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Caenorhabditis elegans TAC-1 and ZYG-9 Form
a Complex that Is Essential for Long Astral
and Spindle Microtubules

body injection results in short MTs and spindle defects
resembling those in msps mutants [10–12].

We identified a homolog of D-TACC in C. elegans by
conducting BLAST searches with the relatively con-
served C-terminal TACC domain of Drosophila D-TACC
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D-01307 Dresden [13, 14] (Figure S1 in the Supplemental Data available

with this article online). One predicted C. elegans proteinGermany
encoded by Y54E2A.3 [15] was identified as the closest
match. Most TACC protein family members are over 800
amino acids long [14], whereas the Y54E2A.3 protein is

Summary only 260 amino acids in length. Furthermore, a predicted
C. briggsae ortholog CBP15006 is similar in length [16],

TACC (transforming acidic coiled-coil) proteins were suggesting that the small size of nematode TACC pro-
first identified by their ability to transform cell lines teins is a conserved feature. We conclude that the
[1], and links between human cancer and the overex- Y54E2A.3 protein represents a novel member of this
pression of TACC proteins highlight the importance family and encodes a small coiled-coil protein [17] simi-
of understanding the biological function of this family lar to the C-terminal TACC domain. We refer to this gene
of proteins [2]. Herein, we describe the characteriza- as tac-1.
tion of a new member of the TACC family of proteins To investigate the role of TAC-1 in C. elegans, we
in Caenorhabditis elegans, TAC-1. In other systems, performed RNAi experiments to deplete the protein [18].
TACC proteins associate with the XMAP215 family of Initial examination of the phenotypes with DIC and fluo-
microtubule-stabilizing proteins; however, it is unclear rescence microscopy of a GFP::Histone; GFP::�-tubulin
whether TACC proteins have microtubule-based func- strain showed that tac-1(RNAi) resulted in a failure of
tions distinct from XMAP215. We depleted both the oocyte meiosis, pronuclear migration, and mitotic spin-
XMAP215 ortholog ZYG-9 and TAC-1 via dsRNA-medi- dle positioning of the one-cell embryo (Figure 1A). These
ated interference (RNAi). We found that tac-1(RNAi) phenotypes are consistent with defects in MTs. The
resulted in microtubule-based defects that were very extent and range of phenotypes observed were reminis-
similar to zyg-9(RNAi). Furthermore, TAC-1 and ZYG-9 cent of the MT defects observed in zyg-9 mutant embryos
are required for long astral microtubules in general [8]. To test whether loss of TAC-1 or ZYG-9 results in
and long spindle microtubules during spindle assem- identical MT-based phenotypes, we focused on the follow-
bly. Loss of either protein did not affect the �-tubulin ing issues. First, we directly measured astral MT lengths
immunofluorescence intensity near centrosomes; this by using indirect immunofluorescence of �-tubulin. MTs
finding suggests that microtubule nucleation was not that terminate close to the centrosome are difficult to
compromised. Both proteins localize to centrosomes resolve due to the high density of all MTs extending out
and the kinetochore/microtubule region of chromo- from the centrosome. Therefore, we identified only the
somes in metaphase and early anaphase. Further- longest MTs and traced their paths back to the centro-
more, we found that ZYG-9 and TAC-1 physically inter- some (Figure S2 in the Supplemental Data). Using this
act in vivo, and this interaction is important for the method, we determined the average maximal astral MT
efficient localization of the ZYG-9/TAC-1 complex to length in wild-type metaphase to be 11.3 �m, but only
centrosomes. 6.3 �m in zyg-9(RNAi) and 6.2 �m in tac-1(RNAi) (n � 80

