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Silencing of transcription in Saccharomyces cerevisiae has several links to DNA repli- 
cation, including a role for the origin recognition complex (ORC), the DNA replication 
initiator, in both processes. In addition, the establishment of silencing at the HML and 
HMR loci requires cells to pass through the S phase of the cell cycle. Passage through 
S phase was required for silencing of HMR even under conditions in which ORC itself 
was no longer required. The requirement for ORC in silencing of HMR could be bypassed 
by tethering the Sirl protein to the HMR-E silencer. However, ORC had a Sirl-inde- 
pendent role in transcriptional silencing at telomeres. Thus, the role of ORC in silencing 
was separable from its role in initiation, and the role of S phase in silencing was 
independent of replication initiation at the silencers. 

Silenciile is a form of transcriutional re- - 
pression that invol\,es~ the assembly of spe- 
cialized, heritable structures of chroinatin 
confined to certaln domains within chro- 
mosomes. ORC, the eukarvotic re~lication 
initiator (1 ), has a role in silencing the 
cryptic mating-type loci HhfR and HML of 
Saccharomyces cereuisiae (2, 3). This fillding 
links a protein respoilsible for the iilitiation 
of DNA replication at chromoso~nal origins 
vriith the assembly of repressive domains of 
chromatin. 

Silencing of HMR and HML requires 
reeulatorv sites called silencers that flank 
bo;h loci. Silencing also requires proteins 
that directly bind silencers, such as ORC, as 
\\,ell as the core nucleosoine proteins his- 
tone H3 and H4 and the four Sir proteins 
(4). The HMR-E silencer, the most thor- 
oughly characterized of the four silencers, is 
both necessary and sufficient for repressing 
gene expression at HMR. HMR-E consists 
of binding sites for ORC, Rapl, and Abfl 
proteins, each of which contrlbutes to si- 
lencer f~~nct ion  (5). Furthermore, HMR-E 
coiltalils tvi70 ORC binding sites (autono- 
inous replication consensus sites, ACSs) 
and several near matches to the ORC bind- 
ing site (4). A synthetic sileilcer consisting 
of a single binding site for ORC, Raplp, 
and Abflp is fillly filnctional in silencing 
(6). 

In addition to the role of ORC in repli- 
cation and silencing, several other observa- 
tions suggest a coilnection between DNA 
replication and trailscriptiollal silencing in 
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veast. First, both E and I silencers at HML 
and HMR promote the replication of plas- 
mids on which they reside (i), and at least 
two sileilcers, HMR-E and HMR-I, are boila 
fide cl~romosoinal origins of replication (8). 
Second, passage through the S phase of the 
cell cycle is required to silence HMR and 
HML (9). A simple inodel that vi~ould unite 
these observations is that ORC's role in 
sileilcing is synonymous with the S phase 
requirement to establish silencing. 

Hovi~ever, the simplest forin of this mod- 
el is inadequate because certain alleles of 
ORCl and ORC5 can function in replica- 
tion initiation but not sileilcing (3, 1 C).  In 
addition, ORC has a role in silencing out- 
side the S phase of the cell cycle (3). Thus, 
ORC has a role in silencing beyond its role 
as a replication initiator, and ORC's role in 
replication is not sufficient for silencing. 
However, these observations do not address 
vi~hether ORC's function as a replication 
initiator at HMR-E is necessary for silenc- 
iile or whether ORC contrlbutes the S u 

phase requirement for silencing. 
To address the role of ORC in silencine. 

D, 

vi7e first determined whether tethering Sirlp 
to the silencer could bypass the requirement 
for ORC in silencing HMR. Second, we 
examined whether establishment of the si- 
lenced state with a tethered Sirl protein 
bypassed the S phase requirement for si- 
lencing. Third, me determined whether 
ORC could f~~nctioll  in silencing rvithout u 

filnctioning as a replicatioil initiator. Last, 
we deter~niiled whether ORC had a role in 
silencing that mas independent of Sirlp. 

