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Acrolein is a ubiquitous reactive aldehyde which is formed as a product of lipid peroxidation in biological
systems. In this present study, we screened the complete set of viable deletion strains in Saccharomyces
cerevisiae for sensitivity to acrolein to identify cell functions involved in resistance to reactive aldehydes. We
identified 128 mutants whose gene products are localized throughout the cell. Acrolein-sensitive mutants were
distributed among most major biological processes but particularly affected gene expression, metabolism, and
cellular signaling. Surprisingly, the screen did not identify any antioxidants or similar stress-protective
molecules, indicating that acrolein toxicity may not be mediated via reactive oxygen species. Most strikingly,
a mutant lacking an old yellow enzyme (OYE2) was identified as being acrolein sensitive. Old yellow enzymes
are known to reduce �,�-unsaturated carbonyl compounds in vitro, but their physiological roles have remained
uncertain. We show that mutants lacking OYE2, but not OYE3, are sensitive to acrolein, and overexpression
of both isoenzymes increases acrolein tolerance. Our data indicate that OYE2 is required for basal levels of
tolerance, whereas OYE3 expression is particularly induced following acrolein stress. Despite the range of
�,�-unsaturated carbonyl compounds that have been identified as substrates of old yellow enzymes in vitro, we
show that old yellow enzymes specifically mediate resistance to small �,�-unsaturated carbonyl compounds,
such as acrolein, in vivo.

All aerobic organisms are exposed to reactive oxygen species
(ROS), such as H2O2, the superoxide anion, and the hydroxyl
radical, during the course of normal aerobic metabolism or
following exposure to radical-generating compounds in the
environment (19). Unsaturated lipids are major targets of ROS
attack, resulting in lipid peroxidation. During lipid peroxida-
tion, reactive lipid and fatty acid radicals are formed, which can
attack other fatty acids, leading to oxidative chain reactions.
These chain reactions proceed until they come into contact
with a chain-breaking antioxidant, such as vitamin E. As a
result of the oxidative damage to lipids, various lipid hydroper-
oxides are formed. These are relatively unstable and are con-
verted into breakdown products which can be just as toxic as
the ROS themselves (4). Major breakdown products include
reactive aldehydes, such as malondialdehyde (MDA) and acro-
lein. These reactive aldehydes have a number of cytotoxic
effects and inhibit a variety of enzymes. For example, they have
been shown to cause membrane damage by increasing fluidity
(2, 5), to damage DNA (37), and to interact with high- and
low-density lipoprotein, which contributes to atherosclerosis
(17). In addition, they can react with nucleophiles, such as the
sulfhydryl group of cysteine (5, 32). Not surprisingly, therefore,
reactive aldehydes are highly toxic.

We have previously shown that yeast cells are sensitive to
the model lipid hydroperoxide, linoleic acid hydroperoxide
(LoaOOH), when added exogenously (6). LoaOOH is toxic to

yeast at very low concentrations compared to H2O2 and other
organic peroxides. The roles of known antioxidant defense
mechanisms in protection against LoaOOH have been exam-
ined, and strains lacking the Yap1 transcriptional activator
protein or defective in glutathione (GSH) metabolism are hy-
persensitive to this oxidant (6). MDA is a three-carbon dial-
dehyde which has been extensively used as a measure of lipid
peroxidation (15, 20). Low intracellular levels of MDA (0.1
mM) are detected in unstressed yeast cells, and these levels
are elevated approximately fivefold in response to treatment
with H2O2 (31). Yeast cells are sensitive to MDA, and
similar to LoaOOH, Yap1 and GSH are required for max-
imal resistance (31).

Eukaryotic cells can adapt to oxidative stress conditions,
becoming more resistant to a subsequent high dose following
exposure to a low, nonlethal dose of a particular ROS (28).
Adaptation depends on gene activation and de novo protein
synthesis, typically altering global gene expression programs,
including genes encoding antioxidants and other protective
molecules (1, 8). ROS treatment of yeast causes some cross-
adaptation whereby prior exposure to one ROS increases re-
sistance to another. Comparing patterns of cross-adaptation
has helped in understanding the damage elicited by different
ROS and reactive molecules (28). For example, yeast cells can
mount a Yap1-dependent adaptive response to both LoaOOH
(6) and MDA (31). However, pretreatment with MDA in-
creases resistance to LoaOOH, whereas LoaOOH does not
promote cross-resistance to MDA (6). These data indicate that
different defense systems may be required to detoxify or repair
the damage resulting from lipid peroxidation. The aim of this
current study was to identify the gene products which are
required for resistance to the reactive aldehyde acrolein.

