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Epigeneticmodulation via the C-terminal tail
of H2A.Z

László Imre 1, Péter Nánási Jr1, Ibtissem Benhamza 1, Kata Nóra Enyedi 2,3,
Gábor Mocsár 4, Rosevalentine Bosire 1, Éva Hegedüs1, Erfaneh Firouzi Niaki1,
Ágota Csóti1, Zsuzsanna Darula 5,6, Éva Csősz 7, Szilárd Póliska 7,
Beáta Scholtz 7, Gábor Mező 2,3, Zsolt Bacsó 1, H. T. Marc Timmers 8,
Masayuki Kusakabe9, Margit Balázs10, György Vámosi 1, Juan Ausio 11,
Peter Cheung12, Katalin Tóth 1, David Tremethick 13, Masahiko Harata14 &
Gábor Szabó 1

H2A.Z-nucleosomes are present in both euchromatin andheterochromatin and
it has proven difficult to interpret their disparate roles in the context of their
stability features. Using an in situ assay of nucleosome stability and DT40 cells
expressing engineered forms of the histone variant we show that native H2A.Z,
but notC-terminally truncatedH2A.Z (H2A.ZΔC), is released fromnucleosomes
of peripheral heterochromatin at unusually high salt concentrations. H2A.Z and
H3K9me3 landscapes are reorganized in H2A.ZΔC-nuclei and overall sensitivity
of chromatin to nucleases is increased. These tail-dependent differences are
recapitulated upon treatment of HeLa nuclei with the H2A.Z-tail-peptide (C9),
withMNase sensitivity being increased genome-wide. Fluorescence correlation
spectroscopy revealed C9 binding to reconstituted nucleosomes. When intro-
duced into live cells, C9 elicited chromatin reorganization, overall nucleosome
destabilization and changes in gene expression. Thus, H2A.Z-nucleosomes
influence global chromatin architecture in a tail-dependent manner, what can
be modulated by introducing the tail-peptide into live cells.

The variant histone H2A.Z is involved in the regulation of diverse and
basic cell functions, with activating as well as repressive effects that
have proved difficult to reconcile with the structural information
available for the nucleosomes containing H2A.Z. It contributes to the

regulation of transcriptional initiation and elongation, DNA replica-
tion, heterochromatin organization, DNA repair, cell differentiation
and cell cycle, and epithelial mesenchymal transition in embryonic
development. It is also upregulated in a variety of different types of

Received: 8 July 2022

Accepted: 12 October 2024

Check for updates

1Department of Biophysics and Cell Biology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary. 2Department of Organic Chemistry, Institute
of Chemistry, Eötvös Loránd University, Budapest, Hungary. 3HUN-REN-ELTE, Supported Research Groups, Research Group of Peptide Chemistry,
Budapest, Hungary. 4Damjanovich Cell Analysis Core Facility, Department of Biophysics and Cell Biology, University of Debrecen, Faculty of Medicine,
Debrecen, Hungary. 5Single Cell Omics Advanced Core Facility, Hungarian Centre of Excellence for Molecular Medicine, Szeged, Hungary. 6Core Facility,
Proteomics Research Group, HUN-REN Biological Research Centre, Szeged, Hungary. 7Department of Biochemistry and Molecular Biology, Faculty of
Medicine, University of Debrecen, Debrecen H-4032, Hungary. 8German Cancer Consortium (DKTK), partner site Freiburg, a partnership between the DKFZ
and Medical Center-University of Freiburg and Department of Urology, Medical Center-University of Freiburg, Breisacher Str. 66, Freiburg, Germany.
9Biosignal ResearchCenter, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe 657-8501, Japan. 10HUN-REN-UD Public Health Research Group, Department
of Public Health and Epidemiology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary. 11Department of Biochemistry and Microbiology,
University of Victoria, Victoria, British Columbia, Canada. 12York University, Toronto, Canada. 13The John Curtin School of Medical Research, The Australian
National University, Canberra, ACT 2601, Australia. 14Laboratory of Molecular Biology, Graduate School of Agricultural Science, Tohoku University,
Sendai, Japan. e-mail: szabog@med.unideb.hu

Nature Communications |         (2024) 15:9171 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0001-9562-6943
http://orcid.org/0000-0001-9562-6943
http://orcid.org/0000-0001-9562-6943
http://orcid.org/0000-0001-9562-6943
http://orcid.org/0000-0001-9562-6943
http://orcid.org/0009-0000-3219-5744
http://orcid.org/0009-0000-3219-5744
http://orcid.org/0009-0000-3219-5744
http://orcid.org/0009-0000-3219-5744
http://orcid.org/0009-0000-3219-5744
http://orcid.org/0000-0003-3724-5936
http://orcid.org/0000-0003-3724-5936
http://orcid.org/0000-0003-3724-5936
http://orcid.org/0000-0003-3724-5936
http://orcid.org/0000-0003-3724-5936
http://orcid.org/0000-0003-0570-3269
http://orcid.org/0000-0003-0570-3269
http://orcid.org/0000-0003-0570-3269
http://orcid.org/0000-0003-0570-3269
http://orcid.org/0000-0003-0570-3269
http://orcid.org/0000-0002-6475-2610
http://orcid.org/0000-0002-6475-2610
http://orcid.org/0000-0002-6475-2610
http://orcid.org/0000-0002-6475-2610
http://orcid.org/0000-0002-6475-2610
http://orcid.org/0000-0003-1692-7591
http://orcid.org/0000-0003-1692-7591
http://orcid.org/0000-0003-1692-7591
http://orcid.org/0000-0003-1692-7591
http://orcid.org/0000-0003-1692-7591
http://orcid.org/0000-0003-4373-2175
http://orcid.org/0000-0003-4373-2175
http://orcid.org/0000-0003-4373-2175
http://orcid.org/0000-0003-4373-2175
http://orcid.org/0000-0003-4373-2175
http://orcid.org/0000-0002-9722-251X
http://orcid.org/0000-0002-9722-251X
http://orcid.org/0000-0002-9722-251X
http://orcid.org/0000-0002-9722-251X
http://orcid.org/0000-0002-9722-251X
http://orcid.org/0000-0002-2737-5027
http://orcid.org/0000-0002-2737-5027
http://orcid.org/0000-0002-2737-5027
http://orcid.org/0000-0002-2737-5027
http://orcid.org/0000-0002-2737-5027
http://orcid.org/0000-0002-7618-7954
http://orcid.org/0000-0002-7618-7954
http://orcid.org/0000-0002-7618-7954
http://orcid.org/0000-0002-7618-7954
http://orcid.org/0000-0002-7618-7954
http://orcid.org/0000-0001-6885-3796
http://orcid.org/0000-0001-6885-3796
http://orcid.org/0000-0001-6885-3796
http://orcid.org/0000-0001-6885-3796
http://orcid.org/0000-0001-6885-3796
http://orcid.org/0000-0001-7062-1417
http://orcid.org/0000-0001-7062-1417
http://orcid.org/0000-0001-7062-1417
http://orcid.org/0000-0001-7062-1417
http://orcid.org/0000-0001-7062-1417
http://orcid.org/0000-0002-7940-2787
http://orcid.org/0000-0002-7940-2787
http://orcid.org/0000-0002-7940-2787
http://orcid.org/0000-0002-7940-2787
http://orcid.org/0000-0002-7940-2787
http://orcid.org/0000-0002-9674-6717
http://orcid.org/0000-0002-9674-6717
http://orcid.org/0000-0002-9674-6717
http://orcid.org/0000-0002-9674-6717
http://orcid.org/0000-0002-9674-6717
http://orcid.org/0000-0002-0081-4720
http://orcid.org/0000-0002-0081-4720
http://orcid.org/0000-0002-0081-4720
http://orcid.org/0000-0002-0081-4720
http://orcid.org/0000-0002-0081-4720
http://orcid.org/0000-0001-5274-8078
http://orcid.org/0000-0001-5274-8078
http://orcid.org/0000-0001-5274-8078
http://orcid.org/0000-0001-5274-8078
http://orcid.org/0000-0001-5274-8078
http://orcid.org/0000-0002-9163-3465
http://orcid.org/0000-0002-9163-3465
http://orcid.org/0000-0002-9163-3465
http://orcid.org/0000-0002-9163-3465
http://orcid.org/0000-0002-9163-3465
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53514-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53514-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53514-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53514-9&domain=pdf
mailto:szabog@med.unideb.hu
www.nature.com/naturecommunications


cancers, has important roles in intestinal epithelial cell homeostasis,
Wnt, Notch, Nanog, Gli1 signaling, and in central nervous system
development and function (for reviews see1,2). H2A.Z exhibits about
60% identity to canonicalH2A and constitutes approximately 5% of the
total H2A histone pool in vertebrates3.

Since the nucleosomal structure is, in general, repressive for
transcription, replication and repair, one strategy of eukaryotic cells to
regulate these activities involves de-repression by destabilizing or
mobilizing particular nucleosomes. As such, the stability of nucleo-
somes is of utmost regulatory importance, and it can bemodulated by
posttranslational modifications (PTMs) on histones, the reader pro-
teins binding to themaswell as by histone variant composition4. In this
context, destabilizing effects are expected in the case of activating
functions, while nucleosome stabilization would suit repressive roles.
In a puzzling manner, there are observations suggesting that the pre-
sence of H2A.Z in nucleosomes can increase5–11, or decrease6,12–19

nucleosome stability, which underscore the context-dependent com-
plexity of this variant20,21. Even similar experimental approaches have
led to disparate conclusions, such as the different findings from För-
ster resonance energy transfer measurements on reconstituted
nucleosomes5,20 or magnetic tweezer unzipping measurements11,15. On
the other hand, in genomics studies, destabilizing effects are regularly
described. For example, the presence of H2A.Z destabilizes local
nucleosome structure in ES cells, leading to decreased nucleosome
occupancy and increased chromatin accessibility, particularly at
enhancers16. In line with this report, H2A.Z deposition creates wide
ATAC-Seq positive promoter regions in mouse fibroblasts genome-
wide18. Furthermore, decreasedunwrapping of the +1 nucleosomes has
been found recently by MNase-X-ChIP-seq upon depletion of H2A.Z19.
Unusually labile (i.e., sensitive to low concentration of NaCl) H2A.Z-
containing nucleosomes have been detected at the TSS (transcription
start site) region of transcriptionally active promoters14, particularly
those flanking nucleosome-free regions at TSSs that contain H2A.Z
paired with the H3.3 variant22. Context-dependent variation of H2A.Z
nucleosome stability has been demonstrated by a differential MNase
digestion approach revealing that H2A.Z nucleosomes upstream or
downstream of the TSS are much more resistant to MNase than those
at the TSS23. One possible explanation for some of the above differ-
ences is how nucleosome stability is defined and measured. On the
other hand, since H2A.Z-containing nucleosomes are also present in
the transcriptionally repressed heterochromatin24,25 with stability fea-
tures likely different from those of the euchromatic localization, the
different results may also be related to the possible intranuclear het-
erogeneity of H2A.Z nucleosomes.

In human cells, H2A.Z is loaded onto chromatin by the Tip60/
p400 and SRCAP chromatin remodeling complexes,while ANP32E and
INO80 are responsible for its eviction. In addition to the INO80 type
remodelers, ISWI and CHD family protein complexes have also been
implicated in the replication-independent dynamics of the variant (for
review see ref. 26). These activities must be superimposed on and also
influence, the nucleosome-autonomous stability features.

H2A.Z has two isoforms, H2A.Z.1 and H2A.Z.2.1, which differ in
only 3 amino acids27 and are encoded by separate genes. The two
isotypes have indispensable and selective functions during
development28,29 and appear to have distinct roles in controlling nor-
mal and cancer cell proliferation30,31. Only subtle structural differences
between canonical and H2A.Z-containing nucleosomes were revealed
by X-ray crystallography32,33. Alternative splicing gives rise to the
hypervariant H2A.Z.2.2 that is shorter than H2A.Z.1 or Z2 by 14 amino
acids and markedly destabilizes nucleosomes relative to H2A.Z.1 or
H2A33. Through the spectacles of mobility features of nucleosomal
DNA termini, cryo-EM studies21 support the notion of a destabilizing
role of H2A.Z which depends on its C-terminal tail; however, the same
study has also demonstrated the formation of more condensed chro-
matin fibers in the presence of H2A.Z (recently reviewed in ref. 34). In a

recent high-speed atomic microscopic (AFM) study35, interaction
between theN-terminal region ofH2A.Z.1 and theDNAwas found to be
responsible for nucleosome sliding, at variance with21. In summary, the
different approaches addressing the relationships between the stabi-
lity features of H2A.Z-containing nucleosomes and their other char-
acteristics, including isoform composition, post-translational
modifications (PTMs) and their roles in euchromatin vs. hetero-
chromatin, have not yet led to a fully coherent picture2,30.

