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Yeast core telomeric heterochromatin can silence adjacent genes and requires RAP1, SIR2, SIR3, and SIR4 and 
histones H3 and H4 for this telomere position effect. SIR3 overproduction can extend the silenced domain. We 
examine here the nature of these multiprotein complexes. SIR2 and SIR4 were immunoprecipitated from 
whole-cell extracts. In addition, using formaldehyde cross-linking we have mapped SIR2, SIR4, and RAP1 
along telomeric chromatin before and after SIR3 overexpression. Our data demonstrate that SIR2 and SIR4 
interact in a protein complex and that SIR2, SIR3, SIR4, and RAP1 map to the same sites along telomeric 
heterochromatin in wild-type cells. However, when overexpressed, SIR3 spreads along the chromosome and its 
interactions are dominant to those of SIR4 and especially SIR2, whose detection is decreased in extended 
heterochromatin. RAP1 binding at the core region is unaffected by SIR3 overproduction and RAP1 shows no 
evidence of spreading. Thus, we propose that the structure of core telomeric heterochromatin differs from that 
extended by SIR3. 
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Heterochromatin was cytologically defined as that frac- 
tion of the eukaryotic genome that is constitutively con- 
densed throughout the cell cycle (Heitz 1928). Such re- 
gions, often found near centromeres or telomeres, can 
repress adjacent genes epigenetically. For example, eu- 
chromatic genes placed adjacent to centromeric hetero- 
chromatin in Drosophila melanogaster are repressed in 
some but not all cells. This silencing is inherited 
clonally, resulting in a mosaic phenotype that is referred 
to as position effect variegation (PEV; for review, see 
Henikoff 1990). PEV has provided a tool for the identifi- 
cation of a number of suppressors or enhancers of varie- 
gation that exhibit dosage effects. As a result, it has been 
proposed that heterochromatin involves the nucleation 
of multimeric protein complexes that can then spread 
into adjacent euchromatic regions (Locke et al. 1988). 
However, despite the identification of a variety of trans- 
acting factors that affect PEV (for review, see Weiler and 
Wakimoto 1995), the molecular basis for heterochroma- 
tin formation and propagation in Drosophila has been 
elusive. 

The yeasts also have chromosomal regions with fea- 

Present addresses: 1Lehrstuhl fiir Zellbiologie und Pfalanzenphysiologie, 
Universit~t Regensburg, D-93040 Regensburg, Germany; 2Max-Planck- 
Institute for Immunobiology, Department of Molecular Embryology, 
D-79108 Freiburg, Germany. 
3Corresponding author. 
E-MAIL mg@ewald.mbi.ucla.edu; FAX (310) 206-9073. 

tures of heterochromatin (Thompson et al. 1993; 
Allshire et al. 1994). In Saccharomyces cerevisiae these 
are near telomeres and at the silent mating loci (HMLc~ 
and HMRa) where they can repress heterologous genes 
in an epigenetic manner (Gottschling et al. 1990; Lauren- 
son and Rine 1992). In wild-type cells, telomeric position 
effect (TPE) extends some 2--4 kb toward the centromere 
(Gottschling et al. 1990). A number of proteins (RAP1, 
SIR2, SIR3, and SIR4, as well as histones H3 and H4) 
have been identified that are involved in both forms of 
silencing (Aparicio et al. 1991; Kurtz and Shore 1991; Liu 
et al. 1994; Thompson et al. 1994b). Of these, overex- 
pression of the limiting protein SIR3 causes TPE to 
spread as much as 16-20 kb or more (Renauld et al. 
1993). RAP1 is the only factor that interacts with spe- 
cific DNA sequences, in particular telomeric C1_3A re- 
peats and silencer DNA elements adjacent to the HM 
loci (Shore and Nasmyth 1987; Buchman et al. 1988). 
Because RAP1 interacts with SIR3 and SIR4 in the yeast 
two-hybrid system, and at least with SIR3 in vitro, it has 
been suggested that RAP1 may recruit SIR3 and SIR4, 
thus nucleating the heterochromatic structure (Moretti 
et al. 1994). In vitro GST pull-down experiments have 
also shown interactions between SIR3 and SIR4 and the 
amino termini of histones H3 and H4 at those histone 
regions involved in silencing in vivo. Hence it has been 
proposed that after interaction at RAP1 sites, these SIR 
proteins polymerize along chromatin by interacting with 
the histone tails (Hecht et al. 1995). 
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This model is supported by coimmunolocalization 
studies demonstrating the presence of RAP1, SIR3, and 
SIR4 in foci formed by the association of telomeres (Pal- 
ladino et al. 1993; Gotta et al. 1996). Also, RAP1, SIR3, 
SIR4, and histones are found in complexes immunopre- 
cipitated from whole-cell extracts (Hecht et al. 1996), 
supporting and extending earlier work showing the co- 
immunoprecipitation of RAP1 and SIR4 (Cockell et al. 
1995). Moreover, immunoprecipitation of SIR3 in com- 
bination with formaldehyde cross-linking has mapped 
SIR3 to the silent HM and telomeric loci. These data 
show that SIR3 spreads in a histone H4-dependent man- 
ner approximately as far as silencing extends even when 
SIR3 is overexpressed (Hecht et al. 1996). Unexpectedly, 
although RAP1 and SIR3 interact in vitro in the absence 
of histones, an H4 amino-terminal mutation in vivo pre- 
vents this interaction. Conversely, a deletion of the 
RAP1 domain involved in silencing affects SIR3-H4 in- 
teractions. These data argue that RAP 1-SIR3/SIR4 inter- 
actions are stabilized by the presence of nucleosomes. 
This is further supported by genetic data showing that 
suppression of histone H4 silencing defects by the SIR3 
mutation SIR3N205 (Johnson et al. 1990) requires the 
carboxyl terminus of RAP1 (Liu and Lustig 1996). 

The roles of SIR2 and SIR4 in the initiation and spread- 
ing of heterochromatin have been a mystery. SIR2 is an 
evolutionarily conserved protein (Brachmann et al. 1995) 
that also suppresses rDNA recombination (Gottlieb and 
Esposito 1989). Moreover, both disruption and overex- 
pression of SIR2 affects general histone acetylation lev- 
els (Braunstein et al. 1993). However, the link between 
telomeric silencing and rDNA recombination is pres- 
ently unknown and it is uncertain whether the effects on 
acetylation are direct. SIR4 has very limited homology to 
nuclear lamins (Diffley and Stillman 1989); however, it 
has not been demonstrated as yet that there is a func- 
tional conservation. Although SIR2 and SIR4 are both 
required for extended TPE when SIR3 is overexpressed 
(Renauld et al. 1993), it is unclear whether they are both 
structural proteins of the heterochromatic complex in 
vivo and whether they both spread with SIR3 during the 
extension of heterochromatin. 

