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Transcriptional repression at the silent yeast mating
type loci is achieved through the formation of a particu-
lar nucleoprotein complex at specific cis-acting ele-
ments called silencers. This complex in turn appears
to initiate the spreading of a histone binding protein
complex into the surrounding chromatin, which
restricts accessibility of the region to the transcription
machinery. We have investigated long-range,
cooperative effects between silencers by studying the
repression of a reporter gene integrated at the HML
locus flanked by various combinations of wild-type
and mutated silencer sequences. Two silencers can
cooperate over >4000 bp to repress transcription
efficiently. More importantly, a single binding site for
either the repressor activator protein 1 (Rapl), the
autonomous replicating sequence (ARS) binding factor
1 (Abfl) or the origin recognition complex (ORC) can
enhance the action of a distant silencer without acting
as a silencer on its own. Functional cooperativity is
demonstrated using a quantitative assay for repression,
and varies with the affinity of the binding sites used.
Since the repression mechanism is Sir dependent, the
Rapl, ORC and/or Abfl proteins bound to distant
DNA elements may interact to create an interface
of sufficiently high affinity such that Sir-containing
complexes bind, nucleating the silent chromatin state.
Keywords: Abf1/DNA loops/ORC/Rap 1/yeast mating type

Introduction
For many years Drosophila has been a paradigm for
studying long-range interactions in chromatin-mediated
gene regulation. Examples include the developmentally
regulated expression of homeotic complexes (reviewed in
Orlando and Paro, 1995), various trans-sensing effects
between homologous chromosomes (reviewed in Tartof
and Henikoff, 1991) and position-effect variegation
(reviewed in Karpen, 1994). However, two examples of
regulated chromatin domains in budding yeast recently
have allowed extensive genetic analysis of related phen-

omena in this highly tractable eukaryotic system. These
are the transcriptional repression at telomeres and at the
silent mating type loci, HML and HMR (reviewed in
Laurenson and Rine, 1992; Palladino and Gasser, 1994).
A number of trans-acting factors appear to be common
to both types of repression in yeast, suggesting similarities
in their mechanism. These common factors include three
out of the four silent information regulators (Sir2, Sir3,
Sir4), an N-terminal acetylase (Aparicio et al., 1991) and
the repressor activator protein 1 (Rapl; Kurtz and Shore,
1991; Kyrion et al., 1993), as well as N-terminal domains
of the histones H3 and H4, implying involvement of
chromatin structure at the nucleosomal level (Kayne et al.,
1988; Thompson et al., 1994b). Other factors appear to
be more specific for a particular repressed domain. For
example, mutations in SIR] affect specifically mating type
silencing (Aparicio et al., 1991), while overexpression
of the telomerase RNA gene suppresses only telomeric
silencing (Singer and Gottschling, 1994).
The most likely model for the establishment of repres-

sion at the mating type loci and at telomeres is the
spreading of a modified chromatin structure (less access-
ible or 'silent' chromatin) achieved through the binding
of Sir3 and Sir4 to histones H3 and H4 (Hecht et al.,
1995). This apparent spreading of repression begins at
'initiation sites', which correspond to silencers at mating
type loci, and to TGI13 repeats at telomeres. Such sites
appear to function by attracting and/or nucleating the
binding of complexes containing Sir3 and Sir4 to chro-
matin. At telomeres, repression is mediated by Sir inter-
action with the C-terminal domain of Rapl, which itself
is bound to multiple sites in the telomeric repeat (Kyrion
et al., 1993; Liu et al., 1994). Other proteins, like Rifl
(Hardy et al., 1992), also bind the RapI C-terminal domain
and appear to compete for the Sir3-Sir4 interaction (Kyrion
et al., 1993; Buck and Shore, 1995). At HML and HMR
the targeting of Sir proteins is achieved through interaction
with two or three DNA binding proteins that recognize
specific sequence elements within the silencer (reviewed in
Laurenson and Rine, 1992), namely Rap 1, the autonomous
replicating sequence (ARS) binding factor 1 (Abfl) and
an ARS consensus recognized by the origin recognition
complex (ORC). These individual protein binding sites
are referred to here as proto-silencers, in analogy to proto-
enhancers, which have no enhancer function on their own,
but which promote transcription in combination with one
another (Fromental et al., 1988).

There are four mating type silencers, with one termed E
and one termed I (for essential and important, respectively)
flanking each of the two HM loci. Each silencer contains
an ARS consensus sequence and each is capable of
supporting the initiation of DNA synthesis on a plasmid
(Abraham et al., 1984; Feldman et al., 1984). In addition
to the ARS consensus, each of the silencers at HML-E
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Fig. 1. The LEU2"lacZ reporter constructs used in this study. Top:
shown is a diagram of the HMLcx locus, indicating the positions of the
HML alleles used in this work (see Materials and methods), important
restriction enzyme sites, the upstream activating sequence (UASX2),
the two al and a2 mating type genes, the E and I silencers and the
D element (hatched box). The minimal E and I silencers are shown as
black boxes and their size (130 and 150 bp, respectively) and
localization are according to Feldman et al. (1984). The symbols
which represent the RapI sites, Abfl sites and ARS consensus
sequences (ACS) are shown at the bottom of the figure. Deletions used
in this study are represented as open boxes above the HML diagram.
The el deletion corresponds to a substitution of 34 nucleotides by a
BglII linker within E, inactivating both the Rapl site and the ARS
sequence (Mahoney et al.. 1991). The e, deletion extends el until the
Spel site, removing the D element (see Materials and methods). AB
corresponds to a deletion of the HML Xmnnl-EcoRV 592 bp fragment
carrying the Abf I site of I. The i deletion, or IA242 in Mahoney and
Broach (1989), is a 280 bp deletion which removes the Abfl site, the
Rapl site and the ARS sequence. Oligonucleotides corresponding to
binding sites for ORC. Abfl and Rapl (named respectively a, ,B and
E. see Figure 5) were inserted at the junction between the HML DNA
and the reporter gene at the SpeI site. (X) XbaI, (S) SpeI, (RV) EcoRV,
(H) HindIll, (Xm) XmnI. Bottom: the 3.4 kb LEU2"lacZ reporter gene
DNA is inserted in place of a 2.1 kb HML Spel-XmnI DNA fragment.

and HML-I contains a RapI binding site, and HML-I also
binds Abf 1 (Buchman et al., 1988; Hofmann et al., 1989).
The major silencer at HMR, HMR-E, contains high affinity
sites for all three factors (Brand et al., 1987). In the
natural HMR-E silencer any two of the three sites is
sufficient to promote silencing (Brand et al., 1987),
although in a synthetic silencer, created de novo from
oligonucleotides, all three sites are essential (McNally and
Rine, 1991). When HML is carried on a plasmid or is
integrated at a centromere-proximal location, the presence
of both silencers was found necessary for complete repres-
sion (Feldman et al., 1984; Shei and Broach, 1995), while
at its natural locus near the left telomere of chromosome
III, either the E or the I silencer could function alone to
repress the native a2 promoter (Mahoney and Broach,
1989). An as yet uncharacterized sequence adjacent to the
HML-E silencer, called D, also seemed to participate in
silencing of the a2 promoter (Mahoney et al., 1991; see
Figure 1). To date, the deletion studies defining important
sites within HML-I are very limited and, apart from
mapping the Abf 1 site in vitro (Buchman et al., 1988), it
is not known which factors participate in HML-I function.

In vitro reconstitution using HMLa DNA and nuclear
scaffold extracts showed that DNA loops can be formed
between the two silencers and the promoter region. These
were competed efficiently by an excess of Rapl binding
sites, consistent with the involvement of Rapl (Hofmann
et al., 1989). Such observations suggest that long-range
associations between silencers might contribute to the

observed gene repression at this locus. In our current
study, we investigated the functionality of these putative
associations by measuring HML silencing in various
combinations of silencers and proto-silencers. We demon-
strate that the two silencers at HML do not work independ-
ently and that proto-silencers (individual protein binding
sites) act as auxiliary elements to enhance the strength of
a distant silencer. These silencing elements act in synergy
over several kilobases, strongly suggesting that long-range
interactions, even if transient, may be part of the silencing
mechanism.

Results
In order to investigate the role of the cis-acting elements
involved in HML silencing in a quantitative manner, we
constructed a series of yeast strains in which the coding
regions at HML are replaced by a minimal LEU2 promoter
(LEU2') fused to the bacterial 'lacZ reporter gene. This
reporter construct is flanked by different combinations of
wild-type and mutated E and I sequences (Figure 1) and
the strains are otherwise fully isogenic. The degree of
silencing was monitored by the ,B-galactosidase activity
produced by the cells using a quantitative soluble assay,
and was confirmed by the X-gal colour assay on filters
(Breeden and Nasmyth, 1985).

