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SUMMARY

Nucleosome-displacing-factors (NDFS) in yeast, similar to pioneer factors in higher eukaryotes,
can open closed chromatin and generate nucleosome-depleted regions (NDRs). NDRs in yeast
are also affected by ATP-dependent chromatin remodelers (CRs). However, how NDFs and

CRs coordinate in nucleosome invasion and NDR formation is still unclear. Here, we design

a high-throughput method to systematically study the interplay between NDFs and CRs. By
combining an integrated synthetic oligonucleotide library with DNA methyltransferase-based,
single-molecule nucleosome mapping, we measure the impact of CRs on NDRs generated by
individual NDFs. We find that CRs are dispensable for nucleosome invasion by NDFs, and

they function downstream of NDF binding to modulate the NDR length. A few CRs show high
specificity toward certain NDFs; however, in most cases, CRs are recruited in a factor-nonspecific
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and NDR length-dependent manner. Overall, our study provides a framework to investigate how
NDFs and CRs cooperate to regulate chromatin opening.

Graphical abstract
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In brief

Chromatin accessibility in yeast is regulated by nucleosome-displacing-factors (NDFs) and
chromatin remodelers (CRs). Chen et al. show that NDFs first invade into nucleosomes and then
recruit CRs to modulate the NDR length. NDF-specific and NDR length-dependent recruitment of
CRs allow partitioned usage of CRs by NDFs.

INTRODUCTION

In eukaryotic cells, genomic DNA is compacted into chromatin. The basic unit of chromatin
is the nucleosome, composed of DNA wrapped around a core histone octamer. The extensive
interactions between histones and DNA in the nucleosome present a formidable barrier to
binding for most transcription factors (TFs). However, a small fraction of TFs can access
nucleosomal DNA and generate nucleosome-depleted regions (NDRs) (Bai et al., 2011;
Hartley and Madhani, 2009; Struhl and Segal, 2013; van Bakel et al., 2013; Yan et al.,

2018). This subset of TFs, named nucleosome-displacing factors (NDFs) in yeast (Yan

et al., 2018) and pioneer factors (PFs) (Zaret and Carroll, 2011) in higher eukaryotes,
facilitates the binding of other TFs and allows them to regulate transcription. As upstream

Cell Rep. Author manuscript; available in PMC 2022 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 3

factors in the transcription pathway, NDFs and PFs play essential roles in gene regulation.
During development, PFs function as “master regulators” to direct cell fate and cellular
reprogramming (Drouin, 2014; lwafuchi-Doi and Zaret, 2014). Mis-regulation of PFs is
linked to cancer and developmental diseases (Jeong et al., 2014; Mueller et al., 2003; Wang
etal., 2007).

Despite recent progress in characterization of the functions of NDFs and PFs, the detailed
molecular pathway of nucleosome invasion and NDR formation remains unclear. Purified
NDFs or PFs can associate with binding sites near the edges of nucleosomes /n vitro, but
such binding is usually achieved by DNA unwrapping without histone movement or eviction
(Donovan et al., 2019; Garcia et al., 2019). The in vitrobinding affinities of these factors
tend to decrease when their motifs are closer to the nucleosome pseudodyad, but at least
some NDFs can efficiently invade nucleosomes through these embedded sites to generate
NDRs /in vivo (Yan et al., 2018). These observations raise the possibility that additional
factors may be required to facilitate nucleosome invasion and displacement by NDFs/PFs
in vivo. In addition, while all NDFs can reduce local nucleosome occupancy near their
consensus motifs, they lead to different configurations of nucleosome positioning, even in
the same sequence context. For example, Reb1 generates a broad NDR that is ~200 base
pairs (bp) in size, whereas Ume6 gives rise to a narrow NDR that is similar to canonical
linker DNA (Yan et al., 2018). The mechanism(s) underlying such length variation is not
well understood.

The questions above prompted us to investigate the coordination between NDFs and
chromatin remodelers (CRs). CRs use energy derived from ATP hydrolysis to slide and
evict nucleosomes, and therefore, may facilitate NDF invasion by enhancing nucleosome
mobility. Such CR function upstream of NDF binding was implicated in some cases,

e.g., BRG1, an ATPase subunit within the SWI/SNF family, was shown to promote the
binding of PFs such as OCT4, SOX2, and NANOG (King and Klose, 2017). Another
non-mutually exclusive possibility is that CRs are recruited downstream of NDF binding
to reposition the nearby nucleosomes. Different families of CRs can move nucleosomes in
different directions, and mutations of different CRs lead to distinct changes in nucleosome
positioning (Hartley and Madhani, 2009; Kelso et al., 2017; Krietenstein et al., 2016;
Kubik et al., 2019; Schick et al., 2019; Yen et al., 2012). Therefore, it is possible that the
specificity of different NDFs toward CRs contributes to the variations in NDR length. To test
these hypotheses, it is necessary to compare CR impacts on the nucleosome displacement
activities of individual NDFs systematically.

Previous /n vivo studies of CRs and nucleosome positioning usually survey the native
genome. Although CR mutations have been shown to affect NDRs, these data are
confounded by two issues. First, native NDRs tend to be associated with multiple NDFs
and other TFs that have no nucleosome-displacing activity (Bai et al., 2011), all of

which can potentially recruit CRs. These CRs may work independently, cooperatively, or
antagonistically, making the effect difficult to interpret. Second, nucleosome positioning is
influenced by the intrinsic affinities of histones for specific DNA sequences (Struhl and
Segal, 2013), and CR effect on NDR sizes may depend on the sequence context. In this
work, we avoided these problems by using an Integrated Synthetic Oligo (ISO) assay,
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where we engineered well-defined NDF motifs into the same background sequence so

that individual NDFs can be studied in an identical chromatin context. We used a DNA
methyltransferase-based method to map nucleosome positioning at the single-cell level,
which allows us to separately measure NDR proportion (fraction of cells that contain NDR)
and length (average NDR size in the subset of cells that contain NDR). We found that CR
depletions tend to have a larger effect on NDR length than on NDR proportion. In one
instance, CR depletion did not affect the rate of NDF binding and nucleosome displacement.
These results suggest that CRs function downstream of NDFs, i.e., NDFs bind to DNA first
and recruit CRs to reshape NDRs. The CR effect shows both factor specificity and NDR
length dependence. In particular, Ino4, Stb5, and Teal recruit SWI/SNF to generate extra-
long NDRs, and Ume6 and Rfx1 recruit ISW2 to form extra-short NDRs. RSC, INOB80,
and ISW2 (in the absence of Ume6 or Rfx1) modulate NDRs in a largely factor-nonspecific
but length-dependent manner. Overall, our study represents a framework to investigate the
coordination between NDFs and CRs on NDR generation systematically.

DNA methyltransferase-based method to study nucleosome positioning on an ISO library

To investigate how NDFs and CRs cooperate to regulate NDRs, we developed a high-
throughput method to study nucleosome positioning near different NDF motifs engineered
into the same sequence context (STAR Methods). In a previous study, we screened

104 sequence-specific TFs in budding yeast and identified 29 NDFs with nucleosome-
displacing activities (Yan et al., 2018). These NDFs include six that have strong nucleosome
displacement activity and can reduce local nucleosome occupancy with a single motif (group
1) and 23 weak ones that require multiple motifs to displace nucleosomes (group 2). To
study all of these NDFs in parallel, we designed 169 synthetic oligos, each containing one
group 1 motif or two to three group 2 motifs at variable locations within nucleosome -4
(Figure 1A and Table S1). This library also included three oligos with zetO, the recognition
motif of the bacterial repressor TetR (single motif at —13 or —43, as well as double motif at
-13 and —43). When TetR is highly expressed in yeast, it leads to NDR formation over tetO
(Yan et al., 2018). These mixed oligos were inserted into a well-positioned nucleosome array
in the HO promoter background and integrated into the CLA/Zlocus in a yeast strain that
expresses exogenous TetR (Figure 1A). We then probed the NDR configurations in this ISO
library in the presence or absence of CRs. Since TetR is unlikely to have specific interactions
with CRs, it is used as a negative control to compare with endogenous NDFs.

