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Tfl, a retrotransposon from fission yeast, has LTRs and
coding sequences resembling the protease, reverse
transcriptase and integrase domains of retroviral pol
genes. A unique aspect of Tfl is that it contains a single
open reading frame whereas other retroviruses and
retrotransposons usually possess two or more open
reading frames. To determine whether Tfl can transpose,
we overproduced Tfl transcripts encoded by a plasmid
copy of the element marked with a neo gene. Approxi-
mately 0.1-4.0% of the cell population acquired
chromosomally inherited resistance to G418. DNA blot
analysis demonstrated that such strains had acquired
both Tfl and neo specific sequences within a restriction
fragment of the same size; the size of this restriction
fragment varied between different isolates. Structural
analysis of the cloned DNA flanking the Tfl -neo element
of two transposition candidates with the same regions in
the parent strain showed that the ability to grow on G418
was due to transposition of Tfl-neo and not other types
of recombination events.
Key words: Jbp promoter/retrotransposition/retrotransposon/
Schizosaccharomyces pombeITfl

Introduction
Retrotransposons have been isolated from a wide variety of
eukaryotic hosts including human, mouse, Drosophila,
Arabidopsis, Neurospora and Saccharomyces cerevisae. For
only a few of these is there direct evidence that a given
transposon copy is transpositionally active. A major
limitation in studying retrotransposition is the lack of assay
systems; this has until now been overcome in only three host
systems, S. cerevisiae (Boeke et al., 1985, 1988; Hansen
and Sandmeyer, 1990; Curcio and Garfinkel, 1991),
Drosophila (Jensen and Heidmann, 1991; Pelisson et al.,
1991) and mouse (Heidmann et al., 1988; Heidmann and
Heidmann, 1991). In metazoans like Drosophila and mouse,
only relatively small numbers of transposition events can be
conveniently studied, whereas transposition in micro-
organisms like fungi can be studied with much higher
sensitivity simply because much larger populations can be
manipulated.
We recently reported the isolation of retrotransposons Tf

and Tf2 from Schizosaccharomyces pombe. As is true of
most retrotransposons, Tfl was cloned on the basis of its
repetitive nature and there was little evidence that the cloned
copies were functional. Tfl-107 has 385 base long terminal
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repeats (LTRs) and predicted protein sequences that
resemble the protease (PR), reverse transcriptase (RT) and
integrase (IN) domains of retroviruses. Comparison of the
amino acid sequences of Tfl and other RTs revealed that
Tfl is clearly a member of the gypsy family, which contains
several Drosophila elements as well as Ty3 from S. cerevisiae
(Levin et al., 1990). In general, gypsy family elements
exhibit some level of target site specificity. Examination of
sequences flanking Drosophila gypsy elements such as gypsy
itself, 297 and 17.6 revealed a consensus target site sequence
(reviewed by Sandmeyer et al., 1990). Ty3 has a unique
non-sequence specific form of target site selection in that
all transposition events occur at pol III promoters (Chalker
and Sandmeyer, 1990; Sandmeyer et al., 1990). Tfl,
however, has no obvious insertion sequence preference or
pattern of integration at pol III promoters.
The chromosomal locations and total numbers of Tfl differ

greatly in various isolates of S.pombe. Tf2 has been observed
in the genomes of all wild-type and laboratory strains
examined. Although there are no endogenous copies of Tfl
in the derivatives of the common laboratory strains 975 or
972, 20 to 40 copies exist in other wild-type isolates such
as NCYC 132 (Levin et al., 1990).
The nucleotide sequence of Tfl-107 revealed a unique

property of Tfl: it contains a single open reading frame
(ORF) of 1340 amino acids (Levin et al., 1990). Other LTR-
containing retrotransposons and retroviruses typically contain
two or more ORFs whose products are expressed at different
levels. The first ORF, gag, produces abundant virion
structural components, whereas the second ORF, pol,
produces smaller amounts of enzymatic components like RT
and IN. One of the few retrotransposons with a single ORF,
copia, uses splicing to produce different levels of gag and
gag -pol products (Miller et al., 1989; Brierley and Flavell,
1990; Yoshioka et al., 1990). Recently, we have obtained
direct evidence that Tfl, in contrast to all other retro-
transposons studied, produces a single primary translation
product (D.C.Weaver, H.L.Levin and J.D.Boeke, in
preparation). A second unusual feature of Tfl is that there
is no obvious candidate for a primer, such as a tRNA,
identifiable by a binding site just downstream of the 5' LTR,
where complementarity to the CCA 3' terminus of tRNAs
is usually present. Because of the unusual structural features
of Tfl-107, the possibility exists that this element was not
a functional copy, as is often the case with multicopy
eukaryotic transposons (Boeke et al., 1988; Hansen and
Sandmeyer, 1990; Voytas et al., 1990).

