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Ras proteins are synthesized as cytosolic precursors, but then undergo posttranslational lipid addition,
membrane association, and subcellular targeting to the plasma membrane. Although the enzymes responsible
for farnesyl and palmitoyl lipid addition have been described, the mechanism by which these modifications
contribute to the subcellular localization of Ras is not known. Following addition of the farnesyl group, Ras
associates with the endoplasmic reticulum (ER), where palmitoylation occurs in Saccharomyces cerevisiae. The
subsequent translocation of Ras from the ER to the plasma membrane does not require the classical secretory
pathway or a functional Golgi apparatus. Vesicular and nonvesicular transport pathways for Ras proteins have
been proposed, but the pathway is not known. Here we describe a genetic screen designed to identify mutants
defective in Ras trafficking in S. cerevisiae. The screen implicates, for the first time, the class C VPS complex
in Ras trafficking. Vps proteins are best characterized for their role in endosome and vacuole membrane fusion.
However, the role of the class C Vps complex in Ras trafficking is distinct from its role in endosome and vacuole
vesicle fusion, as a mitochondrial involvement was uncovered. Disruption of class C VPS genes results in
mitochondrial defects and an accumulation of Ras proteins on mitochondrial membranes. Ras also fraction-
ates with mitochondria in wild-type cells, where it is detected on the outer mitochondrial membrane by virtue
of its sensitivity to protease treatment. These results point to a previously uncharacterized role of mitochondria

in the subcellular trafficking of Ras proteins.

Ras proteins are highly conserved small GTPases that cycle
between an active GTP-bound and an inactive GDP-bound
state. Depending on the cell type, activation results in cell
proliferation, differentiation, and other cellular responses (11,
36). Constitutive activation of Ras contributes to the oncogenic
and cellular hypertrophy phenotype of many types of cancer
cells (29). Ras proteins localize to the cytoplasmic face of the
plasma membrane, with individual Ras subtypes residing in
distinct microdomains (45). H-Ras is localized to lipid rafts
and caveolae in the GDP-bound state and is redistributed to
the bulk membrane upon GTP loading. In contrast, K-Ras is
located outside the lipid rafts in both the GDP- and GTP-
bound states (12, 23, 45). Ras signaling on the plasma mem-
brane is the most well studied, but Ras also engages effectors
on endomembranes (15, 66). This emphasizes the importance
of understanding the contribution of subcellular localization to
Ras signaling.

Plasma membrane targeting of Ras proteins requires post-
translational modification of the C-terminal CaaX box (C is
cysteine, a is any aliphatic residue, and X is the carboxy-ter-
minal residue) and either palmitoylation or the presence of a
polybasic domain (13, 18, 24, 58). Farnesylation of the CaaX
box cysteine occurs in the cytoplasm and results in targeting of
Ras to the cytosolic surface of the endoplasmic reticulum
(ER), where the -aaX residues are removed and the C termi-
nus is methylated by an ER protease and a methyltransferase,
respectively (7, 18, 26, 31, 55, 57, 58). For most Ras proteins,
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a cysteine residue or residues adjacent to the CaaX box are
palmitoylated, which serves as an additional targeting signal
for translocation of Ras proteins from the ER to the plasma
membrane (10, 33). Saccharomyces cerevisiae Ras proteins also
require a hypervariable domain on their C termini for efficient
translocation (19). In the case of K-Ras, the hypervariable
domain (polybasic domain) and CaaX modifications are suffi-
cient for plasma membrane targeting (24).

The subcellular trafficking of most membrane-associated
proteins and secreted proteins occurs via the classical secretory
pathway and involves the ER, the Golgi apparatus, secretory
vesicles, and the plasma membrane (32). However, Ras traf-
ficking appears to utilize a different mechanism. In mammalian
cells, a fraction of both H-Ras and N-Ras is transported to and
from the Golgi complex via a nonvesicular pathway (21, 51,
54). In some cell lines, the plasma membrane localization of
H-Ras does not require a functional Golgi complex (74). K-
Ras is also directed to the plasma membrane through a Golgi
apparatus-independent pathway (2). Like K-Ras, yeast Ras
proteins localize to the plasma membrane in the absence of a
functional classical secretory pathway (19, 75).

To elucidate the Golgi complex-independent pathway in
yeast, we performed a genetic screen designed to identify com-
ponents involved in the Golgi complex-independent trafficking
of Ras proteins. In this report, we describe the isolation of two
class C IVPS genes and an analysis of their effect on Ras traf-
ficking. The class C Vps complex is composed of Vpsl11, Vps16,
Vps18, and Vps33 and was first uncovered in genetic screens
for mutants with altered vacuole morphology (47). Vps33 be-
longs to the Sec1/Munc family that conveys vesicle fusion spec-
ificity by interacting with syntaxins (43). The class C Vps com-
plex also regulates vesicle fusion at the endosome and between
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the endosome and the vacuole (70). In addition, all of the class
C vps deletion strains exhibit growth defects on nonferment-
able carbon sources and have defects in the integrity of their
mitochondria (68). Unexpectedly, it appears that the mito-
chondrial defect of class C Vps mutants is responsible for the
Ras trafficking defect. This has led us to investigate the role of
mitochondria in the subcellular localization of Ras proteins.

MATERIALS AND METHODS

Strains, media, and yeast techniques. Media were prepared as described
previously (61). The yeast strains used in this study are listed in Table 1. Cells
were grown in synthetic complete (SC) medium or YPD (1% yeast extract, 2%
peptone, and 2% glucose) medium (61). Induction of the GAL! and -10 pro-
moters was achieved by adding 4% galactose to SC medium. Yeast transforma-
tions were done by the lithium acetate procedure (28).

Plasmid construction. YEpS55-GFP-Ras2 (B828) was constructed as described
previously (19). The GFP(K)CaaX plasmid was created by PCR amplification of
the 54-bp fragment encoding the C-terminal 18 amino acids of K-Ras. The
fragment was digested with EcoRI and ligated into pGPD-GFP-Ras2 (B701) (33)
to create pGPD-GFP(K)CaaX (B1452). The 768-bp GFP(K)CaaX fragment was
PCR amplified. It was then digested with BamHI and HindIII and ligated into
YEp55c¢ (B19) (53) to create the GFP(K)CaaX plasmid (B1454). The expression
of GFP(K)CaaX is under the control of the GALI0 promoter.

