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The integrase (IN) encoded by the Saccharomyces cerevisiae retroviruslike element Ty3 has features found in
retrovirus IN proteins including the catalytic triad, an amino-terminal zinc-binding motif, and a nuclear
localization sequence. Mutations in the amino- and carboxyl-terminal domains of Ty3 IN cause reduced ac-
cumulation of full-length cDNA in the viruslike particles. We show that the reduction in cDNA is accompanied
by reduced amounts of early intermediates such as minus-strand, strong-stop DNA. Expression of a capsid
(CA)-IN fusion protein (CA-IN) complemented catalytic site and nuclear localization mutants, but not DNA
mutants. However, expression of a fusion of CA, reverse transcriptase (RT), and IN (CA-RT-IN) complemented
transposition of catalytic site and nuclear localization signal mutants, increased the amount of cDNA in some
of the mutants, and complemented transposition of several mutants to low frequencies. Expression of a CA-
RT-IN protein with a Ty3 IN catalytic site mutation did not complement transposition of either a Ty3 catalytic
site mutant or a nuclear localization mutant but did increase the amount of cDNA in several mutants and
complement at least one of the cDNA mutants for transposition. These in vivo data support a model in which
independent IN domains can contribute to reverse transcription and integration. We conclude that during
reverse transcription, the Ty3 IN domain interacts closely with the polymerase domain and may even constitute
a domain within a heterodimeric RT. These studies also suggest that during integration the IN catalytic site
and at least portions of the IN carboxyl-terminal domain act in cis.

Ty3 is a 5.4-kb, retroviruslike element of the yeast Saccha-
romyces cerevisiae (49). The two open reading frames of Ty3,
GAG3 and POL3, are analogous to the retroviral gag and pol
genes. They encode the structural proteins capsid (CA) and
nucleocapsid (NC) and the enzymes protease (PR), reverse
transcriptase (RT), and integrase (IN), respectively (29–31,
35). These proteins, associated with genomic RNA, assemble
into viruslike particles (VLPs), and polyprotein maturation
and reverse transcription ensue. Ty3 differs, however, from
retroviruses in that it inserts specifically into the transcription
initiation site of genes transcribed by RNA polymerase III (8).
In addition, Ty3 IN has extended, weakly conserved domains
amino and carboxyl terminal to the central, conserved domain
that contains the zinc-binding motif and catalytic D-D-(35)E
triad. These terminal domains were previously examined by
molecular genetics in order to understand their role(s) in func-
tions unique to Ty3. Deletion (37) and alanine-scanning mu-
tagenesis (47) revealed pleiotropic effects of mutations in the
nonconserved IN domains on Ty3 replication, including effects
on RT and IN protein processing and stability, DNA content of
the VLP, 3� end processing, and nuclear entry. Mutations that
eliminate large portions of the human immunodeficiency virus
type 1 (HIV-1) IN-coding sequence and point mutations in the
zinc finger and catalytic core region (F185Y) result in lower
amounts of DNA circles in infected cells (17, 18, 45). More

recently, these mutations and a small carboxyl-terminal dele-
tion of IN were shown to specifically reduce the amount of
early reverse transcription intermediates that could be used as
templates in a PCR to amplify the R-U5 region (58). In an-
other study, nine conserved S, T, Y, K, and R residues of IN
were mutated to test for contributions to reverse transcription.
R186, which maps near the nuclear localization sequence of
HIV-1 IN (4), was required for wild-type amounts of an early
replication intermediate as measured by PCR (53). Consistent
with these effects of IN structure on RT function, HIV-1 IN
and RT have been shown to interact (58). Recently, similar
findings have been reported for the effects of mutations in
Moloney murine leukemia virus IN on cDNA production (40),
suggesting that the contribution of IN to reverse transcription
may be a more general phenomenon. Nevertheless, the exact
contribution of IN to reverse transcription is not yet under-
stood at the molecular level.

Models to explain the contribution of Ty3 IN to extrachro-
mosomal Ty3 DNA would be compatible with effects at several
different points. These include roles in initiation complex as-
sembly, minus-strand or plus-strand transfers, elongation, and
stabilization of the extrachromosomal DNA. In replication, the
IN domain could function in cis to the RT domain, for example
as part of an RT-IN fusion, or in trans, for example by folding
RT. Precedents for these models can be found among the
retroviruses. In the case of avian leukosis-sarcoma, in the �-�
form of RT comprised of pol-RNaseH and pol-RNaseH-IN
subunits, IN acts in cis with the pol-RNaseH domain (10, 25,
27, 33, 50). In the case of HIV, which has a heterodimeric RT
composed of pol-RNaseH and pol subunits (44), IN contrib-
utes to reverse transcription (41, 45, 53, 58). The 55-kDa re-
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combinant form of the Ty3 RT is active on a synthetic DNA
and RNA templates (48) and on a Ty3-like template with Ty3
NC and tRNAiMet primer for minus-strand, strong-stop DNA
synthesis in vitro (11). Nonetheless, this does not exclude the
possibility that the major replication-competent form of Ty3
RT is an �-�-type heterodimer similar to avian leukosis-sar-
coma (55). Ty3 VLPs do contain a 115-kDa RT-IN fusion
protein, although in smaller amounts than the 55-kDa RT or
the 61-kDa IN (31, 35).

The present study was undertaken to further define the role
of Ty3 IN in reverse transcription in vivo. Investigation of the
phenotypes of cDNA-deficient mutants showed that they were
deficient in early replication intermediates. CA-IN and CA-
RT-IN fusion proteins were supplied in trans in order to test
the contribution of an independent IN domain to reverse tran-
scription. IN supplied via a CA-RT-IN fusion conferred low-
level cDNA synthesis in the mutants; however, IN contributed
as a CA-IN fusion did not. These results are consistent with a
role for the IN domain in close association with the RT domain
at the point of reverse transcription.

MATERIALS AND METHODS

Strains and culture conditions. Escherichia coli and S. cerevisiae strains were
cultured and transformed using standard methodology (1). Bacterial strains were
cultured in 2� yeast extract-tryptone medium or Luria broth medium containing
100 �g of ampicillin per ml. Yeast strains were cultured in synthetic complete
medium, containing glucose (SD) or galactose (SG) as the carbon source and
lacking the appropriate amino acids, as indicated for each experiment. S. cerevi-
siae strain AGY-9 (MATa ura3-52 his4-539 lys2-801 trp1-�63 leu2-�1 spt3) (a gift
from J. D. Boeke, The Johns Hopkins University) was transformed with plasmids
expressing wild-type or IN-mutant Ty3 and used for production of VLPs for
Southern analysis of minus-strand, strong-stop DNA, Northern analyses of
tRNAiMet and Ty3 RNA dimers, and for tRNAiMet primer tagging experi-
ments. This strain does not express Ty1, due to a mutation in the spt3 gene (57).
S. cerevisiae yTM443 (previously referred to as TMy18) (MATa trp1-H3 ura3-52
his3-�200 ade2-101 lys2-1 leu1-12 can1-100 �Ty3 bar1::hisG GAL3�) (46), a
derivative of yVB110, lacking endogenous copies of Ty3 (30), was used for
transposition assays and analyses of whole-cell protein and DNA. E. coli RZ1032
(lysA[61–62] thi-1 relA1 spoT1 dut-1 ung-1 [Tetr] supE44) was used for production

of single-stranded DNA for site-directed mutagenesis by the method of Kunkel
(39). Plasmids were amplified in HB101 (F� hsd-20 [rB

� mB
�] recA13 leuB6

ara-14 proA2 lacY1 galK2 rpsL20 [Smr] xyl-5 mtl-1 supE44 	�).
Recombinant DNA manipulations and plasmid constructions. Recombinant

DNA manipulations were performed essentially as described earlier (1). Plasmids
are described in Table 1. Oligonucleotides used in the mutagenesis are described
in Table 2. The plasmid pEGTy3-1 (30) and mutant derivatives thereof (37, 47)
contain the GAL1-10 upstream activator sequence in place of the Ty3 promoter.
In addition, pEGTy3-1 contains the 2�m sequence for maintenance at high copy
number in S. cerevisiae and the yeast selectable marker URA3. The target plasmid
pCH2bo19V (34), which was used in the transposition assays, contains the ARS1
and CEN4 sequences for maintenance at low copy number in S. cerevisiae, the
yeast selectable marker HIS3, and the divergent tRNA gene Ty3 transposition
target.

