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Abstract
Akt is a serine/threonine protein kinase that plays a vital role in promoting cellular survival.
Predominantly cytosolic, upon stimulation with growth-factors or stress, active Akt translocates into
mitochondria, but the functions of Akt in mitochondria are not yet fully understood. Mitochondria
play a central role in apoptotic pathways and given Akt’s functions in the cytoplasm, Akt in
mitochondria may help preserve mitochondrial integrity during cellular stress. To test if the
translocation of Akt into mitochondria is neuroprotective, adenoviral vectors expressing a
constitutively active Akt, Ad-HA-Akt (DD), and a constitutively active Akt with a mitochondrial
targeting signal, Ad-Mito-HA-Akt (DD), were generated. Human SH-SY5Y neuroblastoma cells
expressing the adenoviral constructs were treated with staurosporine to initiate intrinsic apoptotic
cell death and several aspects of the mitochondrial apoptotic pathway were evaluated. Expression of
active Akt targeted to mitochondria was found to be sufficient to significantly reduce staurosporine-
induced activation of caspase-3 and caspase-9, the release of cytochrome c from mitochondria, and
Bax oligomerization at mitochondria. These findings demonstrate that intramitochondrial active Akt
results in efficient protection against apoptotic signaling.
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Akt (also known as protein kinase B) is a serine/threonine protein kinase that belongs to the
AGC protein kinase subfamily that includes protein kinase A (PKA) and protein kinase C
(PKC) [Peterson and Schreiber, 1999]. Akt is a predominant pro-survival protein that is
regulated by phosphorylation. The phosphorylation of Akt is increased in response to activation
of phosphoinositol 3-kinase (PI3K)-dependent pathways [Datta et al., 1996;Bellacosa et al.,
1998]. Recruitment and activation of PI3K in response to specific ligands results in the
generation of 3′-phosphoinositides at the plasma membrane and recruitment of Akt to the
plasma membrane via its pleckstrin homology domain [Franke et al., 1997b]. Akt undergoes
a conformational change and is subsequently activated by phosphorylation at either Thr308 or
Ser473, with maximal activity occurring when both sites are phosphorylated [Kohn et al.,
1995;Alessi et al., 1996;Scheid et al., 2002a,b].

There is unequivocal evidence that Akt is neuroprotective. For example, in experiments where
cerebellar granule neurons were deprived of either serum or growth-factors, expression of wild-
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type Akt enhanced survival while the expression of a dominant negative Akt mutant increased
apoptosis [Dudek et al., 1997]. Similar studies conducted in sympathetic neurons also showed
that Akt was necessary and sufficient for promoting cellular survival [Crowder and Freeman,
1998]. These and other studies demonstrate that activation of Akt protects against neuronal
cell death in response to many different stressors [Goswami et al., 1999;Salinas et al.,
2001;Yamaguchi et al., 2001;Humbert et al., 2002;Chen et al., 2003;Dhandapani et al.,
2005].

Numerous studies have focused on the mechanisms by which the activation of Akt protects
against cell death. Active Akt has been shown to be anti-apoptotic by phosphorylating and
inhibiting numerous cytosolic pro-apoptotic proteins [Brunet et al., 2001]. For example, Akt
phosphorylates the constitutively active glycogen synthase kinase-3 (GSK3) (Ser21 in
GSK3α and Ser9 in GSK3β), which inhibits the activity of GSK3 and attenuates its pro-
apoptotic function [Cross et al., 1995;Pap and Cooper, 1998]. Akt has also been shown to
function at the transcriptional level, inhibiting the transcription of genes that function in cell
cycle arrest and apoptosis [Medema et al., 2000;Nakamura et al., 2000]. Akt can suppress
intrinsic apoptotic processes at both pre-mitochondrial and post-mitochondrial levels [Franke
et al., 1997a;Tang et al., 2001;Zhou et al., 2001]. Mitochondria play a central role in the intrinsic
apoptotic pathway which can be initiated in response to various stimuli, such as growth-factor
withdrawal, heat-shock, hypoxia, DNA-damaging agents, UV-irradiation, and cytotoxic drugs
[Debatin et al., 2002]. When a cell is exposed to an apoptotic stimulus, the proapoptotic Bcl-2
family members, such as Bad and Bax, translocate to the mitochondrial outer membrane and
form heterodimers with anti-apoptotic Bcl-2 proteins, Bcl-2, and Bcl-xL [Zha et al., 1996a,
1997]. Bax/Bcl-2 heterodimerization inhibits Bax from oligomerizing with itself in the outer
membrane forming pores through which intermembrane space proteins can be released into
the cytoplasm where these proteins can act in initiating apoptotic pathways [Mikhailov et al.,
2001;Danial and Korsmeyer, 2004]. The heterodimerization of Bad to Bcl-2 results in
displacement of Bcl-2 away from Bax, enabling Bax to oligomerize and form pores [Yang et
al., 1995]. Akt phosphorylates Bad at Ser136 producing a docking site for 14-3-3 protein and
this interaction causes Bad to be sequestered in the cytosol away from mitochondria [Zha et
al., 1996b;Datta et al., 1997]. Akt has also been shown to affect Bax translocation to
mitochondria, possibly by phosphorylation at Ser184 but the exact mechanism of this regulation
has not been defined [Gardai et al., 2004].

