Lipid Acyl Chain Remodeling in Yeast

Supplementary Issue: Cellular Anatomy of Lipid Traffic

Mike F. Renne', Xue Bao', Cedric H. De Smet'? and Anton |. P. M. de Kroon'

"Membrane Biochemistry and Biophysics, Bijvoet Center for Biomolecular Research, Institute of Biomembranes, Utrecht University, Utrecht,
the Netherlands. “Present address: Division of Cell Biology, Biocenter, Innsbruck Medical University, Innsbruck, Austria.

ABSTRACT: Membrane lipid homeostasis is maintained by de novo synthesis, intracellular transport, remodeling, and degradation of lipid molecules.

Glycerophospholipids, the most abundant structural component of eukaryotic membranes, are subject to acyl chain remodeling, which is defined as the

post-synthetic process in which one or both acyl chains are exchanged. Here, we review studies addressing acyl chain remodeling of membrane glycero-

phospholipids in Saccharomyces cerevisiae, a model organism that has been successfully used to investigate lipid synthesis and its regulation. Experimental

evidence for the occurrence of phospholipid acyl chain exchange in cardiolipin, phosphatidylcholine, phosphatidylinositol, and phosphatidylethanolamine is

summarized, including methods and tools that have been used for detecting remodeling. Progress in the identification of the enzymes involved is reported,

and putative functions of acyl chain remodeling in yeast are discussed.
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Introduction

The proper functioning of biological membranes critically
depends on the composition of their lipid matrix. In eukaryotes,
the membrane lipid matrix is made up of glycerophospholipids,
glycoglycerolipids (in chloroplasts), sterols, and sphingolipids,
with the glycerophospholipids, also referred to as phospholipids,
as the most abundant structural lipid.! Phospholipids come in
different classes defined by the nature of the phosphodiester at
the s7-3 position of the glycerol backbone. Within each phos-
pholipid class, we find multiple molecular species defined by the
acyl chains esterified at the s#-1 and s»-2 positions of the glyc-
erol backbone that vary in length and degree of unsaturation.
Each phospholipid class has specific physicochemical properties
modulated by the composition of the acyl chains. Acyl chain
composition differs between phospholipid classes, eg, in yeast,
with unsaturated acyl chains enriched in phosphatidylethanol-
amine (PE) and cardiolipin (CL) and saturated acyl chains in
phosphatidylinositol (PI).2® The ensemble of the phospholipid
class and acyl chain composition to a large extent determines
the physical properties of a membrane, including membrane
surface charge, membrane thickness, membrane fluidity, and
membrane intrinsic curvature.* Differences in lipid composition
and physical properties between organellar membranes reflect
the differences in the functions of organelles and require exqui-
site regulation of membrane lipid homeostasis.

Cellular membrane lipid homeostasis is maintained by
de novo synthesis, intracellular transport, remodeling, and
degradation of lipids. Our knowledge of these fundamen-
tal processes and their regulation has greatly benefited from
research in the model eukaryote Saccharomyces cerevisiae.
Whereas significant progress has been made in our under-
standing of the de novo synthesis of phospholipids and the
underlying regulatory mechanisms in yeast,’ research into lipid
transport has only recently gained momentum,®” while insight
into lipid remodeling and degradation is lagging behind. This
review focuses on acyl chain remodeling of phospholipids in
yeast, ie, the process in which post-synthetically either one or
both acyl chains of a phospholipid molecule are exchanged.

Lands was the first to report phospholipid acyl chain
exchange.® He observed that lysophosphatidylcholine (lyso-
PC) formed by the action of phospholipase A (PLA) can be
reacylated by an acyltransferase in an acyl-CoA-dependent
manner. This two-step process known as the Lands cycle
was proposed to adapt the phosphatidylcholine species pro-
file to obtain the desired thickness and fluidity of cellular
membranes.” Alternative mechanisms of acyl chain exchange
include an exchange of both acyl chains with glycerophos-
phodiesters as intermediates and acyl transfer independent of
acyl-CoA or CoA in transacylation reactions in which a fatty
acyl chain is transferred from a (lyso-) phospholipid donor to
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a lysophospholipid acceptor (reviewed by Yamashita et al).!

