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Research Article

Analysis of Saccharomyces cerevisiae null allele
strains identifies a larger role for DNA damage
versus oxidative stress pathways in growth
inhibition by selenium

Eden Seitomer, Bharvi Balar, Dongming He, Paul R. Copeland and Terri Goss Kinzy

Department of Molecular Genetics, Microbiology and Immunology, UMDNJ Robert Wood Johnson
Medical School, NJ, USA

Selenium toxicity is a growing environmental concern due to widespread availability of high-dose
selenium supplements and the development of high-selenium agricultural drainage basins. To begin
to analyze the effects of selenium toxicity at the genetic level, we have systematically determined
which genes are involved in responding to high environmental selenium using a collection of viable
haploid null allele strains of Saccharomyces cerevisiae representing three major stress pathways: the
RAD9-dependent DNA repair pathway, the RAD6/RAD18 DNA damage tolerance pathway, and the
oxidative stress pathway. A total of 53 null allele strains were tested for growth defects in the presence
of a range of sodium selenite and selenomethionine (SeMet) concentrations. Our results show that
l64–72% of the strains lacking RAD9-dependent DNA repair or RAD6/RAD18 DNA damage toler-
ance pathway genes show reduced growth in sodium selenite versus l28–36% in SeMet. Interest-
ingly both compounds reduced growth in l21–25% of the strains lacking oxidative stress genes.
These data suggest that both selenite and SeMet are likely inducing DNA damage by generating reac-
tive species. The anticipated effects of loss of components of the oxidative stress pathway were not
observed, likely due to apparent redundancies in these gene products that may keep the damaging
effects in check.
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1 Introduction

Selenium (Se) was first identified by the Swedish chemist
Jakob Berzelius in 1817 [1]. Initially, it was deemed a
highly toxic agent. In 1957, a breakthrough study reported
that Se in the form of inorganic salts such as sodium selen-
ite (hereafter referred to as selenite) is effective in prevent-
ing liver necrosis degeneration in rats at low dietary levels
[2]. The only known function for dietary Se is its utilization
as selenocysteine in a select group of proteins, many of
which are oxidoreductases. Among these selenoproteins,

the glutathione peroxidase family of enzymes are responsi-
ble for maintaining cellular redox homeostasis by reducing
a multitude of peroxides that form as a result of both small
molecule and macromolecular oxidation [3].

Se toxicity is a re-emerging public health issue because
of two relatively recent developments: (i) high-Se agricul-
tural drainage basins have developed in several locations in
the US [4] and (ii) Se has become a common dietary supple-
ment. The latter development is a consequence of the Nutri-
tional Prevention of Cancer trial in which 1312 former skin
cancer patients supplemented their diets with 200 lg/day
Se in the form of Se-enriched yeast in the hopes of reducing
the recurrence of nonmelanoma skin cancer. Although no
benefit was derived in terms of skin cancer recurrence, total
cancer mortality decreased by 52%; total cancer incidence
decreased by 39%; and incidences of lung, colorectal, and
prostate cancers decreased by 44, 61, and 65%, respectively
[5]. More recent follow-up has demonstrated that only those
subjects whose baseline Se levels were in the lower tertile
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received maximum benefit from Se supplementation. In
fact, those subjects with baseline Se levels in the upper ter-
tile suffered nonsignificant but strikingly higher total can-
cer incidence rates [6]. This trend was even more striking
when the primary endopoint was re-analyzed and it was
found that there was a statistically significant increase in
squamous cell carcinoma and total nonmelanoma skin can-
cer incidence [7]. While these data seem to suggest that Se
supplementation may only be required for individuals who
may have a slight Se deficiency, the predominant model for
Se chemoprevention is one in which high levels of small
selenocompounds are able to selectively induce apoptosis
in transformed cells [8]. This paradox will likely be
resolved upon the completion of an ongoing Se intervention
clinical trial focused on chemoprevention as the primary
endpoint [7]. Overall, it is clear that unregulated access to
Se supplements has the potential to be a serious public
health concern directly related to Se toxicity.

