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ecules was FLP-mediated recombination. 
FLP recombinase catalyzes the entire recom- 
bination reaction, requiring no other proteins 
(26) and leaving no substrates for repair syn- 
thesis. Also, no repair-coupled synthesis of 
the excised HMR molecules was detected by 
transient resistance to Dpn I cleavage. Thus, 
it was unlikely that replication-coupled pro- 
cess contributed to the quantitative silencing 
observed here. We are unaware of any evi- 
dence that mutations or damage occurs more 
readily on circular plasmids in yeast than on 
the chromosome. 

In addition to offering a new mechanistic 
insight on silencing, these data place renewed 
importance on the role of proteins involved in 
DNA replication, such as PCNA, Rfclp, 
Asflp, Dna2p, and CAF-1, in silencing. An 
important challenge is to learn how those 
proteins affect silencing when silencing can 
be mechanistically divorced from both repli- 
cation initiation and from the passage of a 
replication fork. PCNA left behind on a pre- 
viously replicated template can mark that 
template as "competent" for CAF-l-depen- 
dent chromatin assembly (33).If PCNA from 
the previous cell cycle remains associated 
with HMR upon entering the subsequent G, 
phase, it may be excised with HMR and 
therefore available to establish heterochroma- 
tin. The efficiency of silencing observed here 
would require that some feature of HMR 
causes retention of PCNA. Alternatively, 
these proteins may have a role in silencing 
other than in its establishment (18). For ex- 
ample, once heterochromatin is established at 
a locus, it must be maintained throughout that 
cell cycle and duplicated in each subsequent 
cell cycle. Indeed, recent data underscore the 
dynamic nature of heterochromatin composi- 
tion in vivo, even on nonreplicating DNA 
molecules (3).  Perhaps proteins like CAFl 
and PCNA have a replication-coupled role in 
the inheritance of heterochromatin at HMR, 
or possibly in its maintenance. 

The results of this study have reframed the 
essential outstanding issues in establishing 
heterochromatin. One goal now is to learn 
what replication-independent event happens 
in this cell cycle window that is essential for 
silencing. The second goal is to uncover how 
replication proteins play a role in silencing 
when replication itself is not required. Both 
questions should provide fundamental in-
sights into how cells assemble specific struc- 
tures of chromatin in a spatially and tempo- 
rally organized manner. 
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Establishment of 

Transcriptional Silencing in the 


Absence of DNA Replication 

Yao-Cheng Li, Tzu-Hao Cheng,* Marc R. Cartenbergtl 

Transcriptional repression of the silent mating-type loci in  Saccharomyces 
cerevisiae requires a cell cycle-dependent establishment step that is commonly 
assumed t o  involve DNA replication. Using site-specific recombination, we 
created a nonreplicating DNA ring in  vivo t o  test directly the role of replication 
in establishment of silencing. Sir l  was tethered t o  the ring following excision 
from the chromosome t o  activate a dormant silencer. We show here that 
silencing can be established in  DNA that does not  replicate. The silenced ring 
adopted structural features characteristic of bona fide silent chromatin, in- 
cluding an altered level of DNA supercoiling and reduced histone acetylation. 
In addition, the process required silencing factors Sir2, Sir3, and Sir4 and 
progression between early S and M phases of the cell cycle. The results indicate 
that passage of a replication fork is not the cell-cycle event required for 
establishment of silencing in  yeast. 

Silencing of large chromosomal domains in- HML is governed by cis-acting sequences, 
volves specialized, heritable chromatin struc- known as the E and I silencers, which flank 
tures that repress transcription in a gene-inde- both loci and consist of various combinations of 
pendent fashion. The silent HM mating-type sites for Raplp, Abflp, and the multisubunit 
loci of budding yeast (HMR and HML) repre- origin recognition complex (ORC). Despite an 
sent well-studied examples of this type of tran- essential role for ORC in initiation of DNA 
scriptional control ( I ) .  Silencing of HMR and replication, substantial evidence indicates that 

this is not its function at silencers. Only a subset 
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tethering Sirl to a nonhnctional silencer that 
lacks ORC sites restores silencing (6). 

DNA replication, nonetheless, has long 
been implicated in silencing. In classic experi- 
ments by Millcr and Nasmyth, de novo estab- 
lishment of the silcnt state was shown to occur 
during passage between GI and M phases of 
the cell cycle, a period during which DNA 
replication occurs (7). More recently, CAFI, a 
replication-coupled chromatin assembly factor, 
was shown to provide a contributory role to 
silencing of the mating-type loci (8), and to be 
critical for a related form of silencing at telo- 
meres [reviewed in (591. An additional link was 
provided by the finding that certain replication 
mutants suppress loss of silencing caused by a 
mutated silencer (10, 11). One hypothesis sup- 
ported by the available evidence was that estab- 
lishment of silencing requires passage of a rep- 
lication fork. 

