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Retroviruses and long terminal repeat (LTR)-containing retrotransposons initiate reverse transcription by
using a specific tRNA primer that anneals to the primer-binding site of the retroelement transcript. Sequences
from a large number of retroviruses and LTR-containing retrotransposons had indicated that the role of
tRNAs in priming reverse transcription is universal among these LTR-containing retroelements. Data pre-
sented here strongly support the surprising conclusion that Tf1, a highly active LTR-containing retrotrans-
poson isolated from Schizosaccharomyces pombe, undergoes a novel self-priming process that requires hybrid-
ization between the primer-binding site and the first 11 bases of the Tf1 transcript. Single-base mutations in
these regions block transposition and reverse transcription, while compensatory mutations that reestablish
complementarity rescue both defects. In addition, the sequence of the minus-strand RNA primer of reverse
transcription was consistent with its being derived from the 5* end of the Tf1 transcript. Evidence that this
mechanism defines a new family of retroelements is presented.

The propagation of retroviruses and retrotransposons con-
taining long terminal repeats (LTR) requires the insertion of a
cDNA copy of their sequence into the genome of a host cell.
Many features of the reverse transcription process are con-
served among the broad family of LTR-containing elements (7,
24). The first steps of reverse transcription are universal among
these elements and include the hybridization of a specific
tRNA molecule to the retroelement mRNA at the primer-
binding site (PBS), found just downstream of the 59 LTR (1,
13). As demonstrated for both retroviruses (25) and retrotrans-
posons (3, 11), a tRNA molecule is required for priming the
synthesis of minus-strand strong-stop DNA, the first product of
reverse transcription (Fig. 1A). The role of tRNA in the prim-
ing of reverse transcription is thought to be common to all
LTR-containing elements since the retroviruses and LTR-con-
taining retrotransposons that have been sequenced have a PBS
that is complementary to known tRNA species.
Tf1 is an LTR-containing retrotransposon that was isolated

from the fission yeast Schizosaccharomyces pombe. It has cod-
ing sequences similar to the protease, reverse transcriptase,
and integrase (IN) proteins of retroviruses and retrotrans-
posons (16). In vivo assays for transposition demonstrate that
Tf1 is highly active, resulting in transposition frequencies as
high as 20% (17, 23).
In light of the conservation of reverse transcription priming,

it is surprising that no tRNA primer has been identified for
Tf1. In addition to the absence of tRNA homology, Tf1 lacks
the highly conserved UGG in the PBS of retroelements that
hybridizes to the last 3 bases of the tRNA molecule. Evidence
for the presence of an RNA primer that functions precisely at
the conventional PBS location of Tf1 came from the analysis of
DNA isolated from virus-like particles. This DNA was used as
the template in primer extension analyses, and treatment with
RNase demonstrated that there are at least 9 bases of RNA at
the 59 end of the minus-strand strong-stop DNA. The position
of this RNA is immediately downstream of the 59 LTR and

defines the PBS for Tf1 (17). Instead of using an uncharacter-
ized tRNA as the primer, data from this study strongly support
the model that Tf1 mRNA undergoes a novel self-priming
mechanism of reverse transcription. The first 11 bases of the
Tf1 transcript are exactly complementary to the PBS location
identified by the primer extension experiments. This observa-
tion raised the possibility that the first 11 bases of the transcript
fold back and anneal to the PBS. If an RNA endonuclease cuts
the first 11 bases from the transcript, the 39 OH required to
prime DNA synthesis would become available (Fig. 1B). Data
are presented below showing that individual base changes in
the PBS or the 59 end of the transcript block transposition and
reverse transcription while compensatory mutations that rees-
tablish complementarity rescue both defects. In addition, the
RNA primer of reverse transcription was identified by hybrid-
ization and does indeed include the sequence of the first 11
bases of the Tf1 transcript. Evidence that this mechanism de-
fines a new family of retroelements is presented.

MATERIALS AND METHODS

Media. The S. pombeminimal liquid and plate media were composed of EMM
(20). Selective plates contained EMM and 2 g of dropout mix per liter, a powder
that contained all amino acids, adenine, and uracil except for nutrients that are
absent as required for selection (21). Vitamin B1 (thiamine; 10 mM) was added
to EMM plates when indicated. 5-Fluoroorotic acid (5-FOA; PRC Inc., Gaines-
ville, Fla.) plates were made by adding 1 g of 5-FOA per liter to EMM supple-
mented with 100 mg of uracil per ml. YES 5-FOA/G418 plates contained 5 g of
yeast extract (Difco), 2 g of complete dropout mix, 1 g of 5-FOA, and 500 mg
(corrected for purity) of Geneticin (G418; Gibco) per liter.
Strains and plasmid constructions. The yeast strains used in this paper are

