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ADP-ribosylation factor (ARF) proteins in Saccharomyces cerevisiae are encoded by two
genes, ARF1 and ARF2. The addition of the c-myc epitope at the C terminus of Arf1
resulted in a mutant (arf1-myc arf2) that supported vegetative growth and rescued cells
from supersensitivity to fluoride, but homozygous diploids failed to sporulate. arf1-myc
arf2 mutants completed both meiotic divisions but were unable to form spores. The
SPO14 gene encodes a phospholipase D (PLD), whose activity is essential for mediating
the formation of the prospore membrane, a prerequisite event for spore formation. Spo14
localized normally to the developing prospore membrane in arf1-myc arf2 mutants;
however, the synthesis of the membrane was attenuated. This was not a consequence of
reduced PLD catalytic activity, because the enzymatic activity of Spo14 was unaffected in
meiotic arf1-myc arf2 mutants. Although potent activators of mammalian PLD1, Arf1
proteins did not influence the catalytic activities of either Spo14 or ScPld2, a second yeast
PLD. These results demonstrate that ARF1 is required for sporulation, and the mitotic
and meiotic functions of Arf proteins are not mediated by the activation of any known
yeast PLD activities. The implications of these results are discussed with respect to
current models of Arf signaling.

INTRODUCTION

ADP-ribosylation factors (Arfs) are 21-kDa proteins of
the Ras superfamily of GTP-binding proteins. Arf pro-
teins were first identified as activators of cholera tox-
in-catalyzed ADP-ribosylation of the Gsa subunit of
heterotrimeric G-proteins (Kahn and Gilman, 1986). A
substantial amount of evidence has accumulated indi-
cating that Arf proteins can regulate the formation of
vesicles involved in both secretory and endocytic
pathways (Serafini et al., 1991; Ktistakis et al., 1996;
Chen et al., 1997; Faundez et al., 1997; West et al., 1997).

Recently Arf proteins have been shown to directly
activate phosphatidylinositol-4,5-bisphosphate (PIP2)-
dependent mammalian phospholipase D (PLD) en-
zymes (Brown et al., 1993; Cockcroft et al., 1994; Brown
et al., 1995; Hammond et al., 1995, 1997; Park et al.,
1997). PLDs catalyze the hydrolysis of phosphatidyl-
choline (PC) to generate phosphatidic acid (PA) and
choline. PLD-mediated changes in the lipid composi-
tion of membranes are thought to promote the assem-
bly and release of clathrin coated vesicles at the trans-
Golgi complex and plasma membrane (Ktistakis et al.,
1996; Chen et al., 1997; West et al., 1997).

The earliest evidence that Arfs function in mem-
brane traffic came from studies in Saccharomyces cerevi-
siae (Stearns et al., 1990a,b). Yeast have two ARF genes,
ARF1 and ARF2, which together are required for via-
bility (Stearns et al., 1990a). ARF1 and ARF2 are 96%
identical and functional homologues, although ARF1
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produces ;90% of the Arf protein in the cell (Stearns
et al., 1990a). Deletion of ARF1 results in a defect in the
secretory pathway, as evidenced by an altered glyco-
sylation of secreted proteins (Stearns et al., 1990b).
Furthermore, arf1, but not arf2 mutants, grow slowly,
are cold sensitive, and are supersensitive to fluoride
(Stearns et al., 1990a). The pleiotropic phenotypes as-
sociated with arf mutants suggest that Arf proteins
function in multiple signaling pathways. Recently, a
family of proteins which mediate Arf-dependent mi-
totic growth have been identified; however, these pro-
teins do not constitute the full array of Arf effectors
(Zhang et al., 1998).

S. cerevisiae undergo sporulation when starved of
nitrogen in the presence of a nonfermentable source of
carbon (reviewed in Kupiec et al., 1997). Sporulation
consists of a single round of DNA replication, fol-
lowed by two meiotic divisions, within a single intact
nuclear envelope. The meiotic divisions generate four
haploid nuclei that are ultimately packaged into indi-
vidual spores contained within a single ascus. Spore
formation requires the de novo synthesis of a new
double layered intracellular membrane, termed the
prospore membrane (Byers, 1981). The prospore mem-
brane develops as meiosis II proceeds. Once the nu-
cleus divides at the end of meiosis II, the prospore
membrane fuses with itself and in so doing encapsu-
lates each of the four nuclei separately. The inner layer
of the prospore membrane becomes the plasma mem-
brane of the spore, whereas the luminal space between
the two membranes serves as the site of spore wall
synthesis.

The S. cerevisiae SPO14 gene product encodes a PIP2-
dependent, PC-specific, PLD (Rose et al., 1995; Ella et
al., 1996; Waksman et al., 1996). spo14 diploids are
defective in the completion of the meiotic divisions
and are unable to form spores (Honigberg et al., 1992;
Rose et al., 1995). The assembly of the prospore mem-
brane has been shown to require both localized PLD
activity (Rudge et al., 1998) and a sporulation-specific
branch of the secretory pathway (Neiman, 1998). Fu-
sion of vesicles derived from the trans-Golgi complex
are thought to be responsible for the formation of the
prospore membrane (Neiman, 1998).

In this study we sought to investigate the role that
Arf and Spo14 proteins play in the formation of the
prospore membrane during meiosis and to directly
test whether Arf proteins activate yeast PLD.

MATERIALS AND METHODS

Yeast Strains and Media
Routine growth and manipulation of S. cerevisiae strains were per-
formed as described in (Rose et al., 1990). Strains used in this study
are shown in Table 1.

The expression of ARF alleles under the control of the GAL
promoter on low copy number centromere (CEN) vectors (Table 1),

was achieved by growing cells in liquid media containing 2% ga-
lactose instead of 2% glucose for 2 h.

Fluoride sensitivity was determined as previously described
(Stearns et al., 1990a). YEPD plates containing 40 mM sodium fluoride
were used within 5 d, and growth of cells was scored after 2–3 d.

Plasmids
Epitope tagged Arf1 consisted of the addition of a 6–amino acid
thrombin recognition sequence (LVPRGS) and the 13–amino acid
epitope, derived from c-myc and recognized by mAb 9E10
(SMEQKLISEEDLN; Evan et al., 1985), to the C-terminus of S. cer-
evisiae ARF1. The cDNA encoding this fusion protein was con-
structed by use of synthetic oligonucleotide primers that incorpo-
rated the indicated changes and unique restriction sites (NdeI and
XbaI at the 59 and 39 ends, respectively) at each end of the open
reading frame. Plasmid JCY1–85 was then constructed by insertion
of the mutant arf1-myc into the YIp352-based plasmid, pJCB1–23, at
unique NdeI and XbaI sites, which places it between the 59 and 39
untranslated regions of ARF1. The arf1-myc gene was then inte-
grated into the genome at the ARF1 locus by gene replacement
(Rothstein, 1991). The resultant strain, RT321, was mated with
511.4B to make the diploid, C134. Two segregants of C134
(C134.1B 3 C134.8A) were crossed to each other to get C135, a
diploid that is homozygous for both arf1-myc and deletion of ARF2.
Thus, C135 has two chromosomal copies of arf1-myc as its only
source of Arf protein.

