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Genes integrated near the telomeres of budding
east have a variegated pattern of gene repression
hat is mediated by the silent information regula-
ory proteins Sir2p, Sir3p, and Sir4p. Immunolocal-
zation and fluorescence in situ hybridization (FISH)
eveal 6–10 perinuclear foci in which silencing pro-
eins and subtelomeric sequences colocalize, sug-
esting that these are sites of Sir-mediated repres-
ion. Telomeres lacking subtelomeric repeat
lements and the silent mating locus, HML, also
ocalize to the periphery of the nucleus. Conditions
hat disrupt telomere proximal repression disrupt
he focal staining pattern of Sir proteins, but not
ecessarily the localization of telomeric DNA. To
onitor the telomere-associated pools of heterochro-
atin-binding proteins (Sir and Rap1 proteins) dur-

ng mitotic cell division, we have performed immu-
ofluorescence and telomeric FISH on populations
f yeast cells synchronously traversing the cell cycle.
e observe a partial release of Rap1p from telo-
eres in late G2/M, although telomeres appear to

tay clustered during G2-phase and throughout mi-
osis. A partial release of Sir3p and Sir4p during
itosis also occurs. This is not observed upon HU

rrest, although other types of DNA damage cause a
ramatic relocalization of Sir and Rap1 proteins.
he observed cell cycle dynamics were confirmed by
irect epifluorescence of a GFP–Rap1p fusion. Us-

ng live GFP fluorescence we show that the diffuse
itotic distribution of GFP–Rap1p is restored to the

nterphase pattern of foci in early G1-phase. r 2000
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INTRODUCTION

In the 1920s, the staining of nuclei of mammalian
nd Drosophila cells revealed two cytologically differ-
nt types of chromatin. Regions that were more
ntensely stained with Giemsa dyes were called
eterochromatin and those less stained were termed
uchromatin (Heitz, 1928). These differences reflect
he degree of compaction of the chromatin: hetero-
hromatic regions, often composed of highly repeti-
ive satellite DNA sequences, remain highly con-
ensed throughout the cell cycle, while euchromatic
egions decondense during interphase.
In the yeast Saccharomyces cerevisiae, there is no

eterochromatin as defined cytologically, probably
eflecting the relatively small size of the genome or
heir lack of repetitive DNA elements (Dujon, 1996).
onetheless, several regions of the yeast genome

hare properties characteristic of heterochromatin
n higher eukaryotes. When a RNA polII-transcribed
ene is inserted either adjacent to a telomere se-
uence (Gottschling et al., 1990), within the tan-
emly repeated rDNA (Bryk et al., 1997; Smith and
oeke, 1997; Fritze et al., 1997), or at the silent
ating-type loci HML and HMR, the genes become

epressed in a semistable but heritable manner
reviewed in Grunstein, 1998). These regions are
lso much less sensitive to DNA modifying enzymes
han the bulk DNA; they replicate late in S-phase
nd contain histones that are hypoacetylated (Braun-
tein et al., 1993; Singh and Klar, 1992), (Gottschling,
992; Loo and Rine, 1994; Ferguson and Fangman,
992), consistent with a more compact, heterochroma-
in-like structure.

Telomeres are complex protein–DNA structures
resent at the ends of all chromosomes. In yeast,
00–350 bp of an irregular TG1–3 repeat terminating
n a short 38 overhang is sufficient to confer mitotic
tability on linear DNAmolecules (reviewed in Ligner
nd Cech, 1998). Most yeast telomeres also contain a
onserved subtelomeric element called Y8 and all

ontain a smaller, less conserved repeat called X
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160 LAROCHE ET AL.
reviewed in Pryde et al., 1997). The Y8 sequence is
resent in two variants of 5.2 or 6.7 kb and is often
ound in multiple tandem copies (for a sketch of
ypical yeast telomere, see Fig. 1a). The terminal
elomeric repeat is sufficient to nucleate the repres-
ion of genes inserted up to 4 kb away (Gottschling et
l., 1990; reviewed in Lustig, 1998). This phenom-
non is called telomere position effect (TPE)3 and has
any aspects in common with position effect variega-

ion (PEV) in flies. Notably, the telomere-proximal
eporter genes can switch between active and inac-
ive states in a heritable fashion, and repression
epends on a multicomponent complex whose con-
tituent factors are present in limiting amounts
Aparicio et al., 1991; Renauld et al., 1993).

The Repressor-activator protein 1 (Rap1p; Shore
nd Nasmyth, 1987) binds within the silencer ele-
ents of the mating-type loci and, on average, once

very 18 bp in the telomeric TG1–3 repeats (Gilson et
l., 1993). This essential protein acts both as a
ranscriptional activator for a large number of house-
eeping genes and as a repressor necessary for
eeding silent chromatin at both telomere-proximal
enes and the mating-type loci (reviewed in Shore,
994). At telomeres Rap1p plays a dual role: in
ddition to nucleating TPE by binding Sir3p and
ir4p (Kyrion et al., 1993; Liu et al., 1994; Moretti et
l., 1994; Cockell et al., 1995; Liu and Lustig, 1996;
echt et al., 1996; Moazed et al., 1997), it helps

egulate telomere length (Marcand et al., 1997).
mmunofluorescence data confirm that Rap1p is
referentially localized at telomeres (Gotta et al.,
996; Klein et al., 1992).
The SIR2, 3, and 4 genes are nonessential but, like
AP1, they encode basal components of the silencing
achinery. Mutation of any one of these genes

bolishes both telomeric and mating-type silencing
ompletely (Aparicio et al., 1991). Sir3p and Sir4p
re able to homo- and heterodimerize and interact
irectly with the N-termini of histones H3 and H4,
s well as with Sir2p (Hecht et al., 1995; Strahl-
olsinger et al., 1997; Moazed et al., 1997). A direct
ole in telomere-proximal silencing was suggested by
he fact that the Sir complex colocalizes with subtelo-
eric regions by immunostaining, crosslinking, and

oimmunoprecipitation assays (Strahl-Bolsinger et
l., 1997; Gotta et al., 1996).
Several reports have shown that telomeres, mating-

ype loci, and ribosomal DNA (rDNA) are in competi-
ion for the limited pools of Sir proteins in the

