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Abstract. To learn more about holocentric chromo-
some structure and function, we generated a mono-
clonal antibody (mAb), 6C4, that recognizes the pole-
ward face of mitotic chromosomes in Caenorhabditis
elegans. Early in mitosis, mAb 6C4 stains dots through-
out the nucleoplasm. Later in prophase, mAb 6C4
stains structures on opposing faces of chromosomes
which orient towards the centrosomes at metaphase.
Colocalization with an antibody against a centromeric
histone H3-like protein and the MPM-2 antibody;,
which identifies a kinetochore-associated phospho-
epitope present in a variety of organisms, shows that
the mAb 6C4 staining is present adjacent to the cen-
tromere.

Expression screening using mAb 6C4 identified a

protein in C. elegans that we named HCP-1 (for holo-
centric protein 1). We also identified a second protein
from the C. elegans genome sequence database, HCP-2,
that is 54% similar to HCP-1. When expression of
HCP-1 is reduced by RNA interference (RNAI), stain-
ing with mAb 6C4 is eliminated, indicating that hcp-1
encodes the major mAb 6C4 antigen. RNAI with hcp-1
and hcp-2 together results in aberrant anaphases and
embryonic arrest at ~100 cells with different amounts
of DNA in individual nuclei. These results suggest that
HCP-1 is a centromere-associated protein that is in-
volved in the fidelity of chromosome segregation.
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moved to opposite sides of the dividing daughter

cells. In insects of the hemipteran order, various
plants, and nematodes, the separating sister chromatids
orient parallel to the poles and move as a whole. This type
of movement was defined as holokinetic and reflects that
these chromosomes attach to the mitotic spindle all along
their length (Schrader, 1935). Subsequent EM of these
chromosomes revealed that this holokinetic movement
was due to a diffuse or nonlocalized kinetochore structure
that extends over the entire poleward surface of each
chromosome (Buck, 1967; Comings and Okada, 1972; Al-
bertson and Thomson, 1982; Goday et al., 1985, 1992). The
kinetochore is an ultrastructure located on the chromo-
some that is responsible for attachment of the chromo-
some to the mitotic spindles and regulating the progres-
sion of mitosis (for reviews see Pluta et al., 1995; Allshire,
1997). Further indications that a diffuse kinetochore is
present on holokinetic chromosomes was obtained when
chromosome fragments generated in these organisms by

DURING anaphase of mitosis, sister chromatids are
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irradiation were shown to be capable of proper segrega-
tion during mitosis, indicating that each chromosomal
fragment had a functioning kinetochore associated with
it (Hughs-Schrader and Ris, 1941; Ris, 1942; Hughs-
Schrader and Schrader, 1961). These chromosomes are
generally referred to as holocentric to denote that the ki-
netochore structure extends over most of the chromosome
(Reider, 1982). By contrast, monocentric chromosomes
like those of mammals have a discrete or localized kineto-
chore structure, and chromosome fragments generated
from monocentric chromosomes lack the ability to seg-
regate properly when separated from the centromere
(Mather and Stone, 1933).

Consistent with their function, the kinetochores of both
holocentric and monocentric chromosomes resemble one
another, at least at the ultrastructural level. Monocentric
chromosomes are described with the site of spindle attach-
ment localized to a distinct region of the chromosome, the
primary constriction which is observed as a narrowing of
the chromosome. EM studies of the primary constriction
revealed that the kinetochore is composed of a trilaminar
disk structure adjacent to each sister chromatid during
metaphase (Jokelaninen, 1967; Comings and Okada, 1971,
Roos, 1973; Ris and Witt, 1981; Reider, 1982). However,
holocentric chromosomes lack a primary constriction, and
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EM revealed that they also have a trilaminar kinetochore
which extends nearly the entire length of the chromosome
(Buck, 1967; Comings and Okada, 1972; Albertson and
Thomson, 1982; Goday et al., 1985, 1992). The similarity in
kinetochore ultrastructure between monocentric and ho-
locentric chromosomes suggests that the kinetochore is a
conserved organelle and that differences attributed to
each chromosome organization are due to the amount of
the chromosome encompassed by the kinetochore (Al-
bertson and Thomson, 1982).

