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Chromosome segregation requires stable bipolar attachments of spindle microtubules to kinetochores. The
dynein/dynactin motor complex localizes transiently to kinetochores and is implicated in chromosome
segregation, but its role remains poorly understood. Here, we use the Caenorhabditis elegans embryo to
investigate the function of kinetochore dynein by analyzing the Rod/Zwilch/Zw10 (RZZ) complex and the
associated coiled-coil protein SPDL-1. Both components are essential for Mad2 targeting to kinetochores and
spindle checkpoint activation. RZZ complex inhibition, which abolishes both SPDL-1 and dynein/dynactin
targeting to kinetochores, slows but does not prevent the formation of load-bearing kinetochore-microtubule
attachments and reduces the fidelity of chromosome segregation. Surprisingly, inhibition of SPDL-1, which
abolishes dynein/dynactin targeting to kinetochores without perturbing RZZ complex localization, prevents
the formation of load-bearing attachments during most of prometaphase and results in extensive chromosome
missegregation. Coinhibition of SPDL-1 along with the RZZ complex reduces the phenotypic severity to that

observed following RZZ complex inhibition alone. We propose that the RZZ complex can inhibit the
formation of load-bearing attachments and that this activity of the RZZ complex is normally controlled by
dynein/dynactin localized via SPDL-1. This mechanism could coordinate the hand-off from initial weak
dynein-mediated lateral attachments, which help orient kinetochores and enhance their ability to capture
microtubules, to strong end-coupled attachments that drive chromosome segregation.
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In higher eukaryotes, kinetochores are built on the cen-
tromere region of chromosomes to connect to the micro-
tubules of the nascent mitotic spindle after nuclear en-
velope breakdown (NEBD). To avoid chromosome loss,
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kinetochores must be efficient at capturing microtu-
bules emanating from the two spindle poles and at con-
verting initial transient contacts into stable end-coupled
attachments capable of resisting the forces that drive
chromosome alignment (Nicklas 1988). A safeguard is
provided by the mitotic spindle checkpoint, which de-
lays cell cycle progression by producing a diffusible in-
hibitor at kinetochores that have not yet captured mi-
crotubules (Musacchio and Salmon 2007). Stable end-on
attachments shut off production of the inhibitory signal,
allowing the cell to exit mitosis.

The core microtubule attachment site at the kineto-
chores is formed by a set of conserved interacting pro-
teins, collectively named the KMN network after its
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constituent components KNL-1, the Mis12 complex, and
the Ndc80 complex (Cheeseman et al. 2004). The net-
work contains two microtubule-binding sites, one in
KNL-1 and the other in the Ndc80 complex (Cheeseman
et al. 2006; Wei et al. 2007). In eukaryotes ranging from
yeast to human cells, compromising Ndc80 complex
function in vivo leads to severe chromosome alignment
defects correlated with an inability of kinetochores to form
stable bipolar attachments (Kline-Smith et al. 2005).

Additional kinetochore-microtubule interactions are
mediated by the microtubule minus-end-directed motor
cytoplasmic dynein and its cofactor dynactin. Because
dynein/dynactin has multiple functions in the cell, in-
sight into its kinetochore roles has primarily come from
studies on the conserved Rod/Zwilch/Zw10 (RZZ) com-
plex (Smith et al. 1985; Karess and Glover 1989; Wil-
liams and Goldberg 1994; Scaerou et al. 1999, 2001;
Williams et al. 2003), which is essential for kinetochore
recruitment of dynein/dynactin (Starr et al. 1998). Inhi-
bitions of RZZ subunits (Savoian et al. 2000; Li et al.
2007; Yang et al. 2007) and direct disruption of dynein/
dynactin (Vorozhko et al. 2008) have shown that the mi-
nus-end-directed motility of kinetochore dynein contrib-
utes to transient poleward movement of chromosomes
in early prometaphase (Rieder and Alexander 1990). In-
hibition of dynein/dynactin also affects the microtubule-
based poleward transport of checkpoint proteins and
RZZ subunits, which is thought to constitute an impor-
tant mechanism for silencing the spindle checkpoint
(Howell et al. 2001; Wojcik et al. 2001).

Despite significant work over the past decade, the rel-
evance of kinetochore dynein/dynactin for the process of
chromosome alignment remains unclear. When dynein/
dynactin is inhibited following bipolar spindle assembly,
metaphase plate formation occurs normally (Howell et
al. 2001; Vorozhko et al. 2008). Similarly, Drosophila
melanogaster null mutations in the rod and zw10 genes
were reported as having no obvious phenotype prior to
anaphase in mitotic cells (Williams et al. 1992, Williams
and Goldberg 1994). In contrast, recent work in mamma-
lian cells showed significant delays in chromosome
alignment after depletion of Zw10 (Li et al. 2007; Yang et
al. 2007). The dissection of RZZ complex function in
chromosome alignment is complicated by its role in
spindle checkpoint signaling. Analysis in D. melanogas-
ter embryos, human cells, and Xenopus extracts demon-
strated that the RZZ complex is essential for spindle
checkpoint function (Basto et al. 2000; Chan et al. 2000;
Kops et al. 2005) and for the localization to unattached
kinetochores of two essential spindle checkpoint com-
ponents, Madl and Mad2 (Buffin et al. 2005; Kops et al.
2005).

The detection of a two-hybrid interaction between
Zwl10 and the dynactin subunit dynamitin suggested
that the RZZ complex is directly involved in recruiting
dynein/dynactin (Starr et al. 1998). A recent study in D.
melanogaster identified Spindly, a component acting
downstream from the RZZ complex, which is required
for targeting dynein, but not dynactin, to kinetochores
(Griffis et al. 2007). NudE and NudEL, two proteins that
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associate with dynein, have also been implicated in
dynein targeting to kinetochores (Stehman et al. 2007;
Vergnolle and Taylor 2007).

We developed the early Caenorhabditis elegans em-
bryo as a system to identify proteins that play important
roles in chromosome segregation and characterize their
mechanism of action (Oegema et al. 2001; Desai et al.
2003; Cheeseman et al. 2004). Here, we use this system
to study the function of the Rod/Zwilch/Zw10 (RZZ)
complex and Spindly (SPDL-1), components of the outer
kinetochore that are essential for spindle checkpoint
function and constitute a module that targets the
dynein/dynactin motor to the kinetochore during chro-
mosome alignment. A comparative analysis of SPDL-1
and RZZ complex function revealed that, despite their
equivalent requirement for dynein/dynactin recruit-
ment, SPDL-1 inhibition results in a significantly more
severe defect in chromosome segregation, which, until
just prior to anaphase onset, closely mimics the lack of
stable end-coupled attachments. This defect can be
quantitatively reduced to match that of inhibiting the
RZZ complex alone by coinhibiting SPDL-1 and the RZZ
complex. Thus, by uncoupling kinetochore localization
of the RZZ complex from that of dynein/dynactin, we
uncovered a regulatory relationship between the RZZ
complex and the formation of stable end-coupled attach-
ments. We discuss the implications of these findings for
dynein/dynactin function at the kinetochore.

