Copyright © 2002 by the Genetics Society of America

A Novel Yeast Silencer: The 2 Origin of Saccharomyces cerevisiae Has HST3-,
MIGI- and SIR-Dependent Silencing Activity

Arnold Griinweller and Ann E. Ehrenhofer—Murray1

Max Planck Institute for Molecular Genetics, 14195 Berlin, Germany

Manuscript received February 1, 2002
Accepted for publication June 17, 2002

ABSTRACT

Silencing in Saccharomyces cerevisiae is found at the mating-type loci HMR and HML, in subtelomeric
regions, and at the rDNA locus. Repressed chromatin is built up by the recruitment of the Sir proteins
via their interaction with DNA-binding proteins that bind to silencers. Here, we have performed a genetic
screen for novel sequence elements within the yeast genome that display silencing activity. We isolated
as a novel silencer element the origin of replication from the endogenous 2y plasmid (2uARS). 2uARS-
mediated silencing was dependent upon the Sir proteins, the origin recognition complex (ORC), and
Hst3, a Sir2 histone deacetylase homolog, suggesting that it constituted a novel class of silencing in yeast.
Moreover, 2uARS carried a binding site for Migl, a transcriptional repressor of glucose-regulated genes.
Both the Migl-binding site and the MIGI gene were necessary for full silencing activity of 2uARS. Further-
more, Hst3 was physically present at 2WARS in a silencing context as well as at the endogenous 2 plasmid.
Also, Hst3 regulated the repression of the flipase gene, although this was likely an indirect effect of HST3

on FLPI expression.

ETEROCHROMATINIZATION is a mechanism
of gene regulation that is widespread in eukary-
otes and contributes to global chromosomal architecture
as well as to the establishment of distinct transcriptional
domains within the genome. For instance, centromeric
sequences in Drosophila are condensed in the chro-
mocenter, and the translocation of genes into this re-
gion causes stochastic inactivation in some cell clones,
resulting in a mosaic pattern of gene silencing termed
position-effect variegation (PEV; WEILER and WAKI-
MoTO 1995). Interestingly, the replication initiator com-
plex origin recognition complex (ORC) is involved in
silencing in Drosophila. DmORC interacts with hetero-
chromatin protein 1 (HP-1) and localizes to the chro-
mocenter, and mutations in DmORC cause a loss of
PEV, showing that ORC is required for gene silencing
in Drosophila (PAK et al. 1997).

Gene silencing in the yeast S. cerevisiae also requires
ORC. In yeast, three classes of silencing are known to
date: repression of the silent mating-type loci HML and
HMR, which is required for the maintenance of haploid
cell types (Loo and RINE 1995), and telomeric and
rDNA silencing, which likely are the result of the protec-
tion against recombination at these loci (APARICIO et
al. 1991; SmrTH and BoEkE 1997). Silencing is best stud-
ied at the HM loci, where a heterochromatin-like struc-
ture is found that contains hypoacetylated histones
(BRAUNSTEIN et al. 1993) and is refractory to many types
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of protein-DNA interactions (SINGH and Krar 1992;
Loo and RiNE 1994). Repression is achieved by the
combined action of flanking sequence elements termed
silencers and several regulatory proteins. The silencers
contain binding sites for Rap1, Abfl, and ORC (Loo and
RINE 1995). Some of the silencers are also chromosomal
origins of replication, but replication initiation per se is
not required for silencing (EHRENHOFER-MURRAY et al.
1995; Fox et al. 1997). One model for ORC’s role in
silencing is that it recruits Sirl to the silencer via an inter-
action between Orcl and Sirl (TrRroLo and STERNGLANZ
1996), which in turn attracts other factors, for instance
Sir2, Sir3, and Sir4, to form repressed chromatin at the
HMoci (Fox et al. 1997; GARDNER et al. 1999). Sir2 has
NAD-dependent histone deacetylase activity and hence
may be responsible for the lack of histone acetylation
in the silenced regions (ImAr et al. 2000; TANNY and
MoazeDp 2001), whereas the other Sir proteins likely are
heterochromatin components comparable to HP-1 in
Drosophila (NIELSEN et al. 2001).

ORC binding to the silencers is necessary but not
sufficient for silencing, because not all origins of replica-
tion or ORC-binding sites in the genome are capable
of conferring silencing. For instance, replacement of
HMR-E by ARSI does not induce HM silencing (Fox et
al. 1995). However, many origins contain binding sites
for Rapl or Abfl (Rao et al. 1994), but to date, no other
origin has been found to have silencer activity, and it
is currently not clear what distinguishes origins that are
solely replicators from silencer origins.

Of the Sir proteins, only Sir2 is required for silencing
at all known silent loci in yeast. Sir2 is the only Sir
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protein with homologs in larger eukaryotes, and there
are also homologs of Sir2 (Hst proteins) in yeast itself
(BRACHMANN ¢t al. 1995), some of which have demon-
strated histone deacetylase activity (SMITH et al. 2000).
The Hst protein family can be divided into three subfam-
ilies, depending on the length and sequence of their
amino and carboxy termini (SHERMAN et al. 1999). Sir2
and Hstl are in one subfamily with Sir2 homologs from
Kluyveromyces lactis and Candida albicans. Overexpression
of HSTI in part restores silencing at HMR in a sir2A
mutant, showing that Hstl can partially substitute for
Sir2 at the HM loci (BRACHMANN et al. 1995). Addition-
ally, Hstl functions together with Suml in the repres-
sion of middle sporulation-specific genes during mitosis
(XIE et al. 1999) and is required for HMR silencing that
is mediated by Sum1-1 (RuscHE and RINE 2001; SUTTON
et al. 2001). The second subfamily of Hst proteins con-
tains Hst2, the human homolog of Sir2, hSIR2A, and
other Hst homologs from various organisms. Hst2, a
cytoplasmic enzyme, accounts for the majority of detect-
able NAD-dependent deacetylase activity in yeast (LANDRY
et al. 2000). Overexpression of Hst2 disrupts telomeric
silencing while improving repression in the rDNA (PEr-
ROD et al. 2001). The third group of Sir2 homologs
contains the S. cerevisiae proteins Hst3 and Hst4. An hst3
hst4 double mutant is defective in telomeric but not HM
silencing and shows a modest UV sensitivity, a cell cycle
delay, and chromosomal instability (BRACHMANN et al.
1995), whereas single mutants have no discernible phe-
notype. However, little is known about the cellular func-
tion of these Hst proteins.