PTM843 (previously referred to as pTM45) (46), a low-copy-number, TRP1-
marked plasmid that expresses Ty3-1 using the GAL1-10 upstream activation
sequence, was modified by oligonucleotide mutagenesis using oligonucleotides
647 and 648, respectively, to contain SalI restriction sites at the downstream ends
of the coding regions for CA and RT. The modified plasmid was digested with
SalI, and the fragments were resolved by agarose gel electrophoresis. The
purified plasmid backbone was religated, producing a fusion of the CA- and IN-
coding sequences contained in a 3,037-bp coding region. The XhoI fragment con-
taining the CA- and IN-coding sequences was inserted into pHN1889, an ARS1/
CEN4, TRP1-marked vector containing the (galactose-regulated) long terminal
repeat (LTR) from pEGTy3-1 (unpublished results), at the single XhoI site in the
LTR to form plasmid pHN2068. Plasmid pCG90 (23), pSP64 with a yeast
tRNAiMet insertion, was used to produce tRNAiMet by in vitro transcription.

The expression cassette for CA-RT-IN was constructed from pEGTy3-1 in several
steps. First, a Psp14601 site was introduced at the downstream end of the CA-coding
region by amplifying a fragment from nucleotides (nt) 115 to 1114 by PCR with an
upstream primer positioned to include the BamHI site just upstream of the Ty3 and
a downstream primer to introduce the Psp14601 site (oligonucleotides 810 and 811,
respectively). A fragment containing nt 2006 to 2350 of the RT-coding region with
an upstream Psp14601 and downstream KpnI sites was also amplified by PCR with
appropriate primers (oligonucleotides 812 and 813). PCR fragments were ligated
into pGEM-T Easy Vector (Promega). The BamHI-Psp14601 and Psp14601-KpnI
fragments were then transferred into a vector backbone prepared from pEGTy3-1 by
cleavage with BamHI and KpnI in a three-fragment ligation. This plasmid was
designated pNB2091. In order to express the fusion from a low-copy-number plas-
mid, the internal XhoI fragment of pNB2091 was isolated and cloned into the XhoI
site of pHN1889, as described above for the CA-IN fusion. This construct, pNB2092,
was used to express the fusion protein under galactose regulation in the presence of
the various mutant Ty3 elements.

The plasmid to express CA-RT-IN(cat�) (Ty3 IN D225E, E261D catalytic site
mutant) (48) was created through the same series of steps as for pNB2091, except
that pJK784, which is the same as pEGTy3-1 except that it has the cat� mutation,
was used as the backbone fragment (the region encoding the IN catalytic site was
part of the DNA contributed from this plasmid). The resulting plasmid was
pNB2093. The XhoI fragment containing one split LTR and the internal CA-
RT-IN-coding region was cloned into pHN1889 to create pNB2094, a low-copy-
number, TRP1-marked plasmid. This plasmid was used to express CA-RT-IN
(cat�) under galactose regulation in the presence of various mutant Ty3 ele-
ments.

VLP preparation. One-liter cultures of AGY-9 cells transformed with
pEGTy3-1 or derivatives of the plasmid carrying Ty3 elements with mutations in
the IN-coding region were grown to late log or stationary phase (A600, 
1.3 to
3.4) in SG medium for 2 days to induce Ty3 expression. A mock VLP preparation
was made with AGY-9 cells lacking the expression plasmid. VLPs were partially

TABLE 1. Plasmids used in the study

Plasmid Relevant yeast
markers Ty3 Insert Reference

or source

pCG90 tRNAiMet 23
pEGTy3-1 2�m, URA3 Ty3-1 30
pJK784 2�m, URA3 D225E, E261D 37
pHN1736 2�m, URA3 20A 47
pHN1739 2�m, URA3 53A 47
pHN1740 2�m, URA3 62A 47
pHN1742 2�m, URA3 76A 47
pHN1745 2�m, URA3 419A 47
pHN1746 2�m, URA3 431A 47
pHN1748 2�m, URA3 442A 47
pHN1749 2�m, URA3 450A 47
pHN1750 2�m, URA3 453A 47
pHN1751 2�m, URA3 477A 47
pHN1752 2�m, URA3 488A 47
pHN1753 2�m, URA3 496A 47
pHN1754 2�m, URA3 499A 47
pJK306 2�m, TRP1 Ty3-1 36
pTM843 (pTM45) ARS1/CEN4, TRP1 Ty3-1 46
pHN1889 ARS1/CEN4, TRP1 None This work
pHN2068[CA-IN] ARS1/CEN4, TRP1 CA-IN This work
pCH2bo19V ARS1/CEN4, HIS3 Divergent tRNA

gene target
34

pNB2092 ARS1/CEN4, TRP1 CA-RT-IN This work
pNB2094 ARS1/CEN4, TRP1 CA-RT-IN(cat�) This work

TABLE 2. Oligonucleotides

Oligo-
nucleotide Sequence (5� to 3�)

83 TGGTAGCGCCGCTGCGTTTCGATCCGAGG
201 TGACAACTGGTTACTTCC
647 GTCCTTACGGTGTCGACATATCCATTCTGGG
648 GGGATATGGCGTCGACGACAACGTTCTTGGG
810 GCCGAGGATCCCCCTGAACTACCC
811 CTAATCTACTAACGTTGGAATGGACGTATCCATTCTGG
812 GCGAAAATACTCCAACGTTGTCTCAACC
813 GGAAGGTACCGTCTTTCTTCGGGAC
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purified from whole-cell extracts essentially as previously described (29). Briefly,
cells were harvested, washed in buffer, digested with zymolyase, lysed by vortex-
ing with glass beads, and fractionated over a 70/30/20% (5, 5, and 15 ml, respec-
tively) sucrose step gradient by centrifugation in an SW28 rotor at 83,000 � g for
3 h at 4°C. A total of 4 ml from the 70/30% interface of each gradient was
collected and divided into two portions. One portion (3 ml) was extracted with
phenol-chloroform-isoamyl alcohol (25:24:1), and the nucleic acid was precipi-
tated with ethanol and 0.3 M sodium acetate. The other portion (1 ml) was
concentrated by centrifugation in a Ti50 rotor at 100,000 � g for 1 h at 4°C and
resuspended in 50 �l of VLP storage buffer (9 mM HEPES [pH 7.8], 13.5 mM
KCl, 4.5 mM MgCl2, 10% glycerol). VLP nucleic acid was used for Southern
analysis of Ty3 minus-strand strong-stop DNA. Preparations containing VLP
proteins were used for tRNAiMet primer tagging experiments and for Northern
analyses of Ty3 RNA dimers and tRNAiMet.

Southern analysis of minus-strand, strong-stop DNA. Nucleic acid was iso-
lated from sucrose step gradients containing wild-type or IN-mutant VLPs, as
described above, and the DNA concentration was measured by fluorometry using
a TKO 100 DNA fluorometer (Hoefer Scientific Instruments). Approximately
1.5 ml of the VLP-containing sucrose fraction from 1 liter of yeast cells was used
for DNA extraction. The amount of DNA recovered from each VLP preparation
varied, with the yield from extracts of wild-type Ty3-expressing cells estimated to
be 
1 �g and the yield from those expressing IN mutants estimated to be 
50
to 600 ng. VLP DNA was treated with 2 �g of RNase A, extracted with phenol-
chloroform-isoamyl alcohol (25:24:1), and precipitated with ethanol and 0.3 M
sodium acetate in the presence of 5 �g of carrier DNA. The DNA was fraction-
ated on a sequencing-style gel and blotted and visualized essentially as described
previously for Ty3 cDNA ends analysis (37), except for the 32P-5�-end-labeled
oligonucleotide (oligonucleotide 210).

