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Biosynthesis of Phosphoinositol-Containing Sphingolipids
from Phosphatidylinositol by a Membrane Preparation from

Saccharomyces cerevisiae
GERALD W. BECKERt AND ROBERT L. LESTER*

Department ofBiochemistry, College ofMedicine, University ofKentucky, Lexington, Kentucky 40536

Incubation of membranes prepared from Saccharomyces cerevisiae with
[32P]phosphatidyl[3H]inositol resulted in the transfer of both labels to two prod-
ucts which were characterized as two species ofinositolphosphoceramide, differing
in the ceramide portion of the molecule. The products were characterized on the
basis of stability in mild alkali, mobility on silica gel-impregnated paper, chro-
matography on silicic acid columns, and release of inositol phosphate upon base
hydrolysis. The reaction did not require the addition of metals, nor was it
inhibited by ethylenediaminetetraacetic acid. The detergents Triton X-100 and
Tween 20 provided little, if any, stimulation. At relatively high concentrations of
phosphatidylinositol (1 to 4 mM), the in vitro rate was about 20% of the in vivo
rate. Although ceramide was a logical substrate, the reaction could not be greatly
stimulated by the addition of ceramides containing mono- and dihydroxy fatty
acids. In addition, incubation of yeast membranes with [32P]phosphatidylinositol
gave rise to a product that was chromatographically indistinguishable from the
major yeast phosphosphingolipid, mannose-(inositol-P)2 ceramide.

Phosphosphingolipids containing inositol (in
this paper, "inositol" will refer to the isomer
"myo-inositol") have been reported in a number
of plants (6, 9, 10) and in several fungi, including
Saccharomyces cerevisiae (16, 19), Neurospora
crassa (12), Candida utilis (21), Aspergillus
niger (5, 7), and Agaricus bisporus (4).

In S. cerevisiae, three classes of these sphin-
golipids are known. The inositolphosphoceram-
ides (IPCs) contain a single inositol phosphate
(16); the mannosylinositolphosphoceramides
(MIPCs) also contain a single inositol phos-
phate, but with a mannose unit attached to the
inositol (16). The major sphingolipid, with com-
position, mannose (inositol-P)2-ceramide [M-
(IP)2C], contains two inositol phosphates, wit
a mannose unit attached to one of the inositols
(19). Diversity in the type oflong-chain base and
in the degree of hydroxylation and chain length
of the fatty acid gives rise to several members of
these three classes (16).

It was suggested by Angus and Lester (1),
based on in vivo labeling experiments with S.
cerevisiae, that phosphatidylinositol might be
the source of the phosphoinositol portion of the
phosphoinositol sphingolipids. This idea was
supported by Hackett and Brennan (7), who
showed that a soluble fraction prepared from A.
niger catalyzed the transfer of phosphoinositol

t Present address: Department of Biochemistry, University
of Iowa, Iowa City, IA 52242.

from phosphatidylinositol to IPC. This product
was characterized by its stability in mild alkali
and its mobility on thin-layer chromatography.
This report describes the in vitro biosynthesis

of two types of IPCs by a membrane fraction of
S. cerevisiae and provides a rigorous product
characterization by high-performance column
chromatography and degradative methods. The
reaction conditions are optimized so that the
rates of the in vitro reactions approach the in
vivo rates.

In vitro synthesis of M(IP)2C is also reported
for the first time.

MATERIALS AND METHODS
Materials. The strain of yeast used to prepare

membranes, S. cerevisiae MC13, was provided by Su-
san Henry (Albert Einstein College of Medicine). 32p,
and [2-3H]inositol were purchased from New England
Nuclear Corp. Chemical sources were as follows: Celite
545, Fisher Scientific Co.; yeast phosphatidylinositol,
Koch-Light; Triton X-100 and soybean phosphatidyl-
inositol, Sigma Chemical Co.; Porasil A60 (37 to 75
,um), Waters Associates; silica gel-impregnated paper
SG-81, Whatman; and yeast extract and peptone,
Difco Laboratories. Glycerophospho['4C]inositol was
prepared by deacylation of phosphatidylinositol ob-
tained from a yeast culture grown with [U-'4C]inositol.