3 Abbreviations used: DIG, digoxigenin; FISH, fluorescence in
itu hybridization; FITC, fluorescein isothiocyanate; GFP, green
uorescent protein; IF, immunofluorescence; PCR, polymerase
hain reaction; PEV, position effect variegation; rDNA, ribosomal
eoxyribonucleic acid; Rap1p, Repressor and activator protein1;
eir, Silent information regulators; TPE, telomeric position effect.
ucleus. For example, deletion of SIR3 or SIR4
brogates TPE and releases Sir2p from telomeres,
hereby enhancing rDNA repression (Smith et al.,
998; Gotta et al., 1997). This finding suggests that
ir2p is usually limiting for repression in the rDNA,
hich does not require the other Sir proteins (Smith
nd Boeke, 1997). Low-level overexpression of SIR2
lso enhances both TPE and rDNA repression (Smith
nd Boeke, 1997; Smith et al., 1998; Cockell et al.,
998). Although subtelomeric silencing usually ex-
ends only a short distance, overexpression of Sir3p
an extend TPE roughly 18 kb from the chromosome
nd (Renauld et al., 1993), suggesting that Sir3p
evels also limit TPE. Finally, several lines of evi-
ence suggest that there is competition between the
ating-type loci and telomeres or between telomeres

nd the rDNA for Sir factors and other Rap1p
igands (Buck and Shore, 1995; Cockell et al., 2000).
t is unclear, however, what mechanisms keep Sir
roteins in limiting concentrations in the nucleus.
The spatial organization of chromatin in the

ucleus is thought to correlate with its transcrip-
ional state, possibly by helping regulate Sir protein
vailability. The clustering of telomere sequences
reates zones within the nucleus with high local
oncentrations of Rap1p and Sir proteins (Gotta et
l., 1996). Intriguingly, the juxtaposition of a silencer-
anked gene to the telomere cluster increases its
hances of being repressed, probably because the
bundance of silencing factors facilitates the forma-
ion of silent chromatin (Thompson et al., 1994;
aillet et al., 1996; Stavenhagen and Zakian, 1994;
ustig et al., 1996; Marcand et al., 1996). In contrast,

his same silencer-flanked gene at an internal loca-
ion is not repressed. A balanced overexpression of
he Sir factors overcomes this concentration barrier
Maillet et al., 1996; Gotta et al., 1998). As we show
ere, not only wild-type yeast telomeres, but also the
ilent mating-type locus HML and an artificial telo-
ere bearing a silenced ADE2 gene (Singer and
ottschling, 1994) are found at the periphery of the

nterphase nucleus. In support of a role for spatial
rganization in silencing, the Sternglanz laboratory
as shown that the artificial targeting of a gene to
he nuclear membrane facilitates Sir-mediated re-
ression (Andrulis et al., 1998). Recent evidence
oints to two myosin-like proteins as helping anchor
elomeres near the nuclear membrane (Galy et al.,
000).
While the structural components of telomeric si-

encing have been well characterized, no systematic
ttempt has been made to monitor the dynamics of
ilent chromatin, or the distribution of its constitu-

nts, through the cell cycle. Relevant to this is the
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161CELL CYCLE-DEPENDENT RELOCALIZATION OF Sirs
bservation that the accessibility of a repressed
romoter to a transcription factor increases during
2 and metaphase, perhaps reflecting a transient
lteration in nuclear or chromatin organization at
his time (Aparicio and Gottschling, 1994). Here, we
ave examined how the subnuclear distribution of
omponents of telomeric heterochromatin changes
uring cell division. We detect a redistribution of
ap1p and Sir proteins in late G2- and M-phase that
orrelates with the period of increased accessibility
f repressed chromatin.

MATERIALS AND METHODS

Yeast strains and media. All yeast strains are described in
able I. Standard genetic techniques and YPD medium supple-
ented with 40 mg/L adenine were used throughout (Rose et al.,

990). In the GFP-rap1 DDBD strain (also called GFP-rap1D304–
16), the N-terminal part of the DNA binding domain (I304-E416)
s deleted. It was constructed by replacing the wild-type 760-bp
elII–SphI fragment in pAH52 (Hayashi et al., 1998) with the
20-bp CelII–SphI fragment from the plasmid D1069 (gift of
avid Shore, University of Geneva, Switzerland), producing
GFP-RAP1DDBD. The GFP–rap1D304–416 (GA-682) strain was
ade by transforming GA-336 with PstI-linearized pGFP–
APIDDBD and selecting for LEU21 transformants. The result-

ng strain carries one wild-type copy of RAP1 and one GFP-tagged
opy of the mutated form.
The plasmid pGFP–RAP1 carrying wild-type RAP1 fused in-

rame to eGFP (Clontech) within the N-terminal domain was the
ift of A. Hayashi (Hayashi et al., 1998). The diploid strain
arrying two integrated copies at the endogenous RAP1 locus
GA-659) was previously described (Hayashi et al., 1998). Integra-
ion of GFP–RAP1 into the RAP1 locus in the cdc6-1 mutant was
erformed in a similar manner (linearization of pAH52 with PstI,
ransformation and selection for LEU21 colonies), producing
A-1170 (gift of K. Shimada, ISREC, Epalinges, Switzerland).

TABLE I
Yeast Strains

A-116 MATa/MATa, ade1/ade1 ade2/ade2-R8, met/met
his7/HIS7, lys2/lys2, tyr1/tyr1, ura1/ura1 cdc4-3/
cdc4-3 gal1/GAL1

A-225 MATa/MATa, ade2-1/ADE2, can1-100/can1, his3-11/
his3, leu2-3, 112/LEU2, trp1-1/trp1, ura3-
1/ura3-52

A-229 MATa/MATa, ade2-1/ade2-1, his3/HIS3, leu2-3, 112/
leu2-3, 112, trp1/trp1, ura3-1/ura3-1

A-336 MATa/MATa, leu2hisG/leu2::hisG, lys2/lys2, ura3/
ura3, ho::LYS2/ho::LYS2, his4/his4-B

A-659 MATa/MATa, arg4/arg4, leu2::hisG/leu2::hisG, lys2/
lys2, ura3/ura3, ho::LYS2/ho::LYS2, RAP1-GFP-
LEU2::rap1/RAP1-GFP-LEU2::rap1

