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KINETOCHORE NULL2 (KNL2) is involved in recognition of centromeres and in centromeric localization of the centromere-
specific histone cenH3. Our study revealed a cenH3 nucleosome binding CENPC-k motif at the C terminus of Arabidopsis
thaliana KNL2, which is conserved among a wide spectrum of eukaryotes. Centromeric localization of KNL2 is abolished by
deletion of the CENPC-k motif and by mutating single conserved amino acids, but can be restored by insertion of the
corresponding motif of Arabidopsis CENP-C. We showed by electrophoretic mobility shift assay that the C terminus of KNL2
binds DNA sequence-independently and interacts with the centromeric transcripts in vitro. Chromatin immunoprecipitation
with anti-KNL2 antibodies indicated that in vivo KNL2 is preferentially associated with the centromeric repeat pAL1. Complete
deletion of the CENPC-k motif did not influence its ability to interact with DNA in vitro. Therefore, we suggest that KNL2
recognizes centromeric nucleosomes, similar to CENP-C, via the CENPC-k motif and binds adjoining DNA.

INTRODUCTION

Centromeres are the chromosomal positions at which the ki-
netochore complex assembles. The kinetochore complex is
required for correct sister chromatid segregation, sister chro-
matid cohesion, chromosome movement, and cell cycle regu-
lation (Henikoff and Dalal, 2005).

Normal kinetochore establishment dependson the centromeric
histone H3 variant cenH3 originally described as human CENP-A
(Earnshaw and Rothfield, 1985). CenH3 is an essential centro-
meric mark and substitutes for H3 histones at centromeric sites.
The centromeric chromatin consists of blocks of H3 containing
nucleosomes intermingled with cenH3 chromatin (Blower et al.,
2002). Inmost plants and animals, centromeres are locatedwithin
regions containing large numbers of tandem repeats of short se-
quences. CenH3-containing chromatin occupies only part of these
repeats (Blower et al., 2002). In Arabidopsis thaliana,;15% of the
178-bp centromeric repeat pAL1 is associated with Arabidopsis
cenH3 (Nagaki et al., 2003).

Thus, in most organisms, except Saccharomyces cerevisiae
(Meluh et al., 1998), cenH3 localization is not solely determined by
centromeric DNA sequences, but is rather regulated epigeneti-
cally. Some studies have proposed that cenH3 plays the role
of epigenetic mark, since ectopically incorporated cenH3 (Lo
et al., 2001; Nasuda et al., 2005), as well as tethering of cenH3 to
noncentromeric loci (Mendiburo et al., 2011; Teo et al., 2013),
leads to de novo kinetochore assembly at positions free of

centromeric repeats. Incorporation of cenH3 is anticorrelated
with other epigenetic marks such as DNAmethylation and some
histone modifications (Zhang et al., 2008). It was shown for
Arabidopsis that the centromeric transcripts and corresponding
small interfering RNAs might be involved in methylation of
centromeric/pericentromeric DNA (Teixeira and Colot, 2010).
Single-stranded centromeric transcripts can bind centromeric chro-
matin andmay serve as a structural template to help in recruiting
kinetochore proteins (Wong et al., 2007; Du et al., 2010).
The cenH3 deposition pathway includes three steps: (1) ini-

tiation, i.e., generation of the epigenetic context for cenH3 in-
corporation; (2) deposition; and (3) maintenance (reviewed in
De Rop et al., 2012).
(1) In mammals, the Mis18 complex, which includes Mis18a,

Mis18b, and Mis18BP1 (KNL2) proteins, plays a role in the ini-
tiation step and replenishment of cenH3. The human Mis18
complex is transiently present at centromeres after mitotic exit
prior to cenH3 loading, and downregulation of Mis18 complex
components results in a reducedamount of cenH3atcentromeres
(Fujita et al., 2007). Fission yeast (Schizosaccharomyces pombe)
Mis18 is also a part of the cenH3 assembly machinery (Hayashi
et al., 2004). The Caenorhabditis elegans KNL2 and cenH3 co-
localize at centromeres throughout the cell cycle and coordinate
kinetochore assembly and chromosome segregation (Maddox
et al., 2007). Arabidopsis KNL2 colocalizes with cenH3 and is
associated with centromeres during all stages of the mitotic cell
cycle, except from metaphase to mid-anaphase. Knockout of
Arabidopsis KNL2 leads to anaphase bridges, reduced fertility,
reduced levels of DNA methylation, and reduced transcription of
thegenesencodingcenH3andhistonemodificationproteinssuch
as SUVH4 and SUVH9 (Lermontova et al., 2013).
Establishment of the epigenetic context for cenH3 loading

requires other proteins. In mammalian cells, the kinetochore
protein CENP-C recruits epigenetic factors such as DNA
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methyltransferases or KNL2 to centromeric and pericentromeric
satellite sequences to promote epigenetic maintenance of
CENP-A chromatin (Gopalakrishnan et al., 2009; Shono et al.,
2015). CENP-C has been shown to interact directly with KNL2
(Moree et al., 2011; Dambacher et al., 2012) and with cenH3 nu-
cleosomes (Westermann et al., 2003; Carroll et al., 2010). In vitro,
CENP-C binds centromeric nucleosomes through the conserved
CENPC motif (Kato et al., 2013). The loss of CENP-C leads to
chromosome misalignment and segregation defects during mi-
tosis and to increased transcription of centromeric repeats.
CENP-I can also recruit KNL2 independently of CENP-C in HeLa
cells (Shono et al., 2015).

(2) Deposition of cenH3 to centromeres depends on chaper-
ones involved in nucleosome assembly. Two cenH3 chaperones
have been identified: the Holliday Junction Recognition Protein
(HJURP) and the Nuclear Autoantigenic Sperm Protein (Osakabe
et al., 2010) in human and their respective homologs Scm3 and
Sim3 in yeast (Pidoux et al., 2009). The Mis18 complex mediates
the recruitment of HJURP to endogenous centromeres (Foltz
et al., 2009; Barnhart et al., 2011).

