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Transcriptionally active and inactive domains are frequently found adjacent to one another in the eukaryotic
nucleus. To better understand the underlying mechanisms by which domains maintain opposing transcription
patterns, we performed a systematic genomewide screen for proteins that may block the spread of silencing in
yeast. This analysis identified numerous proteins with efficient silencing blocking activities, and some of these
have previously been shown to be involved in chromatin dynamics. We isolated subunits of Swi/Snf, mediator,
and TFIID, as well as subunits of the Sas-I, SAGA, NuA3, NuA4, Spt10p, Rad6p, and Dotlp complexes, as
barrier proteins. We demonstrate that histone acetylation and chromatin remodeling occurred at the barrier
and correlated with a block to the spread of silencing. Our data suggest that multiple overlapping mechanisms
were involved in delimiting silenced and active domains in vivo.

The eukaryotic nucleus is organized into active and inactive
domains, and the modulation of genes within these domains is
mediated by different regulatory elements. Enhancers, promot-
ers, and locus control regions activate genes, whereas silencers
repress the transcription of genes. Junctions between the active
and inactive gene domains commonly occur along chromo-
somes (reviewed in reference 54), and specific elements and
activities that maintain opposing transcription states in adja-
cent domains have been previously identified.

The budding yeast Saccharomyces cerevisiae also possesses
active and inactive chromatin domains, and one of the best-
characterized chromatin domains is the silenced HMR locus.
The genes present at HMR are flanked by silencer elements,
and proteins that bind these elements recruit the Sir proteins
that mediate silencing. Following recruitment, the Sir proteins
are thought to spread along the DNA to form a specialized
chromatin state that is inaccessible to various enzymatic
probes. The silent domains extend beyond the silencers and up
to barrier elements that block the spread (3, 13, 15, 21, 40, 57).

While the left boundary of the silenced chromatin domain at
HMR is not well defined, the right boundary has been studied
in great detail. The deletion of this barrier element at the
native HMR locus leads to an increased spread of silenced
chromatin and to concomitant repression of neighboring eu-
chromatic genes (13, 15), while the ectopic insertion of this
barrier between a silencer and a promoter blocks the repres-
sive effects of the silencer. A specific tRNA gene acts as a
barrier at HMR, and mutations in the promoter of this gene or
in the RNA polymerase III transcription factors weaken the
barrier activity mediated by this tRNA gene. In addition, mu-
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tations in the acetyltransferases Sas2p and GenSp advertently
affect barrier activity mediated by the tRNA gene.

The left boundary of the Sir proteins at HML maps to the
upstream activation sequence of YCL069w (3, 37), while the
right boundary maps to the promoter of the CHAI gene (37)—
though silencing is believed to terminate at HML-I (4). How-
ever, the specific proteins that mediate barrier function at
these elements have yet to be identified.

The telomeric ends of S. cerevisiae chromosomes also nucle-
ate a silenced domain that spreads along the subtelomeric
chromatin, resulting in the formation of an inaccessible chro-
matin domain. Barrier elements called STARs (signal trans-
duction and activation of RNA), which are found in the sub-
telomeric sequences, can block this spread. Analysis of these
elements revealed that transcription factors Reblp and Tbflp,
which are bound to specific sites within these elements, are
involved in blocking the spread of telomeric silencing (19, 21,
57). Interestingly, while transcription factors are necessary,
transcription per se is not required for barrier function (6,
19-21).

While work detailing native yeast barriers suggests that tran-
scription factors and chromatin-modifying activities act as bar-
riers, a recent genetic screen for barrier function at HML
revealed that Cselp, Loslp, Mex67p, Sxmlp, and Gsp2p,
which have previously been shown to be involved in nuclear
transport (25), can also insulate a reporter gene.

On the basis of these studies, at least two different models
for boundary functions have been proposed: the chromatin-
modifying model (reviewed in reference 14) and the topolog-
ical domain model (25). According to the chromatin-modifying
model, which is based on studies of native yeast boundaries,
barrier proteins bound to DNA create regions of open chro-
matin that prevent the propagation of silenced chromatin.
Boundary proteins are believed to function by recruiting chro-
matin-modifying enzymes that in turn modify nucleosomes and
alter the underlying chromatin substrate to a state that is un-
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favorable for the binding of the Sir proteins, thereby blocking
the propagation of heterochromatin. The topological domain
model, on the other hand, maintains that boundary elements
tether DNA to a nuclear substructure, which then forms an
impediment to the spreading heterochromatin. It further sug-
gests that anchoring DNA to nuclear substructures generates
independent and distinct domains, and this may be the mech-
anism for barrier function. While these two models are mech-
anistically distinct, the outcome of both is the creation and
maintenance of adjacent chromatin domains with opposing
transcriptional activities.

To gain further insight into the underlying mechanism of
barrier function, we sought to identify proteins that may block
the spread of silencing when inserted between a silencer and a
promoter. We theorized that an unbiased genomewide screen
for barrier function to identify all proteins in yeast with the
ability to block heterochromatin will aid in understanding
mechanisms for barriers. Screening a genomewide library of
yeast fusion proteins allowed us to evaluate the potential of
each protein to block the spread of silencing. The screening
process led to the isolation of numerous proteins with robust
barrier activity. Analysis of some of these proteins suggested
that they most likely functioned by remodeling chromatin or
modifying histones to form localized regions of open chroma-
tin, and this may be one mechanism of barrier function in
yeast.

MATERIALS AND METHODS

Plasmids used in this study. The base plasmid, pGBK-RC, comprises the
following members: pRO586, pGBK-RC plus GBD-Snf6p (open reading frame
[ORF]); pRO587, pGBK-RC plus GBD-Taf47p (ORF); pRO588, pGBK-RC
plus GBD-Adalp (ORF); pRO590, pGBK-RC plus GBD-Sas2p (ORF);
pRO591, pGBK-RC plus GBD-Sas5p (ORF); pRO594, pGBK-RC plus GBD-
Clblp (ORF); pRO596, pGBK-RC plus GBD-Gdslp (ORF); pRO635,
pGBK-RC plus GBD-Nup2p (ORF); pRO637, pGBK-RC plus GBD-Dotlp
(ORF); pRO363 (13); pRO486 (15); pRO4 (13); and pRO651, 4xGAL4bs (up-
stream activation sequence is between HMR-E and I a;).

