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The centromere is the chromosomal region in which the kinetochore is assembled to orchestrate chromosome
segregation. It is defined by the presence of a histone H3 variant called Centromere Protein A (CENP-A) or CenH3.
Propagation of centromere identity entails deposition of new CENP-A upon exit from mitosis in vertebrate cells. A
group of 16 proteins that co-immunoprecipitate with CENP-A, the Constitutive Centromere Associated Network or
CCAN, contribute to kinetochore assembly and function. For most of them it is still unclear how and when they are
recruited to centromeres and whether they have a role in CENP-A deposition. Taking advantage of the Xenopus egg
cell-free system, we have addressed these issues for CCAN proteins CENP-C, CENP-T and CENP-W. CENP-C recruitment
occurs as soon as sperm DNA, containing CENP-A, is added to the egg extract, and continues after de novo
incorporation of CENP-A in early interphase. In contrast, centromeric recruitment of CENP-T occurs in late interphase
and precedes that of CENP-W, which occurs in mitosis. Unlike CENP-C, CENP-T and CENP-W do not participate in CENP-
A deposition. However, like CENP-C, they play a major role in kinetochore assembly. Depletion of CENP-C results in
reduced amount of CENP-T at centromeres, an effect more prominent in mitosis than in interphase. In spite of this,
kinetochores can still be assembled under this condition although the recruitment of Ndc80 and Mis12 is decreased.
Our results support the existence of 2 pathways for kinetochore assembly directed by CENP-C and CENP-T/W, which

can be reconstituted in Xenopus egg extracts.

Introduction

The kinetochore is an assembly of more than 100 proteins that
provides the interface through which spindle microtubules interact
with the sister chromatids to power their separation in mitosis and
meiosis. Central to this interface is the KMN network, composed
by 3 subcomplexes, KNL1/Blinkin/Spc105p, MIND/MIS12/
Miwl and NDC80/Hecl."* Kinetochores are assembled at a sin-
gle locus in the chromosome, the centromere.>* In metazoans,
this locus is epigenetically specified by the presence of nucleosomes
containing a histone H3 variant known as centromere protein A
(CENP-A), or cenH3, interspersed with canonical H3 nucleo-
somes.”™ Centromere identity is maintained from one generation
to the next by deposition of new CENP-A in every cell cycle. This

deposition occurs upon mitotic exit in vertebrate cells ° and

requires a dedicated histone chaperone known as HJURP 1011
and additional factors like the Mis18 complex.'*'? Kinetochore
assembly downstream of CENP-A starts with the Constitutive
Centromere Associated Network (CCAN), a group of 16 proteins
that were identified based on their interaction with CENP-A and
named from their continued presence at centromeres throughout
the cell cyde.'®"® Importantly, while CENP-A nucleosomes are
stably bound to centromeric chromatin,'® the binding of CCAN
proteins appears to be dynamic.'”"* CENP-C and CENP-T serve
as a platform for recruitment of the KMN network through path-
ways that are not yet well understood.***’

From the CCAN components, CENP-N and CENP-C recog-
nize CENP-A.”"** Depletion of CENP-N or CENP-C in human
cells by RNA interference leads to decreased incorporation of new

CENP-A at centromeres.’>?! The contribution of CENP-N to
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the CENP-A deposition pathway is unknown whereas CENP-C
has been proposed to drive HJURP targeting to centromeres
through the Mis18 complex.*>** CENP-T and CENP-W do not
bind CENP-A but instead recognize H3 nucleosomes present in
centromeric chromatin.>>*® These two proteins together with
CENP-S and CENP-X, all 4 containing histone-fold domains,
have been proposed to form a nucleosome-like particle capable of
supercoiling DNA in vitro.””*®* How CENP-T/W/S/X are tar-
geted to the centromere is currently unclear although it has been
reported that their incorporation occurs in late S phase/G2 and
requires CENP-A."#3%3%3 I i also unclear whether they contrib-
ute to CENP-A deposition.

