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In order to identify and characterize sequences within Tyl elements which are required in cis for
transposition, a series of mini-Tyl plasmids were constructed and tested for transposition. Mini-Tyls are
deletion mutants of the Tyl-H3 element; Tyl gene products required for transposition are supplied in trans
from a helper Ty1 which has intact open reading frames but lacks a 3’ long terminal repeat (LTR) and therefore
cannot transpose itself. Up to 5 kilobase pairs of internal sequences of the 6-kilobase-pair-long Tyl element can
be deleted without a significant effect on transposition. The smallest mini-Ty1 element capable of transposition
contains the 3’ LTR and the transcribed portion of the 5' LTR, 285 base pairs (bp) of internal sequence 3’ to
the 5 LTR, and 23 bp of internal sequence 5’ to the 3' LTR. We conclude that Tyl-encoded proteins can act
in frans and that cis-acting sequences in Ty1-H3 are all within or near the LTRs. Further deletion of the 285-bp
internal sequence adjacent to the 5' LTR significantly reduced transposition frequency, and the mini-Tyl RNA
produced failed to be packaged into the viruslike particles efficiently. Surprisingly, several nonhomologous
cellular mRNAs were also associated with viruslike particles.

Tyl elements are a family of transposable sequences in the
yeast Saccharomyces cerevisiae. They are similar to retro-
viruses in many aspects (3). Like retroviruses, they consist
of a central coding region containing two open reading
frames (ORFs) (TYA and TYB) corresponding to retroviral
gag and pol genes and two directly repeated sequences (the
long terminal repeats [LTRs]) at each terminus. The Tyl
gene products are functionally and structurally analogous to
those of retroviruses (1, 20, 30). Tyl transposes via an RNA
intermediate, and viruslike particles (VLPs) have been ob-
served in yeast cells overexpressing Tyl gene products (5,
12, 19).

In retroviruses, cis elements that are important for retro-
viral replication have been identified and characterized (re-
viewed in reference 27). Retroviral cis elements are located
near the ends of the viral genomes.

In this report, we describe a system designed to study the
cis-acting sequences required for Tyl transposition. Mini-
Tyl elements are constructed by replacing portions of the
OREFs of a Tyl element, Tyl-H3, with a selectable marker,
the yeast TRPI gene (and, in some cases, the HIS3 gene).
Tyl-encoded gene products required for transposition are
provided in trans from a helper Tyl which is defective for
transposition but has intact ORFs. We show that mini-Ty1
elements lacking functional gene products can be comple-
mented in trans by the helper Tyl. The minimal sequences
required for transposition have been identified by construct-
ing and testing mini-Tyls bearing various deletions. Our
results suggest that, as is true for retroviruses, all Tyl
sequences required in cis for transposition are located within
or near the LTRs. Also, a 120-base-pair (bp)-long region
contained within the TYA gene is shown to be directly or
indirectly involved in the efficient encapsidation of mini-Ty1
RNA into the VLPs. Finally, several cellular mRNAs have
been observed to be associated with the VLPs.
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MATERIALS AND METHODS

Yeast strains and media. The S. cerevisiae strains used in
this study are listed in Table 1. The plasmids were originally
transformed into strain YH8 for transposition assays. They
were later introduced into another strain (YH61) for bio-
chemical studies because this strain background consistently
gave higher yields of VLPs. Media were prepared as de-
scribed elsewhere (24). 5-Fluoro-orotic acid (5-FOA) me-
dium contained 1 mg of 5-FOA per ml (6).

Transposition assay. Quantitative assays were carried out
as follows. Patches of yeast cells containing the mini-Ty
plasmid to be tested were replica plated from complete
synthetic medium minus uracil plus glucose (SC—Ura+
GLU) to SC—Ura+GAL (where GAL is galactose) and
grown for 5 days at 22°C. The cells were then suspended in
water and plated at low density on SC—Ura+GLU. After 2
days at 30°C, hundreds of colonies were individually picked
onto YPD plates and allowed to grow overnight at 30°C.
Subsequently they were transferred by replica plating to SC
containing 5-FOA for 1 to 2 days at 30°C so that only
plasmid-free segregants could grow. In the final step of the
procedure, the phenotypes of the segregants in regard to
transposition were determined by replica plating the cells to
SC—-Trp+GLU. A qualitative assay for Tyl transposition
was also utilized (8). Patches of cells grown on selective
glucose medium (SC—Ura+GLU) were replica plated onto
SC—Ura+GAL plates to induce transposition. Following
incubation for 3 days at 22°C, they were replica plated to
YPD (rich) medium and allowed to grow overnight at 30°C.
Then the cells were transferred to SC—Trp+GLU plates
containing 5S-FOA and grown for 2 days at 30°C. The host
strains bearing the mini-Ty1 plasmids are ura3 trpl. If the
mini-Ty1 tested is capable of transposition, some cells in the
patch become Trp* independent of the existence of the
plasmid and therefore can grow on the 5-FOA medium.
Similarly, absence of growth indicates a defect in transposi-
tion by the mini-Tyl. Under these conditions, a transposi-
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TABLE 1. S. cerevisiae strains

