
 



 

 The Rockefeller University Press, 0021-9525/98/05/663/12 $2.00
The Journal of Cell Biology, Volume 141, Number 3, May 4, 1998 663–674
http://www.jcb.org 663

 

The Mammalian 

 

g

 

-Tubulin Complex
Contains Homologues of the Yeast Spindle
Pole Body Components Spc97p and Spc98p

 

Steven M. Murphy, Lenore Urbani, and Tim Stearns

 

Department of Biological Sciences, Stanford University, Stanford, California

 

Abstract. 

 

g

 

-Tubulin is a universal component of micro-
tubule organizing centers where it is believed to play an 
important role in the nucleation of microtubule poly-
merization. 

 

g

 

-Tubulin also exists as part of a cytoplas-
mic complex whose size and complexity varies in differ-
ent organisms. To investigate the composition of the 
cytoplasmic 

 

g

 

-tubulin complex in mammalian cells, cell 
lines stably expressing epitope-tagged versions of hu-
man 

 

g

 

-tubulin were made. The epitope-tagged 

 

g

 

-tubu-
lins expressed in these cells localize to the centrosome 
and are incorporated into the cytoplasmic 

 

g

 

-tubulin 
complex. Immunoprecipitation of this complex identi-
fies at least seven proteins, with calculated molecular 
weights of 48, 71, 76, 100, 101, 128, and 211 kD. We 
have identified the 100- and 101-kD components of the 

 

g

 

-tubulin complex as homologues of the yeast spindle 
pole body proteins Spc97p and Spc98p, and named the 
corresponding human proteins hGCP2 and hGCP3. Se-
quence analysis revealed that these proteins are not 
only related to their respective homologues, but are 
also related to each other. GCP2 and GCP3 colocalize 
with 

 

g

 

-tubulin at the centrosome, cosediment with 

 

g

 

-tubulin in sucrose gradients, and coimmunoprecipi-
tate with 

 

g

 

-tubulin, indicating that they are part of the 

 

g

 

-tubulin complex. The conservation of a complex in-
volving 

 

g

 

-tubulin, GCP2, and GCP3 from yeast to 
mammals suggests that structurally diverse microtubule 
organizing centers such as the yeast spindle pole body 
and the animal centrosome share a common molecular 
mechanism for microtubule nucleation.

 

O

 

rganization

 

 of the microtubule cytoskeleton oc-
curs through a combination of site-specific nucle-
ation by the centrosome and modulation of micro-

tubule dynamics by interactions with microtubule motors
and binding proteins. The centrosome nucleates the as-
sembly of microtubules from soluble tubulin subunits, and
maintains an attachment to the minus ends of many of the
nucleated microtubules, resulting in a radial array cen-
tered at the centrosome. Microtubule motors and binding
proteins modify this array, creating specialized structures,
such as the mitotic spindle, from the generalized aster. Mi-
crotubules act as tracks upon which organelles and vesicles
are moved, thus the organization of microtubules is essen-
tial to the higher order organization of the cytoplasm. In
addition to 

 

a

 

- and 

 

b

 

-tubulin, which make up the microtu-
bule polymer, there exists a third tubulin, 

 

g

 

-tubulin, that is
localized to the centrosome and not to the microtubule
polymer. 

 

g

 

-Tubulin was originally identified as a suppres-
sor of a 

 

b

 

-tubulin mutation in 

 

Aspergillus nidulans 

 

(Oak-
ley and Oakley, 1989), and subsequently shown to be con-

served in all eukaryotic organisms (Stearns et al., 1991;
Zheng et al., 1991; Liu et al., 1994). Although the exact
mechanism of microtubule nucleation by the centrosome
is not understood, several lines of evidence have impli-
cated 

 

g

 

-tubulin as having an essential role in the process.
Two approaches to studying 

 

g

 

-tubulin have thus far
yielded complementary, but largely non-overlapping, in-
formation on its function in microtubule organization. Ge-
netic analysis in yeasts and 

 

Aspergillus

 

 has shown that

 

g

 

-tubulin is essential for viability, is required for mitotic
spindle function, and is localized to the spindle pole body
(SPB),

 

1

 

 the fungal equivalent of the centrosome (Oakley
et al., 1990; Horio et al., 1991; Stearns et al., 1991; Sobel
and Snyder, 1995; Marschall et al., 1996; Spang et al., 1996;
Martin et al., 1997). Conditional mutations in the 

 

Saccha-
romyces cerevisiae

 

 

 

g

 

-tubulin gene 

 

TUB4

 

 result in pheno-
types that are consistent with a defect in microtubule nu-
cleation (Marschall et al., 1996; Spang et al., 1996). In the
clearest example of such a phenotype, the 

 

tub4-34

 

 mutant
was found to be able to duplicate the SPB at the restrictive
temperature, however one of the duplicated SPBs lacked
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microtubules, presumably because it formed at the restric-
tive temperature (Marschall et al., 1996). Thus, 

 

g

 

-tubulin
function is required in yeast for the nucleation of microtu-
bules from a new SPB but not for the continued attach-
ment of microtubules to the SPB once they have been nu-
cleated.

Further genetic analysis of 

 

TUB4

 

 led to the identifica-
tion of two new proteins that associate with yeast 

 

g

 

-tubu-
lin. 

 

SPC98

 

, identified as a high copy suppressor of a 

 

tub4

 

mutant (Geissler et al., 1996), and 

 

SPC97

 

, identified as a
high copy suppressor of a 

 

spc98

 

 mutant (Knop et al.,
1997), encode essential proteins that are localized to the
SPB, and physically associated with Tub4p in soluble ex-
tracts from yeast cells. The complex containing these pro-
teins is proposed to consist of one molecule each of
Spc97p and Spc98p, and at least two molecules of Tub4p
(Knop and Schiebel, 1997), and to be responsible for link-
ing microtubule ends to the SPB. Mutations in either

 

SPC97

 

 or 

 

SPC98

 

 result in phenotypes that are similar in
most respects to the 

 

tub4

 

 mutant phenotype (Geissler et
al., 1996; Knop et al., 1997), and the localization of Spc98p
is altered in a 

 

tub4 

 

mutant (Marschall et al., 1996), consis-
tent with this model.

The complementary analysis of 

 

g

 

-tubulin in animal cells
has shown that it is a component of the centrosome, but
that it is also present in the cytoplasm in a protein complex
much larger than that identified in yeast cells (Stearns and
Kirschner, 1994). This cytoplasmic complex is required for
the formation of the centrosome from centrioles (Felix
et al., 1994; Stearns and Kirschner, 1994), can associate
with preformed microtubules (Stearns and Kirschner,
1994; Meads and Schroer, 1995; Moudjou et al., 1996), and
can nucleate microtubule polymerization (Zheng et al.,
1995). Remarkably, the cytoplasmic 

 

g

 

-tubulin complex has
the form of an open ring of the approximate diameter of
a microtubule (Zheng et al., 1995). Similar ring-shaped
structures containing 

 

g

 

-tubulin have also been detected in
the pericentriolar material of centrosomes, in close prox-
imity to microtubule ends (Moritz et al., 1995; Vogel et al.,
1997). The ring-shaped 

 

g

 

-tubulin complex has been pro-
posed to act directly as a template for microtubule assem-
bly (Zheng et al., 1995), although an alternative model has
been proposed (Erickson and Stoffler, 1996) in which the
apparent ring is actually a coiled protofilament of 

 

g

 

-tubu-
lin that acts by lateral interactions with microtubule
protofilaments. The cytoplasmic 

 

g

 

-tubulin complex, as pu-
rified from 

 

Xenopus

 

 eggs, consists of at least six proteins in
addition to 

 

g

 

-tubulin (Zheng et al., 1995). The identity and
function of these other components is not known, nor is
their relationship to the yeast proteins that have been
identified as interacting directly with 

 

g

 

-tubulin.
We report here the protein composition of the 

 

g

 

-tubulin
complex in mammalian cells, and the identification of hu-
man homologues of yeast Spc97p (GCP2) and Spc98p
(GCP3) as components of this 

 

g

 

-tubulin complex. These
proteins appear to be conserved in fungi, plants, and ani-
mals. The GCP2 and GCP3 proteins are found both at the
centrosome and in the soluble 

 

g

 

-tubulin complex. Interest-
ingly, the Spc97p/GCP2 and Spc98p/GCP3 proteins are re-
lated to each other, suggesting that they represent a gene
family of 

 

g

 

-tubulin–interacting proteins. These results ar-
gue strongly that the molecular mechanism of microtubule

nucleation is conserved in the divergent organizing centers
represented by the animal cell centrosome and the yeast SPB.

