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Ras can act on the plasma membrane (PM) to mediate extracellular signaling and tumorigenesis. To identify key components
controlling Ras PM localization, we performed an unbiased screen to seek Schizosaccharomyces pombe mutants with reduced
PM Ras. Five mutants were found with mutations affecting the same gene, S. pombe erf2 (sp-erf2), encoding sp-Erf2, a palmitoyl-
transferase, with various activities. sp-Erf2 localizes to the trans-Golgi compartment, a process which is mediated by its third
transmembrane domain and the Erf4 cofactor. In fission yeast, the human ortholog zDHHC9 rescues the phenotypes of sp-erf2
null cells. In contrast, expressing zDHHC14, another sp-Erf2-like human protein, did not rescue Ras1 mislocalization in these
cells. Importantly, ZDHHC9 is widely overexpressed in cancers. Overexpressing ZDHHC9 promotes, while repressing it dimin-
ishes, Ras PM localization and transformation of mammalian cells. These data strongly demonstrate that sp-Erf2/zDHHC9
palmitoylates Ras proteins in a highly selective manner in the trans-Golgi compartment to facilitate PM targeting via the trans-
Golgi network, a role that is most certainly critical for Ras-driven tumorigenesis.

Mammals have three RAS genes, HRAS, NRAS, and KRAS,
which encode membrane-bound GTPases that control a

wide range of signal transduction pathways critical for growth,
differentiation, and cytoskeleton remodeling (1). The best-known
Ras function is to mediate growth factor signaling that occurs at
the plasma membrane (PM), and deregulation of this and other
Ras functions can promote tumor formation (2, 3). While all Ras
proteins are farnesylated to gain general membrane affinity, a sec-
ond signal is needed to specifically localize to the PM. For HRas
and NRas, this signal is provided by palmitoylation at cysteine
residues immediately upstream of the C-terminal CAAX motif.
This reaction can be catalyzed by protein acyltransferases (PATs)
that contain a DHHC domain rich with aspartate, histidine, and
cysteine residues. These DHHC-PATs are expected to localize in
the Golgi complex to allow the delivery of palmitoylated Ras pro-
teins to the PM through the trans-Golgi system (4) although this
concept has not been thoroughly demonstrated in vivo.

Humans have 24 DHHC-PATs, but it remains unresolved
which of these control palmitoylation of Ras proteins in vivo. In
contrast, the Ras pathways are considerably simpler in yeasts.
Early studies from the budding yeast Saccharomyces cerevisiae,
which has seven DHHC-PATs and two Ras proteins, suggest that
only S. cerevisiae Erf2 (sc-Erf2) controls palmitoylation of its Ras
proteins (5, 6). By sequence alignment to find putative orthologs,
zDHHC9 was predicted to be a human Ras PAT (7). Although
zDHHC9 can catalyze Ras palmitoylation in vitro, zDHHC9 can-
not rescue sc-erf2 mutant phenotypes in budding yeast (8), and
until now there has been no evidence that zDHHC9 or other hu-
man DHHC-PATs can control Ras localization in mammalian
cells. Furthermore, while ectopically expressed zDHHC9 localizes
to the Golgi complex, sc-Erf2 appears mostly in the endoplasmic
reticulum (ER). Therefore, the lack of cross-species conservation
in how DHHC-PATs work between humans and budding yeast
leaves open many unresolved questions.

In an unbiased approach to identify regulators of Ras traffick-
ing to the PM, we mutagenized the fission yeast Schizosaccharo-

myces pombe to seek mutants whose Ras protein does not effi-
ciently localize to the PM. S. pombe has a single Ras protein, Ras1,
which controls two evolutionarily conserved pathways that are
spatially segregated (9, 10). The Ras1–Byr2–mitogen-activated
protein (MAP) kinase pathway (11) functions on the PM to me-
diate mating, while the Ras1-Scd1/Ral1-Cdc42 pathway (12, 13)
functions in the endomembrane to mediate cell morphogenesis.
We reasoned that reduced PM localization by Ras1 would result in
sterility without affecting normal cell morphology. We isolated
five mutants defective in the same gene, S. pombe erf2 (sp-erf2),
named due to its sequence similarity to sc-ERF2. sp-Erf2 is one of
five fission yeast DHHC-PATs. We show here that it localizes to
the trans- but not cis-Golgi compartment and is needed for Ras1
palmitoylation. Our sequence analysis also identified several hu-
man DHHC-PATs, including zDHHC9, that are highly related to
sp-Erf2. Most importantly, ectopic expression of zDHHC9 but
not the closely related protein zDHHC14 rescues all of the pheno-
types of sp-erf2� cells. In human cells, zDHHC9 overexpression
promotes, while ZDHHC9 repression inhibits, Ras localization to
the PM; furthermore, zDHHC9 is also both necessary and suffi-
cient for Ras-induced oncogenic transformation. These results
strongly suggest that sp-Erf2 is the most critical component in S.
pombe that selectively palmitoylates Ras in the trans-Golgi com-
partment to allow efficient transport to the PM, such that even a
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partial loss of sp-Erf2 activity is sufficient to inactivate Ras signal-
ing from the PM. Our data also unequivocally establishes zD-
HHC9 as a Ras PAT for mammalian cells, strongly suggesting that
levels of zDHHC9 are tightly regulated to control Ras-induced
tumorigenesis.

MATERIALS AND METHODS
Cells and growth conditions. The wild-type parental S. pombe strain is
SP870 (h90 ade6-210 leu1-32 ura4-D18) (12). Transformations were per-
formed by the lithium acetate method (14). Protoplast fusion was per-
formed to facilitate complementation analysis of sterile strains. Strains
that stably express green fluorescent protein (GFP)-Ras1 by the ras1 pro-
moter were described previously (10). A PCR-based method was used to
delete sp-erf2 by homologous recombination (15). To generate ras1� sp-
erf2� cells, sp-erf2 was deleted in ras1� cells (strain SPRN [11]) and con-
firmed by PCR. Multiple deletion clones were checked and were found to
share the same phenotypes. The erf4�/� strain was purchased from Bion-
eer Corporation (16). The rich medium (YEAU, consisting of yeast ex-
tract, dextrose, adenine, and uracil) and minimal medium (MM) were as
described previously (17). For all experiments, cells were pregrown at
30°C to early log phase (�0.4 � 107 to 1.0 � 107 cells/ml). To induce
sexual differentiation, cells were shifted to MM lacking NH4Cl and con-
taining low glucose (18). To test for Ca2� sensitivity, a sterile stock solu-
tion of 2 M CaCl2 was added to rich medium after autoclaving. For spot-
ting growth assays, cells were concentrated to an optical density at 600 nm
(OD600) of 1 to 2 and then serially diluted 1:5 in medium. To measure
mating efficiency, colonies were patched onto MM plates, incubated at
28°C for 3 to 4 days, and then examined by microscopy to calculate the
percentage of mated cells (asci plus zygotes). Vacuole staining was per-
formed as follows. Cells were grown in rich medium to log phase, washed,
and concentrated. A 16.3 mM stock solution of the lipophilic dye FM4-64
(Molecular Probes) was added to the cells (2 �l in 400 �l cells) for 30 min.
The cells were washed with medium and then grown for an additional
hour before imaging. Mammalian cell lines 293FT, HT1080, and NIH 3T3
were cultured as described previously (19). The acinus formation experi-
ment of MCF10AT cells was conducted as described previously (20). The
culture of MCF10AT and NIH 3T3 cells in soft agar was conducted as
previously described (2, 20). SUM159 cells were cultured in F-12 medium
supplemented with 5% fetal bovine serum (FBS), 5 �g/ml insulin, and 1
�g/ml hydrocortisone (Sigma). Transfection and virus production were
generally performed as described previously (19). However, we found that
high levels of zDHHC9 are toxic to many cells we used, including
MCF10AT cells. To optimize the expression levels, we transduced the cells
with serial doses of the virus and found that a multiplicity of infection
(MOI) of 25 yielded desirable results while an MOI of �50 killed the cells.