Strain Parent® Plasmid®
YH24 YHS8 pX4 (helper-independent Gal-Tyl marked with TRPI)
YH15 YHS8 pX22 (maxi-Ty1 with helper) TYB::TRPI (1703)¢
YH17 YHS pX24 (mini-Tyl with helper) A1703-5562
YH18 YHS PX25 (mini-Tyl with helper) A818-3302
YH19 YHS8 pJEF1254 (mini-Ty1 with helper) A818-5562
YHS88 YH8 pX100 (mini-Ty1 with helper) A620-5562
YH22 YHS8 pX28 (mini-Tyl with helper, transposition [—]%) A478-5562
YH33 YHS8 pX40 (mini-Ty1 with helper, transposition [—]) A478-3947

YH86 YH8 pX97 (mini-Ty1 with helper, transposition [—]) TYA::TRPI (478), A818-5562
YH79 YH61 pJEF1254 (mini-Ty1 with helper) A818-5562

YH91 YH61 pX100 (mini-Tyl with helper) A620-5562
YHS80 YH61 pX28 (mini-Tyl with helper, transposition [—]) A478-5562

YHS81 YHé61 pX40 (mini-Ty1 with helper, transposition [—]) A478-3947

YH89 YHé61 pX97 (mini-Tyl with helper, transposition [—]) TYA::TRP1 (478), A818-5562
YH103 YH61 pX112 (pGAL-TRPI with helper) (no Tyl sequences)

YH129 YH61 pX136 (mini-Ty1l with helper, HIS3 marked) A818-5562

YH130 YH61 pX13S (mini-Tyl with helper, HIS3 marked, transposition [—]) A478-5562
YH131 YH61 pX132 (pGAL-HIS3 with helper) (no Tyl sequences)

YH136 YH61 pX110 (pGAL-TRPI without helper) (no Tyl sequences)

YH137 YH61 pX129 (pGAL-HIS3 without helper) (no Tyl sequences)
JB584 JB503 pJEF1202 (mini-Tyl without helper) A818-5562
JB590 JB503 pJEF1254 (mini-Ty1 with helper) A818-5562

YHS59 JB198 pJEF1254 and pAB100 (target for transposition)

¢ The genotype of YH8 is o ura3-167 his3A200 leu2Al trplAl. It was derived from GRF167 (5) by integration and excision of plasmids YRp14-trpIAl and
YRpl15-leu2Al (25). The genotype of YH61 is a ura3-52 his4-539 lys2-801 trpl1A63. It was derived from strain CH332 of Connie Holm by integration and excision
of plasmids pAA1 (making it GAL2 [A. Antebi and G. R. Fink, personal communication]) and YRp14-trp1A63 (25). The genotype of JB503 is a ura3-52 his3A200
lys2 trpl1Al. The trpl Al mutation was introduced into the parent strain JB183 (5) as described above for YHS8. The genotype of JB198 is a ura3-52 his3A200 lys2

trp1-289 spt3-101 (7). All of the strains are Gal*.

b Maps of the mini-Ty1 plasmids are shown in Fig. 1. Insertions into Tyl sequences are indicated by ::; deletions are indicated by A; all numbers refer to the
sequence of Tyl-H3 (4). The mini-Tyls are marked with the TRPI gene unless otherwise indicated.
< Numbers in parentheses indicate positions at which TRPI is inserted when it interrupts TYA or TYB.

 Indicates that the mini-Ty1 element is defective in transposition.

tion frequency of less than 0.5% would be scored as nega-
tive. In the case of HIS3-marked mini-Tyl elements,
SC—His plates were used in place of SC—Trp plates. In each
transposition assay, at least two independent and noninte-
grant transformants of the same mini-Tyl plasmid were
tested.

