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Abstract

Akt is a known client protein of heat shock protein-90 (HSP90). We have found that HSP90 is
responsible for Akt accumulation in the mitochondria in unstimulated cells. Treatment of SH-
SY5Y neuroblastoma cells and HEK293 cells with the HSP90 inhibitors novobiocin and
geldanamycin caused substantial decreases in the level of Akt in the mitochondria without
affecting the level of Akt in the cytosol. Moreover, intra-cerebroventricular injection of
novobiocin into mice brains decreased Akt levels in cortical mitochondria. Knockdown of HSP90
expression with siRNA also caused a significant decrease in Akt levels in the mitochondria
without affecting total Akt levels. Using a mitochondrial import assay it was found that Akt is
transported into the mitochondria. Furthermore, it was found that the mitochondrial import of Akt
was independent of Akt activation as both an unmodified Akt and a constitutively active mutant
Akt both readily accumulated in the mitochondria in an HSP90-dependent manner. Interestingly,
incubation of isolated mitochondria with constitutively active Akt caused visible alterations in
mitochondrial morphology, including pronounced remodeling of the mitochondrial matrix. This
effect was blocked when Akt was mostly excluded from the mitochondria with novobiocin
treatment. These results indicate that the level of Akt in the mitochondria is dependent on HSP90
chaperoning activity and that Akt import can cause dynamic changes in mitochondrial
configuration.
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Introduction

The serine/threonine kinase Akt, also referred to as protein kinase B, is closely associated
with growth factor signaling. Stimulation of cell surface receptors with insulin or growth
factors, such as insulin-like growth factor-1 (IGF-1), results in the activation of
phosphatidylinositol 3-kinase and phosphatidylinositol dependent kinases, the latter which
directly phosphorylates Akt on its Thr308 site, and possibly on its Ser473 site (Alessi, 1996;
Alessi, 1997; Fayard, 2005). Phosphorylation at these sites results in the full activation of
Akt. Akt activation occurs at the cytoplasmic face of the plasma membrane, however
subsequent to its activation Akt moves from the plasma membrane and translocates into
different subcellular compartments including the cytosol, the nucleus (Andjelkovic, 1997),
and mitochondria (Bijur, 2003), where it can phosphorylate compartment-specific
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substrates. The translocation of Akt into the mitochondria is rapid, occurring in quick
succession to its activation. Although mitochondrial import of Akt is blocked by a
dissipation of the mitochondrial transmembrane potential (Bijur, 2003), the molecular
mechanism underlying Akt mitochondrial transport is unknown.

Akt activity is also affected by its binding to heat shock protein-90 (HSP90) (Sato, 2000).
Akt is a well-known client protein of HSP90. Pharmacological inhibitors of HSP90 have
provided much insight into how HSP90 functions. For example, the coumarin based
compound novobiocin (NB) inhibits HSP90 by targeting the C-terminal region of HSP90
adjacent to its homodimerization domain (Marcu, 2000a). NB treatment has been associated
with destabilization and proteolysis of HSP9O0 client proteins (Marcu 2000b; Yun, 2004). In
addition, geldanamycin (GA) is a benzoquinoid ansamycin antibiotic which inhibits HSP90
by binding to its N-terminal ATPase domain (Whitesell, 1994; Panaretou, 1998). Treatment
of cells with geldanamycin affects Akt by inducing its dephosphorylation (Fujita, 2002; Xu,
2003), and also induces the degradation of Akt (Kim, 2003), indicating that HSP9O0 is
essential for stability and function of Akt. Thus, in addition to phosphorylation, Akt activity
is dependent on its interaction with HSP90.

Recently it was reported that inhibition of HSP90 with NB and GA can block the import of
proteins into mitochondria (Fan, 2006), indicating that HSP90 plays a major role in the
translocation of proteins into the mitochondrion. The import of proteins into the
mitochondria is a dynamic energy-dependent process relying on the concerted efforts of
several translocase proteins resident within the mitochondria, a pore complex through which
the proteins are inserted, and chaperone proteins which facilitate the import process
(Pfanner, 1990; Komiya, 1997). Although many mechanistic aspects of mitochondrial
import of proteins are unknown, some features have been elucidated. Two key chaperone
proteins responsible for protein import into the mitochondria are heat shock proteins-90 and
-70 (HSP90 and HSP70, respectively) (Young, 2003; Young, 2004). Before proteins are
imported into mitochondria (preproteins) they are bound to chaperones in the cytoplasm, and
notably, HSP90 was recently reported to play a major role in the mitochondrial protein
import process (Fan, 2006). In the initial process of mitochondrial import, HSP90 (with its
preprotein cargo) binds to one of the mitochondrial surface receptors on the translocase of
the outer mitochondrial membrane (TOM) complex, the TOM70 receptor (Yano, 2004; Fan,
2006). Docking of the HSP90 to TOM70 occurs by virtue of a tetratricopeptide repeat
domain on the receptor similar to the domains found on the co-chaperones of HSP90
(Young, 2003; Yano 2004). Due to the close juxtaposition of HSP90 to the TOM complex,
the preprotein can make direct contact with the TOM70 receptor. Subsequently, the
preprotein is imported through the outer mitochondrial membrane via the TOM40 import
pore (Gabriel, 2003; Chacinska, 2004). Once a preprotein has entered the mitochondria it is
further assimilated into specific mitochondrial subcompartments by numerous transport
proteins, most notably the translocases of the inner membrane, commonly known as TIMs
(Kerscher, 1997; Kutik, 2007). In addition, transport of proteins into the deeper
compartments of the mitochondria, the inner membrane and the matrix, requires the
electrochemical gradient across the inner membrane (Martin, 1991; Geissler, 2000). Thus,
HSP90, in conjunction with the TOM and TIM proteins, function in the efficient
translocation of proteins into the mitochondria and its subcompartments.

