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In vivo assembly of complete eukaryotic
nucleosomes and (H3-H4)-only non-
canonical nucleosomal particles in the
model bacterium Escherichia coli
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Xiaojuan Zhou1,2,6, Niubing Zhang1,2,3,6, Jie Gong1,2, Kaixiang Zhang1,2,3, Ping Chen1, Xiang Cheng1,2,
Bang-Ce Ye 3, Guoping Zhao 1,4,5 , Xinyun Jing1 & Xuan Li 1,2

As a fundamental unit for packaging genomic DNA into chromatin, the eukaryotic nucleosome core
comprises a canonical octamer with two copies for each histone, H2A, H2B, H3, and H4, wrapped
around with 147 base pairs of DNA. While H3 and H4 share structure-fold with archaeal histone-like
proteins, the eukaryotic nucleosome core and the complete nucleosome (the core plusH1 histone) are
unique to eukaryotes. To explore whether the eukaryotic nucleosome can assemble in prokaryotes
and to reconstruct the possible route for its emergence in eukaryogenesis, we developed an in vivo
system for assembly of nucleosomes in the model bacterium, Escherichia coli, and successfully
reconstituted the core nucleosome, the complete nucleosome, and unexpectedly the non-canonical
(H3-H4)4 octasome. The core and complete nucleosomes assembled in E. coli exhibited footprints
typical of eukaryotic hosts after in situ micrococcal nuclease digestion. Additionally, they caused
condensation of E. coli nucleoid. We also demonstrated the stable formation of non-canonical (H3-
H4)2 tetrasomeand (H3-H4)4 octasomes in vivo,which are suggested to be ‘fossil complex’ thatmarks
the intermediate in the progressive development of eukaryotic nucleosome. The study presents a
unique platform in a bacterium for in vivo assembly and studying the properties of non-canonical
variants of nucleosome.

The nucleosome serves as a fundamental building block for packaging
genome DNA of eukaryotes into chromatin. The core nucleosome com-
prises a canonical octamer of four histones - two copies for each of H2A,
H2B, H3, and H4, and is tightly wrapped by 147 base pair (bp) of DNA
segment in ~1.7 left-handed superhelical turns, forming a compact disc-like
structure about 5.5 nm in height and 11 nm in diameter1,2. It is estimated
that the structural configuration of the core nucleosome provides an initial
~7-fold linear compaction of genomic DNA3,4. Histone H1 is a primary
component of the eukaryotic nucleosome, which functions in conjunction
with the core nucleosome by binding to linker DNA at the entry-exit sites
flanking the canonical octasome. Histone H1 is essential for folding the

nucleosome strings into macromolecular structure known as chromatin
fiber, the higher-order structure of the eukaryotic chromosome5–7. The
nucleosomes and its higher-order structure play a pivotal role in eukaryotic
cells in governing DNA accessibility and regulating essential cellular pro-
cesses such as transcription, replication, and DNA repair8–10. Incorporation
of different histone variants and covalent modifications of histones are the
common mechanisms that modulate biophysical properties of histones,
nucleosome assembling dynamics, and genome activities11–13.

In eukaryotes, the nucleosome complex’s structure is heterogeneous
and dynamic. The canonical nucleosome is formedwith the initial action of
(H3-H4)2-tetramer being deposited onto a DNA template, creating a

1Key Laboratory of Synthetic Biology, Key Laboratory of Plant Design, CAS Center for Excellence in Molecular Plant Sciences, Chinese Academy of Sciences,
Shanghai, 200032, China. 2University of Chinese Academy of Sciences, 100039 Beijing, China. 3State Key Laboratory of Bioreactor Engineering, East China
University of Science and Technology, Shanghai, 200237, China. 4Key Laboratory of Systems Health Science of Zhejiang Province, School of Life Science,
Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou, China. 5Department of Microbiology and Microbial Engineering,
School of Life Sciences, Fudan University, Shanghai, China. 6These authors contributed equally: Xiaojuan Zhou, Niubing Zhang. e-mail: gpzhao@sibs.ac.cn;
jingxinyun01@163.com; lixuan@sippe.ac.cn

Communications Biology |          (2024) 7:1510 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-07211-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-07211-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-07211-4&domain=pdf
http://orcid.org/0000-0002-5555-5359
http://orcid.org/0000-0002-5555-5359
http://orcid.org/0000-0002-5555-5359
http://orcid.org/0000-0002-5555-5359
http://orcid.org/0000-0002-5555-5359
http://orcid.org/0000-0002-7621-6620
http://orcid.org/0000-0002-7621-6620
http://orcid.org/0000-0002-7621-6620
http://orcid.org/0000-0002-7621-6620
http://orcid.org/0000-0002-7621-6620
http://orcid.org/0000-0002-7909-7241
http://orcid.org/0000-0002-7909-7241
http://orcid.org/0000-0002-7909-7241
http://orcid.org/0000-0002-7909-7241
http://orcid.org/0000-0002-7909-7241
mailto:gpzhao@sibs.ac.cn
mailto:jingxinyun01@163.com
mailto:lixuan@sippe.ac.cn
www.nature.com/commsbio


tetrasome platform for subsequent loading of H2A-H2B dimers, one-by-
one individually to form the canonical octasome14,15.Genomeactivities often
involve the dynamic assembly and disassembly of nucleosomes, and many
intermediate stages, e.g. sub-nucleosomal structures including
tetrasomes16–18, hexasomes19,20, di-nucleosomes21,22, etc, which are often
transient and rely on the interactions of different combination of histone
components. For example, transcription activities caused transient chro-
matin remodeling by partial unwrapping of genome DNA and release of a
H2A-H2B dimer from core nucleosome, forming the ‘hexasome’ inter-
mediates that were reported to accompany gene expression, DNA replica-
tion, and repair activities19,23.

The (H3-H4)-only octasome, an intriguing nucleosome structure, was
first observed over four decades ago24,25. The formation of (H3-H4)4 octa-
some was reconstituted in vitro only at higher histones/DNA ratios. The
(H3-H4)4 particles were directly observed with atomic force microscopy26.
The high-resolution structure of (H3-H4)4 octasome was recently resolved
using cryo–electron microscopy, suggesting a model of two stacked disks
connected by a H4-H4’ four-helix bundle (FHB)27. In addition, evidence of
crosslinking experiments that supported the possible existence of (H3-H4)4
octasomes in yeast cells. The existence of (H3-H4)4 octasomes within
chromatin has the potential to modify both the structure and dynamics of
chromatin, signifying a revolutionary change in how we understand the
regulation of the epigenome.

