


segregation and anaphase spindle elongation occur nor-
mally, ZEN-4 may be required specifically for cytokinesis.

While it is clear that MKLP-1 family members play an
essential role in cytokinesis, little is known about the
mechanisms that control their localization and activity.



Because zen-4 mutants did not share this defect (Figures 1
and 2a), ZEN-4 cannot mediate all AIR-2 functions.

AIR-2 functions at metaphase or early anaphase
AIR-2 is required for chromosome segregation and ZEN-4
localization, which occur before cytokinesis. For this
reason, we determined when, during the first cell cycle,
AIR-2 was required for normal cytokinesis. When
air-2(or207ts) mutant embryos were shifted to the restric-
tive temperature after the onset of anaphase, but before
the initiation of a visible cleavage furrow, DNA segrega-
tion and cytokinesis occurred normally (Figure 3a,d; 7/7
embryos). Only when embryos were shifted to the restric-
tive temperature before anaphase did cytokinesis fail
(Figure 3d; cytokinesis failed in 8/11 embryos shifted
2 minutes or more before anaphase). Conversely, down-
shift experiments showed that AIR-2 is not required
during pronuclear migration, but first becomes necessary
when the pronuclei meet, during prometaphase or
metaphase (Figure 3f). Incomplete cytokinesis always
coincided with defects in DNA segregation in these
experiments (upshift, 15/15 embryos; downshift, 12/12
embryos). We conclude that AIR-2 functions at metaphase

or early anaphase, and that the cytokinesis defect may
result from an earlier requirement for AIR-2 in DNA seg-
regation or ZEN-4 localization.

ZEN-4 functions late in cytokinesis
To determine when ZEN-4 functions relative to AIR-2,
we performed temperature-shift experiments using
zen-4(or153ts) mutant embryos (Figure 3). Downshift
experiments established that ZEN-4 is dispensable until
cytokinesis has begun: embryos maintained at the restric-
tive temperature, then shifted to the permissive tempera-
ture before or shortly after the initiation of cytokinesis,
divided normally (Figure 3e; 5/5 embryos). Only when the
downshift occurred late in cytokinesis were defects appar-
ent (Figure 3e; cytokinesis failed in 11/19 embryos). Thus,
ZEN-4 is required after AIR-2, consistent with ZEN-4
functioning downstream of AIR-2 in a pathway.

While we expected to find a requirement for ZEN-4
during cytokinesis, we were surprised to find that ZEN-4
is also required to maintain the separation of daughter
cells well after the apparent completion of cytokinesis. If
two-cell stage embryos were shifted to the restrictive tem-
perature more than 4 minutes before nuclear envelope
breakdown during the ensuing mitosis, the plasma mem-
brane regressed to reform a single cell (Figure 3a,c; 6/6
embryos). Only when shifted within 4 minutes of nuclear
envelope breakdown — over halfway through inter-
phase — were cleavage furrows maintained (Figure 3c; 7/7
embryos). We conclude that ZEN-4 acts late in cytokine-
sis, and to maintain cell separation.

AIR-2 is required to recruit, but not maintain, ZEN-4 at the
spindle interzone
ZEN-4 accumulates at the spindle midzone during
metaphase and anaphase, when AIR-2 is required for
cytokinesis. We therefore determined whether AIR-2 is
required for ZEN-4 localization at the same time it is
required for cytokinesis. When we shifted air-2(or207ts)
mutant embryos to the restrictive temperature before or
during pronuclear migration (Figure 4a; 8/8 embryos), or
during metaphase (Figure 4b; 3/3 embryos), chromosome
segregation was defective and ZEN-4 was not detectable
in the central spindle. In contrast, when air-2(or207ts)
embryos were shifted to the restrictive temperature in
early anaphase, then fixed approximately 2–3 minutes
later, after cleavage furrows had ingressed over 50% of
the diameter of the embryo, ZEN-4 localization and
DNA segregation both appeared normal (Figure 4b, 3/3
embryos). Therefore, AIR-2 may be required only for the
initial localization of ZEN-4 at the mitotic spindle but not
for its maintenance (see Discussion). Furthermore, the
temporal requirement for AIR-2 in ZEN-4 localization
coincides with the requirement for AIR-2 in cytokinesis,
consistent with AIR-2 functioning through the localiza-
tion of ZEN-4.
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Figure 2

