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Reverse transcription of the Saccharomyces cerevisiae Tyl retrotransposon is primed by tRNAM** base paired
to the primer binding site (PBS) near the 5’ end of Tyl genomic RNA. The 10-nucleotide PBS is complementary
to the last 10 nucleotides of the acceptor stem of tRNAM', A structural probing study of the interactions
between the Tyl RNA template and the tRNAM** primer showed that besides interactions between the PBS and
the 3’ end of tRNA}M®, three short regions of Tyl RNA, named boxes 0, 1, and 2.1, interact with the T and D
stems and loops of tRNAM*', To determine if these sequences are important for the reverse transcription
pathway of the Tyl retrotransposon, mutant Tyl elements and tRNAM* were tested for the ability to support
transposition. We show that the Tyl boxes and the complementary sequences in the T and D stems and loops
of tRNAM** contain bases that are critical for Tyl retrotransposition. Disruption of 1 or 2 bp between tRNA}M<*
and box 0, 1, or 2.1 dramatically decreases the level of transposition. Compensatory mutations which restore
base pairing between the primer and the template restore transposition. Analysis of the reverse transcription
intermediates generated inside Tyl virus-like particles indicates that initiation of minus-strand strong-stop
DNA synthesis is affected by mutations disrupting complementarity between Tyl RNA and primer tRNAM<',

The Saccharomyces cerevisiae Ty retrotransposons display
structural and functional similarities to retroviruses (6). Like
retroviruses, they alternate their genetic material between RNA
and DNA (4, 23). Reverse transcription (RT) of genomic RNA
into double-stranded DNA is carried out by the retroelement-
encoded reverse transcriptase, which has an absolute require-
ment for primers to initiate DNA synthesis. The first step of
RT is the synthesis of minus-strand strong-stop DNA, which
proceeds from the 3’ hydroxyl group of a primer tRNA an-
nealed at the primer binding site (PBS) of the element’s RNA.

The retrotransposon Tyl has a PBS with 10 bases of comple-
mentarity to the last 10 nucleotides of the acceptor stem of
tRNAM¢! (3). Chapman et al. (8) have demonstrated geneti-
cally that tRNAM¢" is used as a primer for minus-strand strong-
stop DNA synthesis and is essential for Tyl transposition. We
recently completed a structural probing study of the confor-
mation of the specific complex formed between the template,
Tyl RNA, and the primer, tRNAM' (12). Our results showed
that besides interactions between the PBS and the 3’ end of
tRNAMet three short regions of Tyl RNA, named boxes 0, 1,
and 2.1, interact with the T and D stems and loops of tRNAM®!,
In the extended complex, 30 bases of Tyl RNA are base paired
with primer tRNAM<'. Some preliminary data showed that
mutations in the boxes disrupting some of the Watson-Crick
base pairs between Tyl RNA and the T and D regions of
tRNAMet had severe effects on transposition of the Tyl ele-
ment (27). In a recent study, Keeney et al. (16) identified
determinants in the T loop and arm and D arm of tRNAM¢*
that are critical for Tyl retrotransposition. To determine if
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extended base pairing between tRNAM® and the genomic
RNA is important in the RT pathway of the Tyl retrotrans-
poson, we have tested the effects of mutations in Tyl RNA and
tRNAM®! on transposition. Here we report that base pairing
between the Tyl RNA boxes and the complementary se-
quences in the T and D stems and loops of tRNAM®! is essen-
tial for Tyl retrotransposition. A drastic effect on transposition
was observed when as few as 2 bp between primer tRNAM®!
and Tyl RNA were disrupted. Transposition was rescued by
compensatory mutations restoring base pairing between the
primer and the template. To determine at which step of the
transposition pathway the extended interactions between Tyl
RNA and tRNAM®! were required, the RT intermediates gen-
erated inside the Tyl virus-like particles (VLPs) were ana-
lyzed. Our results indicate that the first step of the RT pathway
(i.e., initiation of minus-strand strong-stop DNA synthesis) is
affected by mutations disrupting complementarity between the
Tyl boxes and tRNAM<,

MATERIALS AND METHODS

Plasmids. Plasmid pJEF1105 (4), kindly provided by J. D. Boeke, is a high-
copy-number (2pum) plasmid marked with URA3 and containing a Tyl-neo ele-
ment fused to the GAL1 promoter. Plasmid pFS1 was constructed by ligating a
180-bp BamHI-HindIII fragment containing the wild-type IMT4 gene from plas-
mid pBY140 (24) to the 2pum URA3-marked vector pFL44s (7) digested with
BamHI and HindIIl. Plasmids pIMT, bearing wild-type or mutant tRNAM®t
genes, were constructed by ligating a 180-bp BamHI-HindIII fragment contain-
ing the wild-type IMT4 or mutant imt4 gene into the BamHI-HindIII sites of
YEp351 (a 2pum LEU2 plasmid).