In mammalian systems, CoA-dependent transacylation reac-
tions have also been reported, which comprise the reverse
(ie, ATP-independent acyl-CoA synthesis) and forward reac-
tions of acyl-CoA-dependent acyltransferases.!”

In addition to maintaining phospholipid homeostasis,
acyl chain remodeling serves specific functions, including the
generation of disaturated glycerophospholipid species in pul-
monary surfactants.!1? Acyl chain remodeling also functions
in the regulation of the free fatty acid content, in particular
levels of fatty acids involved in lipid signaling, including ara-
chidonic acid (C20:4).1% In the liver, the lyso-PC acyltransfer-
ase Lpcat3 preferentially uses C18:2—CoA and C20:4-CoA
for acylating 1-acyl lyso-PC. Recently, the knockdown of
Lpcat3 in mice was shown to increase hepatic inflammation,
which is attributed to the accumulation of the lipid inflam-
matory mediators lyso-PC and C20:4.1 The incorporation of
C20:4 into PC by Lpcat3 is also required for triacylglycerol
secretion in the liver and intestine, presumably by conferring
the optimal membrane fluidity required for the assembly of
lipoprotein particles.!1¢ In Caenorbabditis elegans, a reduction
of C18:0 at the sn#-1 position of PI due to defective remodel-
ing interferes with the asymmetric division of stem-cell-like
epithelial cells.!” This is proposed to be due to missorting of
proteins resulting from a mislocalization of phosphoinositides
that in turn is caused by the altered acyl chain composition
of PI. Furthermore, acyl chain remodeling has been impli-
cated in the replacement of oxidized acyl chains.!® In plants,
newly synthesized fatty acids are primarily incorporated into
glycerophospholipids through acyl chain exchange. While
esterified to the glycerophospholipid, acyl chains are desatu-
rated. Subsequently, they are released and used for the acyla-
tion of glycerol-3-phosphate in de novo glycerophospholipid
synthesis.?>20

Here, we summarize the state-of-the-art knowledge
on acyl chain remodeling of the major membrane lipids in
yeast. The role of acyl chain remodeling in establishing the
molecular species profiles of CL, PC, PI, and PE is addressed.
Whereas the enzymes catalyzing the remodeling of the mito-
chondrial membrane lipid CL have been identified, the iden-
tity of the enzymes involved in the remodeling of PC, PI, and
PE remains largely unknown. The phospholipid remodeling

processes in yeast characterized so far have in common that
their physiological functions, other than contributing to
membrane lipid homeostasis, remain elusive.

Remodeling of CL

CL is a phospholipid containing four acyl chains that is syn-
thesized and, for the most part, localized in the mitochondrial
inner membrane.?! CL is important for the mitochondrial

structure and function,??23

eg, it supports the stability and
activity of respiratory supercomplexes.?* However, CL is not
confined to the inner membrane. It is also found in the mito-
chondrial outer membrane, where it is involved in the biogen-
esis of outer membrane proteins.?>2° CL has a characteristic
fatty acyl chain composition, enriched in unsaturated fatty
acids. In a human heart, 80% of all CL molecules contain four
C18:2 acyl chains,?” while yeast CL contains almost exclu-
sively C16:1 and C18:1.2 Remodeling by acyl chain exchange
is crucial for obtaining these specific fatty acid compositions.

In mammalian cells, CL remodeling requires the acyl-
CoA-independent transacylase tafazzin that shuttles acyl
chains between CL and other glycerophospholipids.?’ Muta-
tions in the human tafazzin gene cause Barth syndrome, an
X-linked disorder with symptoms such as cardiac and skeletal
myopathy, neutropenia, and growth retardation.’® At the
molecular level, Barth syndrome patients display severely
decreased levels of mitochondrial CL, accumulation of mono-
lysocardiolipin (MLCL), and a CL molecular species profile
enriched in saturated acyl chains.3!

In yeast, CL remodeling depends on the release of C16:0
from CL catalyzed by the PLA Cld1p, localized at the matrix
side of the mitochondrial inner membrane,32% followed by
the reacylation of the resulting MLCL by Tazlp, the yeast
homologue of tafazzin (Fig. 1).3* Tazlp has dual localiza-
tion as a peripheral membrane protein of the mitochondrial
inner and outer membranes facing the intermembrane space.®
Tazlp presumably does not display any acyl chain preference,
similar to its tafazzin counterpart in Drosophila.3>%" Instead,
the enrichment of unsaturated acyl chains in CL has been pro-
posed to originate from the membrane environment where the
enzyme is preferentially active, ie, in membrane zones of high
negative curvature enriched in non-bilayer preferring lipids.3?
The preferred phospholipid acyl chain donor of Tazlp (if any)

CTP G3P

PA > CDP-DG ~-> PGP <> PG >~ CL

Tam41p Pgsip

P.

