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ABSTRACT
Saccharomyces cerevisiae subtelomeric repeats contain silencing elements such as the core X sequence,

which is present at all chromosome ends. When transplaced at HML, core X can enhance the action of
a distant silencer without acting as a silencer on its own, thus fulfilling the functional definition of a
protosilencer. Here we show that an ACS motif and an Abf1p-binding site participate in the silencing
capacity of core X and that their effects are additive. In addition, in a variety of settings, core X was found
to bring about substantial gene repression only when a low level of silencing was already detectable in its
absence. Adjoining an X-STAR sequence, which naturally abuts core X in subtelomeric regions, did not
improve the silencing capacity of core X. We propose that protosilencers play a major role in a variety of
silencing phenomena, as is the case for core X, which acts as a silencing relay, prolonging silencing
propagation away from telomeres.

SILENCING is a form of repression that is not pro- the SIR complex across the silenced locus, involving
interactions between H3/H4 and Sir3p/Sir4p. Isolatedmoter specific and can extend over large chromo-

somal regions. A classical example is the position effect binding sites for silencer binding proteins, although
unable to initiate silencing at a silencer-free HM locus,variegation (PEV) of gene expression due to proximity
have been shown to cooperatively interact with intact,to heterochromatin (reviewed in Henikoff 2000). In
distant silencers to strengthen silencing (Boscheron etSaccharomyces cerevisiae, silencing is found at silent mat-
al. 1996). They have been called protosilencers by anal-ing-type loci (HM) within rDNA repeats and in subtelo-
ogy with protoenhancers. Recently, protosilencers weremeric regions [telomere position effect (TPE)]. Key
shown to autonomously maintain silencing in G1-components of silent chromatin in S. cerevisiae include
arrested cells but not in cycling cells (Cheng and Gar-the complex of silent information regulators Sir2p,
tenberg 2000). This contrasts with bona fide silencersSir3p, and Sir4p that is formed through homo- and
that stably maintain silencing during the cell cycle.heterotypic interactions, as well as histones H3 and H4

A new type of silencing element was recently de-(for a review, see Gartenberg 2000). Both establish-
scribed in S. cerevisiae subtelomeric X and Y9 repeats. Itment and maintenance of silencing depend on cis-acting
corresponds to the invariant part of X elements, calledelements known as silencers that nucleate assembly of
core X, and to an internal segment of Y9 (Louis et al.a SIR complex. HM loci are flanked by the E and I
1994; Louis 1995; Fourel et al. 1999; Pryde and Louissilencers, composed of specific combinations of binding
1999). These elements act as relays prolonging the in-sites for Abf1p, the origin replication complex (ORC),
ward propagation of telomeric silencing. Albeit unableand Rap1p. These act as a “surface” for Sir interaction,
to induce silencing on their own when inserted at HML,either directly or through Sir1p, as in the case of Orc
they can reinforce the effect of a weak silencer, thus(Triolo and Sternglanz 1996). At telomeres, the SIR
behaving like protosilencers (Fourel et al. 1999). Inter-complex interacts with tandemly reiterated Rap1p mole-
estingly, these silencing elements may be involved incules bound to telomere-repeat sequences. Silencing is
the SIR-dependent inhibition of replication initiationthought to result from the subsequent “spreading” of
from subtelomeric ARS consensus sequences (ACSs;
Stevenson and Gottschling 1999) and in the silenc-
ing of Ty5-1 retrotransposon at telomere III-L (Vega-
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TABLE 1binding of the Ume6p factor (Kadosh and Struhl
1997). Subtelomeric silencing elements are separated Oligonucleotides used in plasmid constructions
from telomere repeats by insulator elements named
STARs (for subtelomeric antisilencing region) that can Primer Sequence
protect a reporter gene from silencing when interposed

19A1 59-GCGCAGATCTGTATGACTATAGAGTAbetween it and a silencer (Fourel et al. 1999). Within
CAG

X elements, the STAR sequence (named X-STAR) coin- 19A2 59-GCGCGGATCCTATATCTCATTCGGCGG
cides with the more variable STR region (Louis 1995; CCC
Fourel et al. 1999). Tbf1p and Reb1p proteins bind to 19B1 59-GCGCAGATCTAGATATTAAAATGTGGA