In this work, we made use of an in situ assay of nucleosome sta-
bility, QINESIn (Quantitative Imaging of Nuclei after Elution with Salt/
Intercalators)36 to gain insights into the stability features of H2A.Z-
containing nucleosomes in close to native conditions of chromatin.
This quantitative imaging cytometry-based assay delivers histone type,
PTM- and cell cycle phase-specific information on the stability features
of nucleosomes consisting of native endogenous or ectopically
expressed histones, in populations of individual nuclei. A unique
genetic complementation system37 was also employed, involving
H2A.Z.1 and Z2 double knock out (DKO) DT40 cell lines expressing
transduced H2A.Z.1, Z2, a non-acetylatable Z1 mutant or a truncated
H2A.Z.1 missing its C-terminal 9 amino acids27,37,38, to learn what role
the related factors may have in determining nucleosome stability
in vivo. Having observed remarkable changes of nucleosome stability,
nuclear architecture and accessibility features of chromatin in the case
of the C-terminal deletion, the effect of a peptide representing the tail
(C9) on these features was tested in permeabilized nuclei, and its
binding to reconstituted nucleosomes was studied by fluorescence
correlation spectroscopy (FCS). Based on these observations and
the effect of C9 introduced into live cells on gene expression, a central
role of the alternative engagements of the C-terminal H2A.Z tail in the
functioning of this histone variant emerges and the possibility of epi-
genetic modulation via introducing C9 into live cells is demonstrated.

Results
H2A.Z-containing nucleosomes exhibit intranuclear hetero-
geneity regarding their stability features and intranuclear
localization
Using QINESIn (Suppl. Fig. 1A, B), we show that H2A.Z can be unusually
stably chromatin associated (Fig. 1A), exhibiting salt elution profiles
typical of H3 or H4 (see ref. 36, and refs. cited therein), as compared to
canonical H2A or H2A.X, in every phase of the cell cycle (Fig. 1B). In
QINESIn, the curves represent the average immunofluorescence (IF) of
agarose-embedded nuclei left behind after their treatment with the
indicated concentration of salt. The apparent stability of the H2A.Z-
containing nucleosomes depends on which anti-H2A.Z antibody is
applied to visualize the histone variant: an Abcam antibody (generated
against the C-terminus of the histone starting with amino acid 65,
comprising the H2A.Z docking domain and the C-terminal unstruc-
tured tail; see Suppl Fig. 1C; designated ZAbA from here on) and three
others (Suppl. Fig. 2A–D) detect the stable H2A.Z-containing nucleo-
somes, while the Thermo Fisher Scientific antibody PA5-17336 (gen-
erated against a peptide sequence surrounding amino acid residue 118
of the docking domain, near the tail; designated ZAbB) detects H2A.Z
in nucleosomes behaving similarly to those containing the canonical
H2A (see dashed line in Fig. 1C), or tofluorescent protein-taggedH2A.Z
(see below). (Since all the antibodies used detect both isoforms, the
isoform-specific designations of the histone will be used in the text
only when H2A.Z.1 and H2A.Z.2.1 could be distinguished.) Different
antibodies detect H2A.Z at different nuclear localizations: ZAbA
recognizes H2A.Z nucleosomes mainly at the nuclear periphery, while
ZAbB staining gives a more scattered pattern (Fig. 1D, E). Suppl Fig. 2E
demonstrates that the H3-like stability of H2A.Z approached the H2A-
like features when the nuclei were pretreated with a frequent-cutter
nickase; we have previously shown that topological relaxation via
nicking destabilizes nucleosomes to salt such that eviction of the
dimers is facilitated36. Thus, the sameantibody is able to identifyH2A.Z

Article https://doi.org/10.1038/s41467-024-53514-9

Nature Communications |         (2024) 15:9171 2

www.nature.com/naturecommunications


within stable or unstable nucleosomes depending on the superhelical
state of the DNA. Antibody labeling follows the salt elution step in
QINESIn, so it cannot affect the elution characteristics of a histone.

H2A.Z isotype composition, PTMs that can mark H2A.Z, and the
presence or absence of the C-terminus binding reader protein
PWWP2A38 could all affect the stability of nucleosomes containing
H2A.Z. However, employing inhibitors and cell lines expressing dif-
ferent isoforms or mutants of H2A.Z in a double KO (DKO) DT40
background37 we have shown that the stability features measured do
not depend on H2A.Z isotype specificity, acetylation, ubiquitination
or sumoylation (Suppl Figs. 2G–L and 3A–C). The finding that the
H2A.Z elution curves were similar at different PWWP2A expression

levels is not surprising in view of the fact that the reader is eluted at
rather low salt, so it could not affect the stability features measured
in our assay (see Suppl. Fig. 3C). Due to the same reason, the unusual
stability features of H2A.Z as detected by ZAbA cannot be due to
PWWP2 binding either. The above negative data are in line with
published observations made on reconstituted nucleosomes con-
firmed in Fig. 1G (see also Suppl. Fig. 3D): A higher concentration of
NaCl was required to elute H2A.Z as compared to H2A being co-
eluted with histone H3, recapitulating the salt elution profile in HeLa
cells (Fig. 1A–C), as analyzed by hydroxyapatite chromatography39.
These observations suggest that the unusual behavior of H2A.Z
detected by several antibodies (Abcam 97966, 4174, 18262 and
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Fig. 1 | Intranuclear heterogeneity of H2A.Z. A Comparison of the salt elution
profiles,measured byQINESIn (as in Suppl. Fig. 1A), of H2A,H2A.X, H2A.Z (detected
by the antibody ZAbA; Abcam, ab 97966) and of H3-GFP (used as an internal con-
trol) in HeLa nuclei.B Salt elution profile of H2A.Z detected by ZAbA inHeLa nuclei
of different cell cycle phases. C Salt elution curves of H2A.Z detected by ZAbB
(Thermo Fisher Sci.) and ZAbA, measured separately in HeLa nuclei. In (A–C), the
elution curves refer to G1 phase nuclei gated according to their DNA fluorescence
intensity distribution and the error bars represent SEMof ~600nuclei measured by
LSC. Blue arrows on the elution curves indicate EC50 values (also in the other

figures).D, E CLSM images and line-scans showing nuclear localization of H2A.Z as
recognized by ZAbA (D), or by ZAbB (E). F IF staining of H2A.Z (using ZAbA or
ZAbB), Lamin B1, HP1, CTCF, Rad21, H1, H3K9me3, and H3K27me3 in halo samples
of HeLa nuclei. Representative images are shown. G Hydroxyapatite dissociation
chromatography analyses of chromatin assembled in vitro using Xenopus laevisN1/
N2- (H3, H4) and recombinant H2A/H2B or H2A.Z.1/H2B (see “Methods”). The H2A/
H2B dimers run on the gel as a single band. See full gel image in Suppl. Fig. 3D.
Arrows point at the histones eluted at 1M salt.
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Millipore 07-594) is an autonomous feature of certain nucleosomes
containing the variant histone.

When the salt elution curves of Fig. 1A were plotted without
normalization to zero endpoint (Suppl. Fig. 2F), a ~10% fraction of
H2A.Z remained in the nuclei after the highest concentration of salt.
This fraction was apparently bound to the nuclear lamina according to
the confocal laser scanning microscopic (CLSM) images of nuclear
halo samples, as shown in Fig. 1F. H2A.Z was present in two concentric
layers of the lamina, recapitulating its superresolution structure40. This
fraction is referred to from here on as H2A.Zlmn. Interestingly, beside
H2A.Z, CTCF, H1, H3K9me3, H3K27me3, HP1, and the cohesin subunit
Rad21 were also present in the two layers. Most of these proteins were
also detected by mass spectrometric analyses of the halo samples
(Suppl. Table 1).

Interestingly, the fluorescent protein-tagged forms of H2A.Z.1
and Z2 both show a destabilized character, similarly to what was
observed through the spectacles of ZAbB, and this was invariant to
the N- or C-terminal localization of the protein-tag (Suppl. Fig. 4A, B).
As the co-labeling experiment of Suppl. Fig. 4C shows, the ZAbA-
detected chromatin elements exhibit peripheral localization, while
the tagged forms, similarly to the ZAbB-detected histones, are dis-
tributed in a scattered fashion in the nucleus, suggesting that ZAbA
and ZAbB preferentially recognize different subsets of the variant in
the nucleus. The intranuclear localization and stability features of
H2A.Z-nucleosomes were both sensitive to even small tags, particu-
larly when present at the C-terminus (Suppl. Fig. 4D–F). The speci-
ficity of the antibodies was demonstrated in Western blots using
recombinant histones41 (see Suppl. Fig. 5A–C), and also confirmed in
experiments where silencing of H2A.Z using shRNA24 has led to
decreased H2A.Z IF before cell death would occur (Suppl. Fig. 5D–G).
H2A.Z silencing induced reorganization of the heterochromatin
(Suppl. Fig. 5H, I), concomitant with the disappearance of the histone
variant from the H3K9me3-rich peripheral heterochromatin (Suppl.
Fig. 5G, H). Suppression of the binding of ZAbA by recombinant
H2A.Z.1 protein was also demonstrated (Suppl. Fig. 5J). Silencing
was confirmed also in western blots (Suppl. Fig. 6A–E) and by
co-transfection of the silencing construct with a GFP-expressor
plasmid allowing the separate gating of successfully transfected cells
in the laser scanning cytometric (LSC) analysis of H2A.Z expression
(Suppl. Fig. 6F–H).

Thus, two kinds of H2A.Z containing chromatin regions can be
distinguished: ZAbA-detected salt-stable ones likely associated with
the peripheral heterochromatin (designated H2A.Zhc; see Fig. 1D), and
those with stability features of canonical nucleosomes being more
scattered or more centrally located in the nuclei, resembling euchro-
matin (designated H2A.Zeu; see Fig. 1E). (The third nuclear compart-
ment containing the variant histone is H2A.Zlmn; see above).

The localization patterns of the histone variant in the agarose-
embedded nuclei labeled with ZAbA and ZAbB before fixation are
similar to those of the prefixed specimen shown in the manufacturers’
datasheets. The CFP or YFP-tagged H2A.Z.1 and Z2 containing
nucleosomes appear to be scattered in the nucleus42, similarly to the
images obtained with ZAbB and the GFP-tagged histone (Fig. 1E,
Suppl. Fig. 4C).

In agreementwith the ZAbA-detected nucleosomes exhibitingH3-
like, i.e., decreased, salt-sensitivity in the salt elution experiments,
H2A.Z was detected by mass spectrometry (MS) in the salt resistant
fraction (see Suppl. Fig. 7A and Suppl. Table 2). Proteins associated
with euchromatic functions as well as others implicated in hetero-
chromatin organization43,44 were both detected, just like in a different
experimental set-up, using the CUT&RUN protocol45 followed by MS
(flow-charts and titration of MNase concentration are shown in Suppl.
Fig. 7B and C–E, respectively). According to the MS data, ZAbA and
ZAbB recognize nucleosomes associated with an overlapping spec-
trum of proteins, many of which were found to be H2A.Z-associated

also in other studies. There was an overlap also between the list of hits
in the two different approaches (H2A.Z, HP1, MATR3, LMNA, H1.0).

Effect of the H2A.Z C-terminus on nucleosome stability and
localization
In view of the fact that the C-terminal region of the unstable H2A.Z.2.2
isoform is 14 residues shorter than either isoform of H2A.Z4, where the
last six residues of Z.2.2 form a motif facilitating nucleosome
assembly46, we conducted experiments using cells expressing H2A.Z.1
with a 9 amino acid deletion at the end of their C-terminus (between
amino acids 119–128, Suppl. Fig. 1C), on a double, H2A.Z.1, H2A.Z.2 KO
(DKO) DT40 background37. The H2A.ZΔC containing nucleosomes
were less stable as compared to nucleosomes containing full-length
H2A.Z, as studied by QINESIn in the agarose-embedded nuclei of the
H2A.ZΔC and the H2A.Z.1-expressor control cells, respectively; Fig. 2A,
Suppl. Fig. 8A), while the stability of nucleosomes carrying H3K27me3
or H3K9me3 was similar in the two cells (Suppl. Fig. 8B, C). The elution
profile of the C-terminally truncated H2A.Z-nucleosomes exhibiting
canonical, H2A-like behavior was affected much less by nicking treat-
ment, as compared to the nucleosomes containing full-length H2A.Z
(using ZAbA; Suppl. Fig. 8D).

