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Abstract

Calcium-mediated signaling regulates nuclear gene tran-
scription by calcium/cAMP response element binding protein
(CREB) via calcium-dependent kinases and phosphatases.
This study tested the hypothesis that CREB is also present in
mitochondria and subject to dynamic calcium-dependent
modulation of its phosphorylation state. Antibodies to CREB
and phosphorylated CREB (pCREB) were used to demon-
strate the presence of both forms in isolated mitochondria and
mitoplasts from rat brain. When energized mitochondria were
exposed to increasing concentrations of Ca®* in the physio-
logical range, pCREB was lost while total CREB remained
constant. In the presence of Ru360, an inhibitor of the
mitochondrial Ca®* uptake uniporter, calcium-dependent
loss of pCREB levels was attenuated, suggesting that

intramitochondrial calcium plays an important role in pCREB
dephosphorylation. pPCREB dephosphorylation was not, how-
ever, inhibited by the phosphatase inhibitors okadaic acid and
Tacrolimus. In the absence of Ca®*, CREB phosphorylation
was elevated by the addition of ATP to the mitochondrial
suspension. Exposure of mitochondria to the pore-forming
molecule alamethicin that causes osmotic swelling and
release of intermembrane proteins enriched mitochondrial
pCREB immunoreactivity. These results further suggest that
mitochondrial CREB is located in the matrix or inner mem-
brane and that a kinase and a calcium-dependent phospha-
tase regulate its phosphorylation state.
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Calcium-mediated signaling cascades play an important role
in many cellular processes, including secretion of certain
neurotransmitters and hormones, cell cycle control and
muscle contraction. Regulation of these signaling cascades
by Ca" is often as a result of activation of kinases, including
protein kinase C (PKC) and calmodulin kinase (CAMK).
Conversely, activation of phosphatases by Ca”" also results
in altering the balance of phosphorylated and non-phosphor-
ylated target proteins. The Ca®>/cAMP response element
binding protein (CREB) has been identified in several studies
as a downstream target of Ca®’-mediated signaling events
(Hahm et al. 2003; Mantelas et al. 2003).

Ca®" regulates CREB-mediated signaling via activation of
Ca**-dependent kinases or by Ca>*-dependent phosphatases.
The phosphorylation of CREB at a specific serine residue
(Ser133) is the pivotal event regulating CREB’s ability to
modulate nuclear gene transcription. CREB activation
requires phosphorylation by kinases including cAMP stimu-
lated protein kinase A (PKA), PKC, ribosomal S6 kinase
(pp90RSK), CAMK, and mitogen-activated protein kinases
(MAPK) (Ginty et al. 1994; de Groot et al. 1993; Brindle

et al. 1995; Tan et al. 1996; Xing et al. 1998). Once
phosphorylated, CREB forms a dimer via a conserved
heptad repeat of leucine residues at the C-terminus then
associates with CREB binding protein, which recruits and
stabilizes RNA polymerase II, forming a transcription
complex at the cAMP response element (CRE), an 8-bp
motif 5’-TGACGTCA-3" (Shaywitz and Greenberg 1999).
Dephosphorylation of CREB by several phosphatases,
including calcineurin, PP1, and PP2A, result in CREB
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returning to an inactive state (Choe et al. 2004; Zheng et al.
2004). Thus, the ratio of non-phosphorylated CREB to
phosphorylated CREB (pCREB) becomes critical in main-
taining a homeostatic cellular environment, not only phys-
iologically, but also under pathological conditions including
lack of neurotrophins or mitogens (Riccio ef al. 1999),
ischemia/reperfusion injury (Hu et al. 1999; Jin et al. 2001,
Tanaka 2001) and other paradigms involving oxidative stress
(Bedogni et al. 2003).

