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Heterochromatic domains are complex structures composed of
nucleosome arrays that are bound by silencing factors. This
composition raises the possibility that certain configurations of
nucleosome arrays facilitate heterochromatic silencing. We tested
this possibility in Saccharomyces cerevisiae by systematically alter-
ing the distance between heterochromatic nucleosome-depleted
regions (NDRs), which is predicted to affect local nucleosome po-
sitioning by limiting how nucleosomes can be packed between
NDRs. Consistent with this prediction, serial deletions that altered
the distance between heterochromatic NDRs revealed a striking
oscillatory relationship between inter-NDR distance and defects
in nucleosome positioning. Furthermore, conditions that caused
poor nucleosome positioning also led to defects in both hetero-
chromatin stability and the ability of cells to generate and inherit
epigenetic transcriptional states. These findings strongly suggest
that nucleosome positioning can contribute to formation and
maintenance of functional heterochromatin and point to previously
unappreciated roles of NDR positioning within heterochromatic
domains.

epigenetics | chromatin | gene silencing

Acentral challenge to both transcription and transcriptional
regulation in eukaryotes is the handling of nucleosomes, the
fundamental repeating units of chromatin. Each nucleosome
consists of 147 base pairs of DNA wrapped around eight histone
subunits, two copies each of histones H2A, H2B, H3, and H4.
Nucleosomes can be posttranslationally modified at specific
amino acid positions, precisely or poorly positioned, and pack-
aged into higher-order chromatin structures to control gene ex-
pression. Nucleosome dynamics are especially relevant in
heterochromatin, which is composed of covalently modified
nucleosome arrays bound by silencing factors. Despite their
importance, it remains unclear exactly how nucleosomes are
arranged to create functional heterochromatin.

The interplay between silencing factors and nucleosomes is
complex. Formation of heterochromatin generally requires re-
cruitment of silencing factors to specific nucleation sites, and
subsequent iterative cycles of histone modification and binding
of silencing complexes allow these complexes to spread across
nucleosome arrays (1-3). Some silencing factors, including HP1,
Sir3, and PRC2, can bridge neighboring nucleosomes, allowing
the formation of large chromatin structures (4-6). Additionally,
some chromatin remodelers are associated with heterochromatin
and required for transcriptional silencing (7, 8). These studies
indicate that nucleosomes may be positioned in specific ways to
permit heterochromatin formation and maintenance.

The organization of nucleosome arrays is driven by multiple
factors. First, different DNA sequences have different intrinsic
abilities to bend around a histone octamer, which affects their
ability to form nucleosomes (9, 10). Second, nucleosome-
depleted regions (NDRs), which are formed by nucleosome-
disfavoring DNA sequences or by tightly bound transcription
factors, have the ability to position adjacent nucleosomes into
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phased arrays (11-13). Additionally, two NDRs in close prox-
imity should constrain the number of nucleosomes that can fit
between them (14, 15). For example, if two NDRs are spaced
approximately two nucleosome lengths apart, then two nucleo-
somes should fit in that space and be relatively well positioned.
Conversely, if two NDRs are two-and-a-half nucleosome lengths
apart, then two nucleosomes should still fit in that space but may
become more poorly positioned by sampling a greater length of
DNA. Indeed, a genome-wide study in Saccharomyces cerevisiae
found that certain lengths of DNA between NDRs are correlated
with, and presumably responsible for, more poorly positioned
nucleosomes (16).

If nucleosome positioning affects heterochromatin, then al-
tering inter-NDR distances within heterochromatin could lead to
defects in gene silencing. We tested this prediction for two het-
erochromatic domains in S. cerevisiae: HML and HMR. The E
and [ silencers are NDRs that flank each of these domains; each
silencer is bound by combinations of the DNA-binding proteins
Rapl, Abfl, and ORC (17). These proteins outcompete nucle-
osomes for binding to silencers (18, 19) and also cooperate to
recruit Sir proteins (20, 21). Sirl is bound only at silencers. In
contrast, Sir2/3/4 complexes bind to silencers, spread across the
locus, and silence any genes within these domains (1, 2, 22). The
bidirectional promoter in HML also contains an NDR that is
bound by Rapl, and this site likely contributes both to hetero-
chromatic silencing and to transcription when HML is unsilenced
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(23, 24). Here, we tested whether the precise distance between
these NDRs affected nucleosome positioning and, if so, whether
effects on positioning affected heterochromatin stability.

Results

Inter-NDR Distance Affected Silencing Stability. In wild-type cells,
HML and HMR are constitutively silenced. Rare, transient
loss-of-silencing events can be detected using the Cre-Reported
Altered States of Heterochromatin (CRASH) assay (Fig. 14)
(25). In this assay, the coding sequence of the a2 gene in HML is
replaced with the coding sequence of cre, and a cassette con-
sisting of two fluorescent reporter genes with appropriately
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placed lox sites (hereafter referred to as the lox cassette) is lo-
cated elsewhere in the genome. Transient loss of silencing causes
cre expression, which leads to recombination of the lox cassette
and an irreversible switch from expressing only red fluorescent
protein (RFP) to expressing only green fluorescent protein
(GFP). In a colony, the descendants of cells that lost silencing
continue expressing GFP and form radial GFP+ sectors during
colony growth. Therefore, the apex of each sector represents a
single cell that lost silencing, and the number of GFP+ sectors in
a colony represents the frequency of loss-of-silencing events.
Consistent with previous studies that utilized micrococcal nu-
clease (MNase) and histone H3 chromatin immunoprecipitation
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Fig. 1.

