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ABSTRACT The Ty (transposon yeast) family of retrovi-
ral-like transposons include two genes, TYA and TYB, analo-
gous to the gag and pol genes of metazoan retroviruses. TYB lies
downstream of TYA, the two genes overlapping by 38 base
pairs. The primary translation product of TYB is a TYA/TYB
fusion protein whose expression has been inferred to occur by
translational frameshifting within the overlap region. We show
that the event leading to expression of TYB is very efficient,
resulting in 20% read-through into TYB from TYA. We
demonstrate that the Ty mRNA is colinear with the DNA
sequence of the element, eliminating any pretranslational
model for TYB expression. Frameshifting requires no partic-
ular sequence of the upstream TYA gene, nor any global RNA
structure. Surprisingly, it can be promoted by a 14-base-pair
oligonucleotide of the overlap region. The ability of this
oligonucleotide to function is inhibited when it is positioned
immediately downstream of an initiator AUG. We conclude
that the TYB gene is expressed by an efficient ribosomal
frameshifting event requiring a small oligonucleotide sequence
derived from the TYA /TYB overlap region.

The Ty (fransposon yeast) elements of the yeast Saccha-
romyces cerevisiae are a family of about 30 dispersed
retroviral-like transposons (1, 2). Ty elements include two
open reading frames, termed TYA and TYB (3), which are
analogous respectively to the gag and pol genes of metazoan
retroviruses. The similarity in structure and organization
reflects the fact that Ty elements, like retroviruses, replicate
via an RNA intermediate during transposition (2). The
primary translation product of retroviral pol genes and TYB
are fusions to the product of the upstream gene, gag and TYA.
In the case of most of the avian and mammalian retroviruses
the gag, pol, and sometimes pro (encoding retroviral prote-
ase) genes overlap; similarly TYB overlaps the last 38-44
base pairs (bp) of TYA. For Rous sarcoma virus (RSV) (4) and
mouse mammary tumor virus (MMTYV) (5, 6), translational
frameshifting has been shown explicitly to produce the fusion
peptides. It is likely, given their similarity to retroviruses,
that Ty elements also express their pol analog by translational
frameshifts; however, the evidence for this is circumstantial.
Nuclease S1 protection experiments eliminate the possibility
that TYB expression involves RNA splicing (3, 7, 8). The
experiments are sufficiently sensitive to detect a very small
discontinuity between the RNA and the DNA [5-11 nucle-
otides (nt)]; these experiments do not exclude the possibility
that expression of TYB occurs by RNA editing.

Wilson et al. (8) have demonstrated that a 125-bp region of
the element Ty!I-15, extending from a position 7 bp into the
overlap through a Bg! 11 site 94 bp downstream of the overlap,
is sufficient to promote normal TYA/TYB expression. They
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also showed that a deletion removing the first 24 nt of the
overlap eliminates TYA/TYB expression. They speculated
that a short region of the overlap that is conserved between
the Tyl and Ty2 class elements, partially extending into the
first 24 nt, is required for frameshifting but provided no
evidence for this conclusion. Here we show that TYB
expression is very efficient, 20% that of TYA. A construction
that expresses this level of the TYA/TYB fusion peptide
encodes a single RNA colinear with the DNA, eliminating
any pretranslational model for production of the fusion.
Finally a 14-nt sequence of the TYA/TYB overlap is both
necessary and sufficient to promote normal levels of TYB
expression.

MATERIALS AND METHODS

Strains and Media. The yeast strain used in this work is
387-1D (« his4A38 ura3-52 trp1-289 HOLI-1). DNA trans-
formations of yeast were performed by the lithium acetate
method (9). This strain, when transformed with URA3*-
containing plasmids, grows on SD minimal medium supple-
mented with histidine and tryptophan, 20 ug/ml each (10).

