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Faithful transmission of genetic information during mitotic divisions depends on bipolar attachment of sister
kinetochores to the mitotic spindle and on complete resolution of sister-chromatid cohesion immediately
before the metaphase-to-anaphase transition. Separase is thought to be responsible for sister-chromatid
separation, but its regulation is not completely understood. Therefore, we have screened for genetic loci that
modify the aberrant phenotypes caused by overexpression of the regulatory separase complex subunits
Pimples/securin and Three rows in Drosophila. An interacting gene was found to encode a constitutive
centromere protein. Characterization of its centromere localization domain revealed the presence of a diverged
CENPC motif. While direct evidence for an involvement of this Drosophila Cenp-C homolog in separase
activation at centromeres could not be obtained, in vivo imaging clearly demonstrated that it is required for
normal attachment of kinetochores to the spindle.
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Separase functions as a protease at the metaphase-to-
anaphase transition of mitosis (for review, see Nasmyth
2002). At this crucial cell cycle transition, separase
cleaves the �-kleisin subunit (Scc1/Mcd1/Rad21) of the
cohesin complex and thereby promotes the final release
of sister-chromatid cohesion. The careful control of sepa-
rase activity during the cell division cycle involves regu-
latory subunits. Securin is a subunit that accumulates
and associates with separase during interphase. It acts as
an inhibitor of separase activity. Thus, the rapid degra-
dation of securin at the metaphase-to-anaphase transi-
tion via the anaphase-promoting complex/cyclosome
(APC/C) pathway of ubiquitin-dependent proteolysis re-
sults in separase activation. In Drosophila, securin is en-
coded by the pimples (pim) gene (Leismann et al. 2000)
and the catalytic protease subunit by the Separase (Sse)
gene (Jäger et al. 2001). Drosophila Sse lacks the exten-
sive N-terminal regulatory domain that is present in
separases outside the dipterans because the correspond-
ing gene region appears to have evolved into an indepen-
dent gene, three rows (thr) (Herzig et al. 2002; Jäger et al.
2004). Drosophila Thr binds to Sse and is required for

sister-chromatid separation during mitosis (Jäger et al.
2001).

The precise role of Thr and the corresponding N-ter-
minal domains in nondipteran separases is not under-
stood. Moreover, Pim and other securins are not just
separase inhibitors but also contribute in an unknown
positive manner to sister-chromatid separation. In fis-
sion yeast, securin recruits separase to the mitotic
spindle, and similar observations have been described in
other organisms (Funabiki et al. 1996; Ciosk et al. 1998;
Kumada et al. 1998; Jensen et al. 2001; Herzig et al. 2002;
Chestukhin et al. 2003). Separase activation and trans-
port on spindle microtubules might confine its action to
the congressed chromosomes in metaphase plates and in
particular to the pericentromeric region. This hypotheti-
cal scenario might explain why only a minute and pref-
erentially pericentromeric pool of Scc1 appears to be
cleaved by separase during mitosis of higher eukaryotic
cells, while the large majority of Scc1 remains intact.

To identify additional genes that might contribute to
separase regulation and function, we have screened for
chromosomal regions that act as genetic modifiers of the
aberrant phenotypes resulting from overexpression of
Pim or a dominant-negative Thr fragment during Dro-
sophila eye development. Molecular characterization of
an interacting locus revealed that it encodes a constitu-
tive centromere protein. Mapping of its centromere lo-
calization domain in combination with sequence com-
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parisons among Drosophilid orthologs allowed its iden-
tification as the most diverged Cenp-C homolog. Cenp-C
was originally identified as a human autoantigen local-
ized to centromeres (Earnshaw and Rothfield 1985;
Saitoh et al. 1992) and found to display limited sequence
similarity to budding yeast Mif2 (Brown 1995; Meluh
and Koshland 1995), which was identified by mutations
affecting the fidelity of chromosome transmission dur-
ing mitosis (Meeks-Wagner et al. 1986). Homologs have
also been described in nematodes (HCP-4) and plants
(Dawe et al. 1999; Moore and Roth 2001; Oegema et al.
2001; Shibata and Murata 2004; Talbert et al. 2004). For
simplicity, we use Cenp-C as a designation for all these
homologs. Interestingly, recent analyses have demon-
strated that Cenp-C, as well as Cenp-A, a histone H3
variant present in centromeric nucleosomes, evolve rap-
idly and adaptively in many lineages, perhaps driven by
the rapid evolution of centromeric satellite sequences,
and in Drosophila, Cenp-C was supposed to be absent
(Talbert et al. 2004). Apart from providing further sup-
port for the striking sequence divergence of ubiquitous
eukaryotic centromere components, our findings also
raise the possibility that separase activity might be en-
hanced by such components.

Results

Mutations in Cenp-C modify phenotypic consequences
resulting from separase dysregulation

Overexpression of pim during Drosophila eye develop-
ment results in an aberrant rough eye phenotype in
adults (Fig. 1A, GMR > pim). Although we have not char-
acterized this phenotype at a cellular level, we assume

that it results primarily from inhibition of sister-chro-
matid separation during mitotic divisions of eye imagi-
nal disc cells, because pim overexpression during em-
bryogenesis is known to have this effect (Leismann et al.
2000). Moreover, analyses in salivary glands indicated
that pim overexpression does not have obvious effects in
cells progressing through endoreduplication cycles that
lack mitotic divisions (data not shown).

When expressed during eye development, a mutant thr
version lacking C-terminal sequences (thr�C) resulted in
a phenotype very similar to that caused by eye-specific
pim overexpression (Fig. 1A, GMR-thr�C). The effect of
thr�C was suppressed by concomitant expression of
wild-type thr, suggesting that thr�C acts in a dominant-
negative manner. The severity of the aberrant pheno-
types resulting from pim and thr�C overexpression dur-
ing eye development was correlated with transgene copy
numbers (data not shown).

To identify loci interacting with pim and thr, we
crossed a collection of chromosomal deficiencies into
the backgrounds with the transgenes resulting in pim or
thr�C overexpression during eye development. Hetero-
zygosity for the deficiency Df(3R)p-XT103, which de-
letes the chromosomal interval 85A–85C, was found to
enhance the rough eye phenotypes caused by pim and
thr�C overexpression. Based on analyses with additional
deficiencies, the interacting region could be narrowed
down (Fig. 1B). Moreover, heterozygosity for the EMS-
induced, recessive lethal mutation l(3)85Aaprl41, which
had previously been mapped to this chromosomal region
(Jones and Rawls 1988), was also found to enhance the
aberrant eye phenotype resulting from pim and thr�C
overexpression (Fig. 1A, GMRpim prl41 and GMR-thr�C

