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Abstract
The eukaryotic centromere is an essential chromatin region required for accurate segregation of
sister chromatids during cell division. Centromere protein B (CENP-B) is a highly conserved
protein which can bind to the 17-bp CENP-B box on the centromeric DNA. In this study, we
found that CENP-B could be α-N-methylated in human cells. We also showed that the level of the
α-N-methylation was stimulated in cells in response to a variety of extracellular stimuli, including
increased cell density, heat shock, and arsenite treatment, though the methylation level was not
altered upon metaphase arrest. We identified N-terminal RCC1 methyltransferase (NRMT) as a
major enzyme required for the CENP-B methylation. Additionally, we found that chromatin-
bound CENP-B was primarily trimethylated and α-N-trimethylation could enhance CENP-B’s
binding to CENP-B box in cells. Our study also expands the function of protein α-N-methylation
that has been known for decades and whose function remains largely unexplored.
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INTRODUCTION
The centromere is a chromatin domain that is essential for proper segregation of
chromosomes to daughter cells during cell division. The centromeric DNA, consisting of
large arrays of repetitive DNA, is normally in a heterochromatin state. Human α-satellite
DNA (alphoid DNA) is comprised of tandem repeats of about 170-bp and it clusters in the
centromeric region 1, 2. In human centromere, histone H3 is replaced by a centromere-
specific variant, centromere protein A (CENP-A), which is required for the assembly of
other centromere/kinetochore components 3–5. In addition to CENP-A, a collection of about
16 proteins termed the constitutive centromere-associated network (CCAN) also associate
with centromeric chromatin 6.
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CENP-B is a highly conserved protein in mammalian cells 7. The CENP-B homologs in
fission yeast are required for the formation of centromeric heterochromatin by promoting
heterochromatin-specific histone tail modifications 8. The CENP-B homologs have roles in
host genome surveillance for retrotransposons and the maintenance of genome integrity 9, 10,
yet CENP-B null mice are viable and display no mitotic or meiotic defects 11–13. However,
CENP-B is required for the de novo assembly of centromere on input naked DNA lacking a
functional centromere, but preventing undesired assembly of centromere by stimulating
heterochromatin formation on human alphoid DNA integrated into ectopic sites 14. CENP-B
contains a helix-loop-helix DNA-binding motif at the N-terminus, and a dimerization
domain at the C-terminus 15–19. CENP-B can bind to a 17-bp DNA motif (CENP-B box)
within centromeric α-satellite DNA through its N-terminal region and link the centromeric
DNA to the kinetochore 14, 17, 18, 20. The CENP-B box is highly conserved in human alphoid
DNA and mouse minor satellite DNA, and it is essential for de novo assembly of CENP-A
and kinetochore 21.

Post-translational modification constitutes a ubiquitous mechanism to expand proteins’
structure, interactions, localization, and function 22. Among them, protein N-terminal α-
methylation has been known for several decades, and it is conserved from Escherichia coli
to man 23, 24. Recently several eukaryotic proteins were reported to be αN-methylated,
including regulator of chromatin condensation 1 (RCC1) 25, histone H2B from different
organisms 26–28, and others 29–34. N-terminal methylation of RCC1 is essential for normal
bipolar spindle formation and chromosome segregation during mitosis 25; however, the
biological functions of α-N-methylation for all other eukaryotic proteins have not yet been
elucidated.

Recently, the first α-N-methyltransferase in human [i.e., N-terminal RCC1
methyltransferase (NRMT)] and its orthologs in yeast and Drosophila melanogaster were
discovered 24, 35, 36. Among the known NRMT substrates, the initiator methionine residue
was cleaved and there is a common N-terminal sequence motif of XPK (‘X” represents
alanine, proline, or serine) 24. In addition, recombinant human NRMT can also methylate
synthetic peptide substrates in which X in the XPK motif is a C, F, G, H, K, M, N, Q, R, or
Y 37. Considering that CENP-B contains an N-terminal GPK motif after removal of the
initiating methionine, we reason that this protein might also be α-N-methylated by NRMT.

In this study, we demonstrated the α-N-methylation of CENP-B in human cells and the
involvement of NRMT in this methylation. We showed that the N-terminal methylation
level of CENP-B could be elevated by various cellular stresses. Additionally, we found that
chromatin-bound CENP-B is primarily trimethylated, and α-N-trimethylation can strengthen
CENP-B’s binding to the CENP-B boxes in mouse endogenous centromeric minor satellite
DNA and human synthetic alphoid DNA at the ectopic integration site.