 

Materials and Methods

 

Human 

 

g

 

-Tubulin Constructs

 

Human 

 

g

 

-tubulin (cDNA provided by B. Oakley [Ohio State University,
Columbus, OH]) was amplified with primers that place an NcoI site at the
start codon and a SalI site directly in front of the stop codon. This version
of 

 

g

 

-tubulin was cloned into pUC118 to create pTS551. The addition of
NcoI and SalI restriction sites to 

 

g

 

-tubulin, which allows the fusion of
epitope tags to either the NH

 

2 

 

or COOH terminus of 

 

g

 

-tubulin, resulted in
the following amino acid changes; P2A, E450V, and Q451D. These
changes do not appear to effect the function of 

 

g

 

-tubulin since epitope-
tagged versions of this protein function normally (see Fig. 1). To create
COOH-terminal epitope-tagged versions of 

 

g

 

-tubulin, the insert from
pTS551 was cloned into the vectors pTS377 and pTS335, creating 

 

g

 

-tubu-
linMyc (pTS555) and 

 

g

 

-tubulinHA (pTS553). pTS377 and pTS335 are de-
rivatives of pcDNA1Neo (Invitrogen, Carlsbad, CA) that have a single
Myc (pTS377) or hemagglutinin (HA) (pTS335) epitope tag sequence
added to the polylinker. A XhoI site near the 3

 

9

 

 ends of the HA and Myc
sequences allowed the addition of an oligonucleotide cassette coding for a
contiguous stretch of six histidine residues. This resulted in plasmids con-
taining 

 

g

 

-tubulinMycHis (pTS556) and 

 

g

 

-tubulinHAHis (pTS554).

 

Yeast Methods

 

Media and genetic methods for 

 

Schizosaccharomyces pombe

 

 were as de-
scribed (Moreno et al., 1991). Wild-type human 

 

g

 

-tubulin, 

 

g

 

-tubulinMyc-
His and 

 

S. pombe

 

 

 

g

 

-tubulin (

 

tug1

 

1

 

)

 

 were placed under the control of the
alcohol dehydrogenase promoter in the 

 

S. pombe

 

 expression vector
pART3, which is a derivative of pART1 (McLeod et al., 1987), to create
pTS612, pTS613, and PTS253, respectively. These plasmids and pART3
vector were transformed into the 

 

S. pombe

 

 diploid stain TT304 

 

h

 

1

 

/h-,
ade6-210/ade6-216, leu1-32/leu1-32, tug1::URA4/tug1

 

1

 

, ura4-D18/ura4-
D18

 

 (Stearns et al., 1991). To determine if the plasmids could complement
the 

 

tug1::URA4

 

 null mutation, random spore analysis was performed.
Briefly, diploid transformants were streaked onto sporulation plates and
incubated until 

 

z

 

75% of the cells had sporulated. These cells were incu-
bated overnight in glusulase (Dupont-NEN, Boston, MA) to kill unsporu-
lated diploids. The spores were plated onto minimal medium lacking both
leucine and uracil to select for cells containing the 

 

tug1

 

 disruption and the
plasmid. Similar numbers of haploids were recovered from strains with
the 

 

g

 

-tubulin, 

 

g

 

-tubulinMycHis, or 

 

tug1

 

1 

 

plasmids. The lack of a chromo-
somal copy of 

 

tug1

 

1

 

 gene in these haploids was confirmed by PCR.

 

Cell Culture

 

CHO cells, human 293 cells, and BALB/c 3T3 fibroblasts (subclone A31)
and their derivatives were grown at 37

 

8

 

C with 5% CO

 

2

 

. CHO cells were
grown in 

 

a

 

-MEM media (Gibco Laboratories, Grand Island, NY) supple-
mented with 10% FCS. A31 cells were grown in DME media with 10%
newborn calf serum. 293 cells were grown in DME media with 10% FCS.

Permanent cell lines stably expressing either 

 

g

 

-tubulinMyc, 

 

g

 

-tubulin-
MycHis, 

 

g

 

-tubulinHAHis, or hGCP3MycHis under the control of the cy-
tomegalovirus promoter were generated by transfecting A31 cells with
pTS555, pTS556, pTS56,0 and pTS717, respectively. The A31 cells were
transfected by the calcium phosphate method followed by clonal selection
in the presence of 0.4 mg/ml geneticin (Gibco Laboratories). Clonal cell
lines were selected for further analysis based on the expression level of the
transgene as judged by immunoblot analysis and immunofluorescence us-
ing anti-HA (12CA5; Green et al., 1987) or anti-Myc (9E10; Evan et al.,
1985) antibody as appropriate.

 

Immunofluorescence Methods

 

A31 cells were prepared for immunofluorescence by growing on acid-
washed, poly-

 

l

 

-lysine treated coverslips for 2–3 d. The cells were fixed in

 

2

 

20

 

8

 

C methanol for 5 min, hydrated in PBS for 1 min, and then blocked in
buffer A (3% BSA in PBS plus 0.1% Triton X-100 and 0.02% azide) for
45 min. CHO cells were similarly prepared except 0.2% gelatin was substi-
tuted for BSA in buffer A. Primary antibodies were diluted as follows:
anti-Myc (mouse monoclonal 9E10) diluted 1:200; anti–

 

g

 

-tubulin (affinity-
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purified rabbit polyclonal XGC-1-4 [Stearns and Kirschner, 1994]) diluted
1:200; anti–

 

g

 

-tubulin (mouse monoclonal GTU-88; Sigma Chemical Co.,
St. Louis, MO) diluted 1:1000; anti–

 

a

 

-tubulin (rat monoclonal YL1/2; Ac-
curate Chemical and Scientific Corp., Westbury, New York), 1:200; anti–

 

a

 

-tubulin (mouse monoclonal DM1

 

a

 

; Blose et al., 1984) diluted 1:1000;
anti-hGCP2 (affinity-purified rabbit polyclonal) diluted 1:2; anti-hGCP3
(affinity-purified rabbit polyclonal) diluted 1:25. Primary antibody incuba-
tions were for 30 min to 1 h, followed by three washes with buffer A. Sec-
ondary antibodies were from Jackson Immunoresearch Laboratories, Inc.
(West Grove, PA) and were diluted 1:200 in buffer A. Secondary antibody
incubations were for 30 min. to 1 h, followed by three washes with buffer
A. Coverslips were stained with 1 

 

m

 

g/ml DAPI (4

 

9

 

,6-diamidino-2-phe-
nylindole, dihydrochloride; Molecular Probes, Eugene, OR) for 1 min,
washed three times in PBS, and then mounted on slides with 90% glycerol
PBS, pH 9.0, plus 1 mg/ml 

 

para

 

-phenylenediamine. In experiments using
anti-hGCP2 or anti-hGCP3 the BSA in buffer A was replaced with 0.2%
gelatin for all incubations and washes, which resulted in lower background
staining. Micrographs were taken with a Axioskop microscope (Carl Zeiss,
Inc., Thornwood, NY) on Kodak TMY film.