Most CREB studies, which included immunostaining of
cells and immunoblotting of subcellular fractions, indicate
that CREB is almost exclusively nuclear (Waeber and
Habener 1991; Ginty et al. 1993). However, electron micr-
oscopy, gel shift and western blotting studies also identified
the presence of CREB in rat brain mitochondria (Cammarota
et al. 1999). While the functional significance of mitoch-
ondrial CREB is at this juncture unknown, preliminary
evidence suggests that it is involved in regulation of
mitochondrial gene expression (Ryu et al. Society for
Neuroscience abstract, 2003). If transcription of one or more
mitochondrial genes is regulated by CREB, mitochondrial
CREB phosphorylation state would likely be regulated by
Ca®" and/or cAMP.

Intramitochondrial Ca®" is known to regulate several
mitochondrial metabolic enzymes, either directly or indi-
rectly, via phosphorylation/dephosphorylation and responds
to both physiological and pathological changes in cytosolic
Ca*" through Ca®" influx and efflux pathways (for review see
McCormack et al. 1990). This study tested the hypothesis
that the phosphorylation state of mitochondrial CREB is
regulated by extramitochondrial [Ca®'] in the physiological
range and that this signal pathway is transduced through the
mitochondrial Ca®" uniport uptake mechanism.

Materials and methods

All reagents were purchased from Sigma (St Louis, MO, USA)
unless otherwise stated.

Mitochondrial isolation

Forebrains removed from adult male Sprague—Dawley rats were
rapidly dissected then further processed to isolate mitochondria
using the percoll isolation method described by Sims (1990).
Briefly, following decapitation the forebrain was rapidly removed
and placed in ice-cold mannitol-sucrose (MS) buffer pH 7.4
(225 mM mannitol, 75 mm sucrose, 5 mm Hepes, 1 mm EGTA).
The brain was homogenized then centrifuged twice at 1317 g for
3 min. Following a further 10-min centrifugation at 21 074 g, the
pellet was re-suspended in 15% percoll (Amersham Biosciences,
Piscataway, NJ, USA) then layered on a discontinuous percoll
gradient and spun at 29 718 g for 8 min. The mitochondrial fraction
was re-suspended in MS buffer containing 1 mg/mL BSA and
centrifuged at 16 599 g for 10 min, then again at 6668 g for 10 min.
The mitochondrial pellet was re-suspended in MS buffer without
bovine serum albumin (BSA) or EGTA. Protein concentrations were
determined by the Biuret method.
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Mitoplast preparation

Isolated rat brain mitochondria (approximately 50 mg protein/mL)
were diluted 1 : 1 with 12 mg/mL digitonin (Spectrum Chemical,
Gardena, CA, USA) in MS isolation buffer and incubated for
20 min at 4°. The digitonin-treated mitochondria were diluted 1 : 4
in KCI buffer pH 7.0 (125 mm KCI ultrapure (Merck, Whitehouse
Station, NJ, USA), 20 mm Hepes, 2 mm K,HPO,, 0.01 mm EGTA,
5 mm malate, 5 mm glutamate, 1 mm MgCl,, 3 mM ATP) and gently
homogenized, then centrifuged at 18 522 g for 10 min at 4°. The
supernatant was retained and the pellet re-suspended in KCl
buffer then centrifuged at 18 522 g for 10 min. The pellet was
re-suspended in KCI buffer and all fractions stored at —70° until
utilized for western blot.

Western blot procedure

Isolated mitochondria were treated with 50 mm dithiothreitol (DTT)
and NuPage 4 x LDS loading buffer (Invitrogen, Carlsbad, CA,
USA) prior to heating at 70° for 10 min. The samples were rapidly
centrifuged at 4° prior to separation by sodium dodecyl sulfate —
polyacrylamide gel electrophresis (SDS-PAGE). Each lane was
loaded with 25 pg of total protein, which was determined in separate
studies to be in the linear range of the protein-immunoblot optical
density relationship. Immunoblotting was performed as recommen-
ded by the manufacturers of the antibodies. Polyclonal rabbit anti-
phospho-CREB (pCREB) and anti-CREB were purchased from
Upstate Biotechnology (Lake Placid, NY, USA). Polyclonal rabbit
anti-pCREB and anti-histone H3 were purchased from Cell
Signaling Technology (Beverly, MA, USA). Cytochrome ¢ oxidase
subunit I (COX) monoclonal antibody was purchased from Molecu-
lar Probes (Eugene, OR, USA). Cytochrome ¢ (Cyt ¢) monoclonal
antibody was purchased from BD Biosciences (San Diego, CA,
USA). Immunoreactivity was detected using the appropriate
peroxidase-linked secondary antibody and enhanced chemilumines-
cence detection reagent purchased from Amersham Biosciences.
Following detection of pCREB protein, membranes were stripped
using Restore” (Pierce, Rockford, IL, USA). The stripped mem-
branes were re-probed with antibodies to COX, CREB, Cyt ¢, or
histone H3. Optical densities of individual bands were quantified
after subtraction of background levels of film exposure using the
GelExpert software program (Nucleotech, San Carlos, CA, USA).