Yeast strains and media. Culture media and growth conditions were as de-
scribed previously (22). Yeast strain AGY9 (MATa leu2Al ura3-52 tplA63
his4-539 lys2-801 spt3-202), kindly provided by J. D. Boeke, was used to prevent
transcription of endogenous Tyl element; transcription of GALI1-promoted el-
ements is unaffected in the spt3-202 background (21). Yeast strain ASB-pFS1
(MATo ura3-52 trpIAl leu2-3,112 imt1::TRPI imt2::TRP1 imt3::TRP1 imt4::TRP1/
pFS1), derived from ASB217-32C (24), was transformed with one of the LEU2-
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marked pIMT plasmids bearing a mutant tRNAM®' gene (pIMTGs,, pIMTCy,
or pIMTCs,Cq). To test if mutant tRNAM®' could function in initiation of
translation, the ASB-pFS1 strain containing the URA3-marked pFS1 plasmid
and one of the LEU2-marked pIMT plasmids bearing a mutant tRNAM®! gene
was patched onto synthetic complete (SC)-Leu medium and replica plated on a
medium containing 5-fluoro-orotic acid (5-FOA). Growth on the 5-FOA me-
dium indicated that the URA3-marked plasmid carrying the wild-type IMT4 gene
was lost and that the mutant tRNAM®! gene on the LEU2-marked pIMT plasmid
was able to initiate translation (see Fig. 1).

Mutagenesis. Site-directed mutagenesis was performed as described by Kunkel
(17). Mutations in the Tyl element were made as previously described with the
following oligodeoxyribonucleotides: Tyl B0 (5'GCGCCTGTGCTTCGGGTA
CTTCTAAG3’), Tyl Bl. (5'GTCCACACAAATCAAGACCCGTTAGACG
3"), Tyl BOgBlg (5'GCGCCTGTGCTTCGGGTACTTCTAAG3' and 5'GTC
CACACAAATCAAGAGCCGTTAGACG3'), Tyl Bl (5'GTCCACACAAA
TCAAGACCCCTTAGACG3'), and Tyl B2.1 (5'CCGTTAGACGTTTCAGC
AAGTAAAACAGAAG3').

Mutations in the /MT4 gene were done after subcloning a 180-bp BamHI-
HindIII fragment containing the /M T4 gene from plasmid pBY140 (24) in phage-
mid pSL1180 (Pharmacia) digested with BamHI and HindIIl. The tRNAM¢t
mutants were made with the following oligodeoxyribonucleotides: imt4-Cq, (5'G
CGCCGCTCGGGTTCGATCCGAGGAC3'), imt4-Gs, (5'CTCGGTTTCGAC
CCGAGGACATCAGGG3'), and imt4-Cs,Cg (5'GCGCCGCTCGGGTTCGA
GCCGAGGACATCAGGG3'). Mutant phagemids were identified by sequence
analysis. Plasmids bearing the mutant im4 genes were constructed by ligating the
180-bp BamHI-HindIII fragment from mutant phagemid DNA into the BamHI-
HindlIlI sites of YEp351.

Transposition assays. The transposition assay (see Fig. 1) was performed as
described by Chapman et al. (8). Yeast strains ASB-pIMT harboring wild-type or
mutant Tyl elements were patched onto SC-Ura plates containing 2% glucose.
Yeast strain AGY9 harboring the wild-type or mutant tRNAM®! gene plus wild-
type or mutant Tyl elements were patched onto SC-Ura-Leu or SC-Ura plates
containing 2% glucose. After 2 days of growth at 30°C, the patches were replica
plated to SC-Ura plates containing 4% galactose (yeast strain ASB) or to SC-
Ura-Leu or SC-Ura plates containing 2% galactose (yeast strain AGY9). An
excess of galactose and a longer incubation time were used to allow growth of
strain ASB because the transport of galactose into these cells is reduced. Fol-
lowing 5 days of growth at 22°C for strain ASB and 3 days for strain AGY9, the
cells were replica plated to nonselective yeast extract-peptone-dextrose (YPD)
medium to allow for plasmid loss. Following 1 or 2 days of growth at 30°C, the
patches were replica plated to SC-glucose medium containing 1 mg of 5-FOA per
ml and incubated for 1 day at 30°C to select for cells that had lost the plasmid
containing the URA3 gene (5). For each Tyl construct or Tyl-tRNAM®! combi-
nation, two independent transformants were assayed qualitatively for their trans-
position phenotype. For the qualitative transposition test represented in Fig. 4,
a serial dilution of a given amount (270 cells per pl for strain ASB and 1,140 cells
per pl for strain AGY9) of Ura™ cells was done. Five microliters of each dilution
was spotted onto YPD plates containing 150 pg of G418 per ml and incubated
at 30°C for 2 days. With this amount of Ura™ cells, and given the transposition
rate of the wild-type Tyl element, 400 neomycin-resistant colonies were expected
in the first spot of the wild-type Ty1 element. For quantitative assays, cell patches
were scraped into 5 ml of NaCl, 0.15 M, and the concentration was determined
by counting. One hundred microliters of the diluted suspension, at 10* cells/ml,
was plated onto SC-5-FOA medium and incubated for 2 days at 30°C. Cells were
finally replica plated to YPD containing 150 pg of G418 per ml to identify
colonies that had undergone transposition of the Tyl-neo element. Transposition
is expressed as the number of Neo" Ura™ yeast colonies divided by the total
number of Ura™ colonies. The frequency of transposition of the wild-type Tyl
element was 30% in strain ASB and 7% in strain AGY9. The results presented
in Table 1 represent pooled quantitative data from two independent transfor-
mants.

