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Structure of the γ-tubulin ring complex:
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The γ -tubulin ring complex (γγ TuRC) is a protein complex of relative molecular mass ~2.2 × 106 that nucleates
microtubules at the centrosome. Here we use electron-microscopic tomography and metal shadowing to examine the
structure of isolated Drosophila γ TuRCs and the ends of microtubules nucleated by γ TuRCs and by centrosomes. We
show that the γ TuRC is a lockwasher-like structure made up of repeating subunits, topped asymmetrically with a cap.
A similar capped ring is also visible at one end of microtubules grown from isolated γ TuRCs and from centrosomes.
Antibodies against γ -tubulin label microtubule ends, but not walls, in centrosomes. These data are consistent with a
template-mediated mechanism for microtubule nucleation by the γ TuRC.
he microtubule cytoskeleton is of fundamental importance to
animal cells in interphase for vesicle transport and cell polarity, and to cells in mitosis for formation of the spindle apparatus on which chromosomes separate.
In cells, microtubules are nucleated by the centrosome, which
consists of a centriole pair surrounded by a complex set of proteins
known as the pericentriolar material (PCM). The PCM contains a
fibrous scaffold decorated with hundreds of ring-shaped γ-tubulincontaining structures that are probably sites of microtubule
nucleation1–3. As PCM is required for microtubule nucleation4, definition of its structure by high-resolution electron microscopy should
shed light on the mechanism by which microtubules are nucleated.
The centrosomal protein γ-tubulin seems to be the key factor in
microtubule nucleation (reviewed in refs 5, 6). This protein is
known to form complexes within the cell, of which the highly conserved γTuRC is the best characterized so far. This complex contains several copies of γ-tubulin and at least five further proteins,
and is thought to be the fundamental unit required for microtubule
nucleation (reviewed in refs 6, 7).
When the γTuRC was discovered, two models were proposed to
explain how it nucleates microtubules — the so-called ‘template’
and ‘protofilament’ models. In the template model, the γTuRC is
flush with the minus end of the microtubule, acting as a template;
each γTuRC contains 13 γ-tubulin molecules, which interact laterally with one another and each sit at the base of one protofilament7.
In the protofilament model, γ-tubulin molecules interact longitudinally with one another and the γTuRC unwinds to form the first protofilament of the microtubule, promoting assembly of α/β-tubulin
subunits laterally, as well as longitudinally into the microtubule8.
Here, using electron-microscopic tomography or platinum replicas
to investigate the structures of isolated γTuRCs and microtubules
nucleated by γTuRCs, and the origins of microtubules within centrosomes, we evaluate the merits of these two models.

T

Results

Structure of isolated γTuRCs. To study the structure of γTuRCs
using electron microscopy, we immunoprecipiated these complexes from early (0–3 h) Drosophila embryos (see Methods). Examination of the negatively-stained immunoprecipitate showed that it
contained many open-ring-shaped complexes, and separation of
the constituent proteins by SDS–polyacrylamide gel electrophoresis
(SDS–PAGE) revealed the expected bands (γ-tubulin, Dgrip proteins 163, 128, 91, 84 and 75s; data not shown)9.
We took two approaches to obtain three-dimensional images of

isolated γTuRCs. In the first, we used automated electron-microscopic tomography to obtain many tilted views of negativelystained γTuRCs, and the resulting data sets were used to reconstruct
three-dimensional images of the complexes (see Methods). Four
orientations of a representative reconstruction of a γTuRC are
shown in Fig. 1a–d. A globular structure sits asymmetrically on one
face of the ring (Fig. 1a, c, d); a central slice from the reconstruction
shows that this structure is cap-like and probably extends only a
limited distance into the ring lumen (Fig. 1b). The ring wall is made
up of a series of paired columnar subunits that are distinctly slanted
and appear to meet at the capped face of the ring but separate at the
other face, giving them an inverted ‘U’ or ‘V’ shape (Fig. 1c). We
attempted to determine how many of these subunits are present in
the ring by examining ~50–100 negatively-stained and cryopreserved γTuRCs (data not shown); the number of subunits varied
from 9 to 14, with 12 occurring most frequently. However, given
the small sample size, further work is necessary to determine the
number of subunits that comprise a functional γTuRC. Almost all
complexes studied exhibited a structurally ill-defined gap in the
ring, which we presume to be the area where the ring opens, giving
it its lockwasher or helical shape. The presence of this region
increases the difficulty of counting the subunits.
Our second approach to obtaining three-dimensional images of
γTuRCs was to prepare platinum replicas of the complexes using a
quick-freeze, deep-etch, rotary shadowing technique10,11 (see Methods). Samples prepared in this way were similar to those examined
by electron-microscopic tomography in that the rings consisted of
repeating, columnar subunits (Fig. 1e, upper row and lower-left
panel) topped with an asymmetric, globular cap (Fig. 1e, lower row,
right two panels). In addition, the helical nature of the complex was
strikingly preserved in the platinum replicas (Fig. 1e, upper row).
For comparison, we also prepared replicas of pure bovine α/βtubulin (Fig. 1f). Although articulated rings were found in such
samples, their structure is quite distinct from that of the γTuRC.
On the basis of the structures obtained by electron-microscopic
tomography and rotary shadowing, as well as on previously published biochemical data on the stoichiometry of the proteins in the
γTuRC, which have shown that γ-tubulin, Dgrip84 and Dgrip91 are
its most abundant constituents9, we formulated a proposed structure for the γTuRC (Fig. 1g). The implications of this structure for
microtubule nucleation and centrosome attachment are described
in the Discussion.
Structure of isolated γTuRCs associated with microtubules. To
evaluate the relative merits of the template and protofilament models for microtubule nucleation, we used electron-microscopic tom-