Silencing blocking screen with Gal4dp DNA binding domain-fused S. cerevisiae
genes. ROY1864 was initially transformed with pRO486 (URA3 plasmid) and
was then individually cotransformed with GAL4 DNA binding domain (GBD)-
fused plasmid DNA. These strains were grown in liquid medium (lacking both
Ura and Trp) in 96-well microtiter plates for 2 days at 30°C. Cells were trans-
ferred to YMD petri plates containing mating tester lawns (JRY19a) with ap-
propriate selection for diploid colonies. The plates were incubated for 2 to 3 days
at 30°C, and the results were catalogued.

Patch mating assays were performed as described previously (13).

Preparation of yeast nuclei and micrococcal nuclease digestion. Yeast cells (4
liters) were grown in YMD medium lacking tryptophan to an absorbance at 600
nm of 1.0 at 30°C. The cells were collected by centrifugation and resuspended in
1 liter of YPD and allowed to grow for 2 h at 30°C. The cells were washed in 100
ml of sorbitol phosphate buffer (1 M sorbitol, 20 mM KPi [pH 7.5]) and resus-
pended in 80 ml of spheroplasting medium (250 mM sorbitol, 1% glucose, 0.2%
yeast nitrogen base, 0.2% Casamino acids, 25 mM HEPES, 50 mM Tris-HCI [pH
7.5], 3 mM dithiothreitol, 2 mM sodium bisulfite). Forty thousand units of
lyticase was added, and the cells were incubated at 30°C for 40 min. Following
spheroplasting, the cells were washed twice in 200 ml of ice-cold buffer (1 M
sorbitol, 50 mM Tris [pH 7.5], 10 mM B-mercaptoethanol, 2 mM sodium bisul-
fite). The spheroplasts were suspended in 60 ml of F buffer (40 mM KPi, 4 mM
EDTA, 1 mM EGTA, 1 mM spermidine, 0.3 mM spermine, 18% Ficoll, 0.2%
Triton X-100, 10 mM B-mercaptoethanol, and protease inhibitors [final pH, 6.5
with phosphoric acid]) and homogenized five times with a Dounce homogenizer
(tight pestle). The nuclei were washed twice in 20 ml of wash buffer (50 mM
Tris-HCI [pH 7.5], 5 mM EDTA [pH 8.0], 0.5 mM EGTA [pH 8.0], 10 mM
B-mercaptoethanol, and protease inhibitors). The pellet was resuspended in
nucleus storage buffer (100 mM Tris-acetate [pH 7.9], 50 mM potassium acetate,
20% glycerol, 2 mM EDTA [pH 8.0], 3 mM dithiothreitol, and protease inhib-

SILENCED DOMAINS RESTRICTED BY MODIFIED CHROMATIN 1957

itors). Micrococcal nuclease digestion was performed as described previously
(22).

Chromatin immunoprecipitation. Chromatin immunoprecipitation assays
were performed as described previously (11). The primer sequences are available
upon request.

RESULTS

Genomewide screen for proteins with barrier function. We
assayed the potential ability of most yeast proteins to block the
spread of silencing at the HMR locus. It has previously been
established that the HMR-E silencer is essential for repression,
with the silenced chromatin initiating at the HMR-E silencer
and spreading along the DNA to encompass the MATal gene
located 1,050 bp from the silencer (41). Though the HMR-I
silencer is important for complete silencing, significant silenc-
ing is still observed across the HMR locus in its absence (1, 45,
61).

A MATo hmrA yeast strain (ROY 1864), carrying a plasmid
(pRO486)-borne copy of the HMR locus with a deletion of the
HMR-I silencer, was used for the screening procedure. Silenc-
ing of the MATal gene on the plasmid was mediated solely by
the HMR-E silencer (13, 15). Four binding sites for the GBD
were inserted ~600 bp downstream of the silencer between
HMR-E and the MATal reporter gene (15). We believe that
this construct mimicked the native state in yeast in which yeast
barriers are located outside the HMR and HML silencers and
function by blocking the unidirectional spread of silencing
propagating from the silencer (37).

This MAT« strain was then individually transformed with a
second TRPI-based plasmid. The plasmid contained an ADH!
promoter driving expression of a protein chimera composed of
a GBD fused in frame to each yeast ORF (26). A total of 5,551
transformants covering almost the entire yeast genome were
obtained. These transformants were grown in liquid culture in
microtiter plates, and expression of the MATal gene at HMR
was monitored by transferring approximately 2 to 3 pl of the
cells to plates containing MATa tester lawns. In the absence of
a barrier, the silenced domain emanating from HMR-E encom-
passed MATal, allowing the MATa strain to mate with the
tester lawn and to form diploid colonies on selective plates. A
functional barrier blocked the spread of silencing, resulting in
the derepression of the reporter MATal gene and the concom-
itant loss of mating ability.

Figure 1 shows a representative result of 95 transformants
and their mating abilities. Each transformant was mated in
triplicate and analyzed. The results were scored in five catego-
ries based on the number of diploid colonies formed. Strains
that gave rise to no colonies were classified as bearing protein
chimeras with very strong barrier activity, while strains giving
rise to one to nine colonies were classified as containing strong
barrier proteins. Strains giving rise to 10 to 20 colonies were
classified as possessing proteins with moderate barrier activity,
and strains with more than 20 colonies had weak barrier pro-
teins. Finally, those that appeared as wild-type strains were
considered to have no barrier function. The initial classifica-
tion resulted in 27 very strong, 102 strong, 182 moderate, and
744 weak barrier proteins, while 4,496 proteins exhibited no
barrier function.