Remarkably, not only the stability of H2A.Z containing nucleo-
somes but also their nuclear localization pattern was C-terminus
dependent (Fig. 2B–D). In the H2A.ZΔC-expressing cells, the locali-
zation of ZAbA-detected H2A.Z is changed to a much more scattered
and less peripheral topography in the same DKO background, while
there was no such difference in the case of the ZAbB-detected ones
(compare Suppl. Fig. 9 with Suppl. Fig. 10). The spatial distribution of
H3K9me3 marked nucleosomes also changed, as reflected by the
altered texture of H3K9me3 containing structural elements (Fig. 2C;
Suppl. Fig. 11A, B) in comparison with that of H3K27me3 (Suppl.
Fig. 11C, D), and the colocalization data of Fig. 2B, D, Suppl.
Figs. 9 and 10. Manders colocalization coefficient (MCC) was used to
characterize the pixel-overlap of H2A.Z with hetero- and euchroma-
tinmarkers. The H2A.ZΔC levels expressed in the nuclei of these DKO
DT40 cells were about half of the H2A.Z levels in the same DKO
background, while the total number of H3K9me3, H2B nucleosomes
and also the amount of DNA in the nuclei of the two cell types were
similar (Suppl. Fig. 11E). The degree of colocalization between ZAbA-
detected H2A.Z and H3K9me3 was significantly lower in the H2A.ZΔC
than in H2A.Z.1 DKO nuclei (Fig. 2D). The difference between the two
cell lines was smaller in the case of H2A.Z and H3K27me3 colocali-
zation (Suppl. Figs. 9 and 10). The somewhat elevated levels of
H3K27me3 in H2A.ZΔC cells (Suppl. Fig. 11E) may account for the
altered degree of colocalization between H3K9me3 and H3K27me3
(Suppl. Fig. 10D). The conspicuous decrease of colocalization
between H2A.Z and H3K9me3 in H2A.ZΔC is present in spite of the
fact that the ZAbA-detected H2A.ZΔC levels are lower than those of
H2A.Z detected in DKO/Z1 cells (Suppl. Fig. 11E). The higher MCC
value indicative of more H2B colocalizing with ZAbA-detected H2A.Z
in the ΔC nuclei relative to those harboring the full-length form
(Suppl. Fig. 9C) can be explained by the decrease in peripherally
localized H2A.Z levels, but not of H2B. At the same time, there was no
change in the colocalization coefficients in the case of PWWP2A and
H2B (Suppl. Fig. 9D).

In contrast with the above observations, when the histone variant
was labeled using ZAbB, preferentially recognizing euchromaticH2A.Z
as shownabove, no significant differencesweremeasured between the
two kinds of cells in terms of colocalization of the histone variant with
either the euchromatic mark H3K4me3 or the heterochromatic mark
H3K27me3 (Suppl. Fig. 10A, B). Although the ZAbB-detectedH2A.Zwas
similarly scattered in both wild-type (wt) and ΔC nuclei, the fraction of
ZAbB-detected H2A.Z colocalizing with H3K9me3 decreased sig-
nificantly in the ΔC nuclei (Suppl. Fig. 10C), similarly to the decrease of
colocalization between ZAbA-detected H2A.Z and H3K9me3 (Fig. 2D).
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Furthermore, the degree of colocalization between the two hetero-
chromatic marks H3K27me3 and H3K9me3 was significantly different
in the H2A.Z.1 vsΔC nuclei (Suppl. Fig. 10D), suggesting that the global
nuclear organization has changed in the ΔC nuclei. The topographic
characteristics of ZAbA- and ZAbB-detected H2A.Z in the DKO/Z1 and
H2A.ZΔC nuclei described above were also apparent in super-
resolution microscopic images, as shown in Suppl. Fig. 11F, G. There
was a difference between the DKO/Z1 and ΔC DT40 nuclei also in the

distribution of H3K9me3 remaining lamina-attached in the halo sam-
ples, while no such difference was detected in the case of H3K27me3
(Suppl. Fig. 12).

Consequences ofH2A.ZC-terminal truncationon accessibility of
DNA in chromatin and on gene expression
The chromatin architectural changes related to the C-terminal trun-
cation of H2A.Z were reflected also in other global effects of potential
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functional relevance. As compared to DKOH2A.Z.1 nuclei, those of the
DKOH2A.ZΔC cells weremore readily digested using a frequent cutter
nickase,MNase andDNAse I (Fig. 2E–G;Suppl. Fig. 13A, B). TheseH2A.Z
tail-dependent changes in chromatin accessibility features were also
reflected in differences of gene expression patterns, comparing wt,
DKO H2A.Z.1, and DKO H2A.ZΔC cells (Suppl. Fig. 14). Among the
genes substantially up- or down-regulated in DKO H2A.ZΔC relative to
DKO H2A.Z.1 or wt, those that have been implicated with pathways
where H2A.Z is known to participate in, are listed in Suppl. Table 3.
These pathways include processes directly involving H2A.Z such as
DNA repair47. Indeed, DKO H2A.ZΔC cells appear to exhibit a dimin-
ished DNA damage response and relatively poor survival upon expo-
sure to DNA damaging agents (Suppl. Fig. 15).

Effects of C9 treatment in permeabilized HeLa nuclei
As Fig. 3, Suppl. Figs. 16, 17 and 18 demonstrate, the destabilized
character, increased nuclease sensitivity and altered intranuclear dis-
tribution of nucleosomes containing H2A.ZΔC were emulated when a
peptide representing the last 9 amino acids of the C-terminus (C9) was
added to HeLa nuclei, suggesting that these differences are the direct
consequences of molecular interactions involving the tail region;
shorter peptides (C6-C8) or a scrambled control peptide (SCR; see
“Methods”) were not, or much less effective. Upon treatment with C9,
the H2A.Z-containing nucleosomes fell apart at 1M salt to a higher
extent (Fig. 3A), while addition of the peptide to nuclei at low salt
elicited no eviction (Suppl. Fig. 17A, B). The H2A.Z-containing chro-
matin regions became partially separated from the H3K9me3-rich
periphery based on the significantly MCC (Fig. 3B, C; Suppl.
Fig. 17C, D). This separation was also observed with Flag-tagged H2A.Z
as shown in Suppl. Fig. 18 (i.e., using the tag with the least influence on
the stability of H2A.Z according to Suppl. Fig. 4F). Notably, treatment
of the nuclei with the C9 peptide increased sensitivity to nickase and
MNase used at 10−3 U/ml concentration (Fig. 3D–L). This MNase con-
centration is in the lower end of the usual concentration range of the
enzyme applied in MNase-seq studies when performed on fixed48 or
nonfixed cells49; however, the enzyme was applied in the absence of
loosely bound proteins that were released upon preparation of the
nuclei in our studies.

In order to determine if the C9-induced increment in MNase
sensitivity is restricted to or preferentially comprises particular
regions, three approaches were followed. First, the sensitivity of
chromatin to MNase was measured in the H3K4me3-marked (mostly
euchromatic) and H3K9me3-marked (mostly heterochromatic)
domains (Fig. 3G, H) over the HeLa nuclei by LSC. The DNA content of
the mostly heterochromatic peripheral and the more euchromatic
central nuclear regions were also separately assessed by CLSM. As
shown in Fig. 3I–L, C9 treatment increasedMNase digestability in both
chromatin domains. In a second approach, CUT&RUN45 experiments
were performed. To mirror the conditions of the LSC-based MNase
experiments, the peptide-treated and control nuclei were first incu-
bated with MNase, then with the antibodies, followed by the targeted
digestion using the pAG-MNase fusion protein (see “Methods”). The

localization of the peaks was nearly identical to that of the peaks
reproducibly detected in the routine procedure (without prior MNase
digestion), both representing only a fraction of the ChIP-Seq peaks
detected using the same antibody (Suppl. Fig. 19A). This difference
highlights the role of accessibility in CUT&RUN, performed on close-to
native chromatin, as opposed to ChIP-Seq experiments where fixed
and sonicated samples are immunoprecipitated.

Using 10−3 U/ml MNase in the first step, the sequences of the
mononucleosomal products of the subsequent pAG-MNase digestion
represent the sequence environment of the nucleosomes detected by
IF in LSC at about 50% digestion of all DNA, both in euchromatin and
heterochromatin (see Fig. 3G, H). As Fig. 4 shows, the number of
H3K4me3 peaks detected in the C9 sample was about 1.3x and 1.4x
higher than in the CTRL and SCR samples, respectively, while the
number of H3K9me3 peaks increased ~2x and ~2.2x relative to
the numbers of the CTRL and SCR samples, respectively. (For example,
the total number of peaks were 36,561 and 17,458 for the C9 and CTRL
sample, respectively, in the experiment of Fig. 4B). These ratios were
similar in an independent experiment (see Suppl. Fig. 19B). Thus, the
result of the initial increment in MNase cleavages evoked by C9 pre-
treatment (resulting in increased loss of DNA from the embedded
nuclei; see Fig. 3G, H) is the appearance in the CUT&RUN digests of
additional DNA fragments of H3K4me3- and H3K9me3-nucleosomal
origin, according to the scheme of Suppl. Fig. 19D. The H3K4me3-
nucleosomes in the CUT&RUN samples were mostly promoter-
proximal also in the C9-treated sample, with a subpopulation of new
peaks arising from regions outside the promoters (Fig. 4A). The
H3K9me3 peaks detected only in the C9-treated sample were dis-
tributed among the different chromatin domains similarly to the peaks
of the control (Fig. 4B and Suppl. Fig. 19C), demonstrating that the
peptide did not increase digestability of the different H3K9me3-
marked heterochromatic regions significantly differently. The peaks
detected only in the C9 samples must have come from sites randomly
distributed among the different categories of nucleosomes marked
withparticular PTMs, similarly to two independent replicas of the same
sample with different total peak numbers.

The result of C9 treatment of HeLa nuclei in euchromatic
regions was studied also by ZAbA-targeted CUT&RUN combined with
mass spectrometry (see “Methods”). As Fig. 4C and Suppl. Table 4
demonstrate, an increased presence of several nuclear proteins
associated with euchromatic functions, including H2A.Z, was
observed, in line with decondensation and increased accessibility to
ZAbA and/or to MNase in the chromatin around H2A.Z-containing
nucleosomes in the euchromatin. The H2A.Z-nucleosomes of per-
ipheral heterochromatin remained in the nucleus in these experi-
mental conditions (Suppl. Fig. 20). In a third approach, the residual
genomic DNA remaining in the agarose embedded samples was
sequenced and the distributions of read coverages among different
sequence categories representing euchromatin and heterochromatin
were compared in the individual samples of C9-treated and control
nuclei afterMNase digestion. The distribution of reads is expected to
reflect the amount of DNA in the different sequence categories and

Fig. 2 | Effect of C-terminal truncation on the salt sensitivity, nuclear locali-
zation and chromatin accessibility features. A Salt elution profiles of nucleo-
somes in H2A.Z.1ΔC (DKO/ΔC) and H2A.Z.1 expressor DKO DT40 cells (DKO/Z1),
detected by ZAbA. The elution curves refer to G1 phase nuclei gated according to
their DNA fluorescence intensity distribution and the error bars represent SEM of
~600 nuclei measured by LSC. B Representative CLSM images showing the nuclear
localization of H2A.Z recognized by ZAbA, and H3K9me3 co-labeled with H2A.Z in
DKO H2A.Z.1ΔC (DKO/ΔC) and H2A.Z.1 (DKO/Z1) nuclei. C Texture analysis (see
“Methods”) of ΔC (DKO/ΔC) and CTRL (DKO/Z1) nuclei showing the size distribu-
tion of structural elements containing H3K9me3 (see also Suppl. Fig. 11A–D).
D Colocalization analysis of H2A.Z and H3K9me3 in ΔC (DKO/ΔC) and CTRL (DKO/
Z1) nuclei. The Manders colocalization coefficient (MCC) values reflecting the

fraction of H2A.Z overlapping with H3K9me3 are shown. Box-and-whisker plot was
created from the data of 25 nuclei. For the expression levels of the proteins in the
two cell lines, see Suppl. Fig. 11E. E MNase sensitivity of ΔC (DKO/ΔC) and CTRL
(DKO/Z1) nuclei. Total DNA content per nuclei was measured by LSC before and
after endonuclease treatment, as indicated on the figure. (F, G) Comparison of
chromatin sensitivities to a frequent cutter nickase (Nt.CviPII). DNA content (G) and
halo size (Suppl. Fig. 13B) of ΔC and CTRL nuclear halos were measured by LSC
before and after nickase treatment of the nuclei (see “Methods”), as indicated on
the figure. Error bars represent SEMof ~600nuclei. Box-and-whisker plot shows the
median, 25th and 75th percentiles as vertical boxes with error bars, 5th, 95th per-
centiles and outliers as dots (also in the other figures).
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their relative resistance to sonication50, yielding an unbiased global
picture of the relative C9-elicited sensitization of the different
sequence categories to MNase. The peptide, while significantly
increasing access of the enzyme to both H3K4me3 and H3K9me3
nucleosomes (according to the LSC data of Fig. 3G, H and the results

of the CUT&RUN experiments described above), and enhancing the
overall digestion of the genomic DNA (Fig. 3D, F, K, L), did not
influence the proportions (in neither of the experiments shown in
Suppl. Fig. 21), confirming that MNase sensitivity was increased by
the peptide rather uniformly genome-wide.
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Fig. 3 | The effect of peptides representing the C-terminus of H2A.Z.1 on the
stability, nuclear localization, and nuclease digestability of different nucleo-
somes. A Stability of H2A.Z nucleosomes, measured as the residual ZAbA IF in
permeabilized HeLa nuclei exposed to 1M NaCl in the presence of different length
peptides (C6-C9) compared to the control (no peptide). ~600 G1 nuclei were
measured in each sample by LSC.Means +/− SDof 3 biological replicates are shown.
B Representative CLSM images showing the localization of H2A.Z recognized by
ZAbA and of H3K9me3 co-labeledwith H2A.Z, in HeLa nuclei treated with C9 or the
scrambled control peptide (SCR).C Colocalization analysis of H2A.Z and H3K9me3
on CLSM images from the experiment of (B). The MCC values representing the
fraction of H2A.Z overlapping H3K9me3 are shown. Box-and-whisker plot was
created from data of ~30 nuclei.D, E Global nickase sensitivity of HeLa nuclei after
treatmentwithC9or SCR,measuringDNAcontent basedon SYBRGold staining (D)

or halo size (E), by LSC. Means +/− SD of 4 biological replicates are shown; events
were collected from the whole cell population. F–H Global MNase sensitivity of
HeLa nuclei after treatment with SCR or C9,measuring DNA content (F; SYBRGold-
staining), H3K9me3 (G) and H3K4me3 IF (H) by LSC. Means +/− SD of 4 biological
replicates are shown; events were collected from the whole cell population.
IContouring and calculation ofmean pixel intensities at the nuclear periphery or in
the center of HeLa nuclei used in the experiments of (J–L). JMean pixel intensities
of PI-stained DNA measured at the periphery (PE) or in the center (CE) of HeLa
nuclei after SCR or C9 treatment and without peptide addition (CTRL). Box-and-
whisker plot was created from the data of 20 nuclei. K, L CLSM measurement of
MNase sensitivity of SCR-, C9-pretreated and control HeLa nuclei, measuring PI-
stained DNA in the center or at the periphery. The mean pixel intensities normal-
ized to 0 U/ml MNase are shown; error bars represent the SEM of 20 nuclei.
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Interaction of reconstituted nucleosomes with C9 as studied by
fluorescence correlation spectroscopy (FCS)
FCSmeasurementswere conducted to further investigate towhat extent
the carboxyfluorescein-labeled C9 (C9-CF) is able to bind reconstituted
H2A or H2A.Z-containing nucleosomes and/or the Cy5-labeled nucleo-
some-positioning Widom sequence used for reconstruction.

