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Abstract

The H2B.8 variant has been diverged from other variants by its extended N-terminal region that possesses a
conserved domain. We generated transgenic Arabidopsis plants expressing H2B.9 (class 1), H2B.5 (class Il) and H2B.8
(class 1) fused to GFP under the 35 S promoter and studied their nuclear distribution and function. H2B.8-GFP
showed peculiar nuclear localization at chromocenters in all cell types examined, while H2B.5-GFP and H2B.9-GFP
displayed various patterns often dependent on cell types. H2B variants faithfully assembled onto nucleosomes
showing no effect on nuclear organization; H2B.8-GFP appeared as three distinct isoforms in which one isoform
appeared to be SUMOylated. Interestingly, transient expression in protoplasts revealed H2B.8 nuclear localization
distinct from transgenic plants as it was restricted to the nuclear periphery generating a distinctive ring-like
appearance accompanied by nuclear size reduction. This unique appearance was abolished by deletion of the
N-terminal conserved domain or when H2B.8-GFP is transiently expressed in ddm1 protoplasts. GFP-TRAP-coupled
proteome analysis uncovered H2B.8-partner proteins including H2AW.12, which characterizes heterochromatin.
Thus, our data highlight H2B.8 as a unique variant evolved in angiosperms to control chromatin compaction/
aggregation and uncover cis- and trans-regulatory elements underlying its nuclear distribution and function.
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Introduction

Eukaryotic DNA is packaged into highly organized
nucleoprotein complex called chromatin. The funda-
mental repeating unit of chromatin is the nucleosome,
which is composed of 146 base pairs of DNA wrapped
around an octamer of core histone proteins H2A, H2B,
H3 and H4. A fifth histone, namely, the linker histone H1
binds DNA on its entry and exit from the nucleosomal
core particle and is required for the establishment of the
30 nm solenoid fiber and formation of repressive chroma-
tin [31]. The higher order packaging of chromatin influ-
ences the accessibility of the genetic material for nuclear
processes such as replication, DNA repair and gene
expression, which is essential for maintaining the cellular
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identity [24]. The chromatin can be extensively remod-
eled by post-translational modifications of histones or
incorporation of histone variants making the chromatin
structure a dynamic entity [23]. Histone variants are non-
allelic protein isoforms encoded by paralogous genes that
share a structural domain called the histone fold. Though
histone variants have been identified since early research
of histone proteins, their diverse roles are not fully under-
stood. The variants of histone H2A and histone H3 are
well characterized, and their specialized role have been
identified. The histone H2B is the least conserved among
the core histone proteins essentially due to the differ-
ences in N-terminal regions [12, 20, 21], but much less
is known about specialized roles of histone H2B variants.

The model plant Arabidopsis has 11 genes encoding for
histone H2B proteins that can be divided into three phy-
logenetic clusters termed class I, II and III [21]. Class I
contains six H2B variants — H2B.1, H2B.2, H2B.3, H2B .4,
H2B.9 and H2B.11, class II contains four H2B variants -
H2B.5, H2B.6, H2B.7 and H2B.10, and class III contains a
single variant H2B.8 (nomenclature of Arabidopsis H2Bs
according to Probst et al., [29]. Multiple posttranslational
modifications have been detected on Arabidopsis class
I H2B variants including acetylation, methylation, and
ubiquitination [5], which might modulate their function.
Ubiquitylation of lysine residue at the C-terminus (K145)
is most studied modification, and in animal it is impli-
cated in establishment of transcriptionally active chro-
matin [36]. Similarly, in plants, H2B monoubiquitylation
has been implicated in gene transcription [8, 18], while
deubiquitylation is often associated with gene silencing
[38]. In addition, the Arabidopsis H2B variant, H2B.9
appears to be modified by small ubiquitin-like modifier
(SUMO) at K142 [33], yet the biological role of this modi-
fication is unknown.

The H2B.8 variant was highly diverged from other
H2Bs mainly due to presence of an extended N-terminal
region with a conserved domain found in the N-terminal
extension of H2B.8 orthologs in angiosperms with the
core sequence KVVXETVxVxV [20, 21]. In a previous
study, Jiang et al. [20] demonstrated the specific expres-
sion and nuclear localization of H2B.8 in sperm cells
and cotyledons of mature embryos and suggested that
H2B.8 might function in chromatin compaction. A recent
study highlights a role for H2B.8 in compaction of sperm
nuclei via chromatin phase separation, which requires
the N-terminal extension (IDR, intrinsically disordered
region, Buttress et al., [10]. The authors showed that its
effect on chromatin aggregation/compaction does not
suppress transcription; it may cause decondensation of
heterochromatic foci. Furthermore, the expression of
H2B.8-scrambled IDR effectively condensed nuclei of
tobacco epidermal cells leading to the notion that the
effect on chromatin compaction is not mediated through
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specific sequence motifs within the IDR (Butterss et al,,
2022).

Here, we generated transgenic plants expressing a
representative member of each H2B class, namely,
H2B.9 (class I), H2B.5 (class II) and H2B.8 (class III) and
describe variation in nuclear localization of H2B vari-
ants and their effect on genome organization and flow-
ering. We showed no effect on genome organization in
transgenic plants and highlighted the peculiar nuclear
distribution of H2B.8 at heterochromatic chromocenters
and its modification by the small ubiquitin-like modifier
(SUMO). However, H2B.8-GFP transiently expressed in
protoplasts displayed a ring like distribution, induced
genome reorganization and reduction in nuclear area,
which required the conserved domain at the extended
N-terminal region.

