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Summary. A set of genes isolated from Saccharomyces
cerevisiae showed increased transcript levels after yeast had
been exposed to ultraviolet (UV) light or 4-nitroquinoline-
1-oxide (4NQO). Included among these DNA damage re-
sponsive (DDR) genes were members of the Ty retrotrans-
poson family of yeast. Northern hybridization analysis indi-
cated that maximal levels of a 5.6 kb transcript encoded
by the Ty elements accumulated in cells after 4 to 6 h of
exposure to 4NQO. The induced levels of transcripts varied
from two- to tenfold for different Ty probes although simi-
lar kinetics and dose responses were observed for transcripts
hybridizing to the different Ty family members. Pulse label-
ing experiments suggested that the accumulation of Ty tran-
scripts was due, in part, to an increased rate of Ty message
synthesis. Transposition of Ty elements to two target loci
encoding distinct alcohol dehydrogenase enzymes, ADH?2
and ADH4, was examined in cells exposed to increasing
doses of UV light or 4NQO. The frequency of Ty insertion
into these genetic regions following DNA damaging treat-
ments increased by as much as 17-fold compared with un-
treated cells. These results provide direct evidence that
transposable elements can be activated by physical and
chemical mutagens/carcinogens and that transpositional
mutagenesis is induced by these agents in S. cerevisiae.

Key words: DNA damage — Ty retrotransposon ~ Tran-
scription — Transposition

Introduction

Ty elements represent a multigene family in yeast consisting
of approximately 35 members dispersed throughout the
haploid genome. The intact elements contain direct repeats
(0 regions) of approximately 330 bp flanking a central core
region of 5.3 kb termed epsilon (¢ region). Transcription
initiates in the 5 J region, extends through the ¢ region
and terminates in 3’ ¢ sequences (Elder et al. 1983). DNA
sequence analysis has revealed that Ty elements share many
of the structural and organizational features of mammalian
retroviruses. For example, a reverse transcriptase is encoded
by the more distal tyb open reading frame. The structure
of this enzyme reveals significant homology to other reverse
transcriptases (Clare and Farabaugh 1985). Moreover, ex-
pression of the #yb open reading frame depends upon a

Offprint requests to.: K. McEntee

shift in translation frame by a mechanism that may be simi-
lar to that utilized in mammalian retroviral gene expression
(Mellor et al. 1985).

Ty elements transpose in yeast at low frequency and
Ty RNA has been shown to be a structural intermediate
in the transposition process (Boeke et al. 1985). By fusing
a single Ty element to the galactose-inducible GALI pro-
moter of yeast, it was possible to induce high levels of Ty
transposition after growth in galactose. Moreover, this acti-
vation worked in trans in that other Ty elements located
within the genome underwent increased movement.

Bocke et al. (1988) have recently demonstrated that not
all Ty elements in yeast are functionally competent for
transposition due to mutations and sequence alterations
within these elements. Thus there appears to be consider-
able functional as well as DNA sequence heterogeneity
among the members of this family although the é elements
are a highly conserved feature of all Ty elements examined
(Roeder and Fink 1983).

When Ty elements transpose, they often insert into the
5" regulatory regions of their target genes. The insertion
of Ty elements upstream of the CYC7, HIS3, HIS4, ADH?2,
ADH4 and LYS2 genes results in altered expression of these
loci (Williamson 1983). For example, an insertion of Ty
into the 5 noncoding region of the CYC7 gene results in
a 20-fold overproduction of the iso-2-cytochrome c¢ respira-
tory protein (Errede et al. 1980). Similarly, Ty transposition
into the regulatory regions of two distinct glucose repressi-
ble alcohol dehydrogenase loci, ADH2 and ADHA4, leads
to constitutive expression of these genes (Paquin and Wil-
liamson 1986). In other instances, however, Ty transposi-
tion leads to decreased expression of neighboring genes
(Roeder et al. 1980). In all of these cases, the regulatory
effects result from increased (or decreased) levels of tran-
scription of the affected genes which initiate at the normal
start sites (Williamson 1983; Silverman and Fink 1984).
In the case of CYC7 activation by Ty, two short DNA
sequences from the ¢ and & regions have been shown to
mimic the regulatory effects of the intact 5.9 kb Ty elements
(Company and Errede 1987).

Exposure of yeast cells to a variety of DNA damaging
agents stimulates transcription of a diverse set of genes,
termed DDR genes (for DNA damage responsive) (McClan-
ahan and McEntee 1984). The initial characterization of
some of these DDR genes indicated that they contained
repetitive DNA sequences. Furthermore, Northern hybrid-
ization studies indicated that these repetitive DDR elements
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hybridized to a large 5.6 kb transcript, the size expected
for Ty-related sequences. Recently, Rolfe et al. (1986) dem-
onstrated that levels of Tyl RNA increased in cells follow-
ing irradiation with ultraviolet (UV) light. Taken together,
these results argue that DNA damage or DNA damage-
induced perturbations of DNA metabolism in yeast influ-
ence expression of the Ty retrotransposon family.

In this report, we have extended our original observa-
tions concerning activation of repetitive DDR genes by
DNA damage and have examined additional features of
Ty transcript accumulation following treatment with 4-ni-
troquinoline-1-oxide (4NQO). Because of the role of Ty
RNA in its transposition, we have also investigated the
effects of UV irradiation and 4NQO treatment on the fre-
quency of Ty transposition to two distinct chromosomal
regions encoding different alcohol dehydrogenase enzymes,
ADH?2 and ADH4. The frequencies of Ty-induced muta-
tions at these loci are stimulated up to 17-fold by UV irradi-
ation and up to 12-fold by 4NQO exposure. These results
argue that chemical and physical mutagens/carcinogens can
stimulate transposition of retrotransposons in yeast.

