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Heritable inactivation of genes occurs in specific chro- 
mosomal domains located at the silent mating type 
loci and at telomeres of S. cerevisiae. The SIR genes 
(for silent information regulators) are trans-acting fac- 
tors required for this repression mechanism. We show 
here that the SIR3 and SIR4 gene products have a sub- 
nuclear localization similar to the telomere-associated 
RAP1 protein, which is found primarily in foci at the 
nuclear periphery of fixed yeast spheroplasts. In 
strains deficient for either SIR3 or SIR4, telomeres lose 
their perinuclear localization, as monitored by RAP1 
immunofluorescence. The length of the telomeric re- 
peat shortens in sir3 and sir4 mutant strains, and the 
mitotic stability of chromosome V is reduced. These 
data suggest that SIR3 and SIR4 are required for both 
the integrity and subnuclear localization of yeast 
telomeres, the loss of which correlates with loss of 
telomere-associated gene repression. 

Introduction 

Transcriptional repression at the silent mating type loci 
/-/ML and HMR and at telomeres in yeast has many of 
the hallmarks of position effect variegation in Drosophila, 
where the condensed higherorder structure of heterochro- 
matin “spreads” into adjacent chromatin, inactivating 
nearby genes (reviewed in Sandell and Zakian, 1992). The 
yeast mating type genes have provided a genetically trac- 
table system to identify trans-acting factors and cis-acting 
sequences required for this repression mechanism (re- 
viewed in Laurenson and Rine, 1992). In particular, dele- 
tion studies have identified cis-acting silencers that are 
required for the repression of transcription of the mating 
type genes at HA&l and /-/ML (Brand et al., 1987; Mahoney 
and Broach, 1989). Like enhancers, silencers function in 
either orientation and at variable distances from the tar- 
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geted promoter. A number of transacting factors are impli- 
cated in the mechanism of repression based upon their 
affinity for sequences in the silencer, or based on genetic 
selections for the loss of repression at these loci. These 
trans.acting factors include RAP1 (repressor activator pro- 
tein 1; Shore and Nasmyth, 1987), RlFl (RAP1 -interacting 
factor 1; Hardy et al., 1992), ABFl (autonomously replicat- 
ing sequence-binding factor 1; Buchman et al., 1988), the 
origin recognition complex (Bell and Stillman, 1992), which 
recognizes the autonomously replicating sequence con- 
sensus at silencers in vitro, and the four silent information 
regulator proteins, SIRl-SIR4 (Rine and Herskowitz, 
1987). These latter proteins are not essential for vegetative 
growth, yet mutation of any one of them results in dere- 
pression of the normally silent genes at the HML and HMR 
loci. 

In addition to repression at the mating type loci, a vari- 
egated or metastable repression of transcription of the 
URA3 or ADE2 genes occurs in yeast when these loci are 
integrated near the repetitive telomeric sequence (abbre- 
viated [&A],) at the ends of yeast chromosomes (Gott- 
schling et al., 1990). Intriguingly, this repression is sensi- 
tive to mutations in many of the same genes required for 
repression at the silent mating type loci, namely SIR2, 
SIR3, and SIR4, the N-terminus of histone H4, and the 
NAT7/ARD7 genes (Aparicio et al., 1991). These genetic 
results suggest that the telomeric sequences can set up 
or nucleate a chromatin structure capable of repressing 
gene expression. Consistent with this, it has been ob- 
served that yeast telomeres, like the transcriptionallysilent 
dark-staining Giemsa bands in mammalian chromo- 
somes, replicate late in S phase (McCarroll and Fangman, 
1988). 

While genetic studies implicate the four SIR gene prod- 
ucts in silencing, none binds specifically to the essential 
silencer sequences in vitro and none is required for normal 
vegetative growth (reviewed in Laurenson and Rine, 
1992). The essential transcriptional regulator RAP1 , on 
the other hand, has high affinity binding sites both in the 
silencer elements as well as within the telomeric (CI-zA)n 
repeat (Longtine et al., 1989). We have recently shown 
that bacterially expressed full-length RAP1 binds cloned 
yeast telomeric DNA as frequently as once per 18 bp, 
resulting in 25-30 potential sites per chromosome end 
(Gilson et al., 1993b). Consistent with these in vitro results, 
RAP1 copurifies with yeast telosomes, a nonnucleosomal 
chromatin structure identified by hybridization with the 
(CI-JA)n sequence (Wright et al., 1992), and immunofluo- 
rescence reveals the majority of RAP1 at the ends of yeast 
pachytene chromosomes (Klein et al., 1992). 

Genetic evidence confirms the important role of RAP1 
in telomere integrity, since alteration of the intracellular 
RAP1 levels and certain mutations in the RAP 1 gene can 
both affect telomere length (Conrad et al., 1990; Lustig et 
al., 1990; Sussel and Shore, 1991; Kyrion et al., 1992) 
and result in a loss of the telomeric position effect on tran- 
scription (Kyrion et al., 1993). The observation that overex- 
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Figure 1. Yeast Telomere Aggregates De- 
tected by Anti-RAP1 lmmunofluorescence Are 
Perinuclear and Fewer in Number Than Chro- 
mosomal Ends 

Confocal immunofluores.cence microscopy of 
a diploid yeast spheroplast reacted with affinity- 
purified rabbit antibodies against RAP1 and 
a fluorescein isothiocyanate-conjugated sec- 
ondary antibody (a) and mouse anti-DNA anti- 
bodies visualized through a Texas red-conju- 
gated secondary antibody (b), as described in 
Experimental Procedures. Each panel shows 
a series of three 0.3 urn focal sections of a 
single spheroplast aligned in a vertical row. 
Owing to the small size of yeast nuclei, some 
overlap of spots from one section to the next 
is seen. The merge of the two staining patterns 
IS shown in (c), showing clearly that the RAP1 
immunofluorescence is peripheral in the nu- 
cleus. RAP1 foci on the very top of the cell are 
seen as central in the uppermost section. 
Bar = 1.8 urn 

pression of both RAP1 (Conrad et al., 1990) and the rap? 
mutations increases the mitotic loss rates of chromo- 
somes suggests that an additional function of RAP1 is to 
maintain chromosome stability. Interestingly, some, but 
not all, rap7 mutations also affect the mitotic stability of 
circular plasmids containing the telomeric &A repeat 
(Longtine et al., 1992). While it is not clear how RAP1 
achieves these various functions, the fact that the rapl* 
mutations result in significantly longer telomeres without 
affecting telomeric silencing (Sussel and Shore, 1991; 
Hardy et al., 1992) suggests at least partially independent 
pathways for telomeric length maintenance and telomeric 
silencing. 

In this study we have examined the effects of disruptions 
of the SIR3 and SIR4 loci of Saccharomyces cerevisiae 
(hereafter indicated as sir3d and sir4d) on the localization 
and integrity of telomeres in the yeast nucleus. We find 
that the disruption of telomeric silencing in sir3A and sir4A 
strains correlates with a loss of perinuclear localization 
of telomeres observed by RAP1 immunofluorescence in 
fixed spheroplasts. In sirld mutants, in which telomeric 
silencing is unaffected (Aparicio et al., 1991), telomere 
positioning in the nucleus resembles that of wild-type cells 
(Palladino et al., 1994). Thesif3A and sir4A mutations also 
influence the length of telomeric repeats and the mitotic 
stability of chromosome V. lmmunofluorescence shows 
that SIR3 and SIR4 proteins are located in foci, like RAPl, 
suggesting a direct interaction of the SIR gene products 
with yeast telomeres to position this chromosomal subdo- 
main within the nucleus. 

