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Approximately 30 copies of the Ty1 retrotransposon are present in the genome of Saccharomyces cerevisiae.
Previous studies gave insights into the global regulation of Ty1 transcription but provided no information on
the behavior of individual genomic elements. This work shows that the expression of 31 individual Ty1 elements
in S288C varies over a 50-fold range. Their transcription is repressed by chromatin structures, which are
antagonized by the Swi/Snf and SAGA chromatin-modifying complexes in highly expressed Ty1 elements. These
elements carry five potential Gcn4 binding sites in their promoter regions that are mostly absent in weakly
expressed Ty1 copies. Consistent with this observation, Gcn4 activates the transcription of highly expressed
Ty1 elements only. One of the potential Gcn4 binding sites acts as an upstream activating sequence in vivo and
interacts with Gcn4 in vitro. Since Gcn4 has been shown to interact with Swi/Snf and SAGA, we predict that
Gcn4 activates Ty1 transcription by targeting these complexes to specific Ty1 promoters.

The Ty retrotransposons of yeast are structurally and func-
tionally related to retroviruses. They transpose via an RNA
intermediate, encode a reverse transcriptase, and produce vi-
rus-like particles. The Ty1 copia-like retrotransposon is the
most abundant in Saccharomyces cerevisiae.

Ty1 transcripts are initiated in the 5� long terminal repeat
(LTR; also called �) and are terminated in the 3� LTR. They
account for nearly 10% of total mRNA in haploid cells. Two
TATA boxes and an upstream activating sequence (UAS) el-
ement are located in the 5� LTR (13, 17). Additional regula-
tory sequences are located downstream of the LTR in the
internal portion of Ty1, within the first kilobase of the element
(reviewed in reference 6). The Ste12 and Tec1 transcriptional
activators of the Kss1 mitogen-activated protein kinase path-
way recognize a sequence located within the TY1A open read-
ing frame (4). In haploid cells, Ste12 and Tec1 are required for
Ty1 transcription (30, 34). In diploid cells, they activate Ty1
transcription only under conditions that induce the Kss1 inva-
sive-filamentous pathway (34). Ty1 transcription is also depen-
dent on Gcr1, a transcriptional activator of glycolytic enzymes.
Gcr1 recognizes a sequence located upstream of the TATA
boxes in the 5� LTR (13, 50). In addition, the Mcm1, Tea1, and
Rap1 DNA-binding factors have been shown to interact with a
region in Ty1 called the downstream enhancer-like region and
to activate Ty1 transcription (15, 20, 21). Likewise, Mot3, a
zinc finger DNA binding protein, binds the Ty1 LTR in vitro
and represses Ty1 transcription modestly in vivo (32). Finally,
an a1/�2 repressor complex binding site located in the TY1A
sequence may contribute to the repression of Ty1 transcription
in diploid cells (16). Given this complexity, the Ty1 promoter
is closer to higher eukaryotic promoters, which contain many
regulatory elements over a long distance, than to bona fide S.

cerevisiae promoters, which are usually compact and have
fewer elements located upstream of the TATA box.

Insertions of Ty1 elements into the promoter sequence of a
gene can modify the transcriptional regulation of that gene,
either increasing or decreasing its expression (reviewed in ref-
erence 6). Analysis of extragenic suppressors of inactivating
Ty1 insertions that reestablish adjacent gene expression, called
spt for suppressors of Ty, led to the identification of several
genes required for Ty1 expression (reviewed in reference 53).
In spt3, spt7, spt8, and spt20 mutants, Ty1 mRNA levels are
strongly reduced. The Spt3, Spt7, Spt8, and Spt20 proteins are
components of the SAGA (Spt-Ada-Gcn5 acetyltransferase)
histone acetyltransferase complex (19). Independently, it was
shown that Ada2, Ada3, and Gcn5 proteins, components of the
SAGA complex, are also required for Ty1 transcription (42).
SAGA combines histone acetylation, activator interactions,
and TATA box binding protein interactions (46). Transcription
of Ty1 also depends on the Snf2, Snf5, and Snf6 proteins of the
Swi/Snf nucleosome-remodeling complex (9, 22). Swi/Snf per-
turbs nucleosome structure in a way that increases accessibility
to nucleosomal DNA (reviewed in reference 52). Both SAGA
and Swi/Snf complexes activate the transcription of a subset of
genes including HO, SUC2, INO1, and Ty1 elements (42, 54).
In contrast, the Isw1 and Isw2 chromatin-remodeling ATPases,
which affect � element chromatin, inhibit Ty1 transcription
(27). The involvement of SAGA, Swi/Snf, Isw1, and Isw2 com-
plexes known to regulate RNA polymerase II access to DNA
strongly suggests that Ty1 transcription may be regulated by
particular chromatin conformations. This hypothesis is
strengthened by the fact that nucleosome depletion suppresses
Ty1 transcriptional defects observed in snf2 mutants, which are
unable to antagonize repressive chromatin structures (25).

Thirty-two copies of Ty1 are present in the genome of strain
S288C (28). Previous measurements of steady-state Ty1
mRNA levels gave an overview of the regulation of resident
Ty1 element expression. However, they provided no informa-
tion on the individual behavior of these elements. A study on
de novo Ty1 insertions showed that the position of integration
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influences Ty1 expression (7, 11). For example, transcription of
Ty1 elements located in the RDN1 locus is silenced (7). To
obtain insight into the expression of resident Ty1 elements, we
constructed haploid strains, each expressing lacZ under the
transcriptional control of a different Ty1 element at its original
locus (34). The results presented below show that genomic Ty1
elements are expressed at very different levels and suggest
explanations for this behavior.

MATERIALS AND METHODS

Yeast strains and media. Yeast were grown in rich YPD, Hartwell’s synthetic
complete (HC), and synthetic minimum (SD) media as described elsewhere (1).
Unless otherwise stated, 2% glucose was used as the carbon source. Yeast
transformations were performed by the lithium acetate procedure (1). Strains are
derivatives of FYBL1-23D, mat� flo8-1 ura3-�851 trp1�63 his3�200 (isogenic to
S288C [34]) or Y328, MAT� gcn4-2 ura3-52 leu2-3,112 (gcn4-2 is a partial dele-
tion of GCN4 [2]).