Analysis of minus-strand strong-stop DNA by RT-PCR. Tyl VLPs were pu-
rified with a sucrose step gradient as described by Eichinger and Boeke (11) with
minor modifications (22). Extraction of nucleic acids from VLPs was performed
as described elsewhere (22). Nucleic acids from equal amounts of purified VLPs
were denatured, reverse transcribed, and amplified by two rounds of PCR am-
plification. The reverse transcription step was done with avian myeloblastosis
virus RT (AMV-RT) in a 20-ul reaction mixture containing 10 mM Tris-HCI
(pH 7.8), 50 mM KCl, 5 mM MgCl,, 1 mM each deoxynucleoside triphosphate
(dNTP), 0.01 pg of RNA, 4 uM Tyl-specific primer spanning positions 249 to
270 of Tyl-H3 (primer 1; 5’CTTCTAGTATATTCTGTATACC3'), 20 U of
AMV-RT, and 5 U of RNasin. Reverse transcription was done at 42°C for 60
min. After denaturation of AMV-RT at 95°C for 5 min, the reverse transcription
mixture was adjusted to a final volume of 100 pl containing 10 mM Tris-HCI (pH
7.8), 50 mM KCl, 1.5 mM MgCl,, 0.2 mM each dNTP, a 2 pM concentration of
the appropriate primers, and 2.5 U of Goldstar DNA polymerase (Eurogentec).
A first PCR round was performed with a primer complementary to the tRNAM®!-
derived part of the reverse transcription product (oligodeoxynucleotide 65-IMT4
with the same sequence as that of nucleotides 1 to 24 of tRNAM®! [5’AGCGC
CGTGGCGCAGTGGAAGCGC3']) and with primer 1. PCR was performed
with the following thermal profile: 1 min of denaturation at 94°C, 1 min of
annealing at 56°C, and 30 s of elongation at 72°C repeated 25 times. A second
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FIG. 1. Genetic assay for the function of extended interactions between
primer tRNAM<* and Tyl RNA for Tyl transposition in yeast strain ASB. (A) In
yeast strain ASB, all four copies of the tRNAM®' genes (IMTI to IMT4) are
disrupted by TRPI (24). A wild-type IMT4 gene cloned on an extrachromosomal
URA3-marked plasmid is supplied to allow growth of the cell. (B) The wild-type
IMT4 gene is replaced by a mutant im4 gene cloned on a LEU2-marked plasmid
by selection on 5-FOA. (C) The yeast strain containing the mutant im4 gene is
transformed by a neomycin-marked wild-type or mutant Ty1 element cloned on
a URA3 plasmid. (D) Transposition is induced by growth on SC-Ura-Leu galac-
tose medium. Cells are then grown on YPD to allow for plasmid loss. Cells that
have lost the Tyl-neo plasmid are selected on a medium containing 150 pg of
5-FOA per ml. Cells are finally replica plated to YPD containing 150 pg of G418
per ml to identify colonies that have undergone transposition.

round of PCR was done with a nested Tyl-specific primer spanning positions 295
to 315 of Tyl-H3 (primer 8 5'TGGAATCCCAACAATTATCTC3') and
primer 65-IMT4. A 2-pl volume of the first PCR mix was used for the second
round of PCR amplification. The thermal profile of the second PCR amplifica-
tion was the same as that described above, except that the annealing temperature
was 53°C. The PCR products were analyzed by gel electrophoresis on a 1%
agarose gel. For each reaction, a control was done without AMV-RT.

