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The polyubiquitin gene, UBI4, of Saccharomyces cerevisiae is regulated by a variety of environmental stresses
and physiological conditions. After exposure of rapidly growing yeast cells to DNA-damaging agents
(4-nitroquinoline-1-oxide and N-methyl-N’-nitro-N-nitrosoguanidine), intracellular levels of UBI4 transcript
increased rapidly. Induction of UBI4 transcripts occurred within 30 to 60 min of exposure to 4-nitroquinoline-
1-oxide in RAD*, rad52, and rad6 repair-deficient yeast strains. In high-density RAD* cultures, the effect of
alkylating agents on UBI4 transcript levels is attenuated, in part because of significant increases in the basal
level of this message in untreated cells. We also observed that the levels of UBI4 transcripts increased
significantly when diploid cells were exposed to sporulation conditions. Maximal levels of UBI4 transcripts were
reached after 6 to 8 h in sporulation medium. Accumulation of UBI4 transcripts occurred in a/« diploids that
undergo meiosis but not in asporogenous o/a diploids exposed to the same nutritional conditions.

Ubiquitin is a 76-residue polypeptide that shows extraor-
dinary sequence conservation among eucaryotes and is
found both free and conjugated with other cellular proteins
(6). There is considerable biochemical and genetic evidence
indicating that coupling of ubiquitin to certain intracellular
proteins results in their degradation (2, 3, 6). Moreover,
ubiquitin has also been found conjugated with platelet-
derived growth factor receptor and other cellular receptors
(14, 15).

Varshavsky and co-workers have isolated and character-
ized a ubiquitin gene family in Saccharomyces cerevisiae.
The four ubiquitin genes exist as fusion genes: UBII, UBI2,
and UBI3 genes encode ubiquitins with carboxyl-terminal
tails of unrelated amino acid sequences. The UBI4 gene
consists of five head-to-tail repeats of the ubiquitin-coding
sequence (10, 11). Recent experiments by Finley et al. (5)
demonstrated that the UBI4 gene is responsive to heat stress
and is required for cell survival under a variety of stress
conditions, including chronic heat treatment, exposure to
amino acid analogs, and nutrient starvation. Moreover,
ubi4/ubi4 diploids fail to sporulate, and haploid spores
containing a «bi4 mutation display an unusual time-depen-
dent loss of germination ability (5). These and other obser-
vations demonstrate that the UBI4 gene is important for
growth of yeast cells and is regulated in response to different
environmental stresses.

We have identified a family of genes in S. cerevisiae which
displays increased transcription after treatment of cells with
a variety of DNA-damaging agents (8). Recently, we dem-
onstrated that two of these DNA damage-responsive (DDR)
genes are transcriptionally responsive to heat stress as well
as to treatments that damage DNA (9). During the course of
this work, we investigated the response of the UBH4 gene to
DNA damage stress. We show in this paper that the levels of
the UBI4 transcript were markedly increased after exposure
of cells to two different chemical mutagens and carcinogens.
Transcript accumulation was rapid in both RAD* and rad
mutant strains of §. cerevisiae during early exponential
growth. Interestingly, this DNA damage response of the
UBI4 gene was greatly attenuated in dense cell cultures. We
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also demonstrate that the UBI4 gene transcripts accumu-
lated during sporulation in a/a diploids but not in isogenic
but asporogenous o/a diploids. These results provide addi-
tional insight into the roles of ubiquitin in S. cerevisiae and
demonstrate further regulatory complexity of the UBI4 gene.

MATERIALS AND METHODS

Yeast strains and conditions for growth. S. cerevisiae
M12B (a trp1-289 ura3-52 gal2) is wild type for DNA repair
functions (RAD™); strain SX46A-rad6A (rad6 ura3) contains
a deletion of the rad6 gene and was kindly provided by L.
Prakash, University of Rochester; strain YNN209 (&rpl
ade2-1 his3-Al ura3-52 rad52-1 rad50) was obtained from
Ron Davis, Stanford University. The isogenic diploid strains
AP1 a/a (ade2) and AP1 o/a (ade2) were obtained from P.
Magee, Michigan State University (4).

