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Despite their evolutionary distance, the Saccharomyces cerevisiae retrotransposon Tyl and retroviruses use
similar strategies for replication, integration, and interactions with their hosts. Here we examine the formation
of circular Tyl DNA, which is comparable to the dead-end circular products that arise during retroviral
infection. Appreciable levels of circular Tyl DNA are present with one-long terminal repeat (LTR) circles and
deleted circles comprising major classes, while two-LTR circles are enriched when integration is defective.
One-LTR circles persist when homologous recombination pathways are blocked by mutation, suggesting that
they result from reverse transcription. Tyl autointegration events readily occur, and many are coincident with
and dependent upon DNA flap structures that result from DNA synthesis initiated at the central polypurine
tract. These results suggest that Tyl-specific mechanisms minimize copy number and raise the possibility that

special DNA structures are a targeting determinant.

In addition to undergoing transpositional integration, the
linear DNA synthesized by reverse transcription of the long
terminal repeat (LTR) retrotransposon Tyl and retrovirus
RNA has multiple fates which can modulate the efficiency of
integration into the host genome (75, 76, 80, 82). Reverse
transcription is a sequential process with specific require-
ments for priming and strand transfer steps. Specific host
tRNAs prime minus-strand reverse transcription, and pu-
rine-rich fragments of retroelement RNA (polypurine tracts
[PPTs]), which are relatively resistant to the RNase H ac-
tivity of reverse transcriptase (RT), prime plus-strand syn-
thesis. The minus strand is synthesized first, followed by
plus-strand synthesis using the minus strand as a template.
Reverse transcription generates a linear double-stranded
cDNA that is a substrate for the element-encoded integrase
(IN) protein, which inserts the linear DNA into the host
genome and creates a target site duplication (TSD) in the
process. Both reverse transcription and integration are es-
sential steps in the life cycle of retroelements.

Several lentiviruses, including human immunodeficiency vi-
rus type 1 (HIV-1) (13-15) and equine infectious anemia virus
(71), as well as the retrotransposon Tyl (30, 31), have two
PPTs, one located just upstream of the 3’ LTR boundary
(PPT) and the second near the center of the element (cPPT)
(Fig. 1A). A central DNA flap is created when the 5’ end of the
plus strand initiated at the cPPT is displaced by the 3" end of
plus-strand DNA after strand transfer (Fig. 1B). The size and
position of the DNA flaps are determined by the placement of
a central termination sequence (CTS) downstream of the
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cPPT. The position of the HIV-1 CTS creates an 88- or 98-
nucleotide DNA flap downstream of the cPPT, while the Tyl
CTS creates flaps of up to 130 nucleotides with 30% of the
flaps clustered 30 to 50 nucleotides downstream of the cPPT.
The essential role of the PPT in reverse transcription is well
established; however, the role of the cPPT is somewhat con-
troversial. Mutations in the cPPT have been reported to de-
crease the efficiency of HIV-1 replication or Tyl retrotranspo-
sition, though defects in HIV-1 replication are not always
observed (48). There are also reports that the central DNA
flap of HIV-1 is important for nuclear import of the preinte-
gration complex in nondividing cells (2, 87). In addition, inclu-
sion of the cPPT and CTS usually stimulates the transduction
efficiency of lentiviral vectors severalfold (4, 18, 69, 88).

As has been established for unincorporated retroviral DNAs
(75, 80), there may be nonproductive fates for unincorporated
Tyl DNA that limit retrotransposition, including the formation
of one- or two-LTR circles, and intramolecular integration of
the element into itself, termed autointegration (Fig. 2). Ret-
roviral one-LTR circles can form by homologous recombina-
tion (HR) between the directly repeated LTRs (21, 44) or by
errors in reverse transcription (51, 75) (Fig. 2A). Retroviral
two-LTR circles form by nonhomologous end joining (NHEJ)
(34, 38, 45) and contain a characteristic sequence called the
circle junction (CJ) (74), where the ends of the unincorporated
linear DNA are joined. Retroviral CJ sequences have been
used to determine the status of the linear DNA termini prior
to integration (40, 70, 81). Tyl LTR junction molecules, puta-
tive autointegration events, and addition of nontemplated nu-
cleotides to the termini of linear DNA have been detected in
virus-like particle preparations (20, 30, 58).

Conserved genes involved in HR (RAD51 and RAD52) and
NHEJ (RAD50) modulate the levels of retroviral and Tyl
DNA and the level of retroviral two-LTR circles (41, 61).
RADS52 is required for LTR-LTR recombination of chromo-
somal Tyl elements and between unincorporated Tyl cDNA
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FIG. 1. Organization of the Tyl polypurine tracts. (A) A Tyl element showing the locations of the long terminal repeats (triangles), the GAG
and POL genes, the integrase-coding domain (IN), the central polypurine tract (cPPT), the central termination sequence (CTS), and the polypurine
tract (PPT). The sequences of the wild-type cPPT and the cppr-74 mutant (30) are shown below. (B) The Tyl central DNA flap is created when

the 5’ end of the plus strand initiated at the cPPT is displaced by the 3’ end of plus-strand DNA. The size and position of the DNA flaps are
determined by the CTS.
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and chromosomal Tyl elements (47, 59, 65, 84). DNL4 (ligase
4) encodes a DNA ligase required for NHEJ in mammalian
cells and Saccharomyces cerevisiae (39) and may be required
for forming Tyl two-LTR circles.

Autointegration has the potential to divert a significant frac-
tion of transposition intermediates into dead-end products and
occurs with diverse mobile genetic elements, including TnJ,

Tnl0, bacteriophage Mu, and retroviruses (5, 50, 55, 67, 79).
Two types of DNA circles result from IN-mediated autointe-
gration, and each has defining characteristics (Fig. 2B); “inver-
sion circles” are produced when IN joins opposite DNA
strands, and “deletion circles” arise from joining of the same
strands.