Given that Akt can translocate into the mitochondria, and that Akt is a well known client
protein of HSP90, it was hypothesized that Akt levels in the mitochondria might be affected
by HSP90 inhibitors. The present report describes how inhibition of HSP90 activity or
decreased HSP90 expression causes marked decreases in the levels of Akt in the
mitochondria and inhibits the translocation of Akt into the mitochondria. In addition,
increased Akt signaling in the mitochondria is shown to cause remodeling of the
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mitochondrial cristae, indicating that Akt activity has profound affects on mitochondrial
morphology.

Materials and methods

Cell Culture and Treatments

SH-SY5Y human neuroblastoma cells were grown in continuous culture RPMI media
containing 10% horse serum, 5% Fetal Clone Il (Hyclone, Logan, UT), 2 mM L-glutamine,
100 units/ml penicillin, and 100 pg/ml streptomycin. HEK293 human embryonic kidney
cells were grown in F12/DMEM containing 10% fetal bovine serum (Invitrogen), 2 mM L-
glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin. For serum withdrawal,
adherent cells were rinsed twice with serum-free media supplemented with 2 mM L-
glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin. Prior to all treatments
cultured cells were washed once with serum-free RPMI media (for SH-SY5Y cells) or F12/
DMEM (for HEK293 cells) containing 2 mM L-glutamine, 100 units/mL penicillin, and 100
ug/mL streptomycin. Cells were maintained in serum-free media overnight prior to
treatments with 625 uM novobiocin (NB) (Alexis Biochemicals), and 5 uM geldanamycin
(GD) (AG Scientific). Cells were either subjected to a 60-minute time course with NB, or a
90 minute GA time course. Where indicated, cells were pretreated with NB or GA for 45
minutes prior to a 15 minute treatment of 50 ng/mL insulin-like growth factor-1 (IGF-1) (US
Biological).

SiRNA HSP90 Knockdown

Adherent HEK293 cells were transfected with 2 pg of plasmid from the pGB-HSP90 siRNA
vector mix obtained from Biovision Incorporated (Mountainview, CA). Since this plasmid
mix confers G418 resistance, stably transfected cells were grown in continuous culture
media containing 225 pg/ml G418. Control cell lines were stably transfected with an empty
pcDNA vector conferring G418 resistance. The cells were continuously cultured in serum-
containing F12/DMEM media, described above.

Mitochondrial Purification

Mitochondria were isolated essentially as described in Bijur and Jope (2003) with
modifications as follows. After the cells were harvested and plasma membranes disrupted by
nitrogen cavitation, the cell homogenate was centrifuged once at 700 x g for 5 min to
remove unbroken cells and nuclei. The crude mitochondria-containing supernatant was
transferred to a new tube and centrifuged for 30 min at 17,500 x g to collect a mitochondrial
pellet. The supernatant was saved as the cytosolic sample, and the pellet was washed twice
with cavitation buffer followed by a 15 min centrifugation at 17,500 x g. Mitochondrial
extracts were obtained by incubating mitochondria for 30 min at 4°C in lysis buffer (20 mM
Tris, pH 7.5, 0.2% Nonidet P-40, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, and protease
and phosphatase inhibitors). The mitochondrial extract was clarified by centrifugation at
20,800 x g for 10 min. Protein concentrations were determined by the bicinchoninic acid
method (Pierce). To verify complete separation of the mitochondrial and cytosolic fraction,
the two fractions were immunoblotted with B-tubulin, an abundant cytosolic protein, and
pyruvate dehydrogenase, a mitochondrial protein.

Immunoblotting

Immunoblotting was performed as described previously (Bijur, 2003). Proteins separated by
SDS-PAGE were transferred onto nitrocellulose membranes. The membranes were blotted
with antibodies to Akt (Sigma, Cell Signaling), HSP90 (BD Transduction), HSP70, HSC70,
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and HSP40 (BDTransduction), phospho-Ser21/9-GSK3a/B, phospho-Ser473-Akt, phospho-
Akt-substrates (Cell Signaling), pyruvate dehydrogenase, or B-tubulin (Sigma).

Mitochondrial Import Assay

Methods for the mitochondrial import assay were adapted from Fan, et al (2006) with minor
modifications. Cell-free translation of wtAkt and DDAkt proteins were performed using the
TNT-coupled transcription/translation rabbit reticulocyte lysate system (Promega),
according to manufacturer’s directions. Briefly, T7 Polymerase (Promega) and 3°S-
Methionine (Amersham) were mixed with reticulocyte lysate, transfer RNAs, reaction
buffer, RNAsin (Promega), and 1 ug of wtAkt or DDAkt plasmid containing the T7
promoter. The total reaction volume was adjusted to 50 ul with nuclease free water.
Reactions were incubated for ninety minutes at 30°C then adjusted to 250 mM sucrose.