A-682 MATa/MATa, leu2::hisG/leu2::hisG, lys2/lys2, ura3/
ura3, ho::LYS2/ho::LYS2, his4/his4-B rap1D303-
416-GFP-LEU2::rap1/RAP1

A-696 MATa/MATa, ade1/ade1, his2/his2, leu2/leu2, trp1/
trp1, ura3/ura3 bar1/bar1

A-981 MATa/MATa, ade2::hisG/ade2::hisG, can1::hisG/
can1::hisG, his3-11/his3-11, leu2/leu2, trp1/trp1,
ura3-52/ura3-52, VR::ADE2-Tel/VR::ADE2-Tel

A-1170 MATa ade2, his3, leu2, ura3, RAP1-GFP-LEU2::rap1,
cdc6-1
f

Immunofluorescence and in situ hybridization on whole yeast
ells. The method used is described in Gotta et al. (1999). In
rief, cells were grown overnight to 1–2 3 107 cells/ml and were
endered competent for spheroplasting by treatment with 10 mM
TT in 0.1 M EDTA/KOH, pH 8.0. Cells were then treated with
.4 mg/ml Zymolyase (20T, Seikagaku Corp.) and 1000 U/ml
yticase for 15–20 min at 30°C in YPD medium containing 1.1 M
orbitol (YPD-S). The cells were not fully converted to sphero-
lasts, but partially retained their cell walls, which appears to
elp stabilize their three-dimensional structure. Cells were fixed
or 20 min by incubation at room temperature with 3.7% freshly
issolved formaldehyde in YPD-S. Cells were recovered by centrifu-
ation (1000g for 5 min), washed three times in YPD-S, resus-
ended in YPD, spotted on slides, and left to air-dry for 5 min.
lides were immersed in methanol (6 min) and in acetone (30 s) at
20°C. After being rinsed in phosphate-buffered saline containing
.1% Triton X-100 (PBS-T) and 1% ovalbumin, slides were incu-
ated overnight at 4°C (or for 1 h at 37°C) with the affinity-
urified antibody diluted 1:2 in PBS-T. Slides were then washed in
BS-T and incubated with the appropriate preadsorbed second-
ry antibody diluted to 0.025 mg/ml in PBS-T at 37°C for 1 h.
To perform in situ hybridization after immunofluorescence (IF),

lides were fixed again in PBS containing 3.7% freshly dissolved
ormaldehyde for 20 min and incubated overnight in 43 SSC
Sambrook et al., 1989), 0.1% Tween 20, 20 µg/ml of preboiled
Nase A at room temperature. If fluorescence in situ hybridiza-

ion (FISH) was performed without previous antibody staining,
he cells were directly immersed in 43 SSC, 0.1% Tween 20, 20
g/ml of preboiled RNase A after the methanol/acetone fixation.
he slides were then washed in water, sequentially immersed for
min in 70, 80, 90, and 100% ethanol at 220°C, and air-dried.
fter a 5-min denaturation at 72°C in the presence of 70%

ormamide and 23 SSC, slides were again immersed for 1 min
equentially in 70, 80, 90, and 100% ethanol at 220°C and
ir-dried. The hybridization solution (50% formamide, 10% dex-
ran sulfate, 23 SSC, 0.05 mg/ml labeled probe, and 0.2 mg/ml
ingle-stranded salmon sperm DNA) was then applied. After 10
in at 72°C, the slides were incubated for 40–50 h at 37°C. Then

hey were washed twice for 10 min each at 42°C in 0.053 SSC and
nce or twice in BT buffer (0.15 M NaHCO3, 0.1% Tween 20, pH
.5) with 0.05% BSA for 30 min, and immunodetection was
erformed in BT buffer with fluorescein-conjugated sheep anti-
IG F(ab) (Boehringer Mannheim) and the Texas red-conjugated
oat anti-rabbit IgG (to reinforce the IF signal) diluted as
escribed above, for 1h at 37°C in a humid chamber. After three
ashes in BT buffer, slides were mounted in 13 PBS, 80%
lycerol, 24 µg/ml 1,4diazabicyclo-2,2,2,octane, pH 7.5.
Confocal microscopy was performed on a Zeiss Axiovert 100
icroscope (Zeiss Laser Scanning Microscope 410) with a 633
lan-Apochromat objective (1.4 oil). To detect Texas red fluoro-
hromes a helium laser was filtered at 543 nm, while for the Cy5
uorochrome a helium laser was filtered at 633 nm. An argon

aser at 488 nm was used to detect fluorescein. Under standard
maging conditions no signal from one fluorochrome could be
etected on the other filter set. Standardized conditions for the
inhole size, gain (brightness), and offset (contrast) were used for
mage capture, and each image was the average of eight scans.
he subtracted background value (about 15% of the maximum
ignal) is the signal level outside the cells. Image capture and
ackground subtraction were done uniformly on all images to
llow direct comparison.
In situ probes. A 4.8-kb EcoRI/HindIII fragment from plasmid

EL42H10 containing the conserved core of the short (5.4 kb) Y8
lement was used for in situ hybridization. This probe extends
rom the middle of one Y8 into the middle of an adjacent Y8
lement, spanning an inter-Y8 TG1–3 repeat and recognizes all
lasses of Y8 elements. The HML probe consists of a 6.6-kb BamHI

ragment containing HML from pBS-HML. The probe called
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162 LAROCHE ET AL.
el-VR consists of about 13 kb on the centromeric side of the ADE2
ene introduced at telomere VR (Singer and Gottschling, 1994).
his DNA was obtained by PCR with three pairs of primers spaced
t 2-kb intervals. Probes for FISH were labeled by nick-
ranslation (Gibco BRL BioNick System), using digoxigenin-
erivatized dUTP (Boehringer Mannheim).
Antibodies. The preparation of affinity-purified antibodies from

abbit antisera against Rap1p (Klein et al., 1992), the full-length
ir3–bgal fusion (Cockell et al., 1995), and the carboxy-terminal
19 aa of the Sir4p protein fused to glutathione S-transferase
Gotta et al., 1997) was previously described. All other antibodies
ere purchased as follows: anti-myc (9E10) and anti-p62 monoclo-
al antibody (Mab414) were from Berkeley Antibody Corp.; Texas
ed-conjugated secondary antibody was from Jackson Immuno-
esearch Laboratories; Cy5-coupled reagents were from Milan
nalytica; and fluorescein-derivatized sheep anti-digoxigenin F(ab)

ragments were from Boehringer Mannheim. Secondary antibod-
es are preabsorbed against fixed yeast spheroplasts prior to use,
nd no cross-reactivity among these reagents has been detected.