To address these questions we have immunoprecipi- 
tated SIR2 and SIR4 from whole-cell extracts. In addi- 
tion, using formaldehyde cross-linking we have mapped 
the presence of SIR2, SIR4, and RAPt along telomeric 
heterochromatin before and after SIR3 overexpression. 
Our data suggest that core telomeric heterochromatin in 
wild-type cells differs in structure from extended telo- 
meric heterochromatin produced by SIR3 overexpres- 
sion. 

R e s u l t s  

SIR2 coimmunoprecipitates with SIR3 and SIR4 from 
yeast whole-ceil extracts 

We have shown that SIR3 coimmunoprecipitates SIR4, 
RAP1, and the four core histones H2A, H2B, H3, and H4 
from yeast whole-cell extracts (Hecht et al. 1996). To 

determine whether SIR2 is also present in the SIR3- 
associated complex or complexes, hemagglutinin (HA) 
epitope-tagged SIR3 (SIR3HA) was expressed in the 
strain AYH2.8. SIR3HA, which functions normally in all 
aspects of silencing examined (Hecht et al. 1996), was 
immunoprecipitated from whole-cell extracts using 
monoclonal antibody (17D09) directed against the HA 
epitope (Wilson et al. 1984). Western blot analyses show 
that both SIR4 and SIR2 coimmunoprecipitate with 
SIR3HA (Fig. 1A, lane 3) in a manner dependent on the 
HA tag (Fig. 1A, lane 1). This occurs equally even after 
extensive DNase I digestion (data not shown), thus rul- 
ing out indirect DNA-mediated interactions. Therefore, 
SIR2 is a member of the SIR3-associated protein complex. 

SIR2-SIR4 and SIR4-SIR3 protein complexes 

To determine whether interactions between pairwise 
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Figure 1. Interactions between SIR3, SIR4, and SIR2 in whole- 
cell extracts and in vitro. (A) SIR3HA was immunoprecipitated, 
using a monoclonal anti-HA antibody (17D09), from whole-cell 
extracts made from AYH2.8/pHR67-23 (SIR3 2g; lane 1), STY30 
(SIR3HA; sir2z~; lane 2), AYH2.45 (SIR3HA; lane 3), AYH2.8/ 
p404.14 (SIR3HA 2p; lane 4), and AYH2.38/p404.14 (SIR3HA 
2g; sir4A; lane 5). (B) SIR4 was precipitated using affinity-puri- 
fied anti-SIR4 polyclonal antibodies from whole-cell extracts 
made from AYH2.38/p404.14 (lane 1), AYH2.45 (lane 2), and 
AYH2.8/pRS424 (sir3& lane 3). (C) SIR2 was precipitated using 
affinity-purified anti-SIR2 polyclonal antibodies from whole- 
cell extracts made from STY30 (lane i), AYH2.8/pRS424 (lane 
2), and AYH2.45 (lane 3). (A-C) Immunoprecipitates were ana- 
lyzed by SDS-PAGE and Western blot sequentially probed with 
affinity-purified anti-SIR2, -SIR3, and -SIR4 antibodies. (D) Di- 
rect SIR2-SIR4 and SIR4-SIR3 interactions. In vitro-produced 
[3SS]methionine-labeled full-length SIR2, SIR3, and the deletion 
mutants SIR3z~ 1-622 and SIR3z~ 763-978 (fractions of the input 
material are shown in lane 1) were incubated with GST (lane 2), 
GST-SIR4N (amino acids 142-591; lane 3), or GST-SIR4C 
(amino acids 1144-1358; lane 4). Interacting proteins were 
eluted and analyzed by 8DS-PAGE and fluorography as de- 
scribed in Materials and Methods. 
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combinations of SIR proteins require the presence of the 
remaining SIR protein, SIR3HA was immunoprecipi- 
tated from strains wild type or deleted for SIR2, SIR3, or 
SIR4. Because overexpression of SIR3 extends the silenc- 
ing complex, we also examined the effect of SIR3HA 
overexpression on these interactions. In analogous ex- 
periments (Fig. 1B, C) SIR4 and SIR2 were immunopre- 
cipitated using affinity purified polyclonal antibodies 
(see Materials and Methods for details). The precipitates 
were probed for each of the SIR proteins by Western blot- 
ting. When SIR3HA is expressed on a multicopy plas- 
mid, its levels increase-10- to 15-fold whereas SIR2 and 
SIR4 levels show only a minor increase as compared 
with levels in the wild-type control strain (Fig. 1A, cf. 
lanes 3 and 4). When antibodies to either SIR4 (Fig. 1B, 
lanes 2 and 3) or SIR2 (Fig. 1C, lanes 3 and 2) are used for 
immunoprecipitation, SIR2 and SIR4 interact even when 
SIR3 is absent. Because deletion of SIR4 abolishes the 
coprecipitation of SIR2 by SIR3 (Fig. 1A, lane 5) and de- 
letion of SIR2 does not affect SIR3 interactions with 
SIR4 (Fig. 1A, lane 2), these data argue for SIR2-SIR4 and 
SIR4-SIR3 protein interactions in the immunoprecipi- 
tares. 

Direct SIR2-SIR4 and SIR4-SIR3 interactions in vitro 

To address the question of direct interactions between 
SIR2, SIR3, and SIR4 we used an in vitro protein-affinity 
assay. Intragenic trans-complementation of SIR4 muta- 
tions has suggested that both the amino and carboxyl 
termini mediate SIR4 functions (Marshall et al. 1987). 
SIR3-SIR4 interactions have been detected in yeast two- 
hybrid studies using the SIR4 carboxy-terminal amino 
acids 1204-1358 (Moretti et al. 1994). Therefore, amino- 
and carboxy-terminal regions of SIR4 were fused to glu- 
tathione S-transferase (GST); the hybrid proteins were 
expressed and purified from Escherichia coli strain BL21, 
and immobilized on glutathione-Sepharose beads. The 
coding sequences of full-length SIR2, SIR& and deletion 
constructs of SIR3 were transcribed and translated in 
vitro in the presence of [3~S]methionine. GST-immobi- 
lized proteins were incubated with the labeled proteins, 
and the bound proteins were eluted, resolved by SDS- 
PAGE, and detected by fluorography. We found that full- 
length SIR2 binds directly to the amino terminus of SIR4 
(amino acids 142-591} GST-SIR4N (Fig. 1D, lane 3} 
much more strongly than to the SIR4 carboxyl terminus 
(amino acids 1144-1358) GST-SIR4C (Fig. 1D, lane 4). 
Full-length SIR3 interacts with both GST-SIR4N and 
GST-SIR4C, but binding to the carboxyl terminus is 
more pronounced. SIR3 deletion mutants (SIR3z~ 1-622 
and SIR3z~ 763-978) that bind either to GST-SIR4N or 
GST-SIR4C show that full-length SIR3 can interact with 
both amino- and carboxy-terminal regions of SIR4. 

