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Abstract

g-Tubulin regulates the nucleation of microtubules, but knowledge of its functions in vivo is still fragmentary. Here, we report the

identification of two closely related g-tubulin isoforms, TUBG1 and TUBG2, in mice, and the generation of TUBG1- and TUBG2-deficient

mice. TUBG1 was expressed ubiquitously, whereas TUBG2 was primarily detected in the brain. The development of TUBG1-deficient

(Tubg1�/�) embryos stopped at the morula/blastocyst stages due to a characteristic mitotic arrest: the mitotic spindle was highly

disorganized, and disorganized spindles showed one or two pole-like foci of bundled MTs that were surrounded by condensed chromosomes.

TUBG2 was expressed in blastocysts, but could not rescue the TUBG1 deficiency. By contrast, TUBG2-deficient (Tubg2�/�) mice were

born, grew, and intercrossed normally. In the brain of wild-type mice, TUBG2 was expressed in approximately the same amount as TUBG1,

but no histological abnormalities were found in the Tubg2�/� brain. These findings indicated that TUBG1 and TUBG2 are not functionally

equivalent in vivo, that TUBG1 corresponds to conventional g-tubulin, and that TUBG2 may have some unidentified function in the brain.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

g-Tubulin was initially identified as a suppressor of a h-
tubulin mutation in Aspergillus nidulans (Oakley and

Oakley, 1989) and is now categorized as a member of the

tubulin superfamily (for reviews, see Burns, 1995; Joshi,

1994; Oakley, 2000; Oakley and Akkari, 1999). Evidence

accumulated from a variety of genetic and biochemical

experiments has shown that g-tubulin plays a central role in

the nucleation of microtubules (MTs) (Oakley et al., 1990;

Stearns and Kirschner, 1994; Zheng et al., 1991; for

reviews, see Moritz and Agard, 2001; Oakley, 2000;

Schiebel, 2000). This g-tubulin-based MT nucleation

system has been found in various species of animals and

plants (reviewed in Gunawardane et al., 2000a; Oakley and
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Akkari, 1999). In Drosophila and Xenopus, g-tubulin forms

a huge macromolecular complex, a characteristic ring

structure ¨25 nm in diameter, which is called the g-tubulin

ring complex (gTuRC), together with various g-tubulin ring

proteins (Gunawardane et al., 2000b; Moritz et al., 1995,

1998; Oegema et al., 1999; Zheng et al., 1995; reviewed in

Gunawardane et al., 2000a; Job et al., 2003; Moritz and

Agard, 2001; Schiebel, 2000; Wiese and Zheng, 1999).

Within the cell, g-tubulin is concentrated at centrosomes as

gTuRC, but it is also distributed in the cytoplasm as a

soluble pool (Daunderer and Graf, 2002; Moudjou et al.,

1996). The centrosome is the primary site where the MT

nucleation occurs, and centrosomal gTuRC is thought to be

responsible for this nucleation process as well as the

anchoring of MT minus ends to centrioles (Dictenberg et

al., 1998; Doxsey et al., 1994; Joshi, 1994; Mogensen et al.,

2000; Moritz et al., 1998; Schnackenberg et al., 1998;

Takahashi et al., 2002; Vogel et al., 1997; Wu and Palazzo,

1999; Zheng et al., 1995; Zimmerman et al., 2004). The

function of the cytoplasmic g-tubulin remains unclear, but
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one possibility is that this cytoplasmic g-tubulin caps MT

minus ends to modify their dynamics (Wiese and Zheng,

2000).

Interestingly, in various evolutionarily diverse organisms

such as Arabidopsis thaliana (Liu et al., 1994), Zea mays

(Lopez et al., 1995), Physarum polycephalum (Lajoie-

Mazenc et al., 1996), Euplotes crassus (Tan and Heckmann,

1998), Paramecium tetraurelia (Ruiz et al., 1999), Droso-

phila melanogaster (Wilson et al., 1997), and humans (Wise

et al., 2000), two (or three) isoforms were identified for g-

tubulin. However, neither their phylogenetic evolution nor

the isoform-specific expression/function has been well

characterized. In Drosophila, however, the isoform-specific

expression of g-tubulin has been examined especially

during gametogenesis and development. One isoform was

located in chromosome region 37C and its expression was

restricted to ovaries and precellular embryos. By contrast,

the other isoform was located at 23C and was expressed in

somatic tissues and testes (Tavosanis et al., 1997; Wilson et

al., 1997). Among vertebrates, only in humans has the

existence of two closely related g-tubulin genes, TUBG1

and TUBG2, been reported (Wise et al., 2000).

Phenotypic changes associated with the suppression of g-

tubulin expression have been examined in A. nidulans,

Saccharomyces pombe, Saccharomyces cerevisiae, Caeno-

rhabditis elegans, and D. melanogaster (Hannak et al.,

2002; Horio et al., 1991; Marschall et al., 1996; Oakley et

al., 1990; Spang et al., 1996; Sobel and Snyder, 1995;

Stearns et al., 1991; Strome et al., 2001; Sunkel et al., 1995;

Tavosanis et al., 1997; Wilson and Borisy, 1998), but

knowledge of the in vivo functions of g-tubulin in

vertebrates is still lacking. Furthermore, the physiological

relevance of the existence of two g-tubulin isoforms is far

from understood. As a first step to addressing these issues,

in this study, we identified mouse orthologs of TUBG1 and

TUBG2, and generated mice lacking the ability to express

TUBG1 or TUBG2. We report here the phenotypes of these

mice and discuss the in vivo functions of g-tubulin isoforms

in mice.
Materials and methods

Antibodies and cells

Rabbit anti-g-tubulin pAb, mouse anti-g-tubulin mAb

(GTU-88), mouse anti-a-tubulin mAb (DM1A), Cy3-con-

jugated mouse anti-h-tubulin mAb (TUB2.1), and FITC-

conjugated mouse anti-a-tubulin mAb (FITC-DM1A) were

purchased from Sigma. Mouse anti-pericentrin mAb (BD-

611814) and mouse anti-FLAG tag mAb were purchased

from BD Biosciences (Franklin Lakes, NJ) and Stratagene

(La Jolla, CA), respectively.

