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The yeast Saccharomyces cerevisiae is a suitable system to study cell biological and molecular biological
problems of organelle biogenesis. Synthesis and correct distribution of phospholipids are essential prerequisites
for the assembly of functional membranes. The majority of enzymes involved in phospholipid biosynthesis is
located in the endoplasmic reticulum. In addition, certain steps of phospholipid synthesis occur in mitochondria,
Golgi and lipid particles. Interplay of these organelles is required to maintain a balanced cellular level of phos-
pholipids. A prominent example of organelle collaboration is the sequence of biosynthetic steps of amino-
glycerophospholipid synthesis, which occur in a concerted action of the endoplasmic reticulum, mitochondria and
probably the Golgi. Intracellular flow of lipids is necessary for the flux of inlermediates between organelles that
contribute to lipid biosynthesis, and for the supply of lipids to membranes that are unable to synthesize their
own lipids. Protein-catalyzed lipid transport, vesicle flux and lipid translocation via membrane contact are pos-
sible mechanisms of lipid migration within the cell. Experimental evidence suggests that contact belween organ-

elles appears to be most important for lipid transport between subcellular compartments.
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Introduction

Membranes of eukaryotic cells have two important
functions. First, they serve as a diffusion barrier between
the interior of the cell and its environment, and the lu-
men and the outside of organelles. Second, membranes
harbor proteins that catalyze selective exchange of com-
ponents between compartments, or act as enzymes in
metabolic pathways. The basic structure of a membrane,
a bilayer, is formed from lipids. Major lipid components
of eukaryotic membranes are phospholipids, sterols,
sphingolipids and glycoglycerolipids.

Within a cell, not all membranes have the capacity
to synthesize their own lipids. The major site of lipid
biosynthesis in eukaryotic cells is the endoplasmic
reticulum, but other cellular membranes, e.g., mitochon-
dria or the Golgi, harbor also activities of certain lipid-
synthesizing enzymes (1). Other membranes such as the
plasma membrane seem to lack the ability to synthesize
lipids. Thus, lipids must migrate from their site of syn-
thesis to the cellular membrane(s) of destination by effi-

cient processes of transport from one hydrophobic com-
partment to another.

Several mechanisms of lipid transport between or-
ganelle membranes can be envisaged (Fig. 1): (1) trans-
port of lipid monomers by diffusion through a hydro-
philic compartment; (2) transfer of lipids through the
aqueous phase between donor and acceptor membrane
with the aid of lipid transfer proteins; (3) vesicular trans-
port of lipids which involves budding of a vesicle from
one and fusion with another membrane; the most promi-
nent pathway governed by vesicle flux is protein secre-
tion, and transport of lipids via secretory vesicles to the
cell periphery along organelles of the secretory pathway
may be anticipated; (4) lipid translocation through mem-
brane contact which requires collision of organelle mem-
branes followed by temporary point fusion events.
Zones of membrane contact have been visualized by
electron microscopy between the nucleus and the en-
doplasmic reticulum, the plasma membrane and the en-
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Monomer transport

Fig. 1. Proposed mechanisms of intermembrane phospholipid
translocation. [2: donor membrane; A: acceptor membrane.

doplasmic reticulum, and the inner and outer mitochon-
drial membrane. Translocation of lipids from one to an-
other hydrophobic compartment through a zone of
membrane contact avoids passage across an aqueous
phase.

One can anticipate that more than one of these
mechanisms is active in vivo. It is, however, not easy to
design appropriate experiments, which allow to distin-
guish between the various possibilities of lipid transport
in the living cell. Most of the information available
comes from experiments in vitro, and it is still a matter
of dispute whether such results are relevant for the situ-
ation in vivo.

A convenient experimental system to study synthe-
sis and intracellular transport of lipids is baker's yeast,
Saccharomyces cerevisine. This unicellular organism can
serve as a convenient model because the subcellular
structure of yeast is similar to that of higher eukaryotes,
and its biochemistry and genetics of lipids have been
well characterized. Availability of sequence information
of the entire yeast genome has opened new aspects to
search for homologies with higher eukaryotes. However,
studies of lipid synthesis and transport are complicated
by the fact that systems involved in these processes may
exist in redundancy. As a consequence, mutants lacking
one gene of phospholipid biosynthesis or transport do
not necessarily exhibit a phenotypic defect. Therefore, it
is difficult to design appropriate screening strategies to
isolate such mutants.

In this review we summarize our knowledge about
the relationship between phospholipid synthesis and
transport in the veast, Saccharomyces cerevisiae. Possible
mechanisms of phospholipid transfer that may be rele-
vant for membrane biogenesis in this eukaryotic micro-
organism will be discussed. The reader is also referred
to recent reviews dealing with problems of lipid synthe-
sis and transfer in yeast (2-4).