Materials and methods

Yeast strains. The laboratory strains of Saccharomyces
cerevisiae used were M12B (o ura3-52 trp1-289 gal2; Treger
et al. 1988) 315-1D (a trpl ural adhl — A1; Paquin and Wil-
liamson 1984), and diploid strain AP1 (a/a ade2-1) and
its asporogenous derivative AP1 (at/o gde2-1; Clancy et al.
1983). Strain 315-1D contains an integrated copy of plasmid
YIpID36 at the ADH1 locus which disrupts this gene.

Plasmids. Plasmid pBRS13Tyl (Cameron et al. 1979) con-
tains the entire S13Ty1 element cloned into pBR322. Plas-
mid B131Ty2 contains a Ty2 (Ty917) element cloned into
pBR322. The pBR78A, pBR11A, pBR47E and pBR178C
plasmids contain HindIIl fragments of the DDR78A,
DDRI11A, DDR47E and DDRI78C repetitive genes
(McClanahan and McEntee 1984) cloned into the HindIIl
site of pBR322. Plasmid pBR322-4DH2-BS contains the
ADH?2 gene and approximately 1.4 kb of upstream se-
quences cloned into the BamHLI site of pBR322 (Williamson
et al. 1981). The plasmid pY A4-2 contains the ADH4 gene
on a 2.5 kb EcoRI-BamHI fragment cloned into pUCS (Pa-
quin and Williamson 1986).

Chemicals. 4NQO was purchased from Sigma Chemical
Company (St. Louis, Mo). A 1 mg/ml solution of 4NQO
in absolute ethanol was prepared immediately prior to treat-
ment of yeast cells. Antimycin A (Boehringer Mannheim)
was present at a final concentration of 1 pg/ml in YPD
plates.

Media. All media reagents were obtained from Difco Labo-
ratories (Detroit, Mich). YPD plates contained 1% yeast
extract, 2% Bacto-peptone, 2% glucose and 2% Bacto-
agar. Liquid YP media were supplemented with either 2%
glucose (YPD) or 5% glycerol (YPG).

UV irradiation and 4NQO treatment. Yeast strain 315-1D
was grown overnight in YPG and diluted into YPD medi-
um. After five doublings at 30° C or at a cell density of
approximately 1 x 107 cells/ml, the cells were collected by
centrifugation at room temperature, washed with 0.9%
NaCl, and resuspended in 0.9% NaCl at a density of 107

cells/ml. Aliquots (25 ml) were irradiated in sterile plastic
petri dishes (Falcon 1058) using a low pressure mercury
lamp (254 nm). Cells were gently agitated during irradiation
and were collected by centrifugation at room temperature
(5000 g, 5 min). Survival of cells was measured by spreading
dilutions of cells onto YPD plates. Antimycin A resistant
mutants were selected on YPD plates containing 1 pg/ml
antimycin A.

In preliminary experiments there was considerable vari-
ation (greater than 100-fold) in the frequency of spontane-
ous antimycin A resistant mutants. In four separate experi-
ments the values ranged from 2.3x 1077 to 2.5x107>. A
series of dilution and mixing experiments indicated that
the efficiency of recovery of antimycin A resistant mutants
decreased when the number of cells plated exceeded 107
cells/plate. In all the experiments reported here, no more
than 5x 10° cells were spread per plate in order to avoid
this cell density artifact.

In order to determine whether the incubation period
was important, mutants were examined after 7 and 14 days
of incubation at 30° C. In several experiments, the number
of antimycin A resistant mutants increased between 7 and
14 days. However, a molecular characterization of these
strains indicated that the proportion of Ty induced muta-
tions at ADH?2 and ADH4 was the same in mutants exam-
ined at 7 days and at 14 days. The values reported here
were obtained from antimycin A resistant mutants isolated
after 14 days of growth at 30° C. The frequency of antimy-
cin A resistant mutants was obtained by dividing the
number of colonies growing on YPD-antimycin A plates
by the number of colonies obtained on YPD plates and
correcting for the dilution factor.

Yeast cultures growing exponentially in YPD medium
at 30° C were exposed to 4NQO. The length of exposure
and final concentration for individual experiments are given
in the text. For preparation of RNA, 50 ml aliquots of
4NQO-treated or control cells were collected by centrifuga-
tion at 4° C, washed once in 0.9% NaCl and RNA extracted
as described below.

Pulse labeling of yeast cells. Yeast strain M12B was grown
to a density of 1-2x 107 cells/ml in SD minimal medium
supplemented with 24 pg/ml tryptophan and 10 pg/ml uri-
dine. The 30 ml culture was divided into three equal ali-
quots and 4NQO was added to two of the samples to a
final concentration of either 0.5 pg/ml or 1.0 pg/ml. [*H]Ur-
idine (2 mCi, ICN) was added to each of the cultures and
incubation was continued at 30° C with vigorous shaking.
Cells were collected by centrifugation (5000 rpm, 5 min),
washed with 0.9% NaCl and either frozen in dry ice/ethanol
or used immediately for RNA isolation. Labeled RNA was
extracted by glass bead disruption (McClanahan and
McEntee 1984) and used to hybridize to S13Ty1 DNA that
had been immobilized on nitrocellulose filters as described
(Zitomer et al. 1979).

Isolation of RNA. Total cell RNA was extracted from con-
trol and drug-treated cells by glass bead disruption. Purified
RNA was stored at —70° C in distilled water. Poly(A)-
containing RNA was purified by chromatography on oli-
go(dT) columns as described (Aviv and Leder 1972).

Northern hybridization analysis. Total RNA (10-100 ug) or
poly(A)-containing RNA (4 pg) was fractionated by elec-



trophoresis in formaldehyde-agarose (1%) gels, transferred
to nitrocellulose and hybridized with nick-translated probes
as described (McClanahan and McEntee 1984).