listed in Table 1. The oligonucleotides used are listed in Table 2. Plasmid
pHL449-1 contained the nmt1 promoter fused to Tf1-neo at the start of the
transposon transcript and was identical to pHL414 (17), except that an artificial
intron (GTAGGTGCTATTTTACTAGTCTAAGCTAATCAATAG) was in-
serted in reverse orientation into the NruI site of neo. Although the intron was
included in these plasmids with the intention of using a direct-transposition assay
(4), none of the experiments described in this paper involved the intron, since
transposition events were scored only after the plasmid copy of neo was evicted.
pHL476-3 was identical to pHL449-1, except that a reading frameshift in the
beginning of IN was created from a three-piece ligation of the 5-kb vector
XhoI-BamHI fragment of pHL414, the 2-kb ApaI-BamHI 39 Tf1 fragment of
pHL449-1, and a 4-kb ApaI-XhoI fragment of Tf1 from pHL338-9 that had a
frameshift mutation created at the beginning of IN at a BspHI site. All PCRs
described below were performed with the Pfu enzyme (Stratagene). The point
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mutations were all generated on 980-base PCR XhoI-AvrII fragments that con-
tained the Tf1 mRNA leader and that were ligated into the unique XhoI and
AvrII sites of pHL411-62. The plasmids with single point mutations in the PBS
(pHL791-1 and pHL789-1) were constructed by fusion PCR with two overlap-
ping approximately 30-base oligonucleotides with the mutant sequence and
flanking PCR oligonucleotides that contained restriction sites unique to the Tf1
plasmid. The fusion PCR products were produced by mixing oligonucleotides
that hybridize to the 59 (HL38) and 39 (HL39) ends of the fusion product with
template that consisted of two half PCR fragments that were made with the
overlapping mutation oligonucleotides and one of the two flanking oligonucle-
otides. The fusion products were ligated into pHL411-62 (identical to pHL449-1
except without the neo) as XhoI-AvrII fragments, and the mutations were finally
ligated into pHL449-1 on a 4-kb BstXI fragment. The specific oligonucleotides
used in the construction of each mutation are shown in Table 2. Mutations made
in the 59 end of the transcript (pHL793-1 and pHL795-1) were made with single
PCR products by incorporating the desired mutation within an oligonucleotide
that overlapped the unique XhoI site used to insert the XhoI-AvrII PCR fragment
into pHL411-62. The double-mutant plasmids pHL799-1 and pHL797-1 were
created with DNA from the PBS mutant plasmids (pHL791-1 and pHL789-1) as
the template with HL39 (wild-type 39 PCR oligonucleotide) and either of the
59-endpoint mutant oligonucleotides HL46 and HL47. The mutation sites of each
plasmid were sequenced to verify the nature of the base changes. In addition,
each PCR-generated construct was made in duplicate by using an independent
PCR to control against the effects of untemplated PCR-generated mutations.
Each duplicated plasmid gave results in all transposition assays equivalent to that
of its partner. For the sake of simplicity, the results for only one member of each
pair are reported below.
Transposition assay. Strains were first grown as patches on EMM to induce

the nmt1 promoter, which was fused to the neo-marked Tf1. The presence of the
bacterial neo gene allows S. pombe to grow in 500 mg of G418 per ml. After 5 days
of 328C incubation, the plate was replica printed to EMM medium containing
5-FOA to select against cells containing the Tf1-neo plasmid (2). This plate was
then replica printed to YES medium (20) containing G418 as well as 5-FOA and
incubated at 328C for 2 days to determine at what frequency Tf1-neo inserts into
the genome (15, 17). Quantitative measurements of transposition frequencies

were performed as follows. Strains were grown as patches of cells on EMM-uracil
dropout agar (20) for 2 days at 328C. These cells were then diluted and grown in
liquid EMM-uracil dropout from an optical density at 600 nm of 0.1 to satura-
tion. The cells were then spread onto 5-FOA plates, and the resultant colonies
were printed to YES plates containing 500 mg of G418 per ml (17).
Particle preparation and extraction of nucleic acid. The preparations of large-

