Characterization of the Human Homologue of the Yeast
Spc98p and Its Association with y-Tubulin

Anne-Marie Tassin, Claude Celati, Mohammed Moudjou, and Michel Bornens
Institut Curie, Section Recherche, Unité Mixte de Recherche 144 du Centre National de la Recherche Scientifique, 75248 Paris

Cedex 05, France

Abstract. A trimeric complex formed by Tub4p, the
budding yeast y-tubulin, and the two spindle pole body
components, Spc98p and Spc97p, has recently been
characterized in Saccharomyces cerevisiae. We rea-
soned that crucial functions, such as the control of mi-
crotubule nucleation, could be maintained among di-
vergent species. SPC98-related sequences were
searched in dbEST using the BLASTN program. Prim-
ers derived from the human expressed sequence tag
matching SPC98 were used to clone the 5" and 3’
cDNA ends by rapid amplification of cDNA ends
(RACE)-PCR. The human Spc98 cDNA presents an
alternative splicing at the 3’ end. The deduced protein
possesses 22% identity and 45% similarity with the
yeast homologue. We further report that the human

Spc98p, like y-tubulin, is concentrated at the cen-
trosome, although a large fraction is found in cytosolic
complexes. Sucrose gradient sedimentation of the cyto-
solic fraction and immunoprecipitation experiments
demonstrate that both y-tubulin and HsSpc98p are in
the same complex. Interestingly, Xenopus sperm cen-
trosomes, which are incompetent for microtubule nu-
cleation before their activation in the egg cytoplasm,
were found to contain similar amounts of both Spc98p
and y-tubulin to human somatic centrosomes, which
are competent for microtubule nucleation. Finally, af-
finity-purified antibodies against Spc98p inhibit micro-
tubule nucleation on isolated centrosomes, as well as in
microinjected cells, suggesting that this novel protein is
indeed required for the nucleation reaction.

out the evolutionary range of eukaryotes, cen-

trosomes have similar functions. First, they promote
microtubule growth from cellular tubulin, the nucleation
reaction being either catalyzed or by-passed in their vicin-
ity (Heidemann and McIntosh, 1980; Mitchison and Kirsch-
ner, 1984). The precise mechanism ensuring the nucleation
reaction for microtubule assembly in vivo remains un-
known. Second, they duplicate once during each cell cycle,
and this has important implications for microtubule redis-
tribution and spindle morphogenesis at mitosis.

First discovered in Aspergillus nidulans as a suppressor
of a temperature-sensitive B-tubulin mutation (Oakley
and Oakley, 1989), y-tubulin is a low abundance protein
that shows 35% identity to a- and B-tubulin and has been
localized to the spindle pole body of Aspergillus nidulans
(Oakley et al., 1990). Homologues of this gene have subse-
quently been cloned in various eukaryotic species (Stearns
et al., 1991; Zheng et al., 1991; Fuchs et al., 1993; Maessen
et al., 1993; Sobel and Snyder, 1995; Spang et al., 1996).
Disruption of the essential y-tubulin gene in several or-

DESPITE differences in size and complexity through-
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ganisms prevents the proper microtubule organization
(Oakley et al., 1990; Horio et al., 1991; Sunkel et al., 1995;
Marschall et al., 1996; Spang et al., 1996). Recent studies
have focused on the role of y-tubulin in microtubule nu-
cleation. In mammalian cells, antibodies directed against
vy-tubulin have been shown to block microtubule nucle-
ation, and vy-tubulin overexpression has been reported to
induce a reorganization of the microtubule network (Joshi
et al., 1992; Shu and Joshi, 1995). Occasionally, y-tubulin is
able to self assemble into y-tubules (Shu and Joshi, 1995).
Although y-tubulin has been shown to be concentrated at
the centrosome (Horio et al., 1991; Stearns et al., 1991;
Zheng et al., 1991), a large fraction is not associated with it
but belongs to cytoplasmic complexes both in eggs and so-
matic cells (Raff et al., 1993; Stearns and Kirschner, 1994;
Zheng et al., 1995; Moudjou et al., 1996). The so-called
y-tubulin ring complex (y-TuRC),! isolated from mitotic
Xenopus egg extracts, is able to nucleate microtubules in
vitro (Zheng et al., 1995). This complex contains several
proteins distinct from +y-tubulin, including - and B-tubu-
lin, and presents a ring structure with a left-handed helical
shape. Ring-like y-tubulin—containing structures with a di-

1. Abbreviations used in this paper: EST, expressed sequence tag; PCM,
pericentriolar material; RACE, rapid amplification of cDNA ends; SPB,
spindle pole body; y-TuRC, y-tubulin ring complex.
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ameter similar to microtubules have been observed at the
centrosome by tomography at the ultrastructural level
(Moritz et al., 1995a,b). Two opposite models for the
structure and activity of such a complex have been pro-
posed (Zheng et al., 1995; Erickson and Stoffler, 1996).

Similar complexes have been found in other species
such as the Drosophila embryo (Zheng, Y., D. Agard, R.
Milligan, T. Mitchison, and B. Alberts. 1996. Mol. Biol.
Cell. 7:207a) as well as in mammalian brain microtubule
preparations (Détraves et al., 1997). In the budding yeast
Saccharomyces cerevisiae, y-tubulin—binding proteins have
been identified by genetic and biochemical studies. The es-
sential SPCI8 gene was first found as a dosage-dependent
suppressor of a thermosensible mutation of the TUB4
gene, which codes for y-tubulin in budding yeast (Geissler
et al., 1996). Spc98p has been further found to interact
physically with Tub4p. To find new Tub4p partners, Knop
et al. (1997) searched for extragenic suppressors of spc98
mutants and identified SPC97, a gene coding for a new
spindle pole body (SPB) component. Furthermore, Knop
et al. (1997) presented convincing evidences for a trimeric
complex formed by Spc98p, Spc97p, and Tub4p. Interest-
ingly, Tub4p, Spc98p, and SpcY7p have been localized to
the outer and inner plate of the SPB, where microtubules
appear to grow. It is noteworthy that these two yeast y-tubu-
lin-binding proteins have molecular weights compatible
with two proteins observed in the y-TuRC. A similar trim-
eric complex has also been observed by Zheng et al. (1996.
Mol. Biol. Cell. 7:207a) in Drosophila embryos in addition
to the large y-TuRC.

Since important cellular functions are maintained
throughout the evolutionary range of eukaryotes, it is rea-
sonable to assume that functional protein complexes are
also conserved. This conjecture led to the characterization
of the human homologue of the budding yeast CDC31,
which is involved in SPB duplication, at molecular and
biochemical levels (Middendorp et al., 1997). We have
also identified, using a biochemical approach based on im-
munocytological cross-reaction, a human protein related
to the yeast Spcl10p (Tassin et al., 1997).

In this work, we were interested in identifying y-tubu-
lin-binding proteins in mammalian cells. We thus carried
out a search in the Expressed Sequence Tag (EST) data-
base for conservation in animal cells of the two yeast y-tubu-
lin-binding proteins characterized by Knop et al. (1997).
We found human EST for both Spc98p and Spc97p. We
report here on the isolation and functional characteriza-
tion of the human homologue of the yeast SPC98 gene.

