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Abstract

We demonstrate that both c-N-Ras and c-K(B)-Ras are constitutively associated with purified mitochondria. c-K(B)-Ras is associated with the
mitochondrial outer membrane, and c-N-Ras is associated with both the outer membrane and inner mitochondrial compartments. The
mitochondrial morphology is abnormal in both c-N-Ras negative and K-Ras negative cells. Normal mitochondrial morphology was restored by
targeting N-Ras to both the inner and outer mitochondrial compartments, or by ectopically expressing c-K(B)-Ras. Impaired mitochondrial
function can result in increased CHOP and NFkB activity, typical for a retrograde signaling response. Both are constitutively elevated in the N-Ras
negative cells, but not in the K-Ras negative background, and are restored by c-N-Ras targeted exclusively to the inner mitochondrial
compartment. Surprisingly, both targeting and the ability to functionally reduce retrograde transcriptional activity were found to be independent of
c-N-Ras farnesylation. Overall, these data demonstrate for the first time a (1) farnesylation independent function for c-N-Ras and (2) that N-Ras
within the inner mitochondrial compartment is an essential component of the retrograde signaling system between the mitochondria and nucleus.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The immediate family of Ras GTPases consists of three
genes and four proteins, Ha-, N-, K(A)-and K(B)-Ras, with the
latter two generated through alternative splicing of the K-Ras
gene. Ras proteins cycle between inactive GDP bound and
active GTP bound forms. Ras proteins interact with target
proteins that bind to the three-dimensional effector domains
(Switch I and II regions) of Ras through their RBDs (Ras
binding domains). The four Ras protein isoforms, Harvey, N, K
(A) and K(B), contain identical sequences in the Switch I and
Switch II domains that comprise the Ras effector domain and
can thus bind all identified effector or target proteins albeit with
differing affinities. The C-terminal hypervariable regions of the
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Ras proteins contain no homology other than the last four amino
acids comprising the CAAX box which is prenylated on the
cysteine residue followed by proteolytic cleavage of the 3
remaining C-terminal residues. Additional post-translational
modifications following the initial farnesylation and proteolysis
include sequential carboxy-methylation and palmitoylation.
One exception is that K(B)-Ras can be geranylgeranylated and
is not palmitoylated since the poly-lysine stretch serves to
anchor the protein through interaction with polar head groups of
membrane phospholipids. It is important to note that the highest
degree of posttranslational similarity is between c-N-Ras and c-
K(A)-Ras, each getting farnesylated and possessing only a
single site of palmitoylation. Oncogenic Ras proteins possess
mutations that result in a higher proportion of the molecules
being in the active versus the inactive form. The function(s) of
Ras proteins have, until recently, been described in the context
of acute signaling transduction, stimulation of quiescent cells
with a growth factor or other agent that promotes rapid changes
in intracellular cascades, usually culminating in the changes in
gene expression [1-4]. Previously published work from this
laboratory demonstrated that both c-N-Ras and c-K(B)-Ras
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possess steady-state functions in addition to their well-
characterized roles in acute signal transduction. c-N-Ras
provides a steady-state anti-apoptotic signal while c-K(B)-Ras
is solely responsible for the steady-state production of MMP-2
[5.6].

The paradigm that Ras proteins exist attached exclusively to
the plasma membrane has given way to more recent data
demonstrating the presence of Ras proteins localized to
subcellular compartments including the mitochondrion [7],
Golgi apparatus [8—11] and the endoplasmic reticulum (ER)
[8,10,11]. The functional significance and consequence of Ras
signaling on endomembranes versus the plasma membrane is
still unclear. Other groups have reported transient movement of
Ras isoforms to the mitochondrial structure [7,12]. There is also
data suggesting that several Ras binding partners reside within
intact mitochondria [13—16], suggesting the possibility of Ras-
dependent signaling originating from within mitochondrial
membranes. Ras localized to endomembranes can respond to
growth factor challenges similar to plasma membrane asso-
ciated Ras [8,10,17,18], though their endogenous functions and
the relationships of their localization to specific endomem-
branes structures have not been clearly defined. These data
suggest that each Ras isoform might regulate multiple signaling
pathways and biological outcomes that are defined by their
specific subcellular locations.

Coordinate expression of nuclear and mitochondrial-
encoded subunits was first observed during the biogenesis and
replication of mitochondria [19-21]. A second level of
mitochondria-to-nuclear communication likely arose out of
necessity. Mitochondrial function declines with age, in both
yeast and mammalian organisms. This decline in mitochondrial
function necessitates a compensatory mechanism for ATP
synthesis, usually the upregulation of glycolytic enzymes [22].
This adaptive communication from mitochondria to the nuclear
genome has been termed ‘retrograde signaling (or response)’. S.
cerevisiae was found to have three positive regulators of
retrograde signaling (Rtgl, 2, and 3) and four negative
regulators (Mks1p, 14-3-3, Bmhlp and Bmh2p). Rtg 1 and 3
form a transcription factor complex that translocates to the
nucleus and affects gene expression. The translocation of the
Rtgl:3 complex depends on the level of association of Rtg 2
with the negative regulators [23—27]. The integrity of the yeast
retrograde response was also shown to be dependent on the
function of the RAS2 gene [28]. In mammals, retrograde
signaling has been examined using two different models. The
first being removal of the mitochondrial DNA, generating p°
cells that are defective in electron transport and a more mild
situation, one in which the mitochondria accumulate a
denatured form of ornithine transcarbamylase (an unfolded
protein response) [22,29-33]. Both ‘mitochondrial stress’
situations resulted in significant changes in the activity of
specific nuclear transcription factors, CREB, NFkB and CHOP
(Gadd153), respectively. Cells containing dysfunctional mito-
chondria can adapt, by increasing nuclear-expression of genes
encoding for metabolic proteins, small molecule transport
proteins and by increasing the biogenesis of peroxisomes [34].
These adaptations allow yeast to survive in the absence of ETC

function. One consequence of this adaptation, however, is that
those organisms are generally smaller and metabolically slower.
On the other hand, in the absence of ETC function, the
significant decrease in ROS content results in extending their
life-span [22,28,35]. These observations suggest that there is an
innate ability of the mitochondria to communicate its ‘status’ to
the nucleus, which then makes the necessary adjustment for
either (1) just survival or (2) optimal growth.

Mitochondrial regulation of such transcription factors as
CREB, CHOP and NFkB suggest that the extra-mitochondrial
signaling is mediated through traditional signal transduction
intermediates. In fact, mitochondrial activation of CREB occurs
through a PKA-dependent phosphorylation event, analogous to
its activation through plasma membrane receptor-mediated
events [30]. Other groups have reported transient movement of
Ras isoforms to the mitochondrial structure [7]. There is also
data demonstrating that several Ras binding partners also reside
within intact mitochondria [14—16], suggesting the possibility
of a Ras-dependent signaling system originating from within
mitochondrial membranes.

In this report we present data suggesting that both c-N-Ras
and c-K(B)-Ras each contribute to normal mitochondrial
morphology. We also demonstrate that c-N-Ras is localized to
both the outer mitochondrial membrane and inner mitochon-
drial compartment. The localization of c-N-Ras to the inner
compartment is independent of its well-defined posttransla-
tional modifications. In addition, c-N-Ras within the inner
mitochondrial compartment appears to be an integral compo-
nent of the mitochondrial retrograde signaling system, regulat-
ing both CHOP and NFkB activity.

2. Materials and methods
2.1. Cell culture

N-Ras knockout (N—/-), heterozygote (N+/—), and control N+/+ mouse
embryo fibroblasts (MEFs) were a generous gift from R. Kucherlapati (Albert
Einstein College of Medicine) [36]. K-Ras knockout and control K+/+ MEFs
were a generous gift from T. Jacks (Howard Hughes Medical Institute,
Massachusetts Institute of Technology) [37]. MEFs were immortalized by a
modification of the 3T3 protocol [38]. The MEFs were passaged 1:3 every 7
days until they developed a fibroblast morphology. To avoid any cell-specific
changes arising from immortalization, multiple, independently isolated cell lines
were used throughout these studies. Cells were grown in high glucose DMEM
containing 10% FBS (Atlanta Biologicals, Lawrenceville, GA), non-essential
amino acids (GIBCO/Invitrogen, Carlsbad, CA) and antibiotic/antimycotic
(GIBCO/Invitrogen, Carlsbad, CA). Cells were grown in a humidified incubator
containing 10% CO,. Transfections were performed with Lipofectamine, Plus
Reagent and Opti-MEM I (Invitrogen, Carlsbad, CA) as directed in product
literature. Selections were performed with 400 pg/ml G418 Sulfate (Mediatech,
Herndon, VA) and stable clones were maintained in 200 pg/ml G418.