A fi-galactosidase assay for HML silencing
Cells carrying the LEU2"lacZ at the HML locus flanked
by the natural HML-E and -I silencer sequences revealed
very low ,B-galactosidase activity (0.07 Miller unit, Figure
2A). This was independent of the orientation of LEU2"lacZ
with respect to the silencers. The assay for ,-galactosidase
activity on filters (X-gal assay) failed to detect any activity
(i.e. all colonies are white, data not shown). The lacZ
expression level is highly sensitive to known modifiers of
mating type silencing: the loss of SIR] or SIR3 by gene
disruption increases P-galactosidase activity by 40- to 60-
fold (3-4 Miller units), as does the overexpression of Sir4
or its C-terminal domain (pSir4 and pSir4C, Figure 2A).
Intriguingly, an elevated dosage of either SIR] or SIR3 by
their presence on a multicopy plasmid also derepresses
slightly (at most 6-fold in the soluble assay; see pSirl
and pSir3, Figure 2A). Consistent with the soluble f-
galactosidase assay, these colonies are blue by the X-gal
filter assay (data not shown). A slight derepression due to
SIR] overexpression has been observed previously at
telomeres (Chien et al., 1993), but not at the mating type
loci. These results confirm that LEU2"lacZ expression is
repressed in a Sir-dependent manner when integrated
at HML.
The advantage of the 3-galactosidase activity assay is

that it is linear over a large range of values and that the
protein activity accurately reflects even small variations
in gene transcription (Guarente and Mason, 1983). To
demonstrate this, we use a strain that carries the reporter
gene flanked by HML-E and -I, in which 3-galactosidase
expression is very low, and disrupt the genomic HMR
locus. This reproducibly lowers expression levels (i.e.
improves silencing) by 2-fold (Figure 2B). The 'normal'
silenced level can be restored by introducing a low copy
number (CEN-ARS) plasmid carrying the entire HMR
region (pHMR), thereby restoring the normal dosage of

2185

2L bp



C.Boscheron et al.

A

pSir3 pSir4 pSir4C

80-.o

x

X

- 60-

ofl

20fl

WT sir3

EI

B

No. of HMR-E silencers 0 22 21 °
HMR hmr HMR hmr HMR hmr

pHMR phmr

E p-

Fig. 2. LEU2"lacZ expression at the HML locus requires Sir proteins
and is sensitive to the dosage of repressed domains. The relative P-
galactosidase activities produced in yeast strains carrying a LEU2"lacZ
reporter gene inserted between the E and I silencers at the HML locus
are indicated in the bar graph. The structure of the HML region in the
assayed strains is indicated below each diagram. The symbols are as in
Figure 1. Strains with the reporter gene in either orientation according
to the E and I silencers produced the same amount of P-galactosidase
activity (0.07 Miller units, see Materials and methods) which was
standardized as 1 (strain EG5, left diagram in A and B and strain
EG33, right diagram in A). The error bars represent the standard
deviation of the mean, calculated from the results of at least four
independent trials; in most cases, the standard deviation did not exceed
10%. To avoid effects of leucine control, all strains were made LEU+
by transformation and were grown in the absence of leucine.
(A) LEU2"lacZ repression depends on silencing factors. Strains lacking
Sir proteins (sirl, sir3) or strains carrying multicopy plasmids carrying
the genes encoding Sirl (pSirl) or Sir3 (pSir3), Sir4 (pSir4) or the
C-terminal third of Sir4 (pSir4C) are indicated. WT: wild-type for
known silencing factors. Control strains carrying the vectors without
inserted SIR genes produced the same amount of 3-galactosidase as
the corresponding WT strain (data not shown). For strains with a low
level of expression, the actual numerical values are indicated. (B) The
,-galactosidase activities according to the number of repressed HMR-E
sequences in the cell. hmr indicates that the HMR-E region has been
deleted (see Materials and methods). The number of HMR-E silencers
present in each cell is indicated below each column, assuming that the
copy number of the centromeric plasmid pHMR is one per cell.
Beneath each column, the relevant strain characteristics and any
additional plasmids in that strain are given.

HMR. This suggests that a tight balance of factors is
involved in repression, such that an increased dosage of one
repressed locus alters silencing at another. Consistently,
increasing the HMR copy number by introducing the
CEN-based pHMR plasmid into wild-type cells, has the
opposite effect and slightly disrupts the silencing of
LEU2"lacZ at HML (Figure 2B). As a control, we have
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Fig. 3. Cooperative effects between two distantly located silencers.
This figure includes the structure of various LEU2"lacZ insertions at
HML, as well as the name of the strains to the left of the structure and
the relative values of f-galactosidase produced in the corresponding
strain to the right, standardized to the 0.07 Miller units found in EG5.
All the strains derive from GA210 and contain a LEU2 plasmid. The
symbols are described in Figure 1 and the ,B-galactosidase activity
measurements in Figure 2.

also introduced a derivative of pHMR carrying deletions
of the HMR-E silencer (phmr, Figure 2B). These trans-
formants show no modification of ,3-galactosidase expres-
sion, demonstrating that HML silencing can be affected
significantly by adding or removing a single copy of a
repressed, but not an active, HMR domain. This suggests
that at least one factor that acts at both HM loci, for
example Sirl and/or the Sir3-Sir4 complex, is limiting
within the cell. These highly reproducible shifts in f-
galactosidase activity demonstrate the sensitive and
quantitative character of our lacZ expression assay for
monitoring levels of HM silencing.

How efficient is a single HML silencer at
establishing repression7
We have deleted either the E or the I silencer from the
LEU2"lacZ construct integrated at HML, to analyse the
effect of a single silencer on gene expression (see Figure
1 for deletion boundaries). When a single silencer (either
HML-E or HML-I) is located 4 kb away from the promoter,
expression levels are similar to those measured in sir3
cells, i.e. the gene is fully derepressed (compare strains
EG5 with EG42 and EG31 with EG43 in Figure 3; and
Figure 2A). When the single intact silencer is located
directly upstream of the LEU2' promoter (within 0.5 kb),
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derepression is partial (17- to 20-fold higher expression
over the repressed state; compare strains EG5 with EG30
and EG3 1 with EG33, Figure 3). Similar results, i.e. strong
repression with two silencers, weak repression with an
upstream silencer and no repression with a downstream
silencer, were also observed when ADE2 was used instead
of LEU2"lacZ (data not shown), showing that this phenom-
enon is not promoter dependent. These findings demon-
strate first of all that E and I elements act as weak silencers
on their own. That is, they partially repress a promoter in
close proximity, but fail to act on a more distantly located
promoter. Secondly, since the E and I elements together
repress better than either element alone, even when pro-
moter-proximal, the silencers must cooperate in this con-
text to create an efficiently repressed domain. The
efficiency of each individual silencer appears to be roughly
equal, based on the level of 3-galactosidase activity when
each silencer is promoter-proximal.

The Abfl site at HML-I is redundant
Deletion analysis of the HML-E silencer has demonstrated
a role for the RapI binding site, as well as mapping the
functional ARS element (Mahoney et al., 1991). To
determine the role of Abf1 and other potential proto-
silencers at HML-I, we have deleted the previously mapped
Abf1 site, which is the only Abf 1 site in this fragment
(Buchman et al., 1988; data not shown). This Abfl-
deficient silencer (named AB) still has a perfect ARS
consensus and a near-perfect Rapl binding site adjacent
to it (see Figure 4), and it is able to silence the promoter
located at 4 kb from I, as long as the E silencer is present
(compare strains EG30 and EG46, Figure 3). However,
AB is inactive in the absence of E (strain EG44, Figure
3). This suggests that residual sites in the Abfl-less
silencer are able to cooperate with E to achieve silencing
of the LEU2"lacZ construct but, like the intact silencer, it
is unable to silence a distant promoter on its own.
We next tested whether the AB silencer has activity on

its own when it is proximal to the promoter, by placing
it 5' of the LEU2"lacZ promoter and deleting the HML-E
silencer. In this case it silences the reporter gene partially,
to the same degree as the full I silencer in the absence of
E (compare strains EG33 and EG45, Figure 3). A weak
repression was also observed when a single AB silencer
was inserted upstream of URA3 instead of LEU2"lacZ,
showing that this effect is not promoter dependent (data
not shown). These results show that the Abfl site in
HML-I is not essential for silencing and that there is a
redundancy of binding sites here, as previously observed
at HMR-E (Brand et al., 1987). An examination of the
sequence motifs in the residual silencer shows that the
arrangement of Abfl (labelled B), Rapl(labelled E) and
ARS consenses (labelled A) at the HML-I silencer, are
remarkably similar to the sites found at HMR-E, with
respect to order, spacing and relative orientation (see
Figure 4A).

Rap 1 binds two sites within the HML-1 silencer
Previous results suggesting the presence of a Rapl site at
HML-I used a 398 bp PvuII-HindIII fragment and yeast
nuclear scaffold extracts in a gel retardation assay
(Hofmann et al., 1989). To map the binding site relative
to the functional AB deletion, and determine its affinity

relative to the redundant RapI site in the HMR-E silencer
(labelled E, Figure 4A), we have used affinity-purified,
bacterially expressed Rapl protein in gel retardation and
footprinting assays. The Coomassie blue staining of the
purified Rapl preparation is shown in Figure 4C. Both
the 158 bp PvuII-EcoRV fragment that is removed from
the truncated silencer, and the remaining 240 bp EcoRV-
HindIll fragment, form specific complexes with Rapl in
a 1000-fold excess of non-specific competitor, while a
specific oligonucleotide containing a telomeric RapI bind-
ing site efficiently competes for both interactions (Figure
4B). To determine the relative affinity of these sites in
comparison with the Rapl site at HMR-E, the three
fragments were labelled to equivalent specific activities
and complex formation was competed by a determined
titration of oligonucleotide competitor (Figure 4B). Quant-
itation shows that the complex formed between Rapl and
the binding site at HMR-E is from 4- to 5-fold more stable
than the complex formed between Rapl and either the
EcoRV-HindIII or the PvuII-EcoRV HML-I fragment
(Figure 4B).

