KNL-1 directs assembly of the
microtubule-binding interface
of the kinetochore in C. elegans
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Segregation of the replicated genome during cell division requires kinetochores, mechanochemical organelles
that assemble on mitotic chromosomes to connect them to spindle microtubules. CENP-A, a histone H3
variant, and CENP-C, a conserved structural protein, form the DNA-proximal foundation for kinetochore
assembly. Using RNA interference-based genomics in Caenorhabditis elegans, we identified KNL-1, a novel
kinetochore protein whose depletion, like that of CeCENP-A or CeCENP-C, leads to a “kinetochore-null”
phenotype. KNL-1 is downstream of CeCENP-A and CeCENP-C in a linear assembly hierarchy. In embryonic
extracts, KNL-1 exhibits substoichiometric interactions with CeCENP-C and forms a near-stoichiometric
complex with CeNDC-80 and HIM-10, the C. elegans homologs of Ndc80p/HEC1p and Nuf2p—two widely
conserved outer kinetochore components. However, CeNDC-80 and HIM-10 are not functionally equivalent to
KNL-1 because their inhibition, although preventing formation of a mechanically stable kinetochore-
microtubule interface and causing chromosome missegregation, does not result in a kinetochore-null
phenotype. The greater functional importance of KNL-1 may be due to its requirement for targeting multiple
components of the outer kinetochore, including CeNDC-80 and HIM-10. Thus, KNL-1 plays a central role in
translating the initiation of kinetochore assembly by CeCENP-A and CeCENP-C into the formation of a

functional microtubule-binding interface.
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Eukaryotic chromosome segregation requires kineto-
chores, organelles that form on condensing chromo-
somes to provide a dynamic attachment site for spindle
microtubules (for review, see Cleveland et al. 2003). Mi-
crotubules are polymers of tubulin, one of the most con-
served proteins in the eukaryotic kingdom. Thus, despite
extensive variation in the DNA sequences upon which
kinetochores assemble (Sullivan et al. 2001), fundamen-
tal similarities were anticipated in their structure and
protein composition. Consistent with this expectation,
conserved components have been identified at all levels
of kinetochore structure, from its specialized chromatin
foundation to the outer domains that interact with
spindle microtubules (Cleveland et al. 2003). This mo-
lecular similarity extends from organisms such as bud-
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ding yeast, which assemble point kinetochores at small
defined chromosomal loci (for review, see Kitagawa and
Hieter 2001), to organisms such as Caenorhabditis el-
egans that have holocentric chromosomes with diffuse
kinetochores that form along their entire length (Howe
et al. 2001; Moore and Roth 2001; Oegema et al. 2001).

A major breakthrough in the molecular dissection of
kinetochores came with the discovery of CENP-A, a his-
tone H3 variant that is a component of the specialized
chromatin that acts as the structural foundation for ki-
netochore assembly (Sullivan 2001). Centromere-spe-
cific histone H3 molecules have now been found at the
kinetochores of all eukaryotes examined (Henikoff et al.
2001; Sullivan et al. 2001). CENP-C, a second widely
conserved protein discovered using human autoimmune
sera (Saitoh et al. 1992), localizes to the same chromatin-
proximal region of the kinetochore as CENP-A. In addi-
tion to CENP-A and CENP-C, numerous other kineto-
chore components have been identified, particularly in
fungi (Goshima et al. 1999, 2003; He et al. 2001;
Kitagawa and Hieter 2001; Cheeseman et al. 2002). The
most widely conserved of these are the mitotic check-
point proteins that transiently localize to kinetochores
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and translate the state of kinetochore attachment into a
signal that regulates the metaphase—-anaphase transition
(for review, see Cleveland et al. 2003). Also conserved are
Ndc80p/HEC1 and Nuf2p, a pair of interacting proteins
that localize to the outer kinetochore and are required
for proper kinetochore-microtubule interactions (Chen
et al. 1997; Wigge et al. 1998; He et al. 2001; Howe et al.
2001; Janke et al. 2001; Nabetani et al. 2001; Wigge and
Kilmartin 2001; DeLuca et al. 2002; Martin-Lluesma et
al. 2002; McCleland et al. 2003).

Given the essential role of the kinetochore in cell di-
vision, function-based identification of its components
has been largely limited to genetic organisms with the
potential for conditional mutant screens. Recently, the
C. elegans embryo has emerged as a powerful genomic
system to identify essential genes required for cell divi-
sion (Gonczy et al. 2000; Zipperlen et al. 2001). In C.
elegans, RNA-mediated interference (RNAi) can be used
to analyze the first mitotic division of a fertilized em-
bryo following near-complete depletion of any target pro-
tein. Large-scale genomic analysis based on RNAI is de-
fining the complete set of nonredundant genes required
for embryo viability (Kamath et al. 2003), a subset of
which are required for cell division. To use this technical
paradigm for studying kinetochores, we developed high-
resolution assays to monitor kinetochore assembly and
function during the first mitotic division of the C. el-
egans embryo (Oegema et al. 2001). Previously, we
showed that depletion of either the C. elegans CENP-A
or CENP-C homolog results in a distinctive “kineto-
chore-null” phenotype (Oegema et al. 2001). Using the
same assays to rescreen gene products implicated in
chromosome segregation by RNAi-based functional ge-
nomics, we have identified a novel kinetochore compo-
nent, KNL-1, whose depletion results in a kinetochore-
null phenotype. KNL-1 makes a central contribution to
kinetochore function by translating the initiation of ki-
netochore assembly into the formation of a mechanical
interface that interacts with spindle microtubules.

Results

Depletion of KNL-1 results in a kinetochore-null
phenotype

During an RNAi-based functional genomic screen of C.
elegans Chromosome III, we identified six genes re-
quired for mitotic chromosome segregation (Gonczy et
al. 2000). Because this screen was performed using dif-
ferential interference contrast microscopy, by which
chromosomes are not visible in the C. elegans embryo,
defects in chromosome segregation were inferred from
the presence of nuclei trapped in the cleavage furrow
and/or extra nuclei. Five of the genes identified in this
manner (smc-4, hep-3, cls-2, klp-19, and F54C8.2) were
homologous to known proteins. The remaining gene,
CO02F5.1, which encodes a novel protein, was named
knl-1 for reasons described below.

