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Abstract. The role of microtubules in mediating chro-
mosome segregation during mitosis is well-recognized.
In addition, interphase cells depend upon a radial and
uniform orientation of microtubules, which are intrinsi-
cally asymmetric polymers, for the directional transport
of many cytoplasmic components and for the mainte-
nance of the structural integrity of certain organelles.
The slow growing minus ends of microtubules are
linked to the centrosome ensuring extension of the fast
growing plus ends toward the cell periphery. However,
the molecular mechanism of this linkage is not clear.
One hypothesis is that y-tubulin, located at the cen-

trosome, binds to the minus ends of microtubules. To
test this model, we synthesized radiolabeled y-tubulin
in vitro. We demonstrate here biochemically a specific,
saturable, and tight (K4 = 1071 M) interaction of
y-tubulin and microtubule ends with a stoichiometry of
12.6 = 4.9 molecules of y-tubulin per microtubule. In
addition, we designed an in vitro assay to visualize
y-tubulin at the minus ends of axonemal microtubules.
These data show that y-tubulin represents the first pro-
tein to bind microtubule minus ends and might be re-
sponsible for mediating the link between microtubules
and the centrosome.

aNY cellular functions are dependent on the
M proper organization of microtubules. For exam-
ple, in most eukaryotic cells the ordered distri-
bution and transport of many cellular organelles including
the Golgi apparatus, mitochondria, and the endoplasmic
reticulum, is mediated by microtubules (Dabora and
Sheetz, 1988; Kreis, 1990; Terasaki, 1990). Typically, mi-
crotubules are organized in a radial fashion due to their
anchorage at a centrally located microtubule organizing
center (MTOC)!, represented by the centrosome in mam-
malian cells (Berns et al., 1977; Gould and Borisy, 1977;
Kirschner, 1978; Pickett-Heaps et al., 1982). Within the
characteristic radial array of interphase cells, these intrin-
sically polar polymers of a- and B-tubulin subunits are ori-
ented such that the slow growing minus end is anchored at
the centrosome ensuring the extension of the fast growing
plus end toward the cell periphery (Heidemann and Mcln-
tosh, 1980). During mitosis, the dynamic array of the inter-
phase microtubules reorganizes to construct a bipolar
spindle array which ensures that one copy of each dupli-
cated chromosome is correctly inherited by each of the na-
scent daughter cells (for a review see Brinkley, 1985). It is
predicted that centrosomal components play the key role
in microtubule organization.
A typical mammalian centrosome consists of a pair of
centrioles constructed of microtubules and surrounded by
an electron dense amorphous cloud of pericentriolar ma-
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terial (PCM). Experimental and structural evidences dem-
onstrate that microtubules terminate within the pericentri-
olar material which is responsible for the organizations of
microtubule arrays during all phases of the cell cycle (Por-
ter, 1966; McGill and Brinkley, 1975; Snyder and McIn-
tosh, 1975; Weisenberg and Rosenfeld, 1975; Peterson and
Ris, 1976; Gould and Borisy, 1977, Telzer and Rosen-
baum, 1979; Clayton et al., 1985). However, the molecular
mechanisms by which the pericentriolar material mediates
microtubule organization remain elusive. Emerging evi-
dence suggests that a pericentriolar protein vy-tubulin
might be involved (Oakley and Oakley, 1989, 1990;
Stearns et al., 1991; Horio et al,, 1991; Zheng et al., 1991;
Joshi et al., 1992; Felix et al., 1994; Stearns and Kirschner,
1994). y-Tubulin was first identified as an extragenic sup-
pressor of a mutant B-tubulin allele in Aspergillus nidulans
(Weil et al., 1986; Oakley and Oakley, 1989). cDNA se-
quence analysis and immunolocalization studies in various
species reveal that +y-tubulin is a ubiquitous and highly
conserved protein within the MTOC:S in eukaryotic king-
dom (Oakley and Oakley, 1989; Stearns et al., 1991; Horio
et al., 1991; Zheng et al., 1991; Bass and Joshi, 1992; Joshi
et al., 1992; Masuda, 1992; Fuchs et al., 1993; Liang and
Heckmann, 1993; Luo and Perlin, 1993; Gueth-Hallonet et
al., 1993; Liu et al., 1993; McDonald et al., 1993; Muresan
et al., 1993; Palacios et al., 1993; Rizzolo and Joshi, 1993;
Liu et al., 1994). Disruption of the y-tubulin gene in fungi
and Drosophila is lethal and leads to a pronounced deple-
tion of microtubules (Oakley and Oakley, 1990; Horio et
al., 1991; Sunkel et al., 1995). Mammalian cells fail to as-
semble mitotic spindles after microinjection of y-tubulin
antibody (Joshi et al., 1992), and depletion of y-tubulin
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containing complex diminishes the ability of Xenopus egg
extracts to support the sperm mediated formation of mi-
crotubule asters (Felix et al., 1994; Stearns and Kirschner,
1994). Although indirect, together these data indicate that
y-tubulin plays a key role in the organization of microtu-
bules arrays, and predict that y-tubulin binds to and nucle-
ates microtubules at the centrosome. The test of this
model requires study of biochemical interaction of y-tubu-
lin and microtubules. However, y-tubulin is present in a
low abundance 10* molecules per cell, less than 1% the
level of either a- or B-tubulin, and purification has been
difficult (Stearns et al., 1991). As an alternative, in this
study, we used in vitro synthesized radiolabeled y-tubulin
to study the biochemical interaction of y-tubulin with mi-
crotubules. Here we show that y-tubulin tightly binds to
microtubule ends in a saturable fashion in vitro, and the
binding is specific to the minus ends of microtubules. We
suggest that y-tubulin organizes cytoplasmic microtubules
by mediating the link between the slow growing minus
ends of microtubules and the centrosome.