Isolation of DNA from antimycin A resistant mutants. Indi-
vidual antimycin A resistant colonies were repurified on
selective media and inoculated into YPD medium (5 ml).
After 2-4 days of growth of 30° C, cells from the saturated
culture were collected by centrifugation (5000 g, 5 min) and
DNA was extracted using the procedure of Holm et al.
(1986).

Southern hybridization analysis. Genomic DNA samples
(10-40 pg) were digested to completion with a two- to four-
fold excess of HindIIl or Sacl restriction enzyme over a
period of 4 to 6h of incubation at 37° C. The digested
DNAs were size fractionated by electrophoresis in 0.7%
agarose gels. The conditions for electrophoresis, transfer
of DNA to nitrocellulose and hybridization with nick-trans-
lated plasmid probes were essentially as described by Man-
iatis et al. (1982).

Results

The repetitive DDR genes are members of the Ty gene family

The DDR genes were originally isolated from two differen-
tial hybridization screenings of yeast genomic DNA
(McClanahan and McEntee 1984). In the first screening,
mRNA was prepared from yeast cells that had been irradi-
ated with UV light (254 nm) and allowed to recover for
60 min before RNA was prepared. It was anticipated that
genes responding rapidly to DNA damage would be repre-
sented in this experiment. We have described two single
copy DDR genes, DDRA2 and DDR48, which were isolated
in this screening (McClanahan and McEntee 1986). A sec-
ond screening was performed using cDNA probes prepared
from mRNA of 4NQO-treated yeast cultures. However, un-
like the first experiment, the cells were exposed to the muta-
gen/carcinogen for 6 h prior to RNA extraction. This exper-
iment vielded several DDR clones which hybridized to large
(5.6 kb) polyadenylated RNAs that were two- to tenfold
more abundant in 4NQO-treated cells than in control cul-
tures. These DDR clones also hybridized to several (greater
than ten) genomic restriction fragments indicating that they
contained repetitive DNA sequences (McClanahan and
McEntee 1984). Because the well-characterized Ty elements
encode transcripts of similar size and are present in the
yeast genome in multiple copies, a hybridization study was
performed to investigate the relationship of the repetitive
DDR genes to Ty elements. In this experiment the Ty-con-
taining plasmid pBRS13Ty1 was digested with EcoRI and
Sall and the fragments separated by electrophoresis in a
1% agarose gel and analyzed by Southern hybridization.
The double digestion of the insert produces three fragments
with sizes of 1.3, 1.6 and 2.5 kb. Because of the rearrange-
ment of Ty sequences in this clone, only the 2.5 kb Sall
fragment contains J sequences whereas the 1.3 and 1.6 kb
restriction fragments are derived from the & core region
(Cameron et al. 1979). The results obtained using different
DDR genes as probes are tabulated in Table 1. Three of
five DDR clones hybridized exclusively to the 2.5 kb frag-
ment containing J sequences. In addition, the DDRI11A4
clone hybridized to both the 2.5 and 1.6 kb fragments indi-
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Table 1. Hybridization between repetitive DDR sequences and Ty
elements

DDR probe Ty DNA
(kb)
S13Tyt S13Ty1 S13Ty1 B131Ty2
(1.3) (1.6) (2.5)
DDRI14 (45)  — + + +
DDR83D (2.7) — — + +
DDR784 (0.5)  — - - -
DDRI78C (2.0) — — + +
DDR47E (1.4)  — — + +

The DDR probes were radiolabeled by nick translation and hybrid-
ized to Tyl or Ty2 plasmid DNAs. S13Ty DNA was digested
with EcoRI and Sall and fractionated on 1% agarose gels. The
S13Ty1(1.3), S13Tyi(1.6) and S13Ty1(2.5) DNAs are the 1.3, 1.6
and 2.5kb Sall-EcoRI fragments derived from S13Tyl. The
B131Ty2 DNA contained an entire Ty2 element. +, strong hybrid-
ization; —, no hybridization. The sizes of the restriction fragments
are indicated in parentheses

cating more extensive homology within the ¢ region. Sur-
prisingly, the DDR78A4 clone did not hybridize with any
of the Ty restriction fragments. Furthermore the DDR784
probe did not hybridize with the Ty2 clone, B131, which
was recognized by four other DDR clones. These results
suggest that the DDRI11A, DDR83D, DDR47E and
DDRI178C clones are derived from the § regions of Ty ele-
ments.

Although cross hybridization suggested that four of five
repetitive DDR genes were derived from Ty elements, it
was not possible to establish a relationship between the
DDR78A4 fragment and the Ty gene family by Southern
analysis. Therefore, the 0.5 kb insert in pPBR78A was se-
quenced using the Sanger dideoxy sequencing method.
These results indicated that the DDR784 clone contained
a 547 bp insert that shared 75% sequence identity with the
0 elements of Ty (data not shown). Moreover this element
contained many of the sequences that have been identified
as functionally important in J elements (McEntee and Brad-
shaw 1988). These results demonstrate that the repetitive
DDR sequences, which were isolated based upon their in-
creased transcript levels in 4NQO-treated cells, are
members of the Ty retrotransposon family.

Characteristics of Ty transcript accumulation after 4ANQO
treatment

The accumulation of Ty-related transcripts was examined
in yeast cells exposed to 4NQO for 6 h with different Ty
(DDR) clones used as hybridization probes. As shown in
Fig. 1A, there is a significant increase in the levels of tran-
scripts hybridizing to the 78A, S13Ty1 and 178C probes.
The relative increase in the level of the Ty transcript de-
pended to some extent upon the DNA probe used and
ranged from two- to tenfold when normalized to levels of
transcripts homologous to a HIS4 probe (McEntee and
Bradshaw 1988; and data not shown). In the case of the
different DDR clones, differences in transcript levels were
more readily observed using poly(A)-containing RNA for
Northern analysis (compare blots 1 and 2 in Fig. 1 A).

