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Summary

Proper spindle positioning is essential for spatial con-
trol of cell division. Here, we show that zyg-8 plays
a key role in spindle positioning during asymmetric
division of one-cell stage C. elegans embryos by pro-
moting microtubule assembly during anaphase. ZYG-8
harbors a kinase domain and a domain related to Dou-
blecortin, a microtubule-associated protein (MAP) af-
fected in patients with neuronal migration disorders.
Sequencing of zyg-8 mutant alleles demonstrates that
both domains are essential for function. ZYG-8 binds
to microtubules in vitro, colocalizes with microtubules
in vivo, and promotes stabilization of microtubules to
drug or cold depolymerization in COS-7 cells. Our find-
ings demonstrate that ZYG-8 is a MAP crucial for proper
spindle positioning in C. elegans, and indicate that
the function of the Doublecortin domain in modulating
microtubule dynamics is conserved across metazoan
evolution.

Introduction

Asymmetric divisions are central to the generation of
cell fate diversity. During development, asymmetric divi-
sions often give rise to daughter cells that differ not only
in fate, but also in size. For such divisions to occur in
animal cells, the mitotic spindle must be asymmetrically
localized by the end of anaphase, when the cleavage
furrow is specified to bisect the mitotic spindle (re-
viewed in Rappaport, 1971).

Microtubules play an important role in spindle posi-
tioning in many organisms. Thus, an intact microtubule
cytoskeleton is required for proper positioning of the
spindle in Drosophila neuroblasts or in budding yeast
(Kaltschmidt et al., 2000; Knoblich et al., 1995; Palmer
et al., 1992). Recent evidence in S. cerevisiae indicates
that the mechanisms underlying proper spindle posi-
tioning include selective stabilization of microtubules
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through interaction between Bim1p present at the plus
end of microtubules and the cortical anchor Kar9p (Kori-
nek et al., 2000; Lee et al., 2000; Miller et al., 2000).
Comparatively little is known in metazoans about the
mechanisms that regulate microtubule behavior to en-
sure proper spindle positioning.

We chose to address this question in the one-cell
stage C. elegans embryo, where spindle position can
be observed with high spatial and temporal resolution
using time-lapse differential interference contrast (DIC)
microscopy. In wild-type, the spindle sets up in the cell
center but moves slightly toward the posterior during
anaphase, leading to an asymmetric spindle position
along the anteroposterior (AP) axis. This results in the
unequal cleavage of the one-cell stage embryo into a
larger anterior blastomere and a smaller posterior one.
Spindle positioning during anaphase occurs inresponse
to AP polarity cues established earlier in the cell cycle
by six maternally required par genes and an atypical
PKC (Kemphues et al., 1988; Tabuse et al., 1998; reviewed
in Kemphues and Strome, 1997). In embryos lacking
one of these components, polarity along the AP axis is
altered; probably as a consequence, posterior spindie
displacement usually does not take place, and the first
division is symmetric. Several PAR proteins have a po-
larized distribution along the AP axis in one-cell stage
embryos. Thus, the PDZ-containing proteins PAR-3 and
PAR-6 both localize to the anterior cortex (Etemad-
Moghadam et al., 1995; Hung and Kemphues, 1999).
Conversely, PAR-2, a ring finger-containing protein, and
PAR-1, a Ser/Thr protein kinase, both localize to the
posterior cortex (Boyd et al,, 1996; Guo and Kemphues,
1995). Despite the wealth of information on components
establishing polarity in this and other systems, little is
known about how polarity is coordinated with modula-
tion of cytoskeletal behavior to achieve accurate spindle
position.

Here, we show thatzyg-8is akey component directing
spindle positioning in one-cell stage C. elegans embryos.
In zyg-8 mutants, the spindle moves in an exaggerated
manner toward the posterior during anaphase. We es-
tablish that this results from a defect in microtubule
assembly and that zyg-8 encodes a Doublecortin-related
kinase that protects microtubules against depolymeriza-
tion. Our work reveals that stabilization of microtubules
during anaphase is necessary for polarity to translate
into appropriate asymmetric spindle positioning.

Results

zyg-8 Mutant Embryos Have Spindle

Positioning Defects

We sought to identify loci essential for proper spindle
positioning in one-cell stage C. elegans embryos. In
wild-type, spindle positioning follows from two pro-
cesses. First, the two centrosomes and associated pro-
nuclei move to the cell center while undergoing a 90°
rotation. As aresult, the spindle sets up in the cell center
and along the AP axis (Figure 1A, top). Second, during
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Figure 1. Anaphase Spindle Positioning Defects in zyg-8 Mutant Embryos

Wild-type (A-C) and 2yg-8(t1650) mutant (D~F) one-cell stage embryos. Anterior (0% egg-length) is to the left, posterior (100% egg-length) to
the right in this and other figures.

(A and D) Time-lapse DIC microscopy recordings. Arrowheads point to the center of asters. Time elapsed since the beginning of the sequence
is displayed in minutes and seconds. All panels are at same maghnification. Bar = 10 wm,

(B and E) Tracings of aster position. Filled circles: anterior aster; triangles: posterior aster. Note that the spindie reorients perpendicular to
the longitudinal axis after reaching the vicinity of the posterior cortex, most likely due to the lack of space.