MTs, from ten MTs per centrosome for each experiment;
Figure 1B). Second, we plotted the distance betweenResults and Discussion
centrosomes during pronuclear migration of the first
prophase (the time when duplicated centrosomes beginThe XMAP215/ch-TOG/Msps family of microtubule-
to separate) until anaphase onset (Figure 1C). We foundassociated proteins binds directly to microtubules (MTs)
that the centrosomes separated around the male pronu-and promotes MT growth primarily by modulating their
cleus in both tac-1(RNAi) and zyg-9(RNAi) (Figure 2B).dynamic instability [3–7]. The C. elegans XMAP215 or-
Therefore, MTs are long enough for maximal separationtholog ZYG-9 is required for the organization of the mei-
of centrosomes around the pronuclear sphere. After nu-otic spindle and the formation of long astral microtu-
clear envelope breakdown, the first mitotic spindle wasbules during pronuclear migration and subsequent
smaller (�12.5 �m pole-pole distance in wild-type ver-mitosis [8]. The Drosophila ortholog Minispindles (Msps)
sus �8.5 �m in both zyg-9(RNAi) and tac-1(RNAi)) (Fig-is also required for MT-based processes, such as the
ure 1C). These data indicate that both spindle and astralformation and function of the mitotic spindle [9]. Msps
MTs are shortened to a similar extent by loss of eitherwas found to physically interact with the Drosophila
TAC-1 or ZYG-9. This also supports the idea that spindletransforming acidic coiled-coil family member D-TACC;
length is determined, at least in part, by the dynamic prop-moreover, loss of D-TACC function via mutation or anti-
erties of MTs [19]. Finally, we assessed the effect of TAC-1
or ZYG-9 depletion on MT nucleation by measuring the
tubulin levels near the centrosome via indirect immunoflu-*Correspondence: hyman@mpi-cbg.de
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Figure 1. Astral and Spindle MTs Are Shortened in Both zyg-9(RNAi) and tac-1(RNAi)

(A) DIC and fluorescence images of a wild-type (WT) and tac-1(RNAi) embryo from shortly after the completion of female meiosis to the first
mitotic telophase are shown (left is oriented toward the anterior). The embryos express both GFP::Histone (chromatin) and GFP::
�-tubulin (MTs). Time (s) is relative to nuclear envelope breakdown (NEB). The arrows show centrosomes prior to separation around the
paternal pronucleus (p). Multiple maternal nuclei in tac-1(RNAi) (arrowheads) indicate failure to efficiently extrude meiotic chromosomes. The
maternal nuclei in tac-1(RNAi) embryos do not meet with the paternal pronucleus, so the resulting mitotic spindle involves only the paternal
chromosomes (at time � 100 s). After NEB, maternal DNA becomes captured by MTs emanating from the centrosomes (e.g., at 350 s).
Cytokinesis bisects the spindle; in tac-1(RNAi), ectopic furrows also ingress from the anterior (see the last panel). The scale bar represents
10 �m.
(B) MTs were visualized by indirect immunofluorescence with anti-�-tubulin antibodies. A plot of 80 of the longest MTs from WT, zyg-9(RNAi),
and tac-1(RNAi) is shown (10 MTs per centrosome, from 4 one-cell embryos in metaphase or early anaphase).
(C) The distance between centrosomes in the one-cell embryo is plotted against time (s) for three embryos of each class. Time is relative to
NEB. Representative images from a GFP::�-tubulin strain are shown for four time points.
(D) The relative intensity of anti-�-tubulin near the centrosomes (within a 2.73 �m radius) is presented as an average. Embryos at metaphase/
early anaphase were used (n � 30 centrosomes for WT, n � 10 for zyg-9(RNAi), and n � 10 for tac-1(RNAi)). SEM is shown (confidence
interval � 0.95).
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Figure 2. GFP::TAC-1 Locates to Centrosomes and Is Detected at the Kinetochore/MT Interface during Metaphase-Early Anaphase

A time-lapse recording of a GFP::TAC-1 expressing embryo is shown. Time is relative to NEB; left is oriented toward the anterior. TAC-1 is
first visible after centrosome separation (in some panels, only one centrosome is in the focal plane). In metaphase and early anaphase, we
detect GFP::TAC-1 in the kinetochore/microtubule interface region (inset). A weak signal is also present on spindle microtubules. At the end
of cytokinesis, a small dot of GFP fluorescence associated with the disintegrating centrosome is visible (arrowhead), but this signal eventually
dissipates (e.g., at time 7:29). The scale bar represents 10 �m. This figure is available as Movie 1 in the Supplemental Data.

orescence. We found that the levels of �-tubulin (Figure with subsequent catastrophe or further growth of the
MT depending on other conditions, such as the availabil-1D) as well as �- and �-tubulin (Figure S3 in the Supple-

mental Data) within a 3 �m radius of the centrosome ity of free tubulin [23]. Therefore, the cytoplasmic envi-
ronment may also determine the effect that XMAP215were not significantly different from wild-type. There-

fore, the amount of MTs near the centrosome is not members have on MT behavior.
If TAC-1 is required for the function of the XMAP215-dramatically affected by the loss of either TAC-1 or ZYG-9,

unlike �-tubulin for instance, which has a profound effect like protein ZYG-9, then we expect the two proteins to
be at the same intracellular location. In order to assesson the ability of centrosomes to nucleate MTs in C.