The nucleosome is a distinctive hallmark of eukaryotic organisms,
which sets eukaryotes apart frombacteria that lack the intricate nucleosome
complex and higher-order chromatin architecture in chromosome orga-
nization. Although archaea are known to have histone-like proteins that are
widespread and share the folding of eukaryotic histones28–30, the higher-
order structure of the eukaryotic nucleosome complex is unique to eukar-
yotic cells, which does not exist outside the eukaryotic domain. The archaea
histone-like proteins have the same core fold as eukaryotic histones, but
typically lack the N- and C-terminal tails, which are the principal substrates
for post-translational modifications in eukaryotes28,29. In archaea, DNA
binds to histone-like proteins to form homo-dimeric and homo-tetrameric
structure that were revealed by recent crystal structure studies28,31. However,
neither eukaryotic canonical octasomes nor eukaryotic type histone mod-
ifications have been found in archaea. Notably, Warnecke and colleagues
recently expressed in Escherichia coli the archaeal histone-like protein, i.e.
HMfA or HMfB, from Methanothermus fervidus, and successfully recon-
stituted their homo-oligomeric complexes on the E. coli chromosome
in vivo32. Different from the eukaryotic nucleosomes, the archaeal histone
complexes assembled in E. coli comprised only single-type histone
molecules.

In this current study, we have undertaken a task to assemble the
eukaryotic nucleosome complexes in vivo in the model bacterium, E. coli.
This system for in vivo nucleosome assembly provided a platform to
reconstitute the eukaryotic nucleosomes, and non-canonical variants in a
‘living’ prokaryote, and to facilitate studying the properties of canonical and
non-canonical nucleosomes. This platform may also help shed light on the
evolutionary origin and progressive development of the eukaryotic
nucleosomes. We successfully assembled the eukaryotic nucleosome core
and the complete nucleosome (the core plus H1 histone) in vivo in E. coli,
which was confirmed by multi-lines of evidence, including micrococcal
nuclease (MNase) digestion footprints, in vivo assembled core nucleosomes
co-localizing with genome DNA in E. coli nucleoid, and abolished nucleo-
some formation upon subtracting one of the core histones. We further
assembled the non-canonical nucleosome variants, i.e., the (H3-H4)2 tet-
rasomes and (H3-H4)4 octasomes, in E. coli, which had distinct MNase
digestion profiles, were colocalization with genome DNA, and induced
condensation of E. coli nucleoid. The creation of the non-canonical variants
of eukaryotic nucleosome in a living bacterium adds evidence to support
their in vitro reconstitution results, and presents a unique platform to study
the properties of these non-canonical nucleosomes.

Results
In vivo assembled core nucleosomes co-localizing with genome
DNA in E. coli nucleoid
We generated the construct pET29a-H2AH2BH3H4, which enabled poly-
cistronic expression of xenopus core histones33, i.e., H2A, H2B, H3, andH4
(Supplementary Fig. 1a, and Supplementary Note 1). pET29a-
H2AH2BH3H4 was transformed into E. coli BL21(DE3) Rosetta, generat-
ing the strain Ec-AB34. The expression of histones in Ec-AB34was induced
with IPTG (400 µM), and analyzed with SDS-PAGE. H2A, H2B, H3, and
H4 were found primarily in the soluble fraction of the Ec-AB34 lysate
(Supplementary Fig. 1b, c). While the histone H2A was among the highest
expressed proteins compared to native proteins, H2B, H3 and H4’s levels
were lower with significant amounts produced. To determine if the
eukaryotic histones can assemble in vivo to form core nucleosomes inE. coli
that has a cellular environment distinctly different from eukaryotes, we
performed the in situ micrococcal nuclease digestion assay (herein named
ecMNase) (Supplementary Fig. 1d), which was modified from the similar
assay previously used todetect nucleosome formation in eukaryotic cells34,35.
When expression of xenopus core histones was induced by IPTG (Sup-
plementaryFig. 1e), ecMNase experiments showed it yieldedadistinctDNA
fragmentation pattern (Fig. 1a) resembling the fragmentation of
nucleosome-protected DNA in eukaryotic cells by MNase digestion36–38.
Note the protected DNA bands for mono-nucleosome (~147 bp) (Supple-
mentary Figs. 2 and3) anddi-nucleosome (~300 bp)were absent for control
strain Ec-pET29a.

To further characterize the assembled core nucleosomes in E. coli, we
designed a set of experiments to visualize the nucleosome complexes using
fluorescent protein-labeled histones. mCherry was either tethered to
C-terminus of xenopus histones H2A (Ec-A*B34), H2B (Ec-AB*34), or
independently expressed (Ec-AB34/m*) in E. coli cells (Fig. 1b). ecMNase
assay showed that the fusion of mCherry to xenopus histones did not affect
the assembly of nucleosome complexes, evidenced by the nucleosome-
protected DNA fragments in both Ec-A*B34 and Ec-AB*34 (Fig. 1c). We
next treated the different strains, Ec-pET29a/21a (negative control), Ec-
AB34/m* (control with free-mCherry), Ec-A*B34 and Ec-AB*34, with
IPTG induction and stained them with DAPI, before observing them using
laser scanning confocal microscopy as previous described39. DAPI, a natural
tracer of DNA, was commonly used to stain E. coli genome DNA and
visualizeE. colinucleoid40. For the free-mCherry control strain, Ec-AB34/m*,
the red fluorescence-protein was found to be broadly distributed within E.
coli cells, while the blue fluorescence (DAPI stained-DNA)was concentrated
to the restricted areas of nucleoid (Fig. 1d). In contrast, for strains Ec-A*B34
and Ec-AB*34, the red fluorescence (labeled core nucleosomes) and the blue
fluorescence (stained genome DNA) were confined to the same restricted
space of nucleoid, indicating co-localization of the core nucleosomes and
chromosomal DNA in E. coli (Fig. 1d). The results provided corroborating
evidence supporting the formation of nucleosome core complexes in E. coli.
In addition, we noticed a comparably smaller nucleoid in strains Ec-AB34/
m*, Ec-A*B34 and Ec-AB*34, than in Ec-pET29a/21a, which was further
investigated next.