SIR2 and SIR4 are associated with core telomeric 
heterochromatin in vivo 

Our recent work has identified SIR3 as a structural com- 
ponent of yeast heterochromatin, present at HMRa, 
HMLR, and telomeres. Moreover, SIR3 has been shown 

to spread from core telomeric heterochromatin (up to 
2-4 kb from the telomere) to at least 17.5 kb (Hecht et al. 
1996) in extended telomeric heterochromatin when SIR3 
is overexpressed. To assess whether SIR2 and SIR4 are 
also associated with these heterochromatic regions in 
vivo SIR2, SIR4, and SIR3HA were each immunoprecipi- 
tated from the strain AYH2.45 after in situ cross-linking 
with formaldehyde. Chromatin was sonicated to an av- 
erage fragment size of 0.5-1 kb as described (Hecht et al. 
1996). SIR2-, SIR4-, and SIR3-associated DNA was ana- 
lyzed by PCR. To distinguish between silent and ex- 
pressed chromatin we used three different sets of gene- 
specific primer pairs (schematically shown in Fig. 2A). 
The first set of primer pairs compares the silent mating 
type loci HMRa and HML~ with the expressed MATa 
locus and the euchromatic GALl gene. The second set 
includes a telomeric copy of URA3 (URA3Tel; 
Gottschling et al. 1990) next to the telomere of the left 
arm of chromosome VII (VII-L) and URA3 at its normal 
locus on the left arm of chromosome V (V-L). The third 
set contains a region 0.77 kb distal from the telomere of 
the right arm of chromosome VI (VI-R) and the ACT1 
gene, also located on chromosome VI but some 52 kb 
from the right telomere of this 270-kb chromosome. 

We found that the anti-SIR4 antibodies immunopre- 
cipitate DNA sequences from the silent loci HMRa and 
HML~ preferentially (10- to 15-fold) as compared with 
the active MATa or GALl loci (Fig. 2B, cf. lane 2 to input 
material in lane 6). The silent sequences at URA3Tel 
and the chromosome VI-R telomere proximal region at 
0.77 kb are also greatly enriched in comparison to se- 
quences from the euchromatic URA3 and ACT1 regions. 
This association of SIR4 with silent loci requires the 
presence of the other SIR proteins, because it is disrupted 
in sir3z~ or sir2z~ deletion strains (Fig. 2B, lanes 3 and 4). 
Similarly, anti-SIR2 antibodies were used to demon- 
strate that SIR2 is associated with the silent loci (Fig. 2C, 
lane 2) as is SIR3HA (Fig. 2D, lane 2; Hecht et al. 1996). 
Moreover, SIR2 and SIR3 presence at silent chromatin is 
also greatly reduced in the absence of any of the other 
SIR proteins (Fig. 2C,D, lanes 3 and 4). Therefore, like 
SIR3 (Hecht et al. 1996), SIR2 and SIR4 are chromosomal 
proteins preferentially bound to the silent HM loci and 
telomeres in vivo. In addition, the interaction seen be- 
tween SIR2, SIR3, or SIR4 with heterochromatic regions 
after cross-linking requires the presence of all three SIR 
proteins. 

SIR2, SIR3, and SIR4 are each associated with core 
telomeric heterochromatin at the same distance from 
the telomere 

In wild-type yeast, core TPE decreases strongly with in- 
creasing distance from the end of the chromosome. To 
determine whether all three SIR proteins spread as TPE 
spreads over this region we analyzed the distribution of 
SIR2, SIR3, and SIR4 along the telomere-distal region of 
chromosome VI-R that lacks the repetitive Y' and X se- 
quences (for review, see Olson 1991). SIR3HA, SIR4, and 
SIR2 were immunoprecipitated under crossqinking con- 
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Figure 2. In vivo association of SIR4, SIR2, 
and SIR3 with silent chromatin in wild- 
type and mutant strains. Whole-cell ex- 
tracts were prepared and chromatin was 
sonicated to an average DNA size of 0.5-1.0 
kb in formaldehyde cross-linked strains 
(Hecht et al. 1996). PCR was done with 
primers shown schematically in A. Immu- 
noprecipitation was performed using affin- 
ity-purified anti-SIR4 (B), anti-SIR2 poly- 
clonal antibodies (C), and anti-HA antibody 
17D09 against SIR3-HA (D). PCR products 
were resolved on 6% polyacrylamide gels. 
(Lanes 1-4) PCR products of DNA precipi- 
tates from strains wild type or mutant for 
specific SIR genes. (Lanes 5-8) PCR prod- 
ucts from the respective input extracts. 
(Lanes 9-i0) 2.5-fold serial dilutions of 
wild-type input extracts. (M) DNA size 
standard. The strains used were AYH2.45 
(wild-type; B-D, lane 2), STY30 (sir2A; B,D, 
lane 4; C, [ane 1), AYH2.8/pRS424 (sir3& 
B,C, lane 3), AYH2.38/p404.14 (sir4/~; 
B, lane 1, and D, lane 3), STY36 (sir4& C, 
lane 4), and AYH2.8/pHR67-23 (SIR3 2]a; D, 
lane 1 ). 
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ditions from the strain AYH2.45 as described above. The 
chromosomal  DNA was extensively sonicated, resulting 
in DNA fragments of which  >95 % were between 0.3 and 
0.5 kb as quanti tated by Southern blots probed wi th  ei- 
ther A C T I  or the 0.5 kb region of chromosome VI-R (data 
not shown). This more severe sonication was done to 
improve distance measurements  near the telomere, as 
mapping resolution may be affected by DNA fragment 
size. The precipitated DNA was analyzed by PCR using 
primer pairs directed against the subtelomeric region of 
chromosome VI-R at 0.5, 1.0, 1.8, 2.2, 2.8, 5.0, and 7.5 kb 
distal from the telomere (schematically shown in Fig. 
3A). ACT1 served as a control for an expressed locus. 