To examine the role of DNA replication in 
silencing directly, we asked whether silencing 
could be established in a nonreplicating DNA 
ring formed by site-specific recombination. To 
this end, the chromosomal HMR locus was 
modified to contain RS target sites for the Zy- 
gosnccha~on~yces rouxii R recombinase (Fig. 
I A). In addition, the I silencer of the locus was 
removed and the E silencer was replaced with a 
synthetic construct (IesOEB) that hnctions as a 
conditional silencer. IcYOEB contains multiple 
sites for the bacterial DNA binding protein 
LexA and single sites for Rap1 and Abfl (12). 
The silencer is nonhnctional because it lacks 
binding sites for ORC (6). Without these sites, 
recombination produces a nonreplicating DNA 
ring that contains a transcriptionally active copy 
of the a mating-type genes (Fig. 1A). Following 
excision, the ring-borne conditional silencer can 
be activated by expression of a LexA-Sir1 fu- 
sion protein (13). 

Quantitative Southern blots were used to 
demonstrate that the excised DNA ring did not 
replicate (Fig. IB). Ring amounts were mea- 
sured following a l-hour period for recombi- 
nase expression (14). At times corresponding to 
doublings in cell density, the amount of ring 
decreased by factors of two relative to a chro- 
mosomal marker (HML), irrespective of wheth- 
er LexA-Sir1 or LexA was expressed. Similar 
results were obtained with cultures of synchro- 
nously growing cells as they progressed from 
early S to early M phase of the cell cycle (15). 
These data indicate that DNA ring content re- 
mained constant (i.e., did not replicate) as chro- 
mosomal DNA content increased. 

The amount of a1 transcript from the unre- 
combined chromosomal locus was measured to 
determine whether the LexA-based silencing 
system conferred repression. a1 is a short-lived 
message and thus serves as a sensitive indicator 
of the onset of transcriptional silencing (7). 
Northern blots showed that induction of LexA 
expression produced little change in amounts of 
a l  transcript (Fig. 2A). Expression of LexA- 

Sirl, by contrast, reduced the a1 transcript by 
an order of magnitude, thereby demonstrating 
that the synthetic silencer can exert conditional 
repression in a chromosome. 

To test whether silencing can be established 
in nonreplicating DNA, the synthetic silencer 
was activated following DNA ring formation. 
The a1 transcript disappeared rapidly when 
LexA-Sir1 was expressed (Fig. 2A). The tran- 
script diminished slowly when LexA was ex- 
pressed, but this apparent loss was a conse- 
quence of the reduction in nonreplicating tem- 
plate relative to a replicating chromosome (see 
above). Normalizing the amount of transcript 
for changes in template copy number showed 
that LexA-Sir1 caused a time-dependent reduc- 
tion of transcript, whereas LexA did not (Fig. 
2B). These results collectively demonstrate that 
replication of the ring is not required for estab- 
lishment of transcriptional repression. 

Conditional silencing systems have been 

1 Induce recombination 

4 Activate conditional silencer 

Silencing? 

B 
LexA-Sir1 Lex A 

Time 0 1 3.5 6 0 1 3.5 6 

Fig. 1. (A) A system to test establishment of 
silencing in the absence of DNA replication. 
Thirty-four base pair (bp) RS sites (half-filled box- 
es) and a conditional synthetic silencer lexOEB 
(diamond) were incorporated within an HMR 
chromosomal construct that lacked native silenc- 
ers, such that recombination yielded a 2.6-kb 
nonreplicating DNA ring (72). Following excision, 
Led-Sir1 or LexA was induced, and expression of 
the ring-borne a1 gene was evaluated. (B) Extra- 
chromosomal rings do not replicate. Recom- 
b i nation was initiated in strain YCL49 MATa Ahmr: 
RS-6lexOEBala2-RS ade2-7 can7- 100 his3-17.15 
leu2-3,7 72 trp7- 7 ura3- 1 dys2 Abar7::hisG 
Asir1::loxp-kanMX-loxP, containing a GAL1::R ex- 
pression vector ~HM153~~"' (19), and either 
pMET3P-LexASIRlHIS3 or pMET3P-LexAHIS3, as de- 
scribed in (74). Total cellular DNA was isolated 
by the glass bead method, and equal quantities 
were loaded in each lane. Blot was hybridized 
with a probe that binds identical sequences in 
the ring and HML. The ratio of the two signals 
(ringlHML) at 1 hour was normalized to 1. The 
values represent the average of three indepen- 
dent trials (SD = 20.05). 

