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We have employed a novel in vivo approach to study the structure and function of the eukaryotic kinetochore
multiprotein complex. RNA interference (RNAi) was used to block the synthesis of centromere protein A
(CENP-A) and Clip-170 in human cells. By coexpression, homologous kinetochore proteins from Saccharomyces
cerevisiae were then tested for the ability to complement the RNAi-induced phenotypes. Cse4p, the budding
yeast CENP-A homolog, was specifically incorporated into kinetochore nucleosomes and was able to comple-
ment RNAi-induced cell cycle arrest in CENP-A-depleted human cells. Thus, Cse4p can structurally and
functionally substitute for CENP-A, strongly suggesting that the basic features of centromeric chromatin are
conserved between yeast and mammals. Bik1p, the budding yeast homolog of human CLIP-170, also specifi-
cally localized to kinetochores during mitosis, but Bik1p did not rescue CLIP-170 depletion-induced cell cycle
arrest. Generally, the newly developed in vivo complementation assay provides a powerful new tool for studying
the function and evolutionary conservation of multiprotein complexes from yeast to humans.

Centromeres are eukaryotic cellular structures that are es-
sential for faithful chromosomal segregation during mitotic
and meiotic cell division. The kinetochore complex is a defined
multiprotein structure on the mitotic chromosome that ad-
heres to the centromere (18, 61). The kinetochore serves as the
site of attachment for spindle microtubules, which facilitate the
alignment and separation of chromosomes during mitosis (12,
13). Although the centromere’s function is highly conserved
among eukaryotes, centromeric morphology varies signifi-
cantly, ranging from small, simple kinetochores in the budding
yeast Saccharomyces cerevisiae to complex centromeres in mul-
ticellular eukaryotes (14). In mammalian cells, the centromere
forms a visible primary constriction during metaphase and the
kinetochore is a distinct structure that can be resolved into
subregions (45, 47, 67). Finally, in holokinetic organisms such
as the nematode Caenorhabditis elegans, multiple centromeres
are dispersed throughout the chromosomes (1, 2). The primary
nucleotide sequences of centromeric DNAs are also not con-
served across phylogenies. The absolute size of the centro-
meric DNA can vary from ca. 125 bp in S. cerevisiae to tens of
megabases in higher eukaryotes (11). Beyond the lack of size
and sequence conservation between organisms, the centro-
mere’s function may be established not only at predefined
sequences, but also at noncentromeric DNA elements, as
illustrated by neocentromeres in human (11) and plant (93)
cells. Finally, while in budding yeast the centromere DNA
alone can nucleate centromere formation de novo, centro-
meres of metazoan cells strongly depend on epigenetic factors
rather than DNA sequences for their activity (90). Thus, there

is no primary sequence determinant in centromeric DNA that
is conserved among eukaryotic species.

At the protein level, a series of kinetochore components
show homology to proteins of other organisms and thus are
evolutionarily conserved between eukaryotes (8, 13, 44, 85).
The extent to which the molecular mechanisms of kinetochore
function are conserved has been addressed by comparing cen-
tromere proteins from S. cerevisiae and humans (8, 36). More
than 30 yeast kinetochore proteins have been identified. Based
on their localization, function, or participation in distinct pro-
tein complexes, kinetochore proteins can be subgrouped into
inner kinetochore, outer kinetochore, and spindle checkpoint
factors (8, 36), although alternative classifications have also
been suggested (48). Inner kinetochore proteins are directly
associated with the centromeric DNA. In S. cerevisiae, these
include the CBF3 complex, Cbf1p, Mif2p, and Cse4p (38, 50,
51). Outer kinetochore proteins connect chromosomes to
spindle microtubules. Several additional multiprotein com-
plexes (Ctf19p, Ndc80p, Dam1/Duo1p, Ipl/Sli15p, Mtw1p, and
Spc105p) mediate the assembly of the outer kinetochore and
represent the physical bridge between the core centromeres
and the spindle components in budding yeast (5, 8, 32, 40, 55,
56, 91). The spindle checkpoint monitors the formation of
bipolar kinetochore-microtubule attachments and is composed
of members of the Mad and Bub protein families and the
protein kinase Mps1 (3). Homology searches have revealed
that components of each of these S. cerevisiae centromere or
kinetochore elements show a different degree of sequence con-
servation with human proteins (36). While all of the spindle
checkpoint components of budding yeast have highly con-
served homologs in human cells, there is only limited similarity
between the inner or outer kinetochore proteins from S. cere-
visiae and the human centromere (36). Partial sequence ho-
mologies, for example, exist between the yeast centromere
proteins Mif2p and Okp1p and the bona fide human centro-
mere proteins C and F (CENP-C and CENP-F), respectively
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(52, 53, 57). Most strikingly, homologs of the CBF3 compo-
nents Ndc10p, Cep3p, and Ctf13p, which constitute a funda-
mental and essential building unit of the yeast core centromere
(8, 39), have not been found in human databases, and converse-
ly, no homologs of the human constitutive centromere proteins
CENP-B and CENP-H have been reported for S. cerevisiae (15,
42, 54, 56, 78, 79).

Despite this evidence of diversity, there appear to be at least
some underlying common mechanisms for inner kinetochore
structure and function. All centromeric DNAs studied so far
bind a histone H3-related protein (CenH3), variously named
CENP-A in vertebrates, Cid in Drosophila melanogaster, HCP-
3 in C. elegans (7), and Cse4p in S. cerevisiae (for reviews, see
references 27, 73, 74, and 81). CENP-A is a constitutive cen-
tromere component and localizes to the inner kinetochore
plate of mitotic chromosomes (85, 86). Genetic and biochem-
ical evidence suggests that CenH3 proteins replace histone H3
in centromere-specific nucleosomes (24, 58, 59, 72, 75, 80, 86,
88, 92). In CENP-A null mice, the centromeric chromatin
organization is disrupted, suggesting that CENP-A is required
for the assembly of a functional kinetochore (29). Human
CENP-A and budding yeast Cse4p share extensive sequence
homology in their histone cores, and this domain is required
for centromeric localization (77, 82). Although CENP-A is not
able to rescue either temperature-sensitive or null alleles of
Cse4 in S. cerevisiae (53, 77), the two proteins may be regarded
as true orthologs based on their similar properties within cen-
tromeric nucleosomes.