Se is proposed to be toxic because it is a potent oxidant.
Most of the dietary Se consumed is in the form of selenome-
thionine (SeMet) which is nonspecifically substituted for
methionine in plants grown in Se-rich soils. SeMet itself is
considered nontoxic, but its metabolites have strong oxidant
potential [8]. For example, the production and subsequent
oxidation of methylselenol to form superoxide has been
proposed to be the basis for SeMet toxicity in fish [9]. In
support of this hypothesis, yeast lacking S-adenosyl
methionine metabolism genes are resistant to SeMet treat-
ment at high doses [10]. Selenite, which is also utilized as a
dietary supplement, is much more reactive and has been
shown to be highly cytotoxic. A recent study indicates that
selenite induces superoxide-dependent mitochondrial dam-
age as a trigger for autophagy in human glioma cells [11].
A third form of Se that is sometimes used as a dietary sup-
plement is sodium selenate. While considerably less toxic
to mammals than selenite, presumably because it is not
enzymatically reduced to selenite, selenate has also been
reported to be an environmental toxin, particularly in spe-
cies that have been shown to be more sensitive to selenate
than selenite [12]. This along with the fact that Se cytotox-
icity can be circumvented in some species of plants that
have evolved to utilize Se hyperaccumulation as a defense
mechanism [13, 14] provide strong evidence for a highly
complex relationship between Se status and toxicity
depending on environmental conditions and the species
being analyzed. Interestingly, all three Se compounds are
potent inducers of selenoprotein production at concentra-
tions substantially below the toxic levels [15], suggesting
that production of the selenide precursor for selenocysteine
synthesis may be distinct from the production of selenide as
an inducer of reactive oxygen species (ROS).

Not surprisingly, Se toxicity has been closely associated
with the induction of an oxidative stress response in several
organisms including the budding yeast Saccharomyces cer-

evisiae (reviewed in ref. [16]). Although there is some evi-
dence that the pathways leading to oxidative stress may be
compound-specific [17], it is generally believed that the
generation of ROS as a result of the reaction of selenocom-
pounds with thiols is responsible for cellular injury, espe-
cially DNA damage [18, 19]. Consistent with these find-
ings, it has been found that selenite induces RAD9-depend-
ent cell cycle arrest in yeast [20], providing evidence that
genomic approaches in yeast may provide significant
insight into the mechanisms of and ultimately the preven-
tion of Se toxicity.

In this report, we used the S. cerevisiae collection of via-
ble haploid null allele strains to determine which gene fam-
ilies were associated with selenite or SeMet toxicity. This
study revealed that the deletion of a subset of members of
three pathways resulted in reduced growth in the presence
of Se: the RAD6/RAD18-dependent DNA damage tolerance
pathway, the RAD9-dependent DNA repair pathway and the
oxidative stress pathway. These results shed new light on
the specific pathways that contribute to Se toxicity and
likely tolerance.

2 Materials and methods

2.1 Strains and media

The parental wild-type strain BY4741 (MATa his3D1
leu2D0 met15D0 ura3D0) and haploid deletions for nones-
sential genes in the MATa BY4741 strain background were
obtained form Open Biosystems (Huntsville, AL) [21].
Standard yeast genetics methods were employed (Sherman,
1986). Yeast cells were grown in either YEPD (1% Bacto
yeast extract, 2% peptone, 2% dextrose) or defined syn-
thetic complete media (C-) supplemented with 2% dextrose
as a carbon source.