In vitro tRNAiMet primer tagging. Primer tagging experiments were performed
using a method adapted from studies of tRNA incorporation in retroviruses (56).
An amount of the VLP fraction, containing 5 �g of protein from cells expressing
wild-type or IN-mutant Ty3, was incubated together with 5 �Ci of [�-32P]dGTP
(3,000 Ci/mmol; NEN) in Ty3 RT assay buffer containing 20 mM Tris (pH 7.5),
20 mM dithiothreitol, and 15 mM MgCl2 in a total volume of 20 �l for 1 h at
25°C. A control reaction mixture containing wild-type Ty3 VLPs was incubated
together with 5 �Ci of [�-32P]dGTP and 200 �M of cold dTTP under the same
conditions in order to determine the extent of polymerization in the presence of
an additional nucleotide. Polymerization was stopped by bringing the reaction
mixtures to a final concentration of 1% sodium dodecyl sulfate [SDS] and 10 mM
EDTA. Five micrograms of proteinase K (Boehringer Mannheim) was added,
and the reaction mixtures were incubated for 1 h at 25°C, followed by phenol-
chloroform-isoamyl alcohol (25:24:1) extraction and ethanol precipitation in the
presence of 0.3 M sodium acetate and 5 �g of glycogen. The reaction products
were resuspended in formamide gel loading buffer (Ambion), heated to 90°C for
2 min, and separated on an 6% polyacrylamide gel containing 7 M urea. The gel
was fixed in 10% acetic acid and 5% methanol, dried, and exposed to a phos-
phorimager screen.

Northern analysis of Ty3 RNA dimers. For analysis of wild-type genomic Ty3
RNA, RNA was isolated from a VLP fraction containing 460 �g of protein,
extracted twice with phenol-chloroform-isoamyl alcohol (25:24:1), and precipi-
tated with ethanol and 0.3 M sodium acetate in the presence of 10 �g of
glycogen. The RNA was resuspended in 100 �l of R buffer (10 mM Tris [pH 7.5],
1 mM EDTA, 1% SDS, 50 mM NaCl) (2, 22) at a total nucleic acid concentration
of 0.14 �g/�l. Nine samples of 9 �l each (
1.3 �g) were heated for 10 min at the
temperatures indicated in Fig. 4A, and 1 �l of 10� native agarose gel loading
buffer (40% sucrose, 0.17% bromophenol blue, 0.17% xylene cyanol) was added
to each sample. The RNA was separated under native conditions (2, 22) on a 1%
agarose gel in 1� Tris-borate-EDTA at 5 V/cm and transferred onto Gene-
Screen Plus in 20� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate,
pH 7.0), using a PosiBlot pressure blotter (Stratagene). RNA was immobilized by
UV cross-linking and subjected to Northern analysis (9), with a probe specific for
the internal (non-LTR) domain of Ty3. The probe was produced by BglII diges-
tion of the Ty3-coding sequence and labeled with 50 �Ci of [�-32P]dATP (3,000
Ci/mmol; NEN) with the MegaPrime random primer DNA labeling system
(Amersham). Hybridization was with 2 � 106 cpm of 5�-end-labeled probe in
Northern hybridization buffer (9) at 42°C for 16 h. The blot was washed and
exposed to a phosphorimager screen.

For analysis of RNA dimers in VLPs from cells expressing IN mutants, RNA
was isolated from fractions of wild-type or IN-mutant VLPs containing 20 �g of
protein, as described above. Assuming a recovery similar to the one in the above
experiment, approximately 0.6 �g of total nucleic acid was recovered from each
20-�g VLP sample. The RNA was resuspended in 18 �l of R buffer and 2 �l of
10� native agarose gel loading buffer. About 0.2 �g of RNA in 8 �l was

separated under native conditions on a 1% agarose gel at 2 V/cm and subjected
to Northern analysis with a Ty3-specific probe as described above.

Northern analysis of tRNAiMet. VLP RNA was isolated from an amount of the
VLP fraction containing 20 �g of protein from cells expressing wild-type or
IN-mutant Ty3. RNA was extracted and precipitated, as described for Northern
analysis of Ty3 RNA. The RNA was resuspended in formamide gel loading
buffer (Ambion), heated to 90°C for 2 min, and separated on an 8% polyacryl-
amide gel containing 7 M urea. Three nanograms of in vitro-transcribed
tRNAiMet (see below) was used as a size marker. The RNA was transferred onto
a charged nylon membrane (GeneScreen Plus; NEN) in 1� Tris-borate-EDTA
as described above for minus-strand, strong-stop DNA analysis and immobilized
by UV cross-linking. The blot was subjected to Northern analysis using a 32P-
5�-end-labeled oligonucleotide (oligonucleotide 83) specific for tRNAiMet. Hy-
bridization and phosphorimaging conditions were the same as for Northern anal-
ysis of Ty3 RNA.

To generate a size control for Northern analysis of the tRNAiMet primer, the
MEGAscript T7 transcription system (Ambion) was used to transcribe tRNAiMet

in vitro. Plasmid pCG90 was used to generate the transcription template by di-
gestion with BstNI. The transcription reaction was performed essentially as de-
scribed by the manufacturer. tRNAiMet was resuspended in 50 �l of RNase-free
water and purified over a G-50 column to remove unincorporated nucleotides.

Whole-cell extraction of proteins. For immunoblot analysis of NCp9 protein
from whole-cell extracts, 10-ml cultures of yTM443 cells transformed with
pEGTy3-1 carrying a wild-type Ty3 or with derivatives of the plasmid carrying
IN-mutant Ty3 were grown to an A600 of 
1.0 in SG medium. Cells were pelleted
and suspended in 600 �l of whole-cell protein extraction buffer A (0.1 mM
EDTA, 25 mM HEPES [pH 7.5], 50 mM KCl, 5 mM MgCl2, 10% glycerol), con-
taining 1 �g of leupeptin per ml, 1 �g of pepstatin A per ml, and 1 mM phenyl-
methylsulfonyl fluoride. For analysis of proteins in trans-complementation
assays, 10-ml cultures of yTM443 cells transformed with plasmids expressing
wild-type or IN-mutant Ty3 and with either pHN1889 (vector control), pHN2068
(CA-IN), pNB2092 (CA-RT-IN), or pNB2094 [CA-RT-IN(cat�)] were grown in
SG medium, harvested, and suspended in 400 �l of whole-cell protein extraction
buffer A, as described above. Cells were lysed by five cycles of vortexing with glass
beads at maximum speed for 15 s and plunging into ice for 15 s. The extract was
centrifuged in an Eppendorf microcentrifuge (Brinkmann), and the supernatant
was transferred to a new tube. Protein content of the extracts was determined by
the Bradford assay (5).

Immunoblot analysis. Proteins from whole-cell extracts were fractionated by
SDS–10% polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes (Hybond ECL; Amersham) using a semidry transfer apparatus (Bio-
Rad). Blots were blocked in 1% nonfat milk–TBST (100 mM Tris [pH 7.5], 150 mM
NaCl, 0.2% Tween 20) and incubated with rabbit immunoglobulin G (IgG)-purified
antibodies to NCp9 (1: 5,000), CA (1:2,500) (46), or IN (1:2,500) (46). Polyclonal
anti-NCp9 antisera were produced from New Zealand White rabbits by four
injections of 0.5 mg of NCp9 at 2-week intervals (Eurogentec, Seraing, Belgium).
The IgG fraction was prepared by chromatography over protein A-agarose (Bio-
Rad). Rabbit �-Ty3 RT IgG (gift of T. Menees, University of Missouri) was used
in a 1:2,000 dilution. Immunoblots were washed with TBST, incubated with
secondary antibody, �-rabbit IgG horseradish peroxidase (1:25,000), and washed
again with TBST. Secondary antibodies to rabbit IgG were detected by chemi-
luminescence, using the ECL system (Amersham). Immunoblot analysis using
rabbit polyclonal �-CA, �-RT, and �-IN was performed as described previously,
except that Immobilon-P membranes (Millipore) were used (47).