(3) Centromeric chromatin maturation and maintenance of
newly incorporated cenH3 have been less studied than the initi-
ation and deposition steps.

Here, we showed that Arabidopsis KNL2 contains a conserved
CENPC-like motif, designated CENPC-k, at its C terminus that is
required for the centromeric localization of KNL2 in vivo. Muta-
genesisof theconservedaminoacidswithin theCENPC-kmotif or
complete deletion of the motif abolished centromeric localization
of KNL2 in vivo.Wealso showed that substitution of theCENPC-k
motif by the corresponding CENPCmotif of Arabidopsis CENP-C
restores centromere targeting of KNL2.

Additionally, we could demonstrate that the C terminus, but not
the N terminus, of KNL2 interacts sequence-independently with
DNA in vitro, but in vivo it associates preferentially with the cen-
tromeric repeat pAL1. Deletion of the CENPC-k motif did not in-
fluence the ability of KNL2 to interact with DNA in vitro.

RESULTS

Identification of a CENPC-Like Motif in KNL2

KNL2wasfirstdescribed innematodesand invertebrates (Maddox
et al., 2007), where it is characterized by both a C-terminal SANT/
Myb domain (Boyer et al., 2002) and a unique N-terminal SANTA
domain (Zhang et al., 2006). In Arabidopsis, KNL2 has a SANTA
domain but lacks a SANT domain (Lermontova et al., 2013), sug-
gesting that the SANTA domain is a conserved feature of KNL2
homologs. Recently, some insect proteins were reported to have
both SANTA domains and a CENPC-like motif (Drinnenberg et al.,
2014). Using BLASTP searches, we found that KNL2 homologs
with a CENPC-likemotif, hereafter referred to as a CENPC-kmotif,
are present in a wide spectrum of eukaryotes (Figure 1), including
chytrids, cryptomonads, Arabidopsis, most invertebrates, and
many vertebrates, but excluding therian mammals and Caeno-
rhabditis elegans, the organisms in which KNL2was first described
(Maddox et al., 2007). This observationwas recently independently
made for vertebrate KNL2 proteins (Kral, 2016).

The CENPC motif (Figure 1) is characteristic of the CENP-C
protein (Brown, 1995; Talbert et al., 2004). The CENPCmotif of rat
CENP-C protein can bind directly to a chimeric H3/cenH3 nu-
cleosome in vitro (Kato et al., 2013), suggesting that this motif
binds to cenH3 nucleosomes in vivo. In some vertebrates, in-
cluding therian mammals, Xenopus laevis (Kato et al., 2013), and
teleost fishes (Kral, 2016), the CENP-C protein contains a second
CENPC-like motif in the central region (here designated as the
CENPC-v motif; Figure 1) that similarly binds H3/cenH3 hybrid
nucleosomes (Kato et al., 2013). The presence of CENPC-k in
KNL2 proteins suggests that it may be responsible for binding to
cenH3 nucleosomes, similar to the CENPC and CENPC-v motifs
of vertebrate CENP-Cs.

The CENPC-k Motif Is Required for the Centromeric
Localization of KNL2 and Can Be Functionally Replaced by
the CENPC Motif of CENP-C

Mutational analysis has identified critical residues of the CENPC
motif (Heeger et al., 2005;Milks et al., 2009) or the CENPC-vmotif
(Song et al., 2002) that are essential for centromeric localization of
CENP-C or for H3/cenH3 nucleosome binding (Kato et al., 2013).
Two of these correspond to residues Arg-546 and Trp-555 of the
Arabidopsis CENPC-k motif. The wild-type C-terminal part of
KNL2 fused to EYFP can localize to centromeres (Lermontova
et al., 2013). We therefore mutated Arg-546 and Trp-555 in this
construct [KNL2(C)CENPC-k(R-A) and KNL2(C)CENPC-k(W-R)] (Figure
2A) to determine whether CENPC-k plays a similar role in KNL2 to
the role of the CENPC and CENPC-v motifs in CENP-C. Addi-
tionally, we generated the construct with complete deletion of the
CENPC-k motif [KNL2(C)ΔCENPC-k] (Figure 2A). Analysis of trans-
genic Arabidopsis plants expressing these constructs showed that
the mutagenized KNL2 variants are unable to localize to chromo-
centers/centromeric sites (Figure 2B). Fluorescence signals were
detected in nucleoplasm and in nucleoli of all five independent
transgenic lines analyzed for each construct. These results suggest
that the CENPC-k motif of KNL2 in general, and the conserved
Arg-546 and Trp-555 amino acids in particular, are required for
in vivo localization of KNL2 at centromeres of Arabidopsis.
Weaddressed thequestionofwhether replacement ofCENPC-k

by the CENPC motif of Arabidopsis CENP-C [KNL2(C)CENPC] will
restore the ability of KNL2(C)ΔCENPC-k to localize to centromeres.
Analysis of transgenic Arabidopsis plants expressing the
KNL2(C)CENPC construct has revealed that the CENPC motif is
indeed able to target KNL2 to centromeres. Fluorescence
signals were detected in the nucleoplasm and at centromeres
of five independent transgenic lines similar to the KNL2(C) control
(Figure 2B; Supplemental Figure 1). We showed previously that
KNL2(C) fused with EYFP colocalizes with cenH3 at bright DAPI
stained chromocenters (Lermontova et al., 2013) Double im-
munostaining with anti-GFP [detecting the KNL2(C)CENPC EYFP
fusion] and anti-cenH3 antibodies showed the same colocalization
(Figure 2C). These data suggest that CENPC-like motifs of KNL2
and of CENP-C proteins might play the same role in recognition of
centromeric nucleosomes.
Additionally, leaves of Nicotiana benthamiana were tran-