There is considerable enr ichment  of the silent 0.5-kb 
region of chromosome VI-R as compared wi th  the eu- 
chromatic ACT1 gene in the anti-SIR2, -SIR3HA, or 
-SIR4 immunoprecipi ta tes  (Fig. 3B). Moreover, the 
amount  of telomere-distal DNA precipitated decreases 
rapidly wi th  increasing distance from the telomere. 
While there is still a small  fraction of DNA precipitated 
by each of the antibodies at 2.8 kb as compared wi th  0.5 
kb from the telomere, the amount  of DNA precipitated 
at 5.0 kb and 7.5 kb is not significantly greater than that 
at the ACT1 locus. When the amounts  of DNA precipi- 
tated at each distance point are normalized to the 
amount  brought down at 0.5 kb for each antibody, we 
find that the distributions of SIR2, SIR3, and SIR4 ex- 
tending from the telomere at the heterochromatic core 
are indist inguishable (Fig. 3C). 

SIR4 and SIR2 interactions wi th  extended telomeric 
heterochromatin are reduced 

We wished to determine the extent to which  SIR2 and 

SIR4 spread wi th  SIR3 upon SIR3 overexpression. Immu- 
noprecipitations of SIR3HA, SIR4, and SIR2 from strain 
AYH2.45 (expressing SIR3HA from a genomic copy of 
the gene) and AYH2.45/p404.14 (expressing SIR3HA 
from a mult icopy plasmid) were performed after cross- 
l inking wi th  formaldehyde. The distributions of SIR4 
and SIR2 in comparison to SIR3 at the HM loci, 
URA3Tel, and the regions adjacent to the telomere of 
chromosome VI-R and the right arm of chromosome V 
(V-R) were then analyzed (primers schematical ly  shown 
in Fig. 4A). In contrast to chromosome VI-R, chromo- 
some V-R contains X and Y' repetitive sequences (for 
review, see Olson 1991). Because of the presence of these 
repetitive elements,  only regions further than 10 kb from 
the telomere of chromosome V-R were examined. 

To correct for the abil i ty of different SIR antibodies to 
precipitate different quanti t ies of DNA, the amounts  of 
template DNA used in the wild-type strain PCR reac- 
tions were normalized such that they result in a very 
s imilar  amount  of PCR product for URA3Tel  (Fig. 4B, cf. 
lanes 2,5, and 8). The same fraction of template D N A  
was then used for the immunoprecipi ta tes  from cells 
overexpressing SIR3. Thus, the effects of SIR3 overex- 
pression on SIR3, SIR4, and SIR2 spreading to telomere 
distal locations can be compared directly (Fig. 4B, lanes 
3,6, and 9). When SIR3 is overexpressed, it is evident that 
the anti-SIR3HA antibody strongly precipitates D N A  as 
far as 15 kb from the telomeric end of chromosome VI-R 
(Fig. 4B, lane 3; Hecht et al. 1996). In contrast to anti- 
SIR3HA, anti-SIR4 pulls down less DNA at 0.77 kb when  
SIR3HA is overexpressed in comparison to wild-type 
cells. However, although there is some DNA precipi- 
tated by anti-SIR4 at telomerc distal locations, the 
amounts  of DNA are comparatively less than those 
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Figure 3. Association of SIR2, SIR3, and SIR4 
with core telomeric heterochromatin in wild- 
type cells. SIR2, SIR3HA, and SIR4 were immu- 
noprecipitated under cross-linking conditions 
from strain AYH2.45 as described in Fig. 2. Prior 
to immunoprecipitation the chromatin of the 
whole-cell extract was extensively sonicated to 
fragment sizes between 0.3 and 0.5 kb. The pre- 
cipitated DNA and an aliquot of the whole-cell 
extract (input) was analyzed by PCR using 
primer pairs directed against the subtelomeric 
region of chromosome VI-R, which amplify 
DNA fragments with an average length of 110 
bp {schematically shown in A). (B) Resulting 
PCR products resolved on 15% polyacrylamide 
gels. (C) The relative abundances of the frag- 
ments were plotted against the distance from 
the telomere. For this purpose, the gels were 
photographed, scanned, and quantified. Band in- 

tensities of the precipitates were normalized according to the relative intensities in the input material. The 0.5-kb region was assigned 
the relative abundance of 1.0. Average values from three experiments are shown. (m) SIR2; (O) SIR3; (F1) SIR4. To exclude the possibility 
that the observed decreases in the amount of precipitated DNA with increasing distance from the telomere are a result of heterogeneity 
in the size of the input chromatin resulting from the chromatin fragmentation by sonication, we compared chromatin size distribu- 
tions, which showed no significant differences (data not shown). 

pulled down by anti-SIR3HA (Fig. 4B, lane 6). Anti-SIR2 
also pulls down less DNA at 0.77 kb upon SIR3HA over- 
production (Fig. 4B, lane 9). We observe very similar lev- 
els of anti-SIR2 precipitated DNA at telomere distal lo- 
cations in strains that are deleted for SIR2 (Fig. 4B, lane 
7) and in those that contain single-copy or multiple-copy 
SIR3HA (Fig. 4B, lanes 8 and 9). The residual binding in 
the sir2& strain is likely due to other members of the 
SIR2 gene family (Brachmann et al. 1995). Therefore, 
these data, and those of chromosome V-R, argue that 
SIR3 overexpression results in the loss of SIR4 and SIR2 
contacts from telomere proximal locations. There is evi- 
dence of some SIR4 spreading along the telomere distal 
regions at levels lower than those observed for SIR3HA. 
We do not see significant SIR2 spreading under these 
conditions. However, we do observe very weak spreading 
of SIR2 after longer photographic exposure of the gels 
(data not shown). 

RAP1 does not show spreading upon SIR3 
overexpression 

RAP1 is associated with the telosome that is only some 
300 bp in length and contains the C1_3A repeats at the 
telomeric end (Wright et al. 1992). To ask whether RAP1 
is associated only with the telosome in vivo, RAP1 was 
immunoprecipitated after cross-linking using affinity 
purified polyclonal anti-RAPl antibodies. We analyzed 
the distribution of RAP 1 along the telomere distal region 
of chromosome VI-R in the wild-type strain AYH2.45 as 
described above for the SIR proteins (see Fig. 3). Surpris- 
ingly, anti-RAP1 precipitates DNA as far as 2-4 kb from 
the telomere in a manner similar to that of anti-SIR4 
(Fig. 5A). We then asked whether RAP1 spreads along the 
chromosome when SIR3 is overexpressed. The strains 
analyzed were AYH2.45 (genomic SIR3HA) and AYH2.8/ 