To obtain 31 strains, each expressing lacZ from a different Ty1 element,
FYBL1-23D was transformed with a �ty1a�-lacZ-URA3-�ty1b� DNA fragment
carrying lacZ fused in-frame to TY1A (at coordinate 1571 of Ty1-H3 [5]). In this
construct, the �ty1a� and �ty1b� sequences come from Ty1-H3 (coordinates 1144
to 1571 and 2171 to 3726, respectively) that is highly homologous to the genomic
Ty1 elements. Ura� recombinants were analyzed by PCR and Southern blotting
to identify which Ty1 element carried the fusion (34). Because we failed to obtain
lacZ fusions at Ty1(BL), Ty1(LR2), and Ty1(ML2) by this method, we targeted
integration at these three loci by transforming FYBL1-23D with three ty1a-lacZ-
URA3-downTy1 constructs. In these constructs, the downTy1 portion corresponds
to a sequence of approximately 800 bp immediately downstream of either
Ty1(BL), Ty1(LR2), or Ty1(ML2) that was amplified by PCR from genomic
DNA. Ultimately, fusions to lacZ were obtained with all elements present in
S288C, except Ty1(H). The TY1A-lacZ fusions were named according to the Ty1
sequence annotation by the Munich Information Center for Protein Synthesis
(http://www.mip5.mpg.de/yeast/), e.g., TY1A(PR1)-lacZ corresponds to lacZ
fused to the first Ty1 element of chromosome XVI to the right of the centro-
mere. Their precise coordinates can be obtained upon request.

The strain carrying a TY1Ah(ML2)-lacZ fusion at position 815 of Ty1(ML2)
was obtained upon transformation of FYBL1-23D, with a �tyah�-lacZ-URA3-
downTy1(ML2) construct. In this construct, the �ty1ah� sequences come from
Ty1-H3 (coordinates 238 to 815) and downTy1(ML2) corresponds to 800 bp
immediately downstream of Ty1(ML2). Null alleles of STE12 and TEC1 were
obtained in the FYBL1-23D derivatives by one-step gene replacement using
PCR fragments of the TRP1 gene, amplified with long primers containing 5� and
3� sequences of STE12 and TEC1, respectively (3). In the same way, the SNF2,
SPT3, and SPT7 genes were replaced by the KanMX gene (33). To delete
HTA1-HTB1, we first replaced LYS2 with the lys2-128� allele, which confers
lysine auxotrophy, by homologous recombination using the upLYS2-KanMX-lys2-
128� construct of pPL159. Then we replaced HTA1-HTB1 with HIS3 and se-
lected His� recombinants that were lysine prototrophs, as described previously
(25). LV261 contains a DPS1-lacZ fusion integrated at the DPS1 locus and was
obtained by transforming FYBL1-23D with an integrative URA3 plasmid con-
taining a DPS1-lacZ fusion.

LV555 was constructed by replacing HIS3 with the KanMX gene in Y328, and
LV568 was obtained by integrating a ty1ah-lacZ-URA3-downTy1(PR1) construct
in LV555 at Ty1(PR1). In the ty1ah-lacZ-URA3-downTy1(PR1) construct, the
ty1a sequences come from Ty1-H3 (coordinates 238 to 815) and the
downTy1(PR1) sequences correspond to approximately 800 bp immediately
downstream of Ty1(PR1) that was amplified by PCR from genomic DNA.

All gene replacements were confirmed by PCR analysis.
Plasmids. The pPL159 plasmid containing the upLYS2-KanMX-lys2-128� con-

struct was obtained in two steps. First, we subcloned the 0.9-kb EcoRI-BglII
fragment of pGS64 (a generous gift from F. Winston) containing the lys2-128�
allele in pMTL22 (8). Second, we introduced 5� to lys2-128� a BamHI-EcoRI
PCR-amplified fragment containing the sequences upstream of LYS2 from co-
ordinates �294 to �242 and the KanMX sequence. The upLYS2-KanMX-lys2-
128� construct was isolated from the resulting pPL159 plasmid as a 2.5-kb
BamHI-BglII fragment.

Plasmid p164 (GCN4 URA3 CEN) and plasmid p238, which overproduces
Gcn4 (GCN4c URA3 CEN), generous gifts from A. Hinnebusch, have been
described previously (43). Plasmids pAM19 (GCN4 HIS3 CEN) and pAM25
(GCN4c HIS3 CEN) were obtained by introducing the 2.2-kb EcoRI-SalI frag-

ment of p164 or the 2-kb SalI-PvuII fragment of p238, respectively, into pRS313
(44).

The lacZ gene is expressed from all the HIS4 regulatory sequences in pHIS4-
lacZ (2�m URA3) (a generous gift from B. Daignan-Fornier). Plasmid
pHIS4�UAS-lacZ was constructed by inserting a 192-bp PstI-HindIII PCR frag-
ment, containing HIS4 sequences from coordinates �144 to �36, into Yep354
(2�m URA3) (36). The HIS4�UAS-lacZ fusion lacks the binding sites for all
known activators of HIS4 transcription (i.e., Gcn4, Bas1, and Rap1) and retains
only the TATA box (at position �123) and the transcription start site (at position
�65) (2). Plasmids pHIS43H-lacZ and pHIS43L-lacZ were constructed in three
steps. First, we generated double-stranded DNA molecules containing either the
region of 12 nonconserved residues of the highly expressed Ty1(PR1) element
(H molecules) or the region of 12 nonconserved residues of the poorly expressed
Ty1(DR3) element (L molecules) by annealing the following oligonucleotides:
for the H sequence, O-AM155 (5� TCGAGGAATCCCAACAATTATCTCAA
CATTCACCCATTTCTCATGGTAGCGCCTGTGCTTCGGTCGACG 3�) and
O-AM156 (5� TCGACGTCGACCGAAGCACAGGCGCTACCATGAGAAA
TGGGTGAATGTTGAGATAATTGTTGGGATTCC 3�), and for the L se-
quence, O-AM153 (5� TCGAGGAATCCCAACAATTATCTAATTACCCAC
ATATATCTCATGGTAGCGCCTGTGCTTCGGTCGACG 3�) and O-AM154
(5� TCGACGTCGACCGAAGCACAGGCGCTACCATGAGATATTATGTG
GGTAATTAGATAATTGTTGGGATTCC 3�). Sequences corresponding to
the 12-residue nonconserved region are underlined. H and L sequences corre-
spond to sequences of Ty1(PR1) and Ty1(DR3) from coordinates 296 to 354,
respectively. In a second step, the H and L DNA molecules were introduced at
the XhoI site of pMTL22 (8), in which the SalI site was destroyed. Plasmids
pAM29, containing three copies of H, and pAM31, containing three copies of L,
were recovered and sequenced. Finally, the 3H and 3L sequences were inserted
as 200-bp BglII-StuI fragments into pHIS4�UAS-lacZ digested with BamHI and
SmaI to yield plasmids pHIS43H-lacZ and pHIS43L-lacZ, respectively.

In vitro DNA-protein binding assay. His-tagged Gcn4 protein was overpro-
duced and purified from a strain carrying a pET28b derivative, containing almost
the entire GCN4 open reading frame (kindly provided by M. Proft [40]). The
“3H” and “3L” DNA probes were purified from pAM29 and pAM31, respec-
tively, as XhoI-BglII fragments and were labeled by filling their protruding ends
with Klenow polymerase. His-tagged Gcn4 protein (5 to 160 ng) was incubated
for 20 min at room temperature with 0.2 to 0.3 ng of a 32P-radiolabeled probe in
20 �l of binding buffer (10 mM Tris-HCl [pH 7.9], 1 mM EDTA, 500 mM Nacl,
15% glycerol, 3 �g of bovine serum albumin). Reaction products were separated
by electrophoresis at 4°C on a 5.5% polyacrylamide gel (80:1) in low-ionic-
strength buffer (6.7 mM Tris-HCl [pH 7.9], 3.3 mM sodium acetate, 1 mM
EDTA).