The results shown in Fig. 1A demonstrate that in-
creased levels of Ty transcripts accumulate after exposure
of haploid yeast cells to 4NQO. As shown in Fig. 1B, in-
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Fig. 1A-C. Induction of Ty (DDR) transcripts after exposure to
4-nitroquinoline-1-oxide (4NQO). A Yeast strain M12B was grown
to a density of 107 cells/ml in YPD medium, divided into two
portions and incubated for 6 h with (+) or without (—) the muta-
gen/carcinogen 4NQO (1.5 pg/ml). RNA was isolated from cells
by glass bead disruption, size fractionated by electrophoresis in
formaldehyde-agarose (1%) gels and transferred to nitrocellulose.
In panels 1 and 3, total RNA (100 pg) was hybridized with nick-
tanslated probes pBR78A and pBRS13Ty1, respectively. In panels
2, 4 and 35, poly(A)-containing RNA (4 pg) was hybridized with
nick-translated pBR78A (panel 2), pBRS13Tyl (panel 4) and
pBR178C (panel 5). B Diploid strains API a/o and API a/o were
grown to a density of 107 cells/ml. Half of each culture was treated
with 4NQO (1.5 pg/ml, 7 h). RNA was isolated and samples (25 pg)
were fractionated and analyzed as described above using nick-
translated pBRS13Ty1 as the hybridization probe. C Strain M12B
was grown in YPD medium to a density of 107 cells/ml and treated
with 4NQO (1.5 pg/ml). Aliquots were removed at the indicated
times and RNA was prepared and analyzed as described above
using nick-translated pBR47E as the hybridization probe. The posi-
tion of the 5.6 kb Ty transcript is indicated by an arrow; +, 4NQO-
treated; —, control. Control experiments using an HIS4 transcript
specific probe were performed to ensure that comparable amounts
of RNA were loaded in each lane

creased levels of Ty transcripts accumulated in diploid cells
after 4NQO exposure although the relative increase was
two- to threefold lower in a/x than that observed in isogenic
oo asporogenous cells.

The kinetics of transcript accumulation was examined
in strain M12B after addition of 1.5 pg/ml 4NQO. The
levels of RNA hybridizing to the Ty-related sequence
pBRA47E were unchanged for 2-3 h of exposure. However,

Table 2. Pulse labelling of Ty-specific RNA in control and 4NQO-
treated cells

Treatment RNA  Specific Cpm Fraction

(ng) activity hybridized bound
(cpm/pg) x 1073 x 10%

Control 10 7.24 9136 1.26

4NQO 10 8.37 13216 1.29

(0.5 pg/ml, 2 h)

4ANQO 10 7.98 15138 1.82

(1 pg/ml, 2 h)

4NQO 10 2.36 7153 3.02

(1 pg/ml, 4 h)

Cultures of yeast strain M12B were grown in the absence or pres-
ence of 4NQO. At the indicated times, cells were labeled for 30
min with [*HJuridine (200 uCi/ml) and labeled RNA was extracted
as described in Materials and methods. The indicated amount of
3H-labeled RNA was hybridized to nitrocellulose filter discs con-
taining denatured pBRS13Tyl DNA. Non-specific hybridization
was determined using pBR322 DNA bound to filters. The ‘cpm
hybridized” is the value corrected for nonspecific hybridization to
the pBR322 DNA filters

after 4 h of treatment the level of transcripts increased and
remained high after 6 h of 4NQO exposure (Fig. 1 C). Qual-
itatively similar kinetics of transcript accumulation have
been observed using two other Ty (DDR) genes as probes
of Northern blots (data not shown).

Increased rate of Ty transcription in 4NQO-treated cells

The increase in Ty transcript levels after 4ANQO exposure
could be due to an increased rate of Ty RNA synthesis,
a decreased rate of Ty RNA turnover or a combination
of both effects. In order to determine whether the rate of
transcription of Ty was affected by exposure to 4NQO,
we pulse labeled yeast cells with [*H]-uridine for 30 min
intervals at different times following 4NQO addition and
examined the levels of newly synthesized Ty-specific RNA
using solution hybridization. The results of this experiment
are shown in Table 2. A significant fraction of labeled RNA
(1.26%) in control cells hybridized to the S13Tyl DNA
on filters, consistent with the fact that approximately 10%
of yeast mRNA is Ty transcript based upon Northern anal-
ysis of steady-state mRNA levels (Elder et al. 1980). In cells
treated with 1 pg/ml 4NQO the amount of pulse-labeled
RNA hybridizing to the S13Ty DNA increased to 1.82%
at 2 h and to 3.02% at 4 h. Cells treated with a suboptimal
concentration of 4NQO (0.5 pg/ml) showed only a slight
increase in Ty transcript levels after 2 h of exposure. These
results are consistent with Northern hybridization results
demonstrating that the maximum levels of Ty RNA accu-
mulate after 4 h of 4NQO exposure. These results support
the idea that the increase in Ty transcript levels following
4NQO exposure was due at least in part to increased rates
of Ty transcription.