2.2 SeMet growth assays

Yeast strains were grown overnight in 5 mL of YEPD or C-
media to mid log phase. The OD600 was taken by UV–Vis
spectroscopy (Thermo) and diluted to 0.1 OD600. Concen-
trations from 0 to 0.075 mM of SeMet and 0 to 0.5 mM of
selenite were made in C-media and filter sterilized. Equal
volumes of the Se medium and the diluted yeast were added
to a 96-well microtiter plate for a final volume of 200 lL in
triplicate. The final OD600 was monitored and was approxi-
mately 0.05 and the final concentration varied from 0 to
0.0375 mM and 0 to 0.25 mM for SeMet and selenite,
respectively. Plates were incubated at 308C with constant
shaking and the OD600 was taken using the ELx 800 micro-
plate reader (Bio-Tek Instruments) at 0 and 20 h. All experi-
ments were performed in a minimum of duplicate and errors
reported as SDs.
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3 Results

Since yeast is a well-understood and genetically tractable
organism, this model system provides a unique opportunity
to easily screen for molecular and cellular functions
involved in Se metabolism. The availability of a library of
viable haploid S. cerevisiae null allele strains [21] has
allowed for examining the effects of loss of function on
growth in the presence of SeMet and selenite. Three biolog-
ical pathways were analyzed based on the proposed mecha-
nisms of Se toxicity. These include the RAD9-dependent
DNA repair pathway, the RAD6/RAD18-dependent DNA
damage tolerance pathway, and the oxidative stress path-
way. These pathways were chosen due to the interactions
observed with SeMet and selenite. Using the available
library of null allele strains (Open Biosystems), individual
strains with a nonessential gene deleted from the chromo-
some were assayed for growth in complete defined syn-
thetic media containing SeMet or selenite. Each strain was
grown in varying concentrations of the Se compound in
triplicate in a 96-well plate-based assay. An incubation time
of 20 h was chosen to optimally show relative growth, cal-
culated by comparison to the strain grown in the absence of
the Se compound to account for any slow growth pheno-
types associated with the loss of the gene product of inter-
est. These results were compared to the isogenic wild-type
strain, and reduced or enhanced growth is relative to the
wild-type strain at the same concentration.

The growth of the null allele strains was classified as
reduced, wild-type, or enhanced for either SeMet or selenite
(Tables 1–3). Listed with each yeast gene is the Ensembl
(http://www.ensembl.org/index.html) annotation for the
best match to the Homo sapiens genome identified by P-
POD: Princeton Protein Orthology Database (http://ortho-
log.princeton.edu/findorthofamily.html). The classification
of reduced indicates the null allele strains had a consistently
lower percent growth at all of the Se concentrations where
cells were viable, compared to the percent growth of the
wild-type strain. Likewise, the classification of enhanced
indicates the null allele strains had a consistently higher
percent growth at all of the Se concentrations where cells
were viable, compared to the percent growth of the wild-
type strain. The classification of wild-type specifies that
there was no appreciable difference in percent growth
between the null allele strains and the wild-type strain.
Interestingly, the growth of the wild-type yeast strain used
was reduced more by SeMet than selenite, with an average
IC50 of approximately 0.028 mM for SeMet versus
0.15 mM for Selenite.

3.1 RAD9-dependent DNA repair pathway

A recent study has shown that SeMet induces a p53-depend-
ent DNA repair response that protects cells from subse-
quent UV-induced DNA damage [22]. In S. cerevisiae, we

expected that deleting a gene from the DNA repair pathway
would still demonstrate wild-type growth in the presence of
SeMet. A reduced growth phenotype would possibly be
observed if damage had indeed occurred upon SeMet treat-
ment, leading to cell toxicity and inhibition of growth. Con-
sistent with the second model, 5 out of the 18 null allele
strains tested showed reduced growth with SeMet (asf1D,
bmh1D, chk1D, csm3D, and swi6D) while two null allele
strains had a resistant phenotype (bmh2D and mrc1D) com-
pared to wild-type (Table 1). The most reduced growth was
seen with an asf1D strain and the most enhanced was
mrc1D (Fig. 1A). Asf1p is a histone H3-H4 chaperone pro-
tein present in a complex that repairs dsDNA damage [23].
Lack of the protein leads to a lag in the metaphase cell cycle
due to DNA damage checkpoint activation [24]. The Mrc1p
is an activator of a DNA replication stress response. Pres-
ence of the protein creates a lag in the metaphase cell cycle
and leads to DNA repair [25]. As is seen in Fig. 2, the genes
affected by SeMet treatment do not cluster within a specific
section of the DNA repair pathway.