Results 

RAP1 lmmunofluorescence Shows Yeast 
Telomeres Clustered near the Periphery 
of Interphase Nuclei 
We have shown by immunolocalization that the majority 
of the RAP1 in spreads of yeast cells at the pachytene 
stage of meiosis is found at the termini of chromosomes; 

i.e., each of the 16 paired bivalents shows one or !wo 
closely positioned spots of RAP1 immunofluorescence at 
each end (Klein et al., 1992). Moreover, thin section immu- 
noelectron microscopy using gold-conjugated secondary 
antibodies suggested that the majority of RAP1 in in- 
terphase cells is present in large aggregates or foci located 
near the nuclear periphery (Klein et al., 1992). This obser- 
vation has been confirmed and extended using immuno- 
f luorescence techniques and confocal microscopy (see 
Figure 1). 

Figure 1 shows a diploid yeast spheroplast in which 
RAPl-containing foci are visualized by anti-RAP1 and fluo- 
rescein isothiocyanate f luorescence (Figure la), while nu- 
clear DNA is visualized with anti-DNA antiserum and 
Texas red-conjugated secondary antibodies (Figure 1 b). 
The majority of the RAP1 is found in a limited number 
of bright spots. Three 0.3 pm sections through the same 
nucleus are aligned vertically in Figures 1 a and 1 b. The 
anti-DNA and anti-RAP1 signals are merged in Figure 1 c. 
The central and bottom sections of the spheroplast clearly 
show that the RAP1 reactive spots are near the periphery 
of the nuclear DNA. Although the number of discrete foci 
per diploid cell ranges from 5 to 18, 52% have either 7 or 
8 foci when immunostaining is performed in the absence 
of detergent. If the nuclear membrane is disrupted by non- 
ionic detergents, the number of discrete anti-RAP1 reac- 
tive spots increases to roughly 16 per cell (15.3 + 2.8, 
Klein et al., 1992; Gilson et al., 1993a), and in the presence 
of Triton-SDS micelles we detected numerous smaller 
spots of RAP1 immunofluorescence, whose number cor- 
responds well with the number of telomeres (i.e., 32 in Gl 
phase of the cell cycle; Palladino et al., 1994). Since RAP1 
is not released from its DNA-binding sites under these 
detergent conditions in vitro (data not shown), it appears 
that in intact nuclei telomeres are closely positioned in a 
discrete number of aggregates and that their close associ- 
ation depends in part on the integrity of the nuclear mem- 
brane and/or on a detergent-sensit ive factor. 

To confirm that the RAP1 immunofluorescence accu- 
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Figure 2. Anti-RAP1 Reactive Foci Reduce in intensity and Number 
in es77 Mutants 

EST7 RAD52, estl::H/SS RAD52, or estl;:H/SS rad52::LEU2 haploid 
segregants from a single tetrad derived from sporulation of strain 
DVL66 were grown at 30% for approximately 60 generations by repeti- 
tive dilution of YPD cultures. Cells were spheroplasted and reacted 
with affinity-purified anti-RAP1 antibodies as described in Experimen- 
tal Procedures. DNA was counterstained with DAPI, and the fluores- 
cence images were viewed and photographed on a conventional Zeiss 
Axiophot microscope. Shown are typical fieldsof the isogenic wild-type 
haploid reacted with anti-RAP1 (a) or DAPI (b); the esfl::H/S3 RAD52 
strain ([cl, anti-RAPl; [d], DAPI); and the double mutant estl::HISS 
rad52xLEU2 ([e], anti-RAPl; [fj, DAPI). Small arrowheads indicate 
cells with one or two RAP1 foci, and the larger arrowheads indicate 
cells with no pronounced foci of RAPI. The EST7 rad52::LEU2 haploid 
sVain resembled generally the staining pattern of the wild-type hap- 
Iold (data not shown). Bars = 3 pm. 

rately reflects the localization of yeast telomeres, we have 
performed immunofluorescence studies on haploid strains 
carrying a null allele of EST7 (ever shorter telomeres; 
Lundblad and Szostak, 1989). Recent studies have shown 
that in estl mutants the (r&A), sequence on the ends 
of yeast chromosomes shorten after extended cultivation 
(60-100 divisions), resulting in subsequent cell death 
(Lundblad and Blackburn, 1993). Late estl- cultures, how- 
ever, give rise to viable derivativesvia aRAD52-dependent 
recombination pathway that results in multimerization of 
subtelomericsequences(Lundblad and Blackburn, 1993). 
Hence, an estl fad52 double mutant shows a more pro- 
nounced loss of telomeric repeats. It is to be expected that 
if anti-RAP1 staining accurately reflects yeast telomeres, 
then RAP1 immunofluorescence on either an estl single 
mutant or an estl racf52 double mutant strain will show a 
gradual decrease in telomere-associated immunofluores- 
cence after extended periods of growth (60-l 00 genera- 
tions). 

NUMBER OF SPOTS 

Figure 3. Quantitation of the Reduction of RAP1 Foci in estl Mutants 

The well-defined foci of the anti-RAP1 reaction shown in Figure 2 were 
counted for 100 cells from each strain used. Only cells containing a 
DAPI-staining nucleus were counted. Y axis = number of spots per 
cell (from 0 to 6); X axis = the number of cells with the given number 
of spots. 6+ indicates 6 or 9 spots per nucleus. (a) The wild-type haploid 
(EST7 RAD52); (b) the estl allele (estl::H/SS RAD52); (c) the double 
mutant (estl:t/f/SS rad52::LEU2) from a single tetrad. 

As shown in Figure 2, anti-RAP1 immunofluorescence 
on an estl mutant strain after 60 generations of growth 
shows a general drop in the fluorescent RAP1 signal (Fig- 
ure 2c) as compared with the isogenic wild-type allele (Fig- 
ure 2a). A large number of cells show only one or two 
spots (see small arrowheads in Figure 2~). As expected, 
the estl rad52 double mutant shows a more extreme phe- 
notype, with many cells containing none or few pro- 
nounced RAP1 foci (Figure 2e, see arrowheads). No signif- 
icant changes in the RAP1 reactive foci were observed in 
the rad52 single mutant strain. Similar experiments were 
performed after 60,80, and 96 generations of growth, and 
a progressive lossof brightly staining RAP1 foci in the estl 
mutant strains was consistently observed with extended 
cultivation. 