Results

The C. elegans Spindly homolog C06A8.5/SPDL-1
is required for chromosome segregation

All C. elegans proteins essential for chromosome segre-
gation are required for embryonic viability. Embryos in-
dividually depleted of each of the ~2000 gene products
required for embryonic viability have been filmed using
differential interference contrast (DIC) microscopy to
identify genes whose inhibition results in the presence of
extra nuclei (karyomeres) due to chromosome missegre-
gation (Sonnichsen et al. 2005). However, since misseg-
regation does not always lead to the formation of karyo-
meres and DIC does not directly visualize chromosomes,
it is likely that chromosome segregation genes have been
missed by this approach. To test this idea, we used RNAi
to target 50 genes of unknown function required for em-
bryonic viability but annotated as having no defects by
DIC analysis in a strain coexpressing GFP:histone H2B
and GFP:y-tubulin to visualize chromosomes and
spindle poles, respectively (Oegema et al. 2001). This
screen identified one previously uncharacterized gene,
CO06A8.5, whose depletion resulted in severe chromo-
some missegregation. CO6A8.5 encodes a 479-amino-
acid protein that contains five predicted coiled-coil do-
mains in its N-terminal 360 residues. Sequence searches
identified potential homologs throughout the animal
kingdom, including the previously characterized D. mel-
anogaster Spindly (Griffis et al. 2007). Although
CO06A8.5 shows low sequence identity with the other
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proteins, it shares a highly conserved motif located near Supplemental Movie 1). The onset of both sister chro-
a break in the coiled-coils (Fig. 1C; Supplemental Fig. 1). matid separation and cytokinesis occurred with normal
As our functional analysis supports the idea that timing in spdl-1(RNAi) embryos, indicating that cell
CO06A8.5 is a Spindly homolog, we named the C. elegans cycle progression was unaffected (Fig. 1B).
protein SPDL-1. The chromosome missegregation observed in spdI-
Embryos depleted of SPDL-1 exhibited defective chro- 1(RNAi) embryos could be the result of compromised
mosome alignment, premature spindle pole separation, mitotic chromosome structure, an aberrant mitotic
and significant chromatin bridges in anaphase (Fig. 1A; spindle, or a defect in kinetochore function. To distin-
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Figure 1. SPDL-1 is a transient kineto-
chore component essential for chromo-
some segregation. (A) Selected frames
from a live-imaging sequence of the first
division in unperturbed and spdI-1(RNAi)
embryos expressing GFP:histone H2B
and GFP:y-tubulin to simultaneously vi-
sualize chromosomes (arrow) and spindle
poles (arrowheads), respectively (see also
Supplemental Movie 1). Images are time-
aligned relative to NEBD (0 sec). Bar, 5 pm.
(B) Timing of anaphase onset and cytoki-
nesis onset in unperturbed and spdl-
1(RNAi) embryos. Anaphase onset was de-
fined as the first visible sister chromatid
separation (GFP:histone H2B) and cytoki-
nesis onset by the first visible ingression
of the cleavage furrow in DIC images ac-
quired in parallel. Values represent the
S.E.M with a 95% confidence interval. (C)
Primary sequence features of SPDL-1 and
related proteins. The highly conserved
motif that defines this conserved coiled-
coil protein family is depicted (see also
Supplemental Fig. 1). (D) Chromosome
condensation, sister centromere resolu-
tion, and the separation of sister chroma-
tids at anaphase onset are normal in spdI-
1(RNAi) embryos. Selected frames of a
live-imaging sequence are shown (see also
Supplemental Movie 2). Kinetochores are
marked by GFP:Spc24%8P# a subunit of
the NDC-80 complex. Arrows highlight
separating sister kinetochores at anaphase
onset (0 sec) in spdl-1(RNAi) embryos. Bar,
5 pm. (E) Mitotic spindle morphology in
control and spdl-1(RNAi) embryos fixed
and stained with a fluorescently labeled
antibody against a-tubulin (see also
Supplemental Movie 3). Bar, 5 pm. (F) Im-
munoblotting with an affinity-purified
polyclonal antibody raised against SPDL-1
detects purified recombinant (rec.) SPDL-1
and a protein of equal size in wild-type
(N2) worms, which is depleted >95% by
RNAi. The relative amount of worm ex-
tract loaded is indicated above each lane.
A cross-reacting protein band (*) serves as
the loading control. (G) Immunofluores-
cence image of a one-cell embryo at pro-

metaphase immunostained for SPDL-1. Bar, 2 um. (H) Snapshot of a one-cell embryo in prometaphase expressing GFP:SPDL-1. Bar, 5
um. (I) SPDL-1 localizes transiently to kinetochores from prometaphase to anaphase onset. Two-cell embryos at different stages are
shown costained for CENP-CHC?* which is present at kinetochores throughout mitosis, and SPDL-1. The natural difference in cell
cycle timing of the AB and P, cells (with AB entering and exiting mitosis prior to P;, as diagrammed on the right) defines the transient

period of SPDL-1 kinetochore localization (see also Supplemental Movie 4). Bar, 5 pm.
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guish between these possibilities, we imaged a worm
strain expressing GFP:Spc24%BP# a subunit of the outer
kinetochore NDC-80 complex (Cheeseman et al. 2004).
In spdl-1(RNAi) embryos, GFP:Spc24¥®F* localized nor-
mally to paired diffuse kinetochores that maintained a
rigid parallel conformation during prometaphase chro-
mosome movements, demonstrating that centromere
resolution and chromosome condensation were unaf-
fected (Fig. 1D; Supplemental Movie 2). Sister kineto-
chores remained paired until the onset of anaphase,
when individual chromatids separated from each other
(Fig. 1D, arrows), indicating proper regulation of sister
chromatid cohesion. All microtubule-dependent events
in the early embryo (pronuclear migration, rotation of
the centrosome-pronuclear complex, spindle assembly,
and asymmetric spindle positioning] were normal in
spdl-1(RNAi) embryos. In particular, fixed and live
analysis in a worm strain expressing GFP:B-tubulin
showed that mitotic spindle formation in spdl-1(RNAi)
embryos was not perturbed (Fig. 1E; Supplemental Movie
3). We conclude that the severe chromosome segregation
defect in embryos depleted of SPDL-1 does not result
from problems with either the microtubule cytoskele-
ton, mitotic spindle formation, or chromosome struc-
ture.

Immunoblotting using affinity-purified antibodies
confirmed that our RNAi conditions resulted in pen-

A

Figure 2. SPDL-1 is recruited to the ki-
netochore by the RZZ complex. (A)
SPDL-1 coimmunoprecipitates with SPDL-1
Zwilch*W™! Worm extracts were de-
pleted of Zwilch?W'! using an affinity-
purified polyclonal antibody, and the re-
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etrant depletion of SPDL-1 (Fig. 1F). Immunostaining re-
vealed that SPDL-1 is recruited to kinetochores at NEBD
and localizes there until the metaphase-anaphase tran-
sition, after which it is no longer detected (Fig. 1G,I).
Imaging of a worm strain expressing GFP:SPDL-1 con-
firmed this transient localization pattern and also re-
vealed a weak spindle pole localization (Fig. 1H; Supple-
mental Movie 4). We conclude that SPDL-1 is a tran-
siently kinetochore-localized protein that plays an
essential role in chromosome segregation.