* Corresponding author. Mailing address: The University of
Manchester, Faculty of Life Sciences, The Michael Smith Building,
Oxford Road, Manchester M13 9PT, United Kingdom. Phone: (0161)
306 4192. Fax: (0161) 275 5082. E-mail: chris.grant@manchester.ac.uk.

† Present address: School of Biotechnology and Biomolecular Sci-
ences, University of New South Wales, Sydney, NSW 2052, Australia.

4885



Acrolein (CH2ACHOCHO) is a ubiquitous environmental
pollutant which is formed during the incomplete combustion of
petrol, coal, wood, and plastics as well as from cigarette smoke
(5, 32). It is also formed during the biotransformation of allyl
compounds and the widely used anticancer drug cyclophospha-
mide. Acrolein has been identified as a product of lipid per-
oxidation in biological systems (32). Among the �,�-unsatur-
ated aldehydes, acrolein is by far the strongest electrophile,
reacting with nucleophiles, such as the sulfhydryl group of
cysteine, the imidazole group of histidine, and the amino group
of lysine (5, 32). Not surprisingly, therefore, acrolein is highly
toxic towards mammalian cells and is a potent mutagen (5).
Despite our understanding of the molecular effects underlying
the toxicity of acrolein, relatively little is known regarding the
cellular systems which protect against acrolein and other reac-
tive aldehydes. We have performed a genome-wide screen to
identify mutants which are sensitive to acrolein in order to
identify the protective systems that serve to detoxify reactive
aldehydes. This analysis shows that a wide range of gene func-
tions is required to protect against acrolein stress. In particu-
lar, we show that old yellow enzyme 2 (Oye2), which is a widely
conserved NADPH-dependent oxidoreductase, is required for
acrolein tolerance.

MATERIALS AND METHODS

Yeast strains and plasmids. The Saccharomyces cerevisiae strains used in this
study were isogenic derivatives of CY4 (MATa ura3-52 leu2-3 leu2-112 trp1-1
ade2-1 his3-11 can1-10) (11). Strains deleted for YAP1, SKN7, and MSN2-MSN4
have been described previously (9, 10, 24). The oye2 and oye3 deletion strains
were made by back-crossing CY4 with EUROSCARF deletion strains
(oye2::KanMX and oye3::KanMX). Standard yeast genetic techniques were used
to construct mutants lacking both OYE2 and OYE3. Overexpression plasmids
were constructed using the Invitrogen pYES/CT plasmid by cloning PCR-gen-
erated fragments of OYE2 and OYE3 in frame with the V5 epitope tag and
downstream of the GAL1 promoter.

Growth conditions. Strains were grown in rich YEPD medium (2% [wt/vol]
glucose, 2% [wt/vol] Bacto Peptone, 1% [wt/vol] yeast extract) or minimal SD
medium (0.17% [wt/vol] yeast nitrogen base without amino acids, 5% [wt/vol]
ammonium sulfate, 2% [wt/vol] glucose) supplemented with appropriate amino
acids and bases (26) at 30°C and with shaking at 180 rpm. Media were solidified
by the addition of 2% (wt/vol) agar. Stress sensitivity was determined by growing
cells to stationary phase and spotting them onto agar plates containing various
concentrations of the chemicals to be tested. Strains containing plasmid
pYES/CT::OYE2 or pYES/CT::OYE3 were grown to exponential phase in min-
imal media containing glucose and then grown for 6 h in minimal media con-
taining 2% (wt/vol) glucose or 2% (wt/vol) galactose, prior to testing of stress
sensitivity.

Genome-wide screening for mutations causing sensitivity to acrolein. The S.
cerevisiae strains used in this study were derivatives of BY4743 (MATa/� his3�1/
his3�1 leu2�0/leu2�0 met15�0/MET15 lys2�0/LYS2 ura3�0/ura3�0), which are
homozygous for the relevant gene deletion. The construction of the yeast ge-
nome deletion library has been described previously (36). Cells were grown to
stationary phase in YEPD medium in static 96-well plates. Following resuspen-
sion, cells were diluted 1/10 and plated onto YEPD plates containing 5 mM
acrolein using a 96-pin replicator. Plates were incubated at 30°C for 3 to 4 days
before scoring of growth. Mutant sensitivity was confirmed by picking mutants
and retesting them for acrolein sensitivity.

