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PUBLISHER’S NOTE

Expression of Concern: CENP-C binds the alpha-satellite DNA
in vivo at specific centromere domains

Valeria Politi, Giovanni Perini, Stefania Trazzi, Artem Pliss, Ivan Raska, William C. Earnshaw and
Giuliano Della Valle

This Expression of Concern relates to J. Cell Sci. (2002) 115, 2317-2327 (doi:10.1242/jcs.115.11.2317).

A reader contacted Journal of Cell Science with concerns about a potential image duplication in Fig. 2A of this article, which was also
highlighted on the PubPeer website. Possible duplication was highlighted for the a-sat (1, 5, 19) and a-sat (X) total DNA dilution series dot
blots in Fig. 2A.

We contacted the authors of the article to request the original data for this experiment. We were informed by Professor Giovanni Perini, co-
first author of the article, that the corresponding author, Professor Giuliano Della Valle, retired in 2010 and passed away in 2016.
Consequently, the data and laboratory records relating to Fig. 2A are no longer available.

Professor Perini informed us that he cannot exclude the possibility that the o-sat (1, 5, 19) and o-sat (X) total DNA dilution series dot blots
in Fig. 2A are duplicated images. However, Professor Perini also highlighted that the legend for Fig. 2A states that the filters were
sequentially hybridised with the alpha-satellite probes, raising the possibility that the similarities between these two dot blots, which are
shown for semi-quantitative assessment of the corresponding ChIP dot blots, could be the result of rehybridisation of the same filter with the
different probes. The authors state that the major conclusions of the article are not affected by this issue.

Because the original data and records for this experiment are not available, we are unable to determine whether Fig. 2A shows duplicated
data for the o-sat (1, 5, 19) and a-sat (X) total DNA dilution series. The journal is therefore publishing this Expression of Concern to make

readers aware of this issue.
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Summary
CENP-C is a fundamental component of the centromere,

recognized by CENP-B. However, further biochemical

highly conserved among species and necessary for the and ultrastructural characterization of CENP-B/DNA

proper assembly of the kinetochore structure and for the
metaphase-anaphase transition. Although CENP-C can
bind DNA in vitro, the identification of the DNA sequences
associated with it in vivo and the significance of such
an interaction have been, until now, elusive. To address
this problem we took advantage of a chromatin-
immunoprecipitation procedure and applied this technique
to human Hela cells. Through this approach we could
establish that: (1) CENP-C binds the alpha-satellite DNA
selectively; (2) the CENP-C region between amino acids
410 and 537, previously supposed to contain a DNA-
binding domain, is indeed required to perform such a
function in vivo; and (3) the profile of the alpha-satellite
DNA associated with CENP-C is essentially identical to that

and CENP-C/DNA complexes, relative to their DNA
components and specific spatial distribution in interphase
nuclei, surprisingly reveals that CENP-C and CENP-B
associate with the same types of alpha-satellite arrays but
in distinct non-overlapping centromere domains. Our
results, besides extending previous observations on the role
of CENP-C in the formation of active centromeres, show,
for the first time, that CENP-C can associate with the
centromeric DNA sequences in vivo and, together with
CENP-B, defines a highly structured organization of the
alpha-satellite DNA within the human centromere.

Key words: Alpha-satellite DNA, CENP-C, CENP-B, Centromere,
Chromatin-immunoprecipitation

Introduction is present at all centromeres of human chromosomes and

Centromeres are essential nucleo-proteinaceous structui@mposed of tandemly repeated units of 171 bp that can extend
required for the proper segregation of eukaryotic chromosomdgm 100 kb up to several megabases of DNA (Wu and
during mitosis and meiosis. The centromere region idManuelidis, 1980; Willard, 1985). The organization of alpha-
structurally and functionally complex being composed of afatellite DNA arrays is highly structured and can differ from
least three main domains: the kinetochore, the central doma@ite chromosome to another (Willard and Waye, 1987).

and the pairing domain (Earnshaw and Rattner, 1989). Electron Recent observations indicate that the alpha-satellite DNA
microscopy studies have shown that the kinetochore, th@ay play a pivotal role in the organization of the human
structure responsible for the attachment and movement éentromeres. In fact, at least three important centromeric
chromosomes along the microtubules of the spindle, igroteins bind the alpha-satellite DNA. CENP-B, a nonessential
constituted by two electron-dense layers (inner and outdiotein situated in the central domain, recognizes a specific 17
plates) separated by an electron translucent layer called thg sequence (CENP-B box) within the alpha-satellite repeats
middle plate (Rieder, 1982). Only the inner plate contain§Cooke et al., 1990; Muro et al., 1992; Pluta et al., 1992; Yoda
both proteins and DNA, while the other two plates seem tet al., 1992) and may facilitate the packaging of the alpha-
be formed largely of proteins (Cooke et al., 1993). Thesatellite arrays. Poly(ADP-ribose)polymerase (PARP) binds to
central domain contains highly condensed constitutivéx 9 bp sequence @Jbox) in alpha-satellite DNA (Earle et al.,
heterochromatin and is located just beneath the kinetocho2900). PARP binds preferentially to active centromeres and to
(Pluta et al., 1990), whereas the inner pairing domain i8 sequence in cloned human neocentromere DNA, but its role
necessary for sister-chromatid cohesion (Vagnarelli andt centromeres is not yet known. CENP-A is an essential
Earnshaw, 2001). At a molecular level, the human centromet@stone H3-like protein, which localizes to active centromeres
mainly consists of alpha-satellite DNA arrays complexed to at the inner plate of the kinetochore (Earnshaw and Rothfield,
number of different proteins whose role in centromerel985; Warburton et al.,, 1997). CENP-A is specifically
assembly and function is still unclear. The alpha-satellite DNAssociated with alpha-satellite DNA in vivo although it is not
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yet clear whether there are sequences that it preferentialiytensity. Afterwards the lysate was transferred to eppendorf tubes and
recognizes (Vafa and Sullivan, 1997). centrifuged for 10 minutes at 10,090t 4°C. The supernatant was
Other proteins have been found in the inner plate of th@_covered and 200 of lysate were subjected to immunoprecipitation

kinetochore, which participate in centromere organization. Fo#ith Sul of rabbit pre-immune serum (P serum) qrof polyclonal
instance, CENP-C is an essential factor involved in th@ntiserum against CENP-B, CENP-C, Scll and the HA tag (Santa

assembly of the kinetochore and in the correct segregation g”z)' A 200l aliquot of lysate was set apart and further used as a