Spo14 was epitope-tagged with three copies of the hemagglutinin
(HA) epitope and the Green Fluorescent Protein (GFP) as previously
described by Rudge et al. (1998). The plasmids HA-SPO14 CEN4
URA3 and GFP-SPO14 2m URA3 fully complemented the meiosis
defect of spo14 diploids (Rudge et al., 1998).

Analysis of the Meiotic Divisions
Cells were grown and sporulated as previously described by Enge-
brecht et al. (1998). Aliquots from duplicate cultures were removed
and fixed with 3.7% formaldehyde at the indicated times after
transfer to sporulation medium. Fixed cells were then stained with
the DNA-specific dye DAPI and examined using fluorescent micros-
copy (Rose et al., 1995). A minimum of 600 cells was examined for
each time point.

Preparation of Nonidet-insoluble and -soluble Cell
Fractions
Spheroplasts were prepared from mitotically dividing cells and
from cells 15 hours after induction of meiosis as described by Rudge
et al. (1998). Fifteen hours after induction of meiosis corresponds to
the completion of the meiotic divisions and the initiation of pros-
pore membrane biogenesis in this strain background (Rose et al.,
1995). Consequently, we routinely isolated HA-Spo14 from cells at
this time during meiosis.

Spheroplasts were suspended in 2 ml ice-cold immunoprecipita-
tion (IP) lysis buffer (10 mM triethanolamine, pH 7.5, 150 mM
sodium chloride, 5 mM EDTA, 5 mM EGTA, 50 mM sodium fluo-
ride, 40 mM b-glycerophosphate, 10 mM sodium pyrophosphate, 1
mM dithiothreitol (DTT), 2 mM PMSF, 2 mM benzamidine, 0.057
U/ml aprotinin and 10 mg/ml leupeptin) containing 1% (wt/vol)
Nonidet P-40 (BDH Laboratory Supplies, Poole, Dorset, England),
and incubated at 4°C for 40 min with gentle agitation. The lysate
was cleared by centrifugation at 1000 3 g for 6 min at 4°C to remove
unlysed cells and large cellular debris. To accommodate for different
efficiencies of spheroplasting and detergent lysis (especially be-
tween mitotic and meiotic samples), the total protein concentration
of each supernatant was determined as described below. When
necessary, samples were diluted with IP lysis buffer containing 1%
Nonidet P-40. The supernatant was then prepared by centrifugation
at 15,000 3 g for 30 min at 4°C to yield the Nonidet P-40–insoluble
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(pellet) and –soluble (supernatant) fractions. The pellet was washed
twice with IP lysis buffer and then suspended in a volume of IP lysis
buffer (with 1% wt/vol Nonidet P-40) equal to the volume of su-
pernatant collected. Fractions were then mixed with 43 Laemmli
buffer (Laemmli, 1970) and boiled for 5 min for immunoblot anal-
ysis.

Immunoprecipitation of HA-Spo14
Spheroplasts, prepared from cells 15 h after induction for meiosis
(Rudge et al., 1998), were suspended in 6 ml ice-cold IP lysis buffer
containing 1% (wt/vol) Nonidet P-40 and lysed as described above.
HA-Spo14 was immunoprecipitated directly from the soluble frac-
tion using the 12CA5 mAb (BAbCo, Berkeley, CA), which recog-
nizes the HA epitope. Briefly, 1-ml aliquots of the Nonidet P-40–
soluble fraction were incubated for 1.5 h at 4°C in tubes containing
3 mg affinity-purified mAb 12CA5. Protein A-agarose (Life Technol-
ogies, Grand Island, NY) was then added (50 ml of a 50% suspension
equilibrated in lysis buffer), followed by a further incubation for
1.5 h at 4°C. Immune complexes were washed three times in 1 ml IP
lysis buffer (without PMSF, benzamidine, aprotinin, and leupeptin)
containing 1% (wt/vol) Nonidet P-40, three times in 1 ml IP lysis
buffer without detergent, and once in 1 ml Tris-buffered saline (TBS;
50 mM Tris, pH 7.5, 200 mM sodium chloride).

Immunoprecipitation of hPLD1
Human PLD1 (hPLD1) was immunoprecipitated from undifferen-
tiated HL-60 cells. Cells (3.06 3 108 cells total) were lysed in IP lysis

buffer containing 1% (wt/vol) Nonidet P-40 by probe sonication
(three 5-s pulses at 10% output at 4°C). After 15 min on ice, the cell
lysate was cleared by centrifugation at 1000 3 g for 5 min at 4°C.
The supernatant collected was then prepared by centrifugation at
100,000 3 g for 30 min at 4°C. hPLD1 was immunoprecipitated
directly from 200-ml aliquots of supernatant, diluted with 800 ml PBS
(80 mM disodium hydrogen orthophosphate anhydrous, 20 mM
sodium dihydrogen orthophosphate, and 100 mM sodium chloride,
pH. 7.5), using 3 mg affinity-purified hPLD1 antipeptide polyclonal
antibodies (Hammond et al., 1997). After 2 h of tumbling at 4°C, 40
ml of a 50% solution of protein A-Sepharose (Sigma, St. Louis, MO)
in PBS was added to each immunoprecipitation. The tubes were
tumbled for 1 h at 4°C. Immune complexes were sedimented by
gravity for 30 min at 4°C and washed three times with Nonidet P-40
lysis buffer and four times with PBS.

PLD Assays of Immunoprecipitated HA-Spo14 and
hPLD1
Immune complexes containing HA-Spo14, prepared as described
above, were suspended in a mixture of hPLD1 assay buffer (Brown et
al., 1993; 50 mM HEPES, pH 7.5, 3 mM EGTA, 80 mM potassium
chloride, 1 mM DTT, 3 mM magnesium chloride, 2 mM calcium
chloride) and lipid vesicles containing 50 mM 2-decanoyl-1-{O-[11-(4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionyl)ami-
no]undecyl}-sn-glycero-3-phosphocholine (BODIPY-PC; Molecular
Probes, Eugene, OR) and 5 mM PIP2 (purified from type I, Folch
fraction I from Bovine brain; Sigma, as described by Morris et al., 1995).