Figure 1. Separase regulatory subunits
encoded by pim and thr interact geneti-
cally with Cenp-C. (A) Overexpression of
pim and C-terminally truncated thr dur-
ing eye development results in an aber-
rant eye phenotype that is enhanced by
mutations in Cenp-C. The eyes shown are
from flies with the following genotypes:
GMR-GAL4/+ (GMR), GMR-GAL4 UAS-
pim-myc II.3/+ (GMR > pim), GMR-thr�C
III.1/+ (GMR-thr�C), Cenp-Cprl41/+ (prl41),
GMR-GAL4 UAS-pim-myc II.3/+; Cenp-
Cprl41/+ (GMR > pim prl41), GMR-thr�C
III.1/Cenp-Cprl41 (GMR-thr�C prl41), GMR-
thr�C III.1/Df(3R)p25 (GMR-thr�C p25), abc
II.1/+; GMR-thr�C III.1/Df(3R)p25 (GMR-
thr�C p25 abc), abcd II.2/+; GMR-thr�C
III.1/Df(3R)p25 (GMR-thr�C p25 abcd).
Df(3R)p25 deletes Cenp-C (see panel B),
and the transgene insertions abc II.1 and
abcd II.2 carry genomic fragments without and with Cenp-C, respectively (see panel C). The latter but not the former transgene
reverses the enhancement that Df(3R)p25 contributes to the phenotype induced by GMR-thr�C III.1. (B) Red lines indicate the
chromosomal regions deleted by deficiencies (Def) that scored as enhancers (Enh, +) of the aberrant eye phenotype resulting from
overexpression of pim or thr�C and that failed to complement Cenp-Cprl41 (Com, −), while black lines represent deficiencies with the
opposite behavior (Enh, −; Com, +). A locus interacting with pim and thr is therefore located between the vertical dashed lines. (nd)
Not done. (C) Black lines indicate the chromosomal regions and the annotated genes (CG31453, mRpS18C, CG31460, Cenp-C) present
in transgenes (TG) that were assayed in complementation tests (Com) for their ability to prevent the recessive lethality resulting from
Cenp-Cprl41 hemizygosity. The frameshift mutation introduced in the Cenp-C region of transgene abcdm is indicated by the red ✕.
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prl41). Complementation tests with l(3)85Aaprl41 and
deficiencies breaking within 85A–85C revealed non-
complementation in case of deficiencies that enhanced
the pim and thr�C overexpression phenotype and, con-
versely, complementation for deficiencies that did not
modify this phenotype (Fig. 1B). After molecular map-
ping of selected deficiency breakpoints, a series of trans-
genic strains carrying genomic DNA fragments with
some of the genes predicted within the identified chro-
mosomal region was generated and used for complemen-
tation tests with l(3)85Aaprl41. Only DNA fragments
containing the intact gene CG31258 were found to pre-
vent the developmental lethality of l(3)85Aaprl41 hemi-
and homozygotes (Fig. 1C). Moreover, these fragments
also suppressed the enhancing effect of heterozygosity
for l(3)85Aaprl41 or noncomplementing deficiencies on
the aberrant phenotype caused by pim and thr�C over-
expression during eye development (Fig. 1A; data not
shown). In addition, molecular analyses of the CG31258
sequence isolated from the l(3)85Aaprl41 chromosome re-
vealed the presence of a premature stop codon instead of
a glutamine codon at position 1107 of the predicted pro-
tein. Therefore, we conclude that l(3)85Aaprl41 repre-
sents a mutant allele of CG31258 that interacts geneti-
cally with pim and thr.

Furthermore, in a screen for recessive lethals resulting
in cell cycle progression defects during embryogenesis,
another mutation was subsequently identified that was
characterized by a similar embryonic mutant phenotype
and map location (K. Dej and T. Orr-Weaver, pers.
comm.) and eventually was found to be allelic to
l(3)85Aaprl41. This second allele l(3)85AaIR35 enhanced
the rough eye phenotype resulting from pim and thr�C
overexpression to the same extent as l(3)85Aaprl41, and
its recessive lethality was also fully complemented by
CG31258 transgenes (data not shown). Sequence analy-
sis of l(3)85AaIR35 revealed a premature stop codon in-
stead of the glutamine codon at position 858 of the pre-
dicted CG31258 protein.

The most recent gene model of CG31258 annotated by
the Drosophila Genome Project agrees with our indepen-
dent cDNA sequence analyses except for the position of
the intron–exon junction at the start of exon 4. Initial
database searches with the predicted amino acid se-
quence did not reveal statistically significant similarities
to other genes until sequence traces of various Drosophi-
lid genome projects were deposited in the public domain.
The sequence comparisons with these Drosophilid or-
thologs in combination with the results of our functional
characterizations described below eventually allowed an
identification of CG31258 as the Drosophila Cenp-C ho-
molog. In the following, therefore, we designate this
gene as Cenp-C, even though its identity was recognized
only after and because of our functional characterization.

Identification of a centromere localization domain
in Cenp-C

To evaluate the intracellular localization of Drosophila
Cenp-C, we produced transgenic lines expressing

Cenp-C variants fused either to the enhanced yellow
fluorescent protein (EYFP) or to myc epitope copies at
the N or C terminus. In addition, affinity-purified rabbit
antibodies were generated. Both immunolabeling of
wild-type Cenp-C or tagged variants as well as in vivo
imaging of EYFP fusions in Drosophila embryos (Fig.
2A,D) indicated that Cenp-C is a constitutive centro-
mere protein. This notion was confirmed by comparing
the localization of Cenp-C with that of the centromere
protein Cid, the Drosophila Cenp-A homolog. The com-
parison revealed colocalization during interphase (Fig.
2D) and mitosis (data not shown).

Analysis of Cenp-C expression during development by
immunoblotting (Fig. 2B) and immunofluorescence (Fig.
2C) revealed a correlation with mitotic proliferation.
Anti-Cenp-C signals declined rapidly in the embryonic
epidermis after the final mitotic division, while they
were still intense in central nervous system cells that
proliferate mitotically. In late embryos, where mitotic
proliferation is restricted to only very few cells mainly in
the brain, Cenp-C levels were found to be minimal.
Moreover, neither immunoblotting (Fig. 2B) nor immu-
nofluorescence and EYFP-Cenp-C fluorescence (data not
shown) revealed Cenp-C in the endoreduplicating sali-
vary glands from third instar larvae.

Consistent with the shared intracellular localization
of Cid/Cenp-A and Cenp-C, we observed genetic inter-
actions between cid and Cenp-C. The aberrant rough eye
phenotype caused by cid overexpression during eye de-
velopment (Jäger et al. 2005) was found to be enhanced
by lowering the number of functional Cenp-C gene cop-
ies from two to one (Fig. 2F). A noncentromeric excess of
overexpressed Cid/Cenp-A, therefore, might titrate lim-
iting amounts of Cenp-C away from the centromere.

Consistent with the idea that Cid/Cenp-A and Cenp-C
are in close association, immunolabeling of cid mutant
embryos with antibodies against Cenp-C revealed that
Cid/Cenp-A is required for normal centromeric Cenp-C
localization. In cid mutant embryos, the presence of a
maternal contribution prevents mitotic abnormalities
until late in embryogenesis. However, already at earlier
developmental stages when maternally contributed Cid/
Cenp-A was still detectable (data not shown) and mitotic
defects were not yet apparent, anti-Cenp-C signals were
clearly weaker in cid mutants compared with sibling
control embryos (Fig. 2E). Immunolabeling of Cenp-C
mutant or deficient embryos with anti-Cid/Cenp-A did
not reveal a reciprocal dependence of Cid/Cenp-A local-
ization on normal Cenp-C expression and function (see
below).

To define centromere localization domains in Cenp-C,
we expressed various Cenp-C fragments fused to en-
hanced green fluorescent protein (EGFP) in Drosophila
embryos from appropriate transgenes (Fig. 3A). The N-
terminal third of Cenp-C (amino acids 1–575) and the
central third (amino acids 558–1038) failed to localize
the fused EGFP to the centromere (Fig. 3B, N+ and
M+). In contrast, the C-terminal third (amino acids
1009–1411) was sufficient to direct efficient centromere
localization (Fig. 3B, C+). Further analysis of this region
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indicated that the subregion from amino acids
1009–1205 was also sufficient to confer centromere lo-
calization (Fig. 3B, CN+), while two other subregions
(amino acids 1094–1306 and 1204–1411) were not suffi-
cient (Fig. 3B, CM+ and CC+).

