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ABSTRACT

The yeast retrotransposon, Ty, shares many structural and
functional features with retroviral proviruses. These include
production of a terminally redundant major transcript. There are
also two less abundant transcripts of 5.0kb and 2.2kb. Ty
transcription is regulated by cell-type, that is it is reduced 5-
20 fold in a/x diploids as compared to haploids. However
control of expression of Ty is not well understood. By deletion

analysis we have identified regions of the element which are
involved in the activation and regulation of transcription.
These signals are found both upstream and downstream of the mRNA
start site. The downstream signals are within the region
encoding the major Ty proteins. This organisation of
transcriptional control signals is discussed with reference to
the organisation of control signals in other yeast genes and in
retroviral proviruses and other retro-elements.

INTRODUCTION

The yeast transposable element, Ty, is representative of a
class of eukaryotic mobile genetic elements which includes the
copia and copia-like elements of Drosophila (1), the TED element
of Trichoplusia ni (2) and mouse intracisternal A-type
particles (3). These elements or retrotransposons (4) are
remarkably similar to avian and mammalian retroviral proviruses
(5). They have the same overall structure of long terminal
direct repeats (LTRs) flanking an internal region. They produce
a terminally redundant major transcript and direct the assembly
of virus-like particles (VLPs) with associated reverse
transcriptase activity (6, 7, 8, 9, 19). Ty elements have also
been shown to transpose to new genomic locations via an RNA
intermediate (4).

The Ty element is 5.9kb in length with long terminal repeats
(delta sequences) of ~335 base pairs flanking an internal or
epsilon region (11). Three different sized transcripts have
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been identified: 5.7 kilobases (kb), 5.0kb and 2.2kb (8, 12, 9).
The 5.7kb RNA is the major transcript. It initiates around the
Xho I site in the 5' delta and extends into the 3' delta such
that it is terminally redundant for approximately 5@ bases
(Figure la) (8). It is this transcript which acts as the RNA
intermediate in Ty transposition (4). The 5.7kb transcript is
subject to cell-type specific control, that is transcription is
repressed in a/& diploids compared to haploids and homozygous
diploids (13).

Integration of a Ty element upstream of a gene such that the
Ty element and the gene are divergently transcribed results in
transcription of the gene being increased and placed under cell-
type specific control, a reduction in transcription being
observed in a/« diploids. These are known as Regulated
Overproducing Alleles responding to Mating type and the effect is
often called the ROAM effect (14). It is not known whether the
cell-type specific control of Ty transcription is mediated via
the same signals which exert the ROAM effect.

There is some confusion over the nature of the Ty 5.0kb
transcript. It has been reported that it is 5' coterminal with
the 5.7kb transcript, terminating within the epsilon region of
the element (8). However, a 5.0kb transcript initiating within
the epsilon region has also been described (12). This
transcript is normally repressed but is seen at high levels in
spt 37 (suppressor of Ty) mutants (Winston et al, 1984). It is
therefore unclear whether there are one or two 5.0kb transcripts.

No function has yet been ascribed to the minor 2.2kb
transcript (9). A 2.0kb copia RNA has been identified (15) and
in vitro this is translated to copia proteins (16). The 2.2kb
Ty transcript encompasses the entire coding region of TYA and it
is possible that it could be involved in the production of TYA
proteins and the protease necessary for the cleavage of these
proteins (17).

Despite the detailed knowledge which has been obtained
regarding the structure and function of Ty elements, our
understanding of the control of expression of Ty, or any other
retrotransposon, is limited (18). Recently, Liao et al. (19)
have analysed control of transcription in a class II Ty element.
They define a TATA box and a putative UAS in the 5' delta of the
element, both necessary for maximal expression of the element.
In this paper we analyse control of transcription in a class I Ty
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element, Tyl-15 (20). We demonstrate that the only
transcriptional control signal in the 5' delta is an AT rich
region (a potential TATA box). The 5' delta does not contain
any transcriptional activators analagous to a yeast UAS (21) or a
viral enhancer (22). We also investigate cell-type specific
control of Ty transcription and show here that signals necessary
for control of the Ty 5.7kb and 2.2kb transcripts are found
within the internal, or epsilon, region of Ty.

