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A phospholipid transfer protein from yeast (Daum, G. and Paltauf, F. (1984) Biochim, Biophys. Acta 794, 385-391) was
2800-fold enriched by an improved procedure. The specificity of this transfer protein and the influence of membrane
properties of acceptor vesicles (lipid composition, charge, fluidity) on the transfer activity were determined in vitro using
pyrene-labeled phospitolipids. The yeast transfer protein forms a complex with phosphatidylinesitol or phosphatidyl-
choline, respectively, and transfers these two phospholipids between biological and/or artificial membranes. The
tvansfer rate for phosphatidylinositol is 19-fold higher than for phesphatidylcholine as determined with 1:8 mixtures of
phosphatidylinositol and phosphatidylcholine in donor and aceepter membrane vesicles. If acceptor membranes consist
only of non-transferable phospholipids, e.g., phosphatidylethanolamine, a moderate but significant net transfer of
phosphatidylcholine occurs. Phosphatidylcholine transfer is inhibited tu a variable extent by negatively charged
phospholipids and by fatty acids. Differences in the accessibility of the charged groups of lipids to the transfer protein
might account for the different inhibitory effects, which occur in the order phosphatidylserine > phosphatidylglycerol
> phosphatidylinositel > cardiolipin > phosphatidic acid > fatty acids. Although mitochondrial membrares coatain high
amounts of negatively charged phospholipids, they serve effectively as acceptor membranes, whereas transfer to vesicles
prepared from total mitochondrial lipids is essentially zero. Ergosterol reduces the transfer rate, probabiy by decreasing
membrane fluidity. This notion is supported by data obtained with dipalmitoy! phesphatidylcheline as acceptor vesicle
component; in this case the transfer rate is significantly reduced below the phase transition temperature of the
phospholipid.

Introduction parently distinct properties has been described by Boz-

zato and Tinker [7]. It i3 not clear if the two proteins are

Phospholipid transfer proteins are ubiquitous in most
organisms and cells, and have been isolated from mam-
malian and plant tissues as well as from prokaryetic
and eukaryotic microorganisms (for recent reviews, sce
Refs, 1-4), Transfer proteins with different substrate
specificities and catalytic properties have been de-
scribed.

The occurrence of phospholipid transfer protein(s) in
the yeast, Saccharomyces cerevisiae, has been reported
by several authors [5-7]. In our laboratory [6] a protein
specific for phosphatidylinositol and phosphatidyl-
choline has been purified to homogeneity from yeast
cytosol. A phospholipid transfer protein with ap-
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identical or not; differences in the yeast strains, isola-
tion procedures, and in assay conditions might explain
the discrepancies.

Phospholipid transfer proteins facilitate the transport
of lipid molecules between artificial and/or isolated
biological membranes in vitro. They are thought to
contribute to the biogenesis of cellular membranes in
vivo by modification and/or maintenance of the mem-
brane lipid composition and asymmetry. Vice versa the
lipid composition of membranes modulates the activity
of phospholipid transfer proteins (for reviews, see Refs.
1 and 2). Especiaily phospholipids with a net negative
charge, e.g., phosphatidic acid, phosphatidylserine,
phosphatidylglycerol, cardiolipin, but also phospha-
tidylinositol, phosphatidylinositol 4-phosphate and
phosphatidylinositol 4.5-bisphosphate [8,9] have been
described to inhibit the activity of mammalian phospho-
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lipid transfer proteins. Phospholipids with saturated
fatty acy! chains, and sterols as components of mem-
branes decrease the rate of phosphelipid transfer in
vitro, indicating that protein catalyzed phospholipid
transfer is sensitive to membrane fluidicy [1].

In the present paper we describe a modified and
largely improved procedure for the isolation of the yeast
phosphatidylinositol transfer protein. Fluorescent
pyrene-labeled phospholipids were used to determine
substrate specificity of the protein with respect to trans-
fer and binding, and to study the influence of mem-
brane properties (lipid composition, charge, fluidity) on
the transfer. The properties of the yeast phosphatidyl-
inositol transfer protein are compared to those of mam-
malian phosphatidylinositol transfer proteins.

Materials and Methods

Yeast strain and culture conditions

Saccharomyces cerevisiae D 273-10B was grown
aercbically at 30°C on a semisynthetic medium with
2% lactate as a carbon source [10). Cells were harvested
in the mid-logarithmic phase with a yield of about 5 g
wet weight per liter.

Procedurs for the isolation of the phosphatidylinositol
transfer protein from yeast cytosol

The procedure for the purification of the phospha-
tidylinositol transfer protein from yeast described here
is a modification of the method published previously by
Daum and Paltauf [6).

Step 1: Preparation of yeast cytosol. Spheroplasts from
yeast cells were prepared as described by Daum et al.
[10] and homogenized in the presence of 0.6 M manni-
tol, 10 mM Tris-HCl (pH 7.4), 1 mM phenylmethyl-
sulfonyl fluoride, using a Dounce homogenizer. The
homogenate was cleared of membranous particles by
sequential centrifugation at 1000 X g (5 min), 10600 X g
(10 min) and 100000 X g (60 min). Centrifugations as
well as all the following steps were carried out at
0-4°C.

