
© 1995 Nature  Publishing Group

LETTERS TO NATURE 

The intimate relationship between the IEV and the actin cyto
skeleton suggests that the virus contains protein(s) that can asso
ciate directly or indirectly with actin. In Listeria species and 
Shigella, the proteins ActA. IactA and IcsA are critical for the 
nucleation of actin filaments at the bacterium surface 15 ·24 26 . 

Sequence comparisons of the vaccinia virus genome with ActA, 
!actA or IcsA failed to identify any ORF that contains signifi
cant homologous sequences. One possible candidate for viral 
interactions with actin is the A42R OR F. which is 32.1 °A1 
identical to human profilin27 • However, deletion of A42R has 
previously shown that it is not required for infectivity or release 
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THE microtubule cytoskeleton of animal cells does not assemble 
spontaneously, but instead requires the centrosome. This organelle 
consists of a pair of centrioles surrounded by a complex collection 
of proteins known as the pericentriolar material (PCM) 1• The 
PCM is required for microtubule nucleation2 • The minus, or slow
growing, ends of microtubules are embedded in the PCM and the 
plus, or fast-growing, ends project outwards into the cytoplasm 
during interphase, or into the spindle apparatus during mitosis. y
Tubulin is the only component of the PCM that is so far implicated 
in microtubule nucleation:J..-<;. Here we use immuno-electron micro
scopic tomography to show that y-tubulin is localized in ring struc
tures in the PCM of purified centrosomes without microtubules. 
When these centrosomes are used to nucleate microtubule growth, 
y-tubulin is localized at the minus ends of the microtubules. We 
conclude that microtubule-nucleating sites within the PCM are 
ring-shaped templates that contain multiple copies of y-tubulin. 

We previously reported that the PCM of isolated Drosophila 
centrosomes that lack microtubules (MTs) contains hundreds of 
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of mature virions27 . Moreover, we found that vaccinia virus lack
ing A42R is still able to form actin tails and projections (data 
not shown). which is consistent with the recent observation that 
profilin is not required for actin-based motility of Listeria in 
the cell-free Xenopus system28 . Whether profilin is involved in 
vaccinia motility will require further characterization, as the 
virus may be able to utilize cellular profilin isoforms. Given 
the similarities between the motility of bacterial pathogens and 
vaccinia virus, we suggest that intracellular pathogens have 
developed a common mechanism to exploit the actin 
cytoskeleton for their own purposes. D 
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TABLE 1 Distribution of gold particles in PCM of centrosomes with and 
without microtubules 

Number of gold particles 
(% total particles) 

At(-) ends Ambiguous 
(a) Centrosomes with MTs of MTs position Total 

All gold 77 (65%) 41 (35%) 118 (100%) 
Single gold particles 2(2%) 7(6%) 
Clusters of 2 12 (10%) 8(7%) 
Clusters of 3 15 (13%) 12 (10%) 
Clusters of 4 24(20%) 8(7%) 
Clusters of >4 24(20%) 6(5%) 

At ring Ambiguous 
(b) Centrosomes without MTs structures position Total 

All gold 68(69%) 30 (31%) 98 (100%) 
Single gold particles 3(3%) 6(6%) 
Clusters of 2 12 (12%) 8(8%) 
Clusters of 3 12 (12%) 3(3%) 
Clusters of 4 36 (37%) 0(0%) 
Clusters of >4 5(5%) 13 (13%) 

The gold particles were randomly chosen in each reconstruction and 
their association with identifiable structures (MTs or rings) was then 
determined by stepping through the relevant projections from the 
reconstruction, which reveals the three-dimensional structure of 
objects. 

ring-like structures that arc 25-30 nm in diameter and I 0-13 nm 
thick. In addition, we found that the minus ends of MTs in 
centrosomes with regrown asters appear to be blunt and arise 
abruptly, inasmuch as they are not associated with any discern
ible structure7 • We suggested then that the ring structures are 
MT-nucleating sites. Because their diameter is similar to that 
of MTs, they could be invisible at the minus ends of MTs in 
centrosomes with regrown asters. If these suggestions are correct, 
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we expect gold-labelled antibodies against y-tubulin to stain the 
rings in centrosomes without MTs and to stain the minus ends 
of MTs in centrosomes with MTs. In this study, we have tested 
this idea, determining the three-dimensional structure of the 
gold-labelled centrosomes by immuno-electron microscopic 
(EM) tomography7- 9 . 