Materials and methods

Plant materials

Arabidopsis plants used in the present study include Ara-
bidopsis Landsberg erecta (Ler), ddm1 (CSHL-GT24941),
cmt3-7 (CS6365, provided by Daphne Autran) as well as
transgenic plants carrying H2B variants fused to GEFP
(see description below) or phyB-GFP (kindly provided
by Ferenc Nagy, Medzihradszky et al., [26] were grown in
0.25 L pots containing standard gardening soil composed
of peat and perlite (2:1) in a growth room (22 °C+2, 70%
humidity) under long day photoperiod (16 h light and 8 h
dark) and light intensity of ~ 150 umol m~%s™1,

Cloning of histone H2B genes and generation of H2B-GFP
transgenic lines

Genomic DNA was extracted from Arabidopsis thaliana
(Ler ecotype) and used as a template for PCR amplifi-
cation of H2B.5 (At2g37470), H2B.8 (At1g08170) and
H2B.9 (At3g45980) coding sequences using primers (sup-
plemental Table 1) flanked with BamHI and Smal sites at
the 5" and 3’ ends, respectively. Parental plasmid pUCI19-
35 S-MBDS5-GFP [47] was cut by the Bglll-Smal to replace
MBDS sequence by BamHI-Smal fragment of H2B.5,
H2B.8 and H2B.9 genes that yielded pUCI19-35 S-H2B-
GFP variants. Each of the ligated product was trans-
formed into E. coli Top10 competent cells and grown on
LB agar media supplemented with 100 mg/L Ampicillin.
Then, colonies grown on the selective media were tested
for presence of desired insert by colony PCR using M13/
pUC and cpGFP primers (Table S1). We used In-Fusion
Cloning kit (Takara) to generate pUC19-35 S-H2B.8-
DCD-GEFP in which the first 26 amino acids including the
CD were deleted from the N-terminus of H2B.8. Briefly,
pUC19-35 S-H2B.8-GFP was used as a parental plasmid
and primers H2B.8DCD-F and GFP-R (Table S1) accord-
ing to the manufacturers’ protocol. Plasmid DNAs were
extracted from positive clones using Presto mini plasmid
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kit (Geneaid) and correctness of insert sequences was
checked by sequencing. For generation of transgenic
plants, the 35 S-H2B-GFP DNA sequences were excised
out by Xhol and PstI and subcloned into the same sites of
pGreenll0229. The pGreenll0229 constructs with pSOUP
vector were co-transformed into electrocompetent
Agrobacterium tumefacien (GV3101 strain) by electro-
poration and selected in LB media plates supplemented
with Kanamycin (50 mg/L), Gentamicin (50 mg/L), Tet-
racyclin (10 mg/L). The Agrobacterium clones were
transformed into Arabidopsis thaliana (Ler ecotype) by
floral dip method [49]. The transformant seedlings were
screened by spraying Basta herbicide and at least two
independent insertion lines (GFP positive) were selected
for the experiments. Calluses were prepared from trans-
genic plants by incubating leaf explants on MS medium
[27] supplemented with B5 salts, 3% sucrose, 0.5 mg/L
2,4-D, and 0.5 mg/L benzylaminopurine (BAP).

Nuclei isolation and salt extraction

Nuclei were isolated using NIB buffer (10 mM MES-
KOH, pH 5.5, 0.2 M sucrose, 2.5 mM EDTA, 2.5 mM
dithiothreitol, 0.1 mM spermine, 10 mM NaCl, 10 mM
KCl, 0.15% Triton X-100) from leaves of three to four-
week-old Arabidopsis plants expressing H2B variants-
GFP essentially as described [35]. Salt extraction of
nuclear proteins was performed as described [30]. Briefly,
the nuclei were washed with Buffer N and incubated with
75 ul sucrose-deficient Buffer N containing 75, 350, 600
and 1000 mM NaCl. After a 30 min incubation on ice, the
samples were centrifuged at 12,000 g for 10 min at 4 °C.
The soluble (S) fraction was collected, and the pellet (P)
was resuspended in 75 pl of SDS-loading buffer. Equiva-
lent samples from S and P fractions were resolved on 15%
SDS-PAGE and immunoblotted using anti-GFP (Gene-
script, USA) and anti-H3K4me2 antibodies (Cell Signal-
ing Technology, Danvers, MA, USA).

Micrococcal nuclease (MNase) assay, chromatin
fractionation and immunoblotting

MNase assay was performed as described [51]. Chroma-
tin fractionation was performed essentially as previously
described [14]. Briefly, nuclei were resuspended in 100 pl
of Buffer N [30] and digested with 90 units of micro-
coccal nuclease (NEB) at 37 °C for 10 min. The digested
nuclei were cooled on ice for 10 min and centrifuged at
10,000 g for 10 min at 4 °C. The supernatant (S1) was
removed by aspiration and the pellet was resuspended
in 100 pl of ice-cold 2 mM EDTA, pH 8.0. The samples
were incubated on ice for 10 min, centrifuged as above
and the supernatant (S2) was collected. The pellet (P) was
resuspended in 100 pl of SDS-loading buffer. Equivalent
samples were resolved on 15% SDS-PAGE and immu-
noblotted using anti-GFP (Genescript, USA) or anti-H2B
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(D2HS6, Cell Signaling) and anti-H2Bubi (Millipore, clone
56). A portion of the digested nuclei was used for DNA
preparation as described [51].

Analysis of H2B.8 SUMOylation was performed on
nuclear extract derived from leaves of transgenic plants
expressing H2B.8-GFP. Accordingly, nuclei were prepared
from 6 g leaves with NIB buffer (10 mM MES-KOH, pH
5.5, 0.2 M sucrose, 2.5 mM EDTA, 2.5 mM dithiothrei-
tol, 0.1 mM spermine, 10 mM NaCl, 10 mM KCl, 0.15%
Triton X-100) and extracted with NETN buffer contain-
ing protease inhibitor cocktail (Sigma) followed by water
bath sonication. Homogenates were centrifuged at high
speed (14,000 x g, 10 min, 4°C), the supernatant was col-
lected and subjected to GFP-TRAP procedure according
to the manufacturer’s protocol. Immunoprecipitates were
resolved on 12% SDS/PAGE and immunoblotted using
anti-GFP (Genescript, USA), anti-UBQ11 (Agrisera) or
anti-SUMO1/SUMO3 (Agrisera).

