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Summary

The mitotic spindle, which partitions replicated  Two of the tbb-2mutations result in reduced levels of TBB-
chromosomes to daughter cells during cell division, is 2 protein, and increased levels of a second maternally
composed of microtubule assemblies ofa/B-tubulin expressedB-tubulin, TBB-1. However, levels of TBB-1 are
heterodimers. Positioning of the mitotic spindle influences not increased in atbb-2mutant with an allele that does not
the size and location of daughter cells, and can be result in reduced levels of TBB-2 protein. We conclude
important for the proper partitioning of developmental that feedback regulation influences maternalB-tubulin
determinants. We describe two semi-dominant mis-sense expression inC. elegans but cannot fully restore normal
mutations in tbb-2, one of twoC. elegans3-tubulin genes  microtubule function in the absence of onep-tubulin
that are maternally expressed and together are required for  isoform.

microtubule-dependent processes in the early embryo.

These mutations result in a posteriorly displaced and mis-

oriented mitotic spindle during the first cell division. In Movies available online

contrast, a probabletbb-2null allele is recessive, and when

homozygous results in less severe spindle positioning Key words:p-tubulin, Meiosis, Microtubules, Mitotic spindle,
defects and only partially penetrant embryonic lethality.  Polarity, Asymmetric cell division

Introduction aided by interactions with dynein and dynactin, can be

Microtubules are dynamic polymers and are essential fdmportant for orienting the mitotic spindle (Carminati and
cellular processes including motility, transport of intracellularStearns, 1997; Gonczy et al., 1999a; Shaw et al., 1997; Skop
components and cell division. A microtubule is composed oind White, 1998). Moreover, the position of the mitotic spindle
repeating a/B-tubulin heterodimer subunits assembled intodetermines the plane of cleavage during cytokinesis and thus
linear protofilaments arranged to form a hollow tube. Orflictates the position and relative size of daughter cells after
average, thex and subunits share 40% amino-acid identity mitosis (Lyczak et al., 2002; Satterwhite and Pollard, 1992;
(Krauhs et al., 1981; Ponstingl et al., 1981), and their thre&chuyler and Pellman, 2001). Thus, the orientation of the
dimensional structures are nearly identical (Nogales et almitotic spindle relative to axes of cell polarity can influence
1998). Both subunits share domains required for dimerizatiothe partitioning of cell fate determinants to daughter cells
and subsequent polymerization into functional microtubulesduring development.
and both bind GTP. However, onf-tubulin contains an We report that irC. eleganstwo B-tubulins called TBB-1
exchangeable site in which the bound GTP is hydrolyzednd TBB-2 both assemble into spindle microtubules in early
to GDP upon microtubule polymerization. The variableembryonic cells. We characterize two semi-dominant mis-
nucleotide state of-tubulin, and the activites of MT- sense mutations ibb-2that are more deleterious in effect than
associated proteins (MAPs), account for the dynami@ probable null mutation. We also show that the steady state
instability of microtubules, enabling cells to rapidly alter theirlevels of TBB-1 are substantially elevated in two mutants with
cytoskeletal architecture in response to temporal and spatiegduced TBB-2 levels, but not intlb-2 mutant with roughly
factors (Valiron et aJ 2001). wild-type levels of mutant tubulin isoform. These data provide
The bipolar mitotic spindle is composed of microtubules thagenetic evidence confirming earlier studies suggesting that
emanate from the two centrosomes, or microtubule organizirighulin synthesis is autoregulated (reviewed by Cleveland,
centers (MTOCSs), one at each pole (Karsenti and Vernos, 2001988). Nevertheless, complete loss of TBB-2 function results
Wittmann et al 2001). It includes kinetochore microtubules, in unstable spindle positioning and, especially at higher
which attach to and aid in the separation of chromosomdsmperatures, partially penetrant embryonic lethality. We
during mitosis, and astral microtubules, which radiate in altonclude that while TBB-1 and TBB-2 are partially redundant,
directions from centrosomes and frequently contact the cedlutoregulation is not fully sufficient to compensate for loss of
cortex. Astral microtubule contact with the cortex, possiblyone isoform.
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Materials and Methods with a glass coverslip. DIC images were captured every 5 seconds
C. elegans strains, alleles and genetic analysis using a Dage MT1 VE1000 digital camera and Scion Image software,

Al strains were cultured by standard methods (Brenner, 1974). TH{d displayed at 7 frames/second. Measurements of pronuclear
Bristol Strain N2 was the standard wild-type strain used in this study'€€ting position, spindle angles and centrosome position were
The following alleles were used: LGliinc-32(e189), thb-2(or362), optained using Object Image Software. ,

tbb-2(t1623), tbb-2(gk129), dpy-17(e164), unc-93(e13GB)V him- For immunofluorescence, embryos were placed onto a polylysine-
8(e1489), him-3(el147)Deficiencies and duplications: qCipy- coated slide. The eggshell was permeablized by the freeze-crack
19(e1259) glp-1(q339 (Ill), sDf130(s2427) unc-32(e189 Ili; method (for details, see Bowerman et al., 1993). For P granule

Dp3(11: ). nDfL y 1 17(e168). SDfL21(s2 staining, the slides were fixed in methanol for 15 minutes &G-20
3n€-33(2(é1)é9r)]||' S%A:)gc(ﬁﬁ(g. 500) dpy-17(e164). s 1(s2098) Microtubule staining was detected using a monoclonalcedfiibulin

antibody (clone DMd; Sigma), diluted 1:250. For DMd anti-TBB-
2 or anti-TBB-1 double staining, DMdwas again used at 1:250, and
Identity and molecular cloning of tbb-2 mixed and incubated at the same time as rabbit anti-TBB-2 or rabbit

or362 was identified in a screen for temperature sensitive embryoni@nti-TBB-1, which was diluted 1:100. Anti-TBB-1 single staining was
lethal mutants (Encalada et,&000). The average brood size is 246 atalso used at a concentration of 1:100. Fluorescently tagged secondary
15°C and 55 at 25°C (five broods scored at each temperature). To tagtibodies were used at 1:200 dilutions: FITC-conjugated goat anti-
for paternal contributiorpr362 hermaphrodites were mated with wild- mouse or anti-rabbit (Jackson ImmunoResearch Laboratories) and
type males at room temperature, which is still completely restrictive fofnodamine-conjugated goat anti-mouse (Molecular Probes). DNA was
this allele. Embryos from three worms that laid at least 150 embrydgbeled with 0.21M TOTO3 (Molecular Probes).