(C and F) Schematic representation of spindle position at the end of mitosis in 10 embryos of each genotype. Filled circles: anterior aster;

triangles: posterior aster. 2yg-8(t1650) embryos in which rotation was between 45° and 90° are represented. Note that spindle length in zyg-
8(t1650) embryos is less than in wild-type.

anaphase, the posterior spindle pole is displaced along the AP axis, leading to unequal cleavage into a
slightly toward the posterior (Figure 1A, middle; Figure larger anterior blastomere and a smaller posterior one
1B). As aresult, the spindleis asymmetrically positioned (Figure 1A, bottom; Figure 1 C).
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Table 1. Phenotypes of zyg-8 Mutant Embryos

Two Female Premature Spindie Position Rotation <45°% Rotation =45°%
Genotype* n Pronuclei Rotation® Defects Average Angle® Average Angle®
N2 25 0 0 0 3 (12%); 23° 22 (88%); 80°
zyg-8(t1650) 34 8 (24%) 5 (15%)¢ 34 (100%) 10 (29%); 16° 24 (71%); 76°
2yg-8(t1547) 23 18 (4%) 2 (9%) 23 (100%) 9 (39%}); 25° 14 (61%); 70°
zyg-8(b235ts) 23 0 7 (30%) 23" (100%) 6 (26%); 20° 17 (74%); 74°
zyg-8(t1650)/tDfS 10 ot 1 (10%) 10 (100%) 2 (20%); 13° 8 (80%); 70°

Analysis by time-lapse DIC microscopy; angle of rotation scored just prior to breakdown of pronuciear envelopes; percentages and angles
rounded off to the nearest integer. There were two additional phenotypes in some zyg-8 mutant embryos: (1) a slight delay in female pronuclear
formation, indicative of potential defects during female meiotic divisions; (2) the presence of two daughter nuclei reforming on either side of
the aberrant cleavage furrow, indicative of potential defects in chromosome segregation.

*Relevant genotype of parents is given; animals were homozygous for the indicated genotype [except for zyg-8(t1650)/tDf5].

a|n some embryos, rotation of centrosomes occurred prior to full migration of the female pronucleus, leading to the placement of the female
pronucleus anterior of the spindle. As a result, only paternally contributed chromosomes were segregated by the spindle in these embryos.

b Average rotation angle in the subset of embryos in which rotation was less than 45°.
° Average rotation angle in the subset of embryos in which rotation was equal to or greater than 45°.
40nly 32 zyg-8(t1650) embryos were scoreable for the potential occurence of premature rotation.

°This embryo had three female pronuclei.

"In one zyg-8(b235) mutant embryo, rotation failed, and the spindle remained in the middle of the embryo, resulting in a symmetric division.
9In most zyg-8(b235) mutant embryos, the spindle was thin and often seemed to break in two during exaggerated posterior spindle movement.
hQccasional zyg-8(t1650)/tDf5 in other experiments did harbor two female pronuclei.

We screened a collection of maternal-effect embry-
onic lethal mutations by time-lapse DIC microscopy and
identified mutations in a locus called zyg-8 (Wood et al.,
1980) that result in dramatic spindle positioning defects
in one-cell stage embryos (Génczy et al., 1999). Spindle
positioning was aberrant in all embryos derived from
zyg-8(t1650) homozygous mutant hermaphrodites (here-
after referred to as zyg-8 mutant embryos). In ~29%
(10/34) zyg-8 mutant embryos, rotation of the centro-
somes was less than 45°, and the spindle set up trans-
verse to the AP axis (Table 1). In most of these embryos
(9/10), the spindle drifted toward the anterior or lateral
cortex during anaphase. In ~71% (24/34) zyg-8 mutant
embryos, rotation was between 45° and 90° and the
spindle set up in the celi center and along the AP axis,
like in wild-type (Table 1; Figure 1D, top). However, in
the vast majority of these embryos (23/24), the spindle
was displaced in a strikingly exaggerated manner to-
ward the posterior during anaphase (Figure 1D, middle;
Figures 1E and 1F). Movies of anaphase spindle posi-
tioning in wild-type and zyg-8 mutant embryos can be
viewed at http://www.embl-heidererg.de/ExternaIInfo/
hyman/Data.htm.

We found similar spindle positioning defects in 7/9
nonconditional and 6/6 temperature-sensitive zyg-8 al-
leles (Table 1 and Experimental Procedures). Impor-
tantly, these phenotypes were also observed in the prog-
eny of animals transheterozygous for zyg-8(t1650) and
tDf5, a deficiency uncovering the region to which zyg-8
has been mapped genetically (Table 1). These findings
provide strong evidence that spindle positioning defects
result from a diminution in zyg-8 function. While there
were other less penetrant phenotypic manifestations in
zyg-8 mutant embryos (T able 1), these observations
taken together indicate that zyg-8 acts predominantly
to restrict the extent of posterior spindle displacement
during anaphase of one-cell stage C. elegans embryos.

Polarity Cues and Their Interpretation Are Not
Abolished in zyg-8 Mutant Embryos

Exaggerated posterior spindle displacement during
anaphase could be due in principle to a primary defect

in AP polarity cues. To test this hypothesis, we examined
the distribution of four markers of polarity in zyg-8 mu-
tant embryos: PAR-3, PAR-2, PAR-1, and PGL-1, a P
granule component (Kawasaki et al., 1998). We found
that the distribution of all four markers was essentially
indistinguishable from wild-type. PAR-3 protein was re-
stricted to the anterior cortex (21/21 embryos; Figure
2B), PAR-2 and PAR-1 to the posterior cortex (22/22
and 22/23 embryos, respectively; Figures 2D and 2F),
while P granules were segregated to the posterior 21/
21 embryos; Figure 2H). These observations indicate
that exaggerated posterior anaphase spindle displace-
ment in zyg-8 mutant embryos does not result from
defects in AP polarity.

We next investigated whether this phenotype was due
to a lack in communicating polarity cues to the cytoskel-
eton. If communication was abolished, then spindle po-
sitioning in zyg-8 mutant embryos should not be sensi-
tive to changes in AP polarity. To test whether this was
the case, we examined spindle positioning in zyg-8 mu-
tant embryos in which AP polarity was altered by remov-
ing par-3, par-2, or par-1 function. We restricted our
analysis to embryos in which the rotation was between
45° and 90°, as such embryos almost always undergo
exaggerated posterior spindle displacement during ana-
phase in the absence of zyg-8 function alone. We found
that exaggerated posterior displacement no longer took
place in most zyg-8 par-3 double mutant embryos, as
well as in zyg-8 mutant embryos in which par-2 or par-1
function was silenced by RNAi; instead, the anaphase
spindle was typically located toward the embryo center
(Figures 21-2K). These observations demonstrate that
zyg-8 mutant embryos respond to changes in AP polar-
ity, indicating that communication between polarity
cues and the cytoskeleton is not abolished in the ab-
sence of zyg-8 function.