TAATCGmultiple sites within STARS and likely contribute an
19B2 59-CGCGGATCCATCGTAAATAATACATACessential role in their activity (Fourel et al. 1999, 2001;

ATACKoering et al. 2000; Figure 1A).
19C1 59-GCGCAGATCTTAACGTTTCAATATGGThe efficiency of silencers upon ectopic chromosomal

AGG
insertion decreases as the distance from telomeres in- 19C2 59-GCGGGATCCACACACCCTAACACAAT
creases (Maillet et al. 1996). However, their silencing CCTAAC
capacity can be restored at a long distance away from STRD-Ba 59-TCCTGGATCCTTTGTTAACG

STRD-RAP 59-TCCTGGATCCCATCCCAAACAAAACCCtelomeres either by overexpressing Sir proteins or by
ACACATCATTTGTTAACGdecreasing the ability of Sir proteins to bind telomeres.

STRA-BgBis 59-TCCTAGATCTACACCCACTACTCTAAThis substantiates the view that telomeres play the role
CCCof reservoirs of silent chromatin components (Maillet

ACS2 59-GATCGGATCCAATACCTAAATATAAA
et al. 1996; Marcand et al. 1996; Martin et al. 1999). AAATGTTATTGTTTAAAC
Core X seemingly functions as a silencer in the vicinity ACS1 59-GATCGTTTAAACAATAACATTTTTTAT
of a telomere but not at HML, i.e., 13 kb away from ATTTAGGTATTGGATCC

ABF2 59-GATCGGATCCTCAATATATCGTTATTAtelomere III-L. Core X was therefore speculated to be a
ACGATATATGTTTAAACweak silencer that is potentiated in its natural telomeric

ABF1 59-GATCGTTTAAACATATATCGTTAATAAenvironment by the specific enrichment in Sir proteins.
CGATATATTGAGGATCCHere we addressed this hypothesis by dissecting core X

HML-E 59-TCCTGGTCTCTGGCCGCCCACTGTTT
silencing activity and by asking whether core X might TTTCCGCCTCC
behave as a bona fide silencer under other circumstances. HML-1 59-TCCTGGTCTCTGGCCGCGAGATCGAA

AGAAAGCCCC

MATERIALS AND METHODS

Plasmid constructions: Molecular biology techniques were obtained through annealing of ACS2 and ACS1 and ABF2
performed as described in Sambrook et al. (1989). The Ex- and ABF1 oligonucleotides, respectively, and inserted at the
pand HiFi system (Boehringer Mannheim) was employed to BamHI site of pURTEL, and of the construct used to generate
carry out PCRs according to the manufacturer’s recommenda- GF3. The Rap1p-binding site in RAP corresponds to that found
tions. in UASa (Giesman et al. 1991). The oligonucleotide ACS

Plasmids used in end replacements at telomere VII-L or to contains a perfect ARS consensus sequence and the indicated
modify the HML locus were obtained by inserting various flanking region is identical to the flanking sequence of the
fragments at the BamHI site of pURTEL or at the BclI site or ACS in HMR-E. The oligonucleotide ABF contains a perfect
pE-i, respectively, as described in Fourel et al. (1999). GF1, Abf1p-binding site consensus and the flanking sequence is
GF3, GF6, GF19, GF21, GF25, GF31, GF48, GF53, GF62, GF63, identical to that used in the synthetic silencer (McNally and
GF64, GF65, and GF72 were previously obtained and analyzed Rine 1991).
in Fourel et al. (1999). PCR amplification of natural subtelo- Replicative plasmids harboring a modified HML locus were
meric regions was carried out using plasmids p19X10 and obtained through PCR amplification of this locus from the
p89H9 [containing, respectively, chromosome II-R and XI-L genomic DNA of the corresponding strains using the HML-E
end (Louis and Borts 1995), kindly provided by E. Louis] and HML-I primers and insertion at the NotI site of pRS315
as templates and oligonucleotides listed in Table 1. The PCR (Sikorski and Hieter 1989). These primers contain a termi-

nal BsaI site and adjacent sequence engineered to create NotIamplification reactions used to generate the various constructs
were performed with the following pairs of primers: STR(IIR), compatible ends after BsaI digestion of the PCR products.

