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The centromere is an essential chromosome region where the
kinetochore is formed to control equal chromosome distribu-
tion during cell division. The centromere-specific histone H3
variant CENH3 (also called CENP-A) is a prerequisite for the
kinetochore formation. Since CENH3 evolves rapidly, asso-
ciated factors, including histone chaperones mediating the
deposition of CENH3 on the centromere, are thought to act
through species-specificamino acid sequences. The functions
and interaction networks of CENH3 and histone chaperons
have been well-characterized in animals and yeasts. However,
molecular mechanisms involved in recognition and deposi-
tion of CENH3 are still unclear in plants. Here, we used a
swapping strategy between domains of CENH3 of Arabidopsis
thaliana and the liverwort Marchantia polymorpha to iden-
tify specific regions of CENH3 involved in targeting the cen-
tromeres and interacting with the general histone H3 chaper-
one, nuclear autoantigenic sperm protein (NASP). CENH3’s
LoopN-a1 region was necessary and sufficient for the cen-
tromere targeting in cooperation with the o2 region and
was involved in interaction with NASP in cooperation with
aN, suggesting a species-specific CENH3 recognition. In addi-
tion, by generating an Arabidopsis nasp knock-out mutant in
the background of a fully fertile GFP-CENH3/cenh3-1 line, we
found that NASP was implicated for de novo CENH3 depo-
sition after fertilization and thus for early embryo develop-
ment. Our results imply that the NASP mediates the supply
of CENH3 in the context of the rapidly evolving centromere
identity in land plants.

Keywords: Arabidopsis thaliana e Centromere-specific histone
H3 (CENH3) e Embryogenesis e Histone chaperone e Nuclear
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Introduction

In nuclei of eukaryotic cells, DNA is organized into chromatin
that consists of an array of nucleosomes and associated pro-
teins. The nucleosome, a basic unit of chromatin, is formed
with ~150-bp DNA and four core histones, H2A, H2B, H3 and
H4 (Luger et al. 1997). Most eukaryote species possess a set
of variants for each core histone, so-called histone variants,
and use them to confer specific properties on each genomic
region (Pusarla and Bhargava 2005, Talbert and Henikoff 2010,
Kawashima et al. 2015, Jiang and Berger 2017a). The histone
monomer consists of the histone-fold domain, which contains
a-helices connected by loops and mediates histone—histone
and histone-DNA interaction, and the unstructured N- and
C-terminal tails, which protrude from the nucleosome core par-
ticle and generally undergo covalent modifications, including
methylation, acetylation, phosphorylation and ubiquitination
(Luger et al. 1997, Khorasanizadeh 2004).

The histone variants H3.1 and H3.3 are incorporated into
nucleosomes of non-centromeric chromatin during DNA repli-
cation and throughout the cell cycle, respectively (Filipescu
et al. 2013, Talbert and Henikoff 2017, Borg et al. 2021). The
histone variant CENH3 specifically marks the centromere. Due
to the importance of CENH3 targeting to the centromere in
eukaryotes, regulatory factors and DNA sequences related to
CENHS3 deposition as well as their evolution have been exten-
sively studied in yeast, animals and plants (Malik et al. 2002,
Talbert et al. 2002, Henikoff and Dalal 2005, Morris and Moazed
2007, Zhang et al. 2008, Hirsch et al. 2009, Malik and Henikoff
2009, Nagaki etal. 2010, Yuan et al. 2015, Maheshwari et al. 2017,
Rosin and Mellone 2017, Naish et al. 2021). In eukaryotes, the
deposition of CENH3 proteins, also called CENP-A in mammals,
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CID (for centromere identifier) in flies, Cse4 in budding yeast
Saccharomyces cerevisiae and Cnp1in fission yeast Schizosaccha-
romyces pombe, is required for proper point kinetochore forma-
tion and thus equal chromosome distribution to daughter cells
after cell division. In contrast to other H3 variants, the amino
acid sequences of CENH3 proteins are variable among species,
even close relatives (Malik et al. 2002, Nagaki et al. 2010, Sanei
etal. 2011, Rosin and Mellone 2016). Similarly, both centromeric
DNA repeats and centromeric/heterochromatic proteins evolve
rapidly.

In contrast to relatively conserved canonical H3s, rapidly
evolving CENH3 proteins are recognized by distantly related or
non-conserved histone chaperones, HJURP in mammals, Scm3
in yeasts and CALT1 in flies (Camahort et al. 2007, Stoler et al.
2007, Dunleavy et al. 2009, Foltz et al. 2009, Zhou et al. 2011,
Phansalkar et al. 2012, Chen et al. 2014). In humans and yeasts,
the chaperones HJURP and Scm3 recognize the loop 1 and
a2 helix (designated as the CENP-A targeting domain, CATD)
within the histone-fold domain of CENH3 (CENP-A/Cse4) (Cho
and Harrison 2011, Bassett et al. 2012). In Drosophila species,
CAL1 distinguishes Drosophila CENH3 homologs via loop 1 in
a species-specific manner (Rosin and Mellone 2016). HJURP,
Scm3 and CAL1 chaperones specifically interact with CENH3
and mediate de novo CENH3 deposition via the self-sustaining
epigenetic mechanism, which maintains centromere position-
ing and occasionally creates novel centromeres (Barnhart et al.
2011, Roure et al. 2019, Medina-Pritchard et al. 2020, Palladino
et al. 2020). Similar to these features of animals and yeasts, it
is suggested that in plants CENH3 recognition depends on its
species-specific sequence and that CENH3 deposition is medi-
ated by a yet uncharacterized self-sustaining mechanism (Ravi
et al. 2010, Maheshwari et al. 2015, Marimuthu et al. 2021).
In flowering plants (angiosperms), failure of CENH3 deposi-
tion and function leads to uniparental genome elimination after
fertilization and consequently to generation of haploid individ-
uals, which is utilized as doubled haploid technology to rapidly
obtain homozygous lines (Ravi and Chan 2010, Ravi et al. 2014).
Therefore, the molecular mechanisms involved in CENH3 recog-
nition and deposition have been intensively studied in crop
species as well as in Arabidopsis thaliana (Lermontova et al.
2006, Ingouff et al. 2010, Sanei et al. 2011, Karimi-Ashtiyani et al.
2015, Kuppu et al. 2020). However, our knowledge about the
requirements for recognition and deposition of plant CENH3 is
still limited.