Defects in Anaphase Microtubule Assembly Likely
Cause the zyg-8 Mutant Phenotype

We next investigated whether the zyg-8 mutant pheno-
type may result from defects in the microtubule cy-
toskeleton. We found that microtubules in zyg-8 mutant
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Wild-type (A, C, E, and G) and 2yg-8(t1650) mutant (B, D, F, and H) one-cell stage embryos stained with anti-PAR-3 (A and B), anti-PAR-2 (C
and D), anti-PAR-1 (E and F), and anti-PGL-1 (G and H) antibodies (all shown in red) and counterstained with Hoechst 33258 to reveal DNA
(shown in blue). (A) and (B), as well as (C)~{H), are at same magnification. Bars = 10 um. Arrowheads point to polar body material.

(A and B) Cortical PAR-3 is restricted to the anterior; both embryos are at early pronuciear migration stage.

(C and D) Cortical PAR-2 is restricted to the posterior; embryo in (C) is at pronuclear meeting, embryo in (D) at metaphase.

(E and F) Cortical PAR-1 is restricted to the posterior; embryo in (E) is just after pronuclear meeting, embryo in (F) at early pronuclear migration,
(G and H) P granules segregate to the posterior; both embryos are just before metaphase.

(I-K) Schematic representation of spindle position at the end of mitosis in 10 2yg-8(t1650) par-3 (it71) (1), 2yg-8(t1650) par-2(RNAJ) (J), and
2yg-8(t1650) par-1(RNAI) (K) embryos. Whether the difference in spindle behavior apparent between removal of either par-2 or par-3 and that

of par-1 is significant remains to be determined with a larger data set.

embryos were essentially indistinguishable from wild-
type priorto anaphase (Figures 3A and 3B, and data not
shown). During anaphase, however, astral microtubules
were markedly shorter than normal (Figures 3C and 3D).
The longest astral microtubules projecting toward the
anterior cortex were 17.4 pm on average in wild-type
(SD = 0.8; n = 15), but only 13.0 um (SD = 1.7, n = 15)
in zyg-8 mutant embryos. As a result, while many astral
microtubules were in the immediate vicinity of the ante-
rior cortex in wild-type, the longest astral microtubules
were on average 3.4 um (SD 1.4; n = 1 5) away from it
inzyg-8 mutant embryos. Astral microtubules projecting
toward the posterior cortex were similarly shorter; in
addition, spindle microtubules may be affected as well,
since the spindle often appeared somewhat wider than
in wild-type (see Figure 5E). Similar global alterations in

anaphase microtubules were observed in two other
2yg-8 alleles (11518 and t1547).

While examining fixed specimens by indirect immuno-
fluorescence microscopy, we noted that there was no
significant anaphase Bin 2yg-8 mutant embryos (Experi~
mental Procedures). In wild-type, the average distance
between the two spindle poles increased from 10.9 um
(SD = 0.8; n = 13) in metaphase to 15.2 um (SD = 2.5;
N = 13) in anaphase. In contrast, there was no increase
in the average pole to pole distance between metaphase
(11.7 um; SD = 1.1; n = 11) and anaphase (11.5 um;
SD=1.0;n= 22)in zyg-8 mutant embryos. Nevertheless,
sister chromatids always separated (see Figure 3D).

To address whether the observed alterations in ana-
phase microtubules were causing exaggerated poste-~
rior spindle displacement in Zyg-8 mutant embryos, we
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Figure 3. Defects in Anaphase Microtubule Assembly Likely Cause the zyg-8 Mutant Phenotype

(A-D) Wild-type (A and C) and zyg-8(t1650) mutant (B and D) one-cell stage embryos stained with anti-tubulin antibodies (shown in green)
and counterstained with Hoechst 33268 to reveal DNA (shown in blue). (A and B) Metaphase. (C and D) Anaphase. All panels approximately
at sama magnification. Bar ~10 um. White contour: anterior-most cortex. Note that astral microtubules during anaphase are shorter in the
zyg-8 mutant embryo and do not extend all the way to the cortex. Although this particular zyg-8 mutant embryo is slightly smaller than wild-
type, similar alterations In the microtubule network were observed in zyg-8 mutant embryos of normal size.

(E-G) Time-lapse DIC microscapy recording (E), tracings of aster position (F), and schematic representation of spindle position at the end of
mitosis In 10 wild-type embryos treated with nocodazole during anaphase (G). Bar = 10 pm; symbols are as In Figure 1.

asked whether this phenotype could be generated by Therefore, shorter/less stable microtubules during ana-
subjecting wild-type anaphase embryos to the microtu- phase indeed cause excess posterior spindle displace-
bule-destabilizing agent nocodazole. We found this to ment and likely explain the zyg-8 mutant phenotype.

be the case for 14/15 embryos tested (Figures 3E-3G). In summary, our phenotypic analysis indicates that
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zyg-8 function normally promotes microtubule assembly
during anaphase, ensuring proper spindie positioning
and asymmetric cell division.

zyg-8 Encodes a Doublecortin-Related Kinase

We sought to identify the molecular nature of zyg-8.
We found that injection of dsRNA corresponding to a
candidate ORF in the interval to which zyg-8 had been
mapped genetically yielded progeny with a zyg-8 like
phenotype (Génczy et al., 2000). Two corresponding
partial cDNAs were sequenced, and RT-PCR utilized to
obtain the 5’ end of the transcript, which is predicted
to encode an 802 aa protein (Figure 4A). We sequenced
this gene in zyg-8 mutant alleles, which led to the identifi-
cation of four nonsense mutations that result in stop
codons in the predicted protein sequence at positions
35, 312, 315, and 542, respectively, and of a mutation
in a splice donor consensus sequence that is predicted
to result in a truncated protein (Figure 4B). Surprisingly,
the zyg-8 allele that results in a stop codon at position
35 is temperature sensitive. While it remains to be eluci-
dated why this allele retains function at the permissive
temperature, these observations taken together provide
compelling evidence that this gene corresponds to the
zyg-8 locus,