MATERIALS AND METHODS
Cell Culture

HEK293T human embryonic kidney epithelial cells (ATCC) and CENP-B−/− mouse
embryonic fibroblast cells (gift from Prof. W.R. Brinkley) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, ATCC) supplemented with 10% fetal bovine serum
(FBS, Invitrogen), 100 U/mL penicillin, and 100 μg/mL streptomycin (ATCC). Cells were
maintained in a humidified atmosphere with 5% CO2 at 37°C.

Construction of Vectors
Human CENP-B gene was amplified from HEK293T cells by RT-PCR to introduce a 5′
XbaI site and a 3′ BglII site, and subcloned into a modified mammalian expression vector
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pRK7 in which three tandem repeats of the FLAG epitope tag (DYKDDDDK) were inserted
between BamHI and EcoRI sites to produce vector for expressing C-terminally FLAG-
tagged CENP-B. CENP-B-AGPK and -K4Q mutants were amplified from FLAG-tagged
CENP-B plasmid using primers containing designed mutations.

Preparation of FLAG-Tagged CENP-B Protein and Mass Spectrometric Analysis
FLAG-tagged CENP-B plasmids (1.5 μg) were transfected into HEK293T cells in 6-well
plates with Lipofectamine 2000 (Invitrogen). After a 48-hr incubation, the cells were
harvested by using trypsin-EDTA solution (ATCC) and cellular extracts were prepared by
suspending cells in CelLytic M (Sigma) lysis buffer containing protease inhibitor cocktail
(Sigma). The FLAG-tagged CENP-B was isolated from the whole cell lysate by affinity
purification with anti-FLAG M2 beads (Sigma), digested using Glu-C (NEB) at a protein/
enzyme ratio of 20:1, and then analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

For LC–MS/MS experiments, peptide samples were automatically injected and separated by
online liquid chromatography (LC) on an EASY-nLCII, and analyzed on an LTQ Orbitrap
Velos mass spectrometer equipped with a nanoelectrospray ionization source (Thermo, San
Jose, CA) following similar procedures as described previously 38. The separation was
conducted by using a homemade trapping column (150 μm × 50 mm) and a separation
column (75 μm × 120 mm), packed with ReproSil-Pur C18-AQ resin (3 μm in particle size,
Dr. Maisch HPLC GmbH, Germany). Peptide samples were initially loaded onto the
trapping column with a solvent mixture of 0.1% formic acid in CH3CN/H2O (2:98, v/v) at a
flow rate of 4.0 μL/min. The peptides were then separated using a 120-min linear gradient of
2–40% acetonitrile in 0.1% formic acid and at a flow rate of 300 nL/min. The LTQ-Orbitrap
Velos mass spectrometer was operated in the positive-ion mode, and the spray voltage was
1.8 kV. The full-scan mass spectra (m/z 350–2000) were acquired with a resolution of
60,000 at m/z 400 after accumulation to a target value of 500,000. MS/MS experiments were
carried out in the pre-selected ion mode where the fragmentations of the protonated ions of
the unmodified and mono-, di- or tri-methylated forms of the N-terminal peptide of CENP-B
were monitored. All the MS/MS data were analyzed manually.

Cellular Stress Experiments
FLAG-tagged CENP-B plasmids were transfected into 30% (low density) or 100% (high
density) confluent HEK293T cells in cell density experiments. For heat shock experiments,
CENP-B plasmids were transfected into HEK293T cells at 70% confluence for 48 h and
then incubated at 45°C for 1 h before harvesting. For arsenite treatment, HEK293T cells
transfected with CENP-B plasmids were incubated for 24 h, and then treated with 5 μM
arsenite (Sigma) for another 24 h. For colcemid treatment, CENP-B expression plasmid was
transfected into HEK293T cells, and 48 h later, the cells were treated with 0.075 μg/mL
colcemid (Sigma) for 2 h. After these treatments, the FLAG-tagged CENP-B proteins were
extracted and analyzed by LC-MS/MS as described above.