In this study, we have conducted a search for novel
silencing activities in the yeast genome and have identi-
fied the origin of replication of the endogenous 2
plasmid (2nARS) as a novel DNA element that con-
ferred transcriptional repression to two reporter genes.
The 2 plasmid found in most S. cerevisiae strains con-
tains a unique autonomous replicative sequence (ARS)
that serves as the sole in vivo origin of replication within
the plasmid (HUBERMAN ef al. 1987) and at which repli-
cation is initiated once during each cell cycle (ZAKIAN
etal. 1979). Other functional elements in the 2. plasmid
are the five 1/2 tandem repeats of a 62-bp sequence in
the stability locus (STB) that is required for plasmid
segregation; the genes REPI, REP2, and RAFI that en-
code proteins required for gene expression and plasmid
segregation; and the two flipase recognition targets
(FRTs), which are binding sites for the flipase Flp1 (for
review see BRoacH and VOLKERT 1991). Flpl, which
itself is encoded on the 2u, plasmid, induces a double-
strand break and catalyzes the site-specific recombina-
tion between inverted repeats on the plasmid, resulting
in the interconversion of two inversion isomers of 2.

Interestingly, silencing by 2uARS was dependent on
the Sir proteins and also required the proteins Hst3 and
Migl for full repression. Migl is a repressor/activator
protein that recruits the Ssn6-Tupl complex to glucose-

repressed gene promoters (TREITEL and CARLSON 1995),
thus leading to deacetylation of histones (BoNE and
RotH 2001). This is the first demonstration of a class
of silencing that was dependent on HST3 and MIGI. It
suggests novel roles for transcription factors in repres-
sion and furthers our knowledge of alternative mecha-
nisms of gene silencing in yeast.

MATERIALS AND METHODS

Plasmid constructions: The silencing reporter plasmid
PAE370 was constructed as follows: A 1.85-kb fragment con-
taining the al gene and the I silencer of HMR was PCR ampli-
fied with flanking Sadl sites and ligated into the Sadl site of
a version of pRS315 (Sikorskr and HieTer 1989) in which
part of the polylinker had previously been removed by diges-
tion with Xhol/Sall and religation. Subsequently, the URA3
gene was PCR amplified from pRS316 (Sikorsk1 and HIETER
1989) with flanking Nod sites and ligated into the Noi sites
of the previous construct, resulting in pAE370. Derivatives of
PAE370 carrying silencers were constructed as follows: pAE374
was constructed by PCR amplification of HMR-E with flanking
BamHI sites and cloning it into the BamHI site of pAE370.
The synthetic HMR-E silencer (SS; McNALLY and RINE 1991)
was cloned into pAE370 by digesting pDR60 with BamHI and
Sacdl and isolating a 130-bp SS fragment. Overhangs were
blunt-ended by treatment with Klenow polymerase and T4
DNA polymerase and ligated into the Smal site of pAE370.
This resulted in pAE411, in which SS is in the forward orienta-
tion (ORC-Rapl-Abfl), and in pAE412 with SS in a reversed
orientation (Abfl-Rap1-ORC). Deletion of the HMR silencer
in the silencing cassette plasmids was achieved by digesting
with Bell and Xhol, filling in the ends with Klenow polymerase,
and religation.

Plasmid pAE528, which contains the 1.56-kb 2. fragment,
was isolated from a library of genomic Sau3Al fragments in
PAE370 (see below). SnaBI and BamHI digestion, Klenow
treatment, and religation of pAE528 resulted in pAE536 that
contains the STB of the 2. fragment with part of the in vivo-
mapped origin of replication (HUBERMAN et al. 1987). A Hin-
dIII and SnaBI digestion, Klenow treatment, and religation
of pAE528 resulted in pAE572, which contained part of the
2 origin of replication and the flipase recognition target. A
total of 300 bp of the 2u origin of replication surrounding
the ARS consensus sequence (ACS) were PCR amplified with
BamHI linkers and cloned into the BamHI site of pAE370.
With this strategy, we obtained a series of plasmids containing
the 2uARS in one to three copies (pAE480 with 1x-2uARS
reverse, pAE481 with 1x-2uARS forward, pAE482 with 3x-
2nARS forward, pAE483 with 2x-2uARS forward, and pAE484
with 2x-2uARS reverse).

Plasmids pAE805, -806, and -807 were derivatives from
pAE481, -483, and -482, respectively, with the URA3 gene in
the reverse orientation. To this end, URA3 was amplified from
pRS316 with flanking No#l and Xbal sites and ligated into the
Notl/ Xbal sites of pAE481, -483, and -482.

The ARSI origin sequence was isolated from pARS1/WTA
(MARAHRENS and STILLMAN 1992) by EcoRI and BamHI diges-
tion, and the end-repaired 210-bp ARSI fragment was ligated
into the Smal site of pAE370, thus producing pAE503 with
ARS]. This plasmid was digested with BamHI and treated with
Klenow polymerase, and ARS1 was inserted as above, resulting
in pAE515, which carried two copies of ARSI. The plasmid
PAE518 that contains three copies of ARSI in the forward
orientation was generated by ligation of the blunt-ended
EcoRT/BamHI ARS1 fragment into the HindIlI site of pAE515.
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Plasmid pAE808, which contains 3x-2uARS without the
Migl-binding sites, and pAE859, which contains 2x-ARS1 with
additional Migl-binding sites, were constructed by PCR ampli-
fication and sequential cloning of the resulting fragments for
ARSI into the Smal, BamHI, and HindIII sites of pAE370, as
described above.

Construction of genomic libraries: Genomic libraries were
prepared by partially digesting yeast genomic DNA with either
Sau3Al or Haelll and ligating size-fractionated fragments into
the BamHI and Smal sites of pAE370, respectively. Plasmid
DNA was prepared from 14,000 pooled Escherichia coli trans-
formants and used to transform the yeast strain AEY565 to
leucine prototrophy at a density of ~200 colonies per plate.
These colonies were replica plated onto selective fluoroorotic
acid (FOA) plates, and FOA-resistant (FOA®) colonies were
then replica plated onto YM plates lacking uracil. Colonies
with an FOA®/Ura* phenotype were analyzed in a serial dilu-
tion assay to confirm silencing activity. Genomic DNA pre-
pared from the candidates was used to transform the E. coli
strain DHba to ampicillin resistance, and plasmid DNA was
prepared. Plasmid inserts were partially sequenced and the
sequence was compared to the Saccharomyces Genome Data-
base (SGD). Furthermore, plasmids were retransformed into
AEY565 and a second serial dilution assay was performed.
Only candidates that retained the FOA®/Ura* phenotype were
used for further investigations.