Strong-stop DNA intermediate labeling in vitro. Purified VLPs were incubated
with [a-3?P]dTTP, [a->?P]dATP, and all four unlabeled deoxyribonucleotide
triphosphates under conditions that allowed for RT (50 mM Tris-HCI [pH 7.8],
50 mM KCl, 10 mM MgCl,, and 6 mM B-mercaptoethanol). Reaction products
were deproteinized with proteinase K in the presence of 0.5% sodium dodecyl
sulfate and run on a DNA sequencing gel.
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FIG. 2. Structural model of Tyl RNA, tRNAM¢, and the Tyl RNA-tRNAM¢' complex derived from the structural probing study described by Friant et al. (12).
The PBS is complementary to 10 nucleotides at the 3" end of tRNAM®. Boxes 0, 1, 2.1, and 2.2 are complementary to parts of the T and D stems and loops of tRNAM®t.
The regions of tRNAM®' complementary to the PBS and the boxes are shown in white on black in the secondary structure of tRNAM®, In the Tyl RNA-tRNAM¢!

complex, all of the nucleotides of tRNAM®! are white on black.

Analysis of Tyl VLP DNA by Southern blotting. Extraction of DNA from
VLPs, electrophoresis on agarose gels, blotting, and hybridization with a 5’-end-
labeled oligonucleotide probe specific for the R region of plus-strand DNA
intermediates were performed as described previously (14).

RESULTS

Transposition assay. Transposition of the Tyl element was
studied in two yeast strains, AGY9 and ASB. AGY9 is an spt3
strain deficient for the transcription of endogenous Tyl ele-
ments (21). ASB is a yeast strain in which all genomic tRNAM¢!
genes (IMTI to IMT4) are disrupted (24). In this strain a
wild-type IMT+4 gene cloned on an extrachromosomal plasmid
must be supplied to allow growth of the cells. To study the
effects of mutations in tRNAM®* on transposition of Tyl ele-
ments and to avoid competition between wild-type and mutant
tRNAMe! the wild-type IMT4 gene, which was cloned on a
URA3-marked plasmid, was replaced by a mutant imt4 gene
cloned on a LEU2-marked plasmid by selection on a medium
containing 5-FOA, which selects against cells expressing the
URA3-marked plasmid (Fig. 1). The cells surviving are those

which have lost the URA3-marked plasmid containing the wild-
type IMT4 gene and are able to grow in the presence of the
mutant imt4 gene cloned onto the LEU2-marked plasmid.
Yeast strains containing the wild-type or mutant tRNAMet
gene were then transformed by wild-type or mutant neomycin-
marked Tyl elements cloned onto a 2pum high-copy-number
plasmid. The resulting transformants were assayed for trans-
position as described in Materials and Methods.

Mutations disrupting complementarity between the boxes of
Tyl RNA and primer tRNAM®* affect transposition of Tyl
elements. The structural model of the Tyl RNA-tRNAM<
complex previously described by Friant et al. (12) is presented
in Fig. 2. In this model, the PBS and boxes 0, 1, and 2.1 anneal
to complementary sequences in the T and D arms and loops of
tRNAMe!, Box 2.2, which comprises 9 nucleotides complemen-
tary to the D region of tRNAM®!, is not annealed to primer
tRNAM®', We have introduced mutations into the boxes of Tyl
RNA or the portions of tRNAM¢* complementary to the boxes
in order to disrupt some Watson-Crick base pairs of the Tyl
RNA-tRNAM® initiation complex. The nucleotide changes in
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tRNAM®! were made so that they would not impair its function
as an initiator tRNA. Mutations in Tyl RNA were made so
that they either did not change its coding sequence or, in the
case of the Tyl BOg mutant, made a V-to-G amino acid change
at position 20 of the TyA protein. The Tyl RNA-tRNAMet
combinations tested are shown in Fig. 3. The levels of wild-type
Tyl RNA-mutant tRNA, mutant Tyl RNA-wild-type tRNA,
and mutant Tyl RNA-mutant tRNA transposition relative to
wild-type Tyl RNA-wild-type tRNA transposition are listed in
Table 1. A dramatic effect on transposition was observed when
2 or more base pairs of the Tyl RNA-tRNAM®! complex were
disrupted. In strain ASB, the transposition frequency was
reduced five- to six-fold for double mutants in which 1 bp
between box 0 and tRNAM<' and 1 bp between box 1 and
tRNAM®* were disrupted. The same transposition defect was
observed whether the nucleotide changes were done in the Tyl
RNA boxes (the Tyl B0gB15 mutant) or in tRNAM®! (imi4-
C54Ce0)- Mutations disrupting only 1 bp of the primer-tem-
plate complex had less effect on transposition; the lowest ac-
tivity obtained for a point mutant (imt4-Gs,) was threefold
lower than the wild type.

