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ABSTRACT

Ty3 is a retrotransposon of Saccharomyces cerevisiae that integrates just upstream of the transcription
initiation site of genes transcribed by RNA polymerase III. Ty3 transcription is pheromone-inducible in
haploid cells and is mating-type regulated in diploid cells. The specificity of Ty3 integration was exploited
in the design of a novel target into which transposition of Ty3 elements could be selected. The target
plasmid contains divergently oriented tRNA genes with 19 base pairs separating the two tRNA gene
coding sequences. An inactive ochre suppressor tRNA™" gene with a modified transcription initiation
region was used as the selectable marker and a tRNA"™(AAC) gene was used to direct Ty3 integration
into the transcription initiation region of the suppressor tRNAT" gene. Integration of Ty3 activated
expression of the suppressor tRNA gene, which resulted in suppression of ochre nonsense alleles ade2-
1010 and lys2-10 and allowed cell growth on selective medium. Based on the activity of this target, Ty3,
under control of a galactose-inducible promoter and present on a high copy-number plasmid, was
estimated to transpose into the genome at a rate of 5.6 X 107* per cell division. We show here that
induction of Ty3 transcription from its natural promoter results in transposition. Ty3 elements in strains
of the a or @ mating-type transposed efficiently to target plasmids in cells of the opposite mating-type.

Thus, natural transposition of Ty3 is regulated temporally to occur in mating populations.

ETROTRANSPOSONS are found in the genomes

of most eukaryotic organisms where they are prop-
agated passively via genomic replication. Retrotranspo-
sons can be mobilized to new regions of the genome
by reverse transcription of the RNA copy and integra-
tion of the resultant cDNA (reviewed by BOEKE and
SANDMEYER 1991). The potentially lethal consequences
of retrotransposon mobilization must be restricted to
achieve a balance between mobility and cell viability,
which results in propagation of the retrotransposon.
In yeast this control includes transcription repression
(ELDER et al. 1980; CLARK ¢f al. 1988; BILANCHONE ¢t al.
1993), post-transcriptional (CLARE et al. 1988; XU and
BOEKE 1991) and post-translational mechanisms (CUR-
C10 and GARFINKEL 1992). Position-specific integration
and integration into noncoding regions in which cellu-
lar gene expression is not disrupted are other mecha-
nisms by which the detrimental consequences of trans-
position are minimized (KINSEY and SANDMEYER 1991;
J1 et al. 1993). Here we discuss an additional point of
control of retrotransposon mobility: restriction of retro-
transposon transcription induction which acts to limit
transposition to a discrete window of the yeast life cycle.
The retrotransposon Ty3 is present in one to five
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copies per haploid genome in standard laboratory
strains of Saccharomyces cerevisiae (CLARK et al. 1988). Ty3
sequence and genome organization indicate that it is a
member of the gypsy class of retrotransposons and that
it is more closely related to animal retroviruses than
to other yeast retrotransposons (HANSEN et al. 1988;
HANSEN and SANDMEYER 1990). The 4.7kbp internal
domain of Ty3 contains two overlapping open reading
frames (ORFs), known as GAG3 and POL3, that encode
the structural and catalytic proteins of Ty3, respectively
(HANSEN e al. 1988, HANSEN and SANDMEYER 1990).
The Ty3 ORFs are translated with a +1 frameshift mech-
anism (FARABAUGH et al. 1993) into a single polyprotein
(KIRCHNER ¢t al. 1992) from which the structural and
catalytic proteins are processed by the Ty3 encoded
protease (KIRCHNER and SANDMEYER 1993). The inter-
nal domain is bound by direct, long terminal repeats
(LTRs) of 340 bp known as sigma elements. Sigma ele-
ments are also found as single entities at ~30 copies
per haploid genome (DEL REY et al. 1982; SANDMEYER
and OrsoN 1982). Sequences that confer haploid-spe-
cific and pheromone-inducible expression upon genes
whose products are required for mating are present
within the Ty3 LTRs. Haploid cells have very low levels
of Ty3 transcripts except when exposed to pheromone
from cells of the opposite mating type and diploid cells
do not contain detectable levels of Ty3 transcripts (VAN
ARSDELL et al. 1987; CLARK ¢t al. 1988; BILANCHONE et
al. 1993).
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Integration of Ty3 was demonstrated to occur within
the transcription initiation regions of different classes
of genes transcribed by RNA pol IIT (tRNA, 58 rRNA
and the U6 snRNA genes; CHALKER and SANDMEYER
1992). However, it is the population of tRNA genes that
act as the primary genomic target for Ty3? integration
(CHALKER and SANDMEYER 1990). The tRNA gene class
is distinguished by the box A and box B internal pro-
moter elements (reviewed in GEIDUSCHEK and Toc-
CHINI-VALENTINI 1988). These regions of the tRNA gene
coding sequence direct binding of transcription factor
TFIIIC (BAKER et al. 1987; FABRIZIO et al. 1987), which
subsequently directs binding of TFIIIB (SEGALL et al.
1980; LASSAR et al. 1983; KASSAVETIS et al. 1989) to the 5'-
flanking region of the tRNA gene in a position-specific
manner (KASSAVETIS et al. 1990). TFIIIB bound to the
DNA template is sufficient to direct RNA pol III to
initiate multiple rounds of transcription (KASSAVETIS et
al. 1990). Although sequences present in the 5'-flank-
ing regions of tRNA genes from several organisms have
been demonstrated to influence tRNA gene expression
(SPRAGUE et al. 1980; DEFRANCO ef al. 1981; SHAwW and
OLsSON 1984), no consensus DNA binding sequences
for TFIIIB have been defined. Ty3 integration into a
target tRNA gene requires functional tRNA gene pro-
moter elements, and it appears that transcription fac-
tors are bound upstream of the gene at the time of
integration. Nevertheless, the competitiveness of a
tRNA gene as a Ty3 integration target does not corre-
late with its rate of transcription (CHALKER and SAND-
MEYER 1992, 1993). The presence of Ty3 upstream of a
tRNA gene is compatible with tRNA gene expression
(KINSEY and SANDMEYER 1991). These observations sug-
gested that an inactive tRNA gene target could be devel-
oped in which the tRNA gene could be activated by Ty3
transposition.

Previously, transposition of Ty3was detected by mobi-
lization of a genetically marked, transpositionally in-
competent Ty3 by a wild-type helper Ty3 element
(CHALKER and SANDMEYER 1990). Although useful for
characterization of Ty3 transposition targets, this quali-
tative assay was limited in that the transposition proper-
ties of native Ty3 elements could not be directly ana-
lyzed. Here we report the development of a novel target
plasmid into which Ty3 integration can be selected.
This direct selection obviates the requirement for selec-
tion against the presence of donor plasmids, allows
transposition of unmarked Ty3 elements to be quanti-
tated and allows transposition products to be recovered
easily for subsequent analysis, We used this assay to
determine the rate of Ty3 transposition and character-
ize transposition of Ty3 in mating populations.

MATERIALS AND METHODS

Strains and culture conditions: Culturing of Escherichia coli
was carried out by standard methodologies (MANIATIS ef al.

1982). Transformation of E. coli was by electroporation
(DOWER et al. 1988). Plasmid DNAs were maintained in E. coli
strain HB101 (F~ hsdS20 [ry, mg-] recAl3 leuB6 ara-14 proA2
lacY1 galK2 rpsL.20 [Sm'] xyl-5 mil-1 supE44 X). Single-stranded
DNA used for site-directed oligonucleotide mutagenesis
(KUNKEL 1985) was prepared from E. coli strain RZ1032 (lysA
[61-62] thi-1 relAl spoTl dut-1 ung-1 [tet'] supE44), as de-
scribed by International Biotechnologies, Inc. Strains of S.
cerevisige, described in Table 1, were cultured as described by
SHERMAN et al. (1986) and transformed by the method of
ScHIESTL and GIETZ (1989).

