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Function of HP1BP3 as a linker histone is @
requlated by linker histone chaperones, NPM1
and TAF-|
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Abstract

Background Linker histones constitute a class of proteins that are responsible for the formation of higher-order
chromatin structures. Core histones are integral components of nucleosome core particles (NCPs), whereas linker
histones bind to linker DNA between NCPs. Heterochromatin protein 1 binding protein 3 (HP1BP3) displays sequence
similarity to linker histones, with the exception of the presence of three globular domains in its central region.
However, the function of HP1BP3 as a linker histone has not been analyzed previously. The present study aimed to
elucidate the function of full-length HP1BP3 as a linker histone variant.

Results The results of biochemical analyses demonstrate that HP1BP3 efficiently binds to NCPs with similar efficiency
as linker histones, thereby forming a chromatosome. Notwithstanding the presence of three globular domains, the
results suggest that a single HP1BP3 binds to a single NCP under our biochemical assay condition. Moreover, our
findings revealed that the NCP binding activity of HP1BP3 is regulated by linker histone chaperones, nucleophosmin
(NPM1) and template activating factor-I (TAF-I). The globular domains and the C-terminal disordered region of HP1BP3
are responsible for binding to histone chaperones. Chromatin immunoprecipitation-sequence analyses demonstrated
that HP1BP3 exhibited weak preferences for the genomic loci where histone H3 active modification marks were
enriched, whereas a linker histone variant, H1.2, showed weak preferences for the genomic loci where histone H3
inactive modification marks were enriched. It is noteworthy that the preferential binding tendencies of HP1BP3 and
H1.2 to active and inactive genomic loci, respectively, are diminished upon the knockdown of either NPM1 or TAF-I.

Conclusions Our findings indicate that HP1BP3 functions as a linker histone variant and that the chromatin binding
preference of linker histones, including HP1BP3, is requlated by linker histone chaperones.
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Background

Long genomic DNA is folded into chromatin with core
histones, histone H2A, H2B, H3, and H4. Assembly and
disassembly of nucleosomes at specific genomic loci,
or the structural conversion between euchromatin and
heterochromatin, play essential roles in turning gene
expression on and off. Core histones are major structural
proteins of nucleosome core particle (NCP), whereas
linker histones are proteins that bind the linker regions
between nucleosomes to form compact chromatin struc-
ture. Linker histones consist of N- and C-terminal dis-
ordered regions and a central globular domain. Recent
structural study has demonstrated that the globular
domains of linker histones reside on the dyad axis of
nucleosome and are a  ssociated with both linker DNAs
entering in or exiting from the nucleosome [1]. The dif-
ferent nucleosome binding mode of the globular domains
has been also reported [2]. The disordered C-terminal
region stabilizes the binding of linker histones with
NCPs [3] and the binding of the C-terminal regions to
linker DNAs change their orientations [1]. In mamma-
lian somatic cells, 7 linker histone variants, H1.1, H1.2,
H1.3, H1.4, H1.5, H1.0, and H1.X, are expressed. Because
simultaneous knockout of three linker histone genes
causes embryonic lethality [4], linker histones are essen-
tial for mice development. However, single knockout of
the linker histone variant genes in mice did not show
clear phenotype [5], suggesting that these variants play
redundant roles in regulating chromatin structure and
gene expression, although specific functions of some of
the variants are also reported [6].

While core histones are distributed throughout the
genome, linker histones are not distributed across the
entire genome. Chromatin-immunoprecipitation fol-
lowed by sequencing (ChIP-Seq) technique is a powerful
tool to determine the sites of the genome bound by tar-
get proteins. Various ChIP-Seq data have been reported
for linker histone variants [7—10]. By obtaining ChIP-Seq
data, it is possible to roughly predict the chromatin epi-
genetic states where the target proteins are located [11].
The epigenetic marks of core histones are useful indica-
tors of chromatin states, with the di- and tri-methylation
of histone H3K9 and H3K27 are inactive states and the
acetylation of histone H3K27 and methylation of histone
H3K4 are indicatives of active states.

Histones are typically comprised of a high proportion
of basic amino acids and have been observed to exhibit
non-specific binding to DNA or RNA in vitro. In cells,
non-specific DNA/RNA binding must be rigorously sup-
pressed. In the event that non-specific DNA/RNA bind-
ing of histones is not properly suppressed, it will have a
significantly detrimental impact on the functions of DNA
and RNA, including processes such as DNA replica-
tion, transcription, and translation. The binding of acidic
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proteins or RNAs to histones has been demonstrated to
suppress non-specific DNA binding of histones, thereby
facilitating the formation of proper NCPs or NCP-linker
histone complexes [12-15]. TAF-I, NAP1, NPM1, NCL,
and Prothymosin o have been demonstrated to be asso-
ciated with linker histones in the cell extracts, and to
mediate association and dissociation of linker histones
with NCPs [16—19]. Furthermore, our previous findings
have demonstrated that TAF-I depletion reduces linker
histone dynamics in HeLa cells [16], and analogous out-
comes were observed for Prothymosin o [20]. Therefore,
it is postulated that these linker histone binding proteins
exert a pivotal function in regulating chromatin structure
by influencing linker histone dynamics within cells. Nev-
ertheless, the precise functions of these acidic proteins
with respect to linker histone chromatin binding remain
elusive.

HP1BP3 was initially identified as a binding partner of
the heterochromatin protein HP1a, through yeast two-
hybrid screening [11]. HP1BP3 exhibits a protein domain
composition analogous to that of linker histones except
for its three globular domains. Biochemical analyses of
the first globular domain alone demonstrated its capac-
ity to associate with NCPs like linker histone H1.2 [21]. It
has been documented that mice lacking HP1BP3 exhibit
growth retardation at birth [22]. Additionally, it has been
demonstrated that HP1BP3 plays a role in microRNA
(miRNA) biogenesis by interacting with the miRNA pro-
cessor complex [23]. These results suggest that although
the first globular domain of HP1BP3 binds to NCPs sim-
ilar as do linker histone Hls, it performs specific func-
tions that are distinct from those of linker histone H1
proteins. Nevertheless, the NCP binding of full-length
HP1BP3 to NCPs, as well as the distinct and redundant
binding of its three globular domains to NCPs, has yet to
be investigated. In this study, we sought to elucidate the
chromatin binding properties of HP1BP3 and its distri-
bution along the entire chromatin, with a comparison to
those of linker histone variants.

Methods

Structure prediction of the globular domains of HP1BP3
The globular domains of HP1BP3, Gl (amino acids
156-233), G2 (amino acids 254—331), and G3 (amino
acids 342-414), and those of H1.0 (amino acids 28-98)
and H1.2 (amino acids 35-110) were aligned by Clastal
W (https://www.genome.jp/tools-bin/clustalw)  with
default parameter settings. The structures of the globu-
lar domains were predicted by AlphaFold 3 [24]. As a
reference of the globular domain, the solution structure
of the globular domain of H1.0 deposited on the protein
data base (PDB) was used (PDB: 6HQ1). The predicted
structures and the reference structure were superim-
posed by PyMol ver. 3.0.4. The template modeling score
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(TM-score), representing a metric of the topological
similarity of protein structures, was calculated using TM-
align [25] (https://zhanggroup.org/TM-align/).