Construction of mini-Ty1 plasmids. A helper-Ty1 plasmid,
pJEF938, was derived from pGTyl-H3 (5) as follows. The
restriction fragment extending from the Bg/II site at position
5562 to the BamHI site in flanking DNA was removed; the
remaining DNA was filled in and ligated to a synthetic lacO
EcoRlI (filled-in) fragment (5). An Mlul linker was inserted
into the unique Smal site in pJEF938 to give pX6. As the
final result, the 3' LTR (the natural Tyl transcriptional
terminator) was removed and pBR322 sequences were fused
to the 3’ region of the helper Tyl element.

The structures of the final mini-Ty1 plasmids are shown in
Fig. 1. Each construction was done by a two-step procedure.
First, mutations (insertion of the TRPI gene combined, in
most cases, with a deletion) were made within the Ty1-H3
element present on a pGAL-Tyl plasmid by utilizing preex-
isting restriction sites. Second, the resulting mini-Ty1 ele-
ment was cloned into a unique site in one of the helper-Tyl
plasmids described above. All mini-Tyl plasmids studied
carried the mini-Ty1 and the helper Tyl in opposite orienta-
tions. Thus, any homologous recombination events occur-
ring between the two Tyls in the plasmids cannot result in
deletion formation, which would give a high background of
Ura™ Trp™ cells in transposition assays.

Two HIS3-marked mini-Tyl plasmids were constructed
similarly. The HIS3 fragment used includes sequences start-
ing at position —170 from the transcription initiation site to
about 20 bp after the stop codon (kindly provided by D.

Garfinkel) (13). For the constructs which contain the HIS3
structural gene driven by the GALI promoter, the sequence
S’ to position —7 of the HIS3 gene (26; J. Li and P. Hieter,
personal communications) has been replaced by the GALI
promoter.

Other techniques. DNA sequencing of double-stranded
plasmid was carried out as described previously (14). For
VLP purification, yeast cells were directly transferred from
selective plates to 100 ml of liquid SC—Ura containing 1%
raffinose as the carbon source at a density of 107 cells per ml.
After the cells had grown for 3 h at 30°C, galactose was
added to the culture at a final concentration of 2% and the
cells were allowed to grow for another 14 h at 25°C. VLPs
were isolated from the culture as described elsewhere, using
sucrose step gradients (9). To determine whether the RNA
from a specific construct could be packaged into the VLPs,
RNAs from the total cell extract and purified VLPs were
isolated and subjected to Northern (RNA) blot analyses (28).
Hybridization probes used were 3?P-labeled TRPI and HIS3
DNAs, the 1.1-kilobase-pair (kb) BamHI-Aval pBR322 frag-
ment, and part of the yeast actin gene (from position —40 to
1083), all made by the random hexamer labeling method (10).
The TRPI and HIS3 probes hybridize only to the mini-Tyl
RNAs, whereas the pBR322 probe specifically detects the
helper Tyl RNAs. Quantitation of the Northern blots was
accomplished by cutting out the bands from the filters and
counting the radioactivity (C) in a scintillation counter. The
level of the mini-Tyl RNA in the total cell extract was
normalized to the amount of helper-Tyl RNA. The level of
mini-Tyl RNA in the VLPs was normalized to the amount of
reverse transcriptase activity, determined by using exoge-
nous oligo(dG)-poly(rC) as the primer and template (12).
Normalization to the amount of TYA proteins gave similar
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FIG. 1. Structures of the mini-Tyl plasmids. Tyl-H3 sequences
() and LTRs (») are indicated. The U3 portion of the 5’ LTR (the
Tyl promoter) has been removed; the GALI promoter (EA) is
shown. 2 is a piece of the yeast 2um plasmid containing the
replication origin. pBR322 sequences (—) are indicated. Restriction
sites are abbreviated as follows: B, Bgl/Il; H, Hpal; M, Miul; P,
Pvull; X, Xhol. The marker gene (TRPI or HIS3) in all the
constructs has the same orientation as the mutant Tyl elements. (a)
Overall structure of the plasmids shown schematically. Notice that
the 3' LTR has been deleted from the helper-Tyl element. As a
result, part of the pBR322 sequences is fused to it. (b) Mutations
made within the mini-Tyl part of the plasmids. The endpoints of
each deletion are indicated ( § ). The sites of TRPI (or the HIS3
gene) insertions are shown (V). The TRPI gene used in all con-
structs except pX112 lacked its own transcriptional terminator and
is in the same orientation with respect to Tyl for all constructs
tested. The HIS3 gene in pX136 and pX13S has about 20 bp of
3’-flanking sequences left, and the HIS3 gene in pX132 lacks its own
promoter. An Mlul site at position 620 created by linker insertion
mutagenesis (J. D. Boeke and G. M. Monokian, unpublished data)
was utilized to construct pX100. This Mlul site is not present in any
of the mini-Ty1 elements. TYA and TYB refer to the two ORFs of the
Tyl element. Tyl sequences include nucleotides 239 to 5919. The
positions of the restriction sites utilized to make the mutations (left
to right) are as follows: X, 239; P, 478; M, 620; H, 818; B, 1703; B,
3302; P, 3947; B, 5562. Plasmid pX4 contains no helper-Ty1 element
(28).
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results. The packaging efficiency (P) is defined as the ratio of
the amount of the mini-Tyl RNA in the VLPs versus that in
the corresponding total RNA after normalization (i.e., Cy p/
Cro)- The packaging efficiency of the mini-Tyl in strain
YH79(pJEF1254) was arbitrarily assigned the value 100%,
and the numbers for other strains were adjusted accordingly
[hence the item (1/P,4) X 100 in the formula]. The packaging
efficiency of a given mini-Tyl RNA into VLPs was calcu-
lated according to the formula [(Cyyp/Cro)/Ps] X 100,
where Cro; = Crep, X (Copr.79/Copr) @and Pyg = Cyy p/Cio, for
strain YH79(pJEF1254). The specific parameters are defined
as follows. Cy p is the radioactivity (counts per minute) of
the TRPI probe from the band excised from the VLP lane;
Crrp and C gy are radioactivity (counts per minute) from the
bands excised from the total RNA lane using the TRPI and
pBR322 probes, respectively; C,gr79 = C,pg for strain
YH79(pJEF1254). The packaging efficiencies for HIS3-
marked mini-Tyls were determined in the same way except
that a HIS3 rather than a TRPI probe was used.

