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Following DNA replication, the newly reassembled chromatin is disorganized
and must mature to its steady state to maintain both genome and epigenome
integrity. However, the regulatory mechanisms governing this critical process
remain poorly understood. Here, we show that histone H3K56 acetylation
(H3K56ac), a mark on newly-synthesized H3, facilitates the remodeling of
disorganized nucleosomes in nascent chromatin, and its removal at the sub-
sequent G2/M phase of the cell cycle marks the completion of chromatin
maturation. In vitro, H3K56ac enhances the activity of ISWI chromatin remo-
delers, including yeast ISW1 and its human equivalent SNF2h. In vivo, a defi-

ciency of H3K56ac in nascent chromatin results in the formation of closely
packed di-nucleosomes and/or tetra-nucleosomes. In contrast, abnormally
high H3K56ac levels disrupt chromatin maturation, leading to genome
instability. These findings establish a central role of H3K56ac in chromatin
maturation and reveal a mechanism regulating this critical aspect of chro-
mosome replication.

Chromatin, an organized complex of DNA, RNA and proteins, encodes
epigenetic information and maintains genome integrity. The basic
repeating unit of chromatin is the nucleosome, consisting of ~146 base-
pairs of DNA wrapped around a histone octamer, comprised of one
histone (H3-H4), tetramer and two histone H2A-H2B dimers'. Chro-
matin is further separated into different functional domains, each with
distinct modified forms of histones. During DNA replication, chroma-
tin structures are transiently disassembled to allow DNA replication
machinery to replicate nucleosomal DNA. Following passage of the
replication fork, chromatin structures must be restored to their ori-
ginal states to maintain genome integrity and cell identity®®. In recent
years, it has become increasingly clear that alterations in chromatin
structures drive tumorigenesis in many organs’?, highlighting the
importance to restore chromatin structures following DNA replication.

The restoration of chromatin structures starts with the assembly
of replicated DNA into nucleosomes using both parental histones and
newly-synthesized histones in a process tightly coupled with ongoing

DNA synthesis*®. Recent studies show that parental (H3-H4), tetra-
mers, the primary carriers of epigenetic modifications, are equally
distributed to leading and lagging strands of DNA replication forks"”™.
Moreover, these parental histones can remember their positions along
DNA'®Y. Furthermore, several components of the replisome bind
parental histones and facilitate the transfer of parental histones to
leading and lagging strands of DNA replication forks. Specifically,
Dpb3-Dpb4, two subunits of leading strand DNA polymerase Pol &,
facilitate the transfer of parental histones to leading strands of DNA
replication forks'. On the other hand, Mcm2-Ctf4-Pola’® and PCNA-Pol
delta' are important for the transfer of parental (H3-H4), to lagging
strands. In cells containing mutations in Mcm2, Dpb3 and Dpb4, par-
ental and newly synthesized histones are asymmetrically distributed at
leading and lagging strands. However, it was not known whether this
asymmetric distribution of parental and newly synthesized histones
affects the subsequent chromatin maturation at leading and lagging
strands in mutant cells.
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Newly synthesized histone H3-H4, with modifications distinct
from parental histones, are deposited by histone chaperones including
CAF-1 and Asf1***, A combination of genetic, biochemical, and
structural-biology approaches support the following model of
nucleosome assembly of new H3-H4 in budding yeast”%. First, new
H3-H4 form the Asfl-H3-H4 heterotrimeric complex. Asfl then pre-
sents H3-H4 to the lysine acetyltransferase Rtt109 for acetylation of H3
lysine 56 (H3K56ac)”*°. Histone chaperone CAF-1 and Rttl06 bind
preferentially H3KS56ac-containing tetramers for nucleosome
formation®*>***'**, Once assembled into nucleosomes, H3K56ac is
removed by Hst3 and Hst4, two members of the Sir2 family of NAD-
dependent histone acetylases, during late S and G2/M phase of the cell
cycle**™, Yeast cells lacking Hst3 and Hst4 are sensitive to a variety of
DNA damage agents, highlighting the importance of removing this
mark following DNA replication. However, it is not known why
abnormally high H3K56ac levels in Hst3 and Hst4 mutant yeast cells
cause genome instability.

Nucleosomes formed soon after DNA replication are not uni-
formly spaced. Furthermore, it has been shown that newly formed
nucleosomes can replace transcription factors as well as other chro-
matin binding proteins and disrupt chromatin landscape’®. Therefore,
the initially disorganized nucleosomes must adopt the positions of
steady state chromatin in a process called chromatin maturation. In
both budding yeast and mammalian cells, chromatin at different
chromatin loci mature with variable kinetics. For instance, genes with
rapid maturation kinetics are enriched with specific histone mod-
ifications including H3K4me3 and H4K12ac and the histone variant
H2A.Z. There are reports indicating that transcription levels affect the
rate of nucleosome maturation, but the exact mechanism remains
under debate. For instance, some studies have shown that nucleo-
somes at lowly expressed genes mature at a faster rate than those at
highly expressed genes®**. Conversely, other studies suggest that
nucleosomes in highly transcribed regions mature more quickly than
those in lowly expressed regions®. These results highlight the chal-
lenges of studying chromatin maturation following DNA replication.
Therefore, it has been largely unexplored how chromatin maturation
following DNA replication is regulated.

ATP-dependent chromatin remodelers can change the position,
composition, and occupancy of the histone core on DNA**2, The four
most extensively chromatin remodeler subfamilies are imitation
switch (ISWI), chromodomain helicase DNA-binding (CHD), switch-
sucrose non-fermentable (SWI/SNF), and INO80. Among them, ISWI
and CHD family chromatin remodelers have been implicated in chro-
matin assembly in yeast and mammalian cells. In vitro, CHD1 and the
ISWI remodeler ACF promote the formation of regularly spaced
nucleosome in collaboration with histone chaperone Nap1**. Fur-
thermore, nucleosomal intermediates formed in these in vitro reac-
tions resemble nascent chromatin. In budding yeast cells, Chdl and
Iswl are required for establishing arrays of regularly phased nucleo-
somes near transcription start sites (TSS)***%, Cells lacking both Isw1l
and Chdl show weakly phased and irregularly spaced nucleosomes,
and a propensity to form closely-packed di-nucleosomes at tran-
scription starting sites. In vitro, the Iswla chromatin remodeler, con-
sisting of Iswl and loc3, prefers to mobilize di-nucleosomes over
mono-nucleosomes®. In mammalian cells, it has been shown that
SNF2h (SMARCAS) is important to regulate nucleosome repeat length
at G1/S and during S phase of the cell cycle®. Most of these in vivo
studies focus on the role of Iswl and Chdl1 in gene transcription. It is
not known whether or how Chd1 and ISWI remodelers may participate
in maturation of chromatin in newly replicated DNA. Importantly, it is
largely unknown whether and how histone modifications in nascent
chromatin, which include modifications on parental and newly syn-
thesized histones, might help direct chromatin maturation.

Here we report that nascent chromatin following DNA replication
requires H3K56ac, a mark on newly synthesized histone H3, for proper

nucleosome spacing. In mcm2-3A and dpb34 cells, which have shown
the asymmetric distribution of new histones at lagging and leading
strands due to defects in the transfer of parental histones to lagging
and leading strands, respectively, we found the asymmetric distribu-
tion of closely packed nucleosomes at replicating DNA strands. We
show that the resolution of these closely-packed nucleosomes in nas-
cent chromatin in vivo is assisted by the Iswl remodeler, and that the
H3K56ac stimulates Iswl remodeling in vitro. Remarkably, H3K56ac
removal after S phase facilitates chromatin maturation and genome
stability.

Results

Di-nucleosome-and tetra-nucleosome-sized fragments at nas-
cent chromatin of leading and lagging strands in mcm2-34 and
dpb3A cells are asymmetrically distributed

To study nucleosome dynamics in nascent chromatin, we used MNase,
an endo- and exo-nuclease that cleaves the naked DNA between
nucleosomes, releasing the nucleosomes from chromatin, to map
nucleosome positions and occupancy®. Briefly, we released Gl-
arrested yeast cells into a medium containing bromodeoxyuridine
(BrdU) to label newly synthesized DNA. Following MNase digestions,
we performed BrdU immunoprecipitation to enrich newly synthesized
DNA followed by strand-specific (ss) sequencing (BrdU-IP-ssSeq). In
this way, we could monitor nucleosome dynamics at leading and lag-
ging strands at nucleotide resolution (Supplementary Fig. 1a). In this
study, the optimal MNase digestion (4U) generated a DNA ladder with
the majority of DNA as mono- and di-nucleosomes (Supplementary
Fig. 1b). Compared to input samples at Gl phase, nucleosomes at
nascent chromatin were less well organized based on analysis of
nucleosome occupancy and positioning surrounding DNA replication
origins, transcription starting sites, and +1 nucleosomes of genes
within replicated regions (Supplementary Fig. 1c-e). These results are
consistent with previous findings that nucleosomes formed soon after
replication are irregularly organized®.