To identify amino acid positions crucial for centro-
mere localization, we randomly mutagenized the se-
quences encoding the region sufficient for centromere
localization in vitro by error-prone PCR and used these
mutated sequences to replace the corresponding wild-
type sequence in a construct allowing expression of the
C-terminal third of Cenp-C fused to EGFP. Three-hun-
dred-ninety-four mutagenized clones were analyzed for
their ability to localize to the centromere after transfec-
tion of Drosophila SR+ cultured cells. All 50 mutants
that had lost centromere localization were subjected to
DNA sequence analysis. In addition, 25 randomly se-
lected mutants that localized to the centromere were
sequenced as well. These sequences revealed that mu-
tant constructs contained on average 1.9 mutations and
that every amino acid position within the region suffi-
cient for centromere binding should have been covered
by about two missense mutations in our mutagenesis

experiment. Yet only a single-point mutation (R1101G)
that abolished centromere localization in the transfec-
tion assay was identified (Fig. 3C,D). R1101, therefore,
appears to be of special importance for centromere local-
ization. All other mutants that failed to localize to the
centromere were characterized by the presence of prema-
ture stop codons. The location of these stop codons in
combination with the location of a premature stop codon
(1192stop) that did not abolish centromere localization
in the transfection assay indicated that the region be-
tween amino acids 1084 and 1192 is important for cen-
tromere localization (Fig. 3C,D).

Drosophilid Cenp-C homologs contain a diverged
CENPC motif

The deposition of Drosophilid genome sequences in the
public internet domain allowed the identification of
Cenp-C orthologs from Drosophila simulans, Dro-
sophila yakuba, Drosophila erecta, Drosophila ananas-
sae, Drosophila pseudoobscura, and Drosophila virilis.
Amino acid comparisons between the predicted proteins
revealed the presence of conserved blocks (Fig. 4A). Sev-

Figure 2. Drosophila Cenp-C is a constitutive centromere protein
colocalizing and interacting with Cid/Cenp-A. (A) In vivo imaging
of syncytial embryos, which express EYFP-Cenp-C (green) and his-
tone H2Av-mRFP (red), indicates that Cenp-C is centromeric dur-
ing interphase (inter), prophase (pro), metaphase (meta), anaphase
(ana), and telophase (telo). (B) Immunoblotting with embryo ex-
tracts prepared at different developmental ages (0–1, 1–2, 2–3, 3–8,
8–13, and 13–18 h after egg deposition) revealed high levels of
Cenp-C during stages with intense mitotic cell proliferation (0–8 h)
and decreasing levels during late embryogenesis when few cells
proliferate mitotically (8–18 h). Thirty embryos were loaded per
lane except in the first two where three (10%) and 10 (33%) 0–1-h
embryos were loaded. Moreover, while Cenp-C was clearly de-
tected in an extract prepared from 20 6–8-h embryos (e), it could not
be detected in a comparable amount of protein in an extract pre-
pared from 30 salivary glands of third instar larvae (s). (C) Im-
munofluorescence experiments with embryos homozygous for
Df(3R)Exel6149, which deletes Cenp-C (Cenp-C−), and sibling con-
trol embryos (Cenp-C+) revealed strong anti-Cenp-C signals in the
epidermis of Cenp-C+ embryos at the stage of mitosis 16 (epi 6.5 h)
and in the central nervous system, where mitotic proliferation oc-
curs also at 9 h (cns 9 h). In contrast, weak signals were observed in
the post-mitotic epidermis of Cenp-C+ embryos at 9 h (epi 9 h) and
already at the stage of mitosis 16 in Cenp-C− embryos (epi 6.5). (D)
An interphase nucleus from a syncytial embryo expressing Cenp-
C-myc is shown at high magnification after labeling with anti-myc
(top panel and green in bottom panel), anti-Cid/Cenp-A (middle
panel and red in bottom panel), and a DNA stain (blue in bottom
panel). (E) Labeling of cid mutant embryos (cid−) and sibling control
embryos (cid+) with anti-Cenp-C (green) and a DNA stain (red) in-
dicates that Cid/Cenp-A is required for normal Cenp-C localization
at the centromere. High-magnification views of epidermal regions
at the stage of mitosis 16 show reduced centromeric anti-Cenp-C
signals in cid mutants. (F) Overexpression of cid/Cenp-A results in
an aberrant eye phenotype that is enhanced by mutations in Cenp-C. The eyes shown are from flies with the following genotypes:
Cenp-CIR35/+ (Cenp-C−/+), GMR-GAL4 UAS-cid II.3B/+ (+/+ GMR > cid), GMR-GAL4 UAS-cid II.3B/+; Cenp-CIR35/+ (Cenp-C−/+

GMR > cid), GMR-GAL4 UAS-cid II.3B/UAS-Cenp-C II.1; Cenp-CIR35/+ (Cenp-C−/+ GMR > cid GMR > Cenp-C), GMR-GAL4 UAS-cid
II.3B/+; Cenp-CIR35/UAS-EGFP-Cenp-C III.2 (Cenp-C−/+ GMR > cid GMR > ECenp-C).
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eral blocks of relatively high conservation were found
within the region important for centromere localization
(Fig. 4A, Cen). R1101, which is crucial for centromere
localization, is present within the largest of these blocks,
and the corresponding position was found to be invariant
in all of the Drosophilid sequences. Moreover, compari-
son of the consensus sequence of this block with the
consensus sequence of the CENPC motif that has re-
cently been shown to be the only shared element in the
Cenp-C proteins of yeast, plants, and vertebrates (Talbert
et al. 2004) revealed strong similarities (Fig. 4B). R1101
corresponds to a position in the CENPC motif that is
identical in all Cenp-C proteins (Fig. 4B, see arrow).
While the C-terminal part of the Drosophilid CENPC
motif is different from that of other eukaryotes, we em-
phasize that similarities between the Cenp-C proteins of
Drosophila, fungi, and vertebrates are also detectable in
the very C-terminal region (Fig. 4A, C-term). The human
Cenp-C region encompassing the CENPC motif to the C
terminus is known to be sufficient for centromere tar-
geting (Lanini and McKeon 1995; Song et al. 2002). Based
on the very limited but distinct sequence similarities in
functionally identical centromere localization domains,

therefore, the Drosophilid proteins appear to be strongly
diverged Cenp-C orthologs.