To create the Ste18(K)CaaX plasmid, the 270-bp STEIS8 fragment encoding
the N-terminal 70 amino acids of Ste18 was PCR amplified together with the
upstream 1,053-bp region. The PCR fragment was digested with BamHI and
EcoRI and ligated into YEplac112 (20) to create B1441 (Ste18AC). The 54-bp
fragment encoding the C-terminal 18 amino acids of K-Ras was digested with
EcoRI and ligated into Ste18AC digested with EcoRI to create Stel1§(K)CaaX
(B1452).

To create MET25-GFP-Ras2 (B1510), 380 bp of the MET25 promoter was
inserted into the HindIII and Xbal sites of pRS315 (63) to generate pRS-MET25
(B803). RAS2, amplified from wild-type (LBR938) genomic DNA, was then
inserted into the Xbal and Sacl sites of pRS-MET25 to generate MET25-Ras2
(B805). The 720-bp GFP fragment was PCR amplified from pBS-3GFP-TRP1 (a
generous gift from John Cooper, Washington University, St. Louis, MO) and
inserted into the Xbal site of MET25-Ras2 to create MET25-GFP-Ras2 (B1510).

For colocalization studies, RFP was isolated by PCR amplification from the
genomic DNA of Copl-mRFP (27). The 940-bp PCR fragment contains se-
quences at both ends that are homologous to the sequences at both sides of the
BamHI site in pRS316 (63). The PCR fragment and BamHI-digested pRS316
were cotransformed into LRB938. After transformation, the PCR fragment was
integrated into pRS316 to form pRS316-RFP (B1467). The recombinant plasmid
was isolated from yeast and transformed into Escherichia coli DH5a cells. Cox4-
RFP was created by PCR amplification of COX4 with the upstream 600-bp
region. The 1,168-bp PCR fragment was cotransformed with BamHI-digested
pRS316-RFP (B1467) into LRB938. The recombinant plasmid Cox4-RFP
(B1468) was isolated from yeast.

Genetic screen for mutants that affect the subcellular localization of Ras. The
screen for Ras trafficking mutants was based on a chimeric protein consisting of
the plasma membrane-targeting sequences of Ras fused to the C terminus of the
Gy subunit of the heterotrimeric G protein complex that controls yeast mating.
The G protein is composed of three subunits, namely, Gpal (Ga), Ste4 (GB),
and Stel8 (Gv) (35). Pheromone binding of the receptor results in GTP binding
to Gpal, dissociation of Ga (Gpal) from GBy (Ste4/Ste18), and activation of the
downstream mitogen-activated protein kinase cascade. This in turn causes cell
cycle arrest and the induction of genes required for conjugation. In the absence
of Gpal, the pathway is constitutively activated, and cells are arrested in G. This
requires plasma membrane localization of the GBvy (Ste4/Ste18) complex. Thus,
plasma membrane localization of GBy can be monitored by growth arrest in the
absence of Gpal. This is the basis of the genetic screen for Ras trafficking
mutants.

The Ste18(K)CaaX protein (B1452) functions the same as wild-type Ste18 but
is targeted to the plasma membrane via the Ras localization sequence. The
Ste18(K)CaaX plasmid and the GPAI URA3 plasmid (pG1301) (39) were intro-
duced into a stel8A gpalA double deletion strain (RJY1616). Gpal encoded by
the GPAI URA3 plasmid negatively regulates Ste18(K)CaaX, preventing it from
causing growth arrest (16), and the plasmid is required for cell growth when both
Ste18(K)CaaX transport and signaling are intact. Under these conditions, the
wild-type URA3 gene on the plasmid complements the ura3 mutation on the
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TABLE 1. Yeast strains used for this study
Genotype

Strain®

MATo his3 leu2 ura3-52 sec23-ts
..MATa his3 leu2 ura3-52
MATa ade?2 ura3-52 his3-1 his6 leu2-3 trpl-
1 sstl-2 stel8::URA3
MATa ade?2 ura3-52 his3-1 his6 leu2-3 trpl-
1 sst1-2 stel8 gpal::KAN*
MATa his3 leu2 ura3-52 vps33:KAN*
MATa his3 leu2 ura3-52 vps18:KAN*
..MATa his3 leu2 ura3-52 vps33 end3::KAN*
..MATa his3 leu2 ura3-52 pep5::KAN*
..MATa his3 leu2 ura3-52 vps16::KAN*
MATa his3 leu2 ura3-52 pep12::KAN*
MATa his3 leu2 ura3-52 vam3::KAN"
MATa his3 leu2 ura3-52 pepl2 vam3:KAN"
MATw his3 leu2 lys2 ura3
COPI mRFP-KAN™
W303 e MATa ade?2 his3 leu2 trpl ura3

RIY1707

¢ Strains designated LRB were obtained from L. Robinson (Louisiana State
University Health Sciences Center). RK511-6B-1 was obtained from M. E. Linder
(Washington University School of Medicine). RJY1722 was obtained from E. K.
O’Shea (27). RJY1616 was obtained from RK511-6B-1 by two gene replace-
ments. URA3 was replaced by a loxP-kanMX-loxP cassette. The KAN marker
gene was then removed, and STE18 was replaced by another loxP-kanMX-loxP
cassette (22). RIY1654, RIY1672, RTY1695, RIY1702, RJY1705, and RIY1706
were obtained from LRB938 by single-step gene replacement with vps33::KAN,
vps18::KAN, pep5::KAN, vps16::KAN, pep12::KAN, and vam3::KAN, respectively.
RJIY1695 was obtained from RJY1654 by single gene replacement with an
end3::KAN fragment after KAN marker removal. RIY1707 was obtained from
RJY1705 by single gene replacement with a vam3::KAN fragment after KAN
marker removal.

chromosome, and the cells are 5-fluoroorotic acid (5-FOA) sensitive (5). When
the transport pathway for Ste18(K)CaaX is disrupted, plasma membrane local-
ization of the protein is prevented, and the mating pathway is not activated.
Under these conditions, the loss of Gpal does not cause growth arrest, and cells
are 5-FOA resistant. Cells (RJY1616) harboring pG1301 (GPAI URA3) and
Ste18(K)CaaX were plated on SC—Trp—Ura (synthetic complete medium lack-
ing tryptophan and uracil) plates and mutagenized with UV light to obtain
approximately 90% killing. Plates were incubated at 30°C for 2 days and repli-
cated on SC—Trp plates containing 5-FOA (1.0 g/liter) (5). Colonies growing on
5-FOA-containing plates are cells capable of losing the GPA1 URA3 plasmid and
were selected. To test whether these mutants were trafficking mutants, they were
transformed with the GFP(K)CaaX plasmid. Mutants in which GFP(K)CaaX
and green fluorescent protein-Ras2 (GFP-Ras2) were mislocalized were charac-
terized further.