p2mASir3His and the corresponding control p2mAHis were19C1 1 19C2; X1(IIR), 19A1 1 19A2; X2(IIR), 19B1 1 19B2;
coreX(IIR), 19A1 1 19B2; X(IIR), 19A1 1 19C2; X2- obtained from p2mASir3 and pAAH5 (Maillet et al. 1996)

by inserting a HIS3 fragment at the unique BglII and PvuIISTR(IIR), 19B1 1 19C2; STR(XI-L), STRD-Ba 1 STRA-BgBis;
Rap1p (RAP)/ STR(XI-L), STRD-RAP 1 STRA-BgBis. Note sites, respectively. These plasmids allow both leucine and histi-

dine prototrophy.that the limits of the core X fragment were defined as in
Louis et al. (1994), i.e., as corresponding to the highly con- Yeast strains, media, and methods: Genetic manipulations

and growth of yeast are as described in Fourel et al. (1999).served portion of 450–475 bp (Pryde et al. 1995) plus a telo-
mere distal sequence up to 600 bp. The construct used to Yeast strains described in this article harboring a modified

VII-L telomere are derivatives of W303-1a (MATa ade2-1 ura3-1generate GF76 strain was linearized with BamHI and the
STR(IIR) fragment was inserted to produce GF77 strain. An his3-11,15 leu2-3,112 trp1-1 can1-100) and those with a modi-

fied HML locus have a S150-2B background (MATa leu2-3,112ACS motif (ACS) and a binding site for Abf1p (ABF) were
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ura3-52 trp1-289 his3D gal2 gal4:LEU2). Deletion in the HDF1 16). Silencing levels were nevertheless not quite as high
gene was obtained by replacement of the full-length open as when full-length core X sequences were provided,
reading frames (ORFs) by the KanMX4 cassette as described

suggesting that each of X1 and X2 do not recapitulatein Pryde and Louis (1999). A large number of control strains
all the silencing capacities of full-length core X ele-was previously described in Fourel et al. (1999). All telomere

fragmentation and loci replacement were confirmed by South- ments. This conclusion is strengthened by the fact that
ern blot analysis. the insertion of full-length core X displaces URA3 0.3 kb

For overexpressing Sir3p and/or Sir4p, the appropriate strains farther away from the telomere and would thus theoreti-
were transformed with the high-copy plasmids p2mASir3His

cally decrease the influence of TPE on URA3 expression(see above) and pFP320 (Maillet et al. 1996) or the corre-
as compared with the insertion of either X1 or X2.sponding control plasmids p2mAHis and pRS424 and grown
Of note, the X2 fragment clearly strengthens telomericon medium lacking histidine and tryptophane. Yeast strains

harboring HML-related replicative plasmids were obtained silencing upon insertion between URA3 and telomere
through transformation of W303-1A with the corresponding repeats. This does not hold true for X1 and core X
plasmids and selection on SC2 leucine medium. fragments, as better visualized on SC-U (Figure 1B, com-Analysis of URA3 expression: The variegated expression of

pare lines 2, 6, 10, and 14). Similar results were obtainedURA3 was monitored essentially as described in Fourel et al.
using subtelomeric sequences derived from chromo-(1999) by spotting 10 ml of serial dilutions of overnight culture

onto SC, SC 2 uracil (SC-U), and SC 1 5-FOA (1 g/liter) some XI-L end (data not shown). We conclude that
and allowing growth for 3 days at 308. In situations in which core X consists of at least two independent functional
particularly low silencing levels were considered (Figures 4 elements, which cooperate to yield full core X silencingand 5), 1-ml cultures were plated on 10-cm 5-fluoroorotic acid

activity.(5-FOA)-containing dishes of appropriate selective medium
Core X silencing activity is recapitulated by elemen-and assayed classically by spotting 10-ml dilutions on corre-

sponding 5-FOA-lacking medium to estimate the total cell tary protosilencers—single binding sites for Rap1p,
number. After growth for 4 days at 308, three representative Abf1p, or the ORC complex: The presence of putative
colonies were picked from dishes harboring colonies, which ORC- and Abf1p-binding sites was previously noted
were sometimes of varying size, and serial 10-ml dilutions were

through sequence inspection of the X1 and X2 frag-spotted on SC and SC-U to address possible mutation of the
ments, respectively (Louis 1995; Figure 1A). These ele-reporter URA3 gene. A total of 12–24 cultures seeded with
ments, together with Rap1-binding sites, constitute theindependent transformants were assayed for each strain, and

the average value indicated by the histogram bar was calculated building blocks of silencers at the silent mating-type
as the cumulation of 5-FOA-resistant colonies harboring a cassettes. In addition, silencing at HM loci and at telo-
functional URA3 reporter among the estimated total number meres harboring an X element were found to shareof colonies for all 12–24 cultures.