We employed the Xenopus egg cell-free extract system to inves-
tigate the recruitment of CENP-T and CENP-W and their role in
de novo loading of CENP-A and kinetochore assembly. One
advantage of this experimental system is the use of naive templates
in which centromeres are marked by the sole presence of CENP-A
nucleosomes whereas all the rest of CCAN components must be
recruited from the soluble egg extract to which the template DNA
is added. Another advantage is that we analyze the defect caused
by removing a protein in a single cell cycle without accumulation
of errors from previous cycles in down regulation conditions (e.g.,
with siRNA). We previously developed an immunofluorescence-
based assay to monitor de novo CENP-A incorporation.40 Using
this assay we demonstrated that this incorporation requires exit
from mitosis and the Xenopus homolog of HJURP.*' Here we
show CENP-T and CENP-W are dispensable for CENP-A depo-
sition whereas CENP-C is essential. CENP-T recruitment to cen-
tromeres occurs during DNA replication but is independent of
this process. Incorporated CENP-T may be stabilized by CENP-
C, particularly in mitosis. The amount of CENP-T at mitotic cen-
tromeres is drastically reduced in the absence of CENP-C, but it is
nevertheless sufficient to recruit the outer kinetochore components
Ndc80 and Mis12 to an extent similar to that observed in kineto-
chores assembled in the absence of CENP-T/W. These results sug-
gest the existence of 2 parallel pathways of kinetochore assembly in
the egg cell-free system.

Results

CENP-C, CENP-T and CENP-W are recruited to
chromatin at different times

We developed specific antibodies against Xenopus CENP-C,
CENP-T and CENP-W that recognize proteins in the soluble egg
extract that migrate around 200 kDa, 120 kDa and 10 kDa,
respectively (Fig. 1A). It has been previously shown that sperm
chromatin contains CENP-A but no CENP-C.*'*2 When this
sperm chromatin is added to CSF extracts, prepared from unfertil-
ized eggs arrested meiosis 1I, single-chromatid chromosomes are
assembled. CENP-C co-localizes with CENP-A at the centromeres
of these chromosomes (Fig. 1B, left). If calcium is added to the
assembly mixture, a signaling cascade takes place that elicits exit
from the metaphase II arrest into interphase. Chromosomes
decondense, a nuclear membrane surrounds the chromatin and

DNA replication ensues. CENP-C and CENP-A are still present
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at the centromeres in these interphase nuclei (Fig. 1B, middle).
After 90 to 120 minutes, when replication is completed, CSF
extract is added to the mixture providing enough cyclin B to drive
CDKI1 activation and entry into mitosis. The nuclear membrane
breaks down and chromosomes condense. Now, CENP-C and
CENP-A staining appear as double dots that correspond to the sis-
ter kinetochores of the replicated chromosomes (Fig. 1B, right).

In contrast to CENP-C, we do not detect CENP-T or CENP-
W staining on the CSF chromosomes (Fig. 1C and D, left). For
CENP-T, centromere signals can be observed in interphase nuclei
and mitotic chromosomes whereas CENP-W antibodies only stain
centromeres in mitosis (Fig. 1C and D, middle and right). To
confirm these results, we isolated chromatin from the different
assembly mixtures and analyzed it by immunoblot (Fig. 1E). Con-
sistent with the immunofluorescence results, only CENP-C is pres-
ent in CSF chromatin and CENP-T is recruited during interphase.
Although some CENP-W can be detected in interphase chroma-
tin, the bulk of CENP-W is recruited in mitosis. Thus, the 3 pro-
teins appear to bind centromeric chromatin at different times.
This result is most surprising in the case of CENP-T and CENP-
W, since it has been reported that they assemble into a nucleo-
some-like particle together with CENP-S/X.*” For that reason, we
asked whether CENP-T and CENP-W associate in the soluble egg
extract and indeed, immunoprecipitation reactions show that
CENP-T antibodies pull down CENP-W and vice versa (Fig. 1F).
However, we also noticed that most of the CENP-T and CENP-
W are removed from the extract after immunoprecipitation with
the CENP-T antibody whereas immunoprecipitation with 2 dis-
tinct CENP-W antibodies is less efficient in removing CENP-W
from the extracts and does not greatly effect CENP-T levels (com-
pare lanes 3 and 4 with lane 5 in Fig. 1F). This suggests that there
are 2 different populations of CENP-T in the extract, with and
without CENP-W. Fractionation of an egg extract in a sucrose
gradient confirms that CENP-T is present in 2 major peaks, one
around 4.5S and other around 9.5S, and only the latter contains
also CENP-W (Fig. 1G). It is therefore possible that CENP-T
molecules that are not bound to CENP-W in the soluble extracts
are the ones targeted to centromeric chromatin in interphase.