Gep4p

Cld1p C16:0
CDP-DG /_‘&
MLCL
Tazl
Crd1p /\p\/
lyso-PL PL

Figure 1. Biosynthesis and acyl chain remodeling of CL in yeast mitochondria with the enzymes indicated in blue.
Abbreviations: PA, phosphatidic acid; CDP-DG, CDP-diacylglycerol; PGP, phosphatidylglycerolphosphate; PG, phosphatidylglycerol; MLCL,

monolysocardiolipin; PL, phospholipid.
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and the metabolic fate of the lysophospholipid produced are
unknown.

Recently, deletion of CLDI was shown to completely
restore the defective growth and respiration of a zazJ mutant,
demonstrating that these are caused by the increased MLCL
to CL ratio rather than by the increased saturation of CL.3#0
Moreover, the lack of a phenotype in c/d1 and cditaz1
mutants implies that acyl chain remodeling CL is not required
under the conditions tested. This leaves us with the question
of why CL remodeling had evolved in yeast. The upregula-
tion of Cld1p expression during respiratory growth and the
increased Cld1p activity in response to decreased mitochon-
drial membrane potential suggest that CL remodeling may

serve to remove oxidatively damaged CL molecules.334°

Remodeling of Phosphatidylcholine
In yeast, PC is synthesized via two biosynthetic pathways, the
triple methylation of PE and the CDP-choline pathway.*! The
CDP-choline pathway only contributes to net PC biosynthesis
when choline is supplied exogenously. In the absence of exog-
enous choline, the production of PC relies on the methylation
of PE, while the CDP-choline pathway serves to recycle cho-
line from the PC turnover catalyzed by the phospholipase D
Spol4p*? or by the combined action of the phospholipase B
(PLB) Plblp,* or Ntelp** with the phosphodiesterase Gdelp
(Fig. 2).446

Yamada et al¥’ discovered acyl-CoA-dependent acyl-
transferase activities in isolated yeast microsomes that
acylated 1-acyl lyso-PC and 2-acyl lyso-PC. Given the rela-

tively simple acyl chain composition of yeast membrane

acyltransferase

lysoPC
Alelp PLA
acyl chain
PE methylation remodeling

PE -» -» -»

Cho2p, Opi3p A Plb1p/Nte1p
Cptit P /" degradation
DAG ! Spo14p Gdelp
4
Pctip / PA
CDP-choline |

pathway oo CKIR__ choline

Figure 2. Metabolism of PC in yeast with the enzymes indicated in blue.
Acyl chain remodeling of PC may proceed by deacylation to lyso-PC
and/or GPC catalyzed by the PLBs Plb1p and Nte1p and/or by PLA
and/or PLB that remain to be assigned. Subsequently, lyso-PC can

be reacylated by the 1-acyl lyso-PC acyltransferase Ale1p. Acyl-CoA-
dependent acyltransferases attaching an acyl chain at the sn-1 position
remain to be identified. Alternatively, the de- and reacylation reactions
could be catalyzed by transacylases (not shown). The biosynthesis routes
of PC are indicated by the dashed arrows.

glycerophospholipids, Wagner and Paltauf*8 wondered whether
acyl chain remodeling of membrane lipids occurs in yeast. To
address this question, they analyzed the lipid incorporation of
radiolabeled oleic and palmitic acids supplied in the culture
medium. Fast (within two minutes) and selective acyl chain
incorporation was demonstrated at the s#-1 and sn-2 positions
of the major glycerophospholipids, including PC, indicative
of acyl chain exchange. The rate and extent of the exchange
was dependent on the phospholipid class, the sn-1 or sn-2
position, and the nature of the supplied fatty acid (note that
palmitic acid was rapidly desaturated into palmitoleic acid).
After two minutes, the extent of labeling was the highest in
PI and PC and relatively the modest in PE and PS. In PC, the
radiolabel from palmitate was distributed in the ratio of 1:9
between sn-1 and sn-2 positions, while oleic acid was almost
exclusively esterified at the sn-2 position.*® This study did not
provide information with regard to the size of the lipid pools
subject to acyl chain exchange.