p404.14 (SIR3HA 2p). Because complete RAP1 deletion is 
lethal, the rapl-21 mutant  strain AYH2.46/p419.3 lack- 
ing the carboxy-terminal 28 amino acids of the protein 
required for silencing RAP1-SIR3 interaction (Liu et al. 
1994) and for SIR3 association with silent chromatin 
(Hecht et al. 1996) was used as a control (Fig. 5B, lane 1). 
In the wild-type strain, we find that RAP1 is associated 
with HMRa, HMLc~, and telomeric regions of chromo- 
some VII-L (ADH4; see Fig. 2A) and chromosome VI-R 
(0.77 kb and 2.5 kb; Fig. 5B, lane 2). Although there is 
much less DNA pulled down by the anti-RAP1 antibody 
at 5.0 and 7.5 kb, there is a focus of binding at 15.0 kb. 
SIR3 overexpression causes no detectable changes in the 
binding of RAP1 at any of these regions. This is also true 
for chromosome V-R, which has foci of RAP1 binding at 
10.0, 17.5, and 30.0 kb unrelated to SIR3 overexpression. 
We conclude that extension of heterochromatin by SIR3 
overexpression does not titrate RAP 1 from the telomeric 
core. Neither does it result in detectable levels of RAP1 
spreading along the chromosome. 

D i s c u s s i o n  

Our data demonstrate that SIR2 is a component of the 
SIR3, SIR4, and RAP 1 chromatin complex in which SIR2 
interacts with SIR4, which in turn interacts with SIR3. 
SIR2, SIR4, SIR3, and RAP1 are associated with silent 
chromatin in vivo and are present at the telomeric core 
complex at similar distances from the telomere in wild- 
type cells. However, when overproduction of SIR3 
spreads TPE inward, SIR3 appears more abundant than 
SIR4 and SIR2 in extended heterochromatin. RAP 1 bind- 
ing appears unchanged in the telomere proximal region 
and this protein shows no evidence of spreading as SIR3 
is overexpressed. In light of these findings we must  re- 
evaluate the means by which telomeric heterochromatin 
is formed and extended along chromatin in yeast. 
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Figure 4. Limited spreading of SIR4 and SIR2 in extended telo- 
meric heterochromatin. Whole-cell extracts were prepared from 
in situ formaldehyde cross-linked strains AYH2.45 (SIR3HA; 
lanes 2,5,8, and 13), AYH2.45/p404.14 (SIR3HA 2p; lanes 3,6,9, 
and 14), AYH2.8/pHR67-23 (SIR3 2p; lanes 1 and 10), AYH2.38/ 
p404.14 (sir4ZX; lanes 4 and 11), and STY30 (sir2/~; lanes 7 and 
12). SIR3HA, SIR4, and SIR2 were immunoprecipitated as de- 
scribed in Fig. 2. DNA samples from the precipitates (lanes 1-9) 
and from aliquots of the whole-cell extracts (input, lanes 10-14) 
were analyzed by PCR with gene-specific primer pairs (sche- 
matically shown in A and Fig. 2A). PCR products resolved on 
6% polyacrylamide gels are shown (B). (M) DNA size standard. 

Core telomeric heterochromatin 

The coimmunoprecipi ta t ion and in vitro protein inter- 
actions described above argue for direct contacts be- 
tween SIR2 and SIR4 as well  as between SIR4 and SIR3 
even in the absence of DNA. These are further supported 
by recent data demonstrat ing that SIR2 and SIR3 bind to 
SIR4 affinity columns (Moazed and Johnson 1996). In the 
context of chromatin we do not see these independent 
SIR protein interactions. Using formaldehyde cross- 
l inking we found that SIR2 and SIR4 are, l ike SIR3, pres- 
ent at strikingly s imilar  distances in core telomeric het- 
erochromatin in wild-type yeast. Moreover, mutat ions  
in H4 that prevent silencing do not allow SIR3 binding to 
HM loci and telomeres (Hecht et al. 1996) and deletions 
of SIR2, SIR3, or SIR4 prevent the interaction of the 
entire SIR complex wi th  silent regions. Finally, a trun- 
cated version of RAP1 (rapl-21) that is missing the car- 
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boxy-terminal  region involved in silencing but is still  
able to bind to the silent HM loci and telomeres prevents 
the binding of SIR3 to this region (Hecht et al. 1996). 
These data argue that although SIR2 can interact wi th  
SIR4 and SIR4 with SIR3, the interaction of SIR2-SIR4- 
SIR3 wi th  the telomeric core heterochromatin requires 
the entire SIR complex, RAP1, and the histone H4 amino 
terminus.  

Our cross-linking data do not address the stoichiome- 
try of SIR2-SIR4-SIR3 interactions, merely the distance 
from the telomeric end at which  SIR proteins are pres- 
ent. Because RAP1 is thought to bind DNA at the telo- 
some that extends -300 bp from the chromosomal  end 
(Wright et al. 1992), it is surprising that RAP1 is present 
in the core heterochromatin at the same distances from 
the telosome as are the SIR proteins. This may  be ex- 
plained if the telosome folds back so that the RAP1-SIR- 
histone interactions occur at different distances in core 
telomeric heterochromatin (Hecht et al. 1995, 1996). An 
example of such a loop structure is shown schematical ly  
in Figure 6A and may  include not only heterotypic but 
also homotypic interactions, as SIR3 and SIR4 can also 
self-associate (Chien et al. 1991; Moretti  et al. 1994). 
This  complex, formed of many  weakly interacting part- 
ners, would become increasingly stable as more SIR pro- 
teins are recruited and if mult iple  telomeres form foci 
contributing to higher SIR protein concentrations. Sev- 
eral other observations support this model. First, RAP1- 
SIR3-histone H4 interactions are interdependent in cell 
extracts (Hecht et al. 1996) and amino- terminal  muta- 
tions of SIR3 that suppress the loss of silencing resulting 
from mutat ions  in histone H4 also partially suppress si- 
lencing defects of the rapl-21 allele (Johnson et al. 1990; 
Liu and Lustig 1996). Second, silencing of the HM mat- 
ing loci is improved near RAP1 sites at the telomeres 
even when those sites are separated by as much  as 23 kb 
from the HM loci (Thompson et al. 1994a; Maillet  et al. 
1996). Third, although longer telomeres containing de- 
fective RAP1 decrease silencing frequency (Hardy et al. 
1992), longer telomeres containing intact RAP 1 actually 
improve silencing frequency over that of wild type 
(Kyrion et al. 1993). In each case, looping of RAP1 sites 
into chromatin through RAP1-SIR-histone complexes 
may  stabilize heterochromatin and improve silencing. 