Fusion ~roteins in which a nrotein of 
interest is joined to a discrete and unrelated 
DNA biildiile domain ~rovide a versatile 

u 

way of tethering proteins to particular DNA 
seaueilces in chromosomes. Previous studies 
established that a fusion protein consisting 
of the DNA binding domain of the Gal4 

protein, which has no role in silencing, 
joined to the complete sequeilce of the Sirl 
protein coinple~nented the sileilcing defect 
of a sirl inutailt and, when tethered at 
HMR-E, could silence HMR (1 1 ). Hovi~ev- 
er, the interpretation of this experiinent was 
limited with respect to the role of ORC in 
silencing, because the experiments were 
performed in Orct cells and in the presence 
of a fililctioilal ORC binding site in the 
HMR-I silencer, which is itself an origin of 
replication (8). To extend these experi- 
ments, we constructed a new Gal4-Sirlp 
fusion protein (1 2) that colnplelnented sirl 
mutations and expressed the protein in cells 
with synthetic derivatives of the HMR-E 
silencer that contained one, three, or five 
Gal4 binding sites in place of the ACS 
(1 3). We refer to these silencers as NxGal4- 
RAP-ABF. These mutant silencers, rvhen 
substituted for the wild-type HMR-E silenc- 
er in the chromosome, cornpletely abol- 
ished silencing in cells with a mild-type 
SIR1 gene, but efficiently sileilced HMR in 
cells expressing GAL4-SIRI, as measured by 
quantitative inatiilg assays that can detect 
the expression of a genes at HMR in a 
MATa strain (Table 1) (14). As expected, 
this silencing required the function of the 
other three Sir proteins, as established pre- 
viously for Gal4-Sirlp-targeted silencing 
(1 1 ). However, in contrast to previous stud- 
ies, the HMR-I silencer was deleted in this 
study to avoid any potential complications, 
and the Gal4-Sir1 protein was still able to 
silence HMR. In control experiments with 
strains coiltaining mutant silencers lacking 
Gal4 billding sites, Gal4-Sirlp was unable 
to mediate silencing (14). Thus, silencing 
that depended on a Gal4-Sirlp filsioil mas 
extremely efficient and independent of any 
ORC binding sites at HMR. 

Sequence-specific DNA binding pro- 
teins can soinetilnes exert an effect on 
genes lacking a binding site for those pro- 
teins. Perhaps the best knovi~n example is 
the dependence of genes that lack TATA 
elements in their promoters on the function 
of the TATA binding protein for their tran- 
scription (15). To examine ~i~hether ORC 
played a role in silencing at silencers lack- 
ing an ACS, vi7e deteriniiled whether silenc- 
ing mediated by Gal4-Sirlp fililctioned in 
orc2-1 or orc5-1 cells. In the presence of 
Gal4-Sirlp, neither orc2-1 nor orc5-1 
caused a significant defect in silencing me- 
diated by Gal4-Sirlp at the 5xGal4-RAP- 
ABF synthetic silencer (Table 1). In con- 
trast, ill strains containing a synthetic si- 
lencer with ORC, Rapl, and Abfl billding 
sites, either orc2-1 or orc5-1 caused approx- 
imately a 100-fold loss of silencing (3). 
Thus, sileilcing achieved by tethering a 
Gal4-Sirlp directly to the silencer bypassed 
the requirement both for ORC binding sites 
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in the silencer and for ORC function. 
The simplest interpretation of these data 

was that Gal4-Sirlp bypassed the require- 
ment both for ORC and for replication 
initiation at the silencer for silencing. An 
alternative though unprecedented possibil- 
ity was that the Gal4-Sirlp itself caused 
replication initiation at Gal4 binding sites. 
To investigate this possibility, we examined 
replication initiation at the 5xGal4-RAP- 
ABF silencer using two-dimensional origin- 
mapping gels (Fig. 1). As shown previously 
(8), the synthetic HMR-E silencer func- 
tioned as a chromosomal origin. In contrast, 
the synthetic silencer in which the ACS 
has been replaced with five Gal4 binding 
sites failed to function as an origin of rep- 
lication in cells with Gal4-Sirlp. Taken 
together, these data indicated that Ga14- 
Sir l p  dependent silencing was indepen- 
dent of both ORC and of replication initi- 
ation at HMR. 