Preparation of yeast membranes. Yeast mem-
branes were prepared from cells grown on a peptone-
yeast extract medium (3) supplemented with inositol
(20 mg/liter). A 1.0-liter culture was harvested at an
absorbancy at 650 nm (1 cm) of 18 to 20 (ca. 4 mg/ml)
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748 BECKER AND LESTER

by centrifugation for 10 min at 1,500 x g and washed
three times with cold distilled water. The resulting
pellet was suspended in water so that the total volume
of the cell suspension was 50 ml (80 to 100 mg [dry
weight] per ml). After 12.5 ml of cell suspension was

combined with 12.5 ml of 0.4 M sucrose-0.1 M potas-
sium phosphate (pH 7.2)-25 ml (dry volume) of acid-
washed glass beads (0.45- to 0.50-mm diameter), the
cells were broken by shaking in a Braun homogenizer
cooled with CO2. The suspension was shaken four
times for 15 s, with 15-s intervals for cooling. The
supernatant was decanted, and the beads were washed
three times with 20-ml portions of 0.2 M sucrose-0.05
M potassium phosphate, pH 7.2. All of the superna-
tants and washes were combined and centrifuged at
2,000 x g for 10 min to remove unbroken cells and
other debris. The membranes were then collected by
centrifugation at 70,000 x g for 1 h. The membrane
pellet was washed two times by homogenization in a

Teflon pestle homogenizer with 60 ml of 0.2 M su-

crose-0.05 M potassium phosphate, pH 7.2. The final
pellet was homogenized in a small volume of the same
buffer to give a suspension of about 30 to 50 mg of
protein per ml, as measured by the modified biuret
procedure (11). A typical preparation yielded 9 to 12
ml of membrane suspension, which was stable for
several months at -20°C.
Preparation of [32PJphosphatidylinositol.

[32P]phosphatidylinositol was prepared in vivo by
growing yeast with 32p; and then isolating the labeled
product by preparative thin-layer chromatography on

thick silica gel plates (PLQ-1000, Quantum Industries).
A 20-ml culture of yeast was grown on low-phosphate
(2.2 mM) medium containing 20 to 25 mCi of carrier-
free 32P1, 1% peptone (Difco Laboratories), 1% yeast
extract, 4% glucose, and 0.048 M sodium succinate, pH
5. After growth for 2 days at 30°C in a rotary shaker
(the cells exhibited a sharply reduced growth rate), 1.0
ml of 100% trichloroacetic acid was added, and the
culture was placed in an ice bath for 30 min. After
centrifugation, the pellet was washed twice with 20-ml
portions of distilled water. Lipids were extracted from
the washed pellet with ethanol-water-diethyl ether-
pyridine (15:15:5:1, vol/vol) (3). The lipid extract was
applied to the loading zone of the preparative plate
and developed with the solvent CHCl3-CH3OH4.2 N
NH40H (9:7:2, vol/vol). The region of the plate con-

taining the [32P]phosphatidylinositol (localized by au-

toradiography) was removed and eluted with CHC13-
CH30H-water (16:16:5, vol/vol). The partially purified
product was usually rechromatographed with the same
system. By this procedure, a preparation was obtained
that was at least 90 to 95% [32P]phosphatidylinositol.
The impurities present were other 32P-labeled phos-
pholipids, including variable amounts (<0.2%) of 32p-
labeled alkali-stable phospholipid with chromato-
graphic properties similar to those of the monophos-
phoinositol-containing sphingolipids.