A homolog of nuclear autoantigenic sperm protein (NASP)
in A. thaliana is also characterized as a common histone H3
chaperone (Maksimov et al. 2016, Le Goff et al. 2020). NASP is
a tetratricopeptide repeat (TPR)—containing protein conserved
in a wide range of eukaryotes and is involved in various cellular
events, such as DNA replication, cell proliferation, cell growth
and embryonic development in mammals (Richardson et al.
2000, 2006, Dunleavy et al. 2007, Finn et al. 2012). NASP binds to
H3-H4 dimers to reserve them in the soluble/non-nucleosomal
fraction and hand off them to chromatin assembly factors, sug-
gesting the function of histone supply chain for the demand in

mammalian cells (Campos et al. 2010, Cook et al. 2011). Human
NASP protein possesses the direct nucleosome assembly activ-
ity toward CENH3 (CENP-A) as well as the canonical H3.1 and
H3.3 in vitro (Osakabe et al. 2010). In S. pombe, NASP (called
as Sim3) binds to CENH3 (Cnp1) and is required for its depo-
sition on centromere (Dunleavy et al. 2007). Recent studies in
A. thaliana have identified NASP as an interactor of both H3.3
and CENH3 through co-immunoprecipitation and mass spec-
trometry analysis using A. thaliana tissues or cultured cell line
(Maksimov et al. 2016, Le Goff et al. 2020). Similar to yeast
and human NASPs, A. thaliana NASP is broadly expressed in
actively dividing tissues and is a soluble protein localized at
the nucleoplasm. In vitro experiments using purified histones
and NASP have demonstrated that A. thaliana NASP binds
monomeric H3.1 and H3.3 as well as H3.1-H4 and H3.3-H4
dimers, but not monomeric H4, stabilizes H3-H4 tetramers
from H3-H4 dimers and promotes tetrasome formation with
DNA (Maksimov et al. 2016). Interaction assay using a bimolec-
ular fluorescence complementation (BiFC) have suggested that
A. thaliana NASP interacts with both the N-terminal tail and the
histone-fold domain of CENH3 in planta (Le Goff et al. 2020).
Knockdown of NASP expression causes moderate reduction in
nuclear CENH3 levels and ~30% reduction in CENH3 signal at
the centromere (Le Goff et al. 2020).

Here, we show large-scale and detailed structure—function
analysis of plant CENH3 in terms of centromere targeting in
A. thaliana cells and investigate NASP function in A. thaliana
embryogenesis by generating a nasp knock-out mutant. By a
domain swapping strategy using CENH3 proteins of A. thaliana
and the liverwort Marchantia polymorpha, we reveal the
requirement of specific CENH3 regions, such as LoopN-al
region, for centromere targeting and interaction with NASP in
a lineage-specific manner. Additionally, we characterize the role
of NASP in de novo CENH3 deposition after fertilization.

Results and Discussion

Targeting of A. thaliana centromeres by CENH3
protein involves its angiosperm-specific amino acid
sequence context

To understand a lineage-specific recognition mechanism of
plant CENH3 proteins for the centromere targeting, we
compared CENH3 amino acid sequences between the dicot
A. thaliana (HTR12; AtCENH3), the monocot Zea mays
(ZmCENH3) that has been previously shown to target A.
thaliana centromeres (Ravi et al. 2010), the liverwort M. poly-
morpha (MpCENH3) and human (CENP-A) (Fig. 1A and Sup-
plementary Fig. S1). In contrast to the canonical H3.3 his-
tones, which share the same amino acid sequences between
A. thaliana and M. polymorpha and have only six amino acid
differences between human and land plants (Supplementary
Fig. S1A), CENH3 proteins are highly variable (Fig. 1A) as illus-
trated previously (Ravi etal. 2010). The N-terminal tail of CENH3
proteins is especially hypervariable with different lengths, in



Plant Cell Physiol. 65(7): 1135-1148 (2024) doi:https://doi.org/10.1093/pcp/pcae030

A CENH3 (histone-fold domain) 107

H. sapiens - -WLK
A. thaliana

N. tabacum

Z. mays

M. polymorpha

T T O
Prr>r>r

Z. mays

H. sapiens
A. thaliana
N. tabacum
M. polymorpha

E

| LT [ I TT T T1
ZmCENH3 MpCENH3 AtCENH3

* »
-

-

-

I I K_I_I_K_LI_I_U C_ITL I TIOC _TT T [T _J_l_l_IJ_I_LI
123456 3456 23456

-

123456 123456 123456 123456

1107Q"2 1107AMe A137VMe L141IMp G143HMr S148THIMp

Fig. 1 CENH3 protein regions required for centromere targeting in A. thaliana. (A) Sequence alignment of the histone-fold domain of H. sapiens,
A. thaliana, N. tabacum, Z. mays and M. polymorpha CENH3 proteins. The protein secondary structure and blocks dividedly analyzed in this
study are shown below the alignment. See also Supplementary Fig. S1A and B for sequence alignments of the canonical H3 and N-terminal tail
of CENH3. (B) Schematic of the expression construct to produce CENH3 variants fused to mClover and NLS-mCherry from a single transcript.
Co-translational ‘self-cleavage’ during translation of the 2A peptide sequence (P2A) results in the generation of two separate proteins. (C—H)
Localization assessment of CENH3 variants in the A. thaliana petal cell. Block bars drawn above each image and labels indicate the protein
structure of each variant with colors. Each figure panel consisting of multiple variants represents comparisons examining canonical H3 (H3.3),
CENH3 of A. thaliana (AtCENH3), Z. mays (ZmCENH3), M. polymorpha (MpCENH3) and AtCENH3 substituted with HAVL (AtCENH3"AV%) (C);
required single AtCENH3 region (D); importance of the N-terminal tail (E) and CATD (F); sufficient AtCENH3 region (G); and required amino acid
of AtCENH3 (H). The images are representative nuclei from more than three images capturing multiple nuclei. See also Supplementary Fig. S2
and S3 for a summary of this assay and representative images of a similar assay using tobacco BY-2 cells.
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contrast to the strong degree of conservation of the histone-fold
domain (Fig. 1A and Supplementary Fig. S1B).