RESULTS

Mini-Tyl elements and assays for their transposition. In
order to identify the sequences required in cis for Tyl
transposition, deletion mutants of Tyl-H3, i.e., mini-Tyl
elements, were constructed in a vector which contains the
URA3 selectable marker and the 2pum replication origin.
Their structures are shown in Fig. 1. To facilitate the
transposition assays, a second selectable marker, the yeast
TRPI gene, lacking its transcriptional terminator (8) was
inserted into the mini-Tyl elements in the same orientation.
Because mini-Tyls do not encode all the Tyl proteins, a
helper Tyl which lacks the 3’ LTR but has complete ORFs
was also included in each construct. As a control, a maxi-
Tyl element was made in the event that all Tyl sequences
were necessary for transposition. The maxi-Ty1 contains no
deletion but instead contains as insertion of the TRPI gene in
TYB. The transcription of both mini- and helper-Tyl ele-
ments is controlled by the GALI promoter. To induce
transposition, strains containing these plasmids were grown
on selective galactose medium at 22°C for 5 days. Following
induction, the plasmids were segregated from the cells and
their phenotypes were assayed. If transposition occurred,
the cell should have the TRP! gene in the genome and thus
remain Trp* even in the absence of the plasmid. Therefore,
by scoring the fraction of cells which become Ura™ Trp*
following galactose induction and plasmid segregation, one
can conveniently determine the frequency of transposition.

Quantitative transposition analyses of the mini-Tyls. The
results of transposition assays of the mini-Tyl elements are
summarized in Table 2. The smallest mini-Tyl element
(pX100) constructed which could still transpose contains
only 285 bp of internal Tyl sequences. Further deletions
(pX28 and pX40) extending to the S’ Pvull site, which is
about 120 bp downstream from the 5’ LTR, abolished
transposition. This result was confirmed by using HIS3-
marked mini-Tyls of similar structures. As insertion at this
Pvull site (pX97) also reduced transposition frequency by at
least 10-fold. All mini-Tyls capable of transposition trans-
posed at similar frequencies (approximately 2 to 6%), a rate
that is about 10-fold lower than that seen for a similarly
marked helper-independent Tyl element (pX4) (28). One
possible explanation is that some sequences important for
high-frequency transposition had been deleted even in the
largest mini-Tyl. However, a maxi-Ty (pX22) which has no
deletion but instead bears an insertion of the TRPI gene
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TABLE 2. Transposition and RNA packaging of mutant
Tyl elements

Mini-Ty1 plasmid Transposition Phenotype® ]:?Ifl:tl:(igll:f
frequency” @)

Group 1 (TRPI-marked)

pX4 42.9 (121/282) ++

pX22 3.9 (8/205) +

pX24 2.4 (9/369) +

pX25 1.5 (5/336) +

pJEF1254 6.2 (13/211) + 100

pX100 4.5 (12/269) + 81

pX28 0.19 (1/537) - 14

pX40 <0.27 (0/372) - 14

pX97 0.36 (2/556) - 43

pX112 NA NA 45
Group 2 (HIS3-marked)

pX136 ND + 100

pX135 ND - 23

pX132 NA NA 141

“ Defined as the percentage of independent colonies which become Trp* in
the absence of the plasmid after induction of transposition on galactose
medium. Transposition frequency measurements were made in host strain
YHS. ND, Not determined; NA, not applicable.