Yeast methods: The strains used in this study are listed in
Table 1. Media for the growth of S. cerevisiae were as described
in SHERMAN (1991); YM + 5-FOA medium contained the drug
5-fluoroorotic acid (BOEKE el al. 1984) at 1 mg/ml and 2%
glucose. All cultures were grown at 30° except strain AEY2243
that was grown at 23°. Yeast transformations were performed
by the lithium acetate procedure (ITo et al. 1983). Strain
AEY1365 was constructed by inducing a mating-type switch in
AEY565 using the plasmid YCp50-Gall-10-HO. Construction
of the different gene disruptions in AEY565 was performed
by replacing the respective genes with kanMX using the PCR
knockout strategy according to the guidelines for EUROFAN

(WacH et al. 1994). Knockout strains were verified by PCR
analysis.

Serial dilution assays were performed as described in APARI-
c10 and GOTTSCHLING (1994). For quantitative FOA assays,
cells were plated at a density of ~200 colonies on supple-
mented YM to determine the rate of survival. Cell density was
10- to 1000-fold higher on FOA plates than on YM plates to
allow optimal determination of FOA® colonies. The ratio of
FOAR colonies per viable colonies was determined. Patch mat-
ing assays were performed as described in EHRENHOFER-MUR-
RAY et al. (1995).

Chromatin immunoprecipitations: Chromatin immunopre-
cipitation (ChIP) analyses were performed as previously de-
scribed (HECHT et al. 1996). PCR reactions were performed
at 94° (1 min), 54° (30 sec), and 72° (40 sec). Cycle numbers
were 30 or 35, depending on the experiment. PCR products
were analyzed on 1% agarose gels.

Other: Site-directed mutagenesis was performed with the
QuickChange site-directed mutagenesis kit from Stratagene
(La Jolla, CA). Northern blot analysis was performed as de-
scribed in SAMBROOK et al. (1989). Sequences of all primers
used in this study are available upon request from the author.

RESULTS

A functional screen for silencers in Saccharomyces cere-
visiae: Silencers are sequence elements that confer re-
pression to genes located in their vicinity. The silencers
known to date in yeast are the HM silencers (Loo and
RiNeE 1994) and the subtelomeric core X element
(FOuREeL et al. 1999; PrRYDE and Louis 1999), but it is
unclear whether other silencers exist in yeast that might
mediate gene repression by yet unknown mechanisms.
Identifying such silencers has the potential of yielding

TABLE 1

Yeast strains used in this study

Strain Genotype Source*
AEY1 MATo ade2-1 leu2-3 canl-100 trpl-1 ura3-1 his3-11, 15 (W303) J- Rine
AEY264 MATa his4 J. Rine
AEY265 MATwo his4 J. Rine
AEY565 MATa ade2-1 leu2-1 trpI-1 ura3-52 his3-11 lys2-8 pprl::HIS3 APARICIO et al. (1991)
AEY579 MATa leu2-3 canl-100 trpl-1 his4-519 ura3-52 J. Rine
AEY1365 AEY565, but MATw

AEY1486 AEY565; sir2A::kanMX

AEY1488 AEY565; sir3A::kanMX

AEY1490 AEY565; sirdA::kanMX

AEY1509 AEYH565; hstlA::kanMX

AEY1511 AEY565; hst2A::kanMX

AEY1513 AEY565; hst3A::kanMX

AEY1515 AEY565; hst4A::kanMX

AEY1517 AEY565; hdfIA::kanMX

AEY2009 AEY565; sirlA::kanMX

AEY2243 AEY565; orc2-1

AEY2458 AEY1365; HST3-HA::K.I.TRPI

AEY2530 AEY565; migIA::kanMX

AEY2724 AEY565; hdalA::kanMX

AEY2726 AEYb565; sfpIA::kanMX

“All strains except the ones indicated were constructed during the course of this study.
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FIGURE 1.—Characterization of the reporter
cassette (silencer trap) for measuring silencing
activity. (A) Principle of the silencer trap is as
follows: a cassette was constructed to contain the
URA3 and the al genes flanked by the HMRE
and -I silencers. Arrows indicate the direction of
transcription. For the screen, small genomic DNA
fragments were cloned into the reporter plasmid

in place of HMRE. (B) A serial dilution assay
SS—> [ SS < was performed to characterize the reporter assay.
Insertion of HMsilencers resulted in URA3repres-
. sion and, hence, FOAR. The effect of the wild-
E< |EE< type (E) and the synthetic HMRE silencer (SS)
in the presence or absence of HMRI on URA3
E < |EE < gene repression is shown. Arrows indicate the ori-
Al Al entation of the silencer with respect to URA3. (C)
Repression of the al gene in the silencing cassette,
mating on MATa lawn MATo as measured in a mating assay. (D) Effect of hst3A
and Ast4A on silencing activity of HMRE in the
D HMR-E FOAR,r‘viab}g reporter cassette. A quantitative FOA assay was
| — I I performed. The mean values of atleast three inde-
wt | ' : =9 pendent experiments are shown. (E) Effect of
‘ | | known silencers isolated in the silencer trap
: screen on expression of URA3 in the silencing
hst3A . l l | | - cassette.
hst4A o
106 10° 104 103 102 1001 1
+Ura -Ura
E HML-E Rl
HMR-I
HML-E B4
HML-1

TEL-XIIT L Rl

information on novel silencing mechanisms and may
help locate other silenced regions in the yeast genome.

