

















Roles of Chromatin Remodelers in Heterochromatin

FIGURE 5. Effect of fun30 on de novo establishment of HML heterochromatin structure. A, shown is a strategy for examining the de novo establishment
of heterochromatin on circular HML minichromosome. Shaded and filled circles denote nucleosomes in derepressed chromatin and heterochromatin, respec-
tively. The HML locus including the E and / silencers is flanked by a pair of FRTs. See “Results” for description of the scheme. B, examination of the kinetics of
establishment of heterochromatin on HML circle in strains 16 (sir3-8 FUN30) and 17 (sir3-8 fun30A). Cells of each strain grown at 30 °C in YPR medium were
treated with galactose for 2.5 h to induce excision of the HML circle. Cells were then shifted to fresh YPD (yeast extract/peptone + glucose) medium and
incubated at 23 °Cfor up to 20 h. Aliquots of the culture were harvested at time points 0, 1, 2, 3, 4, 6, 8, and 20 h. DNA was isolated and fractionated by agarose
gel electrophoresis in the presence of 26 ug/ml chloroquine. Under the conditions used, more negatively supercoiled topoisomers run more slowly. Nand L,
nicked and linear forms of the HML circle, respectively. The topoisomers corresponding to the silent and derepressed states of HML circles are designated SIR™*
and sir~, respectively. C, the profiles of topoisomers in lanes 1, 5,6, and 8 and 9, 13, 14, and 16 were determined using the NIH image software. The centers of
distribution of topoisomers are marked by open circles.
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FIGURE 6. Deletion of FUN30 does not affect histone hypoacetylation and hypomethylation in heterochromatin at HML. A, the abundance of an HML
sequence in strain 10 (WT), 11 (sir2A), or 12 (fun30A) was measured by PCR before (Input) and after chromatin IP with antibodies for acetylated histones H3 and
H4 (H3-Ac and H4-Ac), and histone H3 methylated at K79 (H3-K79-Me) as well as total H3 (H3). No Ab, samples from mock ChlIP without using antibody. The gel
picture of PCR products from one of three independent experiments is shown. The data were quantified and plotted in B-D. The value of relative IP of H3-Ac,
H4-Ac, or H3-K79-Me was calculated as the ratio of signal (IP/input) for H3-Ac (B), H4-Ac (C), or H3-K79-Me (D) over that for total H3. The means of data from all

three independent experiments together with corresponding S.D. are presented. The value for each WT sample is taken as 1.

Heterochromatin in fun30A Cells Retains Characteristic His-
tone Modifications—Y east heterochromatin is characterized by
histone hypoacetylation and hypomethylation (9, 13, 14, 38).
We wondered whether the altered/intermediate state of het-
erochromatin formed in fun30A cells is different from fully
silenced heterochromatin in FUN30 cells regarding the status
of histone acetylation and methylation. To address this ques-
tion, we measured the occupancy of acetylated histones H3 and
H4 (H3-Ac and H4-Ac) and histone H3 trimethylated at lysine
79 (H3-K79-Me) at HML in fun30A, FUN30 (WT), and sir2A
cells by ChIP. Three independent experiments were performed.
The abundance of an HML sequence in immunoprecipitated
chromatin fragments was measured by PCR, and a representa-
tive gel picture is shown in Fig. 6A. The intensity of each band
was quantified and normalized against input control. To cor-
rect for potential variations in nucleosome occupancy in differ-
ent strains, the occupancy of H3-Ac, H4-Ac, or H3-K79-Me in
each strain was presented as the ratio of ChIP signal (IP/input)
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obtained using an antibody against the respective modified his-
tone over that obtained using an antibody against total histone
H3.

As expected, the abundances of H3-Ac and H4-Ac at HML in
WT cells were markedly lower than their respective counter-
parts in sir2A cells (Fig. 6, A—C), confirming Sir-dependent his-
tone hypoacetylation in heterochromatin. The levels of H3-Ac
and H4-Ac at HML in fun30A cells were similar to those in WT
cells (Fig. 6, A-C). Moreover, fun30A and WT cells were similar
regarding the abundance of H3-K79-Me at HML (Fig. 6, A and
D). Therefore, fun30A does not affect the hypoacetylation of
histone H3 and H4 and the hypomethylation of H3-K79 in
heterochromatin.