® The phenotypes listed here refer to the results of the qualitative transpo-
sition assays as described in Materials and Methods. ++, Very strong growth
on 5-FOA—Trp plates.

€ These numbers are derived from quantitation of the Northern blots similar
to those shown in Fig. 4. Packaging efficiency is the ratio of the counts per
minute of the TRPI (or HIS3) probe in the VLP RNA versus those in the total
RNA band after normalization to the amount of the helper-Tyl RNA. The
packaging efficiency of the mini-Tyl RNA from pJEF1254 (for TRPI-marked
mini-Tyls) or pX136 (for HIS3-marked mini-Tyls) is arbitarily assigned the
value 100% (which represents recovery of 10 to 15% of the total cellular
mini-Tyl RNA in the VLP fraction if one assumes that the recovery
throughout the experiment is 100%), and the packaging efficiencies of other
mini-Tyl RNAs are expressed as the percentage of that of pJEF1254 or
pX136. RNA packaging measurements were made in host strain YH61.

inside the TYB OREF also transposed at a frequency very
close to that of the mini-Ty1 elements. Therefore, it appears
that there are no particular sequences whose loss could
account for the relatively low transposition frequency of the
mini-Ty] elements; rather, the overall structure of the mini-
Tyl family of plasmids may be responsible.

Structural analysis of transposed mini-Tyl. When a wild-
type Tyl element transposes, it generates 5-bp duplications
of the target sequences. Homologous recombination or gene
conversion between episomal mini-Tyls and genomic Tyl
elements could also result in the integration of the TRPI
gene; it was, therefore, important to demonstrate directly
the ability of the mini-Ty1s to transpose. Since transposition
of Tyl elements into a centromeric plasmid harboring a
promoterless HIS3 gene (his3A4) can activate the expression
of the HIS3 message and therefore revert the His~ pheno-
type of the cells (5, 7), individual transposition events can be
recovered and studied in detail. Two such transposition
events into plasmid pAB100 by the mini-Tyl in pJEF1254
were isolated from a spt3 strain, in which genomic Tyls are
not transcribed normally and, consequently, do not trans-
pose (7). Restriction analyses of the recovered plasmids
showed that each contained a mini-Ty1 element just 5’ to the
his3A4 gene, inserted in DNA that has no homology to Tyl
sequences. The orientation of these mini-Ty1 elements with
respect to HIS3 sequences is the same as that observed
when full-length Tyl elements activate his3 expression; i.e.,
they are transcribed in the opposite direction of the HIS3
message (5, 23). Furthermore, sequence analysis of the DNA
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FIG. 2. A 5-bp duplication in the target sequences resulting from
transposition of a mini-Tyl element into a nonhomologous plasmid.
(a) Two independent transposition events by the mini-Tyl in
pJEF1254 into target plasmid pAB100 were recovered and mapped
by restriction analyses. Their structures are shown schematically
here. CEN4 is the centromere segment from chromosome 4; TRPI is
the yeast TRPI gene; ARS| is a yeast autonomous replicator; his3A4
is the yeast HIS3 gene without its promoter. The Tyl LTRs are
indicated (). pBR322 sequences (—) and sequences from phage A
where both mini-Ty1 elements integrated (»w) are shown. Arrows
show the direction of transcription. (b) Sequences at the junction
between the mini-Tyl element and the target DNA. The S bp of A
DNA which were duplicated are shaded.

flanking the LTRs in one of these plasmids revealed the 5-bp
duplication of the target sequence characteristic of transpo-
sition by wild-type Tyls (Fig. 2). This shows that mini-Tyls
are capable of de novo transposition.

Transposition of mini-Tyl elements requires a helper Tyl.
There are about 25 copies of Tyl elements per haploid yeast
genome. Thus it is possible that the mini-Ty1 elements could
be complemented by the genomic Tyls rather than the
helper Tyl. To test this hypothesis, two plasmids containing
identical mini-Ty1 elements but with or without a helper Tyl
were constructed and tested for transposition by the quali-
tative assay. The mini-Ty1 failed to transpose in the absence
of the helper (Fig. 3). Therefore, the Tyl proteins used for
mini-Tyl transposition are supplied mainly by the helper,
not by the genomic Tyl elements.