Table 1. Genotypes of yeast strains

Strain Genotype Source

C163 MATa arf1-3 arf2-D1 his3-D200 leu2-3, 112 lys2-801 ura3-52 This study
MATa arf1-3 arf2::LEU2 his3-D200 leu2-3, 112 lys2 ura3-52

RT321 MATa arf1-myc his3-D200 leu2-3, 112 lys2-801 ura3-52 This study
511.4B MATa arf2::LEU2 his3-D200 leu2-3, 112 ura3-52 This study
C134 MATa arf1-myc ARF2 his3-D200 leu2-3, 112 lys2-801 ura3-52 This study

MATa ARF1 arf2::LEU2 his3-D200 leu2-3, 112 LYS2 ura3-52
C134.1B MATa arf1-myc arf2::LEU2 his3-D200 leu2-3, 112 ura3-52 This study
C134.8A MATa arf1-myc arf2::LEU2 his3-D200 leu2-3, 112 lys2-801, ura3-52 This study
C135 MATa arf1-myc arf2::LEU2 his3-D200 leu2-3, 112 LYS2 ura3-52 This study

MATa arf1-myc arf2::LEU2 his3-D200 leu2-3, 112 lys2-801, ura3-52
C138 MATa ARF1 arf2::D12 ADE2 his3-D200 leu2-3, 112 lys2-801 ura3-52 This study

MATa ARF1 arf2::LEU2 ade2-101 his3-D200 leu2-3, 112 lys2-801 ura3-52
Y963 C135 1 HA-SPO14 CEN4 URA3 This study
Y1172 C138 1 HA-SPO14 CEN4 URA3 This study
Y980 C135 1 GFP-SPO14 2m URA3 This study
Y979 C138 1 GFP-SPO14 2m URA3 This study
Y494 MATa spo14::URA3 leu2 thr1-4 trp1-4 ura3-1 arg4-8 ade2-1 Rose et al., 1995

MATa spo14::URA3 leu2 thr1-4 trp1-4 ura3-1 arg4-8 ade2-1
Y568 Y494 1 HA-SPO14 CEN4 URA3 Rudge et al., 1998
PSY315 MATa his3-D200 leu2-3, 112 lys2-801 ura3-52 Kahn et al., 1995
PSY316 MATa his3-D200 leu2-3, 112 lys2-801 ura3-52 ade2-101 This study
TT104 MATa arf1::HIS3 his3-D200 leu2-3, 112 lys2-801 ura3-52 This study
TT139 MATa arf2::LEU2 his3-D200 leu2-3, 112 lys2-801 ura3-52 ade2-101 This study
RT143 PSY315 1 GAL-ARF1 CEN4URA3 Kahn et al., 1995
RT143 PSY315 1 GAL-arf1Q71L CEN4URA3 Kahn et al., 1995
RT150 PSY315 1 GAL-arf1N126I CEN4URA3 Kahn et al., 1995
Y1125 PSY315 spo14::URA3 This study
Y1126 PSY316 spo14::URA3 This study
Y1127 TT104 spo14::URA3 This study
Y1128 TT139 spo14::URA3 This study
Y1129 RT143 spo14::LEU2 This study
Y1130 RT149 spo14::LEU2 This study
Y1131 RT150 spo14::LEU2 This study
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Immmunoprecipitated hPLD1 was suspended in hPLD1 assay buffer
and lipid vesicles containing 3 mM BODIPY-PC, 92 mM phosphati-
dylethanolamine (Avanti Polar Lipids, Alabaster, AL), and 5 mM PIP2.
Lipid vesicles were prepared by bath sonication of dry lipid films. In
some reactions 100 mM GTPgS (Boeringer Mannheim, Indianapolis,
IN), 6 mM bacterially expressed, purified yeast myristolyated Arf1
(Randazzo et al., 1992), or 6 mM purified recombinant human myris-
tolyated ARF1 (Hammond et al., 1997) was included. In other reactions
the myristolyated Arf proteins were first preactivated as described
(Hammond et al., 1997). Six micromolar Arf protein was used, because
it has previously been shown to provoke the maximal activation of
immunopurified hPLD1 by ARF1 (Hammond et al., 1997). All assays
were performed in triplicate.

After incubation for 30 min at 30°C in a final volume of 100 ml, the
PLD reactions were terminated with the addition of 375 ml chloro-
form:methanol (1:2 vol/vol). Chloroform (125 ml) and 1 M MgCl2
(100 ml) were then added, and the lipid products of the lower phase
were extracted and separated by TLC as described (Rose et al., 1995).
The PLD reaction products were viewed by UV light, and the bands
corresponding to BODIPY-PC and BODIPY-PA were scraped from
the plates and extracted with methanol. The fluorescence of the
methanol extracts was determined using a Packard (Downers
Grove, IL) fluorometer at 485 nm excitation and 530 nm emission.
Fluorescence of BODIPY-PA was quantified as a percentage of
BODIPY-PC. This value was then converted into picomoles of
BODIPY-PA formed per minute per IP. The fluorescence emission
corresponding to BODIPY-PA for the lipid substrate control was
always ,5% of the value measured for PLD-generated BODIPY-PA.

PLD Assays of Total Yeast Cell Lysates
From each strain assayed, total cell lysates were prepared from three
independent cultures using glass beads as previously described
(Rose et al., 1995). Assays for PC-PLD activity were performed in a
mixture of 100 mg protein, Spo14 assay buffer (25 mM HEPES, pH
7.0, 150 mM sodium chloride, 5 mM EGTA, 5 mM EDTA, 40 mM
b-glycerophosphate, 1 mM DTT), and lipid vesicles containing 50
mM BODIPY-PC and 5 mM PIP2. The reaction mixture was incu-
bated at 30°C for 30 min in a final volume of 100 ml. PLD assays
were terminated, and the lipid products were extracted, separated,
and quantitated as described above.

PE-PLD activity was assayed using 1-caproyl-2-{[6–7-(4-nitro-2–1,3-
benzoxadiazol-4-yl)amino]caproyl}-sn-glycero-3-phosphatidylethano-
lamine (C6-NBD-PE; Avanti Polar Lipids) as a substrate (Waksman et
al., 1997). These reactions were performed using 100 mg protein from
spo14 mutant strains, in a mixture of Spo14 assay buffer, 12 mM CaCl2,
and vesicles containing 50 mM C6-NBD-PE. Assays were incubated at
30°C for 30 min in a final volume of 100 ml. Reactions were terminated,
and the lipid products were extracted as described above. C6-NBD-PE
and C6-NBD-PA were separated by TLC using the solvent mixture
chloroform:methanol:acetic acid (50:25:8) (Waksman et al., 1997). The
spots corresponding to C6-NBD-PE and C6-NBD-PA were scraped
from the plate, and the fluorescence of the methanol extracts was
determined using a Packard fluorometer at 460 nm excitation and 530
nm emission. Fluorescence of C6-NBD-PA was quantified as a percent-
age of C6-NBD-PE; this value was converted into picomoles of C6-
NBD-PA produced per minute per milligram of protein. The fluores-
cence emission corresponding to C6-NBD-PA for the lipid substrate
control was always ,5% of the value measured for PLD-generated
C6-NBD-PA.