Mouse Eph4 epithelial cells were cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% fetal calf

serum.
Cloning of mouse TUBG1 and TUBG2 cDNAs and

transfection

A 424-bp fragment corresponding to nucleotides 881–

1304 of human TUBG1 (Zheng et al., 1991) was amplified

by PCR and was used as a probe to screen a mouse lung

EZAPII cDNA library (Stratagene): one clone (pTUBG1)

contained a 1.6-kb insert including a full-length ORF (1353

bp) of mouse TUBG1. TUBG2 cDNA was cloned from the

ES cell line (J1) by RT-PCR using the primer pair 5V-
gctaggtctgatcggcgatgccc-3V (forward)/5V-caatgcatcatcacgctt-
tat-3V (reverse).

TUBG1 and TUBG2 were tagged with FLAG-peptide at

their COOH termini basically according to a method

described previously (Furuse et al., 1998). To construct

expression vectors for FLAG-TUBG1 (pCTUBG1-F) and

FLAG-TUBG2 (pCTUBG2-F), an EcoRI site was intro-

duced at the stop codon of Tubg1 and Tubg2 cDNAs by

PCR, and these PCR fragments and an adapter DNA

encoding a FLAG peptide were introduced into pCAGGS-

neodelEcoRI (Niwa et al., 1991), provided by Dr. J.

Miyazaki (Osaka University). Cultured Eph4 epithelial cells

were transfected with these expression vectors under a low

Ca++ concentration (50 AM) condition using LipofectAmine

Plus (GIBCO BRL, Gaithersburg, MD), as described

previously (Furuse et al., 1998). After 2-week culture in

the presence of 400 Ag/ml of G418, resistant colonies were

removed, and the clones expressing tagged proteins were

screened by fluorescence microscopy with anti-FLAG

mAb.

Phylogenetic tree

The UPGMA tree for g-tubulins was constructed using

the PROTDIST and NEIGHBOR programs contained in the

Phylogeny Inference Package (PHYLIP, ver. 3.6a; Felsen-

stein, 2003). The following amino acid sequences were

used: Arabidopsis TUBG1, Arabidopsis thaliana

NP_191724; Arabidopsis TUBG2, Arabidopsis thaliana

NP_196181; Zea mays TUBG1, Zea mays Q41807; Zea

mays TUBG2, Zea mays Q41808; Paramecium, Para-

mecium tetraurelia CAA09991; Danio rerio, Danio rerio

NP957202; Xenopus, Xenopus laevis M63446; Human

TUBG1, Homo sapiens NP_001061; Human TUBG2,

Homo sapiens NP_057521; Chimpanzee TUBG1, Pan

troglodytes ENSPTRT00000016945; Chimpanzee TUBG2,

Pan troglodytes ENSPTRT00000016947; Mouse TUBG1,

Mus musculus BAD27264 (this study); Mouse TUBG2,

Mus musculus BAD27265 (this study); Magnaporthe,

Magnaporthe grisea 70-15 XP_368283; Neurospora, Neu-

rospora crassa XP_323273; Fission yeast, Schizosacchar-

omyces pombe NP_596147; Sea urchin, Strongylocentrotus

purpuratus NP_999657; Drosophila TUB23C, Drosophila

melanogaster CG3157-PA; Drosophila TUB37C, Droso-

phila melanogaster CG17566-PA; Chlamydomonas, Chla-

mydomonas reinhardtii U31545.
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Generation of Tubg1�/� and Tubg2�/� mice

To generate Tubg1�/� mice, we screened a 129/Sv

genomic library using pTUBG1 as a probe and obtained two

overlapping clones containing the Tubg1 gene. The target-

ing vector was then constructed as shown in Fig. 2A. An

enhancer of engrailed-2 (En2)/splicing acceptor (SA), an

internal ribosomal binding site (IRES), a h-galactosidase
(lacZ) gene, a neomycin-resistance gene, and a polyadeny-

lation signal (Niwa et al., 2000) were placed between a 1.6-

kb 5V arm and 5.4-kb 3V arm. This targeting vector was

designed to delete most of exons1, 2, and 3. J1 embryonic

stem (ES) cells were electroporated with the targeting vector

and selected for ¨9 days in the presence of G418 as

described previously (Shibata et al., 1997). The G418-

resistant colonies were removed and screened by Southern

blotting with the 5V external probes. When the genomic

DNAs were digested with SacI, correctly targeted ES clones

(clone 16 and 33) were identified by an additional 5-kb band

together with the 7-kb band of the wild-type allele with the

5V probe.
To generate Tubg2�/� mice, we screened a 129/Sv

genomic library using pTUBG1 as a probe and obtained

two overlapping clones containing the Tubg2 gene. The

targeting vector was then constructed as shown in Fig. 4A.

A pgk-neo cassette was placed between a 1.3-kb 5V arm
and 6.2-kb 3V arm. This targeting vector was designed to

delete exon5 of tugb2 by replacing it with the pgk-neo

cassette. Electroporation and screening were performed as

mentioned above. When the genomic DNAs were digested

with HincII, correctly targeted ES clones (clone 47 and

490) were identified by an additional 5.0-kb band together

with the 2.0-kb band of the wild-type allele with the 5V
probe.

Targeted ES cells obtained were injected into C57BL/6

blastocysts, which were in turn transferred into ICR foster

mothers to obtain chimeric mice. Male chimeras were mated

with C57BL/6J females, and agouti offsprings were

genotyped to confirm the germ line transmission of the

targeted allele. The littermates were genotyped by Southern

blotting. Heterozygous mice were then interbred to produce

homozygous mice.