Independent functional domains in Cenp-C

The Drosophilid Cenp-C proteins share some regions of
high similarity. As discussed above, the C-terminal re-
gion and the CENPC motif within the region sufficient
for centromere localization are well conserved (Fig. 4A,
C and C-term). However, the most extensive conserva-
tion is present within the N-terminal third in an argi-
nine-rich region (Fig. 4A, R) and in another region unique
to the Drosophilid Cenp-C proteins (Fig. 4A, DH, for
Drosophilid homology region). Fragments of human
Cenp-C encompassing the equivalent positions can func-
tion as a second centromere localization domain, inde-
pendent of the previously mentioned C-terminal centro-
mere localization domain (Yang et al. 1996; Song et al.
2002). In the case of Drosophila melanogaster Cenp-C,
the highly conserved N-terminal block does not confer
normal centromere localization. Fused to EGFP, the N-
terminal region including DH is not sufficient for cen-
tromere localization (Fig. 3B, N+), nor does Cenp-C lack-

Figure 3. Identification of the Cenp-C centromere lo-
calization domain. (A) The Cenp-C regions present in
UAS-EGFP transgene variants (TG) are indicated by
black horizontal lines with numbers indicating amino
acid positions. The intracellular localization of the
EGFP-Cenp-C variants expressed from these transgenes
is listed (Loc) and was found to be either cytoplasmic
(Cy), nuclear (Nu), centromeric (Cen), or all over the
cell (Ce). Brackets indicate results that were observed
only after strong expression. The ability of these trans-
genes to prevent phenotypic abnormalities after expres-
sion in Cenp-C mutant embryos is also listed (Res) with
+ or − indicating those that did or did not rescue, re-
spectively. (nd) Not done. The two black horizontal
lines at the bottom represent the Cenp-C fragments
expressed from the Cenp-Cprl41 and Cenp-CIR35 alleles,
which both carry premature stop codons after codons
1106 and 857, respectively. Black boxes on top indicate
the following Cenp-C regions: arginine-rich region (R),
a region highly conserved in the Drosophilid Cenp-C
homologs (DH), predicted AT hooks (AT1 and AT2) and
nuclear localization signal (NLS), the CENPC motif (C),
and the metazoan-like C-terminal region (C-term). (B)
High-magnification views from the epidermis of em-
bryos with a heat-inducible GAL4 transgene and UAS-
EGFP-Cenp-C transgene variants (CN, CM, CC, C, M,
N) (see A). The embryos were either heat-treated (+) or
not (−), fixed, and labeled with anti-GFP (GFP, green in
bottom panel), anti-Cid/Cenp-A (Cid, red in bottom
panel), and a DNA stain (DNA, blue in bottom panel).
(C) Variants of EGFP-Cenp-C-C obtained after random

mutagenesis of the region from amino acids 1009–1235 of Cenp-C were expressed after transfection of Drosophila SR+ cells and
analyzed for their ability to localize to the centromere. The arrowhead pointing down to position 1192 indicates a premature stop
codon that does not interfere with centromere localization. The filled arrowheads pointing up indicate premature stop codons that
abolish centromere localization. The open arrowhead pointing up indicates the single identified point mutation (R1101G) that
prevents centromere localization. (D) GFP signals in representative transfected SR+ cells expressing EGFP-Cenp-C variants. The
following variants were expressed: EGFP-Cenp-C-C (+), EGFP-Cenp-C-C with G instead of R at position 1101 (R1101G), EGFP-Cenp-
C-C with a premature stop codon at position 1192 (1192stop).

Drosophila Cenp-C

GENES & DEVELOPMENT 2045



ing this region (deletion of amino acids 36–546) fail to
localize to the centromere (Fig. 3A; data not shown).

Three other small regions of D. melanogaster Cenp-C
displayed similarities to nuclear localization signals
(amino acids 1058–1075) (Fig. 3A, NLS) and to AT hooks,
which can mediate binding to the minor grove of DNA
(amino acids 593–612 and amino acids 1207–1219) (Fig.
3A, AT1 and AT2). These regions showed limited con-
servation among Drosophilids and were found to be dis-
pensable for centromere localization (Fig. 3A; data not
shown).

While the regions NLS, AT1, AT2, and the N-terminal
domain with the regions R and DH are dispensable for
centromere localization, all except AT1 appear to pro-
vide other essential functions. Cenp-C versions lacking
these regions were unable to prevent phenotypic abnor-
malities in Cenp-C mutant embryos when expressed
from appropriate transgenes (data not shown). In con-
trast, analogous expression of wild-type Cenp-C or
Cenp-C lacking AT1 was sufficient to prevent pheno-
typic abnormalities in Cenp-C mutant embryos (Figs.
3A, 6A [below]).

We also analyzed the consequences of overexpression
of wild-type and mutant Cenp-C versions during eye and
wing development. Overexpression of the minimally

conserved middle region had no effect (Fig. 5, E-M). Over-
expression of full-length Cenp-C resulted in an aberrant
phenotype but only in wings and not in eyes (Fig. 5, FL
and E-FL). Stronger defects were observed after expres-
sion of the N-terminal region containing the maximally
conserved R and DH blocks (Fig. 5, E-N). The strongest
defects were caused by expression of C-terminal regions
containing the centromere localization domain (Fig. 5,
E-C and E-CN). Therefore, we assume that the overex-
pressed fragments capable of centromere binding dis-
place wild-type Cenp-C. Similarly, we propose that over-
expression of the region with the maximally conserved
N-terminal R and DH blocks, as well as an excess of
wild-type and thus noncentromeric Cenp-C, might ti-
trate away other components, perhaps kinetochore pro-
teins normally recruited by centromeric wild-type
Cenp-C during mitosis.

Is Cenp-C involved in sister-chromatid separation?

To define the Cenp-C function in further detail, we
analyzed the consequences of loss-of-function muta-
tions. In particular, since our identification of Cenp-C by
genetic interactions argued for a functional cooperation
between separase regulatory subunits and this centro-
mere protein, we were interested in whether the Cenp-C
mutant phenotype provides evidence for a direct inter-
action.

The two available Cenp-C alleles (prl41 and IR35) both
behaved as recessive lethal mutations. Homozygous and
trans-heterozygous embryos, as well as embryos carrying
either of the two alleles over a deficiency (Df(3R)p25) did
not hatch. Immunolabeling with antibodies against Cy-
clin B and a DNA stain indicated striking abnormalities
within the central nervous system (CNS) during the sec-
ond half of embryogenesis (Fig. 6A, Cenp-C−). The CNS
of Cenp-C mutant embryos included many oversize cells
with abnormally high levels of Cyclin B. In addition,
pycnotic nuclei characteristic of apoptotic cells were
more frequent within the Cenp-C mutant CNS, which
overall contained far fewer cells than the CNS of wild-
type embryos. In contrast, other tissues of Cenp-C mu-
tant embryos appeared to be relatively normal. These
findings indicated that initial development of Cenp-C
mutant embryos is normal, presumably reflecting the
presence of the maternal Cenp-C+ contribution, which
can be demonstrated by immunofluorescence (Fig. 2C),
RT–PCR, and immunoblotting experiments (data not
shown). However, this maternal Cenp-C+ contribution
evidently is no longer sufficient to support the extended
cell proliferation known to occur during CNS develop-
ment, where continued cell cycle progression despite
chromosome segregation defects might result in oversize
cells and apoptosis in the Cenp-C mutants. Accordingly,
the observation that the CNS is most severely affected in
the Cenp-C mutants suggests that Cenp-C is only re-
quired in dividing cells. This notion is also supported by
the observed correlation between Cenp-C expression and
mitotic proliferation (Fig. 2B,C).