Homology searches revealed that ZYG-8 has or-
thologs in other metazoans and harbors two notable
protein domains (Figures 4A and 4B). First, ZYG-8 con-
tains a domain similar to human Doublecortin (DCX;
48% aa identity over 215 aa). The doublecortin gene
is mutated in patients with X-linked lissencephaly and
double-cortex syndrome and encodes a MAP that stim-
ulates microtubule polymerization in vitro (des Portes
et al., 1998; Francis et al., 1999; Gleeson et al., 1998;
Gleeson et al., 1999; Horesh et al., 1999). Second, ZYG-8
contains a kinase domain similar to calcium/calmodulin
kinases (41% aa identity over 260 aa with rat CaM kinase f).
Sequencing of additional zyg-8 alleles revealed that both
Doublecortin and kinase domains are essential for zyg-8
function (Figure 4B). Four alleles have single aa substitu-
tions in conserved residues of the Doublecortin domain,
including one (G383 in ZYG-8) that is mutated in an
X-linked lissencephaly pedigree (Sapir et al., 2000; Tay-
lor et al., 2000). One allele is missing a substantial portion
of the kinase domain, while three alleles have single
aa substitutions in conserved residues of the kinase
domain. One of these (G491 in ZYG-8) is conserved in
all protein kinases and essential for ATP binding, while
another (D665 in ZYG-8) is nearly invariantly conserved
and crucial for stabilizing the catalytic loop (Hanks and
Hunter, 1995).

ZYG-8 Is a Microtubule-Associated Protein

We next addressed whether ZYG-8 is a MAP. We first
tested whether ZYG-8 binds to microtubules in vitro.
s55-labeled ZYG-8 was generated in reticulocyte lysate

and added to increasing amounts of taxol-stabilized mi-
crotubules. ZYG-8 bound to microtubules was sepa-
rated from unbound ZYG-8 by sedimentation through a
glycerol cushion; following SDS/PAGE, the pellet and
supernatant fractions were quantitated by autoradiogra-
phy and densitometry. After correcting for the small
amount of ZYG-8 pelleted in the absence of microtu-
bules, we found that ~30% ZYG-8 cosediments with 10
wM microtubules (Figure 5A).

We next generated a ZYG-8::GFP fusion protein to
examine ZYG-8 distribution in living embryos. The fusion
construct rescued the maternal-effect embryonic lethal-
ity of two zyg-8 mutant alleles (Experimental Proce-
dures), indicating that GFP distribution likely reflects
that of endogenous ZYG-8. Using dual time-lapse DIC
and fluorescence spinning disc confocal microscopy,
we determined that ZYG-8::GFP concentrates in areas
of high microtubule density, such as the spindle and
spindle poles during mitosis (Figures 5B and 5C). In
addition, ZYG-8::GFP is present at low levels in the cyto-
plasm throughout the cell cycle and detectable at cen-
trosomes during prophase (Figure 5C and data not
shown). Colocalization of ZYG-8 with microtubules was
confirmed by indirect immunofluorescence microscopy
with antibodies raised against ZYG-8 (Figures 5D and
5F). This aspect of the staining pattern reflects bona
fide ZYG-8 distribution because it is absent in zyg-8
mutant embryos (Figures 5E and 5G).

Taken together, these observations demonstrate that
ZYG-8 behaves as a MAP both in vitro and in vivo.

ZYG-8 Colocalizes with Microtubules and Promotes
Their Stability in Mammalian Cells through

the Doublecortin Domain

We next wanted to ascertain which domain of ZYG-8
confers the ability to associate with microtubules. To
this end, we first transfected HA-tagged full-length
ZYG-8 into COS-7 cells. We found that HA-ZYG-8 colo-
calizes with microtubules (Figures 6A, 6D, and 6G). Simi-
larly, the Doublecortin domain alone tagged with HA and
transfected into COS-7 cells localizes to microtubules
(Figures 6B, 6E, and 6H). In contrast, the kinase domain
alone localizes to the cytoplasm (Figures 6C, 6F, and
6l). These results demonstrate that the Doublecortin do-
main of ZYG-8 is both necessary and sufficient for colo-
calization with microtubules. Compatible with this view,
we found that HA-ZYG-8 carrying either of three single
aa substitutions in the Doublecortin domain found in
zyg-8 alleles (0r484, or535, or450) also fails to colocalize
with microtubules in COS-7 cells (data not shown).

We then tested whether the presence of full-length
ZYG-8 leads to protection of microtubules against de-
polymerization by drug or cold, as has been shown for
other MAPs (Takemura et al., 1992). We found this to
be the case indeed. Strikingly, over 95% of cells (n =
170) that had an extensive microtubule network despite
the presence of 10 uM nocodazole expressed HA-ZYG-8

(B) ZYG-8 domain composition (SMART analysis) and alterations in mutant alleles. The mutation in $1547 changes a consensus splice donor
sequence between exons 2 and 3; this is predicted to result in the inclusion of intron 2 in the mRNA and the addition of 39 non-sense aa
after exon 2, followed by a stop codon. The mutation in t1638 resuits in the skipping of an exon encoding a portion of the kinase domain.
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Figure 5. ZYG-8 Is a Microtubule-Associated Protein

(A} In vitro cosedimentation assay. ¥S-labeled ZYG-8 incubated
with 0, 2, 5, or 10 uM taxol-stabilized microtubules {MT), spun, and
separated on SDS-PAGE prior to autoradiography and densitome-
try. s, superatant; p, pellet. Approximately 30.5% of ZYG-8 cosedi-
mented with 10 uM microtubules in this experiment (average =
29%;SD =7;n=5 experiments). The principal translation product
(arrow) has an apparent molecular weight of ~85 kDa — the ex-
pected size for full-length ZYG-8. The smaller species may result
from internal translation initiation, premature chain termination or
degradation of the full-length product.