Footprinting studies performed on the HML-I silencer
using purified Rapl reveal a Rapl-dependent DNase I
footprint over nucleotides 199-211 (Figure 4D), as well
as characteristic DNase I-hypersensitive sites 5' of the
consensus (see arrows). The footprint is lost in the presence
of an oligonucleotide competitor (Figure 4D, lane 4). We
also see hypersensitivity near the Rapl consensus at
bp 95-105, but very little protection by Rapl binding,
suggesting that this second site is of lower affinity (sum-
marized in Figure 4A).

Deletion data (indicated above the HML-I sequence,
Figure 4A) suggest that the Rapl site located between
the Abfl site and the ARS consensus (bp 199-211) is
physiologically relevant. It was shown recently that the
HMR-E silencer, in most assays, is a more potent silencer
than HML-I (Shei and Broach, 1995). In view of the
overall similarity in their organization, this variation in
silencer strength must reflect small differences in the
spacing of sites, in flanking sequences, in the ability of
Rapl to bend the DNA as it binds, or simply the higher
affinities of the individual sites for their respective factors.
The mapping and deletion data underscore the important
role that RapI sites play in HML-I silencer function, a
role previously suggested by the sensitivity of HML
silencing to mutations in the C-terminal domain of RapI
(Liu et al., 1994).

Rap 1 binding reinforces silencer function at a
distance
We next asked whether a single proto-silencer is also able
to cooperate at a distance with a silencer to establish
repression. A series of 44 bp oligonucleotides correspond-
ing to binding sites for either Rap 1, Abf 1 or ORC (the
ARS consensus sequence or ACS) were inserted near a
deleted HML-E, 4 kb away from HML-I. The sequence
of these oligonucleotides, named respectively F, , and x,
is given in Figure 5A.

Remarkably, in otherwise identical backgrounds, the
insertion of a single Rapl site in either orientation at
4 kb from the intact I silencer increases repression to
approximatively the level obtained when both silencers
are present (compare strains EG31, EG33, Figure 3 and
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Fig. 4. The minimal HML-I silencer has an ARS consensus and binding sites for RapI and Abf 1. (A) A comparison of the two silencers HML-I and
HMR-E, situated near the telomere of either the left or the right end of the yeast chromosome III, respectively. The top sketch shows the organization of
the silent mating type loci on chromosome III. The 398 bp PvuII-HindIII fragment containing I silencer activity from HMLx (left side) and the 521 bp
AluI-AluI E silencer from the HMR locus are enlarged in detail. The open bars indicate sequences that are either not necessary or not sufficient to confer
repression (Feldman et al., 1984; Brand et al., 1987), while the black box indicates the minimal functional HML-I silencer (Feldman et al., 1984). The
stippled box indicates the AB silencer fragment (EcoRV-HindIII) which we show here to confer significant repression on the LEU2"IacZ reporter. Within
the necessary region of HML-I we indicate the perfect or near perfect consenses for Rap I (labelled E; see consensus in Figure 5 and Gilson and Gasser,
1995), the binding site for Abf 1 (labelled B, based a footprint and the consensus TATCATN5ACGA, Buchman et al., 1988) or the ARS consensus
(labelled A, representing AfTTTAC/T A/GTTTA/T). The open box labelled E at HML-I is a slightly less perfect Rapl consensus (10/13), but which is
not essential for full silencer activity. The binding sites indicated at HMR-E are based on Brand et al. (1987), and the sites for the three factors are in
nearly identical orientation and spacing to that found at HML-I, in relation to the repressed promoters. Below the map, the actual sequences of the relevant
sites are given. At HML-I, these are bp144-158 for the Abf 1 or B site; bp 199-211 for the Rapl or E site; bp 243-256, for the ACS or A site; and at
HMR-E, bp 350-341 for the ACS or A site; bp 321-309 for the Rapl or E site; and bp 268-254 for the Abf 1 or B site. Numbering is from the telomere
proximal side towards the centromere, based on the Chr. III sequence in the EMBL data base. In vitro footprint assays confirm that Rap I binds the two
indicated sites at HML-I. RV, EcoRV; H, HindIlI; P, PvuII; and Alu, AluI. (B) Gel retardation assays were performed using E.coli-expressed and affinity-
purified Rapl protein. The three end-labelled probes used for the assay correspond to the 240 bp EcoRV-HindIIl fragment (lanes 1-5) and the 158 bp
PvuII-EcoRV fragment (lanes 6-10) of the HML-I silencer, and the 134 bp DraI-AluI fragment of the HMR-E silencer (lanes 11-15). Equivalent moles of
each probe were incubated with the same molar excess of Rap I protein, 0.2 ,ug of non-specific competitor, and either no specific competitor (lanes 2, 7
and 12) or with 25 ng (lanes 3, 8 and 13), 50 ng (lanes 4, 9 and 14) or 100 ng (lanes 5, 10 and 15) of the 003-004 oligonucleotide containing a telomeric
Rap 1 site (see Materials and methods). Lanes 1, 6 and 11 contain probes alone, in the absence of Rap 1. Protein-DNA complexes were separated on an
0.8% agarose gel (see Materials and methods). 'C' = Rap 1-DNA complex; 'F' = free probe. Quantitation shows that the Rapl-HMR-E complex is
4.3-fold more stable than the complex formed with the EcoRV-HindIII fragment and 4.5-fold more stable than the complex formed with the PvuII-
EcoRV fragment. (C) A Coomassie blue-stained SDS gel shows the peak elution fractions (lanes 17 and 18) and one fraction before and after these (lanes
16 and 19) from the affinity purification of bacterially expressed Rap I protein. Molecular weight markers are indicated at the left in kDa. Rap I is
estimated to be 95% pure by this criterion and no major DNA binding contaminant could be detected. (D) DNase I footprint with purified Rap I protein on
the 398 nt (PvuII-HindIII) HML-I silencer fragment. Rapl protein binding to the I-silencer fragment and DNase I digestions were performed as described
in Materials and methods. The 398 nt I-silencer fragment (10 ng each) was incubated without (lane 1), with 2 ,ul (-24 ng, lanes 2 and 4) and with 5 pA
(-60 ng, lane 3) of RapI protein. Nuclease digestions were performed with 0.1 ,ug/ml DNase I (lanes 1-4). Digestion products were PCR amplified using
the end-labeled oligonucleotide, SG 105, and analysed on an 8% polyacrylamide-7 M urea sequencing gel together with dideoxy sequencing products of
the 398 nt I-silencer fragment (not shown). The site of Rap 1 binding is indicated by a bracket along the autoradiogram, the slightly less perfect Rap 1
consensus by a dotted line. The numbers correspond to I-silencer sequences of putative Rapl binding sites as in (A). Arrows along the autoradiogram
indicate DNase I-hypersensitive sites.
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Fig. 5. Sequence of the oligonucleotides corresponding to the
ndividual proto-silencers and demonstration of Rap] binding. (A) The
,equences of the oligonucleotides used for integration in the HML
eporter constructs are presented. The black boxes over the sequences

-orrespond to the putative binding site. £ indicates the Rapl binding
aite oligonucleotide (c' indicates that it is inserted in the opposite
)rientation at HML, see text and Figure 6). A 13 nt consensus for
Zapl binding (Buchman et al.. 1988) is indicated below the sequence

)f e. The matches with this consensus are indicated by bars. The
ndicated sequence in corresponds to that of UASa (Giesman et al.,
1991) with one modification at the 8th position of the consensus

G-*C) which is known to preserve the binding capacity of Rapl to
his site (Vignais et al.. 1990). The mutated form of this oligo-
iucleotide (e"n) is indicated below the Rapl consensus and contains a

;ingle base pair deletion of the 11th position of the consensus. The
)ligonucleotide a contains a perfect ARS consensus sequence and the
ndicated flanking region is identical to the flanking sequence of the
\CS in HMR-E. The oligonucleotide contains a perfect Abf I

-onsensus, and the line above the sequence corresponds to flanking
;equence identical to that used in the synthetic silencer (McNally and
line, 1991). (B) Gel retardation experiments with three probes
-orresponding to a 600 nt fragment containing £ in either orientation
£ and e') and the mutated Rapl site oligonucleotide (£'m). These
)robes were incubated with 0 (lanes 1-3). 2 ng (lanes 4-6), 5 ng
lanes 7-9) and 10 ng (lanes 10-12) of purified Rapl protein and I .g
)f poly d(I-C) non-specific competitor, prior to analysis on an 0.8%
igarose gel (see Materials and methods). The name of the probe is
!iven below the gel. 'C' indicates the position of the Rapl-DNA
-omplex and 'F' the position of the free DNA.

_G57, CB 1, Figure 6). These results suggest that a single
Zap site is able to cooperate with a silencer at a distance
:o establish repression. An alternative explanation is that
he additional Rapl site converts a previously cryptic
)roto-element near the E silencer, into a bona fide silencer.
rhis explanation can be ruled out by placing the Rapl
)inding site in the same position, but in the absence of
he I silencer (strain CB6, Figure 6). Under these conditions
he reporter gene is fully derepressed, indicating that the
nsertion of a single Rapl binding site neither reveals a

,ryptic silencer, nor acts as a silencer on its own.