Synthesis of phospholipids in yeast

Phospholipids consist of a glycerol backbone esteri-
fied with fatty acids in sn-1 and sn-2 position, and con-
tain a phosphate group in the sn-3 position. One hy-
droxyl group of phosphate is linked to a polar head
group which is characteristic for the various phospho-

G-3-P TRcoa™ LPA Tacor PA

CDs l + CTP

(Cris) (@D
Ptdlns «——— (CDP-DAG ) ————=PtdGroP
+ins + G-3-P

PtdGro

PtdSer
G, (cerD)
EtnP —=5# CDP-Etn 5> PtdEtn CL
.-psm + SAM
MiPtdELn

o

(PLMT)  DMPtdEtn

\l + SAM

ChoP =3 CDP-Cho 5= PtdCho

Fig. 2. Pathways of phospholipid synthesis in yeast.
Metabolites: G-3-P: glycerol-3-phosphate; ACoA: acyl-CoA; LPA:
lysophosphatidic acid; PA: phosphatidic acid; CDP-DAG: CDP-
diacylglycerol; DAG: diacylglycerol; Ins: inositol; Ser: serine;
EtnP: ethanolaminephosphate; ChoP: cholinephosphate; CDP-
Etn: CDP-ethanolamine; CDP-Cho: CDP-choline; PtdSer: pho-
sphatidylserine; Ptdlns: phosphatidylinositol; PtdEtn: phospha-
tidylethanolamine; MMPtdEtn: monomethyl phosphatidy-
lethanolamine; DMPtdEtn: dimethyl phosphatidylethanolaming;
PtdCho: phosphatidylcholine; SAM: S-adenosyl methionine;
PtdGroP: phosphatidylglycerophosphate; PtdGro: phosphatidy-
Iglycerol; CL: cardiolipin.

Enzymes: GAT : glycerol-3-phosphate acyltransferase; AGAT :
1-acylglycerol-3-phosphate acyltransferase; CDS : CDP-diacyl-
glycerol synthase (CTP : phosphatidic acid cytidylyltransferase);
EPCT : ethanolaminephosphate : CTP cytidylyltransferase;
CPCT : cholinephosphate : CTP cytidylyltransferase; CEPT :
CDP-ethanolamine : 1,2-diacylglycerol cthanolaminephospho-
transferase; CCPT : CDP-choline : 1,2-diacylglycerol cholinepho-
sphotransferase; PSS : phosphatidylserine synthase; PIS :
phosphatidylinositol synthase; PSD : phosphatidylserine decar-
boxylase; PEMT : phosphatidylethanolamine N-methyltranstera-
se; PLMT : phospholipid N-methyltransferase; PGPS : phospha-
tidylglycerophosphate synthase; PGPP: phosphatidylglycero-
phosphate phosphatase; CLS : cardiolipin synthase.

lipid classes. Fatty acids in the sn—1 position are mostly
saturated whereas those in the sn—2 position are unsatu-
rated.

Pathways of phospholipid formation in yeast are
shown in Fig. 2. Phospholipid biosynthesis and delivery
to subcellular membranes are highly interconnected, be-
cause extensive transfer of intermediates and cross-com-
partment coordination of partial reactions are required.
The most prominent example in that respect is the se-
quence of the aminoglycerophospholipid synthesis.
Phosphatidylserine (PtdSer) is synthesized in the en-
doplasmic reticulum, transferred to mitochondria and
converted to phosphatidylethanolamine (PtdEtn). Part of
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the PtdEtn newly formed in mitochondria migrates to
the endoplasmic reticulum where methylation to phos-
phatidylcholine (PtdCho) occurs. Besides the endoplas-
mic reticulum and mitochondria, the Golgi and lipid
particles contribute to cellular formation of phospholi-
pids in yeast (Fig. 3).

A general precursor of all glycerophospholipids is
phosphatidic acid (PA). PA is synthesized by acylation
of glycerol-3-phosphate or dihydroxyacetonephosphate
(1). In the yeast Saccharomyces cerevisine the highest spe-
cific activity of enzyme(s) that catalyze the acylation of
glycerol-3-phosphate is found in the lipid particle frac-
tion (5, 6). Lipid particles are a compartment consisting
of a hydrophobic cere of triacylglycerols and steryl es-
ters that is enveloped by a phospholipid monolayer with
a small amount of proteins embedded. Recently, it was
shown in our laboratory (7) that lipid particles harbor
two acyltransferases: the first, Gatlp, acylates glycerol-3-
phosphate and forms lysophosphatidic acid as an inter-
mediate; the second enzyme encoded by the SLCI gene
(sphingolipid compensation) (8) is a I-acylglycerol-3-
phosphate acyltransferase which completes the biosyn-
thesis of PA. Both enzymes were not only detected in
lipid particles, but also in the endoplasmic reticulum. In
addition to Gatlp and Slclp the microsomal fraction
seems to contain an additional system of PA synthesis
which has not yet been characterized.