Total Protein Concentration Determination
Protein concentration was determined by the method of Bradford
(1976), using a Bio-Rad (Hercules, CA) protein assay kit and bovine
g-globulin (Bio-Rad) as a standard.

Immunoblot Analysis
Nonidet P-40–soluble and –insoluble cell fractions prepared as de-
scribed above were cleared by centrifugation at 16,000 3 g for 10

min before being subjected to SDS-PAGE on 5% SDS-polyacryl-
amide gels. Proteins were electrophoretically transferred onto nitro-
cellulose membranes (pore size, 0.45 mm; Bio-Rad) for 18 h. Nitro-
cellulose membranes were blocked by incubation for 2 h at room
temperature with 10% nonfat dry milk in TBS with 0.2% (vol/vol)
Tween-20. Blots were then washed three times for 10 min with TBS
with 0.1% (vol/vol) Tween-20 (TBS-T) and incubated with mAb
12CA5 diluted 1:3000 in TBS-T with 1% (wt/vol) fatty acid-free BSA
for 2 h. After three washes with TBS-T, blots were incubated for 2 h
with horseradish peroxidase–conjugated anti-mouse antiserum
(Amersham International, Little Chalfont, Buckinghamshire, En-
gland) diluted 1:5000 in TBS-T with 1% (wt/vol) fatty acid-free BSA.
After three final washes in TBS-T, proteins on immunoblots were
visualized by ECL detection. As previously reported, 12CA5 mAb
selectively recognizes HA-Spo14 (Rudge et al., 1998).

Cytology
Cytology was performed and documented as previously described
(Rudge et al., 1998).

Determination of Dityrosine Content of Sporulating
Yeast Cultures
Dityrosine was measured as described by Briza et al. (1986). Sporu-
lating yeast cultures (1 3 108 cells) were collected by centrifugation,
washed twice with sterile water, and suspended in 1 ml of 10%
ammonium hydroxide. Cell suspensions were maintained at 280°C
overnight, thawed, and lysed by repetitive vortexing (six times for
30 s each) with an equal volume of glass beads (425–600 mm, acid
washed; Sigma) at 4°C.

Chloroform:methanol (1:1, 2.5 ml) was added, and the mixture
was vortexed for 2 min at room temperature. The upper phase was
collected after centrifugation, and the lower phase was washed with
fresh 10% ammonium hydroxide. The two resultant upper phases
were pooled, and 1.5 ml were prepared by centrifugation at
16,000 3 g for 10 min at room temperature. Finally, 1 ml was
removed, and the dityrosine content was determined by fluores-
cence spectrophotometry. Fluorescence was measured at room tem-
perature with a Spex Industries (Edison, NJ) 212 Fluorolog spec-
trofluorometer operating in the ratio mode. Measurements were
made in a semimicrocuvette. Intensity of emission was measured at
420 nm. The peak at 315 nm corresponds to dityrosine (Briza et al.,
1986).

RESULTS

ARF1 Is Required for Sporulation
Partial or complete inability to sporulate has been
observed with several mutant alleles of ARF1 (Kahn,
unpublished data). Sporulation defects of arf1 alleles,
and of mutations in yeast in general, are often found
associated with poor growth on nonfermentable car-
bon sources, making clean resolution of these pheno-
types difficult. Thus, we focused our investigations on
an allele of ARF1, arf1-myc, which is completely defec-
tive in sporulation but otherwise wild type. However,
the inability to sporulate is not unique to the arf1-myc
allele as a conditional loss-of-function point mutant of
ARF1, arf1–3, also displays a specific sporulation de-
fect at the permissive temperature in arf2 diploids
homozygous for the arf1–3 mutation (Table 2).

The arf1-myc allele is the full-length ARF1 coding
region with an additional 19 residues containing the
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c-myc epitope, added to the C-terminus as described
in MATERIALS AND METHODS. To use the arf1-myc
allele in studies of sporulation, it was necessary to
establish that the allele behaved like wild type in all
other respects. Expression of arf1-myc on a centromere
plasmid (low copy number) rescued arf1 haploid cells
from the lethal effects of 40 mM sodium fluoride and
overcame the slow growth defect on YEPD plates,
indicating that arf1-myc produced a functional protein.

One genomic copy of ARF1 was replaced with arf1-
myc in the diploid strain, C134 (Table 1), and a strain
homozygous for both arf1-myc1 and arf2 was gener-
ated, C138 (Table 1). Deletion of both ARF1 and ARF2
is lethal (Stearns et al., 1990a); however, arf1-myc arf2
strains were viable. Furthermore arf1-myc arf2 mutants
were not supersensitive to fluoride ions or cold sensi-
tive and grew at wild-type rates on YEPD and non-
fermentable carbon sources. Taken together, these re-
sults indicate that strains harboring arf1-myc as their
only source of Arf behaved like wild type in mitoti-
cally dividing cells.

When arf1-myc arf2 diploids were induced to un-
dergo meiosis, they were unable to form spores (Table

2). ARF1 expressed on a centromere plasmid rescued
the sporulation defect of arf1-myc arf2 mutants (Table
2). In contrast, arf1-myc on a centromere plasmid failed
to restore sporulation to a significant extent (Table 2).
ARF2 on a centromere plasmid also rescued the sporu-
lation defect of arf1-myc arf2 diploids to a similar ex-
tent as ARF1.

Diploids Homozygous for arf1-myc and arf2
Complete Meiosis I and II but Do Not Form Spores
Meiotic nuclear division and asci formation were fol-
lowed in arf1-myc arf2 diploids induced to undergo
meiosis. The percentage of cells completing meiosis I
and meiosis II was determined by staining fixed cells
with the DNA-specific dye DAPI. In the arf1-myc arf2
mutant, binucleate and tetranucleate cells appeared at
the same time as in the ARF1 arf2 strain (Figure 1).
Moreover, the percentages of cells completing meiosis
I and II were comparable in the two strains. However,
in contrast to ARF1 arf2, arf1-myc arf2 mutants failed to
form spores (Figure 1 and Table 2).

Sporulation in S. cerevisiae is regulated by a temporal
sequence of gene expression (reviewed in Mitchell,
1994). Genes are classified as either early, middle, or
late, depending on the time they are either transcribed
or their transcription is induced (Mitchell, 1994).
Northern blot analysis was performed on RNA ex-
tracted from ARF1 arf2 and arf1-myc arf2 diploids in
mitosis and at various times throughout meiosis. The
expression of HOP1 (Hollingsworth and Byers, 1989)
and SPS1 (Friesen et al., 1994), which correspond to
early and middle meiosis-specific genes, respectively,
were monitored. The timing and relative expression
levels of HOP1 and SPS1 were indistinguishable be-
tween ARF1 arf2 and arf1-myc arf2 diploids. These
results are consistent with the microscopic observa-
tions of DAPI-stained cells and demonstrate that the
initiation and execution of the meiotic divisions are
unaffected in arf1-myc arf2 mutants.