Northern blot analysis and �-galactosidase assays. Cultures and procedures
were performed as described previously (34). �-Galactosidase units are ex-
pressed in nanomoles of 2-nitrophenyl-�-D-galactopyranoside hydrolyzed per
minute per milligram of protein. Values are averages of at least three indepen-
dent measurements. Standard deviations are 	10%.

RESULTS

Ty1 copies are expressed at different levels from relatively
weak promoters. To determine the relative transcription level
of each of the individual Ty1 elements present in S. cerevisiae
S288C, we constructed 31 strains, each expressing a lacZ chro-
mosomal fusion from the transcriptional signals of a different
Ty1 element. These fusions were named according to the Ty1
sequence annotation by MIPS (see Materials and Methods)
(34). Expression of the 31 TY1A-lacZ fusions was determined
by measuring the �-galactosidase activity of each strain. Our
results indicate that the relative level of expression of the Ty1
elements varies over a 50-fold range [0.6 U of �-galactosidase
for the least-expressed TY1A(DR3)-lacZ fusion versus 30.1 U
for the best-expressed TY1A(LR4)-lacZ fusion (Fig. 1A)]. To-
tal RNA was extracted from six representative strains produc-
ing different levels of �-galactosidase activity. Northern blot
analysis using a lacZ probe showed a clear correlation between
�-galactosidase activity and steady-state levels of TY1A-lacZ
transcripts in these strains (Fig. 1C) (34). Our results also
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indicated that 75% of total �-galactosidase activity comes from
11 elements only. We arbitrarily named these elements “highly
expressed elements” in this study. In contrast, the 20 elements
expressed at lower levels are referred to as “weakly expressed
elements.”

To determine the strength of Ty1 promoters, we next com-
pared the sum of the �-galactosidase activities of the 31 TY1A-
lacZ fusions with the activity of TY1A-lacZ fusions expressed
from the inducible GAL1 promoter. The total �-galactosidase
activity of the 31 TY1A-lacZ fusions was estimated to be 335.8
U (Fig. 1B). The expression of 31 fusions from the Ty1 pro-
moter sequences was only twofold higher than the activity
obtained with the GAL1p-TY1A(DR3)-lacZ or GAL1p
TY1A(PR1)-lacZ fusion under conditions of galactose induc-
tion (Fig. 1B, Gp-DR3 and Gp-PR1). In these two fusions, the
genuine promoter of Ty1(DR3) or Ty1(PR1) is replaced by the
inducible GAL1 promoter at the original location (34). Previ-
ous Northern blot analyses estimated that steady-state levels of
induced GAL1 mRNA were 0.2 to 1% of total mRNA and that
steady-state levels of Ty1 mRNA were more than 10% of total
mRNA (12, 14, 47). Therefore, we expected approximately 10-
to 50-fold-higher levels of �-galactosidase activity from the 31
TY1A-lacZ fusions than from a single fusion expressed from
the GAL1 promoter. This prediction is far from the observed
twofold difference (335.8 versus 150 U [Fig. 1B]). Since the
TY1A-lacZ mRNA molecules expressed from the Ty1 endog-
enous promoter and from the GAL1 promoter are identical (5,
34), the twofold variation in �-galactosidase levels reveals a
difference in promoter activity rather than in mRNA stability
or translatability. Therefore, the discrepancy in �-galactosidase
activity between the 31 TY1A-lacZ fusions and a single fusion
expressed from the GAL1 promoter can only be attributed to
a difference in promoter strength and suggests that the Ty1
promoters, even those of highly expressed elements, are rela-
tively weak.

Ty1 transcription is inhibited by repressive chromatin
structures that are differentially antagonized by the Swi/Snf
chromatin-remodeling complex. Deletion of the HTA1-HTB1
gene pair, one of the two sets of genes encoding histones H2A
and H2B, leads to an unbalanced production of histones. The
consequent alteration in chromatin structure correlates with an
enhancement of Ty1 mRNA levels (25). This observation sug-
gests that Ty1 transcription might be inhibited by nucleosomes.
To determine whether repressive chromatin could be respon-
sible for the low transcriptional levels of some Ty1 elements,
we compared the �-galactosidase activities of several TY1A-
lacZ fusions in wild-type and hta1-htb1� cells. The results show
that the �-galactosidase activities of poorly expressed TY1A-
lacZ fusions were 3- to 22-fold higher in hta1-htb1� mutants
than in the wild type. In contrast, the expression of highly
expressed fusions remained constant (Fig. 2A). This result
suggests that repressive chromatin is partially responsible for
the inefficient transcription of those Ty1 elements expressed at
lower levels. In parallel, we compared steady-state levels of
total Ty1 mRNA in wild-type and hta1-htb1� strains by North-
ern blot analysis. A 2.1- to 2.9-fold increase in total Ty1 mRNA
was observed upon histone depletion, in agreement with pre-
viously published results (Fig. 2B) (25).

Previous studies reported that Ty1 mRNA levels are se-
verely reduced in mutants deficient in Swi/Snf chromatin-re-

FIG. 1. Expression of native Ty1 elements in haploid cells. (A) �-
Galactosidase activities of the 31 TY1A-lacZ fusions expressed in
FYBL1-23D derivatives. Open bars, Ty1 elements defined in the text
as weakly expressed elements; solid bars, Ty1 elements defined in the
text as highly expressed elements; t, single-nucleotide change in the
Tec1 binding site; *, �-galactosidase obtained with several strains con-
taining an independently obtained fusion at the same Ty1 locus.
Strains were grown in HC medium lacking uracil. �-Galactosidase
activities were assayed as described in Materials and Methods and are
shown at the right of each bar. (B) Comparison of the sum of the
�-galactosidase activities obtained with the 31 TY1A-lacZ fusions
(
Ty1) with the �-galactosidase activities in the presence of galactose
of Gp-PR1 and Gp-DR3, two TY1A-lacZ fusions in which the U3
region of the 5�LTR has been replaced by the GAL1 promoter at
Ty1(PR1) and Ty1(DR3), respectively (34). In the presence of glucose,
these two fusions gave approximately 1 U of �-galactosidase activity.
(C) Northern blot analysis of total RNA in wild-type cells. For each
strain, 10 �g of RNA was loaded onto the gel. Steady-state levels of
TY1A-lacZ mRNA were normalized to ACT1 mRNA levels. The ratios
given are relative to the TY1A(DR3)-lacZ/ACT1 ratio, arbitrarily set
at 1.
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modeling and SAGA histone acetyltransferase activities (9, 22,
42). Thus, we expected that inactivation of Swi/Snf would affect
the transcription of those Ty1 copies requiring chromatin re-
modeling for increased expression. Since snf2� mutants lack
the ATPase function essential for remodeling activity (31), we
deleted SNF2 in several strains carrying representative TY1A-
lacZ fusions. Transcription of the TY1A-lacZ fusions expressed
at higher levels was dramatically diminished in the absence of
SNF2 (19.4- and 20.8-fold reductions [Fig. 2C]), whereas the
�-galactosidase activities of TY1A-lacZ fusions expressed at
lower levels were not significantly affected by the snf2� muta-
tion. We chose TY1A-lacZ fusions producing 2 to 6.5 U of
�-galactosidase activity in a wild-type background to represent
the poorly expressed elements, so that a decrease in activity
could be easily detected.