Based on analysis of the distribution of parental histones
(H3K4me3) and newly synthesized histones (H3K56ac) at replicating
DNA strands using eSPAN>?, we have shown previously that H3K4me3
and H3K56ac were equally distributed at leading and lagging strands in
wild type cells, In contrast, H3K4me3 and H3K56ac are asymme-
trically distributed at leading and lagging strands in mcm2-3A4 and
dpb34 mutant cells (see also Fig. 1b, bottom two panels). Therefore, we
compared nucleosome occupancy and positioning in nascent chro-
matin in wild type, mcm2-3A, and dpb34 mutant cells. We found that
the occupancy of mono-nucleosomes around replicated genes
between wild type and each mutant cells exhibited a similar distribu-
tion pattern, albeit with a slightly decreased-occupancy in mcm2-3A or
dpb3A cells compared to wild type cells (Supplementary Fig. 1f-h).

We then separated sequence reads of BrdU-IP-ssSeq into two
different groups, mono-nucleosome (120-200 bp) and di-nucleosome
(250-400 bp) size fragments, and used the formula (W - C)/(W + C) to
calculate the relative abundance of mono-nucleosomes and di-
nucleosomes at leading and lagging strands (Fig. 1a). In wild type
cells, BrdU-IP-ssSeq bias calculated using with mono-nucleosome or di-
nucleosome sized fragments showed no bias towards either leading
and lagging strands, suggesting that equal amounts of mono- and di-
nucleosomes were released from leading and lagging strands upon
MNase digestion (Fig. 1b, c). In mcm2-3A and dpb34 cells, almost equal
amounts of mono-nucleosomes were also released from leading and
lagging strands upon MNase digestion (Fig. 1b—d). Surprisingly, BrdU-
IP-ssSeq bias calculated using di-nucleosome-sized DNA fragments
exhibited a strong leading and lagging strand bias in mcm2-3A and
dpb3A cells, respectively (Fig. 1b-d) based on the analysis of BrdU-IP-
ssSeq signals at each of the 134 early-firing origins (Fig. 1c) as well as the
average bias signals of all fired origins (Fig. 1d). These results indicate
that more di-nucleosomes were formed leading strand than lagging
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ssSeq bias. b A snapshot of the BrdU-IP-ssSeq signals, calculated BrdU-IP-ssSeq bias
of mono-nucleosomes and di-nucleosomes as well as H3K4me3 and H3K56ac
eSPAN bias at ARSI415 in WT, mcm2-3A, and dpb3A cells. The dashed line indicates
the origin locus. ¢ Heatmaps depicting the BrdU-IP-ssSeq bias for mono-
nucleosomes and di-nucleosomes in WT, mcm2-3A4, and dpb34 cells surrounding
each of the 134 early-firing replication origins, ranked from top to bottom based on
replication efficiency. d Average BrdU-IP-ssSeq bias of mono-nucleosomes and di-
nucleosomes in WT, mcm2-3A, and dpb34 cells surrounding 134 early-firing repli-
cation origins (~2000 bp to 2000 bp). Schematic in a was created in BioRender.
Zhou, H. (2024) https://BioRender.com/n10i983.

Fig. 1| More di-nucleosomes are detected at leading than lagging strands in
mcm2-3A cells, with an opposite pattern observed in dpb34 cells. a An outline of
the experimental strategy for the BrdU-IP-ssSeq method with the mcm2-3A cells as
the example. Yeast cells released from Gl arrest were pulsed with BrdU. Following
MNase digestion, newly synthesized DNA was immunoprecipitated using anti-
bodies against BrdU followed by strand-specific (ss) sequencing. The sequenced
reads were mapped to both Watson strand (W, red) and Crick strand (C, blue) of the
reference genome. Sequence reads with the fragment size of a mono-nucleosome
(120-200 bp) and a di-nucleosome (250-400 bp) were separated and used to cal-
culate the relative abundance of mono-nucleosome or di-nucleosome at leading
and lagging strands using the formula: (W — C)/(W + C), which is called BrdU-IP-
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strands in mcm2-3A cells. In contrast, more di-nucleosomes were
formed at lagging strands than leading strands in dpb34 mutant cells.

Tetra-nucleosomes are considered a fundamental unit of chro-
matin fibers and are proposed to play a crucial role in the chromatin
landscape®. Tetra-nucleosome-sized fragments (600 +100 bp) were
few in each independent repeat because of MNase digestion and/or
library preparation (large fragments were removed). We, therefore,
combined sequence reads of tetra-nucleosome-sized fragments of all
repeats in each sample and calculated their relative abundance at
leading and lagging strands in mcm2-3A and dpb34 cells (Supplemen-
tary Fig. 2a, b). Consistent with the patterns observed for di-
nucleosome-sized fragments (Fig. 1), we observed that more tetra-
nucleosomes were formed leading strand than lagging strands in
mcm2-3A cells, whereas more tetra-nucleosomes were formed at lag-
ging strands than leading strands in dpb34 mutant cells. We noticed
that the difference in tetra-nucleosome sized fragments between
leading and lagging strands in mcm2-3A and dpb3A cells was about
2-folder larger than the corresponding difference in di-nucleosome-
sized fragments. Together, these results indicate that nucleosome
organization in nascent chromatin in mcm2-34 and dpb3A cells are dis-
organized differentially at leading and lagging strands.

The average nucleosome repeat length (NRL) at leading strand is
different from that at lagging strands in mcm2-34 and dpb34
mutant cells

The generation of different amounts of di-nucleosomes and tetra-
nucleosomes at leading and lagging strands in mcm2-3A and dpb3A
cells are likely due to the presence of irregular nucleosome arrays in
nascent chromatin where closely-packed di-nucleosomes/tetra-
nucleosomes are inaccessible to MNase digestion, leading to a high
probability of generating these fragments (Supplementary Fig. 1i). To
test this idea, we calculated nucleosome repeat length (NRL) of the
leading and lagging strands in wild type, mcm2-3A, and dpb34 mutant
cells. NRL, which encompasses both the nucleosome size and linker
DNA length, denotes the average distance between the centers of
neighboring nucleosomes. As controls, we also analyzed the NRL of
each input sample before BrdU immunoprecipitation. No significant
differences in the NRL were detected among input samples of wild
type, mcm2-3A, and dpb34, with the average NRL close to 161bp
(Supplementary Fig. 3a, b). In wild type cells, NRLs of the leading and
lagging strands were similar, with the average NRLs of 170 bp
(Fig. 2a, d), consistent with the idea that nucleosome occupancy and
position at leading and lagging strands were similar. In mcm2-3A
mutant cells, NRL at the lagging strand was about 188 bp and sig-
nificant longer than leading strands (164 bp) (Fig. 2b, d). In contrast,
NRL of leading strands in dpb3A cells exceeded those of lagging
strands (Fig. 2¢, d). The increase in NRL of lagging strands in mcm2-3A
cells and leading strands in dpb3A cells was likely due to preferential
enrichment of H3K56ac at lagging strands in mcm2-3A and leading
strands in dpb34 cells™**(see results below). These results support the
idea that an extended NRL facilitates greater MNase accessibility,
consequently reduces amount of di-nucleosomes/tetra-nucleosomes
on the lagging strand in mcm2-3A cells and leading strands in dpb3A
cells. These results indicate that the enrichment of di-nucleosome- and
tetra-nucleosome-sized fragments at leading and lagging strands in
mcm2-3A and dpb3A cells, respectively, likely arises from the closely-
packed nucleosomes in nascent chromatin.

To test this idea further, we synchronized wild type and mcm2-3A
cells in Gl phase using a-factor and then released these cells into S
phase in the presence of the nucleotide analog BrdU for 30 min to label
nascent chromatin. To block further BrdU incorporation at latter time
points, we added thymidine to each culture 30 minutes after release.
We then harvested cells at 30, 60, and 90 minutes after the release
from G1 block (Fig. 2e), which corresponds to early S phase, late S
phase, and G2 phase of the cell cycle*, and analyzed di-nucleosomes

and nucleosome repeat length at the same chromatin regions marked
by BrdU. In both wild type and mcm2-3A cells, an equal amount of
mono-nucleosomes was detected at leading and lagging strands at
these three time points (Supplementary Fig. 3c, d). In contrast, while
di-nucleosomes detected at leading and lagging strands were also
similar in wild type cells (Fig. 2f), the enrichment of di-nucleosomes at
leading strands in mcm2-3A cells gradually decreased from early S
phase to G2 phase of the cell cycle (Fig. 2g). The NRL of both leading
and lagging strands in both WT and mcm2-3A cells showed a gradual
decline trend over the time course of the experiments (Fig. 2h and
Supplementary Fig. 3e-h), with a marked reduction of NRL at lagging
strands in mcm2-3A cells. Furthermore, the disparity in NRL between
leading and lagging strands in mcm2-3A cells was remarkably dimin-
ished during the time course. These results show that more closely
packed nucleosomes including di-nucleosomes are formed soon after
DNA replication during early S phase and these closely-packed
nucleosomes are resolved at late S or G2/M phase of the cell cycle.
These results also indicate that chromatin maturation alleviates the
NRL differences between leading and lagging strands in mcm2-3A cells.