The localization of Akt also may play a key role in determining its anti-apoptotic effects. Active
Akt is present in the cytosol and nucleus, and recently it was shown to be localized within
mitochondria [Andjelkovic et al., 1997;Meier et al., 1997;Bijur and Jope, 2003]. In addition,
Akt levels in mitochondria increased upon stimulation with growth-factors or an apoptotic
stimulus [Bijur and Jope, 2003]. Although it is clear that active Akt is in mitochondria, the
function of Akt in mitochondria is not known. Therefore, the purpose of this study was to
determine if active Akt localized in mitochondria affects intrinsic apoptotic cell death
processes. To accomplish this goal constitutively active Akt targeted to mitochondria was
expressed in human neuroblastoma SH-SY5Y cells followed by initiation of apoptosis and
examination of the mitochondrial apoptotic pathway to test if mitochondrial Akt is capable of
regulating apoptotic signaling. Constitutively active Akt was created by mutating Thr308 and
Ser473 to aspartic acid residues which mimics phosphorylation and has been shown to result
in a highly active Akt construct [Alessi et al., 1996]. The results of this study show that in
response to staurosporine, cells expressing mitochondrial-targeted active Akt display
decreased poly (ADP-ribose) polymerase (PARP) proteolysis, significantly decreased
caspase-3 and caspase-9 activities, and a decrease in the level of pro-apoptotic Bcl-2 protein
Bax oligomerization at mitochondria. These findings demonstrate that Akt in mitochondria
likely plays a key role in attenuating apoptotic cell death in response to specific stressors that
activate mitochondrial-mediated cell death pathways.

Mookherjee et al. Page 2

J Cell Biochem. Author manuscript; available in PMC 2007 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Construction of Akt Constructs

The HA-Akt (wt) was a generous gift from Dr. Thomas Franke. The hemagglutinin (HA)
epitope-tag peptide sequence is MYPYDVPDYASR. The constitutively active double mutant
HA-Akt Thr308Asp/Ser473Asp, designated HA-Akt (DD), was created by sequential site-
directed mutagenesis using the following PCR primers: forward 5′-G GAT GGT GCC ACT
ATG AAG GAC TTC TGC GGA ACG-3′, reverse 5′-CGT TCC GCA GAA GTC CTT CAT
AGT GGC ACC ATC C-3′ for Thr308Asp; forward 5′-C TTC CCC CAG TTC GAC TAC TCA
GCC AGT GGC ACA G-3′, reverse 5′-C TGT GCC ACT GGC TGA GTA GTC GAA CTG
GGG GAA G-3′ for Ser473Asp.

For generating the mitochondrial-targeted HA-Akt constructs, HA-Akt (wt) and HA-Akt (DD)
were each PCR amplified out of pcDNA3.1 expression vector (Invitrogen, Carlsbad, CA) using
Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA) and cloned into the SalI and NotI sites
of pCMV/myc/MTS expression vector (Invitrogen) resulting in Mito-HA-Akt (wt) and Mito-
HA-Akt (DD), respectively. The mitochondrial targeting signal peptide sequence is
MSVLTPLLLRGLTGSARRLPVPRAKIHSL.

The adenoviral constructs were generated using a protocol from Q-BIOgene’s Ad-EASY
vector system (Carlsbad, CA) with the following modifications. The constitutively active Akt
constructs were amplified by PCR and cloned into pShuttle-CMV adenovirus transfer vector
(BD Clontech Laboratories, Inc., Palo Alto, CA). HA-Akt (DD) was cloned into the HindIII
and EcoRV sites and Mito-HA-Akt was cloned into the BglII and NotI sites of pShuttle-CMV
and each were transformed into BJ5183 bacteria, resulting in Ad-HA-Akt (DD) and Ad-Mito-
HA-Akt (DD). All constructs were purified using Qiagen Plasmid Maxiprep kits according to
the manufacturer’s protocol. The constructs were confirmed by restriction enzyme digestion
and sequencing analysis by the University of Alabama at Birmingham DNA sequencing core
facility. Adenoviral constructs expressing either green-fluorescent protein (Ad-GFP; a
generous gift from Dr. Chandra Raman, Department of Medicine, University of Alabama at
Birmingham, Birmingham, AL) or beta-galactosidase (Ad-LacZ; BD Clontech Laboratories,
Inc.; a generous gift from Dr. Bradley Yoder, Department of Cell Biology, University of
Alabama at Birmingham, Birmingham, AL) were used as controls for adenoviral infection.

The adenoviruses were amplified by infecting human embryonic kidney 293A (HEK293A)
cells. Infected cells were harvested and centrifuged at 1,250g at 4°C for 10 min and the resulting
cellular lysate pellet was resuspended in DMEM media without supplements. The cells were
disrupted using three freeze/thaw cycles and the suspension was subsequently spun at
1,250g at 4°C for 15 min to release the virus particles. The supernatant containing the viral
particles was spun at 100,000g (Beckman SW28 rotor) for 16 h at 4°C through an isopycnic
CsCl gradient. The viral band was isolated and dialyzed against 10% glycerol in phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 1.47 mM KH2PO4, and 8.1 mM
Na2HPO4, pH 7.6) for 16–24 h at 4°C. The viral particle concentration (titer) was determined
by absorbance at 260 nm. Viruses were aliquoted and stored at −80°C until used.

Cell Culture, Transient Transfections, Adenoviral Infections, and Treatments
All cells were maintained in a 37°C incubator in 5% CO2. HEK293A cells were grown in
DMEM media (Cellgro, Herndon, VA) containing 10% heat-inactivated fetal bovine serum
(Gibco BRL, Gaithersburg, MD), 2 mM L-glutamine (Gibco BRL), and 100 U/ml penicillin G-
streptomycin (Gibco BRL). Chinese hamster ovary (CHO) cells were grown in F-12 media
(Cellgro) containing 5% heat-inactivated fetal bovine serum, 2 mM L-glutamine, and 100 U/
ml penicillin G-streptomycin. Human SH-SY5Y neuroblastoma cells were grown in RPMI
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1640 media (Cellgro) containing 10% heat-inactivated horse serum (Gibco BRL), 5% heat-
inactivated Fetal Clone II (Hyclone, Logan, UT), 2 mM L-glutamine, and 100 U/ml penicillin
G-streptomycin.

CHO cells were transiently transfected using FuGENE 6 transfection reagent (Roche Molecular
Biochemicals, Indianapolis, IN), according to the manufacturer’s protocol.

For adenovirus infection, SH-SY5Y cells were rinsed twice with DMEM media without
supplements, infected with the designated adenovirus for 30 min and the media changed to
RPMI without supplements for overnight. After 16–24 h, the cells were used for experiments.
All infected cultures were examined for adequate infection efficiency was approximately 80%
as assessed by GFP fluorescence.