Materials and Methods

Vector Construction

To construct the plasmid pGEM-hvT, a 1568 base pairs full-length human
y-tubulin cDNA EcoRI fragment (from 24 bp upstream of the translation
initiation site to 308 bp downstream of the stop codon) was excised from
pBluescript SK-hyT vector (Zheng et al., 1991) and inserted at the EcoRI
site of pGEM4 vector (Promega Corp., Madison, WI) downstream of T7
promoter. To construct the plasmid pGEM-hyT/Myc-tag, a EcoRI frag-
ment containing hyT/Myc-tag was excised from phyT/Myc-tag (Shu and
Joshi, 1995) and inserted at the EcoRI site downstream of T7 promoter.

Synthesis of Radiolabeled y-Tubulin by In Vitro
Transcription and Translation

pGEM-hyT and phyT/Myc-tag were linearized with Sacl and the mRNA
was synthesized in a 100 pl reaction containing 5-10 pg of the linearized
DNA template, 40 mM Tris-HCI (pH 7.9), 6.0 mM MgCl,, 2 mM Spermi-
dine, 10 mM NaCl, 10 mM DTT, 100 units of RNasin (Promega), 100 pg/
ml BSA, 2.0 mM each of the nucleotide triphosphates (Pharmacia LKB
Nuclear, Gaithersburg, MD) and 80 units of T7 RNA polymerase
(Promega). Reaction was carried out at 35°C for 2 h. After RNA synthe-
sis, the DNA template was digested by adding S units of RQ1-DNase
(Promega) and incubating for 15 min at 37°C. Proteins were removed by
phenol and chloroform extraction and the RNA was precipitated by etha-
nol, and dissolved in DEPC-treated water. The translation reaction was
carried out at 30°C for 1 h in a 50-pl reaction mixture containing 7 ug of
RNA, 35 pl of rabbit reticulocyte lysate (Promega), 40 units of RNasin, 1
ul of an amino acid mixture containing 1 mM each of the 19 amino acids
(lacking methionine), and 60 p.Ci ¥*S-methionine (specific activity 1000 Ci/
m mol; Amersham Corp., Arlington Heights, IL). We also synthesized un-
labeled vy-tubulin for microtubule binding competition assays by incubat-
ing the complete unlabeled amino acid mixture. After translation, the pro-
tein was subjected to two subsequent gel filtrations on Sephadex G-25
columns to separate unincorporated amino acids. The protein was either
used immediately or stored at —80°C for future use.