Centromeric localization of CENP-T in interphase does not
require DNA replication

CENP-T recruitment to centromeres during interphase coin-
cides with DNA replication, which can be followed by incorporation
of alabeled nucleotide into replicated chromatin (Fig. 2A). To check
if these 2 processes are actually coupled, we assembled interphase
nuclei in the presence of the DNA polymerase inhibitor aphidicolin.
Under this condition, no incorporation of biotin-dUTP can be
detected, but CENP-T is properly localized at centromeres
(Fig. 2B) and only a small decrease in the amount of centromeric
CENP-T is observed (Fig. 2C). Next, we asked whether CENP-C
must be present in addition to CENP-A in order for CENP-T to
recognize centromeric chromatin. Extracts were depleted from
CENP-C with a specific antibody. Immunoblot analysis shows that
more than 90% of CENP-C is removed from the soluble extracts
whereas the levels of CENP-T remain unchanged (Fig. 2E). CENP-
T can sdll be found at centromeres of interphase nuclei assembled in
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these extracts (Fig. 2D), although signals are reduced in intensity by
40% (Fig. 2C). This partial effect is unlikely to be due to the pres-
ence of residual CENP-C at centromeres (Fig. S1). Thus, CENP-C
may stabilize CENP-T after its incorporation at centromeres but its
presence is not strictly required for this process, which is also inde-

pendent of DNA replication.
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Figure 1. CENPC, CENP-T and
CENP-W are recruited to chroma-
tin at different times. (A) Immu-
noblot analysis of an egg extract
with the indicated antibodies.
For CENP-W, 2 different antibod-
ies were raised, CENP-W(1) and
CENP-W(2) (see Methods for
description). While both worked
for immunoprecipitation (see
Fig. 1F), CENP-W(1) worked best
for immunoblot and immunoflu-
orescence. (B-D) Immunofluores-
cence analysis of CSF
(unreplicated) chromosomes,
interphase nuclei and mitotic
(replicated) chromosomes with
antibodies against CENP-C (B),
CENP-T (C) and CENP-W (D), in
green, and Cy3-labeled anti-
CENP-A in red to label centro-
meres. DNA was counterstained
with DAPI (blue). Colored images
are shown for the insets and the
merge with DAPI while single
antibody stainings appear as
gray scale images. Scale bar is
10pm. (E) Immunoblot analysis
of chromatin assembled in CSF,
interphase and mitotic extracts
and purified by centrifugation
through a sucrose cushion. Chro-
matin purified in the same way
from a mock assembly reaction
without sperm serves as control
(control-sp, lane 5). Cohesin
(Rad21) is a marker for inter-
phase chromatin whereas con-
densin (CAP-G) and phospho H3
(H3-P) are present in CSF and
mitotic chromatin. Histone H1 is
used as loading control. (F)
Immunoprecipitates (IP)
obtained from soluble egg
extracts were analyzed by immu-
noblot together with aliquots of
the flow through (FT) from each
reaction and of the input extract
(1%). Immunoprecipitation with
non-immune rabbit IgG was
used as control. (G) A soluble
egg extract was fractionated on
a sucrose gradient (5-20%
sucrose) and analyzed by immu-
noblot. The sedimentation coeffi-
cients of the major peaks of
CENP-T, CENP-W and CENP-C are
indicated.