A classic silencing study showed that 
establishment of silencing at HML and 
HMR could occur in cells that passed from 
G1 to the beginning of M phase, but could 
not occur in cells that passed from G1 to 
early S phase of the cell cycle (9). These 
observations were interpreted as evidence 
of an S phase requirement for silencing, 
although a possible G2 role could not be 
excluded. One hypothesis to explain these 
observations is that ORC and replication 
initiation at silencers define the S phase 
dependence for establishment of silencing. 

We tested this hypothesis by determin- 
ing whether silencing still required passage 
through S phase under conditions that by- 
passed the requirement for ORC. For this 
purpose, reciprocal shift experiments anal- 
ogous to those in the earlier study (9) were 

Table 1. Tethering Sir1 p, Orc2p, or Orc5p to the 
HMR-E silencer provided silencing at HMR. The 
efficiency of the tethered proteins in silencing 
HMRa was measured by determining the mating 
efficiency of a MATa strain with the 5xGal4-RAP- 
ABF silencer (JRY4981; ade2- 1 his3- 1 1,15 leu2- 
3.1 12 trpl-1 ura3- 1 canl - 100 ga14A::HIS3) and 
its isogenic derivatives (JRY4986 for orc2-1, 
JRY4987 for orc5-1, and JRY4983 for 
siRA::LEU2) with the indicated mutations when 
transformed with the denoted plasmid (pJR1205 
for Ga14, pCF117 for GalCSirl, pJR1640 for 
Ga14-0rc2, and pJR1641 for Gal4-0rc5). 

Plasmid Relevant Mating 
genotype efficiency 

- - - -- - - 

Wild type 
Wild type 
orc2- 1 
orc5- 1 
siRA::LEU2 
Wild type 
Wild type 
sir1 &:LEU2 

performed. The rationale of our experi- 
ments was to arrest cells that were not 
expressing Gal4-Sirlp in one phase of the 
cell cycle, induce the synthesis of Ga14- 
Sirlp, and then allow the cells to proceed to 
a block in another phase of the cell cycle. 
We evaluated silencing by measuring the 
amount of a1 mRNA transcribed from 
HMR at the second block. The exceedingly 
short half-life of the a1 mRNA (<3 min) 
(9) allowed us to monitor rapid changes of 
silencing. For these experiments, expression 
of GAL4-SIR1 from the MET3 promoter 
(1 6) provided a regulated source of Ga14- 
Sirlp, allowing silencing of the a1 gene at 
HMR in a conditional manner (Fig. 2A, 
lanes 1 and 2). 

We first examined whether silencing 
could be achieved by passage through S 
phase under these conditions. Cells lacking 
Gal4-Sirlp were arrested in early S phase 
with hydroxyurea, an inhibitor of ribonu- 
cleotide reductase ( 1 7). Gal4-Sir 1 p was in- 
duced and the cells were then released from 
this block and rearrested in M phase with 
nocodazole, an inhibitor of mitotic spindle 
formation (18). This protocol resulted in 
silencing of HMR (Fig. 2A, lane 5), thus 
confirming the earlier observation that si- 
lencing could be established in cells that 
passed through S phase. This silencing was 
noteworthy both by its completeness and its 
rapidity. In the absence of Gal4-Sirlp, 
HMR failed to be silenced (Fig. 2A, lane 3), 
demonstrating that passage through S phase 
alone did not cause silencing. In addition, 
releasing the cells without subsequent 
block, either in the presence or absence of 
GalCSirlp, revealed that the M phase 
block itself did not affect the outcome (Fig. 
2A, lanes 4 and 6). Hence, the ORC-inde- 
pendent silencing mediated by Gal4-Sirlp 
could occur if cells passed through S phase. 