MATERIALS AND METHODS
Bacterial and yeast strains and media

E.coli strain AKEC28 (C60@ thrC leuBé thyA trpCl117 hsdRk
hsdMk) was used for plasmid manipulation and preparation.
Saccharomyces cerevisiae strains: MD4@/4c = «x ura2 trpl leu2-3
leu2-112 his3-11 his3-15; AH22 = a leu2-3 leu2-112 his4-519 0_32R7
SF30 = a/& ura2/URA2 trpl/TRPl leu2-3/leu2-3 leu2-112/leu2-112
his3-11,his3-15/HIS3 his4-519/HIS4 canR/CAN. E.coli media were
prepared according to Miller, 1972 (23). Yeast media were
prepared according to Hawthorne and Mortimer, 1960 (24).
Yeast transformation

Yeast was transformed according to the method of Hinnen et
al., 1978 (25).
DNA isolation

Plasmid DNA was isolated according to the method of Chinault
and Carbon, 1979 (26) and minipreparations of plasmid DNA were
prepared as described by Holmes and Quigley, 1981 (27).
Enzymes, fragment purification and nick translation

Enzymes were purchased from BRL or NBL and used according to
the manufacturers' instructions. DNA fragments were purified
from agarose gels by the method of Tabak and Flavell, 1978 (28).
Nick translations were performed using a kit supplied by BRL and
used according to the manufacturer's instructions. Probes were
labelled to 4x10’-1x188 cpm ug’l. Labelled dNTPs were supplied
by Amersham plc.
DNA sequencing

DNA sequencing was carried out by the method of Sanger et
al., 1977 (29) using reagents provided by BRL.
RNA isolation and blotting

Total yeast RNA was isolated as described previously (30)
from cultures grown to a density of 4-6x1¢l6 cells/ml, transferred
to nitrocellulose filters and hybridised (31). Probe fragments
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Figure 1 (a) Organisation of Tyl-15 showing identified
transcripts as thick black arrows. (b) Structure of mini Ty
elements showing expected transcripts as thick black arrows.
B=BamHl; Bg=BglII; X=XhoI.

were labelled by nick translation (32). The probes used were the
1.25kb Pvu II/Bgl II fragment from Tyl-15 (Figure 1) for Figure
3b) and a human «2-interferon probe (33) for Figure 6b. A
phosphoglycerate kinase (PGK) BamHI/BglII fragment from pMA778
(34) was used as a probe for a loading control in Figures 3b and
6b. For Figure 5b PGK and rRNA specific probes were purified
from EcoRI digested plasmids pMA27 (35) and pYIRG1l2 (36).
respectively.
S1 nuclease protection analysis

S1 nuclease protection analysis was carried out as described
previously (37) except that DNA fragments were end-labelled using
¥-ATP and polynucleotide kinase and the protected DNA fragments
were separated on a denaturing 6% polyacrylamide gel. The probe
used was a 240bp Sau 3A fragment extending from 90bp upstream of
the XhoI site in the 5' delta into the epsilon region of the
element (Figure 1la). The Sau3A sites are boxed in Figure 4.
RNAs used in this analysis were aliquots of the same preparations
used in the Northern blot analysis.

5442



Nucleic Acids Research

Generalised plasmid

E.coli

ORI
Figure 2: PKTx. Generalised plasmid illustrating
reconstruction of the 5' deletion series molecules. [ 22 PGK

5' untranscribed region, -146¢ to -595. B=BamHl; Bg=BglII;
H=HindIII; R=EcoRl; X=XhoI.