To characterize the Cenp-C mutant phenotype in fur-

Figure 4. Comparison of Cenp-C from Drosophila and other
metazoans. (A) Identical positions present in an alignment of
the amino acid sequences of Cenp-C from D. melanogaster, D.
pseudoobscura, and D. virilis are indicated by black lines. Po-
sitions that are also identical in an alignment including Cenp-C
from Homo sapiens, Mus musculus, and Rattus norvegicus in
addition to the three Drosophila species are indicated by red
lines. The boxes indicating the CENPC motif (C) and the C-
terminal region (C-term), which appear to be conserved in all
metazoans, are filled in red. The arginine-rich region (R) and
another region (DH) that were found to be maximally conserved
among Drosophila species are illustrated by black boxes. Gray
boxes indicate the poorly conserved predicted AT hooks (AT1
and AT2) and nuclear localization signal (NLS). The region suf-
ficient for centromere localization is indicated by a dashed rect-
angle (Cen). (B) A CENPC motif consensus sequence was de-
rived from the predicted Cenp-C proteins of seven Drosophila
species (D. ananassae, D. erecta, D. melanogaster, D. pseudo-
obscura, D. simulans, D. virilis, D. yakuba) and found to devi-
ate from the consensus sequence derived from fungal, plant, and
other metazoan Cenp-C proteins (Talbert et al. 2004), in par-
ticular toward the C-terminal end.
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ther detail at a cellular level, we focused on the onset of
phenotypic abnormalities. Analyses with the two alleles
in homo-, hemi-, or trans-heterozygous embryos gave
similar results. Starting during embryonic cycle 15, im-
munolabeling revealed declining Cenp-C levels in Cenp-
C-deficient embryos compared with sibling controls
(data not shown). Based on double-labeling with a DNA
stain and scoring of mitotic figures, the division com-
pleting cycle 15 appeared still largely normal in the mu-
tants. At the stage of mitosis 16, residual maternally
derived Cenp-C levels were further reduced, but still
above background at least in some of the mutant em-
bryos (Fig. 2C). However, mitosis 16 was severely af-
fected. Metaphase figures appeared relatively normal,

but anaphase and telophase figures frequently displayed
abnormal chromatin bridges (Fig. 6B). Labeling with an-
tibodies against Cid/Cenp-A revealed centromere signals
of normal intensity in the Cenp-C mutants. Interest-
ingly, in 70% of the chromatin bridges, Cid/Cenp-A sig-
nals were observed in the middle (Fig. 6C, Cenp-C−).
Chromatin bridges appearing during mitosis 15 in Cap-G
mutant embryos almost never displayed comparable
central centromere signals (Fig. 6C, Cap-G−). Cap-G is a
subunit of the condensin complex and provides a major
function required for sister-chromatid resolution during
mitosis. Interestingly, Cap-G has recently been shown to
interact genetically and physically with the centromere
component Cid/Cenp-A (Jäger et al. 2005). However, the

Figure 5. Distinct Cenp-C regions cause defects after overexpression. MS1096 and GMR-GAL4 were used to drive overexpression of
various UAS-Cenp-C transgene variants during wing (top row) and eye (bottom row) development, respectively. Wild-type wings and
eyes are present in control flies (+) with a GAL4 transgene but without an UAS transgene. Aberrant wing and eye phenotypes were
observed to variable degrees in flies with either UAS-Cenp-C II.2 (FL), UAS-EGFP-Cenp-C II.2 (E-FL), UAS-EGFP-Cenp-C-N II.1 (E-N),
UAS-EGFP-Cenp-C-M III.2 (E-M), UAS-EGFP-Cenp-C-C II.1 (E-C), or UAS-EGFP-Cenp-CN II.2 (E-CN) in combination with a GAL4
transgene. The strongest defects were observed after overexpression of N-terminally truncated Cenp-C fragments containing the
centromere localization domain (E-C and E-CN). However, aberrant wings and eyes were also caused by the N-terminal region, which
does not localize to the centromere (E-N), while the middle region did not have an effect (E-M). Several independent insertions of each
transgene variant were analyzed and found to behave similarly to those shown.

Figure 6. Cenp-C mutant phenotype. (A)
Embryos after germ-band retraction, when
mitotic cell proliferation is restricted to
the nervous system, were labeled with an-
tibodies against Cyclin B (CycB) and a
DNA stain (DNA). While the entire em-
bryos are shown in the two top rows, high-
magnification views of CNS regions are
shown in the two bottom rows. In com-
parison to sibling control embryos (Cenp-
C+), Cenp-Cprl41/Df(3R)p25 embryos (Cenp-
C−) contain fewer but often much larger
cells expressing Cyclin B at very high lev-
els in the central nervous system (arrow-
heads). In addition, considerably higher
numbers of apoptotic cells with pycnotic
nuclei are present in these embryos (ar-
rows). Sca-GAL4-mediated expression of
UAS-EGFP-Cenp-C (data not shown) or
UAS-EGFP-Cenp-C-�AT1 in the Cenp-C
mutant embryos (Cenp-C− Sca > �AT1)

prevents these abnormalities almost completely. (B) Epidermal cells during mitosis 16 from either sibling control embryos (Cenp-C+)
or Cenp-Cprl41 mutant embryos (Cenp-C−) are presented after labeling with antibodies against tubulin (Tub) and a DNA stain (DNA).
While metaphase cells (meta) appear to be indistinguishable, anaphase (ana) and telophase (telo) cells frequently displayed chromatin
bridges (arrowhead). (C) Epidermal regions after labeling with antibodies against Cid/Cenp-A (Cid, green) and a DNA stain (DNA, red)
contain late mitotic cells with chromatin bridges in both Cenp-Cprl41/Cenp-CIR35 (Cenp-C−) and Cap-G6/Df(2R)vg56 (Cap-G−) mutant
embryos. However, while the majority of the chromatin bridges in Cenp-C− embryos display anti-Cid/Cenp-A signals at the midpoint
(arrowheads), bridges in Cap-G− embryos are devoid of such signals (arrows).
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early phenotypic consequences of mutations in Cenp-C
and Cap-G are evidently distinct.

Our observations in fixed mutant embryos indicated
that Cenp-C is particularly important for separation of
sister centromeres during mitosis and/or for segregation
of sister chromatids to the poles. A distinct increase in
the number of phospho-histone H3-positive cells was ob-
served after incubation in colchicine, demonstrating that
the mitotic spindle checkpoint is still functional in
Cenp-C mutants, at least in most cells at the stage of
mitosis 16. Nevertheless, immunolabeling with an anti-
body against the checkpoint component BubR1 already
revealed less intense signals at the kinetochores during
prometaphase 16 in Cenp-C mutants compared with sib-
ling controls (data not shown). Moreover, the relatively
normal appearance and number of metaphase plates dur-
ing mitosis 16 in the Cenp-C mutants also argued that
most kinetochores are still quite functional, allowing for
chromosome attachment to the mitotic spindle, chro-
mosome congression into the metaphase plate, and
spindle checkpoint silencing.

Since kinetochore functionality in Cenp-C mutants

would be surprising and a strong argument for a sister
separation defect as an underlying cause of the observed
anaphase defects, we applied in vivo imaging for a more
careful analysis of kinetochore functionality, in particu-
lar in sister-chromatid pairs that fail to become segre-
gated during mitosis 16 in Cenp-C mutants. Therefore,
we crossed transgenes driving expression of mRFP fused
to histone H2Av and EGFP fused to Cid/Cenp-A into the
Cenp-C mutant background. Time-lapse analysis of pro-
gression through mitosis 16 (Fig. 7) clearly revealed that
chromosome congression into a metaphase plate is
slightly delayed in the mutants. The period from the
onset of chromosome condensation until the metaphase-
to-anaphase transition lasted for ∼5.6 min in the Cenp-C
mutants, compared with 4.4 min in sibling controls (Fig.
7B). This delay occurred during prometaphase. More-
over, the metaphase frame acquired just before the onset
of anaphase usually revealed a more irregular centromere
positioning than in the straight metaphase plates char-
acteristically observed in sibling control embryos (Fig.
7A). After the metaphase-to-anaphase transition, some
mutant cells failed to achieve timely separation and/or