NATURE CELL BIOLOGY | VOL 2 | JUNE 2000 | www.nature.com/ncb © 2000 Macmillan Magazines Ltd

365

articles
Table 1 End morphologies of microtubules exhibiting named end structures
End structures

a

+ γTuRCs (n = 81)

– γTuRCs (n = 87)

Ring/cap + flare

74.1% (60)

4.6% (4)*

Flare + flare

25.9% (21)

94.3% (82)

0

1.1% (1)*

Ring/cap + ring/cap

b

Percentage of microtubules exhibiting named end
structures

* These microtubules had one capped end (none had rings).

Microtubules were nucleated on electron-microscopy grids in the presence (+
γTuRCs) or absence (– γTuRCs) of γTuRCs (see Methods). Both ends of
microtubules preserved on the grids were examined under the electron
microscope to determine the natures of end structures (ring, cap or flare). A total
of 81 microtubules was examined on grids containing γTuRCs and 87 microtubules
were examined on grids without γTuRCs.

c

d

e

f

g

Dgrips 163,
128, 75s
Dgrips 84,
91
γ-tubulin

Figure 1 Structure of isolated γTuRCs. a–d, Selected views of reconstructed,
isolated γTuRCs obtained by electron-microscopic tomography (see Methods). For
each image, several sections from the reconstruction were stacked into a single
volume and then filtered to enhance contrast and reduce noise. a, ‘Top’ view of the
γTuRC, showing the asymmetric ‘cap.’ The cap sits above the plane of the ring and
appears to be mostly contained within the ring lumen. b, Middle section of the ring,
showing the modular nature of the ring wall as well as a lower remnant of the cap
extending from one wall of the ring to the other. This view shows that the bulk of
protein in the cap does not extend through the entire ring lumen. c, Side view of the
γTuRC, showing the repeating columnar subunits that make up the ring wall, topped
by the cap. The blue dashed line highlights one V-shaped subunit, which may be one
γ-Tubulin small complex (γTuSC, composed of two γ-tubulins, one Dgrip84 and one
Dgrip91). d, Alternative side view of the γTuRC. The ring-wall subunits and
asymmetric cap are apparent. Scale bar represents 10 nm. e, Platinum replicas of
isolated γTuRCs (see Methods). The helical structure and ring-wall subunits are
evident in the upper three and lower-left panels. Examples of ‘top’ views of the
asymmetric cap are shown in the right two panels in the lower row (compare to a).
Scale bar represents 10 nm. f, Platinum replicas of pure bovine-brain α/β-tubulin.
Tubulin arcs and rings possess subunits, but have distinct structures from those in
γTuRCs (compare with e). g, Model of the γTuRC structure, showing the ring
opening (left) and the opposite side (middle). The model incorporates features of the
reconstructions and of the platinum replicas — the ends of the ring opening are
offset (left), giving it a helical structure. Ring walls are thought to consist of
repeating subunits of Dgrip proteins 84 and 91 (green), bound in tandem to γ-tubulin
(purple). Dgrip proteins 84 and 91 also interact with each other, particularly at the
cap side of the ring, and with the other Dgrip proteins (grey), which may comprise
the asymmetric cap. The blue dashed line shows the γTuSC, as in c. Right, tilted
view of the image in c, showing the γTuRC as one might expect it to appear in the
absence of helix flattening caused by binding to the grid.