Plasmids and plasmid construction. pRP-GFPRAS1, pRP-
GFPRAS1G17V, pSLF173-RAS1, and pSLF173-RAS1G17V were as de-
scribed previously (10). To truncate sp-Erf2 in the N terminus to delete
the first 52 amino acids, pRES was digested by BamHI, and the resulting
plasmid was religated after the overhang was filled in. The open reading
frames (ORFs) of the sp-erf2 genes from the mutants were amplified by
PCR from genomic DNA and sequenced. For expression and localization
studies, sp-erf2 was amplified by PCR from the genomic DNA of strain
SP870 and ligated into the BamHI sites of pARTCM, pSLF273, pREP81,
and pREP41GFP (21). All PCR products in this study were validated by
sequencing. pREP41-ERF2MC and pREP41-ERF2GFP were made by
cloning the endogenously tagged sp-erf2 by PCR from genomic DNA,
digesting it with BglII and ligating it into the BamHI site of pREP41.
pREP42-GMS1CFP was as described previously (22). Human ZDHHC9
was amplified by PCR from clone HSCD00295927 (DNASU Plasmid Re-
pository) (23), and ZDHHC14 was cloned from human H9 embryonic
stem cell cDNA; both were ligated into the BamHI site of pREP81. To
express mCherry (MC)-tagged Ras in mammalian cells, wild-type HRAS
and NRAS were amplified by PCR from cDNA. They were cloned into
pENTR and then transferred to pCL/mCherry-DEST, yielding pCL/

mCherry-HRas and pCL/mCherry-NRas, respectively. ZDHHC9 was also
transferred to pCL/GFP-DEST to construct pCL/GFP-ZDHHC9. The
nonsilencing control and short hairpin RNAs (shRNAs) against ZDHHC9
in the lentiviral pGIPZ vector were purchased from Open Biosystems. We
screened five shRNAs and selected the two with the highest knockdown
efficiency (from 5= to 3=): CCGTATCAAGAATTTCCAGATA (clone 1)
and CATGGAGATAGAAGCTACCAAT (clone 2).

Microscopy. The general method for imaging live S. pombe cells was as
described previously (24) using an Olympus BX61 microscope with a
100�/1.3 (numerical aperture) UPlanFL oil immersion objective lens.
Images were captured by a Hamamatsu ORCA ER digital camera. Z-stacks
of yeast cells were collected at 0.25 to 0.5 �m for seven sections. Images
used for quantification were deconvolved by constrained iteration in
SlideBook (Intelligent Imaging Innovations). To measure the GFP-Ras1
distribution, we calculated the percentage of GFP intensity at the cell
periphery with respect to the total GFP intensity in the cell from the
central focal plane using the mask functions. The general method for
imaging live mammalian cells by confocal microscopy was as described
previously (19) using a Leica TCS SP5 confocal microscope with a 63�/
1.4 oil immersion objective lens. To detect GFP and mCherry, we used
488-nm light with 30% of available argon laser power and 543-nm light
with 80% of available He-Ne laser power. Images were analyzed using the
LAS AF software (Leica) to calculate the portion of Ras at the PM over that
in the whole cell (detailed in Fig. S1 in the supplemental material). To
examine acini, an Olympus IX70 microscope with a 20�/0.4 LCPlan FL
objective lens was used, and images were captured with a Retiga 1300
camera (QImaging) and processed in ImageJ.

Real-time reverse transcription-PCR (RT-PCR). Total RNAs were
harvested using an RNeasy kit (Qiagen), and cDNAs were synthesized
from 5 �g of total RNA using a SuperScript III First-Strand synthesis
system (Life Technologies) according to the manufacturer’s instructions.
Real-time PCR was performed with Power SYBR green master mix on an
ABI 7500 fast real-time PCR system (Life Technologies). The PCR primer
pairs used were GTCTTCGCCTTCAACATCGT and AATCCAGTCAGT
CCCACGAC (human ZDHHC9), GGAGGAAATGGGAGGTGTTC and
TTCACCGCCAGGTACGGA (human ZDHHC14), GATTGGCTACCC
AACTGTTGCA and CAGGGGCAGCAGCCACAAAGGC (human
36B4), ATGGACAGGGAAGAATCGTG and TCCTCCAGTGGCAAAA
TACC (mouse Zdhhc9), and GCACAGTCAAGGCCGAGAAT and GCC
TTCTCCATGGTGGTGAA (mouse Gapdh). The relative amounts of
PCR products generated from each primer set were determined on the
basis of the threshold cycle (CT).

Western blotting. GFP-Ras1 in the acyl-biotin exchange assay was
probed with polyclonal GFP antibody (1:2,000; Invitrogen). The general
methods and materials for detecting mammalian proteins by Western
blotting were as described previously (19). All protein signals were mea-
sured by an Odyssey system using antibodies conjugated to fluorescent
molecules (LiCOR). To detect zDHHC9, we screened several antibodies
and found one from Sigma (1:500) that can strongly detect ectopically
expressed zDHHC9. However, in most cell lines, endogenous zDHHC9
levels are low, and on Western blots, zDHHC9 is frequently masked by
other proteins. We thus modified the SDS-PAGE system by changing the
concentrations of both acrylamide and bis-acrylamide to allow better sep-
aration (25).

Mutagenesis screen. SP870 cells stably expressing GFP-Ras1 were cul-
tured in YEAU medium to log phase and concentrated to 2 � 108 cells/ml
in 0.1 M sodium phosphate buffer. Ethane methyl sulfonate (EMS) was
added to the cells (50 �l in 0.2 ml) and incubated for 1 h at 30°C to yield
a 60% kill rate. The treated cell suspension was transferred to a new tube
containing 8 ml of 5% sodium thiosulfate to inactivate EMS and then
spread on MM plates. After 5 days, �105 colonies were exposed to iodine
vapor, which causes fertile cells to turn dark brown due to the presence of
glycogen-rich spores. Approximately 2,000 white colonies were selected,
and 7 of them were confirmed by microscopy as sterile (lack of spores)
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with normal elongated cell morphology and with decreased GFP-Ras1 at
the PM.

Genomic library screen. The sp-erf2-1 mutant cells stably expressing
GFP-Ras1 were transformed with 1 �g of a low-copy-number genomic
library, pRSPL4.3 (26), and plated on YEAU plates. After overnight incu-
bation, the cells were replica plated onto YEAU plates containing 100 mM
CaCl2, and 2 days later, cells were replica plated onto auxotrophic selective
medium. Based on the transformation efficiency of the host cells (50,000
cells transformed) and the complexity of the library (106, or 2,100 genome
equivalents), we expected that every S. pombe gene would be screened
approximately 13 times. However, we isolated just one S. pombe colony
that was reproducibly resistant to Ca2�. The plasmid, named pRES by us,
was isolated from cells in this colony.