Inter-NDR distance affected silencing stability. (A) Schematic of the CRASH assay (25). In this assay, cre replaces the a2 coding sequence in HML.

Nucleosome-depleted regions, including the E silencer, I silencer, and bidirectional promoter, are indicated as yellow boxes. Transient expression of Cre
recombines a lox cassette elsewhere in the genome, which causes cells to irreversibly switch from expressing RFP to expressing GFP. Therefore, during colony
growth, cells that lose silencing lead to formation of GFP+ sectors on an otherwise RFP+ background. (B) Schematic of serial deletions used to alter inter-NDR
distance. The bidirectional promoter contains a Rap1-binding site and is termed NDR-L. The HML-I silencer, which contains binding sites for Abf1, Rap1, and
ORC, is termed NDR-R. Nine well-positioned nucleosomes reside between these NDRs (S/ Appendix, Fig. S1) (gray circles). A series of deletions was made to
move NDR-R to various distances from NDR-L (JRY11330-11342, JRY 11259, JRY 11281, JRY 11296, JRY 11297, JRY11280, JRY11317-11327). (C) Representative
CRASH colonies from strains with different inter-NDR distances. The distance between NDR-L and NDR-R is indicated for each strain. (D) Sectoring rates were
quantified with MORPHE software (26). Data are means + SD (n = 10 colonies per genotype) (scale bar, 2 mm).
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(ChIP), MNase sequencing (MNase-Seq) of HMLa::cre revealed
the existence of NDRs at the HML-E and HML-I silencers, as well
as at the bidirectional promoter (SI Appendix, Fig. S1) (18). Nu-
cleosomes between these NDRs appeared well positioned. To
alter inter-NDR distance in HML, we generated a series of 28
deletions between the Rapl-binding site in the bidirectional pro-
moter, which we term NDR-L, and the Abfl-binding site in the
HML-I silencer, which we term NDR-R (Fig. 1B and SI Appendix,
Fig. S1). The largest of these deletions left 24 base pairs between
NDR-L and NDR-R, and smaller deletions increased this distance
incrementally. The only known DNA elements that were fully or
partially deleted in these strains were the al transcription initia-
tion site and the al coding sequence, which are not thought to be
involved in expression of a2 (23).

Strikingly, the frequency of loss-of-silencing events appeared
to rise and fall with increasing inter-NDR distances (Fig. 1C and
SI Appendix, Fig. S2). Additionally, these oscillatory effects di-
minished with increasing inter-NDR distances. We quantified
loss-of-silencing rates by using MORphological PHenotype Ex-
traction (MORPHE) software, which calculates the frequency of
sectors and their onset points (Fig. 1D) (26). Additionally, we
quantified loss-of-silencing events by measuring fluorescence of
single cells. Cells that have recently lost silencing, and thereby
recently recombined the Jox cassette, contain both RFP and GFP
due to a lag time in RFP degradation. By using flow cytometry to
measure the frequency of these cells, we also found an oscillatory
correlation between inter-NDR distance and silencing-loss rate
(81 Appendix, Fig. S3). Because these two quantification methods
showed similar trends, individual experiments in the rest of this
study used one or the other.

Based on the average nucleosome repeat length of 165 base
pairs in S. cerevisiae (27), we defined one nucleosome “unit” as
165 base pairs. If the distance between NDR-L and NDR-R
could be evenly divided into nucleosome units, silencing was
more stable than if that distance could not be evenly divided into
nucleosome units. For example, an inter-NDR distance of 179
base pairs corresponds to 1.1 nucleosome units, nearly an exact
nucleosome unit of 1, and this inter-NDR distance yielded more
stable silencing than an inter-NDR distance of 236 base pairs,
which corresponds to 1.6 nucleosome units. We estimated the
periodicity of changes in silencing-loss rates by calculating the
distances between individual peaks, or individual troughs, of
silencing-loss rates. These distances averaged to 159 base pairs,
similar to the 165 base pairs in a nucleosome unit. This result
strongly suggested that the periodicity of silencing-loss rates was
correlated with whether or not different inter-NDR distances
could be evenly divided into nucleosome units.

In principle, the periodicity of silencing-loss rates was com-
patible with at least two different mechanisms: one possibility
was that inter-NDR distances that were not evenly divisible by
nucleosome units resulted in loss of heterochromatin stability.
Alternatively, variation in the lengths of the deletions might
impact transcription from the bidirectional promoter, which
could affect transcription of cre in both silenced and unsilenced
cells. To test these possibilities, we blocked silencing in a subset
of strains with different inter-NDR distances by exposing them to
nicotinamide (NAM), a chemical inhibitor of Sir2, and quanti-
fied cre expression with RT-qPCR. Interestingly, strains which
showed large differences in silencing-loss rates with the CRASH
assay did not exhibit significant differences in cre expression
when HML was unsilenced (SI Appendix, Fig. S4). These results
suggested that different lengths between NDR-L and NDR-R
affected heterochromatin stability rather than transcription from
the bidirectional promoter.