Step 2: Fractionated ammoniumsulfate precipitation
(50-90% scturation). Solid ammoniumsulfate (29.1
g/100 ml) was added in small portions with gentle
stirring to yeast cytosol to give a 50% saturation. After
5-10 h on ice precipitated proteins were removed by
centrifugation at 23000 X g for 12 min. The resulting
superpatant was saved, and additional ammoniumsul-
fate (26.8 g/100 ml) was added for 90% saturation.
Precipitated proteins were collected by centrifugation as
described above and suspended in 10 mM Tris-HCl (pH
7.4}, 0.02% NaN, (in the following referred to as stan-
dard buffer). Insoluble material was removed by centrif-
ugation (23000 X g, 12 min) and discarded.

Step 3: Sephadex G-75 chromatography. Portions of
20-25 mi of the sample obtained in step 2 were applied

to a Sephadex G-75 column (2.6 X 75 cm). Fractions of
5 mi were collected after elution with the standard
buffer at a flow rate of 25 ml/h. Phosphatidylcholine
transfer activity was found in fractions 29 to 38,

Step 4: DEAE-Sephacel chromatography. Pooled ac-
tive fractions of the previous step were adjusted to 70
mM NaCl and applied to a DEAE-Sephacel column
(1.6 X 32 cm) equilibrated with 70 mM NaCl in stan-
dard buffer. Unbound proteins were eluted with 150 ml
of the same buffer at a flow rate of 25 mi/h. Elution
was continued with 250 ml of a linear salt gradient
(70-120 mM NaCl), and fractions of 4.2 ml were col-
lected. Active transfer protein was eluted with 100-110
mM NaCl.

Step 5: Second Sephadex G-75 chromatography. Por-
tions (20-25 ml) of pooled active fractions from the
previous step were applied to a Sephadex G-75 column
and eluted as described for step 3. Transfer activity was
found in fractions 29 to 39 with a maximum at fractions
34-35, corresponding to an apparent molecular mass of
34-37 kDa.

Step 6: Phenyl-Sepharose chromatography. Pooled ac-
tive fractions from step § were dialyzed against 1 mM
NaP, (pH 7.2), 0.02% NaN, and adjusted to 0.1 M
NaCl. The sample (50-100 ml) was applied to a
Phenyl-Sepharose CL-4B column (1X11 cm) equi-
librated with 1 mM NaP, (pH 7.2), 0.02% NaN,, 0.1 M
NaCl. Unbound proteins were eluted with the starting
buffer at a {low rate of 20 ml/h. Elution was continued
with a step gradient using 30 ml 1 mM NaP, (pH 7.2),
0.02% NaN;, 50 mM NaCl; 30 ml 20 mM NaCl in NaP,
buffer and 100 ml of buffer without NaCl. Fractions of
6.2 ml were collected; the active transfer protein was
eluted between fractions 2 and 19.

For some experiments the protein solution was con-
centrated after the last step of purification using
Centricon 30 (Amicon). During this step 10-20% of the
protein were lost probably due to irreversible binding to
the filter material. The purified protein was stored at
4°C in the presence of 10% glycerol at protein con-
centrations of 5-100 pg/ml. Within 12 months ap-
proximately 10% of the activity were lost.

Preparation of phospholipid vesicles for transfer assays
Vesicles for transfer assays were routinely prepared
by the ethanol injection method [11). Final concentra-
tions of 0.2-0.4% ethanol in the incubation mixtures for
transfer and binding assays have only a marginal in-
fluence on membrane properties [12}, and do not affect
the activity of the transfer protein. Donor vesicles were
prepared by injecting 10 u! of a 0.1 mM ethanolic
solution of 1-palmitoyl-2-pyrenedecanoyl-sn-glycero-3-
phosphocholine into 300 xl 10 mM Tris-HCI (pH 7.1),
0.02% NaN, with stirring at 37°C. The buffer was
filtered (Sartorius membrane filters, 0.45 pm) prior to
use. After an equilibration period of at least 10 min



portions of 15 pl of the vesicle suspension were used in
0.5 m! Tris-HC! (pH 7.1), 0.02% NaN; to give a final
concentration of 0.1 pM fluorescently labeled donor
phospholipid. For comparative studies of phosphatidyl-
choline and phosphatidylinositol transfer donor vesicles
containing 10 mol% of fluorescently labeled phospho-
lipids were prepared. Phosphatidylcholine donor vesicles
contained 10% 1-stearoyl-2-pyrenedecanoyi-sn-glycero-
3-phosphocholine, 10% N-trinitrophenyl phosphatidyl-
ethanolamine as an internal quencher [13], 70%
phosphatidylcholine and 10% phosphatidylinositol;
phosphatidylinositol donor vesicles consisted of 10%
1-stearoyl-2-pyrenedecanoyl-sn-glycero-3-phosphoino-
sitol, 10% N-trinitrophenyl phosphatidylethanolamine
and 80% phosphatidylcholine.