These results have been quantified by counting the num- 
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bers of discrete RAPl-dependent spots in estl, estl 
rad52, and EST7 RAD52 (wild-type) strains 60 generations 
after spore outgrowth. All wild-type haploid cells contain 
foci of RAP1 independent of the number of generations 
of growth (Figure 2a). Although the number of discernable 
spots per nucleus in the wild-type culture varies from 1 to 
8, there is a peak at 5 (Figure 3a). It may not be significant 
that we resolve five rather than seven or eight foci of RAP1 
in haploid, as compared with diploid cells (Figure l), since 
the smaller sizeof the haploid yeast nucleus makes it more 
difficult to resolve closely juxtaposed foci. In both esrl 
(Figure 3b) and estl rad52(Figure 3c) strains, our quantita- 
tion confirms the visual evaluation described above. Al- 
though the number of dead cells that have no nuclei also 
increases at later time points in the estl mutants, only cells 
with 4’,6-diamidino-2-phenylindole (DAPI)-staining nuclei 
were included in the analysis. 

Besides the loss of immunofluorescent signal in estl 
mutants, we have observed a 2-fold increase in the inten- 
sity of the anti-RAP1 reactive foci in raplSandrif7A strains, 
in which the (&A), telomeric repeat is 2- to 3-fold longer 
(Hardy et al., 1992; Sussel and Shore, 1991; T. L. and 
S. M.G., unpublished data). Taken togetherwith theobser- 
vation that all 32 chromosome ends are detected with 
RAP1 antibodies in meiotic spreads (Klein et al., 1992), we 
conclude that RAP1 immunofluorescence is an accurate 

monitor of both the localization and the quantity of yeast 
telomeric DNA. 

RAP1 lmmunofluorescence Is Altered in Nuclei of 
sir3A and sir4A Mutants 
Electron microscopy has established that in mammalian 
cells the dense, apparently heterochromatic regions of the 
genome are generally located near the nuclear periphery 
(e.g., Bouteille et al., 1974). In agreement with this, three- 
dimensional reconstruction of Drosophila nuclei suggests 
that inactive, heterochromatic regions of Drosophila poly- 
tene chromosomes are associated with the nuclear enve- 
lope (Mathog et al., 1984; Hochstrasser et al., 1986). Con- 
sidering the important role that SIR proteins play in the 
establishment and maintenance of telomeric heterochro- 
matin, we examined the subnuclear localization of te- 
lomeres by RAP1 immunofluorescence in strains of yeast 
that carry disruptions of the SIR3 and SIR4 genes and 
these same strains complemented with the appropriate 
gene on a plasmid. Serial confocal imaging was used to 
show the localization of the RAPl-dependent nuclear sig- 
nals. Each panel in Figure 4 shows six focal sections of 
0.2 pm each through diploid yeast spheroplasts reacted 
with IgG specific for RAPl. Because of the limited resolv- 
ing power of the laser system used, the sections partially 
overlap. We show the six sections of each yeast nucleus 
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Figure 5. Telomere Length Shortens in the Absence of SIR3 and SIR4 and Shows a Dosage-Dependent Complementation by SIR4 

(A:) A schematic representation of yeast telomeres is shown. Many chromosomes have both subtelomeric repeats, Y’and X. The Y’element contains 
a unique Xhol site about 1.2 kb from the chromosome end, allowing visualization of &A repeat variation by Southern hybridization of a Xhol 
digest. 
(B) Total genomic DNA was digested with Xhol, separated on a 1.5% agarose gel, and probed as described in Experimental Procedures. A 
heterogeneous band of about 1.2 kb in the wild-type strain (lane 1, large arrow) arises from the majority of yeast telomeres, which contain at least 
one Y’ element. Chromosomes lacking Y’give rise to additional, higher molecular weight bands (small arrows). Note that the sizes of these larger, 
telomere-proximal bands also shift slightly in sir mutant strains. The isogenic strains used were: W303-1A (lane 1); JRY3289 (sir&l, lane 2); 
JFlY3411 (sir4d, lane 3); GA235 (sir&t sir4d, lane 4). Strain LPYO313 (lane 8), which contains a more complete SIR3 gene disruption than JRY3289, 
shows a more pronounced telomeric shortening compared with the isogenic wild-type strain (LPY0312, lane 5). 
(C) Dosage-dependent complementation of telomeric shortening in sir4d mutants. DNA manipulations were as in (B). Strain JRS477 (lane 2) was 
transformed with the CEN plasmid pJR388 (lane 3) or the high copy number 2p plasmids pSIR4-2~’ (lane 4) and pSIR4-2p (lane 5). The isogenic 
wild-type host JRY412 is included for comparison (lanes 1 and 6). Western blot analysis using anti-SIR4 antibodies confirms that neither the single 
copy pJR368 nor the multicopy pSIR4-2~’ plasmids restore wild-type levels of SIR4 protein (data not shown). 
(D) Xhol-digested DNA from the diploid sir4dlsir4d strain GA202 (lane 3) transformed with the 2~ plasmid pSIR4-2~~ (lane 2) and the isogenic 
diploid parental strain GA225 (lane 1). 

either before (Figures 4a, 4c, and 4e) or after a standard observed is much like that observed with a S/R+/SIR+ 
confocal filtering operation, which minimizes background strain. When an identical procedure is used on sir3A/sir3A 
(Figures 4b, 4d, and 49. (GA192, Figures 4a and 4d) or sirrlA/sir4A (GA202, Fig- 

Figures 4a and 4b show the control strain, which is a ures 4e and 49 diploid strains, we see that the aggregation 
sirrlA/sir4A homozygous diploid mutant (GA202) comple- of telomeres near the nuclear periphery is lost. This is true 
mented by the wild-type SIR4 gene borne on a multicopy even at the equator of the nucleus, where we eliminate 
plasmid. The punctate and perinuclear staining pattern the contribution from the top and bottom of the nucleus 
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(compare with Figure 4b). The anti-RAP1 signal retains a 
speckled appearance in sif3A and sir4A strains, however, 
suggesting that RAP1 is still associated with telomeres but 
that telomere-telomere interactions, telomere-nuclear en- 
velope interaction, or both have been disrupted. A sir3A 
sir4A double mutant shows a similar dispersed staining 
for RAP1 (data not shown). In contrast, in a sirld mutant 
strain we see the same peripheral bright spots of RAPl- 
dependent immunofluorescence as seen in wild-type cells 
(Palladino et al., 1994). 

Telomeres Shorten in sir3A and sir4A 
Mutant Strains 
The striking observation that telomeres are delocalized 
in sir3A and sir4A mutants suggests that there may be 
modification of the telomeric structure in these strains. To 
address this question, we have examined the length of 
the telomeric (CBA)” repeat. Southern blot analysis of ge- 
nomic DNA cut with Xhol, which cleaves in the Y’ subtel- 
omeric sequence, yields a broad, heterogeneous band of 
approximately 1.2 kb when probed with the &A repeat. 
This band, which represents the majority of telomeres 
(large arrow, Figures 5B and 5C), shows a heterogeneous 
size distribution due to small differences in the length of 
(C,&),, which on average extends about 300-350 bp (see 
Figure 5A). Telomeres lacking the Y’ element produce 
longer fragments of varying sizes (small arrows). It has 
been shown that in rap7 mutants the smear attributed to 
the telomeric repeat can vary in length, ranging from re- 
peat lengths 150 bp shorter than wild type (e.g., rapl’“; 
Lustig et al., 1990) to telomeres 10 times longer than wild 
type (rapl’; Kyrion et al., 1992). We find that both sir3A 
and sir4A mutations result in a shortening of telomeric 
repeat length. 