Enzyme-linked-immuno-sorbent assay (ELISA)

Mitochondrial samples previously assayed for immunoreactivity via
western blot were also reassessed using an ELISA kit (BioSource
International, Camarillo, CA, USA) that recognized pCREB
phosphorylated at Ser133. pCREB levels were determined accord-
ing to the manufacturer’s protocol.

Calcium-uptake assay

Freshly isolated rat brain mitochondria (0.25 mg/mL protein) in the
presence of the fluorescent dye Fura 6F potassium salt (250 nwm)
purchased from Molecular Probes, were incubated with buffer
(pH 7.0) 125 mm KCI, 20 mm Hepes, 2 mm KH,PO,4, 1.0 pum
EGTA, 5 mm malate, 5 mm glutamate, and 1 mm MgCl,. A further
3 mm MgCl,, 3 mm ATP and 20400 pm Ca*" were added to the
cuvette, then the calcium concentrations in the buffer surrounding
the mitochondria were measured for 5-10 min on an FL-2500
fluorescence spectrophotometer (Hitachi, Japan). The excitation
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wavelength for bound calcium was 340 nm and 380 nm for
unbound calcium and the emission wavelength was 510 nm.
Samples were then centrifuged at 18 522 g for 3 min and the pellet
re-suspended in lysis buffer (pH 7.4) containing 0.5% non-idet p-40,
1% Triton X-100, 150 mm NaCl and 10 mm Tris. The aliquots were
stored at —70° until western blotting or ELISA were performed.

Statistical analysis

Ca®" uptake data are expressed as the mean + SE and the statistical
significance was determined by one-way aNova with the Tukey post
hoc test. Statistical significance was assumed as p < 0.05. Results
from tests on the effects of ATP and alamethicin are expressed as the
mean + SE and the statistical significance determined by Student
t-test.

Results

Isolated rat brain mitochondria and mitoplasts possess
phosphorylated CREB (pCREB) immunoreactivity
Isolated mitochondria from rat brain were analyzed by
western blot using an antibody specific for CREB phosphor-
ylated at Ser133 (pCREB). A strong band was revealed at
43 kDa with a less prominent band at 32 kDa in the
mitochondrial extract. The band at 32 kDa likely represents
cross reactivity to phospho-ATF1 (pATF1), as reported
earlier (Huang ef al. 2001). The brain homogenate at a
protein level equivalent to that of isolated mitochondria
exhibited a relatively weaker band at 43 kDa (Fig. 1a). The
blots were then stripped and re-probed for the nuclear
specific marker histone H3 to assess nuclear contamination
of the mitochondrial separation. The brain homogenate
extract had a very strong band at 17 kDa (Fig. 1a), whereas
the mitochondrial extract had no detectable signal indicating
a lack of nuclear contamination. Similar samples that were
probed with histone H3 antibody then stripped and re-probed
for pCREB yielded the same results (data not shown).