Western blot analysis. Protein extracts were electrophoresed under reducing
conditions on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gels and electroblotted onto polyvinylidene difluoride membrane (Amersham
Pharmacia Biotech), and bound antibody was visualized by chemiluminescence
(ECL kit; Amersham Pharmacia Biotech). Old yellow enzyme levels were de-
tected using mouse anti-V5 (1:5,000 dilution) (Invitrogen) and sheep anti-mouse
immunoglobulin-horseradish peroxidase conjugate (1:2,000 dilution) (Amer-
sham Pharmacia Biotech). Carbonylation of protein was measured by reacting
carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH) as described previ-
ously (25). Carbonylation was detected using rabbit anti-DNPH (1:2,000 dilu-

tion) (Dako) and donkey anti-rabbit immunoglobulin-horseradish peroxidase
conjugate (1:5,000 dilution) (Amersham Pharmacia Biotech).

Glutathione assays. Total glutathione levels were determined as described
previously (13).

RT-PCR. Cells were grown in minimal media to exponential phase and treated
as described below (see “Regulation of OYE2 and OYE3 expression in response
to acrolein stress”) before extraction of RNA using an RNeasy kit (QIAGEN).
Reverse transcription (RT)-PCR was carried out using an iScript one-step RT-
PCR kit with SYBR green (Bio-Rad) according to the manufacturer’s instruc-
tions and using a Bio-Rad iCycler and MyiQ single-color real-time PCR detec-
tion system.

RESULTS

Identification of acrolein-sensitive strains. The homozygous
diploid deletion mutant collection was screened to identify
nonessential gene products that are required for resistance to
acrolein. Strains were grown in YEPD media in microtiter
plates and spotted onto YEPD plates containing 5 mM acro-
lein. This concentration of acrolein was chosen since it allowed
for normal growth of the wild-type strain but prevented growth
of sensitive mutants. The screen identified 128 mutants which
are reproducibly sensitive to acrolein (Table 1).

Aldehyde stress has been studied primarily as a product of
lipid peroxidation. However, grouping the gene products ac-
cording to their cellular components revealed that acrolein-
sensitive mutants are not associated with any particular or-
ganelle and are localized throughout the cell (Fig. 1A). Gene
products are localized mainly to the cytoplasm, mitochondria,
and nucleus. In addition, gene products are localized through-
out the secretory pathway, including in the endoplasmic retic-
ulum, Golgi, vacuole, and plasma membranes. Gene products
were grouped into functional categories according to the MIPS
functional database (http://mips.gsf.de/genre/proj/yeast/index.jsp)
and the Saccharomyces Genome Database GO term mapper
(http://db.yeastgenome.org/cgi-bin/SGD/GO/goTermMapper).
Acrolein-sensitive mutants are distributed among most major
biological processes but particularly those of gene expression
(transcription), metabolism, and cellular signaling (Fig. 1B and
Table 1).

Surprisingly, the screen did not identify any antioxidants or
similar stress-protective molecules. Similarly, it did not identify
any components of the redox regulatory systems, including the
glutathione system. We have directly examined the role of
GSH in protection against acrolein and found that mutants
lacking components of the glutathione system are unaffected in
acrolein sensitivity (our unpublished data). This is particularly
surprising given the well-characterized role of GSH in protec-
tion against electrophilic compounds, such as acrolein. Inter-
estingly, a mutant lacking an old yellow enzyme (OYE2) was
identified as being acrolein sensitive (Table 1). Old yellow
enzymes were originally identified as flavin-dependent oxi-
doreductases, but despite extensive characterization, their
physiological role has remained uncertain (35). Many electron
acceptors have been identified for old yellow enzymes, includ-
ing �,�-unsaturated carbonyl compounds (33), and hence,
Oye2 was chosen for further analysis.

Mutants lacking OYE2 are sensitive to acrolein stress. Yeast
contains two homologous genes, OYE2 and OYE3, encoding
old yellow enzymes. Isogenic haploid strains lacking OYE2 or
OYE3 were constructed in order to test their sensitivities to
acrolein. In agreement with the deletion screen, the oye2 mu-
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tant was sensitive and showed poor growth on plates contain-
ing 3 mM acrolein (Fig. 2). In contrast, loss of OYE3 did not
affect acrolein tolerance. Deletion of OYE3 in the oye2 mutant
strain resulted in a slight increase in acrolein sensitivity, sug-
gesting that OYE3 may protect against acrolein stress in the
absence of OYE2. Loss of OYE2 did not affect sensitivity to
hydrogen peroxide, whereas there was a moderate increase in
sensitivity to H2O2 in the oye3 and oye2 oye3 mutant strains
(Fig. 2). Similarly, the oye3 and oye2 oye3 mutant strains were

sensitive to other hydroperoxides, including cumene hydroper-
oxide and tert-butyl hydroperoxide, whereas the oye2 mutant
showed a wild-type level of resistance (data not shown).

