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m Abstract Long-chain fatty acids are a vital metabolic energy source and are
building blocks of membrane lipids. The ye&stccharomyces cerevisisea valuable

model system for elucidation of gene-function relationships in such eukaryotic pro-
cesses as fatty acid metabolism. Yeast degrades fatty acids only in the peroxisome, and
recently, genes encoding core and auxiliary enzymes of peroxigdmmeatdation have

been identified. Mechanisms involved in fatty acid induction of gene expression have
been described, and novel fatty acid—responsive genes have been discovered via yeast
genome analysis. In addition, a number of genes essential for synthesis of the variety
of fatty acids in yeast have been cloned. Advances in understanding such processes in
S. cerevisiaavill provide helpful insights to functional genomics approaches in more
complex organisms.
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INTRODUCTION: Yeast As a Model System
and Tools of the Trade

The budding yeasbaccharomyces cerevisihias long been the model eukaryote

of choice for the investigation of basic, yet complex, cellular processes, includ-
ing the cell cycle, protein targeting and secretion, transcription, and metabolism.
Yeast combines an array of characteristics desirable in a model system, including
a well-described biochemistry and ease of genetic experimentation. Additionally,
the official disclosure of the genome sequenc8 .oferevisiaén April 1996 (41)
provided the first complete sequence of a eukaryotic genome. As observed by
Bussey in 1997 (13), with this achievement came “a complete parts list for a eu-
karyotic cell” and an opportunity to work toward “a comprehensive understanding
of how a yeast cell works.”

Many genes encoding enzymesSn cerevisiagsuch as those encoding core
enzymes of fatty acid oxidation and biosynthesis (see below), were characterized
using classical genetic approaches. These advances were made possible because
S. cerevisiags easily cultivated in a chemically defined medium. Thus, the in-
vestigator can precisely control the experimental conditions, both physically and
biochemically. Generation, isolation, and analysis of mutant strains can be per-
formed with comparable ease because yeast can be grown in either the haploid
or diploid form. Identification of genes [i.e. your favorite geneYIFG1)] by
complementation of a strain with a mutation in Yfgl gene is facilitated by a
large collection of plasmids and genomic libraries available for usg. inere-
visiae(88). In addition, yeast is especially adept at gene conversion or recombina-
tion, so replacement of the genomic copy¥fFG1 with a null allele (yfglA)
or an allele carrying a specific mutatiogf@l-1) is relatively straightforward
(90).

The completion of the entir8. cerevisiaggenome sequence has added several
new dimensions to the utility of this organism as a model eukaryote. The yeast
genome encodes about one gene every 2 kb, in contrast to the estimated 30 kb
or more of DNA required per gene in the human (41). In addition, only 4% of
yeast genes contain introns. This relative simplicity of the yeast genome has fa-
cilitated the systematic analysis of the sequence data, allowing the identification
of probable protein-encoding reading frames. Having this information has led to
a new approach to the investigation of gene-function relationships, or functional
genomics (13, 53), using “reverse genetics” (86). In the classical genetic approach,
one begins with a function, inferred from a mutant phenotype, for which the gene
involved is determined. In reverse genetics, one begins with the sequence of a
gene and must, based on sequence analysis, devise experiments to determine its
biological function. For example, homology information may place a protein into
a functional group such as transcription factors, but the challenge lies in determin-
ing which genes it might regulate. Databases such aSadlceharomycegenome
database (15), the Yeast proteome database (23), and the MIPS Yeast Genome
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Database (78) provide comprehensive compilations of available functional infor-
mation on open reading frames in yeast. At the writing of this review, the Yeast
Proteome Database listed 6145 proteins: 3717 characterized by biochemical or
genetic methods, 587 with predicted function based on homology, and 1841 with-
out a known function (23). It is expected that nearly every gere. icerevisiae

will have a homolog in other eukaryotic organisms (11, 41). Thus, progress toward
the elucidation of how the 6000 proteins encoded in the genome work to make a
functional yeast cell should prove valuable for functional genomics investigations
in more complex organisms (86).

Many areas of eukaryotic cell biology have been positively impacted by the
utilization of theS. cerevisia@s a model organism. As in other eukaryotes, fatty
acids serve importantroles as a source of metabolic energy and as building blocks of
membrane lipids. Anincrease in the pastdecade in the number of investigative tools
available has led to a greater understanding of gene-function associations and of the
regulation of gene expression in fatty acid metabolis®.ioerevisiaeT his review
discusses recent progress in yeast on the peroxisgroaldation of fatty acids
and its regulation, and the biosynthesis and remodeling of endogenous fatty acids.

PEROXISOME BIOGENESIS

Yeast can grow in medium containing fatty acids as the sole carbon source, as the
glyoxylate cycle allows for gluconeogenesis. When de novo fatty acid synthesis is
blocked, cells can be rescued by addition of fatty acids to the growth medium. In
contrast to mammalian cells, in whighoxidation occurs in both the mitochondria

and the peroxisome, yeast lack the enzymes required for mitochofebiatiation

(71). Examination of fatty acid oxidation in yeast is thus limited to one organelle
and metabolic pathway.