Materials and Methods
Database Search and Cloning of HsSpc98

SPC98-related sequences were searched in dbEST using the default pa-
rameters of the BLASTN program (Genomet, Tokyo, Japan). Primers de-
rived from human ESTs matching SPC98 were used to clone the 5" and 3’
c¢DNA ends by rapid amplification of cDNA ends (RACE)-PCR (5" and
3’ RACE-PCR kit; GIBCO BRL, Gaithersburg, MD) according to the
manufacturer’s instructions. Briefly, poly-A mRNA obtained from HeLa
cells was reverse transcribed using a gene-specific primer or an oligodT
primer to obtain the 5" and 3’ ends of the genes, respectively. Then, single-
strand cDNAs corresponding to 5’ ends were elongated with a poly-C tail
and amplified by PCR using a gene-specific primer and a poly-G primer.
cDNAs corresponding to 3’ ends were directly amplified by PCR using a
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gene-specific primer and a poly-T primer. Finally, PCR products were
submitted to a second round of PCR using a nested gene-specific primer.
cDNAs were sequenced by Genomexpress.

Primers used were: 1- 5 GAGGCGGTACCTGCTT; 2- 5" ACTTG-
TCCGTCCAGCTACGA; revl- 5 CGAGTAAACACAGTTGCAAT;
rev2- 5' TCGAGGCTGAAGACATCCCAT; rev3- 5 GCTACAA-
AAAATTCGTGGTAAGT; rev4- 5" GCAAGGGTCTTCAGTCGTAT;
rev5- 5" ACCTTTTGAGGTAGTGGCTT; rev6- 5" CAATGCTGCTG-
ATGCCACT; rev7- 5" TTAAGAAGCCTCAGCAA; rev8- 5TAGCGA-
TGAAGACTTTTAGAGA; rev9- 5 TTTTTCTCATGAATGCTGC-
TGT; and rev10- TGAAACAGGATGATGATGCCA.

Production and Purification of Recombinant HsSpc98

HsSpc98 partial cDNA (fragment 1006-2025) was cloned in pET3d bacte-
rial expression vector after having introduced by PCR a six-histidine tag at
the carboxy terminus of the cDNA to purify the recombinant protein on
nickel-chelated agarose beads according to the manufacturer’s instructions
(Ni?*-NTA; Qiagen, Chatsworth, CA). The vector was then introduced
into BL21 DES3 bacteria strain. Protein expression was induced by 1 mM
IPTG for 3 h. Protein expression was analyzed by lysing the bacteria pellet
in boiling Laemmli buffer followed by sonication.

Polyclonal Antibody Production

The Ni>*-NTA-purified 38-kD protein was injected into two rabbits (200 pg
in complete Freund’s adjuvant, followed 2 wk later with 100 g of protein
injected in incomplete Freund’s adjuvant). The rabbits were injected once
a month for an additional 3 mo. Serum was collected and tested in West-
ern blotting of the recombinant protein, cellular extracts, and cen-
trosomes. The serum or affinity-purified IgGs were used for immunofluo-
rescence on HeLa cells.

A polyclonal rabbit anti—y-tubulin antibody has been produced against
a bacterially expressed histidine tag full-length human y-tubulin. This an-
tibody has been shown to map eight epitopes (collaboration with D. Job,
Centre d’Etudes Nucléaires de Grenoble, Grenoble, France).

Northern Blot Analysis

The multiple Tissue Northern blot with the tissues indicated on Fig. 3 was
obtained from CLONTECH Laboratories (Palo Alto, CA). Three probes
have been used: Probe 1 spans in the common region (1084-1921), probe 2
spans in bp 80-645 of clone 02, and probe 3 spans in bp 2450-2577 of the
initial clone. Probes were labeled using redivue [o*?P]dCTP (3,000 Ci/
mmol) by random priming using the Rediprime kit from Amersham Corp.
(Indianapolis, IN). The membrane has been hybridized with probe 1 using
the protocol provided with the nylon membrane and exposed overnight.
The membrane was stripped and reprobed with the two other probes lo-
cated in the divergent part of the sequence.

Cell Culture

The human lymphoblastic KE 37 cell line was grown in suspension in
RPMI 1640 medium supplemented with 7% FCS at 37°C and cultured in
the presence of 5% CO,. HeLa cells were cultured in DME medium con-
taining 10% FCS.

Preparation of the Cytosolic Cell Extracts

Human KE 37 or HeLa cells were harvested and washed twice with PBS
buffer at 4°C. The pelleted cells were resuspended at a cell concentration
of 1 X 10% cells/ml in cold KHM buffer (50 mM Hepes, pH 7.4, 78 mM
KCl, 1 mM MgCl,, 1 mM DTT) containing a mixture of protease inhibi-
tors (aprotinin, leupeptin, and pepstatin, each at 1 mg/ml, and 1 mM
PMSF). Cells were then disrupted using a Bill Balch homogenizer with a
clearance of 33 pm at 4°C. All the subsequent steps were performed at
4°C. The homogenate was immediately centrifuged at 150,000 g in an ul-
tracentrifuge (Beckman Instruments, Fullerton, CA) with a swinging
bucket rotor (model SW55; Beckman Instruments) for 30 min. After this
centrifugation, the supernatant representing the cytosolic fraction was re-
covered. This fraction was quick frozen as aliquots using liquid nitrogen
and stored at —80°C. Mitotic HeLa cell extract was obtained as described
above except that cells were first blocked in mitosis with a 24-h nocoda-
zole block (5 X 1077 M).
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Sucrose Gradient Centrifugation

Cytosolic cell extract (2-3 ml) was applied to a 15-40% sucrose linear gra-
dient (10 ml) prepared in KHM buffer in ultraclear rotor tubes (model
SW41; Beckman Instruments). Centrifugation was performed using a
swinging bucket rotor (model SW41; Beckman Instruments) at 100,000 g
for 16 h. After centrifugation, ~26 fractions (400 pl each) were collected,
starting from the bottom of the gradient. A sample from each fraction was
taken out and diluted with eightfold concentrated SDS-PAGE sample
buffer (without glycerol) and heated at 100°C for 5 min. The remainder of
the fractions were stored at —80°C after freezing in liquid nitrogen.

In some experiments, the +y-tubulin—enriched fractions from the first
SW41 sucrose gradient were pooled, concentrated by dialysis/concentra-
tion step against KHM buffer, and then layered on the top of a 4-ml 15—
40% sucrose gradient made in ultraclear rotor tubes (model SW55; Beck-
man Instruments). The gradient was centrifuged at 100,000 g for 16 h, and
300-pl fractions were collected from the bottom of the gradient and
treated as described above for the SW41 sucrose gradient.