Dynamic Lipidomic Approaches Addressing
Synthesis and Remodeling of Phosphatidylcholine
Pulse-labeling with stable isotope-labeled lipid precursors
and subsequent analysis by electrospray ionization tandem
mass spectrometry (ESI-MS/MS) enable analysis of the sub-
strate selectivity of lipid biosynthetic enzymes at the level of
lipid molecular species. Moreover, time-dependent changes
in the molecular species profile of lipid classes can be conve-
niently monitored in pulse-chase experiments. Applying these
dynamic lipidomic approaches to PC metabolism in yeast,
Boumann et al demonstrated the molecular species-selectivity
of the two biosynthesis routes and the contribution of post-
synthetic acyl chain exchange to the steady-state PC molecu-
lar species profile.*

The methylation of PE primarily generates di-unsaturated
PC, while the CDP-choline route produces a more diverse PC
species profile.**° Remodeling of PC by acyl chain exchange
has been investigated in pcz7 strains with an inactivated CDP-
choline pathway (Fig. 2), to be able to distinguish acyl chain
exchange from the contribution to the PC molecular species
profile resulting from the recycling of choline through the
CDP-choline pathway.* So far, there is no evidence in yeast
for the occurrence of molecular species-selective degradation
of PC by phospholipases B, C, or D.%

As shown in Figure 3A, labeling pczI cells for 10 minutes
with deuterium-labeled (methyl-D,)-methionine followed
by ESI-MS/MS analysis of the newly synthesized PC pool
(parent ion scanning for m/z 193) revealed a species profile
dominated by 32:2 and 34:2 PC with relatively minor pro-
portions of 32:1 and 34:1 PC. During the subsequent 3-hour
chase with excess unlabeled methionine, the species profile
of deuterated PC evolved into a profile resembling that of
steady-state PC (blue bars in Fig. 3A). The initial proportions
of 32:1 and 34:1 PC were almost doubled at the expense of
the di-unsaturated species, indicative of the substitution of
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Figure 3. Time course of PC remodeling in live yeast cells at 30°C as recorded by ESI-MS/MS in pulse-chase experiments addressing PC synthesized by
methylation of PE. Cells from pct1 pYES2 (empty vector control) (A), pct1 pYES2-SCT1 (B), and pct1plb1 pYES2-SCT1 (C) strains cultured in galactose-
containing medium to induce overexpression of SCT1 from the GAL7 promoter (B and C), were pulsed for 10 minutes with (methyl-D,)-methionine.

After rapid removal of the label, cells were chased in the presence of unlabeled methionine for the time intervals indicated. Molecular species profiles of
(methyl-D,),-PC and steady-state PC (blue bars) were analyzed by parent ion scanning of total lipid extracts in the positive ion mode at m/z 193 and 184,
respectively (molecular species of PC are indicated by the total number of acyl carbon atoms:total number of double bonds). The overexpression of Sct1p
slows down growth. The experimental conditions were such that the doubling time of the overexpressing strains was approximately 1.3x that of the empty
vector control; deletion of PLB7 did not affect the growth rate. Data were taken from ref. 51.

C16:1 and C18:1 by C16:0. Acyl chain exchange at the snz-1
position of the glycerol backbone was shown to be required in
attaining the steady-state PC molecular species profile.’!

The Ohta Lab has set up a different system for studying
phospholipid acyl chain remodeling. Remodeling of (methyl-
B3C),-labeled short-chain (C8) PC molecules exogenously

supplied to a choline auxotrophic cho20pi3 strain was
investigated.”? The di-C8:0 PC enabled growth of cho20pi3
cells in choline-free medium. ESI-MS/MS revealed the
appearance of (methyl-*C),-PC with C16 and C18 acyl
chains within 5 minutes after administering (methyl-"*C),
di-C8:0 PC. Follow-up research, in which the CDP-choline
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pathway was inactivated by inserting a regulated promoter in
tront of the PCT7 gene, showed that degradation of di-C8:0
PC to choline or phosphocholine and incorporation into PC
via the CDP-choline route contributed to the rapid appearance
of the regular long chain PC molecular species.’> However,
PC molecules in which only one short acyl chain was substi-
tuted by C16 were also detected, indicating that at least part of
the observed PC remodeling originated from a deacylation—
reacylation mechanism. The intermediates showed that C16:0
preferentially substitutes for C8:0 at the sz-1 position, whereas
C16:1 substituted with similar efficiency at both positions of
the glycerol backbone.?