Transfer ofS. cerevisiaédrom a glucose-containing medium to a medium con-
taining oleic acid as the sole carbon source is accompanied by a proliferation
of peroxisomes and an increase in the activitygebxidation enzymes (112).
Although peroxisome proliferation had been observed in several other fungi,
demonstration that this process occurSircerevisiagermitted its investigation
using this genetically well-characterized model system. Peroxisome assembly mu-
tants were isolated by screening for an inability to grow on oleic acid, cytosolic
localization of peroxisomal matrix enzymes, and absence of the organelles by elec-
tron microscopy analysis (34). These initial studies led to an ongoing extensive
investigation of the biogenesis of peroxisomes and of the targeting and transport
of proteins to the organelle as well as to the identification of more than 20 re-
quired proteins, termed peroxins. Targeting of proteins to the peroxisome matrix
has been particularly well described. Synthesized by cytosolic ribosomes, these
proteins usually contain either a C-terminal (PTS1) or N-terminal (PTS2) signal
sequence that is recognized by PTS receptors in the peroxisomal membrane. They
are then moved across the membrane to the matrix by a mechanism requiring



Annu. Rev. Nutr. 2001.21:97-119. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

100 TROTTER

a number of proteins. Insertion of peroxisomal membrane proteins, which are

also translated in the cytosol, proceeds via a less-well-characterized mechanism.
Several recent reviews provide further discussion of peroxisome biogenesis and
protein targeting (50, 70, 116). As is discussed below, similar screens for strains

unable to grow on fatty acids have led to significant progress in the metabolism of

exogenous fatty acids ly. cerevisiae

FATTY ACID TRANSPORT

Uptake and Activation

Before afatty acid can be catabolized by the yeast cell, it must be transported across
the plasma and peroxisomal membranes along with its conversion to a coenzyme
A (CoA) derivative. The mechanism of extracellular fatty acid transport across
the plasma membranes of cells is a point of debate (1, 47). On one hand, in vitro
studies have demonstrated that free fatty acids can very rapigly(1 s) traverse
synthetic lipid bilayers at physiological pH (47). Others argue that although such a
diffusion mechanism may be important at relatively high fatty acid concentrations,
at physiological levels saturable, facilitated transport appears to predominate (5).
Several membrane proteins have been proposed as possible fatty acid transporters
or receptors (1,27,55), and acyl-CoA synthetases have been shown to enhance
fatty acid uptake into cells (27). IB. coli, import of fatty acids requires the cou-
pling of FadL, an outer membrane binding and translocation protein, and acyl-CoA
synthetase, located in the inner membrane (27). In addition, a putative eukaryotic
transporter, FATP, as well as acyl-CoA synthetase were identified in a screen for
cDNAs that, when expressed in cultured murine 3T3-L1 adipocytes, increase fatty
acid uptake (92).

Saturable uptake of exogenous fatty acids has also been demonstrated in several
yeasts, includings. cerevisiag65, 68, 108). A yeast homolog to the adipocyte
FATP was identified by comparison of its predicted amino acid sequence to the
open reading frames in t8accharomycegenome database (35). The protein
encoded by the yeaBAT1gene had 54% overall similarity to FATP and contained
an AMP-binding motif common to such proteins as acyl-CoA synthetases. When
the fatty acid synthase inhibitor cerulenin is added to the medium, normal yeast
can be rescued by supplementation with fatty acids. Cells carrying a disruption
of the FAT1 gene {atlA), however, have difficulty growing in the presence of
cerulenin even in the presence of fatty acid. Incorporation of fatty acids into lipids
was also impaired in thfatlA cells. Yet, acyl-CoA synthetase activity for 14:0,
16:0, and 18:1 fatty acids ifatlA cells did not differ from the wild-typd-AT1
cells. Thus, in this initial report, Fatlp was proposed to function as a fatty acid
transporter protein, as had been proposed for the murine FATP (35, 92).

Recent observations, however, indicate that the impaired fatty acid uptake ob-
served infatlA cells is secondary to a defect in the metabolism of the fatty acid.
Subcellular localization experiments suggest that Fatlp is associated with the
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endoplasmic reticulum and peroxisomal membranes, rather than the plasma mem-
brane (18). Also, the initiaFAT1 sequence in the database contained an error,
and the correction significantly improved the homology to rat very-long-chain
acyl-CoA synthetase (VLCS) (18,117). Significant accumulation of fatty acids
with greater than 22 carbons and severely reduced VLCS activity was observed
in fat1A cells (18, 117). Furthermore, heterologous expression ofATd gene
indicates that Fatlp is a VLCS enzyme (18). Fatlp appears to be involved in the
maintenance of very-long-chain fatty acid homeostasis, only indirectly affecting
utilization of exogenous fatty acids. Itis interesting that the murine FATP has also
recently been reported to be a VLCS (21).

