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The serine/threonine kinase Akt/PKB is a major downstream effector of growth factor–mediated cell survival.
Activated Akt, like Bcl-2 and Bcl-xL, prevents closure of a PT pore component, the voltage-dependent anion
channel (VDAC); intracellular acidification; mitochondrial hyperpolarization; and the decline in oxidative
phosphorylation that precedes cytochrome c release. However, unlike Bcl-2 and Bcl-xL, the ability of activated
Akt to preserve mitochondrial integrity, and thereby inhibit apoptosis, requires glucose availability and is
coupled to its metabolism. Hexokinases are known to bind to VDAC and directly couple intramitochondrial
ATP synthesis to glucose metabolism. We provide evidence that such coupling serves as a downstream
effector function for Akt. First, Akt increases mitochondria-associated hexokinase activity. Second, the
antiapoptotic activity of Akt requires only the first committed step of glucose metabolism catalyzed by
hexokinase. Finally, ectopic hexokinase expression mimics the ability of Akt to inhibit cytochrome c release
and apoptosis. We therefore propose that Akt increases coupling of glucose metabolism to oxidative
phosphorylation and regulates PT pore opening via the promotion of hexokinase-VDAC interaction at the
outer mitochondrial membrane.

[Key Words: Mitochondrial potential; cytochrome c; ATP; Bcl-2; Bcl-xL]

Received February 21, 2001; revised version accepted April 9, 2001.

Extrinsic signals emanating from cell-surface growth fac-
tor and cytokine receptors are major determinants of
mammalian cell survival. The transduction of these sig-
nals oppose both basal intrinsic proapoptotic activity, as
well as external proapoptotic stimuli (Raff 1992; Raff et
al. 1993). Analysis of downstream signaling pathways
has shown that activation of the PI-3 kinase/Akt(PKB)
pathway plays a major role in cell survival induced by
cell surface receptors. Following the initial demonstra-
tion that activation of the serine/threonine kinase Akt
promotes cell survival (Dudek et al. 1997; Kauffmann-
Zeh et al. 1997; Kennedy et al. 1997), mounting reports
established Akt as a major determinant of cell survival.
Akt has been reported to mediate cell survival by various
growth factors and cytokines in a variety of cell types
and blocks apoptosis induced by multiple apoptotic
stimuli (for review, see Datta et al. 1999; Kandel and Hay
1999). Various specific targets of Akt have been proposed

to mediate the antiapoptotic activity of Akt (for review,
see Datta et al. 1999; Kandel and Hay 1999). However,
because growth factors promote cell survival via main-
tenance of the metabolic function of mitochondria
(Vander Heiden and Thompson 1999; Vander Heiden et
al. 1999), it is likely that Akt exerts its effect through
similar mechanisms, which may be more fundamental
and generally conserved.
In mammalian cells, apoptosis has been described as a

multistep process that can be initiated by a variety of
stimuli. Mitochondria play a major role in this process
through the release of cytochrome c and other proapop-
totic proteins that normally reside in the intermembrane
space between the inner and outer mitochondrial mem-
branes (for review, see Gross et al. 1999; Desagher and
Martinou 2000). Cytochrome c release is considered an
early key event in apoptosis that culminates in the cleav-
age of cellular proteins and programmed disassembly of
the cell (Goldstein et al. 2000; Li et al. 2000). On its
release to the cytosol, cytochrome c acts as a cofactor
that binds and activates the caspase activator Apaf1,
which in turn cleaves pro-caspase 9 to yield active
caspase 9. Caspase 9 then initiates a caspase cascade and
activates the executioner caspases (for review, see Green
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and Reed 1998; Desagher and Martinou 2000; Loeffler
and Kroemer 2000).
Previously, it has been shown that Akt inhibits cyto-

chrome c release from mitochondria and thereby pre-
vents initiation of the apoptotic cascade leading to acti-
vation of caspases (Kennedy et al. 1999). It is unknown
how Akt maintains the mitochondrial integrity. Because
mitochondria play an important role not only in apopto-
sis but also in cellular energy metabolism and because
mitochondrial integrity is dependent on cellular meta-
bolic processes, we hypothesized that changes in the cel-
lular metabolism might be important in regulating apop-
tosis. Therefore, we analyzed the early pre-cytochrome c
release events following growth factor withdrawal. Early
events of apoptosis that have been reported to occur in
other cell systems have been reproduced herein (Vander
Heiden et al. 1999; Matsuyama et al. 2000). We show
that closure of the mitochondrial voltage dependent an-
ion channel (VDAC) could lead to cytosolic acidification
and hyperpolarization of the inner mitochondrial mem-
brane potential. We have confirmed that the initial cy-
tosolic acidification is dependent on ATP synthase ac-
tivity (Matsuyama et al. 2000). Activated Akt, like Bcl-2
and Bcl-xL, inhibits all these pre-cytochrome c release
events. However, unlike Bcl-2 or Bcl-xL, activated Akt
requires glucose availability and metabolism to preserve
mitochondrial function and integrity, thereby prevent-
ing the apoptotic response. A similar observation has
been recently documented for the IL-3–mediated cell
survival (Rathmell et al. 2000). These results suggest
that coupling between glucose metabolism and mito-
chondrial function is a prerequisite to growth factors and
Akt-mediated cell survival. We showed that the first step
of glycolysis catalyzed by hexokinase is sufficient for
Akt to inhibit apoptosis. Mitochondrial-bound hexoki-
nases (mtHKs) were shown to directly couple glucose
metabolism to oxidative phosphorylation by exclusively
using intramitochondrial ATP to catalyze the first com-
mitted step in glycolysis converting glucose to glucose-
6-phosphate (BeltrandelRio and Wilson 1992a,b). Indeed,
we found that activated Akt increases redistribution of
hexokinase activity to the mitochondria. Furthermore,
ectopic expression of hexokinase I attenuates apoptosis
in a glucose-dependent manner. Mitochondrial-bound
hexokinases are associated with the outer mitochondrial
membrane through an amino-terminal hydrophobic do-
main (Wilson 1995). They are associated with VDAC at
the outer surface of the outer membrane and have been
implicated in the regulation of the opening of the PT
pore (Beutner et al. 1998). Therefore, mtHKs are attrac-
tive candidates for downstream effectors of growth factor
and Akt-mediated cell survival.

