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e have dissected specialized assemblies on
the Saccharomyces cerevisiae genome that
help define and preserve the boundaries that
separate silent and active chromatin. These assemblies
contain characteristic stretches of DNA that flank particular
regions of silent chromatin, as well as five distinctively
modified histones and a set of protein complexes. The
complexes consist of at least 15 chromatin-associated

Introduction

Gene expression in eukaryotes is regulated at several different
levels. At the level of chromosome structure, the chromatin is
organized into regions with different degrees of accessibility to
the transcriptional machinery. The more condensed or pro-
tected regions of chromatin are relatively inaccessible and so
transcriptionally “silent,” whereas ‘“‘active” regions are more
open and accessible (for reviews see Rusche et al., 2003;
Vermaak et al., 2003). Specialized boundary zones have been
found between certain silent and active regions; these zones
prevent the invasion of either region into the other (for reviews
see Bi and Broach, 2001; Labrador and Corces, 2002) (Burgess-
Beusse et al., 2002). The silent, active and boundary regions all
represent stably maintained and heritable epigenetic states of
localized chromatin organization. The cell therefore requires
machineries that establish, maintain, and ensure the faithful
replication of all the epigenetic states on chromosomes. This
appears to be accomplished through a coordinated and intricate
choreography of protein—-DNA complex formation and modifi-
cation. Strategies for establishing and maintaining the silent
and active regions of chromatin include packaging the DNA
with appropriately modified histones (Jenuwein and Allis,
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proteins, including DNA pol ¢, the Isw2-ltc1 and Top2
chromatin remodeling proteins, the Sas3-Spt16 chromatin
modifying complex, and YtaZ, a bromodomain-containing
AAA ATPase. We show that these complexes are important
for the faithful maintenance of an established boundary,
as disruption of the complexes results in specific, anoma-
lous alterations of the silent and active epigenetic states.

2001; Vermaak et al., 2003), the use of energy-driven chromatin
remodeling machinery (Becker and Horz, 2002), and the addition
of specific chromatin-associated proteins (Meneghini et al.,
2003; Rusche et al., 2003; Mizuguchi et al., 2004).

The molecular bases of such epigenetic phenomena
have been extensively investigated in the yeast Saccharomyces
cerevisiae, where the majority of its chromatin is maintained in
an active state. Much of the remaining relatively inactive
chromatin (estimated ~10% [van Leeuwen et al., 2002]) is
concentrated toward the telomeres and at the rRNA-encoding
DNA locus. The silent mating type loci (HML and HMR) are
found proximal to the telomeres of chromosome III (Rusche et
al., 2003), and are among the best studied examples of epigenetic
control. It has been shown that specialized boundary regions
serve to isolate the silent chromatin of HML and HMR from
their surrounding active regions (for reviews see Haber, 1998;
Dhillon and Kamakaka, 2002) (Bi et al., 1999; Donze et al.,
1999; Donze and Kamakaka, 2001; Lieb et al., 2001; Zhang et
al., 2002; Ishii and Laemmli, 2003).

Currently, only a limited amount of information is avail-
able about proteins that establish, maintain, and replicate these
boundary zones or the modification states of the associated
histones (Donze et al., 1999; Laloraya et al., 2000; Ishii and
Laemmli, 2003; Oki et al., 2004). Although chromatin immu-
noprecipitation (ChIP) techniques have allowed significant
progress in the study of individual protein-DNA interactions,
techniques for the overall analysis of the epigenetic states of
chromatin are still in their infancy. In particular, a current

Supplemental Material can be found at:
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Figure 1. Dpb4 forms multiple stable complexes with chromatin. (A) Complexes were isolated via a PrA tag under conditions that copurified interacting

proteins. These proteins were resolved by SDS-PAGE, visualized by Coomassie blue staining, and excised for MS identification. Labels show specific
interactions with the PrA+agged proteins. Reciprocal purifications of tagged members of the complexes demonstrated coisolation of Dpb4 with the exception
of tagged Yta7. (B) Coimmunoprecipitation experiments with Yta7 and Dpb4 indicated that they associate in vivo. Note lane 7, which controls for postlysis

association of Yta7 and Dpb4 in vitro.

limitation of biochemical studies of chromatin-associated pro-
tein complexes is that in the absence of fixation they are usually
isolated without their cognate DNA and nucleosomes. There-
fore, it is essential to develop methods whereby chromatin-asso-
ciated protein complexes can be isolated intact with their cognate
DNA and nucleosomes, all in analyzable quantities. We have
therefore assembled a suite of techniques that can yield micro-
gram quantities of such intact chromatin complexes. We have
used these techniques to identify and characterize a set of protein
complexes that we found to bind discrete regions of the genome,
certain of which are known boundaries between silent and active
chromatin states. We have also shown that these complexes are
important for the faithful maintenance of an established bound-
ary as disruption of the complexes results in specific, anomalous
alterations of the silent and active epigenetic states.

Results

Isolating intact chromatin complexes

To identify protein complexes involved in chromatin mainte-
nance and propagation, we isolated numerous known chromatin-
associated proteins, genomically tagged with protein A (PrA),
under conditions that were sufficiently gentle to maintain inter-
actions with other cellular macromolecules (Aitchison et al.,
1995, 1996; Rout et al., 1997, 2000; unpublished data). Mass
spectrometric identification of coisolating proteins (followed by
exclusion of nonspecifically binding proteins as judged by their
presence in immunoisolations of 29 different chromatin-binding
proteins [Fig. S1, available at http://www.jcb.org/cgi/content/
full/jcb.200502104/DC1]) allowed us to identify specific mem-
bers of each complex (Rout et al., 2000; Gavin et al., 2002; Ho et
al., 2002; Archambault et al., 2003, 2004).