Protoplast preparation and transformation

Transient expression in protoplasts was performed essen-
tially as described [46]. Arabidopsis leaves were incu-
bated in a cell wall degrading solution containing 1.5%
cellulase, 0.5% macerozyme, 0.4 M mannitol, 20 mM
KCl, 20 mM MES, 10 mM CaCl,, and 0.1% BSA, placed
in a vacuum for 20 min, and then shaken for 90-120 min
at 50 rpm. The protoplasts were then filtered through a
180-pm mesh, diluted with 1 volume of W5 (150 mM
NacCl, 125 mM CaCl,, 5 mM KCl, and 2 mM MES) and
pelleted by centrifugation (Room temperature, 2 min at
300 x g). The protoplasts were re-suspended in W5 solu-
tion and incubated for 30 min on ice, before being centri-
fuged again and resuspended in 100 pl of MMg solution
containing, 0.4 M mannitol and 15 mM MgCl,. Plasmid
DNA (5-20 pg) was added to protoplasts and equal vol-
ume of 40% PEG solution (in 0.2 M mannitol and 0.1 M
CaCl,) and the mixture was incubated for 15-30 min.
Two volumes of W5 were added to each sample, centri-
fuged for 2 min, re-suspended in 1 ml of W5, and then
incubated at room temperature for 16—-24 h. Protoplasts
were inspected under a confocal microscope (ZEISS,
LSM980) to visualize the GFP signal.

Identification of H2B.8-GFP partner proteins

To identify potential proteins associated with H2B.8
we performed GFP-TRAP on total proteins extracted
from Arabidopsis transgenic plants expressing H2B.8-
GFP; extract derived from transgenic plants expressing
phytochrome B-GFP (phyB-GFP) was used as a refer-
ence. Accordingly, total proteins were extracted from
Arabidopsis leaves using NETN buffer (100 mM NaCl,
1 mM EDTA, 20 mM Tris, pH 8, and 0.5% NP-40) sup-
plemented with a protease inhibitor cocktail (Sigma, St.
Louis, MO, USA). Protein concentration was determined
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by Bradford reagent. GFP-TRAP was performed with
1 mg of total proteins (3 replicates for H2B.8-GFP and 2
replicates for phyB-GFP) according to the manufacturer’s
protocol and immunoprecipitates were subjected to pro-
teome analysis. Proteome analysis was performed by the
proteomic services of the Smoler Protein Research Cen-
ter at the Technion, Haifa, Israel using LC-MS/MS on
LTQ Orbitrap (ThermoFisher Scientific, Waltham, MA,
USA;  https://proteomics.net.technion.ac.il/proteomic-
services/ accessed on 11 May 2021). Protein identifica-
tion and quantification were done using MaxQuant,
using Arabidopsis thaliana proteins from Uniport as a
reference. Quantification and normalization were per-
formed using LFQ method. Subsequent bioinformatics
analysis was performed by using Perseus software [40].
Proteins marked as “contaminant “and “only identified by
site” were filtered out. In an additional step, only proteins
in which at least one of the groups had at least 2 non-zero
replicates and proteins having at least 2 peptides were
retained. A protein was considered H2B.8-partner pro-
tein if it is a nuclear protein and had zero value in the ref-
erence (PhyB-GFP) replicates.

Results

Nuclear distribution of H2B variants

Transgenic plants carrying H2B variants, H2B.5, H2B.9
and H2B.8 fused to GFP under the 35 S promoter were
inspected under a confocal microscope. Transgenic
plants expressing H2B.8-GFP showed peculiar localiza-
tion in the nucleus where it was restrictively localized
at chromocenters in all cell types examined including
cotyledons, trichomes and callus cells (Fig. 1). Also, in

H2B.8-GFP Chloro-AF

merge

Cotyledons

Guard cells
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the shoot and the root apical meristems H2B.8-GFP was
localized to chromocenters as suggested by their colocal-
ization with the intensely DAPI-stained chromocenters
(Supplemental Fig. 1). On the other hand, H2B.5-GFP
and H2B.9-GFP displayed nuclear localization distinct
from that of H2B.8-GFP and often dependent on cell type
(Supplemental Fig. 2). Accordingly, both H2B.5-GFP and
H2B.9-GFP showed a spongy-like pattern in cauline and
rosette leaves, with H2B.9-GFP often showing accumula-
tion at two perinucleolar chromocenters in rosette leaf
and cotyledons, while H2B.5-GFP showing punctuated
distribution; Both H2B.5 and H2B.9 are more dispersed
in guard cell nuclei.

Genome organization in transgenic plants

Micrococcal nuclease digestion of nuclei prepared from
wild type and transgenic plants showed that the pattern
of nucleosomal ladder in transgenic plants overexpress-
ing H2B variants was like the pattern of wild type plants,
suggesting that overexpression of H2B variants did not
affect the general organization of the Arabidopsis genome
(Fig. 2A).