elegans [20]. From these data, we conclude that the the location of the TAC-1 protein, we constructed a
GFP::TAC-1 worm strain. Using Nipkow spinning diskbroad range of MT-based phenotypes that occurs in

both tac-1(RNAi) and zyg-9(RNAi) is best explained by confocal microscopy, we observed GFP fluorescence at
the centrosomes early in pronuclear migration, althoughthe shortening of all MTs emanating from the centro-

some as a consequence of reduced MT stability. The we could only detect a signal after separation of the
centrosomes (Figure 2). This is consistent with our re-MT shortening is likely not due to problems with nucleat-

ing MTs since we did not detect any decrease in the sults above; neither TAC-1 nor ZYG-9 are required for
centrosome separation. The GFP signal at the centro-amount of MTs near the centrosomes in either tac-

1(RNAi) or zyg-9(RNAi). This contrasts with recent evi- somes increased in intensity throughout the cell cycle,
as has been reported for ZYG-9 [8, 24]. At metaphasedence implicating XMAP215 in the nucleation of MTs in

Xenopus oocyte extracts [21], and these data may re- and early anaphase, we also observed fluorescence at
the MT/kinetochore interface (Figure 2, inset). Anti-TAC-1flect divergence of the specific activity of the XMAP215

family members. While our data does agree with the antibodies confirmed all patterns observed with the GFP
strain (Figure 3 and data not shown). However, the kinet-MT-stabilizing behavior of XMAP215 and Msps, clearly

not all family members share this activity. For instance, ochore staining was not always visible in fixed samples,
perhaps due to epitope sensitivity to fixation in this re-the distantly related yeast family member Stu2p has

been shown to exhibit MT-destabilizing activity in vitro gion. Together, the location patterns for TAC-1 were
highly similar to those previously reported for ZYG-9[22]. Also, XMAP215 itself does induce depolymerization

of GMPCPP-stabilized MTs [23]. In order to explain this based on immunostaining [8].
Immunolocalization studies in Drosophila showed thatapparent contradiction, it has been proposed that

XMAP215 proteins may alter the pause state of MTs, efficient localization of Msps to centrosomes relies on
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Figure 3. ZYG-9 Is Required for Detection of
TAC-1 at Centrosomes, but Some ZYG-9 Can
Locate to Centrosomes in the Absence of
TAC-1

Images of embryos fixed and immunostained
with anti-�-tubulin (green), anti-TAC-1, or
anti-ZYG-9 antibodies are shown. DNA (blue)
is visualized with Hoechst.
(A) In zyg-9(RNAi) embryos, both ZYG-9 and
TAC-1 protein levels are greatly reduced at
the centrosomes.
(B) tac-1(RNAi) embryos contain no detect-
able TAC-1; however, we detect a fraction of
ZYG-9 at the centrosome.
(C) Both ZYG-9 and TAC-1 are present at cen-
trosomes in mei-1(ct46gf) mutant embryos,
which exhibit a similar microtubule-shorten-
ing phenotype, albeit due to ectopic microtu-
bule severing.
(D) A Western blot probed with anti-ZYG-9,
anti-TAC-1, and anti-�-tubulin antibodies
(see the Experimental Procedures).
(E) A comparison of the amount of fluores-
cence detected at metaphase (or early ana-
phase) for �10 centrosomes from one-cell
embryos. All values are relative to corre-
sponding WT controls for each experiment.
For the zyg-9(RNAi), we chose embryos with
5%–10% ZYG-9 (average � 7.6%) at the cen-
trosome; TAC-1 levels were an average of
7.1%. In examples in which ZYG-9 was less
than 5%, TAC-1 was undetectable (e.g., [B]).
For tac-1(RNAi), we chose six embryos that
had �1% TAC-1; in these embryos, we ob-
served an average of 22.1% ZYG-9. The scale
bars indicate SEM (confidence interval �

0.95).