In order to determine whether Tf1-107 was an active or
an inactive transposon copy, we sought evidence for its
transposition. Initially, strains related to 975 (lacking Tf1)
were transformed with high copy number plasmids that
contained Tf1. Following a growth period and plasmid
segregation, genomic DNA blotting of random colonies was
carried out to identify transposition events. Because no
transposition events were observed with this low sensitivity
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technique (data not shown), we developed an assay that can
be used to screen large numbers of candidate strains
efficiently.

In previous studies, high level promoter fusions to the
S. cerevisiae retrotransposon Ty 1 increased the frequency of
transposition by as much as 50- to 200-fold (Boeke et al.,
1985). To assay for transposition activity of Tf1, we fused
the S.pombe fbp promoter to Tf1-107, such that Tf 1
transcripts of native structure were overproduced. This
plasmid fusion was marked with the neo gene just
downstream of the Tf 1 ORF. Potential transposition events
were detected by testing colonies for chromosomally encoded
resistance to G418 conferred by neo. After strains were
exposed to a defined growth regimen, - 0.1-4% of the cells
acquired such resistance to G418. Analysis of genomic DNA
demonstrated that each candidate transposition strain had
gained a Tfl -neo within a different fragment of genomic
DNA. The Tf 1 -neo genomic sequences representing two
candidate transposition events were cloned and the corres-
ponding sequences flanking the insertion were determined.
Sequence analysis of the target sites in the parent strains
demonstrated that these candidates represent true trans-
position events and not other forms of recombination.

Results
Mapping the 5' end of Tf1 transcripts
To determine the exact site of Tf 1 transcriptional initiation,
we compared the results of primer extension reactions with
those of nuclease S 1 protection assays. Figure 1 (lane 2)
shows the products of a primer extension reaction with oligo
JB54.3 (ATCACAAGAGTTCAGTTA) that hybridized to
Tf 1 transcripts just downstream of the 5' LTR. The exact
base of the 5' end of the Tf 1 transcript was determined by
adding the extension product to sequence reactions that were
produced using 32P-labeled JB54.3 on a Tfl DNA template.
Because JB54.3 hybridized to Tf 1 as well as Tf2 transcripts
(Levin et al., 1990), the single primer extension band was
produced for RNA that contained both Tfl and Tf2
transcripts, suggesting that the two related families of
elements initiate transcription at the same site. The initiation
site of Tfl transcription was confirmed by primer extension
with a Tfl specific oligo (see below). The position of the
start site was corroborated by the results of SI nuclease
reactions as shown in Figure 1, lanes 3 and 4.

A plasmid that overexpresses a neo-marked copy of
Tf 1
In order to observe Tf 1 transposition, we increased the level
of Tfl -107 transcription by fusing the element to the S.pombe
fructose bis-phosphatase (Jbp) promoter on a high copy
vector (Figure 2). The resultant plasmid, pHL234, contained
the URA3, ars and stabilization fragments from pFL20,
which is maintained in S.pombe at 74-80 copies/cell (Heyer
et al., 1986). The level of Tf 1 transcript produced from the
Jbp promoter was compared by RNA blot analysis to the
amount produced by the Tfl promoter. The RNA blot shown
in Figure 3a contains RNA from YHL35 1, a transformant
that carried Tf 1 with its own LTR promoter (lane 2) and
RNA from YHL448, a strain that contained thejbp promoter
fusion (lane 1). The difference in signal of the two lanes
indicated that thejbp promoter produced substantially more
transcript than the Tf 1 promoter.

Fig. 1. RNA isolated from YHL334 was used in primer extension
assays with an oligo that hybridizes next to the 5' LTR of Tfl-107.
The first set of sequence reactions was produced using 32P kinased
JB54.3 and double-stranded template. RNA was either pretreated with
DNase and RNase (lane 1) or DNase alone (lane 2) before addition to

the primer extension reaction. The second set of sequence reactions
were identical to the first except that the product from lane 2 was

added to each lane in the set. The superimposition of these samples
demonstrated that Tfl transcripts begin at base 189 of Tfl. SI
nuclease protection assays were carried out with YHL334 RNA
pretreated with DNase (lane 3), RNase (lane 4) or DNase plus RNase
(lane 5).