The transposition frequencies of Tyl RNA mutants in yeast
strains ASB and AGY9 were compared. The results are qual-
itatively similar for the two strains. However, the transposition
frequency of the mutants relative to the wild type was in-
creased in strain AGYY. This is most striking for the Tyl
B0sB15 mutant, whose transposition frequency was reduced
100-fold in AGY?9, whereas it was reduced only 6-fold in ASB.
One difference between the two strains is that the transcription
of endogenous chromosomal Ty elements was highly reduced
in strain AGY9, whereas endogenous Ty elements were fully
active in strain ASB. Thus, in yeast strain ASB, Tyl RNA
transcribed from the chromosomal DNA can be copackaged
into VLPs with RNA produced from the Tyl-neo element
cloned onto the 2pum vector. During RT of the RNA contained
in these hybrid VLPs, minus-strand strong-stop DNA initiated
on wild-type RNA transcribed from chromosomal RNA can be
transferred intermolecularly on the mutant RNA and yield
some preintegrative double-stranded DNA bearing the neo-
mycin marker gene. This would explain the high background of
G418-resistant colonies in strain ASB compared to strain
AGYO.

Tyl elements with mutations in boxes 2.1 and 2.2 were also
tested for transposition in strain AGY9. Boxes 2.1 and 2.2
comprise, respectively, 7 (5'GCUUCCA3’) and 9 (5'GCUUC
CACU3’) nucleotides complementary to the same region of
tRNAM, The same mutations were done in the two boxes:
5'GCUUCCA3" was changed to 5’GCAAGUAZ3'. Interest-
ingly, mutations in box 2.1 had a severe effect on transposition,
whereas mutations in box 2.2 only slightly affected transposi-
tion (relative transposition, 0.86). This result correlates with
the fact that box 2.1 anneals to primer tRNAM¢* in the model
of the RT complex presented in Fig. 2, whereas box 2.2 does
not interact with tRNAM®! despite its sequence similarity to
box 2.1.

Compensatory mutations restore defects of Tyl transposi-
tion. To unambiguously demonstrate that the transposition
defect observed with Tyl RNA and tRNAM® mutants is due to
the disruption of base pairing between the Tyl RNA boxes and
the complementary sequences of tRNAM®, mutant Tyl ele-
ments were combined with mutant tRNAM®* in order to re-
store perfect complementarity between boxes 0 and 1 and the
T loop region of tRNAM®', In yeast strain ASB, imt4-Cq, was
combined with the Tyl BOg mutant, im#4-Gs, was combined
with the Tyl Bl mutant, and im#4-Cs,Cg, was combined with
the Tyl BO;B15 mutant. In all cases, compensatory mutations
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FIG. 3. Complementarity between Tyl boxes 0, 1, and 2.1 and tRNAMet,
Mutations (nucleotides in white on black) in Tyl RNA or tRNAM®! that disrupt
base pairing between the boxes and the complementary sequences of tRNAMet
impair transposition. The transposition defect is overcome when base pairing
between mutant (mut) tRNAM®' and mutant Tyl RNA is restored by compen-
satory mutations. Transposition frequencies of the Tyl RNA-tRNAM®t combi-
nations shown here are listed in Table 1. wt, wild-type.

restored transposition to near-wild-type levels (Table 1). This
is illustrated in the qualitative transposition assay represented
in Fig. 4; cells containing the wild-type element or the com-
pensatory mutants exhibit a high level of Tyl transposition, as
indicated by growth on YPD-G418 plates, whereas cells con-
taining the Tyl double mutant alone or the tRNAM®* double
mutant alone are markedly reduced in the number of G418-
resistant colonies.

Compensatory mutations in strain AGY9 also were con-
structed and analyzed. Strain AGY9 was first transformed by a
mutant Tyl element (B0, B1, or BOB1), and transposition
frequency was measured. The compensatory tRNAM®* mutant
was then introduced into the same transformant to check for
rescue of transposition. If transposition was restored, this
would rule out that the Tyl element had picked up a mutation
elsewhere in Tyl. As indicated in Table 1, the relative trans-
position increased to 0.88 when the Tyl BOgB15 mutant was
combined with imt4-Cs,Cg,, compared to 0.01 in a strain con-
taining the Tyl BO;B15 mutant alone. When Tyl BOg or Tyl
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TABLE 1. Transposition of various Tyl RNA-tRNAM¢! combinations*
ASB AGY9
o Neo" Ura™ colonies/ ’ s Neo" Ura™ colonies/ S
Tyl tRNAM! Ura~ colonies? T;‘;ZSPOSlmn Relative Ura™ colonies Trfdnsposmon Relative
quency . S requency . o
p transposition P transposition
Expt 1 Expt 2 (%) Expt 1 Expt 2 (%)

wt wt 254/752 273/1,050 30 1 77/1,120 68/960 7 1
B0g mut wt 118/905 153/1,028 14 0.47 22/950 23/1,010 2.3 0.33
Bl mut wt 120/761 147/980 15 0.50 23/1,100 18/860 2.1 0.30
B0;B15 mut wt 48/1,040 57/1,012 5 0.17 1/1,096 0/780 0.09 0.01
Bl mut wt nd nd nd nd 2/800 1/640 0.20 0.03
B2.1 mut wt nd nd nd nd 3/842 1/804 0.24 0.03
B2.2 mut wt nd nd nd nd 36/604 59/955 6 0.86
wt imt4-Cg, 75/602 120/1,030 12 0.40 na na na na
wt imt4-Gs, 91/859 106/898 11 0.37 na na na na
wt imt4-C5,Cq 53/810 67/917 7 0.23 na na na na
B0g mut imt4-Cg, 200/680 248/883 29 0.96 65/1,005 60/952 6.4 0.90
Bl mut imt4-Gs, 168/705 210/954 23 0.77 67/1,018 58/867 6.6 0.93
B0;B15 mut imt4-C5,Cy 230/874 166/760 24 0.80 60/970 59/944 6.2 0.88

