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SUMMARY

Active centromeres are marked by nucleo-
somes assembled with CENP-A, a centro-
mere-specific histone H3 variant. The CENP-A
centromere targeting domain (CATD), com-
prised of loop 1 and the a2 helix within the
histone fold, is sufficient to target histone H3
to centromeres and to generate the same
conformational rigidity to the initial subnucleo-
somal heterotetramer with histone H4 as does
CENP-A. We now show in human cells and in
yeast that depletion of CENP-A is lethal, but
recruitment of normal levels of kinetochore
proteins, centromere-generated mitotic check-
point signaling, chromosome segregation, and
viability can be rescued by histone H3 carrying
the CATD. These data offer direct support for
centromere identity maintained by a unique
nucleosome that serves to distinguish the cen-
tromere from the rest of the chromosome.

INTRODUCTION

The centromere is the locus that mediates accurate segre-

gation of each chromosome at mitosis (Cleveland et al.,

2003). A kinetochore, itself a large proteinaceous structure

0.5–1 mm in diameter (Rieder, 1982), is built upon each

paired sister centromere during prophase and mediates

attachment to spindle microtubules early in mitosis. Each

kinetochore that remains unattached generates a diffus-

ible signal capable of delaying the transition to anaphase

(the no-turning-back mitotic step where sister chromo-

somes are separated). Chromosomes lacking a functional

centromere are missegregated at mitosis because they

cannot attach to the spindle or generate a mitotic check-

point signal (Nasmyth, 2005). Likewise, chromosomes

with multiple, independently acting centromeres would
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be susceptible to kinetochore/spindle-mediated break-

age in mitosis. This is a critical step in breakage/fusion/

bridge cycles involving sister-chromatid fusions that gen-

erate an effective ‘‘dicentric’’ chromosome, and these

cycles provide a mechanism for gene amplification and

aneuploidy, which are common features of human cancer

(see Murnane and Sabatier [2004]). For most normal

human centromeres, the underlying DNA is comprised of

repetitive DNA, termed a satellite (Manuelidis and Wu,

1978; Willard, 1985), a subset of which houses a 17-mer

consensus sequence (Masumoto et al., 1989) that serves

as a binding site for the centromere component CENP-B

(Earnshaw and Rothfield, 1985). Both this site (‘‘the

CENP-B box’’) and the CENP-B protein itself appear to

be required for de novo centromere formation (a step

that is necessary for efficient assembly of stable human

artificial chromosomes [HACs]), indicating an important

role in generating new centromeres starting with ‘‘naked’’

recombinant DNA (Ohzeki et al., 2002).

Although there may be a preference provided by a satel-

lite arrays (and the associated CENP-B protein) for centro-

mere positioning, neither is necessary nor sufficient for

centromere inheritance, because there are examples of

both de novo centromere formation (to compensate for the

loss of the original centromere) and centromere silencing

(when a chromosomal fusion generates a dicentric prod-

uct) in patients with defined chromosomal rearrange-

ments (Depinet et al., 1997; du Sart et al., 1997; Earnshaw

and Migeon, 1985; Warburton et al., 1997). This ‘‘neocen-

tromere’’ formation and the silencing of the extra centro-

mere in ‘‘pseudo-dicentrics’’ are required in each case

to produce chromosomes with only one functional centro-

mere. Recently, two human cases described both phe-

nomena: a centromere that had relocated within an intact

chromosome 3 or chromosome 4, respectively, from the

original location to a new location on the chromosome

arm (Amor et al., 2004; Ventura et al., 2004). Although the

mechanism underlying this relocation of the centromere

within a chromosome is unknown, the remarkable finding

was that this new location persists in multiple family
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Figure 1. H3CATD Rescues the Long-Term Depletion of CENP-A by RNAi

(A) Scheme for replacing CENP-A with YFP-H3CATD.

(B) Centromere localization of endogenous CENP-A and YFP-H3CATD.

(C) Analysis of cell lines stably expressing YFP-H3CATD. 5 3 104 cells of each cell type were analyzed by immunoblot using anti-a-tubulin (top),

anti-GFP (middle), or ACA (bottom). A mix of recombinant YFP and CENP-A was loaded in adjacent lanes at the indicated levels.

(D) Colony outgrowth assays in a control cell line expressing YFP-H3 and a cell line expressing H3CATD. Each line was transfected with the indicated

RNAi plasmid, hygromycin selection was performed for 10 days, and colonies were fixed and stained with crystal violet.

(E) Analysis of cell lines expressing both YFP-H3CATD and CENP-A-directed RNAi. Colonies surviving CENP-A RNAi plasmid selection from

YFP-H3CATD-expressing cells were isolated, expanded to cell lines, and analyzed by immunoblot.
310 Molecular Cell 25, 309–322, January 26, 2007 ª2007 Elsevier Inc.
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members for at least two generations, despite the exis-

tence of an intact region within the same chromosome

corresponding to the original centromere at the level of

DNA sequence (megabases of repetitive a satellites that

are found at the normal centromere locus, but not at these

neocentromeres). The ability to permanently silence an

existing centromere with no rearrangement or deletion of

centromeric repeat DNA sequences, create a neocentro-

mere at a noncentromeric region of the chromosome

that lacks a satellite DNA, or both provides substantial

support for the notion that human centromeres are de-

fined epigenetically (Cleveland et al., 2003; Sullivan

et al., 2001).

The most attractive candidate for an epigenetic mark for

centromere function is a histone H3 variant, named cen-

tromere protein-A (CENP-A; [Earnshaw and Rothfield,

1985; Palmer and Margolis, 1985; Sullivan et al., 1994]).

Together with canonical histones H2A, H2B, and H4 it

forms nucleosomes at active centromeres from yeast to

humans (Smith, 2002). In mitosis, this chromatin serves

as the foundation for building the kinetochore (Sullivan,

2001). CENP-A is an essential protein, and its removal re-

sults in defects in kinetochore function and chromosome

segregation (Goshima et al., 2003; Howman et al., 2000;

Regnier et al., 2005; Stoler et al., 1995). In pseudo-dicen-

tric chromosomes, CENP-A is absent from the inactivated

centromere and is found on all known, naturally occurring

neocentromeres lacking a satellite repeats (Amor et al.,

2004; Warburton et al., 1997). This one-to-one correspon-

dence with active, but not inactive, centromeres and the

fact that it is a physical component of the chromosome

both support the notion that CENP-A-containing centro-

meric chromatin, in turn, may specify the heritable epige-

netic centromere.

Centromere inheritance after chromosome replication

requires the replenishment of the epigenetic mark. This re-

quires two critical components: (1) a physical mark at the

centromere and (2) a cis-acting targeting element to guide

newly made CENP-A to the centromere. CENP-A directs

compaction and conformational rigidity to the subnucleo-

somal tetramer it makes with histone H4 (Black et al.,

2004) relative to the corresponding tetramers of histones

H3 and H4. This structural alteration would lie within the

core of the nucleosome and may potentially differentiate

centromeric chromatin from the rest of the chromosome.

The region within the histone fold domain of CENP-A

that may provide the basis for this physical centromere

mark also serves as the CENP-A targeting domain (or

CATD). A subnucleosomal tetramer assembled by using

H3CATD, a chimeric histone H3 that contains the CATD

(consisting of the loop 1 and a2 helix from CENP-A), and

histone H4 adopts the more compact conformation of

the (CENP-A/H4)2 tetramer and is faithfully assembled

into centromeric chromatin (Black et al., 2004).
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We now use genetic replacement involving sequential

and stable, transcription-mediated RNAi in human cells

and plasmid shuffle in budding yeast to test the model

of CENP-A and its CATD as the generators of conforma-

tionally distinct nucleosomes sufficient to maintain centro-

mere assembly and replication.