each were analyzed; 0/841 embryos hatched. Hermaphrodites of strain

dpy-17(el16%0r362+ were shifted as L4s to the restrictive temperatur .

of 25°C and allowed to lay embryos. 82% (300/364) of these embryod/estern blotting _ _ _
hatched. Of those that survived, 19% (56/300) were Dpy, suggesting thEwo independent rabbit polyclonal antisera were generated against a
essential zygotic requirements during embryogenesis do not account Rptide of the sequence EPLDEFAGEGI|C added], which corresponds
the roughly 20% embryonic lethality fromn362/+ hermaphrodites. The t0_the unique 10 amino acid peptide within the C terminus of
t1623allele failed to complemenir362and was previously identified TBB-1, and subsequently affinity purified (Quality Controlled

in a screen for embryonic lethal non-conditional alleles on LGliIBiochemicals). To examine TBB-1 and TBB-2 levels in the non-
(Génczy et al., 1999b). Liker362, t1623shows partial dominance, as conditionaltbb-2(t1623)mutants, which are not homozygous viable,
75% of embryos fronunc-32(e189) thb-2(t1623)/qqtipy-19(e1259) 75 gravid adult homozygous mutant or wild-type worms were snap
glp-1(g339) (I1l); him-3(e1147) (IV) heterozygous mothers hatch frozen in 1511 M9 and then lysed by adding 16 2x sample buffer
(176/232). Of the survivors, 54/176 (30%) were Unc, again suggestig25 mM Tris, pH 6.8, 6% SFS wt/vol, 10@mercaptoethanol

that zygotic requirements during embryogenesis are not responsible ##!/vol, 20% glycerol vol/vol) followed by incubation at T@for 10

the observed levels of lethality. The lethality observed t##23is not ~ Minutes. The samples were then loaded and run out on a 14% SDS-
rescued paternally, as only 2/774 embryos hatched when wild-type malAGE acrylamide gel and subsequently transferred to a Hybond ECL
were crossed into homozygauwsc-32(e189) thb-2(t162&)otherstbb-  Nitrocellulose membrane (Amersham Pharmacia Biotech). TBB-2
2(gk129)was outcrossed twice and is homozygous viable at b6t 15 immunoblots were probed using rabbit anti-TBB-2 (kindly provided
and 23C (see Results). The average brood sizegkd29from five ~ by C. Lu and P. Mains, U. Calgary) (1:3000) overnighta,4and
worms is 290 at 15°C, and 117 at 25°C. §k&29allele was provided —Subsequently with mouse anti-actin (1:10,000; ICN clone C4) as a
by theC. elegansReverse Genetics Core Facility at the University of!0ading control for 3-4 hours at room temperature. TBB-1
British Columbia. Thegk129allele was sequenced at tBe elegans immunoblots were probed using rabbit anti-TBB-1 (1:2500) overnight
Reverse Genetics Core Facility at UBC and shown to contain a 766 i 4C, and subsequently with mouse anti-actin (1:5000; ICN clone

deletion. The breakpoints of the deletion are at sites 29296 and 30069) as a loading control for 3-4 hours at room temperature. Blots were
of C36ES8.5. detected using an HRP-conjugated secondary antibody (1:5000;

We mappedor362 between —4.66 and —4.13 map units onAmersham Life Sciences). To examine TBB-1 and TBB-2 levels in

chromosome 3, using the deficiency nDf15 and a single nucleotid8€ homozygous viablebb-2(0r362) and tbb-2(gk129) mutants,
polymorphism located at position 9408 on the cosmid C30D11embryonic extracts were prepared. For each strain, 10,000
respectively. To confirm the identity ofr362 and t1623, we  homozygous mutant or wild-type L1 larvae were plated onto twenty
sequenced C36E8.5 (GenBank accession number CE00913) }& ¢m egg-supplemented NGM agar plates with OP50 and incubated
homozygous mutants. DNA fragments of 700-800 bp, overlappingt 15C until they reached the gravid adult stage. For df62
roughly 100 bp, were amplified from genomic DNA using PCR.temperature shifted sample, L4 animals were shifted 16 Péior to
Bands were excised from agarose gels and purified with GeneCle@arvesting gravid adults. Worms were collected in M9 buffer and
Il (Bio 101) and cloned into pGEM-T vector (Promega). Sequencingreated with hypochlorite solution to obtain embryos, which were
was done at the University of Oregon DNA Sequencing Facility, usingtored at —8TC until lysates were made. Extracts were prepared by
an ABI 377 Prism automated fluorescent sequencer. Clones from tv@lding two volumes of breaking buffer (50 mM Hepes pH 7.4, 150
independent PCR reactions for each allele were sequenced aftM NaCl, 2 mM EDTA). Complete protease inhibitor tablets (Roche)
compared with sequences frolim-2(€1309 animals for or362, were included according to the manufacturer’s instructions. One
and from unc-32(e189)for 11623 the parental strains used for volume of 0.5 mm glass beads were added and the samples were
mutagenesis. Both alleles were sequenced 1187 base pairthé  homogenized for three cycles of 1 minute each (with ice incubation
start ATG, and 1163 base pairst@ the putative stop codon. Codon between cycles) in a Mini-Bead-Beater-8 (BioSpec Products, Inc.).
141 oftbb-2(0r362)is mutated from GGA to GAA resulting in a G Crude lysates were centrifuged in a microfuge at 290or 10

to E substitution. Codon 313 tifb-2(t1623)is mutated from GTG to Minutes at 4C to yield a low speed sup fraction. Bradford protein
ATG resulting in a V to M substitution. assays were performed and (20 total protein was loaded per lane

on an SDS-PAGE minigel. Western blotting was performed following
) ) standard procedures. TBST buffer and 6% dry milk was used to block
Microscopy and immunofluorescence the blot. The blot was probed multiple times after being stripped as
For time-lapse digital microscopy, gravid hermaphrodites werdollows: the membrane was incubated in 2% SDS, 100 @M
dissected and their embryos placed on a 3% agarose pad and overlaiercaptoethanol, 62.5 mM Tris-HCI pH 6.8 for 30 minutes 4€70
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Elevated levels of TBB-1 itbb-2 (gk129)andtbb-2 (or362)were A < ¢&o‘> S &bo“ &
determined using Image J software (National Institutes of Health). O g & & »°