Immunoprecipitation Experiments

The fractions from the bottom of the SW41 sucrose gradient (which were
enriched in vy-tubulin) were simultaneously concentrated/dialyzed over-
night against 1D buffer (50 mM Tris-HCL, pH 7.4, 4.5 mM EDTA, 0.25 M
NacCl, 0.5% NP-40). After a rapid centrifugation to eliminate trace aggre-
gates, the primary antibody preadsorbed to protein G-Sepharose beads
(Pharmacia Biotech, Piscataway, NJ) was added to the sample, and the
mixture was incubated for 2 h at 4°C. Protein G-Sepharose beads were
then sedimented. The supernatants were precipitated with cold methanol,
and the proteins were resuspended in SDS-PAGE sample buffer (100°C, 5
min). The sedimented protein G-Sepharose beads were washed (five
times) with 500 wl of 1D buffer and with 1 ml of double distilled water
three times. The immunoprecipitates were solubilized from the Sepharose
beads by incubation with the SDS-PAGE sample buffer (100°C, 5 min)
and centrifuged before loading the supernatant.

Cellular Fractionation

Centrosomes were isolated from KE 37 cells as previously described (Ko-
mesli et al., 1989; Moudjou and Bornens, 1994).

Soluble and insoluble protein fractions were prepared as follows: KE37
cells were washed in PBS and lysed in a PHEM buffer containing 1% Tri-
ton X-100 and protease inhibitors (1 mg/ml leupeptin, 1 mg/ml pepstatin,
and 10 mg/ml aprotinin). Insoluble proteins were pelleted at 300 g, solubi-
lized in SDS-PAGE sample buffer (Laemmli, 1970), and then boiled for 5
min. Soluble proteins were precipitated with 9 vol of methanol at 4°C for 1 h
and pelleted. The pellet was resuspended in the same amount of sample
buffer that was used for the insoluble proteins.

5 X 103 Xenopus sperm heads were diluted in XB-CSF buffer (100 mM
KCI, 0.1 mM CacCl,, 2 mM MgCl,, 10 mM potassium Hepes, pH 7.7, 50 mM
sucrose, 5 mM EGTA, pH 7.7) and centrifuged for 15 min at 10,000 g, and
the pellet was resuspended in 20 pl of SDS-sample buffer, sonicated,
boiled for 5 min, and processed for protein analysis.

Centrosome Subfractionation

Centrosomes containing fractions were diluted in 10 mM K-Pipes, pH 7.2,
and centrifuged at 10,000 g for 15 min. Pelleted centrosomes were incu-
bated for 1 h in extraction buffer (20 mM Tris, pH 7.4,2 mM EDTA) con-
taining either 1 M NaCl (NaCl); 0.5% NP-40 (1D); 0.5% NP-40 and 0.5%
deoxycholate (2D); 0.5% NP-40, 0.5% deoxycholate, and 0.1% SDS (3D);
or 8 M Urea (Urea). After treatment, centrosomal proteins were fraction-
ated into pellet and supernatant by centrifugation at 10,000 g for 15 min
and solubilized in SDS-sample buffer.

Protein Analysis

SDS-PAGE was performed according to Laemmli using either an 8 or a
6-15% acrylamide gradient gel. Immunoblotting experiments were per-
formed according to Towbin et al. (1979). Nitrocellulose filters were satu-
rated in TBS (10 mM Tris, pH 7.4, 150 mM NacCl) containing 5% nonfat
dry milk for 1 h at 37°C. Primary antibodies were incubated for 1 h at
37°C. Phosphatase alkaline—conjugated secondary antibodies were pur-
chased from Promega Corp. (Madison, WI), and the peroxidase antibod-
ies were purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA).

Tassin et al. The Human Homologue of the Yeast Spc98p

Immunofluorescence Microscopy

HeLa cells were grown on coverslips, washed in PBS, and fixed in metha-
nol at —20°C for 6 min. Alternatively, after a PBS wash, cells were ex-
tracted in a PHEM buffer (45 mM Pipes, 45 mM Hepes, 10 mM EGTA,
5 mM MgCl, adjusted to pH 6.9, and 1 mM PMSF) containing 1% Triton
X-100 and then fixed as described above. Cells were rinsed in PBS con-
taining 0.1% Tween 20. Primary antibodies diluted in PBS containing 3%
BSA were added for 1 h at room temperature. Three washes were per-
formed in PBS-Tween, and the fluorescein- or rhodamine-labeled second-
ary antibodies were applied (Jackson ImmunoResearch Laboratories).
Cells were finally dehydrated in ethanol and mounted in Citifluor (City
University, London, England). Observations were done on a confocal mi-
croscope. All documents presented are two-dimensional projections of
images collected at all relevant z-axes.

Permeabilized Xenopus sperm heads were prepared according to the
method of Murray (1991). For immunofluorescence, sperm heads were
placed on poly-lysine coverslips, fixed for 6 min in methanol at —20°C,
and processed for immunofluorescence as described above.

Electron Microscopy

Centrosomes were sedimented onto glass coverslips at 20,000 g, fixed with
methanol, and processed for preembedding immunogold staining with af-
finity-purified polyclonal antibody against HsSpc98p or vy-tubulin. Glu-
taraldehyde postfixation was used before processing the coverslips for
electron microscopy.

Microtubule Nucleation Test

The microtubule nucleating activity of isolated centrosomes was tested ac-
cording to Mitchison and Kirschner (1984) using bovine brain tubulin pu-
rified on phosphocellulose. Nucleation was monitored by immunofluores-
cence using antitubulin and anticentrosome antibodies. Tubulin (10 uM
final concentration) and 1 mM GTP were added to the centrosome sus-
pension, and the temperature was raised to 37°C for 4 min. After glutaral-
dehyde fixation and sedimentation on glass coverslips, microtubules were
visualized using an anti-a-tubulin antibody. To test the effect of anti-
Spc98p antibodies on microtubule nucleation, we affinity-purified the rab-
bit serum against HsSpc98p and preincubated the pAb HsSpc98 immuno-
globulins with centrosomes for 30 min at 4°C. Microtubules were then
allowed to regrow for 5 min.

Microinjection Experiments

Cells were seeded onto glass coverslips for at least 2 d until 50% conflu-
ent. Coverslips were transferred into fresh medium before injection of
anti-HsSpc98p IgG (1.2 mg/ml) into the cytoplasm of interphase cells. As
a control, anti-Cen3p IgG were microinjected at the same concentration.
Injection was carried out using an Eppendorf (Madison, WI) semiauto-
matic microinjection device coupled to the Zeiss Automated Injection
System (Thornwood, NY). Cells were allowed to recover for 2 h before
adding 5 X 107% M nocodazole. After 2 h, nocodazole is washed out, and
microtubules are allowed to regrow for 10 min. Cell fixation (using metha-
nol) and immunofluorescence were routinely performed after microtu-
bules regrowth. Injected immunoglobulins were detected with the corre-
sponding secondary antibody. In parallel, microtubules were decorated
using a monoclonal antibody directed against a-tubulin.