2.2. Antibodies

Antibodies against Raf-1, Histone H1, N-Ras, K(A)-Ras, and K(B)-Ras
were from Santa Cruz Biotechnology (Santa Cruz, CA). Porin and IP3R1
antibodies were from Calbiochem/EMD Biosciences (Darmstadt, Germany).
Na,K-ATPase and GM-130 antibodies were from BD Transduction Laboratories
(San Diego, CA). LAMP-2 antibody was from AbCam (Cambridge, MA). Myc
antibody was from Upstate Cell Signaling Solutions (Charlottesville, VA). F,-
ATPase antibody was a generous gift from M. Yamaguchi (Scripps Institute).
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2.3. Whole cell extract

Cells were rinsed and scraped into PBS and collected by centrifugation
(500%g for 5 min) at 4 °C. Cells were resuspended in p21 buffer (20 mM MOPS,
5 mM MgCl,, 0.1 mM EDTA, 200 mM sucrose, pH 7.4) containing 1% CHAPS,
phosphatase and protease inhibitors (30 mM p-glycerophosphate, 5 mM p-
nitrophenyl phosphate, 1 mM each phosphoserine and phosphothreonine,
0.2 mM phosphotyrosine, 100 uM sodium orthovanadate, 25 pg/ml aprotinin,
25 ng/ml leupeptin, 25 pg/ml pepstatin A, and 1 mM PMSF). The cell lysates
were centrifuged at 13,000xg for 10 min to remove nuclei and cell debris. The
supernatants were collected for further analysis. Protein concentration was
determined by the method of Bradford.

2.4. Sucrose density gradient analysis

Cells (~3x107) were rinsed and scraped into PBS and collected by
centrifugation (500xg for 5 min) at 4 °C. Cells were washed two times in p21
buffer. Cells were resuspended in a minimum p21 buffer (~300 pl) containing
phosphatase and protease inhibitors and allowed to swell on ice for 30 min. Cells
were broken using a Dounce homogenizer until greater than 90% were trypan
blue positive. The whole cell homegenate was carefully layered onto a 5-60%
continuous sucrose gradient (in 20 mM MOPS, 5 mM MgCl,, 0.1 mM EDTA,
pH 7.4 in the presence of the previously described protease and phosphatase
inhibitors). The samples were centrifuged in an SW41 rotor for 2 h at 45,000xg.
The gradient was fractionated into ~ 0.5 ml samples with 100 pl of each fraction
analyzed for the indicated proteins by SDS-PAGE separation and immunoblot
analysis.

2.5. Mitochondria purification

Cells were rinsed and scraped into PBS and collected by centrifugation
(500xg for 5 min) at 4 °C. Cells were washed two times in p21 buffer. Cells were
resuspended in p21 buffer containing phosphatase and protease inhibitors and
allowed to swell on ice for 30 min. Cells were lysed using a Dounce
homogenizer until ~90% were trypan blue positive. The homogenate was
centrifuged at 900xg for 5 min at 4 °C to pellet nuclei and unbroken whole cells.
The supernatant was centrifuged at 7700xg for 10 min at 4 °C to pellet heavy
membranes. The supernatant was removed and the pellet was resuspended in a
maximum of 1 ml p21 buffer containing 10 mM EDTA. This was applied to the
top of a discontinuous gradient (from bottom to top): 2.3 ml 2.5 M sucrose in
15 mM MOPS (pH 7.4), 6.6 ml 100% Percoll, and 12.25 ml p21 buffer, without
sucrose, with 10 mM EDTA. The gradients were centrifuged at 62,000xg for
45 min at 4 °C. The pancake of mitochondria, at the 2.5 M sucrose/Percoll
interface, was transferred to a new tube and was diluted with equal amounts of
p21 buffer (with 10 mM EDTA) and p21 buffer (no sucrose, with 10 mM
EDTA). Diluted mitochondria were centrifuged at 9000xg for 15 min at 4 °C
[39]. The purified mitochondria were washed in p21 buffer. Mitochondria were
resuspended in p21 buffer containing 1% CHAPS, phosphatase and protease
inhibitors. The mitochondrial lysates were centrifuged at 13,000xg for 10 min.
The supernatants were collected and used for further analysis. Protein
concentration was determined by the method of Bradford [40].

2.6. Inner and outer mitochondrial membrane separation

Purified pelleted mitochondria (not CHAPS solubilized) were resuspended
in 1 ml 1 mM MOPS pH 7.4. The volume of pellet was measured and 50% pellet
volume of lysis buffer (1 mM MOPS, 0.25 mM EDTA, 0.25 mM EGTA, pH 7.4)
was added. Mitochondria were stirred on ice for 3 min. Mitochondria were
gently homogenized with 2—3 strokes to separate the inner membrane (IM) from
the outer membrane (OM). The homogenized mitochondria were returned to
stirring on ice for 17 min. An ultracentrifuge tube was filled 1/3 full with 35%
sucrose in 10 mM Tris pH 7.4. The mitochondrial homogenates were diluted in
lysis buffer to the volume required to fill the remaining volume in the
ultracentrifuge tube. (Samples were centrifuged at 100,000xg for 75 min at 4 °C
in a swinging bucket rotor (SW41). The red/brown pellet was the inner
mitochondrial membrane/matrix. The layer at the sucrose interface was the outer
mitochondrial membrane. Each was removed, diluted with p21 buffer without

sucrose and collected by centrifugation at 100,000xg in a mini-ultracentrifuge.
Pellets were solubilized in p21 buffer plus 1% CHAPS.

2.7. Plasma membrane/P100 fraction

Cells were rinsed and scraped into PBS and collected by centrifugation
(500xg for 5 min) at 4 °C. Cells were washed two times in p21 buffer. Cells were
resuspended in p21 buffer containing phosphatase and protease inhibitors and
allowed to swell on ice for 30 min. Cells were broken using a Dounce
homogenizer until approximately 90% were trypan blue positive. The
homogenate was centrifuged at 900xg for 5 min at 4 °C to pellet nuclei and
whole cells. The supernatant was centrifuged at 13,000xg for 30 min at 4 °C to
pellet heavy membranes. The supernatant was retained and centrifuged at
100,000xg for 1 h. The enriched plasma membrane pellet was resuspended in
p21 buffer containing 1% CHAPS, phosphatase and protease inhibitors. The
supernatants were collected for further analysis. Protein concentration was
determined by the method of Bradford [40].

2.8. Mitochondrial targeting

Mitochondrial Inner Membrane: c-N-Ras was targeted to the inner
mitochondrial membrane with the pShooter mammalian expression vector
system (Invitrogen, Carlsbad CA). c-N-Ras was subcloned into the pEF-myc-
mito vector which targets proteins to the inner mitochondrial membrane using
the COX VIII ¢cDNA N-terminal targeting sequence. Mitochondrial Outer
Membrane: c-N-Ras was targeted to the outer mitochondrial membrane using
the mitochondrial targeting sequence of OMP25 [41]. The OMP25 transmem-
brane construct was a kind gift from Pietro De Camilli, Yale University. The
transmembrane domain of OMP25 (amino acids 178-200) was inserted, in
frame, on the C-terminus of c-N-Ras such that a fusion protein was expressed,
N-Ras-OMP.