To map nucleosome positioning over the highly similar ISO sequences in parallel, the
commonly used micrococcal-nuclease (MNase) assay is unsuitable. This is because the
linkage between neighboring nucleosomes and the NDF motif would be lost after MNase
digestion, and such linkage is essential to differentiate nucleosome positioning generated
by different NDFs. We therefore used a DNA methyltransferase-based approach for
nucleosome mapping (Jessen et al., 2004, 2006). Briefly, we induced the expression of a
GC methyltransferase, M.CviPI (Xu et al., 1998), which selectively methylates the cytosine
in GC dinucleotide within accessible chromatin regions (Figure 1B). The methylation
status was then measured by bisulfite conversion of the genomic DNA, followed by
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PCR amplification of a 1,278-bp region over the synthetic /O promoter variants, and
sequencing the amplicon using the high-fidelity, circular consensus Pacific Biosciences
(PacBio) platform. Long PacBio sequencing reads allow multiple nucleosomes to be mapped
on a continuous stretch of DNA. Library sequences can be differentiated based on the

NDF motifs as part of the sequencing reads. Furthermore, each sequencing read reflects the
nucleosome positioning in a single cell, allowing us to extract NDR length and proportion
separately (STAR Methods).

To probe the function of CRs, we mapped the nucleosomes in strains where a single CR
was anchored away (STAR Methods). In previous genome-wide studies, mutations of RSC,
ISW2, SWI/SNF, and INO80 were found to affect NDR sizes (Kubik et al., 2019; Yen et
al., 2012). We therefore selected these four CRs in this study. The changes in methylation
pattern upon CR depletion were used to determine the role of the CR in NDR formation
(Figure 1B). Our ability to probe NDR length and proportion is critical for differentiating
CR activities upstream and downstream of NDF binding: upstream activity would lead

to enhanced NDF binding and NDR proportion, and downstream activity would result in
altered NDR length. Comparison among NDRs generated by different NDFs (including
TetR) in the same sequence context allows us to identify factor specificity and length
dependence of CR function.

NDFs generate variable nucleosome positioning patterns in wild-type cells

We first analyzed nucleosome positioning over the synthetic oligos and the nearby regions
in the wild-type (WT) strain. The methylation heatmap over the background sequence
(HO promoter with no NDF motif) is shown in the left panel of Figure 1C, where the

red color represents unprotected regions that are methylated. Nucleosome positions were
predicted based on the methylation pattern in each single read (“Methyl model”) (Figure 1C
right panel, Figures SIA-S1D), which agrees well with the MNase measurements (Figure
1D). As expected, most GCs in background reads are hypomethylated, corresponding

to a tightly packed nucleosome array (nucleosomes -6 to —1). However, there are
heterogeneous methylation signals, indicating that DNA can be exposed stochastically
over this region. Note that in Figure 1C, nucleosome —4 appears to be the least stable
because we sorted the reads by the nucleosome —4 occupancy. When sorted by other
nucleosomes, similar openings can be seen in each case (Figure S1E). An engineered
Abfl motif inside nucleosome —4 drastically enhanced the methylation level in the motif-
proximal regions, while a mutated Abfl motif (Abfim) at the same location had little
effect on nucleosome positioning (Figures 1E and 1F). These data clearly demonstrate the
nucleosome displacement activity of Abfl.

From the methylation and modeled nucleosome occupancy, we calculated the NDR
proportion (fraction of reads where we can detect NDR) and NDR length (averaged length
of NDRs within the NDR + subpopulation) (Figures S1C and S1D, and Table S2). These
values derived from two biological replicates are highly reproducible (Figure S1F). The
radar plots in Figure 1G show the NDR length and proportion measured in the full 1SO
library. Importantly, different NDFs with the same location and copy number of motifs
generate different NDR patterns in the same sequence context. For example, Reb1 at —40
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generates longer NDRs than Cbf1l at the same location, and three Ino4 motifs generate a
much longer NDR than three Ume6 motifs. These results are confirmed with MNase assay
(Figure S1G). NDR lengths over different ISO sequences fall into a Gaussian distribution
with outliers on either side (extra-short and extra-long NDRs) (Figure S1H). These data
indicate that NDFs have intrinsically different activities in nucleosome repositioning.

NDR length and proportion on different sequences show modest positive correlation (Figure
S1I). One obvious reason for this trend is that both NDR length and proportion increase
when we engineer three instead of two group 2 motifs. When comparing sequences
containing the same motif number, we observe low correlation between NDR length and
proportion for group 1 NDFs (Pearson correlation = 0.30 for motif number = 1) and higher
correlations for group 2 NDFs (r=0.59 and 0.49 for motif number = 2 and 3, respectively).
These data indicate that NDR length and proportion can be individually regulated, but
among factors with weaker nucleosome invasion activities (group 2), stronger binding may
lead to both higher NDR proportion and longer NDR length.

Differential responses to RSC depletion among NDRs

To test the hypothesis that NDFs can recruit CRs to modulate NDR sizes, we next
investigated the change of NDRs in the absence of a CR. If certain NDFs have specificity
toward a CR, we expect to see higher responses to CR depletion in comparison with other
NDFs and/or TetR. RSC complex is an SWI/SNF family CR that is essential for budding
yeast viability. It is highly abundant in yeast and widely associated with promoters (Cairns
etal., 1996; Ng et al., 2002; Yen et al., 2012). RSC functions as a nucleosome “pusher”

by sliding nucleosomes away from the center of NDRs, and the depletion of RSC reduces
genome-wide NDR sizes (Cakiroglu et al., 2019; Harada et al., 2016; Hartley and Madhani,
2009; Klein-Brill et al., 2019; Kubik et al., 2019; Parnell et al., 2008). RSC can directly
bind to two DNA motifs, a CG dinucleotide repeat and poly A/T stretch (Cakiroglu et al.,
2019; de Boer and Hughes, 2012; Hartley and Madhani, 2009; Zhu et al., 2009). It was also
proposed that RSC may be targeted through physical interactions with sequence-specific
TFs, e.g., Rebl (Hartley and Madhani, 2009). However, more recent studies suggest that
RSC acts independently of Abfl, Rebl, and Rapl (Kubik et al., 2018, 2019). Therefore, the
mechanism of RSC recruitment, especially over sequences that do not contain RSC-binding
motifs, requires further elucidation.

We anchored away GFP-labeled Sth1, the ATPase subunit of RSC, and confirmed the
nuclear depletion using fluorescence microscopy (same for other CRs; Figures S2A and
S2B). We then mapped nucleosome positioning using the same methyltransferase-based
assay described above. On the background sequence, Sthl depletion causes a slight shift
and dephasing of the nucleosome —1 to —7 array, but the overall positioning is largely intact
(Figures S2C and S2D). For sequences containing NDF motifs, Sth1 depletion generally
leads to NDR shrinkage, consistent with the role of RSC as a nucleosome pusher. One
example is shown in Figures 2A and 2B, where the depletion of Sth1 reduces the average
NDR size near the Reb1 motif from 247 bp to 157 bp, but the change in NDR proportion is
much smaller (from 88% to 81%). Consistently, MNase assay on the same sequence shows
NDR shrinkage at the population level, but the nucleosome occupancy near the Rebl motif
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is not affected, indicating that Reb1 can still access its motif in the absence of RSC (Figure
2B). Similar nucleosome occupancy change was observed when Reb1 motif was placed in
nucleosome -5, suggesting that the nucleosome invasion by Rebl with or without Sth1l is
not specific to nucleosome —4 (Figure S2E).

The effect of Sthl depletion is summarized in Figure 2C, where it induces bigger changes in
NDR length than NDR proportion (Figure 2D and Table S2). As exceptions, Sth1 depletion
lowers NDR proportion for NDRs containing Azf1, Ecm22, Rsc3, Rgtl, Sfpl, and Sutl
motifs (Figure 2C). All of these motifs contain poly A/T or multiple CG dinucleotides that
can be recognized by RSC (Figure S2F). These results suggest that RSC can initiate NDR
formation by directly binding to these motifs, and RSC depletion reduces NDR proportion
in these cases; with other motifs, RSC is recruited after NDF invasion so that it selectively
modulates NDR length but not proportion.