Plasmid constructions: The tRNA genes of target-plasmid
pCH2bol9V (Table 1) were a tRNAY(AAC) gene, isolated
in an earlier study (CHALKER and SANDMEYER 1990) and a
SUP2 gene (sup2b) marked by the addition of 6 bp within the
intron, which was previously described (KINSEY and SAND-
MEYER 1991). An EcoRI restriction site (shown below in bold)
was engineered by site-directed oligonucleotide mutagenesis
at position —6 relative to the tRNA"(AAC) gene-coding se-
quence with the oligonucleotide: 5-CCGTTATTCAACAAT-
TAAGGAATTCTGGTTTCGTGG-3'. Two modifications were
made to the sup2b gene by site-directed mutagenesis: (1) the
anticodon (GUA) was altered to render the gene an ochre
suppressor allele (UUA, the reverse-complementary sequence
of which is underlined below) with the oligonucleotide: 5’-T
CTCAAGATTTCGTAGGTTACCTGATAAATTAAAGTCTT
GCGCC-3' and (2) a polypyrimidine tract was substituted for
the transcription initiation region of the gene, from posi-
tion —3 to —16, relative to sup2b coding sequence, with the
oligonucleotide: 5'-CCGAGAGTCGAAGAGAAGGGAGAA-
TTCGAAATATGTTC-3'. The tRNA genes were joined at
EcoRlI sites (shown in bold), which immediately flanked the
tRNAY*(AAC) gene-coding sequence and the polypyrimidine
tract of the sup2bo gene, with the result that 19 bp separated
the two tRNA gene-coding sequences. The four base pairs
adjacent to the tRNAY(AAC) gene-coding sequence were
changed by site-directed mutagenesis to eliminate the EcoRI
restriction site and to extend the length of the polypyrimidine
tract to position —19 relative to the sup2bo gene using the
oligonucleotide: 5'-CGAAACCTCTCTTCCCTTCTCTTCG-3'.
The divergent tRNA genes, present on a 1250-bp EcoRI-BamHI
fragment, were cloned into a pIBI20 (International Bio-
technologies, Inc.) plasmid vector into which the HIS3 gene
had been inserted on a 880-bp BamHI-Pst I fragment (derived
from pDG201, a gift from D. GARFINKEL, Frederick Cancer
Research Center, Frederick, MD). A 2.8-kbp EcoRI fragment
that contained the ARS 1/ CEN 4 element was added to this
clone to complete the construction of plasmid pCH2bo19V.
For some assays where it was desirable to monitor transposi-
tion into the target plasmid independent of the site of inser-
tion (CHALKER and SANDMEYER 1992, and see below), two
modifications of the target plasmid were required. To main-
tain the plasmid at high copy-number, the EcoRI fragment
containing the ARS I/CEN 4 sequences was replaced with a
2.1-kbp EcoRI fragment containing the 2u replication se-
quence. Because suppressor tRNA genes are lethal in high
copy, the anticodon of the ochre suppressor tRNA carried in
this plasmid was reverted to wild type by site-directed muta-
genesis with the oligonucleotide: 5-CGCAAGACTGTAATT-
TATCAGG-3' (anticodon region underlined). This plasmid
was named pEH2b19V. To determine the relative usage of
the divergent tRNA gene target to that of a single tRNA gene,
a single sup2b gene (present on a 1.0-kbp BamHI fragment)
was inserted into plasmid pEH2b19V, at the BamHI site ~1
kbp downstream from and in the same orientation as the
sup2b gene present as part of the divergent tRNA gene target.
This plasmid was named pEH2b19V2b.
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TABLE 1

Saccharomyces cerevisiae strains and plasmids
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Strain Genotype” Source

yDLC221 MATa ura3-52 his3-A200 ade2-1010 lys2-1o CHALKER and SANDMEYER (1990)
leul-12 canl-1000 gal3

yVB114 MATa ura3-52 his3-A200 ade2-1010 lys2- BILANCHONE ¢t al. (1993)
1o leul-12 canl-1000 irpI-A 901 gal3
ATy3

yVB115 MATa/MATx ura3-52 his3-52 his3-A 200 BILANCHONE ¢t al. (1993)
ade2-1010 lys2-1o lewl-12 canl-1000 trpl-
A901 gal3 ATy3

yTM444 MATa ura3-52 his3-A200 ade2-1010 lys2-1o T. MENEES (personal communication)
leul-12 canl-1000 ATy3

yTM441 MATa ura3-52 his3-A200 ade2-1010 lys2-1o T. MENEES (personal communication)
leul-12 canl-1000 trpl::hisG ATy3

Plasmid Relevant markers Source

pCH2bol9V CEN4, HIS3, divergent tRNA gene target This work
with ochre suppressor

pEH2b19V 2u, HIS3, divergent tRNA gene target This work
without ochre suppressor

pEH2b19V2b 2u, HIS3, divergent tRNA gene target This work
without ochre suppressor, additional
sup2b gene

pDLC348 CEN4, URA3, amp, galactose-inducible CHALKER and SANDMEYER (1992)
Ty3-1 marked with neo”

pEGTy3-1 2u, URA3, galactose-inducible Ty3-1 HANSEN et al. (1988)

pEUTy3-1 2u, URA3, Ty3-1 This work

pCUTy3-1 CEN4, URA3, Ty3-1 This work

¢ Alleles that are suppressible by a tRNA™" ochre suppressor are indicated with an “o.

For some experiments the source of Ty3 transcripts was a
Ty3 element in which the GALI-10 upstream activating se-
quence was fused upstream of the site of transcription initia-
tion. This Ty3 element occurred on pEGTy3-1, a high copy
number plasmid described previously (HANSEN e¢f al. 1988).
The source of Ty3 transcripts in experiments with the native
Ty3 element under pheromone control (see below) was plas-
mid pEUTy3-1. This plasmid contains the following: wild-type
Ty3-1 (HANSEN et al. 1988) on a 6.4-kbp EcoRI-HindIIl frag-
ment, the URA3 gene present on a 1.0-kbp HindIIl fragment
and the 2u replication sequence present on a 2.1-kbp EcoRI
fragment cloned into the polylinker of vector pIBI21 (Interna-
tional Biotechnologies, Inc.). A low copy version of pEUTy3-
1, pCUTy3-1, was created by replacing the 2u replication se-
quence with the ARS 1/CEN 4 sequence described above.