The molecular composition of the centromere is begin-
ning to be elucidated. Antibodies have been useful in prob-
ing the structure of, and identifying gene products local-
ized to the centromere. Antisera from patients with certain
autoimmune diseases recognize the primary constriction
of monocentric chromosomes, and by immunoelectron mi-
croscopy, identify the Kkinetochore (Moroi et al., 1980;
Brenner et al., 1981). Further support that these antibod-
ies recognize components of the centromere comes from
the injection of purified antibodies from anticentromere
serum into HelL a cells (Bernat et al., 1990, 1991). In these
experiments, kinetochore structure is disrupted and chro-
mosome segregation is blocked. Several centromeric pro-
teins (CENPs)! have been identified using these autoanti-
bodies and have been subsequently shown to be important
for kinetochore structure and function (for reviews see
Earnshaw and Mackay, 1994; Pluta et al., 1995).

We have used a similar immunocytological approach to
study the structure and function of holocentric chromo-
somes in the nematode Caenorhabditis elegans (Herman
etal., 1976, 1979; Albertson and Thomson, 1982). We gen-
erated a mAb, 6C4, which recognizes the centromere re-
gion of mitotic chromosomes in C. elegans. Using mAb
6C4, we have identified a protein, holocentric protein
(HCP)-1, that together with a related protein, HCP-2, is
important for proper chromosome segregation.

Materials and Methods

Immunostaining Procedures

mAb 6C4 was isolated in a screen of hybridoma cell lines which produce
antibodies that recognize C. elegans embryos. Hybridoma cell lines were
generated and ascites fluid was produced as described (Harlow and Lane,
1988). Bristol strain N2 was cultured as described by Brenner (1974). Em-
bryos were prepared by hypochlorite treatment (Albertson, 1984) and at-
tached to coverslips (type 1.5) pretreated with 3-aminopropyltriethoxysi-
lane (Sigma Chemical Co.), and overlaid with an untreated coverslip. The
coverslips were quick-frozen on dry ice and the overlaying coverslip rap-
idly removed. Fixation was in N,N-dimethylformamide or methanol at
—20°C for 10 min. Slides were blocked for 30 min in PBS with 2 mM
MgCl,, 0.1% Tween 20, and 3% BSA. Immunostaining was performed
with mAb 6C4 ascites fluid at 1:500 dilution in blocking solution. Primary
antibody was incubated for 1 h at room temperature. Coverslips were then
washed three times in block for 5 min each before incubation with 10 p.g/ml
rhodamine-conjugated goat anti-mouse 1gG (Jackson ImmunoResearch
Laboratories, Inc.) for 30 min. Coverslips were then washed three times
for 5 min each, with 0.05 mg/ml 4’ 6-diamidino-3-phenylindole dihydro-
chloride (DAPI) included in the first wash. Coverslips were mounted on
slides with 100% glycerol. Double labeling experiments were performed
under similar conditions, except either an anti-B-tubulin antibody (Amer-

1. Abbreviations used in this paper: CENP, centromeric protein; DAPI,
4',6-diamidino-3-phenylindole dihydrochloride; dsRNA, double-stranded
RNA,; HCP, holocentric protein; RNAI, RNA interference.
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sham Pharmacia Biotech), an anti-HCP-3 antibody (Buchwitz et al.,
1999), or MPM-2 antibody (DAKO) at 10 wg/ml was included with mAb
6C4. Detection was by rhodamine-conjugated goat anti-rabbit 1gG, goat
anti-mouse 1gG, or fluorescein-conjugated goat anti-mouse I1gM.

High Resolution Microscopy

Samples were examined by three-dimensional multiple wavelength fluo-
rescence microscopy using Deltavision (Applied Precision). Images were
collected at the indicated wavelengths for 30 0.2-pm optical sections per
nucleus and were subsequently deconvolved mathematically (Hiraoka
et al., 1991; Carrington et al., 1995). The limit of detection (resolution be-
tween two points) was 90 nm. Data were examined as either optical sec-
tions or as a projection of the entire stack.