When we binned NDRs by size (in the —Sth1 condition) and calculated the average length
change for each bin, we noticed a length dependence of the RSC effect. In particular, there
is a sharp transition near ~100 bp, where short NDRs ~100 bp are much less affected by
Sth1 than medium-sized ones (120-200 bp) (Figure 2E). This trend also applies to NDRs
generated by TetR: NDRs containing two fefO sites have larger responses to Sth1 depletion
than a shorter one containing a single fefO (green dots in Figure 2F), suggesting that

such length dependence is not dictated by specific interactions between RSC and NDFs,
but reflects how RSC engages DNA. As indicated by previous biochemical studies, RSC
binding requires ~50 bp of extra-chromosomal DNA (Brahma and Henikoff, 2019; Wagner
et al., 2020). With NDF(s) bound in the middle, it is conceivable that only NDRs that are
longer than 100 bp can accommodate RSC binding. RSC generates the largest extension
for NDRs between 100 and 175 bp, and such effect is reduced for longer NDRs (Figure
2E). For example, extra-long NDRs generated by Ino4 do not shrink in the absence of Sthl
(confirmed by MNase assay, Figure S2G).

The data above indicate that different responses to Sth1 depletion among NDRs are partially
due to NDR length. Does RSC have factor specificity beyond such length dependence?

To address this question, we used the average length-dependence curve as a baseline and
examined if NDRs generated by any NDF show responses that significantly deviate from
this baseline (STAR Methods). NDRs formed by three factors, Abfl, Reb1, and Sfpl, tend to
shrink more than other NDFs in the absence of RSC (red dots in Figure 2F). Since the NDR
with two fetO sites shrinks to a comparable extent, it is unlikely that this larger effect is due
to specific interactions between RSC and these factors. Rather, we suspect that these factors
(at least Abfl and Reb1) bind DNA tightly and compete with nucleosomes effectively, and
therefore create more chances for RSC to bind and remodel. In contrast, NDRs generated

by a few NDFs, including Basl, Mcm1, Suml, and Stpl, are not very sensitive to Sthl
depletion (blue dots in Figure 2F). We noticed that some of these factors, like Basl and
Mcm1, show high-level protection around their binding sites (Figure S2H). Therefore, we
suspect that these NDFs recruit some co-factors to occupy nearby NDRs, leaving little space
for RSC to bind and act.

Cell Rep. Author manuscript; available in PMC 2022 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 8

Ino4, Stb5, and Teal recruit SWI/SNF to generate extra-long NDRs

We next focused on the SWI/SNF complex. RSC and SWI/SNF belong to the same

CR family, and the two complexes show similar nucleosome remodeling activity /n vitro
(Dechassa et al., 2010; Harada et al., 2016; Kassabov et al., 2003; Li et al., 2019; Liu et

al., 2011; Lorch et al., 2006; Zhang et al., 2006; Zofall et al., 2006). However, depletion of
the catalytic subunits of these two complexes, Sthl in RSC and Snf2 in SWI/SNF, results
in distinct chromatin and gene expression phenotypes. The depletion of Snf2, but not Sth1,
strongly inhibits induction of M.CviPI transgene expression and therefore DNA methylation
(Figure S3A), which prevents accurate mapping of nucleosomes. To solve this problem, we
constructed a second doxycycline-inducible system combining a stronger promoter with a
stronger TetR” activator (Figure S3B), which is much less affected. The stronger induction
of this system allows us to get similar levels of methylation in Snf2-depleted cells as in WT
cells (Figure S3C).

Since SWI/SNF was categorized as a nucleosome “pusher” that enlarges NDR sizes
(Dechassa et al., 2010; Kubik et al., 2019; Kundu et al., 2007; Qiu et al., 2016; Rawal

et al., 2018), we expected to detect shorter NDRs upon Snf2 depletion. Surprisingly, most
NDRs are unaffected or even slightly lengthened in the absence of Snf2, e.g., the NDR
containing Rebl (Figures 3A, 3B, and 3E). NDRs generated by four NDFs, Ino4, Sfpl,
Sth5, and Teal, show significant shortening upon Snf2 depletion, and two of these cases
were confirmed with MNase assay (Figures 3C, 3D, and S3D). Interestingly, three of these
four factors, Ino4, Stb5, and Teal, produce unusually long NDRs (~400 bp) in WT cells
(Figure 1G). After Snf2 depletion, the NDRs of these factors drop to ~300 bp, much closer
to the average NDR length (225 bp in =Snf2 cells). This result indicates that these extra-long
NDRs are generated by SWI/SNF remodeling. Note that not all ~300-bp NDRs are extended
by SWI/SNF; in fact, when averaged among NDRs within different length bins, the Snf2
effect does not show strong length dependence (Figure 3F). We therefore conclude that Ino4,
Sth5, and Teal specifically recruit SWI/SNF to form extra-long NDRs. The Ino4 result is
consistent with a previous report that SWI/SNF remodels nucleosomes over the /N O 1
promoter, and SWI/SNF recruitment relies on the Ino2/Ino4 activator (Ford et al., 2008).

Ume6 and Rfx1 recruit ISW2 to generate extra-short NDRs

We applied the same analysis to ISW2 depletion. ISW?2 slides nucleosomes in the opposite
direction of RSC and SWI/SNF, and has nucleosome-spacing activity against a barrier
(Fazzio et al., 2001; Kubik et al., 2019; Yen et al., 2012). Depletion of ISW?2 lengthens a
small fraction of NDRs in the genome (Kubik et al., 2019). Previous studies revealed that
ISW2 can be recruited by Ume6 to compact the neighboring nucleosomes (Donovan et al.,
2021; Goldmark et al., 2000). ISW?2 also showed physical interactions with Cbf1 and Rfx1
(Gavin et al., 2002; Shetty and Lopes, 2010; Zhang and Reese, 2004) and positive genetic
interactions with Bas1, Cbfl, and Rap1 (Collins et al., 2007; Costanzo et al., 2016; Zheng
et al., 2010). It is not clear if these factors function like Ume6 to target ISW2 to specific
chromosome loci and generate localized nucleosome repositioning.

Consistent with previous findings, our data show that Isw2 depletion significantly lengthens
the NDRs generated by Ume6 (from 98 bp to 199 bp), which was confirmed by MNase
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assay (Figures 4A and 4B). The NDR proportion on this sequence remains the same (both
~68%). This result can also explain our previous finding that the DNA binding domain of
Ume6, which lacks the ISW?2 interaction domain, generates a longer NDR than full-length
Ume6 (Yan et al., 2018) (Figure S4). Interestingly, a similar effect was observed with
Rfx1 (Figures 4C and 4D), but not with other NDFs that have been proposed to interact
with ISW2, i.e., Cbfl, Rap1, and Basl (Figure 4E and Table S2). The rest of NDRs are
lengthened slightly in the absence of Isw2, and this effect on average increases linearly
with the NDR length (Figure 4F). Comparison with this baseline reveals that Ume6 and
Rfx1 are the only outliers (Figure 4G). Overall, these data suggest that ISW2 is specifically
recruited by Ume6 and Rfx1 and remodels nucleosomes into NDRs. ISW2 also functions
on NDRs that do not contain these factors, but the effect is much weaker. The nonspecific
effect increases with NDR length, which indicates that the amount of exposed DNA may
contribute to ISW2 recruitment.

INO80 nonspecifically shrinks most NDRs

INO80 complex moves nucleosomes in the same direction as ISW2, and they have
redundant functions in modulating NDR sizes (Kubik et al., 2019; Oberbeckmann et al.,
2021; Udugama et al., 2011; Yen et al., 2012). Depletion of Ino80, the ATPase subunit

of the INO80 complex, lengthens a fraction of genome-wide NDRs (Kubik et al., 2019;

Yen et al., 2012). Our measurement also detected NDR size increases in the absence of
Ino80. Interestingly, unlike the other CRs that reposition NDR-flanking nucleosomes, 1no80
depletion mostly affects the occupancy of those nucleosomes. One example is shown in
Figures 5A and 5B, where Ino80 depletion reduces the occupancy of nucleosomes near

a Reb1 site without significantly changing their positions, an effect confirmed by MNase
assay (Figure 5B). We also tested a sequence containing three Rgtl motifs and reached

the same conclusion (Figure S5). This point is further illustrated in Figure 5C, where we
plotted the histograms of the position and the occupancy change of nucleosome -3 (the
nucleosome immediately downstream the NDR) upon the depletion of CRs. The histograms
show that 1no80 depletion leads to reduced occupancy of nucleosome -3 but little change in
its location, an effect that is unique among the CRs. This observation indicates that INO80
can stabilize NDR-proximal nucleosomes and prevent their eviction, and therefore helps to
maintain shorter NDR sizes.