In this framework, silencing was more stable when the dis-
tance between NDR-L and NDR-R was evenly divisible by
nucleosome units, and less stable when this distance was not
evenly divisible by nucleosome units (Fig. 1D). These findings
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raised the possibility that altered nucleosome packing between
these NDRs could lead to defects in silencing stability.

Inter-NDR Distance Affected Nucleosome Positioning. To test the
expectation that the distance between NDR-L and NDR-R in-
fluences silencing stability through effects on nucleosome posi-
tioning, we performed MNase-Seq on strains with different
distances between these NDRs (Fig. 2). These data represent
smoothed midpoints of protected fragments that were between
140 base pairs and 180 base pairs in length. We inferred that
these protected fragments reflected nucleosomes, as they cor-
respond to protected fragments in H3 ChIP-Seq experiments. All
strains exhibited nucleosome depletion at NDR-L and NDR-R.
Additionally, nucleosomes to the left of NDR-L, and to the right
of the NDR-R, appeared regularly positioned in most strains. In
contrast, nucleosomes between these NDRs exhibited striking
differences in positioning and occupancy at various inter-NDR
distances.

There were no strongly protected sequences between NDR-L
and NDR-R when the distance between these NDRs was at or
below 99 base pairs. When this distance was expanded past 99
base pairs, the appearance of a protected sequence became ev-
ident. Additionally, the appearance of nucleosomes in this inter-
NDR region correlated with a stabilization of silencing until the
inter-NDR distance exceeded 193 base pairs. Notably, the pro-
tected sequence to the right of NDR-L formed a smaller peak
than the same nucleosome seen in SI Appendix, Fig. S1, likely
reflecting variation in the extent of MNase digestion between
different experiments. As the inter-NDR distance expanded
beyond 193 base pairs, nucleosome-sized protected fragments
were present in the inter-NDR region but appeared to be ir-
regularly positioned in some strains. Generally, inter-NDR dis-
tances that were not evenly divisible by nucleosome units
exhibited irregularly positioned nucleosomes and stronger si-
lencing defects. These data suggested that inter-NDR distances
that were evenly divisible by nucleosome units facilitated si-
lencing stability by allowing proper nucleosome positioning.

NDR-R Was Required for Oscillatory Silencing Effects. The deletions
made between NDR-L and NDR-R affected both the DNA se-
quence content in this region and the relative distances between
these NDRs. Either or both of these variables could theoretically
contribute to nucleosome positioning and therefore be respon-
sible for the oscillatory effects on silencing stability (Fig. 1). To
test the contribution of NDRs to the observed silencing effects,
we deleted NDR-R in 14 strains with different distances between
NDR-L and NDR-R. Deletion of NDR-L was not feasible due to
its role in transcription (23). Deletion of NDR-R led to high
overall sectoring rates and eliminated the oscillatory silencing
effects (Fig. 34 and SI Appendix, Fig. SS5). Thus, the oscillation in
silencing stability reflected the distance between NDR-L and
NDR-R rather than some functional properties of the sequences
between these NDRs.

Given that NDR-R is a silencer, it was possible that removal of
a silencer per se could mask the oscillatory silencing effects in-
dependently of its ability to act as an NDR. To test this possi-
bility, we also deleted the HML-E silencer in strains with
different distances between NDR-L and NDR-R. Oscillatory
silencing effects were still observed among strains that lacked the
HML-E silencer (Fig. 3B and SI Appendix, Fig. S5). These data
further supported the view that the oscillatory silencing effects
resulted from changes in distance between NDR-L and NDR-R.

Replacement of NDR-R with Heterologous NDRs. Though the cor-
relation between silencing stability and proper nucleosome
positioning suggested a causal relationship between these two
variables, it was possible that the observed silencing effects
resulted from a separate aspect of NDR repositioning. Previous
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Inter-NDR distance affected nucleosome positioning. MNase-Seq was used to identify nucleosome positions in strains with different inter-NDR dis-

tances (JRY 11259, JRY 11280, JRY11281, JRY11296, JRY11297, JRY11317-11327, JRY11330-11342). Midpoints of MNase-protected fragments ranging from 140
base pairs to 180 base pairs in length were plotted and smoothed. The relative positions of cre (gray box), NDR-L (leftmost yellow box), and NDR-R (rightmost
yellow box) are indicated, with tick marks representing 100 base pair intervals. The distance in base pairs between NDR-L and NDR-R is provided for each
strain. Representative CRASH colonies from Fig. 1C and S/ Appendix, Fig. S2 are provided for comparison. The strain with 1,460 base pairs between NDR-L and
NDR-R contained HML lacking any inter-NDR deletions (JRY11259) (scale bar, 2 mm).