Figure 1. Effect of arf1-myc arf2 on the meiotic
divisions and sporulation. (A) ARF1 arf2::LEU2
diploids (strain C138). (B) arf1-myc arf2::LEU2 dip-
loids (strain C135). The percentages of cells com-
pleting meiosis I (open circles) and meiosis II
(filled circles) were monitored by DAPI-fluores-
cence microscopy, and ascus formation (open tri-
angles) was monitored by phase-contrast micros-
copy. The percentage of cells having completed
meiosis I was calculated by dividing the sum of bi-,
tri-, and tetranucleated cells and asci by the total
number of cells. The percentage of cells having
completed meiosis II was similarly calculated by
dividing the sum of bi-, tri-, and tetranucleated
cells and asci by the total number of cells. At least
600 cells were counted at each time point.

Table 2. Sporulation in ARF1 arf2 and arf1-myc arf2 strains

Relevant genotype Sporulation (%)

ARF1 arf2a 62
arf1-3 arf2b ,0.1
arf1-myc arf2c ,0.1
arf1-myc arf2 1 ARF1 CEN 31
arf1-myc arf2 1 arf1-myc CEN 0.7
arf1-myc arf2 1 SPO14 2m ,0.1

Percent sporulation was calculated by counting a minimum of 600
cells from each of two independent cultures after 48 h in sporulation
medium.
a Strain C138.
b Strain C163.
c Strain C135.
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The Failure of arf1-myc arf2 Mutants to Form
Spores Is Not a Consequence of Reduced PLD
Activity
SPO14 encodes a major PC-PLD activity in yeast as no
PLD activity is detected in spo14 deletion strains under
the assay conditions used (Rose et al., 1995). Although
Spo14 is expressed and active in mitotically dividing
cells, the critical function of Spo14 is in the formation of
the prospore membrane during meiosis (Rose et al., 1995;
Rudge et al., 1998). Because mammalian PLD1 is directly
activated by Arf proteins (Brown et al., 1993; Cockcroft et
al., 1994; Singer et al., 1996; Hammond et al., 1997; Park et
al., 1997), we tested the hypothesis that the sporulation
defect of arf1-myc arf2 mutants was the result of reduced
PC-PLD activity. Total cell lysates were made from ARF1
arf2 and arf1-myc arf2 diploids dividing mitotically and at
various stages of meiosis. PC-PLD activity in arf1-myc
arf2 mutants was equivalent to that measured in ARF1
arf2 cells (Table 3).

The requirement for Arf in coatomer-coated vesicle
formation can be overcome by the addition of in-
creased PLD activity (Ktistakis et al., 1996). To deter-
mine whether the requirement for Arf in sporulation
can likewise be overcome by increasing PLD activity,
arf1-myc arf2 diploids were transformed with SPO14
on a 2m plasmid (for review, see Broach and Volkert,
1991). Expression of SPO14 on a 2m plasmid results in
an approximate 10-fold increase in PC-PLD activity
(Rudge et al., 1998); however, the presence of in-
creased PLD activity did not overcome the sporulation
defect of the arf1-myc arf2 mutants (Table 2).

Spo14 Relocalization Occurs Normally in arf1-myc
arf2 Diploids
Spo14 relocalizes to the developing membrane during
meiosis; relocalization is essential for membrane for-
mation and correlates with phosphorylation of the
Spo14 protein (Rudge et al., 1998). To monitor protein
movement, we performed cell fractionation studies
using a functional HA-tagged derivative of Spo14
(HA-Spo14; Rudge et al., 1998). In mitotically dividing

ARF1 arf2 and arf1-myc arf2 mutant cells, ,5% of the
total HA-Spo14 was solubilized by the nonionic deter-
gent Nonidet P-40. Consequently, HA-Spo14 was de-
tected predominantly in the detergent-insoluble cell
fraction (Figure 2). During meiosis, HA-Spo14 is
readily solubilized by such treatment in both ARF1
arf2 and arf1-myc arf2 mutants and was detected pre-
dominantly in the soluble fraction (Figure 2).

Spo14 becomes modified by phosphorylation dur-
ing meiosis; phosphorylation does not alter the enzy-
matic activity of the protein but does correlate with
protein movement, suggesting that this modification
triggers relocalization (Rudge et al., 1998). Phosphor-

Figure 2. Immunoblots showing HA-Spo14 detergent solubility in
meiotic ARF1 arf2 and arf1-myc arf2 diploids. Nonidet P-40–insolu-
ble (I) and –soluble (S) cell fractions were prepared from ARF1 arf2
and arf1-myc arf2 diploids in mitosis (mt) and 15 h after induction
for meiosis (me) (see MATERIALS AND METHODS). To accommo-
date for different efficiencies of lysis, fractions were prepared from
lysates containing equivalent amounts of total protein. Equal vol-
umes of Nonidet P-40–insoluble and –soluble fractions were pre-
pared for immunoblot analysis, as described in MATERIALS AND
METHODS. The positions of the prestained molecular mass mark-
ers are indicted by arrows and are expressed in kilodaltons.

Table 3. Time course of Spo14 activity during mitosis and meiosis

Spo14 activity (pmol/min/mg protein)
Time course of meiosis (h)

0 5 10 15 20 25
ARF1 arf2 diploidsa 46 6 3 42 6 4 65 6 2 58 6 2 82 6 6 94 6 8
arf1-myc arf2 diploidsb 52 6 4 46 6 4 61 6 4 59 6 2 73 6 9 83 6 5

Total cell lysates were prepared from mitotically dividing cells (0 h) and at various times after induction of meiosis (5, 10, 15, 20 and 25 h).
PLD activity was assayed in triplicate as described in MATERIALS AND METHODS. SDs were calculated with PLD values obtained from
individual experiments.
a Strain C138.
b Strain C135.
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ylation of HA-Spo14 results in a slower-migrating spe-
cies as detected by SDS-PAGE (Rudge et al., 1998). As
seen in Figure 2, HA-Spo14 migrates with a slower
mobility in the detergent-soluble meiotic pool in both
the ARF1 arf2 and arf1-myc arf2 strains, compared with
the detergent-insoluble mitotic pool, indicating that
Spo14 is posttranslationally modified correctly in the
arf1-myc arf2 mutant.