Plasmid constructions

(a) Constructing a marked Ty element. To distinguish Tyl-
15 from the 36-35 chromosomal copies of Ty the 2.15kb BglII
fragment at the 3' end of the epsilon region of Tyl-15 was
deleted and a BamHI linker was inserted (Figure 1). The
expected transcripts from this shortened element and their wild
type equivalents are illustrated in Figure 1. This shortened Ty
element was then placed on a multicopy yeast vector (Figure 2).

(b) 5' deletion series. Figure 2 illustrates the general
structure of the plasmids used in the deletion analysis.
Deletions were generated into the 5' delta from the unique
HindIII site, using BAL 31 exonuclease as described previously
(38), for 2-10 minutes at 15°C. Products of the digestion were
ligated with HindIII linkers (CCAAGCTTGG;Collabrative research,
Inc.). The precise endpoints were determined by DNA sequencing.
Molecules were reconstructed to give the general structure pKTx
(Figure 2) such that all the molecules were identical except for
the DNA deleted in the 5' delta. The PGK 5' non-transcribed
region -1409 to -595 from pMA778 (34) was inserted to block
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transcripts known to initiate in the LEU 2/2u region of the
plasmid (J. Mellor, personal communication). This fragment is
known to prevent readthrough transcription from plasmid sequences
(34). Deletion endpoints are illustrated in Figure 3a and are
numbered relative to the ATG of TYA (39). The undeleted control
contains an intact 5' delta and flanking yeast chromosomal DNA
for Tyl-15 (20).
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Figure 3: (a) Deletion endpoints through the 5' delta of Tyl-
15. ATG: initiation codon of TYA. Endpoints are numbered with
reference to the A of the ATG. X=XhoI. (b) Northern blot of
RNAs from the 5' deletion series transformed into yeast strains
haploid MD4#@/4c (panel 1) and diploid SF30 (panel 2). For each
panel: Lane 1, undeleted control. Lane 2, =151 endpoint. Lane 3,
-109 endpoint. Lane 4, -91 endpoint. Lane 5, -5@ endpoint. ¢) Sl
nuclease protection analysis of RNA from haploid cells. Lane M,
size markers. pBR322 digested with HaeIII. Lane 1, untreated
probe. Lane 2, S1 treated probe. Lane 3, undeleted control. Lane
4, -151 endpoint. Lane 5, -189 endpoint. Lane 6, =91 endpoint.
Lane 7, =50 endpoint. Lane 8, control for levels of RNA from
chromosomal copies of Ty. RNA used for this track was isolated
from a yeast transformant containing plasmid pMA91-1 (Tuite et
al, 1982). This plasmid has the same selectable marker as the
other plasmids used in this experiment but does not contain any
Ty sequences. P=undigested probe. A=146 base protected band
from 5.7kb and 5.7kb equivalent transcripts. B=184-199 base
protected bands from plasmid specific transcript through or
initiating in the 3' delta.

(c) Constructions to test for transcriptional activation
signals in the 5' delta. These constructions are illustrated in
Figure 5a. The vectors used to assay for transcriptional
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activators were pMA27AT and pMA763. These plasmids contain a
copy of the yeast phosphoglycerate kinase gene (PGK) without a
UAS, so reducing transcriptional efficiency of the gene (34, 49).
It has previously been shown that insertion of a transcriptional
activator into these plasmids will result in increased expression
of PGK (41). We therefore inserted fragments of the Ty 5' delta
into these plasmids to test for their ability to activate
transcription. The inserted fragments are illustrated in Figure
5a. Fragment (a) extends from the eleventh base of the 5' delta
to the eighth base of the epsilon region. The 5' end was
generated by inserting a BglII linker (CAAAAGATCTTTTG) at the
eleventh base of the 5' delta. The 3' end was generated by
filling in the HinPI site shown in Figure 5a and inserting a
BamHI linker (CCGGATCCGG). Fragment (b) was produced by cutting
fragment (a) at the XhoI site marked in Figure 5a. Fragment (a)
was inserted in both orientations into pMA27AT. Fragment (b) was
inserted in both orientations into pMA27AT and pMA763.
(d)Constructions to analyse the role of the epsilon region.
These constructions are illustrated in Figure 6a. The Ty