2.9. Immunoblotting

Lysates containing equal amounts of protein (100 pg unless otherwise
specified) were separated by SDS-PAGE and transferred to polyvinylidene
difluoride membrane (PVDF) (Hybond P, Amersham/Pharmacia Biotech.). The
membrane was blocked with Blocker Casein (Pierce Chemical Co.) in PBS
containing 2% newborn calf serum (Life Technologies, Inc.-Invitrogen). The
washed blots were incubated with primary antibodies (1:1000) for 2 to 3 h at
room temperature or overnight at 4 °C. Following washing in TBS-0.1% Tween
20, the blots were incubated with horseradish peroxidase-labeled secondary
antibodies (1:1000) for 1 h at room temperature. After washing, the signals were
detected using standard enhanced chemiluminescence (ECL) techniques.

2.10. Electron microscopy

Cells were grown in regular growth media until just sub-confluent. All
solutions were used at 37 °C. Media was aspirated and cells were washed with
PBS. Trypsin was added to cells. Once detached, cells were washed with PBS.
Cells were gently pelleted and resuspended in EM fixative (2.5% glutaralde-
hyde, 4% paraformaldehyde in 0.1 M sodium cacodylate, pH 7.4). Fixed cells
were washed with cold sodium cacodylate buffer and then incubated in 1%
osmium tetroxide for 60 min. Cells were washed with sodium cacodylate buffer,
then Maleate buffer (pH 5.1), and stained for 60 min with 1% uranyl acetate in
maleate buffer. Stained cells were washed with maleate buffer and dehydrated
through washes in increasing concentrations of ethanol. Cells were transferred
from 100% ethanol to propylene oxide followed by 1:1 propylene oxide:Epon,
then to pure Epon. 85 nm sections were cut from Epon blocks. Sections were
viewed on a Phillips CM12 Electron Microscopy Scope.

2.11. Reverse transcription-PCR analysis

Total RNA was isolated from cells with Trizol (Invitrogen, Carlsbad, CA) as
directed by the manufacturer. RNA pellets were resuspended in RNAse-free
water and RNA concentrations were determined spectrophotometrically. 1 pg
RNA was used for the reverse transcription reaction with the ImProm-II Reverse
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Transcription System (poly-dT primer) from Promega (Madison, WI). Reactions
were set up according to manufacturer’s recommendations. Reverse transcrip-
tion was performed at 25 °C for 5 min, 42 °C for 60 min, and 70 °C for 15 min.
PCR amplification was performed with the Advantage-HF 2 PCR kit from BD
Biosciences/Clontech (Palo Alto, CA). The denaturing temperature was 90 °C,
and the annealing and elongation temperatures were 61 °C. The PCR amplifi-
cation was run for 25 cycles to allow for semi-quantitative analysis. The
oligonucleotide primers were synthesized by SIGMA (St. Louis, MO). The
primer sequences were as described [42]: CAC ATC CCA AAG CCC TCG
(CHOP (gadd153) sense primer), CTC AGT CCC CTC CTC AGC (CHOP
(gadd153) antisense primer), ATC GTG GGC CGC TCT TAA GGC ACC (p-
Actin sense primer), and CTC TTT GAT GTC ACG CAC GAT TTC (B-Actin
antisense primer).

2.12. Luciferase reporter assay

Cells were seeded into 6-well dishes (Costar, Corning NY) at low density.
Reporter constructs (c-Jun and CHOP) were from the Stratagene (La Jolla, CA)
PathDetect in vivo Signal Transduction Pathway trans-Reporting System.
Luciferase reporters e-selectin-luc (NF-kB reporter), and MMP-2-luc were
generous gifts from (X. Li, Cleveland Clinic Foundation and D. Lovett, UCSF,
respectively). The construct phRL-TK (Renilla luciferase) was from Promega
(Madison, WI). AOTC in pCAGGS was a generous gift from N. Hoogenraad,
LaTrobe University, Melbourne Australia. Constructs were transiently intro-
duced into fibroblasts using LipofectAmine/Plus Reagent and OptiMem
according to product recommendations. The amount of total DNA was kept
constant using the appropriate empty vectors. The luciferase activity of the
reporters were analyzed with the Dual-Luciferase Reporter Assay system
(Promega, Madison, WI) and normalized to the activity of the Renilla luciferase.

3. Results
3.1. c-N-Ras and c-K(B)-Ras are localized to the mitochondria

We have previously shown that all of the c-N-Ras localized
to the plasma membrane resides in a steady-state complex with
Raf-1 and PKCg [43]. We have also demonstrated that c-N-Ras
provides a steady-state anti-apoptotic signal through the JNK
signaling pathway, not the Raf-ERK-MEK pathway [44].
Recent reports have indicated that Ras isoforms are localized
in and are able to signal from endomembranes. Others have
shown that Ras isoforms translocate to mitochondria under
specific conditions [7,45]. Based on our previous data
demonstrating a steady-state anti-apoptotic function of c-N-
Ras [6,44], we designed experiments to test whether c-N-Ras
was constitutively localized to intact mitochondrion. Our first
set of experiments separated membrane bound organelles using
a continuous sucrose density gradient centrifugation (Fig. 1).
Fractions were collected and immunoblotted for the Na,K-
ATPase (plasma membrane), GM 130 (Golgi), Porin (mitochon-
dria) and Histone (nuclear) to determine the relative mobility of
each organelle within the sucrose gradient. Samples were also
immunoblotted for c-N-Ras, c-K(A)-Ras and Raf-1. Unfortu-
nately, the K(B)-Ras specific polyclonal antibody was unable to
detect its antigen in these diluted samples. The data shown in
Fig. 1A suggest that c-N-Ras is distributed throughout the
cellular membrane containing organelles, with at least 3 distinct
subcellular localizations. In contrast to the wide-spread
distribution of c-N-Ras, c-K(A)-Ras appears to be predomi-
nantly localized to the plasma membrane fraction. To validate
this observation, we designed experiments to rule out any
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Fig. 1. N-Ras localizes to several cellular compartments. (A) 72 h serum-starved
C3HI10T1/2 cells were homogenized and layered onto a 5-60% continuous
sucrose gradient. Following centrifugation at 45,000xg for 2 h, the gradient was
fractionated into 0.5 ml samples. Each fraction was separated by SDS-PAGE and
immunoblotted for the presence of the Na,K-ATPase, Porin, GM130 (Golgi
marker), Histone, c-N-Ras, c-K(A)-Ras and Raf-1. (B) Either 10% control (N+/+)
or N-Ras negative cells (N—/—) were scraped and lysed by Dounce
homogenization. Heavy membranes of each were separated from the plasma
membranes by centrifugation at 12,000xg. The pellets were retained as the heavy
membrane fraction (HM). The remaining supernatant was used as the source of
plasma or light membranes (LM). The purity of these separations was monitored
by the presence of Porin for mitochondria and the Na,K-ATPase for the plasma
membrane. Heavy membranes and LM fractions from N+/+ and N—/— cells were
combined and left on ice for 30 min. Following this incubation, each fraction,
HM and LM were re-isolated as described above. Each fraction was then
immunoblotted for the presence of c-N-Ras, Porin and the Na,K-ATPase. Lanes
1-4 represent the HM and LM fractions from the indicated cell lines in the
absence of any mixing. In lanes 5 and 6, the LM from the N+/+ cells was mixed
with the HM from the N—/— cells. In lanes 7 and 8, the LM from the N—/— cells
was mixed with the HM from the N+/+ cells.

possible non-specific redistribution of c-N-Ras during sample
preparations. We prepared heavy membrane (HM) (mitochon-
drial enriched) and light membrane (LM) fractions from both
control (N+/+) and N-Ras negative cell (N—/—) populations.
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Each fraction was correspondingly enriched in Porin (HM) and
the Na-K ATPase (LM) as expected. We then mixed the
fractions as shown in Fig. 1B, HM-N+/+:LM-N—/— and HM-N
—/—:LM-N+/+, incubated this mixture on ice for 30 min and
then re-isolated the HM and LM fractions. N-Ras was detected
in fractions that originated only from N+/+ cells, without any
apparent non-specific redistribution to fractions arising from the
N-Ras negative background. These data rule out any possibility
that the c-N-Ras localized to organelles other than the plasma
membranes arises from non-specific redistribution during
sample preparation. Therefore, the data presented in Fig. 1A
suggest that c-N-Ras resides in at least 3 distinct subcellular
pools while c-K(A)-Ras, which only differs in its posttransla-
tional modification from c-N-Ras by the single amino acid
positioning of its palmitate group, is predominantly localized to
the plasma membranes.