Selection for Ty3 transposition: Cells transformed with the
pCH2bo19V and pEGTy3-1 plasmids were grown in synthetic
complete (SC) ~Ura —His —Arg +canavanine (80 mg/1) me-
dium containing dextrose to mid-log phase (ODggp 0.6 to 0.8,
~1.0 X 107 cell per ml). SC medium contained dextrose
unless a different carbon source is specified in parentheses.
Where a different carbon source is specified, that carbon
source was substituted for dextrose. Canavanine is a toxic
arginine analogue that can be transported by cells that have
the arginine permease encoded by the CANI gene. Because
the cells used in this experiment had can1-100o, an allele that
contains a suppressible ochre nonsense mutation, growth of
cells containing spontaneously arising ochre suppressor muta-
tions is inhibited. Cultures were harvested, washed twice in
one-half volume sterile water and suspended to 1 X 107 cells

TP L)

per ml. One million cells (0.1 ml) were applied to SC —Ura
—His and to SC (galactose) —Ura —His media and incubated
at 30° for 29 and 48 hr, respectively (Figure 2). These times
of incubation allow the same number of cell divisions on the
different media. The number of viable cells was determined
by assaying colony formation from 150 cells plated onto rich
medium. On average, 69% of the cells plated resulted in col-
ony growth. Cells were replicaplated from SC —Ura —His and
SC (galactose) —Ura —His media onto SC —Ade —Lys to
terminate induction of Ty3 transcription and select for Ade™
Lys* colonies. The genomic ade2-1010 and lys2-1o mutations
are suppressed when SUP2bo is expressed. SC —Ade —Lys
plates were incubated at 30° for 4—5 days at which time colo-
nies were picked to a master plate for further analysis.
Plasmid DNA from Ade® Lys™ colonies was assayed by
Southern blot analysis to detect target plasmids that contained
newly transposed Ty3 elements. Colonies were picked into 2
ml SC —Ade —Lys or SC —His medium and grown overnight.
Cells were harvested, washed, treated with zymolyase and
lysed. Cellular debris was pelleted by centrifugation and the
nucleic acids, present in the supernatant were separated by
agarose gel electrophoresis and subjected to Southern blot
analysis using a random-primer labeled (FEINBERG and Vo-
GELSTEIN 1983, 1984) HIS3 gene-specific probe. Target plas-
mids that contained integrated Ty3 elements were distin-
guished from native target plasmids by slower mobility of
intact plasmids through the agarose gel. To characterize Ty3
integration sites by nucleotide sequence analysis, Ade* Lys*
colonies were patched onto SC —Ade —Lys +5FOA (1 g/1)
medium to select for cells that had lost the URA3marked
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plasmid (BOEKE et al. 1984) pEGTy3-1. Target plasmids were
isolated from yeast by the method of HOFFMAN and WINSTON
(1987), amplified in £. coli and prepared (MANIATIS e al.1982)
for analysis. Plasmid DNAs were sequenced by the method
of SANGER et al. (1977) using the Sequenase enzyme (U.S.
Biochemicals).

Helper/donor assay for Ty3 transposition: Transposition
events that were not selected on the basis of insertion site were
monitored using a genetically marked element. An integrated
galactose-inducible Ty 3 element (present in strain yDLC221)
was used to supply protein functions in trans to allow the
transposition of a galactose-induced Ty 3 donor element (pres-
ent on the URA3marked plasmid, pDLC348; see Table 1),
which is transpositionally incompetent due to the insertion
of the bacterial neo gene within Ty3 coding sequence. This
plasmid does not carry the bacterial bla gene that confers
the Amp' phenotype (CHALKER and SANDMEYER 1992). Target
plasmids (pEH2b19V; see Table 1) into which donor Ty3
DNA had transposed were collected essentially as previously
described (CHALKER and SANDMEYER 1992). Transposition was
induced by growth of yDLC221, containing plasmids
pDLC348 and pEH2b19V, on SC (galactose) —Ura —His me-
dium for 4-5 days. Single colonies were spread as patches
onto YPD medium that contained G418 (0.7 g/1) and were
incubated for 48 hr to allow loss of pDLC348, but retention
of the neomarked Ty3 element. The patches were repli-
caplated onto YPD medium that contained 5FOA (1 g/1) and
G418 (0.7 g/1) to select for cells that had lost the URA3
marked plasmid pDLC348 but retained the neo-marked Ty3
element. Cosegregation of the His™ and G418" phenotypes
(conferred by pCH2b19V and the neo-marked donor Ty3 ele-
ment, respectively) was assessed on SC —His medium that
contained G418 (0.7 g/1). Target plasmids were isolated from
cells grown in this medium and were used to transform E. coli
to both ampicillin and kanamycin resistance. The sites of Ty3
integration were analyzed as described above.

Statistical analysis of Ty3 transposition rate: Strain yTM441
cells carrying plasmids pCH2bol9V and pEGTy3-1 were grown
to a cell density of 9 X 107 cells per ml in SC (raffinose) —Ura
—His medium. This culture was diluted 10-fold into 96 tubes of
SC (galactose) —Ura —His medium. The cultures were grown
to a cell density of ~1.2 x 107 cells per ml. The cultures were
then diluted to 8.4 X 10 cells per ml and 100 ml of the diluted
cells were spotted onto SC —Ade —Lys plates. The plates were
incubated for 4 days at which time the number of Ade™ Lys’
colonies was determined. To determine the Ty3 transposition
rate in an actively growing culture, the starting culture for this
analysis was grown in raffinose-containing medium to minimize
the lag in attaining logarithmic growth.

Mating-induced transposition: Strain yIM444 (MATa),
yWB114 (MATa) (see Table 1) were transformed separately
with pEUTy3-1 or pCH2bo19V. Transformed cells were grown
separately in SC —Ura or SC —His medium to mid-log phase,
harvested and washed, and the cell number of the cultures
was determined. Haploid cells containing pCH2bo19V were
mixed in 10-fold excess with cells containing pEUTy3-1 (2 X
10 and 2 X 107 cells, respectively). The mixed cultures of
cells were plated onto YPD plates and incubated for 24 hr. In
these experiments, diploid cells were selected by replicaplat-
ing onto SC —Ura —His plates and by incubating for 24 hr.
Diploid cells containing target plasmids into which Ty3 had
transposed were selected by replicaplating onto SC —Ade
—Lys plates and were incubated for 4-5 days. Three kinds of
control experiments were performed. In the first, a galactose-
inducible Ty3 element (on pEGTy3-1) was substituted for the
pheromone-inducible Ty3 element (on pEUTy3-1) (Table 4,
experiments 9 and 10). In the second, one yTM444 culture

yTM441 + pCH2bo19V

SC -His

SC -Ade -Lys

FIGURE 1.—Growth of cells that contain target plasmid
pCH2bo19V. Strain yITM441 was transformed with the HIS3
marked plasmid pCH2bol9V and selected on SC —His me-
dium. These cells were streaked onto SC —His medium and
SC —Ade —Lys medium. Transformed cells grow on —His
medium, but not on —Ade —Lys medium that requires sup-
pression of the ade2-1010and lys2-1oalleles that contain ochre
nonsense mutations. Prior to Ty3 integration into the appro-
priate position in the target plasmid, the suppressor is inac-
tive.

was transformed with pEUTy3-1 and one culture with
pCH2bo19V. The two transformants were co-cultured for the
experiment. In the third experiment, yVB115 (diploid) cells
in which Ty3 expression is repressed by mating-type control,
carried both pEUTy3-1 and pCH2bol9V. Control experi-
ments in which both plasmids were present in a single strain
were performed as described above except that between 7 X
10" and 1 x 107 cells were applied directly to SC —Ura —His
medium. Target plasmids for all experiments were analyzed
as described above. Mating efficiency was determined essen-
tally as described by SPRAGUE (1991).

RESULTS

Design of the selection for Ty3 transposition: Ty 3 inte-
grates into the yeast genome just upstream of the tran-
scription initiation sites of different tRNA genes. Previous
experiments demonstrated that insertion of Ty3 and
sigma sequences upstream of (RNA gene transcription
initiation sites does not disrupt expression of the adjacent
(RNA gene (KINsEY and SANDMEYER 1991). Because RNA
pol III initiates transcription predominantly with purine
nucleotides, the expression of tRNA genes can be reduced
by substituting pyrimidine nucleotides for the purine nu-
cleotides within the transcription initiation region
(CHALKER and SANDMEYER 1992). These characteristics of
Ty3 integration and RNA pol III transcription were used
in the design of a novel, plasmid-based target into which
Ty3 transposition could be selected.