Transposition assays. The transposition assay (34) is based on expression of
Ty3 under control of the GAL1-10 UAS on a URA3-marked donor plasmid
(pEGTy3-1) and subsequent integration of the replicated Ty3 into a HIS3-
marked target plasmid (pCH2bo19V). Here, the assay was modified by the
addition of a third plasmid, TRP1-marked pHN2068, which provided the VLPs
with a source of wild-type CA-IN, TRP-marked pNB2092, which provided CA-
RT-IN or pNB2094, which provided CA-RT-IN(cat�) in trans, respectively. The
target plasmid contains two divergent tRNA genes, sup2bo and tDNAVal (AAC),
which recruit Ty3 to the target site. The sup2bo gene is a transcriptionally
inactive ochre suppressor tRNATyr gene, which is activated by integration of Ty3
into the target site. Transposition is scored by suppression of the ade2-101 lys2-1
ochre nonsense mutations in yeast strain yTM443 yielding papillations on min-
imal medium supplemented with leucine.

In a qualitative patch assay for Ty3 transposition, independent colonies con-
taining yTM443 cells transformed with pEGTy3-1 or IN-mutant derivatives of
the plasmid, the target plasmid pCH2bo19V, and with either pHN2068 (express-
ing CA-IN) or pHN1889 (vector control) were patched onto SD medium lacking
uracil, histidine, and tryptophan to select for all three plasmids. In parallel, cells
were transformed with the plasmid pNB2092 (expressing CA-RT-IN) or
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pNB2094 [expressing CA-RT-IN(cat�)] instead of pHN2068. Plates were incu-
bated at 30°C for 24 h and replica plated to minimal medium containing leucine
(glucose control plates) for negative controls and to SG medium lacking uracil,
histidine, and tryptophan to induce Ty3 transposition. After 48 h at 30°C on SG
medium, duplicate patches were replica plated onto minimal medium containing
leucine and incubated at 30°C for 10 days.

Southern analysis of full-length cDNA. For analysis of nucleic acids in CA-IN
trans-complementation assays, 10-ml cultures of yTM443 cells transformed
with plasmids expressing wild-type or IN-mutant Ty3 and either pHN2068 or
pHN1889 were grown to an A600 of 
1.0 in SG medium. Cells were pelleted and
suspended in 200 �l of cell-breaking buffer (1 mM EDTA, 100 mM NaCl, 10 mM
Tris [pH 8.0], 1% SDS, 2% Triton X-100) (32). Nucleic acid was extracted with
phenol-chloroform-isoamyl alcohol (25:24:1) while vortexing with glass beads for
5 min at maximum speed and precipitated with ethanol and 0.3 M sodium
acetate. The concentration of nucleic acid was measured by A260. To detect
full-length, replicated DNA in cultures expressing Ty3 mutants and vector or
fusion proteins, 10 �g of nucleic acid was treated with 1 �g of RNase A and
digested with 10 U of BamHI. A second Southern blot analysis was performed
for cells expressing mutants and the CA-RT-IN fusions. In that experiment 100
�g of nucleic acid was used as the starting material. BamHI digestion linearized
the expression plasmids (pEGTy3-1 or mutant derivatives, and pHN1889,
pHN2068, pNB2092, or pNB2094) and simplified interpretation of the blot. The
samples were separated by 0.8% agarose gel electrophoresis. To denature the
DNA, the gel was treated sequentially for 15 min each with 0.25 M HCl–0.5 M
NaOH, 1 M NaCl–0.5 M Tris [pH 7.5], and 1.5 M NaCl. The DNA was trans-
ferred to nitrocellulose (Duralon UV; Stratagene) in 10� SSC with a PosiBlot
pressure blotter and immobilized by UV cross-linking. The blot was probed with
a Ty3 internal domain-specific probe for 16 h at 65°C in Southern hybridization
buffer. The probe was generated by digestion with BglII and labeled with
[�-32P]dATP, as described for Northern analysis of Ty3 RNA. A 	 DNA-specific
probe (200,000 cpm), produced by digestion with HindIII and labeled with [�-32P]
dATP, was added to the hybridization reaction mixture to serve as DNA size
marker. The blot was washed and exposed to a phosphorimager screen for
analysis.

RESULTS

Mutations in Ty3 IN severely affect minus-strand strong-
stop DNA synthesis in vivo. Previous studies showed that point
mutations in the nonconserved amino- and carboxyl-terminal

domains of Ty3 IN resulted in reduced amounts of reverse-
transcribed full-length DNA within the VLP (47). Exogenous
reverse transcriptase assays indicated that DNA polymerase
activity, although decreased, was detectable in the mutants,
suggesting that Ty3 IN might play a role specific to reverse
transcription of the genomic RNA in vivo. To identify the point
at which these DNA-deficient IN mutants were affected, South-
ern blot analysis was used to monitor the levels of replication
intermediate species, minus-strand strong-stop DNA (Fig. 1),
which is predicted to be produced early in Ty3 replication. Ty3
transcription is initiated at position 223 of the 340-bp LTR
under natural pheromone and GAL1-10 promoter regulation
(reference 9 and unpublished observations). Initiation of re-
verse transcription occurs from a tRNAiMet primer annealed at
its 3� end to the 5� primer-binding site, 2 bp downstream of the
U5 region. Thus, a minus-strand, strong-stop DNA would be
118 � 2, i.e., 120 nt in length. Nucleic acid was extracted from
sucrose gradient fractions containing wild-type or IN-mutant
VLPs and evaluated by Southern analysis with a Ty3-specific
probe complementary to minus-strand sequences in the U5
region of the LTR (Fig. 1). A 120-nt DNA corresponding to
the predicted Ty3 minus-strand, strong-stop product was de-
tected in cells expressing wild-type Ty3. Nucleic acid species of
other sizes were also present, although at lower amounts. Mi-
nus-strand, strong-stop DNA was absent in mutants for which
no Ty3 cDNA or very little Ty3 cDNA was detected (mutants
20, 76, 442, 450, and 496) (47). Mutant 431, which had no
measurable RT activity or wild-type RT species, did not exhibit
minus-strand, strong-stop DNA in this assay (data not shown)
(47). Mutants with comparable but low levels of Ty3 cDNA
(53, 62, 477, 488, and 499), with the exception of mutant 62,
lacked minus-strand, strong-stop DNA. Mutant 62, which had
levels of cDNA comparable to the levels of those mutants, had

FIG. 1. Southern analysis of Ty3 minus-strand, strong-stop DNA. (Top) Schematic diagram of Ty3 DNA, Ty3 RNA, tRNAiMet, and the
predicted 120-nt minus-strand, strong-stop DNA. The vertical arrow and asterisk indicate the putative cleavage site between tRNAiMet and the
minus-strand, strong-stop DNA. (Bottom) Southern blot of small VLP DNA species. Nucleic acid was isolated from VLP fractions of cells
expressing wild-type Ty3 (WT) or IN-mutant Ty3, or from fractions of nontransformed cells (NTC). Numbers across the top of the gel correspond
to Ala-scanning mutations (47). VLP DNA was separated on a 8% acrylamide sequencing-style gel next to a sequence ladder representing the 3�
U5 terminus of Ty3 (37). The DNA was probed with a 32P-5�-end-labeled oligonucleotide, complementary to minus-strand sequences in the U5
region of the LTR. The 120-nt minus-strand, strong-stop DNA is indicated.
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reduced amounts of minus-strand, strong-stop DNA. Of the
cDNA-defective mutants, mutant 453 had the highest amount
of cDNA and minus-strand, strong-stop DNA. As expected,
mutant 419, which is defective in nuclear localization (43),
produced normal levels of full-length DNA and minus-strand,
strong-stop DNA. These results argued that a number of mu-
tations act at some early point in reverse transcription but that
there are differences in the extent to which each mutation not
only acts at some early stage but also influences the efficiency
of later steps.