Recovery of embryos at preimplantation stage and in vitro

culture

Females were paired with males overnight and checked

for vaginal plugs the next morning. Early embryos including

8-cell embryos were recovered from the oviduct by

perfusing M2 medium containing 4 mg/ml of bovine serum

albumin (M2 + BSA; Fulton and Whittingham, 1978) and

cultured on a glass-bottomed dish with a cover glass (No.1S,

Matsunami) for 2 days at 37-C under a CO2 atmosphere in

the presence or absence of 1 AM SYTO16 (Molecular

Probes, Eugene). Nuclear divisions were followed under a

conventional fluorescence microscope. Images of embryos
at each stage were acquired with a DeltaVision optical

sectioning microscope (Version 2.00; Applied Precision

Inc.) equipped with an Olympus IX70 (PlanApo 60�/1.40

NA or PlanApo 100�/1.40 NA oil immersion objective)

microscope.

Northern blotting

The expression of TUBG1 and TUBG2 in various mouse

tissues was examined by Northern blotting using Mouse

Multiple Tissue Northern Blot (Clontech, CA). Hybrid-

ization with DIG-labeled probes was performed according

to the manufacturer’s directions (Roche). Probes were

amplified from the 3V-untranslated regions of TUBG1 and

TUBG2 cDNAs using the following primer pairs: 5V-
gtcacggacgacagggac-3V (forward)/5V-tggtttacatccagtgctttat-3V
(reverse) and 5V-cctggacaagaagcacagc-3V (forward)/5V-caatg-
catcatcacgctttat-3V (reverse), respectively.

Immunoblotting

The heart, brain, liver, kidney, and testis were dissected

from adult mice, minced, homogenized in SDS sample

buffer (Laemmli, 1970), and then boiled for 10 min.

Blastocysts were washed three times with M2 medium

supplemented with 4 mg/ml of polyvinyl-pyrrolidone and

collected in a small drop of the same solution. They were

then mixed with an equal volume of �2 concentrated

SDS sample buffer and boiled 2 min. These boiled

samples were separated electrophoretically in SDS–poly-

acrylamide gels (12.5% acrylamide and 0.083% N,NV-
methylene-bisacrylamide) and transferred onto Immobilon

transfer membranes (Millipore). Membranes were then

incubated with mouse anti-g-tubulin mAb (GTU-88) and

bound antibodies were detected with HRP-conjugated

anti-mouse IgG (Amersham) and ECL plus detection kit

(Amersham).

Immunofluorescence microscopy

Blastocysts that were developed in vitro were washed

with PBS and fixed with 3.7% formaldehyde in PBS at

37-C for 10 min. They were washed 3 times with PBS

for 5 min and permeabilized with PBS containing 0.2%

Tween 20 for 5 min. After being rinsed in PBS twice,

they were incubated with a blocking solution, DMEM

containing 20% fetal calf serum (FCS/DMEM). They

were incubated with primary antibodies in FCS/DMEM

for 2 h, washed with FCS/DMEM several times, and then

incubated with secondary antibodies for 2 h. As

secondary antibodies, Alexa Flour 488-conjugated anti-

mouse IgG (A-11029) and Alexa Fluor 594-conjugated

anti-rabbit IgG (A-11032) were used. After being washed

with PBS, samples were mounted in Mowiol (Calbio-

chem) and observed under a DeltaVision optical section-

ing microscope.
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In situ hybridization

In situ hybridization analysis was performed on paraffin

sections of mouse brain (Novagen). The TUBG2-specific

DIG-labeled RNA probe was synthesized from a Northern

blot probe as described previously (Komiya et al., 1997).

Brain paraffin sections were de-waxed and pretreated with

solution A [5 � SSC (pH 4.5), 50% formamide, and 1%

SDS] containing 50 Ag/ml of yeast tRNA and 50 Ag/ml of

heparin for 2 h at 60-C. Each section was then hybridized

with 50 Al of solution A containing 1 Ag/ml of DIG-labeled

RNA probe overnight in a moist chamber. Hybridized

sections were washed once with solution A for 10 min at

room temperature, twice with 5 � SSC/50% formamide for

30 min at 60-C, three times with 2 � SSC/50% formamide

for 30 min at 60-C, and once with MalST [0.1 M maleic

acid, 0.15 M NaCl, 0.1% Tween 20 (pH 7.0)] for 10 min at

room temperature. Hybridized probes on sections were

detected immunologically: sections were labeled with anti-

DIG-POD antibody (�100; Roche), which was localized

using the TSA biotin system (NEL700A, NEN) followed by

incubation with 45 mM Tris–HCl buffer (pH 7.5) contain-

ing 0.05% diaminobenzidine and 0.005% H2O2 for 30 min

at room temperature. Sections were counterstained with

hematoxylin, dehydrated with an ethanol/xylene series, and

mounted in Biolite (Ohken Tokyo, Japan). Photographs

were taken by Axioplan with a 40� Plan-apochromat

(Zeiss).
Results

Identification of two closely related c-tubulin isoforms,

Tubg1 and Tubg2, in mice

During the course of cloning g-tubulin cDNA from

various mouse tissues, we noticed that there are two

distinct isoforms of g-tubulin (accession nos. AB158480

and AB158481). Sequencing of the cDNAs revealed that

these two isoforms are very similar in amino acid sequence,

showing 96.9% identity. Among 451 amino acid residues,

only 15 differed, with most changes in the COOH-terminal

region (Fig. 1A). These g-tubulin genes were located on

mouse chromosome 11D in tandem. In good agreement, in

humans, two distinct, but closely related, g-tubulin iso-

forms, TUBG1 and TUBG2, were previously identified at

17q21 in tandem (Wise et al., 2000). Close comparison of

the genomic information for these g-tubulin genes indicated

that the mouse g-tubulin genes identified here are orthologs

of human TUBG1 and TUBG2 (data not shown). At the

amino acid sequence level, mouse TUBG1 and TUBG2

showed 98.9% and 96.9% identity to the corresponding

human g-tubulin isoforms, respectively. Moreover, in both

mouse and human, the TUBG1 and TUBG2 genes shared

the same intron/exon organization, suggesting that the two

genes arose from the duplication of a common ancestor.
Phylogenetic analysis revealed that this duplication occurred

very recently, independently from Drosophila g-tubulin

duplication (Fig. 1B).