Here we explore the formation of circular DNA by Tyl. Our
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FIG. 2. Circle formation by Tyl. (A) Tyl circles may form by host homologous recombination (HR) and nonhomologous end joining (NHEJ)
functions or by reverse transcription (RT). Tyl elements may also undergo autointegration mediated by IN. (B) Characteristics of Tyl circles
formed by autointegration. TSD™, 5-bp target site duplication created upon IN-catalyzed integration.
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results suggest that more than half of the unincorporated Tyl
c¢DNA accumulates as circular forms. Tyl autointegration oc-
curs preferentially in a region adjacent to, and dependent
upon, a functional cPPT. These autointegration events may
reveal new targeting determinants, because for Tyl, chromo-
somal integration usually occurs upstream of genes actively
transcribed by RNA polymerase III (76).

MATERIALS AND METHODS

Genetic techniques, media, and strains. Saccharomyces cerevisiae genetic tech-
niques and media were used as described previously (29, 66). The Tyl-less strain
DG2203 (MATo his3-A200hisG trpl ura3) was derived by crossing strains
DG2196 and DG1768 (24). Targeted integrative transformation was carried out
after linearization of the TRPI-integrating plasmids pBDG1085 (pGTyl, wild
type [WT]), pBDG1095 (pGTyl, frameshift [FS]), pBDG1242 (pGTyl, in-2600)
(9), and pRS404 (vector) with Bsu36I and linearization of the URA3-integrating
plasmids pJef1229 (pGTyl, WT), pBDG1285 (pGTylZeo, WT), pBDG1288
(pGTylZeo, in-2600), pPBDG1289 (pGTyl, cppt-74), pBDG1295 (pGTylZeo,
cppt-74), and pBDG1299 (pGTyl, in-K596,597G) with Stul. DG2203 derivatives
containing an integrated pGTyl element at TRPI or URA3 were identified by
Southern analysis using a *P-labeled Tyl probe. DNL4 and RAD50-52 deletion
derivatives of DG2203 were constructed by microhomologous recombination
(49) using drug resistance genes designed for gene replacement (27, 77) and the
genome sequence of Saccharomyces paradoxus (36). The dnl4-AnatMX rad50-
AkanMX rad52-AkanMX triple mutant was constructed by crossing the Tyl-less
strains DG2792 [MATa his3-A200hisG Tylhis3-AI1(96) trpl ura3 pBDG1085/
TRPI dnl4-AnatMX rad52-AkanMX| and DG2642 (DG2203 rad50-AkanMX).
The dnl4-AnatMX rad51-AkanMX rad52-AkanMX triple mutant was constructed
by crossing the Tyl-less strains DG2792 [MATa his3-A200hisG Tylhis3-AI(96)
trp1 ura3 pBDG1085/TRP1 dnl4-AnatMX rad52-AkanMX] and DG2632 (DG2203
rad51-AkanMX). In each cross, G418" (nonparental ditype configuration; 2:2
segregation for G418"), nourseothricin-resistant Trp* Ura™ His~ segregants
were analyzed by genetic complementation tests for sensitivity to the mutagen
methyl methanesulfonate (0.0125% [vol/vol] in yeast extract-peptone-dextrose
[YEPD]) to confirm the presence of the rad50, rad51, and rad52 mutations. A
2pm-URA3-based pGTyl plasmid pBDG1278 (pGTylZeo/2pn-URA3) was intro-
duced into DG2203 containing pBDG1085 or the triple mutants for replicon
rescue. Quantitative Tylhis3-AI insertion rates were determined as described
previously (17).

Plasmids. Plasmids were constructed using standard techniques (32, 63).
Briefly, pBDG1085 (pGTyl/TRPI WT) was constructed by ligating an Eagl-
EcoRI fragment from pRS404 (YIp/TRPI), a BstEII-Eagl fragment from
pBDG202 (pGTyl/2n-URA3), and a BstEII-EcoRI fragment from pBDG919
(pGTyl1/2pn-TRPI). pBDG1095 (pGTy1/TRP1 FS) was constructed by ligating
an Eagl-EcoRI fragment from pRS404, a BstEIl-Eagl fragment from
pBDG202, and a BstEII-EcoRI fragment from pJW117 (pGTyl frameshift
[+1, BamHI]/2u-URA3). pPBDG1242 (pGTyl/TRP1 in-2600) was constructed
by subcloning an AfIII-BstEII fragment from pBDG720 (pGTyl in-2600/2.-
URA3) into pBDG1085. pPBDG1278 was constructed by introducing a cassette
containing the zeocin resistance gene (Zeo), a lac operator, and a ColE1l
plasmid replication origin that was PCR amplified from the RSVPCA12
plasmid (60) using primers Ty-ACC1 (5'-GCGATAGTCGACCCGTAGAA
AAGATC-3") and Ty-ACC2 (5'-GCATGCGTCGACTGTTGACAATTAAT
CATCGGCA-3"). The resulting PCR fragment was digested with Accl and
cloned into the Clal site of pPBDG202. The orientation in which Tyl and Zeo
were transcribed in the same direction was used in the present study (BDG/
Cas). pBDG1285 was constructed by subcloning the PshAI-HindIII fragments
from pBDG1278 into pBDG725 (pGTy1/YIp5), pPBDG1288 was constructed
by subcloning a HindIII-Xhol fragment from pBDG720 into pBDG1285, and
pBDG1289 was constructed by subcloning a HindIII-XholI fragment from
pJef1105-74 (pGTyl cppt-74/2u.-URA3; kindly provided by M. Wilhelm) (Fig.
1A) into pJef1229 (pGTy1/YIpS; kindly provided by J. Boeke). pPBDG1295
was constructed by subcloning a HindIII-Xhol fragment from pJef1105-74
into pBDG1288, and pBDG1299 was constructed by subcloning a HindIII-
Xhol fragment from pDSM27 (pGTyl K596,597G/2.-URA3) into pJef1229.
pBDG1198 (5,848 nucleotides) was constructed by subcloning a BgIII-Xhol
fragment from TyAl-GAG into pRS406 and served as a size marker for
circular Tyl DNA. pBDG1088 was constructed by subcloning the IN-coding
domain (nucleotides 2041 to 3945) as an Xhol-BamHI PCR fragment into
pRS426. pBDG996 is a centromere-based URA3 plasmid containing Tylhis3-
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AI(dI) and will be described in detail elsewhere. pPDSM207 was constructed
by subcloning an XhoI-SnaBI fragment from pJef1105-74 into pBDG996.
Plasmid constructs were verified by drug resistance phenotypes, DNA se-
quencing, and restriction enzyme analysis. Plasmids pRS404, pRS406,
pRS426 (68), pBDG202 (pGTyl-H3Cla) (23), pJW117 (24), pJef1105-74
(30), and pDSM27 (54) have been described previously.