(B and C) DIC (B) and fiuorescence spinning disc confocal micros-
copy (C) of anaphase zyg-8(t1650) mutant embryo carrying
GFP:ZYG-8. Bar ~10 um. GFP:ZYG-8 concentrates on the spindie
and spindle poles (arrowheads) and is present at lower levels in the
cytoplasm.

(D-G) Wild-type anaphase (D and F) and zyg-8(t1547) mutant meta-
phase (E and G) one-cell stage embryos stained with anti-tubulin
(D and E) and anti-ZYG-8 (F and G) antibodies. (D)~(G) are at the
same magnification. Bar = 10 pm. Anti-ZYG-8 antibodies mark the
spindle and spindle poles (arrowheads) in wild-type. Note the some-
what thicker spindle in the zyg-8 mutant embryo; note also that anti-
ZYG-8 antibodies recognize an epitope on the nuclear envelope
thatis not specific to ZYG-8 (G, arrow). Similar results were obtained
with zyg-8(t1518) and 2yg-8(t1650).

(Figures 64, 6M, and 6P). Similarly, 100% of cells n=
170) that had a robust microtubule array after cold treat-
ment expressed the construct, Stabilization of microtu-
bules was achieved in the presence of the Doublecortin
domain alone (Figures 6K, 6N, and 6Q). In contrast,
transfection of the kinase domain alone offered no pro-
tection against microtubule disassembly (Figures 6L,

60, and 6R). Therefore, ZYG-8 activity promote§ micro-
tubule stability through the Doublecortin domain.

Discussion

zyg-8 Is Required Primarily during Anaphase

to Promote Microtubule Assembly

Our phenotypic analysis suggests that zyg-8 promotes
microtubule assembly primarily during anaphase, when
the most penetrant phenotype is observed in mutant
embryos: exaggerated posterior-directed spindle dis-
placement. Importantly, this phenotype is distinct from
that observed in embryos lacking zyg-9 function (Albert-
son, 1984). ZYG-9 is homologous to XMAP215, a major
regulator of microtubule dynamics in Xenopus egg ex-
tracts (Gard and Kirschner, 1987; Matthews et al., 1998;
Tournebize et al., 2000). In zyg-9 mutant embryos, micro-
tubules are shorter than normal throughout the cell cy-
cle. As a consequence, microtubule-dependent pro-
cesses that normally occur early in the first cell cycle,
such as pronuclear migration, fail to take place. In con-
trast, pronuclear migration is not affected in zyg-8 mu-
tant embryos.

There are other less penetrant phenotypes in zyg-8
mutant embryos. Occasionally, formation of the female
pronucleus is delayed, and multiple female pronuclei
are present (see Table 1), suggesting that zyg-8 plays
some role during the meiotic divisions, perhaps during
anaphase. In addition, ~30% zyg-8 mutant one-cell
stage embryos fail to undergo rotation of the centro-
somes, indicating a partial requirement of zyg-8 just
prior to mitosis, compatible with the fact that rotation
is a microtubule-dependent process (Hyman and White,
1987). However, microtubules at that stage in zyg-8 mu-
tant embryos are indistinguishable from wild-type by
indirect immunofluorescence microscopy. In contrast,
during anaphase, microtubules in mutant embryos are
markedly shorter than normal. These observations taken
together suggest that zyg-8 is required primarily during
anaphase to promote microtubule assembly.

ZYG-8 and Temporal Control

of Microtubule Dynamics

Microtubule dynamics change drastically during the cell
cycle (reviewed in Desai and Mitchison, 1997). Dynam-
icity is low during interphase, resulting in long microtu-
bules on average, and high during metaphase, resulting
in short microtubules on average. Extensive microtubule
elongation then takes place during anaphase, resulting
again in longer microtubules and stabilization of the
elongating spindle (Vandre et al., 1984). Key compo-
nents modulating microtubule dynamics have been
identified through studies in Xenopus egg extracts.
These include stabilizing factors, such as XMAP21 5,
and destabilizing factors, such as Stathmin/OP18 and
XKCM1 (Belmont and Mitchison, 1996; Gard and Kirsch-
ner, 1987; Desai et al., 1999). Stabilizing and destabiliz-
ing factors are thought to oppose each other to maintain
the correct steady-state length of microtubules in in-
terphase and in metaphase (Tournebize et al., 2000).
Little is known about factors that may alter microtubule
dynamics during anaphase. Our results show that zyg-8
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function is required to generate long microtubules at
that stage of the cell cycle. Therefore, an attractive hy-
pothesis is that ZYG-8 activity at anaphase tips the bal-
ance in favor of microtubule polymerization, thus
allowing proper anaphase to take place.

ZYG-8 Is a Member of an Evolutionarily Conserved
Family of MAPs

ZYG-8 is a member of a family of proteins containing a
Doublecortin domain, either singly or in combination
with a kinase domain. The founding member of this
family, human Doublecortin (DCX), harbors only a Dou-
blecortin domain. DCX is distributed along microtubules
in cultured cortical neurons and stimulates microtubule
polymerization in vitro (Francis et al., 1999; Gleeson et
al., 1999; Horesh et al., 1999). In addition, missense

HA-KINASE

Figure 6. ZYG-8 Colocalizes with Microtubules
in COS-7 Cells and Promotes Their Stability

COS-7 cells transfected with full-length HA-
ZYG-8 (A, D, G, J, M, and P), the Doublecortin
domain alone tagged with HA (B, E, H, K, N,
and Q) or the kinase domain alone tagged
with HA (C, F, |, L, O, and R) and stained with
anti-tubulin (A, B, C, J, K, and L) or anti-HA (D,
E, F, M, N, and O) antibodies. In the merged
images, tubulin is shown in green, HA in red.
All panels at same magpnification. Bar = 10 pm.
(A-l) Full-length HA-ZYG-8 and HA-Double-
cortin colocalize with microtubules in COS-7
celis; HA-kinase localizes to the cytoplasm.
(J-R) Nocodazole treatment. Cells express-
ing full-length HA-ZYG-8 or HA-Doublecortin
have an extensive microtubule network, while
untransfected cells and cells expressing HA-
kinase have very few microtubules left follow-
ing nocodazole treatment.