Plasmid construction

HP1BP3 ¢DNA (UniPort ID: Q5SSJ5) was prepared by
PCR (KOD plus-Neo, Toyobo) using HeLa cell cDNA as
a template and a primer set, 5-GAGGATATCCATATG
GCGACTGATACGTCTCA-3 and 5-AGCTCTCGAGT
TACTTTTTCACTCTGAAAG-3. The amplified cDNA
was digested with EcoR V and Xho I and subcloned into
the same sites of pcDNA3.1-Flag vector. To construct
HP1BP3AG12, HP1BP3AG13, HP1BP3AG23 cDNAs,
HP1BP3AG1, HP1BP3AG2, and HP1BP3AG3 cDNAs
were first amplified by 2-step PCR using primer sets, 5-T
TCTGGATTTCTGAGGCGGTGTTTGTTTCTGGGC
CC-3’" and 5-CCAGAAACAAACACCGCCTCAGAAA
TCCAGAAACAG-3, 5-CTGATTTCTTCAGCTGTTC
TGGATCCACTGCAGAGC-3’ and 5-TGCAGTGGATC
CAGAACAGCTGAAGAAATCAGGGG, and 5-AGGG
AAAACAGAGCTGCAGGCTTCCACCAAGCAGG-3’
and 5-GCTTGGTGGAAGCCTGCAGCTCTGTTTTC
CCTATTATC-3; respectively. For PCR amplification of
first PCR, vector primers for pcDNA3.1 and pcDNA3.1-
Flag-HP1BP3 as a template were used. To prepare
HP1BP3AG12, HP1BP3AG23, and HP1BP3AG13, the
same PCR reactions were performed using HP1BP3AG1
or HP1BP3AG2 as templates. Similarly, HP1BP3AG123
cDNA was prepared from HP1BP3AG23 as a template
and a primer set for HP1BP3AG1 preparation. The cDNA
was cloned into EcoR V and Xho I-digested pcDNA3.1-
Flag vector. To construct pEGFP-C1-Flag-HP1BP3, Flag-
HP1BP3 ¢cDNA was cut out from pcDNA3.1-Flag vector
with Kpn I and Apa I and subcloned into the same sites of
pEGFP-C1 vector. pGEX2T-TAF-Ip and pGEX2T-Flag-
NPM1 were previously described [15, 16]. The Widom
601 sequence [26] (250 bp) was amplified by PCR using
5-AAAGCATGATTCTTCACACC-3 and 5'-CACTATC
CGACTGGCACCGG-3!

Cell growth, FRAP assay, and immunofluorescence

HeLa cells, U20S cells, and 293T cells were grown in
DMEM containing 10% FBS and antibiotics (strepto-
mycin and penicillin). Mouse embryonic fibroblast cells
(MEF) lacking p53 (referred to as control MEF cells) and
both p53 and NPM1I genes (referred to as NPM1 KO
MEF cells) were obtained from Dr. E. Colombo and were
maintained in DMEM containing 10% FBS and antibiot-
ics [27]. For FRAP assay with HeLa cells, control siRNA
(Thermo Fisher Scientific, 12935200), NPM1 siRNA [28],
TAF-1 siRNA [16] were transfected by Lipofectamine
RNAiIMAX (Life Technologies) in U20S cells, and the
cells were incubated for 24 h. Then the cells were re-
spread in 3.5 cm glass-based dishes (IWAKI glass) and
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pEGFP-C1-Flag-HP1BP3 was transiently transfected by
Gene Juice (Merck Milipore). The cells were washed with
PBS 24 h post plasmid transfection and incubated for an
additional 24 h. FRAP assays were performed 72-80 h
post siRNA transfection using LSM5 confocal micro-
scope (Zeiss microscopy) as described previously [17].
Similarly, control and NPM1 KO MEF cells were tran-
siently transfected with pEGFP-Flag-HP1BP3 and FRAP
assays were conducted as above.

Protein expression and purification

Flag-tagged HP1BP3 and its mutants were expressed
in 293T cells and purified with Flag-M2 agarose beads
(SIGMA Aldrich). 293T cells expressing Flag-HP1BP3
proteins were suspended in the buffer A (20 mM Tris
pH7.9, 0.1% Triton X-100, and 0.1 mM PMSF) contain-
ing 50 mM NaCl. The NaCl concentration was adjusted
to 400 mM and incubated on ice for 30 min. The extracts
were centrifuged at 15,000 rpm for 10 min and the super-
natants were recovered. NaCl concentration was diluted
to 200 mM by adding buffer A, followed by incubation
with Flag-M2 agarose beads (SIGMA Aldrich) for 2 h at
4 °C. The beads were then extensively washed with buffer
A containing 400 mM NaCl. The bound Flag-tagged pro-
teins were eluted with buffer H (20 mM Hepes pH7.9, 50
mM NacCl, 10% glycerol, and 0.1 mM PMSF) containing
0.1 mg/ml flag peptide (SIGMA Aldrich). The concen-
tration of the purified proteins was estimated by CBB-
stained bands on SDS-PAGE using BSA as a standard.
GST-TAF-Ip and GST-NPM1 were expressed in E. coli
and purified as described [17].

Preparation of NCPs and binding assay

NCPs were assembled on 196 bp-long 5 S rDNA
sequence and 250 bp-long Widom601 nucleosome
positioning sequence with recombinant core histones.
Preparation of core histones and NCPs were previously
described [17]. NCPs were purified by 15-30% glyc-
erol density gradient and the concentration (DNA) was
estimated by band intensity relative to the same DNA
separated by PAGE with known concentration as a stan-
dard. In the standard NCP-HP1BP3 binding assay, NCPs
(0.1 pmole of DNA) were incubated at 37 °C for 30 min
in the presence of 0.1 mg/ml BSA and separated by 6%
native polyacrylamide gel containing 0.5xTris-Borate
EDTA (TBE). The DNA was visualized by Gel Red stain-
ing. For MNase digestion assay, after incubation with or
without HP1BP3, the mixture was supplemented with 3
mM CaCl, followed by MNase digestion at 30 °C. DNA
extracted by phenol-chloroform and precipitated with
ethanol was separated by native 6% PAGE and visualized
by Gel Red staining.
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Fig. 1 The globular domains of HP1BP3 show similarity to that of canonical linker histones. (A) Alignment of the globular domains of linker histones
and HP1BP3. The globular domains of H1.0 (@amino acids 28-98) and H1.2 (amino acids 35-110), and HP1BP3 G1 (amino acids 156-233), G2 (amino acids
254-331), and G3 (amino acids 342-414) are aligned by Clastal W (https://www.genome jp/tools-bin/clustalw) with default parameter settings. The
positions of three a helices (a1, a2, and a3), two {3 sheets (31 and 32), and linkers (L1, L2, and L3) are represented based on the solution structure of the
globular domain of H1.0 (PDB: 6HQ1). (B) Structural prediction of the globular domains of HP1BP3. The predicted structures of the globular domains of
H1.0, HP1BP3-G1, HP1BP3-G2, and HP1BP3-G3 (indicated by blue) by AlphaFold3 are superimposed on the solution structure of the globular domain of
H1.0 (PDB: 6HQ1, indicated by yellow). Positions of a helices, and the N- and C-terminal ends are shown in the superimposed structure for the globular