) - ; ; : ntrol of the total chromatin input in the immunoprecipitation
sister chromatids (Saitoh et al., 1992; Tomkiel et al., 199 axperiments. After 5 hours of incubation, D of a 50% slurry

Fukagawa and Brown, 1997; Kalitsis et al., 1998; Fukagawa @§sacryl-proteinA beads solution (Pierce Chemical Co., Rockford, IL)
al., 1999). Because of its localization, it has been longere added to each lysate sample and incubated for 1 hour at 4°C at
hypothesized that it might recognize the centromeric DNAa constant rotation. The antibody-chromatin complex was then
(Sugimoto et al.,, 1999). Several in vitro studies haveecovered by centrifugation and washed twice with 1 ml of FA lysis
established that it is possible to define a minimal domain dfuffer, once with 1 ml of buffer FW3 (10 mM Tris-HCI pH 8.0, 0.25
CENP-C that binds DNA (Sugimoto et al., 1994; Yang et al.M LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM EDTA, 1 mM
1996; Sugimoto et al., 1997). This binding domain seems t8MSF and protease inhibitors) and once with 1 ml of TE buffer. To
overlap with the domain required for the targeting of CENP-(%’Verse the crosslinking, the beads were resuspended jrl 280BK

L uffer with 150ug/ml of proteinase K (Roche) and incubated at 65°C
to the centromere in vivo (Yang et al., 1996). However, sever r at least 6 hours on a thermomixer (Eppendorf). DNA was then

attempts to identil_‘y in \(itro pute}tivg CENP_-C-binding henol-chloroform treated and ethanol precipitated with the addition
sequences have failed. This scenario is complicated by thg giycogen as a carrier. The control chromatin input has been

observation that CENP-C, CENP-A and PARP also associatgmilarly treated.
with active neocentromeres that apparently do not contain
repetitive sequences typical of conventional centromeres, o
suggesting that their localization to centromere may occur UV crosslinking
through epigenetic mechanisms (Choo, 1997; Depinet et a|2_3<108 Hela cells were grown for 24 hours in DMEM supplemented
1997; Choo, 2000; Sullivan, 2001). with 2 .rr_lM L-glutamine, 10% FCS and ZQM 5-bromo-2-
To study the role of CENP-C in centromere formation deoxyuridine. Cells were trypsinized, collected in a 50 ml falcon tube,

took advantage of a chromatin-immunoprecipitation assa ashed three times with coldkRBS and resuspended in 8 ml of

. - - 1xPBS. They were transferred into a 100 mm petri dish, kept on ice
(ChIP) that allows the analysis of specific D'\IA'prOtemand directly exposed for 15 minutes to a source of 366 nm UV light

complexes in vivo (Orlando et al., 1997). This technique hagositioned at a distance of about 3 cm from the dish. Cells were finally
been successfully used to study the DNA-binding activity Otollected, washed once witkkRBS, resuspended in 2 ml of FA lysis
more than 40 proteins, including general transcription factorguffer and from here on treated by following the same steps of the
trans-activators, repressors and structural components faffmaldehyde crosslinking procedure.

chromatin (Solomon et al., 1988; Dedon et al., 1991; Strutt and

Paro, 1998; Chen et al., 1999; Hsu et al., 1999; Parekh and bl d hern bl vsis of iitated

Maniatis, 1999; Tanaka et al., 1999; Orlando, 2000; Partridg &tA otand Southern blot analysis of immunoprecipitate

et al., 2000; He et al., 2001). Moreover, a thorough study b

P - o dotal input DNA and immunoprecipitated DNA samples were
Toth and Biggin indicates that formaldehyde CrOSSIInI(mgdigested withEcoRI, resolved on 1.5% agarose gel and transferred

oceurs malnly at the pr'oteln-DNA 'Interface and reflepts the %h"a Hybond-N filter (Amersham Pharmacia Biotech). The filter
vivo binding of a specific factor to its cognate DNA sites (Tothyas pre-hybridized and hybridized with a solution containing 7%
and Biggin, 2000). On the basis of previous results showingps and 0.5 M NgCQu, pH 7.0. Probes were{32P]-labeled with
that CENP-C can both bind chromosomal DNA in vitro ancthe Megaprime kit (Amersham) and added to the hybridization
co-localize with centromeric DNA in interphase nuclei, wesolution at a specific activity ofx20° cpmiug. The alpha-satellite
decided to use the ChIP assay to examine the dynamics of h&®A probes (Archidiacono et al., 1995) used for the hybridization
CENP-C associates to the centromeric DNA sequences in viveyere: (1) pZ7.6B (680 bp) detecting chromosome 7; (2) pZ21.A
(850 bp) detecting chromosomes 13 and 21; (3) pZ17-1.6A (1.02
kb) detecting chromosome 17; (4) pzZ5.1 (680 bp) detecting
; chromosomes 1, 5 and 19; (5) pZ8.4 (1.2 kb) detecting chromosome
Materlal.s ia”d Method.s. . 8; (6) pDMX1 (2 kb) detecting chromosome X. Other probes
Chromatin-immunoprecipitation assay recognizing non-centromeric sequences were: BLUR-8 (300 bp)
Formaldehyde crosslinking detecting Alu repeats (Jelinek et al., 1980); and p(291)LSau (291bp)
Hela cells, grown in DMEM medium supplemented with 10% (v/v)detecting beta-satellite (Agresti et al., 1987). Dot blot analysis was
FCS (Life Technologies) and 2 mM L-glutamine, were processed foperformed by transferring total input DNA and the
a crosslinking and immunoprecipitation experimentl@cells were  immunoprecipitated DNA samples onto a Hybont-Nilter
treated in situ for crosslinking by adding formaldehyde to a 1% fina{fAmersham) with a Bio-Dot Apparatus (Bio-Rad). The filter was
concentration directly to the culture medium and incubated at roomre-hybridized and hybridized using the same conditions as for the
temperature for 15 minutes. The crosslinking reaction was stopped I8outhern blots.
adding glycine to a final concentration of 0.125 M. After 5 minutes,
cells were washed twice wittxIPBS and collected in 5 ml of TES ) .
buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 150 mM NaCl Semiquantitative PCR
and 1 mM PMSF). After centrifugation, the cell pellet obtained fromThe region containing part of the human renin gene promoter was
10 plates was resuspended in 2 ml of FA lysis buffer (50 mM Hepesmplified by using primer REF!-®AGCTGTTGCTTTTCCTGCC-
200 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na- 3 and RER: 5AAACAGCACTGTCAGGGCTA-3. Amplification
deoxycholate, 1 mM PMSF and Roche Protease inhibitors mix). Celisonditions were as follows: 94°C for 30 seconds, 58°C for 15 seconds
were sonicated eight times for 8 seconds at medium sonicatieend 72°C for 30 seconds. 10 aliquots of the PCR products were