siently transformed by Agrobacterium tumefaciens with con-
structs expressing the wild-type C-terminal part of KNL2
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(Lermontova et al., 2013), KNL2(C)ΔCENPC-k, or KNL2(C)CENPC in
a fusion with EYFP at their N or C termini, respectively. These
constructs were expressed in N. benthamiana alone or in a com-
binationwithmCherry-cenH3.SupplementalFigure2 indicates that
in some cells the chimeric KNL2(C)CENPC protein localizes to
centromeresandcolocalizeswithcenH3similar to theKNL2(C)with
the native CENPC-k motif, while KNL2(C)ΔCENPC-k protein was
detected only in the nucleoplasm and nucleolus. We assume that
centromeric localization of the KNL2 variants and cenH3 can be
seenonly inmitotically active cells, since cenH3 (Lermontova et al.,
2006) and very likely KNL2 can be loaded to centromeres only
during the mitotic cell cycle. The proportion of cells showing co-
localization varies depending on plant age and efficiency of double
transformation. Our data demonstrate that Arabidopsis KNL2 can
be targeted to centromeres of distantly related species such as

N.benthamianaandthatcentromeric targetingrequirespresenceof
CENPC-k or CENPC motifs.

KNL2 Binds DNA Sequence-Independently in Vitro, but in
Vivo It Is Associated with Centromeric Repeats

To testwhether ArabidopsisKNL2 interactswith the centromeric
DNA similar to the CENP-C protein of maize (Zeamays; Du et al.,
2010), an electrophoretic mobility shift assay (EMSA) with re-
combinant KNL2 protein fragments and centromeric repeat
pAL1DNAwasperformed.TheN-terminal part ofKNL2 including
theSANTAdomainand theC terminuswith theCENPC-kmotif in
fusion with a His-tag were separately expressed in Escherichia
coli. Soluble proteins were purified under nondenaturation con-
ditions and incubated with pAL1 (Figure 3A). The results showed

Figure 1. CENPC-Like Motifs in KNL2 and CENP-C Homologs.

(A)Alignmentsof the threeCENPC-likemotifspresent inKNL2andCENP-Cproteinsofdiverseeukaryotes.Asterisks indicate theconservedarginine (R)and
tryptophan (W) residues that are found in all three alignments and that were mutated in this study.
(B)Thesamealignmentspresented inLOGOformat (WebLogo;http://weblogo.berkeley.edu/logo.cgi) tomoreeasily comparesimilarities anddifferences in
the three motifs. Above each alignment is a domain map of the position of the CENPC-like motif in the KNL2 or CENP-C proteins.
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that the band of pAL1 is shifted upwards only in the presence of
recombinantCterminus,butnot theN-terminalpartofKNL2(Figure
3A). The effect of KNL2(C) concentration on DNA binding was
tested using constant amounts of pAL1 DNA and increased

amounts of protein. Themobility of a portion of pAL1DNA slightly
shifted for DNA:protein ratios of 1:1 and 1:2, but with an increased
amount of protein all pAL1 DNA shifted upwards. In the case of
KNL2(N), no DNAbindingwas observed evenwhen a high excess

Figure 2. Mutagenesis of Conserved Amino Acids at the CENPC-k Motif as Well as Its Complete Deletion Results in KNL2 Mislocalization That Can Be
Restored by the CENPC Motif.

(A) Schematic view of EYFP-tagged KNL2 constructs: KNL2(C), KNL2(C)CENPC-k(R-A), KNL2(C)CENPC-k(W-R), KNL2(C)ΔCENPC-k, and KNL2(C)CENPC.
(B) Subnuclear localization of KNL2(C) (left panel), KNL2(C)CENPC-k(R-A) (middle panel), and KNL2(C)CENPC (right panel) fused to EYFP in root tip nuclei of
Arabidopsis transformed with corresponding constructs. KNL2(C)CENPC-k(W-R) and KNL2(C)ΔCENPC-k proteins (indicated in brackets in the middle panel)
showed the same localization pattern as KNL2(C)CENPC-k(R-A). The C-terminal part of KNL2 fused to EYFP showed nucleoplasmic and centromeric lo-
calization (Lermontova et al., 2013), while protein variants carrying the point mutations within the CENPC-k motif or lacking this motif completely lost an
ability to localize at centromeres andwere detected only at nucleoplasmand nucleolus. However, theC terminus of KNL2with the substitution ofCENPC-k
by the CENPC motif was targeted to centromeres.
(C) Double immunostaining with anti-GFP [detecting the KNL2(C)CENPC EYFP fusion] and anti-cenH3 antibodies showed colocalization of both im-
munosignals at bright 49,6-diamidino-2-phenylindole (DAPI)-stained chromocenters.
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of protein (1:8 DNA:protein) was applied (Figure 3A). In addi-
tion to the nonradioactive EMSA, we employed the more com-
monly used radioactive method and produced similar results
(Supplemental Figure 3).

To test whether the C terminus of KNL2 interacts specifically
with centromeric repeats, we performed a competition experi-
ment in which poly(deoxyinosinic-deoxycytidylic) acid (poly
dI/dC) was used. The DNAbinding capability of the C-terminal
KNL2 to pAL1 was abolished by 50 ng/mL poly dI/dC (Figure
3B). About 1 to 2.5 ng/mL poly dI/dC is usually used in EMSA to
inhibit unspecific interactions (Smith and Humphries, 2009).
Next, we analyzed the interaction of KNL2(C) with repetitive
elements such as the centromeric transposable elementAthila,
the telomeric repeat and the coding region of tubulin TUA4
(Ay et al., 2009). The data showed that the C terminus of KNL2
binds all noncentromeric DNA sequences that were used
(Figure 3C).
To analyze the interaction of KNL2 with DNA in vivo, we

performed chromatin immunoprecipitation (ChIP). Antibodies
against KNL2 were purified by affinity chromatography using
CN-Br-Sepharosebeadscoupledwith theKNL2(C) antigen and
applied to chromatin isolated from seedlings of Arabidopsis
wild-type plants (Figure 4). The results showed that in vivo, KNL2
is associatedpreferentiallywith thecentromeric repeatpAL1and
to a much lower extent with other sequences.