In vivo assembled core nucleosomes causing condensation ofE.
coli nucleoid
The formation of nucleosomes condensed DNA into a smaller volume,
helping package chromosomal DNA into chromatin in eukaryotic cells3.
Intrigued by the observation of smaller nucleoid in nucleosome-forming E.
coli, we looked more closely into the changes to E. coli nucleoid induced by
formation of nucleosomes. Under the confocal microscope, the DAPI-
stained nucleoids in the nucleosome-forming strain, Ec-AB34, appeared
shrunk than those in the control strain, Ec-pET29a, which indicated amore
condensed nucleoid in the nucleosome-forming strain, Ec-AB34 (Fig. 2a).

We thenused transmission electronmicroscopy (TEM) to examine the
thin sections of E. coli cells from strains, Ec-AB34, and Ec-pET29a. For the
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control strain Ec-pET29a, the nucleoid exhibited a dispersed and lobular
structure, scattered with granules of uneven size and density inside the
nucleoid space. For the nucleosome-forming strain, Ec-AB34, the nucleoid
appeared organized inmore compacted structure with string-like substance
intertwined together and tightly packed into a more restricted nucleoid
space (Fig. 2b). Itwas known thatnucleosomes themselves generatenegative
supercoiledDNA41, thus driving towardhigherDNAsuperhelical density in
the nucleosome-forming E. coli. The condensation of the E. coli nucleoids
corroborated the formation of nucleosomes in E. coli, and also to certain
degree, may reflect how genome DNA is constrained in the eukaryotic
chromatin.

Subtracting each individual histone abolishing formation of
nucleosome in E. coli
To investigate the dependency of nucleosome formation on different his-
tone species, we designed a series of in vivo experiments by subtracting one
histone species each time from the nucleosome constructs (Fig. 3a).
mCherry was fused to the C-terminus of H3 for constructs Ec-B3*4, Ec-
A3*4 and Ec-AB3*, and of H4 for Ec-AB4* in the case H3 was removed.
The results showed the formation of nucleosomes was abolished, losing the
characteristic 147-bp canonical octasome-protected DNA fragments, when
one single core histone was subtracted each time (Fig. 3b). These results
served as an important control, indicating all four histone proteins are

Fig. 1 | In vivo assembled core nucleosome co-
localized with DNA in E. coli. a DNA fragmenta-
tion profiles obtained from the xenopus histones-
expressing strain (Ec-AB34), and the control strain
(Ec-pET29a) using ecMNase assay. Arrows mark
mono- and di- nucleosome bands, respectively. M,
DNA standards. The complete gel pieces are pro-
vided in Supplementary Fig. 6. b Strain constructs
containing different histone components. The
symbols ‘+’ and ‘−’denote the presence and absence
of corresponding histone gene, whereas ‘+m’ indi-
cates the histone gene is fused with a mCherry gene.
c DNA fragmentation profiles of four strains: Ec-
pET29a/21a, Ec-AB34/m*, Ec-A*B34, and Ec-
AB*34 using ecMNase assay. Arrows mark mono-
and di- nucleosome bands, respectively. M, DNA
standards. The complete gel pieces are provided in
Supplementary Fig. 6. d Confocal images of four
strains Ec-pET29a/21a, Ec-AB34/m*, Ec-A*B34,
and Ec-AB*34 using a Leica TCS SP8 STED 3×
confocal laser scanning microscope. DAPI was used
to stain E. coliDNA, and the ‘fire’ pseudocolormode
of ImageJ was applied to the DAPI images. BF,
bright field. DAPI, mCherry and BF images are
shown for the same field of cells. Scale bars = 2 μm.
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essential for in vivo formation of the nucleosomes in E. coli. More inter-
estingly, we observed some vague bands at a size around 70 bp in Ec-B3*4
and Ec-A3*4, but not in Ec-AB4* or Ec-AB3* cells (Fig. 3b), which were
further explored.

The E. coli cells with different histone combinations, and Ec-AB*34
cells (positive control) were stained with DAPI and analyzed using Laser
scanning confocal microscopy. We observed, however, two groups with
distinct distribution patterns of blue fluorescence that represents DAPI-
stained E. coli genome DNA. The blue fluorescence in Ec-AB4* and Ec-
AB3* appeared evenly dispersed throughout the cells, in contrast to Ec-
B3*4 and Ec-A3*4 that had blue fluorescence condensed into more
restricted nucleoid space (Fig. 3c). The significant condensation of chro-
mosomalDNAobserved in Ec-B3*4 andEc-A3*4 cellsmay be linked to the
protected DNA fragments of ~70 bp from the MNase assay, which were
present only in Ec-B3*4 and Ec-A3*4 cells (Fig. 3b).

ForEc-AB4* andEc-AB3*, we observed that the redfluorescence from
mCherry tethered toH3orH4, had a dispersed distribution being inverse to
the density of blue fluorescence representing DAPI-stained E. coli genome
DNA (Fig. 3c). In these two cases, the labeled histone proteins not co-
localizing with chromosomal DNA is consistent with the MNase-digestion
assay results (Fig. 3b), which further confirmed the necessity of H3 and H4
for in vivo assembly of nucleosome inE. coli.On theother hand, forEc-B3*4
and Ec-A3*4 in which condensed chromosomal DNA was observed,
mCherry-labeled H3 was found co-localizing with chromosomal DNA in
nucleoid (Fig. 3c). In conjunction with the protected DNA bands of ~70 bp
in Ec-B3*4 and Ec-A3*4 (Fig. 3b), these data suggest the presence of a
smaller-size subnucleosomal structure, distinctly different from the
nucleosome that had the characteristic 147 bpDNAfragments fromMNase
digestion. This structure was found only in Ec-B3*4 and Ec-A3*4 cells,
which suggested their shared histones, H3 and H4, are required for its
formation. Conversely, Ec-AB4* and Ec-AB3* did not form this structure
when either H3 or H4 was missing in the makeup. This smaller-size
structure was found to have a profile closely resembling that of sub-
nucleosomal particles previously reported as (H3-H4)2 tetrasomes thatwere
reconstituted in vitro42,43.