domain of H1.0. TM-scores are shown at the bottom of the panel

Antibodies used in this study

HP1BP3 antibody was raised in rabbits using HP1BP3
as an antigen. The anti-HP1BP3 antibody was purified
from rabbit serum with antigen-immobilized HiTrap
NHS-activated column (Cytiva). Antibody for TAF-If
(KM1720) was described previously [29]. The following
antibodies were commercially available; Flag-tag (SIGMA
Aldrich), NPM1 (FC-61991, Thermo Fisher Scientific),
NCL (D6, Santacruz Biotechnologies), Actin (H6, Santa-
cruz Biotechnologies), anti-Histone 1.2 (ab4086, Abcam),
Anti-UBF (F-9, Santacruz Biotechnologies).

Immunoprecipitation and western blotting

HeLa cell nuclear extracts were prepared by standard
methods [30]. The extracts were mixed with an anti-
HP1BP3 antibody (2 pg) and incubated at 4 °C for 2 h.
Protein A Sepharose Fast Flow (Cytiva) was added and

further incubated at 4 °C for 30 m. Then, the beads were
washed with buffer A containing 100 mM NaCl and
the proteins bound to the beads were eluted with SDS-
PAGE sample buffer. The proteins were separated by 10%
SDS-PAGE followed by western blotting with antibodies
against HP1BP3, NPM1, TAF-If, and NCL.

ChiIP-sequence analysis

Exponentially growing HeLa cells treated with con-
trol siRNA, NPM1 siRNA, or TAF-IB siRNA were fixed
with 0.5% formaldehyde for 10 min at 37 °C followed by
quenching the reaction by an addition of 0.1 M glycine.
The cells were suspended in lysis buffer (50 mM Tris
HCL [pH7.9], 10 mM EDTA, and 1% sodium dodecyl sul-
fate) and lysed on ice for 10 min. The genomic DNAs in
the cells were disrupted by extensive sonication to obtain
DNA fragments with average length of 200 to 500 base
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pairs. The chromatin extracts were incubated with anti-
HP1BP3 or histone H1.2 antibodies (1 pg of immune
globulin) for overnight at 4 °C and the chromatin com-
plexes containing target proteins were recovered with
protein A Sepharose Fast Flow (Cytiva) by incubating
at 4 °C for 15 min. The chromatin complexes precipi-
tated by the beads were extensively washed as previously
described. DNAs recovered by immunoprecipitation
were de-crosslinked and extracted by proteinase K treat-
ment and phenol-chloroform. Then, DNA was precipi-
tated with ethanol and its concentration was examined
by nano-drop (Thermo Scientific). The precipitated
DNA (50 ng) was used for ChIP-Seq library preparation
(ThruPLEX DNA-seq kit, Takara Bio) and subsequent
sequencing with the Illumina Hi-seq 1500 system. The
data was deposited to Gene Expression Omnibus with
the accession number of GSE275436.

Bioinformatic analysis was conducted using indi-
cated tools with default settings unless specified oth-
erwise. Reads were subjected to pre-processing using
fastp (Galaxy Version 0.23.2 + galaxy0) and then aligned
to the hg38 human genome using Bowtie2 (Galaxy Ver-
sion 2.5.3 +galaxyl, --very-sensitive). To remove multi-
mapped, PCR-duplicated, and mitochondrial reads,
samtools was used: samtools sort (Galaxy Version 2.0.5),
samtools view (Version 1.18, -e ‘rname!= “chrM" -F 0 x4
-q 40), samtools fixmate (Version 1.18, -m), and sam-
tools markdup (Galaxy Version 1.15.1 + galaxy2, -r). To
generate bigWig files, bamCoverage and bigwigCompare
of deepTools (Galaxy Version 3.5.4 + galaxy0) were used
for CPM normalization and calculating log2 fold change
(log2fc) between two conditions, respectively. Bin sizes of
bigWig files were changed using bigwigAverage of deep-
Tools (Galaxy Version 3.5.4 +galaxy0) when necessary.
Correlation matrix was generated with multiBigwigSum-
mary (--binSize 1000000) and plotCorrelation (--cor-
Method spearman) of deepTools. For aggregation plots,
bed files for top- and bottom-1000 regions (10-kb win-
dow) in a given bigWig file were first generated based on
a raw count file from multiBigwigSummary of deepTools
(--binSize 10000 --outRawCounts). Then, computeMatrix
(reference-point --referencePoint center -b 5000 -a 5000
--binSize 500) and plotProfile (--perGroup) of deepTools
were used. Visualization of bigWig data was done on IGV
(Integrative Genomics Viewer, version 2.8.7).

Public ChIP-Seq data (bigWig files, fold change over
control) for histone modifications in HeLa-S3 cells were
obtained from the ENCODE portal (https://www.enco
deproject.org): H3K4me3 (ENCFF460QIU), H3K27ac
(ENCFF658XKZ), H3K9me3 (ENCFF658A0G), and
H3K27me3 (ENCFF186NYC).
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Results
HP1BP3 is suggested to contain three globular domains
that are similar in sequence to the central regions of the
linker histone H1 proteins. Moreover, the first globu-
lar domain was demonstrated to interact with nucleo-
some in a manner analogous to that observed for linker
histones [21]. Therefore, it was reasonable to speculate
that single HP1BP3 molecules could tether three nucleo-
somes to form a condensed chromatin structure. To gain
insight into the function of the three globular domains of
HP1BP3, their amino acid sequences (amino acids 156—
233, amino acids 254-331, and amino acids 342-414
for the globular domains, G1, G2, and G3, respectively)
were aligned and compared with the globular domains of
canonical linker histones, H1.0 and H1.2 (Fig. 1A). Com-
pared to the identity and similarity between canonical
linker histones H1.0 and H1.2, those between H1.0 and
the globular domains of HP1BP3 are more divergent.
However, amino acids in three o helices (a1, a2, and
a3), two [ sheets (B1 and B2), and linker 3 (L3) of H1.0
are relatively well conserved in the globular domains of
HP1BP3. Subsequently, we employed the AlphaFold 3
protein structure prediction tool, which is renowned
for its high degree of accuracy [24], using the sequences
for the globular domains of H1.0 and HP1BP3 shown in
Fig. 1A (Fig. 1B). When the experimental NMR struc-
ture (PDB:6HQ1) and the AlphaFold 3 predicted struc-
ture of the globular domain of H1.0 were superimposed,
overall structural units (three a helices followed by two
sheets) in the two structures overlapped well, with minor
variations in the length of two 3 sheets and the orienta-
tion of the linker regions (Fig. 1B, left panel). TM-socre,
a metric for the structural similarity of target proteins,
was determined to be 0.85. This ensures that the predic-
tion by AlphaFold 3 is accurate. Similarly, the AlphaFold
predicted structures of the three globular domains of
HP1BP3 (HP1BP3-Gl1, -G2, and -G3) were superimposed
on the experimentally obtained structure of the globular
domain of H1.0 (Fig. 1B). The results suggest that all the
globular domains of HP1BP3 are folded into the folded
structures comprising three a helices and two [ sheets.
Despite the absence of two [ sheets in the NMR structure
of the G1 of HP1BP3 [21] (PDB: 2RQP), these P sheets
may be formed depending on the experimental condi-
tion. Given that the TM-scores calculated from the NMR
structure of H1.0 globular domain and each HP1BP3
globular domain were all greater than 0.5, the predicated
structures of HP1BP3 globular domains are considered
to be similar. From these observations, all the globu-
lar domains of HP1BP3 are possible to function as NCP
binding domains.