Others have previously shown that c-N-Ras could be
detected using indirect immunofluorescence in both the ER
and Golgi. We designed experiments to test whether c-N-Ras
was also constitutively associated with intact mitochondria. We
purified mitochondria from cultured cells by subcellular
fractionation as described in Materials and methods. We first
determined the relative separation of plasma membrane and
mitochondrial compartments by immunoblotting for mitochon-
dria specific Porin (VDAC) versus the Na,K-ATPase as a
marker for plasma membrane. Our mitochondrial preparations
did not contain any measurable levels of plasma membrane
contamination, though c-N-Ras was easily detected (Fig. 2A).
Porin was primarily localized in the mitochondrial fraction with
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a small amount in the plasma membrane fraction, showing
some mitochondrial contamination of the plasma membrane
fraction. The lack of Porin in the whole cell lysate likely
reflects its relatively low abundance compared to total cellular
protein. The data presented in Fig. 2A support the idea that c-
N-Ras is constitutively localized to mitochondria. We further
analyzed the purity of our mitochondrial preparations using
GM-130 as a marker for Golgi (Fig. 2B), LAMP-2 as a marker
for late endosomes (Fig. 2B), and the IP3R1 as a marker for the
ER (Fig. 2C). The immunoblot analysis shown in these figures
suggest that our mitochondrial preparations are substantially
free from significant contamination by other organelles. The
level of c-N-Ras detected in the purified mitochondrial
preparations cannot be explained by the minimal level of
contamination by other organelles. As an independent valida-
tion of mitochondrial purity, we determined that the specific
activity of citrate synthase was consistent with published values
for purified mitochondria (1800 nmol/min per mg of protein
[46] versus our preparations of 2100 nmol/min per mg protein).
Taken together, these data suggest that c-N-Ras is an integral
part of the mitochondrial compartment. The data shown in Fig.
1A suggest that c-K(A)-Ras should not be detected in our
mitochondrial preparations. Others have also reported that K
(B)-Ras was detected in the outer mitochondrial membrane
[45]. We tested, therefore, whether our purified mitochondria
accurately reflected these observations (Fig. 2D). Purified
mitochondrial samples and enriched plasma membrane pre-
parations were immunoblotted for both c-K(A)-Ras and c-K
(B)-Ras. Consistent with the sucrose density analysis, c-K(A)-

B.
WCE Mito P100

D.
_Mito

PM

53

: _K('B)—R';s

Fig. 2. c-N-Ras is detected in purified mitochondria. Whole cell extracts (WCE), purified mitochondria (Mito), and P100/plasma membrane (P100/PM) fractions
were isolated as described in Materials and methods. Samples were solubilized in 1% CHAPS, equal amounts of protein were loaded onto each lane and
immunoblotted for the indicated proteins. (A) Samples were analyzed for the presence of Porin (mitochondrial marker), Na,K-ATPase (plasma membrane marker)
and c-N-Ras. (B) Samples were analyzed for the presence of LAMP-2 (late endosomal and lysosomal marker) and GM130 (Golgi marker). (C) Samples were
analyzed for the presence of IP3R1 (endoplasmic reticulum marker). (D) Samples were analyzed for the presence of c-K(A)-and c-K(B)-Ras.
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Ras was detected only in the plasma membrane fraction,
though c-K(B)-Ras was found to be greatly enriched in the
purified mitochondrial preparations. The failure to detect c-K
(A)-Ras in purified mitochondria again demonstrate that these
preparations are relatively free from plasma membrane
contamination. Since the posttranslational modifications of c-
N-Ras and c-K(A)-Ras are the most similar to one another of
all the Ras isoforms, these data suggest that a mechanism
distinct from their posttranslational modification is responsible
for unique subcellular distribution of c-N-Ras.

3.2. Lack of Ras proteins alters mitochondrial morphology

The results in Fig. 2 demonstrate that both c-N-Ras and ¢-K
(B)-Ras are constitutively associated with intact mitochondria.
One of the most telling features for functional mitochondria is
their morphology. Generally, mitochondria that do not display
the prototypical structure with well-define cristae are function-
ally impaired. We utilized murine fibroblasts immortalized
from control, N-Ras negative and K-Ras negative knockout
embryos. We also previously demonstrated that: the wild-type
cells (N+/+K+/+) express both c-N-, c-K(A)- and c-K(B)-Ras;
the N-Ras knockout lines (N—/—K+/+) express both c-K(A)-
and c-K(B)-Ras; and the K-Ras knockout cells (N+/+K—/-)
express only c-N-Ras. None of these cell lines express
detectable levels of c-Ha-Ras protein [5]. We examined the
morphology of the mitochondria in wild-type and each of the
Ras isoform specific knockout cell lines by electron micro-
scopy (Fig. 3A).

The mitochondria of the wild-type cells were consistent
with a normal morphology (Fig. 3A, top panels). The
mitochondria were regular in shape and the appearance of
the cristae was typical. This was not the case with either the N-
Ras knockout (N—/—K+/+) or the K-Ras knockout (N+/+K—/-)
cell lines. The mitochondria of the N-Ras knockout cells were
more electron dense, generally more round in appearance and
contained abnormal concentric cristae (Fig. 3A, middle
panels). While some normal appearing mitochondria were
present, the vast majority of the mitochondria presented this
abnormal morphology. Mitochondria with similar morphology
have been reported, often associated with mitochondrial
diseases [47—49]. The mitochondria of the K-Ras knockout
cells (N+/+K—/—) were also abnormal in appearance, though
distinct from the mitochondria observed in the N-Ras negative
background (Fig. 3A, bottom panels). They were generally more
electron dense than the wild-type mitochondria and contained
concentric cristae, however the arrangement of the concentric
cristac was qualitatively different than those seen in the N-Ras
knockout cells. Many of these mitochondria appeared to have
small groups of concentric cristae encircled by a larger single
membrane. Similar mitochondrial morphology has been noted in
cells lacking expression of mitofilin [50]. As in the N-Ras
knockout cells, the K-Ras knockout cells contained some normal
appearing mitochondria, though the vast majority appeared
abnormal in structure. The functional consequences of each Ras
isoform toward respiration and generation of ROS are currently
under investigation.

3.3. Restoration of mitochondrial morphology by N-Ras and
K(B)-Ras

In Fig. 3A, we observed that cells lacking c-N- or c-K-Ras
expression contained mitochondria with an abnormal morphol-
ogy. To definitively attribute these abnormal mitochondrial
structures to the absence of c-Ras isoforms, it was imperative
that ectopic expression of the missing Ras isoforms restored
normal mitochondrial structure. Therefore, using standard
protocols, we generated stable N-Ras negative cell lines
ectopically expressing c-N-Ras. We also generated stable K-
Ras negative cells expressing either myc-tagged c-K(A)-Ras or
c-K(B)-Ras. Expression of exogenous proteins is shown in Fig.
3B. Introduction of wild-type, c-N-Ras into the N-Ras
knockout cells resulted in a near complete restoration of
normal mitochondrial morphology (Fig. 3C, top panels). A few
abnormal mitochondria were observed in a few cells, however
the vast majority of the cells contained normal appearing
mitochondria. K-Ras negative cells lack expression of both of
the c-K-Ras splice products c-K(A)-Ras and c-K(B)-Ras.
Ectopic expression of myc-c-K(A)-Ras did not alter the
defective mitochondrial morphology in the K-Ras negative
background (Fig. 3C, middle panels). Only expression of c-K
(B)-Ras was able to restore a more normal mitochondrial
structure (Fig. 3C, bottom panels). The cristae were restored to
a normal distribution and very few cells contained any
mitochondria with concentric cristae. These results are
consistent with the data presented in Fig. 2, that c-K(B)-Ras
and not c-K(A)-Ras is constitutively associated with intact
mitochondrial structures.