RESULTS

ML and the Telomere V-R:: ADE2 Reporter
Localize to the Nuclear Periphery

In budding yeast, genes integrated near the telo-
eric TG1–3 repeat have a variegated pattern of gene

epression that is mediated by the silent information
egulatory proteins Sir2p, Sir3p, and Sir4p (Aparicio
t al., 1991). Although immunolocalization and FISH
eveal 6–10 perinuclear foci that are enriched for
ilencing proteins and the subtelomeric Y8 repeat
equence, it has never been shown whether the
ilent mating-type loci and the artificially truncated
elomere (Tel V-R or VII-L) that is used to monitor
elomeric silencing (see Fig. 1a) are also found at the
uclear periphery. By performing in situ hybridiza-
ion and nuclear pore staining under conditions that
aintain the three-dimensional structure of the

east nucleus, we show that the silent mating-type
ocus HML localizes efficiently to the periphery of the
ucleus (Figs. 1b and 1c); 86% of the HML foci touch
r overlap with the pore signal. Similarly, probing for
he unique subtelomeric DNA of the V-R telomere
hat was truncated by the insertion of ADE2 and a
G-rich repeat, we show an efficient colocalization of

his silent domain with the perinuclear ring of nuclear
ores (Figs. 1d–1f). As a control, we used an internal
hromosomal probe covering 20 kb near the LYS2 locus,
ocated 245 kb from the right telomere of Chr II, which
oes not efficiently colocalize with the pore staining (9%;
igs. 1g–1i). These results demonstrate that loci at
hich Sir-mediated repression is often monitored, HML
nd TEL-VR::ADE2, share the perinuclear localiza-
ion shown for the subtelomeric Y8 sequences and
heir associated pool of Rap1p and Sir factors.

1- and S-Phase Cells Maintain Perinuclear Foci
of Rap1p and Sir Proteins

To follow the dynamics of telomere-associated pro-

eins through the cell cycle, we have performed e
mmunostaining for components of the Sir complex
nd for Rap1p on structurally preserved yeast nu-
lei. In addition, we have used a fully functional
FP–Rap1p fusion to follow the mitotic behavior of

his chromatin-associated factor in living cells. The
resence of these proteins in discrete foci at the
uclear periphery correlates with repressed chroma-
in (reviewed in Gotta and Gasser, 1996). To follow
elomeric DNA itself, we have performed FISH with
he subtelomeric Y8 repeat probe on a synchronized
opulation of cells as they traverse the mitotic cell
ycle.
In our published studies on the localization of

ilencing factors in unsynchronized cultures, roughly
0% of the immunostained foci were detected in a
erinuclear ring representing 50% of the volume of
he nucleus (Klein et al., 1992; Gotta et al., 1996). To
ee whether this relatively weak enrichment at the
eriphery reflects movement of the telomeres during
he cell cycle, we performed immunolabeling with
ffinity-purified antibodies recognizing Rap1p, Sir3p,
nd Sir4p on synchronized populations of cells (Fig.
). For late G1-phase, we incubated a diploid cdc4-3
east strain (GA-116) for 2 h at 36°C, to arrest cells
rior to the activation of Clb5/Cdk1, at the G1/S
oundary (Schwob et al., 1994). The cells were
onverted to spheroplasts, fixed with formaldehyde
t restrictive temperature, and stained with rabbit
nti-Rap1, -Sir3, or -Sir4 (Figs. 2a–2c; green) and
ouse anti-tubulin (red). As reported for cells in a

andom population, the Rap1p and Sir signals are
estricted to six to eight perinuclear foci. The short
ntranuclear microtubules detected by anti-tubulin
onfirm an appropriate G1 arrest.
We next probed for the same proteins in a popula-

ion of cells that were arrested in S-phase by incuba-
ion for 2 h with 0.2 M hydroxyurea (HU) at 30°C.
he synchronized culture was fixed at 30°C and
tained as described above. Again we observe a
niform pattern of discrete perinuclear foci for Rap1p
nd the Sir proteins (Figs. 2d–2f). This is consistent
ith work from the Gottschling laboratory, which
as demonstrated by transcriptional activator com-
etition studies that there is no increased accessibil-
ty of the repressed subtelomeric chromatin in G1- or
U-arrested cells (Aparicio and Gottschling, 1994).
ilent chromatin is therefore not modulated by
ctivation of the S-phase-specific Cdk complex or by
he DNA replication checkpoint.

Functional GFP–Rap1p Fusion Colocalizes
with Telomeric Foci

To follow the localization of Rap1p in living cul-
ures, rather than in fixed cells converted to sphero-
lasts, we made use of a GFP–RAP1 fusion gene

xpressed from the endogenous RAP1 promoter at
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163CELL CYCLE-DEPENDENT RELOCALIZATION OF Sirs
ts genomic locus, which is able to complement a
ap1 null allele for viability and silencing functions
Hayashi et al., 1998; data not shown). To confirm
hat GFP–Rap1p has the same distribution as a
ative Rap1p, a random culture of a diploid yeast
train homozygous for the GFP–RAP1 insertion (GA-
59) was fixed and immunostained for Rap1p, Sir3p,
r Sir4p, as indicated (Figs. 2g–2i). The immunostain-
ng was visualized with CY5-secondary antibody
red), while GFP–Rap1p was visualized by direct
pifluorescence (green). When GFP–Rap1p is intact,
t colocalizes perfectly with anti-Sir3p and anti-
ir4p staining at telomeric foci (see yellow foci, Figs.
h and 2i). However, if the DNA binding domain of
ap1p is deleted from the GFP–RAP1 fusion in a
iploid strain (strain GA-682 carrying rap1D304-416-
FP-LEU2::rap1/RAP1), the GFP fluorescent signal

s now diffuse throughout the nucleus (insets, Figs.
g–2i). In this case, the staining of the intact Rap1p
nd of Sir proteins remains largely punctate (in red,
igs. 2g–2i, insets), unlike the diffuse GFP signal,

ndicating that there is no dominant negative effect
f GFP–rap1D304-416 on silencing. Gel retardation
ssays confirm that GFP–rap1D304-416 is unable to
ind DNA specifically, while GFP–Rap1p recognizes
he Rap1p consensus binding site efficiently (M.T-P.,
ata not shown).