The microtubule-kinetochore connection represents an-
other example of a strong structural-functional conservation
between humans and budding yeast. The human homologs of
Ndc80p, Nuf2p, and Bik1p, all of which functionally contribute
to the kinetochore-mitotic spindle interface, were shown to
specifically localize to kinetochores of HeLa cell mitotic chro-
mosomes (19, 91). Human CLIP-170, the homolog of budding
yeast Bik1p, is a microtubule binding protein that has been
implicated in the attachment of endosomes to microtubules in
interphase cells (60, 63) and the attachment of kinetochores to
microtubules during mitosis (19). By analogy, Bik1p localizes
to kinetochores (26) and has been found to contribute to the
connection between kinetochores and microtubules in S. cere-
visiae (41). CLIP-170 and Bik1p exhibit extensive sequence ho-
mology (60), appear to play similar roles at human and bud-
ding yeast kinetochores, respectively (41), and thus may also
represent true orthologs, similar to the situation for CENP-A
and Cse4p.

The structural and biochemical similarities between kineto-
chore proteins from different organisms raise the interesting
question of whether they have identical kinetochore functions.
We have developed a new approach to address this question.
This approach uses RNA interference (RNAi) to specifically
inhibit the synthesis of kinetochore proteins in human cells
combined with the ectopic expression of homologous budding
yeast proteins. Rescue of the RNAi-induced phenotype by
expression of the yeast counterpart then serves as a readout for
its ability to functionally substitute for the endogenous kinet-
ochore protein. This assay was applied to the study of CENP-A
and CLIP-170. The RNAi-induced depletion of CENP-A or
CLIP-170 resulted in loss-of-proliferation phenotypes that were
attributable to cell cycle arrest in interphase or mitosis, respec-

tively. The coexpression of budding yeast Cse4p in CENP-A-
depleted cells successfully complemented this phenotype,
while attempts to rescue the CLIP-170 depletion phenotype by
the use of Bik1p failed. Our results demonstrate that Cse4p
can complement the CENP-A function across species.

MATERIALS AND METHODS

Expression constructs. A plasmid encoding a green fluorescent protein
(GFP)-Cse4p fusion protein was obtained by subcloning a KpnI-BamHI Cse4p
PCR fragment (5� primer GW21, 5�-GAC GGT ACC ATG TCA AGT AAA
CAA CAA TGG GTT AG-3�; 3� primer GW22, 5�-GAC GGA TCC CTA AAT
AAA CTG TCC CCT GAT TCT TC-3�), obtained from plasmid pRB163 (33;
kindly provided by Richard Baker, University of Massachusetts, Worcester) into
a KpnI- and BamHI-linearized pEGFP-C1 vector (Clontech, Palo Alto, Calif.)
(63). A Bik1p cDNA was obtained by PCR cloning from genomic DNA (a kind
gift from T. Munder, Hans-Knöll-Institute, Jena, Germany), using 5� primer
GW37 (5�-GAC GGT ACC ATG GAT AGA TAT CAA AGA AA-3�), contain-
ing a KpnI restriction site, and 3� primer GW38 (5�-GAC GGA TCC CTA GAA
GAA CTG CTG GTT GTC AG-3�), containing a BamHI restriction site. PCRs
were performed with these primers and yeast genomic chromatin as a template
DNA. Plasmid pEGFP-AF8-CENP-A, encoding a GFP–CENP-A fusion protein
(80), was a kind gift from K. Sugimoto (Osaka, Japan). A vector containing a
CLIP-170–GFP fusion protein (pCB6-GFP-CLIP-170-full) (60) was a gracious
gift of F. Perez (Paris, France). All fusion constructs, except for pCB6-GFP-
CLIP-170-full, were verified by full-length sequencing.

Cell culture and transfection into HEp-2 cells. HEp-2 (HeLa derivative) cells
were obtained from the American Type Culture Collection (Manassas, Va.) and
grown to subconfluence as recommended. The cells were cultured according to
previously published methods (76) in Dulbecco’s modified Eagle’s medium (Sig-
ma-Aldrich, Munich, Germany) supplemented with 10% fetal calf serum in a
7.5% CO2 atmosphere at 37°C. After aspiration of the medium, the cells were
washed with magnesium- and calcium-containing phosphate-buffered saline
(PBS) (Sigma-Aldrich), followed by detachment with trypsin-EDTA and reseed-
ing on coverslips. The cells were transfected with pEGFP-C1 vectors containing
the various budding yeast or human kinetochore cDNAs by use of the TransFast
transfection reagent (Promega, Madison, Wis.) according to the protocols of the
manufacturer. Cell lines stably expressing GFP fusion proteins were estab-
lished by selection in a medium supplemented with 20 mM G-418 (Geniticin;
Sigma-Aldrich) for several weeks, as described by Sugimoto et al. (80).

Antibodies and immunolocalization. The following primary antibodies were
used for indirect immunofluorescence or Western blot analyses: human CREST
sera against centromere proteins CENP-A, -B, and -C (23) (see Fig. 2A); a
mouse monoclonal anti-GFP antibody (sc-9996; Santa Cruz Biotechnology,
Santa Cruz, Calif.); a mouse monoclonal antibody against lamin A/C (sc-7292;
Santa Cruz Biotechnology); mouse monoclonal immunoglobulin M (IgM) anti-
bodies against CLIP-170 (2D6 and 4D3; a kind gift of F. Perez, Paris, France);
a mouse monoclonal antibody against HP1� (2HP-2G9; Euromedex, Mundol-
sheim, France); a rabbit antibody against acetylated histone H3 (06-599; Upstate
Biotechnology, Lake Placid, N.Y.); and a rabbit antibody against the dimethyl-
ated lysine at position 9 of histone H3 (07-212; Upstate Biotechnology).

Cells grown on coverslips were fixed by incubation in 3.7% paraformaldehyde
for 10 min at room temperature, followed by 5 min of permeabilization in 0.5%
Triton X-100. Immunofluorescence was performed as described previously (35,
87). For immunofluorescence staining, primary antibodies from mouse and
human sources were used and were detected with species-specific secondary
antibodies linked to rhodamine (Jackson Immunoresearch, West Grove, Pa.).
Cellular DNAs were stained with TO-PRO-3 and DAPI (4�,6�-diamidino-2-
phenylindole) (Molecular Probes, Eugene, Oreg.) at individually established
concentrations. The coverslips were then mounted onto microscope slides by
using MobiGLOW mounting medium (MoBiTec, Goettingen, Germany). Mi-
croscopic images were collected with an Axiovert 200 M/LSM 510 META mi-
croscope (Carl Zeiss, Jena, Germany). The samples were scanned by using a
63�–1.40 Plan-Apochromat oil objective. GFP, rhodamine, and TO-PRO-3 dyes
were excited by laser light at 488-, 543-, and 633-nm wavelengths, respectively. To
avoid bleed-through effects in double or triple staining experiments, we scanned
each dye independently (multitrack mode). Fluorescence signals were detected
by using narrow-band-pass (�20-nm wavelengths) instead of long-pass filters.
Thus, only the peak regions of the fluorescence signals were taken for data
analysis. Single optical sections either were selected by eye-scanning the sample
in the z axis for optimal fluorescence signals or were taken from stack projec-
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tions. Images were electronically merged and stored as TIFF files. Figures were
assembled from the TIFF files with Adobe Photoshop software.