 

Lysate Preparation and Sucrose Gradient Analysis

 

Cells were washed twice in HBS (50 mM Hepes, pH 7.4, 150 mM NaCl) at
4

 

8

 

C and collected by scraping. The cell pellet was either frozen in liquid
nitrogen and then lysed, or used directly. The cell pellet was resuspended
in three volumes of lysis buffer (150 mM NaCl, 50 mM Hepes, pH 7.4, 2 mM
EDTA, 1 mM DTT, 0.5% Triton X-100, aprotinin, leupeptin, pepstatin,
and PMSF), incubated for 10 min on ice, and then centrifuged for 10 min
at 12,000 

 

g

 

 at 4

 

8

 

C to clarify. The protein concentration of the supernatant
was determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA).

2.2 ml 10–40% linear sucrose gradients were made in 50 mM Hepes,
pH 7.4, 150 mM NaCl, and 2 mM EDTA with a Hoefer gradient maker
(Pharmacia Biotechnology Inc., Piscataway, NJ). 100 

 

m

 

l of cell lysate was
loaded on the sucrose gradient and centrifuged for 2.5 h at 55,000 rpm
(

 

z

 

100,000 

 

g

 

) in a TLS-55 rotor in a ultracentrifuge (TL-100; Beckman In-
struments, Inc., Fullerton, CA) at 4

 

8

 

C. To determine the sedimentation
coefficient, a parallel gradient was run with standards consisting of thyro-
globulin (19S), catalase (11S), aldolase (7S), BSA (4.5S), and ovalbumin
(3.6S) (Pharmacia Biotechnology Inc.).

The soluble/insoluble ratios for GCP2, GCP3, and 

 

g

 

-tubulin were de-
termined by centrifuging whole cell lysate (prepared as above, but without
the clarifying centrifugation) through a 10–40% sucrose gradient as de-
scribed above. The amounts of GCP2, GCP3, and 

 

g

 

-tubulin in the 32S
peak (soluble) and in the pellet (insoluble) were determined by immuno-
blotting, followed by densitometric quantification.

 

Immunoblotting

 

Protein samples were separated on 7.5% SDS–polyacrylamide gels, elec-
trophoretically transferred to nitrocellulose, and then blocked for 45 min
in 4% nonfat dried milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl,
0.05% Tween-20). Primary antibody incubations were followed by incuba-
tion with HRP-conjugated anti–mouse or anti–rabbit antibodies (Jackson
Immunoresearch Laboratories, Inc.). Immunoreactive proteins were visu-
alized by chemiluminescence (Amersham International, Buckingham-
shire, UK).

Metabolic Labeling of Cell Lines
Cells were grown to z50% confluence at which time fresh newborn calf
serum was added to the media (10% final volume) to ensure robust
growth. 12 h before labeling the media was changed to 90% DME without
l-methionine and l-cysteine, plus 10% dialyzed calf serum, 10% normal
media (containing methionine and cysteine), and z150 mCi/ml of [35S]me-
thionine and [35S]cysteine (protein labeling mix; Dupont-NEN, Boston,
MA). The cells were allowed to grow in the presence of [35S]methionine
and [35S]cysteine for z8 h, and then fresh complete media was added to
10% final volume, and incubation continued for another 7 h. Cells were
collected and lysed as described above, except that the cells were resus-
pended in 150 ml of lysis buffer. The lysate was loaded on 2.1 ml 10–40%
sucrose gradients and centrifuged as described above. Fractions contain-
ing the g-tubulin complex were immunoprecipitated as described below.
Immunoprecipitates were collected without boiling (see below) and ana-
lyzed on a 7.5% SDS–polyacrylamide gel. The gel was impregnated with

the autoradiography enhancer, En3hance (Dupont-NEN, Boston, MA),
dried, and then visualized by fluorography.

Immunoprecipitations
Cell lysates were prepared as described above and equal amounts of pro-
tein lysate from each cell line were added to two eppendorf tubes contain-
ing protein A–Sepharose (Sigma Chemical Co.), the appropriate antibody
(anti-HA, anti-Myc, or both) and in one tube of each pair an z10-fold mo-
lar excess of antigenic peptide (i.e., the 12CA5 peptide, the 9E10 peptide,
or both). The immunoprecipitations were performed at 48C for 1.5 h with
mixing. The immunoprecipitates were washed once in lysis buffer, twice in
250 mM NaCl (250 mM NaCl had no effect on the size of the g-tubulin
complex), 50 mM Hepes, pH 7.4, and once in HBS. 175 ml of 13 sample
buffer (62.4 mM Tris, pH 6.8, 10% glycerol, 5% b-mercaptoethanol, 2.3%
SDS, 0.01% bromophenol blue) was added to each tube and incubated for
5 min at room temperature, and then split into three tubes. Samples to be
probed with anti-hGCP2 or anti-hGCP3 were boiled for 5 min, whereas
samples to be probed with anti–g-tubulin were incubated for another 5
min at room temperature. Incubation at room temperature was found to
dissociate the antibodies from protein A but not dissociate the two heavy
chains of the antibody, resulting in the heavy chains migrating at a molec-
ular weight of z100–110 kD in SDS-PAGE (the heavy chains from the
anti-Myc antibody migrate slightly more rapidly than the heavy chains
from the anti-HA antibody). Incubation at 1008C caused the antibody
heavy chains to dissociate and migrate at z50–55 kD in SDS-PAGE anal-
ysis. Manipulation of the heavy chain migration ensured that the large
amounts of heavy chain on the gel did not affect the mobility of the pro-
tein(s) being examined.

Cloning of hGCP2 and hGCP3
A human EST (these sequence data are available from Genbank/EMBL/
DDBJ under accession No. T55505) was identified that had a predicted
protein product with low, but significant, homology to SPC98. PCR prim-
ers hGCP3.4 and hGCP3.5 based on this EST were used to amplify an
z210-bp fragment from a human B-cell library (Durfee et al., 1993).

hGCP3.4 GCGGATCCATTCTAGAAACCGCTGTCAGAGCC
hGCP3.5 CCATCGATGAATTCCCTCCAGAGGAAGTTAAATAC

This PCR product was cloned into pGEM 3 Zf(1) (Promega, Madison,
WI) to create pTS761. The above primers were used with pTS761 in a
primer extension reaction in the presence of [a-32P]dCTP to make a radio-
labeled probe (Sambrook et al., 1989). This probe was used to screen 5 3
105 plaques from a lambda ZAP2 HeLa cell cDNA library (Stratagene, La
Jolla, CA) by hybridization. The longest insert of 25 positive phages was
sequenced in its entirety on both strands except for the extreme 39 un-
translated region. The sequence that was obtained lacked a start codon.
One cDNA with a longer 59 end was identified among the original positive
clones by PCR, sequenced, and then shown to have a putative start codon
plus z100 bp of 59 untranslated sequence. Although there is no stop
codon upstream of this putative start codon, the Xenopus homologue of
this protein uses the same start codon (Martin et al., 1998), thus it is likely
to be correct.

A version of hGCP3 containing a SalI site in place of the stop codon
was generated by replacing the 39 end of hGCP3, from the KpnI site to the
stop codon, with an oligonucleotide cassette containing a SalI site in place
of the stop codon. This construct was cloned into pcDNA1Neo along with
the MycHis tag from pTS556. This resulted in the fusion of the MycHis
epitope tag to the COOH terminus of hGCP3 (hGCP3MycHis) in
pTS718.

hGCP2 was cloned by an approach similar to that described above for
hGCP3. Six human ESTs were found that had a predicted protein product
with low but significant, homology to a region of Spc97p. PCR primers
hGCP2.1 and hGCP2.2 based on these ESTs were used to amplify a 366-bp
fragment from a human hepatoma cDNA library (Schild et al., 1990).

hGCP2.1 GGAAGATCTTCGCTGCACAGGCAGGGCCTC
hGCP2.2 CGGAATTCCATCGATGCTAGATGGTGTACCGCTGGT

The resulting PCR product was cloned into pGEX-2T (Pharmacia Bio-
technology Inc.) to create pTS762. The above primers were used to make
a radiolabeled version of this fragment. This probe was used to screen 5 3
105 lambda from a lambda ZAP2 HeLa cell cDNA library. Of the 18 posi-
tive phages isolated from this screen, seven were converted to plasmids in
the bacterial strain Able K (Stratagene), which maintains Bluescript-
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based plasmids at a low copy number. We were unable to excise plasmids
using SOLR bacteria, which maintains Bluescript-based plasmids at a high
copy number, suggesting that the cDNA for hGCP2 is somewhat toxic in
bacteria. Only one of these plasmids was stably maintained in bacteria.
hGCP2 was sequenced from this plasmid on one strand with a Thermo Se-
quenase dye terminator cycle sequencing kit (Amersham Life Science).
The sequence obtained experimentally for hGCP2 was consistent with
that obtained independently by combining many overlapping human ESTs.