The strength of the interaction between H2B variants
and chromatin was assessed by extracting nuclei from
rosette leaves of transgenic plants with increasing con-
centrations of NaCl (Fig. 2B). After 30 min incubation
on ice, the soluble (S) and the insoluble pellet (P) frac-
tions were run on SDS/PAGE followed by immunob-
lotting with anti-GFP. Initial experiments with nuclei
prepared from transgenic plants expressing H2B.5-GFP
and H2B.9-GFP showed (Supplemental Fig. 3) that under
75 mM NaCl, the examined H2B variants were found

H2B.8-GFP Visible

merge

Trichome

Callus

Root cells

Fig. 1 Sub-nuclear localization of H2B.8-GFP in the indicated organs and cell types in transgenic plants. Note H2B.8-GFP is restrictively localized to chro-
mocenters (ChC) in all cell types examined. Nug, nucleolus. Chc, chromocenters. Chloro-AF, Chloroplast AutoFluorescence
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Fig.2 Genome organization in transgenic plants, micrococcal nuclease assay and salt extraction. (A) Expression of H2B variants under the 35 S promoter
had no effect on genome organization. Nuclei prepared from WT and H2B variants expressing plants were subjected to micrococcal nuclease (MNase,
300 units/ ml) for 1, 2.5 and 5 min, DNA was extracted and run on 1.5% agarose gel. M, DNA size markers given in kilobase (kb). DNA fragments protected
by 1-4 nucleosomes are marked by arrows. Note, no recovery of WT genomic DNA at time 0 resulted from DNA extraction error. (B) Salt extraction of
nuclei. Nuclei derived from rosette leaves of transgenic plants were extracted with NIB buffer containing increasing concentration of NaCl (350, 600 and
1000 mM). After incubation on ice for 30 min, the soluble fraction (S) was separated from the pellet (P) and equivalent samples from each fraction were
subjected to 15% SDS/PAGE followed by western blotting using anti-GFP for detection of H2B variants and anti-H3K4me?2 as a reference protein. Note the
membrane was cut into two parts, the upper containing proteins above 40 kDa was probed with aGFP and the lower part with aH3K4me2. The EZblue
staining of the gel is given in supplemental Fig. 4. M, protein molecular weight markers given in kDa

exclusively in the pellet, suggesting that H2B variants are
strongly associated with chromatin similarly to the refer-
ence dimethylated histone H3K4 (H3K4me2). Increas-
ing concentration to 350 mM resulted in the release of a
small fraction of H2B variants into the soluble fraction (S)
(Fig. 2B; supplemental Fig. 3), which was increased with
increasing NaCl concentration; under 1 M NaCl most
H2B variants were found in the soluble fraction similarly
to the reference histone H3K4me2 (Fig. 2B). Interest-
ingly, H2B.8-GFP appears as three distinct isoforms with
molecular masses ranging from ~ 54 to 75 kDa (Fig. 2B).
These three H2B.8-GFP isoforms were recovered fol-
lowing treatment of nuclei with high concentration of
micrococcal nuclease (MNase) in a chromatin frac-
tionation assay. In this assay, a typical nucleosomal lad-
der with mononucleosomes enriched in S1 fraction and

oligo-nucleosomes in S2 fraction were observed for wild
type and transgenic plants (Fig. 3A). Notably, all exam-
ined H2B-GFP variants were recovered (GFP antibody)
mostly in S1 and S2 fractions similarly to the recovery of
the reference endogenous H2B protein (Fig. 3B). Yet, run-
ning chromatin fractionation assays with low concentra-
tions of MNase showed slight differences in recovery of
H2B variants. Accordingly, we found that a small fraction
of H2B.5, but not H2B.9, H2B.8 or the reference histone
H3K4me2, was recovered in S1 fraction under 10 units of
MNase (Supplemental Fig. 5A). Similarly, under 45 units
of MNase, H2B.5 but not H2B.9 was recovered in S1 frac-
tion (Supplemental Fig. 5B). Unexpectedly, in this assay
the reference ubiquitylated H2B (H2Bubi), often impli-
cated in open chromatin appeared mostly associated
with the insoluble, pellet fraction, and a small fraction
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Fig. 3 H2B.8is SUMOylated. (A) The nucleosomal ladder of MNase-digested nuclei. Nuclei prepared from 6 g rosette leaves of WT and transgenic plants
expressing H2B variants fused to GFP were digested with 150 units of MNase and processed to yield the soluble fractions S1 and S2 and the pellet (P)
fraction. DNA was prepared from S1, S2 and the pellet (P) following MNase digestion and separated on 1.5% agarose gel and stained with ethidium bro-
mide. The position of DNA fragments protected by 1-4 nucleosomes is indicated. The molecular weight markers are indicated in basepair on the left. (B)
Equivalent samples from S1, S2, and P fractions were resolved by 15% SDS-PAGE and immunoblotted using anti-GFP (aGFP) and anti-H2B (@H2B). M, pro-
tein molecular weight markers given in kDa. Note the upper panel in B is gel staining with EZ-blue after transfer to a membrane. Also, the membrane was
cut into two halves, the upper above 35 kDa was probed with aGFP, and the lower half with the reference aH2B. (C) Nuclear extract from transgenic plant
expressing H2B.8-GFP was subjected to immunoprecipitation using GFP-TRAP followed by immunoblotting using anti-GFP (left panel) or anti-SUMO1/
SUMO3 (right panel). Um indicates unmodified H2B.8-GFP. Nuc ext is the input nuclear extract. M, protein molecular weight markers (kDa)

of H2Bubi was recovered in the S1 and the S2 fractions
(Supplemental Fig. 5B).