To further examine the role of old yellow enzymes, we tested
whether overexpression of OYE2 or OYE3 could increase re-
sistance to acrolein or ROS. OYE2 and OYE3 overexpression
were achieved using the GAL1 promoter on a multicopy plas-
mid and were confirmed by Western blot analysis (Fig. 3B).
Overexpression of either OYE2 or OYE3 was found to mark-
edly increase resistance to acrolein compared to that of the
vector or glucose-grown controls (Fig. 3A). In contrast, there
was no increase in resistance to hydroperoxides (Fig. 3A and
data not shown). Taken together, these data indicate that
OYE2 and OYE3 mediate acrolein tolerance but play a limited
role in protection against ROS.

Old yellow enzymes do not protect against other aldehydes.
Mutant strains were tested for sensitivity to a range of alde-
hydes in order to determine whether old yellow enzymes can
detoxify aldehydes other than acrolein. Loss of OYE2 or OYE3
did not affect sensitivity to crotonaldehyde (Fig. 2). Similarly,
old yellow enzyme mutants were unaffected in sensitivity to
acetaldehyde, hexenal, or formaldehyde (data not shown). In
addition, overexpression of OYE2 or OYE3 did not increase
resistance to crotonaldehyde (Fig. 3A) or other aldehydes
(data not shown). These results are surprising since a previous
study has shown that old yellow enzyme can reduce both acro-
lein and crotonaldehyde in vitro (33). This previous study
showed that old yellow enzyme purified from brewer’s bottom
yeast can reduce acrolein and crotonaldehyde at similar rates
(turnover numbers of 170 and 150 min�1, respectively). In
order to understand this apparent difference in substrate spec-

FIG. 1. Functional grouping of deletion mutant sensitivity data.
(A) Localization was assigned based on the “Component” term of the
Saccharomyces Genome Database GO term mapper. Cyt, cytoplasm;
Nuc, nucleus; Mit, mitochondrion; Golgi, Golgi apparatus; ER, endo-
plasmic reticulum; Vac, vacuole; Plasma/bud, plasma membrane and
bud; O/U, other/unknown. (B) Gene products were grouped into func-
tional categories according to the MIPS functional database and the
Saccharomyces Genome Database, combined with visual inspection.
More-detailed functional data are available in Table 1. PS, protein
synthesis; Cell, cell cycle and differentiation; Signal, cellular commu-
nication/signal transduction; Metab, metabolism; Transport, cellular
transport; Transcript, transcription; Prot fate, protein fate; O/U, other/
unknown.

TABLE 1. Genes required for acrolein resistance

Process Genes/ORFs

Protein synthesis.................................................... PET130, RML2, MRPL49, MSF1, NAM2, RSM28, RPL22A, RPP1A, RPL21A

Cell cycle and DNA processing........................... IWR1, PIF1, MHR1, PGD1, HOS4, GLO3, CIN1, SLX8, RFM1, NEJ1

Cellular communication/signal transduction...... LSB1, ROM2, RHO2, SLT2, MKK1, GIS4

Metabolism
Amino acid......................................................... FSH3, TRP3, HOM6, CYS3, ARO1, DPH5
Lipid.................................................................... ERG5, ERG6, ERG24, CRD1, BTS1, KCS1, CAX4, SFK1
Nitrogen.............................................................. URE2, RMA1, YLL057C
Nucleotide .......................................................... DBR1, ADE1
Carbon ................................................................ BEM4, FKS1, MNN10, GSC2, DAK1, GND1, RPE1, ALD2, ACF2

Energy..................................................................... COX6, QCR7, COX12, ATP7, CYT1, COX10, COQ6, OYE2, MAM33, SLS1

Cellular transport .................................................. PET8, OAC1, LUV1, SEC22, VPS33, SAC1, VMA13, VMA2, COG5, COG1, NUP84, VMA10,
BAP2, PHO88

Transcription.......................................................... EDS1, PET54, PET309, SWI3, SNF6, SNF2, SNF5, SRB5, MAC1, GAL11, YAP1, STB5, PAF1,
WTM1, EMI1, RAI1

Protein fate (folding, modification,
destination) .................................................... YME1, VMA21, YTA7, MEH1, BRE1, MON2,

Miscellaneous/unclassified.................................... KRE26, KRE25, KRE27, CGI121, APQ13, MMM1, BUD22, OPY1, LOT6, YJL120W, YNL226W,
YNL170W, YML030W, YKL037W, YKL118W, YKL050C, YLR143W, YLR232W, YLR241W,
YLR257W, YPL071C, YPR123C, YLR280C, YHR177W, YHR100C, YOR114W, YDL186W,
YDL187C, YMR173W-A
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ificity between in vitro and in vivo experiments, we determined
whether OYE2 or OYE3 can mediate resistance to other �,
�-unsaturated compounds.