(a) HOMOG ~ MITO (b) MTO  MP oM
pCREB _— < 43Kd pCREB
pATF1 < 32Kd
| — CcoX
HOMOG MITO
Histone <« 17Kd  — - cyc

HOMOG MITO

COX - < 34Kd

Fig. 1 pCREB immunoreactivity in rat forebrain homogenates, iso-
lated mitochondria. (a) Brain homogenates and isolated non-syna-
ptosomal brain mitochondria were treated with lysis buffer. Samples
(25 pg protein) were applied to each lane of the electrophoresis gel.
Immunoblots for pPCREB (top), the nuclear marker histone H3 (middle),
and the mitochondrial inner membrane marker cytochrome ¢ oxidase
subunit | (COX, bottom) were performed. (b) Isolated non-synapto-
somal brain mitochondria, mitoplasts and outer membrane fractions
(25 ng protein) were electrophoretically separated then blotted for
pCREB (top), COX (middle) and the intermembrane marker cyto-
chrome ¢ (Cyt ¢, bottom).

Membranes were also stripped and re-probed with the
mitochondrial marker COX revealing strong immunoreac-
tivity for the mitochondrial extract and a relatively light band
in the brain homogenate (Fig. 1a). These results suggest that
pCREB immunoreactivity is present in rat brain mitochon-
dria, in accordance with an earlier study (Cammarota et al.
1999), and that these mitochondrial extracts are not contam-
inated with nuclear components.

To further assess the localization of mitochondrial pPCREB,
isolated rat brain mitochondria were treated with the steroid
glycoside digitonin to remove the outer membrane (OM),
intermembrane proteins, and peripheral inner membrane
proteins, e.g. cytochrome ¢, creating mitoplasts consisting of
inner membrane and matrix proteins. Analysis by western
blotting for pCREB revealed a strong band at 43 kDa in the
mitoplasts (MP), with a barely detectable signal in the
supernatant (OM) (Fig. 1b). The blots were then stripped and
re-probed for COX, revealing a similar distribution (Fig. 1b).
Conversely, the blots were stripped and re-probed for the
intermembrane-localized cytochrome ¢ (Cyt ¢) revealing a
very strong band in the OM fraction with a barely detectable
band in the MP (Fig. 1b). Taken together, these results
suggest that pCREB is localized in the inner membrane or in
the matrix.

Accumulation of Ca®* in isolated mitochondria decreases
PCREB levels

Ca®" has been identified as a potent inducer of signal
transduction pathways that have CREB as a downstream
target. We therefore next determined if addition of exogenous
Ca®" to freshly isolated rat brain mitochondria would affect
CREB/pCREB immunoreactivity. Isolated brain mitochon-
dria were incubated for 5 min at 37° in a KCl-based medium
containing respiratory substrates, ATP, phosphate and Mg*"
in the presence or absence of 50 pm EGTA and either 0.8 or
1.6 pmol Ca**/mg protein. These conditions support the
mitochondrial uptake and retention of over 2 umol Ca**/mg
mitochondrial protein (Chinopoulos et al. 2003). The sus-
pensions were then centrifuged and the mitochondrial pellets
frozen and stored at —70° in lysis buffer. The mitochondrial
lysates were later electrophoretically separated and immu-
noblotted with antibodies specific to pCREB (Fig. 2a, upper
panel) then stripped and re-probed with an antibody that
recognizes CREB regardless of phosphorylation state (total
CREB, Fig. 2a, lower panel). Densitometric analysis of the
pCREB to CREB ratio data indicates a 68% decrease in
PCREB levels in isolated mitochondria exposed to 1.6 pmol
Ca*'/mg mitochondrial protein as compared with basal
pCREB levels (no addition). Conversely, there was a 250%
increase in pCREB levels following exposure to 50 um
EGTA (Fig. 2b). As there was no consistent difference in
total CREB immunoreactivity between the treatment groups
(Fig. 2a, lower panel), the effect of exposure to Ca®" or
EGTA on pCREB is not because of an effect on total CREB
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Fig. 2 pCREB and total CREB Immunoreactivity in brain mitochondria
following incubation in the absence and presence of Ca®*. (a) Rep-
resentative immunoblots of mitochondrial lysates probed for pPCREB
(upper panel), then stripped and re-probed for total CREB (lower
panel). (b) Optical density of bands from immunoblots (Fig. 2a) of
mitochondrial lysates exposed to 50 pm EGTA or Ca®* (0.8-1.6 pmol/
mg mitochondrial protein). Data are expressed as the ratio of the
pCREB : CREB optical densities and are representative of four sep-
arate experiments. (c¢) pCREB (ng/mg mitochondrial protein) as
assessed by ELISA following exposure of isolated mitochondria to
EGTA (1-101 um). The medium free [Ca®*] was determined from
Fura 6F fluorescent measurements according to Grynkiewicz et al.
(1985).