Staurosporine was prepared as a 1 mM stock solution dissolved in dimethylsulfoxide (DMSO)
and stored at −80°C until use. For treatments, the 1 mM stock solution was diluted to 0.5 μM
staurosporine in RPMI without supplements and added to the cells.

Immunoblotting
Cells were washed twice with ice-cold PBS and the cell lysates were collected in NP-40 lysis
buffer (10 mM Tris, pH 7.5, 0.2% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA)
supplemented with protease and phosphatase inhibitors (10 μg/ml leupeptin, 10 μg/ml
aprotinin, 10 μg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 μM sodium
orthovanadate, 50 mM NaF, and 0.1 μM okadaic acid). The samples were sonicated on ice for
10 s and centrifuged at 16,000g for 10 min. The protein concentrations were determined by
the bicinchoninic acid (BCA) assay (Pierce Chemical Co., Rockford, IL). Samples were diluted
and boiled in 2×-SDS buffer (0.25 M Tris-Cl, pH 7.5, 2% SDS, 25 mM dithiothreitol (DTT),
5 mM EGTA, 5 mM EDTA, 10% glycerol, and 0.01% bromophenol blue). Equal amounts of
protein for each sample were electrophoresed on 7.5, 10, 12.5, 15%, or gradient (4–15%) SDS–
polyacrylamide gels and transferred onto nitrocellulose membranes. The nitrocellulose
membranes were then blocked for 1 h with TBST (20 mM Tris-Cl, pH 7.6, 137 mM NaCl,
0.05% Tween 20) and 5% milk and incubated with the indicated antibodies overnight. The
blots were then rinsed with TBST, incubated with appropriate horseradish peroxidase (HRP)-
conjugated secondary antibody (Jackson ImmunoResearch Labs, Bar Harbor, ME) for 2 h at
room temperature. The blots were then rinsed with TBST several times and developed using
enhanced chemiluminescence (ECL) (Amersham Pharmacia Biotech, Arlington Heights, IL).
Antibodies used for probing the membranes were as follows: Akt, phospho-(Ser/Thr) Akt
substrate (PAS), phospho-S9-GSK3β, cleaved caspase-3 (Cell Signaling, Beverly, MA); α-
tubulin (Sigma, St. Louis, MO); anti-HA (HA.11, Covance Research Products, Inc., Berkeley,
CA); ATP synthase β-subunit (Molecular Probes, Eugene, OR); GSK3β, poly (ADP-ribose)
polymerase (PARP), cytochrome c (BD-PharMingen/Transduction Laboratories, San Diego,
CA); Bax (Upstate Biotechnology, Inc., Lake Placid, NY).

Cellular Fractionation
Cells were separated into cytosolic and mitochondrial fractions according to previously
published procedures [Bijur and Jope, 2003] with the following modifications. All steps were
carried out at 0–4°C. Cells were washed twice with ice-cold PBS and collected in 0.5–1 ml
cavitation buffer (5 mM HEPES, pH 7.5, 250 mM sucrose, 3 mM MgCl2, 1 mM EGTA)
supplemented with protease and phosphatase inhibitors (10 μg/ml leupeptin, 10 μg/ml
aprotinin, 10 μg/ml pepstatin, 1 μM PMSF, 1 μM sodium orthovanadate, 50 mM NaF, and 0.1
μM okadaic acid). Cells were disrupted by nitrogen cavitation at 200 p.s.i. for 5 min on ice
using a cell disruption bomb (Parr Instrument Co., Moline, IL). The homogenate was
centrifuged once at 500g for 5 min to remove unbroken cells and nuclei and the supernatant
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was further fractionated by ultracentrifugation at 100,000g (Beckman SW50.1 rotor) for 1 h
at 4°C through a 1 M/1.5 M discontinuous sucrose gradient containing protease and
phosphatase inhibitors. A 200 μl-aliquot of the uppermost layer of the supernatant was collected
(cytosolic fraction). The diffuse white band between the sucrose layers was transferred to a
microcentrifuge tube, diluted 1:1 (v/v) with cavitation buffer with protease and phosphatase
inhibitors, gently mixed and centrifuged at 20,800g for 20 min at 4°C. The resulting pellet
(mitochondrial fraction) was gently washed three times (20,800g for 20 min) in cavitation
buffer with protease and phosphatase inhibitors. The pellet was resuspended in NP-40 lysis
buffer supplemented with protease and phosphatase inhibitors. Protein concentrations were
determined by the BCA assay.

In Vitro Akt Kinase Assay
To determine the Akt kinase activity of the HA-Akt constructs, CHO cells were transiently
transfected as described above. Cells were washed twice with ice-cold PBS and cell lysates
were collected in NP-40 lysis buffer supplemented with protease and phosphatase inhibitors.
The samples were sonicated on ice for 10 s and centrifuged at 16,000g for 10 min. The protein
concentrations of the cell lysates were determined by BCA assay and diluted to a concentration
of 0.5 μg/μl in a final volume of 100 μl using NP-40 lysis buffer containing protease and
phosphatase inhibitors. The samples were then immunoprecipitated using 4.9 μg of the
monoclonal anti-HA 12CA5 antibody recognizing the HA-epitope (Sigma) (to
immunoprecipitate HA-Akt) pre-coupled to protein G-Sepharose beads (Amersham Pharmacia
Biotech). The samples were incubated for 3 h at 4°C on a rotational shaker with antibody-
protein G complexes. After washing the protein G-Sepharose beads containing the immuno-
immobilized HA-Akt twice with NP-40 lysis buffer, the beads were washed two additional
times with kinase buffer (20 mM Tris-Cl, pH 7.5, 5 mM MgCl2, and 1 mM DTT).