To determine whether SAGA also contributed to the ex-
pression of highly transcribed Ty1 elements, we compared the
expression of the highly transcribed Ty1(ML2) element in
wild-type cells and spt3� or spt7� mutants. Deletion of SPT3
causes a subtle structural alteration of SAGA, whereas dele-
tion of SPT7 completely disrupts SAGA (46). Previous results

showed that in spt3 mutants, Ty1 transcription from the orig-
inal start site decreases in favor of a new transcript initiated at
approximately coordinate �1000 (55). To avoid any �-galac-
tosidase expression from that transcript, we constructed a
TY1A(ML2)h-lacZ fusion, in which lacZ is fused at position 815
of Ty1(ML2). In wild-type cells, this fusion yielded 87 U of
�-galactosidase activity. In spt3� and spt7� mutants, �-galac-
tosidase activity was decreased to 19 and 5 U, respectively. A
dramatic decrease in activity was also observed in snf2� mu-
tants (to approximately 1 U).

The reduction of Ty1(ML2) and Ty1(PR1) expression in the
presence of mutations altering either SAGA or Swi/Snf activity
indicates that these elements require chromatin remodeling to
be expressed. These data, in addition to those obtained with
hta1-htb1� cells, suggest that Ty1 elements are contained in
repressive chromatin and that the Swi/Snf and SAGA com-
plexes are able to antagonize this repressive chromatin at cer-
tain Ty1 loci, i.e., those elements that are highly expressed.

In hta1-htb1� mutants, transcription of weakly expressed
Ty1 elements requires Ste12 and Tec1. The transcriptional
activators Ste12 and Tec1 bind Ty1 DNA downstream of the

FIG. 2. Ty1 transcription is repressed by chromatin. (A) �-Galactosidase activities determined in HTA1-HTB1 and hta1-htb1� cells. Ty1
elements expressed at low levels and Ty1 elements expressed at high levels are defined in the text. (B) Northern blot analysis of total RNA extracted
from wild-type (HTA1-HTB1), hta1-htb1�, ste12�, hta1-htb1� ste12�, and hta1-htb1� tec1� cells. For each strain, 10 �g of RNA was loaded onto
the gel. Ty1 mRNA levels were normalized to ACT1 mRNA levels. Ratios given are relative to the ratio measured in the HTA1-HTB1 strain,
arbitrarily set at 1. (C) �-Galactosidase activities determined in SNF2 and snf2� cells. (D) �-Galactosidase activities determined in wild type
(HTA1-HTB1), ste12�, hta1-htb1�, and hta1-htb1� ste12� cells. A DPS1-lacZ fusion integrated at the DPS1 gene in LV261, which encodes an
aspartyl-tRNA synthetase and whose expression is not regulated by chromatin, served as a control in our experiments. All strains are FYBL1-23D
derivatives and were grown in HC medium lacking uracil. �-Galactosidase activities were assayed as described in Materials and Methods.
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TATA boxes and activate Ty1 transcription in wild-type cells
(4, 30, 34). The role of these factors in the activation of Ty1
transcription is confirmed, in the case of Ste12, by our North-
ern blot analysis (Fig. 2B; compare HTA1-HTB1 with HTA1-
HTB1 ste12�). The same analysis shows that in an hta1-htb1�
mutant also, Ty1 transcription requires Ste12 and Tec1 (Fig.
2B; compare hta1-htb1� with hta1-htb1� ste12� and hta1-
htb1� tec1�).

We also investigated the role of Ste12 in the transcriptional
activation of several weakly expressed TY1A-lacZ fusions in
hta1-htb1� strains. �-Galactosidase activity was diminished 4-
to 12-fold in the absence of STE12 [Fig. 2D, fusions to
Ty1(DR3), Ty1(ML1), Ty1(MR2), and Ty1(DR1)]. A similar
decrease in �-galactosidase activity was observed in the ab-
sence of TEC1 in these strains (data not shown). Taken to-
gether, these results suggest that chromatin inhibits transcrip-
tion of Ty1 elements expressed at low levels by preventing the
binding of Ste12 and Tec1. Our results do not exclude the
possibility that the recruitment of other transcriptional activa-
tors is also impaired by the presence of nucleosomes at Ty1.

Interestingly, the absence of STE12 in HTA1-HTB1 cells
caused a decrease in �-galactosidase activity produced by the
highly expressed TY1A(ML2)-lacZ fusion similar to that ob-
served for poorly expressed TY1A-lacZ fusions in hta1-htb1�
cells. Since TY1A(ML2)-lacZ requires chromatin remodeling
by Swi/Snf and SAGA for high-level expression, this result
suggests that chromatin remodeling at Ty1(ML2) also allows
subsequent transcriptional activation by Ste12.

Identification of five potential Gcn4 binding sites in the
highly expressed Ty1 elements. Recent studies implicate sev-
eral DNA-binding transcriptional activators in the targeting of
Swi/Snf and SAGA complexes to specific promoters (reviewed
in reference 41). We asked whether already known transcrip-
tional regulators of Ty1 might be involved in recruiting Swi/Snf
or SAGA to Ty1 promoter regions. We first searched for dif-
ferences in the binding sites of Ty1 transcriptional factors that
might account for differences in expression. Alignments of the
Gcr1, Ste12, Mcm1, Tea1, and Rap1 binding sites of each of

the Ty1 elements did not reveal any correlation between a
deviation from the consensus sequence and expression of the
TY1A-lacZ fusions (data not shown). The Tec1 binding site, on
the other hand, was not well conserved among Ty1 elements;
several weakly expressed Ty1 elements had the same single-
nucleotide change (underlined) in the Tec1 consensus binding
site (GAATA instead of GAATG) (Fig. 1A). To determine
whether this change was responsible for the low expression
level of some Ty1 elements, we restored a GAATA Tec1 bind-
ing site to the consensus sequence in a TY1A(DR3)-lacZ fusion
in which lacZ was fused to TY1A at coordinate �425. Expres-
sion of the TY1A(DR3)-lacZ fusion showed the same Tec1
dependency with the GAATA and GAATG binding sites (data
not shown). This finding suggests that the single-nucleotide
difference in the Tec1 binding site found in some poorly ex-
pressed Ty1 elements is not responsible for the difference in
expression.