RESULTS

H3CATD Maintains Centromere Function

upon CENP-A Depletion

To determine the abundance of CENP-A at the 1–10 meg-

abase human centromeres (Willard and Waye, 1987),

immunoblotting of extracts from randomly cycling HeLa

cells was performed with known amounts of CENP-A as

quantitation standards. This revealed that CENP-A is nor-

mally present at �3 ng in 5 3 104 HeLa cells (Figure 1C),

which equates to 2 3 106 copies per cell or 3 3 104 copies

per centromere (taking into account a DNA content of�50

chromosomes in these cells [Kops et al., 2004] with�60%

of cells in G1, �20% in S phase, and �20% in G2/M).

Therefore, an average centromere contains at most

30,000 CENP-A molecules or 15,000 CENP-A-containing

nucleosomes covering a total of 2.5 megabases of 171 bp

a satellite repeats. To test if targeting histone H3 to centro-

meres could functionally replace the thousands of CENP-

A molecules in these nucleosomes, stable cell lines were

generated that accumulated centromere-bound yellow

fluorescent protein (YFP)-tagged histone H3 substituted

with the 22 amino acid changes in loop 1 and the a2 helix

of CENP-A that form the CATD (Figures 1A and 1B). Two of

the resultant YFP-H3CATD-expressing lines were found to

contain respective molar ratios to endogenous CENP-A

of �1.2 (Figure 1C, lane 1) and �0.6 (Figure 1C, lane 2).

In the highest expressing line (with sufficient YFP-

H3CATD to replace the entire pool of endogenous CENP-

A), stable transfection with a hygromycin-selectable tran-

scription-mediated siRNA was then used to chronically

lower CENP-A synthesis. Reduction of CENP-A elimi-

nated colony outgrowth in almost all control, YFP-H3-

expressing HeLa cells lacking the centromere-targeted

H3CATD rescue construct (Figure 1D). The few surviving

individual colonies after CENP-A-directed RNAi in YFP-

H3-expressing cells survived by escaping knockdown,

with undiminished CENP-A levels (Figure S1 in the Sup-

plemental Data available with this article online). However,

two-thirds (64%) of YFP-H3CATD-expressing cells retained

colony-forming ability despite reduction in CENP-A levels.

Individual colonies were recovered from a parallel set of

plates and expanded to produce stable cell lines, and

CENP-A level was determined. Sixteen of twenty-one

colonies examined had CENP-A levels reduced by 3-fold

(Figure 1E; data not shown) (with the remaining five escap-

ing CENP-A reduction). YFP-H3CATD is thus sufficient to
(F) YFP-H3CATD performs an essential function when CENP-A levels are lowered. Parental cells expressing YFP-H3CATD over the background of

endogenous CENP-A form colonies in the absence or presence of YFP-directed RNAi. Cell lines with reduced levels of CENP-A are highly sensitive

to subsequent reduction of YFP-H3CATD levels.
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Figure 2. Functional Centromeres upon Depletion of CENP-A in YFP-H3CATD-Expressing Cells

(A) Scheme for FISH experiment to address chromosome segregation fidelity. Cells stably expressing both YFP-H3CATD and CENP-A-directed RNAi

or parental HeLa cells were fixed and subjected to FISH for centromere regions of chromosomes 2 and 7 (CEN2 and CEN7, respectively) either directly

or after allowing cells to propagate for 20 divisions.

(B) Representative images of CENP-A-RNAi/YFP-H3CATD cells hybridized with the indicated probe. The percentages of occurrence of centromere

signals are from line #3 after 20 divisions.
312 Molecular Cell 25, 309–322, January 26, 2007 ª2007 Elsevier Inc.
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increase cell viability after significant, long-term reduction

of CENP-A.

H3CATD-Mediated Maintenance of Centromere

Function Can Replace CENP-A

To determine if YFP-H3CATD in cells with reduced CENP-A

was responsible for retention of viability, its level was re-

duced by stable, transcription-mediated siRNA targeted

to sequences within the YFP moiety (Figure 1F). Although

parental cell lines expressing YFP-H3CATD and normal

levels of endogenous CENP-A produced a large number of

colonies upon selection for the YFP-targeted RNAi plas-

mid, fewer than 1 in 100 cells with reduced CENP-A levels

(from two independently isolated cell lines, Figure 1F and

data not shown) retained the ability to grow sufficiently

well to form colonies once YFP-H3CATD was reduced.

Thus, H3CATD is sufficient to rescue an essential function

of CENP-A at the centromere when CENP-A levels are

reduced.

We tested whether YFP-H3CATD in these cells with

reduced CENP-A could restore accurate chromosome

segregation by measuring karyotypic stability through 20

cell generations (Figure 2A). Chromosome copy numbers

for chromosomes 2 and 7 were monitored by fluorescence

in situ hybridization (FISH). Both the YFP-H3CATD cells with

chronic reduction of CENP-A as well as parental HeLa

cells (which maintain three copies of each FISH signal in

�90% of the HeLa cell population) displayed similar distri-

butions of chromosome numbers for both chromosomes

2 and 7 (Figures 2B and 2C). The distribution of copy num-

bers for each of these two chromosomes did not change

significantly over the course of a 20 generation culture pe-

riod in either the YFP-H3CATD cells with critically reduced

CENP-A levels or in parental HeLa cells. Chromosome

segregation fidelity in cells in which the essential CENP-

A function is provided by YFP-H3CATD (Figure 1F) is thus

maintained over long durations of mitotic growth (Figures

2A–2C).

To address whether H3CATD could functionally replace

the entire pool of CENP-A in cell lines already stably de-

pleted to �30% of normal CENP-A protein levels

(Figure 1E), the remaining pool of endogenous CENP-A

was further reduced by an additional transfection and se-

lection (with puromycin) for transcription-based siRNA

against two additional sites within the CENP-A mRNA

(Figures 2D and 2E). Within 5 days, this produced cells
Molecula
that were depleted by 90% of endogenous CENP-A

(Figure 2F) and in which YFP-H3CATD remained properly

targeted to centromeric foci (Figure 2G). Centromere

function was apparently not compromised in these

H3CATD-expressing cells depleted of most endogenous

CENP-A, because under typical growth conditions they

maintained a normal cell-cycle profile and centromere-

dependent mitotic checkpoint signaling remained intact

as judged by mitotic arrest after addition of a microtu-

bule-assembly disruptor (Figure 2H).

Rescue of Mitotic Kinetochore Function by H3CATD

Kinetochore assembly was also assessed in more detail in

CENP-A-depleted mitotic cells rescued by H3CATD. The

inner kinetochore component CENP-C has been found

in diverse eukaryotes to require CENP-A for its centro-

mere association (Goshima et al., 2003; Heeger et al.,

2005; Howman et al., 2000; Oegema et al., 2001; Regnier

et al., 2005). In cells with H3CATD (which has no sequences

similar to the CENP-A tail) replacing >90% of CENP-A,

CENP-C assembly at kinetochores was undiminished

(Figure 3B). The centromere staining of the alphoid DNA

binding component CENP-B becomes less compact

upon reduction of CENP-A by gene targeting in mouse

embryos, consistent with a perturbation in centromeric

chromatin structure (Howman et al., 2000). However,

replacement of CENP-A with the chimeric H3CATD

maintained underlying centromeric chromatin with

undiminished CENP-B binding (Figure S2A). Aurora B,

another inner centromere protein and a component of

the survivin-containing passenger protein complex, has

been proposed to be recruited to centromeres by

CENP-A (Kunitoku et al., 2003; Liu et al., 2006). However,

others have reported that recruitment of Aurora B occurs

independently of CENP-A (Oegema et al., 2001; Regnier

et al., 2005). In either case, it too bound to CENP-

A-depleted, H3CATD-containing kinetochores as well as

it did to normal kinetochores (Figure S2C). So too did

outer kinetochore components, including CENP-E

(Figure 3C) and the mitotic checkpoint component Mad2

(Figure S2B).