Old yellow enzymes specifically mediate resistance to small
�,�-unsaturated compounds. In vitro enzyme analysis has
shown that old yellow enzymes can reduce the �,�-unsaturated
ketones methyl vinyl ketone (MVK) and 3-penten-2-one with
turnover numbers of 170 and 96 min�1, respectively (33). We
therefore examined the sensitivities of strains lacking or over-
expressing old yellow enzymes to MVK and 3-penten-2-one.
Similar to the pattern seen with acrolein, deletion of OYE2
caused sensitivity to MVK, and overexpression of both OYE2
and OYE3 increased resistance to MVK (Fig. 4). In contrast,
loss or overexpression of OYE2 or OYE3 did not affect cellular
resistance to 3-penten-2-one (Fig. 4). Acrolein and MVK are
the smallest of the �,�-unsaturated aldehydes and ketones,
respectively, while crotonaldehyde and 3-penten-2-one are ex-
tended by one methyl group at the � carbon (compare the
chemical structures shown in Fig. 3A and 4B). It is possible
that the increased sizes of crotonaldehyde and 3-penten-2-one
account for the inability of old yellow enzymes to detoxify these
compounds in vivo. However, the increased sizes of crotonal-
dehyde and 3-penten-2-one also lead to decreases in solubility
compared to those of acrolein and MVK. It is therefore pos-
sible that acrolein and MVK can move more freely into cells
but that crotonaldehyde and 3-penten-2-one may not fully pen-
etrate cell membranes, making them inaccessible to Oye2 and
Oye3. To test this possibility, we examined whether acrolein
and crotonaldehyde elicit similar patterns of cellular damage.

Protein carbonylation is a widely used measure of protein
oxidative damage (23). Carbonyl groups on proteins can be
detected by Western blot analysis using an antibody against the
carbonyl-specific probe DNPH. Exposure to both acrolein and
crotonaldehyde caused an increase in protein carbonylation
(Fig. 5A). Carbonylation following acrolein treatment was
somewhat higher than that following crotonaldehyde treat-
ment, but similar spectrums of proteins were oxidized by both
aldehydes. Further evidence that acrolein and crotonaldehyde
exert similar effects in cells comes from an analysis of gluta-
thione levels. Exposure of cells to acrolein or crotonaldehyde
for 1 h resulted in similar depletions of total glutathione levels

FIG. 2. Deletion of OYE2 causes sensitivity to acrolein. Sensitivity was determined by spotting strains on YEPD plates containing various
concentrations of acrolein, H2O2, or crotonaldehyde. Cultures of wild-type (wt), oye2, oye3, and oye2 oye3 cells were grown to stationary phase and
the A600 was adjusted to 1, 0.5, 0.1, 0.05, or 0.01 before the cells were spotted onto plates. Growth was monitored after 3 days of incubation at 30°C.
Results are shown for plates containing no oxidant (YEPD), 3 mM acrolein, 4 mM H2O2, and 2 mM crotonaldehyde.

FIG. 3. Overexpression of OYE2 or OYE3 increases resistance to ac-
rolein. (A) Wild-type strains containing empty vector pYES/CT (v) or
vector-containing OYE2 (mcOYE2) or OYE3 (mcOYE3) were grown to
exponential phase in minimal SD media. Cells were washed and resus-
pended in minimal media containing glucose or galactose (Gal) to induce
the expression of OYE2 and OYE3. Cultures were adjusted to A600 values
of 1, 0.1, and 0.01 before being spotted onto plates. Results are shown for
plates containing no oxidant (YEPD), 4 mM acrolein, 4 mM H2O2, and
2.5 mM crotonaldehyde (Crot). Chemical structures are shown for acro-
lein (Acr) and crotonaldehyde. (B) Overexpression of OYE2 and OYE3
was confirmed by means of Western blot analysis.
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(Fig. 5B). Taken together, these data indicate that acrolein and
crotonaldehyde cause the same spectrum of cellular damage
and differences in detoxification by old yellow enzymes are
unlikely to arise due to differences in their solubilities.