In Figure 58 the average telomere lengths in isogenic 
haploid SIR+, sir3A, sir4A, and the sir3A sir4A double mu- 
tant strains (lanes l-4) are compared by Southern blot 
analysis. Telomeres in the sir4A strain are approximately 
120-150 bp shorter in average length than in the parental 
strain, while those in the sir3A strain (SIR3 truncated at 
amino acid position 945) are about 50 bp shorter. The 
slight shortening of telomeres in the sir3A mutant is highly 
reproducible and is more pronounced in adisruption allele 
of SIR3 that truncates the gene at amino acid position 
108 (LPY0313, Figure 58, lanes 5 and 6). The sir3A sir4A 
double mutant shows an additive effect on telomere 
length, that is, the telomeres are shorter in the double 
mutant than in either single mutant (Figure 58, lane 4). 
This result suggests that while SIR3 and SIR4 are each 
independently essential for the maintenance of repression 
at HMUHMR and at telomeres, the two proteins may coop- 
erate in telomeric length maintenance and perhaps in 
other more subtle phenotypes. Consistently, the doubling 
time of the sir3A sir4A double mutant (124 + 17 min; 
n = 8) is longer than that of the isogenic wild-type strain 
or either single mutant (90-96 min). 

The shortening of telomeres in the sir4A mutant can be 
reversed by expression of the wild-type SIR4 gene product 
(Figure 5C). Introduction of a single copy plasmid carrying 
SIR4 (pJR388, lane 3) does not result in a significant 

increase in telomere length, while transformation with 
pSIR4-2~, a high copy number plasmid, restores telomeric 
length (lane 5). A multicopy plasmid carrying the SIR4 
gene with only minimal flanking region both S’and 3’of the 
coding region (pSIR4-2~*), does not fully restore telomere 
length (lane4), suggesting that full complementation of the 
telomere phenotype in sir4A strains requires a precisely 
controlled level of expression. Consistently, overexpres- 
sion of SIR4 results in telomeres longer than wild type 
and a perturbation of the peripheral RAP1 staining pattern 
(data not shown). The dosage sensitivity of SIR4 comple- 
mentation is also clearly visible in a diploid sir4A/sir4A 
strain, where the pSIR4-2~* multicopy plasmid only par- 
tially restores telomere length (Figure 5D, lanes 1-3). Te- 
lomere shortening and its restoration by complementation 
in sir strains was not dependent on the number of genera- 
tions that cells were cultured nor on the mating type of 
the cells. 

Not only the regulation of telomere length, but the re- 
pression of HML and HMR loci and restoration of mating 
ability are also extremely sensitive to SIR4 gene dosage. 
Mating competence of the sir4A mutant (i.e., repression of 
the silent loci) is only partially restored (cl 0% of wild-type 
levels) with the pSIR4-2~* plasmid and fully restored 
(>90% of wild-type levels) with the pSIR4-2~ plasmid, 
which contains the entire promoter region of the SIR4 
gene. 

SIR3 and SIR4 Are Required for the Normal Mitotic 
Stability of Chromosome V 
The mitotic loss rate of chromosomes and/or minichromo- 
somes is increased 2.5 to 15-fold in cells that either over- 
express RAP1 or contain a mutant RAP1 protein (Conrad 
et al., 1990; Kyrion et al., 1992). To see if the shortening 
and delocalization of telomeres in the sir3A and sir4A mu- 
tants correlate with enhanced chromosome loss rates, we 
have examined the mitotic stability of chromosomes in 
these strains. Diploid strains heterozygous for the can7 
and horn3 markers in coupling on opposite arms of chro- 
mosome V produce canavanine-resistant colonies either 

Table I. Chromosome V Stability in sifA/sirA Strains 

Genotype” 
(Number of Trials) 

Loss Rateb Recombination RateC 
(Events per lo5 (Events per IO5 
Cell Divisions) Cell Divisions) 

.s/R4/.%?4 (5) 0.23 f .46 0.8 k .22 
sir4A/sif4A (7) 1.0 + .I4 1.9 & .43 
S/R3/S/R3 (2) 1.1 1.5 
sir3A/siK?A (2) 2.0 6.0 

a Because the sir3ALsir3A and the sir4A/sif4A diploid strains used in 
thisassayare not isogenic, dataare presentedforeach parental diploid 
strains. Strains used were: GA247 (S/Ff4+/S/R4+. isogenic parent strain 
of GA222), GA222 (sir4A/sir4A), GA288 (SIfW/S/R3+, isogenic parent 
strain of GA269), and GA269 (sir3dkir3d). 
bc Values are the average of the median values calculated for each 
independent trial. Standard deviations are shown only for experiments 
repeated more than two times. Transformation of this sir4A/sir4A strain 
with plasmid pSIR-2u partially restored chromosome loss to wild-type 
levels, probably reflecting the extreme sensitivity of SIR4 to gene dos- 
age (see text and Figure 5). 
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Figure 6. The Telomere Length of an Artificial 
Minichromosome Is Not Affected by the sir4d 
Mutation 

(A) Relevant aspects of the structure of the min- 
ichromosome AC::SUP77 UPA3 used in these 
studies are shown. The 150 kb minichromo- 
some, which contains 1.5 kb of telomere- 
proximal Y’ sequence. carries the URAB and 
SUP7 7 genes embedded in pBR322 sequence 
(black area) and almost the entire left arm of 
chromosome Ill (Hegemann et al., 1988). 
Shown below the telomeric region are Seal re- 
striction sites and fragment sizes in kilobases. 
(B) Genomic DNA for Southern blot analysis 
was isolated from wild-type (GA286; lanes 1 
and 2) and sir4d (GA254; lanes 3 and 4) strains 
grown in selective media to maintain selection 
fortheAC::URA3SUP77 minichromosomeand 
was digested with Seal. The filter was probed 
with pBR322 (left panel) and then stripped and 
reprobed with (CA), (right panel). The -2.2 
kb band corresponding to the telomeric end of 
the minichromosome (closed arrow) and two 
bands of 3.5 kb and 1.7 kb (flanking the URA3 
SUP7 7 fragment) are detected by the pBR322 
probe. The (C,&)n probe detects a heteroge- 
neous band of - 1.3 kb (open arrow), repre- 
senting the majority of Y’ telomeres, and a 
much fainter band of -2.2 kb (closed arrow), 
corresponding to the single minichromosome 

from loss of one homolog of chromosome V or from a 
mitotic recombination event. Colonies that have lost one 
copy of chromosome V require methionine for growth, 
whereas recombinants are Met+. As shown in Table 1, 
bsoth sir3Akir3A and sir4Ahir4A strains give rise to cana- 
vanine-resistant colonies at a rate that is approximately 
4-fold higher than in the isogenic S/R+/SIR+ parental 
strains. In the case of the sir4Ahir4A mutant, the increase 
in canavanine-resistant colonies can be attributed mainly 
to chromosome loss events, while the sir3A/sir3A mutant 
increases primarily recombination events. Intriguingly, an- 
other disruption of the SIR3 gene, which leaves the first 
945 amino acids of the protein intact, derepresses the 
mating type loci but does not increase recombination, sug- 
gesting that the extreme C-terminus of SIR3 is essential 
for HM repression. 