The activity of Akt was measured as previously described [Burgering and Coffer, 1995;Cross
et al., 1995] with the following modifications. The kinase assay was performed in 30 μl kinase
buffer containing 250 μM ATP, 2 μCi of [γ-32P] ATP, and 100 μM Crosstide
(GRPRTSSFAEG, peptide substrate for Akt; Upstate Biotechnology, Inc.). The samples were
incubated at 30°C for 30 min. The reaction tubes were centrifuged for ~1 min and triplicate 9
μl aliquots of reaction supernatants were spotted on 2.5 cm P81 filter paper (Whatman, Florham
Park, NJ). Filter papers were allowed to dry for ~1 min and washed four times in 0.5% o-
phosphoric acid for 15 min on a bench-top rotational shaker. Filter papers were then washed
in 95% ethanol for 15 min and allowed to dry. Dried filter papers were then subjected to
scintillation counting. The counts/min for each sample was normalized to total Akt levels
immunoprecipitated in the samples which were determined by immunoblotting. To determine
the amount of Akt in the immunoprecipitates, 2×-SDS buffer was added to the beads containing
the immunoprecipitated Akt and the samples were boiled and then centrifuged at 16,000g for
1 min. The supernatants were electrophoresed on 7.5% SDS–polyacrylamide gels and
transferred to nitrocellulose membranes. The blots were then immunoblotted for Akt as
described above. Immunoblots were scanned and quantitated using UNSCANIT software (Silk
Scientific, Inc., Orem, UT). Akt activity was then normalized to Akt levels in the sample and
the data were expressed as percentages of control. The efficiency of Akt immunoprecipitation
was determined by immunoblotting total cell lysates for Akt.

To determine the Akt kinase activity of the adenoviral HA-Akt constructs, SH-SY5Y cells
were infected with the adenoviral constructs as described above, cell lysates were collected
and fractionated and protein concentrations of the fractions were determined by the BCA assay.
The mitochondrial fractions were diluted in kinase buffer and 25 μg of the mitochondrial
fraction was used to determine the activity of Akt as described above. The counts/min for each
sample was normalized to total Akt levels in the mitochondrial fraction of the samples which
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were determined by immunoblotting. Akt activity was then normalized to Akt levels in the
mitochondrial fraction and the data were expressed as percent of control.

Immunocytochemistry
SH-SY5Y cells seeded on 4-well Lab-Tek™ II Chamber Slide™ System (Nagle Nunc
International Corporation, Naperville, IL) were infected with either Ad-HA-Akt (DD) or Ad-
Mito-HA-Akt (DD) adenoviral constructs as described above. The cells were loaded for 30
min with the specific mitochondrial probe Mitotracker Red CM-H2TMRos (Molecular Probes)
at 37°C. The following steps were conducted at room temperature (~25°C) in the dark unless
otherwise indicated and all of the solutions were made in PBS. Cells were fixed using 4%
paraformaldehyde for 10 min, washed with PBS, treated with 100 mM glycine for 15 min,
permeabilized with 1% Triton X-100 for 1 min, and rinsed three times with PBS prior to
incubation with 5% FBS for 1 h at 37°C to reduce the background. Cells were incubated
overnight with the monoclonal anti-HA 12CA5 antibody (1:1,000) in 10% FBS. Cells were
rinsed three times with PBS and incubated for 3 h with 488 Alexa anti-mouse IgG secondary
antibody (1:5,000; Molecular Probes) in 5% FBS. Cells were rinsed three times with PBS and
incubated for 30 min with 4′,6-diamidino-2-phenylindole (DAPI, 1:10,000; Sigma) in 5% FBS.
Slides were washed extensively in PBS prior to coverslip mounting with Immun-mount
(Shandon). Cells were visualized using a Nikon Diaphot 200 epifluorescence microscope and
a Digital Spot CCD camera (Diagnostic Instruments) was used to capture images which were
digitally stored, and displayed using Image-Pro Plus 5.1 software (Media Cybernetic, Silver
Spring, MD).

Caspase Assays
After adenoviral-infected SH-SY5Y cells were treated, the cells were washed twice with ice-
cold PBS and collected in ice-cold NP-40 lysis buffer supplemented with protease inhibitors
(10 μg/ml leupeptin, 10 μg/ml aprotinin, 5 μg/ml pepstatin, 100 μM PMSF). Cell lysates were
sonicated, centrifuged, and total protein concentration of the supernatant was determined using
the BCA assay. Caspase activity was measured in 25 μg of protein as described previously
[Bijur et al., 2000] with the following modifications. Peptide substrates for caspase-3 (Ac-
DEVD-AMC) and caspase-9 (Ac-LEHD-AMC) were purchased from Alexis Biochemicals
(San Diego, CA). The fluorometric assay was conducted in 96-well clear-bottom plates with
all measurements done in triplicate wells. Assay plates were incubated at 37°C for 1 h for
measurement of caspase-3 and 3 h for measurement of caspase-9. Caspase activity was
calculated as ((mean AMC fluorescence from triplicate wells)−(background fluorescence))/
μg of protein.

Cytochrome c Release
To determine cytochrome c released from mitochondria, the cytosol was isolated from
adenoviral-infected SH-SY5Y cells that had been disrupted by nitrogen cavitation. The
homogenate was centrifuged once at 7,000g for 5 min at 4°C to remove unbroken cells and
nuclei. The supernatant was centrifuged at 10,000g for 5 min at 4°C and the resulting
supernatant (crude cytosolic fraction) was further fractionated by ultracentrifugation at
100,000g (Beckman 50 Ti rotor) for 1 h at 4°C. A 200 μl-aliquot of the uppermost portion of
the supernatant was collected (cytosolic fraction). Protein concentration was determined using
the BCA assay.