In this study, we sought to find other, potentially novel
silencing activities by searching for sequence elements
capable of mediating silencing. Our approach was to
construct a plasmid carrying a “silencing cassette” with
two divergently transcribed reporter genes and to build
libraries of yeast genomic sequences inserted in front
of the cassette. These libraries were transformed into
an appropriate yeast strain, and the transformants were
then screened for clones in which both reporter genes

were repressed (“silencer trap”). The reporter cassette
consists of two components: (1) the URA3 gene, whose
expression can be monitored both on uracil-lacking me-
dium and on medium containing the drug 5-FOA, and
(2) the mating-type gene al, which, when expressed,
leads to a nonmating phenotype in a MATa strain and
hence can be measured in a mating assay. The effect
of silencing on URA3 was sensitized by measuring ex-
pression in strains lacking the trans-activator of URA3,
Pprl (Roy et al. 1990). The silencing cassette was flanked
on one side by the cryptic HMRI element (Figure 1A),
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which on its own did not confer silencing. HMRI is capa-
ble of supporting silencing by weak silencers and thus
was expected to improve the likelihood of isolating DNA
elements with weak silencing activity.

In a first set of experiments, we investigated the prop-
erties of the silencing cassette. In the absence of a si-
lencer (AE), the cells were completely Ura® and FOA
sensitive, indicating full expression of URA3 despite the
presence of HMR]. Furthermore, a MATw strain car-
rying the silencing cassette lacking HMR-E (AE) was a
nonmater, indicating full expression of al. Conversely,
expression of both reporter genes was efficiently re-
pressed by the wild-type HMR-E silencer as well as by a
synthetic version of HMR-E (McNaLLY and RINE 1991)
independently of the orientation of the silencer (Figure
1, B and C), as indicated by the strong FOA resistance
(FOA®) and improved mating ability of the respective
strains. At the same time, the strains were also Ura™,
indicating that URA3 was still expressed in a portion of
the cells. Furthermore, deletion of the HMR-I silencer
reduced the silencing activity, showing that HMR-I alone
did not provide silencing, but supported repression me-
diated by HMR-E. These characteristics of URA3 repres-
sion were reminiscent of subtelomeric insertions of
URA3 that cause strains to be both Ura* and FOA® due
to telomeric repression of the reporter gene in a portion
of the cells (GOTTSCHLING et al. 1990).

Silencing of the reporter cassette was further charac-
terized by determining whether it displayed some of
the known characteristics of HM silencing. As for HM
silencing, repression was dependent on SIRI, SIR2, SIR3,
and SIR4 (data not shown). Furthermore, we investi-
gated the effect of deletions of the Sir2 homologs HSTI
to HST4 on repression of the silencing cassette by
HMRE. Interestingly, silencing was independent of
HST1 and HST?2, but the deletion of HST3 (hst3A) or
HST4 (hst4A) led to a slight reduction of the silencing
capacity of HMR-E by ~10-fold (Figure 1D). In addition,
the Ast3A and hst4A colonies grew slower on FOA plates
than did the isogenic wild-type strain. These results sug-
gested that Ast3A and hst4A caused slight derepression
at HMRE on the silencing cassette. This was in contrast
to the observations made on chromosomal HMR, which
is not affected by Zst3A and hst4A (BRACHMANN et al.
1995; data not shown). We also tested the effect of Asi3A
or hst4A on repression by the sensitized synthetic
HMRE silencer. However, since neither single nor dou-
ble deletion caused derepression (data not shown), this
suggested that silencing of the reporter cassette was
more sensitive to {rans-acting factors than was chromo-
somal silencing.

To identify silencing elements in the yeast genome,
libraries were constructed with fragments of yeast geno-
mic DNA inserted in front of the reporter cassette lack-
ing HMRE (i.e., downstream of URA3). The libraries
were transformed into the yeast reporter strain, and the
transformants were screened for clones that were FOAR

aswell as Ura™. Ura* clones were selected because FOAR
clones that were completely Ura™ in all cases proved to
have lost or mutated the URA3 gene (data not shown).
In screening 25,000 transformants, we isolated 14 FOA®/
Ura® candidates whose phenotype could be recon-
firmed (see MATERIALS AND METHODS). As expected, we
were able to recover the known silencers with this
screen: four clones contained HMI-E, three clones car-
ried HMI -1, and one clone carried HMR-I. Furthermore,
we isolated three independent clones of a subtelomeric
region of the left arm of chromosome XIII (Figure 1E).
Silencing activity in this case could be narrowed down
to a subtelomeric core X element and an internal C,_s-A
repeat (data not shown). Interestingly, we isolated one
novel fragment with silencing activity from the endoge-
nous 2 plasmid of S. cerevisiae. An involvement of 2
DNA in silencing is unprecedented and thus was further
analyzed.

Silencing activity by the 2 origin of replication: The
1.56-kb fragment of 2 plasmid DNA isolated in the
screen for silencers contains three functional sequences
that play important roles in replication and stability of
the extrachromosomal 2. DNA (BROACH and VOLKERT
1991): the 2 origin of replication (2nARS), the STB,
and the FRT (Figure 2A). In a first experiment, we asked
whether FOAR colonies from the 2 fragment were truly
epigenetically silenced by determining whether they
were able to switch to Ura™. About 1/100 of the cells
were FOAR, but were inhomogenous in size upon growth
on FOA. Also, only 1-5% of the FOA® colonies were
able to grow when replicated onto medium lacking ura-
cil. They hence had a functional URA3 gene and were
capable of epigenetic switching. Further analysis showed
that the other ~95% of FOAR colonies had lost or mu-
tated URA3 (data not shown). Thus, ~1/10* colonies
carrying the 2 fragment displayed silencing. This was
in contrast to silencing by the HMR-E silencer, in which
all FOAR colonies were also Ura™ (data not shown).

To narrow down the silencing activity, we divided the
2w fragment into a 870-bp fragment containing the STB
as well as a part of the 2uARS origin of replication and
a 697-bp fragment containing the other part of the 2
fragment including the ACS and the FRT site. Neither
construct showed silencing activity in a serial dilution
assay as measured by the appearance of FOA® colonies
that were also Ura* (Figure 2A). Interestingly, the frag-
ment that contained the FRT site gave FOA® colonies
that were all Ura™. These FOA® colonies carried dele-
tions in or around the URA3 gene (data not shown),
which could be the consequence of an Flpl-induced
recombination event at FRT. However, a 300-bp frag-
ment surrounding the 2 origin of replication (2wARS)
alone gave FOAR colonies at a frequency of 1/10°. Nota-
bly, all these FOA® colonies were Ura™, suggesting that
they displayed epigenetic repression. Also, introducing
two or three tandem repeats of the 2uARS (2x-2uARS,
3x-2ARS) into the reporter cassette further increased
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FiGURE 2.—The 2. origin of replication
was a silencer. (A) Schematic representa-
tion of the 1.56-kb 2 fragment isolated
in a screen for silencers and quantitative
measurement of the frequency of FOA®/
Ura™ colonies obtained with derivatives of
the 2u fragment cloned in front of the re-
porter cassette. FOAR colonies with a Ura®
phenotype per viable colonies on a logarith-
mic scale are shown. Arrows indicate the

orientation of 2WARS with respect to URA3.