Five additional genesAA1-4andFAT2) encoding proteins with homologies to
acyl-CoA synthetases have been describedl icerevisia€7, 117). TheaFAAland
FAA4genes encode acyl-CoA synthetases (see Figure 1) required for activation of
imported exogenous fatty acids (30, 58, 65). Faalp exhibits a preference for fatty
acids with between 12 and 16 carbons (64), and genetic evidence indicates that
it is functionally exchangeable with Faa4p or rat liver acyl-CoA synthetase (65).
Faalp and Faadp account for 99% of the total 14:0 and 16:0 activation activity
in S. cerevisiagcand when endogenous fatty acid synthesis is blocked, at least
one is required for rescue on medium containing exogenous fatty acids (65). Cells
carrying disruptions in both genefgalA faadA, appear to have normal initial rates
of free fatty acid import (65), but bulk accumulation in cell lipids is negligible (18).
Thus, it seems that these cells are defective in the activation, but not the transport,
of the fatty acids.

acetyl-CoA

ACC1
4

malonyl-CoA €xogenous
16:0 & 18:0
FAS1

FAS2 FAA1

ELO1 FAA4

Y
16:0-CoA
1 18:0-CoA ELO2

OLE/ ‘LOS
16:1, 18:1 VLCFA —) hydroxy -VLCFA

(>20 carbons)

Figure 1 Schematic of fatty acid biosynthesis 8accharomyces cerevisiaerocesses

of de novo synthesis, desaturation, elongation, and hydroxylation are shown. The names
of genes encoding enzymes that catalyze each step appear in bold italics. Abbreviations:
16:0, palmitic acid; 16:0-CoA, palmitoyl-coenzyme A; 16:1, palmitoleic acid; 18:0, stearic
acid; 18:0-CoA, stearoyl-coenzyme A; 18:1, oleic acid; VLCFA, very-long-chain fatty acid.
Further details are in the text.
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Disruption of thdFAA2andFAA3genes has no affect on the ability of cellsto use
exogenously supplied fatty acids, indicating that the acyl-CoA synthetases encoded
by these genes can access only fatty acids synthesized within the cell (59). Analysis
of the fatty acyl specificity of these enzymes indicates that Faa2p can utilize a wide
range of fatty acids but that the greatest activity is toward fatty acids with 9—13
carbons. Faa2p has been localized to the matrix side of peroxisomal membranes
(52) and accounts for the residual VLCS activity present in cells lacking Fatlp
(18). Faa3p has comparatively lower enzyme activity than Faa2p, favors fatty
acids with 16—18 carbons, and displays activity toward very-long-chain fatty acids
(64). TheFAT2gene product (Fat2p, previously named Psc60p) is localized in the
peroxisomal matrix but is not necessary for growth on oleic acid (7). The cellular
roles of Faa3p and Fat2p remain uncertain.

Cytoplasmic Pools

S. cerevisiaexpresses at least one acyl-CoA binding protein encoded AGB&

gene (89). Acyl-CoA binding proteins are polypeptides of 86—103 amino acids
that bind acyl-CoAs of 14-22 carbons, but not free fatty acids, and are thought
to function in acyl-CoA pool formation as well as in regulation of the metabolic
and regulatory functions of long-chain fatty acids (66, 67). Disruption oAtbB1

gene causes cellular acyl-CoA levels to rise 1.5- to 2.5-fold, primarily because of
a sevenfold accumulation of newly synthesized steaoryl-CoA, without affecting
the overall fatty acid composition of the cell (93). The yeast Acblp is thought
to play a role in the release of newly synthesized stearoyl-CoA from fatty acid
synthase for utilization throughout the cell (93). Because disruption of the gene
fails to affect cell survival and membrane fatty acid composition, it is predicted
that other mechanisms for acyl-CoA trafficking exist (93).

Peroxisomal Import

X-linked adrenoleukodystrophy is a human disease characterized by accumula-
tion of very-long-chain fatty acids, and the affected gene has been identified as
a member of the ATP binding cassette transporter family (82, 83). Genes encod-
ing two ATP binding cassette half transporters with significant homology to the
human adrenoleukodystrophy protein are present in y@adtl (or PXA2 and

PAT2 (or PXAlor PALJ) (10,51,52, 98, 105). Disruption of either gene results

in decreased growth of the cells on medium containing long-chain fatty acid as
the sole carbon source, without any affect on the biogenesis of the peroxisomal
organelle (52,97, 105). Long-chain fatty acid oxidation is impaired in whole cells
lacking the proteins, but when cells and organelles are disrupted, oxidation is nor-
mal. Thus, these proteins appear to be involved in fatty acid import across the
peroxisomal membrane. Moreover, immunoprecipitation studies indicate a physi-
cal interaction between the encoded proteins, Patlp and Pat2p (97), which suggests
they are two components of the same complex. Finally, the substrate of the trans-
porter is apparently an acyl-CoA derivative because when peroxisomal acyl-CoA
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synthetase activity is removed by disruption of Bf&A2gene, oxidation of long-
chain fatty acids is completely dependent on Patlp/Pat2p. The mechanism by
which the Patlp/Pat2p transporter functions remains unclear. It has been sug-
gested that it may act on membrane-associated fatty acyl-CoAs to facilitate the
flip of the polar CoA group across the membrane (8, 51).

Cells lacking the Patlp/Pat2p transporter are capable of growth on such
medium-chain fatty acids as laurate, 12:0 (52). In addition, the peroxisomal acyl-
CoA synthetase Faa2p (see above) is required for oxidation of medium- but not
long-chain fatty acids. Thus, it appears that fatty acids of medium length enter
the peroxisome before their activation, which explains their independence of the
Patlp/Pat2p long-chain acyl-CoA transporter. Mislocalization of Faa2p to the cy-
tosol causes medium-chain fatty acids to be activated to their CoA derivatives
outside the peroxisome, and their oxidation becomes entirely dependent on the
presence of Patlp/Pat2p (52). In summary, to efiexidation, long-chain fatty
acyl-CoAs are formed in the cytosol and enter the peroxisome via Patlp/Pat2p,
whereas medium-chain fatty acids first reach the peroxisomal lumen, where they
are then activated by Faa2p.