Taking together, by subtracting onehistone at a timewe furtherproved
the in vivo formation of eukaryotic nucleosomes in E. coli required all core
histones. Intriguingly, through the process we observed, for the first time,
the in vivo formation of stable subnucleosomal particles, the (H3-H4)2-like
structure, in a bacterium, which caused condensation of chromosomal
DNA in vivo, and protected genome DNA from in situ MNase digestion.

In vivo assembly of (H3-H4)-only tetrasomes and octasomes in
E. coli
We were intrigued by the observation of in vivo formation of sub-
nucleosomal structure in E. coli when either H2A or H2B was subtracted
from the core nucleosome. To test our hypothesis that the subnucleosomal
structure is (H3-H4) 2 tetrasome, we designed and generated three new
constructs, Ec-3*4, Ec-3*, andEc-4*, which expressedbothH3andH4,H3-
only, or, H4-only, respectively (Fig. 4a). Note that mCherry was tethered to
C-terminus of H3 for Ec-3*4 and Ec-3*, or that of H4 in case of Ec-4*.

Using optimized conditions for MNase digestion assay, we observed
protected DNA bands at size of 70 bp and of ~130 bp in Ec-3*4, but not for
Ec-3* or Ec-4* (Fig. 4b; Supplementary Fig. 4). These protected DNA
fragments were notably different from those of the core nucleosomes
(canonical octasomes) in Ec-AB*34. These results suggested that histones
H3 and H4 were sufficient for formation of the subnucleosomal particles in
vivo in E. coli. While the 70 bp protected DNA band were consistent with
that of (H3-H4)2 tetrasome, the ~130 bp DNA fragments were consistent
with that of (H3-H4)4 octasome27. The (H3-H4)4 octasomes were found to
be wrapped by ∼130 bp of DNA segment, which were recently reported to
assemble in vitro under a specified condition of high particle/DNA
ratio26,27,44. So, using the specified conditions we were able to successfully
assemble both the (H3-H4)2 tetrasomes and (H3-H4)4 octasomes in vivo in
a bacterium.

We further investigated the in vivo distribution of (H3-H4)2 tetra-
somes and (H3-H4)4 octasomes by staining with DAPI and analyzing with
confocal microscopy. We found their formation in Ec-3*4 caused chro-
mosomal DNA to condense in nucleoid, whereas in Ec-3* and Ec-4*
genomeDNAwasmore dispersed (Fig. 4c). Furthermore, there was distinct

Fig. 2 | Visualization of condensed E. coli nucleoid
induced by formation of core nucleosomes.
aConfocal images of the nucleosome-forming strain
(Ec-AB34) and the control strain (Ec-pET29a) using
a Leica TCS SP8 STED 3× confocal laser scanning
microscope. DAPI was used to stain E. coli DNA,
and the ‘fire’ pseudocolor mode of ImageJ was
applied to the DAPI images. BF, bright field. DAPI
and BF images are shown for the same field of cells.
Scale bars = 3 μm. b Thin-section transmission
electron photomicrographs of the nucleosome-
forming strain (Ec-AB34) and the control strain (Ec-
pET29a) using a H7650 electron microscope. Scale
bars = 500 nm.
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contrast of mCherry-labeled histones in their distribution. While in Ec-3*4
cells mCherry-labeled H3 was co-localized with blue fluorescence that
represents DAPI-stained E. coli genome DNA, the mCherry-labeled his-
tones had a distribution being inverse to the density of blue fluorescence in
Ec-3* and Ec-4* cells (Fig. 4c).

Taking together, we for the first time assembled the (H3-H4)2 tetra-
somes and (H3-H4)4 octasomes in vivo in a bacterium, corroborated by co-
localization of these non-canonical nucleosome particles with the E. coli
chromosomal DNA. Like the canonical core nucleosome, the (H3-H4)2

tetrasome and (H3-H4)4 octasomewere capable of causing condensation of
bacterial genome DNA in vivo, and protecting genome DNA from in situ
MNase digestion.

In vivo assembly of complete eukaryotic nucleosomes with
addition of histone H1
Histone H1 is known to bind to linker DNA between nucleosomes and
promote compaction of nucleosome arrays into chromatin fibers, the
higher-order chromosome structure5,45. H1 is associated with increased

Fig. 3 | Abolishing formation of octasomes by
subtracting individual histone. a Strain constructs
containing different histone components. The
symbols ‘+’ and ‘−’ denote the presence and
absence of corresponding histone gene, whereas
‘+m’ indicates the histone gene is fused with a
mCherry gene. bDNA fragmentation profiles of six
strains Ec-AB*34, Ec-pET29a/21a, Ec-B3*4, Ec-
A3*4, Ec-AB4*, and Ec-AB3* using ecMNase
assay. The green arrow marks the (H3-H4)2 tetra-
some, while the red arrowmarks mononucleosome
particle. M, DNA standards. The complete gel
pieces are provided in Supplementary Fig. 6.
c Confocal images of five strains Ec-AB*34, Ec-
pET29a/21a, Ec-B3*4, Ec-A3*4, Ec-AB4*, and Ec-
AB3* using a Leica TCS SP8 STED 3× confocal
laser scanning microscope. DAPI was used to stain
E. coli DNA, and the ‘fire’ pseudocolor mode of
ImageJ was applied to the DAPI images. BF bright
field. DAPI mCherry and BF images are shown for
the same field of cells. Scale bars = 2 μm.
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nucleosome repeat length and the compaction of chromatin and mitotic
chromosomes in eukaryotes46,47. To attempt in vivo assembly of the com-
plete eukaryotic nucleosome that included the canonical octasome and H1
histone, we generated the xenopus histone H1-expressing construct,
pET21a-H1 (Fig. 5a). Histone H1 was co-expressed alongside H2A, H2B,
H3, andH4, in strain Ec-AB341, andwas evaluated by SDS-PAGE analysis.
The expressionofH1aswell asH2A,H2B,H3, andH4,was foundprimarily
in the soluble fraction of the Ec-AB341 lysate (Fig. 5b). The expression level
ofH1was lower than that of the corehistones, as indicatedby themolar ratio
of H1 to H2A, which was approximately 0.74 (Methods).

