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ABSTRACT. Blocking aldehyde dehydrogenase with the drug disulfiram
leads to an accumulation of intracellular acetaldehyde, which negatively
affects the viability of the yeast Saccharomyces cerevisiae. Mutants of
the yeast gene PSO2, which encodes a protein specific for repair of DNA
interstrand cross-links, showed higher sensitivity to disulfiram compared
to the wild type. This leads us to suggest that accumulated acetaldehyde
induces DNA lesions, including highly deleterious interstrand cross-
links. Acetaldehyde induced the expression of a PSO2-lacZ reporter
construct that is specifically inducible by bi- or poly-functional mutagens,
e.g., nitrogen mustard and photo-activated psoralens. Chronic exposure
of yeast cells to disulfiram and acute exposure to acetaldehyde induced
forward mutagenesis in the yeast CANI gene. Disulfiram-induced
mutability of a pso2A mutant was significantly increased over that of
the isogenic wild type; however, this was not found for acetaldehyde-
induced mutagenesis. Spontaneous mutability at the CANI locus was
elevated in pso2A, suggesting that growth of glucose-repressed yeast
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produces DNA lesions that, in the absence of Pso2p-mediated crosslink
repair, are partially removed by an error-prone DNA repair mechanism.
The use of disulfiram in the control of human alcohol abuse increases
cellular acetaldehyde pools, which, based on our observations, enhances
the risk of mutagenesis and of other genetic damage.

Key words: Acetaldehyde; Interstrand cross-links; DNA repair;
Disulfiram; Aldehyde dehydrogenase; Mutation induction

INTRODUCTION

Bi-functional alkylating agents such as nitrogen mustard and its derivatives react with
DNA to form mono- and diadducts (Fleer and Brendel, 1979) and various other agents, e.g.,
1,2:7,8-diepoxyoctane (DEO) (Pungartnik et al., 2002), photo-activated bi-functional psoralens
(Dall’ Acqua et al., 1974) and UVC radiation (Rahn and Patrick, 1976) may also form DNA diad-
ducts. Most bi-functional chemicals form two different types of covalently linked DNA diadducts: a)
reacting with neighboring bases, forming so-called intrastrand cross-links or b) reacting with bases
of two DNA strands, generating interstrand cross-links (ICL). DNA containing ICL can be neither
replicated nor transcribed because an ICL does not allow separation of the two single strands.

Stability of DNA-ICL depends on two criteria: their chemical stability and the cell’s
capacity to remove them from DNA via repair mechanisms. The chemical half-life of an ICL
in DNA depends on the type of bi-functional chemical used, i.e., which type of bases reacted
to form the ICL. Generally, mustard-linked diguaninyl-ICL are prone to a higher rate of spon-
taneous loss, due to instability of the N9-glycosidic bond of the N7-alkylated guanines, which,
by generating an apurinic site, converts a DNA diadduct into a monoadduct. While mustard
gas-induced ICL have a half life of 2 h at 36°C, 8-MOP+UVA-induced dithymidyl-ICL are
highly stable with a half life >7 days at 36°C. Consequently, these latter ICL are highly del-
eterious and about 20 dithymidyl-ICL in the genome of a haploid cell of Saccharomyces cere-
visiae are lethal [LD,, ] whereas some 1000 mustard-generated diguaninyl-ICL are needed for
likewise lethality in the same organism (Henriques et al., 1997).