“ The effects of mutations in tRNAM® and Tyl RNA were tested in two yeast strains, ASB and AGY9. wt, wild type; mut, mutant; nd, not determined; na, not
applicable (in strain AGY9, wild-type tRNAM!, which is always expressed, supports transposition of the wild-type Tyl element).

 Data are sums of colonies from three independent measurements.

Bl mutants were combined with imt4-C, or imt4-Gs,, the
relative transposition increased to 0.90 and 0.93 compared to
0.30 and 0.33, respectively, for the Tyl mutants alone. It is
worth noting that the wild-type tRNAM®' present in strain
AGY9 does not prevent the rescue of transposition by mutant
tRNAM¢ when combined with mutant Tyl RNA. This suggests
the absence of competition between the two tRNAs for binding to
mutated Tyl RNA and can be explained by our previous in vitro
results (12) showing that annealing of wild-type tRNAM<* to Tyl
RNA bearing mutations in boxes 0 and 1 was abolished. These
results demonstrate that base pairing between the boxes of
Tyl RNA and primer tRNAM®! is essential for Tyl transposi-
tion and thus plays a role in one of the steps of the transposi-
tion pathway. The possibility that mutations in Tyl RNA
or tRNAM¢! affect priming of DNA synthesis is analyzed
below.

DNA synthesis is affected by mutations disrupting comple-
mentarity between the boxes of Tyl RNA and tRNAM*. To
determine if DNA synthesis is affected by mutations disrupt-
ing complementarity between the boxes of Tyl RNA and
tRNAM¢t an RT-PCR technique was used to detect minus-
strand strong-stop DNA produced in wild-type or mutant
VLPs. Nucleic acids extracted from purified wild-type or
mutant VLPs produced in yeast strain AGY9 were amplified
with a combination of primers (Fig. 5A), which allows spe-
cific amplification of minus-strand strong-stop DNA at-
tached to its tRNAM®" moiety. As shown in Fig. 5B, lane 2,
a very small amount of minus-strand strong-stop DNA was
detected in a Tyl double mutant (the Tyl BOgB15 mutant)
whose transposition frequency was reduced to background
levels. Minus-strand strong-stop DNA synthesis was re-
stored in a yeast strain harboring tRNAM®! with compensa-
tory mutations (Fig. 5B, lane 3). To investigate whether the
bands observed on the agarose gel were specific Tyl minus-
strand strong-stop DNA, the DNA was recovered from the
agarose gel, cloned into plasmid pGEM-T (Promega), and
sequenced. Our sequencing results (data not shown) unam-
biguously demonstrate that the 110-bp DNA fragments vi-
sualized on the agarose gel were generated by PCR ampli-
fication of the minus-strand DNA attached to the tRNAM®!
primer. In particular, we found that the tRNAM® double
mutant is indeed attached to the minus-strand DNA in
AGY9 yeast cells harboring the Tyl BOgB15 mutant and the
imt4-Cs,Cqo mutant. The RT-PCR result was confirmed by

examination of the Tyl transposition intermediates labeled
in vitro, as described by Chapman et al. (8). VLPs were
purified from yeast cells transformed with plasmids bearing
wild-type or BO5B1s mutant Tyl elements and incubated