CDP-diacylglycerol synthase, Cdslp, converts PA to
CDP-diacylglycerol (CDP-DAG), another major interme-
diate of phospholipid synthesis. The yeast CDS1 struc-
tural gene was recently identified by its homology to the
corresponding Escherichia coli and Drosophila genes (9).
Consistent with its central role in de novo glycerophos-
pholipid synthesis, disruption of CDSI is lethal, which
suggests that CDS1 encodes the only CDP-DAG syntha-
se in yeast, or supplies an essential subcellular pool of
CDP-DAG. As CDP-DAG synthase activity has been de-
tected in the endoplasmic reticulum and mitochondria
(10), the physiological relevance of the distribution of
this enzyme could be significant. The availability of
CDP-DAG in specific cellular compartments may con-
tribute to the control of the synthesis of different phos-
pholipids. For example, enrichment of CDP-DAG in
mitochondria might stimulate synthesis of phosphatidyl-
glycerol (PtdGro) and cardiolipin (CL) in this compart-
ment, whereas formation of other phospholipids such as
phosphatidylinositol (PtdIns) and phosphatidylserine
(PtdSer) might be enhanced by an excess of CDP-DAG
in the endoplasmic reticulum.

Phosphatidylserine (PtdSer) is only a minor compo-
nent of whole cell phospholipids, but it is an important
intermediate in the de novo synthesis of the two main
yeast phospholipids, PtdEtn and PtdCho. Phosphatidyl-
serine synthase (PSS) which is encoded by the CHOI
gene is localized in the endoplasmic reticulum and
forms PtdSer from CDP-DAG and serine. PtdSer in itself
is not essential, and the disruption of the CHO1 struc-
tural gene is not lcthal. A chol null mutant has no de-
tectable PtdSer which suggests that there is only one
copy of the CHO1 gene in yeast. Cells that lack PSS need
supplementation of choline and/or ethanolamine to
form PtdEtn and PtdCho via the so called Kennedy
pathway (see below).
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Fig. 3. Intracellular sites of phospholipid synthesis. For abbre-
viations see Fig. 2.

The major route of phosphatidylethanolamine
(PtdEtn) synthesis in yeast is the de novo pathway
through decarboxylation of PtdSer. The majority of
phosphatidylserine decarboxylase (PSD) activity was lo-
calized to the mitochondrial fraction (10). It came as a
surprise that the function of the mitochondrial PSD,
named Psdlp, is dispensable for the cell (11, 12) even in
the absence of ethanolamine. Inactivation of the PSDI
structural gene not only had no effect on cell viability,
but also had hardly any impact on the cellular lipid
composition. Subsequently, a second PSD named Psd2p
was identified that is thought to reside in the Golgi and
accounts for less than 5% of the cellular PSD activity in
vitro (13, 14). Only inactivation of both PSD enzymes
renders cells auxotrophic for ethanolamine. The relative
roles of the two forms of PSD are not known. The prob-
able localization of Psd2p to the Golgi, however, further
emphasizes the role of this compartment as a site of
phospholipid synthesis.

An alternative route for synthesis of PtdEtn in yeast
is the Kennedy pathway (for a review see ref. 3). This
route is a salvage pathway for yeast cells which are not
able to synthesize PtdSer provided that sufficient
ethanolamine is present in the growth medium. The first
step of this biosynthetic sequence is phosphorylation of
ethanolamine by ethanolamine kinase which is located
in the cytosol. Ethanolaminephosphate is then converted
to CDP-ethanolamine by the ethanolaminephosphate
cytidylyltransferase (EPCT). Finally, PtdEtn is formed in
the endoplasmic reticulum by CDP-ethanolamine : 1,2-
-diacylglycerol ethanolaminephosphotransferase (CEPT).

In the absence of exogenous choline, phosphatidyl-
choline (PtdCho) is synthesized by a three-stcp methyla-
tion of PtdEtn. These reactions are catalyzed by two in-
dependent methyltransferases, Cho2p and Opi3p, which
are localized to the endoplasmic reticulum. PtdEtn
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formed in the endoplasmic reticulum can be converted
to PtdCho in situ, whereas PtdEtn formed in mitochon-
dria must migrate to the endoplasmic reticulum to en-
sure conversion to PtdCho.