The C Terminus of KNL2 Lacking the CENPC-k Motif
Interacts with the Centromeric DNA in Vitro

We showed above that mutagenesis of conserved amino acids
within the CENPC-k motif abolished centromeric localization of
KNL2, indicating a role of the CENPC-k motif for the centromeric
localization ofKNL2 in vivo. Therefore,weaddressed the question
whether this motif is required for direct interaction of KNL2 with
centromeric DNA in vitro.

Figure 3. The C-Terminal Part of KNL2 Binds Centromeric and Non-
centromeric DNA Sequences in Vitro.

(A) Nonradioactive EMSA with 4 pmol of the centromeric repeat pAL1 (all
lanes) and 4 to 32 pmol of the recombinant C-terminal part of KNL2 (lanes
2–5) or 16 and 32 pmol of the recombinant N-terminal part of KNL2 (lanes
6 and 7), respectively, showed that the C terminus (lanes 4 and 5), but not
the N terminus, of KNL2 interacts with the centromeric repeat pAL1 (n = 3).
(B)Nonradioactive EMSAwith 4 pmol ofpAL1 (all lanes) and 16 pmol of the
C-terminal part of KNL2 (lanes 2–9). The unspecific competitor poly dI/dC
was added in increasing concentrations of 0.1, 0.5, 1, 5, 10, 50, and
100 ng/mL (lanes 3–9). At an amount of 50 pmol poly dI/dC, the DNA
binding of theC-terminal part of KNL2andpAL1get competed out (n=2).
(C) Nonradioactive EMSA with 4 pmol of centromeric repeat pAL1 (lanes
1and2), transposableelementAthila (lanes3and4), telomeric repeat (lanes
5 and 6), euchromatic TUA4 sequence (lanes 7 and 8), and 16 pmol of the
C-terminal part of KNL2 (even numbered lanes) shows that the C-terminal
part of KNL2 interacts with centromeric and noncentromeric DNA (n = 3).

Figure4. TheChIPExperimentwithAnti-KNL2AntibodiesShowedThat in
Vivo KNL2 Is Mostly Associated with the Centromeric Repeat pAL1.

A ChIP experiment with sonicated chromatin isolated from 5 g of 8-d-old
Arabidopsis wild-type seedlings was performed with anti-KNL2 antibodies
(Lermontova et al., 2013). A subsequent qPCR on the KNL2 bound se-
quences performed with pAL1, Athila, TUA4 (nine biological replicates and
three technical replicates), and subtelomeric (three biological and technical
replicates) primers showed that KNL2 binds preferentially the centromeric
sequence pAL1. Subtelomeric primers were chosen instead of telomeric
ones to obtain more consistent CT values. Fold enrichment indicates the
relativeenrichmentof the target sequence in thesample incomparison to the
valuesof thenonantibodycontrol. Thebars indicate theSD.Asterisks indicate
results of the t test between fold enrichments of pAL1 and respective
noncentromeric sequences (double sided, type 2; *P < 0.5 and **P < 0.05).
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To test this hypothesis, the KNL2(C)ΔCENPC-k fragment was
subcloned into thepETG30Avector for expressionof recombinant
protein inE. coli. ThepurifiedKNL2(C)ΔCENPC-k proteinwasused in
EMSA with the centromeric repeat pAL1 and the centromeric
transposable element Athila (Figure 5). The results showed that
KNL2(C)ΔCENPC-k binds pAL1 and Athila sequences with similar
efficiency as thenonmutagenized variant (Figure 5). This suggests
that the CENPC-k motif does not bind DNA directly, consistent
with the proposed role of CENPCmotifs in binding to the histones
of the cenH3 nucleosome surface (Kato et al., 2013).

KNL2 Binds RNA in Vitro

Previously, Du et al. (2010) showed that the CENP-C protein of
maize binds not only DNA, but also RNA molecules. In a gel shift
assay, DNA binding of CENP-C was promoted by small single-
stranded RNAs (ssRNAs), while larger ssRNAs (>150 nucleotides)
competedwith theDNA.Wehave identifieda23-nucleotidessRNA
sequence (Supplemental Table 1) derived from the centromeric
repeat pAL1 from small RNA-seq data of the wild type and tested
whether this ssRNA interacts with KNL2 and influences its binding
capability to pAL1 in EMSA. The selected ssRNA can bind toKNL2
(Supplemental Figure4A) but hadnoeffect onbindingofpAL1DNA
by KNL2 (Supplemental Figure 4B). Additionally we generated the
full-length forward and reverse centromeric transcripts (178-
nucleotidepAL1 ssRNA;Supplemental Table 1) andused them in
a gel shift assaywith KNL2(C) or as competitor for theKNL2(C)pAL1
DNA interaction. We can demonstrate that centromeric transcripts
bindKNL2(C) (Figure 6A) and compete out thepAL1DNA interaction
with KNL2(C) starting at a ratio of DNA:RNA 1:10 (Figure 6B).