Selenite treatment induces DNA damage in the form of
chromosome abnormalities at low concentrations [26] and
likely induces DNA double strain breaks in yeast [27]. Se
treatment is also proposed to induce abnormal DNA repair
in human cells [28]. As predicted, a reduced growth pheno-
type was observed with many null allele strains in the
RAD9-dependent DNA repair pathway. Thirteen out of the
eighteen strains displayed a reduced growth phenotype
compared to wild-type upon selenite treatment: asf1D,
bmh2D, chk1D, csm3D, ddc1D, dun1D, ptc2D, rad9D,
rad17D, rad24D, rfx1D, tel1D, and swi6D (Table 1). These
thirteen strains encompassed four out of the five null allele
genes found to have a reduced growth phenotype to SeMet,
excluding bmh1D. The greatest reduction in growth was
observed with a tel1D strain (Fig. 1B). The Tel1p is
involved in DNA damage repair and telomere length regu-
lation [29]. It is also a homolog of the human ataxia telan-
giectasia gene, which when present as an autosomal reces-
sive mutation leads to cerebellar ataxia, immune defects,
and an increased risk of cancer [30]. As is seen in Fig. 2, a
consistent trend where selenite treatment leads to growth
inhibition, upon loss of the RAD9-dependent DNA repair
pathway is observed.

3.2 RAD6/RAD18-dependent DNA damage
tolerance pathway

To further investigate the effect that SeMet and selenite
have upon DNA damage, we looked at an offshoot of the
DNA repair pathway, the RAD6/RAD18-dependent DNA
damage tolerance pathway. Tolerance to SeMet treatment
was largely unaffected by the loss of most of the genes in
this pathway, as only 4 out of the 11 null allele strains
assayed had a reduced growth phenotype, compared to
wild-type: rad5D, rad6D, ubc13D, and rad52D (Table 2).
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The most reduced growth was observed for a rad52D strain
(Fig. 3A). Rad52p is engaged in DNA repair and recombi-
nation, and is necessary for efficient annealing of compli-
mentary ssDNA after a double strand break [31]. The pro-
tein is present only during meiosis or in response to DNA
damage [32]. Two null allele strains, rad30D and rev1D,
showed enhanced growth in SeMet.

Selenite treatment on the other hand induced a reduced
growth phenotype upon loss of twice as many genes, similar
to the differential effect compared to SeMet seen upon loss
of components of the RAD9-dependent DNA repair path-
way. Seven out of the eleven null allele strains demonstrated
reduced growth phenotype upon selenite treatment com-
pared to wild-type: mms2D, pol32D, rad5D, rad6D,
rad18D, rad52D, and rev7D (Table 2). Three out of the four

null alleles strains that show reduce growth in SeMet are
also slower growing in selenite. The rad5D strain was
showed the most reduced growth to selenite (Fig. 3B).
Rad5p eliminates the formation of DNA minor groove
adducts through excision repair [33]. Similar to the results
found for the RAD9-dependent DNA repair pathway, loss of
components within the RAD6/RAD18-dependent DNA
damage tolerance pathway caused greater growth inhibition
in selenite (Fig. 4).

3.3 Oxidative stress pathway

SeMet, via its interaction with a methionase, produces
superoxide radicals that can lead to oxidative stress [34].
However, only 5 out of the 24 null allele strains studied
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Table 1. The RAD9-dependent DNA repair pathway S. cerevisiae null allele strains, proposed human homologs, and their pheno-
type upon SeMet or selenite treatment