We then designed Northern blot probes specific for

mouse TUBG1 and TUBG2 using their 3V-noncoding
regions and examined their tissue expression patterns (Fig.

1C). TUBG1 mRNA bands (¨1.6 kb) were detected in all

the tissues examined though expression levels varied

significantly depending on the tissues, whereas the TUBG2

mRNA (¨1.6 kb) band was detectable primarily in the

brain: with overexposure for autoradiography, TUBG2

mRNA was detected faintly also in the heart, liver, kidney,

and testis. In human, the expression of TUBG2 was reported

to be detected in various organs by RT-PCR (Wise et al.,

2000), and consistently, also in mice, TUBG2 mRNA was

widely detectable at the detection level of RT-PCR (data not

shown).

We made an effort to generate antibodies that can

distinguish TUBG1 and TUBG2, but failed to obtain such

specific antibodies. Therefore, we exogenously expressed

FLAG-tagged TUBG1 or TUBG2 in cultured mouse

epithelial cells (Eph4 cells) and stained stable trans-

fectants with anti-FLAG mAb (Fig. 1D). Interestingly,

both FLAG-tagged TUBG1 and TUBG2 were concen-

trated at centrosomes in interphase as well as mitotic

cells, and no difference was discerned in their subcellular

localization.

Tubg1-deficient mice; defects in mitosis in early embryos

As a first step towards understanding the physiological

relevance of the existence of two similar g-tubulin

isoforms in mice, we produced mice unable to express

TUBG1. Nucleotide sequencing as well as restriction

mapping identified eleven exons that cover the whole

open reading frame of Tubg1: exon 1 contained the first

ATG (Fig. 2A). We constructed a targeting vector, which

was designed to disrupt Tubg1 in ES cells by replacing

most of exon 1/2/3 with the neomycin resistance gene.

Correctly targeted ES cells were selected by Southern

blotting with a 5V probe and a neo probe, and two ES cell

clones (clone 16 and 33), in which one of the Tubg1

alleles was disrupted by homologous recombination, were

obtained.

Then, two lines of heterozygous mutant (Tubg1+/�) mice

were generated separately from clones 16 and 33 (Fig. 2B).

These Tubg1+/� mice appeared indistinguishable from wild-

type (Tubg1+/+) mice. Offsprings analyzed from matings of

Tubg1+/� mice were either Tubg1+/� or Tubg1+/+ in

genotype (Table 1), suggesting that mice heterozygous for

the Tubg1 allele developed normally. In support of these

findings, a histological analysis of newborn Tubg1+/� mice

revealed no obvious defects. The data also suggested that

homozygous mutant (Tubg1�/�) mice died before birth. On

investigating Tubg1�/� embryonic lethality further, we

found that Tubg1+/� matings produced no Tubg1�/�



Fig. 1. Two closely related g-tubulin isoforms in mice. (A) Comparison of the deduced amino acid sequences between human and mouse g-tubulin isoforms:

the accession numbers of the amino acid sequence of human TUBG1, mouse TUBG1, human TUBG2, and mouse TUBG2 are NP_001061, BAD27264,

NP_057521, and BAD27265, respectively. Among 451 amino acid residues, only 19, which are shown with amino acid location numbers, are not conserved.

The 15 amino acid residues represented in red differ between mouse TUBG1 and mouse TUBG2, 12 of which are located in the COOH-terminal region.

Amino acid residues conserved in a human- or mouse-specific manner are colored green. Amino acid residues conserved in a TUBG1- or TUBG2-specific

manner are clustered in two boxed regions. (B) Phylogenetic tree of g-tubulins calculated with the program UPGMA. Duplication of the g-tubulin gene in

mouse/human appears to have occurred independently from that in Drosophila. (C) Northern blots of TUBG1 and TUBG2 expression in various mouse

tissues. Mouse multiple tissue Northern blot (Clontech) was probed with DNA fragments corresponding to 3V noncoding flanking regions of TUBG1 and

TUBG2. h-Actin probe was used as a control. TUBG1 mRNA (¨1.6 kb) was detected ubiquitously though its expression level varied depending on the

tissues. By contrast, TUBG2 mRNA (¨1.6 kb) was detected primarily in the brain. (D) Subcellular localization of exogenously expressed FLAG-tagged

TUBG1 and TUBG2 in mouse Eph4 cells. Cells fixed with cold methanol were triple-stained with anti-FLAG mAb (green), Cy3-conjugated anti-h-tubulin
mAb (red), and DAPI (blue). TUBG1 and TUBG2 were concentrated at centrosome not only in interphase cells (arrows) but also in mitotic cells (arrowheads).

Scale bar, 5 Am.
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embryos at any stage after gastrulation (data not shown).

These results indicated that the targeting of both Tubg1

alleles gave rise to early embryonic lethality in mice. Then,

we performed genotype analyses of Tubg1+/� intercross

embryos at the preimplantation stage by PCR. Interestingly,

both at the 8-cell (E2.5) (Fig. 2C) and early blastocyst stages

(E3.5), Tubg1�/� embryos appeared to be alive (Table 1).