3.4. Intra-mitochondrial localization of c-Ras isoforms

Fig. 2 established that both c-N-Ras and c-K(B)-Ras are
present in intact mitochondria. We designed experiments to
determine whether these proteins were present in the inner or
outer mitochondrial compartments. Purified mitochondria were
further separated into an outer mitochondrial membrane fraction
and inner mitochondrial compartment as described in Materials
and methods. CHAPS soluble extracts of each of these fractions
were probed for the presence of Porin (as a marker for the outer
mitochondrial membrane), c-N-Ras, and c-K(B)-Ras (Fig. 4A).
Porin, as expected, was localized to the outer mitochondrial
membrane. c-N-Ras was found to be present in both the inner
and outer mitochondrial fractions. It should be noted that there
appears to be no significant contamination of the inner
mitochondrial compartment by the outer mitochondrial mem-
branes, using the lack of detectable Porin to assess contamina-
tion. c-K(B)-Ras was determined to be present exclusively in the
outer mitochondrial membrane, in agreement with work
published by others [45].

We also used sensitivity to proteolytic digestion as a second,
independent approach to assess the intra-mitochondrial location
of both ¢-N-Ras and c-K(B)-Ras. Purified mitochondria were
incubated in either normal buffer, buffer containing trypsin, or
buffer containing both trypsin and soybean trypsin inhibitor for
30 min. Proteins in the outer mitochondrial membrane facing
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outward into the cytoplasm would be cleaved by the trypsin
treatment, while those in the inner compartment would be
inaccessible to protease digestion. Fig. 4B shows immunoblots
of these treatments probed for F;-ATPase, an inner mitochon-
drial membrane protein, c-N-Ras and c-K(B)-Ras. Trypsin
treatment did not affect the F;-ATPase, as expected. c-N-Ras
was partially degraded by the trypsin, indicating that at least
some of the c-N-Ras is oriented in the outer mitochondrial
membrane towards the cytoplasm. The c-N-Ras that was
resistant to the trypsin treatment is likely to represent the
proportion of the c-N-Ras that was determined to be localized to
the inner mitochondrial compartment in Fig. 4A. c-K(B)-Ras
was completely degraded by trypsin treatment indicative of its
completely outer mitochondrial localization. As an additional
control, Fig. 4C shows a similar experiment to Fig. 4B with an
additional condition in which the intact mitochondria were
incubated for 30 min in trypsin and 1% CHAPS. CHAPS
solubilizes membranes so that the proteins which were
inaccessible to the trypsin in the intact mitochondria became
substrates for trypsin digestion. These data demonstrate that the

A. 8000X

N-/-
K+/+

F-ATPase and the portion of c-N-Ras that was resistant to
trypsin alone was protected by intact mitochondrial membranes,
and not by some other unknown, non-specific variable that
prevented its degradation.

3.5. Intra-mitochondrial localization of Ras isoforms in
restored cell lines

The data presented to this point demonstrate that the absence
of c-N-Ras has significant consequences on mitochondrial
morphology. Restoring c-N-Ras expression in the N—/— back-
ground (N—/—[c-N-Ras]) re-established normal mitochondrial
morphology. It is important to validate that the ectopically
expressed c-N-Ras partitions within the mitochondria identically
to the endogenous protein. Certainly, one possibility is that in the
absence of c-N-Ras expression, cells may have adapted to down-
regulate any mitochondrial specific targeting mechanisms.
Purified mitochondria from N—/—[c-N-Ras] cells were separated
into inner and outer mitochondrial compartments as previously
described. Porin was used as a marker for the outer

28000X
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Fig. 3. N- or K-Ras expression affects mitochondrial morphology. (A) Whole cell pellets were prepared for transmission electron microscopy as described in Materials
and methods. Sections of cells from wild-type (N+/+K+/+), N-Ras knockout (N—/—K+/+), and K-Ras knockout (N+/+K—/—) cells were photographed (top, middle, and
bottom panels, respectively). Representative fields are shown at a magnification of 8000x (left panels) or 28,000 (right panels). (B) N-Ras negative cells were restored
with expression of a c-N-Ras construct. K-Ras knockout cells were restored with expression of either an N-terminally myc-tagged c-K(A)-Ras or c-K(B)-Ras
construct. Clones were isolated and expression of restored Ras protein expression was determined by immunoblot analysis. N-Ras was detected by using an anti-N-Ras
specific antibody (left panel). myc-K(A)-and myc-K(B)-Ras were detected by with an anti-myc specific antibody (right panel). (C) Whole cell pellets were prepared for
transmission electron microscopy as described in Materials and methods. Mitochondria from restored N-Ras knockout (N—/—K+/+c-N-Ras), K-Ras knockout cells
restored with c-K(A)-Ras (N+/+K—/—c-K(A)-Ras), and K-Ras knockout cells restored with c-K(B)-Ras (N+/+K—/—c-K(B)-Ras) cells were photographed (top, middle,
and bottom panels, respectively). Representative fields are shown at a magnification of 8000x (left panels) or 28,000% (right panels).
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Fig. 4. Localization of endogenous N-and K-Ras to inner and outer
mitochondrial membranes. (A) Mitochondria were purified from wild-type
cells (Mito). The mitochondria were subjected to further purification to isolate
the inner mitochondrial membranes (IM) and the outer mitochondrial
membranes (OM), as described in Materials and methods. Samples were
solubilized in 1% CHAPS. The presence of Porin (an outer mitochondrial
membrane marker), c-N-Ras and c-K(B)-Ras localization were determined by
immunoblot analysis. (B) Purified mitochondria were prepared as described.
Purified mitochondria were either left untreated, treated with trypsin (tryp) or
trypsin plus soybean trypsin inhibitor (tryp+SBTI) for 30 min at 30 °C. The
mitochondria were recovered by centrifugation at 7700xg, washed and
solubilized in buffer containing 1% CHAPS. Equal amounts of the detergent
soluble protein were analyzed for the presence of c-N-Ras, c-K(B)-Ras, and
the F-ATPase (inner mitochondrial membrane protein, as a negative control).
(C) Purified mitochondria were treated as in B, but with an additional
treatment group, trypsin in the presence of 1% CHAPS (trypsin+det). The
mitochondria were recovered by centrifugation at 7700xg, washed solubilized in
buffer containing 1% CHAPS. Equal amounts of the detergent soluble protein
were analyzed for the presence of c-N-Ras and the F;-ATPase (inner
mitochondrial membrane protein, as a negative control).

mitochondrial membrane while the F;-ATPase was used as
marker for the inner mitochondrial compartment. The data
shown in Fig. 5A demonstrate that ectopically expressed c-N-
Ras distributes itself within the mitochondria in an identical
fashion as the endogenous protein. There is no significant
contamination of the inner and outer mitochondrial samples,
with ¢c-N-Ras being distributed to both compartments. The data

shown in Figs. 4A and 5A might give the impression that the
majority of c-N-Ras resides in the outer mitochondrial
membrane. Once total protein recovery is taken into account,
approximately 80% of the mitochondrial c-N-Ras resides in the
inner mitochondrial compartment. In general, approximately
50—-100% of the outer mitochondrial membrane sample is used
for each lane in the immunoblot analysis while only 5—10% of
the inner mitochondrial sample is required to load an equal
amount of protein. These finds are consistent with another report
that (1) GFP-N-Ras is associated with mitochondria (by
immunogold detection and (2) the majority the GFP-N-Ras
within mitochondrial structures is associated with the matrix
[51].