We next looked for differences outside of the motifs recog-
nized by known regulators of Ty1 expression in the first kilo-
base of Ty1, which contains all the sequences regulating Ty1
transcription. We identified a region of 12 nonconserved res-
idues in the LTR region downstream of the transcription start
site, at positions 315 to 326. Using the Saccharomyces cerevisiae
Promoter Database (SCPD; http://cgsigma.cshl.org/jian/), we
identified a potential Gcn4 binding site (TGAATG) in this
region at positions 323 to 318 (Fig. 3A and B, Gcn4E site).
Four additional potential Gcn4 binding sites were pinpointed
in the LTR regions of several elements as well (Fig. 3A and B,
Gcn4A to Gcn4D sites). Interestingly, 8 out of 11 highly ex-
pressed elements possessed all five potential Gcn4 binding
sites (Gcn4A to Gcn4E), while the full complement of binding
sites was present in only 4 of the 20 poorly expressed elements
(Fig. 3C). Gcn4 is a transcriptional activator of amino acid
biosynthetic genes that binds to multiple sites upstream of the
genes it regulates (24). The identification of five potential
Gcn4 binding sites in several of the highly expressed elements
suggested that Gcn4 might specifically activate their transcrip-
tion.

FIG. 3. Potential Gcn4 binding sites in the 5� LTRs of Ty1 elements. (A) Locations of the five potential Gcn4 binding sites in the 5� LTR. A,
B, C, D, and E, Gcn4A, Gcn4B, Gcn4C, Gcn4D, and Gcn4E sites, respectively; stippled boxes, motifs recognized by the transcriptional regulators
indicated below the boxes. (B) Coordinates and sequences of the Gcn4A, Gcn4B, Gcn4C, Gcn4D, and Gcn4E sites. Coordinates are given relative
to the numbering of Ty1-H3 (5). For each binding site, the order of the coordinates represents its orientation in the Ty1 sequence. Although Gcn4
recognizes a 7-bp core sequence, the SCPD database identified sequences of 6 bp as potential Gcn4 binding sites. The base ignored by SCPD is
given in boldface for each Gcn4 binding site. (C) Inventory of the five potential Gcn4 binding sites in Ty1 elements.
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Gcn4 overproduction activates Ty1 transcription. To estab-
lish whether Gcn4 could activate Ty1 expression, we first com-
pared Ty1 mRNA levels in isogenic strains bearing wild-type
GCN4, a gcn4� allele, or a GCN4c constitutive allele that
overproduces Gcn4. We noticed a threefold increase in Ty1
mRNA levels when Gcn4 was overproduced (Fig. 4A; compare
lanes � and C). This result establishes that Gcn4 activates Ty1
transcription. However, no decrease in Ty1 mRNA levels was
observed in gcn4� cells compared to levels in wild-type cells
(Fig. 4A; compare lanes � and �). These observations suggest
that Gcn4 is not produced at sufficient levels in wild-type cells
to activate Ty1 expression. Gcn4 may also compete with some
factor(s) to stimulate Ty1 transcription. In the absence of
Gcn4, this factor(s) would ensure the activation of Ty1 tran-
scription. Gcn4 is a basic leucine zipper DNA binding protein
of the AP-1 family of transcriptional activators (reviewed in
reference 24). In a preliminary search for activators competing
with Gcn4 in a rich environment, we investigated the effects on
Ty1 transcription of Bas1 and Yap1, two other AP-1-like pro-
teins (35, 48). When gcn4� bas1� or gcn4� yap1� cells were
grown in rich medium, Ty1 transcription did not significantly
decrease, suggesting that neither Bas1 nor Yap1 activates Ty1
transcription under these conditions (data not shown).

The identification of five Gcn4 binding sites in the 5� LTR of
many Ty1 elements expressed at higher levels suggested that
Gcn4 specifically stimulates transcription of these elements.
We compared the expression of several TY1A-lacZ fusions in
wild-type cells in the absence and in the presence of the con-

stitutive GCN4c allele. As predicted, overproduction of Gcn4
increased the �-galactosidase activities of the highly expressed
TY1A(ML2)-lacZ and TY1A(PR1)-lacZ fusions 2.3- and 2-fold,
respectively (Fig. 4B). Both fusions contain five Gcn4 binding
sites. In contrast, the GCN4c allele did not significantly affect
the transcription of lacZ fusions to Ty1(DR3), Ty1(ML1),
Ty1(OR), or Ty1(PR2), none of which have the five Gcn4
binding sites.

Gcn4 activates Ty1 transcription under conditions of amino
acid limitation. Ttranslation of GCN4 is activated in response
to amino acid limitation (24). As a consequence, transcription
of genes regulated by Gcn4 increases. To determine whether
Ty1 transcription is also stimulated by starvation, we compared
Ty1 mRNA levels in cells grown in rich medium with those in
cells grown under conditions of amino acid limitation.

In the presence of 3-aminotriazole (3AT), an inhibitor of the
HIS3 gene product that induces histidine starvation, we observed
a 3.3-fold reduction in Ty1 mRNA levels in gcn4� cells compared
to wild-type cells (Fig. 5A; compare GCN4�3AT �his with
gcn4� �3AT �his). The difference in Ty1 mRNA levels was
specific to histidine starvation, as no difference in transcript
levels was detected in the presence of both 3AT and histidine
(Fig. 5A; compare GCN4 �3AT �his with gcn4� �3AT �his).
Likewise, Ty1 mRNA levels were threefold lower in gcn4�
cells than in wild-type cells in minimal SD medium containing
only arginine and leucine, required by the strain’s auxotrophy
(Fig. 5B; compare SDm � with SDm �). These results imply
that Ty1 transcription depends partially on Gcn4 under amino
acid limitation. Interestingly, the decrease in Ty1 transcript
levels observed in gcn4� cells with amino acid starvation was
always accompanied by the appearance of a new Ty1 mRNA
species of smaller molecular size (Fig. 5A; also slightly detect-
able in Fig. 5B). Primer extension analyses suggest that this
new mRNA is similar to a species of smaller molecular size
already described for spt3 mutants and corresponds to an ini-
tiation approximately 800 bp downstream of the main tran-
scription initiation (reference 55 and our unpublished data).

Although amino acid limitation induces the synthesis of
Gcn4 (24), it did not increase Ty1 mRNA levels in wild-type
cells (Fig. 5A [compare GCN4 �3AT �his with GCN4 �3AT
�his] and B [compare SDm � with SDc �). Likewise, over-
expressing GCN4 in wild-type cells grown under amino acid
limitation conditions did not activate Ty1 transcription as it did
in cells grown in rich medium (Fig. 5B; compare SDm � with
SDm C). Taken together, these results suggest that amino acid
limitation restricts the effect of increased expression of GCN4
on Ty1 transcription (see Discussion).