Galactose induction and genomic DNA isolation. Cells were grown to satura-
tion in liquid selective medium plus raffinose (2%) at 20°C. The cultures were
diluted at least 40-fold into yeast extract-peptone (YEP) plus galactose (2%) and
grown to mid-log phase (1 X 107 cells/ml) at 20°C. Genomic DNA was isolated
from 10 ml of cells after spheroplasting with zymolyase 20T (ICN Pharmaceu-
ticals, Costa Mesa, CA) as described previously (8).

Southern analysis. DNA samples digested with Pstl or SnaBI were sepa-
rated by 0.8% (wt/vol) agarose gel electrophoresis and capillary blotted to
Hybond N membrane according to the supplier’s recommendations (Amer-
sham Biosciences, Piscataway, NJ). Undigested genomic DNA samples were
also separated by 0.8% (wt/vol) agarose gel electrophoresis in Tris-acetate
running buffer. The gel was stained with ethidium bromide, photographed,
and processed for Southern filter hybridization as described above. Fifty
nanograms of undigested or linearized marker plasmid pBDG1198 was usu-
ally included on gels containing undigested genomic DNA. 3?P-labeled hy-
bridization probes were generated by random-prime labeling (Amersham
Biosciences). Probe I from GAG was generated by digesting pBDG202 with
PstI and Pvull and purifying the 663-bp fragment, probe II from TyB1-POL
was generated by digesting pPBDG1088 with Xhol and EcoRV and purifying
the 738-bp fragment, and probe IIT from POL was generated by digesting
pBDG202 with HindIII and SnaBI and purifying the 834-bp fragment. Hy-
bridization signals were assigned on the basis of the patterns obtained with
mutant Tyl elements, and fragment sizes were predicted from restriction
enzyme analysis or marker plasmids and from the map locations of different
hybridization probes. Hybridization signals were quantitated by phosphorim-
age analysis and normalized to the integrated pGTyl element present in the
Tyl-less strains using protocols suggested by the manufacturer (GE Health-
care, Piscataway, NJ).

PCR. Tyl junction molecules and CJs were detected by PCR using about 1 ug
genomic DNA per 50-pl reaction mixture volume, Titanium 7ag DNA polymer-
ase and conditions recommended by the supplier (Clontech, Mountain View,
CA), primers CJxba5784w-2 (5'-GCCATTCTAGAGTGTAGAATTGCAGAT
TCC-3") and CJ1125¢ (5'-CGATGAATTCGCGTCATCTTCTAACACCGT-
3"), and the following cycling conditions: 2 min at 95°C (1 cycle); 30 cycles, with
1 cycle consisting of 30 s at 95°C, 15 s at 56°C, and 1 min at 72°C; and 7 min at
72°C (1 cycle). PCR products were separated by 2% agarose gel electrophoresis,
and bands of 200 to 300 bp were purified using QIAquick (QIAGEN, Valencia,
CA), followed by TOPO TA cloning (Invitrogen, Carlsbad, CA). An
M13Reverse primer (5'-CAGGAAACAGCTATGAC-3") was used for DNA
sequencing. PCRs to detect the autointegration events adjacent to the cPPT were
performed as described above except the cycling conditions were 2 min at 95°C
(1 cycle); 30 cycles, with 1 cycle consisting of 15 s at 95°C, 15 s at 58°C, and 15 s
at 72°C; and 72°C 7 min (1 cycle), and the PCR primers were TYB4203c
(5'-GATGCTGAATATCACCTCTTGC-3"), TYB5130c (5'-ACGAAGCATCA
CTTATTGCGAC-3'), TYB5483¢ (5'-CTTGGTCTCGATGTAGTATACGT-
3"), and TYBout (5'-GAACATTGCTGATGTGATGACA-3"). DNA prepara-
tions were analyzed by PCR using primers specific to LEU2 as described
previously (24).

TylZeo circles. Aliquots of genomic DNA were digested with Pvul to mini-
mize the possibility of recovering the pGTyl expression vector, followed by
electroporation into Escherichia coli DH5« and selection for zeocin resistance.
Plasmids isolated from zeocin-resistant, ampicillin-sensitive transformants were
subjected to restriction enzyme analysis and then sequenced using a primer
complementary to the Zeo cassette (Ori-2 [5'-GCAAGCAGCAGATTACGCG
CA-3']). Target site duplications from inversion circles were verified by DNA
sequence analysis with a primer from the 5’ end of Tyl (TyAout2 [5'-GCCTT
CTCACATTCTTCTGTT-3']). BLAST 2 sequences (http:/www.ncbi.nlm.nih
.gov/BLAST/bl2seq/wblast2.cgi) was used to map the LTR junctions by compar-
ing TylZeo sequences with Tyl-H3 (GenBank accession number M18706).
Similar distributions of joining events were obtained from several independent
experiments using wild-type and cppt-74 pGTylZeo elements; therefore, the data
were pooled. WebLogo (http://weblogo.berkeley.edu/logo.cgi) (16) was used to
derive consensus 5-bp TSDs inferred from the sequence adjacent to the Tyl
LTR.
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FIG. 3. Presence of Tyl circles. Undigested genomic DNAs were isolated from cells expressing wild-type Tyl (WT), mutant Tyl elements
defective in IN (in-2600) or in the cPPT (cppt-74), or GAG-POL due to a +1 frameshift mutation early in GAG (FS) and cellular mutants defective
in HR and NHEJ (dnl4A rad51A rad52A and dnl4A rad50A rad52A). Undigested genomic DNAs isolated from various cells were separated by
agarose gel electrophoresis and analyzed by Southern hybridization using a **P-labeled TyA1-GAG probe. pBDG1198 (5,848 bp; refer to Materials
and Methods) was used as a size marker for Tyl (5,918-bp) linear and circular molecules. The positions of circular DNA containing single-strand
breaks (NC), covalently closed circles (CCC), and linear DNA (L) and of linear size standards (in kilobases) are shown to the left. The relative
amounts of linear and circular DNA were determined using phosphorimage analysis and normalized to the amount of integrated pGTyl element

present in genomic DNA.