The yeast S. cerevisiae has long served as a eukaryotic model for the study of repair of
DNA damage, and the isolation of a large number of repair-deficient mutants has led to the early
recognition of many genes involved in DNA repair (Cox and Parry, 1968) and repair-related mu-
tagenesis (Lemontt, 1971). The isolation of the mutants pso2 (psoralen-sensitive; Henriques and
Moustacchi, 1980) and snm! (nitrogen mustard-sensitive; Ruhland et al., 1981), which are specifi-
cally sensitive to DNA-ICL-forming treatments and which were found to be different alleles of the
same yeast gene now all named mutant alleles of PSO2 in a unified nomenclature (Brendel and
Henriques, 2001), has stimulated research on the repair of this type of DNA lesion. Depending on
the growth phase, different DNA repair mechanisms of yeast will collaborate to remove or partially
resolve ICL (Jachymczyk et al., 1981; Dronkert and Kanaar, 2001; Lehoczky et al., 2007). It should
be kept in mind, however, that repair of stable ICL in yeast DNA is rather low (c.f. above).

The small glycolytic pathway metabolite acetaldehyde (ACA) can also form ICL in
DNA (Ristow and Obe, 1978), and the chemical reaction by which it forms diguaninyl ICL
has been elucidated (Liu et al., 2006). Polymerase zeta (pol £), a protein acting in error-prone
translesion DNA synthesis in yeast (Lawrence, 2002), is involved in the repair of cross-linked
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DNA (Lehoczky et al., 2007), explaining the induction of mutations and other genetic aberra-
tions in ACA-treated cells.

In this communication, we report that pso2 mutants of S. cerevisiae serve as a good
model to show, via a pronounced ACA-sensitivity phenotype, that this compound generates
DNA-ICL in yeast. This mutant may therefore be a valuable research tool in elucidating vari-
ous aspects of sugar or ethanol metabolism that, by modulating ACA pools, will influence
the stability of genetic information and the viability of this eukaryote model. Since pol £ also
exists in human cells (Gibbs et al., 1998) error-prone repair of ACA-generated ICL in human
chromosomal DNA by this or other translesion polymerases could be responsible for the in-
duction of the various genetic aberrations observed.

Excessive consumption of alcoholic beverages leads to elevated intracellular ACA
pools that are thought to be responsible for the observed genetic effects (Obe and Anderson,
1987) and the increased cancer incidence associated with chronic alcoholism (Pdschl and
Seitz, 2004). The alcohol abuse drug disulfiram (tetraethylthiuram disulfide; DSF) inhibits
normal ethanol catabolism by preventing the conversion of ACA, the first metabolite of etha-
nol, to acetate (Suh et al., 2006), thus allowing its accumulation, which causes several un-
pleasant symptoms and deters drinking alcoholic beverages (Suh et al., 2006).

With easy genetic manipulation of yeast genes, the influence of many factors on ACA
pool size can be determined and the genetic consequences measured. Thus, we can determine
not only the genotoxic potential of ACA (formation of DNA adducts and their repair) in this
simple eukaryotic organism but also contribute to some of the molecular clues on how alcohol
consumption leads to genetic disorders and cancer in humans.

MATERIAL AND METHODS
Genetics and molecular biology

Techniques in yeast genetics and standard molecular techniques were according to
Sambrook et al. (1989) and Ausubel et al. (1996). Genotypes of the two pairs of isogenic yeast

strains used in this study are listed in Table 1.

Table 1. Genotype of yeast strains.

Strain Genotype Source
EH3714-2B [WT] Mata PSO2 ade2-1 his5-2 leu2-3 lys1-1 ura3-52 Univ. FRANKFURT
EH3714-2B [pso2-0] SAME AS ABOVE YMRI137c ::URA3

BY4741 [WT] Mata PSO2/SNM1 his3A1 leu2A0 met15A0 ura3A0 EUROSCARF
BY4741 [pso2A] SAME AS ABOVE YMRI137c¢ :: kanMX4

Media and growth conditions

Yeast cultures were grown from a single colony in YEPD medium (1% yeast extract,
2% peptone, 2% glucose) at 30°C in a gyratory shaker (New Brunswick, G-76) for 2 days
[stationary growth phase (STAT cells); cell density of approximately 2 x 108/mL]. Selective
growth was in SynCo [0.16% yeast nitrogen base (USB; Swampscott, MA, USA), 2% glu-
cose, 0.5% ammonium sulfate] supplemented with the appropriate essential nutrients (40 pg/
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mL). Canavanine-resistant mutants were detected on SynCo agar to which 60 mg/L canavan-
ine sulfate (Sigma) and appropriate supplements had been added.