Fig. 1. Gal4-Sirlp did not 
cause replication initiation at 
a synthetic HMR-E silencer 
consisting of five tandem 
Gal4 binding sites, a Rap1 
binding site, and an Abfl 
binding site (5xGal4-RAP- 
ABF). A Hind IlCBgl II HMR 
fragment containing this si- 
lencer was analyzed for the 
presence of replication inter- 
mediates through use of 
two-dimensional origin- 

We next examined whether silencing 
could be established in the reverse situa- 
tion, when cells passed from M phase to 
early S phase. Cells lacking Gal4-Sirlp 
were arrested in M phase, Gal4-Sirlp was 
induced, and then cells were released and 
rearrested in early S phase. In contrast to 
the previous experiments, transit through 
the cell cycle from the beginning of M 
phase to the beginning of S phase was in- 
sufficient to silence HMR (Fig. 2A, lane 9). 
Cells that continued beyond the S phase 
block silenced HMR, presumably because 
they passed through S phase (Fig. 2A, lane 
10). No silencing occurred in the absence of 
Gal4-Sirlp (Fig. 2A, lanes 7 and 8), regard- 
less of whether the cells were blocked in S 
phase, confirming that passage through the 
cell cycle did not affect silencing. Thus, the 
Gal4-Sirlpdependent silencing could not 
be established during passage from M phase 
to the beginning of S phase. Therefore, this 
ORC-independent silencing still required 
passage through S phase. 

A potential limitation to interpreting 
these data was the presence of an ORC 
binding site at both the synthetic HMR-E 
silencer used in this experiment and at the 
HMR-I silencer on the opposite side of 
HMR. Therefore, an identical set of exper- 
iments was performed in a strain lacking the 
HMR-I element altogether and lacking the 
ORC binding site at HMR-E. The results 
from this experiment paralleled those from 
the previous experiment (Fig. 2B). There- 
fore, silencing mediated by Gal4-Sirlp was 
ORC-independent but still required passage 
beyond early S phase. 

One trivial explanation for the inability 
of these cells to establish silencing when 
prevented from passing through S phase is 
the lack of GAL4-SIR1 expression under 
these conditions. To examine this possibil- 

mapping gels (32) as b e  
scribed (3). The black arrow HMR S: 

indicates bubble-shaped 
replication intermediates, 

HMR SS -11 
5xGal4-RAP-ABF 

+ Gal4-Sir1 p 

which result from replication initiation on the fragment. The white arrows denote fork-shaped interme- 
diates, which arise from replication by an origin lying outside of the fragment. The strains used were 
JRY4473 (MATa HMR-SS A/ ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl -100) and JRY4806 
(JRY4473, HMR-SS A/, 5xGal4-RAP-ABF) canying pJR1815 (Gal4-Sir1 p under control of the ADHl 
promoter). 
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ity, we quantitated mRNA levels of GAL4- 
SIRl and normalized them to those of the 
SCRl gene (19), whose expression is unaf- 
fected by changes in silencing or the cell 
cycle. This analysis showed that GAL4- 
SIRl expression could be induced regardless 
of the position of the cells in the cell cycle 
(14). . . 

Because tethering Sirlp to the silencer 
bypassed ORC's role in silencing HMR, 
perhaps the chief role of ORC in silencing 
was to recruit Sirlp to the silencer, as re- 
cently suggested (20). There were two at- 
tractive models for how ORC might recruit 
Sirlp. The simplest model was through di- 
rect protein-protein interactions. A more 
com~lex model was that initiation of re~li- 
cation might be required to recruit Sirlp, 
perhaps through some interaction between 
Sirlp and a component of the replication 
machinery. These models could be tested if 
ORC could be bound to a silencer in some 
manner that prevented it from initiating 
replication. The ability of such an ORC to 
mediate Sirlp-dependent silencing would 
support the first model, whereas an inability 
to silence would support the second model. 

To determine whether ORC could me- 
diate silencing in the absence of a function- 
al origin, we fused the entire ORC2 or 
ORC5 sequence to the Gal4p DNA binding 
domain (21). Both Gal4-Orc fusion pro- 
teins complemented the temperature sensi- 
tivity and the silencing defects of their re- 
spective orc mutation, establishing that 
both fusion proteins were functional (14). 