taken after 30, 35 and 40 cycles respectively, run ol
agarose gel and visualized by ethidium bromide.

Construction and expression of CENP-C mutants

Expression constructs encoding the HA-tagged trunc:
of CENP-C were generated by PCR as follows. HA::23,
primer 23F, 5AAAGGGGGATCCGCACGTGACATTAA-
CACAGAG-3 and primer 943R, 'BAAAGGGGAATT-
CTCATCTTTTTATCTGAGTAAAAAG-3'; HA::192/537
primer 192F, 5AAAGGGGGATCCATGCTGCCTTCAA-
GTACAGAGG-3 and primer 537R, 'BAAAGGGGA-
ATTCTCACTCCTCTGATTTTACCACCC-3 HA::23/410
primer 23F and primer 410R;-BAAGGGGAATTCTCA-
TGGTTTTCTGCATTCTTGG-3

PCR products were digested wBanHI and EcoRIl anc
directionally cloned into the pCDNA3.1 vector, in frs
with a HA-tag located at the N-terminal of the proteins.
each mutant, 2Qug of expression construct were usel
transfect HEK293T cells by means of the lipofecte
method (Roche). HEK293T cells were grown in DM
medium supplemented with 10% FCS, 2 mM L-glutan
Expression levels of the truncated proteins were test
western blot. Transfected cells were lysed in RIPA buffe
mM Tris-HCI pH 8.0, 150 mM NacCl, 1% NP-40, 0.5% |
deoxycholate, 0.1% SDS) and sonicatedpgf total cel
extract were separated on a 10% SDS-polyacrylamic
and transferred onto a nitrocellulose membrane. The
was blocked with TBS (150 mM NacCl, 25 mM Tris-HCI
8.0) and 8% nonfat dry milk. After incubation with
specific antibodies, the filter was washed three times
TBST (TBS plus 0.1% Tween-20) and incubated
anti-rabbit peroxidase-conjugated secondary antib
(Amersham). Proteins were revealed by ECL (Amershi

Ultrastructural immunocytochemistry

Subconfluent HelLa cells, grown as previously descr
were fixed overnight in 4% paraformaldehyde in 0.
PIPES, pH 7.0 at 4°C. After rinsing in cold PBS, the
were scraped and pelleted at low speed. Pelleted cell
infused with a mixture of sucrose and polyvinylpyrrolid
before freezing, as described (Tokuyasu, 1989).
cryosections were cut with a Drukker diamond k
(Drukker Co., Almere, The Netherlands) on a Reic
Ultracut S ultramicrotome (Leica) equipped v
cryoattachment.

Grids with sections were first incubated in 0.2% B¢
(Aurion, Wageningen, The Netherlands) to reduce unsp
labeling. For the CENP-B and CENP-C mapping,
respective sera were diluted 1:100 in PBS containing
BSA-c. The bound antibodies were revealed by 6 or 1
protein A-gold complexes (Aurion). In the co-localiza
experiments, consecutive immunolabeling of the two CE
was performed as described (Griffiths, 1993). The resu
parallel labelings (i.e. single labeling, as well as dc
labeling with interchanged sizes of the gold complexe
the two CENPSs), gave consistent results. In the neg
control experiments, the primary antibodies were om
the positive control involved an unrelated rabbit p80-c
antibody kindly provided by E. K. Chan, The Scri
Research Institute, La Jolla, CA (Andrade et al., 1¢
Antibodies and protein A-gold complexes were incubate
60 minutes. After the labeling was completed, sections
fixed with 1% glutaraldehyde in PBS for 20 minutes

CENP-C binds alpha-satellite DNA 2319
Formaldehyde-ChIP
@ Q
oo
E 22 =
2806 3 -
g 23 2 otal DNA (ng)
E 5 % 5 1000 500 250 100 50 25
o-satellite e ¢ ® %0 0 »
SausA ' ® e e
Alu et DOOe .
B
w-satellite Sau3A Alu
2 . 5
15:32 5% §4|
= 3 =3
g3 £ g2
1 ¥ 21
D@‘bo\ D@Q‘O‘\\ Uecbo\
& B 3 _ 3 C 2
\{oﬁ& Cj(}g (()8 @Gf" \5_@\\\ C@ﬁ ‘O\g é:f \o,@‘) 0((/‘52 Q}g &c&’
AN S TP e ARSI
S LS e &
C L) O
L &
& < =
3 S ¥ &
8 N &
i Q & T
renin
promoter o 3 4 5 6 7 8 9 1011 12
D UV-ChIP
@ Q
o o
£ Z2 =2
= (N ) L
5 O O Total DNA (ng)
LA
a & © 1000 500 250 100 50 25 10
a-satellite e @ ® 0