FOA

the number of FOAR/Ura™ colonies (Figure 2, A and
B). Mating assays of MATa strains carrying these con-
structs also showed strong silencing of the al gene,
suggesting that the silencing activity of the 2uARS was
gene independent (Figure 2C).

We also measured the effect of 2uARS on mRNA
levels of al and URA3 by Northern blotting. Whereas
al message was undetectable in strains carrying the si-
lencing reporter plasmid with HMR-E, no difference
was found in strains carrying one, two, or three copies
of 2uARS, compared to strains with no silencer. This
may be due to the fact that silencing by 3x-2uwARS is
approximately two orders of magnitude lower than that
by HMR-E. Furthermore, URA3 levels were undistin-
guishable even in the presence of HMRE due to expres-
sion of URA3 from the endogenous ura3-52 allele (data
not shown).

102 1
FOAR 1Urat/viable

The graph shows the mean values of at least
three independent experiments. STB, sta-
bility locus; 2iARS, 2. origin of replication;
FRT, flipase recognition target. (B) URA3

o1 1

silencing of the 3x-2uARS construct com-

— | AE| E pared to the HMRE construct is shown in

a serial dilution assay. (C) Repression of the

1x- | 2x-| 3x- al gene by the 3x-and 2x-2ARS constructs

24| ARS compared to HMRE in a mating assay. Dash

H indicates no silencing reporter; AE, silenc-

ing reporter lacking HMR-E. (D) Distance-

. dependent silencing of the URA3 gene by

mating on the 3x- and 2x-2ARS constructs is shown
MATa lawn

in a serial dilution assay. Arrows indicate
the direction of URA3 transcription.

Silencing induced by tandem repeats is not unprece-
dented and might simply be a consequence of the re-
peats themselves rather than the particular sequence
involved. Therefore, we tested whether three tandem
repeats of another origin of replication, ARSI, could
also promote silencing. However, no silencing was ob-
served with this construct (Figure 2A; see also Figure
4B), showing that the silencing activity of the repetitive
2ARS was specific to this origin of replication.

In our silencing cassette, the putative silencer repress-
ing the URA3 promoter is located downstream of URA3
at a distance of ~1 kb. To test the effect of promoter
distance on silencing by 3x-2uARS, plasmids were con-
structed in which the URA3 promoter was proximal to
3x-2LARS. Interestingly, silencing activity by 2x-2ARS
and 3x-2ARS in these constructs increased compared
to the 2uARS constructs that contained the URA3 pro-
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FiGure 3.—Silencing by 2uARS was SIR, ORC2, and HST3
dependent. The effect of the deletion of the SIR genes, HST
genes, and HDFI (yKu70) as well as the orc2-1 mutation on
3x-2nARS silencing activity was determined. The frequency
of FOA®/Ura* colonies was quantitated and is represented as
in Figure 2A.

moter in a silencer distal orientation, demonstrating a dis-
tance-dependent silencing effect of 2uARS (Figure 2D).

Silencing activity of 3x-2iLARS was so far measured in
the presence of the HMR-Isilencer. We next determined
whether the 2 origin could independently provide si-
lencing. The deletion of HMRI caused a complete loss
of FOAR colonies (Figure 3), showing that 3x-2uwARS
required HMR-I for silencing. Thus, it can be classified
as a proto-silencer, which is a silencer that acts only in
conjunction with another (proto-)silencer.

2pARS silencing was SIR, ORC2, and HST3 depen-
dent: To further characterize the silencing capacity of
the 2 origin of replication, we tested the effect of
deletions or mutations in genes encoding silencing pro-
teins on 2u-mediated silencing. 3x-2ARS silencing was
dependent upon all four SIR genes and ORCZ2 and thus
displayed similarity to HM silencing. Conversely, the
deletion of the SIR2 homologs HST1, HST2, or HST4
and deletion of HDFI caused no or minor derepression
of 3x-2uARS-mediated silencing. However, the disrup-
tion of HST3 caused complete derepression, which was
as strong as the loss of silencing by the SIR deletions
(Figure 3). Notably, the Ast3A-dependent derepression
was stronger than that observed for HMRE when in-
serted into the silencer cassette. Hst3 has been shown
by two-hybrid assay to interact with the split finger pro-
tein Sfpl (UEeTz et al. 2000). However, 3x-2uARS-medi-
ated silencing was unaffected by the deletion of SFPI
(data not shown), showing that this interaction was not
necessary for Hst3 function in this context.

Taken together, these results showed that 2ARS si-
lencing had some similarities, but also some differences
to HM silencing and thus constituted a novel class of si-
lencer in yeast. Furthermore, these observations showed
that the 2 origin of replication had silencing potential
that distinguished it from other origins. Interestingly,

the known HM silencers also possess ARS activity, al-
though only the HMR silencers are chromosomal ori-
gins of replication (RIVIER et al. 1999). However, not
every origin or ORC-binding site confers silencing and
it remains to be determined what features unite the 2
origin and the HM silencers.