studies suggest that silencers at HM loci can interact with each
other and the bidirectional promoter to form loops, and it is
possible that such loops facilitate silencing (28, 29). In this case,
different distances between NDR-L and NDR-R may be more
amenable or refractory to loop formation between these two
sites, which could in turn impact silencing stability. To test this
possibility, we replaced NDR-R with either of two heterologous
NDRs that have no known roles in silencing (Fig. 44). One of
these NDRs consisted of a trio of binding sites for the
nucleosome-depleting factor Reb1 (30); these sites were able to
efficiently deplete nucleosomes as judged by MNase-qPCR (SI

27496 | www.pnas.org/cgi/doi/10.1073/pnas.2004111117

Appendix, Fig. S6). The other heterologous NDR consisted of a
100 base pair poly-A sequence, which we utilized based on
previous observations that poly-A sequences efficiently deplete
nucleosomes in vivo (9, 15). We note that our large poly-A
sequence was refractory to analysis of nucleosome occupancy
by MNase-qPCR and MNase-Seq.

As with the native NDR-R, different inter-NDR distances
between NDR-L and either heterologous NDR resulted in os-
cillatory silencing effects (Fig. 4 B and C and SI Appendix, Fig.
S7). Therefore, given that oscillatory effects were still observed
when HML-I was replaced with either of two heterologous

Saxton and Rine
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Fig. 3. NDR-R was necessary for oscillatory silencing effects. (A) NDR-R was
deleted in strains with different inter-NDR distances (JRY11362-11375). Ap-
parent silencing-loss rates were quantified by flow cytometry. Data are
means + SD (n = 3 independent cultures). (B) Quantification of apparent
silencing-loss rates in strains with different inter-NDR distances and deletion
of the HML-E silencer, as calculated by flow cytometry (JRY11377-JRY11390).
Data are means + SD (n = 3 independent cultures). Representative CRASH
colonies are shown in SI Appendix, Fig. S5.

NDRs, we inferred that looping activities involving HML-I were
not the cause of oscillatory silencing effects. Importantly, both
of these heterologous NDRs have transcriptional activation
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activities (9, 31), and it was possible that a loop with tran-
scriptional activation activity could form between heterologous
NDRs and the bidirectional promoter. If this heterologous loop
existed and accounted for oscillatory silencing effects, it would
also be likely to exhibit oscillatory transcriptional activation
effects in unsilenced cells. However, transcription levels of cre
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Fig. 4. Oscillatory silencing effects were observed with heterologous NDRs.
(A) NDR-R was replaced with either a trio of Reb1-binding sites (JRY12961) or
a 100 base pair poly-A sequence (JRY12960), and serial deletions were used
to change inter-NDR distance (JRY12969-13002). (B) Apparent silencing-loss
rates for different inter-NDR distances between NDR-L and NDR-RA::3xReb1
(JRY12969-12985), as calculated by flow cytometry. (C) Apparent silencing-
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RA::PolyA (JRY12986-13002), as calculated by flow cytometry. Data are
means + SD (n = 6 independent cultures). Silencing-loss rates labeled as
100% reflect strains in which RFP+ cells were not recoverable during strain
generation, as described in Materials and Methods.
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did not exhibit oscillatory changes in unsilenced cells with dif-
ferent distances between NDR-L and the trio of Rebl-binding
sites (SI Appendix, Fig. S6). Therefore, we inferred that any
potential looping functions of NDR-R or heterologous NDRs
were not responsible for the oscillatory silencing effects. This
finding was consistent with the idea that oscillatory silencing
effects were caused by changes in nucleosome positioning.

Contributions of Inter-NDR DNA Content. In addition to the inter-
NDR distance, the DNA sequence between NDR-L and NDR-R
might also contribute to the observed oscillatory silencing pat-
tern. For example, it was possible that nucleosome positioning
affected binding of a sequence-specific DNA-binding protein to
its binding site(s) within the inter-NDR region. If this factor
affected silencing, then the differential binding of this factor in
strains with different inter-NDR distances could conceivably
contribute to the oscillatory silencing patterns. The only known
motif within the inter-NDR region is the transcription initiation
site for the al gene, which resides ~50 base pairs to the right of
NDR-L. Notably, when the inter-NDR distance was 39 base
pairs or less, then the initiation site was absent and silencing was
stable (Fig. 1C). However, when the inter-NDR distance was
expanded to 69 base pairs, the initiation site was revealed and
silencing was less stable. Therefore, it was possible that the ini-
tiation site contributed to the oscillatory silencing effects ob-
served in strains with inter-NDR distances of 69 base pairs
or greater.

To test if the initiation site contributed to the oscillatory si-
lencing effects, we deleted the DNA corresponding to the nu-
cleosome that contained the initiation site, and subsequently
made serial deletions that changed the distance between NDR-L
and NDR-R. The resulting strains exhibited oscillatory silencing
effects with different inter-NDR distances (SI Appendix, Fig. S8).
Thus, the transcription initiation site for the al/ gene was not
necessary for the oscillatory silencing effects.