In contrast with the decrease in mitotic stability of chro- 
mosome V, we find that the stability of a nonessential 150 
kb artificial chromosome carrying the SUP7 7 gene is un- 
changed in the sir4A mutant as compared with the iso- 
genie parental strain (5.9 + 0.7 events per lo4 cell divi- 
sions, as compared with 7.1 f 0.6 for the parental). This 
lack of difference in the stability of the artificial minichro- 
mosome in a sir4A background may be attributed either 
to its size (chromosome V is 600 kb compared with 150 
kb for the minichromosome) or to a difference in telomere 
structure. The linear minichromosome used in this assay 
(AC::SUPI 7 URA3) contains the left arm of chromosome Ill 

and a telocentric right arm carrying the URA3 and SUP7 7 
genes. pBR322 sequences are positioned near the te- 
lomeric repeat, and the telomere and centromere are less 
than 8 kb apart (Hegemann et al., 1988). The mitotic stabil- 
ity of this same construct was found to be significantly 
reduced in rapl’ mutants (Kyrion et al., 1992). 

Consistent with the observation that the mitotic stability 
of the artificial minichromosome is unaffected in sir4A mu- 
tant strains, we also find no reduction in the length of the 
telomeric repeat of the minichromosome (Figure 6). Using 
a probe specific for the right end of the artificial minichro- 
mosome (pBR322 probe; closed arrow in Figure 66, lanes 
l-4), we see that the corresponding 2.2 kb Seal band is 
the same size in both wild-type and sir4A strains. The 
same blot reprobed with the C,-& telomeric repeat shows 
that genomic chromosome ends shorten by about 150 bp 
in the sir4A strains (Figure 6B, compare lanes 1’ and 2’ 
with 3’ and 4’; 1.2 kb fragment, open arrow). Because 
bands larger than 2 kb show a shift on this gel, the lack 
of a detectable shift in the minichromosomal end is not 
due to the resolving power of the gel. Ba131 exonuclease 
digestion confirmed that the 2.2 kb Seal fragment is the 
telomeric end of the minichromosome (data not shown). 
Since a probe specific for the left arm of the full-length 
chromosome Ill detects a shortening of this chromosome, 
which is one of the shortest in yeast (360 kb; data not 
shown), we believe that the effect of the sir4 mutation on 
telomeres is not a reflection of chromosome size. Rather, 
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Figure 7. Affinity-Purified Anti-SIR4andAntLSIR3 Reactwith Nuclear 
Proteins of M, = 170 and M, = 120, Respectively 
lmmunoblots of nuclei (N) or whole cell extracts (WCE) of vegetatively 
growing yeast strains were probed with affinity-purified anti-SIR4 (in 
lanes 1-5, 7% polyacrylamide gel) or anti-SIR3 (lanes 6-9, 10% poly- 
acrylamide gel) and visualized by luminol (see Experimental Proce- 
dures). N, crude nuclear fraction; WCE, whole cell extract. The strains 
used are: lane 1, GA26 (S/R+); lane 2, GA202 (sir4dlsir4d); lane 3, 
GA202 carrying pSIR4-2~‘; lane 4, same as lane 3 with twice as much 
protein loaded; lane 5, W303-1 A (S/RI); lane 6, GA26; lane 7, W303-1 A 
(S/R’); lanes 8 and 9, GA192 (sir3d/sir3d). About 40 pg of protein was 
loaded in each lane, except lanes 4 and 9, which have approximately 
80 pg. Bands of 55 kd in lanes 8 and 9 are variably present and appear 
not to be specific for SIR3. Molecular mass markers (in kilodaltons) 
are indicated at the left. Arrows indicate the relevant bands. 

the unusual telomeric sequence organization of the mini- 
chromosome or its telocentric structure may render it re- 
fractory to the sir4A mutation (see Discussion). 

SIR3 and SIR4 Are Found at the Nuclear Periphery 
The results presented above implicate SIR3 and SIR4 pro- 
teins either directly or indirectly in subnuclear organization 
and in the maintenance of telomeric structure. Therefore, 
using affinity-purified antibodies we have localized SIR3 
and SIR4 within yeast nuclei by immunofluorescence. The 
Western blot analysis shown in Figure 7 demonstrates the 
specificity of the antisera by probing whole cell extracts 
and total nuclear proteins from SIR’, sir3A, and sir4A 
strains. The anti-SIR4 antibody recognizes a single band 
at M, = 170 in whole cell extracts of wild-type cells and 
in sir4A mutants carrying pSlR4-2p* (Figure 7, lanes 3- 
5). The band is enriched in yeast nuclei and absent in the 
sir4A mutant (Figure 7, lanes l-2). 

The affinity-purified anti-SIR3 antibody recognizes two 
proteins in wild-type yeast extracts and nuclei, one at 
M, = 120 and the other at M, = 95 (Figure 7). Only the 
polypeptide of M, = 120 is enriched in the nuclear fraction 
(lanes 6-7) and is absent in a sir3A strain (lanes 8-9). The 
observed mobility agrees well with the predicted molecular 
mass of the SIR3 gene product (111 kd), while the cross- 
reacting band of M, = 95 appears to be neither a nuclear 
component nor derived from the SIR3 gene. 

Affinity-purified anti-SIR3 and anti-SIR4 antibodies were 
used for immunofluorescence on both wild-type and mu- 
tant yeast cells. A weak, but reproducible, staining of spots 

exclusively in the nuclei, much like the staining with anti- 
RAP1 antibodies, wasobserved with both antiseraon SIR+ 
cells (Figures 8a, 8d, and se). There is a more pronounced 
general staining of the nucleoplasm, however, than is ob- 
served with anti-RAP1 antibodies, particularly for anti- 
SIR4 (Figures 8d and 8e). Controls using sir3A and sir4A 
strains show no signal above background (Figures 8c and 
SC’). While the foci stained with antibodies recognizing 
SIR3 and SIR4 are often perinuclear, they appear to be 
significantly weaker in intensity and fewer in number than 
those observed with anti-RAP1 antibodies, probably owing 
to the low abundance of these antigens. lmmunolabeling 
of SIR4 in a heterozygote RAPl/rapl’results in a punctate 
and perinuclear staining stronger than in wild-type cells 
(Figure 8e), perhaps reflecting the semidominant length- 
ening of telomeres in this heterozygote (Kyrion et al., 
1992). The punctate, perinuclear pattern of anti-SIR3 and 
anti-SIR4 antibodies is not a general characteristic of nu- 
clear proteins in these cells, however, since staining with 
anti-topoisomerase II gives an even nuclear staining (Fig- 
ures 8h and 8i). The similarity between the SIR protein 
staining patterns and that of RAP1 is consistent with the 
existence of interactions between these proteins and ei- 
ther RAP1 or the yeast telosome. 

Discussion 

Evidence for Telomere-Telomere and 
Telomere-Nuclear Envelope Association 
Many cytological studies have shown that telomeres are 
not randomly distributed within the nucleus. In a large 
number of species during the prophase of the first meiotic 
division, telomeres are seen clustered near the nuclear 
membrane, forming the so-called “bouquet” stage; in veg- 
etatively growing Trypanosoma cells, in situ hybridization 
with a repetitive telomeric probe has revealed that the 
telomeres of roughly 100 minichromosomes are associ- 
ated into aggregates (reviewed in Gilson et al., 1993a). 
Recently, in situ hybridization data from the fission yeast 
also demonstrated the clustering of Schizosaccharo- 
myces pombe telomeres at the nuclear periphery, particu- 
larly in G2 phase (Funabiki et al., 1993). 