scale yeast extracts and the subsequent analysis on sucrose gradients were based
on previously published protocols (5, 6, 8). A 500-ml portion of EMM-uracil
medium was inoculated at an optical density at 600 nm of 0.05 and grown to an
optical density at 600 nm of 1.0. The cells were harvested, washed, and broken as
previously described (17). Glass beads loaded to just above the meniscus greatly
increased the efficiency of breakage and recovery of virus-like particles. Har-
vested cells (1 ml) were resuspended in 3.5 ml of buffer B/EDTA (15 mM KCl,
10 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid [HEPES] z KOHs
[pH 7.8], 5 mM EDTA) containing 1 mg of aprotinin per ml, 0.5 mg of leupeptin
per ml, 0.7 mg of pepstatin per ml, 3 mM dithiothreitol, and 2 mM phenylmeth-
ylsulfonyl fluoride. A 5-ml portion of supernatant recovered from a 3,000-rpm
SS34 centrifugation (5 min) of the cell extract was loaded onto a 20 to 70% linear
gradient of sucrose in buffer B/EDTA and centrifuged for 24 h at 25,000 rpm in
a Beckman SW28 rotor. To isolate nucleic acid from particles, 1.2-ml fractions
were collected and 0.8-ml portions each of fractions 26 to 30 were pooled and
diluted in buffer B up to a volume of 11.5 ml. This diluted sample was spun at
35,000 rpm in a Beckman SW41 for 1 h to pellet the particles. Pellets were
resuspended in 0.4 ml of 25 mM EDTA–0.1% sodium dodecyl sulfate (SDS)–50
mg of proteinase K per ml (Boehringer Mannheim) and incubated at room
temperature for 2 h. This solution was then phenol extracted and ethanol pre-
cipitated. The material from one 500-ml culture was then resuspended in 0.4 ml
of Tris-EDTA buffer (TE) and split into two samples, with one receiving the
addition of 1 ml of 2-mg/ml RNase A. Both samples were incubated for 1 h at
378C and then phenol extracted and ethanol precipitated. These pellets were
resuspended in sequencing stop buffer and loaded onto a 6% polyacrylamide–
46% urea sequencing gel.
Electrotransfer of sequencing gel and DNA blot procedure. The sequencing

gels were electrotransferred in a Hoefer TE77 onto GeneScreen Plus (DuPont)
for 1 h with 300 mA in 0.53 Tris-borate-EDTA buffer (TBE). The filter was UV

TABLE 1. Yeast strains used in this study

Strain Genotype or description Source Plasmid description

YHL912 h2 ura4-294 leu1-32 J. Boeke, 21X5A
YHL1282 YHL912/pHL449-1 This study Wild-type Tf1-neoAI
YHL1554 YHL912/pHL476-3 This study Tf1-neoAI with frameshift in beginning of IN
YHL2738 YHL912/pHL793-1 This study Tf1-neoAI with C-to-G mutation at 7th position of 59 end
YHL2722 YHL912/pHL791-1 This study Tf1-neoAI with G-to-C mutation at 7th position of PBS
YHL2786 YHL912/pHL799-1 This study Tf1-neoAI with double mutation at 7th position
YHL2754 YHL912/pHL795-1 This study Tf1-neoAI with G-to-C mutation at 5th position of 59 end
YHL2706 YHL912/pHL789-1 This study Tf1-neoAI with C-to-G mutation at 5th position of PBS
YHL2770 YHL912/pHL797-1 This study Tf1-neoAI with double mutation at 5th position

TABLE 2. Oligonucleotides used in the construction of plasmids and the analysis of Tf1 DNA

Oligonucleotide Sequence Use

HL38 GGAAGAGGAATCCTGGC PCR oligonucleotide used as 59 flank for all XhoI-AvrII fragments
HL39 CCAATTGCTTCCAGTCTTTG PCR oligonucleotide used as 39 flank for all XhoI-AvrII fragments
HL42 GCGTAGCTAACAATAAGTGAACTCTTG Top-strand fusion oligonucleotide of overlapping pair with 5th-position

mutant in PBS
HL43 TCACAAGAGTTCACTTATTGTTAG Bottom-strand fusion oligonucleotide of overlapping pair with 5th-

position mutant in PBS
HL44 GTAGCTAACAATAACTCAACTCTTGTG Top-strand fusion oligonucleotide of overlapping pair with 7th-position

mutant in PBS
HL45 GATCACAAGAGTTGAGTTATTGTTAG Bottom-strand fusion oligonucleotide of overlapping pair with 7th-

position mutant in PBS
HL46 CATATCCTCGAGTCCACTTATGAGCTATA PCR oligonucleotide with XhoI site used to create the mutation in the

5th position of the 59 end
HL47 GGCATATCCTCGAGTTGAGTTATGAGC PCR oligonucleotide with XhoI site used to create the mutation in the

7th position of the 59 end
HL77 AGTTCAGTTATGAGCT Probe for DNA blot (see Fig. 4C)
HL78 TGTTAGCTACGCAGTTT Used as sequencing primer for ladder on DNA blot
HL89 AAACTGCGTAGCTAACA Probe for DNA blot (see Fig. 5)
HL90 GCTAACAATAACTGAACT Probe for DNA blot (see Fig. 5)
HL92 GAGCTATATAAATGATAG Probe for DNA blot (see Fig. 5)
JB341 ATACTCAGTTGTTACTC Probe for DNA blot (see Fig. 5)
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cross-linked for 7 min in a Stratalinker (Stratagene) at the default energy setting.
The filter was then prehybridized for 1 h in 63 SSC (13 SSC is 0.15 M NaCl plus
0.015 M sodium citrate)–0.1% SDS–0.1 mg of sheared herring sperm DNA per
ml. Phosphorylated oligonucleotide probe (107 cpm) was added, and the hybrid-
ization was allowed to occur overnight. The filters were washed three times for
5 min each in 63 SSC–0.1% SDS.

