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Ty3 is a Saccharomyces cerevisiae retrotransposon associated with tRNA genes. Two Ty3 elements have been
cloned and characterized. The complete nucleotide sequence for one element, Ty3-2, was reported previously
(L. J. Hansen, D. L. Chalker, and S. B. Sandmeyer, Mol. Cell. Biol. 9:5245-5256, 1988). However, this
element is incapable of autonomous transposition. The complete DNA sequence of a transpositionally
competent Ty3 element, Ty3-1, is presented here. Its sequence translates into two overlapping open reading
frames, TYA3-1 and TYB3-1, which encode proteins with homology to the proteins specified by the retroviral
gag and pol genes, respectively. Comparison of the Ty3-1 nucleotide sequence to Ty3-2 suggests that the TYB3-2
open reading frame of Ty3-2 is truncated by the deletion of a single nucleotide, which causes a frameshift
mutation. Restoration of the reading frame with insertion of a single adenine by site-directed mutagenesis
converted Ty3-2 into a transpositionally active element, Ty3-2(+A). Western blot analysis with antibodies
made against synthetic peptides identified integrase (IN) proteins in viruslike particle preparations from cells
expressing Ty3 elements. Cells expressing Ty3-1 and Ty3-2(+A) produce antibody-reactive proteins with
approximate molecular masses of 61 and 58 kilodaltons (kDa), while cells expressing Ty3-2 produce reactive
proteins of approximately 52 and 49 kDa. Together, these data show that the 61- or 58-kDa protein, or both,
provides the integrase function of Ty3.

Retrotransposons from many eucaryotic systems have
been characterized. These elements have long terminal
repeats (LTRs), encode proteins with homology to retroviral
proteins, and replicate through reverse transcription. They
are distinguished from retroviruses primarily by the absence
of an obligatory extracellular phase (2, 3, 15, 57). Four
retrotransposon families have been characterized for Sac-
charomyces cerevisiae: Tyl (9), Ty2 (26, 60), Ty3 (10, 25),
and Ty4 (55). Tyl and Ty2 are similar at the nucleotide and
amino acid sequence level, and delta elements comprise
their LTRs. They are present in approximately 30 to 50
copies per haploid genome and are related to the Drosophila
copia (41), the Nicotiana tabacum Tntl (23), and the Arabi-
dopsis thaliana Tal (59) retrotransposons. This group of
elements is distinguished primarily by the fact that the
catalytic proteins are encoded in the following order (5' to
3'): protease (PR), integrase (IN), and reverse transcriptase
(RT). Ty4 has been recently characterized. Tau elements
make up its LTRs, and the complete element is present in
low copy number. Ty3 is present in only one to four copies
per genome. Its LTR sequences are sigma elements. Ty3 is
related to the Drosophila gypsylike elements (29, 38, 45, 56,
61) and the Lilium henryi del (54) and Schizosaccharomyces
pombe Tfl (H. Levin and J. Boeke, personal communica-
tion) retrotransposons and only distantly related to Tyl and
Ty2. Comparisons of the polymerase sequences from the
latter group of elements show that they resemble retroviral
proteins more closely than do those encoded by the former
group of retrotransposons. The order in which they express
the catalytic proteins is the same as in retroviruses: PR, RT,
and IN.
Ty3 is distinguished from other characterized retrotrans-

posons and retroviruses by its specificity for integration next
to tRNA genes. Ty3 insertions from cells expressing high
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levels of Ty3 RNA have been characterized. They are
immediately upstream of the 5' ends of tRNA genes and are
flanked by 5-base-pair (bp) direct repeats of the target
sequence (D. Chalker and S. B. Sandmeyer, unpublished
data). A newly discovered repeated sequence in Dictyostel-
ium discoideum is also associated with tRNA genes, al-
though the positions of characterized insertions are distinct
from sigma element insertion sites (39). Sigma elements have
been found exclusively at positions -19 to -16 with respect
to the 5' ends of tRNA-coding sequences (8, 12, 46, 47). The
two Ty3 elements present in S. cerevisiae AB950 have been
cloned and designated Ty3-1 and Ty3-2. Ty3-1 occurs 16 bp
upstream of the 5' end of a tRNACYS gene, while Ty3-2 is 17
bp upstream of a tRNAIlC gene (10, 25).
The nucleotide sequence of Ty3-2 was reported previously

(25). Computer translation of the nucleotide sequence re-
vealed two long open reading frames (ORFs), TYA3-2 and
TYB3-2, and a short ORF, called ORF3. TYA3-2 encodes a

protein domain that has homology to the retroviral nucleo-
capsid protein (NC). TYB3-2 encodes proteins with homol-
ogy to retroviral PR, RT, and IN proteins.

Transcription of copia (18, 52) and Tyl (19, 40, 42)
retrotransposons results in production of intracellular nu-
cleoprotein complexes. These are referred to as viruslike
particles (VLPs) because they resemble the nucleocapsid
cores of retroviruses. In the case of Tyl, production of high
levels of RNA and VLPs has been linked to replication and
transposition of the element (5, 17). The GALI-JO upstream
activating sequence (32) was used to induce Ty3 transcrip-
tion, which resulted in expression of Ty3 proteins. VLPs for
Ty3-1 and Ty3-2 have been isolated from cells expressing
high levels of Ty3 transcripts by sucrose gradient fractiona-
tion. The fractions containing VLPs were identified on the
basis of the activity of reverse transcriptase and the presence
of other Ty3-encoded proteins (unpublished data). In a
previous study, it was found that cells expressing high levels
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of Ty3-1 transcripts undergo transposition, whereas cells
expressing Ty3-2 do not (25). Ty3-2 is therefore capable of
forming VLPs and has a functional reverse transcriptase but
is blocked at a step before integration.

In order to understand the disparity in the abilities of
Ty3-1 and Ty3-2 to transpose, the nucleotide sequence of a

functional Ty3 element, Ty3-1, was determined. The effects
of sequence differences between Ty3-1 and Ty3-2 were
examined by constructing hybrid Ty3 elements and testing
them for transposition. Differences in the proteins predicted
from Ty3-1 and Ty3-2 nucleotide sequences correlated with
different mobilities of proteins encoded by the IN regions of
the two elements, resulting in identification of the proteins
required for Ty3 integration. These studies are presented
here.