H2B.8-GFP is SUMOylated in leaves of transgenic plants

Based on the molecular mass of the three isoforms recov-
ered from H2B.8-GFP expressing plants, we suspected
that H2B.8-GFP might be modified by ubiquitin or more
likely by small ubiquitin-related modifier (SUMO) pro-
teins. To examine this possibility, nuclei prepared from
leaves of H2B.8-GFP expressing plants were sonicated
or extracted with high salt concentration (1 M NaCl) in
NETN buffer to obtain the nuclear extract, which was
subjected to GFP-TRAP. Immunoprecipitates were run
on 12% SDS/PAGE and immunoblotted using either
anti-GFP, anti SUMO1/SUMO3 (a mixture of antibodies
raised to Arabidopsis SUMOL and SUMO3, Agrisera) or
anti-ubiquitin. As can be seen (Fig. 3C, left panel), anti-
GEFP recovered three protein bands in the range of 54 to
75 kDa, that represent H2B.8-GFP isoforms. Thus, while
the 54 kDa isoform represents the unmodified H2B.8-
GFP the other 2 isoforms appear to be modified. Prob-
ing the membrane with anti-SUMO1/SUMO3 recovered
a major isoform of about 64 kDa and a faint isoform at

about 75 kDa (Fig. 3C, right panel), suggesting that H2B.8
is SUMOylated in plant cells. No H2B.8-GFP isoform
could be recovered with anti-ubiquitin (Supplemental
Fig. 6).

Nuclear distribution of H2B.8-GFP in protoplasts

A recent study suggested a role for H2B.8 in compaction
of sperm nuclei via chromatin phase separation, due to
the N-terminal IDR [10]. In transgenic plants H2B.8 was
localized to chromocenters showing no apparent func-
tion in chromatin aggregation. We wanted to examine
the hypothesis that H2B.8 might induce chromatin aggre-
gation following exposure to stress such as protoplast-
ing. To this end, leaves of H2B.8-GFP transgenic plants
were used for protoplast isolation followed by incubation
in W5 or MMg medium, which contains 15 mM MgCl,.
Notably, the formation of chromatin aggregates is often
triggered under specific conditions where the concentra-
tion of MgCl, plays central role [10, 16]. Four basic types
of nuclear distribution could be identified in protoplasts
(Fig. 4A and B), namely, chromocentric as in leaf cells
(type A and ‘@), ring-like distribution (type B) and type
C where H2B.8-GFP was evenly dispersed within the
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Fig. 4 H2B.8-GFP nuclear distribution is changed following protoplast isolation in an incubation medium dependent manner. (A) Nuclear distribution
of H2B.8-GFP following protoplasts preparation and incubation for 2 h in W5 medium. Three distribution types were recorded, A (chc, chromocentric), B
(ring-like) and C (even distribution). The proportion of each type is given in brackets (n=25). (B) Incubation in MMg medium demonstrating two types ‘@’
(perinuclear chc.) and B. The proportion of each type is given in brackets (n=25). (C) The proportion of distribution types in W5 and MMg solution after 2
and 18 h of incubation. (D) A boxplot representing the average nuclear area of protoplasts incubated in W5 or MMg medium (n=25) for 2 h and 18 h. x
in each box represents the mean and the horizontal line represents the median. Statistical analysis was performed by student’s unpaired t-test (GraphPad

software)

nucleus. The proportion of these types was affected by
the incubation medium (W5 vs. MMg) and by the incu-
bation time (2 h vs. 18 h; Fig. 4C). Thus after 2 h incu-
bation in W5 most protoplasts showed even distribution
in the nucleus (type C, 56%), 28% showed chromocentric
localization as in leaves of transgenic plants (type A) and
16% showed a ring like distribution (type B). Most pro-
toplasts incubated in MMg displayed type B distribution
(64%) and 36% type ‘@’ after 2 h incubation. Incubation for
18 h showed no significant changes in nuclear distribu-
tion in W5 protoplasts, but substantial changes in MMg
protoplasts. Accordingly, most MMg protoplasts (70%)
showed type A nuclear distribution after 18 h incuba-
tion. Furthermore, we calculated the average nuclear area

and found significant reduction in nuclear area after 2 h
in MMg protoplasts as compared to W5; no difference in
nuclear area between MMg and W5 could be seen after
18 h incubation (Fig. 4D) implying that H2B.8-GFP might
transiently induce compaction of chromatin in medium
containing Mg**.

The N-terminal conserved domain is required for H2B.8
nuclear distribution and chromatin aggregation

We next examined the role of the N-terminal exten-
sion in H2B.8-GFP nuclear localization. As mentioned
above, H2B.8 has been highly diverged from other H2B
variants having an extended N-terminal tail of about
120 amino acids containing a highly conserved domain
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Fig. 5 The N-terminal conserved domain (CD) and DDM1 are required for H2B.8 peculiar nuclear distribution and function in protoplasts. (A) Protoplasts
were transformed with pUC19-35 S-H2B.8-GFP, pUC19-35 S-H2B.8DCD-GFP, and as a reference, pUC19-35 S-H2B.5-GFP and inspected under a confocal
microscope. Scale bars are the authentic scale bar for each nucleus. Note the ring shape nuclear distribution of H2B.8-GFP in protoplasts and its disruption
when the CD is deleted (DCD). (B) A boxplot representing the nuclear area of protoplasts transformed with the indicated constructs (n = 50; for H2B.5-GFP
n=44). x in each box represents the mean and the horizontal line represents the median. Statistical analysis was performed by student’s unpaired t-test
(GraphPad software). (C, E) pUC19-35 S-H2B.8-GFP and pUC19-35 S-H2B.5-GFP were transformed with into cmt3 and ddm1 protoplasts and inspected
under a confocal microscope. Note the ring shape nuclear distribution of H2B.8-GFP in cmt3 protoplasts (c) and its disruption in ddm1 protoplasts (e).
(D, F) Boxplots representing the nuclear area of cmt3 (d, n=23) and ddm1 (f, n=38) protoplasts transformed with the indicated constructs. x in each box
represents the mean and the horizontal line represents the median. Statistical analysis was performed by student’s unpaired t-test (GraphPad software)

