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We describe an atypical composite Tyl element that apparently resulted from the concurrent integration of
two complete elements. A portion of the central region of one of these elements was inverted between two long
terminal repeats. Inversions of this type have been detected among unintegrated retroviral circles. It now
appears that such intermediates can be incorporated into the genome.

Unintegrated retroviral or retrotransposon DNA exists in
several forms which differ in topology, configuration, and
content (27). Initially, reverse transcription within the cyto-
plasmic virus particle results in a linear DNA duplex with a
long terminal repeat (LTR) at each end. Some of this linear
DNA is transported to the nucleus, where it appears to act as
a substrate in proviral integration reactions (2, 5, 7). A
portion of the linear DNA is also converted to circular
forms, the more abundant of which consist of monomers
containing one or two LTRs. Other, less abundant forms of
retroviral or retrotransposon DNA, including dimeric circles
(11) and monomeric circles with deletions and inversions
(21), have also been characterized. Various mechanisms,
including autointegration of transposition intermediates, can
be invoked to explain the origin of the abnormal intermedi-
ates. These aberrant forms are considered dead-end by-
products of the retrotransposition process (17). In this paper,
we provide the first evidence that these abnormal retrotrans-
poson intermediates can be incorporated into the genome.
While characterizing 55 spontaneous canavanine-resistant

mutations caused by transposition of the Saccharomyces
cerevisiae retrotransposon Ty (C. Wilke, S. Heidler, N.
Brown, and S. Liebman, Genetics, in press), we identified an
atypical Tyl element (Tyl-84) that apparently resulted from
the concurrent integration of two complete elements into the
CAN] gene (10). Tandem Ty elements in yeast strains (3)
have been described and are thought to result from inter-
genic recombination between adjacent terminal LTRs (del-
tas) of two Tys inserted near each other in direct orientation
(12). The composite Tyl-84 element found here differed from
previously described tandem Ty elements by an inversion of
a portion of its central region (epsilon) between two oppo-
sitely oriented deltas (Fig. 1). Inversions of this type have
been detected among unintegrated retroviral and copia cir-
cles (6, 22, 26).
Tyl-84 was originally identified by Southern analysis (24)

as a 12-kilobase (kb) insertion in the CAN] region of the
canavanine-resistant strain YE84. The entire 12-kb Tyl-84
element was cloned as a 17.5-kb BamHI fragment
(pTyl-84) by integration and excision (25) with a pUC9-
based vector containing the TRPI and CAN] yeast genes (C.
Wilke et al., submitted). Figure 1B and C show the general
structure of the composite Tyl-84 at its integration site in the
CAN] locus. DNA sequences from restriction fragments of
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Tyl-84 cloned into mpl8 or pUC9 were determined by the
dideoxy-chain termination method (18). Figure 1A shows a
typical Tyl element with several restriction sites that are
generally conserved. The 5-base-pair (bp) repeats at either
end of Tyl-84 (Fig. 1B) (to the left of delta 1 and the right of
delta 4) were derived from positions 58 to 62 at the 5' end of
the CAN] open reading frame (10) and are indicative of a
normal Ty transposition event (8). Sequence analysis of the
internal Tyl-84 delta elements and much of the surrounding
DNA revealed two complete delta elements separated by
about 820 bp of Ty epsilon DNA normally found in this
region (4). The two internal deltas are identical and can be
differentiated only by their neighboring epsilon sequences.
These deltas do not contain XhoI sites, whereas the deltas at
the ends of Tyl-84 do.
The 5 bp of DNA at the delta-epsilon junctions are