Oligonucleotide Mutagenesis and Plasmid Constructions.
Mutations introducing unique BamHI sites within the TYA
gene of the TyI-912 element (7) were constructed by oligo-
nucleotide mutagenesis. The oligonucleotides correspond to
positions 1591-1612 (oligonucleotide 1: 5'-TTCACCTTAG-
GATCCAGGAACTTA-3'), 1549-1572 (oligonucleotide 2:
5'-AATCAACTACGGATCCGATTCAAT-3’), and 286-306
(oligonucleotide 3: 5'-TTAAAAATGGATCCCAACAA-3’).
Introduced BamHI sites are italic. These oligonucleotides
were used to prime the synthesis of a complementary strand
by DNA polymerase large fragment on single-stranded DNA
from appropriate phage M13 subclones. Ty::lacZ fusions or
internal deletions made with the introduced BamHI sites are
referred to by the last wild-type base pair within the site: for
oligonucleotide 1, position 1601 from the 5’ direction; for
oligonucleotide 2, 1563 from the 3’ direction; and for oligo-
nucleotide 3, 294 from the 3’ direction.

All plasmids used for yeast transformation carry the
URA3* gene and the 2-um origin of replication from
pLGSDS5 (11) and a 5’ truncated lacZ gene from either
pLGSDS or pMC1790 (12); the construction of these was
done essentially as described (13). Sets of lacZ fusions were
made by using internal TYA deletions that retained the entire
TYA/TYB overlap (column 5 in Table 1) or the last 12 bp of
the overlap (column 6 in Table 1). These were made by fusing
a Bgl II site 88 bp past the overlap to the BamHI site of
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Table 1. The 14-bp conserved region of the TyI-912 overlap is sufficient to promote frameshifting
B-Galactosidase activity, units* (% frameshifting’)

Oligonucleotide inserts

Codons Consensus
Insertion downstream lacZ Region Region region
Gene position of AUG,; no. . fusion¥ 1563-17028 1601-17028 1596-1609%
Ty2-917 296 1 800 150 (19%) 0.2 (0.03%) 5 (0.6%)
Ty2-917 559 88 4091 ND ND 1924 (47%)
Ty2-917 1072 259 S1 ND ND 4 (1.7%)
Tyl-912 388 31 3631 1090 (30%) 6.9 (0.2%) 209 (5.7%)
Tyl-912 1225 310 4593 1446 (32%) 4.7 (0.1%) 500 (11%)
HIS4 100 33 2133 : ND ND 472 (22%)

*Units are given in umol of orthonitrophenyl galactoside cleaved per min per mg of protein.
TRatio of units expressed by each construct to units expressed by the analogous lacZ fusion.
Plasmids either have no insert or, for HIS4, an insert of the consensus oligonucleotide such that HIS4 and lacZ are in the

same reading frame.

$Fusions are made such that lacZ is in the +1 reading frame with respect to the upstream gene. Ohgonucleotlde 1 = region
1601-1702; oligonucleotide 2 = region 1563-1702. ND, not determined.

pLGSDS [the sequence of which is available (14)]: Comple-
mentary oligonucleotides, the ‘‘consensus oligonucleo-
tides,”” were synthesized (5'-GATCCCCTTAGGCCAG-
GAACCC-3' and 5'-GATCGGGTTCCTGGCCTAAGGG-
3’), including a 15-nt region of the TYA/TYB overlap
(positions 1595-1609). A set of fusions of the consensus
oligonucleotide to lacZ were made by first inserting the
double-stranded oligonucleotide into the unique BamHI site
of pMC1790 (12) and then transferring the oligonucleotide
fused to lacZ into various Ty-lacZ fusion plasmids (described
in Results). In each set of constructions, the position of the
lacZ fusion junction is conserved.