Chromatin fractionation and Western blots. Chromatin was fractionated ac-
cording to previously described protocols (65). Briefly, HEp-2 cells were lysed in
buffer N (0.3% NP-40, 15 mM Tris-HCl [pH 7.5], 60 mM KCl, 15 mM NaCl, 5
mM MgCl2, 1 mM CaCl2, 1 mM dithiothreitol, 2 mM sodium vanadate, 250 mM
sucrose, complete protease inhibitor; Roche). Nuclear DNAs were digested by
incubation with increasing amounts of micrococcal nuclease (MNase). After
centrifugation, the supernatant fractions were removed and the pellets were
resuspended in ice-cold 2 mM EDTA. Protein samples were incubated for 10
min at 100°C in a solution containing 2% sodium dodecyl sulfate (SDS), 0.1%
bromophenol blue, 35 mM dithiothreitol, 25% glycerol, and 60 mM Tris-HCl
(pH 6.8). The cell lysates were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) and blotted onto Protran BA nitrocellulose (Schleicher &
Schuell, Dassel, Germany). Bound antibodies were detected with horseradish
peroxidase-conjugated anti-human and anti-mouse IgG antibodies (Jackson Im-
munoresearch Laboratories) at a dilution of 1:4,000 and by use of the ECL
Advance system (Amersham Biosciences) according to the manufacturer’s in-
structions. Chemiluminescence was detected by exposure on Biomax Light-1 film
(Kodak).

RNAi. Small interfering RNAs (20) specific for the N-terminal portion of the
CENP-A and CLIP-170 mRNAs (IBA GmbH, Goettingen, Germany) were
synthesized for RNAi against CENP-A (5�-GCCCGAGGCCCCGAGGAGGU
U-3�) and CLIP-170 (5�-GCACAGCUCUGAAGACACCUU-3�).

As a positive control, the RNA sequence for lamin A/C (5�-CUGGACUUC
CAGAAGAACAdTdT-3�) was used. The procedure for RNAi was adopted
from published protocols (20). HEp-2 cells were grown to ca. 20% confluence in
coverslip-containing dishes. The cells were transfected with ca. 1 ng of double-
stranded small interfering RNA by the use of OligoFectamine (Invitrogen)
according to the manufacturer’s instructions. In 24-h time steps, the medium for
the cells was replaced by fresh medium and the old medium was inspected for the
presence of dead cells. In addition, a coverslip was removed to monitor cell
viability properties. Seventy-two hours after transfection, the remaining cells
were harvested by detachment with trypsin-EDTA. Aliquots of the cells were
lysed (see above) and analyzed by Western blotting in order to verify the results
of the RNAi treatment.

Mitotic index and cell viability assays. DAPI staining of DNA was used to
assess the loss-of-viability phenotype of CENP-A-depleted cells. Mitotic indices
were determined by TO-PRO-3 and centromere staining and the quantitation of
mitotic figures in confocal microscopic images (n � 400). In parallel, HEp-2 cells
grown in the same petri dishes that contained the coverslips for microscopy were
analyzed for frequencies of living cells. The supernatants and trypsin-EDTA-
detached cells were combined, washed twice in PBS, and pelleted at 600 � g. The
pellet was redissolved in 1 ml of PBS. Fifty microliters of this cell suspension was
mixed with 50 �l of trypan blue and immediately loaded into a Neubauer
chamber. Trypan blue exclusion served to discriminate and quantitate dead and
living cells.

RESULTS

Yeast kinetochore proteins Cse4p and Bik1p specifically
localize to centromeres in human cells. The S. cerevisiae kinet-
ochore components Cse4p and Bik1p are homologous to the
human proteins CENP-A and CLIP-170, respectively (53, 63).
In order to determine the functional properties of the budding
yeast proteins in human cells and to compare them with their
human counterparts, we established HEp-2 cell lines that sta-
bly expressed each of these proteins as GFP fusions (Fig. 1).
The localization of the GFP fusion proteins in each cell line
was analyzed by confocal microscopy after coimmunofluores-
cence staining of the centromeres with the human autoimmune
serum ACA, which is specific for CENP-A, -B, and -C (23, 35)
(Fig. 2A).

As expected, the GFP–CENP-A construct was recruited to
centromeres in both interphase cells (Fig. 1A) and mitotic cells
(Fig. 1B). HEp-2 cells stably expressing GFP-Cse4p also
showed a complete colocalization of the fusion protein with
anticentromere antibodies in interphase and mitotic cells (Fig.
1C and D, respectively). This was consistent with the previous

FIG. 1. Budding yeast kinetochore proteins Cse4p and Bik1p are
recruited to centromeres in human cells. HEp-2 cells stably expressing
GFP–CENP-A (A and B), GFP-Cse4p (C and D), GFP–CLIP-170 (E
to G), or GFP-Bik1p (H to J) were grown on coverslips and processed
for indirect immunofluorescence for analyses of subcellular localization.
Fixed cells were costained with a human anticentromere autoimmune
serum to detect centromeres (ACA) and with ToPro-3 to visualize DNA.
Single confocal sections were acquired from cells in interphase (i), telo-
phase (t), or prometaphase (p). Fluorescence signals from each channel
are displayed. To show the degree of colocalization, we also show overlay
images of the GFP (green) and centromere signals (red). Bars, 5 �m.
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observation that H3-like proteins, including Cse4p, are specif-
ically deposited at human centromeric heterochromatin upon
transient transfection (28). We observed that the localization
of GFP–CENP-A and GFP-Cse4 was dependent on the ex-
pression level of the fusion proteins: only low-level-expressing
cells showed GFP signals that exclusively localized to kineto-
chores, while in high-level-expressing cells both GFP–CENP-A
and GFP-Cse4 were also found distributed throughout the
chromatin (data not shown). In our stably low-level-expressing
cells, GFP-Cse4p was exclusively found at the centromeres and
not in the peripheral centromeric heterochromatin during the
cell cycle (Fig. 1C and D; also data not shown), suggesting a
specific incorporation of GFP-Cse4p into human centromeric
nucleosomes.