The insertion of an additional Rap site next to an

.ntact E silencer can improve silencing another 2-fold
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Fig. 6. Cooperative effects between I and individual silencer elements.
This figure includes the structure of various LEU2"lacZ insertions at
HML, as well as the name of the strains to the left of the structure and
the relative values of f-galactosidase produced in the corresponding
strain to the right. The symbols are described in Figure 1 and the
f-galactosidase activity measurements are as previously described,
always standardized to the 0.07 Miller units obtained with EG5 and
EG31. In every experiment, the EG5 control is performed in parallel
and values are reproducibly 0.07 + 0.01. The symbols corresponding
to proto-silencers are below the line when the orientation is different
from the orientation in the natural HML-E silencer. The triangle which
symbolizes a Rapl binding site is empty in the case of e'tm
oligonucleotide insertion, which corresponds to a mutated form of a

Rapl site (see Figure 5). All the strains derived from GA210 and are

LEU+. The strains with a dimer of Gal4 binding sites [(UASG)2I carry
a disrupted chromosomal GAL4 gene (gal4:::LEU2). CB9 and CB 11
contain a low copy number plasmid expressing the Gal4 DNA binding
domain (GBD) and CB1O and CB12 contain a low copy number
plasmid expressing a hybrid protein between GBD and aa 653-827 of
Rap 1.
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over the normal repressed level (a drop from 1 to 0.5 in
3-galactosidase activity; strain CB2, Figure 6), indicating

that a redundancy of elements can improve silencing.
This argues for a dosage- or concentration-dependent
mechanism for Rapl action, much like that proposed for
telomere-proximal silencing (Renauld et al., 1993), rather
than a catalytic or on/off switch.

In order to investigate the nature of this apparent
cooperation between a proto-silencer (a single Rapl site)
and the I silencer, we further characterized the effect of
the Rapl site insertion on LEU2"lacZ expression. First,
we showed that the improvement in silencing provided
by a Rapl site is dependent upon the Sir proteins: a
disruption of either the sirl or sir3 gene results in a
total derepression, while overexpression of SIR] partially
derepresses, as observed in Figure 2 (data not shown).
Secondly, we show that the D region, which remains in
the previous constructs after deletion of E, does not act
in synergy with the Rapl site, nor is it necessary for
Rapl-enhanced silencing. A total deletion of both HML-
E and D does not alter the improvement in silencing
provided by the RapI site insertion (compare strains EG57
and CB4, Figure 6). Finally, insertion of a mutated version
of the Rapl site (called tm, Figure 5A), which exhibits a
lowered affinity for Rap 1, as visualized by band-shift
assays with increasing amounts of purified Rapl (Figure
SB), has much less effect on silencing (compare strains
CB 1 and CB3, Figure 6). This is consistent with our
proposal that the binding of Rap 1, and not only the
presence of the consensus sequence, is important for the
observed cooperativity.

In most of the constructs discussed above, the promoter
is located near the intact silencer and the Rapl site is
inserted at the 3' end of the gene. When the LEU2"lacZ
reporter is in the opposite orientation, i.e. 4 kb from the
intact I silencer, the insertion of a Rap1 site near the
promoter has a more modest effect on silencing (compare
strains CB4 and CB5, Figure 6), showing again that
individual Rapl sites themselves cannot initiate silencing.
Indeed, a promoter-proximal Rapl site in the absence of
I is unable to repress transcription (strain CB6, Figure 6).
Such a construct is reminiscent of the promoter of the
native a2 gene, in which a Rapl site located immediately
upstream of the TATA box acts as a transactivator.
Although the single Rapl site cannot silence on its own,
it can cooperate at a distance to enhance the effect of a
nearby silencer, suggesting that the promoters of targeted
genes can indeed influence the establishment or mainten-
ance of Sir-mediated repression.

Does the bound Rapl molecule itself participate in the
long-range cooperative effect with I ? To answer this, the
Rapl site was replaced by two binding sites for Gal4
[(UASC)2], in our host strain which is gal4. In the absence
of E, the expression of a hybrid protein containing the
DNA binding domain of Gal4 (GBD) and the silencing
domain of Rapl (aa 653-827) reinforces silencing when
the reporter promoter is located near I (strain CB 10,
Figure 6), while GBD alone did not (strain CB9, Figure
6). The presence of GBD-Rapl has only a modest effect
on silencing when the reporter gene's promoter is located
near (UASG)2 and away from I (strains CB11 and CB 12,
Figure 6). These results demonstrate that a targeted silenc-
ing domain of Rapl, like a single Rapl binding site, is

able to reinforce the action of a distantly located HML-L
silencer, although it has no silencer activity on its own.

Individual ACS or Abfl binding sites can also
cooperate to promote silencing
Is Rapl the only proto-silencer element able to cooperate
at a distance to enhance silencer function? Similarly sized
oligonucleotides containing either an individual Abf1
binding site or the ARS consensus ( or cx, respectively),
were introduced at the 3' end of the reporter gene, 4 kb
from the intact I silencer, in strains deleted for the
HML-E silencer region. The insertion of an ARS consensus
sequence reinforces silencing induced by the I silencer
with the same efficiency as the inserted Rapl binding site
(compare strains EG33, Figure 3 and EG57 and CB7,
Figure 6). The insertion of an Abf1 site increases repression
reproducibly, but to a more modest level (compare strains
EG33, Figure 3 and CB8, Figure 6). Overall, these findings
allow us to propose that individual proto-silencer sites
can act as auxiliary elements to enhance repression,
without being silencers themselves, even when located as
far as 4 kb from a silencer.

Discussion
Yeast mating type silencers are cis-acting sequences which
initiate the propagation of a repressed state of chromatin
('silent chromatin') at the two HM loci. They represent
the juxtaposition of protein binding sites (here referred to
as proto-silencers) which cooperate with one another over
a short distance (usually <100 bp) in order to create a
functional unit. These proto-silencers include binding sites
for Rap 1 and Abf1, as well as an ARS element recognized
by the ORC, a six-polypeptide factor required for the
initiation of DNA synthesis (Bell et al., 1993; Foss et al.,
1993). All three of these factors have many binding sites
throughout the yeast genome, but at most of these sites
the factors, even when they occur in pairs, do not confer
Sir-dependent repression of adjacent genes. Thus the
function of these individual proto-silencers is clearly
context dependent. Deletion studies at HMR and HML
have revealed two silencers at each locus, E and I, located
to either side of the repressed gene (Abraham et al., 1984;
Feldman et al., 1984). They have also shown that HMR-
E, HML-E and HML-I are each sufficient to confer
silencing on their own on the a2 or ax promoters at the
native HM loci near the ends of chromosome III, while
HMR-I is not (Mahoney and Broach, 1989; reviewed in
Laurenson and Rine, 1992). We have tried to address the
question of why partially or fully functional silencers
should be duplicated in regions flanking repressed pro-
moters or even in the promoter itself. Is it purely a
question of redundancy, or do these sites have a role in
HM repression?

Using a highly sensitive ,-galactosidase assay and a
promoter that has neither a RapI nor an Abf1 site, we are
able to demonstrate in a quantitative manner two aspects
of silencer function. First, silencers are able to cooperate
at a distance to enhance the establishment of a repressed
domain. Second, proto-silencers, which do not have silen-
cer function on their own, are able to cooperate with a
silencer at a distance of 4 kb to establish an efficiently
repressed domain. As a corollary to this, Rapl or Abfl
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sites in the promoters of targeted genes are predicted to
function as silencer auxiliary elements to enhance the
efficiency of repression. This is particularly relevant since
factors involved in the establishment of repression, such
as Rap I and Abfl, are also transcriptional activators
required for gene expression (Shore, 1994; Gilson and
Gasser, 1995).

In the case of Rap l, the factor itself and not simply
the binding sequence mediates both the activation and
repression functions since: (i) a mutated Rapl site which
poorly binds Rapl alone is unable to cooperate fully with
a distantly located silencer (Figures 5 and 6); (ii) the C-
terminal domain of Rapl alone, targeted through a Gal4
binding site, is able to reinforce the action of a distant
silencer (Figure 6); (iii) Rapl is known to be the only
DNA binding factor necessary for the UASa-dependent
transactivation (Giesman et al., 1991); (iv) mutations in
Rapl have demonstrated a role in silencing (Liu et al.,
1994); and (v) in vivo footprinting experiments visualized
a footprint consistent with Rapl protein bound at UASa,
in both the repressed and the derepressed state (M.Tsai-
Pflugfelder and S.M.Gasser, in preparation). Thus, at least
in the case of HMLax, the transcriptional inactivation
apparently does not entail the exclusion of all factors from
the promoter.

Proto-silencers are equivalent to
transcription-promoting elements
Superficially, the requirement for both E and I silencers
for full repression of the LEU2"1acZ construct appears to
contradict results of Mahoney and Broach (1989), who
did not observe derepression upon removal of either the
E or I silencer at HMLax. Most of their published constructs,
however, preserve the a2 promoter, which itself contains
a functional RapI site. Indeed, consistent with our ana-
lyses, the removal of one silencer at HML is not expected
to derepress transcription, because the Rap 1 site in UASa
should be able to act as a proto-silencer to enhance
repression (see above, Giesman et al., 1991). In other
reported cases, the x2 region was replaced by the al
region, which contains an Abf 1 site (McBroom and
Sadowski, 1994). Abf1 is also able to reinforce the strength
of a silencer located at a distance. Thus, even though Sir-
dependent silencing is a chromatin-dependent process
thought to spread from the silencer in a manner inde-
pendent of the targeted gene, it seems that the presence
or absence of a proto-silencer in the targeted promoter
can influence the efficiency of repression. It is not known
whether other transcription factor sites can play the same
role. The binding site for the transcriptional activator
PPRI at a telomere-proximal URA3 gene, however, clearly
has the opposite effect, since the efficiency of telomeric
silencing drops in the presence of PPR1 (Renauld et al.,
1993).