SPDL-1 is recruited to kinetochores by the RZZ
complex

To understand SPDL-1 function at kinetochores, we first
sought to determine if it interacts with other known
kinetochore components. We immunoprecipitated sev-
eral inner and outer kinetochore proteins (CENP-AT<P-3,
CENP-CHCP* MCAKXLP7) KNL-1, BUB-1, Zwilch?Vt!,
NDC-80, HCP-1, CLASP“"$?) and probed the precipi-
tates for SPDL-1. Only affinity-purified antibodies to
ZwilchW™! (Fig. 2C) coprecipitated a detectable
amount of SPDL-1 (Fig. 2A). Mass spectrometric analysis
of the Zwilch®"W*! immunoprecipitate (Fig. 2B) con-
firmed the presence of SPDL-1 and identified the two
other subunits of the RZZ complex, ROD-1 and
Zw10““W-! In contrast, a more stringent tandem puri-
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protein band (*) serves as the loading
control. (D) Immunofluorescence images
of early embryos stained for SPDL-1 after
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fication of Zwilch“"™! using the localization and affin-
ity purification (LAP) tag (Cheeseman et al. 2004) iso-
lated only the three RZZ subunits, which could be
readily visualized on a silver-stained gel (Fig. 2B), but not
SPDL-1, suggesting that SPDL-1 is peripherally associ-
ated rather than a stable core subunit of the RZZ com-
plex. Consistent with this idea, gel filtration experi-
ments revealed that endogenous SPDL-1 exhibited the
same fractionation profile as recombinant SPDL-1, and
that this fractionation behavior was clearly distinct from
that of endogenous Zwilch“"™! (data not shown).

We next analyzed the localization dependencies be-
tween SPDL-1 and the RZZ complex. Immunofluores-
cence and live imaging of GFP"*Y fusions to
Zwilch“"t! and Zw10““W! showed that these two
RZZ subunits localize transiently to kinetochores in a
fashion essentially identical to SPDL-1 (Fig. 2D,E;
Supplemental Movies 5, 6). ROD-1 depletion abolished
kinetochore localization of both Zwl10““W! and
Zwilch“W™! suggesting that the three RZZ subunits are
likely interdependent for kinetochore targeting (Fig. 2D;
data not shown). Depletion of Zwilch*"™! or ROD-1
abolished SPDL-1 targeting to kinetochores (Fig. 2D),
whereas SPDL-1 depletion did not alter the kinetics of
kinetochore localization for either RZZ subunit (Fig. 2E;
Supplemental Movies 5, 6). Specifically, rapid disappear-
ance of Zwilch“"*1! and ROD-1 from kinetochores in
early anaphase was observed in both control and spdI-
1(RNAi) embryos. This loss occurred prior to mitotic
kinetochore disassembly, monitored using the NDC-80
complex subunit Spc24¥BP*, suggesting the existence of
a regulatory step controlling RZZ complex removal from
kinetochores that is not affected by SPDL-1 depletion.
We conclude that SPDL-1 is recruited to kinetochores by
the RZZ complex and that both the localization and cell
cycle progression-dependent loss of the RZZ complex
from kinetochores are independent of SPDL-1.

SPDL-1 and the RZZ complex are dispensable
for building the core kinetochore microtubule
attachment site

Next we positioned SPDL-1 and the RZZ complex
within the established hierarchy for kinetochore assem-
bly. SPDL-1 and RZZ complex localization was depen-
dent on KNL-1 (Fig. 3A), which is required for the local-
ization of multiple outer kinetochore proteins in C. el-
egans (Desai et al. 2003). Depletion of the CENP-F-like
proteins HCP-1 and HCP-2 had no effect on SPDL-1 lo-
calization. An intermediate effect on SPDL-1 localiza-
tion was observed following depletion of NDC-80 or
BUB-1; the effect of BUB-1 depletion was consistently
more severe than that of NDC-80 depletion. RZZ com-
plex targeting was not affected by any of these depletions
(Fig. 3A; A. Essex and A. Desai, unpubl.).

Depletion of SPDL-1 and RZZ subunits had no effect
on the localization of KNL-1, KNL-2, KNL-3, MIS-12,
NDC-80, the NDC-80 complex subunit Spc25%BF-3,
BUB-1, HCP-1, or CLASP<"5- (Fig. 3B; data not shown).
We conclude that outer kinetochore assembly, including

Dynein function at kinetochores

formation of the core microtuble attachment site consti-
tuted by the KMN network, does not require either the
RZZ complex or SPDL-1 (Fig. 3C).

SPDL-1, like the RZZ complex, is required
for a functional spindle checkpoint and Mad2PF2
recruitment to unattached kinetochores

Having established that SPDL-1 functions in close prox-
imity to the RZZ complex, we sought to test if any of the
roles ascribed to the RZZ complex require SPDL-1. Work
in D. melanogaster and vertebrates has shown that the
RZZ complex is required for a functional spindle check-
point and for localization of the checkpoint protein
Mad2 to kinetochores. To probe spindle checkpoint ac-
tivation in the early C. elegans embryo, we used an assay
based on controlled formation of monopolar spindles in
the second embryonic division following inhibition of
centriole duplication (A. Essex and A. Desai, in prep.).
These monopolar spindles elicit a checkpoint-mediated
cell cycle delay (Fig. 4B). Depletion of SPDL-1 in cells
with monopolar spindles abrogated the delay, demon-
strating that the spindle checkpoint requires SPDL-1
(Fig. 4B). The same result was observed for depletions of
the RZZ subunit ROD-1. The delay was correlated with
transient enrichment of GFP:Mad2™P¥2 on the unat-
tached kinetochores that are distal to the monopole (Fig.
4C; Supplemental Movie 7). Depletion of SPDL-1 or
ROD-1 abrogated GFP:Mad2™P¥-2 [ocalization to kineto-
chores of monopolar spindles. We conclude that SPDL-1,
like the RZZ complex, is required for spindle check-
point activation and kinetochore recruitment of
GFP:Mad2™PF-2,

SPDL-1 is required for the recruitment of dynein
and dynactin to unattached kinetochores