Acceptor vesicles were prepared by mixing egg phos-
phatidylcholine with the appropriate amount of other
lipids. Mixtures were dried under a stream of mitrogen
and dissolved either in DMSO /ethanol (1: 3, v/v) or in
ethanol to a final concentration of 5 mM. This solution
(24 pl) was injected into 480 pl Tris-HCl (pH 7.1),
0.02% NaN, with stirring at 37°C. For transfer assays
10 ul of this vesicle suspension were used in a total
volume of 0.5 m! giving a final concentration of 5 uM
acceptor vesicle lipid. In cases where the donor lipid
concentration was increased, e.g., during comparative
measurements of phosphatidylcholine and phospha-
tidylinositol transfer, the amount of acceptor vesicles
was increased correspondingly to maintain the 50-fold
excess. As an alternative to the ethanol injection method
acceptor membrane vesicles (e.g., consisting of 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine or 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine)
were prepared by sonication. In this case lipids were
dried under a stream of nitrogen, suspended in standard
buffer and sonicated at 30-40°C for 5 min with 70 W
under a stream of nitrogen using a Braun Labsonic 2000
sonicator. Acceptor vesicles were used within 1-5 days
after preparation.

Mitochondria used as acceptor membranes in some
cases were isolated by the method described by Daum
et al. [10].

Fluorescence assay of phospholipid transfer

The phospholipid transfer assay in vitro using fluo-
rescently labeled phospholipids was similar to those
described by Somerharju et al. {13] and Van Paridon et
al. [8]. The excitation wavelength was 342 am (2 nm
slit), and the emission wavelength was 380 nm (10 nm
slit). Pyrene-labeled phospholipids (50 pmol) were in-
cubated with a 50-fold excess of acceptor membrane
vesicles in a total volume of 0.5 ml 10 mM Tris-HCl
(pH 7.1), 0.02% NaN, at 40°C. The spontaneous trans-
fer of fluorescently labeled phospholipids from donor to
unlabeled acceptor membranes was followed con-
tinously by the increase of pyrene monomer fluores-
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cence intensity using a Shimadzu RF-540 spectrofluori-
meter or a fluorimeter from 1.S.8., La Spezia, ltaly.
Protein-catalyzed transfer was measured in the presence
of 5-100 ng transfer protein and corrected for sponta-
neous transfer. In order to correlate the increase of
pyrene monomer fluorescence intensity and transfer
rates (nmol,/mg per min) the pyrene monomer flucres-
cence intensity of vesicles consisting of a given amount
of pyrene-labeled and egg phosphatidylcholine (1 : 1006)
was determined.

Binding assay

Complex formation of the yeast phosphatidylinositol
transfer protein with fluorescent phospholipids was
measured essentially as described by Somerharju et al.
[13] and Van Paridon ct al. [9,14,15].

Two types of vesicle were used for binding experi-
ments. Type 1 consisted of 90% of the respective fluo-
rescently labeled phospholipid and 10% N-tri-
nitrophenyl phosphatidylethanolamine. Type 2 con-
sisted of 10% fluorescent phosphatidylcholine and 10%
unlabeled phosphatidylinositol, or 10% fluorescent
phosphatidylinositol and 10% uniabeled phosphatidyl-
choline, respectively, 10% N-trinitrophenyl phospha-
tidylethanolamine and 70% phosphatidylethanolamine.
An ethanolic solution of the lipids (10 gl, 25 pM labeled
phospholipid) was injected into 500 pt 10 mM Tris-HCl
(pH 7.1), 0.02% NalN; with stirring at 37°C.

Fluorescently labeled phospholipid vesicles (100 gl)
were added to 0.4 ml 10 mM Tris-HCI (pH 7.2). 0.02%
NaN,, and incubated at 30°C. The firal concentration
of labeled phospholipid was 0.1 gM. Aliquots of the
transfer protein (60180 ng) were added, and the result-
ing increase of the pyrene monomer fluorescence inten-
sity was recorded. Fluorescence was measured as de-
scribed for transfer assays. The stoichiometry of the
transfer protein-phosphatidylinositol complex was
calculated from data obtained with pyrene-labeled
phosphatidylinositol vesicles of type 1 (see above) es-
sentially as described by Van Paridon et al. [15].

Materials .

Egg yolk phosphatidylcholine and phosphatidyl-
glycerol were from Lipid Products (Nutfield, U.K.),
bovine brain phosphatidylszrine and ergosterol were
from Sigma, yeast phosphatidylethanolamine and phos-
phatidic acid [16], bovine heart cardiolipin and bovine
heart sphingomyelin [17] were isolated from natural
sources and purified by preparative thin-layer chro-
matography. Soybean phosphatidylinositol was a gift of
R. Franzmair, Chemie Linz Pharma. Fatty acids were
from NuChek Prep (Elysian, U.S.A.) and lauric acid
was from Fluka (Buchs, Switzerland).

