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SUMMARY

In preparation for transcription, the chromatin remodeler SWR installs homotypic ZZ
nucleosomes at promoters by replacing the two nucleosomal H2A with H2A.Z in a stepwise
manner. Nucleosome-free regions (NFRs) help recruit SWR to promoters; this is thought to
position SWR asymmetrically on one side of the +1 nucleosome. How SWR accesses the opposite
side of +1 to generate a ZZ nucleosome remains unclear. Using biochemical assays that monitor
the sub-nucleosomal position of nascent H2A.Z, we find that NFR-recruited SWR switches sides
to insert H2A.Z into asymmetrically positioned nucleosomes; however, at decreasing
temperatures, H2A.Z insertion becomes progressively biased for one side. We find that a 16-bp
element containing G/C runs (>3 consecutive G or C nucleotides) is sufficient to promote H2A.Z
insertion. Because H2A.Z-rich +1 nucleosomes in yeast have more G/C runs, we propose that
nucleosome editing is a thermosensitive process that can be hard coded by the genome.

In Brief

The SWR remodeler edits promoter-proximal +1 nucleosomes by sequentially replacing the two
copies of histone H2A with H2A.Z. Sun et al. show that temperature and DNA sequence strongly
influence on which side of the nucleosome SWR inserts H2A.Z first, thereby affecting the
remodeling outcome.
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INTRODUCTION

Regulation of DNA accessibility in chromatin is a fundamental mechanism of transcriptional
control in eukaryotes and probably in archaea (Kornberg and Lorch, 1999; Mattiroli et al.,
2017). The majority of nucleosomes have a histone core comprising 2 H2A-H2B dimers and
1 H3-H4 tetramer with ~150 bp of DNA wrapped around this core and linker DNA
protruding on both sides (Luger et al., 1997). In the nucleosome immediately downstream of
most promoters, called +1, the variant histone H2A.Z is frequently found in place of H2A
(Albert et al., 2007). These H2A.Z-containing nucleosomes are poised for transcription-
dependent disassembly and their presence is required for distinct transcriptional responses
(Cortijo et al., 2017; Dhillon et al., 2006; Tramantano et al., 2016; Zhang et al., 2005).
H2A.Z is inserted into nucleosomes by the SWR complex, which is an ATP-dependent
chromatin remodeler made up of 14 different proteins (Kobor et al., 2004; Krogan et al.,
2003; Mizuguchi et al., 2004). How SWR unravels the nucleosomal DNA to replace each
nucleosomal H2A-H2B (A-B) dimer with an H2A.Z-H2B (Z-B) dimer is a central question
of the present study.

Like other members of the super family (SF) 2-class chromatin remodelers, SWR has an
ATPase mator that is homologous to translocases known for catalyzing movement along
double-stranded DNA (Flaus et al., 2006). Many SF2-class remodelers catalyze nucleosome
sliding /n vitro, an activity defined by repositioning a histone octamer along DNA
(Bartholomew, 2014). While remodelers, such as SWI/SNF and RSC, are able to
disassemble nucleosomes, SWR does not slide or disassemble nucleosomes (Dechassa et al.,
2010; Lorch et al., 2006; Ranjan et al., 2015). Instead, SWR catalyzes a histone exchange
reaction that involves the coupled removal of one nucleosomal A-B dimer with the insertion
of a Z-B dimer (Luk et al., 2010; Mizuguchi et al., 2004). Canonical AA nucleosomes have
two A-B dimers on opposite faces. SWR replaces the A-B dimers with Z-B dimers in a
stepwise manner, thereby generating heterotypic AZ nucleosomes as an intermediate and
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homotypic ZZ nucleosomes as the final product (Luk et al., 2010). The directionality of an
H2A-to-H2A.Z exchange is driven by both the histone-binding modules of SWR that
discriminate between H2A and H2A.Z (Hong et al., 2014; Liang et al., 2016; Sun and Luk,
2017) and the regulation of the remodeling ATPase, which is optimally stimulated when
SWR binds simultaneously to an H2A-containing nucleosome and a Z-B dimer (Luk et al.,
2010).

Although histone exchange and nucleosome sliding are different remodeling outcomes, the
ATPase motor of SWR and those of sliding remodelers such as SWI/SNF, RSC, ISWI, and
Chdl, engage the nucleosome at a similar site called superhelical location (SHL) 2 (defined
as the location 2 helical turns from the nucleosomal dyad) (Dechassa et al., 2008; Nodelman
etal., 2017; Ranjan et al., 2015; Saha et al., 2005; Schwanbeck et al., 2004; Zofall et al.,
2006) (Figure S1A). One hypothesis is that SWR uses a similar strategy as sliding
remodelers to destabilize nucleosomes before a SWR-specific mechanism kicks in to
orchestrate histone dimer exchange (Zhou et al., 2016). In nucleosome sliding, the ATPase
motor translocates along the “tracking” strand at SHL2 (Figure S1A, cyan), leading to
unwinding/overstretching of a DNA segment toward the proximal DNA entry site (Figure
S1A, orange arrow) and overwinding toward the dyad (Figure S1A). The histone core
conformation deforms to accommodate the DNA distortion (Sinha et al., 2017). The
overwound DNA then propagates across the dyad toward the second gyre, presumably as a
bulge, which then exits the nucleosome before the linker DNA on the entry site is drawn in
to relieve the overstretched region (Deindl et al., 2013). Moreover, recent studies have shown
that the sequence of the nucleosomal DNA can modulate remodeler activity, suggesting that
remodeling outcomes such as nucleosome sliding and histone eviction along the genome are
context dependent (Lorch et al., 2014; Winger and Bowman, 2017).

The targeted deposition of H2A.Z at +1 nucleosomes /1 vivo is mediated in part by the
affinity of SWR for nucleosomes with longer DNA linkers, which are provided by the
promoter-specific nucleosome-free region (NFR) upstream (in relation to transcription) of
+1 nucleosomes (Ranjan et al., 2013; Yuan et al., 2005). Downstream is the +2 nucleosome,
which is pushed up against +1 by chromatin remodelers (Krietenstein et al., 2016). Thus, a
typical +1 nucleosome is flanked by a longer stretch of free DNA (~80-200 bp) on one side
compared to the other side (~20 bp) (Yen et al., 2013). Structural and biochemical studies
showed that when SWR preferentially binds to the long linker/NFR of an asymmetrically
positioned nucleosome, its ATPase motor simultaneously engages the NFR-distal tracking
strand at SHL+2 (where the + sign denotes that this site is further away from the NFR in
linear distance than the SHL2 site on the opposite face of the nucleosome) (Figure S1B)
(Ranjan et al., 2015; Willhoft et al., 2018). The implication is that the engagement of the
ATPase with the NFR-distal site will bias the exchange of one of the two A-B dimers. The
asymmetric binding of SWR to the +1 nucleosome therefore raises the question of why there
is a substantial amount of ZZ nucleosomes present at the +1 position of most promoters
(Luk et al., 2010; Mohan et al., 2018).

In this study, a site-specific chemical cleavage strategy was developed to track the sub-
nucleosomal location of nascent H2A.Z inserted by SWR. In combination with a gel
mobility assay that reports the copy number of H2A.Z per nucleosome, we confirmed that

Cell Rep. Author manuscript; available in PMC 2020 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal. Page 4

SWR deposits H2A.Z onto the same face of the nucleosome engaged by the ATPase motor,
ruling out the bulge propagation mechanism used by remodeling sliders. We found that
when SWR is recruited asymmetrically to nucleosomal substrates with an NFR on one side,
its remodeling ATPase can freely access the tracking strands on both faces of the
nucleosome to effect H2A.Z insertion; but at suboptimal reaction temperatures, one face
becomes biased. We trace the determinant for the thermosensitive H2A.Z insertion to a 16-
bp element within the nucleosomal DNA. Our work reveals that DNA sequence plays a more
important role than previously thought in determining the site of H2A.Z insertion.