CLIP-170 is a cytoplasmic protein during interphase (66). It
is recruited to prometaphase kinetochores during mitosis and
disappears from the kinetochores in anaphase spindles (19).
We observed an identical pattern of cell cycle-specific distri-
bution for endogenous CLIP-170 in HEp-2 cells after antibody
staining (not shown). Likewise, the GFP–CLIP-170 fusion pro-
tein was found to localize in the cytoplasm during interphase
(Fig. 1E) and at kinetochores during prometaphase (Fig. 1F).
During telophase, the CLIP-170 staining of centromeres was
diminished (Fig. 1G). Surprisingly, an almost identical local-
ization behavior was observed in mitotic HEp-2 cells stably
expressing GFP-Bik1p (Fig. 1H to J). The only difference be-
tween GFP–CLIP-170 and GFP-Bik1p over the course of the
cell cycle was a diffuse nuclear staining by GFP-Bik1p in ad-
dition to its cytoplasmic localization in interphase cells (com-
pare Fig. 1E and H). These observations suggest that there is
a specific recruiting mechanism of CLIP-170 to kinetochores
during mitosis (19) which can also utilize Bik-1, a protein
homolog of CLIP-170. The kinetochore localization of the
fusion proteins cannot be attributed to the GFP moiety, since
GFP alone distributed more or less evenly throughout all cell
compartments (not shown).

A Western blot analysis demonstrated that all of the GFP
fusion constructs were expressed as full-length proteins (Fig.
2A). In SDS-PAGE gels, GFP alone and the fusion proteins
migrated at about the expected sizes of ca. 28 kDa (GFP), ca.
46 kDa (GFP–CENP-A; lane 3), ca. 52 kDa (GFP-Cse4p), ca.
190 kDa (GFP–CLIP-170), and ca. 85 kDa (GFP-Bik1p). This
blot also shows the reactivity of the ACA serum against
CENP-A, CENP-B, and CENP-C (Fig. 2A, lane 1).

The chromatin was fractionated in order to test whether
Cse4p was incorporated into centromeric nucleosomes (Fig.
2B). Untransfected HEp-2 cells and cells that were transiently
transfected with GFP–CENP-A or GFP-Cse4p vectors were
fractionated to yield nuclear and cytoplasmic proteins. The nu-
clear fractions were further digested with increasing amounts
of MNase. MNase-digested nuclei lead to the recovery of in-
soluble pellet fractions which mostly represent the transcrip-
tionally inactive heterochromatin (68). Ethidium bromide
staining showed classical nucleosomal ladders in the presence
of increasing concentrations of MNase (Fig. 2B, chromatin).
As the MNase concentration increased, the supernatant frac-
tions were progressively enriched in mononucleosomes, while
the pellet fractions contained polynucleosomes. Western blots
of cytoplasmic, nuclear, and MNase fractions showed that
CENP-A was, as expected, exclusively associated with the het-

FIG. 2. GFP fusion constructs are expressed as full-length proteins.
(A) Total protein lysates from HEp-2 cells (lane 1) and HEp-2 cells
expressing GFP (lane 2), GFP–CENP-A (lane 3), GFP-Cse4p (lane 4),
GFP–CLIP-170 (lane 5), or GFP-Bik1p (lane 6) were separated by
SDS-PAGE and transferred to nitrocellulose membranes. Single strips
from the membranes were probed with anticentromere autoimmune
serum (lane 1) or an anti-GFP antibody (lanes 2 to 6). The ACA serum
detects CENP-A at ca. 20 kDa, CENP-B at ca. 80 kDa, and CENP-C
at ca. 140 kDa. GFP fusions were detected as full-length proteins at
their expected molecular masses. Numbers to the right indicate the
positions of standard protein markers (in kilodaltons). (B) Chromatin
fractionation. DNAs extracted from equivalent supernatant (S) and
pellet (P) fractions after MNase digestion were electrophoresed in a
1.5% agarose gel, followed by ethidium bromide staining (chromatin).
The migration positions of mononucleosomes (mn) and polynucleo-
somes (pn) are indicated. Whole-cell protein extracts (WCE) and
aliquots of the chromatin fractionation procedure from different
HEp-2 cell lines were subjected to SDS–17.5% PAGE and Western
blotting with antibodies against N-terminally acetylated histone H3
(acH3), histone H3 methylated at lysine 9 (meH3), CENP-A, and
GFP, as indicated. Nucleosomes containing acetylated histone H3 or
histone H3 methylated at lysine 9 were released from pellet fractions
into soluble supernatant fractions with increasing amounts of MNase.
In contrast, CENP-A-, GFP–CENP-A-, and GFP-Cse4p-containing
nucleosomes were not released into soluble fractions under these con-
ditions. C, cytoplasmic fraction; N, nuclear fraction.
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erochromatin-containing pellet fractions (Fig. 2B, CENP-A).
GFP–CENP-A and GFP-Cse4p fractionated in identical pat-
terns, indicating the similar biochemical properties of the fu-
sion proteins with those of CENP-A (Fig. 2B). Based on these
observations and the exclusive localization of the fusion pro-
teins to centromeres, we concluded that both GFP–CENP-A
and GFP-Cse4p are correctly incorporated into nucleosomes
of centromeric heterochromatin. Controls were used to ana-
lyze the MNase fractionation procedure. Acetylated and meth-
ylated histone H3 showed a fractionation pattern that was
different from that of CENP-A (Fig. 2B, acH3 and meH3,
respectively). With increasing amounts of MNase, these H3
isoforms (and heterochromatin protein HP1 [data not shown])
were released into the soluble supernatant, consistent with
previous observations (65).

Depletion of CENP-A or CLIP-170 by RNAi causes block-
of-proliferation phenotypes. We next analyzed the phenotype
of HEp-2 cells in which CENP-A or CLIP-170 was down-
regulated by RNAi. As a control, we included the nuclear
envelope protein lamin A/C, for which the RNAi phenotype is
well described (20). Since protein levels after RNAi were max-
imally reduced after 72 h of treatment (Fig. 3 and unpublished
data), we selected this time point for a detailed analysis of
RNAi-induced phenotypes. Seventy-two hours after RNAi in-
fection, the cells were analyzed by Western blotting, immuno-
fluorescence, and bright-field microscopy. RNAi of CENP-A,
CLIP-170, and lamin A/C resulted in the reduction of protein
levels to �10% those of control cells, indicating the successful
inhibition of protein synthesis (Fig. 3C). While CENP-A was
down-regulated by CENP-A-specific RNAi, the amounts of
CENP-B and CENP-C were not affected: the amounts of both
proteins in Western blots remained constant (data not shown).
During interphase, �50% of the CENP-A-depleted cells dis-
played malformed nuclei with local chromatin condensation
(Fig. 3E), similar to cells in which the CENP-A function was
inhibited by a microinjection of anti-CENP-A antibodies (22),
while almost all of the control cells showed normal, round
nuclei, as revealed by DAPI staining (Fig. 3D). Although the
frequency of mitotic cells was elevated (18% versus 8% in
control cells) (Fig. 4A), no accumulation of cells during mitosis
was observed. While chromosome condensation and spindle
formation appeared normal, we observed a high frequency of
misaligned or lagging chromosomes (�60%) in mitotic cells
(Fig. 3G). Mitotic control cells with no RNAi treatment of
CENP-A showed normal behavior (Fig. 3F). CENP-A-deplet-
ed cells did not show any signs of apoptosis, such as condensed
chromatin structures or blebbing, indicating that CENP-A de-
pletion does not induce programmed cell death. Rather, theseFIG. 3. CENP-A and CLIP-170 reduction by RNAi causes severe