- 
H M R E  C-- ----' H M R l  - 

Both Ga14-0rc2p and Ga14-0rc5p caused 
silencing at HMR in the strain with the 
5xGal4-RAP-ABF synthetic silencer (Ta- 
ble 1). Ga14-0rc5p was somewhat more 
effective at silencing in this context than 
was Ga14-0rc2p, and neither ORC fusion 
was as effective as Gal4-Sirlp. This differ- 
ence in silencing capability was not a func- 
tion of expression levels of the fusion pro- 
teins as judged by immunoblots with anti- 
bodies directed against the Gal4 DNA 
binding domain (14). Moreover, the effi- 
ciency of silencing was proportional to the 
number of Gal4 binding sites present in the 
silencer. Nevertheless, both Gal4-Orc fu- 
sion proteins restored a significant amount 
of silencing, as reflected in the lo4 or better 
increase in mating efficiency. Thus, either 
Orc2p or Orc5p could function in silencing 
HMR in the absence of an ACS if tethered 
to the HMR-E silencer through an unrelat- 
ed DNA binding domain. 

At all yeast origins examined, replica- 
tion initiation requires an intact ACS (22). 
Nevertheless, it was conceivable that the 
Gal4-Orc fusion proteins could initiate rep- 
lication at Gal4 binding sites even in the 
absence of an ACS. However, no initiation 
of replication was observed at the 5xGa14- 
RAP-ABF synthetic silencer, whether or 
not the Ga14-0rc2 fusion protein was ex- 
pressed (Fig. 3).  Therefore, as with Ga14- 
Sirlp, both the Ga14-0rc2p and the Ga14- 
Orc5p could silence HMR if tethered to 
the silencer, and at least in the case of 
Ga14-0rc2p, this silencing occurred in the 

H M R - E -  + H M R l  
/ \  

Start: GalCSlrlp I S I M 

1 1 shift 1 Shin 

GalGSirlp Gal4-Sirlp m m  
Block Block M 

Fig. 2. Gal4-Sir1 pmediated silencing required passage through S phase. (A) Strain JRY5278 , which 
carried a synthetic silencer allele with the Rap1 binding site replaced by a Gal4 binding site, was 
transformed with a plasmid containing GAL4-SIR1 under control of MET3 (pJR1811). JRY5278 with 
pJR1811 was grown in selective medium to an absorbance at 600 nm @& of 0.5 in the presence or 
absence of 50 p,M methionine (Start). Cells were harvested and suspended at an A, of 0.25 either in 
hydroxyurea-containing medium (0.2 M; S), in nocodazole-containing medium (10 p,g/ml; M), or in 
drug-free medium (open boxes). Cells were allowed to arrest at 23°C until the arrest was complete (-3 
hours). For induction of GAL4-SIR1 expression, cells were harvested, washed, and incubated for 30 min 
in media containing the appropriate drug, but without methionine. They were then allowed to proceed 
to the next block by incubation for 3.5 hours in the appropriate medium. Total yeast RNA was prepared 
as described (3). RNA blot hybridization was performed with probes for a1 and, as a loading control, with 
a probe for SCRI. (6) The identical experiment as above was performed with a strain containing 
5xGal4-RAP-ABF at the HMR-E silencer and lacking HMR-I (JRY4806). 

absence of replication initiation. Thus, 
under these conditions, ORC could func- 
tion in silencing without acting as a rep- 
lication initiator. 

If ORC were to recruit Sirlp to the 
silencer, then silencing caused by either 
Ga14-0rc2p or Ga14-0rc5p would still re- 
quire Sirlp. Indeed, this silencing required 
Sirlp because it was abolished in cells con- 
taining a mutant allele of SIRl (Table 1). 
Thus, if ORC recruits Sirlp to the silencer, 
then it can do so independently of replica- 
tion initiation. 