One reason for selecting the Jbp promoter for use in the
Tfl fusion plasmids is that transcription of Jbp can be
repressed in medium containing 8% glucose and induced as
much as 50-fold when 3% glycerol is the carbon source
(Hoffman and Winston, 1989). Because growth of these
transformants bearing these plasmids on SC-ura medium
containing 8% glucose was erratic, we used medium
containing 3% glucose. To determine whether Tfl tran-
scription is induced when cells were grown in glycerol, equal
amounts of total RNA were extracted from glucose and
glycerol grown cells, electrophoretically separated on a
formaldehyde -agarose gel, transferred to nitrocellulose and
reacted with a Tfl specific probe. Figure 3b indicates that
the same quantity of Tfl RNA is produced by plasmid
pHL234 whether cells were grown in media containing
glycerol or glucose. For the experiments described below,
unless otherwise indicated, the medium contained 3 %
glucose, which resulted in a faster growth rate.
To provide a means for the detection of transposition

events, the plasmid pHL234 was further modified by the
addition of the bacterial neo gene from Tn9O3 to the region
of Tfl-107 just upstream of the 3' LTR. The structure of
the neo containing plasmid, pHL297, is shown in Figure 4A.
Cells that contained pHL297 grew on YE-G418 (which
contains 500 ptg/mn G418), whereas the untransformed strain
failed to grow on as little as 150 ytg/ml G418. We have
previously shown that when this neo fragment from Tn9O3
was inserted in single copy in the BglII site just 3' to the
ura4 coding region in S.pombe (Grimm et al., 1988), high
levels of G418 resistance were observed (data not shown).
As indicated by Figure 4A, the position of the Jbp

promoter with respect to the transposon sequence in pHL297
was placed so that the transcript from the Jbp promoter
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Fig. 2. Construction of the Jbp-Tf -neo plasmid pHL297. SSM in pHL281 indicates the position of the Bglll site created by site specific
mutagenesis. pHL281 contains a 1.7 kb ApaI-BamnHI fragment that contains the 3' end of Tfl-107 with the BglII site into which the neo fragment
was inserted. pHL234 (inset) is pCHY20 with two inserts that contain 5' and 3' portions of Tfl-107. pHL297 was produced by replacing the
ApaI-BamHI piece of pHL234 with the ApaI-BamHI fragment from pHL283 that contains the neo insert. Because there is an additional ApaI site
in the URA3 section of pHL234, pHL297 transformants that were the result of partial rather than complete ApaI digestion were selected on LB-
kanamycin plates to guarantee the presence of neo.

started at the same sequence as the natural Tf 1 transcript.
The purpose of preserving the normal Tf 1 transcription start
was to guarantee that the RNA could be reverse transcribed
properly. To determine whether the transcription start site
in pHL297 corresponds to the natural Tf 1 start, primer
extension reactions with a Tfl specific oligonucleotide were
performed with RNA isolated from strains that only
possessed plasmid copies ofjbp- Tf 1 or endogenous copies
of Tf1. Figure 4B shows primer extension assays that
demonstrated that in strain YHL462 (a derivative of strain
NCYC 132, containing many endogenous copies of Tf1),
transcripts from endogenous copies of Tfl initiate at the same
position as the RNA produced by 570 and 573, two strains
in which the only Tf 1 copies derive from the Jbp-Tf 1
plasmid pHL297. A small fraction of the Tf 1 transcripts
produced by YHL570 and YHL573 are slightly larger than
the native Tfl transcripts which may mean that these mRNA
copies initiate just within the jbp sequence. The control strain
YHL438 contained a pFL20 plasmid without Tf 1 and
produced no Tfl specific signal. There was, however, a non-
Tf 1 extension product observed in YHL438 that was seen
below the Tf 1 signal produced by all strains.

Transposition assay
The method used to detect transposition events is described
in detail in Materials and methods. Strains containingJbp-

fused Tfl-107 plasmids were grown as single colonies on
SC-ura plates to select for the presence of the plasmids. Cells
from individual colonies were then allowed to go through

- 13 generations of growth on medium selective for the
plasmid. Aliquots of the saturated cultures were spread on
5-fluoroorotic acid (FOA) plates to a density of - 10 000
colonies per plate. The presence of FOA allows only the
cells that have lost the URA3 plasmid to grow (Boeke et al.,
1984). As -0.5% of the cells in an SC-ura culture have
lost the plasmid, no curing step was required before the cells
were plated onto the FOA plates. The FOA resistant colonies
were then replica plated to YE-G418 to determine the
number of colonies that had retained the neo marker but lost
URA3.
Gene conversion of endogenous Tf1 elements by the

Tfl -neo copy on the plasmid cannot explain the observed
events, because the strain used contained no Tf 1 copies.
However, gene conversion of other Tfl elements with limited
homology, such as Tf2, or of Tf 1 LTRs could give rise to
chromosomal Tf1 -neo copies. To rule out this type of
mechanism, we repeated the transposition assay with a
version of Tfl -neo that had a frameshift mutation in the
protease domain. This frameshift mutation should eliminate
translation of RT and IN. This control strain YHL675, is
isogenic to YHL569 and YHL570 except that it contained
the frameshift mutation. As indicated in Table I, the
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frameshift mutation reduced the appearance of G418r
colonies to an undetectable level.

