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Enzymes of Phosphoinositide Synthesis in Secretory Vesicles
Destined for the Plasma Membrane in Saccharomyces cerevisiaet
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CDP-diacylglycerol synthase, phosphatidylinositol synthase, and phosphatidylinositol kinase activities were
associated with post-Golgi apparatus secretory vesicles destined for the plasma membrane of Saccharomyces
cerevisiae. These results suggest that the plasma membrane is capable of synthesizing both CDP-diacylglycerol
and phosphatidylinositol as well as phosphorylating phosphatidylinositol.

The response of eucaryotic cells, including the yeast
Saccharomyces cerevisiae (27), to external signals is medi-
ated by the turnover of phosphatidylinositol and its phos-
phorylated derivatives, phosphatidylinositol 4-phosphate
and phosphatidylinositol 4,5-bisphosphate (4). Polyphos-
phoinositide formation and breakdown are localized in the
plasma membranes of animals (4) and S. cerevisiae (20, 27).
However, the resynthesis of phosphatidylinositol by the
enzymes CDP-diacylglycerol synthase and phosphatidylino-
sitol synthase has been thought to be confined to the
endoplasmic reticulum, mitochondria, and nuclear mem-
branes (4, 22). It has been suggested that newly synthesized
phosphatidylinositol is transported from the endoplasmic
reticulum to the plasma membrane by phospholipid transfer
proteins (10-12). Recently, however, phosphatidylinositol
synthase activity was measured in plasma membranes iso-
lated from GH3 pituitary cells (18). In the present study, we
showed that in S. cerevisiae, CDP-diacylglycerol synthase,
phosphatidylinositol synthase, and phosphatidylinositol ki-
nase are localized in purified secretory vesicles destined for
the plasma membrane.
Our studies were facilitated by the use of strain NY17

(MATa ura3-52 sec64), a sec64 temperature-sensitive mu-
tant that accumulates post-Golgi apparatus secretory vesi-
cles at the restrictive temperature (28). These vesicles con-
tain proteins destined for the plasma membrane (6, 28) and
are required for membrane growth in S. cerevisiae (25).
Secretory vesicles can be highly purified from the sphero-
plasts of temperature-shifted sec64 mutants (28). Unlike
plasma membrane preparations from S. cerevisiae (5, 26),
purified secretory vesicles from sec64 mutant cells are not
significantly contaminated with endoplasmic reticulum mem-
branes (28). sec64 mutant strain NY17 and the parent
wild-type strain NY13 (MATa ura3-52) were grown to the
mid-exponential phase in 1% yeast extract-2% peptone-2%
glucose medium at 25°C (28). Cells were transferred to 1%
yeast extract-2% peptone-0.2% glucose medium prewarmed
to 37°C and were incubated at this temperature for 2 h.
Spheroplasts were prepared from the temperature-shifted
cells in buffer containing 1.4 M sorbitol and were lysed by
transfer to buffer containing 8 M sorbitol (28). Microsomes

* Corresponding author.
t New Jersey Agricultural Experiment Station publication D-

10531-2-90.
t Present address: Agricultural Products Department, E. I. du

Pont de Nemours & Co., Inc., Wilmington, DE 19880-0402.

were prepared from spheroplasts of wild-type and sec64
mutant cells by differential centrifugation (28). Secretory
vesicles were purified from microsomes derived from sec64
mutant cells by Sephacryl S-1000 gel filtration chromatogra-
phy as described by Walworth and Novick (28). The purifi-
cation of secretory vesicles was monitored by the measure-
ment of invertase activity (16). The contamination of
endoplasmic reticulum membranes in the purified secretory
vesicles was assessed at less than 1% by using NADPH
cytochrome c reductase activity (13) as an endoplasmic
reticulum marker (28). CDP-diacylglycerol synthase (21),
phosphatidylinositol synthase (14), phosphatidylinositol ki-
nase (3), and phosphatidylserine synthase (1) activities were
measured as previously described. Protein was determined
(7) with bovine serum albumin as the standard. CDP-diacyl-
glycerol synthase (21), phosphatidylinositol synthase (15),
and phosphatidylserine synthase (24) subunits were identi-
fied by immunoblot analysis with specific antibodies to each
enzyme.
The activity of the enzymes involved in phosphoinositide