RESULTS

Tyl circles. To determine the overall level of circular Tyl
DNA present in cells undergoing retrotransposition, Southern
analysis was performed using genomic DNA and a **P-labeled
probe derived from TYAI-GAG (Fig. 3). The strains contained
a wild-type or mutant GALI-promoted Tyl element integrated
into the genome to minimize Tyl copy number without sacri-
ficing the ability of a GALI-promoted Tyl to induce high levels
of retrotransposition in the presence of galactose (8). In addi-
tion, the strains have no other chromosomal Tyl elements
(24), which would complicate the hybridization patterns.

Putative circular Tyl DNA molecules comprised at least half
of the unincorporated Tyl DNA in cells expressing a wild-type
element, as determined by phosphorimage analysis (Fig. 3). In
addition to linear Tyl DNA (5,918 bp), two types of circular
Tyl DNA were detected by Southern hybridization. The first
had an electrophoretic mobility in agreement with that ex-
pected for Tyl circles containing one or two LTRs. This band
was independent of functional IN, because its intensity was not
altered in an in-2600 mutant, which encodes a defective IN
protein resulting from the insertion of five additional codons
(52). The second, faster-migrating band was dependent on the
presence of functional IN, suggesting that it contains circular
Tyl DNA produced by autointegration and, if so, the circular
DNA could also be catenated (21, 44). Heterogeneously sized

circles may also be present but would not be visible by this type
of analysis.

We initially determined that Tyl circle formation was not
appreciably affected in a rad52A mutant (data not shown),
suggesting the possibility that Tyl circles are produced using
multiple recombination pathways. To address this possibility,
two triple deletion mutants were constructed that should block
HR (by deleting RAD50, the recA homolog RADSI, and
RADS52) and NHEJ (by deleting RAD50 and the DNA ligase
gene DNL4). Both mutants contained deletions for DNL4 and
RADS?2. One of the mutants also had a RAD50 deletion (dnl4A
rad50A rad52A), while the other mutant had a RAD51 deletion
(dnl4A rad51A rad52A). However, one-LTR and two-LTR cir-
cles, as well as autointegration circles, were present at wild-
type levels in dnl4A rad51A rad52A and dnl4A rad50A rad52A
mutants (Fig. 3). We also determined that both types of Tyl
circles were present in a cppt-74 mutant (Fig. 1A), which is
defective for plus-strand DNA synthesis from the cPPT (30).
As expected, unincorporated Tyl cDNA was not detected
when the pGTyl element contained a +1 frameshift mutation
early in the GAG gene (FS).

LTR junction molecules and circle junctions. Although pu-
tative circular forms of Tyl DNA were reproducibly detected
in genomic DNA by Southern analysis, we were unsuccessful in
isolating enough circular DNA for direct physical analyses of
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FIG. 4. Tyl LTR junction formation. (A) The structure of a Tyl
two-LTR junction molecule containing a circle junction (CJ). The LTR
domains unique 3’ (U3), repeated (R), and unique 5’ (U5) are shown
(6, 75). The positions of the PCR primers CJ5784w and CJ125c used
to amplify LTR junction molecules and the positions of PPT (polypu-
rine tract) (used to initiate plus-strand DNA synthesis) and the primer
binding site (PBS) (tRNA-Met anneals to initiate minus-strand reverse
transcription) are shown. Below are PCR products, separated by aga-
rose gel electrophoresis, in the size range expected for a canonical
circle junction (CJ = 259 bp) amplified with primers CJ5784w and
CJ125¢ and genomic DNA from cells expressing wild-type Tyl (WT,
galactose), an in-2600 mutant (in-2600, galactose), cells grown under
repressing conditions (WT, glucose), or a reaction mixture lacking
yeast DNA (— template). When the in-2600 mutant was analyzed, a
minor, bottom band (labeled B) was present in addition to a major, top
band (T) that was closer to the size expected for a canonical CJ.
Primers specific to the LEU2 gene were used to show that genomic
DNA was PCR competent. (B) LTR junction molecules obtained from
wild-type Tyl. Unidirectional deletions into U5 or U3 are at the top
and designated by the arrow. A canonical CJ is depicted by the striped
bar, and a canonical CJ with intervening DNA inserted between the
LTR ends is shown by the open bar and asterisk. LTR junction mol-
ecules with deletions into U5 (PPT-proximal LTR; also refer to panel
A) are on the left (filled bars, minus numbering), while those with
deletions into U3 (PBS-proximal LTR) are on the right (filled bars,
plus numbering). LTR junction molecules with intervening DNA are
designated by asterisks (see file S1 in the supplemental material).
(C) LTR junction molecules obtained from an in-2600 mutant en-
riched for T-band sequences (Fig. 4A). The resolution of the figure is
about 5 bp.

catenated molecules. However, the presence of Tyl circles
allowed us to investigate the nature of the LTR-LTR joining
event using the following assays: PCR analysis using nonover-
lapping primers that span the circle junction (Fig. 4; see file S1
in the supplemental material), replicon rescue using Tyl ele-
ments that contain a Zeo" gene and a bacterial plasmid origin
of replication (Fig. 5; see Table 2; also see file S2 in the

FATE OF Tyl DNA 11925

supplemental material), and additional Southern analyses (Fig.
6). PCR amplification was carried out using DNA from galac-
tose-induced cells expressing wild-type Tyl, from the in-2600
mutant, or from glucose-grown cells (Fig. 4A). The CJ5784w
and CJ125c primers amplified a broad band of 200 to 250 bp,
which is in the size range expected for the CJ product contain-
ing two LTRs (259 bp). When the in-2600 mutant was ana-
lyzed, a minor band (B band) was present in addition to a
major band (T band) that was closer to the size expected for a
canonical CJ. PCR products were not detected when cells were
grown in the repressing carbon source glucose or when tem-
plate DNA was omitted from the reaction mixture. All of the
DNA preparations were competent for PCR as shown by am-
plification of the LEU2 gene.