Intriguingly, the efficiency with which the introduction
of an HMR-E silencer represses the transcriptionally active
MAT locus also appears to depend on the promoter
being repressed. Shei and Broach (1995) observed that
introduction of the HMR-E silencer represses the MATa
promoter less efficiently than that of MATca; for the MATal
promoter, a 'conditional' silencing was observed that
varied with growth conditions, while the inserted silencer
repressed the MATa2 promoter under all growth condi-

tions. As described above, the a2 promoter contains a
Rap 1 binding site, while the al promoter does not
(Giesman et al., 1991). Consistent with these observations,
our studies show that an individual Rapl site functions at
a distance to make a full silencer construct more efficient,
while Abfl does so less efficiently. We do not interpret
this long-range effect of a Rapl site on a distal silencer
as transformation of the Rap 1 site into a bona fide silencer,
but rather as an increase in the efficiency of the distal
silencer, since the Rapl site, even in the HML context,
has little or no silencing activity on its own.

Previous analysis of cis-acting sequences involved in
HMR silencing led to the conclusion that the minimal
silencer is composed of any combination of two of the
three proto-silencers (Brand et al., 1987; Kimmerly et al.,
1988). Our analysis would suggest that such combinations,
as illustrated by the HML-E silencer or an Abf1 -less allele
of HML-I, indeed act as silencers, but very poorly. To be
fully active they need to be combined with at least one
of the three proto-silencers. This auxiliary element can be
part of the silencer, as in HMR-E, or at a distance (at least
up to 4 kb). The original redundancy studies of the HMR-
E element were performed in the presence of HMR-I,
which contains an Abf1 site and an ARS element, both
of which might cooperate with the mutated versions of
HMR-E. Indeed, a synthetic HMR-E sequence behaves as
an effective silencer only in the presence of HMR-I
(McNally and Rine, 1991; Fox et al., 1994, 1995) and
lacks much of the redundancy observed in the wild-type
HMR-E silencer (McNally and Rine, 1991). The weakness
of silencers containing 'two out of three' proto-elements
that we observe with the LEU2"lacZ reporter helps to
explain why promoters containing a Rapl site adjacent to
an Abf 1 site (e.g. promoters at PGK and PYKI; Chambers
et al., 1990) participate in transcriptional activation rather
than repression.

How do long-range interactions enhance silencing?
Silencers appear to be implicated in the establishment
rather than in the maintenance of the repressed state of
chromatin, since the excision from chromosomes of the
HMR region without the associated silencers retained the
repressed state of its chromatin (Loo and Rine, 1994).
Thus, the cooperative event is likely to occur during the
initial steps of silencing, for example by facilitating the
spreading of the repressed structure into adjacent chro-
matin and/or by enhancing the nucleation of factors at
silencers.
The relatively weak silencing ability of an individual

HML silencer (see Figure 7a) may be reinforced by the
spreading of silent chromatin emanating from a distant
silencer. If the two silencers flank a target gene, the
propagated structures could meet and stabilize repression
between the two silencers (Figure 7b). However, the
cooperativity mediated by proto-silencers, which do not
act as a silencing 'initiation sites' on their own, argues
for another hypothesis in which the more distant site
enhances the efficiency of the first silencer (Figure 7c).
Alternatively, the role of the auxiliary element might be
to modulate the intervening chromatin in order to render
it more competent for silencing, for example by imposing
a particular nucleosome positioning. This hypothesis is in
agreement with the idea that spreading involves the
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Fig. 7. Long-range cooperative effects observed at the silent HML
locus. This figure presents a model interpreting results presented in
this paper. (a) In the presence of a single silencer (e.g. E or I), only a
low degree of silencing is observed, acting only on promoters in close
proximity. (b) In the presence of both silencers, the repression of the
intervening chromatin is much more efficient. The two silencers seem
to cooperate bidirectionally since both of them are reinforced. (c) The
presence of any one of the three individual proto-silencer elements can
enhance the activity of a distantly located silencer without acting as a
silencer on its own. Here, the cooperativity seems to work
unidirectionally, reinforcing the strength of the silencer without
transforming the individual binding site into a silencer. The direction
of the black triangle indicates the extent of the spreading of the
repressed chromatin emanating from a silencer. Whether these
cooperative effects can act for the spreading directed outside of the
two silencers is not known, but is suggested by studies of Mahoney
and Broach (1989). We indicate this here with open triangles toward
the outside of the domain.

association of silencing factors with nucleosomes (Hecht
et al., 1995) and that, in our constructs, the intervening
DNA is mainly bacterial, which is not expected to confer
a particular nucleosome positioning on its own. However,
the nucleosomal positioning along a URA3 gene is not
modified upon its repression near a telomere, suggesting
that a particular nucleosome array is not essential for
silencing (Wright et al., 1992).
The observed cooperativity between silencers can also

be interpreted as an enhancement of the local concentration
of binding sites for Sir proteins in a small volume of
nuclear space. This can be achieved locally by inserting
multiple silencer sequences (Shei and Broach, 1995) or at
a distance by clustering silencers through higher order
organization of the chromatin. We do not know whether the
functional cooperativity observed reflects direct interaction
between distant elements. However, since in vitro experi-
ments showed that E, I and the a2 promoter can associate
in the presence of nuclear scaffold extracts to form DNA
loops (Hofmann et al., 1989), we favour the interpretation
that direct interaction, which may also be a transient
interaction, between proteins bound to both silencers
and auxiliary sites accounts for the observed long-range
cooperativity. In vitro loop formation could be competed
by an excess of free RapI binding sites, implicating RapI
directly in these in vitro interactions (Hofmann et al.,
1989). The requirement for Rapl is likely to reflect its
ability to bind other proteins such as Sirl or the Sir3-
Sir4 complex, to form a tertiary complex, since in vitro
looping was not observed with highly purified bacterially
expressed Rapl alone (T.Laroche and S.M.Gasser, per-
sonal communication), and because attempts to demon-

strate Rapl dimerization in vitro have failed (E.Gilson,
M.Roberge, D.Rhodes and S.M.Gasser, unpublished obser-
vations).

Cooperativity at a distance does not necessarily imply
formation of a stable looped domain, nor do we propose
that silencers or proto-silencer are 'boundaries' for repres-
sion, since this infers a limitation or directionality to the
repressed chromatin structure. Indeed, it has been argued
that looping between silencers does not occur because
the repressed chromatin extends into flanking domains
(Mahoney and Broach, 1989). Our data suggest that long-
range interaction or looping does occur to help establish
silencing, but that these interactions do not confer direc-
tionality or limitation of the repressed structure to the
region between the two silencers. Indeed, the interaction
may be transient. It has been amply demonstrated in
higher eukaryotic systems that some classes of elements
that affect long-range transcriptional regulation (such as
LCR elements or SAR sequences, Laemmli et al., 1992;
Grosveld et al., 1994) do not alone serve as barriers or
insulator elements; on the other hand, elements like the
Drosophila scs and scs' elements do provide boundary or
insulator function, but are not necessarily enhancers of
transcription (Vazquez et al., 1994). Cooperative, and
often transient, long-range interactions like those described
here for silencing have also been implicated in the tran-
scriptional regulation of both prokaryotic and eukaryotic
promoters (Amouyal et al., 1989; Muller et al., 1989).
Interestingly, in Drosophila, the PRE elements controlled
by the Polycomb group also appear to cooperate at a
distance to stabilize the silencing complexes (reviewed in
Pirrotta, 1995).

The roles of Sir proteins in long-range interactions
between silencers
The Sir3 and Sir4 proteins form both homo- and hetero-
dimers, and are thought to form large multimeric com-
plexes at silencers or at telomeres (Chien et al., 1991;
Gilson et al., 1993a; Palladino et al., 1993; Liu et al.,
1994; Moretti et al., 1994; Cockell et al., 1995). Since
the C-terminal domain of Rapl also binds Sir3 and Sir4,
and may target the complex to chromatin (Moretti et al.,
1994; Cockell et al., 1995), the long-range interactions
between Rapl or its targeted C-terminal domain and
a silencer could well be achieved through Sir protein
interactions. It is not known whether the ORC complex
can target Sir3 and Sir4 directly, or whether its effect is
mediated through Sirl. Sirl was shown to enhance the
establishment of silencing, but is not essential for mainten-
ance of the repressed state at either the HM loci or at
telomeres (Pillus and Rine, 1989; Aparicio et al., 1991;
Stone et al., 1991; Chien et al., 1993). Thus, it is worth
noting that in our HML constructs containing both E and
I silencers, or a single RapI site and I, both are highly
dependent on cooperativity and are derepressed almost
completely in the absence of Sirl (Figure 2) unlike the
native HMLa locus (Pillus and Rine, 1989). Consistently,
a single Abfl site, which does not seem to be capable of
targeting Sirl (Chien et al., 1993), cooperates less well at
a distance than a Rapl or ARS consensus (Figure 6).
Taken together, such observations suggest that Sirl may
be involved in the long-range interactions between silen-
cers and auxiliary elements.
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As shown for telomeric repression, the silencing of the
HML::LEU2"lacZ construct is highly sensitive to variation
in the dosage of silencing factors. This was interpreted
previously in terms of limiting factors that are required
for spreading (Locke et al., 1988; Renauld et al., 1993),
yet it is also consistent with evidence for long-range
interactions between silencers. The higher order reaction
required for loop formation involves both occupancy of
the distal sites and elements that bridge between the sites.
A low concentration of silencer, binding factors can
abolish the cooperative effect because of a reduced site
occupancy; too high concentrations could prevent the
establishment of silencing by competing for long-range
interactions. Consistently, overexpression of SIR] or SIR3
results in a slight derepression of an HML region containing
both silencers (Figure 2A), although the same elevated
SIR3 expression does not affect the residual silencing
found at an HML region containing a single silencer (our
unpublished results).