In Vitro Microtubule Cosedimentation Assay

Tubulin proteins were prepared according to Vallee (1986) and Sloboda
and Rosenbaum (1982). Rhodaminated tubulin proteins were prepared
according to Hyman et al. (1991). Axonemes were prepared according to
Witman et al. (1986) and Smith and Sale (1992). Protein concentration
was assayed using BCA method (Smith et al., 1985). In vitro microtubule
cosedimentation assay was carried out essentially as described in Yang et
al. (1989). Microtubules were assembled in vitro by incubating PC-puri-
fied bovine brain tubulin or rhodaminated tubulin in PEM buffer (0.1 M
Pipes, 2 mM EGTA, 1 mM MgSO,) in the presence of 1 mM GTP at 37°C
for 20 min. After this initial polymerization, the microtubule solution was
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diluted with an appropriate volume of PEM buffer containing 1 mM GTP
and 20 uM Taxol and incubated at 37°C for additional 10 min. Radiola-
beled y-tubulin was spun at 10,000 g for 10 min in an ultracentrifuge (Air-
fuge; Beckman Instrs., Fullerton, CA) and the supernatant was used in the
following microtubule cosedimentation assay. A constant amount of mi-
crotubules (5 wl at a concentration of 0.4 pg/pl) was incubated with in-
creasing amounts of y-tubulin (varying from 2 to 95 pl) in a 100 pl reac-
tion volume supplemented with 1 mM GTP and 20 uM Taxol at 37°C for
30 min. Microtubules were separated by centrifugation at 100,000 g through
a 60% glycerol cushion for 10 min in an ultracentrifuge. The supernatant
was mixed with 20 pl of 5X SDS-sample buffer (Laemmli, 1970) and the
microtubule pellet was dissolved into 20 pl 1X SDS sample buffer and
subjected to SDS-PAGE analysis. The gels were fluorographed, dried,
and quantitated using Phosphorlmager (Molecular Dynamics Inc., Sunny-
vale, CA). Saturability of the binding reaction was analyzed by equilib-
rium binding curves, while the dissociation constant and Hill coefficient
were determined by Scatchard plot analysis and Hill plot transformations
of the primary data.

To generate more polymer ends while keeping the polymer mass con-
stant, microtubules and axonemes were sheared by repetitively passing
them through a 26-gauge hypodermic needle attached to a 1-ml tuberculin
syringe (Becton, Dickinson & Co. Rutherford, NJ) and used in similar mi-
crotubule cosedimentation assays.

Assay for Microtubule Number
Concentration Determination

Tetramethylrhodaminated tubulin proteins were prepared according to
Hyman et al. (1991). Briefly, microtubules assembled from the phospho-
cellulose purified tubulin in 0.1 M Hepes, pH 8.6, 1 mM MgCl,, 1 mM
EGTA, 40% (vol/vol) glycerol were incubated with 1/10 volume of 100
mM tetramethylrhodamine succinimidyl ester at 37°C for 20 min. The re-
action was stopped by diluting into low pH 2xX BRB80 buffer (80 mM
Pipes, 1 mM MgCl,, 1 mM EGTA, pH 6.8) containing 40% (vol/vol) glyc-
erol. The microtubules were cycled (polymerization and depolymeriza-
tion) twice after the labeling reaction and used in cosedimentation assays
or frozen in liquid nitrogen for long term usage. The stoichiometry of la-
beling was determined by analyzing absorption spectra and was estimated
to be 1.8 molecules tetramethylrhodamine per tubulin heterodimer for
this preparation. To determine the concentration of microtubules or the
axonemes used in the reaction, 5 pl rhodaminated microtubules were
mixed with 95 pl green fluorescent labeled Covaspheres MX particles
(Covalent Technology Corporation, Ann Arbor, MI) in PEM buffer sup-
plemented with 1 mM GTP and 20 pM Taxol. Three independent small
aliquots (2 pl) of the mixture were placed on a slide and visualized by flu-
orescence microscopy. Pictures of 36 random fields of the mixture under
microscope were taken and the ratio of microtubules to particle was deter-
mined by counting each component in the negative directly. From the
concentration of fluoresceinated beads that was measured in a hemocy-
tometer, we calculated the number concentration of microtubules.

Quantitative Analysis of Autoradiograms

To characterize the interaction between y-tubulin and microtubules, an
accurate quantitation of the radiolabeled vy-tubulin was required. To cir-
cumvent the concern of a nonlinear response of x-ray films using conven-
tional densitometry of the autoradiograms, we used a Phosphorlmager
which has a wide range of linear response. To ensure the linear response
of the instrument, we first spotted a series dilution of 33S-methionine solu-
tion on blotting paper and exposed it to the PhosphorImager screen. The
optical densities obtained were then analyzed using ImageQuant software
3.3 (Molecular Dynamics). The amount of y-tubulin in each binding reac-
tion was analyzed by exposing the SDS-PAGE gels to the Phosphorlm-
ager screens, and the background was subtracted as recommended to ac-
count for the different background of different protein bands. Using the
specificity of ¥S-methionine and data obtained from PhosphorImager
analysis as well as microtubule number concentration, the stoichiometry
of the binding reaction was deduced.