Prospore Membrane and Spore Wall Formation Is
Attenuated in arf1-myc arf2 Diploids
Visualization of a GFP-Spo14 fusion was used to observe
the localization of Spo14 in ARF1 arf2 and arf1-myc arf2
diploids induced to undergo meiosis and to monitor
spore membrane formation. In both ARF1 arf2 and arf1-
myc arf2 mutants, GFP-Spo14 was initially distributed
throughout the cell and became concentrated at discrete
foci at meiosis I. At meiosis II, GFP-Spo14 localized to the
site of the new prospore membrane that first surrounds
the nuclei and then expands and fuses with itself to
encapsulate each of the haploid nuclei separately (Rudge
et al., 1998). Visualization of GFP-Spo14 revealed that the
spore compartments formed by the prospore membrane
in arf1-myc arf2 diploids were smaller than those formed
in wild type (Figure 3).

Late in meiosis, components of the spore wall are
deposited in the luminal space of the prospore mem-
brane (Byers, 1981). The outermost layer of the spore
wall consists of dityrosine (Briza et al., 1986). Because
yeast cells synthesize dityrosine only during ascus
maturation and dityrosine fluoresces (Briza et al.,
1986), spore wall formation can be monitored by flu-
orescence under UV light. Cell wall components were
extracted from sporulating cultures of ARF1 arf2 and
arf1-myc arf2 strains, and the fluorescence excitation
spectrum of dityrosine was monitored as described in
MATERIALS AND METHODS. The excitation spec-
trum obtained from sporulating ARF1 arf2 diploids

was characteristic of dityrosine with a strong peak of
fluorescence at 315 nm (Briza et al., 1986; Figure 4). In
contrast, the intensity at 315 nm in the arf1-myc arf2
diploid was substantially reduced (Figure 4). This re-
sult indicates that spore wall maturation is perturbed
in the arf1-myc arf2 mutant.

Arf1 and Arf2 Do Not Activate Spo14 Activity In
Vitro
The ability of Arf1 to directly activate Spo14 was
tested by immunoprecipitating HA-Spo14 from

Figure 3. GFP-Spo14 staining in living ARF1 arf2 and arf1-myc arf2 cells. The panel on the left shows GFP-Spo14 staining in ARF1 arf2 cells
at 20 h after transfer to sporulation medium. The cells have completed sporulation, as evidenced by the uniform circles of GFP-Spo14 staining
(arrow). The panel on the left shows GFP-Spo14 staining in arf1-myc arf2 cells 20 h after transfer to sporulation medium. The arrows indicate
the small circles of GFP-Spo14 staining; these never progress past this size.

Figure 4. Fluorescence excitation spectra of cell wall extracts from
ARF1 arf2 and arf1-myc arf2 sporulating cultures. Extracts were
prepared and fluorescence was measured as described in MATERI-
ALS AND METHODS. Intensity of emission was measured at 420
nm. The peak at 315 nm corresponds to dityrosine (Briza et al., 1986).
Solid line, ARF1 arf2; dotted line, arf1-myc arf2.
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spheroplasts prepared from cells 15 h after induction
of meiosis and measuring PC-PLD activity in assay
buffer known to support Arf protein activation of
hPLD1 (Brown et al., 1993; Hammond et al., 1997). As
seen in Table 4, PLD activity was unaltered by the
addition of recombinant yeast Arf1, with or without
the presence of GTPgS. To demonstrate that the yeast
Arf1 was capable of activating an Arf-regulated PLD,
we immunoprecipitated hPLD1 from undifferentiated
HL-60 cells and assayed PLD activity with the same
preparation of yeast Arf1. Consistent with previous
reports (Brown et al., 1995), hPLD1 was activated two-
and fivefold by recombinant yeast Arf1 and human
ARF1 protein respectively, in the presence of GTPgS
(Table 4). Furthermore, preactivated (GTPgS-bound)
yeast Arf2 also failed to activate Spo14, despite being
capable of activating hPLD1.

Arf Proteins Do Not Activate PC-PLD Activity in
Mitotically Dividing Cells
Arf activation of hPLD1 is synergistic with other reg-
ulators, including the regulatory domain of PKC-a
and activated Rho proteins (Singer et al., 1996; Ham-
mond et al., 1997). To test the ability of Arf proteins to
regulate the PLD activity of Spo14 in total yeast cell
lysates, likely to contain other regulatory components
in an Arf-PLD signaling pathway, we assayed total
cellular PLD activity in wild type, arf1 and arf2 dele-
tion strains, and in wild-type strains overexpressing
dominant activating ([Q71L]Arf1) or inactivating
([N126I]Arf1) proteins (Kahn et al., 1995). No signifi-
cant differences were observed in PLD activity as-
sayed in total cell lysates (Table 5), indicating that Arf
proteins do not activate Spo14 in vivo.

Arf Proteins Do Not Activate ScPLD2
S. cerevisiae contain a second PLD activity, termed
ScPld2, which is easily assayed in spo14 deletion
strains (Mayr et al., 1996; Waksman et al., 1997). The
function of this second activity is unknown; however,

it is clear that this activity cannot substitute for Spo14
in meiosis. Furthermore, the biochemical properties of
this second activity are distinct from Spo14; ScPld2
preferentially hydrolyses phosphatidylserine and
phosphatidylethanolamine (Mayr et al., 1996), requires
calcium for catalytic activity, but not PIP2, and does
not catalyze transphosphatidylation in the presence of
alcohols (Mayr et al., 1996; Waksman et al., 1997). To
determine whether Arf1 or Arf2 activates ScPld2, we
assayed total cell lysates for PE-PLD activity in spo14
deletion, spo14 arf1, spo14 arf2, and spo14 deletion strains
overexpressing dominant activating ([Q71L]Arf1) or in-
activating ([N126I]Arf1) proteins (Kahn et al., 1995). As
seen in Table 6, PE-PLD activity was equivalent in all

Table 4. Effects of recombinant yeast and human Arf on HA-Spo14 and hPLD1 activities

PLD activity (pmol/min/immunoprecipitated PLD)

No
additions

1 100 mM
GTPgS

1 6 mM
yeast Arf1

1 6 mM
human
ARF1

1 6 mM
yeast Arf1
1 100 mM

GTPgS

1 6 mM human
ARF1

1 100 mM
GTPgS

HA-Spo14 0.16 6 0 0.16 6 0.02 0.17 6 0.02 0.16 6 0.01 0.14 6 0.01 0.15 6 0.02
hPLD1 0.41 6 0.06 0.36 6 0.04 0.26 6 0.05 0.31 6 0.04 0.71 6 0.06 2.24 6 0.27

HA-Spo14 and hPLD1 were immunoprecipitated from yeast cells 15 h after induction for meiosis and from undifferentiated HL-60 cells,
respectively, as described in MATERIALS AND METHODS. PLD assays were performed in triplicate in identical assay buffer at 30°C, using
the same preparations of preactivated GTP-binding proteins. SDs were calculated with PLD values obtained from individual experiments.