DISCUSSION

The Arabidopsis KNL2 Protein Possesses a CENPC-k Motif
Required for Its Centromeric Localization

Based on sequence similarity, a conserved CENPC-k motif at
the C terminus could be identified in Arabidopsis KNL2. Recently,

Kral (2016) showed that the CENPC-k motif is present in KNL2
homologs of most vertebrates, but not of therian mammals.
This motif can also be identified in KNL2 homologs across
several eukaryotic kingdoms (Figure 1), indicating it is an an-
cient and conserved feature of KNL2. However, the functional
importance of this motif in KNL2 homologs has remained
elusive. The CENPC motif is a typical feature at the C terminus
of CENP-Cproteins, while theCENPC-vmotif is also present at
the central region of CENP-C in many vertebrates. In human
cells, targeting of CENP-C to centromeric nucleosomes de-
pends on either the CENPCmotif or the CENPC-v motif (Lanini
and McKeon, 1995; Yang et al., 1996; Song et al., 2002; Trazzi
et al., 2002; Carroll et al., 2010). Kato et al. (2013) have dem-
onstrated that mutagenesis of the conserved amino acids

Figure 5. The CENPC-k Motif Is Not Required for the Interaction of KNL2
with DNA in Vitro.

EMSA with KNL2(C)ΔCENPC-k and the centromeric repeat pAL1 (A) or the
transposable element Athila (B) showed that the absence of the CENPC-k
motif does not influence the ability of KNL2(C) to interact with DNA. In both
cases, KNL2(C) was used as a positive control (n = 2).

Figure 6. KNL2 DNA Binding Is Competed out by Centromeric pAL1
ssRNA Transcript.

(A) EMSA experiment with 8 pmol of pAL1 ssRNA (all lanes) and increased
amounts of purified recombinant C-terminal KNL2 (8, 16, 20, 24, and
40 pmol in lanes 2–6, respectively; n = 3).
(B) Two radioactive EMSA experiments with 3.3 pmol labeled pAL1 (all
lanes) and26.6 pmol (upper gel) or 15pmol (lower gel) purified recombinant
C-terminal KNL2 (from lanes 2 to the rightmost). For the competition ex-
periment, increasing amounts of pAL1 ssRNA forward transcript (upper
gel, lanes 3–8: 1.5 and3.3 pmol; 15, 33, 150, and330pmol; lower gel, lanes
3–10: 0.033 and 0.15 pmol; 0.33, 1.5, 3.3, 33, 150, and 330 pmol) or
330 pmol of 23-nucleotide ssRNA (last lane of each gel) were added. pAL1
ssRNAcompeteout theKNL2(C)-pAL1DNAcomplex formation incontrast
to the23-nucleotidessRNA.Forwardand reversepAL1 transcriptsshowed
similar results (data not shown).
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within both CENPC-v and CENPC motifs of rat CENP-C dis-
turbed its binding to centromeric nucleosomes.

We showed that mutagenesis of the conserved amino acids
Arg-546 and Trp-555 to Ala and Arg, respectively, within the
CENPC-k motif, or complete deletion of this motif, abolished cen-
tromeric localization of Arabidopsis KNL2 (Figure 2; Supplemental
Figure1).However, theCENPCmotifof theCENP-Cprotein restores
the ability of KNL2(C)ΔCENPC-k to localize at centromeres (Figure 2;
Supplemental Figures 1 and 2). Therefore, we suggest that the
CENPC-k motif of KNL2 is involved in binding centromeric nucleo-
somes, similar to the correspondingmotif of the CENP-C protein. In
view of the poor conservation of CENP-C and KNL2 proteins across
eukaryotic kingdoms, outside of their CENPC-like motifs (Talbert
et al., 2004; Maddox et al., 2007; Lermontova et al., 2013), it is
possible that the CENPC-k motif of KNL2 or CENPC motif of
CENP-C fused with any desired protein may lead to centromeric
localization.Although this remains tobe tested in further studies, this
approach may provide an interesting tool for centromere research.

Arabidopsis KNL2 Binds DNA in a Sequence-Independent
Manner and Interacts with Centromeric RNA Transcripts

Using EMSA experiments (Figure 3), we could demonstrate that
the C terminus, but not the N terminus, of Arabidopsis KNL2 in-
teractswith the centromericDNA in vitro. In silico analysis ofKNL2

did not reveal any recognized DNA binding family motifs, but
predicted putative DNA/RNA binding regions around the
CENPC-k motif (Supplemental Figure 5). The C terminus also
showed an ability to interact with noncentromeric DNA in vitro,
such as the transposable elementAthila, the telomeric repeat, and
theeuchromatic tubulingene regionTUA4.However, according to
our ChIP data (Figure 4), in vivo KNL2 is preferentially associated
to the centromeric repeat pAL1. Since formaldehyde cross-
linking, used forChIP, canoccur at theprotein-DNA interfaceand
reflect the in vivo binding of a specific factor to its cognate DNA
sites (Toth and Biggin, 2000), we suggest that KNL2 interacts
with the centromeric DNA directly.
Arabidopsis KNL2 may interact with DNA in a similar way to

CENP-C proteins of animals and plants. Human CENP-C, which
also recognizes DNA in a sequence-independent manner in vitro,
preferentially interacts with the centromeric alpha-satellite DNA
in vivo (Politi et al., 2002). Human CENP-C lacks a typical DNA
bindingdomain, and itsDNAbinding regionsaredistributedwithin
several broad domains that overlap the centromere-targeting
CENPC and CENPC-v motifs (Sugimoto et al., 1994; Yang et al.,
1996; Carroll et al., 2010).
Du et al. (2010) showed that the CENP-C protein of maize also

does not contain a recognized DNA binding family motif and in-
teracts with DNA via 122 amino acids encoded in exons 9 to 12,
adjacent to the CENPCmotif encoded in exon 13. Interactionwith

Figure 7. Model for the Localization and Function of the KNL2 and CENP-C Proteins of Plants in cenH3 Loading and Kinetochore Assembly.