cellular defects. RNAi was used to block the protein synthesis of
CENP-A (A), CLIP-170 (B), and as a control, lamin A/C (C) in HEp-2
cells. The reduction in protein level was then analyzed by immuno-
blotting of protein lysates from cells treated without (	) or with (�)
RNAi oligonucleotides for 72 h. An anti-splicing factor SmB/B� anti-
body was used as a loading control (Sm). Control cells treated without
RNAi (D) and cells treated for 72 h with anti-CENP-A RNAi oligo-
nucleotides were fixed on coverslips and stained with a DNA dye to
visualize the nuclei. While the control cells had normal, round nuclei
and a typical chromatin distribution throughout the nucleus during
interphase (D), CENP-A-depleted cells showed smaller nuclei display-
ing aberrant morphologies and partial chromatin condensation (E). (F
to I) The mitotic phenotypes of cells treated with RNAi against CENP-
A and CLIP-170 were assessed by triple fluorescence staining of tu-
bulin (red), centromeres (ACA [green]), and DNA (ToPro-3 [blue]).

Images show single confocal sections for each staining pattern as well
as overlay views (merge). While control cells showed normal spindle
morphology, centromere distribution, and DNA staining during telo-
phase (F), CENP-A-depleted cells had lagging chromosomes (G, ar-
rows). CLIP-170-depleted mitotic cells showed misaligned and/or lag-
ging chromosomes (H, arrows) within anaphase spindles or multipolar
spindles with misaligned chromosomes (I). (J) Lamin A/C antibody
staining (green) in control cells showed a typical nuclear rim pattern,
while in RNAi-treated cells, lamin A/C staining was strongly dimin-
ished (K). Note that the nuclear morphology was unaffected in lamin
A/C-depleted cells. Bars, 5 �m.

6624 WIELAND ET AL. MOL. CELL. BIOL.



cells had reached a stage of nonviability that was consistent
with similar findings for anti-CENP-A RNAi-treated HeLa
cells after 68 h, as described by Goshima et al. (25). At 96 h,
almost all of the cells were dead, as indicated by their detach-
ment from the coverslips and by trypan blue exclusion (data
not shown).

The RNAi experiment for CLIP-170 yielded a different phe-
notype. Seventy-two hours of RNAi exposure led to a massive
accumulation of mitotic cells that displayed lagging chromo-
somes and/or multipolar spindles (Fig. 3H and I and 4A).
None of these cells appeared to be able to complete anaphase,
since telophase cells could not be observed. The RNAi kinetics
of CLIP-170 revealed a gradual accumulation of mitotic cells,
with a peak of abnormal mitotic cells at 48 h (not shown). At
72 h, the majority of cells were detached from coverslips due to
their mitotic arrest, and the number of living cells was signif-

icantly reduced (Fig. 4B). The number of living cells further
decreased after 96 h (data not shown). RNAi of lamin A/C
diminished the nuclear rim staining of HEp-2 cells, indicating
that the levels of lamin A/C had decreased (Fig. 3J and K).
However, these cells divided almost normally, did not accumu-
late in mitosis, and did not show aberrant mitotic phenotypes
(Fig. 3K), in accordance with previous observations of RNAi-
mediated lamin A/C depletion in HeLa cells (20).

As a common functional readout for the RNAi effects, we
also quantified the proportion of living cells after RNAi treat-
ment (Fig. 4B). Identical numbers of cells were not treated or
were treated with RNAi oligonucleotides to deplete CENP-A,
CLIP-170, and lamin A/C for 72 h, and the numbers of living
cells were determined by trypan blue exclusion. While the
numbers of living cells after CENP-A and CLIP-170 reduction
were reduced to 46% and 22%, respectively, RNAi of lamin
A/C caused only a moderate decrease in the living cell number
(83%) (Fig. 4B). This result is consistent with the phenotypes
caused by the depletion of each of these proteins (Fig. 3B to
H). We conclude that the reduction in the number of living
cells after CENP-A or CLIP-170 RNAi is a consequence of the
cell cycle arrest caused by the specific protein depletion. While
CENP-A-depleted cells arrested in interphase, CLIP-170-de-
pleted cells accumulated in mitosis. As a consequence, both
phenotypes caused the cells to die and/or stop proliferation.

The S. cerevisiae protein Cse4p can substitute for the func-
tion of CENP-A at human centromeres. The specific localiza-
tion of yeast kinetochore proteins Cse4p and Bik1p to the
centromeres of mitotic human cells suggested that they might
fulfill functions similar to those of their human counterparts.
To test this hypothesis, we developed a new approach that
combines the RNAi-mediated depletion of human kinetochore
proteins with the simultaneous ectopic expression of the re-
spective S. cerevisiae protein homologs. The basic idea was to
avoid RNAi-induced phenotypes of the endogenous kineto-
chore protein in HEp-2 cells by coexpressing the homologous
yeast protein. Vectors encoding GFP fusion proteins were used
in this assay (i) because the GFP fusion proteins had been
shown to localize to kinetochores during interphase and mito-
sis (Fig. 1) and (ii) to monitor the fate of the yeast proteins in
the kinetochore protein-depleted human cells. The initial anal-
ysis of different protocols in which the relative timing of RNAi
oligonucleotide administration and transfection was tested sys-
tematically showed that the assay could be used successfully
when expression of the exogenous protein occurred 12 h prior
to RNAi depletion of the endogenous protein (Fig. 5A). All
approaches in which transfection was done after the RNAi
treatment did not result in complementation effects, suggesting
that Cse4 must be present before CENP-A is diminished (data
not shown). The assay was applied to test whether Cse4p and
Bik1p are able to rescue the cell cycle arrest induced by RNAi
of CENP-A and CLIP-170, respectively. As expected, RNAi of
CENP-A caused a decrease in the number of living cells (Fig.
5B). However, when the cells where transfected with the vector
encoding GFP-Cse4p before RNAi treatment, we found a rel-
ative amount of living cells of 88% � 5%. The Cse4p-recov-
ered cells showed an almost normal mitotic index (15% � 2%),
and the mitotic cells did not show chromosome misalignments,
lagging chromosomes, or abnormal spindles (Fig. 5C). This
demonstrated that the ectopically expressed Cse4p protein