Antibodies
A 15–amino acid peptide (CEVSPGDTGWDVFSLD) was synthesized
(Research Genetics Inc., Huntsville, AL) to correspond to amino acids
627–641 of hGCP3. A cysteine residue was added to the NH2 terminus to
allow cross-linking of this peptide to a carrier protein and the COOH ter-
minus was amidated. This peptide was coupled to keyhole limpet hemocy-
anin (Calbiochem, La Jolla, CA) with Sulfo-succinimidyl-4-(N-maleimi-
domethyl) cyclohexane-1-carboxylate (SMCC) (Pierce Chemical Co.,
Rockford, IL), as per manufacturer’s instructions, and injected into two
rabbits for antibody production (BAbCO, Richmond, CA). The resulting
antibodies were affinity-purified against a glutathione-S-transferase
(GST) hGCP3 fusion protein made by cloning hGCP3 into pGEX-2T to
create pTS675. Expression of the GST-hGCP3 protein was induced by ad-
dition of IPTG to 0.5 mM. The fusion protein is insoluble and was isolated
as inclusion bodies (Harlow and Lane, 1988). Inclusion bodies were resus-
pended in sample buffer and analyzed on a 10% SDS–polyacrylamide gel.
The protein was transferred to nitrocellulose and used to affinity purify
the anti-hGCP3 antibodies (Harlow and Lane, 1988).

A region of hGCP2 corresponding to amino acids 312–434 was cloned
into pGEX-2T to create pTS762. The resulting GST-hGCP2 fusion pro-
tein was isolated as inclusion bodies and analyzed on a 10% SDS–poly-
acrylamide gel. Polyacrylamide gel slices containing the fusion protein
were used to immunize two rabbits for antibody production (BAbCO).
The same fragment of hGCP2 was cloned into pATH11 (Dieckmann and
Tzagoloff, 1985) to create pTS763. The resulting TrpE-hGCP2 fusion pro-
tein was used to affinity-purify the anti-hGCP2 antibodies by two differ-
ent methods. Insoluble TrpE-hGCP2 fusion protein was solubilized and
either analyzed on a 10% SDS–polyacrylamide gel and transferred to ni-
trocellulose, or coupled to Affi-gel 10 matrix in the presence of 0.05%
SDS. Antibodies purified by binding to and elution from nitrocellulose
bearing the TrpE-hGCP2 fusion protein (Harlow and Lane, 1988) were
used for Figs. 5, 7, and 9. Antibodies purified by column chromatography
(Harlow and Lane, 1988) on the coupled Affi-gel matrix were used in Figs.
6 and 10.

Baculovirus Construction and Expression of Proteins in 
Sf9 Cells
hGCP2 and hGCP3 were cloned into the baculovirus transfer vector
pVL1392 (O’Reilly et al., 1992). The resulting plasmids were individually
cotransfected with Baculogold (PharMingen, San Diego, CA) into Sf9
cells. Recombinant baculoviruses were isolated and plaque-purified as
previously described (Morgan et al., 1991). hGCP2 and hGCP3 baculovi-
ruses were used to infect Sf9 cells as previously described (Morgan et al.,
1991). The infected cells were collected after 2 d and lysed in the lysis
buffer described above. The insoluble pellet was resuspended in sample
buffer.

Microtubule-binding Assay
Bovine brain tubulin (Cytoskeleton, Inc., Denver, CO) was diluted to a fi-
nal concentration of 1 mg/ml in microtubule stabilizing buffer BRB80 (80 mM
Pipes, pH 6.8, 1 mM MgCl2, 1 mM EGTA) plus 1 mM GTP, 10% glycerol,
and 50 mg/ml rhodamine-conjugated bovine brain tubulin, prepared as de-
scribed (Hyman et al., 1991). The tubulin was incubated with increasing
amounts of taxol (Calbiochem-Novabiochem Corp., San Diego, CA), 0.1 mM
for 2 min, 1 mM for 2 min, 10 mM for 30 min at 378C, to induce microtu-
bule polymerization. After incubation, the samples were examined for the
presence of microtubules by fluorescence microscopy. The average length
of the microtubules in the taxol-treated sample was z5 mm. Cytoplasmic
cell lysate was made from A31 cells as described above except that the ly-
sis buffer contained EGTA instead of EDTA, 1 mM GTP, and 100 mg/ml
cytochalasin B. Taxol-stabilized microtubules were added to the lysate to
obtain a final concentration range of 0–500 pM microtubules. All of the
samples were incubated at 308C for 30 min, and then each sample was

loaded on top of a 1-ml cushion of 40% glycerol in BRB80 and 1 mM GTP
(plus taxol in all samples with assembled microtubules). The samples were
centrifuged for 10 min at 308C in a TLS-55 rotor (Beckman Instruments,
Inc., Fullerton, CA) at 50,000 rpm. The pellets were resuspended in sam-
ple buffer and analyzed on 7.5% SDS–polyacrylamide gels. Samples were
analyzed by both Coomassie blue staining and immunoblotting with anti–
g-tubulin, anti-hGCP2, and anti-hGCP3 antibodies.

Results

The Composition of the g-Tubulin Complex Is Similar 
in Mammals and Frogs

To examine the composition of the mammalian cyto-
plasmic g-tubulin complex, mouse BALB/c 3T3 cell lines
were generated that stably express various epitope-tagged
versions of human g-tubulin. g-Tubulin was epitope-
tagged on its COOH terminus by fusing either a peptide
from the myc protein (g-tubulinMyc), the myc peptide
plus a contiguous stretch of six histidine residues (g-tubu-
linMycHis), or a peptide from the hemagglutinin (HA)
protein plus a contiguous stretch of six histidine residues
(g-tubulinHAHis). The function of these tagged g-tubulin
derivatives was tested in several ways. First, epitope-
tagged g-tubulin was tested for its ability to complement a
g-tubulin null mutation in the fission yeast, Schizosaccha-
romyces pombe. The S. pombe g-tubulin (tug11) gene is
essential for viability in S. pombe (Stearns et al., 1991), but
this requirement can be satisfied by the expression of ei-
ther tug11 or human g-tubulin (Horio and Oakley, 1994).
Wild-type human g-tubulin, g-tubulinMycHis, and tug11

each fully complemented a tug11 null mutation (Fig. 1 A).
Second, the ability of epitope-tagged g-tubulin to localize
to the centrosome and be incorporated into the cytoplas-
mic g-tubulin complex in animal cells was examined. g-Tubu-
linMycHis localized to the centrosome as evidenced both
by colocalization with endogenous g-tubulin, and localiza-
tion to the focus of microtubules in a mouse BALB/c 3T3
(subclone A31) cell line stably expressing g-tubulinMyc-
His (Fig. 1 B). Finally, g-tubulinMycHis and g-tubulin-
HAHis (not shown) incorporated into the cytoplasmic
g-tubulin complex, as evidenced by their cosedimentation
with endogenous g-tubulin in sucrose gradients (Fig. 1 C).
The epitope-tagged g-tubulin derivatives could be distin-
guished from endogenous g-tubulin by their slower mobil-
ity on SDS-PAGE gels.