Results

Akt/PKB prevents the cytosolic acidification
and mitochondrial hyperpolarization that precede
cytochrome c release

It was previously demonstrated that Akt/PKB promotes
cell survival by maintaining mitochondrial integrity and

by inhibiting the release of cytochrome c and alterations
in mitochondrial membrane potential (Kennedy et al.
1999). Thus, it is likely that Akt, like Bcl-2 or Bcl-xL
(Vander Heiden et al. 2000), intervenes in early steps of
apoptosis before cytochrome c release. Therefore, we ex-
amined the effect of activated Akt on the sequence of
events preceding cytochrome c release. In parallel, we
also examined the effects of Bcl-2 and Bcl-xL on
these events. For this purpose, three polyclonal Rat1a
cell lines stably expressing myristoylated Akt (MyrAkt),
Bcl-2, or Bcl-xL were established as described previously
(Kennedy et al. 1999).
It has been reported that cytochrome c release and

caspase activation are preceded by cytoplasmic acidifi-
cation, which may facilitate caspase activation and ex-
ecution of the cell death program. Bcl-2 has been shown
to prevent this early event of cellular acidification (Mat-
suyama et al. 2000). To determine whether intracellular
acidification is an early event in our system, we analyzed
the intracellular pH (pHi) of treated and untreated cells
and of cells between 1 and 3 h after serum deprivation in
combination with a low dose of UV irradiation (Kennedy
et al. 1999). As we have shown previously, this combi-
nation accelerates growth factor–withdrawal–induced
apoptosis and provides a convenient time frame for the
analysis of the temporal sequence of apoptotic events.
Serum deprivation alone induces apoptosis only after 24
h, and the dose of ultraviolet (UV) irradiation that is
being used does not induce apoptosis in the presence of
serum, whereas the combination induces apoptosis after
5 h (Kennedy et al. 1999). Thus, following serum depri-
vation/UV-exposure, the cells were trypsinized, loaded
with the pH-sensitive fluorophore SNARF1, and ana-
lyzed by fluorescence-activated cell sorter (FACS; Blank
et al. 1992). The results (Fig. 1A) show a decrease in pHi

of about 0.25 units after 2 h in Rat1a cells, whereas the
pHi of the other cell lines analyzed—Rat1a/MyrAkt,
Rat1a/Bcl-2, and Rat1a/Bcl-xL—is stable. Slight cytoso-
lic alkalinization was observed in activated Akt-express-
ing cells, which is consistent with the ability of certain
growth factors to elicit such cytosolic alkalinization (Ra-
jotte et al. 1992). Comparisons of the time courses of pHi

and ��m change, cytochrome c release, and apoptosis
show that cytosolic acidification temporally precedes
mitochondrial hyperpolarization and cytochrome c re-
lease (Fig. 1A–D). Consistent with previous results (Mat-
suyama et al. 2000), the intracellular acidification is de-
pendent on the F0F1-ATPase/H

+ pump as it is inhibited
by two specific inhibitors of the ATP synthase, oligomy-
cin (Fig. 2A,B) and aurovertin B (data not shown). Intra-
cellular acidification is required for optimal activity of
caspases (Matsuyama et al. 2000).

Activated Akt prevents the closure of the PT pore
protein VDAC

The cytosolic acidification may be attributable to mito-
chondrial matrix ATP hydrolysis, which is coupled to
pumping of protons out of the mitochondrial matrix into
the intermembrane space by the F0F1-ATPase/H

+ pump
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(Matsuyama et al. 2000). This could occur if ATP is ac-
cumulated in the matrix. A transient accumulation of
ATP in the matrix could be a result of inhibition of PT
pore function and blockage of ATP efflux /ADP influx.
Indeed, it has been shown that immediately after stimu-
lation of apoptosis by growth factor withdrawal, there is
a block in ATP efflux/ADP influx as a result of closing of
the PT pore component VDAC (Vander Heiden et al.
1999, 2000). Therefore, we used a previously described
indirect approach (Vander Heiden et al. 2000) to deter-
mine if the VDAC is closed in Rat1a cells on growth
factor withdrawal/UV-exposure.
The creatine kinase (CK)/phospho-creatine (PCr) cir-

cuit serves an important energy buffering function. The
equilibrium between ATP/creatine and ADP/PCr cata-
lyzed by CK lies on the ATP/creatine side of the reac-
tion. PCr is mainly synthesized where there is a high
ATP concentration, that is, in the mitochondrial inter-
membrane space. PCr then passes through the VDAC,
the outer mitochondrial membrane component of the PT

pore, into the cytoplasm, where cytoplasmic CK cata-
lyzes the reverse reaction to ATP (Fig. 3A). When the
VDAC is closed, ATP accumulates in the mitochondrial
intermembrane space, which in turn can lead to accu-
mulation of PCr in the intermembrane space. Because in
Rat1a cells the steady state level of PCr is very low com-
pared with the Cr level and because PCr is immediately
converted to Cr in the cytosol, the changes in PCr levels
reflect changes in mitochondrial PCr levels. Figure 3B
shows the change in PCr levels within 2 to 3 h after
induction of apoptosis. In control Rat1a/pBP cells, the
PCr level dramatically increases and coincides with the
onset of cytosolic acidification (Fig. 3B). In contrast, the
PCr level in Rat1a/Bcl-2, Rat1a/Bcl-xL, and Rat1a/
MyrAkt cells remains the same or slightly reduced. This
is consistent with the previous observation (Vander
Heiden et al. 2000) that the PCr level in cells expressing
Bcl-xL does not change after induction of apoptosis. Our
data indicate that, like Bcl-2 or Bcl-xL, activated Akt
maintains a normal VDAC configuration and prevents

Figure 1. Sequence of events in growth factor withdrawal/ultraviolet-induced apoptosis. Apoptosis was induced in Rat1a pBP (vector
control), Rat1a/MyrAkt, Rat1a/Bcl-2, and Rat1a/Bcl-xL cells by serum starvation and ultraviolet irradiation (50 J/m2). At the time
points indicated, intracellular pH (pHi), mitochondrial dye uptake, cytochrome c release, and chromatin condensation were deter-
mined. All data represent the average (±SE) of at least three independent experiments. (A) Fluorescence-activated cell sorter (FACS)
analysis of pHi with SNARF1-acetate (Molecular Probes), a fluorescent dye that shows a pH-dependent shift in its emission maximum.
Time course of pHi after induction of apoptosis (P < 0.05 vs. untreated control). (B) FACS analysis of mitochondrial dye uptake. Cells
were loaded with DiOC6 (or MitoTracker CMXRos) and subjected to FACS analysis. The results were normalized to the dye uptake
at 0 h. The increase in mitochondrial dye uptake reflects a hyperpolarization that precedes the loss of mitochondrial membrane
potential that is a late event in our system. (C) Analysis of cytochrome c release. The percentage of cells with released cytochrome c
was scored by immunofluorescence staining with anticytochrome c antibodies (P < 0.002). The insert shows a typical picture of
cytochrome c immunofluorescence 4 h after apoptosis induction. The arrows indicate cells with diffuse cytochrome c staining. (D)
Analysis of apoptosis. The percentage of cells with condensed chromatin was determined by DAPI staining (P < 0.002). The insert
shows Hoechst staining of the same field as shown inC. The arrows indicate the cells with released cytochrome c, the left one showing
condensed chromatin.
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VDAC closure, which is one of the earliest events in
apoptosis.
Hyperpolarization of the inner mitochondrial mem-

brane is observed 3 h after apoptosis induction (Fig. 1B),
immediately after VDAC closure and the onset of cellu-
lar acidification, which are detectable after 2 h (Figs. 1A,
3B). The onset of hyperpolarization could be explained
by the same mechanism that leads to cytosolic acidifi-
cation (Matsuyama et al. 2000). Maintenance of hyper-
polarization, however, could be explained by the subse-
quent inability of F0F1-ATPase to efficiently pump back
protons into the mitochondrial matrix in exchange for
ATP synthesis. This is likely because the closure of
VDAC leads to a limited supply of ADP in the matrix,
relative to the number of protons in the intermembrane
space, which includes protons that are normally trans-
ported by the respiratory chain (see Discussion; Vander
Heiden et al. 1999).