+NOC

mutations in the Doublecortin domain found in some
patients with X-linked lissencephaly and double-cortex
syndrome disrupt DCX microtubule binding and poly-
merization activities, further indicating that the Dou-
blecortin domain confers MAP activity to DCX (Sapir et
al., 2000; Taylor et al., 2000).

Like DCX, ZYG-8 promotes microtubule assembly
most likely by direct interaction with the polymer. In-
deed, ZYG-8 binds to microtubules in vitro and colocal-
izes with microtubules in C. elegans embryos as well as
in COS-7 cells. We found that the Doublecortin domain
is necessary and sufficient for colocalization of ZYG-8
with microtubules in COS-7 cells. Moreover, four zyg-8
alleles have point mutations in conserved residues in
the Doublecortin domain, including one that is altered
in human patients. When expressed in COS-7 cells, the
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corresponding proteins fail to colocalize with microtu-
bules. Importantly, these findings taken together dem-
onstrate that the function of the Doublecortin domain in
promoting microtubule binding and assembly has been
conserved across metazoan evolution.

ZYG-8 has a mammalian ortholog that also harbors a
Doublecortin domain and a kinase domain (hereafter
referred to as DCLK; Matsumoto et al., 1999; Omori et
al., 1998; Sossey-Alaoui and Srivastava, 1999). DCLK is
expressed primarily in the developing central nervous
system and can also bind microtubules in vitro and in
vivo (Burgess et al., 1999; Mizuguchi et al., 1999; Bur-
gess and Reiner, 2000; Lin et al., 2000). While the require-
ment for DCLK function has not yet been tested in the
animal, our data raise the possibility that DCLK, like
ZYG-8, may promote microtubule assembly during ana-
phase, perhaps in dividing neuroblasts.

Kinase Activity Is Essential for Efficient

2ZYG-8 Function

Although the sequence of the kinase domain in ZYG-8
resembles that of CaM kinases, two observations sug-
gest that calcium/calmodulin (Ca/CaM) does not regu-
late ZYG-8. First, ZYG-8 does not contain an apparent
Ca/CaM binding site. Bona fide CaM Kinases are autoin-
hibited by a short region located C-terminal of the last
kinase subdomain until Ca/CaM binding to this region
triggers kinase activation (reviewed in Chin and Means,
2000). The region C-terminal of the last kinase subdo-
main in ZYG-8 is very divergent from that found in bona
fide CaM kinases. In particular, a critical hydrophobic
residue that mediates contact with CaM is absent from
ZYG-8, as it is from DCLK. Second, the kinase activity
of CPG16, a splice variant of DCLK that contains only
the kinase domain, is not affected by changes in Ca/CaM
levels (Silverman et al., 1999). Instead, CPG16 kinase
activity is stimulated by cAMP and PKA, raising the
possibility that ZYG-8 and DCLK may be regulated in a
similar manner.

Recent studies of DCLK have suggested that kinase
activity does not regulate microtubule binding, as “ki-
nase dead” DCLK still binds microtubules in vitro and
colocalizes with microtubules in COS-7 cells (Burgess
and Reiner, 2000; Lin et al., 2000). Similarly, “kinase
dead” ZYG-8 colocalizes with microtubules in COS-7
cells (J.-M.B., unpublished data). In apparent contrast to
these observations, however, our findings in C. elegans
indicate that kinase activity is required for efficient
ZYG-8 function, Indeed, four zyg-8 alleles that are pre-
dicted to lack kinase activity have a phenotype at 25°C
similar to that of other zyg-8 alleles. Therefore, kinase
activity likely regulates the ability of ZYG-8 to promote
microtubule assembly, perhaps through phosphoryla-
tion of the Doublecortin domain. However, the pheno-
type of these alleles is weaker at 16°C (P.G., unpublished
data), indicating that the kinase domain contributes to,
rather than being essential for, ZYG-8 function. This may
explain why a difference in microtubule binding is not
detected with “kinase dead” variants in COS-7 cells
where proteins are Ooverexpressed.

Microtubules and Anaphase Spindle Positioning
in One-Cell Stage C. elegans Embryos
The mechanisms by which overall cell polarity is com-
municated to the cytoskeleton to achieve accurate spin-
dle positioning are poorly understood. Our work reveals
that microtubule destabilization during anaphase of one-
cell stage C. elegans embryos results in exaggerated
posterior-directed spindle movement. Why should global
destabilization of microtubules result in such polar
movement? We have shown that extra-spindle pulling
forces dictate spindle position along the AP axis during
anaphase in wild-type (Grill et al., 2001). Importantly,
forces acting on the posterior spindle pole are more
extensive than those acting on the anterior one, thus
explaining the slight posterior spindle displacement.
As the mechanistic basis for these forces remains to
be determined, we can only speculate about why they
may be differentially altered following global microtu-
bule destabilization. One possibility is that microtubule
destabilization affects pulling forces differentially at the
anterior and the posterior. For instance, pulling forces
on the anterior may normally require anchoring of micro-
tubules to the cortex; if this were the case, these forces
would be impaired when microtubules are destabilized.
In contrast, pulling forces on the posterior may normally
be coupled to microtubule depolymerization; if this were
the case, these forces could be enhanced when microtu-
bules are destabilized. zyg-8 mutant embryos will be
instrumental for testing these and other models and thus
increase understanding of the mechanisms that ensure pre-
cise spindle positioning during asymmetric cell division.