(H2B.8-CD) found in all examined H2B.8-like proteins
in angiosperm with the core sequence of KVVXET VxVxV
[20, 21]. To assess the function of H2B.8-CD in nuclear
localization, we generated H2B.8 mutant in which the 26
amino acids from the N-terminus that include the CD
were deleted. Thus, H2B.8-GFP, H2B.8ACD-GEFP as well
as H2B.5-GFP subcloned into pUC19 downstream from
the 35 S promoter (pUC19-35 S::H2B.8-GFP; pUC19-
35 S:H2B.8DCD-GFP; pUC19-35 S::H2B.5-GFP) were
transiently transformed into Arabidopsis protoplasts and
visualized after 18 h under a confocal microscope. Results
showed (Fig. 5A) that H2B.8-GFP assumed nuclear dis-
tribution which is profoundly different from its nuclear
distribution in leaves of transgenic plants. Thus, it shows
prominent localization at the nuclear periphery generat-
ing a distinctive ring-like appearance where chromatin
dots often appear connected. This unique subnuclear
localization/organization was completely abolished in
H2B.8-DCD, showing a high proportion of nuclei with
even distribution within the nucleus, suggesting that this
domain is required for H2B.8 nuclear distribution and
function. H2B.5-GFP showed two types of nuclear local-
ization, namely, about half of transformed protoplasts
showed nucleolar localization and half of protoplasts dis-
played dispersed distribution in the nucleus (Fig. 5A and
supplemental Fig. 7). We observed a significant reduc-
tion in nuclear size in protoplasts expressing H2B.8-GFP
compared to protoplasts expressing H2B.8DCD-GFP or
expressing H2B.5-GFP (Fig. 5B).

To assess the involvement of epigenetic modifiers in
nuclear distribution and function of H2B.8-GFP, we per-
formed transient expression in protoplasts derived from
chromomethylase3 (cmt3) mutant, displaying reduction
in non-CG methylation [4, 25], and from decrease in
DNA methylationl (ddml) mutant that shows signifi-
cant reduction in DNA and histone H3K9 methylation,
and consequently impairment in chromocenter assembly
[37, 42]. Results showed no change in H2B.8-GFP nuclear
distribution and function in ¢mt3 (Fig. 5C and D) but
impairment in ddm1 protoplasts (Fig. 5E and F).

Identification of H2B.8 interacting partners: GFP TRAP
analysis

To gain insight into the mechanisms underlying H2B.8
nuclear distribution we sought to identify potential

H2B.8 associated proteins. To this end, total proteins
extracted from transgenic plants expressing H2B.8-GFP
were subjected to GFP-TRAP followed by proteome anal-
ysis (Supplemental Table S2). As a control we used total
proteins extracted from transgenic plants expressing
PHYB-GFP (Supplemental Table S2), which is known to
translocate to the nucleus under light conditions [34, 44].
Only proteins in which at least one of the groups (H2B.8-
GEFP, PhyB-GFP) had at least 2 non-zero replicates were
retained. We identified 330 proteins that have at least
2 peptides. Nuclear proteins (as determined by Uni-
Prot) showing zero value in two replicates of PhyB-GFP
and 2 non-zero replicates in H2B.8-GFP immunopre-
cipitates were considered as potential H2B.8-interacting
proteins. This analysis revealed (Table 1) several inter-
esting nuclear proteins associated with H2B.8, namely,
H2AW.12 (At5g02560), commonly localized to con-
stitutive heterochromatin [45], gamma histone variant
H2A.X.3 (At1g54690), involved in DNA damage repair
and AT hook motif-containing protein (Atlg48610)
whose function is unknown. In addition, other interest-
ing proteins include histone H1.2 and H2B.10, which
were excluded because of their identification by a single
peptide.

Overexpression of H2B variants affect flowering time
Modification of H2B by ubiquitiation has been implicated
in controlling flowering time [11, 15]. We thus inves-
tigated which of the studied H2B variants has the most
prominent effect on flowering. The transgenic Arabidop-
sis plants overexpressing H2B.5-GFP, H2B.8-GFP and
H2B.9-GFP under the 35 S promoter grew normally with
no notable phenotypic abnormalities. However, flower-
ing was significantly accelerated in plants overexpressing
H2B.5-GFP and H2B.9-GFP (Fig. 6A) where flowering
occurs with an average of 8 rosette leaves compared to
~11 and 12 in H2B.8-GFP and wild type plants, respec-
tively (Fig. 6B). We obtained a mixed population of #2b.5
T-DNA insertional mutant from the ABRC collection
(SALK_003306). Homozygous /42b.5 plants displayed late
flowering compared to wild type plants (Fig. 6C).
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Table 1 Alist of nuclear proteins co-immunoprecipitated with H2B.8-GFP in a GFP-TRAP assay. Plants expressing PHYB-GFP were used

as a reference

Protein ID Gene ID Protein name PHYB-GFP-1 PHYB-GFP-2 H2B.8-GFP 1 H2B.8-GFP 2 H2B.8-GFP 3