Previous  studies have  shown  that  CENH3
proteins from angiosperms, including several Brassicaceae
species, the grapevine Vitis vinifera and the monocot Z. mays,
are able to target A. thaliana centromeres and to complement
the embryo lethality of cenh3-1 null mutation when expressed
without the GFP tag (Ravi et al. 2010, Maheshwari et al. 2015).
The histone-fold domain of CENH3 is sufficient to target the
centromere (Ravi and Chan 2010). To obtain further insight
into the sequence specificity for the CENH3 function, we used
the MpCENH3 sequence of the distant land plant M. polymor-
pha, which is substantially different from A. thaliana CENH3
in the histone-fold domain [58% (56/97), including gaps], even
though ZmCENHS3 is similarly different (58%, 57/98) (Fig. 1A).
To assess the protein localization of CENH3 variants after virtu-
ally comparable translation levels in plant cells, we constructed
an expression vector that consists of the cauliflower mosaic virus
35S promoter, mClover encoding the green fluorescent protein
and NLS-mCherry for the nuclear-localized red fluorescent pro-
tein, connected by the P2A sequence for the 2A peptide from
porcine teschovirus-1 (Fig. 1B). The P2A sequence causes co-
translational ‘self-cleavage’ during translation as a result of ribo-
some skipping (Kawashima et al. 2014, Liu et al. 2017), which
generates mClover-fused CENH3 variant and NLS-mCherry pro-
teins from a single mRNA.

To obtain steady and reliable results, we generated trans-
genic A. thaliana individuals harboring a series of CENH3 vari-
ants and observed mClover and mCherry fluorescence in the
petal, which contains actively dividing cells and is useful to
capture fluorescence signals with a lower background (Fig. 1C-
H). In NLS-mCherry-positive nuclei, AtCENH3-mClover and
ZmCENH3-mClover marked dot-like centromere regions. As
a control, the exchange of the four contiguous amino acids
located at the N-terminal of 2 helix following loop 1, which dis-
tinguish CENH3, to another four amino acids (HAVL) from H3.3
caused a dramatic reduction in the mClover signal with only
faint dot-like localization (Fig. 1C, AtCENH3HAYL), Contrast-
ing with AtCENH3 and ZmCENH3, MpCENH3-mClover signals
were undetectable (Fig. 1C), suggesting that MpCENH3 misses
an angiosperm-specific sequence necessary for its deposition on
the centromeres.

CENH3 deposition on A. thaliana centromeres
requires its LoopN-a1 region

We next sought to define specific regions of CENH3 important
for the lineage-specificamino acid recognition in the A. thaliana
cell. By generating a series of transgenic A. thaliana—expressing
chimeric CENH3 proteins, which consist of each block from
AtCENH3 and MpCENH3 (Fig. 1A and Supplementary Fig. S2),
we evaluated the localization of each chimeric CENH3 protein.
Swapping one block of AtCENH3 with that of MpCENHS3 indi-
cated that LoopN-a1 (block 3) and o2 (block 5) were required
for targeting the A. thaliana centromere (Fig. 1D). The N-
terminal tail from AtCENH3 was not required for centromere
targeting of MpCENH3 (Fig. 1E), although the N-terminal tail

is important for full CENH3 functions in A. thaliana (Ravi and
Chan 2010, Maheshwari et al. 2015). In human cells, a domain
spanning loop 1 to a2 (designated as CATD) of CENP-A con-
ferred centromere targeting and function when swapped into
canonical human H3 (Black et al. 2007). In contrast, a corre-
sponding domain of AtCENH3 failed to complement A. thaliana
cenh3-1 phenotype when swapped into H3.3 (Ravi et al. 2010).
We also assessed the impact of CATD (blocks 4 and 5) of
AtCENH3 on localization in A. thaliana cells by using MpCENH3
asadonor. The CATD and a larger domain containing the CATD
and the a3 region (block 6) of AtCENH3 were not sufficient
for centromere targeting (Fig. 1F and Supplementary Fig. S2).
By contrast, the mClover signal of a chimeric AtCENH3 having
CATD of MpCENH3 was detected in the nucleus and weakly
focused on dot-like regions resembling centromeres (Fig. 1F
and Supplementary Fig. $2), suggesting that regions outside of
CATD are involved in escort and reserve of plant CENH3 at the
nucleoplasm through lineage-specific amino acid recognition.

To determine the regions sufficient for A. thaliana cen-
tromere targeting in the plant CENH3 framework, we ana-
lyzed additional chimeric CENH3 variants (Fig. 1G). In the
presence of the LoopN-a1 (block 3) of AtCENH3, addi-
tional AtCENH3 regions, such as the N-terminal tail and aN
regions (blocks 1 and 2) or a2 region (block 5), conferred the
capability to target centromeres in a lineage-specific manner.
We searched for the angiosperm CENH3-specific amino acids
responsible for targeting A. thaliana centromeres and found
that two AtCENH3 mutants possessing single amino acid sub-
stitution, 1107Q and S148T, abolished centromere targeting
(Fig. TH).

To complement the results obtained in A. thaliana cells, we
also observed tobacco BY-2-cultured cell lines harboring each
chimeric CENH3 construct (Supplementary Fig. S2 and S3).
We obtained fundamentally similar results in the BY-2 system
to the A. thaliana system: LoopN-a1 (block 3) of AtCENH3
was the necessary region for centromere targeting. The 1107A
mutant, which has a single substitution by the MpCENH3-type
amino acid, abolished specific targeting to the centromere in
the BY-2 nucleus, while the S148T mutant was localized to the
centromere at a comparable level to wild-type AtCENH3 (Sup-
plementary Fig. S3). Several amino acids in the LoopN-a1
and o2 regions are different between A. thaliana and tobacco
(Nicotiana tabacum) CENH3 proteins (Fig. 1A; Nagaki et al.
2010), suggesting that endogenous CENH3 recognition factors
of tobacco might recognize slightly different sequence contexts
in these regions. In summary, using the swapping strategy with
AtCENH3 and MpCENH3 sequences, we found that the CENH3
LoopN-a1 region in combination with additional regions, such
as a2, is key for centromere targeting in A. thaliana and BY-2
cells, indicating a lineage-specific amino acid recognition mech-
anism for plant CENH3.