Figure 7. Mitotic chromosome segregation in
Cenp-C mutant embryos. (A) Mitotic divisions in
Cenp-C+ (Cenp-C+) or Cenp-C− (Cenp-C−) em-
bryos expressing gcid-EGFP-cid (GFP-Cid/Cenp-
A) and His2Av-mRFP1 (histone H2Av-mRFP)
were analyzed by time-lapse in vivo imaging. The
time (in seconds) relative to the last frame before
the onset of anaphase, which was set to 0, is in-
dicated in each frame. All frames in the top row
are from a cell progressing through mitosis 16 in
a Cenp-C+ sibling control embryo and all frames
in the middle row from a Cenp-C− embryo at the
same stage. Magnification in the top two rows is
indicated by the white bar in the upper left panel,
which corresponds to 3 µm. Various metaphase
plates are shown in the bottom row always in the
same orientation with the bar corresponding to 3
µm illustrating the magnification shown in the
first four panels. Even higher magnifications are
shown in the two right-most panels in which sis-
ter centromeres of lagging chromosomes in Cenp-
C− embryos are indicated by white arrowheads
and those of nonlagging chromosomes by white
arrows. Chromosomes that were subsequently
lagging behind during anaphase in Cenp-C− em-
bryos did not only have more closely spaced sister
centromeres than nonlagging chromosomes (see
also C) but were also often not oriented in the axis
of the spindle, as evident in the right-most panel
in the bottom row. (B) The average time (in min-
utes) from the onset of mitosis 16 until the last
frame before the onset of anaphase (pro-meta/
ana), as well as from the onset of anaphase until telophase (meta/ana-telo), was determined after time-lapse analysis of embryos that
were either Cenp-C+ (Cenp-C+, white bars) or Cenp-C− (Cenp-C−, black bars). At least 20 mitoses from more than four embryos were
analyzed. (C) The distance between sister centromeres (in micrometers) was determined during prophase (pro) and immediately before
the onset of anaphase (meta) after time-lapse analysis of embryos at the stage of mitosis 16. Average values obtained with Cenp-C+

embryos are represented by white bars. Values obtained for chromosomes that were subsequently lagging behind during anaphase in
Cenp-C− embryos are indicated by the gray bar, while the values observed in Cenp-C− embryos during prophase and before the
metaphase-to-anaphase transition in case of nonlagging chromosomes are given by black bars. At least 11 chromosomes from more
than four embryos were analyzed.
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segregation of one or two chromosomes (Fig. 7A). Mea-
suring the distance between the sister kinetochores just
before the metaphase-to-anaphase transition indicated
that these late or nonsegregating chromosomes were not
attached to the spindle in a normal bipolar fashion. Bi-
polar attachment results in a significant increase in the
intersister kinetochore distance, as confirmed by com-
paring the values in sibling control embryos during pro-
phase and metaphase (Fig. 7C). This increase was also
observed in the Cenp-C mutants but only in the nor-
mally segregating chromosomes. In contrast, in the non-
segregating chromosomes, the intersister kinetochore
distance at the metaphase-to-anaphase transition was
not greater than the average distance observed during
prophase (Fig. 7C). These findings indicate that Cenp-C
is required for normal bipolar kinetochore attachment.

Discussion

Our identification of Drosophila Cenp-C closes a promi-
nent gap in the arguments for homologous centromere
organization. Centromeric DNA sequences have evolved
extremely rapidly and appear to have driven the coevo-
lution of centromeric proteins during eukaryote evolu-
tion (Henikoff et al. 2001; Talbert et al. 2004). The re-
sulting low sequence similarity between centromeric
proteins has effectively concealed the existence of a
common set of constitutive eukaryotic centromere pro-
teins until very recently. The first features demonstrated
to be shared among fungal, plant, and animal centro-
meres were centromere-specific histone H3 variants
(Sullivan et al. 1994; Stoler et al. 1995; Buchwitz et al.
1999; Henikoff et al. 2000; Takahashi et al. 2000; Talbert
et al. 2002). In addition to these Cenp-A homologs, only
one further constitutive centromere component, Cenp-
C, has so far been shown to be present in each of the
three main eukaryotic branches (Saitoh et al. 1992;
Brown 1995; Meluh and Koshland 1995; Dawe et al.
1999; Moore and Roth 2001; Talbert et al. 2004). Our
findings now also establish the existence of Drosophila
Cenp-C, which had previously escaped detection by care-
ful bioinformatics genome analyses (Talbert et al. 2004)
because of its very limited sequence similarity. In com-
bination with the recent identification of related Cenp-
H-, Cenp-I-, and Mis12-like proteins in both vertebrates
and yeast (Nishihashi et al. 2002; Goshima et al. 2003;
Westermann et al. 2003; Cheeseman et al. 2004; Obuse
et al. 2004), our results provide strong support for the
notion of a common set of constitutive centromere pro-
teins. These proteins, which are centromeric throughout
the cell cycle, appear to provide a foundation for kineto-
chore assembly and spindle attachment during mitosis
by recruiting several distinct multisubunit complexes
that also contain highly diverged proteins (Wigge and
Kilmartin 2001; De Wulf et al. 2003; Westermann et al.
2003; Cheeseman et al. 2004).

The extensive sequence divergence characteristically
observed among homologous eukaryotic centromere and
kinetochore proteins is striking, especially in the light of
their common fundamental cellular function. The aver-

age amino acid identity observed in a genome-wide com-
parison of D. melanogaster and D. pseudoobscura ortho-
log pairs is 77% (Richards et al. 2005) and only 38% in
case of the Cenp-C pair. Moreover, based on the ratio
between radical charge mutations and conservative sub-
stitutions in D. melanogaster and D. pseudoobscura or-
tholog pairs, Cenp-C is one of 44 genes likely to have
evolved under positive selection (Richards et al. 2005).
Except for a few very restricted regions (data not shown),
our comparison of D. melanogaster Cenp-C with the or-
thologs from D. erecta and D. yakuba, which are closer
relatives than D. pseudoobscura and thus amenable to
dN/dS analyses (Comeron 1999), did not reveal strong
evidence for positive selection, in contrast to the recent
findings in plant and mammalian lineages (Talbert et al.
2004). However, we point out that these dN/dS analyses
ignore insertions and deletions (indels), which have oc-
curred considerably more often during Cenp-C evolution
in Drosophilids than in the mammalian lineage. Most of
the indels are observed within the minimally conserved
central regions of Drosophilid Cenp-C. Similar variabili-
ties resulting from recurrent exon duplications have
been observed in the central region of the plant Cenp-C
genes (Talbert et al. 2004).

The adaptively evolving regions of mammalian
Cenp-C have been shown to bind to DNA in vitro, con-
sistent with the proposed coevolution of centromeric
DNA and protein sequences (Talbert et al. 2004). How-
ever, this DNA binding in vitro is not sequence-specific
(Sugimoto et al. 1994), suggesting that interactions with
centromere-specific proteins contribute to centromere
localization of Cenp-C. As in other organisms (Howman
et al. 2000; Moore and Roth 2001; Oegema et al. 2001;
Van Hooser et al. 2001; Westermann et al. 2003), Cid/
Cenp-A is also required for centromere localization of
Cenp-C in Drosophila. High-resolution light microscopy
of mitotic chromosomes has indicated that human
Cenp-C covers the poleward-oriented peripheral region
of the Cenp-A-containing centromeric chromatin
(Blower et al. 2002). Direct interactions between Cenp-A
and Cenp-C have not yet been demonstrated in any or-
ganism. Our attempts with yeast two-hybrid experi-
ments were also unsuccessful (R. Schittenhelm, S.
Heeger, and C.F. Lehner, unpubl.).