transcript is marked with human x2 interferon cDNA inserted in
the correct translational reading frame. 1 and 2 after a
plasmid number indicate the interferon fragment inserted to
maintain the correct reading frame (42). pKT231-1 has been
described previously (42). In pKT202-2 the interferon cDNA is
inserted at the PvuIl site in Tyl-15 via insertion of a BglII
linker (CAAAAGATCTTTTG) and in pKT48-2 the interferon cDNA is
inserted at deletion endpoint 48 (43) which is 7 bases into the
5' delta (Figure 4).

RESULTS
Sequences upstream of the RNA initiation site are required for
transcription of Ty.

To study Ty transcription it is necessary to analyse a single
element and to distinguish its response from the 735 endogenous
Ty elements. This was achieved by constructing a mini Ty
element (Figure 1b). To produce the mini element the 2.15kb Bgl
II fragment at the 3' end of the epsilon region of Tyl-15 (Figure
la) was deleted. The expected mini- transcripts and their wild
type equivalents are illustrated in Figure 1b. We will discuss
the mini-transcripts as wild type equivalents.

To investigate the role of sequences upstream of the RNA
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initiation site in the control of Ty transcription we created a
deletion series into the 5' delta as described in Materials and
Methods. Deletion endpoints are illustrated in Figure 3a and
are numbered relative to the first base of the ATG initiation
codon of the major Ty protein, pl (Figure 4) (30). Molecules
were reconstructed to give the general structure pKTx (Figure 2)
to ensure that all the plasmids were identical except for the DNA
deleted in the 5' delta. To prevent readthrough transcription
from other plasmid promoters a region of DNA that lacks any
transcriptional control elements was inserted adjacent to the
deletion endpoints at the unique Hind III site. The DNA fragment
used was the PGK 5' non-transcribed region, -1490 to -595 (34).

Plasmids containing the deletions described in Figure 3a were
transformed into the haploid yeast strain MD4@/4c. Figure 3b,
panel 1, is a Northern blot of RNA obtained from these
transformants. The blot was probed with a Ty specific probe to
assess the levels of Ty transcripts and also with a PGK specific
probe to check for equal loading of all tracks (see Materials and
Methods). Plasmid copy numbers were checked as described in
Mellor et al, 1985 (35) and found to be consistently high and
equivalent in each transformant (data not shown).

By comparison with the undeleted control (lane 1) deleting to
within 151 bases of the ATG (lane 2) has no effect on the levels
of the 5.7kb equivalent transcript. However in deletions to 109
bases from the ATG (lane 3) and beyond (lanes 4,5) this
transcript is no longer detectable. Signals which are
important for the production of the 5.7kb transcript are
therefore located in the 42 bases deleted between the -151 and
the =109 endpoints and sequences upstream of -151 are not
required for normal levels of expression of this transcript.
Only 99 bases upstream of the RNA initiation site are therefore
required for normal expression levels. Densitometer scans of the
autoradiographs support these conclusions (data not shown).

Analysis of the wild type Ty transcription pattern (Figure 3b,
panel 1, lanes 1 and 2) shows the presence of the minor 2.2kb
transcript (9). The response of this transcript to deletion of
the 5' delta sequences is identical to that of the 5.7kb
equivalent transcript. This suggests that the same promoter
signals control the 5.7kb and the 2.2kb transcripts.