The wild-type genes corresponding to the trafficking mutants were cloned by
complementation, using a YSB32-based genomic library (ATCC 77162). To
select for cells incapable of losing the GPAI URA3 plasmid, transformants were
replicated on 5-FOA-containing plates. Cells growing on SC—Trp—Ura but not
on SC—Trp, 5-FOA-containing plates were selected. The plasmids that comple-
mented the mutations were isolated and mapped by a combination of deletion
analysis and subcloning strategies to identify the open reading frames of the
genes.

Preparation of yeast extracts and immunoblot analysis. Cells were grown in
SC medium to exponential phase (A, ~0.5 to 1.0). Cells were then collected
and lysed in sorbitol buffer (300 mM sorbitol, 100 mM NaCl, 5 mM MgClL,, 10
mM Tris-HCl, pH 7.5) with protease inhibitors (1 mM phenylmethylsulfonyl
fluoride and 2.5 wg/ml [each] of chymostatin, leupeptin, aprotinin, and pepstatin)
by vortexing with glass beads (425 to 600 wm; Sigma). Unbroken cells and debris
were removed by centrifugation (500 X g for 10 min). The postnuclear super-
natant was fractionated into a crude membrane pellet (P100) and a cytosolic
fraction (S100) by centrifugation at 100,000 X g for 1 h in a TLA100.2 rotor
(Beckman). The distribution of GFP-Ras2 in P100 and S100 was analyzed by
immunoblotting with an anti-GFP antibody (Molecular Probes). The GFP-Ras2
expression level was analyzed with the Ras monoclonal antibody Y13-259 as
previously described (5).

Fluorescence microscopy. To visualize fluorescent proteins, cultures were
grown to exponential phase in SC medium. Cells were collected by centrifugation
and gently resuspended in residual medium. Aliquots (1 to 3 pl) were spotted
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onto microscopy slides, and images were visualized using a Nikon Eclipse 80i
microscope equipped for epifluorescence. Images were captured using a photo-
metric Cascade camera controlled by MetaMorph imaging software (Universal
Imaging Corporation). The fluorescein isothiocyanate-Texas Red filter set used
was obtained from Chroma Technology Corp.

Subcellular fractionation. Sucrose gradient fractionation was performed as
described previously (50). Briefly, NaN; (10 mM) and KF (10 mM) were added
to cell cultures grown to exponential phase. Cells were collected and washed in
buffer containing 10 mM NaN;, 10 mM KF, and 5 mM Tris-HCI, pH 7.6, and
resuspended in STE10 buffer (10% sucrose, 10 mM Tris-HCI, pH 7.6, 10 mM
EDTA) with protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 2.5
pg/ml [each] of chymostatin, leupeptin, antipain, and pepstatin). Cells were
broken with glass beads (425 to 600 wm; Sigma). The cell lysate was centrifuged
(500 X g, 10 min), and the postnuclear supernatant (700 pl) was loaded on a 20 to
60% linear sucrose gradient (in STE10 buffer). After centrifugation at 100,000 X
g for 16 h in an SW41 rotor (Beckman), fractions were collected from the top,
and the proteins were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, followed by immunoblotting. Ras was detected with the
monoclonal antibody Y13-259 as previously described (5). Anti-GFP, anti-Dpm1
(ER), anti-Por1 (mitochondria), and anti-Pmal (plasma membrane) were pur-
chased from Molecular Probes. Anti-Cox2 (mitochondria) was a generous gift
from Rosemary Stuart (Marquette University, Milwaukee, WI).

Azide treatment. Cells harboring GFP-Ras2 (B828) were grown to exponential
phase in minimal SC medium and induced with galactose (4%) and azide (2
mM), and the cultures were incubated for an additional 4 h. The localization of
GFP-Ras2 was examined by fluorescence microscopy. For ATP repletion, azide-
treated cells were collected and washed twice with TE (10 mM Tris, pH 8.0, 1
mM EDTA) buffer. The expression of GFP fusion proteins was stopped by the
addition of glucose (2%). The cultures were incubated for another 2 h in SC-
glucose medium. The localization of the GFP fusion proteins was examined by
fluorescence microscopy.

Mitochondrion isolation. Yeast spheroplasts and crude mitochondria were
isolated as described previously (17). Additional purification of mitochondria
was done by suspending crude mitochondria in 250 mM sucrose EM buffer (10
mM MOPS [morpholinepropanesulfonic acid], pH 7.2, 1 mM EDTA) and lay-
ering them on a three-step sucrose gradient (60%, 32%, 23%, 15%) in EM buffer
(37). After centrifugation at 134,000 X g for 1 h in an SW41 rotor, mitochondria
were harvested from the 60%-32% interface. The purity of the mitochondrion
fraction was assessed by probing the fraction with antibodies for ER (Dpm1) and
plasma membrane (Pmal) markers.

Proteinase K treatment. One hundred micrograms of mitochondria was re-
suspended in 500 ml of SH buffer (0.6 M sorbitol, 20 mM HEPES, pH 7.2),
HEPES buffer (20 mM HEPES, pH 7.2), or SH buffer with 0.08% Triton X-100.
A protease sensitivity experiment was performed by adding proteinase K (20
pg/ml) and bovine serum albumin (1 mg/ml), followed by incubation at 4°C for
20 min. Proteolysis was halted by the addition of phenylmethylsulfonyl fluoride
to a final concentration of 1 mM. Intact and hypotonically shocked mitochondria
were pelleted and resuspended in 40 pl 1X SDS loading buffer. Proteins in
Triton-solubilized mitochondria were precipitated with trichloroacetic acid and
resuspended in 40 pl 1X SDS loading buffer. Twenty microliters of each final
sample was loaded for immunoblot analysis with antibodies for Ras, the mito-
chondrial outer membrane protein Tom70, and the mitochondrial inner mem-
brane protein Aacl. Anti-Tom70 and anti-Aacl were generous gifts from Rose-
mary Stuart (Marquette University, Milwaukee, WI).