We next investigated the length dependence and factor specificity of INO80 function.

The effects on NDR length and proportion for individual NDFs are shown in Figure 5D
(Table S2). The effect of Ino80 depletion has a clear length dependence, where the longer
NDRs are shortened more efficiently (Figure 5E). This result agrees well with previous
observations that the Arp8 and Nhp10 modules of INO8O interact extensively with flanking
DNA, and that the INO80 remodeling rate /n vitrois drastically increased when the flanking
DNA exceeds ~50 bp (Eustermann et al., 2018; Knoll et al., 2018; Oberbeckmann et al.,
2021). Beyond the length dependence, we did not find any NDFs that consistently show far-
from-average responses to Ino80 depletion, indicating that INO80 has little or no specificity
toward NDFs. In comparison with ISW2, the nonspecific NDR compaction caused by
INOS8O is stronger, and indeed, the depletion of Ino80 has larger effect on genome-wide
NDRs than ISW2 (Kubik et al., 2019).
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Binding and nucleosome invasion of NDFs do not require CRs

Figure 6A summarizes the impact of RSC, SWI/SNF, ISW2, and INO80 depletion on

the NDR length and proportion generated by each NDF (averaged among the sequences
containing the same NDF motif[s]). In general, the depletion of CRs has larger effect on
NDR length than proportion, indicating that NDFs can still bind to their motifs in the
absence of CRs. To directly test this idea, we performed chromatin immunoprecipitation
(ChIP) on TAP-tagged Rebl and Ume6 in the presence or absence of RSC and ISW2,
respectively. There is no significant change in Rebl binding with or without Sth1 (Figure
6B). Ume6 binding even increases upon Isw2 depletion (Figure 6C), presumably because
the lengthened NDR can accommodate more factors. These data are consistent with our
hypothesis that NDFs do not require CRs to bind.

The experiment above depletes CR when Rebl and Ume6 are pre-bound to their recognition
motifs, and the results show that their binding can be maintainedin the absence of CRs.
However, it is still possible that CRs may affect the initial binding of NDFs and the
establishment of NDRs. For example, the invasion into a nucleosome by an NDF may

be slower in the absence of RSC, given that the nucleosome is less mobile. To test

this possibility, we constructed a strain containing Sth1 anchor-away and Cbfl deletion
(Cbf1 is chosen because it is the only non-essential NDF in group 1), as well as induced
Cbf1 expression by methionine depletion. Methionine depletion by itself does not affect
nucleosome occupancy on HO promoter (Figure S6A). We then induced Cbf1 in this strain
+/- Sth1 and used MNase to measure the nucleosome occupancy over the Cbfl binding
site over time (STAR Methods). Sthl anchor-away does not have a strong effect on Cbfl
induction level (Figure S6B). We observed gradual displacement of nucleosome —4 away
from its initial position with essentially the same rate with or without Sth1 (Figures 6D

and 6E). ChIP measurement also shows that Sth1 depletion does not significantly affect the
binding rate of Cbf1 to this region (Figure 6F). Overall, these data support the model that
during NDR formation, NDF binds DNA and invades into nucleosomes first, and CRs act
downstream to reposition the nucleosomes.

Genome-wide analyses of CR effect support the findings from the ISO library

To corroborate the findings on the synthetic sequences above, we investigated the CR effect
on nucleosome positioning in the native yeast genome based on published datasets (STAR
Methods) (Kubik et al., 2018, 2019). Given our observations that CRs function downstream
of NDF binding, we predicted that CR depletion would only affect the NDR sizes without
altering the nucleosome occupancy inside the NDR. This is indeed the case for ISW2,
INO80, and SWI/SNF, either at a genome-wide scale (Figure S7A) or for the subset of
NDRs that are affected by the depletion of these CRs (Figure 7A bottom panels, Table S3).
RSC, on the other hand, affects nucleosome occupancy within genome-wide NDRs (Figure
S7A). We reasoned that this is because RSC can directly bind to CG-rich or poly A/T
sequences and function as a sequence-specific NDF, and in that case, RSC depletion can
reduce or even eliminate NDRs. In the absence of these sequences, RSC should function
downstream of other NDFs, and it will only affect NDR size. To test this idea, we used
recently published ChIP-exo data (Rossi et al., 2021) to divide the genome-wide NDRs into
RSC-only, RSC + other NDFs, and other NDFs-only categories (Table S3). For all three
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scenarios, NDR sizes decrease upon RSC depletion, but the increases in the nucleosome
occupancy are much higher for the first two cases (Figure 7A). These data support our
conclusion that except for direct binding of RSC to its consensus motifs, CRs function
downstream of NDFs to modulate NDR length, but not NDR proportion.

We next examined the length dependence of the CR function. In Figure 7B, we plotted

the NDR size change (WT — CR mutant) versus — CR NDR size, either for individual
NDRs (upper panels), or averaged among different size bins (lower panels). Due to the
bulk-averaging nature of the genome-wide data, NDR size is calculated in a different way
from the single-molecule data (STAR Methods). In addition, when two NDRs are close
together, the length change of one may impact another, so not all length changes are direct
effects from CR mutations. Despite these issues, the overall trend of length dependence

is largely consistent with our conclusions from the ISO library. More specifically, RSC
effect decreases over NDR length; SWI/SNF leads to long extension of a small number of
NDRs and does not have obvious size dependence; ISWI and INO8O effects slightly increase
with NDR length. Unlike the library that is inserted into the same sequence background,
genome-wide NDRs have different sequence contexts. Similar length dependence in these
two cases indicate that length itself is an important NDR property that contributes to CR
function.

Last, we used the genome-wide data to investigate NDF-CR specificity. We collected
CR-sensitive NDRs and calculated the enrichment of each NDF in these NDRs based on
published ChIP data (STAR Methods). Consistent with our findings above, SWI/SNF and
ISW2 have stronger NDF specificity than RSC and INO80 (Figure 7C). Also, Ume6 and
Rfx1 are highly enriched in ISW2-affected NDRs, and Teal and Stb5 (albeit to a lesser
extent) are enriched in SWI/SNF-affected NDRs (too few Ino4 ChlP-sequencing peaks were
identified to draw statistical conclusions). However, this analysis also revealed a few other
enriched factors, i.e., Basl and Sutl tend to be associated with NDRs that are affected

by ISW2, and Leu3, Rsc3, Stpl, and Sutl with the ones that are affected by SWI/SNF.
Interestingly, Bas1 binding is highly correlated with Rfx1: 30 of 95 Bas1 binding sites
co-localize with Rfx1 in genome-wide NDRs, and 6 of 10 co-localize in the ISW2-affected
NDRs (p = 10799 and 10720, respectively, in comparison with a model in which the two
factors are randomly located in NDRs) (Figure S7B). In fact, among all NDFs, Bas1 shows
the highest level of co-localization with Rfx1. We therefore suspect that the enrichment of
Basl in ISW2-affected NDRs is due to its co-binding with Rfx1. We also found statistically
significant co-binding between Stp1/Rsc3 and Sth5 (Figure S7B), which may partially
explain their enrichment in Snf2-sensitive NDRs.

DISCUSSION

In this work, we systematically investigated the coordination between NDFs and CRs. We
used a method that combined synthetic DNA oligo library, accessibility of chromatin to

a DNA methyltransferase, and high-fidelity CCS PacBio bisulfite sequencing to measure
nucleosome positioning over DNA engineered into the yeast genome in a high-throughput
manner. In comparison with more widely used cleavage-based methods, such as DNase I,
MNase, and transposase, the methyltransferase-based method allows us to map consecutive
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nucleosomes over 1 kb. Because of the single-cell nature of this measurement, we can
extract NDR length and proportion separately, which provides critical insights for the
interplay between NDFs and CRs.