1-Stearoyl-2-oleoyl-sn-glycero-3-phosphocholine [18],
1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
[19], N-trinitrophenyl phosphatidylethanolamine [20]
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and 1-palmitoyl-2-pyrenedecanoyl-sn-glycero-3-phos-
phocholine [21] were synthesized by published proce-
dures. 1-Stearoyl-2-pyrenedecanoyl-sn-glycero-3-phos-
phoinositol and 1-stearoyl-2-pyrenedecanoyl-sn-glycero-
3-phosphocheline were gifts of P.J. Somerharju
(Helsinki).

Analytical procedures

Thin-layer chromatography of lipids {22}, SDS-PAGE
of proteins {23], isoelectric focusing [24), and quantita-
tion of proteins [25] and lipid phosphorus [26] were
carried out by published procedures. Pyrene-labeled
phospholipids were quantitated by measuring the ab-
sorbance at 342 nm in ethanolic solution; the molar
absorption coefficient is 42000 mol =" - cm™? [13].

Results

Improved preparation of the phosphatidylinositol transfer
protein from yeast

Following the protocol for the purification of the
phospholipid transfer protein from yeast as described
previously [6] a 320-fold enrichment of this protein over
the 100000 X ¢ supernatant with a recovery of 4.5%
could be obtained. Employing a radioassay the specific
transfer activity for phosphatidylcholine was distinctly
below the specific activity of mammalian phospholipid
transfer proteins [2]. In the course of further investi-
gations [27] we observed a marked pH-lability of the
yeast transfer protein. This led us to replace the last
step of the original purification protocol, chromato-
focusing, by another chromatographic method, because
the transfer protein was unstable at the pH of its
isoelectric point. The new step introduced is hydro-
phobic interaction chromatography employing Phenyl-
Sepharose CL-4B. This effective purification step allows
also the omission of hydroxyzpatite chromatography.
The new preparation scheme {Table I) leads to a purifi-
cation factor of 2760 with a yield of 19% based on the
activity of crude cytosol. The specific transfer activity of
the final product was 18,5 nmol phosphatidylcholine
transferred per min per mg as determined by the fluo-
rescence assay described in Materials and Methods,
which is a considerable improvement over the proce-
dure described previously [6]; using a similar assay Van
Paridon et al. [8] found a value of approximately 30
nmol - min~" - mg ™" for the bovine brain phosphatidyl-
inositol transfer protein. The purified yeast phospha-
tidylinositol transfer protein was detected as a single
band on SDS-PAGE with an apparent molecular mass
of 37 kDa. The isoelectric point was 5.2 as determined
by isoelectric focusing; in contrast to mammalian phos-
phatidylinositol transfer proteins [2) only one form of
the yeast transfer protein was detectable. Another phos-
phatidylinosit:i transfer protein, different from that
described here, has not been detected in yeast so far.

TABLE I
Purification of the phosphatidylinositel transfer protein from yeast

Preparation of cytosol from the yeast Saccharomyces cerevisige
D 273-10B, chromatographic and analytical methods are described in
Materials and Methods.

Purification Volume Protein Spec.act.  Recov- Purifi-
step (ml) (mg) (amol PC/ ery cation
min per mg) (%) factor

100000 g

supernatant 3200 7849 0.0067 100 1.0
Ammoniumsulfate
50-90% saturation 95 2990 0.0134 76 20
Sephadex G-75 200 1550 0.0214 63 32
DEAE-Sephacel 45 75 0.307 44 46
Sephadex G-75 110 123 127 30 190
Phenyl-Sepharose

CL-4B 110 054 185 19 2760

Transfer assays and substrate specificity of the transfer
protein

In the fluorescence assay employed for measuring
phospholipid transfer donor vesicles containing pyrcne-
labeled phospholipids were incubated with unlabeled
acceptor phospholipid vesicles in the presence of the
transfer protein. Increase of pyrene monomer fluores-
cence intensity reflects the migration of fluorescent
phospholipids to the acceptor membrane. The assay is
linear with respect to the amount of transfer protein
within a range of 10-200 ng protein per ml, and the
time (approximately 10 min for a protein concentration
of 20 ng/ml). Temperature and pH dependence of the
transfer assay are shown in Figs. 1 and 2. The transfer
rate reaches its maximum at 40-45°C (Fig. 1); the
decrease at higher temperature is obviously due to the
instability of the protein. The influence of temperature
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Fig. 1. Influence of temperature on the apparent rate of phosphatidyl-
choline transfer. Donor vesicles consisting of pyrene-labeled phospha-
tidylcholine (50 pmol), egg phosphatidylcholine acceptor vesicles (2.5
nmol) and yeast phosphatidylinosito! transfer protein (20 ng) were
incubated in a total volume of 0.5 ml at the temperatures indicated,
The increase of pyrene monomer fluorescence intensity during trans-
fer is expressed in arbitrary units.
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Fig. 2. Influence of pH on the apparent r.re of phosphatidylcholine

transfer. Both acceptor and donor vesicles were prepared in 10 mM

Tris-HC1 buffer at the pH values indicated. Transier of phosphatidyl-

choline was measured at 40° C. All other conditions were the same as
described in the legend to Fig. 1.

on the fluorescence yield has been taken into account
for the calculation of transfer rates at different tempera-
tures. The pH optimum lies between pH 7 and 8 (Fig.
2), which is also the range of optimal stability of the
protein {27].