Results

Cloning the Human Homologue of ScSPC98

One human SPC98-related sequence (No. T55505) was
found in dbEST, showing 38% identity and 58 % similarity
to the yeast protein. We cloned the corresponding full-
length cDNA by reverse transcription PCR. Three succes-
sive rounds of reverse transcription using internal primers,
as described in Fig. 1, were necessary to obtain the 5’ end.
We further explored dbEST and GenBank using the full-
length cDNA sequence. Some of the human ESTs found
in this way are reported in Fig. 1. Surprisingly, we found
one EST (No. AA081954) and one sequence already
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Figure 1. (A) Cloning strategy for identifying the HsSPC98 full-
length sequence. The location of the primers used, as well as the
length of the fragments obtained by RACE-PCR, are reported.
Some ESTs homologous to the human sequence have been also
indicated. (B) Predicted protein sequence for the two major
forms of HsSpc98p. The arrowheads in the sequence indicate
where the sequences differ. The minor form of the protein is writ-
ten below the major one. These sequence data for HsSpc98p ma-
jor form and minor form have been submitted to the EMBL Nu-
cleotide Sequence Database under accession numbers AJ003061
and AJ003062.

cloned (accession number 1.13801 L12708) that from now
on will be referred to as clone 02, which showed 100% ho-
mology to 52 and 78 bp, respectively, with the human
cDNA and which were completely divergent in the 3’ re-
gion (see Fig. 1). From information obtained from the da-
tabase, clone 02 is predicted to have a poly-A tail 1.1 kb
from the 3’ end of the sequenced region, suggesting a dif-
ferent mRNA than that previously found. Several possibil-
ities could explain this divergence at the 3’ end. To con-
firm the possibility that the new sequence was related to
the previously characterized cDNA, we performed a PCR
reaction using the 5’ primers that were already used to iso-
late the first 3’ end (Fig. 1 A, I and 2) and 3’ primers found
in clone 02 (Fig. 1 A, rev7 and rev8). We also set up PCR
reactions, using primers 1 and 2 and primers rev9 and
rev10, to confirm our first 3’ end. Using the two sets of
primers, we obtained bands of the expected sizes. We fur-
ther cloned each of them in Bluescript vector and se-
quenced them. The sequence obtained for the new 3’ end
is 100% homologous on 694 bp in its 5’ region, suggesting
the possibility of an alternative splicing. This possibility
was further tested using Northern blot analysis (see be-
low). The protein derived from our first cDNA is slightly
smaller than the one obtained from the second version.
These proteins have predicted molecular masses of 94 and
103.7 kD, respectively, and pI’s of 7.85 and 8.35, respec-
tively.

Sequence comparison between the human and the bud-
ding yeast Spc98p showed that these proteins are poorly
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conserved (22% identity, 45% similarity). However, the
regions of homology are clustered in the central part of the
protein (Fig. 2 A). Interestingly, ESTs from three other
species, including zebrafish and plant, are located in the
same region. The highly conserved domain of Spc98p is
present in those different species (Fig. 2 B), suggesting
that a conserved function is probably located in this do-
main. The three ESTs are closer to the human sequence
than to the yeast one (see Table I). It is interesting to point
out that HsSpc98p also presented homology (22% iden-
tity, 46% similarity) with the yeast Spc97p (Fig. 2 A), al-
though the conserved regions are spread over the entire
sequence.

Northern Blot Analysis

To substantiate the possibility of an alternative splicing of
the 3’ end region, Northern blot analysis was performed.
Three parts of the human sequence were used as probes to
screen the Northern blot. The first probe was located in
the common region (1084-1921), the second probe corre-
sponded only to the divergent part of clone 02 (bp 80-
645), and the last one was in the second divergent region
(bp 2450-2577 of the initial clone). Fig. 3 shows the North-
ern blot obtained with the first probe. All tissues tested ex-
pressed an abundant messenger RNA of 4.4 kb in addition
to three minor ones (Fig. 3, bands /, 2, and 4). The second
probe labeled band /-3, while band 4 was only stained
with the third probe (data not shown). These results sug-
gested that the most abundant messenger RNA contained
in those tissues has the 3’ end found in clone 02. The two
minor forms represented by bands / and 2 were probably
minor spliced messenger RNAs. Our initial 3’ end repre-
sented a minor and shorter spliced messenger RNA that
was favored by the RACE-PCR cloning approach.

Cellular Distribution of the Human Spc98p

To characterize the human homologue of Spc98p at a cel-
lular and biochemical level, we raised polyclonal antibod-
ies against the most conserved domain of the protein
(amino acids 362-673). This peptide was produced in bac-
teria in fusion with a histidine tag at the COOH terminus
and purified on a nickel column before rabbit immuniza-
tion. Sera strongly reactive with the recombinant peptide
were used to analyze the cellular distribution of the pro-
tein in human cells after further affinity purification.
When Western immunoblotting was carried out on Triton
X-100-soluble and -insoluble fractions (10 wg protein
each) and centrosomal protein (0.6 g protein), affinity-
purified immunoglobulins reacted in all fractions with a
unique band with an apparent molecular mass of 103 kD.
This was in good agreement with the predicted size of the
most abundant form of the protein. We further observed
that HsSpc98p was highly enriched in the centrosomal
fraction but that a significant signal was also detected in
the Triton X-100-soluble and -insoluble fractions. Such a
distribution is similar to that of y-tubulin (Fig. 4) and was
expected for a vy-tubulin-binding protein. Isolated cen-
trosomes can be easily counted by immunofluorescence.
As they are single-copy organelles, we could normalize
with respect to cell number, the semiquantitative analysis
obtained by a National Institutes of Health image program
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of the signals observed in the soluble, insoluble, and cen-
trosomal fractions. Using our purest centrosome prepa-
ration, we could roughly establish that ~6% of the
HsSpc98p was associated with the centrosome, whereas 30
and 70% of the protein were present in the insoluble and
soluble fraction respectively.

Immunolocalization of HsSpc98p

To further characterize the cellular distribution of HsSpc98p,
we performed an immunolocalization experiment of
HsSpc98p using a double immunofluorescence approach
on methanol-fixed HeLa cells with or without Triton
X-100 permeabilization. Affinity-purified antibody di-
rected against HsSpc98p showed a centrosomal staining in
all cells over a weak and homogenous background (Fig. 5).
However, the labeling appeared more restricted to the
centrioles than the one observed for pericentriolar mate-
rial (PCM) with mAb CTR453 (Bailly et al., 1989; see Fig.
5 C). At the G2/M transition, an increase in centrosomal
HsSpc98p labeling was observed concomitant with the in-
crease of the microtubule nucleation activity (Fig. 5, B and

Table I. Sequence Comparison of Human and S. cerevisiae
Spc98p and EST Derived from Mouse, Zebrafish, and Rice
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MmSpc98 100 92.9/96.8 49.1/72.5
zbSpc98 100 53/73
riceSpc98 100

Percentages of identity and similarity are indicated.
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Figure 2. (A) Alignment se-
quence of HsSpc98p with
the yeast Spc98p and Spc97p
(indicated as Sc). The under-
lined sequence corresponds
,mﬁféEZZEEI;Z:EE%E%EE:EEEEEFE to the NLS in yeast

ScSpc98p. (B) Alignment of
the conserved sequence of
HsSpc98p with ScSpc98p and
with mouse (Mm), zebrafish
(zf), and rice ESTs. These
comparisons suggest that the
protein is highly conserved in
this small region. Alignments
were performed using the
Pileup program (Infobiogen,
Villejuif, France). Compari-
sons to ScSpc98p, ScSpcI7p
and the ESTs were per-
formed using the Boxshade
program (Institut Suisse de
Recherche Experimentales
sur le Cancer, Lausanne,
France). Identical amino ac-
ids are boxed in black. Con-
servative changes are boxed
in gray.
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D). In addition to the centrosome staining, a specific deco-
ration of the polar microtubules in metaphase (Fig. 5 E)
and of the midbody during anaphase was observed (Fig. 5
A, inset). All those features were reminiscent of that de-
scribed for y-tubulin (Lajoie-Mazenc et al., 1994; Moudjou
et al., 1996).