The target plasmid contains divergently oriented
t(RNA genes, sup2bo, a gene for an ochre-suppressor
tRNA™, and a gene for a tRNAY(AAC), separated by
19 bp and a polypyrimidine tract from position —3 to
—19 with respect to the sup2bo gene coding sequence.
This sequence, along with apparent steric hindrance
between the two genes for transcription factor binding,
maintains expression of sup2bo below phenotypically de-
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FIGURE 2.—Growth of cells on SC and SC (galactose) —Ura
—His plates. Strain yTM441 cells, transformed with plasmids
pCH2bo 19V and pEGTy3-1, were grown to mid-log phase in
SC -Ura -His medium. The cultures were harvested and
washed, and cell numbers were determined as described in
MATERIALS AND METHODS. The cells were diluted in H,O and
1 X 10" cells were applied, by vacuum, to 8.2-cm diameter
nitrocellulose filters (0.45 mm, Schleicher and Schuell) in
two 7-ml aliquots. The filters were applied to plates containing
SC —Ura —His ([J) or SC (galactose) —Ura —His () media
and incubated. At various time points, cells were washed from
the filters and total cell numbers were determined. The
dashed lines indicate incubation times of the cultures on dif-
ferent media that result in the same number of cells.

tectable levels (see Figure 1). Because only 19 bp sepa-
rate the coding sequences of the two genes, the tran-
scription initiation regions overlap. The tRNAY'(AAC)
gene is positioned to target Ty3 integration upstream
of the tRNAY"(AAC) transcription initiation site and
into the transcription initiation region of sup2bo. The
Ty3 element originally used in the selection was under
control of a galactose-inducible promoter. Therefore,
Ty3 transcription and transposition could be induced
by growth of cells on SC (galactose) medium. The inser-
tion of Ty3 sequence within the divergent tRNA gene
target was designed to relieve the steric hindrance for
transcription factor binding and provide the purine nu-
cleotides necessary for transcription initiation and phe-
notypically detectable expression of SUP2bo. The host

cell background included ochre nonsense alleles of

LYS2 (lys2-10) and ADE2 (ade2-1010). Expression of the
ochre suppressor gene could therefore be monitored
by growth on —Ade —Lys medium (Figure 3). Note that
when expression of the ochre suppressor tRNA"™ gene
is phenotypically undetectable (as it is in the native
target plasmid) the gene is referred to as sup2bo; when
expression of that gene can be detected phenotypically,

HIS3

sup2bo

tONA ) pCH2bo19V

ARS/CEN

[ Glucose -Ura -His -Arg +Can (liquid) ]

L
[ 10° celis ]

[ 10° cells I

I Glucose -Ura -His l l Galactose -Ura -Hls]

J,ZQ hr 48 hrl

F Replicaplate to Glucose -Ade -Lys I

[

FIGURE 3.—Selection for position-specific transposition of
Ty3. The target (pCH2bol9V) and Ty3}source (pEGTy3-1)
plasmids are depicted schematically at the top of the figure.
Integration of Ty 3 into the pCH2bo 19V target plasmid results
in activation of the sup2bo suppressor gene. This results in
suppression of the ade2-101o and lys2-1o nonsense alleles in
the strain and allows growth on SC -Ade -Lys medium. The
transposition regime is summarized and examples of colony
growth on SC —Ade —Lys medium are shown.

it is referred to as SUP2bo. This selection scheme re-
stricted detectable transposition events to those tar-
geted by the tRNAY(AAC) gene, although events tar-
geted by sup2bo were also expected to occur.
Induction of Ty3 transcription results in transposition
and activation of suppressor tRNA gene expres-
sion: Cells were transformed with plasmids pCH2bo19V
and pEGTy3-1 (Table 1). Transcription of Ty3, under
control of the GALI-10 upstream activating sequence,
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TABLE 2

Dependence of Ade Lys" colonies of Ty3 expression

Carbon Ade” Lys"
Experiment” source colonies’
1 Glucose 11, 10, 24, 23
Galactose 643, 650, 480, 362
2 Glucose 0,0,0,0
Galactose 55, 134, 114, 406
3 Glucose 4,10, 9, 25
Galatose 80, 113, 483, 334

“Independent transformants of yTM441 with plasmids
pCH2bo19V and pEGTy3-1.

"As described in MATERIALS AND METHODS, 1 X 10° cells
containing pCH2bo19V and pEGTy3-1 plasmids were plated
onto selective media containing glucose (repressing) or galac-
tose (inducing) medium. Cultures were subsequently repli-
caplated into SC -Ade -Lys medium to select for suppressor-
containing cells.

was induced by plating 1 X 10° cells onto SC (galactose)
—Ura —His medium. As a control, 1 X 10° cells of the
same culture were plated onto SC —Ura —His medium.
After periods of growth to attain similar numbers of cell
divisions (see Figure 2), the SC (galactose), and SC —Ura
—His plates were replicaplated onto SC —Ade —Lys
plates to select for cells in which SUP2bo expression was
activated by integration of Ty3 into pCH2bol9V. Cells
containing activated SUP2bo genes were detected as colo-
nies growing on the selective medium after 4-5 days.
Several hundred colonies grew on the SC —Ade —Lys
medium from cultures grown on SC (galactose) me-
dium, whereas only a few colonies grew on the SC —Ade
—Lys medium from control cultures grown on SC me-
dium (Figure 3, Table 2).

Target plasmids were isolated from Ade” Lys" colo-
nies and assessed for integration products. An example
of this analysis is shown in Figure 4. Plasmid DNAs
from Ade™ Lys™ cells were separated in agarose gels,
transferred to nitrocellulose filters and hybridized to a
HIS3specific probe. Target plasmids that contained
Ty3 elements were expected to increase in size from
9.4 to 14.8 kbp, which could be distinguished from
native target plasmids on the basis of reduced mobilities
of the intact plasmids through the agarose gel (Figure

4). The hybridization patterns shown in lanes 2—13 of

Figure 4A are indicative of native target plasmids. These
DNA samples were prepared from Ade” Lys™ colonies
that originated from control cultures grown on SC
—Ura —His medium. The b and d bands correspond
to nicked- and supercoiled-circular DNA, respectively.
The hybridization patterns of DNA from cultures grown
on SC (galactose) —Ura —His medium shown in lanes
14-25 of Figure 4A and lanes 2-25 of Figure 4, B-D,
are indicative of mixtures of native target plasmids and
target plasmids of significantly increased molecular
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FIGURE 4.—Southern analysis of Ty3 transposition into the
target plasmid. (A-D) Lane 1 represents the four largest mo-
lecular weight species of N\ HindlIII size markers (23, 9.4, 6.6
and 4.4 kbp). Lanes 2—13 (A) represent uncut plasmid DNAs
isolated from independent Ade” Lys" colonies that originated
from cells grown on SC —Ura —His medium. Bands b and d
correspond to nicked and supercoiled forms of the native-
target plasmid, respectively. Lanes 14-25 (A) and lanes 2—
25 (B-D) represent independent Ade” Lys” colonies that
originated from cells grown on SC(galactose) —Ura —His me-
dium. Bands a and ¢ correspond to nicked and supercoiled
forms of uncut target plasmid into which Ty3 has transposed.

weight that indicated integration of Ty3 into the target
plasmid. In a separate analysis of 90 samples, >95%
(86/90) of the Ade” Lys" colonies contained target
plasmids with integrated Ty3 elements. Because target
plasmids that did not contain Ty3 elements were not
discriminated against in this assay, they were often re-
tained in the Ade” Lys" cells. Greater than 80% of
the samples analyzed in this experiment contained two
forms of the CEN4-marked target plasmid. Thus, at least
two copies of the native target plasmid were present in
nearly all cells prior to integration of Ty3. Target plas-
mids were isolated (see MATERIALS AND METHODS) and
a subset was subjected to nucleotide sequence analysis
to confirm that the increase in size was due to acquisi-
tion of a Ty3 element (refer to Figure 5, discussed
below).