Given that all previous Ras functions are reported to be
dependent on its posttranslational modification, we tested
whether the distribution of c-N-Ras to either the inner or
outer mitochondrial compartments also required its prototypical
farnesylation. N-Ras negative cells stably expressing the
farnesylation defective c-N-Ras-SAAX protein were examined
for N-Ras-SAAX within intact mitochondria and in the inner
and outer mitochondrial compartments (Fig. 5B). As shown in
Fig. 5B, the vast majority of the N-Ras SAAX was found to be
cytosolic, as reported by others [52]. No cytosolic wild-type N-
Ras was detected. Surprisingly, however, N-Ras-SAAX was
detected in purified mitochondria and in the inner mitochondrial
compartment, though not the outer mitochondrial membrane.
This is the first demonstration of a farnesylation independent
targeting mechanism for any of the cellular Ras isoforms. To
design experiments to test the functional consequence of c-N-
Ras in the inner mitochondrial compartment, we also generated
an N-Ras construct that was specially targeted to the inner
mitochondrial compartment. We utilized the mitochondrial
targeting vector supplied by Invitrogen in their pSHOOTER
collection. This vector uses the N-terminal targeting sequence
of the subunit VIII of cytochrome C oxidase. This targeting
sequence was fused to the N-terminus of both wild-type ¢-N-
Ras (COX-N-Ras) and c-N-Ras SAAX (COX-N-Ras-SAAX).
N-Ras negative cells stably expressing these constructs were
analyzed for the subcellular and sub-mitochondrial localization
of these N-Ras constructs (Fig. 5C). Both COX-N-Ras and
COX-N-Ras-SAAX were localized exclusively to the inner
mitochondrial compartment. The doublet in the COX-N-Ras
samples likely arises from the intra-mitochondrial farnesylation
through COX10, a farnesyl transferase essential for the proper
assembly of the cytochrome C oxidase complex. The singlet
observed in the COX-N-Ras-SAAX samples aligns with the top
band in the COX-N-Ras samples, suggesting that separation of
the farnesylated and unfarnesylated forms is easily determined
by mobility within the 15% PAGE analysis. Differences in
mobility between the N-Ras localized to the inner and outer
mitochondrial compartments were never observed (data not
shown), suggesting that the N-Ras within the inner mitochon-
drial compartment is processed identically to N-Ras in other
cellular compartments, farnesylation followed by proteolysis
and palmitoylation. Using these stable cell lines will allow us to
isolate any potential function N-Ras within the inner mitochon-
drial compartment.
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Fig. 5. Localization of exogenous Ras to inner and outer mitochondrial membranes. (A) Mitochondria were purified from N-Ras knockout cells restored with c-N-Ras
(Mito). The mitochondria were subjected to further purification to isolate the inner mitochondrial membranes (IM) and the outer mitochondrial membranes (OM), as
described in Materials and methods. Samples were solubilized in 1% CHAPS and analyzed for localization of F,-ATPase (an inner mitochondrial membrane marker),
Porin (an outer mitochondrial membrane marker), and c-N-Ras by immunoblot analysis. (B) Mitochondria were purified from N-Ras knockout cells restored with
either c-N-Ras or N-Ras-SAAX. The mitochondria were subjected to further purification to isolate the inner mitochondrial membranes (IM) and the outer
mitochondrial membranes (OM), as described in Materials and methods. Cytoplasmic fractions (supernatants from a 100,000xg centrifugation) were also obtained
from both cell types. Samples were solubilized in 1% CHAPS and analyzed for localization of N-Ras by immunoblot analysis. (C) Whole cell lysates (WCL), whole
mitochondria (Mito), outer mitochondrial membranes (OM) and inner mitochondrial membranes (IM) were purified from wild-type (N+/+), and N-Ras knockout cells
restored with COX-N-Ras or COX-N-Ras-SAAX targeted to the inner mitochondrial membranes. Samples were solubilized in 1% CHAPS and analyzed for

localization of N-Ras by immunoblot analysis.

3.6. Localization of N-Ras affects mitochondrial morphology

We next examined the role of c-N-Ras in the inner and outer
mitochondrial compartments on mitochondrial morphology.
EM micrographs of the COX-N-Ras cells are shown in Fig. 6A
(top panel). Considering that the majority of the mitochondrial
localized c-N-Ras is found within the inner mitochondrial
compartment, we were surprised that ectopic expression of
COX-N-Ras had no significant restorative effect on the
morphology of mitochondria within N-Ras negative cells. We
considered that this might suggest that c-N-Ras within the outer
mitochondrial membrane might have a potential effect on
mitochondrial morphology. To examine this, we generated an
N-Ras construct specifically targeted to the outer mitochondrial
membrane. Others have reported that the C-terminal targeting
sequence of OMP25 (outer mitochondrial membrane protein of
25 kDa) specifically targets proteins to the mitochondrial
membrane through its transmembrane domain [41,53]. N-Ras
negative cells stably expressing N-Ras-OMP were generated as

described for COX-N-Ras. Subcellular localization and mito-
chondrial distribution experiments demonstrated that N-Ras-
OMP was indeed detected in the outer mitochondrial membrane
(data not shown), as reported by others [41,53]. In parallel
transfections, we also generated N-Ras negative cells that stably
expressed both COX-N-Ras and N-Ras-OMP. The expression
of N-Ras-OMP, as with COX-N-Ras, had no significant
restorative effects on mitochondrial morphology (Fig. 6A:
middle panels). Co-expression of both constructs, however,
restored normal appearing mitochondria with easily discernable
cristac. These data suggest that N-Ras localized to both the
inner and outer mitochondrial compartments contribute func-
tions that impinge on normal mitochondrial morphology.

We also noted that in addition to the obvious differences in
mitochondrial structure, there appeared to be a significant
difference in overall mitochondrial size. Relative mitochondrial
size was measured using the 8000x magnifications as described
in Materials and methods. The data are shown in Fig. 6B as a box
plot that accounts for the inherent heterogeneity of
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Fig. 6. Restoration of mitochondrial morphology by N-Ras. (A) Whole cell pellets were prepared for transmission electron microscopy as described in Materials and
methods. Mitochondria from N-Ras knockout cells restored with inner mitochondrial membrane-targeted (N—/—K+/+COX-N-Ras), outer mitochondrial membrane
targeted (N—/—K+/+N-Ras-OMP), or both inner and outer mitochondrial membrane targeted (N—/—K+/+COX-N-Ras N-Ras-OMP) N-Ras were photographed (top,
middle, and bottom panels, respectively). Representative fields are shown at a magnification of 8000x (left panels) or 28,000 (right panels). v: refers to the vector encoding
the indicated N-Ras construct. (B) TEM micrographs of wild-type (N+/+), N-Ras knockout (N—/—), N-Ras knockout cells restored with inner mitochondrial membrane-
targeted (COX), outer mitochondrial membrane targeted (OMP), or both inner and outer mitochondrial membrane targeted (COX-OMP) N-Ras at a magnification of 8000x
were scanned. Average area of individual mitochondria within each cell type was calculated using ImagePro Plus software. The range and distribution of mitochondrial area
across populations is represented by a box and whisker plot. In this plot, the box represents the middle 50% of the data, the end of the upper whisker represents the 75th
percentile and the end of the lower whisker represents the 25th percentile of the populations. The mean is represented by the line inside of the data box. The statistical outliers
of each data set are represented by circles outside of the whisker area. Between 40 and 120 individual mitochondria, from different cells, were used for the statistical analysis.



J.C. Wolfiman et al. / Biochimica et Biophysica Acta 1763 (2006) 1108—1124 1119

mitochondrial size. The N—/—, COX-N-Ras and N-Ras-OMP
cell lines possess mitochondria that are significantly smaller in
overall size than within the N+/+ control cells. In this plot, the
box represents the middle 50% of the data, the end of the upper
whisker represents the 75th percentile and the end of the lower
whisker represents the 25th percentile of the populations. The
median is represented by the line inside of the data box. The
statistical outliers of each data set are represented by circles
outside of the whisker area. Only expression of N-Ras targeted to
the inner and outer mitochondrial compartments (COX-N-Ras:
N-Ras-OMP) restored wild-type levels of mitochondrial size.