We have used immunofluorescence of the abundant 
telomere-binding protein RAP1 to follow the positioning 
of telomeres in budding yeast in both wild-type and mutant 
strains. Our data show a punctate pattern in wild-type cells, 
with significantly fewer brightly staining immunofluores- 
cent spots than the number of telomeres. In estl mutants, 
in which the telomeric repeat shortens, the spots of RAP1 
immunofluorescence also become less intense and even- 
tually disappear, confirming that RAP1 immunofluores- 
cence accurately reflects the presence of the telomeric 
CI& repeat. Thus, we conclude that yeast telomeres are 
aggregated or clustered during normal mitotic growth and 
that these foci are localized near the nuclear periphery, 
at least in Gl and G2 phases of the cell cycle. 

Previous observations that different telomeric repeats 
recombine with one another (Wang and Zakian, 1990) and 
that a noncovalent circular form of a linear minichromo- 
some appears in S phase, when the overhanging single- 
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stranded TGIe3 tails are at their maximal length (Wellinger 
et al., 1993), support the suggestion that yeast telomeres 
can interact in vivo. The molecular basis for telomere- 
t’elomere or telomere-nuclear envelope interaction is un- 
known. In ciliates, the involvement of proteins in telomere- 
telomere binding was suggested based on the fact that 
telomere association was found to be protease sensitive 
(Lipps et al., 1982). In yeast, the abundant nuclear protein 
RAP1 may be involved in telomere-telomere interactions, 
either through protein-protein interaction (below and Hof- 
rnann et al., 1989) or through distortion of the double helix 
within the telomeric repeat (Gilson et al., 1993b). Our  evi- 
dence suggests that both the integrity of the nuclear enve- 
lope and at least two factors, SIR3 and SIR4, influence 
the clustering of yeast telomeres at the nuclear periphery. 
The loss of both clustering and perinuclear localization in 
sir3 and sir4 mutants suggests that these phenomena are 
interdependent. Because neither SIR3 nor SIR4 has any 
transmembrane character, other unidentified factors such 
as a yeast nuclear lamin or a lamin receptor-l ike molecule 
rnay be involved in the localization of telomeres near the 
nuclear periphery. 

The positioning of telomeres seems to vary among cell 
types and may also vary through the cell cycle. The posi- 
tioning of telomeres at the nuclear envelope was observed 
in salivary gland cells of salamanders over 100 years ago 
by C. Rabl (Rabl, 1885) and has been confirmed by three- 
dimensional image reconstruction of Drosophila polytene 
chromosomes and embryonic nuclei (Mathog et al., 1984; 
Hochstrasser et al., 1986). Moreover, nuclear envelope- 
interacting regions of Drosophila chromosomes appear to 
rnap to sites of heterochromatin. In contrast with these 
examples and others from higher plants, telomere local- 
ization in cultured mammalian cells is not uniformly periph- 
eral and appears to vary both with the cell cycle and among 
cell types (Vourc’h et al., 1993). In view of the homology 

Figure 8. Anti-SIR3 and Anti-SIR4 Give Dis- 
tinct Punctate Staining of Yeast Interphase 
Nuclei 
Shown in (a) and its insert is anti-SIR3 immu- 
nofluorescence of formaldehyde-fixed sphe- 
roplasts of a SIR’ haploid strain (GA26), vi- 
sualized on a Zeiss Axiophot fluorescence 
microscope. DAPI staining is shown in (b). Anti- 
SIR3 staining is faintly punctate and largely pe- 
ripheral in the nucleus. Neither anti-SIR3 nor 
anti-SIR4 reacts with sir3dlsir3d ([cl, GA192) 
or sir4Alsif4A ([c’], GAiO2), respectively. (d) 
and (e) show affinity-purified anti-SIR4 antibod- 
ies on a S/R’ haploid strain (d) or the heterozy- 
gotic diploid AJL307 (e). Arrows indicate partic- 
ularly clear peripheral punctate staining. DAPI 
staining is shown in (9 and(g). To show that the 
punctate staining is not typical for any nuclear 
protein, affinity-purified rabbit anti-topoisom- 
erase II antibodies were reacted with similarly 
prepared cells ([h]; DAPI staining in [i]). All im- 
ages are standard Zeiss fluorescence micros- 
copy using a 100x objective. Bar = 8 Km for 
(c), (c’), (h), and(i). Bar = 6 Km for (a), (b), and 
(d-g). 

of the C-terminus of the SIR4 protein with the coiled-coil 
domains of lamins A and C (Diffley and Stillman, 1989), 
it is nonetheless intriguing that mammalian telomeric DNA 
binds weakly to lamins A and C in vitro (Shoeman and 
Traub, 1990). In yeast it is possible that SIR4 protein medi- 
ates the attachment of telomeres to components of the 
nuclear envelope via a lamin-like coiled-coil interaction. 

Telomeres as Sites of Chromatin-Mediated 
Gene Repression 
Repression of the silent mating type loci in yeast and the 
related phenomenon of telomere-associated gene repres- 
sion provide among the best-characterized examples of 
chromatin structure affecting gene expression. While 
RAP1 appears to exert its influence by binding directly to 
both the silencer elements of HML and HMR and to the 
telomeric repeat, no clear mechanisms have been deter- 
mined for SIR gene action (reviewed in Laurenson and 
Rine, 1992). Since the accessibility of chromatin to DNA 
methylase at the HM loci and at telomeres is altered in 
sir mutants (Gottschling, 1992; Singh and Klar, 1992), it 
has been proposed that the SIR proteins mediate tran- 
scriptional repression by eithertargetting or nucleating the 
formation of condensed chromatin. 

It is likely that the SIR proteins, and perhaps RAPl, 
function as a multimeric complex. The observation that 
derepression due to therapl* mutation can be reversed by 
overexpression of either S/R7 or SIR4 (Sussel and Shore, 
1991) is consistent with an interaction between these pro- 
teins. Our  results show that both SIR3 and SIR4 proteins 
are required for telomere localization and length mainte- 
nance and that like RAP1 both proteins appear to be local- 
ized in foci at the nuclear periphery, as well as showing a 
diffuse staining throughout the nucleoplasm. Significantly, 
both SIR3 and SIR4 have been shown to be able to interact 
with the carboxy-terminal region of RAP1 by the two hybrid 
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system, and biochemical evidence for the interaction of 
RAP1 and SIR3 is available (P. Moretti, K. Freeman, and 
D. Shore, personal communication). In addition, overex- 
pression of SIR3 was found to suppress mutations in SIR4 
(Marshall et al., 1987; S. Loo and L. P., unpublished data) 
while overexpression of a carboxy-terminal fragment of 
SIR4, like the sif4A mutation, derepresses transcription 
(Marshall et al., 1987). Finally it was observed that muta- 
tions in SIR3 can restore transcriptional repression in cells 
containing a histone H4 mutation that derepresses the 
mating type locus (Johnson et al., 1990). These results 
suggest that SIR3, SIR4, RAPl, and possibly nucleo- 
somes interact to establish the repressed chromatin state 
near telomeres. 