RESULTS

The C terminus of K-Ras targets GFP to the plasma mem-
brane through a Golgi complex-independent pathway in yeast.
The C-terminal hypervariable domain and the CaaX box are
necessary and sufficient for plasma membrane localization of
Ras proteins (19, 75). In addition, plasma membrane localiza-
tion of K-Ras in mammalian cells and Ras proteins in yeast
does not require the classical secretory pathway or a functional
Golgi apparatus (2). To determine if K-Ras also localizes to
the plasma membrane in yeast, the hypervariable domain (18
residues) and the CaaX box of mammalian K-Ras were
fused to the C terminus of GFP and expressed under the
control of a galactose-inducible promoter in yeast. Like
GFP-Ras2, GFP(K)CaaX was localized to the plasma mem-
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FIG. 1. The classical secretory pathway is not required for the
plasma membrane localization of GFP(K)CaaX. GFP(K)CaaX and
Pmal-GFP were expressed from the galactose-inducible promoter in
wild-type (LRB938) and sec23-ts (LRB937) strains, and the cultures
were grown at 25°C. GFP(K)CaaX and Pmal-GFP expression was
induced by the addition of 4% galactose, and cells were grown at 25°C
or 37°C for 4 h. Fluorescence images were collected using a Nikon
Eclipse 80i microscope.

brane (Fig. 1). To examine if the classical secretory pathway
is required, a temperature-sensitive sec23-fs strain was em-
ployed (19, 75). GFP(K)CaaX localized to the plasma mem-
brane of the sec23-ts strain at the permissive (25°C) and the
nonpermissive temperature (37°C). In contrast, Pmal-GFP,
which requires the classical secretory pathway for plasma
membrane localization (14), was found primarily on endo-
membranes when the sec23-ts strain was grown at the nonper-
missive temperature (37°C) (Fig. 1). Thus, it appears that ER-
to-plasma-membrane translocation of K-Ras, like that of yeast
Rasl and Ras2, does not require the classical secretory path-
way in yeast.

Isolation of mutants defective in nonclassical plasma mem-
brane localization of Ras. A genetic screen was designed to
identify mutants defective in plasma membrane localization of
Ras. The screen is based on the well-characterized yeast pher-
omone signal transduction pathway and is described in detail in
Materials and Methods. Briefly, the loss of Gpal results in
GBy-dependent growth arrest due to constitutive activation of
the pheromone response pathway (35). This response requires
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FIG. 2. Genetic screen for isolation of mutants defective in Ras trafficking. (A) Schematic diagram of trafficking mutant screen based on the
subcellular localization of Ste18(K)CaaX and the growth inhibition resulting from plasma membrane localization of Ste18(K)CaaX in yeast strain
RJY1616 (see the text for a detailed description of the screen). (B) Patch assay demonstrating the growth defect resulting from the expression of
Ste18 or Ste18(K)CaaX. Strains expressing a C-terminal deletion of the Ste18 CaaX box (Ste18AC) are able to grow under these conditions. One
of the mutants isolated by the Ste18(K)CaaX-based trafficking screen is also shown. (C) GFP(K)CaaX and GFP-Ras2 exhibit plasma membrane
localization (rim staining) in wild-type cells (RJY1616) but endomembrane localization in one of the mutants isolated by the trafficking screen
(WTS92). Cells were examined by fluorescence microscopy (Nikon Eclipse 80i microscope).

plasma membrane localization of the GBvy complex, which in
turn requires posttranslational modification of Stel8 (Gy) by
farnesylation and palmitoylation (35). To establish a screen for
Ras trafficking mutants, the C terminus of Stel8 was replaced
by the hypervariable domain and CaaX box of K-Ras to create
Ste18(K)CaaX (Fig. 2A). The expression of wild-type Stel8 or
Ste18(K)CaaX resulted in growth arrest in a strain lacking
Gpal (Fig. 2B). This growth arrest depends on the C-terminal
targeting sequences and plasma membrane localization, be-
cause removal of the Stel8 C terminus restored cell growth
(Fig. 2B). Mutants of interest blocked the plasma membrane
localization of Stel8(K)CaaX and appeared as 5-FOA-resis-
tant colonies. An example is shown in Fig. 2B. In addition to
the desired trafficking mutants, the screen was expected to
identify mutations in components of the signal transduction
pathway downstream of Gf3y. However, these are readily dis-

tinguished from trafficking mutants by introducing a Stel8-
expressing plasmid and testing for growth on 5-FOA-contain-
ing plates.

Approximately 60,000 UV-mutagenized colonies were
screened by 5-FOA selection, and 5-FOA-resistant colonies
were identified at a frequency of 0.5% (approximately 300
colonies). The majority of these mutants were defective in the
pheromone signaling pathway, but three appeared to be traf-
ficking mutants by the criteria described above. Transformation
of these three strains with GFP(K)CaaX or GFP-Ras2 revealed
that all three mislocalized GFP-Ras fusion proteins. An example
of one putative trafficking mutant is shown in Fig. 2C.

ER-to-plasma-membrane trafficking of Ras proteins is dis-
rupted in class C vps mutants. The wild-type genes corre-
sponding to three putative Ras trafficking mutants were cloned
by complementation of the growth arrest phenotype using a
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low-copy-number (YSB32) yeast genomic DNA library. Com-
plementing plasmids were mapped by a combination of dele-
tion analysis and subcloning strategies to identify the open
reading frame responsible for the complementation. Two of
the three mutants isolated in the screen were complemented by
the VPS33 gene, whereas the third mutant was complemented
by VPS11/PEP5. Vps33 and Vpsll, together with Vps16 and
Vpsl8, constitute the class C Vps complex that regulates ves-
icle docking and fusion of endosome and vacuole membranes
(43, 56, 60, 67). To examine if the Ras trafficking defect ex-
tends to the other members of the class C Vps complex, strains
harboring deletions of each of the four genes (vps33A, vpsi8A,
vps16A, and vps11A) were constructed. Plasma membrane lo-
calization of newly synthesized GFP-Ras2 was defective in
every case, whereas the localization of Pmal-GFP was not
affected, indicating that the mutants did not cause a general
defect in protein trafficking to the plasma membrane (Fig. 3A).
Although GFP-Ras2 localized on endomembranes in the
vps33A mutant strain, it remained membrane associated, as in
wild-type cells (Fig. 3B).