Growth Ensembl human homolog Sensitive Wild-type Resistant

Compound SeMet SeO3 SeMet SeO3 SeMet SeO3

asf1D ENSP00000229595 (ASF1A) X X – – – –
ENSP00000263382 (ASF1B)

bmh1D ENSP00000217069 (YWHAB) X – – X – –
ENSP00000264335 (YWHAE)
ENSP00000297569 (YWHAZ)
ENSP00000300161 (YWHAB)
ENSP00000309503 (YWHAZ)

bmh2D ENSP00000217069 (YWHAB) – X – – X –
ENSP00000264335 (YWHAE)
ENSP00000297569 (YWHAZ)
ENSP00000300161 (YWHAB)
ENSP00000309503 (YWHAZ)

chk1D ENSP00000278916 (CHEK1) X X – – – –
csm3D ENSF00000261881 X X – – – –
ddc1D No – X X – – –
dun1D No – X X – – –
mec3D No – – X X – –
mrc1D No – – – X X –
pin4D No – – – X – –
ptc2D ENSP00000342778 (PPM1G) – X X – – –

ENSP00000264714 (PPM1G)
rad9D No – X X – – –
rad17D No – X X – – –
rad24D ENSP00000303134 – X X – – –

ENSP00000346938
ENSP00000346271
ENSP00000282891
ENSP00000350725 (RAD17)
ENSP00000324164
ENSP00000355226
ENSP00000311227

rfx1D ENSP00000350552 (RFX4) – X X – – –
ENSP00000266774
ENSP00000229387

tel1D ENSP00000278616 (ATM) – X X – – –
swi6D No X X – – – –
yuh1D ENSP00000284440 (UCHL1) – – X X – –

ENSP00000237800 (UCHL3)
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showed a reduced growth phenotype upon SeMet treatment:
grx3D, grx5D, sod1D, tsa1D, and zwf1D (Table 3). The
greatest reduction in growth was observed for a grx3D

strain (Fig. 5A). Grx3p belongs to a family of glutaredoxins
and is highly sensitive to oxidative agents such as mena-
dione and hydrogen peroxide [35].

Selenite has also been shown to produce ROS within the
cell [11]. In parallel with SeMet results, only 6 out of the 24
null allele strains exhibited a reduced growth phenotype
upon selenite treatment, compared to wild-type: glr1D,
grx3D, grx5D, sod2D, tsa1D, and yap1D (Table 3). The
greatest reduction in growth was observed for a grx5D

strain (Fig. 5B). Grx5p belongs to the same family of gluta-
redoxins as Grx3p and absence of this protein leads to a
high basal protein carbonyl content, indicative of oxidative
protein damage [35]. Interestingly, unlike the RAD9-
dependent DNA repair and RAD6/RAD18-dependent DNA
damage tolerance pathways, none of the null allele strains
resulted in enhanced growth in SeMet or selenite. As seen
in Fig. 6, the genes affected by either SeMet or selenite
treatment are differential for loss of the two superoxide dis-
mutases tested, and tend to occur upon loss of genes
involved in the reduction of reactive oxygen, nitrogen, and
sulfur species.
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Table 2. The RAD6/RAD18-dependent DNA damage tolerance pathway S. cerevisiae null allele strains, proposed human homologs,
and their phenotype upon SeMet or selenite treatment

Growth Ensembl homolog Sensitive Wild-type Resistant

Compound SeMet SeO3 SeMet SeO3 SeMet SeO3

mms2D ENSP00000354653 (UBE2V1) – X X – – –
ENSP00000340305
ENSP00000352224 (UBE2V2)
ENSP00000326473
ENSP00000344166 (UBE2V1)

pol32D No – X X – – –
rad5D ENSP00000308944 (SMARCA3) X X – – – –

ENSP00000330929 (SMARCA3)
rad6D ENSP00000161284 (UBE2A) X X – – – –

ENSP00000265339 (UBE2B)
rad18D ENSP00000264926 (RAD18) – X X – – –
rad30D ENSP00000306591 (POLH) – – – X X –
rad52D ENSP00000305577 (RAD52) X X – – – –