Other evidence for long-range interactions in yeast
chromosomes is provided by the observation that the
silencing mediated by telomeric repeats inserted internally
within yeast chromosomes is enhanced by their proximity
to a telomere (Stavenhagen and Zakian, 1994), and that the
level ofHMR silencing is dependent upon its chromosomal
location again in relation to telomeres (Thompson et al.,
1994a). These findings, together with the fact that HML
and HMR are located at 13 and 25 kb respectively
from the two telomeres of chromosome III, suggest that
telomeres and silent mating type loci could also interact
to form large chromatin domains at both ends of this
chromosome (Gilson et al., 1993a). Indeed, in the case of
yeast silencers, a long-range cooperative effect could be
achieved either by a close association of the two elements
or by targeting them to a common subnuclear compartment,
such as that defined by the clustering of Rap 1, presumably
reflecting telomeres in foci near the nuclear periphery
(Palladino et al., 1993; M.Gotta and S.M.Gasser, in
preparation). A molecular analysis of these synergistic
effects may shed light on how the higher order organization
of chromosomes aids in the formation and maintenance
of silent chromatin domains.

Materials and methods
Molecular biology methods
Plasmid growth and extraction, Southern blot analysis and restriction
enzyme digests were carried out as described in Sambrook et al. (1989).
Yeast media and methods were as described in Rose et al. (1990). Yeast
transformation was done according to a modified lithium acetate protocol
described by Hill et al. (1991), using 10 .g of DNA fragment for
integration or 0.1 ,ug of intact plasmid DNA for extrachromosomal
replication, and 60 ,ug of denaturated salmon sperm DNA.

Plasmid constructions
Plasmids with both HML-E and HML-I regions were derived from
pUC18 where an XbaI-SpeI fragment carrying E is fused to an XmnI
fragment carrying I (Figure 1). In these constructs, single KpnI and BclI
sites are present between the two HML fragments. The wild-type E and
I regions (1067 and 1212 nt, respectively) were excised from pVO3-
Bam26 (a gift from J.Broach). The el allele was excised from pD15-89
which contains a BglII linker substituted for 34 nucleotides within the
E silencer, inactivating both the Rapl site and the ARS sequence
(Mahoney et al., 1991). The e, allele is derived from el by deleting the
D region from the BgllI linker inserted at E to the SpeI site (Figure 1).
The i allele was excised from pDM25 which contains a 280 nt deletion

of I [-1242 in Mahoney and Broach (1989)] which removes both the
Abfl site and the ARS sequence. The AB allele corresponds to the
deletion of the XmnI-EcoRV 592 bp fragment carrying the Abf 1 site of
I (Figure 1). The dimer of Gal4 DNA binding sites [(USAG)2] was
cloned by inserting a BainHI-BglII DNA fragment containing these sites
(Chien et al., 1993) into the Bcll site. Four 44 nt long oligonucleotides
(a, P, c, Cm) were inserted at the SpeI site of I. Their sequences are
shown in Figure SA. The integrity of their sequence after cloning and
their orientation were checked both by PCR and by sequencing.
A 3.4 kb LEU2"lacZ reporter gene DNA, corresponding to the LEU2'

from -220 to +39 bp fused to the 'lacZ BamHI-DraI fragment from
pMC1403 (Casadaban et al., 1983), was inserted into the KpnI site of
the above plasmids carrying various combinations of HML silencers,
(USAG)2 and oligonucleotides. The hybrid protein with P-galactosidase
activity is expected to be under the control of a minimal LEU2 promoter
(Tu and Casadaban, 1990).
The pe I URA3AB plasmid contains a HindIII URA3 fragment excised

from pAF1O1 (Thierry et al., 1990) inserted at the KpnI site of a plasmid
DNA carrying both the el and AB alleles, with the URA3 promoter located
near AB. For disrupting the HMR locus, we constructed phmr(eURA3i), a
derivative of pUC 18, which carries the URA3 fragment flanked by the
EcoRI-XhoI fragment distal to HMR-E, excised from pJA82.6 with the
XhoI linker insertion number 268 (Abraham et al., 1984) and by the
XhoI-HindIII fragment distal to HMR-I, excised from pJA82.6 A59-296
(Abraham et al., 1984).

Yeast strain constructions
All the strains used in this work derived from S150-2B (MATa leu2-3,112
ura3-52 trpl-289 his3D gal2) (a gift from J.Broach). The replacement of
the wild-type HMLcx region by the LEU2"lacZ reporter construct was
done in two steps. First, the HMLa region was disrupted with URA3 by
transforming pelURA3AB cut with XbaI (to the left of the E region)
and NotI (to the right of the I region). The transformants were checked
by a Southern blot analysis and the resulting strain named GA210.
Second, an XbaI-NotI fragment from the plasmids carrying the LEU2"
lacZ reporter gene was used to replace a URA3 gene inserted at the
HML locus in GA21O by co-transformation (Rudolph et al., 1985) with
pRS315 (Sikorski and Hieter, 1989). The LEU+ transformants were

replica-plated to SD-URA, SD+URA and SD+URA+5-fluoroorotic
acid (5FOA). The URA-, 5FOAR colonies were analysed both by
Southern blot analysis and by PCR using one primer located outside the
transformed DNA fragment and the other within the LEU2"lacZ reporter
gene. The E (respectively I) silencer alleles were checked by the
presence, in the case of el (respectively I), or by the absence, in the
case of E (respectively AB and i), of a BglII site (respectively EcoRV).
The strains carrying the (UASG)2 sequence were checked by the presence
of the XbaI site. In addition, the strains carrying either the ax, C or 0
sequence were checked by PCR using one primer corresponding to the
inserted oligonucleotide and a primer located outside the transformed
DNA fragment.
The sirl and sir3 derivatives of these strains were obtained by a one-

step gene replacement procedure using, respectively, pKL12 (Stone
et al., 1991) or pJI23.2 (Ivy et al., 1986). The HMR region was disrupted
with a URA3 gene in a one-step gene replacement procedure by
transforming phmr(eURA3i) containing a URA3 gene flanked by null
alleles of the HMR-E and HMR-I silencers (see plasmid construction).
A functional HMR region was introduced by transformation with pJA82.6
(here termed pHMR), a centromere-containing plasmid carrying the 4.92
kb HindIll fragment which includes the entire HMR region (Abraham
et al., 1984). An HMR region containing a deletion of the HMR-E
silencer was introduced by transformation with pJA82.6A77-268 (here
termed phmr; Abraham et al., 1984). A gal4 derivative of GA210 was

obtained by a one-step gene replacement procedure using pSJ4LEU2 (a
gift of S.Gangloff), in which LEU2 is inserted at the XhoI site of the
GAL4 gene. This gal4 strain was used to integrate the reporter constructs

carrying the (UASG)2 sequence.
For overexpressing SIR] or SIR3, we transformed with the multicopy

plasmid YEpSIRI (here termed pSirl; Stone et al., 1991), or pKAN63
(here termed pSir3; Ivy et al., 1986). In both cases, the genes are under
control of their natural promoters. For overexpressing SIR4 or its C-
terminal part from an ADCJ promoter, we transformed with a multicopy
plasmid carrying a 2 ,u origin called pADH-SIR4 (here termed pSir4)
or pADH-SIR4C (here termed pSir4C; Cockell et al., 1995). DNA
encoding the UASr binding domain of Gal4 (GBD) and the hybrid
between GBD and aa 653-827 of Rapl (GBD-Rapl) are carried by the
HIS3/CEN plasmid pRS313 (Buck and Shore, 1995).
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P-Galactosidase assay
,B-Galactosidase assays were performed in permeabilized cells (Rose
et al., 1990) grown in synthetic media, by collecting the cells when they
reached 107/ml, by assaying 5 X 1O cells in 1 ml and by stopping the reaction
at 30 min. Miller units are thus calculated as l03XOD42(/OD60(X3O. At
least four independent cultures of the same strain were measured. Under
these conditions, the standard deviation of the mean did not exceed 10%.
even for low level of expression (< I Miller Unit). Strains with the reporter
gene in either orientation according to the E and silencers (strains EG5
and EG3 1, Figure 3) produced the same amount of P-galactosidase activity
(0.07 Miller units), which was standardized to 1. In order to avoid any
interference with the proper LEU2 regulation, all the assayed cells were
LEU+ due to either pRS315 or another LEU2 vector, and were grown in
the absence of leucine. For X-gal filter assay, cells were grown directly
on filters and were assayed for ,-galactosidase activity as described in
Breeden and Nasmyth (1985).