The class C Vps complex has been shown to be involved in
the recycling step of endocytosis, raising the possibility that the
intracellular accumulation of Ras2 results from a defect in
membrane recycling via an endosomal compartment (9). If this
is true, then GFP-Ras2 should remain on the plasma mem-
brane when endocytosis is blocked. This was tested by deleting
the END3 gene and examining GFP-Ras2 localization in the
vps33A end3A mutant strain. END3 encodes a component of
the endocytic complex which is essential for the internalization
step of endocytosis (46). Deletion of END3 did not restore the
plasma membrane localization of GFP-Ras2 in the vps33A
mutant strain (Fig. 3C).

The class C Vps complex is also involved in endosome and
vacuole vesicle trafficking. Vps33 interacts with the vacuolar
syntaxin Vam3 and the endosomal syntaxin Pep12 to regulate
SNARE pairing in these two membrane compartments (43).
To determine if these steps are involved in Ras trafficking,
VAM3 and/or PEPI2 was deleted, and GFP-Ras2 localization
was examined. In contrast to VPS33 deletion, the loss of VAM3
or PEPI2 had no observable effect on Ras localization (Fig.
3D). To further test for an involvement of endosomes in Ras
trafficking, the localization of GFP-Ras2 was compared to that
of a red fluorescent protein (RFP) fusion to the endosome
resident protein Vps32 (27). There was no overlap of the
Vps32-RFP and GFP-Ras2 signals in the wild-type or vps33
mutant strain (data not shown). Taken together, these results
suggest that translocation of Ras2 from the ER to the plasma
membrane does not involve endosome-related functions of
class C Vps proteins.

Class C vps mutants exhibit mitochondrial defects. Other
potential mechanisms of class C Vps involvement in Ras traf-
ficking were investigated. The data shown in Fig. 4A confirm a
report that class C vps deletion strains are unable to grow on
nonfermentable carbon sources, indicating a mitochondrial de-
fect (68). However, the nature of the Vps-related mitochon-
drial defect is not known. To begin to examine the mitochon-
drial defect in class C vps mutants, mitochondrial morphology
was examined in wild-type and vps33 mutant strains by use of
an RFP fusion with Cox4, a subunit of cytochrome oxidase
found on the inner mitochondrial membrane (27). Mitochon-
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dria in wild-type cells and pepI2A vam3A mutant cells exhib-
ited a tubular structure, whereas mitochondria in the vps33A
mutant strain appeared as punctate spots. This does not ap-
pear to be a general membrane defect, because the appearance
of the ER, as indicated by Sec63-GFP, was unaffected by the
deletion of VPS33. On the other hand, vacuolar morphology
was affected by the deletion of VPS33, as expected (Fig. 4B).
The vacuolar membrane defect, however, does not appear to
be the cause of the mitochondrial defect. pepI2A vam3A mu-
tant cells exhibit the same vacuolar defect as vps33A mutant
cells but have normal mitochondrial structure and Ras local-
ization. It appears that the mitochondrial defect of the vps33A
mutant strain may contribute to the Ras trafficking defect.

GFP-Ras2 accumulates with mitochondria in class C vps
mutants. To further address the role of mitochondria in Ras
trafficking, the localization of GFP-Ras2 was compared with
that of Cox4-RFP, a mitochondrial marker (52). GFP-Ras2
and Cox4-RFP colocalized in vps33A mutant cells but not in
wild-type cells (Fig. 5A). Wild-type and vps33 mutant cells
expressing GFP-Ras2 were also lysed and fractionated by su-
crose gradient centrifugation. GFP-Ras2 cofractionated pri-
marily with the plasma membrane marker Pmal in wild-type
cells. In contrast, GFP-Ras2 cofractionated with two mito-
chondrial markers, Porl and Cox2, in the vps33A mutant strain
(Fig. 5B). The colocalization of GFP-Ras2 with mitochondrial
markers in the trafficking mutants suggests a more direct in-
volvement of mitochondria in the Golgi complex-independent
trafficking of Ras proteins.

Endogenous Ras2 colocalizes with mitochondria in wild-
type yeast cells. To rule out that the trafficking defects de-
scribed above result from overexpression of Ras2, we next
examined if GFP-Ras2 expressed at physiological levels asso-
ciates with mitochondria. This was done by expressing GFP-
Ras2 from a MET25 promoter (34). When cells were grown on
medium supplemented with low levels of methionine (12 mM),
GFP-Ras2 was expressed at approximately the same level as
endogenous Ras2, as seen by immunoblotting with an anti-Ras
antibody (Fig. 6A). Under these conditions, three groups of
GFP-Ras2-expressing cells were observed. In the first group,
GFP-Ras2 was found primarily on the plasma membrane; in
the second, GFP-Ras2 was observed on the plasma membrane
and endomembranes; and in the last group, GFP-Ras2 was
localized primarily on endomembranes. In wild-type cells, 39%
showed plasma membrane staining only, 49% exhibited plasma
membrane and endomembrane staining, and only 12% showed
endomembrane staining and no plasma membrane localiza-
tion. However, in the absence of 1V/PS33, the percentage of cells
with plasma membrane staining was reduced to 7%, with the
majority of cells exhibiting partial or complete endomembrane
localization (93%) (Fig. 6B). In wild-type and vps33 mutant
cells, the endomembrane-localized GFP-Ras2 overlapped with
the mitochondrial marker Cox4-RFP.