Dynein/dynactin recruitment to kinetochores has been
hypothesized to occur via the dynactin subunit p50/dy-
namitin, a two-hybrid interactor of Zw10 (Starr et al.
1998). D. melanogaster Spindly (DmSpindly) was re-
ported to be required for dynein but not dynactin target-
ing to kinetochores, suggesting that dynactin-Zw10 and
DmSpindly make independent contributions to dynein
localization (Griffis et al. 2007). To test if this is the case
in C. elegans, we generated worm strains stably coex-
pressing mCherry:histone H2B and GFP:fusions of cyto-
plasmic dynein heavy chain®™! or dynamitin®Y<2,
Both fusion proteins localized diffusely to the spindle
and the spindle poles in mitosis and significant enrich-
ment at kinetochores over the spindle signal was not
evident in unperturbed embryos (data not shown). How-
ever, in cells with monopolar spindles, GFP:dynein
heavy chain®?“! and GFP:dynamitin®Y“? became
prominently enriched at kinetochores (Fig. 5A; Supple-
mental Movie 8). Both fusion proteins were excluded
from the nucleus in interphase and localized to the
nuclear periphery opposite the single spindle pole prior
to NEBD. After NEBD, both proteins accumulated at ki-
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Figure 3. SPDL-1 and the RZZ complex
are dispensable for the formation of the
core kinetochore microtubule attachment
site. (A) Consequences of outer kinetochore
component depletion on the localization of
SPDL-1 and Zwilch“"™!, assayed by im-
munofluorescence. Bars, 5 um. (B) Normal

Control

Centromeric
Chromatin
(CENP-A, CENP-C, KNL-2)

KNL-3/MIS-12 Complex

localization of outer kinetochore compo-
nents after depletion of SPDL-1 and
Zwilch®Wt!  assayed by immunofluores-
cence or live imaging of previously charac-
terized GFP-fusions (Cheeseman et al.
2004, 2005; Maddox et al. 2007). Bars, 5 pm.
(C) Summary of the dependency analysis
for kinetochore targeting of SPDL-1 and the
RZZ complex. For each depletion-localiza-
tion experiment, between five and 10 one-
cell or two-cell embryos were examined.

ndc-80
(RNAI)

netochores. This behavior was distinct from that of
GFP:KNL-2, a centromeric chromatin protein (Maddox
et al. 2007), whose levels at kinetochores did not appre-
ciably change throughout monopolar mitosis (Fig. 5A).
GFP:KNL-2 was also present on all sister kinetochores
regardless of their orientation relative to the spindle
pole. In contrast, the accumulation of both GFP:dynein
heavy chain®™"! and GFP:dynamitin®~“? was restricted
to kinetochores that were located on the distal, unattached
side of the monopolar spindle. These results indicate that
both dynein and dynactin accumulate at unattached ki-
netochores in C. elegans, as is the case in vertebrates.
We next investigated the role of SPDL-1 in the accu-
mulation of dynein and dynactin on kinetochores of mo-
nopolar spindles. We found that both GFP:dynein heavy
chain®™<"! and GFP:dynamitin®~<" failed to localize to
kinetochores of monopolar spindles in spdl-1(RNAi) em-
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Complex Complex \
T YA HCP-1/2
SPDL-1

bryos (Fig. 5B; Supplemental Movies 9, 10). A similar
result was observed following RZZ complex inhibition.
In contrast, depletion of NDC-80 did not prevent kineto-
chore localization of either GFP:dynein heavy chain®™<!
or GFP:dynamitin®Y<2, Since both SPDL-1 and the RZZ
complex are required for the spindle checkpoint-medi-
ated delay elicited by monopolar spindles, we used
Mad2™PF-2 depletion to test whether the lack of dynein/
dynactin localization was caused by accelerated cell
cycle progression. Although their gradual accumulation
was cut short by premature mitotic exit, both GFP:
dynein heavy chain®™<"! and GFP:dynamitin®~“?> were
visible at kinetochores in Mad2MP¥-2-depleted cells with
monopolar spindles (Fig. 5C; Supplemental Movies 9,
10). Of note, none of the perturbations affected the lo-
calization of GFP:dynein heavy chain®"“! or GFP:
dynamitin®N<?2 to the nuclear periphery. We conclude
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Figure 4. SPDL-1 is required for a functional spindle check-
point and kinetochore localization of Mad2MP¥2, (A) Perturba-
tion to generate monopolar spindles in the second division and
trigger spindle checkpoint activation in C. elegans embryos.
ZYG-1 is a kinase required for centriole duplication (O’Connell
et al. 2001). In zyg-1(RNAi) embryos, the first division is nor-
mal, because two intact centrioles are contributed by sperm
that is not affected by RNAi. These centrioles are unable to
duplicate, however, resulting in a monopolar spindle in the sub-
sequent division. (B) Average time from NEBD to chromosome
decondensation in the P, cell of a worm strain expressing
GFP:histone H2B. ZYG-1 single depletion results in a signifi-
cant delay that depends on Mad2MP¥2, SPDL-1, and ROD-1.
Error bars represent the SEM with a 95% confidence interval. A
similar result is observed in the AB cell (data not shown).
(C) Stills from a time-lapse sequence of the AB cell monopolar
division in a worm strain coexpressing GFP:Mad2MPF2 and
mCherry:histone H2B. In ZYG-1 single depletions,
GFP:Mad2MPF2 accumulates on kinetochores that are distal to
the pole (arrow). Codepletion of ZYG-1 with SPDL-1 or ROD-1
prevents kinetochore accumulation of GFP:Mad2MPF2 (see also
Supplemental Movie 7). Bar, 5 pm.

that kinetochore localization of both dynein and dynac-
tin is dependent on SPDL-1.

Depletion of SPDL-1 results in a more severe defect
in kinetochore-microtubule attachments than
depletion of RZZ complex subunits

SPDL-1 localizes downstream from the RZZ complex
and is required for all RZZ complex functions estab-

Dynein function at kinetochores

lished to date: spindle checkpoint activation, kineto-
chore recruitment of Mad2, and kinetochore recruitment
of dynein/dynactin. These findings predict that chromo-
some segregation defects in spdl-1(RNAi) embryos
should be of similar or reduced severity compared with
those observed in embryos depleted of RZZ subunits. We
first tested whether depletion of the three RZZ subunits
resulted in embryonic lethality, as is the case for deple-
tion of SPDL-1. This analysis confirmed the results of
functional genomic studies (Sonnichsen et al. 2005) that
the three RZZ subunits are not functionally equivalent.
Depletion of Zwl0“““!' causes penetrant sterility
of the injected worm, whereas depletion of ROD-1 or
Zwilch?WI! results in embryonic lethality of its proge-
ny (A. Essex and A. Desai, in prep.). This difference is
explained by the requirement of Zw10“““!, but not
ROD-1 or Zwilch®W*!, for membrane trafficking in the
gonad (Anjon Audhya, pers. comm.); defects in traffick-
ing pathways prevent oocyte formation and cause steril-
ity in C. elegans. Consequently, we focused on ROD-1
and Zwilch®W™! to specifically analyze RZZ complex
function at kinetochores.