GBD protein-mediated barrier function requires Gal4p
binding sites. During our secondary analysis, we focused on
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FIG. 1. Systematic screening with GBD-fused library. ROY1864
(MATa hmrA::bgl-bcl) containing pRO486 (HMR-EAI plus GAL4 bs)
was individually transformed with a GBD-fused ORF library and
grown in selective liquid culture in microtiter plates. Cells were trans-
ferred to YMD plates with mating lawns to assay for expression of the
MATal gene at HMR. The growth of diploid colonies is shown. We
classified each clone into five categories. —, 0 diploid colonies (very
strong barrier); *, 1 to 9 colonies (strong barrier); +, 10 to 20 (mod-
erate barrier); ++, >21 diploid colonies (weak barrier); +++, no
barrier.

the strong and very strong barrier proteins. Mating assays were
repeated by using the patch mating method with four indepen-
dently isolated transformants, and clones that gave a uniform
result were analyzed further.

Plasmids isolated from these yeast strains were retrans-
formed into a different MATa yeast strain (ROY 2042), the
HMR reporter cassette of which was integrated in the genome.
The transformants were reassayed by patch mating for their
ability to block the spread of silencing.

The isolated plasmids were also tested for their ability to
disrupt silencing in a yeast strain containing an HMR cassette
that had no Gal4p binding sites located between the silencer
and the MATal reporter gene (ROY 2041). The use of this
strain allowed us to distinguish between proteins that specifi-
cally blocked the spread of silencing at HMR and those that
disrupted silencing (antisilencing) when overexpressed (27, 28,
34, 44, 62).

All positive plasmid clones that blocked the spread of silenc-
ing in a Gal4p binding site-dependent manner were then se-
quenced to determine whether the yeast ORF was fused in
frame with the GBD and whether the entire ORF had been
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TABLE 1. Clones isolated in this study

Analysis subject Gene

Histone modifications..................... SPTI10, EPLI, YNGI1, SAS2, SASS,
ADAS, ADA2, ADA3, HFII,
SGF73, SGF29, DOTI1, LGE1

TFIID ..ot TBP1, TAF47, TAF17, TAF90,
TAF60, TAF61, TAF30

SWI/SNF ... SNF6, SNF5

Mediator....ceeveeeereereeeeeerereeee e GALI1, MED2, ROX3, MEDG,
MEDS

Transcription factors............c........ ACE1, HSF1, LEU3, RGTI1, FIOS,
ACAI, SWI5, HMRAI, SPT21,
TFA2

Cell CYCLe e SIW4, CLBI, MND2

OthET v LYS5, ICY1, YAPI802, SEC35,
SWA2, GDS1, SFP1, GIC1,
MRS6

UNKNOWN ..ot YBLO081W, YBR271W, YCRO076C,
YCRO82W, YDRO0O31W,
YDR223W

cloned (see Fig. S1 in the supplemental material). Following
these analyses, 55 clones were isolated, and a majority of these
encoded proteins are involved in chromatin dynamics (Table
1).

GBD barrier protein chimeras block silencing without elim-
inating it. Figure 2 (top) shows the blocking activity of repre-
sentative clones isolated in our screen. In the absence of any
Gal4p binding sites between the HMR-E silencer and MATal,
(column a), the reporter gene is silenced and the strains mate
as efficiently as a strain with only the GBD. In the presence of
a barrier element (Galdp binding sites) between HMR-E and
the reporter (column b), the GBD chimeras could block the
spread of silencing to allow expression of MATal, resulting in
nonmaters (Fig. 2 [top] column b; compare row 1 with rows 2
through 10). Analysis by quantitative mating (Fig. 2 [bottom])
demonstrated that the various barrier proteins efficiently
blocked silencing, but to different extents—though none
caused the same degree of derepression as that caused by a Sir
deletion.

Our results thus far suggested that the proteins identified in
our screening process functioned by blocking the spread of
silencing that began from the HMR-E silencer. Two scenarios
as to how these proteins blocked silencing can be envisioned.
In the first scenario, the recruited barrier proteins displaced
the Sir proteins from the entire locus to completely abolish
silencing. In the second scenario, the GBD chimeras behaved
as barriers to block the unidirectional propagation of the Sir
proteins from the silencer. We sought to distinguish between
the two scenarios by assaying the ability of the barrier GBD
chimeras to disrupt silencing from a barrier element flanked by
both the HMR-E and HMR-I silencers. We reasoned that if the
GBD chimeras displaced the Sir proteins entirely, then recruit-
ing these proteins to Galdp binding sites placed between the E
and I silencers would eliminate the silenced state and lead to
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FIG. 2. (Top) Relative barrier activity of the GBD chimeras. We
used patch mating assays to analyze the ability of clones to block
silencing but not disrupt silencing. ROY 1864 was transformed with any
of four different URA3-containing reporter plasmids: pRO363 (HMR-
EAI), pRO486 (HMR-EAI plus GAL4 bs), pRO4 (HMR-E+I), and
pRO651 (HMR-E+1 plus GAL4 bs). Each of these strains was cotrans-
formed with a second TRPI-containing plasmid containing various
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expression of the MATal reporter gene. None of the 55 posi-
tive clones tested was able to disrupt silencing from this locus
(Fig. 2 [top and bottom]). This result suggested that the two
silencer elements silence the domain and prevent the GBD
chimeras from blocking the propagation of the Sir proteins
emanating from HMR-E. The observation was not altogether
surprising because there are several previous reports showing
that the HMR-I element functioned as a silencer in conjunction
with HMR-E and is required to stabilize the silenced state (1,
13, 45, 61). It is possible that the two silencers cooperate in
spite of the presence of the barrier, thus rendering it inactive.