JCB « VOLUME 189 « NUMBER 1 « 2005

During this broad screen (Fig. S1 A), we discovered a
discrete set of chromatin-bound proteins comprising overlap-
ping complexes with the common component, Dpb4 (Fig. 1,
Fig. S1 B, and Table S1, available at http://www.jcb.org/cgi/
content/full/jcb.200502104/DC1). This set contained the DNA
pol € holoenzyme (Pol2, Dpb2, Dpb3, Dpb4) (Hamatake et al.,
1990; Araki et al., 1991; Navas et al., 1995; Dua et al., 1998;
Ohya et al., 2000; Hubscher et al., 2002; Ohya et al., 2002; Os-
born et al., 2002; Chilkova et al., 2003; Edwards et al., 2003;
lida and Araki, 2004), as well as the clamp loader subunits
Ctf18 and Rfcl (Hanna et al., 2001; Mayer et al., 2001; Jer-
uzalmi et al., 2002; Edwards et al., 2003). The set also con-
tained several other chromatin-associated proteins: the chroma-
tin remodeling proteins Itc1, Isw2, and Dls1 (as expected [lida
and Araki, 2004; McConnell et al., 2004]), as well as the AAA
ATPase Yta7, the histone acetyltransferase Sas3 and its partner
Spt16, the DNA topoisomerase Top2, an RNA polymerase
core subunit Rpb2, an uncharacterized protein Y1r455 (which
by virtue of its PWWP domain is also likely to bind DNA), the
core histones (H2A, H2B, H3, and H4), and the histone variant
Htz1 (H2A.Z; Goto et al., 1984; Myer and Young, 1998; John
et al., 2000; Stec et al., 2000; Frohlich, 2001; Howe et al.,
2001; Kent et al., 2001; Kassabov et al., 2002; Qiu et al., 2002;
Fazzio and Tsukiyama, 2003; Meneghini et al., 2003). In sum-
mary, these isolations yielded at least two Dpb4-containing
complexes, the pol € and chromatin remodeling complexes.

Elucidating the architecture of the pol ¢
and chromatin remodeling complexes

To dissect these nucleosome-bound subcomplexes, we used a
strategy whereby we isolated each pol & subunit from cells in
which either DPB3 or DPB4 had been deleted, reasoning that
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removal of a given component of pol & could make the other
interacting partners less stable (and so in principle provide in-
formation on the overall assembly of pol € and associated com-
plexes). To do this, we used a rapid “hypothesis-driven” mass
spectrometric strategy to look for all major proteins detected in
Fig. 1 (Kalkum et al., 2003). This strategy allowed us to deter-
mine the presence or absence of a protein with high sensitivity
(Fig. 2 A).

Purification of Pol2-PrA in either the dpb3A or dpb4A
background revealed that Pol2 interacts strongly with Dpb2
and that this pair of proteins associates with histones. Further-
more, Dpb3 and Dpb4 are codependent for association with the
Pol2/Dpb2 pair because neither bound to Pol2-PrA or Dpb2-
PrA in the absence of the other. These results are consistent
with previous findings on interactions between the pol & sub-
units (Dua et al., 2000). Purification of Dpb3-PrA in a dpb4A
strain did not immunoprecipitate any additional components of
pol &, further confirming the codependence of Dpb3 and Dpb4
for association with the other components of the pol € complex.
Interestingly, immunopurification of Dpb4-PrA from a dpb3A
strain yielded Itcl, Isw2, Yta7, Dlsl1, and histones, but did not
immunoprecipitate any other member of the pol & holoenzyme

(Fig. 2 A). Hence, Dpb4 interacts in separate pol & and Dpb4/
Itc1/Isw2/Dls1 complexes, which is consistent with previous
data (Tida and Araki, 2004). However, we additionally ob-
served that both complexes associate avidly with histones. The
above-described dissection of these complexes allows us to
propose their pathways of assembly, yielding at least two sepa-
rate histone-associated complexes: one in which the histones
are bound to chromatin remodeling proteins, and the other as-
sociated with the pol & holoenzyme. This working hypothesis is
presented in Fig. 2 B.

To further study the Dpb4-containing subcomplexes, we
developed a semi-preparative purification strategy. This strat-
egy uses PrA-affinity purification of the Dpb4-PrA complexes
(~75 ng), which after native elution from the affinity resin
were separated by anion exchange chromatography. Three dis-
tinct Dpb4-containing fractions were resolved (Fig. 3 A). The
first (fraction No. 26, 0.34 M [NaCl] eluate) contained the
Dpb4-chromatin remodeling complex comprised of Itcl, Isw2,
Dpb4-PrA, and DIs1. The second nearby eluting fraction (frac-
tion No. 28, 0.38 M [NaCl]) contained the pol & proteins Pol2,
Dpb2, Dpb3, and Dpb4-PrA. Proteins in the 0.34 M [NaCl]
eluate tailed into those in the 0.38 M [NaCl] eluate, although
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the compositions of these fractions appear to be distinct. The
third fraction (fraction No. 40, 0.63 M [NaCl]) contained Yta7,
Itcl, Isw2, Dpb4, and the histones. Thus, the Dpb4-chromatin
remodeling/histone complex identified in Fig. 1 was further re-
solved into the two salt-stable fractions at 0.34 and 0.63 M
[NaCl]. The sub-stoichiometric levels of Dpb4 and Itc1/Isw2
with the Yta7-histone fraction are consistent with the low stoi-
chiometry of Dpb4 in the Yta7-PrA pullout (Fig. 1, A and B).
The individual fractions from the anion exchange separation

JCB « VOLUME 189 « NUMBER 1 « 2005

were assayed for polymerase activity in vitro, yielding a signif-
icant peak of activity in the fractions containing the Pol2 cata-
lytic subunit of pol & (Fig. 3 A). Given that we also identified
clamp-loader proteins in association with the pol & subunits
(Fig. 1 A), we surmise that the pol & holoenzyme is an active
DNA polymerase in vivo.