Preparation of phosphatidyl[3Hlinositol. A 10-
ml culture of yeast was grown on yeast nitrogen base
supplemented with 4% glucose, 0.048 M sodium suc-

cinate, 240 mg of lysine dihydrochloride per liter, and
1.0 mCi of [3H]inositol (final inositol concentration,
4.9 mg/liter). The culture was grown at 30°C with
shaking. The harvest of the cells and isolation of the

J. BACTERIOL.

phosphatidyl[3H]inositol was carried out exactly as for
[32P]phosphatidylinositol.
Assay for the transfer of label from [32PJphos-

phatidyl['H]inositol to alkali-stable phospholip-
ids. Incubations were terminated by the addition of
6.4 volumes of CHC13-CH30H (1:1, vol/vol), and the
insoluble pellet was removed by centrifugation. To
0.10 ml of the supernatant was added 0.02 ml of 0.6 N
NaOH in methanol, and the mixture was placed in a
30°C bath for 30 min. After neutralization with 0.020
ml of 1.0 N acetic acid, the entire mixture was applied
to EDTA-treated SG-81 paper (18) and chromato-
graphed in CHC13-CH3OH4.2 N NH40H (9:7:2, vol/
vol). 32P-labeled components of this mixture were lo-
calized by autoradiography with Kodak No Screen X-
ray film. The chromatograms were cut up, and the
radioactivity was measured by scintillation counting
with the fluid previously described (2). An example of
such an assay is shown in Fig. 1.

Isolation of a sphingolipid fraction. The proce-
dure described here was developed to produce a sphin-
golipid fraction, free of nonlipids, appropriate for liquid
chromatography after a sample had been treated with
mild alkaline methanol. The sample was taken to
dryness under a stream of N2 and dissolved in 1 ml of
ethanol-water-diethyl ether-pyridine (15:15:5:1, vol/
vol). After 1 ml of 0.2 N KOH in CH30H was added,
the mixture was allowed to stand at room temperature
for 1 h, and then 0.2 ml of 1.0 N acetic acid and 1.16
ml ofwater were added. This mixture was then applied
to a column containing 0.2 g of Celite 545 and eluted
three times with 2-ml portions of solvent with the
same final composition as described above. This had
been found to wash polar constituents from the col-
umn. To the column was added 1 ml of CH30H and 4
ml of CHCl3-CH30H-water (16:16:5 [vol/vol], adjusted
to pH 9.5 with NH40H), which eluted the sphingoli-
pids from the column; the eluates were combined and
constituted the sphingolipid fraction.

Preparation of unlabeled sphingolipid stan-
dard. The mixture of unlabeled sphingolipids used as
standards was prepared from commercial bakers' yeast
as described previously (16).
Column chromatography of sphingolipids.

Chromatography was carried out on a column (0.32 by
600 cm) packed with base-treated (16) silicic acid
(Porasil A60), equilibrated with the initial solvent, and
maintained at 55°C. Two elution procedures were
employed.

In procedure 1, a nonlinear gradient was provided
by a two-pump solvent delivery system (model 6000A,
Waters Associates) controlled by a model 600 pro-
grammer (Waters Associates) set to gradient no. 7.
Solvent A was CHCl3-CH30H-water (65:40:3, vol/vol),
and solvent B was CHCl3-CH30H-water (16:16:5, volj
vol). The initial solvent composition was 10% solvent
B, and the final solvent composition was 90% solvent
B. The total time for the gradient was 60 min. The
percentage of solvent B at time t is given by %B = 10
+ (90 - 10) (t/tf)2, where tf is the total gradient time.
The flow rate was 2.0 ml/min.

In procedure 2, the conditions were as above except
for the following differences. The injected sample was
followed by pumping solvent A for 5 min. A nonlinear
gradient (program no. 4) was then begun with 0%
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FIG. 1. Autoradiograms prepared from chromato-
grams of incubation products and yeast lipids. Mix-
tures containing 0.44mM [32P]phosphatidyl[3H]ino-
sitol (2.9 x 106 cpm of32p and 4.0 x 104 cpm of 3H), 50
mM Tris-hydrochloride, pH 7, 5 mM MnCl2, 7.5 mM
MgCl2, 0.2% Triton X-100, and yeast membranes (6.6
mg of protein) in a total volume of 0.5 ml were
incubated at 30°C for 2 h. After the addition of3.2 ml
of CHCl3-CH30H (1:1, vol/vol) and centrifugation,
0.05 ml of the supernatant was deacylated by the
addition of 0.01 ml of 0.6 N NaOH in CH30H and
heating at 30°C for 30 min. The mixture was neutral-
ized with 0.01 ml ofacetic acid, and the entire mixture
was applied to silica gel-impregnated paper and
chromatographed with the solvent CHCl3-CH30H-
4.2 N NH40H (9:7:2, vol/vol). (1) Result obtained
when the yeast membranes were heat-inactivated be-
fore addition to the incubation mixture; (2) result
obtained with active membranes; and (3) pattern
obtained when a 32P-labeled lipid extract (3) was
treated with mild methanolic alkali. The identities of
some of the 32P-labeled spots appearing in (3) are
indicated.