D-TACC and vice versa [11, 12]. To test whether TAC-1 in msps embryos, which may account for the difference
[11, 12].is required for the location of ZYG-9 and vice versa, we

immunostained embryos after RNAi treatment. When In contrast to the above experiment, we always ob-
served a significant amount of ZYG-9 at the centro-ZYG-9 was depleted from embryos, we consistently ob-

served a correlated decrease in TAC-1 at the centro- somes when TAC-1 was depleted (Figure 3B). Quantifi-
cation of this signal showed that an average of 22.1%some (Figures 3A and 3E). In embryos having less than

5% ZYG-9 remaining at centrosomes, we observed less of ZYG-9 was still present at centrosomes having less
than 1% TAC-1 (n � 10 centrosomes; Figure 3E). There-than 0.5% TAC-1 (n � 3; data not shown). For embryos

having more than 5% ZYG-9 (average of 7.6%), TAC-1 fore, some ZYG-9 is capable of locating to the centro-
somes in the absence of TAC-1. Western blot analysiswas detected at the same or lower levels (average of

7.1%; n � 10 centrosomes; Figure 4E). This result sug- showed that in tac-1(RNAi) embryos, the ZYG-9 protein
is still present at approximately 1/2 of wild-type levelsgests that TAC-1 directly depends on ZYG-9 for its

centrosomal location. However, Western blot analysis (Figure 3D; see the Experimental Procedures). There-
fore, differential stabilities of ZYG-9 and TAC-1 may alsoshowed that in zyg-9(RNAi) embryos, the TAC-1 protein

levels are also reduced (approximately 1/8 of wild-type contribute to the observed differences in the immunoflu-
orescence experiments described above. In a similarlevels; see the Experimental Procedures). Therefore, we

are unable to make a strong statement regarding the set of experiments by Le Bot et al. [25], the authors
found that ZYG-9 is completely dependant on TAC-1ability of TAC-1 to locate to centrosomes in the absence

of ZYG-9. By comparison, Drosophila msps mutants for centrosomal location. However, protein stability may
be greatly affected by different RNAi conditions, for ex-seem to have a less pronounced effect on D-TACC local-

ization; a small amount of Msps protein is still present ample, incubation time and temperature after RNAi in-
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silver staining revealed only two major bands not pres-
ent in the IgG bead control lane (Figure 4). Both the
suspected TAC-1 bait band and the �160 kDa MW band
were excised and sequenced via MALDI peptide map-
ping (MASS Spectrophotometry Service Facility, Dres-
den). The large MW band was identified as ZYG-9, and
the small MW band was identified as TAC-1. Therefore,
we conclude that TAC-1 and ZYG-9 interact in vivo.
Despite the small size of this TACC family member, it
appears that the ability to interact with its XMAP215
counterpart is conserved. This is consistent with experi-
ments in Drosophila that showed that the C-terminal
TACC domain (see Figure S1) is sufficient to localize to
centrosomes and interact with Msps [10, 12].

Conclusions
Taken together, our results show that ZYG-9 and TAC-1
form a complex that is required for the formation of long
microtubules in the early embryo, but our data suggest
that this complex is not required for efficient nucleation
of microtubules. If this complex is not required for nucle-
ation, why is its predominant location at the centro-
some? One possibility is that ZYG-9/TAC-1 binds to and
stabilizes the microtubule plus end concomitant with
nucleation. While there is no evidence outside of the
kinetochore/MT interface for plus end localization of
ZYG-9 [8] and TAC-1 (this study), this may be a limitationFigure 4. ZYG-9 Coimmunoprecipitates with TAC-1

of the microscopy of C. elegans. Indeed, the S. cerevis-Protein-A bound IgG or TAC-1 antibodies were incubated with
gravid adult worm lysate and washed, and the eluted proteins were iae XMAP215 homolog Stu2p has been observed at plus
separated via SDS-PAGE. The gel was silver stained with slight ends, both in vivo [27] and in vitro [22]. This would be
overdeveloping to show any potential interacting partners. MALDI consistent with the emerging concept that many regula-
peptide mapping identified the two prominent bands as TAC-1 (T)

tors of microtubule function may load onto spindleand ZYG-9 (Z). The positions of size standards (with their M.W. given
poles, as shown for yeast Kar9, for example [28].in kDa; New England Biolabs) are shown.

Supplemental Data
jection (see the Experimental Procedures). Alternatively, Supplemental Data including a sequence alignment of TAC-1 with

the Drosophila D-TACC domain and the human TACC-1 C terminus,variation in the sensitivity of our respective antibodies
the method for MT length measurements, quantification of �- andcould account for the differences observed.
�-tubulin levels at the centrosome, a GFP::TAC-1 movie, and Experi-In both tac-1(RNAi) and zyg-9(RNAi), the MTs are
mental Procedures are available at http://www.current-biology.

shorter during mitosis. To control for the possibility that com/cgi/content/full/13/17/1506/DC1/.
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