B-Galactosidase Assay, Endonuclease S1 Mapping, and
c¢DNA Sequencing. Three transformants of each plasmid were
each assayed in triplicate for B-galactosidase activity as
described (3). Total RNA was isolated from yeast transfor-
mants, and the amount of Ty-specific RNA present was
assayed by using a uniformly labeled fragment derived from
the lacZ gene as described (13). The sequence of the RNA
corresponding to the minimal sequence capable of promoting
frameshifting was determined by cDNA synthesis with avian
myoblastosis virus reverse transcriptase (Life Sciences,
Saint Petersburg, FL) in the presence of chain-terminating
triphosphates essentially as described (15). Two primers
were used, primer 1 homologous to a region 39-78 nt
downstream of the cloning region (5'-CGAAAGGGG-
GATGTGCTGCAAGGCGATTAAGTTGGGTAAC-3’) and
primer 2 homologous to a region 113-152 nt downstream
(5'-CCATTCGCCATTCAGGCTGCGCAACTGTTGG-
GAAGGGCGA-3').

RESULTS

The TYA/TYB Overlap Region Itself Directs Efficient
Frameshifting. As a preliminary step toward understanding
the expression of the TYB gene, we have measured TYB
expression relative to that of TYA. An accurate measurement
was obtained by using the mutant, Ty1-912A3500-olil. In
Ty1-912A3500, the lacZ gene is fused 2 kilobase pairs (kb)
into TYB. The oligonucleotide 1 mutation inserts 2 bp after
position 1601 within the TYA/TYB overlap regior, creating a
BamHI restriction site and fusing the TYA and TYB reading
frames. The insertion causes a 5-fold inerease in B-
galactosidase expression (1174 units of B-galactosidase com-
pared to 231 units) without affecting mRNA accumulation
(Fig. 1). Assuming that the insertion does nothing to disrupt
normal translation of the overlap, this indicates that the
putative TYA/TYB frameshift event occurs at a rate of 20%.
Comparison of the B-galactosidase activities of transformants

of three TYA fusions (Ty1-912A388; Ty1-912A613, and Ty1-
912A1225) and two TYB fusions (Ty1-912A1708 and Tyl-
912A3500) gave a similar indication (data not shown).

To test if deleting TY A sequences affected the level of TYB
expression, we made in-frame deletions of TYAI (formerly
TYA-912 allele) extending from two different 5’ endpoints to
a common 3’ endpoint. Tyl-912A388-1563 and Tyl-
912A1225-1563 retain a region (positions 1563 to 1706) in-
cluding the full TYA/TYB overlap. The deletions do not alter
mRNA expression (Fig. 1). The efficiency of the putative
frameshift equals the ratio of B-galactosidase activity di-
rected by fusions with and without the overlap. Efficient
frameshifting still occurs when >90% of the TYAI gene is
deleted (Table 1, line 4, column 5). Indeed wild-type levels of
frameshifting (19%) are observed even when the entire coding
region of TYAI upstream of position 1563 is deleted (Table 1,
first line). This construction, Ty917A296::Ty91241563, fuses
the region including the overlap to the ATG initiator codon of
the TYA2 gene, removing the entire TYA gene. Thus, the
region from position 1563 to 1706 alone is capable of pro-
moting efficient frameshifting. No other cis-acting sites
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Fic.1. Endonuclease S1 protection analysis. Total RNA (25 ug)
isolated from each of 11 transformants was separately hybridized
with two probes (an inteérnal fragment of the Escherichia coli lacZ
gene and of the URA3 gene of yeast) and subjected to digestion with
endonuclease S1 as described in Materials and Methods. The
products are labeled ‘‘lacZ’ and ‘“URA3,"’ respectively. In the case
of the URA3 probe, two fragments could be seen in the gel
electrophoresis, one corresponding to protection of the probe by the
ura3-52 transcript from the chromosome and the other to protection
by the URA3* transcript from the plasmid. ura3-52 results from
insertion of a Ty element into URA3 and therefore can not protect the
entire URA3 gene from digestion. The ura3-52 protected fragment is
shown in the figure. The amount of URA3 * product was proportional
to the amount of ura3-52 product in each case (data not shown). The
lanes correspond to RNA from plasmids carrying the constructs
Ty1-912A388 (lane A), Ty1-912A388-1601 (lane B), Ty1-912A388-
1563 (lane C), Ty1-912A1225 (lane D), Ty1-912A1225-1601 (lane E),
Ty1-912A1225-1563 (lane F), Tyl-912A1225-CO (lane G), Tyl-
912A1595A (lane H), Tyl-912A1595B (lane I), Ty1-912A3500-olil
(lane J; the TYA-TYB frame fusion), and Ty1-912A3500 (lane K).
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| TYA912—GlnLeuAsnAsnLysHisAspLeuHisLeuArgProGlyThrTyr***