In order to compare the rates of transfer of the two
substrates, phosphatidylinositol and phosphatidyl-
choline, transfer was measured 1n a system where the
amount of phosphatidylirositol was kept constant and
at a low concentration in order to avoid inhibition of
transfer activity by the negatively charged phospholipid
(see below). Under these conditions the rate of
phosphatidylinositol transfer was about 19-times higher
than the rate of phosphatidylcholine transfer despite an
8-fold excess of phosphatidylcholine in the assay sys-
tem. Independent experiments showed that pyrene-
labeled phospholipids are transferred at similar rates as
unlabeled phospholipids (data not shown).

It is a standing question whether or not phospholipid
transfer proteins are able to catalyze net phospholipid
transport. This problem was addressed in an experiment
using acceptor vesicles consisting only of stearoyloleoyl
glycerophosphoethanolamine. In several control experi-
ments pyrene-labeled phosphatidylethanolamine had
been shown to be a non-transferable phospholipid, even
in the presence of high amounts of the phosphatidyl-
inositol transfcr protein. The transfer rate of fluorescent
phosphavidylcholine observed with acceptor membranes
consisting of stearoyioleoylglycerophosphoethanola-
mine was 10% of the control value measured for
stearoyloleoylglycerophosphocholine acceptor vesicles.
This result indicates that a moderate, but significant net
transfer of phosphatidylcholine had occurred.

Binding of phospholipids to the yeast phosphatidylinositol
transfer protein

“omplex formation of transfer proteins with single
phospholipid molecules is thought to be the initial step
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in the transfer process. One possible explanation for
differences in transfer rates of distinct phospholipids
would be a difference in their binding affinities o the
transfer protein. As can be seen from Fig. 3 the binding
affinity of phosphatidylinositol to the yeast transfer
protein is 12-15-times higher than that of phosphatidyl-
choline, assuming similar quantum yields for protein
bound pyrene-labeled phosphatidylinositol and phos-
phatidylcholine. Data shown in Fig. 3 were obtained
with phospholipid vesicles consisting of pyrene-labeled
phosphatidylinositol or phosphatidylcholine, respec-
tively, and 10% N-trinitrophenyl phosphatidylethanol-
amine. The results were essentially the same when
vesicles consisting of labeled phosphatidylinositol and
unlabeles? phosphatidylcholine, or unlabeled phospha-
tidylinositol and labeled phosphatidylchobine (1:1 mix-
tures. 10% each) in a matrix of 70% phosphatidyl-
ethanolamine and 10% N-trinitrophenyl phosphatidyl-
ethanolamine were used (data not shown).

The stoichiometry of the complex of the transfer
protein with phosphatidylinositol was calculated as de-
scribed by Van Paridon et al. [15] from data obtained in
binding experiments (Fig. 3), using the purified
phosphatidylinositol transfer protein and vesicles con-
sis:ing of pyrene-labeled phosphatidylinositol; a protein
to phospholipid ratio of 1:0.36 was determined. Several
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Fig. 3. Complex formation of fluorescent phospholipids with the
phosphatidylinositol iransfcr protein from yeast. Vesicles consisting of
50 pmol fluorescent p hatidylinositol or phosphatidylcholine, re-
spectively, and 5.6 pmol N-lnmtrophenyl phosphandylcthanolamme
were incubated in 0.5 ml 10 mM Tris-HC1 (pH 7.1), 0.02% NaN,. The
increase of pyrene monomer fluorescence intensity resulting from
binding of fluorescent phospholipids to the phosphatidylinositol
transfer protein added is expressed in arbitrary units. B .,
Stearoylp! d ,ug]\lr'"-‘mL sphoinositol; @———@. stearoyl-
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TABLE 11

Influence of the acceptor membrane lipid composition on the rate of
phosphatidylcholine transfer catalyzed by the yeast phosphatidylinositol
transfer protein

The transfer assay using fluorescently labeled phosphatidylcholine is
described under Materials and Methods., Values are expressed as
mol% of individual phospholipids which lead to a 50% inhibition of
the transfer activity when present in egg phosphatidylcholine acceptor
vesicles, Data shown in the tzhle are mean values of at least three
experiments.

