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ABSTRACT Phospholipid metabolism plays an impor-
tant role in cellular regulation by generating second messen-
gers for signal transduction. Many stimuli activate a phos-
pholipase D, which catalyzes the hydrolysis of phosphatidyl-
choline, producing phosphatidic acid and choline. Here we
report that the yeast SP014 gene, which is essential for meiosis
[Honigberg, S. M., Conicella, C. & Esposito, R. E. (1992)
Genetics 130, 703-716], encodes a phospholipase D. SPO14
RNA and protein activity are induced during late meiotic
prophase, and the enzyme has properties similar to mamma-
lian phosphatidylinositol 4,5-bisphosphate-regulated phos-
pholipase D. Characterization of an unusual allele of SPO14
defines regions of the protein important for enzyme catalysis
and regulation. These results implicate phospholipase D
signaling in regulating cellular differentiation.

Lipid metabolism plays a crucial role in cell signaling and
differentiation (1). The role of phospholipases A; and C in
signal transduction pathways is well characterized (2). In
addition, many extracellular stimuli activate phospholipase D
(PLD), which catalyzes the hydrolysis of phosphatidylcholine
(PC), producing phosphatidic acid (PA) and choline. PA is
thought to be an effector in several physiological processes
including secretion (3), DNA synthesis, and cell proliferation
(4, 5). PA can also be converted to the second messengers,
diacylglycerol (6) or lysophosphatidic acid (7).

At least two classes of membrane-associated PC-specific
PLD enzymes have been described in mammalian tissues. One
is stimulated by phosphatidylinositol 4,5-bisphosphate (PIP,)
(8), while the other is stimulated by oleate (9, 10). The
PIP>-dependent PLD activity in monocytic cells and brain can
be activated by a number of monomeric GTP-binding proteins
(8, 11). One class of these, the Arfs, are regulators of protein
trafficking (12). This finding has led to the speculation that
PLD functions in vesicular movement by altering the local
structural characteristics of membranes (13). However, the
function of PLD and the role that different isoforms play in
signal transduction have remained elusive due to a lack of
molecular definition.

Meiotic development in Saccharomyces cerevisiae culminates
in the production of spores. Genetic analysis of meiosis and
spore formation has revealed some of the regulatory mecha-
nisms that control and coordinate these processes. Studies on
meiotic initiation show that entry into meiosis is complex and
is governed by the integration of both genetic and external
signals, which induce a transcriptional program (14). However,
the signals that govern meiotic progression are not well
understood.

Herein we demonstrate that the yeast SPO14 gene encodes
a PLD. The requirement for PLD in meiosis implies a direct
role for phospholipid signaling in regulating cellular differen-
tiation.
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MATERIALS AND METHODS

Yeast Strains. The following S. cerevisiae strains were used:
KR1-20A, HO/HO lys2/lys2 ura3-1/ura3-1 leu2/leu2 thri-4/
thrl-4 trpl-1/trpl-1 ade2/ade2 spol4-3/spol4-3; KR52-3B,
HO/HO ura3-1/ura3-1 leu2/leu2 arg4-8,thrl-4/arg4-8,thrl-4
trpl-1/trpl-1 ade2/ade2; KR52-3C, KR52-3B containing
spol4::URA3/spol4::URA3. KR52-3B and KR52-3C are de-
rived by transformation (15) of BR2171-7B (16).