To examine the chromosome segregation defect re-
sulting from depletion of KNL-1, we performed 3D time-
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lapse analysis of embryos expressing both GFP-histone
H2B (to label DNA) and GFP-y-tubulin (to label spindle
poles). KNL-1 is >95% depleted under our RNAi condi-
tions (see Fig. 5C, below). In KNL-1-depleted embryos,
chromosomes derived from each of the pronuclei (sperm
or oocyte) clumped together, resulting in two DNA
masses positioned midway between the two spindle
poles (Fig. 1A, 120/130-sec panels). The spindle poles
rapidly and prematurely separated, and no anaphase
chromosome segregation was observed (Fig. 1A, 200/210-
sec panels). Spinning disk confocal microscopy of GFP-
B-tubulin-expressing embryos indicated that KNL-1-de-
pleted embryos fail to form a robust spindle and con-
firmed premature separation of the spindle poles (Fig.
1B).

The phenotypic consequences of depleting KNL-1
were remarkably similar to those resulting from deple-
tion of CeCENP-C (product of the hcp-4 gene; Fig. 1A,B;
see also Supplementary Videos 1-6) or CeCENP-A (prod-
uct of the hcp-3 gene; Oegema et al. 2001). Significantly,
not only were the phenotypes of KNL-1- and CeCENP-
C-depleted embryos qualitatively similar, but also the
kinetics of premature spindle elongation were quantita-
tively identical (Fig. 1C). Despite the dramatic chromo-
some-segregation defect and premature spindle elonga-
tion in KNL-1- or CeCENP-C depleted embryos, there
was no effect on cell cycle progression as assessed by
measurements of the time interval between nuclear en-
velope breakdown (NEBD) and onset of cytokinesis (Fig.
1C). Because depletion of CeCENP-C (or CeCENP-A) in
C. elegans results in failure of kinetochore assembly and
a phenotype consistent with complete loss of kineto-
chore function (Oegema et al. 2001), we named the pre-
dicted CO2F5.1 gene knl-1 (kinetochore-null).

KNL-1 localizes to kinetochores throughout mitosis

The predicted primary sequence of KNL-1 was con-
firmed by sequencing two independent cDNAs (yk491a8
and yk444c6). KNL-1 is a 113-kD acidic protein with
weak repeats in the N terminus and a predicted coiled
coil in the C terminus (Fig. 2A). We identified a homolog
of KNL-1 with ~30% identity (45% similarity) in the
related nematode Caenorhabditis briggsae, but sequence
analysis failed to reveal strong homologs outside of
nematodes. To analyze the subcellular localization of
KNL-1, we generated affinity-purified antibodies to two
overlapping N-terminal fragments. Both antibodies rec-
ognize a single 159-kD band in C. elegans embryo ex-
tracts, 46 kD larger than the predicted molecular mass of
KNL-1 (Fig. 2B). The in vitro translation product of the
predicted KNL-1 primary sequence comigrated with the
159-kD band in embryo extracts (data not shown), indi-
cating that KNL-1 migrates as an anomalously large pro-
tein on denaturing protein gels.

KNL-1 colocalized with CeCENP-C, a bona fide ki-
netochore marker, throughout mitosis (Fig. 2C). KNL-1
is detected on chromosomes from early prophase until
late anaphase. At metaphase, KNL-1 colocalizes with
CeCENP-C on the poleward face of the mitotic chromo-
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Figure 1. KNL-1 depletion results in a “kinetochore-
null” phenotype. Selected panels from time-lapse se-
quences of wild-type (left column), KNL-1 depleted
(middle column), and CeCENP-C depleted (right col-
umn) embryos are shown. Time after NEBD (in sec-
onds) is indicated in the upper left corner of each panel.
(A) Chromosome segregation was monitored in em-
bryos coexpressing GFP-histone H2B and GFP-y-tubu-
lin. The 3D widefield data sets were acquired every 10
sec for wild-type (n = 27), KNL-1-depleted (n = 24), and
CeCENP-C-depleted (n=18) embryos. Time-aligned
projections of representative 3D movies are shown (see
also Supplementary Videos 1-3). Chromosomes (arrows
in O-sec panels) and centrosomes (arrowheads in O-sec
panels) are easily distinguished in these images. (B)
Spindle morphology was monitored by single-section
spinning disk confocal imaging of embryos expressing
GFP-B-tubulin. Images were acquired every 6-8 sec for
wild-type (n=27), KNL-1-depleted (n=32), and Ce-
CENP-C-depleted (n =16) embryos (see also Supple-
mentary Videos 4-6). A single image, concurrent with
metaphase in wild type, is shown for each type of em-
bryo. (C) The distance between spindle poles was
tracked for 14 wild-type, 15 KNL-1-depleted, and 12 Ce-
CENP-C-depleted embryos filmed as in A. The plot
shows average pole-to-pole distance versus time after
NEBD. Error bars represent the S.E.M. with a confi-
dence interval of 0.95. The average times for the onset
of cytokinesis (for all three conditions) and the initia-
tion of chromosome separation (in wild type) are also
indicated. Bars: A,B, 10 pm.
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Figure 2. KNL-1 localizes to kinetochores throughout mitosis. (A) KNL-1 is a 1010-amino-acid novel protein with a predicted
molecular mass of 113 kD. The N terminus contains four repeats of a loosely conserved sequence motif (indicated in red and aligned
beneath the sequence). The C terminus of KNL-1 has a region predicted to form a coiled coil (underlined and lettered in blue). (B)
Western blots of embryo extracts probed using affinity-purified antibodies raised against two overlapping regions of KNL-1 (amino
acids 1-150 and amino acids 8-256). (C) Projected 3D data sets of fixed embryos at different cell cycle stages stained for microtubules
and DNA (red and cyan; left column), the kinetochore marker CeCENP-C (second column), and KNL-1 (third column). The merged
images on the far right show CeCENP-C (red) and KNL-1 (green) at 2.5x higher magnification. (D) Immuno-EM of KNL-1 in multi-
cellular embryos prepared by high-pressure freezing/freeze substitution. Insets were magnified 2x. The schematic to the right illus-
trates the positions of the gold particles in the field of view. Bars: C, 10 pm; D, 500 nm.
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somes. Between prometaphase and early anaphase,
KNL-1 also localizes to the spindle region but does not
coalign with spindle microtubules (Fig. 2C). A similar
“matrix”-like staining pattern was previously observed

for CeBUB-1, the C. elegans homolog of the Bubl check-
point kinase (Oegema et al. 2001). Because both KNL-1
antibodies gave identical staining patterns, only the
KNL1_NTI1(aal-150) antibody was used in subsequent
localization experiments.