Experimental Procedures

C. elegans Strains
C. elegans culture was according to standard methods (Brenner,
1974). Strains carrying the following mutations and deficiency were
used: unc-32(e189); qC1 dpy-19(e1259ts) glp-1(q339); him-3(e1147);
him-5(e1490); par-1(b274) (Kemphues et al., 1988); par-3(it71} (Cheng
etal,, 1995); zyg-8(b235ts) (Wood et al., 1980); zyg-8(t1518), zyg-8(t1540),
2yg-8(t1547), zyg-8(t1583), zyg-8(t1608), 2yg-8(t1650), zyg-8(t1681),
and tDf5 (H. Schnabel and R. Schnabel, personal communication;
Gonczy et al., 1999); zyg-8(or450ts), zyg-8(or478ts), zyg-8(ord84ts),
zyg-8(ord90ts), zyg-8(or535ts) (Encalada et al., 2000); zyg-9 (it3) (Kemp-
hues et al., 1986). In the course of this work, we found that apo-71
(Gdnczy et al., 1999) is allelic to 2yg-8; the two apo-1 alleles have
been renamed zyg-8(t1441) and zyg-8(t1638). All nonconditional
zyg-8 alleles were linked to unc-32(e189) and balanced by gC7. We
tested whether zyg-8(t1650) or 2yg-8(b235) were paternally rescued
and found this not to be the case (data not shown).

par-3(it71) zyg-8(t1650) double mutants were generated by con-
ventional genetic crosses. par-2 or par-1 function were abolished
by RNAi in homozygous zyg-8(t1650) mutant animals. pBS-par-2
and ZC22 (Guo and Kemphues, 1995; both gifts from the Kemphues
laboratory) were used as templates to generate sense and anti-
sense RNAs (Ambion), which were then annealed to generate dou-
ble-stranded RNA (par-7) or used as such (par-2). RNAi was effective
because injection of wild-type animals yielded progeny with par-2
and par-1 phenotypes.

Spindle Positioning Defects

Animals were grown at 1 6°C, transferred as L4s to fresh plates, and
left at 25°C for >12 hr. Gravid hermaphrodites were dissected and
embryos analyzed by time-lapse DIC microscopy as described
(Godnczy et al., 1999). The position of each aster was determined
throughout mitosis (~4 min), as was the position of the spindle at
the end of mitosis (defined by cleavage furrow ingression).
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Thirteen out of fifteen zyg-8 alleles (b235ts, t1441, 11518, t1540,
11547, 11583, t1638, 11650, or450ts, or478ts, ord84ts, ord90ts,
or535ts) displayed similar spindle positioning defects. In zyg-8(t1608),
embryos lost structural integrity upon dissection or mounting on
the agarose pad; in utero recordings revealed no other phenotypes.
In zyg-8(t1681), embryos failed to assemble a spindie; this is likely
due to a linked mutation in another locus, since the progeny of
animals transheterozygote for zyg-8(t1681) and zyg-8(t1650) assem-
bled a normal spindle and displayed canonical spindle positioning
defects.

Anti-ZYG-8 and Anti-PAR-1 Antibodies

ZYG-8

A fusion between glutathione-S-transferase (GST) and aa 458-802 in
ZYG-8 was injected into rabbits according to standard procedures.
Anti-GST antibodies were removed by passage through a Hitrap
NHS (Pharmacia) column coupled to E. coli expressing GST. Anti-
ZYG-8 antibodies were affinity-purified using a Hitrap NHS column
coupled to the fusion protein and stored at 0.6 mg/ml. These anti-
bodies recognize a band of ~85 kDa on Western blots of total worm
extract, the expected size of ZYG-8, as well as other bands whose
nature is unclear. in embryos, in addition to epitopes specific to
2ZYG-8 (see Figure 5), these antibodies recognize other epitopes on
the nucleus and at the cortex.

PAR-1

A fusion between GST and a C-terminal fragment of PAR-1
{aa 780-1232, derived from AZAPIl phage yk42ed, a gift from Y.
Kohara) was expressed, purified and injected as above. Anti-PAR-1
antibodies were purified in a similar manner as above against GST
and with the fusion protein, and stored at 0.87 mg/ml. The staining
pattern in early embryos was similar to that obtained with other
anti-PAR-1 antibodies (Guo and Kemphues, 1995). In addition, cen-~
trosomes were labeled. This aspect of the staining pattern reflects
PAR-1 distribution because it is absent in par-1(b274) mutant em-
bryos.

Indirect Immunofluorescence

Homozygous mutant animals were left at 25°C for >12 hr prior to
dissection and fixation of embryos as described (Gdnczy et al.,
1999). Primary antibodies were 1:1000 mouse anti-tubulin (DM1A,
Sigmay); 1:1000 rabbit anti-ZYG-8; 1:3000 rabbit anti-PAR-1; 1:300
rabbit anti-PAR-2 (Pichler et al., 2000); 1:10 rabbit anti-PAR-3
(Etemad-Moghadam et al., 1995) or 1:300 rabbit anti-PAR-3 (Pichler
et al., 2000); 1:4 mouse anti-P granules monoclonal supernatant
(0I1C14, Developmental Studies Hybridoma Bank); 1:5000 rabbit
anti-PGL-1 (Kawasaki et al., 1998); 1:3000 rabbit anti-ZYG-9 (raised
against a C-terminal peptide; affinity purified; 0.7 mg/ml); 1:200 rab-
bit anti-HA (Y11, Santa Cruz). Secondary antibodies were 1:1000
goat anti-mouse Alexa-488 (Molecular Probes) and 1:1000 donkey
anti-rabbit Cy3 (Dianova). Slides were counterstained with Hoechst
33258 (Sigma) to reveal DNA. Indirect immunofluorescence was
imaged on an LSM510 Zeiss confocal microscope. Optical slices
for embryos were 1.0-1.2 um thick; the stage was refocused slightly
between channels in some cases. Images were processed with
Adobe Photoshop.

Polarity Markers

Distribution of PAR proteins and P granules was determined be-
tween early pronuclear migration and late anaphase. AP polarity
was ascertained usually by the position of the polar bodies, which
in general mark the embryo anterior (Goldstein and Hird, 1996).
Embryos with laterally located polar bodies were not analyzed be-
cause their polarity could not be unambiguously determined.
Length Measurements

Five wild-type and zyg-8(t1650) mutant (pefore exaggerated dis-
placement) anaphase embryos stained with anti-tubulin antibodies
were analyzed. The three longest astral microtubules projecting
toward the anterior cortex were identified in each embryo and im-
aged. The length of each astral microtubule, as well as the distance
separating it from the cortex, were determined using the public
domain NIH image program 1.62b7 (developed at the U.S. National
Institutes of Health and available at http://rsb.info.nih.gov/nih—image/).