Loading of new CENP-A in interphase is accompanied by

It has been reported that CENP-C recognizes CENP-A
present in centromeric chromatin.’’** We asked whether the
loading of new CENP-A upon exit from mitosis also provides

new binding sites for CENP-C. To answer this question, we
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Figure 2. Requirements of
CENP-T recruitment to inter-
phase centromeres. (A) Time
course analysis of CENP-T
(green) recruitment to centro-
meres marked with Cy3-
labeled  anti-CENP-A  (red).
DNA replication is followed by
incorporation of biotin-dUTP
(magenta) and DNA is coun-
terstained with DAPI (blue).
The CENP-T signals at t =
30 min do not overlap with
centromeres and are likely
background. (B) Interphase
nuclei assembled in the pres-
ence or absence of aphidicolin
were analyzed with antibodies
against CENP-T (green) and
CENP-A (red). No incorpo-
ration of biotin-dUTP
(magenta) can be detected in
the presence of aphidicolin.

b-dUTP

(€) Intensity of CENP-T signals

centromeres of nuclei
indi-
cated conditions. At least 200
centromeres were measured
in 3 independent experiments
per condition. Intensities were
normalized to the mean value
of the corresponding control
experiment (no aphidicolin or
mock-depletion). Bars repre-
sent mean &+ SEM. (D) Immu-
nofluorescence analysis  of
CENP-T (green) localization in
replicated interphase nuclei
assembled in the presence
(Amock) or absence of CENP-
C (ACENP-C). Centromeres are
stained with Cy3-labeled anti-
CENP-A (red). Scale bars,
10 wm. (E) Immunoblot analy-
sis  of CENP-C depleted
extracts used in (D). Increasing

CENP-T intensity

O amounts of mock-depleted

ArtiGEk Q CSF extract (Amock),
: Q/e expressed as percentage, and

O extracts depleted from the

10 20 50 100 V indicated proteins were ana-

lyzed side by side by immuno-

— - -,

ACENP-C

adapted the CENP-A loading assay to CENP-C. In this assay,
CSF chromosomes and interphase nuclei are spun onto the
same coverslip, stained and imaged together.*> CSF and inter-
phase chromosomes can be distinguished by their distinct
morphology and because only the latter incorporates UTP
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blot. H1 was used as loading
control.

(Fig. 3A). On these images,
we quantify signals at indi-
vidual centromeres and calculate the average increase in stain-
ing for at least 15 pairs of CSF chromosomes/interphase
nuclei. We observed a clear increase in CENP-C intensity in

chromatin assembled in control extracts but not in extracts
depleted of soluble CENP-A, in which CENP-A loading is
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v A deposition.

CENP-A We confirmed the interaction

CENP-C 'between CENP-C and CENP-W by

immunoprecipitation from soluble

RbAp48 egg extracts (Fig. S3A). The CENP-

Interphase

W(1) antibody pulls down both
CENP-C and CENP-T in addition to
CENP-W whereas the CENP-T anti-
body pulls down CENP-T and
CENP-W, and the CENP-C antibody
pulls down only CENP-C. These
results, together with the results in
Figure 1F and G, indicate that only a
minor fraction of CENP-W is stored
in the oocyte cytoplasm associated to
CENP-C, independently of CENP-

Il CENP-A loading
[] CENP-C loading

o |

Amock

exp1 exp2 T, while most CENP-W is in associa-

Figure 3. De novo loading of CENP-C following CENP-A incorporation in interphase. (A) Representative
image of a pair used for analysis of CENP-C loading. CENP-C signals (green) from a mass of CSF chromo-
somes (top) are compared with those from an interphase nucleus (bottom), the latter already replicated
as indicated by incorporation of dUTP (inset in magenta). Scale bar, 10 um. (B) Increasing amounts of
mock-depleted CSF extract (Amock), expressed as percentage, and a CENP-A depleted extract (ACENP-
A), were analyzed side by side to estimate the extent of depletion. RbAp48 is used as loading control. (C)
Quantification of CENP-A loading (black bars) and CENP-C loading (gray bars) in CENP-A depleted
extracts relative to the corresponding mock depleted extract using the loading assay described in the
main text. At least 250 centromeres from more than 10 pairs as the one shown in (A) were measured for

each condition in 2 independent experiments (exp1 and exp2).

impaired (Fig. 3B and C). Thus, CENP-A deposition is
accompanied by loading of new CENP-C.