solvent B. The percentage of solvent B at time t after
the start of the gradient is given by %B = 75(t/60)"3.
After 50 min of the gradient, 100% solvent B was
pumped for another 50 min. All solvents were pumped
at 2.0 ml/min. Solvent A was CHCl3-CH30H-concen-
trated NH40H (65:29:6, vol/vol); solvent B was CHC13-
CH30H-concentrated NH4OH-water (43:43:6:8, vol/
vol).

RESULTS

Incorporation of 32P and 3H from [32p]-
phosphatidyl[3H]inositol into alkali-stable
products. Incubation of [32P]phosphatidyl-
[3H]inositol with yeast membranes resulted in
the transfer of both 32P and 3H to products which
were stable to mild alkaline methanolysis and

which had the same chromatographic mobilities
on silica gel-impregnated paper as did the alkali-
stable lipids prepared from a yeast lipid extract
labeled in vivo. Figure 1 shows an autoradiogram
of mild alkali-stable products obtained from
such an incubation. Lane 2 shows two major
alkali-stable spots labeled with 32P that were not
present when the membranes were heat inacti-
vated before addition to the incubation mixture
(lane 1). Lipids with the mobility of these two
products were found in the chromatographic
pattern obtained when a lipid extract of cells
grown with 32Pi were treated in a manner iden-
tical to that of the incubation mixtures (lane 3).
The identities of the alkali-stable yeast lipids
have been determined previously (16) and are
shown in Fig. 1. The mobility of phosphatidyl-
inositol in this system was just above the IPCs;
this lipid was present only in trace amounts in
samples subjected to alkaline methanolysis.
Both the 32P and the 3H of [32P]phosphati-

dyl[3H]inositol were transferred to both of the
alkali-stable products (Table 1) in the same ratio
as that in the precursor. This is consistent with
the notion of the transfer of the intact phos-
phoinositol group from phosphatidylinositol to
a lipid acceptor.
Further characterization of reaction

products. In addition to their stability to mild
alkali and their mobilities on silica gel-impreg-
nated paper (Fig. 1), further evidence indicates
that the two major products of the enzymatic
transfer of the phosphoinositol moiety to endog-
enous lipid acceptors are two species of IPC,
designated IPC-II and IPC-III. IPC-II contains
phytosphingosine and a monohydroxy C26 fatty
acid; IPC-III contains phytosphingosine and a
dihydroxy C26 fatty acid (16). It was felt that

TABLE 1. Conversion of [32P]phosphatidyl[3H]-
inositol to alkali-stable products'

cpm
Precursor/product 32P/:H

:-r2p :H3P H

[32P]phosphatidyl[3H]- 228,986 136,777 1.67
inositol

Alkali-stable products
cut from paper chro-
matogram

Upper spot 1,076 708 1.52
Lower spot 756 455 1.66
a Yeast membranes (0.59 mg of protein and 19 nmol

of phosphatidylinositol) were incubated with [32P]-
phosphatidyl[3H]inositol (0.98 nmol) in 50 mM Tris-
hydrochloride, pH 7, containing 5 mM MnCl2 and
0.05% Tween 20 (total volume, 0.05 ml). After 2 h, the
reactions were terninated, and the incorporation of
both labels into alkali-stable products was measured
as described in the text.

VOL. 142, 1980
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comparison of the R;s with one system, as done
here and in the earlier work by Hackett and
Brennan (7), ought to be substantiated further
in light of the work of Smith and Lester (16),
which showed the occurrence of closely related
(and, hence, difficult-to-separate) inositol-con-
taining phosphosphingolipids in yeast.