Chemical and mutagen treatment

Appropriate quantities of chilled (-20°C) acetaldehyde (Sigma) were injected via
an ice-cold plastic syringe into ice-cold rubber-sealed glass vials that contained 5 mL cell
suspension (washed cells in exponential growth phase [LOG cells] at 1 x 10® cells/mL).
These vials were kept on ice for 30 min and then incubated with shaking for 30 min at
30°C. After appropriate dilution, treated cells were plated on solid YEPD agar (triplicate)
and incubated for 3 days at 28°C. UVC irradiation at doses between 0 and 80 J/m? was
carried out after plating appropriately diluted LOG cell suspensions on YEPD agar. Ni-
trogen mustard [HN2] and nitrogen half mustard [HN1], both from Aldrich (Milwaukee,
WI, USA), were added to LOG cell suspensions as described before (Wolter et al., 1996).
Treatment with DEO was as described by Pungartnik et al. (2002). Briefly, LOG cells were
harvested and washed by centrifugation and resuspended at 1 x 10® cells/mL. Aliquots of
this suspension (1 mL) were treated for 1 h at 28°C with DEO at exposure concentrations
ranging from 0 to 40 mM. After appropriate dilution cells were plated on solid YEPD and
incubated for 3 days at 28°C.

Disulfiram was dissolved in either distilled water or in absolute ethanol by vigorous
stirring. LOG cells were exposed to DSF by two methods: a) acute exposure: water-suspended
cells were exposed to different concentrations of DSF for 6 h at 30°C with shaking, and sur-
vival was determined after appropriate dilution and plating of cells on YEPD agar and incuba-
tion for 3 days at 28°C, or b) chronic exposure: 100 uL. DSF solution (in absolute ethanol) was
added to 20 mL YEPD or SynCo agar plates at final concentrations ranging from 0 to 30 uM
(YEPD agar) and 0 to 2 uM (SynCo agar), and LOG cells were plated and incubated for 3 days
(survival) and 5 days (mutation) at 28°C on the respective plates.

Acetaldehyde-induced expression assay of PSO2

ACA-induced expression of the PSO2 gene was followed using a PSO2-lacZ fusion
construct contained in plasmid pRW6 and assaying for B-galactosidase activity as described
by Wolter et al. (1996).

Disulfiram-induced mutation

The canavanine (CAN) forward-mutation assay [CANI — canl'] (Gocke and Man-
ney, 1979) was used to measure DSF-induced mutagenesis. SynCo media containing appropri-
ately supplemented agar medium (1.7 g USB, 5 g ammonium sulfate, 20 g glucose per L) were
supplemented with 60 pg/mL L-canavanine sulfate (Sigma) for selection of CAN-resistant
mutants and with different concentrations of DSF (final concentration of 0.1, 0.5, 1, and 2
uM). Appropriate numbers of LOG cells were plated and were incubated for 5 days at 28°C
on these DSF- and CAN-containing plates for mutant selection.

Graphs were generated by the GRAPH PAD PRISMA program; error bars represent
standard deviations of at least 3 independent experiments.
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RESULTS