wt Tyl +
wt tRNA

BQ,Bl;mut Tyl
+ wt tRNA

wt Tyl +
imt4-C54C60

B(Q,Blgmut Tyl
+ imt4-C54C60

BQ;Blgmut Tyl
+ imt4-C54C60

BQB I mut Tyl
+ wt tRNA

wt Tyl +
wt tRNA

FIG. 4. Compensatory mutations restore transposition defects. A qualitative
transposition assay of yeast strain ASB (A) or AGY9 (B) containing various
combinations of tRNAM®! genes and Ty1 elements on YPD plates containing 150
ug of G418 per ml is shown. A given amount of Ura™ selected cells (270 cells per
ul for ASB and 1,140 cells per pl for AGY9) was suspended in 1 ml of sterile
water, fivefold dilutions were prepared, and 5 pl from each dilution was spotted
on YPD-G418 plates to identify cells that had undergone transposition of the
neomycin-marked Ty element.
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FIG. 5. Minus-strand strong-stop DNA synthesized in Tyl VLPs. (A) Nucleic
acids extracted from purified VLPs are denatured. Only the genomic Tyl RNA
and the minus-strand strong-stop DNA are shown (a). The minus-strand strong-
stop DNA attached to primer tRNAM®! is annealed to a specific primer (primer
1) complementary to positions 249 to 270 in the US region of Tyl-H3 (b).
Minus-strand DNA and the attached tRNAM¢! are reverse transcribed (c). A first
PCR round is performed with primer 1 and a primer complementary to the
tRNAM®'_derived part of the RT product (primer 65-IMT4) (d). A second round
of PCR is done with a nested Tyl-specific primer (primer 8) complementary to
positions 295 to 315 in the U5 region and primer 65-IMT4. (B) Ethidium
bromide-stained agarose gel of the RT-PCR products of nucleic acids extracted
from yeast strain AGY9 harboring a wild-type Tyl element plus a wild-type IMT4
gene (lane 1), the Tyl BOgB1g mutant plus a wild-type IMT4 gene (lane 2), and
the Tyl BOgBlg mutant plus the imt4-Cs5,Cq, mutant bearing compensatory
mutations (lane 3). Lane C is a control without reverse transcriptase.

with [a-**P]dTTP, [a->*P]dATP, and all four unlabeled de-
oxyribonucleotide triphosphates under conditions that al-
lowed for RT. When this experiment was done with wild-
type VLPs, a labeled species of the expected size (171
nucleotides, corresponding to 95 nucleotides of DNA co-
valently attached to the tRNAM®! primer of 76 nucleotides)
was observed (Fig. 6). For the BO3B15 mutant VLP, the
presence of minus-strand strong-stop DNA was not ob-
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served, in agreement with the result of the RT-PCR exper-
iment. To confirm that DNA synthesis was affected by mu-
tations in Tyl RNA or tRNAM®, we also determined the
level of plus-strand DNA intermediates produced in VLPs
by DNA blotting and hybridization with an oligodeoxyribo-
nucleotide probe specific for plus-strand DNA. The levels of
plus-strand DNA intermediates in yeast strains containing
an imt4-C5,Cq, mutant or a Tyl BOgBl5 mutant and in
yeast strains in which the Tyl RNA and tRNAM¢' bearing
compensatory mutations were combined were determined
(Fig. 7). Our results show that the levels of plus-strand
strong-stop DNA produced in strain ASB (Fig. 7A) or
AGY?Y (Fig. 7B) containing the Tyl or tRNAM®* mutant are
very low (Fig. 7A, lanes 2 and 3, and Fig. 7B, lane 2).
Compensatory mutations restore a wild-type level of plus-
strand strong-stop DNA (Fig. 7A, lane 1, and Fig. 7B, lane
1). These results correlate with the transposition results and
confirm that extended interactions between the Tyl boxes
and primer tRNAM¢* are required for efficient DNA synthe-
sis of the Tyl element.

DISCUSSION

In this study, we have demonstrated genetically that ex-
tended interactions between Tyl RNA and primer tRNAM<!
are required for Tyl transposition. We have shown that nucle-
otide changes disrupting a few Watson-Crick base pairs be-
tween tRNAMe! and Tyl RNA have a severe effect on Tyl
transposition. Compensatory mutations which restore comple-
mentarity between the two RNAs rescue Tyl transposition.
Rescue of transposition in strains combining mutant Tyl RNA
and mutant tRNAM®* that restores perfect base pairing be-
tween the primer and the template indicates that the mutant
Tyl RNA and tRNAM*" are both packaged into VLPs. Thus,
the low transposition frequency of Tyl mutants is not due to a
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FIG. 6. In vitro labeling of minus-strand strong-stop DNA. Wild-type (WT)
and BOgB1s mutant VLPs were incubated with all four deoxyribonucleotide
triphosphates, [«->’P]dATP, and [a-*?P]dTTP under conditions that allowed for
RT. Reaction products were deproteinized and run on a DNA sequencing gel. A
sequencing reaction (lane M) was used to generate size markers (sizes are
indicated in nucleotides [nt]). A 171-base species is observed with wild-type
VLPs, whereas this molecule is not observed with BO5B15 mutant VLPs.
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FIG. 7. Plus-strand DNA synthesized in Tyl VLPs. DNA extracted from
purified VLPs was analyzed by Southern blotting with a radiolabeled probe
specific for the R region. The 0.345-kb band is the plus-strand strong-stop DNA
initiated at polypurine tract 1 (PPT1), and the 3-kb band is the plus-strand DNA
initiated at PPT2. (A) Plus-strand DNA from yeast strain ASB harboring the Tyl
B0gB1g mutant plus the imt4-Cs,Cg, mutant bearing compensatory mutations
(lane 1), the Tyl BOgB1g mutant (lane 2), and the imt4-Cs,Cq, mutant (lane 3).
(B) Plus-strand DNA from yeast strain AGY9 harboring the Tyl BOgB15 mu-
tant plus the imt4-Cs,Cy, mutant bearing compensatory mutations (lane 1), the
Tyl BOgB1g mutant (lane 2), and the wild-type Tyl element (lane 3).