The autocorrelation function (ACF) of the samples with nucleo-
somes was shifted to longer lag times suggesting slower diffusion due
to binding (Fig. 5A, B). The fits of the ACFs allowed us to identify a fast-
diffusing population in all samples corresponding to non-bound pep-
tides and a slower diffusing population in the nucleosome containing
samples attributed to peptides bound to nucleosomes. A slow com-
ponent was also observed in samples containing naked DNA. The
relative proportion of the slow, bound component was also obtained
from the fits (Fig. 5C; Suppl. Fig. 22). The ACF curves of C9-CF alone
could be fitted reasonably well with a single diffusing component (see
Fig. 5B); therefore, no C9-C9 binding is assumed to occur in our
conditions.

In fitting the autocorrelations curves, the diffusion time of the
slow fractionwasdeterminedbasedon the diffusion of theCy5-labeled
DNA, after correction for the difference in focal volumes at the dif-
ferent wavelengths (following the pipeline shown in Suppl. Fig. 23).
These measurements were conducted at equilibrium conditions
established at a 5-foldmolar excess of nucleosomes orDNAoverC9-CF
(or the labeled scrambled peptide, SCR, used as a control).

As Fig. 5C demonstrates, at low salt condition about ~5% of the
peptide was found in the slower fraction representing C9-CF bound to
any of the macromolecules, in several independent experiments. The
CF-SCRdid not bind to nucleosomes orDNA,while binding ofC9-CF to
nucleosomes built up from either canonical H2A or H2A.Z was well
detectable (Suppl. Fig. 22).

From the 5% value, a Kd of ~2 µM was calculated based on the law
of mass action (as in ref. 51). When the FCS measurements were con-
ducted in solutions containing 700mM NaCl, expected to loosen the
binding of the canonical histonedimers52, binding of the peptide to the
nucleosomes was considerably increased, yielding ~35% of the peptide
in the slower fraction, which translates into a Kd = 90 nM. Binding of
the peptide to DNA was not increased significantly at this salt con-
centration. These data raise the possibility that the C-terminal tail may
be involved in establishing intra- or internucleosomal associations.

Effects of C9 introduced into live cells
Under conditions that did not significantly affect cell viability (Suppl.
Fig. 24), C9-CF could be efficiently introduced into liveHeLa cells using
the cyclodextrin derivative SBECD as shown in Fig. 6A and Suppl.
Fig. 25. The dotted CLSM pattern of C9 accumulation when added to
live cells (observed using C9-CF; Fig. 6A) is probably the consequence
of the uptake process. The nuclear features that appear to depend on
the C-terminus of H2A.Z were modulated by C9 also when introduced
into live cells. As Fig. 6B, C and Suppl. Fig. 25A–F demonstrate, reor-
ganization of peripheral H2A.Z-containing heterochromatin relative to
H2B-GFP or H3K9me3, decreased nucleosome stability (Fig. 6D; Suppl.
Fig. 25G) and increased nuclease (nickase) sensitivity (Fig. 6E, Suppl.
Fig. 25H) could be detected in the nuclei of C9-treated HeLa cells one
day after a single dose of peptide treatment. Similar though less con-
spicuous changes were demonstrated in the nuclei of two melanoma
cell lines (refs. 31,53; see Fig. 7A, B), with the reorganization of H2A.Z-
chromatin demonstrated via its altered colocalization with H3K9me3.
When the effect of C9 treatment was studied in MEL1617 cells by RNA-
seq, 564 genes were significantly down-regulated and 58 upregulated
(Fig. 7C). Intriguingly, almost none of the down-regulated genes
localize to the Giemsa-dark bands in the chromosome ideograms. At
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Fig. 4 | Effect of C9 on euchromatic or heterochromatic regions in permeabi-
lized nuclei analyzed by CUT&RUN combined with mass spectrometry.
A, B Venn-diagrams showing the number of H3K4me3 (A) and H3K9me3 (B) peaks
detected in CUT&RUN experiments of C9-, SCR-treated and untreated (CTRL)
samples of HeLa nuclei (see text as well as “Methods” for details). The pie charts
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Dark (C9) and light (CTRL) green areas: peaks localized at TSS+/− 1 kb. Brown and
purple colors: peaks at distal intergenic regions and introns (For replica of Fig. 4B,
see Suppl. Fig. 19B). C Volcano plot illustrating protein fold changes in the C9-
treated sample compared to the untreated control identified bymass spectrometry
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Proteins listed in Suppl. Table 4 are indicated.
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the same time, genes of different expression levels in the C9-untreated
control cells and the H2A.Z ChIP-seq peaks of (SK-MEL-147) melanoma
cells are rather evenly distributed among the Giemsa-light and dark
bands (Fig. 7E–K). The genes being randomly down- and upregulated
upon culturing are distributed among the Giemsa bands also quite
evenly (Fig. 7K). Gene subsets of particular pathways are over-
represented among the significantly down-regulated genes (Fig. 7L).
C9 treatment elicited changes also in the expression of repetitive
elements (see Supplementary Methods and Supplementary
Discussion).

Discussion
The data presented demonstrate the decisive role of the C-terminal
unstructured tail of H2A.Z both in determining stability features of
nucleosomes containing this variant and in their intranuclear land-
scape. Further, this study reveals the H2A.Z tail-dependence of certain
local and global chromatin accessibility characteristics and offers
means to modulate chromatin structure and function based on inter-
actions involving its tail.

H2A.Z tail-dependent and C9-elicited changes involve euchro-
matin as well as heterochromatin
The elution curves of QINESIn reflect the off-rate of particular histones
released from the nucleosomes in situ, i.e., we look at nucleosome
stability through the spectacles of H2A.Z dissociation, native or tag-
ged, induced by salt treatment. Based on the localization patterns (see
e.g., Fig. 1D, E), the tail-dependent changes and differences thereof
(e.g., as shown in Figs. 2B–D, 3B, C, 6B, C and 7A, B; Suppl.
Figs. 9, 10A–D, 11 and 25A–F), colocalization with HP1 (Suppl. Fig. 10F),
and the different stability features (Figs. 1A–C, 2A, 3A and 6D; Suppl.
Fig. 17A), we propose that ZAbA preferentially detects stable

nucleosomes residing in peripheral heterochromatin (H2A.Zhc), while
ZAbB recognizes the histone variant preferentially in unstable
nucleosomes within the euchromatin (H2A.Zeu). Shielding of particular
H2A.Z epitopes by the different molecular partners specific to the
compartments could account for the different reactivity of the two
classes of antibodies. The stable H2A.Z containing nucleosomes
become destabilized to a canonical H2A-like state when the C-terminal
tail is deleted or its binding to molecular partners may be disabled by
the addition of a competing peptide. The tags apparently also hamper
some of these interactions, with a destabilizing effect (Suppl. Fig. 4F).
The N-terminal part of H2A.Z has a marked effect on the sliding of the
nucleosome on the DNA35, while the C-terminal tag is expected to
directly interfere with interactions involving the tail. Tagged H2A.Z
also appears to be localized in a scattered rather than dominantly
peripheral manner in the nucleus, compared with ZAbA-detected
native H2A.Z (Suppl. Fig. 4C, E), with the Flag-tagged version remind-
ing of native H2A.Z best (Suppl. Figs. 4C, E and 18).

The remarkable tail-dependence of chromatin organization as
detected by ZAbA or anti-H3K9me3 staining in the DT40 system
(Fig. 2) and the C9-elicted changes in HeLa nuclei (Fig. 3) suggest that
these changes most certainly involve the heterochromatin. This is
further supported by the fact that MNase digestibility was increased
also at the periphery of the nuclei, comprising constitutive hetero-
chromatin (Fig. 3L). The finding that C9 pretreatment augments the
MNase digestion of H3K9me3-marked domains (Fig. 3G) is in quanti-
tative accordance with the ~2–2.3x increment revealed in the
CUT&RUN studies. Since different sequence categories within these
domains are rather uniformly affected by C9 (Fig. 4), heterochromatin
in general appears to be sensitive to destabilization by treatment with
excess C9. On the other hand, the gene expression differences
between wt or DKO H2A.Z.1, and H2A.ZΔC-expressor DKO DT40 cells
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Fig. 5 | FCS analysis of C9-CF binding to reconstituted mononucleosomes.
A Representative normalized autocorrelation functions (ACF-s) of C9-CF are
shown; the correlation curves were acquired in the absence (red) or presence
(green) of nucleosomes, at 700mM NaCl concentration. Fits assuming triplet
transition and a single diffusing species for a sample without nucleosomes and two
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indicates the fit excluding triplet state transition. τD1 and τD2 are the diffusion times
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and nucleosome-bound C9-CF peptides, respectively. The ACF-s shifted toward
slower diffusion times indicating the presence of a nucleosome-bound fraction.
B Fit residuals. C Slow fraction of C9-CF. The peptide was incubated with nucleo-
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(Suppl. Fig. 14, Suppl. Table 3), the effect of C9 treatment on MNase
sensitivity at around H3K4me3-marked regions (Figs. 3H and 4A), on
the release of proteins associated with transcription, replication and
repair (Fig. 4C; Suppl. Table 4) in the case of nuclei, and of the changed
expression of altogether ~620 genes in the case of live cell treatment
(Fig. 7) collectively imply H2A.Z tail-dependent changes to be present
also in euchromatin.

ChIP sequencing (ChIP-seq) data available for different cell types
reveal that two of the antibodies detecting unusually stable

nucleosomes (Abcam4174 andMillipore 07-594; see Suppl. Fig. 2A and
C, respectively, and refs. 54,55) give peaks both in euchromatin and
heterochromatin. The ChIP-seq data obtained using H2A.Z-GFP and
anti-GFP antibodies were very similar to parallel ChIP-seq data
obtained with Abcam 417453. However, the experimental conditions of
ChIP-seq and IF studies are very different, as antibody labeling occurs
after sonication in the first, while it is applied in the close-to-native
state of the agarose-embedded, permeabilized nuclei in the second.
Indeed, theCUT&RUNmaps comprise a subpopulation of the ChIP-seq
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peak-set obtained with the same antibody (Suppl. Fig. 19), in line with
ref. 56 Binding of C9-CF to reconstituted nucleosomes (see FCS data of
Fig. 5 and Suppl. Fig. 22) is in line with its genome-wide effects on
nucleosome stability demonstrated in the experiments of Figs. 2–4.

The presence of H2A.Z in the nuclear lamina
The fraction of the histone variant remaining in the nuclei after the
maximal salt concentration used in the elution experiments (Suppl.
Fig. 2F) was further investigated by mass spectrometric analyses and
immunostaining of these nuclear halo preparations (see “Methods”).
As Fig. 1F and Suppl. Table 1 show, a fraction of H2A.Z (H2A.Zlmn), as
well as proteins implicated in laminar tethering and/or chromatin loop
organization, could be detected. All these proteins appear to be in

tight association with the nuclear lamina. We speculate that H2A.Zlmn

can interact with the nucleosomes and/or the internucleosomal DNA
of peripheral heterochromatin, contributing to the laminar tethering
of chromatin loops. The decreased presence of lamina-associated
H3K9me3 signal in the ΔC DT40 cells (Suppl. Fig. 12) is in line with this
hypothesis.

We note that the prominent H3K9me3 and H3K27me3-rich spots
at the periphery of the nuclear halos give the impression of loop
anchorage points detached from the lamina upon salt exposure
(Suppl. Fig. 12). H3K9me3 detected at the periphery of the halos were
more prominent in the case of the full-length H2A.Z containing nuclei
as compared with those of the ΔC-expressors, suggesting involvement
of tail-mediated molecular interactions in higher-order chromatin
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organization. Such a role of the H2A.Z nucleosomes could perhaps
account for the tail-dependence of global nuclease sensitivity detected
in the DT40 system (Fig. 2).