ENSP00000351284 (RAD52)
rev1D ENSP00000258428 (REV1L) – – – X X –
rev3D ENSP00000351697 (REV3L) – – X X – –

ENSP00000352783
rev7D No X X – – –
ubc13D ENSP00000316176 (UBE2N) X – – X – –

Figure 1. The RAD9-dependent DNA repair pathway null allele genes that show the greatest reduction or enhancement of growth
with SeMet and reduced growth with selenite. Haploid wild-type strain BY4741 and a series of strains lacking a nonessential compo-
nent gene were grown overnight at 308C in YEPD and diluted to 0.1 OD600 in C-medium. Cells were grown for 20 h at 308C in tripli-
cate in varying concentrations of (A) SeMet or (B) selenite in a mitrotiter assay plate. Growth was monitored by change in OD600

between 0 and 20 h and plotted as% growth l SEM normalized to growth in 0 mM Se.
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4 Discussion

SeMet is the main organic Se form found in dietary supple-
ments, however inorganic selenite is still prevalent in other
dietary sources. To gauge the differential effect that both Se
compounds have upon the cell, we examined the outcome
of treatment of S. cerevisiae strains bearing null alleles of
nonessential genes in DNA repair and oxidative stress path-
ways. This system also has the advantage of not incorporat-

ing Se into proteins via the selenocysteine pathway, and
thus can separate out the effects of Se metabolism from Se
function within the active sites of proteins. Previous studies
indicated that SeMet interacts with the p53 protein to
induce a DNA repair response in mammalian cells [22] and
selenite treatment can lead to DNA damage, even at rela-
tively low doses [26]. Both SeMet and selenite have been
shown to cause oxidative stress within the cell (reviewed in
ref. [16]). We thus determined the requirement for specific
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Table 3. The oxidative stress pathway S. cerevisiae null allele strains, proposed human homologs, and their phenotype upon SeMet
or Selenite treatment

Growth Human homolog Sensitive Wild-type Resistant

Compound SeMet SeO3 SeMet SeO3 SeMet SeO3

ahp1D ENSP00000265462 (PRDX5) – – X X – –
ENSP00000335334
ENSP00000335363

ccp1D No – – X X – –
cta1D ENSP00000241052 (CAT) – – X X – –
ctt1D No – – X X – –
glr1D ENSP00000221130 (GSR) – X X – – –

ENSP00000334518
ENSP00000347020 (TXNRD1)
ENSP00000353329 (TXNRD3)
ENSP00000354511
(TXNRD2)

grx1D ENSP00000237858 (GLRX) – – X X – –
ENSP00000025176
ENSP00000280254 (GLRX2)

grx2D ENSP00000237858 (GLRX) – – X X – –
ENSP00000025176
ENSP00000280254 (GLRX2)

grx3D ENSP00000225000 (TXNL2) X X – – – –
grx4D ENSP00000225000 (TXNL2) – – X X – –
grx5D ENSP00000328570 X X – – – –
gpx1D ENSP00000346103 (GPX4) – – X X – –

ENSP00000296734
gpx2D ENSP00000346103 (GPX4) – – X X – –

ENSP00000296734
gtt1D No – – X X – –
gtt2D No – – X X – –
hyr1D ENSP00000346103 (GPX4) – – X X – –

ENSP00000296734
sod1D ENSP00000270142 (SOD1) X – – X – –
sod2D ENSP00000351054 (SOD2) – X X – – –

ENSP00000337127
trx1D ENSP00000259332 (TXN) – – X X – –
trx2D ENSP00000259332 (TXN) – – X X – –
trx3D ENSP00000259332 (TXN) – – X X – –
tsa1D ENSP00000262746 (PRDX1) X X – – – –

ENSP00000301522 (PRDX2)
ENSP00000298510 (PRDX3)
ENSP00000319964 (PRDX4)

tsa2D ENSP00000262746 (PRDX1) – – X X – –
ENSP00000301522 (PRDX2)
ENSP00000298510 (PRDX3)
ENSP00000319964 (PRDX4)

yap1D No – X X – – –
zwf1D ENSP00000342362 (G6PD) X – – X – –

ENSP00000291567
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Figure 2. Diagram of the relationship of the
RAD9-dependent DNA repair pathway null
allele strains tested (bisected boxes) and
select genes not tested due to growth defects
or inviability (hatched boxes). The phenotype
of the null allele strain relative to the isogenic
wild-type strain in the presence of SeMet
(lower section) or selenite (upper section) are
indicated as wild-type (white), reduced (light
gray), and enhanced (dark gray) growth.