MATERIALS AND METHODS

Nucleotide-sequencing strategy. The nucleotide sequences
of the Ty3-1 sigma elements and the tRNACYS gene associ-
ated with Ty3-1 were reported previously (10). The dideoxy-
chain termination method (48) was used to determine the
nucleotide sequence of the Ty3-1 internal domain. All se-
quence analyses used the enzyme Sequenase (United States
Biochemical Corp.) and 35S-dATP (1,000 Ci/mmol; Amer-
sham Corp.). Subclones from the plasmid pTy3-1 (25) were
constructed with Ty3-1 restriction fragments cloned into
pIBI20 or pIBI21 (International Biotechnologies, Inc.).
Small-scale preparations of these plasmids were obtained by
the boiling method of Holmes and Quigley (27). The se-

quences of the insertions were determined from the double-
stranded plasmids (24) in polymerase reactions primed with
the M13 universal primer and separately with a reverse
sequencing primer (International Biotechnologies). These
two primers hybridize adjacent to opposite ends of the insert
DNA. Synthetic oligonucleotides (Operon Technologies,
Inc.) based on the Ty3-2 sequence were used as sequencing
primers for analysis of regions outside and overlapping the
ends of cloned fragments. The nucleotide sequence was

compiled, edited, and translated by using the MS-DOS
Sequence Analysis Program (SnAP) written by A. Goldin
and G. Gutman (University of California, Irvine).

Construction of chimeric Ty3 elements. Chimeric Ty3 ele-
ments were designed in which the 5' and 3' regions of the
Ty3-1 and Ty3-2 internal domains were exchanged. These
were constructed in the pEGTy3 expression plasmid so that
they were galactose inducible (25). This plasmid contains the
GALI-JO upstream activating sequence fused to a Ty3 ele-
ment upstream of the putative TATAA sequence in the 5'
sigma element. Ty3 transcription is induced when trans-
formed cells are grown in galactose-containing medium.
pEGTy3 contains the yeast URA3 gene, which permits
positive and negative selection of cells containing the plas-
mid. Yeast cells transformed with the plasmid are selected
by growth on synthetic medium minus uracil, while cells
which have lost the plasmid can be selected by growth in
medium containing 5-fluoro-orotic acid (5-FOA), which is
toxic to cells expressing the URA3 gene (6).
A SalI restriction site within the internal domain and XhoI

sites present in each sigma element were used to construct
the chimeric plasmids. To create pEGTy3-2/1, the 5' 2.9-
kilobase-pair XhoI-SalI restriction fragment of Ty3-2 was

ligated to pEGTy3-1, which had been digested with Sall and
partially digested with XhoI, thereby replacing the corre-

sponding Ty3-1 sequence. Similarly, for pEGTy3-1/2, the 3'
2.2-kilobase-pair SalI-XhoI restriction fragment from Ty3-2

was substituted for the downstream portion of the Ty3-1
internal domain.

Site-directed mutagenesis of Ty3-2. A pIBI21 plasmid con-
taining the 2.2-kilobase-pair SalI-XhoI fragment from the 3'
portion of Ty3-2 (25) was constructed in order to produce the
coding strand upon superinfection with the helper phage
M13K07 (International Biotechnologies). This plasmid was
transformed into Escherichia coli RZ1032 [lysA (61-62) thi-J
relAl spoTi dut-J ung-1 (Tetr) supE44], and single-stranded
DNA was isolated. The mutagenic 41-mer oligonucleotide
(5'GTTATTAATGTACAATTCCTGAAAAAGTTTGTA
TACCGTCC3'), which inserts an adenine (shown in bold-
face type) into the sense strand, was used to prime the
polymerization reaction (34), and the resulting DNA was
transformed into E. coli HB101 [F- hsd-20 (rB- mB-)
recA13 leuB6 ara-14 proA2 lacYl galK2 rpsL20 (Smr) xyl-5
mtl-l supE44 k-]. Plasmid DNA isolated from transformants
was screened by sequence analysis. The SalI-XhoI restric-
tion fragment containing the mutated sequence was then
substituted into pEGTy3-2 by replacing the 3' SalI-XhoI
fragment. This plasmid differs from pEGTy3-2 by a single
nucleotide and is designated pEGTy3-2(+A).

Transposition assays. Yeast strains were cultured by stan-
dard methods (51). S. cerevisiae yVB110 was derived from
yVB109 (MATa /trpl-901 ura3-52 his3-200 ade2-101 lys2-1
leul-12 can1-100) by serially deleting the three endogenous
Ty3 elements (V. Bilanchone, personal communication).
The strains are otherwise isogenic. The Ty3 null strain,
yVB110, was transformed separately with the plasmids
pEGTy3-1, pEGTy3-2, and pEGT3-2(+A) and the chimeric
plasmids pEGTy3-1/2 and pEGTy3-2/1 by a modification of
the technique of Ito et al. (30), and transformants were
selected on synthetic medium minus uracil. The assay for
transposition of the chimeric Ty3 elements was performed as
described previously (25). Briefly, cells containing pEGTy3-
1/2 and pEGTy3-2/1 were grown on galactose-containing
synthetic medium minus uracil to induce Ty3 transcription
and transposition. After selection against cells retaining the
donor plasmid by growth on 5-FOA-containing medium, in
situ hybridization was used to screen for colonies which had
acquired Ty3 sequences through transposition. This assay
was modified to a more sensitive DNA slot blot hybridiza-
tion analysis of the pEGTy3-1, pEGTy3-2, and pEGTy3-
2(+A) plasmid-containing cells. After induction of transpo-
sition on galactose-containing synthetic medium minus
uracil at 30°C for 7 days, 10 colonies per type of transformant
were transferred to YPD medium (1% yeast extract, 2%
peptone, 2% glucose) and incubated at 30°C for 1 day. These
colonies, in which multiple independent transposition events
had occurred, were patched onto medium containing 5-FOA,
and 50 clonally homogeneous colonies were isolated from
each of the original colonies. In these colonies, each trans-
position was represented equivalently. Cells representing
the 500 colonies from each of the three transformants were
grown in pools of 10 in YPD broth. Genomic DNA was
extracted from the 150 pooled cultures by the method of
Boeke et al. (5) and prepared for slot blot analysis by the
method of Adams and Hatfield (1). The DNA was denatured
with basic 15 x SSPE (100 ml of 20x SSPE [3 M NaCl, 0.166
M Na2HPO4, 0.022 M EDTA, pH 7.0] plus 30 ml of 2 N
NaOH) at 80°C, neutralized with acidic Tris hydrochloride
(100 ml of 2 M Tris base plus 21 ml of concentrated HCI),
loaded onto nitrocellulose filters (Schleicher & Schuell, Inc.)
contained in a slot blot apparatus, and washed with 1Ox
SSPE (pH 7.0). The nitrocellulose filters were baked at 80°C
for 1 h. The DNA was hybridized to a 32P-labeled Ty3
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internal domain probe as previously described (10), and the
filters were exposed to Kodak XAR-5 film in the presence of
a Quanta III intensifying screen (Du Pont Co.).
VLP preparation. VLPs were isolated essentially by the