Functionality of CENP-A-depleted kinetochores res-

cued by H3CATD was directly examined by following

mitotic progression in live cells in which chromosome

movements could be followed after cotransfection of a

plasmid expressing histone H2B-mRFP along with siRNA
(C) Chromosome counts for each probe in initial cultures (black) and in three independently cultured populations (blue) grown for 20 divisions from

the initial culture. >300 cells were scored for each parental HeLa (left) and the CENP-ARNAi/YFP-H3CATD cells (right) for both chromosomes 2 (top) and

7 (bottom).

(D) Scheme for experiments to analyze mitotic behavior and kinetochore status of YFP-H3CATD-expressing cells upon CENP-A depletion.

(E) Targets for sequential knockdown approach to deplete CENP-A.

(F) Immunoblot to assess the level of CENP-A depletion. Cells were treated as outlined in (D) and loaded adjacent to a dilution series of parental HeLa

cells (see indicated percentage of cells loaded in relation to the CATD rescue cells). Stable selection of the plasmid led to a pool of cells with detect-

able CENP-A (Figure S4A). This reemergence of CENP-A expression occurs either through inactivation of the RNAi itself, a diminution of RNAi

expression, or another form of escape from expression of RNAi (note that a similar reemergence of YFP expression occurs in a parental cell line

that does not rely upon YFP expression for viability [Figure S4B]).

(G) Immunofluorescence of CENP-A in CATD rescue cells (bottom row).

(H) FACS analysis shows that CATD rescue cells mount a mitotic checkpoint in response to the microtubule poison nocodazole (Noc.).
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Figure 3. Intact Kinetochores in YFP-H3CATD-Expressing Cells upon Depletion of CENP-A

(A) Scheme for analysis of mitotic kinetochores in CATD rescue cells.

(B and C) CENP-C ([B], red), an inner kinetochore component, and CENP-E ([C], red), an outer kinetochore component, are localized properly on

mitotic kinetochores in CATD rescue cells.
plasmids to diminish CENP-A (Figure 4A). In control cells

expressing YFP-H3, CENP-A levels were reduced to be-

low detection limits at most mitotic kinetochores within 3

days (Figure 4B, second row from top). Partial depletion

of CENP-A yielded severely lagging chromosomes in ana-
314 Molecular Cell 25, 309–322, January 26, 2007 ª2007 Elsevi
phase (Figure 4C, second row from top; Movie S2), indic-

ative of a defect in kinetochore assembly and microtubule

attachment. Using the sequential CENP-A knockdown ap-

proach in cells initially rescued by YFP-H3CATD, CENP-A

depletion did not disturb normal mitotic progression by
er Inc.
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Figure 4. H3CATD-Mediated Rescue Is Essential for Proper Kinetochore Function during Mitosis

(A) Scheme for cotransfection approach to examine H3CATD-mediated rescue in living cells.

(B) Analysis of CENP-A knockdown by cotransfection of the indicated cocktails of RNAi plasmids and a cotransfection marker plasmid expressing

RFP-tagged histone H2B. The sequential knockdown approach to depleting CENP-A leads to the most dramatic reduction in CENP-A levels (third row

from top). In addition, both CENP-A and YFP-H3CATD are removed by using a cocktail that includes RNAi-expressing plasmids targeting both CENP-A

and the YFP moiety of YFP-H3CATD (bottom row).

(C) Mitotic behavior was monitored by live cell microscopy in each of the conditions indicated in (B).

(D–F) To examine the spindle checkpoint under the various RNAi treatments, cells were treated as in (A) and processed for Mad1 immunolocalization.

Both control YFP-H3 cells with a control RNAi vector (D) and YFP-H3CATD-expressing ‘‘CATD rescue’’ cells (E) have high levels of Mad1 on the kinet-

ochores of unaligned chromosomes in late prometaphase. Cells simultaneously depleted of both CENP-A and H3CATD contain unaligned chromo-

somes that are defective in recruiting Mad1 (F). Partially functioning kinetochores that have congressed exhibit misattachment to the spindle, and

these kinetochores recruit high levels of Mad1 (arrows).
Molecular Cell 25, 309–322, January 26, 2007 ª2007 Elsevier Inc. 315
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any measure: chromosome motility during congression

occurred with normal velocity (1.07 ± 0.53 mm/min versus

1.02 ± 0.39 mm/min in control cells), all chromosomes

aligned prior to anaphase onset (Figure 4C, third row

from top; Movies S3 and S4), and anaphase chromo-

some-to-pole movements were normal (0.77 ± 0.32 mm/

min versus 0.84 ± 0.18 mm/min in control cells). Normal

kinetochore function in CENP-A-depleted cells required

the H3CATD, because its removal by RNAi targeted to its

YFP sequences (Figure 4B, bottom row) produced failure

of congression with a subset of chromosomes misaligned

for an extended, preanaphase period (Figure 4C, bottom

row; >96 min; Movie S5). Although congression failure is

the predominant phenotype upon codepletion of CENP-A

and YFP-H3CATD, we also observed lagging chromo-

somes upon attempting to separate chromosomes in

anaphase (Figure S3 and Movie S6).

The extended mitotic delay seen upon simultaneous de-

pletion of endogenous CENP-A and the rescuing H3CATD

was unexpected, as loss of CENP-A function at the level

of an individual kinetochore was predicted to disrupt re-

cruitment of components of the kinetochore-dependent

mitotic checkpoint signaling formation that are required

for generating the delay. A single unattached kinetochore

in the parental CENP-A-containing cells is capable of pro-

ducing a sufficient level of the checkpoint inhibitor to delay

transition to anaphase (Bomont et al., 2005; Rieder et al.,

1995). Checkpoint signaling at individual kinetochores is

provided by recruitment of checkpoint components, in-

cluding a complex containing Mad1 and Mad2, both of

which are released from kinetochores as the checkpoint

is silenced by spindle microtubule capture (Shah et al.,

2004). As expected, in control cells, high levels of Mad1

were found on unattached kinetochores (Figure 4D) but

were absent after alignment. Consistent with the observed

mitotic arrest, CENP-A-depleted/H3CATD-rescue cells

recruited comparable levels of Mad1 (Figure 4E) to unat-

tached kinetochores, whereas none was detectable on

aligned, bioriented chromosomes.