In Vitro Methylation Assay
The NRMT-His6 plasmid, a gift from Prof. Ian G. Macara 24, were expressed in E. coli
Rosetta (DE3) pLysS after growth at 37°C in Luria broth supplemented with 2% (vol/vol)
ethanol to an optical density at 600 nm of approximately 0.8, followed by induction with 0.5
mM isopropylthiogalactopyranoside at room temperature overnight. The proteins were then
purified by using Talon affinity resin (Clontech) following the manufacturer’s recommended
procedures.
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In vitro methylation assay was performed as previously described with minor
modification 24, 25. Briefly, 200 ng unmodified peptide, i.e., GPKRRQLTFREK (Genemed
Synthesis Inc.), was mixed with 100 μM S-adenosyl-L-methionine (S-AdoMet, Sigma),
which serves as the methyl group donor, and 1 μg NRMT-His6. The reaction mixture was
brought to 50 μL with the methyltransferase buffer (50 mM Tris, 50 mM potassium acetate,
pH 8.0), incubated at 30°C for 1 h and subjected to LC-MS/MS analysis.

SiRNA Knockdown of NMRT for In vivo Methylation Assay
The siRNAs were purchased from Dharmacon: NRMT SMARTpool (L-008461) and
siControl Non-Targeting pool (D-001210). The HEK293T cells were seeded in 6-well plates
at 40–60% confluence level and transfected with approximately 100 pmol siRNAs using
Lipofectamine 2000 (Invitrogen). After a 48-h incubation, 1.5 μg CENP-B expression
plasmid was co-transfected into the cells together with another aliquot of siRNA using
Lipofectamine 2000. The FLAG-tagged CENP-B proteins were extracted from the cells 48 h
after transfection as described above.

Real-Time Quantitative RT-PCR
Total RNA was extracted from the cells 48 h after transfection with siRNA using the Total
RNA Kit I (Omega), and cDNA was generated by using M-MLV reverse transcriptase
(Promega) and an oligo(dT)16 primer. The siRNA knockdown efficiency of NMRT was
evaluated by quantitative real-time RT-PCR using iQ SYBR Green Supermix kit (Bio-Rad)
and GAPDH was used as an internal control as described elsewhere 39. Primer sequences
used for real-time PCR were as follows: NRMT-S, 5′-GCCCTCCCTTCCTCTTCC-3′;
NRMT-AS, 5′-CCAACCACGGCTCTACTCA-3′; GAPDH-S, 5′-
TTTGTCAAGCTCATTTCCTGGTATG-3′; GAPDH-AS, 5′-
TCTCTTCCTCTTGTGCTCTTGCTG-3′.

Isolation of Chromatin-Associated Proteins
Chromatin-associated proteins were isolated as previously described with minor
modification 40. Briefly, cells were lysed with cytoplasmic lysis buffer (10 mM Tris-HCl,
pH 8.0, 0.34 M sucrose, 3 mM CaCl2, 2 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 0.5%
NP-40), and intact nuclei were pelleted by centrifugation at 5000 rpm for 2 min. Nuclei were
lysed with nuclear lysis buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 1 mM EDTA, 150
mM KCl, 0.1% NP-40, 1 mM DTT, 10% glycerol, protease and phosphotase inhibitors) by
homogenization. The nucleoplasmic fraction was cleared by centrifugation at 14,000 rpm for
30 min. The chromatin-enriched pellet was then resuspended in a buffer containing 20 mM
HEPES, pH 7.9, 1.5 mM MgCl2, 150 mM KCl, 10% glycerol, protease and phosphotase
inhibitors and 0.15 unit/μL benzonase (Sigma), and the reaction mixture was incubated on
ice for 1 h. Chromatin-associated proteins were collected by spinning down the debris and
collecting supernatant.

ChIP Analysis
CENP-B expression plasmid (500 ng) was transfected into 70% confluent CENP-B−/− MEF
cells with a human synthetic alphoid DNA (WTR11.32Bsr) ectopic integration site (MEF
CENP-B−/− Int W1) (Okada et al. 2007) in 6 well plates with FugeneHD (Promega). Two
days after the transfection, the cells were trypsinized, harvested in a centrifuge tube, washed
once with PBS, and fixed in 0.5% formaldehyde (Sigma) at 22°C for 10 min. The reaction
was stopped by addition of glycine until its final concentration reached 100 mM. The cells
were then incubated at room temperature for 5 min and washed with PBS. Soluble
chromatin was prepared by sonicating the cells suspended in sonication buffer (10 mM
HEPES, 1 mM EDTA, 1.5 μM aprotinin, 10 μM leupeptin, 1 mM DTT, 0.05% SDS and 40
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μM MG132) to an average DNA size of 0.5–1 kb. After sonication, soluble chromatin (as
input) was recovered by centrifugation, resuspended in IP buffer (55 mM HEPES, 150 mM
NaCl, 1 mM EGTA, 2 mM MgCl2, 2 mM ATP, 1.5 μM aprotinin, 10 μM leupeptin, 1 mM
DTT, 0.01% SDS, 1% NP-40) and immunoprecipitated using 2 μg anti-CENP-B N-ter
monoclonal antibody (5E6C1) with protein G sepharose beads (GE: 17-0618) 14. DNA
purified from the immunoprecipitates and the input soluble chromatin fraction were
quantified by real-time PCR using the following primer sets: CH 4mer F1 and JNCRevNo
for synthetic alphoid, MS 24C and MS box 1 for minor satellite DNA, MMS 24C and
MMS24d for major satellite DNA and rDNA-f and rDNA-r for ribosomal DNA 14.