Plasmids. pKR325 contains the SPO14 complementing re-
gion on a 6.0-kb Pvu I1-Cla I fragment at the Sma I-Cla I sites
of pUNSS (ref. 17, see Fig. 2). The 6.0-kb fragment was cloned
into Bluescript SK(+) by using Xba I and Cla 1 from the
polylinker of pKR325 (pKR465). The spol4::URA3 disruption
plasmid KR466 was constructed by inserting a EcoRI-blunt-
end URA3 fragment (18) into EcoRI-EcoRV of SPOI4 in
pKR465; this removes 80% (4014 bp) of the SPOI14 coding
sequences. pKR466 was targeted for integration in yeast with
Xba 1-Cla 1. For baculovirus expression, PCR amplification
was used to introduce a unique Not I site 17 bases upstream of
the SPO14 ATG; a Not I-blunt-end SPOI4 fragment was
moved into the Not I-Sma 1 sites of pVL1392 (Invitrogen)
(pPKR845). pKR337 contains the 800-bp Sal I fragment from
pKR325 in Bluescript SK(+). The PYKI gene was amplified
with Taq polymerase from yeast genomic DNA, restricted with
Bgl 11-EcoRI and inserted into the BamHI-EcoRI sites of
Bluescript SK(+) (pME817). The spol4-3 mutation was
cloned by gap repair (15) using pKR325 partially digested with
Bgl 11; pKR493 was recovered and sequenced. The wild-type
and mutant sequences were moved into YEp352 (19) by
digesting pKR325 and pKR493 with Kpn I-Cla I (pKR577 and
pKR578, respectively). The N-terminal region from pKR493
was subcloned on a Xba I-HindIll fragment into the corre-
sponding sites in pUN105 (17) (pKR842).

Baculovirus Expression. Monolayers of Hi5 cells (3 X 107
cells in a 225-cm? flask) were infected with recombinant
baculoviruses containing pKR845 at a multiplicity of infection
of 10 and cultured at 27°C for 48 h (20). Infected Hi5 cells were
washed in ice-cold PBS, scraped into lysis buffer (25 mM
Tris'HCl, pH 7.5/2 mM EDTA/1 mM dithiothreitol/0.1 mM
benzamidine/0.1 mM phenylmethylsulfonyl fluoride) and dis-
rupted by sonication. After an initial centrifugation at 2000 X
g for 10 min, the supernatant was centrifuged at 10° X g for 1
h at 4°C. The supernatant was removed to give the cytosolic
fraction and the pellet resuspended in lysis buffer and centri-
fuged at 2000 X g for 5 min to generate the membrane fraction.

PLD Enzyme Assays. PLD activity was assayed by using a
32p-labeled lipid substrate and the formation of [32P]PA was
monitored. [*2P]PC, [3?P]phosphatidylinositol ([*?P]PI), and
[*?P]phosphatidylethanolamine ([32P]PE), with specific radio-
activities of ~10,000 dpm/nmol, were purified by two-
dimensional TLC of lipid extract from U937 cells labeled
overnight with [32P]PO,~2. Lipid vesicles of [3?P]PC and
[3?P]PI contained 50 uM 32P-labeled substrate (=~50,000 dpm),

Abbreviations: PLD, phospholipase D; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphati-
dylinositol; PIP,, phosphatidylinositol 4,5-bisphosphate; Spoldp,
Spol4 protein.
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95 uM PE (Avanti Polar lipids), and 5 uM PIP, (21) and were
prepared by bath-sonicating lipid films in 10 mM Hepes (pH
7.0). [3?P]PE lipid vesicles contained 50 uM [32P]PE and 5 uM
PIP,. The assay buffer contained 32 mM Hepes (pH 7.0), 150
mM NaCl, 5 mM EGTA, 1 mM EDTA, 40 mM B-glycero-
phosphate, 1 mM dithiothreitol, and 20 ul of extract (20-30 ug
of protein) in 100 ul. Assays were incubated for 30 min at 37°C
and terminated by adding 125 ul of methanol. Chloroform
(125 pl) was added and the lower phase was collected and dried
under vacuum. Lipids were analyzed by TLC on oxalate-
impregnated Whatman model 60A glass-backed silica gel
plates in a solvent system of chloroform/methanol/acetic acid,
13:3:1 (vol/vol).

RNA Isolation and Analysis. Strains were cultured and
assessed as described (16). RNA was prepared by the method
of Brill and Sternglanz (22). Northern blot analysis was per-
formed (23) with radioactive RNA probes synthesized by in
vitro transcription (24) of plasmids pKR337, digested with Xho
I, and pMES817, digested with Xba I, using T3 and T7 poly-
merase (Boehringer Mannheim), respectively.