Simultaneous depletion of CENP-A and the rescuing

H3CATD resulted in a subset of chromosomes that did

not attach, all of which failed to recruit detectable Mad1

(Figure 4F), consistent with failure to assemble a kineto-

chore capable of either attaching to spindle microtubules

or generating a mitotic checkpoint-mediated arrest. On

the other hand, most chromosomes did congress

(Figure 4F), indicating retention of at least partial function

even after transient depletion of the majority of CENP-A

and the rescuing H3CATD. Despite alignment, some cen-

tromeres recruited levels of Mad1 comparable to those

of unattached kinetochores in normal cells (Figure 4F, ar-

rows). These Mad1-positive centromeres must, therefore,

represent partially functional ones capable of attachment

sufficient for initial congression and for arresting advance

to anaphase by generation of mitotic checkpoint signal-

ing, but for which attachment is unstable, thereby rere-

cruiting Mad1-dependent checkpoint signaling despite

initial attachment.
316 Molecular Cell 25, 309–322, January 26, 2007 ª2007 Elsev
Dissecting the CATD: Targeting Information in Loop

1 and a2 Helix of CENP-A

Loop 1 is critical for CENP-A targeting in both humans and

flies because mutation in this region leads to mistargeting

of CENP-A to chromosome arms (Black et al., 2004;

Shelby et al., 1997; Vermaak et al., 2002). It is also a region

of evolutionary hypervariability, insomuch as some related

fruit fly species contain incompatible targeting residues

within their respective loop 1 regions (Vermaak et al.,

2002). Swapping loop 1 within the backbone of D. bipec-

tinata CENP-A relative (called CID in fruit flies) with the cor-

responding loop 1 from D. melanogaster regenerates

a CID molecule that is capable of targeting to D. mela-

nogaster centromeres (Vermaak et al., 2002). Unlike the

CATD (the combination of loop 1 and the adjacent a2 helix)

that is able to convert histone H3 into a centromeric his-

tone (Black et al., 2004), loop 1 alone is insufficient (Ver-

maak et al., 2002).

Deposition of histone H3.1 and H3.2 variants is coupled

to replication, whereas the deposition of H3.3 is replica-

tion independent (Ahmad and Henikoff, 2002; Tagami

et al., 2004; Worcel et al., 1978; Wu et al., 1982). The crit-

ical residues for the replication-dependent targeting of

H3.1 and H3.2 correspond to S87, V89, and M90 within

the a2 helix (Ahmad and Henikoff, 2002). The alteration

of any of these residues allows for deposition of H3 out-

side of S phase, and in the case of the histone H3.3 variant

that is deposited in a replication-independent manner

(Ahmad and Henikoff, 2002; Tagami et al., 2004), all three

of these residues are changed to A, I, and G, respectively

(Figure 5A). Because these three residues are also each

changed in CENP-A (Figure 5A), this suggests that the

CATD may be comprised of two independent compo-

nents: (1) targeting information within loop 1 and (2) resi-

dues within the a2 helix that direct the timing of CENP-A

deposition, permitting replication-independent deposition

of CENP-A, which is thought to occur during G2 (Shelby

et al., 2000). To test this model, substitutions were made

converting these sequences in CENP-A to either the

replication-dependent H3.1 or H3.2 residues (Q_LL /

S_VM) or the replication-independent H3.3 residues

(Q_LL / A_IG). If the a2 helix is solely providing determi-

nants permissive for deposition timing outside of S phase,

CENP-A targeting should be maintained with alteration to

the H3.3 residues but would mistarget with the H3.1/2

substitutions. In fact, both H3.1/2 and H3.3 substitutions

resulted in the mistargeting of CENP-A (Figure 5B) or

H3CATD (Figure 5C) to chromosome arms.

An Analogous CATD in Budding Yeast CENP-A

(Cse4p)

Our experiments in mammalian cells indicate that the in-

formation for both CENP-A localization and subsequent

function (once assembled into centromeric chromatin) is

provided by the CATD. Although CATD function is likely

conserved in mammals (because the CENP-A-specific

changes in its a2 helix that contact histone H4 are highly

conserved), the generality of a CATD domain in supplying
ier Inc.
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Figure 5. Replication Timing Determinants from H3.1/2 and H3.3 Are Each Incompatible with the Centromere Targeting of CENP-A

(A) Diagram of CENP-A and H3CATD. The three blue bars represent the position of the residues that are critical for the replication-dependent assembly

of H3.1 and H3.2 and the replication-independent assembly of H3.3 (Ahmad and Henikoff, 2002). The identities of these residues in each of the in-

dicated H3 variants are listed above the diagram.

(B and C) CENP-A (B) and H3CATD (C) are each mistargeted to noncentromeric chromatin upon substitution with either H3.1/2 or H3.3 residues at the

positions highlighted in (A). Cells were fixed and processed for indirect immunofluorescence 2 days after transfection with plasmids expressing the

indicated YFP-tagged proteins.

(D) Three distinct routes to chromatin assembly. See text for details.
the essential centromere function(s) of CENP-A was

tested in budding yeast. In contrast to the megabase cen-

tromeres of mammals, the centromere of budding yeast

contains only one or a few specialized nucleosomes con-

taining the essential CENP-A ortholog Cse4p (Smith,

2002; Stoler et al., 1995), although this view is challenged

by a recent report of a region of 20–40 kb surrounding the

centromere with partial coverage by Cse4p-containing

nucleosomes (Riedel et al., 2006). Cse4p differs from

histone H3 within the CATD region by a similar number of

amino acid insertions and substitutions as CENP-A does

in mammals (18 out of 43 residues in Cse4p compared to

22 out of 42 residues in CENP-A), but most of the changes

are themselves not conserved.

We tested if in the complete absence of Cse4p the cor-

responding region of Cse4p forms a functional CATD in
Molecu
this strikingly small centromere. The endogenous CSE4

locus was deleted, and centromere function was sup-

ported by an ectopic copy of CSE4 residing on a URA3-

encoding plasmid. These cells were transformed with

a second plasmid carrying various potential rescue

constructs (Figure 6A) expressed under the control of

a GAL1 promoter. Because loss of the Cse4p encoding

plasmid can be counterselected by using 5-fluoroorotic

acid (5FOA), such plasmid shuffling was used to test for

the ability to grow in the absence of CSE4. As suggested

by previous mutagenesis studies (Keith et al., 1999), a

successful H3/Cse4p chimeric protein required specific

N-terminal and C-terminal features from Cse4p for centro-

mere function (Figure 6A). The N terminus of Cse4p is sub-

stantially larger than that of CENP-A (129 versus 40 amino

acids). Although its structure is unknown, it contains a 33
lar Cell 25, 309–322, January 26, 2007 ª2007 Elsevier Inc. 317
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Figure 6. CATD Function in Budding Yeast

(A) Diagrams and behavior of potential CSE4 rescue constructs for galactose-induced expression. See Figure S5 for immunoblotting.

(B) Rescue of cse4D by either full-length Cse4p (#192), the histone fold domain of Cse4p alone (#193), or by CATD-containing rescue constructs (#200

is untagged and #215 contains a GFP tag). A dilution series is shown for each strain.

(C) GFP-H3CATD (#215) is enriched at the centromere by ChIP. GFP-Cse4p (middle) is included as a control.

(D) Mitotic behavior of the CATD-containing rescue construct in live cells. The construct localizes to centromeric clusters that are segregated to both

mother and daughter cells in mitosis.
amino acid domain that is not conserved, termed END,

which has been proposed to be an interaction interface

with components of the budding yeast kinetochore

(Chen et al., 2000). The extreme C-terminal residues of

Cse4p are also not conserved but are positioned at the

contact site with its partner Cse4p molecule in a putative

homotypic centromeric nucleosome at the budding yeast

centromere.

To identify the minimal yeast CATD sequence, a series of

six hybrid genes encoding histone H3 substituted with por-

tions of CSE4 was constructed (Figure 6A). As is also the

case in humans (Black et al., 2004; Shelby et al., 1997),

a minimal CATD was identified to consist of both the loop

1 and a2 helix. Both were necessary for centromere func-
318 Molecular Cell 25, 309–322, January 26, 2007 ª2007 Elsev
tion in yeast, with constructs lacking either region of Cse4p

(#217 and 216, Figure 6A) unable to replace CSE4 function.