method of Eichinger and Boeke (17). Cultures were grown in
galactose-containing medium at 30°C to an optical density at
600 nm of 0.9 to 1.0; the cells were then broken and
fractionated as described previously (17). Sucrose step gra-
dient fractions were analyzed for reverse transcriptase ac-
tivity (19). Peak fractions at the 70%-30% interface were
pooled and concentrated by ultrancentrifugation at 38,000
rpm for 1 h at 4°C in a Beckman Ti5O rotor. Concentrated
VLPs were suspended in 150 ,ul of H20 per liter of starting
culture. VLPs were mixed 1:1 with 2x sodium dodecyl
sulfate-polyacrylamide gel electrophoresis loading buffer
(100 mM Tris hydrochloride [pH 6.8], 50% glycerol, 0.1%
sodium dodecyl sulfate, 5% 2-mercaptoethanol, 0.001%brom-
phenol blue), boiled for 2 min, and stored at -70°C. For the
null strain, protein from the equivalent sucrose fractions was
pooled and treated in a similar manner.
Western blot (immunoblot) analysis. A peptide with the

amino acid sequence CHAQIEMETNNNQRR (University
of California, San Diego, Protein Facility), was designed
from the predicted integrase sequence (nucleotides 4,503 to
4,544; see Fig. 1). The amino-terminal cysteine is not Ty3
encoded but was added in order to couple the peptide to
bovine serum albumin (Sigma Chemical Co.) with the bifunc-
tional reagent m-maleimidazolyl-N-hydroxysuccinimide es-
ter (33, 37). Two rabbits were injected subcutaneously with
approximately 0.3 mg of bovine serum albumin-conjugated
peptide (4 to 6 peptides per bovine serum albumin molecule)
in Freund complete adjuvant, followed by a boost 2 weeks
later with 0.3 mg of conjugated peptide in Freund incomplete
adjuvant. Two additional boosts at 2-week intervals con-
tained 0.5 mg of free peptide in Freund incomplete adjuvant.
The anti-IN antibodies were affinity purified for use in the

Western blot analysis. The immunoglobulin G fraction was
isolated by passing the antiserum over a protein A column
(Immunopure Immobilized Protein A gel; Pierce Chemical
Co. [22]), followed by elution of the bound immunoglobulin
G with 0.1 M glycine, pH 2.8. The peak fractions were
identified by optical density at 280 nm, adjusted to neutral
pH, and dialyzed against phosphate-buffered saline (PBS).
The immunoglobulin G fraction was then passed over a

Sulfolink Coupling Gel (Pierce) column to which the IN
peptide (CHAQIEMETNNNQRR) had been conjugated
through the cysteine residue (20). The anti-IN antibodies
were eluted with 0.1 M glycine, pH 2.8. Peak fractions were
identified by optical density at 280 nm, pooled, and dialyzed
against PBS. Bovine serum albumin was added to a concen-
tration of 1% (wt/vol) to stabilize the immunoglobulin G, and
samples were stored at -20°C.
Concentrated VLP proteins and the equivalent prepara-

tion from the null strain (approximately 20 jig of total
protein) were fractionated on a Laemmli sodium dodecyl
sulfate-10% polyacrylamide gel (36) and transferred to a
NitroScreen West membrane (Du Pont, NEN Research
Products) by the semidry electrophoretic transfer method of
Kyhse-Andersen (35). The membrane was incubated with
blocking buffer (PBS containing 5% nonfat dry milk, 0.02%
sodium azide, and 0.2% Tween 20) for 1 h at room temper-
ature, incubated with the affinity-purified anti-IN antibody
(diluted 1:50 in blocking buffer) for 1 h at room temperature,
washed with PBS-0.1% Tween 20, and incubated for 1 h at
room temperature with '25I-protein A (ICN Pharmaceuticals
Inc.) in blocking buffer (0.1 mCi of 125I-protein A per ml

blocking buffer). The membrane was then washed exten-
sively with PBS-0.1% Tween 20 and exposed to Kodak
XAR-5 film.

RESULTS

Nucleotide sequence of Ty3-1. The Ty3-1 retrotransposon
lies at position - 16 relative to the 5' end of a tRNACYs gere.
Ty3-1 is 5,351 bp long and consists of two identical 340-bp
sigma elements flanking an internal domain of 4,671 bp (Fig.
1). The four sigma elements from Ty3-1 and Ty3-2 are
identical. The internal domains ofTy3-1 and Ty3-2 are highly
similar (99.2%), but there are a few notable differences.
TYA3 is analogous to the retroviral gag gene. Starting at

the first methionine codon at nucleotide positions 416 to 418,
TYA3-1 and TYA3-2 are both 290 codons long. There are
eight nucleotide differences between the two elements in this
region. These result in only two amino acid differences:
glycine in Ty3-1 versus arginine in Ty3-2 and proline in
Ty3-1 versus alanine in Ty3-2. These residues are 37 and 10
codons, respectively, upstream of the C-X2-C-X4-H-X4-C
motif at the carboxyl-terminal end of the predicted TYA3
protein.
The TYB3 sequence predicts proteins with homology to

the retroviral pol proteins PR, RT, and IN in that order (25).
As is the case in Ty3-2, the TYB3 ORF overlaps the last 13
codons of the TYA3 ORF and is in the + 1 reading frame with
respect to TYA3. In Ty3-2, there is nearly perfect duplication
(76 of 78 nucleotides [25]) of the sequence from nucleotide
position 1776 to position 1854 in Ty3-1. In Ty3-1, this region
contains a 60-bp sequence flanked by direct 18-bp repeats.
Therefore, the pattern for Ty3-1 is 18 bp-60 bp-18 bp, while
for Ty3-2 it is 18 bp-60 bp-18 bp-60 bp-18 bp (Fig. 1).
Because the repeats do not interrupt the TYB3 reading
frame, there is a 6-amino-acid repeat in the predicted TYB3-1
protein, and the TYB3-2 protein sequence is 26 amino acids
longer than that of TYB3-1 in this region. The duplication in
the Ty3-2 sequence occurs between the regions that contain
homology to the PR and RT proteins. This kind of structural
polymorphism has also been seen in long interspersed nu-
clear elements. Mouse Li elements contain two or three
copies of a 42-bp sequence that preserves the reading frame
(50).
Another significant difference between Ty3-1 and Ty3-2 is