Western Blotting
MEF CENP-B−/− Int W1 cells transfected with each plasmid were harvested at two days
after transfection. Transfected whole cell mixture was electrophoresed on Mini-PROTEAN
TGX Gel (Bio-Rad). The proteins were transferred to PVDF membrane by Trans-Blot®
Turbo System (Bio-Rad) and blocked with TPBS (PBS containing 0.1% Tween) containing
1% skim milk at room temperature for 30 min. The membrane was incubated with primary
antibody at 4°C for overnight and with secondary antibody at room temperature for 1 h. The
HRP signals were detected using Pierce ECL Western Blotting Substrate (Thermo).

Anti-CENP-B N-terminal polyclonal antibody (BN1, 0.8 μg/mL), anti-GAPDH antibody
ab9482 (Abcam, 0.2 μg/ml, (HRP)-Loading Control) and anti-DDDDK tag antibody F-
tag-01 ab18230 (Abcam, 1 μg/ml) were employed as primary antibodies, and horseradish
peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG (Nakarai Tesque, 1:2,000
dilution) were used as secondary antibodies.

RESULTS AND DISCUSSION
Identification of α-N-Methylation of CENP-B

To assess whether CENP-B is α-N-methylated in human cells, we constructed plasmids
allowing for the expression, in human embryonic kidney 293T (HEK293T) cells, of fusion
proteins where 3 tandem repeats of the FLAG epitope tag (3×FLAG) are conjugated to the
C-terminus of CENP-B. The FLAG-tagged CENP-B was isolated from the whole cell lysate
by affinity purification with anti-FLAG M2 beads. Because CENP-B is rich in lysine and
arginine residues on the N-terminal moiety, we employed Glu-C to digest the protein. LC-
MS/MS analysis of the resulting peptide mixture revealed unambiguously the α-N-
methylation of this protein (Figure 1). In this context, we observed that the N-terminus of
the protein is heavily trimethylated (Figure 1A and C). In addition, our results showed that
the levels of unmodified and trimethylated forms of the N-terminal peptide of CENP-B were
similar (Figure 1), whereas those of the mono- and dimethylated forms were markedly lower
(Supplementary Figure S1).

Methylation Level of CENP-B Is Up-Regulated in Cells Under Stress Conditions
A previous study showed that the methylation of the N-terminal proline in histone H2B from
Drosophila melanogaster was stimulated by several external signals from proliferative or
physiological stress, such as cell density and heat-shock 36. We therefore asked whether
such stress can also alter the N-terminal methylation of human CENP-B. To this end, we
first examined the effect of cell density on the modification pattern of CENP-B isolated
from the cultured cells expressing C-terminally FLAG-tagged CENP-B at low or high cell
densities (30% and 100% confluent, respectively). We found that, when cells are seeded at
high density, the level of α-N-trimethylation of CENP-B is increased, which is accompanied
with a decrease in the level of the unmodified peptide (Figure 2A).
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To assess whether the α-N-methylation of CENP-B is regulated by heat shock, we treated
HEK293T cells expressing FLAG-tagged CENP-B at 45°C for 1 h and then isolated the
CENP-B protein. As displayed in Figure 2B, we observed that the proportion of
trimethylated form of CENP-B increased whereas the amount of unmodified CENP-B
decreased after the heat shock (Figure 2B). On the grounds that arsenite treatment is known
to induce the synthesis of heat-shock proteins and thus may mimic a heat-shock
response 41–43, we also treated the cells with arsenite and measured the methylation level of
CENP-B. It turned out that arsenite treatment again led to an increase in the N-terminal
trimethylation of CENP-B in human cells (Figure 2C).