Mitochondria from HEK?293 cells were isolated as described and aliquoted equally in import
buffer (20 mM HEPES-KOH pH 7.5, 5 mM MgOAc,, 80 mM KOAc, and 250 mM
Sucrose) containing 2 mM ATP, 0.4 mM ADP, 1 mM dithiothreitol, and 10 mM succinate.
Mitochondria were then added to the translated proteins such that the volume of
mitochondria made up 40% of the reaction volume and the exogenous protein constituted
35% of the total reaction volume. Novobiocin was added to the translation product for a
final concentration of 625 uM before the mitochondria were added. The translocation
reaction was then allowed to incubate for 45 min at 30°C with intermittent gentle mixing.
Mitochondria were collected and half of each sample was digested for 10 minutes on ice
with 250 ug/mL proteinase K to remove proteins on the outside of the mitochondria. The
digested samples were then treated with 2 mM phenylmethylsulfonyl fluorine (PMSF) for
10 minutes on ice to terminate digestion. Half of each sample was left untreated.
Mitochondrial lysates were obtained and mitochondrial proteins were separated by SDS-
PAGE. The gels were dried and the radioactive Akt bands were visualized with a
phosphorimager.

Intra-cerebroventricular (ICV) Injections

All procedures were in accordance with the Institutional Animal Care and Use Committee
(IACUC) guidelines. 6-8 week old male C57BL6 mice were anesthetized using 100mg/kg
ketamine and 10 mg/kg xylazine. Novobiocin (312.5 mM in 1 pL total volume) was
bilaterally injected into ventricles, to achieve a final concentration of 625 pM assuming a
ImL cerebrospinal fluid volume, using a 10 uL Hamilton syringe (0.8 mm posterior and 1.6
mm left and right of Bregma). Control mice were injected with an equivalent volume of
sterile 0.9 % saline solution. Following a 2 hour recovery, mice were rapidly decapitated and
cortical mitochondria and cytosolic fractions were isolated and immunaoblotted for Akt.

Akt Activity Assay

All reagents for the Akt activity assay, except translocation components, were obtained from
Cell Signaling. Cell-free translations of wtAkt and DDAkt proteins were performed, as
described above, and each reaction was adjusted to 200ul total volume with 1X Cell Lysis
Buffer. 20ul immobilized Akt antibody slurry was added, and the mixture was incubated on
an orbital rocker overnight at 4°C. The immobilized antibody pellets were washed two times
with 1X cell lysis buffer and two times with 1X kinase buffer. Antibody pellets were
incubated with 1X kinase buffer supplemented with Lug GSK3 fusion protein and 0.2 mM
ATP for 30 minutes at 30°C. Reactions were terminated with SDS sample buffer and boiled
5 minutes. Membranes were immunoblotted for phospho-GSK3a/p reactivity.

J Neurochem. Author manuscript; available in PMC 2009 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barksdale and Bijur

Page 5

Transmission Electron Microscopy

Results

Adherent HEK?293 cells were cultured as described and either serum-starved overnight or
maintained in serum media, where indicated. Functional mitochondria were isolated using
nitrogen cavitation and incubated with DD-AKkt protein in the presence or absence of
novobiocin for 45 minutes at 30°C. Control reactions were incubated with reticulocyte
lysates containing no translated protein. Following incubation, mitochondria were pelleted
and fixed overnight at room temperature in 2% paraformaldehyde/2.5% glutaraldehyde in
0.1M sodium cacodylate buffer. The pellet was washed extensively with sodium cacodylate
buffer, and post-fixed with 1% osmium tetroxide in sodium cacodylate buffer. Pellets were
then washed for one hour with phosphate-buffered saline (PBS). The cell pellets were
dehydrated with 10 minute incubations of 50% EtOH, 70% EtOH, and 95% EtOH, followed
by four 15-minute incubations in 100% EtOH. Pellets were washed twice for 10 minutes
with 100% propylene oxide, and placed into a 50:50 mixture of propylene oxide and
embedding resin (Embed 812, Electron Microscopy Sciences, Fort Washington, PA) for 12—
18 hours. The tissue was transferred to 100% embedding media for one hour, changed to
fresh embedding media for an additional hour, and incubated in an oven at 60°C overnight
to polymerize. Following polymerization, the resin blocks were sectioned 1-2 um thick with
a diamond knife using an ultramicrotome. The sections were stained with toluidine blue to
use as a reference for thin sectioning. Thin sections were made using a diamond knife
(Diatome, Electron Microscopy Sciences, Fort Washington, PA) at 70-100 nm, and the
sections were placed on copper mesh grids. After drying, sections were stained with heavy
metals uranyl acetate and lead citrate for contrast. Grids were allowed to dry, and then
viewed on a FEI Tecnai Twin 120kv TEM (FEI, Hillsboro, OR). Digital images were taken
with an AMT CCD (Advanced Microscopy Techniques) camera and the images were saved
on a computer memory device. Two blinded observers who were unaware of the treatments
were given several representative images of mitochondria with varying configurations as the
criterion for quantitation to prevent the inclusion of fragmented mitochondria or debris in
the quantitation. The grayscale settings were kept the same for all the images. The observers
were told to manually and accurately circumscribe 30 or more objects on the computer
screen using the ArcSoft photoimaging software, only those objects in the experiments that
fit the criteria. The optical density of each object was then automatically tabulated and
entered into a statistical program to determine means, standard errors, and statistical
significance.