When we attempted to compare the localization of y-tubu-
lin and HsSpc98p at the ultrastructural level, we realized
that the epitopes recognized by anti-Spc98p and anti—y-tubu-
lin antibodies were either destroyed or occluded after alde-
hyde fixation, thus precluding postembedding immunolo-
calization as carried out previously (Moudjou et al., 1996).
Preembedding staining has several drawbacks including a

Figure 3. Northern blot anal-
ysis on different human tis-
sues (indicated on the top of
the figure) using a probe lo-
cated in the common region
(1084-1921). A major mes-
senger at 4.4 kb is observed
(band 3). Three minor bands
(bands 1, 2, and 4) are also
observed. The membrane
was further stripped and
reprobed with two other
probes in the divergent part
of the sequence. Probe 2, lo-
cated in bp 80-645 of clone
02, stained bands /-3. Probe

small intestine
peripheral blood leucocyte

ovary
colon

spleen
thymus

M
inin
|

A 3, located in bp 2450-2577 of
the initial clone, stained ex-

L= clusively band 4.
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200 Figure 4. Western blot anal-
ysis of low-speed, Triton
X-100-soluble (S) and -insol-
66 uble (J) protein fractions from
-7 _tub unsynchronized KE37 cells

and of a highly enriched cen-
31 trosome preparation (CTR).
Proteins were probed with
affinity-purified ~ HsSpc98p
1gG (left). A band at 103 kD
is observed in all fractions,
while highly enriched in the centrosome fraction. The same blot
was subsequently probed with anti—y-tubulin (right). Note the
similar partition of both proteins in all fractions. 10 wg of Triton
X-100-soluble and -insoluble proteins representing 2 X 10° and 6
X 10 cells, respectively, and ~3 X 107 centrosomes were loaded.

116 —

97 o e HsSpe98p

§ I CTR S 1 CTR

differential accessibility of antigens depending on their lo-
cation, the most peripheral being preferentially recog-
nized. We thus attempted a compromise by using pre-
embedding staining after methanol fixation. Using this
approach, we observed reasonably well preserved cen-
trosomes (Fig. 6) in which HsSpc98p and vy-tubulin had
similar localization, as expected for interacting proteins: in
both cases, gold particles were observed within the peri-
centriolar material (PCM), sometimes close to the centriole
wall. It is interesting to note that both HsSpc98p and y-tubu-
lin seemed to be present at the tip of subdistal appendages
surrounding the mother centriole. No gold particles were
observed when the first antibody was omitted.

HsSpc98p and y-Tubulin Belong to the Same
Cytosolic Complex

The immunofluorescence localization of HsSpc98p and
the cell fractionation suggested a possible interaction of
HsSpc98p with y-tubulin in both the cytosolic and the cen-
trosomal fractions. Biochemical experiments were under-
taken to test this hypothesis. We first focused our atten-
tion on the cytosolic form of HsSpc98p and +y-tubulin. It
has been previously reported that y-tubulin from somatic
cells is present in a cytosol fraction obtained by mechani-
cal breaking of cells in the absence of detergent and subse-
quent high-speed centrifugation (Moudjou et al., 1996).
We checked for the presence of HsSpc98p in those cytoso-
lic fractions after sedimenting them for 16 h at 100,000 g
on a 15-40% sucrose gradient. HsSpc98p cosedimented
with y-tubulin (data not shown). To improve the resolu-
tion of those gradients, the y-tubulin-rich fractions were
loaded on a second sucrose gradient. Interestingly, y-tubu-
lin and HsSpc98p still fully cosedimented (Fig. 7 A).

In an attempt to directly demonstrate the association
of y-tubulin and HsSpc98p in a complex, we carried out
immunoprecipitation experiments on the pooled sucrose
gradient fractions. Silver staining of the immunoprecipi-
tates using anti—y-tubulin or anti-HsSpc98p showed a simi-
lar protein profile in which one could recognize some of
the y-TurC proteins (Zheng, Y., D. Agard, R. Milligan,
T. Mitchison, and B. Alberts. 1996. Mol. Biol. Cell. 207a).
In control experiments with preimmune immunoglobulins,
neither HsSpc98p nor y-tubulin was immunoprecipitated as
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determined by Western blotting. However, anti-HsSpc98
as well as anti—y-tubulin antibodies coprecipitated HsSpc98p
and vy-tubulin, demonstrating the participation of both
proteins to the same complex (Fig. 7 B). a—B-tubulin,
which was present in the same gradient fractions, was not
at a detectable level in the immunoprecipitate obtained
with either anti-HsSpc98p or anti—y-tubulin immunoglob-
ulins. By contrast, immunoprecipitation carried out with
anti-a-tubulin antibodies precipitated a different protein
profile as judged by silver staining (data not shown). In that
case, however, both y-tubulin and HsSpc98p, although in a
low amount, were present in addition to a-tubulin (data not
shown).

The Centrosomal Forms of HsSpc98p and y-Tubulin

We were interested to ascertain whether both proteins
participated in the same complex in the centrosome as well.
However, it is difficult to carry out coimmunoprecipitation
experiments from centrosome preparations that require
extreme dissociating conditions to be partially solubilized
(Moudjou et al., 1996). These conditions are incompatible
with the stability of most protein—protein interactions.
Therefore, we investigated the interaction of both proteins
in the centrosome by analyzing their behavior during cen-
trosomal fractionation under dissociating conditions. Iso-
lated centrosomes were incubated in different solubilizing
buffers including salts, detergents, and chaotropic agents
such as urea. Whatever the dissociating agent used, both
proteins behaved in a similar manner, suggesting that they
had similar solubility properties (Fig. 7 C). Interestingly,
when a partial solubilization was produced by treatment
with detergents, the proportion that was solubilized ap-
peared to be the same for both proteins. These results sug-
gest that about half of both proteins are not very tightly as-
sociated to the centrosome, whereas the rest are more
tightly bound.