Figure 3. The RAD6/RAD18-dependent DNA damage tolerance pathway null allele genes that show the greatest reduction or
enhancement of growth with SeMet and reduced growth with selenite. Haploid wild-type strain BY4741 and a series of strains lack-
ing a nonessential gene were grown overnight at 308C in YEPD and diluted to 0.1 OD600 in C-medium. Cells were grown for 20 h at
308C in triplicate in varying concentrations of (A) SeMet or (B) selenite in a mitrotiter assay plate. Growth was monitored by change
in OD600 between 0 and 20 h and plotted as% growth l SEM normalized to growth in 0 mM SeMet.

Figure 4. Diagram of the relationship of the
RAD6/RAD18-dependent DNA damage tol-
erance pathway null allele strains tested
(bisected boxes) and select genes not
tested due to growth defects or inviability
(hatched boxes) adapted from ref. [44, 45].
The phenotype of the null allele strain rela-
tive to the isogenic wild-type strain in the
presence of SeMet (lower section) or selen-
ite (upper section) are indicated as wild-
type (white), reduced (light gray), and
enhanced (dark gray) growth.
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proteins in two sets of nonessential genes involved in DNA
repair as well as those in the oxidative stress pathway in the
eukaryotic model system S. cerevisiae.

Analysis of strains lacking components of the RAD9-
dependent DNA repair pathway shows that while SeMet
treatment leads to a reduced growth phenotype upon loss of
a few genes (28%), with selenite treatment of a majority
(72%) of these strains results in a growth defect. Thus, the
effects of selenite are likely countered by this repair path-
way in vivo. The null allele strains with the most reduced

growth in SeMet lacked ASF1 and for selenite lacked TEL1.
Asf1p is linked to chromatin metabolism during transcrip-
tion, and thus may have many effects on gene expression
and the DNA damage checkpoint [36]. TEL1 mutants affect
telomere length and also the DNA damage checkpoint [29].
MEC1 is functionally redundant with TEL1, however, as an
essential gene it was not assayed in this screen. A cell cycle
block at the S/G2-M phase in mammalian cells is associated
with increased levels of selenite concentration, which may
be a response to selenite-induced DNA damage [37]. selen-
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Figure 5. The oxidative stress pathway null allele genes that show the greatest reduction of growth with Se compounds. Haploid
wild-type strain BY4741 and a series of strains lacking a nonessential gene were grown overnight at 308C in YEPD and diluted to
0.1 OD600 in C-medium. Cells were grown for 20 h at 308C in triplicate in varying concentrations of (A) SeMet or (B) selenite in a
mitrotiter assay plate. Growth was monitored by change in OD600 between 0 and 20 h and plotted as% growth l SEM normalized to
growth in 0 mM SeMet.

Figure 6. Diagram of the relationship of
the oxidative stress pathway null allele
strains tested (bisected boxes) and select
genes not tested due to growth defects or
inviability (hatched boxes). The phenotype
of the null allele strain relative to the iso-
genic wild-type strain in the presence of
SeMet (lower section) or selenite (upper
section) are indicated as wild-type (white),
reduced (light gray), and enhanced (dark
gray) growth.
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ite also induces chromosome aberrations such as single-
strand breaks, chromosome breaks, and spindle disturban-
ces in the bone marrow cells of albino mice [38].

Reduced growth was associated with the loss of a signifi-
cant number of genes associated with the RAD6/RAD18-
dependent DNA damage tolerance pathway. The greatest
growth reduction was observed in a null allele strain lacking
RAD52 for SeMet and RAD5 for selenite, however, reduced
growth was observed for both Se compounds upon loss of
either gene. Interestingly RAD5, as well as RAD6 and
RAD18, function in the postreplicative repair pathway,
which allows cells to survive without removing damage
[40]. Loss of any of these three genes results in reduced
growth in selenite. Similar to the results for the loss of
RAD9-dependent DNA repair genes, reduced growth was
more pronounced for selenite (64%) than SeMet (36%).
These percentages are nearly identical in both sets of
strains, indicating the strong bias toward reduced growth
with selenite treatment. Compared to prior work, reduced
growth in selenite was observed for rad9D, rad18D, and
rad52D strains [20]. While reduced growth in selenite was
observed for a rev1D strain in that study versus wild-type
growth in our work, the former used a nearly ten-fold higher
concentration of selenite.