The amount of cytochrome c released into the cytosol was determined using a human
cytochrome c ELISA kit (Quantikine; R&D Systems, Minneapolis, MN) according to the
manufacturer’s protocol. Samples were run in triplicate and cytochrome c released into the
cytosol was expressed as a fold of the level of cytochrome c present in the cytosol of untreated
samples for each adenovirus (Ad-GFP, Ad-HA-Akt (DD), and Ad-Mito-HA-Akt (DD)).
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Detection of the Mitochondrial Membrane Potential (Δψm)
To determine cell Δψm, SH-SY5Y cells were grown in 48-well tissue culture plates at 5 ×
105 cells/well and infected with the adenoviral constructs as described above. After treatment,
cell Δψm was determined using 5,5′,6, 6′-tetrachloro-1,1′,3,3-tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1; Molecular Probes) as previously described [Ruan et al., 2004].

Bax Oligomerization
To determine Bax homo-oligomerization, mitochondria were isolated from adenoviral-
infected SH-SY5Y cells as described above with the following modifications. After cells were
disrupted by nitrogen cavitation (200 p.s.i. for 5 min at 4°C), the homogenate was centrifuged
once at 500g for 5 min at 4°C to remove unbroken cells and nuclei and the supernatant was
further fractionated by centrifugation at 10,000g for 5 min at 4°C. The resulting pellet
(mitochondrial fraction) was gently washed two times (10,000g for 5 min at 4°C) in cavitation
buffer with protease and phosphatase inhibitors.

Bax homo-oligomerization was determined as previously described [Mikhailov et al., 2003]
with the following modifications. The pellet was resuspended with CHAPS buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 2% CHAPS supplemented with
protease and phosphatase inhibitors) and extracted for 1 h on ice. At the end of the incubation,
protein concentrations were determined by the BCA assay and 50 μg of mitochondrial protein
was incubated with the bifunctional cross-linker EGS (ethylene glycolbis(succinic acid N-
hydroxysuccinimide ester); Sigma) for 30 min at room temperature with shaking. The reaction
was stopped by the addition of 4×-SDS buffer (0.25 M Tris-Cl, pH 7.5, 4% SDS, 25 mM DTT,
5 mM EGTA, 5 mM EDTA, 10% glycerol, and 0.01% bromophenol blue) and the samples
were stored at −20°C until use. Samples were boiled, electrophoresed on 4–15% gradient SDS–
polyacrylamide gels, transferred to nitrocellulose membranes and then immunoblotted for Bax
as described above.

Statistical Analysis
Data are given as the mean±standard error of the mean (SEM). All data were analyzed using
a two-tailed paired Student’s t-test or one-way ANOVA and values were considered to be
significantly different when P < 0.05.

RESULTS
Characterization of Akt Constructs

To determine the role of Akt in mitochondria, constitutively active HA-tagged Akt constructs
were made in which Thr308 and Ser473 were mutated to an aspartic acid (D) residue to mimic
phosphorylated Akt (pseudo-phosphorylated). In addition, a mitochondrial targeting signal
sequence was added to the N-terminus of the wild-type (wt) and constitutively active (DD)
HA-tagged Akt constructs. Figure 1 shows the organization of these constructs. The constructs
were transiently expressed in CHO cells to verify cellular expression (Fig. 2A) and subcellular
localization (Fig. 2B). As expected, HA-Akt constructs with the mitochondrial targeting signal
localize preferentially to the mitochondrial fraction. When mitochondria of cells transiently
transfected with Mito-HA-Akt (DD) were further subfractionated to isolate outer membrane,
intermembrane space, inner membrane and matrix, mitochondrial-targeted active Akt localized
predominantly with the mitochondrial inner membrane fraction (data not shown). To verify
that the aspartic acid mutations resulted in a constitutively active Akt, in vitro kinase assays
were carried out (Fig. 3). HA-Akt (wt) and HA-Akt (DD) were transiently expressed in CHO
cells, incubated overnight in serum free (SF) media and treated either with or without 10 nM
IGF-1 for 15 min. Consistent with previous results [Alessi et al., 1996], IGF-1 treatment
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significantly activated HA-Akt (wt) (~threefold over untreated (SF) HA-Akt (wt)). HA-Akt
(DD) showed kinase activity which was significantly increased over untreated (SF) HA-Akt
(wt) and not affected by IGF-1 treatment, thus the double aspartic acid mutation resulted in a
constitutively active Akt (Fig. 3A).

Since transfection efficiency is low in SH-SY5Y neuroblastoma cells, we sub-cloned the
constitutively active Akt constructs into adenoviral vectors to achieve a higher level of
efficiency. The expression and subcellular localization of the adenoviral constitutively active
Akt constructs were verified (Fig. 4A, B). Immunocytochemical analysis revealed that the
adenoviral vectors provided high expression efficiency with ~80% of the cells expressing the
respective construct (data not shown) and that the infection alone did not substantially stress
the cells, as nuclear staining appeared normal (Fig. 4A, Dapi panels). Ad-HA-Akt (DD)
exhibited diffuse localization throughout the cytosol and colocalized with mitochondria and
nuclei (Fig. 4A, left panels). Ad-Mito-HA-Akt (DD) localized in the cytosol, predominantly
colocalizing with mitochondria (Fig. 4A, right panels). Further immunoblotting of fractionated
infected SH-SY5Y cells verified that Ad-Mito-HA-Akt (DD) overexpressed in SH-SY5Y
neuroblastoma cells was enriched in mitochondria (Fig. 4B).

It is well established that GSK3β is a substrate of Akt and phosphorylation of GSK3β on
Ser9 is catalyzed by Akt [Cross et al., 1995]. Further, GSK3β is present within mitochondria
and increased phosphorylation of GSK3β at Ser9 was detected in mitochondria from cells
expressing Ad-Mito-HA-Akt (DD) (Fig. 4C) [Hoshi et al., 1995]. Increased immunoreactivity
with the phospho-(Ser/Thr) Akt substrate (PAS) antibody was also evident in the mitochondrial
fraction of cells expressing Ad-Mito-HA-Akt (DD) (Fig. 4C) [Zhang et al., 2002]. To further
verify the activity of the adenoviral Akt constructs, in vitro kinase assays were carried out using
mitochondrial fractions of infected SH-SY5Y cells (Fig. 4D). SH-SY5Y cells infected with
the adenoviral construct expressing green fluorescent protein (Ad-GFP) was used as a control
for adenoviral infection. After infection with adenovirus, cells were serum starved overnight
prior to measurement of Akt activity in the mitochondrial fractions. As a positive control, SH-
SY5Y cells expressing Ad-GFP were treated with 10 nM IGF-1 for 15 min before harvesting.
The expression of Ad-HA-Akt (DD) significantly increased mitochondrial Akt kinase activity
similar to GFP-expressing cells treated with IGF-1 (~1.75-fold over Ad-GFP untreated cells).
The expression of Mito-HA-Akt also significantly increased mitochondrial Akt activity (~2.5-
fold) compared with untreated cells expressing Ad-GFP.