CENP-T and CENP-W are not required for CENP-A
deposition

Next, we asked if CENP-C, CENP-T and CENP-W partici-
pate in CENP-A deposition using the CENP-A loading assay.
Depletion of CENP-C from the soluble extract severely impairs
loading of new CENP-A (Fig. 4A and D). When mRNA of a
myc-tagged version of CENP-C is added back to the depleted
extract the corresponding mycCENP-C is synthesized (lane 6 in
Fig. 4A) and CENP-A loading is restored to normal levels. Thus,
CENP-C is essential for the assembly of new CENP-A, as previ-
ously suggested.” In contrast, depletion of CENP-T to less than
10% of its normal levels in the extract does not have a major
effect on CENP-A deposition (Fig. 4A and 4D). Depletion of
CENP-W impairs CENP-A loading (Fig. 4C and 4F), but this is
due to co-depletion of CENP-C (lane 5 in Fig. 4C). Addition of
mycCENP-W to the CENP-W depleted extract does not rescue
the CENP-A loading defect whereas addition of only myc-
CENP-C does. Moreover, depletion of CENP-W with another
antibody that does not co-deplete CENP-C has no effect on

www.tandfonline.com
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tion with CENP-T. In contrast, most
CENP-C is present in the CSF extract
in a complex with CENP-W, since
depletion of CENP-W with the
CENP-W(1) antibody co-depletes
CENP-C to similar extent (around
80%, lane 5 in Fig. 4C). Although
the functional significance of this

ACENP-A

association is currently unclear, it is
interesting to note that it is cell cycle
specific, as it is not detected in inter-

phase (Fig. S3B).

CENP-C and CENP-T are required for kinetochore
assembly in mitosis

We have previously shown that CENP-C depletion reduces by
40% the amount of centromeric CENP-T in interphase nuclei
(Fig. 2C and D). When these nuclei are driven to mitosis the
amount of CENP-T further decreases to around 20% of the
amount present in chromosomes assembled in mock depleted
extracts (Fig. 5A). CENP-W cannot be detected at mitotic cen-
tromeres by immunofluorescence in the absence of CENP-C
(Fig. 5B), although immunoblot analysis of chromatin fractions
reveals a small population remaining in these chromosomes
(compare lanes 4 and 7 in Fig. 5C). On the other hand, CENP-
T depletion does not affect CENP-C localization (Fig. 5D).

The CCAN protein network connects centromeric chroma-
tin to the outer kinetochore in mitosis. Some experimental evi-
dences suggest a certain redundancy of 2 parallel pathways
directed by CENP-C and CENP-T/W, the former being more
important for Mis12 complex (Mis12C) recruitment and the
latter for recruitment of Ndc80 complex (Ndc80C). 232428
Other evidences, however, are more consistent with the exis-
tence of a single pathway with CENP-C at the top.*” To inves-
tigate this issue in our experimental system, we performed
immunofluorescent staining of mitotic chromosomes assembled
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interesting finding is the sequential
recruitment of CENP-C, CENP-T and
CENP-W to a naive chromatin tem-
plate  whose centromeres contain
CENP-A nucleosomes but no CCAN
proteins (Fig. 7). CENP-C present in
the soluble egg extract is capable of rec-
ognizing and binding CENP-A as soon
as the sperm chromatin is added to

AW 42 R
+mycW +mycC CSF extract.”” Moreover, when addi-
n=6 n=3 n=3 tional CENP-A is incorporated in the

DNA upon exit from mitosis, new

Figure 4. CENP-T and CENP-W are not required for CENP-A loading. (A-C) Immunoblot analyses of
extracts used in the CENP-A loading assays shown in (D-F). Increasing amounts of mock depleted CSF
extract (Amock) and extracts depleted from the indicated proteins with or without add-back of myc-
tagged proteins were analyzed side by side. H1 is used as a loading control. In (C), the CENP-W(2) anti-
body was used for depletion. (D-F) Bar graphs representing CENP-A loading efficiency in nuclei assem-
bled in the indicated extracts. More than 250 centromeres were quantitated per condition and
experiment. The number of experiments (n) is indicated below each bar. Bars represent mean £ SEM.