Given that different DNA sequences have different propen-
sities to form nucleosomes (10), it was possible that the oscilla-
tory silencing effects were influenced by the inter-NDR DNA
sequence. To test this possibility, we made serial deletions be-
tween NDR-L and NDR-R in which the right side of the dele-
tion, which is adjacent to NDR-R, was varied rather than the left
side. This effectively created inter-NDR distances similar to
those in Figs. 1 and 2, but changed the DNA sequence between
the NDRs. The oscillatory silencing effects were still observed in
these strains (SI Appendix, Fig. S9). These data suggested that
the distance between NDRs, rather than the specific DNA se-
quence between them, was the central driver of observed
silencing effects.

Inter-NDR Distance Affected Silencing Stability at HMRa. Since all
perturbations mentioned thus far were made at HMLa::cre, we
were curious if nucleosome positioning effects on silencing were
specific to HMLa::cre or a general feature of heterochromatin.
To test this, we employed a variant of the CRASH assay that
utilizes a separate heterochromatic domain, HMRa::cre (25).
Notably, this domain contains the endogenous HMR silencers
and a fragment from HMLa::cre that contains cre, the HML bi-
directional promoter, and the al gene (SI Appendix, Fig. S10). A
previous study established that the HML bidirectional promoter
and both HMR silencers in HMRa::cre are nucleosome depleted,
and revealed five well-positioned nucleosomes between the
HML bidirectional promoter and the HMR-I silencer (32). To
alter inter-NDR distance, as above, we made a series of 14 de-
letions between the Rap1-binding site in the HML bidirectional
promoter, which is termed NDR-L, and the Abfl-binding site in
the HMR-I silencer, which is termed NDR-R. These mutants
exhibited oscillatory silencing effects similar to those seen at
HMLa::cre, albeit dampened in strains with inter-NDR distances
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greater than 200 base pairs (SI Appendix, Fig. S10). Thus, nu-
cleosome positioning contributed to silencing stability in a sec-
ond heterochromatic domain.

Inter-NDR Distance Influenced Epigenetic Inheritance. It is possible
that nucleosome positioning affects both transient loss-of-silencing
events, as measured by the CRASH assay, and transmission of
epigenetic chromatin states. In the absence of Sirl, genetically
identical cells can be either transcriptionally silenced or expressed
at individual heterochromatic mating-type loci. These transcrip-
tional states are heritable and switching events between states can
be monitored with the FLuorescent Assessment of Metastable
Expression (FLAME) assay (32). This assay utilizes HMLa::RFP
or HMRa::GFP in a sirlA mutant, and fluorescence profiles of
cells can be monitored with flow cytometry and microscopy. Since
HMRa::GFP is silenced more frequently than HMLa::RFP,
HMRa::GFP provides a better dynamic range to measure poten-
tial silencing defects.

To test the effects of nucleosome positioning on epigenetic
states, we altered the distance between NDR-L and NDR-R in
HMRa::GFP and calculated the frequency of different epigenetic
states by using flow cytometry (Fig. 5 A and B). Strikingly, the
frequency of silenced cells exhibited an oscillatory pattern;
strains with inter-NDR distances that were evenly divisible by
nucleosome units had more silenced cells, and strains with dis-
tances that were not evenly divisible by nucleosome units had
more expressed cells (Fig. 5 C and D). These results suggested
that switching rates between states varied in strains with different
inter-NDR distances. Indeed, by using time-lapse microscopy to
monitor switching events in dividing cells, we found that the rate
of silencing loss was higher for inter-NDR distances that were
not evenly divisible by nucleosome units (Fig. SE). Interestingly,
these same strains also exhibited a lower rate of silencing es-
tablishment (Fig. 5F). These data suggested that proper nucle-
osome positioning facilitates both establishment and inheritance
of the silenced epigenetic state at HMR.

Discussion

Heterochromatin is a complex structure that usually requires
cooperation between modified nucleosome arrays and silencing
proteins. Though this cooperative nature suggests that specific
configurations of nucleosome arrays may be required for effec-
tive silencing, strong evidence for this idea has been lacking.
Here, we tested whether nucleosome positioning within hetero-
chromatin affects silencing stability by altering the distance be-
tween heterochromatic NDRs. We found that well-localized
nucleosomes contribute to silencing stability in two heterochro-
matic domains and facilitate the establishment, stability, and
heritability of epigenetic silenced states.

Effects of Inter-NDR Distance on Nucleosome Positioning. The bar-
rier model of nucleosome positioning posits that NDRs act as
barriers to nucleosome movement and effectively constrain the
positions of adjacent nucleosomes (14). This model has been
supported by evidence that nucleosomes are usually well posi-
tioned near NDRs and more poorly positioned at locations dis-
tant from NDRs (15). Indeed, in contrast to yeast, the much
larger human genome has more poorly positioned nucleosomes
due to the large amount of space between NDRs at promoters,
enhancers, and other regulatory sites (33).