Ty912—|
| *1570

***ThrIleSerThrThrPheThrLeuGlyGlnGluLeuThrGluSerThr—TYB912
*1590

*1610

| —CAATTGAACAATAAGCACGACCTTCACCTTAGGCCAGGAACTTACTGAATCTACG
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| —TACTTAAGCGATGACAACGAACTTAGTCITAGGCCAGCAACAGAAAGAATCTAAG
Ty917—| IYA917—TyrLeuSerAspAspAsnGluLeuSerLeuArgProAlaThrGluArgIle***
| ***AlaMet ThrThrAsnLeuValLeuGlyGlnGlnGlnLysGluSerLys—TYB917

Fi1G.2. Comparison of the TyI-912 and Ty2-917 TYA/TYB overlaps. The sequence of the region of the overlaps from Tyl-912 and Ty2-917
are shown aligned, vertical lines indicating identity, and with the Tyl-912 sequence numbered (position 1 is the 5’ end of the element). The
predicted TYA and TYB gene products are shown along with the sequences. Three deletions which end before or within the Ty/-912 overlap
are indicated above the séquences, the arrowhead corresponding to the last nucleotide removed by the deletion. A 14-bp region of homology
(13/14) between the two overlaps is indicated by underlining. This region corresponds to the ‘‘consensus oligonucleotide’’ referred to in the

text.

between positions 294 and 1563 are required for this process,
nor is the overall secondary structure of the Ty message
important. ,

A Conserved Sequence Within the Overlap Region of Ty
Elements Is Necessary and Sufficient for TYB Expression. To
further define the sequences required for frameshifting, we
have made deletions of the TyI-912 overlap (positions 1576 to
1613) that retain either the last 12 bp or the first 20 bp of the
overlap (see Fig. 2). Three internal TYA deletions (Tyl-
917A296::Ty1-912A1601, Ty1-912A388-1601, and Tyl-
912A1225-1601) that retain the 3’ 12 bp of the overlap express
very low levels of B-galactosidase (Table 1, column 6). A
deletion of the TYAI gene up to the first 20 bp of the overlap,
position 1595, lacks the rest of the element. It directs little
frameshifting, expressing 2053 units of B-galactosidase when
TYAI is fused in frame with lacZ (Ty1-912A1595A) versus 13
units (0.6% frameshifting) when expression requires a +1
frameshift (Ty1-912A1595B). This shows that at least the
region between the two deletions is necessary for efficient
TYB expression.

As noted by Wilson et al. (8), though the TYA/TYB
overlaps of Tyl and Ty2 class elements include a region of
13-of-14-nucleotide homology, this region is partially re-
moved by both of the above deletions (see Fig. 2). To
examine the role of this conserved region in frameshifting, we
have synthesized complementary oligonucleotides carrying
this 14-bp sequence. Initially this ‘‘consensus oligonucleo-
tide” was inserted at the fusion junction of Ty2-917A296::
lacZ to give Ty2-917A296-CO (CO for consensus oligonucle-
otide). The insertion fuses the TYA (0) frame of the oligonu-
cleotide in-frame with the upstream initiator and the TYB
(+1) frame to the downstream lacZ gene. Only very low
levels of B-galactosidase activity were detected correspond-
ing to 0.6% frameshifting (Table 1, line 1, column 7); the
amount of mRNA expressed is unchanged (data not shown).
The consensus region corresponds to codons 4 to 8 of the
fused gene; insertion this close to the translation initiation site
could inhibit the frameshift event that normally occurs far
downstream. To test this we inserted the oligonucleotide into
Ty2-917::lacZ and Ty1-912::lacZ fusion junctions from 31 to
310 codons further downstream. All of these constructions
allow much more efficient frameshifting. The amount of
frameshifting varied from 6% to 47% among the constructions
(Table 1, column 7). The reason for this variation is not clear
but may involve some feature of local RNA structure near the
deletion endpoints. We conclude that the conserved 14-bp
sequence found within the overlap region of Ty elements is
able to direct efficient frameshifting, although the ability to
undergo frameshift may be dramatically reduced by proxim-
ity to the site of translational initiation.