Telomeric silencing requires several of 
the same proteins required to silence HMR 
and HML. The most significant distinction 
between the two types of silencing is that 
telomeric silencing does not require Sirlp, 
whereas silencing of HML and HMR does 
(23). If the only function of ORC in silenc- 
ing were to recruit Sirlp to the silencers 
(20), then mutations in orc2-1 and orc5-1 
should not affect telomeric silencing. On 
the other hand, if mutations in ORC genes 
decrease telomeric silencing, then ORC 

H M R  SS 1 1  HMR SS .I1 
5xGal4-RAP-ABF 

+ Gal4p 

H M R  SS A/ H M R  SS 3 1  
5xGal4-RAP-ABF 

+ Ga14-0rc2p 

Fig. 3. Ga14-0rc2 did not cause replication initia- 
tion at the 5xGal4-RAP-ABF HMR-E silencer. 
Two-dimensional origin mapping was done as in 
Fig. 1. The strains were JRY4473 (HMR SS AI), 
JRY4981 pJR1205 (HMR SS A/, 5xGal4-RAP- 
ABF ga14A::HIS3 + Ga14), and JRY4981 
pJR1600 (HMR SS Al, 5xGal4-RAP-ABF 
ga14A::HIS3 + Ga14-0rc2). 
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must have a second and SIR1 -independent 
role in silencing. 

Silencing of the TRPl gene placed near 
a synthetic telomere on the left end of 
chromosome VII (24) was evaluated by the 
ability of cells containing this gene to grow 
in the absence of exogenous tryptophan. 
Telomeric silencing of the TRPl gene re- 
quired SirZp but not Sirlp (Fig. 4), consis- 
tent with earlier studies (23). In fact, in the 
absence of Sirlp, telomeric silencing im- 
proved slightly in these experiments. In 
contrast, both mc2-1 and orc5-1 cells were 
defective in telomeric silencing (Fig. 4), 
although less defective than sir2A cells. Be- 
cause ORC was required for telomeric si- 
lencing whereas Sirlp was not, ORC had 
two different roles in silencing, one that was 
SIR1-dependent and another that was 
SIR1 -independent. 

The experiments presented here critical- 
ly examined possible mechanisms of how 
ORC, the replication initiator, contributes 
to silencing. The most salient feature of 
ORC's contribution was its independence 
of replication initiation at the silencer. This 
result was surprising both because of ORC's 
well-documented role in replication initia- 
tion and because the HMR-E and HMR-I 
silencers are both bona fide origins of rep- 
lication. However, these data resolved the 
disparity between the replication initiation 
evident at the HMR silencers and the lack 
of detectable initiation at HML silencers 
(25). The ability of the Ga14-0rc2p fusion 
to silence when tethered to the 5xGa14- 
RAP-ABF synthetic silencer, and the 
ORC-independence of tethered Sirl-de- 
pendent silencing indicated that replication 
initiation at silencers was not essential to 
the mechanism of silencing. 

On the basis of the data available, it is 
conceivable that the only role of ORC at 

All subalements 

HMR-E is the recruitment of Sirlp to the 
silencer. For example, the silencing mediat- 
ed by a tethered ORC still required Sirlp 
function, but the silencing mediated by 
tethered Sirlp did not require ORC func- 
tion. These data provide functional signifi- 
cance to the interactions between ORC 
and Sirlp detected in a two-hybrid interac- 
tion (20). However, it is unlikely that ORC 
alone recruits Sirlp to the silencer, because 
every origin binds ORC, but few if any 
other origins repress expression of adjacent 
genes. 

With tethered Sirlp at the HMR-E si- 
lencer and no need for ORC in silencing, 
repression of HMR still required passage 
through S phase. This aspect of silencing 
distinguishes it from many other types of 
gene regulation that display no cell cycle 
dependence. In fact, silencing could be es- 
tablished only in cells that progressed be- 
yond the hydroxyurea block in early S 
phase. This result confirmed the earlier 
studies (9) and extended them bv the find- , , 

ing that the dependence was not related to 
ORC function or re~lication initiation at 
the silencer. ~ o r m a l i ~ ,  neither this study 
nor the ~recedine one has excluded the cell - 
cycle requirement in silencing as being in 
G, rather than S. In principle, this issue 
should be resolvable with temperature-sen- 
sitive alleles that arrest cells in different 
stages of the cell cvcle. However. such ex- - 
perimental conditions have proven difficult 
to exploit, as silencing per se is affected by 
temperature (26). 