Nucleosome mapping through methylation readout has some other differences from
cleavage-based methods like MNase. The latter allows the size selection of DNA fragments
with mono-nucleosome length, and the mapping of these fragments predominantly reflects
nucleosome footprints. In contrast, protection from methylation can result from many DNA-
binding proteins, including histones, TFs, and CRs. As a consequence, we occasionally
observed footprints of unknown nature that lead to protection patterns distinct from those
measured by the MNase assay (Figure 3D). Also, MNase is typically applied for a few
minutes and therefore provides a “snhapshot” of the nucleosome configuration, whereas

the methyltransferase is induced for 2 h, and dynamic changes of nucleosomes during

that time can be recorded by methylation. For example, we tend to see higher protection

of nucleosomes —6 and -5 than nucleosomes —3 to -1, which likely reflects higher
dynamics in the downstream nucleosomes. Finally, the resolution of M.CviPI nucleosome
mapping is ultimately determined by the density of GC dinucleotides. In the future, this
may be further improved by using methyltransferases that target a single nucleotide, e.g.,
adenine methyltransferase. However, an analogous, high-throughput method of measuring
methylation in amplicons is less well-established for A methylation.

Lacking sequence-specific binding domains (except for RSC3), CRs are thought to have
both nonspecific activities (e.g., to space nucleosomes across the genome) and localized
activities at specific chromatin target sites. These two activities may allow CRs to function
both upstream and downstream of NDF binding: CRs may nonspecifically reposition or even
evict nucleosomes, allowing transient exposure of otherwise embedded binding sites that can
be recognized by NDFs or PFs. Alternatively, NDFs or PFs may first gain access through
other mechanisms and then recruit CRs to these regions, allowing them to remodel local
nucleosomes. We found that (1) CRs mainly affect NDR length, not NDR proportion, and
(2) NDF binding and nucleosome invasion rate are not affected by CR depletion. These
results strongly support the model that CRs function downstream of NDF binding and do
not play a deterministic role in the initial targeting of NDFs. These results are consistent
with the finding that simultaneous depletion of many CRs in yeast does not eliminate NDRs
on the native genome (Kubik et al., 2019). It is still unclear how NDFs gain access to their
binding sites in the first place, and more studies are needed to address this question.

Our results also provided insights into the mechanism of CR targeting specificity. Despite
previous evidence that CRs may be recruited through sequence-specific DNA-binding
factors, the specificity between TFs and CRs has not been examined systematically. In
addition, it is often difficult to differentiate genome-wide nonspecific CR effect from a
more targeted effect. Here, we investigated such specificity by comparing the CR effect
on NDRs generated by different NDFs in the same chromatin context. We also included a
bacteria TF, TetR, in this comparison, which can form an NDR but is unlikely to have any
special interactions with CRs. We found two types of CR-TF specificity. One is between
ISW2 and Ume6 or Rfx1. The interaction between ISW2 and Ume6 is well documented,
and in particular, an alpha-helical domain on Ume6 contacts the Itc1 subunit of the ISW2
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complex (Donovan et al., 2021; Goldmark et al., 2000). Less is known about the interaction
between Rfx1 and ISW2, although Rfx1 was shown to work with ISW2 to position a
nucleosome array over the RNR3 promoter (Zhang and Reese, 2004). The other type

of CR-TF specificity is between SWI/SNF with Ino4, Stb5, and Teal. Given a previous
report that SWI/SNF can bind to an acidic activation domain (Neely et al., 1999), it is
possible that SWI/SNF is recruited by the activation domains of these factors. Detailed
interaction mechanism here requires further investigation. The recruitment of SWI/SNF
leads to extensive nucleosome remodeling and exposure of long-stretch of nearby DNA.
This could explain why SWI/SNF is critical in activating certain genes (e.g., GAL1 and HO)
where multiple nucleosomes need to be displaced to expose the core promoter.

In other NDF-CR combinations, NDFs can also have variable responses to CR deletion.
One major cause of this variation is NDR size. Both RSC and INO80 were shown to
interact extensively with extra-nucleosomal DNA, and such interactions are critical for

their remodeling activities. Consistently, we found that short NDRs, generated by either
native NDFs or a single TetR, are not significantly affected by these two CRs. Such a

length requirement can explain why RSC and INO80 preferentially bind to promoters with
extended NDRs instead of canonically sized linker DNA. Previous studies proposed that
RSC is recruited by CG-rich and poly A/T motifs, and INOS8O is also attracted by poly A-T
sequences with high rigidity, i.e., low bending propensity (Badis et al., 2008; Krietenstein
etal., 2016; Lorch et al., 2014). It should be noted that most sequences used in our study

do not contain these motifs (exceptions listed in Figure S2F). Therefore, while these motifs
may contribute to the recruitment of RSC and INOB8O, they are not required for these CRs to
function. ISW?2 also has nonspecific effects over NDRs that scale over NDR sizes. Overall,
these data suggest that RSC, INO80, and ISW?2 can be targeted to promoters by naked DNA
that is initially exposed through NDF binding.

With the insights above, we also carried out analyses of genome-wide impact of CR
depletion on NDRs. Remarkably, despite the diversity of underlying sequences and TF
association in native NDRs, the genome-wide analyses generally support the conclusions
drawn from the ISO library. There are a few NDFs that show little response to CR depletion
in the ISO library, but were found to be highly enriched among CR-affected native NDRs.
This may be due to co-binding of these factors with other factors that recruit the CRs,

like the case of Basl and Rfx1. Especially for the few factors that are enriched in SWI/
SNF-affected NDRs, we suspect that they co-bind with transcription activators that recruit
SWI/SNF but are not included in our NDF library. This illustrates the power of the ISO
method that allows us to investigate one factor at a time.

Limitations of the study

Our study has two major limitations. First, as we mentioned in the discussion, the accuracy
of nucleosome mapping is limited by the density of GCs, and we cannot distinguish the
footprints of nucleosomes from other large complexes. Second, we only depleted one CR at
a time, and we may underestimate its effect if there is redundancy with other CRs.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Lu Bai (lub15@psu.edu).

Materials availability—Requests for yeast strains should be directed to Lu Bai
(lubl5@psu.edu). Requests for methylation transferase expression plasmids should be
directed to Michael Kladde (kladde@ufl.edu). This study does not generate any new
reagents.

Data and code availability

Statement about the Data: Raw and processed data generated in this study are available
at Gene Expression Omnibus (GEO) under accession number GSE199812. Previously
published data that were used in this study are available at GEO: GSE115412 (MNase-seq)
and GSE147927 (ChlIP data).

Statement about the Code: Code is available at https://github.com/HengyeChen/
Pacbio_Data_Analysis (https://doi.org/10.5281/zenodo.6819631).

General statement: “Any additional information required to reanalyze the data reported in
this paper is available from the lead contact upon request.”

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains—Standard methods were used for yeast strain construction. All strains

used in this study are derived from w303 background strains. For anchor-away strains,

DNA containing FRB-TAP-GFP, FRB-TAP, or FRB-GFP was PCR amplified with primers
homologous to the 3" end of target genes, and the PCR products were inserted to the 3’

end to generate a fusion protein containing FRB. For methylation, we integrated an M.CviPI
gene driven by an engineered core GAL 1 promoter that is transcriptionally induced by
17B-estradiol (Jessen et al., 2004, 2006). For Snf2 anchor-away strain, we constructed an
alternative, doxycycline-induced system capable of sustaining similar levels of M.CviPI

as WT (Figure S3B). The alternative system bypasses transcriptional defects upon Snf2
depletion by enlisting high-level expression of a strong activator with a compound activation
domain that recruits ‘excess’ coactivators to establish functional redundancy (Dhasarathy
and Kladde, 2005). Specifically, TetR and reverse TetR (TetR") were used as DNA binding
domains and fused in frame to general repressor Ssn6é and a synthetic compound VP16-Gal4
activation domain (VP16AD-Gal4AD), respectively (Figure S5B). These two proteins were
driven by a strong and constitutive promoter, 7DH3pr. The M.CviPI target gene was

driven by an engineered core CYCIprcontaining seven fetOsites. Therefore, M.CviPI
expression was repressed by TetR-Ssn6 in the absence of doxycycline. In the presence of
doxycycline, TetR-Ssn6 dissociates, and TetR’-VP16AD-Gal4AD binds to 7xtetO-CYClpr
to activate the target gene. The strain with inducible Cbfl was constructed by first inserting
a truncated Cbfl (1-196 amino acids) driven by GAL Iprin the endogenous Cbfl (to
eliminate endogenous Cbfl expression in glucose), and then integrating a Cbf1-TAP driven
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by MET3printo the H/S3locus. All strains and primers used in this study are listed in Table
S4.