As an alternative route of PtdCho synthesis the Ken-
nedy pathway contributes to formation of this major cel-
lular phospholipid. Reactions are similar to those descri-
bed for the synthesis of PtdEtn. The enzymes involved
are choline kinase, cholinephosphate cytidylyltransferase
(CPCT) and CDP-choline: 1,2-diacylglycerol choline-
phosphotransferase (CCPT) (3). The Kennedy pathway
is not only active when exogenous ethanolamine or
choline is present, but also functions continuously to re-
cycle degradation products of PtdEtn and PtdCho (15).

Phosphatidylinositol (PtdIns) plays an important
role in cellular signaling and serves as a physiological
sensor in yeast cells. PtdIns is synthesized from CDP-
DAG and inositol analogously to PtdSer. Phosphatidyl-
inositol synthase (PIS) has been purified from Sac-
charomyces cerevisize (16), and the structural gene has
been cloned (17). In yeast, Ptdlns is essential since dis-
ruption of PISI1, the gene encoding phosphatidylinositol
synthase, is lethal (17).

Phosphatidylglycerol (PtdGro) is a minor phos-
pholipid component of yeast subcellular membranes,
whereas cardiolipin (CL) comprises 10-15% of mitochon-
drial phospholipids (6). PtdGro and CL are closely re-
lated biosynthetically. First, phosphatidylglycerophos-
phate (PtdGro-P) is synthesized from CDP-DAG and
glycerol-3-phosphate. Then, PtdGro-P is dephosphory-
lated to PtdGro, and CL (diphosphatidylglycerol) is
formed by reaction of PtdGro with a second molecule of
CDP-DAG. Phosphatidylglycerophosphate synthase ac-
tivity is present in both mitochondrial inner membrane
and microsomal membranes (10), but it is not known
whether the enzymes in the two locations are the same
or different. Cardiolipin synthase has been localized to
mitochondrial membranes (18). Genes encoding PtdGro-
-P synthase, PGS1 (19, 20), and CL synthase, CRD1 (21),
were recently identified. The gene encoding PtdGro-P
phosphatase has not yet been cloned nor has the gene
product been characterized.

General aspects of phospholipid
transport in yeast

Restriction of phospholipid-synthesizing enzymes to
specific subcellular compartments (see Fig. 3) requires ef-
ficient intracellular transport of phospholipids to those
compartments that are not able to synthesize their own
membrane lipids. It is not only the supply of the quan-
titatively predominant phospholipids, PtdCho, PtdEtn
and PtdIns from their sites of synthesis to all other or-
ganelles which necessitates such a process, but also the
migration of precursor phospholipids to their site of me-
tabolic conversion that is essential for the balanced syn-
thesis of cellular phospholipids.

To demonstrate the routes of lipid migration in liv-
ing cells experiments in vivo have been designed. A con-
venient method is labeling of cells with radioactive pre-
cursors of phospholipids, e.g., inositol, serine, methio-
nine, fatty acids, glycerol or phosphate, and following

the routes of labeled phospholipids within the cell. Dur-
ing a short pulse newly made phospholipids accumulate
in the organelle of synthesis; in the chase period migra-
tion to other cellular membranes can be observed. Sub-
cellular localization of radiolabeled lipids requires effi-
cient techniques of subcellular fractionation. For this
purpose various methods of yeast organelle preparation
were developed and adapted in our laboratory, which
allow the isolation of highly enriched subcellular frac-
tions with a low degree of cross-contamination (22).

In some cases the routes of lipids within the cell can
be followed without cell fractionation. If metabolic con-
version of a lipid occurs in a compartment which is dif-
ferent from the organelle of synthesis, the migration of
the precursor lipid can casily be correlated with the ap-
pearance of the product. The best example for such an
experimental strategy is the measurement of intracellular
PtdSer transfer. As mentioned above, PtdSer is synthe-
sized in the endoplasmic reticulum, whereas its conver-
sion to PtdEtn occurs mainly in mitochondria through
the action of Psdlp (11, 12), and to a smaller extent in
the Golgi by catalysis of Psd2p (13, 14). Thus, the ap-
pearance of radiolabeled PtdEtn after labeling cells with
radioactive serine indicates export of PtdSer from the en-
doplasmic reticulum. Investigations employing psdl and
psd2 null mutants will provide evidence for the molecu-
lar requirements of the specific routes of PtdSer migra-
tion.

An elegant alternative to the in vivo methods de-
scribed above is the use of fluorescently labeled lipids
for microscopic inspection of intracellular lipid migra-
tion. This technique has been successfully employed for
studies with mammalian cells (23) but is less amenable
to the much smaller yeast cells. Kean ef al. (24) were able
to demonstrate that uptake and internalization of fluo-
rescently labeled PtdCho into yeast cells takes place both
through a SEC-dependent endocytotic pathway to the
vacuole and SEC-independent routes to the nuclear en-
velope and mitochondria.