synthesis was measured in microsomes derived from wild-
type and sec64 mutant cells (Table 1). As previously de-
scribed, CDP-diacylglycerol synthase (21), phosphatidylino-
sitol synthase (14), and phosphatidylinositol kinase (3)
activities were found in microsomes derived from wild-type
cells. The specific activities of each of these enzymes were
not significantly different in microsomes derived from tem-
perature-shifted sec64 mutant cells (Table 1). Secretory
vesicles were purified from microsomes derived from sec64
mutant cells, and the biosynthetic enzyme activities were
measured. CDP-diacylglycerol synthase, phosphatidylinosi-
tol synthase, and phosphatidylinositol kinase activities were
found in the purified secretory vesicles. The specific activity
of CDP-diacylglycerol was 5.5-fold greater in secretory
vesicles than in microsomes (Table 1). Phosphatidylinositol
synthase and phosphatidylinositol kinase activities were not
significantly enriched in vesicles as compared with mi-
crosomes derived from sec64 mutant cells (Table 1). Immu-
noblot analysis confirmed that the CDP-diacylglycerol syn-
thase 56,000- and 54,000-Mr subunits (21) were associated
with microsomes and purified vesicles derived from sec64
mutant cells (Fig. 1). There was a qualitative enrichment of
the CDP-diacylglycerol synthase subunits in the purified
vesicles consistent with the enrichment of CDP-diacylglyc-
erol synthase specific activity. Immunoblot analysis also
confirmed the presence of the phosphatidylinositol synthase
34,000-Mr subunit (14) in purified secretory vesicles from
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TABLE 1. Phospholipid biosynthesis enzyme activities
in microsomes and purified vesicles'

Sp act (nmol/min per mg) of:
Strain

(membrane fraction) CDP-DG PI PI PS
synthase synthase kinase synthase

Wild type (microsomes) 0.14 0.34 0.73 0.18
sec64 mutant (micro- 0.12 0.32 0.75 0.13

somes)
sec64 mutant (vesicles) 0.66 0.43 0.77 <0.01

" Microsomes and vesicles were prepared from wild-type (NY13) and
sec64 mutant (NY17) cells as described in the text. CDP-diacylglycerol
(CDP-DG) synthase, phosphatidylinositol (PI) synthase, PI kinase, and phos-
phatidylserine (PS) synthase activities are the averages of three determina-
tions.

sec64 mutant cells (data not shown). The level of the
phosphatidylinositol synthase subunit in the vesicles was not
significantly different from that in the microsomes.

Phosphatidylserine synthase activity is associated with the
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FIG. 1. Immunoblot analysis of CDP-diacylglycerol synthase
subunits from microsomes and vesicles isolated from temperature-
shifted sec64 mutant cells. Microsomes and vesicles were isolated
from temperature-shifted sec64 mutant cells as described in the
text. Immunoblotting of 30 ,ug each of microsomes (lane A) and
vesicles (lane B) was performed with antibodies specific for CDP-
diacylglycerol synthase as described in the text. Protein molecular
mass standards (indicated by the arrowheads) were phosphorylase b
(92.5 kilodaltons [kDa]), bovine serum albumin (66.2 kDa), ovalbu-
min (45 kDa), carbonic anhydrase (31 kDa), soybean trypsin inhib-
itor 21.5 kDa), and lysozyme (14.4 kDa).

mitochondria and microsome fractions of S. cerevisiae (22).
This enzyme is not involved in phosphoinositide biosynthe-
sis (8) and was used as a control. Phosphatidylserine syn-
thase activity was found in microsomes derived from wild-
type and sec64 mutant cells but was not found in secretory
vesicles derived from sec64 microsomes (Table 1). In addi-
tion, the phosphatidylserine synthase subunit was not de-
tected by immunoblot analysis in purified secretory vesicles
(data not shown). These results along with the NADPH
cytochrome c reductase activity measurements confirmed
that our secretory vesicle preparation was not significantly
contaminated with endoplasmic reticulum membranes.

Secretory vesicles are required for plasma membrane
assembly (6, 25) and contain plasma membrane-associated
proteins such as ATPase (6). The vesicles do not contain
endoplasmic reticulum-associated proteins such as NADPH
cytochrome c reductase (28). Therefore, the association of
CDP-diacylglycerol synthase and phosphatidylinositol syn-
thase with the secretory vesicles supports the notion that the
plasma membrane in S. cerevisiae is capable of synthesizing
both CDP-diacylglycerol and phosphatidylinositol as well as
phosphorylating phosphatidylinositol. The main site of CDP-
diacylglycerol synthesis in S. cerevisiae is the mitochondria
(21, 22). About 20% of CDP-diacylglycerol synthase activity
is associated with microsomes (21). The activity of this
enzyme, unlike that of phosphatidylinositol synthase and
phosphatidylinositol kinase, was enriched 5.5-fold in the
secretory vesicles as compared with the microsomes of
sec64 mutant cells. This observation suggests that the
CDP-diacylglycerol synthase activity in microsomes is con-
tributed mainly by plasma membrane-associated activity.

Phosphatidylinositol is rapidly phosphorylated and hydro-
lyzed during a signal response in S. cerevisiae (9, 19, 27) and
in higher eucaryotes (4). The rapid synthesis of phosphati-
dylinositol may be necessary to maintain a steady-state
concentration of this essential membrane phospholipid in S.
cerevisiae (2, 17, 23). This study supports the notion that
phosphatidylinositol synthesis via CDP-diacylglycerol syn-
thase and phosphatidylinositol synthase may occur in the
plasma membrane. This study does not rule out the necessity
of participation of intracellular organelles or the requirement
of a phosphatidylinositol transfer protein (10-12) for plasma
membrane-associated phosphoinositide synthesis in S. cere-
visiae.
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