The transcriptional repressor Migl was necessary for
2pnARS-mediated silencing: One common theme of si-
lencing at the HM loci as well as at subtelomeric core
X elements is the presence of binding sites for ORC
(ACS), Rapl, and Abfl, and all these elements are re-
quired for repression. The 2uARS also contains an ACS,
and ORC was required for 2uARS-mediated silencing
(see above). We next asked whether 2uARS contained
binding sites for known silencing proteins or whether
other DNA-binding proteins might be present. A se-
quence analysis of the 2 ARS origin of replication using
the TransFac Database (QUANDT el al. 1995) revealed
no binding sites for Rapl or Abfl. However, 2uARS
contained a DNA consensus binding site for the tran-
scriptional repressor Migl that was located 218 bp away
from the ACS. The ACS is located at positions 3702—
3712 of the 2u GenBank sequence. Furthermore,
TransFac identified a potential binding site for Fkhl in
the 2pARS, at a distance of 77 bp from the ACS (Figure
4A). We therefore asked whether these sites were re-
quired for 2uARS-mediated silencing. Mutation of all
three Fkh1-binding sites in the 3x-2ARS construct did
not diminish silencing (data notshown), suggesting that
forkhead proteins were not involved in this form of
silencing. Interestingly, a deletion of the Migl consen-
sus binding sites in 3x-2nARS led to a reduction of
both URA3 and al silencing (Figure 4, B and C). This
demonstrated that this cis-element was important for
full silencing activity and suggested an involvement of
the Migl protein in 2uARS-mediated silencing. We next
determined whether the deletion of the MIGI gene influ-
enced silencing. Significantly, silencing by 3x-2uWARS was
reduced in a migIA strain (Figure 4D), and the contribu-
tion of migIA was comparable to that of the deletion
of the Migl-binding site. Taken together, these results
suggested that 2uARS-mediated silencing depended
upon Migl for full repression.

Since 2uARS has silencing activity that distinguished
it from, for instance, the ARSI origin and since ARSI
has no Migl site in its vicinity, we hypothesized that the
Migl site might be able to convert a nonsilencer origin
into a silencer. To test this possibility, a version of ARS1
was constructed that carried a Migl-binding site 85 bp
away from the ACS. However, this construct displayed
no silencing activity (Figure 4B), suggesting that the
combination of a Migl-binding site with other unknown
features of an origin were necessary for 2uARS-medi-
ated silencing.

Migl functions in glucose repression through the re-
cruitment of Ssn6/Tupl and the histone deactylase
Hdal (OsTLING and RONNE 1998; WU et al. 2001). We
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therefore tested whether 2uARS-mediated silencing de-
pended upon HDAI. However, silencing by 3x-2uARS
was unaffected by hdalA (Figure 4E), suggesting that
the role of Migl in silencing was distinct from its role
in glucose repression.

The observation of an involvement of Migl in Hst3-
mediated 2uARS silencing prompted us to test whether
Hst3 interacted with Migl. However, we were unable to
detect co-immunoprecipitation of the two proteins
(data not shown). Furthermore, we tested whether Hst3
was required for Migl-mediated repression of glucose-
regulated genes. However, the expression of GAL4, a
Migl-repressed gene, was unaffected by the deletion of
HST3 (Figure 4F), suggesting that Hst3 was not required
for glucose repression.

Hst3 was physically present at the 2nARS origin of
replication: The involvement of the histone deacetylase
homolog Hst3 in 2uARS-mediated silencing raised the

FiGure 4.—Silencing by
2ARS depended on Migl. (A)
Positions of the putative Migl-
and Fkhl-binding sites relative
to the ACS in 2pARS. X, muta-
tion of the Fkhl-binding sites;
AMigl,,, deletion of the Migl-
binding site. (B) The Migl-
binding site was required for
21LARS silencing activity. A fu-
sion of the Migl-binding site to
ARSI did not induce silencing.
(C) Effect of the deletion of
the Migl-binding sites in 3x-
2ARS on al repression, as mea-
sured in a mating assay. (D) The
All effect of the deletion of the

MIGI gene on 3x-2nARS silenc-

ing activity. (E) 3x-2uARS silenc-
FOA ing was unaffected by deletion of
HDAI. (F) Repression of GAL4
was independent of Hst3, as
shown by a Northern analysis
with a GAL4specific probe.

GAL4 was induced in a miglA,
butnotin an Ast3A strain. ACT1
was used as a loading control.

wt migl A hst3A

question whether the influence of Hst3 was indirect, for
instance by changing global histone acetylation levels in
the cell, or whether Hst3 might be directly recruited to
2ARS and mightlocally deacetylate histones, much like
Sir2 at the HM locus (Imar et al. 2000). To distinguish
between these possibilities, we asked whether Hst3 was
physically present at 2uARS in the silencer cassette. For
this purpose, ChIPs were performed with epitope-
tagged Hst3, and the precipitates were tested for the
presence of sequences from the silencing reporter plas-
mid. The genomically tagged Hst3-HA was functional
in that it was fully capable of silencing 3x-2uARS (data
not shown). Significantly, a fragment close to 3x-2uARS
was amplified in the precipitates, and the amplifica-
tion depended upon the presence of the antibody as
well as upon tagged Hst3 (fragment P1, Figure 5B). PCR
analysis of serial dilutions showed that the amplifications
were within the linear range (Figure 5C). In contrast
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FIGUrE 5.—Hst3 was associated with 2uARS sequences in
the silencing reporter and on the endogenous 2 plasmid.
(A) Positions of the primers P1, P2, P3, and P4 at 3x-2uARS
in the silencing reporter and at the endogenous 2y plasmid
are indicated. (B) ChIP analysis of Hst3-HA with 2uARS. Prim-
ers against plasmid-borne LEUZ2 are used as a negative control.
Inp, input; dash indicates without antibody; +, with HA anti-
body. (C) PCR analysis with 2.5-fold serial dilutions of ChIPs
indicates that the amplifications were within the linear range.
(D) Hst3 was associated at 3x-2iARS when the Migl-binding
site was deleted.

to 3x-2uARS, a fragment within the silenced region at
the junction of URA3 and al (fragment P3), a fragment
comprising HMRI (fragment P4), and LEU2 on the
silencing reporter plasmid were not enriched, suggesting
that Hst3 did not spread across the silenced region
and that unrelated sequences were not enriched in the
precipitates (Figure 5B). Taken together, these experi-
ments suggested that Hst3 was directly bound at the
silencer. However, 3x-2uARS sequences were still en-
riched when the Migl-binding site was deleted (Figure
5D), suggesting that Hst3 was brought to the silencer
independently of Migl.