The general H3/CENH3 chaperone NASP
contributes to embryogenesis in A. thaliana

Within the eukaryotic lineage, CENH3 is generally indispensable
for centromere specification to form the kinetochore. However,



Plant Cell Physiol. 65(7): 1135-1148 (2024) doi:https://doi.org/10.1093/pcp/pcae030

A gRN A' target D 40, .
- = e w W ,,3 .
-1162F +141R o 307 .
- 3 . 3 .‘.
nasp® F +440R o 204 . & ]
B PAM ‘_E“ g R .
wild type CACCGTCGAATCGGTTGTTCAGGGAGGCACTGAA 5 10 . -
- H41R 5 S
nasp®’  CACCGTCGAATCGG---------- AGGCACTGAA ® ol * .
nasp® F = o o © X <
ed\ & & v N
c GCH3 (GFP-CENH3 in cenh3-1) (_;3 w
e A ; - ¥
& - Qa°§ nasp*/NASP GCH3
_nasp®/NASP GCH3 Qq{’ + NASP-mRuby (T1)
== ﬂ-
nasp®/NASP GCH3 + NASP-mRuby2 (T1) 100+ LI ND
751 [ unfertilized
50+ [ arrested
254 developed
u (abnormal)
0- developed
) >
X oS normal
& . & ( )
@‘f”
&
-;\@‘DQ

Fig. 2 Embryo lethal phenotype of the nasp™ knock-out mutant in the GCH3 line. (A) Schematic of the NASP gene structure with a guide RNA
(gRNA) target site and genotyping primers. Boxes are exons of NASP gene. The bold line indicates a region used for complementation constructs.
(B) Primer design to exclusively amplify the endogenous NASP gene and nasp®’ mutant allele. (C) Representative images of developing seeds in
siliques of the GCH3 background line (GFP-CENH3 in cenh3-1), a heterozygous nasp®/NASP in GCH3 and a complemented line with NASP-mRuby2
transgene. (D) The percentage of abnormal seeds per developing seeds in self-pollinated siliques. For transgenic lines with the nasp®’/NASP geno-
type, each dot represents the value for each independent T1 plant. Red bars indicate median values. Approximately 200 developing seeds were
counted from five siliques. (E) Embryo development in GCH3 or nasp® /NASP GCH3 ovules 5 DAP. A heart-stage embryo in GCH3 ovule and an early
arrested embryo at one-cell stage in self-pollinated nasp®’/NASP GCH3 ovule. (F) The proportion of embryo phenotype. The phenotype was cat-
egorized based on observation as follows: developed (normal), about heart-stage embryo; developed (abnormal), globular to heart-stage embryo
with distorted shape; arrested, one- or two-cell stage embryo; unfertilized, non-elongated egg cell or no egg cell structure due to degeneration;

ND, not defined. A total of 209-321 ovules/seeds from four to six siliques were analyzed for each genotype.

despite this common function, CENH3 proteins have evolved
rapidly. Consistent with this divergence, distantly related or
non-conserved histone chaperones, such as HJURP in mam-
mals, Scm3 in yeasts and CALT1 in flies, are species-specific chap-
erones for CENH3/CENP-A/Cse4/CID (Camahort et al. 2007,
Stoler et al. 2007, Dunleavy et al. 2009, Foltz et al. 2009, Zhou
et al. 2011, Phansalkar et al. 2012, Chen et al. 2014). Although
no specific chaperones that specifically deposit CENH3 have
been identified in the plant lineage, one of the histone chaper-
one homologues found in animals and yeasts, NASP, has been
reported to be a general H3 chaperone that escorts CENH3
as well as H3.1 and H3.3 into the nucleoplasm in A. thaliana
(Maksimov et al. 2016, Le Goff et al. 2020).

We initially tried to identify a novel specific chaperone that
functions in species-specific CENH3 recognition by our reverse-
genetic mini-screening of CENH3-related factors, including
genes with unknown function co-expressed with CENH3, but
we failed to obtain putative knock-out mutants showing
embryo lethality similar to cenh3 mutants. We also generated

CRISPR/Cas9-mediated mutants for homologs of histone chap-
erones in the transgenic plant line GCH3 that expresses GFP-
CENH3 in the cenh3-1 mutant background (Ravi et al. 2010). We
obtained a heterozygous 10-bp deletion mutant of NASP gene
in line GCH3 (nasp®/NASP GCH3) (Fig. 2A, B). The 10-bp dele-
tion causes a frameshift and premature stop codon in the first
exon of the NASP gene (Supplementary Fig. S4). A homozy-
gous nasp’ GCH3 mutant was never obtained from progeny
of the heterozygous line. In self-pollinated nasp® /NASP GCH3
siliques, ~25% of developing seeds were white embryoless
seeds or collapsed brown seeds, indicative of the embryonic
defect (Fig. 2C, D). About 22% of ovules in self-pollinated
nasp“ /NASP GCH3 siliques had an arrested embryo at 1- to
2-cell stages, compared with ovules of wild-type Col-0 and
GCH3 containing a normal heart-stage embryo (Fig. 2E, F).
This phenotype was complemented in more than half of T1
plants carrying the NASPpro:NASP-mRuby?2 (native promoter-
driven genomic NASP fused with red fluorescent protein gene
mRuby?2) (Fig. 2D, At#"°™¢), From these results, we concluded
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Fig. 3 Unaffected development and function of male and female gametophytes in nasp® GCH3. (A-C) In a plant line, nasp®/nasp®* GCH3 com-
plemented with a hemizygous NASPpro:NASP-mRuby?2 transgene, indistinguishable development and GFP-CENH3 localization of pollen grains
(A), equivalent growth ability of pollen tubes (B) and comparable wavy response to the AtLURE1 attractant peptide (500 nM in the pollen tube
growth medium) of semi-in vivo growing pollen tubes (C) between nasp® pollen with and without NASP-mRuby2. (D) NASP-mRuby?2 localiza-

tion in the nuclei of the egg, central and synergid cells in the ovule. (E) Normal cell morphology and marker gene expression in nasp/nasp
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generated by backcross with FGR8.0 containing gene cassettes for the egg cell nucleus (EC1.1pro:NLS-3xDsRed2) and the synergid cell nucleus
(AtLURE1.2pro:NLS-3xGFP) (Volz et al. 2013). VN, vegetative nucleus; SCN, sperm cell nucleus; EC, egg cell; CC, central cell; SY, synergid cell.

that the 10-bp deletion recessive mutation was responsible for
the loss-of-function NASP and the observed embryogenesis
defect in homozygous nasp“ GCH3 seeds. It should be noted
that the completely arrested embryonic phenotype caused
by the loss-of-function nasp mutation was masked in plants
without the cenh3-1 mutation and GFP-CENH3 transgene, by
backcrossing with wild-type Col-0. We obtained a homozygous
nasp™ mutant in the wild-type background showing normal
vegetative growth as well as fertility (Supplementary Fig. S5A),
implying that the GFP tag of CENH3 might interfere with the
interaction with some other components important for the
normal CENH3 supply network. Nevertheless, our results indi-
cate that NASP is indispensable for A. thaliana development
under a certain condition, at least in the GCH3 background.