(i) Chromatography on silica gel col-
umns. The 3H-labeled products from an incu-
bation of yeast membranes with phospha-
tidyl[3H]inositol comigrated with authentic
yeast IPC-II and IPC-III on a silica gel column.
Figure 2 shows the sphingolipid region of the
elution profile from a representative column.
The incubation products (Fig. 2B), detected by
measuring the 3H, corresponded exactly to the
authentic IPC-Il and IPC-III which were added
as internal standards and which were detected
by a moving wire-flame ionization detector that
detects all nonvolatile carbon compounds. An
incubation mixture containing inactivated mem-
branes showed only a trace of radioactivity in
the sphingolipid region (Fig. 2A).
Mild alkali-stable products resulting from the

incubation of [32P]phosphatidylinositol with
yeast membranes were also chromatographed
on a silica gel column with internally added
sphingolipid standards, employing elution con-
ditions of somewhat greater resolving power
(Fig. 3). Figure 3A shows the internal standards
observed with the moving wire detector, and
Fig. 3B shows the 32P-labeled products from the
control and the experimental incubation mix-
tures. Both control and experimental samples
showed radioactivity in the region of phospha-
tidylinositol; the control also showed 32P in the
region just slightly more retarded than IPC-III.
These represented about 0.01% of the starting
radioactivity. All of the radioactivity in these
peaks became water soluble after deacylation,
suggesting that the first peak was indeed phos-
phatidylinositol and that the second was proba-
bly lysophosphatidylinositol. Evidently, despite
two rounds of deacylation, these small amounts
persisted. In the experimental sample, the sec-
ond radioactive peak was perfectly superimpos-
able on the IPC-II standard, and the third peak,
after deacylation, was perfectly superimposable
on the IPC-III standard. In the latter case, de-
acylation removed about the same amount of
radioactivity as that observed in the control in
this region.
Thus, both 3H- and 32P-labeled phosphatyli-

nositol yielded two mild alkali-stable compounds
with chromatographic behavior identical to
those of IPC-II and IPC-III.

(ii) Base hydrolysis of reaction products.
Hydrolysis by aqueous 1.0 N KOH at 370C for

E

InIC

1100

I

a-w
n

w

I-0
w
w

ELUTION VOLUME, ml
FIG. 2. Silicic acid column chromatography of al-

kali-stable products. Yeast membranes (0.78 mg of
protein) were incubated at 30°C for 2 h with 0.26mM
[3H]phosphatidylinositol (1.5 x 106 cpm), 50 mM
Tris-hydrochloride (pH 7), and 0.05% Tween 20 in a
total volume of 0.10 ml. After termination of the
reaction by the addition of 0.64 ml of CHCl3-CH30H
(1:1, vol/vol) and centrifugation, a sphingolipid frac-
tion was isolated by a modification of the procedure
given in the text. The deacylation was carried out in
the same solvent, but for only 30 min. The reaction
was not neutralized, but 2.0 ml of absolute ethanol
was added to dilute the base. This mixture was then
applied to a column containing 0.4 ml (dry volume) of
Na+ Chelex 100 (100 to 200 mesh, Bio-Rad Labora-
tories) and 1.0 ml (dry volume) of HiFlosil (60 to 200
mesh, Applied Science Laboratories). The column
was eluted with absolute ethanol (3.0 ml), followed by
4 ml of CHCl3-CH30H-water (16:16:5, vol/vol) ad-
justed to pH 9.5 with NH40H. The last milliliter of
eluate contained the sphingolipid, free of the bulk of
nonlipids. This fraction was taken to dryness under
a stream of N2 and redissolved in 0.25 ml of CHCl3-
CH30H-water (16:16:5, vol/vol) containing a mixture
ofunlabeled sphingolipidspreparedfrom commercial
bakers' yeast (3.0 mg/ml) (16). A sample (0.1 ml) of
this mixture of 3H-labeled reaction products and un-
labeled standard sphingolipids was chromato-
graphed according to procedure 1 in the text. Frac-
tions were collected and taken to dryness under a
stream of hot air, and the 3H was measured in a
scintillation counter. The unlabeled yeast sphingoli-
pid standards were detected with a moving wire
carbon detector (LCM2, Pye Unicam).