CENP-C is loaded as well. However,
we find little CENP-T in CSF chroma-
tin and, instead, its recruitment occurs
in late interphase. This recruitment
could depend on a factor that is only
activated at this stage and/or could
require a modification of the chromatin

in egg extracts lacking CENP-C, CENP-T or both with anti-
bodies against Mis12 and Ndc80. Importantly, the levels of
these KMN components in the soluble extracts remain
unchanged after the depletions (Fig. 6A). We observe a partial
reduction of Mis12C (Fig. 6B) and Ndc80C (Fig. 6C) signals
in the singly depleted extracts while neither protein can be
detected when CENP-T and CENP-C are eliminated simulta-
neously. Thus, despite the fact that depletion of CENP-C
reduces significantly the amount of CENP-T/W at mitotic cen-
tromeres (Fig. 5A-C), the remaining CENP-T/W can recruit
both Mis12C and Ndc80C. We conclude that 2 parallel
pathways driven by CENP-C and CENP-T/W promote
kinetochore assembly and can be reconstituted in Xenopus egg
extracts.
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template that results from some inter-

phase event.** In the Xenopus egg cell-

free system there is little transcription
and the main process happening in interphase chromatin is
DNA replication. We show here that CENP-T assembles onto
centromeres even if DNA replication is inhibited by addition of
aphidicolin. CENP-C is not required for CENP-T or its putative
loader to recognize centromeric chromatin. However, it may sta-
bilize the incorporated CENP-T either directly or through the
HIKM complex.”

Unexpectedly, we observe little CENP-W in interphase chroma-
tin. While we cannot discard the possibility that the antibody that
we use is unable detect CENP-W at interphase centromeres by
immunofluorescence, immunoblot analyses show a clear increase of
CENP-W on chromatin in mitosis with respect to interphase. Thus,
even if a small population of CENP-W is recruited to interphase
centromeres along with CENP-T, we find that bulk recruitment of
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Figure 5. Maintenance of CENP-T/W at
mitotic centromeres depends on CENP-C.
(A) Immunofluorescence analysis of CENP-T
(green) localization at mitotic centromeres
(labeled by CENP-A, red) assembled in
extracts that had been mock-depleted or
depleted of CENP-C. The graph on the right
shows the centromeric fluorescent inten-
sity for CENP-T as percentage of the mean
value obtained in the corresponding con-
trol experiment. At least 970 centromeres
were measured for each condition in 5
independent experiments. (B) CENP-W
localization in chromosomes assembled as
in (A). (C) Immunoblot analysis of chroma-
tin fractions assembled in CSF, interphase
and mitotic extracts following depletion of
CENP-C or mock depletion as control.
Cohesin (Rad21) is a marker for interphase.
Histone H3 is used as loading control. (D)
Immunofluorescence analysis of CENP-C
(green) localization at mitotic centromeres
(labeled by CENP-A, red) in chromosomes
from mock depleted or CENP-T depleted
extracts. Scale bars, 10 pm.

because it cannot compete with endoge-
nous CENP-W already stored in a com-
plex with CENP-T in the egg cytoplasm.
Our findings of a different recruitment
time for CENP-T and CENP-W could
be consistent with the differences in
dynamics reported for the 2 proteins in
FRAP studies in human cells.'® In the
same study, the fluorescence staining
of  centromere-associated ~ CENP-T
increases by 5-fold from early S-phase to
G2 but only 2-fold for CENP-W. Thus,
CENP-T could be assembled first onto
replicated chromatin and later on recruit
CENP-W/S/X. In vitro assays suggest
the existence of multiple DNA binding
sites in CENP-T and CENP-W.?*%*
While in human cells the assembly of the
CENP-T/W/S/X complex on chromatin
occurs in late S/G2 phase cells,"®%° i
may take place in mitosis in the egg
extracts. Xenopus homologues of CENP-
S and CENP-X are present in the data-
base but no antibodies against them are
available yet to test when they are
recruited to centromeres.

Our results also show that assembly
and/or maintenance of CENP-T/W at
mitotic centromeres requires CENP-C.
Previous results in human and chicken

somatic cells using siRNA and genetic conditional deletion,
respectively, suggest a more independent behavior of CENP-C
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Xenopus  egg extracts. *°
When CENP-C is missing,
centromeric chromatin may
be destabilized and only a
small fraction of CENP-T/
W' remains at centromeres.
Recent measurements of the
relative positions of kineto-
chore components by super
resolution microscopy sug-
gest that only a fraction of
CENP-C is actually involved
in interactions with Mis12C
47 Whereas the rest could be