3.7. N-Ras knockout cells demonstrate increased mitochondrial
Stress

Mitochondria communicate with the nucleus through a
process known as retrograde signaling (or retrograde response).
This retrograde signaling contributes to the coordinated
expression of nuclear and mitochondrial genes that are essential
for mitochondrial functions, such as those in the electron
transport chain (ETC). Retrograde signaling has also been
recently implicated in communicating mitochondrial instability,
such as in cases where mutations result in compromising the
efficiency of the ETC. Retrograde signaling results in increased
gene expression of glycolytic enzymes in an effort to
compensate for a less efficient respiratory process [22]. Several
reports demonstrate that cells respond to increased mitochon-
drial stress through increased activity of both CHOP
(GADD153) and NFkB transcription factors [22,29,33,54—
56]. The current paradigm suggests that signaling (retrograde)
from the mitochondria to the nucleus results in altered nuclear
gene expression to protect cells from enhanced mitochondrial
stress. We tested, therefore, whether N-Ras negative cells
possessed increased basal CHOP or NF«B activity. Cells were
transiently transfected with these respective luciferase reporter
constructs along with a renilla luciferase construct for normal-
ization. Since the N-Ras negative cells undergo some degree of
apoptosis upon reaching confluency (Wolfman et al, unpub-
lished observation), great care was taken so that all cultures
were never greater than 50% confluent at the time of harvest.
We have previously shown that basal expression of MMP-2 is
independent of N-Ras expression, relying solely on the
expression of ¢-K(B)-Ras [5]. Therefore, the MMP-2 luciferase
reporter construct was used as a negative control for these initial
experiments. As expected, the level of MMP-2 promoter
activity was independent of N-Ras expression. This was not
the case for either NFkB or CHOP transcriptional activity. Both
NFkB and CHOP promoters were significantly more active in
the absence of c-N-Ras, suggesting that the lack of c-N-Ras
might induce mitochondrial stress, resulting in cellular
compensation by increased NFkB and CHOP as a protective
adaptation (Fig. 7A). As an independent verification, we also
performed RT-PCR analysis for CHOP mRNA. These experi-
ments, shown in Fig. 7B, were performed in a semi-quantitative
fashion, using 25 cycles of amplification. Equal amounts of
cDNA were amplified (see the R-Actin panel) using CHOP
specific primers. The RT-PCR analysis is in good agreement

with the luciferase assay, demonstrating an elevated basal level
of CHOP mRNA in the N-Ras negative cells, though not in the
K-Ras negative cells. Both the luciferase and RT-PCR analysis
suggest that c-N-Ras provides a steady-state function that
down-regulates CHOP transcriptional activity.

3.8. N-Ras localized to the inner mitochondrial membrane
abrogates stress response

To determine whether c-N-Ras localized to the mitochondria
contributed to the altered CHOP and NF«B activity in the N-
Ras negative background, we analyzed CHOP and c-Jun
reporter activity in wild-type and N-Ras knockout cells, as
well as cells expressing N-Ras in the inner mitochondrial
membrane (COX-N-Ras) and the outer mitochondrial mem-
brane (N-Ras-OMP) (Fig. 7C). These data suggest that c-N-Ras
localized only to the inner mitochondrial compartment, not the
outer, influences mitochondrial-dependent CHOP activity.
Similar results were obtained with NF«B activity (data not
shown). Fig. 7D shows that both CHOP and NFkB activity is
constitutively increased in the N-Ras knockout cells, and that
expression of COX-N-Ras abrogates this activity. No effect was
observed with either c-Jun or MMP-2 promoter activity. Since
N-Ras-SAAX, a mutant that is not post-translationally mod-
ified, does localize to the inner mitochondrial compartment, we
tested whether N-Ras-SAAX provided protection from mito-
chondrial stress, similar to COX-N-Ras localized through its N-
terminally fused targeting sequence. CHOP activity was
compared in cells ectopically expressing either COX-N-Ras
or N-Ras-SAAX. The data shown in Fig. 7E reveal that N-Ras-
SAAX is as effective as COX-N-Ras at reducing the elevated
basal CHOP activity. This is the first demonstration for a
farnesylation independent Ras function.

3.9. N-Ras knockout cells fail to respond to induced
mitochondrial stress

The above data suggest that cells lacking c-N-Ras possess a
constitutively elevated level of mitochondrial stress, which is
abrogated by the presence of c-N-Ras in the inner mitochondrial
membrane. To extend these results, we studied the response of
these cells to an induced form of mitochondrial stress. Others
have reported an increase in CHOP transcriptional activity by
inducing an “unfolded protein response” within mitochondria.
This is achieved by transiently expressing a deletion mutant of
OTC (ornithine transcarbamylase: AOTC) that does not refold
properly once trafficked to the inner mitochondrial compart-
ment [29]. In two separate experiments, described in Fig. 8A,
AQOTC or control plasmid were transiently transfected along
with the CHOP reporter construct into either wild-type (N+/+)
or N-Ras knockout (N—/—) cells. CHOP reporter activity was
normalized to the level of renilla activity and expressed as the
level of CHOP induction (AOTC/control). The data demon-
strate that the N+/+ cells respond to AOTC expression as
predicted, with increased CHOP transcriptional activity, four-
fold in one experiment and 10 fold in its repeat. In both
experiments, the level of CHOP activity induced by AOTC in
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Fig. 7. N-Ras down-regulates constitutive CHOP activity. (A) Wild-type (N+/+) and N-Ras knockout (N—/—) cells were transiently transfected with the indicated
luciferase reporter constructs as described in Materials and methods. Activity of the reporter constructs was assessed using the Promega Dual-luciferase kit as described
by the manufacturer. N—/—(1) and N—/—(2) represent two independently immortalized N-Ras negative cell lines. The data are averages of triplicate samples and are
representative of at least three separate determinations. (B) mRNA isolated from wild-type (N+/+), N-Ras knockout (N—/—) and K-Ras knockout (K—/—) cells were
analyzed for the presence of CHOP mRNA by RT-PCR analysis. mRNA levels of 3-actin acted as a control for the amplification of equal amounts of cDNA. (C) Wild-
type (N+/+), N-Ras knockout (N—/—), and N-Ras knockout cell lines restored with inner mitochondrial membrane targeted N-Ras (COX-N-RAS) or outer
mitochondrial membrane targeted N-Ras (N-RAS-OMP) were assessed for CHOP promoter activity using transiently transfected cells and the Promega Dual-
luciferase kit as described in A. The data are averages of triplicate samples and are representative of at least three separate determinations. (D) Wild-type (N+/+), N-Ras
knockout (N—/—), and N-Ras knockout cell lines restored with inner mitochondrial membrane targeted N-Ras (COX-N-RAS) were assessed for c-jun, CHOP, NFxB
and MMP-2 promoter activity using transiently transfected cells and the Promega Dual-luciferase kit. The data are averages of triplicate samples and are representative
of at least three separate determinations. (E) Wild-type (N+/4), N-Ras knockout (N—/—), and N-Ras knockout cell lines restored with inner mitochondrial membrane
targeted N-Ras (COX-N-RAS) or N-Ras-SAAX (N-Ras-SAAX) were assessed for c-Jun and CHOP transcriptional activity using transiently transfected cells and the
Promega Dual-luciferase kit. The data are averages of triplicate samples and are representative of at least three separate determinations.
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Fig. 8. N-Ras regulates mitochondrial stress responses. (A) Wild-type (N+/+) and
N-Ras knockout (N—/—) cells were transiently transfected with AOTC or an
empty vector and assayed for CHOP transcriptional activity using the Promega
Dual-luciferase kit. The graph represents fold transcriptional activity in two
separate experiments, each performed in triplicate. (B) Wildtype (N+/+) cells
were transiently transfected with AOTC or an empty vector and assayed for
CHOP and NF-«B transcriptional activity using the Promega Dual-luciferase kit.

the N-Ras negative background was significantly below the
level observed in the N+/+ background. These data suggest that
the elevated basal CHOP activity observed in the N-Ras
negative background is likely to arise from the same mechanism
that upregulates CHOP activity in the presence of AOTC
expression. Surprisingly, challenging wild-type cells with
AOTC did not elicit an increase in NFxB reporter activity
(Fig. 8B), suggesting the possibility that mitochondrial N-Ras
might regulate two distinct ‘retrograde signaling’ pathways.