We cloned and sequenced 82 PCR products from cells ex-
pressing wild-type Tyl (Fig. 4B; see file S1 in the supplemental
material) and 47 products from the in-2600 mutant (Fig. 4C;
see file S1 in the supplemental material). The sequence anal-
ysis revealed only one PCR product containing a canonical CJ
from wild-type Tyl, while two others contained intervening
sequence inserted between two complete LTRs. The remain-
ing PCR products from wild-type Tyl contained one complete
LTR U3 or U5 segment and deletions of various lengths ex-
tending into the other LTR. Several of the junctions that con-
tained deletions also contained additional sequences of various
lengths inserted between the complete LTR and a deleted U3
or U5 segment.

The T band from the in-2600 mutant element yielded a
different pattern of LTR junction molecules than the broad
band from wild-type Tyl (Fig. 4C), while the B band resembled
the pattern obtained with wild type (data not shown). Canon-
ical CJs recovered from the in-2600 mutant comprised about
21% of the PCR products (10 of 47), and those containing
additional DNA made up another 47% (22 of 47). The remain-
ing 15 PCR products contained unidirectional deletions at the
CJ similar to those obtained with wild-type Ty1. Most of the in-
tervening DNA sequences obtained with wild-type Tyl or the
in-2600 mutant were too short to identify by database searches
(see file S1 in the supplemental material); however, many of
the intervening sequences contained 5'-CCA-3’ or its comple-
ment 5'-TGG-3" at one terminus. Since CCA is added to the
termini of tRNAs, it is likely that the intervening DNA seg-
ments are derived from tRNAs, or from the addition of CCA
to Tyl RNA by ATP (CTP):tRNA nucleotidyltransferase (1).
In addition, five of the longer DNA segments inserted at the
CJ were derived from the 3’ ends of Thr-tRNA (UGU). To-
gether these results suggest that the unidirectional deletions
are largely dependent on active IN, and those recovered from
the in-2600 mutant may result from leaky IN activity and were
detected because of the sensitivity of the PCR assay. As will
become evident below, the unidirectional deletions probably
are autointegration events within the LTRs, resulting in dele-
tion circles.

Recovery of TylZeo circles by replicon rescue. Genomic
DNA was prepared from galactose-induced cells containing an
integrated pGTyl element tagged with the Zeo cassette, which
includes a bacterial plasmid replication origin and a zeocin
resistance gene (60). The DNA was digested with Pvul to
minimize the recovery of pGTylZeo circles that might form in
yeast. The pGTylZeo plasmid contains a single Pvul restric-
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FIG. 5. Autointegration events recovered using wild-type or cPPT-defective (cppt-74) Tyl elements containing the Zeo cassette. (A) The
positions of the Tyl LTRs (triangles), the cPPT, and autointegration events resulting in deletion circles (short solid lines) and inversion circles
(short dotted lines with diamonds) are shown. Tyl sequence coordinates are shown below. The resolution of the figure is about 10 bp (see file S2
in the supplemental material for nucleotide positions of the autointegration events). (B) Consensus sequence of the 5-bp target site duplication
for Tyl autointegration events constructed using WebLogo (16). The size of the nucleotide at each position reflects the frequency with which that
nucleotide occurs in the target site. Target sites are oriented in the 5’ to 3’ direction from the end of the LTR adjacent to the Zeo cassette. Error

bars are twice the small sample correction.

tion site in the ampicillin resistance gene, whereas TylZeo
does not contain any Pvul sites. The DNA was introduced into
the recA Escherichia coli strain DH5«a by electroporation fol-
lowed by selection for zeocin resistance. The resulting trans-
formants were screened for ampicillin resistance, and plasmid
DNA from zeocin-resistant, ampicillin-sensitive colonies were
analyzed (Fig. 5 and Table 1; see file S2 in the supplemental
material). In a typical experiment using a wild-type TylZeo
element, 75% (18 of 24) of the transformants were Zeo" Amp®,
and the defective pGTylFSZeo element yielded only Zeo"
Amp" transformants. Plasmids recovered from Zeo" Amp" col-
onies usually resembled pGTylZeo.

The 131 TylZeo circles recovered from cells expressing

wild-type Tyl were subjected to DNA sequence analysis using
a primer from the 3’ end of the Zeo cassette to determine the
sequence across the LTR junction (Fig. SA and Table 1; see
file S2 in the supplemental material). The most common type
of TylZeo circle recovered (45.8% [60 of 131]) was from an
autointegration event joining the same strands, forming dele-
tion circles. These circular TylZeo elements contained a com-
plete LTR joined to Tyl sequences located elsewhere in the
element. Surprisingly, there was a possible “hot spot” for au-
tointegration events generating deletion circles starting about
30 nucleotides downstream of the cPPT (nucleotides 3782 to
3791). The other type of autointegration event, called an in-
version circle, occurs when IN catalyzes joining of opposite
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FIG. 6. Southern analysis of unincorporated Tyl DNA. (A) Organization of the Tyl element. The positions of regions I (black rectangle), 11
(rectangle with brickwork pattern), and III (shaded rectangle) that were used as hybridization probes, positions of restriction endonuclease
cleavage sites for PstI (P) and SnaBI (S), and positions of the cPPT, the cPPT-associated autointegration hot spot (filled and unfilled circles), and
resulting deletion circles (dotted lines) are shown. Probes I and II hybridized with Pstl fragments of 3 to 3.3 kb (filled circle). (B) Genomic DNAs
from cells expressing wild-type Tyl, the +1 frameshift mutant (FS), and in-2600 were digested with Pstl, separated by agarose gel electrophoresis,
and subjected to Southern analysis with **P-labeled probe I (black rectangle) or IT (rectangle with brickwork pattern) from GAG or the proximal
segment of POL, respectively. Hybridization signals from the integrated pGTy1 element (pGTy1), LTR junctions, left-end (LE) and right-end (RE)
c¢DNA, and the cPPT-associated autointegration hot spot (filled circle) are shown alongside the blots. (C) Genomic DNA from cells expressing
wild-type Tyl or the cppt-74 mutant was digested with PstI and analyzed with probe I, as described above for panel B, or with SnaBI and probe
III (shaded rectangle) from the end of POL. Signals from the cPPT-associated autointegration hot spot (filled and unfilled circles) and
cPPT-initiated plus-strand DNA (cPPT) are shown alongside the blots. The positions of the autointegration band adjacent to the cPPT (filled
circle) and the autointegration hot spot fragment derived from one deletion circle (2.1 kb; unfilled circle) are indicated.