Activated Akt increases intracellular ATP levels
through increased glucose metabolism and oxidative
phosphorylation

Regardless of the exact mechanism by which acidifica-
tion and hyperpolarization are maintained, inhibiting
the open state of VDAC will subsequently attenuate
ATP efflux/ADP influx and implies that ATP synthesis
in the mitochondria will be reduced. Indeed, a decrease
in cellular ATP content is characteristic of cell death and
precedes cytochrome c release (Garland and Halestrap

1997; Vander Heiden et al. 1999). Therefore, Rat1a cells
were exposed to apoptotic stimuli as described above and
then quickly lysed with perchloric acid. The lysates were
then subjected to high-pressure liquid chromatography
(HPLC) analysis, and the concentration of ATP in the
sample was determined. As shown in Figure 4A, the ATP
level in Rat1a cells is decreased 10-fold within 5 h of
growth factor withdrawal/UV-exposure (P < 0.002). In
contrast, Rat1a cells overexpressing Bcl-2 or Bcl-xL, and
which do not undergo apoptosis under these conditions,
maintain a constant ATP level of about 600 pmol/106

cells (Fig. 4A; P < 0.002). In summary, the data clearly
indicate that the drop in ATP level is an early event and
precedes cytochrome c release. Because all cells do not
undergo apoptosis simultaneously, the drop in ATP level
within individual cells may be even greater.
In Rat1a/MyrAkt cells, the situation is different. As

shown in Figure 4A, activated Akt leads to a threefold
increase in intracellular ATP compared with control
cells. In activated Akt-expressing cells, there is an initial
decline in ATP level following induction of apoptosis
(P < 0.002). However, following this initial decline, the
ATP level is maintained and remains about twofold
higher than in untreated control cells. The initial decline
in ATP level is probably caused by the loss of synergistic
effect of both serum and activated Akt, as growth factors
can farther activate the membrane-bound form of Akt
through phosphorylation of Thr308 and Ser473 in Akt
(Coffer et al. 1998).
To better understand the relationship between dimin-

ished ATP content and both oxidative phosphorylation
and glucose metabolism, we examined the effect of se-
lective inhibitors of these processes on the cellular ATP
content. The results of these experiments (Fig. 4B,C) show
that most of the ATP in Rat1a/pBP, Rat1a/MyrAkt,
Rat1a/Bcl-2, and Rat1a/Bcl-xL cells is derived from oxi-
dative phosphorylation, about one third of the ATP is
derived from glycolysis. In contrast to the other cell
lines, glycolytic and mitochondrial ATP levels in
Rat1a/MyrAkt cells are proportionally elevated (about
threefold). This suggests that Akt is capable of acceler-
ating both glycolysis and oxidative phosphorylation.
ATP produced by mitochondria (oxidative phosphoryla-
tion) in control cells declines in parallel with total intra-
cellular ATP, whereas Rat1a/Bcl-2 and Rat1a/Bcl-xL
cells maintain stable ATP concentrations under the
same conditions. This is consistent with the previous
report that Bcl-xL prevents cellular ATP depletion be-
cause of decreased mitochondrial oxidative phosphory-
lation following growth factor withdrawal (Vander
Heiden et al. 1999). In MyrAkt-expressing cells, the mi-
tochondrial ATP level follows the kinetics of total ATP
level and after an initial decline reaches a steady state
level that is about twofold higher than that in control
cells.

Glucose availability is required for the inhibition
of cytochrome c release and apoptosis by Akt

Because activated Akt increases both glycolysis and oxi-
dative phosphorylation, we were interested in examining

Figure 2. Inhibition of F0F1-ATPase by oligomycin inhibits in-
tracellular acidification during apoptosis. The intracellular pH
was analyzed at 0, 1, and 2 h after apoptosis induction. All data
represent the average (±SE) of at least three independent experi-
ments. To inhibit F0F1-ATPase, 10 µM oligomycin (+oligomy-
cin) was added to the medium 30 min before induction of apop-
tosis. (A) Rat1a/pBP (vector control) and (B) Rat1a/MyrAkt.
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the glucose dependence of the effects of activated Akt on
apoptosis and mitochondrial integrity.
To test whether the antiapoptotic effect of Akt re-

quires glucose availability, we first examined the ability
of Akt to protect cells from apoptosis in the absence of
glucose. Rat1a/pBP, Rat1a/MyrAkt, Rat1a/Bcl-2, and
Rat1a/Bcl-xL cells were plated in parallel and allowed to
attach before the medium was changed to glucose-free
growth medium containing 1 mM pyruvate as a mito-
chondrial energy source. Cytochrome c release and apop-
tosis following growth factor withdrawal/UV exposure
were then quantitated. The data show that activated Akt
is insufficient to block either cytochrome c release (Fig.
5A) or apoptosis (Fig. 5B) in the absence of glucose, indi-
cating a requirement for the presence and/or metabolism
of glucose. In contrast, Rat1a/Bcl-2 and Rat1a/Bcl-xL
cells survive in the absence of glucose, indicating that
both Bcl-2 and Bcl-xL act through a mechanism that is
distinct from that of Akt. It has been shown previously
that, in IL-3–dependent cells, cytokine withdrawal leads
to decreased glycolysis followed by apoptosis and that
the antiapoptotic effect of Bcl-2 appears to be indepen-
dent of glucose metabolism (Garland and Halestrap
1997). More recently, the ability of IL-3, but not Bcl-xL,

to promote the survival of T cells and pro-B cells has
been shown to be glucose-dependent (Rathmell et al.
2000). Our results are consistent with these observations
and further demonstrate that Akt is a major downstream
effector of growth factor–regulated ATP synthesis and
cell survival.