We first investigated whether full-length HP1BP3
binds to nucleosome core particles in vitro. To this end,
Flag-tagged HP1BP3 was expressed in 293T cells and
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(See figure on previous page.)

Fig. 2 HP1BP3 forms a chromatosome-like complex with NCPs. (A) Purified HP1BP3. Flag-tagged HP1BP3 was expressed in 293T cells and purified with
Flag-M2 agarose beads. The protein was separated by 10% SDS-PAGE and visualized with CBB staining. Lane M indicates molecular weight markers. (B)
DNA and NCP binding activity of HP1BP3. Flag-tagged HP1BP3 (0.2, 0.4, and 0.8 pmole) treated without (lanes 1-4 and 9-12) or with (lanes 5-8 and 13-16)
RNase A as shown at the top of the lanes was incubated with 5 S rDNA (0.1 pmole) or NCP assembled on the same DNA. The complexes were loaded on
6% polyacrylamide gel in 0.5XTBE and DNA was visualized with Gel Red staining. Positions of DNA, NCPs, and the HP1BP3-NCP complex are shown at the
right side of the panel. (C) DNA stability after incubation with HP1BP3. NCP (0.2 pmole) was incubated without or with increasing amounts of HP1BP3 as
in B. The experiments were performed in duplicates and the one tube is loaded on native PAGE as in B (top panel), while the other tube was subjected to
DNA extraction and separation by PAGE (bottom panel). Positions of free DNA, NCP, and NCP-HP1BP3 are indicated at the left side of the top panel. Lane
M of the bottom panel indicates molecular weight markers. (D) HP1BP3 binding to NCPs. NCPs (0.2 pmole) were incubated without (lanes 1 and 2) or
with (lanes 3 and 4) Flag-HP1BP3 (0.4 pmole) in the presence of mouse immunoglobulin (Ig, lanes 1 and 3) or anti-Flag antibody (lanes 2 and 4) (0.2 ug
proteins for each antibody). The mixture was separated by 6% PAGE and DNA was visualized by Gel Red staining. (E) Western blotting of NCP-HP1BP3
complex. NCPs (0.2 pmole) was incubated without (lane 1) or with increasing amounts of HP1BP3 (0.1, 0.2, 0.4, and 0.8 pmole for lanes 2-5), separated
on native PAGE, and DNA was visualized with GelRed staining (left panel). The gel was transferred to a PYDF membrane, followed by western blotting
with anti-HP1BP3 antibody (right panel). Positions of Free-DNA, NCP, and NCP-HP1BP3 are shown at the left side of the panels. (F) MNase digestion of the
NCP-HP1BP3 complex. NCPs (0.2 pmole) incubated without (buffer) or with Flag-HP1BP3 (0.05, 0.1, 0.2, 0.3 and 0.4 pmole) as in B were loaded on native
PAGE (left panel). The same reaction was repeated and NCP samples were treated with micrococcus nuclease (MNase, 1 unit) at 37 °C for 1 min, followed
by extraction of DNA (right panel). The band intensities of lanes UC (DNA untreated with MNase as a control), lanes 1 and 6 were scanned by the Image
Jsoftware and plotted as shown at the right side of the panel. The size of the bands detected at peaks was estimated using molecular weight markers in

lane M as a standard

purified (Fig. 2A). Although minor associated proteins
were detected in the HP1BP3 sample, the Flag-HP1BP3
protein was purified as approximately 75 kDa pro-
tein. HP1BP3 demonstrated binding to a 196 bp-long
5 S rDNA, resulting in the detection of smear-shifted
DNA on the gel (Fig. 2B, lanes 2—4). Furthermore, the
HP1BP3 sample pre-treated with RNase A exhibited a
greater capacity to bind the DNA than the sample with-
out RNase A treatment (lanes 6—8). This suggests that the
HP1BP3 sample contained RNA molecules that competi-
tively inhibited the non-specific DNA binding activity of
HP1BP3. To detect RNAs in the Flag-HP1BP3 sample,
the protein solution preincubated without or with RNase
A was separated by 6% PAGE (Supplementary Fig. 1). We
found that nucleic acids stained by GelRed were detected
at the well of the gel, which disappeared upon RNase A
treatment. This indicated that some RNA molecules were
co-purified with HP1BP3. In addition, excess HP1BP3
formed aggregates with DNA that did not enter the gel
that was detected at the well of the gel. Because RNAs
copurified with HP1BP3 disappeared upon RNase treat-
ment (Supplementary Fig. 1), the nucleic acids detected
at the well in Fig. 1B (lanes 6-8) should be 5 S rDNA
fragment. Our results also demonstrated that both RNase
A-treated and non-treated HP1BP3 bound to NCPs
reconstituted with recombinant histones, resulting in the
appearance of distinct shifted bands (lanes 10-12 and
14). The RNase A-treated HP1BP3 exhibited a markedly
elevated binding affinity for NCP and DNA compared
to the untreated HP1BP3. It is noteworthy that the co-
purified RNAs were observed to inhibit the DNA binding
activity of HP1BP3, but not efficiently the NCP binding
activity (see Fig. 2B, lanes 2—4 and 10-12). This suggests
that the co-purified RNAs may facilitate HP1BP3 binding
to NCPs in a manner analogous to that of histone chap-
erones. Furthermore, the binding efficiency of HP1BP3 to
nucleosomal DNA was significantly higher than that to

linear, naked DNA, indicating a preference for the former
over the latter. The amount of DNA at the well exhib-
ited non-consistency with that of free DNA and NCP
(see lanes 8 and 16). This raised the possibility that the
DNA was degraded by the presence of excess HP1BP3.
To exclude this possibility, DNA was extracted from the
NCPs incubated without or with increasing amounts of
HP1BP3 and separated by native PAGE (Fig. 2C). The
results demonstrated that DNA was similarly recov-
ered from the NCP samples incubated without or with
increasing amounts of HP1BP3. The amount of DNA
at the well of the gel appeared to be lower than that of
the free DNA and NCP bands (lanes 1 and 9 in Fig. 2B).
This was likely because the DNA at the well was partially
removed during DNA staining.