Fig. 1. CENP-C binds the alpha-satellite DNA in vivo. (A) HelLa cells were
formaldehyde treated and chromatin was immunoprecipitated (Formaldehyde-
ChlIP) with the different sera. After reversal of crosslinking, the
immunoprecipitated DNA samples were analyzed by dot blot. The level of
enrichment of different human highly repetitive sequences is shown (left).
Decreasing amounts of total DNA are included to provide an internal
quantitation of the hybridization signals (right). The filters were sequentially
hybridized with the followinga-32P]-labeled DNA probes: pZ7.6B (680 bp)
and pZ21.A(850 bp) alpha-satellite DNAs, specific for chromosomes 7, 13
and 21; Sau3A repeat (291 bp) and Alu repeat (300 bp). Pl serum (rabbit pre-
immune serum), anti-CENP-B, anti-CENP-C and anti-Scll indicate the DNA
recovered with the corresponding antibodies. (B) Densitometric quantitation
of the hybridization signals. The intensity of the hybridization signal in the
pre-immune samples was set to 1 arbitrary unit. (C) Level of enrichment of a
single copy sequence (renin promoter region ~350 bp) tested by
semiquantitative PCR in the different immunoprecipitated samples. For each
sample, three conditions of PCR (30-35-40 cycles) were used. Lanes 1-3,
input (1 ng); lanes 4-6, Pl serum; lanes 7-9, rabbit anti-CENP-B serum; lanes
10-12, rabbit anti-CENP-C serum. (D) HelLa cells were exposed to UV light
for 15 minutes, lysed and chromatin was immunoprecipitated with the
different sera. Immunoprecipitated DNA samples were hybridized with a
cocktail of the pZ76.B and pZ21.A probes.

treated for 15 minutes in 2% Os{ PBS. Sections were extensively polyvinyl alcohol (Tokuyasu, 1989). Grids were observed by EM
washed in water and postembedded in 0.3% uranyl acetate Keiss 109.
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A chiP B Fig. 2. CENP-B and CENP-C bind
- T Emaes 0 the alpha-satellite DNA of different

) (Y] ;
o o i a4 human chromosomes and recognize
EG & E Z 2 the same subfamilies of DNA
g2 92 Total DNA (ng) - g 6 6 sequences. (A) Filters were
T & & 1000 500 250 100 50 25 10 2z 5 5 pre(szared ast_dﬁscglbbedd!n liilg"tlrf\
and sequentially hybridized wi
o-sat (7,13, 21) [N . alpha satellite probes recognizing,
pa— at high stringency, only a subset of
o-sat (17) e 9 e humgn cent?ome):ic se):quences. The
Sttt & == specific chromosomes recognized
wsat(1,519 [ 4 B8 8 8 o Ll il # ==y each probe are indicated. PI
— _ _ ) serum (pre-immune serum), anti-
o-sat (8) 00 000 s , CENP-B and anti-CENP-C indicate
dimer % == the DNA recovered with the
a-sat (X) o 9 oo v corresponding antibodies. (B) HeLa

cells were formaldehyde-treated
and chromatin was immunoprecipitated with the different sera. After reversal of crosslinking, DNA was digedfedR¥jttun on a 1.5%
agarose gel and then blotted onto nylon membrane. Alpha-satellite DNA was revealed by hybridizing the filter with probésrsgphdic
satellite of chromosomes 7, 13 and 21. Dimers, tetramers and pentamers are multimers of the 171 bp alpha-satellite mibtnomeric un

To estimate the mutual distribution of CENP-C and CENP-B, theDensitometric analysis of the alpha-satellite DNA recovered
most external CENP-B (or CENP-C) particles were joined by straighkfter co-immunoprecipitation shows that the enrichment is
lines and the CENP-C (or CENP-B) particles inside and outside thground 32 and 24-fold, respectively, for anti-CENP-B and anti-
formed polygon were counted. Data from 65 centromeres wergpenp.C samples (Fig. 1B), whereas the enrichment for the
evaluated using the Wilcoxon rank test. Sau3A and Alu repetitive sequences was not significantly

different from that of the controls (Pl serum and anti-Scll).

Furthermore, to exclude the possible enrichment of other types
Results _ o of sequences such as single copy genes, we used semi-
CENP-C binds the alpha-satellite DNA in vivo quantitative PCR to amplify the promoter region of the human
To analyze the centromeric DNA associated with CENP-C imenin gene, known to map to chromosome 1932 (Cohen-
vivo we have performed a chromatin-immunoprecipitationHaguenauer et al., 1989). Fig. 1C shows that the renin promoter
assay (ChIP) on HeLa human cells. Cells were treated wittegion is not enriched in the anti-CENP-B and anti-CENP-C
formaldehyde to allow the formation of crosslinks betweersamples (compare lanes 6, 9 and 12). These results indicate
DNA and its associated proteins. Chromatin was sonicated tbat CENP-B and CENP-C can bind DNA in vivo and provide
reduce the DNA size to an average of 0.5-5 kb and thestrong evidence that CENP-C associates with the centromeric
immunoprecipitated with a rabbit polyclonal anti-CENP-Calpha-satellite DNA.
serum. As a positive control, DNA was also Although the formaldehyde concentration used in this work
immunoprecipitated with a rabbit polyclonal anti-CENP-Bhas been widely employed to study protein-DNA interactions
serum, since CENP-B is known to bind in vitro a 17 base-pain vivo we cannot exclude the possibility that it may induce
sequence within the alpha-satellite DNAo validate the covalent links between proteins and thus may have the
specificity of the co-immunoprecipitation we also performed gotential to connect proteins to DNAs that they do not directly
ChIP assay using an anti-Scll serum. Scll (SMC2) is a&ontact (Strahl-Bolsinger et al., 1997). To demonstrate that the
chromosome scaffold protein that binds along the chromosonmresults obtained with the formaldehyde crosslinking reflect a
arms, including the centromere, without displaying any DNAdirect interaction of CENP-C to the alpha-satellite DNA, we
sequence specificity (Saitoh et al.,, 1994). Thus theised an alternative procedure based on an in vivo UV
immunoprecipitation with anti-Scll serum should not show anycrosslinking assay (Rzepecki et al., 1998). It is well established
preferential enrichment for specific DNA sequences. Aftethat UV light can generate covalent links either between dimers
reversal of crosslinking, all immunoprecipitated DNAs andof pyrimidines or between DNA and proteins directly
decreasing amounts of total input DNA (fronud to 25 ng), associated to it (Rzepecki et al., 1998; Toth and Biggin, 2000).
used as a calibrated standard of the hybridization, wendelLa cells were grown for 24 hours in the presence of 5-
transferred onto a nylon filter by dot blot. The filter wasbromo-2-deoxyuridine before being exposed for 15 minutes to
sequentially hybridized with DNA probes detecting alphaa 366 nm UV light. 5-bromo-2-deoxyuridine can replace
satellite DNA of chromosomes 7, 13 and 21 (pZ7.6B andhymidine during DNA replication and is more efficient than
pZ21.A), satellite Sau3A and Alu sequences, the lattethymidine at forming covalent links when exposed to UV light.
representative of non-centromeric repetitive elements (Jelinekince the alpha-satellite DNA possesses a high A+T content,
et al., 1980; Agresti et al., 1987; Waye et al., 1987; Wevrickhe use of 5-bromo-2-deoxyuridine should increase the chances
and Willard, 1991; Wevrick et al., 1992; Archidiacono et al.,of crosslinking CENP-C to the alpha-satellite DNA. Cells were
1995; Harrington et al., 1997; Ikeno et al., 1998; Masumoto dysed and chromatin was then immunoprecipitated and
al., 1998). The results of Fig. 1A show that anti-CENP-Qprocessed by following the same steps described for the
serum, among different types of repetitive DNA sequences, cdarmaldehyde crosslinking. Immunoprecipitated DNAS,
immunoprecipitate the alpha-satellite DNA specifically.transferred onto a nylon filter by dot blot, were hybridized with
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chiP chromosomes 7, 13 and 21. The DNA, run on a 1.5% agarose
nab o e gel and blotted onto a nylon membrane, was hybridiz_ed with
. ddadd od a cocktail of the pZ7.6B and pZ21A DNA probes. Fig. 2B
EEG G M@ @ shows that both CENP-B and CENP-C recognize the same
5252222 29 dimeric, tetrameric and pentameric subtypes of alpha-satellite
2az 56586 && DNA.