Increased Ty transposition in UV-irradiated yeast

It has been demonstrated by Williamson and coworkers
that Ty transposes to two alcohol dehydrogenase genes,
ADH? (formerly ADR2) and a newly described locus,
ADH4, which encodes a structurally distinct enzyme (Wil-
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Fig. 2A and B. Survival and
mutagenesis of yeast strain 315-1D
following UV irradiation. Three

=1 independent cultures of strain 315-1D
were grown in YPG medium to a
density of approximately 107 cells/ml,
collected by centrifugation and
resuspended in 0.9% NaCl for UV
irradiation. Aliquots were removed
after the indicated time of UV
exposure and dilutions were spread
onto YPD plates to determine cell

—{ survival (A) and onto YPD plates
containing 1 pg/ml antimycin A to
measure mutagenesis (B). Plates were
incubated in the dark at 30° C for 14
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liamson and Paquin 1987). Under normal growth condi-
tions, the A DH?2 gene is repressed by the presence of glucose
and is expressed only during growth on nonfermentable
carbon sources (Ciriacy 1975). However, in strains carrying
Ty elements transposed to the ADH?2 regulatory region,
this gene is expressed at high levels even in the presence
of glucose. Similarly, Ty transposition to the ADH4 locus
increases expression of the ADH4 gene. Such regulatory
mutants can be isolated from strains lacking the normally
constitutive alcobol dehydrogenase ADH1 (adhl) by select-
ing for cells that grow fermentatively in glucose medium
(YPD) containing the respiration inhibitory antimycin A.
Paquin and Williamson (1986) have shown that a significant
fraction of spontaneous antimycin A-resistant mutants con-
tain Ty elements transposed to the ADH2 or the ADH4
locus.

In order to determine whether DNA damaging agents
induced antimycin A resistance in yeast, a strain containing
an integrative disruption of the ADH1 gene (adhi-1) was
exposed to increasing doses of 254 nm UV light from a
low pressure Hg lamp. Survival of strain 315-1D was mea-
sured by spreading aliquots of diluted cells onto YPD
plates, and mutants were selected by spreading irradiated
cells onto YPD plates containing antimycin A (see Materi-
als and methods). The results of these experiments (Fig. 2)
indicated that strain 315-1D was sensitive to killing by UV
irradiation and showed a dose-dependent increase in the
frequency of antimycin A resistant mutants. Although ex-
posure to UV for 30 s resulted in only 1% survival, approxi-
mately 0.1% of the survivors grew on antimycin A plates.
Based upon these survival data, strain 315-1D appeared
to be slightly more sensitive to killing by UV irradiation
than strain M12B (data not shown).

In order to determine whether the stimulation of anti-
mycin A resistance by UV was due to increased Ty transpo-
sition to ADH2 or ADH4, genomic DNA samples were
prepared from 405 antimycin A resistant mutants derived
from 5 independent UV irradiation experiments. This sam-
ple included 70 independent spontaneous antimycin A resis-
tant mutants. Each of the DNA samples was digested with
excess HindIIl restriction enzyme and fractionated by agar-
ose gel electrophoresis. After transfer to nitrocellulose, the

PR IO or A)
20 30 40 50

UV Irradiation {s)

DNA on the filters was hybridized with radiolabeled ADH2
or ADH4 probes. The genomic hybridization patterns from
14 UV-induced antimycin A resistant mutants are shown
in Fig. 3. Analysis of the ADH2 region in these mutants
(Fig. 3A) indicated that several of the strains showed alter-
ations in the 3.5 kb HindIIl fragment containing the up-
stream regulatory region. Those mutants that had lost the
3.5kb HindIll fragment contained either one large frag-
ment (approximately 9.5 kb, see lanes 7, 8, 10 and 11) or
two new restriction fragments (lane 4). The sizes of the
new restriction fragments were approximately 3.7 and
5.8 kb, and are consistent with the insertion of a Ty element
containing a single HindIIl site into the upstream region.

Analysis of the ADH4 region of these same UV-induced
antimycin A resistant mutants is shown in Fig. 3B. In 9
of the 14 mutants shown, the 3.0 kb upstream HindIII frag-
ment was absent and one or more new restriction fragments
were present. In some strains, however, HindIII digestion
did not liberate any novel-sized fragments although the
3.0 kb fragment was absent (lane 12). We examined the
Sacl restriction pattern of 5 independent mutants which
lacked the 3.0 kb HindIll fragment (Fig. 4). In lanes 1
through 4 are digests of antimycin A resistant strains con-
taining a normal 3.0 kb upstream fragment at 4 DH4. Di-
gestion with Sacl produces two fragments of approximately
9.5 and 10.5 kb. The 9.5 kb fragment is derived from the
plasmid-disrupted ADHI chromosomal locus and the
10.5 kb fragment is derived from the 4ADH4 region. In lanes
5-9 are shown Sacl digests of genomic DNA from 5 inde-
pendent antimycin A resistant strains which lacked the
3.0 kb upstream fragments of the ADH4 region. Instead
of the normal 10.5 kb fragment, these strains contained a
new fragment of approximately 16 kb. The difference in
the size of these large fragments, approximately 5.5 kb, is
consistent with the presence of a Ty element upstream of
ADH4 in these mutant strains. As expected, the 9.5 kb frag-
ment, derived from the ADHI region was unchanged in
size in the antimycin A resistant mutants.

The alteration in the sizes of the upstream HindlIl re-
striction fragments in the UV-induced antimycin A resistant
strains was consistent with the insertion of Ty elements
within the 5" regions of either the ADH2 or ADH4 locus
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Fig. 3A and B. Southern hybridization analysis of UV-induced antimycin A resistant mutants containing rearrangements of the ADH2
or ADH4 chromosomal regions. Genomic DNA was prepared from 14 independent UV-induced antimycin A resistant mutants and
samples (20 pg) were digested with HindIII as described in Materials and methods. Following fractionation by electrophoresis in agarose
gels (0.7%), the DNAs were transferred to nitrocellulose and hybridized with a nick-translated 4DH2 probe, pPBR-4DH2-BS (A) or
an ADHA4 probe, pYA4-2 (B). The 3.5 kb HindIIl fragment containing the ADH2 promoter region is indicated by an arrow in A
and the 3.0 kb promoter-containing HindIII restriction fragment is indicated by an arrow in B. Hybridization to the 9.5 kb HindIII
fragment in A and B is due to homology between vector sequences and the pBR322 DNA sequences contained within the chromosomal
ADHT1 gene disruption. Lane M contains molecular weight markers. The structures of the ADH2 and ADH4 regions are diagrammed
at the top. The coding regions are designated by the crosshatched boxes and the Ty clements are represented by open rectangles.