HsSpc98p as well as y-Tubulin Are Present in the
Inactive Centrosome from Xenopus Sperm Cells

To understand the function of Spc98p, we first ask
whether this protein could act as an anchoring protein of
y-tubulin on the centrosome. To address this question, we
looked at whether Spc98p was associated with centro-
somes incompetent for microtubule nucleation, i.e., to
those present in Xenopus sperm cells, which have been re-
ported to be devoid of y-tubulin (Felix et al., 1994; Stearns
and Kirschner, 1994). Our anti-HsSpc98p antibody was ex-
pected to react with the Xenopus Spc98p homologue, as it
is directed against the most conserved part of the protein
(Fig. 2 B), which is also conserved in the Xenopus protein
as recently reported by Gunawardane and Zheng (1997.
Mol. Biol. Cell. 8:1553a). In agreement with this predic-
tion, Xenopus egg extracts were shown to contain a pro-
tein reacting with our anti-HsSpc98p and migrating at the
expected molecular weight. Therefore, a double immu-
nofluorescence was performed on Xenopus sperm heads
using affinity-purified anti-HsSpc98p antibody and the
monoclonal antibody GT335 directed against the poly-
glutamylated forms of tubulin (Wolff et al., 1992). GT335
distinctly stained the two centrioles and a piece of axoneme
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CTR453

HsSpc98

attached to the distal centriole (Fig. 8, F and I). Anti-
Spc98p antibody showed a distinct labeling surrounding
each centriole with elongated X-shaped filaments corre-
sponding to striated rootlets observed at the electron mi-
croscopy level (Fig. 8 H). This result suggested that
Spc98p could act as an anchoring protein for y-tubulin. We
attempted to confirm the absence of y-tubulin in Xenopus
sperm centrosomes. However, we observed that anti—y-tubu-
lin antibodies stained the Xenopus sperm centrosome in
the absence of egg extract, in a manner strikingly similar to
that observed with anti-Spc98p antibodies (Fig. 8, A and
E). To fully demonstrate the presence of Spc98p and y-tubu-
lin in Xenopus sperm heads, 5 X 10° sperm heads and 5 X
10° centrosomes from KE37 cells were analyzed by SDS-
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HsSpc98 + CTR453

Figure 5. Double immunostaining
of HeLa cells with anti-HsSpc98p
affinity-purified antibody and a
monoclonal antibody CTR453,
which recognizes the PCM ob-
served by confocal microscopy.
All documents presented are two-
dimensional projections of images
collected at all relevant z-axes. (A
and B) Anti-HsSpc98p antibody
recognizes the centrosome in all
cells as demonstrated by the colo-
calization of both staining. The in-
set in A shows the accumulation
of HsSpc98-positive material at
the midbody during anaphase.
(C-E) Representative blow ups of
cells at different stages during the
cell cycle. In G2 cells (C), HsSpc98
staining is restricted to the centri-
oles, while CTR453 presented in
addition of the centrioles an accu-
mulation of PCM. During prophase
(D), HsSpc98p accumulates to the
centrosome concomitant with the
increase of microtubule nucleation
activity. During metaphase (E),
HsSpc98p antibodies recognize
the centrosome as well as the polar
microtubules, as described else-
where for y-tubulin. Bars, 10 pm.

PAGE and immunoblotting. Interestingly, similar amounts
of Spc98p and of +y-tubulin were revealed in the cen-
trosomes from sperm and KE37 cells (Fig. 8 K). A similar
observation was made for Cen3p (Middendorp et al., 1997),
which we used as an internal control (see Fig. 8 K). We
thus conclude that Spc98p codistributes with -y-tubulin in
sperm centrosomes also.

Anti-HsSpc98p Immunoglobulins Inhibit Microtubule
Nucleation by Somatic Centrosomes

We further tested the involvement of HsSpc98p in micro-
tubule nucleation using an in vitro nucleation assay.
Therefore, isolated human centrosomes were preincu-
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Figure 6. Preembedding immunostaining with affinity-purified
anti-Spc98p or anti—y-tubulin antibodies on isolated centrosomes
after a methanol fixation. Note that gold particles are associated
with the PCM close to the centrioles regardless of the antibody.
Note also the particles at the tip of the subdistal appendages (ar-
rowheads). Bars, 200 pm.

bated with the affinity-purified HsSpc98p immunoglobu-
lins (1.2 mg/ml) on ice, while control centrosomes were re-
suspended with PBS or control immunoglobulins for the
same time period. Then, phosphocellulose-tubulin was
added together with a GTP-containing buffer, and micro-
tubules were allowed to polymerize for 4 min at 37°C.
Centrosomes and microtubules were fixed and processed
for double immunofluorescence using antitubulin and
anti-PCM antibodies. Most centrosomes nucleated a mi-
crotubule aster in the control experiment (Fig. 9), whereas
only one or two short microtubules were nucleated from
centrosomes preincubated with anti-HsSpc98p IgG (Fig.
9). To confirm this result in vivo, we microinjected puri-
fied anti-HsSpc98p immunoglobulins into HeLa cells. Af-
ter 2 h of cell recovery, microtubules were depolymerized
for 2 h by nocodazole and allowed to regrow for 10 min.
Cells were fixed and processed for immunofluorescence
using anti—a-tubulin. The microinjected cells were visual-
ized using an anti-rabbit immunoglobulin antibody. In
cells heavily loaded with IgGs (Fig. 9, bottom, arrows), a
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Figure 7. The cytosolic as well as the centrosomal form of
HsSpc98p are associated with y-tubulin. (A) G1/S cytosol from
HeLa cells are loaded on a 15-40% sucrose gradient (10 ml in
SW41 tubes) and centrifuged at 100,000 g for 16 h. The y-tubulin—
rich fractions were reloaded on the top of another small 15-40%
sucrose gradient (4 ml in SW55 tubes). HsSpc98p cosediments
with y-tubulin as well as with a-tubulin. (B) Immunoprecipitation
experiments of the vy-tubulin-rich fractions obtained from su-
crose gradient as presented in A with preimmune (Control), anti—
y-tubulin (y-fub), and anti-HsSpc98p (HsSpc98) immunoglobu-
lins coupled to protein G beads. The proteins precipitated with
the beads are indicated as “I,” while the proteins not associated
with the beads are referred as “S.” The top figure shows the silver
staining of the immunoprecipitate. Note that no proteins are de-
tected with the control beads and that anti—y-tubulin or anti-
HsSPc98p antibodies precipitate the same proteins. The lower
part shows the immunostaining of the different fractions with
v-tubulin, a-tubulin, and HsSpc98 antibodies. Anti—y-tubulin as
well as anti-HsSpc98 immunoglobulins precipitate both y-tubulin
and HsSpc98p. However, no a-tubulin is detected in the immuno-
precipitates, suggesting that a-tubulin is not part of the complex.
(C) Biochemical extraction of the centrosomal HsSpc98p. Solu-
ble (S) and insoluble (P) centrosomal protein fractions obtained
in different extraction conditions (NaCl, 1 M; 1D, 0.5% NP-40;
2D, 0.5% NP-40 and 0.5% deoxycholate; 3D, 0.5% NP-40, 0.5%
deoxycholate, and 0.1% SDS; Urea, 8 M) were immunodetected
with anti—y-tubulin or anti-HsSpc98p antibodies. Note that the
same extraction conditions are necessary to solubilize both y-tubu-
lin and HsSpc98p. Observe in 2D buffer that 50% of the protein
is soluble while 50% is insoluble.
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Figure 8. (A-J) Decoration of Xenopus sperm centrosome be-
fore activation in Xenopus egg extract. Double labeling with ei-
ther anti—y-tubulin antibodies (A and E) or with anti-HsSpc98p
(H) and with GT335, a monoclonal antibody recognizing poly-
glutamylated tubulin (B, F, and I; arrows point to the centrioles).
D, G, and J are the superposition of the respective labelings. (C)
DAPI staining of the sperm nuclei. (A-D) A field of Xenopus
sperm heads. (E-J) High magnification of a single sperm head.
Note that both y-tubulin and Spc98p accumulate around the two
centrioles and along the striated rootlets. (K) Western blot analy-
sis of Xenopus egg extract (X E), Xenopus sperm centrosomes (X
Sperm CTR), and human somatic centrosomes (KE37 CTR). Pro-
teins were probed with affinity-purified HsSpc98p IgG, anti—y-tubu-
lin antibody, or anti-HsCen3p antibody. Note the presence of
similar amounts of both Spc98p and y-tubulin in Xenopus sperm
centrosomes and human somatic centrosomes. Bars, 5 pm.
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few or no microtubules were observed, while noninjected
cells had a centrosome-growing aster of microtubules. The
situation was not so clear when cells were injected with
less antibody: Some cells presented no microtubule, while
others possessed a normal microtubule network. These re-
sults obtained in vitro as well as in vivo argue for the in-
volvement of HsSpc98 in the microtubule nucleation re-
action. The control for the microinjection has been
performed using another rabbit antibody that recognizes a
centrosomal protein (anti-Cen3p). This protein is proba-
bly not involved in microtubule nucleation indeed, but in-
jecting this antibody represents a good technical control
for our experiment. In all microinjected cells, the microtu-
bule regrowth was similar to nonmicroinjected cells.