Mitochondrial-Targeted Active Akt Significantly Attenuates Caspase-3 Activity and
Decreases PARP Proteolysis in Staurosporine-Treated SH-SY5Y Cells

Caspase-3 was highly activated 2 h after treatment of SH-SY5Y cells with 0.5 μM staurosporine
(Fig. 5A). Expression of active Akt significantly reduced both basal and staurosporine-induced
caspase-3 activity compared with control cells expressing GFP. Remarkably, expression of
active Akt targeted to mitochondria was sufficient to reduce basal and staurosporine-induced
caspase-3 activity, and these reductions were greater than that achieved by expression of
untargeted active Akt. These changes in caspase-3 activity were confirmed by immunoblotting
cleaved, active caspase-3 and a proteolytic fragment of PARP which is generated by caspase-
cleavage of intact PARP. Staurosporine treatment (0.5 μM, 2 h) caused a large increase in
cleaved caspase-3 and cleaved PARP and these were reduced in cells expressing active Akt
(Fig. 5B). As was observed by measuring caspase-3 activity, expression of active Akt targeted
to mitochondria was sufficient to decrease the production of cleaved caspase-3 and cleaved
PARP, and this protection was greater than that achieved by expression of cellular active Akt.
Thus, Akt expressed in an active form targeted to mitochondria provided efficient protection
of cells from staurosporine-induced caspase-3 activation.

Mookherjee et al. Page 8

J Cell Biochem. Author manuscript; available in PMC 2007 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mitochondrial-Targeted Active Akt Significantly Decreases Caspase-9 Activity in
Staurosporine-Treated SH-SY5Y Cells

Staurosporine activates the intrinsic apoptosis pathway which causes disruption of
mitochondria leading to the activation of caspase-9, an initiator caspase that activates caspase-3
[Kuida, 2000]. Therefore, we hypothesized that mitochondrial-targeted active Akt would
reduce caspase-9 activation following staurosporine treatment. Measurements of caspase-9
activity demonstrated that expression of mitochondrial-targeted active Akt attenuated
caspase-9 activation 1 and 2 h after staurosporine treatment (Fig. 5C).

Active Akt Significantly Decreases the Level of Cytochrome c Released from Mitochondria
in SH-SY5Y Cells Treated With Staurosporine

Cytochrome c resides in the mitochondrial intermembrane space and during mitochondrial
apoptotic cell death, cytochrome c is released from the intermembrane space into the cytosol
where it can interact with Apaf-1 [Liu et al., 1996;Kroemer and Reed, 2000;Ott et al., 2002].
Since this is an upstream event essential for initiation of the caspase cascade, we measured
cytochrome c release from mitochondria in response to staurosporine treatment. Expression of
either Ad-HA-Akt (DD) or Ad-Mito-HA-Akt (DD) resulted in a significant decrease in the
level of cytochrome c released from staurosporine-treated SH-SY5Y cells compared to cells
expressing GFP (Fig. 6).

Active Akt Does not Affect the Mitochondrial Transmembrane Potential (Δψm) in Response
to Staurosporine Treatment

When the outer membrane of mitochondria becomes permeabilized, cytochrome c and other
proapoptotic proteins are released from the intermembrane space into the cytosol. The
mechanism by which mitochondrial outer membrane permeabilization (MOMP) occurs during
apoptotic paradigms has not been fully elucidated. One model suggests mitochondrial swelling
is a primary mechanism by which cytochrome c is released [Skulachev, 1996;Green and Reed,
1998]. A mechanism for mitochondrial swelling involves mitochondrial permeability
transition (MPT) [Susin et al., 1998]. MPT refers to an abrupt transition in permeability of the
mitochondrial inner membrane which causes two major changes in mitochondria: (1)
depolarization of mitochondria and (2) entry of ions and water into the matrix. Depolarization
of mitochondria refers to a decrease in the mitochondrial transmembrane potential (Δψm),
which is a loss in the H+ gradient across the inner membrane, causing interference in electron
transport and respiration. To determine if this could be the mechanism which resulted in the
cytochrome c release observed in staurosporine-treated SH-SY5Y cells we analyzed Δψm using
JC-1 as previously described [Ruan et al., 2004]. As expected, staurosporine treatment resulted
in hyperpolarization of mitochondria [Vander Heiden et al., 1997;Kennedy et al., 1999;Scarlett
et al., 2000;Poppe et al., 2001] with a peak at approximately 1 h and subsequently decreased
with no differences being observed between control (Ad-LacZ) infected cells and cells
expressing either of the active Akt constructs (Fig. 7).

Mitochondrial-Targeted Active Akt Decreases Bax Oligomerization in Staurosporine-Treated
SH-SY5Y Cells

Another model for MOMP suggests that the formation of a protein-permeable pore in the
mitochondrial outer membrane is a key factor [Liu et al., 1996;Pavlov et al., 2001;Wei et al.,
2001;De Giorgi et al., 2002;Guo et al., 2004;Ruan et al., 2004]. The Bcl-2 proapoptotic family
member Bax which has been shown to oligomerize in the outer membrane in response to
mitochondrial apoptotic stimuli has been postulated to form the pores [McGinnis et al.,
1999;Degli Esposti and Dive, 2003;Scorrano and Korsmeyer, 2003]. Bax translocation and
oligomerization in mitochondria in response to staurosporine treatment was evaluated.
Staurosporine treatment induced an increase in the level of monomeric Bax at mitochondria
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in all cells and resulted in the presence of a slower migrating band which corresponded to the
migration rate of a dimerized form of Bax (Fig. 8). Staurosporine induced the formation of Bax
dimers in Ad-GFP cells which was decreased in cells expressing Ad-HA-Akt (DD) or
mitochondrial-targeted active Akt (Fig. 8).