many properties, such as a partial requirement for Sir1p
and only a weak dependence on the HDF1 gene product
(Fourel et al. 1999). The ORC- and Abf1p-binding sitesRESULTS
therefore emerged as strong candidates in mediating

Core X silencing activity involves redundant elements: core X silencing activity.
Insertion of an X-STAR sequence (Figure 1A) between Oligonucleotides, including either an ACS or an
telomere repeats and a URA3 reporter gene strikingly Abf1p-binding site (named ABF), were found to substi-
impedes its silencing, as indicated both by a decrease in tute for core X in restoring significant silencing levels
the frequency of 5-FOA-resistant colonies—a compound (Figure 2A, compare GF78 and GF80 to GF1, GF3, and
toxic for cells expressing a functional URA3 gene prod- GF6). However, the silencing effect was not as strong
uct (Boeke et al. 1984)—and an increase of the ratio as that of core X and was actually slightly weaker than
of colonies able to grow to a normal size on a medium that of the corresponding X2 and X1 fragments. Sig-
lacking uracil (SC-U; Figure 1B, compare lines 1 and 3, 2 nificantly, whereas insertion of the X2 fragment by itself
and 4). This decrease in silencing is due to the insulator resulted in enhanced TPE (see Figure 1B, GF74), this
activity of X-STAR, also called STAR activity, which is was not the case with the ABF oligonucleotide (Figure
itself counteracted by the silencing activity of core X 2A, GF81). Conversely, abutting an ACS oligonucleotide
upon insertion of a full-length X element, thus restoring to telomere repeats improved TPE, as better visualized
predominant URA3 silencing (Figure 1B, lines 7–8) on SC-U (Figure 2A, compare lines 2 and 8). Core X
(Fourel et al. 1999). silencing activity was also recapitulated by targeting Gal4

In an attempt to identify elements responsible for chimera containing either Orc1p N terminus or Abf1p
core X silencing capacity, the core X sequence of II-R transcription activation domain, to UASg binding sites
telomere was arbitrarily dissected into two 0.3-kb frag- placed in subtelomeric position (data not shown).
ments (X1 and X2, Figure 1A). Strikingly, the combina- These findings suggest that full core X activity involves
tion of either X1 or X2 with the X-STAR region restored the additive cooperation of several protosilencers
substantial silencing as compared to the insertion of the among which are the Abf1p- and ORC-binding sites.
X-STAR region by itself, thus qualitatively recapitulating This conclusion is also supported by the impairment of
the activity of the whole core X element (Figure 1B, subtelomeric silencing upon mutation of the ACS or

the Abf1p-binding site (Pryde and Louis 1999). Wecompare lines 3, 7, 11, and 15 with lines 2, 4, 8, 12, and
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Figure 1.—Core X silencing activity
involves redundant elements. (A) Sche-
matic representation of S. cerevisiae chro-
mosome II right end and chromosome
XI left end, with emphasis on the X sub-
telomeric element. Tandem arrow-
heads, TG1-3n telomeric repeats. Core
X was arbitrarily subdivided into two
300-bp segments, named X1 and X2, and
represented as hatched boxes. The STR
sequence is shown as a stippled box. The
positions of an ACS and of binding sites
for Abf1p, Reb1p, and Tbf1p are indi-
cated by symbols. (B) Left: Schematic
representation of the left end of chro-
mosome VII after recombination at the
ADH4 locus, telomere seeding, and
chromosome fragmentation using pUR-
TEL-based constructs (Fourel et al.
1999), including fragments from the
telomere II-R X element (see materials
and methods). Arrows indicate the 59
to 39 direction of URA3 transcription,
and the X element reversed orientation
in strain GF51. In strain GF77, the STR
and the X1 fragments are artificially
placed adjacently, which is illustrated by
a space separating the corresponding
boxes. Shown is a representative experi-
ment. At least three independent trans-
formants were analyzed for each strain,
and for each of them cultures started
from at least two independent colonies
were serially diluted and grown on syn-
thetic complete (SC), on SC 1 5-FOA,
and on SC 2 uracil (SC-U) medium. SC 1
5-FOA allows only growth of cells that do
not express URA3. Right: Each diamond
indicates the ratio of colonies growing
on either SC 1 5-FOA or SC-U vs. SC
for a single culture, considered as mea-
surements of URA3 repression and ex-
pression, respectively. The histogram
bar represents the average of the values
obtained for a given strain and medium,
as indicated above the panel.