Evolutionary trace analysis of sp-Erf2. The evolutionary trace (ET)
was performed as described previously (27). The sp-Erf2 protein sequence
was first blasted against the NCBI Reference Sequence database (28). In
order to identify functional homologs, the protein sequences were filtered
based on protein length (90% of the query protein) and sequence identity
(�35%). We obtained 41 fungal homologs that were then aligned and ana-
lyzed (29). The identity of these homologous sequences and the analysis can
all be found at http://mammoth.bcm.tmc.edu/aw11/erf2_analysis.html.

Sequence analysis of the DHHC-PAT family. The DHHC and trans-
membrane regions of sp-Erf2 were defined by the Uniprot resource (http:
//www.uniprot.org). Proteins were aligned using the PROMALS server
(30). Sequence similarity was calculated with the BLOSUM62 matrix, and
the phylogenetic tree was made with the unweighted pair group method
with arithmetic mean (UPGMA).

Statistical analysis. All data are shown as means � standard errors of
the means (SEM). All P values were analyzed by an unpaired Student’s t
test compared to the wild type or vector control.

RESULTS
Isolation of S. pombe mutants with reduced ras1 at the PM. To
identify critical components that control Ras1 trafficking to the
PM, we conducted a mutagenesis screen using S. pombe in which
Ras1 controls two compartmentalized pathways with distinct and
easily detectable signaling outputs (mating and elongated cell
morphology). S. pombe cells stably expressing GFP-Ras1 were
mutagenized by EMS (ethyl methanesulfonate) and first screened
for sterility by an iodine vapor assay (31). Isolated colonies were
then tested microscopically to confirm the presence of the normal
elongated cell shape and the mislocalization of GFP-Ras1.

The mislocalization of GFP-Ras1 in five clones is apparent even
during vegetative growth, with a substantial portion of GFP-Ras1
accumulated on internal membranous structures (Fig. 1A; see also
Fig. S2A in the supplemental material) that resemble vacuoles.
The Ras1-Byr2 mating pathway is tightly regulated spatially: Byr2
has been shown to translocate to the PM at the onset of sexual
differentiation (32). Strikingly, when GFP-Ras1 was examined
during sexual differentiation, it was essentially undetectable at the
PM in all of the isolated mutants (Fig. 1A). Consistent with the
concept that Ras1 PM localization is essential for mating, mating
efficiencies in the mutants are substantially reduced (Fig. 1B; see
also Fig. S2A). Further genetic tests showed that all five mutants
carry recessive mutations and belong to the same complementa-
tion group, indicating that the same gene was identified five times
in our screen.

The mutated gene encodes the palmitoyltransferase Erf2. In
microscopy experiments, we noticed that the vacuoles in the iso-
lated mutants are about half the diameter of those in the parental
cells (see Fig. S2B in the supplemental material). Such a phenotype
may reflect defects in the vacuole protein sorting or vesicle traf-
ficking and often coincides with sensitivity to high Ca2� levels

(33). We thus screened the isolated mutants and found that four of
them are hypersensitive to Ca2� (Fig. 1C; see also Fig. S2A). This
robust Ca2� sensitivity enabled us to identify the wild-type ver-
sion of the gene in these mutants by complementation. To this
end, we chose the mutant with the strongest Ca2� phenotype as
host, which was transformed with a low-copy-number genomic
library (1 to 2 plasmids/cell) (see Materials and Methods) and
plated in the presence of high levels of Ca2�. We recovered one
library clone carrying two full-length genes. By deletion analysis,
we determined that only erf2 was needed to rescue the phenotype
of the mutant cells.

The erf2 gene in S. pombe was first identified as mug142 (mei-
osis upregulated) because it is induced during meiosis (34, 35).
Erf2 is named after the putative ortholog ERF2 in S. cerevisiae,
which is a palmitoyltransferase (36), and recently S. pombe Erf2
has been shown to regulate the palmitoylation of Ras (37). To
distinguish between the erf2 in S. pombe and that in S. cerevisiae,
we have added a prefix (sp or sc, respectively). We named the
mutant allele in the strain used for the complementation screen
sp-erf2-1. Indeed, when sp-erf2 was deleted in the parental strain
(sp-erf2�), sp-erf2� cells induced the same phenotypes as the sp-
erf2-1 strain (see Fig. S2 in the supplemental material), and they
are allelic by genetic segregation analysis (data not shown). These
data collectively suggest that we isolated mutations of sp-erf2 in
our screen, and we named these mutants sp-erf2-1-5.

Despite the presence of five closely related DHHC-PATs in S.
pombe, mutants defective in sp-erf2 were the only DHHC-PAT

FIG 1 Phenotype of sp-erf2 mutants. (A) Wild-type (WT) cells and two ex-
amples of strains carrying mutant alleles of sp-erf2 expressing GFP-Ras1 (sta-
bly transformed by pRP-GFPRAS1) were either grown in rich medium to log
phase or starved in nitrogen-depleted minimal medium to induce sexual dif-
ferentiation, and their GFP-Ras1 was examined by deconvolution fluorescence
microscopy. For vegetative cells, the percentage of GFP-Ras1 at the PM versus
the whole cell for the central focal plane of individual cells was quantified as
shown on the right (n 	 20 cells; *, P 
 10�15). The arrows point to circular
structures that resemble vacuoles. We note that in budding yeast mutants
where Ras is mislocalized from the plasma membrane, Ras also accumulated
on the vacuole (5) Scale bar, 10 �m. (B) Mating efficiency was calculated after
patching colonies on MM plates. At least 500 cells were counted for each
colony patch (n 	 3 colonies; *, P 
 0.007). (C) Cells were grown to log phase
and serially diluted and spotted on plates with the indicated amounts of CaCl2.
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mutants we isolated, and they were isolated five times. Further-
more, GFP-Ras1 was not detectably mislocalized when genes en-
coding other nonessential DHHC-PATs were deleted (see Fig. S3
in the supplemental material). These results strongly suggest that
sp-erf2 encodes the primary DHHC-PAT controlling Ras1 PM
localization.

Epistasis analysis on the relationship between sp-Erf2 and
Ras1. To determine whether sp-Erf2 and Ras1 act in the same
pathway and in what order they act, we performed genetic exper-
iments using null mutants. Since sp-Erf2 is proposed to control
Ras1 localization to the PM, we first examined how sp-Erf2 inter-
acts with Ras1 with respect to mating. When ras1 was overex-
pressed in sp-erf2� cells, the mating efficiency of sp-erf2� cells was
increased (Fig. 2A); conversely, when sp-erf2 was overexpressed in
ras1� cells, the sterility of ras1� cells was not affected (Fig. 2B). In
addition, when both ras1 and sp-erf2 were deleted, the double
mutant was viable and as sterile as ras1� cells (Fig. 2C). These data
agree with the model that Erf2 acts upstream of Ras1 in a linear
pathway for mating. Intriguingly, cells defective in Ras1 and sp-
Erf2 are both hypersensitive to Ca2�. When either wild-type or

constitutively active Ras1 was overexpressed, the Ca2� tolerance
in sp-erf2� cells was improved (Fig. 2D); reciprocally, when sp-
erf2 was overexpressed, Ca2� tolerance was improved in ras1�
cells (Fig. 2E). Furthermore, ras1� sp-erf2� cells are viable al-
though their Ca2� sensitivity is stronger than that of cells in the
single mutants (Fig. 2F). These data support the possibility that
with respect to Ca2� tolerance, Ras1 and sp-Erf2 act cooperatively.