Deletion of a short sequence near the 5’ LTR reduces the
amount of mini-Tyl RNAs found within the VLPs and abol-
ishes transposition. The mini-Tyl element shown in pX28
(Fig. 1) has a defect in transposition, as assayed both
qualitatively and quantitatively, though it is only 142 bp
shorter than the smallest mini-Ty1 (pX100) which is capable
of transposition (Table 2). A second mini-Tyl element
(pX40), which is larger than several transposition-proficient
mini-Tyls but still contains the upstream deletion in pX28
(positions 478 to 600 of Tyl-H3), also failed to transpose.
Insertion of TRPI at the Pvull site at position 478 (pX97)
also resulted in a marked decrease in transposition. When
RNAEs isolated from total cell extracts and from VLPs were
analyzed by Northern hybridization, it was found that the
RNA molecules from the transposition-defective mini-Tyls
in pX28 and pX40 were underrepresented in the VLPs,
though the insertion mutant (pX97) seemed to be only
slightly defective for RNA packaging (Fig. 4 and Table 2).
Similar results were obtained with mini-Tyl RNAs from
plasmids pX135 and pX136, which are similar to the critical
TRPI-marked mini-Tyls but carry instead the HIS3 marker
(Table 2). It is unlikely that the decreased levels of defective
mini-Tyl RNAs in the VLPs are due to RNA degradation
occurring during VLP purification and RNA extraction,
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FIG. 3. Helper-dependent transposition of the mini-Tyl ele-
ments. Qualitative transposition was performed on strains JB584
and JB590 as described in Materials and Methods. Absence of
growth indicates a defect in transposition by the mini-Ty1 element.
Each strain includes two independent transformants of the same
plasmid. The mini-Ty1l elements in these two plasmids are identical.
The plasmid in JB584(pJEF1202) does not contain the helper-Tyl
element, while the plasmid in JB590 does. The arrangement of the
strains on the SC—Trp+5-FOA plate is shown in the diagram above
the picture. Strain YH24(pX4) was used as the positive control for
transposition.

since the much larger helper-Tyl RNAs were still largely
intact in the same samples. Moreover, mixing experiments in
which RNA was extracted from VLPs isolated from an
equal-amount mixture of yeast cells containing transposi-
tion-proficient and -deficient mini-Tyl plasmids (pJEF1254
and pX28, for example) produced the same results (data not
shown). The small amount of the mini-Tyl RNAs found in
VLPs was indeed reverse transcribed into DNA and could
be detected by Southern blots. Figure S shows the result of
a Southern blot on the VLP DNAs for the mini-Ty1s in pX97
and pJEF1254 as an example of such analyses. There are
multiple bands smaller than the size expected (about 1.9 kb)
for the linear, full-length, double-stranded mini-Tyl DNA.
This heterogeneity is probably due to the relatively slow
kinetics of VLP production in strains containing mini-Ty1
plasmids. These species may be the immature reverse tran-
scripts of the mini-Tyl RNAs and probably are only partially
double-stranded. The results for the other two defective
mini-Tyl elements (pX28 and pX40) are similar, although
their reverse transcripts were much less abundant.
Copurification of certain non-Tyl mRNAs with the Tyl
VLPs. We next tested whether the sequences identified by
the deletion analyses were necessary and sufficient for
targeting a non-Tyl mRNA into the VLPs. As a result of
these studies, we were surprised to find that TRPI RNA with
its natural transcriptional terminator, transcribed from the
GALI promoter (pX112), was present in VLP fractions (Fig.
6 and Table 2). It is unlikely that the TRPI message found in
the VLPs was due to general contamination of the VLP
preparations by cellular messages since actin RNA, GALI
RNA, and pyruvate kinase RNA, all abundant messages,
were not present in significant amounts in the same VLP
preparation (Fig. 6 and data not shown). On the basis of
these findings, we decided to construct the set of mini-Tyl
elements bearing HIS3 as the selectable marker (see above).
Remarkably, HIS3 RNA (expressed from the GALI pro-
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FIG. 4. Inefficient packaging of the mini-Tyl RNAs caused by
mutations in the sequences near the 5' LTR. RNAs isolated from
total cell extracts and VLPs were subjected to Northern analyses as
described in the text. The blot was first probed with 3?P-labeled
TRPI probe which hybridized to the mini-Tyl RNAs (top). Then the
blot was boiled in water and reprobed with 3?P-labeled pBR322
probe (bottom). pBR322 probe hybridized to two bands which
correspond to helper messages whose sizes suggest that they end at
the two transcriptional terminators 5’ and 3’ to the URA3 gene (29)
since the Tyl transcriptional terminator (31) has been deleted from
the helper-Tyl element. Lanes 1 to 5, total RN As, 10 pg each; lanes
6 to 10, VLP RNAs, each containing the same amounts of reverse
transcriptase activity and TYA proteins. Lanes 1 and 6, YH79
(pJEF1254); lanes 2 and 7, YH80(pX28); lanes 3 and 8, YH81(pX40);
lanes 4 and 9, YH89(pX97); lanes 5 and 10, YH91(pX100).