We compared the consequences of SPDL-1 depletion
with those of ROD-1 or Zwilch?W! depletions in a
strain coexpressing GFP:histone H2B, which allowed vi-
sual inspection of chromosome alignment and separa-
tion, and GFP:y tubulin, which facilitated spindle pole
tracking (Fig. 6A). The latter assay is particularly useful
in the one-cell C. elegans embryo, where kinetochore-
spindle attachments counteract cortical forces pulling
on astral microtubules anchored at the spindle poles;
premature pole separation following perturbation of ki-
netochore-localized proteins is diagnostic of impairment
in the formation of load-bearing kinetochore-microtu-
bule attachments, and specific pole separation profiles
have proven important in categorizing different types of
defects (Oegema et al. 2001; Desai et al. 2003; Cheese-
man et al. 2004).

Surprisingly, we observed that chromosome segrega-
tion and kinetochore-spindle microtubule interaction
defects were significantly worse in SPDL-1-depleted em-
bryos than in embryos depleted of RZZ subunits. In spdI-
1(RNAi) embryos, which never congressed their chromo-
somes to a compact metaphase plate (Fig. 6B), the pole
separation profile was identical to that of knl-3(RNAi)
embryos in which outer kinetochore assembly was pre-
vented (Cheeseman et al. 2004), except for a short period
(~40 sec) prior to sister chromatid separation (Fig. 6E).
Although pole separation slowed during this period, sug-
gesting engagement of spindle microtubules by kineto-
chores, spindles were significantly longer at the time of
sister chromatid separation in spdl-1(RNAi) embryos
(20 = 0.5 pm) compared with controls (16.2 + 0.5 pm). By
comparison, the chromosome segregation and premature
pole separation defects in rod-1(RNAi) or zwl-1 (RNAi)
embryos were markedly less severe (Fig. 6B,F; Supple-
mental Movie 11). Chromosomes were able to congress
and form a metaphase plate, and sister chromatid sepa-
ration appeared successful in the majority of embryos. A
small amount of lagging anaphase chromatin was con-
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Figure 5. Localization of dynein and dy-

nactin to kinetochores requires SPDL-1. GFP
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sistently observed in ~30% of first divisions in RZZ sub-
unit depletions (Fig. 6D), whereas SPDL-1 depletion re-
sulted in massive chromatin bridges in every first divi-
sion examined. Pole tracking analysis also revealed a
significantly less severe defect in rod-1 or zwl-1(RNAi)
embryos compared with spdl-1(RNAi) embryos (Fig. 6F).
In RZZ subunit depletions, initial premature pole sepa-
ration was observed indicating a defect in establishing
load-bearing attachments. However, ~100 sec prior to
sister chromatid separation, kinetochores engaged
spindle microtubules and spindle length at the time of
sister chromatid separation [zwl-1(RNAi), 16 = 0.3 pm;
rod-1(RNAi), 15.6 + 0.2 ym] was indistinguishable from
controls (16.2 + 0.5 um).

Both quantitative immunoblotting (Figs. 1F, 2C) and
immunofluorescence (Figs. 2D, 3B) indicate that the dif-
ference in phenotypic severity described above is un-
likely due to reduced depletion efficiency of RZZ sub-
units relative to SPDL-1. The identical qualitative and
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zyg p GFP:DNC-2; mCherry:H2B

nde-80 zyg-1 + mad2Md-2(RNAI)

quantitative phenotypes of rod-1(RNAi) and zwl-
1(RNAI) also argue against this trivial explanation. To
further establish that the weaker RZZ inhibition pheno-
type is not due to partial depletion of the targeted sub-
units, we codepleted ROD-1 and Zwilch*"™!. The ob-
served phenotypes in both assays were indistinguishable
from single depletions of ROD-1 or Zwilch“"*! (Fig. 6C;
Supplemental Fig. 2; Supplemental Movie 12).

Thus, RZZ complex inhibition slows but does not pre-
vent formation of load-bearing kinetochore-microtubule
attachments and leads to an increase in anaphase lagging
chromatin, which is indicative of incorrectly attached
kinetochores. Depletion of SPDL-1 results in signifi-
cantly more severe defects both in the formation of load-
bearing kinetochore-microtubule attachments and chro-
mosome segregation. Based on the pole-tracking analy-
sis, the severity of the SPDL-1 inhibition defects closely
resembles loss of core microtubule attachment until just
prior to anaphase onset.
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Figure 6. Depletion of SPDL-1 results in
a more severe chromosome segrega-
tion defect than depletion of ROD-1 or
Zwilch?Wt1 (A) Cartoon outlining the
two parameters monitored in a strain ex-
pressing GFP:histone H2B and GFP:y-tu-
bulin: chromosome dynamics and kinetics
of spindle pole separation. (B) Frames from
time-lapse sequences of the first embry-
onic division, highlighting the differences
in chromosome dynamics after depletion
of SPDL-1 and the RZZ complex subunits
ROD-1 and Zwilch?"%! (see also Supple-
mental Movie 11). The time point 0 sec
denotes the onset of sister chromatid sepa-
ration. Bar, 5 um. (C) Selected frames from
time-lapse sequences of embryos code-
pleted of RZZ subunits and SPDL-I,
which significantly reduces the severe
chromosome missegregation phenotype of
SPDL-1 single depletions to match that of
RZZ subunit single depletions (see also
Supplemental Movie 12). Bar, 5 pm. (D)
Representative image of anaphase with
lagging chromatin in a rod-1(RNAi) one-
cell embryo. The frequency of one-cell em-
bryos with lagging anaphase chromatin is
indicated for single and double inhibitions
involving RZZ subunits and SPDL-1. Bar,
2 um. (E) Pole separation kinetics in wild-
type, spdl-1(RNAi), and knl-3(RNAi) em-
bryos. Images were acquired at 10-sec in-
tervals, and sequences were time-aligned
relative to NEBD. Pole—pole distances in
the time-aligned sequences were mea-
sured, averaged for the indicated number
(n) of embryos, and plotted against time.
Error bars represent the SEM with a 95%
confidence interval. (F) Pole separation ki-
netics of the perturbations shown in B. Se-
quences were time-aligned relative to the
onset of sister chromatid separation
(“Anaphase Onset”). Error bars represent
the SEM with a 95% confidence interval.
(G) Pole separation kinetics of the pertur-
bations shown in C, demonstrating that
double depletions of SPDL-1 and RZZ

complex subunits result in a pole separation profile that is indistinguishable from RZZ subunit single depletions. For controls, spdi-1
dsRNA was diluted equally with dsRNA corresponding to the budding yeast gene CTF13 or the C. elegans gene sas-5, which is not
required for the first embryonic division (both conditions gave identical results). Error bars represent the SEM with a 95% confidence

interval.