Each of the three distinct fractions from the anion exchange
column was found to contain stable subcomplex(es) by gel filtra-
tion (Fig. 3 B). Thus, the Itc1/Isw2/Dpb4-PrA/Dls1 complex ap-
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peared to form a multimer, as previously observed (lida and
Araki, 2004). Additionally, we observed a smaller subcomplex of
Dpb4-PrA/Dls1 at ~443 kD, suggesting a multimeric interaction
of these two components. Pol & holoenzyme (Pol2, Dpb2, Dpb3,
and Dpb4-PrA) eluted at a mass that was consistent with a het-
erodimer (Dua et al., 2000; Iida and Araki, 2004), and its elution
was distinct from the Itc1/Isw2/Dpb4-PrA/Dlsl complex. The
Yta7/ltc1/Isw2/Dpb4-PrA/histone complex was too large to be
resolved, indicating purification of an extremely large entity con-
taining DN A—protein nucleosome associations.

Both pol ¢ and the chromatin remodeling
complexes are associated with a specific
epigenetic state of chromatin

Histones can be posttranslationally modified by a series of spe-
cialized enzymes. Specific posttranslational modifications on
histones have been correlated with either actively transcribed or
repressed regions of chromatin (for reviews see Rusche et al.,
2003; Vermaak et al., 2003). In particular, differential acetyla-
tion of histones has proven an important indicator of the tran-
scriptional state of their associated chromatin (Kurdistani et al.,
2004). One example is the acetylation or deacetylation of K5,
K8, K12, and K16 of histone H4, which has been correlated
with active or silent chromatin, respectively (Braunstein et al.,
1996). Hence, we determined the absolute acetylation levels of
lysines 5, 8, 12, and 16 in the histone H4 associated with the pol
e complex and the chromatin remodeling complex, comparing
these levels with the histone H4 associated globally with yeast
chromatin. We affinity purified the histones that were specifi-

ment ion intensities were used to determine the
levels of acetylation on specific lysines. Shown
is a representative fragmentation spectrum of
peptide 4-17 containing two heavy (Acg) and
two light (Ac) acetylations. The b- and y-fragment
jons used fo quantitate the levels of acetylation
on each of the four lysines are shown ex-
panded. (C) Site-specific levels of acetylation
on histone H4 peptide 4-17 from global
histones (gray), Dpb4-chromatin remodeling
complex-associated histones (light blue), pol
e-associated histones from Dpb3-PrA immuno-
precipitation (medium blue), and pol e-associ-
ated histones from Pol2-PrA immunoprecipitation
(dark blue). (D) Site-specific levels of acety-
lation on histone H4 peptide 4-17 from immuno-
precipitation of Pol2-PrA (dark blue) and Pol2-
PrA in dpb3A strain (green).

K12 K16

cally associated with pol &€ by using Dpb3-PrA (which exclu-
sively pulls out the holoenzyme [Fig. 1 A]), whereas we affinity
purified the chromatin-remodeling complex-associated histones
by using Dpb4-PrA in a dpb3A strain (which exclusively pulls
out the Dpb4-chromatin remodeling complex [Fig. 2 A]). These
isolations were performed in the presence of sodium butyrate
to inhibit histone deacetylases (Waterborg, 2000; unpublished
data). To determine the degree of histone modification, we
adapted an assay to measure acetylation states, using electro-
spray ionization mass spectrometry (MS) as the readout for use
with MALDI MS (C.M. Smith et al., 2002, 2003).

After tryptic digestion, the four potential sites of histone
H4 acetylation (K5, K8, K12, and K16) were all found in a
peptide stretching from amino acid residues 4 to 17, which we
term the 4—17 peptide. The 4-17 peptides from both pol € and
the chromatin remodeling complex were mostly either com-
pletely unacetylated or just singly acetylated, although low lev-
els of doubly, triply, and quadruply acetylated peptide were
also present (Fig. 4 A). To determine the degree of acetylation
of the individual sites in each of these five peptide species, we
collected MS? data (Fig. 4 B). Both pools of histone H4 were
hypoacetylated at K5, K8, and K12 relative to global histone
H4, whereas the levels of acetylation at K16 were more compa-
rable to those observed in global histone H4 (Fig. 4 C). We
found the same pattern of acetylation on histone H4 regardless
of whether the pol e-histone complex was isolated with Pol2-
PrA or Dpb3-PrA (Fig. 4 C).

In summary, the same pattern of histone H4 acetylation is
found in both pol & and the chromatin remodeling complex.
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Conversely, elimination of components of pol &€ produced dra-
matic changes in the observed pattern of histone H4 acetyla-
tion; we infer that pol & from the dpb3A strain binds sites on
chromatin that are differently modified than the normal pol &
sites, suggesting mislocalization of the polymerase (Fig. 4 D).

Hypoacetylation has classically been correlated with si-
lent chromatin (Fischle et al., 2003), with a requisite for the
binding of the Sir silencing proteins being hypoacetylation at
K16 of histone H4 (Suka et al., 2002). Here, we observed a
high level of acetylation at K16. This combination of both
hypo- and hyperacetylation seems to be a blend of open and
closed chromatin marks. We observed a similar combination of
open and closed chromatin marks on histone H3; measure-
ments of modifications on histone H3 isolated from both com-
plexes revealed hypoacetylation of K9, K14, K18, K23, K27,
and K56 (characteristic of silent chromatin) and ~80% mono-,
di-, and trimethylation of K79 (characteristic of euchromatin
because Sir binding requires hypomethylated H3 K79; van
Leeuwen et al., 2002; Fig. S2, available at http://www.jcb.org/
cgi/content/full/jcb.200502104/DC1).

To summarize, both pol & and the Dpb4-chromatin remod-
eling complex bind distinctively and similarly modified his-
tones, indicating that the complexes may bind to similar types of
chromatin. The specifically modified histones that we found as-
sociated with these complexes was an average measurement of
locations throughout the genome, and therefore reveals a prefer-
ential histone binding state for the pol € and Dpb4-chromatin re-
modeling complexes. Therefore, we sought to determine where
the Dpb4-associated complexes bind on the genome.