Association of Fun30p with the HML and HMR Loci—We
tested if Fun30p could be cross-linked to HML locus by ChIP.
The C terminus of endogenous FUN30 in strain 10 was tagged
with Myc to make strain 18. Strain 18 was phenotypically indis-
tinguishable from 10, and Fun30p-Myc was expressed as deter-
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mined by Western blotting (data not shown). An anti-Myc anti-
body was used to perform ChIP on strain 18. The abundance of
sequences from the silent HML and HMR loci as well as active
ACTI locus in the immunoprecipitated chromatin fragments
was measured by PCR. Three independent experiments were
performed, and a representative gel picture is shown in Fig. 7A.
The intensity of each band was quantified and normalized
against input control. The mean of data from all of the experi-
ments was graphed in Fig. 7B. We found that Fun30p-Myc is
preferentially enriched at the silent HML and HMR loci (Fig.
7B). This is consistent and extends an earlier study showing
association of Fun30 with HMR locus (22).

Iswlp Plays a Key Role in Maintaining the Stability of HML
Heterochromatin—The fact that a small portion of silencer-free
HML circles in iswIA cells assumes a topology similar to sir™
circles (Fig. 1D) suggests that Isw1p is important for the stabil-
ity of HML chromatin. To further examine the role of Iswl in
maintaining heterochromatin structure, we examined the
effect of iswIA on the kinetics of the loss of the silent state of
silencer-free HML circle after its excision from the genome
(27).

Strains 5 (wild type) and 7 (iswIA) were grown in parallel to
stationary phase before being treated with galactose for 2.5 h to
induce the excision of silencer-free HML circles. Cells were
then washed and diluted with fresh glucose medium, which
inhibited Pg,; ,,-FLPI and allowed cell cycle progression to
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FIGURE 7. Fun30is enriched at HML and HMR loci. A, the abundance of HML,
HMR, and ACT1 sequences in strain 18 carrying FUN30-Myc was measured by
PCR before (Input) and after (a-Myc) chromatin IP with a-Myc antibody. No Ab,
samples from mock ChIP without using antibody. The gel picture of PCR prod-
ucts from one of three independent experiments is shown. The data were
quantified and are plotted in B. The value of relative IP was calculated as the
ratio of IP signal over input signal. The means of data from all three independ-
ent experiments together with corresponding S.D. are presented. The value
for HMR sequence is taken as 1.

resume. The topology of the HML circle was followed during
further cell growth in glucose medium. As cells were not grow-
ing (in stationary phase) when circles were being excised, the
silent state on the HML circle was not disrupted. This was
reflected by the fact that HML circle in wild type or iswl1A cells
lacks sir~ topoisomers at the 0 h time point (Fig. 8, lanes 1 and
6). In wild type cells, as expected, the proportion of topoisomers
with high negative supercoiling characteristic of heterochro-
matin (SIR") gradually decreased, whereas that with lower neg-
ative supercoiling characteristic of derepressed chromatin
(sir™) increased as a function of growth time (Fig. 8B, compare
lanes 2—5 with lane 1). The rate of conversion of the HML circle
from the SIR™ to sir~ state was substantially higher in iswiA
cells than that in wild type cells (Fig. 8B, compare iswIA and
wild type). For example, sir~ topoisomers were readily detect-
able by hour 2 in iswIA cells but were not present even by hour
4.in wild type cells (Fig. 8B, compare lane 7 with lane 3). By hour
6, most of HML circles had been converted to the sir~ state in
iswlA cells, whereas the majority of HML circles maintained
the SIR™ state in wild type cells (Fig. 8B, compare lane 10 with
4). These results demonstrate a critical role of Iswlp in the
stability of HML heterochromatin.

We also examined if fun30A affected the stability of HML
chromatin. We showed that the rate of loss of silent state of
HML circles in fun30A cells was higher than that in wild type
cells (Fig. 8B, compare lanes 12—17 with 1-5), albeit to a lesser
extent relative to that in iswIA cells (Fig. 8B, compare lanes
12-17with 6-11). This result suggests that HML chromatin in
fun30A cells is less stable than that in wild type cells.

We further examined whether Iswlp was involved in the
maintenance of the stability of HML chromatin in fun30A cells.
We showed that the loss rate of the silent state of HML circle in
the fun30A iswIA double mutant was markedly greater than
that in fun30A and iswIA single mutants (Fig. 8B, compare
lanes 18 —24 with 12—17; note that by hour 2, nearly all HML
circles had been converted to the sir™ state in the fun30A iswIA
double mutant, but no sir~ topoisomers were detectable in
fun30A cells). Therefore, Iswlp is also required for the stability
of the intermediate state heterochromatin formed in the
absence of Fun30p. In other words, Fun30p and Iswlp play
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FIGURE 8. ISW1 is required for maintaining the stability of HML heteroch
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romatin. A, a strategy for examining the stability of heterochromatin on HML

minichromosome dissociated from silencers is shown. Filled and shaded circles denote nucleosomes in silent and derepressed chromatins, respectively. See
“Results” for a description. B, examination of the kinetics of the conversion of silent HML circle (SIR™) to derepressed circle (sir™) in strains 5 (wild type), 6

(fun30A), 7 (isw1A), and 8 (fun30A isw1A) is shown. Cells of each strain grown

to stationary phase in YPR were treated with galactose for 2.5 h to induce the

excision of the HML circle. Cells were then shifted and diluted into fresh yeast extract/peptone/glucose medium and further incubated for 8 h. Aliquots of
culture were harvested at time points 0, 1, 2, 3,4, 6, and 8 h. DNA was isolated from the samples and fractionated by agarose gel electrophoresis in the presence

of chloroquine. N and L, nicked and linear forms of the HML circle, respectively.