To further examine the role of mitochondria in Ras traffick-
ing, endogenous Rasl and Ras2 were examined by subcellular
fractionation and sucrose density gradient centrifugation. In
wild-type cells, Ras fractionates as a broad peak that includes
the plasma membrane marker Pmal, but also the ER and
mitochondrial markers Dpm1 and Cox2, respectively (Fig. 7A).
Deletion of I’/PS33 resulted in a reduction of Ras in the plasma
membrane fraction and an increase in the Cox2-enriched frac-
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FIG. 3. Mislocalization of GFP-Ras2 in class C vps mutants. (A) GFP-Ras2 and Pmal-GFP were expressed in wild-type (LRB938) and vps33A
(RJIY1654), vps18A (RIY1672), vpsI16A (RIY1695), and vpsIIA (RJY1702) mutant cells by galactose induction and observed by fluorescence
microscopy. (B) The membrane association of GFP-Ras2 in wild-type (LBR938) or vps33A mutant (RJY1654) cells was assessed by subcellular
fractionation of total lysates (input) into cytosolic (S100) and crude membrane (P100) fractions, as described in Materials and Methods. GFP-Ras2
was detected by immunoblotting with an anti-GFP antibody, followed by chemiluminescence (Pierce). (C) Endocytosis does not play a role in
endomembrane localization of GFP-Ras in vps33A mutant cells. GFP-Ras2 was expressed from a galactose-inducible promoter in the vps33A
(RJY1654) or vps33A end3A (RJY1695) mutant strain. Endocytosis was monitored by staining the cells with FM4-64, a dye that is taken up in an
End3-dependent manner. (D) Mutations in the class C VVPS genes, but not in PEP12 or VAM3, affect the subcellular localization of Ras. GFP-Ras2

was examined in the wild-type (LBR938) and vps33A (RJY1654), pepI2A (RJY1705), vam3A (RJY1706), and pepI2A vam3A (RJY1707) mutant
strains. FM4-64 was used to monitor endocytosis and to visualize vacuoles.
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FIG. 4. Class C vpsA strains exhibit mitochondrial defects. (A) Serial dilutions (1:5) of cultures (~5 X 10*) of wild-type (LBR938) and vps33A
(RJY1654) and pepI2A vam3A (RJY1707) mutant cells were spotted (5 pl) onto rich medium (yeast extract-peptone) containing 2% glucose or
ethanol (2%)-glycerol (2%). The plates were incubated at 25°C for 3 days. (B) Localization of Cox4-RFP was used to assess mitochondrial
morphology in the wild-type (LBR938) and vps33A (RJY1654) and pepl2A vam3A (RJY1707) mutant strains (top panels). The ER marker
Sec63-GFP was used to monitor ER morphology in the wild-type (LBR938) and vps33A (RJY1654) and pep12A vam3A (RJY1707) mutant strains
(middle panels), and FM4-64 was used to monitor endocytosis and vacuole morphology (bottom panels).

tions. While these results are consistent with the colocalization
of GFP-Ras2 with endomembrane and plasma membrane
markers observed in vivo, the distribution of Ras with several
compartments prevents the conclusion that endogenous Ras
cofractionates with mitochondria. In fact, a small fraction of
Ras is expected to fractionate with the ER, where posttrans-
lational modifications occur.

To determine directly whether there is a mitochondrial pool
of Ras, mitochondria were purified from wild-type and vps33
mutant yeast cells. Mitochondria were purified by established
procedures (17, 37) and found to be enriched for the mito-
chondrial markers Cox2 and Porl but lacking detectable
amounts of Pmal (plasma membrane) and Dpm1 (ER). The
Rasl and Ras?2 proteins cofractionated with purified mitochon-
dria isolated from both the wild-type and vps33 mutant strains.
Using Cox2 and Porl to normalize the amount of mitochon-
drial protein loaded, there appeared to be more Ras associated
with mitochondria isolated from vps33 mutant cells, consistent
with the subcellular fractionation and in vivo localization re-
sults (Fig. 7B). Based on its protease sensitivity, Ras appears to
be associated with the cytosolic surface of the outer mitochon-
drial membrane (Fig. 7C).

Azide treatment results in mitochondrial accumulation of
Ras. Azide has been used to study the energy dependence of
lipid and protein transport (3, 40). For example, inhibition
of the classical secretory pathway by azide has been taken as
an indication of the ATP dependence of vesicle-mediated pro-
tein translocation. To assess the ATP dependence of Ras traf-
ficking, cells were treated with 2 mM azide, and GFP-Ras2 or
Pmal-GFP expression was induced. The addition of azide re-

sulted in the mislocalization of GFP-Ras2 and Pmal-GFP.
Pmal-GFP accumulated in a perinuclear compartment, pre-
sumably the ER. In contrast, GFP-Ras2 colocalized with mi-
tochondria (Fig. 8A). The azide dependence of Ras trafficking
indicates that it is an active, energy-dependent process rather
than a diffusion-mediated mechanism. Furthermore, the azide-
dependent mitochondrial localization of Ras is reversible.
Upon removal of azide, intracellularly accumulated GFP-Ras2
was found at the plasma membrane (Fig. 8B). The reversible
colocalization of GFP-Ras2, but not Pmal-GFP, with mito-
chondria in azide-treated cells is consistent with a role for
mitochondria in the normal trafficking of Ras proteins.

DISCUSSION

The classical secretory pathway is used by most proteins
destined for the plasma membrane or secretion from the cell.
However, there are examples of nonclassical membrane traf-
ficking of some proteins. For example, the plasma membrane
localization heterotrimeric G proteins, G, and G, F3/contac-
tin, caspr/paranodin, and flotillin-1/reggie-2 occur even in the
presence of the Golgi complex-disrupting drug brefeldin A (4,
6, 41, 72). The present study focuses on the Golgi complex-
independent trafficking of yeast Ras proteins as an example of
proteins that associate with membranes via lipid anchors. The
membrane association and subcellular trafficking of Ras pro-
teins require that the CaaX box undergoes farnesylation, -aaX
proteolysis, and methyl esterification (1, 7, 18, 26, 31, 55, 57,
58). However, these modifications are not sufficient for a stable
membrane association or subsequent subcellular localization
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FIG. 5. Newly synthesized GFP-Ras2 colocalizes with mitochondria in class C vps mutants. (A) GFP-Ras2 was expressed from the galactose-
inducible promoter in wild-type (LBR938) and vps33A mutant (RJY1654) cells harboring Cox4-RFP. The localization of Cox4-RFP and GFP-Ras2
was examined by fluorescence microscopy, and representative images are shown. In each case, at least five fields and approximately 100 cells were
examined. (B) The wild-type (LRB938) and vps33A mutant (RJY1654) strains expressing GFP-Ras2 were lysed, fractionated by a sucrose gradient
as described in Materials and Methods, and immunoblotted with anti-GFP antibody. The plasma membrane fractions were identified by blotting
with a polyclonal antibody to Pmal, the mitochondrial fractions were identified using anti-Por1 and anti-Cox2 antibodies, and an antibody to Dpm1
was used for the ER fractions. The immunoblots were quantified by densitometry and plotted as a function of fraction number, with fraction 1 being

the top of the gradient.