Triple deletion of the PLB encoding genes PLBI, PLB2,
and PLB3 in the cho20pi3 background did not affect the
suppression of choline auxotrophy by di-C8:0 PC, suggest-
ing a role for other phospholipases in remodeling di-C8:0 PC.
Deletion of the ALEI gene did cause partially impaired
growth of cho20pi3 cells on di-C8:0 PC, consistent with a role
for the acyltransferase Alelp in PC remodeling. Alelp is an
acyl-CoA-dependent acyltransferase that catalyzes acyl trans-
fer to the sz-2 position of a variety of lysophospholipids in vitro,
with a preference for unsaturated acyl-CoA species.’*
In support of a role for Alelp in PC remodeling, alel cells
accumulate more lyso-PC than wild type®® and more intra-
cellular glycerophosphocholine (GPC) under conditions of an
increased PC turnover.>® Deletion of ALE1 hardly affects the

molecular species profiles of the major phospholipid classes.”

Overexpression of the Glycerol-3-Phosphate
Acyltransferase Sctlp as a Tool for Studying
PC Remodeling
A screen for identifying the phospholipases, acyltransfer-
ases, and/or transacylases catalyzing the acyl chain exchange
of PC revealed that deletion of SCT7 reduced the extent of
PC remodeling.®® Sctlp serves as one of the two glycerol-
3-phosphate acyltransferases catalyzing the initial step in
glycerolipid synthesis.®* Rather than being required for cata-
lyzing acyl chain exchange, the activity of Sctlp was found
to indirectly affect PC remodeling by its impact on cellular
acyl chain composition. Deletion of the SCT7 gene was found
to reduce the cellular content of C16:0 by 40%. Overexpres-
sion of Sctlp from the GALI promoter resulted in an almost
threefold increase of the proportion of C16:0 at the expense of
C16:1 and C18:1 that was reflected in the molecular species
profiles of all lipid classes. The preferential incorporation of
C16:0 into glycerolipids by Sctlp sequesters them from the
yeast’s single desaturase Olelp, thus increasing the cellular
content of saturated acyl chains.®

Importantly, (methyl-D,)-methionine pulse-chase exper-
iments showed that the increased cellular level of C16:0
induced by the overexpression of SCT7 strongly enhanced the
incorporation of C16:0 during acyl chain remodeling of PC in
petl cells (compare Fig. 3B to Fig. 3A),! allowing for a quan-
titative analysis of the process. About 40% of the population of

newly synthesized PC molecules is subject to detectable acyl
chain exchange. Note that this number is an underestimate
as only net changes in the total acyl chain length and num-
ber of double bonds of the two acyl chains are recorded by the
MS/MS analysis. Acyl chain remodeling of PC proceeds with
a half-time in the order of 30-60 minutes and occurs at both
the sn-1 and s7-2 positions of the glycerol backbone.”! Since the
overexpression of SC77 did not affect the lyso-PC content of
the cells or the overall kinetics of PC remodeling,* it is consid-
ered as a reliable tool for monitoring PC remodeling in yeast.
The picture emerging from the above studies reveals a continu-
ous deacylation and reacylation of PC with the difference in
acyl chain composition between the de novo-synthesized PC
molecules and the composition of the pool of available acyl
donors determining the extent of PC remodeling.