The CENPC motif has recently been identified as the
only region conserved among the Cenp-C orthologs from
fungi, plant, and animals (Talbert et al. 2004). In Dro-
sophilids, even this short motif of ∼24 amino acids is not
fully conserved in its C-terminal part. Our results sug-
gest that this CENPC motif is crucial for centromere
localization. We demonstrate that a single-point muta-
tion affecting one of the invariant positions in the
CENPC motif interferes with centromere localization of
the C-terminal domain of Cenp-C in our transfection
assay. This mutation was identified as the only missense
mutation interfering with centromere localization after
extensive random mutagenesis. Further experiments
will reveal whether and how the CENPC motif contacts
Cid/Cenp-A nucleosomes. We would like to emphasize,
however, that also in Drosophila Cenp-C, other regions
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than the CENPC motif clearly contribute to efficient
centromere localization. Centromere localization of the
CN subregion (1009–1205), for instance, is only detected
in our transfection assay in live but not in fixed cells,
while centromere localization of the larger C region
(1009–1411) is resistant to fixation.

The highest conservation among Drosophilid Cenp-C
proteins is observed within the N-terminal third, which
is neither required nor sufficient for normal centromere
localization. Nevertheless, prolonged overexpression of
this domain in proliferating eye and wing imaginal disc
cells results in severe defects. The conserved N-terminal
Cenp-C domains (R and DH) might bind to kinetochore
proteins and titrate these away from the centromere
when overexpressed. Biochemical and genetic character-
izations in Saccharomyces cerevisiae and Caenorhabdi-
tis elegans have suggested that Cenp-C is not only asso-
ciated with Cenp-A, but that it also recruits the next
layer of kinetochore proteins, in particular the Mis12/
Mtw1 and Ndc80 complexes, which remain to be iden-
tified in Drosophila (De Wulf et al. 2003; Pinsky et al.
2003; Westermann et al. 2003; Cheeseman et al. 2004).

As in yeast (Meluh and Koshland 1995), chicken (Fuka-
gawa and Brown 1997; Fukagawa et al. 1999), and mice
(Kalitsis et al. 1998), Cenp-C is also an essential gene in
Drosophila. Antibody microinjection experiments in
mammalian cells (Tomkiel et al. 1994); RNA interfer-
ence in C. elegans (Moore and Roth 2001; Oegema et al.
2001); and phenotypic analysis in yeast (Brown et al.
1993), chicken cells (Fukagawa et al. 2001), and mutant
Drosophila embryos demonstrate that Cenp-C is re-
quired for normal chromosome segregation during mito-
sis. Our in vivo imaging in Cenp-C mutant embryos dis-
closes these defects in detail. Previously, in vivo imaging
has also been applied in C. elegans CENP-C(RNAi) em-
bryos (Moore and Roth 2001; Oegema et al. 2001). The
formation of holocentric chromosomes and transient
Cenp-C recruitment only during mitosis differentiates
C. elegans from other metazoans like Drosophila and
mammalian cells. Moreover, in contrast to the findings
in C. elegans, chromosome congression into a central
plane is still observed in the Drosophila Cenp-C mu-
tants. Presumably, this chromosome congression re-
flects the function of residual maternally provided Cenp-
C, which is still detectable at the stage of our analyses.
Moreover, our time-lapse analyses demonstrate that
chromosome congression is not entirely normal in the
Cenp-C mutant embryos. Metaphase plate formation is
delayed and often does not lead to the highly ordered
arrangement of all chromosomes characteristically ob-
served before anaphase onset in wild type. Occasional
chromosomes fail to achieve bipolar attachment in the
Cenp-C mutants. These chromosomes do not segregate
normally during anaphase. Cenp-C is, therefore, clearly
required for normal attachment of kinetochores to the
mitotic spindle.

Evidently, the insufficiently attached chromosomes in
Cenp-C mutant embryos are unable to inhibit the onset
of anaphase, even though the mitotic spindle checkpoint
appears to be at least partially functional in Cenp-C mu-

tants at the analyzed stage. However, assembly of mi-
totic spindle checkpoint proteins might fail, particularly
on the kinetochores of those chromosomes that do not
attach correctly to the mitotic spindle.

In principle, the chromosome segregation defects ob-
served in the Cenp-C mutants might not only reflect
impaired interactions between kinetochores and spindle.
Segregation of sister chromatids to the spindle poles also
depends on complete resolution of sister-chromatid co-
hesion at the metaphase-to-anaphase transition. This fi-
nal separation of sister chromatids is thought to be
achieved by separase-mediated cleavage of the Scc1/
Rad21 subunit of those cohesin complexes that perdure
in the pericentromeric region until the metaphase-to-
anaphase transition. Several observations are consistent
with the idea that a localized full activation of separase
might be assisted by centromeric proteins (see above).
Accordingly, mutations in Cenp-C might reduce sepa-
rase activity and thereby explain the genetic interactions
with the regulatory separase subunits Pim/securin and
Thr that led to our identification of Drosophila Cenp-C.
We have failed to observe coimmunoprecipitation of
Cenp-C with separase complex proteins and have been
unable to detect effects of Cenp-C mutations on Pim and
Thr levels (O. Leismann and C.F. Lehner, unpubl.). Our
analysis has, therefore, not exposed clear evidence for
separase activation at centromeres. On the other hand,
Cenp-C is clearly required for normal chromosome at-
tachment to the mitotic spindle, and thus the observed
genetic interactions most likely reflect a summation of
negative effects on the efficiency of sister-chromatid
separation (by separase) and segregation (by the spindle).
However, we would like to emphasize that our results
certainly do not rule out a local activation of separase
within the centromeric region.

Materials and methods

Fly stocks

We used the GAL4 driver lines GMR-GAL4, MS1096, Sca-
GAL4, 2xsev-Hs-GAL4 332.5. UAS-pim-myc (Leismann et al.
2000), and UAS-cid (Jäger et al. 2005) have been described pre-
viously. For the generation of GMR-thr�C lines, we used a
pGMR construct (Hay et al. 1994) containing the same insert
fragment including the myc-epitope region as present in UAS-
thr1-930-myc (Jäger et al. 2001). The deficiency kit, as well as
Df(3R)Exel6149, was obtained from the Bloomington Dro-
sophila Stock Center. Its composition at the time of our screen,
as well as a list of the deficiencies that were identified as domi-
nant modifiers of the adult rough eye phenotype resulting from
GMR-thr�C or GMR-GAL4 UAS-pim-myc expression is given
in the Supplemental Material. l(3)85Aaprl41 (Jones and Rawls
1988) was also obtained from the Bloomington Drosophila
Stock Center. l(3)85AaIR35 was kindly provided by K. Dej and T.
Orr-Weaver (The Whitehead Institute, Cambridge, MA). cid12-1

and cid22-4 were generously provided by Thom Kaufman (Indi-
ana University, Bloomington) and used for the analysis of
Cenp-C localization in trans-heterozygous embryos. Cap-G6

(Jäger et al. 2005) was crossed over Df(2R)vg56 for the pheno-
typic comparison with Cenp-C mutants. The His2Av-mRFP1
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and the gcid-EGFP-cid transgenic lines, which express func-
tional fusion proteins as assessed by mutant rescue experi-
ments, will be described in detail elsewhere.