Topoisomers corresponding to the silent and derepressed states of HML circles

are designated SIR™ and sir~, respectively. Topoisomers of HML circle from the fun30A strain are designated fun30A.
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FIGURE 9. Contribution of Fun30p to the special primary structure of HML heterochromatin. lllustrated is a summary of chromatin mapping data shown
in Figs. 2 and 3. The HML locus and nucleosomes 1-20 and -1 through -4 in silent (SIR") HML heterochromatin are shown as filled ovals at the top. a, shown is
nucleosome distribution in HML chromatin in the derepressed state (in the absence of Sir complex). Open circles represent the nucleosomes in the derepressed
(sir™) state that differ in position and/or stability from their counterparts in the silent (SIR*) state. b, shown is nucleosome distribution in HML chromatin in an
intermediate state (in the absence of Fun30p). Shaded circles represent the nucleosomes in the intermediate (fun30A) state that differ in position and/or
stability from their counterparts in the silent (SIR™) state. ¢, shown is nucleosome distribution in HML chromatin in fully silenced heterochromatin state.

redundant roles in the maintenance of heterochromatin
stability.

DISCUSSION

Establishment of heterochromatin in eukaryotes involves
rearrangement of the primary chromatin structure and poten-
tially formation of high-order structures (2—4). Chromatin
remodeling activities have been implicated in the formation of
heterochromatin in different model organisms. In Drosophila,
the chromatin remodeling factor dATRX is involved in hetero-
chromatin function and co-localizes with the heterochromatin
protein HP1 (5). In fission yeast, a Snf2p homolog Mit is
required for heterochromatin at the silent mating locus,
whereas the histone chaperone and remodeling complex FACT
is required for centromeric-heterochromatin function (7, 8). In
the budding yeast S. cerevisiae, chromatin remodeling proteins
Fun30p, Iswlp, and Snf2p each have been implicated in hetero-
chromatin at one or more loci (20-22). However, the roles of
chromatin remodeling factors in the structure and mainte-
nance of heterochromatin remain unresolved. We show in
this report that Fun30p plays a key role in nucleosome rear-
rangement associated with the formation of heterochroma-
tin, whereas Iswlp is critically required for the stability of
heterochromatin.

Deletion of FUN30 results in extensive changes in the pri-
mary structure of heterochromatin pertaining to nucleosome
positioning at HML (Figs. 2 and 3). However, these changes are
fundamentally different from those caused by sir2A that com-
pletely disrupts heterochromatin (summarized in Fig. 9). These
results, together with the fact that partial HML silencing is
maintained in fun30A cells (Fig. 1, A and B) suggest that in the
absence of Fun30p, a partially silent, intermediate state of het-
erochromatin that differs from both the fully silent state and
fully derepressed state of chromatin is formed. This intermedi-
ate state is associated with hypoacetylation and hypomethyla-
tion of histones (Fig. 6), two hallmarks of heterochromatin (9,
13, 14, 38). Why is the putative intermediate state of hetero-
chromatin in fun30A cells less efficient in silencing relative to
heterochromatin in FUN30 cells? We found that fun30A cre-
ates relatively large gaps between two adjacent nucleosomes in
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two instances (Fig. 2B, see the gap between 4" and 5’ and that
between 8’ and 9'). Given that large gaps in the nucleosome
array are disruptive to heterochromatin function (25), it is
possible that these fun30A-induced gaps in HML hetero-
chromatin are at least part of the reason for the decrease in
silencing. Therefore, Fun30p may serve to remove gaps in
chromatin thereby contributing to efficient silencing medi-
ated by heterochromatin.