To characterize KNL-1 localization at an ultrastruc-
tural level, we performed immunoelectron microscopy
on high-pressure frozen/freeze-substituted worms. Clus-
ters of secondary antibody-conjugated gold particles
were clearly visible close to the surface of the condensed
chromatin of prometaphase/metaphase-stage cells in
multicellular embryos (Fig. 2D). Cumulatively, the phe-
notypic and localization analysis indicate that KNL-1 is
present at kinetochores throughout mitosis and is essen-
tial for mitotic chromosome segregation.

KNL-1 is downstream of CeCENP-A and CeCENP-C
in a linear assembly hierarchy

Depletion of KNL-1 results in a kinetochore-null pheno-
type very similar to that resulting from depletion of Ce-
CENP-A or CeCENP-C. Prior work placed CeCENP-A
above CeCENP-C at the top of the kinetochore assembly
hierarchy (Moore and Roth 2001; Oegema et al. 2001).
Therefore, three possible explanations for the KNL-1
depletion phenotype are: (1) KNL-1 is required for Ce-
CENP-A to form the specialized chromatin upon which
kinetochores assemble; (2) KNL-1 is required to localize
CeCENP-C in a CeCENP-A-dependent manner; (3)
KNL-1 is required downstream of CeCENP-A and Ce-
CENP-C to generate a functional microtubule-binding
interface. To distinguish among these possibilities, we
performed pairwise depletion and localization analysis.
Normal levels of CeCENP-C (Fig. 3A) and CeCENP-A
(Fig. 3C) were present at kinetochores in KNL-1-depleted
embryos. In contrast, depletion of CeCENP-C (Fig. 3A) or
CeCENP-A (data not shown) prevented localization of
KNL-1 to chromosomes. On immunoblots of depleted
worms, RNAi of their respective genes reduced Ce-
CENP-A and CeCENP-C below the detection level (Fig.
3B). In contrast, KNL-1 levels were unaffected by deple-
tion of either protein, indicating that the observed failure
in KNL-1 targeting is not an indirect consequence of its
destabilization but is caused by absence of its chromo-
somal binding site.

CeCENP-C is required for the formation of twinned
kinetochore plates in late prophase (Moore and Roth
2001). This failure of sister kinetochore resolution, de-
tected by monitoring CeCENP-A staining, is possibly
caused by the perturbation of chromosome structure vis-
ible in CeCENP-C-depleted embryos (Fig. 3C). Perturba-
tion of chromosome structure is also evident in Ce-
CENP-A-depleted embryos (data not shown). Consistent
with KNL-1 being downstream of CeCENP-A and Ce-
CENP-C in the kinetochore assembly hierarchy, well-
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condensed chromosomes with two resolved “lines” of
CeCENP-A staining were present in KNL-1-depleted em-
bryos (Fig. 3C). However, the spacing between the Ce-
CENP-A lines was reduced in KNL-1-depleted embryos,
likely because of a lack of microtubule-mediated forces.

Cumulatively, these results place the three known C.
elegans proteins whose depletion leads to a kinetochore-
null phenotype in a linear assembly hierarchy (Fig. 3D).
Because the kinetochore-null phenotype arises from an
inability of kinetochores to interact with spindle micro-
tubules, these results indicate that KNL-1 is a key func-
tional target of CeCENP-A and CeCENP-C in the mi-
totic C. elegans kinetochore.

KNL-1 forms a complex with the C. elegans homologs
of Ndc80p/HEC1 and Nuf2p

The linear assembly hierarchy and similar loss-of-func-
tion phenotypes suggested a close functional relation-
ship among KNL-1, CeCENP-C, and CeCENP-A. To test
if these proteins directly interact with each other, we
immunoaffinity-purified KNL-1-containing complexes
from embryo extracts. KNL-1 immunoprecipitates, ob-
tained using either anti-KNL-1 antibody, reproducibly
contained KNL-1 (confirmed by mass spectrometry) and
two proteins with apparent molecular masses of 58 and
75 kD that appeared to be present with a stoichiometry
similar to KNL-1 on silver-stained (Fig. 4A) or Coo-
massie-stained gels (data not shown). Mass spectrometry
identified the copurifying proteins as HIM-10, the previ-
ously identified C. elegans homolog of Nuf2p (Howe et
al. 2001), and the product of the predicted WO1B6.9 gene,
which is homologous to Nde80p/HECI1. Ndc80p/HEC1
and Nuf2p are widely conserved proteins that associate
with each other, localize to the outer kinetochore, and
are required for kinetochore-microtubule interactions.
Because W01B6.9 encodes the only protein homologous
to Ndc80p/HEC]1 in the C. elegans genome, we named
this gene ndc-80 and refer to its protein product as
CeNDC-80.

We confirmed that the two proteins copurifying at
near-stoichiometric levels with KNL-1 were CeNDC-80
and HIM-10 by generating affinity-purified antibodies
(Fig. 4B) and using them to analyze KNL-1 immunopre-
cipitates (Fig. 4C). CeCENP-C was also detected in
KNL-1 immunoprecipitates, whereas CeCENP-A was
not (Fig. 4C). Because we could not identify a band cor-
responding to CeCENP-C by silver staining, we vali-
dated this interaction by showing that CeCENP-C im-
munoprecipitates also contain KNL-1 (Fig. 4D). CeNDC-
80 and HIM-10 were present at very low levels in
CeCENP-C immunoprecipitates, suggesting that KNL-1
can interact with CeCENP-C independently of CeNDC-
80 or HIM-10. CeCENP-C immunoprecipitates did not
contain CeCENP-A, although soluble CeCENP-A was
present in the extracts, suggesting that either these two
widely conserved proteins interact exclusively in the
context of centromeric chromatin or there are unknown
components that mediate their interaction at the kineto-
chore.
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Figure 3. KNL-1 is downstream of CeCENP-A and CeCENP-C in the kinetochore assembly hierarchy. (A) Embryos were fixed and
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Depletion of CeNDC-80 or HIM-10 results in a less
severe chromosome-segregation defect than depletion
of KNL-1