moter) was present in the VLPs at an even higher level than
the HIS3-marked mini-Ty1 capable of transposition (pX132,
Table 2). To rule out the possibility that the TRPI and HIS3
RNAs were associated with the VLP fractions merely be-
cause they interact with some factor(s) unrelated to Tyl, we
repeated these experiments, using strains which carry
PGALI-TRPI and pGALI-HIS3 constructs with and without
the helper-Tyl element. In this experiment, the amount of
RNA loaded was normalized to the optical density at 280 nm
of the VLP fractions. The results showed that in the absence
of the helper Tyl, the amounts of TRPI and HIS3 RNAs in
the VLP-containing fractions were greatly diminished, as
would be expected because of the reduced amount of VLPs
(data not shown). This suggests that the TRPI and HIS3
messages are at least associated with, if not packaged into,
the VLPs. In another experiment, we also found the pres-
ence of native RP51 RNA in the VLPs.

DISCUSSION

In this article, we report deletion analyses of Tyl elements
in regard to transposition. We demonstrate directly that the
Tyl-encoded proteins can act in frans to complement defec-
tive Tyl elements which lack both ORFs. The results show
that all cis elements necessary for Tyl transposition, with
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FIG. 5. Southern analysis of nucleic acids isolated from VLPs,
showing that the RNAs from a mini-Tyl element defective in
transposition are reverse transcribed. Nucleic acids isolated from
the VLP preparations containing the same amounts of reverse
transcriptase activities were treated with 200 ug of RNase A per ml
at 37°C for 5 min. Then sodium dodecyl sulfate was added to a final
concentration of 1% and the samples were heated at 65°C for 5 min
before being loaded on an agarose gel for electrophoresis. Southern
blot was carried out as described previously (17). The probe was 32P-
labeled TRPI DNA. Lane 1, YH79(pJEF1254); lane 2, YH89(pX97).
The sizes indicated at the right were calculated from DNA standards
(A DNA, HindIII digest) run on the same gel.

the possible exception of a packaging signal, are within or
near (less than 285 bp away from) the LTR sequences. These
signals include the previously identified or proposed impor-
tant cis elements, such as primer binding sites and the U3,
US, and R regions of the LTRs (3).

Our studies uncovered a region necessary for transposi-
tion which is 142 bp long and located just downstream from
the 5’ LTR. When this segment was deleted, the amount of
the mini-Tyl RNA associated with VLPs was decreased. A
simple explanation for this result is that these sequences
form part of a packaging signal which targets the Tyl RNA
into the VLPs. However, the situation is clearly more
complicated than this, because the constructs we have made
include marker segments which are themselves (surprising-
ly) relatively efficiently packaged into VLPs. Nevertheless,
in the context of terminal LTR sequences, these same
marker sequences are poorly packaged. Inclusion of the
142-nucleotide segment allows efficient packaging; hence, it
appears that this segment serves to reverse the inhibitory
effect on packaging of placement of LTR sequences adjacent
to the HIS3 or TRPI sequences. Another possible role for
this region is that it is involved in the putative dimerization
of Tyl RNAs (7); the mini-Tyl RNAs may be packaged
passively by virtue of heterodimerization with helper or
genomically derived Tyl RNAs. Moreover, since mini-Tyl
elements which contain mutations in this region have a more
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FIG. 6. Packaging of the TRPI mRNA into VLPs. RNAs iso-
lated from total cell extracts and VLPs were subjected to Northern
analyses. (a) The blot was probed with 32P-labeled TRPI DNA
which picked up the TRPI mRNA and the mini-Tyl RNA marked
with the TRPI gene. (b) The blot was reprobed with the 32P-labeled
actin probe after removal of the TRPI probe. Lanes 1 and 2, total
RNAs from strains YH79(pJEF1254) and YH103(pX112), respec-
tively, 10 ng each; lanes 3 and 4, RNAs from equal amounts of VLPs
purified from strains YH79 and YH103, respectively.