ography to determine the structure of isolated γTuRCs associated
with microtubules and the origins of microtubules within the intact
Drosophila centrosome.
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The isolated γTuRC is able to nucleate microtubules in vitro7,9,12.
Therefore, to examine the structure of γTuRCs associated with
microtubules, we allowed isolated complexes to adhere to electronmicroscope grids which were then incubated with a subcritical concentration of pure α/β-tubulin, allowing microtubules to grow
from the immobilized γTuRCs (see Methods). At the α/β-tubulin
concentration used (1.5–2.0 mg ml–1), very few microtubules
formed on control grids that did not contain γTuRCs (1–3 microtubules per 10 grid squares). However, many microtubules formed
on grids containing γTuRCs (~60–100 microtubules per grid
square), indicating that the majority of microtubules on the grids
may have been nucleated by γTuRCs.
Examination of the morphology of both ends of microtubules
on γTuRC-containing grids showed that most (74.1%) had a ringor cap-shaped closure at one end, as previously observed in γTuRCnucleated microtubules7, and a flared opening, characteristic of a
growing microtubule13–17, at the other end (Table 1). In the remaining 25.9%, both ends were flared, indicating either that they were
spontaneously nucleated or that they had been released from
γTuRCs after nucleation9. None of the microtubules examined had
rings or caps at both ends. In contrast, 94.3% of microtubules on
control grids containing no γTuRCs had flared structures at both
ends, a characteristic of spontaneous nucleation, whereas only 4.6%
had a cap at one end and a flare at the other, 1.1% had caps at both
ends and none had rings.
These microtubule-end-morphology data indicate that most of
the microtubules on γTuRC-containing grids may have been nucleated by γTuRCs, and that many may still have been attached to their
nucleating complexes. We therefore examined the three-dimensional structures of closed microtubule ends at a higher resolution,
using electron-microscopic tomography. Because of the high accelerating voltage (300 kV) used, we were unable to determine whether
microtubule ends had a ring or a cap structure by simple scanning
until after reconstructions were carried out. However, we were able
to distuinguish closed and flared ends, and we therefore chose ten
microtubules with one closed end and one flared end from which to
collect data. Of these, eight had caps at their closed ends and two
had rings.
Four representative reconstructions are shown in Fig. 2. The
higher resolution provided by electron-microscopic tomography
revealed that the cap is asymmetric, with one side concave and the
other convex (Fig. 2a–c). This structure is reminiscent of the outline of the ring, with its asymmetric cap, seen in reconstructions
of isolated γTuRCs (Fig. 1). In addition, bands of repeating subunits are positioned between the cap and the microtubule (Fig. 2a–
c, red arrowheads). These subunits are similar to those observed
in the ring walls of isolated γTuRCs (Fig. 1). In two of the reconstructions of γTuRCs bound to microtubules the ring is more
prominent than the cap, circling the end of the microtubule; the
microtubule appears to grow directly from the ring face (Figs 2d,
Fig. 3c).
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Figure 2 Reconstructions of isolated γTuRCs in complex with microtubules.
Each set of images represents a sequence of sections moving through the
reconstructions. Each panel in each set shows a stack of three to five successive
sections. Depending on the reconstruction, each image corresponds to a slice
thickness of 1.2 (a, b), 0.84 (c) or 1.69 (d) nm. a–c, Examples of microtubules with
cap-shaped, closed ends. γTuRCs are marked with white arrowheads (a second
γTuRC that is not associated with a microtubule is visible in the first panel of c. Red
arrowheads show bands of subunits that may correspond to modular ring walls (Fig.
1). Note the asymmetry of the closures at microtubule ends, particularly in a and b;
the left side of the structure appears to be concave, the right side convex. d,
Example of a reconstruction in which the ring structure is more prominent than the
cap. Black arrowheads show γTuRCs (the one to the left is not associated with a
microtubule). The γTuRC on the right appears to encircle the microtubule origin, with
the microtubule growing directly out of one face of the ring; the two ends of the open
ring appear to be offset. Scale bars represent 25 nm.