Extended telomeric heterochromatin 

We have shown that overexpressed SIR3 spreads from 
the telomere along subtelomeric chromat in  (Hecht et al. 
1996). Given the SIR2-SIR4-SIR3 interaction, one might  
expect that SIR4 and SIR2 would spread equally strongly 
wi th  SIR3 as it extends inward. In fact, this is not the 
case. Although SIR3 interactions wi th  chromat in  remain 
high, SIR4 and especially SIR2 appear to be lost from 
telomere proximal regions upon SIR3 overexpression 
(Fig. 4B). We also observe that SIR4 spreads as far but 
more weakly than SIR3 into telomere distal regions. 
SIR2 appears to spread even more weakly and we do not 
see spreading of RAP1. Because SIR3, SIR4, and SIR2 
binding at telomere proximal regions is normalized in 
wild-type cells (Fig. 4B), the differences in antibody bind- 
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Figure 5. (A) Association of RAP1 with 
telomeres in wild-type cells is similar to 
that of SIR4. RAP1 and SIR4 were immuno- 
precipitated from strain AYH2.45 using af- 
finity-purified anti-RAP1 or anti-SIR4 poly- 
clonal antibodies. The coprecipitated DNA 
was analyzed as described in Fig. 3. (I) Re- 
sulting PCR products resolved on 15 % poly- 
acrylamide gels. (II) Relative abundances of 
the fragments plotted against the distance 
from the telomere (for details, see Fig. 3); (e) 
RAP1; ([]) SIR4. (B) Overexpression of SIR3 
does not alter the chromosomal distribu- 
tion of RAP1. RAP1 was immunoprecipi- 
tated under cross-linking conditions from 
whole-cell extracts made from strain 
AYH2.46/p419.3 (rapl-21; SIR3HA 2]a; 
lanes 1 and 4), AYH2.45 (SIR3HA; lanes 2 
and 5), and AYH2.8/p404.14 (SIR3HA 2~; 
lanes 3 and 6). DNA samples from the pre- 
cipitates (lanes 1-3), from aliquots of the 
whole-cell extracts (input; lanes 4-6), and 
serial dilutions thereof (lanes 7 and 8) were 
analyzed by PCR with gene-specific primer 
pairs (schematically shown in Figs. 2A and 
4A). PCR products resolved on 6% poly- 
acrylamide gels are shown. (M) DNA size 
standard. 

ing of silent loci when SIR3 is overexpressed cannot be a 
result of the different epitopes involved or their location 
in the silencing complex. It is also unlikely that overex- 
pressed SIR3 masks SIR4 and especially SIR2 epitopes, 
because very similar decreases in SIR4 binding to hetero- 
chromatin are seen when the HA epitope is fused to the 
amino terminus of SIR4 and immunoprecipitated (data 
not shown). Also, such masking should be greatest near 
the telomere where SIR3 binds best, yet anti-SIR4 pre- 
cipitates DNA most efficiently near the telomere (Fig. 4, 
lane 6). Finally, Western blot analyses of SIR4 immuno- 
precipitated after formaldehyde cross-linking using anti- 
SIR4 polyclonal antibodies show no significant differ- 
ences in the amount of SIR4 precipitated from wild-type 
and SIR3 overexpressing strains. We conclude that SIR4 
and SIR2 proteins are considerably less abundant in ex- 
tended telomeric heterochromatin that encompasses the 
previous core region when SIR3 is overexpressed (Fig. 
6B). The greater loss of SIR2 could be attributable to, 
among other possibilities, the liberation and subsequent 
binding of this protein to the highly repetitive ribosomal 
DNA locus that interacts with SIR2 in cross-linking 
studies (S. Strahl-Bolsinger and M. Grunstein, unpubl.). 

The frequency of silencing as measured by 5-fluoro- 
orotic acid (5-FOA) sensitivity to URA3 expression can 
decrease by several orders of magnitude with increasing 
distance from the core (Renauld et al. 1993). Is it possible 
that only those few DNA molecules which have the core 
stoichiometry of SIR2/SIR3/SIR4 are capable of silenc- 
ing URA3 in heterochromatin extended by SIR3 overex- 
pression? We have measured repression of URA3 at the 
telomere of chromosome V-R (at which the X and Y' 

repeated elements were removed; Renauld et al. 1993) by 
the more direct RNase protection assay. We find there to 
be a close correspondence between percent SIR3 binding 
and URA3 repression when normalized to maximal 
binding and derepression, respectively. This is true at 
various distances from the telomere in both core and 
extended telomeric heterochromatin (data not shown). 
Therefore, SIR3 alone or SIR3 interacting with the lesser 
quantities of SIR4 and SIR2 are likely to be sufficient for 
repression in telomere-distal heterochromatin extended 
by SIR3 overproduction. 

These results must be reconciled with previous work 
demonstrating that SIR2 and SIR4 are required for the 
extension of TPE along with SIR3 (Renauld et al. 1993) 
and that the components of the silencing complex inter- 
act in a balanced fashion for an essential aspect of silenc- 
ing. For example, overexpression of SIR4 or its carboxy- 
terminal fragment decreases silencing at HM loci and 
telomeres and delocalizes SIR3 and RAP1 from telomeric 
foci (Marshall et al. 1987; Cockell et al. 1995). One pos- 
sible explanation is that balanced SIR4-SIR2-SIR3 con- 
centrations are required mainly for the nucleation of het- 
erochromatin near RAPl-binding sites. This specific ra- 
tio between the SIR proteins may be necessary to 
successfully compete for RAP1 binding sites against 
RIF1 (Hardy et al. 1992), a negative regulator of the si- 
lencing function of RAP1 at telomeres (Kyrion et al. 
1993; Buck and Shore 1995). However, this stoichiome- 
try may be less important for the further propagation of 
heterochromatin. In extension, SIR3-SIR3 or SIR3- 
histone interactions driven by higher SIR3 concentra- 
tions, even when SIR3 is on a centromeric plasmid 
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Figure 6. A model for the formation of core and extended telo- 
meric heterochromatin. (A) Core telomeric heterochromatin in 
wild-type cells: RAP1 may nucleate the binding of SIR2-SIR4- 
SIR3 complexes at the telomeric C1_3A repeats. SIR complexes 
polymerize further into adjacent chromatin by interactions 
with the histones H3 and H4 (upper panel). The telosome may 
form a loop allowing RAPl-SIR-histone complexes to associate 
at a number of subtelomeric regions (lower panel). Multiple 
homotypic and heterotypic interactions between the SIR pro- 
teins might stabilize this complex, formed of many weakly in- 
teracting partners. (B) Extended telomeric heterochromatin 
formed upon SIR3 overexpression. Driven by higher SIR3 con- 
centrations, SIR3-SIR3 and SIR3-histone contacts may com- 
pete successfully against interactions with other SIR proteins. 