FIG. 4. Inhibition of proliferation by RNAi against CENP-A and
CLIP-170. (A) The frequency of mitotic cells was assessed by immu-
nofluorescence staining of centromeres and DNA in RNAi-untreated
cells (mock) or cells incubated for 72 h with RNAi oligonucleotides
specific for CENP-A, CLIP-170, or lamin A/C. The diagram shows
mean values with standard deviations from four independent experi-
ments (n � 400 for each RNAi experiment). (B) Quantitation of living
cells after RNAi. Identical numbers of HEp-2 cells were incubated
without (mock) or with the indicated RNAi oligonucleotides for 72 h.
The frequency of living cells was then determined by trypan blue
exclusion. Data represent mean values and standard deviations from at
least five independent experiments (n � 200 for each RNAi experi-
ment). The values were normalized to that for mock-treated cells (set
to 100%) to directly compare the effects of RNAi treatments.
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from S. cerevisiae is able to complement the phenotype induced
by the depletion of its human homolog, CENP-A. Transfection
of the GFP–CENP-A construct did not result in an increase in
the number of living cells after RNAi depletion of endogenous
CENP-A (Fig. 5B). This is most likely attributable to the ability
of the RNAi oligonucleotides to inhibit protein synthesis from
both endogenous CENP-A mRNA and vector-encoded GFP–
CENP-A mRNA. The cotransfection of a vector encoding
GFP without a fusion also showed no effect, indicating that the
complementation effect is specific for Cse4p (data not shown).

The same set of experiments was performed with Bik1p and
CLIP-170. The number of living cells for CLIP-170-depleted
cells dropped to 22% � 7% that for mock-treated cells (Fig.
5B). However, attempts to recover CLIP-170 function by co-
expressing the GFP-Bik1p fusion protein failed. Coexpression
even resulted in a smaller number of living cells (5% � 3%),
suggesting that Bik1p overexpression and CLIP-170 down-reg-
ulation exerted additive effects. Most of the remaining living
cells displayed mitotic phenotypes with lagging chromosomes
or multipolar spindles (Fig. 5D). In these cells, the coexpressed
GFP-Bik1p fusion protein was diffusely distributed throughout
the mitotic chromatin and the cytoplasm (Fig. 5D). Kineto-
chores were present, as indicated by staining with ACA serum,
but GFP signals were never found to specifically colocalize to
kinetochores in these cells (data not shown). The coexpression
of GFP–CLIP-170 also did not result in a significant increase in
the number of living cells (26% � 5%) after RNAi against
CLIP-170 (Fig. 5B).

The ability of Cse4 to rescue CENP-A-depleted cells was
also analyzed in our stable cell lines (Fig. 5E). HEp-2 cells
stably expressing GFP-Cse4 were treated with RNAi oligonu-
cleotides against CENP-A, and the numbers of living cells were
determined after 24, 48, and 72 h. While CENP-A RNAi
caused an inhibition of proliferation of parental HEp-2 cells in
a time-dependent fashion, the same treatment was not effec-
tive in cells that stably expressed Cse4. This cell line prolifer-
ated with the same kinetics as untreated HEp-2 cells (Fig. 5E).
In contrast, the proliferation of HEp-2 cells that stably ex-
pressed GFP-Bik1 was strongly inhibited in the presence of
RNAi oligonucleotides against CLIP-170. After 72 h of tran-

FIG. 5. Budding yeast Cse4p functionally substitutes for CENP-A
in human cells. (A) Schematic representation of the assay developed to
test the ability of S. cerevisiae kinetochore proteins to functionally
complement centromere protein homologs in human cells. Twelve
hours prior to RNAi treatment against the endogenous centromere
protein, HEp-2 cells were transiently transfected with GFP expression
plasmids encoding the homologous protein from budding yeast. The
phenotypes of these cells were analyzed after 72 h of RNAi infection.
(B) The procedure described in panel A was applied to cells that were
not transfected with plasmids or RNAi treated (mock) and to
CENP-A- and CLIP-170-depleted cells. The frequencies of living cells
were determined at 72 h post-RNAi by trypan blue exclusion. The use

of cotransfection plasmids encoding GFP fusion proteins of Cse4p,
CENP-A, Bik1p, or CLIP-170 (as described in panel A) is indicated at
the bottom. (C) CENP-A RNAi-treated cells cotransfected with GFP-
Cse4p were fixed and immunostained to visualize DNA, centromeres,
and GFP-Cse4p. The image shows individual channels of a single
confocal section from a telophase cell. The Cse4p signals coincide with
the positions of centromeres. (D) CLIP-170 RNAi-treated cells co-
transfected with GFP-Bik1p were fixed and immunostained to visual-
ize DNA, tubulin, and GFP-Bik1p. These cells show mitotic defects
with misaligned chromosomes (upper cell) or multipolar spindles
(lower cell). Bik1p is distributed throughout the whole cell, with pre-
ferred staining on chromatin. Bars, 5 �m. (E) Untreated HEp-2 cells
(circles) and HEp-2 cells (open triangles) or stably Cse4-expressing
HEp-2 cells (closed triangles) treated with anti-CENP-A RNAi were
observed for 3 days post-RNAi oligonucleotide administration. The
frequencies of living cells were determined for at least three indepen-
dent experiments at 0, 24, 48, and 72 h. While the proliferation of
HEp-2 cells was significantly reduced by CENP-A RNAi, the HEp-2/
Cse4 cell line proliferated with kinetics similar to those of mock-
treated HEp-2 cells.

6626 WIELAND ET AL. MOL. CELL. BIOL.



sient RNAi treatment, the relative amount of living HEp2/Bik1
cells decreased to 31% � 11% (data not shown).

Taken together, these results show that Cse4p, but not
Bik1p, from the budding yeast S. cerevisiae is capable of res-
cuing human cells in which the protein synthesis of its homol-
ogous counterpart, CENP-A, was inhibited by RNAi.

DISCUSSION

Although centromere function is conserved among eu-
karyotes, centromere morphology varies significantly. The ki-
netochore complex displays similarities between the budding
yeast and human centromere functions, and a cross-species
comparison of its components may be key to an understanding
of the structure, function, and evolution of this multiprotein
complex. We have established a new in vivo assay that utilizes
RNAi in combination with ectopic protein expression in order
to study the complementation ability of budding yeast kineto-
chore proteins in human cells. The underlying idea mirrors
complementation assays in budding yeast in which the endog-
enous (yeast) protein is physically or functionally depleted and
the depletion phenotype is then analyzed for its response to the
expression of a protein homolog from related or unrelated
organisms. With the new system, we have tested two proteins,
the essential CENP-A protein and CLIP-170, which are com-
ponents of the inner and outer kinetochore complex, respec-
tively. The deleterious RNAi-induced CENP-A phenotype was
rescued by coexpression of the budding yeast homolog Cse4p.
To the best of our knowledge, this is the first demonstration of
functional complementation of a human protein by its budding
yeast homolog. The same strategy was applied for CLIP-170.
In this case, the homologous protein Bik1p from S. cerevisiae,
although present at the mitotic kinetochore complex in human
cells after ectopic expression, was not able to complement the
mitotic cell cycle arrest induced by the reduction of CLIP-170.