Discussion

Our aim was to obtain a molecular characterization of
vy-tubulin—-interacting proteins in mammalian cells. The
discovery of the Saccharomyces cerevisiae y-tubulin gene,
TUBA4, by the sequencing genome program coupled with
the powerful genetic approach in this system has led to the
identification of a functional trimeric complex containing
two SPB components, namely Spc98p and Spc97p, in addi-
tion to Tub4p. These three proteins have been localized to
the inner and outer plates of the SPB, which appear to be
the site of microtubule nucleation. We report the molecu-
lar characterization of the human homologue of the yeast
Spc98p. This has been achieved by searching an EST pre-
senting homology with the yeast Spc98p and by isolating
the human full-length sequence by reverse transcription
PCR. By comparing the obtained sequence with dbEST
and GenBank, we identified a 3’ divergent sequence, sug-
gesting the existence of alternative spliced mRNA.

Comparison of the human sequence with the yeast se-
quence shows that Spc98p is poorly conserved (22% iden-
tity), although a conserved central domain is found in the
two proteins. The conservation of this domain is likely to
be functionally significant because ESTs from divergent
species located in the central domain show high homology
with the human sequence. It does not come as a surprise
that y-tubulin—binding proteins are more divergent in yeast,
since TUB4 itself is the most divergent y-tubulin gene
among species. It will be interesting to isolate the full-
length SPC98 cDNA from other species to appreciate the
level of protein conservation during evolution. The pres-
ence of a central conserved domain in HsSpc98p suggests
that the +y-tubulin-binding domain is probably located in
this region. It is interesting to note that HsSpc98p, like yeast
Spc98p, has also some homology with the yeast ScSpc97p.
This result suggests that the two yeast genes SPC97 and
SPC98 might be derived from a common ancestor.

It is noteworthy that proteins involved in microtubule
nucleation appear less conserved between human and
budding yeast than are proteins involved in centrosome
duplication (see Middendorp et al., 1997). This would sug-
gest that centrosome duplication is under more evolutive
constraint than microtubule nucleation.

HsSpc98p Is a y-Tubulin-binding Protein

The strategy we used to isolate the human homologue of
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Figure 9. Affinity-purified anti-HsSpc98p antibodies inhibit mi-
crotubule nucleation in vitro (fop) and in vivo (bottom). (Top)
Microtubule nucleating activity of isolated centrosomes was mon-
itored by double immunofluorescence with anti—a-tubulin and
with anti—y-tubulin. Centrosomes were preincubated with preim-
mune immunoglobulins (Control) or with anti-HsSpc98p immu-
noglobulins (+HsSpc98 IgG) on ice for 30 min and subsequently
incubated in PC-tubulin. Microtubules were allowed to grow for
4 min. Note the specific inhibition of aster formation after 4 min
of growth with HsSpc98 immunoglobulins, while the control cen-
trosomes were growing typical microtubule asters. (Bottom)
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the yeast Spc98p assumed that HsSpc98p would be a y-tubu-
lin-binding protein as its yeast homologue. As expected,
HsSpc98p was shown to have exactly the same cellular lo-
calization and the same fate as y-tubulin during cell frac-
tionation. Both proteins are concentrated at the cen-
trosome throughout the cell cycle. Like y-tubulin, HsSpc98p
is localized to the polar microtubules in addition to the
centrosome during metaphase. It is interesting to note that
the NLS consensus sequence (Dingwall and Laskey, 1991)
observed in yeast Spc98p (amino acids 580-595; Knop et
al., 1997) is modified in the human protein. This sequence
may not be functional since we did not observe significant
nuclear staining, although, depending on the fixation pro-
cedure, some nuclear decoration could be detected. At the
ultrastructural level, using preembedding immunostaining
after methanol fixation, both proteins appear colocalized
in the PCM, close to the centrioles. This type of fixation is
not the best for ultrastructural preservation but permits a
good accessibility to the antigens: We could observe, for
example, that the tip of the subdistal appendages were
decorated with both anti—y-tubulin and anti-HsSpc98p an-
tibodies. This result was not obtained previously using al-
dehyde fixation (see Moudjou et al., 1996). These append-
ages could be sites where microtubules grow (Chrétien et
al., 1997).

Like +y-tubulin, a large pool of HsSpc98p is not associ-
ated with the centrosome. The partition of both proteins in
the different fractions are strikingly similar, suggesting
that both proteins participate in a complex. This has been
demonstrated by sucrose gradient sedimentation and by
coimmunoprecipitation. Both anti—y-tubulin and anti-
HsSpc98p antibodies were found to coprecipitate a similar
complex as judged by silver staining. It is noteworthy that
the pattern was reminiscent of the y-TuRC described by
Zheng et al. (1995) in Xenopus eggs, or Détraves et al.
(1997) in sheep brain. Interestingly, a—3-tubulin did not
participate in this complex, although it was present in sig-
nificant amount in the density gradient fractions used to
perform immunoprecipitation experiments (see Fig. 7 A).
When immunoprecipitation was performed with anti-
a-tubulin, the immunoprecipitate showed a very distinct
protein profile, as observed by silver staining, and con-
tained a slight amount of both y-tubulin and HsSpc98p
only (data not shown; see also Moudjou et al., 1996).
These results suggest that different a-, B-, y-tubulin— and
HsSpc98p-containing complexes can exist in the cell with
similar sedimentation properties (Melki et al., 1993; Archer
et al., 1995; Tian et al., 1996, 1997; Geissler et al., 1998).

Anti-HsSpc98 immunoglobulins were microinjected into HeLa
cells (HsSpc98 IgG). 2 h after microinjection, microtubules were
depolymerized for 2 h with 5 X 107° M nocodazole. After wash-
ing out the nocodazole, microtubules were allowed to regrow for
10 min. Cells were fixed with methanol and processed for immuno-
fluorescence with monoclonal anti—a-tubulin antibodies followed
by the mouse and rabbit secondary antibodies. In this way, only
the microinjected cells are detected with the fluorescein anti-rab-
bit secondary antibody. Note that the nonmicroinjected cells pre-
sented the usual centrosome-growing microtubule aster, while
heavily microinjected cells did not show any microtubule (ar-
rows). Note that in cells micronjected with an unrelated antibody
(anti-Cen3p IgG), microtubule regrowth is not affected. Bars, 10 um.
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Several possibilities could explain the fact that a—3-tubu-
lin was not found in the immunoprecipitate obtained by anti—
v-tubulin or anti-HsSpc98p antibodies: complexes without
a—B-tubulin are the most abundant within the cell, and/or
v-tubulin and HsSpc98p are not accessible in the a—B-tubu-
lin—containing complex. Alternatively, a partial dissocia-
tion of the complex could take place.