H3K56ac and H3K4me3 are associated with the formation of di-
nucleosomes in mcm2-3A and dpb3A cells

To understand how closely-packed nucleosomes including more-
closely packed di-nucleosomes are formed in mcm2-3A and dpb34
cells, we first analyzed chromatin features associated with di-
nucleosomes formed at nascent chromatin in wild type, mcm2-34,
and dpb3A cells. Briefly, we calculated the relationship between di-
nucleosomes of nascent chromatin in WT, mcm2-3A, and dpb34 cells
and each of the 25 histone modifications and the histone variant H2A.Z
in wild type cells®, and constructed heatmaps for each modification
across quintiles of di-nucleosome occupancy derived from both
leading and lagging strands (Supplementary Fig. 4a). We found that
nascent chromatin regions with lowest di-nucleosome signals (first
quintile) were enriched for H2A.Z and histone acetylation marks linked
to open chromatin. In contrast, nascent chromatin regions with the
highest di-nucleosome occupancy are associated with histone
methylation and H4K16 acetylation, a mark linked to chromatin con-
densation and inhibition of the ISWI chromatin remodeler*®. Because
of differences in di-nucleosomes at leading and lagging strands in
mcm2-3A and dpb3A cells, we calculated the delta Z-scores between
leading and lagging strands in individual samples to investigate his-
tone modifications associated with changes in di-nucleosome patterns
between leading and lagging strands (Supplementary Fig. 4b). In wild
type cells, there were little changes between leading and lagging
strands. In contrast, H3K56ac and H3K4me3, two marks that are
asymmetrically distributed at leading and lagging strands, appear to be
the top candidates associated with changes in di-nucleosome dis-
tribution in mcm2-3A and dpb3A cells (Supplementary Fig. 4b).

Asymmetric distribution of H3K4me3 is unlikely a cause for the
formation of closely packed di-nucleosomes in mcm2-3A cells

To determine the potential influence of H3K4me3, a marker indicative
of parental nucleosomes that are enriched at leading strands in mcm2-
3A cells, we asked whether the enrichment of di-nucleosomes at
leading strands in mcm2-3A cells was changed upon depletion of Swdl,
a COMPASS complex subunit essential for H3K4 methylation*, using
an auxin-inducible degron (Swd1-AID). Specifically, we degraded Swdl
with the addition of IAA (Supplementary Fig. 5a). Subsequently, we
released these G1 phase cells with/without Swdl degradation into S
phase, and collected samples at different time points for analysis of
nucleosomes in nascent chromatin by BrdU-IP-ssSeq and the dis-
tribution of H3K4me3 at replicating chromatin by eSPAN (Supple-
mentary Fig. 5a). As reported previously**, the enrichment of H3K4me3
at leading compared to lagging strands remained unchanged over time
course in the presence of IAA, whereas it reduced over time in the
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leading strands is unlikely causally linked to the enrichment of di-
nucleosomes at leading strands in mcm2-3A cells.

H3K56ac regulates nucleosome repeat length and closely-
packed di-nucleosomes in mcm2-3A cells

Next, we asked whether H3K56ac plays any role in governing di-
nucleosome asymmetry in mcm2-3A cells. To do this, we analyzed the
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Fig. 2| Nucleosome repeat length (NRL) at leading strands is different from that
of lagging strands in mcm2-34 and dpb3A cells. a-c Phasograms of the NRL of
nascent chromatin in WT (a), mcm2-3A (b), and dpb34 cells (c). Phasogram, which
illustrates phase frequencies, is utilized to unveil the presence of consistently
spaced nucleosome arrays. The NRL is estimated from the frequencies of alignment
distances on the same strand (phasogram) by calculating the slope of a linear fit to
the modes in the phasogram. Phasograms (Red line, span = 0.1, and green line, span
= 1.5) were derived from BrdU-IP-ssSeq signals of a representative raw data (gray
line). d Bar plots quantification of the NRL of leading and lagging strands using
BrdU-IP-ssSeq datasets from 3 independent repeats in wild type (N=3), 4

independent repeats in both mcm2-34 and dpb3A cells (N =4). e An outline of
experimental procedures to monitor nucleosome repeat length at replicated
regions during cell cycle progression. f, g Average BrdU-IP-ssSeq bias of di-
nucleosomes in WT (f) and mcm2-3A cells during cell cycle progression (g). h Bar
plot quantification of the NRL of leading and lagging strands in WT and mcm2-3A
cells. Please note that there are 4 repeats for 30 min time points and 2 repeats at 60
and 90 min time points. d and h, two-sided Student’s t-test was performed. Data
were presented as mean values + standard deviation; error bars represent standard
deviation. Source data are provided as a Source Data file.

effect of deletion of Rtt109, the H3K56 acetyltransferase, on the for-
mation of closely-packed di-nucleosomes in mcm2-3A cells. The BrdU-
IP-ssSeq bias of di-nucleosomes in ret1094 was similar to that of WT,
suggesting that an equal amount of di-nucleosomes were formed at
leading and lagging strands in rtt1094 cells. Remarkably, RTT109
deletion notably diminished the enrichment of di-nucleosomes at
leading strand in mcm2-3A cells based on analysis of individual origins
(Fig. 3a), and the average BrdU-IP-ssSeq bias of di-nucleosomes of all
early firing origins (Fig. 3b). In contrast, loss of Rtt109 had no apparent
effects on the H3K4me3 eSPAN bias in mcm2-3A cells (Fig. 3¢). These
results show that deleting Rtt109 does not affect the parental histone
transfer in mcm2-3A cells. Furthermore, these results provide addi-
tional support to the idea that H3K4me3 does not play a causal role in
the formation of closely packaged di-nucleosomes in mcm2-3A cells.
Instead, Rttl09 and potentially H3K56ac are important for this
process.

In addition to H3K56, Rtt109 also acetylates lysine residues at the
H3 N-terminus including H3K27%. We, therefore generated the mcm2-
3A H3K56R double mutant strain and performed the BrdU-IP-ssSeq and
H3K4me3 eSPAN analysis. Similar to RTT1I09 deletion, the BrdU-IP-
ssSeq bias of di-nucleosomes was markedly reduced mcm2-34 H3K56R
cells compared to mcm2-3A cells (Fig. 3d). Furthermore, mutations of
RTT109 and H3K56R markedly reduced the NRL of lagging strands in
mcm2-3A cells (Fig. 3e). Finally, the levels of di-nucleosomes were
markedly reduced at the leading strand and increased at the lagging
strand upon mutating either RTT1I09 or H3K56 in mcm2-3A cells
(Fig. 3f). In contrast, the H3K56R mutation had no apparent effects on
H3K4me3 eSPAN bias in mcm2-3A cells (Fig. 3g). These results indicate
that H3K56ac plays a crucial role in preventing the formation of
closely-packed nucleosomes in nascent chromatin, and that H3K27ac
likely has little impact on this process.