IN mutations affect reverse transcription initiation. The
deficiencies of mutants in minus-strand, strong-stop DNA sug-
gested a defect early in reverse transcription. To specifically
test whether reduced reverse transcription initiation could ac-
count for this, a variation of an endogenous RT activity assay,
tRNAiMet primer tagging (56), was employed. In the case of
Ty3, tRNAiMet is extended with the addition of two guanine
nucleotides, followed by thymine. VLPs of wild-type or IN-
mutant Ty3 were incubated with [�-32P]dGTP under Ty3 re-
verse transcription conditions. tRNAiMet extension occurs only
if (i) the primer is properly packaged and annealed to the RNA
template and (ii) Ty3 RT is active. Thus, tRNAiMet tagging
(Fig. 2) measures the efficiency of endogenous reverse tran-
scription initiation. We found that the amounts of dG- and
dG-dG-tagged tRNAiMet correlated generally with those of
minus-strand, strong-stop DNA observed in mutant VLPs;
tagged tRNAiMet was detectable for mutants 62 and 453 and
for other mutants with low levels of cDNA, including 53, 477,
and 488. The mutants affected in nuclear localization (419 [43])
and catalysis (IN cat�, which is a D225E, E261D double mu-
tant [37]), each of which produces wild-type amounts of Ty3
DNA, provided controls for endogenous reverse transcription
activity.

Mutant VLPs contain dimeric Ty3 RNA. The retroviral
RNA genome is packaged as a dimer, a process that requires
the gag-encoded NC protein (3, 12, 52). To test whether Ty3
NCp9 processing or stability was affected in the IN mutants,
whole-cell extract isolated from cells expressing wild-type or
mutant Ty3 was analyzed with antibody to NCp9 (Fig. 3). All
IN mutants had wild-type levels of GAG3 precursor protein,
p38 (38 kDa), and mature NCp9 (9 kDa), indicating that the
mutations in IN did not affect NCp9 processing or stability.

To determine if Ty3 VLPs contain a dimeric RNA genome
similar to those of retroviruses and whether altered RNA pack-
aging and/or dimerization could account for defective initia-
tion of reverse transcription, RNA was isolated from sucrose
gradient fractions enriched for wild-type or IN-mutant VLPs.
To test for dimer formation, RNA from wild-type VLPs was
incubated at several different temperatures and separated on
an agarose gel under conditions similar to those previously
described (21, 22) (Fig. 4A). Both an RNA monomer and a
major higher-order species were present in Ty3 VLPs (see
RNA at 25 to 35°C) and the higher-order RNA was unstable
above 40°C (compare RNAs at 40 and 65°C). As observed for
retrovirus dimers (13), the higher-order Ty3 RNA was a diffuse
band. All DNA-deficient IN mutants contained RNA that
formed a higher-order structure, suggestive of dimerization
(Fig. 4B). Although the amounts of this species were variable
and did not correlate well with either the minus-strand, strong-
stop DNA or cDNA content, each mutant VLP fraction had
ratios of complex similar to those observed with a faster-mi-
grating form. These data suggest that the defect in reverse
transcription initiation is not due to impaired NCp9 processing
or gross defects in Ty3 genomic RNA multimerization.

Mutations in IN affect tRNAiMet packaging into VLPs. To
determine whether reduced initiation of Ty3 reverse transcrip-

FIG. 2. Detection of endogenous RT activity and reverse transcription initiation by tRNAiMet primer tagging. The top panel shows a schematic
diagram of Ty3 DNA, RNA, and the predicted paired, bipartite tRNAiMet primer and extension product(s). The VLP fraction from cells expressing
WT or IN-mutant Ty3, containing 5 �g of protein or extract from nontransformed cells (NTC) was incubated with [�-32P]dGTP and cold dTTP
(extension control; indicated above lane) or with [�-32P]dGTP in Ty3 RT assay buffer for 1 h at 25°C. The reaction products were separated on
a denaturing 6% polyacrylamide gel. The dG- and dGG-extension products are indicated by arrows on the left of the blots. IN cat is the catalytic
site mutant (cat�). The two separate panels indicate results from two separate blots. Labels are as for Fig. 1.
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tion initiation reflected defects in tRNAiMet packaging or its
inability to act as a substrate for extension, RNA isolated
from sucrose gradient fractions containing wild-type or IN-
mutant VLPs was subjected to Northern blot analysis using
a tRNAiMet-specific probe (Fig. 5). Cells expressing mutants
419 and IN cat� had cDNA levels similar to those of cells
expressing wild-type Ty3 and, as expected, their VLP fraction
showed equivalent amounts of tRNAiMet. The nontransformed
cell sample contained reduced levels of tRNAiMet compared to
the sample from the cells expressing wild-type Ty3. However,

the fact that tRNAiMet was present, even in the absence of
VLPs, underscored the fact that this is not a highly purified
VLP preparation. VLP preparations from cells expressing each
DNA-deficient mutant contained lower amounts of tRNAiMet,
but with the exception of nuclear localization mutant 419 and
mutant 453 (which had greater amounts of cDNA than many
other mutants), this remained constant.

Ty3 CA-IN does not trans-complement the reverse transcrip-
tion defect of IN mutants in vivo. The reverse transcription-
defective phenotype of several mutants suggested that the IN

FIG. 3. Immunoblot analysis of NCp9. Ten micrograms of whole-cell extract from yTM443 cells overexpressing WT or IN-mutant Ty3 was
separated on an SDS–10% polyacrylamide gel and subjected to immunoblot analysis with polyclonal rabbit �-NCp9 IgG. Secondary antibodies to
rabbit IgG were detected by chemiluminescence. The positions of Ty3 Gag3p-derived proteins p38 and NCp9 are indicated by arrows on the left.
Labels are as for Fig. 1.

FIG. 4. Northern analysis of Ty3 RNA. (A) Identification of RNA complexes in wild-type (WT) VLPs. RNA was isolated from VLP fractions
containing 460 �g of protein (2, 22) and individual samples heated for 10 min at temperatures indicated. The RNA was separated on a 1%
nondenaturing agarose gel, transferred to a GeneScreen Plus nylon membrane, and subjected to Northern analysis with a probe specific for the
internal (non-LTR) region of Ty3. (B) Analysis of RNA complexes in IN-mutant VLPs. RNA was isolated from 20 �g of VLPs from WT or
IN-mutant Ty3 and subjected to Northern analysis at 25°C, as described above. The monomeric and higher-order RNA species are indicated by
arrows on the left. A denatured control RNA sample from wild-type VLPs was prepared as indicated in Panel A. Labels are as for Fig. 1.
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domain somehow participated in reverse transcription. It was
of interest to test the extent to which this function could be
physically dissociated from the RT pol-RNaseH domain itself.
PHN2068, a low-copy-number plasmid from which a CA-IN
fusion could be expressed under the control of the GAL1-10
UAS, was introduced into yTM443 together with a plasmid
carrying a wild-type or IN-mutant Ty3 and a transposition
target plasmid. PHN1889, a TRP1-marked, low-copy-number
plasmid, lacking CA-IN, was transformed with the Ty3 and
target plasmids as a control (see Materials and Methods). To
determine the expression levels of CA, IN, and the CA-IN
fusion protein, whole-cell extracts were analyzed with antibod-
ies to CA and IN (Fig. 6A and B). In cells expressing the
CA-IN fusion, both �-CA and �-IN antibodies detected a
protein of 90 kDa, the expected size of this fusion. In the
absence of the fusion protein, wild-type Ty3 showed normal
levels of CA (Fig. 6A, left lane of pair) and IN (Fig. 6B, left
lane of pair). In cells expressing only mutant Ty3, CA (data not
shown) and IN patterns were similar to those previously de-
termined (Fig. 6B, left lane of pair) (47). In cells expressing the
mutant Ty3 and the CA-IN fusion, the 90-kDa CA-IN species
was also apparent (Fig. 6B, right lane of pair), but it was
reduced in cells expressing mutants 431, 477, and 496. Several
extracts from cells expressing mutant and fusion proteins, in-
cluding 431 and 442, also appeared to have increased IN levels
(Fig. 6B). Increased amounts of IN might result from process-
ing of CA-IN (the junction includes seven amino acids [aa]
amino terminal to the IN amino-terminal processing site) or an
effect of CA-IN on the mutant protein structure which en-
hances processing. Cells expressing mutant 496 displayed a
truncated version of IN in the presence of CA-IN, which was
not detectable in its absence. Cells expressing mutant 76 and
CA-IN displayed a small amount of IN together with a lower-
molecular-weight species, which may correspond to a trun-
cated form, but this was not observed consistently. These data
indicate that the CA-IN fusion protein is expressed in all mu-
tants. Moreover, the apparently correctly processed IN in mu-
tants 431 and 442 expressing CA-IN suggested that at least
some CA-IN was incorporated into the VLP.