J. BACTERIOL.
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FIG. 3. Column chromatography on silica gi
alkali-stablephospholipids resultingfrom incuba
of yeast membranes with [32P]phosphatidylinos
The following components were incubated for 60
at 30°C in a final volume of 0.1 ml: 50 mM I
hydrochloride (pH 7), 5 mM MnCl2, 0.1% Trito
100, 0.644 mg of membrane protein, and 1.22
[32P]phosphatidylinositol (5.7 cpm/pmol). The r
tion was terminated by addition of 0.64 ml of Ch
CH30H (1:1, vol/vol). After centrifugation, the p
was extracted three times with 0.50-ml volume
CHCl3-CH30H-water (16:16:5, vol/vol), and the
tracts were pooled and combined with the orig
supernatant. The sphingolipid fraction was dec
ated as described in the text, and the resulting X
fraction was again put through the same deacyla
procedure. The resulting alkali-stable lipid mix
was taken to dryness and dissolved in 0.50 n

CHCl3-CH30H-concentrated NH40H-water (V
1.03:3.97, vol/vol) containing 1.5 mg of the stanc
sphingolipid mixture. A 0.45-ml sample was c

matographed according to procedure 2 in the
(A) Moving wire-flame ionization detection of
radioactive standards. (B) Symbols: 0, experimei
A, control consisting of reaction terminated
CHCl3-CH30H (1:1, vol/vol) before addition of n
branes. 32p was detected by Cerenkov counting.

15 h is known to convert the phosphorus of
yeast sphingolipid IPC to a water-soluble
ganic form which appears to be an inositol ml
phosphate (16). Base-catalyzed hydrolysi
glycerophosphoinositol also results in the
mation of inositol monophosphate and glyc
as well as glyceromonophosphates and free
sitol (1, 8).
To 32P-labeled alkali-stable products isol

by preparative thin-layer chromatography
added glycerophospho["4C]inositol as a s

dard, and the mixture was hydrolyzed with t

After neutralization, the products of the base
'°° hydrolysis were chromatographed in a two-di-

° mensional system that separates the inositol
° phosphates from the isomeric glyceromonophos-

phates (1). Autoradiography revealed two spots
50 F which accounted for 100% of the "C and 79% of

> the 32P. The upper spot, with the Rf expected for
o inositol, contained 56% of the "4C and negligible
S amounts of 32P (Table 2). The lower spot, with

0
the Rf expected for inositol phosphate, contained
both 32P and '4C in a constant ratio across the
spot. From this result, it can be concluded that
the 32P-labeled alkali-stable products contain
phosphate linked to inositol, since base hydrol-
ysis yielded a product that moved with an Rf
identical to that of the ['4C]inositol phosphate
generated by hydrolysis of glycerophosphoinos-
itol.
Properties of the sphingolipid-synthesiz-

ing system. Crude yeast membranes were

found to be capable of synthesizing sphingolipids
el of when incubated with only [32P]phosphatidyli-
ition nositol and Tris buffer. There does not appear

sitol. to be a requirements for the three divalent met-
mi als tested, MnCl2, MgCl2, and CaCl2. In fact,
T
X- each of these metals at 5 mM actually inhibited
XM the reaction slightly. The inclusion of 5 mM

eac- EDTA gave the same amount of product as the
fCi3- basal system, providing additional evidence for
Pellet the lack of a metal requirement. The two deter-
es of gents tested, 0.02% Triton X-100 and 0.05%
ex- Tween 20, gave a slight stimulation. Two van-

'inal eties of ceramide isolated from yeast, one con-
acyl-
lipid
ition TABLE 2. Identification of the product of base
rture hydrolysis ofputative [32P]IPC as inositol [32p]_
II of phosphate'
6:16:
dard
hro-
text.
non-
ntal;
with
rtem-

fthe
or-

ono-
s of
for-
erol,
ino-

ated
was
5tan-
)ase.