The DNA region associated with CENP-C are situated
within the alpha-satellite arrays

Although anti-CENP-C antibodies specifically
immunoprecipitate chromatin fragments containing the alpha-
satellite DNA, we cannot exclude the possibility that such an
interaction may occur in different DNA regions within these
fragments that flank or are interspersed in the alpha-satellite
arrays. To address this question we have modified the ChIP
TR IR G ANE B 6 o T SRRSO assay as follows. Before reversal of the crosslinking, DNA was
digested withEcaRl when the Ig-CENP-C-DNA complexes
Exposure time 16h 48h were still immobilized on the trisacryl-proteinA beads (see
Materials and Methods). Furthermore, the complexes were
thoroughly washed with FA buffer to remove the DNA

pentamer ' -
tetramer -

dimer - -

Fig. 3. CENP-C recognizes DNA within the alpha-satellite arrays.
Immunoprecipitated DNA samples were digested &itbRI either

before (lanes marked with an asterisk) or after the reversal of fragments |.’e_leased byEcoRI. . The digestion of the
crosslinking. Alpha-satellite DNA was detected as previously immunoprecipitated DNA would be expected to generate two
described. For the immunoprecipitation with anti-CENP-C alternative and mutually exclusive patterns depending on

antibodies, two exposure times of the filter are presented: 16 hours where CENP-C binds the DNA. If CENP-C binds the DNA
and 48 hours. The alpha-satellite immunoprecipitated with anti- ~ within the alpha-satellite, then the alpha-satellite arrays would
CENP-C and anti-CENP-B antibodies show a very similar band  remain part of the complexes retained on the beads and would
profile when digested with EcoRI either before or after the reversal pe further recovered and purified. On the contrary, if CENP-C
of crosslinking. binds sequences adjacent to or interspersed in the alpha-
satellite arrays, then the alpha-satellite DNA would be released
from the beads updicar| digestion, lost during the extensive

a cocktail of thda-32P]-labeled pZ7.6B and pZ21.A probes. washings and thus undetected by Southern blot hybridization.
Fig. 1D shows that both anti-CENP-B and anti-CENP-CAlthough the digestion was not complete, probably because
antibodies can specifically immunoprecipitate the alphaehromatin proteins crosslinked to DNA partially prevent the
satellite DNA. The results of the UV crosslinking indicate thataccess of the endonuclease to its cognate restriction sites, Fig.
CENP-C, as well as CENP-B directly contacts the alpha3 shows that the alpha-satellite—CENP-C complexes were
satellite DNA in vivo. always retained on the beads in spite of the fact thadbRl

The organization of alpha-satellite DNA arrays is highlydigestion was performed either before or after the reversal of
structured and can differ from one chromosome to anothecrosslinking (Fig. 3, compare lanes 6 and 7, and, at a longer
Moreover, each chromosome carries particular arrays of alphexposure, lanes 8 and 9). As a control, we analyzed CENP-B
satellite DNA sequences that can be revealed by using specifftat binds DNA inside the alpha-satellite. As expected, the
DNA probes. To demonstrate the general nature of the CENIprofile of the alpha-satellite DNA recovered by anti-CENP-B
C binding to the alpha-satellite DNA of human chromosomesantibodies is unchanged in both conditions (lanes 4,5).
a set of filters carrying the immunoprecipitated DNA Moreover, the DNA profiles of the alpha-satellite DNA bound
samples, along with internal standards, were hybridized witby CENP-B and CENP-C were practically identical (lanes 4,8).
chromosome-specific centromeric DNA probes. The results dfaken together these results suggest that CENP-C binds DNA
Fig. 2A show that CENP-C binds the alpha-satellite DNA ofwithin the alpha-satellite DNA arrays.
all tested chromosomes.