Visualization of y-Tubulin Bound to the Minus End

of Axonemal Microtubules

Flagellar axonemes were prepared from the flagella shed by Chlamy-
domonas cells induced with a pH shock (Witman, 1986; Smith and Sale,

1992; kindly provided by Dr. W. Sale and L. Fox, Emory University) and
labeled with tetramethylrhodamine succinimidy! ester using the proce-

208



dure described by Hyman et al. (1991). In the y-tubulin binding assay the
labeled axonemes yielded a saturation binding curve similar to that of in
vitro assembied microtubules. y-Tubulin-bound axonemes or sheared ax-
oneme fragments were attached to poly-L-lysine coated glass coverslips.
The unbound sites on the coverslip were blocked by incubation with 2%
casein in PEM buffer supplemented with 2 mM GTP at room temperature
for 15 min. To visualize the myc-tag on the axoneme bound vy-tubulin mol-
ecules, the anti-myc-tag antibody was first attached to green fluorescent
dye fluorescein isothiocyanate (FITC; Sigma Chemical Co., St. Louis,
MO) labeled Staphylococcus aureus particles in the following sequence: S.
aureus particles were first sedimented by centrifugation from 100 pl of cell
suspension (Pansorbin; Calbiochem-Novabiochem, La Jolla, CA) and re-
suspended in 1 ml of 0.1 M sodium carbonate (pH 9.0). This suspension
was then mixed with 50 pl of 1 mg/ml FITC in anhydrous dimethy! sulfox-
ide and incubated for 4 h at room temperature. At the end of the incuba-
tion the labeled particles were pelleted in a microcentrifuge and washed
five times each with 1 ml TBS. The fluorescent S. aureus particles were
then incubated with the anti myc-tag antibody for 3 h at room tempera-
ture and washed five times with PEM buffer supplemented with 2 mM
GTP to remove any excess unbound antibody. The glass coverslips con-
taining the +y-tubulin bound axonemes or sheared axonemal fragments
were then incubated at room temperature for 15 min with the suspension
of the anti myc-tag containing FITC labeled S. aureus particles. The cover-
slips were washed 5X with PEM to remove the unbound particles, and
then mounted in Aqua mount (Lerner Laboratories, New York). The cov-
erslips were examined on a Zeiss Axiovert microscope with epifluores-
cence optics with a 100X Plan-neofluar objective (Carl Zeiss, Inc., Thorn-
wood, NY) and a dual filter set that allows simultaneous visualization of
both the rhodamine and FITC channels.

Results

Specific Interaction Between y-Tubulin
and Microtubules

If centrosomal y-tubulin is directly involved in the organi-
zation of cellular microtubules, it must physically interact
with microtubules. To test this hypothesis, we constructed
a vector pGEM-hvT, in which the T7 promoter was used
to drive a full length human +y-tubulin cDNA. With this
vector, a single radioactive band of 49 kD, corresponding
to the size of y-tubulin, was produced in an in vitro tran-
scription and translation reaction using >*S-methionine
(Fig. 1, A and B). We incubated the radiochemically
tagged vy-tubulin with taxol-stabilized microtubules fol-
lowed by sedimentation at 100,000 g for 10 min through a
BRB&80 buffer containing a 60% glycerol cushion and
analysis by SDS—polyacrylamide gel electrophoresis (Fig.
1 C). Microtubules with bound v-tubulin are collected in
the pellet fraction. As shown in lane /, y-tubulin was not
detected in the pellet fraction in the absence of microtu-
bules. However, radiolabeled vy-tubulin was clearly de-
tected in the pellet fraction when microtubules were
added, suggesting a physical association of y-tubulin with
microtubules (Fig. 1 C, lane 2). A 20-fold excess of unla-
beled y-tubulin, also synthesized in vitro, efficiently com-
peted with the binding of radioactive y-tubulin (Fig. 1 C,
lane 3). In addition, incorporation of biotinylated lysines
into in vitro synthesized y-tubulin abolished its ability to
associate with microtubules (data not shown). These data
suggest that y-tubulin specifically interacts with microtu-
bules.