the presence of an additional nucleotide at Ty3-1 position
4744, compared with the homologous region of Ty3-2. The
consequence of this difference is that the carboxyl terminus
of TYB3-2 is truncated by 75 codons with respect to TYB3-1,
and the last 30 codons of TYB3-2 are within a different
reading frame from those specified in TYB3-1 (Fig. 2).
TYB3-1 is 1,270 codons long and extends into the 3' sigma
element for 15 codons. This contrasts with TYB3-2, which is
only 1,221 codons in length (including the 26-amino-acid
repeat) and terminates upstream of the 3' sigma element.
The overall difference in the size of TYB3-1 and TYB3-2 is 49
codons. There are 30 nucleotide differences between TYB3-1
and TYB3-2 which result in six differences in amino acid
sequence. One of the these involves a charge difference in
the RT region. TYB3-1 residue 594 is an aspartate, while the
equivalent TYB3-2 residue is an alanine. The nucleotide and
amino acid differences are indicated in Fig. 1.

Transposition assays of the chimeric and mutant Ty3 ele-
ments. In order to localize the region responsible for the
transposition defect of Ty3-2, chimeric Ty3 elements that
combined different regions of Ty3-1 and Ty3-2 were con-
structed. These were made by using the XhoI restriction site
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AAC-TTCATGGAAGGACCACCTAGTTAATAAAAAGCTCGCACTCAGGATC -71

GAACTAAGGACCAACAGATTTGCAATCTGCTGCGCTACCACTGCGCCATACGAGCTTGATTTTCTOGAi -1

TGTTGTATCTCAAAATGAOATATGTCOGTATGACAATACGTCACCCTGAACGTTCATAAAACACATATCA 70

AACAACCTTATAACAAAACGAACAACATGAGACAAAACCCCACCTTCCCTAGCTGAACTACCCAAAGTAT 140

AAATGCCTGAACAATTAGTTTAGATCCGAGATTCCGCGCTTCCACCACTTAGTATGATTCATATTTTATA 210

TAATATAAAOGATAAGTAACATTCCGTGAATTAATCTGATAAACTGTTTTGACACTGGTTACTTCCCTA 280

AGACTGTTTATATTAGGATTGTCAAGACACTCCGGTATTACTCGAGCCCGTAATAC90CACCTGGTAGCG 350

TTAAAGGTTACTAATTGTTCAAACOGAACCATCGAAAAGCCGAACCTAGCTACACCACACCCCAGOTAAG 420
L F R T I E K P N L A T P P S M 5 2

CTTTATGGATCAAATCCCAGGAGGAGAAAATTATCCAAAACTCCCAGTAGAATGCCTTCCTAACTTCCCG 490

F N D 0 I P G G G N Y P K L P V £ C L P N F P 2S

ATCCAACCATCTTTGACCTTCAGAGGAAAAATGA ACCA CTGAAAAACTTTATCTCCGAAATAA 560

I 0 P S L T F R G R N D S H X L X N F I S E I N 49

TGTTAAACATGTCTATGATATCTTGGCCGAATGATCCAGTCCTATTGTGTACTCCAGAAGACATTTATT 630
L N 8 S N I S N P N 0 A S R I V Y C R R H L L 72

AAACCCCGCTGCTCAGTGGGCTAATGACTT TGTACAAGAACAAGGTATACTTGAAATAACATTCCACACA 700
N P A A 0 W A N 0 F V 0 K 0 0 I L E I T F D T 95

TTCATACAAGGATTATATCAGCATCTATAAGCCACCAGATATCAATAAAATCTTTAATCCAATCACGC 770

r I 0 0 L Y 0 H F Y K P P D I N K I F N A I T Q 119

AACTTTCCGAAGCTAAACTTGGTATTGAGOCTATCAACCAACCATTCAG7CAATTTGGACAGAATGCC 640
L S E A K L 0 I E R L N 0 R F R K I W D R N P 142

ACCAGACTTCATAACCGAAAAAGCTOCCATAATGACATATACTAGCATATTrACAAANCAAACCTATAAT 900
P 0 F 8 T K K A A I N 0 Y 0 N L L 0 K K 0 Y 8 065

ATTOTCAGAATOCACAAACCAGAGACATTAAAAcACCCCATeAcAAeCTTOACCAGACAAcTOCACTAA 980
I V R 6 N K P t T L K D A N K K A Y 0 T T A L T 189

CTGAAAGATTCTTCCCAOGATTCGAACTTcOTOCTGATGGAGACACTATCATOCGOOCCACAACCCACTT o5so
E R F F P 0 F K L N A D 0 D T I I 0 A T T N L 212

A e
ACAAGAAGAATACGACTCTGACTATGATTCAGAAGATAATCTGACCCAGAATOOATACOTCCATACCOTA 1020
Q E K Y D S D Y D S E D N L T 0 8 0 Y V 0 T V 235

a e
AGGACAAGAAGATCTTOCAATAAACCAATcTCAAATCATCGAAACAGGAOAAATAACAACCCATCTAGAG 1190
R T A R S Y N N P N S 8 N R 8 N N N N N P S R E 259

AAGAATOOATAAAAAATCGOCTATOCTTCTATTGTAAGAAOAOGAGG0ATCGCCTGAACGAAOTTAGAGC 12260
E C I K 8 (R L t F Y : K K E C R0 L 8 E R A) 262*awa****