Protein sequence analysis of sp-Erf2 and related proteins to
predict functional domains and human orthologs. We analyzed
the amino acid sequence of sp-Erf2 in order to define functional
domains necessary for controlling Ras activity. sp-Erf2 is pre-
dicted to have four transmembrane domains (TMDs), with both
the N and C termini, as well as an inner loop containing a con-
served DHHC domain, facing the cytoplasm (Fig. 3A). To estab-
lish the general evolutionary importance of these residues, we ap-
plied the evolutionary trace (ET) method (29, 38), which uses
phylogenetic relationships in related proteins to estimate the rel-
ative evolutionary pressure on each residue. Evolutionarily im-
portant residues identified by ET have been shown to coincide
with functional sites within proteins (39–41). As shown in Fig. 3B,

FIG 2 Epistatic analysis of sp-erf2 and ras1 cells. (A) sp-erf2� and ras1� cells were transformed with either a vector control (Cntl) or linearized pRP-GFPRAS1,
which expresses GFP-tagged Ras1, using a ras1 promoter. Cells in which GFP-Ras1 was stably expressed were selected. Mating was examined in n �4 patches, and
in each patch, �500 cells were examined, resulting in a detection limit of 0.2% (*, P 	 0.005). (B) sp-erf2� and ras1� cells were transformed with a vector control
or with pSLF273-ERF2. Colonies were pooled, and the mating efficiency was measured. We note that the mating efficiency of wild-type cells in our hands is about
60%. While sp-Erf2 overexpression in sp-erf2� cells fully restored mating to wild-type levels, Ras1 overexpression in ras1� cells did not. We believe that this is
due to too much Ras1 activity, which can inhibit the mating response (65, 66). (C) Cells (n 	 3 patches) of the indicated genotype were induced to mate, and the
mating efficiency was calculated as described for panel A. (D) sp-erf2� cells were transformed with the vector control or with a vector expressing wild-type Ras1
(pSLF173-RAS1), constitutively active Ras1 (pSLF173-RAS1G17V), or Erf2 (pSLF273-ERF2). Transformed cells were serially diluted and spotted on plates with
the indicated levels of added CaCl2. (E) ras1� cells were transformed either with the vector control or with pSLF273-ERF2 or pARTCM-ERF2, which express Erf2
by the relatively weak nmt1 promoter or the strong adh promoter (marked by an asterisk). Since adh-erf2 is toxic to cells grown in liquid, transformants directly
from the plate were used for spotting. To overexpress Ras1, pSLF173-RAS1 was used, and the resulting cells were examined as described for panel D. (F)
Approximately 1,000 logarithmically grown cells of the indicated genotype were spread in triplicate (n 	 3) on plates with different concentrations of Ca2�,
resulting in a detection limit of 0.1%. The emerged colonies were counted, and the colony numbers were normalized to those of the no-Ca2� control.
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the first 60 or so amino acids were found to have low evolutionary
importance and contain no obvious protein sequence motifs. In
addition, during the course of the deletion analysis on pRES, we
created a truncated sp-Erf2 lacking the first 52 amino acids (Ma-
terials and Methods) and found that it was functionally indistin-
guishable from wild-type sp-Erf2. These results suggest that the
first 60 residues are not functionally critical.

The most evolutionarily important region is from amino acid
residue 190 to 230 (Fig. 3B), a region which contains the DHHC
domain, a hallmark of PATs. Studies of sc-Erf2 confirm that the
DHHC residues, such as H201, are directly involved in the palmi-
toylation reaction (42). We sequenced the sp-erf2 ORF in each of
the mutants (Fig. 3B), and in support of the concept that H201 is
critical to Ras palmitoylation, replacing the corresponding residue
in sp-Erf2 (H210) with tyrosine (encoded by sp-erf2-5) created a
nearly null phenotype (Fig. S2A see Fig. S2A in the supplemental
material). The arginine at position 194 is conserved among ho-
mologs, and even a substitution with another positively charged
amino acid histidine, encoded by sp-erf2-2, generated a readily
detectable phenotype. Finally, the sp-erf2-3 mutation produces an
early stop codon at position 201, leading to the loss of half of the
DHHC domain and the rest of sp-Erf2 and, not surprisingly,
yielding a null-like phenotype. These and other results support the
concept that the DHHC region is essential for the catalytic activity
of sp-Erf2 and other PATs.

Of the TMDs, the two TMDs in the C terminus are moderately
more evolutionarily important than the two in the N terminus
(Fig. 3B), suggesting that the latter TMDs may be more important
for the function of PATs. In support of this, our genetic data
indicate that the sp-erf2-1 mutation results in a glycine-to-argin-
ine substitution at position 243 and produces the most severe

phenotype even though the DHHC region is intact. In contrast,
erf2-4 introduces an early stop codon at position 110 within the
first TMD to cause one of the mildest phenotypes (Fig. 1; see also
Fig. S2A in the supplemental material). We suspect that the erf2-4
mutant protein starts at a second methionine at position 132 to
produce a truncated protein with an intact DHHC region and two
C-terminal TMDs but lacking the first two TMDs. In conclusion,
our data suggest that while the DHHC region is essential for the
catalytic activity for Erf2 and other PATs, the C-terminal TMDs
are also essential for the biological functions of these proteins,
perhaps by controlling where the protein localizes and interacts
with substrates.

sp-Erf2 controls Ras1 palmitoylation and localizes to the
trans-Golgi compartment. Since proteins with the DHHC do-
main are predicted to be PATs, we measured levels of Ras1 palmi-
toylation in the cell by an acyl-biotin exchange assay (43). Consis-
tent with the model that sp-Erf2 catalyzes Ras1 palmitoylation,
GFP-Ras1 labeled by N-[6-(biotinamido)hexyl]-3-(2=-pyridyldi-
thio)propionamide (biotin-HPDP) and pulled down by strepta-
vidin in sp-erf2�cells is greatly reduced, suggesting that it is not
efficiently palmitoylated (Fig. 4A).