We have shown that the region between -151 and -109 contains
a sequence for normal expression levels of the Ty 5.7kb and 2.2kb
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TGTTGGAATA GAAATCAACT
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AGCTGAAACG CAAGGATTGA
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TATCCCTCGA GGAGAACTTC
-50
AATGGAATCC CAACAATTAT
GGTTACTTCT AAGGAAGTCC
AGAAGAATGT GAGAAGGCTT
Pvull|
ATCAGCTGTT CCAGAGAACC
|

ACAGAATGGG CCGTACCCAC

TTGGTCATTT TACGGACACC

ATCATCTACT AACTAGTATT

ATGACGCAAA TGATGAGAAA

TAATGTAATA| GGATGAATGA
-151

TTAGTATGTA, GAAATATAGA
-9
TAGTATATTC TGTATACCTA
CTCAACATTC ACCCATTTCT
Ay
ACACAAATCA AGATGCGTTA

CCACTAAGGC TAACTCTCAA
CCCATCATGC CTCTCCTCAA
AGCAGTGCAT GATGACCCAA

CATCTATGAT TCCGTATACA
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AATATAAACA

TTCCATTTTG
ATATTATAGC
C4TGGTAGCG
GACGTTTCAG
CAGACAACAA
ACTGCTCAGT
AACCAAGCCA

CCTTATCAA

GTATATTATC

AATTAGTGGA

TATAAAACGG

AGGATTCCTA

CTTTATCAAC

CCTGTGCTTC

CTTCCAAAAC

CACCTGCTTC

CACATTCACC

ATCCATCTGG

Figure 4: DNA sequence
initiation codon of TYA.

of the first 659 bases of Tyl-15. XXX,

Underlined sequences, potential TATA
boxes. Overlined sequences, homology to al:x2 consensus
sequence (Miller et al, 1985, Siliciano and Tatchell, 1986),
EEﬂ!!J, Sau3A sites defining probe used in S1 nuclease protection
analysis. | delta/epsilon boundary. Numbers denote deletion
endpoints.

transcripts. This region encompasses a very AT rich region (75%
AT) of the 5' delta (Figure 4). This region could function as
an upstream activator sequence as suggested for some other yeast
genes e.g. HIS3 (44). Alternatively the region could provide
TATA box function and two potential TATA boxes can be identified
(Figure 4).

To assess the effect of the deletions on initiation of the
5.7kb transcript we carried out an S1 nuclease protection
analysis (Figure 3c). The RNAs used in this analysis were
aliquots of the same preparations run on the Northern gels. The
probe used was a 240bp Sau 3A fragment (Figure 4). The protected
band of approximately 146 bases (A) (Figure 3C, lane 3) confirmed
that in the intact 5' delta the major 5.7kb transcript initiates
the Xhol site (8) most probably at the A or G of the Xho I site
(CTCGAG). Deleting to endpoint -151 (to within 99 bases of the
RNA initiation site) does not change the RNA initiation site
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(lane 4). In further deletions beyond endpoint -~151 the
protected band of 146 bases (Figure 3¢, lane 5,6,7) is similar in
intensity to the control track and is due to transcripts from the
chromosomal copies of Ty (figure 3c, lane 8). In the deletions
which lack the plasmid-encoded 5.7kb equivalent transcript
(Figure 3c, lanes 5,6,7) new plasmid specific protected bands (B)
of 184-199 bases are seen. These are consistent with a new
transcript through, or initiating in, the 3' delta as the probe
is homologous to 190 bases of the 3' delta.

In the Northern blot, Figure 3b, panel 1, a 5.0kb equivalent
transcript can be detected at very low levels in all the
deletions. This transcript is not clearly visible in the control
track (lane 1). This may indicate that signals repressing the
5.0kb transcript are located between the 5' end of the delta and
the =151 deletion endpoint but the low levels of transcript
observed do not allow a firm conclusion to be drawn. The
presence of the 5.0kb transcript from all the deleted molecules
suggests that it is controlled independently of the 5.7kb
equivalent and 2.2kb transcripts.