FP–Rap1p Becomes Dispersed from Telomeric Foci
in G2-/M-Phase

Using the GFP–Rap1p diploid strain (GA-659), we
xamined the distribution of Rap1p as cells progress
nto mitosis. Cells synchronized in S-phase by incu-
ation in 0.2 M HU (Fig. 3c) were released from the
rrest and then allowed to grow for 20 min after
emoval of the inhibitor (Figs. 3a and 3b). The cells
ssume a dumbbell morphology as they progress
hrough G2 into mitosis, and GFP–Rap1p, visualized
y direct epifluorescence, is superimposed on the
hase-contrast image (Figs. 3d and 3e). In contrast
o the HU-arrested cells or an exponential culture in
hich GFP–Rap1p is punctate (Figs. 3c, 3f, and 3i,
l), most nuclei in late G2 or in mitosis reveal a
iffuse GFP–Rap1p pattern of fluorescence (Figs. 3a,
b and 3d, 3e).
To make sure that this is not a reflection of the

ynchronization procedure or strain background, a
aploid cdc6-1 mutant expressing GFP–Rap1p (GA-
170) was either grown at permissive temperature
23°C) or shifted to 36°C to elicit the well-docu-
ented ‘‘reductive mitosis’’ (mitotic segregation with-

ut complete replication of the genome; Piatti et al.,
995). Whereas GFP–Rap1p shows a punctate pat-
ern in the random population at 23°C (Figs. 3h and
k), it becomes diffuse in late G2-phase or mitotic

ells (Fig. 3g). This result confirms the diffuse Rap1p c
istribution during late G2 or mitosis, observed in
ells released from the HU block.

ynamics of Rap1p Foci in Living Cells
as They Traverse Mitosis

To follow the dispersion of GFP–Rap1p in real
ime, and to determine when Rap1p foci re-form,
A-659 was cultured on a microscope slide and
xamined by confocal microscopy for cells in late G2.
hese were then scanned at 2- to 3-min intervals as

hey progress through mitosis. An example of this
ime-lapse imaging of GFP–Rap1p in a mitotic cell is
hown in Fig. 4. The upper panels show the superpo-
ition of GFP epifluorescence on phase-contrast im-
ges, while the lower panels show only the GFP–
ap1p epifluorescence. A uniform background signal
as removed from all images by a threshold opera-

ion, to allow clear visualization of foci. We see that
FP–Rap1p becomes diffuse as the mitotic segrega-

ion of the genomic mass begins (Fig. 4, panels
abeled 5 or 8 min) and it remains diffuse until the
hromosomes are clearly segregated and cytokinesis
s advanced (Fig. 4, 16 min in the daughter cell and
t 19 or 22 min in the mother cell). The reappearance
f distinct foci appears to coincide with movement of
he nucleus to the far side of the vacuole in both
other and daughter cells (see arrowheads in im-

ges labeled 19 and 22 min in Fig. 4).
Quantitation of the number of cells that have

istinct Rap1p foci during various stages of the cell
ycle was determined by an HU arrest–release experi-
ent using GA-696 cells (Fig. 5). The culture was

ynchronized and released to resume growth in
PAD, and samples were taken every 15 min for
ouble-immunostaining for Rap1p and tubulin (Figs.
B and 5C). The nuclear DNA was counterstained
ith POPO-3 (see Fig. 5B). By using spindle length
s a monitor of cell cycle stage, we are able to group
ells by their anti-tubulin staining pattern and score
hether the anti-Rap1p staining pattern was punc-

ate or diffuse. To ensure reproducibility, multiple
xperiments were performed, and for each given
pindle length, the percentage of cells that main-
ained Rap1p foci was quantified (Fig. 5A). Consis-
ent with the GFP–Rap1p time-course study, we
bserve a drop in the number of cells containing foci
uring mitosis and the reestablishment of foci in late
elophase when the spindle is longest. This suggests
hat Rap1p foci re-form as cells reenter G1-phase.

8 Repeat-Containing Telomeres Remain Clustered
as Cells Traverse Mitosis

We observe a diffuse Rap1p staining in midmitosis
hat could be due to either the dispersion of telomeric

lusters or a partial release of Rap1p from telomeric
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FIG. 1. The HML locus and the Chr V-R::ADE2-Tel telomere
elomeres of S. cerevisiae share many common features: all of th
xtended by a 38-overhang, the length of which is regulated in a cel
inding site every 18 bp. The X subtelomeric element is found in on
ajority of telomeres, depending on the yeast strain used. The tr

escribed in Singer and Gottschling (1994). Finally the organizati
he left arm of Chr III, is shown. (b–i) Tel V-R::ADE2 and HML ar
GA-696) was used for FISH with an HMLa-specific probe, so tha
repared for IF/FISH as described under Materials and Methods
ABCO), detected by Cy3-coupled secondary antibody. The digo
ITC-coupled anti-DIG antibody. In c we show the method used
taining, using the KS300 program (Zeiss SA, Zurich). On averag
iploid cells, and of a total of 454 foci, 390 were touching the nuclea
CR fragments corresponding to 13 kb at the end of the truncated

or IF/FISH as in b, using the strain GA-981. Shown in d is the V-
wo. Perinuclear localization was quantified as in c, and 95% of
ontrol (g–i) a 20-kb region of chromosome II (LYS2 locus and a c
YS2 FISH; (h) the nuclear pore staining; and (i) the merge. Even
ross-hybridization with a repeated gene in the probe, there is stil
are perinuclear. (a) Schematic representation of a yeast telomere. The
em end with 300–350 bp of TG1–3 repeats on the 58–38 strand, which is
l cycle-dependent manner. The double-stranded repeats provide a Rap1p
e or multiple copies on all telomeres and the Y8 element is present on the
uncated V-R telomere, which lacks X and Y8 subtelomeric elements, is
on of the HMLa locus, which is located 13 kb from the TG1–3 repeats on
e localized to the nuclear periphery. In b and c, a MAT a/MAT a diploid
t there would be no cross-hybridization with the MAT locus. Cells were
, and nuclear pores were detected with an anti-pore antibody (Mab414,
xigenin-derivatized HMLa probe was hybridized and detected with a
to score colocalization of the HMLa FISH signal with the nuclear pore
e we detect 1.7 foci per 0.3-µm midsection plane of the nucleus of these
r pore signal (86%). The bar in b is 2 µm and applies to all images. In d–f,
chromosome V-R (lacking TG1–3 repeats and the ADE2 gene) were used