Genome-wide localization of Dpb4-
associated complexes

The long retention times of the Dpb4-histone complexes on the
anion exchange column (Fig. 3 A) indicated that these com-
plexes were negatively charged overall. Because histones are
positively charged, we surmised that a significant amount of
negatively charged DNA was still present. Indeed, further in-
vestigation using PCR of each anion exchange fraction showed
that DNA was specifically associated with the Dpb4-histone
complexes (Fig. 3 A). Because the first step in our purification
strategy is a DNase I treatment, this copurifying DNA must be
tightly bound. This protected DNA was isolated, amplified by
ligation-mediated PCR, and fluorescently labeled for DNA mi-
croarray analysis. The average length of the DNA protected in
the Dpb4-histone complex was ~200 bp (unpublished data),
which is on the order of a single nucleosome. Complexes iso-
lated using DNA shearing instead of the DNase I treatment
gave essentially the same result (unpublished data).

We localized the genomic positions of the Dpb4-histone—
associated DNA by hybridization of the Dpb4-associated DNA
to an intergenic DNA microarray of the S. cerevisiae genome.
We observed enrichments at numerous discrete sites along the
yeast chromosomes, with a tendency for clustering (summarized
in Fig. 5 A; for the full data set of all the chromosomes see Ta-
ble S2). Notably, the Dpb4-associated DNA was found to be
particularly enriched toward most chromosome ends (proximal
to the telomeres; Fig. 5, A and B). Several functionally related
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genes families are found in these telomere proximal regions. We
observed a high number of Dpb4-binding sites immediately ad-
jacent to certain of these functionally related genes. For exam-
ple, binding was found adjacent to all seven related members of
the flocculation (FLO) gene family (FLOI, FLOS5, FLOS,
FLO9Y, FLOI10, FLO11, FIG2; Fig. 5 A; Halme et al., 2004; Ver-
strepen et al., 2004). The Dpb4 complexes also flank other
known stress response genes such as the PAU loci (anaerobic
stress; Rachidi et al., 2000). It seems significant that the Dpb4
complex binding occurs next to families of genes that are known
to be heterochromatically silenced and epigenetically con-
trolled. In this context, we note that sites adjacent to the silent
mating loci (HML and HMR) on chromosome III, canonical si-
lent regions surrounded by active chromatin, were among the
strongest binding sites for Dpb4 complexes (Fig. 5 C). Spe-
cifically, the complexes were preferentially associated with
the well-defined right hand boundary element of HMR at
(tT(AGU)C) as well as the less well-defined left hand boundary
element (overlapping with or close to YCR095C) of HMR,
which are areas of chromatin that prevent the heterochromatin
covering HMRA 1 and HMRA?2 from spreading into surrounding
euchromatic regions (Donze et al., 1999; Donze and Kamakaka,
2001; Lieb et al., 2001). This preferential enrichment with the
boundary elements was confirmed with high resolution PCR
mapping at HMR (Fig. 5 C) as well as with conventional ChIP-
chip analysis (Fig. S3, available at http://www.jcb.org/cgi/content/
full/jcb.200502104/DC1). At the HML locus, we observe the Dpb4
complexes to be preferentially associated with DNA spanning
the region between HML-I and CHA1 and (to a lesser extent) on
the telomere side of YCLO73C (Bi et al., 1999; Lieb et al., 2001).
We conclude from these results that the Dpb4-associated com-
plexes bind preferentially to particular chromatin regions, some
of which are associated with known boundaries or with varie-
gated epigenetic states.

Dpb4d-associated complexes are required
for the maintenance of a boundary state
To investigate the functional consequences of the association
between the Dpb4-histone complexes and the boundary ele-
ments, we tested whether particular components of either pol &
holoenzyme (i.e., Dpb4, Dpb3) or the Dpb4-chromatin remod-
eling complex (i.e., Dpb4, Yta7, Sas3, Itcl, Isw2, and DIsl)
play a role in the epigenetic regulation of the HMR locus. Spe-
cifically, we assayed strains carrying deletions of these pro-
teins, as well as HTZI and the control SIR3, for the expression
of a URA3 reporter gene placed in the following three locations:
in the Sir-silenced region of HMR, at the left-hand boundary of
HMR, and upstream of the boundary region (Donze et al.,
1999). We assayed for silencing by duplicate plating of the
strains on FOA and —Ura. Consistent results were observed un-
der both conditions; hence, for simplicity, we show only the
FOA results in which an increased level of survival on FOA
measures an increased level of URA3 silencing (Fig. 6, A and
B). As expected, removal of SIR3 completely abolishes silenc-
ing (Donze et al., 1999; unpublished data). We evaluated how
the deletions affected boundary maintenance by assaying the re-
porter strains both with and without SIR3 plasmid.
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Figure 5. Genome-wide localization of Dpb4-containing complexes. Protected DNA from the purified fraction of Dpb4-associated histones in Fig. 3 A
was hybridized to an intergenic DNA microarray covering the S. cerevisiae genome. (A) The sequences of chromosomes I-XVI are depicted as horizontal
black lines with the centromeres denoted by circles. Vertical ticks indicate the position of sequences enriched with the Dpb4-histone complexes. The positions
of two silenced gene clusters (HM and FLO) are indicated, showing their close apposition to the Dpb4-enriched sequences. (B) A histogram showing the
number of intergenic regions enriched with the Dpb4-histone complexes is plotted as a function of distance from the chromosome ends. (C) Dpb4-histone
complex DNA is enriched at boundaries to the silent, mating loci on chromosome |lI. Positions of enriched sequences are shown as horizontal black lines
above the annotated chromosome with increasing line thickness indicating increasing enrichment. The inset shows high resolution mapping of Dpb4-
enriched sequences from semiquantitative PCR analysis. The asterisk marks a region that was not covered by the microarray analysis.