Physical characterization of transposition candidates
In addition to the genetic evidence for transposition, DNA
blots were used to determine whether Tfl as well as neo
sequences had been transferred to the genomes of the G418
resistant cells. Genomic DNA was prepared from 12
transposition candidates of YHL570 from the first experi-
ment in Table I (at least eight of these were independent).
Because the Tfl -neo contained no sites of BamHI, the
DNAs from the 12 candidates were digested with this
enzyme and hybridized to a neo probe. As seen in
Figure 5A, each of the candidates contained a hybridization
signal of varying size while the parent strain produced no
detectable bands. All but one of the candidates clearly had
a single restriction fragment that contained all of the neo
hybridizing sequence, while one candidate (# 1) produced
two bands possibly because of an incomplete restriction
digest. Candidate # 1 genomic DNA produced a single band
hybridizing to neo in a second DNA blot (data not shown).
Each of the candidates apparently received a single copy of
neo because there are no BamHI sites in the neo sequence.

Figure 5B is a DNA blot identical to that in Figure 5A
except that the filter was hybridized to a Tfl specific probe
(Figure 4A). The pattern of bands from this blot matched
the signals from the previous blot, indicating that each of
the candidates also acquired a single copy of Tfl sequence
and the copy of Tfl and neo reside on the same restriction
fragment. However, one exceptional candidate ( # 2) showed
no Tfl signal suggesting that the neo gene in this case might
have entered the genome by a recombination pathway other
than transposition or alternatively, that a deletion of this
region occurred during transposition. Nevertheless, the DNA
blot results from 11 of 12 candidates suggest that their ability
to grow on G418 was due to simple transposition of
Tfl -neo. Although the band for candidate #3 is light in
this exposure, it is clearly seen in a dark exposure of this blot.

Isolation and characterization of target sites before
and after transposition
The genomic Tfl -neo fragments and flanking sequences
from candidates YHL663 and YHL665 were cloned into
pBSII as Spel-NheI fragments by selecting for resistance
to kanamycin in E. coli. Neither Tfl nor neo contains a site
for either enzyme. The structure of the recombinant plasmids
was determined by restriction digestion and determination
of the sequences flanking the LTRs as described in Materials
and methods. In both candidates, the neo genes were found
inserted in an intact Tfl element as in pHL297 except that
the 5' LTRs were present in an intact form (i.e. not fused
to thejbp promoter). Like previously cloned genomic copies
of Tfl and Tf2, the transposed Tfl -neo elements were
flanked by 5 bp duplications. As expected, these were
different in sequence from the 5 bp duplications flanking
Tfl -107.
The presence of intact 5' and 3' LTRs and 5 bp duplica-

tions were consistent with Tfl -neo transposition events. To
confirm this hypothesis, we used sequence flanking Tfl -neo
from each candidate to design oligos that were used in PCR
reactions with genomic DNA from the parent strain. For
both candidates, the PCR reaction with the candidate DNA
produced no obvious bands while the reactions with the

Fig. 3. (a) Total RNA was isolated from YHL448 (lane 1), a strain
with Tfl fused to theJbp promoter and YHL351 (lane 2), which
contains Tfl with its own promoter. Cells were grown in 3% glucose
(see b). The total amount of RNA loaded in each lane was equivalent
as determined by ethidium bromide staining. The RNA blot was
hybridized with the Tfl specific EcoRI probe shown in Figure 4A.
The positions of 0.24-9.5 kb molecular weight standards (Bethesda
Research Laboratory) are indicated to the left of the gel. (b) Total
RNA was isolated from YHIA58 (lanes 1 and 2), a strain with the
pCYH20 vector that carries no Tfl insert and YHL450 (lanes 3 and
4), which contains thejbp-Tfl fusion. RNA loaded in lanes 1 and 3
came from cultures grown in 3% glycerol plus 0.1 % glucose while
lanes 2 and 4 contain RNA from cells grown in 3% glucose. The Tfl
specific EcoRI fragment probe was used.

parent DNA produced a band of the size predicted for true
transposition events. The PCR products from the third
candidate, YHL665 are shown in Figure 6. We cloned the
insertion sites of these two candidates from patient strain
YHL232 so that parental genomic sequences could be
compared to the sequences of the candidates. Figure 7
compares the sequence flanking the Tfl-neo insertions in
the two candidates to the parental sequences. In both
candidates, the only changes in the insertion sites were the
duplication of the target site and the presence of the Tfl-neo
element. Hence, both of these strains acquired the neo genes
as the result of true transposition events.