Effects of ISW1 and CHDI deletion on the formation of closely-

packed nucleosomes in nascent chromatin

In cells lacking chromatin remodelers ISW1 and Chdl, closely packed
di-nucleosomes are formed near transcription start sites*®*®, Further-
more, chromatin remodelers, including Iswl and Chd1, work with ori-
gin recognition complex (ORC) to facilitate the establishment of a
phased nucleosome array at replication origins®’. We therefore asked
whether Iswl and Chdl are involved in remodeling closely-packaged
nucleosomes in mcm2-3A cells. Deletion of ISWI or CHDI had no
apparent effects on the relative amount of mono-nucleosomes at
leading and lagging strands in mcm2-3A4 mutant cells (Supplementary
Fig. 6a). However, the enrichment of di-nucleosomes at leading strands
was substantially reduced in mcm2-3A iswlA double mutant cells
compared to mcm2-3A cells (Fig. 4a and Supplementary Fig. 6b). There
were no detectable differences in the eSPAN bias for H3K4me3 and
H3K56ac between mcm2-3A and mcm2-3A IswIA double mutant cells
(Fig. 4b, c), suggesting that ISWI deletion, while affecting closely-
packaged nucleosomes at leading and lagging strands, did not affect
parental histone transfer in mcm2-3A mutant cells. Deletion of CHD1
also reduced BrdU-IP-ssSeq bias for di-nucleosomes, but to a lesser
magnitude compared with /ISWI deletion (Fig. 4d-f). These results
indicate that Isw1 is a dominant chromatin remodeler to resolve close-

packed nucleosomes in nascent chromatin compared to Chdl. Fur-
thermore, the NRL of the lagging strand was shorter in iswlA mcm2-3A
or chdlA mcm2-3A double mutant cells compared to the mcm2-3A
mutant (Fig. 4g). Relatively to mono-nucleosomes in each strain,
deletion of CHDI and ISWI in mcm2-3A cells resulted in reduced di-
nucleosome levels at leading strand and an increased di-nucleosome
levels at lagging strands (Fig. 4h), an effect similar to that of mutating
RTTI09 or H3K56. Finally, we found that the mcm2-3A chdiA rtt1094
triple mutant cells exhibited similar distribution of di-nucleosomes at
leading and lagging strands to those observed in the mcm2-3A rtt1094
double mutant cells. Furthermore, NRL at leading and lagging strands
were also comparable between the triple and double mutant cells
(Supplementary Fig. 6c-e). These results indicate that chromatin
remodelers Iswl and Chdl work with H3K56 acetylation, likely func-
tioning downstream of H3K56ac, to resolve closely-packed nucleo-
somes in nascent chromatin.

H3K56ac enhances the chromatin remodeling activity of Iswla,
Iswlb and SNF2h

Previously, H3K56ac was found to have modest effects on remodeling
activity of RSC and SWI/SNF, enhancing activity of SWI/SNF and RSC by
1.2-1.4-fold®°. Because Iswl and Chdl likely function in the same path-
way to resolve closely-packed nucleosomes in mcm2-3A cells, we
investigated whether H3K56ac influences the chromatin remodeling
activity by Iswl in vitro. Iswl is the catalytic subunit of two chromatin
remodelers in budding yeast, Iswla (consisting of Iswl and loc3) and
Iswlb (Consisting of Isw1, loc2, and loc4)®'. We first tested the activity
of Iswla and Iswlb complexes, purified from yeast cells, on Widom 601
mono-nucleosomes formed with histone octamer with or without
H3K56ac (Supplementary Fig. 7a-c). Consistent with prior work®,
Iswla shifted end-positioned 8ONO nucleosomes toward central posi-
tions on DNA (Fig. 5a). Nucleosome sliding by Iswla was approximately
2.7-fold faster on H3K56ac-nucleosomes compared with unmodified
nucleosomes (Fig. 5b, c). Iswlb shifted centered 40N40 nucleosomes
toward DNA ends, and we found that the Iswlb sliding rate was 2.1-fold
faster on H3K56ac-nucleosomes compared to unmodified nucleo-
somes (Fig. 5c, d and Supplementary Fig. 7d). Thus, both ISW1 com-
plexes show a marked higher activity for H3KS56ac-containing
nucleosomes compared to unmodified ones.

Human ISWI family chromatin remodelers contains seven mem-
bers, SNF2h, ACF, CHRAC, WICH, NoRC, RSF, and NURF**, Using a
high-throughput in vitro nucleosome remodeling assay, it has been
shown that histone modifications impact the activity of these different
chromatin remodelers®. We reanalyzed the effects of H3K4me3,
H2A.Z and acetylation of 21 different histone lysine residues on the
activities of these 7 ISWI remodelers and CHD4. Consistent with pub-
lished results, all these chromatin remodelers showed a higher activity
towards H2A.Z-containing nucleosomes compared to H3K4me3-
containing or acetylated H4-containing nucleosomes. Notably, we
found that H2A.Z was enriched at regions with lowest closely-packed
di-nucleosomes in nascent chromatin (Supplementary Fig. 4a).
Importantly, we found that human ISWI and CHD4 remodelers
exhibited a marked higher activity towards H3K56ac-modified
nucleosomes than H3K4me3-modified nucleosomes, with the effects
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of H3K56ac on each ISWI family member more pronounced than CHD4
(Fig. 5e). We therefore tested the effects of H3K56ac on the activity of
human SNF2h in vitro, and found that it exhibited a markedly higher
activity towards H3KS6ac-modified nucleosomes than unmodified
ones (Fig. 5f, g and Supplementary Fig. 7e). Taken together, these
findings indicate that H3K56ac can augment chromatin remodeling
activity of both yeast and human ISW1 family chromatin remodelers.
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Persistent H3K56ac outside S phase prevents chromatin
maturation, resulting in genome instability

In budding yeast, Hst3 and Hst4 are primarily responsible for the
deacetylation of histone H3 lysine 56, which happens at G2/M phase of
the cell cycle, and in their absence, over 90% of H3 proteins are
acetylated at K56*. Therefore, we determined impact of deletion of
Hst3 and Hst4 in mcm2-3A cells in the formation of closely-packed

Nature Communications | (2025)16:134


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55144-7

Fig. 3 | H3K56ac regulates closely-packed nucleosomes and nucleosome repeat
length of nascent chromatin. a Heatmap depicting the BrdU-IP-ssSeq bias of di-
nucleosomes in strains with genome type indicated at top surrounding each of the
134 early DNA replication origins (~2000 to +2000), sorted on the basis of repli-
cation efficiency. b and d Average BrdU-IP-ssSeq bias of di-nucleosomes within 4 kb
of 134 early-firing replication origins in wild type, rtt1094, mcm2-3A, mcm2-3A
rtt1094 (b) and mem2-3A H3K56R (d) cells. ¢ Average bias of H3K4me3 eSPAN bias
within 4 kb of 134 early-firing replication origins in yeast strains with relevant
genome type indicated. e Bar plot quantification of the NRL at nascent leading and
lagging strands in mcm2-3A (N =4 independent experiments), mcm2-3A rtt109

(N=2 independent experiments), and mcm2-3A H3K56R (N =2 independent
experiments) mutant cells. P values were calculated with two-sided Student’s t-test
was performed. Data were presented as mean values + standard deviation; error
bars represent standard deviation. f Box plots of di-nucleosome density at the early
replicated genes shared by three strains (replicated genes =1319). Density is nor-
malized by mono-nucleosome levels in each strain. Box plots show the median, 25%
and 75% quartiles and minimal and maximal values. P values were calculated using
two-sided Mann-Whitney-Wilcoxon tests. g Average bias of H3K4me3 eSPAN bias
within 4 kb of 134 early-firing replication origins in wild type, mcm2-34, and mcm2-
3A H3KS56R cells. For e and f, source data are provided as a Source Data file.

nucleosomes in nascent chromatin using BrdU-IP-ssSeq. We also
monitored the distribution of H3K56ac and H3K4me3 at replicating
DNA strands using eSPAN in mcm2-3A hst3A hst4A cells. Because
H3K56ac cannot be erased during G2/M phases, H3K56ac in hst34
hst4A mutant cells will be found on all new H3-H4 and 80-90% of
parental H3-H4 (Fig. 6a). Consequently, the H3K56ac eSPAN bias
toward lagging strands was eliminated in mcm2-3A hst34 hst4A triple
mutant cells compared to mcm2-3A cells (Fig. 6b). In contrast, deletion
of HST3 and HST4 in mcm2-3A cells did not affect H3K4me3 eSPAN bias
(Fig. 6c), suggesting that deletion of HST3 and HST4 does not affect
parental histone transfer. Interestingly, we observed a slight decrease
in the BrdU-IP-ssSeq bias of di-nucleosomes in mcm2-3A hst34 hst4A
mutant cells compared to mcm2-3A cells (Fig. 6d and Supplementary
Fig. 8a), while having little impact on the relative amount of mono-
nucleosomes at leading and lagging strands (Supplementary Fig. 8b).
Importantly, compared to mcm2-3A cells, a longer NRL and reduced di-
nucleosome signals at both leading and lagging strands were detected
in mecm2-3A hst3A hst4A triple mutant cells (Fig. 6e, f). Similarly, a
slightly extended NRL was observed at both the leading and lagging
strands of hst34 hst44 double mutant cells compared to WT cells
(Fig. 6e). These results indicate that the persistent presence of
H3K56ac in hst3A hst4A cells likely prevents chromatin maturation,
likely due to continuous and excessive chromatin remodeling.

Cells lacking HST3 and HST4 are sensitive to DNA damage agents.
We, therefore, asked whether the DNA damage sensitivity is due to
their impact on chromatin maturation. As reported”, yeast cells lack-
ing Hst3 and Hst4 are sensitive to hydroxyurea and CPT. Cells with a
deletion of either CHDI or ISW1 in an otherwise wild type background
were relatively insensitive to these treatments with HU and CPT
(Fig. 6g). In contrast, deleting CHDI or ISWI in hst3A hst4A cells par-
tially suppressed HU and CPT sensitivity of hst34 hst44 (Fig. 6g). These
results support the idea that the persistence presence of H3K56ac
inhibits chromatin maturation and causes genome instability.