We next investigated whether the fusion affected transposi-
tion via a qualitative version of a plasmid-based suppressor

target transposition assay (34) (Table 3). After induction, cells
were replica plated to minimal medium containing leucine and
transposition was scored as papillations, resulting from sup-
pression of the ochre nonsense markers, ade2-101 lys2-1, in the
host strain yTM443. In the absence of the CA-IN protein
(Table 3), all mutants lacked detectable transposition activity
(as originally shown) (37, 47). In the presence of CA-IN (Table
3), transposition was observed for IN mutants defective in
catalytic activity [IN(cat�)] and nuclear localization (419), in-
dicating that at least a portion of the IN protein expressed as
CA-IN could be targeted to VLPs to complement these func-
tions. In contrast, the fusion protein failed to restore transpo-
sition to any of the DNA-deficient IN mutants.

It was possible that rescue of DNA synthesis was insufficient
to confer detectable transposition activity or that subsequent to
this point in the life cycle, replication was defective in the Ty3
IN mutants. For example, mutants in the carboxyl-terminal
region of IN (453, 477, and 488) have, in addition to low
amounts of cDNA, much lower ratios of 3�-processed to un-
processed cDNA than do cells expressing wild-type Ty3 (47).
Two mutants in the amino-terminal region, 53 and 76, had
detectable 3� end cDNA processing but reduced ratios of pro-
cessed to unprocessed species relative to the wild-type control.
To directly test whether CA-IN might rescue the reverse tran-
scription defect in trans, Southern analysis with a probe to the
Ty3 internal domain was used to measure Ty3 cDNA levels in
yTM443 cells expressing CA-IN together with wild-type or
IN-mutant Ty3 (Fig. 6C). IN mutants with undetectable or low
amounts of full-length replicated Ty3 DNA in the absence of
the CA-IN fusion protein (left lane of pair) were unchanged in
its presence (right lane of pair), despite prolonged exposure
(Fig. 6C). Thus, CA-IN fusion protein, provided to the VLPs in
trans, failed to rescue the transposition or the DNA defect in
the IN mutants.

Complementation of cDNA defects by Ty3 CA-RT-IN ex-
pressed in trans. In wild-type Ty3 VLPs, IN is observed as part
of an RT-IN fusion species and a separate domain. It is pos-
sible that the RT-IN fusion is directly required for reverse
transcription, possibly as a Ty3 RT and RT-IN heterodimer.
Thus, although expression of CA-IN in trans did not rescue the
DNA synthesis mutants, it was of interest to test for comple-

FIG. 5. Northern analysis of VLP tRNAiMet. VLP RNA was isolated from fractions of VLPs from cells expressing wild-type (WT) or IN-mutant
Ty3, containing 20 �g of protein or equivalent fractions from nontransformed cells (NTC). The RNA was separated on a denaturing 8%
polyacrylamide gel next to 3 ng of size marker tRNAiMet produced by in vitro transcription (IVT tRNAiMet). The RNA was subjected to Northern
analysis with a tRNAiMet-specific, 32P-5�-end-labeled oligonucleotide probe. tRNAiMet is indicated by the arrow on the left. The panels indicate
results from two separate blots. Labels are as described in the legend to Fig. 1.
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mentation by CA-RT-IN. Cells were transformed with plas-
mids carrying the Ty3 IN mutants, pCH2bo19v (target), and
pHN1889 (vector), pNB2091 (CA-RT-IN), or pNB2094 [CA-
RT-IN(cat�)]. The CA-RT-IN and CA-RT-IN(cat�) fusions
are equivalent except that the cat� construct has the mutations
introduced into the active site of IN as in the Ty3 IN(cat�). In
the protein expressed from these fusions, the region between
the amino terminus of NC and the amino terminus of RT was
deleted, leaving 5 aa amino terminal to the RT processing site
(see Materials and Methods).

Transposition assays in which the Ty3 mutant was expressed
together with the vector showed results comparable to those
observed previously (Table 3) (47). None of the mutants ex-
pressed in cells containing the vector showed detectable trans-
position in this assay. In the presence of the wild-type CA-
RT-IN fusion protein, several mutants showed detectable
transposition, the strongest of which was mutant 419 (the nu-
clear localization signal [NLS] mutant). Mutants 62 and 76
showed distinctly lower but significant transposition frequen-
cies. Reduced colony formation was observed for mutants 53,
442, 450, 453, and 477, whereas other mutants were indistin-
guishable from background. These results suggested that, in
contrast to CA-IN mutants, the CA-RT-IN fusion protein
could rescue some of the IN cDNA synthesis mutants.

The effect of expression of a CA-RT-IN(cat�) fusion was
monitored in order to determine whether rescue of the IN
cDNA synthesis mutants could be ascribed solely to the effect

of CA-RT-IN on cDNA synthesis and independent of IN cat-
alytic function. Rescue was observed for mutant 62 at a slightly
lower level than when the CA-RT-IN fusion was expressed
together with this Ty3 mutant.

Immunoblot analysis showed patterns similar to those ob-
served previously for the Ty3 mutants expressed in cells con-

FIG. 6. Immunoblot and Southern analysis of cells expressing Ty3 IN mutants together with CA-IN fusion protein. (A and B) Immunoblot
analysis of cells expressing Ty3 and CA-IN. YTM443 cells were transformed with plasmids carrying a wild-type (WT) or IN mutant Ty3 and either
a control plasmid or a plasmid carrying a CA-IN fusion protein and induced for expression of Ty3 or its derivatives. Ten micrograms of WCE
protein (Ty3 and vector cell extract, left lane of each pair; Ty3 and fusion cell extract, right lane of each pair) was fractionated by polyacrylamide
gel electrophoresis on a SDS–10% polyacrylamide gel and subjected to immunoblot analysis with polyclonal rabbit �-CA (A) or �-IN (B) IgG. The
positions of CA (26 kDa) and IN (61 kDa) and the CA-IN fusion protein (
90 kDa) are indicated by arrows. Labels are as for Fig. 1. (C) Southern
blot analysis of nucleic acid from cells expressing Ty3 IN mutants and CA-IN. Ten micrograms of nucleic acid from Ty3-expressing yTM443 cells,
transformed with plasmids carrying a WT or IN-mutant Ty3 and either a control plasmid (pHN1889) or a plasmid carrying a CA-IN fusion protein
(pHN2068), was treated with BamHI, separated on a 0.8% agarose gel, and subjected to Southern analysis with a probe specific for the internal
(non-LTR) region of Ty3. BamHI was used to linearize the Ty3-containing plasmids, which are detected by the probe. A control sample containing
nucleic acid from cells that contained wild-type Ty3 but did not express it because they were grown in SD medium is presented in the leftmost lane.
The positions of the expression plasmids and replicated Ty3 DNA (Ty3) are indicated by arrows.

TABLE 3. Transposition rescuea by CA-IN and
CA-RT-IN expressed in trans

Ty3

Transposition activity in:

Vector CA-IN CA-RT-IN CA-RT-IN
(cat�)