To determine if this 14-bp sequence is sufficient to allow
the frameshift, it was cloned into a vector lacking any

Tyl-912 sequences. The oligonucleotide was inserted into a
BamHI site at the junction of a HIS4A::lacZ fusion 33 codons
downstream of the initiation codon. The insertion put lacZ
either in the same reading frame as HIS4, or in the + 1 reading
frame. The 14-bp conserved sequence allowed 22% frame-
shifting in this context (Table 1, line 6), showing that the
oligonucleotide is sufficient to promote high-level frameshift-
ing even in the absence of any other Tyl-912-derived se-
quences.

Expression of TYBI Does Not Occur by RNA Editing. We
and others (3, 7, 8) had shown that the TYA-TYB fusion
protein is not expressed by RNA splicing. These experiments
do not prove ribosomal frameshifting because two models are
consistent with the results presented, ribosomal frameshift-
ing and RNA editing. An RNA-editing model predicts two
transcripts of the overlap region, one colinear with DNA and
one in which TYA and TYB are fused by the insertion or
deletion of several nucleotides. We tested the RNA-editing
model by sequencing the mRNA produced by Ty1-912A1225-
CO and HIS4-CO by primer-directed cDNA synthesis in the
presence of dideoxynucleoside triphosphates. If the RNA-
editing model is correct, cDNA sequencing of the mRNA
should reveal two overlapping sequences differing by an
oligonucleotide frameshift; the shifted sequence should be
from 10% to 20% of the intensity of the colinear sequence. We
used two 40-nt lacZ primers, one beginning 78 bp (primer 1)
and the other 152 bp (primer 2) downstream of the TyI-912-
lacZ fusion junction. Deletions that remove more than the
first 41 amino acids of B-galactosidase are enzymatically
inactive (16); the same would be true of any RNA modifica-
tion that were to occur in vivo in yeast. Primer 2 lies entirely
downstream of this boundary, so no RNA modification could
extend from the upstream overlap through any portion of its
binding site and yield an active enzyme product.

The RNA sequence of the overlap shows no evidence of
the predicted frameshift of the RNA sequence of the overlap
region either of Tyl-912A1225-CO, sequenced by using
primer 1 (Fig. 3) or primer 2 (data not shown), or of HIS4-CO,
sequenced with either primer (data not shown). From over-
exposure of the sequence, we are confident that no frameshift
of a RNA sequence is present at as much as 1% of the
concentration of the colinear RNA. Since at least 99% of the
mRNA expressed is colinear with the gene, the TYA-TYB
fusion cannot be expressed by a pretranslational mechanism.
We conclude that expression is by an efficient site-specific
translational frameshift within the region defined by the
consensus oligonucleotide.