Expression Library Screening

The mixed stage C. elegans cDNA library in Agt11 was a gift from Dr. Pete
Okema (University of Illinois at Chicago, Chicago, IL). Immunoscreening
of the cDNA library was carried out by the method of Young and Davis
(1983), using mAb 6C4 ascites fluid at 1:200 dilution. Detection of immu-
nopositive plaques was by Vectastain ABC (Vector Labs Inc.).

RNA-mediated Inhibition

Oligos forward T7 (TAATACGACTCACTATAGGGggtggcgacgactc-
ctgg), forward (ggtggcgacgactcetgg), reverse T7 (TAATACGACTCAC-
TATAGGGttgacaccagaccaactgg), and reverse (ttgacaccagaccaactgg) were
used to generate PCR products corresponding to the cDNA inserts ob-
tained from the expression screening. This region included the COOH-
terminal 324 amino acids of HCP-1 and 3'UTR. Each T7 oligo contains a
T7 polymerase promoter (shown in capital letters) and sequence comple-
mentary to the flanking polylinker region of Agtll. Oligos HCP2-1 T7
(TAATACGACTCACTATAGGGgacctgaatgcgaagcettg), HCP2-1 (gacct-
gaatgcgaagcttg), HCP2-2 T7 (TAATACGACTCACTATAGGGgctggttg-
cagtttgagcgg), and HCP2-2 (gctggttgcagtttgagcgg) were used to PCR am-
plify a region of the HCP-2 mRNA corresponding to the COOH-terminal
384 amino acids of HCP-2, from total RNA, after first strand cDNA syn-
thesis as described (Sambrook et al., 1989). 1 ng of PCR product was used
to synthesize double-stranded RNA (dsRNA) using T7 polymerase as de-
scribed (Grodberg and Dunn, 1988). dsRNA was resuspended in water at
a concentration of 5 mg/ml. dsSRNA derived from the COOH-terminal re-
gion of HCP-1 or from the corresponding region of HCP-2 was injected
into the syncytial gonad of wild-type hermaphrodites as described (Guo
and Kemphues, 1995; Fire et al., 1998).

Results

mAb 6C4 Recognizes the Poleward Face of
Metaphase Chromosomes

We generated a mouse mAb, 6C4, that stains mitotic chro-
mosomes in C. elegans. Holocentric chromosomes orient
perpendicular to the spindle axis during metaphase and
anaphase, with their respective kinetochores facing the
spindle (Hughs-Schrader and Ris, 1941; Albertson and
Thomson, 1982). Immunofluorescence with mAb 6C4
showed reactivity on the poleward face of metaphase
chromosomes (Fig. 1). This staining pattern suggests that
mAb 6C4 recognizes a protein important for holocentric
chromosome structure and function.

mAb 6C4 Staining Is Temporally and Spatially
Regulated on C. elegans Chromosomes

To determine the mAb 6C4 staining pattern on individual
chromosomes, we used deconvolution microscopy to gen-
erate high resolution images of the nuclei of two-cell em-
bryos stained with mAb 6C4 and DAPI (Hiraoka et al.,
1991; Carrington et al., 1995). The relative time of each
nucleus in the cell cycle was inferred by comparing the
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staining patterns of the AB and P1 blastomeres; the AB
blastomere division occurs before that of the P1 blas-
tomere (Deppe et al., 1978). The morphology of DAPI
staining and presence of a nuclear membrane were used as
additional landmarks of cell cycle progression. In these ex-
periments, interphase nuclei had no detectable mAb 6C4
reactivity. In addition, nuclei that are in the earliest stages
of chromosome condensation do not stain with mAb 6C4
(data not shown). Staining with mAb 6C4 was first ob-
served in prophase nuclei that contain condensed chromo-
somes. At this stage, mAb 6C4 staining was observed as
dots distributed throughout the nucleus; many of these
dots colocalize with the chromosomes (Fig. 2, A-C). These
chromosome-associated dots are widely dispersed along
the entire length of each chromosome. Later in prophase,
mAb 6C4-stained structures located on opposite sides of
each chromosome (Fig. 2, D-F). In metaphase, when the
chromosomes are aligned at the equatorial plane, chromo-
somes were oriented with each mAb 6C4-stained struc-
ture facing one centrosome (Fig. 1 and Fig. 2, G-I). At
anaphase, sister chromatids separated with the mAb 6C4-
stained side on the poleward face of each sister chromatid
(Fig. 2, J-L). No mAb 6C4 staining was detectable by late
anaphase. These results show that there is dynamic local-
ization of the mAb 6C4 antigen to chromosomes through-
out mitosis.