To verify that the NCP bands that exhibited a shift
in their migration upon the addition of HP1BP3 con-
tained HP1BP3, a super-shift assay was conducted. The
incubation of NCP with Flag-HP1BP3 resulted in NCP
binding with Flag-HP1BP3, which migrated slower than
NCP (Fig. 2D, lanes 1 and 3). The shifted band by Flag-
HP1BP3 addition showed a super-shift by the presence
of Flag antibody, while the super-shifted band by Flag
antibody was not observed when NCP alone was incu-
bated with anti-Flag antibody (Fig. 2D, lanes 2 and 4).
To further confirm that the mobility of NCP was delayed
by the presence of HP1BP3 and the shifted band con-
tained HP1BP3, western blotting was performed after
separation of the NCP-HP1BP3 complex by native PAGE
(Fig. 2E). DNA in NCP was shifted by the presence of
increasing amounts of HP1BP3 (lanes 2-5). The results
of western blotting with anti-HP1BP3 revealed that the
shifted band, but not NCP alone (lane 1), clearly con-
tained HP1BP3 (Fig. 2E, right panel, lanes 2-5). These
results indicated that HP1BP3 binds to NCPs and the
bands shifted on native PAGE by the presence of HP1BP3
correspond to the NCP-HP1BP3 complex.
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(See figure on previous page.)

Fig. 3 Three globular domains of HP1BP3 bind redundantly to NCPs. (A) Preparation of the globular domain mutants of HP1BP3. HP1BP3 and its mutants
lacking two of three globular domains, G1 (amino acids 152-227), G2 (amino acids 254-336), and G3 (amino acids 341-409), are represented schemati-
cally. AG12, AG13, and AG23 lack two globular domains as indicated. HP1BP3 mutant lacking all globular domains, AG123, was also prepared. The Flag-
tagged HP1BP3 proteins were expressed in 293T cells and purified with Flag-M2 agarose beads. The proteins (500 ng) were separated by 10% SDS-PAGE
and visualized by CBB staining. Lanes M indicate molecular weight markers. (B) NCP binding activity of HP1BP3 globular domain mutants. NCPs (0.1
pmole) were incubated with increasing amounts wild type HP1BP3 (lanes 2-4), HP1BP3AG12 (lanes 5-7), HP1BP3AG13 (lanes 8-10), and HP1BP3AG23
(lanes 11-13) (0.04, 0.1, and 0.2 pmole for each protein) and separated by 6% native PAGE in 0.5XTBE. DNA was visualized by Gel Red staining. The bands
for NCPs and NCP-HP1BP3 complexes were quantitatively analyzed by Image J and the data are shown at the right side of the panel. (C) MNase digestion
assay of NCP-HP1BP3 mutant complexes. NCPs (0.2 pmole) incubated without (buffer, lanes 1 and 12) or with Flag-HP1BP3 AG12, AG13, and AG23 (lanes
2-6,7-11, and 13-17, respectively) (0.05, 0.1, 0.2, 0.3 and 0.4 pmole) were treated with micrococcus nuclease (MNase, 1 unit) at 37 °C for 1 min (right
panel), followed by gel extraction and electrophoresis on PAGE. Positions of molecular weight markers are indicated at the right side of the panels. In lane
UC, DNA was extracted without MNase digestion. (D) The globular domains of HP1BP3 are essential for its NCP binding. NCPs (0.1 pmole) was incubated
without (lane 1) or with increasing amounts of HP1BP3 wild type and HP1BP3 AG123 (lanes 2-5 and 6-9, respectively) (0.1,0.2,0.3,and 0.4 pmole) and the
complexes were separated by native PAGE. Positions of NCPs, NCP-HP1BP3, and free DNA are shown at the right side of the panel. (E) HP1BP3 recognizes
single NCP. NCPs were assembled on 196 bp-5 S rDNA and 250 bp-Widom DNA. The 196 bp-NCPs (lanes 1-4) and 250 bp-NCP (lanes 5-8) (0.1 pmole
each) were mixed with increasing amount of HP1BP3 (0.2, 0.4, and 0.8 pmole). In lanes 9-12, 196 bp-NCP and 250 bp-NCP (0.1 pmole each) were mixed
with increasing amounts of HP1BP3 (0.2, 0.4, and 0.8 pmole). The complexes were incubated and separated by 6% PAGE. DNA was visualized by Gel Red
staining. Positions of 196 bp-NCPs and 250 bp-NCP are indicated at the left side of lane 1 and right side of lane 5, respectively, with filled arrowheads.
Positions of 196 bp-NCP-HP1BP3 and 250 bp-NCP-HP1BP3 complexes are indicated at the left side of lane 2 and right side of lane 7, respectively, with

blank arrowheads

It is well-established that linker histone H1 binds to
nucleosomes at the linker DNA entry-exit sites to form
a chromatosome, which protects approximately 160 base
pairs (bp) of DNA from micrococcal nuclease (MNase)
digestion [31]. We proceeded to examine whether
approximately 160 bp of DNA was protected by MNase
digestion of the HP1BP3-NCP complex with the aim of
elucidating the functions of HP1BP3 as a linker histone.
NCPs preincubated without or with increasing amounts
of Flag-HP1BP3 were directly loaded on native PAGE
(Fig. 2F, left panel) or treated with MNase, after which
DNA extraction and polyacrylamide gel electrophoresis
were performed (Fig. 2F, middle panel). The image for
lane UC (DNA non-treated with MNase), lane 1, and lane
6 were scanned and plotted as shown at the right panel of
Fig. 2F. The data revealed that approximately 140—150 bp
of DNA was protected when NCP alone was treated with
MNase (lane 1), while the bands representing 160 bp
DNA were increased when increasing amounts of Flag-
HP1BP3 was added (lanes 3-6, and scanned plot for
lanes 1 and 6). The bands between 180 and 200 bp were
also increased by the addition of increasing amounts of
HP1BP3. The increase in the DNAs with 180 to 200 bp
suggests that HP1BP3 could randomly bind to linker
DNA extended from NCPs, which inhibits MNase access.

The central region of HP1BP3 is comprised of three
linker histone-like globular domains (see Fig. 1). We
wondered how these three domains cooperatively or
independently bind to NCP. To address this question,
three mutant proteins lacking two of the three globular
domains were prepared and designated AG12, AG13, and
AG23 (Fig. 3A). We also prepared the mutant HP1BP3
protein lacking all three globular domains AG123. It
was observed that the mutant proteins AG12, AG13,
and AG23 exhibited a similar binding capacity to NCPs
as the wild type full-length HP1BP3 (Fig. 3B), with a

slight difference in binding efficiency. To quantitatively
analyze the data, the band intensity of NCPs and NCP-
HP1BP3 complex was measured (Fig. 3B, right panel).
The NCP bands decreased, while the NCP-HP1BP3 com-
plex increased by the addition of increasing amounts of
HP1BP3. The increase in the NCP-HP1BP3 complex was
lower for AG13 and AG12 than for HP1BP3 full-length
and AG23. These results suggest that the affinity for
NCPs of G1 is higher than those of G2 and G3.