Q2R & & Q

& & ¥ S &

RNA interference ord62 1023
To maketbb-1 dsRNA, PCR was used to amplify a genomic region G—E V—owm
corresponding to the uniqué BTR of tbb-1. Primers used were as
follows: f-gag aca tac gag tct gag ¢ and r-tgc ttc aag tcc ata gct
Bands were excised from agarose gels and purified with GeneCle B
Il (Bio 101) and cloned into pGEM-T vector (Promega). PCR with — = N ™
T7 and SP6+ was then used to amplify the inserts. dsRNA we " :
synthesized using T7 RNA polymerase (Promega), and purified t J gk129 1

phenol/chloroform extraction and ethanol precipitation. Double-

stranded RNA was microinjected into the syncytial gonad of youngrig. 1. Structure and homology &. elegang3-tubulin. (A) -

rrf-3 hermaphrodites by standard methods (Fire et al., 1998; Simméubulin domains indicated as described by savage et al. (Savage et al.,

et al., 2002). Embryos from injected animals were observed994).0r362is a glycine to glutamic acid substitution in a GTP-

approximately 24 hours postinjection. binding domain, while¢1623is a valine to methionine substitution in
an assembly domain. (B) The exon/intron structutblef2and
approximate location of the deletigk129

Online supplemental material

Videos 1-4 correspond to Fig. 2A, and show events associated with

the first mitotic division irC. elegansEach video begins shortly after

fertilization, with anterior to the left, and posterior to the right. Video(Gremke, 1987). We sequenced thb-2 open reading frame

1is of a wild-type embryo, video 2 is oftzb-2(0r369 embryo, video  in genomic DNA fromor362 and t1623 mutants and found

3 is of atbb-2(t1623)embryo, and video 4 is of t#b-2(gk129)  mis-sense lesions in a GTP-binding domain and in an assembly

embryo. domain, respectively (Fig. 1A; see Materials and Methods).
Further confirming the gene identity, TBB-2 protein levels are
Results reduced inr362 mutant embryos (see below).

tbb-2 encodes an embryonic isoform of the microtubule
subunit B-tubulin Semi-dominant mutations in tbb-2 disrupt meiotic and

To identify genes required for mitotic spindle orientatiocin ~ Mitotic spindle function in the early C. elegans embryo
elegans embryos, we screened chemically mutagenizedo characterize the defects tbb-2 mutant embryos, we
populations of nematodes for temperature-sensitivecompared the first embryonic cell division in mutant and wild-
embryonic-lethal mutants with abnormal spindle positioning irtype embryos. Following fertilization and the completion of
early embryonic cells. We identified a total of sixteen mutantsneiosis in a wild-type one-cell zygote, the maternal pronucleus
with defects in positioning of the first mitotic spindle. Ten havemigrates towards the posterior pole to meet the paternal
mutations in genes previously identified (data not shown)ronucleus (Fig. 2A). Before and during pronuclear migration,
including dnc-1 (Skop and White, 1998)nel-26 (Dow and the sperm pronucleus-associated centrosomes nucleate
Mains, 1998)zyg-8(Gonczy et al., 2001) armyg-9(Matthews  microtubules that assemble into a mitotic spindle. After the two
et al., 1998). One mutarar362, did not map near any genes pronuclei meet, they move in association with the two
known to be required for spindle positioning. The362  centrosomal asters towards the center of the embryo. During
mutation is partially conditional: at 16, 52% of the embryos this process of centration, prior to nuclear envelope breakdown,
from homozygousor362 hermaphrodites hatchea=<716), the centrosome/pronuclear complex rotates approximatély 90
whereas at 2% none of the embryos hatchen=752; see This rotation serves to align the mitotic spindle along the
Table 1). Genetic map data place62 on chromosome 3, anterior-posterior axis of the embryo. During anaphase, an
which includest1623 a previously described mutation in anterior-posterior asymmetry in forces that pull on astral MTs
an unidentified locus that also causes defects in spindk the cell cortex displaces the spindle towards the posterior
positioning (Godnczy et al., 1999b). Thw362 and t1623 pole (Grill et al., 2001). Pronuclear migration, meiotic and
mutations failed to complement each other in genetic crosseasijtotic spindle assembly and spindle positioning all require
suggesting they are two mutant alleles of the same gene (datécrotubules (Albertson, 1984; Hyman and White, 1987).

not shown). Whileor362is partially conditional (see above),
t1623is much less conditional: 9% &f623 mutant embryos
produced at 1% hatched r{=492), while none produced at
25°C hatched r{=228; see Table 1). Furthermom@362 and
tl623are semi-dominant mutations, as heterozyguG62/+
hermaphrodites produced 82%=@64) hatching embryos, and
t1623+ hermaphrodites produced 75%=@32) hatching

In embryos produced by homozygdhb-2 hermaphrodites,
which were upshifted from the permissive temperature of 15°C
to the restrictive temperature of Z5as L4 larvae (hereafter
referred to agbb-2 mutant embryos), we observed defects
in meiosis, pronuclear migration and rotation of the
centrosome/pronuclear complex (Fig. 2A,B; see also Movies
1-4, http://jcs.biologists.org/supplemental/). Pronuclei met

embryos at the restrictive temperature (Table 1; see Materigtsior to nuclear envelope breakdown (NEB) in 52%0k#62

and Methods).

