. Thus it is
possible that �BC participates in this process and helps to
ensure proper translocation and refolding of proteins resid-
ing within mitochondria.

In the present study, the potential functional consequence
of the association of �BC with mitochondria was examined
in cultured cardiac myocytes, where it was shown that
�BC-AAE, which mimics phospho-�BC-S59, decreased the
oxidative-stress-dependent release of cytochrome c (Fig. 7,
A and B). This finding is consistent with our previous
observation that �BC-AAE confers a retention of mitochon-
drial membrane potential, attenuates calcium-induced mito-
chondrial swelling in vitro (25), and reduces mitochondrial-

dependent apoptosis in cardiac myocytes (36). This finding
is also consistent with a report (32) showing that overexpression
of �BC in human umbilical vein endothelial cells decreased ROS
generation and apoptosis in this cell type (32).

A great deal remains to be discovered about how �BC
interacts with mitochondria during ischemia, as well as how
such an interaction enhances mitochondrial recovery during
reperfusion. In addition to the results of the present study,
several other recent studies (5, 26) have implicated a role for
�BC in modulating mitochondrial function in the heart. Thus it
is quite probable that one of the manifold ways in which �BC
fosters cardioprotection is through the physical interaction with
mitochondria and the specific binding to key mitochondrial
proteins in ways that augment the ability of mitochondria to
preserve proper metabolic function and withstand the rigors of
I/R stress.

Fig. 7. Effect of wild-type �BC-AdV and �BC-AAE-AdV on H2O2-induced
cytochrome c release. Overexpression of wild-type �BC or the phosphoryla-
tion mimic �BC-AAE in neonatal rat ventricular cardiomyocytes was accom-
plished via infection with adenovirus (AdV) harboring the appropriate expres-
sion construct, or no �BC expression construct (Con-AdV). Cells were treated
with 200 �M H2O2 for 1 h, followed by subcellular fractionation and
cytochrome c immunoblotting on the cytosolic fraction. A: immunoblots of
cytochrome c and GAPDH in the cytosol. B: immunoblot shown in A was
quantified to determine the levels of cytosolic cytochrome c relative to
GAPDH. Values represent average � SE; n � 3. **P � 0.05, ††P � 0.05, and
§§P � 0.05, different from each other and the control, as determined by
ANOVA with Student-Newman-Keuls post hoc test. C: immunoblot for
HA-tagged, AdV-encoded wild-type �BC, or �BC-AAE in mitochondrial
fractions isolated from cultured cardiac myocytes.

Fig. 6. Effect of trypsin on mitochondrial �BC. Hearts (n � 3) were subjected
to 30 min of ex vivo ischemia followed by 10 min of reperfusion then
homogenized and mitochondria isolated, as described in MATERIALS AND

METHODS; 200 �g of isolated mitochondrial protein were then treated with 1
mg/ml trypsin for 1 h at 4°C. A: immunoblots for total �BC, phospho-�BC-
S59, TOM20, and cyclooxygenase (COX)-4 before (Con) and after (Trypsin)
incubating isolated mitochondria with trypsin. TOM20 was used as a marker
for proteins located outside the mitochondrial outer membrane and COX-4 was
used as a marker for proteins located within the outer mitochondrial mem-
brane. B: immunoblots for total �BC, phospho-�BC-S59, TOM20, and COX-4
after mitochondrial membrane disruption by sonication. C: quantitation of the
fraction of total �BC, phospho-�BC-S59, COX-4, and TOM20 remaining after
trypsin treatment of intact mitochondria. Values are represented as mean
percent remaining � SE; n � 3.
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