Our biochemical analysis demonstrated the existence of
a soluble complex containing KNL-1, CeNDC-80, and
HIM-10. If this complex functions as a structural unit at
kinetochores, then depletion of CeNDC-80 or HIM-10
would be predicted to result in a kinetochore-null phe-
notype. To test this idea, we used live analysis to char-
acterize the first mitotic division in embryos depleted of
CeNDC-80 (Supplementary Videos 9, 10, 13) or HIM-10
(Supplementary Videos 11, 12, 14). Qualitatively, both
perturbations generated an identical phenotype, and si-
multaneous depletion of CeNDC-80 and HIM-10 did not
increase the severity of the phenotype (data not shown).
Contrary to our expectation, depletion of CeNDC-80/
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HIM-10 resulted in a significantly different phenotype
from depletion of KNL-1 (Fig. 4E; for simplicity, only a
CeNDC-80-depleted embryo is shown). Mitotic chromo-
somes in CeNDC-80/HIM-10-depleted embryos, unlike
those in KNL-1-depleted embryos, distribute over the
central region of the spindle to form a disorganized meta-
phase plate (Fig. 4E; 100-sec and 130-sec panels).
CeNDC-80-depleted (and HIM-10-depleted) embryos
also separate their chromosomes, in contrast to KNL-1-
depleted embryos, although this separation occurs later
than in wild-type embryos and missegregation is visible
(Fig. 4E).

Quantitative tracking revealed that in CeNDC-80-de-
pleted embryos, spindle poles initiate premature separa-
tion with identical kinetics to KNL-1-depleted embryos
(Fig. 4F), suggesting that CeNDC-80 is required to form a
robust kinetochore-microtubule interface in the early
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sponding genes. The molecular mass markers were 200, 97.4, 66.2, 45, 31, and 14.4 kD. (C) Western blots of KNL-1 immunoprecipi-
tates probed with the indicated antibodies. Identical results were obtained in immunoprecipitations performed on four independent
extracts. (D) Western blots of CeCENP-C immunoprecipitates probed with the indicated antibodies. Identical results were obtained in
immunoprecipitations performed on two independent extracts. CeCENP-C was not detectable by silver staining in either KNL-1 or
CeCENP-C immunoprecipitates. (E) 3D widefield data sets were acquired every 10 sec for wild-type (n = 27), KNL-1-depleted (n = 24),
CeNDC-80-depleted (n = 21), and HIM-10-depleted (n = 22; not shown; see Supplementary Videos 11, 12) embryos. Time-aligned
projections of representative 3D movies are shown (see also Supplementary Videos 7-14). The times after NEBD are indicated on the
Ieft in seconds. Bar, 5 pm. (F) The distance between spindle poles was tracked for 11 CeNDC-80-depleted embryos filmed as in E. The
plot shows average pole-to-pole distance versus time after NEBD. Wild-type and KNL-1-depleted tracking data are replotted from Figure 1C.
Error bars represent the S.E.M. with a confidence interval of 0.95. The average times of the onset of cytokinesis (all three conditions)
and the average time when chromosome separation was first visible (wild-type and CeNDC-80-depleted embryos) are also indicated.
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stages of mitosis. However, in contrast to the persistent
rapid elongation observed in KNL-1-depleted embryos,
pole elongation slowed in CeNDC-80-depleted embryos
concurrently with anaphase onset in wild type, and 34
sec (on average) later, two equivalently sized but mis-
shapen masses of chromosomes separated along the
spindle axis. This phenotype suggests that in CeNDC-
80-depleted embryos, kinetochores fail to form a me-
chanically stable interface but interact sufficiently with
microtubules to form a disorganized metaphase plate, to
partially resist astral pulling forces and to imperfectly
segregate chromosomes. Thus, as expected from prior
work, CeNDC-80 and HIM-10 play an important role in
formation of proper kinetochore-microtubule interac-
tions and accurate chromosome segregation. However,
although they form a tight complex with KNL-1, these
two conserved kinetochore proteins are not functionally
equivalent to KNL-1 during mitotic chromosome segre-
gation, and their inhibition does not result in a kineto-
chore-null phenotype.

Asymmetric codependency of KNL-1, CeNDC-80,
and HIM-10 during kinetochore assembly

The phenotypic differences between KNL-1 and
CeNDC-80/HIM-10 depletions prompted us to examine
the relationship between these three proteins during ki-
netochore assembly. Neither CeNDC-80 nor HIM-10 lo-
calized to kinetochores in embryos depleted of CeNDC-
80, HIM-10, or KNL-1 (Fig. 5A), indicating that CeNDC-
80 and HIM-10 are codependent for kinetochore
assembly, and both proteins require KNL-1 for their tar-
geting. In contrast, KNL-1 still localized to kinetochores
in embryos depleted of either CeNDC-80 or HIM-10 (Fig.
5B). However, the level of kinetochore-localized KNL-1
was significantly reduced relative to identically pro-
cessed control embryos (Fig. 5B). These results suggest
that, although CeNDC-80 and HIM-10 are not abso-
lutely required for KNL-1 targeting, they are required for
KNL-1 to attain wild-type levels at kinetochores.

The observed differences between KNL-1 and CeNDC-
80/HIM-10, in depletion phenotypes and in kinetochore-
targeting dependencies, could arise from variable pen-
etrance of RNAi-mediated depletion. Immunofluores-
cence analysis suggested that RNAi was equally
effective in depleting all three proteins, but to more rig-
orously exclude this technical caveat, we performed
quantitative immunoblotting of RNAi-depleted worms.
The blotting analysis revealed that KNL-1 and CeNDC-
80 are both >95% depleted, whereas HIM-10 is at least
90% depleted (Fig. 5C). Thus, the differences between
KNL-1 and CeNDC80/HIM-10 depletions are unlikely to
arise from variable penetrance of RNAI.

The blotting analysis also revealed that depletion of
KNL-1 did not significantly alter levels of CeNDC-80
and HIM-10, indicating that their failure to target in
KNL-1-depleted embryos is caused by the absence of
their chromosomal binding site. However, depletion of
CeNDC-80 significantly affected the stability of HIM-10
and vice versa (reducing levels of the other protein by up
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to 75%), consistent with their phenotypic similarity and
codependency for kinetochore targeting. Finally, KNL-1
was reduced to ~50% of wild-type levels in depletions of
either CeNDC-80 or HIM-10, suggesting that reduction
of KNL-1 protein levels may contribute to the observed
reduction of kinetochore-localized KNL-1 in embryos
depleted of CeNDC-80 or HIM-10 (Fig. 5B).