RESULTS

An Improved Strategy to Track Nascent H2A.Z in Nucleosomes Inserted by SWR

To recapitulate H2A.Z insertion /n vitro, native SWR complex was purified from yeast using
an improved methodology called another sequential affinity purification (ASAP). ASAP
differs from traditional tandem affinity purification (TAP) in that it uses affinity tags on two
different subunits to enrich for intact complexes (Rigaut et al., 1999). Amylose affinity
chromatography was used in the first step as the maltodextrin-binding protein (MBP) has
fast binding and eluting characteristics, minimizing the exposure time of the immobilized
complex to whole-cell extracts (Telmer and Shilton, 2003) (Figure 1A). The MBP tag was
fused to the C terminus of the Rvb1 subunit (Rvb1MBP) one of the two components of the
heterohexameric platform for subunit organization in SWR (Nguyen et al., 2013). Binding of
Rvb1MBP tg an amylose column pulled down not only SWR but also two other complexes,
INO8O0 and R2TP, as all three complexes share Rvbl (Figures 1A and 1B, lane 1)
(Mizuguchi et al., 2004; Rivera-Calzada et al., 2017; Shen et al., 2003). A 3xFLAG-tagged
Swri (Swr1FL), which is the unique ATPase core subunit of SWR, was targeted for FLAG
immunoprecipitation (IP), separating SWR from INO80 and R2TP (Figure 1B). ASAP-
purified SWR contained all 14 subunits at the expected stoichiometry (Figure 1B, lane 3)
(Luk et al., 2010).

SWR activity was evaluated by an /n vitro assay that monitors the levels of AA, AZ, and ZZ
nucleosomes on the basis of their differential mobilities in native PAGE (Sun and Luk,
2017). The Z-B substrate has a 3xFLAG tag on the C terminus of H2B (Z-BF) that slows the
mobility of the nucleosome cumulatively as one or both untagged nucleosomal A-B dimers
are replaced by Z-BF (Figures 1C and 1D) (Sun and Luk, 2017). The AA nucleosomal
substrate is conjugated to the fluorescent molecules Cy3 or Alexa 647 on the 5" end on one
strand of the nucleosomal DNA to facilitate in-gel fluorescence densitometry (Sun and Luk,
2017). When ASAP-purified SWR was incubated with AA nucleosomes, Z-BF dimers, and
ATP, more ZZ product was generated in comparison to equimolar amounts of SWR prepared
by our previous method, which involved FLAG affinity purification followed by glycerol
gradient sedimentation (FLAG-IP/G-grad) (Figures 1D and 1E) (Luk et al., 2010), indicating
that ASAP-purified SWR was more active than FLAG-IP/G-grad-purified SWR. (ASAP-
purified SWR is referred to as SWR hereafter.)

To mimic the /17 vivo nucleosome substrate of SWR, which has an NFR on one side and a
short linker on the other, the nucleosome substrate used in the /77 vitro reaction was
assembled using a 204-bp DNA with the 147-bp Widom 601 positioning sequence located
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near one end such that a “long” 50-bp linker and a “short” 7-bp linker flank the core particle
(50-N-7) (Figure 2A) (Segal et al., 2006). Because of this asymmetry, the replacement of
one of the two A-B dimers with Z-BF generates AZ and ZA isomers that are
conformationally different due to the position of the FLAG tag in relation to the long linker
(Figures 2B and 2C), and thus the AZ and ZA nucleosomes migrated as a doublet using
native PAGE (Figure 2D, lanes 1-4) (Sun and Luk, 2017). By contrast, the AZ and ZA
species migrated as a single band when a pseudo-symmetrical 6-N-7 substrate (core particle
flanked by a 6-bp and a 7-bp linker) was used (Figure 2F, lanes 1-4) (Sun and Luk, 2017).

Being able to distinguish the AZ and ZA isomers provided an opportunity to determine
whether the first inserted Z-BF dimer is selectively targeted to one side of the nucleosome.
Furthermore, this distinction allowed us to differentiate which of the two tracking strands
(i.e., at SHL+2 and SHL-2) is used to generate the AZ or ZA species (Figures 2B and 2C).
Previous studies showed that SWR is restricted to exchange one of two A-B dimers with Z-
B by disrupting the continuity of the tracking strand with a 2-nt gap on one face of the
nucleosome (Figure S1B) (Ranjan et al., 2015). When a 2-nt gap was introduced into the
tracking strand distal to the long linker (i.e., the NFR) of 50-N-7, the formation of the ZZ
species was reduced, and only the top band of the AZ/ZA doublet accumulated (Figures 2D
and 2E). Therefore, the tracking strand distal to the NFR is responsible for generating the
bottom band of the doublet. This result was not sufficient, however, to determine which
bands represent the AZ or ZA species.

Asymmetric Recruitment of SWR to the NFR Does Not Restrict H2A.Z Insertion to One Side
of the Nucleosome

Consistent with an earlier report that showed that SWR preferentially binds to nucleosomes
with NFRs of at least 40 bp (Ranjan et al., 2013), SWR deposited Z-BF into 50-N-7 at a
faster rate than 6-N-7 (compare Figure 2D to Figure 2F, lanes 1-4, and Figure 2E to Figure
2G, left panels). Based on a recent structural model of the SWR-nucleosome complex,
recruitment of SWR to the NFR is expected to position the ATPase motor onto the NFR-
distal tracking strand (i.e., on the opposite DNA gyre) (Figure S1B) (Willhoft et al., 2018),
and thus one band of the AZ/ZA doublet should be conformationally favored. Therefore, it
was surprising to see that the AZ and ZA intermediates observed for the 50-N-7 reaction
were produced at similar rates (Figure 2D, lanes 2 and 3). To ensure that the reduced activity
of SWR with 6-N-7 was not an artifact of the loss of enzyme activity, we performed a
competition experiment. The 50-N-7 and 6-N-7 AA substrates were incubated with SWR, Z-
BF dimer, and ATP in the same reaction. Again, formation of the ZZ species was faster for
50-N-7 than 6-N-7, and the AZ and ZA bands within the doublet of the 50-N-7 reactions
exhibited similar intensity (Figure 2H). This observation confirms that SWR prefers binding
to nucleosomes with linkers =40 bp compared to shorter linkers (Ranjan et al., 2013).
However, once bound, SWR exhibits little bias as to which side it will insert the Z-B dimer,
even when one linker is longer. This result provides a molecular explanation for how SWR
can generate ZZ nucleosomes at the +1 position when the NFR is only on one side.
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Insertion of Each Z-B Dimer Requires Engagement of the Tracking Strand on the Same
Face of the Nucleosome