Cells were grown in YPD broth (2% Bacto-Peptone, 2%
glucose, 1% yeast extract [Difco Laboratories, Detroit,
Mich.]) with continuous shaking. Unless otherwise stated,
cells were treated with 4-nitroquinoline-1-oxide (4NQO) at
30°C, when cells reached a density of 107/ml (early log
phase). The doses of 4NQO (Sigma Chemical Co., St. Louis,
Mo.) and the duration of exposure were as given in the figure
legends. Heat shock treatment of strain M12B was per-
formed as described previously (9). The conditions for
exposure of cells to the alkylating agent N-methyl-N'-nitro-
N-nitrosoguanidine (MNNG; Sigma) have been previously
described (7).

Sporulation conditions. Cultures of strains APl a/a and
AP1 o/a were grown overnight at 30°C in YPD medium until
early stationary phase. Cells (150 ml) were washed twice
with an equal volume of distilled water and suspended in
sporulation medium (200 ml; 1.5% potassium acetate supple-
mented with one-fourth the normal concentration of required
nutrients). Att =0, 2, 4, 6, 8, 9.5, and 23 h after suspension
in sporulation medium, a 25-ml sample of cells was removed.
A small sample (200 pl) was examined by light microscopy to
determine the percentage of mature asci. Asci were ob-
served only at r = 23 h in cultures of strain AP1 a/a (24% of
total cells). RNA was extracted from the rest of the 25-ml
sample as indicated below.

RNA isolation and Northern (RNA) hybridization analysis.
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FIG. 1. DNA damage and heat shock induction of UBIH4 tran-
scripts. Total RNA was isolated from exponentially growing M12B
control cells and from cells that had been stressed with 4NQO or
heat treatment. Samples (100 ug each) were separated by electro-
phoresis in formaldehyde-agarose gels (1%), transferred to nitrocel-
lulose, and hybridized with radiolabeled UBI4 probe (A) or ADCI1
probe (B) as described in Materials and Methods. Lanes: NQO —,
cells grown at 30°C, no treatment; NQO +, 1 ug of 4NQO per ml, 60
min; heat shock —, cells grown at 23°C, no treatment; heat shock +,
cells treated at 37°C for 20 min.

RNA was extracted from yeast cells by glass bead disruption
as previously described (8). Total RNA was denatured and
separated by electrophoresis in agarose gels (1%) containing
formaldehyde, as described previously (9).

Radiolabeling of plasmid DNA. Plasmid pUB200, contain-
ing the UBH polygene (11), was radiolabeled with a multi-
prime kit (Amersham Corp., Arlington Heights, Ill.) and
[->2P]dCTP (ICN Pharmaceuticals Inc., Irvine, Calif.; 3,000
Ci/mmol) according to manufacturer directions.

RESULTS

UBI4 gene transcripts accumulate in S. cerevisiae after
exposure to DNA damage and heat shock stresses. Exposure
of S. cerevisiae M12B to 4NQO (1 pg/ml) for 60 min resulted
in markedly increased levels of UBI4 RNA, as judged by
Northern hybridization analysis (Fig. 1). In early exponen-
tially growing cultures, the level of UBHK transcript was
relatively low and increased more than 20-fold after 4ANQO
treatment. A brief heat shock stress also resulted in UBI4
transcript accumulation within 20 min of treatment. The
levels of UBI4 transcripts attained after 4ANQO treatment
were comparable to those reached after heat shock. In the
same experiment, we measured the levels of transcripts
homologous to the ADCI locus, the constitutively expressed
alcohol dehydrogenase structural gene (1). The results (Fig.
1B) demonstrated that ADCI transcript levels were unaf-
fected by either 4NQO or heat shock treatment, which
dramatically affected UBI4 expression.
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We examined the dose response and time course of UBH4
transcript accumulation after exposure of cells to another
DNA-damaging agent, MNNG. UBIH4 transcript levels in-
creased after exposure to 4 pg/ml, up to approximately 8 ug
of MNNG per ml (Fig. 2A). At higher concentrations of this
damaging agent, UBIH4 transcript levels decreased slightly, a
response that has also been observed for other DDR genes.
We also observed a dose-dependent increase in UBI4 tran-
script levels after exposure to 4NQO (see Fig. 3A).