ACGTAWAr.G TAAAAGRA__%~TTTATA_AAA_L.T__I..JA.
A S S R 290

V R V L D L L S D 0 0 T P F I R T L 26

ACCAATTCTACACTATATCGCCATCCCCGAGATGGACAATACCGCCGAAAAAACCATAAAAaTACAAAAC 1400

P I V Y I A I P E D N T A K 0T I t I N 51

ACCAAAGTAAAAACCCTOOTOTAC607000ATCACCCACGTCATTTATCCGAAOAGATATTGTAGAACTTC 1470

T KV IKT L r IPs T S F I R R D I V E L L 75

TCAAAOACGAATCTOCOAOACCCCTCCaCOCTTCTAOAOOATTCGTAGCCACCAAATCCGCCGTTAC 1540

R Y E I Y E T P P L R F R G F v A T R S A V T 9

ATCCOAAOCAGTCACCATTGACCTCAAAATCAATGACCTGCATATAACTTTAGCCGCGTACATACTGGAT 1610

E A V T I D L I N D L N I T L A A Y I L D 121

a

AACATGGACTACCAATTGTTAATTGGAAATCCAATCTTACGCCGCTACCCGAAAATCCTGCACACAOTAC 1660

D Y 0 L L I G P I L R R Y P K I L H T V L 145

TGAATACCAGAGAGAGCCCCCACTCCTTALAGCCCAAGACTTATCGCTCCGAAACCCTTAATAACOOOAG 1750

N T R s P D L K P K T Y R S E T V 1 N V R 168

AACCTACTCCGCTGOTAATCCOOOOAACCCCAGAAACATAAAACTCTCTTTTCCCCCCACCATTCTCGAA 1620

T Y S A G 1 R G 1 P R N I K L S F A P t I L 191

GCAACTGACCCOAAATCCOCTGGTAATCOTGGT0ACTCCAGAACCAAAACCCTGTCTCTTGCAACCACTA 1890

A T 0 P N S A G 1 R G D R T K T L S L A T T T 215

CTCCTGCACCAATTGACCCOCTOACGACCCTTGATAACCCAGGTAGTACTCAAACTACATTGCGCAATT 1960

P A A I D P L T T L D N P S 0 S T F A F 236

CCCCATACCTGAAGAAGCGAGCATCCTAGAAGAGGATGGAAAATACTCCAACGTTGTCTCAACCATTCAG 2030

P I P E A S I L D K Y S N V V S T I 0 262

AGTGTAGAACCTAATGCTACTGATCACAGCAATAAGGACACCTTTTOCACTTTGCCAGTTTGGTTACAAC 2100

s v P 1 A T D S 1 D T F C T L P V L 0 265

AGAACTATOAGAGATCATACGTAATGATCTCCCACCAA0ACCTGCCGACATTAATAACATCCCCGTAAA 2170

It Y R E I I R 11 D L P P R P a D I N 81 I P V 1K 309

ACATGATATTGCAAATTAAACCT ;CGCCAAGACTACCTCGCACTACAGCCATACCATC.TTAC^AGAAAAGAAC 224 0
N D I E I R P A R L P R [L O P Y V T N

GAACAAGAAATCAACAAAATAGTTCAAAAACTGCTCGATaLACAACTTCATTGTTCCCTCAAACTCGCCTT 2310
E I I I V 0 N L L D N K F I V P K

GCAGCTCCCCTGTACTCCTCOTCCCGAAGAAAGACGCTACCTTCCGACTCTGCGTCGATTACCGCACCCT 2360

S S P V V L V P I D T F R L C V D Y R T L 376

GAACAAAGCTACCATCTCCGACCCATTCCCATTACCCAGAATCGACAACCTATTAGCCGTATTGGAAAT 2450

X A T I S D P F P L P R I D N L L S R N

OCCCAGATATTTACCACGCTAGATTTGCATAGTGGTTACCACCAGATCCCGATAGAACCCAa,AAACC=CO 2520

A 0 I F T T L D L S Y I P P K D R Y 42S

ACAAAACCOCCTTTGTCACACCATCCGGTAACTATGAATATACCOTCATGCCATTTGGCTTACTCAATGC
K T A F v T P S K Y Y T V P F V 1 A 448

ACCTAGTACATTCGCAAGATACATOOCTGATACATTTAGAGACCTGAGATTCGTCAATOTTTACCTOGAT
P 0TNORr D T r R D L 77NV Y L .*.

COTATATTAATATTCTCCGAATCTCCAGAAGAACATTGGAAACATTTAGACACGG0TACTAGAAAATTAA
I L I F S E S P E E H L D T V L E R

AGAACGAGAkACCTCATTGTTA,AGALAGAAAxA)ATGTAAATTTGCATCTGAAGAAACTGAGTTTTTAGGCTA 2900
N E N L I V K K K K C K F A s E E T E F L G Y 508

TAGTATTGGAATCCAGAAAATAGCTCCACTACAGCACAAATGTGCAGCMTCCGAGACTTTCCGACGCCT 2970

S I G 0 K I A P L 0 H K C A A I R D F P T P 542

AA9ACAGTAAA4ACAGCACAGAGATTTTTAGG4ATGATTA0ATTACTACAGACGATTCATTCCAAATTGCT2940
K T V K 0 A 0 R F L G M I N Y Y R R F I P N C S 565