Embryos between metaphase and late anaphase stained with anti-
ZYG-9 antibodies were analyzed similarly to measure the distance
between the two spindle poles.

Nocodazole Treatment

Two protocols were used to subject wild-type one-cell stage em-
bryos (n = 34) undergoing centration/rotation to nocodazole. In
most cases, pronuclear migration was observed in a watch glass
containing M9 (Brenner, 1974), and individual embryos transferred
upon pronuclear meeting to a 2% or 4% agarose pad. The medium
was replaced 60-90 s later by M9 containing 100 pg/ml (33 pM)
nocodazole (Sigma). In some cases, embryos were transferred in
bulk to the agarose pad, the medium exchanged with that containing
nocodazole, and embryos undergoing centration/rotation selected
for analysis. A coverslip was placed on the agarose pad and tapped
gently with forceps to damage the eggshell and render it permeable
to nocodazole.

The 34 embryos fell into three groups. In one group (n = 16), there
was no apparent effect on the first cell division, probably because
of insufficient exposure to nocodazole. In the second group (n =
3), centration/rotation did not take place and the spindle was barely
visible, presumably because of excess exposure to nocodazole. in
the third group (n = 15}, centration/rotation took place, in general like
in wild-type, but the spindle was smaller as a result of nocodazole
treatment. The spindle drifted to the posterior during anaphase in
14/15 embryos and toward the anterior in 1/5 embryos.

Characterization of the zyg-8 Gene and Sequencing

of Mutant Alleles

RNAi against Y79H2A.11 (nt 59685-60671 and 61789-62840 on YAC
Y79H2A) and Y75B8A.36 (nt 255-800 on YAC Y75B8A) resulted in
a zyg-8 like phenotype. Inserts in corresponding MZAPII phages
yk5417 and yk420b3 (gifts from Yuji Kohara) were sequenced, con-
firming that Y79H2A.11 and Y75B8A.36 represent a single gene. To
obtain full-length zyg-8 mixed developmental stages worms were
used for RT-PCR; the resulting PCR product was sequenced, found
to be in agreement with the genome sequence and joined with
yk420b3 using a unique Ncol restriction site, generating full-length
zyg-8 (accession no. AJ319870).

For sequencing of alleles 11518, t1547, and t1650, primer pairs
were designed to amplify each of the 10 exons and all exon/intron
boundaries. Genomic DNA was prepared from homozygous mutant
animals, the relevant pieces of DNA amplified by PCR and se-
quenced (MWG Biotech). For sequencing of the remaining alleles,
cDNAs were prepared with the RNeasy and One-step RT-PCR kit
(Qiagen) and sequenced (ISREC core facility; Microsynth). All muta-
tions described in the text have been found in two independent
preparations and sequencing reactions. No mutations were found
in the coding sequence of zyg-8(b235) or zyg-8(t1 608).

GFP:ZYG-8

Full-length zyg-8 was cloned into the pie-1 /GFP expression vector
(Reese et al., 2000). GFP:ZYG-8 (1 ng/ml) mixed with 1 ng/ml trans-
formation marker rol-6 (pRF4) linearized with EcoRi (Mello et al.,
1891) and 60 ng/ml wild-type genomic DNA linearized with Pvull
(Kelly et al., 1997) was injected into zyg-8(t1650) unc-32(e189)/qC1
heterozygous animals that were left at 25°C. Heterozygous F1 rolling
animals were singled and resulting F2 animais tested. 18/28 F2 Unc
Rol animals {from four independent lines) gave rise to >50 progeny;
0/20 F2 Unc non Rol control animals gave rise to any progeny. A
similar protocol was followed for zyg-8(b235ts), except that injected
animals and their F1 progeny initially spent 24 hr at 20°C. Nine out
of twenty-seven F2 Rol animals gave rise to >50 progeny; 0/24 F2
non Rol control animals gave rise to >10 progeny (as in the original
strain). GFP::ZYG-8 expressing embryos were analyzed using dual
time-lapse DIC and fluorescence spinning disc confocal microscopy
as described (Oegema et al., 2001).

Microtubules Copelleting Assays

Taxol-stabilized microtubules were prepared from bovine brain-
purified tubulin essentially as described (Hyman et al, 1991).
[®*S]methionine ZYG-8 was produced using the TNT T7 Quick for
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PCR DNA kit (Promega). Copelleting assays were performed essen-
tialty as described {Spittle et al., 2000) with the following modifica-
tions: (1) PEM was substituted by BRB80 (80 mM PIPES, 1 mM
MgCl,, 1 mM EGTA [pH 6.8]); (2) °S]methionine ZYG-8 was pre-
cleared twice at 55,000 rpm for 30 min in a TLA 100.2 rotor; (3) 5 ul
of clarified ZYG-8 lysate was incubated with taxol-stabilized micro-
tubules for 20 min at 37°C in the presence of 1 mM GTP, 20 mM
taxol, and 10 mg/mL BSA; (4) samples were pelleted through a 50%
glycero! cushion for 10 min at 50,000 rpm in a TLA 100.2 rotor
and the soluble and insoluble fractions prepared for SDS-PAGE/
autoradiography and densitometry analysis.

Cell Culture and Transfection Experiments

COS-7 cells were grown on glass coverslips to 60% confluency in
DMEM supplemented with 10% fetal calf serum. Cells were trans-
fected using the DEAE-dextran method (Sambrook and Russell,
2001) with cDNAs encoding full-length ZYG-8 (aa 1-802), the Double-
cortin domain alone (aa 1-464), or the kinase domain alone (aa 477-802)
inserted into pHA-L11 Tag (a gift from S. Schmidt, based on pEGFP-
C2a, Clontech}. After 36 hr, methanol fixation/permeabilization and
immunofluorescence were performed as described by A. Desai
{http://iccbweb.med.harvard.edu/mitchisonlab/Pages/gen1.html).
When needed, cells were left 30 min prior to fixation in 10 pm
nocodazole or on ice.
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