Although experiments in vitro must always be inter-
preted with caution regarding their relevance for the
situation in the living cell, this type of experiments has
provided a large body of evidence concerning lipid
transport processes. Assays of lipid transport between
isolated organelles or artificial membrane vesicles were
designed to mimic specific steps of intermembrane mi-
gration of lipids. Radioactively, fluorescently or spin-la-
beled lipids were largely employed for such experiments
in vitro. Fluorescence and ESR methods offer the advan-
tage of continuous measurement of the lipid transport
process. Pyrene-labeled phospholipids used in our labo-
ratory to study yeast lipid transfer proteins (25) turned
out to be especially convenient probes. Donor mem-
branes which contain a high concentration of the fluoro-
phore exhibit high excimer fluorescence intensity; trans-
fer of fluorescent phospholipids to the acceptor results
in a »dilution» of the fluorophore in the unlabeled mem-
brane, which can be measured by an increase of mono-
mer fluorescence intensity. In contrast to fluorescence as-
says, radioassays are discontinuous techniques for lipid
transfer measurements. Addition of non-transferable
markers, c.g., radiolabeled triac}-'lglycerol or steryi esters,
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to donor membranes is required to test unspecific fusion
between donor and acceptor membranes.

Transport of phospholipids in living yeast cells

Intracellular migration of aminoglycerophospho-
lipids in yeast was measured using [*H]serine as a pre-
cursor (26, 27). Within a few minutes not only radiola-
beled PtdSer but also [*"H]PtdEtn and [*H]PtdCho ap-
peared and were found distributed over mitochondria
and the endoplasmic reticulum. The appearance of the
radioactivity in PtdEm and PtdCho indicated that im-
port of PtdSer into mitochondria and export of PtdEtn
from mitochondria had occurred. Energy depletion of
cells by poisoning with CN” and F, or Ny and F led to
an equilibration of [’H]PtdCho between the endoplasmic
reticulum and mitochondria. These results indicated that
the uneven distribution of phospholipids among organ-
elles created by synthesis was balanced by rapid energy
independent transport.

Intracellular movement of PtdSer and PtdEtn in
yeast was also blocked by inhibition of cellular encrgy
production. This dependence, however, seems to be in-
direct because the first enzyme in the biosynthetic se-
quence of aminoglycerophospholipid biosynthesis, phos-
phatidylserine synthase (PSS), requires CDP-DAG
formed from PA and CTP. Nevertheless, these results
suggest that synthesis, metabolism and transfer of
aminoglycerophospholipids may be linked. Similar re-
sults werc obtained when transport of PtdSer, PtdEtn
and PtdCho to the plasma membrane was measured.
Also in this case energy depletion of cells which stopped
the synthesis of aminoglycerophospholipids caused their
retention in internal membranes. Disruption of the cy-
toskeleton network using nocodazole had no effect on
phospholipid translocation processes.

Import of proteins into mitochondria requires en-
ergy and a membrane potential (28, 29). Does phos-
pholipid transport across mitochondrial membranes
have similar requirements? Experiments in vivo can an-
swer this question only in part. Experiments mentioned
above had shown that a linkage between the encrgy
state of yeast cells, the synthesis of phospholipids and
their translocation exists. The presence of the uncoupler
carbonyl cyanide ni-chlorophenylhydrazone (CCCP) nei-
ther inhibits synthesis nor intracellular transport of ami-
noglycerophospholipids (27). This result indicates that
transport of PtdSer across the outer and to the inner mi-
tochondrial membrane, and of PtdEtn from the inner
membrane across the outer mitochondrial membrane to
the endoplasmic reticulum, do not require a membrane
potential. These results were confirmed by experiments
in wifro and led to the conclusion that import of proteins
and lipids into mitochondria are independent events.

In contrast to the endoplasmic reticulum and mito-
chondria the plasma membrane of yeast is devoid of
phospholipid-synthesizing enzymes and relies com-
pletely on the supply with all the constituent phos-
pholipids. Flux of sccretory vesicles governs the supply
of proteins to the plasma membrane, and it has been a
matter of dispute for a long time whether these vesicles
might also be vehicles for lipid translocation to the cell

periphery. We used temperature-sensitive secretory mu-
tants (sec mutants) (30) to investigate the linkage be-
tween protein secretion and transport of PtdCho and
Ptdins to the plasma membrane. The experimental de-
sign was such that we measured the release of water-
soluble products of phospholipid deacylation, glycero-
phosphocholine and glycerophosphoinositol, generated
by the plasma membrane associated phospholipase B
(31), into the growth medium. Using this approach we
demonstrated that transport of PtdIns and PtdCho from
internal membranes to the plasma membrane did not
cease after a shift from the acceptable (24 °C) to the non-
-acceptable temperature (37 °C). This result is in line
with the postulate of Atkinson (32) that different types
of vesicles are responsible for protein export and mem-
brane growth. The existence of specific phospholipid
transporting vesicles, however, still needs to be verified
experimentally.