We mappear362to an interval that includes the predicted
gene C36E8.5 (see Materials and Methods), previousl
identified by sequence asfatubulin gene and nameb-2

mutant embryosn=23), and in 90% ofl623mutant embryos
(n=10). In contrast to the apparently weaker defect in
pronuclear migration,t1623 mutant embryos are more
defective in meiosis, as inferred from the presence of multiple
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maternal pronuclei in 7/9 embryos (Fig. 2A). We observed &1=9) in wild-type embryos (Fig. 2C). Owing to these defects
meiosis defect in only 1/58r362 mutant embryos produced in both centration and rotation thb-2 mutant embryos, the
at the restrictive temperature. midpoint between the two transversely oriented mitotic spindle
Regardless of whether the pronuclei meabim2(or362)and  poles was positioned on average at approximately 75% egg
tbb-2(t1623)mutant embryos, the centrosomes associated witlength, compared to about 57% egg length in wild type (Fig.
the sperm pronucleus always assembled a bipolar mitot2D).
spindle (Fig. 2A). The centrosome/pronuclear complex failed If the first mitotic spindle remained transversely oriented in
to centrate in thegbb-2mutants, resulting in nuclear envelope tbb-2mutant embryos, an ectopic cleavage furrow bisected the
breakdown occurring on average 73.1% egg lengtlorf®82  spindle from the posterior pole, and a second circumferential
embryos, and 70.5% egg lengthtl%23 as compared to 52% furrow appeared near the anterior pole. These abnormal
in wild-type embryos (Fig. 2B). Additionally, rotation of the furrows usually resolved to produce two daughter cells, in
centrosome/pronuclear complex was defective. On average, tthé/17 ofor362 and 5/6t1623 mutant embryos. In 3/1@r362
centrosome/pronuclear complex rotated 1n&23) inor362, and 1/6t1623mutant embryos a third, anucleate cytoplast was
and 19.4 (n=10) int1623mutant embryos, compared to 86.8 produced.

A deletion mutation is less deleterious than
A pr;‘i’;‘r“;'izﬁr p;ﬂ;‘:ﬁ:f;r rotation  anaphase  cytokinesis g semi-dominant mis-sense mutations in
thb-2
Although thetbb-2mis-sense mutatiorg362and
t1623 implicate TBB-2 in MT-dependent
processes, these semi-dominant mutations
probably do not eliminate TBB-2 function and may
result in abnormal function. To further address
the requirements for TBB-2, we obtained two
deletion alleles,tbb-2(gk129)and tbb-2(gk130),
from the International C. elegans Gene
Knockout Consortium (http://elegans.bcgsc.bc.ca/
knockout.shtml). Thgk129deletion removes 766
base pairs of genomic sequence that begins 328
base pairs '5to the presumedbb-2 translational
start site and removes approximately 37% of the
B wild-type or362 1623 gk129 coding sequences, whereas thkl130 deletion
removes 453 base pairs of genomic sequence and

Fig. 2. Microtubule-dependent processes are defective

in tbb-2mutant embryos. (A) Nomarski differential

interference contrast (DIC) micrographs of wild-type

embryos beginning after the completion of meiosis |l

percent egg length and ending during the first cytokinesis. In all panels in

this and other figures, anterior is to the left and posterior
to the right. m, maternal pronucleus; p, paternal

C wild-type 0or362 t1623 gk129 pronucleus. Arrowheads mark positioning of the .
centrosomes during centrosome/pronuclear rotation

and during anaphase (Movies1-4, http://
jcs.biologists.org/supplemental). (B) Centration in wild-
type andbb-2mutant embryos. Each X represents the
position along the long axis of the midpoint between the

Average Fofation  Average Romation  Average Romation _ Average Romtion two centrosomes of the centrosome/pronuclear. cqmplex
86.8 degrees (n=9) 15,6 degrees (n=23) 19.4 degmsm_m, sznagmstn_m at nuclear envelope breakdown. If the pronuclei did not
meet, the measurement was taken during nuclear
envelope breakdown of the centrosome/paternal
gk129 pronuclear complex. (C) Extent qf centrosom_e/
pronuclear complex rotation in wild type anctlii-2
H mutants, showing the angle of the mitotic spindle
-* relative to the long axis just after nuclear envelope
H breakdown. (D) Anaphase spindle position in wild-type
T and intbb-2mutant embryos. Each bar represents the
63.2% i spindle position roughly 2 minutes after nuclear
(n=11) envelope breakdown in one embryo. Percentage of
embryo length indicates the average spindle position
percent egg length relative to the anterior pole of the embryo.

wild-type or362
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Table 1. Thermal sensitivity oftbb-2alleles Although early steps in spindle assembly and positioning
appeared roughly normal in one-cell stagel29 mutant
embryos, the first mitotic spindle was displaced laterally

Percent hatching

Maternal genotype 157c 2 late in mitosis in 15/17 embryos (Fig. 2A,C; see also Movies
:Bgzgggg’gg 53 833 8((52523)) 1-4,  http:/ljcs.biologists.org/supplemental/). The lateral
tbb-2(gk129) 76 (457) 21 (528) displacements we observed were highly dynamic, with the
tbb-2(0r362)+ _ 82 (364) spindle moving back and forth multiple times while remaining
tbb-2(t1623}+ - 75 (232) roughly aligned with the anterior-posterior (AP) axis (Fig. 2A).
thb-2(gk129h+ - 100 (175) Moreover, the spindle frequently moved further than normal