FATTY ACID OXIDATION

Saturated Fatty Acids

The core reactions of peroxisom@loxidation inS. cerevisiag¢see Figure 2) are
comparable to nonmitochondrial pathways in other organisms (71). The process
begins with oxidation of acyl-CoA ttrans-A2-enoyl-CoA by acyl-CoA oxidase,
encoded by th€OX1(or FOX1) gene (29), producing hydrogen peroxide that is
detoxified by peroxisomal catalase, encoded bthalgene (22, 101). Thieans
A?-enoyl-CoA hydratase and NABdependenb-3-hydroxyacyl-CoA dehydro-
genase steps producing 3-ketoacyl-CoA are catalyzed by a bifunctional protein
encoded by th&0OX2gene (54). The NAD required for this reaction is not ob-
tained from the cytosol, as the peroxisomal membrane is impermeable to NAD(H)
(110). Rather, NADH is reoxidized by a peroxisomal malate dehydrogenase
(Mdh3p) as part of a predicted redox shuttle mechanism across the peroxiso-
mal membrane (51, 110). The final cleavage of the ketoacyl-CoA to yield acetyl-
CoA and the shortened acyl-CoA is catalyzed by ketoacyl-CoA thiolase encoded
by theFOX3(or POTY) gene (32, 57). Disruption ¢fOX1 FOX2, or FOX3results
in an inability of cells to grow with fatty acids as sole carbon source (29, 54, 57).
The final product of fatty acid oxidation in yeast is acetyl-CoA, which is ex-
ported to the mitochondria for utilization in the citric acid cycle. Two pathways for
export of acetyl-CoA from peroxisomes have been described (110). In one pathway,
acetyl-CoA produced in the peroxisome is transported to the mitochondria as an
acetyl-carnitine derivative. One nuclear ge@&T2 encodes the acetyl-carnitine
acyltransferases found in both the peroxisome and the mitochondria (33). Alterna-
tively, the acetyl-CoA may be metabolized via the glyoxylate cycle, which serves
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Figure 2 Schematic of fatty acid degradation Baccharomyces cerevisiaReactions for
B-oxidation of saturated fatty acids (left), and fatty acids containing double bonds at even
(middle) or odd-numbered (right) carbons are shown. The names of genes encoding en-
zymes that catalyze each step appear in larger bold italics, and genes encoding auxiliary en-
zymes are in smaller bold italics. The dispensable alternative pathway for 2,5-dienoyl-CoA
metabolism is depicted by dotted arrows. Further details are in the text.

to produce four carbon units from the two-carbon acetyl-CoA. Intermediates of this
pathway include isocitrate and/or succinate, which can be imported into the mito-
chondria (110). Genetic experiments indicate that at least one of these pathways
must be active to support fatty acid oxidation in yeast peroxisomes (110).

Unsaturated Fatty Acids

S. cerevisiaalso catabolizes an array of unsaturated and polyunsaturated fatty
acids withcis double bonds at odd or even positions (see Figure 2). A recent
report indicates yeast can also degra@asunsaturated fatty acids (43). Dur-

ing B-oxidation of fatty acids that areis unsaturated at an odd position, such
as oleic acid (18:A9), a 2,5-dienoyl-CoA intermediate is formed. After an ad-
ditional round of oxidation, a 8is double bond is created and isomerized by
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A3-cis-A?-trans-enoyl-CoA isomerase, allowing oxidation to continue. A perox-
isomal form of this enzyme is encoded by t8€11gene inS. cerevisiag39, 44).

Cells carrying arecilA disruption are unable to utilize oleic acid (1&9) as their

sole carbon source. Heterologous expression of a cDNA for the rat mitochondrial
enzyme was effective in rescuing theilA mutant (44). Ecilp is also required for
degradation of fatty acids with odd-numbereans-double bonds, indicating it

is actually aA3-cis/trans A?-trans-enoyl-CoA isomerase (43). An additional en-
zyme,A%5 A2“dienoyl-CoA isomerase, involved in an alternate and dispensable
pathway of 2,5-dienoyl-CoA metabolism (Figure 2) is encoded by)tGEL gene

in S. cerevisiag4b).

Oxidation of fatty acids witltis-double bonds in an even position gives rise to a
2-trans4-cis-dienoyl-CoA intermediate (Figure 2). Further oxidation requires re-
duction of this intermediate to 3-enoyl-CoA by an NADPH-dependent 2,4-dienoyl-
CoA reductase, followed by isomerization to 2-enoyl-CoA byARecis- A%-trans-
enoyl-CoA isomerase (Ecilp). As expected, growth@iA mutants on fatty acids
with acis-double bond in an even or odd position is impaired (44). In contrast, the
gene for yeast 2,4-dienoyl-CoA reductaS®S19is required for growth on pet-
roselinic acid (18:216), but not oleic acid (18:A9), confirming its essential role
in metabolism of fatty acids with a double bond at an even position (46). Degra-
dation of fatty acids wititrans-double bonds at even positions does not require
Ecilp, Sps19p, or Dcilp (43).