The fact that the insertion of Z-B dimers is restricted to one side of the nucleosome when a
2-nt gap is present in the 50-N-7 nucleosomes enabled us to determine on which face of the
nucleosome the dimer was inserted. To this end, we developed a site-directed radical
cleavage approach to identify the location of the nascent Z-B dimer in relation to the
tracking strand—the site of ATPase motor action (Figures S1A and S1B). The assay
involved attaching a hydroxyl radical cutter via an engineered cysteine on the incoming Z-B
dimer. By restricting Z-B insertion to one side of the gapped nucleosome, the question is
whether the cut site is associated with the intact tracking strand on the same face or the
opposite face of the nucleosome. Two positions on yeast H2A.Z, L19 and V83, were chosen
for cysteine substitution based on their proximity to the nucleosomal DNA at SHL+4 and
SHL45.5, respectively (Figure S2A) (Suto et al., 2000). Recombinant L19C and VV83C
H2A.Z proteins purified from bacteria were individually refolded with FLAG-tagged H2B to
make Z-19C-BF and ZV83C-BF dimers, respectively. The copper chelator o-phenanthroline
(OP) was conjugated to the cysteine on the mutant H2A.Z via sulfhydryl chemistry
(Brogaard et al., 2012). The conjugation efficiencies of OP to L19C and V83C dimers were
monitored indirectly by labeling unreacted cysteines with maleimide-Alexa 647 and were
96% and 74%, respectively (Figures S2B and S2C). To evaluate whether the OP-labeled Z-
BF dimers were active substrates of SWR, they were used in the histone exchange reactions
(Figures S2D-S2G). SWR was able to insert the OP-labeled Z-BF dimers into intact
nucleosomes (with or without a long linker), as indicated by the formation of the AZ/ZA and
ZZ species (Figures S2D and S2E). SWR also inserted the OP-labeled Z-BF into gapped
nucleosomes, producing predominantly one heterotypic species at efficiencies comparable to
the unlabeled Z-BF (Figures S2F and S2G).

Hydroxyl radical cutting of the OP-conjugated AZ, ZA, and ZZ products was initiated by
the addition of hydrogen peroxide and copper | (generated by reducing copper 11 with 3-
mercaptopropionic acid) (Brogaard et al., 2012). Site-specific cleavage of the nucleosomal
DNA was determined by denaturing PAGE and fluorescence scanning, which monitored the
fluorophore-labeled single-stranded DNA (ssDNA). The 2 L19 residues on a ZZ nucleosome
are predicted to be located 45 bp on opposite sides of the dyad (Figure 3A). Therefore, if the
OP-labeled Z-19C-BF dimer was inserted into 50-N-7 on the side proximal to the NFR (and
to the fluorophore), then a 78-nt species was expected, whereas a 168-nt species was
expected for the distal side (Figure 3A, highlighted in green). The ~78-nt and ~168-nt
species were observed when the intact 50-N-7 substrate was used (Figure 3C, lane 3). Since
the 2 VV83C sites on the ZZ nucleosome are located farther away from the dyad, cleavage
resulting from the OP-labeled ZV83C-BF dimer is expected to release an ~64-nt species when
inserted on the NFR-proximal side and an ~182-nt species when inserted on the NFR-distal
side (Figure 3B). Again, both cleavage products were observed when the intact 50-N-7
substrate was used, proving that the cleavage is specific and depends upon the position of the
cysteines (Figure 3C, lane 4). Note that ZZ nucleosomes contain two OP-labeled Z-BF
dimers, and therefore the DNA is cut twice. Only the shorter cleavage product containing the
Cy3 label can be detected, and the origin of this fragment can therefore come from either ZZ
or ZA nucleosomes.
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The disruptive 2-nt gap of the gapped 50-N-7 substrate was present on the “bottom” strand
in Figures 3A and 3B (red arrow), while the Cy3 label (green dot) was present on the intact
“top” complementary strand. Hence, the gap itself would not influence the mobility of the
labeled ssDNA in denaturing PAGE. Insertion of the OP-labeled Z-BF on one side of the
gapped 50-N-7 nucleosome generated predominantly the smaller cleavage product (~78 nt
for L19C or ~64 nt for V83C), indicating that the undamaged tracking strand that allows Z-
B dimer insertion is proximal to the NFR/Cy3 label (Figure 3C, lanes 7 and 8). Since some
background bands overlapped with the regions where we expected to see the longer cleavage
products, background subtraction was performed on the OP cleavage profiles of the
nucleosomes inserted with the cysteine-labeled H2A.Z (Figure 3C, lanes 3 and 4 and 7 and
8) using the profile of the unmodified H2A.Z-containing nucleosomes as a normalization
control (Figure 3C, lanes 2 and 6, respectively). The normalized Cy3 profiles demonstrated a
decrease in the larger cleavage products (i.e., ~168 nt for L19C and ~182 nt for V83C) when
the gapped 50-N-7 was used (Figure 3D), indicating that H2A.Z insertion is restricted to the
face of the nucleosome, where the intact NFR-distal tracking strand is present.

A gapped version of the 6-N-7 substrate was also tested side by side with the intact 6-N-7
substrate (Figures 3E-3H). Consistent with the results for the gapped 50-N-7 substrate, the
OP-induced cut sites occurred on the same side of the nucleosome with the intact tracking
strand (Figures 3G, lanes 3 and 4 and 7 and 8, and 3H). This observation reinforces the idea
that DNA translocation and the concomitant H2A.Z insertion occur on the same face of the
nucleosome. A recent study that used fluorescence resonance energy transfer (FRET) to
monitor SWR-mediated H2A.Z exchange independently arrived at the same conclusion
(Singh et al., 2019).

SWR Preferentially Inserts H2A.Z onto One Face of the Nucleosomal Substrate at
Suboptimal Temperatures

To understand the mechanism of how SWR accesses both faces of an asymmetrically
positioned nucleosome (50-N-7) to deposit H2A.Z, we focused on an unexpected result
obtained serendipitously when a histone exchange reaction was allowed to proceed at 4°C
overnight. In this reaction, SWR produced predominantly faster migrating AZ nucleosomes
—the species expected when SWR acts on the conformationally “favored” NFR-distal
tracking strand (Figure S3A).

At 30°C, the optimal growth temperature of budding yeast, SWR exhibited robust activity, as
evidenced by a 50% depletion of the initial AA nucleosomes (AAsp) in ~10 min (Figures 4A
and 4B, pink). The AZ and ZA intermediates accumulated to 50% of the initial AA
nucleosomes (AZ/ZAgp) in ~15 min (Figures 4A and 4B, blue) and were chased into the ZZ
product, which accumulated to 50% of the initial AA level (ZZ5p) in ~35 min (Figures 4A
and 4B, green). When the AZ and ZA bands were quantified individually, both intermediates
accumulated at similar initial rates (0.3 nM/min) (Figures 4A and 4B, red and black),
consistent with SWR being able to access both tracking strands of the 50N-7 substrate
efficiently under physiological temperature.

At lower temperatures, the overall rate of histone exchange decreased in a non-linear
fashion. Notably, AAsg increased to 13 min at 23°C, ~30 min at 16°C, 144 min at 10°C, and
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195 min at 4°C (Figures 4A-4J, pink, and S3B), while ZZ5 increased to 49 min at 23°C,
108 min at 16°C, and 1,020 min at 10°C (Figures 4A-4J, green, and S3C; ZZs for 4°C was
not determined as the reaction was too slow). In addition, decreasing temperatures
disproportionately inhibited the formation of ZA nucleosomes (Figures 4C-4J, compare red
and black lines). Since ZA formation requires the NFR-proximal tracking strand at SHL2
and AZ formation requires the NFR-distal tracking strand at SHL+2, decreasing temperature
makes SWR progressively more biased against the NFR-proximal SHL-2 site.

The temperature-dependent phenomenon was similarly observed for the AZ-to-ZZ
transition, which involves the insertion of a second Z-B dimer using the NFR-proximal
tracking strand. This phenomenon was particularly evident in the 4°C reaction, which
generated predominantly the AZ intermediate. The majority of AA nucleosomes (>95%)
were converted to the AZ configuration after 10 h, but the AZ-to-ZZ transition took much
longer (Figures 4l and 4J, pink). Only 19% of ZZ nucleosomes (relative to the AA input)
were produced within the 10- to 24-h period (Figures 41 and 4J, green). Therefore, at
suboptimal temperatures, the insertion of Z-B dimers at the NFR-proximal site is slow for
this nucleosomal substrate regardless of whether it is the first or second H2A.Z-containing
dimer.