We then compared the in vitro development of embryos at

the preimplantation stage between Tubg1+/+ and Tubg1�/�
embryos: Tubg1+/� intercross embryos were collected at the

8-cell stage from the oviduct and cultured for 2 days at 37-C
under a CO2 atmosphere in M16 medium that contained

SYTO16 to vitally stain DNA. Nuclear divisions were

pursued in live embryos by fluorescence microscopy. After

observations, genomic DNA from each embryo was recov-

ered to determine its genotype by PCR. During this 2-day

culture, Tubg1+/+ 8-cell embryos developed to blastocysts

(128 cells) of normal appearance via the morula stage (Figs.



Fig. 2. TUBG1 gene knockout by homologous recombination in mice. (A) Restriction maps of the wild-type allele, the targeting vector, and the targeted allele

of the mouse TUBG1 gene. Eleven exons (closed boxes) were identified, among which exon 1 contained the first ATG. The targeting vector contained an

enhancer of engrailed-2 (En2)/splicing acceptor (SA), an internal ribosomal binding site (IRES), a h-galactosidase gene (lacZ), a neomycin-resistance gene

(Neo), and a polyadenylation signal (pA) in this order in its middle portion to delete most of exons 1, 2, and 3. The position of the 5V probe for Southern blotting
is indicated as a bar. Arrowheads show PCR primers used for genotyping. (B) Genotype analyses by Southern blotting of SacI-digested genomic DNA from 4-

week-old wild-type (+/+) and heterozygous (+/�) mice for the mutant TUBG1 gene allele. Southern blotting with the 5V probe yielded a 7.0-kb band from the

wild-type allele and a 4.7-kb band from the targeted allele (see A). (C) Genotype analyses of E2.5 embryos (8-celll stage) obtained from Tubg1+/� matings.

Genomic DNAwas isolated from individual embryos, and genotypes were determined by PCR using primers described in A: these primers gave rise to 400-bp

and 600-bp fragments from wild-type and targeted alleles, respectively.
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3A, a and b): individual cells achieved normal cell divisions

repeatedly. In contrast, when Tubg1�/� 8-cell embryos were

cultured, at the morula stage (16–32 cells), several cells

began to show clear defects in nuclear division. In these cells,

the cell division was arrested with abnormally condensed/

unaligned chromosomes. At the early blastocyst stage, these

mitotic arrested cells increased in number, and finally, most

cells in the Tubg1�/� blastocyst showed abnormally

condensed/unaligned chromosomes (Figs. 3A, d and e).

These findings indicated that the development of Tubg1�/�

embryos stopped at the blastocyst stage due to mitotic arrest.

In order to further examine the process of mitotic arrest

induced by TUBG1 deficiency, blastocysts were whole-

mount stained with anti-a-tubulin mAb and DAPI. In

Tubg1+/+ blastocysts, most cells appeared to be at the

interphase showing characteristic networks of MTs in the

cytoplasm, and only a small number of cells bore mitotic

spindles (Fig. 3A, c). Interestingly, in Tubg1�/� blastocysts,

most cells showed abnormal deformed mitotic spindle-like
Table 1

Genotype analyses of the offsprings of heterozygous intercrosses

Isotypes Age (ES clone) Genotype

+/+ +/� �/�
TUBG1 E2.5 (clone 16) 4 3 1

E3.5 (clone 16) 14 41 7

Post (clone 16) 57 82 0

Post (clone 33) 6 12 0

TUBG2 Post (clone 490) 31 58 31
structures, concomitantly carrying condensed/unaligned

chromosomes, indicating that these cells were under

prometaphase–metaphase arrest (Fig. 3A, f). We then

whole-mount stained Tubg1+/+ and Tubg1�/� blastocysts

with anti-a-tubulin mAb, anti-pericentrin mAb (a centroso-

mal marker), and DAPI. In Tubg1+/+ cells, pericentrin was

concentrated at the poles of bipolar mitotic spindles (Fig. 3B,

a). In Tubg1�/� cells, mitotic spindle-like structures were

severely disorganized, although MTs themselves did not

appear to be highly destabilized. The symmetrical feature of

the spindle was frequently lost with one or two foci of

bundled MTs that were surrounded by condensed chromo-

somes. Pericentrin-positive foci still remained in these cells,

but there was only one focus for each cell: they were not

associated with pole-like structures, though they were

located in close proximity to MT bundles (Figs. 3B, b–f).

Tubg2-deficient mice; normal development, growth, and

fertility

We next generated Tubg2-deficient mice (Tubg2�/�).

Similar to Tubg1, Tubg2 contained 11 exons (Fig. 4A). We

constructed a targeting vector, which was designed to

disrupt Tubg2 in ES cells by replacing exon 5 with the

neomycin resistance gene. Correctly targeted ES cells were

selected by Southern blotting with a 5V probe and a neo

probe, and ES cell clones, in which one of the Tubg2 alleles

was disrupted by homologous recombination, were ob-

tained. Then, one line of heterozygous mutant (Tubg2+/�)

mice was generated.



Fig. 3. Mitotic defects in Tubg1�/� embryos at the blastocyst stage. (A) Live and fixed images of Tubg1+/+ (a–c) and Tubg1�/� (d– f) blastocysts. Tubg1+/�

intercross embryos were collected at the 8-cell stage from the oviduct and cultured for 2 days at 37-C under a CO2 atmosphere in M16 medium that contained

SYTO16 to vitally stain DNA. After live observations by phase contrast microscopy (a and d) and fluorescence microscopy (b and e), embryos were genotyped.