Functional complementation of CENP-A by Cse4p. RNAi of
CENP-A in HEp-2 cells resulted in misaligned or lagging chro-
mosomes in mitotic cells and constricted nuclei in interphase
cells (Fig. 3), similar to CENP-A RNAi phenotypes in HeLa
cells (25). CENP-A-depleted HEp-2 cells did not accumulate
during mitosis, although a slight increase in the number of
mitotic cells was detected (18% versus 8% in control cells).
This suggests a mitotic delay, probably due to chromosome
missegregation during anaphase, but not a progression block of
the cell cycle in mitosis. This interpretation is consistent with
observations of mitotically blocked HeLa cells microinjected
with anti-CENP-A antibodies. This treatment does not prevent
the completion of mitosis, since these cells progress normally
to the next interphase (22).

One may argue that the residual amount of CENP-A (10%)
(Fig. 3A) in the RNAi-depleted cells might be sufficient to
allow kinetochore localization by Cse4p and that residual
CENP-A may be supported in its activity by the bound homo-
logue. Such an interpretation is always a potential problem in
any kind of knockouts of essential proteins, because 100%
depletion of an essential gene renders the cells inaccessible for
functional analysis of the protein. Although unlikely, it is hence
not completely ruled out that the residual CENP-A may be
sufficient to recruit ectopic Cse4p into centromeric nucleo-
somes and that Cse4p then helps to functionally activate the

residual CENP-A population in RNAi-treated cells much be-
yond its original activity (at least twofold). However, for the
protein activity of CENP-A, we consider this kind of “help” to
be a functional complementation.

After 72 h of RNAi treatment, CENP-A-reduced interphase
cells did not exhibit typical signs of apoptosis, such as exten-
sive chromatin condensation or membrane blebbing (21), but
rather they stayed in a cellular state of nonviability (Fig. 3E)
and had lost the ability to divide (Fig. 4B), similar to G1-S-
synchronized HeLa cells microinjected with an anti-CENP-A
antibody (22). How can this phenotype be explained? While
DNA replication and histone synthesis are tightly coupled dur-
ing S phase (31), endogenous CENP-A expression and incor-
poration into centromeric nucleosomes occur in G2 (71, 72).
This regulated expression of CENP-A is required for centro-
mere maintenance (78) and may be a prerequisite for the
maturation of centromeres in preparation of the cell for cell
division (73, 74, 84). It is therefore conceivable that cells in G2

are most vulnerable to CENP-A synthesis inhibition by RNAi
and that CENP-A deficiency-induced abnormalities in CENP-
A nucleosome or centromere assembly cause the loss-of-via-
bility and nonproliferation phenotype. However, this interpre-
tation requires further cell cycle analysis of CENP-A-depleted
interphase cells.

Experiments with human CENP-A and with Cse4 have
shown that both proteins exhibit homotypic chromatin inter-
actions in vivo (24, 34, 43, 53, 72, 82, 92). However, attempts to
rescue either temperature-sensitive or null alleles of cse4 in S.
cerevisiae by the high-level expression of CENP-A failed (77).
In contrast, by the coexpression of Cse4p in HEp-2 cells, we
were able to rescue the CENP-A depletion phenotype (Fig. 5),
demonstrating that Cse4p can substitute functionally for
CENP-A at the kinetochores of human cells. Specific centro-
mere localization (Fig. 1) and the coelution of Cse4p with
CENP-A nucleosomes during chromatin fractionation ex-
cluded the possibility that the yeast protein is only indirectly
recruited to kinetochores rather than directly incorporated
into kinetochore nucleosomes. These observations strongly
support results from recent chromatin immunoprecipitation
assays of budding yeast which indicate that there is an evolu-
tionarily conserved molecular core of eukaryotic kinetochores
(89). All of the centromere H3-like protein family members
have a highly conserved C-terminal histone-fold domain (HFD)
and distinctly different N termini (81). In contrast to the 44-
amino-acid N-terminal region of human CENP-A, Cse4p has a
unique 135-amino-acid N terminus extending from the HFD
(9, 52, 53, 77). Unlike the N terminus of yeast H3, which can be
deleted without a loss of cell viability (46), the Cse4p N ter-
minus is essential (33). A thorough mutagenesis study has
revealed an essential N-terminal domain (END) of 33 amino
acids within the N-terminal region that is necessary and suffi-
cient for the proper kinetochore function of Cse4p (9). The
END is involved in the interaction between Cse4p and Ctf19p/
Mcm21p/Okp1p (9), a protein complex that mediates protein-
protein interactions at the budding yeast centromere, including
the essential CFB3 complex (30, 49, 57). The END region is
not present in CENP-A (data not shown). Based on these
observations, it is likely that the failure of CENP-A to com-
plement Cse4p function in S. cerevisiae is attributable to the
lack of the END motif in CENP-A.
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The HFDs of Cse4p and CENP-A are each sufficient to
target these proteins to yeast and human kinetochores, respec-
tively (9, 82). Transient expression experiments in HeLa cells
have shown that GFP-tagged Cse4p localizes to centromeric
regions, indicating that the protein sequence contains all of the
information needed to deposit Cse4p in human centromeric
nucleosomes (28). Further evidence for this conclusion is pro-
vided in the present study, firstly by the kinetochore localiza-
tion of GFP-Cse4p in stably transfected HEp-2 cells (Fig. 1)
and secondly by the identical biochemical behaviors of Cse4p
during chromatin fractionation and of CENP-A (Fig. 2B). The
HFD consists of a set of three � helices (helices I, II, and III)
separated by two turn–
-sheet structures (strand A and strand
B) (4). A mutational analysis revealed that a central portion
consisting of strand A and helix II is primarily responsible for
targeting CENP-A to centromeres, while substitutions or de-
letions in helix I, strand B, or the C-terminal part do not affect
centromere targeting (72). Interestingly, the amino acid stretch
of the adjacent strand A and helix II of Cse4p shows a higher
degree of conservation (51% identity and 69% similarity) with
CENP-A than does human histone H3 with CENP-A (46%
identity and 67% similarity). In addition, a segment within
helix II (LLTL in CENP-A) that is responsible for centromere
targeting (72) is present in Cse4p (LLAL), but not in H3
(LCAI). The incorporation of Cse4p into centromeric nucleo-
somes of human cells may thus be mediated primarily by the
conserved central region (strand A and helix II) of the HFD.