towards the posterior pole (Fig. 2C). Thus, a deletion that may
fully eliminate tbb-2 function results in a partially penetrant
10% of the coding sequences. (Fig. 1B; see Materials arahd conditional embryonic lethality, with defects at the one-
Methods). Becausgk129is a larger deletion, we chose this cell stage substantially less severe than those caused by the
allele for further analysis. semi-dominanbr362 andt1623mis-sense mutations.
In contrast to the fully penetrant embryonic lethality
observed when homozygows362 and homozygous$1623
hermaphrodites were raised at the restrictive temperature &ff B-2 protein levels are reduced in thb-2(0r362) but not
25°C following upshift from the permissive temperature, weh thb-2(t1623) mutants
found that homozygoubb-2(gk129andtbb-2(gk130mutant  To further investigatébb-2 we obtained polyclonal antibodies
strains are homozygous viable. While not absolutely essentidhat specifically recognize a C-terminal TBB-2 peptide that is
only 76% (=457) of gk129 mutant embryos produced at unique amongC. elegang3-tubulins (a gift from C. Lu and P.
15°C, and 21%1{=528) produced at 2& hatched. Thutbb-  Mains; see Materials and Methods) (Lu et al., 2003). On western
2 is required for survival of most embryos produced at higtblots, these antibodies detected a single protein of the size
temperatures. Furthermore, thgk129 mutation is fully  predicted for TBB-2 in wild-type extracts (Fig. 3A,B; see
recessive, as 100%n<£175) of the embryos produced by Materials and Methods). TBB-2 levels appeared normal in
gk129/+hermaphrodites raised atZ5hatched (Table 1). extracts fromtbb-2(t1623) worms (Fig. 3B), but was not
Consistent with the partial viability tbb-2(gk129)mutants, detectable itbb-2(or362)embryonic extracts made from worms
we also observed less severe defects in microtubule-dependgndwn at either 18 or 25C, or in embryonic extracts made
processes during early embryogenesis &C25ompared to fromtbb-2(gk129mutants (Fig. 3A; see Materials and Methods).
those observed irtbb-2(or362) and tbb-2(t1623) mutant We next investigated to what degree mutant TBB-2 proteins
embryos. Meiosis appeared normal in gk129 embryos can assemble into spindle microtubules by double staining
examined 1§=17). Furthermore, rotation and centration of thefixed tbb-2 mutant embryos with rabbit antibodies that
centrosome/pronuclear complex occurred normally in 16/1¥ecognize the C terminus of TBB-2 (Lu et al., 2003), and a
embryos, while remaining transversely oriented in only 1 of 1Thouse antibody that recognizestubulin (Fig. 3C, see
(Fig. 2A,B; see QuickTime movies in Supplemental Data)Materials and Methods). During mitosis in wild-type one-cell
stage embryos, astral microtubules radiated out from both
centrosomes, contacting the cell cortex at many points, with
A < 4 B the different antibodies exhibiting full overlap in their
*QG o A @ R staining of spindle microtubules. thb-2(or362)and tbb-
& \g\q' gﬁq’ %@;L 2 6‘?:5 2(t1623) mutant embryos stained with antibodies that
& ¢ ¢ o N ) recognizea-tubulin, most astral microtubules were short
TBB-2 | . TBB-2 WD . and did not appear to contact the cortex (Fig. 3C). These
defects presumably account for the abnormalities observed
Actin S S w—— - Actin W= = in pronuclear migration and mitotic spindle positioning.
Astral microtubules appeared more normal in one-cell stage
C tbb-2(gk129mutant embryos (Fig. 3C), consistent with the

much less severe spindle positioning defects we observed
wild-type --m - in time lapse Nomarski movies (see above). TBB-2 was
or362 Fig. 3. Spindle microtubules and TBB-2 protein in wild-type and
tbb-2mutant embryos and extracts. (A) Western blot showing
TBB-2 levels relative to an actin loading control, in embryo
11623 -- =- extracts from wild-typegk129andor362animals (see Materials
and Methods)or362embryo extracts were prepared from worms
matured at permissive or restrictive temperatures. (B) Western blot
showing TBB-2 levels relative to an actin loading control in whole
(C) Indirect immunofluorescence images of wild-type totd2
mutant embryos stained with antibodies that recogmizébulin

worm extracts prepared from wild-type aié23animals.
o tubulin TBB-2 Merged (red) and TBB-2 (green); DNA was stained with TOTO (blue).

gk129
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detected at greatly reduced levels in fixetB62 mutant A . s B

embryos, was undetectable tbb-2(gk129)embryos, but ,efl° &2 r,,‘\°’ @‘f’ & o
appeared normal it1623embryos, (Fig. 3C). Thus the mutant & & 0{56 & & \«6'7’

TBB-2 proteins are incorporated into spindle microtubules it 1gg_¢ [ - s am P—
both or362 and t1623 embryos. Presumably TBB-2 was not 2 Tee-

detectable iror362 embryonic extracts on western blots (Fig. Actin S S w— = Actin |
3A) because only a small fraction of the embryonic cells ar

in mitosis when extracts are prepared (see Materials ar C wild-type or362 gk129

Methods). It is not clear why the mis-sense mutatiotbir

2(or362) results in reduced protein levels, but no additiona
changes were detected tibb-2(or362) genomic DNA after TBB-1
sequencing 1.19 kB bf the translational start site and 1.16 kb

3 of the predicted stop codon (see Materials and Methods
suggesting that the mis-sense mutation is responsible for eitt
decreased production or stability of the encoded proteir D
Nevertheless, immunostaining revealed that a very sma
amount of TBB-2 mutant protein is produced and incorporate tbb- 1_
into microtubules inor362 one-cell stage embryos. We (RNAI)
conclude that the incorporation of abnorifddaubulin subunits

contributes to the microtubule defects in one-cell stage : !