Preparation of S. cerevisiae Cell Homogenates. Cell pellets
were resuspended in 400 ul of ice-cold lysis buffer [25 mM
Hepes, pH 7.0/150 mM NaCl/5 mM EGTA/1 mM EDTA/40
mM B-glycerophosphate/1 mM dithiothreitol/0.2 mM phenyl-
methylsulfonyl fluoride/0.2 mM benzamidine (Sigma)]. The
cells were disrupted by glass bead (425-600 um, acid-washed;
Sigma) agitation. Protein concentrations were determined
(25) by using bovine serum albumin as standard.

RESULTS

Isolation, Cloning, and Mapping of the SPOI4 Gene. The
spol4-3 mutant was isolated in a screen for mutants defective
in viable spore production (16), with the additional require-
ment of proficiency in meiotic recombination (K.R. and J.E.,
unpublished data). Diploids homozygous for spo14-3 entered
meiosis and completed meiotic prophase but most cells were
unable to progress through the meiosis II division and none
formed spores (Fig. 1). The wild-type gene was cloned; re-
striction map and complementation analyses demonstrated
that it was identical to the SPOI4 gene (26). Sequences
encoding amino acids 130-1467 of the SPOI4 gene were
deleted, marked with URA3 (spol14::URA3), and integrated
into the yeast genome. The spol4:URA3 mutant behaved
similarly to previously described spol4 mutants (26). When
induced to undergo meiosis, strains homozygous for these
mutations displayed a reduction in the number of cells that
were able to progress to the meiosis II division. In addition,
many cells failed to complete meiosis II chromosome segre-
gation as evidenced by trailing DNA, which appears as cross
structures when nuclei are examined cytologically (26). In
contrast to the other alleles described above, a smaller fraction
of cells progressed to the second meiotic division in spol4-3
mutants (Fig. 1). The more severe phenotype of the spol4-3
mutant, compared to the null mutant, suggests that the spo14-3
gene product interferes with processes necessary for meiotic
progression. spol4-3/SPO14 heterozygotes sporulated, indicat-
ing that the spol4-3 allele is recessive.

The SPO14 Sequence Reveals Homology to Plant PLD. The
SPO14 gene contains a 5049-bp open reading frame encoding
a putative protein of 1683 amino acids with a predicted
molecular mass of 195 kDa. The SPO14 sequence matched a
hypothetical open reading frame, YKRO031c, identified in the
chromosome X7 sequencing project (27). In addition, a region
of 440 amino acids in the middle of the Spo14 protein (Spol4p)
is 21% identical to the predicted protein sequence of a PLD
identified from Ricinus communis (ref. 28 and Fig. 2).

Recombinant Spol4p Hydrolyzes PC and Requires PIP,.
The similarity to a PLD prompted us to investigate whether
SPO14 encoded a functional enzyme. SPO14 was expressed in
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FiG. 1. Effect of spol4 mutations on the meiotic divisions and
sporulation. (4) SPO14/SPOI14 (KR52-3B). (B) spol4:URA3/
spol4::URA3 (KR52-3C). (C) spol4-3/spo14-3 (KR1-20A). The per-
centage of cells completing meiosis I (open squares) or meiosis II
(solid triangles) were monitored by 4’,6-diamidino-2-phenylindole
fluorescence microscopy, and ascus formation (solid circles) was
monitored by phase-contrast microscopy. 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 calcu-
lated by dividing the sum of tri- and tetranucleated cells and asci by the
total number of cells. At least 300 nuclei were counted at each time
point for each strain.

Hi5 insect cells by using a baculovirus vector (20). The infected
cells were separated into membrane and cytosolic fractions
and PLD activity was measured by using 3?P-labeled lipids
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FiG. 2. SPOI4 gene structure (A4) and similarity to plant PLD (B).
Numbers refer to amino acid positions. The nucleotide sequence
surrounding the spol4-3 mutation (and the corresponding region in
SPO14) is shown. The underlined bases represent the base change and
insertion in the spol4-3 sequence; * indicates the introduced stop
codon. The ATG at amino acid 378 denotes a likely site of translation
reinitiation; there are three additional ATGs, which would encode for
very short peptides, between the termination sequence and the ATG
at amino acid 378. The hatched box delineates the region with
similarity to plant PLD (28). P, Pvu II; R, EcoRI; V, EcoRV; H,
HindllL; S, Sal 1; C, Cla I; Rc, Ricinus communis; aa, amino acid; |,
identical amino acids; +, conservative changes.

followed by TLC of the products. Membranes from Hi5 cells
uninfected or infected with an unrelated viral construct con-
tained very little PLD activity, while cells infected with the
SPO14 baculovirus vector exhibited substantial membrane-
associated PLD activity (Fig. 34).