RESULTS

Effect on transposition of mutations in the putative self-
priming duplex. Initial support for a self-priming mechanism
of reverse transcription was the observation that the first 11
bases of the Tf1 transcript has perfect complementarity to the
Tf1 PBS (Fig. 1C). To evaluate a possible role of this putative
structure in priming of reverse transcription, the effect on
transposition of point mutations in the PBS as well as in the
first 11 bases of the transcript was determined. The assay for
transposition utilized S. pombe cells with a plasmid copy of Tf1
fused to a strong inducible promoter that overproduced a
full-length Tf1 transcript (17). To detect transposition events,
a bacterial neo gene was placed in a nonessential region of the
transposon. The presence of neo allows S. pombe to grow in
high concentrations of G418. After expression is induced, re-
verse transcription of the Tf1 mRNA and the subsequent in-
sertion of the neo-marked cDNA into the host genome yields
transposition events. Cells that gain newly transposed copies of
Tf1 are identified by their ability to grow on G418 once the
plasmid copy of neo is evicted (15).

The wild-type Tf1-neo plasmid in strain YHL1282 produced
high levels of transposition that resulted in a patch of confluent
growth on G418 medium, as shown in Fig. 2. YHL1554, a
negative control strain that contained the Tf1 plasmid with a
frameshift mutation in the IN domain, produced background
levels of growth that are the result not of transposition but of
low-level homologous recombination (23). Since single-base
changes in the PBS of the Saccharomyces cerevisiae retrotrans-
poson Ty1 had large effects on the transposition frequency, the
first mutations made in Tf1 as part of this study were also
single-base changes (10). Strain YHL2706 contained a Tf1
assay plasmid with a C-to-G base change at the fifth base
position of the PBS (Fig. 1C). This single mutation greatly
reduced the frequency of transposition, as seen by the inability
to grow on the G418 plate in Fig. 2. Strain YHL2754 contained
a similar G-to-C mutation made in the 59 end of the Tf1
transcript at the base proposed to hybridize to the fifth base of
the PBS. This mutation also greatly reduced the transposition
frequency. To determine if these transposition defects were
due to the lack of hydrogen bonding between these two bases,
strain YHL2770, in which complementarity was reestablished
by combining the PBS and the 59-end mutations just described,
was constructed. YHL2770 showed transposition frequencies
similar to the wild type (Fig. 2), indicating that complementa-
rity between the PBS and the 59 end, rather than the exact
sequence at these two sites, was important for transposition.
To establish definitively that complementarity within the 11-
base region of the putative RNA duplex is required for trans-
position, the seventh base of the PBS was mutagenized as well
as its counterpart at the 59 end of the transcript (Fig. 1C).
YHL2722 has a G-to-C mutation at the seventh base of the
PBS, while YHL2738 has a C-to-G mutation in the position of
the 59 end opposing the seventh base of the PBS. Both of these
mutant strains showed greatly reduced transposition frequen-
cies, confirming that the sequence of the PBS and the 59 end of
the transcript are each required for normal transposition.
YHL2786, a strain that contained both mutations, had wild-
type levels of transposition. Thus, the defects in transposition
observed in the individual mutations were repaired by combin-

FIG. 1. Mechanisms of priming reverse transcription. (A) Accepted mecha-
nism of tRNA-mediated priming of minus-strand strong-stop DNA for LTR-
containing retroelements. The largest rectangle represents the retroelement, and
the smaller, triangle-containing rectangles are the LTRs. The wavy line depicts
the full-length transcript, and below this is a straight line that represents the
minus-strand strong-stop DNA with a tRNA primer at its right end. (B) Pro-
posed self-priming structure of Tf1 mRNA with an RNA duplex of 11 bp that
forms between the first 11 bases of the transcript and the PBS. Formation of this
structure may be followed by a cleavage event that exposes a 39 OH for priming.
The horizontal triangle is the 59 LTR of Tf1. The looped structure is the mRNA,
and the arrow shows the direction of DNA synthesis after priming. (C) RNA
duplex sequence of the 11 bp that forms in the Tf1 mRNA. The arrows indicate
the positions of the single point mutations made in the fifth and seventh base
positions of the PBS and of the 59 end. Compensatory pairs of changes made at
the fifth and seventh base positions were also expressed. Figure 2 shows the
effects on transposition of all these mutations.