2(0r362) and tbb-2(t1623) mutant embryos. However, the iioulin L DNA
increased penetrance in embryonic lethality observent832  Fig. 4. TBB-1 is upregulated in the absence of TBB-2. (A) Western
and forgk129mutants at 25C does not correlate with changes blots showing TBB-1 levels in wild-type atioh-2embryo extracts

in TBB-2 levels (Fig. 3A), suggesting that other factors alsdhat have reduced levels of TBB-2. Actin was used as an internal

contribute to the defects in microtubule-dependent processel9ading control. (B) Western blots showing TBB-1 levels in wild-
type andbb-2 (t1623)whole worm extracts, which have wild-type

levels of TBB-2. (C) Fixed wild-type and mutant embryos stained

TBB-1 protein levels are elevated in mutants with with antibodies that recognize TBB-1 (green); DNA was stained with
reduced levels of TBB-2 TOTO (blue). (D) Indirect immunofluorescence image of a ftkbd

: 1(3' UTR RNAi)embryo stained with antibodies that recogmize
We next examined levels of TBB-1, the otf@relegans-  ypulin (red) and TBB-1 (green); DNA was stained with TOTO
tubulin expressed in earl@. elegansembryos (Baugh et al  (plue).

2003). We examined steady state TBB-1 levels in wild-type
and mutant worm extracts after generating polyclonal
antibodies, using the unique C-terminal TBB-1 peptide as ameasured by P-granule and PAR-2 localization, does not
antigen (see Materials and Methods). To document thappear to be disrupted (data not shown). In contrast, a deletion
specificity of our TBB-1 antibodies, we double stained fixecthat probably eliminates aibb-2 function results in a much
embryos with antibodies that recognize batftubulin and less severe phenotype. Intriguingly, the mis-sense mutation
TBB-1, after using R TR-specific RNA interference to silence or362 and the deletiomk129result in substantially reduced
TBB-1 germline expression (see Materials and Methods). ltevels of TBB-2, and in elevated levels of a second maternally
these embryos, TBB-1 was no longer detectable (Fig. 4D). lexpressed3-tubulin called TBB-1. However, neither TBB-1
tbb-2(gk129)and tbb-2(or362)worm extracts, TBB-1 levels nor TBB-2 levels are affected by the mis-sense mutakibn
were increased approximately threefold in comparison t@(t1623) suggesting that TBB-1 levels are upregulated in
wild-type extracts (Fig. 4A), although this increase is notesponse to decreased levels of TBB-2i862 and gk129
temperature dependent (data not shown)tlB23 extracts, mutants.
where TBB-2 levels are wild type (Fig. 3B), TBB-1 levels are
not elevated (Fig. 4B). We also stairtbt)-2(or362)andtbb-
2(gk129)with the TBB-1 antibodies and found that TBB-1 was Two partially redundant B-tubulin isoforms are
still incorporated into spindle microtubulesar862andgk129  incorporated into microtubules in early embryonic cells
mutant embryos (Fig. 4C) in C. elegans
Eukaryotic organisms have multiple genes encoding isoforms

) . of both thea- and 3-tubulin microtubule subunits (Gu et al.,
Discussion 1988; Lewis et al., 1987; Lopata and Cleveland, 1987). While
We have identified two semi-dominant mis-sense mutations igenetic studies have shown that some tubulin isotypes appear
a maternally expresse@l elegang-tubulin gene calletbb-2  to have specialized functions, others appear to be functionally
Hermaphrodites homozygous for either mutation producequivalent (Luduefia, 1998). Tl elegangenome includes
inviable mutant embryos with defects in microtubule-nine predicteda-tubulin and six predicte@-tubulin genes.
dependent processes at the one-cell stage. Defects are obsemgtle the requirements for most have not been determined, at
during meiosis, pronuclear migration, and mitotic spindldeast some appear to be specialized in function. For example,
positioning, suggesting thatbb-2 is involved in these while most microtubules inC. elegans contain 11-
processes. Although the incorporation of abnormal subunitsrotofilaments, themec-7 gene encodes a non-essenfial
affects multiple microtubule-dependent processes, polarity, agbulin required for the assembly of 15-protofilament
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microtubules involved in touch sensitivity later in developmentyeast (Burke et al 1989; Weinstein and Solomon, 1990).
(Chalfie and Thomson, 1982; Savage et al., 1989). In contraglternatively, TBB-1 upregulation irbb-2(gk129)embryos
during embryogenesis, expression studies have shown that twoght produce appropriate levels Bftubulin, with defects
a-tubulins (ba-landtba-2) and twoB-tubulins (bb-1andtbb-  resulting from specialized requirements for TBB-2 (Lu et al.,
2) are maternally expressed (Baugh et al., 2003). Our analys2903). Whatever the explanation, microtubule-dependent
shows that tbb-2 is involved in microtubule-dependent processes are substantially more sensitive to the loss or
processes of the eary. eleganembryo. disruption of TBB-2 at higher temperatures.
Becauseabb-2(or362)andtbb-2(t1623)are semi-dominant In conclusion, the. elegang3-tubulin genegbb-1andtbb-
and the mutant proteins they encode assemble int®are partially and conditionally redundant in early embryonic
microtubules, while the deletion alledfk129is recessive and cells. Both TBB-1 and TBB-2 are incorporated into
less deleterious in effect compareda862 and t1623 we  microtubules, and TBB-1 protein is upregulated in response to
conclude that the cell division defects caused by the semilecreased TBB-2. However, this feedback regulation is not
dominant mis-sense mutations are, at least partly, the result ifficient to fully restore microtubule function when ofe
mutant subunit incorporation altering microtubule dynamics otubulin isoform is absent. We suggest that such feedback
stability. Destabilization of MTs by nocodazole treatmentregulation is important for less drastic alterations in the levels
(Hyman and White, 1987) and by mutations in genes thaif tubulin isoforms.
influence MT stability (Mains et al., 1990; Matthews et al.,
1998; Srayko et al., 2000), have been shown to result in aWe thank C. Lu and P. Mains for kindly providing antibodies to
similar mutant phenotype in eay. eleganembryos. Irtbb- TBB-2 and for s.harlng data.prlor to pupllcgtlon, A. Wright and C.
2(t1623) mutant embryos, the mutant TBB-2 is present aﬁunter for sharing data prior to publication. We also thank K.
roughly wild-type levels, more of the mutant protein is emphues and S. Strome for kindly providing PAR-2 and P-granule