Phospholipases are classified according to the bond they
hydrolyze as well as their phospholipid substrate specificity.
Hydrolysis of PC by the Spol4p resulted in the simultaneous
production of PA and choline, indicative of PLD activity, and
was determined by analyzing the water-soluble products by
HPLC (data not shown). The specificity of Spo14p was exam-
ined by substituting the labeled PC with [32P]PI or [3?P]PE.
Essentially no hydrolysis was observed with PI and PE (Fig.
34). PC-specific PLDs have been shown to catalyze the
transfer of the substrate phosphatidyl group to a primary
alcohol, generating a phosphatidylalcohol (29). In the presence
of 2% ethanol, Spo14p catalyzed the formation of both PA and
PE (Fig. 34). Thus, these results show that Spoldp is a
PC-specific PLD.

PC-specific PLDs have been classified based on cofactors
required for activity; PIP,- and oleate-dependent PLDs have
been characterized. Spol4p is a member of the former class as
it was stimulated by PIP, and inhibited by oleate (Fig. 34).
Additionally, Spol4p was inhibited by Mg?*. The enzymatic
properties of the recombinant protein were identical to the
enzyme activity measured in meiotic yeast cell homogenates
(Fig. 3B).
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Fi1G. 3. Properties of Spol4p in Hi5 and meiotic yeast cell homo-
genates. (4) Autoradiograph of a TLC plate demonstrating PLD
activity from Hi5 membranes expressing Spol4p. (B) Autoradiograph
of a TLC plate demonstrating PLD activity from meiotic yeast cell
homogenates. Un, uninfected Hi5 cells; PC, standard assay conditions
using PC as substrate; —PIP,, without the addition of PIP,; + EtOH,
in the presence of 2% ethanol; + Oleate, in the presence of 4 mM
oleate; + Mg**, in the presence of 1 mM Mg?*; + Ca**, in the
presence of 1 mM Ca?*; PI, with PI as substrate; PE, with PE as
substrate. [32P]PI and [32P]PE vesicles were analyzed by TLC prior to
the addition of enzyme and were identical to the samples shown. PA,
PC, PE, and phosphatidylethanol (PEtOH) are indicated and were
determined by the migration of standards. Equivalent amounts of
extracts were used in each assay as determined by protein concentra-
tion.

SPO14 RNA and Activity Are Induced Late in Meiotic
Prophase. Northern blot analysis was performed on RNA
from wild-type, spol4 deletion, and spol4-3 strains in mitosis
and at various times throughout meiosis (Fig. 44). A 5.5-kb
RNA molecule was detected with a radiolabeled SPOI14-
specific antisense RNA but was absent in spo/4::URA3 strains.
In addition, a less-abundant SPOI4-specific transcript was
observed (2.8 kb) that is probably a degradative product of the
large transcript. SPO14 RNA was present in mitotically divid-
ing cells (0 h) and levels increased 7-fold late in prophase (15
h; RNA amounts were normalized by probing with the con-
stitutively expressed gene PYKI; ref. 30). SPO14 RNA levels
remained high during the two meiotic divisions (15-20 h) and
declined at the completion of sporulation (25 h). The SPO14
induction profile was similar to genes expressed midway
through meiosis (14), but in contrast to these genes, SPOI14
expression was not meiosis-specific. The SPO14 transcript level
was increased in response to meiosis and not starvation as no
RNA induction was observed when RNA from a MATa/MATa
strain, which is unable to initiate meiosis, was analyzed (data
not shown). RNA from spol4-3 strains was also maximally
expressed at 15 h, although at lower levels (Fig. 44).