Lipid component added % of lipid in
to acceptor vesicles acceptor vesicles
leading to a 50%
transfer inhibition
Phosphatidylinositol 10
Phosphatidylserine 7
Phosphatidylglycerol 8
Cardiolipin 16
Phosphatidic acid 50
Phosphatidylethanolamine n.i. 0-50% *
Sphingomyelin n.i. 0-50% *
Ergosterol > 350

8 No inhibition between 0 and 50%.

effects have to be taken into account which decrease the
apparent phospholipid to protein ratio: higher binding
affinity of the endogenous phospholipid versus the ex-
ogenous pyrene-labeled substrate employed due to dif-
ferences in the fatty acid composition (e.g., 1-palmitoyl-
2-pyrenedecanoyl-sn-glycero-3-phosphocholine is bound
with an approximately 2-fold higher affinity as com-
pared to the l-stearoyl analog); inactivation of the
transfer protein during preparation and storage. Con-
sidering these effects it is very likely that the yeast
phosphatidylinositol transfer protein forms 1:1 com-
plexes with its substrates.

Acceptor membrane properties influence the transfer of
phosphatidylcholine

To test the influence of membrane properties on: the
phospholipid transfer catalyzed by the veast phospha-
tidylinositol transfer protein acceptor vesicles with vari-
ous lipid compositions were employed. The matrix of
these vesicles was egg phosphatidylcholine; 0-50% of
phosphatidylcholine were replaced by various lipids as
indicated in Table II. That amount (mol%) of the ad-
ditive which led tc a 50% decrease of the apparent
phosphatidylchoiine transfer rate was taken as a mea-
sure for its inhibitory effect on transfer activity. Among
the lipids tested (Table II) phosphatidylinositol is the
only one that is also a substrate for the transfer protein.
The apparent inhibition of phosphatidylcholine transfer
by phosphatidylinositol is therefore at least partially
due to a competitive effect. The other negatively charged,
but non-transferable phospholipids showed also marked
inhibitory effects which were most pronounced with

phosphatidylserine followed by phosphatidylglycerol,
cardiolipin and phosphatidic acid (Table II). The in-
fluence of various fatty acids on the transfer of
phosphatidylcholine was studied with acceptor vesicles
containing 15 mol% fatty acids. When dcnor and accep-
tor vesicles are mixed, most certainly a rapid redistribu-
tion of fatty acids between the two populations occurs.
Due to the large excess of acceptor vesicles present in
transfer assays this redistribution leads only to a margi-
nal decrease of the concentration of fatty acids in
acceptor membranes, but also to a final concentration
of approximately 15 mol% free fatty acids in donor
vesicles. Only minor inhibition of the phosphatidyl-
choline transfer rate due to the presence of fatty acids
was observed; chain length and degree of unsaturation
were of marginal influence (data not shown). When part
of the acceptor vesicle phosphatidylcholine was replaced
by the zwitterionic phospholipids phosphatidylethanol-
amine or sphingomyelin the rate of phosphatidylcholine
transfer catalyzed by the yeast phosphatidylinositol
transfer protein was not affected (Table II).

Bozzato et al. [28] reported that mixed vesicles con-
sisting of phosphatidylcholine/ phosphatidylethanol-
amine,/ rhosphatidylinositol / phosphatidylserine (4:3:
2:1) were the optimal acceptor membranes for phos-
phatidylcholine transfer catalyzed by their preparation
of a yeast phospholipid transfer protein. This result
does not conform to our findings (Table III). In accor-
dance with results shown in Table II the presence of
10% phosphatidylserine and 20% phosphatidylinositol
in the acceptor vesicles led to a complete inhibition of
the transfer of phosphatidylcholine. The same result
was obtained when acceptor membranes consisted of
lipids extracted from yeast mitochondria, which have a
phospholipid composition [29] similar to that found to
be optimal by Bozzato et al. [28}. Mitochondrial mem-
branes, on the other hand, could be used rather effi-
ciently as acceptor; the rate of phosphatidylcholine
transfer was decreased only by about 30% as compared

TABLE IIt

Phosphatidylcholine transfer io complex acceptor membranes

Transfer of fluorescent donor phosphatidylcholine to various acceptor
branes was d under dard conditions as described in
Materials and Methods. Data are mean values of at least three
experiments. PC, phosphatidylcholine; PE, phosphatidylethanol-
ine; PI, phosphatidylinositol; PS, phosphatidylserine; PG,
phosphatidylglycerol; CL, cardiolipin.

Acceptor membrane components Relative transfer rate (%)

Egg phosphatidylcholine 100
PC/PE/P1/PS(4:3:2:1) 9
Yeast mitochondria e
Lipid extract from yeast mitochondria 0

* Yeast mitochondria contain PC/PE/Pl/PS/PG/CL/ergosterol at
an approximate molar ratio of 4:3:1:0,5:0.6:0.6:1.2.
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Fig. 4. Transfer of fluozescent phosphatidylcholine to acceptor mem-
brane vesicles with different fatty acyl chain unsaturation. Transfer of
fluorescent phosphatidylcholine to egg phosphatidylcholine (hatched
bars) or dipalmitoyl phosphatidylcholine (full bars) acceptor mem-
brane vesicles was measured above {45°C) and beiow (30°C) the
phase transition temperature of dipalmitoylphosphatidylcholine. As-
say conditions were the same as described in the legend to Fig. 1.

to egg phosphatidylcholine vesicles (see Table III). This
result suggests that in biological membranes negative
charges of phospholipids are masked by proteins.