Tf1 transposes at both high and low temperatures
Retrotransposition efficiency of Ty 1 in S. cerevisiae is
extremely sensitive to increased temperature (Paquin and
Williamson, 1984, 1986; Boeke et al., 1986). To measure
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Fig. 4. (A) The diagram of pHL297 shows the position of the pFL2O

that contains the Spombe ars. The position of the S.cerevisiae URA3

gene is also shown. The circle labeled Jbp indicates the position of the

promoter with relation to the natural transcription start site of Tfl1
indicated by the left side of the triangle. The site of transcriptional

initiation of the jbp fuision plasmid pHL297, is indicated by the arrow

labeled start. The stippled bars show the positions of Tf amino acid

sequences that are homologous to the retroviral domains PR, RT, RH,

and IN. The stippled triangles represent the 3' Tfl1 LTR and the R/U5

portions of the 5' LTR. The horizontal lines indicate the position of

hybridization probes used for the blots in this paper. The Sacl site

indicates the position at which a frameshift mutation was introduced.

(B) These lanes are the products of primer extension reactions with

oligo JBI181 used to determine the start site of Tf transcription for

YHL438, YHL462, YHL570 and YHL573 (solid arrow). The position

of the dashed arrow marks a non-Tfl1 specific product observed in all

strains tested. The sequence reactions were produced with 32P kinased

JBI181 on a Tfl plasmid template to serve as molecular weight

standards.

transposition frequency for Tfl at different temperatures,

we repeated the assay using cultures of YHL573, YHL675

and YHL677 grown at either 220C, 30'C or 360C. YHL573

was an independent transformant of plasmid pHL297 while

YHL675 and YHL677 were independent transformants of

the frameshift plasmid pHL326. G41 8 resistant colonies

arose at frequencies of 0.06-0.2% regardless of the growth

temperature. Mean frequencies were 0.14% at 220, 0.10O%

at 300 and 0.10% at 360C in YHL573. Under the same con-
ditions two independent cultures of both YHL675 and
YHL677 produced no G418 resistant colonies (<0.01 %)
at all three temperatures.

Effect of glycerol regulation of the fbp promoter on
transposition
The effect of growth in glycerol on transposition was
determined to compare with the RNA blot data that indicated
that Tfl RNA levels did not increase on glycerol. Growth
in glycerol failed to stimulate transposition (0.17% on
glucose versus 0.12% on glycerol). This result is consistent
with the RNA blot in Figure 3b that shows no obvious
difference in transcript levels. A possible explanation for the
apparent lack of Tfl induction from thejbp fusion plasmids
is that there could be sequence in the 5' end of Tfl that serves
as a transcriptional enhancer which interferes with the
glucose repression.

Discussion
A system for studying transposition in S.pombe has been
developed. This system combines the use of a strong
promoter to direct the expression of Tfl element proteins
and the insertion of the selectable neo marker into a
nonessential region of Tfl, allowing detection of relatively
rare transposition events. The jbp promoter overproduces
Tfl transcripts that initiate at the natural Tfl start site.
pHL297, anjbp plasmid containing Tfl -neo, caused strains
YHL569 and YHL570 to acquire G418 resistance at a
frequency of -0.2-4.1 %. The frequency was reduced by
at least 20-fold as the result of a frameshift mutation in the
protease domain of pHL326. The simplest conclusion from
this experiment is that the process that caused cells to gain
resistance to G418 required the expression of functional Tfl
protein, as would be predicted for retrotransposition. The
lack of G418 resistant cells produced by pHL326 demon-
strated that homologous recombination between pHL297 and
sequences within the genome was not responsible for the
ability of pHL297 to convert cells to G418 resistance.
Genomic DNA from 12 YHL570 transposition candidates

was analyzed to determine whether Tfl -neo sequences had
actually been incorporated into the genome. Eleven of the
12 candidates each had neo and Tfl sequences on the same
fragment of genomic DNA, as predicted for true transposi-
tion events. One of the candidates clearly lacked any Tfl
signal, suggesting that either i) this particular strain acquired
the neo marker by a mechanism other than transposition or
ii) this element suffered a deletion during transposition.
Because copies of the related element Tf2 (but not Tfl) are
found in the chromosomes of strain YHL570 (Levin et al.,
1990), homologous recombination between the Tfl-neo on
pHL297 and the endogenous Tf2 copies could have produced
the candidate that became G418r but lacked Tfl sequences.
In support of the second possibility, internal deletion of Tyl
sequences during transposition has been reported (Eichinger
and Boeke, 1988; Curcio et al., 1990).