Inhibition of HSP90 decreases mitochondrial Akt levels

Previously it was reported that a pool of Akt exists in the mitochondria, the level of which
can flux greatly (Bijur, 2003). Two well characterized HSP90 inhibitors, NB and GA, have
previously been shown to block the import of HSP90 cargo proteins into the mitochondria
(Fan 2006), indicating that HSP90 plays a key role in the process of mitochondrial protein
import. The goal here was to test if HSP90 inhibitors would affect the levels of Akt in the
mitochondria under normal growth conditions. Akt exists mostly in the cytoplasm
(Andjelkovic, 1997; Borgatti, 2000), thus it was necessary to confirm that there was no
cytosolic contamination in the mitochondrial fractions. The purity of the mitochondrial
fraction used to measure Akt levels was assessed by blotting for the abundant cytosolic
protein B-tubulin, which could not be detected in the mitochondrial fraction (Fig 1A). The
mitochondrial protein pyruvate dehydrogenase was clearly evident in the mitochondrial
fraction and not in the cytosolic fraction, indicating complete separation of these two
fractions. The existence of HSP90 on the mitochondria was also confirmed. Isolated
mitochondria were separated into two separate aliquots and one aliquot was digested with
proteinase K to strip proteins on the mitochondrial surface. Internal mitochondrial proteins
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are inaccessible to proteinase K activity and therefore remain intact. Figure 1B shows an
abundant amount of HSP90 on the mitochondrial surface, and digestion with proteinase K
removed most of this HSP90. A small amount of HSP90 was found to exist within the
mitochondria. The level of ATP synthase-f3 which exists on the inner mitochondrial
membrane was unaffected by proteinase K digestion. Thus, HSP90 resides on the
mitochondrial surface.

The effect of NB and GA treatments on Akt mitochondrial levels was tested in unstimulated
cells. NB is a coumarin-type compound that affects the C-terminal region of HSP90 (Marcu,
2000a). NB treatment of SH-SY5Y neuroblastoma cells caused a time-dependent reduction
in the level of Akt in the mitochondria (Fig 1C). After 15 min of treatment with 0.625 mM
NB there was a 42% reduction of Akt in the mitochondria compared to control untreated
cells. After 45 min of NB treatment, the level of Akt in the mitochondria was reduced by
approximately 60% of control, and further reductions in Akt levels in the mitochondria were
not seen. HSP90 inhibition results in the degradation of its client proteins including Akt,
however at the concentration and the time points of NB used for this study the total Akt
levels in the cytosol were not reduced (Fig 1C), suggesting that Akt degradation may not be
occurring at these times and at this dose of NB treatments.

GA is a benzoquinoid ansamycin antibiotic that affects the N-terminal ATP-binding region
of HSP90 (Whitesell, 1994; Panaretou 1998). Interestingly, GA does not enter the
mitochondrion and accumulate in this organelle (Kang, 2007). GA (5 uM) treatment also
resulted in marked reductions in Akt levels in the mitochondria (Fig 1D). After 15 min of
GA treatment there was a 40% decrease in Akt levels in the mitochondria and the levels of
Akt in the mitochondria were reduced further after 90 min of GA treatment, resulting in a
94% reduction of Akt in the mitochondria. The level of Akt in the cytosol was unaffected by
GA treatments. Treatment of cells with higher concentrations and longer times of NB and
GA treatments did result in degradation of Akt (data not shown). The effect of NB and GA
treatments on Akt levels in the mitochondria was also confirmed in another cell line. Human
HEK293 cells were treated for 45 min with 625uM NB or 5 uM GA, and Akt levels in the
mitochondria were assessed. There were significant 50% and 80% reductions in Akt levels
in the mitochondria following NB and GA treatments, respectively (Fig 1E). Thus, two
chemically distinct inhibitors of HSP90 used under these specific conditions were found to
markedly reduce the level of Akt in the mitochondria but not the cytosol, which was
confirmed in two different cell lines.

To test if Hsp90 regulates Akt levels in brain mitochondria, 625uM NB was stereotaxically
injected into both lateral ventricles of adult C57/BI6 mice. There was a significant 40%
decrease in mitochondrial Akt levels in NB injected mice compared to saline controls
(Figure 1E). Levels of Akt in the cytosol were unchanged by this treatment (1E). These data
indicate that, in in vivo as well as in cell culture models, inhibition of Hsp90 leads to a
decrease in the level of Akt in the mitochondria.