The presence of increasing amounts of ergosterol in
acceptor vesicles resulted in a proportional decrease of
the phosphatidylcholine transfer rate, probably due to
the membrane rigidifying effect of the sterol; at
equimolar ratios of phosphatidylcholine and ergosterol
the transfer rate was reduced to 60% of the control (see
Table II). As a measure for the membrane fluidity of
these vesicles the fluorescence anisotropy using diphen-
ylhexatriene-labeled phosphatidylcholine as a probe was
determined [30]. Vesicles consisting of an equimolar
mixture of phosphatidylcholine and ergosterol showed a
1.6-fold higher fluorescence anisotropy than the control

without ergosterol, indicating a decrease of membrane
fluidity.

TABLE IV
Praperties of the yeast phosphatidylinositol

sfer protein as ¢ ed to
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The notion that the fluidity state of the membrane
can modulate the activity of the yeast phosphatidyl-
inositol transfer protein is supported by the fact that the
transfer rate was significantly reduced when acceptor
vesicles consisted of dipalmitoyl phosphatidylcholine
instead of egg phosphatidylcholine. This effect was most
pronounced below the phase transition temperature of
dipalmitoyl phosphatid;icholine (Fig. 4). The ratio of
transfer rates using egg phosphatidylcholine or di-
palmitoyl phosphatidylcholine, respectively, as acceptor
vesicle component was 1.2 at 45°C but 2.1 at 30°C.

Discussion

The properties of the phosphatidylinositol transfer
protein from yeast described previously [6] and in this
communication clearly resemble those reported for
phosphatidylinositol transfer proteins isolated from
mammalian tissues (for a review, see Ref. 2). Molecular
size, isoelectric point, substrate specificity and the mode
of action of the yeast and mammalian proteins are
essentially the same (Table 1V). However, antibodies
raised against the bovine brain phosphatidylinositc!
transfer protein cross-react with other mammalian
phosphatidylinositol transfer proteins [31], but not with
the yeast protein (personal communication, Snoek, G.T..
Utrecht). This result indicates that in spite of similar
overall properties and function the structural similarity
between mammalian and yeast phosphatidylinositol
transfer proteins seems to be rather limited. Another
major difference between the yeast and mammalian
proteins concerns susceptibility to sulfhydryl-group
specific reagents: all mammalian transfer proteins tested
are inhibited by these reagents [2}, whereas the yeast
phosphatidylinositol transfer protein is insensitive [6].

The yeast transfer protein forms complexes either
with phosphatidylinositol or with phosphatidylcholine.
We assume, that, similar to the bovine brain phospha-
tidylinositol transfer protein [15], the phospholipid to
protein ratio of the complex is 1:1. Phospholipids
bound to the yeast phosphatidylinositol transfer protein

I b haticdul;

Pphosp itol trunsfer proteins

PITP, phosphatidylinositol transfer protein; PLTP, phospholipid transfer protein; Sph, sphingomyelin.

Transfer protein Molecular Isoelectric Specificity Ref.

mass (kDa) point
PITP, yeast 37 52 PI>PC this paper
PLTP, yeast 334 6.3 PC>PI>PE>PS 7
PITP, bovine brain 36 53,56* Pl > PC > PG = Sph 2,3
PITP, bovine heart 335 53,56 Pl> PC > Sph> PE 2,3
PITP, rat tissues 36 49,53* Pi>PC n
PITP, human platelets 29 56,59 ° Pl > PC> PG 2,38

* Dual forms with different isoelectric points due to the binding of prosphatidylinositol or phosphatidylcholine, respectively.
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are most likely embedded in the same binding site,
phosphatidylinositol being the preferred substrate.
Higher binding affinity for phosphatidylinositol as com-
pared to phosphatidylcholine (Fig. 3) correlates with the
preferred transfer of the former phospholipid. A similar
correlation between transfer rate and binding affinity
has been described for the phosphatidylinositol transfer
protein from bovine brain [32), although exceptions
have been observed, especially with phospholipid species
containing shorter acyl chains [14].

In the transfer assay with unilamellar vesicles as
donor and acceptor membranes negatively charged
phospholipids inhibit the activity of the yeast transfer
protein (see Table II). Decreased transfer rates in the
presence of negatively charged phospholipids have also
been observed for mammalian phosphatidylinositol
transfer proteins [8,9], although significant quantitative
differences exist. For example, the bovine brain phos-
phatidylinositol transfer protein is less sensitive to in-
hibition by phosphatidylinositol and phosphatidyl-
serine, but tolerates less phosphatidic acid. Obviously
the affinities of the putative positive charged membrane
interaction sites of the yeast and mammalian phospha-
tidylinositol transfer proteins differ in their affinities for
the various negatively charged phospholipids. The zwit-
terionic phospholipids, phosphatidylethanolamine and
sphingomyelin, incorporated into acceptor vesicle mem-
branes in concentrations up to 50 mol% (see Table II)
had no effect on the activity of the yeast phosphatidyl-
inositol transfer protein. Interestingly, with mammalian
phosphatidylinosito! transfer proteins sphingomyelin is
inhibitory {2]. The reason for this distinct behavior of
yeast and mammalian proteins is 10t clear, but it should
be mentioned that iu its natural environment the yeast
protein does not encounter sphingomyelin, since yeast
membranes are devoid of this phospholipid.