Male and female gametophytes appear to be
unaffected by the nasp"' mutation

Since NASP is broadly expressed in dividing cells, including
reproductive tissues (Le Goff et al. 2020), we investigated the
expression and contribution of NASP in male and female game-
tophytes. Pollen viability staining showed that pollen develop-
ment in anthers of nasp® /NASP GCH3, as well as homozygous
nasp™ mutant with wild-type background, appeared to be nor-
mal, similar to GCH3 (Supplementary Fig. S5B). Using a plant
line with homozygous nasp™ GCH3 complemented by a hem-
izygous NASPpro:NASP-mRuby?2 transgene, we observed NASP-
mRuby?2 localization at the vegetative and sperm cell nuclei
and centromere-localized GFP-CENHS3 signals at the sperm cell

nuclei, independent of the presence of NASP-mRuby? (Fig. 3A).
Pollen tube growth ability was equivalent between nasp®’ GCH3
pollen tubes with and without NASP-mRuby?2 protein (Fig. 3B).
An important pollen tube function -the response to the female
attraction cue- appeared to be comparable between both
pollen tubes due to the wavy pollen tube response to the LURE1
attractant peptide (Fig. 3C; Takeuchi and Higashiyama 2016).
In the NASPpro:NASP-mRuby2 ovule, NASP-mRuby?2 protein
was detected in the nuclei of the egg, central and synergid
cells (Fig. 3D). However, nasp® mutant female gametophyte
cells appeared to be normal in terms of the cell morphology
and the expression of cell specification markers (Fig. 3E). These
observations suggest that the nasp® mutation does not have
a major impact on male and female development and func
tion. This was supported by a reciprocal crossing experiment
between GCH3 and nasp®/NASP GCH3 plants, in which no sig-
nificant reduction in nasp“ transmission from male (45.9%,
n=220) and female (57.9%, n=164) was observed. There-
fore, the observed phenotype in embryogenesis (Fig. 2) could
be attributed to the recessive effects of nasp™ GCH3 after
fertilization.

NASP is required for early embryo development
after the first zygotic division of the A. thaliana
GFP-CENH3 line

To clarify the contribution of NASP to embryogenesis and
CENH3 deposition after fertilization, we used GCH3 plant
lines with homozygous nasp’ mutation complemented with
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Fig. 4 NASP requirement for early embryogenesis and de novo CENH3 deposition in the GCH3 line. (A and B) Confocal images of ClearSee-treated
embryos inside the ovule at 2 DAP (A) and 4 DAP (B) of a plant line nasp™ /nasp®” GCH3 with a hemizygous NASPpro:NASP-mRuby2 transgene
(#6—2-hemi). The presence (+) or absence (-) of mRuby2 fluorescence (shown as magenta) in embryo nuclei indicate NASP-complemented
embryo or homozygous nasp® mutant embryo, respectively. The GFP-CENHS3 signals (shown as green) at centromeres were observed in the
embryo and endosperm of NASP-mRuby2-positive (+) ovules and in the maternal integuments of ovules, independent of the presence of NASP-
mRuby2 in embryo cells (4 and -). Note that asterisks indicate unrelated objectives with autofluorescence in ovule integument cells. Cell wall
staining with calcofluor white is shown in cyan. (C) The number of ovules with each zygote/embryo stage from three independent hemizygous
lines and one homozygous line for NASPpro:NASP-mRuby2 transgene in homozygous nasp” GCH3. Counting was performed using confocal
images of ClearSee-treated ovules (n =54-101) from three siliques at 2 DAP. (D-F) Confocal images of 2 DAP embryos pushed out from the
ovule tissue in a plant line nasp/nasp™ GCH3 with a hemizygous NASPpro:NASP-mRuby?2 transgene (#6-2-hemi). Cyan (left panel), Hoechst
33342 staining; green and magenta (right panel), GFP-CENH3 and NASP-mRuby?, respectively. White arrowheads and yellow double arrowheads
indicate nuclei with round and normal size and disorganized small nuclei (micronuclei), respectively, in the embryo proper. Asterisks in cyan
images indicate nuclei of ovule integument cells.

hemizygous NASPpro:NASP-mRuby?2 transgene. By observing
red fluorescence of NASP-mRuby2 at the nucleus, we were

NASP-mRuby2-negative ones were still at the one- or two-cell
stage (Fig. 4B). Normally developing NASP-mRuby2-positive

able to distinguish whether zygotes and early embryos in self-
pollinated pistils consisted of cells of functional NASP (homozy-
gous or hemizygous NASPpro:NASP-mRuby2) or nasp® GCH3
mutant (Fig. 4). At 2d after pollination (2 DAP), most NASP-
mRuby2-positive embryos normally developed at the four- or
eight-cell stage, whereas NASP-mRuby2-negative ones were at
the one- or two-cell stage (Fig. 4A, C). At 4 DAP, NASP-mRuby2-
positive embryos further developed to about the early-heart
stage without any obvious morphological defects, whereas

embryo cells exhibited GFP-CENH3 signals, while the NASP-
mRuby2-negative embryo cells had no GFP-CENH3 signals in
the nucleus (Fig. 4A, B).

To investigate whether the absence of NASP affects nuclear
organization, 2 DAP embryos were squeezed out from the ovule
and into a staining solution containing the DNA dye Hoechst
33342 (Kurihara et al. 2015, Musielak et al. 2015). In con-
trol NASP-mRuby2-positive embryos typically at the four- or
eight-cell stage, we observed nuclear DNA staining with small
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brighter signals indicative of chromocenters as well as organellar
DNA staining (Fig. 4D). Most NASP-mRuby2-negative embryos
at the one- or two-cell stage were similarly stained with the
DNA dye (Fig. 4E). Interestingly, some of the NASP-mRuby2-
negative embryos contained disorganized small nuclei, so-
called micronuclei (Fig. 4F), suggesting that the absence of func-
tional NASP caused a chromosome mis-segregation event due
to the failure of CENH3 deposition in the zygote and one-cell
stage embryo.