At 37°C, SWR exhibits no preference for Z-B insertion on either side of the 50-N-7
substrate. However, the overall histone exchange rate decreased in comparison to the 30°C
reaction (AAsg >60 min; Figures 4K and 4L). The loss of activity associated with
overheating is at least partially reversible, as a histone exchange reaction pre-incubated at
37°C before the addition of ATP at 23°C exhibited relatively robust activity (Figure S3D).
Therefore, the loss of activity at 37°C is not caused by the irreversible deterioration of
enzyme integrity.

Linker DNA Twisting Is Not a Major Energy Barrier for SWR to Switch Sides

One possible explanation for the biased H2A.Z insertion at suboptimal temperatures is that
NFR recruitment of SWR presents the NFR-distal tracking strand more naturally to the
remodeling ATPase for NFR-distal insertion (Figure S4A). Higher temperatures increase
linker DNA flexibility, allowing the nucleosome to swivel and present the NFR-proximal
site for H2A.Z insertion, but lower temperatures exaggerate this bias. To test this hypothesis,
2-nt gaps were systematically introduced into the linker DNA on the NFR side of the
nucleosome substrate (Figure S4A, purple region). If DNA twisting is a major energy barrier
for NFR-proximal insertion, then the DNA gap is expected to facilitate nucleosome core
swiveling with respect to the remodeling ATPase, and hence, Z-B insertion should become
unbiased at suboptimal temperatures. Contrary to this expectation, strong NFR-distal
insertion preference remained for 50-N-7 substrates with 2-nt gaps at positions [-7,-8],
[-12,-13], [-15,-16], and [-17,-18] (where position O refers to the last nucleotide at the
end of the nucleosomal DNA) under suboptimal temperatures (Figures S4B-S4D). We
conclude that linker DNA twisting is not a major energy barrier for H2A.Z insertion on the
NFR-proximal site.
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Nucleosomal DNA Sequence Plays a Major Role in Modulating SWR Remodeling Activity

The Bowman lab has shown that the sliding activity of another ATP-dependent remodeler,
Chdl, is affected by nucleosomal DNA sequences (Winger and Bowman, 2017), raising the
possibility that the biased H2A.Z insertion at the NFR-distal site is caused by the presence
of a specific DNA element(s) in the asymmetric Widom sequence that stimulates histone
exchange. If true, then flipping the Widom sequence relative to the NFR should make the
new NFR-proximal site more favorable for H2A.Z insertion at suboptimal temperatures.

To test this hypothesis, nucleosomes reconstituted with the canonical or flipped Widom
sequences (in relation to the NFR) (Figures 5A, 5D, and S5A) were incubated with SWR in
the presence of OP-labeled Z-19C-BF dimers and ATP at 30°C or 4°C. Time courses based
on the radical cleavage assay were performed with Alexa 647-labeled nucleosomal
substrates (which provide more robust densitometry signals than the Cy3-labeled substrates).
At 30°C, the canonical Widom nucleosomes were cleaved on both sides with no major bias,
as evidenced by ~50% NFR-proximal cutting (% Prox), which refers to the relative intensity
of the NFR-proximal cleavage product (Prox) over total (i.e., NFR-distal [Dist] and Prox
combined) (Figure 5B). The flipped nucleosomes were also cleaved on both sides at 30°C
(Figure 5E), but at 4°C, insertion bias was increased for both the canonical and the flipped
substrates, although in opposite directions. The canonical substrate was cut predominantly at
the NFR-distal site (13% Prox at 4 h), while the flipped substrate was cut at the NFR-
proximal site (86% Prox at 4 h) (Figures 5C and 5F). These results indicate that the DNA
sequence on the NFR-distal half of the canonical sequence is stimulatory to SWR activity,
while the NFR-proximal half is inhibitory. Suboptimal reaction temperatures exaggerated
the differential effects of these sequences on H2A.Z insertion.

TA dinucleotides at the inward-facing minor grooves of a nucleosome, especially those that
interact with H3-H4, are important in stabilizing nucleosomes (Chua et al., 2012; Segal et
al., 2006). Since the NFR-distal side has fewer (H3-H4)-interacting TA dinucleotides, looser
(H3-H4)-DNA contacts could facilitate the A-B dimer eviction and thus Z-B insertion.
However, this possibility was ruled out as a Widom derivative called TA+2, in which 2 TA
dinucleotides that were added back to the TA-deficient side at SHL+0.5 and SHL+2.5
(Figures 5G, orange arrows, and S5A, orange underlines) did not alter H2A.Z insertion bias
as compared to the canonical Widom control at both 30°C and 4°C (compare Figures 5H and
51 to S5B and S5C).

The sequence composition of a 16-bp region that spans SHL2.5 and SHL3.5 plays a key role
in modulating the sliding activity of Chd1 (Winger and Bowman, 2017). To test whether this
is also true for SWR, nucleosomes were reconstituted with the SHL3-swap sequence, which
interchanged two 16-bp regions around SHL3 on both halves of the canonical Widom
sequence (Figures 5J and S5A). At 30°C, the SHL3-swap nucleosome was cut by OP-
labeled Z-B dimers on both sides but with more robust cutting on the NFR-proximal side
(79% Prox at 15 min) (Figure 5K), indicating that the substituted 16-bp region
(TAGGGAGTA ATCCCCT) was stimulatory to H2A.Z insertion, whereas the corresponding
region on the distal side (TCGTAGCAA GCTCTAG) was inhibitory (Figure S5A). The
differential H2A.Z insertion activity was even more pronounced at 4°C (84% Prox at 4 h),
recapitulating the cleavage pattern of the flipped nucleosome (Figures 5F and 5L).
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To rule out that the accumulation of the smaller cleavage fragment in SHL3-swap was an
artifact of double cutting by the ZZ product, time courses for the 30°C and 4°C reactions
before hydroxyl radical cutting were analyzed by the nucleosome mobility assay.
Preferential production of the ZA (NFR-proximal) over AZ (NFR-distal) species at both
temperatures was still observed, which is consistent with preferential H2A.Z insertion on the
NFR-proximal site (Figures S5B and S5C).

G/C Runs Are Linked to Enhanced H2A.Z Insertion Activity In Vivo

SWR exhibited a stronger bias in depositing H2A.Z on the NFR-proximal side with the
SHL3-swap substrate (79% Prox at 15 min) than with the flipped substrate (41% Prox at 15
min), even at 30°C (Figures 5E and 5K). This result was interesting because both substrates
bear the 16-bp stimulatory sequence on the NFR-proximal side. This observation therefore
suggests that other DNA elements on the NFR-proximal side of SHL3-swap act
synergistically with the 16-bp region to promote H2A.Z insertion.