Cloning of the gene encoding the yeast phospha-
tidylinositol transfer protein (PITP) and the observation
that the gene product is identical to Secl4p (33-35) made
it possible to test for the first time whether a lipid trans-
fer protein is involved in the intraccllular translocation
of phospholipids in vive. Pulse-chase experiments with a
temperature-sensitive secI4 strain (27) demonstrated that
the transport rates of Ptdins and PtdCho to the plasma
membrane were not altered by the mutation. This result
supports the view that functions of lipid transfer pro-
teins in the living cell may be different from their lipid
transporting activity in vitro. PITP/Secl4p is required for
protein secretion and acts at the stage of the Golgi (36).
Remarkably, the lethality of a sec14 deletion is sup-
pressed by second-site mutations that block PtdCho bio-
synthesis through the salvage pathway (15). This obser-
vation and the fact that PITP/Secl4p inhibits CTP :
cholinephosphate cytidylyltransferase activity in vitro
(37) suggest that PITP/Secl4p regulates the Pidlns :
PtdCho ratio of Golgi membranes. Most recently it was
suggested that PITP/Secl4p may be required to main-
tain a sufficient pool of diacylglycerol in the Golgi to
support the production of secretory vesicles (38). Alter-
natively, Secldp may be involved in formation of phos-
phatidic acid (PA) by regulating phospholipase D cata-
lyzed degradation of PtdCho (39).

Phospholipid transport in vitro

Many efforts to elucidate mechanisms of lipid trans-
port focused on the design of appropriate in vifro assays.
The advantage of such assays is that single components
of interest can be easier controlled than in the complex
system of a living cell. However, results obtained in vitro
should be interpreted with caution regarding their rele-
vance in vivo.

- One of the best examples demonstrating the discrep-
ancy between the in vivo and in vitro systems is the ob-
servation that phospholipid transfer proteins (named so
due to their function in vilro) do most likely not act as
lipid transporters in the living cell (see above). One can
roughly distinguish between three types of phospholipid
transfer proteins, namely phosphatidylinositol transfer
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proteins (PITP), phosphatidylcholine transfer proteins
(PCTP) and non-specific lipid transfer proteins (nsLTP)
{for a review sec ref. 40). Whereas PCTP and PITP are
more or less specific for their substrates, nsLTP is able
to transfer a large variety of lipid classes. In Saccharomy-
ces cerevisiae two cytosolic phospholipid transfer proteins
have been identified and characterized so far: a PITP (25,
35, 41) and an nsLTP, which was named phosphatidyl-
serine transfer protein (PSTP) (42) due to its preference
for PtdSer as a substrate. Both proteins were isolated to
near homogeneity but only PITP was studied by molecu-
lar biological means. As mentioned above PITP was
found to be identical to Secl4p. Although the majority
of this protein can be isolated from the cytosol the more
important cellular site of action of PITP/Secldp is the
Golgi (36). Similar to PITP/Secl4p the PSTP can be iso-
lated from yeast cytosol. Interestingly, proteins with
lipid transfer activity similar to that of the cytosolic
PSTP were isolated from the surface of organelles, espe-
cially from peroxisomes (43). It is not known at present
whether there is a relationship between yeast PSTP and
the membrane bound lipid transfer proteins similar to
mammalian forms of nsLTP in the cytosol and in perox-
isomes (40).

An alternative to lipid translocation mediated by
phospholipid transfer proteins is lipid transport through
membrane contact. Permeabilized cells can be used to
study such a process because the spatial arrangement of
organelles is largely kept intact during preparation. A
technique to prepare permeabilized yeast cells with a
high degree of permeabilization was developed in our
laboratory (44) for studies of intracellular transport of
aminoglycerophospholipids. Biosynthetic steps from
PtdSer to PtdEtn (via decarboxylation) and then to
PtdCho (via methylation) are linked to the intracellular
transport of these components between the endoplasmic
reticulum and mitochondria. Using a [*H]serine precur-
sor it was possible to follow the synthesis of each of the
aminoglycerophospholipids and examine the require-
ments for their interorganelle transport. This experimen-
tal approach revealed that in permeabilized yeast cells
newly synthesized PtdSer is readily translocated to the
locus of phosphatidylserine decarboxylase 1 (Psdlp) in
the mitochondria. PtdSer transport to the mitochondria
is ATP-independent and exhibits no requirements for cy-
tosolic factors. PtdEfn formed in the mitochondria is ex-
ported to the locus of the methyltransferases (principally
the endoplasmic reticulum) and converted to PtdCho.
The requirement of ATP for the export of PtdEtn to the
endoplasmic reticulum (44) is still a matter of dispute.
In permeabilized yeast cells treated with apyrase PtdEtn
was retained in mitochondria; more recent experiments
from our laboratory (Achleitner et al., submitted for pub-
lication) demonstrated that this effect may be due to an
unspecific inhibition caused by apyrase. Neither cytoso-
lic factors nor ongoing methylation of PtdEtn to PtdCho
are required for the export of PtdEtn from mitochondria
to the endoplasmic reticulum.