DISCUSSION
The results of this study demonstrate for the first time that active Akt within mitochondria
attenuates intrinsic apoptotic cell death pathways. Specifically, this capacity of mitochondrial
Akt to provide protection was demonstrated using a very powerful inducer of apoptosis,
staurosporine, to activate apoptotic signaling in SH-SY5Y neuroblastoma cells. Untargeted
Akt, which can be found in the cytosol, nucleus, and mitochondria of cells, is well-known to
provide substantial protection from intrinsic-mitochondrial apoptotic pathways [Franke et al.,
1997a,b;Zhou et al., 2000;Tang et al., 2001]. Although actions of Akt in the cytosol have been
shown to contribute to its anti-apoptotic effects, such as its phosphorylation of cytosolic
GSK3β, Bad, and other proteins, no studies have investigated the possibility that Akt in
mitochondria may also provide an important component of its anti-apoptotic capacity,
primarily because Akt’s import into mitochondria was only recently discovered [Bijur and
Jope, 2003]. Considering the central role that mitochondrial events play in intrinsic apoptotic
signaling and the well-documented protective effects of Akt in many apoptotic conditions, the
presence of Akt in mitochondria places it in a critical position, providing Akt the potential to
attenuate mitochondrial apoptotic events. Indeed, this study found that introducing
constitutively active Akt into mitochondria attenuated staurosporine-induced disruption of
mitochondria that resulted in cytochrome c release, as well as attenuating the subsequent
consecutive activation of caspase-9 and caspase-3. Interestingly, expression of mitochondrial-
targeted active Akt was more effective than expression of untargeted active Akt in reducing
apoptotic signaling, suggesting that both cytosolic and mitochondrial pools of Akt contribute
to its anti-apoptotic capacity.

The release of cytochrome c and other intermembrane space proteins from mitochondria occurs
as a result of MOMP which has been proposed to occur via a mechanism involving either
mitochondrial swelling or the formation of protein-permeable pores [Skulachev, 1996;Pavlov
et al., 2001;De Giorgi et al., 2002;Danial and Korsmeyer, 2004]. Since mitochondrial swelling
is dependent on MPT with mitochondrial depolarization an indication of MPT the Δψm of
staurosporine-treated SH-SY5Y cells was evaluated. Staurosporine has been shown to induce
acute hyperpolarization in Jurkat, Rat1a, and SH-SY5Y cells and it is postulated that
cytochrome c release and subsequent caspase activation may be preceded by mitochondrial
hyperpolarization [Vander Heiden et al., 1997;Kennedy et al., 1999;Scarlett et al., 2000;Poppe
et al., 2001]. This suggests that mitochondrial swelling is not the mechanism of MOMP due
to staurosporine. In our studies, staurosporine induced transient hyperpolarization prior to
cytochrome c release and caspase activation (caspase-3 and caspase-9) in SH-SY5Y cells
expressing adenoviral constructs. This is in accordance with the previous studies and the
finding that mitochondrial depolarization is not required for cytochrome c release to occur
[Krohn et al., 1999].

MOMP is also postulated to result from the formation of protein-permeable pores in the
mitochondrial outer membrane, specifically by the Bcl-2 pro-apoptotic family member Bax
[Liu et al., 1996;McGinnis et al., 1999;Pavlov et al., 2001;Wei et al., 2001;De Giorgi et al.,
2002;Degli Esposti and Dive, 2003;Scorrano and Korsmeyer, 2003;Guo et al., 2004]. Cells
treated with staurosporine displayed an increase in monomeric Bax and produced Bax dimers
at mitochondria, suggesting that the mechanism for MOMP induced by staurosporine in SH-
SY5Y cells is via protein-permeable pores. Expression of mitochondrial-targeted active Akt
did not change the level of monomeric Bax; however the level of Bax dimerization was reduced.
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The exact mechanism through which Bax forms pores in the mitochondrial outer membrane
is unclear. A recent paper presented evidence that Bax initially inserts into the mitochondrial
outer membrane as a monomer and then undergoes a concerted conformational change and
homo-oligomerization to form pores [Annis et al., 2005]. A previous study proposed active
Akt to affect the conformation of Bax and thus inhibit Bax oligomerization in the mitochondrial
outer membrane [Yamaguchi et al., 2001]. Our results further support this hypothesis and
suggest that Akt in mitochondria functions in altering the mechanism through which Bax
oligomerizes in the mitochondrial outer membrane.