CCAAGATTGCACCACCACCAACTGTTATTGGACAAAAGTCAATGGACAGAAAAACAAGACAAGGC 3010
K I A 0 P I 0 L F I C D K S 0 T E KK 0 D K A 508

c c

AATTGATAAACTAAAAGACGCCTTGTGTAACTCCCCCCCTAGTACCATTCAACAACAAGCAAACTAC 3080

D K L K D A L C N S P V L V P F N N(1K A N Y 612

CGACTTACAACAGACGCCTCAAAAGACGGCATTGGTGCTGTTCTAGAAGAAGTCGACAACAAGAACAAAC 3150

R L T A S K D G I G A V L E E v D N K N K L 635

OOOOOOOOCGTCGGCTACTTCTCTAAATCCTTAGAGAGTGCCCAGAAAAACTATCCTGCTGCGAAT 3220
V G V V G Y F S K S L E S A 0 N Y P A G E L 659

AGAACTACTTCGAATTATCAAAGCACTCCACCACTTCCGATATATGCTTCACGGAAAGCATTTCACGTTA 3290
L L I I K A R H F R Y L H G H F T L 682

AGAACAGACCACATSAGSSTATCATTACAAAACAAGAACGAACCCGCACGACGCGTGCAACGCTGGT 3360
R H I S L L S L 0 N K N E P A R R V 0 R L 705

TAGATGACCTAGCCACATATGACTTCACCTTAGAATACCTACGCTACCCAAGA OACTGTCSCAOTOC 3430

D L Y D F T L E Y L OP V V A A 728

CATATCCC0OOCCGTATATACTATAACCCCAAAACAT CCG ACCACACACAAAACTGGAAATCT 3500

IIS R A V Y T I T P E T S R P I D T E S K S 752

TACTACAAATCAGACCCATTATCSACSCCSCTTAATTCATATGAAAGAATTGACACAACACAACGTCA 3570

Y Y K S D P L C S A V L I H K L T 0 H V T 775

CACCTGAAGATGTCAG CCG ACCAOOOACCACO9 AATCACAGCTTCCAGAAAGAA 3640

P E D S A F R Y 0 K K L e L S E T F A K 798

TTATTCCCTAGAAGACGAAATGATCTATTACCAAGACCGACTAGTACTACCAATAAA ACAAACGCA 3710

Y L I D E I Y Y 0 D R L V V P I K 0 Q (A 822

GSTATGAGACTATATCATGACCATACCTTATTTGGAGGACATTTTGOCTOAACAOOOACCCTTGCGAAAA 3780

V M R L Y H D T. L F rF G V T V T L A K I 845

c cc
TCAGCCCAATTTACTATTGGCCAAAATTACAACATTCOATCATACAATACATCAOACCOCOCGTACAM 3850

S P I Y Y P K L 0 H S I I 0 Y I R : V Q 86

TCAACTAATAAAATCACACCGACCACGCTTACATGGACTATTACAACCACTCCCOATAOCAGAAGGAAGA 3920

0 L I K S H R P R L H L L 0 P L P I A E C R092

TGOCTTGATATATCAATGGATTTCSTGACAGGATTACCCCCGACATCAAATAACTTCAATATGATCCTCC 3990

N L D I S I: F V T L P P T S N L M I L V 915

e T
TCGTAGTTGATCGTTTTTCGAAACCGCOCCACTTCATAGCTACAAGGAAAACCTTAGACGCAACACAACT 4060

V V D R F S R A N F I A T R K T L D A T 0 L 936

AATAGATCTACTCTTTCGATACATTTTTTCATATCATGGT.TTCCCAGGACAATAACCAGTGATAGAGAT 4130

I D L L F R Y I F Y H G F P R T I T S R D 962

GTCCOTATGACCOCCGACAAATATCAAGAACTCACGAAAAGACTAGGAATAAAATCGACAAOOTCTTCCC 4200

V R T A D K Y 0 L T K R L I K S T S S A 965

CGAACCACCCCCAAACAGATGCACAATCCGAACCAACCATACAGACATTAAACACCTTACTAAGAGCCTA 4270

N H P 0 T D O SN*.R T I 0 T L 1 R L L R A Y 1006

s ~~~~~~~~~~~~~~~~~~c
TGCTTCAACCAATATTCAGAATTGOCATCSATATSSACCACAAATCGAATOOOOOTACAATTCTACACCT 4340

A S T N I 01 H V Y L P Q I E F V Y 1 S T P 1032

v

ACTAAAACACTTGGAACACCATTTGAAATTGAT0TA6GATATTTACCGAAOACCCCTGCTATTAACT 4410

T R T L K S P F E I D L Y L P T P A I K 1055

CAGATGACOAAGTCAACGCAAGAAOOOTTACTGCCOTAGAACTTOCCAAACACCTCAAAACCCTTACCAT 4460

D D E V A R S F T A V e L A K H L K A L T I 1079

CcAAAcGAAGGAaACAcTAGc CCIA CAMkA AAACCC 4550
Q T K E 0 L E ICHC . I E TNN " O "R Rl K P 1101

TTATTGTTAAACATAGGAGATCACOOATTACT0CATAGAGATGCATACTTCAAGAAAGGTGCTTATATGA 4620

L L L N I G D H V L V R D A Y F K K A Y M K 1125

AAGTACAACAAATATACGCGGCACQCCATTTCSATGCAAGAAAATAAACGATAACGCCTACGAACTAGA 46S90
V 0 I Y V P F R V V K K I N D A Y E L D 1149

TTAAACTCTQCACAAGAAACACAATTA TTAATC TACAATTCCTGAAAAACTTTGTATACCGTCCA 4 760
L S N K K K R V I V 0 F L K K F V Y R P 1172

GACGCGTACCCAAAGAATAAACCAATCAGCTCCACTAAAGAATTAAGAGAGCACACGAAGTTACTOCAC 4830

D A Y P K N K * I S S T E R I K R A H E V T A L 1195

TCATAGGAATAGATACTACACACAAACTTACTTATGTCAQCATCAAGATCTAC.ACCCAAQCACmCACS 4 900
I I D T T H K T Y L C M D V D P T L S V 1219

AGAATACTQCAGAAGCTGAATSTTTCCAAATTCCCCGAAAGAACACGAAGATCAATATTAGCCAACTTTAGA 4970
E Y S E A E F C 0 P E R T R R S I L A N F R 1242

CAACTCTACCAAACACAAGACAACCCTGAGAGAGAGGAAGATGTTGTATCTCAAAATGAGATATGTCAGT 5040
0 L Y E T 0 D N P E R E E D V V S 0 E I C 0 Y 1265

ATGACAATACGTCACCCTGAACCTTCATAAAACACTATAAAACAACCTTATAACAAAACGAAcAACASc S10o
D T S P 1270
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FIG. 2. Comparison of TYB3-1 and TYB3-2 carboxyl termini.
The deduced carboxyl-terminal amino acid sequence of TYB3-1
(residues 1161 to 1270) is shown above the carboxyl terminus of
TYB3-2 (residues 1187 to 1221). There is a -1 frameshift in the
reading frame of TYB3-2 (after residue 1191) with respect to TYB3-1
due to a single-nucleotide difference in this region (indicated by an

arrowhead). The last 15 TYB3-1 residues are encoded by the 3'
sigma element and are underlined. Stop codons are indicated by
asterisks (*).

present in each sigma element and the unique SalI site
present in the internal domain (Fig. 3). The Sall site lies
downstream of the 78-bp duplication (Fig. 1) and is 576 bp
upstream of the region encoding amino acid homology to
retroviral IN proteins. One chimeric element, Ty3-2/1, con-

tained the Ty3-2 sequence upstream and the Ty3-1 sequence

downstream of the SalI site, and the other, Ty3-1/2, con-

tained the reverse order of the Ty3 domains. These chimeric
elements were created in the high-copy pEGTy3 (25) vector
so that expression of the Ty3 elements was galactose induc-
ible. The two chimeric Ty3 elements were grown under
inducing conditions and tested by colony hybridization for
evidence of transposition (see Materials and Methods). It
was previously shown that transformants grown under non-

inducing conditions (glucose-containing medium) do not
undergo transposition (25). The hybridization assay showed
that replacement of the 3' Ty3-1 SalJ-XhoI restriction frag-
ment with the equivalent Ty3-2 sequence rendered Ty3-1
nonfunctional (Ty3-1/2) (Table 1, assay A). Conversely,
replacing the 3' Ty3-2 sequence with the Ty3-1 sequence
allowed Ty3-2 to transpose at the about the same frequency
observed for Ty3-1 (25; this report). This demonstrates that
the transposition defect of Ty3-2 lies in the downstream
region of TYB3-2 and that there is no significant effect of the
duplication in Ty3-2 on transposition.