The different localization of CENP-B and CENP-C in the
centromere of metaphase chromosomes (Cooke et al., 199efinition of the CENP-C domain needed to bind the
Saitoh et al., 1992; Sugimoto et al., 1999) suggests that the t@pha-satellite DNA in vivo
proteins may recognize different subtypes of alpha-satellit€o define the CENP-C domain required to bind the alpha-
DNAs. Conversely, our results indicate that both CENP-B andatellite DNA, we analyzed the binding activity of specific
CENP-C seem to bind the same alpha-satellite DNA higheCENP-C mutants in vivo. We have used these mutants
order repeats. However, the dot blot analysis does not allowessentially as controls to confirm that the DNA-binding domain
precise discrimination between different subfamilies of alphaef CENP-C defined on the basis of in vitro results was also
satellite DNA of a given chromosome. To address this issue wavolved in the in vivo binding of CENP-C to DNA The CENP-
have compared the profile of the alpha-satellite DNAC mutants were chosen and designed based on in vitro results
immunoprecipitated by both anti-CENP-B and anti-CENP-Cshowing that the CENP-C DNA-binding activity resides in the
antibodies after digestion witlEcaRl, known to display central region of the protein (Sugimoto et al., 1994; Yang et al.,
the long-range periodicity of the alpha-satellite DNA of 1996; Sugimoto et al., 1997), approximately between amino
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C —— Fig. 4.1dentification of the CENP-C DNA-binding region in
g = -t vivo. (A) Schematic representation of the CENP-C mutants
z ‘E 2 8 o (left). The localization of the putative DNA-binding domain
e z B 8 I (gray boxes) and the N-terminal HA tag (dark boxes) are
I & % : I : indicated. The right panel shows levels of protein expression
£ & o I T T detected by western blot in HEK293T cells transfected with
equal amounts of the mutant constructspg®f total cell
o extracts were resolved on SDS-PAGE, transferred onto a
'entamer

nitrocellulose membrane and probed either with anti-CENP-C
Tetramer - - or anti-HA antibodies. (B) HEK293T cells were separately
transfected with each mutant construct and analyzed by ChIP
assay. Chromatin was immunoprecipitated either with anti-HA
(IP anti-HA) or with anti-CENP-C antibodies (IP anti-CENP-
Dimer - - C). Immunoprecipitated DNAs along total DNA were
hybridized with alpha-satellite probes recognizing the
centromeres of chromosomes 7, 13 and 21 (top left). The same
filter was stripped and then hybridized with an Alu probe (top
right). A histogram representation of the relative enrichment of
alpha-satellite (bottom left) and Alu sequences (bottom right) obtained for each mutants is shown. For each specific
condition of immunoprecipitation (IP anti-HA or IP anti-CENP-C), the enrichment (expressed in arbitrary units) is
defined as the ratio of the hybridization signal obtained for each sample versus the hybridization signal obtained
from cells transfected with the empty vector and subjected to IP with the anti-HA antibody (IP background). The
standard error was calculated on the results of three independent experiments. (C) Wild-type and truncated forms of
the CENP-C protein are shown to bind the same alpha-satellite subfamilies. Chromatin of HEK293T cells
transfected with the empty vector was immunoprecipitated either with anti-CENP-C or with anti-HA antibodies. The
mutant proteins were immunoprecipitated with anti-HA antibodies. The analysis of the DNA profile was performed
as described in Fig. 2.
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acid 433 and 520 (Yang et al., 1996). Specifically, we hav ChIP
generated three HA-tagged CENP-C mutants either carryir
(HA::23-943; HA:192-537) or missing (HA::23-410) the
putative DNA-binding region. All truncated CENP-C mutant
proteins (Fig. 4A, left) were expressed at a comparable lev
in transfected HEK293T cells and could be recognized by bot
anti-CENP-C and anti-HA antibodies in western blot (Fig. 4A,
right). According to previous studies (Yang et al., 1996), al
three mutants accumulate in the nucleus and specific staini
of the centromeres could be clearly detected only in the cel
expressing the mutants carrying the putative DNA-binding
region (HA::23-943; HA::192-537) (data not shown). To

..
investigate the binding activity of the truncated proteins to th
alpha-satellite DNA we have applied the ChIP assay t peatAmer ""
—
—

Input

Pl serum
anti-CENP-B
anti-CENP-C
anti-CENP-C-deplB
anti-CENP-B-deplB
anti-Scll

HEK293T cells transfected with each of the describec tetramer -
constructs. DNA, immunoprecipitated with anti-HA
antibodies, was analyzed with a mixture of the pZ7.6.B an
pZ21.A alpha-satellite DNA probes. Decreased amounts ¢
total input DNA were also included in the filter. As shown in
Fig. 4B (left), anti-HA antibodies recover the alpha-satellite
DNA from cells transfected with the HA::23-943 and HA::192- I & 5 4 5 6 9

537 constructs but not from cells transfected with the HA::23 ) ) )
410 one. To exclude that the overexpression of the differe|g'9' 5.CENP-B and CENP-C define different alpha-satellite
mutant proteins may affect the interaction of CENP-C with th¢ omains. Cell extracts from crosslinked cells were treated for

) . immunoprecipitation with pre-immune serum (lane 2), anti-CENP-B
alpha-satellite DNA, transfected cells were also subjected {,,ne 3) "anti-CENP-C (lane 4) or anti-Scl (lane 7) antibodies, or