Based on current models of protein palmitoylation in mam-
malian cells, a Ras PAT would be expected to reside in the Golgi
complex (4, 7). To examine this in S. pombe, we first attempted to
tag endogenous sp-Erf2 by various fluorescent proteins (in single
or triple copy) via homologous recombination. However, sp-Erf2
appeared to be expressed at very low levels and was undetectable
despite our efforts to induce it by nitrogen starvation (data not
shown). We thus subcloned the genomically C-terminally tagged
sp-Erf2 and ectopically expressed it by a moderate thiamine-re-
pressible nmt (nmt**) promoter. We also similarly expressed sp-

FIG 3 Protein sequence analysis of sp-Erf2. (A) Putative sp-Erf2 topology predicted by TMRPres2D software (67) utilizing the hydrophobicity plot prediction
algorithm TMHMM, version 2.0. Arrows mark the regions of the protein affected by the mutagenesis in the screen. (B) The degree of variation for a given residue
in sp-Erf2 is shown in a color-coded evolutionary trace heat map, where the residues shown in red are the most evolutionarily important while those in purple
are the least important. Predicted transmembrane regions are underlined. The DHHC motif is boxed in red. Arrowheads mark residues mutated in the screen;
in particular, red arrowheads denote mutations that yield a truncation product.
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Erf2 tagged at the N terminus. In both cases, tagged sp-Erf2 res-
cued the phenotypes of sp-erf2� cells as efficiently as the untagged
version (see Fig. S4A in the supplemental material). These results
indicate that the tagged versions of sp-Erf2 can be used as good
surrogates for further studying sp-Erf2 localization. By micros-
copy, N- or C-terminally tagged sp-Erf2–GFP can be readily seen
at the cell tips and as mobile dots (Fig. 4B and data not shown),
which resemble Golgi markers. A similar conclusion has been
reached from a previous study that globally examined subcellular
localization of S. pombe proteins (44).

To further examine whether these mobile dots are indeed Golgi
markers, we treated the tagged cells with brefeldin A (BFA), which

is known to also collapse the Golgi complex into the endoplasmic
reticulum (ER) in S. pombe (45). Our data showed that the GFP–
sp-Erf2 dots in the BFA-treated cells were no longer visible, and
more GFP–sp-Erf2 could be seen colocalizing with an ER marker
(24) encircling the nucleus (see Fig. S4B in the supplemental ma-
terial). To decipher in which Golgi compartments sp-Erf2 local-
izes, we examined markers for two key Golgi compartments, Anp1
for the cis-Golgi compartment (46) and sp-Sec72 and Gms1 for
the trans-Golgi compartment (22, 46, 47). Vesicles are received
from the ER by the cis-Golgi compartment and can be delivered to
the PM from the trans-Golgi compartment. Our data showed that
sp-Erf2 did not markedly colocalize with the cis-Golgi marker al-
though they were often adjacent to one another (Fig. 4B). In con-
trast, substantial overlap was observed between sp-Erf2 and either
of the trans-Golgi markers. These data strongly support the model
that Ras palmitoylation by sp-Erf2 occurs primarily in the trans-
Golgi compartment to allow efficient delivery to the PM.

Our sequence analysis (Fig. 3B) suggests that the sp-erf2-1 mu-
tation (G243R) can interfere with the interaction between its third
TMD and cell membranes. In support of this, our data show that
GFP–sp-Erf2-1 localizes primarily to the ER, as evident by the
characteristic signal at the nuclear ring, cytoplasmic tubules, and
cell periphery (Fig. 4C). It has been shown that sc-Erf2 appears to
work together with a nonenzymatic cofactor, sc-Erf4 (48), whose
in vivo role remains largely unclear. S. pombe has a putative sp-
Erf4 ortholog. We found that its loss creates growth defects not
seen with the sp-erf2� cells, which may be why it was not isolated
in the initial mutagenesis screen (see Discussion). In sp-erf4� cells,
Ras1 localization to the PM was diminished (see Fig. S3 in the
supplemental material). Importantly, we also examined GFP-Erf2
in sp-erf4� cells and found that GFP-Erf2 appeared to form large
aggregates, and its localization to the Golgi complex was reduced
with an increase in ER localization, as seen with the sp-Erf2-1
mutant (Fig. 4D). These data strongly suggest that Golgi localiza-
tion is essential for sp-Erf2 regulation of Ras1, and this process
requires G243 in its third TMD and a functional Erf4.

zDHHC9 controls PM localization of Ras proteins in S.
pombe. There are 24 DHHC-PATs in humans. To predict which
would be the closest putative orthologs to sp-Erf2, we first aligned
the 5 fission yeast, 7 budding yeast, and 24 human DHHC-PATs.
This whole sequence comparison readily separated sp-Erf2 from
the four other S. pombe DHHC-PATs and from the majority of
human DHHC-PATs (Table 1) but did not lead to a clear evolu-
tionary kinship with a human ortholog. Next, we focused on the
sequence similarity among the most important functional resi-
dues, as predicted by an evolutionary trace of sp-Erf2. Consistent
with the findings of other groups (7, 49), we found that in the most
functionally relevant parts of the sequence, zDHHC9 was the most
similar to sp-Erf2, earmarking it as a potential Ras PAT for human
cells. Strikingly, we found that sp-Erf2 is more similar to zDHHC9
than it is to sc-Erf2 in functional residues.

zDHHC9 has also been suggested to be a Ras PAT in biochem-
ical assays using purified proteins (7); however, there is no data to
show that in vivo zDHHC9 acts as a Ras PAT. Notably, zDHHC9
could not rescue the phenotype of budding yeast sc-erf2� cells (8),
and repressing it in human cells did not affect HRas localization
(4). Regardless, we investigated whether human zDHHC9 can re-
place sp-Erf2 in S. pombe. Remarkably, when zDHHC9 was ex-
pressed in sp-erf2� cells, Ca2� tolerance, Ras1 PM localization,
and mating were all readily restored (Fig. 5). In contrast, when the

FIG 4 Sp-Erf2 is required for efficient Ras1 palmitoylation and localizes to the
trans-Golgi compartment. (A) Lysates from wild-type and sp-erf2� cells ex-
pressing GFP-Ras1 were first incubated in N-ethylmaleimide to cap all free
cysteines (nonpalmitoylated). Lysates were treated with hydroxylamine (HA;
�) or with a Tris buffer as control (�) to remove palmitoyl groups. Newly
exposed cysteines could then be tagged by biotin-HPDP, which is pulled down
with streptavidin (SA) and detected by Western blotting. (B) Cells carrying
Anp1-GFP or sp-Sec72–GFP were transformed by pREP41-ERF2MC, which
expresses MC-tagged Erf2; in addition, SP870 cells were cotransformed with
vectors expressing Gms1-cyan fluorescent protein (CFP) and Erf2-MC (by
pREP42-GMS1CFP and pREP41-ERF2MC). These cells were grown in MM
and then examined by deconvolution fluorescence microscopy. There are ap-
proximately 5 to 7 dots each of sp-Erf2–MC and a Golgi marker in the central
plane of a given cell (left). The percent overlap between sp-Erf2 dots and Golgi
marker dots in a cell (n � 200 dots in at least 20 cells) was quantified as shown
on the right. (C) sp-erf2� cells were transformed with a vector expressing the
GFP-tagged mutant Erf2-1 (using pREP41-GFPERF2-1) and examined as de-
scribed for panel B. (D) sp-erf4� (WT) and sp-erf4� cells, derived from the
same sp-erf4�/� diploid cell, were transformed to express GFP–sp-Erf2
(pREP41-GFPERF2) and examined by fluorescence microscopy. An arrow
marks sp-erf4� cells containing apparent GFP–sp-Erf2 aggregates.
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closely related zDHHC14 (Table 1) was expressed, only Ca2� sen-
sitivity was rescued (see Fig. S5 in the supplemental material).
These results strongly support the model that zDHHC9 specifi-
cally regulates Ras functions.