Since Hst3 was capable of binding 2uARS on the
silencing reporter plasmid, we also determined whether
it was present at the 2uARS of the endogenous 2. plas-
mid. A specific amplification was found using primers

FLPI

ACTI| wis W
wt hst3A Flpjpd

FiGUure 6.—Repression of FLPI depends on Hst3. FLPI ex-
pression was induced in an %st3A strain compared to wild type
as shown in a Northern blot using a probe against FLPI. Flp;,q4,
galactose-induced overexpression of FLPI from a Gall /10 pro-
moter. An ACTI probe was used as a loading control.

that recognized the endogenous 2uARS only (fragment
P2, Figure 5, A and B), thus suggesting that Hst3 was
also bound at the 2 plasmid origin. We further tested
the possibility that Hst3 was physically present at the
endogenous HMR locus. However, HMRE sequences
were not enriched in the precipitates (Figure 5B).

FLPI mRNA was upregulated upon deletion of HST3:
The observation that 2uARS displayed silencing activity
on our silencing reporter plasmid and that Hst3 was
bound to the 2uARS of the 2 plasmid raised the ques-
tion whether the 2ARS and Hst3 had a role in regulat-
ing 2p-encoded genes. To test this possibility, we ana-
lyzed the expression of the FLPI recombinase mRNA
in wild-type vs. Ahst3A strains. Interestingly, FLPI RNA
was detectable in a Ast3A strain, whereas it was undetect-
able in wild-type strains (Figure 6), thus suggesting that
Hst3 was directly or indirectly required for the regula-
tion of the amount of FLPI mRNA.

Increased amounts of Flpl have previously been
shown to induce 2 recombination and increase 2
copy number (SoM et al. 1988). However, the copy num-
ber of 2 in Ast3A strains was indistinguishable from
that of isogenic wild-type strains (data notshown). Thus,
although Hst3 was involved in FLPI regulation, it did
not influence 2y copy number.

DISCUSSION

The chromosomes of multicellular eukaryotes are
subdivided into active euchromatin and transcription-
ally inactive heterochromatin. Repressed genomic re-
gions that display some of the features of heterochroma-
tin in larger eukaryotes are also found in S. cerevisiae.
For instance, they replicate late in S phase (REYNOLDS
et al. 1989), localize to the nuclear periphery (ANDRULIS
etal. 1998), and are packaged in hypoacetylated histones
(BRAUNSTEIN et al. 1993). So far, three classes of silenc-
ing are recognized in S. cerevisiae: the HM loci, the telo-
meres, and the rDNA locus. However, little is known
about silencing in other parts of the yeast genome, but
indications suggest the existence of other silenced re-
gions in yeast (WYRICK et al. 1999). Although Sir2 has
long been known to be required for silencing, the cellu-



68 A. Grunweller and A. E. Ehrenhofer-Murray

lar function of the Sir2 homologs (Hst proteins) is still
unclear. One hypothesis is that they silence particular
genomic regions, like Sir2 represses some classes of si-
lenced loci in yeast (BRACHMANN et al. 1995).

In this study, we undertook a search for novel silenc-
ing activities. We developed a silencer trap reporter
cassette and screened for genomic sequences that dis-
played silencing activity. With this approach, we have
isolated a novel silencer, the 2\ origin of replication.
Gene silencing by 2ARS displayed the classical features
of'silencing: it was independent of the orientation of the
silencer and gene independent. Furthermore, 2uARS-
mediated silencing depended upon all four Sir proteins
and Orc2, suggesting that a heterochromatin-like struc-
ture similar to that at the M loci and the telomeres
was established. However, in contrast to known silencing
phenomena, 2uARS-mediated silencing depended upon
Hst3 and Migl. Thus, the 2uARS silencing constitutes
a novel class of silencing that shares some features with
HMsilencing, butis differentin some important aspects.

Origins of replication have been implicated in silenc-
ing before. For instance, the HMRsilencers are chromo-
somal origins of replication (Rivier and RINE 1992),
and the HML silencers contain ORC-binding sites, al-
though they do not normally initiate replication (DUBEY
et al. 1991). One model for ORC’s role in silencing is
thatitrecruits Sirl through an interaction between Orcl
and Sirl (Fox el al. 1997). Interestingly, we found
21ARS silencing to be Sirl and Orc2 dependent, sug-
gesting that an ORC-dependent Sirl recruitment also
takes place at this origin.

How does 2uARS promote silencing? The 2uARS dis-
playing silencing activity contains an ORC-binding site,
but no recognizable Rap1l- or Abfl-binding site, arguing
against an involvement of Rapl and Abfl in this class
of silencing. Using the TransFac program, we found a
binding site for Migl in the 2uARS sequence. Migl is
a DNA-binding protein responsible for glucose repres-
sion of several genes such as GALI, GAL4, and SUC2
that contain binding sites for Migl in their promoter
(NEHLIN et al. 1991). Repression of these genes is
thought to be mediated by recruiting Ssn6 and Tupl,
which are general repressors in S. cerevisiae (TREITEL
and CArRLsON 1995). Our finding that Migl was also
necessary for 2uARS-mediated silencing suggested a
novel role for Migl in building silenced chromatin with
similarities to HM silencing. The mechanism by which
Migl and the Orc proteins worked together to provide
silencing is still unclear, but may be comparable to the
role of Rapl and Abfl of the HMR-E silencer. Perhaps
the cooperation of Migl with ORC serves to recruit
Hst3, whereas Rapl/Abfl in combination with ORC as
at HMRE or HMRI recruit the Sir proteins. Interest-
ingly, 3x-2mARS-mediated silencing depended upon
HMRI and the two histone deacetylases Hst3 and Sir2.
One hypothesis for the requirement of both deacety-
lases is that Hst3 is recruited by Migl/ORC at 2u.ARS

and that Sir2, Sir3, and Sir4 are recruited by Abfl /ORC
at HMRI. In principle, this model could be tested by
making silencing of the reporter genes solely dependent
upon 2pARS, for instance by replacing HMRI by 3x-
21ARS. However, recombination events excising the
URA3 reporter in such constructs prevented us from
measuring silencing in this context (A. GRUNWELLER,
unpublished data). Interestingly, silencing mechanisms
in S. cerevisiae exist that depend on the recruitment of
the Hst proteins. An alternative silencing mechanism
has been proposed for the Sum1-1-dependent silencing
at HMR. Binding of Suml-1 to ORC in this case leads
to the deacetylation of histones by Hstl and the repres-
sion of neighboring genes (RuscHE and RiNE 2001).
Interestingly, Hst proteins contain highly conserved zinc
finger and leucine zipper motifs, and they thus may be
able to form complexes with other proteins or bind
directly to DNA (BRACHMANN ¢t al. 1995).