Reverse primer extension using an oligonucleotide
that specifically annealed to the sup2bo (described in
KINSEY and SANDMEYER 1991) intron demonstrated that
Ty3 transposition into the target plasmid resulted in
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FIGURE 5.—Positions of Ty3 insertion under selection for
suppressor tRNA gene expression. Coding sequences of the
divergent tRNA genes of the target plasmid are represented
by open boxes and are labeled. The nucleotide sequence of
the region between the divergent tRNA genes is shown. The
positions and number of independent integration events that
were isolated at those positions are represented by the loca-
tion and height of the bars, respectively. The bars shown in
stiple represent integration events that occurred 16-19 bp
upstream of the coding sequence of the tRNAY"(AAC) gene.
The stipled triangles shown below the nucleotide sequence
represent the extent of the 5-bp duplication of insertion site
sequence that occurred as a result of the transposition events
at positions 16-19 bp upstream of the tRNAY(AAC)
gene coding sequence. The black bar represents a single
integration event that occurred at —20 bp relative to the
tRNAY'(AAC) gene coding sequence. The black triangle indi-
cates the extent of the 5-bp duplication of insertion site se-
quence that occurred as a result of the transposition event
represented by the black bar. Open triangles shown above
and below the nucleotide sequence represent the boundaries
of the 5-bp insertion site sequences predicted to be duplicated
in transposition events that occurred 16—19 bp upstream of
the sup2bo gene.

the initiation of SUP2bo transcription within Ty3 se-
quence. The transcription initiation sites for the wild-
type sup2b gene are at —10 (major) and —12 (minor)
(KiNnsEy and SANDMEYER 1991). Total RNA was isolated
from cells (ELDER et al. 1983) carrying a native target
plasmid and from cells carrying a target plasmid into
which Ty3 had inserted and was present 19-bp upstream
of t(RNAY(AAC) coding sequence. The initiation site
for SUP2bo transcription in the plasmid containing the
Ty3 insertion was mapped to position —10, relative to
SUP2bo coding sequence, which corresponds to an ade-
nine nucleotide 4 bp within Ty3 sequence (data not
shown). Overexposure of the autoradiograph also re-
vealed extension products from RNA samples isolated
from cells containing only the native target plasmid.
This indicated that there was leaky expression of sup2bo
on the native target plasmid. Nevertheless, cells that
bore this plasmid lacked the suppressor phenotype
(Figure 1). This result validated the design of the
genetic selection for the site-specific transposition
of Ty3.

After induction of Ty3 transcription in cells grown
on SC (galactose) —Ura —His medium, 4/90 of the

resulting Ade” Lys" colonies contained target plasmids
with no detectable, stably integrated Ty3 elements. Tar-
get plasmids were isolated from over 50 independent
Ade” Lys" colonies (from several independent experi-
ments) arising from cells grown on SC —Ura —His me-
dium and analyzed by restriction enzyme digestion.
None of these were found to contain Ty3 insertions.
We reasoned that there were several possible sources
of these Ade” Lys" colonies. First, new mutations, re-
combination or gene conversion between plasmid and
genomic sequences could have resulted in a genomic
tRNA™" gene with an ochre-suppressing anticodon. Sec-
ond, sequence changes or small insertions within the
tRNA gene transcription initiation region of the target
plasmid or sequence changes within the tRNA gene
promoter elements might have allowed increased ex-
pression of the sup2bo gene. Third, new mutations could
enhance the expression of the plasmid-borne debili-
tated suppressor. Intragenic reversion of the genomic
alleles ade2-1010 and lys2-1o (Table 1) was considered
unlikely due to the low combined reversion rate ex-
pected for the two independent mutations.

The source of the suppressor phenotype in the con-
trol (uninduced) class of Ade” Lys" colonies was investi-
gated. Ade” Lys" cells arising from growth on SC —Ura
—His medium were cured of plasmids. Five of five inde-
pendent Ade” Lys" isolates from these control glucose-
grown cultures displayed the Ade™ Lys” phenotype after
being cured of the target plasmid. This indicated that
the primary source of Ade” Lys” colonies from control
cultures was genomic mutation.

To determine whether the suppressor phenotype of
cells grown on SC (galactose) —Ura —His medium was
plasmid dependent, Ade” Lys" colonies were streaked
onto rich medium to allow loss of the target plasmid.
Four cases in which there were Ade” Lys™ colonies in
the absence of evidence from the cracking gel of a Ty3
insertion were analysed in more detail. Two of these
colonies retained the Ade” Lys” phenotype in the ab-
sence of the plasmid and so probably had acquired a
genomic suppressor. Two colonies cosegregated sup-
pressor activity together with the plasmid. Restriction
enzyme digestion and sequence analysis showed that
they had acquired a sigma element within the region
of most Ty3insertions (data not shown). Whether these
products resulted from integration of single sigma ele-
ments or recombination between the two sigma ele-
ments that flanked newly integrated Ty3 elements is
unknown.

Ty3 transposition events in the target plasmid have
the characteristics of genomic transposition events: Al-
though the divergently oriented tRNA genes of the tar-
get plasmid did serve as a target for Ty3 integration,
the effect of this organization of target genes on Ty3
integration was unknown. For instance, TFIIIB and
TFIIC have been shown to bend the tRNA gene tem-
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plate near the initiation site (LEVEILLARD ef al. 1991).
Competition between the two tRNA gene promoters for
transcription factor binding was expected because of
overlap of the TFIIIB binding region of each gene with
the TFITIC binding region of the other gene. Heterolo-
gous proteins bound to the region occupied by TFIIIB
have been shown to result in elimination of tRNA gene
transcription (DINGERMANN et al. 1992) or significant
decreases in tRNA gene transcription concomitant with
changes in positions of transcription factor binding and
sites of transcription initiation (LEVEILLARD et al. 1993).
Each of these circumstances were potential sources of
irregular integration events within the divergent tRNA
gene target plasmid.

Insertions of Ty 3 into the divergent tRNA gene target
were analyzed to determine whether this target func-
tioned similarly to a single tRNA gene target. Character-
istics of typical Ty3 integrations include: (1) a 5-bp di-
rect repeat of target sequence flanking the integrated
Ty3 element, (2) Ty3 sequence located 16-19 bp up-
stream of the tRNA gene coding sequence and (3) Ty3
oriented such that the direction of transcription of Ty3
and the adjacent tRNA gene are divergent in approxi-
mately two-thirds of the insertions (SANDMEYER et al.
1988). The results of the sequence analysis of 29 inde-
pendent transposition products obtained through the
selection procedure are presented in Figure 5. Se-
quences, flanking both ends of the Ty3 elements, were
analyzed and 5-bp direct repeats were demonstrated
for all insertions. Ty3 sequence was located 16-19 bp
upstream of the base pair that encodes the first nucleo-
tide of the mature tRNAY(AAC) in 28 of 29 indepen-
dent insertions. In one isolate, the position of Ty3 se-
quence was 20 bp upstream of the tRNAY"(AAC) gene.
Ty3 elements were integrated in the more common
orientation in 16 of the 29 transposition products (data
not shown). However, both the positions of insertion
and short direct repeats were the same as for genomic
insertions. This argued that selected insertions had im-
portant fundamental properties in common with geno-
mic insertions.