Coinhibition of SPDL-1 with RZZ subunits results
in the less severe RZZ inhibition phenotype

The greater phenotypic severity of SPDL-1 inhibitions
noted above may reflect additional nonkinetochore func-
tions of SPDL-1 that are not affected by its displacement
from the kinetochore in RZZ subunit depletions. To test
this possibility, we codepleted ROD-1 or Zwilch“W™!
with SPDL-1. In all embryos analyzed (n = 32), the result-
ing phenotype was indistinguishable from the weaker
RZZ subunit depletions (Fig. 6C,G; Supplemental Movie
12). To control for reduced efficacy of RNAi in the

double depletions, the SPDL-1 single depletions were re-
peated after appropriate dilution with control dsRNA.
The reduction in phenotypic severity in the double
depletions was evident in both the chromosome segre-
gation profile (Fig. 6C) and in the quantitative analysis of
spindle pole separation (Fig. 6G). These results are con-
sistent with the assembly epistasis at kinetochores,
which showed that SPDL-1 depends on the RZZ com-
plex for localization (Fig. 2), and exclude the possibility
that the additional defects observed in spdi-1(RNAi) em-
bryos are due to nonkinetochore functions of SPDL-1.
We conclude that the severe defects in SPDL-1-depleted
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embryos are derived from RZZ complex localized to ki-
netochores in the absence of associated SPDL-1 and/or
dynein/dynactin.

Codepletion of SPDL-1 or RZZ subunits with NDC-80
synergistically recapitulates the “kinetochore-null”
phenotype

Two microtubule-binding entities are independently tar-
geted to the C. elegans kinetochore via KNL-1: dynein/
dynactin (via the RZZ complex and SPDL-1) and the
NDC-80 complex, a component of the KMN network
(Fig. 3C). In spdl1(RNAi) embryos, just prior to sister
chromatid separation, pole separation slowed down sig-
nificantly and severe chromosome missegregation was
observed along the spindle axis (Figs. 1A, 6B). We hy-
pothesized that the eventual slowing of pole separation
in spdl-1(RNAi) embryos reflected belated load-bearing
attachments made by the NDC-80 complex, while the
residual chromosome movements in ndc-80(RNAi) em-
bryos (Supplemental Movie 13) were mediated by kineto-
chore dynein/dynactin. Codepletion experiments con-
firmed this view (Fig. 7A,B). While embryos singly de-
pleted of SPDL-1 and NDC-80 were partially successful
at congressing their chromosomes to the spindle equator
and at segregating sister chromatids in anaphase, double
depletions resulted in a phenotype identical to that of
knl-3(RNAi) embryos (Supplemental Movie 13), in
which outer kinetochore assembly is abolished (Cheese-
man et al. 2004). A “kinetochore-null”-like phenotype
was also observed in codepletions of NDC-80 with
ROD-1 (Supplemental Movie 14). We conclude that it is
the absence of the two independently targeted microtu-
bule-interacting components, dynein/dynactin and the
NDC-80 complex, that accounts for the synergistic de-
fect. These results further indicate that the reduction in
pole separation just prior to anaphase onset and the mis-
segregation of chromosomes observed in SPDL-1-de-
pleted embryos are attributable to the action of the
NDC-80 complex.

Discussion

Our analysis of the RZZ complex and SPDL-1, kineto-
chore-localized components that are sequentially re-
quired for dynein/dynactin targeting, gives new insight
into how this minus-end-directed motor complex con-
tributes to chromosome segregation. Specifically, the re-
sults suggest that kinetochore dynein/dynactin acceler-
ates the formation of load-bearing attachments and pro-
vides an important fidelity mechanism, which prevents
inappropriate attachments in prometaphase and reduces
the missegregation frequency after anaphase onset. This
fidelity mechanism likely involves negative regulation
of load-bearing kinetochore-microtubule attachments
by the RZZ complex. We speculate below that this nega-
tive regulation is modulated by dynein/dynactin to en-
sure the orderly conversion of weak dynein/dynactin-
mediated lateral attachments to load-bearing end-
coupled attachments during prometaphase.
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SPDL-1 targets dynein/dynactin to kinetochores
and is required to activate the spindle checkpoint

SPDL-1 targets to the kinetochore immediately down-
stream from the RZZ complex and is not involved in the
assembly of the core kinetochore-microtubule-binding
site constituted by the KMN network. Functional analy-
sis showed that SPDL-1 is required for the recruitment of
dynein/dynactin and Mad2™P¥2 to unattached kineto-
chores. The requirement for Mad2™MP¥? targeting ex-
plains why SPDL-1 is essential for spindle checkpoint
activation. In contrast, D. melanogaster Spindly was
shown to be essential for the recruitment of dynein, but
not dynactin, to kinetochores, and was found to be dis-
pensable for Mad2 accumulation and spindle checkpoint
activation. We also did not observe any abnormalities in
cell shape or microtubule organization in SPDL-1-de-
pleted embryos that resembled the defects seen follow-
ing RNAi of DmSpindly in interphase S2 cells. Prelimi-
nary work in human tissue culture cells indicates that
human Spindly is similar to C. elegans SPDL-1 in that it
is required to recruit both dynein and dynactin to kineto-
chores, and its inhibition does not result in detectable
defects in interphase microtubule organization or cell
shape. However, like DmSpindly, the human homolog is
not required for Mad2 localization or spindle checkpoint
activation (R. Gassmann and A. Desai, unpubl.).

Previous studies have shown that cytoplasmic dynein
as well as its accessory factors dynactin and LIS-1 are
involved in multiple processes during the first embry-
onic division of C. elegans, including pronuclear mi-
gration, centrosome separation, and bipolar spindle as-
sembly (Gonczy et al. 1999; Cockell et al. 2004; Schmidt
et al. 2005; O’Rourke et al. 2007). All of these processes
are unaffected following SPDL-1 depletion, indicat-
ing that SPDL-1 does not globally control dynein func-
tion.

The C. elegans RZZ complex

The close relationship between SPDL-1 and the RZZ ho-
mologs led us to functionally characterize the RZZ com-
plex in C. elegans. The RZZ complex has been studied
primarily in D. melanogaster with recent contributions
from vertebrate systems (Karess 2005). Our results in C.
elegans confirm that ROD-1, Zwilch“"™! and
Zw10““W-! function as a complex that localizes tran-
siently to kinetochores from NEBD until the onset of
anaphase. The RZZ complex localizes to the outer ki-
netochore downstream from KNL-1 and, like SPDL-1, is
not required for kinetochore targeting of the NDC-80
complex. In vertebrates, the coiled-coil protein Zwint
acts as an intermediary between KNL-1 and the RZZ
complex, but Zwint-like molecules have not been iden-
tified in C. elegans or D. melanogaster (Starr et al. 2000;
Cheeseman et al. 2004; Kops et al. 2005). The two known
roles of the RZZ complex, recruitment of dynein/dynac-
tin to unattached kinetochores and activation of the
spindle checkpoint through kinetochore targeting of
Mad2, are conserved in C. elegans.
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Figure 7. Codepletion of SPDL-1 or
ROD-1 with NDC-80 recapitulates the
“kinetochore-null”  phenotype.  (A)
Frames from time-lapse sequences repre-
senting metaphase (200 sec after NEBD)
and telophase (320 sec after NEBD). Co-
depletion of SPDL-1 or ROD-1 with
NDC-80 approximates the “kinetochore-
null” phenotype of knl-3(RNAi) embryos
(see also Supplemental Movies 13 and 14),
in which chromosomes of the two pronu-
clei are often visible as separate clumps at
metaphase (arrows), and unsegregated
chromatin remains at the spindle equator
in telophase (arrowheads). Bar, 5 pm. (B)
Percentage of first divisions displaying
the chromosome morphologies described
in A at 200 sec and 320 sec after NEBD.
(C) Schematic summary of the relation-
ship between the RZZ complex, SPDL-1,
dynein/dynactin, and the NDC-80 com-
plex. The negative regulation of the KMN
network by the RZZ complex, which is
transient in the wild-type situation, may
be either direct or indirect. (D) Model ex-
plaining the difference in phenotypic se-
verity between SPDL-1 and RZZ complex
inhibitions. Specifically, we propose that
SPDL-1 depletion results in persistent
RZZ complex-mediated inhibition of the
KMN network (until just prior to ana-
phase onset), because RZZ complex local-
ization to kinetochores is uncoupled from
dynein/dynactin. In RZZ subunit deple-
tions or codepletions of SPDL-1 with
RZZ subunits, the inhibitory mechanism
is absent, resulting in the weaker pheno-
type, which reflects loss of dynein contri-
bution to the establishment and orienta-
tion of load-bearing attachments. (E) A
speculative model for the physiological
role of a RZZ complex-mediated inhibi-
tion of the KMN network during pro-
metaphase. Dynein/dynactin laterally
captures microtubules to accelerate for-
mation of end-coupled attachments of