Lipid transport of aminoglycerophospholipids be-
tween the endoplasmic reticulum and mitochondria also
occurs in permeabilized cells that have been disrupted
by homogenization indicating that the processes are ex-
tremely efficient and may be dependent upon stable

structural elements between organelles. This hypothesis
led us to search for cellular structures that form a bridge
between the site of PtdSer synthesis, the endoplasmic
reficulum, and mitochondria. In the yeast Saccharontyces
cerevisine similar to higher eukaryotes a subfraction of
the endoplasmic reticulum was detected that exhibits
high specific activities of enzymes involved in phos-
pholipid biosynthesis, especially phosphatidylserine and
phosphatidylinositol synthase (45). This specialized frac-
tion of the endoplasmic reticulum is associated with mi-
tochondria and was named MAM (mitochondria associ-
ated membrane) in agreement with the nomenclature
known from mammalian cells (46). PtdSer synthesized
in MAM can be imported into mitochondria and con-
verted to PtdEtn in vitro. Reassociation of MAM with
purified mitochondria led to reconstitution of the import
of PtdSer into mitochondria suggesting that organelle
contact is sufficient for this process.

Import of PtdSer into mitochondria can also be
tested in a more artificial in vitro system using unilamel-
lar vesicles as donor membranes (47). In contrast to the
above mentioned MAM/mitochondria system, import of
PtdSer into mitochondria from vesicles requires a lipid
transfer protein. Neither a membrane potential across
the inner mitochondrial membrane nor ATP is necessary
for this translocation process, which is in agreement
with results obtained with permeabilized yeast cells.
Adriamycin, which interacts with negatively charged
phospholipids and was shown to inhibit protein import
into mitochondria (48), had no effect on the import of
PtdSer from vesicles into mitochondria.

Proteins of the mitochondrial surface can be envis-
aged to mediate the assembly of phospholipids into the
membranes of this organelle. In a vesicle/mitochondria
transport assay system mild proteolytic treatment of in-
tact mitochondria led to a decrease of the PtdSer import
rate (49). This effect, however, can be regarded as a dis-
turbance of the interaction of the lipid transfer protein
with the mitochondrial surface. Recent experiments em-
ploying a MAM/mitochondria reconstituted system
demonstrated that also in this case proteolytic treatment
of mitochondria negatively affected translocation of
PtdSer (50). Fusogenic proteins similar to those de-
scribed by Rakowska ef al. (51) that are partially inacti-
vated by exogenous proteases may be involved in this
process.

Synthesis of PtdSer is not a driving force for the im-
port of this phospholipid into mitochondria, because co-
and post-synthetic import of PtdSer from MAM into mi-
tochondria occur at comparable rates (50). In contrast,
PtdIns synthesized in MAM with [*H]inositol as a pre-
cursor was imported into mitochondria depending on its
ongoing synthesis (52). When PtdIns synthesis was
stopped after a short pulse, the percentage of [*H]PtdIns
in the outer leaflet of the outer mitochondrial membrane
remained constant during the chase period.

Migration of PtdSer from its site of synthesis to its
site of decarboxylation by Psdlp in the inner mitochon-
drial membrane requires not only transport of the lipid
from the endoplasmic reticulum to the mitochondrial
surface, but also intramitochondrial translocation. Phos-
pholipid transfer between the outer and inner mitochon-
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drial membranes of yeast does not involve phospholipid
transfer protein(s) of the intermembrane space; no such
protein could be detected when intermembrane space
contents were tested in appropriate phospholipid trans-
fer assays in vitro (52). This finding confirms previous
results by Blok et al. (53) who failed to detect phospho-
lipid transfer activity in rat liver mitochondria.