previously showed that the effect of deleting the HDF1 binding sites that might potentially cooperate with core
X. Therefore, a Rap1p oligonucleotide (named RAP)gene on TPE is not as profound for a telomere harbor-

ing a core X sequence as for strains carrying only re- was also assayed. It was found to counteract X-STAR-
mediated antisilencing when inserted as a single copy,porter genes next to telomere repeats (Fourel et al.

1999). A similar partial loss of HDF1 dependency is also much like ACS and ABF oligonucleotides (Figure 2A,
GF82).observed upon the insertion of either an ACS or an

ABF oligonucleotide (Figure 2B, compare GF66, GF67, Thus, core X subtelomeric silencing activity is partially
recapitulated by individual binding sites for the ORC,GF83, and GF84), indicating that individual ACS and

ABF sequences can contribute to the overall TPE. Abf1p, and Rap1p proteins, and elementary protosilenc-
ers seemingly cooperate in an additive manner to yieldInspection of core X sequences did not reveal the

presence of any potential Rap1p-binding site complying full core X silencing activity.
Adjoining X-STAR sequences does not improve corewith the previously defined consensus. However, short

tracts of TG1-3 repeats are frequently found on the X silencing capacity at HML: Yeast subtelomeric insula-
tor and silencing elements seemingly operate in an inde-centromere proximal side of Y9 elements, embedded

between X and Y9 sequences. These provide Rap1p- pendent manner (Fourel et al. 1999). However, core X
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Figure 2.—Core X silencing activity is
recapitulated by single binding sites for ei-
ther Rap1p or Abf1p proteins or the ORC
complex. The ACS and Abf1p- and Rap1-
binding sites inserted in the subtelomeric
position at a fragmented VII-L telomere in-
cluded consensus sequences and were of
distinct origins (see materials and meth-
ods). (A) The isolated STR segment in
strains GF3 and GF78–82 is derived from
chromosome XI left telomere. (B) Deletion
of the HDF1 ORF was carried out in strains
GF1, GF53, GF79, and GF81 to obtain
strains GF66, GF67, GF83, and GF84, re-
spectively, as described in materials and
methods. Details are otherwise the same
as in the legend for Figure 1.

is almost always found adjacent to an X-STAR sequence pared the silencing capacity of a full-length X element
to that of core X at the HML locus.(Louis 1995). Analogous silencer/insulator combina-

tions have been previously described in other systems A series of isogenic yeast strains was generated in
which most HML was replaced by URA3, flanked byand organisms (Mihaly et al. 1997; Ayoub et al. 1999;

Donze et al. 1999; Srivastava et al. 2000), which might various combinations of HML-E, HML-I, deletion deriva-
tives, and telomere II-R X-derived sequences. The pres-point to common functional determinants. Therefore,

although X-STAR sequences are not required for core ence of either HML-E or HML-I in control strains bear-
ing no insert resulted in significant silencing levels ofX silencing activity under conditions of optimal opera-

tion in telomere vicinity, we thought it was possible that URA3, although not as high as with both silencers intact
(Fourel et al. 1999; see also Figure 3 and comparethey may contribute to core X silencing activity in less

favorable settings such as at the HM loci. We thus com- GF25, GF19, and GF48). In contrast, not a single colony
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Overexpression of Sir3p and Sir4p enables core X
silencing activity at HML: We next wondered whether
overexpression of Sir3p and Sir4p might confer silenc-
ing capacity to core X at HML in the absence of any
silencer. As shown above (Figure 3) and confirmed here
using a more sensitive assay (see materials and meth-
ods), URA3 did not exhibit any silencing at HML in the
absence of a silencer and under wild-type expression
levels of Sir proteins, regardless of the nearby insertion
of X-derived sequences (Figure 4, GF31, GF62, and
EL1). An average of 30 colonies grew from 4.5 3 107