mAb 6C4 Staining during Meiosis

During meiosis, C. elegans chromosomes lack a trilaminar
kinetochore structure, and attachment to the meiotic spin-
dle is mediated through the chromosome ends (Albertson
and Thomson, 1993). We stained adult hermaphrodite go-
nads with mAb 6C4. No mAb 6C4 nuclear staining was de-
tected in the mitotic region of the gonad of the hermaph-
rodite nor in oocytes arrested at diakinesis of prophase |
(data not shown). After fertilization, embryos exit pro-
phase | arrest and undergo two consecutive rounds of divi-
sion to form two polar bodies. Staining with mAb 6C4 was
detected on meiotic chromosomes after fertilization and
before first polar body formation (Fig. 2, M-O). The mAb
6C4 staining pattern was observed as a halo surrounding
the meiotic chromosomes.

The mAb 6C4 Antigen Is HCP-1

To identify the antigen recognized by mAb 6C4, we
screened a Agtll C. elegans cDNA expression library with
mAb 6C4. Three overlapping cDNAs were isolated that
correspond to a predicted gene, ZK1055.1. We refer to this
gene as hcp-1. The hcp-1 gene can encode a 1,475-amino
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Figure 1. mAb 6C4 stains the pole-
ward face of C. elegans metaphase
chromosomes. A 28-cell C. elegans
embryo was fixed and stained ac-
cording to methods described in
Materials and Methods with mAb
6C4 (red in A and C) and DAPI
(blue in B and C). Nuclei in
metaphase (m), prophase (p), and
late anaphase/telophase (t) are indi-
cated. Bar, 10 pm.

acid protein predicted to be composed primarily of coiled-
coil domains (Fig. 3 A). HCP-1 has a direct repeat of 132
amino acids that is 45% similar to a direct repeat of 179
amino acids present in CENP-F (Fig. 3 B) (Liao et al.,

Figure 2. Dynamic localization of mAb 6C4 antigen throughout
the cell cycle. Two-cell C. elegans embryos were fixed and stained
with mAb 6C4 (A, D, G, J, and M), DAPI (B, E, H, K, and N). C,
F, I, L, and O show the merged mAb 6C4 (red) and DAPI (blue)
staining. Coverslips were imaged on Deltavision microscope and
0.2-pm optical sections were obtained as described in Materials
and Methods. The images were deconvolved and analyzed as a
projection of the entire stack. Nuclei at different positions in the
cell cycle are shown: A-C, early prophase; D-F, late prophase;
G-I, metaphase; J-L, anaphase; and M-O, metaphase/anaphase I
of meiosis. Bar, 5 pm.
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1995; Zhu et al., 1995). A search of C. elegans sequence da-
tabases with the HCP-1 amino acid sequence revealed a
second C. elegans coiled-coil protein, TO6E4.2, that is 54%
similar to HCP-1. We refer to TO6E4.1 as HCP-2. The
highest levels of similarity between HCP-1 and HCP-2 is
seen at the two termini. HCP-2 lacks the tandem repeats
observed in HCP-1 and CENP-F. A low level (<20%) of
similarity is observed between HCP-1 and HCP-2 with
several other coiled-coil proteins in the databases, proba-
bly due to conservation of the coiled-coil structure.

To test whether hcp-1 encodes the antigen recognized
by mAb 6C4, we characterized mAb 6C4 immunofluores-
cence in embryos in which HCP-1 expression has been re-
duced by RNA interference (RNAI) (Guo and Kemphues,
1995; Fire et al., 1998). RNAI has proved useful for studies
of both maternally and zygotically expressed proteins. The
hcp-1 (RNAI) embryos were fixed and stained with mAb
6C4. In these experiments, 77% of the hcp-1 (RNAI) em-
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cosmid ZK1055 (HCP-1) and
Z70756 for cosmid TO6E4
(HCP-2).

bryos failed to stain with mAb 6C4. In contrast, only 0-2%
of embryos from control injections with water or hcp-2
(RNAI) embryos failed to stain with mAb 6C4 (Fig. 4 and
Table I). In embryos with no mAb 6C4 staining, all mitotic
cells failed to stain, i.e., the staining was never observed to
be mosaic. The failure of hcp-1 (RNAI) embryos to stain
with mAb 6C4 was specific for this antibody, because the
embryos stained positively with mAb K76, a P granule an-
tibody (Fig. 4) (Strome and Wood, 1983). These results in-
dicate that HCP-1 is the major antigen for mAb 6C4.