A corollary of the barrier model is that two NDRs in close
proximity should constrain the number of nucleosomes that can fit
between them. Consistent with this idea, a genome-wide study
found that inter-NDR distances that are evenly divisible by nu-
cleosome units have relatively well-positioned nucleosomes in that
space, whereas those that are not evenly divisible by nucleosome
units correspond to more poorly positioned nucleosomes (16).
Our results built on these findings by showing that changes in
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Fig. 5. Inter-NDR distance influenced transmission of epigenetic states in

sir1A. (A) Schematic of the FLAME assay (32). In this assay, GFP replaces the
a2 gene in HMRa in a sir1A genetic background. NDRs are depicted as yellow
boxes, including HMR-E, the HML bidirectional promoter (NDR-L), and the
HMR-I silencer (NDR-R). (B) Epigenetic states of HMRa observed with live-cell
microscopy (JRY11478). (C) Frequency of silenced and expressed cells in
strains with different inter-NDR distances (JRY 11543, JRY12306-12318). Se-
rial deletions identical to those made in S/ Appendix, Fig. S10 were used to
alter the distance between NDR-L and NDR-R. Cells were grown at log-phase
for 48 h to reach equilibrium, and subsequently analyzed by flow cytometry.
(D) Quantification of the frequency of expressed cells observed by flow
cytometry in C. Data points represent independent cultures (n = 2 per strain)
and the line represents the mean for each strain. (E) Quantification of
silencing-loss rates observed with time-lapse microscopy (n > 500 cell divi-
sions per genotype) for a subset of strains (JRY11543, JRY 12307, JRY12312,
JRY 12315, JRY12318). (F) Quantification of silencing-establishment rates
observed with time-lapse microscopy (n > 400 cell divisions per genotype) for
the same subset of strains (JRY11543, JRY12307, JRY12312, JRY12315,
JRY12318). Error bars represent 95% confidence intervals (scale bar, 5 pm).

inter-NDR distance at a specific locus of interest influenced nu-
cleosome array patterns, with the most well-positioned nucleo-
somes corresponding to inter-NDR distances that are evenly
divisible by nucleosome units.

Contributions of Nucleosome Positioning to Heterochromatin
Stability. A simple model for the observed oscillatory silencing
effects is that poor nucleosome positioning within heterochro-
matin leads to relatively large gaps between nucleosomes,
which in turn causes silencing defects. In this view, inter-NDR
distances that are not evenly divisible by nucleosome units
would contain the permissible number of nucleosomes, but the
inability to make all of the DNA nucleosomal would lead to
gaps of unoccupied DNA that destabilize silencing. In support
of this idea, the ability of the HML-I silencer to silence a nearby
reporter gene is blocked by the introduction of a nucleosome-
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disfavoring DNA sequence between these two sites (34). Sim-
ilarly, the incorporation of heterologous nucleosomal DNA
sequences with long linker regions into HML is less permissible
to silencing than incorporation of the same DNA sequences
with short linker regions (35).

Poorly positioned nucleosomes and nucleosome-free DNA
could destabilize heterochromatin for multiple reasons. Previous
work found that disruption of chromatin remodelers can lead to
genome-wide defects in nucleosome positioning and increased
levels of cryptic transcription (36, 37). Considering that the
HMLal initiation site is normally nucleosomal and not leading
to active transcription, it was possible that irregular nucleosome
positioning over this site led to aberrant transcription and sub-
sequent destabilization of local heterochromatin. However, two
independent experiments established that the HMLal initiation
site was not necessary for the observed oscillatory silencing ef-
fects (SI Appendix, Figs. S8 and S9).

An alternative possibility is that the spreading of silencing
factors is limited by gaps of nucleosome-free DNA. Consistent
with this idea, nucleosome-disfavoring DNA sequences are able
to partially block the spread of Sir proteins from HML-I silencer
(34). In theory, increased distances between nucleosomes could
hinder binding of Sir3, which preferentially binds to di-
nucleosomes in vitro (4). It is also possible that gaps of
nucleosome-free DNA can hinder the iterative rounds of H4K16
deacetylation by Sir2 and histone binding by Sir3 that are
thought to promote spreading of the Sir complex (1). Further
studies will be needed to identify why altered nucleosome posi-
tioning and associated gaps between nucleosomes lead to
unstable silencing.

It is important to note that the oscillatory silencing effects
diminished with longer inter-NDR distances. This observation
may suggest that perturbations to nucleosome positioning, and
any resulting effects on silencing, can be mitigated by having
larger inter-NDR distances. For example, larger inter-NDR
distances facilitate the formation of larger nucleosome arrays,
which could mitigate the effects of a fixed amount of non-
nucleosomal DNA (such as that generated by an inter-NDR
distance that is not evenly divisible by nucleosome units) by
distributing it over more spaces between individual nucleosomes.
This idea is interesting given that heterochromatic domains are
often much larger than the repressed genes within them (38-40),
and that NDRs such as silencer elements and the bidirectional
promoter in HML are located relatively far away from each
other. Our findings may suggest that this naturally occurring
chromatin architecture acts to buffer silencing against processes
that transiently disrupt nucleosome positioning, such as DNA
replication and DNA repair (41, 42). Additional studies that test
how heterochromatic nucleosome arrays can absorb changes in
nucleosome positioning may point to advantages of naturally
occurring heterochromatin architectures.