As CENP-B can form foci at centromere region in metaphase cells 14, we next examined
whether the distribution of its N-terminal methylation depends on cell cycle. To this end, we
treated HEK293T cells with colcemid, which inhibits spindle fiber formation and leads to
the arrest of cells in the metaphase, and isolated the FLAG-tagged CENP-B from the treated
cells. Our LC-MS/MS results showed that there was no significant difference in the
methylation pattern of the N-terminal peptide of CENP-B isolated from control or colcemid-
treated cells (Figure 2D). This result suggested that the metaphase arrest does not alter the
N-terminal methylation of CENP-B.

NRMT Is a Major Enzyme Required for the α-N-Methylation of CENP-B
Viewing that NRMT can catalyze the α-N-methylation of RCC1 and several other human
proteins carrying the conserved N-terminal XPK motif 24, 25, we asked whether this enzyme
can also catalyze the α-N-methylation of CENP-B, which harbors an N-terminal GPK motif.
To this end, we incubated a peptide containing the N-terminal twelve amino acids (without
the initial methionine) of CENP-B with NRMT and S-adenosyl-L-methionine (S-AdoMet)
in vitro. LC-MS/MS analysis revealed the presence of mono-, di-, and tri-methylated N-
terminal peptides in samples with NRMT as supported by MS/MS (Figure 3A, bottom), but
the absence of methylated N-terminal peptides in samples without the addition of NRMT
(Figure 3A, top). These results demonstrated that NRMT can catalyze the α-N-methylation
of CENP-B in vitro.

We next assessed whether CENP-B is also a substrate for NRMT in cells. To this end, we
knocked down the expression of NRMT in HEK293T cells by using siRNA and
subsequently co-transfected the cells with NRMT siRNA and the plasmid for expressing the
C-terminally FLAG-tagged CENP-B. Quantitative real-time PCR results showed that the
knockdown of NRMT was highly efficient (Figure 3B). We then estimated the extent of N-
terminal methylation based on the relative abundances of precursor ions of the methylated
and unmodified N-terminal peptides of FLAG-tagged CENP-B isolated from HEK293T
cells. Upon NRMT knockdown, there is a significant decrease in the level of α-N-
methylation in CENP-B relative to that observed for CENP-B obtained from cells treated
with control, non-targeting siRNA (Figure 3C). This result further supported that NRMT is
an important enzyme responsible for the N-terminal methylation of CENP-B in human cells.

N-Terminal Methylation Is Required for CENP-B’s Binding to CENP-B Box
To gain additional insights into the function of the N-terminal methylation of CENP-B, we
extracted chromatin-associated proteins using a previously described method 40, isolated the
FLAG-tagged CENP-B using anti-FLAG M2 beads, and digested the resulting protein with
Glu-C, as described above. LC-MS/MS analysis of the peptide mixture showed that the
chromatin-bound CENP-B was primarily trimethylated (Figure 4A). Viewing that α-N-
trimethylation introduces a permanent cation to the N-terminus of protein, we deduce that
this modification facilitates CENP-B’s binding to CENP-B box on the centromeric DNA.
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To investigate this further, we produced CENP-B-K4Q and CENP-B-AGPK mutants, which
result in loss of the consensus motif for NRMT methylation. Indeed LC-MS/MS analysis
showed that the N-terminal methylation was abrogated in these two mutants (Supplementary
Figure S2). We further performed chromatin immunoprecipitation (ChIP) experiment to
investigate the binding ability of wild-type and mutant CENP-B proteins to CENP-B box
using CENP-B−/− MEF with a human synthetic alphoid DNA ectopic integration site (MEF
CENP-B−/− Int W1) 14. In this vein, FLAG-tagged CENP-Bs were overexpressed in MEF
CENP-B−/− Int W1, and the expression levels of the wild-type and the mutant CENP-Bs
were similar in the transfected cells (Figure 4B). Mouse major satellite DNA and rDNA
without CENP-B box were employed as controls (Figure 4C). The ChIP analysis results
revealed that both the CENP-B-K4Q and -AGPK mutants can bind to the CENP-B boxes in
mouse endogenous centromeric minor satellite DNA and human synthetic alphoid DNA at
the ectopic integration site, but the binding of the mutant proteins toward the CENP-B boxes
was significantly reduced relative to the wild-type counterpart (Figure 4C). These results
provided solid evidence supporting that α-N-methylation of CENP-B can enhance its
binding to the CENP-B box in the centromere.