Gel retardation experiments
The gel retardation assay and the affinity purification of RapI over-
expressed in Escherichia c-oli was described in Gilson et al. (1993b).
The probes are 600 nt KpnI-EcoRI fragments excised from plasmid
DNA carrying the RapI site oligonucleotide in either orientation (probes
and£') or with a mutation (probe C'm) (see Figure 5A for the sequence

of the RAPI site oligonucleotides), labelled at both ends with [y-32P]ATP
and the T4 polynucleotide kinase. The HML-I fragments used for gel
retardation and competition studies are the 158 bp Pvull'-EcoRV and
the 240 bp EcoRV-HindIII fragments as shown in Figure 4. The HMR-
E fragment is the 134 bp DraI-AluIl minimal silencer as defined by
Brand et al. (1987). Specific competitor is a double-stranded oligonucleo-
tide (named 003-004), containing a telomeric RapI binding site. All
reactions contain either 1 ,tg of poly d(I-C) (Figure 5), or 0.2 gg of
poly d(I-C) and 0.2 ,ug of E.coli single-stranded DNA (Figure 4) as
non-specific competitor. Quantitation of the Rapl-DNA complex was
performed using a Phosphorlmager from Molecular Dynamics.

In vitro DNase I footprinting
Binding reactions (100 pl) contained 10 ng of I-silencer fragment, 0.5 .g
of double-stranded poly(dI).poly(dC), 0-3 molar excess of specific
competitor oligo(003-004), and 0-5 Itl of affinity-purified Rapl protein
expressed in E.coli, as used for the gel retardation experiments above.
Binding buffer was 20 mM KCI, 20 mM Tris-HCI (pH 7.5), 0.125 mM
spermidine, 0.05 mM spermine, 5 mM MgCl,, I mM CaCI,. The binding
reaction was performed at room temperature for 20 min and then
transferred to ice. Nuclease digestions were done by adding 5 1I of
2 ,ug/mI DNase I directly to the reaction mixtures in ice, and digesting
at room temperature for 5 min. Reactions were terminated by adding
100 gi of stop solution [0.6 M sodium acetate (pH 5.2), 20 mM EDTA
(pH 8.0), 50 jig/ml tRNA]. After extraction with phenol/chloroform/
isoamyl alcohol (50:49:1), the specific competitor oligo(003-004) was
removed over a Centricon 30 micro-concentrator. DNA was then
precipitated with ethanol. The 70% ethanol-washed and dried DNA
pellets were resuspended in H2O and used directly for the primer
extension analysis. DNase I cleavage sites were located by primer
extension assay mainly as described (Shimizu et al., 1991). The primer
oligonucleotide, SGIO5, corresponds to nucleotides 294-324 on the I-
silencer sequence (Figure 4A). The DNA-primer mix was denatured at
93°C for 90 s, annealed at 62°C for 4 min, and then extended at 72°C
for 3 min. This cycle was repeated 35 times. The DNA was extended
after 35 cycles for 10 min at 72°C and the reactions terminated by
chloroform extraction and ethanol precipitation. Dideoxy sequencing
reactions using Taq polymerase were performed on the 398 nt I-silencer
fragment as described (Shimizu et al., 1991), using the same primer
extension reactions as above. The DNA products were analysed on an
8% polyacrylamide-7 M urea sequencing gel with wedge spacers
(Sambrook et al., 1989).

Acknowledgements
We would like to thank Drs D.Shore, S.W.Buck, J.Broach, B.Dujon,
S.Gangloff and A.Brand for the generous gift of strains and plasmids,
and Dr M.Cockell for Rapl purification. E.G. thanks EMBO for his
long-term fellowship during his stay at ISREC where this work was
initiated. Research in the Gilson laboratory is supported by ARC, GREG,
Ligue National contre le Cancer and AFLM. Research in the Gasser
laboratory is supported by the Swiss National Science Foundation, the
Human Frontiers Science Program, and the Swiss Cancer League.

References
Abraham.J., Nasmyth.A.. Strathern,J.N., Klar,J.S. and Hicks,J.B. (1984)

Regulation of mating type information in yeast. J. Mol. Biol., 176,
307-331.

Amouyal,M.. Mortensen,L.. Buc,H. and Hammer.K. (1989) Single and
double loop formation when deoR repressor binds to its natural
operator sites. Cell, 58, 545-551.

Aparicio,O.M., Billington,B.L. and Gottschling,D.E. (1991) Modifiers
of position effect are shared between telomeric and silent mating-type
loci in S.cerevisiace. Cell, 66. 1279-1287.

Bell,S.P., Kobayashi,R. and Stillman,B. (1993) Yeast origin recognition
complex functions in transcription silencing and DNA replication.
Science, 262, 1844-1848.

Brand,A.H., Micklem,G. and Nasmyth,K. (1987) A yeast silencer
contains sequences that can promote autonomous plasmid replication
and transcriptional activation. Cell, 51. 709-719.

Breeden,L. and Nasmyth,K. (1985) Regulation of the yeast HO gene.

Cold Spring Harbor Svmp. Qanit. Biol., 50, 643-650.
Buchman,A.R., Kimmerly.W.J., Rine,J. and Kornberg,R.D. (1988) Two

DNA-binding factors recognize specific sequences at silencers,
upstream activating sequences. autonomously replicating sequences

and telomeres in Saccharomnvces cereiisiae. Mol. Cell. Biol.. 8,
210-225.

Buck,S.W. and Shore,D. (1995) Action of a RAPI carboxy-terminal
silencing domain reveals an underlying competition between HMR
and telomeres in yeast. Genes Dec., 9, 370-384.

Casadaban,M.J., Martinez-Arias.A., Shapira,S.K. and Chou,J. (1983) -

Galactosidase gene fusion for analyzing gene expression in Escherichii
coli and yeast. Methods Enz_vmnol., 100, 293-308.

Chambers,A., Stanway,C.. Tsang,J.S.H., Henry,Y., Kingsman,A.J. and
Kingsman,S.M. (1990) ARS binding factor I binds adjacent to RAPI
at the UASs of the yeast glycolytic genes PGK and PYKI. Nucleic
Acids Res.. 18, 5393-5399.

Chien,C.T., Bartel,R., Sternglanz,R. and Fields,S. (1991) The two-hybrid
system: a method to identify and clone genes for proteins that interact
with a protein of interest. Proc. Nodl Acad. Sci. USA, 88, 9578-9582.

Chien,C.T., Buck,S., Sternglanz,R. and Shore,D. (1993) Targeting of
Sirl protein establishes transcriptional silencing at HM loci and
telomeres in yeast. Cell, 75, 531-541.

Cockell,M., Palladino,F., Laroche,T., Kyrion,G., Liu,C., Lustig,A.J. and
Gasser,S.M. (1995) The C-termini of Sir4 and Rapl affect Sir3
localization in yeast cells: evidence for a multicomponent complex
required for telomeric silencing. J. Cell Biol., 129, 909-924.

Feldman,J., Hicks,J. and Broach,J. (1984) Identification of the sites
required for repression of a silent mating type locus in yeast. J. Mol.
Biol., 178. 815-834.

Foss,M., McNally,F.J., Laurenson,P. and Rine,J. (1993) Origin replication
complex (ORC) in transcriptional silencing and DNA replication in
S.cerev'isiae. Science, 262, 1838-1844.

Fox,C.A., Loo,S., Rivier,D.H., Foss,M.A. and Rine,J. (1994) A
transcriptional silencer as a specialized origin of replication that
establishes functional domains of chromatin. Cold Spring Harbor
Svrnp. Quant. Biol., 57, 443-455.

Fox,C.A., Loo,S., Dillin,A. and RineJ. (1995) The origin recognition
complex has essential functions in transcriptional silencing and
chromosome replication. Genes Dec., 9, 911-924.

Fromental,C., Kanno,M., Nomiyama,H. and Chambon,P. (1988)
Cooperativity and hierarchical levels of functional organization in the
SV40 enhancer. Cell, 54, 943-953.

Giesman,D., Best,L. and Tatchell,K. (1991) The role of RAPI in the
regulation of the MATa locus. Mol. Cell. Biol., 11, 1069-1079.

Gilson,E. and Gasser,S.M. (1995) Repressor activator protein I and its
ligands: organising chromatin domains Nutcleic Acids Res.Mol. Biol.,
9, 308-327.

Gilson,E., Laroche,T. and Gasser,S.M. (1993a) Telomeres and the
functional architecture of the nucleus. Trends Cell Biol., 3, 128-134.

Gilson,E., Roberge,M., Giraldo,R., Rhodes,D. and Gasser,S.M. (1993b)
Distortion of the DNA double helix by RAPI at silencers and multiple
telomeric binding sites. J. Mol. Biol., 231, 293-310.

Grosveld,F., Antoniou,M., Berry,M., deBoer,E., Dillon,N., Ellis,J.,
Fraser,P. Hurst,J., Imam,A., Meijer,D., Philipsen,S., Pruzina.S.,
Strouboulis,J. and Whyatt,D. (1994) Regulation of human gene

switching. Cold Spring Harbor SVmp. Quant. Biol., 57, 7-13.
Guarente,L. and Mason,T. (1983) Heme regulates transcription of the
CYCI gene of S.ereviisiae via an upstream activation site. Cell. 32.
1279-1286.