DISCUSSION

Previous work had shown that the TYB gene product is
expressed as a TYA/TYB fusion protein (3, 7). Circumstan-
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FiG. 3. cDNA sequences of the mRNA of consensus oligonu-
cleotide constructions. Shown are the products of cDNA synthesis
on the mRNA transcribed from Ty1-912A1225-CO. The reactions
were done in the absence of dideoxynucleotides (labeled ‘‘EXT’*) or
with each dideoxynucleotide-triphosphate (‘‘G,”” *‘A,” etc.). For
simplicity the sequence is labeled with the sequence of the RNA
template rather than the cDNA product and the sequence homolo-
gous to the 14-bp conserved region of the TyI-912 overlap is shown
boxed.

tial evidence has accumulated to suggest that the fusion
protein is expressed by a translational frameshifting mecha-
nism. An obvious alternative mechanism, RNA splicing, is
unlikely. The region of the TYA/TYB overlap is devoid of the
characterized yeast consensus splicing signals (17-19), which
appear to be required for any splicing of messengers. Also,
endonuclease S1 analysis failed to detect any discontinuity in
the overlap region (3, 7, 8); these experiments could detect a
splice as small as 5-10 nt. This experiment does not rule out
a transcriptional misincorporation model, such as transcrip-
tional frameshifting or RNA editing, which could introduce a
discontinulty as small as 1 nt. RNA editing controls the
expression of the mitochondrial coxII gene of trypanosomes,
adding 4 nt not encoded by the DNA to each message (20).
TYB expression is less efficient, resulting in only about 20%
TYA-TYB fusion peptide. Indirect sequencing of the mRNA
shows that the TYB message is colinear with the DNA,
eliminating any pretranslational model for TYB expression.
A translational event is responsible for expression of
retroviral gag-pol gene fusion products. In vitro translation of
RNA made in vitro with phage SP6 polymerase (4) showed
that expression of RSV pol results from a —1 change in
reading frame by ribosomes during translation of the overlap,
estimated to occur in vivo at a frequency of about 5%.
Similarly, MMTYV uses two successive translational frame-
shifts to express a gag/pro/pol gene fusion peptide (5, 6),
each of which occurs at about 25% efficiency. Moloney
murine leukemia virus (Mo-MLV) gag and pol genes are
translated in the same reading frame separated by a single
UAG codon. Sequencing of Mo-MLV protease, which is
synthesized across the gag/pol junction, shows that read-
through involves inefficient suppression by the insertion of

Proc. Natl. Acad. Sci. USA 85 (1988) 6819

glutamine at the UAG termination codon (21). Infection by
Mo-MLYV greatly stimulates the steady-state level of a natural
glutamine-inserting suppressor tRNA presumably responsi-
ble for the suppress:on'(22) The unifying feature of retroviral
gag/pol expression is translational misincorporation.
Whether the RSV and MMTV frameshifts are, like the
Mo-MLYV read-through, encoded by a suppressor tRNA is
not known. For MMTYV, the suppression model is less likely
because even full overlaps are insufficient (6); the suppres-
sion model predicts that a short region of the overlap would
be sufficient. Regardless of mechanism, it is likely that all of
the retroviruses and retroviral-like transposons that include
overlapping genes express them by a ribosomal frameshifting
mechanism.

The frequency of translational errors resulting in frame-
shlftmg has been estimated in vivo in E. coli to average 3 X
10~ events per codon and to vary from 5 X 10~ *to3 x 10~¢
(23, 24). The rate in yeast has not been accurately determined
but should not be significantly different. Assummg that the
TYA/TYB frameshift event occurs at a unique codon, its
frequency is from 500-fold to 100,000-fold higher than ex-
pected of a random frameshift event. This unusually high
level of frameshifting strongly implies a specific mechanism
that enables the ribosome to efficiently shift frames within a
very small region of the transcript. The nature of this
mechanism is obscure but could take one of several forms: a
specifically encoded four-base anticodon suppressor tRNA
that recognizes a four-base codon within the overlap,
protein factor, perhaps Ty-encoded, that recognizes a region
of the transcript of the overlap and promotes frameshifting;
or a specific sequence ‘‘context’’ that drastically affects one
or more components of the ribosome responsible for main-
taining the normal three-base translocation frame. The fact
that the unrelated mechanism of suppression of termination
that operates for Mo-MLYV involves a specific cell-encoded
suppressor tRNA (22) lends credence to the notion that
expression of the TYB gene should depend on a cell-encoded
frameshift suppressor tRNA.