The separation of the two layers of the nuclear lamina with dif-
ferent Lamin B1 content (Fig. 1F) confirms the conclusions of the
superresolution studies first describing this structural feature40. This
simple way of visualization, also in view of the laminar presence of
proteins involved in higher-order chromatin organization (Suppl.
Table 1), opens possibilities for further experimental investigation of
the role of nuclear lamina in chromatin loop tethering.

Tail-dependent switching of H2A.Z nucleosomes between the
stable vs. unstable state, and between peripheral vs. scattered
topography
The H2A.Z-containing nucleosomes detected by ZAbA are unusually
stable in the sense that H2A.Z is evicted from the nucleosomes at higher
salt concentrations than typical for H2A, when studied by QINESIn
in situ. This was reproduced employing in vitro assembled chromatin
(Fig. 1G), in line with previous studies where chicken erythrocyte
chromatin was subjected to hydroxyapatite chromatography39, sug-
gesting that this is an intrinsic feature of the reconstituted nucleosome
array containing this variant, i.e., it can be observed in the absence of
nucleosome-unrelated potential interacting partners.

Nuclear architecture, when portrayed by ZAbA- or ZAbB-detected
H2A.Z and H3K9me3, could be modulated via addition of the C9
peptide to nuclei or to live cells (Figs. 3B, C, 6B, C and 7A, B; Suppl.
Figs. 16, 17 and 25A–F), suggesting that the topographic differences in
the nuclei containing the full-length or ΔC forms are the direct result of
altered structure and functioning of the histone variant, rather than
secondary, e.g., compensatory, consequences thereof developing in
the cells expressing the truncated variant. Although differential mask-
ing/unmasking or changed accessibility of ZAbA- or ZAbB-binding
epitopes in the different nuclear compartments may also contribute to
the altered nuclear landscape, reorganization of chromatin upon C9
treatment was observed also through the spectacles of DNA staining
(Fig. 3J) as well as in the case of Flag-tagged H2A.Z (Suppl. Fig. 18).

Based on recent cryo-EM analyses46, a H2A motif coined “reg-
ulating-octamer-folding” (ROF) plays an important role in nucleosome
stability, interacting with the N-terminal H3 helix. This motif, residing
between amino acids 106–111, is present both in H2A and H2A.Z.1. In
the alternatively spliced variant H2A Z2.2, it is replaced by a non-
canonical ROF and the terminal 14 amino acids are also missing as
compared with H2A.Z.1. The destabilized nature of H2A.Z.2.2 con-
taining nucleosomes, not investigated in our work, was attributed
primarily to the disruptive effect of the noncanonical ROF in ref. 46.
The contribution to stability of the last 14 amino acids missing from
H2A.Z.1 was not possible to judge, since this segment (encompassing
the noncanonical ROF) was invisible in cryo-EM. Based on the efficient
modulation of nucleosome stabilitywith addedC9, the contribution of
the C-terminal tail to overall nucleosome stability may be very sig-
nificant. According to another recent cryo-EM study21, the H2A.Z-
containing mononucleosomes formed on the Widom 601 sequence
are less stable than those containing canonical H2A, a feature deter-
mined by the last 6 amino acids of its unstructured C-terminal tail,
while the variant histone-containing nucleosomearrays assumeamore
regular and condensed state. Whether interactions between the
enlarged acidic patch of the H2A.Z nucleosome and the H4 tail of the
neighboring nucleosome described previously, or interactions invol-
ving the C-terminal tail, or both explain the more condensed state of
the H2A.Z-containing chromatin fibers, have not been determined.

In view of the data presented, the tail may mediate interactions
between neighboring chromatin fibers, increasing the stability of the
nucleosomes connected. When this engagement is thwarted by reader
protein binding, tail truncation or masking by a tag, the stability fea-
tures of canonical nucleosomes prevail. Tethering of peripheral

heterochromatin to the lamina, perhaps involving H2A.Zlmn, could also
account for the tail-dependence of increased stability of the nucleo-
somes involved. As a third alternative, the C-terminal tail could engage
with a binding site within the same nucleosome rendering the variant
histone more resistant to salt-induced dissociation; in this case the
intranuclear localization and stability of H2A.Z-nucleosomes would
not be directly linked. For a further, more complex scenario, and dis-
cussion of differences between the in vitro, cryo-EM data and those of
the in situ elution experiments, see Suppl. Discussion.

The stability of H2A.Z nucleosomes appear not to be directly
affected by isotype specific features, PTMs and binding
of PWWP2A
PTMs targeting the C-terminal region of H2A.Z57 were considered as
potential determinants of nucleosomal stability features. However, at
least certain PTMs appear not to play a primary role in the case of
H2A.Z containing nucleosomes (Suppl. Fig. 2I–L). This conclusion
applies also to acetylation since we did not see any significant shift in
the affinity of H2A.Z binding to nucleosomeswhen the global extent of
histone acetylation was increased by treatment with HDAC inhibitors
or when a non-acetylatable H2A.Z mutant was expressed in the cells
(Suppl. Fig. 2I, L). The observation that the antibody supposed to be
specific for acetylated H2A.Z58 behaves as ZAbA (Suppl. Fig. 2L) is due
to the fact that it readily recognizes the non-acetylated H2A.Z of the
5KR cells devoid of N-terminal acetylations; the H2A.Z-specificity of
this antibody was verified in the silencing experiment shown in panel
of Suppl. Fig. 5E.

Reader proteins such as PWWP2A59, as well as chaperones/
remodelers47,59 can bind to the H2A.Z C-terminus, raising the possibi-
lity that binding of these factors to H2A.Z canmodulate the stability of
H2A.Z containing nucleosomes. PWWP2A apparently does not con-
tribute to the unusually high stability of the ZAbA detected H2A.Z-
nucleosomes in our assay conditions, since it dissociates from the
chromatin already at low salt (Suppl. Fig. 3A–C). In vivo, however,
binding of this or any of the other readers may prevent the C-terminal
tail from engaging in other intermolecular interactions.

According to the H2A-like elution profiles of fluorescent protein-
tagged H2A.Z.1 and Z2 (Suppl. Fig. 4A), the two tagged hypervariants
may not differ significantly in their stability features at euchromatic
locations. However, given that the elution curves, reflecting the
nucleus-averaged stability of all H2A.Z species present, depend on
even small tags, especially on their C-terminus (Suppl. Fig. 4F), it
becomes difficult to make a comparison based on data obtained with
tagged histones. Similar observations on the influence of tags have
been reported on the Flag tag-dependent molecular interactions
involving H2B60. Thus, potential differences in the stability features of
H2A.Z.1 and H2A.Z.2.1 could not be assessed based on the elution
characteristics of the tagged hypervariants. However, expression of
either hypervariant on a DKO background made such a comparison
possible (Suppl. Fig. 2A), and have yielded negative results. In sum-
mary, the above negative data are in line with the finding that in vitro
reconstituted nucleosomes are also stable (Fig. 1G) in line with ref. 39.
This observation is in line with amodel where the higher stability is the
primary feature of H2A.Z-nucleosomeswhen assessed in situ, unless or
until the inter- or intranucleosomal links, and laminar tethering
mediated by the C-terminal tail are overridden by competing mole-
cular associations.

The tail peptide binds to reconstituted nucleosomes
Nucleosome stability is assessed routinely by exposing them to chal-
lenging conditions like elevated salt concentration, which may itself
perturb the structure. However, we observed entirely different elution
characteristics for ZAbA- and ZAbB-detected, and tagged histone
containing nucleosomes using the same salt concentration series;
furthermore, salt resistance of the nucleosomes recognized by ZAbA
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was reverted upon nicking treatment. Thus, the stability features
observed in the elution experiments are just revealed by, and are not
the consequence of, the salt treatment. On the other hand, the
nucleosomal binding of the labeled C9 peptide was enhanced to
~90 nM in the presence of 700mM salt, while DNA binding was unaf-
fected (Fig. 5); this ionic strength favors loss of the histone dimers
according to high precision FRET studies52. Amore open, nucleosomal
structure, experimentally induced in the canonical nucleosomes by
salt, could accommodate the C-terminal tail of a juxtaposed H2A.Z
nucleosome. The tail of the histone variant is likely to protrude out of
thenucleosome so as to be able to reach a binding site in a neighboring
chromatin fiber61,62. The relaxed state of plasmid DNA in the recon-
stituted nucleosomal arrays of our hydroxyapatite experiments (see
“Methods”; Fig. 1G) could also allow such interactions to occur
between nucleosomes residing on the same plasmid and explain
increased salt-resistance. On the other hand, an interpretation based
on the possible interaction of the tail with a binding site formedwithin
the same nucleosome with consequential strengthening of molecular
cohesion and stability would also be compatible with our salt elution
data. In this latter scenario, the increased stability of H2A.Z nucleo-
some arrayswouldbeunrelated to theH2A.Z tail and could involve the
acidic patch, as suggested21.

As Suppl. Fig. 22 demonstrates, about 12% of the peptide was
found in the slower fraction representing C9-CF bound to nucleo-
somes prepared from recombinant histones and the 147 bp long
Widom 601 core sequence63, while the slow component was unde-
tected in the case of the labeled scrambled peptide. Based on this
value, the Kd of C9 binding to these nucleosomes is ~320 nM (calcu-
lated as in ref. 51). Weaker association (Kd ~ 2 µM) was obtained for
nucleosomes containing longer (170 bp) DNA (Fig. 5). Kd values in the
range of 1 nM to ≥1μM measured for the binding of various H3K4-
modified peptides to purified nucleosomes have been considered
physiologically relevant64. This relatively weak binding, asmeasured at
low salt conditions, may be sufficient to support the formation of a
condensed superstructure from juxtaposed nucleosomes; however, it
could also be antagonized in vivo by structural components of the
chromatin like H1 and HMGB1, with Kd values for DNA binding in the
low micromolar range65, washed out from the nuclei in the elution
assay conditions. At low salt, the affinity of the tail to nucleosomes and
DNA were also similar (Fig. 5), suggesting that it is the inter-
nucleosomal linker DNA that primarily engages with the tail in these
conditions. Consolidation of the interaction to Kd = 90 nM at 700mM
salt was not observed in the case of pure DNA, so C9-CF may bind to
the nucleosome core in these ionic strength conditions.

C9-CF-binding to H2A.Z-nucleosomes exceeded its binding to
canonical nucleosomes at low ionic strength (Suppl. Fig. 22). It remains
to be investigated how elevated salt concentrations influence this
difference, to what extent C9 binds to the nucleosome core and to the
linker DNA, how this binding depends on the length of the DNA con-
taining the nucleosome positioning sequence and on the species ori-
gin of the histones. The possibility that the tail peptide may bind to
DNA in a superhelicity dependent fashion, and may also influence it, is
also yet to be investigated. With these limitations, our FCS measure-
ments support the possibility that binding of the H2A.Z C-terminal tail
to nucleosomal components within the same nucleosome or mediat-
ing nucleosome-nucleosome contacts is a key factor in determining
nucleosome stability and establish the experimental platform for fur-
ther biophysical studies. Binding of C9 to reconstituted nucleosomes
(in the absence of PTMs) is in agreement with the genome-wide effects
of the peptide when added to nuclei (Figs. 3 and 4).

Global chromatin accessibility features are affected by interac-
tions involving the H2A.Z tail
The parallel sensitization of chromatin to nickase, MNase, and DNAse I
in H2A.ZΔC-expressor DKO DT40 nuclei (Fig. 2E–G, Suppl. Fig. 13A)

suggests that access to DNA rather than the exonucleolytic digestion
subsequent to the initial nicking is the rate-limiting step in MNase
digestion. The relaxation of internucleosomal superhelicity upon the
initial single-strand cleavages significantly contributes to nucleosome
destabilization36,66, rendering the entire chromatin loop more open to
further cleavages, amplifying and extending the effect of the treatment.

The remarkable differences in overall nuclease sensitivity
between the full-length H2A.Z.1-expressor and H2A.ZΔC-expressor
DKODT40nuclei (Fig. 2)may reflect the altered contribution towhat is
measured over the entire nucleus by the dispersed peripheral het-
erochromatin, and may also reflect alterations in the dynamics of the
euchromatic H2A.Z; indeed, these nucleosomes exhibit remarkable
heterogeneity in terms of accessibility features of the DNA packaged23.
The nucleosomes of euchromatin comprise a relatively minor fraction
of the total chromatin, and even spreading of destabilization upon the
initial nicking via superhelical relaxation to the whole loop66 may not
account for the increment of MNase sensitivity detected on a global
level in ΔC vs. full-length H2A.Z.1-expressor DT40 DKO cells (or upon
C9 treatment of HeLa nuclei; Fig. 3).

On the other hand, loss of laminar anchorage or decondensation
of the peripheral heterochromatin may also alter internucleosomal
superhelicity what could lead to nucleosome destabilization involving
the entire chomatin loop66. This interpretation is in line with the pos-
sible tail-dependence of loop anchorage (Suppl. Fig. 12) and the dif-
ference between the effect of nicking in DT40 harboring full-length or
truncated H2A.Z1 (Suppl. Fig. 8D).