correct geometry. While a microtubule is laterally bound, dynein motility does not experience significant resistance (green arrow);
consequently, there is low intrakinetochore tension, and the RZZ complex inhibits the KMN network from binding prematurely to
the microtubule, which would interfere with dynein-mediated kinetochore orientation. When the plus end of the microtubule
becomes embedded into the outer plate (end-coupled attachment) and provides resistance to dynein/dynactin motility (red arrow), the
increased intrakinetochore tension turns off the inhibitory action of the RZZ complex, allowing formation of stable load-bearing

attachments.

RNAI in C. elegans suggests that Zwl
ROD-1 or Zwilch?"™! has an additional nonkineto-

OCZW-]

, but not

chore function in membrane trafficking, as previously

reported in vertebrates (Hirose et al. 2004). This differ-
ence between the RZZ subunits raises a cautionary
note about interpreting Zwl0 perturbations strictly
in terms of kinetochore function, and we were careful
to focus on ROD-1 and Zwilch®W™! as targets to spe-
cifically inhibit RZZ complex activity at kineto-

chores.

Implications of C. elegans RZZ complex analysis
for the role of dynein/dynactin at the kinetochore

Chromosome movement Dynein/dynactin and the mi-
crotubule-binding NDC-80 complex are independently
targeted to kinetochores downstream from KNL-1.
While the NDC-80 complex is required to make load-
bearing kinetochore-microtubule attachments, its inhi-
bition does not result in a “kinetochore-null” phenotype

as clear residual chromosome movements are observed
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(Desai et al. 2003). Such Ndec80 complex-independent
movements have also been described in vertebrate cells
and dynein/dynactin has been implicated as their source
(McCleland et al. 2004; DeLuca et al. 2005; Vorozhko et
al. 2008). Our finding that double depletions of NDC-80
with either ROD-1 or SPDL-1 synergistically recapitu-
late the “kinetochore-null” phenotype is consistent with
the conclusion that both of these microtubule-binding
activities contribute to chromosome-spindle microtu-
bule interactions downstream from KNL-1.

Kinetics of load-bearing attachment formation In the
absence of the NDC-80 complex, kinetochore-localized
dynein/dynactin is insufficient to generate load-bearing
attachments that can oppose the effects of aster-based
cortical pulling forces during chromosome alignment. In
RZZ complex-inhibited embryos, formation of load-
bearing attachments occurs, but is delayed. This result
suggests that kinetochore-localized dynein/dynactin ac-
celerates the formation of NDC-80 complex dependent
end-coupled attachments. We speculate that this kinetic
acceleration is due to the ability of dynein/dynactin to
efficiently collect microtubules that pass by the kineto-
chore. Such microtubules would remain laterally associ-
ated with the kinetochore until their dynamic plus ends
are close enough to be integrated into the outer plate by
the KMN network. Importantly, in RZZ complex-inhib-
ited embryos, despite the kinetic defect in forming load-
bearing attachments, spindles always reached wild-type
length at anaphase onset and had a tightly aligned meta-
phase plate. Thus, kinetochore dynein/dynactin is dis-
pensable for end-coupled load-bearing attachments, but
it accelerates their formation in early prometaphase.

Attachment geometry In addition to the kinetic effect
on the formation of load-bearing attachments, RZZ com-
plex inhibitions revealed an increased frequency of lag-
ging chromatin during anaphase. Importantly, depletion
of either Mad1™MPF! or Mad2MPF2 both essential com-
ponents of the spindle checkpoint, does not have any
deleterious effects on chromosome segregation in the
first embryonic division (A. Essex and A. Desai, in prep.).
Thus, the lack of a spindle checkpoint-mediated cell
cycle delay cannot explain the chromosome missegrega-
tion observed in RZZ complex inhibitions. This finding
is similar to the situation in D. melanogaster, where
mad2-null mutants are reported to have little or no chro-
mosome segregation defects, while the signature pheno-
type of zw10- and rod-null mutants is lagging anaphase
chromatin (Karess and Glover 1989; Williams et al. 1992,
Buffin et al. 2007). Since RZZ complex-inhibited em-
bryos have no noticeable defects in chromosome conden-
sation, it is likely that the chromatin bridges in anaphase
are caused by incorrect merotelic attachments, where a
single kinetochore is connected to both poles (Cimini et
al. 2003). We propose that a major role of kinetochore
dynein/dynactin is to prevent the generation of such
maloriented kinetochores in early prometaphase, when
kinetochore-microtubule interactions are first estab-
lished. When an unattached sister kinetochore binds lat-
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erally to an astral microtubule, the minus-end-directed
motility of dynein/dynactin would provide a force that
orients the kinetochore toward the spindle pole at which
that particular microtubule originates, thereby decreas-
ing the probability that the same kinetochore captures a
microtubule from the opposite pole. Thus, dynein/dyn-
actin would ensure correct attachment geometry by forc-
ing sister kinetochores to face opposite poles.

Transient inhibition of load-bearing kinetochore—
microtubule attachments by the RZZ complex:

a mechanism to coordinate the transition

from lateral to end-coupled attachments?

The RZZ complex and SPDL-1 are equivalently required
for both dynein/dynactin targeting to kinetochores and
spindle checkpoint activation. Yet, the consequences of
their inhibition are strikingly different. Pole tracking
analysis revealed that the consequences of inhibiting
SPDL-1 are indistinguishable from complete loss of
load-bearing attachments until just prior to anaphase on-
set. In contrast, in the RZZ complex inhibitions, after a
slight delay, kinetochore-microtubule attachments
eventually bear load equally well as those of unperturbed
embryos, resulting in wild-type spindle length at ana-
phase onset.