Lines carrying genomic fragments from the 85A region were
constructed for the identification of the locus interacting with
eye-specific pim and thr�C overexpression, using insert DNA
derived from the BAC clone R48A14 (Hoskins et al. 2000) and
pCaSpeR4 followed by standard P element germline transfor-
mation. Three olfactory receptor genes (Or85b, Or85c, Or85d)
within the region delimited by deficiency breakpoints were ex-
cluded from further analysis. A transgene containing a 15-kb
fragment with the predicted genes CG11737, CG31454, and
CG31259 did not prevent the lethality of the l(3)85Aaprl41 mu-
tants. The abcd transgene contained a 14.6-kb NdeI–XbaI frag-
ment including CG31453, mRpS18C, CG31460, and Cenp-C.
The same fragment after filling and religation of a SalI site
within exon 5 of Cenp-C was used in the abcdm transgene. The
proximal 6.4-kb NdeI–EcoRI subfragment lacking Cenp-C was
used in the abc transgene, and the d transgene contained the
distal 8.7-kb PmlI–XbaI subfragment including only Cenp-C.

For the expression of Cenp-C fused to EYFP or 10 copies of the
myc epitope under control of the Cenp-C regulatory region, we
modified the d transgene construct for the generation of the
gEYFP-Cenp-C and gmyc-Cenp-C lines. A slightly larger sub-
fragment (10.3-kb StuI–XbaI fragment) was used for the gCenp-
C-EGFP and gCenp-C-myc lines. While gCenp-C-EGFP, gmyc-
Cenp-C, and gCenp-C-myc insertions were unable to confer full
rescue when crossed into Cenp-C mutant backgrounds, gEYFP-
Cenp-C allowed Cenp-C mutant development to the adult
stage.

The vector pUAST (Brand and Perrimon 1993) and the EST
clone RE27988 (Berkeley Drosophila Genome Project), which
contains a full-length Cenp-C cDNA insert according to our
sequence analyses, were used for the generation of transgenic
lines allowing GAL4-dependent expression of wild-type and
mutant Cenp-C versions (Fig. 3). Moreover, the EGFP coding
sequence was introduced into these transgenes immediately af-
ter the start codon.

Mutagenesis and transfection

The GeneMorph II random mutagenesis kit (Stratagene) was
used for the enzymatic amplification of a Cenp-C cDNA region
under mutagenic conditions using the primers mf (5�-AC-
GAGCTGTACAAGCTTGCC-3�) and mr (5�-GCAACCGAA-
GATATCATAGGC-3�) and the plasmid pRS1 as template. This
pBluescript KS+ derivative contained the Gal4-binding sites and
the basal Hsp70Bb promoter region isolated from pUAST up-
stream of the EGFP-Cenp-C-C (amino acids 1009–1411) fusion
gene. The amplification products were digested with HindIII
and EcoRV and used to replace the corresponding 668-bp region
in pRS1, resulting in a mutant clone library after electropora-
tion of Escherichia coli DH10B cells. The QIAprep 96 Turbo
Miniprep kit (QIAGEN) was used for the preparation of plasmid
DNA from 394 random clones.

Expression of the mutant library was achieved by transfection
of Drosophila SR+ cells (Yanagawa et al. 1998). These cells were
cultured at 26°C in Schneider’s Drosophila Medium (GIBCO)
containing 10% fetal bovine serum, 1% penicillin, and 1%
streptomycin. Before transfection, we plated 105 cells/well of a
µClear 96 well plate (GIBCO) in 0.2 mL of medium. After 24 h,
medium was exchanged with 0.16 mL of fresh medium and 0.04
mL of transfection mix containing 0.25 µg of a given mutant
library plasmid, 0.75 µg of pBluescript KS+ as carrier DNA, and
3 µL of FuGene6 (Roche) in Dulbecco’s Modified Eagle’s Me-
dium (GIBCO). EGFP signals were analyzed 24 h after transfec-

tion in live cells using an inverted confocal laser scanning mi-
croscope (Leica DM IRBE TCS SP1) with a 40× oil immersion
objective. Initial experiments involving transfection of the same
pUAST-EGFP-Cenp-C constructs that had previously been ana-
lyzed after Drosophila germline transformation indicated that
the subcellular localization of these mutant Cenp-C versions
(FL, N, M, C, CN, CM, CC, �N, �AT1, �NLS, �AT2) (see Fig.
3) in SR+ cells was identical as in transgenic embryos. In initial
experiments, cotransfection of pUAST-EGFP-Cenp-C con-
structs with an Act5c-GAL4 plasmid resulted in very high lev-
els of expression, which obscured centromere localization in
many cases. The Act5c-GAL4 plasmid was therefore omitted in
subsequent experiments, and basal expression of the pUAST
derivatives proved to be sufficient for detection of centromere
localization.

In vivo imaging and immunofluorescence

Syncytial blastoderm-stage embryos of a gEYFP-Cenp-C II.1;
His2Av-mRFP1 III.1 line were analyzed by in vivo imaging es-
sentially as described previously (Pandey et al. 2005). Moreover,
embryos obtained from a cross of His2Av-mRFP1 II.2, gcid-
EGFP-cid II.1; Cenp-Cprl41/TM3, Sb, Kr-GAL4, UAS-GFP fe-
males with Cenp-CIR35/TM3, Sb, Kr-GAL4, UAS-GFP males
were analyzed analogously at the stage when the epidermal cells
progress through mitosis 16.

Immunofluorescence and DNA labeling of fixed embryos was
performed essentially as described previously (Leismann et al.
2000). Affinity-purified rabbit antibodies against Cid/Cenp-A
(Jäger et al. 2005), Cyclin B (Jacobs et al. 1998), and GFP (Mo-
lecular Probes Inc.), and mouse monoclonal antibodies against
�-tubulin DM1A (Sigma) were used at a dilution of 1:500, 1:500,
1:5000, and 1:8000, respectively. An affinity-purified rabbit an-
tibody against Drosophila Cenp-C was generated with a bacte-
rially expressed protein fragment (amino acids 502–939) with a
His-tag and used at a dilution of 1:5000. For the analysis of the
CNS phenotype, 12–14-h embryos were collected from a cross of
Sca-GAL4; Df(3R)p25/TM3, Sb, P{35Ubx-lacZ}2 males and
Cenp-Cprl41/TM3, Sb, P{35Ubx-lacZ}2 females with or without
a UAS-EGFP-Cenp-C transgene. Cenp-Cprl41/Df(3R)p25 em-
bryos were identified after double-labeling with antibodies
against �-galactosidase.

Sequence comparisons

The VISTA Browser (Couronne et al. 2003) and the Drosophila
Species Genome Web pages (http://bugbane.bio.indiana.edu:
7151) were used for the identification of Cenp-C genes in ge-
nome sequences of D. ananassae, D. erecta, D. pseudoobscura,
D. simulans, D. virilis, and D. yakuba (prepublication data from
Agencourt Bioscience Corporation and Genome Sequencing
Center at Washington University; Richards et al. 2005). Align-
ments of coding and amino acid sequences were performed us-
ing the European Bioinformatics Institute CLUSTAL W Server
(Thompson et al. 1994). Cenp-C-box consensus motifs were dis-
played using the Logos program on the Blocks WWW Server
(http://blocks.fhcrc.org). K-estimator (Comeron 1999) was used
for dN/dS analyses that estimate and compare the rate of non-
synonymous and synonymous exchanges in Cenp-C gene pairs
from closely related species. Prior to analysis, insertions were
removed from the coding sequences.
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Jäger, H., Herzig, A., Lehner, C.F., and Heidmann, S. 2001. Dro-
sophila separase is required for sister chromatid separation
and binds to PIM and THR. Genes & Dev. 15: 2572–2584.
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