METHOD DETAILS

Plasmid library construction—Twenty-nine NDF motifs identified in our previous
work were used in library design (Yan et al., 2018). Part of the sequences in nucleosome -4
of the HO promoter was replaced by one group 1 NDF motif or two to three group 2 NDF
motifs (no change in the overall length). The final length of oligos is 160 bp, including part
of nucleosome -4 that contains the various NDF motifs, eight-base-pair barcodes upstream
of the variable region, two Bbsl cutting sites between the barcode and variable region, and
two Bsal cutting sites at the ends of the oligo. The backbone plasmid contains an engineered
HO promoter in which the region between —1176 bp and —685 bp was deleted with two
Bbsl cutting sites inserted in between. The plasmid library was constructed by a two-step
insertion. First, the backbone plasmid was digested by Bbsl and ligated to the oligo library
digested by Bsal to generate plasmid library 1. Plasmid library 1 was cut by Bbsl again, and
a sequence containing part of the -7, -6, and -5 nucleosomes was inserted into library 1 to
construct the final library.

I1SO library construction: The plasmid library was linearized by Apal to integrate into the
CLNZlocus. Anchor-away strains were cultured in 250 mL YEPD to ODggq of 0.7. Cells
were pelleted by centrifugation and washed with 50 mL of distilled deionized H,O (ddH,0)
and 1xLiAc/TE (1.02 g/mL LiAc, 10 mM Tris, pH 8.0, and 1 mM EDTA, pH 8.0). The cell
pellet was then resuspended in equal volume of 1XLiAc/TE. Each 2 mL of yeast suspension
was mixed with 6 mg carrier DNA, 20 mL of 1xLiAc/TE + 40% PEG 8000, and 20 pg of
linearized library in a 50 mL conical tube. The mixture was vortexed for 60 s, incubated at
30°C for 30 min, and then at 42°C for 30 min. After incubation, cells were washed with
ddH,0 twice, and then resuspended in 10 mL of D-Ura medium. Cell suspension (100 pL)
was plated on D-Ura plates with serial dilution to measure the transformation efficiency.
Usually, 10,000 to 20,000 colonies were obtained from 250 mL of yeast culture. The rest of
the cell suspension was transferred to 1 L of D-Ura medium and cultured for two days at
30°C. Cells were then harvested for experiment or storage.

M.CviPI expression induction: One mL of frozen yeast library was thawed and added

into 1 L of SCD-Ura medium followed by overnight incubation at 30°C. The yeast library
was then re-inoculated into 250 mL of D-Met-Ura medium and cultured overnight at 30°C.
Pre-cultured yeast library was diluted to ODggq of 0.05 using 160 mL of D-Met-Ura medium
and incubated at 30°C until ODggg Was 0.2. Yeast culture (160 mL) was divided into two
flasks and incubated with (1 pg/mL) rapamycin and (1/5000th volume) dimethylsulfoxide
vehicle, respectively. 17p-Estradiol was then added to all flasks (final concentration 100
nM); cells were cultured for two more hours and then harvested.

Bisulfite PacBio amplicon sequencing: After harvesting, cells were washed twice using
ddH,0, transferred into a 1.5 mL tube, and resuspended in 1 mL spheroplasting solution
(1 M sorbitol, 0.5 mM B-mercaptoethanol). Ten microliters of 10 mg/mL Zymolyase 100T
was added to each tube, and the tubes were incubated at 37°C for 30 min with rolling.
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Spheroplasts were pellet by centrifugation and resuspended in 400 uL TE buffer, pH 8.0.
Lysis buffer (100 uL; 0.28 M EDTA, pH 8.0, 0.22 M Tris-HCI, pH 8.0, and 2.2% sodium
dodecyl sulfate (SDS)) was added to each tube and then incubated at 65°C for 30 min.

DNA was then extracted with 400 uL of phenol:chloroform:isoamyl alcohol (25:24:1) and
precipitated with 750 UL ethanol. The DNA pellets were resuspended in 400 L of TE
buffer, pH 8.0 and digested with 0.75 mg/mL RNase A. One milliliter of ethanol and 15

uL of 2 M ammonium acetate were added to precipitate DNA. The DNA pellet was washed
with 1 mL of 70% ethanol and resuspended in 100 uL TE buffer, pH 8.0. DNA samples were
then purified using Omega Cycle Pure kit.

Bisulfite conversion of methylated genomic DNA was done with EpiTect Fast DNA
Bisulfite kit. Bisulfite-converted DNA was then amplified by EpiMark Hot Start Tag DNA
Polymerase and Turbo Cx Pfu for 23 cycles. A 25 uL PCR reaction contained 1 uL of
bisulfite-converted template, 0.5 UL of each 10 uM primer, 5 pL of 5x EpiMark Taq buffer,
0.5 uL of 10 mM dNTPs, 0.125 pL (0.625 unit) of EpiMark Hot Start Tag DNA Polymerase,
and 0.05 pL (0.125 unit) of Pfu Turbo Cx HotStart DNA polymerase. PCR reactions were
concentrated using Amicon Ultra 30K filters and then purified using SPRI beads. PCR
amplicons were sequenced by PacBio Sequel system. The sequencing service was provided
by University of Florida’s Interdisciplinary Center for Biotech Research (ICBR) and the
Pennsylvania State University (PSU) Genomics Core Facility.

MNase assay: We followed a previously described protocol (Bai et al., 2010). Nucleosome
occupancy was normalized to a well-positioned nucleosome in the terminator of £X O 84.

ChlIP: The ChlIP protocol was modified from a previously described procedure (Du et

al., 2019). Yeast strains were grown to ODggg 0f 0.4 in 50 mL of D-Met medium

and crosslinked with 1.39 mL of 37% formaldehyde for 20 min at room temperature.
Crosslinking was quenched by adding 2.7 mL of 2.5 M glycine and incubation for 5 min.
Crosslinked cells were centrifuged at 1882 x gfor 3 min at 4°C, and then washed twice
with cold 1x Tris-buffer saline (TBS). Cell pellet was then resuspended in 250 pL of fresh
FSPP buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% sodium deoxycholate, 1% protease inhibitor cocktail, and 1 mM phenylmethylsulfonyl
fluoride (PMSF) and vortexed with ~300 pL glass beads for 2 cycles of 20 min with an
intervening 10 min in a 4°C cold room. Another 250 uL of fresh FSPP was added to each
sample, and the cap and bottom of tubes were punched with a hot needle so that cell lysate
could be collected by centrifuging at 836 x g for 5 min at 4°C. FSPP (0.5 mL) was added

to the cell lysate to resuspend the pellet. The cell lysate was then sonicated using a 30 s

on 30 s off cycle at 4°C for 7 cycles. Sonicated cell lysate was transferred to 1.5 mL tube
and centrifuged at 17,136 x g for 20 min at 4°C. Two hundred microliters of supernatant
was saved as input. Another 200 uL of supernatant was mixed with 800 uL of FSPP buffer
and 100 pL of pre-blocked 1gG beads. Chromatin was incubated with the beads overnight at
4°C, and then washed sequentially at 4°C with 1xFA-lysis buffer (50 mM HEPES-KOH, pH
7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate), 1xFA-lysis
buffer containing 150 mM NaCl, 1xFA-lysis buffer containing 500 mM NacCl, LiCl buffer
(0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, and 10 mM Tris-HCI
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pH 8.0), and lastly TE buffer, pH 8.0. Chromatin was then eluted with 400 uL ChlIP elution
buffer (50 mM NaCl, 50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 1% SDS). Samples were
mixed by rotation at 30°C for 30 min. Beads were pelleted by centrifugation at 17,136 x g
and discarded. Five microliters of 20 mg/mL Proteinase K was added to supernatant; 180 pL
of 1xFA-lysis buffer, 20 pL of 10% SDS and 5 pL of 20 mg/mL Proteinase K were added
into the input samples. ChIP and input samples were then incubated overnight at 65°C to
reverse crosslinking. DNA was extracted by phenol:chloroform:isoamyl alcohol (25:24:1)
followed by ethanol precipitation. Input samples were then treated with 200 ug RNase A
and precipitated with ethanol after adding 20 pg glycogen. Enrichments of target TFs were
quantified by quantitative PCR (qPCR).

Quantification and statistical analysis

General information about statistical analyses: General statistical analyses were
performed using MATLAB and OriginPro. Chi square test was used to calculate the
significance of colocalization of NDFs in NDRs in Figure S7B. Student’s t-test was used to
calculate the significance of TF binding and expression in Figure 6F and S6B. Number of
replicates can be found in the figure legends. Significance was set at p value <0.05.