completely conserved among normal Ty elements (4) (Fig.
1A and D). This typical 5-bp sequence is also found to the
left of the Tyl-84 delta 2, whereas the 5 bp to the right of
delta 2 are derived from the epsilon region and correspond to
positions 1147 to 1151 of Ty912 (4) (Fig. 1B and C). These 5
bp and the neighboring DNA are inverted compared with
delta 2. The same 5 bp are repeated at the right end of delta
3 in their normal orientation and position with respect to the
rest of the epsilon sequences. The repetition of 5 bp sur-
rounding these delta elements is indicative of a transposition
event. The 5 bp to the left of delta 3 are those normally
present at the delta-epsilon junctions from the 5' end of Ty
elements but, like delta 3, they are inverted relative to delta
2.
One possible origin of Tyl-84 could be a normal transpo-

sition event followed by a gene conversion of the transposed
Ty with a preexisting genomic template having a structure
similar to that of Tyl-84. Such a template could have arisen
from multiple transposition and recombination events. To
test this possibility, Southern analysis (24) was used to
determine if Ty elements with structures similar to that of
Tyl-84 already existed in the parental canavanine-sensitive
strain, SL854-12C. Figure 2A compares the BglII-PvuII Ty
hybridization spectra of YE84 and SL854-12C. The BglII
and PvuII sites in the region probed are highly conserved
among Ty elements, as is evident from the hybridization
pattern. The 1.2-kb BglII-PvuII fragment is characteristic of
unrearranged Ty elements, and its intensity reflects the
approximately 30 copies of Tyl. Tyl-84 contains both the
normal 1.2-kb fragment and a 1.0-kb fragment indicative of
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FIG. 1. Structure of Tyl-84 in the CAN] region of YE84. The
closed triangles represent the delta elements (LTRs) and indicate the
direction of transcription. Restriction enzymes: X, XhoI; Pv, PvuII;
P, PstI; G, BglII; B, BamHI; R, EcoRI; H, Hindlll; S, SphI. (A)
Typical Tyl element (adapted from reference 28). Each element
contains two long terminal direct repeats of about 335 bp (deltas)
flanking a central epsilon region of 5.3 kb. The 5-bp repeats at each
end of the element derived from the integration site are shown.
Parentheses around restriction enzyme symbols indicate that these
sites are variable. The 5-bp sequences at the delta-epsilon junctions
are taken from reference 4. (B) Tyl-84 at the CAN] locus. The
cross-hatched boxes represent the CAN] locus. The numbers des-
ignate the deltas as described in the text. The inverted region is
indicated by the arrow. The sequences represent the CANJ-delta or

delta-epsilon junctions. The 2-kb BgIII restriction fragment dis-
cussed in the text is indicated. (C) Epsilon sequences from reference
4. The 5 bp repeated in Tyl-84 are indicated by uppercase letters.
(D) Tandem Ty with predicted delta-epsilon junction sequences.
The 1.7-kb Bglll fragment discussed in the text is indicated.

the internal inversion. It can be seen that whereas the YE84
genome carries the Ty rearrangement known to exist in the
CAN) region (Tyl-84), no such Ty structure is detected in
SL854-12C. The BglII digestions shown in Fig. 2B gave
similar results. It is predicted that typical tandem Ty ele-
ments will release an internal 1.7-kb BglII fragment homol-
ogous to the same probe, whereas a tandem Ty similar to
Tyl-84 will have a 2-kb BglII fragment. A 2-kb band is seen
for YE84 but not for SL854-12C. The new 2.4-kb fragment
seen in YE84 was predicted from the restriction map of the
CAN)::Tyl-84 region.
The data presented above demonstrate that the origin of

Tyl-84 did not involve conversion of a Ty insertion at CAN)
by a preexisting Ty element, because the required template
was not present in the genome prior to the transposition. The
restriction and sequence data reveal that Tyl-84 contains a
structure similar to that of a class of aberrant monomeric
circular forms characterized from a number of retroviruses
and retrotransposons (6, 21, 22, 26). These aberrant circles
contain either two oppositely oriented LTRs separated by an
inversion of the retroviral genome or a single LTR juxta-
posed to a deletion of the genome. Both of these structures
can arise when a transposition intermediate integrates into
itself. Shoemaker et al. (22) found that up to 20% of the
circular forms of Moloney murine leukemia virus contain
internal deletions or inversions, suggesting that autointegra-
tion of transposition intermediates is common. Eichinger