The concern with using inhibitors of HSP90 such as NB and GA is that these agents are
known to elicit the proteolysis of the HSP90 client protein such as Akt. To allay this
concern, HEK293 stable cell lines were created in which HSP90 protein expression was
reduced using HSP90 siRNA. HSP90 expression in the HSP90 siRNA cells was reduced by
70% of control (Fig 2A), but the expression of HSP70 and heat shock cognate-70 (HSC70)
was unaffected. Interestingly, the level of HSP40 was noticeably increased. The total level
of Akt was unaffected (Fig 2A), but in unstimulated HSP90 siRNA cells the Akt level in the
mitochondria was significantly reduced by 50% compared to control cells (Fig 2B). Taken
together, these results show that HSP90 activity markedly influences the amount of Akt
accumulation in the mitochondria. However, a total blockade of Akt mitochondrial
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accumulation could never be achieved using any of these methods of HSP90 inhibition,
suggesting that there may also be an HSP90-independent mode by which Akt accumulates in
the mitochondria.

HSP90 mediates import of Akt into isolated mitochondria

To directly assess Akt mitochondrial import by HSP90, an in-vitro mitochondrial import
assay was employed. We also examined if the activation state of Akt affects its
mitochondrial import. Two forms of Akt were tested; an unmodified wtAkt, and a
constitutively-active mutant Akt in which the activity-associated phosphorylation sites at
Thr308 and Ser473 sites were mutated to aspartic acid (DDAKkt). These two Akt proteins
were in-vitro translated using rabbit reticulocyte lysates. Initially, the relative activities of
the wtAkt and DDAkt within the mitochondria were determined. Isolated intact
mitochondria were incubated with the translated Akt proteins. The external mitochondrial
proteins were digested with proteinase K and the mitochondria were lysed. The
mitochondrial lysates were immunoblotted with a phospho-Akt substrate (PAS) antibody
which detects phosphorylated substrates of Akt. Incubation of intact mitochondria with
wtAkt resulted in increased PAS antibody immunoreactivity against internal mitochondrial
proteins compared to the control (Fig 3A) indicating that the translated wtAkt can enter the
mitochondria and has some basal kinase activity. PAS immunoreactivity of internal
mitochondrial proteins was increased further with the incubation of mitochondria with
DDAKt, indicating that DDAkt has greater activity than the wtAkt, and also can enter the
mitochondria. The activities of the translated proteins was also measured by
immunoprecipitating wtAkt and DDAkt and reacting the immobilized proteins with an Akt
substrate (GSK3a/p crosstide). The Akt activity mirrored the PAS immunoreactivity (Fig
3A); the wtAkt had some basal kinase activity, while the DDAkt had increased kinase
activity.

For the import assay, wtAkt and the constitutively active DDAkt were in-vitro translated in
the presence of 3°S-methionine which is incorporated into the synthesized proteins. The
protein products were incubated with intact mitochondria for the import assay as described
in Materials and Methods. The mitochondrial import of the 3°S-methionine-labeled Akt
proteins was examined in mitochondria isolated from the control pcDNA cells and the
siRNA HSP90 knockdown cells. The level of HSP90 bound to the mitochondria in the
HSP90 siRNA cells was first determined. Figure 3B shows the reduced level of HSP90
bound to the mitochondria in the HSP90 siRNA cells compared to the pcDNA control cells.
Figure 3C shows that both the wtAkt and DDAKt were found to be attached to the surface of
the mitochondria at about equivalent levels in the undigested mitochondrial samples from
the pcDNA cells and the HSP90 siRNA cells. In the digested mitochondria, however,
substantially less wtAkt and DDAkt were detected within the mitochondria from the HSP90
SiRNA cells compared to mitochondria from the control pcDNA cells, indicating that HSP90
is mostly required for the mitochondrial import of both forms of Akt. To further test if
HSP90 inhibition would block mitochondrial import of wtAkt and DDAKt, isolated
mitochondria from wild-type HEK293 cells were incubated with the in-vitro translated
proteins in the presence of NB. NB did not affect Akt binding to the mitochondria surface
(Fig 3D), but in agreement with the previous result, NB-mediated HSP90 inhibition mostly
blocked the mitochondrial import of both forms of Akt. However, in both of these cases a
total blockade of Akt import into the mitochondria was not seen, further suggesting that
there exists a second mechanism by which Akt is imported into the mitochondria. These
results further verify that HSP90 partially facilitates Akt transport into the mitochondria.
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Growth factor-stimulated mitochondrial Akt accumulation is not hampered by HSP90

inhibition

In a previous study it was shown that stimulation of HEK293 cells and SH-SY5Y cells with
IGF-1, a potent activator of the PI3K signaling pathway, induced the mitochondrial
translocation of Akt (Bijur, 2003). Because the mitochondrial import of constitutively active
DDAkt was blocked by HSP90 inhibition, it stood to reason that mitochondrial
accumulation of Akt following IGF-1 stimulation could also be blocked by HSP90
inhibition. HEK293 cells were treated with IGF-1 alone or with NB and GA prior to IGF-1
treatment. Mitochondrial lysates were immunoblotted for Akt levels. Neither NB nor GA
treatments caused any diminution of Akt import into the mitochondria (Fig 4A and B).
Similarly, in SH-SY5Y cells the HSP90 inhibitors had no effect on IGF-1-mediated Akt
mitochondrial import (data not shown). Furthermore, in the SiRNA HSP90 knockdown cells
IGF-1-mediated Akt mitochondrial translocation was also not diminished compared to
control cells (Fig 4C). Taken together, our data suggests that the normal flux of Akt into the
mitochondria is HSP90-dependent, and appears to be distinct from growth factor-stimulated
Akt mitochondrial transport, which does not appear to be dependent upon HSP9O0 activity.