Mating-type control of Ty tramscripts

Although it is known that the levels of the Ty 5.7kb
transcript are dependent on the mating-type status of the cell
(13) the signals responsible for this control have not been
identified. It is also not known whether the 2.2kb transcript
is subject to this control. We therefore examined Ty
transcription in haploid cells (MD4@/4c)and a/« diploid cells
(SF30) (Figure 3b) to identify the location of the signals which
respond to the mating-type status of the cell. In the undeleted
control it is clear that both the 5.7kb and 2.2kb transcripts
exhibit cell-type specific control, that is they show a/« diploid
repression. Comparison of the wild type and the =151 deletion
in haploid cells (Figure 3b, panel 1) and a/« diploids (Figure
3b, panel 2) show that sequences upstream of deletion endpoint -
151 are not necessary for a/« diploid repression of the 5.7kb
equivalent and 2.2kb transcripts. Further deletion gives no
information on the mating type control of the 5.7kb and 2.2kb
transcripts as these transcripts are no longer detectable.

The mating-type control of the 5.0kb transcript is not
addressed due to the low levels of expression of this RNA.
The 5' delta does not contain tramnscriptional activators.

As discussed above the AT rich region between -151 and -109
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Figure 5: (a) Constructions used to screen for activation
signals in the 5' delta. [CJ PGK UAS. RIS = RNA initiation
site. PGK coding sequences. H=HinPI; X=XhoI. (D)
Northern blot of RNA from MD4@/4c transformants containing the
constructions illustrated in figure S5a. Lane 1, pMA27. Lane 2,
PMA763. Lane 3, no plasmid. Lane 4, pMA763+b. Lane 5, pMA763tb.
Lane 6, pMAZ?ATig. Lane 7, pMA27ATIQ. Lane '8, pMA27AT-Lg. Lane
9, PMA27ATzta. Arrows indicate the direction the inserted
fragment would be transcribed in Ty. P=PGK transcript.
R=ribosomal RNA loading control. -

which is required for normal levels of Ty transcription (Figure
3b, panel 1) could act as a UAS or a TATA box. To assay for a
UAS in the 5' delta sequence we therefore inserted the delta
region and delta subfragments into pMA27AT. This plasmid

5450



Nucleic Acids Research

contains a copy of the phosphoglycerate kinase (PGK) gene without
a UAS. Transcriptional efficiency of the gene is drastically
reduced (34, 40). Transcription can be increased by inserting
transcriptional activators in place of the PGK UAS (41). The
fragments used in this analysis are illustrated in Figure 5a.
Fragment a encompasses almost the entire 5' delta extending from

the eleventh base of the 5' delta to a point seven bases past the
end of the 5' delta (bases =-290 to 45). This caused no
activation of transcription (Figure 5b, lanes 8,9).

We then subdivided fragment a at the Xho I site which
conveniently lies around the RNA start site. This gave fragment
b (bases -299 to -56), a delta subfragment containing the
sequences upstream of the RNA initation site (Figure 5a). This
was also inserted into pMA27AT. No activation of transcription
was observed (Figure 5b, lanes 6,7). We checked that this lack
of activation was not dependent on distance from the PGK RNA
initiation site by using a larger deletion of the PGK promoter,
pPMA763 (34). This placed fragment b closer to the RNA start
site of PGK (Figure 5a), in a position similar to where it is
located in Ty. Again no activation of transcription was
observed (Figure 5b, lanes 4,5). A delta subfragment (bases -
150 to 90) containing sequences downstream of the Xhol site has
also been shown to lack activation signals (41). Ty does not
therefore have a UAS or any activator in the 5' delta sequence as
neither the delta nor the delta subfragment caused any activation
of transcription in this heterologous assay system (Figure 5b)
which is known to respond to a range of heterologous activators
(41). We therefore propose that the region -151 to =109 is
important because it contains a TATA element. This region lies
within 57-99 bases of the Ty RNA initiation site, which places it
in the normal functional range, for yeast genes, of a TATA box
rather than a UAS (21, 45).

Epsilon sequences are necessary for cell-type specific control
and transcriptional activation of Ty transcription.