In intact mitochondria, the outer and the inner
membrane are associated through contact sites, which
are most likely involved in the transport of proteins into
the inner membrane and the matrix space (54-56). These
membrane junctions are also good candidate sites for the
transfer of phospholipids between the two mitochon-
drial membranes. PtdSer synthesized in MAM can be ef-
ficiently translocated to the inner membrane of intact
mitochondria and converted to PtdEtn. This transloca-
tion of PtdSer from MAM to the inner mitochondrial
membrane also occurred with mitoplasts (52). In yeast
mitoplasts, the outer mitochondrial membrane with the
MAM fraction attached is disrupted but still linked to
the inner membrane, most likely through original con-
tact sites. Thus PtdSer synthesized in MAM appears to
reach the inner mitochondrial membrane through mem-
brane contact sites. This view was supported by experi-
ments with isolated contact site preparations (57), which
consist of a membrane contact zone and portions of the
outer and inner mitochondrial membranes. In these
preparations MAM containing phosphatidylserine syn-
thase remains associated with the outer mitochondrial
membrane. The reporter enzyme of PtdSer import to the
inner mitochondrial membrane, Psd1p, cofractionates
with the inner membrane portion of contact sites. In a
metabolic transport assay using [*H]serine as a precursor
PtdSer was translocated efficiently from MAM across
zones of mitochondrial membrane contact to the inner
membrane,

In a vesicle/mitochondria assay PtdSer on its way
to the inner mitochondrial membrane was detected at
significant amounts in contact sites (47). When metabolic
conversion to PtdEtn was inhibited by hydroxylamine,
PtdSer accumulated rather in the inner mitochondrial
membranc than in contact sites. This result indicates that
intramitochondrial translocation and metabolic conver-
sion of PtdSer are not strictly linked. Similar to PtdSer,
[*Hllabeled PtdIns and PtdCho seem to be transported
to the inner mitochondrial membrane through mem-
brane contact sites in a vesicle/mitochondria assay sys-
tem (58). The uncoupler CCCP, the antibiotic adriamy-
cin, and energy depletion caused by oligomycin and
apyrase did not inhibit the import of both phospholipids
into mitochondria.

Conclusion and future perspectives

The similarity in subcellular organization of yeast
and higher eukaryotes, the easc of molecular biological
manipulation of the microorganism, and finally the
availability of the sequence information of the entire
genome make yeast a suitable model to study all kinds
of cell hiological processes. These prerequisites also
stimulated studies of phospholipid transport between
organclles of this unicellular cukaryote in vivo and in vi-

tro. A good example for the value of the yeast system is
the progress that was made to investigate the cellular
function of PITP/Secl4p. The availability of mutants
and the design of genctic experiments has led to a new
understanding how lipid synthesis and transport are re-
lated to other cellular processes.

Studies with yeast demonstrated that lipid transfer
proteins must not be longer regarded as lipid carriers in
vivo. Vesicle flux as a mechanism of lipid translocation
may still be relevant, although protein secretory vesicles
are apparently not the vehicles for bulk lipid transport.
Membrane contact and membrane fusion are more likely
candidate mechanisms of interorganelle lipid transloca-
tion. Many unanswered questions, however, remain.
How does membrane association occur? Is the associa-
tion of membranes determined by proteins, lipids
and/or membrane physical properties? Which regula-
tory mechanisms stimulate or prevent membrane con-
tact? How are lipids of the donor membrane selectively
captured and inserted into the acceptor membrane, and
how is the specificity of the membrane lipid composition
maintained during this process? One assumes that mem-
brane contact and lipid translocation between associated
membranes occur through protein catalysis. However,
the molecular details of none of these factors are known
at present. More than one mechanism of lipid transport
might be relevant and several processes might function
in parallel in vivo. A combination of molecular biological,
cell biological and biochemical methods using yeast as a
model will certainly contribute to our knowledge in this
field within the next years.
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Sinteza i transport fosfolipida u kvascu

Sazetak

Koasac Saccharomyces cerevisiae pogodan je sustav za proucavanje stani¢nog i molekularno-bioloskog tijeka
biogeneze organela. Sinteza i ispravna razdioba fosfolipida bitni su preduvjeli za nastajanje funkcionalnih mem-
brana. Vecina enzima, kofi sudjeluju u biosintezi fosfolipida, smjestena je u endoplazmatskom retikulumu.
Nadalje, pojedini stupnjevi sinfeze fosfolipida provode se u mitohondrijima, Golgiju i pojedinim Cesticama lipida.
Medureakeija tih organela potrebna je da bi se odrZala uravnotezena razina stanicnih fosfolipida. Izrazit je primjer
suradnje organela slijed biosinteiskog puta aminoglicerofosfolipida, koji se dogada uzajamnim djelovanjem en-
doplazmatskog retikuluma, mitohondrija, a vjerojatno i Golgija. Intracelularni protok intermedijera potreban je
da bi se sintetizirali lipidi te lipidima opskrbile one membrane koje same nisu sposobne sintetizirati vlastite lipide.
Proteinima katalizirani transport lipida, protok vezikula i translokacija lipida membranskim dodirom moguci su
mehanizmi migracije lipida unutar stanice.

Na osnovi eksperimentalnih podataka izgleda da je dodir izmedu organela najoazniji za transport lipida
izmedu subcelularnih odjeljaka.