Although DNA blot data suggested that the candidate
strains had acquired G418 resistance via transposition events,
direct examination of the flanking sequence was undertaken
to provide definitive evidence. Structural analysis of the
cloned DNA flanking the Tfl -neo element of two trans-

position candidates with the same regions in the parent strain,
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showed that the ability to grow on G418 correlated with the
simple insertion of Tfl -neo. The duplication of the five
bases flanking the Tf1 -neo suggests that the integration
event is initiated by a 5 bp staggered cut mediated by an

Table I. Transposition assay results

Experiment 1
Strain FOA Res. G418 Res. %G418 Res./FOA Res.a

YHL569 2,000 ± 100 83 4.1
YHLS70 2,000 100 38 1.9

Experiment 2
Strain FOA Res. G418 Res. %G418 Res./FOA Res.

YHL570A 7,000 ± 500 13 0.18
YHL570B 5,600 + 200 14 0.25
YHL675A 5,200 + 200 0 <0.02
YHL675B 4,000 + 200 0 <0.02

aThe transposition frequencies observed in experiment 1 are high
compared to subsequent experiments for unknown reasons. The data in
experiment 2 are typical of the results obtained since (Levin and
Boeke, 1992).
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integrase of the type encoded by retroviruses and retro-
transposons.
The temperature sensitivity of Tyl retrotransposition in

S. cerevisiae has previously been reported (Paquin and
Williamson, 1984, 1986; Boeke et al., 1986). The ability
to monitor Tfl transposition at 36°C is experimentally
useful. It suggests that some aspect of Tfl transposition is
substantially more heat stable than its counterpart in Tyl
transposition. Should this heat resistant step involve integra-
tion or reverse transcription, biochemical characterization
may be facilitated by stability at higher temperatures. In
addition, the ability of Tfl to transpose at high temperatures
provides an opportunity to determine the effect of various
temperature sensitive host mutants, such as cdc mutants, on
the frequency of transposition at various temperatures.
The results from the transposition assays along with the

physical characterizations of target sites demonstrates that
Tfl-107 is able to accomplish each of the steps in the
retrotransposition pathway. Because Tfl-107 is the first Tfl
element copy assayed for transposition, the possibility
remains that other isolates of Tfl may possess higher or
lower levels of activity. Nevertheless, this active copy of
Tfl forms the basis for several experimental approaches
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Fig. 5. (A) Genomic DNA was isolated from 12 transposition candidates and the parent, YHL232, after plasmid pHL297 was lost. The DNA was
digested with BamHI, which cuts neither Tfl nor neo. The DNA blot was hybridized with the neo probe shown in Figure 4A. The position of
molecular weights are shown to the left of the gel. (B) This blot is identical to that shown in A except that the hybridization probe used was the
Tfl-specific EcoRI fragment shown in Figure 4A.
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aimed at characterizing the mechanisms of each step in
transposition, including the contribution of host functions.
The frequency of transposition observed in this system is

perhaps 100-fold lower than transposition of Tyl -neo from
a GAL-Tyl plasmid in S.cerevisae. This difference could
be due to many different factors, such as expression
efficiency, marker effects or relative efficiency of this
particular copy. However, we note that marked Ty3
elements, which like Tfl belong to the gypsy family of
retrotransposons, transpose at a similar frequency to
Tfl -neo. Since many members of the gypsy family have

Fig. 6. The lane marked YHL665 contained the PCR products of a
reaction containing DNA from this candidate with oligos JB140 and
JB141 that hybridized to positions flanking the target site. The parent
lane reaction contained the same oligos but the genomic DNA was
derived from the parent strain, YHL232. The expected molecular
weight for the amplified pretransposition DNA is 127 bp. The
molecular weight markers used were a 123 base pair ladder.

ACAACGAATCA
Transposed copy of YHL663

Donor site ACAACGAATCA

AACT1TTGATG
Transposed copy of YHL665

L." - 3'LTR of Tfl

Donor site

apparent target site specificity, lower transposition frequency
could also be a consequence of less available target sites in
the genome. Since, in the seven Tfl/Tf2 insertion sites
sequenced, there is no evidence that these elements prefer
a specific target sequence, nor that they insert upstream of
pol III transcription units, such target specificity would have
to be of a novel type.