Mis12 intensity performing a scaffolding role
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by interacting directly with
centromeric  chromatin.®®
Importantly, the fraction of
CENP-T/W that remains at
mitotic centromeres lacking
CENP-C is still able to
recruit both Mis12C and
Ndc80C. The interaction
between Ndc80C compo-
nents Spc24/25 and the N-
terminal region of CENP-T

/_\.mock AC AT AC&T

has been described and

shown to be mutually exclu-

Ndc80 intensity sive with the interaction

between  Ndc80C  and

100 - M exp1 Mis12C.2%* Thus, another
BeXPZ | [k must exist between

CENP-T and Misl2C

(Fig. 7, gray arrow).
In summary, our results
support the existence of 2

pathways for kinetochore

; ly directed by CENP-
AC&T assembly y

Amock AC AT AC& C and CENP.T/

W,21’24’28’29’45 which can be

reconstituted in the Xenopus
cell-free system. Moreover,
kinetochores can be assem-

(B) and Ndc80 (€). Quantification of total fluorescence in dots per chromosome mass is shown in the graphs on the

right. Bars represent mean =+ SD. Between 10 and 20 nuclei per condition were measured in 2 independent experi-

ments (exp1 and exp2).

and CENP-T/W in some studies 2*° but not in other.?’ It is
important to note that in our experimental system the mitotic
centromeric chromatin assembled in CENP-C depleted extracts
does not contain any CENP-C while in other systems complete
removal of chromatin-bound CENP-C is difficult to achieve.® As
shown in other organisms,”>*> CENP-C likely interacts with
Mis12C and this, in turn, can recruit Ndc80C to centromeres
even in the absence of CENP-T/W.?**> A previous study also
showed that Ndc80 and Misl2 co-immunoprecipitate from
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bled either

directly in CSF extracts or

onto  sperm

by allowing sperm to repli-

cate and then reenter mito-
sis. Our studies demonstrate that these 2 experimental
approaches build very different kinetochores. Kinetochores
assembled in CSF extracts lack the entire CENP-T/W and pre-
sumably S/X branch of assembly and appear to utilize only the
CENP-C branch. In contrast, kinetochores assembled after pas-
sage through interphase have both branches. This distinction
provides an experimental opportunity to separate these 2
branches of kinetochore assembly. Moreover, some previous
results using CSF extracts to test kinetochore function may
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Figure 7. Sequential recruitment of CENP-C, CENP-T and CENP-W to cen-
tromeres in Xenopus egg extracts. CENP-C recognizes CENP-A and binds
to centromeric chromatin when sperm is added to CSF extracts. When
these extracts are driven to interphase, de novo loading of CENP-A
occurs, which requires CENP-C but no CENP-T or CENP-W. The new
CENP-A also recruits more CENP-C. Soon after DNA replication, CENP-T
binds to centromeres. CENP-C is not strictly required for this process, but
its presence may stabilize the incorporated CENP-T. Upon entry in mito-
sis, CENP-W can be detected at centromeres. CENP-C becomes more
important for maintenance of CENP-T/W at this stage, most likely by pro-
viding stability to centromeric chromatin. Both CENP-C and CENP-T/W
direct kinetochore assembly by recruiting Mis12C and Ndc80C, respec-
tively. It is currently unclear how CENP-T affects Mis12C recruitment
independently of Ndc80C (gray arrow), although a weak interaction
between them has been detected in vitro.>*

require reinterpretation in light of this distinction, which must be
taken into account in future experiments using this system.

Materials and Methods

Antibody preparation

Full-length cDNAs of Xenopus tropicalis CENP-T and Xeno-
pus laevis CENP-W were transferred from IMAGE clones
7793391 and 6323080, respectively, to pENTR/D-TOPO first
and then to pDEST-17 (Invitrogen) to produce a His-tagged pol-
ypeptides in E. coli that were purified and injected in rabbits for
antibody production (Innovagen AB, Sweden). Rabbit polyclonal
antibodies were also raised against an N-terminal fragment of
Xenopus laevis CENP-C (amino acids 207-296, a gift from A. F.