The kinetics of UBH4 transcript accumulation were exam-
ined after exposure of cells to 8 pg of MNNG per ml or 1.5
pg of 4NQO per ml (Fig. 2B). Significant increases in the
levels of UBIH4 transcript were evident after exposure of cells
to 4NQO for 30 min. Transcripts continued to accumulate
for up to 60 min in cells treated with either MNNG or 4NQO
and were still elevated 120 min after addition of MNNG or
4NQO.
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FIG. 2. Dose response and kinetics of UBI4 transcript accumu-
lation after DNA damage. (A) Total RNA (50 pg per lane) was
isolated from cultures of strain M12B that had been exposed to the
indicated concentrations of MNNG for 60 min. The gel was blotted
to nitrocellulose and analyzed by Northern hybridization with
radiolabeled pUB200 probe. (B) Total RNA (50 pg per lane) was
isolated from untreated M12B cells (lanes a), from cells treated with
8 ng of MNNG per ml (lanes b), and from M12B cells exposed to 1.5
ng of 4NQO per ml (lanes c) for the indicated times. RNA was
analyzed by Northern hybridization with 32P-labeled pUB200 probe
as described in Materials and Methods. Control hybridizations
indicated that comparable amounts of RNA were present in all of the
lanes.
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FIG. 3. Induction of UBI4 transcripts in rad6, rad50 rad52, and
RAD" yeast strains by 4NQO. Yeast strains growing in YPD were
exposed to the indicated concentrations of 4NQO for 60 min. RNA
was isolated and analyzed by Northern hybridization as described in
Materials and Methods, with a radiolabeled UBH4 probe. Panels: A,
total RNA (50 pg per lane) isolated from strain M12B; B, total RNA
(100 pg per lane) isolated from strain YNN209 (rad50 rads2); C,
total RNA (100 pg per lane) isolated from strain SX46A-rad6A.

Induction of UBI4 transcripts in different rad mutant yeast
strains. To determine the genetic requirements for regulating
the UBH4 gene in response to mutagen-carcinogen treatment,
we examined the levels of UBH4 transcripts in different rad
mutant yeast strains. Treatment of a rad52 rad50 strain
(YNN209) or a rad6 strain (SX46A-rad6A) with 4NQO
resulted in a dose-dependent increase in the levels of UBI4
transcripts (Fig. 3). The RADS52 gene is required for efficient
homologous recombination and double-strand break repair,
whereas the RAD6 gene is needed for most chemical and
radiation mutagenesis in S. cerevisiae (12, 13). A comparison
of these dose-response data suggests that the UBH4 tran-
script was induced at the same concentrations of 4NQO in
the rad6 mutant as in the rad52 or RAD™ strain. Thus,
neither the RAD52 nor the RADG6 gene is required for
induction of UBI4 transcripts after 4ANQO exposure.