Table 5. Total cell lysate PC-PLD activity

Genotype
PC-PLD activity

(pmol/min/mg protein)

ARF1 ARF2 ADE2a 22 6 10
arf1::HIS3 ARF2 ADE2b 23 6 2.5
ARF1 ARF2 ade2-101c 24 6 2.6
ARF1 arf2::LEU2 ade2-101d 24 6 2.9
ARF1 ARF2 ADE2 1

GAL-ARF1 2m URA3e
22 6 0.3

ARF1 ARF2 ADE2 1
GAL-arf1Q71L 2m URA3f

23 6 0.6

ARF1 ARF2 ADE2 1
GAL-arf1N126I 2m URA3g

25 6 1.4

Total cell lysates were prepared from mitotically dividing yeast in
triplicate and assayed for Spo14 PLD activity as described in MA-
TERIALS AND METHODS. SDs were calculated with PLD values
obtained from individual experiments.
a Strain PSY315.
b Strain TT104.
c Strain PSY316.
d Strain TT139.
e Strain RT143.
f Strain RT149.
g Strain RT150.
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total cell lysates assayed, indicating that Arf proteins are
not activators of ScPld2. The differences in activity ob-
served do not correlate with the ARF genotype and
suggests that strain backgrounds influence the ability to
assay PE-PLD activity.

DISCUSSION

The results presented in this study provide evidence
for a specific role of Arf protein(s) in the sporulation
process. Analyses of mutants of ARF1, particularly
arf1-myc, uncovered a required role for Arf protein(s)
to form spores. This role for Arf in sporulation can be
clearly resolved from its role in mitotic cell growth,
because the arf1-myc allele completely restores growth
to wild-type rates, at all temperatures. That Arfs are
direct activators of mammalian PLD1 offered one po-
tential explanation for the roles of both Arf and Spo14
in sporulation. However, we were unable to obtain
any evidence of a change in Spo14 activity resulting
from deletion or expression of dominant (activating or
inhibitory) alleles of ARF1 or when PLD was assayed
in immunoprecipitates of Spo14 with purified recom-
binant Arf proteins. Furthermore, there was no change
in the residual PLD activity of spo14 deletion yeast
extracts when assayed in the presence of activated
yeast Arfs. The lack of any detectable Arf-sensitive
PLD activity in yeast leads us to conclude that other
cellular effectors must mediate the regulation of both
the sporulation and secretory processes by Arfs. Thus,

there may exist fundamentally different molecular
mechanisms for Arf regulation of cell functions be-
tween yeast and mammalian cells. This would be sur-
prising given the very high degree of conservation of
structure and function of Arf proteins throughout eu-
karyotic evolution. Alternatively, these results may be
interpreted as providing uncertainty to the proposed
role of PLD activity as the mediator of Arf’s effects on
protein traffic in mammalian and yeast cells.

Diploids homozygous for arf1-myc and arf2 entered
meiosis and successfully completed both meiotic divi-
sions but were unable to form spores. This obligate
role for Arf in sporulation was evident from studies
with the arf1-myc allele (Figure 1 and Table 2). How-
ever, other mutations in ARF1 (e.g., arf1–3) also are
defective in sporulation. It is likely that other essential
functions of Arf proteins, specifically roles in mitotic
growth, growth on nonfermentable carbon sources,
and membrane traffic, can obscure the importance of
Arf in sporulation. Because the Arf1-myc protein con-
tains the full Arf1 protein it must be the additional
residues at the C terminus that interfere with Arf
function in meiosis. Deletion of up to six residues from
the C terminus of Arf1 resulted in an Arf protein that
was fully wild type by all assays mentioned above
(Cavenagh and Kahn, unpublished observation).
Thus, it seems likely that steric hindrance with effector
binding is responsible for the sporulation defect,
rather than a change in the structure of the very C
terminus of Arf1.

Arf-activated PLD1 and the consequent production
of PA have been shown to be necessary for the forma-
tion of in vitro coatomer-coated vesicles from the
trans-Golgi complex (Ktistakis et al., 1996). Because the
formation of the prospore membrane is thought to
require both the fusion of vesicles derived from the
trans-Golgi complex (Neiman, 1998) and the PLD ac-
tivity of Spo14 (Rudge et al., 1998), the failure of arf1-
myc arf2 mutants to sporulate may have been ex-
plained by the inability of Arf1-myc to directly
activate Spo14. However, the PLD activity of Spo14 in
meiotic ARF1 arf2 and arf1-myc arf2 total cell lysates
was indistinguishable (Table 3). We had previously
reported a fivefold increase in PLD activity during
meiosis (Rose et al., 1995). The induction of PLD ac-
tivity was more modest (approximately twofold) in
the strains used in this study. This difference may be a
consequence of the differences in strain backgrounds
and/or in the different lipid substrates used to assay
PLD activity (32P-labeled PC; Rose et al., 1995; vs.
BODIPY-PC; this study). Nonetheless, no differences
in PLD activity were seen between cells carrying ARF1
arf2 and arf1-myc arf2 alleles.

Ktistakis et al. (1996) showed that the requirement
for Arf in the formation of Golgi-derived coated ves-
icles could be overcome by the addition of an acti-
vated PLD. In a related manner, Bi et al. (1997) found

Table 6. Total cell lysate PE-PLD activity

Genotype
PE-PLD activity

(pmol/min/mg protein)

ARF1 ARF2 spo14::URA3 ADE2a 180 6 15
arf1::HIS3 ARF2 spo14::URA3 ADE2b 182 6 22
ARF1 ARF2 spo14::URA3 ade2-101c 292 6 70
ARF1 arf2::LEU2 spo14::URA3 ade2-101d 295 6 86
ARF1 ARF2 spo14::LEU2 ADE2 1

GAL-ARF1 2m URA3e
174 6 11

ARF1 ARF2 spo14::LEU2 ADE2 1
GAL-arf1Q71L 2m uRA3f

168 6 69

ARF1 ARF2 spo14::LEU2 ADE2 1
GAL-arf1N126I 2m URA3g

156 6 18

Total cell lysates were prepared from mitotically dividing yeast in
triplicate and assayed for ScPld2 activity as described in MATERI-
ALS AND METHODS. SDs were calculated with PLD values ob-
tained from individual experiments.
a Strain Y1125.
b Strain Y1127.
c Strain Y1126.
d Strain Y1128.
e Strain Y1129.
f Strain Y1130.
g Strain Y1131.
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that added PA could overcome primary alcohol-me-
diated inhibition of glycoprotein transport between
the ER and Golgi compartments. In contrast to these
effects on in vitro transport, we found that increasing
the PLD activity 10-fold, by overexpressing Spo14, did
not rescue the sporulation defect of the arf1-myc arf2
strain.