FIG. 2. Transposition activity of a plasmid version of neo-marked Tf1 with
point mutations in the putative primer and PBS sequences. The level of growth
on this G418 plate represents the frequency of transposition events within each
of these strains. From left to right, the top row contains the wild type (WT)
(YHL1282) and Tf1 with a frameshift in IN (YHL1554); the second row contains
Tf1 with mutations in the seventh-position base pair located in the 59 end of the
transcript (YHL2738), in the PBS (YHL2722), and in both the 59 end and the
PBS (YHL2786); and the third row contains Tf1 with mutations in the fifth-
position base pair located in the 59 end of the transcript (YHL2754), in the PBS
(YHL2706), and in both the 59 end and the PBS (YHL2770).
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ing two compensatory mutations that reestablish base pairing
between the PBS and the 59 end (Fig. 2).
Quantitative analysis of the transposition defects caused by

the point mutations shown in Fig. 1C was conducted by deter-
mining what percentage of colonies contain cells derived from
a progenitor that had suffered a transposition event (17). Com-
pared with the wild-type version of Tf1, the IN frameshift
mutant showed at least a 15-fold lower level of transposition
activity (Table 3). For all of the mutations with single-base
changes, the frequency dropped at least 27-fold compared with
the wild type. These extremely low levels of transposition were
rescued to 80 and 87% of normal in the double mutants with
compensatory changes at the fifth and seventh positions, re-
spectively.
Measurement of the minus-strand strong-stop DNA levels.

Although the transposition data demonstrate a surprising re-
quirement for an interaction between the 59 end of the tran-
script and the PBS, it was important to determine if the point
mutations actually disrupted the synthesis of minus-strand
strong-stop DNA as predicted in the model for self-priming.
Toward this end, a DNA blot was made of nucleic acid ex-
tracted from pools of sucrose gradient fractions that contained
Tf1 virus-like particles (Fig. 3). This blot was designed to
detect minus-strand strong-stop DNA. Therefore, the nucleic
acids were fractionated on a 6% sequencing gel and, after
transfer, the resulting membrane was probed with labeled oli-
gonucleotides that hybridized specifically to the minus strand
of the strong-stop region. A doublet of about the size of an
artificially produced Tf1 strong-stop control fragment (P) was
observed in pools 5 and 6 of a sucrose gradient that contained
virus-like particles from the wild-type transposon strain,
YHL1282 (Fig. 3). The doublet that indicated the presence of
minus-strand strong-stop DNA in the wild type was absent in
strains with a point mutation in the PBS or the 59 end of the
transcript. As expected, the strong-stop signal was restored in
the strain with the double mutation. These results provide
strong evidence that the drop in transposition frequencies
caused by the single mutations was due to an inability to syn-
thesize minus-strand strong-stop DNA as predicted for defects
that block priming.
Because the 11-base sequence at the 59 end of the Tf1

transcript is also present in the 39 LTR, the identical fifth- and
seventh-position changes were made in the 39 LTR. The results

indicated that these 39 LTR bases mutations have no effect on
transposition (data not shown).
To exclude the possibility that the changes in transposition

observed in these experiments are due to altered levels of Tf1
expression, the amounts of Gag protein were measured by
immunoblot analysis. A wild-type level of Gag was observed in
each of the mutants described above. In addition, all these
mutants produced wild-type levels of particles as determined
by immunoblot analysis of sucrose gradient fractions that also
contained normal levels of Tf1 mRNA (data not shown).
Characterization of the minus-strand strong-stop DNA spe-

cies. The sizes of the minus-strand strong-stop doublet species,
as well as the positions of their termini, were examined for
information that might relate to the priming mechanism. To
determine the precise sizes of the two major strong-stop DNA
species seen in Fig. 3, particle nucleic acid was run on a thin
sequence gel and electrotransferred to a filter that was probed
with labeled JB341, an oligonucleotide that was complemen-
tary to Tf1-specific sequence of the minus strand in the center
of the strong-stop species (the identities of all of the oligonu-
cleotide probes are given in Fig. 4, and the blot is shown in Fig.
5A). The sizes of the two strong-stop species were determined
with a sequence ladder that was produced with HL78, an oli-
gonucleotide that had a 59 end that corresponded to the 59 end
sequence of the strong-stop DNA after the material was
treated with RNase A (17). The strong-stop signal in the
RNase A lane of Fig. 5A was a doublet with a top band (170 to
172 bases) equivalent in size to that predicted for a full-sized
strong-stop product that has a 39 end that extends up to the
first base of its template, the Tf1 transcript (plus sign in Fig. 4).
The bottom band (159 to 161 bases) was the size predicted for
a minus-strand strong-stop species that had a 39 end shortened
by about 11 bases (asterisk in Fig. 4). The untreated sample