Cell density effects on UBI4 transcript induction by 4NQO.
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The largest relative increases in the levels of UBI4 tran-
scripts after 4NQO exposure were observed in rapidly
growing cultures at low cell densities. In these exponentially
growing cultures of haploid strain M12B, we detected a very
low basal level of UBH4 transcripts by Northern hybridiza-
tion analysis (control lanes, Fig. 1). As the cell density
increased, however, the basal level of UBI4 transcripts
increased such that, at densities of approximately 10® cells
per ml, the amount of the 1.5-kilobase (kb) UBI4 transcript
in untreated cells was readily detected by Northern hybrid-
ization (Fig. 4, lane 13). A second transcript that hybridized
to the UBI4 probe, which migrated as a 0.7- to 0.8-kb RNA,
was present in control cultures and was unaffected by cell
density. This transcript is likely derived from one or more
members of the ubiquitin gene family, with which UBI4 has
extensive homology (10). Treatment of strain M12B with
4NQO (1.5 ng/ml, 60 min) produced a significant increase in
UBI4 RNA but appeared to have little or no effect on the
levels of the 0.7-kb cross-hybridizing transcripts (Fig. 4,
lanes 10 and 12). At higher cell densities, the effects of
4NQO exposure on the 1.5-kb UBH transcript were greatly
attenuated as the basal levels of UBHK transcripts ap-
proached those of the fully induced cells. Thus, the UBI4
gene appears to be under complex physiological regulation in
haploid strain M12B. We also examined the response of the
UBI4 gene in diploid yeast strain AP1 a/a. In low-density
cultures (Fig. 4, lanes 1 through 4) of this strain, the UBI4
transcript rapidly accumulated after 4NQO exposure,
whereas in higher-density cultures (Fig. 4, lanes S through 8)
the effects of 4NQO were much less pronounced, partly
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FIG. 4. Cell density effects on basal and 4NQO-induced levels of
UBIH4 transcripts in diploid and haploid S. cerevisiae. Cultures of
yeast strains AP1 a/a and M12B were grown to different cell
densities, and half of each culture was treated with 4NQO (1.5
wrg/ml, 60 min). Control and 4NQO-treated cells were collected, and
total RNA was prepared by glass bead disruption. Samples of total
RNA (100 pg per lane) were separated by electrophoresis in
formaldehyde-agarose gels (1%), transferred to nitrocellulose, and
hybridized with radiolabeled UBI4 probe. Lanes: 1 to 8, strain AP1;
9 to 14, strain M12B. Cell density was determined by turbidity at 600
nm (lanes): 1 and 2, 0.17; 3 and 4, 0.48; 5 and 6, 0.78; 7 and 8, 1.7;
9 and 10, 0.18; 11 and 12, 0.42; 13 and 14, 1.8. The even-numbered
lanes contained RNAs from 4NQO-treated cell cultures isolated at
the indicated cell densities. For panel C, the filter was hybridized
with a control probe containing a constitutively expressed member
of the HSP70 gene family (YG102 [9]).
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FIG. 5. Induction of UBI4 transcripts during meiosis. Strains
AP1 a/a and APl o/a were incubated in sporulation medium as
described in Materials and Methods. At the indicated times after
transfer to potassium acetate, samples of cells were collected and
total RNA was prepared. RNA (25 pg per lane) was fractionated by
electrophoresis in formaldehyde-agarose gels (1%) and analyzed by
Northern hybridization with a UBI4 probe. Panels: A, strain AP1
a/a; B, strain AP1 o/a. The origin of the large transcript that
hybridized to the UBI4 probe after 6 to 8 h of sporulation of strain
AP1 a/a was not determined.

because of the significant increase in the basal level of this
message. Interestingly, the amount of the 0.7-kb transcript
appeared to decrease at higher densities of the diploid cell
culture (compare lanes 1 and 7).

Regulation of the UBI4 gene in meiosis. Finley and co-
workers (5) have demonstrated a requirement for the UBI4
gene in meiosis: ubi4/ubi4 homozygous diploids fail to spor-
ulate. This result is complicated by the fact that «bi mutant
yeast strains are sensitive to nutrient starvation, and starva-
tion for nitrogen is a requisite condition for inducing sporu-
lation in wild-type diploid S. cerevisiae. To investigate a
possible role for UBI4 in meiosis, we examined the levels of
its transcript by Northern hybridization. These results are
shown in Fig. SA. In diploid yeast strain AP1 a/a, the levels
of UBH4 transcript were initially high because of the high
density of cells necessary for efficient sporulation. By 6 h of
incubation in sporulation medium, there was a substantial
increase in the amount of UBI4 transcript. The transcript
level remained high after 8 h of incubation in sporulation
medium and started to decrease slightly by 9.5 h. That this
increase in UBI4 transcript levels was due to sporulation per
se and not to nonspecific starvation effects was demon-
strated by measurement of the levels of UBI4 transcripts in
cultures of the isogenic AP1 o/a strain incubated under the
same conditions in sporulation medium. This a/a strain is
incapable of undergoing meiosis and served as a control for
starvation effects. Levels of UBI4 transcripts actually de-
creased after exposure of this asporogenous diploid to spor-
ulation conditions for up to 23 h (Fig. 5B). We conclude that
the UBI4 transcripts accumulate in cells during the first 8 h
of sporulation as part of the meiotic response of a/a diploids.
Upon longer exposure of the autoradiogram, we detected the
0.7-kb transcripts in RNA samples of both strains AP1 a/a
and AP1 o/a. However, by 2 h of incubation in sporulation
medium, the levels of these transcripts were substantially
reduced, suggesting that one or more of the other UBI genes
is sensitive to starvation (or more precisely, sporulation
conditions) and this effect is independent of cell type.
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DISCUSSION