To determine whether the expression of a Ty1 element con-
taining five potential Gcn4 binding sites is regulated by histi-
dine starvation, we compared the �-galactosidase activities of a
TY1A(PR1)h-lacZ fusion in wild-type and gcn4� cells grown in
the presence or absence of 3AT. We fused lacZ at position 815
of Ty1(PR1) in order to avoid �-galactosidase synthesis from
the smaller-molecular-size Ty1 mRNA species detected in
gcn4� cells with histidine starvation (Fig. 5A). Expression of
TY1A(PR1)h-lacZ was 4.4-fold lower in gcn4� cells than in
wild-type cells in the presence of 3AT (Fig. 5C). The reduction
in TY1A(PR1)h-lacZ expression was the consequence of histi-
dine starvation, since �-galactosidase activities were similar in
wild-type and gcn4� cells when histidine and 3AT were simul-

FIG. 4. Gcn4 overproduction activates Ty1 transcription. (A) North-
ern blot analysis of total RNA with strains expressing different GCN4
alleles. Lanes: �, Y328 transformed with YCp50; �, Y328 transformed
with p164 (GCN4 URA3 CEN); C, Y328 transformed with p238
(GCN4c URA3 CEN), which overproduces Gcn4. Strains were grown
in synthetic complete medium (HC) lacking uracil. For each sample,
10 �g of total RNA was loaded onto the gel. The HIS4 gene, which is
activated by Gcn4, served as a positive control. Ty1 and HIS4 mRNA
levels were normalized to those of ACT1. The mRNA ratios given are
relative to the ratio obtained for the Y328/p164 strain, arbitrarily set at
1. (B) �-Galactosidase activities of TY1A-lacZ fusions in wild-type cells
(GCN4) and in wild-type cells overexpressing GCN4 (GCN4c). Ty1
“low,” weakly expressed Ty1 elements; Ty1 “high,” highly expressed
Ty1 elements; GCN4, strains transformed with pRS313 (HIS3 CEN);
GCN4c, strains transformed with pAM25 (GCN4c HIS3 CEN). Strains
are FYBL1-23D derivatives. Cells were grown in HC medium lacking
uracil and histidine.
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taneously added to the cultures. Therefore, Gcn4 is required
for the expression of Ty1(PR1) under conditions of histidine
starvation.

In wild-type cells, addition of 3AT induced a twofold reduc-
tion in �-galactosidase activity, although it had no effect on
total Ty1 mRNA levels (compare Fig. 5A, GCN4 �3AT �his,
with Fig. 5C, GCN4 �3AT �his). We explained this differ-
ence, which had already been observed with the HIS4 gene
(43), by a general translation defect caused by histidine star-
vation in the presence of 3AT.

The 12-residue nonconserved region of the 5� LTR which
contains the Gcn4E binding site functions as a Gcn4-depen-
dent UAS in vivo and interacts with Gcn4 in vitro. The Gcn4E

site present in the 12-residue nonconserved region of the
highly expressed elements is relatively far from the consensus
sequence recognized by Gcn4 (23) (Fig. 3). To determine
whether this sequence plays a role in the activation of these
elements by Gcn4, we inserted, upstream of a HIS4�UAS-lacZ
reporter gene, either three copies of the Gcn4E-containing
region or three copies of the equivalent region lacking Gcn4E

(see Materials and Methods). The different constructs, called
3H and 3L, respectively, were carried on a 2�m plasmid. We
compared the expression of the different constructs in wild-
type and gcn4� cells grown in the presence or absence of 3AT.
Under histidine starvation conditions (with 3AT), Gcn4 acti-
vated the transcription of HIS4�UAS-lacZ threefold in the pres-
ence of the 3H sequence but not at all in the presence of the
3L sequence (Fig. 6A). This result indicates that the 12-residue
nonconserved region of the highly expressed elements confers
Gcn4-dependent UAS activity under histidine starvation con-
ditions. In the absence of 3AT, insertion of the 3H construct,
but not of the 3L construct, induced a 2.5- to 3-fold increase in

�-galactosidase activity in both wild-type and gcn4� cells.
These data suggest that factors other than Gcn4 can also ac-
tivate transcription through the nonconserved region of the
highly expressed Ty1 elements when histidine is not limiting.

We also performed a gel mobility shift assay to determine
whether Gcn4 binds the 3H and 3L constructs differentially in
vitro. Three His-tagged Gcn4/DNA complexes were detected
using the 3H DNA probe (Fig. 6B). Two low-molecular-weight
complexes were present with an approximately 100- to 400-fold
excess of His-tagged Gcn4 over the 3H DNA probe (Fig. 6B, 5
to 20 ng of protein, complexes I and II). With a larger excess
of protein over DNA probe (an 800- to 3,200-fold excess), a
complex of lower mobility was formed (Fig. 6B, 40 to 160 ng of
protein, complex III). We presume that the three complexes
detected reflect occupation of one, two, or all three Gcn4E

sites of the 3H probe by Gcn4. Binding of His-tagged Gcn4 to
the 3H probe was competed by an unlabeled plasmid contain-
ing the 3H sequences. In contrast, the 3L probe did not form
a complex with His-tagged Gcn4 protein, even with a 3,200-
fold excess of protein over the 3L DNA probe. In conclusion,
the in vivo and in vitro experiments imply that the Gcn4E

binding site directly contributes to the activation of Ty1 tran-
scription by Gcn4.

DISCUSSION

Ty1 transcription is inhibited by repressive chromatin
structures. The first striking result of this work is that the
relative transcriptional level of 31 Ty1 elements present in the
genome of strain S288C varies over a 50-fold range. This dif-
ference in expression occurs despite a 94% nucleotide identity
within the region required for Ty1 transcription. It is also

FIG. 5. Amino acid limitation affects Ty1 transcription in the absence of Gcn4. (A) Northern blot analysis of cells grown under histidine
starvation. GCN4, strain Y328 transformed with p164 (GCN4 URA3 CEN); gcn4�, Y328 transformed with YCp50. 3AT (10 mM) and histidine (120
�M) were added (�) or not (�) to cultures grown at 22°C in minimal medium supplemented with arginine, isoleucine, tryptophan, leucine, and
valine (SDc), as described previously (43). For each sample, 10 �g of total RNA was loaded onto the gel. Ty1 and HIS4 mRNA levels were
normalized to those of ACT1. The mRNA ratios given are relative to that for the GCN4 strain grown in SDc lacking 3AT and histidine. The HIS4
gene, which is activated by Gcn4, served as a positive control. (B) Northern blot analysis with strains expressing different GCN4 alleles. �, Y328
transformed with YCp50; �, Y328 transformed with p164; C, Y328 transformed with p238 (GCN4c URA3 CEN), which overproduces Gcn4. SDm,
minimal medium supplemented with arginine and leucine. SDc is explained in the legend to panel A. In SDc, GCN4 expression is not activated,
whereas GCN4 expression is activated in SDm due to amino acid limitation. Precultures and cultures were grown as described previously (43),
except that cultures were grown to mid-log phase at 22°C. Ty1 and HIS4 mRNA levels were normalized to those of ACT1. The mRNA ratios given
are relative to the ratio under the nonactivating conditions in SDc medium with strain Y328/p164. (C) �-Galactosidase activities of the
TY1A(PR1)h-lacZ fusion under conditions of histidine starvation. Growth conditions are described in the legend to panel A. gcn4�, strain LV568
transformed with pRS313 (HIS3 CEN) (44). GCN4, strain LV568 transformed with pAM19 (GCN4 HIS3 CEN). Strains are Y328 derivatives.
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noteworthy that only 11 elements are responsible for 75% of
the �-galactosidase activity produced by all the elements.
These elements could be responsible for most of the Ty1 ret-
rotransposition activity observed in S288C. Moreover, the
comparison of Ty1 and GAL1 promoter activities shows that
Ty1 promoters are relatively weak despite Ty1 mRNA abun-
dance. Thus, the high steady-state Ty1 mRNA levels observed
in haploid cells (12, 14) might be the consequence of its accu-
mulation rather than of elevated synthesis. This hypothesis is
relevant since Ty1 mRNA is exceptionally stable in the cell
(18).