The selection for Ty3 transposition detects a subset
of transposition events: To estimate the total number
of transposition events that occurred in the genome
from those detected by the selection, additional infor-
mation was required. Although Ty3 integration sites
within the divergent tRNA gene target displayed the
characteristics of natural integration events, the target
activity of the divergent tRNA gene relative to that of a
single tRNA gene was unknown. Also, because transpo-
sition events targeted by the sup2bo gene of the target
were not predicted to be detected phenotypically, it
was unknown to what extent such events occurred. As
mentioned in the Introduction, the helper/donor assay
for Ty3 transposition (CHALKER and SANDMEYER 1992,
see MATERIALS AND METHODS) was useful for determin-
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FIGURE 6.—Divergent- vs. single-tRNA gene target utiliza-
tion. The plasmid used in the competition assay is shown with
yeast sequences indicated. The bold numerals adjacent to the
different targets indicate the number of independent transpo-
sition events that were detected at these targets out of 29
integrations into the plasmid when no selection for the site
of integration was imposed.

ing the competitive ability of different Ty3 integration
targets (present on the same plasmid) to be used as
sites for Ty3 integration. This assay, which did not de-
pend on expression of sup2bo and therefore the posi-
tion of Ty3 insertion, was used to determine the usage
of the divergent tRNA gene target relative to that of a
single tRNA gene. In addition, it was used to determine
the percentage of transposition events into the diver-
gent tRNA gene target actually detected by the selection
procedure.

Plasmid pCH2bol9V was modified for use in the
helper/donor assay by converting it to a high-copy num-
ber plasmid and reverting the ochre suppressing antico-
don to wild type (pEH2b19V, Table 1). This plasmid
system was based on that described by CHALKER and
SANDMEYER (1993); it allowed collection of plasmids
containing Ty3 insertions independent of the position
of integration. A high-copy number plasmid was useful
for identification of neo-marked Ty3 integrations. The
suppressor tRNA gene was converted to wild type to
avoid the presence of a potentially detrimental high-
copy number gene for a suppressor tRNA. To deter-
mine the usage of the divergent tRNA gene target rela-
tive to that of a single tRNA gene, a single sup2b gene
was inserted into pEH2b19V ~1 kbp downstream of,
and in the same orientation as, the sup2b gene present
as part of the divergent tRNA gene target. This plasmid
was named pEH2b19V2b and is schematized in Figure
6. Independent Ty3 transposition products of a neo-
marked, donor Ty3 element into this plasmid were ob-
tained. Target plasmids were isolated, positions of Ty3
transposition were determined by restriction digestion
analysis and the target of integration was deduced (data
not shown). The results of this experiment are pre-
sented in Figure 6. Of 29 independent transposition
events into this plasmid, 5 occurred within the diver-
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FIGURE 7.—Positions of Ty3 insertion with no selection
for suppressor tRNA gene expression. Coding and intergenic
sequences of the divergent tRNA genes of the target plasmid
are represented as in Figure 5. The distribution and position
of independent integration events are represented by the
height and location of the bars, respectively. The bars shown
in stiple represent integration events that occurred 16-19 bp
upstream of the coding sequence of the tRNAY(AAC) gene.
The stipled triangles shown below the nucleotide sequence
represent the extent of the 5-bp duplication of insertion site
sequence that occurred as a result of the transposition events
at positions 16—19 bp upstream of the (RNAY(AAC) gene
coding sequence. The bars shown in black represent integra-
tion events that occurred outside of the natural window of
insertion sites from positions 16-19 bp upstream of the tRNA-
Y1 (AAC) gene-coding sequence. The triangles shown in black
represent the extent of the 5-bp duplication of insertion site
sequence that occurred at positions indicated by the black

bars. Open bars represent the distribution and position of

independently isolated integration events that occurred 16—
19 bp upstream of sup2b. Open triangles shown above and
below the nucleotide sequence represent the boundaries of
the 5-bp insertion site sequence duplicated from transposition
events that occurred at these positions.

gent tRNA gene target. The remaining 24 events oc-
curred at the single tRNA gene locus.

Plasmid pEH2b19V was used to determine the per-
centage of transposition events that occur within the
divergent tRNA gene target that are not likely to activate
suppressor expression and thus not likely to be detected
by the selection for transposition. Transposition prod-
ucts of a mneomarked, donor Ty3 element into
pEH2b19V were collected and Ty3 insertion sites were
determined by nucleotide sequence analysis. These re-
sults are presented in Figure 7. Of 31 independent Ty 3
transposition events analyzed, 24 (77%) occurred
within the discrete window of integration sites (16-20
bp upstream of t(RNAY"(AAC) coding sequence) that
allowed recovery by the selection procedure for the
divergent tRNA gene target. As evidenced by their de-
tection in the selection, Ty3 integration events at these
positions activate SUP2bo expression. Of the seven inte-
grations into positions not detected in the selection,
one integration occurred at position —21 relative to
tRNAY"(AAC) coding sequence. Three integrations
(10% of the total) occurred at position —15 relative
t(RNAY"(AAC) coding sequence. One integration oc-
curred at position —13; the gene that acted as the target

TABLE 3

Ty3 transposition rate determined by P(0)

Carbon Mutation rate to Transposition
source P(0)“ Ade’ l,)'s"' TCF’ rate

52 + 0.9
X 107" 1110

58 = 1

Galactose  62/96 x 10°*

“Number of independent samples containing zero Ade”
Lys" colonies per the number of samples tested.

"Values are mean * SE; SE was determined by the method
of LEA and CoOULSON (1949).

“Transposition Correlation Factor: the estimated number
of genomic Ty3 transposition events that occurred per Ade”
Lys™ colony.

for this insertion could not be determined. The re-
maining two insertions occurred at positions consistent
with the sup2b gene acting as the target for integration
and were therefore predicted to be too far upstream
to activate SUP2bo expression. From this analysis, we
concluded that at least 77% of the transposition events
within the divergent tRNA gene target activate sup2bo
gene expression sufficiently to be phenotypically detect-
able. It is formally possible that integrations at positions
—21 and —15 relative to the tRNAY'(AAC) gene activate
SUP2bo expression to detectable levels but occurred too
infrequently to have been included in the sample ana-
lyzed (Figure 4). In this case, up to 90% of the transposi-
tion events within the divergent tRNA gene target acti-
vate sup2bo gene expression sufficiently to be detected
phenotypically.

Ty3 transposition rate: The P(0) method of LuURIA
and DELBRUCK (1943) was used to determine the muta-
tion rate to the Ade” Lys” phenotype (Table 3). Cul-
tures containing galactose to induce transposition were
inoculated with 9 X 10" cells per ml and allowed to
grow to 1.2 X 107 cells per ml. A portion of this culture
containing 8.4 X 10" cells was plated onto each of 96
plates of SC —Ade —Lys medium. Sixty-two of the 96
plates did not show growth. A mutation rate to Ade’
Lys" of 5.2 = 0.9 X 10° per division was calculated.
This rate was then used to estimate the number of Ty3
transpositions into the genome per generation. To esti-
mate the transposition rate from the number of Ade”
Lys" colonies, the number of CEN plasmids, the activity
of the divergent tRNA gene target relative to genomic
tRNA genes and the relationship between the number

of plasmid-directed transposition events and the num-
ber of Ade” Lys" colonies were considered. Because
CEN plasmids with and without insertions were recov-
ered from colony isolates, the number of target plas-
mids per cell was estimated as two (Figure 4). Compari-
son of a single target to the divergent target by the
replica plating assay showed that the single target was
used five times more frequently (Figure 6). There are
an estimated 360 tRNA genes per haploid genome
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(GUTHRIE and ABELSON 1982). If it is assumed that a
plasmid-borne tRNA gene mimics the Ty3 targeting ac-
tivity of a chromosomal tRNA gene and that transposi-
tion is proportional to the number of targets, then each
insertion in the target plasmid reflects 5/2 X 360, or
900 genomic transposition events. Data from plasmid
target assays showing the percentage of Ade™ Lys™ colo-
nies that contained Ty3 or sigma insertions (95%) and
the percentage of insertions into the target plasmids
that resulted in Ade™ Lys* colonies (at least 77%) were
used to estimate the number of transposition events
into the plasmid from the number of Ade* Lys" colo-
nies. Thus, (0.95 insertions that activate SUP2bo expres-
sion per Ade” Lys* colony) X (one divergent target
insertion per 0.77 insertions that activate SUP2bo ex-
pression) = 1.23, the number of divergent target inser-
tions per Ade" Lys™ colony. The product of the relative
use of the genomic target to the divergent plasmid tar-
get (900) and the insertions represented per Ade” Lys*
colony (1.23) is 1110. The product of this factor (1110)
and the rate of mutation to Ade’ Lys' (5.2 = 0.9 X
107°) per cell division is a transposition rate of 5.8 +
1.0 X 107* transposition events per cell division.