Interestingly, 2pARS-mediated silencing also re-
quired Sirl. Since Sirl interacts with ORGC, it can con-
ceivably be recruited via 2nARS or via HMR1. However,
ORC at 2ARS was distinct from that at the HAM loci in
that it led to the participation of Hst3 in 2uARS-medi-
ated silencing. Hence, the context of a particular ORC-
binding site is crucial for its ability to function as a
silencer and for the class of silencing that it establishes,
and a previously unrecognized context is found at
21ARS. Accordingly, we found that another ORC-bind-
ing site within the ARSI origin was unable to provide
silencing, even when present in three tandem repeats.
Interestingly, ARS1 contains an Abfl-binding site like
HMRI, but is unable to act as a proto-silencer, support-
ing the notion that ORC-binding sites are qualitatively
distinct. In this context, it is interesting to note that the
2 ARS sequence showed the best homology to a region
of the HMR locus spanning the ACS and 192 bp of
centromere-proximal sequences (60% identity). This
was the only ARS-containing DNA region in the SGD
with homology to 2uARS. Maybe the region around the
ACS is important for silencing relevant features of ORC
binding at the ACS. For instance, the affinity of ORC
binding to an ACS could be modulated by neighboring
sequences and may thus influence the silencing capacity
of an origin.

How does replication initiation at 2nARS affect silenc-
ing? The native 2. origin is a strong origin of replication
that initiates early in S phase (ZAKIAN et al. 1979). The
chromosomal context of origins influences their initia-
tion ability and timepoint of replication (FRIEDMAN et
al. 1996). Due to replicator dominance mechanisms,
origins can be inactivated by origins close by, likely be-
cause replication forks originating from the origin that
initiates first inactivate the prereplication complexes
formed at the second origin (PaLacios DEBEER and
Fox 1999). Also, heterochromatinization, for instance
at the telomeres, can lead to late initiation or to the
prevention of initiation (STEVENSON and GOTTSCHLING
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1999). Our 2pARS silencing reporter plasmid carries
three potential origins: (1) ARSH4, which initiates ear-
lier than ARSI in the chromosomal context (A. EHREN-
HOFER-MURRAY, unpublished observation); (2) 2nARS;
and (3) HMRI, a late-replicating origin (RIVIER ef al.
1999). Perhaps 2uARS inactivation by replication forks
from ARSH4 leads to silencing in these cells, so that
in this scenario, initiation at 2uARS is detrimental to
silencing. Alternatively, silencing may occur only in
those clones in which replication initiates at 2uARS,
which may be infrequent because ARSH4 generally initi-
ates earlier than 2uARS. A third possibility is that silenc-
ing on the plasmid occurs only in those rare cases in
which neither 2wARS nor ARSH4 initiates within one
particular cell cycle, so that HMR-I now is the plasmid
replicator origin. In principle, this question could be
resolved by measuring origin initiation on the plasmid
by two-dimensional origin mapping gels (FANGMAN and
BrEwWER 1991). However, this method is unable to distin-
guish between initiation events that lead to silencing
and those that are simple initiation events, so that the
question of which origin initiates in the silenced clones
cannot currently be resolved.

Another aspect of the role of ORC and replication
initiation in silencing concerns replication timing. Si-
lenced genomic regions in yeast as well as other eukary-
otes are generally replicated late in S phase (REyNOLDS
et al. 1989), but it is not clear whether late replication
is a cause or a consequence of silencing. Initiation by
an origin late in S phase is achieved by the chromosomal
context of the origin, and removing it from this context
results in early replication (FRIEDMAN et al. 1996). Our
21ARS silencing plasmid carries two early and one late-
replicating origin, and it thus seems likely that the plas-
mid is replicated early in the majority of clones. How-
ever, it is conceivable that a few clones would escape
this pattern and could become late replicating, for in-
stance, in the event that neither 2nARS nor ARSH4
initiates on the plasmid, so that HMRI now takes over
initiation late in S phase; perhaps it is in these clones
that silencing occurs. Again, replication timing of the
plasmid could easily be measured (FRIEDMAN el al.
1995), but would yield information only on replication
timing of the bulk of plasmids, whereas silencing, and
thus perhaps late replication, may occur only in a frac-
tion of cells.

A singular role for Hst3 in silencing mechanisms has
not been demonstrated so far. Here, we show that Hst3
was necessary for the formation of silenced chromatin
induced by the 2uARS origin of replication, because a
deletion of Hst3 completely abolished 2uARS-mediated
silencing. Moreover, we found a direct association of
Hst3 with 2uARS sequences by ChIP analysis. Thus we
propose that Hst3 is transiently or permanently associ-
ated with the silent chromatin and deacetylates lysines,
either on histones or on histone-associated silencing
proteins. Perhaps a particular combination of DNA-

binding proteins in conjunction with ORC determines
the recruitment of a particular deacetylase to specific
genomic regions, for instance the recruitment of Hst3
by Migl and ORC (see above). However, Hst3 is likely
not recruited at other Migl-binding sites, because the
repression of Migl-regulated genes did not require
Hst3. Remarkably, though, FLPI was derepressed in
hst3A strains, and Hst3 was localized at the endogenous
21ARS in ChIP experiments. However, it is questionable
whether 2uARS plays a role in this repression because
(1) 2nARS lies downstream of the FLPI gene, ~1.5 kb
away from the FLPI promoter; (2) 2wARS was a proto-
silencer in our silencing assay (i.e., it provided repres-
sion only in combination with HMRI); and (3) FLPI
sequences could not be amplified in Hst3 ChIPs (A.
GRUNWELLER, unpublished results), suggesting that
Hst3 was not bound near the FLPI promoter. Thus, we
favor the hypothesis that Hst3 indirectly caused FLPI
derepression, and the role of Hst3 at 2uARS remains
to be determined.

In summary, our data provide evidence for a novel
alternative silencing mechanism that depended on Hst3
and Migl. Identifying further determinants of 2uARS
silencing will be important for understanding the silenc-
ing mechanisms at play and may lead to the discovery
of further silencing elements in the yeast genome, thus
contributing to our understanding of genomic organiza-
tion in yeast and other organisms.
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