It was previously shown that Ty1 transcription depends on
Swi/Snf and SAGA complexes. This dependence on chroma-
tin-modifying activities suggests that repressive chromatin in-
hibits the accessibility of transcriptional activators to Ty1 pro-
moter sequences. Consistent with this idea, Ty1 mRNA levels
increase in hta1-htb1� mutants, in which genes normally inhib-
ited by nucleosomes are activated (25). We showed that in
hta1-htb1� mutants, expression of Ty1 elements expressed at
lower levels is significantly increased, while expression of Ty1
elements expressed at higher levels remains constant. By con-
trast, in snf2� mutants, which are deficient in Swi/Snf chroma-
tin-remodeling activity, the expression of Ty1 elements nor-
mally expressed at higher levels is strongly decreased, whereas
the expression of copies expressed at lower levels is unchanged.
The lack of an increase in expression of the highly expressed
copies in hta1-htb1� mutants could merely reflect our inability
to increase a level of expression that is already maximal. Like-
wise, the absence of a decrease in expression of the poorly
transcribed elements in snf2� mutants could result from our
inability to decrease a level of expression that is already min-
imal. However, these hypotheses are unlikely for two reasons.
First, our data indicate that the transcription of two highly
expressed elements is augmented two- to threefold when Gcn4
is overexpressed, establishing that their expression is not max-
imal in hta1-htb1� mutants (Fig. 4B). Second, we previously
showed that the transcription of poorly expressed Ty1 ele-
ments can be reduced in diploid cells, indicating that their

expression is not minimal in an snf2� mutant (34). Therefore,
we propose to sort the genomic Ty1 elements into two basic
classes, depending on their responses to mutations affecting
chromatin structures. The first class contains Ty1 elements
which are weakly expressed because nucleosome-mediated re-
pression is not antagonized by chromatin-modifying com-
plexes. Elements of this class are expressed when the amounts
of histones H2A and H2B are limiting, as is the case in hta1-
htb1� cells. The second class contains Ty1 elements expressed
at higher levels because the Swi/Snf complex antagonizes chro-
matin-mediated repression at these loci. Their expression
might also depend on the SAGA complex, since transcription
of the TY1A(ML2)h-lacZ fusion, which is highly expressed, is
severely reduced in spt3� cells and in spt7� cells The fact that
transcription of Ty1 elements expressed at higher levels does
not increase in hta1-htb1� mutants suggests that Swi/Snf and
SAGA activities are sufficient to completely remove repressive
chromatin at these Ty1 loci. We cannot exclude the possibility
that some elements are expressed at low or high levels for
other reasons. For example, the specific location of Ty1(LR4),
which overlaps the HAP1 open reading frame, may be respon-
sible for its high expression (34). Likewise, the positions of
some poorly expressed elements may affect their expression
(see below). Further studies will be necessary to test more
directly the hypothesis of different chromatin organizations at
the promoters of several highly and poorly expressed Ty1 ele-
ments.

There is a correlation between the transcriptional levels of
endogenous Ty1 elements and the presence of potential Gcn4
binding sites in their 5� LTRs. We found that 8 out of 11 highly
expressed elements possess five potential Gcn4 binding sites
(Gcn4A to Gcn4E) in their 5� LTRs. The three Ty1 elements
expressed at high levels that do not contain the five Gcn4
motifs were Ty1(BL), Ty1(GR1), and Ty1(LR4). Ty1(BL) be-
longs to a subtype of Ty1 elements whose sequence differs
from the other Ty1 sequences (28), suggesting that expression
of these elements is regulated differently. Ty1(GR1) contains
only the Gcn4E motif, which may be sufficient for its high

FIG. 6. The Gcn4E binding site contributes to the activation of Ty1 transcription by Gcn4. (A) �-Galactosidase activities of the different
HIS4-lacZ constructs in strains grown under normal conditions or under conditions of histidine starvation. 3AT was added to the cultures as
described in the legend to Fig. 5A. GCN4, strain LV555 transformed with pAM19 (GCN4 HIS3 CEN); gcn4�, strain LV555 transformed with
pRS313; WT, HIS4-lacZ fusion; �UAS, HIS4�UAS-lacZ fusion; 3H, HIS43H-lacZ fusion; 3L, HIS43L-lacZ fusion. The different HIS4-lacZ constructs
are carried on 2�m URA3 plasmids as described in Materials and Methods. LV555 is a Y328 derivative. (B) Gel retardation assays. 3H, DNA probe
containing 3 copies of the Gcn4E motif; 3L, DNA probe without the Gcn4E motif. Gcn4, purified His-tagged Gcn4 protein; �c, cold competitor
(250 ng of pHIS43H-lacZ); I, II, and III, His-tagged Gcn4/DNA complexes.
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expression. As noted above, Ty1(LR4) is not regulated like the
other Ty1 elements, probably because the HAP1 open reading
frame overlaps its 5� LTR (34). We also noticed that 4 out of
the 20 elements expressed at lower levels contain the five
potential Gcn4 binding sites (Fig. 3C). Among them,
Ty1(LR2) is located adjacent to the ribosomal DNA region on
chromosome XII. Since this region has a specific chromatin
structure known to down-regulate RNA polymerase II-depen-
dent promoters (7, 45), Ty1(LR2) expression is probably si-
lenced. Ty1(NL2) overlaps the adjacent tD(GUC)N gene, en-
coding a tRNAAsp, by 6 nucleotides. Since the two sequences
are in opposite orientations, the transcription of the tRNA
gene by RNA polymerase III probably inhibits the transcrip-
tion of Ty1(NL2), as has been previously shown with other
adjacent RNA polymerase III- and RNA polymerase II-depen-
dent genes (26). For the time being, we have no explanation for
the low levels of expression of the two remaining elements,
Ty1(A) and Ty1(GR2), despite the presence of five potential
Gcn4 binding sites in their sequences.