of Ras. Stable membrane association requires a second signal,
which can be either a polybasic domain, in the case of K-Ras,
or palmitoylation (S acylation) (19, 24). The functional signif-
icance of these modifications is still a matter of debate.
Modification of proteins or peptides with a farnesyl moiety
results in a weak membrane association and rapid exchange
between membrane compartments, whereas dual lipid modifi-
cation (farnesyl and palmitoyl) results in a stable membrane
association (64). This has led to the proposal of a kinetic trap
model, in which farnesylation mediates a transient membrane
association followed by palmitoylation and stable association
with a target membrane. A palmitoylation-depalmitoylation

cycle has been shown to regulate the trafficking of mammalian
H-Ras and N-Ras between the late Golgi compartment and
the plasma membrane (21, 51, 54). Palmitoylation of Ras on
the Golgi apparatus results in vesicle-dependent delivery to the
plasma membrane. Depalmitoylation of Ras on the plasma
membrane allows the rapid exchange of Ras with endomem-
branes via a nonvesicular mechanism. A recently described
Golgi complex-associated Ras palmitoyltransferase may be the
palmitoylating enzyme predicted by the palmitoylation-de-
palmitoylation cycle model (71). The palmitoylthioesterase, on
the other hand, has not been identified.

It is not clear whether the palmitoylation-depalmitoylation
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FIG. 6. Subcellular localization of GFP-Ras2 expressed at physio-
logical levels. (A) GFP-Ras2 was expressed from a MET25 promoter in
the wild-type (LRB938) and vps33A mutant (RJY1654) strains. Cells
were grown to exponential phase in SC-glucose medium supplemented
with 12 mM methionine. The immunoblot compares the expression of
GFP-Ras2 with that of the endogenous Ras1 (upper band) and Ras2
(lower band) proteins, using the anti-Ras monoclonal antibody Y13-
259. (B) Wild-type (LRB938) or vps33A mutant (RJY1654) cells har-
boring MET25-GFP-Ras2 and Cox4-RFP were grown to exponential
phase in SC-glucose medium supplemented with 12 mM methionine.
Cox4-RFP and GFP-Ras2 were visualized by fluorescence microscopy.
The percentages of cells with predominantly plasma membrane-local-
ized fluorescence (top), plasma membrane and endomembrane fluo-
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pathway described above operates during the earlier steps of
Ras trafficking that begin in the ER. Yeast Ras is palmitoylated
in the ER following CaaX box processing by the Erf2/Erf4
palmitoyltransferase (19, 33, 75). The model above predicts
that the dual-lipid-modified form of Ras will undergo vesicle-
mediated translocation from the ER. Consistent with this, we
found that dual-lipid-modified Ras remains membrane associ-
ated. No cytosolic pool of Ras has been detected, and there has
been no escort protein identified for Ras analogous to the Rab
escort protein required for the cytosolic form of prenylated
Rab proteins. In addition, we have shown in the present study
that plasma membrane localization of Ras requires ATP (Fig.
6), arguing against a nonvesicular model. While these data
point to a membrane-mediated trafficking pathway, it is clearly
distinct from the classical secretory pathway. Blocking the clas-
sical secretory pathway with sec mutants or brefeldin A has no
effect on plasma membrane localization of yeast Ras (19).
Similar results have been seen with K-Ras in mammalian cells.
The genetic screen described in this report implicates the
class C Vps complex in some aspect of Ras trafficking. The
class C Vps complex is best characterized for its involvement in
the biogenesis and function of vacuoles (47). It conveys vesicle
fusion specificity by interacting with syntaxins on endosome
and vacuole membranes (43, 56, 60). The identification of class
C vps mutants defective in Ras trafficking points to an involve-
ment of a vesicle fusion process. Our results, however, suggest
that endosome and vacuole functions of the class C Vps com-
plex are not responsible for the defects in Ras trafficking.
Instead, a less well-characterized role of the class C Vps com-
plex in mitochondrial function appears to be responsible. Mi-
tochondrial function is compromised in class C vps mutant
strains, resulting in a respiratory defect, as monitored by the
inability to grow on nonfermentable carbon sources (68). Mi-
tochondrial morphology was also altered in class C vps mutant
strains (Fig. 4B). The mitochondrial localization of Ras pro-
teins was also observed at a steady state in both the wild-type
and vps33A mutant strains. Together, these results implicate
mitochondria in the nonclassical pathway of Ras trafficking.
The unexpected mitochondrial dependence of Ras traffick-
ing raises a number of interesting questions and suggests sev-
eral new avenues of investigation. The class C Vps complex is
required for vesicle fusion involving endosome and vacuole
membranes. Is the class C Vps complex involved in mitochon-
drial vesicle fusion? Deletion of any one of the class C Vps
genes leads to a respiration-deficient phenotype (68). How-
ever, the mitochondrial defect has not been characterized. It is
tempting to speculate that the class C Vps complex plays a role
in the cycles of fusion and fission that mitochondria undergo.
Yeast mitochondria, like their metazoan counterparts, com-
prise a dynamic reticular network of membranes that undergo
continuous remodeling in response to changes in growth and
nutrient availability (69). Mitochondria also serve as a major
cellular ATP source under respiring conditions. Plasma mem-
brane localization of Ras requires ATP, raising the possibility