In WT cells without additional Sir3, the reporter was si-
lenced within the Sir-silenced region of HMR, but not at the
boundary nor at the region adjacent to the boundary (Fig. 6 A,
left; and Fig. 6 B, top). Silencing of the reporter was Sir3 de-
pendent, because deletion of SIR3 resulted in strong transcrip-
tion in the formerly silenced zone (unpublished data). Addition
of the SIR3 plasmid in the WT cells induced a substantial in-
crease in reporter silencing at the boundary as well as a modest
increase of silencing at the proximal reporter (Fig. 6 A, right;
and Fig. 6 B, top). Deletion of HTZI, a variant of histone H2A,
did not alter expression of the reporter at the LH boundary,
consistent with a prior observation of no significant Sir spread-
ing at the LH boundary (Meneghini et al., 2003)

In every case where an effect was observed with a dele-
tion strain, the effect was strongest for the reporter placed close
to the boundary (Fig. 6 B), further supporting the idea that the
Dpb4-associated complexes functionally interact with this re-
gion. Deletion of components of the chromatin remodeling
complex led to a dramatic increase in silencing at the boundary

reporter, demonstrating that these components are involved in
maintaining the transcriptionally active state of regions adja-
cent to the silenced zones. Notably, this increase in silencing at
the boundary was observed in the absence of the SIR3 plasmid.
When the SIR3 plasmid was introduced into these same strains,
no increase in silencing was observed. Apparently, the extra
dose of Sir3 masks the enhanced silencing effect of deletion of
the chromatin remodeling factors. The most dramatic increase
in silencing at the boundary reporter was observed for yra7A,
indicating a role in the maintenance of active transcription near
silent regions for this previously uncharacterized protein.

In contrast, removal of the pol & protein Dpb3 appeared
to produce a slight opposite effect; i.e., a slight depression of
silencing within HMR (Fig. 6 B, top). Introduction of the SIR3
plasmid into the dpb3A strain considerably amplified this ef-
fect, yielding significant depression of Sir3-dependent silenc-
ing both within HMR and at the boundary (Fig. 6 B, bottom).
We hypothesize that the loss of silencing over an extended re-
gion implies that pol ¢ is involved in maintaining and replicat-
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ing the fully silent state of HMR. Deletion of Dpb4 exhibited a
phenotype most resembling the deletion phenotype of the pol &
protein Dpb3 rather than that of the other members of the chro-
matin remodeling complex. This finding suggests that the pol

e-related role of Dbp4 dominates its chromatin remodeling
complex role in this assay.

As an alternative probe for alterations in boundary func-
tion, we measured deletion-dependent changes in mRNA levels
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of two genes located adjacent to and on each side of the HMR
(i.e., GITI and YCR095C; Fig. 6 C). We observed reductions of
transcription for members of the chromatin remodeling com-
plex, but not the pol € component Dpb3, again indicating a role
for the chromatin remodeling complex in maintaining tran-
scriptionally active regions at or near boundaries.

We also assayed for the loss of boundary function by
measuring the occupancy of Sir3 within HMR relative to its oc-
cupancy of neighboring transcriptionally active zones in strains
carrying the appropriate gene deletions (Meneghini et al.,
2003). Thus, we performed ChIP assays on a region within the
Sir-silenced HMR (HMRA1), at the left hand edge of HMR,
at the adjacent genes GIT1 and YCR095C, and in a region
adjacent to the RH telomere of chromosome III. Although
we observed a telomere-proximal effect for hrzIA as previ-
ously reported (Meneghini et al., 2003), we did not observe
any statistically significant increase in Sir3 occupancy on the
neighboring GITI and YCR095C genes or at the edge of the
HMR for dpb4A, dpb3A, sas3A, itclA, isw2A, disIA, and
htzIA (Fig. S4, available at http://www.jcb.org/cgi/content/
full/jcb.200502104/DC1). These findings are in concert with
our observations in the URA3 reporter studies where, in the ab-
sence of the SIR3 plasmid, we also observed relatively mod-
est changes within the HMR and no discernible changes at
YCR095C.

Despite the inherent vagaries associated with these differ-
ent assays (and subtle phenotypic differences between each as-
say), they all pointed toward the involvement of both the pol &
and chromatin remodeling complexes in the faithful mainte-
nance and propagation of the zone of transition between the si-
lent and active states.

Dpb3 and Dpb4d are required for proper
localization of pol ¢ to chromatin during
DNA replication
Because Dpb3 is part of the Dpb4—pol & complex, and its dele-
tion caused a defect in the maintenance of silencing, we tested
whether or not pol & remained associated with the uniquely
modified histones in a dpb3A strain. Pol2-PrA was PrA-affinity
purified from the dpb3A strain and the acetylation on histone H4
was analyzed as described above (Fig. 4 D). Under these condi-
tions, Pol2/Dpb2 was seen to associate with more acetylated his-
tones than the uniquely modified histones, suggesting that Dpb3
(or the Dpb3/Dpb4 pair) is involved in localizing polymerase
epsilon to the uniquely modified chromatin (Fig. 4 D).