Biochemical Characterization of the Interaction
between y-Tubulin and Microtubules

To determine if binding of y-tubulin to microtubules is sat-
urable, we examined the binding of increasing concentra-
tion of y-tubulin with a constant mass of taxol-stabilized
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microtubule assembled in vitro. After 30 min of incubation
at 37°C, the free y-tubulin and bound vy-tubulin were sepa-
rated by sedimentation at 100,000 v in an airfuge through
BRB8O0 buffer containing a 60% glycerol cushion. The free
v-tubulin and bound vy-tubulin were resolved by SDS-
PAGE and quantitated by phosphorimaging. Plotting bound
~v-tubulin vs. total input y-tubulin revealed a typical rect-
angular hyperbola, suggesting a saturable binding reaction
between y-tubulin and microtubules (Fig. 2 A). Scatchard
plot analysis showed a high apparent affinity and mini-
mum dissociation constant of 1.7 X 1071 M and B, of
134 pM with respect to y-tubulin concentration (Fig. 2 B).
To determine if the interaction of y-tubulin with microtu-
bules is cooperative, we next performed a Hill plot analy-
sis of the binding data. This analysis of the y-tubulin inter-
action with microtubules resulted in a straight line with the
value of ny close to 1 (0.96; Fig 2 C) indicative of undetect-
able cooperativity of the binding reaction. The value of K4
from this analysis was 1.5 X 107'°M, which was compara-
ble to that of 1.7 X 1071°M calculated from the Scatchard
plot analysis. These data suggest that +y-tubulin binds
tightly to microtubules in a saturable fashion.

The Interaction of y-Tubulin Is Dependent on the
Number Concentration of Microtubules

In vivo y-tubulin is localized to the centrosome where the
minus ends of the microtubules reside, suggesting that
y-tubulin might interact only with ends of microtubules in
vitro. One prediction of this hypothesis is that for constant
polymer mass, y-tubulin binding will increase when more
ends are present. To test this, we sheared a constant mass
of microtubules by passing them through a hypodermic
needle attached to a 1-ml tuberculin syringe. This proce-
dure increased the number of microtubules as determined
by direct visualization of fluorescent microtubules (Fig. 3).
A typical experiment is shown in Fig. 4 in which the num-
ber of microtubules increased from 1.7 X 10% to 2.4 X 10%.
Scatchard analyses of the binding reaction of y-tubulin to
both the sheared and unsheared microtubules reveal a pair
of parallel lines with increased intercept at the X axis
(Bound maximum), suggesting an increase in the amount
of y-tubulin after shearing and a constant apparent disso-
ciation constant (Fig. 4). These data suggest that y-tubulin
interacts only with the ends of microtubules.

Determination of Microtubules Number
Concentration and the Stoichiometry of Microtubule
and vy-tubulin Interaction

Since +y-tubulin interacts with the ends of microtubules, it
would be meaningful to determine the stoichiometry of
maximal bound v-tubulin versus number (molar) concen-
tration of microtubule polymers, instead of simply using
the protein mass concentration of microtubules. To mea-
sure precisely the number of microtubule in each reaction,
we produced tetramethylrhodamine labeled microtubules
(Fig. 3) that showed saturable binding curves identical to
that of unlabeled microtubules as well as allowed the visu-
alization of even a small fluorescent microtubule fragment
used in the binding reaction. To determine precisely the
concentration of individual microtubules, we mixed rhoda-
minated microtubules with a colloidal solution of fluores-
cent latex beads (1 pm) (Fig. 3), the concentration of
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Figure 1. Synthesis of radiochemically
pure mammalian y-tubulin protein and
its in vitro binding to microtubules. (A)
Schematic of the plasmid construct,
pGEM-hvT, containing human y-tubu-
lin downstream of a T7 promoter used
for in vitro transcription of vy-tubulin
mRNA. (B) Autoradiogram of the in
vitro synthesized *3S-methionine la-
beled vy-tubulin in the presence (lane
2), and in the absence (lane 1) of
y-tubulin mRNA. A single radioactive

-32.5

MTs ~—
cold HYT— — + KD

+ + 3

which was also determined independently in a hemocy-
tometer. The ratio of microtubules to beads from 36 ran-
dom fields allowed us to calculate the number concentra-
tion of microtubules. From five independent experiments,
maximal bound vy-tubulin was obtained from Scatchard
plot analysis, and the number of microtubules was ob-
tained as described above. Plotting bound (max) versus
the number of microtubules from these experiments re-
vealed a straight line with a slope (representation of sto-
ichiometry) of 15.4 y-tubulin molecules per microtubule
(Fig. 5). The mean of individual values for stoichiometry is
12.6 * 4.9 y-tubulin molecules per microtubule.