packaging deficiency. In addition, according to Keeney et al.
(16), tRNAM®* bearing transposition-inactivating mutations in
the T region (at positions Ay, or Ag, and Us,) does not show
an encapsidation defect. We thus checked whether DNA syn-
thesis was affected in the mutant VLPs. Analysis of DNA
intermediates produced in mutant Tyl VLPs indicates that
priming of DNA synthesis is affected by these mutations, sug-
gesting that formation of a specific complex between the
tRNAM®! primer and the Tyl genomic RNA is a prerequisite
step in initiation of RT. In keeping with our results, Keeney et
al. (16) have shown that mutations in the T arm and loop of
tRNAM¢! have dramatic effects on transposition. For two dou-
ble mutants in which Ay,/As, was changed to Cgy/Ts, or T/
Cs,, the transposition frequency was reduced to background
levels. These mutations disrupt base pairing between tRNAMe!
and a U residue in box 0 and a U residue in box 1 of Tyl RNA.
This is consistent with our finding that Tyl transposition is
reduced in a BO;B15 mutant. Using interspecies hybrid initi-
ator tRNA molecules, Keeney et al. (16) have implicated nu-
cleotides in the D arm as additional recognition determinants.
Here, we demonstrate that mutations in box 2.1 which disrupt
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interactions between Tyl RNA and the D arm and loop of
tRNAMet affect transposition.

For several retroelements it has been proposed that inter-
actions between the tRNA primer and RNA template are not
limited to annealing of the 3" end of the primer with the PBS
but are extended to other regions of the tRNA primer and
RNA template. It has been suggested that these extended
primer-template interactions might be important for efficient
initiation of RT. In vivo and in vitro studies of Rous sarcoma
virus reveal that interactions between 7 bases of the T loop of
primer tRNA™'P and sequences in the U5 region of the retro-
viral RNA are required for efficient initiation of RT (9, 13) and
that a specific secondary structure of the initiation complex is
necessary for efficient RT (1, 2). Sequence and structure com-
parisons of the 5" regions of several retroviral RNAs indicate
that similar interactions may exist in other retroviruses (18).
For human immunodeficiency virus type 1 (HIV-1), an enzy-
matic and chemical probing study of the conformation of the
HIV-1 RNA-tRNA> complex reveals a compact structure in
which most of the anticodon loop, the 3’ strand of the antico-
don stem, and the 5’ part of the variable loop of tRNAL*
interact with viral RNA sequences 12 to 39 nucleotides up-
stream of the PBS (15). It has been suggested that these in-
teractions produce a specific complex preferentially recognized
by reverse transcriptase or may be involved in the annealing or
encapsidation of the primer tRNA and therefore may play a
role in initiation of RT.

Studies from several laboratories have established that HIV-1
can use different tRNA species to initiate RT if the PBS of the
viral RNA is made complementary with the 3’-terminal 18
nucleotides of alternate tRNAs (10, 19, 26). However, the al-
ternate tRNAs were not stable and the PBS reverted back to a
wild-type sequence complementary to tRNALY®. Thus, it was
assumed that complementarity between the primer tRNA and
the PBS was not sufficient for preferential use of a tRNA in
HIV-1 RT and that interaction between a region in the HIV-1
genome and the anticodon loop of tRNALY® was necessary to
maintain the selective use of the primer tRNA. Wakefield et al.
(25) have now been able to show that a proviral genome con-
taining a PBS complementary to the 3’ end of tRNA™* and
sequences upstream of the PBS complementary to the anti-
codon loop are able to maintain a PBS complementary to
tRNA™® for over 4 months. This experiment clearly demon-
strates that interactions between the primer tRNA anticodon
loop and viral sequences in US contribute to the specificity of
the tRNA used in RT in vivo.

Recently, a systematic mutagenesis analysis of the region
including the PBS of Schizosaccharomyces pombe retrotrans-
poson Tf1 also indicated that an extensive RNA structure is
required for the cleavage reaction that generates the primer
for Tfl RT (20).

The finding that specific extended primer-template interac-
tions are required for efficient initiation of RT of several ret-
rotransposons and retroviruses suggests a common mechanism
for replication of these retroelements. The extended interac-
tions are certainly involved in the formation and stabilization
of the primer-template complex. It is also very likely that the
secondary or tertiary structure of the complex must be specif-
ically recognized by reverse transcriptase to initiate RT. Fur-
ther structural studies are now required to understand how the
specific primer-template interacts with reverse transcriptase
and to identify all of the molecular determinants involved in
replication of these retroelements.
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