used previously to show that de novo establish- 
ment of silencing occurs sometime during pro- 
gression between the early S and early M phas- 
es of the cell cycle (6, 7). To test whether 
silencing in the absence of DNA replication is 
subjcct to similar cell-cycle constraints, our as- 
say was performed in cclls that were blocked 
either in early S by using hydroxyurea [an 
inhibitor of ribonucleotide reductasc (16)], or in 
early M by using nocodazole [an inhibitor of 
microtubule polymerization (1 7)]. Following 
cell-cycle arrest, LexA-Sir1 was induced, and 
expression of the ring-bome a1 was evaluated. 
LexA-Sir1 did not significantly reduce amounts 
of a1 transcript in cells blocked in either early S 
(Fig. 3, lanes 1 and 2) or early M phase (lanes 
3 and 4). 

The experiment was rcpeated in cells that 
progressed incrementally through the cell cycle. 
Following an initial arrest in either hydroxyurea 
or nocodazole, LexA-Sir1 was expressed and 
cells were released into fresh medium contain- 
ing a subsequent cell cycle-blocking agent, or 
into medium containing no agent at all. In this 

LexA-Sir1 LexA 
Time (hr) 0 2.5 5 ' 0 2.5 5 

O o q ' n  o q m  o q m  o q m  
Ttme N (U N N ---- 

LexA-Sir1 LexA LexA-Sir1 LexA 

Chromosome Ring 

Fig. 2. (A) Silencing by Led-Sir1 in a chromo- 
some and in a nonreplicating DNA ring. Strain 
YCL49 containin either pMET3P-LexASIRlHIS3 or 
DMET~P-L~XAH'S~ and either ~RS425 (for chro- 
hosome) or (for ;ing) wa;gown as 
described in (14). At various times following in- 
duction of the iexA constructs, total R N A W ~ ~  
harvested (79) and equal amounts were loaded. 
Blots were hybridized sequentially with a1 and 
ACT1 probes. (B) Quantification of a1 mRNA. a1 
was measured relative to ACT1 (three indepen- 
dent trials) and then normalized to account for 
differences in template copy, by using data ob- 
tained from Southern blots (see Fig. 1). In each 
series, the amount of a1 at time 0 was set to 
100%. 
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case, a1 transcript was eliminated when cells 
progressed between early S and M (Fig. 3, lane 
6). Control experiments verified that this re- 
pression required LexA-Sir1 (lane 5). Con- 
versely, the a1 transcript persisted, albeit in 
reduced amounts, when cells progressed from 
M to early S (lane 10). The a1 gene was si- 
lenced, however, when cells were released from 
M phase into medium that lacked hydroxyurea, 
presumably because cells passed through a sub- 
sequent cell cycle (lane 12). Together, the data 
indicate that passage between early S and M is 
required for silencing, even when the template 
does not replicate. 

Transitions between silenced and nonsi- 
lenced chromatin states were previously detect- 
ed by measuring changes in the level of DNA 
supercoiling (18-20). To test whether repres- 
sion in the absence of replication is also accom- 
panied by changes in DNA supercoiling, topo- 
isomer distributions of the excised rings were 
examined by chloroquine gel electrophoresis. 
Supercoiling standards for the repressed and 
nonrepressed states were obtained by express- 
ing Led-Sir1 or LexA continuously before 
DNA excision. Accordingly, the ring was found 
to be more negatively supercoiled when LexA- 
Sirl was expressed (Fig. 4, lanes 1 and 2). 
When DNA rings were examined in the ab- 
sence of a LexA fusion protein, the level of 

supercoiling matched that of the nonsilent stan- 
dard (compare lanes 2, 3, and 6). Induction of 
LexA following ring formation did not alter the 
level of DNA supercoiling. Induction of LexA- 
Sirl, however, caused a time-dependent shift in 
supercoiling that coincided with the rate of a1 
transcript loss. After 5 hours, the level of su- 
percoiling closely matched the silent supercoil- 
ing standard (compare lanes 1 and 5). These 
supercoiling shifts demonstrate that establish- 
ment of silencing in a nonreplicating template is 
accompanied by alterations in chromatin 
structure. 

Sir2, Sir3, and Sir4 form a protein complex 
that is required for transcriptional repression of 
the silent mating-type loci. Therefore, the ex- 
periment described above was repeated in mu- 
tants lacking SIR2 and SIR4, and it was found 
that DNA supercoiling was not affected by 
Led-Sir1 expression (Fig. 4). A h i r 3  strain 
behaved similarly (21). These results indicate 
that establishment of silencing on a nonrepli- 
cating template is Sir-dependent. 