The sensitivity of the two WT strains (PSOZ2) and the two pso2 mutants to the ICL-
forming chemicals, DEO and ACA, are shown in Figure 1. In all treatments, the pso2A mutant
exhibited increased sensitivity to the DNA ICL-forming chemical DEO (Figure 1A, pso2A)
and to the sugar metabolite ACA (Figure 1B), as compared to the respective isogenic WT;
strain. The same was true for another set of isogenic yeast strains (pso2-0 and isogenic WT;
see Table 1) tested under different experimental procedures of ACA exposure. In both ex-
perimental approaches, pso2 mutants showed 3-4 times higher sensitivity to ACA treatment
compared to their isogenic WT strains. Incubation with the drug DSF [either chronic (Figure
2A) or acute (Figure 2B) exposure] also showed that the two individually constructed pso2
mutants were more sensitive than the respective isogenic WT strains.
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Figure 1. Sensitivity of haploid Saccharomyces cerevisiae cells to: diepoxyoctane (A) and acetaldehyde (B,C). A.
and B. Isogenic WT (closed symbols) compared to pso2A mutant (open symbols). C. Isogenic WT (closed symbols)
compared to pso2-0 mutant (open symbols).
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Figure 2. Sensitivity of WT and isogenic pso2-0 or pso2A mutant to A. Chronic and B. Acute exposure to disulfiram.
WT (closed symbols), pso2 mutant (open symbols). C. Induction of yeast gene PSO?2 after exposure to nitrogen mustard
(closed squares) and acetaldehyde (closed circles), and after UVC irradiation (triangles); cells treated with either mono-
functional mutagen 4NQO (lozenges) or HN1 (inverted triangles) and the control (open circles) show no induction.
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To further substantiate the role of ICL repair gene PSO?2 in the repair of ACA-induced
DNA damage, we measured the induced expression of this gene in response to ACA treatment.
Yeast gene PSO?2 is selectively inducible by treatments that generate DNA-ICL, as shown by
exposure to HN2, photo-activated 8-MOP, and UVC (Wolter et al., 1996). Figure 2C shows the
relative expression of B-galactosidase encoded in a PSO2-lacZ fusion construct in LOG WT
yeast cells after treatment with HN2, ACA and UVC, and the mono-functional mutagens HN1
and the UV-mimetic 4-nitroquinoline-N-oxide (4NQO). The induction factor is measured as the
relative increase in expression of 3-galactosidase in mutagen-treated to untreated yeast cell sus-
pensions. Clearly, ACA could induce the PSO2-lacZ fusion construct about 3-fold, a response
of similar magnitude as that achieved by the other two inducing agents HN2 and UVC (Wolter
et al., 1996), while no induction was observed after treatment with the two mono-functional
mutagens HN1 and 4NQO and in the control (Figure 2C).

Since the repair of DNA-ICL may generally include error-prone steps, e.g., transle-
sion synthesis by pol { or non-homologous end joining of DNA double strand break, we also
tested the ACA- or DSF-treated cells for induced mutation in the yeast forward-mutational
system CANI — canl’, which allows the selection of CAN-resistant mutants. Extracellular
ACA induced forward mutation; however, there was no significant difference in induction
kinetics and magnitude between the pso2-0 mutant and its isogenic WT (Figure 3A). Chronic
exposure to DSF induced few canl* forward mutations in WT, but mutation induction was
significantly higher in the likewise treated pso2A isogenic mutant strain (Figure 3B), where
at the highest chronic exposure dose [2 pM] the frequency of DSF-induced forward mutation
was significantly higher than the spontaneous one (Student 7-test, P < 0.05). The enhanced
frequency of canl" mutants was not due to selection of spontaneous mutants with putatively
higher resistance to DSF, since cultures of four individually isolated spontaneous can/* mu-
tants of the pso2A strain showed the same sensitivity to DSF as cells of the pso2A mutant with
intact CANI gene (data not shown). Both pso2 mutant strains contained a higher number of
spontaneously generated canl® forward mutants (Figure 3A and B).
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Figure 3. Mutation induction in the canavanine forward-mutation assay. Induced mutation to canavanine resistance
(canl") by A. ACA in isogenic strains of WT (closed squares) and pso2-0 mutant (open squares), and by B. Chronic
exposure to disulfiram of isogenic strains of WT (closed squares) and pso2A mutant (open squares).
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DISCUSSION