To determine whether histone H1 can form the complete eukaryotic
nucleosome with other histones in E. coli, we performed the ecMNase assay
on Ec-AB341, using Ec-AB34 as control. As predicted, the protected DNA
bands generated for mono-nucleosomes in Ec-AB341 had a larger size
(~165 bp) than that of Ec-AB34 (~147 bp) (Fig. 5c; Supplementary Figs. 3, 5).
In addition, the vague signal of di-nucleosomes in Ec-AB341 also appeared
larger than that in Ec-AB34. To examine H1 histone-binding to space DNA
and its associationwith the core-nucleosome,weperformedover-digestion in
ecMNase assay for both Ec-AB341 and Ec-AB34 (Methods). Ec-AB34 had
147 and 137 bp protectedDNAbands, whereas Ec-AB341 exhibited 165 and
147 bp protected fragments (Supplementary Fig. 5). The size of the digested

products for Ec-AB341 and Ec-AB34 was determined using ecMNase-seq
analysis, which showed corresponding peaks (Fig. 5d). Notably, the 137 bp
fragments in Ec-AB34 were similar to previously reported products from
internal cleavage of core-nucleosomes48. The 165 bp fragments from Ec-
AB341 represent the complete nucleosome-protected genomeDNA49,50. The
addition of H1 histone in Ec-AB341 appeared to make genome DNAmore
resistant to MNase cleavage than the core nucleosomes in Ec-AB34. Fur-
thermore, we examine the cell thin sections from Ec-AB341, Ec-AB34, and
Ec-pET29a using transmission electron microscopy (TEM), which showed
an equally, if not more condensed nucleoid in Ec-AB341 than in Ec-AB34
(Fig. 5e). Given all the evidence from ecMNase, ecMNase-seq, and TEM,
these results demonstrated the in vivo assembly of complete eukaryotic
nucleosomes in E. coli with the addition of H1 histone.

Discussion
The eukaryotic nucleosome, a complex of eight histone proteins wrapped
around with DNA, plays a central role in organizing and compacting
genome DNA, as well as regulating genome access in eukaryotic cells. The
nucleosome is a distinctive hallmark of eukaryotes in chromosome orga-
nization, distinguishing them from bacteria that lack these features. Since
the discovery of the nucleosome in eukaryotic cells in 197451, many

Fig. 4 | In vivo assembly of (H3-H4)-only tetra-
somes and octasomes. a Strain constructs containing
different histone components. The symbols ‘+’ and ‘−’
denote the presence and absence of corresponding
histone gene, whereas ‘+m’ indicates the histone gene is
fused with a mCherry gene. b DNA fragmentation
profiles of five strains: Ec-pET29a/21a, Ec-AB*34, Ec-
3*4, Ec-3*, Ec-4* using ecMNase assay. The green
arrow marks the (H3-H4)2 tetrasome or (H3-H4)4
octasome, while the red arrow marks mononucleosome
particle.M, DNA standards. The complete gel pieces are
provided in Supplementary Fig. 6. c Confocal images of
three strains Ec-3*4, Ec-3*, and Ec-4* using a Leica
TCS SP8 STED 3× confocal laser scanning microscope.
DAPI was used to stain E. coli DNA, and the ‘fire’
pseudocolor mode of ImageJ was applied to the DAPI
images. BF, bright field. DAPI, mCherry and BF images
are shown for the same field of cells. Scale bars = 2 μm.
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heterogeneous nucleosome variants, canonical and non-canonical, were
also reported. Many belong to the transient states of nucleosome assembly
or disassembly, which were only constituted in vitro under specified con-
ditions. In this study, by developing an in vivo assembly system of the
nucleosomes in a model bacterium E. coli that has not encountered the
nucleosomes, we reconstituted and investigated the properties of the
nucleosomes and its non-canonical variants in a ‘living’ bacterium. This
‘naive’ system may also facilitate study on the emergence of eukaryotic
nucleosomes that is hypothesized in the theory of eukaryogenesis52.
Remarkably, we accidentally assembled the (H3-H4)2 tetrasomes and (H3-
H4)4 octasomes in E. coli, marking the in vivo reconstitution of these
nucleosome variant structures in a living organism.

Our work showed the core nucleosomes assembled in E coli cells had
many features resembling those found in their eukaryotic hosts. Themono-
nucleosome bands had a length of ~147 bp when analyzed with ecMNase
assay (Fig. 1a, Supplementary Fig. 2), identical to those of nucleosomes from
eukaryotic hosts. On the other hand, the di-nucleosome bands areweak and
smaller than 300 bp, below the fragment length of those native di-
nucleosomes53,54. The weak intensity of the di-nucleosome bands suggests
that only a portion of histones assembled into nucleosomes, given the short
period allowed for nucleosome assembly after IPTG induction. The smaller

size of the di-nucleosome fragments, below 300 bp, can be explained by the
collapse of linker space between neighboring core-nucleosomes due to the
lack of histone H1 in the E. coli system. In agreement, we later showed that
histone H1 was associated with increased nucleosome repeat length in
experiments whenH1was co-expressed alongsideH2A,H2B, H3, andH4 -
themono-nucleosome repeatwas extendedby18 bp to~165 bp in ecMNase
assay (Fig. 5c, d; Supplementary Figs. 3, 5). Notably, the 165 bp fragment
length is consistent to the repeat length of complete nucleosomes in native
eukaryotic hosts49,50.