Centromeric regions (black) of Arabidopsis chromosomesmainly consist of the tandem repeat pAL1 (178 bp) sequence packaged in cenH3 nucleosomes,
which canbeboundbyKNL2 for newcenH3deposition duringG2or byCENP-C for formation of the kinetochore. CentromericDNAcanbe transcribed and
processed into small RNAs. Centromeric transcripts competewithDNA for binding byKNL2 and can help KNL2 leave centromeric positions at early stages
of mitosis, whereas ssRNA stabilizes CENP-C binding to centromeric DNA, helping to establish the mitotic kinetochore.
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DNA via an adjacent dispersed DNA binding region may be
a general feature of proteins with CENPC-like motifs.

Additionally, we found that the CENPC-k motif of Arabi-
dopsis KNL2 is not required for its interaction with DNA, since
the deletion of this motif did not influence the ability of KNL2 to
interact with DNA in vitro (Figure 5). Conversely, a YFP-tagged
CENP-C variant of maize with the deleted DNA binding region
(exons 9–12), but containing the CENPC motif, showed only
partially reduced centromeric localization in transient and
stable transformation of maize (Du et al., 2010). We propose
that targeting of KNL2 and CENP-C to centromeres mainly
depends on their interaction with centromeric nucleosomes or
other proteins via their CENPC-likemotifs, while the interaction
of both proteins with DNA via sequence-independent DNA
binding regions allows a cooperative form of binding to cen-
tromeric chromatin that helps to anchor them at centromeric
positions.

We also demonstrated that, similar to CENP-C of maize (Du
et al., 2010), the C-terminal part of KNL2 interacts with ssRNAs
such as the full-length centromeric pAL1 transcript (Figure 6)
and a small 23-nucleotide ssRNA sequence derived from pAL1
(Supplemental Figure 4A). Although the precise role of cen-
tromeric transcripts remainsunclear, itwas suggested that they
can bind centromeric chromatin and may serve as a structural
template to help in recruiting kinetochore proteins (Wong et al.,
2007; Du et al., 2010). The fact that in humans, a decrease in
centromeric a-satellite transcription results in reduced level of
CENP-C at centromeres and increased number of anaphases
with lagging chromosomes (Chan et al., 2012) is supportive of
this interpretation.

The Roles of KNL2 and CENP-C in Centromere Recognition
and Kinetochore Assembly

Despitemanycommon features, KNL2andCENP-Caredeployed
differently in the cell cycle. In plants and mammals, CENP-C is
present at centromeres throughout the cell cycle (Dawe et al.,
1999; Sugimoto et al., 2000), while KNL2 of Arabidopsis and
KNL2-2 of X. laevis are absent from centromeres from meta-
phase to anaphase (Lermontova et al., 2013; Moree et al., 2011),
and humanKNL2 is only transiently localized at centromeres after
mitotic exit (Fujita et al., 2007). These differences reflect the role
of CENP-C in kinetochore assembly and function, while KNL2
functions upstream of cenH3 loading and probably is not needed
for the function of an established kinetochore.

Recruitment of vertebrate KNL2 to centromeres depends on
CENP-C,whichbindsKNL2 through theCterminuscontaining the
CENPCmotif and cupin/dimerization domain (Moree et al., 2011;
Dambacher et al., 2012). However, proper centromeric localiza-
tion requires an interaction of KNL2 with CENP-C and Mis18a
proteins (Stellfox et al., 2016). Kral (2016) has suggested that
centromeric localizationofmammalianKNL2, lacking theCENPC-k
motif, might be more dependent on CENP-C than the localization
of KNL2 homologs of other vertebrates. In X. laevis, a second
mechanism of KNL2 loading during interphase has been invoked
that is inhibited by CENP-C (Moree et al., 2011), possibly through
competition for the same binding site on cenH3 nucleosomes.
Therefore, it is likely that themechanismof centromeric localization

of KNL2 homologs of plants containing the CENPC-k motif is
distinct from that of mammals and might be similar to that of other
vertebrates. Given the broad phylogenetic distribution of the
CENPC-k and CENPC motifs, such a mechanism may be
common and ancestral for centromere maintenance.
Here, we propose a model that describes the function and

localization of KNL2 and CENPC at Arabidopsis centromeres
(Figure 7). According to Du et al. (2010), binding of CENP-C to
the centromericDNA is stabilizedby small ssRNAs; by contrast,
we showed that binding of KNL2(C) to the pAL1 DNA is not
influenced by small ssRNA. We demonstrated that full-length
pAL1 transcripts competewith thepAL1DNA for KNL2binding.
Therefore, we suggest that prior to mitosis, binding of KNL2 by
long RNA transcripts might initiate release of KNL2 from
centromeres, while ssRNAs stabilize CENP-C at the centro-
mere, favoring the establishment of the kinetochore complex.
We note that human CENP-C becomes stabilized at mitosis
(Hemmerich et al., 2008).
The sequence-independent DNA binding capability of KNL2

and CENP-C and their ability to recognize centromeric nucleo-
somes specifically via their CENPC-like motifs may shed some
light on the establishment of new centromeres. CenH3 is com-
monly located at ectopic noncentromere sites in small amounts
(Shang et al., 2013; Thakur et al., 2015), and if the normal cen-
tromere is disrupted, KNL2 and CENP-C may bind these cenH3
sites and the adjoining DNA to establish more cenH3 and a ki-
netochore by the priming activity of KNL2, CENP-C, or other
proteins. Sequence-independent DNA binding capability gives
KNL2, CENP-C, and cenH3 nucleosomes themselves the flexi-
bility to support the establishment of rare de novo centromeres
and to adapt to rapidly evolving centromeric satellites.