Nuclear pore proteins are unable to block the spread of
silencing at HMR. An analogous screen recently showed that
nuclear transport proteins tethered to barrier elements could
insulate a reporter gene present at HML (25). However, we
failed to identify any of these proteins in our systematic
genomewide screen for tethered barrier protein chimeras at
HMR. We retested some of the clones for their blocking ac-
tivity at HMR by patch and quantitative mating, and the data
for one of these, GBD-Nup2p, are shown in Fig. 2 (top), row
10. None of the nuclear pore clones that we retested was able
to block the spread of silenced chromatin at HMR.

SAS clones require native SAS-I complex for barrier func-
tion. A significant number of the barrier proteins identified in
our screening process have previously been shown to be com-
ponents of multiprotein complexes. We isolated two subunits
of each of the Swi/Snf and SAS-I complexes and eight subunits
of the SAGA complex. We were therefore interested in deter-
mining whether any of the other subunits of the complex were
required for barrier activity mediated by these GBD chimeras
or whether they functioned independently of the other sub-
units of the complex.

We addressed this question with respect to the SAS-I com-
plex composed of the five proteins Sas2p, Sas4p, Sas5p, Caclp,
and Asflp. We systematically deleted each of the subunits of
the SAS-I complex and were curious as to whether the various
barrier GBD chimeras could still block the spread of silencing
(Fig. 3). GBD-Sas5p and GBD-Sas2p were unable to block
silencing in strains lacking SAS2 and SASS, respectively (col-
umns ¢ and e). Similarly, neither GBD chimera could function
as a barrier in the absence of SAS4 (column d). However, the
loss of CAC1 or ASFI had no effect on the barrier activity of
either GBD-Sas2p or GBD-Sas5p (columns f and g).

The barrier activities of all the other GBD chimeras were
unaffected by the loss of SAS-I subunits. Furthermore, since

GBD fusion chimeras as indicated. Cells were grown on selective
medium (YMD lacking both Trp and Ura) and were analyzed by patch
mating against tester lawns (JRY19a) for silencing of the MATal gene.
Growth of diploid cells indicates silencing of the reporter gene, while
absence of any growth indicates activation of the reporter gene due to
blocking of silencing. The chimera plasmids used are GBD alone
(pGBK-RC), GBD-Snf6p (pRO586), GBD-Taf47p (pRO587), GBD-
Adalp (pROS588), GBD-Ada2p (pR0O592), GBD-Sas2p (pRO590),
GBD-Sas5p (pRO591), GBD-Clblp (pRO594), GBD-Dotlp (pRO637),
and GBD-Nup2p (pRO635). (Bottom) Quantitative mating analyses of
various GBD chimeras in strain ROY1864 containing either pRO486 (E
only) or pRO651 (E & I)) were performed as described previously (12, 39).
The data are presented as diploid CFU and are mean values from three
independent experiments carried out in parallel.



1960 OKI ET AL.

wt  sas2A  sas4A

wt
TZT © B C ) N CO R O

GBD-Adalp
GBD-AdaZp
GBD-Sas2p
GBD-Sassp
GBD-Clblp

sas5A caclA asflA

MoL. CELL. BIOL.

sas3A hatIA

#H H H H

[

FIG. 3. Boundary activity in disruption strains. We used patch mating assays to analyze the ablhty of GBD barrier chimeras to block silencing
in strains from which specific genes were deleted. Each strain was transformed with the different plasmids as described in the legend of Fig. 2 and
assayed on the same plate. (—) and (+), constructs without and with Aal4p binding sites, respectively; wt, wild type.

the SAS-I complex possesses histone acetyltransferase activity,
we also determined whether loss of any histone acetyltrans-
ferase also affected barrier function mediated by these GBD
chimeras. Our data revealed that the barrier activity of the
clones was not significantly affected in strains lacking Hatlp or
Sas3p (Fig. 3, columns h and i).

We did observe that deletions in some of the SAS-I complex
reproducibly weakened the barrier activity of GBD-Dotlp.
Further experiments will be required in order to determine
whether this result was direct or indirect and what its signifi-
cance might be.

Barrier activity at telomeres. Silencing mediated by the Sir
proteins Sir2p, Sir3p, and Sirdp has been shown to occur at
HMR, HML, and telomeres. Since our original screen was
performed with HMR, we were interested in determining
whether the isolated GBD chimeras would also block the
spread of silencing at other loci.

We first tested the ability of the barrier GBD chimeras to
block the spread of silencing emanating from telomeres (see
Fig. 4 [top]). We used two strains (YDS 631 and YDS 634), the
URA3 reporter gene of which was inserted close to the telo-
mere of chromosome VII L (9). Gal4p DNA binding sites were
present between the telomere and the URA3 gene in one of the
strains. The URA3 gene was stably repressed in approximately
60% of the cells in the population, and these cells could grow
in medium containing 5-fluoroorotic acid (5-FOA) but not in
medium lacking uracil. In the population’s remaining cells, the
gene was active; these cells could grow in medium lacking
uracil but not in medium containing 5-FOA. The two strains
were transformed with plasmids expressing the GBD chimeras,
and expression of the URA3 reporter gene was monitored for
growth on medium lacking uracil or containing 5-FOA. Most
of the GBD chimeras blocked the spread of silencing in a
Gal4p binding site-dependent manner to allow URA3 expres-

sion in the vast majority of cells (Fig. 4 [top]; compare columns
3 and 6).

Similar to the results observed at HMR (Fig. 2 [top], column
b), GBD-Nup2p was unable to block the spread of silencing at
the telomeres. Furthermore, GBD-Clblp, which was able to
block the unidirectional spread of silencing at HMR, was un-
able to block telomeric silencing (Fig. 4 [top]).

Insulation of genes from flanking silencers at HML and
HMR. Since we observed some differences in the ability of the
GBD chimeras to block the spread of silencing at HMR and
telomeres, we also investigated the ability of these proteins to
function as barriers at HML by using a strain (KI'Y54) that had
previously been used to study insulator function at this locus
(25). This strain has a modified HML locus, with the ADE2
gene replacing the divergently transcribed MATal and MAT o2
genes, including the protosilencers. Galdp binding sites flank
the ADE?2 gene. Transcription of ADE2 occurs if the gene is
insulated from silencing emanating from the HML-E and
HML-I silencers.