The significance of such a cytosolic pool of y-tubulin—
and HsSpc98p-containing complexes in somatic cells is an
important question. One possibility is suggested by recent
reports that have significantly modified the current view
on microtubule network turnover: many microtubules,
and in some cells the majority of them (up to 75%), can be
free in the cytoplasm, because of either their release from
the centrosome, their breaking, or their spontaneous as-
sembly (Keating et al., 1997; Rodionov and Borisy, 1997;
Vorobjev et al., 1997; Waterman-Storer and Salmon,
1997b; Yvon and Wadsworth, 1997; for review see Water-
man-Storer and Salmon, 19974). In many cases, the minus
end of these free microtubules can be stable for long peri-
ods of time, or can disassemble, generating treadmilling.
This suggests the presence of minus end regulatory factors.
v-tubulin— and Spc98p-containing cytosolic complexes are
indeed candidates for such a role, as already suggested
by others (Vorobjev et al., 1997, Waterman-Storer and
Salmon, 1997a). This could also explain why we find com-
plexes free of a—B-tubulin, and others containing a—3-tubu-
lin, which could represent the minus end-terminal sub-
units of free microtubules associated with the complexes.

Does HsSpc98p Participate in the Microtubule
Nucleation Reaction?

This work demonstrates that although individual se-
quences for y-tubulin and Spc98p are divergent between
yeast and human, the complexes formed by the two pro-
teins are maintained during the evolution. Homologues
of Spc98p have also been isolated in Xenopus and Dro-
sophila (Wiesc, C., O. Martin, and Y. Zheng. ASCB/
EMBO/H. Dudley Wright Conference on Centrosome and
Spindle Pole Bodies. Santa Cruz, CA). Antibodies directed
against the yeast Spc98p recognize the nucleus-associated
body from Dictyostelium discoideum in immunofluores-
cence experiments (Euteneuer, U., personal communica-
tion). HsSpc98p could play a structural role defining a ring
structure to which y-tubulin is binding (Zheng et al., 1995),
or it could play a more direct role in the microtubule nu-
cleation reaction. Our results show that in vitro as well as
in vivo, antibodies directed against HsSpc98p inhibit the
microtubule nucleation reaction or interfere with the sta-
bility of the microtubules, resulting in an absence of micro-
tubule growth. However, these experiments do not permit
us to distinguish between these two potential functions of
HsSpc98p. It is interesting to point out that in yeast, the
analysis of the phenotype of both tub4-1 and spc98-1 mu-
tants (absence of a mitotic spindle under restrictive tem-
perature) suggests that both proteins play an essential role
in mitotic spindle formation.

Regulation of the Nucleation Reaction and the
Centrosome Inheritance

The presence of a large cytosolic pool of HsSpc98p and of
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v-tubulin contrasts with the fact that the nucleation reac-
tion is restricted to the centrosome. As emphasized previ-
ously (see for example Oakley, 1995), this suggests that a
regulatory event is able to turn on and off the nucleation
reaction. A naive view would propose that an important
parameter of this regulation is the local concentration of
the components participating in the nucleating complex.
In other words, a critical concentration of y-tubulin and of
y-tubulin—interacting proteins should be reached before
any microtubule nucleation can take place. This might be
necessary but is not sufficient because we have shown in
this work that inactive centrosomes from Xenopus sperm
cells contain comparable amounts of Spc98p and y-tubulin
to active human somatic centrosomes. The main differ-
ences with previous works (Felix et al., 1994; Stearns and
Kirschner, 1994) are probably the affinity of the anti—y-tubu-
lin antibody used, the number of sperm heads analyzed,
and more importantly, that an equivalent number of active
centrosomes have been used as an internal standard. Re-
cent studies on human or frog sperm cells has also re-
ported the presence of y-tubulin (Navara et al., 1997; Mer-
des and Cleveland, 1998). We thus conclude that a specific
regulatory event must take place at fertilization to turn on
the nucleating activity of the sperm centrosome.

It has been proposed that the essential step of the cen-
trosome activation reaction in Xenopus eggs is the y-tubu-
lin recruitment from egg cytoplasm (Felix et al., 1994;
Stearns and Kirschner, 1994). Our data do not eliminate
the possibility that y-tubulin—containing complexes are re-
cruited at the centrosome, but this cannot be the limiting
step. This view is reminiscent of the conclusions of Masuda
and Shibata (1996), who showed that heterologous in-
terphase centrosomes from Schizosaccharomyces pombe,
which do contain y-tubulin but are inactive, can be acti-
vated by a Xenopus mitotic extract fraction that does not
contain y-tubulin.

Our results also call for a reappraisal of centrosome in-
heritance during fertilization. Felix et al. (1994) as well as
Stearns and Kirschner (1994) have put forward the idea
that the centrosome is assembled at fertilization by a sort
of complementation in which the centriole pair, inherited
from the male gamete, binds nucleating components from
the female gamete. Since sperm centrosomes, although in-
active for microtubule nucleation, do not differ from ac-
tive somatic centrosomes with respect to the presence of
both Spc98p and of y-tubulin (this work), and since they
apparently possess all the other centrosomal components
that have been looked at so far, such as centrin (this
work), CTR2611 antigen (Felix et al., 1994), and Pericen-
trin (Doxsey et al., 1994; Stearns and Kirschner, 1994), we
propose to return to the more classical view, according to
which the centrosome organelle, and not simply part of it,
is paternally inherited, and that fertilization triggers a
switch in its activity.

In conclusion, we report the molecular characterization
of a y-tubulin—binding protein in mammalian cells and its
involvement in the microtubule nucleation reaction. The
precise function of this protein in the microtubule nucle-
ation reaction will have to be further characterized. Many
questions are still to be answered, the most important one
being the definition of the real nucleation complex, which
could be either the trimeric complex, as observed in yeast
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and Drosophila, or the large y-TuRC. The function of the
other proteins in the complex is another important issue.
The molecular characterization of all proteins of the
v-TuRC complex will be necessary to understand the mi-
crotubule nucleation mechanism. How this complex is an-
chored to the centrosome remains unknown. Our results
concerning the extractibility of both y-tubulin and HsSpc98p
from the centrosome suggest that at least part of the com-
plex is not tightly bound to the centrosome. In light of the
data reported in yeast (Knop and Schiebel, 1997), a possi-
ble candidate as an anchoring protein could be the human
homologue of the yeast Spc110p (Tassin et al., 1997). The
precise function of HsSpc98p in the microtubule nucle-
ation reaction will require further experiments. Mapping
the interaction of HsSpc98p with y-tubulin might be re-
warding.
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