Propionaldehyde, the reduced product of acrolein, is not
toxic to yeast cells. Old yellow enzymes are active as oxi-
doreductases. We therefore tested whether the reduced prod-
uct of acrolein, namely, propionaldehyde, is toxic to yeast cells.
To compare the toxicities of acrolein and propionaldehyde,
wild-type cells were grown to exponential phase (A600 of ap-
proximately 0.6) before being treated with various concentra-
tions of each compound. Growth was monitored by measuring
cell densities after 24 h of growth. As expected, acrolein was
toxic to cells and prevented growth at a concentration of 0.5
mM (Fig. 6A). In contrast, propionaldehyde did not affect cell
growth up to concentrations of 4 mM. Thus, acrolein can be
detoxified by reduction to propionaldehyde.

Another possible explanation as to why old yellow enzyme
can use crotonaldehyde as a substrate in vitro but apparently
cannot detoxify crotonaldehyde in the cell is that the reduced

product of crotonaldehyde may be toxic to cells. We therefore
compared the toxicities of crotonaldehyde and its reduced
product, butyraldehyde. Crotonaldehyde was toxic to wild-type
cells and prevented growth at a concentration of 2 mM (Fig.
6B). In contrast, butyraldehyde did not affect cell growth at con-
centrations up to 16 mM. These data indicate that the toxicity of
butyraldehyde cannot account for the apparent inability of old
yellow enzyme to detoxify crotonaldehyde in the cell.

Regulation of OYE2 and OYE3 expression in response to
acrolein stress. Since overexpression of OYE2 and OYE3 in-
creases acrolein resistance, we examined whether the expres-
sion of old yellow enzymes is regulated in response to acrolein
stress. Real-time RT-PCR analysis showed that the expression
of both OYE2 and OYE3 was induced following exposure to
acrolein (Fig. 7). The expression of OYE2 was induced approx-
imately 15-fold following treatment with 0.1 mM for 1 h (Fig.

FIG. 4. Old yellow enzymes promote resistance to methyl vinyl
ketone but not to 3-penten-2-one. (A) Cultures of wild-type (wt), oye2,
oye3, and oye2 oye3 cells were grown to stationary phase and the A600
was adjusted to 1, 0.1, or 0.01 before the cells were spotted onto plates
containing MVK or 3-penten-2-one. Growth was monitored for 3 days,
and results are shown for 1 mM MVK and 1.5 mM 3-penten-2-one.
(B) Overexpression of OYE2 or OYE3 increases resistance to MVK
but not to 3-penten-2-one. Wild-type strains containing vector (v),
mcOYE2, or mcOYE3 were tested for sensitivity to MVK or 3-penten-
2-one as described for Fig. 3. Chemical structures are shown for MVK
and 3-penten-2-one.

FIG. 5. Acrolein and crotonaldehyde cause similar levels of cellular
damage. (A) Protein carbonylation is induced by exposure to acrolein
and crotonaldehyde. Wild-type cells were grown in minimal media to
exponential phase (A600 � 0.6) and treated with 1 mM or 2 mM
acrolein (A) or crotonaldehyde (C) for 1 h. Protein extracts were
treated with the carbonyl-specific probe, DNPH, and analyzed by
Western blot analysis using an antibody against DNPH. (B) Acrolein
and crotonaldehyde (crot) deplete cellular glutathione. Wild-type cells
were grown in minimal media to exponential phase (A600 � 0.6) and
treated with 0.2 mM acrolein or 0.5 mM crotonaldehyde for 1 h. The
GSH concentrations shown are the means for three determinations
and are given as nmol/ml/A600.

FIG. 6. Propionaldehyde and butyraldehyde are not toxic to yeast
cells. Wild-type cells were grown in minimal media to exponential
phase (A600 � 0.6) and treated with a range of concentrations of
acrolein or propionaldehyde (A) or crotonaldehyde and butyraldehyde
(B). Sensitivity was determined by measuring A600 readings following
24 h of growth. The values shown are the means for three independent
readings.
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7A). OYE3 expression was particularly responsive and was
induced approximately 10-fold following treatment with 0.05
mM acrolein (Fig. 7B) and several hundredfold following a 0.1
mM treatment (data not shown).