Species-specific sequences of NASP determine its
function in embryogenesis

Taking advantage of the nasp®/NASP GCH3 line that showed
the clear embryogenesis phenotype (Fig. 2C, E), we assessed
the importance of NASP protein and its domains in terms
of species-specific amino acid sequences by complementa-
tion testing. Similar to the assessment for CENH3, as shown
in Fig. 1, we focused on NASP from A. thaliana, the Bras-
sicaceae species - Capsella rubella, Z. mays and M. polymor-
pha. The abnormal seed phenotype of nasp® /NASP GCH3 was
restored in some T1 lines with the introduction of AtNASP
and CrNASP coding sequences, similar to AtNASP genomic
sequence, whereas it was not in any of the T1 lines for ZmNASP
and MpNASP (Fig. 2D), suggesting that NASP requires a cer-
tain degree of species-specific amino acid sequence for its
function.

We compared amino acid sequences of NASP from human
and in these four plant species (Fig. 5A). NASP proteins include
four TPR motifs and a C-terminal extension containing a nuclear
localization signal (Dunleavy et al. 2007, Bowman et al. 2015,
Liu et al. 2021, 2022, Bao et al. 2022). The NASPs contain an
acidic amino acid-rich stretch as an interrupted loop in the
second TPR, which seems to be variable between species, and
a less conserved N-terminal region without any predicted pro-
tein structures (Fig. 5A). To examine the requirement of each
NASP region for its function in A. thaliana embryogenesis, we
introduced AtNASP variants fused with the cyan fluorescent
protein mTurquoise2 into nasp™/NASP GCH3. Compared with
the control full-length wild-type AtNASP (At), AtNASP lacking
the N-terminal region [At (AN)] complemented the abnormal
seed phenotype to a lower frequency and degree, and AtNASP
lacking the acidic region [At (ADE)] failed to complement alto-
gether (Fig. 5B). Some T1 lines of AtNASP having the N-terminal
region of MpNASP [At (NMP)] just slightly decreased the abnor-
mal seed phenotype, while more than half of AtNASP T1 lines
having the acidic region of MpNASP [At (DEMP)] restored the
phenotype similar to wild-type AtNASP (Fig. 5B). Consistent
with this, the abnormal embryo phenotype was restored by
the introduction of At (DEMP) but not At (NMP) or MpNASP
(Mp) (Fig. 5C). This analysis suggests that the acidic region is
required for NASP function. Our observations are also con-
sistent with the importance of the acidic region of human
NASP for binding to H3 to make a complex with H3—-H4-ASF1
(Bowman et al. 2017).

A. thaliana NASP interacts with CENH3 through
lineage-specific sequence contexts

Our complementation test implied the requirement of lineage-
specific sequence contexts for NASP function. Since amino acid
sequences of canonical histone H3 are identical among land
plant species (Supplementary Fig. ST1A), we postulated that
the lineage-specific NASP-CENH3 interaction could explain the
functionality of NASP variants. To assess whether CENH3 vari-
ants, including a chimera of AtCENH3 and MpCENH3, inter-
acted with AtNASP, we performed a semi-quantitative interac-
tion assay using the BiFC assay in N. benthamiana leaf epidermal
cells. As a control, we also assessed the interaction between
CENH3 variants and A. thaliana ASF1A, a conserved histone
chaperone for H3/H4 (Zhu et al. 2011, Min et al. 2019, Zhong
etal. 2022).

In our BiFC assay employing the P2A-NLS-mCherry (PNC)
module, as used in Fig. 1, YFP fluorescence (BiFC signal) is
observed if AtASF1A or AtNASP fused to nYFP interacts with
H3.3 or CENH3 variants fused to cYFP-PNC, while mCherry flu-
orescence certifies the comparable translation level of H3.3 or
CENH3 variants (Fig. 6). The BiFC assay indicated that AtASF1A
interacts with both AtCENH3 and MpCENHS3, but that AtNASP
only interacts with conspecific AtCENH3 (Fig. 6A). AtASF1A
interacted with H3.3, ZmCENH3 and all the At/Mp-chimeric
CENH3 variants we tested, despite slight differences in rela-
tive BiFC intensities (Fig. 6B). In contrast, AtNASP interacted
with AtCENH3, ZmCENH3 and some chimeric CENH3 vari-
ants but not with the others or MpCENH3 (Fig. 6C). When
a single region, either LoopN-a1 (block 3) or a2 (block 5)
of AtCENH3, which were required for targeting to A. thaliana
centromeres (Fig. 1D), was swapped with that of MpCENH3,
these chimeric CENH3 variants retained the interaction capa-
bility with AtNASP (Fig. 6C, i). The introduction of block 3 or
blocks 3 plus 5 from AtCENH3 into the MpCENH3 framework
did not confer the interaction capability (Fig. 6C, ii). Inter-
estingly, CENH3 variants with blocks 1/2/3 or blocks 2/3/4 of
AtCENH3 interacted with AtNASP, while CENH3 variants with
the same blocks of MpCENH3 did not (Fig. 6C, iii). This clear
contrast demonstrates that the NASP-CENH3 interaction relies
on angiosperm-specific sequence contexts of CENH3 aN and
LoopN-a1. Together with the result that the LoopN-a1 region
of AtCENH3 plays a dominant role in the centromere targeting
of A. thaliana and tobacco BY-2 cells (Fig. 1, Supplementary
Fig. S2 and S3), our data suggest that NASP can recognize
CENH3 through the LoopN-a1 region and escort it into the
nucleoplasm for deposition on the centromere nucleosome.