Itis unlikely that the 2,4-dienoyl-CoA reductase Sps19p obtains NADPH from
the cytosol (110). The necessary NADPH (Figure 2) appears to be provided by an
oleic acid—inducible, peroxisomal isocitrate dehydrogenase activity encoded by
thelDP3 gene (49, 111). Cells containing &ip3A disruption are unable to grow
on fatty acids with double bonds at even positions (i.e. A8:br 18:2A9,12) but
retain growth on stearic acid (18:0) and oleic acid (X80).(49, 111). It has been
suggested that Idp3p functions in a redox shuttle across the peroxisomal membrane
to maintain the levels of NADPH within the organelle (111).

FATTY ACID INDUCTION OF GENE EXPRESSION

As mentioned above, peroxisome biogenesis and function is induced by exposure
to fatty acids. In yeast, expression of such peroxisomal proteifs@sdation
enzymes is subject to several types of regulation, primarily at the level of tran-
scription (72). Transcription of most of these genes is repressed by glucose, which
requires several proteins, including Abflp, RP-A, and Car80p. Derepression by
removing glucose and growing cells on a nonfermentable carbon source, such as
acetate or glycerol, allows a modest increase in expression. Adrlp, Snflp, and
Snf4p are proteins required for general derepression of glucose repressible genes.
Expression of many genes encoding peroxisomal proteins is not only derepressed
by the removal of glucose, it is also further induced by such fatty acids as oleic
acid. For instance, when cells are cultured in medium contairi?% glucose,
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the activities of acyl-CoA oxidase (Pox1p) and thiolase (Fox3p) are nearly unde-
tectable. Growth in a nonfermentable carbon source causes these activities to rise
by 20 times. Exposure to oleic acid increases the activities of these enzymes a
further 20-fold (72). Efficient fatty acid induction of genes encoding peroxisomal
enzymes is contingent on removal of glucose repression. Thus, the derepression
proteins Adrlp and Snflp are also necessary for complete oleic acid induction
of several genes encoding peroxisomal proteins (72, 84, 99, 100). Mechanisms of
glucose repression and derepression are not considered further here, and the reader
is referred to recent reviews (14, 38, 72).

Regulation Via Oleate Response Elements

The promoters of many yeast genes encoding peroxisomal proteins contain an
upstream activating sequence responsible for oleic acid regulation of transcription,
dubbed the oleate response element (ORE) (31, 32, 36, 115). The element, which
contains palindromes of CGG with a spacer of 15-18 bp that contains conserved
T and A nucleotides, may be present in one or two copies, depending on the
gene (91,115). The ORE consensus has been deduced as either £G&-N
CCG (91) or CGGNNNTNA-N_; CCG (63). Initial footprint and gel retardation
analysis demonstrated binding of a protein to the element that coincided with
transcriptional activation. Mutational analysis within the ORE motif interfered with
protein binding as well as gene activation (31, 36, 115). One half of the palindromic
element ofFOX3was found to bind a small amount of protein and allow some
transcriptional activation. Thus, it was proposed that activation of transcription via
the ORE occurs via binding of an activator dimer complex (31).

Genes encoding two proteins that interact with OREs have been identified. The
PIP2(OAF2 gene, identified in screens for peroxisome induction mutants (62, 91),
is induced by oleic acid and encodes a protein that exhibits DNA binding activity
and is capable of oleic acid—specific transcriptional activation of a reporter gene.
Cells containing ip2A disruption display no defect in derepression but are un-
able to grow on oleic acid or induce peroxisome biogenesis because of impaired
oleic acid induction of gene expression. A second protein named Oaflp was pu-
rified using an affinity column to which oligonucleotides encoding an ORE had
been coupled (74). Microsequence analysis of Oaflp allowed the identification of
the gene by database searching. Cells containingafia null allele are unable to
grow on oleic acid, presumably because gene induction by oleic acid and binding
of protein(s) to OREs is impaired oaflA cells. Expression analysis of more than
20 oleic acid—induced genes containing putative OREs found that most are depen-
dent on Oaflp and Pip2p for complete induction (63, 91). However, not all genes
containing a consensus ORE are regulated in a manner requiring Oaflp/Pip2p, and
at least one Oaflp/Pip2p-regulated gene appears to lack an ORE (63).

Immunoprecipitation experiments indicate that Oaflp interacts physically with
Pip2p, leading to the suggestion that the two transcription factors interact with the
ORE and activate transcription as a heterodimer (62). The domain structure of the
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two proteins is similar; each contains an N-terminaJ@ys; DNA binding domain,

two inhibitory domains and an auxiliary domain near the middle of the protein,
and a C-terminal 26—27 amino acid activation domain (3). The individual role of
each protein in the oleic acid activation of transcription has been addressed using
protein fusions and reporter constructs. The data led to a proposed model (3) in
which Pip2p activity is inhibited under derepressing conditions via its interaction
with inactive Oaflp. When oleic acid is present, Oaflp becomes activated and the
Oaflp/Pip2p complex binds the ORE and activates transcription. When glucose is
added back, the activity of both Oaflp and Pip2p is repressed directly. As yet, what
the precise molecular nature is by which the Oaflp/Pip2p complex is activated by
oleic acid and repressed by glucose remains unknown.