(Hecht  et al. 1996), m a y  compete  successful ly  against  
SIR3 in te rac t ions  w i t h  other  SIR proteins.  Similar  effects 
have  long been k n o w n  in Drosophila, in w h i c h  even a 
factor of two difference in concen t ra t ion  of cer ta in  pro- 
te ins  al ters  PEV (Locke et al. 1988). Therefore,  i t  appears 
l ike ly  tha t  the  pr inciples  de te rmined  in  yeast  for bo th  
the in i t i a t ion  and spreading of h e t e r o c h r o m a t i n  compo- 
nen t s  wi l l  be applicable to more  complex  eukaryotes .  

M a t e r i a l s  and  m e t h o d s  

Yeast strains 

Yeast strains are described in Table 1. All strains used in this 
study are derived from AYH2.8. SIR3 carrying two tandem cop- 
ies of the influenza virus hemagglutinin epitope (Wilson et al. 
1984) at the very carboxyl terminus (SIR3HA) was reintegrated 
into AYH2.8 resulting in strain AYH2.45. To disrupt SIR2 by 
homologous recombination, AYH2.45 was transformed with 
the plasmid pSB42 (digested with SphI and EcoRI), resulting in 
strain STY30. To generate the SIR4 disruption strain STY36, the 
ScaI-EcoRI-digested plasmid pSB45 was transformed into strain 
AYH2.45. Yeast shuttle vectors pRS424 (2~, TRP1; Christian- 
son et al. 1992), pHR67-23 (SIR3, 2p, TRP1; Renauld et al. 1993), 
p404.14 (SIR3HA, 2p, TRP1; Hecht et al. 1996), p419.3 
(SIR3HA, 2~, LYS2; Hecht et al. 1996) were transformed into the 
strains AYH2.45, AYH2.8, AYH2.38, or AYH2.46. All yeast 
transformations were performed following the method of Gietz 
et al. (1992). Gene disruptions were confirmed by Southern and 
Western blot analyses. 

Plasmid constructions 

Standard procedures were used for all DNA manipulations 
(Sambrook et al. 1989). Unless otherwise mentioned all clonings 
and transformations were carried out in E. coli host DH50r 

The SIR4 disruption plasmid pSB45 was generated by cloning 
the 2.9-kb BamHI-EcoRI fragment from pJR643 into pUC18 
missing the XbaI to HindIII sites in the polylinker. The SphI- 
BamHI fragment of the resulting plasmid was replaced with the 
1.0-kb SpHI-BglII from pJR643. Subsequently the TRP1 gene 
was inserted by blunt-end ligation into the SphI site. 

To construct the SIR2 disruption plasmid pSB42, the 1.6-kb 
SphI-StuI fragment from pJR68 was cloned into pUC 18 and the 
TRP1 gene inserted into the BamHI site by blunt-end ligationo 

GST fusion plasmids were obtained as follows: After cloning 
the NdeI-DraI fragment coding for SIR4 from the codons for 
amino acids 142-591 into the Sinai site of pBluescript SK 
(Stratagene), the fragment was excised with BamHI and EcoRI 

Table 1. Yeast strains used in this study 

Strain Genotype Reference 

AYH2.8 

AYH2.45 

AYH2.38 

AYH2.46 

STY30 

STY36 

MA Ta, ade2-1Ol,his3-&200, leu2-3, -112, lys2-801, trp l-&901, ura3-52, adh4::URA3TelVII-L, 
sir3 ::LE U2 

MATa, ade2-101, his3-A200, leu2-3, -112, lys2-801, trpl-d~901, ura3-52, adh4::URA3TELVII-L, 
slr3::SIR3HA/HIS3 

MATa, ade2-101, his3-&200, leu2-3, -112, lys2-801, trpl-d~901, ura3-52, adh4::URA3TelVII-L, 
sir3::LE U2, sir4::HIS3 

MATa, ade2-101, his3-&200, ]eu2-3, -112, lys2-801, trpl-A901, ura3-52, adh4::URA3TelVII-L, 
sir3::LEU2, rapl::HIS3 with p438.2 (rapl-21, CEN ARS, TRP1) 

MATa, ade2-101, his3-&200, leu2-3, -112, lys2-801, trpl-&90I, ura3-52, adh4::URA3TELVII-L, 
sir3::SIR3HA/HIS3, sir2::TRP1 

MATa, ade2-101, his3-&200, leu2-3, -112, lys2-801, trpl-d~901, ura3-52, adh4::URA3TELVII-L, 
slr3::SIR3HA/HIS3, sir4::TRP1 

Hecht et al. (1996) 

Hecht et al. (1996) 

Hecht et al. (1996) 

Hecht et al. (1996) 

this study 

this study 
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and subsequently introduced into pGEX2TK (Pharmacia) result- 
ing in pKL106 (GST-SIR4N). 

Plasmid pSB28 (GST-SIR4C) was obtained by cloning the 
PvuII fragment coding for SIR4, amino acids 1144-1358, into the 
Sinai site of pBluescript SK. The insert was then transferred into 
pGEX2TK using BamHI and EcoRI. Correct GST fusion junc- 
tions were confirmed by sequencing. 

Plasmids described in Hecht et al. (1995) were used for in vitro 
transcription of SIR2 and SIR3. 

In vitro protein-binding assay 

Following the protocol of Smith and Johnson (1988) GST, GST- 
SIR4N, and GST-SIR4C fusions were expressed in E. coli strain 
BL21, purified and bound to glutathione-Sepharose 4B beads 
(Pharmacia) at a concentration of 10 gg GST fusion protein per 
10-gl bed volume beads. The TNT T3-coupled reticulocyte ly- 
sate system (Promega) was used to synthesize SIR2 and SIR3 in 
vitro in the presence of [35S]methionine (ICN). Binding studies 
were performed according to our previous protocol (Hecht et al. 
1995), with the exception that the E. coli BL21 crude extract 
present during the binding reaction was substituted by BSA ( 100 
lag/lal). In SIR4-SIR2 binding studies the binding buffer de- 
scribed by Moretti et al. (1994) was used. Proteins (20% of the 
input material and 40% of the eluates) were resolved by SDS- 
polyacrylamide gel electrophoresis (PAGE). The gels were 
treated with fixing solution (isopropanol to acetic acid to H20 , 
25:10:65) and Amplify (Amersham) for 20 min each, and dried. 
Proteins were visualized by fluorography. 