Colocalization on C. elegans Metaphase Chromosomes
of mAb 6C4 with MPM-2 and a Centromeric
Histone H3-like Protein

The staining pattern observed by mAb 6C4 suggested that
HCP-1 might be located at or near the kinetochore on C.
elegans chromosomes. Currently, no proteins have been
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Figure 4. RNAIi with hcp-1 abolishes staining with mAb 6C4.
hcp-1 (RNAI) embryos were fixed and stained with mAb 6C4,
mAb K76, and DAPI (blue). Both primary antibodies were visu-
alized by rhodamine-conjugated (red) goat anti-mouse second-
ary antibody. K76 recognizes P-granules in the germline and was
used as a positive control for staining. An ~10-cell C. elegans
hcp-1 (RNAI) embryo is shown with several cells in metaphase
(arrows) that fail to stain with mAb 6C4. The germ line blas-
tomere is selectively stained by mAb K76 (arrowhead). Bar, 10 pm.

localized to the kinetochore in C. elegans. We tested sev-
eral anticentromeric antibodies for cross-reactivity in C. el-
egans, and only MPM-2 was able to cross-react (Davis et al.,
1983). MPM-2 recognizes a conserved phosphoepitope
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Table . hcp-1 and hep-2 RNAI Embryo Phenotypes

Percentage of
embryonic Percentage of mAb
dsRNA Brood size + SE lethality = SE 6C4-stained embryos
None 71+ 13 0.8 = 0.5 (10) 100 (96)
hcp-1 47 0.5+ 0.3(19) 23(103)
hcp-2 84*6 21+ 0.5(26) 98 (51)
hcp-1/hcp-2 100 = 11 99.2 = 0.2 (11) 20 (31)

Wild-type hermaphrodites were injected with the RNA indicated in the column la-
beled dsRNA. After 12 h, injected worms were moved to new plates and their brood
sizes and percentage of embryonic lethality were determined over the next 36 h. Em-
bryos laid during the first 12 h were not included in the analysis. The number of in-
jected hermaphrodites is shown in parentheses in the percentage of embryonic lethal-
ity column. P values for embryonic |ethality relative to no dsRNA injected areP = 0.5
for hep-1, P = 0.05 for hep-2, and P < 0.001 for hep-1/hep-2. In a separate experi-
ment, all embryos from injected hermaphrodites were stained with mAb 6C4 and a
control antibody, K76. Only embryos that stained with K76 were scored for staining
with mAb 6C4. The number of embryos scored is indicated in parentheses. SE, stan-
dard error.

present during mitosis on many mitotic proteins. Using
MPM-2, others found that the most intensely stained
structure on metaphase chromosomes in a variety of or-
ganisms is the kinetochore (Vandre et al., 1984; Renzi et al.,
1997). In C. elegans, MPM-2 identifies a structure adjacent
to the condensed chromosomes at metaphase that is also