The cytoplasmic g-tubulin complex in A31 cells sedi-
mented with the same velocity as that in Xenopus egg ex-
tracts, with a sedimentation coefficient of z32S. The dif-
ference in S value from our previously published results
(Stearns and Kirschner, 1994) is due to a more accurate
determination here, and is similar to that reported for a
different mammalian cell line (Meads and Schroer, 1995).
In the A31 g-tubulinMycHis cell line shown in Fig. 1 C, the
level of g-tubulinMycHis is lower than the level of endoge-
nous g-tubulin. In many such cell lines examined, none
were found that expressed the transfected gene at higher
levels than the endogenous gene, suggesting that overex-
pression of g-tubulin is detrimental. This contrasts with
the case in yeast, in which g-tubulin can be overexpressed
300-fold without phenotypic effect (Marschall et al., 1996),
but is consistent with transient transfection results in ani-
mal cells, showing that an z100-fold overexpression of
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g-tubulin caused a disruption of the microtubule cytoskel-
eton (Shu and Joshi, 1995).

The composition of the g-tubulin complex was deter-
mined by examining the proteins that co-immunoprecipi-
tate with epitope-tagged g-tubulin. To visualize these pro-
teins, cell lines expressing epitope-tagged g-tubulin were
metabolically labeled with [35S]methionine and [35S]cys-
teine. Soluble extracts from these cells were then run on a
sucrose gradient, and epitope-tagged g-tubulin was immu-
noprecipitated from the fractions containing the peak of
g-tubulin protein. To be judged a genuine member of the
g-tubulin complex, the immunoprecipitation of candidate
proteins must (a) be blocked by the antigenic peptide cor-
responding to the epitope tag, (b) be dependent on the ex-
pression of the epitope-tagged g-tubulin (i.e., must not oc-
cur in the parental cell line), and (c) occur with both the
Myc- and HA-tagged g-tubulin derivatives. Using these
criteria, seven proteins of 48, 71, 76, 100, 101 (doublet with
100), 128, and 211 kD specifically coimmunoprecipitated
with epitope-tagged g-tubulin (Fig. 2). The mobility of the
coimmunoprecipitating bands of z100 and 101 kD is al-
tered when the complex is immunoprecipitated by the
anti-Myc antibody because the heavy chains of the anti-
Myc antibody migrate at z100 kD in this experiment (see
Materials and Methods). The position of the epitope-
tagged g-tubulins are indicated with an asterisk; the mobil-
ity of this band is altered depending on the size of the

epitope tag (Fig. 2). The molecular weight of the 48-kD
coimmunoprecipitating band suggested that it might rep-
resent wild-type g-tubulin. To test this hypothesis, immu-
noprecipitates from the epitope-tagged g-tubulin cell lines
were immunoblotted with an anti–g-tubulin antibody. The
anti–g-tubulin antibody recognized both the epitope-
tagged g-tubulin and the 48-kD band, thus identifying it as
the endogenous g-tubulin (Fig. 3).

The molecular weights of the mammalian g-tubulin
complex components as defined above are similar to those
reported previously for the Xenopus g-tubulin complex
(Zheng et al., 1995), and for g-tubulin complexes identi-
fied in sheep brain extracts (Detraves et al., 1997) (Table
I). Whereas both of these other groups identified a- and
b-tubulin as components of the g-tubulin complex, we ob-
served no bands corresponding to these proteins in the im-
munoprecipitates from metabolically labeled cells. Immu-
noblotting of immunoprecipitates with anti–a-tubulin
antibodies similarly failed to reveal any a-tubulin in the
g-tubulin complex (data not shown), even under buffer
conditions similar to those used in the experiments that
did detect a- and b-tubulin.

Cloning of the Human Homologues of Yeast Spindle 
Pole Components Spc98p and Spc97p

During the course of the above experiments, genetic ex-

Figure 1. Behavior of epitope-tagged g-tubulin.
(A) Epitope-tagged g-tubulin complements a
null mutation in S. pombe. The growth of haploid
tug1::URA4 strains bearing plasmids expressing
the indicated g-tubulin genes was assayed on rich
medium. (B) g-TubulinMycHis is localized to the
centrosome. Immunofluorescence was performed
on the parental A31 cell line and a cell line ex-
pressing g-tubulinMycHis (A31-g-MycHis). The
cells were co-stained with anti-Myc and either
anti–a-tubulin or anti–g-tubulin. (C) g-tubulin-
MycHis cosediments with the g-tubulin complex
in sucrose gradients. Cytoplasmic extract from
the A31–g-tubulinMycHis cell line was sedi-
mented through a sucrose gradient and gradient
fractions were immunoblotted with anti–g-tubulin
and anti-Myc antibodies. The position at which
thyroglobulin (19S) sedimented in a gradient run
in parallel is indicated, as is the migration of the
49-kD prestained molecular weight marker. Note
that g-tubulinMycHis migrates more slowly than
endogenous g-tubulin.
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periments in Saccharomyces cerevisiae identified a protein,
Spc98p, that interacted with yeast g-tubulin (Geissler et al.,
1996). To examine the possibility that a homologue of this
yeast g-tubulin–associated protein might exist and be a
component of the animal g-tubulin complex, we searched
the expressed sequence tag (EST) database for Spc98p-
related proteins. Human ESTs showing limited but signifi-
cant homology with Spc98p were identified, and used to
isolate a full-length cDNA from a HeLa cell cDNA li-
brary. When this human sequence was used to search the
yeast genome database, it was found that there were two
yeast proteins with significant homology. One was Spc98p,
the other was an unknown protein that was subsequently
identified as the g-tubulin interacting protein Spc97p
(Knop et al., 1997). This result led us to search for a hu-
man homologue of Spc97p. As with Spc98p, human ESTs
showing limited but significant homology with Spc97p
were identified, and used to isolate a full-length cDNA
from a HeLa cell cDNA library. There were multiple hu-

man EST sequences corresponding to each of the genes,
and these ESTs came from diverse tissues and cell types,
suggesting that both genes are ubiquitously expressed.

The open reading frames of the human homologues of
Spc97 and Spc98 predicted proteins of 103 and 104 kD, re-
spectively. In light of evidence presented below that these
proteins are components of the g-tubulin complex, we pro-
pose a naming convention for these and other members of
the complex. g-Tubulin itself would be g-tubulin complex
protein (GCP) 1, the homologue of Spc97p would be
GCP2, and the homologue of Spc98p would be GCP3.
These names eliminate the confusion caused by names
based on the molecular weight, as these will differ among
organisms. When referring specifically to the human genes
or proteins, we will refer to them as hGCP2 and hGCP3.
(The sequence data for hGCP2 and hGCP3 are available
from GenBank/EMBL/DDBJ under accession numbers
AF042379 and AF042378, respectively.) A portion of the
gene for hGCP3 was previously identified as an expressed

Figure 2. The composition of the mouse g-tubu-
lin complex. A31 (wt), and A31-derived cell lines
expressing g-tubulinMyc, g-tubulinMycHis, and
g-tubulinHAHis were metabolically labeled with
[35S]methionine and [35S]cysteine. Cytoplasmic
extracts from these cells were sedimented
through sucrose gradients and the epitope-
tagged g-tubulins were immunoprecipitated
from fractions containing the g-tubulin complex
with the indicated antibody in the presence (1)
or absence (2) of competing antigenic peptide.
The resulting immunoprecipitates were analyzed
on 7.5% SDS–polyacrylamide gel and visualized
by fluorography. Molecular weight markers are
indicated on the left. The arrows and numbers on
the right indicate the position and calculated mo-
lecular weight of proteins that specifically coim-
munoprecipitate with g-tubulin. The position of
the epitope-tagged g-tubulins is indicated by the
asterisk. The migration of the 100-, 101-kD dou-
blet is altered when the anti-Myc antibody is
used because the heavy chains of this antibody
migrate at z100 kD (see Materials and Methods).