Expression was assayed in the presence of various GBD
chimeras in order to analyze their ability to insulate this gene
at this locus (Fig. 4 [bottom], columns 1 to 3). All the chimeras
isolated in our HMR barrier screen effectively blocked silenc-
ing to allow expression of ADE2. Interestingly, while GBD-
Nup2p and GBD-Clblp were able to insulate the ADE2 gene
at this locus, the insulation of the gene by these proteins was
not very robust.

The assay for insulator function at HML measured the abil-
ity of GBD chimeras located on either side of a reporter gene
to insulate from silencing a gene that was propagating from
two flanking silencers (as shown in Fig. 4 [bottom]). This ar-
rangement was different from that used for the assays that we
used to analyze the ability of proteins to block the unidirec-
tional spread of silencing from a single silencer at HMR and
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FIG. 4. (Top) Barrier activity at telomere VIIL. Strains YDS631 (adh4::URA3-telVII-L) and YDS634 (adh4::URA3-4xGAL4 bs-telVII-L) (9)
were transformed with GBD fusion chimera plasmids as described in the legend of Fig. 2. Cells were grown on selective liquid media (YMD lacking
Trp) and spotted as 10-fold serial dilutions on YMD plates lacking uracil and tryptophan or containing 5-FOA as described previously (28).
(Bottom) Strain KIY54 (25) and ROY 2770 were transformed with the GBD fusion chimera plasmids described in the legend of Fig. 2A. The
strains were grown in liquid YMD-HC medium with selection (—trp) overnight, and the cells were spotted as 10-fold serial dilutions on YMD-HC
plates lacking adenine and tryptophan or containing 5 g of adenine per ml but lacking tryptophan as described previously (28). The plates were

photographed after 2 days.

the telomeres (Fig. 2 [top] and Fig. 4[top]). Thus, we could not
directly compare the results observed at HML with our data
from HMR and telomeres.

To directly determine whether the differences we observed
were genuine or were due to the differences in the assays used,
we generated a strain where the ADE2 locus with the flanking
Gal4p binding sites was inserted into the HMR locus such that
it was flanked by the HMR-E and HMR-I silencers. The flank-
ing Galdp binding sites were in exactly the same context with
respect to ADE2 as those that were used to study insulator
function at HML, since the construct was PCR amplified from
the HML reporter strain (KI'Y54 [25]) and integrated at HMR.

The HMR::Gbs-ADE2-Gbs strain (ROY2770) was transformed
with plasmids expressing the various GBD chimera proteins,
and expression of the ADE2 gene was monitored (Fig. 4 [bot-
tom], columns 4 to 6). Once again, we observed that some of
the chimeras insulated the reporter gene from silencing better
than did others, such as GBD-Clblp, GBD-Nup2p, and GBD-
Taf47p, which were not able to block silencing efficiently (as
determined by assays for growth in medium lacking adenine).

Our results with HMR confirm previous reports, which dem-
onstrated that HMR-I functions as a silencer in conjunction
with HMR-E (1, 13, 45, 61). The results depicted in Fig. 2 (top)
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FIG. 5. Analysis of chromatin structure around the barrier. Strain ROY2042 containing HMRAI with four Gal4p binding sites located between
HMR-E and the MATal gene was transformed with pGBK-RC (GBD alone), pRO586 (GBD-Snf6p), or pRO590 (GBD-Sas2p). Nuclei were
prepared from these strains and digested for various lengths of time with micrococcal nuclease. The deproteinized DNA was then digested with
Bgl1l, and the DNA was resolved on an agarose gel, blotted onto membranes, and probed with specific probes. This figure shows five time points
of digestion by micrococcal nuclease for each strain. The region between HMR-E and the start of the MATal gene is shown on the right with a

densitometric scan of the digestion profile.

and 4 (bottom) show that in the presence of HMR-I, insulation
of genes required barriers on both sides of the gene.

Analysis of chromatin structure around a barrier. Identifi-
cation of subunits of the Swi/Snf complex as barrier proteins
led to the intriguing possibility that this complex may be me-
diating barrier function by remodeling the chromatin around
the barrier element. We were therefore interested in deter-
mining whether this complex remodeled chromatin, and if so,
whether the remodeling was localized to the barrier element or
affected the entire chromatin domain.

To study the changes in chromatin structure at the barrier,
we performed a micrococcal nuclease analysis followed by in-
direct end labeling (70) that was performed by using nuclei
isolated from three yeast strains for which barrier function was
mediated by either the GBD alone, GBD-Snf6p, or GBD-
Sas2p. The nuclei were digested for various times with micro-
coccal nuclease, and the purified DNA was subsequently di-
gested with BglII, resolved on agarose gels, and analyzed by
DNA blotting with probes specific to either HMR (Fig. 5) or
the ACTI gene (data not shown). Using markers, we were able
to locate the start site of the MATal reporter gene, the four
Gal4p binding site barriers, and the HMR-E silencer. Analysis
of the indirect end-labeling profile indicated that the four
Gal4p binding sites were inaccessible to the enzyme in all three
strains, suggesting either that the sites were bound by GBD
chimeras in all three strains or, alternatively, were packaged in
a positioned nucleosome. The HMR-E silencer and the start of
the MATal gene were in a region that was highly accessible to
the nuclease, consistent with previously published data (50,
58). Interestingly, when GBD-Snf6p was present at the barrier
element, there was increased digestion by micrococcal nucle-
ase immediately around the barrier, extending a few hundred

base pairs to either side of the barrier. While this increased
cutting by the enzyme was not very dramatic, it was reproduc-
ible and manifested itself only in regions flanking the barrier.
This increased digestion was not observed in strains in which
only GBD or the GBD-Sas2p fusion proteins were present.
These experiments were performed multiple times with multi-
ple independently isolated nucleus preparations, and essen-
tially the same result was obtained in each case. When the
analysis was performed on the same digested samples but with
the ACTI probe (data not shown), no difference was observed
around the promoter of this gene in all three strains, suggesting
that these differences were specific to the HMR locus and
specific to GBD-Snf6p.