Analysis of the promoter regions of OYE2 and OYE3 (http:
//www.yeastract.com) revealed that both genes contain potential
binding sites for stress-responsive transcription factors. In par-
ticular, OYE2 contains a putative Yap1-binding site, whereas
OYE3 contains putative Yap1-, Skn7-, and Msn2-Msn4-bind-
ing sites. Gene expression was analyzed in mutant strains
(yap1, skn7, and msn2 msn4) to determine which transcription
factors regulate OYE2 and OYE3 expression upon acrolein
treatment. The induction of OYE2 expression in response to
acrolein was dependent on the Yap1 transcription factor since
no induction was seen in a yap1 mutant (Fig. 7A). In contrast,
OYE2 expression was unaffected by the loss of SKN7 or MSN2
and MSN4. Similarly, induction of OYE3 expression was en-
tirely dependent on the presence of YAP1 (Fig. 7B). The in-
duction of OYE3 expression is partially dependent on the pres-
ence of SKN7 since it was somewhat reduced following
exposure to 0.05 mM (Fig. 7B) and higher concentrations of
acrolein (data not shown).

DISCUSSION

Yeast membranes do not normally contain polyunsaturated
fatty acids (PUFAs); however, lipid peroxidation can be initi-
ated with any unsaturated fatty acid, including monounsatu-
rated fatty acids, resulting in products that are similar to those
which occur in the presence of PUFAs (14). In addition, PUFAs
(such as linoleic acid) can readily be taken up from the envi-
ronment and incorporated into yeast membranes (27). Thus,
yeast cells have provided a useful model system for studying
the effects of lipid peroxidation. For example, yeast cells with
increased PUFA compositions are more sensitive to H2O2,
presumably due to an increased formation of lipid hydroper-
oxides (3, 18). Similarly, cells deleted for COQ3 are sensitive to
PUFAs, implicating the lipid-soluble antioxidant coenzyme Q
in protection against lipid peroxidation (3). The sensitivities of
yeast cells to lipid hydroperoxides have been shown directly
using LoaOOH (6). LoaOOH is extremely toxic to yeast at very
low concentrations compared to H2O2 and other organic per-

oxides. Interestingly, strains defective in mitochondrial func-
tion (petites) or blocked in respiration (with inhibitors) are
resistant to LoaOOH, implicating mitochondria in the mech-
anism of lipid hydroperoxide toxicity (6).

The aim of the current study was to identify gene products
which are required to protect against the toxic products of lipid
peroxidation. Acrolein is formed as a product of lipid peroxi-
dation in biological systems and provides a useful model reac-
tive aldehyde. Surprisingly, the screen did not identify any
mutants lacking antioxidants as acrolein sensitive. This may
indicate that acrolein toxicity is not mediated through ROS
generation. This is in contrast to the sensitivities of mutants
defective in the glutathione system to LoaOOH and MDA (6,
31). Approximately 37% (47 out of 128) of the acrolein-sensi-
tive mutants are defective for growth on nonfermentable car-
bon sources (http://www.yeastgenome.org/). However, there
does not appear to be any link between respiratory ability and
acrolein tolerance since a respiratory-incompetent petite strain
shows a level of resistance to acrolein similar to that of a
wild-type strain (data not shown). In contrast, respiratory-in-
competent strains are sensitive to MDA and other oxidants,
including H2O2 (12, 31). These data indicate that the toxicities
caused by MDA and acrolein, and the protective systems that
protect against them, are different.

Some of the genes identified from the screen would have
been predicted based on previous findings. For example, Yap1
is a basic leucine zipper transcription factor with a well-char-
acterized role in protection against multiple forms of stress
(30). Other mutants lacking transcription factors that regulate
stress-responsive gene expression (MAC1, STB5) are also sen-
sitive to acrolein. Additionally, COQ6 (ubiquinone synthesis)
has previously been implicated in protection against lipid per-
oxidation (3). A number of gene functions involved in tran-
scription are required for acrolein tolerance, indicating that
gene expression may be required in response to an aldehyde
stress. Previous analysis of mutants which are required for
general oxidative stress resistance has indicated that a number
of similar gene functions are commonly required for protection
against ROS (29). These include mutants lacking proteins as-
sociated with, or part of, the RNA polymerase II complex
(SRB5, GAL11, PAF1, IWR1) and mutants affecting the SWI/
SNF nucleosome remodeling complex (SNF2, SNF5, SNF6,