ZEN-4 and AIR-2 both localize at the mitotic spindle interzone. 
(a) In zen-4(or153ts) embryos at the permissive temperature,
ZEN-4 protein (green) localized at the spindle midzone between
separating anaphase chromosomes (blue). The central spindle
contained dense bundles of interzone microtubules (red). At the
restrictive temperature, ZEN-4 protein could not be detected in the
central spindle and the interzone was depleted of microtubules.
(b) In air-2(or207ts) embryos at the permissive temperature, AIR-2
protein (green) accumulated first on chromosomes, then at the
midzone during anaphase. At the restrictive temperature, AIR-2
remained associated with anaphase chromosomes and the interzone
failed to form.
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Defects in DNA segregation are not sufficient to disrupt
ZEN-4 localization or cytokinesis
Although AIR-2 may act in a pathway with ZEN-4, the
defects in ZEN-4 localization and in cytokinesis could also
result indirectly from the failure of air-2 mutants to segre-
gate DNA. To address this issue, we observed cytokinesis
in embryos lacking the C. elegans centromere protein-A
(CENP-A) homolog HCP-3, which localizes to kineto-
chores and is required for chromosome segregation [17].
Cleavage furrows ingressed successfully through reform-
ing nuclei in these embryos, resulting in the formation of
closely opposed daughter nuclei connected by a DNA
bridge (Figure 5a; 5/5 embryos). Furthermore, ZEN-4
localized normally to the central spindle in hcp-3(RNAi)
embryos (Figure 5b; 7/7 embryos), indicating that proper
DNA segregation was not required for ZEN-4 localization
or the formation of interzone microtubules. To compare
the segregation defects in air-2 and hcp-3 mutant embryos

in the absence of cytokinesis, we examined hcp-3(RNAi);
zen-4(or153ts) double mutant embryos. A single, large
nucleus reformed in these embryos (5/5 embryos), as
occurred in 



AIR-2 and ZEN-4 and the FH protein CYK-1. CYK-1 is
required for cleavage furrow ingression early in cytokine-



Alternatively, the cytokinesis defects in air-2 embryos may
result indirectly from the failure to segregate DNA [13].
Here, we have established that AIR-2 is required at
metaphase or early anaphase for ZEN-4 localization, whereas
ZEN-4 first acts late in cytokinesis. Mutations in either gene

enhanced the cytokinesis defects in cyk-1 mutant embryos.
Because defects in DNA segregation were not sufficient to
disrupt cytokinesis in other mutants, we conclude that AIR-2
and ZEN-4 function sequentially in a linear pathway that
is specifically required for the completion of cytokinesis.
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ZEN-4 is required late in cytokinesis, and to maintain cell
separation during the next cell cycle
Our analysis of ZEN-4 suggests a role for this MKLP late in
cytokinesis, after cleavage furrows have already ingressed
extensively. In contrast, other MKLPs are required earlier
in mitosis. For example, Drosophila Pav is required for the
formation of the contractile ring in embryonic cytokinesis
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2–3 minutes before the metaphase to anaphase transition
failed to segregate DNA (Figure 3d), suggesting that AIR-2
activity is severely compromised under similar conditions.
Alternatively, transient ZEN-4 localization may result from
overexpression of ZEN-4–GFP, or from incomplete elimi-
nation of AIR-2 from the interzone of icp-1(RNAi) embryos.
Although these issues remain unresolved, AIR-2 is clearly a
key regulator of ZEN-4 localization during cytokinesis.

Aurora-like kinases function in multiple mitotic processes
In contrast to AIR-2, most Aurora-like kinases described
to date appear to be dispensable for cytokinesis. Drosophila
Aurora and Xenopus Eg2 are required for centrosome sepa-
ration and formation of a bipolar spindle [25,26], whereas
S. cerevisiae Ipl1p is required for chromosome segregation
and bipolar spindle assembly [27,28]. Finally, a second
C. elegans Aurora homolog, AIR-1, is required for formation
of a normal spindle and the proper partitioning of develop-
mental factors [29]. The mammalian Aurora-like kinase
AIM-1, however, is required specifically for cytokinesis



maintained by growing homozygous animals at 15°C. For observation of
the mutant phenotype, L4 larvae were raised overnight at 25°C. Embryos
produced the next day showed fully penetrant mutant phenotypes.