v-Tubulin Binds to Minus Ends of
Axonemal Microtubules

The simplest model that emerges from the binding data
described above is that y-tubulin binds the ends of micro-
tubules. To test further this hypothesis, we next sought to
visualize the localization of molecules of bound +y-tubulin
on microtubules. Our prediction was y-tubulin would be lo-
cated at the minus ends of microtubules. To do this, we ini-
tially used immunofluorescence labeling using our y-tubulin
antibody and the low light detection techniques. These ini-
tial efforts were unsuccessful primarily due to two reasons.
First, the fluorescence signal generated by a few y-tubulin
molecules at the microtubule end may not be sufficient to
detect over the background. Second, since our antibody
was raised against a conserved region of y-tubulin and the
binding of this antibody to the centrosome disrupts the nu-
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2 band of the apparent molecular mass

of 49 kD was detected in the presence
of y-tubulin mRNA. (C) Autoradio-
gram of the pellet fraction from micro-
tubule cosedimentation assay using ra-
diolabeled vy-tubulin without or with in
vitro polymerized taxol-stabilized mi-
crotubules (lanes / and 2), and this
binding reaction can be effectively
competed out by the addition of a 20-
fold excess of unlabeled +vy-tubulin
(lane 3).

cleation of microtubules (Joshi et al., 1992). Therefore,
this antibody may not be a suitable reagent for this experi-
ment. To circumvent these problems, we made two modi-
fications: first, we synthesized an epitope-tagged version
of y-tubulin in which a 14-amino acid myc-tag was fused
in-frame at the extreme carboxyl terminus of the human
y-tubulin (Evan et al.,, 1985). The carboxy terminus of
v-tubulin was chosen because it is the most divergent do-
main and it contains variable number of amino acids in dif-
ferent species (for review see Joshi, 1993). In in vitro mi-
crotubule binding assays (such as illustrated in Fig. 2), the
epitope-tagged +y-tubulin produced identical saturable
curves compared with nontagged vy-tubulin and with both
microtubules and with purified FITC labeled axonemes.
The binding curve for sheared axonemes was also similar
to that of taxol-stabilized microtubules. Second, we used
rhodaminated axonemal microtubules in which the frayed
plus ends of the microtubule bundle is clearly distinguish-
able from the unfrayed minus ends. The axonemes were
incubated with the in vitro synthesized myc-tagged y-tubu-
lin and the y-tubulin bound axonemes were diluted before
their sparse attachment to a polylysine-coated glass cover-
slip (the concentrated axonemal suspension creates large
clumps in this binding reaction). To meet the challenge of
visualizing the few molecules of the myc-tagged vy-tubulin
at the ends of bright red staining axonemal microtubules,
we attached the anti-myc antibody on the FITC-labeled
particles (S. aureus bacterial cells). Fig. 6 (A-F) shows
those axonemes whose plus ends were frayed with the
v-tubulin bound at intact minus ends revealed by green
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Figure 2. Characterization of the interaction between ~v-tubulin
and microtubules. A constant amount of taxol-stabilized microtu-
bules was incubated with an increasing amount of radiolabeled
v-tubulin in a microtubule cosedimentaion assay keeping the fi-
nal taxol concentration constant as described in the Material and
Methods. (A) Plotting the y-tubulin bound (Y-axis) to taxol-sta-
bilized micretubules assembled from purified bovine brain tubu-
lin against free y-tubulin (X-axis) reveals a typical rectangular hy-
perbola, suggesting a saturable interaction between y-tubulin and
microtubules. Insets show the autoradiograms of bound and free
y-tubulin that were used for the quantitative Phosphorlmager
analysis. B, Scatchard plot analysis of the binding data. A plot of
bound (B) / free (F) vs. bound (B) yields a straight line with a K,
of 1.7 X 1071 M and B, of 134 pM. (C) Hill plot analysis. Plot-
ting log (B / [Bpax-B]) vs. log F yields a straight line with a Hill co-
efficient (ny) of 0.96 and K’ of 1.5 X 1079 M, suggesting a non-
cooperative interaction.

antibody attached particles. Also shown are the more
abundant normal unfrayed axonemes for comparison (Fig.
6, G and H). S. aureus bacterial cells alone did not bind to
the ends of axonemes. Taken together, these results indi-
cate y-tubulin binds to the minus ends of microtubules.