Loss of Perinuclear Location Correlates with a 
Loss of Telomeric Position Effects 
The absence of either SIR3 or SIR4 protein disrupts the 
clustering of telomeres and results in delocalization. 
These events correlate with telomeric derepression, sug- 
gesting that one requirement for transcriptional silencing 
may be an association of telomeres with the nuclear enve- 
lope. Consistently, we have shown that therapl’mutation, 
which like the sir3A and sir4A mutations affects both mat- 
ing type and telomeric silencing, also results in at least a 
partial delocalization of telomeres. On  the other hand, the 
rapl* and rifl mutations, which affect HM but not telomeric 
silencing, maintain the strongly punctate and perinuclear 
staining of RAP1 (S. M. G. et al., unpublished data). It is 
not yet known whether other silenced loci, such as HML 
and HMR, are located at the nuclear periphery. However,  
our data would be consistent with the interpretation that 
one pathway of silencing (i.e., the SlRlindependent path- 
way) correlates with the peripheral localization of telo- 
meres, while another (SIRl-dependent) may not. 

The variations in (&A), length seen in rap7 mutants 
have been attributed either to a role of RAP1 in protecting 
the ends of chromosomes from degradation or to a failure 
of the mutant RAP1 protein to interact properly with other 
proteins involved in telomeric maintenance. RlFl, which 
binds the C-terminus of RAP1 and influences telomere 
length and mating type silencing (Hardy et al., 1992), may 
be one such protein. By analogy to RIFl, the effects of 
the sir mutants on telomere length may also reflect an 
interaction of the SIR3 and SIR4 proteins with RAP1 at 
telomeres. The fact that the telomeric repeat shortens in 
sir3A and sir4A strains, but lengthens in a deletion of RlF7, 
suggests that SIR3, SIR4, and RlFl proteins may have 
antagonistic roles in telomere maintenance, perhaps 
through binding the C-terminus of RAP1 in a mutually ex- 
clusive manner. 

The decrease in chromosome stability associated with 
sir3A and sir4A mutants may also indicate that subnuclear 
organization contributes to the proper mitotic segregation. 
Kyrion et al. (1992) have suggested that the observed de- 
crease in chromosome stability in a C-terminal truncation 
of RAP1 (rapl’) reflects a requirement for this domain for 
association of telomeres with a nuclear substructure. Con- 
sistently, we observe a partial loss of telomere association 

with the nuclear periphery in the rapl’ mutant (S. M. G. 
et al., unpublished data). The increase in chromosome 
loss in sif4A strains is consistent with the proposed role 
for the SIR4 protein in mediating the interaction between 
telomeres and the nuclear envelope or another component 
of a nucleoskeleton, while the increase in recombination 
in the sir3A mutant may reflect another mechanism. 

Surprisingly, and in contrast with circular plasmids (Kim- 
merly and Rine, 1987; Longtine et al., 1992) and the natu- 
ral yeast chromosome V, the stability of the 150 kb artificial 
chromosome (AC::SUP7 7 URA3) was not affected by the 
absence of the SIR4 protein. The fact that in a wild-type 
background the minichromosome is already lost at a rate 
roughly one order of magnitude higher than a full-length 
chromosome (Hegemann et al., 1988) may preclude a 
SIRCmediated stabilizing effect and explain the lack of a 
detectable phenotype in thesif4A strain. In addition, unlike 
natural chromosomes, this artificial chromosome does not 
carry a type X subtelomeric sequence, which increases 
the stability of plasmids carrying (&A), repeats (Longtine 
et al., 1992). The lack of sensitivity of the linear minichro- 
mosome to the sif4A mutation may reflect its lack of X 
sequences, suggesting that SIR action on the stability of 
natural chromosomes functions through both RAP1 and 
the X subtelomeric element. 

We have identified SIR3 and SIR4 as proteins that help 
determine the arrangement of chromosomes within the 
nucleus. Future studies must address the question of 
whether the perinuclear localization of telomeres is re- 
quired for, and not only correlates with, transcriptional re- 
pression. 

Experimental Procedures 

Plasmids, Strains, and Media 
The single copy plasmids pRS6.3 (SIR3 in pSEYC58) and pJR368 
(SIR4 in YCp50) were the kind gift of J. Rine. Disruptions of the SIR4 
gene used plasmid pJR276, which contains an insertion of the HIS3 
gene at nucleotide position 2192 of the SIR4 coding region (Kimmerly 
and Rine, 1987). The 2~ plasmid pSIR4-2~* carries a 4.2 kb Clal- 
Smal fragment containing SIR4 with less than 200 bp 5’and 3’ of the 
gene, and pSIR4-2~ contains a 5.2 kb fragment containing the SIR4 
gene with extensive 5’ and 3’ flank both cloned in pRS426 (Sikorski 
and Hieter, 1989). 

Yeast strains used are listed in Table 2, except for S/R+ strains 
GA26 and BJ2168 (see Hofmann et al., 1989). Strains JRY412 (S/R+), 
JRS477 and JRY3411 (SIR4 disrupted at nucleotide position 2192), 
and JRY3289 and JRY1306 (SIR3 disrupted at nucleotide position 
2836) were the gift of J. Rine. LPY0312 (SIR+) and LPY0313 (SIR3 
disrupted with LEU2 at nucleotide position 324) are from L. Pillus, 
and AJL307 is a rapl-I 7/RAP7 diploid (Kyrion et al., 1992). For estl 
haploids, the heterozygotic diploid DVL86 (Lundblad and Blackburn, 
1993) wassporulated, and haploidesfl:tHISS, est7::H/S3rad52:tLEU2, 
EST7 rad52::LEU2, and EST7 RAD52 segregants were scored by rep- 
lica plating. After approximately 25 generations on solid medium, the 
haploid strains were grown for periods up to 144 hr in liquid culture 
with continuous dilution. 

The homozygous diploid sir3Nsir3d and sir4A/sir4A strains were 
constructed by transforming haploid sir3A and sir4A strains in both a 
and a mating types with plasmids pRS6.3 and pSIR4-2~‘, respectively, 
and mating the transformants. Diploids were streaked on 5fluorwrotic 
acid medium to select for plasmid loss. For the chromosome V stability 
assay, the sir3A and sir4A mutations were introduced into strains car- 
rying the marked chromosome V by disrupting the wild-type SIR gene. 
For the artificial chromosome assay (GA254 and GA255) the diploid 
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Table 2. Strains Used in This Study 

Designation 

JRY412 

W303-1 A 

JIRS477 

JRY3411 

JRY3289 

JRY1306 

LYPO312 

LYPO313 

G,A235 

G1A192 

G1A202 

G1A222 

GA225 

G1A247 

GA254 

GA255 

G1A268 

GA269 

Genotype 

MATa trpl his3 ma352 can1 cir’ 