FIG. 3. DNA blot detection of minus-strand strong-stop species isolated
from virus-like particles. Extracts from strains YHL1282 (WT), YHL2706 (PBS,
5th base), YHL2754 (59 END, 5th base), and YHL2770 (DOUBLE MUT., 5th
base) were loaded onto sucrose gradients, and the nucleic acids from all fractions
were analyzed by DNA blot hybridization analysis. Pools 1 through 6 each
contain material from five consecutive gradient fractions beginning from the top
of the gradients and ending at the bottom. The minus-strand strong-stop species
of DNA were detected with JB341, a radiolabeled oligonucleotide, as the specific
probe of the minus strand. Lanes M contain molecular size markers (in bases),
and lanes P have a synthetically produced Tf1 minus-strand strong-stop DNA
that is 5 bases larger than the expected size and was made by restriction digestion
of a Tf1 plasmid with BglII sites at the PBS and the 59 end. To determine if the
absence of the strong-stop signal in the single-point mutant strains could be due
to degradation of the nucleic acid in the sample or reduced loading compared
with the wild type and the double mutant, RNA hybridization blots were run on
the extracted nucleic acid from all four strains. Equal amounts of Tf1 transcript
in the particle fractions of the sucrose gradients were observed. The gel was a
0.8-mm-thick 6% sequence gel that was electrotransferred to GeneScreen Plus
(Amersham). The oligonucleotides were hybridized at 368C in 63 SSC–0.5%
SDS.

TABLE 3. Quantitative transposition frequencies of strains mutated
in the PBS or the 59 end of the transcripta

Transposonb
No. of colonies % With

transposition5-FOAr G418r

WT (YHL1282) 2,603 30 1.10
IN fs (YHL1554) 2,743 2 0.070
Base 5 position
59 end (YHL2754) 2,875 0 ,0.030
PBS (YHL2706) 2,321 0 ,0.040
Double (YHL2770) 2,753 22 0.80

Base 7 position
59 end (YHL2738) 2,600 0 ,0.040
PBS (YHL2722) 2,900 0 ,0.030
Double (YHL2786) 2,521 22 0.87

a The strains were tested for transposition by growing patches of cells on
EMM-uracil agar for 2 days at 328C. The cells were then diluted and grown in
liquid EMM from an optical density at 600 nm of 0.1 to saturation. The cells were
spread onto 5-FOA plates, and the resulting colonies were printed to YES plates
containing 500 mg of G418 per ml.
bWT, wild type; fs, frameshift.
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also contained a doublet, but in this case the previously ob-
served lower band was absent and a larger species appeared
that was about 11 to 13 bases larger than the size predicted for
the strong-stop DNA, presumably because of the presence of
the RNA primer at the 59 end. Figure 5B contains an autora-
diogram of the same filter probed before exposure to JB341
with HL90, an oligonucleotide that was designed to hybridize
to the RNA primer at the 59 end of the strong-stop DNA
predicted to have the same sequence as the first 11 bases of the
Tf1 transcript (Fig. 4). The sample treated with RNase A
showed no signal, while the lane that contained material not
treated with RNase A showed the same two bands subse-
quently detected by JB341. This result indicated that the two
bands in the untreated material contain RNA at their 59 ends
that had the same sequence as the beginning of the Tf1 tran-
script. Also, the lack of signal from both bands in the treated
sample indicated that RNase treatment of the samples in Fig.
5A caused the banding pattern seen by shortening each of the
major bands in the untreated lane by about 11 bases, the size
predicted for the RNA primer by the self-priming model.
To determine if the differences in the structures at the 59

ends of the two major strong-stop species treated with RNase
versus those not treated with RNase were limited to the ab-

sence of the RNA primer, the filter used in Fig. 5A and B was
stripped and reprobed with HL89, an oligonucleotide that is
complementary to the sequence just 39 of the RNA primer
(Fig. 5C). Since both major species produced a signal, regard-
less of whether they were treated with RNase, and since HL90
detected the two major species only before RNase treatment,
both strong-stop products had 59DNA ends that corresponded
to the 39 end of the LTR as shown in Fig. 4.
The 39 ends of the strong-stop products were mapped with

three identical DNA blot filters that were probed with either
JB341, HL77 (an oligonucleotide complementary to the pre-
dicted 39 end of the strong-stop sequence), or HL92 (an oli-
gonucleotide complementary to sequence beginning 11 bases
upstream from the 39 end). Figure 4 shows the positions of
these oligonucleotides. Although HL92 (Fig. 6B) detected
both major strong-stop species before and after RNase treat-
ment, HL77 (Fig. 6C) hybridized only to the larger of the two.
The lack of signal from the shorter species, in both the RNase-
treated and untreated lanes, indicated that the difference in the
sizes of the strong-stop species was due to sequence absent
from the 39 end of the smaller product. Figure 6A contains the
same material on an independent filter probed with JB341 and