Mapping histone acetylation at the barrier. The identifica-
tion of subunits of several acetyltransferase complexes (we
identified subunits of TFIID, SAS-I, SAGA, NuA3, NuA4, and
Spt10p) begged the question of whether acetylation of histones
accompanied barrier activity mediated by these proteins. We
therefore performed chromatin immunoprecipitation analysis
on three strains for which barrier function was mediated by
GBD alone, GBD-Snf6p, or GBD-Sas2p. We obtained loga-
rithmically growing cells from each of these cells and cross-
linked the proteins to the DNA by using formaldehyde; after
shearing, the cross-linked protein-DNA complexes were im-
munoprecipitated with various antibodies (Fig. 6 [top]). We
used antibodies that recognized Sir3p, acetylated histone H4,
acetylated H4 K16, and acetylated H3 K14. We chose to ana-
lyze these two specific modifications since Sas2p has been
shown to modify these residues in vitro (31, 64, 67). Following
the immunoprecipitation, we analyzed the coimmunoprecipi-
tated DNA by PCR with probes specific to various regions of
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FIG. 6. (Top) Histone H4 acetylation analysis around the Gal4p binding site barrier. Chromatin immunoprecipitation analysis was performed
with antibodies against Sir3p, acetyl-histone H4, acetyl-H4K16, or acetyl-H3 K14. Strains ROY2042 (§452) and ROY?2243 (sas2A) containing
HMRALI with four Gal4p binding sites located between HMR-E and the MATal gene were transformed with pGBK-RC (GBD only), pRO586
(GBD-Snf6p), or pRO590 (GBD-Sas2p). All six strains were grown in liquid culture prior to cross-linking and immunoprecipitations. PCR probe
A analyzed a region between HMR-E and the barrier, probe B was located between the barrier and the MATal gene, and probe C was located
in the coding region of the MATal gene. Probe D analyzed a region 7.5 kb from telomere 6R, and probe E analyzed a region 500 bp from telomere
6R. (Bottom) Strain JRY4013 was grown in liquid culture prior to cross-linking. Immunoprecipitations were performed with antibodies against
Sir3p, acetyl-H4K16, and acetyl-H3K14. The probes used were as described previously (73).

the yeast genome, including sites flanking the HMR barrier.
The results of this analysis are presented in Fig. 6 (top).

We mapped the modifications of the histones at the native
yeast telomeres as a control. As previously reported (31, 32,
64), acetylated histones were present 7.5 kb (Fig. 6 [top], probe
D) from telomere 6R but were not present 500 bp from this
telomere (Fig. 6 [top], probe E), while Sir3p had a reciprocal
distribution, being present adjacent to the telomere but not
distant from it.

When the same immunoprecipitated samples were analyzed
for acetylation around HMR, we observed significant differ-
ences in the different strains. In strains in which the GBD was
bound to the barrier, we observed almost no acetylation on
either side of the barrier (rows 1 to 3, probes A and B). In
strains in which barrier function was mediated by GBD-Snf6p,
we observed significant levels of acetylation in the transcribed
region of the reporter gene (rows 1 to 3, probe C) but very little
acetylation with probes immediately flanking the barrier sites
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(probes A and B). When GBD-Sas2p was present at the bar-
rier, we observed significant levels of acetylation in the coding
region of the reporter gene (probe C) and in the region be-
tween the barrier and the reporter gene (probe B); we also
observed reduced amounts of acetylation between the silencer
and the barrier (probe A).

We also mapped the distribution of Sir3p by using antibod-
ies specific to this protein. At HMR, Sir3p was present in the
region between the silencer and the barrier (row 4, probe A) in
all three strains. However, Sir3p was absent beyond the barrier
when GBD-Sas2p and GBD-Snf6p were present at the barrier
(row 4, probes B and C) but was present beyond the barrier in
strains where only GBD was bound to the barrier. The results
with Sir3p directly demonstrated that the protein chimeras
(GBD-Sas2p and GBD-Snf6p) functioned by blocking the uni-
directional spreading of Sir proteins and not by disrupting
silencing over the entire HMR locus.

Our functional analysis had indicated that GBD-Snf6p could
block silencing even in the absence of Sas2p (Fig. 3). We
therefore investigated the distribution of acetylated histones as
well as Sir3p in a strain lacking Sas2p. At native telomeres, we
observed that while histone H4 was still acetylated, acetylation
of H4 K16 was abolished and acetylation of H3 K14 was re-
duced in the region 7.5 kb from the telomere. The presence of
acetylated H4 and histone H3 K14 (albeit at a reduced level) in
a sas2A strain was presumably due to Esalp and Gen5p, re-
spectively. At the HMR locus, we similarly observed a loss of
acetylated H4 K16 and a reduction of acetylated H3 K14 in
strains in which GBD-Snf6p was bound to the barrier (probe
C). As expected, strains expressing GBD-Sas2p did not show
this change in acetylation because this chimera complemented
the sas2 deletion. While Sas2p has previously been shown to
acetylate H4 K16 in vitro and in vivo, Sas2p has been shown to
acetylate H3 K14 only in vitro. Our results demonstrated that
Sas2p was also required (either directly or indirectly) to modify
H3 K14 in vivo.

Mapping the distribution of Sir3p in a sas2A strain indicated
that GBD-Snf6p was indeed still able to block the spread of
this protein beyond the barrier, indicating that it functioned via
a mechanism distinct from GBD-Sas2p.