. : . antibodies, respectively, and tiliz elegansReverse Genetics Core
incorporated into microtubules compared tab-2(or362) Facility at the University of British Columbia, funded by the Canadian

mutants, and1623 is slightly more dominant thaor362  |qsitute for Health Research, Genome Canada and Genome BC, for
Moreover, greater incorporation of abnorm@Htubulin providing thetbb-2 deletion allelegk129 We thank A. Severson, E.
subunits may account for the higher penetrance of meiotiGomes, P. Gonczy, G. Crump, D. Hamill, A. Wright and P. Mains for
defects in homozygoud 623 embryos. However, pronuclear the critical reading of the manuscript and helpful comments. This
migration defects are more penetrant or362 embryos, work was supported by an IGERT training grant from the National
suggesting that the lesionan362may be more deleterious in Science Foundation (G.E.), an NIH Genetics Training Grant (J.P.) and
effect than the lesion itl623 given that much less of the research grant GM49869 from the NIH (B.B.).

or362 mutant protein appears to be present and incorporated

into microtubules. Because the increased penetrance MWatarences

embryonlc I.etha“ty observed tbb-2(or362)andtbb-2(gk129) Albertson, D. G.(1984). Formation of the first cleavage spindle in nematode
mutants shifted to 2& does not appear to result from changes empryosDev. Biol.101, 61-72.

in TBB-2 levels, microtubules may be more sensitive at highesaugh, L. R., Hill, A. A., Slonim, D. K., Brown, E. L. and Hunter, C. P.

temperatures to the incorporation of abnormal subunits or loss(2003). Composition and dynamics of the Caenorhabditis elegans early
of an isoform. embryonic transcriptoméevelopmeni30, 889-900. _
Ben-Ze'ev, A., Farmer, S. R. and Penman, §1979). Mechanisms of
regulating tubulin synthesis in cultured mammalian c€lidl 17, 319-325.
Bowerman, B., Draper, B. W., Mello, C. C. and Priess, J. R1993). The
Autoregulation of tubulin synthesis is not fully sufficient maternal gene skn-1 encodes a protein that is distributed unequally in early
to restore normal microtubule function when one of two C. elegans embryo€ell 74, 443-452. 3 ,
embryonic isoforms is absent Brgzner, S.(1974). The genetics of Caenorhabditis eleg&enetics/7, 71-
Studies in mammalian cell culture have shown that tubuliBurke, D., Gasdaska, P. and Hartwell, L(1989). Dominant effects of tubulin
translation responds to altered levels of un-polymerized tubulin overexpression in Saccharomyces cerevisitg. Cell. Biol.9, 1049-1059.
subunits (Ben-Ze’ev et al., 1979:; Cleveland et al., 1981(;:arminati, J. L. and Stearns, T.(1997). Microtubules orient the mitotic

- : : spindle in yeast through dynein-dependent interactions with the cell cortex.
Pachter et al., 1987). This autoregulation involves changesi"~ Biol. 138 629-641.

in mRNA stability that occur during tubulin translation chaie, M. and Thomson, J. N.(1982). Structural and functional diversity
(Cleveland, 1988), and our data confirm in vivo that tubulin in the neuronal microtubules of Caenorhabditis eleghr@ell Biol.93, 15-
isoforms are subject to feedback regulation. Although TBB-1 23.

_ ; _1 i&leveland, D. W.(1988). Autoregulated instability of tubulin mMRNAs: a novel
and TBB-2 appear to be partlally redundant, and TBB-1 Ié: eukaryotic regulatory mechanisffrends Biochem. Scl3, 339-343.

upregulated n _bOthbb'2(0r362) and tbb-2(gk129)mut_ants, Cleveland, D. W., Lopata, M. A., Sherline, P. and Kirschner, M. W(1981).

this autoregulation does not appear to fully restore microtubule unpolymerized tubulin modulates the level of tubulin mRNBll 25, 537-

function. The upregulation does not restore normal function as546.

effectlvely |ntbb_2(or362)mutant5, apparently because of theDOW, M. R. and Malns, P. E(1998) Genetic and molecul'ar.Charact.erization

incorporation of the abnormadr362 mutant subunits into ofthe_Caenorh_ab_dltls ele_gans gene, meI—26,apost_me|ot|c negative regulator
. . . of mei-1, a meiotic-specific spindle componéaéneticsl50, 119-128.

microtubules. Thegk129allele is probably null, with TBB-1  Egncalada, S. E., Martin, P. R., Phillips, J. B., Lyczak, R., Hamill, D. R.,

upregulation largely but not entirely compensating for the 10Ss Swan, K. A. and Bowerman, B(2000). DNA replication defects delay cell

of TBB-2 protein. This insufficiency of feedback regulation to division de disrupt cell polarity in early Caenorhabditis elegans embryos.

; ; Dev. Biol.228 225-238.

fu”y restore norr_nal mlcrthbL.“e function CQUId be. due tOFire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E. and Mello,

f_eedbaCk regulation feSU't'ng_ in the prOdUCt'On of either too C. C. (1998). Potent and specific genetic interference by double-stranded

little or too much TBB-1 intbb-2(gk129) mutants. For RNA in Caenorhabditis elegarisature391, 806-811.

example, overexpression Bftubulin can be lethal in budding Goénczy, P., Pichler, S., Kirkham, M. and Hyman, A. A.(1999a).



464  Journal of Cell Science 117 (3)

Cytoplasmic dynein is required for distinct aspects of MTOC positioning, W. B. (1990). Mutations affecting the meiotic and mitotic divisions of the

including centrosome separation, in the one cell stage Caenorhabditisearly Caenorhabditis elegans embr@@neticsl26, 593-605.

elegans embryal. Cell Biol.147, 135-150. Matthews, L. R., Carter, P., Thierry-Mieg, D. and Kemphues, K.(1998).
Gonczy, P., Schnabel, H., Kaletta, T., Amores, A. D., Hyman, T. and ZYG-9, a Caenorhabditis elegans protein required for microtubule

Schnabel, R.(1999b). Dissection of cell division processes in the one cell organization and function, is a component of meiotic and mitotic spindle

stage Caenorhabditis elegans embryo by mutational analysiell Biol. poles.J. Cell Biol.141, 1159-1168.
144, 927-946. Nogales, E., Wolf, S. G. and Downing, K. H1998). Structure of the alpha
Gonczy, P., Bellanger, J. M., Kirkham, M., Pozniakowski, A., Baumer, K., beta tubulin dimer by electron crystallograpNgture 391, 199-203.