FIG. 4. Structure of the minus-strand strong-stop DNA. This figure shows the sequence of the 59 end of the Tf1 transcript (mRNA) and the structure of the
minus-strand strong-stop species (2strand SS). The numbers above the mRNA sequence refer to the base positions relative to the published sequence of Tf1 (16). The
arrow marked ‘‘start’’ indicates the beginning of Tf1 transcription from its native promoter (15). The start site as expressed from the nmt1 promoter is 1 base upstream
(14). The boxes labeled with the names of oligonucleotides indicate their sequences relative to the sequences of the mRNA and the strong-stop species. The bracket
labeled ‘‘end of LTR’’ shows the 39 end of the 59 LTR. The plus sign indicates the position of the 39 end of the largest strong-stop species, while the asterisk marks
the 39 end of the smaller strong-stop product. The 11 bases in boldface type at the 59 end of the mRNA indicate the position of the proposed primer of reverse
transcription. The 11 bases shown in boldface italic type indicate the position of the RNA primer after reverse transcription has occurred. The sequence of the PBS
in the mRNA is shown in italics.

FIG. 5. Identification of the RNA primer at the 59 end of the strong-stop species. Nucleic acid was extracted from Tf1 particles and loaded onto a sequence gel.
After being electrotransferred to a filter, it was probed in succession with three labeled oligonucleotides. The sequence ladder was produced with HL78 as a primer.
(A) DNA blot produced with JB341 as the probe, after the filter had been stripped of signal from HL90. The positions of the 59 end of the transcript and the 11th base
of the transcript are shown on the sequence ladder. (B) Result of the first probing of this filter. The HL90 probe was used to detect the presence of the RNA primer.
(C) After the filter was probed with JB341, it was stripped and reprobed with HL89 to detect sequence adjacent to the RNA primer.
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shows that approximately equal amounts of the major strong-
stop species were present in this set of blots.

DISCUSSION

Taken together, the mutations described above demonstrate
the presence of sequences essential for transposition at the
PBS as well as at the 59 end of the transcript. While any model
for reverse transcriptase priming would predict a detrimental
effect of mutations in the PBS, there is no obvious aspect of
cDNA synthesis that can account for essential sequences in the
59 end of the transcript other than the self-priming model.
That transposition could be restored in four defective ele-

ments by simply recreating complementarity between the PBS
and the 59 end of the transcript supports the key feature of the
self-priming model in Fig. 1B, namely, that the PBS must
anneal to the 59 end of the transcript for transposition to occur.
The correlation between transposition activity and production
of the minus-strand strong-stop DNA indicated that the mu-
tations that blocked transposition did so at or before the prim-
ing step of reverse transcription. This is consistent with the
prediction that the single mutations blocked transposition at
the priming step and not during any later processes in the
transposition pathway. The presence of wild-type amounts of
particles in sucrose gradient fractions that also contained nor-
mal levels of Tf1 mRNA indicated that the point mutations
were not blocking a step in transposition earlier than priming.
The size analysis of the strong-stop DNA and the identifi-

cation by hybridization of the RNA primer provided strong
support for the self-priming model. The size of the larger band
in samples treated with RNase A was that predicted for a
full-length strong-stop DNA that began at the end of the LTR
and extended all the way to the 59 end of the transcript. Al-
though the sizes of the strong-stop species correlate well with
predicted lengths, the broadness and, in the case of RNase A
treatment, the doublet appearance of the bands make it diffi-
cult to rule out the possibility of heterogeneity in the strong-
stop species. The blots probed with HL90 and HL89 suggested
that the DNA sequences of the two major strong-stop species
have similar 59 ends that possess RNA primers that were iden-
tified as containing the sequence of the 59 end of the transcript.

Probes HL77 and HL92 produced signals indicating that sev-
eral bases of DNA were absent from the 39 end of the smaller
strong-stop band. These results and those of the previously
performed primer extension reactions (17) that showed uni-
form 59 ends of the strong-stop sequence both strongly support
the conclusion that the 11-base difference in sizes of the major
strong-stop species was due to sequence absent from the 39 end
of the smaller species. The absence of 11 bases at the 39 end of
the strong-stop DNA should not interfere with subsequent
steps in reverse transcription since the missing nucleotides are
within the repeated R region of the LTR and would be regen-
erated from sequence in the 39 LTR. The amount of the
shorter strong-stop species suggested that about half of the Tf1
transcripts that served as template during reverse transcription
were either modified or truncated 11 bases from their 59 ends,
destroying the ability of RT to copy the final 11 bases of
mRNA into DNA. Although the looped structure shown in
Fig. 1B cannot alone provide a primer for reverse transcrip-
tion, one possibility is that an endonuclease cuts between the
11th and 12th bases of the transcript and exposes a free 39 OH.
This cleavage would have to occur in a small fraction of
mRNA, such as the mRNA undergoing reverse transcription
and RNase H degradation, since cleavage was not observed in
particle-purified Tf1 transcripts as determined by primer ex-
tension (14). If cleavage of the transcript is the mechanism
responsible for priming, the observation that half of the strong-
stop material is full length implies that priming can occur in
trans.
Another possible mechanism for the initiation of Tf1 cDNA