Mapping histone modifications at HMR. The studies de-
scribed above were all performed at the synthetic locus, i.e.,
where a barrier element comprising four Gal4p binding sites
was inserted between the HMR-E silencer and the reporter
gene. Consistent with previously published data, our chromatin
immunoprecipitation data indicated that the distribution of
Sir3p and acetylated histones was mutually exclusive. We de-
cided to analyze the distribution of these proteins at the native
HMR locus, where a tRNA gene has previously been shown to
function as a barrier (13) in wild-type W-303 strains (Fig. 6
[bottom]). This analysis demonstrated that Sir3p was localized
to the previously mapped silenced domain (probes C, D, E,
and F) and extended up to the native barriers (probes C and
G) but not beyond (probes A, B, H, and I). Histone H3 acety-
lated at K14 and histone H4 acetylated at K16 were present in
regions flanking the silenced domain that was not occupied by
Sir3p. These mapping analyses of the native HMR locus mir-
rored the results obtained at the synthetic locus with GBD-
Sas2p.
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DISCUSSION

Silencers and telomeres mediate silencing by recruiting the
Sir2p-, Sir3p-, and Sirdp-containing complexes. The silencing
that emanates from silencers at HML and HMR is not re-
stricted to the region between the silencers but spreads beyond
the silencers (3, 13, 37, 40, 47, 73). The extent of the silenced
chromatin domains has been mapped, and elements that block
the unidirectional spread of silencing have been identified.

While work involving native yeast barriers suggests that pro-
moters of certain genes act as barriers, a recent genetic screen
for barrier function has identified proteins involved in nuclear
transport (Cselp, Loslp, Mex67p, Sxm1p, and Gsp2p) as hav-
ing the ability to insulate a reporter gene from silencing (25).

Analysis of proteins with barrier function. To better under-
stand the underlying mechanisms by which domains main-
tained distinct transcription patterns, we performed a system-
atic genomewide screen for proteins that might block the
spread of silencing. This analysis involved recruiting GBD chi-
meras to a synthetic barrier element (four Gal4p binding sites)
located between a silencer and a reporter gene and assaying
the ability of various chimeric proteins to block the unidirec-
tional spread of silencing. We believe that this construct mim-
ics the native state in yeast wherein yeast barriers are located
outside of the HMR and HML silencers and function by block-
ing the unidirectional spread of silencing propagating from the
silencer (37). This systematic screen of more than 5,500 yeast
ORFs identified numerous proteins with efficient silencing
blocking activities, a significant majority of which had previ-
ously been shown to be involved in chromatin dynamics. Some
of the proteins isolated in this screen (members of SAGA and
SAS-I) had previously been shown to be required for the func-
tion of native heterochromatic barriers (15). These results sug-
gest that the proteins identified by this screen-mediated barrier
function by using mechanisms similar to those observed in vivo,
thus validating our screening method.

While we did identify subunits of large protein complexes
that might function by merely generating a large impediment
to the spread of the Sir proteins, we believe that this is unlikely
since only some large complexes could block silencing, while
others were unable to efficiently do so.

Since our screen did not identify all of the known chromatin-
modifying enzymes, the question of specificity is raised. While
we isolated subunits of only some complexes, this question’s
significance or lack thereof is unclear. The inability of a protein
to block silencing may be due to trivial reasons such as loss of
activity during the formation of the GBD chimera, inability of
the fusion to form a functional complex, or the instability of the
fusion protein itself. Additional complementation experiments
with various chimeric proteins will be necessary in order to
resolve this issue.

Some of the barrier proteins identified by us are present in
multiple complexes. For example, we isolated GBD-Taf90p,
and Taf90p has been shown to be present in both the SAGA
and TFIID complexes (23). At present, we are unable to un-
ambiguously state whether these proteins recruit either or both
complexes to the barrier and whether both are necessary for
barrier function.

While our studies demonstrate the potential of proteins to
block the spread of silencing, it is not clear whether all of these
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proteins actually function at any or all native barriers. Some of
the proteins we have identified have indeed been shown to
restrict the spread of silencing at native loci. Genetic data
demonstrate that Sas2p and GenSp influence barrier function
at the native HMR locus (15), and molecular mapping data
indicate that these enzymes and other histone-modifying en-
zymes (Dotlp) play a role in restricting the spread of the
silenced domains in vivo (31, 32, 51, 64, 68).

The entire Sas-I enzymatic complex was necessary for bar-
rier function. A large number of the barrier protein chimeras
that we isolated in our screen exist in multiprotein complexes
in vivo. We were therefore interested in determining whether
the GBD chimeras required the entire protein complex for
their barrier function or whether they acted on their own. We
addressed this question by performing a mutational analysis on
one complex—the SAS-I complex. Sas2p is a histone acetyl-
transferase (17, 59) that interacts with Sas4p and Sas5p (46, 55,
71, 72). Two additional proteins that coimmunoprecipitate
with the Sas proteins are the regulatory proteins Asflp and
Caclp. We found that the barrier activity of GBD-Sas2p and
GBD-Sas5p was dependent on the integrity of the SAS-I com-
plex since loss of SAS2, SAS4, or SASS5 from cells severely
compromised the barrier function of these chimeras. However,
neither Asflp nor Caclp was required for the barrier activity of
GBD-Sas2p or GBD-Sas5p. Interestingly, Sas2p requires
Sas4p and Sas5p for its acetyltransferase activity in vitro,
whereas Asflp and Caclp regulate the activity of the complex
(67). These data suggest that at least for the SAS-I complex,
the entire enzymatic complex was being recruited to the barrier
element via interactions with GBD-Sas2p or GBD-Sas5p.

We also demonstrated that subunits of the SAS-I complex
were not required for the barrier activity of other chimeras
such as GBD-Snf6p that was presumably functioning as part of
the Swi/Snf complex. This observation was further supported
by our data regarding histone modification mapping, wherein
we found that in strains lacking Sas2p, GBD-Snfép still
blocked the spread of Sir3p. Taken together, our results raise
the possibility that there are overlapping but distinct mecha-
nisms that restrict the spread of silencing.