To visualize the eukaryotic nucleosomes formed inE. coli cells, we took
two technical approaches: 1) labeling histones with a fluorescent protein,
namely mCherry, and observing them using laser scanning confocal
microscopy; and 2) observing the nucleosomes in E. coli nucleoid using
transmission electronmicroscopy.Compared to the control expressing free-
moving mCherry that was broadly distributed within E. coli cells, the
mCherry-labeled histones were co-localized with the bacterial chromoso-
mal DNA in the nucleoids (Fig. 1d), corroborating the formation of
nucleosome complexes in E. coli. Furthermore, the co-localization of
mCherry-labeled histones and chromosomal DNA was abolished when
either H3 or H4 was subtracted from the core nucleosome constructs
(Fig. 3b). Furthermore, not unexpectedly, the formation of eukaryotic

pET21a-H1
5371 bp

H1

rop

f1 ori

A
m

pR

ori bom

T7 ter T7 pro

la
cI

a

H3
H2B

tag-H2A

tag-H4

H1

Ec-pET29a/21a Ec-AB341
T S P S PTM M M

MW
(kDa)
40

35

25

10

15

b

300 
(bp)

di

Digestion 
time  

Ec-AB341 Ec-AB34

30
 s

1 m
in

2 m
in

3 m
in

4 m
in

6 m
in

8 m
in

30
 s

1 m
in

2 m
in

3 m
in

4 m
in

6 m
in

8 m
in

M2 0 s0 s M1 M1

200 mono
100

c

0

10

20

30

40

50

60

0 40 80 120 160 200 240 280 320

R
ea

ds
 C

ou
nt

 (×
10

4 )

Fragment size (bp)

Ec-AB34
Ec-AB341 165bp

147 bp

137 bp

d

Ec-pET29a Ec-AB34 Ec-AB341
e

Fig. 5 | In vivo assembly of complete eukaryotic nucleosome and its DNA frag-
mentation profiles. a A schematic of polycistronic construct, pET21a-H1, for
expression of xenopus histone H1 (B4) in E. coli. b Protein expression profiles in
strains Ec-pET29a/21a and Ec-AB341. tag-H1, 31.00 kDa; tag-H2A, 18.15 kDa;
H2B, 13.64 kDa; H3, 15.07 kDa; tag-H4, 13.31 kDa. cDNA fragmentation profiles of
strains Ec-AB34 and Ec-AB341 using ecMNase assay. Arrows mark mono-, and di-

nucleosome bands, respectively. M, DNA standards. The complete gel pieces are
provided in Supplementary Fig. 6.d Length distribution of over-digestion ecMNase-
seq reads from strains Ec-AB34 and Ec-AB341. Source data are provided as Sup-
plementary Data 1. eThin-section transmission electron photomicrographs of three
strains: Ec-pET29a, Ec-AB34, and Ec-AB341 using a H7650 electron microscope.
Scale bars = 500 nm.
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nucleosomes in vivo caused condensation of E. coli nucleoids, likely due to
the chromosomal DNA condensed from formation of nucleosome com-
plex, which was revealed in more details by transmission electron micro-
scopy (TEM) (Figs. 1d and 2b). As a reference, it was estimated in previous
studies the condensation ratio for genome DNA from formation of
nucleosomes complexes was ~7-fold4,55. E. coli chromosome was organized
into topologically independent domains andwithin each domain there exist
large unfolded loops of DNA56–58. It was known nucleosomes themselves
generate negative supercoiled DNA41,59, and the enhanced wrapping of
supercoiled DNA around nucleosomes drove toward higher DNA super-
helical density in the nucleosome-forming E. coli, resulting in condensed
nucleoids. The nucleosome-forming E. colimaintaining a folding structure
of high superhelical density, to certain degree, may reflect how the genome
DNA is constrained in eukaryotic chromatin.

In eukaryotes, the (H3-H4)2 tetrasome is an initial stage in nucleosome
assembly, followed by deposition of twoH2A-H2B dimers individually in a
process mediated by histone chaperones in vivo14,60. However, the transient
stage was only stably observed in in vitro studies, where the (H3-H4)2
tetrasomes were associated with∼70 bp DNA segment. The non-canonical
(H3-H4)4 octasomes were only found by in vitro experiments, wrapped in
∼130 bp DNA with a lefthanded ramp of 1.5 turns27,43. An AFM study
showed the (H3-H4)2 tetrasomes had a hairpin-like appearance, whereas
the (H3-H4)4 octasomes exhibited a round-shaped structure26,44. Notably,
both the (H3-H4)2 tetrasomes and (H3-H4)4 octasomes were only recon-
stituted in vitro under specialized conditions. The former formed at low
histone protein/DNA ratio (1:1) via continuous salt-gradient dialysis,
whereas the latter was obtained at higher histone protein/DNA ratio
(2.2:1)27,61. We completed the assembly of (H3-H4)2 tetrasomes and (H3-
H4)4 octasomes for the first time in a bacterium, indicating that stable (H3-
H4)2 tetrasomes and (H3-H4)4 octasomes can exit in vivo. In presence of
H2A-H2B dimermolecules, assembly moved forwards canonical octasome
stagewith fewer (H3-H4)2 tetrasomes remaining, whereas the assemblywas
largely stalled at (H3-H4)2 tetrasome stage when either H2A or H2B was
subtracted (Fig. 3b). The results indicated that the (H3-H4)4 octasomes
cannot compete with the canonical octasomes, which is illustrated in a tilted
balance model (Fig. 6).

It is known that archaeal histone-like proteins had the capacity to form
multimeric particles in archaea28,62. As histones H3 and H4 share structure-
fold with archaeal histone-like proteins, the (H3-H4)2 tetrasomes and (H3-
H4)4 octasomes are likely inherited multimeric structures from their
archaeal ancestors, which as ‘fossil complex’, possibly mark the

intermediates in the progressive development of the eukaryotic nucleo-
somes. The fossil complex structures would dissipate when new partners,
i.e., H2A-H2B dimers, emerged in evolution -- our study thus may have
visited the early stage of eukaryogenesis (Fig. 6). Notably, previous study
found the presence of H2A-H2B dimers acted as a molecular ‘cap’ by
binding to the so-called sticky regions on either side of the (H3-H4)-
tetramer, which prevented their self-aggregation from growing into lar-
ger complexes63. The observed properties of H2A-H2B dimers were
important for tilting balance for evolution towards eukaryotic nucleo-
some structures. Also in the process, eukaryotic histones evolved
extended terminal tails and posttranslational modifications, and new
capability for histone-based epigenetic mechanisms. Whether the fossil
complex, (H3-H4)4 octasome, exists naturally in eukaryotic cells has not
been definitively answered by our results or the previous study in yeast
cells27, and needs to be further explored.