Figure 5. HCP-1 is localized
to the centromere/kinetochore.
Embryos were fixed in cold
methanol and stained with
mADb 6C4 and either MPM-2 or
anti-HCP-3 antibody as de-
scribed in Materials and Meth-
ods. Chromosomes were Visu-
alized by staining with DAPI.
Images were collected using
the Deltavision microscopy and
analyzed as stacks. (A) A one-
cell embryo in metaphase is
shown stained with MPM-2 an-
tibody (red) and DAPI (blue).
The MPM-2 antibody primarily
stained the poleward face of
metaphase chromosomes. (B)
The same embryo stained with
mAb 6C4 (green) and DAPI
(blue). (C) The two channels
for MPM-2 (red) and mAb 6C4
(green) staining were merged
using Photoshop (Adobe Sys-
tems Inc.) to identify the colo-
calization (yellow). D and E
show a late prophase nucleus
stained with mAb 6C4 (green),
anti-HCP-3 (red), and DAPI
(blue). F shows the two chan-
nels for anti-HCP-3 (red) and
mAb 6C4 (green) staining
merged (yellow). G depicts a
single prophase chromosome
(arrow in F) enlarged fourfold
and rotated 90° into the plane
of the paper (H) to show the
specific localization to only op-
posite surfaces of the chromo-
some. Bar, 2 pm.
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recognized by mAb 6C4 (Fig. 5, A-C). This structure is
likely to be the kinetochore, since it is present only on the
poleward face of metaphase chromosomes and MPM-2
has been observed to identify the kinetochore in a variety
of organisms (Vandre et al., 1984; Renzi et al., 1997). To
further determine whether HCP-1 is localized to the ki-
netochore, we used an antibody raised against a centro-
meric histone H3-variant, HCP-3, in a double labeling ex-
periment with mAb 6C4. HCP-3 was identified as a
histone H3-variant in C. elegans, that like the centromeric
H3-like proteins, chromosome segregation (CSE) 4 in
yeast, and CENP-A in mammals, is localized to the cen-
tromere and affects the fidelity of chromosome segrega-
tion (Sullivan et al., 1994; Stoler et al., 1995; Buchwitz et
al., 1999). Anti-HCP-3 antibody staining is present as con-
tinuous lines of reactivity all along each chromosome (Fig.
5 E). This is consistent with the centromere being present
along the long axis of each holocentric chromosome
(Buchwitz et al., 1999). Staining of each chromosome with
mADb 6C4 is also present along each chromosome and ad-
jacent to the centromere, as identified by anti-HCP-3 anti-
body (Fig. 5, D-F). Furthermore, this staining is restricted
to opposite surfaces of the holocentric chromosome and is
analogous to centromere/kinetochore staining of the pri-
mary constriction of mammalian chromosomes (Fig. 5,
G-H). The localization of HCP-1 to the region of the
chromosome immediately adjacent to the centromere, and
its colocalization with an antibody, MPM-2, which recog-
nizes the kinetochore in many organisms, indicates that
HCP-1 is likely to be a structural component of the C. ele-
gans kinetochore.

HCP-1 and HCP-2 Function during
Chromosome Segregation

Embryos derived from hermaphrodites injected with hcp-1
dsRNA are viable and exhibit no visible phenotype other
than loss of mAb 6C4 staining. We considered the possibil-
ity that HCP-1 might be functionally redundant with HCP-2.
Wild-type staining with mAb 6C4 was observed with hcp-2
(RNAI) embryos which were also viable (Table 1). How-
ever, coinjection of both hcp-1 and hep-2 dsRNAs resulted
in 99% lethality of progeny embryos (Table I). The syn-
thetic lethality of hcp-1 (RNAI) and hcp-2 (RNAI), and
the localization of HCP-1 to the kinetochore region of mi-
totic chromosomes, together suggest that both HCP-1 and
HCP-2 function in mitotic chromosome segregation.

To determine whether the synthetic lethality correlates
with a defect in chromosome segregation, we stained hcp-1
(RNAI)/hcp-2 (RNAI) embryos with an antitubulin anti-
body and DAPI. In these experiments, we observed that
80% (n = 60) of all anaphases showed signs of defective
chromosome segregation, including lagging chromosomes
and anaphase bridges (Fig. 6, B and C). This defect was
observed as early as the first mitotic cleavage (Fig. 6 B). In
these anaphase nuclei, the spindle as observed by antitu-
bulin staining appeared wild-type, in that a normal bipolar
orientation is present (Fig. 6 A). As observed by DAPI,
chromosome condensation appeared to also not be grossly
altered, as chromosomal structures are visible (Fig. 6 C).
In many instances, some chromosomes were not located
between the centrosomes; for example, Fig. 6 C shows an
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early embryo in which the four AB,, blastomeres are in
prophase. Several chromosomes are located outside of the
spindles and along the previous spindle axis, indicating
that they failed to segregate at the previous division (see
Fig. 6 D for orientation). The hcp-1 (RNAI)/hcp-2 (RNAI)
embryos arrested with ~50-100 cells. At this stage, the
DNA content of individual nuclei was variable, suggesting
that some nuclei have more and others have less than the
diploid set of chromosomes (Fig. 7). In contrast, DNA
content in wild-type embryos was uniform among nuclei.
These results further support the idea that HCP-1 and
HCP-2 function together in chromosome segregation.