Akt alters mitochondrial matrix configuration

The next goal was to examine how the accumulation of Akt within the mitochondria would
affect mitochondrial function. Mitochondria are very dynamic and pliant organelles whose
shapes change with their function; therefore, a visible feature of the mitochondrion is its
morphology. For example, changes in metabolic activity, respiration state, and apoptotic
signaling can markedly affect mitochondrial shape (Hackenbrock, 1966; Bossy-Wetzel,
2003; Gottlieb, 2003). In this experiment, HEK293 cells were grown in serum-free media
for 24 h. Mitochondria were isolated and then incubated with the constitutively active
DDAkt in the presence or absence of 625 pM novobiocin. Control reactions were incubated
with rabbit reticulocyte lysates. The isolated mitochondria were viewed by transmission
electron microscopy. Mitochondria from control cells in serum-free media have highly
condensed cristae (indicated by an arrow), and decreased matrix density. This configuration
was likely due to serum withdrawal as mitochondria from cells grown in serum typically had
highly compartmentalized cristae (Fig 5A), although the size of the mitochondria was much
smaller compared to mitochondria from serum-free cultured cells. Mitochondria incubated
with the DDAKt had highly compartmentalized cristae and appeared to have more of an
orthodox configuration. The cristae were also well defined (Fig 5B, indicated by an arrow in
the middle right panel) within the mitochondria. Densitometric quantitation in a blind study
revealed that DDAkt treatment caused a significant increase in the matrix density of about
115% (Fig 5C) compared to the control mitochondria. Cotreatment of the mitochondria with
novobiocin and DDAkt significantly blocked the compartmentalization of the cristae (Fig
5B and C), which appears as decreased matrix density. However, some closed cristal regions
could still be seen, probably indicating that some DDAkt was still entering the mitochondria
and causing cristal remodeling.

Discussion

Previously it was reported that Akt exists in the mitochondria (Bijur 2003). The import of
some proteins into the mitochondria has been shown to be dependent on HSP90 (Young,
2003; Young, 2004; Fan, 2006). Given that Akt is a known client protein of HSP90 we
theorized that HSP90 activity may influence Akt levels in the mitochondria. This turned out
to be the case as the amount of Akt in the mitochondria was significantly reduced by HSP90
inhibition.
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NB and GA are two well known HSP90 inhibitors which have been shown to block the
import of proteins into the mitochondria (Young, 2003; Fan, 2006). Treatment of cells with
both of these inhibitors resulted in the rapid reduction of Akt levels in the mitochondria.
Since GA does not enter the mitochondria (Kang, 2007), it should not affect HSP90 within
the mitochondria. Therefore, it can be reasoned that GA prevented endogenous cytoplasmic
Akt from entering the mitochondria by only inhibiting extramitochondrial HSP90. The
rapidity of the decline in mitochondrial Akt levels, occurring within 15 min of treatment
with the inhibitors, raised the possibility that the reduction of Akt levels in the mitochondria
may be due to Akt proteolysis. NB and GA treatments have previously been shown to cause
the destabilization and degradation of Akt (Marcu, 2000b; Basso, 2002; Kim, 2003; Yun
2004). In background work for these experiments, high concentrations of NB and GA,
greater than those shown in this study, did cause pronounced decreases in Akt levels in the
cytosol and the mitochondria (data not shown). However, 625 uM NB and 5 pM GA for up
to 60 and 90 min, respectively, did not cause reductions in the cytosolic Akt levels. The
reason for the rapid decline in mitochondrial Akt level following NB and GA treatments is
unclear. It is possible that Akt is normally unstable in the mitochondria and is continuously
replenished by import of Akt from the cytosol. Thus, the import of Akt from the cytosol may
maintain a steady-state level of Akt inside the mitochondria. The rapid decrease in Akt
levels in the mitochondria following treatment with the HSP90 inhibitors may be due to an
imbalance in these steady state levels, as replenishment of Akt from the cytosol is prevented.
We also tested the effect of HSP90 inhibition on brain mitochondrial Akt levels by injecting
NB into brains of adult mice. As seen in cell culture models, a two-hour treatment with 625
uM NB caused a significant reduction in Akt levels in mitochondria isolated from cortex of
treated animals, confirming that HSP90 regulates basal mitochondrial Akt levels in-vivo.