The first committed step of glycolysis is sufficient
for Akt to inhibit apoptosis

To further determine which step in glycolysis is required
for Akt-mediated cell survival, we first examined early
glycolytic events such as glucose phosphorylation. Glu-
cose phosphorylation is the first critical step in gly-
colysis that is catalyzed by hexokinase. Therefore,
we substituted glucose with the glycolytic inhibitors
5-thio-glucose and 2-deoxy-glucose. 5-thio-glucose is a
competitive inhibitor of hexokinase, it cannot be phos-
phorylated and therefore cannot be effectively used as a
hexokinase substrate (Wilson and Chung 1989). In con-
trast, 2-deoxy-glucose can be phosphorylated but not fur-
ther metabolized (Chi et al. 1987).
In these experiments, cells were plated in 2-deoxy-glu-

cose– or 5-thio-glucose–substituted medium (each con-

Figure 3. Akt, Bcl-2, and Bcl-xL prevent closing of
voltage-dependent anion channel (VDAC). (A) Model
of the PT pore in open and closed state. VDAC, ad-
enine-nucleotides translocator (ANT), creatine ki-
nase (CK), and hexokinase (HK) are components of
the PT pore. In the open state ADP, ATP and phos-
phocreatine can pass through the PT pore. Closing of
the VDAC, the part of the PT pore that is localized in
the outer mitochondrial membrane, would lead to an
accumulation of phosphocreatine in the intermem-
brane space, whereas the amount of ATP that is de-
rived from the mitochondria declines because the
ADP/ATP exchange is impossible. (B) Analysis of
phosphocreatine levels. After induction of apoptosis,
the level of phosphocreatine was analyzed by high-
pressure liquid chromatography. The change in PCr
level compared with the initial PCr level is shown
(P < 0.003). The results are the average (±SE) of three
independent experiments.
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taining 1 mM pyruvate as an alternative mitochondrial
energy source). Following exposure to the apoptotic
stimulus, apoptosis was quantitated by DAPI (4,6-diami-
dino-2-phenylindole) staining. As shown in Figure 5C,
activated Akt is able to prevent apoptosis in the presence
of 2-deoxy-glucose, but not 5-thio-glucose. Under both
conditions, control Rat1a cells undergo apoptosis, and
both Bcl-2 and Bcl-xL protect cells from cell death. Be-
cause both glucose analogs are nonmetabolizable and dif-
fer primarily in their suitability as a hexokinase sub-
strate, these results imply that glucose phosphorylation,
the first committed step of glucose metabolism cata-
lyzed by hexokinase, is sufficient to promote cell sur-
vival by Akt.

Inhibition of apoptosis by Akt does not require
de novo protein synthesis

Akt/PKB is known to regulate a number of cellular meta-
bolic processes, including gene transcription, protein
synthesis, and induction of expression and translocation
of glucose transporters that might have an impact on
apoptosis (for review, see Kandel and Hay 1999). Further-
more, it has been suggested recently that IL-3 may pro-
mote cell survival through induction of glucose trans-
porter expression, thereby facilitating glucose uptake
(Rathmell et al. 2000).

Figure 4. Intracellular ATP content after induction of apopto-
sis. At the indicated time points after apoptosis induction, cells
were lysed with perchloric acid and analyzed by high-pressure
liquid chromatography. ATP concentrations were normalized
to the cell number. Each data point is the mean (±SE) of at
least four independent experiments. (A) Total cellular ATP
level. (B) ATP derived from glycolysis. To inhibit oxidative
phosphorylation 10 µg/mL antimycin A was added 30 min be-
fore cell lysis. (C) ATP derived from oxidative phosphorylation.
Glycolysis was inhibited by 20 mM 2-desoxy-glucose, and 1
mM pyruvate was added to provide substrate for oxidative phos-
phorylation.

Figure 5. Inhibition of cytochrome c release and apoptosis by
Akt, but not by Bcl-2 or Bcl-xL, is dependent on glucose. Rat1a,
Rat1a/MyrAkt, Rat1a/Bcl-2, and Rat1a/Bcl-xL cells were grown
in glucose-free Dulbecco’s modified Eagle medium with 1 mM
pyruvate. Apoptosis was induced by growth factor withdrawal/
UV (50 J/m2), and at the indicated times cells were fixed and
stained with anti-cytochrome c antibody or DAPI. Three inde-
pendent experiments were scored and the results are shown as
the mean (±SE). (A) Analysis of cytochrome c release 0 h and 3.5
h after apoptosis induction in the absence of glucose and in
untreated control cells (P < 0.002). (B) Percentage of apoptotic
cells as measured by DAPI staining 0 h and 5 h after induction
of apoptosis in the absence of glucose (P < 0.001). (C) Apoptosis
as measured by DAPI staining in the presence of 20mM 5-thio-
glucose or 20mM 2-deoxy-glucose 5 h after induction of apop-
tosis (P < 0.002).
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To test whether the inhibition of apoptosis by Akt is
dependent on de novo protein synthesis, we used poly-
clonal Rat1a cells expressing an inducible activated Akt.
On the addition of 300 nM 4-hydroxitamoxifen (4-HT),
the kinase activity of this conditionally active Akt
(MyrAktER) was induced after 3 to 6 h, but not in the
vector control cell line (pBP; Fig. 6A).
To analyze when Akt has to be active in order to in-

hibit apoptosis, we induced MyrAktER by addition of
4-HT at different time points before induction of apop-
tosis. As shown in Figure 6B and C, cytochrome c release
and apoptosis can be inhibited only if Akt is activated by
4-HT � 4 h before induction of apoptosis. This is tem-
porally compatible with a requirement for Akt activa-
tion (Fig. 6A; data not shown). Thus, Akt has to display
kinase activity before the apoptotic stimulus to protect

cells from apoptosis. Addition of 5 or 25 µM cyclohexi-
mide does not prevent the inhibition of cytochrome c
release or apoptosis, indicating that the antiapoptotic ef-
fect of Akt does not require de novo protein synthesis
(Fig. 6B,C). Taken together, these results strongly indi-
cate that, in the present model, Akt provides a survival
signal through posttranslational regulation of down-
stream effectors either by direct phosphorylation or via a
phosphorylation cascade. These putative modulated
downstream effectors can, in turn, execute the cell sur-
vival function.