cpm
Product

:32p 14C

Free inositol zone 85 4,714
Inositol phosphate zone 1,084 3,636

Recovery (%) 79 103
a To a sample of the alkali-stable products (1,480

32P cpm) prepared as indicated in the legend to Fig. 1
and isolated by preparative thin-layer chromatogra-
phy on a PLQ-1000 silica gel plate, using the solvent
CHC13-CH30H-4.2 N NH40H (9:7:2, vol/vol), was
added authentic glycerophospho[14C]inositol (8,075
'4C cpm). The mixture was hydrolyzed in aqueous 1.0
N KOH at 37°C for 15 h as described previously (16).
After neutralization with Bio-Rex 70 (H+; Bio-Rad
Laboratories), the mixture was concentrated in vacuo,
applied to a cellulose thin-layer plate (Eastman
chromagram sheet 6064), and chromatographed in two
dimensions with the solvent systems described previ-
ously (20). After localization by autoradiography, the
radioactive zones were cut out and counted for '4C and
32P.
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taining a monohydroxy fatty acid and the other
containing a dihydroxy fatty acid, were added to
reaction mixtures as suspensions in Tween 20.
Neither variety was able to stimulate the syn-
thesis of sphingolipid.
The incorporation of label from [32P]phospha-

tidyl[3H]inositol into alkali-stable products as-
sayed by paper chromatography was linear only
for the first 60 min but continued for at least 4
h.
The amount of product formed in a 2-h incu-

bation was linear with the amount of membrane
protein added, up to the maximum amount
tested, 1.4 mg (27.4 mg of protein per nil).
The amount of product formed was increased

by the addition of exogenous phosphatidylino-
sitol (Fig. 4). Both soybean and yeast phospha-
tidylinositol stimulated product formation. This
assay for products was carried out by column
chromatography identical to that shown in Fig.
3: the IPC-III peak, contaminated with small
amounts of what was possibly lysophosphati-
dylinositol (see above), was subjected to further
deacylation to produce the data shown. The
apparent Km for phosphatidylinositol was about
0.5 mM. When we calculated the substrate con-
centration and the specific activity at each con-
centration, the contributions from the labeled
precursor, the membranes (33 nmol of phospha-
tidylinositol per mg of protein), and exogenous
material were all taken into account. Although
the amount of product formed was much higher
at higher substrate concentrations, the resulting
reduction in specific activity of the substrate
offset this advantage by reducing the sensitivity
of the assay. It is for this reason that most of the
experiments were performed at lower levels of
phosphatidylinositol. We were concerned that
the [32P]phosphatidylinositol was always con-
taminated with a few percent of extraneous 32p_
labeled lipid, which might have accounted for
the incorporation into 32P-labeled sphingolipid.
Addition of unlabeled phosphatidylinositol from
several sources gave the profound decrease in
net counts incorporated expected from such a
decrease in specific activity, making it unlikely
that the label found in the product was derived
from sources other than phosphatidylinositol.
The maximum rates obtained (Fig. 4) were

about 0.4 (IPC-II), 0.3 (IPC-II), and 0.1
[M(IP)2C] nmol per mg of protein per h. Since
the cells contained about 5 nmol of total phos-
phoinositol-containing sphingolipid per mg (dry
weight) and had a generation time of about 2.5
h, one can calculate that the minimum in vivo
rate was about 4 nmol of protein per mg per h.
Thus, the maximal in vitro rates were about 20%
of the minimum in vivo rates.
Synthesis of M(IP)2C. Yeast membranes

IPC-K
z-400

o

o 40
PHOSPHATIDYLINOIITOL (mM)

FIG. 4. Sphingolipid synthesis as a function of
phosphatidylinositol concentration. Yeast mem-
branes were incubated with various concentrations
of[/P]phosphatidylinositol (3 to 7 cpmlpmol) under
conditions otherwise identical to those indicated in
the legend to Fig. 3. Lipids were extracted, deacyl-
ated, subjected to liquid chromatography, and
counted as indicated in the legend to Fig. 3. The IPC-
III peaks firom each sample were subjected to the
deacylation procedure, and the remaining alkali-sta-
ble lipid counts were used to calculate the results
shown.