Nevertheless. the available data favor a 
role in S phase ;ather than in G2 phase for 
establishing silencing. For example, muta- 
tions in CDC7, which encodes a protein 
kinase required for replication initiation, 
affect silencing (27). Similarly, mutations 
in the Drosophila gene encoding the prolif- 

erating cell nuclear antigen (PCNA), a pro- 
cessivity factor for replication, affect het- 
erochromatic gene inactivation (28). If S 
phase is critical for establishment of silenc- 
ing, what aspect of S phase is involved? 

Silencing involves the assembly of a spe- 
cialized repressive chromatin structure (29). 
The passage of a replication fork may be 
necessarv to allow chromatin assembled in 
one state to be reassembled into another 
state. Likewise, the passage of a replication 
fork through HMR may be the critical 
event in allowing active chromatin to reas- - 
semble into repressed chromatin. The pres- 
ence of Sirlp and perhaps other Sir proteins 
at a silencer may increase their local con- 
centration and allow them to assemble into 
chromatin as the replication fork passes, 
nucleating the assembly of silenced chro- 
matin. Of course, it remains possible that 
some other S phase event, perhaps a critical 
phosphorylation, is required for silencing. 

The Sirl-independence of telomeric si- 
lencing allowed a critical test of whether 
ORC had any role in silencing beyond in- 
teractions with Sirlp. Indeed, both ORC2 
and ORC5, and by inference the entire 
ORC, were important for telomeric silenc- 
ing. The result is surprising because, in con- 
trast to natural telomeres, which usually 
have ORC binding sites near them, the 
artificial telomere used here was construct- 
ed without any ORC binding sites. How 
ORC affected telomeric silencing in the 
absence of an obvious nearbv binding site is - 
unknown. However, telomeres in many or- 
ganisms including yeast are synapsed into a 
large structure, often near the periphery of 
the nucleus (30). It is conceivable that an 
ORC bound to an ACS of one telomere 
can, by virtue of its juxtaposition to a syn- 
thetic telomere, promote telomeric silenc- 
ing by mechanisms akin to transvection in 
Drosophila. Alternatively, orc mutations 
may alter the timing of replication and thus 
affect telomeric silencine. " 

In summary, the role of ORC in silenc- 
ing is independent of its role as a replication 
initiator. Its role in silencing at HMR-E is 
largely through Sirlp. In contrast, its role in 
silencing telomeres is rather different and 
may reveal new lessons about organizational 
principles in the nucleus. 
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Orientation Selectivity in Pinwheel Centers 
in Cat Striate Cortex 

Pedro E. Maldonado,*'r lmke Godecke," Charles M. Gray, 
Tobias Bonhoeffer 

In primary visual cortex of higher mammals neurons are grouped according to their 
orientation preference, forming "pinwheels" around "orientation centers." Although the 
general structure of orientation maps is largely resolved, the microscopic arrangement 
of neuronal response properties in the orientation centers has remained elusive. The 
tetrode technique, enabling multiple single-unit recordings, in combination with intrinsic 
signal imaging was used to reveal the fine-grain structure of orientation maps in these 
locations. The results show that orientation centers represent locations where orientation 
columns converge containing normal, sharply tuned neurons of different orientation 
preference lying in close proximity. 

In recent years, optical nnaging has en- 
abled the investigation of neuronal re- 
sponse propestles over large areas of the 
visual cortex in \ri\ro (1-3). These experi- 
ments have revealed that orientation selec- 
tivity is not organized in parallel bands but 
in iso-orientation domains that are ar- 
ranged radially in a pinnheel-like fashion 
(4). Optical imaging studies have shown 
that the magnitude of the orientation signal 
in the centers of these pinwheels is low (1 ,  
3,  4) ,  suggesting that the population of 
neurons in these locations might mainly 
consist of unoriented cells. However, be- 

cause of their relatively low spatial resolu- 
tion, imaging studies cannot reliably deter- 
mine the physiological characteristics of in- 
dividual neurons in these regions. We 11al.e 
prelriously reported that in some locations 
of cat striate cortex, adjacent cells display 
large differences in orientation preference 
(5). Because this is an alternative explana- 
tion for the low magnitude of the optical 
orientation signal, we conjectured that 
these regions may correspond to the pin- 
wheel centers in the orientation preference 
map. 

In five halothane-anestheti-ed adult 
cats, we used optical imaging based on in- 
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