severe phenotype in transposition than in RN A packaging, it
is possible that this region may in addition have other
functions. The residual packaging activity seen in the mu-
tants may not represent functional, productive encapsidation
of the mini-Tyl RNA; i.e., these VLPs may not have the
correct structure to carry out all the processes necessary for
transposition. Compared with certain retroviral packaging
mutants, the deletions in pX28 and pX40 retain relatively
efficient packaging (18, 21). Perhaps part of the encapsida-
tion signal still remains in these mutants, or maybe the
mRNAs of the marker genes (TRPI and HIS3) act as pseudo
signals, since they are packaged quite well into VLPs by
themselves. This problem will only be resolved when a
suitable marker gene whose mRNA is not associated with
the VLPs and which does not interfere with transposition is
found. The discrepancy between defects in transposition and
RNA packaging could also be partly due to the fact that
transposition assays did not take into the account the differ-
ential stabilities of the mini-Tyl RNAs, whereas the mea-
surements of the packaging efficiency did.

A surprising finding from our studies is that at least several
cellular non-Tyl mRNAs, such as the TRPI and HIS3
messages, are associated with the VLPs. At present, the
functional significance of this phenomenon is unknown. On
the one hand, the Tyl VLPs do not seem to be very specific
at selecting the RN As to be packaged, since these RNAs do
not share any obvious sequence homology or common
structural motif. On the other hand, not all cellular messages
are present in the VLPs, suggesting that the packaging
process is not completely random. In some retroviral sys-
tems, specific cellular mRNAs have been shown to be
packaged in virions presumably by virture of the weak or
pseudo packaging signals present in these mRNAs (2, 15).
To the best of our knowledge, however, there is no evidence
that a given retrovirus can package several different types of
cellular messages which are apparently unrelated. In a
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theory previously proposed by G. R. Fink (11), it was
suggested that the relatively few introns in the S. cerevisiae
genome and their positions being near the 5’ termini indi-
cated that most, if not all, of the S. cerevisiae genes might be
pseudogenes derived by reverse transcription of cellular
messages and subsequent homologous recombination be-
tween the cDNAs and their homologs in the genome. Our
results, showing that significant amounts of three of six
cellular mRNAs examined are found in the VLPs, are
relevant to this theory. Those messages which are not found
within Tyl VLPs may be packaged by other families of Ty
elements.

Although many of the mini-Tyls constructed are capable
of transposition, they do not transpose at a frequency nearly
as high as that of a wild-type helper-independent Tyl marked
with the TRPI gene. This could be due to the facts that each
mini-Ty1 plasmid contains two copies of the GALI promoter
and that there are many copies of the 2um plasmid per cell.
The GALI promoters might simply titrate out some activa-
tor(s) such as the GAL4 protein. Consequently, there would
be less transcription from both the helper Tyl and the
mini-Tyls compared with the transcription from the normal
(helper-independent) Tyl fused to the GALI promoter.
Thus, the amounts of both Tyl-encoded proteins (derived
from the helper mRNA) and transposition-proficient tem-
plate (mini-Tyl RNA) could be significantly reduced. More-
over, since helper-Tyl RNA is packaged into VLPs and may
be copackaged with mini-Tyl RNA, there may be further
inhibition of mini-Ty1 transposition if priming of negative-
strand reverse transcription requires an intermolecular
transfer of sequence information, as is true in at least some
retroviral systems (22). Alternatively, complementation be-
tween the mini- and the helper-Tyl elements might not be
very efficient; i.e., the proteins could be somewhat cis acting
and preferentially form particles around the RNA molecules
from which they were derived. Third, it is possible that the
site in the Tyl element which was used to construct the
maxi-Tyl happens to be located in a cis-acting region which
is important for high-frequency transposition. The mini-Tyls
all have deletions including or ending at this position. As a
result, the present study may have missed such a sequence.
Further work will be needed to distinguish between the
above possibilities.

The mini-Tyl system may be useful for introducing large
foreign genes into the yeast genome. Non-Ty1 sequences of
up to about 2 kb can be transposed efficiently when inserted
into a Tyl element at a site outside the Tyl ORFs. However,
larger inserts do seem to interfere with transposition (16, 28).
The size of the smallest transposable mini-Ty1 is only 1.2 kb.
Therefore, theoretically at least 6.5 kb of marker sequences
could be inserted into the mini-Tyl without a deleterious
effect on its transposition.
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