Identification of Novel Fatty Acid—Responsive Genes

The availability of theS. cerevisiagenomic database has facilitated the identifica-
tion of novel genes induced by oleic acid using genome sequence analysis. The
Saccharomycegenome database has been searched for genes containing a possi-
ble Oaflp/Pip2p—binding site using a consensus oleate response element (ORE)
sequence (63). Forty genes contained the putative binding site within the first
500 bp upstream of the start codon, and 22 were actually induced by oleic acid.
Many of the genes encoded known peroxisomal proteins requirgddaidation.

Seven novel oleic acid-regulated open reading frames were identified, one of which
was later identified as peroxisomaf-cis- A%-trans-enoyl-CoA isomeraseECl1)

(39, 44).

A similar search utilizing a computer algorithm called CoSMoS (for context-
sensitive motif searches), in which motif searches are combined with position
or context specifications within the open reading frame, has recently been used
to identify novel peroxisomal proteins (40). CoSMoS was used to scan the yeast
genome for genes encoding proteins with 100 or more amino acids containing
peroxisomal targeting sequence type 1 at the C terminus or a peroxisomal target-
ing sequence type 2 within the first 25 amino acids. The tool was also used to
identify open reading frames with 100 or more codons with an ORE consensus
within 500 bp upstream. CoSMoS identified most of the proteins known to contain
peroxisomal targeting sequences (7 of 8) or to be induced by oleic acid (13 of
14). Additionally, genes encoding 18 candidate peroxisomal proteins as well as
300 putative oleic acid-regulated genes were identified. Subcellular localization
and mutational analysis has confirmed the role of some of these proteins in perox-
isomal function. ThédCl1 gene encodingh®>*>A24dienoyl-CoA isomerase was
originally identified in this screen (40, 45).

The Saccharomycegenome database has also facilitated the genome-wide
analysis of mMRNA expression. SAGE (serial analysis of gene expression) can be
used to generate a profile of gene expression for cells under different conditions
(113, 114). Short, oligonucleotide sequence tags (10—14 bp) containing unique se-
guences corresponding to certain transcripts are used to assay the abundance of
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mMRNAs in the mixture. The number of times each sequence tag occurs in a SAGE
library is generally proportional to the level of expression of the mRNA. This tech-
nigue has recently been used to compare the profile of MRNA expression (termed
the transcriptome) of glucose and oleic acid—grown yeast cells (60). As expected,
transcripts of genes encodirgoxidation enzymes were more highly expressed
on oleic acid than on glucose. The induction of mMRNAs for enzymes involved
in putative redox shuttles across peroxisomal and mitochondrial membranes was
also high. A transcript profile was also determined for cells carryingalfih and

pip2A null alleles. Comparison of this profile to that of wild-type cells identified
genes dependent on these transcription factors; it also identified genes induced as
the cell’s response to this defect. Data from this type of analysis provides the basis
for detailed knowledge of the metabolic changes underlying utilization of different
carbon sources, as well as ascribing possible function to novel genes identified via
the genome sequencing project.

FATTY ACID BIOSYNTHESIS

Fatty acids provided t8. cerevisiaén the medium are readily incorporated into
complex lipids, especially when fatty acid synthesis is inhibited (19). Thus, altering
the membrane lipid composition to study its effects on function is quite feasible.
The profile of fatty acids actually synthesized de novdbygerevisiaghowever,

is relatively uncomplicated. The vast majority are saturated and monounsaturated
fatty acids containing 16 and 18 carbons (24, 118). In addition, 1%—2% of the
total fatty acids synthesized are very-long-chain fatty acids from 20-30 carbons,
of which 26:0 is reported to be most abundant (118).

Saturated Fatty Acids

Like other eukaryotes, de novo biosynthesis of saturated fatty acRisarevisiae

(see Figure 1) requires acetyl-CoA carboxylase and the fatty acid synthase com-
plex. The gene encoding acetyl-CoA carboxylase, c#ile@1(or FAS3, encodes

a protein of approximately 250 kDa (2, 48). The deduced amino acid sequence of
the encoded protein displays approximately 34% homology to the rat enzyme and
contains typical biotin carboxylase, biotin binding, and transcarboxylase domains
(2). Haploid yeast containing atclmutation are incapable of vegetative growth,
even in the presence of exogenous fatty acids, which indicates that the gene is nec-
essary for function(s) in addition to fatty acid biosynthesis (48). Fatty acid synthase
in yeast is composed of two nonidentical, multifunctional subuaitmdg, orga-

nized as a hexame{Bs). The 208-kDax subunit, encoded by tHeAS2gene, is
trifunctional, containing thegg-ketoacyl synthasei-ketoacyl reductase, and acyl
carrier protein functions (81, 95). The pentafunctional, 220-g3=aubunit is en-
coded by th&AS1gene and possesses acetyl-, malonyl-, and palmitoyl-transferase,
as well as dehydratase and enoyl reductase activities (17,95, 96). Haploid yeast
strains containing mutations in the fatty acid synthase complex are not viable
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unless the medium is supplemented with exogenous myristic (14:0), palmitic
(16:0), stearic (18:0), or oleic (18:1) acid (94).