DNA strains. About 6% (8 of 131) of the recovered plasmids
were TylZeo inversion circles; these circles were the same size
as a complete element and contained an inversion of Tyl
sequences at the insertion site. Another prominent class of
TylZeo circles (25.2% [33 of 131]) contained a single LTR.
Consistent with the PCR analysis, we did not recover any circle
junctions where the two LTRs were joined. We also recovered
24 (18.3%) bidirectional deletions, most of which removed one
LTR completely but did not delete much of the LTR down-
stream of the Zeo cassette, as would be expected from the way
the TylZeo circles were selected. Six (4.6%) of the deletions

were complex in that they contained additional inversions or
insertions of non-Tyl sequences. Bidirectional deletions were
sometimes bracketed by perfect or imperfect homologies of
less than 15 nucleotides and therefore may have been formed
by recombination.

TylZeo circles recovered from an in-2600 mutant and a
dnl4A rad51A rad52A mutant were compared with the Tyl
circles obtained from a wild-type element (Table 1). The types
of TylZeo circles recovered were in general agreement with
the results of Southern analyses of undigested genomic DNA
from cells expressing an unmarked Tyl element (Fig. 3). No-
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TABLE 1. TylZeo circles
No. (%) of TylZeo circles recovered from the following plasmid-carrying cells:
TylZeo circle or deletion WT in-2600 WT dnl4A radSIA rad52A cppt-74
(pGTylZeo)* (pGTylZeo)* (pGTyl, pGTylZeo)® (pGTyl, pGTylZeo)® (pGTylZeo)*

Deletion circle 60 (45.4) 0 5(41.7) 4(26.7) 18 (14)
Inversion circle 8(6.8) 0 1(8.3) 2(13.3) 4(3)
Solo LTR 33 (25) 3(27.3) 6 (50) 5(33.3) 43 (33.3)
Simple bidirectional deletion 24 (18.2) 7 (63.6) 0 4(26.7) 48 (37.3)
Complex bidirectional deletion 6 (4.6) 1(9.1) 0 0 16 (12.4)

“ pGTylZeo integrated at URA3.
® pGTyl integrated at TRPI, pGTylZeo episomal.

tably, autointegration circles were not obtained with the in-
2600 mutant, perhaps because the TylZeo assay is not sensi-
tive enough to detect the residual IN activity present in the
in-2600 mutant. TylZeo circles containing a single LTR were
also recovered from the dnl4A rad51A rad52A triple mutant,
suggesting that these events are not the result of homologous
recombination between the LTRs present in linear Tyl DNA.

To determine whether the autointegration events adjacent
to the cPPT observed with wild-type TylZeo were dependent
on the cPPT, 129 TylZeo circles were recovered from cells
expressing the cppt-74 mutant (Fig. SA and Table 1; see file S2
in the supplemental material). The number of Tyl autointe-
gration events decreased about threefold, and the number of
bidirectional deletions increased twofold in the absence of the
cPPT compared with those of a wild-type TylZeo element.
Although autointegration events were recovered at a number
of positions in the cppt-74 mutant, none were close to the
cPPT.

Autointegration consensus sequence. Four of the TylZeo
inversion circles recovered from cells expressing wild-type
TylZeo were sequenced from both LTRs and showed 5-bp
TSDs typical of Tyl transposition events in that they did not
show a strong consensus sequence (see file S2 in the supple-
mental material): 5'-ATTAG-3' (insertion site 1514), 5'-
CATCT-3’ (insertion site 12906), 5'-CAATC-3’ (insertion site
13116), and 5'-GAAAT-3’ (insertion site 14736). Therefore,
we derived a consensus target site from a larger collection of
TylZeo deletion and inversion circles recovered from cells
expressing wild-type Tyl (74 circles) and the cppt-74 mutant
(22 circles), assuming that the TSD occurred normally during
autointegration (Fig. 5B). The consensus sequence obtained by
analyzing autointegration events using WebLogo (16) showed
a preference for AT-rich sequences for both wild-type Tyl and
the cppt-74 mutant, which is similar to previous studies where
large numbers of Tyl integration sites have been determined at
the CANI locus (46, 62, 83).

Southern analysis of unincorporated Tyl DNA. To gain in-
dependent evidence for an autointegration preference near the
cPPT and confirm the presence of circular Tyl DNA, we per-
formed Southern hybridizations using *?P-labeled probes from
GAG (probe I), the center of the element (probe II), and from
the RT region (probe III) (Fig. 6). Autointegrations adjacent
to the cPPT form deletion circles of about 3.8 and 2.1 kb;
therefore, subsequent restriction enzyme digestion results in
fragments of predicted sizes (Fig. 6A). Genomic DNA was
digested with PstI and processed for Southern analysis, and the
resulting filters were hybridized with probes I and II (Fig. 6B).