Relevant restriction sites are shown

in these mutants. Additional evidence for Ty transposition
to these loci was obtained following X#ol restriction enzyme
digestion. There are no Xhol sites in the upstream HindII1
fragments of either the ADH?2 or the ADH4 locus. However,
Xhol sites are located in the highly conserved J regions
of Ty elements and transposition of Ty into the 5 regions
would introduce Xhol sites upstream of the 4ADH?2 and
ADH4 genes. As shown in Fig. 5A, B, double digestion
of DNAs prepared from ten antimycin A resistant mutants
demonstrated that the upstream regions of ADH2 and
ADH4 in these mutant strains contained Xhol sites that
were absent in the parental DNA. An examination of the
restriction patterns further demonstrated that Ty transposes
to a variety of sites upstream of ADH4 whereas the sites
of insertion into the ADH?2 locus appeared to be considera-
bly more limited based upon the size range of the HindIII-
Xhol restriction fragments. This latter result is consistent
with the observation that the majority of 4D H2 constitutive
mutations are caused by Ty transposition to the region be-
tween —210 to —125 relative to the start of translation
(Williamson et al. 1983). Thus based on the sizes of the
rearranged ADH?2 and ADH4 regulatory regions in the anti-
mycin A resistant mutants as well as the introduction of
one or more Xhol restriction sites into these fragments,
our results support the conclusion that Ty insertions ac-

count for a readily detectable fraction of UV-induced anti-
mycin A resistant mutants.

Results obtained from Southern analysis of the structure
of the ADH?2 and ADH4 regions of mutants derived from
five independent UV irradiation experiments are presented
in Table 3. The data indicate that following UV treatment,
the frequency of Ty transposition to the ADH2 and ADH4
loci increased relative to the unirradiated samples. For ex-
ample, Ty insertions at ADH?2 accounted for 22% of spon-
taneous antimycin A resistant mutants (Table 3, experiment
1); after 15 and 30 s of UV irradiation Ty insertions ac-
counted for 4% and 5%, respectively, of the drug resistant
mutants. Nevertheless, the frequency of transposition to
ADH? increased by 5.6-fold after 15 s of irradiation and
to 11.2-fold after 30 s of UV treatment relative to the unir-
radiated cells. Although some variability in the induction
of Ty transposition to ADH?2 and ADH4 is observed partic-
ularly at high doses, we have detected as much as a 17-fold
increase in the frequency of transposition to ADH4 and
more than an 11-fold stimulation of transposition to ADH?2
following UV irradiation.

One possible explanation for these results is that preex-
isting mutant cells containing Ty inserted at ADH2 or
ADH4 were more resistant to killing by UV light and were
enriched during the irradiation. This possibility was exam-
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Fig. 4. Southern hybridization analysis of the yeast ADH4 region
in UV-induced antimycin A resistant mutants. Genomic DNAs,
purified from five independent antimycin A resistant mutants
which lacked a 3.0 kb HindIII restriction fragment from the ADH4
region (see Fig. 3) were digested with Sacl, fractionated by elelctro-
phoresis in an agarose gel (0.7%), transferred to nitrocellulose and
hybridized with nick-translated probe pYA4-2. Lanes 1-4, DNA
from strains containing a 3.0 kb upstream HindIII restriction frag-
ment; lanes 5-9, DNA from antimycin A resistant strains lacking
a 3.0 kb upstream HindIIl restriction fragment. The 9.5 kb Sacl
fragment present in all lanes is due to hybridization between the
vector sequences and the pBR322 DNA contained within the
ADH]1 gene disruption in strain 315-1D. Lane M contains molecu-
lar weight markers

ined directly by measuring survival of parental strain
315-1D and two antimycin A resistant mutants, one con-
taining Ty transposed to ADH?2 and the other containing
a Ty insertion at ADH4. These results indicated that the
strains containing Ty transposed to ADH2 or ADH4 were
as sensitive as the parental strain to killing by UV irradia-
tion (data not shown). Thus the UV exposure likely induced
the Ty transpositions rather than enriched for preexisting
mutants in the culture.

Recently, we have reported that treatment of yeast cells
with 4NQO results in stimulation of Ty transposition
(McEntee and Bradshaw 1988). As shown in Fig. 6, the
frequency of Ty transposition to either ADH2 or ADHA4
increased in a dose-dependent manner following treatment
of strain 315-1D with 4NQO. As with UV treatment, 4NQO
exposure induced a small fraction of Ty transpositions and

-
-

Fig. SA and B. The rearranged ADH2 and ADH4 regions of UV-
induced antimycin A resistant mutants contain X#Aol restriction
sites. Genomic DNAs from 18 independent UV-induced antimycin
A resistant mutants containing alterations in their HindIII diges-
tion patterns in the ADHZ2 region (A) or the ADH4 region (B)
were digested with both HindIII and Xhol restriction enzymes and
analyzed by Southern hybridization as described in Materials and
methods. In A and B, lanes 1 and 2 are DNAs from parental
strain 315-1D and an antimycin A resistant derivative with unrear-
ranged ADH2 and ADH4 chromosomal region, respectively. In
A, lanes 3-11 contain DNAs from independent mutants containing
rearranged ADH?2 genomic regions whereas in B lanes 3-11 contain
DNAs from strains with alterations at the ADH4 locus. The filter
in A was hybridized with the ADH?2 probe pBR322-4DH2-BS and
that in B was hybridized with the ADH4 probe, pYA4-2. The
parental 3.5 kb upstream band from the ADH?2 locus (A) and the
corresponding 3.0 kb fragment from the ADH4 region (B) are indi-
cated by arrows. The high molecular weight restriction fragments
hybridizing to the ADH2 and ADH4 probes are due to pBR322