Nucleosome mapping: Consensus sequence (CCS) were generated from PacBio Sequel
subreads with at least 3-5 passes. GC and other C in each reference sequence were
converted to GY and T, respectively. CCS reads were aligned using MATLAB scripts based
on global and local alignment. We removed reads if 1) alignment accuracy is lower than
90%, 2) there is more than one mismatch in the synthetic oligo region (430-540 bp in the
reference sequence that contains NDF motifs), 3) there is a mismatch in NDF motifs, or 4)
methylation level too low (< four methylated GC in total). The alignment was performed

on the PSU Institute for Computational and Data Sciences Roar supercomputer. With a few
exceptions, we only included 1SO sequences with at least 140 reads for subsequent analysis.

Methylation levels of each sample were normalized to the WT sample to account for the
variation in M.CviPI expression. Nucleosomes were predicted on each read based on the
space between methylated GCs (Figures SLA-S1C). We assumed that the DNA was fully
protected from methylation near the nucleosome pseudodyad but had some flexibility near
the entry/exit sites (Figure S1A) (Kladde and Simpson, 1994; Kladde et al., 1996). We
correlated this pattern with the methylation measurement in a 147 bp moving window to
get a “nucleosome penalty score” and placed nucleosomes at the local minimums (Figure
S1B). No nucleosomes were placed in regions with penalty score above 0.5 (Figure S1B).
For most NDFs, like Abfl and Reb1, regions immediately adjacent to their motifs were
highly methylated, clearly indicating the presence of NDRs (Figures 1E and 2A). However,
for a small number of factors, e.g. Ino4, regions near their motifs were well protected, but
the downstream regions were widely open (Figure 3C). For this scenario, we hypothesized
that the protection was not generated by nucleosomes, and indeed, MNase experiments
revealed extended NDR over the Ino4 motif (Figure 3D). To avoid wrong nucleosome
placement in cases like Ino4, we calculated the total methylation level in the “NDR region”
of each read (from —958 bp to —405 bp). If this number was higher than those in 90% of
the background reads (Figure S1D), we assumed the presence of NDR and removed the
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nucleosome covering the NDF motif(s). We then carried out fine-tuning of the nucleosome
positioning. When a protected region had a length between mono- and di-nucleosomes, the
nucleosome was set as 160 bp and placed at the center of the protected region (Figure
S1B). If this lengthy protection was adjacent to an NDF motif, we placed the nucleosome
at the edge of this region away from the motif assuming that part of the protection was
generated by the NDF, or factors recruited by the NDF. Highly methylated reads (top 5%)
were removed when calculating average NDR length to avoid bias generated by a small
proportion of very long NDRs. Heatmaps like in Figure 1C were plotted using MATLAB.
Radar plots were plotted using Matplotlib.

NDF outlier analysis: NDR length and proportion were calculated on each library sequence
in WT and CR-depleted cells (Table S2). Since CR depletion has little effect on NDR
proportion, we mostly focused on the change of NDR length. We first binned NDRs

based on their length after CR depletion and averaged the ANDR (WT — mut CR) in

each bin. Depending on how ANDR changed with length, we either fit with a straight line,
or calculated a smoothed curve (MATLAB “smooth” function) as the length dependence
baseline (e.g. in Figure 2E). CR effect on individual 1SO sequences was compared with this
baseline. Note that our library includes four sequences per NDF, and we only consider a
factor as an “outlier” when two or more sequences associated with the same factor show
far-from-average behaviors. More specifically, we calculated the difference between each
ANDR to this baseline (residue). We collected all the data points that fell beyond 1.3
standard deviations on either side. Among these far-from-average data points on each side, if
we found two or more corresponded to the same NDF, we called this NDF an outlier as its
behavior is significantly different from the rest of the NDFs (p < 0.01).

Quantification of MNase time course assay: To quantify the change of nucleosome

positioning in the MNase time course (Figure 6D), we calculated the Pearson correlation of
nucleosome occupancies between the — Cbfl condition and each time point. The correlation
at different time points was then normalized so that the final correlation is zero (Figure 6E).

Genome-wide analysis: The following genome-wide nucleosome positioning data are
used for the analysis here: Sthl (+/-): GSM2589911/12 (Kubik et al., 2018); Snf2 (+/-):
GSM3177770/1; Isw2 (+/-): GSM3177774/5; Ino80 (+/-): GSM3177778/9 (Kubik et al.,
2019). NDRs in each of the datasets were computed by an algorithm described previously
(Kharerin and Bai, 2021). The CR-sensitive subset was identified based on two criteria:
1) the change in nucleosome occupancy in a 150 bp region centered at the upstream or
downstream edge of NDRs should have significant change +/- CRs (p < 0.01), and 2) the
length of NDR should differ more than 10 bp. The NDFs bound in each NDR in the WT
cells were annotated based on ChIP-exo data (Rossi et al., 2021). NDF enrichment was
determined by the Chi-square test. The coordinates of NDRs in WT and mutant cells, the
CR-sensitive subsets, and NDFs bound in the WT NDRs are listed in Table S3.
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Highlights

Chromatin remodelers (CRs) are dispensable for nucleosome invasion by
NDFs

CRs function downstream of NDF invasion to modulate the sizes of NDRs
RSC and INO80 mostly bind long NDRs in an NDF-nonspecific manner
SWI/SNF and ISW?2 are specifically recruited by some NDFs
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Figure 1. NDFs generate variable nucleosome positioning patterns in WT cells
(A) Construction of the ISO library. We designed an oligo library with 169 oligos, where

each oligo contains one to three binding motifs of an NDF. The oligos were ligated into the
HOprand integrated into the CLAZlocus in an anchor-away yeast strain.

(B) DNA methyltransferase-based nucleosome mapping in the presence or absence of
remodelers. Nucleosomes on the modified HOprwere mapped based on differential
methylation in nucleosomes versus open regions.

(C) Methylation (left) and nucleosome positioning (right) on background AOpr (no NDF
sites). Each row in the heatmap is a single read. Read counts are shown at the top. Red
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color represents methylated regions; blue color represents unmethylated regions (left) or
nucleosomes (right); white spaces in the left panel represent regions connecting methylated
and unmethylated Cs.

(D) Probability of methylation protection (light gray), nucleosome occupancy inferred from
methylation (Methyl model; gray), and nucleosome occupancy measured by MNase assay
(black dashed line) on the background HOpr.

(E and F) Same as in (C) except for a sequence containing a single WT (E) or mutant (F)
Abfl motif. Gray vertical lines with red asterisk mark the locations of the motif.

(G) NDR length and proportion generated by the WT (top) or mutant (bottom) motifs.
Gray, purple, and orange colors represent zetO site, strong NDF (group 1) motifs, and weak
NDFs (group 2), respectively. The different brightness of each color represents the different
position and copy number of corresponding NDF motifs. The black dashed lines represent
the NDR length (148 bp) and proportion (30%) predicted from the background sequences.
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Figure 2. Differential responses to RSC depletion among NDRs
(A) Methylation and inferred nucleosome positioning on a sequence containing a single

Reb1 binding site with or without Sth1. Gray vertical line with red asterisk marks the
location of the Reb1 motif.

(B) Proportion of methylation protection (top), nucleosome occupancy inferred from
methylation (middle), and nucleosome occupancy measured by MNase assay (bottom) for
the Reb1-containing sequence with or without Sth1. MNase assay was repeated twice. Error
bars represent standard errors.
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(C) Effect of Sth1 depletion on NDR length (left) and NDR proportion (right). The —Sth1
to +Sth1 ratios were plotted in the radar plots. NDFs were sorted based on the length
change. The value of the dash circle is 1 (no change). NDFs showing significant proportion
decreases are labeled with asterisks.

(D) The change on NDR length and proportion caused by Sthl depletion averaged among
102 NDRs shown in (C). Error bars represent 95% confidence interval.

(E) The change in NDR length (+Sth1 minus —Sth1) versus —Sthl NDR length. -Sth1 NDR
lengths were divided into bins, and average ANDR length was calculated for each bin. The
smoothed curve (dashed line) represents the average length dependence of the RSC effect.
Error bars represent standard errors.