cells spread on 5-FOA-containing medium, all of which
had acquired a mutation in the URA3 gene (data not
shown). However, overexpression of Sir3p and Sir4p in
the absence of any known silencing element yielded a
ratio of 4.4 3 1025% 5-FOA-resistant colonies that had
an intact URA3 gene, suggesting a weak but statistically
significant silencing of URA3 (Figure 4, EL15 and data
not shown). Three hypotheses may be proposed to ac-
count for this unanticipated observation. First, this si-
lencing might depend upon unknown silencing ele-
ments within the HML locus that would remain
unaffected by the deletions of the silencers. Alterna-
tively, overexpression of the Sir proteins might allow
propagation of silenced chromatin along chromosomal
DNA all the way from the III-L telomeric area to the
HML locus, i.e., .13 kb. In support of this hypothesis,Figure 3.—Adjoining X-STAR sequences do not improve

core X silencing capacity at HML. The HML-E and I silencers silencing has been reported to extend up to 22 kb
are drawn as boxes, solid when intact and open when carrying away from telomere V-R upon Sir3p overexpression
the e1 and i (I-242) deletions (Mahoney and Broach 1989;

(Renauld et al. 1993). Finally, it is also conceivable thatBoscheron et al. 1996). Most of the HML locus was replaced
promiscuous nucleation of silent chromatin complexesby URA3. Fragments derived from the telomere II-R X element

were inserted between HML-E and URA3. When no colony might occur under high intranuclear Sir concentration,
grew on SC 1 5-FOA from 10 ml of undiluted culture, the as previously proposed by Holmes et al. (1997).
fraction of 5-FOA-resistant cells was estimated to be ,0.0005%, Silencing levels of URA3 increased to 0.01% upon
as indicated. Details are otherwise the same as in the legend

Sir3p and Sir4p overexpression when full-length X orfor Figure 1.
core X sequences were inserted (Figure 4, EL16 and
EL17). Importantly, Sir3p and Sir4p overexpression did
not improve HML-E and -I silencing capacity at HMLgrew out of 300,000 cells on 5-FOA-containing medium

in the context of both HML-E and -I silencers deleted, but rather had a slight negative effect (Figure 4, EL18
and EL19). This modest trans-dominant effect mighteven in the presence of core X (Fourel et al. 1999; see

also Figure 3, GF62 and GF63) or of a full-length X be accounted for by the perturbation of the optimal
stoichiometry between Sir proteins, as previously sug-sequence (Figure 3, EL1, EL2). The full-length X ele-

ment is therefore as incapable as core X of autono- gested (Buck and Shore 1995; Maillet et al. 1996).
Thus, overexpression of Sir3p and Sir4p enables a weakmously eliciting silencing at the HML locus.

Adjoining an X-STAR sequence to core X did not core X-mediated silencing at HML and, again in this
situation, X-STAR sequences seem not to contribute toenhance its protosilencer activity as revealed in coopera-

tion with a distant HML-I silencer (Figure 3, compare X activity.
Plasmid-borne core X behaves as a protosilencer: OneEL3 and EL4 with GF64 and GF65). We previously re-

ported that, at telomeres, the synergy between core X may hypothesize that the absence of detectable, autono-
mous silencing activity of core X inserted at HML resultsand telomeric repeats is not disrupted by interposed

STAR sequences (Fourel et al. 1999). This holds true from topological constraints due to the position of this
locus within a chromosome, whereas X elements natu-also at HML when core X is separated from URA3 and

HML-I by an intervening X-STAR sequence (Figure 3, rally stand in an immediate subtelomeric location. In
light of the capacity of silencer elements to induce si-compare GF65 and EL4). Moreover, the antisilencing

effect of X-STAR is overcome by core X when X-STAR lencing in cis when carried on plasmids (Abraham et
al. 1984; Feldman et al. 1984), we decided to monitoris bracketed between core X and a silencer (Figure 3,

compare GF19, GF21, and EL5), similar to previous the silencing capacity of a plasmid-borne core X se-
quence to address this hypothesis. A series of strainsobservations at telomere (Fourel et al. 1999).
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Figure 4.—Overexpression of Sir3p and
Sir4p enables core X silencing activity at
HML. Sir3p and Sir4p were overexpressed
from high-copy plasmids, and control
strains carried the corresponding parental
vectors. Silencing was assayed by a particu-
larly sensitive method and integrity of the
URA3 reporter gene was verified prior to
taking into account a 5-FOA-resistant col-
ony, as described in materials and meth-
ods. The diamonds indicate the ratio of
5-FOA-resistant colonies for each of the
12–24 individual transformants assayed.
The details are otherwise the same as in the
legend for Figure 3.