Histones H3 and H4 within silenced chro- 
mosomal domains are distinct from their bulk 
chromatin countetparts in that specific lysines 
within the amino-terminal tails are not acety- 
lated (22). Chromatin immunoprecipitations 
were therefore performed to determine whether 
establishment of silencing in the absence of 
replication was accompanied by changes in hi- 
stone acetylation. Antibodies specific for tetra- 
acetylated H4 or the nonacetylated H3 were 
used to precipitate formaldehyde-crosslinked 

chromatin and quantitative polymerase chain 
reaction (PCR) was used to ascertain the extent 
of ring isolation (Fig. 5A). The data were plot- 
ted as the multiple of change (fold increase or 
decrease) in histone acetylation state upon in- 
duction of a LexA construct (Fig. 5B). When 
LexA-Sir1 was expressed, the amount of non- 
acetylated H3 associated with the rings in- 
creased, with a concomitant decrease in the 
amount of acetylated H4. Expression of LexA, 
however, did not produce a significant change 
in histone acetylation. These results demon- 
strate that amounts of acetylated histone de- 
crease upon establishment of silencing, even in 
a template that does not replicate. Furthermore, 
the data suggest that preassembled nucleo- 
somes can be substrates for deacetylases. Sir2 
was recently shown to be a histone deactylase 
that is dependent on NAD (the oxidized form of 
nicotinamide adenine dinucleotide) [reviewed 
in (23)], and it is likely that the enzyme modi- 
fies histone tails to establish silencing. 

In this report and the accompanying report 
(24), extrachromosomal DNA rings were 
used to demonstrate that transcriptional si- 
lencing could be established in a nonreplicat- 
ing template. That appropriate changes in 
histone acetylation and DNA supercoiling oc- 
curred during this Sir-dependent process ver- 
ified that a bona fide silent chromatin struc- 
ture was formed. Furthermore, silencing of 
ring-borne genes was subject to the same 
cell-cycle constraints as the native locus, in- 

A LexA-Sir1 LexA 

Standards 0 4 0 4 Ttme (hr) - LexA-Sir1 Lex A -- -- 
In IP In IP In IP In IP 

1 2  3 4  LE;?- LexA 25 Time 
I 

HMR* 

S+M S+m M-eS  M-wm ACTl ---- 
- + - + LexA-S~rl HMR* 5 ACT1 -. 

1 7 1  ACT1 
1 

1 2  3 4 5 6 7 8  B 
5 6 7 8 9 1 0 1 1 1 2  % A  A -  

LexA-Sir1 LexA 

Fig. 3. Silencing in nonreplicating rings requires 
passage between early 5 and M phase. Strain 
YCL2l Amat::TRPl Ahmr::RS-3lexOEBal a2-RS 
ade2- 7 can 7 - 700 his3 7 7.75 leu2-3,772 trp 7 - 7 
ura3- 7 Alys2 Abar7::hisG Asir7::loxP-kanMX-loxP 
containing pHM153 and ~MET~P-L~XASIRI~ '~~ 
was grown in 2% galactose for 1 hour before 
the addition of hydroxyurea (Cf = 0.2 M) or 
nocodazole (Cf = 10 pg/ml). After a 3-hour 
period at 25°C for arrest, cells were pelleted, 
washed, resuspended in fresh medium contain- 
ing the appropriate drug (or no drug, as indi- 
cated by m), and cultured for an additional 3 
hours at 25°C in the presence or absence of 
LexA-Sir1 expression. In lanes 1 and 2, cells 
arrested initially with hydroxyurea were resus- 
pended in medium containing 0.5 M hydroxyu- 
rea. In lanes 3 and 4, cells arrested initially with 
nocodazole were resuspended in 10 pglml no- 
codazole and 10 pg/ml benomyl. Initial and 
terminal arrests were confirmed by visual in- 
spection of cell morphology. 

SIR Asir2 Asir4 --- 
0 5 0 5 0 5 Time 

9 10 11 lZ 13 14 

Fig. 4. DNA supercoiling changes upon induction 
of silencing. DNA samples isolated by the sphero- 
plasting method were subject to electrophoresis 
in buffer containing 1.5 pg/ml chloroquine (19). 
More negatively supercoiled topoisomers migrat- 
ed faster. Centers of the topoisomer distributions 
are marked with arrowheads. Controls in lanes 1 
and 2 were obtained by growth in SC-Leu-His- 
Met medium containing raffinose, followed by 1 
hour in similar medium containing galactose. 
AsirZ::klURA3 and Asir4::klURA3 derivatives of 
YCL49 were used for lanes 11 to 12 and lanes 13 
to 14, respectively. 