Discussion

mAb 6C4 as a Marker for the C. elegans Kinetochore

We have identified mAb 6C4, which has a staining pattern
on mitotic chromosomes in C. elegans that is analogous to
that of anticentromeric antibodies in mammals. Anticen-
tromeric antibodies stain two structures which flank mi-
totic chromosomes in mammalian cells (Zinkowski et
al., 1991). Similarly, mAb 6C4 recognizes two structures
which flank mitotic chromosomes in C. elegans. These
two structures are oriented towards the centrosomes at
metaphase and anaphase in both mammals and C. elegans.
This relationship of the C. elegans and mammalian stain-
ing patterns is consistent with the structural characteriza-
tion of their chromosomes by EM. In mammals, the cen-
tromere, as defined by the presence of a kinetochore, is
localized to the primary constriction (Reider, 1982). Con-
versely, in C. elegans the kinetochore is present on oppos-
ing sides and extends nearly the length of the chromosome
(Albertson and Thomson, 1982). These similarities sug-
gested that mAb 6C4 may be used to identify the C. ele-
gans kinetochore.

To test whether mAb 6C4 stains at or near the kineto-
chore, we performed a colocalization experiment using an
antibody (MPM-2) previously shown to stain the kineto-
chore in many different organisms, and an antibody di-
rected against a centromeric histone H3-variant, HCP-3,
(Vandre et al., 1984; Renzi et al., 1997; Buchwitz et al.,
1999). MPM-2 recognizes a highly conserved phospho-
epitope present on kinetochore-associated proteins during
mitosis (Taagepera et al., 1997). MPM-2 antibody did
cross-react in C. elegans, further indicating the conserved
nature of its epitope. MPM-2 staining was observed to be
strongest in the region adjacent to the mitotic chromo-
somes in a pattern overlapping with that observed for
mAb 6C4. This overlap was specific for the region adja-
cent to the mitotic chromosomes, although both antibod-
ies showed staining not associated with the chromosomes.
Elimination of the mAb 6C4 antigen by RNA. did not af-
fect the staining with MPM-2, indicating that the colocal-
ization is not due to the presence of the MPM-2 epitope on
HCP-1 (data not shown). Thus, the colocalization of
MPM-2 and mAb 6C4 is likely the result of their epitopes
being present at the same cytological structure, the kineto-
chore.

Furthermore, mAb 6C4 staining is present adjacent, but
not coincident with the staining of chromatin by anti-
HCP-3 antibody. Both staining with anti-HCP-3 and mAb
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Figure 6. Chromosome seg-
regation is affected in hcp-1/
hep-2 (RNAI) embryos. Em-
bryos were obtained from in-
jected hermaphrodites 12 h
after injection and processed
for immunofluorescence as
described in Materials and
Methods. Antitubulin anti-
body (Amersham Pharmacia
Biotech) was used at 1:100 di-
lution and was visualized
with  fluorochrome conju-
gated goat anti-mouse sec-
ondary antibody (A). DNA
staining was by DAPI (B and
C). (A) hcp-l/hep-2 (RNAI)
one-cell embryo also in ana-
phase stained with antitubu-
lin antibody or DAPI; (B)
same embryo as in A stained
with DAPI to visualize the
chromosomes. (C) A six-cell
hcp-1/hep-2 (RNAI) embryo
stained with DAPI. (D) Dia-
gram showing division axis of
the six-cell embryo shown in

C. Anterior is to the left. Double arrow lines (D) indicate current spindle axis of AB,, blastomeres and diagonal bars indicate the previ-
ous spindle axis of AB, blastomeres. Arrows in B and C indicate lagging chromosomes. Bar, 10 pum.