PLD activity was measured during mitosis and meiosis by
using an in vitro assay with cell homogenates. Enzyme activity



12154  Genetics: Rose et al.

A Wild type spol4A spol4-3
kb
53 —
28 —
Time (h) 0 510152025 05101520250 5 10152025
B Wild type spol4A spol4-3

Time (h) C 0 5 10152025 0 5 10152025 0 510152025

FiG. 4. Expression of the SPOI4 gene and enzyme activity. (4)
Autoradiograph of a Northern blot analysis of RNA extracted from
mitotically dividing cells (0 h) and at various times after induction of
meiosis (5, 10, 15, 20, and 25 h). Wild type, SPO14/SPO14 (KR52-3B);
spol4A, spol4:URA3/spol4::URA3 (KR52-3C); spol4-3, spol4-3/
spol4-3 (KR1-20A). Positions of molecular size standards are to the
left. (B) Autoradiograph of a TLC plate demonstrating PLD activity
in yeast homogenates corresponding to the same time course analyzed
by Northern blot analysis. PA and PC are indicated and were deter-
mined by the migration of standards. Lane C, the reaction products
from a reaction terminated without addition of extract.

paralleled RNA levels, being maximally induced 5-fold at 15 h
(Fig. 4B). No activity was detected in the spol4 deletion or
spol4-3 strain, indicating that SPOI4 encodes the only PLD
active under these assay conditions.

The finding that SPOI4 is expressed during mitosis
prompted us to examine the effect of a spol4 null mutation on
mitotic growth and signaling pathways in yeast. Four function-
ally distinct vegetative signal transduction pathways utilizing
mitogen-activated protein (MAP) kinases have been identified
in yeast: cell wall integrity, response to high osmolarity,
pseudohyphal development, and mating. Consistent with anal-
ysis of previously characterized spol4 mutants (26), strains
harboring the spol4:URA3 deletion grew at rates indistin-
guishable from an isogenic wild-type strain at all temperatures
examined. In addition, spol4 deletion strains did not exhibit
defects in any of the vegetative MAP kinase pathways (data

Proc. Natl. Acad. Sci. USA 92 (1995)

not shown). Hence, it is likely that Spol4p functions specifi-
cally in meiosis.

The spol4-3 Mutation Produces a Truncated Protein. Ge-
netic analysis of the spol4-3 mutant revealed that meiotic
progression was more impaired than in SPOI4 deletion mu-
tants (Fig. 1). The spol4-3 sequence had two changes: an A —
T transversion at nt 936, resulting in a Leu-312 — Phe change,
and a nucleotide insertion at the transversion, introducing a
stop codon 3 nt downstream (Fig. 2). The spol4-3 mutation
should, therefore, result in a truncated protein coding for the
first 313 amino acids of the SPO14 gene with a single amino
acid change.

Wild-type cells containing sequences encoding the first 313
amino acids of spol4-3 on a centromere plasmid (pCENspol4-
313; pKR842) were assessed for meiosis and sporulation
(Table 1). Meiosis was inhibited in these strains as demon-
strated by the number of cells progressing through the meiotic
divisions, and sporulation was reduced. The effect of
pCENspo14-313 on meiosis and sporulation was not due to
inhibition of PLD activity. When expressed in a spol4 deletion
strain pCENspol4-313 also inhibited meiosis, suggesting that
spol4-313 is interfering with another process important for
meiosis.

Surprisingly, a spol4 deletion strain carrying the entire
spol4-3 gene on a high-copy-number plasmid (pKR578) pro-
duced spores, albeit at low levels (8%), and contained low PLD
activity (=~10% of wild-type activity). In contrast, no spores
and no PLD activity were observed in the deletion strain
carrying the spol4-3 gene on a low-copy-number plasmid
(pPKR493). Since the N-terminal region of the spo14-3 protein
does not contain PLD activity (see above), the most likely
explanation is that translation reinitiation is occurring, pre-
sumably at Met-378, and the resulting 1306 amino acids
contain the catalytic domain (Fig. 2).

DISCUSSION

SPOI4 encodes a PLD activity that is essential for yeast
meiosis. The yeast enzyme is similar to the PIP,-dependent
PLD activity characterized from mammalian cells (8). How-
ever, Spo14p is inhibited by Mg?* and catalyzes the transphos-
phatidylation reaction poorly, in contrast to mammalian PIP-
dependent PLD (8) and plant PLD (28).