2194



Long-range interactions between silencer elements

Hardv.C.F.J.. Sussel.L. and Shore.D. (1992) A RAPI-interacting protein
involved in transcriptional silencing and telomere length regulation.
Genw.s Dev.. 6. 801-814.

Hecht.A.. Laroche.T.. Strahl-Bolsinger.S.. Gasser.S.M. and Grunstein.M.
(1995) Histone H3 and H4 N termini interact with the silent information
regulators Sir3 and Sir4 in vit,v: a molecular- model for the formation
of heterochromatin in yeast. Cell. 80. 583-592.

Hill.J.. Donald.K.A.G. and Griffiths.D.E. (1991) DMSO-enhanced whole
cell yeast transformation. Nucleic Acils Re.s.. 19. 5791.

Hofmann.J.F.X.. Laroche.T.. Brand.A.H. and Gasser.S.M. (1989) RAP-1
factor is necessary for DNA loop formation in vitro at the silent
mating type locus HML. Cell. 57. 725-737.

Ivy.J.M.. Klar.A.J.S. and Hicks.J.B. (1986) Cloning and characterization
of four SIR genes of S.cer-ev,isiae. Mol. Cell. Biol.. 6, 688-702.

Karpen,G.H. (1994) Position-effect variegation and the new! biology of
heterochromatin. Curt: Opin. Genet. Dev.. 4. 281-291.

Kavne,P.S.. Kim.U.J.. Han.M.. Mullen.J.R.. Yoshizaki.F. and
Grunstein.M. (1988) Extremely conserved histone H4 N terminus is
dispensable for growth but essential for repressing the silent matino
loci in yeast. Cell. 55. 27-39.

Kimmerly.W.. Buchman.A.. Kornberg.R. and Rine,J. (1988) Roles of
two DNA-binding factors in replication. segregation and transcriptional
repression mediated by a yeast silencer. EMBO J.. 7. 2241-2253.

Kurtz.S. and Shore.D. (1991) RAPI protein activates and silences
transcription of mating type genes in yeast. Genies Dev.. 5, 5264-5268.

Kyrion.G., Liu.K. and Lustig.A.J. (1993) RAPI and telomere structure
regulate telomere position effects in Saccharomnvces cerevisiace. Genies
Dev.. 7. 1146-1159.

Laemmli,U.K.. Kiis.E.. Poljak.L. and Adachi.Y. (1992) Scaffold-
associated regions: cis-acting determinants of chromatin structural
loops and functional domains Cuirr Opini. Gentet. Dei., 2, 275-285.

Laurenson,P. and Rine,J. (1992) Silencers, silencing and heritable
transcriptional states. Micr-obiol. Rev.. 56, 543-560.

Liu.C.. Mao,X. and Lustig.A.J. (1994) Mutational analysis defines a C-
terminal tail domain of RAPI essential for telomeric silencing in
S.cerevisiae. Genietics. 138. 1025-1040.

Locke,J.. Kotarsky,M.A. and Tartof.K.D. (1988) Dosage-dependent
modifiers of position effect variegation in Drosophila and a mass-
action model that explains their effects. Getnetics, 120, 181-198.

Loo.S. and Rine,J. (1994) Silencers and domains of generalized
repression. Science. 264. 1768-1771.

MahoneyD.J. and Broach.J. (1989) The HML mating-type cassette of
Saccharonivces cei-ereisiace is regulated by two separate but functionally
equivalent silencers. Mol. Cell. Biol.. 9. 4621-4630.

Mahoney.D.J., Marquard,R.. Shei.G.J.. Rose,A.B. and Broach,J. (1991)
Mutations in the HML E silencer of Saccharomvces cerevisiae yield
metastable inheritance of transcriptional repression. Genes Dev.. 5,
605-615.

McBroom,L.D.B. and Sadowski,P.D. (1994) Contacts of the ABFI
protein of S.cer-evisiae with a DNA binding site at MATa. J. Biol.
Chleini.. 269. 16455-16460.

McNally,F.J. and Rine,J. (1991) A synthetic silencer mediates SIR-
dependent functions in Saccaroinvces cerevisae. Mol. Cell. Biol.. 11.
5648-5659.

Moretti.P.. Freeman.K., Coodly,L. and Shore,D. (1994) Evidence that a
complex of SIR proteins interacts with the silencer and telomere
binding protein Rapl. Genes Dev.. 8. 2257-2269.

Muller.H.P., Sogo,J.M. and Schaffner.W. (1989) An enhancer stimulates
transcription in tranis when attached to the promoter via a protein
bridge. Cell, 58. 767-777.

Orlando,V. and Paro,R. (1995) Chromatin multiprotein complexes
involved in the maintenance of transcription patterns. Cuirr Opini.
Genet. Dev. 5. 174-179.

Palladino.F. and Gasser,S.M. (1994) Telomere maintenance and gene
repression: a common end? Clurr Opini. Cell Biol.. 6. 373-380.

Palladino.F.. Laroche.T.. Gilson,E., Axelrod.A., Pillus.L. and Gasser.S.M.
(1993) SIR3 and SIR4 proteins are required for the positioning and
integrity of yeast telomeres. Cell, 75. 543-555.

Pillus,L. and Rine,J. (1989) Epigenetic inheritance of transcriptional
states in S.cerevisiae. Cell, 30, 567-578.

Pirrotta,V. (1995) Chromatin complexes regulating gene expression in
Drosophila. Curt: Opin. Geniet. Dev.. 5. 466-472.

Renauld.H.. Aparicio.O.M.. Zierath.P.D.. Billington.B.L.. Chhablani.S.K.
and Gottschling.D.E. (1993) Silent domains are assembled
continuously from the telomere and are defined by promoter distance
and strength. and by SIR3 dosage. Genies Dev.. 7. 1133-1145.

Rose.M.D.. Winston,F. and Hieter,P. (1990) Method.s in Yeast Genetics.
Cold Spring Harbor Laboratory Press. Cold Spring Harbor, NY.

Rudolph,H., Koening-Rauseo,l. and Hinnen.A. (1985) One-step
replacement in yeast by cotransformation. Gene. 36. 87-95.

Sambrook,J.. Fritsch.E.F. and Maniatis.T. (1989) Molecular Cloning: A
Laboratory Manueal. Cold Spring Harbor Laboratory Press. Cold
Spring Harbor. NY.

Shei,G.-J. and Broach,J.R. (1995) Yeast silencers can act as orientation-
dependent gene inactivation centers that respond to environmental
signals. Mol. Cell. Biol.. 15. 3496-3506.

Shimizu.M.. Roth.S.Y.. Szent-Gyorgy.C. and Simpson.R.T. (1991)
Nucleosomes are positioned with base pair precision adjacent to
the alpha 2 operator in Saccharomv-yces cerevisiace. EMBO J.. 10.
3033-3041.

Shore.D. (1994) RAPI: a protein regulator in yeast. Trends Geniet., 10.
408-412.

Singer,M.S. and Gottschling.D.E. (1994) TLCI: template RNA
component of SaccharomnYces cerevisiae telomerase. Scienice. 266.
404-409.

Sikorski.R.S. and Hieter.P. (1989) A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in S.cerev isiae.
Genetics. 122. 19-27.

Stavenhagen,J.B. and Zakian.V.A. (1994) Internal tracts of telomeric
DNA act as silencers in Saccharomnvces cerevisiae. Genes Dev., 8,
1411-1422.

Stone.E.M.. Swanson,M.J.. Romeo,A.M.. Hicks,J.B. and Sternglanz.R.
(1991) The SIR] gene of Saccharomv-ces cerevisiae and its role as an
extragenic suppressor of several mating-defective mutants. Mol. Cell.
Biol.. 11. 2253-2262.

Tartof,K.D. and Henikoff,S. (1991) Trans-sensing effects from
Drosoplhila to humans. Cell. 65. 201-203.

Thierry,A., Fairhead.C. and Dujon.B. (1990) The complete sequence of
the 2.8 kb segment left of MAT on chromosome III reveals five ORFs,
including a gene for a yeast ribokinase. Yeast, 6, 521-534.

Thompson.J.S.. Johnson.L.M. and Grunstein.M. (1994a) Specific
repression of the yeast silent mating type locus HMR by an adjacent
telomere. Mol. Cell. Biol.. 14, 446-455.

Thompson,J.S.. Hecht,A. and Grunstein,M. (1994b) The histone H3
amino terminus is required for both telomeric and silent mating locus
repression in yeast. Natutre, 369. 235-247.

Tu,H. and Casadaban,M.J. (1990) The upstream activating sequence for
L-leucine gene regulation in Scerevisiae. Nucleic Acids Res., 18.
3923-3931.

Vazquez,J., Farkas.G., Gaszner.M.. Udv,ardy,A., Muller,M., Hagstrom.K..
Gyurkovics,H.. Sipos. L.. Gausz,J.. Galloni,M., Hogga,I.. Karch,F.
and Schedl,P. (1994) Genetic and molecular analysis of chromatin
domains. Cold Spring Harbor SvYnp. Quant. Biol., 57, 45-54.

Vignais,M.L.. Huet,J. and Sentenac,A. (1990) Contacts between the
factor TUF and RPG sequences. J. Biol. Clhemti.. 265, 14669-14674.

Wright.J.H.. Gottschling.D.E. and Zakian.V.A. (1992) Saccharomlvces
telomeres assume a non-nucleosomal chromatin structure. Genies Dev..
6, 197-210.

Received on November 9, 1995; revised on Janutary 3. 1996

2195