In order to determine whether the truncation of TYB3-2 is
solely responsible for the transposition defect, a single

Ty3-2/1

Ty3-2(.A)

FIG. 3. Comparison of structures of wild-type, chimeric, and
mutant Ty3 elements. The overall structure of a Ty3 element is
diagrammed on the top line. The sigma element LTRs are boxed,
and the heavy line between them represents the internal domain.
The XhoI and Sall sites used in the construction of the chimeric Ty3
elements are indicated. Regions that contain homology to retroviral
proteins are indicated below the internal domain. The reading
frames for the various Ty3 elements are shown by boxes. The open
boxes represent Ty3-1 sequence, while the stippled boxes represent
Ty3-2 sequence. Addition of a single nucleotide is indicated for
Ty3-2(+A).

adenine was introduced at Ty3-2 nucleotide position 4821
(equivalent to Ty3-1 position 4744) by site-directed mutagen-
esis. Addition of this nucleotide restores the reading frame to
that of Ty3-1. The mutated Ty3-2 nucleotide sequence,
designated Ty3-2(+ A), was cloned into the galactose expres-
sion plasmid and designated pEGTy3-2(+A). Ty3-2(+A)
was tested for its ability to transpose. yVB110 cells trans-
formed separately with pEGTy3-1, pEGTy3-2, and pEGTy3-
2(+A) were grown on galactose-containing synthetic me-

dium minus uracil to induce Ty3 transcription, cured of the
plasmid by growth on 5-FOA-containing medium, and
streaked for individual colonies. DNA was extracted from
pools of individual colonies, transferred to nitrocellulose in a
slot blot apparatus, and hybridized to a radiolabeled probe
specific for the Ty3 internal domain. The autoradiograph
resulting from this experiment is shown in Fig. 4. As
expected, Ty3-1 transposed at a relatively high frequency.
At least one transposition occurred per 50 isolates of the
original 10 pEGTy3-1-transformed colonies (Fig. 4A). The
inability of Ty3-2 to transpose is illustrated in Fig. 4B; none
of the 500 colonies derived from pEGTy3-2 transformants
had acquired a genomic copy of Ty3 (the lower right slots
that show hybridization are control samples of DNA from

FIG. 1. Nucleotide sequence of Ty3-1 and the associated tRNA gene and deduced amino acid sequence of Ty3-1 proteins. The Ty3-1
nucleotide sequence is shown above the predicted amino acid sequence. Numbering of the nucleotide sequence is relative to the first base
of the 5' sigma element. Arrows above the 8-bp inverted repeats delineate the ends of the 5' and 3' sigma elements (nucleotides 1 to 340 and
5012 to 5351, respectively). The tRNACYs-coding sequence in lines 1 and 2 (-90 to -16 relative to the 5' sigma element) is overlined with an

arrow indicating the direction of transcription. The 5-bp flanking direct repeat of the target sequence is underlined. The downward-pointing
arrow at nucleotide position 223 denotes the major transcriptional start site. Numbering of the amino acids begins with the putative initiation
methionine codon (shaded) for TYA3-1 and with the first amino acid encoded in the TYB3-1 ORF. Ty3-2 nucleotide and amino acid sequence
differences are shown above and below the Ty3-1 sequences, respectively. Brackets indicate the amino acid sequences used in protein
alignments to show homology to the retroviral NC, PR, RT, RH, and IN proteins (25). Highly conserved amino acid residues (31) are shaded.
Predicted minus- and plus-strand primer regions are overlined. Arrows over the internal domain indicate the 18-bp direct repeats and the 60-bp
sequence that is discussed in Results. The asterisk (*) above nucleotide 4744 indicates the presence of an adenine in Ty3-1 that is absent in
Ty3-2. The boxed sequence (TYB3-1 residues 1086 to 1099) indicates the peptide used for antibody production.

Ty3-2

Ty3-1/2 E----:::] El
I

............................%...................
..........
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TABLE 1. Ty3 mobilization after induction with galactose

Assay and Tpn/500b
GAL-Ty3 fusion Tpnhl0a (% of total)

Assay A
pEGTy3-1/2 0 0 (0)
pEGTy3-2/1 10 45 (9.0)

Assay B
pEGTy3-1 10 54 (10.8)
pEGTy3-2 0 0 (0)
pEGTy3-2(+A) 7 44 (8.8)
a Number of colonies which were positive for Ty3 transposition (Tpn) per

10 original colonies.
b Estimated number of Ty3 transposition-positive isolates per 500 clonal

isolates of 10 original colonies.

cells having a single chromosomal copy of Ty3). Because
this result was obtained by a relatively insensitive assay (at
least one transposition per 500 colonies is required for
detection), it is possible that Ty3-2 transposes, but at a
greatly reduced frequency. The result of Ty3-2(+A) is seen
in Fig. 4C. The addition of a single adenine into the sense
strand conferred transposition activity on Ty3-2. Clonal
derivatives of 7 of the 10 original pEGTy3-2(+A) transfor-
mants hybridized to the Ty3 probe, indicating that transpo-
sition had occurred. The results of this analysis are pre-
sented in Table 1 (assay B). Estimates of the number of
transposed Ty3 elements per pool of 10 DNA samples were
determined by densitometric scanning of the autoradiogram
shown in Fig. 4.

Characterization of the Ty3 IN by Western blot analysis.
Antibodies were produced in rabbits against a synthetic
peptide corresponding to a sequence in the predicted TYB3
protein which is close to the region that has homology to
retroviral IN proteins. This region of the protein is predicted

A Ty3-1 IB Ty3-2 IC TY3-21+AJ

FIG. 4. Slot blot analysis of Ty3 transposition. Cells containing
the plasmids pEGTy3-1 (A), pEGTy3-2 (B), and pEGTy3-2(+A) (C)
were induced for Ty3 transcription (see Materials and Methods).
DNA was isolated from pools of individual colonies, applied to
nitrocellulose in a slot blot apparatus, and hybridized to a Ty3
internal domain-specific probe. For each of the 10 original induced
colonies, 50 colonies were isolated; each slot reflects hybridization
of 20 p.g of DNA from 10 isolated colonies. The bottom right region
of each panel contains three positive controls followed by a negative
control (yVB110) (one of the positive Ty3-2 controls did not
hybridize well); the samples in the rightmost column of panel C are

shifted up by one slot.