Like other eukaryotes, fatty acid biosynthesis in yeast is repressed by the pres-
ence of fatty acids (16, 61). Growth of yeast in the presence of exogenous fatty
acids decreases both acetyl-CoA carboxylase and fatty acid synthase activities by
50%—70%. Transcription of theAS1, FAS2 andACC1lare all decreased by fatty
acids. IfFAS2is overexpressed in cells, the expressiofrASlandACCLlis in-
creased, indicating coordinate regulation of the three genes. In addition to fatty
acid repression, these three genes are coordinately regulated by an inositol/choline
response element, along with a number of genes involved in phospholipid biosyn-
thesis (16, 48).

Desaturation

S. cerevisiadgs only able to synthesize monounsaturated fatty acids containing

a A9 double bond, primarily palmitoleic (16:1) and oleic (18:1) acids. N¢e
desaturase that produces these fatty acids in the endoplasmic reticulum is encoded
by theOLE1gene (79, 104). In order to grow, yeast strains carryinglabhmuta-

tion require supplementation with exogenous monounsaturated or polyunsaturated
fatty acids containing either A9 unsaturation or, in certain fatty acidsAd.0,

A11, or A5 double bond (76,1030LE1 was also independently cloned as a
gene involved in mitochondrial movement and transfer into daughter cells during
mitosis, indicating a role for unsaturated fatty acids in this process (O0E1en-

codes a protein with an internal region that is 60% homologous to rat stearoyl-CoA
desaturase. A fusion protein containing the N-terminal 27 amino acids of Olelp
fused to the rat stearoyl-CoA desaturase is able to complement the defect of an
olelmutant (104). Despite this functional interchangeability and unlike the mam-
malian enzyme, the yeast desaturase fails to exhibit a dependence on cytochrome
b5, which is thought to be the electron donor for fatty acid desaturases. Rather,
the yeast protein has an essential C-terminal extension with high homology to
cytochromeb5 that may serve to facilitate electron transfer (79). Olelp is con-
sidered to be the only desaturase required for synthesis of monounsaturated fatty
acids in yeast (103).

Regulation ofOLE1 expression has received a significant amount of attention
recently. Transcription oOLE1is weakly induced by saturated fatty acids (1.6-
fold) and severely repressed (up to 60-fold) by unsaturated fatty acids (19, 76),
which is also reflected in desaturase enzyme activity (9). In fact, when yeast
cells are grown in the presence of exogenous unsaturated fatty acids, such as
linoleicacid (18:2A9, 12), the cells readily incorporate them into membrane lipids,
replacing nearly all the monounsaturated fatty acids (9, ID3E1gene regulation
is dependent on acyl-CoA formation by acyl-CoA synthetases Faalp and Faa4p
as well as the acyl-CoA binding protein Acblp, which indicates that metabolism
of the fatty acid is required (19). Regulation ©f.E1 mRNA expression occurs
both at the level of transcription (76) and via mRNA stability (42). A number
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of mutants insensitive t&LE1 repression by unsaturated fatty acids (37, 77) or
unable to derepresSLEL in response to saturated fatty acids (37) have been
identified. Two redundant transcription factors, encoded ba#iE23andMGA2
genes, were found to be required OLEL transcription. Expression dDLE1

on a plasmid or supplementation with oleic or palmitoleic acids suppresses the
lethality of thespt23\ mga2\ double mutant (120). A recent report suggests that
Spt23p processing from an inactive membrane-bound form to an active soluble
form is regulated by the cellular fatty acid pool via a novel ubiquitin/proteosome—
dependent process (56). Further studies of Spt23p activation will likely enrich our
understanding of the role of the biophysical state of membranes in regulation of
gene expression.

Elongation

S. cerevisiadnas enzyme systems capable of elongating fatty acyl-CoAs formed
from de novo synthesis or acquired from the medium up to 26 carbons (see
Figure 1). Elongation activity in homogenates is dependent on malonyl-CoA as the
two-carbon donor, NADPH, and a medium- or long-chain fatty acyl-CoA primer
with greater than 10 carbons (28). Several different membrane-bound elongation
systems localized to the endoplasmic reticulum or mitochondria have been de-
scribed, including systems capable of elongation of medium-chain fatty acyl-CoAs
(12 and 14 carbons to 16 and 18 carbons) and a system that converts 18-carbon
fatty acids to fatty acids with 20 or more carbons (6, 28, 107).

Recent genetic approaches in yeast have identified several genes involved in
fatty acid elongation. Two groups have recently independently identified a gene
essential for elongation of medium- (12 carbons) to long-chain (1618 carbons)
fatty acyl-CoAs (28, 107). Strains unable to elongate 12- to 14-carbon fatty acids
were isolated by mutagenizing strains lacking fatty acid synthfese) @nd iden-
tifying mutants that could be rescued with fatty acids of 16 or greater carbons but
not with fatty acids with<15 carbons. Th&LO1 gene was identified as encod-
ing an enzyme involved in lengthening fatty acids from 14 to 16 carbons. Strains
carrying anelolA disruption in the presence of functional fatty acid synthase
(FAS+) exhibit no phenotype, indicating that the FAS complex is also capable of
producing the required 16-carbon species. Sequence analysis by Toke & Martin
(107) shows that thELO1gene encodes a protein containing a putative NADPH
binding site, a motif (HXXHH) characteristic of nonheme, iron deoxy cluster
enzymes such as desaturases, and a cluster of lysine residues that may repre-
sent a sequence for retrieval of the protein from the Golgi to the endoplasmic
reticulum.