In HeLa nuclei, the C9 treatment-enhanced release of a number of
proteins of its euchromatic interactome by MNase (Suppl. Table 4)
reveals that accessibility of DNA flanking H2A.Z-nucleosomes binding
these molecular complexes is C9-sensitive in euchromatin. These DNA
regions, however, comprise only a fraction of the total DNA content,
not accounting for the overall increments in digestability by various
nucleases and by MNase at typical euchromatic and heterochromatic
regions (Fig. 3G, H). The CUT&RUN data (Fig. 4, Suppl. Fig. 19) and
comparison of the sequencing read distributions between the C9
treated and untreated samples (Suppl. Fig. 21) suggest that the peptide
facilitated access of nucleases to chromatinized DNA genome-wide.
Given the magnitude of C9-induced sensitization to MNase, any pos-
sible major regional preference of this effect would have likely been
detected in our assays. C9 treatment of HeLa nuclei in isotonic salt
conditions did not lead to eviction of either canonical or H2A.Z-con-
taining nucleosomes (Suppl. Fig. 17A, B); thus, the C9-induced incre-
ment in accessibility of a large fraction of genomic DNA to nucleases
was due to the decreased protection of theDNAwrapped around them,
from nucleases, rather than to a loss of nucleosomes. This interpreta-
tion is in line with the fact that resistance of nucleosomes to salt and to
nucleases strongly correlate in all the experimental scenarios explored.

H2A.Z tail-dependence of gene expression and the possibility of
epigenetic modulation
In theDT40experimental system, perhapsdue to the adaptationof the
cells to their tailless histone variant, the differences in gene expression
were not extensive (especially in the caseofΔCvs.DKOH2A.Z.1; Suppl.
Fig. 14, Suppl. Table 3), in spite of the global contribution of H2A.Z to
gene expression regulation37, and with the massive differences in
chromatin structure both in terms of H2A.Z nuclear localization and
accessibility features (Figs. 2 and 3). Nonetheless, these differences
have functional consequences as shown by the altered DNA damage
response (DDR; Suppl. Fig. 15). The architectural changes exhibited by
DKO H2A.ZΔC chromatin relative to full-length histone expressing
cells, and the increased sensitivity of these cells to etoposide and
doxorubicin (Suppl. Fig. 15) are closely reminiscent of the dramatic
influence of H2A.Z on resistance to genotoxic stress in Saccharomyces
cerevisiae67. For further possible connections of the gene expression
changes to DDR, see Supplementary Discussion.
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The C9 peptide could be efficiently introduced into live HeLa and
melanoma cells. Changes in gene expression could be primarily
accounted for by modulation of euchromatin. On the other hand,
alterations of constitutive, mostly peripheral heterochromatin, which
comprises up to 40% of the human genome, could be relevant in the
context of aging, various neurological disorders, and carcinogenesis68.
The rearrangement of peripheral heterochromatin upon treatment of
nuclei as well as of live cells with C9 demonstrates that global features
of heterochromatin are amenable to modulation by the peptide. The
CUT&RUN/MS data showing that the linker and/or nucleosome-free
DNA around the H2A.Z containing nucleosomes become readily
accessible to MNase upon C9 treatment (Suppl. Table 4) directly
demonstrate that euchromatic molecular complexes of H2A.Z can also
be readily modulated by the peptide. Indeed, introduction of the
peptide into live cells leads to down-regulation of a cohort of genes
(Fig. 7C), in line with the large number of genes found to be H2A.Z-
regulated (ref. 127 in ref. 34). Certain pathways are overrepresented
among the down-regulated genes (Fig. 7L), so the effect cannot be due
to nonspecific transcriptional suppression or cytotoxicity, also in view
of the fact that the continuously growing cells showed no loss of via-
bility (Suppl. Fig. 24). Intriguingly, the down-regulated genes them-
selves are exclusively localized outside the Giemsa-dark bands (Fig. 7E)
containing late-replicating DNA69. Thus, althoughH2A.Z is deposited all
over the chromosomes (Fig. 7H), expression-determining interactions
of its C-terminal tail appear to be limited to genes residing outside the
late-replicating domains, raising the possibility of an intriguing con-
nection between activation of early replication origins by H2A.Z70 and
tail-dependent transcriptional regulation involving the variant histone.
Alternatively, since the Giemsa bands can be distinguished also by
staining with intercalating dyes71, the binding of which is highly sensi-
tive to superhelical constraint66, differential binding of C9 to the DNA
comprised by the different bands might explain the band localization
of the down-regulated genes. This scenario would be supported if C9
could distinguish between supercoiled and relaxed DNA, a possibility
not yet explored. The cellular states compatible with or required for
the effect of C9 on gene expression are also yet to be characterized.
Whether and howmodulation of gene expressionmay be related to the
changes in chromatin architecture has not been established, what will
be important considering the recent identification of cytoplasmic
ANP32e-H2A.Z interactions of regulatory significance72.

In summary, the C-terminal H2A.Z tail can impact chromatin at
each level of its organization, from nucleosome to chromosome
bands, and the enigmatic involvement ofH2A.Z inboth gene activating
and silencing processes appears to be determined to a great part by
the molecular interactions involving its unstructured C-terminal tail.
We propose that the tail may be bound to the nucleosome core or
internucleosomal DNA, increasing nucleosome stability via engage-
ment of the tail within the same nucleosome or by promoting chro-
matin condensation. Alternatively, the tail could bind reader proteins/
chaperones/remodelers, preventing this engagement. A high salt-
resistant fraction of H2A.Z was detected in the nuclear lamina, which
may play a role in the tethering of heterochromatin. The alternative
engagements of the tail affect the stability and landscape of H2A.Z-
nucleosomes, global chromatin accessibility features in both euchro-
matin and heterochromatin, with possible consequences on gene
expression. Further investigation of this remarkable example of epi-
genetic modulation is warranted also in the hope that the C9 effect
may be exploited to modulate different cellular states under H2A.Z
control.

Methods
Chemicals, peptides
All reagents were from Sigma-Aldrich (St. Louis, Missouri, USA) unless
otherwise stated. Fmoc-Rink Amide MBHA resin and all amino acid
derivatives used in this study were purchased from Iris Biotech GmbH

(Marktredwitz, Germany). Peptides of different lengths, correspond-
ing to the C-terminus of H2A.Z were synthesized manually on 2CTC
resin (0.6mmol/g loading capacity) following standard Fmoc/tBu
strategy using the in situ DIC/HOBt coupling method. The complete
sequenceswere removed from the resinwith 10ml of cleavagemixture
(95% TFA, 2.5% triisopropylsilane (TIS), 2.5% H2O), stirred for 1.5 h at
RT. The crude products were precipitated in ice cold MTBE (methyl-
tert-butyl ether) and centrifuged for 4min at 2500 × g. After washing
three timeswithMTBE, the crudeproductsweredissolved inwater and
the solution was purified by RP-HPLC and lyophilized.

The fluorescent peptide derivative of C9 was prepared similarly
but was elongated on the C-terminus with an aminohexane (Ahx)
group and a lysine. The peptide was labeled on resin, via coupling the
lysine’s Ɛ-amino group with 5(6)carboxy-fluorescein (CF), which
resulted the peptide H-GKKGQQKTV-Ahx-K(CF)-OH. ‘Scrambled’
reference peptide (SCR), used as a negative control, was generated by
random shuffling of amino acids. The generated sequence was
checked against Uniprot KB database. This was repeated until a pep-
tide sequence not showing match with the database was found. The
resulting control peptide was: H-KQGTGKVQK-OH.

Plasmids
The plasmids carrying different isoforms of the histone variant H2A.Z
(provided by Juan Ausio) were transformed into Escherichia coli DH5α
by heat shock and selected on LB plates containing 100μg/ml
kanamycin.

Cells
HeLa, H2B-GFP expressorHeLa, H3-GFP expressor HeLa73 (provided by
Hiroshi Kimura, Yokohama, Japan), GFP-H2A.Z expressor HeLa (pro-
vided by H. T. Marc Timmers), 293T and MEL1617 cells (from Coriell
Institute for Medical Research) were cultured in DMEM supplemented
with 10% FCS, 2 mM L-glutamine, 100 μg/ml streptomycin, 100 U/ml
penicillin. WM35 cells (Coriell Institute for Medical Research) were
cultured in RPMI supplemented with 10% FCS, 2 mM L-glutamine,
100μg/ml streptomycin, 100U/ml penicillin.Wild type,H2A.Z.1 knock-
out, H2A.Z.2.1 knock-out andmutant (5KR and ΔC) H2A.Z.1 expressing
double knock-out DT-40 chicken B cells (provided by Masahiko
Harata37,38) were cultured in DMEM supplemented with 2% chicken
serum, 8% FCS, 2 mM l-glutamine, 100μg/ml streptomycin, 100 U/ml
penicillin.

Embedding live cells into low melting point agarose
Prior to embedding, 8-well microscope chambers (Ibidi, Martinsried,
Germany) were coated with 1% (m/v) low melting point (LMP) agarose.
150μl liquid agarose diluted in distilled water was dispensed into each
well and was immediately removed so that a thin agarose layer
remained on the surfaces and was left to polymerize on ice for 2min,
then kept at 37 °C until the surface of the wells dried out. This coating
procedurewas repeated oncemore on the same chambers. Embedding
was performed keeping cells and agarose at 37 °C. The cell suspension
containing 6 × 106 cells/ml was mixed with 1% LMP agarose diluted in
PBS at a v/v ratio of 1:3. 22μl of the cell-agarose suspension was dis-
pensed in the middle of the wells and the chambers were covered with
home-made rectangular plastic coverslips cut out froma 200-μmthick,
mediumweight polyvinyl chloride binding cover (Fellowes, Inc., Itasca,
Illinois, USA). Cells were left to sediment on the surface of the coated
wells for 4min at 37 °C, then kept on ice for 2min. After polymerization
of the agarose, 300μl ice cold complete culture medium was added to
each well, a step aiding removal of the coverslips.

Preparation of nuclei/permeabilization, histone eviction by salt,
nuclear halos
The agarose embedded cells at the bottom of the wells were washed
with 500 μl ice cold PBS, 3 times for 3min each, then permeabilized
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with 500 μl ice cold 1% (v/v) Triton X-100 dissolved in PBS/EDTA
(5mM EDTA in PBS), for 10min. This step was repeated once more.
After permeabilization, nuclei were washed with 500 μl ice cold
PBS/EDTA 3 times for 3min and were treated with different con-
centrations of NaCl or intercalator solutions on ice. Nuclei were
incubated with 500 μl of ice cold salt or intercalator solution for
60min. At this point nuclear halo samples were prepared by adding
2M NaCl dissolved in PBS/EDTA to the nuclei for 60min on ice
(neutral halos). After this treatment, nuclei were washed with 500 μl
ice cold PBS/EDTA 3 times for 3min. Since NaCl was diluted in PBS/
EDTA, the salt concentrations indicated on the X axes of the graphs
in all the figures show the total NaCl concentrations together with
NaCl present in the PBS buffer. For the analysis of the curves Sig-
maPlot 12.0 software was applied, using either the ‘Sigmoid 3 para-
meter’ (in the case of linear plots) or ‘Standard curves: Four
Parameter Logistic Curve’ (in the case of logarithmic plots) curve-
fitting subroutines. Elution curves were ‘normalized to 0’ by sub-
tracting the smallest fluorescence intensity value from all the others,
unless stated otherwise, and to ‘1’ by dividing the mean fluorescence
intensities represented by the datapoints by that of the nontreated
sample. The number of analyzed G1 nuclei was between 200 and
2000/well, out of the about 500–5000 cells scanned. All the SEM
values indicated in the figures were calculated from the datapoints of
the cell population analyzed in the given experiment.

Peptide treatment of permeabilized nuclei
The synthetic peptides were used at a final concentration of 30μM,
dissolved in PBS/EDTA/1%BSA. 200μl of peptide solution/well was
applied and nuclei were incubated with the peptide overnight at 4 °C.
After incubation, the peptide solution was washed out with 500μl ice
cold PBS/EDTA 3 times.

Introduction of peptides into live cells
0.5 × 106 HeLa or MEL1617 melanoma cells were placed in a 35mm cell
culture Petri dish and grown overnight before peptide treatment.
Cyclodextrin/peptide complex formation was performed by mixing
30μM peptide and 300μM SBECD (Sulfobutylether-β-Cyclodextrin;
CycloLab, Budapest, Hungary) diluted in colorless, serum-free
RPMI1640 and incubated for 1 h at room temperature. 2ml SBECD/
peptide complex was added to the cells and incubated for 2 h at 37 °C
in 5% CO2 atmosphere. After incubation, cells were washed with
complete RPMI medium once and further cultured overnight before
agarose embedding.