Figure 3. There are multiple g-tubulin molecules in the g-tubulin
complex. Epitope-tagged g-tubulin was immunoprecipitated from
cytoplasmic extracts of the indicated cell lines in the presence and
absence of antigenic peptide. These immunoprecipitates were an-
alyzed on a 7.5% SDS–polyacrylamide gel, transferred to nitro-
cellulose, and then immunoblotted with anti–g-tubulin antibodies.
The migration of a 45-kD molecular weight marker is indicated.

Table I. The Composition of g-Tubulin Complexes from 
Various Organisms

Mouse* Sheep‡ Xenopus§

Mol wt (kD)

— 250 —
211 195 195
128 130 133
100, 101 (doublet) 105 109 (doublet)
76 75 75 (3–4 bands)
71 — —

— 56/55 (a-b-tubulin) 56/55 (a-b-tubulin)
48 (g-tubulin) 50 (g-tubulin) 50 (g-tubulin)

*This study.
‡Detraves et al., 1997.
§Zheng et al., 1995.
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gene in human liver, and was mapped to chromosome 13,
q34 (GenBank locus HUMCH13C2B).

Sequence comparisons revealed that Spc97p and hGCP2
are 25% similar to each other, and that Spc98p and hGCP3
are 27% similar to each other (Fig. 4 A). Although no ho-
mology was noted previously between the yeast Spc97p
and Spc98p proteins, comparison with hGCP2 and hGCP3
revealed that all four of the proteins are related to each
other. The homology is most striking in the five regions
that are displayed in Fig. 4, B and C. hGCP2 and hGCP3
are more similar to each other than to either of the yeast
proteins. Spc97p and Spc98p have the least similarity, but

are clearly related, particularly in the second homology re-
gion in Fig. 4, B and C.

In addition to the human ESTs in the database, we also
noted the presence of ESTs from other organisms for both
GCP2 and GCP3, indicating that these proteins are con-
served. For GCP2 there are homologous sequences from
mouse, Drosophila, and a moss, and for GCP3 there are
homologous sequences from mouse, zebrafish, and rice.
The vertebrate gene segments are all highly homologous,
displaying z90% protein sequence identity (not shown).

GCP2 and GCP3 Are Centrosomal Proteins

Antibodies were generated against a bacterially expressed
portion of the hGCP2 protein, and against a peptide from
hGCP3. These antibodies reacted with the human pro-
teins, and cross-reacted with the corresponding proteins in
mouse and Xenopus cells (not shown). Specificity of the
antibodies was demonstrated by testing both affinity-puri-
fied antibodies against full-length hGCP2 and hGCP3 pro-
teins on Western blots. Antibodies generated against
hGCP2 did not cross-react with hGCP3, and antibodies
generated against hGCP3 did not cross-react with hGCP2
(not shown). These affinity-purified antibodies were used
in immunofluorescence experiments to determine the lo-
calization of the proteins in animal cells (Fig. 5). Both pro-
teins localized to the centrosome, as evidenced by localiza-
tion to the focus of microtubules and colocalization with
g-tubulin. The centrosomal staining in both cases was
eliminated by competing antigen (not shown). Complete
depolymerization of the microtubule cytoskeleton with
the microtubule-depolymerizing drug nocodazole did not
affect the centrosomal localization of either GCP2 or
GCP3 (not shown). This indicates that both GCP2 and
GCP3, like g-tubulin (Stearns et al., 1991), are intrinsic
centrosome components that do not require microtubules
to maintain their localization.

GCP2 and GCP3 Are Components of the
g-Tubulin Complex

Previous experiments have shown that more than half of
the total g-tubulin in animal cells is soluble, in the form of
the cytoplasmic g-tubulin complex (Felix et al., 1994;
Stearns and Kirschner, 1994; Meads and Schroer, 1995;
Moudjou et al., 1996). Lysates of A31 cells were separated
into soluble and insoluble fractions and tested for the pres-
ence of g-tubulin, GCP2, and GCP3. All three proteins
had a similar soluble/insoluble distribution, with .70% of
the total protein being soluble. The remainder was insolu-
ble, presumably associated with the centrosome. To deter-
mine whether GCP2 and GCP3 are components of the
g-tubulin complex, we first examined their behavior on su-
crose gradients. Cytoplasmic extracts of human 293 cells
were fractionated on 10–40% sucrose gradients and probed
with antibodies against g-tubulin, GCP2, and GCP3. All
three proteins sedimented with the same velocity in these
gradients (Fig. 6), well separated from the majority of sol-
uble proteins. As indicated above, we estimate the sedi-
mentation coefficient of this complex to be 32S. We next
checked for a physical interaction between g-tubulin and
GCP2 and GCP3 by immunoprecipitating epitope-tagged
versions of g-tubulin from the cell lines described above

Figure 4. hGCP3, Spc98p, hGCP2, and Spc97p are related pro-
teins. (A) Pair-wise comparison of hGCP2, Spc97p, hGCP3, and
Spc98p. The numbers represent the percent similarity using the
following groupings of amino acids: N and Q; R and K; S and T;
D and E; Y, F, and W; I, L, M, and V; H; P; C; G; and A. (B) A
schematic diagram of the hGCP2, Spc97p, hGCP3, and Spc98p
proteins. The boxes representing the proteins are drawn to scale,
with the dashed segments representing gaps of 10 amino acids or
more that were introduced to align the proteins. The shaded re-
gions represent regions that show significant homology. (C) The
amino acid sequences of the shaded regions of homology indi-
cated in (B). Amino acid positions that are either identical (black
shading) or similar (gray) in at least three of the proteins are in-
dicated. These sequence data are available from GenBank/
EMBL/DDBJ under accession numbers AF042379 (hGCP2) and
AF042378 (hGCP3).
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and assaying the immunoprecipitates for the presence of
g-tubulin, GCP2, and GCP3 (Fig. 7). As shown above in
Fig. 3, immunoprecipitation of epitope-tagged g-tubulin
resulted in precipitation of both the tagged and endoge-
nous g-tubulin. GCP2 and GCP3 were both immunopre-
cipitated along with g-tubulin. The sedimentation and im-
munoprecipitation results demonstrate that GCP2 and
GCP3 are components of the g-tubulin complex.

Among the proteins identified in Fig. 2 as components
of the g-tubulin complex, GCP2 and GCP3 are closest in
molecular weight to the 101-kD band, which runs as a very
tight doublet. To determine whether the GCP2 and GCP3
proteins correspond to the 101-kD doublet, the GCP2 and
GCP3 genes were cloned into baculovirus vectors and ex-
pressed in insect cells. In both cases a portion of the ex-
pressed protein was insoluble and relatively pure; this pro-
tein was used to assess mobility on Coomassie-stained
gels. GCP2 and GCP3 were found to run as a tight doublet
of z100 kD (Fig. 8). To compare the mobility of these pro-
teins with those of the proteins of the g-tubulin complex,
samples of GCP2 and GCP3 were run adjacent to the im-
munoprecipitates from labeled cells shown in Fig. 2. The
Coomassie-stained GCP2 and GCP3 protein doublet
comigrated with the 101-kD g-tubulin complex compo-
nents (not shown). Thus, GCP2 and GCP3 appear to be
the proteins that make up the doublet at 101 kD in the
g-tubulin complex.