Although the binding affinity to NCP may be different
for each globular domain, the HP1BP3 mutants AG12,
AG13, and AG23, which have one of the three globular
domains, induced similar band shift of NCPs on native
PAGE (Fig. 3B). We wondered whether these mutants
bind NCPs like the globular domain of linker histone
H1. To address this point, we performed MNase diges-
tion assay (Fig. 3C). When NCP alone was subjected to
MNase digestion, the DNA between 140 and 150 bp was
protected from MNase digestion (lanes 1 and 12), which
is consistent with the data shown in Fig. 2F. When NCP
was preincubated with increasing amounts of HP1BP3
mutants, AG12, AG23, and AG13, the bands with around
160 bp appeared (shown by blank arrowheads in Fig. 3C).
Thus, it is strongly suggested that the three globular
domains of HP1BP3 have the potential ability to indepen-
dently and redundantly bind NCPs.

To verify that the globular domains of HP1BP3 are
responsible for NCP binding, a mutant protein lacking
all GDs (HP1BP3AG123) were prepared and NCP bind-
ing activity was examined (Fig. 3D). NCPs were incu-
bated with increasing amounts of full-length HP1BP3 or
AG123, followed by separation on native PAGE. HP1BP3
bound NCPs and shifted bands were observed. On the
other hand, the shifted band was not observed even in
the presence of excess AG123. Since nucleic acids was
increased at the well of the gel upon the addition of
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increasing amounts of AG123, this protein was also pos-
sible to contain RNAs. These results support our conclu-
sion that the globular domains of HP1BP3 are responsible
for NCP binding.

Given that three globular domains of HP1BP3 are
capable of independently binding NCPs, it was postu-
lated that a single molecule of HP1BP3 could potentially
interact with three NCPs. If this is indeed the case, it
would suggest that HP1BP3 may contribute to the for-
mation of high-order chromatin structures via different
mechanisms to those observed in linker histone Hls.
To investigate this hypothesis, NCPs were prepared
with either 196 bp-DNA or 250 bp-DNA, and binding
assays were conducted (Fig. 2E). The binding of HP1BP3
to the 196 bp-NCP and 250 bp-NCP was observed to
be of a similar efficiency, resulting in the appearance of
shifted bands (lanes 2—4 and 6-8, blank arrowheads).
Upon incubation of HP1BP3 with both 196 bp-NCP and
250 bp-NCP in a tube, only the bands corresponding to
196 bp-NCP-HP1BP3 or 250 bp-NCP-HP1BP3 were
observed (lanes 10-12). These results strongly suggest
that HP1BP3 is capable of recognizing a single NCP, but
unable to link two or three NCPs together. It appeared
that only one globular domain of the three globular
domains of HP1BP3 is capable of recognizing NCPs.

Because DNA and NCP binding properties of HP1BP3
were analogous to those of linker histone Hls and that
the latter was regulated by linker histone chaperones. We
previously demonstrated that NPM1 and TAF-Ip bind to
linker histones, thereby regulating their DNA/NCP bind-
ing activity [16, 17]. Therefore, it was ascertained whether
these linker histone chaperones were capable of binding
to HP1BP3. Nuclear extracts from HeLa cells were pre-
pared, and an immunoprecipitation assay was conducted
using a specific antibody against HP1BP3 (Fig. 4A).
The results demonstrated that endogenous HP1BP3
co-precipitated with NCL, NPM1, and TAF-IB. How-
ever, co-immunoprecipitation of HP1BP3 with an abun-
dant replication factor, proliferating cell nuclear antigen
(PCNA), was not observed (lane 6). To confirm the direct
binding between histone chaperones and HP1BP3, GST-
pull down assays were conducted (Fig. 4B). GST, GST-
NPM1, and GST-TAF-Ip were incubated in the absence
or presence of HP1BP3, and the bound proteins were
analyzed by SDS-PAGE. The results demonstrated that
GST-NPM1 and GST-TAF-IP, but not GST, co-precip-
itated with Flag-HP1BP3 (lanes 6 and 7). To determine
the region(s) of HP1BP3 responsible for interacting with
histone chaperones, three mutant proteins, HP1BP3-N,
-M, and -C were prepared and GST-pull down assays
were conducted (Fig. 4C). The results demonstrated that
GST-NPM1 and GST-TAF-Ip efficiently co-precipitated
HP1BP3-M (lanes 11 and 12) and HP1BP3-C (lanes 14
and 15). Based on these findings, it can be concluded that
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HP1BP3 binds to linker histone chaperones through its
central globular domains and the C-terminal disordered
region.

We next examined the effects of histone chaperones on
the NCP binding activity of HP1BP3. To this end, GST-
NPM1 and GST-TAEF-Ip were purified (Fig. 5A). NCPs
assembled on 196-bp DNA were incubated with higher
concentration of HP1BP3 preincubated without or with
increasing amounts of histone chaperones or GST, and
the complexes were analyzed by native PAGE (Fig. 5B).
When an excess amount of HP1BP3 alone was incu-
bated with NCPs, the complexes did not enter the gel,
and a minor population of the DNA was detected (lane
2). Preincubation of HP1BP3 with GST alone did not
affect the NCP binding of HP1BP3 (lane 15). Under this
condition, when an excess amount of HP1BP3 was pre-
incubated with increasing amounts of GST-NPM1 or
GST-TAF-IB, HP1BP3-NCPs complexes were properly
formed (indicated by a filled arrowhead). By incubating
with GST-NPM1 or GST-TAF-IB, not only HP1BP3-NCP
complexes but the bands corresponding to free NCPs
were also increased. Furthermore, when the amounts of
GST-TAF-IP was increased, only NCPs, but not HP1BP3-
NCP, were formed (lanes 12—14). These results indicated
that both NPM1 and TAF-If similarly suppress the excess
binding of HP1BP3 to NCPs, and TAF-Ip shows the abil-
ity to inhibit the formation of HP1BP3-NCPs or remove
HP1BP3 from the HP1BP3-NCP complexes.