KNL-1 is required to target multiple outer
kinetochore components

Simultaneous depletion of CeNDC-80 and HIM-10 re-
sults in a less severe phenotype than depletion of KNL-1,
suggesting that loss of CeNDC-80 and HIM-10 from ki-
netochores in KNL-1-depleted embryos fails to fully ac-
count for KNL-1 function during chromosome segrega-
tion. One possible explanation for this finding is that
KNL-1 is also required to target other functionally im-
portant components of the outer kinetochore. Thus, in
CeNDC-80-depleted (or HIM-10-depleted) embryos, re-
duced levels of kinetochore-localized KNL-1 might suf-
fice to form a partially functional outer kinetochore. To
test this idea, we generated affinity-purified antibodies
to four other conserved kinetochore components (Fig.
6A) and used them, in conjunction with the antibodies
described previously, to define the molecular composi-
tion of kinetochores during the first mitotic division of
the C. elegans embryo (Fig. 6B; Supplementary Fig. 1).
The temporal localization pattern of KNL-1 was essen-
tially identical to that of CeCENP-C, CeNDC-80, and
HIM-10, consistent with the biochemical interactions
observed for these proteins. CeBUB-1, the C. elegans ho-
molog of the Bubl protein kinase implicated in mitotic
checkpoint function and chromosome segregation, is
first observed at kinetochores at the same stage as KNL-
1. However, CeBUB-1 levels at kinetochores drop signifi-
cantly during anaphase (Oegema et al. 2001; Supplemen-
tary Fig. 1). CeMCAK, the C. elegans homolog of micro-
tubule-destabilizing Kin I kinesins, localizes to spindle
poles and kinetochores. CeMCAK first appears at kineto-
chores after NEBD and persists throughout anaphase
(Oegema et al. 2001; Supplementary Fig. 1). HCP-1, a
large coiled-coil-containing protein with weak homology
to the mammalian kinetochore protein CENP-F (Moore
et al. 1999), and CeCLASP-2, the C. elegans homolog of
CLASP-2/Orbit/Mast microtubule-associated proteins
(Inoue et al. 2000; Lemos et al. 2000; Akhmanova et al.
2001; Maiato et al. 2002), are only prominent at kineto-
chores during a relatively narrow time window near
metaphase (Fig. 6B,C; Supplementary Fig. 1). In addition
to kinetochores, these last two proteins localize strongly
to a “matrix” in the region of the spindle (Fig. 6C;
Supplementary Fig. 1).

Remarkably, depletion of KNL-1 abolished kineto-
chore targeting of CeBUB-1, HCP-1, and CeCLASP-2 but
not of CeMCAK (Fig. 6C). Immunoblotting of wild-type
and KNL-1-depleted embryos excluded the possibility
that targeting failures were an indirect consequence of
reduction in protein levels (Fig. 6D). To identify poten-
tial targeting codependencies, we performed reciprocal



HIM-10

DNA

CeNDC-80

Wild-type

HIM-10 CeNDC-80
depleted depleted

KNL-1
depleted

Assembly of the outer kinetochore

Wild-type %

CeNDC-80
depleted

HIM-10
depleted

C
=
2
) =
T & &
- ) R
KT | =3
. 2 o= ]
Wild-type < Z‘; =
o 2 =
5 Z 2
100 50 25 125 625 = © =
KNL-1 S S s [r———
CeNDC-80 "™ s JE— —
HIM-10 " - —

o-tubulin s

—— —

Figure 5. KNL-1, CeNDC-80, and HIM-10 exhibit asymmetric dependencies during kinetochore assembly. (A) Wild-type, CeNDC-
80-depleted (n = 33), HIM-10-depleted (n = 36), and KNL-1-depleted (n = 67) embryos were stained for DNA (left panels), CeNDC-80
(middle panels), and HIM-10 (right panels). Chromosomes from prometaphase-stage one-cell embryos are shown. (B) Wild-type,
CeNDC-80-depleted (n = 37), and HIM-10-depleted (n = 40) embryos were stained for DNA (left panels), KNL-1 (middle panels), and
the depletion target (right panels). (C) Western blot of extracts prepared from wild-type, KNL-1-depleted, CeNDC-80-depleted, and
HIM-10-depleted worms. Serial dilutions of wild-type extract were loaded to quantify depletion levels.

depletion experiments. Depletion of CeBUB-1, HCP-1, or
CeCLASP-2 had no effect on the kinetochore targeting of
KNL-1 (Fig. 6E). Because HCP-1 is functionally redun-
dant with HCP-2 (Moore et al. 1999), the reverse RNAi
was performed using a mixture of HCP-1/HCP-2 double-
stranded RNAs, and depletion was assessed using a mix-
ture of anti-HCP-1 and anti-HCP-2 antibodies.

The above results indicate that KNL-1 is upstream of
CeBUB-1, HCP-1, and CeCLASP-2 in the kinetochore
assembly hierarchy. None of these proteins was detected
in KNL-1 immunoprecipitates (Fig. 6F), suggesting that
KNL-1-dependent targeting of these three components is
likely to involve additional intermediates and/or a
higher-order structure formed on the chromosome. Cu-

mulatively, these results suggest that the kinetochore-
null phenotype of KNL-1-depleted embryos arises from a
failure to form the microtubule-binding outer domain of
the kinetochore.