Effects of Nucleosome Positioning on Epigenetic States. A central
question in chromatin biology is how genetically identical cells
can exhibit different, heritable transcriptional states. This epi-
genetic phenomenon is frequently observed in heterochromatin,
raising the question of how silenced transcriptional states can be
generated and inherited. One possibility is that some nucleo-
some array configurations can favor chromatin structures re-
quired for different transcriptional states, such as the silenced
and expressed states of HML and HMR in sirlA. In support of
this idea, removal of the linker histone homolog Hhol causes
HML to be silenced more frequently in sir/A strains (43). Simi-
larly, defects in the chromatin remodeling complex Isw2/
yCHRAC cause more cells to be silenced at a reporter gene
integrated in a synthetic yeast telomere (44).

We built on these findings by testing the effects of inter-NDR
distance on epigenetic states of HMR in sirlA. Interestingly,
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inter-NDR distances that weren’t evenly divisible by nucleosome
units led to both higher silencing-loss rates and lower silencing-
establishment rates. This result is partially consistent with the
earlier discovery that Isw2/yCHRAC contributes only to the
silencing-establishment rate at a synthetic yeast telomere (44).
Together, these findings argue that poorly positioned nucleo-
some arrays provide a poor substrate to establish silencing and
can lead to defects in inheritance of silencing in some contexts.
Additional studies will improve our understanding of why certain
nucleosome array patterns are more permissible to specific epi-
genetic transcriptional states.

Potential Effects of Inter-NDR Distance in Disease Contexts and
Synthetic Biology. These observations that inter-NDR distance
affects local nucleosome arrays have additional functional im-
plications. Genome wide, inter-NDR distances that are not
evenly divisible by nucleosome units correspond to higher his-
tone turnover, higher Polll density, and higher transcriptional
plasticity (16). These effects may be relevant to diseases that
involve trinucleotide repeat expansions, many of which occur in
noncoding regions and have unclear molecular consequences
(45). As such, repeat expansions that influence inter-NDR dis-
tance, and thereby alter nucleosome positioning, may contribute
to some pathologies. Additionally, future experiments that utilize
synthetic biology to manipulate chromatin architecture may
benefit from the knowledge that different inter-NDR distances
can affect transcriptional regulation. This may be especially
useful for fine-tuning transcriptional outputs in sensitive reg-
ulatory circuits. Further research will be needed to address the
relevance of NDR positioning in disease contexts such as tri-
nucleotide repeat expansions and in the field of synthetic
biology.

Materials and Methods

Yeast Strains. Strains and oligonucleotides used in this study are listed S/
Appendix, Table S1. All strains were derived from the W303 background.
Strains used in the CRASH and FLAME assays were generated as described
previously (25, 32).

All deletions were made with CRISPR/Cas9 technology (46). Each deletion
required a single guide RNA (sgRNA) and two oligonucleotides, which are
listed in SI Appendix, Table S1. The sgRNA was designed to target a site
within the region that would be deleted. The two oligonucleotides used for
each deletion were partially overlapping and amplified by PCR prior to use.
The resulting extended oligonucleotide constituted a repair template that
would yield a deletion. Cotransformation of the sgRNA- and Cas9-containing
plasmid, as well as the extended oligonucleotide, resulted in transformants
with the desired deletion. Deletions were confirmed by junction PCR and
sequencing.

To generate strains that replaced the HML-/ silencer with a trio of Reb1-
binding sites or a poly-A sequence, ultramers with the appropriate se-
quences were amplified and used as repair templates with the appropriate
sgRNA- and Cas9-containing plasmid. The ultramer for the trio of Reb1 sites
was 5-GTTTGACTTCTATGTTAACTTACTTCAACATGAAAGCCCGGTTACCCG-
GGTTAACATGTAGCCCGGCCCTATTAGTACAGCAGTGCCTTGGTTACCCGGAAT-
GACATTCTCATTATTAAATTTTCTCTACAGCCAAACGAGTTACCCGGCGCCGGA-
GGTGCTGGAAATGGCAAACGAAAATACTATGAC-3' and the ultramer for the
poly-A sequence was 5'-GTTTGACTTCTATGTTAACTTACTTCAACATGAAAGCCC-
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-
AAAAACGCCGGAGGTGCTGGAAATGGCAAACGAAAATACTATGAC-3'. The
primers and sgRNA sequences are listed in S/ Appendix, Table S1. The Reb1
consensus sequence GTTACCCGG was used (47) and the three Reb1 sites
were each spaced 40 base pairs apart. Insertions were confirmed by junction
PCR and sequencing.

When HML-IA::3xReb1 or HML-IA::PolyA were generated in strains with
different inter-NDR distances, a subset of transformations yielded only col-
onies that were RFP- GFP+. This result suggested that the resulting genotype
had such unstable silencing that recovery of RFP+ cells was impossible or
extremely difficult. We tested this by confirming the correct genotype of at
least 10 colonies that had the correct repair event and were RFP- and GFP+.
Additionally, a significant number of colonies on control plates without a
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repair template were RFP+, demonstrating that RFP+ cells had indeed been
used in the transformation and that an immediate switch to GFP+ had
probably occurred in correct transformants.