Nuclear transport proteins as barriers. We isolated no pro-
teins involved in nuclear transport as strong blockers of silenc-
ing at HMR. Upon close examination of their barrier activity,
we found that these proteins were unable to block the unidi-
rectional spread of silencing emanating from HMR-E or the
telomeres and that the proteins weakly insulated genes from
silenced chromatin at HML and HMR.

The differences in the abilities of these proteins to block
silencing at HML and HMR are interesting because the re-
pressed state at these loci utilizes the same factors (10), al-
though the chromatin topology at HMR and HML has been
shown to be distinct (5, 8). These differences may also be
manifested in the various abilities of GBD-Clblp and GBD-
Nup?2 to act as barriers at HMR and HML, respectively, versus
telomeres and are consistent with previous genetic experi-
ments, the results of which suggested differences in these loci
(16, 17, 30, 48, 59).

It has been proposed that the barrier function of the nuclear
transport proteins may result from their ability to form loops
and tether chromatin to nuclear substructures, resulting in the
formation of topologically distinct active and inactive domains
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(25). While loop formation by insulators has also been ob-
served in other eukaryotes (7) and may be important in terms
of barrier function in yeast, we are unable to support or refute
this hypothesis with our present data. It should, however, be
noted that nuclear pore proteins can regulate a reporter gene
in a one-hybrid assay (29). A clear understanding of barrier
function by these proteins at HML awaits further experiments
coupled with mutational studies defining the role of these
proteins at native yeast barrier elements.

Chromatin structure changes at barriers. Our studies in-
volving changes in chromatin structure of the HMR domain
suggest that GBD-Snf6p remodeled nucleosomes immediately
around the barrier. The changes in digestion patterns induced
by GBD-Snf6p, while subtle, were not observed when only
GBD or GBD-Sas2p was present at the barrier. The observed
difference in chromatin structure between GBD-Snf6p and
GBD-Sas2p suggests that one mechanism by which the spread
of silencing may be disrupted is by altering the conformation of
nucleosomes around the barrier or altering the even spacing of
nucleosomes (58, 65, 69). Changes in nucleosomal configura-
tions may weaken the binding of the Sir proteins to nucleo-
somes, thus blocking the spread of silencing. Barrier studies
with Raplp (6) have also suggested a similar model. Obviously,
alternative possibilities such as recruitment of specific histone-
modifying activities by the Swi/Snf complex to aid in barrier
function also exist, and these possibilities may or may not be
mutually exclusive.

The chromatin immunoprecipitation experiments with anti-
bodies against acetylated histones are revealing. Acetylation in
the coding region of the reporter gene occurred in all instances
in which a barrier was functional (GBD-Sas2p, GBD-Snf6p,
GBD-CIblp, and GBD-Dotlp [data not shown]), but in re-
gions immediately flanking the barrier, acetylation of H4 K16
and H3 K14 was observed only when GBD-Sas2p acetyltrans-
ferase was recruited. We did not observe significant acetylation
of these residues when GBD-Snf6ép was functioning at the
barrier to block the spread of Sir proteins. These results, cou-
pled with those of the quantitative mating analysis (Fig. 2
[bottom]) and the deletion analysis of various SAS-I subunits
(Fig. 3), suggest that the SAS-I complex is able to block silenc-
ing by acetylating the residues of histones H3 K14 and H4 K16.

We do not, however, believe that acetylation of these lysines
is necessary for all barriers to function. This conclusion is
based on the observations that histone H4 K16 is not signifi-
cantly acetylated when GBD-Snf6p is present at the barrier,
and while Sas2p was required for the acetylation of histone H4
on K16, loss of Sas2p did not affect GBD-Snf6p-mediated
barrier function. At the least, these observations suggest that
these two protein complexes (GBD-Snf6p and GBD-Sas2p)
function by two distinct molecular mechanisms, one of which
(GBD-Sas2p) utilized acetylation of these residues to block the
spread of silencing.

Competition delimits chromatin domains. The interface be-
tween active and silenced chromatin can be visualized as a
junction of opposing activities (reviewed in reference 14), with
competition between activities that aid in the spread of silenc-
ing and activities that prevent the spread of silenced chroma-
tin.

Specific DNA elements help block the spread of silencing by
recruiting and stably binding transcription complexes. These
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transcription complexes block the spread of silencing (6, 15, 19,
20) either by creating gaps in the regular nucleosomal arrays or
by recruiting histone-modifying activities that disrupt silencing.

At the native HMR barrier, the presence of a stably bound
RNA polymerase complex is necessary to block the spread of
silencing (13, 15). Robust barrier activity also requires histone-
modifying activities (15), and the demonstration that active
domains are enriched in Sas2p (31, 64)- and Dotlp (51)-cata-
lyzed modifications suggests that these enzymes may aid in the
blocking of silencing.

Activities such as Sir2p-mediated histone deacetylation (24)
and chromatin remodeling mediated by Esc8p (10) may aid in
the spread of silenced chromatin, while activities such as acet-
ylation (31, 33, 36, 38, 49, 64, 66), along with methylation (18,
51-53, 56, 68) and other modifications, may aid in the forma-
tion of active chromatin and act as a block to silenced chro-
matin.

This model is also consistent with data demonstrating that
increasing the levels of repressor proteins increased the spread
of silenced domains (42, 43, 60, 63), while increasing the levels
of activator proteins abolished silencing (2, 31, 35, 51, 64).

Within this competition model, different chromatin factors
presumably block the spread of silencing to different extents by
different molecular mechanisms. It is likely that chromatin-
remodeling complexes such as Swi/Snf block the propagation
of silencing by affecting either the position or conformation of
nucleosomes, while changes in histone modification—such as
ubiquitination; acetylation; and methylation by Rad6p, Dotlp,
Sas2p, or GenSp—block the spread of silencing by creating a
nucleosomal substrate with a reduced affinity for Sir proteins.
At native barriers, it is likely that these and other factors
cooperate to efficiently block the spread of silencing.

Our results set the stage for a thorough analysis to discern
the role and extent of each of the proteins we have isolated in
blocking the spread of silenced chromatin.
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