Discussion

Chromatin is essential for maintaining gene transcriptional programs
and cellular identity, both through inhibiting easy access to DNA and
providing a physical substrate for epigenetic memory. With the dra-
matic disassembly coupled to passage of replication forks, chromatin
must be faithfully reassembled in the wake of DNA replication. It has
been well documented that chromatin structure immediately after
DNA replication is much less well organized than in steady state. Pre-
vious studies have documented the potential roles of gene transcrip-
tion and ATP-dependent chromatin remodelers in remodeling nascent
and disorganized chromatin into their steady state**%, Here, we show
that H3K56ac, a mark on newly synthesized histones, aids remodeling
of closely packed nucleosomes in nascent chromatin (Fig. 7a, b). In
vitro, H3K56ac enhances the activity of ISW1 chromatin remodelers
and its human counterpart, SNF2h. Furthermore, we found that the
persistent presence of H3K56ac in cells lacking Hst3 and Hst4, two
H3K56ac de-acetylases, inhibits chromatin maturation, which may
contribute to genome instability. These studies reveal a previously
unknown role of H3K56ac and an undocumented mechanism in
chromatin maturation.

The formation of closely packed nucleosomes in nascent chro-
matin following DNA replication

Nascent chromatin immediately after DNA replication is more sus-
ceptible to digestion by nucleases compared to steady state mature
chromatin, indicating that nucleosomes in nascent chromatin are
irregularly spaced®. We found that the presence of closely packed
nucleosomes including di-nucleosome-sized and tetra-nucleosome-
sized fragments is a feature in nascent chromatin. In wild type cells,
parental and newly synthesized H3-H4 tetramers are equally dis-
tributed at leading and lagging strands of DNA replication forks®.
Furthermore, equal amounts of di-nucleosomes were released by
MNase digestion from nascent leading and lagging strands. Therefore,
it has been challenging to discern whether di-nucleosomes generated
by MNase digestion are due to incomplete digestion by MNase or a
feature in nascent chromatin. In mcm2-3A cells defective in parental
histone transfer to lagging strands, parental histone H3-H4 (marked by
H3K4me3) and newly synthesized H3-H4 (marked by H3K56ac) are
enriched at leading strands and lagging strands, respectively. In this
setting, we surprisingly observed that more di-and tetra-nucleosomes
were detected at leading strands compared to lagging strands. In
contrast, in dpb34 cells defective in parental histone transfer to leading
strands, more di- and tetra-nucleosomes were generated from lagging
strands than leading strands. Furthermore, we found that nucleosome
repeat length at leading strands in mcm2-34 mutant cells is markedly
shorter than that of lagging strands, while nucleosome repeat length in
dpb3A cells showed an opposite pattern. These results indicate that the
differential amount of di- and tetra-nucleosomes at leading and lag-
ging strands in mcm2-3A or dpb3A cells likely reflect closely-packed
nucleosomes that are resistant to MNase digestion. In both wild type
and mcm2-3A cells, regions with low di-nucleosomes abundance in
nascent chromatin are associated with H2A.Z. Previously, it was shown
that mammalian ISWI family chromatin remodelers show a markedly
higher activity towards H2A.Z-nucleosomes®. Therefore, the forma-
tion of closely-packed nucleosomes in nascent chromatin likely also
occur in wild type cells. Remodeling of these closely-packed nucleo-
somes likely represent a key event in chromatin maturation following
DNA replication. Recently, it has been shown that during gene tran-
scription, hexasome is formed directly adjacent to a nucleosome, and
these hexasome-nucleosome intermediates can be resolved by the
chromatin remodeler Chd1®. Therefore, it is possible closely-packed
nucleosomes detected in nascent chromatin contain these over-
lapping hexasome-nucleosome particles or related overlapping di-
nucleosomes. Future studies are needed to resolve the precise struc-
tural information of closely-packed nucleosome in nascent chromatin.
Finally, because Mcm2 and Dpb3-Dpb4 (POLE3-POLE4 in mammalian
cells) are also involved in parental histone transfer in mammalian
cells®™¢ it would be interesting to determine whether closely-packed
nucleosomes are also asymmetrically distributed at leading and lag-
ging strands in Mcm2, POLE3, and POLE4 mutant cells defective in
parental histone transfer.

H3K56ac promotes chromatin remodeling
It is generally accepted that chromatin remodelers facilitate the
maturation of nascent chromatin following DNA replication in vitro
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replication origins in yeast strains with relevant genome type identified. b and
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Nature Communications | (2025)16:134


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55144-7

a b oss..
-ATP +ATP (4 s - 64 min) - Sc: Iswla
64 min > 0.7] 80-601-0 (80N0)
E - = = —_ —— — 06_
—— — — — — — — — —
2 3
© § 0.5
< c
3 8 0.4
ws c
g ]
e —— T 0.3
§ - e e -~ - E
s 0.2
T
o] - H3WT
80-601-0 (80NO) ' o —S— H3KS6ac
FAM 107" 10" 10'
c d Time (min)
1.07 sc: Iswib 40-601-40 (40N40)
1.9x 10
0.94
5 087
o
2 2
g £ 0.7
o o
£ <
2 2 06
©
w
051 = H3wWT
0.4{ == H3K56ac
H3WT H3K56ac H3WT  H3K56ac
Sc:lswia Sc:lswi1b 0.3 T — ~
10 10 10
f Time (min)
0.5 .
-0.07 H4K5ac Hs: SNF2h
003 H4K20ac 80-601-0 (80NO)
-0.41 H4K79ac 0.4
-0.06 H3K64ac
004 H4K16ac K
2 0.3
-0.68 -0.27 H4K58121620ac c
Q
-0.26 -0.61 H3K4me3 :
001 | -064 H3Kdac -% 0.2
025 -017 018 017 -002 -045 020 -021 H3K27ac E
030 004 024 024 052 022 027 009 H3K9ac
066 034 024 020 042 -013 010 -0.01 H3K36ac 0.1 H3WT
021 038 030 032 027 001 010 002 H3K115ac
-024 -025 029 025 -020 072 009 -036 H3K23ac o =&~ H3K56ac
-0.06 -050 036 033 -009 | 083 032 -039 H3K18acK23ac .71 - .1
-0.07 -006 044 052 -014 032 0417 002 H4K12ac 10 Ti1n(1)e (min) 10
L -026 -0.19 0.04 005 -027 018 -0.18 0.14 H4K8ac g
-0.12 040 007 006 -006 007 -0.06 -024 H3K18ac 1.4 _28x10° e
_[ 0.92 - 072 062 044 035 -028 H3K914182327ac 12
028 -038 015 012 017 014 003 H3K14ac
-003 031 008 H3K37ac P
059 057 032 H3K122ac 50_8
085 071 0.34 H3K56ac ._:E,
2 0.6
055 044 0.82 - 042 H2AZ > .
NURF46 WICH ACF CHRAC RSF NoRC SNF2h CHD4 0.4
Human ISWI family 0.2
| |
2 -4 0 1 2
H3WT H3K56ac
Iogz(kMNIkunmod.)
Hs:SNF2h

and in cells. Furthermore, previous studies indicate that nascent
chromatin at different loci, marked by different histone modifications,
return to their steady states at different kinetics. However, it was lar-
gely unexplored whether histone modifications in nascent chromatin,
which include modifications on parental histones and newly synthe-
sized histones, play a direct role in nascent chromatin maturation.
Here we show that H3K56ac plays an important role in resolving

closely packed nucleosomes in nascent chromatin. This finding was
made possible by analyzing di-nucleosomes at leading and lagging
strand in mcm2-3A cells. In mcm2-3A cells, which are defective in par-
ental histone transfer to lagging strands, H3K56ac is enriched at lag-
ging strands'®. Mutating H3K56 or the responsible acetyltransferase,
Rtt109, suppresses the strong asymmetry we observed in mcm2-3A
cells by reducing the nucleosome repeat length and increasing
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Fig. 5 | H3K56ac enhances the nucleosome sliding activity of Iswl and SNF2h.
a Nucleosome sliding activities of yeast Iswla using mono-nucleosomes assembled
with histone octamers with or without H3K56ac. The first lane serves as a size
control without ATP treatment. Created in BioRender. Wang, G. (2024) https://
BioRender.com/u94f365. b Quantification of nucleosome sliding reactions. The
end-positioned band intensity was normalized to the total band intensity within
each lane. Shown are the means plus standard deviations of five replicates. Lines
show the best single exponential fits. ¢ Bar plot indicating nucleosome sliding rates
of Iswla and Iswlb on nucleosomes with or without H3K56ac (N =5 independent
experiments, mean + SD). d Quantification of nucleosome centering activities of
yeast Iswlb on nucleosomes with or without H3K56ac. Shown are the means plus
standard deviations of five replicates. Lines show the best single exponential fits.