As no activation signals were identified in the 5' delta in
our assay it appears that Ty transcription is either activator
independent or that activators are located in the epsilon region.
We had also failed to locate any cell-type specific controls in
the 5' delta. We therefore decided to analyse the importance of
the epsilon region in activation and cell-type specific control
of Ty transcription. In this experiment the delta sequences
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Figure 6: (a)Constructions used to analyse the role of the
epsilon region in the control of Ty transcription. numbers in

brackets = transcript size. Bg=BglII; Pv=PvulIl; X=XhoII. (b)
Northern blot of haploid MD48/4c, haploid AH22 and diploid SF30
transformants containing the construstions illustrated in figure
6a. Panel 1, pKT48-2. Panel 2, pKT2@02-2. Panel 3, pKT231l-1.
For each panel: Lane 1, AH22. Lane 2, MD4@/4c. Lane 3, SF30. The
1.45 kb chromosomal PGK gene transcript which was used as an
internal standard is indicated.

upstream of the RNA initiation site were retained and sequences
were deleted from the epsilon region. Ty transcripts were
marked with human &2 interferon cDNA, inserted in the appropriate
Ty open reading frame. Interferon cDNA was inserted at three
points in Tyl-15 (Figure 6a). These were at the first Bgl II
site to produce pKT231-1 (42), at the first Pvu II site to
produce pKT202-2 and a point 7 bases within the 3' end of the
delta to produce pKT48-2 (Figure 4) (43). Plasmid copy number
was consistently high in all transformants (data not shown).
Deleting sequences downstream of the first Pvu II site in
Tyl-15 has no effect on the cell-type specific control of the
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5.7kb transcript (pKT262~2 and pKT231-1, Figure 6b, panel 2 and
3). Control is lost however in the deletion which extends 7bp
into the 5' delta (pKT48-2, Figure 6b, panel 1). These
conclusions are supported by densitometer scans of the
autoradiographs (data not shown). a/a diploid repression of the
5.7kb transcript therefore requires a sequence located in the 148
bases deleted between pKT2@2-2 and pKT48-2. Homozygous diploids
were also examined. Transcript levels from all constructs were
the same in these diploids as in haploid cells (data not shown).

Figure 6b, panel 1 also shows that the 5' delta will direct
transcription of Ty, although at very low levels. These signals
are however not sufficient to explain the normal expression
levels of Ty transcripts. The major reduction in Ty
transcription levels is seen when sequences between the first Pvu
II site and the first Bgl II site are deleted (Figure 6b, panels
2 and 3, lane 1). This is consistent with there being, between
these sites, transcriptional activation signals which elevate the
basal levels of transcription to the normally observed levels of
Ty transcription.

DISCUSSION

An array of signals both upstream and downstream of the RNA
initiation site is involved in controlling Ty transcription. The
first 150 nucleotides of the 5' delta are not required for normal
levels of transcription of the Ty 5.7kb and 2.2kb RNAs but
further deletion of 42 nucleotides encompassing an AT rich region
of the 5' delta from -151 to -109 dramatically reduces the levels
of Ty transcription. This AT rich region appears to function as
a TATA box. There is no UAS in the 5' delta of this class of Ty
element. This contrasts with the results of Liao et al., 1987
(19) who propose a UAS in the 5' delta of the class II element
which they investigated. The 5' UAS activity in the class II
element was however only detected in conjunction with the
downstream elements. The sequence of the 5' deltas is identical
in the area of the putative UAS (19; Figure 4) suggesting that
the requirements of the downstream activators must be
significantly different in the two classes of element. The Tyl-
15 5' delta can, however, direct low basal levels of Ty
transcription. It is interesting in this context that the 5'
delta contains two regions of homology (>78%) (see Figure 7) to
the sequences recognised by the BAS2 gene product recently
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Figure 7: Summary of the location of signals involved in the
control of transcription of Ty and neighbouring genes. —
signals affecting Ty transcription. Signals affecting the
transcription of neighbouring genes. TAS = Ty activator
sequence. [l homology to the BAS2 consensus sequence (Arndt et
al, 1987) =205 to -188 and -155 to -138. xx Homology to the
al:x2 consensus sequence (Miller et al, 1985, siliciano and
Tatchell, 1986). Bg=BglII; Hp=Hpal; P=Pvull; Rs=Rsall; S=Sau3A;
X=Xhol.

identified upstream of HIS4 and PHOS5 (46). In the case of HIS4
these sequences are required for the low basal expression levels
of the gene.