protein levels. Subsequent measurements of pCREB utilized
an enzyme-linked-immuno-sorbent assay (ELISA) specific
for CREB phosphorylated at Ser133 as the results obtained
with this convenient assay correlate well with those obtained
using immunoblots (data not shown).

To further assess the effects of extramitochondrial [Ca*']
at physiological, submicromolar concentrations, we
exposed isolated rat brain mitochondria to medium
containing concentrations of EGTA ranging from 1 to
101 pv. The initial medium free [Ca®'] was measured
using Fura 6F and calculated according to the method of
Grynkiewicz ef al. (1985). Analysis of the mitochondrial
samples by ELISA indicates that mitochondrial pCREB is
substantially reduced by increasing extramitochondrial Ca®*
in a physiological range of approximately 0.4-1.2 um
(Fig. 2c¢).

The effect of Ca®" on pCREB phosphorylation state was
also tested in the presence of the non-selective pore-forming
molecule alamethicin (80 pg/mL) which causes osmotic
swelling and equilibration of ions and small molecules across
the mitochondrial inner membrane. Following incubation,
the suspension was centrifuged and the mitochondrial pellet
was used for ELISA measurements of pCREB. As in the
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Fig. 3 Enrichment of pCREB by mitochondrial osmotic lysis. Mito-
chondria were incubated for 5 min in the presence of either EGTA
(10 um) or Ca®* (20 um) in the absence or presence of the pore-
forming molecule alamethicin (80 pg/mL). Following centrifugation,
mitochondrial pellets were analyzed for pCREB using ELISA. Data are
expressed as the mean percentage of control values on each ELISA
plate + SE for n = 3-5 separate experiments. *Significantly different
(b < 0.01) from Ca®* treatment alone; *significantly different (p < 0.05)
from EGTA with alamethicin treatment.

absence of alamethicin, pCREB was significantly lower in
the presence of Ca®" compared with EGTA (Fig. 3). The
additional finding that the ratio of pCREB to pellet protein
was higher following alamethicin treatment is further
evidence that pCREB is located on or within the mitoch-
ondrial inner membrane.

To investigate the potential dynamic regulation of Ca*'-
sensitive changes in the phosphorylation state of CREB,
isolated respiring rat brain mitochondria were first exposed to
EGTA (10 pum) and then incubated in the presence of excess
Ca*" (20 pum) to determine if CREB phosphorylation is
reversible. As shown in Fig. 4, 5 min exposure to EGTA
followed by 5 min exposure to Ca>" resulted in a loss of
CREB phosphorylation that was essentially as great as a
10 min exposure to Ca>".

Inhibition of the mitochondrial Ca** uniporter attenuates
Ca’*-dependent pCREB loss

Ca®" and other divalent cations enter the mitochondrial
matrix via a uniporter that can be blocked by RU360, a
derivative of ruthenium red (Matlib ef al. 1998). To assess
the role of intramitochondrial Ca®" in altering mitochondrial
pCREB levels, isolated rat brain mitochondria were exposed
to 500 nv RU360 in the absence or presence of 20 pm Ca*".
RU360 inhibited the mitochondrial uptake of exogenous
Ca*" from the medium, as measured using the fluorimetric
Ca*" indicator Fura 6F (Fig. 5a). At the end of these
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Fig. 4 Calcium-induced pCREB dephosphorylation following EGTA-
induced phosphorylation. Mean pCREB levels as assessed by ELISA
following exposure of isolated mitochondria to EGTA (10 um) or Ca%*
(20 um) alone, or addition of Ca®* after 5 min of EGTA treatment. Data
are expressed as a percentage of the control values (EGTA) on each
ELISA plate. Each bar is the mean of four to five separate experi-
ments; error bars are SEM. *Significantly different (p < 0.05) from
control.