R FISH signal, in e, the nuclear pore staining, and in f, the merge of the
the Tel V-R signals were found to coincide with the pore staining. As a
entromere proximal region) was hybridized in the same strain. (g) The
though the LYS2 probe produces dispersed multiple signals, reflecting
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165CELL CYCLE-DEPENDENT RELOCALIZATION OF Sirs
eterochromatin. To determine whether the clusters
f telomeric sequences are themselves disrupted in
itotic cells, we performed FISH with the highly

onserved Y8 subtelomeric repeat on a population of

FIG. 2. Rap1p and Sir proteins are in perinuclear foci in G1- a
as arrested in late G1 by incubation at 36°C for 2 h. The cells we
ffinity-purified anti-Rap1, -Sir3, or -Sir4 antibodies (green) and m
erinuclear foci. The short spindle (red) is typical of G1 arrest. The
A-225 was synchronized in S-phase by incubation for 2 h with 0.
nd stained as described for a–c. (g–i) A random culture of a diploi
ontrol of the RAP1 promoter (GA-659) was fixed with formaldehy
ndicated. The immunostaining was visualized with CY5 se
pifluorescence (green). When GFP–Rap1p is intact, it colocalizes
owever, if the DNA binding domain of Rap1p is deleted (GA-682

onger preferentially localizes at telomeres, although the staining
oci in insets).
ells progressing synchronously through the cell a
ycle after arrest by the pheromone, a factor, and
elease into YPAD. Samples of the GA-696 culture
ere taken at regular intervals after the release, and

ells were fixed with formaldehyde, spheroplasted,

hase cells. (a–c) A diploid yeast strain deficient for cdc4 (GA-116)
erted to spheroplasts, fixed with formaldehyde, and stained with
nti-tubulin (red). Rap1p and Sir proteins are found in six to eight
a is 2 µm and applies to all images. (d–f) The diploid yeast strain
. Cells were fixed with formaldehyde, converted to spheroplasts,
strain carrying two genomic copies of a GFP–RAP1 fusion under
eroplasted, and stained with rabbit anti-Rap1, -Sir3, or -Sir4, as

y antibody (red), and GFP–Rap1p was visualized by direct
tly with antibody staining at telomeric foci, creating yellow foci.
rap1DDBD carrying a deletion of aa 304–416), the GFP signal no
residual intact Rap1p and/or Sir proteins is not affected (see red
nd S-p
re conv
ouse a
bar in

2 M HU
d yeast
de, sph

condar
perfec

, GFP–
of the
nd immunostained with anti-tubulin, as a marker
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FIG. 3. GFP–Rap1p is diffuse in mitotic cells. Using the GFP–RAP1 diploid strain (GA-659), cells were synchronized in S-phase by
ncubation in 0.2 M HU for 90 min (c) and were then allowed to grow for 20 min in the absence of HU (a, b). This allows progression into

itosis, as indicated by the typical dumbbell form of the mother and daughter cells (compare phase images). GFP–Rap1p was visualized by
irect epifluorescence and is shown alone (d–f) and superimposed on the phase-contrast image taken on a Zeiss LSM 410 confocal
icroscope (a–c). As a control we show the strain arrested in HU (c, f ) or as an exponentially growing culture (i, l), in which most nuclei

how a clear punctate pattern of GFP–Rap1p fluorescence. The mitotic figures in a, b, d, and e show a diffuse staining pattern. The bar in a
s 2 µm and applies to images a–f, i, and l. For g, h, and j, k, GFP–RAP1 was introduced into a haploid cdc6-1 mutant (GA-1170) and cells
ere grown at either permissive temperature (23°C; h, k) or shifted 90 min to restrictive temperature (36°C; g, j). Again, in the random
opulation at 23°C, GFP–Rap1p shows a punctate pattern, while it is diffuse in the late G2 or during the reductive mitosis that occurs in

dc6 mutants at nonpermissive temperature. The bar in h is 2 µm and applies to images g, h, and j.
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FIG. 4. GFP–Rap1p shows dispersion from foci in mid- to late metaphase. Using a random culture of the GFP–Rap1p diploid strain
GA-659), images were taken of a single dividing cell at 2- to 3-min intervals on a Zeiss LSM 410 confocal microscope. Cells progress slowly
hrough mitosis at room temperature, allowing us to visualize the segregation of nuclei and re-formation of GFP–Rap1p foci at late
elophase. Upper panels show superposition of GFP epifluorescence and phase-contrast images, while the lower panels show only the
FP–Rap1p. A uniform background level was removed from all images by a threshold operation, to allow clear visualization of the foci.
rrowheads indicate a point at which the nucleus shifts from one side of the vacuole to the other, which coincides with the reappearance of
FP–Rap1p foci. The bar in panel 0 min is 2 µm and applies to all images.
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169CELL CYCLE-DEPENDENT RELOCALIZATION OF Sirs
or the cell cycle stage (visualized in red, Fig. 6). The
ells were then subsequently hybridized with a
igoxigenin-derivatized probe for the subtelomeric
8 and the TG1–3 repeats. Even at stages in which the
pindle is maximally elongated, indicative of mid- to
ate mitotic states, we observe far fewer telomeric
oci than yeast telomeres (64 in G1-phase or 128
fter replication) in these diploid cells. Often the
elomeric foci appear to be positioned directly over
he central microtubule bundle (see arrows, Fig. 6).
he resolution in a series of focal sections through
his structure is too limiting to determine whether
his reflects a telomere–microtubule interaction or
imply the limited diameter of the nucleus at this
oint. Nonetheless, since telomere clusters do not
ppear to disperse in mitosis, the diffuse Rap1p
attern documented in Figs. 2 and 3 is more likely to
eflect a modification of the interaction of Rap1p
ith telomeric DNA or other chromatin components.
Finally, the mitotic distribution of Sir3p and Sir4p
as determined by immunostaining of GA-696, syn-