Considering the close relationship between Ty and retroviruses
it was surprising to find no major transcriptional activators
within the 5' delta. Transcriptional control signals have,
however, also been identified within retroviral transcriptional
units e.g., in Bovine leukaemia virus (49) and in avian
retroviruses (50). However, where these downstream activators
have been found (47, 49, 50) there have also been major upstream
activation signals. In the copia elements of Drosophila,
transcriptional control signals may also be located 3' to the RNA

start site (51). It therefore appears that the downstream
location of transcriptional control signals may be a feature of
retrotransposons.

Cell-type specific control of Ty transcription is clearly
mediated via sequences located within the epsilon region of the
element. This contrasts with the other yeast genes which
exhibit a/& diploid repression. These include HO, RME, MAT e,
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STE 5 and KAR 1 (52, 53, 54, 55). Control of HO and MAT &1
requires interaction of al:«2 with an upstream consensus sequence
(56, 57) and no downstream sequences have been shown to be
required. A search for homology to the al:a2 upstream consensus
sequence (T/CCA/GTGTnnA/TnAnnTACATCA) (56) in the region between
the deletion endpoint in pKT48-2 and the Pvull site found
GCCTGTGCTTCGGTTACTTCT (Figure 4) to be the best fit. With one
insertion in the Ty string 15/28 nucleotides fit the consensus.
This is weaker homology than that shown by the upstream regions
of the al:x2 controlled yeast genes (56, 57). These differences
in mating type control of Ty and other a/e¢ repressed genes
suggests that the mechanism for control of Ty may be different,
either using al:x2 in an indirect way or independent of this
control pathway.

Figure 7 shows the dispersed distribution of the Ty
transcriptional control signals. Signals within Ty are also
known to activate neighbouring genes and to place them under
cell-type specific control (the ROAM effect) (41). These signals
are called Ty activating sequences (TAS). There have been
various other reports of epsilon sequences being required to
mediate the ROAM effect. These sequences include an enhancer-
like sequence 290 bases from the ATG with homology to the SV40
enhancer (58) in class II elements and two sequence blocks 350
and 520 bases from the ATG with homology to the SV40 enhancer and
al:x2 consensus sequences in class I elements (59, 60). However,
the ROAM effect can be produced by the 5' Sau3A/Pvull fragment
(bases 90 to 181, Figure 7) of Tyl-15 (TAS1) (41) which is also
within the sequences necessary for mating type control of Ty
transcription (bases 33-181,Figure 7). It may be that the
mating-type control of Ty transcription and the ROAM effect are
mediated via the same sequences. If this is the case then the
weak homology to the al:«2 sequence (bases 48-68) is unlikely to
have any functional significance in diploid repression of Ty
transcription as it lies outside the fragment required for the
ROAM effect defined by Rathjen et al, 1987 (41).

'Host' control of transcription is not unique to Ty. For
example copia elements in Drosophila show maximum levels of
expression in larvae (16), the copia-like element 412 is
expressed to the highest level in late embryos (61), the mouse
intracisternal A-type particles (IAPs) show elevated expression
in differentiated embryonal carcinoma cell lines (3) and the
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mouse VL3@ element has increased expression levels in
proliferating cells (62). Cell-type specific control is also
characteristic of some retroviruses e.g. Moloney murine sarcoma
virus, MoMSV (63), bovine leukaemia virus, BLV (49) and mouse
mammary tumour virus, MMTV (64) and sometimes involves signals
within the transcriptional unit (BLV and MMTV, (49, 50)). The
widespread occurrence of cell-type specific control exerted on
retro-elements by their ‘hosts' suggests that there may be a
fine balance between retro-element expression and proliferation
and cell viability.
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