4. Discussion

The data presented in this report suggest that c-N-Ras is
constitutively localized to the inner and outer mitochondrial
compartments. The susceptibility of a portion of the mitochon-
drial N-Ras pool to protease digestion implies that the portion
that co-isolates with outer mitochondrial membranes likely faces
the cytosol and is attached to the outer mitochondrial membrane
through its C-terminal lipid modifications. The identification of
a second mitochondrial N-Ras pool, in the inner compartment,
suggests two distinct targeting mechanisms, since nuclear
encoded proteins destined for the inner mitochondrial compart-
ment require presentation to the TIM/TOM protein translocase
complexes for unfolding, transport into the mitochondria and
then refolding once they reach their final sub-mitochondrial

destination [57,58]. The targeting of c-N-Ras to its two
mitochondrial compartments is unlikely to be determined solely
by c-N-Ras posttranslational modifications, since c-K(A)-Ras is
posttranslationally modified almost identically to c-N-Ras and is
not localized to the mitochondria. The only difference in their
posttranslational modifications is the position of the palmitate
group, with this group being a single amino acid further away
from the farnesyl group in c-K(A)-Ras than in c-N-Ras [3].
Additionally, N-Ras-SAAX, which is not post-translationally
modified, localizes to the inner mitochondrial compartment,
further suggesting a novel c-N-Ras targeting mechanism.

To determine whether c-N-Ras expression directly impacted
on mitochondrial function, we examined the ultrastructure of
mitochondrial in the N-Ras negative background. The vast
majority of the mitochondria in these cells were abnormally
shaped, being very dense with tightly packed concentric cristae.
Ectopic expression of c-N-Ras restored relatively normal
mitochondrial appearance and cristae structure. This only
implies that c-N-Ras, not necessarily mitochondrial localized
c-N-Ras, contributes to normal mitochondrial structure. We
then targeted ectopic c-N-Ras expression to either the inner or
outer mitochondrial compartments. Neither c-N-Ras targeted
expression to either the inner or outer mitochondrial compart-
ments was sufficient by themselves to restore normal mitochon-
drial morphology. Only co-expression of c-N-Ras targeted to
both mitochondrial compartments had any significant effect on
restoring normal mitochondrial structure. These data demon-
strate that (1) c-N-Ras expression is critically important to the
maintenance of normal mitochondrial structure and (2) c-N-Ras
localized to both the inner and outer mitochondrial compart-
ments are likely to provide distinct, non-overlapping functions
that impact on mitochondrial structure and function.

K-Ras negative cells also contain mitochondria with an
abnormal morphology. Ectopic expression of c-K(B)-Ras, not
c-K(A)-Ras restored normal mitochondrial morphology. This
observation is consistent with the data shown in Fig. 2
demonstrating that c-K(B)-Ras not c-K(A)-Ras is detected in
purified mitochondrial preparations. Overall, the data presented
in this report support the idea that both c-N-Ras and c-K(B)-Ras
are constitutively associated with intact mitochondrial struc-
tures and contribute functions that impinge on normal
mitochondrial morphology. The data regarding c-K(B)-Ras
are in good agreement with a recent publication by Bivona et al.
This group described the PKC-dependent serine 181 phosphor-
ylation dependent translocation of K(B)-Ras from the plasma
membrane to the outer mitochondrial membrane [45]. We have
confirmed the outer mitochondrial membrane localization of c-
K(B)-Ras in untreated fibroblast cultures, suggesting that a
portion of the total c-K(B)-Ras pool is phosphorylated on serine
181 under steady-state conditions. The abnormal mitochondrial
morphology in the K-Ras negative background that is restored
by ectopic expression of c-K(B)-Ras supports a steady-state role
for c-K(B)-Ras in mitochondrial function.

Based on the localization of cellular Ras isoforms to intact
mitochondria, we tested whether their absence might influence
retrograde signaling. N-Ras negative cells, not K-Ras negative
cells (data not shown), possessed elevated levels of basal CHOP
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and NFkB transcriptional activity, suggesting a potential role in
the retrograde signaling process. This was confirmed by RT-PCR
analysis of the CHOP mRNA. CHOP and NFkB transcriptional
activity was restored to basal levels by the (1) ectopic expression
of c-N-Ras (data not shown) and (2) targeted expression of c-N-
Ras to the inner mitochondrial compartment, but not the outer
mitochondrial membrane. Unlike mitochondrial morphology,
CHOP and NF«B transcriptional activity appear to depend only
on N-Ras within the inner mitochondrial compartment. N-Ras
negative cells were unable to generate a robust CHOP
transcriptional response to the induction of mitochondrial stress,
using AOTC, as the control cells. This suggests that in the
absence of c-N-Ras, the mitochondrial-dependent activation of
CHOP transcriptional activity is nearly ‘maxed out’. This implies
that c-N-Ras localized to the inner mitochondrial compartment is
likely to regulate the retrograde signaling response. Interestingly,
induction of mitochondrial stress using AOTC did not elicit any
increase in NF«B transcriptional activity, suggesting that c-N-
Ras regulates two separate arms of the retrograde response, only
one of which is activated by AOTC expression.

Ras protein function has always been associated with its
ordered C-terminal posttranslational modifications. The C-
terminal CAAX motif, common to all Ras isoforms, is
recognized by farnesyltransferase that deposits a farnesyl
moiety on the Cys residue. Following this initial posttransla-
tional modification, the C-terminal 3 amino acids are removed,
the Cys is further methylated and palmitate is added to Cys
residues just N-terminal to the farnesylated Cys residue. This
later palmitoylation, through a palmitoyl transferase, assists in
stabilizing the interaction between farnesylated Ras and
membrane compartments. Replacing the terminal Cys residue
with Ser results in an unfarnesylated Ras protein that is soluble
and acts as a dominant negative inhibitor of traditional Ras-
dependent signal transduction [59—61]. The localization of N-
Ras-SAAX to the inner mitochondrial compartment and its
ability to reduce the constitutively elevated CHOP activity to
control levels, similar to ectopic expression of c-N-Ras and
COX-N-Ras suggests that N-Ras-SAAX is functionally active
within the inner mitochondrial compartment. This is the first
demonstration of a farnesylation independent Ras function. This
data also implies that the targeting of c-N-Ras to the inner
mitochondrial compartment is most likely to depend on the C-
terminal hypervariable sequence upstream of the CAAX motif.

The identification of Ras isoform specific subcellular
distributions within endomembrane structures provides new
implications to the expression of oncogenic Ras isoforms. The
apparent redundancy of Ras isoform function in acute signal
transduction is likely explained by the potential of Ras isoforms
to regulate exchange factor activity [62—65]. However,
expression of oncogenic K(B)-Ras versus N-Ras will have
clearly different consequences on mitochondrial function.
These differences might be valuable points for tumor specific
therapeutic intervention. This was clearly demonstrated by
Bivona et al. In their system, PKC-dependent translocation of c-
K(B)-Ras to the outer mitochondrial membrane was pro-
apoptotic. They extended this model into G12V-K(B)-Ras
dependent tumors. Treating mice bearing these tumors with

agents that increased PKC activation did result in decreased
tumor size, presumably through translocation of G12V-K(B)-
Ras to the mitochondria thereby increasing its pro-apoptotic
affects [45]. Clearly, the consequences of c-N-Ras function
within the mitochondria are more complex than that of c-K(B)-
Ras. It is unclear whether there is a direct cooperative
relationship between the two mitochondrial c-N-Ras pools, or
whether their independent functions both contribute to normal
mitochondrial morphology. Our data indicate that at least one
function of c-N-Ras within the inner mitochondrial compart-
ment is independent of its outer mitochondrial pool. c-N-Ras
within the inner mitochondrial compartment is able to affect the
transcriptional activity of both CHOP and NF«B in the absence
of c-N-Ras in the outer mitochondrial membrane. However, this
does not directly restore normal mitochondrial morphology.
Clearly, future work will focus on the mechanism(s) through
which c-N-Ras in the inner mitochondrial compartment
transmits its signal through the inner mitochondrial space and
outer mitochondrial membrane to the nucleus and affect the
levels of CHOP mRNA and NFkB transcriptional activity. We
will also determine whether the ability of c-N-Ras within the
inner mitochondrial compartment to regulate retrograde signal-
ing is specific for N-Ras or whether, once targeted to the inner
mitochondrial compartment, any Ras isoform will suffice.
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