e Heatmap displaying the effects of different histone modifications and H2A.Z on
nucleosome sliding activity of human ISWI family chromatin remodelers. Rows
were clustered on the basis of chromatin remodeling activity. kyn, remodeling rate
on modified nucleosomes; kynmod., remodeling rate on unmodified nucleosomes.
Values were capped at —4 and 4 for display purposes. f, g Effects of H3K56ac on
nucleosome sliding activities by human SNF2h (N =7 independent experiments,
mean + SD). Shown are the means plus standard deviations of seven replicates.
Lines show the best single exponential fits. P values in (c) and (g) were calculated
using two-sided Student’s t-test. Data were presented as mean values + standard
deviation; error bars represent standard deviation. Source data are provided as a
Source Data file.

closely-packed nucleosomes in lagging strands. In contrast, alterations
of H3K4me3 levels during S phase do not affect closely packed di-
nucleosomes in mcm2-3A cells. These results indicate that a deficiency
of H3K56ac at leading strands in mcm2-3A cells leads to an increase in
closely-packed di-nucleosomes.

Mechanistically, we found that H3K56ac increases the chromatin
remodeling activity of ISW1 and its human counterpart SNF2h in vitro.
In cells, while deletion of ISWI or CHDI suppresses the enrichment of
closely packed di-nucleosomes at leading strands in mcm2-34 mutant
cells, deletion of ISWI1 or CHDI did not affect the asymmetric dis-
tribution of H3K56ac. These results support the model Iswl and Chd1
act downstream of chromatin reassembly and may specifically target
H3K56ac-nucleosomes to resolve closely-packed di-nucleosomes in
nascent chromatin.

How does H3K56ac work with ISW1 family chromatin remodelers
and Chdl in resolving closely-packed di-nucleosomes? H3K56ac is
localized at both the entry and exit point of the nucleosome. This
modification markedly increases DNA breathing and unwrapping®®.
Iswla chromatin remodeler, consisting of Iswl and loc3, preferentially
binds di-nucleosomes*’. The cryo-EM structure of Iswla bound di-
nucleosome revealed that DNA binding domain of Iswl interacts with
the entry DNA at the nucleosome edge®. In vitro, Chdl chromatin
remodeler can sense both entry and exit point of nucleosomes for the
generation of regularly spaced nucleosomes®®. Therefore, it is possible
that H3K56ac lowers the binding energy between DNA and histones at
the entry and exit point of the nucleosome and thereby enhancing the
activity of these chromatin remodelers. Alternatively, H3K56ac, like
other modifications, may directly interact with ISWI family chromatin
remodelers and thereby regulate remodeling activities. It is known that
acetylation of H4 lysine 16 inhibits the activity of ISWI in vitro®. In
addition, bromodomain PHD finger transcription factor (BPTF) sub-
unit of the human NURF complex recognizes two different histone
modifications, with the PHD finger binds H3K4me3 and the adjacent
bromodomain binding acetylated H4K12, 14 or 16 (ref. 69). Further-
more, the chromodomains of human Chdl recognize H3K4me37° 72, It
is believed that these modifications target chromatin remodelers to
specific chromatin regions to regulate gene transcription. Although it
remains to be established that H3K56ac directly recruits remodelers,
our data show that the H3K56ac mark stimulates ISW1 activity, both
in vitro and in vivo, revealing a mechanism for regulating chromatin
remodeling of nascent chromatin following DNA replication.

H3K56 deacetylation signals the completion of chromatin
maturation

One of the unresolved questions in chromatin remodeling is how
chromatin remodelers know to stop chromatin remodeling. It was
proposed that some chromatin remodelers can sense linker length
between nucleosomes, as a short nucleosome linker length inhibits the
activity of chromatin remodelers®’. In nascent chromatin following
DNA replication, we suggest that removal of H3K56ac can provide
another signal to reduce action of chromatin remodelers. Supporting
this idea, we found that deletion of HST3 and HST4 in either wild type

or mcm2-3A cells results in an increase in nucleosome repeat length
and a reduction of closely-packed nucleosomes at both leading and
lagging strands compared to the corresponding wild type or mcm2-3A
cells. Hst4 removes H3K56ac during G2/M phase of the cell cycle***. In
the absence of HST3 and HST4, over 90% of histone H3 proteins con-
tain H3K56ac. These results indicate that the presence of H3K56ac
after S phase will inhibit chromatin maturation, which is likely due to
continued chromatin remodeling. Interestingly, deletion of CHDI or
ISWI partially suppresses the sensitivity of hst34 hst4A cells towards to
HU and CPT, suggesting that unregulated chromatin remodeling has a
negative impact on overall fitness in the presence of these environ-
mental stressors. Together, these results indicate that chromatin
remodelers collaborate with H3K56ac to promote the restoration of
the phased nucleosome array, and H3K56ac removal after S phase is
important for the completion of chromatin maturation.

While we have shown that H3K4me3 is unlikely the driver for
chromatin maturation, it is known that parental histones can memor-
ize their positions along the DNA'®Y. In the absence of both Dpb3 and
Mcm2 that compromises parental histone transfer to both leading and
lagging strands, parental nucleosomes fail to recover their positions'.
Therefore, it is possible that the positions of parental nucleosomes
also provide a signal to chromatin remodelers on the completion of
nascent chromatin maturation. Furthermore, in addition to H3K56ac,
newly synthesized histones H3-H4 is also marked by acetylation of
lysine 5 and 12 of histone H47>”* and un-methylated H4K20 (ref. 75).
H4K5,12ac has been linked to histone import, and H4k20meO is linked
to DNA repair. It would be interesting also to determine whether these
modifications characteristic of newly synthesized histones have a role
in chromatin maturation.

Methods

Strains and plasmids

All yeast strains utilized in this study share a W303-1A derived haploid
genetic background (MATa leu2-3, 112 ura3-1 his3-11,15 trpl-1, ade2-1
canl-100) and are detailed in Supplementary Table 1. The plasmid
pRS313/(H3K56R) was used to generate the H3K56R mutation by
replacing the plasmid pWZ414/(H3WT) in the yeast strain ZGY1074.

Yeast culture conditions

Yeast cells were synchronized and cultured following the standard
protocol®. They were grown in rich medium (1% yeast extract, 2%
peptone) supplemented with 2% glucose (YPD) at 30°C. Exponentially
growing cells were arrested at the G1 phase with 5 pg/ml alpha-factor
(EZBiolab) for 3 hours in YPD medium at 25 °C when the OD600
reached 0.4-0.5. Prior to completion, cell morphology was monitored
to ensure the G1 arrest (bar-shaped).

Chromatin immunoprecipitation (ChIP)

Arrested cells were collected by centrifugation, washed twice with cold
H20, and then released into fresh medium (YPD) at 25 °C with 400 pg/
ml BrdU (B5002, Sigma, see details in Supplementary Data 1). For time-
course experiments, exponentially growing cells in YPD were arrested
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at Gl using alpha-factor as previously described. Subsequently,
3.15mg/ml thymidine (T1895, Sigma) was added 30 minutes after
release to prevent further BrdU incorporation. At the specified time
points (30, 60, and 90 minutes after release), 50 ml of culture were
cross-linked with 1% paraformaldehyde for 20 minutes at room tem-
perature, then quenched with 125 mM glycine for 5 minutes at room
temperature. For cells with RTT109, CHDI, or ISWI1 deletion, or the