www.tandfonline.com

Straight) and a C-terminal peptide of CENP-W (CIKAVAK-
TALKKSKG) coupled to KLH. The antibody raised against full-
length CENP-W, CENP-W(1), was used for immunoblot and
immunofluorescence in all the Figures. The antibody against the
C-terminal peptide, CENP-W(2) was used for immunoprecipita-
tion and depletion as indicated. Other antibodies used in this
study have been described before. Embryonic histone HI,
CENP-T N-terminal peptide, RbAp48 4t Xenopus CENP-A 9,
cohesin Rad21 °% condensin CAP-G °; phospho H3°2; Ndc80
and Mis12 %,

Preparation and use of Xenopus egg extracts

Cytostatic factor (CSF)-arrested low speed supernatants of
Xenopus eggs were prepared in XBE2 buffer (10 mM K-Hepes
[pH 7.71, 0.1 M KCL, 2 mM MgCl,, 0.1 mM CaCl,, 5 mM
EGTA and 50 mM sucrose). To drive CSF extracts to interphase
100 pg/ml cycloheximide and 0.5 mM CaCl, were added.
When required, aphidicolin (Sigma) was added at 50 pwg/ml and
biotin-16-dUTP (Roche) at 10 wuM. Chromosome assembly
reactions containing 800-1000 sperm nuclei/pl were processed
for chromatin fractionation and immunoblot or for immunoflu-
orescence as described.®’ Immunoprecipitation reactions were
carried out on 10 pl of protein A agarose beads using 100 pl of
extract and 2-5 g of antibody. Fractionation of a CSF extract in
a 5-20% sucrose gradient was performed as described.”’

Immunodepletion and add back

For immunodepletions antibodies were bound to Affiprep
Protein A support (Bio-Rad Laboratories). Depletion of 100 l
of extract required one (CENP-C) or 2 rounds (CENP-A,
CENP-T, CENP-W) of incubation with 50 wl of beads bound
to 30 g of antibody. For add back experiments, the full-length
cDNA of CENP-W was cloned into pCS2+myc vector and the
corresponding myc-tagged proteins was produced with TNT
Quick Coupled Transcription/Translation system (Promega).
The reticulocyte lysate containing the protein was added to the
depleted extract (up to 10% of extract volume) before addition
of the sperm. Full length CENP-C cloned in pCS2+myc was a
generous gift of A.F. Straight.?® In this case, the vector was linear-
ized with Sall and used for the production of mRNA using
mMESSAGE mMACHINE SP6 transcription kit (Ambion).
Purified mRNAs were added to CSF extracts at 0.05-0.1 mg/ml
and the extracts were incubated for 2 h at 22°C before starting
the assembly reaction to allow protein translation before sperm
addition.

Immunofluorescence

Chromosomes and nuclei assembled in Xenopus extract were
processed for immunofluorescence by fixation with 10 volumes
of 2% paraformaldehyde in XBE2 containing 0.5% of Triton X-
100. After 10 min, the fixed assembly mixtures were spun down
on coverslips through a 5 ml-cushion of 30% glycerol in XBE2
at 6500x g for 15 min at 4°C. Coverslips were blocked for 1 h
in 3% BSA in TBS-0.1% Triton X-100 and incubated for 1-
2 hours with primary antibodies diluted in blocking solution at
2-5ug/ml followed by 1 hour incubation in 1:200 donkey anti-
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Rabbit FITC (Vector Labs). Next, coverslips were incubated with
1 mg/ml non-immune rabbit IgG to saturate open IgG binding
sites in the secondary antibody and then incubated with Dylight
594-labeled CENP-A or CENP-C antibodies for 1 hour. After
washing, coverslips were stained with DAPI and mounted with
Mowiol. Samples were analyzed with a Leica DM6000 micro-
scope. Black and white images were taken with a CCD camera
and later processed with Photoshop. The same corrections in
intensity and contrast were applied for all the images correspond-
ing to the same staining in different conditions for a given experi-
ment. Only in the case of fluorescently-labeled CENP-A or
CENP-C, used to mark the position of centromeres but never to
score differences in intensity, the images may have been processed
differently. Quantification of fluorescence intensity was con-
ducted on unprocessed images using Image ] (National Institutes
of Health) except for Figure 6, in which we used Definiens
Developer XD v2 software. The CENP-A loading assay has been
described before 474!,
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