PstI cuts twice in Tyl and yields fragments of 1,138, 754, and
4,053 bp. Both probes I and II hybridized with PstI fragments
of 3 to 3.3 kb from cells expressing wild-type Ty1, which is the
expected size for fragments generated if autointegration events
occurred near the cPPT. The autointegration band adjacent to
the cPPT was not detected in the in-2600 or FS mutant. Pstl
fragments of 5.1 to 5.4 kb from circular LTR junction mole-
cules containing one LTR and two LTRs and from LTR-LTR
autointegration events (Fig. 4B) were also detected. As ex-
pected, a genomic DNA fragment containing the integrated
pGTyl element, and unincorporated Tyl cDNA fragments of
about 1.1 and 4 kb from the left end (LE) and right end (RE)
of Tyl were present. The integrated pGTyl band was present
in all samples, and the LE and RE bands were present in the
wild-type and in-2600 strains.

Southern analysis was used to determine whether the auto-
integration preference adjacent to the cPPT was maintained in
the cppt-74 mutant (Fig. 6C). The autointegration band adja-
cent to the cPPT detected after Pstl digestion and hybridiza-
tion with probe I was not detected in the cppt-74 mutant.
Genomic DNA was also digested with SnaBI, which cleaves
once in Tyl at nucleotide 5463, and hybridized with probe III
to detect an autointegration hot spot fragment derived from
one deletion circle (2.1 kb) and the cPPT-initiated plus-strand
fragment (cPPT; 1.7 kb). The difference in size between these
two SnaBI fragments results from the complete LTR (334 bp)
present in the deletion circle. Both restriction fragments were
detected in cells expressing wild-type Tyl, but not in the
cppt-74 mutant. In contrast, the LTR junction molecules de-
rived from circular Tyl DNA containing one or two LTRs and
LE cDNA remained at wild-type levels in the cppt-74 mutant.

Detecting autointegration events by PCR. The results of
TylZeo and Southern analyses encouraged us to develop a
PCR-based assay to detect autointegration events adjacent to
the cPPT (Fig. 7). Oligonucleotide primers that annealed to
sequences at various distances downstream of the cPPT
(4203c, 5130c, and 5483c) were used in PCRs with a primer
adjacent to the 3" LTR of Tyl (TyBout, nucleotide 5486) and
with DNA from strains expressing wild-type Tyl, several de-
fective elements (in-2600, cppt-74, in-K596,597G, and the FS
mutant), and an empty GALI vector (Fig. 7A). If the cPPT
mediates a preference for autointegration events, PCR prod-
ucts of ~827 bp (TyBout plus 4203c), ~1,754 bp (TyBout plus
5130c), and ~2,107 bp (TyBout plus 5483c) should be ampli-
fied on the basis of the closest TylZeo insertion at nucleotide
3808 (see file S2 in the supplemental material). The ability to
amplify these products should require an expression-compe-
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FIG. 7. PCR analysis of the autointegration hot spot mediated by the cPPT. (A) The autointegration hot spot region adjacent to the cPPT
(nucleotide 3782) is shown along with primers 4203c, 52130c, 5483c, and TyBout (5486) and one deletion circle (dotted line). DNA from strains
expressing wild-type Ty1, several defective elements (in-2600, cppt-74, in-K596,597G, and the FS mutant), and an empty GALI vector was used.
If the hot spot were adjacent to the cPPT and begins at Tyl nucleotide ~3808 (inferred from analyzing TylZeo circles), PCR products of ~827
bp (TyBout plus 4203c), ~1,754 bp (TyBout plus 5130c), ~2,107 bp (TyBout plus 5483c) should be amplified. (B) Genomic DNA from cells
expressing wild-type, in-2600, cppt-74, FS, nuclear-localization-defective (in-K596,597G) Tyl elements or an empty vector were used in PCRs with
the primer pairs shown below, and the amplified fragments were separated by agarose gel electrophoresis. PCR products resulting from
autointegration events associated with the cPPT are noted. The asterisks indicate PCR products in the expected size range. The positions of
molecular size standards (in base pairs) are noted to the left of the leftmost gel. (C) The ~827-bp PCR product resulting from amplification with
primers TyBout plus 4203c was sequenced, and the autointegration insertion sites were compared with those obtained from sequencing TylZeo
circles (Fig. 5). The resolution is about 5 bp (see file S2 in the supplemental material for insertion sites). Also shown are the central Tyl DNA
flaps resulting from cPPT-initiated DNA synthesis and variable termination of the incoming plus strand at the CTS (rectangle), with 30% of strands
terminating 30 to 50 nucleotides downstream of the cPPT (filled rectangle) (30).

tent Tyl element with a functional IN and a cPPT. PCR prod-
ucts in the expected size range (Fig. 7B) were obtained using
DNA from cells expressing wild-type Tyl but not from the
in-2600, cppt-74, or FS mutant. We also determined that nu-
clear entry of the Tyl preintegration complex was not required
for autointegration activity adjacent to the cPPT by analyzing
an element that contained a defective nuclear localization sig-
nal (NLS) in IN (in-K596,597G) (54). The NLS-defective mu-
tant had wild-type levels of autointegration activity adjacent to
the cPPT, as shown by amplification of the ~827-bp product.
All DNA samples were competent for PCR, as determined by

amplification of the chromosomal LEU2 gene (data not
shown).

Central DNA flap and autointegration. The ~827-bp ampli-
fication products obtained by PCR with primers TyBout plus
4203c were cloned and sequenced to determine the autointe-
gration sites (see file S2 in the supplemental material). We
then aligned the Tyl autointegration events obtained from
analyzing TylZeo circles and PCR products described above
with the position of the Tyl central DNA flap structures
mapped previously (30) (Fig. 7C). There was a striking corre-
spondence between the autointegration activity adjacent to the
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TABLE 2. The cPPT and endogenous Tylhis3-Al retrotransposition”

Mean Tylhis3-AI

Strain retrotranspositjon rate Fold
genotype (SD) (107°) decrease
WT cppt-74
WT 6.7 (1.0) 2.7(0.7) 2.5
rad52A 8.75 (1.0) 5.0 (0.5) 1.75

“ The centromere-based plasmid pBDG996 containing a wild-type Tylhis3-AI
or the cppt-74 mutant were introduced into wild-type and rad52A Ty1-less strains,
and the rate of His* colony formation was determined as previously described
(17). The rate of His* formation was the average of two independent experi-
ments.

cPPT using two independent approaches and the positions of
the central DNA flaps present in Tyl. The Tyl autointegration
events in this preferred region started 26 nucleotides down-
stream of the cPPT, occurred in a region of about 80 nucleo-
tides, and were coincident with the positions of the central
DNA flaps.