Because pol ¢ is localized to boundary chromatin (Fig.
5), yet is an active DNA polymerase (Fig. 3 A) known to have
arole in S phase (Ohya et al., 2002), we tested if this chromatin
association was cell cycle dependent (Fig. 7 A). Although the
four pol & subunits maintained stable interactions with each
other at each block, pol & was associated with core histones
only during times of DNA replication and segregation, indicat-
ing a cell cycle—dependent association of pol € with chromatin.
We also analyzed the acetylation state of the NH,-terminal tail
of histone H4 at the replication and mitosis blocks (Fig. 7 B).
We observed that pol & remained associated with the same
unique type of modified histones during both blocks, display-
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Figure 7. Pol € associates with chromatin during DNA replication. (A)
Pol2-PrA or Dpb4-PrA complexes were affinity purified at different cell cycle
blocks, and their proteins were resolved by Coomassie blue-stained SDS-
PAGE. White lines indicate that intervening lanes have been spliced out.
(B) Site-specific levels of acetylation on histone H4 peptide 4-17 from the
Pol2-PrA-associated histones from global (open), hydroxyurea block (dark
gray), and cdc20A block (light gray).

ing hypoacetylation on K5, K8, and K12 and relatively higher
levels of acetylation on K16. This pattern is almost identical
with that observed for pol e—associated histones from the asyn-
chronous cultures (Fig. 4 C), suggesting that pol ¢ is targeted to
the same unique state of chromatin in a cell cycle—dependent
manner. In contrast to the pol ¢ targeting, the Dpb4-containing
chromatin remodeling complex remained associated with chro-
matin before and during times of DNA replication (Fig. 7 A),
indicating a decoupling of the Dpb4-containing pol & and chro-
matin remodeling complexes.

Discussion

We have dissected specialized assemblies on the S. cerevisiae
genome that help define and preserve the boundaries that sep-
arate silent and active chromatin. These assemblies contain
characteristic stretches of DNA that flank particular regions
of silent chromatin, as well as five distinctively modified his-
tones and a specific set of protein complexes. At least one of
these complexes (pol &) associates dynamically with this spe-
cialized chromatin, attaching in a cell cycle—dependent man-
ner. Furthermore, we have shown that these complexes are
important for the faithful maintenance of an established
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Cell cycle-dependent association
of pol ¢ facilitates duplication of
the silent HMR locus

Stable association of chromatin
remodeling complex insulates
the silent locus from flanking

active chromatin

Figure 8. A model for the roles of the Dpb4-associated complexes at a chromatin boundary. The mating genes at HMR are contained within a region flanked
by Orc complexes and transcriptionally silenced through the binding of Sir proteins. The Dpb4-containing pol & and chromatin modifying/remodeling
complexes associate with boundary regions where they bind distinctively modified histones. The pol & complex aids in duplication of the silent chromatin,
whereas the Dpb4-chromatin remodeling complex preserves the boundaries. Precise protein positions and their oligomeric states have not been determined.

boundary at HMR, because their disruption results in charac-
teristic, anomalous alterations of certain silent and active epi-
genetic states. Because we isolate the Dpb4 complexes from
whole cell lysates (rather than individual genomic loci), our
protein composition and histone modification measurements
represent an average of their preferential chromatin-bound
states on many locations throughout the genome. Neverthe-
less, this represents, to our knowledge, the first report of the
composition of protein complexes that are specifically associ-
ated with a boundary DNA sequence. In addition, we have de-
fined a characteristic histone modification pattern associated
with these complexes (Fig. 4).

Our findings support a multifunctional role for the
Dpb4-containing pol € and Dpb4-chromatin remodeling com-
plexes at HMR (Fig. 8). We suggest that duplication of the si-
lent state is aided by association of pol & with the silent region
during times of DNA replication (Fig. 7 A); alterations in the
composition of pol g, such as deletion of DPB3, result in mis-
localization of the polymerase (Fig. 4 D) and inefficient repli-
cation of the silent state (Fig. 6, A and B). The duplication de-
fect associated with removing Dpb3 from pol & appears to be
dependent on the amount of silent chromatin that needs to be
duplicated. We speculate that normally partially mislocalized
pol & can still operate because WT levels of silent chromatin
evidently do not overwhelm the polymerase. However, when
the amount of silent chromatin is significantly increased by
excess Sir3, the duplication capacity of the mislocalized poly-
merase becomes overwhelmed (Fig. 6, A and B). Correct
propagation of the silent state also requires the maintenance of
boundaries that separate transcriptionally active and silent
chromatin. The chromatin remodeling complex, which re-
mains associated with chromatin throughout the cell cycle
(Fig. 7 B), appears to help maintain these boundary regions,
preventing spreading of the silent state beyond the boundaries
and into transcriptionally active regions (Fig. 6). Thus, the cell
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appears to use two functionally different systems, coordinated
at similar locations, to provide for propagation and mainte-
nance of silent chromatin. Moreover, these boundary com-
plexes have dual “yin-yang” roles; they preserve both the si-
lent state of the chromatin within the boundaries and the
active state of the chromatin outside of the boundaries.

In addition to HMR and HML, we observed enrich-
ments of the complexes toward (but not exclusively at) most
chromosome ends (Fig. 5, A and B). We observed a high
number of Dpb4-binding sites immediately adjacent to cer-
tain functionally related genes. For example, binding was
found adjacent to all seven related members of the FLO gene
family (FLO1, FLOS, FLOS, FLO9Y, FLO10, FLOI1, FIG2;
Fig. 5 A). It is supposed, based on experiments, that these
genes are expressed in response to various environmental
stresses resulting in dramatically altered cell-cell and cell—-
substrate adhesion behavior. These genes are known to be
normally silenced, but are epigenetically controlled in re-
sponse to stress when subpopulations of cells in a colony
switch from a FLO-silenced to a FLO-active state (Halme et
al., 2004; Verstrepen et al., 2004). The Dpb4 complexes also
flank other known stress response genes such as the PAU
loci (anaerobic stress), which likewise are regulated by sto-
chastic switching of their epigenetic state (Rachidi et al.,
2000). It seems significant that the Dpb4 complex binding
occurs next to families of genes that are known to be hetero-
chromatically silenced and epigenetically controlled. These
genes will be the subject of our future studies.