Wild type (pEGTy3-1) ����� ���� ���� ����
Cat�(pJK784) � �� �� �
pHN1736 (20A) � � � �
pHN1739 (53A) � � � �
pHN1740 (62A) � � �� ��
pHN1742 (76A) � � �� �
pHN1745 (419A, NLS�) � � ��� �
pHN1746 (431A) � � � �
pHN1748 (442A) � � � �
pHN1749 (450A) � � � �
pHN1750 (453A) � � � �
pHN1751 (477A) � � � �
pHN1752 (488A) � � � �
pHN1753 (496A) � � � �
pHN1754 (499A) � � � �

a � to �����, relative number of papillations in two separate assays.
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taining only the pHN1889 vector plasmid (Fig. 7a and b, panels
A, B, and C, first lanes) (47). Cells expressing the CA-RT-IN
compared to the CA-RT-IN(cat�) fusion showed patterns sim-
ilar to those observed with the antibodies against CA, IN, and
RT with the possible exception of anti-CA for mutant 53 (Fig.
7a and b, panels A, B, and C; compare second and third lanes).
Although some CA-RT-IN fusion was apparent in each trans-
formant (Fig. 7a and b, panels A, B, and C) and also in
transformants expressing CA-RT-IN in the absence of Ty3, the
amount of the fusion in cells expressing some Ty3 IN mutants
was relatively low, e.g., mutants 442, 453, and 477. Because at
least some fusion protein was present in each case and the
pattern was the same for wild-type and cat� mutant fusion
proteins (with the possible exception of mutant 53), it seemed
likely that this difference in amount of fusion protein reflected
differential stability in the presence of individual Ty3 mutants
rather than differential expression of the fusion protein in
different transformants. Thus, differences in the abilities of the
two constructs to complement transposition could not be as-
cribed to gross differential stability of the two fusion proteins in
target cells. These results also suggested that, at least in some

cases, the fusion proteins interacted with proteins expressed in
trans from the intact Ty3 element. Inspection of the patterns
visualized with antibodies against IN and RT indicated that
overall they were similar to those observed originally for the
mutants and here in the presence of vector plasmid (47) (Fig.
7a and b, panels A to C, leftmost lanes compared to right two
lanes). Only in the case of mutant 450 did cells expressing the
fusion contain more mature IN. Likewise, mutant 442 con-
tained slightly more mature RT in cells expressing the fusion,
suggesting that for some mutants, the fusion was incorporated
into the particle and partial processing occurred.

In order to directly assess the effect of CA-RT-IN expression
in trans upon Ty3 cDNA synthesis, Southern blot analysis was
performed with a Ty3-specific probe (Fig. 7a and b, panels D).
Originally the same amounts of cellular DNA analyzed were
similar to that of cells expressing the CA-IN fusion (data not
shown). Because this analysis suggested an effect of expressing
the fusion protein, the experiment was repeated using 10 times
the original amount of total cellular DNA. For this experiment,
the amount of DNA from wild-type cells was decreased to
one-fifth of the amount loaded for mutant cells. Full-length

FIG. 7. (a and b) Immunoblot analysis of cells expressing Ty3 IN mutants together with CA-RT-IN and CA-RT-IN(cat�) fusion proteins.
(A) Immunoblot analysis using �-CA IgG. (B) Immunoblot analysis using �-IN IgG. (C) Immunoblot analysis using �-RT serum. Fractionation
and blotting procedures were as described in the legend to Fig. 6, except that 5 �g of whole-cell extract was used. (D) Southern blot analysis using
a Ty3-specific probe as described for Fig. 6, except that 100 �g of total nucleic acid was used per lane, except in the case of the sample from
wild-type cells, in which only 20 �g was used. In panels A to D, sample sets represent cells expressing Ty3 plus vector, CA-RT-IN, and
CA-RT-IN(cat�) (left to right).
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Ty3 cDNA was detected in cells expressing wild-type Ty3 in the
presence or absence of pHN1889 vector. The amount of cDNA
slightly increased in cells expressing the CA-RT-IN fusion pro-
tein (Fig. 7a and b, wt [wild-type] lanes). Cells expressing the
nuclear localization mutant had the greatest Ty3 cDNA con-
tent, and this did not appear to be affected by trans expression
of the fusion protein. The cDNA was barely detectable in
mutants 62, 453, and 488 (Fig. 7a and b, panels D).

DISCUSSION

Mutations in Ty3 IN cause pleiotropic defects in the retro-
element life cycle. In previous studies, it was shown that these
mutations can destabilize IN and RT, reduce the amount of
cDNA associated with VLPs, interfere with 3�-end processing
of the cDNA, and affect nuclear targeting by IN (26, 37, 43,
47). Here we investigated mutations that reduce cDNA levels
in order to better understand the role of the IN domain in

replication. The results showed that IN is essential even for
early stages of reverse transcription, supporting a model where
the IN and RT domains act in close association, with IN po-
tentially a component of a heterodimeric RT.

IN mutations cause defects in Ty3 reverse transcription
prior to appearance of minus-strand, strong-stop DNA. In
order to determine the point at which a reduction in Ty3
cDNA was first apparent, we monitored cDNA synthesis sub-
strates and intermediates predicted to exist based on the ret-
rovirus replication model. In this study the predicted 120-nt
minus-strand, strong-stop DNA was identified for the first time
in VLPs from cells expressing wild-type Ty3. Southern analysis
was used to determine minus-strand, strong-stop DNA levels
in 12 IN mutants deficient for cDNA (47). For each mutant
this correlated roughly with the amounts of full-length, repli-
cated extrachromosomal Ty3 cDNA, arguing against a model
where IN reduces stability of a mature cDNA and suggesting
that the mutations might disrupt early steps of replication. The

FIG. 7—Continued.
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earliest step at which endogenous RT activity can be measured
is extension of the tRNA primer in the presence of exogenous
deoxynucleoside triphosphates. This activity was significantly
decreased in most mutants. The tRNAiMet primer levels were
also reduced in mutant VLPs, although interpretation of these
data was complicated by significant tRNAiMet in the equivalent
fraction of cells not expressing Ty3. Together these results
suggested that IN is part of the reverse transcription initiation
complex, acting to facilitate RT folding or modulate RNaseH
activity, or even as part of a heterodimeric RT.

The apparent failure of Ty3 tRNAiMet primer to concentrate in
the mutant VLPs has multiple implications for reverse transcrip-
tion initiation complex formation. In the case of retroviruses,
RNA dimerizes during assembly. There is evidence in the case of
Ty1, a copialike element from S. cerevisiae (19), and Tf1, a gyp-
sylike element from Schizosaccharomyces pombe (28), of mul-
timeric RNA genomes. In vitro studies have suggested a model
in which Ty3 RNAs dimerize through an initiator tRNAiMet

primer dimer linkage (23). In order to address whether re-
duced tRNAiMet interferes with genomic RNA multimeriza-
tion, Northern analysis was used to characterize genomic RNA
in the mutant VLPs. All mutants contained RNA that was
present as a monomer and a single higher-order species, sug-
gesting that, even in severely disrupted mutants, formation of
Ty3 RNA complexes was unaffected,. Therefore, it seems likely
that there may be interactions in vivo in addition to tRNAiMet

that stabilize any essential genomic RNA complex and that the
major defect in reverse transcription occurs subsequent to for-
mation of any genomic complexes required for replication.

Mutations in Ty3 IN that cause loss of early intermediates
do so through different combinations of mutant effects. Our
findings showed that the IN domain is required early in reverse
transcription; nevertheless, it seemed unlikely that such muta-
tions so widely distributed in the secondary structure could act
in exactly the same way to affect IN activity. Comparison of the
molecular phenotypes supports the conclusion that there are
molecular differences among these mutants. The presence of a
significant amount of tRNAiMet in the VLP fraction of cells not
expressing Ty3 precluded a definitive correlation between the
levels of tRNA primer packaged and minus-strand, strong-stop
DNA. Ty3 mutants 419 (NLS�) and 453, which had the highest
cDNA content, showed the greatest amount of primer tRNA
in the VLP fraction. However, other mutants, which had low
amounts of cDNA, were similar to each other, to mutants with
no detectable cDNA, and to the nontransformed control in
their primer content. Thus, either the background amount of
primer obscured differences or factors other than tRNA
primer incorporation contributed to extreme defects in cDNA
amounts observed in some mutants. Activity in the primer
extension assay and the amount of minus-strand, strong-stop
DNA were reduced in all 12 mutants, but the extent of this
reduction did not correlate absolutely with the amount of full-
length cDNA. For example, mutants 53, 62, 477, and 488 had
similar low amounts of full-length cDNA. Primer extension
products were readily apparent for all those mutants. However,
only mutant 62 also displayed readily detectable minus-strand,
strong-stop DNA. These results indicated that, in spite of the
commonality of the cDNA deficit, either these IN mutations
do not act in exactly the same way or their effects on reverse
transcription do not reach the same extent.