(F) ANDR length versus —=Sth1 NDR length on individual synthetic sequences is compared
with the average length dependence. Some NDFs that are sensitive or insensitive to RSC
depletion are colored in pink and blue, respectively. Dark and light green data points
represent 1ISO sequences with two and one fetO, respectively.
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Figure 3. Ino4, Stb5, and Teal recruit SWI/SNF to generate extra-long NDRs
(A and B) Nucleosome positioning measured by methylation and MNase on sequences

containing one Reb1 motif with or without Snf2. MNase assay was repeated twice. Error
bars represent standard errors.

(C and D) Nucleosome positioning measured by methylation and MNase on sequences
containing three Ino4 motifs with or without Snf2. MNase assay was repeated twice.

(E) Ratio change of NDR length and proportion upon Snf2 depletion.
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(F) The change in NDR length (+Snf2 minus —Snf2) versus —Snf2 NDR length. Lengths of
71 NDRs were divided into bins, and average ANDR length was calculated for each bin.
Error bars represent standard errors.
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Figure 4. Ume6 and Rfx1 recruit ISW2 to generate extra-short NDRs
(A-D) Nucleosome positioning measured by methylation and MNase on sequences

containing Ume6 (A and B) and Rfx1 (C and D) motif with or without Isw2. MNase assay
was repeated twice. Error bars represent standard errors.

(E) Ratio change of NDR length and proportion upon Isw2 depletion.

(F) The change in NDR length (+Isw2 minus —Isw2) versus —Isw2 NDR length. Eighty-
three NDR lengths were divided into bins, and average ANDR length was calculated for
each bin. The average length dependence of ISW2 was fitted by a straight line. Error bars
represent standard errors.
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(G) ANDR length versus —Isw2 NDR length on individual synthetic sequences was
compared with the average length dependence. NDFs strongly affected by Isw2 depletion
(Rfx1 and Ume6) are shown in blue and purple. The green data point represents TetR.
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Figure 5. INO80 nonspecifically shrinks most NDRs
(A and B) Nucleosome positioning measured by methylation and MNase on sequences

containing a Reb1 motif with or without Ino80. Error bars represent standard errors.

(C) Histograms of the position and occupancy change of nucleosome —3 (the nucleosome
immediately downstream of the NDFs) upon the depletion of CRs (~CR minus +CR).
(D) Ratio change of NDR length and proportion upon 1no80 depletion.
(E) The change in NDR length (+Ino80 minus —Ino80) versus —Ino80 NDR length. —Ino80
NDR lengths were divided into bins, and average ANDR length was calculated for each bin.
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The number of NDRs in the analysis is 103. The smoothed curve (dashed line) represents the
average length dependence of the INO80 effect. Error bars represent standard errors.
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Figure 6. Binding and nucleosome invasion of NDFs do not require CRs
(A) Changes of NDR length and proportion upon the depletion of Sth1, Snf2, Isw2, and

In080.

(B) Rebl ChIP-gPCR results on template with or without Reb1 motif + Sthl. These

four conditions have four, two, seven, and six replicates, respectively. Error bars represent
standard errors.

(C) Ume6 ChIP-gPCR results on template with or without Ume6 motifs £ Isw2. These four
conditions have two, two, six, and six replicates, respectively. Error bars represent standard
errors.
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(D) MNase measurement of nucleosome occupancy over a sequence containing one Cbfl
binding site (marked by the dashed line) at different time points of Cbfl induction + Sth1.
Top, the scheme of experiment. Bottom, nucleosome occupancy at different time points; the
darker color represents longer Cbfl induction. Note the decrease of nucleosome occupancy
near the Cbfl binding site over time. Error bars represent standard errors.

(E) Quantification of nucleosome occupancy change in (D). Error bars represent standard
errors.

(F) Cbfl ChlIP-qPCR at different time points after Cbf1 induction + Sth1. Each time point
was repeated twice. Student’s t test was used to calculate p value. *p < 0.05. Error bars
represent standard errors.
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Figure 7. Genome-wide analyses of CR effect support the findings from the 1SO library

Page 36

(A) Average nucleosome occupancy with or without indicated CR near affected NDRs.
These plots are aligned at the mid-point of these NDRs. The RSC case is divided based on if

the NDR only associates with RSC, or other NDFs, or both.

(B) Change in NDR length (WT — mutant) versus the NDR length in CR-depleted cells. The
top plot shows the data for each individual NDR; the bottom is the boxplot for different
length bins, where boxes show the 25%—75% data range, and the whiskers represent outliers
(1.5 times the interquartile range above and below). Error bars represent 95% confidence

interval.
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(C) Enrichment of bound NDFs in NDRs that are sensitive to CR depletion in comparison
with genome-wide NDRs. The y axes represent —logyg p value, and data points above 2 are
considered significant (p < 0.01). Data in the positive direction represent factors that are
enriched in these NDRs, and the negative ones are depleted.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-TAP antibody

Thermo Fisher

Cat#CAB1001; RRID: AB_10709700

Bacterial and virus strains

NEB® 5-alpha competent £. coli NEB Cat#C2987
NEB® 5-alpha Electrocompetent £. coli NEB Cat#C2989
Chemicals, peptides, and recombinant proteins

Nuclease micrococcal from Staphylococcus aureus — Sigma-Aldrich Cat#N3755
Protease Inhibitor Cocktail Sigma-Aldrich Cat#P8215
Magna ChIP™ Protein A + G Magnetic Beads Millipore Sigma Cat#16-663
Proteinase K Thermo Fisher Cat#4333793

Z1005 Zymolyase US Biological Cat#37340-57-1
19G Sepharose™ 6 Fast Flow Cytiva Cat#17-0969-01
Turbo Cx Pfu Agilent Cat#600410
EpiMark® Hot Start Tag DNA Polymerase NEB Cat#M0490S
Rapamycin Life Technologies Cat#PHZ1235
17pB-estradiol Tocris Bioscience Cat#50-28-2
Critical commercial assays

EpiTect Fast DNA Bisulfite kit Qiagen Cat#59824
Deposited data

Analyzed and raw Pacbio sequencing data GEO database GEO: GSE199812
Genome-wide MNase-seq data GEO database GEO: GSE115412
Genome-wide ChIP-exo data GEO database GEO: GSE147927
Experimental models: Organisms/strains

yHC13-SNF2 This study (Table S4)  N/A

yHC15-bkg This study (Table S4)  N/A

yHC17 This study (Table S4)  N/A
yHC17-STH1 This study (Table S4)  N/A

yHC28 This study (Table S4)  N/A
yHC28-STH1 This study (Table S4)  N/A
yHC28-INO80-GFP This study (Table S4)  N/A
yHC28-ISW2-GFP This study (Table S4)  N/A
yHC49-SNF2 This study (Table S4)  N/A
yHC53-STH1 This study (Table S4)  N/A
yHC53-STH1-Rebl1-Rebl This study (Table S4)  N/A
yHC53-STH1-bkg-Rebl This study (Table S4)  N/A
yHC53-1SW2-bkg-UME6 This study (Table S4)  N/A
yHC53-ISW2-UME6-UME6 This study (Table S4)  N/A

yHC66-Cbfl This study (Table S4)  N/A
yCY64-Ume6DBD This study (Table S4)  N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
yCY49-Ume6 This study (Table S4)  N/A
yHC89-5-Rebl This study (Table S4)  N/A
Oligonucleotides
MNase-gPCR primers IDT (Table S4) N/A
Library construction primers IDT (Table S4) N/A
Recombinant DNA
pCY20 Yan et al., 2018 N/A
pHCO03-FRB-TAP This study N/A
pHCO04-FRB-GFP-TAP This study N/A
pHCO06 This study N/A
pHCO09-TetR This study N/A
pHC11-GC (backbone without oligo) This study N/A
pHC11-oligo-GC (backbone with oligo) This study N/A
pHC21-FRB-GFP This study N/A
pHC23-Cbf1-TAP This study N/A
pHC23-REB1-TAP This study N/A
pHC23-UMEG-TAP This study N/A
pAD1161 (full sequence available on request) This study N/A
pMJ1314 (full sequence available on request) This study N/A
Software and algorithms
OriginPro Originlab N/A
ImageJ NIH N/A
MATLAB Math Works N/A
computeMatrix deepTools N/A
Plotheatmap deepTools N/A
Matplotlib https://matplotlib.org/  N/A
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