FIG. 7. Regulation of OYE2 and OYE3 expression in response to acrolein. Gene expression of OYE2 (A) and OYE3 (B) was determined by
RT-PCR. Wild-type (wt), yap1, skn7, and msn2 msn4 mutant cells were grown to exponential phase and treated with 0.05 mM or 0.1 mM acrolein
for 1 h. Induction (n-fold) is expressed relative to ACT1 and relative to the untreated sample for each strain. The values shown are the means for
three determinations.
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and SWI3). A diverse range of mutants affecting metabolism
are acrolein sensitive. These can be subdivided into groups
involved in amino acid, lipid, nitrogen, nucleotide, and carbon
metabolism, indicating that active metabolism may be required
to protect against acrolein stress. Acrolein-sensitive mutants
include a number of genes which are involved in the cell in-
tegrity pathway, suggesting that the cell wall may be a major
target of acrolein toxicity. These include a GDP/GTP exchange
protein (ROM2), mitogen-activated protein kinase kinase
(MKK1), mitoten-activated protein kinase (SLT2), and genes
involved in cell wall organization and biogenesis (FKS1, GSC2,
ACF2, MNN10). This is in agreement with recent findings
suggesting that the cell integrity pathway is required for re-
sponse to ROS (34).

This screen has improved our understanding of the cellular
processes that are targeted during acrolein stress, but most
strikingly, it has also identified an enzyme that can detoxify
acrolein directly. Oye2 appears to play the predominant role in
defense against acrolein stress since mutants lacking OYE2 are
sensitive, whereas mutants containing OYE2 in the absence of
OYE3 are resistant. This is in agreement with estimated ex-
pression levels which suggest that OYE2 is transcribed under
normal growth conditions (13.6 copies/cell) while OYE3 is
present at only 0.1 copies/cell (yeast expression data; http:
//bioinfo.mbb.yale.edu/genome/yeast/expression). The expres-
sion of both OYE2 and OYE3 is induced in a Yap1-dependent
manner following exposure to acrolein. The reason that S.
cerevisiae maintains two genes, with the associated energetic
costs, is probably related to their differential regulations. OYE3
is particularly highly induced, indicating that Oye3 may serve
an ancillary or backup role during conditions under which
OYE2 is insufficient to provide acrolein defense.

Old yellow enzymes have long served as a model for the
study of flavin-containing NADPH-oxidoreductases (reviewed
in reference 35). Despite an extensive knowledge of their en-
zymatic and physical properties, including their crystal struc-
tures, the cellular function of these enzymes has remained
elusive. The physiological reductant of old yellow enzyme is
NADPH, but many different compounds can reoxidize it. Ex-
tensive enzyme analysis has revealed that �,�-unsaturated car-
bonyl compounds, including aldehydes and ketones, are sub-
strates, but acids, esters, amides, and nitriles cannot be
reduced (33). Old yellow enzymes catalyze the reduction of the
olefinic bond of �,�-unsaturated carbonyl compounds. Since
propionaldehyde is not toxic to yeast cells, the reduction of
acrolein by old yellow enzymes is a likely defense mechanism.
Increasing alkyl substitution to the � carbon of �,�-unsatur-
ated carbonyl compounds decreased their rate of reduction by
old yellow enzyme, which may be explained by steric hindrance
at the enzyme active site (33). However, the activity of old
yellow enzyme with crotonaldehyde or 3-penten-2-one versus
that with acrolein or MVK was only slightly reduced. Our data
indicate a remarkable degree of specificity for small com-
pounds (acrolein and MVK), since old yellow enzymes are
unable to protect against compounds with a single extra methyl
group at the � carbon (crotonaldehyde and 3-penten-2-one).
These data indicate that care must be taken when extending in
vitro findings based on purified enzymes to the activities of
enzymes under physiological conditions in the cell.

Potential old yellow enzyme-related oxidoreductases from a

number of species, including other yeasts, bacteria, plants,
nematodes, and humans, have been identified (35). Extensive
analysis of substrate specificity has led to the suggestion that
they may normally function as antioxidants in the detoxifica-
tion of the breakdown products of lipid peroxidation (21).
Similarly, the expression of an old yellow enzyme homologue
from Bacillus subtilis has been shown to be rapidly induced in
response to oxidative stress conditions, implicating it as an
antioxidant (7). Furthermore, the HYE gene cluster from Han-
senula polymorpha contains three old yellow enzyme homo-
logues and can increase resistance to allyl alcohol, which is a
precursor for acrolein formation (22). In summary, we have
provided the first in vivo evidence that yeast old yellow en-
zymes protect against reactive �,�-unsaturated carbonyl com-
pounds, such as acrolein. However, the finding that a yeast old
yellow enzyme (Oye2) functions to control the redox state of
the actin cytoskeleton indicates that this group of enzymes is
likely to have physiological roles beyond the simple detoxifi-
cation of harmful metabolites, such as acrolein (16).
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