A previous study using structural and biochemical
approaches for AINASP and canonical H3 showed that AtNASP
has two distinct sets of amino acid clusters for in vitro binding
to the H3 N-terminal (a.a. 21-59 containing aN) and a3 (a.a.
116-135) regions, respectively (Liu et al. 2022, Fig. 5A, Supple-
mentary Fig. S1C, D), similar to the binding mode of human
NASP to H3 (Bowman et al. 2017, Liu et al. 2021, Bao et al.
2022). Although this applies to the canonical H3, AL(NASP might
also bind to CENH3 via these regions, which are not completely
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Fig. 5 NASP protein domains required for the function in A. thaliana embryo development. (A) Sequence alignment of NASP proteins from H.
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amino acids of AtNASP that have been shown to mediate binding to canonical H3’s N-terminal and o3 regions, respectively (Liu et al. 2022).
See also Supplementary Fig. S1C and D for sequence alignments of these binding regions of H3 compared to AtCENH3 and MpCENH3. (B)
The percentage of abnormal seeds per developing seeds in self-pollinated siliques for transgenic lines with the nasp/NASP genotype. Each dot
represents the value for each independent T1 plant. Red bars indicate median values. Approximately 200 developing seeds were counted from
five siliques. (C) The proportion of embryo phenotype. The phenotype was categorized as noted for Fig. 2F. A total of 101-246 ovules/seeds from
three to seven siliques were analyzed for each genotype.
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Fig. 6 Interaction assay for CENH3 variants and AtASF1A or AtNASP using a BiFC system with the PNC module. (A) Confocal images of N.
benthamiana leaf epidermal cells of the BiFC assay between AtASF1A-nYFP or AtNASP-nYFP and cYFP-PNC (-), AtCENH3-cYFP-PNC (At) or
MpCENH3-cYFP-PNC (Mp). Equivalent NLS-mCherry signal indicates comparable levels of the three cYFP fusion proteins. Nuclei with negative
or positive BiFC signals are marked with x or arrowheads, respectively. Scale bars, 20 pm. (B and C) The relative BiFC intensity (BiFC/mCherry)
for H3.3, AtCENH3, MpCENH3, ZmCENH3 or At/Mp-chimeric CENH3 variants with AtASF1A (B) and AtNASP (C). Each dot represents the value
of the individual nuclei. Short lines on the dot show the mean of the values. P values are estimated by Dunnett’s test compared to the negative
control (-). For AtCENH3, MpCENH3 and At/Mp-chimeric CENH3 variants, block bars on the right indicate the structure of each variant with
colors (light blue, AtCENH3; yellow, MpCENH3), and red asterisks indicate CENH3 variants with significant BiFC signal.

conserved between AtCENH3 and MpCENH3 (Supplementary
Fig. S1C, D). Since our interaction assay using N. benthamiana
implies that AtNASP requires AtCENH3'’s LoopN-a.1 in addi-
tion to aN, but not a3, for the species-specific NASP-CENH3
interaction (Fig. 6C), the recognition of CENH3 by NASP could
be mediated by different dynamics in planta. Altogether, our
results indicated that NASP acts as a key chaperone that binds
CENH3 in a species-specific manner in plants. The fact that
the fully arrested embryonic phenotype of the nasp mutant
in the GCH3 background was masked in the wild-type back-
ground implicates some other important components for the
normal CENH3 supply network (that might be fastidious for
the GFP tag of CENH3), including another general H3 chaper-
one, ASF1 (Fig. 6B, Cook et al. 2011). In combination with the
NASP-CENH3 function, it would also be interesting to study
other epigenetic marks and regulators, such as other histone H3
chaperones, CAF1 and HIRA complexes (Nie et al. 2014, Duc
et al. 2017, Jiang and Berger 2017b), involved in gametophyte
functions and embryogenesis.

Conclusions

In this study, we defined A. thaliana CENH3 domains that
are important for centromere targeting and identified NASP

as a chaperone that binds CENH3 through a domain around
LoopN-a1 in a species-specific sequence manner. In addition,
we demonstrated that NASP is involved in early embryo devel-
opment and CENH3 deposition after fertilization. Although
NASP seems to be neither a CENH3-specific chaperone nor a
sole chaperone that recognizes CENH3, we hypothesize that
NASP contributes to the de novo deposition of CENH3 on the
centromere after fertilization. This function requires species-
specific sequences, suggesting the coevolution of NASP with
CENH3 after fertilization. Our findings help to understand how
the CENHS3 protein is deposited at the centromere in the zygote
nucleus, which may contribute to haploid induction technology
by manipulation of the CENH3 deposition network.

Materials and Methods

Plant materials

Arabidopsis thaliana Col-0 was used for the expression and localization experi-
ment of CENH3 variants. The GFP-CENH3 in cenh3-1 (GCH3) line was kindly pro-
vided by Dr. Simon Chan’s laboratory (University of California, Davis, CA, USA)
(Ravi et al. 2010). For transformation of A. thaliana plants, T-DNA constructs
were introduced by floral dip using Agrobacterium tumefaciens strain GV3101.
Arabidopsis thaliana plants were germinated on half-strength Murashige-Skoog
solid medium containing antibiotics (if applicable) under continuous light at
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22°C and transferred on soil for further growth under long-day condition in
plant growth rooms. N. benthamiana plants were grown from directly sowing
seeds on soil in plant growth rooms under long-day conditions at 22-26°C.
Transformation of tobacco BY-2 cultured cells was performed as previously
described (Mayo et al. 2006) using A. tumefaciens strain EHA105. Several trans-
formants per construct were selected via several rounds of subculturing of
callus on modified Linsmaier-Skoog (LS) medium containing 1.5% agar, 50 mg/|
kanamycin and 100 mg/| cefotaxime sodium. Each BY-2 callus was observed by
suspending in liquid modified LS medium.

Plasmids and sequences

All plasmids were generated by standard molecular techniques and are listed
in Supplementary Table S1. The PNC sequence was amplified from a plasmid
obtained from Dr. Tomokazu Kawashima (Kawashima et al. 2014). The nasp"
mutant was generated by the CRISPR/Cas9 system based on pKIR1.1 (Tsutsui
and Higashiyama 2017). Gene and protein sequence data can be obtained from
The Arabidopsis Information Resource (http://arabidopsis.org) for A. thaliana
and from Phytozome (https://phytozome-next.jgi.doe.gov/) for C. rubella, Z.
mays and M. polymorpha.

Confocal microscopy and image analysis

Confocal images of petal cells, ovules and BY-2 cells of transgenic lines were
taken using an LSM-780-DUO-NLO system (Zeiss, Oberkochen, Germany).
Images were acquired using ZEN 2010 software (Zeiss) and processed using Fiji
software (http://fiji.sc/Fiji).