This comparison reveals that following SPDL-1 inhi-
bition there is a significant defect in formation of KMN
network-mediated load-bearing attachments. The defect
is attributable to the presence of the RZZ complex at
kinetochores, as coinhibition of SPDL-1 and the RZZ
complex reduces the phenotypic severity to match that
of inhibiting the RZZ complex alone. This observation
indicates that the RZZ complex negatively regulates
KMN network activity and that this negative regulation
persists for most of prometaphase in the absence of
SPDL-1 (Fig. 7C,D). The RZZ complex may inhibit the
KMN network either directly or via other regulators of
KMN network function. Aurora B kinase is known to
negatively regulate the microtubule-binding activity of
the Ndc80 complex (Cheeseman et al. 2006; DeLuca et
al. 2006). In preliminary work using a temperature-sen-
sitive Aurora BA™> mutant, coinhibition of Aurora B did
not reduce the severity of the chromosome segregation
defect following SPDL-1 depletion (R. Gassmann and A.
Desai, unpubl.), suggesting that the RZZ complex does
not regulate the KMN network through Aurora B. In the
absence of the RZZ complex from kinetochores, the
mechanism for negatively regulating KMN network ac-
tivity is no longer present, explaining why coinhibition
of SPDL-1 and the RZZ complex quantitatively reduces
the phenotypic severity to match that of the RZZ com-
plex alone (Fig. 7D).

We propose that the physiological function of the regu-
latory link between the RZZ complex and the KMN net-
work is to ensure a coordinated transition from transient
lateral attachments made by dynein, which accelerate
formation of end-coupled attachments of correct geom-
etry, to stable load-bearing end-coupled attachments
that do the job of chromosome segregation. In this



model, RZZ complex inhibition of the KMN network is
modulated by the microtubule minus-end-directed mo-
tility of dynein/dynactin, which is linked to the outer
kinetochore via SPDL-1 and the RZZ complex (Fig. 7E).
When dynein/dynactin is laterally attached to a micro-
tubule that extends past the kinetochore, the RZZ com-
plex is under low tension and negatively regulates the
microtubule-binding activity of the KMN network. This
prevents the KMN network from tightly binding to a
microtubule extending past the kinetochore that has
been captured by dynein/dynactin. When dynein/dynac-
tin translocation toward the microtubule minus end is
met with resistance due to the microtubule plus end
being embedded in the kinetochore outer plate, the RZZ
complex is placed under tension and inhibition of the
KMN network is relieved. We envision that such a feed-
back mechanism prevents premature lateral binding of
the KMN network to microtubules, which would inter-
fere with dynein-mediated kinetochore orientation and
increase the likelihood of forming incorrect merotelic
attachments.

In summary, our results reveal a new mechanism regu-
lating kinetochore-microtubule attachments that in-
volves the RZZ complex and is likely to be modulated by
dynein/dynactin activity. We speculate on the underly-
ing reason for why such a regulatory mechanism would
be necessary for the fidelity of chromosome segregation.
This mechanism is likely to be integrated with spindle
checkpoint signaling that also requires the RZZ complex
in all metazoans.

Materials and methods

Worm strains and antibodies

Worm strains used in this study are listed in Supplemental
Table 1. For worm GFP™? fusions of SPDL-1, ZWL-1, CZW-1,
and MDF-2, the genomic locus was cloned into pIC26 (Cheese-
man et al. 2004); the genomic locus of DNC-2 was cloned into
pAZ132 (Praitis et al. 2001). For DHC-1, the start codon was
replaced with GFP by recombineering a full-length dhc-1 fosmid
clone (details will be described elsewhere). All constructs were
integrated into the DP38 strain [unc-119(ed3)] using micropar-
ticle bombardment (Praitis et al. 2001) with a PDS-1000/He
Biolistic Particle Delivery System (Bio-Rad), and mCherry:
histone H2B was subsequently introduced by mating (Green et
al. 2008). Affinity-purified polyclonal antibodies against full-
length SPDL-1 and Zwilch*W™! were generated as described
previously (Desai et al. 2003).

RNAi

L4 worms were injected with dsSRNA (Supplemental Table 2)
prepared as described previously (Oegema et al. 2001) and incu-
bated for 48 h at 20°C. For double depletions, dsRNAs were
mixed to obtain equal concentrations of =0.75 mg/mL for each
dsRNA.

Immunofluorescence

For stainings with the anti-SPDL-1 antibody, embryos were
fixed for 5 min in 3% paraformaldehyde as detailed previously

Dynein function at kinetochores

(Howe et al. 2001). Immunofluorescence for other antibodies
and microscopy was performed as described in Oegema et al.
(2001) and Cheeseman et al. (2004), respectively. All antibodies
used were directly labeled with fluorescent dyes (Cy2, Cy3, or
Cy5; Amersham Biosciences).

Live imaging

Time-lapse movies of worm strain TH32 (coexpressing GFP:
histone H2B and GFP:y-tubulin) (Oegema et al. 2001) were ac-
quired at 21°C on a Nikon Eclipse E800 microscope using a
charge-coupled device camera (Orca-ER; Hamamatsu Photon-
ics) at 2 x 2 binning, and a 60x 1.4 NA Plan Apochromat objec-
tive. Acquisition parameters, shutters, and focus were con-
trolled by MetaMorph software (MDS Analytical Technologies).
Quantitative analysis of spindle pole elongation was performed
using a MetaMorph algorithm (Desai et al. 2003). Movies of
strain TH32 for the spindle checkpoint assay were recorded at
18°C on a DeltaVision microscope (Applied Precision) equipped
with a CoolSnap charge-coupled device camera (Roper Scien-
tific) at 2 x 2 binning and a 100x NA 1.3 U-planApo objective
(Olympus). Imaging of all other worm strains was performed at
21°C on a spinning disc confocal head (McBain Instruments)
mounted on an inverted Nikon TE2000e microscope equipped
with a 60x 1.4 NA Plan Apochromat lens (Nikon), a krypton-
argon 2.5 W water-cooled laser (Spectra-Physics), and a charge-
coupled device camera (iXon; Andor Technology, or Orca-ER;
Hamamatsu Photonics). Acquisition parameters, shutters, and
focus were controlled by MetaMorph software. Imaging condi-
tions for individual strains are listed in Supplemental Table 3.

Immunoprecipitations, LAP purifications, and mass
spectrometry

Immunoprecipitations were conducted on high-speed superna-
tant from adult worms as described previously (Cheeseman et
al. 2004). For Western blotting, proteins were eluted from the
antibody-Protein A resin with sample buffer (50 mM Tris-HCl
at pH 6.8, 15% [w/v] sucrose, 2 mM EDTA, 3% SDS) for 15 min
at 70°C. For mass spectrometric analysis, the elution was per-
formed with 8 M urea in 50 mM Tris-HCI (pH 8.5). LAP puri-
fication of Zwilch?"*! and mass spectrometry were conducted
as described previously (Cheeseman et al. 2001, 2004). Tandem
mass spectra were searched against the most recent version of
the predicted C. elegans proteins (Wormpepl11).
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