Ty3 transposes in populations of mating yeast: Expo-
sure of haploid yeast to the mating pheromone of the
opposite cell type results in alterations in gene expres-
sion that lead to cellular differentiation and arrest of
the cell cycle in G1 in preparation for mating (reviewed
in SPRAGUE and THORNER 1992). Ty3 transcription is
induced 30- to 40-fold by the mating pheromone a-
factor and is repressed by mating-type control (VAN
ARSDELL et al. 1987; CLARK et al. 1988; BILANCHONE et
al. 1993). This pattern of Ty3 transcription suggested
that Ty3 transposition occurs naturally during mating.
To test that hypothesis, cells that lacked endogenous
Ty3 elements but which contained plasmid-borne Ty3
under control of its natural promoter were exposed to
a-factor and assessed for transposition using a modifi-
cation of the selection scheme described above (see
MATERIALS AND METHODS). Transposition of Ty3 into
the target plasmid was verified by Southern blot analysis
of target plasmids isolated from Ade” Lys" cells.

To determine whether transposition could be pro-
duced under physiological conditions of induction,
transposition of Ty3 was assessed in mating yeast (see
MATERIALS AND METHODS). MATa (yTM444) and MAT«a
(yVB114) cells carrying plasmids pEUTy3-1 and
pCH2bo19V, respectively, were grown separately, mixed
and plated onto rich medium to allow mating. These
strains had no endogenous Ty3 elements. Cells that
contained target plasmids into which Ty3 had trans-
posed were selected from diploid isolates as described
in MATERIALS AND METHODS. The reciprocal experi-
ment, in which pEUTy3-1 was carried in the MATwa
strain and pCH2bo19V was carried in the MATa strain,
was also performed. In each case, the cells carrying the

target plasmid were present at 10-fold the level of cells
carrying the Ty3 element. Mating efficiencies of cells
carrying pEUTy3-1 were ~35% for experimental cul-
tures and were 24 and 56% for control experiments 9
and 10, respectively. The results from these experi-
ments are summarized in Table 4. Control populations
in which (1) the Ty3 element of mating cells was not
inducible by pheromone (Table 4, experiments 9 and
10) and (2) the target plasmid and the plasmid-borne
pheromone-inducible Ty3 element were present in ei-
ther MATa or (3) MATa/ MATua cells (Table 4, experi-
ments 11 and 12, respectively) displayed no evidence
of transposition. Although the number of Ade™ Lys*
colonies from experimental cultures fluctuated, they
were at least 10-fold above those of control cultures
(experiments 9—12). The fluctuation is presumably due
to the two replicaplating steps, in which the transfer of
cells is variable. Acquisition of Ty3 by the target plas-
mids was confirmed by Southern blot analysis (as de-
scribed above) of the size of intact target plasmids iso-
lated from the diploid Ade® Lys' colonies. As in the
case of the results from the selection for transposition in
haploid cells, ~90% of the Ade™ Lys" colonies yielded
target plasmids that contained complete Ty3 elements.
Nucleotide sequence analysis of the Ty3 integration
sites from a subset of these target plasmids confirmed
that those events displayed the characteristics of geno-
mic Ty3 transposition events as described above (data
not shown). Thus, Ty3 was shown to transpose under
the control of its natural promoter and in either hap-
loid cell type during a discrete window of the yeast life
cycle: mating.

DISCUSSION

We have described a direct selection for Ty 3 transpo-
sition events into a novel plasmid-based target. This
procedure exploits the position specificity of integra-
tion displayed by Ty3 and obviates the previous require-
ment of a helper-Ty3 element to complement transposi-
tion of a genetically marked, transpositionally defective
Ty3 donor element. Insertions of Ty3 into the target
plasmid were flanked by the characteristic 5-bp direct
repeat and occurred primarily at the positions observed
for insertions upstream of genomic tRNA genes. This
assay was used to estimate the Ty3 transposition fre-
quency and to demonstrate that transposition of Ty3
occurs naturally in mating populations of cells.

The distribution of integration sites in the divergent
tRNA gene target determined without sup2bo activation
was biased toward those targeted by the tRNAY*'(AAC)
gene (28/30 positions in which the target tRNA gene
could be deduced). Although target activity is not a
direct function of sequence or pol III activity, it has
been shown to depend on the ability of a gene to bind
transcription factors (CHALKER and SANDMEYER 1992).
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TABLE 4

Ty3 transposition induced by mating

Plasmid carried in

Ade* Lys™
Experiment MATa cells MATuo cells MATa/«a cells colonies”
1 pEUTy3-1 pCH2bol9V — 16, 8
2 pEUTy3-1 pCH2bol9V — 23, 30
3 pEUTy3-1 pCH2bo19V — 17, 31,5, 7
4 pCH2bol19V pEUTYy3-1 — 33,34,7,0
5 pCH2bol9V pEUTy3-1 — 39,34, 0
6 pCH2bol19V pEUTy3-1 — 45, 56, 0
7 pCH2bol19V pEUTYy3-1 — 35,23,0,7, 15
8 pCH2bo19V pEUTy3-1 — 32, 18, 16, 0, 39
9 pCH2bo19V pEGTy3-1 — 0,04
10 pCH2bo19V pEGTy3-1 — 1,50
11 pCH2bol9V — - 0,0,0,0
pEUTy3-1 —
12 — — pCH2bo19V 0,0,0,0
— — pEUTYy3-1

“ Each number represents the Ade” Lys™ colonies present on separate SC —Ade ~Lys plates.

Recent studies of the U6 snRNA gene have also shown
that factors are bound upstream of the target site at
the time of integration (CHALKER and SANDMEYER 1993).
Therefore, the most simple explanation of the observed
tRNA gene bias is the relative ability of the divergently
oriented tRNA genes to bind transcription factors in
their respective 5'-flanking regions. The 5'-flanking se-
quence for each gene contains the 19-bp intergenic re-
gion. In addition, for the sup2bo gene it is comprised of
tRNAV(AAC) coding sequence and for the tRNAY™
'(AAC) gene, the sup2bo coding sequence. However, this
juxtaposition of the genes means that TFIIIB binding
for each gene, which is mediated by TFIIIC, must occur
on the TFIIIC binding region of the opposing tRNA
gene. Sequences in the 5-flanking region are known to
influence tRNA gene expression (SPRAGUE et al. 1980;
DEFRANCO et al. 1981; SHAW and OLSON 1984), presum-
ably by influencing TFIIIB interaction with the DNA.
Thus, differences in the tRNA gene 5'-flanking se-
quences could serve as a source of integration site bias
in the divergent tRNA gene target based on TFIIIB inter-
actions with the templates. Consistent with this supposi-
tion, expansion of the spacing of the divergent tRNA
genes, which was predicted to relieve the overlap be-
tween TFIIIC and TFIIIB binding regions, resulted in a
relaxation of the bias of integration events at the tRNAY™
'(AAC) gene. A variant of target plasmid pEH2b19V was
also used in conjunction with the helper/donor assay to
generate a set of nonselected Ty 3 insertions. The variant
target plasmid, pEH2b25V, contained an additional 6 bp
or a total of 25 bp between the two tRNA gene coding
sequences that extended the length of the polypyrimid-
ine/polypurine tract between the two genes. In this anal-
ysis, approximately one-third (5/16) of the indepen-
dently isolated transposition products displayed Ty3

elements in positions consistent with the sup2b gene act-
ing as the target for integration (data not shown).