To further test if decreased HSP90 activity affects Akt levels in the mitochondria, HSP90
expression was blocked by siRNA-mediated knockdown of HSP90. Interestingly, stable
HSP90 siRNA HEK?293 cell lines were able to thrive despite a significant reduction in
HSP90 protein level, possibly due to a compensatory increase in another surrogate heat
shock protein. For example, HSP40 was substantially increased in the HSP90 knockdown
cells. Nevertheless, cytosolic Akt levels in HSP90 siRNA cell lines were unaffected, while
the level of Akt in the mitochondria was found to be significantly reduced. Together these
results show that decreased HSP90 activity affects the level of Akt in the mitochondria.

We could not discount the possibility that total cellular Akt levels may be decreased with
HSP90 inhibition, which may be occurring imperceptibly in the cytosolic fraction, but is
amplified in the mitochondrial fraction. As an alternative method to test if HSP90 affects
Akt mitochondrial import, a mitochondrial import assay was employed. An unmodified
wtAkt and constitutively active DDAKt were both tested for their ability to be imported into
the mitochondria. Surprisingly, both forms of Akt accumulated in the mitochondria. In
addition, the import of both forms was inhibited by HSP90 inhibition, and by decreased
HSP90 expression. This indicates that the normal flux of Akt into the mitochondria is
independent of the state of Akt activation. Indeed, Akt is constitutively bound to HSP90
regardless of its activation state (Meares, 2004), thus it is reasonable to assume that the
levels of Akt in the mitochondria under unstimulated conditions are not entirely dependent
on Akt activity.

Previously it was shown that IGF-1 stimulation, which induces Thr308 and Ser473
phosphorylation and activation of Akt, causes a rapid translocation of Akt into the
mitochondria (Bijur, 2003). Since the DDAkt somewhat mimics Akt phosphorylation at
Thr308 and Ser473, and this mutant Akt was mostly blocked from entering the mitochondria
by decreased HSP90 activity, we surmised that HSP90 inhibition would also block Akt
translocation into the mitochondria after IGF-1 stimulation. This was not the case, as none
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of the modes of HSP90 inhibition blocked IGF-1-induced import of Akt into the
mitochondria. This finding clearly points to a second, HSP90-independent mode, by which
Akt is imported into the mitochondria, and may partially explain why a total inhibition of
mitochondrial Akt accumulation was never achievable by any of the HSP90 inhibitors. In
addition to HSP90, HSP70, HSC70, and HSP40 have also been shown to mediate the import
of proteins into the mitochondria (Young, 2003: Bhangoo 2007). In the HSP90 siRNA cells,
the levels of HSP70 proteins were unchanged and the level of HSP40 was markedly
increased. Akt has been shown to be a client protein of HSP70, and the HSP40 co-
chaperones are known to interact with HSP70 (Gao, 2002; Cajo, 2006). Thus, it is
conceivable that in addition to HSP90, Akt mitochondrial translocation may also be
facilitated by HSP70, possibly via the HSP40 co-chaperone system described by Bhangoo et
al (2007).

To determine how Akt flux affects the mitochondrion, we began by observing mitochondrial
morphology. One of the most salient features of the mitochondrion is its appearance.
Mitochondria are highly plastic organelles which rapidly change their configuration in
response to their immediate surroundings and respiration states. In addition, substrate
availability and apoptosis signaling also affect mitochondrial morphology (Gottlieb, 2003;
Rasola, 2007). Mitochondria can change their size, shape, and their cristae. A normally
respiring mitochondrion has a classic “orthodox” appearance (Hackenbrock, 1966; 1968),
with an intact outer and inner membrane separated by an intermembrane space, and a
densely-packed matrix. Mitochondria isolated from cells that have been subjected to a toxic
stressor typically have highly condensed cristae with an enlarged matrix (Gottlieb, 2003).
For example, serum deprivation is stressful to cultured cells and can enhance the effects of
many toxic stimuli. We found that mitochondria from HEK293 cells cultured in serum-free
media for 24h had enlarged mitochondria with highly condensed cristae. The addition of
exogenous constitutively active Akt caused the mitochondria to acquire a more orthodox
appearance, with a densely-packed cristae. The Akt-induced alteration of the mitochondria
was partially blocked by the addition of NB, paralleling the finding that Akt import was also
partially blocked by HSP90 inhibition.

The initial step in the execution phase of apoptosis is the release of cytochrome ¢ from the
mitochondrial intermembrane space (Haupt, 2003). It has been reported that matrix
remodeling to the condensed state, as was seen in the mitochondria from cells cultured in
serum-free media, exposes cytochrome c to the intermembrane space priming its release
from the mitochondria during apoptosis, whereas mitochondria resistant to apoptosis
maintain an orthodox conformation and this keeps cytochrome c tightly sequestered within
the cristae (Gottlieb, 2003). Akt is a well known cell survival-associated protein, and
overactive Akt is known to be tumorigenic and block anti-cancer treatments that activate
apoptosis (Haupt, 2003). In addition, activated Akt is known to bolster neuronal survival in
the face of toxic or ischemic insult (Mangi, 2003; Ohba, 2004). There are multiple
mechanisms by which Akt promotes cell survival. The present study suggests that an
additional mode by which Akt is protective is by maintaining mitochondria in their orthodox
state, possibly facilitating the tight sequestration of cytochrome c in the cristae, and
preventing its release into the cytosol to activate apoptosis.