Architectural logic of a metazoan kinetochore

The results described above lead us to propose an archi-
tectural hierarchy for the mitotic C. elegans kinetochore
(Fig. 7A). In this hierarchy, KNL-1 plays a central role by
linking the DNA-proximal elements of the kinetochore
to its outer microtubule-binding domain. One interest-
ing prediction of this hierarchy is that depletion of
CeNDC-80/HIM-10 should reduce the levels of other
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Figure 6. KNL-1 is required to target multiple outer kinetochore components. (A) Western blots of embryo extracts probed with
affinity-purified antibodies against the indicated C. elegans kinetochore components. The molecular mass markers were 200, 116.25,
97.4,66.2, 45, and 31 kD. (B) Schematic summarizing when during the first embryonic mitosis the nine proteins analyzed in this study
localize to kinetochores (Supplementary Fig. 1; Oegema et al. 2001). (C) Wild-type and KNL-1-depleted embryos were stained for DNA
(Ieft panels in each pair), KNL-1 (not shown), and one of four kinetochore markers (right panels in each pair) as indicated. KNL-1 was
not detectable by immunofluorescence in all cases where it was depleted (data not shown). CeMCAK targets normally to kinetochores
in KNL-1-depleted embryos (n = 63), but CeBUB-1 (n = 50), HCP-1 (n = 21), and CeCLASP2 (n = 19) fail to target. (D) Westerns blots of
wild-type and KNL-1-depleted worms were probed with antibodies to the three proteins that require KNL-1 for kinetochore targeting.
a-Tubulin blotting was used as a loading control. (E) Embryos depleted of CeBUB-1 (n = 55), HCP-1 and HCP-2 (n = 37), or CeCLASP2
(n = 33) were stained for DNA (left panels), the depleted component (middle panels), and KNL-1 (right panels). KNL-1 targeted
normally to kinetochores in all cases. (F) Western blots of KNL-1 immunoprecipitates probed with antibodies against the three proteins
(CeBUB-1, HCP-1, and CeCLASP2) that require KNL-1 for kinetochore targeting. The control blot panel for KNL-1 is the same as in
Figure 4C.
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Figure 7. The architectural logic of a mitotic metazoan kineto-
chore. (A) Schematic of the kinetochore assembly hierarchy in
C. elegans based on phenotypic analysis, targeting dependen-
cies, and biochemical data. KNL-1 plays a central role in propa-
gating the initiation of kinetochore assembly by CeCENP-A and
CeCENP-C into the formation of a functional microtubule-
binding interface. (B) A test of the proposed kinetochore assem-
bly hierarchy. Wild-type and CeNDC-80-depleted embryos
were fixed and stained for DNA (top row), CeCENP-C (second
row), KNL-1 (third row), and CeBUB-1 (bottom row). Exposures
for each kinetochore marker were identical for wild-type and
CeNDC-80-depleted embryos. Images were equivalently pro-
cessed to facilitate comparisons of staining intensities. Similar
diminution of KNL-1 and CeBUB-1 staining, but not of Ce-
CENP-C staining, was observed in 16 prophase and 20 prometa-
phase-early anaphase CeNDC-80-depleted one-cell-stage em-
bryos. Bar, 5 pm.

outer kinetochore components via a transitive effect
through reduction of kinetochore-associated KNL-1. In
contrast, components above KNL-1 in the assembly hi-
erarchy, such as CeCENP-C, should not be affected. To
test this prediction, we simultaneously analyzed local-
ization of CeCENP-C, KNL-1, and CeBUB-1 in wild-type
and CeNDC-80-depleted embryos, using equivalent im-
aging conditions. Consistent with the prediction, deple-

Assembly of the outer kinetochore

tion of CeNDC-80 did not significantly reduce the levels
of kinetochore-localized CeCENP-C (Fig. 7B). In con-
trast, both KNL-1 and CeBUB-1 were reduced to similar
extents at kinetochores (Fig. 7B), supporting the pro-
posed hierarchy.

Discussion

A functional genomic strategy for identification
of core kinetochore components

Nearly 40 years ago, the ultrastructure of the kineto-
chore was defined by electron microscopy. Following
chemical fixation, kinetochores in most eukaryotes have
a multilayered structure (for review, see Rieder 1982).
Pioneering work with human autoimmune sera identi-
fied CENP-A and CENP-C, two constituents of the inner
plate, the chromatin-proximal structural foundation of
the kinetochore. Distal to the chromatin, microtubule
plus ends directly embed in the outer plate of the kineto-
chore, forming a dynamic interface that couples kineto-
chore motility to changes in the polymerization dynam-
ics of bound microtubules (Rieder and Salmon 1998).
Whereas the majority of characterized outer kinetochore
proteins are depleted from kinetochores concomitant
with microtubule attachment (Hoffman et al. 2001), the
outer plate of the kinetochore persists as a morphologi-
cally discrete structural entity throughout mitosis, with
a stable complement of embedded microtubule ends
(Rieder 1982). This discrepancy suggests that important
structural components of the kinetochore outer plate re-
main to be identified.

We have established a function-based genomic ap-
proach in the one-cell stage C. elegans embryo to iden-
tify core kinetochore components. Using high-resolution
fluorescence assays to rescreen gene products identified
by functional genomic analysis of Chromosome III, we
identified KNL-1, a kinetochore protein that translates
the initiation of kinetochore assembly by CeCENP-A
and CeCENP-C into the formation of a microtubule-
binding interface on mitotic chromosomes. Extension of
this approach to the rest of the genome should generate
a comprehensive function-based molecular view of a
metazoan kinetochore.

KNL-1 is a key target of CeCENP-A and CeCENP-C
in the mitotic C. elegans kinetochore

CeCENP-A, CeCENP-C, and KNL-1 are the only known
C. elegans proteins whose depletion results in a kineto-
chore-null phenotype. Depletion of other known kineto-
chore or chromosomal proteins does not result in this
phenotype but is instead associated with less severe
chromosome segregation defects (Oegema et al. 2001;
Hagstrom et al. 2002; this study). Three pieces of evi-
dence place KNL-1 downstream of CeCENP-A and Ce-
CENP-C in the kinetochore assembly hierarchy. First,
depletion of KNL-1 does not affect the chromosomal lo-
calization of CeCENP-A or CeCENP-C. Second, deple-
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tion of either CeCENP-A or CeCENP-C prevents KNL-1
from localizing to chromosomes. Third, analysis of pro-
tein levels excludes indirect effects on targeting caused
by changes in KNL-1 stability. Cumulatively, these find-
ings support a linear assembly hierarchy and exclude co-
dependencies during assembly. In agreement with the
proposed placement of KNL-1, depletions of CeCENP-A
or CeCENP-C result in chromosome structure defects
that are absent in KNL-1-depleted embryos. In addition,
the presence of well-condensed chromosomes in KNL-1-
depleted embryos with two “lines” of CeCENP-A and
CeCENP-C staining indicates that KNL-1 is not required
to establish the holocentric nature of C. elegans chro-
mosomes.