The substrate specificity and susceptibility to inhibi-
tion by negatively charged phospholipids of the yeast
phosphatidylinositol transfer protein described here are
at variance with results reported by Bozzato et al. [28)
who investigated a 530-fold enriched transfer protein
from Saccharomyces cerevisiae cytosol. These authors
found that the transfer activity strongly depends on the
membrane phospholipid composition. Optimum trans-
fer rates were observed with a mixture of phosphatidyl-
choline/ phosphatidylethanolamine / phosphatidylinosi-
tol/ phosphatidylserine (4:3:2:1) as components of
unilamellar donor and multilamellar acceptor vesicles.
The order of transfer rates for these four phospholipids
was phosphatidylcholine > phosphatidylinositol > phos-
phatidyiethanolamine > phosphatidylserine. The trans-
fer protein described here does not transfer phospha.
tidylethanolamine and phosphatidylserine at all, irre-
spective of the membrane phospholipid composition,
including that described by Bozzato =t al. [28). When
vesicles with the phospholipid composition mentioned

above were used as acceptor the activity of the phospha-
tidylinositol transfer protein described here was reduced
to zero (see Table III). The reason for the discrepancies
between the results of this study and those reported by
Bozzato et ai. [28] is unclear. Possible explanations
might be different yeast strains and/or assay condi-
tions. Alternatively, these authors might have isolated a
different type of transfer protein.

A mixture of phospholipids isolated from yeast mito-
chondria and used for the preparation of acceptor
vesicles completely inhibited the phosphatidy'choline
transfer catalyzed by the phosphatidylinositol transfer
protein (see Table III). Mitochondrial membranes, on
the other hand, were effective as acceptors in an other-
wise analogous system. This observation demonstrates
quite clearly that results obtained with model mem-
branes need not reflect the situation in a biological
system, Obviously the presence of proteins in mitochon-
drial membranes reduces the inhibitory effect of nega-
tively charged phospholipids, either by neutralizing the
charge or by burying it in the surface of the membrane.
This modulating effect of membrane proteins might be
relevant for the regulation of protein mediated
phospholipid transfer in vivo.

Using acceptor membranes consisting only of non-
transferable phosphatidylethanolamine the yeast phos-
phatidylinositol transfer protein catalyzed a net transfer
of phosphatidylcholine from donor to acceptor mem-
branes. This observation shows that the phosphatidyl-
inositol / phosphatidylcholine specific transfer protein
can return from the acceptor to the donor membrane in
a phospholipid-free form. 1t is questionable, however, if
such a situation is ever realized in vivo where any
eukaryotic membrane will always contain phosphatidyl-
choline and/or phosphatidylinositol. Nevertheless it
should be mentioned that the bovine brain phospha-
tidylinositol transfer protcin does not catalyze a similar
net transport (without exchange) of phosphatidyl-
inositol and phosphatidylcholine [33], whereas phospha-
tidylcholine transfer protein from bovine liver can cata-
lvze a net transport of phosphatidylcholine [34].

The conservation of phosphatidylinositol transfer
proteins during evolution points to an essential role of
these proteins in eukaryotic cells. It has been suggested
that phosphatidylinositol transfer proteins are involved
in the maintenance of the signal transducing phospha-
tidylinositol cycle by supplying membraies active in
phosphatidylinositol turnover with sufficient quantities
of substrate originating from the endoplasmic reticulum
[2,32]). Since the phosphatidylinositol cycle is also oper-
ating in veast [35,36], a similar role for the phospha-
tidylinositol transfer protein can be envisaged for this
unicellular organism. In order to function in the manner
proposed, i.e. by transporting phosphatidylinositol to
the plasma membrane in exchange for phosphaiidyl-
choline, the phosphatidylinositol transfer protein must



be assisted by an independent translocation vehicle
which carries phosphatidyicholine to the plasma mem-
brane. In higher eukaryotic cells, phosphatidylcholine-
specific or non-specific lipid transfer proteins might
have this function. In yeast, however, no such proteins
have as yet been identified. They might either have
escaped detection, or they do not exist at all, and other
transport systems such as membrane vesicle migration
from the endoplasmic reticulum to the plasma mem-
brane might be involved in phosphatidylcholine translo-
cation.

Evidently phosphatidylinositol transfer proteins from
yeast and higher eukaryotic cells are remarkably similar
in their function, substrate specific::y and response to
alterations of membrane lipid composition, aithough
protein structure and details of the catalytic mechanism
might be different. The close functional relationship
between the yeast and mammalian phosphatidylinositol
transfer proteins justifies further investigation of the
less complex yeast system, which offers ample possibili-
ties for the physiological and genetic manipulation of
membrane biogenesis, structure and phospholipid
metabolism.
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