We subsequently analyzed the impacts of these linker
histone chaperones on the HP1BP3 functions within
cells. EGFP-tagged HP1BP3 was transiently expressed
in U20S cells, and fluorescence recovery after photo-
bleaching (FRAP) assays were conducted. EGFP-HP1BP3
was clearly detected in the nucleus, and this pattern
was not affected by NPM1 or TAF-IB siRNA treatment
(Fig. 5C and Supplementary Fig. 2). The expression level
of TAF-Ip was efficiently depleted by siRNA (Fig. 5D),
whereas that of NPM1 was reduced to approximately
30% of the control cells. It was also demonstrated that the
expression level of HP1BP3 normalized to that of f-actin
remained relatively unchanged following TAF-I and
NPM1 siRNA treatments (see quantitative data shown at
the bottom of Fig. 5DI). The EGFP signals were bleached
by a 488-nm laser line, and the EGFP intensity was mea-
sured at one-second intervals over a two-minute period
(Fig. 5E). In cells treated with control siRNA, the EGFP
signal was recovered to 80% of its initial intensity, indicat-
ing that HP1BP3 may undergo dynamic association with
or dissociation from chromatin. The dynamic behavior
of HP1BP3 was found to be similar to those observed
for linker histone H1s [32]. NPM1 siRNA treatment did
not result in any change in the localization and dynam-
ics of HP1BP3. However, when TAF-I was depleted, a
significant decrease in the dynamics of HP1BP3 mobility
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Fig. 4 HP1BP3 binds to linker histone chaperones, NPM1 and TAF-I. (A) Immunoprecipitation of HP1BP3. Hela cell nuclear extracts were mixed with
control rabbit Ig or anti-HP1BP3 antibody (2 pg each) and incubated at 4 °C for 2 h. Protein A sepharose beads were added and incubated for an ad-
ditional 30 min. The beads were washed extensively, and the proteins bound to the beads were eluted by an SDS-PAGE sample buffer, followed by 10%
SDS-PAGE and western blotting with anti-HP1BP3, NCL, NPM1, and TAF-IB (lanes 2 and 3). The same experiment was repeated and western blotting with
anti-HP1BP3, NPM1, and PCNA antibodies were performed (lanes 5 and 6). Input extracts (1%) were loaded in lanes 1 and 4. (B) GST-pull down assay. GST,
GST-NPMT1, and GST-TAF-IB (1 pg each) immobilized on glutathione Sepharose beads, mixed with buffer alone (lanes 2-4) or 1 ug of Flag-HP1BP3 (lanes
5-7) and incubated for 2 h. The beads were washed extensively, and the proteins bound to the beads were eluted and analyzed by 10% SDS-PAGE. The
proteins were visualized by CBB staining. In lane 1, input Flag-HP1BP3 (100 ng) was loaded. Lane M is a molecular weight marker. (C) The NPM1-and TAF-
I-binding domain of HP1BP3. GST, GST-NPM1, and GST-TAF-I3 were immobilized and HP1BP3 mutants, HP1BP3-N, HP1BP3-M, and HP1BP3-C were added
and incubated for 2 h. The bound proteins were analyzed as in B. The blank arrowheads shown at the right side of lanes 12 and 15 indicate the positions
of HP1BP3-M and HP1BP3-C
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(See figure on previous page.)

Fig.5 Effects of NPM1andTAF-I on the chromatin binding activity of HP1BP3. (A) Purified GST-NPM1, GST-TAF-I3, and GST. The GST proteins (200 ng) were
separated by 10% SDS-PAGE and visualized by CBB staining. The positions of molecular weight markers are shown at the right side of the panel. (B) NPM1
and TAF-I3 inhibit the nonspecific binding of HP1BP3 to NCPs. 55 rDNA NCP (0.1 pmole) was incubated without (lane 1, 3, and 4) or with (lanes 2 and
5-14) Flag-HP1BP3 (0.8 pmole). In lanes 5-9 and 10-14, GST-NPM1 and GST-TAF-IB (0.4, 0.8, 1.6, 3.2, and 4.8 pmole) were also added. In lane 15, GST (4.8
pmole) was added as a control. The mixture was incubated at 30 °C for 30 min and loaded on 6% PAGE. Positions of free DNA, NCP, and the HP1BP3-NCP
complex are shown at the right side of the panel. (C) Localization of HP1BP3 in U20S cells treated with siRNAs. U20S cells were transfected with control
siRNA, NPM1 siRNA, and TAF-I3 siRNA as indicated and the plasmid for the expression of EGFP-HP1BP3 was transfected 48 h after siRNA transfection. The
localization of EGFP-HP1BP3 were observed 72-80 h post plasmid transfection under a confocal microscope. A bar shown at the right bottom indicates
10 um. (D) Expression of NPM1 and TAF-I3 in siRNA treated cells. U20S cells treated with siRNAs as in C were subjected to western blotting with antibod-
ies against HP1BP3, NPM1, TAF-IB, and actin. Proteins from 1x 10% 3% 10% and 1x 10° cells were loaded for each sample. The band intensity of HP1BP3
and B-actinin lanes 3, 6, and 9 was analyzed by Image J and the ratio HP1BP3/[-actin for lanes 3, 6, and 9 are shown at the bottom of the panel. (E) FRAP
analyses of EGFP-HP1BP3. U20S cells transfected with siRNA and EGFP-HP1BP3 plasmid as in C were grown in glass-based dishes and subjected to FRAP
analyses. The EGFP signals were bleached with a 488-nm lase line and the recovery of the EGFP signals was measured with one-second interval for two-
minutes and plotted as a function of time (s). For each sample, 10 cells were examined and the data shown were averaged. The error bars indicate +SD.
The recovery rates of HP1BP3 in NPM1- and TAF-I-knockdown cells were statistically analyzed by student t-test and the data for TAF-I knockdown cells
(from 14 to 120 s after photo bleach) relative to those of control cells were p<0.02. (F) Expression of NPM1 in NPM1 KO MEF cells. Proteins from control
MEF cells and NPM1 knockout MEF cells (3x 10% and 1x 10° cells for lanes 1 and 2, and 3 and 4) were separated by SDS-PAGE and subjected to western
blotting with anti-UBF and anti-NPM1 antibodies. (G) FRAP assay with NPM1 KO cells. EGFP-HP1BP3 was transiently expressed in control (black) and NPM1

KO (red) MEF cells and FRAP assay as in E were conducted

was observed. This result indicated that TAF-If plays
an important role in the maintenance of the chroma-
tin association-dissociation cycle of HP1BP3. To more
accurately evaluate the effect of NPM1 on the dynamic
behavior of HP1BP3, we took advantage of NPM1 knock-
out (KO) mouse embryonic fibroblast (MEF) cells. The
expression of NPM1 was not detected in NPM1 KO MEF
cells, whereas a rRNA transcription factor, UBF, was
similarly expressed both in control and NPM1 KO MEF
cells (Fig. 5F). EGFP-HP1BP3 was transiently expressed
in both control and NPM1 KO MEF cells and FRAP assay
was conducted (Fig. 5G). The results revealed that the
recovery rate of the EGFP signal was not influenced by
NPM1 KO, indicating that NPM1 is dispensable for the
dynamics of HP1BP3.