KNL-1 is required to assemble the microtubule-binding
interface of the mitotic C. elegans kinetochore

The kinetochore-null defect observed in KNL-1-depleted
embryos is likely explained by its role in targeting mul-
tiple components of the outer kinetochore. Five con-
served outer kinetochore proteins—CeNDC-80, HIM-10,
CeBUB-1, HCP-1, and CeCLASP2—require KNL-1 to tar-
get to chromosomes. Of these, CeBUB-1, HCP-1, and Ce-
CLASP2 are not present in KNL-1 immunoprecipitates,
suggesting that additional components may mediate
their interaction with KNL-1. In contrast, KNL-1 forms a
near-stoichiometric complex with CeNDC-80 and HIM-
10. Consistent with this interaction, depletion of
CeNDC-80/HIM-10 reduces but does not eliminate ki-
netochore-localized KNL-1. The mechanical integrity of
the microtubule-binding interface of the kinetochore is
severely impaired in embryos depleted of KNL-1/
CeNDC-80/HIM-10, suggesting that this protein com-
plex is required to build a stable kinetochore-microtu-
bule interface. KNL-1 lacks any known microtubule-
binding motif and is an acidic protein with an isoelectric
point of 4.9, whereas most known microtubule-binding
proteins are basic. Although this suggests that KNL-1
does not directly bind microtubules, biochemical recon-
stitution of the KNL-1 complex or its purification in a
native state will be necessary to analyze microtubule-
binding activity.

Interestingly, CeMCAK, the C. elegans member of the
microtubule-destabilizing Kin I kinesin subfamily, does
not require KNL-1 to target to kinetochores, although it
does require CeCENP-A and CeCENP-C (Oegema et al.
2001). In contrast to vertebrates, where MCAK exhibits a
complex localization pattern (Wordeman and Mitchison
1995), CeMCAK cannot be spatially distinguished on
chromosomes from CeCENP-A, CeCENP-C, and KNL-1
by light microscopy. Nevertheless, the independence of
CeMCAK targeting from KNL-1 and the relative absence
of defects in chromosome-microtubule interactions in
embryos depleted of CeMCAK (Grill et al. 2001), both
argue for a functional distinction between CeMCAK and
outer kinetochore components. The biochemical activ-
ity of Kin I kinesins as microtubule destabilizers (Desai
et al. 1999) is consistent with this distinction, as it ap-
pears likely that microtubule binders and destabilizers
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are segregated within the fine structure of the kineto-
chore.

Relationship between KNL-1 and CeNDC-80/HIM-10

Despite its presence in a near-stoichiometric complex
with CeNDC-80 and HIM-10, KNL-1 is functionally
more important than these two conserved proteins dur-
ing chromosome segregation. Depletion of KNL-1 results
in a “kinetochore-null” phenotype, whereas depletion of
CeNDC-80 and/or HIM-10 leads to a less severe chro-
mosome segregation defect. In addition, whereas KNL-1
is absolutely required to target CeNDC-80 and HIM-10
to kinetochores, depletion of CeNDC-80 or HIM-10 re-
duces but does not eliminate kinetochore-localized
KNL-1. The reduction of kinetochore-localized KNL-1
(and CeBUB-1; Fig. 7) in embryos depleted of CeNDC-80
is not due to the action of spindle microtubules as it is
clearly evident prior to nuclear envelope breakdown. Cu-
mulatively, the asymmetric targeting dependencies and
differences in phenotypic severity suggest that Ndc80p/
Nuf2p-associated proteins, such as KNL-1, are of signifi-
cantly greater functional importance than previously ap-
preciated.

Biochemical analysis of Ndc80p/Nuf2p-containing
complexes in budding yeast has revealed the presence of
two associated proteins, Spc24p and Spc25p (Janke et al.
2001; Wigge and Kilmartin 2001). Neither of these two
proteins has recognizable sequence homologs outside of
fungi. A greater severity for the phenotype of spc24 and
spc25 mutants relative to ndc80 and nuf2 mutants has
been suggested in the context of mitotic checkpoint ac-
tivation (Janke et al. 2001; Wigge and Kilmartin 2001;
McCleland et al. 2003). However, a comparative analysis
of kinetochore assembly in different mutants of ndc80,
nuf2, spc24, and spc25 has not been performed. It should
be noted that the effect we observed, namely, a diminu-
tion of outer kinetochore components (Fig. 7B), might be
difficult, if not impossible, to establish in the point ki-
netochores of budding yeast, but may be addressable in
vertebrates.

KNL-1 is the first Ndc80p/Nuf2p-associated protein
identified outside of fungi. The existence of a functional
ortholog of KNL-1 in vertebrates is suggested by the in-
ability to functionally complement Xenopus egg extracts
immunodepleted of their Ndc80p or Nuf2p homologs us-
ing purified proteins (McCleland et al. 2003). A func-
tional KNL-1 ortholog could also explain the seemingly
contradictory effects generated by antibody injection
versus RNAi-mediated depletion of vertebrate Ndc80p/
Nuf2p homologs (DeLuca et al. 2002; Martin-Lluesma et
al. 2002; McCleland et al. 2003). RNAi-mediated deple-
tion of either HEC1 (human Ndc80p) or hNuf2 results in
a failure to generate proper kinetochore-microtubule at-
tachments and persistent activation of the mitotic
checkpoint (DeLuca et al. 2002; Martin-Lluesma et al.
2002). In contrast, inhibition of Xenopus Ndc80p or
Nuf2p by antibody injection results in a more severe
phenotype—premature exit from mitosis without any
detectable chromosome congression or anaphase move-



ments (McCleland et al. 2003). Our analysis of KNL-1
suggests that coinhibition of an Ndc80p/Nuf2p-associ-
ated protein, likely to occur by antibody injection but
not by RNAi-mediated depletion, may account for this
discrepancy.

Variation in kinetochore structure—it’s not just
the DNA

The kinetochore offers a particularly fascinating puzzle
for students of essential cellular protein machines. The
lack of a common theme to the DNA sequences upon
which kinetochores assemble has been appreciated for
quite some time. Some similarity in their protein com-
position was expected given that kinetochores interact
with microtubules, polymers formed from one of the
most conserved proteins in eukaryotes. However, the ac-
cumulating evidence for commonalities in kinetochore
composition must be tempered by the very low sequence
similarity of “conserved” kinetochore components be-
tween different species and the presence of many com-
ponents apparently unique to closely related species.
Our analysis of KNL-1 suggests that the junction be-
tween the DNA-proximal foundation for kinetochore as-
sembly, established by CENP-A and CENP-C, and the
outer kinetochore is formed by proteins that have di-
verged significantly during evolution. This finding sug-
gests that variation in kinetochore structure is not just
restricted to the interface between the DNA and centro-
mere-specific histone variants (Malik and Henikoff 2002)
but may extend further down the assembly hierarchy.
Such variation may be linked to the postulated role of
centromeres/kinetochores in the establishment and/or
maintenance of species barriers (Henikoff and Malik
2002).