Antibodies 

Antihemagglutinin epitope monoclonal antibody (17D09)was 
covalently coupled to protein A-Sepharose CL-4B as described 
(Hecht et al. 1996). Anti-SIR3, anti-SIR4, and anti-RAP1 anti- 
bodies were as reported in Hecht et al. (1996). For the production 
of anti-SIR2 polyclonal antibodies the SIR2 carboxy-terminal 
amino acids 275-562 were fused to GST. The fusion protein was 
expressed in and purified from E. coli BL21 (Smith and Johnson 
1988). Rabbit polyclonal antibodies to GST-SIR2 (amino acids 
275-562) were produced using standard methods (Harlow and 
Lane 1988). Antibodies were affinity purified by binding to ni- 
trocellulose derivatized with the GST fusion protein of rel- 
evance following the protocol of Olmsted (1981) and tested for 
their specificity by Western blot analyses comparing whole-cell 
extracts (see below) from wild-type and mutant yeast strains. 

Western blotting 

Proteins were fractionated on 8 % SDS-polyacrylamide gels and 
transferred to nitrocellulose (Harlow and Lane 1988). Anti-SIR4 
polyclonal antibodies were used at 1:5000, anti-SIR3 polyclonal 
antibodies at 1:10,000, and anti-SIR2 polyclonal antibodies at 
1:3000 dilution. Protein-antibody complexes were visulized by 
enhanced chemiluminescence using the Amersham ECL sys- 
tem. 

Coimmunoprecipitation from yeast whole-cell extracts 

Yeast cells were grown on SD medium to a concentration of 
2.0 x 107 cells/ml. Cells (50 ml) were harvested, washed twice 
with TBS (20 mM Tris-HC1 at pH 7.6, 200 mM NaC1), and re- 
suspended in 400 ~1 lysis buffer (50 mM HEPES-KOH at pH 7.5, 
140 mM NaC1, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 1 mM 
PMSF, 1 mM benzamidine, 0.25 mM TLCK, 50 gg/ml TPCK, 10 
gg/ml aprotinin, 20 gg/ml antipain, 1 lag/ml leupeptine, and 1 

pg/ml pepstatin). An equal volume of glass beads (diameter 0.5 
mm) was added. Breakage was achieved by vortexing on an Ep- 
pendorf shaker 5432 for 40 rain at 4~ The bottom of the tube 
was punctured and the lysate collected by brief centrifugation. 
The suspension was clarified by centrifugation for 5 min and 15 
min, respectively, in a microcentrifuge to yield the whole-cell 
extract. Immunopreciptiation of SIR3HA was performed as de- 
scribed in Heicht et al. (1996). For immunoprecipitation of SIR2, 
SIR4, or RAP1 the amount of antibodies needed to remove the 
protein quantitatively from the whole-cell extract was deter- 
mined. The affinity-purified anti-SIR2, -SIR4, or -RAP1 antibod- 
ies were added to 400 pl of whole-cell extract and incubated for 
3 hr at 4~ Unless stated otherwise DNase I (250 units) was 
present during immunoprecipitation. Sixty microliters of bed- 
volume protein A-Sepharose CL-4B beads (Pharmacia) were 
added, and the incubation continued for 1 hr. The immunopre- 
cipitates were washed three times for 5 min with 1.4 ml lysis 
buffer and subsequently resuspended in 60 pl SDS-PAGE 
sample buffer. Thirty to forty microliters of the eluted proteins 
were analyzed by SDS-PAGE and Western blotting. For the 
DNaseI experiments 30-1al aliquots of the supematants after 
immunoprecipitation were treated with 1 pg/~l proteinase K 
and the DNA was subsequently purified by phenol extraction. 

Immunoprecipitation from fixed whole-cell extracts 

Yeast cells were grown as above. Fifty milliliters of cells 
(2.0 x 107 cells/ml) were cross-linked with 1% formaldehyde for 
15 min at room temperature. Glycine was added to a final con- 
centration of 125 mM and the incubation continued for 5 rain. 
Cells were harvested and washed twice with TBS, and breakage 
was performed in 400 lal FA-lysis buffer (50 mM HEPES-KOH at 
pH 7.5, 140 mM NaC1, 1 mM EDTA, 1% Triton X-100, 0.1% 
sodium deoxycholate, 1 mM PMSF, 1 mM benzamidine, 0.25 mM 
TLCK, 50 lag/ml TPCK, 10 lag/ml aprotinin, 20 t~g/ml antipain, 
1 gg/ml leupeptine, and 1 gg/ml pepstatin) as above. The sus- 
pension was sonicated either twice for 10 sec each (resulting in 
an average fragment size of 0.5-1 kb) of 14 times for 10 sec each 
(resulting in an average fragment size of 0.5-0.3 kb) and clarified 
as before. Immunoprecipitations were performed as described 
above (no DNaseI added). Precipitates were succesively washed 
for 5 min each with 1.4 ml of FA-lysis buffer, 1.4 ml of FA-lysis 
buffer/500 mM NaC1, 1.4 ml of 10 mM Tris-HCl at pH 8.0, 0.25 
M LiC1, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 
and 1.4 ml of TE (20 mM Tris-HC1 at pH 8.0, 1 mM EDTA). 
Finally, the samples were processed for DNA purification (Or- 
lando and Paro 1993). From -60 gg chromatin-DNA aliquot, 
immunoprecipitations with anti-SIR3HA, -SIR4, -SIR2, and 
-RAP1 antibodies yielded between 0.3 and 1.0 ng DNA. 

PCR analyses of immunoprecipitated DNA 

PCR reactions were carried out in 50 pl volume with 1/50 of the 
immunoprecipitated material, 1/13,500 of the input material, 
and serial 2.5-fold dilutions thereof as templates. Taq polymer- 
ase (GIBCO/BRL) and the corresponding buffer system was 
used. Seventy picomoles primer were added. The gene specific 
primers were designed as 24 mers with -50% GC content. The 
PCR cycles were chosen empirically, and determined by pre- 
liminary reactions with each set of oligonucleotides, and the 
reactions stopped before reagents were exhausted. Typically, an 
initial denaturation for 2 min at 95~ was followed by 25 cycles 
with denaturation for 30 sec at 95~ annealing for 30 sec at 
55~ polymerization for 60 sec at 72~ and a final extension 
for 2 min at 72~ PCR products were separated on 6% or 15% 
polyacrylamide gels and visualized with 0.1 mg/ml ethidium 
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bromide. The gels were photographed using Polaroid film type 
667 and type 55. Photoprocessing was performed using OFOTO 
(Light Source Computer Images) and NIH Image (version 1.49) 
software. 
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