The specific sensitivity of the pso2 yeast mutants to chemical or physical treatment
that leads to, among various types of DNA adducts, ICL has made these mutant strains valuable
sensors for the detection of such highly deleterious DNA lesions (Brendel et al., 2003). Within
the multi-protein DNA repair network of S. cerevisiae, Pso2p is a highly specialized protein as
it is involved in processing an intermediate repair of ICL, most probably a double strand break
generated by excision repair of DNA-ICL (Jachymczyk et al., 1981). Both pso2 mutant strains
were sensitive to externally added ACA (Figure 1B,C) and to acute exposure to DSF (Figure
2A,B), and ACA could induce expression of the PSO2 gene (Figure 2C). These results confirm
that ACA, either added externally or produced within the cells by DSF-impaired aldehyde de-
hydrogenases, reacts with DNA to produce ICL, among other DNA adducts.

Chronic exposure to DSF proved to be mutagenic in the pso2A mutant (Figure 3B),
most probably because it allowed accumulation of ACA, which may lead to the formation of
DNA mono- and diadducts, the repair of which may also involve error-prone repair mecha-
nisms, i.e., pol { mediated translesion synthesis and non-homologous end joining. DSF did
not induce significant mutagenesis in WT (Figure 3B), most probably because WT efficiently
repaired ACA-mediated DNA lesions. In the yeast CANI — canl" forward-mutation system,
acute exposure to ACA, however, proved mutagenic for both WT and pso2 mutant (Figure 3A).

Mutants may arise not only from error-prone repair of DNA-ICL but also from repair
or bypass reactions of ACA-induced mono-adducts and intrastrand cross-links (Matsuda et
al., 1998; Wang et al., 2000). This question as to the mechanisms causing mutagenesis can-
not be resolved in a single mutant. However, the contribution of different repair systems to
cell survival and mutagenesis can be shown in double mutants where two differently operat-
ing or competing repair pathways are defective. Here, additive or synergistic effects may be
expected, i.e., drug super-sensitivity, as first shown in yeast by Kahn et al. (1970). Similar
effects would be expected in double mutants with two mutant alleles of genes involved in dif-
ferent error-prone (mutagenic) repair pathways, i.e., increased sensitivity paralleled by lower
induced mutation than in the respective single mutant strains.

Our data confirm the mutagenic action of ACA as shown by the formation of ACA-
induced DNA-ICL in vitro (Ristow and Obe, 1978) and chromosomal aberrations as well as
sister chromatid exchanges in human cells (Obe and Anderson, 1987). Pulsed-field gel elec-
trophoresis also revealed ACA-induced chromosomal damage in S. cerevisiae. When quantita-
tively measuring chemically induced ICL, some naturally occurring ICL were also detected in
DNA of untreated yeast cells (Fleer and Brendel, 1979). These ICL in yeast DNA could have
been formed by metabolites of glycolysis, i.e., by ACA, a natural intermediate of highly active
glucose catabolism in yeast grown under glucose repression (Ristow and Obe, 1978).

Inducibility of PSO2 expression by ACA (Figure 2C) is in the range of that found for
known ICL-forming chemicals such as HN2 and its derivatives, cisplatinum, and 8-MOP+UVA
(Wolter et al., 1996), and has the typical magnitude of DNA damage-inducible repair genes
(Siede and Friedberg, 1992). With an induction factor of about 3, ACA has nearly the same po-
tential of inducing expression of the PSO2 gene as the above-mentioned classical bi-functional
mutagens. Repair of DNA-ICL is generally initiated by excision repair, and the resulting DNA
double strand break could be a substrate for homologous recombination or non-homologous
end joining repair (Lehoczky et al., 2007), the latter being a process with high mutagenic po-
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tential (Heidenreich et al., 2003). However, mutations may also arise from the participation of
translesion polymerase pol ( in the repair of ACA-induced DNA mono-adducts.