CONCLUSIONS
Herein, we identified the α-N-methylation of CENP-B and found that chromatin-bound
CENP-B was present mainly in the α-N-trimethylated form. On the grounds that
trimethylation introduces a quaternary ammonium ion, a permanent cation, to the N-
terminus of the protein 23, α-N-trimethylation is expected to enhance the binding of the
protein to DNA through the strengthened electrostatic interaction between the protein N-
terminus and phosphate groups in DNA. In agreement with this hypothesis, our ChIP assay
directly demonstrated that α-N-trimethylation of CENP-B can enhance its binding to CENP-
B boxes in mouse endogenous centromeric minor satellite DNA and human synthetic
alphoid DNA at the ectopic integration site.

The N-terminal α-methylation level of CENP-B increased when the cells were seeded at
high density. It has been previously shown that histone H2B of Drosophila melanogaster
also exhibited an increased proline methylation under high cell density 36. Additionally, heat
shock or arsenite treatment, which can elicit a similar cellular response as heat shock, also
led to an increase in the α-N-methylation of CENP-B. As discussed above, N-terminal
trimethylation of CENP-B can enhance its binding to the CENP-B box. Thus, cells may
respond to these stresses by strengthening the interaction between CENP-B and centromeric
DNA, thereby maintaining centromere activity.

This study revealed the α-N-methylation of CENP-B in human cells, identified NRMT as an
important enzyme involved with the methylation, and characterized the biological function
of this post-translational modification. Our results showed that the αN-trimethylation of
CENP-B can enhance its binding to CENP-B box on human α-satellite DNA and mouse
centromeric minor satellite DNA, which might play an important role in assembly,
disassembly and/or maintenance of centromere activity in normal human and mouse cells.
The present study also expands the biological functions of N-terminal protein methylation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Synposis

CENP-B is a highly conserved protein which can bind to the 17-bp CENP-B box on
centromeric DNA. We found that CENP-B could be α-N-methylated in human cells by
NRMT, and this methylation was stimulated in cells in response to a variety of
extracellular stimuli, including increased cell density, heat shock, and arsenite treatment.
Additionally, chromatin-bound CENP-B was primarily trimethylated and α-N-
trimethylation could enhance CENP-B’s binding to CENP-B box in cells.
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Figure 1.
Identification of α-N-methylation of CENP-B. (A) ESI-MS of the N-terminal peptide
GPKRRQLTRE from the Glu-C digestion of C-terminally FLAG-tagged human CENP-B.
(B) and (C) MS/MS of unmodified (B) and tri-methylated N-terminal peptide (C) of CENP-
B.
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Figure 2.
N-terminal methylation levels of CENP-B were influenced by cellular stress, but not by
metaphase arrest. MS analysis showing the relative abundances of different methylation
forms of N-terminal peptide GPKRRQLTFRE of CENP-B isolated from cells at different
cell densities (A) or upon treatment with heat shock (B), arsenite (C), or colcemid (D). Error
bars represent the SEM (n=3). *, P<0.05; **, P<0.01; ***, P<0.001. The P values were
calculated by using unpaired two-tailed Student’s t-test.
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Figure 3.
NRMT can catalyze α-N-methylation of CENP-B. (A) In vitro methylation assay of CENP-
B N-terminal peptide with (bottom) or without NRMT (top). (B) Relative mRNA level of
the NRMT gene in HEK293T cells treated with control non-targeting or NRMT siRNA, as
assessed by real-time PCR with the use of GAPDH as control. (C) Relative abundances of
different methylation forms of CENP-B N-terminal peptide (2–11) in cells with control and
NRMT siRNA knockdown, as determined by MS analysis. Error bars represent the SEM
(n=3). **, P<0.01; ***, P<0.001. The P values were calculated by using unpaired two-tailed
Student’s t-test.
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Figure 4.
The α-N-trimethylation of CENP-B enhances its binding to the CENP-B box. (A) MS
analysis showing chromatin-bound CENP-B was more heavily trimethylated than CENP-B
purified from whole cell lysate. (B) Western blotting showing the expression levels of the
wild-type or mutant CENP-Bs in CENP-B−/− MEF transfected with the FLAG-tagged
CENP-B plasmids as indicated. (C) ChIP and real-time PCR analysis of the mouse minor
satellite DNA, integrated human alphoid DNA, mouse major satellite DNA, and mouse
ribosomal DNA using anti-CENP-B antibody. Error bars represent the SEM (n=3). *,
P<0.05; ***, P<0.001. The P values were calculated by using unpaired two-tailed Student’s
t-test.
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