Isolation and cloning of new alleles of air-2 and zen-4
The or207ts and or153ts alleles were identified in a screen for temper-
ature-sensitive embryonic-lethal mutations [16]. Standard linkage
group and three factor mapping techniques were used to position the
mutations in these alleles at approximately +0.5 map units (mu) on
chromosome I and +2.7 mu on chromosome IV, respectively. Based on
the map positions of these mutations and their associated phenotypes,
we identified air-2 and zen-4 as candidate genes. Gene identity was
tested by complementation. The or207ts allele failed to complement
air-2(h289), formerly known as let-603 [13]; or153ts failed to comple-
ment w35, a null allele of zen-4 [10]. To confirm gene identity, we
sequenced the air-2 gene in or207ts worms and the zen-4 gene in
or153ts. Each region was amplified from genomic DNA by PCR, and
sequenced by the University of Oregon DNA Sequencing Facility,
using an ABI 377 Prism automated fluorescent sequencer. Clones
from two independent PCR reactions were sequenced for each gene,
and compared with sequences from lin-2 worms, the parental strain
used for mutagenesis. Codon 265 of the air-2 gene was mutated from
CCC to CTC in or207ts, resulting in a P to L substitution in
subdomain XI of the predicted kinase domain. Codon 520 of the zen-4
gene was altered from GAC to AAC in or153ts, and codon 735 was
altered from GAT to AAT. These mutations both resulted in D to N sub-
stitutions; one in a region of the ZEN-4 protein predicted to form a
coiled coil, and a second in a carboxy-terminal region unique to the
MKLP-1 family of kinesins. It will require rescue assays using trans-
genes with single lesions to determine whether both mutations con-
tribute to the temperature-sensitive phenotype of or153ts. Both alleles
resulted in 100% penetrant embryonic lethality at 25°C (or153ts,
n = 179; or207ts, n = 180). At 15°C, 96% of or153ts embryos hatched
(n = 154), whereas 68% of or207ts embryos hatched (n = 70).
Embryos produced by or153ts/w35 mothers, or by or153ts mothers
injected with zen-4 double-stranded RNA (dsRNA) were indistinguish-
able from or153ts mutant embryos. Thus, or153ts behaves like a null
allele at the restrictive temperature. The or207ts allele is likely a hypo-
morphic allele of air-2, as many or207ts mutant embryos extruded polar
bodies at the restrictive temperature. However, the cytokinesis defects in
or207ts embryos were identical to those in embryos produced by or207ts
mothers injected with air-2 dsRNA. Thus, the late defect observed in
or207ts embryos may represent the null phenotype for cytokinesis.

RNAi
Double-stranded RNA was produced from cDNA clones (kindly provided
by Yuji Kohara) and injected by standard methods [37] at a needle con-
centration of at least 1 µg/ml. The following clones were used: zen-4,
yk391b3; air-2, yk483g8; cyk-1, yk471h10; topoisomerase II, yk117e10;
hcp-3, yk283b9. Embryos were harvested 12–24 h after injection.

Immunofluorescence and microscopic analysis
Embryos obtained by cutting open gravid hermaphrodites in distilled
water in a watchglass were transferred by mouth pipette to a polyly-
sine-coated slide. The eggshell was permeabilized by the freeze-crack
method [38], and embryos were fixed for 15 min in room-temperature
methanol. Slides were incubated for 30 min in blocking solution [39],
then incubated with antibodies for at least 6 h at 4°C. The following
antibodies and dilutions were used: rabbit anti-CeMKLP1, diluted
1:2000 [11] (kindly provided by Susan Strome); rabbit anti-AIR-2,
diluted 1:250 [12]; rabbit anti-CYK-1, diluted 1:100 [19]; and a mono-
clonal anti-tubulin antibody (clone DM1α; Sigma), diluted 1:250. DNA
was labeled with 0.2 µM TOTO3 (Molecular Probes). All fluorescent
images were obtained on a BioRad MRC 1024 confocal microscope.

For immunofluorescence of temperature-sensitive mutants, homozygous
L4 mothers were raised overnight at 15°C or 25°C. The following day,
embryos were processed for immunofluorescence as described above,
except for the following changes: worms were cut open in distilled

water pre-equilibrated to 15°C or 25°C; a variable-temperature, ther-
moelectric peltier heat pump (Cambion) was used to maintain the tem-
perature of the slide before the freeze-crack step; and slides were snap
frozen in liquid nitrogen before fixation. For timelapse video micro-
scopic analysis, embryos were obtained by cutting open gravid her-
maphrodites in M9 buffer. Embryos were mounted on a 3% agarose
cushion, or on a polylysine coverslip inverted over a drop of M9 in a
depression slide. DIC images were captured at 10 sec intervals using a
Dage MTI VE1000 digital camera under the control of Scion Image
software, and stored on CD-ROM media.

Temperature-shift experiments
For upshift experiments, air-2(or207ts) or zen-4(or153ts) homozygous
mutant worms were cut open in a watchglass containing 15°C M9. A
single pronuclear stage embryo was mounted on a 3% agarose
cushion, and observed under high power on a Zeiss Stemi SV11 disod [38], aniom-
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