MATa ade2-1 trpl-1 his3-11,15 ura3-1 /eu2-3,112 canl-100 

MATa trpl his3 ura3-52 can1 cirO sir4::HIS3 

MATa ade2-1 frpl-1 his3-11,15 ura3-1 /eu2-3,112 canl-100 lys2 sir4::H/S3 

MATa ade2-1 trpl-1 his3-71,15 ura3-1 /eu2-3,112 canl-100 sir3::TRPl 

MATa trpl his3 ura3-52 lys2-6 can1 cir’ sir3::LYSP 

MATa trpl ura3-52 leu2 pep4-3 prbl-1122 prcl-407 

MATa trpl ura3-52 leu2 pep4-3 prbl-1122 prcl-407 sir3::LEU2 

MATaadeB1 trpl-1 his3-11,15ura3-1 /eu2-1,712can1-lOOsir3::TRPl sir4::H/S3 

MATa ade2-1 trpl-7 his3-11,15 ura3-7 leu2-3,112 LYSP canl-100 sir3::TRPl -- 
MATaADE2 %hisd---- ura3-52 LEU2 lys2-6 CAN1 sir3::L YS2 

MATa adebl trpl-1 his3-11,15 canl-100 ura3-1 /eu2-3,112 lys2 sir4::HIS3 -- 
MATa ADE2 Fhisd 

-~ 
canl-lOOura352LEUP- LYS2 sir4::H/S3 

MATa ade2-1 trpl his3 ura3 HOM3 CAN1 sir4::HIS3 -- ---- 
MATa ADE2 trpl his3 ura3 horn3 5 w 

MATaade2-1 trpl his3-71,15ura3-1 canl-100 ---~ 
MATa ADE2 trpl his3 ura3-52canl-100 

MATa ade2-1 trpl his3 ura3 HOM3 CAN1 -- ----- 
MATa ADE2 trpl his3 ura3 horn3 can1 

MATa ade2-1 trpl-1 HIS3 ura3-1 AC::SUPll UPtAB sir4::HIS3 

MATa ade2-1 trpl-1 his3 ura3-1 AC::SUPll URA3 

MATa trpl HIS3 ura3 leu2 HOM3 CAN1 ------- 
MATa trpl his3 ura3 leu2 horn3 can1 

MATa trpl HIS3 ura3 leu2 HOM3 CAN1 sir3::LEUP --__--__~ 
MATa trol his3 ura3 lue2 horn3 can1 .sir3::LEU2 

strain AJL306 was sporulated (Kyrion et al., 1992) and the S/R genes 
were disrupted in a haploid segregant carrying the artificial chromo- 
some AC::SUPll URA3. 

Growth media and genetic manipulations were as described by 
Rose et al. (1990). Southern blot analyses followed standard proce- 
dures with a randomly primed &A probe derived from plasmid 
pTEL270 (Gilson et al., 1993b). 

Chromosome Stability Assays 
The rates of mitotic chromosome loss and recombination at chromo- 
some V were determined by fluctuation analysis (Harhvell and Smith, 
1985). Individual colonies were grown at 30°C on YPD medium to 
an average colony size of about lo7 cells. Colonies were removed, 
resuspended in water, and plated either on complete minus arginine 
plus canavanine medium (60 mgll) to select chromosome loss and 
recombination events or on rich medium for viable cells per colony. 
Replica plating to complete medium lacking methionine differentiated 
between chromosome loss and recombination events, the rates of 
which were determined by the method of Lea and Coulson (1949). 

For the artificial chromosome loss assay, individual haploid SIR4 
and sir4d strains (GA255 and GA254) were grown on YPD medium 
to form colonies of roughly 1 OB cells. Individual white colonies carrying 
the AC::SlJPl7 URA3 chromosome were suspended in water and 
spread on low adenine plates. The total number of uniformly red colo- 
nies indicates the total number of cells that had lost the chromosome 
fragment prior to plating, and rates of chromosome loss were deter- 
mined (Lea and Coulson, 1949). 

Protein Extraction and Isolation of Nuclei 
Preparation of yeast nuclei from vegetatively growing cultures was 
clone as described (Hofmann et al., 1989). Total protein extracts were 
obtained usually from pep4-3 mutant strains by vortexing cells with 
glass beads in 2 x Laemmli sample buffer, followed by sonication and 

heating to 95% for 3 min. Chemiluminescence was used to visualize 
the secondary antibody on Western blots, as described by the manu- 
facturer (ECL. Amersham). 

Antibody Production and Affinity Purification 
The preparation of the anti-RAP1 antibody was described in Klein et 
al. (1992). The rabbit antiserum against SIR3 protein was raised 
against an SDS gel-purified /acZ-SIR3 fusion constructed by subclon- 
ing a 3.7 kb BamHl SIR3 fragment into the vector pUR288 (Ruther 
and Muller-Hill, 1983). The 5’BamHl site was engineered by oligonucle- 
otide mutagenesis at positions -7 and -8 relative to the translational 
start. The antigen for the anti-SIR4 serum was a synthetic peptide 
(Biosearch, San Rafael, CA) with the sequence CKDFQVNKEIPY con- 
jugated to KLH with the heterobifunctional reagent MBS (Pierce). Stan- 
dard methods for antibody production were employed (Harlow and 
Lane, 1988). For affinity purification of anti-SIR4 antibodies, a S/R4- 
/acZ fusion, pJR291, was constructed by subcloning a 4.2 kb Smal 
fragment of SIR4, containing 45% of the 3’ region of the gene, into 
pUR288(gift of W. Kimmerly). The resulting fusion protein was induced 
by the addition of 0.5 mM isopropyl 6-D-thiogalactopyranoside. All 
antibodies were affinity purified prior to use, as described in Gasser 
et al. (1988). For affinity purification and competition studies, RAP1 
was overexpressed as amino acids 19-827 of RAP1 fused to the phage 
T7 gene 10 protein. 

lmmunofluorescence on Yeast Spheroplasts 
Cells were grown overnight and converted to spheroplasts with lyticase 
and zymolase in YPD medium plus 1 M  sorbitol (YPD-S). After washing 
twice in YPD-S, the cells were fixed for 20 min at room temperature 
by incubation with 3.7% paraformaldehyde in YPD-S. Cells were re- 
covered by centrifugation (1000 x g for 10 min), washed twice in 
YPD-S, and spotted on poly-L-lysine-coated slides and left to air dry 
10 min. The slides were immersed in methanol (6 min) and in acetone 
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(30 s) at -20°C and air dried. After rinsing in phosphate-buffered sa- 
line, the slides were incubated in affinity-purified antibody diluted 
1:5 in phosphate-buffered saline containing 1% ovalbumin for 1 hr at 
37OC (where indicated this solution contained 0.1% Triton X-100). 
Washing and incubation with Texas red-conjugated secondary anti- 
body (or fluorescein conjugated where indicated) were described pre- 
viously (Klein et al., 1992). Slides were mounted with 50% glycerol in 
phosphate-buffered saline and 2 Kg/ml DAPI and viewed on a Zeiss 
Axiophot microscope using a 100 x Pan Neofluar objective. 

Confocal microscopy was performed on a Bio-Rad MRC 600 confo- 
cal microscope using the Bio-Rad control software version 4.81-Beta 
(Bio-Rad Microscience) and an inverted Zeiss Axiovert microscope. 
An argon laser was used at wavelengths of 488-518 nm to detect both 
Texas red and fluorescein isothiocyanate fluorochromes. The images 
were standardly filtered using the convolve function C7B. 
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