Finally, we conducted ChIP-Seq analyses to exam-
ine the localization patterns of HP1BP3 throughout the
genome. For comparison, ChIP-Seq analysis with linker
histone H1.2 was also conducted. Furthermore, to inves-
tigate the influence of histone chaperones, NPM1 and
TAF-IP on the chromatin binding of HP1BP3 and H1.2,
cells treated with NPM1 siRNA or TAF-Ip siRNA were
subjected to ChIP-Seq analyses (Fig. 6). HeLa cells trans-
fected with control siRNA, NPM1 siRNA, or TAF-If
siRNA were fixed with 0.5% formaldehyde and ChIP
was conducted with anti-HP1BP3 and anti-H1.2 specific
antibodies. The precipitated DNA was subjected to deep
sequence analyses. The data demonstrated that HP1BP3
and H1.2 distributed throughout the genome with weak
distinct preferences. Representative genomic loci bound
by HP1BP3 and H1.2 were illustrated in Fig. 6A. We
observed that H1.2 was more abundant than HP1BP3 at
some loci (e.g., that on chromosome 8), whereas HP1BP3
exhibited a greater enrichment than H1.2 at other loci
(e.g., that on chromosome 19). This was evident when
the distinct distributions of HP1BP3 and H1.2 were
examined as log2 fold change (log2fc) between them.

Furthermore, when the enrichment of histone active
(H3K4me3 and H3K27ac) and inactive marks (H3K9me3
and H3K27me3) was compared to those of HP1BP3
and H1.2, HP1BP3 exhibited a preference for binding to
regions with high levels of active histone marks, whereas
H1.2 demonstrated a preference for binding to regions
with high levels of inactive histone marks. This pattern
was also observed when the top-1000 genomic regions
enriched for HP1BP3 and H1.2 binding were compared
to the distribution patterns of active and inactive histone
marks (Fig. 6B).

The overall distribution patterns of HP1BP3 and H1.2
remained largely unaltered upon NPM1 or TAF-If
knockdown, as illustrated in Fig. 6A. However, we
observed that at the loci where HP1BP3 was more abun-
dantly enriched, HP1BP3 binding exhibited a tendency to
reduce, whereas H1.2 binding demonstrated a tendency
to increase upon NPM1 and TAF-IP knockdown (Fig. 6A,
bottom panel and Fig. 6B, top panels). Conversely, at the
loci where H1.2 was more abundant, H1.2 binding exhib-
ited a tendency to reduce, whereas HP1BP3 binding dem-
onstrated a tendency to increase by NPM1 and TAF-Ip
knockdown. Indeed, the genome-wide correlation coef-
ficients indicated that changes in H1.2 and HP1BP3
binding upon chaperone knockdown were positively and
inversely correlated, respectively, with the HP1BP3 vs.
H1.2 distribution (Fig. 6C). These results suggest that
NPM1 and TAF-IB play redundant roles in determining
the preferential binding loci of HP1BP3 and H1.2.

Discussion

While we are unable to conclude that HP1BP3 binds
NCP at a ratio of 1:1 as do canonical linker histones, our
findings imply that HP1BP3 is a non-typical linker his-
tone that possesses three globular domains in its cen-
tral regions. Our findings demonstrated that HP1BP3
efficiently binds to NCPs (Fig. 2). Furthermore, MNase
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Fig.6 Distribution of HP1BP3 and H1.2 throughout the genome and the effects of linker histone chaperones on their chromatin binding. (A) Representa-
tive screenshots of ChiP-Seq tracks. Hela cells treated with control siRNA, NPM1 siRNA, TAF-I3 siRNA were fixed with 0.5% formaldehyde and chromatin
immunoprecipitation was conducted with anti-HP1BP3 or anti-H1.2 antibodies. The precipitated DNA was subjected to deep sequencing. ChIP-Seq data
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digestion of the NCP-HP1BP3 complex produced 160
base pairs of DNA, which is similar in size to the pro-
tected DNA from MNase digestion of the NCP-H1 com-
plex. The globular domains are capable of fitting and
binding to the nucleosome entry/exit sites, and our data
demonstrated that either one globular domain is suffi-
cient for HP1BP3 to bind to NCP. From this observation,
it was reasonable to speculate that a single HP1BP3 mol-
ecule could bind to three NCPs to form condensed chro-
matin structures. Contrary to this speculation, we found
that a single HP1BP3 molecule recognizes only one NCP
under our experimental conditions (Fig. 3E). It is conceiv-
able that upon the binding of a globular domain to NCP,
the remaining two globular domains may be rendered
inaccessible to NCP. Given that the mutant HP1BP3 pro-
teins lacking two of the three globular domains bind to
NCPs with slightly different binding affinities, it can be
inferred that all the globular domains have the potential
to bind to NCPs. It is currently not understood how one
globular domain among three is selected when HP1BP3
binds to NCPs. Furthermore, we cannot exclude the pos-
sibility that a single HP1BP3 molecule may recognize two
or three NCPs when they are in a nucleosome array.

The genome-wide distribution patterns of linker his-
tone variants have been investigated in breast cancer
cell lines and mouse embryonic stem (ES) cells [7, 9].
The results demonstrate that each linker histone variant
exhibits a preference for binding loci. For example, H1.2
is less abundant at the transcription start sites of inac-
tive genes than other variants, whereas it is enriched at
loci with low-guanine-cytosine content. Similarly, we
observed that HP1BP3 and H1.2 exhibit weak, but dis-
tinct preferences for binding loci (Fig. 6). Therefore, it
can be concluded that HP1BP3 and linker histone vari-
ants play redundant roles in regulating the chromatin
structure, although they also play specific roles at their
preferential binding sites.

The chromatin binding of HP1BP3 is regulated by
linker histone chaperones, NPM1 and TAF-If. Both
NPM1 and TAEF-IP exhibit comparable binding to the
central globular domains and C-terminal region of
HP1BP3 (Fig. 4). However, the association with and dis-
sociation from chromatin of HP1BP3 within cells were
regulated by TAF-IB, but not by NPM1 (Fig. 5). This may
be because that the binding affinity of HP1BP3 to TAF-Ip
was higher than that observed to NCPs. However, we
observed by ChIP-Seq analyses that the binding site
preferences of HP1BP3 and H1.2 were obscured upon
knockdown of both NPM1 and TAF-IB. These findings
suggest an interesting possibility that the recruitment of
linker histone variants, including HP1BP3, to their pre-
ferred genomic loci may require the involvement of the
linker histone chaperone proteins, including NPM1 and
TAEF-Ip. The linker histone chaperones may facilitate the
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transfer of linker histones to their preferred genomic
loci through as-yet-unknown mechanisms, or they may
impede the binding of linker histones to their non-pre-
ferred genomic loci.

Conclusions

Despite the suggestion that HP1BP3 functions as a linker
histone, the full-length HP1BP3 protein has never been
analyzed as a linker histone. In this manuscript, our data
revealed that HP1BP3 binds NCPs in a manner similar to
linker histone H1. Furthermore, the linker histone func-
tion of HP1BP3 was found to be regulated by the linker
histone chaperones, NPM1 and TAF-Ip. ChIP-Seq anal-
yses revealed that HP1BP3 and H1.2 exhibit a weak but
distinct binding site preference along the genome. An
interesting finding is that the binding site preferences
of HP1BP3 and H1.2 may be regulated by linker histone
chaperones. Our results contribute to the understanding
of the mechanisms by which linker histone variants regu-
late higher order chromatin structures.
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