Materials and methods

Plasmid constructions
The transposition plasmid pHL297, was produced by ligating specially
modified versions of the two halves of Tf1 into the XhoI and BamHI sites
of the expression plasmid pCHY20. pCHY20 is identical to pCHY21
(Hoffman and Winston, 1989) except that in pCHY20 the polylinker was
placed at the start site of transcription (C.Hoffman and F.Winston, personal
communication). The 5' half of Tf1 in this construct contains an XhoI site
at the transcription start site. The 3' portion contains a bacterial neo gene
in a nonessential region of the element. As shown in Figure 2, the XhoI
site introduced into Tfl at the site of transcription initiation was created
by PCR with oligonucleotides JB68 (CCAAGGTCTGGTAGGAAG) and
JB70 (GCCTCGAGTTCAGTTATGAGCTATAT). The PCR product was
cleaved with XhcI and SacI and the product was ligated into pCHY20 together
with the SacI-BamHI fragments of Tfl to produce pHL234. A section
of Tfl from the ApaI site to the BamHI site was cloned into M13mpl9,
creating phage 3' pst9, and site specific mutagenesis (Kunkel, 1985) was
used to create a unique BglIl site at position #4568 just downstream of
the Tfl ORF. Oligonucleotide JB112 (TACATAGAAGATCTTGGG-
GAGGG) was used to create the BglII site. The ApaI-BamnHI fragment
was then subcloned into pBSII, creating pHL281. The mutagenized
ApaI-BamHI fragment was cut with BglII and the neo fragment from
pGH54 (Joyce and Grindley, 1984; Garfinkel et al., 1988) was inserted,
giving rise to pHL283. To create pHL297, the ApaI-BamHI fragment
containing the 3' half of Tf 1 marked with neo was excised from pHL283
and ligated into pHL234 cut with ApaI and BamHI. pHL326 is identical
to pHL297 except that it has a frameshift mutation in the protease region.
The frameshift was constructed by inserting a double-stranded oligonucleotide
JB 127: pGCCGTGCGGCCGCACGGCAGCTTCGACGGCACGCCG-
GCGTGCCGp, which contains a NotI site, into the SacI site.

Growth media
The liquid medium used for the transposition assay was SC-ura (synthetic
complete medium lacking uracil; Sherman et al., 1986), but differed from
this formula in that 3% glucose was used as the carbon source unless other-
wise specified. The SC-ura plates contained 2% agar in addition to the other
components. The YE-G418 plates contained 0.5% yeast extract, 3% glucose,
2% agar, and 0.5 mg/ml Geneticin (GIBCO; the concentration was cor-
rected for purity). The FOA plates were SC-ura plates that contained 50
tig/m1 uracil and 1 mg/ml 5-fluoro-orotic acid (SCM Specialty Chemicals).

*CAAATCGGAAACCTGAC-5---LTR ofTfl-neo

3'LTR of Tfl-neo----CTGACAATTAGTAAACAAAGCTAAAGAA

LCAAATCGGAAACCIGACAATrAGTAAACAAAGCTAAAGAA

iTTATACGTAA ---5'LTR of Tf1-neo

1-neo----CGTAACATGAAATAACGATTTCTCTTCGAGACCTA

AACTTTGATGTTATACGTAACATGAAATAACGATTTCTCTTCGAGACCTA

Fig. 7. The results of DNA sequencing reactions of the parent and candidate target site region. The curved line broken with two short lines

represents the body of the transposed Tfl. The underlined nucleotides indicate the position of the five base target site that is duplicated upon

insertion.
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Table H. Strains

Strain Genotype Source Plasmid description

972 h- c

975 h+ c

NCYC 132 wt c

YHL232 ura4 D-18, h- (Grimm et al., 1988)
YHL334 ura4- d
YHL351 YHL232/pHL1 17 this paper Tfl inserted in pFL20
YHL438 YHL232/pDW231 e truncated Tfl-107 fused to an epitope tag
YHL448 YHL232/pHL235 this paper same as pHL234 except independent PCR reaction
YHL450 YHL232/pHL234 this paper Jbp promoter fused to PCR copy of Tfl (Figure 1)
YHL458 YHL232/pFL20 this paper Spombe ars plasmid
YHL462 YHL334/pCYH20 this paper Jbp fusion vector
YHL569 YHL232/pHL297 this paper Jbp fusion of Tf 1 -neo (Figure 1)
YHL570a YHL232/pHL297 this paper Jbp fusion of Tfl -neo
YHL573 YHL232/pHL298 this paper differs from pHL297 by having an independent PCR product
YHL663 YHL232 Tfl-neo transposition # 1 this paper
YHL665 YHL232 Tfl-neo transposition #3 this paper
YHL675 YHL232/pHL326 this paper identical to pHL297 except pHL326 has frameshift mutation in protease
YHL677b YHL232/pHL326 this paper identical to pHL297 except pHL326 has frameshift mutation in protease

aYHL570 was an independent transformant from YHL569
bYHL677 was an independent transformant from YHL675
CThe references for these strains are listed in Zimmer et al. (1987).
dThis strain was isolated in this lab as a spontaneous ura4- mutant of NCYC 132.
eD.Weaver, H.Levin and J.Boeke, unpublished.