6C4 is analogous to that observed on monocentric chro-
mosomes by anticentromeric antibodies that recognize dif-
ferent regions of the trilaminar kinetochore (Pluta et al.,
1995). Taken together, these two colocalization experi-
ments indicate that the staining pattern observed with
mAb 6C4 along mitotic chromosomes in C. elegans repre-
sents the kinetochore of the holocentric chromosomes.

HCP-1 and HCP-2 Are Involved in
Kinetochore Function

We have used mAb 6C4 to identify two proteins, HCP-1
and HCP-2, which together are involved in kinetochore
function. When we reduced the expression of both HCP-1
and HCP-2 by RNA-mediated inhibition, we observed
that embryos arrested with ~50-100 nuclei containing
variable amounts of DNA. By observing embryos at ear-
lier stages, we observed that chromosomes were often
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found to be unattached to the mitotic spindle. Not all chro-
mosomes failed to attach to the spindle. This may reflect
low levels of expression of HCP-1 or HCP-2. The inability
of chromosomes to attach to the mitotic spindle does not
appear to be the result of a defect in chromosome conden-
sation. When viewed by DAPI staining, chromosomes are
observed and appear normal when compared with wild-
type. This is consistent with the localization of HCP-1 to
the chromosomes occurring after chromosome condensa-
tion has begun, suggesting HCP-1 is not generally required
for chromosome condensation.

The hcp-1 (RNAI)/hcp-2 (RNAI) defects are similar to
those observed when human centromere components are
inhibited, which include lagging chromosomes in anaphase
and inefficient spindle attachment to chromosomes (Ber-
nat et al., 1990). These defects are also similar to defects
observed when expression of the C. elegans homologue of
the Zeste White 10 protein (CeZW10) is reduced by

Figure 7. Terminal arrest phe-
notype of hcp-1/hcp-2 (RNAI)
embryos. (A) An arrested em-
bryo from an hcp-1/hcp-2
dsRNA injected hermaphro-
dite was stained with DAPI to
visualize DNA content. (B) A
wild-type embryo at approxi-
mately the same stage as the
arrested embryo is included
for comparison. Photographs
were taken with identical ex-
posure times for each embryo.
Bar, 10 pm.
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RNA.I (Starr et al., 1997). Homologues of ZW10 have
been localized to the kinetochore in both Drosophila and
humans (Williams et al., 1992, 1996; Starr et al., 1997). Mu-
tations in Drosophila zw10 result in aberrant chromosome
segregation, which is observed during anaphase as lag-
ging chromatids or chromosomes remaining in the vicinity
of the metaphase plate during anaphase. Reduction of
CeZW10 expression in C. elegans embryos results in a sim-
ilar phenotype in which chromosomes are often observed
to be improperly attached to both spindles and results in
anaphase bridges during anaphase. Anaphase bridges and
even lagging chromatids or chromosomes are observed
with hcp-1 (RNAi)/hcp-2 (RNAIi) embryos, suggesting
that like ZW10, HCP-1 and HCP-2 are required for proper
kinetochore function during mitosis.

mADb 6C4 Defines Intermediates in Mitotic
Chromosome Structure

The dynamic mAb 6C4 staining pattern on mitotic chro-
mosomes suggests that there are intermediate stages of
holocentric kinetochore assembly. As cells progress from
early to late prophase, the mAb 6C4 staining pattern
changes from discontinuous points dispersed along chro-
mosomes to structures on opposite sides of each chromo-
some. The temporal relationship of these images indicates
that the dispersed dots may be used to assemble the larger
structures seen at late prophase. The visualization of a dis-
perse mADb 6C4 staining pattern is consistent with a model
in which there are discrete regions of C. elegans chromo-
somes that act as the primary points of spindle microtu-
bule capture. This model is similar to the repeat subunit
model proposed for the mammalian centromere, which
proposes that the centromere is composed of short seg-
ments distributed along the DNA that bind spindle micro-
tubules (Zinkowski et al., 1991). These segments are
brought into parallel register as a result of chromatin con-
densation to form the observed kinetochore structure. The
C. elegans chromosomes may also contain such repeats
discontinuously distributed along the entire chromosome.
Our results support the model suggested by Albertson and
Thomson (1982) that the holocentric chromosome may be
thought of as an extended centromere.
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