Discussion

We have demonstrated an interaction of y-tubulin with
the minus ends of microtubules using +y-tubulin synthe-
sized in vitro in the rabbit reticulocyte lysate translation
system. This interaction is specific and saturable with an
apparent dissociation constant of 1071® M and a stoichiom-
etry of 12.6 = 4.9 molecules of y-tubulin per microtubule.
Our data are the first direct evidence that y-tubulin specif-
ically binds microtubules at minus ends. These results are
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Figure 3. Assay for microtu-
bules number concentration
determination. The ratio of
rhodaminated microtubules
amidst fluorescent latex
beads in 36 random fields
was used to determine the
number concentration of mi-
crotubules. A typical exam-
ple is shown.

consistent with earlier genetic data indicating that y-tubu-
lin interacts with tubulin subunits. First, the isolation of
the y-tubulin gene as an extragenic suppressor of a tem-
perature sensitive allele of the B-tubulin gene in Aspergil-
lus nidulans suggested a physical interaction between - and
vy-tubulin (Weil et al., 1986; Oakley and Oakley, 1989). In
addition, the combination of different mutant alleles of
B-tubulin and ~y-tubulin mutant (mip A) produced differ-
ent synthetic phenotypes (Weil et al., 1986), suggesting an
allele-specific interaction between B-tubulin and vy-tubu-
lin. These studies combined with many other in vivo stud-
ies led to the hypothesis that y-tubulin might be a microtu-
bule binding protein. In this context, the results from
present study provides a direct link for an endwise attach-
ment of the minus ends of microtubules to the centroso-
mal protein, y-tubulin.

We present three lines of direct evidence that y-tubulin
specifically binds microtubules at the ends. First, the bind-
ing is directly related to the number of free ends for a cer-
tain mass of microtubule polymers. This was demonstrated
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Figure 4. Maximal bound vy-tubulin to microtubules depends on
number concentration of microtubules rather than mass concen-
tration. A plot showing increasing microtubule ends generated by
shearing of constant amount of microtubules by passing microtu-
bule suspension through a 26-gauge hypodermic needle either 0%
or 8X results in the progressively increased binding of vy-tubulin,
while has no effect on the dissociation constant.
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Figure 5. Determination of the stoichiometry of the binding in-
teraction. In five independent experiments, the maximal amount
of y-tubulin bound to microtubules/axonemes and the number of
microtubules/axonemes was determined as described in Fig. 2 B
using Scatchard plot analysis and Fig. 4. A plot of maximal micro-
tubule-bound y-tubulin vs. number of microtubules reveals a sto-
ichiometry (represented by the slope of the straight line) of 15.4
v-tubulin per microtubule.

by shearing microtubules to short fragments, hence keep-
ing the polymer mass constant, and demonstrating addi-
tional y-tubulin binding. Second, the calculated binding
stoichiometry of -y-tubulin to the polymerized o/B-tubulin
dimer is variable ranging from a magnitude of 10* to 10*
tubulin dimers per y-tubulin molecule, while the constant
binding stoichiometry of 12.6 = 4.9 y-tubulin per microtu-
bule is consistent with binding at ends of microtubules
rather than the overall lattice. Finally, immunofluores-
cence localization of y-tubulin bound in vitro to the axone-
mal microtubules is restricted to the minus ends of uni-
formly oriented microtubules. These results, together with
the previous experiments, implicate the centrosomai pro-
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tein y-tubulin as an organizer of microtubule arrays by
linking the minus ends of microtubules to MTOCs.
Axonemal microtubule bundles naturally have uniform
polarity. This polarity manifests itself in the structure of the
isolated bundle at two ends, in that the plus ends of the bun-
dle have a frayed appearance. While this feature of the ax-

- onemal microtubule bundle allowed us to designate the

minus end as the y-tubulin binding end of the microtubule,
it also raised some new questions. The axonemes in vivo
are continuous with the basal bodies that contain y-tubulin
and other proteins. Some procedures of axoneme prepara-
tion might be contaminated by basal bodies attached at
their minus ends. One way to avoid this problem is to use
flagella shed by Chlamydomonas during the physiologi-
cally induced excision process in which these cells actively
excise the axonemal microtubules while retaining the
basal bodies (see Witman, 1986, for a discussion of the ax-
oneme isolation procedures). The axonemes prepared by
this procedure extend their microtubules in vitro, at both
ends, upon adding purified tubulin. Thus tubulin subunits
at either end of the axoneme are thought to have exposed
tubulin subunits. In addition, we found that the sheared
axonemes show similar y-tubulin binding curve analogous
to taxol-stabilized microtubules. Thus, the new ends gen-
erated by the axoneme breaking show identical binding
properties with the old ends. In summary, it is less likely
that the binding of y-tubulin to axoneme minus ends is
mediated by other proteins, although there is still a formal
possibility that y-tubulin is binding to an axonemal com-
ponent other than microtubules.