Besides proper localization and nucleosome incorporation,
CENP-A complementation also requires the replacement of its
functional properties by Cse4p. One main function of mam-
malian CENP-A nucleosomes may be to coordinate the bind-
ing of additional kinetochore components, such as CENP-C,
CENP-H, CENP-F, and hZwintl-1, to the centromere (29).
The precise nature of this function is not clear because direct
protein interaction partners of the N-terminal tail of CENP-A
have not been established yet. If critical interactions exist be-
tween CENP-A and adjacent centromere or kinetochore pro-
teins, we have to assume that Cse4p is able to perform similar
interactions. Although they are not conserved in sequence, the
N-terminal tails of CENP-A and Cse4p show similarities in the
distribution of posttranslationally modifiable lysine, arginine,
and serine residues (73). Indeed, Ser7 phosphorylation of
CENP-A is cell cycle dependent, highlighting the potential
importance of CENP-A modifications in centromere assembly
(37). Such epigenetic mechanisms of CENP-A functions may
also act on Cse4p in human cells.

Bik1p does not complement CLIP-170 function in human
cells. The reduction of CLIP-170 protein levels by RNAi led to
a massive accumulation (85%) of mitotic cells (Fig. 4A). The
mitotic arrest was characterized by cells with multipolar spin-
dles (in which all chromosomes were stalled in a metaphase
configuration) or bipolar spindles (in which some chromo-
somes remained in the metaphase plate while others showed
different localizations along the spindle). These observations
confirmed that CLIP-170 is a kinetochore passenger protein
(19) and established the fact that CLIP-170 plays an important
role in the kinetochore function of mammalian cells during
mitosis. Human CLIP-170 was originally identified as a micro-
tubule (MT)-binding protein that mediates the association be-
tween MTs and endocytotic vesicles (63, 66). In interphase

cells, CLIP-170 colocalizes with MT plus ends in the cytoplasm
(17). During mitosis, CLIP-170 codistributes with dynein and
dynactin at kinetochores (19). CLIP-170 may thus be a bifunc-
tional capturing device in mammalian cells which connects
MTs to peripheral organelles during interphase and to kinet-
ochores during mitosis. Bik1p is the budding yeast homolog of
human CLIP-170 (63). Like CLIP-170, Bik1p shows MT local-
ization, with discrete dots located at the plus ends of MTs in
interphase cells. During mitosis, Bik1p is a bona fide compo-
nent of the budding yeast kinetochore (26, 41). Although Bik1p
(51 kDa) is significantly smaller than CLIP-170, the three func-
tional domains identified so far are conserved in both proteins
(62). These include the NH2-terminal MT-binding domain
(known as the CAP-Gly domain), the central coiled coil
domain, and the carboxy-terminal metal-binding motif (cargo-
binding domain), which is proposed to link MTs to various
targets (19, 63, 69, 70). Furthermore, the MT-binding domains
of Bik1p and CLIP-170 are functionally exchangeable in S. cer-
evisiae (41). The high level of sequence conservation, the over-
all similarity in the structural organization of Bik1p and CLIP-
170, and the functional complementation of their MT-binding
domains therefore suggested that these two proteins are true
orthologs. Corroborating this conclusion, we showed here that
the CLIP-170 deficiency phenotype is similar to that of S. cer-
evisiae cells from which Bik1p has been genetically deleted.
Bik1p� mutant cells have highly abnormal spindles (41) and
CLIP-170-diminished HEp-2 cells show a high frequency of
multipolar spindles (Fig. 3I). Despite these striking similarities,
Bik1p was unable to substitute for the CLIP-170 kinetochore
function in HEp-2 cells, as the mitotic accumulation and cell
cycle arrest of CLIP-170 RNAi cells were unaffected by Bik1p
coexpression (Fig. 5). This may be explained by (i) as yet un-
identified essential domains in CLIP-170 which are not present
in Bik1p, (ii) the lack of key amino acid residues in conserved
domains of Bik1p which mediate the proper kinetochore func-
tion of CLIP-170, or (iii) the lack of appropriate phosphory-
lation sites in Bik1p (10), since CLIP-170 functioning is reg-
ulated by phosphorylation (63). These differences between
CLIP-170 and Bik1p may also disturb critical protein-protein
interactions of Bik1p at the kinetochore, for example, with the
dynein/dynactin complex (19) or with the kinetochore passen-
ger LIS1 (16, 83).

Evolutionary considerations. The point centromeres of
S. cerevisiae likely represent the most basic iteration of centro-
meres, which expanded as organisms became more complex
and evolved larger chromosomes. CenH3 proteins serve as
heritable centromeric molecules which may have coevolved by
positive selection driven by changing centromeric DNAs, as
suggested by Henikoff et al. (27). Our finding that Cse4p can
complement CENP-A across species was therefore unexpect-
ed, but in our view it does not contradict the Henikoff model of
centromere evolution (27). The specific incorporation of Cse4
into human nucleosomes (Fig. 1 and 2) clearly demonstrates
that although this protein may have diverged away from
CENP-A along with a changing DNA specificity, the molecule
(that is, the conserved core domain) still contains enough se-
quence information for nucleosome incorporation in human
cells. The evolution of the N-terminal tails of CenH3 proteins,
in contrast, may be driven by changing protein partners rather
than by changing DNA specificities. The N terminus of Cse4p
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may have accumulated multiple substitutions and additions
that are required for budding yeast-specific kinetochore func-
tions, such as an interaction with CBF3 or Okp1p. Alterna-
tively, CENP-A may have lost some of its (N-terminal) func-
tions because they were not required anymore (there is no
CBF3 complex homolog in mammalian cells) or because they
may have been taken over by other components in the evolving
mammalian centromere/kinetochore complex. Yet it remains
to be elucidated how the N-terminal part of Cse4 precisely
mediates CENP-A functions.

CLIP-170 and Bik1p share a similarly high degree of struc-
tural conservation as do CENP-A and Cse4p. The failure of
Bik1p to rescue CLIP-170-depleted human cells suggests that
Bik1p may lack some functional features which have evolved in
the human kinetochore-MT interface (driven by changing pro-
tein partners). Thus, the extent to which yeast kinetochore
proteins are able to functionally complement their human
counterparts—as we determined here—yields information on
the evolutionary conservation of both structure and function
between human and yeast centromere proteins.

Studies to analyze further budding yeast kinetochore pro-
teins in human cells are under way in our laboratory, and we
are confident that this strategy will continue to reveal further
common and divergent features of the two different but related
kinetochore structures. The in vivo assay described here may
also be useful for studying functional similarities and the evo-
lutionary conservation of other multiprotein complexes in eu-
karyotes as well.
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