synthesis is by 29-OH priming of DNA with a nucleotide within
the first 11 bases of the Tf1 transcript. 29-OH self-priming of a
transcript by reverse transcriptase has been demonstrated for
bacterial retron elements from in vitro reactions with purified
components (9, 12). If this mechanism is used for Tf1 priming,
the presence of full-length strong-stop species suggests that
either an enzyme can debranch the 29-OH linkage or priming
can occur in trans.
The analysis of sequences of other LTR-containing retroele-

ments for putative looped structures that include the PBS
sequences resulted in evidence that a family of retrotrans-
posons, including CfT-I isolated from the fungal tomato patho-

FIG. 6. Mapping the 39 ends of the strong-stop species with DNA blots. The sizes of the minus-strand strong-stop doublet species, as well as the positions of their
termini, were examined for information that might relate to the priming mechanism. Nucleic acid was extracted from Tf1 particles and loaded onto a sequence gel.
Three sets of lanes from the gel were then electrotransferred onto three identical filters. The same sequence reaction mixture with HL78 was included on each filter
for size comparisons. In addition, material from the particles was either pretreated with RNase A or loaded onto the gel after a mock incubation. Each blot was marked
with a plus sign to indicate the position of the long strong-stop DNA and an asterisk to label the position of the short strong-stop DNA. (A) Filter probed with JB341.
(B) Filter probed with HL92. (C) Filter probed with HL77.
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gen Cladosporium fulvum (19), use a self-priming mechanism
for reverse transcription. Alignments of reverse transcriptase
sequences from all retroelements show that CfT-I is the closest
known relative to Tf1 (22, 29). Interestingly, CfT-I has a poor
tRNA candidate for a primer (19), and its transcript has the
potential to loop back and form a 9-base duplex between the
PBS (bases 544 to 552) and a region within the 59 LTR (bases
343 to 351). This CfT-I duplex structure is shown in Fig. 7.
Both of these regions are in positions within CfT-I that corre-
spond to the two sites within Tf1. Although the site of tran-
scription initiation is unknown for CfT-I, the 9 bases of perfect
complementarity with the PBS region and the close phyloge-
netic relationship between Tf1 and CfT-I strongly suggest that
these elements are members of a family that self-prime their
reverse transcription. Tf2, another element from S. pombe,
contains sequences highly related to Tf1 in the LTR, PBS, and
Pol regions but has little similarity within the Gag section of
the element (16). Tf2 appears to be a member of this family of
self-priming transposons, since it contains the same self-com-
plementary sequences as Tf1 (28). Because the self-priming
mechanism is probably used in retroelements isolated from
organisms as different as the fission yeast S. pombe and the
filamentous phytopathogen C. fulvum, other examples of ret-
roelements may exist that self-prime cDNA synthesis, and
some of these could include retroviruses.
Other retroelements with novel mechanisms for priming re-

verse transcription include the hepadnaviruses, the mitochon-
drial plasmid Mauriceville, and the non-LTR retrotransposon
R2Bm. The reverse transcriptases of hepadnaviruses use a
covalent bond to themselves instead of a 39-OH link to an
RNA as a priming mechanism (26). In comparison, the reverse
transcriptase encoded by the Mauriceville mitochondrial plas-
mid of Neurospora spp. can initiate cDNA synthesis de novo
and appears to require no priming (27). R2Bm encodes a
reverse transcriptase that cleaves the target site DNA and uses
the newly created insertion site 39 OH to prime cDNA synthe-
sis without any complementarity between the primer and the
template (18). These unusual mechanisms may represent evo-
lutionary intermediates in the development of the Tf1 mech-
anism, which may in turn have evolved into the successful
tRNA priming strategy used by other LTR-containing retro-
elements.
Despite the enormous diversity among retroviruses and

LTR-containing retrotransposons, several properties are key
to their lifestyle and are thus conserved among all known
examples of these elements. Some of these properties include
the LTRs, PBSs, and polypurine stretches, all of which are
essential for cDNA synthesis. Because the retroviruses and
LTR-containing retrotransposons that have been sequenced
contain PBSs with significant complementarity to specific
tRNAs, the possibility existed that some essential aspect of
retroelement propagation placed special constraints on the

structure of the primer that required a tRNA molecule. The
self-priming of Tf1, a typical LTR-containing retrotransposon,
demonstrates not only that tRNAs are not essential primers of
minus-strand reverse transcription but also that a mobile ele-
ment’s own transcript can prime cDNA synthesis. The lack of
dependence on the host for a specific tRNA primer raises the
intriguing possibility that self-priming retroelements could
transfer horizontally into other species, since they would bring
their own primer with them.
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