P14713 At2g18790 Phytochrome B 149E+09 541E+09 0.00E+00 0.00E+00 0.00E+00

Q9SGE3 At1g08170 H2B.8 0.00E+00 0.00E+00 3.06E4+09 1.59E+09 451E+07

Q9S9K7 At1g54690 H2AX.3 0.00E+00 0.00E+00 1.25E+08 7.86E+07 0.00E+00

F4KCF4 At5g02560 H2AW.12 0.00E+00 0.00E+00 6.43E+07 242E+07 0.00E+00

Q94AD1 At1g48610 AT hook motif-protein 0.00E+00 0.00E+00 4.56E+07 2.13E+06 0.00E+00
A
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Fig.6 Overexpression of H2B.9-GFP and H2B.5-GFP accelerates flowering. (A) Flowering of WT and the indicated transgenic lines were recorded 6 weeks
after sowing under 22°C/16°C (day/night) thermoperiod and 16 h/8 h (day/night) photoperiod. (B) Average number of rosettes leaves at the time of
flowering in WT and transgenic lines (n=50). Bars represent the standard deviation. Statistical significance was performed by a One-Way ANOVA Calcula-
tor, Including Tukey HSD (Social Science Statistics). Different letters indicate statistically significant differences between lines (p <0.05). (C) Flowering is
delayed in h2b.5 mutant. Inset is the number of leaves at flowering for WT and h2b.5 mutant (p < 0.0001)

Discussion

Nuclear distribution of H2B variants

The dynamic of chromatin structure and its accessibil-
ity for various nuclear processes such as transcription
and repair are modulated by DNA and histone modifica-
tions as well as by histone variants. Thus, in plants and
animals each group of core histone proteins is composed

of multiple variants that commonly share the histone
fold but showed divergence at the N- and C-terminal
tails. Among the core histone proteins, the H2B vari-
ants in plants are the least investigated. Transgenic Ara-
bidopsis plants expressing a member of each H2B class
fused to GFP, namely H2B.9 (class I), H2B.5 (class II), and
H2B.8 (class III) display peculiar subnuclear localization.
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Particularly, H2B.8-GFP showed restrictive localization
at chromocenters in all cell types examined, suggest-
ing that it may be involved in establishment/mainte-
nance of heterochromatin. Notably, H2B.8 has been
shown to be specifically expressed in sperm cells and in
mature seeds (Jiang at al., 2020), both have been shown
to acquire compact chromatin [7, 10, 41]. Similar chro-
mocentric localization of H2B.8 was demonstrated in
Jiang et al. [20], where closer examination of the pub-
lished data revealed that H2B.8-RFP is not evenly dis-
tributed in the embryonic cotyledon nuclei but rather
showing spotted distribution, suggesting localization at
chromocenters. Interestingly, protoplasts derived from
H2B.8-GFP expressing transgenic plants showed distinct
nuclear distribution which is dependent on the incuba-
tion medium and the time of incubation. Thus, H2B.8-
GFP displayed a ring type appearance accompanied by
reduction in nuclear size in most protoplasts following
short term incubation in MMg medium but not in W5,
suggesting that Mg?* may be necessary for H2B.8 to
induce chromatin aggregation in vivo, which is reduced
significantly after long term incubation. Notably, Buttress
et al. [10] demonstrated, in vitro, the capacity of H2B.8
to induce phase-separation of nucleosomal arrays in the
absence of salt, yet this capacity has not been described
in vivo. There are multiple reports demonstrating the
dependency of nucleosome array folding and aggrega-
tion on the charge and concentrations of cations (mainly
Mg** and Na™) in solution; these studies were mainly
performed in vitro (Reviewed in Hansen et al.,, [16] and
the relevance to the in vivo condition requires further
investigation. Interestingly, while compaction of chro-
matin brings about transcriptional repression, formation
of aggregates did not block gene transcription suggest-
ing that chromatin aggregates are accessible to the tran-
scriptional machinery and are biologically significant [10,
39]. Furthermore, chromatin distribution at the nuclear
periphery although often is highly condensed, non-acces-
sible chromatin may contain both active and repressed
regions [1]. It should be mentioned that certain histone
posttranslational modifications were found to attenu-
ate chromatin aggregation including histone acetylation
and H2B ubiquitylation demonstrating that formation of
chromatin aggregates/condensates is highly dynamic and
subjected to control by multiple factors [16].

H2B.8 function requires the N-terminal conserved domain

Transient expression into protoplasts revealed the func-
tion of H2B.8 and its derivatives in chromatin aggrega-
tion. Accordingly, pUC19-35 S-H2B.8-GFP transiently
transformed into WT Arabidopsis protoplasts showed
distinct localization to multiple spots arranged as a ring
around the nuclear periphery. This is not seen in proto-
plasts transformed with MBD7-GFP that showed distinct
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nuclear localization at chromocenters [47, 48]. This
suggests that expression of H2B.8-GFP in protoplasts
induces genomic reorganization whereby H2B.8-GFP
containing chromatin are tethered to the nuclear periph-
ery by yet an unknown mechanism(s). Alternatively,
H2B.8, through its IDR may induce chromatin aggrega-
tion [10] that is further assembled to the nuclear periph-
ery, probably in a lamin-like protein-dependent manner
[19]. Buttress et al. [10] suggested that chromatin phase
separation/aggregation requires the IDR independently
of specific sequence motifs (i.e., the CD), although many
H2B.8 orthologs in angiosperm share this motif. The
analysis of H2B.8 with ESpritz IDR prediction tool [43]
shows that the N-terminal extension (i.e., IDR) is not
entirely disordered but composed of an ordered region
overlapping the CD (supplemental Fig. 8). Notably, while
IDRs may drive phase separation, not all disordered pro-
tein regions have the intrinsic capacity for driving phase
separation; “only a subset of IDRs has a strong enough
driving force to undergo phase separation that is physi-
ologically relevant” [6]. Thus, our results clearly showed
that H2B.8 function in genome aggregation in proto-
plasts requires the N-terminal CD since deletion of the
CD abolished H2B.8 nuclear distribution and function.
Yet, while the CD is required, it may not be sufficient for
H2B.8 nuclear distribution and function. We assume that
the IDR might be required as well [10], a matter we cur-
rently study.