Akt may inhibit apoptosis through the activation
of mitochondrial-bound hexokinase

The results above indicate that inhibition of apoptosis by
Akt requires coupling between glucose metabolism and
oxidative phosphorylation, likely via a posttranslational
mechanism. The demonstration that the first committed
step of glucose metabolism is sufficient to mediate this
effect (Fig. 5C) strongly indicates hexokinases as poten-
tial downstream effectors of Akt. Hexokinases are
unique among glycolytic enzymes in that they have been
shown to directly bind mitochondria and couple glucose
metabolism to oxidative phosphorylation (BeltrandelRio
and Wilson 1992a). This mitochondrial association is
mediated by binding to the cytosolic domain of VDAC,
and mitochondrial hexokinases have been shown to ex-
clusively use intramitochondrial ATP to phosphorylate
glucose, thereby coupling glycolysis to oxidative phos-
phorylation (Brdiczka 1990; BeltrandelRio and Wilson
1992b; Cesar and Wilson 1998). Furthermore, hexoki-
nase is an integral component of the PT pore and has
been implicated in the regulation of PT pore opening
(Beutner et al. 1998). Rat1a cells express both mitochon-
drial-binding HK isoforms, hexokinase I (HKI) and hexo-
kinase II (HKII; data not shown). To analyze the local-
ization of hexokinase activity in these cells, the glucose
phosphorylating capacities of whole cell extracts and of
mitochondrial extracts were determined. Although the
total hexokinase activities in all tested cell lines were
the same (data not shown), there were differences in the
amount of mitochondrial-bound hexokinase activity.
When Rat1a cells were subjected to serum withdrawal/
UV-exposure, there was a decline in mitochondrial-
bound hexokinase activity that was not observed in cells
expressing activated Akt (Fig. 7A). MyrAkt-expressing
cells also show higher basal levels of mitochondrial
hexokinase activity, indicating a causal relationship be-
tween Akt activation and mitochondrial hexokinase as-
sociation.
To further examine the influence of Akt activation on

intracellular localization of hexokinase activity, we used
a clonal cell line in which MyrAkt expression is regu-
lated by a tetracycline repressor (Fig. 7B). These cells
were cultured in either the presence or absence of 1 µg/
mL tetracycline for 16 h and were analyzed in parallel for
both total cellular hexokinase activity and the corre-
sponding activity associated with the mitochondrial
fraction. As depicted in Figure 7C, activated Akt in-

Figure 6. Inhibition of apoptosis by Akt is independent of de
novo protein synthesis. In Rat1a/MyrAktER cells, MyrAkt can
be activated by addition of 300 nM 4-hydroxi-tamoxifen (4-HT).
4-HT was added 5 (−5h), 4 (−4h) or 3 (−3h) h before induction of
apoptosis. Rat1a/MyrAktER cells or vector control cells (Rat1a/
pBP) were grown in DME medium containing 10% serum (FCS)
or were deprived of serum and irradiated with 50 J/m2 (UV).
Addition of 5 or 25 µM cycloheximide at this time does not
abolish the antiapoptotic effect of Akt. (A) Akt kinase activity
assay. Analysis of H2B phosphorylating capacity at 0, 2, 3, and
6 h after addition of 4-HT to the medium. (B) Analysis of cyto-
chrome c release with immunofluorescence staining 3.5 h after
apoptosis induction (P < 0.002 vs. control). (C) Analysis of apop-
tosis. Cells with condensed chromatin were detected by DAPI
staining 5 h after apoptosis induction (P < 0.001 vs. control).
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creased mitochondrial hexokinase activity by about
50%, without an associated change in total HK activity,
indicating that Akt activation promotes mitochondrial
association of hexokinase activity.
To directly test whether increased mitochondrial

hexokinase activity can protect cells from apoptosis in-
duced by growth factor withdrawal/UV-exposure, we in-
fected Rat1a cells with recombinant adenoviruses ex-
pressing either hexokinase I (rAd-HKI) or �-galactosidase
(rAd-LacZ) as a control (Becker et al. 1994). Infection
with rAd-HKI at a multiplicity-of-infection of ∼ 10 in-
creased total HK activity by approximately 60% com-
pared with that of rAd-LacZ-infected cells or untrans-
fected controls. Apoptosis was induced 40 h after infec-
tion, and cells were subsequently scored for cytochrome
c release and apoptosis. Significant inhibition of both

cytochrome c release (Fig. 8A) and apoptosis (Fig. 8B) was
observed in rAd-HKI–infected cells. Within 5 h of induc-
tion, about 40% of the rAd-LacZ–infected cells were
scored apoptotic, whereas apoptotic cells represented
half that number in rAd-HKI–infected cells, indicating
that ectopic HKI expression mimics the effect of acti-
vated Akt and inhibits apoptosis. The kinetics of apop-
tosis following adenovirus infection is faster than in
noninfected cells, likely because the infection itself is an
additional apoptotic stress. As shown in Figure 8C and
D, the protective effect of hexokinase is dependent on
glucose, indicating that it is not only the increased
amount of HKI protein that mediates the antiapoptotic
effect but also the increased HK activity.

Discussion

We have shown previously that, like growth factors, Akt
preserves mitochondrial integrity and prevents the cyto-
chrome c release following induction of apoptosis
(Kennedy et al. 1999). Activated Akt cannot, however,
inhibit apoptosis following intracytoplasmic microinjec-
tion of cytochrome c (Kennedy et al. 1999). Therefore, we
analyzed the early apoptotic events that precede cyto-
chrome c release after growth factor withdrawal. Early
events reported to occur in other cell systems have been
reproduced herein (Vander Heiden et al. 1999, 2000; Mat-
suyama et al. 2000). In particular, our results imply that
VDAC closure leads to both cytoplasmic acidification
and mitochondrial hyperpolarization. We have also con-
firmed that these changes are dependent on ATP syn-
thase activity. It has been suggested recently that both
mitochondrial matrix alkalinization and the associated
drop in cytosolic pH are partly attributable to the reverse
operation of the F0F1-ATPase (Matsuyama et al. 2000).
An increased ATP/ADP ratio in the mitochondrial ma-
trix may trigger the reverse operation of ATP synthase,
thereby hydrolyzing ATP and pumping protons into the
intermembrane space. We have also observed that acidi-
fication can be suppressed by oligomycin or aurovertin B,
indicating that the F0F1-ATPase/H

+ pump is involved in
this process. The reverse operation of F0F1-ATPase is
only favored if ATP concentrations in the mitochondrial
matrix are high. Indeed, we have observed that on induc-
tion of apoptosis, VDAC is closed. Thus, mitochondrial
exit of ATP via the PT pore would be prevented, leading
to transient intramitochondrial ATP accumulation.
However, because a steady state will be attained, a re-
verse operation of ATP synthase cannot be prolonged,
and it is likely that the continued hyperpolarization and
cytosolic acidification is maintained through additional
mechanisms. One such mechanism could be the accu-
mulation of lactate that is prevented by Akt (data not
shown) and reflects increased reliance on cytosolic gly-
colysis and uncoupling from mitochondrial metabolism.
Associated increases in cytosolic ATP hydrolysis and
proton generation probably also contribute to the ob-
served cytosolic acidification. As proposed previously
(Vander Heiden and Thompson 1999; Vander Heiden et
al. 1999), hyperpolarization can be maintained because