As an initial attempt to understand the nature of the
frameshift event within the TYA/TYB overlap, we have
determined the sequences necessary and sufficient for spe-
cific and efficient frameshifting. One formal possibility was
that a sequence upstream of the overlap is required to enable
the ribosome to subsequently undergo a frameshift, analo-
gous to transcription antitermination in phage A in which an
interaction between RNA polymerase, N-protein, and vari-
ous other factors at the nut site enables polymerase to
transcribe through multiple terminators further downstream
(25). Since removing the entire region from position 296 to
position 1563 causes no reduction in the rate of frameshifting,
no sequence within this region, nor any overall RNA sec-
ondary structure, is required for efficient ftameshlftmg
Wilson et al. (8) similarly conclude that the region upstream
of base pair 7 of the overlap of a Ty! element, TyI-15, can be
deleted without eliminating expression of TYB. Neither of
these experiments eliminate the necessxty of sequences
immediately downstream of the overlap, in each case the
construction made included the region up to a Bgl II site,
position 1706 of TyI-912, 93 bp downstream of the overlap.

Two deletions that separately delete the 5’ and 3’ halves of
the overlap greatly reduce translational frameshifting, defin-
ing a minimal required region, position 1596 to 1601 of
Ty1-912. This region is within a sequence almost completely
conserved (13 of 14 nt) between the two classes of Ty
elements. Wilson et al. (8) suggested that this conserved
region is the site of frameshifting but gave no evidence to
support that conclusion. To test this hypothesis, we synthe-
sized a double-stranded oligonucleotide corresponding to the
conserved region and inserted it into the fusion junctions of
five Ty-lacZ fusions, at positions from 1 to 310 codons into
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the translated region. Four of these promote high levels of
frameshifting (from 6% to 47%). This supports the notion that
the conserved sequence can promote frameshifting. In the
fifth construct, Ty2-917A296-CO, the consensus regions
encodes amino acids 4-8 of the predicted product. This
construct promotes background levels of frameshifting.
Since the consensus sequence allows frameshifting when
inserted in a variety of other contexts, we hypothesized that
the mere proximity to the initiation codon might inhibit
frameshifting. Translation immediately after initiation might
be fundamentally different from that during the elongation
phase, and this difference could perturb the ribosome’s
frameshifting ability. This effect underscores the need to
strictly control the distance between the frameshift site and
the initiation codon. The conclusion that the last 14 nt of the
Tyl-15 overlap do not promote frameshifting (8) could be
incorrect, since in the construction made to test this, the
deleted overlap is 14 nt downstream of the initiator.

To test if the region carried on the consensus oligonu-
cleotide was sufficient to promote frameshifting in the ab-
sence of any other Tyl-912 sequences, we inserted it into a
HIS4A::lacZ fusion. In this context the oligonucleotide was
still able to promote wild-type levels of frameshifting. This
experiment demonstrates that all of the signals necessary for
TylI-912 frameshifting are present in the 14-nt conserved
region of the overlap. It is interesting that Jacks et al. (6) have
shown that oligonucleotides corresponding to either of the
MMTYV overlap regions cannot promote any detectable
frameshifting. They concluded that the overlaps themselves
are probably not sufficient to allow frameshifting and suggest
that a conserved secondary structure, a stem-loop immedi-
ately following the frameshift site, is required. This has
recently been shown to be true (26). The fact that a small
segment of the TyI-912 overlap is competent to promote
frameshifting suggests that, though expression of retrovi-
ruses and Ty elements is grossly similar, the frameshifts
probably occur through distinct mechanisms. Significantly,
Ty elements use a +1 frameshift, whereas retroviruses
universally use a —1 frameshift.

This work was supported by grants to P.J.F. from the National
Institutes of Health (GM-29480) and American Cancer Society
(ACSIN 152-42-85).
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