catalyzed the conversion of[ssP]phosphatidyl-
inositol to [32p]M(IP)2C. Figure 3B shows a ra-
dioactive peak that coincided with the mobility
of the standard M(IP)2C (Fig. 3A) which oc-
curred in the experimental sample and was ab-
sent in the control. This putative [32p]M(IP)2C
from the M(IP)2C region of the silica gel column
(Fig. 3) was spotted on a 100-,um-thick silica gel
plate (PLQ 1000, Quantum Industries) and de-
veloped with CHC13-CH30H-4.2 N NH40H (9:
7:2, vol/vol). Autoradiography disclosed one ra-
dioactive zone that coincided exactly with the
unlabeled intenal M(IP)2C standard detected
by spraying with 0.003% rhodamine 6G and with
orcinol-H2So4 (15). Presumably, the M(IP)2C
was generated by the reaction of phosphatidyl-
inositol with an endogenousQpid, such as MIPC.
Because ofiat her laborious coluNmn assay,

not much is known about the optiseum condi-
tions for the formation of M(IP)2C, except that
the amount of product formed was sensitive to
changes in the concentration of phosphatidyl-
inositol (Fig.4).

DISCUSSION
The results show that phosphatidyrinositol is

a precursor of IPC and M(IP)2Ct Under opti-
mum conditions, the intact phosphoinositol
group is transferred to endogenous acceptors in
the cell-free system at about 20% ofthe synthesis
rates during ceh growth.
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The simplest reaction one might imagine for
the synthesis of IPC is a direct transfer: phos-
phatidylinositol + ceramide -* IPC + diglycer-
ide. We were unable to demonstrate a significant
stimulation of this reaction by the addition of
ceramides. It is unclear whether this failure was
due to the existence of saturating levels of en-
dogenous ceramides, the inability to properly
present the exogenous ceramide, or the possibil-
ity that ceramide is not the substrate. Hackett
and Brennan, however, did report a significant
stimulation of IPC synthesis with ceramide in a
soluble system from A. niger (7). It is possible
that such a stimulation could be a misleading
effect of adding lipid or detergent, and in view of
our negative findings, it would seem important
to carry out experiments with labeled ceramide
to settle this important point.
More complicated reaction mechanisms which

involve activated forms of phosphoinositol or
ceramide or both are possible. For example,
nucleoside diphosphoceramides might function
in a manner analogous to that of CDP-diacyl-
glycerol in the synthesis of phosphatidylinositol
in animals (13) and yeast (17): nucleoside di-
phosphate-ceramide + inositol -* IPC + nucleo-
side monophosphate. In fact, Schneider and
Kennedy (14) searched without success for the
existence of CDP-ceramide in yeast. The direct
transfer of the intact phosphoinositol moiety is
also supported by the in vitro data of Hackett
and Brennan (7) and the earlier in vivo experi-
ments of Angus and Lester (1); therefore, we
need to consider only mechanisms such as the
following: (i) phosphatidylinositol + X -* inosi-
tol-P - X + diglyceride and inositol-P - X +
ceramide - IPC + X and (ii) phosphatidylino-
sitol + X ceramide -- IPC + X. Activated
forms of either inositolphosphate or ceramide
have yet to be found.
For the first time we have demonstrated the

in vitro synthesis of M(IP)2C, the major phos-
phosphingolipid of yeast. Again, the simplest
mechanism of synthesis to consider is a direct
transfer: phosphatidylinositol + MIPC -. di-
glyceride + M(IP)2C. Experiments with a la-
beled acceptor would also be required to test
this hypothesis.
We have recently obtained evidence that

GDP-mannose provides the mannose moieties
of MIPC and M(IP)2C (unpublished data). An
outline of a likely pathway for the synthesis of
the yeast phosphosphingolipids is therefore:
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