hronized as described in the legend to Fig. 6. Cells
ere fixed, converted to spheroplasts, and labeled
ith affinity-purified antibodies against Sir3p or
ir4p (green) and tubulin (blue), while nucleic acids
ere stained with POPO-3, which preferentially

abels the nucleolus. In Fig. 7 are shown a few typical
xamples of mitotic cells, in which Sir proteins
ssume a more diffuse pattern than in G1- or S-
hase cells (see Fig. 2). The cell cycle stage was again
etermined by spindle length, and quantitation shows
hat the percentage of cells with clearly defined foci
rops in mitosis. However, the dispersed Sir protein
ignal in mitosis is less pronounced than that of
ap1p, possibly because released Sir proteins are
ither physiologically degraded in metaphase or
olubilized and lost during the IF procedure.
The increase in diffuse staining may also reflect an

ncrease in protein levels in the cell, rather than a
elease from telomeric chromatin. To check this,
estern blots were performed and quantified on

amples taken as cells progress synchronously

FIG. 5. Quantitation of the loss of Rap1p foci correlated with
U arrest (90 min, 0.2 M hydroxyurea) and was subsequently rel
nd samples were taken every 15 min. Cells were fixed with forma
uclear DNA was counterstained with POPO-3 (Molecular Probes
ycle. Results from multiple experiments were combined, and the
hat maintained Rap1p foci was quantified. Below the bar gra
isualization of only POPO-3 (blue) and anti-tubulin (red). The bo
ifferent stages of the cell cycle. The bar in B is 2 µm and applies t
FIG. 6. FISH reveals that telomeric clusters are maintained t

nd were then released by removal of the pheromone. Samples we
ormaldehyde, spheroplasted, and immunostained for tubulin. T
robe for the subtelomeric Y8 repeat, which also recognizes TG1–3
itosis was determined by the length of the spindle. We observe te

ap1p pattern reflects a dispersion of telomeric foci. The bar in panel G1
hrough the cell cycle following a cdc16-1 block–
elease protocol (Frei and Gasser, 2000). Rap1p
evels stay nearly constant through the cell cycle,
ith a minor increase at mitosis (maximally a two-

old variation). In contrast, Sir4p levels appear to
rop slightly (,30%) in mitosis while no reliable
ata could be obtained for Sir3p (data not shown).

DISCUSSION

We observe a shift in the distribution of Rap1p as
ells progress through late G2 into mitosis, although
he telomeres themselves appear to stay clustered.
hat is, Rap1p assumes a more diffuse nucleoplas-
ic pattern, although a significant fraction remains

elomere-bound. An increase in the diffuse staining
f Sir3p and Sir4p also occurs. The observed dynam-
cs were confirmed by immunofluorescence and time-
apse microscopy of GFP–Rap1p fusion protein in
iving cells. With this method we confirm that the
iscrete telomeric foci of Rap1p are reestablished in
arly G1, following a normal mitotic division. Since
he steady state protein levels for these proteins do
ot increase significantly in mitosis (data not shown;
oazed et al., 1997), we interpret this increase in

ackground staining as a partial release of Rap1p
nd Sir protein from subtelomeric chromatin. The
eriod of the cell cycle during which we see disper-
ion is later than the HU arrest in S-phase and prior
o G1-phase. Intriguingly, Gottschling and co-work-
rs found that a reporter in subtelomeric heterochro-
atin is most susceptible to activation by induction

f its regulatory transcription factor in this period of
he cell cycle (Aparicio and Gottschling, 1994). They
nterpreted this finding as a cell cycle-dependent
pening, or relaxation, of the heterochromatic state,
hich may correlate with posttranslational modifica-

ions of the Sir proteins or simply with the events of
elomere replication and chromosome segregation.
e propose that once chromosomal ends are repli-

ated, the maturation of the newly assembled nucleo-
omes into a repressed chromatin structure requires

length. The strain GA-696 (MAT a/MAT a) was synchronized by
y washing away HU. The cells resumed growth in YPAD at 30°C
e, spheroplasted, and immunostained for Rap1p and tubulin. The
length of the spindle is a precise indication of the stage of the cell
tage of cells with a given length of spindle (red tubulin staining)

e several examples of how spindle length was measured with
anels show anti-Rap1p staining (green) and anti-tubulin (red) for
ages.
mitosis. GA-696 cells were synchronized in G1 by a factor arrest

en at 15-min intervals after the release, and cells were fixed with
ls were subsequently hybridized with a digoxigenin-derivatized
s. FISH is visualized in green and the spindle is red. The stage of
foci throughout mitosis, ruling out the possibility that the diffuse
spindle
eased b
ldehyd
). The
percen
ph ar
ttom p
o all im
hrough
re tak
he cel
repeat
lomeric
/S is 2 µm and applies to all images.
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170 LAROCHE ET AL.
ime (reviewed in Tyler and Kadonaga, 1999). Since
elomeres and HM loci are replicated in late S-phase,
his period would correlate with the G2- and M-
hases of the cell cycle.
We also note that although telomeres remain

artially clustered throughout mitosis, they are no
onger enriched at the nuclear periphery as the
hromosomes segregate (Fig. 5). Yeast has a closed
itosis, i.e., the nuclear envelope does not break

FIG. 7. Mitotic distribution of Sir3p and Sir4p. The diploid str
pheroplasted, and labeled with POPO-3 (a, b), which primarily
gainst Sir3p (e) or Sir4p (f ) and anti-tubulin (c, d). Shown are a fe
iffuse pattern than the discrete punctate pattern seen in G1- or S-
learly defined foci. Cells were classified by the length of the spind
own, yet the nucleus becomes significantly elon- 2
ated as the sister chromatids separate. Surpris-
ngly, telomeres appear to colocalize with the central

icrotubules of the spindle, rather than with the
uclear periphery during mitotic segregation events