Primer extension and S1 nuclease protection assays
When indicated, 500 yg of RNA were pretreated with 50 units of DNase
(RQ1 from Promega) in 3 ml of buffer (50 mM Tris-Cl, pH 7.2, 10 mM
MgSO4) for 1 h at 37°C. Some RNA samples (10 ,Ag) were also pretreated
in 1 Ag/ml RNase in TE (10 mM Tris pH 7.9, 1 mM EDTA) at 370C
for 1 h. The RNase and DNase treatments were followed by two phenol
extractions. The first step of the primer extension assay was the hybridization
reaction, containing 10 Ag of genomic RNA in 15 ul of reaction buffer (0.1 M
Tris-HCI (pH 8.1), 1.0 mM EDTA, 17.3 mM NaCl). Approximately
0.5 pmol of 32P-labeled oligonucleotide was added to the mixture that was
then incubated at 65°C for 2 min followed by a 420C incubation for 60 min.
After the hybridization, 9 ,ul of extension buffer (55.5 yM each dNTP,
28 mM MgCl2, and 2.8 mM DTT) and 2 units of AMV reverse
transcriptase (Boehringer Mannheim) was added to the reactions, and then
incubated at 37°C for 1.5 h. The extension products were ethanol precipitated
and loaded onto sequencing gels. The S1 nuclease protection assays were
performed according to Ausubel et al. (1987). The primers used for these
assays were JB54.3 (ATCACAAGAGTTCAGTTA) and JB181 (GTT-
GTAGTGATGGACGC).

Transposition assay
Individual colonies of Spombe strains (see Table II) transformed with either
pHL297 or pHL326 were used to inoculate the growth of patches of 1 square
cm grown for 3 days on SC-ura plates. The patches were used to inoculate
10 ml liquid cultures that were adjusted to obtain uniform initial cell densities
in each culture with an OD6W of 0.05-0.1 in SC-ura medium. The
cultures were grown to saturation (- 1 x 108 cells/ml) at 300C (unless
otherwise specified). 0.1 ml of a 100-fold dilution was spread on FOA plates,
giving rise to 5000-50 000 colonies. The FOA' colonies were then printed
to YE-G418 plates. Each G418' colony was scored as a transposition can-
didate. DNA blots used to characterize the candidate strains were performed
using a previously described phenol extraction technique (Levin et al., 1990).

Probes
The EcoRI probe of Tfl shown in Figure 4A derives from nucleotides
564-1312. Because this region of sequence is only found in Tfl and not
Tf2 (Levin et al., 1990), genomic DNA extracted from cells derived from
the laboratory strains 972 and 975 does not hybridize with the EcoRI probe.
The neo probe used is also shown in Figure 4A and is the 1.0 kb BamHI
fragment from the neo gene (Joyce and Grindley, 1984; Garfinkel et al.,
1988).

Isolation of candidate Tf 1 - neo insertions and target sites
Genomic DNA was isolated from candidate transposition strains YHL663
and YHL665. 5-10Ig of total genomic DNA was cut with NheI and SpeI

and loaded onto a 0.6% agarose gel. Fragments >4 kb long were ligated
into pBSII KS - (Stratagene), cut with XbaI and transformed into E. coli,
selecting for growth on LB plates containing 50 jtg/mi kanamycin. After
the two halves of the Tfl -neo elements were subcloned into independent
pBSII constructs, JB44 and JB45, oligonucleotides that hybridize to the LTR
were used to sequence the genomic DNA that flanked the insertions (Levin
et al., 1990). Oligonucleotides that hybridized to the insertion flanks for
use in PCR reactions with genomic DNA of the parent, G418S strain
YHL232 were synthesized. JB138 (ACAACGAATCACAAATC), JB139
(TTACATACTTATTATTT), JB140 (AACTTTGATGTTATA) and JB141
(AAAGGATTTGAGTTATTT) were used to produce PCR fragments
corresponding to pretransposition sequences that were then gel purified and
ligated into pBSII and sequenced.
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