Recently, Dudley et al. identified a region (called #12) in
the 912� element which is bound by an unknown factor and
which activates transcription (13). This region overlaps the
Gcn4C motif. Mutations in sequences now identified as Gcn4C

decrease the UAS activity of this region (13). Our results
indicate that the Gcn4E motif also acts as an UAS in vivo and
interacts with Gcn4 in vitro. Taken together, these observa-
tions suggest that these two sites may contribute to the high
expression of some Ty1 elements. In contrast, mutations in the
Gcn4D sequence have a minor effect on the UAS activity of the
912� element (13). It would be interesting to determine
whether the other potential Gcn4 binding sites (i.e., Gcn4A

and Gcn4B) also contribute to transcriptional activation and if
the complete set of sites is necessary to achieve full activation
of Ty1 transcription. Since the sequences of the five Gcn4
binding sites are relatively far from the consensus sequence
recognized by Gcn4, it remains possible that other factors bind
to these sites in the Ty1 promoter.

Gcn4 activates Ty1 transcription. Gcn4 is a master regulator
of gene expression under diverse stress conditions, such as
amino acid, purine, nitrogen, or glucose limitation, hyperos-
mosis, and DNA damage (38). Several lines of evidence sup-
port the view that Gcn4 activates Ty1 transcription. First, ele-
vated expression of Gcn4 caused an increase in Ty1 mRNA
levels in cells grown under rich conditions (Fig. 4A). Second,
we identified five potential Gcn4 binding sites in the 5� LTRs
of 8 out of 11 Ty1 elements expressed at high levels, and
overproduction of Gcn4 activated the transcription of two of
these. In contrast, overproduced Gcn4 did not activate the
transcription of Ty1 copies lacking the Gcn4 binding sites (Fig.
4B). Third, Ty1 mRNA levels decreased in gcn4� cells grown
under conditions of histidine or amino acid limitation, indicat-
ing that Gcn4 stimulates Ty1 transcription under these condi-
tions (Fig. 5A and B). Fourth, under histidine starvation con-
ditions, Gcn4 activated the expression of Ty1(PR1), which
contains five Gcn4 binding sites. Finally, a nonconserved re-
gion of the 5� LTR which contains the Gcn4E motif in highly
expressed Ty1 copies conferred a Gcn4-dependent UAS activ-
ity on a reporter gene under conditions of histidine starvation.
This region also interacts with Gcn4 in vitro. Taken together,
these results indicate that the Ty1 retrotransposon could be a

new target for the Gcn4 transcription activator. Several DNA
binding factors contribute to Ty1 transcriptional activity, in
addition to Gcn4 (see the introduction). From our data, we
cannot exclude the possibility that Gcn4 cooperatively interacts
with one of these factors to activate Ty1 transcription.

Targets of Gcn4 are normally activated upon amino acid
limitation. Surprisingly, Ty1 mRNA levels were not increased
in amino acid-starved wild-type cells. Likewise, overexpression
of GCN4 did not raise Ty1 mRNA levels in wild-type cells
grown under amino acid starvation conditions, although it did
when wild-type cells were grown in rich medium. These pecu-
liarities can be explained if the activation of Ty1 transcription
by Gcn4 is counterbalanced by a higher rate of degradation of
Ty1 mRNA when amino acids are limiting. As is generally the
case, Ty1 mRNA is translated less efficiently in amino acid-
starved cells than in nonstarved cells. Because the stability of
Ty1 mRNA is probably the consequence of its interaction with
Ty1A, a decrease in translation might affect Ty1 mRNA sta-
bility. Further analysis would be necessary to determine
whether the half-life of Ty1 mRNA is effectively reduced under
amino acid starvation.

A previous study indicated that the Ty2 retrotransposon
contains in the TY2A open reading frame sequences that con-
fer Gcn4-dependent activation on reporter genes (49). How-
ever, our finding is the first evidence that, besides activating
genes involved in metabolic adaptation, Gcn4 activates tran-
scription of a retroelement at its original location. Interest-
ingly, we found that Ty1 retrotransposition increased sixfold
when GCN4 was overexpressed (our unpublished data), indi-
cating that stress conditions which activate GCN4 would in-
duce not only Ty1 transcription but also Ty1 retrotransposi-
tion. Activation of Ty1 retrotransposition by stress has already
been described and has been proposed to play a role in adap-
tive mutagenesis (34).

A model for activation of Ty1 transcription via recruitment
of the Swi/Snf and SAGA chromatin-modifying complexes by
Gcn4. Some transcriptional regulators, such as Swi5, Ume6,
Hir1, and Hir2, can recruit chromatin-modifying complexes to
specific promoters (for a review, see reference 41). A similar
function in targeting Swi/Snf and SAGA to specific promoters
has been demonstrated for Gcn4 in order to activate transcrip-
tion (29, 37, 39, 51, 56).

We showed that the overproduction of Gcn4 stimulates the
transcription of Ty1 elements containing five Gcn4 binding
sites. These elements require Swi/Snf and SAGA to be ex-
pressed at high levels. In contrast, the transcription of elements
lacking Gcn4 binding sites was low and independent of Swi/
Snf. These results strongly support a model in which Gcn4
recruits Swi/Snf and SAGA in order to activate Ty1 transcrip-
tion. In this model, Ty1 elements lacking Gcn4 binding sites
are expressed at low levels because Gcn4 does not bind to their
sequences (Fig. 7A). As a result, Swi/Snf and SAGA are not
targeted to these elements and do not remove repressive chro-
matin. In contrast, Ty1 elements containing Gcn4 binding sites
are expressed at high levels because Gcn4 binds to their se-
quences and recruits Swi/Snf and SAGA (Fig. 7B to E). An-
other model is that chromatin remodeling might facilitate the
binding of Gcn4, which in turn would activate Ty1 transcrip-
tion. However, we disfavor this model because Gcn4 has al-
ready been shown to activate the transcription of several genes
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by recruiting Swi/Snf and SAGA to their promoter sequences.
Ty1 transcription is not affected in gcn4� cells grown in rich
medium (Fig. 5), suggesting that a transcriptional activator
other than Gcn4 may also recruit Swi/Snf and SAGA to the
Ty1 promoter. This factor might be Gcr1, as activation by Gcr1
at the his4-912� promoter has been shown to depend on some
components of the SAGA complex (13). Finally, we propose
that Swi/Snf and SAGA alter the positions of nucleosomes
along the Ty1 promoter and facilitate the access of other tran-
scription factors, such as Ste12 and Tec1, to previously masked
sequences. This hypothesis is supported by the fact that Ste12
and Tec1 are still required for Ty1 transcription when histones
are depleted in hta1-htb1� cells.

At the HO promoter, the Swi5 DNA binding protein inter-
acts first with the Swi/Snf complex, which in turn recruits
SAGA (10), whereas at the HIS3 promoter, histone acetylation
and chromatin remodeling act in parallel to activate transcrip-
tion (37). Regarding Ty1, future investigations are necessary to
determine whether the recruitment of one of the two com-
plexes may alter nucleosomes in a manner that permits the
association of the other complex, which will stabilize an “open”
nucleosome state.
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