WT
chd1A
iswi1A

hst3A hst4A
chd1A hst3A hst4A
isw1A hst3A hst4A

H3K56R mutation, freshly prepared paraformaldehyde was added
30 minutes after release. For samples lacking Hst3 and Hst4, cross-
linking was performed 45 minutes after release. The cells were col-
lected by centrifugation, resuspended in ChIP lysis buffer (50 mM
HEPES/KOH pH 7.5, 1% Triton X-100, 0.1% Na-deoxycholate, 140 mM
NaCl, 1mM EDTA, and 1x SIGMAFAST Protease Inhibitor Cocktail
(58830, Sigma-Aldrich)), and lysed using glass beads.
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Fig. 6 | Persistent H3K56ac in hst3Ahst4A cells results in increased nucleosome
repeat length, contributing to genome instability. a A model depicting that
H3K56ac, a mark on newly synthesized H3, could be detected on both parental and
newly synthesized H3 in mcm2-3A hst3A hst4A cells. b and ¢ Average bias of
H3K56ac (b) and H3K4me3 (c) eSPAN bias within 4 kb of 134 early-firing replication
in indicated yeast strains. d Average BrdU-IP-ssSeq bias of di-nucleosomes within
4 kb of 134 early-firing replication origins at indicated yeast strains. e Bar plot
quantification of the NRL at leading and lagging strands in WT, hst34 hst44, mcm2-
3A, and mecm2-3A hst34 hst4A cells. The number of independent repeats of BrdU-IP-
ssSeq for WT, hst34 hst4A, mcm2-3A, and mcm2-3A hst3A hst4A is 3, 3, 3, and 2,
respectively. P values were calculated with two-sided Student’s t-test was per-
formed. Data were presented as mean values + standard deviation; error bars

represent standard deviation. f Box plots of di-nucleosome density across the early
replicated genes shared by three yeast strains (replicated genes =1398). Density is
normalized by mono-nucleosome levels. Box plots show the median, 25% and 75%
quartiles and minimal and maximal values. P values were calculated using two-sided
Mann-Whitney-Wilcoxon tests. g Depletion of ISW1 and CHDI partially suppresses
DNA damage sensitivity of hst34 hst4A mutant cells. Ten-fold diluted yeast cells of
the indicated genotype on the left were spotted onto YPD medium alone or YPD
medium supplemented with hydroxyurea (HU), dimethyl sulfoxide (DMSO), or
camptothecin (CPT). For e and f, source data are provided as a Source Data file.
Schematic in a was created in BioRender. Zhou, H. (2024) https://BioRender.com/
d28x330.

To carry out ChIP for H3K4me3 and H3K56ac, chromatin was
pelleted and washed twice with NP buffer (1.6 M sorbitol, 5 mM MgCl,,
50 mM NaCl, 2mM CaCl,, 14 mM B-mercaptoethanol, 0.075% NP-40,
10 mM Tris-HCI (pH 7.4), 5 mM spermidine). The chromatin was then
resuspended in the same buffer and digested with 4U MNase (9013-53-
0, Worthington Biochemical) for 20 minutes at 37 °C, resulting in pri-
marily mono- and di-nucleosome fragments. The digestion was ter-
minated by adding 5 pl of 0.5M EDTA and 1/5 volume of 5x ChIP lysis
buffer, followed by incubation on ice for at least 30 minutes.

Following MNase digestion, the chromatin was cleared by cen-
trifugation and then immunoprecipitated using specific antibodies
(anti-H3K4me3 (300 ng/pl, ab8580, Abcam) and homemade anti-
H3K56ac” (100 ng/pl)) along with protein G Sepharose beads (17-0618-
02, GE Healthcare). The beads were extensively washed, and DNA from
both Input and ChIP samples was extracted via the Chelex-100
protocol’” and utilized for BrdU IP/eSPAN or purified using the MinE-
lute PCR Purification Kit (28004, Qiagen) for ChIP. Subsequently,
single-stranded DNA sequencing libraries were constructed with the
Accel-NGS 1S Plus DNA Library Kit (10096, Swift Biosciences).

BrdU immunoprecipitation (IP) and eSPAN

BrdU immunoprecipitation was performed using either input DNA for
BrdU-IP-ssSeq, and H3K4me3 or H3K56ac ChIP DNAs for eSPAN.
Briefly, input or ChIP DNA obtained from the Chelex-100 extraction
was incubated at 100 °C for 10 minutes and then immediately cooled
on ice for 10 minutes. BrdU immunoprecipitation was conducted by
diluting the DNA ten-fold with BrdU IP buffer (PBS, 0.0625% Triton
X-100 (v/v), 6.7 pg/ml Escherichia coli tRNA, 0.17 pg/ml BrdU antibody
(555627, BD Bioscience)) and rotating for 2 hours at 4 °C. Protein G
Sepharose beads were added and incubated for another hour at 4 °C.
After extensive washing, the DNA was extracted with 100 pl of 1x TE
buffer containing 1% SDS at 65 °C for 15 minutes and then eluted again
with 50 pl of 1x TE buffer containing 1% SDS. The collected super-
natants were subsequently purified using the MinElute PCR Purifica-
tion Kit (Qiagen, 28004). Quantitative PCR was performed to analyze
Input, BrdU-IP, ChIP, or eSPAN DNA using primers for the early repli-
cation origin ARS607 and the distant site ARS607+14kb’®. Single-
stranded DNA sequencing libraries were prepared using the Accel-NGS
1S Plus DNA Library Kit (10096, Swift Biosciences).

Purification of yeast ISW1a, ISW1b and human SNF2h complexes
ISWI complexes can be purified to near homogeneity by following
published procedures®. The use of three tandem FLAG epitopes (3x
FLAG) fused to the C-terminal part of loc3p and loc2p facilitates the
purification of Iswla and Iswlb complexes as previously described®.
Briefly, yeast cells (YTT2094 and YTT2092) were cultured in rich media
(YPD) to a density of OD600 around 2 and harvested separately by
centrifugation. The cell pellet was washed once with H,O (containing
4 mM phenylmethylsulfonyl fluoride, 1 mM sodium metabisulfite, and
2mM dithiothreitol) and once with Buffer H-0.3 (25mM HEPES-
KOH, pH 7.6, 0.5 mM EGTA, 0.1mM EDTA, 2 mM MgCl,, 20% glycerol,

0.02% NP-40, 1mM dithiothreitol, 0.5mM Na,S,0s, 1mM phe-
nylmethylsulfonyl fluoride, 2 uM pepstatin A, 0.6 uM leupeptin, 2 pg of
chymostatin/ml, 2 mM benzamidine, 0.3 M KCI). The cell pellet was
resuspended in an equal volume of Buffer H-0.3 and a freezer mill
(6870, SPEX SamplePrep, USA) with default setting was used to grind
yeast cells in liquid nitrogen. The lysate was then centrifuged using a
Beckman SW40Ti rotor at 130,000 g for 90 minutes, and the super-
natant (whole cell extract) was collected.

FLAG-tagged Iswla or Iswlb complexes were purified using anti-
FLAG M2 agarose beads (#A1205, Sigma, St. Louis, Missouri, USA), as
described previously® and eluted with 3xFLAG peptide (#F4799,
Sigma, St. Louis, Missouri, USA) in Buffer H-0.1 at 4 °C for 30 minutes.

SNF2h (Homo sapiens) was purified as previously described”.
SNF2h was expressed using a modified pET3 expression vector with an
N-terminal 6xHis tag in Rosetta DE3 E. coli cells. The cells were grown
in 2X LB media and induced with IPTG at an OD600 of ~0.6, followed
by expression at 18 °C for 18 hours. After harvesting and lysing the
cells, the lysate was clarified and subjected to HisTrap affinity chro-
matography, with SNF2h eluting between 210 and 300 mM imidazole.
The protein was further purified using ion exchange and size exclusion
chromatography, with a TEV protease step to remove the His tag. The
final purified SNF2h was concentrated, glycerol was added, and the
protein was flash-frozen and stored at -80 °C.

Nucleosome purification

Nucleosomes used for native gel sliding experiments were recon-
stituted using the Widom 601 positioning sequence®® and Xenopus
laevis histones with or without acetylated histone H3-K56. The DNA
(FAM-80-601-0 and FAM-40-601-40) was generated by PCR, con-
centrated, and then purified by Prep Cell (Bio-Rad). Histone octamers
containing wild type or acetylated histone H3-K56 were purchased
from the Histone Source (Colorado State University). Nucleosomes
were reconstituted through linear gradient dialysis and purified over a
Prep Cell apparatus®. Fractions were analyzed by native PAGE, and
after selected fractions were pooled and concentrated, glycerol was
added to final concentration of 20%. Nucleosome samples were ali-
quoted, flash frozen in liquid nitrogen and stored at -80°C.