Another group (31) has reported regulated PLD activity in
yeast cell extracts, but the assay used and the activity detected
are different in several respects to those reported herein. (i) A
synthetic fluorescent lipid (1-acyl-2-alkyl-glycerophosphocho-
line) in detergent was used as substrate. (ii) The enzyme
activity was measured in the absence of PIP,, a known activator
of Spol4p (Fig. 3). (iii) The activity was induced immediately
upon transfer to starvation conditions. Thus, it is likely that
Ella et al. (31) were not measuring Spol4p activity, suggesting
that there may be other PLD activities in yeast.

Table 1. Effect of spol4-313 on meiotic progression in wild-type and spol4::URA3 cells

Meiosis II, % Relative PLD activity % sporulation

Strain Genotype Meiosis I, %
KR52-3B (pUN100) SPO14 (pCEN) 34
KR52-3B (pKR842) SPO14 (pCENspol4-313) 10
KR52-3C (pUN100) spol4::URA3 (pCEN) 29

KR52-3C (pKR842) spol4::URA3 (pCENspo14-313) 10

29 1.0 : 30
6 0.96 23
19 0 0
4 0 0

Strains were grown and sporulated as described (16); samples were removed after 20 h and examined by 4',6-diamidino-2-phenylindole
fluorescence. The percentage of cells having completed meiosis I was calculated by dividing the sum of bi-, tri-, and tetranucleate cells by the total
number of cells. The percentage of cells having completed meiosis II was calculated by dividing the sum of tri- and tetranucleated cells by the total
number of cells. At least 300 cells of each genotype were evaluated. PLD activity was determined as described in the text. Densitometry scanning
was performed and normalized for protein content. Activity from the wild-type extract was given a relative value of 1.0. To measure sporulation,
cultures were examined by phase-contrast microscopy after 48 h in sporulation medium. The percent sporulation was calculated by dividing the
number of asci containing two, three, or four spores by the total number of cells. pCEN, centromere-based plasmid; pCENspo14-313, the N-terminal
fragment of spol4-3 on a centromere-based plasmid.
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The spol4-3 allele is inhibitory to meiosis, demonstrating
that the N-terminal region of Spol4p is deleterious in the
absence of the catalytic domain. One apparent contradiction
in the behavior of the truncated protein is that heterozygous
spol4-3/SPQ14 strains sporulate close to wild-type levels while
strains carrying the pCENspol4-313 sporulate at reduced
levels (Table 1). There are several possible reasons for this
difference: (i) the truncated protein may be present at lower
levels than expected in the heterozygote due to mRNA insta-
bility caused by the presence of an internal stop codon (ref. 32
and Fig. 44); (if) the C-terminal protein derived from reini-
tiation in the heterozygous mutant allele (Fig. 2) may interfere
with the inhibitory action of the N-terminal portion; (iii) the
centromere plasmid may exist in more than one copy per cell
(33), effectively increasing the concentration of the truncated
protein relative to the heterozygote.

Spol4p may function to coordinate meiosis and sporulation
by generating a lipid messenger or by altering the local
structural characteristics of membranes. The identification of
the sporulation-specific kinases, SMKI and SPS1, with homol-
ogy to MAP kinase and Ste20p kinase, respectively, implies
that a signaling pathway is operating to coordinate spore wall
assembly (30, 34). In addition, substantial membrane reorder-
ing occurs during meiosis and sporulation in yeast (35).

Meiotic arrest at either metaphase I or II before fertilization
is a common component of oogenesis in many organisms.
Release of the arrest is usually triggered by external cues and
is mediated via a signal transduction pathway (36). Unlike
higher eukaryotes, yeast do not normally arrest during meiosis.
Once normal yeast cells execute the first meiotic division, they
are committed and are no longer responsive to external stimuli
(37). Since’ Spoldp appears to function after the point of
commitment, it is unlikely that extracellular stimuli are acti-
vating Spol4p. Spol4p may be activated by an internal event,
perhaps involving some aspect of DNA metabolism or tran-
scription.
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