Fun30p might directly contribute to the formation of hetero-
chromatin structure by the following three mechanisms that
are not mutually exclusive. First, Fun30p may modulate chro-
matin before Sir complex spreading. As the Sir complex de-
acetylates and propagates along chromatin, the structure of the
preexisting chromatin has the potential of influencing the effi-
ciency of Sir complex spreading. It is believed that a highly
regular array of nucleosomes is more conducive to Sir pro-
tein spreading than a random array. In fact, we have shown
that large gaps between nucleosomes are inhibitory to the
propagation of Sir complex (25). Fun30p may reposition
nucleosomes into a better-ordered array that is more favor-
able for Sir complex spreading. However, this notion is not
supported by our finding that Fun30p does not modulate the
HML chromatin structure in a sir~ background (Fig. 4). Sec-
ond, Fun30p may remodel or reposition nucleosomes simul-
taneously with the spreading of Sir complex along chromatin
(Fig. 9, curved arrow). Fun30p may remodel a nucleosome
immediately after it is deacetylated by Sir complex or vice
versa (i.e. Sir complex deacetylates and binds the nucleo-
some immediately after it is remodeled by Fun30p). Third,
Fun30p may remodel chromatin after Sir complex spreading.
This model implies that without Fun30p, Sir complex
spreading (perhaps with the assistance of another yet to be
identified chromatin remodeler(s)) only results in the forma-
tion of an immature or intermediate state of heterochroma-
tin. Fun30p remodels such a chromatin structure thereby
converting it into the final mature heterochromatin that is
fully silenced (Fig. 9, sequential arrows designated Sir com-
plex and Fun30p). The second and third models, especially
the third one, are in line with our finding that partially
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silenced heterochromatin with a unique structure is formed
at HML in the absence of Fun30p (Fig. 9b).

There is evidence suggesting that the establishment of yeast
heterochromatin involves discrete ordered steps that are regu-
lated by the cell cycle (44—46). When de novo formation of
heterochromatin is allowed to begin in G, phase, gene silencing
does not occur in G; phase, limited silencing happens in
S-phase, partial silencing is achieved during G,/M, and it is not
until telophase of mitosis that robust silencing takes place (44,
45). It is possible that intermediate chromatin structures are
formed in the different stages of heterochromatin formation
before the adoption of a final/mature structure. Fun30p might
be involved in a specific stage(s) of the process of heterochro-
matin formation. Given that Fun30p is known to be subject to
phosphorylation by the cyclin-dependent kinase Cdk1p (47), it
is possible that the role of Fun30p in the formation of hetero-
chromatin is subject to cell cycle regulation.

Our finding that fun30A affects heterochromatin but not dere-
pressed chromatin at HML raises the important question of how
Fun30p function is specifically directed to heterochromatin. Many
chromatin remodeling proteins associate with other factors to
form multisubunit complexes (48). These complexes contain con-
served motifs such as the SANT, bromodomain, and chromodo-
main that recognize distinct features of chromatin. Therefore,
these domains are responsible for targeting chromatin remodeling
complexes to specific chromatin structures/loci. Fun30p belongs
to a subfamily of Snf2p-like ATPases that contain one or two cop-
ies of a putative CUE (coupling of ubiquitin conjugation to ER
(endoplasmic reticulum) degradation) motif that is similar to the
UBA (ubiquitin-associated domain) motif that binds ubiquitin (22,
49). As there is evidence suggesting an involvement of protein
ubiquitination in transcriptional silencing, it is possible that the
CUE motif of Fun30p helps to target Fun30p activity to hetero-
chromatin regions by recognizing a ubiquitinated component of
heterochromatin.

Deletion of ISW1 reduces HML silencing to a similar extent
as fun30A does. However, iswIA causes minimum change in
heterochromatin structure and does not affect the supercoiling
of HML DNA (Figs. 1-3), suggesting that Iswlp does not con-
tribute significantly to the primary structure of heterochroma-
tin as Fun30p does. Instead, Iswlp is critically required for the
stability of heterochromatin (Fig. 8). This is in line with the fact
that Iswlp has the ability to assemble or stabilize nucleosomes
(33). Exactly how Isw1p helps to maintain the stability of het-
erochromatin remains unclear. Based on the fact that Iswlp
contains a SANT motif that can recognize unmodified histone
tails (50), it is possible that Iswlp is targeted to and remodels
nucleosomes deacetylated by Sir2p, making them more stable
during or after the propagation of Sir complex. The ISWI com-
plex in Drosophila regulates high-order chromatin structure
(6). Iswlp might also help to maintain yeast heterochromatin
by stabilizing high-order chromatin structures.

The fact that a partially silent chromatin structure that is
different from derepressed chromatin in nucleosome arrange-
ment is still formed in the absence of Fun30p (and Isw1p) (Figs.
2 and 3) suggests that other chromatin remodeling activities
may also be involved in forming heterochromatin structure.
Besides Fun30p and Iswlp, there are several other known chro-
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matin remodeling proteins including Isw2p, Chdlp, Ino80p,
and Rad54p in yeast (51). Although deleting any one of them
does not significantly affect heterochromatic gene silencing,* it
is formally possible that these factors play redundant roles in
heterochromatin.
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