The g-Tubulin Complex Contains Multiple Molecules
of GCP3

To begin to investigate the stoichiometry of components
in the g-tubulin complex, we created stable cell lines ex-
pressing an epitope-tagged version of hGCP3. In this cell
line, A31-hGCP3MycHis, the epitope-tagged protein lo-
calizes to the centrosome (Fig. 9 A), and cosediments with
the endogenous GCP3 on sucrose gradients (Fig. 9 B).
These results confirm that the cloned GCP3 gene corre-
sponds to the centrosomal protein identified by the anti-
GCP3 antibody. The level of expression of the tagged ver-
sion of GCP3 is lower than that of the endogenous protein
(Fig. 9 B). It was not possible to recover cell lines express-
ing higher levels, suggesting that overexpression of hGCP3
is toxic, similar to the situation for Spc98p in yeast (Gei-
ssler et al., 1996). Immunoprecipitation of hGCP3MycHis
with anti-Myc antibody resulted in precipitation of both
the endogenous and tagged proteins, indicating that the
g-tubulin complex contains more than one GCP3 mole-
cule (Fig. 9 C). In addition, both g-tubulin and GCP2
coimmunoprecipitate with hGCP3MycHis, confirming that
these proteins are all part of the same complex (Fig. 9 C).

GCP2 and GCP3 Bind to Microtubules as Part of the 
g-Tubulin Complex

Previous experiments have shown that the g-tubulin com-

Figure 5. GCP2 and GCP3 are localized to the
centrosome. (A) CHO cells were fixed and co-
stained with anti-hGCP2 and either anti–a-tubu-
lin or anti–g-tubulin antibodies as indicated. (B)
CHO cells were fixed and co-stained with anti-
hGCP3 and either anti–a-tubulin or anti–g-tubu-
lin as indicated. Examples of cells in interphase
and mitosis are shown.
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plex associates with microtubules in an end-dependent
manner (Li and Joshi, 1995; Zheng et al., 1995), but have
not determined the composition of the complex after bind-
ing. To determine whether GCP2 and GCP3 remain asso-
ciated with g-tubulin during microtubule binding, a micro-
tubule sedimentation assay was performed. Increasing
amounts of taxol-stabilized microtubules were added to
cytoplasmic extracts of A31 cells, incubated, and then cen-
trifuged to precipitate microtubules and associated pro-
teins. The pellets were assayed for the presence of g-tubulin,
GCP2, and GCP3. The range of microtubule concentra-
tions chosen was such that the highest number of microtu-
bule ends used would approximately equal the number of
g-tubulin complexes in these lysates. Under these condi-
tions, g-tubulin sediments in a manner dependent on mi-
crotubule concentration (Stearns and Kirschner, 1994).
We found that g-tubulin, GCP2, and GCP3 sedimented
with microtubules, and that all three proteins exhibited

similar dependence on microtubule concentration (Fig.
10). The simplest interpretation of these results is that
GCP2 and GCP3 associate with microtubules as part of
the g-tubulin complex.

Discussion
Microtubule organizing centers from different species dif-
fer dramatically in morphology, yet all carry out the basic
functions of microtubule nucleation and organization. One
of the few known common components of organizing cen-
ters is g-tubulin, thought to play a critical role in microtu-
bule nucleation. We have shown that g-tubulin in animal
cells is associated with two proteins, GCP2 and GCP3, that
are homologues of the yeast spindle pole body compo-
nents Spc97p and Spc98p. Like g-tubulin, GCP2 and
GCP3 are present at both the centrosome and in a cyto-
plasmic complex. The conservation of both g-tubulin and
these associated proteins suggests that the mechanism of
microtubule nucleation will be similarly conserved.

The g-Tubulin Complex in Yeast and Animals: 
Differences and Similarities

The g-tubulin complex has been most well characterized
in yeast, Xenopus eggs, and mammalian cells and tissues.
In yeast, the complex is relatively small, running at 6S on
sucrose gradients and consisting exclusively of g-tubulin
(Tub4p), Spc97p, and Spc98p. Although Spc97p and
Spc98p are related, as shown here, they are both essential
genes, and seem to be part of the same complex in that im-
munoprecipitation of one precipitates the other (Geissler
et al., 1996; Knop et al., 1997). As there is no evidence for
higher order forms of the g-tubulin complex in yeast, it
seems likely that the complex of g-tubulin with Spc97p/
GCP2 and Spc98p/GCP3 represents the minimal unit of
the g-tubulin complex. In animal cells the complex is much
larger, z32S, and we have shown that for both g-tubulin
and GCP3, tagged and untagged molecules exist in the
same g-tubulin complex. This is consistent with the esti-
mated stoichiometry of 10–13 g-tubulin molecules per
g-tubulin complex in frogs reported by Zheng et al. (1995).
Thus, the simplest model for the large animal cell complex
is that it consists of multiple g-tubulin/GCP2/GCP3 sub-
units. These subunits would be joined together such that
they form a ring or coiled filament. There are at least four
proteins other than g-tubulin, GCP2, and GCP3 in the
g-tubulin complex, and we propose that these proteins
play a role in joining the g-tubulin/GCP2/GCP3 subunits

Figure 6. GCP2 and GCP3 cosediment with g-tubulin in sucrose
gradients. The sedimentation velocity of cytoplasmic g-tubulin,
GCP2, and GCP3 from human 293 cells was examined by sucrose
gradient velocity sedimentation. Gradient fractions were immu-
noblotted with either anti–g-tubulin, anti-hGCP2, or anti-hGCP3
antibodies. The position of thyroglobulin (19S) in a gradient run
in parallel is indicated, as is the migration of the 45- and 97-kD
molecular weight markers.

Figure 7. GCP2 and GCP3 are components of the cytoplasmic
g-tubulin complex. Epitope-tagged g-tubulin was immunoprecip-
itated from cytoplasmic extracts of the indicated cell lines, with
the indicated antibody in the presence or absence of competing
antigenic peptide. Immunoprecipitates were immunoblotted with
either anti–g-tubulin, anti-hGCP2, or anti-hGCP3 antibodies.
The positions of the 45- and 97-kD molecular weight markers are
indicated.

Figure 8. hGCP2 and hGCP3 mi-
grate with the same electrophoretic
mobility as the 100-, 101-kD dou-
blet of the g-tubulin complex.
hGCP2 and hGCP3 were produced
in insect cells using the baculovirus
system. hGCP2 and hGCP3 were

purified as insoluble proteins and analyzed on a 7.5% SDS–poly-
acrylamide gel, as follows: MW, molecular weight markers; 1,
hGCP2; 2, hGCP3; and 3, hGCP2 plus hGCP3. The gel was
stained with Coomassie blue to visualize the proteins. The molec-
ular weights of the markers are indicated.
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together, and possibly in attaching the entire g-tubulin
complex to the centrosome.

Although the difference in size and complexity of the
g-tubulin complex in yeast and animal cells is striking, it
may be only superficial. For example, it is possible that the
yeast g-tubulin/Spc97p/Spc98p subunits are monomeric in
the cytoplasm, but that they assemble into ring-shaped
structures upon binding to the SPB. The possibility of dy-
namic assembly of g-tubulin into larger structures is sug-
gested by previous experiments in which the Xenopus
g-tubulin complex was reported to be dissociated by high
salt, but could reform upon returning the salt to physiolog-
ical levels (Stearns and Kirschner, 1994). Meads and
Schroer (1995) reported that g-tubulin in cultured epithe-

lial cells was found in two cytoplasmic forms, one 10S, the
other 29S, the larger presumably representing the full-size
complex. Similarly, the size of the g-tubulin complex in
Aspergillus is reported to range from 8S to 20S (Akashi et
al., 1997), and to be sensitive to salt concentration.

An alternative possibility for the differences between
yeast and animal cells is that the animal g-tubulin complex
has evolved to perform functions that are not found in
yeast. For example, in yeast cells there are relatively few
microtubules, all of which terminate in the SPB, but in an-
imal cells, many microtubules are not associated with the
centrosome. At least some of these microtubules appear to
arise by release from the centrosome (Keating et al.,
1997), whereas others appear to arise de novo in the cyto-
plasm (Vorobjev et al., 1997). During mitosis in animal
cells, g-tubulin is found in the spindle, as well as at the cen-
trosome (Lajoie et al., 1994), suggesting that the g-tubulin
complex is associated with microtubule ends outside of the
centrosome. Plants represent the extreme case, in which
there is no obvious organizing center and g-tubulin colo-
calizes with microtubules in most areas of the cell (Liu et al.,
1993, 1994). Perhaps the presence of a cytoplasmic z32S
g-tubulin complex in animal cells reflects a requirement
for microtubule nucleation and/or stabilization indepen-
dent of the organizing center.