One possibility is that the presence of extra G/C runs (=3 consecutive G or C nucleotides) on
the NFR-proximal half of SHL3-swap, spanning between SHL4.5 and SHL6, further
destabilizes the DNA contacts with the outgoing A-B dimer to assist in the eviction step of
the histone exchange process (Travers and Klug, 1987) (Figure S5A, underscored in gray).
Together with the G/C runs in the 16-bp stimulatory region, the DNA associated with the
preferred outgoing A-B dimer of SHL3-swap has a disproportionately higher number of G/C
runs than the corresponding region of the flipped nucleosome (Figure S5A). To test the
hypothesis that the presence of G/C runs around the A-B dimer is linked to a more robust
H2A.Z deposition activity, we turned to a genomic approach. DNA sequences underlying +1
nucleosomes were extracted from the yeast genome and ranked according to H2A.Z
occupancy (Tramantano et al., 2016). The G/C-trinucleotide (SSS) frequencies of the most
H2A.Z enriched +1 nucleosomes (top 25%) versus the least enriched (bottom75%) were
plotted along the dyad distance (Figure 6). Consistent with our hypothesis, a higher SSS
frequency is observed in +1 nucleosomes with more H2A.Z. The strongest SSS enrichment
sites are localized between SHL3.5 and SHL6 on both sides of the nucleosome, coinciding
with the binding region of A-B dimers (Figure 6). The +1 nucleosomes with less H2A.Z are
generally more depleted for SSS when compared to the full complement of annotated
nucleosomes (Figure 6, compare blue and black). Our results are in agreement with the role
of G/C runs in promoting H2A.Z insertion activity of the SWR complex.

DISCUSSION

The SWR complex catalyzes a unique ATP-driven chromatin remodeling reaction in which
two Z-B dimers sequentially replace the two A-B dimers in a canonical nucleosome to form
a homotypic ZZ nucleosome (Luk et al., 2010). ZZ nucleosomes are enriched at the +1
positions of most promoters, more so than are the AZ/ZA species (Luk et al., 2010). The
homotypic ZZ configuration appears to be the optimal chromatin state for transcription, as
the transcription machinery preferentially targets +1 ZZ nucleosomes for disassembly
(Mohan et al., 2018; Tramantano et al., 2016), and H2A.Z is required for a rapid, distinct
transcriptional response (Cortijo et al., 2017; Dhillon et al., 2006; Zhang et al., 2005).
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However, given that SWR is asymmetrically recruited to the NFR side on the +1
nucleosome, the question of how SWR accesses both faces of the nucleosome to generate a
ZZ nucleosome was not fully understood.

This study presents two new lines of evidence that challenge the notion that an NFR-bound
SWR complex would preferentially position the remodeling ATPase to act on the NFR-distal
tracking strand of a +1 nucleosome and insert H2A.Z distal to the NFR (Ranjan et al., 2015;
Rhee et al., 2014; Singh et al., 2019). First, at the optimal reaction temperature, SWR
generates the AZ and ZA species at comparable rates, indicating that SWR (even when
recruited by the NFR) can switch sides and easily access the NFR-proximal site (Figure 7A),
which is consistent with a conclusion made by the Wigley group (Willhoft et al. (2018). A
similar side-switching mechanism has also been observed for the chromatin remodeler Chd1
that allows bidirectional nucleosome sliding (Qiu et al., 2017). Second, the observed NFR-
distal bias for H2A.Z insertion at suboptimal temperatures is mainly due to the asymmetrical
sequence of the Widom DNA (Figure 7B, pink). SWR can in fact insert H2A.Z
preferentially on the conformationally unfavorable NFR-proximal side when the stimulatory
sequence is swapped to the NFR-proximal side (Figure S6, pink). Therefore, DNA
sequences favorable for H2A.Z insertion dominate over any conformational bias. This
observation is significant because many +1 nucleosomes in yeast (as shown by chromatin IP
[ChIP]-exo conducted at 25°C) are more enriched for H2A.Z on the NFR-distal side (Rhee
et al., 2014). The original interpretation was that the asymmetric recruitment of SWR causes
NFR-distal insertion of H2A.Z; however, this work argues that nucleosomal DNA sequences
could play a major role in directing H2A.Z onto the NFR-distal side. Rhee et al. (2014) also
found that higher G/C content is associated with H2A.Z enrichment on the NFR-distal side
of a major population of +1 nucleosomes and is thus consistent with our conclusion.

A recent study used single-molecule FRET to study SWR-mediated histone exchange on the
Widom nucleosomes (at room temperature) and concluded, similar to the present study, that
the asymmetric sequence on the two halves of the Widom sequence differentially affects
H2A.Z insertion activity (Singh et al., 2019). We have extended this observation to show that
the most critical region involved in stimulating (or inhibiting) the H2A.Z insertion activity of
SWR is a 16-bp region located around SHL+3 (Figure 7C, dark pink), whereas another
region contacting the outgoing A-B dimer is likely secondary (Figure 7C, light pink). A
recent cryoelectron microscopy (cryo EM) structure of the SWR-bound nucleosome offers
some clues as to why these regions are important. In the ATP-bound state, the ATPase motor
of SWR lifts the DNA off the histones in and around SHL+2, distorting the duplex structure
between SHL+2.5 and SHL+3.5, while the Swc6/Arp6 subunits unwrap 2.5 turns of DNA
from the entry site (Willhoft et al., 2018) (Figure 7D). The stimulatory elements could be
more susceptible to such distortion, whereas the inhibitory elements may require additional
heat to overcome the energy barrier (Travers and Klug, 1987). Since artificial nucleosomal
sequences were used in our remodeling assays, however, a more complex picture may
emerge of how DNA sequence affects the activity of SWR as we interrogate the full
complement of endogenous nucleosomal substrates. Notwithstanding the limitations of this
study, the fact that the same region of the Widom sequence stimulates the sliding activity of
another ATP-dependent remodeler Chd1 (which has no common subunit with SWR) points
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to DNA translocation being the mechanistic step affected by the sequence (Winger and
Bowman, 2017).

As substantial amounts of AZ and ZA species were detected during the course of histone
exchange reactions (even when catalytic amounts of SWR were used), our data suggest that
SWR inserts the two Z-B dimers into the same nucleosome in a non-processive, stochastic
manner. A related question is whether AZ/ZA nucleosomes are a better or worse substrate
than AA nucleosomes. At 30°C, the insertion rate of the first Z-B dimer is 0.6 nM/min,
while the rate for the second is 0.24 nM/min (estimated based on the initial 10 min and final
27 min of the 30°C time course, representing the AA-to-AZ/ZA and AZ/ZA-to-ZZ steps,
respectively) (Figures 4A and 4B). This observation is consistent with the AZ/ZA
nucleosome being a poorer substrate, as it has one less A-B dimer available for exchange
than the AA nucleosome. At 4°C, the second Z-B insertion (3 pM/min) was much slower
than the first (46 pM/min) (Figures 41 and 4J). However, since the interface between H2A
and H2A.Z or between themselves within the octameric histone core is rather flexible
(Mohan et al., 2018), the slowness of the second insertion is unlikely a consequence of
difference in structural compatibility of the AA, AZ/ZA, and ZZ configurations. Rather, we
interpret the slow second insertion as a consequence of a more demanding A-B eviction step
when the outgoing dimer is associated with a DNA sequence that is more difficult to
remodel.