During the 2-day culture, Tubg1+/+ 8-cell embryos repeated cell divisions and developed to blastocysts (a) with normal appearing nuclei (b). By contrast, in

Tubg1�/� embryos, mitotic arrest began to be observed at the morula stage, and at the blastocyst stage (d), most cells showed abnormally condensed/unaligned

chromosomes (e). When blastocysts were fixed with 3.7% formaldehyde and whole-mount stained doubly with anti-a-tubulin mAb (green) and DAPI (red

pseudocolor), most cells in Tubg1+/+ blastocysts appeared to be at the interphase showing characteristic MT networks in the cytoplasm, and only a small

number of cells (arrows) bore mitotic spindles (c). By contrast, in Tubg1�/� blastocysts (f), most cells showed abnormal deformed mitotic spindle-like

structures and condensed/unaligned chromosomes. Scale bars, 20 Am (a, b, d, and e) and 20 Am (c and f). (B) Whole-mount immunostaining of mitotic cells in

Tubg1+/+ (a) and Tubg1�/� (b– f) blastocysts. Blastocysts were triple-stained with FITC-conjugated anti-a-tubulin mAb (green), anti-pericentrin mAb (a

centrosomal marker; red), and DAPI (blue). In Tubg1+/+ mitotic cells (a), pericentrin was concentrated at both poles of the mitotic spindle. In arrested mitotic

cells in Tubg1�/� blastocysts (b– f), the mitotic spindle was highly disorganized, while the spindle MTs did not appear to be dramatically destabilized. These

disorganized spindles showed one or two pole-like foci of bundled MTs that were surrounded by condensed chromosomes. These foci did not always contain

pericentrin. Scale bar, 5 Am.
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When Tubg2+/� mice were interbred, wild-type

(Tubg2+/+), heterozygous (Tubg2+/�), and homozygous

mutant (Tubg2�/�) mice were born normally at the expected

Mendelian segregation ratio, judging from Southern blotting

(Fig. 4B; Table 1). We confirmed by RT-PCR that TUBG2

mRNA became undetectable in the brain of Tubg2�/� mice

(Fig. 4C). In sharp contrast to Tubg1�/� mice, both male

and female Tubg2�/� mice developed and grew normally in

the laboratory environment at least up to 2 years of age and

showed no differences in weight, size, or reproductive
ability. We examined hematoxylin-eosin-stained sections of

various tissues of Tubg2�/� mice, but detected no signifi-

cant histological abnormalities even in the brain (data not

shown).

Expression of TUBG1 and TUBG2 in wild-type mice

To interpret the difference in phenotypes between

Tubg1�/� and Tubg2�/� mice, information on the expres-

sion and distribution of the products of these genes,



Fig. 4. TUBG2 gene knockout by homologous recombination in mice. (A) Restriction maps of the wild-type allele, the targeting vector, and the targeted allele

of the mouse TUBG2 gene. Eleven exons (closed boxes) were identified, among which exons 1 and 11 contained the initiation and stop codons. The targeting

vector contained the pgk neo cassette (PGK Neo) and a polyadenylation site (pA) in its middle portion to delete exon 5 in the targeted allele. The position of the

5V probe for Southern blotting is indicated as a bar. Arrowheads show PCR primers used in C. (B) Genotype analyses by Southern blotting of HincII-digested

genomic DNA from Tubg2+/� intercross littermates. Southern blotting with the 5V probe yielded a 2.0-kb band from the wild-type allele and a 5.0-kb band from

the targeted allele (see A). The 7.9-kb band detected faintly in all littermates would be attributed to the cross-hybridization of the probe to Tubg1 allele (see Fig.

2A). (C) Loss of TUBG2 mRNA in the brain of Tubg2�/� mice examined by RT-PCR. Primers used for RT-PCR are shown in A.
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especially, TUBG2, is prerequisite. As mentioned above, the

lack of antibodies specific for TUBG1 and TUBG2 has

hampered detailed analyses of these proteins. However,

during the course of immunoblotting with a commercially

available anti-g-tubulin mAb that recognized TUBG1 and
Fig. 5. Expression of TUBG2 at the protein level. (A) Distinction of TUBG2 from

immunoblotted with anti-g-tubulin mAb that recognized TUBG1 and TUBG2 equ

lower, bands (arrowheads). The lower band was decreased in intensity in Tubg2+

that these bands represent TUBG1 and TUBG2, respectively. The densitometric sca

TUBG2(2)/TUBG1(1) were estimated to be ¨0.8 (+/+), ¨0.5 (+/�), and 0 (�/�)

lysates of the heart, brain, liver, kidney, testis, and blastocysts (10 embryos) obt

TUBG2 was detected only in the brain and blastocysts. The densitometric scannin

in blastocysts was estimated at ¨0.7.
TUBG2 equally, we noticed that in the brain lysate of wild-

type mice, the g-tubulin-positive band was reproducibly

split into two bands, upper and lower bands, and that only

the upper band was detected in the lysates of other tissues

such as the heart, liver, kidney, testis, etc. (Fig. 5B).
TUBG1 by immunoblotting. When the brain lysate of Tubg2+/+ mice was

ally, the g-tubulin-positive band was reproducibly split into two, upper and
/� brain and became undetectable in Tubg2�/� brain. The findings indicate

nning patterns of these bands are shown on the right, and the molar ratios of

. (B) Expression of TUBG2 in various tissues of wild-type mice. The whole

ained from wild-type mice were immunoblotted with anti-g-tubulin mAb.

g patterns are shown on the right. The molar ratio of TUBG2(2)/TUBG1(1)
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Interestingly, in the lysates of the Tubg2�/� brain, the lower

band disappeared selectively, leaving a single g-tubulin-

positive band (Fig. 5A). Considering that TUBG2 is

expressed in large amounts in the wild-type brain as shown

by Northern blotting (Fig. 1C), it is safe to say that these

upper and lower bands correspond to TUBG1 and TUBG2,

respectively: this indicates that one can distinguish TUBG1

and TUBG2 by immunoblotting. As shown in Fig. 5, from

the densitometric scanning of immunoblotted bands, we

estimated that in the brain of wild-type mice, the molar ratio

of TUBG2/TUBG1 is ¨0.8.