The regulation of Spo14 activity includes changes in
activity, phosphorylation status, solubility in deter-
gent extracts, and cellular localization (Rudge et al.,
1998); none of which are affected by changes in Arf
activity. During meiosis, Spo14 is modified by phos-
phorylation and becomes readily solubilized by non-
ionic detergent in whole-cell extracts. Neither of these
changes was affected by the arf1-myc allele. The
change in phosphorylation correlates temporally with
a change in the localization of Spo14 to the new pros-
pore membrane during meiosis. This relocalization
was monitored with the expression of GFP-tagged
Spo14 in live cells, and we found that Spo14 localized
to the prospore membrane in arf1-myc arf2 cells. How-
ever, in contrast to wild-type (ARF1 arf2) cells, the
development of the prospore membrane was attenu-
ated in arf1-myc arf2 mutants. The prospore membrane
had fused with itself to capture each of the haploid
nuclei separately but had failed to elongate. Conse-
quently, the individual spore compartments in arf1-
myc mutants were smaller that those formed in wild-
type cells. Taken together, the data presented here
suggest that the failure of arf1-myc arf2 diploids to
sporulate is not a consequence of Spo14 mislocalizing
or from a reduction in PLD activity. Furthermore, in
diploids homozygous for spo14, few cells complete
meiosis II, no prospore membrane is formed, and no
spores are made (Honigberg et al., 1992; Rose et al.,
1995; Rudge et al., 1998). The ability of diploids ho-
mozygous for arf1-myc arf2 to proceed through meio-
sis II and to form an abnormal prospore membrane
indicates that the defect resulting from mutation of
ARF1 is downstream of Spo14 action and confirms
that the action of each gene product is essential for
sporulation but independent of the others. That Spo14
is not the sole effector for Arf functions in yeast was
already evident from the fact that ARF genes together
form an essential pair (Stearns et al., 1990a), whereas
spo14 null mutants are viable (Honigberg et al., 1992;
Rose et al., 1995; Ella et al., 1996; Waksman et al., 1996).

Although the critical function of Spo14 is in meiosis,
Spo14 is expressed and active in mitotically dividing
cells (Rose et al., 1995), and recent evidence suggests
that it plays a role in Golgi function (Patton-Vogt et al.,
1997). However, spo14 mutants do not display the
phenotypes associated with arf1 strains, i.e., slow
growth, cold sensitivity, and supersensitivity to fluo-
ride ions (Rudge and Engebrecht, unpublished obser-
vations). Furthermore, PC-PLD activity assayed from
mitotically dividing cells was found to be independent

of Arf activity, even in the presence of dominant acti-
vating or inactivating alleles, which ultimately will
prove lethal to yeast cells (Kahn et al., 1995). These
results further support our conclusion that SPO14 and
ARF genes function in different signaling pathways.

This clear difference in Spo14 and Arf1 action, and
the failure to detect any changes in PLD activity as-
sayed in total cell lysates, prompted us to investigate
whether any yeast PLD activity could be altered by
activated Arf proteins. In contrast to human, porcine,
or rat PLD1 (Brown et al., 1993; Cockcroft et al., 1994;
Hammond et al., 1997), we found (Table 4) that yeast
Arf1 or Arf2 or human Arf1 did not increase the PLD
activity of Spo14 either with or without the Arf acti-
vator GTPgS. Under the conditions used in our PLD
assay, both yeast and human Arf proteins stimulated
the activity of the human PLD1 (Table 4) and bound
guanine nucleotides normally.

Yeast also contain a second PLD activity, termed
ScPld2 (Mayr et al., 1996; Waksman et al., 1997). In
contrast to Spo14 (Rose et al., 1995; Waksman et al.,
1996), PLD1 (Hammond et al., 1995, 1997), and PLD2
(Colley et al., 1997; Kodaki and Yamashita, 1997), Sc-
Pld2 does not require PIP2 for catalysis and does not
perform transphosphatidylation (Mayr et al., 1996;
Waksman et al., 1997). Moreover, ScPld2 requires cal-
cium for activity and preferentially hydrolyses phos-
phatidylserine and phosphatidylethanolamine (Mayr
et al., 1996; Waksman et al., 1997). These biochemical
properties of ScPld2 indicate that it is unrelated to
Spo14. Indeed, sequencing of the S. cerevisiae genome
has shown that there are no other sequences that
display similarity to the SPO14/PLD gene family
(Morris et al., 1996). However, in common with Spo14,
we could find no evidence that ScPld2 is regulated by
yeast Arf proteins (Table 6). This observation is con-
sistent with earlier work performed by Mayr et al.
(1996); they reported that the catalytic activity of Sc-
Pld2 was not activated by the addition of GTPgS and
cytosolic factors.

Although in vivo PLD activity in mammalian cells is
routinely measured by transphosphatidylation in the
presence of a primary alcohol, Spo14 performs this
reaction inefficiently (Rose et al., 1995) and ScPLD2 not
at all (Mayr et al., 1996; Waksman et al., 1997). Conse-
quently, we and others (Mayr et al. 1996) have failed to
detect PLD-dependent transphosphatidylation in
vivo. Thus, we examined the effect of Arf proteins on
PLD activity using an in vitro assay. The failure to
detect changes in PLD activity using this assay as-
sumes that the conditions of cell lysis do not affect
enzymatic activity. Consistent with this assumption,
PLD activity of Spo14 immunoprecipitates derived
from meiotic cells lysed under different conditions is
also not stimulated by Arf proteins.

Our data support the conclusions that, in S. cerevi-
siae, the essential mitotic and meiotic functions of Arf
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proteins are not mediated by the activation of a PLD.
Although we cannot eliminate the possibility that
yeast contain an unidentified Arf-activated PLD, we
conclude that in yeast there must be as yet undiscov-
ered mediators of Arf action(s). In support of this
conclusion, recent work has shown that mammalian
ARF1 can promote the binding of AP-1 and coatomer
onto the trans-Golgi network independently of PLD
and has led to the suggestion of the existence of PLD–
and non-PLD–mediated pathways of ARF function
(West et al., 1997).

Finally, the failure to find any Arf-sensitive PLD
activity in yeast raises the intriguing possibility that
the effects of Arf on membrane traffic are also not
mediated by PLD activation in mammalian cells. To
date, the only PLDs shown to be directly activated by
Arf proteins are those requiring PIP2 and using PC as
the preferred substrate. Differences in cellular lipids
between yeast and mammals may have necessitated
the evolution of differences in PLD activation mecha-
nisms. Regulation of human PLD1 activity is proving
to be a very complicated process, involving multiple
protein and lipid coactivators. Given this complexity
and the “negative” nature of our results, failing to link
Arf and PLD activities, such an extrapolation to mam-
malian cells from data in yeast is risky. However, it
may be worth noting that the data supporting a role
for Arf-activated PLD activity in membrane transport
are also indirect and largely rely on the use of non-
specific (e.g., neomycin and ethanol) or partially spe-
cific (e.g., brefeldin A) reagents. It is likely that more
work and better reagents will be required before faith-
ful descriptions of the actions of these important sig-
naling molecules in cells can be formulated.
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