Establishment of the nasp Mutant Line

The GCH3 plant was transformed with HTv985, pKIR1.1 vector containing
the guide RNA (gRNA) sequence (5'-GTCGAATCGGTTGTTCAGGG-3') that
targets the first exon of NASP gene (Fig. 2A), and resulting T1 seeds were
selected by red fluorescence of seeds. One mutant candidate (#3) was obtained
by genomic PCR using primers [NASP + 3 F (5'-GGTTGAAGAATCAGCTTC
3”) and NASP + 440R (5'-CATGATTAGATCATTCGAG-3")] and direct Sanger
sequencing, which showed a disrupted sequence around the gRNA target site.
From seeds harvested from this candidate T1 individual, Cas9-free plants were
selected based on the absence of red fluorescence of seeds and confirmed later
by no hygromycin-resistant seedling in the next generation. Genomic PCR and
sequencing analysis identified the 10-bp deletion in the nasp™' /NASP GCH3 line
(#3-16). The siblings from the #3-16 line plants were used for phenotypic analy-
sis and transformation for complementation tests. The nasp“’/NASP GCH3 was
backcrossed several times to wild-type Col-0 or FGR8.0 (V6lz et al. 2013) to
remove the GFP-CENH3 transgene and the cenh3-1 mutant allele.

Based on the 10-bp deletion, NASP + 141R (5'-AGTGCCTCCCTGAACA
AC-3') for wild-type NASP and nasp" F (5'-CGTCGAATCGGAGGCA-3') for
10-bp deletion nasp allele were designed (Fig. 2B). Primers for wild-type
allele [NASP-1162F (5"-AATACTAAGCGAGCCATC-3") and NASP + 141R] and
primers for nasp" allele (nasp™ F and NASP -+ 440R) were used to exclusively
amplify endogenous NASP gene and nasp® allele, respectively.

Evaluation of the embryo phenotype by clearing in
chloral hydrate solution

The carpel walls were removed from siliques 5 d after hand pollination using
tweezers and 27-gauge needle (Terumo, Tokyo, Japan). The remaining tis-
sues, ovules/seeds attached to the septum, were fixed and decolorized in
ethanol/acetic acid (9:1) and rehydrated with ethanol series (80%, 60%, 40% and
20%) and distilled water. After rehydration, the samples were cleared in chlo-
ral hydrate solution (chloral hydrate, glycerol and distilled water in the weight
ratio of 8:1:3). Differential interference contrast microscopy analysis of cleared
ovules/seeds was performed using a Nikon Ts2R microscope.

Evaluation of embryo development with
fluorescence

To observe GFP-CENH3 and NASP-mRuby2 fluorescence of embryo cells in the
early developing seed, the ClearSee method was used in combination with cell
wall staining. Two or four days after hand pollination, siliques were dissected
as described earlier and fixed by immersing in 4% paraformaldehyde/PBS and
applying a reduced pressure with a vacuum pump. About 1h after the fix-
ation, samples were washed with PBS twice and cleared with ClearSeeAlpha
solution to reduce the formation of brown pigments in the ClearSee-treated
ovule (Kurihara et al. 2021). Two to three weeks after treatment in the dark
at room temperature, the samples were stained with ClearSee solution (Kuri-
hara et al. 2015) containing 0.1 mg/ml calcofluor white for 1 h and then washed
with ClearSee solution for 1 h. The silique sample was split at the center of the
septum to separate two lines of placenta with seeds into one line of that, which
facilitates the observation of embryo phenotype without overlapping each seed
tissue.

To observe the nuclei of embryo cells, the direct staining method was used
with a staining solution (4% paraformaldehyde/PBS, 1% DMSO, 0.05% Triton-
X100, 5% glycerol) in combination with 10 pg/ml Hoechst 33342 (Kurihara et al.
2015, Musielak et al. 2015). Early developing seeds in 2 DAP siliques were dis-
sected into the solution on a microscope slide, and embryos were pushed out
from the maternal tissue using a coverslip.

For confocal observation using the LSM-780-DUO-NLO system (Zeiss),
images were acquired with a 40x objective lens (LD C-Apochromat 40x/1.1W
Corr, Zeiss) under excitation wavelengths of 488/561 nm and emission wave-
lengths of 490-561/588-695 nm for mClover and mRuby2 fluorescence and
sequentially under an excitation wavelength of 405nm and emission wave-
lengths of 415-490 nm for calcofluor white.

Pollen viability staining

Pollen viability in the anther was assessed by chemical staining (Peterson et al.
2010, Motomura et al. 2020), with slight modifications. Briefly, flowers before
anthesis were fixed in ethanol/acetic acid (7:3) and stained with a staining solu-
tion (10% ethanol, 0.01% malachite green, 25% glycerol, 0.05% acid fuchsin,
0.005% orange G and 4% acetic acid). Stamens were dissected from the stained
sample and observed by light microscopy using a Nikon Ts2R microscope.

BiFC assay

Transient expression in N. benthamiana leaves by agroinfiltration was per-
formed as previously described (Takeuchi and Higashiyama 2016). Equal
amounts of A. tumefaciens strain GV3101 cultures for nYFP and cYFP-PNC
constructs and the p19 silencing suppressor were collected in a tube and resus-
pended in infiltration buffer (10 mM MgCl,, 10 mM MES, pH 5.6 and 150 pM
acetosyringone). Three to four hours after incubation at 26°C, the mixed sus-
pensions were infiltrated in four to 5-week-old N. benthamiana leaves. Two
days after infiltration, the leaf samples were subjected to confocal microscope
observation using the LSM-780-DUO-NLO system (Zeiss).

To virtually normalize protein production levels among CENH3 variants
fused to the cYFP-PNC sequence, the relative BiFC intensity was the BiFC sig-
nal (YFP fluorescence) divided by the NLS-mCherry signal. For each channel of
images, the background was subtracted and the fluorescence intensity of nuclei
regions was measured. For each BiFC combination, the relative intensity of 9-36
nuclei from three replicate samples was calculated and plotted using R studio
(https://cran.ism.ac.jp/). Statistical analysis was also performed using R studio
(‘multcomp’ package; https://CRAN.R-project.org/package=multcomp) based
on Dunnett’s multiple comparison test.

Supplementary Data

Supplementary data are available at PCP online.
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