METHODS

Identification of KNL2 Homologs and CENPC-Like Motifs

KNL2 proteinswere identified using the human,Arabidopsis thaliana, or
other KNL2proteins asquery to search theNCBI protein databaseusing
BLASTP. Some searches were limited to specific taxa to assure broad
phylogenetic representation. Putative KNL2 proteins were identified by
homology to the SANTA domain. In searches where homology to the
CENPC-kmotif was not detected byBLASTP (for example using human
KNL2 as query), the motif could be identified by visual inspection,
except in therian mammals andCaenorhabditis species. Similar search
strategies identifiedCENP-C proteins by homology to theCENPCmotif
(Talbert et al., 2004), with homology to the C-terminal cupin domain
used as confirmation, except in plants and cryptomonads, which lack
the cupin domain. CENPC-v motifs were identified by inspection or
taken fromKato et al. (2013) or Kral (2016). Alignmentsweremade using
MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/) and were trim-
med and adjusted by hand. Logos were generated using the WebLogo
website (http://weblogo.berkeley.edu/logo.cgi).

Plant Transformation and Plant Growth Conditions

Arabidopsis plants (accession Columbia-0) were transformed by the
floral-dip method (Bechtold et al., 1993). Transgenic progenies were
selected onMurashige and Skoog solidmedium containing the relevant
antibiotic. The presenceof a transgenewas confirmedbyPCR. For each
transformation at least 30 independent transgenic lineswere generated
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and at least five independent lines were used for the in vivo localization
studies.

Plantswere germinated onPetri dishes under long-day conditions (16 h
light [100 mmol m22 s21]/8 h dark, 20°C/18°C), grown for 4 weeks under
short-day conditions (8 h light [100 mmol m22 s21]/16 h dark, 20°C/18°C),
and then returned to long-day conditions.

Agrobacterium tumefaciens-mediated transient transformation of Ni-
cotiana benthamiana plants was performed according to Walter et al.
(2004). Epidermal cell layers of tobacco leaves were assayed for fluo-
rescence 1 to 2 d after infiltration, at least 50 cells per plant were analyzed.
For each construct transient transformation of N. benthamiana was re-
peated at least three times.

Site-Directed Mutagenesis and Plasmid Construction

The substitution of the two most conserved amino acids within the
CENPC-kmotif ofKNL2,deletionof theCENPC-kmotif and its substitution
by the CENPC were performed by PCR using the Phusion site-directed
mutagenesis kit (ThermoFisherScientific). Substitutionof aminoacidswas
performed by changing one nucleotide from each of the triplets encoding
the conserved amino acids. A fusion construct KNL2(C)/pDONR221
(Lermontova et al., 2013) was PCR mutagenized using with the following
primer pairs: KNL2_R_A_f and KNL2_R_A_r for the substitution of Arg
by Ala, and KNL2_W_R_f and KNL2_W_R_r for the substitution of Trp
by Arg (Supplemental Table 1). The CENPC-k motif of the KNL2(C)/
pDONR221construct was deleted using PCR with KNL2_ΔCENPC_f and
KNL2_ΔCENPC_r primers (Supplemental Table 1). The CENPCmotif from
Arabidopsis CENP-C was inserted into KNL2(C)ΔCENPC-k/pDONR221
using two subsequent PCR reactions with CENP-Csubst_fr1 and CENP-
Csubst_rev1; CENP-Csubst_fr2 and CENP-Csubst_rev2 primers, re-
spectively (Supplemental Table 1). The mCherry-cenH3 fusion construct
was generated by replacing the EYFP in the p35S:EYFP-cenH3 fusion
construct (Lermontova et al., 2006)withmCherry. The resulting expression
cassette, including 35S promoter, mCherry-cenH3, and Nos terminator,
was subcloned into the pLH7000 vector containing the phosphinotricine
resistance marker (www.dna-cloning-service.de) via the SfiI restriction
site. All plasmid clones were prepared for sequence analysis using the
Qiagen QIAprep kit according to the supplier’s instructions (Qiagen).

Preparation of DNA Samples and Competitors

Genomic DNA of Arabidopsis was extracted usingQiagen DNeasy plant
mini kit. DNA fragments (centromeric repeat pAL1, transposable ele-
ment Athila, subtelomeric repeat, and euchromatic TUA4 [tubulin gene]
region) were amplified by PCR using primers listed in Supplemental
Table 1. The PCR procedure was optimized for each target DNA se-
quence (Supplemental Table 2). DNA sampleswere purified by standard
chloroform-phenol purification. For the radioactive EMSA, DNA sam-
ples were labeled with 59-g-ATP (32P) using T4 polynucleotide kinase
according to the manufacturer’s protocol (Thermo Fisher Scientific).

Preparation of RNA Samples

The HPLC-purified 23-nucleotide ssRNA was ordered from Metabion. To
produce full-length ssRNA of pAL1, pIDTBlue vectors (Integrated DNA
Technologies) containing the forward or reverse sequences of pAL1
(Supplemental Table 1) was ordered. The plasmid was digested with
PvuI according to themanufacturer’sprotocol (ThermoFisherScientific/
Fermentas).

The in vitro transcription was performed according to the “Molecular
Cloning” protocol with minor changes (Green and Sambrook, 2012).
The 59 or 39 overhangs were blunted using T4 DNA polymerase ac-
cording to the manufacturer’s protocol (Thermo Fisher Scientific). For
the in vitro transcription reaction, 15 units of T3 RNA polymerase

(ThermoFisher Scientific), 10mM ribonucleoside triphosphatemix, and
RiboLock (Thermo) as RNase inhibitor were used. The pIDTblue vector
with reverse pAL1 served as template for the forward pAL1 ssRNA
reaction, and for the reverse pAL1 ssRNA, the pIDTblue vector with
forward pAL1 was used as template. The ssRNA was finally purified by
ethanol precipitation.