Tylhis3-AI retrotransposition. To determine whether addi-
tional defects in Tyl retrotransposition could be detected in
the cppt-74 mutant under more stringent genetic conditions
(25, 53), we introduced the cppt-74 mutation into a Tyl ele-
ment marked with the his3-AI indicator gene (17) and deter-
mined the rate of His" colony formation in wild-type and
rad52A Tyl-less backgrounds. Retrotransposition generates
most of the His™ colonies obtained with wild-type Tylhis3-Al
Following splicing of the artificial intron (AI) and reverse
transcription, recombination events involving TylHIS3 cDNA
are also detected by this assay and become more prevalent
when Tyl cannot complete reverse transcription or undergo
integration (65). The cppt-74 mutation decreased Tylhis3-AI
integration 2.5-fold in a wild-type Tyl-less background (Table
2) and 1.75-fold in a rad52A mutant, where Tyl DNA recom-
bination is blocked, which is comparable to previous results
obtained using a GALI-promoted Tyl element (30, 31).

DISCUSSION

We show that at least half the unincorporated Tyl DNA
present in cells undergoing retrotransposition is diverted into
dead-end joining reactions, resulting in circular DNA. Accu-
mulation of Tyl circles does not completely depend on the
activities of yeast HR and NHEJ pathways. Instead, Tyl one-
LTR circles may arise by errors in reverse transcription and by
IN-mediated autointegration events. Wild-type Tyl produces
few two-LTR circles. However, two-LTR circles are greatly
enriched when IN is defective, suggesting that integration-
competent Tyl DNA is short-lived because Tyl DNA is effi-
ciently integrated or degraded. Analysis of Tyl autointegration
events revealed a hot spot adjacent to, and dependent upon,
the cPPT near the center of the element. Because the length of
this Tyl autointegration hot spot corresponds to the variation
in the positions and accompanying sizes of the central DNA
flaps formed by variable termination of plus-strand synthesis,
Tyl target specificity may be enhanced by the presence of
special DNA structures.

Formation of solo LTRs from chromosomal Tyl elements
can occur by HR or single-strand annealing pathways, which

J. VIROL.

require RADS52 (39, 47, 84). For these reasons, we expected
that RAD52 would also be required for one-LTR circle forma-
tion. Nonetheless, Southern analyses of undigested genomic
DNA show that wild-type levels of Tyl circles containing one
or two LTRs are present not only in rad52A mutants but also
when NHEJ is blocked in dnl4A rad50A rad52A or dnl4A
rad51A rad52A host mutants. The following results suggest that
the hybridization signal from undigested genomic DNA is pri-
marily from one-LTR circles. (i) Tyl circles are present when
IN is defective. (ii) CJs characteristic of two-LTR circles are
present at a low level when Tyl produces active IN. (iii) LTR
junction molecules of the size expected for a single LTR are
present when genomic DNA is digested with Pstl or SnaBI and
analyzed by Southern blotting. (iv) TylZeo circles containing a
single LTR are recovered from a dnl4A rad51A rad52A mutant.
However, the recovery of TylZeo circles containing bidirec-
tional deletions ending in microhomologies extends previous
results indicating that linear Tyl cDNA undergoes degradation
(43) and suggests a role for HR and NHEJ in forming circular
Tyl DNA in wild-type cells (39).

In contrast, cell lines defective for HR and NHEJ genes
contain much lower levels of retroviral two-LTR circles (34, 38,
45). The cellular factors required for forming retroviral one-
LTR circles have not been completely defined. Results from
one study suggest that the RAD50/MRE11/NBS1 nuclease is
involved in retroviral one-LTR circle formation, perhaps by
exposing single strands of the repeated LTRs for subsequent
HR (38).

Tyl one-LTR circles may result from reverse transcription
intermediates that stall after plus-strand strong-stop synthesis
or from open circular intermediates predicted to be present
during reverse transcription, as was first proposed for retrovi-
ruses (51, 75). Base pairing between the primer binding site
(PBS) sequences on plus-strand strong-stop DNA and the PBS
present on the 3’ end of minus-strand DNA would produce a
one-LTR circle after displacement synthesis by RT or a host
polymerase. Lauermann and Boeke (42) showed that Tyl PPT-
initiated plus-strand strong-stop DNA is a dead-end interme-
diate because sequence variants within the PBS are not inher-
ited in a subsequent retrotransposition event. Interestingly,
these plus-strand reverse transcription intermediates are the
ones postulated to anneal with the PBS on minus-strand DNA
to form one-LTR circles and therefore are probably involved
in the conversion of linear Tyl DNA into one-LTR circles.
Furthermore, if the cPPT-initiated plus-strand DNA displaces
PPT-initiated strong-stop DNA and the released primer is
utilized to form one-LTR circles, the overall level of circular
Tyl DNA should decrease in the cppt-74 mutant. In support of
this idea, we observed a decrease in the level of circular Tyl
DNA and a modest increase in linear Tyl DNA in the cppt-74
mutant (Fig. 3).

Several studies reported that HIV-1 two-LTR circles are
relatively abundant and can be long-lived (10, 12, 26, 56).
Conversely, we show that Tyl two-LTR circles, as monitored
by the presence of a CJ, are difficult to detect when IN is
functional. A total of 82 PCR products have been sequenced;
only 1 contains a canonical CJ, and 2 others contain small
intervening DNA segments between the complete LTRs. The
remaining 79 products probably result from Tyl autointegra-
tion events within the LTRs because most of these products
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