The Phospholipase B Plblp Contributes
to Remodeling of Phosphatidylcholine
'The sensitive read-out of PC remodeling provided by overex-
pressing SCT7 was taken advantage of to identify the enzymes
involved. Deletion of the PLBI gene reduced the rate of PC
remodeling (compare Fig. 3C to Fig. 3B) as well as the cel-
lular lyso-PC content,’® implicating the PLB Plblp in PC
acyl chain exchange. Since Plblp primarily hydrolyzes PC to
GPC in vivo and in vitro,*»*2 GPC is the proposed reaction
intermediate. Consistent with a role in PC acyl chain remod-
eling, Plblp was shown to localize to the ER in addition to
its localization in the periplasmic space.>®* Furthermore, the
growth defect induced by overexpression of Plblp is partially
suppressed by an overexpression of Alelp.*® Interestingly,
the activity and expression of Plblp are modulated by the
kinase Ypklp, a key player in the regulation of sphingolipid
biosynthesis.®> Inhibition of sphingolipid biosynthesis upreg-
ulates the expression of PLBI, revealing a new link between
glycerophospholipid and sphingolipid metabolism.®
Acyl-CoA synthetase (ACS)-deficient yeast mutants are
incapable of recycling fatty acids produced by lipid deacylation
and as a result secrete free fatty acids.®® Deletion of PLBI in
ACS-deficient cells (faalfaa2faa3faa4) was found not to affect
the production of free fatty acids, arguing against the involve-
ment of Plblp in lipid remodeling or turnover.®’ The apparent
discrepancy with the above findings could be explained by the
accumulation of free fatty acids and/or lysophospholipids in
the mutant background that inhibit Plb1p activity by feedback

regulation.

Remodeling of Other Membrane Lipids

As mentioned above, Wagner and Paltauf* demonstrated
rapid (within 2 minutes) labeling of PI, PE, and PS with radio-
labeled palmitic or oleic acid. The proportion of the radiola-
bel associated with PI decreased over the two-hour labeling
period, consistent with the high turnover of P1.6® The distri-
bution of labeled acyl chain over the s#-1 and sn-2 positions
within PI changed from 70% of the label at sn-2 after two
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minutes to 30% after two hours, indicative of the differential
turnover of the acyl chains. Moreover, most of the radiolabeled
stearic acid generated by elongation of C16:0 was recovered at
the sn-1 position of PI. In contrast, the proportion of label
associated with PE increased during the two-hour incubation
with radiolabeled fatty acids, consistent with slow remodel-
ing and/or a contribution by de novo biosynthesis. Oleic acid
was preferentially incorporated at the s#-2 position, whereas
the label from palmitic acid was recovered at both sz-1 and
sn-2 positions.* Since PS is an early metabolic intermediate
in phospholipid biosynthesis, subject to rapid turnover,® it is
impossible to interpret its labeling data in terms of remodeling.

Based on sequence motifs, Cst26p was identified
as a potential acyltransferase.®” Cst26p/Psilp transfers
C18:0 chains to 2-acyl-lysoPI in vitro and is the acyl-CoA-
dependent acyltransferase required for the incorporation of
C18:0 at the sn-1 position of PI in vivo.”® The corresponding
deletion mutant has an overall reduced cellular C18:0 content,
which has been attributed to the loss of a metabolic sink for
C18:0 chains.®® This is compensated by a rise in the propor-
tion of C16:0 that appears to be preferentially accommodated
in PC,”° possibly via remodeling. The phospholipase or trans-
acylase generating 2-acyl-lysoPl remains elusive. The post-

synthetic incorporation of C18:0 at the sz-1 position of PI by
Psilp homologs (AGPAT8/ALCATT1) has been conserved in

17,71

higher eukaryotes.

Deng et al”

examined remodeling of short-chain di-C10:0
PE supplied in the culture medium, in a psdIpsd2 strain with
impaired PE synthesis. Remodeling of the exogenous PE by
exchange of both acyl chains caused an evolution toward a wild-
type PE profile. The study indicates that the established phos-
pholipases B Plblp, PIb2p, PIb3p, and Ntelp and the potential
phospholipases Spolp and Yor022cp were not required for
remodeling of exogenous PE. The acyltransferases Alelp and
Slc1p were implicated in the incorporation of C16 and C18 acyl
chains at the s#-2 position. Alelp accounted for most of the
observed incorporation of C16:1 and C18:1 at the sn-2 posi-
tion, in agreement with its identification as the major lyso-PE

acyltransferase.’’

Candidate Enzymes Catalyzing Acyl Chain
Remodeling

Except for Cld1p, Tazlp, Plblp, Alelp, and Cst26p/Psilp
alluded above, the phospholipases, acyltransferases, and trans-
acylases catalyzing phospholipid acyl chain exchange in yeast
are yet to be identified. Based on demonstrated enzyme activ-
ity, a short list of candidates is proposed.