Figure 7. Akt targets hexokinase (HK) activity to the mito-
chondria. Total hexokinase activity was determined enzymati-
cally in total cell lysates and mitochondrial lysates. HK activi-
ties were normalized to the protein content of the sample and
the percentage of HK activity localized at the mitochondria was
calculated. The graph shows the average (±SE) of three indepen-
dent experiments. (A) Mitochondrial hexokinase activity in
Rat1a/pBP and Rat1a/MyrAkt cells 0 and 2 h after induction of
apoptosis (P < 0.002). (B) Western blot analysis showing expres-
sion of Akt in Rat1a/pBSTR1MyrAkt cells in the presence or
absence of tetracycline (Tet). Arrow indicates endogenous Akt
protein in the presence of Tet and inducible MyrAkt protein in
the absence of Tet. (C) Amount of total hexokinase activity that
is localized at the mitochondria in Rat1a/pBSTR1MyrAkt or in
vector control Rat1a/pBP cells grown in the presence or absence
of 1 µg/mL Tet (P < 0.001).
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of insufficient amount of ADP in the matrix to exchange
for the accumulating protons in the intermembrane
space for ATP synthesis in the matrix.
Both activated Akt and Bcl-2 or Bcl-xL prevent closure

of VDAC, the initial acidification, and hyperpolariza-
tion, as well as the accumulation of lactate. Further-
more, constitutive activation of Akt leads to slight cy-
tosol alkalinization, similar to what has been observed
when cells were exposed to GMCSF and IL-3 (Rajotte et
al. 1992). Activated Akt inhibits all apoptotic events
proximal to cytochrome c release events, similar to Bcl-2
and Bcl-xL, by maintaining normal mitochondrial func-
tion and normal state of PT pore opening. However,
there is a fundamental difference in the way by which
normal mitochondrial function is maintained by acti-
vated Akt versus Bcl-2 or Bcl-xL. The ability of activated
Akt, like growth factors (Garland and Halestrap 1997;
Rathmell et al. 2000), is dependent on the presence of
glucose, indicating coupling of glycolysis and oxidative
phosphorylation. In contrast, both Bcl-2 and Bcl-xL
maintain mitochondrial integrity independent of the
presence of glucose (Rathmell et al. 2000). Interestingly,
we found that Bcl-2/Bcl-xL, like Akt, also maintain mi-
tochondrial hexokinase activity upon induction of apop-
tosis (data not shown). As suggested previously, both
Bcl-2 and Bcl-xL may maintain a normal state of the PT
pore through physical association with VDAC (Vander

Heiden and Thompson 1999; Vander Heiden et al. 1999),
which may also increase the affinity of VDAC to hexo-
kinase (see below). It has been suggested that the IL-3–
induced expression of the ubiquitous facilitative glucose
transporter GLUT1 contributes to the antiapoptotic ac-
tivity of this cytokine (Rathmell et al. 2000). Because
Akt has been shown to induce both GLUT1 and GLUT3
expression (Hajduch et al. 1998; Barthel et al. 1999b), it
would be attractive to speculate that these changes could
also contribute to the antiapoptotic effects of Akt. It is
unlikely, however, that this is the principle mechanism
in the cell system described here because de novo protein
synthesis is not required for Akt to block apoptosis in
Rat1a fibroblasts. Furthermore, adenoviral GLUT1 over-
expression in Rat1a cells provides only minimal protec-
tion from apoptosis when compared with HKI overex-
pression (K. Gottlob, R.B. Robey, and N. Hay, unpubl.).
This is also supported by the observation that despite its
ability to accelerate apoptosis, which is inhibited by ac-
tivated Akt (Kauffmann-Zeh et al. 1997; Kennedy et al.
1997), the c-Myc oncoprotein elevates the expression of
GLUT1 (Osthus et al. 2000).

Mitochondrial-bound hexokinase as a downstream
effector of Akt-mediated cell survival

Experimental evidence provided in the present studies
indicate mtHK is an attractive candidate effector of

Figure 8. Increased hexokinase activity inhibits apoptosis in a glucose dependent manner. Ad-LacZ or Ad-HKI infected Rat1a cells
were grown in the presence (A,B) or absence (C,D) of glucose. The total hexokinase activity of the infected cells was 31.5 (±4.5) U/g
for Ad-LacZ and 50.5 (±7.5) U/g for Ad-HKI. Apoptosis was induced by growth factor withdrawal/ultraviolet, and at the indicated
times, cells were fixed and stained with anti-cytochrome c antibodies or DAPI. The percentage of cells with released cytochrome c
(A,C) and condensed chromatin (B,D) are shown (P < 0.002). The results are shown as average (±SE) of four independent experiments.

Gottlob et al.

1414 GENES & DEVELOPMENT



growth factors and Akt-mediated cell survival. Mito-
chondrial-bound hexokinase catalyzes the first commit-
ted step of glucose metabolism by phosphorylating glu-
cose to glucose 6-phosphate, using mitochondrial-de-
rived ATP and thereby coupling and coordinating
glycolysis and oxidative phosphorylation (BeltrandelRio
and Wilson 1992a,b; Cesar and Wilson 1998).
Of the four mammalian hexokinase isoforms, only the

high affinity HKI and HKII isoforms have been shown to
associate with mitochondria. Both isoforms specifically
associate with the outer mitochondrial membrane and
bind to VDAC as tetrameters, via their amino-terminal
hydrophobic domain. The mitochondrial association is
dynamic in nature and is profoundly influenced by the
metabolic milieu. Mitochondrial hexokinases are acti-
vated by glucose and inhibited by glucose-6-phosphate
that dissociates the enzyme from the mitochondrial
membrane likely through a change in conformation
(Wilson 1995; Mulichak et al. 1998). The glucose analog
2-deoxy-glucose can substitute for glucose in the
ATP:hexose phosphotransferase reaction catalyzed by
hexokinases, and this may explain in part why 2-deoxy-
glucose can substitute for glucose in mediating the an-
tiapoptotic activity of Akt (see below). Hexokinase I can
be also activated by physiological levels of inorganic
phosphate that relieve inhibition by glucose-6-phosphate
(Aleshin et al. 1998). Interestingly, hexokinase co-puri-
fies with the large PT pore complex, and experiments
with reconstituted PT pores indicate that the association
and dissociation of hexokinase with the PT pore may
mediate transitions between the closed and opened
states of this pore (Beutner et al. 1998; Crompton 1999).
Furthermore, conformation changes in mitochondrial-
bound hexokinase is dependent on mitochondrial poten-
tial (Hashimoto and Wilson 2000).
We observed a decline in mtHK activity immediately