was generated through transformation of W303-1A cells requires cooperation with a silencer, as previously ob-
served at HML.with pRS315-based plasmids carrying copies of HML

constructs with URA3 as a reporter gene as described
above. These plasmids were selected on leucine dropout
medium both following transformation and during the DISCUSSION
silencing assays. Strain ELC, which harbors the parental

What distinguishes a protosilencer from a silencer?
pRS315 vector, was found to be resistant to 5-FOA; as The detailed characterization of core X silencing activity
expected, as it does not carry a functional URA3 gene presented here confirms and extends the idea that core
(Figure 5). Some rare 5-FOA-resistant colonies (1 in 7 3 X qualitatively behaves like an isolated protosilencer. It
106) grew from cultures containing an URA3 derivative is, however, more efficient, owing to the cooperation
of pRS315 devoid of any silencer (EL7). Those harbored of several elementary protosilencers, including an ACS
an intact URA3 gene as verified by quantitative restreak- and an Abf1p-binding site. It is noteworthy that, al-
ing on SC-U (data not shown). We believe they arose though a functional URS1 sequence can strengthen
by spontaneous genetic mutations that confer either telomeric silencing, we were unable to ascribe any silenc-
silencing-independent 5-FOA-resistant or Sir-indepen- ing effect to the URS1-like sequence found in core X
dent silencing of URA3 (Lin et al. 1990; Chi and Shore (G. Fourel and E. Gilson, unpublished results). Al-
1996; Dula and Holmes 2000). Alternatively, one may though not characterized in detail, silencing elements
envisage the existence of a background level of silencing previously described in Y9 subtelomeric repeats (Fourel
for plasmid-borne reporter genes, which might be ac- et al. 1999), as well as short internal tracts of TG1-3n
counted for by the preferential positioning of plasmids telomere-like sequences (Louis 1995), may be antici-
at the nuclear periphery, for example. This level of 5-FOA pated to display comparable properties.
resistance observed for an HML locus deprived of silenc- Interestingly, core X activity could be demonstrated
ers sets up the detection limit of our “on-plasmid” silenc- only upon cooperation with a bona fide silencer, with a
ing assay. telomere, or upon Sir protein overexpression. In these

Inserting core X by itself did not significantly raise environments, core X can amplify preexisting silencing
silencing above this limit (Figure 5, compare EL7 and to levels approaching those conferred by classical silenc-
EL8). As expected, significant silencing levels were ob- ers. In contrast, authentic silencers have been shown to
served in the presence of HML-E and/or HML-I silenc- be functional in various chromosomal contexts thought
ers (Figure 5, EL9, EL11, and EL13). It is worth noting to be exempt of any basal silencing. One may envision
that, for identical silencing reporter cassettes, silencing that protosilencers and core X qualitatively behave as
is lower in the plasmid context than in the native setting authentic silencers, i.e., nucleating the de novo assembly
at HML (compare Figure 5 with GF25, GF19, and GF48 of a silencing-competent complex, but only when an
in Figure 3). These results are consistent with previous extremely high concentration of silencing factors is
reports (Abraham et al. 1984; Feldman et al. 1984; provided (Boscheron et al. 1996; Lustig 1998). In a
Brand et al. 1985; Maillet et al. 1996). silencing-free environment, conversely, binding of si-

Finally, core X potently synergized with HML-I in lent chromatin components by protosilencers would be
establishing a stronger than HML-E-driven silencing counter-balanced by their dissociation rate, never reach-
level (Figure 5, compare EL9, EL10, and EL11). Thus, ing the threshold that would allow nucleation of a silenc-
core X does not appear to act as a silencer when carried ing-competent complex. Thus, in spite of a continuum

of organization between core X and authentic silencers,on a plasmid, but rather as a protosilencer in that it
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Figure 5.—Plasmid-borne core X behaves
as a protosilencer. The HML locus from appro-
priate yeast strains described in Figure 3 was
amplified and inserted in the pRS315 vector,
represented by an oval, giving rise to the plas-
mids represented on the left. Details are other-
wise the same as in the legends for Figures 3
and 4.