In conclusion, this study shows that the HSP90 activity markedly influences the level of Akt
in the mitochondria. Furthermore, we have shown for the first time that HSP90, via Akt, can
dramatically alter mitochondrial configuration. Taken together, these results provide new
insight regarding Akt signaling in the mitochondria and its effects on this organelle.
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HSP90 inhibitors decrease mitochondrial Akt levels in SH-SY5Y and HEK293 cells. (A)
Mitochondrial and cytosolic fractions from SH-SY5Y cells were immunoblotted for -
tubulin (a cytosolic protein) and pyruvate dehydrogenase (PDH), a mitochondrial protein, to
assess mitochondrial purity. (B) Proteinase K digestion of mitochondrial fractions, followed
by immunoblotting, reveals HSP90 existence on the mitochondrial surface. (C) Serum-
starved SH-SY5Y cells were treated time-dependently with 625 pM novobiocin to inhibit
HSP90. Cytosolic (cyto) and mitochondrial (mito) fractions were immunoblotted for Akt.
The Akt bands in the mitochondria were quantitated by scanning densitometry and are
shown in the corresponding graphs as percent of control, n=3, *p<0.05 compared to values
from controls, ANOVA. (D) Serum-starved SH-SY5Y cells were treated with 5 uM
geldanamycin to inhibit HSP90. Fractions were immunoblotted for Akt, n=3, *p<0.05
compared to values from controls, ANOVA. (E) HEK293 cells were treated for 45 min with
625 puM novobiocin or 5 uM geldanamycin to inhibit HSP90. For in-vivo studies, “cortex”,
novobiocin (625 uM) was stereotaxically injected into ventricles of mice as described in
“Materials and methods”. The cytosolic and mitochondrial fractions from the cells and
cortical tissue were immunoblotted for Akt and protein bands were quantitated by scanning
densitometry. Percent of control, n=3, *p< 0.05 compared to values from controls, Student’s
t-test.
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siRNA-mediated knockdown of HSP90 expression results in decreased levels of
mitochondrial Akt. (A) Cells stably transfected with HSP90 siRNA were lysed and
immunoblotted for expression of HSP90, Akt, HSP70, HSC70, and HSP40. *p<0.05
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compared with values from control cell line, Student’s t-test. (B) Cells transfected with

HSP90 siRNA or control pcDNA plasmid were fractionated into cytosolic and
mitochondrial fractions and the two fractions were immunoblotted for Akt. *p<0.05
compared with values from control cell line, Student’s t-test.
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Fig. 3.

HSP90 mediates the mitochondrial translocation of Akt. (A) Top panel: Isolated
mitochondria were incubated with either wild type (wt) or DDAKt, digested with proteinase
K, and immunoblotted with a phospho-Akt substrate antibody. Bottom panel: In-vitro
translated Akt proteins were measured for enzymatic activity as described in Material and
methods. (B) Mitochondria were isolated from pcDNA control cells and HSP90 siRNA
cells. Mitochondrial lysates were immunoblotted for HSP90. (C) Representative
autoradiograph showing mitochondrial translocation of 35S-Methionine labeled wtAkt and
DDAKt in control cells and HSP90 siRNA cells. Isolated mitochondria from each cell line
were incubated with radiolabled exogenous wtAkt or DD-Akt protein. Half of each sample
was digested with proteinase K, and the other half was left undigested. The Akt bands were
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viewed with a phosphorimager. (D) Representative autoradiograph showing mitochondrial

translocation of wtAkt (left panel) and DDAkt (right panel) in the presence and absence of
625 1M novobiocin.
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HSP90 inhibitors do not block IGF-1-induced mitochondrial Akt accumulation. (A) Serum-
starved HEK?293 cells were pretreated for 15 minutes with 625 uM NB prior to treatment
with IGF-1, or cells were treated with IGF-1 (50 ng/mL for 15 minutes) alone.
Mitochondrial and cytosolic fractions were immunoblotted for Akt. (B) HEK293 cells were
treated with 50 ng/mL IGF-1 for 15 minutes, or pretreated 5uM NB for 15 min prior to
treatment with IGF-1. Mitochondrial and cytosolic fractions were immunoblotted for Akt.
(C) pcDNA control cells and HSP90 knockdown cells were treated for 15 minutes with
50ng/mL IGF-1. Mitochondrial and cytosolic fractions were immunoblotted for Akt.
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Akt affects mitochondrial morphology. (A) Mitochondrial pellets were fixed and prepared
for transmission electron microscopy as described in the Materials and Methods section.
Representative transmission electron micrographs of mitochondria isolated from HEK293
cells in serum-containing versus serum-containing media (size bar = 100 nm). (B)
Mitochondria were isolated from serum-starved HEK293 cells and incubated with empty
reticulocyte (control), DD-Akt, or 625 uM NB and DD-Akt for 45 minutes (size bar = 100
nm). Representative images are shown. (C) Optical density was quantified in a blind study
from transmission electron micrographs of isolated mitochondria incubated with DD-Akt or
NB + DD-Akt versus control. N=54, *p<0.05, compared to control mitochondria incubated
with reticulocyte lysate. **p<0.05, compared to control mitochondria incubated with DD-
Akt. ANOVA.
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