Comparison of the deduced amino acid sequence of Elo1p 8siteharomyces
genome database revealed two additional geBE§2 and ELO3 involved in
formation of very-long-chain fatty acids (85). The predicted amino acid sequences
of ELO2(previously cloned a&NSlandFEN1) andELO3(previously identified
asAPA1, SUR4 andSREJ) exhibit 76% and 72% homology to Elo1p, respectively.
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Both Elo2p and Elo3p contain the deoxy iron cluster motif, but neither has a
recognizable NADPH binding site. Disruption of both genes in cells is lethal, but
loss of either one alone results in a loss or large decrease in the formation of 26:0
fatty acid from 16- or 18-carbon fatty acids. Analysis of fatty acid profileda2A
andelo3A mutants indicate that Elo2p is involved in elongation up to 24 carbons,
whereas Elo3p has a broader specificity and is required for elongation from 24
carbons to 26 carbons.

Sphingolipids in yeast contain a ceramide composed of a long-chain base such
as phytosphingosine or dihydrosphingosine N-acylated with either a 26-carbon
(26:0) or hydroxylated 26-carbon (HO-26:0) fatty acid (73). As one might expect,
in elo2A or eloA strains unable to synthesize 26:0, there is an accumulation of
long-chain bases and an absence of ceramide (85). An additional 8643
has recently been identified as encoding an enoyl-CoA reductase required for
very-long-chain fatty acid synthesis (T Dunn, S Kohlwein, personal communi-
cation). Strains containing @cl13defect also accumulate long-chain bases and
exhibit decreased levels of very-long-chain fatty acids. This phenotype is exac-
erbated by the introduction of a mutation in eiti&lrO2 or ELO3. Finally, hy-
droxylation of 26:0 to HO-26:0 requires th&H1 gene (80). Thus, thELO2
ELO3 andTSC13yene products appear to play essential roles in the formation of
very-long-chain fatty acids (see Figure 1) vital in sphingolipid biosynthesis.

FUNCTIONAL GENOMICS AND THE FUTURE

The new era of yeast functional genomics brought on by the availability and
analysis of the genome sequence has already facilitated the characterization of
many novel genes, including several involved in fatty acid metabolisnHA\EL

ECI1, DCI1, IDP3, OAF1, ELO2 ELO3). This, however, only represents a first
step toward developing a working model for the eukaryotic cell (13). The genome
project and international cooperation has led to the development of an array of new
genomics tools and experimental approaches that will aid in the continued effort
(12, 87). Acollection of yeast strains carrying disruptions in almost all open reading
frames encoding 100 or more amino acid$000) became available for purchase

in July 2000 (15, 119). Collections of strains carrying transposon-tagged or fusion-
tagged alleles, which should prove useful for biochemical studies, have also been
created (69, 75). Large-scale screens for novel protein-protein interactions in yeast
have also become possible and can provide new clues as to the biological function
of previously unclassified proteins (109).

Comprehensive analysis of gene expression via serial analysis of gene expres-
sion (SAGE) (60, 113, 114) or microarray technology (26) can provide a profile
of the expression of the complete set of yeast genes under specific conditions (the
transcriptome). Also, an effort using two-dimensional gel electrophoresis is be-
ing used to describe the proteome or the complete set of proteins synthesized in
specific situations (87). Finally, quantitative metabolite profiles (the metabolome)
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of wild-type versus deletion strains may aid in elucidating the cellular roles of
proteins with unknown function (106).

Experience and knowledge gained from the large effort in yeast functional
genomics should prove valuable for analysis of more-complex genomes by pro-
viding a basis for comparative genomics (20, 86). A clue to the function of a novel
gene from a more-complex organism may come via “in silico” experiments on the
computer, revealing homology to a gene or a domain of a gene more completely
studied inS. cerevisiaeln addition, indication of function for a new gene might
come from the phenotype of yeast carrying a mutation in a similar gene, from
the ability of the new gene to complement the corresponding yeast mutant when
expressed on a plasmid, or from comparable patterns of gene expression or protein
subcellular localization. To cite an example from fatty acid metabolism, advances
made toward elucidating the roles of Patlp and Pat2p in yeast peroxisomal fatty
acid import shed light on the function of the homologous protein defective in
X-linked adrenoleukodystrophy (52). Finally, yeast can be utilized as a living test
tube for heterologous reconstitution of processes specific to higher organisms by
introducing the necessary gene(s); recent examples include the biosyntimeSis of
andn-6 polyunsaturated fatty acids (4) and editing of the mRNA of apolipopro-
tein B (25). Through these and other creative approaches, yeast will continue as
a valuable tool during future analysis of more-complex genomes. Thus, contin-
ued effort toward understanding how the genes of yeast work together to make
a functioning cell is critical. With better understanding of yeast biology comes
greater potential for insight into the functional analysis of novel genes from higher
organisms.
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