'The established phospholipases B could supply substrates
for reacylation: Plb2p, although not involved in the remod-
eling of PC,°! degrades all phospholipid classes;”® PIb3p
degrades PI to glycerophosphoinositol (GPI);”> and Ntelp
hydrolyzes CDP-choline-derived PC.#* Similarly, the acyl-
CoA-independent phospholipid:diacylglycerol acyltransfer-
ase Lrolp generates lyso-PE and lyso-PC in transferring acyl

chains from PE and PC to diacylglycerol (DAG) yielding tria-
cylglycerol.”#7¢ However, deletion of LROZ did not affect PC
remodeling assayed under conditions of SC77-overexpres-
sion.”! The triacylglycerol lipase Tgl4p, in addition to its lipase
motif, contains the conserved consensus sequence of a cal-
cium-independent phospholipase A,. Purified Tgl4p indeed
was found to hydrolyze PC to lyso-PC in vitro, and deletion
of TLG4 specifically affects the PC molecular species pro-
file, consistent with a role in PC remodeling.”” Tgl4p is truly
multifunctional, as it also catalyzes the acyl-CoA-dependent
acylation of 1-acyl lyso-PA to PA in vitro. Lpllp contains a
lipase motif and was identified as a broad specificity PLB that
preferentially hydrolyzes at the sn-2 position.”

Yeast microsomal membranes contain an acyl-CoA-
dependent GPC acyltransferase activity producing 1-acyl
lyso-PC without acyl-CoA specificity in the yeast cell extract.
The lyso-PC produced is converted to PC by Alelp.”” The
gene(s) encoding this enzyme activity, which is likely respon-
sible for the incorporation of C16:0 at the sn-1 position during
PC remodeling, is yet to be identified. Tgl3p is a dual func-
tion enzyme with TAG lipase and acyltransferase activity.%°
In vitro Tgl3p acylates 1-acyl-lyso-PE with a preference for
C18:1-CoA.

Conclusion and Perspective

Acyl chain remodeling adds an extra layer of complexity and
versatility to membrane lipid homeostasis. Research into the
post-synthetic modifications of membrane lipids in yeast is
still in its infancy, as is the identification of the enzymes
involved. This is to a large extent due to the lack of distinct
phenotypes associated with defects in acyl chain remodeling,
which is in agreement with the ability of yeast to tolerate
huge variations in lipid composition.*! Yeast mutants deleted
for genes known to encode enzymes catalyzing phospho-
lipid acyl chain exchange (c/d1, pib1, psil, and alel) do not
exhibit a growth phenotype. Moreover, in p/61 and alel dele-
tion strains, the molecular species profiles of the membrane
lipids hardly differ from the wild type. These observations
suggest the existence of additional enzymes with overlap-
ping functions. In addition, there may be very strict cou-
pling between reactions, eg, the absence of an acyltransferase
would inhibit the upstream phospholipase to avoid accumu-
lation of deleterious lysophospholipids. The identification of
remodeling enzymes is further complicated by recent find-
ings that lipid metabolism-related enzymes may serve mul-

tiple functions.””$°

On the other hand, the MS-based acyl chain remodel-
ing assays now at hand provide a tool box to systematically
test (combinations of) gene deletions for their role in acyl
chain exchange. Candidate genes could be selected based
on bioinformatics, on genetic interaction mapping,® and
on shotgun lipidomics screening of yeast mutant libraries.®?
In such approaches, it is imperative to distinguish effects

on acyl chain remodeling from effects on overall acyl chain
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composition (remember the Sctlp example stated above).
Identification of the enzymes and their corresponding acyl
chain exchange reactions will facilitate addressing their
physiological functions.

Higher eukaryotes have evolved specific functions for
at least a subset of lipid acyl chain remodeling reactions
and products. In the absence of any such function assigned
to acyl chain exchange in yeast yet, we can only conclude
that acyl chain remodeling adds to the versatility of yeast
to adapt its membrane lipid composition, eg, by replacing
oxidatively damaged acyl chains (CL) and by accommodat-
ing (excess) saturated acyl chains (PI and PC). An additional
function of acyl chain remodeling that could be envisioned is
organelle-specific editing of membrane lipid acyl chain com-
position, which, eg, may account for the strong enrichment

of saturated acyl chains in PS and PE in the yeast plasma

membrane.?
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