The yeast g-tubulin complex does not contain a- and
b-tubulin (Knop and Schiebel, 1997), and we did not find
a- and b-tubulin to be components of the mammalian
g-tubulin complex. This is in contrast to the results from
Xenopus eggs (Zheng et al., 1995) and sheep brain (Detraves
et al., 1997), in which a- and b-tubulin were reported to be
major components of the g-tubulin complex. Whereas it is
possible that the association of a- and b-tubulin with the
g-tubulin complex is weak and is lost during the procedure
that we used for assessing the composition of the complex,

Figure 9. Epitope-tagged hGCP3 localizes to the centrosome and
incorporates into the cytoplasmic g-tubulin complex. (A) A31
cells stably expressing hGCP3MycHis were fixed and co-stained
with anti-Myc and either anti–a-tubulin or anti–g-tubulin, as indi-
cated. Examples of both mitotic and interphase cells are shown.
(B) Cell lysates made from A31-hGCP3MycHis were run on a su-
crose gradient and fractions from this gradient were immunoblot-
ted with anti-hGCP3 and anti-Myc antibodies. Note that epitope-
tagged hGCP3 migrates more slowly than endogenous GCP3. (C)
Cell lysates made from A31 or A31-hGCP3MycHis cells were
subjected to immunoprecipitation with anti-Myc antibodies in the
presence or absence of competing antigenic peptide. The result-
ing immunoprecipitates were analyzed on 7.5% SDS–polyacryla-
mide gels and immunoblotted with anti-hGCP2, anti-hGCP3, and
anti–g-tubulin as indicated. The positions of the 97- and 45-kD
molecular weight markers are indicated.

Figure 10. GCP2 and GCP3 associate with microtubules. Equal
amounts of cytoplasmic lysate from A31 cells were incubated
with varying concentrations of taxol-stabilized microtubules (0–
500 pM microtubules). The highest concentration of microtu-
bules was approximately equal to the predicted concentration of
g-tubulin complexes in these lysates. The samples were centri-
fuged to sediment microtubules and associated proteins. The pel-
lets were then stained with Coomassie blue to visualize a- and
b-tubulin, and immunoblotted with anti-hGCP2, anti-hGCP3,
and anti–g-tubulin antibodies. The positions of the 97- and 45-kD
molecular weight markers are indicated.
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we find this unlikely for two reasons. First, the number of
steps and amount of time between cell lysis and affinity
purification (or precipitation) of the complex is far less in
the simple immunoprecipitations that we have performed
than in the full-scale purifications of the g-tubulin complex
(Zheng et al., 1995; Detraves et al., 1997). Second, we have
never observed cosedimentation of a- and b-tubulin with
the g-tubulin complex in sucrose gradients under any con-
dition tested.

Cytoplasmic g-Tubulin Versus Centrosomal g-Tubulin

Most of what is known about g-tubulin comes from studies
of the cytoplasmic g-tubulin complex, yet the main site of
g-tubulin action is thought to be the centrosome. What is
the relationship between the cytoplasmic and centrosomal
forms of g-tubulin? The forms seem to be interconvertible
to some extent in that the cytoplasmic g-tubulin complex
in frog egg extracts is able to associate with frog sperm
centrioles to create a functional centrosome (Felix et al.,
1994; Stearns and Kirschner, 1994). It was not clear in
these experiments whether the entire g-tubulin complex
or a subset of the complex associated with the centrosome.
Moritz et al. (1995) reported the presence of rings in the
pericentriolar material of centrosomes that both resem-
bled the purified Xenopus g-tubulin complex in solution
(Zheng et al., 1995), and reacted with anti–g-tubulin anti-
body, suggesting that the entire ring-shaped complex
might be present. We have shown that both GCP2 and
GCP3 are components of the cytoplasmic g-tubulin com-
plex, as well as centrosomal proteins. These results suggest
that the cytoplasmic and centrosomal g-tubulin complexes
are similar, and possibly identical.

Possible Roles for GCP2 and GCP3 in the
g-Tubulin Complex

GCP2 and GCP3 colocalize and copurify with g-tubulin in
every condition that we examined. The fact that the
GCP2/GCP3 pairing has been conserved from yeast to
mammals indicates that there must be functional signifi-
cance to having two related proteins in association with
g-tubulin. Based on two-hybrid interaction data, Knop et
al. (1997) came to the conclusion that both Spc97p and
Spc98p can interact with g-tubulin. A simple hypothesis
would be that the homology between GCP2 and GCP3 re-
flects a common interaction site with g-tubulin. Thus, the
yeast complex may represent the minimal complex of two
molecules of g-tubulin, and one each of Spc97p/GCP2 and
Spc98p/GCP3. Knop et al. (1997) also showed that Spc97p
and Spc98p are able to interact with each other. It is possi-
ble that Spc97p/GCP2 and Spc98p/GCP3 are required to
bring the g-tubulin molecules together in the proper orien-
tation for interaction with microtubules, or for initiation of
a microtubule. An interesting point is that if the minimal
subunit contains two g-tubulin molecules, then the total
number of g-tubulin molecules in the complex must be an
even number. Given that microtubules nucleated from an-
imal centrosomes typically have 13 protofilaments (Evans
et al., 1985), this would seem to argue against a strict 1:1
g-tubulin/tubulin heterodimer mechanism of microtubule
nucleation, as proposed by Zheng et al. (1995), but is not
incompatible with the protofilament model of Erickson

and Stoffler (1996). One way in which an even number of
g-tubulin subunits could interact with 13 protofilaments
would be if there is a one-subunit overlap within the com-
plex, which would be consistent with the “lock washer” ap-
pearance of the complex under certain conditions (Zheng,
et al. 1995). Clearly, understanding the detailed mecha-
nism of microtubule nucleation will require additional ex-
periments.

Results in yeast indicate that Spc97p and Spc98p medi-
ate the attachment of g-tubulin to the SPB by interaction
with another SPB component, Spc110p (Knop and Schie-
bel, 1997). Spc110p is a coiled-coil protein that itself links
the inner plaque, to which microtubules are attached, to
the central plaque that is embedded in the nuclear enve-
lope (Kilmartin et al., 1993). If GCP2 and GCP3 perform a
similar role in the animal g-tubulin complex, then one
might expect to find an Spc110p-related protein in the cen-
trosome. Interestingly, Tassin et al. (1997) have reported
that a protein immunologically related to yeast Spc110p is
present in vertebrate centrosomes.

One of the questions concerning the g-tubulin complex
is how its microtubule nucleation activity is regulated.
There are substantial amounts of the cytoplasmic form of
the g-tubulin complex, yet the vast majority of microtu-
bule nucleation appears to be limited to the centrosome.
Thus, a possible role for g-tubulin complex components
would be to inhibit the interaction of the complex with tu-
bulin or microtubules. Such an inhibitory protein might be
a part of the g-tubulin complex in the cytoplasm, but disso-
ciate from the complex when it is attached to the cen-
trosome, or when it binds to microtubules. Because GCP2
and GCP3 both localize to the centrosome and bind to mi-
crotubules along with g-tubulin we consider it unlikely
that they play an inhibitory role.

Many of the most important questions concerning g-tubu-
lin and the g-tubulin complex will require in vitro reconsti-
tution of all or part of the complex. With the identification
of GCP2 and GCP3 as two conserved components of the
complex, we have taken a step towards this goal and antic-
ipate that study of these proteins and their interactions
with g-tubulin will help to elucidate the mechanisms be-
hind the functions common to all microtubule organizing
centers.
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