The data presented here lay a framework for further elu-
cidation of the mechanisms by which cells establish, maintain,
and transfer epigenetic information. The present focused pro-
teomic and genomic approach enables comprehensive analyses
of chromatin-associated protein complexes with their cognate
DNA and nucleosomes and should be useful for further defini-
tion of chromatin structure and function.
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Materials and methods

Strains and purification of PrA-tagged complexes
S. cerevisiae strains produced by homologous recombination are listed in
Table S3. Growth conditions, cell lysis (2 x 10'° cells), cell cycle blocks
(a-factor and cdc20A), purification of protein complexes using 3.75 mg of
IgG-coated Dynabeads per gram of lysed cells, coimmunoprecipitation of
PrA- and Myctagged proteins, and MS identification of proteins were
largely as reported (Archambault et al., 2003). Cell cycle arrest during
DNA replication was performed by addition of hydroxyurea (0.2 M).
Lysed cells were suspended in purification buffer (20 mM Hepes, pH
7.4, 0.1% Tween-20, 2 mM MgCl,, 300 mM NaCl, 0.2 mg/ml PMSF, and
4 pg/ml pepstatin A) at 1 g lysed cells (~2 x 10 cells) per 5 ml of purifi-
cation buffer. Note that purifications used for acetylation measurements
contained 50 mM Na-butyrate and 250 mM NaCl in purification buffer.
Suspended lysate was treated with 0.002% DNase | (wt/vol) (Sigma-
Aldrich) for 10 min at RT with agitation. All subsequent steps were performed
at 4°C. Samples were homogenized by using a Polytron (Brinkmann, PT
10/35), and then agitated for 1 h. The soluble fraction was isolated by
centrifugation at 1,877 g (Sorvall H-1000B) for 10 min. The supernatant
was incubated with 3.75 mg of Dynabeads (Dynal) crosslinked to rabbit
IgG (Cappel) per 2 x 10'° lysed cells with agitation. Dynabeads were col-
lected with a magnet and washed five times with purification buffer. The
PrAtagged protein and copurifying proteins were eluted from the IgG-
Dynabeads with 0.5 N NH,OH/0.5 mM EDTA. The samples were frozen
in liquid nitrogen and evaporated to dryness in a SpeedVac (Thermo Sa-
vant). Dried protein samples were dissolved in loading buffer (78 mM Tris-
Cl, 0.003% Bromophenol blue, 24.9 mM Tris base, 6.25 mM TCEP,
12.5% glycerol, and 2.5% SDS) and heated to 95°C for 5 min. lodoaceta-
mide (25 mM) was added for 30 min at RT to modify reduced cysteines.
Samples were resolved by SDS-PAGE with Novex 4-20% Tris-glycine poly-
acrylamide gels (Invitrogen). Proteins in the gel were visualized by colloidal
Coomassie staining with Gel Code Blue (Pierce Chemical Co.).

Hypothesis-driven mass spectrometric detection of proteins

For the knockout analysis in Fig. 2, an alternate MS strategy for protein
identification was used. Gel slices were excised at positions that corre-
sponded to proteins identified in Fig. 1 (irrespective of whether a band
was visible) and analyzed by MALDIMS (Archambault et al., 2003). Be-
cause certain components of the pol & protein complexes were absent in
the knockout analysis (Fig. 2), we used hypothesis-driven MS to defini-
tively ascertain the presence or absence of these components (Kalkum et

al., 2003).

Semi-preparative purification of Dpb4-PrA complexes
Dpb4-PrA—containing complexes were isolated as described in the section
Strains and purification of PrAtagged complexes except with larger num-
ber of cells (~10"?). Protein complexes were eluted under nondenaturing
conditions with PrA elution peptide. Elution peptide (0.7 mg/ml) was
added to the Dynabeads for 20 min at 4°C with agitation. The eluate was
collected and the elution was repeated at 20-min intervals for 2 h with
fresh aliquots of elution peptide. The first three eluates, containing >90%
of the eluted protein complexes (~75 pg), were pooled. The complexes
were resolved by anion exchange chromatography (MiniQ PC 3.2/3 col-
umn on a SMART System; Amersham Biosciences). The gradient for anion
exchange was O-1 M NaCl in 20 mM Hepes, pH 7.4, 0.1% Tween-20,
and 2 mM MgCl,. Fractions were screened for polymerase activity using
an activated calf thymus DNA polymerase assay with o-[*2P] dTTP. Frac-
tions were also screened for DNA content by TagMan (Applied Biosys-
tems) realtime PCR targeted to YCRO95C. Samples from the anion ex-
change column that contained resolved complexes were analyzed by gel
filtration with a Superose 6 column on a SMART system (Amersham Bio-
sciences). The buffer for the gel filtration analysis was 20 mM Hepes, pH
7.4, 0.1% Tween-20, 2 mM MgCl,, and 300 mM NaCl.

DNA microarray analysis

DNA microarray experiments were performed as described previously
(Ren et al., 2000) from the DNA precipitation step to and including mi-
croarray hybridization and washing. The remaining stages of microarray
analyses were performed as described for mRNA expression microarrays
(J.J. Smith et al., 2002). The sample for microarray analysis was taken
from fraction 43 collected from the anion exchange column (Fig. 3). Con-
trol DNA was obtained by sonication or DNase | treatment of genomic
DNA. DNA samples were hybridized to S. cerevisiae intergenic DNA mi-
croarrays (Institute for Systems Biology).

Semiquantitative PCR

PCR primers were designed to amplify ~150 bp regions in chromosome
Il coordinates 287,000-297,500 at ~200-300 bp intervals (Table S4).
Semiquantitative PCR was performed in the linear amplification range for
DNA used for hybridization to the intergenic microarrays and for control
genomic DNA.