In summary, we have developed an in vivo assembly system of
eukaryotic nucleosomes in a model bacterium, E. coli. We successfully
reconstituted in vivo in a bacterial system, the nucleosome, and its non-
canonical variants, like (H3-H4)2 tetrasomes and (H3-H4)4 octasomes.
These non-canonical nucleosomes, the so called ‘fossil complex’, likely
inherit the multimeric structures from their ancestors. The in vivo forma-
tion of the different nucleosome structures in a bacterium supports the
in vitro reconstitution results, and also provides a unique platform for
studying the properties of the nucleosome, and its non-canonical variants.
This synthetic biology approach to assemble thenucleosomeand its variants
in a ‘naive’ system may also present a opportunity to enhance our under-
standing on the important question of how the eukaryotic nucleosomes
evolved through the process of eukaryogenesis.

Methods
Plasmids and histone-expression constructs
The plasmids and construction of various histone-expression vectors are as
described (Supplementary Table 1; Supplementary Methods). The oligo-
nucleotides used in vector construction are listed in Supplementary Table 3.
Polymerase chain reaction (PCR)was performedusingTaq (ThermoFisher
Scientific) or KOD FX DNA polymerase (TOYOBO). Plasmids and chro-
mosomal DNA were extracted using the Plasmid Mini Kit I and Gel
Extraction Kit from OMEGA. Cloning was performed using either
restriction endonucleases and T4DNA ligase (New England Biolabs) or the
ClonExpress® II One Step Cloning Kit (Vazyme). E. coli strain DH5α was
used for the purpose of molecular cloning.

Fig. 6 | A schematic of a tilted balance model for
in vivo assembly of canonical octasomes and (H3-
H4)-only octasomes that possibly represent a
‘fossil complex’ before emergence of the eukar-
yotic nucleosomes. The dynamic process of
nucleosome assembly is initiated with action of (H3-
H4)2-tetramer being deposited onto a DNA tem-
plate, creating a tetrasome platform that resembles
their archaeal ancestors. The subsequent loading of
H2A-H2B dimers leads to formation of the cano-
nical octasome (eukaryotic core nucleosome). In the
absence of H2A-H2B dimer, the non-canonical
(H3-H4)4 octasomes may form, which represent a
‘fossil complex’ that marks the intermediate before
emergence of the eukaryotic nucleosomes. The
H2A-H2B dimers showed a greater tendency to bind
(H3-H4)2 tetrasomes to form the eukaryotic core
nucleosome, tilting evolution to eukaryotic
structures.
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Strains and expression of histones in bacterial culture
E. coli strain Rossetta (DE3) was transformed via heat-shocked method to
construct various histone-expressing strains in this study (Supplementary
Table 2). All strains were grown in LB medium at 37 °C with agitation
(220 rpm) unless otherwise indicated. For induced histone expression, a
single colony of histone-expression strains was inoculated into 3mL LB
media containing appropriate antibiotics, i.e., kanamycin (50 µg/mL),
chloramphenicol (25 µg/mL) or carbenicillin (50 µg/mL). This starter cul-
turewas grownovernight at 37 °C, 220 rpmbefore being amplified to 20mL
culture of the same media and grown at 37 °C, 220 rpm, to exponential
phase (OD600 = 0.6). Then, the expression of various histones was induced
with addition of 400 µM IPTG and harvested for assay when the OD600

reached 1.2.

SDS-PAGE analysis of histone protein expression
Avolumeof 16.7mLE. coli culture (OD600 ~ 1.2) after inductionwith IPTG
were harvested by centrifugation (5000 rpm for 5min at 4 °C). The cells
were re-suspended in 2mL lysis buffer (50mM Tris-HCl, pH 8.0, 500mM
NaCl, 10mM 2-mercaptoethanol, 5% glycerol and 0.1mM proteinase
inhibitor (PMSF)). Cells were lysed, and genomic DNA was fragmented to
obtain soluble fractions using a Scientz sonication system (Ningbo Scientz
Biotechnology CO. LTD, Ningbo, China) in an ice-water bath. For total
protein analysis, 80 µL of total cell lysate were mixed with 20 µL 5× SDS-
PAGE Protein Loading Buffer.

100 µL of total cell lysate were centrifuged at 15,000 rpm for 15min at
4 °C to separate soluble proteins from cell pellet. The supernatant was
treated with 20 µL 5× SDS-PAGE Protein Loading Buffer (#20315ES05,
Yeasen, Shanghai). The pellet was suspended in 80 µL lysis buffer and
treated with 20 µL 5× SDS-PAGE Protein Loading Buffer.

Samples for supernatant, pellet and total lysate (representing roughly
1.0 OD600 bacterial culture) were incubated at 95 °C for 10min before
centrifuged at 15,000 rpm for 30min at 4 °C. Samples were loaded on SDS-
PAGE (15% Bis-Tris) for electrophoresis, and protein contents were
revealed using Coomassie Blue Fast Staining Solution (P0017, Beyotime,
Shanghai).

We used molar ratio of H1 to H2A to characterize the relative
expression levels of histoneH1 in comparison to core histones. To calculate
the molar ratio of H1 to H2A, we used the formula (below):

Molar Ratio H1 : H2Að Þ Grayscale Value of H1
Molecular Weight of H1

� �
=

Grayscale Value of H2A
Molecular Weight of H2A

� �

The grayscale values of the protein bands corresponding to histoneH1
andH2Aon SDS-PAGEgel depicted in Fig. 5bweremeasured using ImageJ
software.

In situ micrococcal nuclease digestion assay for E. coli
(ecMNase)
The micrococcal nuclease (MNase) digestion of genome DNA was pre-
viously used to analyze nucleosome formation in eukaryotes, which dis-
played a unique pattern of genomicDNA fragmentation due to nucleosome
protection35,36. To make it work with the nucleosome-forming E. coli cells,
we developed the in situ MNase digestion assay to work with E. coli cells
(ecMNase) by generating protoplasts from bacterial cells and applying
MNase to them (Supplementary Fig. 1d). A volume of 16.7mL bacterial
culture (OD600 ~ 1.2) were harvested by centrifugation (5000 rpm for 5min
at 4 °C). The pelleted cells were washed with 1mL chilled buffer B (25mM
Tris-HCl pH 8.0, and 456mM sucrose). Following centrifugation at
5000 rpm for 5min at 4 °C, bacterial cells were incubated in 2mL buffer A
(25mM Tris-HCl pH 8.0, 456mM sucrose, 0.042% EDTA pH 7.0, and
0.21mg/mL lysozyme) for 17min at 25 °C to generate protoplasts. The
protoplasts were pelleted (5000 rpm for 5min at 4 °C) and washed with
buffer B for three times. Then the protoplasts were re-suspended in 2.0mL