rescence (middle), and only endosomal fluorescence (bottom) were
compared. For each sample, at least six fields and approximately 150
cells were examined. A representative example is shown.
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FIG. 7. Mitochondrial association of endogenous Ras proteins in wild-type and vps33A mutant strains. (A) Wild-type (LRB938) and vps33A
mutant (RJY1654) cells were grown to exponential phase in yeast extract-peptone-dextrose medium. Cells were lysed and fractionated by a sucrose
gradient as described in Materials and Methods. Endogenous Rasl and Ras2 were visualized using the anti-Ras antibody Y13-259. The
distributions of organelles were followed by immunoblotting with the following antibodies specific to organelles: anti-Pmal (plasma membrane),
anti-Por1 (mitochondria), anti-Cox2 (mitochondria), and anti-Dpm1 (ER). Relative levels of Ras and the organelle markers in each fraction were
quantified by densitometry and plotted as a function of the fraction number (fraction 1 is the top of the gradient). (B) Cell lysates and purified
mitochondria were prepared as described in Materials and Methods. Lysates (input) and mitochondria (Mito) from wild-type (LRB938) and
vps33A mutant (RJY1654) cells were resolved by SDS-polyacrylamide gel electrophoresis (10%) and probed with antibodies for the plasma
membrane (anti-Pmal), mitochondria (anti-Porl and anti-Cox2), and the ER (anti-Dpm1). Rasl and Ras2 were detected using the anti-Ras
antibody Y13-259. (C) Mitochondria isolated from wild-type cells (W303) were treated as described in Materials and Methods to generate intact
mitochondria (Mito), mitoplasts (MP), and Triton X-100-solubilized mitochondria (MitoTX). After treatment with proteinase K (PK) and
processing as described in Materials and Methods, samples were separated in SDS gels and probed with an antibody for the mitochondrial outer
membrane protein Tom70 and an antibody for the mitochondrial inner membrane protein Aacl. Rasl and Ras2 were detected using the anti-Ras

antibody Y13-259.

that the mitochondrial requirement is simply to provide energy.
This is unlikely to be the case, because the trafficking of Pmal via
the classical secretory pathway is also inhibited by azide but is not
affected by the loss of class C Vps function (Fig. 6). Ras is also
found associated with mitochondria, consistent with a more direct
role of mitochondria in Ras trafficking.

How does Ras become associated with mitochondria follow-
ing CaaX modification and palmitoylation on the ER mem-
brane? It has been known for some time that the ER and
mitochondria are physically associated through specialized re-
gions called mitochondrion-associated ER membranes (MAMs).
Lipids, ATP, and calcium have been shown to exchange be-
tween the ER and the mitochondria through MAMs (49, 65,
73). Mitochondria also play a key role in phospholipid synthe-

sis and transport (73). MAM-mediated protein exchange has
not been previously reported, but lipid-anchored proteins such
as Ras have not been directly investigated. Given our results,
this issue needs to be addressed. The lack of a protein marker
of the MAM fraction has made these studies difficult. Recent
progress on the mitochondrial proteome may be helpful in this
regard (25, 59).

Other reports have found Ras associated with mitochondria.
In the human kidney, H-Ras localizes with mitochondria in
proximal and distal convoluted tubules (30). Bcl-2 and Ras
proteins interact at mitochondria in the murine T-cell line
TS1aB, and the mitochondrial association of the three Ras
proteins is differentially regulated by interleukin-2 supplemen-
tation (48). Several downstream effectors of Ras proteins were
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FIG. 8. Azide treatment causes reversible association of GFP-Ras2 with mitochondria. (A) Wild-type (LRB938) cells harboring galactose-
inducible GFP-Ras2 or Pmal-GFP were grown and induced as described in the legend to Fig. 1, except that azide (2 mM) was added at the time
of induction. The mitochondrion-specific dye MitoTracker red CMXRos (0.1 wg/ml) was added 4 h after the induction of GFP-Ras2 or Pmal-GFP
expression, and the culture was incubated for another 30 min. Cells were collected and washed twice with TE buffer. GFP fluorescence (top) and
MitoTracker red staining (middle) were examined by fluorescence microscopy. In the overlay images (bottom), pseudocolors were introduced, with
green being GFP fluorescence and red being MitoTracker red fluorescence. (B) Cells (LRB938) harboring galactose-inducible GFP-Ras2 (a to f)
or Pmal-GFP (g to 1) were grown at 25°C to mid-exponential phase. Four hours after galactose (4%) induction in SC medium (—) (a and g) or
SC medium supplemented with azide (2 mM; +) (b, ¢, h, and i), GFP images were collected. Cells were harvested and resuspended in SC-glucose
(2%) medium (repressing conditions). After a 2-h chase with azide (+) (e and k) or without azide (—) (d, f, j, and 1), the localization of GFP-Ras2
or Pmal-GFP was examined by fluorescence microscopy.
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also found at mitochondria. In mammalian cells, Grb10 is de-
tected at mitochondria and interacts with the mitochondrion-
associated Raf-1 pool (42). In yeast, the Ras GTPase activator
Iral copurifies with yeast mitochondria (25, 38, 62), and a
homolog of the yeast prenylcyteine methyltransferase, Stel4,
has been reported to be part of the mitochondrial proteome of
Neurospora crassa (59). Ras-cyclic AMP (Ras-cAMP) signaling
has been linked to the release of reactive oxygen species and
mitochondrial damage in yeast (8). Finally, Philips recently
showed that phosphorylation results in translocation of K-Ras
from the plasma membrane to the mitochondria, where it
appears to play a role in apoptosis (44).

In summary, our results demonstrate the requirement of the
class C Vps complex and functional mitochondria for the
plasma membrane targeting of yeast Ras proteins through a
Golgi complex-independent pathway. This has important im-
plications for our understanding of Ras function. Mounting
evidence points to Ras playing distinct signaling roles depend-
ing on its subcellular location. However, our understanding of
Ras trafficking and targeting is still incomplete. Genetic ap-
proaches afforded by the yeast system have led to the identi-
fication of the Ras palmitoyltransferases as well as palmitoyl-
transferases for other acylated proteins. It is now known that
palmitoylation plays a key role in Ras trafficking. Interfering
with the palmitoylation of Ras by targeting the Ras palmitoyl-
transferase might be an effective strategy for blocking Ras
activation. Given the prevalence of Ras mutations in human
cancers, this is an approach that will be actively pursued.
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