immunoprecipitation with anti-CENP-C antibodies. The anti-first inmunodepleted for the DNA—CENP-B complexes and then
CENP-C antibodies cannot discriminate between endogenoisybjected to immunoprecipitation with anti-CENP-C (lane 5). As a
and truncated CENP-C proteins and thus, if transfection dicontrol, a sample immunodepleted with anti-CENP-B antibodies was
not alter chromatin organization, the amount of recoveresubjected to a second round of immunoprecipitation with the same
alpha-satellite DNA should be roughly identical in all cellantibody to verify the complete depletion of the DNA-CENP-B
samples. The results of Fig. 4B (left) show that this was thcomplex (lane 6). Alpha-satellite DNA, digested witoRI, was
case. Furthermore, the background level, determined by ttdetected as described in Fig. 2.
Alu hybridization, is similar in all DNA samples either
immunoprecipitated with anti-HA or anti-CENP-C antibodiesdomains in the kinetochore/centromere complex of mitotic
(Fig. 4B, right). The relative enrichment of both alpha-satellitechromosomes. To investigate this apparent discrepancy we
DNA and Alu sequences is illustrated in the two graphs imave used a modified version of the ChIP assay. First,
Fig. 4B (bottom). Finally, we have verified whether thecrosslinked HelLa cell extracts were immunodepleted, by using
overexpression of CENP-C mutants might in someway alter thenti-CENP-B antibodies, for the DNA-CENP-B complexes.
typical EcaRlI profile observed with the pZ7.6.B and pZ21A One round of immunoprecipitation with anti-CENP-B
probes. The results of Fig. 4C indicate that the wild-type andntibodies was sufficient to abate the crosslinked DNA-CENP-
CENP-C mutants, HA::23-943 and HA::192-537, bind theB complexes to background levels (Fig. 5, compare lane 6 with
same subfamilies of alpha-satellite DNA, whereas the HA::23lane 2). Following the depletion of the DNA-CENP-B
410 mutant cannot. In addition, this excludes the possibilitgomplexes, the extract was subjected to immunoprecipitation
that the simple overexpression of the CENP-C proteins canith anti-CENP-C antibodies. The amounts of DNA—-CENP-C
interfere with their correct loading onto the centromeric DNA.complexes recovered before and after the immunodepletion of
Our results show that the differences in the amount of alphahe CENP-B-DNA complexes were compared. Fig. 5 shows
satellite DNA recovered by the CENP-C mutants seem tthat the amount and the profile of alpha-satellite DNA
reflect their intrinsic ability to bind the alpha-satellite DNA andimmunoprecipitated by anti-CENP-C antibodies are not
confirm that the central region of the CENP-C is indeedxffected by immunodepletion of the DNA-CENP-B complexes
required to perform this function in vivo. (Fig. 5, compare lanes 4 and 5). A similar outcome was
obtained for the DNA-CENP-B complexes in the reverse
experiment (data not shown). These results strongly suggest
CENP-B and CENP-C localize to alpha-satellite arrays that CENP-B and CENP-C localize to distinct non-overlapping
of different centromere domains centromere domains composed of the same subfamilies of
The fact that both CENP-B and CENP-C can be crosslinked foigher order alpha-satellite repeats.
the same alpha-satellite subfamilies suggests that CENP-C andPrevious immunoelectron analysis performed on mitotic
CENP-B may co-localize within the alpha-satellite arrayschromosomes has shown that CENP-B and CENP-C seem to
This, however, appeared to be in contrast with what has beeacupy distinct structural domains in the kinetochore (Cooke
previously observed by immunoelectron microscopy (Cooke adt al., 1990). However, the relative distribution of the two
al., 1990) and immunofluorescence (Sugimoto et al., 1999proteins at the mitotic kinetochore-centromere complex might
where CENP-B and CENP-C seem to occupy distinct structurdle masked by the folding of the chromatin fiber in the complex.

dimer
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Fig. 6. CENP-B and CENP-C localize to different centromere
domains in interphase chromosomes. (A-F) Immunoelectron
microscopy showing simultaneous colocalization of CENP-B (10 nm
gold particles) and CENP-C (6 nm gold particles). Each micrograph
shows the centromere of an unidentified chromosome from a single
cell nucleus. (AF) The maximum perimeter occupied by the
CENP-B gold particles is marked for illustrative purposes. CENP-C
particles within this perimeter are marked in red, while those outside
the perimeter are marked in green. The bar in pdmrepFesents 100
nm.

To overcome this problem, we analyzed the relative
distribution of the two proteins by double-label
immunoelectron microscopy on ultrathin cryosections of
interphase Hela cells.

In this analysis only one section per given cell was
considered and this section was more than two orders
magnitude thinner than the cell nucleus. Each micrograph ¢
Fig. 6 shows the centromere of an indiscriminate chromoson
from a single cell nucleus. Double labeling of CENP-B (10 nm
and CENP-C (6 nm) proteins with colloidal gold particles
resulted in their co-localization in clusters in which the two
labels were not randomly interspersed (Fig. 6A-F). A
morphometric analysis (see Materials and Methods) showe
that CENP-B was concentrated in the interior of the cluster:
while CENP-C localized predominantly to the periphery.
Specifically, an average of 7.17+0.62 (meanzts.e.) of CENP-E
associated gold particles were located in the interior, whil
2.54+0.35 were found in the exterior of these domains. Vic
versa, 1.48+0.23 of CENP-C associated particles were locat:
in the interior, while 11.47+0.97 CENP-C were in the exterior.
According to the Wilcoxon rank test, the difference betweet
CENP-B and CENP-C localization in the centromeric domair
analyzed is significant, witlP<0.05. Similar results were
obtained if the colloidal gold probes were switched (data nc
shown). These data reinforce the notion that CENP-B an
CENP-C occupy distinct domains of the interphase
centromere.

Discussion

Our study shows for the first time that CENP-C functions as
DNA-binding protein in vivo, and preferentially associates
with the centromeric alpha-satellite DNA. Interestingly, the use
of different centromeric probes indicates that CENP-C bind
the alpha-satellite DNA of all chromosomes tested, thu
providing a general significance to the role of CENP-C in the
human centromere organization. Moreover, the results of tt
mutational analysis of the protein not only support the idea thi
CENP-C can bind the alpha-satellite in vivo but also reveal the
the domain proposed to bind DNA in vitro (Yang et al., 1996,
Sugimoto et al., 1997) is necessary for the recognition c
centromeric DNA in vivo. This is in agreement with previous
results suggesting that both domains are located in the cent
region of the protein (Yang et al., 1996).