In conclusion, it is well established that the site-specific insertion of H2A.Z at +1
nucleosomes is contributed in part by the affinity of SWR to long nucleosome-free DNA and
histone modifications associated with transcriptionally active promoter regions (Raisner et
al., 2005; Ranjan et al., 2013). This study shows that DNA sequences underlying
nucleosomes play a major role in regulating the H2A.Z insertion activity of SWR,
suggesting that nucleosomes can be hard coded with genetic information that regulates the
targeting of H2A.Z with sub-nucleosomal specificity. Given that the influence of
nucleosomal DNA sequence on H2A.Z insertion is strongly influenced by temperature, this
work reveals for the first time that the remodeling output of a chromatin-modifying enzyme
could be tuned by environmental temperature. Future work will focus on deciphering the
exact nature of the sequence that promotes or inhibits H2A.Z insertion and how the different
H2A.Z nucleosome configurations modulate downstream molecular events such as
transcription.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Please contact Ed Luk (ed.luk@stonybrook.edu) for further information. All unique/stable
reagents generated in this study are available from Dr. Luk with a completed Materials and
Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae strains used in this study are listed in the Key Resources Table.
Recombinant DNAs for expression of histones are of Saccharomyces cerevisiae origin.
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METHOD DETAILS

Yeast Strains—The yeast strain used in the purification of SWR by ASAP bore the
SWRI1-3XFLAG-IoxF, RVBI1-MBP-loxP, and htz1A.-kanMX alleles and was derived from
the W1588-4C genetic background (W303 MATa RADA5+). The strain was constructed by
first integrating a 3xFLAG-loxP-kanMX-loxP cassette into the 3" end of the SWRI locus
using the one-step gene replacement procedure, followed by Cre//oxP-mediated removal of
the kanM X cassette, generating the yeast strain yEL168 (W1588-4C SWR1-3xFLAG-IoxP)
(Glildener et al., 1996; Longtine et al., 1998). The MBP-loxP-kanMX-loxP cassette was
similarly integrated into the 3" end of the RV/B1 locus in yEL 168, followed by Cre/loxP-
mediated removal of kanM.X to generate yEL410 (W1588-4C SWRI-3xFLAG-loxP RVBI-
MBP-loxP). Finally, HT.Z1 of yEL410 was replaced with kanMX by the one-step gene
replacement approach. The resulting strain yEL427 (W1588-4C SWRI1-3xFLAG-loxP
RVBI-MBP-loxP htz1A::kanMX) was used for SWR purification by the ASAP procedure.
To purify SWR with the FLAG-IP/G-grad approach, the strain yEL190 (W1588-4C
SWR1-3xFLAG-loxP-kanMX-loxP htz1A..:natMX) was used (Sun and Luk, 2017).

Plasmids—The pET28a-H7.21 (pEL350) vector for bacterial expression yeast Htz1 was
made by subcloning the H7.21 gene fragment into pET28a via the Ncol and Xhol sites. The
cysteine mutant variants pET28a-/4tz1(L19C) (pEL542) and pET28a-/tz1( V83C) (pEL543)
were generated from pEL350 using the QuikChange site-directed mutagenesis kit (Agilent)
with primer pairs EL1103 and EL1104 for L19C and EL1105 and EL1106 for V83C.
Sequence integrity of all plasmids was confirmed by Sanger Sequencing (Genewiz). The
pUC57-Widom-601-(c1) plasmid (pEL550) was synthesized and subcloned by GenScript.
Primer sequences are available in Table S1.

Native Protein Purification—To prepare SWR by the ASAP procedure, yEL427 cells
were grown in 6 x 2 L yeast extract peptone dextrose (YPD) medium to an optimal density
at 600 nm (ODgqg) of ~4 before harvested by centrifugation. After washing the cell pellets
once with water and once with buffer A [300 mM HEPES-KOH (pH 7.6), 40% glycerol, 2
mM EDTA, 100 mM KCl, plus 2x protease inhibitors (PI; 0.34 mg/mL PMSF, 0.66 mg/mL
benzamidine hydrochloride, 2.74 pg/mL pepstatin A, 0.56 pg/mL leupeptin, and 4 pg/mL
chymostatin)], the packed-cell volume (PCV) was recorded. The cells were stirred into a
paste using the residual buffer A and dripped into liquid nitrogen. The resulting yeast
‘nuggets’ were pulverized under liquid nitrogen in a Freezer Mill (SPEX) at 15 strokes per
sec for 15 x 1-min cycles separated by 1-min pause intervals. When the lysate was about to
thaw, two PCV of buffer B [150 mM HEPES-KOH (pH7.6), 20% glycerol, 1 mM EDTA, 50
mM KCI, and 1x PI] was added. Protein extraction was performed by adding 0.2 M KCI and
incubating at 4°C with gentle mixing for 30 min. Extracts were cleared by centrifugation at
83,000 x g for 2 hr in a SW28 rotor and were then incubated with 10 mL of Amylose resin
(New England Biolabs) for 1 hr at 4°C. The beads were washed 4 times with buffer C [25
mM HEPES (pH 7.6), 1 mM EDTA, 10% glycerol, 0.01% NP-40, 0.3 M NaCl, 1x Pl, 1 mM
DTT]. Rvb1-MBP containing SWR and INO80 complexes were eluted with 2 3 5 mL Buffer
D [Same as Buffer C, except that it has 10 mM maltose but no DTT] at 4°C. The combined
eluate, which contained SWR, INO80, and R2TP, was subjected to anti-FLAG affinity
purification for the FLAG-tagged SWR complex by incubating with 2 mL of anti-FLAG M2
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agarose (Sigma-Aldrich) for 2 hr at 4°C. The agarose beads were washed 3 times with 12
mL of buffer E [Same as buffer C, except that DTT was omitted] and eluted with buffer F
[25 mM HEPES pH 7.6, 1 mM EDTA, 30% Glycerol, 0.01% NP-40, 0.3M NaCl, 1x PI, 0.5
ug/ul 3x FLAG peptide (Biopeptide)] for 2 hr at 4°C. The FLAG eluate was further cleared
by filtration using a 0.22 um PVDF membrane (EMD Milljpore) and was supplemented with
1 mM DTT before flash freezing and storing at —80°C.

Recombinant Histones and Nucleosomes—Recombinant S. cerevisiae histone genes
and mutant variants were overexpressed in the £. colistrain BL21-CodonPlus(DE3)-RIL
and the histones were purified and lyophilized according to Vary et al. (2004). Canonical
histone octamers were reconstituted by first unfolding and mixing the individual histones in
buffer G [7 M guanidinium-HCI, 20 mM Tris-HCI (pH 7.5), 10 mM DTT] followed by
dialysis into the refolding buffer H [2 M NaCl, 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 5
mM beta-mercaptoenthanol, 0.2 mM PMSF] as described in Vary et al. (2004). The
octamers were fractionated on a Superdex-200 prep grade (XK16/70) column to remove
aggregates, histone tetramers, dimers, and monomers. Wild-type Z-B dimers and the
cysteine-containing variants were reconstituted similarly, except that they were fractionated
on a Superdex 200 Increase 10/300 GL column in buffer I [2 M NaCl, 10 mM Tris-HCI (pH
7.5), 1 mM EDTA]. All histone dimers were dialyzed against buffer J [50 mM NacCl, 10 mM
Tris-HCI (pH7.5), 1 mM EDTA, 0.01% NP-40] and concentrated to ~5-20 uM on a 10 kD
MWCO Amicon Ultra-4 column (EMD Millipore) according to the manufacturer protocol.
For the cysteine-containing variants, 17.5 pM of TCEP was added to the storage buffer. All
histone dimers were stored at —80°C.

The DNA sequence used to generate the Canonical Widom 50-N-7 nucleosome contains the
601 (cl) positioning sequence (Segal et al., 2006) and can be found in Table S3. Cy3-
labeling was achieved at the PCR step, where Taq was used to amplify the 50-N-7 template
in plasmid pEL550 with forward primer EL336 [5'-(Cy3) TCT TCA CAC CGA GIT CAT
ccc TT-37] and reverse primer EL338 [5-TAC ATG CAC AGG ATG TAT ATA TCT
GAC-3']. The Cy3-labeled 6-N-7 nucleosomal DNA was generated similarly except that the
forward primer 5 -[Cy3] GOC GCC CTG GAG AAT CC-3' (EL849) was used. The Alexa647-
labeled nucleosomal DNA was prepared by labeling an amino-modified forward primer
EL1223, [5'-(5AmMC6)-TCT TCA CAC CGA GIT CAT CcC TT-37] (/DT7), with Alexa647
succinimidyl ester according to the manufacturer protocol ( 7hermo Fisher, A20006). After
purification on a 1x TBE / 15% polyacrylamide gel, the oligo was used in combination with
EL338 or EL1178 to prime PCR synthesis using templates containing the ‘Canonical
Widom’, ‘Flipped’, ‘SHL3-swap’, and ‘“TA+2" sequences. PCR products were purified by
standard phenol/chloroform extraction and ethanol/NaOAc precipitation. After resuspension
in buffer K [same as buffer J, except that NaCl concentration was increased to 300 mM], the
DNA fragments were purified on a Superdex 200 Increase column using buffer K as eluent.