SeMet and selenite treatment induced a small number of
reduced growth phenotypes upon loss of components of the
oxidative stress pathway, with loss of 21 and 25% of the
analyzed oxidative stress genes, respectively, resulting in
sensitivity. The loss of 50% of these genes (three out of six)
conferred sensitivity to both compounds. One interesting
finding was that a null allele strain lacking the ZWF1 gene
showed reduced growth in SeMet but not selenite. Null
mutants of ZWF1 require an organic sulfur source and dis-
play methionine auxotrophy, which may indicate a link to
sulfur amino acid metabolism [40]. We expected a more
pronounced phenotype upon loss of the oxidative stress
response genes, due to the reports that SeMet and selenite
produce superoxide radicals both in vivo and in vitro. It is
possible that the oxidative stress agents are removed readily
from the cell by a secondary mechanism that acts primary
to the oxidative stress pathway. In addition, only nonessen-
tial and single gene deletions were analyzed. Further anal-
ysis of multiple gene disruptions for redundant gene prod-
ucts or analysis of mutant alleles in essential genes may
demonstrate additional factors in these pathways that con-
tribute to Se tolerance or detoxification.

Surprisingly, a few genes in the RAD9-dependent DNA
repair and RAD6/RAD18-dependent DNA damage toler-
ance pathways assayed resulted in enhanced growth in
SeMet, but none resulted in enhanced growth in selenite.
Loss of the BMH2, MRC1, RAD30, or REV1 genes shows a
modest increase in growth in SeMet. These last two genes
of the RAD6/RAD18-dependent DNA damage tolerance
pathway are particularly interesting, in that loss of two of
these gene products has previously been demonstrated to

reduce error frequencies. The finding that rev1D induced
enhanced growth is particularly interesting since studies
have shown that Rev1p and Rev3p co-operate in recombi-
nation-independent repair of interstrand crosslinks and
mammalian cell lines lacking REV1 or REV3 show reduced
DNA interstrand crosslink repair-induced mutations [41].
The loss of REV3 did not affect growth with either Se com-
pound, consistent with the fact that loss of this gene product
resulted in a reduced mutagenesis rate [42]. RAD30 enco-
des DNA polymerase g, which synthesizes DNA in vitro
with low fidelity. Somewhat like the effect of the rev1D, it
has previously been shown that deletion of RAD30 does not
affect the spontaneous mutagenesis rate and may in fact
result in a slightly lower rate under some conditions [43].

Overall these findings support the model that SeMet may
induce DNA damage within the cell but to a lesser extent
than selenite. This is perhaps unexpected as wild-type yeast
show greater growth inhibition with SeMet than selenite.
However, the finding of differential pathway components
necessary to provide growth tolerance to these compounds
highlights the fact that the cell metabolizes them differently,
in particular with SeMet entering the amino acid pool and
thus nonspecifically incorporated into proteins. Specifi-
cally, the fact that the loss of RAD52 results in a reduced
growth phenotype provides good evidence that both selenite
and SeMet are inducing a DNA damage response. The
effects of loss of the RAD9-dependent DNA repair and
RAD6/RAD18-dependent DNA damage tolerance pathways
on growth inhibition with Se compounds is clearly more
pronounced than loss of the components of the oxidative
stress pathway, indicating oxidative stress damage by either
of these two compounds is perhaps secondary to the DNA
damage that might be occurring. Together these results
indicate that the S. cerevisiae model system provides a
genetically tractable model system to allow for expanded
analysis of the role of DNA damage in Se toxicity in
eukaryotic cells.
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