Yeast containing this H3CATD, either alone (strain #200) or

with GFP inserted between the histone fold domain (strain

#215) and the N-terminal nonhistone domain, restored

viability to cse4D cells (Figure 6B). Chromatin immunopre-

cipitation (ChIP) of GFP-H3CATD verified its specific locali-

zation at the centromere (using antibodies to GFP and

primers for CEN3; Figure 6C), just as is seen for Cse4p

(Figure 6C) (as previously reported; [Meluh et al., 1998]).

Live cell imaging of yeast supported only by H3CATD

revealed continued clustering of discrete centromeric

foci whose behavior throughout mitosis mirrored that of

strains with authentic Cse4p (Figure 6D and Movie S7).
ier Inc.
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DISCUSSION

Our findings with human cells and budding yeast demon-

strate that the function of the CATD is conserved from

fungi to mammals and support the notion that it acts

from within the octameric core of the centromeric nucleo-

some to specify the location for kinetochore assembly.

The replacement of CENP-A with a histone H3 chimera

containing the 22 amino acid substitutions that generate

the CATD demonstrates that the major, possibly sole,

function of the specialized centromeric nucleosome is to

generate a unique chromatin environment. The CATD tar-

gets newly made CENP-A (or H3CATD) to the centromere,

possibly altering the structure of the nucleosomes into

which it assembles. As opposed to histone tails that are

used to modulate histone function in diverse chromatin-

mediated processes, the CATD affects CENP-A function

from within the histone fold that is predicted to be buried

within the nucleosome core (Black et al., 2004). In our

replacement in human cells, H3CATD retains the amino-

terminal tail from canonical H3 but still yields proper

targeting of CENP-C to centromeres in the absence of

the CENP-A amino-terminal tail (Figure 3B). With inner

centromere components (such as Aurora B) and inner

kinetochore components (such as CENP-B and CENP-C)

still targeted, the H3CATD replacement centromeres form

a functional kinetochore with the outermost class of

proteins involved in mediating and sensing microtubule

attachment (represented in our experiments by CENP-E

[Figure 3C], Mad1 [Figure 4F], and Mad2 [Figure S2B])

recruited at normal levels.

Deposition Pathway for CENP-A Is Distinct

from H3.1/2 and H3.3

A consequence of the location of the CATD, which over-

laps with the position of the residues (Ahmad and Henik-

off, 2002) that direct the DNA replication-dependent load-

ing of H3.1 by the CAF-1 complex (Smith and Stillman,

1989; Tagami et al., 2004), is that it allows CENP-A to be

loaded outside of S phase. The H3.3-specific amino acid

substitutions dictate its own replication-independent rec-

ognition by the HIRA complex and subsequent loading

onto chromosomes (Ahmad and Henikoff, 2002; Tagami

et al., 2004), and this loading has been proposed to be

linked to transcription (Chow et al., 2005; Mito et al.,

2005; Schwartz and Ahmad, 2005; Wirbelauer et al.,

2005). Along with our analysis of the corresponding posi-

tion of the H3 deposition determinants within the CATD of

CENP-A, these earlier efforts support the notion that the

depositions of H3.1/2 and H3.3 are not targeting events

per se, but rather nontargeted events that are coupled to

DNA metabolism (replication and transcription, respec-

tively; Figure 5D). CENP-A deposition, however, operates

independent of DNA sequence but must be a directed tar-

geting. This is mediated by the CATD, which produces

conformationally more rigid subnucleosomal tetramers

of CENP-A and histone H4 (Black et al., 2004).
Molecul
Specialized Nucleosomes as the Basis

for Kinetochore Forming Centromeric Chromatin

Taking into account both the conformational rigidity con-

ferred to the subnucleosomal tetramers by the CATD

and the current functional data, we propose that a confor-

mational difference conferred by the CATD serves as the

initial determinant for chromatin loading (possibly involv-

ing an as yet unidentified chromatin loader) or stabilization

after loading and as a final mark of specialized chromatin.

The latter role in marking the chromatin would provide the

physical basis for how centromeres are epigenetically

specified. Determining the conformational flexibility or

rigidity of these nucleosomes will be the critical test of

this model. If CENP-A does indeed generate structurally

divergent nucleosomes, once assembled, this unusual

chromatin domain first recruits essential, constitutive

centromere components, including the CENP-A nucleo-

some-associated complex (CENP-ANAC) (Foltz et al.,

2006) (comprised of six components, including CENP-C,

CENP-H, CENP-M, CENP-N, CENP-T, and CENP-U[50]),

CENP-I, and other proteins that form the inner kinetochore

and in turn are thought to recruit outer kinetochore com-

ponents that arrive at the centromere during prophase

and prometaphase (Figure 7A).

A functional mammalian kinetochore likely requires the

establishment of a localized array of CENP-A-containing

nucleosomes because transiently forcing CENP-A to in-

tersperse randomly into chromosome arms by transient

overexpression did not produce spontaneous kinetochore

formation at noncentromeric loci (Van Hooser et al., 2001).

This view should be tempered by the report (in D. mela-

nogaster) that expression of CID to 70-fold over its typical

level (i.e., near the level of histone H3) yielded replacement

of H3-containing nucleosomes in euchromatic regions,

and this was coincident with occasional recruitment of

one or more kinetochore components (Heun et al.,

2006). What our evidence adds to this is that full centro-

mere function is dependent upon the chromatin structure

alteration that is mediated by the CATD. The structured

core of histones is in contrast to their unstructured ‘‘tails’’

that protrude from the nucleosomal core. Although an

auxiliary role of the CENP-A tail or CENP-A-specific tail

modifications in HeLa cells cannot be eliminated, our find-

ing that H3CATD replacement is essential when CENP-A is

substantially reduced indicates that if the structurally dis-

tinct core of CENP-A is embedded in centromeric nucleo-

somes then either tail will suffice. Furthermore, the essen-

tial role of the CATD in CENP-A function in the context of

the array these nucleosomes formed at the centromere

supports the hypothesis that the higher-order chromatin

structure at the base of the kinetochore has its foundation

in individual CENP-A-containing nucleosomes.

Higher-Order Chromatin Structure at the Inner

Kinetochore

Although the higher-order organization of centromeric

chromatin is thought to contain an array of CENP-A-con-

taining nucleosomes that are not contiguous on physically
ar Cell 25, 309–322, January 26, 2007 ª2007 Elsevier Inc. 319



Molecular Cell

H3CATD Replaces CENP-A in Centromeric Nucleosomes
Figure 7. Centromeric Chromatin from Mammals to Budding Yeast

Diagrams for the organization and mitotic kinetochore function of structurally distinct nucleosomes containing CENP-A found exclusively at active

mammalian (A) and budding yeast (B) centromeres. See text for details.
stretched chromatin fibers but are brought together in

three-dimensional space (Blower et al., 2002; Zinkowski

et al., 1991), the basis for this higher-order organization

is unknown. During interphase, human centromeres exist

as discrete subnuclear foci and remain associated after

duplication in S phase. In prophase, as the chromatin con-

denses, CENP-A-containing chromatin is positioned at

the exterior face of the chromosome in order to be in

proper position to build a kinetochore that can attach to

the bipolar spindle (Figure 7A). The kinetochore-forming

CENP-A chromatin exists as a disk shape of �0.5–1 mm

in diameter that is thought to exclude H3-containing nu-

cleosomes (Blower et al., 2002; Rieder, 1982). Our finding

that there are sufficient protein levels to generate�15,000

copies of the CENP-A-containing nucleosome at an aver-

age centromere leads to a model where this chromatin

structure would contain one to two layers of CENP-A nu-

cleosomes (Figure 7A). This higher-order chromatin struc-

ture at the mega multisubunit mammalian centromere is in

contrasting size to the tiny centromeres of budding yeast,

but each contains the rigid, centromere-specific nucleo-

some at the foundation of the kinetochore (Figure 7B).