MNase buffer (1.0M sorbitol, 50mMNaCl, 1mMCaCl2, 10mMTris-HCl
pH7.4, 5.0 mMMgCl2, 1.0 mMbeta-mercaptoethanol, 0.5 mMspermidine
and 0.1% Nonidet NP-40). Aliquots of 250 µL protoplast suspension
(representing 2.5 OD of bacterial culture) were treated with 200 unit/mL
MNase (N863776-10KU, Maklin, Shanghai) at 37 °C for different length of
time, before reactions were stopped by addition of 12.5 µL 0.5M EDTA to
each reaction. For prolonged MNase digestion, 280, 320, 360 and 400 unit/
mLMNasewereused, respectively, to treat protoplast suspension for 12min
at 37 °C. Each aliquot was further treated with 0.5% SDS, 100 µg/mL ribo-
nuclease A, and 200 µg/mL proteinase K at 37 °C for 1 h, before DNA was
precipitated with ethanol and re-suspended in 20 µL distilled water. The
DNA fragmentation profiles were assessed by electrophoresis (2% agarose
gel in 1× TAE). For the prolonged MNase digestion assay, the DNA frag-
mentswere analyzedwith 6%agarose gel in 1×TAE (Supplementary Fig. 5).

Fluorescence imaging analysis of various nucleosome-forming
bacteria
To visualize the nucleosome complex formation in different strains,
1.43mL of bacterial cultures (OD600 ~ 1.2) treated IPTG were harvested
by centrifugation (5000 rpm for 3 min at 4 °C). Pellets were washed with
PBS buffer (0.137M Sodium chloride, 0.0027M Potassium Chloride,
0.01M Sodium Phosphate Dibasic and 0.0018M Potassium Phosphate
Monobasic, pH 7.4), and stained with 50 µg/mL DAPI (4’,6-diamidino-
2-phenylindole, Sigma) for 10minutes on ice. 1 µL of stained cell- sus-
pension was spread onto pre-prepared 1% agarose pad on slides. Cells
were visualized and images were taken using Leica TCS SP8 STED 3×
confocal laser scanning microscope with a HC PL APOCS2 100×/1.30 oil
objective and a HyD1 detector. The excitation and emission wavelengths
were 405 nm and 430–480 nm for DAPI, and were 561 nm and 592-
671 nm for mCherrry, respectively. The bright field (BF) was visualized
with the PMT detector. Images were analyzed using the Leica Applica-
tion suite X and ImageJ 1.53e.

Transmission electron microscope (TEM) imaging analysis of
various nucleosome-forming bacteria
A volume of 83mL bacterial culture (OD600 ~ 1.2) treated with IPTG were
harvested by centrifugation (5000 rpm for 5min at 4 °C). The pellets were
washed twice with the glutaraldehyde solution (2.5% [vol/vol] in 0.1M
phosphate buffer, pH 7.2) and fixed with the glutaraldehyde solution for
24 h at 4 °C. Fixed cells were washed with 0.1M phosphate buffered saline
(PBS, pH 7.2) several times and then postfixed in 1% osmium tetroxide in
0.1M PBS for 2 h at 4 °C. Next, the cells were dehydrated in a series of
ethanol solution (30, 50, 70, 80, 90, 95, and 100%) for 15min each, and then
100%acetone (30min each; 3 times). For resin penetration, dehydrated cells
were incubated in a mixture of acetone and epoxy resin (3:1) for 2 h, of an
equal volume of acetone and resin (1:1) for 2 h, and of acetone and epoxy
resin (1:3) for 2 h, before treated with pure epoxy resin 3 times for 8 h each.
Finally, the samples were embedded in Epon 812 resin and allowed to
polymerize at 35 °C and 45 °C for 12 h successively. The epoxy resin-
embedded cells were cured in a 60 °C oven for 2 days. The cured blockswere
cut on an ultramicrotome with glass knives, and 70 nm-thick sections were
placed on copper grids and stained with uranyl acetate and lead citrate
solution. The sections were observed and imaged with a H7650 electron
microscope (HITACHI, Tokyo) operated at 80 kv.

ecMNase sequencing (ecMNase-seq) of the nucleosome-
forming E. coli
A volume of 16.7mL bacterial culture (OD600 ~ 1.2) were harvested and
treated with ecMNase assay using the digestion conditions as described
above. Gel slices containing the mono-nucleosome products (approxi-
mately 100 to 180 bp)were obtained, andDNAfragmentswere extracted for
sequencing using Illumina Hiseq X Ten instrument according to manu-
facturer’s instructions (Illumina, SanDiego, CA).Note a reducednumber of
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PCR cycles (~4 cycles) were used for library construction to ensure mini-
mum redundancy of ecMNase-seq data. Illumina sequencing was per-
formed by Genewiz (Suzhou, China), using a 2 × 150 paired-end (PE)
configuration. Paired-end MNase-seq reads were first trimmed for adapter
sequences using Cutadapt (version 2.7)64 (parameters: -a AGATCGGAA-
GAGCACACGTCTGAACTCCAGTCAC, -A AGATCGGAA-
GAGCGTCGTGTAGGGAAAGAGTGT), and then merged using
BBmerge (version 38.26)65 with default parameters. The merged reads were
analyzed for length distribution using R.

DNA size detection using Agilent 2100
To analyze the size of the DNA fragments produced from stains Ec-AB34,
Ec-AB341, and Ec-34* in the ecMNase experiments, the samples was
detectedusing theAgilent directly to capillary electrophoresis analysis using
Agilent 2100 bioanalyzer and DNA10000 kit without running agarose gel
first according to the protocals, performed by Genewiz (Suzhou, China).

Statistics and reproducibility
For growth profiles, we performed 4 replicates of curves to ensure the
reproducibility of the results, and the data were presented as mean ± sem.

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

Data availability
MNase-seq data are available on NCBI under BioProject ID
PRJNA1088616. Source data are provided in this paper. Datasets used and
analyzed are available in Supplementary Data 1. All the original gels images
are includedas SupplementaryFig. 6. in theSupplementary Information.All
other datawill be available from the corresponding authors upon reasonable
request.
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