For the three-dimensional reconstructions, purified Drosophila 
centrosomes were stained with gold-labelled antibodies, 
embedded, cut into semi-thick (0.7 J..tm) sections and examined 
in the EM (Fig. I). Because these sections can contain entire 
Drosophila centrosomes (which vary in diameter from -0.2 to 
I J..lm7 ), a complete, high-resolution (-6- 8 nm) three-dimen
sional image of an intact centrosome can be reconstructed by 
EM tomography. In some cases, individual MTs can then be 
followed through such reconstructions to their minus ends, 
allowing the origins of MTs to be identified unambiguous!/. 

We have used this approach to determine the location of y
tubulin in the centrosome under two different conditions: first, 
in the centrosome, as isolated, without any MTs, and second, 
after the same centrosomes have been mixed with pure tubulin 
and used to grow asters composed of hundreds of MTs. We 
present the results for centrosomes with asters in Fig. I : the 
centrosomes are abundantly and specifically labelled with gold 
throughout the PCM (Fig. !a, white dots, arrowed). In enlarged 
views of selected regions of the PCM, it can be seen that the 
minus ends of MTs are labelled with clusters of gold, which are 
often arranged in semicircles or rings which follow the shape of 
the MT minus end (Fig. !b). When we analysed 100 randomly 
chosen gold particles, we found that 65% of them were associated 
with MT minus ends; the remaining 35% could not be localized 
unambiguously because of the close and complicated arrange
ment of MTs within the PCM. In addition, the majority (62%) 

a 

FIG. 1 Tomographic reconstruction of a centrosome with MTs after 
immuno-gold labelling to detect r-tubulin. a, Panel1 shows an example 
of raw data used to generate the reconstruction shown in panel 2 
(Magnification, x10,400; scale bar, 200 nm); panel 2 shows a selected 
projection (representing a slice 2.75 nm thick) from the computer
generated reconstruction (out of a total of 179). White dots (arrowed) 
are 6-nm gold particles. b, y-Tubulin is localized in semicircles and 
rings at the minus ends of MTs. Panels 1- 3 and 5- 7: enlarged views 
of two examples of gold-labelled MT minus ends taken from the recon
struction in a. Selected projections stepping through the three-dimen
sional structure are shown (2.75 nm per step). Bar, 30 nm. Panels 4 
and 8: models of the relevant MTs and gold particles seen in panels 
1-3 and 5-7. Red, MT outlines; aqua, 6-nm gold particles. 
METHODS. Centrosomes were purified from 0- 3.5-hr Drosophila 
embryos, MTs were regrown on them, and the resulting asters were 
then fixed and sedimented onto coverslips as described in Ref. 7. For 
immuno-gold labelling of r-tubulin, nonspecific binding sites were satu
rated by a 20-min incubation in Block, consisting of PBS7 plus 0.5% 
fish gelatin, 0.8% bovine serum albumin, 0.1% Tween-20, and 0.5 M 
NaCI. Samples were then incubated for 3 h with an affinity-purified rab
bit polyclonal antibody specific for r -tubulin, diluted 1:500 in Block, 
which was raised against a peptide corresponding to the unique 17-
amino-acid C terminus of the maternal form of Drosophila y-tubulin 
and affinity-purified on the same peptide (Y. Zheng, personal communi
cation). Samples were washed quickly in Block three times and then 
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of the gold particles that were associated with MT minus ends 
were in clusters of four or more (Table Ia). In no case was the 
gold seen along the length of MTs, even in regions where the 
MTs were embedded in the PCM. As controls, centrosomes were 
incubated with the gold-labelled secondary antibodies alone, or 
with a primary antibody (a gift from C. Field) that recognizes 
the non-centrosomal protein, peanut (a contractile-ring compo
nent), followed by these antibodies. Sections of 0.2 J..lm were 
prepared from control samples and scanned by conventional 
transmission EM for gold particles. In both cases, the number 
of gold particles found to label the control sample was less than 
I% of the number found in samples that had been incubated 
with antibodies recognizing y-tubulin. In addition, the gold par
ticles on control samples were never found in clusters (data not 
shown). 

The presence of multiple gold particles at the ends of single 
MTs suggests that there are multiple y-tubulin molecules at these 
positions, in support of a model that postulates that a y-tubulin 
molecule sits at the minus end of each of the 13 protofilaments 
in a MT3. In addition, the semicircular or circular arrangement 
of the gold particles closely follows the shape of the MTs. How
ever, our current results do not allow us to ascertain the number 
of y-tubulin molecules in the nucleating structure ( 13 are 
predicted). 