The trans complementation of Ty3 cDNA defects supports a
role for a Ty3 RT-IN fusion protein in cDNA production.
Studies with HIV-1 IN mutations affecting DNA synthesis have
shown that alterations to conserved residues including the ami-
no-terminal zinc-binding domain and the carboxyl-terminal
F185 and K186 residues affect minus-strand, strong-stop DNA
synthesis (17, 18, 45, 58). However, the effects of these muta-
tions are not understood mechanistically. trans expression
studies have been useful in showing that the integration func-
tion of IN can be separated from its polymerase-complement-
ing function. HIV-1 Vpr-IN and Vpr-RT-IN supplied in trans
complement cDNA synthesis defects caused even by deletion
of IN (20, 53, 58, 59). Although HIV RT is not an RT/RT-IN
heterodimer (14), stronger rescue was observed with the Vpr-
RT-IN fusion. This has been attributed to more-complete pro-
cessing from the Vpr targeting module of the RT-IN fusion
than the IN fusion (58). Because HIV-1 RT-IN (58), IN-NC
(7), and RT-NC (6, 15, 42) are known to interact directly and
IN is not believed to function in the context of an RT-IN
fusion, these findings argue in favor of a complex containing
IN, RT, and NC required early in replication.

There are interesting similarities and differences between
the findings with HIV-1 and Ty3 IN mutants. In the case of
Ty3, a large number of cDNA mutants were mapped to the
nonconserved amino- and carboxyl-terminal domains with only
a subset affecting processing or stability of RT or IN. These
results suggested that extensive interactions occur between IN
and RT. One intriguing possibility is a Ty3 RT/RT-IN (�/�)
heterodimer. It was previously shown that an RT-IN fusion
protein is present in Ty3 VLPs (29, 37). The most thoroughly
characterized example of an �-� heterodimeric RT is RSV RT
(reviewed in reference 51). The IN domain of that RT is
postulated to stabilize interactions between the RT complex
and the RNA template and/or tRNA primer (54). We com-
pared the abilities of Ty3 CA-IN and CA-RT-IN to comple-
ment mutant deficiencies in order to assess requirements for
the IN domain to be expressed in cis with RT. In the case of
Ty3 neither the CA-IN nor the CA-RT-IN fusion was pro-
cessed efficiently, although some of the transformants with the
CA-IN fusion appeared to have slightly elevated levels of IN.
The Ty3 CA-IN fusion complemented transposition of the Ty3
NLS and catalytic site mutants in trans, indicating that it was
incorporated and conferred NLS and integration activity.
However, this fusion did not increase the frequency of trans-
position or the amount of cDNA in cells expressing any of the
cDNA synthesis mutants. In contrast, expression of the CA-
RT-IN fusion clearly complemented transposition of the 419
NLS and catalytic site mutants, as well as cDNA mutants 62
and 76. In addition, transposition of mutants 442, 450, 453, and
477 was slightly increased. Expression of Ty3 CA-RT-IN also
correlated with increased amounts of cDNA in mutants 62 and
488 and lesser increases in cDNA in cells carrying mutants 53,
76, 450, and 488. Mutants 20, 431, 442, 496, and 499 failed to
show any enhancement of cDNA. In the cases of 431, 442, and
499, disruptions of IN and RT processing or stability could
have dominated any rescue effect of fusion proteins. However,
in the cases of mutants 20 and 499, both IN and RT appeared
to be equivalent to those of the wild type. Thus, expression of
the CA-RT-IN fusion correlated both with increased cDNA
and some restoration of transposition. The lack of an absolute
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correlation between the level of cDNA and transposition in the
presence of the CA-RT-IN fusion protein underscores the
likelihood that the different mutations do not have identical
effects on IN function and may affect multiple steps of the life
cycle to different extents.

Rescue of the Ty3 IN mutant cDNA defects was weak, in
spite of the fact that the fusion was expressed from the same
strong promoter as Ty3 and is, moreover, not attenuated by
frameshifting. There are several possible explanations for weak-
ness of the rescue. In studies of HIV-1 IN mutants with re-
duced cDNA, Vpr-IN and Vpr-RT-IN expressed in trans com-
plemented IN mutants. As noted above, failure of processing
of CA from IN or RT-IN could have interfered with activity. A
second explanation for the weak complementation activity is
that the fusion was inefficiently incorporated into VLPs. In the
case of Ty3, CA was the sole module known to have particle-
targeting activity. Not surprisingly, preparations of VLP frac-
tions from cells expressing CA-RT-IN had comparable
amounts of fusion proteins in the particle fraction in the pres-
ence and absence of wild-type Ty3 expression (data not
shown). As noted above, the facts that (i) the stability of the
fusion protein differs depending upon the mutant that is coex-
pressed and (ii) CA-IN and CA-RT-IN fusions complement
NLS and catalytic mutants demonstrate that some fusion pro-
tein associates with wild-type Ty3 VLPs. Nevertheless, fusion
protein particle formation could compete with VLP formation.
The fact that rescue, particularly of the cDNA phenotype, was
observed with CA-RT-IN but not CA-IN is intriguing and
supports a model where RT and IN domains function closely
or even in cis in Ty3 replication. Unfortunately, these experi-
ments do not render a final determination of whether or not
the physiologically relevant Ty3 reverse transcriptase is actu-
ally a heterodimeric protein.

Integration and polymerase functions of Ty3 IN are inde-
pendent. The CA-RT-IN(cat�) fusion was expressed together
with the IN mutants in order to determine whether the IN
domains contributing to reverse transcription and integration
are separable. No major differences in cDNA production be-
tween the effects of the IN(cat�) fusion and the wild-type
fusion were observed, supporting a model in which these func-
tions are separate. This is also observed for HIV-1 IN mutants
with cDNA deficiency (58). Surprisingly, only Ty3 cDNA mu-
tant 62 was complemented by the CA-RT-IN(cat�) fusion. In
particular, mutant 76, which had amounts of IN and cDNA
comparable to those of mutant 62, was not complemented.
Previous analysis of cDNA 3�-end processing by these mutants
suggests an explanation for this apparent discrepancy. Mutant
76 and several others showed reduced ratios of 3�-end pro-
cessed to unprocessed cDNA. One possible explanation of the
failure of the CA-RT-IN(cat�) fusion to complement mutant
76 is that neither the fusion nor mutant IN is fully catalytically
active. In the case of other mutants with reduced ratios of
3�-processed cDNA (453, 477, 488, and 496) and some reduc-
tion in IN protein, it is less clear whether the reduced ratios
indicate a catalytic defect.

Integration functions of Ty3 IN act in cis with portions of
the IN carboxyl-terminal domain. One unexpected result to
emerge from expression of the CA-RT-IN(cat�) fusion was its
failure to complement the NLS mutant. Controls indicated
that failure was not attributable to lack of expression. The NLS

motif in Ty3 is located in the carboxyl-terminal region of IN,
similar to its location in HIV-1 (4) and avian sarcoma virus IN
(38). In vitro studies of HIV-1 IN identified a domain carboxyl
terminal to the central conserved domain required in cis to the
catalytic site for strand transfer (16). The HIV-1 IN NLS was
subsequently mapped within this domain. Nevertheless, NLS
mutants have been reported to complement integration of
catalytic site mutants when expressed in trans as Vpr fusions
(4). In the case of HIV-1, NLS mutant recombinant IN has
disintegration activity, but the NLS mutant virus cannot infect
dividing cells (24), which are not expected to require NLS
function per se. NLS mutants of avian sarcoma virus are also
defective at a late step for infection of dividing cells (38).
Although mutations in the Ty3 NLS do not block 3�-end pro-
cessing, they block in vitro integration mediated by the VLP
fraction (43). If residues in the Ty3 NLS necessary for integra-
tion are required to act in cis with the catalytic site, it would
explain why the CA-RT-IN(cat�) fusion fails to complement
the Ty3 NLS mutant in trans.

The experiments described here demonstrate that the Ty3
IN domain plays a central and early role in reverse transcrip-
tion in vivo. Mutations in the nonconserved amino- and car-
boxyl-terminal domains disrupt events just prior to or at re-
verse transcription initiation and may even affect incorporation
of the primer into the initiation complex. Although CA-IN
delivered in trans complemented nuclear localization and in-
tegration functions, only CA-RT-IN rescued any mutants with
severe defects in cDNA synthesis. These findings argue that
Ty3 IN and RT domains associate to facilitate initiation of
reverse transcription.
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