)
@

(@)

+RU360

Ind
o

N

-RU360

-
o

Fura 6F Fluorescence (340/380 Ratio|

| -Ca?*+ RU360
14 1
2+
05 RU360 ca
0 100 200 300 400 500 600

Time (sec)

(b) —— e
Control RU360 RU360+ Ca2*
ca2*

pCREB

Fig. 5 Effect of mitochondrial calcium uptake inhibition on pCREB. (a)
Fura 6F fluorescent recordings of the ambient free [Ca*] in the
standard reaction medium containing isolated rat brain mitochondria
(0.25 mg/mL), in the presence of the oxidizable substrates malate
(5 mm) plus glutamate (5 mm) plus ATP (3 mm). The medium con-
tained either EGTA (10 pum) or Ca®* (20 um) = the mitochondrial Ca®*
uptake inhibitor RU360 (500 nwm). (b) Typical immunoblot of pCREB in
mitochondrial pellets obtained following centrifugation of suspensions
as shown in (a), representative of three separate experiments.

measurements, the mitochondrial suspensions were
centrifuged and the pellets used for immunoblot analysis of
pCREB. The presence of RU360 partially inhibited the loss
of pCREB immunoreactivity caused by exposure to Ca*"
(Fig. 5b). The inhibitory effect of RU360 on Ca®*-induced
dephosphorylation may be partially masked by the small
decrease in pCREB levels caused by exposure to RU360 in
the absence of Ca*".

Effect of exogenous ATP on mitochondrial pPCREB
Mitochondrial CREB phosphorylation and its response to
Ca*" was measured in the absence and presence of ATP to
further characterize the factors responsible for its regulation.
Isolated rat brain mitochondria were exposed to either 10 or
1 um EGTA or 20 pm Ca*' in the presence or absence of
3 mm ATP. pCREB levels were approximately 70% lower
(p < 0.05) in mitochondria exposed to EGTA in the absence
of exogenous ATP compared with mitochondria exposed to
EGTA in the presence of exogenous ATP (Table 1). Addi-
tionally, 20 um Ca®" without exogenous ATP decreased
pCREB levels, although not significantly (p = 0.07) in
mitochondria as compared with mitochondria exposed to
Ca®" in the presence of exogenous ATP (Table 1). Taken
together, these results suggest that Ca®*-sensitive decreases
in mitochondrial pCREB levels may be as a result of
activation of a Ca®"-regulated phosphatase as such activity is
not ATP dependent.

Effect of phosphatase inhibitors on Ca’*-dependent loss
of mitochondrial pCREB

To determine if the Ca**-sensitive reduction in mitochondrial
pCREB immunoreactivity is because of Ca”'-dependent
phosphatase activity, experiments were performed in the
presence of okadaic acid (OA, 10 nm), a broad spectrum
phosphatase inhibitor, and Tacrolimus (FK506, 100 nm), an
inhibitor of the Ca?*-dependent phosphatase calcineurin. As
expected, neither agent affected mitochondrial pCREB in the
presence of EGTA (Fig. 6). These agents were, however, also
ineffective at attenuating the Ca®*-dependent loss of pCREB,
as determined by ELISA (Fig. 6). Cyclosporin A (CsA,
1 pm), another inhibitor of calcineurin, was also not effective
at reversing the Ca”"-dependent loss of pCREB (data not
shown).