Next, in order to discuss the relationship between

TUBG1 and TUBG2 in cell division of wild-type early

embryos, using this immunoblotting technique, we eval-
ig. 6. Expression of TUBG2 in the wild-type brain. (A) Immunoblot analyses of TUBG1 (1) and TUBG2 (2) expression in various portions of the brain.

ysates from the whole brain of wild-type mice and manually dissected portions such as the cerebral cortex, thalamus, corpus striatum, hippocampus, and

erebellum (and the whole brain of Tubg2�/� mice as a control) were immunoblotted with anti-g-tubulin mAb. Note that TUGB2 was expressed ubiquitously

the brain except for the cerebellum. (B) In situ hybridization on a sagittal section of the wild-type brain with a TUBG2-specific probe (upper panel) or non-

beled probe as a control (lower panel). These sections were counter-stained with hematoxylin to visualize nuclei in blue. TUBG2 mRNA signal (brown) was

etected in especially large amounts in the cerebral cortex (Cor), thalamus (T), corpus striatum (S), hippocampus (H), but not detected in the cerebellum (Cer).

C) In situ hybridization images at higher magnification. In the CA3 subfield of the hippocampus (a), TUBG2 signals were intensely detected in all pyramidal

ells (arrows) as compared to the control hybridization image (aV). In the thalamus (b) and corpus striatum (c), most cells with large nuclei were highly positive

arrows), whereas those with small nuclei were negative (arrowheads). In the cerebral cortex (d), the labeling was more heterogeneous depending on the cells.

n the cerebellum (e), no significant signals were detected either from any cells in the granular (GL) and molecular layers (ML) or from Purkinje cells

arrowheads). Scale bars, 1 mm (B) and 20 Am (C).
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uated the expression levels of these two g-tubulin isoforms

in blastocysts (Fig. 5B). For this purpose, ¨10 blastocysts

were collected from the uterus of wild-type mice for each

experiment and subjected to immunoblotting with anti-g-

tubulin mAb. Interestingly, very similar to the brain lysate,

in wild-type blastocysts, TUBG2 was expressed at ¨70%

the level of TUBG1.

Finally, we examined the expression of TUBG2 in the

wild-type brain in more detail (Fig. 6). We dissected

manually the wild-type brain into the cerebral cortex,

thalamus, striatum, hippocampus, and cerebellum, each of

which was subjected to SDS–PAGE followed by immuno-

blotting with anti-g-tubulin mAb: TUBG2 was detected in

large amounts in all the portions of the brain except for the
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cerebellum (Fig. 6A). In good agreement, in situ hybrid-

ization using a TUBG2-specific probe detected intensive

signals from the cerebral cortex, thalamus, striatum, and

hippocampus, but not from the cerebellum (Fig. 6B). At

higher magnification, in the hippocampus, the granule cells

in the dentate gyrus and the pyramidal cells of the

hippocampus proper were highly positive (Figs. 6C, a and

aV), and in the thalamus (Fig. 6C, b) and the striatum (Fig.

6C, c), most cells with large nuclei, but not those with small

nuclei (which may correspond to neurons and glia cells,

respectively), were heavily labeled. In the cerebral cortex,

the labeling was more heterogeneous depending on cells

(Fig. 6C, d). In contrast, in the cerebellum, no significant

signals were detected from any cells in either the granular,

molecular, or Purkinje cell layer (Fig. 6C, e).
Discussion

g-Tubulin is thought to play a crucial role in regulating

the organization of microtubule (MT)-based cytoskeletons

in various eukaryotic cells (for reviews, see Moritz and

Agard, 2001; Oakley, 2000; Schiebel, 2000). To date, in

vitro analyses have been performed using mainly the g-

tubulin ring complex (gTuRC) isolated from Xenopus eggs

or Drosophila embryos, and it is now widely accepted that

gTuRC functions as a nucleation machinery for MT

assembly to cap the MT minus-ends (reviewed in

Gunawardane et al., 2000a; Job et al., 2003; Moritz and

Agard, 2001; Schiebel, 2000; Wiese and Zheng, 1999). In

contrast, our knowledge of the in vivo functions of g-

tubulin is still fragmentary, especially in vertebrates.

Considering that in various species two (or three) closely

related g-tubulin isoforms were identified (Lajoie-Mazenc

et al., 1996; Liu et al., 1994; Lopez et al., 1995; Ruiz et

al., 1999; Tan and Heckmann, 1998; Wilson et al., 1997;

Wise et al., 2000), as a next step, we should clarify the

functions of g-tubulin in vivo, especially the isoform-

specific functions in detail.

In this study, we identified two closely related g-tubulin

isoforms, TUBG1 and TUBG2, in mice, and successfully

generated mice lacking the expression of either TUBG1 or

TUBG2: g-tubulin isoforms corresponding to mouse

TUBG1 and TUBG2 were already reported in humans

(Wise et al., 2000) and were found in genomic database in

chimpanzee, rat, and dog, but they have not yet been

characterized. Tubg1�/� mice died before implantation due

to mitotic arrest, whereas Tubg2�/� mice were born

normally and exhibited no abnormality in either growth

rate or fertility. Also in Drosophila, there are two g-tubulin

genes, gTub23C and gTub37C (Raynaud-Messina et al.,

2001; Wilson et al., 1997). The gTub23C isoform is

essentially ubiquitous and is required for viability and MT

organization during mitosis and male meiosis (Sunkel et al.,

1995). In contrast, the gTub37C isoform is involved in the

meiosis of oocytes and nuclear proliferation in precellular
embryos (Llamazares et al., 1999; Wilson and Borisy,

1998). Therefore, the present study revealed that the

relationship between mouse Tubg1 and Tubg2 is completely

different from that between Drosophila gTub23C and

gTub37C. In good agreement, the phylogenetic tree analysis

suggested that an ancestor g-tubulin gene was duplicated

independently for mouse/human Tubg1/Tubg2 and Droso-

phila cTub23C/cTub37C pairs (see Fig. 1B).