Phillips, J. B. and Hyman, A. A.(2001). zyg-8, a gene required for spindle Pachter, J. S., Yen, T. J. and Cleveland, D. W1987). Autoregulation of
positioning in C. elegans, encodes a doublecortin-related kinase thattubulin expression is achieved through specific degradation of polysomal
promotes microtubule assembev. Celll, 363-375. tubulin mRNAs.Cell 51, 283-292.

Gremke, L. C.(1987).Cloning and Molecular Characterization of the tubulin Ponstingl, H., Krauhs, E., Little, M. and Kempf, T.(1981). Complete amino
Genes of Caenorhabditis elegans: Nucleotide Sequence Aanalysis of a Betaacid sequence of alpha-tubulin from porcine br&mc. Natl. Acad. Sci.
Tubulin GenePh.D. thesis. Northwestern University, Evanston, lllinois. pp. USA78, 2757-2761.

1w Satterwhite, L. L. and Pollard, T. D. (1992). CytokinesisCurr. Opin. Cell
Grill, S. W., Gonczy, P., Stelzer, E. H. and Hyman, A. A(2001). Polarity Biol. 4, 43-52.

controls forces governing asymmetric spindle positioning in theSavage, C., Hamelin, M., Culotti, J. G., Coulson, A., Albertson, D. G. and

Caenorhabditis elegans embrjature 409, 630-633. Chalfie, M. (1989). mec-7 is a beta-tubulin gene required for the production

Gu, W, Lewis, S. A. and Cowan, N. J(1988). Generation of antisera that  of 15-protofilament microtubules in Caenorhabditis eleg@esnes DeV3,
discriminate among mammalian alpha-tubulins: introduction of specialized 870-881.
isotypes into cultured cells results in their coassembly without disruption oavage, C., Xue, Y., Mitani, S., Hall, D., Zakhary, R. and Chalfie, M.

normal microtubule functionl. Cell Biol.106, 2011-2022. (1994). Mutations in the Caenorhabditis elegans beta-tubulin gene mec-7:
Hyman, A. A. and White, J. G.(1987). Determination of cell division axes effects on microtubule assembly and stability and on tubulin autoregulation.

in the early embryogenesis of Caenorhabditis eleghn€ell Biol. 105 J. Cell Sci.107, 2165-2175.

2123-2135. Schuyler, S. C. and Pellman, D(2001). Search, capture and signal: games
Karsenti, E. and Vernos, 1.(2001). The mitotic spindle: a self-made machine.  microtubules and centrosomes playCell Sci.114, 247-255.

Science294, 543-547. Shaw, S. L., Yeh, E., Maddox, P., Salmon, E. D. and Bloom, K1997).
Krauhs, E., Little, M., Kempf, T., Hofer-Warbinek, R., Ade, W. and Astral microtubule dynamics in yeast: a microtubule-based searching
Ponstingl, H. (1981). Complete amino acid sequence of beta-tubulin from mechanism for spindle orientation and nuclear migration into the Jbud.

porcine brainProc. Natl. Acad. Sci. USR8, 4156-4160. Cell Biol. 139 985-994.

Lewis, S. A.,, Gu, W. and Cowan, N. J(1987). Free intermingling of Simmer, F.,, Tijsterman, M., Parrish, S., Koushika, S. P., Nonet, M. L., Fire,
mammalian beta-tubulin isotypes among functionally distinct microtubules. A., Ahringer, J. and Plasterk, R. H.(2002). Loss of the putative RNA-
Cell 49, 539-548. directed RNA polymerase RRF-3 makes C. elegans hypersensitive to RNAI.

Lopata, M. A. and Cleveland, D. W.(1987). In vivo microtubules are Curr. Biol. 12, 1317-1319.
copolymers of available beta-tubulin isotypes: localization of each of sixSkop, A. R. and White, J. G.(1998). The dynactin complex is required for
vertebrate beta-tubulin isotypes using polyclonal antibodies elicited by cleavage plane specification in early Caenorhabditis elegans entbuoyos.
synthetic peptide antigens. Cell Biol.105 1707-1720. Biol. 8, 1110-1116.

Lu, C., Srayko, M. and Mains P. E.(2003). TheC. elegansmicrotubule Srayko, M., Buster, D. W., Bazirgan, O. A., McNally, F. J. and Mains, P.
severing complex mei-1/mei-2 katanin interacts differently with two E. (2000). MEI-1/MEI-2 katanin-like microtubule severing activity is

superficially redundant {beta}-tubulin isotype®lol. Biol. Cell Oct 17 required for Caenorhabditis elegans meidSisnes Devl4, 1072-1084.

[Epub ahead of print]. Valiron, O., Caudron, N. and Job, D.(2001). Microtubule dynamic<ell
Luduefa, R. F.(1998). Multiple forms of tubulin: different gene products and  Mol. Life Sci.58, 2069-2084.

covalent modificationdnt. Rev. Cytol178 207-275. Weinstein, B. and Solomon, F1990). Phenotypic consequences of tubulin
Lyczak, R., Gomes, J. E. and Bowerman, B2002). Heads or tails: cell overproduction in Saccharomyces cerevisiae: differences between alpha-

polarity and axis formation in the early Caenorhabditis elegans enfleyo. tubulin and beta-tubulirMol. Cell. Biol. 10, 5295-5304.

Cell 3, 157-166. Wittmann, T., Hyman, A. and Desai, A.(2001). The spindle: a dynamic

Mains, P. E., Kemphues, K. J., Sprunger, S. A., Sulston, I. A. and Wood, assembly of microtubules and motax&t. Cell Biol.3, E28-34.