Discussion

Our results confirm an earlier finding (Cammarota et al.
1999) that CREB and pCREB immunoreactivity is present in

Table 1 Mean pCREB values as assessed by ELISA of mitochondrial
lysates in the presence or absence of ATP (3 mm) and EGTA (10 um)
or Ca®* (20 uwm)

pCREB (ng/mg mitochondrial protein)

— ATP + ATP

10 yum EGTA 1.01 £ 0.32* 3.39 = 0.90
No addition 0.77 £ 0.16 172 £ 0.42
20 um Ca2* 0.48 + 0.08 0.83 % 0.14

Data are expressed as mean ng pCREB/mg mitochondrial protein
from four separate experiments + SEM. *Significantly different
(p < 0.05) from control (EGTA with ATP).
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Fig. 6 Effect of phosphatase inhibitors on mitochondrial pCREB.
Mitochondria were incubated for 5 min in the presence of either EGTA
(10 um) or Ca®* (20 um) in the absence or presence of okadaic acid
(10 nm) or FK506 (100 nwm). Following centrifugation, mitochondrial
pellets were analyzed for pPCREB using ELISA. Data are expressed as
the mean percentage of control values on each ELISA plate + SE for
n = 3-12 separate experiments.
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isolated mitochondria. Additionally, following digitonin
permeabilization of mitochondria, we demonstrate that
pCREB immunoreactivity is present in mitoplasts, but not
outer membrane fractions that contain intermembrane-asso-
ciated proteins (Fig. 1b), suggesting inner membrane or
matrix localization of pCREB. Recent studies describe the
mitochondrial localization of other proteins involved in
transcriptional regulation, including NF-kB (Cogswell et al.
2003), estrogen receptor  (Yang et al. 2004) and Smad5
(Jullig and Stott 2003). These findings suggest that mitoch-
ondrial gene regulation may be controlled by a number of
heretofore uncharacterized factors.

This study is the first to demonstrate that the phosphory-
lation state of mitochondrial CREB is sensitive to changes in
extramitochondrial free [Ca®'] in the physiological range.
Blockade of the inner mitochondrial membrane uniporter by
RU360 was shown in this study to attenuate, but not
completely reverse, Ca* -sensitive loss of pCREB (Fig. 5b).
Relatively small changes in intramitochondrial free Ca**
levels would be sufficient to decrease pCREB levels based
on our findings in this study (Fig. 2c). The incomplete
inhibition of Ca®'-dependent pCREB dephosphorylation
could therefore be due to leakage of Ca®" into the matrix.

The matrix localization of pCREB is further supported by
the finding that pCREB is enriched in the mitochondrial
pellet following the addition of alamethicin to the mitoch-
ondrial suspension (Fig. 3). Alamethicin releases mitoch-
ondrial intermembrane proteins e.g. cytochrome ¢, but many
matrix proteins are retained following this treatment. The
additional observation that sensitivity of pCREB dephosph-
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orylation to Ca®" is maintained in the presence of
alamethicin indicates that the effect of Ca>" is not because
of its effects on mitochondrial bioenergetics or membrane
permeability.

A partial CRE site has been demonstrated previously to
be present in the regulatory D-loop of mitochondrial DNA
(Ogita et al. 2002), indicating the potential for pCREB-
induced mitochondrial gene transcription. Although at
present a function for mitochondrial pCREB has not been
elucidated, the possibility arises for mitochondrial pPCREB
to function as a transcription factor directly altering
mitochondrial DNA or by cross-talk between the mito-
chondrion and the nucleus. Cross-talk between mitochon-
dria and the nucleus as a result of cellular stress has been
previously described (Biswas ef al. 1999; Sawa 2001;
Delsite et al. 2002). We estimate the mitochondrial pCREB
contribution to total cellular pCREB is in the range of
15-20% based on relative levels of pCREB and COX
immunoreactivity in the brain homogenates and isolated
mitochondria (Fig. 1a). Mitochondrial pCREB therefore
constitutes a significant fraction of total tissue pCREB in
the rat brain.

It is well established that CREB plays a role in many
diverse cellular activities, from cell growth and differenti-
ation to apoptosis. In addition, neurodegenerative diseases,
e.g. Alzheimer’s and Huntington’s diseases, and acute brain
injury, have been associated with alterations in CREB-
regulated gene expression. The finding that CREB is present
in mitochondria, whose altered activities and gene expression
are strongly implicated in these disorders, warrants further
investigation into the role of mitochondrial CREB and its
regulation by Ca®" in both normal cell homeostasis and
response to pathological stress.
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