both containing protosilencers as active silencing ele- protosilencers stabilize preestablished silent chromatin
(Cheng and Gartenberg 2000).ments but arranged differently, a quantitative difference

in their capacity to recruit silent chromatin components We therefore propose that authentic silencers (mas-
ter silencer in Figure 6) can autonomously elicit silenc-would translate into a qualitative one owing to threshold

effects. A similar model has been proposed for Drosoph- ing (Figure 6a). In contrast, protosilencers, i.e., elemen-
tary blocks of silencing elements or more elaborateila to explain why a single copy of the white transgene

can recruit the heterochromatin Protein-1 (HP1) but sequences such as core X, allow silencing to affect neigh-
boring portions of the genome only in a silencing-con-does not display silencing features, whereas multimer

arrays of white behave similarly to heterochromatin ducive environment (Figure 6, b–d). These features pre-
dict that an array of protosilencers can function asblocks (Dorer and Henikoff 1994, 1997; Fanti et al.

1998). The silencing activity of core X as well as other silencing relays and propagate silencing through
“spreading” of silent chromatin at an extensive distanceprotosilencers may alternatively depend upon either a

particular state of silencing-conducive chromatin or on away from silencers. In addition, this propagation can
be discontinuous, possibly owing to the involvementthe presence of classical but unstable silent chromatin,

which would besides allow quasi-normal expression of of insulator elements (Fourel et al. 1999; Figure 6d).
Alternatively, the cooperation of multiple protosilenc-an inserted reporter gene. Both of these hypotheses

are in agreement with the recent demonstration that ers may alleviate the need for a master silencer and

Figure 6.—Mechanisms of silencing by
silencers and protosilencers. This model
emanates from this study as well as other
studies quoted in the text. A master silencer
can autonomously establish and maintain
silencing (a), at least in certain chromo-
some contexts, whereas a protosilencer can-
not do so in the vast majority of settings
(b). A protosilencer amplifies, stabilizes, or
prolongs silent chromatin propagation only
in silencing-conducive environments (c and
d). These were found to correspond to
chromosomal regions in which silencing
preexists, sometimes at very low levels. This
is the case, for instance, in the vicinity of
telomeres and silencers (c), but also at a
larger distance (d) and even in the absence
of a residing silencing element at HML
upon overexpression of Sir3p and Sir4p.
Cooperation between the master silencer

and the protosilencer must then involve discontinuous silent chromatin propagation. Alternatively, multiple protosilencers may
be envisioned to create an autonomous silencing structure (e). Functional cooperation as illustrated by arrows likely involves
direct physical interaction and coalescence of the silent domains, as discussed in Fourel et al. (1999).
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create a fully functional silencing structure (Figure 6e). in mammals (Bailey et al. 2000), as well as rRNA silenc-
ing in S. cerevisiae (Bryk et al. 1997; Smith and BoekeA similar model involving cooperating relays was pre-

viously proposed to explain the spread of silencing by 1997) may rather be envisioned to operate according
to the model in Figure 6e.PcG proteins (Pirrotta 1997; Strutt et al. 1997).

General involvement of protosilencers in silencing Overall, it appears that protosilencers critically assist
with silencers and may cooperate to generate autono-phenomena: In S. cerevisiae, an isolated Rap1p-binding

site in the promoter of a1/a2 genes, centrally located mously silencing structures in a variety of systems and
organisms.in between the HML-E and -I silencers, acts as a protosi-

lencer and contributes to the maintenance of silencing We thank Ed Louis and Stéphane Marcand for plasmids and for
at this locus (Boscheron et al. 1996; Cheng and Gar- invaluable discussions, and Pierre-Antoine Desfossez for reading the

manuscript. This work was supported by La Ligue Nationale contretenberg 2000). In Schizosaccharomyces pombe, elements
le Cancer.flanking the mat2-P and mat3-M mating cassettes facili-

tate the bidirectional spreading of silencing from a cen-
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