Materials and methods

All fixed images and movies, as well as all reported n values, are
exclusively of mitotic one-cell-stage embryos.

dsRNA and antibody production

Oligonucleotides used for dsSRNA and antigen production are
listed in Supplementary Table 1. DNA templates for dsSRNA
synthesis were amplified from N2 genomic DNA. For antibody
production, fragments of the coding region from either gene-
specific or first-strand worm ¢cDNA templates were cloned into
pPGEX6P-1 (Amersham). Purified GST fusions were outsourced
for injection into rabbits. For affinity purification, GST fusions
were cleaved using Prescission protease, and antigen fragments
were covalently coupled to HiTrap-NHS columns (Amersham).
For two of the antibodies [anti-KNL1_NT2(aa8-256), anti-Ce-
CLASP2], rabbit sera were depleted of anti-GST antibodies by
four passages over a GST alone-coupled column and then affin-
ity-purified on columns with covalently coupled uncleaved an-
tigens. Purified antibodies were directly labeled with Cy3 and
Cy5 fluorescent dyes as described (Francis-Lang et al. 1999).

RNAI and blotting of dsRNA-injected worms

L4 hermaphrodites were injected with dsRNA and incubated
either at 16°C for 45-48 h or at 20°C for 36 h prior to analysis.
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For immunoblotting following RNAi, 60 injected worms were
picked into 0.5 mL of M9, gently pelleted, and washed three
times with 500 pL of M9. All but 15 pL of M9 was removed, an
equal volume of 2x SDS-PAGE sample buffer was added, and the
sample was sonicated at 80°C in a bath sonicator for 15 min.
Then 10 pL of the sonicated sample was used for Western blot-
ting and analysis of protein levels using ECL Plus (Amersham).
Equal numbers of control and injected worms were always pro-
cessed in parallel, and a-tubulin blotting was used as a loading
control.

Live imaging

Mounting for live analysis and spinning disk confocal micros-
copy of embryos expressing GFP-B-tubulin was performed as
described (Oegema et al. 2001). Chromosome segregation was
followed in embryos expressing GFP-histone and GFP-y-tubulin
using a DeltaVision deconvolution microscope (Applied Preci-
sion) equipped with a CoolSnap CCD camera (Roper Scientific).
At 10-sec intervals, six z-sections were acquired at 2-pm steps
using a 100x, 1.3 NA Olympus U-Planapo objective with 2 x 2
binning and a 384 x 384-pixel area. Illumination was attenuated
using a 10% transmission neutral density filter, and each expo-
sure was 250 msec. Quantitative analysis of spindle pole elon-
gation was performed on movies where the two poles remained
in the same or neighboring focal planes. Z stacks were projected
and imported into Metamorph (Universal Imaging) and spindle
poles were manually tracked. Quantitative estimates suggest
there is a <5% distance measurement error from projection of
the stacks. Average plots were generated by aligning sequences
using NEBD as a time reference. NEBD was defined as the time
when GFP fluorescence was equalized between both pronuclei
and the cytoplasm. Cytokinesis onset was defined as the time
with the first visible sign of cleavage furrow ingression. Track-
ing data were analyzed and plotted using a custom macro in
Microsoft Excel. Error bars represent the S.E.M. with a confi-
dence interval of 0.95 (Grill et al. 2001).

Immunofluorescence

In pairwise depletion-localization assays, ~60 injected worms
were processed in parallel with an equal number of uninjected
worms using freeze-cracking followed by -20°C methanol fixa-
tion. The time of fixation was chosen to maximize sensitivity
for detecting the depleted component. A mixture of directly
labeled antibodies to a-tubulin (FITC; Sigma), RNAi target
(Cy3/Cy5), and assayed component (Cy5/Cy3) was used after
blocking slides with AbDil (PBS +0.1% Triton X-100 + 4%
BSA). Prior to mounting, slides were incubated for 5 min with 1
ng/mL Hoechst 33342 to label the DNA. Four-color 3D stacks at
0.2-um steps were collected throughout the volume of the em-
bryo using an Olympus 100x, 1.3 NA U-Planapo objective, com-
putationally deconvolved and projected for presentation. Expo-
sure times were chosen to limit maximal intensities in control
embryos at ~70% camera saturation. For the experiment in Fig-
ure 7B, a mixture of directly labeled antibodies to CeCENP-C
(FITC), KNL-1 (Cy3), and CeBUB-1 (Cy5) was used, and expo-
sure times and subsequent image processing steps were kept
constant between control and depleted embryos. Immuno-EM
was performed as described (Kirkham et al. 2003).

Immunoprecipitations and mass spectrometry

Synchronous worm cultures were generated using starved L1
larvae. Embryo isolation was performed by alkaline bleach dis-
solution of adult worms, soon after they initiated embryo pro-
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duction. The volume of the final embryo pellet, estimated from
its wet weight, was mixed with an equal volume of H100 buffer
(50 mM HEPES at pH 7.5, 100 mM KCIl, 1 mM MgCl,, 1 mM
EGTA, 10% glycerol, 0.05% NP-40, 1 mM DTT, protease in-
hibitors) and sonicated for a total of 3 min at 40% amplitude
(microtip on model Branson 450) with intermittent cooling on
ice. Crude extracts were clarified at 4°C at 20,000 rpm (22,000g)
for 10 min followed by 50,000 rpm (135,000g) for 20 min in a
TLA100.3 rotor. Twenty-five micrograms of affinity-purified or
control rabbit antibodies were covalently linked to Protein A
beads, pre-eluted with glycine (Moritz et al. 1998), incubated
with 700-1000 pL of fresh extract at 4°C for 1 h, washed five
times with HB100 and once with HB100 without NP-40, and
eluted by heating at 50°C in 50 pL of 2x SDS-PAGE Sample
Buffer without DTT. The eluted supernatant was supplemented
with DTT (100 mM final) and boiled for 3 min. Then 5 uL was
loaded for silver staining and 25 pL for protein identification.
Coomassie-stained bands were in-gel-digested with trypsin
(Shevchenko et al. 1996), and proteins were identified by
MALDI MS peptide mapping (Havlis et al. 2003). For immuno-
blots, the elution was diluted 20-fold, and 5-10 uL was loaded
per lane. Immunoblots were performed using 0.5-1 pg/mL af-
finity-purified primary antibody and HRP-linked anti-rabbit
secondary antibody and detected using ECL (Amersham).
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