zDHHC9 controls PM localization of Ras proteins in human
cells. To functionally validate the role of zDHHC9 on Ras in hu-
man cells, we measured Ras localization to the PM when zDHHC9
was either repressed (by gene silencing) or overexpressed. We
chose the human fibrosarcoma HT1080 cell line for the gene si-
lencing experiments in part because these cells have a spread-out
cell morphology ideal for comparing Ras levels at the PM and
cytoplasm. We screened shRNA clones by quantitative PCR
(qPCR) and found two that efficiently and selectively repressed
ZDHHC9 expression but not that of the closely related ZDHHC14
(data not shown). To optimize the gene-silencing experiments, we
performed both qPCR and Western blotting at two time points (7
and 14 days) after gene silencing. As shown in Fig. 6A, although

ZDHHC9 mRNA levels were already greatly reduced at day 7, a 50
to 60% reduction in zDHHC9 protein levels was not observed
until day 14. The shRNA did not affect levels of endogenous NRas,
which is overexpressed in this cell line, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), or total extracellular signal-reg-
ulated kinase (ERK), but it did reduce phospho-Erk1/2 levels, a
marker of Ras signaling (Fig. 6B).

We then went on to examine the effect of ZDHHC9 repression
on Ras localization using mCherry (MC)-tagged NRas as a re-
porter. HT1080 cells selected for carrying the shRNA vector were
transfected at day 6 and day 13 to express MC-NRas, and the
resulting cells were examined 24 h later live by confocal micros-
copy. In agreement with the time course of zDHHC9 protein re-
duction after gene silencing, ZDHHC9 knockdown caused a
�50% reduction in PM MC-NRas, concomitant with an increase
of MC-NRas in the cytoplasm, at day 14 (Fig. 6C) but not at day 7
(see Fig. S6 in the supplemental material). This effect was abro-
gated by a cDNA encoding zDHHC9 that is refractory to the
shRNA, further demonstrating that zDHHC9 is specifically re-
sponsible for proper Ras localization to the PM. HRas was also
tested and yielded similar results (see Fig. S7).

Conversely, we investigated whether zDHHC9 overexpression
can induce Ras localization to the PM. For this study, we chose to
focus on NRas because it is frequently found in the cytoplasm at
higher levels than HRas, presumably due to the fact that NRas has
one palmitolylation site whereas HRas has two (50). This phe-
nomenon is evident in SUM159 human breast cancer cells (Fig.
6D). We expressed either GFP-zDHHC9 or the GFP vector con-
trol, together with MC-NRas, and found that zDHHC9 overex-
pression doubled NRas at the PM as examined by confocal mi-
croscopy. In addition, NRas and zDHHC9 signals overlap
substantially in these cells in a perinuclear region, supporting the
concept that they can interact in the Golgi complex.

zDHHC9 controls Ras-induced transformation. Ras proteins
are well known drivers for many types of cancers, but until now,
the key way to gauge their impacts on cancer was to measure
oncogenic mutations. It is conceivable that factors such as
zDHHC9 that can increase Ras signaling outputs on the PM can

TABLE 1 Protein sequence similarity of a subset of DHHC-PATs to
sp-Erf2

Proteina

Percent similarity of the indicated region or sequence to
sp-Erf2b

Whole
sequence

DHHC
alone DHHC�TMD

Top 50%
residues

zDHHC9 32 82 55 54
zDHHC14 33 78 50 51
zDHHC18 31 75 50 49
zDHHC5 25 77 50 45
zDHHC8 25 78 49 45
zDHHC19 26 61 42 38
sc-Erf2 33 71 51 49
a After whole protein sequences were analyzed, this subset of human DHHC-PATs and
sc-Erf2 were readily separated from the rest of the DHHC-PATs in humans, budding
yeast, and fission yeast to be closely related to sp-Erf2.
b To further determine which human DHHC-PATs are most closely related to sp-Erf2,
regions of high conservation were analyzed. We analyzed either just the DHHC
domain, the DHHC domain together with the TMDs, or the top 50% ranked amino
acid residues as determined by ET.

FIG 5 zDHHC9 can replace sp-Erf2 in S. pombe and control Ras1 localization. (A) sp-erf2� cells stably expressing GFP-Ras1 were transformed either with a
vector control or with a vector expressing sp-Erf2 (pREP81-ERF2) or zDHHC9 (pREP81-ZDHHC9) and examined by microscopy as described in the legend of
Fig. 1A (n 	 15 cells; *, P 
 10�4). (B) Cells from the experiment shown in panel A were tested for Ca2� sensitivity as described in the legend of Fig. 1C. (C) Cells
from the experiment shown in panel A were tested for mating in triplicate (n 	 3) as described in the legend of Fig. 1B. *, P � 0.01.
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also promote tumor formation. Indeed, zDHHC9 has been shown
to be upregulated in colorectal cancer (51) by immunohistochem-
istry. To further examine the scale of zDHHC9 overexpression in
cancers, we searched the Oncomine database, which has a large
collection of gene expression studies from a wide range of cancers.
As shown in Fig. 7A, we detected ZDHHC9 overexpression in
many additional cancers. As a comparison, we also searched SOS1
and SOS2 (SOS1/2) which encode guanine nucleotide exchange
factors, the best known of Ras activators, and found that they are
only sparsely overexpressed in human cancers and that there seem
to be as many cancers in which they are downregulated. This ob-
servation suggests that among known proteins that directly regu-
late Ras, overexpression of ZDHHC9 but not SOS1/2 appears to be
favorably selected for during tumor formation in a wide range of
tissues.

To ascertain whether zDHHC9 can modulate Ras-induced
transformation, we first turned to a classic model of cellular trans-
formation using murine NIH 3T3 cells. We have generated NIH
3T3 cells that stably express oncogenic HRas with a Q61L muta-

tion [HRas(Q61L)] or KRas-4B(Q61L) (2, 19). PM Ras proteins
in these cells are known to signal to the Raf-Erk MAP kinase path-
way, which is important for cell transformation. As shown in Fig.
7B, Zdhhc9 silencing reduced Erk phosphorylation induced by
oncogenic HRas but not by oncogenic KRas-4B, which is not
palmitoylated. NIH 3T3 cells expressing HRas(Q61L) can effi-
ciently form colonies in soft agar, bypassing anchorage depen-
dence. However, when Zdhhc9 was repressed, the number of col-
onies that emerged was reduced by half (Fig. 7C). We note that a
similar reduction in colony formation was obtained when the pal-
mitoylation sites in HRas(Q61L) were mutated (Fig. 7C), creating
HRas(Q61L C181S C184S) which transforms cells by activating
only cytoplasmic effectors (2, 52–54). In further support of the
concept that repression of Zdhhc9 selectively blocks Ras signaling
at the PM, we found that Zdhhc9 knockdown did not inhibit col-
ony formation in NIH 3T3 cells expressing the palmitoylation-
deficient HRas(Q61L C181S C184S).