47

A Xhol hol
| 5.9kb |
B —»)
Hind T h H'Tdm Xhol Hind 11
Iz
-~ 35kb 15 5.9 kb

~9.4kb

- 6.5kb

12 3 456 7 8 910N

B Xhol Xhol
] 5.9 kb |
n ]
Hindll "7~ HindI
1 { ]7\_5 S
W77z
3.0kb B.8kb — -~

9.0kb — — 9.6kb
6.8 kb —

@ —58kb
@ —L4kb
- @ —3.3kb

3. -
Okb= 4N & 27k

-. —

- - —1.1%b

1234567898 101M

homology contained within the chromosomal ADH/{ gene disrup-
tion in strain 315-1D. A Ty element is shown above the ADH2
(or ADH4) region in the diagrams at the top. The coding regions
are indicated by the solid black boxes and the hybridization probes
are indicated by the crosshatched rectangles below the line
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Table 3. Frequency of Ty-induced mutations at the ADH2 and ADH4 genes following UV irradia-

tion

Exposure time Survival  Ant A"/ Frequency of transposition®

(s) (%)* viable cell®

ADH?2 ADH4

Expt. 1

0 100 1.8x107° 4.0x107% 9.0x107°%

15 46 6.1x107* 23x107% (5.6) 23x10°° (3.0)
30 2 2.0%1073 4.6x1075 (11.2) <4.6x1075

Expt. 2

0 100 3.8x10°¢ 8.7x1077 1.9x107°

15 36 1.9x107* 53x107¢ (6.1) 1.1x107% (5.8)
30 2 1.0x1073 <71x107°3 <71x107°
Expt. 3

0 100 1.2x1073 2.8x1076 6.0x1078

15 36 7.1x1074 1.5x107° (5.4 <1.5x107¢
Expt. 4

0 100 29x1073 6.7x10°° 1.5x107°

15 48 4.6x1074 N.D. N.D.
30 9 9.2x1074 1.5x107° (2.2) <1.5x107° N
45 0.5 2.3x1073 <2.6x107% 2.6x107* (17.3)
Expt. 5

0 100 6.0x10°° 1.5%1073 2.9x1073

15 40 1.6x1073 94x107% (6.3) 34x1074(11.7)

Yeast strain 315-1D was exposed to the indicated doses of UV light and antimycin A resistant
mutants were selected on YPD-antimycin A (1 pg/ml) plates. Small scale DNA isolations were
performed on 10-40 independent antimycin A resistant mutants from each UV dose and the
presence of Ty at ADH2 or ADH4 was determined by Southern hybridization analysis

@ Survival (%) is the number of colony forming units (measured on YPD plates) after the indicated
UV dose relative to the untreated control

b Antimycin A resistant mutants per viable cell, is the number of cells growing on YPD-antimycin
A plates divided by the number of survivors

¢ The frequency of transposition is expressed as the antimycin A resistant mutant frequency
multiplied by the fraction of mutants that showed the appropriate structural alterations at the
ADH?2 or ADH4 locus. The numbers in parentheses indicate the induced transposition frequency

after UV treatment relative to the unirradiated control value. N.D. not determined

a larger fraction of antimycin A resistant mutants showing
no significant structural alterations of the ADH2 or ADH4
upstream regions. These mutations might have arisen from
base substitution events in either the upstream regions of
these genes or in genes encoding frans-acting regulatory
factors.

Discussion

Several of the yeast DNA damage responsive or DDR genes
isolated in this laboratory have been shown to contain re-
petitive DNA sequences (McClanahan and McEntee 1984).
In this report, evidence is presented indicating that the re-
petitive DDR genes are members of the Ty retrotransposon
family. This conclusion is based upon hybridization studies
using a well-characterized Ty element (S13) as well as by
DNA sequence analysis. Furthermore, following 4NQO ex-
posure, elevated levels of a 5.6 kb transcript that hybridized
to a bona fide Ty element (S13) were detected in yeast
cells. This latter result is consistent with the report of Rolfe
et al. (1986) that Ty-homologous transcripts are elevated
in UV-irradiated cells.

The kinetics of Ty transcript accumulation following

4ANQO exposure differed significantly from that of the single
copy DDR genes, DDRA2 and DDR48 (McClanahan and
McEntee 1986). By Northern hybridization studies, the lev-
els of Ty-related transcripts were seen to increase after 4
to 6 h of 4NQO treatment. These maximal increases in
RNA levels were detected following exposure to concentra-
tions of 4NQO between 1.0 and 2.0 pg/ml (data not shown).
This increase in the levels of cellular Ty transcript appeared
to be due, at least in part, to an increased transcription
rate of Ty elements based upon the pulse-labeling results
shown in Table 2. The amount of Ty-specific pulse-labeled
RNA isolated from haploid cells increased more than two-
fold after exposure to 1 pg/ml 4NQO for 4 h. Moreover,
increased levels of Ty transcripts were detected by Northern
analysis in a/« diploid cells following 4NQO treatment, al-
though the increase was less than in the asporogenous oo
diploid strain that does not repress Ty expression. Thus
the effects of DNA damage can partly overcome the tran-
scriptional regulatory effects of the a,/a, complex by a
mechanism which is at present unknown.