Immunofluorescence labeling
After salt or intercalator treatment the samples were incubated with
500μl 5% (m/v) Blotto Non-Fat Dry Milk (Santa Cruz Biotechnology
Inc., Santa Cruz, California, USA) in PBS/EDTA for 30min on ice, to
decrease nonspecific binding of the antibodies. The blocking solution
was washed out with 500μl ice cold PBS/EDTA 3 times for 3min and
indirect IF labeling was performed using rabbit polyclonal anti-H2A.Z
(ab97966 (ZAbA), lot num.: GR90761-2, GR90761-6, GR90761-8,
GR90761-12, GR90761-13, GR90761-15, ab4174, lot num.: 1015872-1,
1058382-2, Abcam, Cambridge, UK; 1mg/ml), sheep polyclonal anti-
H2A.Z (acetyl K4 +K7 + K11, ab18262, lot num.: GR306397-1, Abcam,
Cambridge, UK; 0.5mg/ml), rabbit polyclonal anti-H2A.Z (PA5-17336
(ZAbB), lot num.: VH3053562, XK3767973, UB2712502, VC2958177,
Thermo Fisher Scientific, Waltham, Massachusetts, USA; 62 µg/ml),
rabbit polyclonal anti-H2A.Z (07-594, lot num.: 3946459, Merck-Milli-
pore, Darmstadt, Germany), rabbit polyclonal anti-PWWP2A (NBP2-
13833, lot num.: A106444, Novus Biologicals, Centennial, Colorado,
USA; 0.2mg/ml), rabbit polyclonal anti-H2A.X (ab11175, Abcam, Cam-
bridge, UK; 1mg/ml), rabbit polyclonal anti-H2A (ab18255, lot num.:
GR3211735-2, Abcam, Cambridge, UK; 1mg/ml), rabbit polyclonal anti-
H2B (ab52484, lot num.: GR3232535-3, GR3173752-4, GR163233-5,

Abcam,Cambridge,UK; 1mg/ml),mousemonoclonal anti-H1 (ab71594,
clone name: AE-4, lot num.: GR159309-23, Abcam, Cambridge, UK;
1mg/ml),mousemonoclonal anti-HP1 (ab234085, clone name: 3A11F8,
lot num.: GR3241506-8, Abcam, Cambridge, UK; 1mg/ml), rabbit
polyclonal anti-Lamin B1 (ab16048, lot num.: GR3188003-1, Abcam,
Cambridge, UK; 0.1–1mg/ml), rabbit polyclonal anti-Rad21 (ab992, lot
num.: GR-3235714-1, Abcam, Cambridge, UK; 0.2–1mg/ml), rabbit
polyclonal anti-CTCF (ab70303, lot num.: GR3218438-2, Abcam, Cam-
bridge, UK; 0.2mg/ml)mouse monoclonal anti-γH2A.X (05-636, clone
name: JBW301, Merck-Millipore, Darmstadt, Germany), mouse mono-
clonal anti-H3K4me3 (ref. 74; clone name: CMA304, lot num.: 16H10,
0,5mg/ml), rabbit polyclonal anti-H3K9me3 (ab8889, lot num.:
699686, Abcam, Cambridge, UK; 0.2–1mg/ml) mouse monoclonal
anti-H3K9me3 (ref. 74; clone name: CMA318, lot num.: 2F3 0.5mg/ml)
ormousemonoclonal anti-H3K27me3 (ref. 75; clonename:CMA323, lot
num.: 1E7 0.5mg/ml) primary antibodies, all diluted in 150μl of PBS/
EDTA/1% BSA (PBS/EDTA supplemented with 1% w/v bovine serum
albumin), at 4 °C, overnight. All the above antibodies were applied to
the wells at a titer of 1:800. After labeling with the primary antibodies,
the nuclei were washed with 500μl ice cold PBS/EDTA 3 times for
10min. Labeling with the secondary antibodies was performed in
150μl PBS/EDTA for 2 h on ice, using Alexa fluor 488 (A488) or Alexa
fluor 647 (A647) conjugated goat anti-mouse IgG or goat anti-rabbit
IgG antibodies (Thermo Fisher Scientific, Waltham, Massachusetts,
USA; 2mg/ml). In the case of sheep polyclonal anti-H2A.Z (acetyl
K4 + K7 +K11, ab18262) Alexa fluor 633 (A633) conjugated goat anti-
sheep IgG (Thermo Fisher Scientific, Waltham, Massachusetts, USA;
2mg/ml) secondary antibody was used. The secondary antibodies
were also used at a titer of 1:800, diluted in PBS/EDTA from 2mg/ml
stock solutions. After labeling with the secondary antibodies the
agarose embedded nuclei were washed with 500μl ice cold PBS/EDTA
3 times, for 10min. Then the samples were fixed in 1% formaldehyde
(dissolved in PBS/EDTA) at 4 °C, overnight. After fixation the wells
containing the embedded nuclei were washed with 500μl ice cold
PBS/EDTA 3 times for 3min and were stained with 200μl of 12.5μg/ml
propidium–iodide (PI, dissolved in PBS/EDTA) for 30min, on ice. The
stained nuclei were washed 3 times with 500μl ice cold PBS/EDTA for
3min. Fluorescence intensity distributions were recorded using an
iCys laser scanning cytometer (LSC), as described below.

Western blot
200ng of H2A.Z.1, H2A.Z.2, H2A (H2042, Sigma-Aldrich, St. Louis,
Missouri, USA; 1mg/ml) and H2B (H2167, Sigma-Aldrich, St. Louis,
Missouri, USA; 1mg/ml) histones were separated on a 12%
SDS–polyacrylamide gel and electro-blotted onto a 0.45-μm pore
size PVDF membrane. The blot was saturated with milk blocking
buffer (5% milk power/0.2% Tween-20/PBS) for 1 h and then labeled
by ZAbA or ZAbB. Both were applied at a final concentration of
0.4μg/ml in 1:2500 dilution inmilk blocking buffer overnight at 4 °C.
After washing with 0.2% Tween-20/PBS for 6 × 5min, the membrane
was incubated with goat-anti-mouse IgG secondary antibody con-
jugated with horseradish peroxidase (ab6789, Abcam, Cambridge,
UK; 2mg/ml) at a final concentration of 0.8μg/ml/in 1:2500 dilution
in milk blocking buffer for 1.5 h at room temperature. After washing
with 0.2% Tween-20/PBS for 6 × 5min, the bands were visualized with
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific, Waltham, MA). The signal was detected by chemi-
luminescence using the FluorChem Q gel documentation system
(Alpha Innotech Corp., San Leandro, CA).

Etoposide treatment
Agarose embedded live cells were treated with etoposide (TEVA,
Debrecen, Hungary) used at a final concentration of 25 µM. The drug
was diluted in 300 µl complete DMEM medium and the cells were
incubated together with the drug at 37 °C in 5% CO2 atmosphere.
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Laser scanning cytometry (LSC)
Automated microscopic imaging was performed using an iCys instru-
ment (iCys® Research Imaging Cytometer; CompuCyte, Westwood,
Massachusetts, USA). Green fluorescent protein (GFP), SYBR Gold,
A488 and PI were excited using a 488 nm Argon ion laser, A647 with a
633 nmHeNe laser. Fluorescence signals were collected via an UPlan FI
20× (NA 0.5) objective, scanning each field with a step size of 1.5 µm.
GFP andA488weredetected through 510/21 nm and 530/30 nm filters,
respectively, while A647 and PI were detected through a 650/LP
nm filter.

Data evaluation and hardware control were performed with the
iCys 7.0 software for Windows XP. Gating of G1 phase cells was
according to the fluorescence intensity distribution of theDNA labeled
with PI or SYBR Gold. In order to scan similar numbers of cells per
sample in the field set, the samenumber of cellswere embedded in the
different samples.

Confocal laser scanning microscopy (CLSM)
Confocal images were taken using an FLUOVIEW FV 1000 confocal
microscope (Olympus, Center Valley, Pennsylvania, USA) based on an
inverted IX-81 stand with an UPLS APO 60× (NA 1.35) oil immersion
objective. GFP or A488were excited by a 488 nmArgon ion laser. A647
and PI were excited by a 633 nm and 543 nm HeNe laser, respectively.

Colocalization and texture analysis
For image and texture analyses, the Just Another Colocalization Plugin
of the Image J software (http://imagej.nih.gov/ij/) and the Measure-
Granularity module of the CellProfiler 2.2.0 software, respectively,
were used. For colocalization measurements Manders colocalization
coefficient (MCC) representing the fraction of overlapping pixels was
calculated in Image J.

MNase, nickase, and DNase I treatment
Live cells were embedded into agarose as described above and treated
with 500μl ice cold lysis buffer (0.4% (v/v) TritonX-100, 300mMNaCl,
1mMEDTA, 10mMTris-HCl, pH 8.0) for 10min, followedby treatment
with 500μl ice cold 1% (v/v) Triton X-100 dissolved in PBS/EDTA, for
10min, thenwashed3 timeswith 500μl ice coldPBS/EDTA.MNase, the
frequent cutter Nt.CviPII nickase (recognition site: CCD; New England
Biolabs Inc., Ipswich, Massachusetts, USA) and DNase I were applied
after the washing steps following permeabilization. Where indicated,
thepermeabilized andwashednucleiwere incubatedwith thepeptides
(C9 or SCR) overnight at 4 °C, and the peptides were washed out
before nuclease addition. Before digestion, the samples were equili-
brated with MNase buffer (1mM CaCl2, 50mM Tris-HCL pH 7.5),
nickase buffer (10mM Tris-HCl pH 8.0, 50mM NaCl, 10mM MgCl2,
1mg/ml BSA) or with DNase I buffer (10mM Tris-HCl pH 8.0, 0.1mM
CaCl2, 2.5mM MgCl2) by washing 3 times with 500 µl of the buffer
solutions. Nickase treatment was performed in 300 µl nickase buffer
for 30min at 37 °C, using the enzyme at a final concentration of 0.5 U/
ml. MNase and DNase I digestion were performed in 300 µl MNase, or
DNase I buffer for 10minat 37 °C, at afinal concentrations indicatedon
the figures. After enzymatic treatments, the samples were washedwith
500μl ice cold PBS/EDTA 3 times for 3min.

Microarray experiments
For microarray analyses, Cyanine3 (Cy3) labeled cRNA was prepared
from 0.1 µg Total RNA using the Low Input Quick Amp Labeling Kit
(Agilent Technologies) according to the manufacturer’s instructions,
followed by RNeasy column purification (QIAGEN). For methodical
details of the Agilent platform used, see Supplementary Methods.

RNA-Seq and pathway analysis
To obtain global transcriptome data high throughput mRNA sequen-
cing analysis was performed on the Illumina sequencing platform.

MEL1617 cells were grown in 6-well plates and treated with C9 or SCR
for 2 h (see details above). The three biological replicates of the RNA-
seq experiments have been prepared/processed on the same day to
reduce spontaneous fluctuations of the expression profile. Total RNA
was isolated from 1 million cells/sample using GenElute Mammalian
Total RNA Miniprep Kit (Sigma) according to the manufacturer’s
instructions. RNA sample quality was checked on Agilent BioAnalyser
using Eukaryotic Total RNA Nano Kit according to manufacturer’s
protocol. Samples with RNA integrity number (RIN) value >7 were
accepted for the library preparation process. For details of the pre-
paration of RNA-Seq libraries, amplification and sequencing on an
Illumina platform, see Supplementary Methods. For the steps of fur-
ther sample processing and bioinformatic analyses of the fastq data,
see Supplementary Methods.

Whole-genome sequencing for comparative mapping of MNase
sensitivity before and after C9 treatment
HeLa cells were embedded into agarose in the wells of 8-well Ibidi
chambers and permeabilized as described above. Different chambers
were prepared parallel for LSCmeasurement (to measure the effect of
the peptide on the overall degree of MNase digestion) and for whole-
genome sequencing. After peptide treatment, nuclei were digested
with 10−3 U/ml MNase as described above. After enzymatic treatment,
nuclei werewashed with 500μl ice cold 1×PBS/EDTA 3 times for 3min,
followed by fixation with 4% formaldehyde for 10min, on ice. After
fixation, samples were washed with 500μl ice cold 1×PBS/EDTA 3
times, for 3min each. For LSCmeasurement, the samples were stained
with 200μl 1×SYBRGold diluted in PBS/EDTA, on ice for 30min, then
washed with 500μl ice cold 1×PBS/EDTA 3 times before LSC scanning.
For whole-genome sequencing, agarose embedded cells were scraped
and removed from thewells. 12 wells of CTRL, CTR(MN), C9 or C9(MN)
were pooled resulting in 400μl samples. These were melted up to
70 °C for 10min, then cooled down to 42 °C and digested with 4 U of
agarase enzyme/400μl sample (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) for 30min. Samples were further digested with
40μg/400μl proteinase K (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) overnight at 55 °C. After digestion, DNA was sheared
by sonication using a Diagenode Bioruptor instrument (Diagenode,
Liège, Belgium) to generate ≈250bp fragments, that were purified
(MinElute PCR Purification Kit; Qiagen Inc., Valencia, California, USA)
and stored at −70 °C until sequencing.