Detection of Ty3 transposition events with the plas-
mid target revealed that Ty3 transposition occurred at
nearly one transposition event per 100 cell divisions
(0.6 X 1072) (Table 3) when Ty3 was expressed from
a galactose-inducible promoter on a high copy-number
plasmid. This rate of Ty3 transposition refines an earlier
rough estimate of Ty3 transposition that used the same
Ty3containing plasmid, pEGTy3-1 (HANSEN ¢t al. 1988)
to generate genomic Ty3 transposition events. In that
case, 50 isolates of each of 10 colonies, grown on galac-
tose-containing medium for 10 days and which had sub-
sequently lost plasmid pEGTy3-1, were assayed for trans-
position by colony hybridization. Approximately 7%
(6.6 X 107?) of the isolates from each galactose-grown
colony showed evidence of having acquired a genomic
Ty3element. The current study represents a refinement
that more accurately reflects the activity of Ty3 in grow-
ing cells by yielding a rate of transposition derived from
statistical analysis of a large number of independent
cultures grown over a short period of time.

Transposition of Tyl and Ty2 yeast copialike ele-
ments distantly related to Ty3 is not expected to occur
at elevated frequencies under the conditions used in
our experiments. Endogenous Ty elements are neither
naturally galactose inducible nor pheromone induc-
ible. In addition, expression of Ty3 does not stimulate
or complement transposition of Tyl to high levels
(CHALKER and SANDMEYER 1992). Although Ty!I could
transpose into the target and activate expression of the
suppressor tRNA gene, activation requires integration
within a region of <10 bp upstream of the tRNA gene.
The preference of Tyl for tRNA genes is observed only
over 500- to 1-kb regions (Jt et al. 1993).
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Our measurements allow a rough comparison of the
transposition frequency of a galactose-inducible Ty 3 el-
ement to that of a similarly regulated Tyl element
{Curcio and GARFINKEL 1991). A HIS3 gene carrying
an artificial antisense-intron was inserted into a Tyl
element so that the intron was in the sense orientation
with respect to the Tyl transcript. Induction of Tyl
transcription from a GALI promoter and splicing of
the intron from the Tyl genomic RNA allowed HIS3
expression upon integration of the marked element.
When this marked-Ty!l element was present on a high
copy-number plasmid the resulting frequency of Tyl
transposition was estimated at greater than one transpo-
sition event per cell division (CURCIO and GARFINKEL
1991), ~200-fold higher than that of Ty3. Because little
is understood about processes other than transcription,
which may control rate-limiting steps in retrotransposi-
tion, it may be instructive to consider, qualitatively, fac-
tors that differentially influence transposition of these
two classes of yeast elements. One obvious functional
difference that could account for a difference in trans-
position rates is the insertion of Ty3 with a high degree
of specificity into a genomic target comprised of ~360
tRNA genes (CHALKER and SANDMEYER 1990). Ty trans-
position exhibits less specificity and theoretically results
in a correspondingly greater target size, potentially ap-
proaching the size of the genome itself. Depending on
the extent to which target size is limiting for transposi-
tion, this could explain several orders of magnitude
difference in transposition rates between induced Tyl
and Ty3 elements. It is important to note, however, that
the effective Tyl target size is probably not four or
five orders of magnitude larger than the number of
potential Ty3 genomic targets, as it would be if Tyl
displayed no bias (J1 et al,, 1993). It is therefore possible
that the gross regions of genomic accessibility for Tyl
and Ty3 are similarly set, by chromatin structures in-
duced by the pol III transcription machinery in the case
of Ty! and by the pol III transcription complex itself
in the case of Ty3.

In contrast to transposition rates in cells carrying in-
ducible fusion elements, transposition rates in cells car-
rying the natural complement of Ty I and Ty3 elements,
are actually quite low. Ty transcript levels under these
conditions are nevertheless high and the low rate of
transposition appears to result in part at least from lim-
ited availability of active particle components (CURCIO
and GARFINKEL 1992). Ty3is present in lower-copy num-
ber than Ty! and transcript levels are extremely low in
the absence of pheromone induction, even in haploid
cells. Thus, coarsely approximate similarities in transpo-
sition rates between these different classes of elements
may be set by independent mechanisms.

Under the transcriptional control of its natural pro-
moter, Ty3 was shown to transpose efficiently in mating

populations of yeast. The pheromonal induction of Ty 3
has two interesting ramifications with respect to tempo-
ral coordination of transposition with the cell cycle: (1)
Ty3 transcription is induced as the cell cycle is arrested
in G1 in preparation for mating and (2) this profile of
Ty3 transcription regulation limits mobilization of Ty3
to the time near diploidization. Induction of Ty3 tran-
scription as cells are arrested in G1 is particularly inter-
esting in light of results from several studies that show
incomplete retroviral replication in nondividing cells
(FrRiTscH and TeMIN 1977; VARMUS et al. 1977; CHEN
and TEMIN 1982). HIV infection of quiescent lympho-
cytes is blocked during reverse transcription but this
block is reversed by mitogenic stimulation (ZACK et al.
1990, 1992). Whether Ty3 reverse transcription and in-
tegration occur in Gl-arrested cells is an interesting
question not addressed by these experiments. However,
once cells have mated, de novo Ty3 transcription and
transposition is repressed by mating-type control and
thus blocked in diploid cells (CLARK et al. 1988; BILAN-
CHONE et al. 1992). Therefore, our results demonstrated
that the limited induction of Ty3 transcription that oc-
curs as cells are arrested in Gl is sufficient to support
transposition of Ty3 after the cells have mated.

Strict temporal regulation of some other eukaryotic
mobile elements is documented. In fact several ele-
ments are mobilized exclusively in haploid or gametic
cells. Ty is transcribed in haploid yeast, but is repressed
in diploids by mating-type control (ELDER et al. 1980).
Pheromones do not induce expression of Ty as occurs
for Ty3. However, Ty! particles are destablized during
a-factor arrest (XU and BOEKE 1991). P elements of
Drosophila transpose only in germ line cells where the
2-3 intron of the P element RNA is spliced to encode
a functional transposase (LASKI et al. 1986). Likewise,
LINE transposition in germ line tissue has been de-
duced (DOMBROWSKI et al. 1991) and expression of
these elements is elevated in germ line tissue (MARTIN
and BRANCIFORTE 1993). Our experiments demon-
strated that Ty can transpose at high rates and identi-
fied a brief time in the yeast cell life cycle when this
transposition occurs naturally. Because of the lack of
an extracellular phase in the retrotransposon life cycle,
persistence of the retrotransposon is dependent upon
survival of the cell and stringent regulation of transposi-
tion may be important. Ty3 transposition is repressed
by mating-type control in diploid cells. It is further con-
trolled through its position-specificity for tRNA genes
where influences on gene expression is limited (KINSEY
and SANDMEYER 1991). However, loss of this exquisite
specificity could prove lethal to both cell and retro-
transposon. In eukaryotic cells, including yeast that ex-
ist primarily as diploid organisms, linking retrotranspo-
sition to germ line or haploid regulated expression may
represent an economical mode of restricting genomic
damage.
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