following exposure to apoptotic stimulus. Thus, the de-
cline in mtHK activity may be the earliest event in apop-
tosis leading to the closure of VDAC. However, we can-
not exclude the possibility that the three early events
detected 2 h after induction of apoptosis—the drop in
mtHK activity, VDAC closure, and intracellular acidifi-
cation—occur simultaneously. We report herein that ac-
tivated Akt increases mitochondria-associated hexoki-
nase activity and that HKI overexpression mimics the
effect of activated Akt on cytochrome c release and apop-
tosis. Furthermore, the phosphorylatable, but nonme-
tabolatable, glucose analog 2-deoxy-glucose can substi-
tute glucose requirement for the antiapoptotic activity of
Akt. In contrast, the nonphosphorylatable glucose ana-
log 5-thio-glucose cannot substitute glucose require-
ment. Taken together, these results provide compelling
evidence that mtHK is indeed a downstream effector of
Akt-mediated cell survival. The inhibition of apoptosis
by overexpression of hexokinase I is less effective than
by activated Akt. This could simply reflect independent
proapoptotic stress associated with adenoviral gene
transfer, as suggested by the accelerated kinetics of apop-
tosis in adenovirus-infected cells. Alternatively or addi-
tionally, different levels of transgene expression or addi-

tional requirements for cofactors or posttranslational
processing may be needed for full antiapoptotic activity.
It is also possible that the other mitochondria-binding
isoform, HKII, plays an additional, possibly nonredun-
dant, role in blocking apoptosis.
How Akt or growth factors affect the intracellular lo-

calization of hexokinase activity is not known. How-
ever, as noted above, the metabolic milieu exerts a major
influence on both the activity of hexokinases and their
association with mitochondria. As the level of glucose
can determine the activity of hexokinase and its associa-
tion with the mitochondria, an increase of glucose up-
take can potentially increase both hexokinase activity
and localization. Both growth factors and Akt were
shown to induce the expression of GLUT-1 and GLUT-3
(Hajduch et al. 1998; Barthel et al. 1999), as well as the
membrane translocation of GLUT-4, and therefore in-
crease the rate of glucose uptake (Kohn et al. 1996; Cong
et al. 1997; Tanti et al. 1997). However, as noted above,
induction of glucose transporters expression by itself is
likely not sufficient to exert the antiapoptotic activity of
Akt in this cell system. Metabolic control analysis has
suggested that both hexokinases and glucose transport-
ers share major control over the uptake and metabolism
of glucose (Kashiwaya et al. 1994; Srere 1994). Moreover,
the control of both uptake and utilization may be vari-
ably distributed between transport and phosphorylation
based on parameters such as substrate availability and
prevailing conditions. Demonstrations that glucose
phosphorylation can be rate limiting for glucose uptake
and that hexokinase overexpression can increase glucose
uptake are compatible with this interpretation (Chang et
al. 1996; Saccomani et al. 1996). It would therefore be
attractive to speculate that the coordinated regulation of
both glucose transport and phosphorylation is required
for the mediation of the effects reported above and
herein. Indirect support for a protective role for hexoki-
nases may also be found in the ability of ectopic HKI
expression to decrease the susceptibility of renal epithe-
lial cells to oxidant-induced cell death (J.M. Bryson and
R.B. Robey, unpubl.). Because the antiapoptotic activity
of Akt is not dependent on de novo protein synthesis, we
speculate that direct or indirect postranslational modu-
lations of hexokinases, VDAC, or as-yet-unidentified co-
factors determine the localization and activity of hexo-
kinases (Vogt et al. 1998). Although there is no evidence
that hexokinase activity is regulated by phosphorylation
and we have not been able to show phosphorylation of
hexokinase by Akt, hexokinase II possesses a conserved
consensus phosphorylation site for Akt. Indirect effect of
Akt on hexokinase activity and localization through
phosphorylation cascades and putative cofactors of hexo-
kinase should also be considered. Because hexokinase
activity can be inhibited by glucose-6-phosphate, its ac-
tivity in the cell is also dependent on the steady state
level of glucose-6-phosphate. Therefore, we cannot com-
pletely exclude the possibility that the activity of other
enzymes downstream of glucose-6-phophate are targets
of Akt and affect hexokinase activity indirectly. Inter-
estingly, 6-phosphofructo-2-kinase activity can poten-
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tially affect the steady state level of glucose-6-phosphate.
It has been shown to be activated by PI 3-kinase and to be
directly phosphorylated by Akt (Deprez et al. 1997).
In summary, our findings provide compelling evidence

for a novel mechanism whereby Akt and growth factors
can couple glucose metabolism to cell survival and pre-
serve the integrity of mitochondria through mitochon-
drial hexokinase. This mechanism by which Akt inhib-
its apoptosis could be a more general mechanism than
phosphorylation of Bad which is only detectable in cer-
tain cell types or caspase 9 which can occur only in hu-
man cells (for review, see Datta et al. 1999; Kandel and
Hay 1999). The results also demonstrate that the mecha-
nism by which Akt promotes cell survival is fundamen-
tally different from that by which Bcl-2 and Bcl-xL exert
their antiapoptotic activity.

Materials and methods

Retroviral vectors

Retroviral vectors expressing an activated form of Akt/PKB
(MyrAkt), Bcl-2, or BclxL were described previously (Kennedy et
al. 1999). The pBabeMyrAktER retroviral vector was con-
structed by first altering MyrAkt cDNA in pBabePuro via PCR-
based mutagenesis to incorporate a BamHI site in place of the
natural stop codon. A MyrAkt-containing BamHI-NotI frag-
ment of this plasmid was ligated into the BamHI-NotI multiple
cloning site of pBabePuroMycER (Littlewood et al. 1995) to pro-
duce an in-frame fusion between MyrAkt and the modified li-
gand-binding domain of estrogen receptor. The self-contained
tetracyline-repressor retroviral vector containing MyrAkt was
constructed by introducing MyrAkt into the BamHI site of
pBPSTR-1 (Paulus et al. 1996).

Cell culture and induction of apoptosis

Rat1a fibroblasts or stable polyclonal cell lines expressing
MyrAkt, Bcl-2, or Bcl-xL, as well as the control cell line were
established using retrovirus infection as previously described
(Kennedy et al. 1999). After establishment cell lines were fro-
zen, a fresh aliquot of cells was used for each set of experiments.
For apoptosis assays, the cells were placed in Dulbecco’s modi-
fied Eagle’s medium (DMEM) without serum and then irradi-
ated with UV light (50 J/m2).
The polyclonal cell line expressing MyrAktER was estab-

lished, as previously described (Kennedy et al. 1999) by infection
of Rat1a cells with pBabeMyrAktER retrovirus, followed by se-
lection with 2 g/mL puromycin. The activity of Akt was in-
duced by addition of 300 nM 4-hydroxi-tamoxifen (Sigma) to the
medium.
The tet-regulated cell line Rat1a pBPSTR1 MyrAkt was es-

tablished following infection with the pBPSTR-1MyrAkt retro-
virus and selection with 1 g/mL puromycin. Individual clones
were tested for the best inducible cell line. One cell line with
low basal background expression was isolated for further experi-
ments. The cell line was cultured in the presence or absence of
1 µg/mL tetracycline.
For glucose deprivation experiments, glucose-free DMEM

(GibcoBRL) was supplemented with 1 mM pyruvate/methyl-
pyruvate. To inhibit glycolysis, 2-deoxy-glucose (Sigma) or
5-thio-glucose (ICN) was substituted for medium glucose on an
equimolar basis. Oxidative phosphorylation was inhibited by
the addition of 10 µg/mL antimycin A (Sigma) 30min before cell

harvesting. For inhibition of F0F1-ATP-synthase, 10 µM oligo-
mycin (Sigma) was added to the medium 30 min before induc-
tion of apoptosis.