Fig. 5. Histone acetylation changes upon induc- 
tion of silencing. (A) Chromatin immunoprecipi- 
tations. Antibodies from Upstate Biotechnology 
(Lake Placid, New York) were used according to 
(32) with some modifications (33). For ring-spe- 
cific PCR, primers flanked the RS site such that 
recombination was required to generate a prod- 
uct, termed HMR*. In, input; IP, immunoprecipi- 
tate. (B) Quantification of changes in acetylation 
state. The HMR* signal in precipitated samples 
was measured relative toACT7 and normalized to 
the same ratio in the input lane. Data are plotted 
as the multiple of change in normalized precipi- 
table HMR* following a Chour induction of either 
LexA construct. 
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dicating that the normal pathway for estab- 
lishing silencing was not bypassed. Taken 
together, the results demonstrate that estab- 
lishment of silencing involves something oth- 
er than DNA replication during passage be- 
tween early S and M phase. 

A simple model to account for the fmdings 
is that activity of a critical silencing component, 
such as a Sir protein or silencer binding protein, 
is regulated in a cell cycle-dependent manner. 
Posttranslational modification of the protein(s), 
for example, might be required to initiate silent 
chromatin assembly. Necessary silencing activ- 
ities might also be acquired by regulated syn- 
thesis of additional proteins or degradation of 
existing inhibitors. Although Sir proteins are 
not known to fluctuate during the cell cycle, 
their quantities are limiting, and redistribution 
of the factors from one location could influence 
silencing at another. Intriguingly, pools Sir3 
and Sir4 were recently shown to partially dis- 
perse from their telomeric locations in mitotic 
cells (25). 

A second model to account for the findings 
is that silencing requires chromatin remodeling 
or assembly factors that are not strictly associ- 
ated with replication forks. According to this 
view, the factors might be targeted by silencers 
to specific locations where they would func- 
tion sometime between early S and M phase. 
Alternatively, the presumed factors might 
promote global changes in chromatin struc- 
ture during this period (e.g., mitotic conden- 
sation) that could also benefit silencing. Un- 
der certain conditions, such factors might 
also destabilize silent chromatin in a cell 
cycle-dependent manner. Indeed, transcrip- 
tionally repressed sequences from HML reac-
tivated following excision from the chromo- 

L. 

some in a replication-independent fashion 
during passage from G1 to M (18).Silencing 
of a telomere-proximal reporter gene was 
also shown to be least effective in cells ar- 
rested in M phase (26). 

Recent work has linked CAFl to hetero- 
chromatin in mammalian cells. The replication- 
coupled chromatin assembly factor associates 
with HP1 and accumulates in heterochromatic 
regions long after replication is complete (27-
29). The factor also localizes to replication foci, 
where it is targeted by interaction with prolif- 
erating cell nuclear antigen (30). If the role for 
CAFl in yeast silencing is distinct from its role 
at replication forks, a mechanism must exist to 
target the factor to silenced domains. 

Last, the experiments performed here do 
not necessarily exclude a contributory role 
for replication in establishment of silent chro- 
matin. Although silencing can occur in non- 
replicating DNA, it is possible that passage of 
a revlication fork accelerates the establish- 
ment process. This kinetic difference may be 
beneficial when silencing must occur within a 
rapid developmental program or in rapidly 
dividing cells. 
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The guanosine triphosphatase Ran stimulates assembly of microtubule asters and 
spindles in mitoticxenopus egg extracts. A carboxyl-terminal region of the nuclear- 
mitotic apparatus protein (NuMA), a nuclear protein required for organizing mitotic 
spindle poles, mimics Ran's ability to induce asters. This NuMA fragment also 
specifically interacted with the nuclear transport factor, importin-P. We show that 
importin-P is an inhibitor of microtubule aster assembly in Xenopus egg extracts 
and that Ran regulates the interaction between importin-P and NUMA. Importin-P 
therefore links NuMA to regulation by Ran. This suggests that similar mechanisms 
regulate nuclear import during interphase and spindle assembly during mitosis. 

In interphase of the cell cycle, the guanosine ed in the nucleus, whereas its guanosine 
triphosphate (GTPtbound form of the small diphosphate (GDPtbound form predomi-
guanosine triphosphatase, Ran, is concentrat- nates in the cytoplasm (I). This gradient of 
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