In 1992, Oakley and colieagues presenied a model for
the nucleation/attachment of microtubules at the cen-
trosome. In this model, y-tubulin binds to each protofila-
ment by interacting physically with the B-tubulin subunit
of an a-p heterodimer, thereby exposing a-tubulin at the
distal plus ends of microtubule protofilaments (Oakley,
1992). This model is attractive because, in addition to de-

Figure 6. Visualization of epi-
tope-tagged +y-tubulin bound at
the minus ends of the axonemal
microtubules, +v-Tubulin bound
fluorescently labeled red axonemes
were diluted to avoid aggregation
and attached sparsely to glass cov-
erslips. The bound vy-tubulin mol-
ecules were detected by an anti-
body to the epitope tag that was
attached to fluorescently labeled
green particles (S. aureus bacterial
cells). As clearly seen from those
axonemes that have their plus end
frayed (A-F), the y-tubulin visual-
ized by green fluorescent particles
is associated with the unfrayed
minus ends of the microtubules.
Also shown for comparison the
more abundant unfrayed ax-
onemes (G and H). FITC-labeled
S. aureus particles alone did not
bind to axonemes.
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fining the centrosomal attachment of microtubule, it pro-
vides a molecular basis for orienting the fast growing plus
ends of cellular microtubules away from the centrosome.
Our studies indicate that y-tubulin is a minus end specific
microtubule binding protein, and hence, it might indeed
provide a linkage for the attachment of the minus ends of
microtubules to the centrosome. The question remains as
to which one of the heterodimeric tubulin subunits is at
the minus end and that one is at the plus end of a microtu-
bule. This question has been addressed using two indepen-
dent approaches. The first one has to do with the localization
of the exchangeable GTP binding site. The NH,-terminal
domains of both «- and B-tubulin bind a GTP molecule.
The a-tubulin-bound GTP is not exchangeable while the
B-tubulin-bound GTP is exchangeable and becomes non-
exchangeable upon polymerization (Jacobs et al., 1974;
Geahlen and Haley, 1977; Zeeberg and Caplow, 1979;
Zeeberg et al., 1980; Mandelkow et al., 1985; Nath and
Himes, 1986; Mandelkow and Mandelkow, 1989). Re-
cently, the exchangeable GTP site has been localized at
the plus ends of microtubules suggesting the B-tubulin
subunit may be at the plus end of the microtubule (Mitchi-
son, 1993). However, in another set of experiments, a mi-
crotubule binding protein kinesin was used to decorate
B-subunits followed by ultrastructural examination. These
experiments revealed a-tubulin at the plus ends of micro-
tubules and the kinesin bound B-tubulin at the minus end
(Song and Mandelkow, 1995). The ultrastructural data are
consistent with the original model of y-tubulin microtu-
bule interaction in which +y-tubulin might interact with
B-tubulin of the tubulin heterodimer subunit at minus
ends of microtubules.

Another interesting question is—what is the interaction
interface between vy-tubulin and microtubule subunits?
Does y-tubulin bind to microtubules in a head-to-tail fash-
ion similar to a- dimers or does +y-tubulin bind to micro-
tubules in a side-to-side fashion as microtubule protofila-
ments bind each other? Our studies suggest that the
stoichiometry of y-tubulin-microtubule interaction is 12.6
4.9 molecules of y-tubulin per microtubule. This would
predict that the number of y-tubulin molecules at the end
of microtubule is close to the number of protofilaments in
one microtubule such that each protofilament can bind
one y-tubulin at its minus end. Since a structural template
of clearly distinguishable morphology has never been seen
at the PCM embedded minus end of microtubule, it is pos-
sible that the microtubule binding interfaces of the termi-
nal y-tubulin subunits may resemble those of a-tubulin
and B-tubulin and thus the linkage of y-tubulin to microtu-
bules may closely conform to the 13-15 protofilament lat-
tice of microtubules during nucleation of microtubules by
the centrosome.

During mitosis, tubulin subunits in the mitotic spindle
are shown to flux toward the centrosomes (Mitchison,
1989). Thus any satisfactory model of microtubule nucle-
ation and of linkage to the centrosome must explain the
ability of the attached microtubule to lose subunits at mi-
nus end. In this context, it has been proposed that the cen-
trosomal mechanisms of microtubule nucleation may be
different from the mechanisms of microtubule attachment
to the centrosome: after nucleation, microtubules may be
released from the nucleation site to be recaptured by plus
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end directed kinesin like motor molecules (Sawin et al.,
1992). It is thus possible that y-tubulin interacts with mi-
crotubules only during the nucleation step and is released
afterwards in vivo. In any event, being a minus end bind-
ing protein, y-tubulin is a good candidate to participate in
the microtubule nucleation and/or attachment by the cen-
trosome.
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