kDa

110-

84-

0 1 2 2+

..115
-1 10

XI 4947-

33-

24-

FIG. 5. Western blot analysis of Ty3 VLPs with anti-IN rabbit
antiserum. VLPs were isolated from galactose-induced yeast cells
containing pEGTy3-1 (1), pEGTy3-2 (2), or pEGTy3-2(+A) (2+),
and an extract was prepared from the null strain alone (O), as
described in Materials and Methods. VLP proteins and the null-
strain proteins were fractionated on a 10% sodium dodecyl sulfate-
polyacrylamide gel, transferred to NitroScreen West membrane (Du
Pont, NEN Research Products), and reacted with affinity-purified
anti-IN antiserum. The antibody-protein complexes were visualized
by incubation with 125I-protein A followed by exposure to X-ray
film.

to be antigenic on the basis of hydrophobicity plots (28; data
not shown). When Ty3 is induced under control of the
GALI-JO upstream activating sequence, Ty3 VLPs are pro-
duced. Because the integrase protein is present in VLPs of
other retrotransposons and in retroviral nucleocapsid cores
(7, 17), concentrated VLPs prepared as described in Mate-
rials and Methods were utilized to identify the Ty3 IN
protein by Western blot analysis. The result of this experi-
ment carried out with Ty3-1- and Ty3-2-derived VLPs is
shown in Fig. 5. For each element, there were two proteins
against which the antipeptide serum reacted most strongly.
These proteins were not found in similar extracts of Ty3 null
cells (yVB110). The Ty3-1 IN proteins had molecular masses
of approximately 61 and 58 kilodaltons (kDa), while the
Ty3-2 IN proteins were approximately 52 and 49 kDa in size.
Antiserum was raised against a second peptide, CQSER
TIQTLNRLLRAY, which was designed from a region in
Ty3-1 (nucleotides 4224 to 4270) that encodes a protein with
homology to retroviral IN proteins. This serum reacted to
the same proteins identified with the first antibody but
showed a higher level of nonspecific reactivity with proteins
present in the null strain. The size difference of 9 kDa
between the Ty3-1 and Ty3-2 proteins agrees with the
computer-predicted 8.7-kDa truncation of the TYB3-2-en-
coded protein. As expected, addition of an adenine to Ty3-2
in the Ty3-2(+A) mutant results in production of IN proteins
of the same size as those seen in Ty3-1 VLPs. The autora-
diograph also revealed the presence of reactive proteins of
approximately 115 and 110 kDa for Ty3-1 and Ty3-2, respec-
tively. The difference in size between these species corre-
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sponds roughly with the difference in length between the
TYB3-1 and TYB3-2 ORFs. The position of the amino termi-
nus of proteins of this size in the amino acid sequence
predicted from TYB3 is near the beginning of RT homology.

DISCUSSION

In this study we have determined the nucleotide sequence
of an active Ty3 element, Ty3-1, and have identified the Ty3
IN protein by mutational and Western blot analyses. A
comparison of the nucleotide sequence of Ty3-1 with that of
Ty3-2, which is unable to transpose, revealed several nucle-
otide differences and a nucleotide deletion in the defective
element. The presence of the region containing this deletion
correlated with transpositional inactivity in chimeric Ty3
elements. Mutations in retroviral and other retrotransposon
integrases have previously been shown to block integration
(4, 13, 14, 43, 49). The single-nucleotide deletion in Ty3-2
was shown to be specifically responsible for the transposi-
tion defect by reversion of the phenotype with insertion
mutagenesis of Ty3-2.
The mutation in Ty3-2 was useful in identification of the

IN protein encoded by Ty3. Western blot analysis identified
Ty3 IN proteins that are present in Ty3-1 and Ty3-2 VLPs.
Comparison of the sequences of the proteins predicted to be
encoded by TYB3 in the two elements, together with West-
ern blot analysis, showed that the deletion mutation in Ty3-2
results in a truncated IN protein. The size of the wild-type
and mutant Ty3 IN proteins allowed us to infer which region
encodes Ty3 IN. Ty3-1 and Ty3-2 each produced pairs of
proteins: 61 and 58 kDa and 52 and 49 kDa, respectively. The
predicted amino-terminal half of the Ty3 IN protein has
homology to retroviral IN proteins. Characterized retroviral
IN proteins are smaller than the Ty3 IN proteins. For
example, the molecular masses of the Rous sarcoma virus,
human immunodeficiency virus, and murine leukemia virus
proteins are 32, 34, and 46 kDa, respectively (57). This
difference in size appears to be largely accounted for by the
longer carboxyl-terminal region of the Ty3 IN protein, which
we have shown is required for activity.
The second ORF of the defective Ty3 predicts a protein

shorter than the protein encoded by the active element by
about 9 kDa. The fact that the predicted difference at the
carboxyl-terminal end corresponds closely to the difference
in molecular weight of the observed IN proteins from the
two elements suggests that carboxyl-terminal processing of
the wild-type element, if it occurs, does not result in a
significant change in molecular weight. In addition, the IN
amino-terminal coding regions of the two elements are highly
similar. The fact that both Ty3 elements studied encode a
pair of IN proteins differing by 3 kDa suggests that in each
case the smaller protein is derived from the larger by
removal of a 3-kDa peptide from the amino terminus. The
presence of a 115-kDa IN-related protein in the Ty3-1 VLP
suggests that the Ty3 IN also exists as part of a polyprotein
that includes RT, which is encoded upstream of IN. This
protein could be a precursor form of IN, or it could be
analogous to the Rous sarcoma virus I component of the ox3
heterodimer form of RT (11, 16, 21). If the latter possibility
is the case, it would indicate that the size of the Ty3 RT
domain is about 55 kDa. In the Western blot analysis, the
115-kDa protein reacted much less intensely to the antisera
than did IN, showing that it is present in lower amounts than
is IN in the VLP. The function of such a composite protein
remains to be elucidated.

Preferred positions have been described for retroviral

integration in regions which contain DNase I-hypersensitive
sites (44, 58) and at specific sequences which may be
associated with nuclear matrix proteins (53). Nevertheless,
the specific features of these regions which cause preferen-
tial insertion have not been distinguished from among a
plethora of possibilities. While it has been shown that the
retroviral IN protein is required for integration, it has not
been specifically shown that this protein is required for
target cleavage. Similarly, a central role for this protein in
target site selection has not been demonstrated. In contrast
to the diverse features of retrovirus insertion sites, tRNA
genes are common to all characterized Ty3 insertions. This
specificity should simplify in vivo identification of Ty3
integration target determinants. Furthermore, if IN cleaves
the target, a simple model would predict that Ty3 IN protein
is also capable of specific interaction with tRNA genes.
Testing the hypothesis that Ty3 IN nicking of the target
directs position-specific insertion should contribute to a
more general understanding of the role of the IN protein in
retrotransposition.
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