Fig. 5). It is not known whether or not telomeric
omplexes can bind microtubules, but these observa-
ions suggest that they are released from their
nteraction with the myosin-like proteins, Mlp1 and

lp2 in a cell-cycle dependent manner (Galy et al.,

-696 was synchronized as described in the legend to Fig. 6, fixed,
the nucleolus in this case, and with affinity-purified antibodies

cal examples of mitotic cells, in which Sir proteins assume a more
(see Fig. 2). Quantitation (g, h) shows the percentage of cells with

Fig. 5). The bar is 2 µm and applies to all images.
ain GA
stains
w typi
phases
le (see
000).
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171CELL CYCLE-DEPENDENT RELOCALIZATION OF Sirs
Telomere clustering at the nuclear periphery has
een proposed to promote the efficiency of silencing,
hich is exquisitely sensitive to the dosage and
alance between silent chromatin factors. Indeed,
e and others have demonstrated that silencing

mproves when the reporter is near high concentra-
ions of these proteins. This can be achieved by
elomere clustering, insertion of TG repeats, or
ap1p or Sir protein targeting (Maillet et al., 1996;
arcand et al., 1996; Stavenhagen and Zakian,

994; Thompson et al., 1994). In addition, the nuclear
nvelope itself may help promote or stabilize re-
ressed chromatin. Thus, the displacement of telo-
eres from the nuclear periphery that occurs during
itosis could directly contribute to the dispersion of

ilencing factors.
In this context, it is interesting to note that

eletion of the genes encoding the DNA end-binding
omplex, yKu, results in a loss of telomeric silencing,
ispersion of silencing factors, and partial delocaliza-
ion of telomeres from their perinuclear foci (Laroche
t al., 1998; Boulton and Jackson, 1998; Nugent et
l., 1998). This loss of TPE reflects multiple aspects
f yKu function: first, yKu70 is known to bind Sir4p
nd to nucleate repression ectopically; thus its loss
educes the ability of telomeres to nucleate repres-
ion (Mishra and Shore, 1999; Martin et al., 1999;
sukamoto et al., 1997). In addition, the TG repeat at
elomeres shortens (Porter et al., 1996; Gravel et al.,
998) and the mitotic stability of chromosomes drops
n Ku-deficient strains. Finally, the displacement of
elomeres from the nuclear periphery and the loss of
lustering may reduce silencing efficiency (Laroche
t al., 1998).
The importance of the nuclear envelope for Sir-
ediated repression was recently demonstrated by

xperiments that target a reporter gene introduced
nto a partially defective HMR locus, to the periph-
ry of the nucleus (Andrulis et al., 1998). In this
tudy, a membrane-spanning Gal4 binding domain
usion protein was shown to confer Sir-dependent
epression on a reporter gene placed adjacent to a
luster of Gal4p binding sites (Andrulis et al., 1998),
y recruiting the reporter to the nuclear envelope.
lthough Sir protein overexpression also improved

he efficiency with which the anchor could promote
ilencing, it did not supplant the enhancement con-
erred by the membrane spanning anchor. This
uggests that proximity to the nuclear envelope and
ts pools of Sir factors facilitates silencing in yeast.
n view of these studies it is interesting that telo-
eric Y8 sequences appear to be less closely associ-

ted with the nuclear envelope in mitosis (Fig. 6) and

hat there is a cell-cycle-dependent dispersion of t
ap1p from telomeric foci. Intriguingly, this corre-
ates with a period of the cell cycle in which the silent
hromatin structure is less stable or is partially
isrupted.
Related to this question are two recent studies

hat have examined the condensed structure of a
ilent domain in yeast after its excision from the
enome and separation from its silencers by site-
pecific recombinases (Cheng et al., 1998; Bi and
roach, 1997). In these studies, repressed chromatin

s monitored by a topological state, which persists in
he excised circle containing a repressed HM locus,
ntil the cell traverses G2/M. To explain the decay in
he conformation of the repressed chromatin in
etaphase, it is suggested that a cell cycle event

uch as kinase activation modifies the repressed
hromatin structure, presumably by modifying Sir
roteins. This cell cycle-dependent decay in re-
ressed chromatin structure correlates with the
ap1p and Sir delocalization noted in our current
tudy.
The mitosis-related dispersion of repressive chro-
atin factors has also been reported for flies and
ammalian cells (Platero et al., 1998; Buchenau et

l., 1998; Voncken et al., 1999). In flies, Polycomb
roup proteins have been shown to be largely dis-
laced from chromosomes as cells traverse mitosis
Buchenau et al., 1998). In contrast, repeat binding
roteins such as the Drosophila Prod and GAGA
actors move from high-affinity sites in euchromatin
o low-affinity sites in heterochromatin during mi-
otic chromosome condensation (Platero et al., 1998).
he physiological relevance of this migration is
nknown. Recently it was reported that BMI-1, a
ammalian member of the Polycomb group, is phos-

horylated in a cell cycle-specific manner. In its
itotic, phosphorylated form, BMI-1 is dislodged

rom chromatin at the G2/M boundary in both pri-
ary and tumor cell lines (Voncken et al., 1999).

ntriguingly, BMI-1 is not only implicated in the
egulation of homeotic genes, it was also found to
olocalize with paracentric heterochromatin on chro-
osome 1 (Voncken et al., 1999; Saurin et al., 1998).
In summary, we report the dispersion of a subpopu-

ation of Rap1p and Sir proteins in late G2-phase
nd during mitosis, away from the perinuclear telo-
eric foci. The dispersion is not complete, particu-

arly for Sir3p and Sir4p, as Sir-containing foci are
till readily visible in mitosis. Nonetheless, the
raction detected as a diffuse staining pattern in-
reases, although telomeric DNA remains clustered.
his partial dispersion of silencing factors may
oincide with passage of the late replication fork

hrough subtelomeric regions. Reassembly into re-
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172 LAROCHE ET AL.
ressed chromatin may take time, as it appears that
he full restoration of the heterochromatic state, i.e.,
he ability to be refractile to transcriptional activa-
ors, occurs after passage through telophase. The
estoration of a repressed chromatin structure may
equire B-type cyclin degradation or loss of another
inase activity. Alternatively, it may reflect the resto-
ation of the perinuclear attachment of telomeric
NA. Further studies will address the physiological

ole of the mitotic displacement of Rap1p and Sir
roteins from subtelomeric sites.
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