Expression and Purification of Recombinant Protein

To produce recombinant N- and C-terminal fragments of the KNL2
protein in Escherichia coli for the EMSA experiments, the codon-usage
optimized KNL2 cDNA clone in the pUC57 vector was generated by
GenScript and used as a template for amplification of the cDNA frag-
ments coding for theN-andC-terminal parts ofKNL2usingprimers listed
in Supplemental Table 1. Both fragments were cloned into the Gateway-
compatible pETG30A and pETG60A (EMBL) expression vectors and
transformed into C43 (Lucigen) competent cells. Recombinant KNL2
fragments were expressed as histidine-fused proteins and purified on
Ni2+-NTA agarose under nondenaturing conditions (Qiagen) according
to the manufacturer’s protocol.

Nonradioactive EMSA

DNA and RNA samples were incubated with the N- or C-terminal parts of
KNL2at roomtemperature for30min in20mLEMSAbuffer1 (10mMTris,pH
7.5, 1 mM EDTA, 100 mM KCl, 0.1 mM DTT, 5% glycerol, and 0.01 mg/mL
BSA). For competition experiments, 4 pmol of competitor DNA was added.
DNA sampleswere subsequently loaded on an 8%native PAA gel andRNA
on a 20% native PAA gel. Afterwards the DNA was stained by SYBR Safe
(ThermoFisher Scientific) andRNAbySYBRGold (ThermoFisherScientific)
for30min. Ifnotstatedotherwise,allEMSAexperimentswererepeated three
times independently.

Radioactive EMSA

For the radioactive EMSA, radioactively labeled pAL1 DNA probe, KNL2
protein fragments, and, for certain experiments, RNA samples were
incubated at room temperature for 30 min in a 10 mL of EMSA buffer
2 (10% glycerol, 25 mM HEPES, pH 7.6, 10 mM MgCl2, 0.2 mM CaCl2,
1 mM DTT, and 0.4 mM PMSF). After incubation, 2 mL of EMSA loading
buffer (50%glycerol in EMSAbuffer 2with bromophenol blue)was added
to each samples; subsequently, the samples were separated on a 5%
native PAA gel and detected using the FLA 5100 phosphor imager
(Fujifilm). If not stated otherwise, all EMSA experiments were repeated
three times independently.

Immunostaining and Microscopy Analysis of Fluorescent Signals

Immunostaining of nuclei/chromosomes was performed as described
previously (Lermontova et al., 2013). Arabidopsis seeds of lines harboring
mutagenized KNL2(C)/pGWB641 variants or nonmutagenized control
were germinated in agar medium in cover slip chambers (Nalge Nunc).
Roots growing parallel to the cover slip bottom were analyzed in a LSM
510META confocal microscope (Carl Zeiss) using a 639 oil immersion
objective (NA 1.4). EYFP was excited with a 488-nm laser line and fluo-
rescence recorded with a 505- to 550-nm band-pass filter. Images were
analyzed with the LSM software release 3.2.

ChIP

The ChIP was performed according Gendrel et al. (2005) with some
modifications.

Step 1: Five grams of 8-d-old seedlings was used (biological replicate).
Step 16: The sonication of the chromatin was performed using a Bioruptor
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disruptor (Diagenode) for six cycleswith 30 s of high energy sonication and
30-s breaks at 4°C. Step 17: Twenty microliters of the sonicated plant
chromatin was used as input control. Steps 19 to 22: Per one technical
replicate or “nonantibody control,” 10 mL of Dynabead Protein A (Thermo
Fisher Scientific) was washed two times with 13 PBS/0.1% Triton X-100
and one time with ChIP dilution buffer. Beads were applied in a magnetic
rack (Qiagen) to separate beads from the supernatant. For the technical
replicates, 50mLChIPdilutionbuffer and50mLof affinity chromatography-
purified anti-KNL2 antibodies were added to the beads. Antibodies were
purifiedusingCN-Br-Sepharosecoupledwith theKNL2(C)antigen (Sigma-
Aldrich protocol C9142 with minor changes). For the “nonantibody
control,” 100mLChIP dilution buffer was added. Bead-antibodymixtures
and controls were incubated at 4°C overnight. The diluted chromatin
(biological replicate) was distributed equally to three technical replicates
plusone “nonantibody control.”Step27: Input sampleswere diluted up to
500 mL with elution buffer.

Quantitative Real-Time PCR

For quantitative real-time PCR, an iCycler iQ5 (Bio-Rad) and iQ SYBR
Green Supermix (Bio-Rad) were used. Each ChIP sample (technical rep-
licates, nonantibody controls, and input samples) was quantified three
times and at least three independent biological replicates were used.
Primers and procedure used for quantitative amplification of genomic
regions after ChIP are defined in Supplemental Tables 1 and 2.

Accession Numbers

Sequencedata from this article canbe found in theArabidopsisGenome
Initiative or GenBank/EMBL databases under the following accession
numbers: At KNL2 (At5g02520), At cenH3 (At1g01370), At CENP-C
(At1g15660), pAL1 repeat (gi 164520998 and EU359556.1), Athila re-
peat (gi X81801), and tubulin (AT1G04820).

Supplemental Data

Supplemental Figure 1. Large-scale view and higher magnification of
localization of KNL2(C), KNL2(C)CENPC-k(R-A), and KNL2(C)CENPC fused
to EYFP in root tips of stable transformants of Arabidopsis.

Supplemental Figure 2. The CENPC motif of CENP-C protein restores
the ability of KNL2(C)ΔCENPC to localize at centromeres.

Supplemental Figure 3. The C-terminal part of KNL2 binds the centro-
meric pAL1 sequences also in radioactive EMSA.

Supplemental Figure 4. KNL2 DNA binding is not influenced by
centromeric 23-nucleotide ssRNA.

Supplemental Figure 5. In silico analysis of KNL2 protein by BindN
program (Wang and Brown, 2006) for DNA binding amino acid residues.

Supplemental Table 1. Primers used in this study.

Supplemental Table 2. PCR programs used for the amplification of
DNA probes for EMSA.
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