H2B.8 function and associated proteins

The mechanism(s) involved in H2B.8 localization and
function at chromocenters in transgenic plants may be
uncovered by the identification of H2B.8 partner pro-
teins. Using GFP-TRAP of total proteins extracted from
H2B.8-GFP transgenic plants we recovered several
potential H2B.8-partner proteins. This analysis revealed
a nuclear protein often associated and involved in estab-
lishment of heterochromatin, namely, H2AW.12. The
three H2A W variants in Arabidopsis, namely, H2A.W.6,
H2AW.7 and H2A.W.12 all characterize heterochroma-
tin often localized to chromocenters and have the capac-
ity to promote chromatin condensation [28, 45]. Histone
H1 in Arabidopsis was recently reported to induce for-
mation of heterochromatic foci via phase separation
mediated by its C-terminal IDR [17]. Thus, H2B.8 maybe
deposited to chromocenters via dimer formation with
H2AW.12, and its function in chromatin aggregation
might be facilitated by other nuclear factors such as his-
tone H1 [9, 17] as well as the AT-hook protein (encoded
by Atl1g48610) whose function is presently unknown.
The AT-hook is a small DNA-binding motif first identi-
fied in high mobility group (HMG) of non-histone pro-
teins and later in multiple chromosomal/DNA-binding
proteins involved in chromatin structure and function
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[2]. The finding that in ddm1 protoplasts H2B.8-GFP was
mis-localized suggests that deposition of H2B.8 at chro-
mocenters may be directly control by association with
DDM1 or indirectly via the requirement for DNA meth-
ylation or H3K9 methylation. This may be supported
by the finding that DDM1 often showed localization to
chromocenters [47] and H2A.W deposition at hetero-
chromatic, TE-rich regions is mediated by DDM1 [28].
The association of H2B.8 with H2A.X.3 is puzzling since
H2A.X variants have been reported to occupy the body
of active genes (Lei & Berger, 2019) and undergo rapid
phosphorylation at sites of DNA double-strand breaks to
initiate DNA repair [32]. Thus, nucleosomes composed
of H2B.8-H2A .X.3 dimers may characterize chromatin
aggregates that are transcriptionally active [10, 39].

H2B.8 SUMOylation

Our analysis showed that all H2B variants fused to GFP
expressed under the constitutive 35 S promoter are
assembled into nucleosome and could be extracted from
nuclei by increasing salt concentration similarly to the ref-
erence dimethylated H3K4 or ubiquitinated H2B. Inter-
estingly, three isoforms of H2B.8-GFP could be recovered
at positions corresponding to ~54, 64 and 75 kDa. Our
analysis clearly showed that one isoform at about 64 kDa
is SUMOylated and can be identified by antibodies raised
to SUMO1/SUMOS3. Notably, comprehensive analysis of
SUMOylated proteins in Arabidopsis revealed that most
proteins are nuclear and include the histone H2B variant,
H2B.9 that is modified by SUMO at K142 [33]. However,
the analysis of H2B.9-GFP in transgenic plants showed a
single protein corresponding to the expected molecular
weight of H2B.9-GFP (~45 kDa) and a slow migrating
H2B.9-GFP isoform could not be observed. This could
be explained by the low level of H2B.9-GFP undergoing
SUMOylation, or H2B.9 SUMOylation is induced follow-
ing exposure to stress [3] or that the GFP protein ren-
ders K142 of H2B.9 inaccessible for SUMOylation. The
role played by SUMO in H2B.8 nuclear distribution and
function is currently under study. However, it is assumed
that protein SUMOylation may affect its interaction with
other proteins as well as with proteins carrying SUMO-
interacting motifs (SIMs). Interestingly, H2B.8 possesses
SIM at its N-terminal extension (8-VVSV-11) which may
serve as a binding site for SUMOylated H2B.8. Thus, it
is plausible that SUMOylation of H2B.8 may allow for
H2B.8-H2B.8 interaction and assisted by other nuclear
factors (e.g., histone H1; He et al., [17] bringing nucleo-
somes into proximity to facilitate chromatin aggregation.
Alternatively, SUMOylation of H2B.8 may allow tether-
ing of H2B.8-containing chromatin to the nuclear periph-
ery, a subject currently studied.
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H2B variants and flowering

We showed that H2B variants have a notable effect
on flowering time under long day photoperiod. Thus,
expression under the 35 S promoter of H2B.5 and H2B.9,
but not of H2B.8 resulted in early flowering, while muta-
tion of H2B.5 gene resulted in late flowering compared to
wild type plants. Previous studies showed that H2B has a
role in flowering time. Monoubiquitination of H2B, com-
monly associated with permissive chromatin is linked
to repression of the transition to flowering [15], while
impairment of H2B ubiquitination promoted early flow-
ering [11]; the specific H2B variants involved in regulat-
ing flowering time have not been explored yet. Notably,
all H2B variants, except H2B.8 in Arabidopsis share high
amino acid sequence homology at their C terminus and
the ubiquitination site is highly conserved.

Various histone variants have been implicated in con-
trolling flowering in Arabidopsis. The expression of the
FLOWERING LOCUS C (FLC) gene, a central repressor
of the transition to flowering requires the H2A.Z variant
since reduced deposition of H2A.Z in chromatin has led
to reduced FLC expression and premature flowering [13].
Also, the non-replicative H3.3 variant in Arabidopsis was
shown to act in flowering repression. It accumulates at
the FLC locus to maintain its permissive state via histone
H3 methylation at lysine 4 and 36 [50]. Hence, it is pre-
sumed that deposition of H2B.5 and or H2B.9 at certain
flowering loci negate the effects of H3.3 and H2A.Z vari-
ants to bring about flowering. More research is needed to
determine the H2A variants capable of dimerization with
H2B.5 and H2B.9 and whether they operate as negative
or positive regulators of flowering genes.
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