Gapped DNA was generated by a strategy previously described (Ranjan et al., 2015).
Briefly, at the location of an intended single-stranded DNA gap, two consecutive
deoxyuridines were incorporated into the PCR product in the primer synthesis step using
primers EL1177, EL1192-7 (/D7) (Table S1). The modified DNA species were purified by
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gel filtration as above followed by treatment with the uracil-specific excision reagent USER
(New England Biolabs) at 37°C overnight to generate a 2-nt gap at the location of the uracil
residues. Completion of the excision reaction was monitored by a 6% polyacrylamide gel, as
the gapped DNA migrates slower than the intact DNA. After phenol-chloroform extraction
and ethanol/NaOAc precipitation, the DNA was purified again by gel filtration as described
above and concentrated with a 10 kD MWCO Amicon Ultra-0.5 column (EMD Millipore).

Nucleosomes were reconstituted by salt dialysis as previously described (Vary et al., 2004).
Briefly, 1:1 molar ratio of purified DNA and octamers were mixed in buffer L [2 M NaCl, 10
mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.01% NP-40] followed by dialysis in buffer J (Vary
et al., 2004). The nucleosomes were then purified by sedimentation through a 15%—40%
sucrose gradient in buffer M [25 mM HEPES-KOH (pH 7.6), 0.5 mM EDTA, 0.01% NP-40]
at 192 000 x g for 20 hr at 4°C using the SW-55.1 rotor. The fractions containing the
nucleosomes were dialyzed against buffer J and stored at 4°C.

Modifying Histones with OP—The OP conjugation protocol was adapted from Henikoff
et al. (2014). Specifically, cysteine-modified Z-B dimers (4 uM) were mixed with TCEP (40
uM), and OP (140 pM) in the sulfhydryl-reactive form, N-(1,10-phenanthroline-5-
yl)iodoacetamide (Biotium #92015) and incubated at room temperature for 2 hr in the dark.
Labeled dimers were purified from any free OP by filtration in the PD SpinTrap G-25
column (GE Healthcare) pre-equilibrated with buffer J. OP labeling efficiency of the dimers
(~2 uM) was indirectly monitored by reaction with Alexa-647 C, maleimide (2 uM) for 2 hr
at room temperature in buffer J followed SDS-PAGE analysis. In-gel fluorescence was
detected by a Typhoon FLA 9500 imager and quantified by the ImageQuant software (GE
Healthcare). The same gel was then stained by SYPRO Ruby to control for loading.

In Vitro Histone Exchange Assay—Histone exchange reactions were performed as
previously described with minor modifications (Sun and Luk, 2017). Each 25 pL reaction
had three components: Part A, B, and C in 3:1:1 ratio. Part A was 4 nM ASAP-SWR in 25
mM HEPES-KOH (pH 7.6), 0.5 mM EGTA, 0.1 mM EDTA, 5 mM MgCly, 0.17 pg/uL
BSA, 50 mM NacCl, 10% glycerol, 0.02% NP-40. Part B was 100 nM AA nucleosomes (with
or without Cy3) and 575 nM Z-B dimers (with or without OP) in 10 mM Tris-HCI (pH 7.5)
1 mM EDTA, and 50 mM NacCl. Part C was 1 mM ATP and was added last to a mixture of
Part A and Part B to initiate the reaction. After incubation under the indicated conditions, 2.3
ng/uL of lambda phage DNA (New England Biolabs) was added to quench the reaction. Five
microliters of Napl at 3.5 uM in 70% (w/v) sucrose, 10 mM Tris-HCI (pH 7.8), 1 mM
EDTA was mixed with the reaction immediately before 5-7 pL was analyzed by a 6%
PAGE. Napl was necessary to prevent non-specific interactions between free histones and
nucleosomal DNA (Sun and Luk, 2017).

Radical Cleavage Assay—Radical cleavage mapping of OP-labeled Z-B dimers on
nucleosomes was performed based on a procedure described in Brogaard et al. (2012). After
the histone exchange reaction was quenched by lambda phage DNA, 150 pM CuCl,, 50 mM
Tris-HCI (pH 7.5), 6 mM 3-mercaptopropionic acid (MPA) and 6 mM H,0, were added in
the order as listed. Cleavage reactions were allowed to proceed in the dark for 60 min at
room temperature. For the reactions in Figure 3 (where Cy3-labeled substrates were used),
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an ethanol precipitation step was used to concentrate the DNA. This was achieved by mixing
25 L of the cleavage reaction with 75 uL of buffer N [10 mM Tris-HCL (pH 7.5), 1 mM
EDTA], 10 pL 3 M sodium acetate (pH 5.2), and 275 pL ethanol followed by centrifugation
at 20,400 xg for 15 min. After washing with ethanol, the dried pellet was resuspended in 8
ul of buffer O (95% formamide, 0.02% SDS, 1 mM EDTA) plus 2 ul of a competitor DNA
cocktail (25 uM of each of four oligos) (Tables S1 and S2). The competitor DNA fragments
(with the same sequence as the labeled strand) were critical for preventing the labeled DNA
from reannealing. For the cleavage reactions in Figure 5 (where Alexa647-labeled substrates
were used), the ethanol precipitation step was omitted. Each reaction (4 pL) was mixed with
1 L of the appropriate competitor DNA and 2 pL of buffer O. The DNA samples were
heated at 95°C for 10 min and quickly cooled to 4°C in an ice/water bath before separation
on an 8 M urea / 0.5x TBE / 6% PAGE gel in the Novex 1.5-mm mini gel system (L/ife
Technology).

QUANTIFICATION AND STATISTICAL ANALYSIS

Fluorescence densitometry was performed on a Typhoon 9500 scanner using the 1D Gel
Analysis module of the ImageQuant TL 7.0 software package. Relative levels of AA, AZ,
ZA, and ZZ species in Figures 1D, 2D, 2F, 4A, 4C, 4E, 4G, 41, and 4K were determined
using the Lane Profiles function with lane width set at 60% to measure fluorescence along
the center of each lane to avoid the sides where nucleosome bands were smeary. Background
subtraction was performed using the ‘rolling ball” method (with maximal diameter) to
determine baseline. Band intensities represent areas under peaks. Relative nucleosomal
levels were normalized to the AA species at time zero.