All of this leads to a model for CATD-mediated targeting

of newly made CENP-A that involves a self-directing pro-

cess wherein the structurally distinct prenucleosomal

complex of CENP-A/histone H4 tracks to existing CENP-

A-templated chromatin and is assembled at immediately

adjacent sites. Because the H3CATD chimeric histone is

sufficient to rescue CENP-A depletion in creating the un-

derlying chromatin required for a functional inner kineto-

chore, this supports the view that the higher-order,

three-dimensional organization of kinetochore-forming

centromeric chromatin is also driven by self-directed in-

teractions between uniquely structured nucleosomes.

This would provide an explanation for neocentromere

formation, with the earliest events involving the misincor-

poration of CENP-A at noncentromeric regions. After

prolonged overexpression of CENP-A (colorectal cancer
320 Molecular Cell 25, 309–322, January 26, 2007 ª2007 Elsev
examples; [Tomonaga et al., 2003]) or under high selective

pressure (neocentromere formation on marker chromo-

somes; [Depinet et al., 1997; du Sart et al., 1997; Warbur-

ton et al., 1997]), the self-association between adjacent

nucleosomes creates a chromatin environment that is

conducive to expanding and propagating the region.

Thus, a new centromere is formed and, in the case of a her-

itable neocentromere, is epigenetically maintained. This

model places the centromere-specific nucleosome as

the fundamental chromatin unit driving centromere inher-

itance and establishing the site for kinetochore assembly.

EXPERIMENTAL PROCEDURES

Plasmid-Based RNAi

RNAi experiments were performed in HeLa cells or their derivatives

stably expressing the indicated YFP fusion proteins. RNAi target se-

quences were expressed from transfected, selectable plasmids. De-

tails regarding the generation of the cell lines, RNAi target sequences,

viability assays, and analysis by immunoblot, immunofluorescence,

FACS, and FISH can be found in the Supplemental Data.

CSE4 Gene Replacement

Plasmid shuffling was used to replace CSE4 with the indicated induc-

ible constructs, and growth was assessed by using 5FOA-mediated

counter-selection. Details regarding strains, constructs, the plasmid

shuffle scheme, growth tests, and ChIP analysis can be found in the

Supplemental Data.

Live Cell Analysis

Both mammalian cells and yeast cells were analyzed in mitosis by us-

ing a spinning disk confocal microscope. Images were acquired in the

GFP, YFP, and/or RFP channels, where indicated, as well as by differ-

ential interference contrast. Details regarding growth conditions, mi-

croscopy, and image capture can be found in the Supplemental Data.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,

Supplemental References, five figures, and seven movies and can

be found with this article online at http://www.molecule.org/cgi/

content/full/25/2/309/DC1/.
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Supplemental Experimental Procedures 

Cell lines 

HeLa cells and their derivatives were cultured in DMEM supplemented with 10% 

fetal bovine serum (FBS) or newborn calf serum. HeLa monoclonal cell lines expressing 

either YFP-H3 or YFP-H3CATD were generated by stable integration via Moloney murine 

leukemia retroviral delivery. The YFP-H3 and YFP-H3CATD constructs (Black et al., 

2004) were each sub-cloned into the retroviral plasmid, pBABE-BLAST (Shah et al., 

2004), and these were subsequently co-transfected using Fugene 6 (Roche, Indianapolis, 

IN) with the VSV-G pseudotyping plasmid into 293-GP cells (which express the 

retroviral gag and pol genes) to generate amphotropic retrovirus (Morgenstern and Land, 

1990). Virus-containing supernatant was harvested two days following transfection, 

passed through a 0.45 µm filter, mixed with hexadimethrine bromide (Polybrene; 8 

µg/ml), and then incubated with HeLa cells overnight. Blasticidin S (Calbiochem, San 

Diego, CA; 2.5 µg/ml) selection was introduced two days following infection and 

continued for two weeks. Cells stably expressing the YFP-fusion proteins were isolated 

and individually sorted into separate wells of a 96-well plate by flow cytometry 

(FACSVantage, BD Biosciences, San Jose, CA) or by plating at a limiting dilution (one 

cell per three wells). The resulting monoclonal lines were expanded and examined by 



fluorescence microscopy to identify lines expressing the YFP-fusion protein. All YFP-

fusion protein-expressing HeLa lines were maintained in blasticidin S (1 µg/ml). 

 

Plasmid-based RNAi 

All of the RNAi experiments were performed with the pSuper plasmid 

(Brummelkamp et al., 2002) or its derivatives. The initial CENP-A target sequence used 

was 5'- ACAGTCGGCGGAGACAAGG-3' and was expressed from a version of pSuper 

in which we had sub-cloned the hygromycin B expression cassette from pBig2i 

(Strathdee et al., 1999). Following transfection of the RNAi plasmid using Effectene 

(Qiagen, Valencia, CA), colonies were selected using hygromycin B (Invitrogen, 

Carlsbad, CA; 250 µg/ml). For isolation of stable monoclonal lines, selection was 

allowed to continue for thirteen days so that large colonies would form that could be 

transferred to a well of a 96-well dish. These lines were expanded and maintained in the 

continued presence of hygromycin B. For the colony outgrowth assays, cells were fixed 

with methanol for 30 min and then stained with crystal violet. Two additional CENP-A-

directed RNAi plasmids were generated in pSuper-Retro-Puro (OligoEngine, Seattle, 

WA) using the target sequences 5'- CCGCCTGGCAAGAGAAATA-3' and 5'- 

TTACATGCAGGCCGAGTTA-3', respectively, and were used in the sequential 

knockdown of endogenous CENP-A expression. The target sequence for YFP was 5'-

GAACGGCATCAAGGTGAAC-3' which was expressed from pSuper. Co-transfection 

of the YFP-directed RNAi plasmid and pBABE-PURO (Morgenstern and Land, 1990) at 

a 10:1 ratio was followed by puromycin (Calbiochem, San Diego, CA; 1 µg/ml) selection 

for twelve days and crystal violet staining. 

 

Yeast strains and constructs 

All yeast strains used in this study are in S288c background. Genomic coordinates 

345680 to 346408 of chromosome XI encompassing the complete CSE4 ORF were 



removed by one step gene replacement with a TRP1 cassette in diploids resulting in strain 

DWCY67. Replacement was verified by PCR and by the production of 50% inviable 

spores upon sporulation. The complete intronless genomic CSE4 ORF was cloned by 

PCR during which EcoRI and XhoI sites were added directly upsteam of the start codon 

and downstream of the stop codon, respectively, and the product was cloned into 

corresponding sites of pRS416MET25 and transformed into DWCY67. Upon 

sporulation, TRP+ URA+ haploids were selected creating DWCY69. 

All CSE4, H3 and CSE4/H3 hybrids were constructed by PCR, overlap extension 

PCR (Horton et al., 1989) and by QuikChange Site-Directed Mutagenesis (Stratagene, La 

Jolla, CA). CSE4 and H3 sequences were derived from genomic CSE4 and HHT1 loci 

respectively. In all cases, BamHI and XhoI sites were added directly upstream and 

downstream of start and stop codons, respectively, and cloned into corresponding sites in 

pESC-HIS (Stratagene, La Jolla, CA). For construct #193, a start codon was placed in 

front of the lysine residue at position 130 of Cse4. For constructs #198, 200, 215, 216, 

and 217 amino acids 1-38 of H3 were replaced with amino acid 1-129 of Cse4 thereby 

replacing the H3 N-terminal tail with the Cse4 N-terminal domain (the full length H3 N-

terminal tail is maintained in construct #196). The following H3 Cse4 mutations were 

made in constructs # 196, 200, 215, 216, and 217: K126Q and extreme C-terminal 

ERS(134-136) QFI (analogous to previously identified allele cse4-369 (Keith et al., 

1999). For constructs #196, 198, 200, and 215, the region from A76 through I113 of H3 

was replaced by the corresponding region containing the Loop 1 and α2 helix of Cse4 

(T166 through L206). For construct #216, the region from A76 through F85 of H3 was 

replaced by the corresponding region of Cse4 (T166 through W178). For construct #217, 

the region S88 through I113 of H3 was replaced by the corresponding α2 helix of Cse4 

(M181 through L206). 