These results are quite striking since CENP-C does not bir
specific DNA sequences in vitro. A simple explanation for this
discrepancy may reside in the fact that CENP-C-binding
activity might be fully manifested as a result of interactions
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with other centromere proteins in situ. This hypothesis i€xperiments in mice and conditional loss-of-function analysis
corroborated by recent findings from gene targetindgn the chicken DT40 cell line, which have shown that CENP-
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A and CENP-H are necessary to correctly position CENP-C atnmunoelectron microscopy analysis. Our results suggest a
active centromeres (Howman et al., 2000; Fukagawa et abubtle and composite organization of the centromere proteins
2001). These data support the model that CENP-C localizes telative to alpha-satellite DNA at the centromere. In fact, both
the centromere through contacts with auxiliary proteins ratheEENP-B and CENP-C bind to the same family of repeated
than recognizing the kinetochore DNA directly. However, aDNA, but only CENP-C binds to the DNA that ends up at the
direct interaction of CENP-C, with either CENP-A or CENP-H,surface of the chromosome associated with the active
has not been demonstrated and, so far, experiments to prove tkiisetochore. The mechanism of segregation of CENP-B and
point have been unsuccessful. Obviously, it is possible that oth€ENP-C to different regions of alpha-satellite is not known,
centromere proteins concur to target CENP-C to the centromebat it appears that, in addition to DNA sequence, other factors
through this mechanism. However, the situation might be morare likely to be involved. In this contest, as previously
complex than predicted. In fact, we cannot exclude thenentioned, the localization of CENP-C to the centromeres
possibility that these proteins may contribute to the generatiarquires at least CENP-A and CENP-H. The knockout of the
of a particular DNA structure or impose modifications uponCENP-A gene in mice (Howman et al., 2000) or the inhibition
specific DNA sequences that would allow CENP-C to beof its homologue irC. elegandy RNA interference (Moore et
recruited and assembled into the centromere chromatial., 2001; Oegema et al., 2001), abolishes the ability of CENP-
Observations by several groups suggest that specific centrome@ido target the kinetochore. By comparison, disrupting CENP-
DNA sequences may play a crucial role in the constitution of & in C. eleganshas no effect on CENP-A (Oegema et al.,
functional human centromere. For instance, Masumoto an2001). Therefore, CENP-A appears to act upstream of the
colleagues have demonstrated that alphoid DNA from thassembly pathway that drives CENP-C to the kinetochore.
alpha21-l locus could give rise to artificial chromosomes irGiven that the presence of CENP-A with the centromeric DNA
HT21080 cells, whereas alphoid DNA from the 21-1l locus coulds a pre-requisite for the CENP-C localization to the
not (Masumoto et al., 1998). This strongly suggests that specifientromere, then the absence of CENP-C from the inactive
blocks of alpha satellite DNA are endowed with peculiar featuresentromere of stable dicentric chromosomes (Earnshaw et al.,
that allow them to seed centromere formation in vivo. The fact989; Page et al., 1995; Sullivan and Schwartz, 1995; Fisher
that specific blocks of DNA may satisfy the structural and/oet al., 1997; Page and Shaffer, 1998; Sullivan and Willard,
sequence requirements for the assembly of an active centromet®98) may be causally related to the lack of this preliminary
kinetochore complex is further supported by recent findingtep of the kinetochore assembly. The mechanisms that
showing that a 330 kb CENP-A-binding domain of theprecisely specify where functional mammalian centromeres
neocentromere found on the human marker chromosome mardetm within arrays of centromeric heterochromatin, and how
(10) possesses an A+T content (>60%) similar to that of alph#ékhe centromere identity might be propagated at a specific
satellite DNA (Lo et al., 2001). chromosomal site, remain largely unknown. Recent
Although we cannot at present clarify the exact mechanismbservations indicate that the centromere identity might be
of recruitment of CENP-C to the centromere, our approach hastablished by epigenetic mechanisms (Karpen and Allshire,
allowed the analysis of the CENP-C DNA-binding activity as1997; Wiens and Sorger, 1998). A centromeric epigenetic mark
an intrinsic component of the kinetochore and shows thatould be specified by exclusive protein binding, histone
CENP-C contacts the alpha-satellite DNA in vivo. This resulimodifications, spatial or temporal organization of
is important for two reasons: first, it provides a methodologicathromosomal processes, or through the activity of specific
approach to investigate the dynamic of how this protein takesentromere-identity loading factors (Sullivan et al., 2001,
part in the assembly of a functional centromere in vivo; an&ullivan, 2001). In this contest, it has been suggested that
second, it further supports the idea that the alpha-satellite is tiiEENP-A might modify chromatin organization to favor the
kinetochore DNA in normal chromosome. deposition of other centromere-kinetochore proteins, including
Another important observation of this work arises fromCENP-C (Van Hooser et al., 2001). However, mistargeting of
comparison of the DNA sequences recognized by CENP-B ar@ENP-A to DNA outside the conventional centromere regions
CENP-C. Although CENP-C and CENP-B seem to recognizés not sufficient per se to induce the formation of functional
the same sets of alpha-satellite (although it is possible thatocentromeres, although it seems to re-direct CENP-C to
CENP-C might recognize other types of alpha-satellitehese sites. This suggests that other factors that include
sequences in addition to those also recognized by CENP-B)articular DNA sequences or structures may be required for
they appear to be organized topologically in distinctthis process.
centromere subdomains containing alpha-satellite DNA. This It is possible that there are different subclasses of alpha-
is supported by two results: first, immunodepletion with arsatellite sequences, some of which can contain CENP-C DNA
anti-CENP-B antibody of the DNA-CENP-B complexes fromrecognition sites. The epigenetic determination of centromere
the crosslinked cell extract does not affect the recovery of thdentity and propagation in fact does not rule out the possibility
DNA-CENP-C complexes, indicating that the two proteins ar¢hat sequence composition, such as enrichment for repeated
not associated to the same alpha-satellite DNA fragments; aséquences or an A+T sequence bias, also has a role in these
second, immunolocalization of CENP-B and CENP-C orprocesses. Although it is clear that the organization of a
interphase chromosomes shows, at the high resolution offeréghctional centromere requires the contribution of several
by double-label immunoelectron microscopy, that the tendendactors assembled in a hierarchical fashion, our results strongly
of the two antigens to occupy distinct domains is statisticallyndicate that the binding of CENP-C to the alpha-satellite DNA
significant. We believe that the best interpretation of these daita vivo may represent an important step in this process and
is that the ChIP assay shows that CENP-B and CENP-C occupyovide a more comprehensive view of how the architecture of
separate alpha-satellite domains, and this is supported by tbentromeres at human chromosomes is achieved.
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