The G/C trinucleotide (SSS) frequency in Figure 6 was calculated as follows. H2A.Z
occupancy data of the yeast strain yEL 154 (untreated) in Tramantano et al. (2016) were used
to rank +1 nucleosomes previously annotated by Rhee et al. (2014), generating a ranked
BED file. The sequences of the +1 nucleosomes were then extracted using the getfasta (with
—name and —tab options) command in BedTools, generating a two-column, tab-delimited list
with 4738 nucleosomal sequences. A python script, Nucleotide_pattern_tri_CG_v3.py (Data
S1), was used to identify G/C-trinucleotide patterns (SSS, i.e., CCC, GGG, CCG, GGC,
CGG, GCC, CGC, and GCG). If true, the position is marked as 1, if not as zero. The list of
SSS scores was split into two to represent the top 25% most H2A.Z-enriched +1
nucleosomes and the bottom 75%. The sum of SSS patterns was calculated for each
nucleotide position from the nucleosomal dyad and plotted as frequency of occurrence. The
chromosome-wide frequency of SSS patterns was calculated similarly but with an unsorted
yeast nucleosome list from Jiang and Pugh (2009) representing 61025 nucleosomes. A 3-nt
moving window was applied to average the data in Figure 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The SWR chromatin remodeler engages stochastically on either side of a +1
nucleosome

Temperature determines whether SWR inserts H2A.Z preferentially on one
side of the nucleosome

The sequence of a 16-bp region affects temperature-dependent H2A.Z
insertion

Nucleosomes with consecutive G/C bases are more H2A.Z enriched at yeast
promoters
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Figure 1. ASAP-Purified SWR Exhibited Robust Remodeling Activity
(A) The ASAP approach. Red numbers: samples analyzed in (B). WCE, whole-cell extracts.

(B) SDS-PAGE and SYPRO Ruby staining of the samples in (A). Red: unique to INO80.
Blue: unique to SWR. Purple: shared between INO80 and SWR. Pih1 is a subunit of R2TP.
Black: SWR components purified by ASAP and the FLAG-IP/G-grad approach. Asterisks:
unknown factors co-purified with SWR.

(C) The histone exchange assay. Red: A-B dimers. Green: Z-B dimers. Blue flag: 3xFLAG
tag on H2B. Green dots: fluorescent labels on the DNA.

(D) Native PAGE analysis to monitor histone exchange. SWR (2.4 nM) was mixed with 15
nM AA nucleosome and 115 nM H2A.Z-H2BFL with (+) and without (=) 200 uM ATP for 1
h at room temperature. The gel was scanned for Cy3 fluorescence.

(E) Quantification of the AA, AZ/ZA, and ZZ bands in the +ATP lanes relative to the AA
band in the no-ATP controls.
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Figure 2. A Gel-Based Assay for Monitoring SWR-Mediated H2A.Z Insertion
(A) The 50-N-7 nucleosomal substrate used in the histone exchange reaction. Cyan: tracking

strands.

(B) The Z-B dimer is distal to the NFR in the AZ nucleosome.

(C) Z-B is proximal to the NFR in ZA.

(D) Histone exchange reactions were performed as described in Figure 1D, except that 20
nM of 50-N-7 nucleosome was used instead of 15 nM.

(E) Quantification of (D).
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(F) Same as (D), except that 6-N-7 nucleosomes were used.

(G) Quantification of (F).

(H) Same as (D), except that equimolar of canonical 50-N-7 and 6-N-7 nucleosomes were
analyzed in combination (lanes 1-3) or separately (lanes 4-9). For the gapped nucleosomal
substrates, the 2-nt DNA gap is located in the tracking strand on the NFR-distal side 19-20
nt from the dyad.
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Figure 3. SWR Inserts a Z-B Dimer on the Face of the Nucleosome with an Intact Tracking

Strand

(A and B) Diagrams representing the predicted cleavage sites on the 50-N-7 nucleosomes by
OP at H2A.Z L19C in (A) or V83C in (B). The numbers in the green boxes indicate the

expected sizes of the labeled cleavage products.
(C) OP-directed cleavage products were resolved by 8 M urea PAGE and detected by

fluorescence scanning.
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(D) Quantification of the profiles within the bracketed regions in (C). Lanes 3 and 4 were
normalized to lane 2. Lanes 7 and 8 were normalized to lane 6. (E and F) Predicted cleavage
sites of 6-N-7 by L19COP (E) and V83C-OP (F).

(G) Cleavage products of the 6-N-7 nucleosomes.

(H) Quantification of the profiles in (G) was performed as described in (D). Prox and Dist:
proximal and distal to the NFR, respectively. Aliquots of the same histone exchange
reactions from Figures S3C— S3F, lanes 6 and 8, were analyzed by radical cleavage here.
The approximate ratios for AZ/ZA to ZZ were 6:4 and 7:3 for L19C and V83C, respectively.
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Figure 4. Effects of Temperature on the Remodeling Activity of SWR
(A) SWR was incubated with 50-N-7 nucleosomes and Z-BF dimers, as described in Figure

2, but at 30°C, which is the optimal growth temperature for Saccharomyces cerevisiae. The

reaction was quenched by the addition of free DNA at the indicated time.
(B) Left: quantification of AA (pink), AZ/ZA (blue), and ZZ (green) of the reaction in (A).
Right: AZ (red) and ZA (black) were quantified separately.
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(C, E, G, I, and K) Same as (A), except that the reactions were performed under the
indicated temperatures. The right lane of each experiment was a partial reaction conducted at
room temperature, serving as markers for the different nucleosomal configurations.

(D, F, H, J, and L) Quantifications of the corresponding gels at left.
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Figure 5. The Role of Nucleosomal DNA Sequence in Sub-nucleosomal H2A.Z Targeting
(A) A schematic representation of a 50-N-7 nucleosome with a canonical Widom sequence

positioned in the same orientation as Figure 3A and an Alexa 647 fluorophore at the 5" end
on the NFR side. Scissors represent the NFR-distal (Dist) and NFR-proximal (Prox) cut sites
expected for insertion of a Z-BF dimer conjugated to OP at L19C. Blue boxes: ATPase
tracking strands. Gray ovals: histone octamer position. Blue and red bars: blue represents the
side where the H2A.Z insertion site is more sensitive to low temperature.

(B and C) Histone exchange time courses were conducted at 30°C or 4°C followed by
radical cleavage and denaturing PAGE, as described in Figure 3. % Prox: relative amounts of
NFR-proximal cleavage products (Prox) over total (i.e., Dist + Prox).
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(D) The Widom sequence was flipped as compared to (A).

(G) Two additional minor groove TA anchors were added at the sites indicated by the orange
arrows.

(J) Two 16-bp regions of the Widom sequence around SHL+3 were swapped.
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Figure 6. G/C Runs Are Associated with H2A.Z-Enriched +1 Nucleosomes in Yeast
The +1 nucleosomes (N = 4,738) of yeast were separated into 2 groups: the top 25% more

H2A.Z enriched (red) versus the bottom 75% (bottom). The full complement of yeast
nucleosomes was plotted as represented by the black open circles. The frequencies of G/C
trinucleotides (3-nt moving average) were plotted along the nucleosomal DNA sequence
centered at their dyads.
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Figure 7. Molecular Basis of the Temperature-Dependent Remodeling Activity of SWR
(A)NFR-recruitedSWRaccessesbothsidesofthe+1nucleosomestochastically. Yellow arch and

ovals: the SWR complex, highlighting only the Swrl ATPase and the Swc2 subunit. White
arrow: direction of ATPase motor action. Red and green arrows: movements of A-B (red)
and Z-B (green) dimers. Gold: ATPase tracking strand. Pink: stimulatory sequence. Cyan:
inhibitory sequence.

(B) At suboptimal temperatures, Swrl ATPase encounters a stronger energy barrier on the
side linked to the inhibitory sequence (cyan). Therefore, H2A.Z is preferentially inserted on
the NFR-distal side in the first round of histone exchange. This insertion bias is exaggerated
by decreasing the reaction temperature.

(C and D) DNA elements critical for H2A.Z insertion are highlighted pink (primary) and
light pink (secondary) in 1KX5 (C, nucleosome alone) and in 6GEN (D, nucleosome with
SWR). Gold: ATPase tracking strands. Orange: SWR components.
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