2kb

1 kb

G B PvPSG P R H GP Pv SG P R GX
L -1L IL, 1A --.t 4

probe probe

1.7kb

1.2kb

G PvPS G
IL 1ih lK

pl,"M-- P - Mrprobe

FIG. 2. Southern blot analysis of SL854-12C and YE84 (A and B)
and position of the 354-bp Sau3A fragment used as a probe for both
blots (bottom). The delta elements and restriction enzymes are
indicated as described in the legend to Fig. 1. (A) BgIII-PvuII blot
analysis of SL854-12C and YE84 (see text). Yeast genomic DNA
was isolated as previously described (20), and plasmid DNA was
isolated and purified by the alkaline lysis and CsCl methods (14).
The DNA was digested, run, transferred to Hybond-N (Amersham
Corp.) or GeneScreen Plus (Du Pont Co.), and hybridized according
to the specifications of the manufacturers. All DNAs were digested
with BglII and PvuII. Lane 1, Plasmid pNN116, which contains
Tyl-D15, a normal Ty element (19); lane 2, plasmid pTyl-84, which
contains a rearranged and normal Ty element; lane 3, genomic DNA
from YE84; lane 4, genomic DNA from SL854-12C, the precursor of
YE84. (B) BgII blot analysis of YE84 and SL854-12C. Lane 1,
YE84 genomic DNA; lane 2, SL854-12C genomic DNA. In lane 1,
the new 2- and 2.4-kb bands attributable to Tyl-84 can be seen,
whereas they are absent from SL854-12C (see restriction map and
text). The sizes (in kilobases) of the bands homologous to the probe
are shown to the left of each autoradiograph.

and Boeke (5) recently reported that a large proportion ofTy
circles consist of deleted forms presumably originating from
autointegration. Although none were found by Eichinger and
Boeke (5), it seems likely that aberrant circular forms of Ty
containing inversions also arise from the same process and
that such a molecule was the precursor of the Tyl-84
element. Figure 3 shows a simple potential pathway for the
origin of Tyl-84 in which a transposition event is coupled to
homologous recombination with an aberrant circular inter-
mediate.
High levels of genetic recombination between retroviruses

are well documented (13) and often important in the progres-
sion of the diseases these viruses cause (15). The process of
reverse transcription appears to be responsible for a good
deal of retroviral recombination (1, 16, 23, 29). However,
there is also evidence that some genetic exchange can result
from the interaction of unintegrated retroviral DNA subse-
quent to reverse transcription, since dimeric circles and
molecules apparently derived from this DNA have been
found (11, 22). Recent evidence suggests that these types of
molecules may occasionally recombine into the genome
when components of the retroviral integration reaction are
mutated (9, 13a). Our analyses of the Tyl-84 element suggest
that complex Ty rearrangements may be generated in S.
cerevisiae by homologous recombination of aberrant inter-
mediates into recently transposed Ty elements. The involve-
ment of aberrant intermediates in genetic exchange among
retroviruses may contribute to the reorganization and evo-
lution of retroviral genomes.
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FIG. 3. Hypothetical pathway leading to the formation of Tyl-
84. Triangles represent deltas; a, b, c, and d orient the epsilon
sequences; and the cross-hatched boxes represent the CANI locus.
The small 5-bp sequences represent the epsilon-delta junction re-

peats and the target of autointegration found in Tyl-84. According to
the model, transposition accompanies homologous recombination
with an aberrant monomeric circular Ty element. First, autointegra-
tion produces an aberrant monomeric transposition intermediate.
This monomer then recombines with a Ty element either before or
after it transposes into the CANI locus. The open and closed deltas
imply sequence differences. The pattern of XhoI sites (X) in the
Tyl-84 deltas is easily rationalized by these series of events.
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