ZDHHC9 overexpression can be found in cancers that fre-
quently harbor oncogenic RAS mutations, such as colon cancer, as

FIG 6 zDHHC9 is both necessary and sufficient to control Ras PM localization in mammalian cells. (A) HT1080 cells were transduced by a puromycin-selectable
viral vector that expresses either a control or shRNA against ZDHHC9 (clone 2). The cells were grown in puromycin and examined by qPCR on day 7 and 14 (n 	
3 reactions; *, P 
 0.05). Similar results were obtained with another shRNA clone (clone 1) (data not shown). For the rest of the studies using human cells, clone
2 shRNA was used throughout. To determine knockdown efficiencies at the protein level, HT1080 cells were similarly silenced, and the lysates were examined by
Western blotting. Relative zDHHC9 levels, normalized to GAPDH, are shown below the blot. (B) ZDHHC9 in HT1080 cells was similarly silenced as described
for panel A, and 14 days after transduction, the indicated proteins were examined by Western blotting. Relative phospho-Erk1/2 levels, normalized to GAPDH,
are shown below the blot. (C) ZDHHC9 in HT1080 cells was repressed as described for panel A. On day 13, cells were transfected to express MC-NRas, and the
ZDHHC9-repressed cells were also transfected with or without shRNA-refractory GFP-zDHHC9 (Rescue). They were examined the next day by confocal
microscopy. We note that the shRNA vector is marked by GFP, whose signal is diffused in the cell. In contrast, GFP-zDHHC9 mostly appears in the endomem-
brane compartment. Therefore, for the rescue we analyzed MC-NRas in cells with the appropriate GFP patterns. The relative levels of MC-NRas at the PM and
cytoplasm were quantified. Cell numbers were as follows: 32 for control shRNA, 22 for ZDHHC9 shRNA, and 11 for ZDHHC9 shRNA plus Rescue (*, P 
 0.01).
(D) SUM159 cells were cotransfected to express MC-NRas, together with either a GFP vector control or GFP-zDHHC9, and examined by microscopy as
described for panel C (n 	 7 cells, vector control; n 	 10 cells, GFP-zDHHC9) (*, P 
 0.05).
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well as in cancers not previously known to contain frequent RAS
mutations, such as prostate and breast cancers (Fig. 7A) (55). For
example, we analyzed microarray data of human breast tumors
from The Cancer Genome Atlas (TCGA) (56) and found that
ZDHHC9 levels are 2-fold higher in tumors than in normal tissues
(see Fig. S8A in the supplemental material). Moreover, ZDHHC9
levels are particularly elevated in two breast cancer subtypes (57),
basal-like and Her2� (see Fig. S8B), known to be dependent on
growth factor signaling for growth. To investigate the role of
zDHHC9 in human breast cancer, we used a premalignant breast
cancer cell line, MCF10AT, which was derived from the normal
basal-like human mammary epithelial MCF10A line after onco-
genic HRas was introduced (58). While the parental MCF10A cells
cannot form colonies in soft agar, MCF10AT cells can do so mod-
estly. However, when ZDHHC9 was repressed, colony formation
was abolished (Fig. 7D). In three-dimensional culture using
Matrigel, mammary epithelial cells can form acini, ball-like struc-
tures that resemble terminal end buds in the mammary gland.
Proper acinus formation is sensitive to oncogenic activity, such as
hyperproliferation, which can increase acinus size (20, 59). To test
whether zDHHC9 can promote tumorigenic properties, we over-
expressed GFP-zDHHC9 in MCF10AT cells and seeded the cells
in Matrigel. As shown in Fig. 7E, zDHHC9 overexpression led to a
4-fold increase in acini that are abnormally large compared to cells

expressing the vector control. All together, we have demonstrated
definitively that zDHHC9 is a key factor controlling Ras localiza-
tion to the PM, as well as Ras-induced transformation in mam-
malian cells.

DISCUSSION

While Ras proteins must localize to the PM to mediate extracellu-
lar signaling, how Ras PM targeting is controlled remains incom-
pletely understood. Guided by the S. pombe sp-Erf2–Ras1 path-
way uncovered in this study, the data strongly support the model
that zDHHC9 acts as a Ras PAT in the trans-Golgi compartment,
enabling palmitoylated Ras proteins to be readily delivered to the
PM. Most importantly, ZDHHC9 is more widely overexpressed in
human cancers than SOS1/2; in addition, we demonstrate that
ZDHHC9 repression inhibits, while ZDHHC9 overexpression
promotes, Ras-induced transformation. Therefore, it seems
highly probable that ZDHHC9 overexpression is favorably se-
lected to promote tumorigenesis.

Our results differ from previous studies of sc-Erf2 and
zDHHC9 in several ways that may reveal how DHHC-PATs con-
trol Ras in other eukaryotes. The first major difference is that
human zDHHC9 cannot rescue the phenotype of budding yeast
sc-erf2 mutant cells (8), while zDHHC9 can fully rescue the sp-
erf2� phenotype in S. pombe. We speculate that this difference

FIG 7 zDHHC9 controls Ras-induced mammalian cell transformation. (A) Gene summary from Oncomine search. The search thresholds were as follows:
1.5-fold change, P value of 
10�4, and gene rank of 
10%. Overexpression is marked by red, while repression is marked by blue. The number in the cell indicates
the number of studies meeting the search thresholds. The color intensity map (bottom) corresponds to the best gene rank percentile; e.g., a deep red means that
it is ranked at the top 1% most overexpressed. (B) NIH 3T3 cells stably expressing HRas(Q61L) or KRas-4B(Q61L) were infected with the shRNA ZDHHC9 clone
1, which is better matched with mouse Zdhhc9 sequence, and cultured for 14 days with puromycin. Cells were lysed, and the indicated proteins were examined
by Western blotting. (C) NIH 3T3 cells stably expressing HRas(Q61L) or palmitoylation-deficient HRas(Q61L C181S C184S) were infected with shRNA and
grown in puromycin for 14 days before being seeded in soft agar in triplicate (n 	 3). *, P 
 0.01; NS, not significant. (D) ZDHHC9 in MCF10AT cells was silenced
by shRNA as described for panel C, and lysates were examined by Western blotting. Similarly prepared cells were seeded for colony formation in soft agar. *, P 

0.01. (E) MCF10AT cells were transfected to express a control GFP vector or GFP-zDHHC9 and cultured with puromycin for 4 to 5 days. Lysates were examined
by Western blotting. Transfected cells were seeded into Matrigel and cultured for 13 days to form acini. The nuclei of cells in acini were stained with Hoechst
33342 and examined by microscopy, as shown below the graph. Scale bar, 20 �m. The diameter (�m) of acini was measured in ImageJ, and the value is shown
below the photograph (for the control, n 	 29 acini; for GFP-zDHHC9, n 	 65 acini; *, P 
 0.005). Abnormal acini are defined as acini that are greater than the
mean diameter of control acini plus 1 standard deviation (6.5 �m).
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may be explained by the possibility that Ras palmitoylation is cell
compartment specific (see below): sc-Erf2 is mainly localized to
the ER but not the Golgi complex, where the bulk of sp-Erf2 and
zDHHC9 reside. We found that the Golgi localization of sp-Erf2
requires a glycine at position 243 in the third TMD, and replacing
this glycine with a negatively charged residue disrupts it. Interest-
ingly, the corresponding position of G243 in zDHHC9 is an ala-
nine, which structurally and chemically resembles glycine; in con-
trast, it is a threonine in sc-Erf2. These results suggest that proper
Golgi localization requires that a position corresponding to 243
must be an amino acid with a very short side chain that cannot
interact with its neighboring residues by charge or hydrogen
bonding. It is also possible that zDHHC9 cannot interact with
budding yeast Ras proteins because they are structurally different
from those in humans and S. pombe. For example, Ras proteins
structurally diverge most substantially in the C-terminal region
known as the hypervariable region (HVR). Among known Ras
proteins, budding yeast Ras proteins have the longest HVR, with
117 amino acid residues that must be trimmed off in order to
function in mammalian cells (59). In contrast, S. pombe Ras1 is
much closer to human Ras proteins in terms of HVR length (47
versus 24 amino acids).