In summary, it is known that Akt functions to promote cellular survival during growth-factor
withdrawal and after cytotoxic insults that initiate the intrinsic apoptotic pathway. Published
evidence has shown that Akt can function at both pre-mitochondrial and post-mitochondrial
points in the apoptotic cascade. In its regulation of apoptosis, phosphorylation of substrates by
cytosolic Akt results in direct inhibition (e.g., GSK3) or the redistribution of pro-apoptotic
factors away from their point of action (e.g., Bad) [Cross et al., 1997;Datta et al., 1997;Pap
and Cooper, 1998]. This study shows for the first time that Akt in the mitochondrion also
suppresses apoptotic signaling. Further studies need to be done to elucidate the precise
mechanism by which mitochondrial Akt attenuated apoptotic signaling, which could include
directly impeding Bax oligomerization or other actions that reduce mitochondrial dysfunction
caused by apoptotic signaling.
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Fig 1.
Structure of HA-Akt constructs. The constructs used have an N-terminal HA-tag (diagonal
lines) and the mitochondrial-targeted constructs have an N-terminal mitochondrial targeting
signal (black). Using site-directed mutagenesis, the phosphorylation sites (T308 and S473) of
HA-tagged Akt were mutated to aspartic acid residues (D308 and D473) to generate the
constitutively active constructs.
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Fig 2.
Expression and localization of HA-Akt constructs. A: Cell lysates of CHO cells transiently
transfected with empty vector (pcDNA3.1; Ctl) or the HA-Akt constructs (wildtype,wt;
constitutively active,DD) were collected and subjected to SDS–PAGE, followed by Western
blot analysis with anti-HA antibody to determine expression level of the constructs. B: CHO
cells transiently transfected with the HA-Akt constructs were separated into cytosolic (C) and
mitochondrial (M) fractions and immunoblotted with the following antibodies: α-tubulin
(cytosolic protein), ATP synthase β-subunit (mitochondrial protein), and anti-HA.
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Fig 3.
Akt kinase activity of HA-Akt (wt) and HA-Akt (DD) constructs. A: CHO cells transiently
transfected with HA-Akt constructs were serum starved overnight and incubated in the absence
(serum free [SF]) or presence (IGF-1) of 10 nM IGF-1 for 15 min. Cell lysates were collected,
immunoprecipitated with an antibody to HA and Akt kinase activity was determined by in vitro
kinase assay. The data are presented as mean ± SEM, n = 3 independent experiments; *, P <
0.05 versus HA-Akt (wt) SF; ‡, P < 0.001 versus HA-Akt (wt) SF; **, P < 0.005 versus HA-
Akt (wt) SF (two-tailed, paired Student’s t-test). B: Representative immunoblot of cells
transiently transfected with empty vector (pcDNA3.1; Ctl) or the HA-Akt constructs (upper
panel). Representative immunoblot of HA immunoprecipitates probed with a polyclonal Akt
antibody (lower panel).
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Fig 4.
Ad-Mito-HA-Akt (DD) colocalizes with mitochondria and exhibits constitutive activation.
A: SH-SY5Y cells seeded on chamber sides were infected with Ad-HA-Akt (DD) or Ad-Mito-
HA-Akt (DD) and serum starved overnight. Cells were first loaded with Mitotracker Red CM-
H2TMRos (Mito; red) to label mitochondria then fixed and labeled with the monoclonal anti-
HA antibody (HA; green) to visualize the Akt adenoviral constructs and Dapi (Dapi; blue) to
counterstain the nuclei. B: Homogenates and mitochondrial fractions from SH-SY5Y cells
infected overnight with the indicated adenoviral constructs were immunoblotted for ATP
synthase β-subunit (mitochondrial protein), α-tubulin (cytosolic protein), and Akt. C: SH-
SY5Y cells infected with the designated adenoviral constructs were serum starved overnight,
mitochondrial fractions prepared and probed for GSK3β phospho-Ser9 (pSer9-GSK3β) and
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phospho-Akt Substrate (PAS). D: SH-SY5Y cells infected with designated adenoviral
constructs were serum starved overnight prior to incubation in the absence (serum free [SF])
or presence (IGF-1) of 10 nM IGF-1 for 15 min followed by preparation of mitochondria. Akt
was immunoprecipitated from the mitochondrial fractions, and Akt kinase activity was
determined by an in vitro kinase assay. The data are presented as mean ± SEM, n = 5
independent experiments; *, P < 0.05 versus Ad-GFP SF; **, P < 0.005 versus Ad-GFP SF
(two-tailed, paired Student’s t-test).
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Fig 5.
Mitochondrial-targeted active Akt protects SH-SY5Y cells from staurosporine-induced
caspase activation. SH-SY5Y cells infected with the designated adenoviral constructs were
serum starved overnight and incubated in the absence (control) or presence (staurosporine) of
0.5 μM staurosporine for 2 h (caspase-3 assay and PARP) or 0–2 h (caspase-9 activity). A:
Caspase-3 activity. The presence of Ad-HA-Akt (DD) attenuated caspase-3 activation in
response to staurosporine, with a significantly greater decrease being observed with Ad-Mito-
HA-Akt (DD). The data are presented as mean ± SEM, n = 7 independent experiments; *, P <
0.05; ***, P < 0.0005 (one-way ANOVA). B: Representative blots showing the presence of
cleaved PARP, cleaved caspase-3 and Akt. C: Caspase-9 activity. The presence of Ad-HA-
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Akt (DD) attenuated caspase-9 activation in response to staurosporine, with a significantly
greater decrease being observed with Ad-Mito-HA-Akt (DD). The data are presented as mean
± SEM, n = 10 independent experiments; *, P < 0.05; †, P < 0.001; **, P <0.005 (two-tailed,
paired Student’s t-test).
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Fig 6.
Active Akt reduces cytochrome c released from mitochondria of SH-SY5Y cells treated with
staurosporine. SH-SY5Y cells infected with the designated adenoviral constructs were serum
starved overnight and treated ± 0.5 μM staurosporine for 2 h. The amount of cytochrome c
release from mitochondria was determined by ELISA. The data are presented as mean ± SEM,
n = 6 independent experiments; *, P < 0.05 versus staurosporine-treated Ad-GFP (one-way
ANOVA).
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Fig 7.
Mitochondrial membrane potential is not altered by the presence of active Akt in SH-SY5Y
cells treated with staurosporine. SH-SY5Y cells infected with the designated adenoviral
constructs were serum starved overnight and incubated with 0.5 μM staurosporine for the times
indicated. The ratio was obtained by dividing JC-1 aggregate fluorescence by monomer
fluorescence. The data are presented as mean ± SEM, n = 8 independent experiments.
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Fig 8.
Mitochondrial-targeted active Akt reduces Bax oligomerization in response to staurosporine
treatment. SH-SY5Y cells infected with the designated adenoviral constructs were serum
starved overnight and incubated in the absence (control) or presence (staurosporine) of 0.5
μM staurosporine for 2 h. The oligomerization of Bax was determined by crosslinking the
mitochondrial followed by immunoblotting with a Bax antibody.
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