The UBI4 gene of S. cerevisiae is regulated by a variety of
environmental and physiological stimuli. Finley et al. (5)
have demonstrated that this gene is expressed at elevated
levels during heat shock stress or starvation. Furthermore,
these researchers demonstrated increased levels of UBI4
transcripts in stationary cultures of S. cerevisiae compared
to levels in exponentially growing cells. In this report, we
demonstrate additional regulatory features of the UBI4 gene.
We found that treatment of cells with DN A-damaging agents
such as 4NQO and MNNG caused a rapid increase in the
levels of UBI4 transcripts in exponentially growing cells.
The dose response and kinetics of transcript accumulation
were similar to those reported for the DDRA2 and DDR48
genes, which, like UBIH4, also respond to heat shock stress
(9). We also have observed induction of UBI4 transcripts
after brief exposure to methyl methane sulfonate (K. McEn-
tee, unpublished data). After exposure of cells to the muta-
gen-carcinogen 4NQO, UBIH4 transcripts accumulate in
RAD™, rad52, and rad6 mutant yeast strains.

We found that the relative increase in the amount of UBI4
transcripts upon exposure to 4NQO was dependent on the
density of the culture. Optimal induction was found with
rapidly growing, low-cell-density exponential cultures,
whereas with higher-cell-density cultures the effects of
4NQO treatment were significantly reduced. This result is
due, at least in part, to the substantial increase in the basal
level of UBI4 transcripts in untreated, dense cultures. This
basal level of transcripts approaches that seen after 4ANQO
exposure of exponential cultures. We presume that altered
physiological regulation of UBI4 at high cell densities ac-
counts for the inability of 4NQO to elicit elevated expression
of this gene.

The UBI4 gene is also regulated in meiosis such that,
within the first 8 h of incubation in sporulation medium,
transcript levels increase three- to fivefold. This accumula-
tion of UBI4 transcripts was observed in a/a diploid yeast
strains and not in o/a strains, which are incapable of
sporulation. Increased production of UBI4 transcripts and,
presumably, ubiquitin protein in sporulating cells may be
necessary for increased degradation of intracellular proteins
during this developmental switch. The fact that ubi/ubi
diploids are incapable of sporulation is consistent with this
notion. The kinetics of transcript accumulation are also
compatible with this idea, since the increase in UBI4 mes-
sage peaks relatively early (between 6 and 8 h) in the meiotic
program, and this would be the expected period in which
degradation of preexisting proteins is likely to occur if
removal of these proteins is necessary for successful com-
pletion of meiosis.

There are at least two explanations to account for in-
creased expression of UBI4 after exposure of yeast cells to
different chemical mutagens-carcinogens. According to the
first explanation, the UBI4 gene, like the DDRA2 and
DDRA48 genes, responds to lesions in DNA, such as nicks,
gaps, or double-strand breaks, that result from exposure to
different damaging agents. (It is also possible that replication
blockage by these lesions is the primary signal.) Alterna-
tively, the UBI4 gene might respond to increased protein
alkylation produced by these chemical agents. Several
chemical agents which alkylate DNA or produce strand
breaks are capable of alkylating proteins and free amino
acids. This second possibility is more easily reconciled with
the proposal that structurally abnormal proteins are sub-
strates for and regulators of the ubiquitination system in S.
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cerevisiae (5, 6). Experiments are in progress to test these
possibilities.
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