For construct #215, the complete ORF of yeast codon optimized GFP (derived 

from pFA6a-GFPMT-HIS3MX6; (Wach et al., 1997) was inserted between the last 



residue of the Cse4 non-histone domain and the first residue of the H3 core domain 

spaced on either side with two glycine residues. All final constructs were verified by 

DNA sequencing. 

 

Plasmid shuffling 

DWCY69 was transformed with CSE4/H3 hybrid constructs and plated on 

complete synthetic dropout galactose medium lacking tryptophan and histidine but 

containing uracil (GALCSM-HT) to allow loss of pRS416MET25-CSE4. Colonies were 

scored for growth rate and replated on the same medium but 5FOA (Zymo Research) was 

included to select for cells that have lost pRS416MET25-CSE4. Colonies surviving 

5FOA treatment were resuspended in water diluted to 107 cells/ml. 5 µl of 3-fold serial 

dilutions were spotted on GALCSM-HT medium for growth assays. In stable 

replacement strains, loss of wild type CSE4 sequences and identity of the rescue construct 

were verified by PCR and DNA sequencing. 

 

Chromatin IP 

Cells were grown in galactose containing medium to OD600 0.75, fixed in 1% 

formaldehyde for 10 min, and quenched with 125 mM glycine. Whole cell lysate was 

prepared from 75 OD units as described (Strahl-Bolsinger et al., 1997) and chromatin 

was sheared to an average length of ~300 base pairs by sonication. Clarified extract was 

used as starting material for IPs. GFP tagged proteins were immunoprecipitated using 

rabbit polyclonal anti-GFP antibodies immobilized on protein A support (Affi-Prep, 

BioRad, Hercules, CA). Precipitates were washed, de-crosslinked, and DNA was isolated 

as described (Strahl-Bolsinger et al., 1997). The CEN3 locus and the locus 4 kb from the 

centromere on the left arm were amplified using primers that have been described (Ortiz 

et al., 1999). A region 1.3 kb to the right of the centromere was amplified with the 

following oligo’s: 5'-TCCCCATGTGGGAGTTCTACG and 5'-



CGAGACAGTTCCATAGCAAACTC. PCR products amplified of the 3 loci were 

pooled, resolved on acrylamide and stained with Ethidium Bromide. 

The GFP-Cse4 control strain was constructed as follows: The 33 amino acid 

essential N-terminal domain (END) of Cse4 (Chen et al., 2000)  and the Cse4 histone 

fold domain encompassing amino acid 130-229 were fused to the N- and C-terminus of 

yeast codon optimized GFP (from source as above) respectibely by overlap extension 

PCR (Horton et al., 1989). Both Cse4 domains were spaced from GFP with two glycine 

residues. EcoRI and BamHI sites were added by PCR directly upstream and downstream 

of the ORF respectively and product was cloned into pUC19. The ADH1 terminator and 

a URA3 cassette were inserted immediately downstream of the ORF. The entire cassette 

was PCR amplified to include homology arms and the product was targeted to the CSE4 

locus in diploid S288c cells replacing one CSE4 allele (genomic coordinates 345680 to 

346408 of chromosome XI, encompassing the complete CSE4 ORF were removed) with 

the targeting construct which replaces the CSE4 start codon with that from END-GFP-

CSE4core. Haploids carrying the tagged Cse4 only were isolated by sporulation and tetrads 

dissected. Clones were selected by uracil prototrophy and correct targeting was verified 

by PCR and sequencing the genomic insert. 

 

Immunoblots 

Whole cell extracts were separated by SDS-PAGE and transferred to 

nitrocellulose. Recombinant YFP protein (a kind gift from R. Tsien, UCSD) and CENP-

A (Black et al., 2004) were used as standards to determine the level of endogenous 

CENP-A and exogenously expressed YFP-H3CATD. For the immunoblots, anti-α-tubulin 

(DM1A, Sigma) ascites was used at a dilution of 1:4000, anti-GFP (Seedorf et al., 1999) 

affinity purified pAb was used at 3 µg/ml, anti-CENP-A (a kind gift from K. Yoda, 

Nagoya University) tissue culture supernatant was used at a dilution of 1:30, and human 

anti-centromere (Antibodies, Inc., Davis, CA) antibodies were used at a dilution of 1:300. 



Secondary antibodies were obtained from Amersham Biosciences (Piscataway, NJ) and 

Jackson ImmunoResearch Laboratories (West Grove, PA).   

 

Indirect immunofluorescence  

Cells grown on glass coverslips were fixed and processed for indirect 

immunofluorescence. For mitotic chromosome preparations, nocodazole (Sigma, St. 

Louis, MO; 400 ng/ml) treated cells were harvested by agitation, hypotonically swollen 

in 75 mM KCl, spun onto glass slides using a Cytospin centrifuge (Thermo Electron, 

Waltham, MA) at 2000 rpm for 2 min, and then processed for indirect 

immunofluorescence. All mutations of CENP-A and H3CATD were generated using the 

Quickchange system (Stratagene, La Jolla, CA) in each respective YFP-fusion protein 

construct. Anti-CENP-A was used at a dilution of 1:100, anti-CENP-B (Earnshaw et al., 

1987) ascites was used at a dilution of 1:200, anti-CENP-C (a kind gift from B. 

Earnshaw, University of Edinburgh) sera was used a dilution of 1:1000, anti-CENP-E 

(Brown et al., 1996) sera was used at a dilution of 1:200, anti-Mad1 (a kind gift from A. 

De Antoni and A. Musacchio, IEO, Milan) tissue culture supernatant was used at a 

dilution of 1:20, anti-Mad2 (Kops et al., 2005) affinity purified pAb was used at 1:200, 

and anti-aurora-B (anti-AIM1, BD Biosciences, San Jose, CA) purified mAb was used at 

1.25 µg/ml. Donkey secondary antibodies (anti-mouse Cy5-conjugated, anti-rabbit Texas 

Red-conjugated, and anti-rabbit Cy5-conjugated) were obtained from Jackson 

Immunoresearch Laboratories (West Grove, PA). Samples were stained with DAPI prior 

to mounting with Vectashield medium (Vector Laboratories, Burlingame, CA). Digital 

images were captured using Deltavision Softworx software by a Roper Coolsnap interline 

charge-coupled device camera mounted on an Olympus IX-70 inverted microscope. For 

each sample, images were collected at 0.2 µm z-sections that were subsequently 

deconvolved using identical parameters. The z-stacks were then projected as single two-



dimensional images and assembled using Adobe Photoshop (version 7.0) and 

Macromedia Freehand (version 10.0).   