URA3 silencing assay

Strains containing a URA3 reporter at HMR (Fig. é) were constructed by ge-
nomic deletions of indicated genes with a KANMX4 cassette in parent
strains ROY508, ROY513, and ROY648 (gifts from R. Kamakaka, National
Institute of Child Health and Human Development, Bethesda, MD; Donze et
al., 1999). When mentioned, the strains were transformed with plasmid
pRO146 that expressed Sir3 (a gift from R. Kamakaka). Strains were grown
to stationary phase, normalized, serially diluted in 10fold increments, and
incubated at 30°C for 2 d. Without the SIR3 plasmid, cell growth was mon-
ifored on synthetic complete, minus uracil, or plus FOA plates. With the
SIR3 plasmid, cell growth was monitored on minus tryptophan, minus tryp-
tophan/minus uracil, or minus tryptophan/plus FOA plates.

Measurement of transcription levels

Total RNA was prepared from BY4742 mat « strains via hot acidic phenol
extraction: wild-type, dpb4A, dpb3A, ytaZA, sas34, itc1A, isw2A, dIs1A,
and htz1A. Contaminant DNA was removed with the RNase-Free DNase
Set (QIAGEN). cDNA was synthesized with the TagMan Reverse Tran-
scription Reagents Kit (Applied Biosystems). Transcription levels of GIT1
relative to ACTT were measured with realtime PCR using the TagMan sys-
tem (Applied Biosystems; Table S4).

Andlysis of histone H4 acetylation
To determine the degree of acetylation of histone H4 from the pol & and
chromatin remodeling complexes (purified in the presence of 50 mM so-
dium butyrate to inhibit histone deacetylases), we adapted an acetylation
assay that used ESI MS for use with MALDI MS (C.M. Smith et al., 2002,
2003). Histone H4 gel bands were treated with 30% D¢-acetic anhydride
(Cambridge Isotopes) in 100 mM ammonium bicarbonate (ABC) for 1 h at
RT with constant agitation. This reaction converts unmodified lysine residues
into Dz-acetyHysines. Gel bands were washed with 100 mM ABC, dehy-
drated in acetonitrile, and rehydrated in 50 mM ABC containing 75 ng of
trypsin (Roche). After digestion at 37°C for 6 h, peptides were crystallized
in 2,5-dihydroxybenzoic acid for MALDI-MS (Archambault et al., 2003).
Mass spectra of digested histone H4 were obtained by MALDI-
QqTOF MS (Krutchinsky et al., 2000). The intensities of the five possible
combinations of heavy (Acp) and light (Ac) acetyls on the NH,terminal tail
of histone H4 (amino acids 4-17) were defermined (4 Ac, 3 Ac + 1 Acp,
2 Ac + 2 Acp, 1 Ac + 3 Acp, and 4 Acp). The infensity of a given
monoisotopic peck (taken as a fraction of the total intensities of all
monoisotopic peaks) represents the fractional population of that acety-
lated species. To obtain site-specific levels of acetylation, we acquired
MS/MS spectra of each of the five species by MALDI-ion trap MS (Krutch-
insky et al., 2001). Using previously published equations (Smith et al.,
2003), adapted here for MALDI-MS, we measured the relative infensities
of the y5, y9, y12, and b13 fragment ions to determine the relative acety-
lation levels of K16, K12, K8, and K5.

ChIP of Sir3-PrA

ChIP was performed in a similar manner as previously reported with the
following modifications (Strahl-Bolsinger et al., 1997). Strains containing
Sir3-PrA were grown to mid-logarithmic stage in triplicate and cross-linked
with 1% formaldehyde for 10 min. After quenching the cross-linking with
125 mM glycine, cells were harvested by centrifugation, frozen in liquid
nitrogen, and cryogenically broken with a Retsch type MM301 mixer mill.
Broken cells were resuspended in ChIP buffer (50 mM Hepes, pH 7.5,
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycho-
late, 0.2 mg/ml PMSF, and 4 pg/ml pepstatin A), and chromatin was
sheared to an average size of 300 bp with sonication. After removal of
cell debris by centrifugation, an aliquot (10%) was removed for ChIP input
measurements. To the remainder we added IgG-coated Dyna beads for
1 h. Beads were washed sequentially with ChIP buffer, ChIP buffer supple-
mented with 360 mM NaCl, and 10 mM Tris-HCI (pH 7.4)/1 mM EDTA.
The immunopurified ChIP sample was eluted from the beads by incubation
at 65°C for 15 min in 50 mM Tris-HCI (pH 8.0)/10 mM EDTA/1% SDS.
Cross-linking of the input and immunopurified ChIP samples was reversed
at 65°C for 6 h. After proteinase K treatment, the DNA was isolated by
phenol/chloroform extraction. The presence of DNA sequences from
HMRAT, GIT1, YCRO95C, and ACT1 was detected with realtime PCR us-
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ing the TagMan system (Applied Biosystems). Triplicate PCR reactions
were performed for each of the triplicate ChIPs. ChIP input samples were
used to correct for variable primer efficiency. The background (ACT1) was
subtracted from each immunopurified and input ChiP sample. The relative
Sir3 abundance reflects the enrichment of HMRAT, GIT1, edge HMR,
edge telomere, and YCRO95C sequences in the immunopurified ChIP sam-
ples relative to the ChIP input.

Online supplemental material

Fig. S1 shows Coomassie-stained gels showing representative immunoiso-
lations of DNA replication complexes. Fig. S2 shows representative sec-
tions from a MALDI-QQTOF spectrum of tryptic peptides from histone H3
immunoisolated with Dpb4-PrA. Fig. S3 shows genome-wide localization
of Dpb4 and Isw2 complexes. Fig. S4 shows ChIP of Sir3-PrA on the right
end of chromosome Ill. Table S1 shows proteins identified by MALDI-MS
in Fig. S1. Table S2 shows DNA microarray results from hybridization of
Dpb4-histone DNA to an intergenic DNA microarray covering the S. cere-
visiae genome (Fig. 5). Table S3 shows S. cerevisiae strains used in this
study. Table S4 shows PCR primers used in this study. Online supple-
mental material is available at http://www.jcb.org/cgi/content/full/
icb.200502104/DC1.
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