In eukaryotes, the regulation of genes by xenobiotic
agents is usually mediated through control elements located
upstream of the responsive gene. In the cases of the DDR2
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Fig. 6. Dose-dependent increase in the frequency of antimycin A
resistant mutants and Ty transposition after 4NQO treatment.
Yeast strain 315-1D was grown in YPG medium and exposed to
the indicated concentration of 4NQO for 2 h. Antimycin A resis-
tant mutants were selected on YPD plates containing 1 pg/ml anti-
mycin A. For each concentration of 4NQO, approximately 35 anti-
mycin A resistant colonies were picked, grown in YPD medium
(5 ml) and genomic DNA isolated as described in Materials and
methods. Genomic DNA samples were digested with HindIII and
analyzed by Southern hybridization as described in the text. a,
total antimycin A resistant mutants; o, antimycin A resistant mu-
tants containing Ty inserted at either ADH2 or ADH4

and DDR48 genes, we have localized the important cis-
acting sequences that are necessary for DNA damage regu-
lation approximately 200 bp upstream of structural se-
quences (N. Kobayashi, T. McClanahan, J. Treger, K.
McEntee, unpublished results). Ty elements, unlike many
well-characterized yeast genes, contain regulatory sequences
within the transcription unit. DNA sequences necessary for
cell type specific transcriptional regulation, for example,
are located within ¢ sequences (Errede et al. 1985; Rathjen
et al. 1987). It seems possible, therefore, that the sequences
governing the transcriptional response of Ty to DNA dam-
age are also located within the ¢ core rather than in the
conserved & elements. If, in fact, this notion is correct, then
it suggests that individual Ty elements could respond differ-
entially to DNA damage due to the considerable sequence
diversity among & regions of different Ty family members
(Boeke et al. 1988). Thus, transcription of some Ty elements
might be stimulated significantly by DNA damage whereas
other elements might show little or no response. Similarly,
differences in ¢ sequences of the individual Ty members
could also contribute to possible differential post-transcrip-
tional effects of DNA damage for different elements. The
different levels of transcript accumulation observed when
the different repetitive probes are used in the hybridizations
(see Fig. 1 A)is consistent with there being regulatory heter-
ogeneity among these elements. Experiments are in progress
to identify the cis-acting regions needed for the transcrip-
tional response of Ty elements to DNA damage. Prelimi-
nary evidence (V. Bradshaw, unpublished results) indicates
that the conserved J elements by themselves do not contain
sufficient regulatory information for the DNA damage re-
sponse of Ty elements. By way of contrast, the long termi-
nal repeat (LTR) of the human retrovirus, HIV, appears
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to contain sequences that are necessary and sufficient for
induction of pro-viral transcription by DNA damaging
agents (Valerie et al. 1988).

UV irradiation stimulated the frequency of antimycin
A resistant mutants more than 100-fold in yeast. Southern
hybridization analysis was used to identify structural alter-
ations in the ADH?2 and ADH4 genes of these UV-induced
mutants and provided evidence that increased transposition
of Ty to these regions occurs. Two properties of the ob-
served rearrangements indicated that they were likely due
to Ty insertion: (i) the size of novel restriction fragments
was approximately 5.9 kb larger than the parental frag-
ment, the size expected for a Ty element; and (ii) the mu-
tants contained one or more Xhol restriction sites within
the inserted region whereas no Xhol sites were detected
in the unrearranged parental upstream regions. The pres-
ence of Xhol sites, which are relatively rare in the yeast
genome, is consistent with the introduction of é sequences
within the upstream regions. By examining almost 400 UV-
induced mutants that were selected for antimycin A resis-
tance we found that the frequency of Ty transposition to
the #4DH2 and ADH4 loci increased as much as 11-fold
and 17-fold, respectively, after UV irradiation (Table 3).
Exposure of cells to 4NQO also stimulated transposition
to these loci by as much as 12-fold (Fig. 6). It is also appar-
ent from our analysis that UV (as well as 4NQO) induced
a significant fraction of antimycin A resistant mutations
that were not due to Ty insertions or other large chromo-
somal rearrangements at the ADH2 and ADH4 regions.
These mutants could result from base alterations in trans-
acting genes or from small sequence alterations in the up-
stream regions of these dehydrogenase loci. Russell et al.
(1983) have characterized two spontaneous ‘promoter-up’
mutants that express the ADH2 gene at elevated levels in
the presence of glucose but which contain no Ty sequences
as judged by Southern hybridization. These mutants were
found to contain limited sequence alterations in a region
containing 20 consecutive adenine residues. Additional ex-
periments will be required to characterize these UV-induced
regulatory mutants.

The expression and transposition of Ty eclements are
carefully regulated in yeast. Although Ty RNA represents
approximately 10% of the total message of yeast cells, the
proteins encoded by these elements, including reverse trans-
criptase, are expressed at very low levels (Garfinkel et al.
1985). Although increasing the level of Ty RNA in cells
by galactose induction of a GAL-Ty fusion increased the
level of transposition more than 20-fold, results of recent
experiments have indicated that the increase in Ty RNA
per se is unlikely to account for this increased transposition
(Curcio et al. 1988). Thus, DNA damage may stimulate
transposition by altering one or more post-transcriptional
steps as well as by influencing the level of Ty RNA. For
example, it might alter the level of host factors that are
required for transcription and transposition (Winston et al.
1984) or enhance the rate of frameshifting that is needed
for translation of the Ty-encoded reverse transcriptase (Wil-
son et al. 1986). At present it is not known what effects,
if any, DNA damage stress has upon these processes. Nev-
ertheless, although the mechanism(s) by which DNA dam-
age stimulates Ty transcription and transposition is not un-
derstood, these results demonstrate that physical and chem-
ical mutagens can activate the expression and movement
of retrotransposons in a eukaryotic cell.
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