CRASH Assay. To generate colonies, cells were plated at a density of ~10 cells/
plate [CSM-Trp (Sunrise Science Products), 1% agar] and grown into colonies
over 3 to 4 d. Colonies were imaged with a Leica M205 FA fluorescence
stereomicroscope (Leica Camera AG) equipped with a DFC3000G charge-
coupled device (CCD) camera, a Leica PLANAPO 0.63x objective, ET RFP fil-
ter (Leica 10450224), ET GFP filter (Leica 10447408), and Leica Application
Suite X (LAS X) imaging software. A minimum of 10 colonies were imaged
per genotype.

Quantification of sectoring rates with MORPHE software was performed as
previously described (26). As the onset point of each sector in a colony
represented a single silencing-loss event, an average onset frequency for all
sectors was calculated for each colony. At least 10 colonies were analyzed
per genotype.

To quantify apparent silencing-loss rates by flow cytometry, cells were first
inoculated in liquid media (CSM -Trp) and grown to saturation overnight.
These cultures were subsequently back-diluted in CSM-Trp, grown at log-
phase for 4 h, and analyzed with a BD LSRFortessa cell analyzer (BD Biosci-
ences) with a fluorescein isothiocyanate (FITC) filter and R-PhycoErythrin (PE)-
TexasRed filter. Subsequent analysis was performed with FlowlJo software.
Distinct populations of RFP+ GFP- cells (which had not lost silencing), RFP+
GFP+ cells (which had recently lost silencing), and RFP- GFP+ cells (which had
lost silencing less recently) were observed. The apparent silencing-loss rate
was calculated by dividing the frequency of RFP+ GFP+ cells by the combined
frequencies of RFP+ GFP- and RFP+ GFP+ cells. Apparent silencing-loss rates
were calculated for three independent cultures per genotype.

FLAME Assay. Two independent cultures for each strain were grown in liquid
media (CSM) to saturation overnight. These cultures were then grown at log-
phase for 48 h by repeated serial back-dilutions, ultimately allowing each
population to reach an equilibrium of silenced and unsilenced cells.

First, samples from each culture were analyzed by flow cytometry. The
frequencies of silenced and unsilenced cells were similar between both in-
dependent cultures for each strain, therefore representative flow cytometry
profiles were shown for only one culture per strain in Fig. 5C. Second, samples
from a subset of the cultures were used for time-lapse microscopy as pre-
viously described (32). Briefly, cells were sonicated and placed between an
agar pad (CSM) and a glass coverslip. Time-lapse imaging was subsequently
performed using a Z1 inverted fluorescence microscope (Zeiss). Cells were
kept at 30 °C and images were taken every 10 min for 10 h. In subse-
quent analysis, cell divisions and switching events between epigenetic states
were manually counted and the counter was blind to the genotype
(single-blind study).

Expression Levels by RT-qPCR. Cells were grown to log-phase in liquid media
(CSM) and RNA was extracted with a RNeasy Kit (Qiagen) that included
treatment with DNasel (Qiagen). Reverse transcription was performed us-
ing the Invitrogen SuperScript Il kit (Invitrogen) and oligo (dT) primers.
Quantitative PCR was performed with the DyNAmo HS SYBR Green kit
(Thermo Fischer Scientific) on an Mx3000P machine (Stratagene) using two
primers for cre: 5-CGTACTGACGGTGGGAGAAT-3' and 5-CCCGGCAAAACA-
GGTAGTTA-3". Primers for ACT1 were used for a control: 5-TGTCCTTGTACT-
CTTCCGGT-3’ and 5'-CCGGCCAAATCGATTCTCAA-3'. Samples were analyzed in
technical triplicate for three independent RNA preparations per strain.

MNase-Seq and MNase-qPCR. MNase digestion was performed as previously
described (32). Briefly, cultures were grown to log-phase in CSM liquid
media and spheroplasted. Nuclei were subsequently purified and treated
with MNase (Worthington Biochemical Corporation). Mononucleosomes
were isolated and nucleosomal DNA was purified. For MNase-Seq, MNase
libraries were constructed with a NEBnextUltra Il library preparation kit
(New England Biolabs) and sequenced on a HiSeq4000 (Illumina) as 100
base pair paired-end reads. Reads were mapped to the S. cerevisiae 5288C
genome (GenBank accession number GCA_000146045.2) using Bowtie2
(48). Mapped reads between 140 base pairs and 180 base pairs in length
were used to provide mononucleosome resolution. Midpoints were calcu-
lated for each read and stacked in a histogram. Finally, a 25 base pair
rolling mean was used to smooth the histogram of nucleosome peaks. All
sequences and processed data files have been deposited in the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus
archive under accession number GSE144808. For MNase-qPCR, purified
nucleosomal DNA was amplified by stacked primer sets that made ~100
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base pair amplicons and were spaced ~30 base pairs, as previously de-
scribed (49). To control for different amplification efficiencies, each primer
pair was also used to amplify genomic DNA (gDNA). Purified nucleosomal
DNA and purified gDNA were each amplified in technical triplicate for each
primer pair.

Data Availability. Sequencing information data have been deposited into the
publicly available NCBI Gene Expression Omnibus (GSE144808). All study data
are included in the article and supporting information.
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