The results for centrosomes without MTs are presented in 
Fig. 2. In unlabelled centrosomes, numerous ( ~400 to 800) ring 
structures are visible throughout the PCM7 • When centrosomes 
without MTs were immuno-gold-labelled to detect y-tubulin, 
the gold particles were distributed in clusters throughout the 
PCM (Fig. 2a, white dots, arrowed). In enlarged views, we found 
that approximately 60% of the rings that are visible in the recon
struction are associated with at least one gold particle. More-

b 

three times for 5 min in PBS plus 0.1% Tween-20. They were then 
incubated for 3 h, with gentle rocking, in 6-nm-gold-labelled, affinity
purified goat-anti-rabbit-lgG (EM grade, Jackson Immunological Labora
tories) diluted 1:25 in Block. Washes were repeated, and samples were 
then washed into PBS and fixed in 1% glutaraldehyde in PBS for 15 min. 
Further preparation of samples for EM was as described in ref. 7. The 
tomographic data set consisted of 99 views covering a tilt range of 
-63.75° to +58.75° at 1.25° intervals. Images were recorded as 
480 x 480 pixel arrays (2 x 2 binning) on a Gatan photometric-UCSF 
CCD, giving a final magnification of 2.75 nm per pixel. Data were col
lected automatically using our EMACT data collection system and pro
cessed using the EMCAT suite of software1 3 as in ref. 7. 
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FIG. 2 Tomographic reconstructions of purified centro
somes without MTs after immuno-gold labelling to detect 
y-tubulin. The y-tubulin is localized to ring structures scatt
ered throughout the PCM. a, Panel 1: An example of the 
raw data used for generating the reconstruction shown in 
panel 2 (magnification, x10,400; bar, 200 nm); panel 2: a 
selected projection (representing a slice 2.75 nm thick) b 
from the computer-generated reconstruction (out of a total 
of 143). White dots (arrowed) are 6-nm gold particles. b, 
The y-tubulin is found throughout the PCM in ring structures 
25-30 nm in diameter and 10-13 nm thick. Panels 1-3, 
5-7 and 9-11: enlarged views of three examples of gold
labelled ring structures taken from the reconstruction in a. 
Selected projections stepping through the three-dimen
sional structure are shown (2.75 nm per step). Panels 4, 8, 
12: models showing the relevant rings and gold particles 
in panels 1-3, 5-7 and 9-11. Red, ring structure; aqua, 6-
nm gold particles. Bar, 30 nm. 
METHODS. Samples were prepared as described for Fig. 1 
and in ref. 7, except that MTs were not regrown on the 
purified centrosomes. The tomographic data set consisted 
of 105 views covering a tilt range of - 65° to +65° at 1.25° 
intervals. 

over, 69% of the gold particles were clearly associated with the 
ring structures, and most (60%) of this gold is in clusters of 4 
or more (Fig. 2b and Table lb). The clusters of gold associated 
with the rings are often arranged in semicircles and circles that 
correspond to the shape of the rings. We conclude that MT
nucleating sites consist of ring-shaped structures containing 
multiple copies of r-tubulin. The general idea that some sort of 
ring could serve as the template for MT growth has been around 
for some time 10"11 • 

The conclusion that the MT-nucleating site in the centrosome 
is a ring complex is strongly substantiated by work described in 
an accompanying paper12, in which a ring-shaped complex of 
proteins containing r -tubulin (the yTuRC) has been purified 
from Xenopus oocytes and shown to have MT-nucleating 
activity12• The Xenopus complex contains multiple copies of r-
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tubulin as well as at least 6 other proteins, of which only a- and 
/1-tubulin have been identified. Preliminary biochemical evidence 
suggests that a similar complex may exist in Drosophila (Y. 
Zheng, personal communication). The fact that the nucleating 
ring exists in organisms as divergent as Xenopus and Drosophila 
suggests that its complex structure is evolutionaril?; very old. 

The similarity of the purified yTuRC structure 2 to the ring 
structures seen in centrosomes suggests that MT-nucleating com
plexes are at least partially assembled in the cytoplasm before 
associating with the centrosome. Other centrosomal proteins 
presumably constitute the 'scaffolding' onto which the yTuRC 
assembles at the centrosome. In vivo, the yTuRC must become 
activated for MT nucleation only after it associates with the 
centrosome, because MTs do not appear randomly in the cyto
plasm ; perhaps, therefore, activation requires the binding of the 
ring structure to one or more PCM proteins. 0 
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