sc-Erf2 has been shown to work together with sc-Erf4 although
the in vivo function of sc-Erf4 is not fully understood. Our data
indicate that in sp-erf4� cells, sp-Erf2 is prone to aggregate forma-
tion and mislocalizes from the Golgi complex. We thus propose
that sp-Erf4 is needed for proper sp-Erf2 folding and localization.
While sp-Erf2 is mislocalized to the ER in the sp-erf2-1 mutant, it
does not form aggregates as it does in sp-erf4� cells. Therefore,
mislocalization to the ER, in and of itself, does not induce sp-Erf2
aggregate formation. Finally, we speculate that sp-Erf2 aggregates
may be targeted by the protein quality control system, which may
explain why in budding yeast, loss of sc-Erf4 induces polyubiqui-
tylation on sc-Erf2 (60). In the initial budding yeast screen, several
sc-erf4 mutations were isolated (5); in this screen, however, sp-erf4
mutations were not isolated. We believe that in S. pombe at least,
sp-Erf4 can control functions not shared with sp-Erf2 that are
important for proper cell growth. For example, in our attempt to
select sp-erf4� and sp-erf4� haploid cells from an sp-erf4�/� dip-
loid, the sp-erf4� cells appeared at a frequency of just 8%, far less
than expected (50%), and the transformed sp-erf4� cells also
emerged much more slowly (data not shown). In further support
of the concept that sp-erf4 can control a different set of functions,
in a recent global analysis of synthetic genetic interactions in S.
pombe using null mutants (61), while sp-erf4 and sp-erf2 inter-
acted with a common set of genes, they also interacted with dif-
ferent genes.

Rocks et al. have previously repressed expression of zDHHC9
in HeLa cells and reported that this did not affect the localization
of tagged HRas, which led to the conclusion that DHHC-PATs in
human cells are functionally redundant (4). They examined
ZDHHC9 mRNA levels after knockdown, and it is possible that
Ras localization was examined just a few days after knockdown,
which is how this type of experiment is routinely conducted.
Based on our data, however, substantial reduction of zDHHC9
protein levels could take up to 14 days after gene silencing; there-
fore, the zDHHC9 protein is apparently long-lived. In turn, we
strongly argue that protein palmitoylation is performed by PATs
with a high level of selectivity. First, unbiased genetic screens in
both budding yeast and fission yeast identified only one DHHC-

PAT, Erf2, multiple times as a Ras regulator. Follow-up studies
have shown that deleting other PATs, either singularly or in com-
bination, does not affect Ras (6) (see Fig. S3 in the supplemental
material). Thus, at least in both S. pombe and S. cerevisiae, sepa-
rated by up to a billion years of evolution (62), the interactions
between their Erf2 and Ras proteins are highly selective. In mam-
mals, we observed a good correlation between the degree of selec-
tive reduction of zDHHC9 protein levels and Ras mislocalization
from the PM. Furthermore, while zDHHC14 is among those hu-
man PATs that are closely related to sp-Erf2 and zDHHC9, it
could restore only Ca2� tolerance and not Ras1 PM localization in
S. pombe. While the interaction between Ras proteins and a given
PAT is selective, some Ras proteins in sc-erf2� budding yeast, as
well as in vegetatively growing sp-erf2� fission yeast cells, can still
be seen at the PM. We believe that this pool of Ras protein is
covalently modified since a Ras1 mutant lacking the cysteine for
palmitoylation (C215S) could not be seen at the PM at all (10). It
has been shown that palmitoylation can be driven by acyl coen-
zyme A (CoA) concentration in vitro without PATs (63, 64), so we
support the idea that this cysteine in Ras proteins could be spon-
taneously modified to gain PM affinity.

How DHHC-PATs recognize substrates with selectivity is an
important question but beyond the scope of this study. We can
offer a few ideas, however, with respect to Ras signaling. Since
sp-Erf2 localization to trans-Golgi compartment is critical for Ras
control, we speculate that the interaction between a PAT and its
substrate could be spatially compartmentalized in the cell. Fur-
thermore, the expression of sp-Erf2 (and perhaps that of human
zDHHC9) is tightly regulated. sp-Erf2 is expressed at very low
levels and not detectable by genomic epitope tagging, yet it is
induced during meiosis. When the levels of sp-Erf2 are substan-
tially elevated during meiosis, it can selectively increase the palmi-
toylation of another substrate, Rho3, in a dose-dependent manner
(37). We found that when either sp-Erf2 or zDHHC9 was ectop-
ically overexpressed in yeast by the strong adh promoter, it was
toxic, and cells grew poorly. Therefore, substrate selectivity can
also be maintained by tightly controlling PAT protein levels. sp-
Erf2 has other substrates, which may be responsible for proper
growth at high levels of Ca2�. One of the mutants isolated from
the screen, the sp-erf2-2 mutant, is defective in Ras1 PM localiza-
tion but not in Ca2� tolerance. The sp-erf2-2 mutation affects a
conserved residue within the DHHC region; thus, it is possible
that this region has the intrinsic ability to differentiate one sub-
strate from another.

To assess the impact of Ras signaling pathways on cancer, cur-
rent approaches almost exclusively center on detecting oncogenic
mutations in the RAS genes. By this approach alone, impressively,
approximately 30% of all human cancers contain such RAS mu-
tations. However, we suggest that when ZDHHC9 overexpression
is factored in, the actual impact of Ras on cancer is likely to be
much greater. For example, our data suggest that signaling activ-
ities from wild-type Ras proteins at the PM are also important for
the development of many cancers, such as breast cancer, in which
oncogenic RAS mutations are rare. Furthermore, even in cancers
in which oncogenic RAS mutations are frequent, knowing the
status of zDHHC9 levels may more precisely define which Ras
proteins are involved in promoting tumor formation. For exam-
ple, colon cancers are among the cancers in which ZDHHC9 is
most frequently overexpressed. Despite this, approximately 50%
of colon cancers have KRAS mutations, and KRas-4B is thought to
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be the main culprit for inducing tumorigenesis. Since KRas-4B as
shown here is not dependent on zDHHC9 for proper functioning,
it is possible that other zDHHC9-dependent Ras proteins (e.g.,
KRas-4A, NRas, and HRas) also play a key role in promoting colon
cancers. In contrast, ZDHHC9 overexpression is absent in pancre-
atic cancers, over 90% of which contain oncogenic KRAS. One
interpretation of this observation is that in pancreatic cancers,
KRas-4B is the lone driver for tumorigenesis. However, we cau-
tion that zDHHC9 overexpression alone may not be sufficient to
induce tumor formation because this can be toxic to the cells.
Thus, zDHHC9 overexpression may need to work in conjunction
with additional genetic alterations to efficiently induce tumori-
genesis.
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