The phenotypic abnormality observed in Tubg1�/� mice,

i.e., the mitotic arrest around the morula/blastocyst stages,

could be explained by the reported functions of g-tubulin,

the nucleation, and capping of MTs (Moritz et al., 1995;

Wiese and Zheng, 2000; Zheng et al., 1995). Conversely, in

mice (and probably also in humans), TUBG1 can be

regarded as a conventional g-tubulin that directly regulates

the organization of MT-based cytoskeletons. The mitotic

arrest in Tubg1�/� morula/blastocyst cells was very

characteristic: the mitotic spindle was highly disorganized,

while the spindle MTs did not appear to be dramatically

destabilized. Usually, these disorganized spindles showed

one or two pole-like foci of bundled MTs that were

surrounded by condensed chromosomes. As g-tubulin was

reported to be concentrated at spindle poles in fertilized eggs

of wild-type mice (Gueth-Hallonet et al., 1993; Palacios et

al., 1993), it is reasonable to speculate that Tubg1�/� cells

achieved mitosis normally until maternal TUBG1 was

exhausted around the morula/blastocyst stages. Interest-

ingly, when the expression of pericentrin A, which is

directly involved in tethering gTuRC to centrioles (Dicten-

berg et al., 1998), was down-regulated by siRNA in human

cultured cells, or when a peptide interfering with the

association between pericentrin A and gTuRC was overex-

pressed, a very similar type of mitotic arrest was induced

(Zimmerman et al., 2004). Consistently, in each arrested

Tubg1�/� cell, there was one single pericentrin-positive

focus, which showed no intimate spatial relationship with

the pole-like foci of bundled MTs. Therefore, it would be

safe to say that, in arrested Tubg1�/� cells, the TUBG1

deficiency suppressed the g-tubulin-based nucleation

around centrosomes, i.e., the astral formation, resulting in

the formation of the characteristically deformed spindle-like

structures surrounded by condensed chromosomes. This

interpretation is consistent with recent observations that in

the absence of centrosomes, spindle-like structures are

formed based only on chromosomes, MTs, and MT motors

(Heald et al., 1996; Karsenti and Vernos, 2001; Khodjakov

et al., 2003; Walczak et al., 1998). Also in C. elegans and

Drosophila cells in which the expression of g-tubulin or a

component of gTuRC was suppressed, the formation of

mitotic spindles was reported to be severely affected,

resulting in mitotic arrest (Barbosa et al., 2000; Bobinnec

et al., 2000; Hannak et al., 2002; Sunkel et al., 1995).

However, interestingly, the appearance/alignment of MTs

and chromosomes in these cells was fairly distinct from

those observed in Tubg1�/�-arrested cells. For a better

understanding of the functions of g-tubulin in vivo,
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especially as to how g-tubulin is involved in spindle

formation, this species-dependent difference should be

examined in detail in future studies.

Tubg2�/� mice were born according to the Mendelian

segregation ratio and grew at a normal rate, and both male

and female Tubg2�/� offsprings were fertile. In this study,

we failed to generate a TUBG1- or TUBG2-specific

antibody, but based on the electrophoretic mobility, we

found that TUBG2 (lower band) could be distinguished

from TUBG1 (upper band) by immunoblotting with an anti-

g-tubulin mAb that recognized TUBG1 and TUBG2

equally. As TUBG1 and TUBG2 were nearly identical in

sequence, the basis for this mobility difference was not

clear. Of course, the possibility could not be completely

excluded that the upper band was generated from the lower

band through some modification such as ubiquitination

(Starita et al., 2004), but taking it into consideration that the

lower band was primarily detected in the wild-type brain

expressing large amounts of TUBG2, and that this lower

band of the brain disappeared completely in the Tubg2�/�

mice, it would be reasonable to conclude that these upper

and lower bands correspond to TUBG1 and TUBG2,

respectively. With this technique, we found that in

blastocysts of wild-type mice, TUBG2 was expressed in

detectable amounts, at ¨70% the amount of TUBG1. As

shown in Fig. 1D, when FLAG-tagged TUBG2 cDNA was

introduced into cultured Eph4 cells expressing endogenous

TUBG1, FLAG-TUBG2 was recruited to and concentrated

at centrosomes both in interphase and in mitotic cells.

However, in Tubg1�/� blastocyst cells, whole-mount

immunostaining with anti-g-tubulin antibody did not

identify any g-tubulin (TUBG2)-positive foci (data not

shown), though for each cell one pericentrin-positive focus

occurred. Therefore, it suggests that TUBG2 is recruited to

centrosomes only when TUBG1 is expressed and concen-

trated there, and that TUBG2 cannot rescue the TUBG1

deficiency in terms of cell division at least not in blastocyst

cells, but further analyses are required at the cellular level in

future studies.

Then, the question naturally arises as to what is the

physiological functions of TUBG2. TUBG2 is expressed in

large amounts in the brain of adult mice. Immunoblot

analyses showed that the expression level of TUBG2 was

nearly equal to that of TUBG1, although TUBG2 was

expressed in less amounts in the cerebellum. In situ

hybridization revealed that TUBG2 was expressed primarily

in neurons, especially in large amounts in the thalamus, the

striatum, and the hippocampus. Although conventional

histochemical screening identified no abnormalities in

Tubg2�/� mice, it is still possible that Tubg2�/� mice

suffer from some defects in neuronal activities. Indeed, our

preliminary observations suggested that Tubg2�/� mice

appeared to exhibit peculiar behavioral deficits including

abnormalities in circadian rhythm and the reaction to painful

stimulations (our unpublished data). For a better under-

standing of the physiological functions of TUBG2 in the
brain, TUBG2-specific antibodies must be generated to

examine the subcellular distribution of TUBG2 in neurons

in detail, and in parallel with such cell biological analyses,

the behavior of Tubg2�/� mice should be examined

systematically.
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