After shearing, size selection was performed to enrich for ~280 bp
DNA fragments using DNA Clean Beads (MGI, Shenzen, China). The
sequencing library was generated using MGIEasy Universal DNA
Library Prep Set (MGI) according to the manufacturer’s protocol.
Briefly, the size selected DNA fragments went through end repair, A-
tailing, adapter ligation, and amplification steps. The ds library frag-
ments were circularized and one of the strands was digested. Circu-
larized single-stranded fragments were used for generating DNA nano
balls (DNB) by rolling circle amplification. DNB sequencing was per-
formed on a MGI DNBSEQ GS-400 instrument (MGI), to yield paired-
end, ~150bp long sequencing reads. Library preparation, sequencing,
and primary data analysis were performed at the Genomic Medicine
and Bioinformatics Core Facility of the University of Debrecen,
Hungary.

Analyses of the Whole Genome Sequencing data was performed
on the Galaxy platform (EU server: usegalaxy.eu)76. For details of
quality control, mapping of the reads to the reference genome, cal-
culations related to read coverages, specification of the peak-sets
download from ENCODE, see Supplementary Methods.

Sample preparation formass spectrometric (MS)measurements
of the salt-resistant fraction of nuclear proteins
80× 106 H3-GFP expressing HeLa cells in 2.5ml cell culture medium
were mixed with an equal amount of 1% LMP diluted in PBS. Agarose
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blocks were prepared where each blocks contained 90 µl of agarose/
cell suspension. The blocks were washed 3 times in 15ml 1×PBS for
10min. Permeabilization of cells was performed in ice cold 15ml 1%
Triton X-100 diluted in PBS/EDTA, twice for 30min. Blocks were
washed 5 times in 15ml PBS/EDTA. Blocks were treated with 15ml EBr
diluted in PBS/EDTA/600mMNaCl at a concentration of 100 µg/ml, or
with 15ml 1.2M NaCl solution diluted in PBS/EDTA, for 60min. Blocks
were washed 3 times in 15ml PBS/EDTA for 20min and the proteins
that remained in the nuclei were eluted with 15ml of 2M NaCl diluted
in PBS/EDTA for 60min. All the washing steps were performed using
ice cold solutions. Eluted proteins were concentrated using a 10 K
Amicon tube (Merck-Millipore, Darmstadt, Germany) and the buffer
was changed to PBS. Proteins were eluted from the filter with 250 µl
PBS and stored at −20 °C for MS analyses. For details of sample pro-
cessing, Orbitrap MS analyses and protein identification, see Supple-
mentary Methods.

LC-MS/MS analyses of salt-eluted nuclear samples
The samples were digested in-solution with trypsin. Before digestion,
samples were reduced using 10mM dithiothreitol for 1 h at 56 °C, fol-
lowed by alkylation with 20mM iodoacetamide for 45min. Overnight
trypsin digestion was carried out using stabilized MS grade bovine
trypsin (Sciex, Framingham, MA, USA) at 37 °C. The reaction was
stopped by adding concentrated formic acid and the digests were
desalted using C18 Pierce tips (ThermoScientific, Waltham, MA, USA)
according to the manufacturer’s protocol. The desalted peptides were
dried and re-dissolved in 10μl 1% formic acid. Before MS analysis the
peptides were separated using a 180min water-acetonitrile gradient at
300nl/min flow rate on an Easy nLC1200 UPLC (ThermoScientific,
Waltham, MA, USA) and the eluted peptides were examined on an
Orbitrap Fusion mass spectrometer (ThermoScientific, Waltham, MA,
USA). Data-dependentMS/MS scans of the 14most abundant ionswere
recorded (Orbitrap analyser resolution: 60,000, AGC target: 4.0e5,
collision-induced dissociation fragmentation in linear ion trap with
35%normalized collision energy, AGC target: 2.0e3, dynamic exclusion
45 s). Protein identification was done with MaxQuant
1.6.2.10 software77 searching against the Human SwissProt database
(release: 2020.02, 20,394 sequence entries). The mass tolerance for
parent ion was 20 ppm and for fragment ions 0.5 Da. The minimum
peptide letnghwas set to 7. Cys carbamidomethylation alongwithMet
oxidation and N-terminal acetylation were set as variable modifica-
tions. Maximum two missed cleavage sites were allowed. Those pro-
teins were considered, where at least two peptides identified with 1%
FDR were present.

Sample preparation for CUT&RUN MS measurements
HeLa cells suspended in cell culture medium were mixed with equal
volume of 1% LMP agarose diluted in PBS. Agarose blocks were pre-
pared where each blocks contained 90 µl of agarose/cell suspension
with 2 × 106 cells. 5 blocks were used for each sample (sample 1: no
ZAbA + pAG-MNase activated, sample 2: ZAbA + pAG-MNase not
activated, sample 3: ZAbA + pAG-MNase activated). Following ZAbA
or ZAbB labeling, anti-rabbit IgG was added as a secondary antibody
to improve yield, where indicated (see Suppl. Table 4). Blocks were
washed 3 times in 25ml PBS for 10min. Permeabilization of cells was
performed in 25ml ice cold lysis buffer (0.4% (v/v) Triton X-100,
300mM NaCl, 1mM EDTA, 10mM Tris-HCl, pH 8.0) for 30min, fol-
lowed by treatment with 25ml ice cold 1% (v/v) Triton X-100 dis-
solved in PBS/EDTA, for 30min. Blocks were washed 4 times in 25ml
ice cold CUT&RUN Wash (designated CR Wash)/EDTA (20mM
HEPES, 150mM NaCl, 0.5mM spermidine and 5mM EDTA) for
10min. Using 5 blocks/sample, samples 2 and 3 were labeled with
ZAbA at 4 °C, overnight at a titer of 1:800 in 2.4ml CR Wash/EDTA.
After labeling, the blocks were washed 4 times in 10ml ice cold CR
Wash buffer (without EDTA) for 30min and incubated with 10−3 U/ml

pAG-MNase in 10ml CR Wash buffer for 2 h on ice. After digestion,
MNase was washed out by 10ml ice cold CR Wash buffer 4 times for
30min on ice. Chromatin bound MNase was activated by 5ml ice
cold CR Wash buffer supplemented with 2mM CaCl2 for 30min
on ice. MNase digestion was stopped by adding 250 µl of 0.5M
EDTA and the blocks were further incubated at 37 °C, for 30min.
Eluted proteins were concentrated using a 10 K Amicon tube
(Merck-Millipore, Darmstadt, Germany) and the buffer was changed
to PBS. Proteins were eluted from the filter with 250 µl 1×PBS and
stored at −20 °C for MS analyses. For details of sample processing,
Orbitrap MS analyses and protein identification, see Supplementary
Methods.

CUT&RUN sequencing
The agarose-embedded, permeabilized nuclei were treated with C9 or
SCR at 1:100dilution, at 4 °C, overnight. The sampleswere sequentially
incubated with the primary antibody and pAG-MNase and processed
according to the CUT&RUN protocol78 adapted to agarose embedding
as described above. In the experiments where the LSC/MNase experi-
mental conditions were used, the samples were first digested with
MNase used at a concentration of 10−3 U/ml for 10mins at 37 °C min
prior to antibody labeling and the subsequent steps involving the
fusion protein. Polyclonal anti-H3K9me3 (ab8898; Abcam) andmouse
monoclonal anti-H3K4me3 (ref. 74) were applied as above. After elu-
tion, the samples were digested with 20 µg/ml Proteinase K (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) for 1 h at 55 °C. Sam-
pleswere subsequently purifiedby a PCRcleanupkit (Macherey-Nagel)
and sent for sequencing. Using 5 ng DNA per sample, Libraries were
prepared with Ovation Ultralow Library Systems V2 (Tecan) according
to the manufacturer’s instructions. The end-repairing step was fol-
lowed by indexed adapter ligation and enrichment of adapter-ligated
fragments by 10 PCR cycles. Fragment size distribution of the libraries
was checked on BioAnalyser 2100 (Agilent). The means of the insert
size distributions were mononucleosomal. Single read 75 bp sequen-
cing reads were generated by NextSeq 500 sequencer (Illumina).
Library preparation and sequencing were performed by the Genomic
Medicine and Bioinformatics Core Facility of the University of Debre-
cen. For Bioinformatic analyses of CUT&RUN sequence data see Sup-
plementary Methods.

Chromatin assembly and hydroxyapatite chromatography
Chromatin assembly reactions employing Xenopus laevis N1/N2- (H3,
H4), mouse recombinant H2A.Z/H2B or H2A/H2B6, 900 ng pXbsF201
plasmid DNA and topoisomerase I were carried out, followed by
supercoiling assays to ensure an equal number of nucleosomes
between reconstitutes (a physiological spacing one nucleosome per
180bp), as described previously79. Assembled chromatin was applied
to a hydroxyapatite column (Bio-Rad HTP) with 0.1M NaCl, 0.1M
KPO4, pH 6.7 as described39, and washed successively with 0.1M NaCl,
0.2MNaCl and0.4NaCl in 0.1MKPO4, pH6.7. Histoneswere elutedby
a stepwise increase in NaCl concentration from 0.6 to 1.2M in 0.1M
KPO4, pH 6.7. The eluted fractions were loaded onto a 18% sodium
dodecylsulfate-polyacrylamide gel and then stained with silver as
described previously79.

Fluorescence correlation spectroscopy (FCS). Sample
preparation
Mononucleosomes were reconstituted by slow salt dialysis from
recombinant histones and Cy5 labeled 170 bp long DNA fragments
centered around the well positioning Widom sequence according
to80,81. The Cy5 label was used to determine the diffusion properties of
the nucleosomes independently from the fluorescein labeledpeptides.
The quality of the reconstituted mononucleosomes was controlled by
absorption spectroscopy revealing eventual aggregation and PAAgel
electrophoresis allowing the quantification of unbound DNA in the
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sample. Only preparations without detectable aggregation and with
less than 5% of unbound DNA were used.

Commmercial mononucleosomes containing H2A or H2A.Z his-
tones (see experiments shown in Suppl. Fig. 18) were purchased from
Tebubio (France) (cat. no. 16-0009 and 16-1014, respectively).

FCS measurements were carried out in 50 to 100 µl volume on a
sylanized Sensoplate plus 384-well plate (Greiner) at room tempera-
ture. 20 nM CF-labeled C9 peptide was either mixed with 100nM
reconstituted nucleosome or DNA or was measured alone in 5mM or
700mMNaCl TE (pH = 7.5). The mixture was allowed to equilibrate to
RT for 0.5 h before measurement.

FCS measurements were performed on a Nikon A1 Eclipse Ti2
confocal laser-scanning microscope (Nikon, Tokyo, Japan), equipped
with a Plan Apo 60× water immersion objective [NA = 1.27] and a
PicoQuant - TCSPC-FCS upgrade kit (PicoQuant, Berlin, Germany).
Fluorescence of theCF-taggedpeptidewas excited by the 488 nm laser
line, for Cy5 a 635 nm laser line was used. Fluorescence of CF and Cy5
were filtered with 500–550 nm and 660–740 nm bandpass filters, and
detected with single photon counting detectors (PicoQuant, Berlin,
Germany). Measurements of 20 ×10 second runs were taken with each
sample. Fluorescence autocorrelation curveswerecalculated using the
SymPhoTime64 software (PicoQuant, Berlin, Germany) at 200 time
points from 300ns to 1 s distributed on a quasi-logarithmic time scale.
For fitting of the autocorrelation curves to obtain diffusion times and
fraction of DNA- or nucleosome bounded C9-CF, see Supplementary
Methods.

Since the diffusion coefficients (D) of the measured fluorescein
and Cy5 samples depend on the viscosity of the environment
(through the Stokes–Einstein equation), the calculated values of the
lateral e−2 radius of the detection volumes are also affected by
the refractive index of the solution82 likely in a wavelength-
dependent manner. Therefore, the ratio of the lateral e−2 radii of
the detection volumes with eq.3 was calculated for 5mM as well as
700mM NaCl.

For determining the fraction of unlabeled gDNA bounded C9-CF,
τD2wasnotfixed in thefittingof the autocorrelation functions as itmay
have a broad size distribution. All correlation curves were fitted using
the QuickFit 3.0 software.

Statistics and reproducibility
For statistical analyses, one-wayANOVA testwas used. The p values are
shown on the figures, the number of measurements/samples used for
their calculation was as defined in the legends or provided in the
respective source data file. No statistical method was used to pre-
determine sample size. No data were excluded from the analyses.

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

Data availability
TheWholeGenome Sequencing datasets generated during the current
study are available in the NCBI SRA repository, under the BioProject
accession number PRJNA853352, WGS BioSample accession numbers
(SAMN29379375-78 and SAMN42397447-48). Microarray datasets
were deposited into GEO database under accession number
GSE225680. The RNA-seq datasets generated during the current study
are available in the NCBI SRA repository, under the BioProject acces-
sion number PRJNA853352, BioSample accession numbers
(SAMN32271841-49 and SAMN4239742244-46). The CUT&RUN data
are available in the NCBI SRA repository, under the BioProject acces-
sion number PRJNA853352, BioSample accession numbers
(SAMN423974222-43). Mass spectrometric data are available via Pro-
teomeXchange with identifier PXD040998. All other datasets gener-
ated during and/or analyzed during the current study are available

from the corresponding author on reasonable request. Sourcedata are
provided with this paper.
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