Adenovirus infections

The recombinant adenoviruses were the generous gift of Dr.
Christopher B. Newgard (UT Southwestern Medical Center;
Dallas, TX). Rat1a cells were plated, starved for 12 h, and then
infected with rAd-LacZ or rAd-HKI virus (Becker et al. 1994).
Twenty-four hours after infection, cells were trypsinized, plated
on chamber slides, and allowed to attach. After an additional 16
h, apoptosis was induced by growth factor withdrawal/UV ex-
posure.

DAPI and immunofluorescence staining

At different time points after irradiation, the cells were fixed
and permeabilized (4% formaldehyde, 0.2% saponin), stained
with 1 µg/mL Hoechst 33258 (Sigma), and subsequently stained
with anti–cytochrome c (6H2.B4, PharMingen) and anti-mouse-
TRITC (Jackson ImmunoResearch) antibodies as described
(Kennedy et al. 1999). For DAPI staining, formaldehyde was
directly added to the plate, and the staining was performed as
described previously (Kennedy et al. 1997).

Western blot analysis

Total cell protein from 1 × 105 cells was denatured in 2×
Laemmli buffer. Extracts were electrophoresed in an 8% SDS-
PAGE. Following electrophoresis, proteins were blotted onto a
nitrocellulose membrane by semidry transfer and incubated
with anti-Akt antibodies (UBI).

FACS analysis

To analyze mitochondrial dye uptake cells were loaded with 50
nM DiOC6 (Sigma) or MitoTrackerCMXRos (Molecular Probes)
at 37°C. After collection of floating cells and trypsination of
attached cells, the pooled fractions were rinsed with PBS and
subjected to FACS analysis (Kennedy et al. 1999). For measuring
the pHi, cells were trypsinized and loaded with 2 µM SNARF1-
acetate (Molecular Probes) for 8 min at room temperature and
subjected to FACS analysis. Calibration for each cell line was
performed by adding 10 µM nigericin to equilibrate the pHi with
controlled pH of the extracellular medium (40 mM HEPES, 115
mM KCl, 1 mM MgCl2, pH 6.0–8.0; Blank et al. 1992).

HPLC

Cells were quickly lysed with 1 M perchloric acid, and the ly-
sates were extracted with tri-n-octylamine/1,1,2-trichloro-tri-
fluoroethane (1/1 [v/v]). After centrifugation, 20 µL of the aque-
ous phase was directly used for HPLC analysis as previously
described (Budinger et al. 1996). HPLC was performed on a
4.6 × 250 mm Varian-Rainin Dynamax C-18 analytical column.
A linear gradient of 40 min from 10% buffer B (50 mM KH2PO4,
pH 5.8, 8 mM tetrabutylammonium hydrogensulfate [TBAS],
and 40% [v/v] acetonitrile) and 90% buffer A (50 mM KH2PO4,
pH 5.8, 8 mM TBAS) to 45% buffer B, 55% buffer A was used to
elute the nucleotides (flow, 1 mL/min), which was detected
spectrophotometrically at � = 254 nm. Calibration curves for
ATP and ADP were used for quantitation. Creatine and phos-
phocreatine were analyzed on the same column by isocratic
elution with 15 mM KH2PO4, 2.3 mM TBAS, pH 3.7 (flow, 1
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mL/min). Phosphocreatine was detected and quantitated spec-
trophotometrically at � = 210 nm.

Kinase activity assays

The Akt kinase activity assay was performed as previously de-
scribed (Kennedy et al. 1997). Rat1a/MyrAktER and control cell
lines were plated at a density of 4 × 106 cells/10 cm plate, grown
over night, and starved in 0% FCS along with treatment of 300
nM 4-hydroxy-tamoxifen for 0 to 6 h. Cells were harvested and
lysed, and equal amounts of protein (as determined by the Brad-
ford assay) for each sample were immunoprecipitated with anti-
Akt1 antibody (Upstate Biotech Inc). Immunoprecipitated pro-
tein was used for the in vitro kinase assay, and the kinase assay
products were resolved by 12% SDS-PAGE.
Hexokinase activity was measured as the total glucose phos-

phorylating capacity of whole cell lysates or mitochondria-en-
riched cell fractions, using a standard glucose-6-phosphate de-
hydrogenase-coupled spectrophometric assay (Robey et al. 2000)
with minor modifications. Briefly, whole cell lysates were pre-
pared in 45 mM Tris-Cl, pH 8.2, 50 mM KH2PO4, 10 mM glu-
cose, 11.1 mM monothioglycerol, 0.5 mM EDTA, 0.2% Triton
X-100. In parallel, mitochondrial pellets prepared from me-
chanically lysed cells as previously described (Kennedy et al.
1999) were prepared in the same lysis buffer. To determine
hexokinase activity, 50 µL of the lysates were added to 950 µL
assay mix (final concentrations were 41.7 mM Tris-Cl, pH 8.5,
7.7 mM MgCl2, 4.2 mM glucose, 10.6 mM monothioglycerol,
0.5 mg/ml NADP, 6.7 mM ATP, 1 U/ml glucose-6-phosphate-
dehydrogenase, 1 mM NaPO4, 45 mM KCl, 0.5 mM EDTA,
0.05% Triton X-100). The OD at � = 340 nm was measured ev-
ery 30 seconds for 2 minutes. The increase in OD reflects the
increase in NADPH concentration, and the total hexokinase
activity was calculated from the slope of the resulting curve. HK
activities were normalized to the protein content of the lysate.
One milliunit of hexokinase activity represents the amount of
enzyme activity required to phosphorylate 1 nmol of glucose in
1 minute at 25°C (Wilson and Chung 1989; Robey et al. 2000).
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Note added in proof

While this paper was in review, it has been shown that IL-3-
dependent FL5.12 cells, activated Akt, unlike Bcl-xL, cannot
promote cell survival in the absence of glucose (Plas, D.R. et al.
2001. J. Biochem. 276: 12041–12048).
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