Repair of ACA-generated DNA-ICL in Escherichia coli and yeast may differ from that
in human cells, where the former need an intact nucleotide excision repair system for ICL re-
moval while the latter can also repair these DNA lesions in nucleotide excision repair-deficient
cells, most probably employing a process coupled to DNA replication and to homologous re-
combination (Mechilli et al., 2008). ICL in human DNA are preferentially repaired via error-free
mechanisms as only 6% yield mutations, the majority being G to T transversions (Liu et al.,
2006). This could be due to an error-prone component of ICL repair that induces mutations and
is ultimately responsible for alcohol-induced cancer. By blocking enzymatic conversion of ACA
to acetate, DSF increases the potential of ACA-induced DNA lesions, most probably a mixture
of mono-adducts and guanine ICL in a GNC sequence (Wang et al., 2000). Their repair may
then lead to enhanced induction of mutation with all possible consequences for cellular integrity.

Excessive alcohol consumption leads to various types of cancer, mainly of the oral
cavity, larynx and liver (Boffetta and Hashibe, 2006), where the liver is responsible for degrad-
ing about 90% of ingested ethanol to ACA. Alcoholics with a deficient aldehyde dehydroge-
nase 2 have significantly higher ACA-induced DNA damage, a fact that links lower efficiency
of ACA metabolism to cancer initiation (Matsuda et al., 2006). DSF is an approved drug for
treatment of alcoholics (Suh et al., 2006). Its main function is to irreversibly block cytosolic
and mitochondrial aldehyde dehydrogenases (Rossi et al., 2006), enzymes that are crucial for
ACA catabolism. It is known that DSF induces accumulation of ACA in the human liver and
blood (Rosman et al., 2000) as it does in a yeast cell. In this unicellular eukaryote model, we
could show that this is lethal for WT cells and even more so for the pso2 mutant, which can-
not complete the repair of ACA-induced DNA damage, most probably that of ICL (Figure
2A and B). DSF was also shown to alter many other enzyme activities in rats, e.g., inhibiting
drug metabolism and inducing higher glutathione levels and glutathione S-transferase activity
(Bertram et al., 1985). However, these or other targets should not influence the two biological
endpoints that we analyzed, i.e., survival and mutagenesis, as the isogenic yeast strains differ
in the function of only one gene (are practically identical). Thus, all reactions apart from ICL
repair would be affected in the same way in both WT and mutant.

As long as the reactions that lead to human hypersensitivity to DSF and the associ-
ated hepatoxicity are far from being understood, the possibility that DSF reacts with cellular
biomolecules to form toxic products is still valid (Berlin, 1989). Since it reacts with sulthydryl
groups, DSF has a broad spectrum of reactivity with blood components (Rossi et al., 2006).
However, it is generally accepted that DSF blocks the catabolism of ethanol at the ACA oxi-
dation step and thus leads to an increase in ACA in cells and in blood (Rosman et al., 2000).

In vitro ACA-induced mutation spectra in the HPRT gene (Noori and Hou, 2001) and
in the tumor suppressor gene TP53 (Paget et al., 2008) showed a prevalence of G—A transi-
tions and a minor production of A—T and G—T transversions. Analysis of mutations in hu-
man esophageal cancers suggests that ACA is involved in TP53 mutations (Paget et al., 2008).
ACA-induced mutagenesis in human cells, thus, may also be due to several repair polymerases
that interact in human error-prone translesion DNA synthesis

Since all evidence points to a role of ACA in genetic disorders and enhanced can-
cer incidence in humans (O’Hanlon, 2005) and because the anti-alcoholism drug DSF itself
promotes the accumulation of non-alcohol derived ACA in abstinent patients (Rosman et al.,
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2000), DSF-based prevention of alcohol consumption is problematic: by successfully pre-
venting alcohol abuse and thus diminishing the alcohol dehydrogenase-derived production of
ACA, DSF simultaneously prohibits the metabolism of non-alcohol-generated ACA and thus
increases the risk of genetic damage through increased pools of this metabolite.
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