Native gel sliding experiments

For sliding experiments, master mixes were prepared that contained
purified nucleosomes (40 nM) and either 200 nM HsSNF2h, 200 nM
Sclswla, or 200 nM Sclswib. Sliding buffer contained 20 mM HEPES-
KOH, pH 7.5,100 mM KCI, 5 mM MgCI2, 2 mM DTT, 0.1 mg/ml BSA, 5%
sucrose. Each master mix was equilibrated at room temperature for
10 mins. Sliding reactions were initiated with ATP addition to a final
concentration of 2.5 mM ATP, and at each time point, 1 ul of master mix
was transferred to a tube containing 7.5ul quench buffer (20 mM
Hepes-KOH, pH 7.5, 50 mM KCl, 2 mM DTT, 0.1 mg/ml BSA, 5% sucrose,
12.5mM EDTA, 0.5 pg/ul salmon sperm DNA). Sliding reactions were
then resolved on 6% native PAGE gels at 4°C and 100 V for 2 hours and
imaged on a Typhoon scanner.
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Fig. 7 | H3K56ac collaborates with the chromatin remodelers Iswl and Chdl in
chromatin maturation. Schematic working model. a In WT cells, symmetrical
distribution of H3K56ac leads to an equal distribution of closely-packed nucleo-
somes and/or subnucleosomal particles (not depicted here) in nascent chromatin
originated from both leading and lagging strand synthesis. b In mcm2-3A cells, the

Array of spaced nucleosomes

Chromatin remodeling activity

enrichment of H3K56ac in nascent chromatin from the lagging strand enhances the
chromatin remodeling activity of Iswl and Chdl, resulting in an extension of the
nucleosome repeat length. On the other hand, a reduced levels of H3K56ac at
leading strands leads to an increased levels of closely-packed nucleosomes. Cre-
ated in BioRender. Zhou, H. (2024) https://BioRender.com/k19f998.

MNase-ssSeq, ChIP-seq, BrdU-IP-ssSeq, and eSPAN analysis

Reads processing and mapping. Single-stranded DNA sequencing
libraries for MNase-ssSeq, ChIP-seq, BrdU-IP-ssSeq, and eSPAN were
prepared and then subjected to paired-end sequencing using the
Illumina NextSeq 500/550 or NovaSeq 6000 platforms. To improve
mapping quality, raw sequencing reads were first processed with Trim
Galore (V 0.6.7) to remove low-quality reads and Illumina Prep Kit
adaptors. The quality cutoff was set to 20, and the minimum required
read length after trimming was 20 nt. The genome sequence and gene
annotation for the yeast reference genome (sacCer3) were obtained
from SGD (https://www.yeastgenome.org/). Paired-end sequencing
reads were mapped to yeast genome (sacCer3) using bowtie2

(V 2.2.4)% with the following parameters: with --no-mixed --no-dis-
cordant --no-dovetail --no-contain --local --maxins 1000.

Identifying early replicated regions. Sequence alignment map files,
including uniquely mapped, PCR-duplicated, and multi-mapped reads,
were transformed into BAM files using SAMtools (V 1.11)*’. To obtain
the accurate mapping reads, duplicate and multi-mapping reads were
discarded and only paired-end reads with both ends aligning uniquely
to the reference genome were used for further analysis. Duplicate
reads were removed using the MarkDuplicates function of Picard (V
2.23.8) (https://github.com/broadinstitute/picard) with REMOVE_DU-
PLICATES = true. Multi-mapped reads were excluded using SAMtools
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(V 1.11) with -q 30 cutoff. The filtered paired-end reads were converted
into bigwig files using bamCoverage from deepTools (V 3.2.1)** with
RPM normalization and 1bp window size and visualization using
Integrative Genomics Viewer (IGV V 2.12.3)¥. Accurate early-firing
region detection was achieved by using filtered paired-end reads of
BrdU-IP-ssSeq signals to call broad peaks with MACS2 (V 2.2.5)*¢ for
each replicate independently, applying a g-value cutoff of 0.001 and
using the corresponding MNase-ssSeq Input samples as controls. The
peak overlap analysis was performed using the findOverlapsOfPeaks
function from ChIPpeakAnno (V 3.18.2)*. Only reproducible peaks
were retained. The early replicated regions were defined as the BrdU
peaks that overlapped with one of the 134 early-firing origins detected
in a previous study”. The precise nucleosome positions and tran-
scription start site (TSS) locations in yeast, resolved at the base-pair
level, were obtained from prior publications.**** The replicated genes
and nucleosomes within the replicated regions were selected using the
intersect function of BEDtools (V 2.29.2)*°.

Calculating BrdU-IP-ssSeq and eSPAN strand bias. To calculate
BrdU-IP-ssSeq and eSPAN strand bias, the filtered paired-end reads
aligned to the Watson (W) and Crick (C) strands of the reference
genome were partitioned using the bamtobed function of BEDTools (V
2.29.2) and custom Perl scripts. BrdU-IP-ssSeq and eSPAN bias was
determined in 10 bp bin from the segregated Watson and Crick reads
using the formula Bias= (W - C)/(W + C) across the replicated regions.
Bins with fewer than 10 sequencing reads were excluded. The eSPAN
bias was furthermore normalized using the corresponding BrdU-IP-
ssSeq strand bias, as previously described**.

Considering the distribution of fragments and findings from prior
research”, we classified chromatin fragments into mono-nucleosomes
(120-200 bp) and di-nucleosomes (250-400 bp) based on fragment
size using custom Perl scripts. Subsequently, the strand bias of mono-
nucleosomes and di-nucleosomes of BrdU-IP-ssSeq samples were cal-
culated using the same formula as described above. Taking into
account the effect of DNA synthesis on nucleosome assembly, we also
normalized the BrdU-IP-ssSeq strand bias calculations from MNase
digestion samples against those from sonication samples, whenever
corresponding sonication samples were available to mitigate the
baseline bias of DNA synthesis.

Nucleosome occupancy and eSPAN signal

For BrdU-IP-ssSeq and eSPAN reads, we separated the leading strand
reads and the lagging strand reads based on the detected replicated
regions using BEDTools (V 2.29.2). Paired-end reads from the common
replicated regions were used for comparing nucleosome occupancy
and eSPAN signals between different samples. In order to visualize the
signal change of eSPAN between the leading and lagging strands,
plotHeatmap and plotProfile from deepTools to display the eSPAN
signal around each of the 134 early replication origins origins and the
average eSPAN signal to describe the changes of eSPAN signal in
replicated regions more clearly. For mono-nucleosome occupancy,
nucleosomes were enriched and smoothed using the nucleR (V
2.36.0)”? with the parameters maxfrag = 200 and trimtolength = 50. Di-
nucleosomes were split into two mono-nucleosomes from their center,
then processed with DANPOS (V 2.2.2)* to calculate the average read
density flanking a group of TSS or +1 nucleosomes. Boxplot for
nucleosome occupancy was used to visualize the quantification results
in replicated regions.

Nucleosome repeat length analysis

Following previous approach®®®*, we extracted and unified the 5-end
positions of unshifted MNase alignments in replicated regions. The
calcPhasogram function from the swissknife package (https://github.
com/fmicompbio/swissknife) was used to calculate the frequencies of
same-strand alignment distances between nearby positions on the

same strand (up to 1000 bp), which were visualized using plotPhaso-
gram. The estimateNRL function estimated nucleosome repeat length
from the frequencies of alignment distances: distances between 75 and
1000 bp were smoothed twice using loess (span=0.1 and span=1.5).
Differences between the smoothed counts were computed, and the
first three modes were identified. The nucleosome repeat length was
derived from the slope of a linear fit of the mode indices 1, 2, and 3
(corresponding to the mono-, di-, and tri-nucleosome fragment
lengths) to the distances at which these modes were observed.

Nucleosome sliding rate analysis

Bands representing different nucleosome species were quantitated
using Image)®”, and rates of appearance of centered bands were cal-
culated based on fitting to a single exponential. The fitting and plotting
were all conducted using a Python program. The progress curves were
fitted to the equation y = A(1 — exp(k*t)) + ¢, where A is amplitude, k is
the rate, and c is a constant that accounts for curves not starting
exactly at zero.

Statistics and reproducibility

A total of 2-4 biological replicates were done for MNase-ssSeq, ChIP-
seq, BrdU-IP-ssSeq, and eSPAN. 5-7 biological replicates were done for
nucleosome sliding and processivity assays as indicated. Nucleosome
repeat length data were presented as bar plots showing the mean
standard deviation. In the figures of the nucleosome density data, box
plots were created using R 3.6.3 and depict the medians and inter-
quartile ranges (IQRs), with upper and lower whiskers. The boundaries
of the box indicate values from the first quartile (Q1) to the third
quartile (Q3) (25% to 75%). The center line within the box represents
the median value. The IQR is defined as the distance between Q3 and
Q1 (Q3 - Ql). The upper whisker extends to the maximum value, which
is defined as 1.5 times the IQR above Q3 (Q3 +1.5x IQR), while the lower
whisker extends to the minimum value, defined as 1.5 times the IQR
below Q1 (Q1 - 1.5 IQR). Outliers were omitted from the box plots for
clarity but were still considered in the calculation of P values. Where
applicable, statistical parameters, the tests used, definitions of error
bars, and sample sizes are reported in the figures and their corre-
sponding legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw and processed high-throughput sequencing data discussed in
this study have been deposited in NCBI's Gene Expression Omnibus
and are accessible through GEO Series accession number GSE269558.
All other data supporting the findings are available within the article
and its supplementary files. Requests for additional information can be
directed to the corresponding authors. Source data are provided with
this paper.
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