 

FISH 

Cells grown on coverslips were fixed in 4% formaldehyde and permeabilized with 

0.1% saponin and 0.1% Triton-X 100 in PBS. After a 20 min incubation in PBS 

supplemented with 20% glycerol, coverslips underwent three cycles of freeze/thaw in 

liquid N2, rinsed in PBS, washed twice in 2X SSC, and treated with 100 µg/ml RNase for 

30 min at 37°C. Subsequently coverslips were washed twice in 2X SSC, incubated for 10 

min in 0.1 M HCl, extracted again in PBS supplemented with 0.5 % saponin and 0.5% 

Triton-X 100, and then rinsed in PBS. Centromere specific probes for chromosome 2 and 

7 were labeled with Rhodamine labeled dUTP (Roche, Indianapolis, IN). Labeled probe 

(5 ng/µl) and salmon sperm carrier DNA (1000 ng/µl) were resuspended in 2X SSC 

containing 50% formamide, 10% dextran sulfate, and 0.1% Triton-X 100. Probe mixtures 

were denatured just prior to hybridization for 5 min at 75°C. The coverslips containing 

the samples were also denatured for 5 min at 75°C in 2X SCC containing 70% 

formamide. Directly following the denaturation steps, coverslips were placed on 10 µl of 

denatured probe on a glass slide, sealed with rubber cement, and incubated for 16 h at 

37°C. Coverslips were then washed once in 2X SSC containing 50% formamide for 30 

min at 37 °C, twice in 2X SSC for 5 minutes at 37 °C, rinsed in PBS, stained with DAPI, 

and mounted with ProLong (Molecular Probes, Eugene, OR). Images were collected of 1 

µm z-sections spanning the entire nucleus using a Deltavision microscope (described 

above). Stacks of images were subsequently deconvolved and projected as single two-

dimensional images. Multiple panels were acquired allowing over 300 cells to be 

analyzed for each data point.   

 



FACS analysis 

Cycling cells or cells arrested for 16 h in nocodazole were harvested, fixed in 

ethanol (70%), washed in PBS supplemented with FBS (1%), and then stained with 

propidium iodide (10 µg/ml) in PBS supplemented with FBS (1%) and RNase A (250 

µg/ml). DNA content was measured on a FACSVantage (BD Biosciences, San Jose, CA). 

 

Live cell microscopy 

Mitotic chromosome movements were monitored by imaging RFP-tagged histone 

H2B (H2B-RFP). To generate the H2B-RFP expression plasmid we first replaced the 

BFP open reading frame from pEBFP-N1 with RFP (version mRFP1.3 [(Shaner et al., 

2004). Then we sub-cloned histone H2B (kindly provided by K. Sullivan, Scripps) into 

this plasmid to generate the H2B-RFP fusion protein expression cassette. In all of our live 

cell experiments, this plasmid was co-transfected with RNAi plasmid mixes at a ratio of 

1:10. Cells were plated on glass-bottomed 35 mm dishes (MatTek, Ashland, MA) 36-48 

hours prior to analysis. Just before imaging, the media was replaced with CO2-

independent media (Invitrogen, Carlsbad, CA) supplemented with 10% FBS. A layer of 

mineral oil covered the media to prevent evaporation. Time-lapse images were captured 

with a Hamamatsu Orca ER charge coupled device camera mounted on a spinning disk 

confocal (McBain Instruments, Chatsworth, CA) attached to a Nikon TE2000e inverted 

microscope equipped a 60X/NA1.4 objective lens.  Media temperature was maintained at 

34-37oC at all times with a heated stage, and this was externally monitored using a 

thermocouple.  Images were acquired for YFP and RFP channels, as well as differential 

interference contrast (DIC) at one min intervals. For each time-point, 5 X 1 µm z-sections 

were acquired for fluorescence images and a single DIC image was acquired at the 

middle z-position using Metamorph software. Images were processed for movies and 

stills using Metamorph. For chromosome motility measurements, at least 15 



chromosomes from at least 5 cells were monitored and distance measurements were made 

using standard methods in Metamorph. 

For yeast imaging, 5FOA resistant Y69 strain carrying construct #215 and lacking 

CSE4 was grown in (GALCSM-HT) to mid log phase and spotted on a 2% low melting 

agar slab in the same medium. The slab was sealed with a cover slip and VALAP 

(Vaseline : lanolin : paraffin 1:1:1 [w/w]) and imaged by spinning disk confocal 

microscopy with a 60X objective and 1.5X auxiliary magnification. A stack of 5 images 

at 1 µm intervals were acquired for fluorescence images and a single DIC image was 

acquired at the middle z-position. Stacks of acquisitions (1 min intervals) were projected 

to flattened images post-acquisition using Metamorph software. 

 

 

 
 

Fig. S1. Escape from CENP-A RNAi in survivors from the YFP-H3-expressing 

control HeLa line. (A) Experimental scheme. Despite lacking a rescue construct 

containing YFP-H3CATD, the YFP-H3-expressing control HeLas generated a small 

number of surviving colonies after selection of the plasmid expressing CENP-A-directed 

RNAi (see scheme in Figure 1 D & E). From a colony selection plate not used for crystal 

violet staining, we isolated, expanded, and prepared these lines for immunoblot analysis 

(B).  Here, four separate lines were analyzed for CENP-A levels and compared to control 



HeLa cells.  The asterisk marks the mobility of a cross-reacting band that serves as an 

internal loading control.  There is no detectable decrease of CENP-A protein levels in 

these cells, indicating that the YFP-H3 control HeLas have escaped CENP-A-directed 

RNAi knockdown despite obtaining resistance to hygromycin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



Fig. S2. Intact kinetochores in YFP-H3CATD-expressing cells upon depletion of 

CENP-A. CENP-B (A), an inner kinetochore component, Mad2 (B), an outer 

kinetochore component, and Aurora B (C), an inner centromere component, are each 

localized properly on mitotic kinetochores in RNAi/Rescue cells. (D) Scheme for 

analysis of mitotic kinetochores in CATD Rescue cells. 

 

 

 

 

 

 

Fig. S3. Lagging chromosomes in the small proportion of cells that progress past 

metaphase in cells depleted for both CENP-A and the rescuing YFP-H3CATD. Stills 

from Movie S6 showing a cell attempting to progress through mitosis despite the co-

depletion of CENP-A and YFP-H3CATD. In the rare instance that these cells progress past 

metaphase, lagging chromosomes are clearly present (the one marked with an arrow in 

the 11' still image) is left behind in the center as chromosomes progress poleward), 

indicative of centromere defects. 

 

 

 

 

 

 

 

 

 



 

Fig. S4. Robust knockdown of endogenous CENP-A after 5 days of sequential and 

selectable plasmid-based RNAi (A) Knockdown after transient triple knockdown and 

re-emergence of endogenous CENP-A after selection of stable puromycin resistant cells. 

(B) Re-emergence of YFP-expression in a parental cell line expressing YFP-H3CATD on 

top of normal levels of CENP-A. This shows that the re-emergence is a property of the 

RNAi cassette selection for stable expression. 

 

 

 

 

 

 

 

 



 

 

Fig. S5. Immunoblot of cse4∆ rescue constructs. Extracts from 1 X 107 yeast cells were 

separated by SDS-PAGE for strains where CSE4 is replaced by the indicated constructs 

after galactose-induced expression. Immunoblotting was performed using a rabbit 

polyclonal antibody raised against and affinity purified with a recombinant version of the 

N-terminus of Cse4p (amino acids 93-140). The asterisk marks a yeast protein that is 

non-specifically recognized by this antibody. Endogenous Cse4p is recognized in the WT 

(Y69) strain at ~27 kDa. The bands between ~40 and 50 kDa and below the major band 

(~55 kDa) for construct #215 appear to be degradation products. Construct #193 does not 

contain the N-terminal antigenic sequence, and the protein it encodes is not recognized by 

this antibody. The blot was also probed for Pgk1p using a mAb from Molecular Probes, 

as a loading control. 
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