To confirm that we were observing γTuRCs in these reconstructions and not artefactual structures, we attempted to immunolabel
them with gold, using antibodies against γ-tubulin. Unfortunately,
the results could not be interpreted because of high background
labelling of the grids, which was probably due to the presence of
many unoccupied γTuRCs as well as the antigenic γ-tubulin peptide
that was used to elute γTuRCs during their isolation. To circumvent
this problem, we labelled γTuRCs directly during their isolation
using anti-γ-tubulin antibodies coupled to a photocleavable linker.
Upon exposure to light, γTuRCs were released with the antibodies
still attached (see Methods), and the extra protein (the antibody)
associated with the γTuRCs thus increased the dimensions of the
ring walls. We measured the widths of the ring walls, comparing
antibody-labelled with unlabelled γTuRCs (Fig. 3), and found that
labelled ring walls were indeed significantly wider than unlabelled
structures (labelled, 10.94 ± 1.70 nm, n = 46; unlabelled, 7.07 ± 1.67
nm, n = 39; t(83) = 10.57, P <0.05, see Methods). A fully extended
antibody molecule measures approximately 15 nm, but the
observed increase of 0.5 to 7.24 nm in ring wall width is within the
expected range, given the lack of information concerning the
number of antibodies that bind to γTuRCs and how the antibodies
fold onto the rings when bound. The outer diameter of labelled
γTuRCs did not increase; instead, the lumen of the ring seemed to
be partially filled with antibody, which may account for the increase
in ring-wall width. We used labelled γTuRCs to nucleate microtubules on grids and observed rings of the expected larger width at one
end of the microtubules (Fig. 3c). The ability of antibody-labelled
γTuRCs to nucleate microtubules was identical to that of unlabelled
γTuRCs (data not shown). We conclude that the structures we
observed in the reconstructions were in fact γTuRCs.

Figure 3. Comparison of ring-wall widths in γTuRCs labelled with anti-γtubulin antibody and in unlabelled γTuRCs. a, Examples of negatively-stained,
unlabelled γTuRCs. Scale bar represents 25 nm. Mean ring-wall width = 7.07 ± 1.67
nm, n = 39. b, Examples of negatively-stained, antibody-labelled γTuRCs. Scale bar
represents 25 nm. Mean ring-wall width = 10.94 ± 1.70 nm, n = 46. c, Example
reconstruction of a microtubule grown from an antibody-labelled γTuRC. The two
images represent sequential sections moving through the reconstruction. Each
panel shows a stack of three slices. Arrowheads show γTuRCs. Scale bar
represents 25 nm.

Structure of microtubule origins in centrosomes. In previous electron-microscopic tomography studies we found that we were able
to follow individual microtubules through reconstructions back to
their origins in isolated Drosophila centrosomes. There were no
large structures at the ends of the microtubules; they appeared to
arise abruptly from the PCM and could be labelled with γ-tubulin
antibodies at their sites of contact with the PCM1,2. In addition,
ring-shaped structures that could be labelled with γ-tubulin antibodies were found in centrosomes without microtubules, indicating that these rings may have been the γTuRCs that had also been
isolated from extracts, and that the rings may have acted as templates for microtubule nucleation1–3. Because, in this study, we were
able to see more detail within isolated γTuRCs and in microtubuleassociated complexes, we re-examined the origins of microtubules
in centrosomes, this time using higher magnifications and thinner
sections (see Methods), allowing us to achieve higher resolution.
We used electron-microscopic tomography to obtain six new
reconstructions of unlabelled and anti-γ-tubulin-labelled Drosophila centrosomes with regrown microtubule. Two such reconstructions are shown in Fig. 4. The ring structures observed at
microtubule bases in unlabelled centrosomes are similar to the
structures of isolated γTuRCs (compare Figs 1, 2, 4a, b). Subunits
are visible in the ring walls (Fig. 4a) and, when viewed from the side,
the ring appears as a cap at the origin of its microtubule (Fig. 4b).
In addition, fibres extend from the cap and may attach the γTuRC
to the centrosome (Fig. 4b, arrows, orange highlights). For comparison with the ring in Fig. 4a, a cross-section taken from the middle
of the microtubule in Fig. 4b is also shown (Fig. 4c). It is clear that
the structure at the microtubule origin (Fig. 4a) is different from the
structure seen in the microtubule cross-section (Fig. 4c).
In centrosomes labelled with antibodies against the C-terminal
17 amino acids of γ-tubulin, a region that, because of comparison
to α/β-tubulin, is expected to be exposed18, rings were also visible at
microtubule origins (Fig. 4d). However, they appeared less distinct
than unlabelled structures, probably because of the protein coating
applied to the structure during the blocking step of the antibodylabelling procedure. The close and complicated packing of PCM
proteins and microtubules within the centrosome make it difficult
to find a large number of structures that are unquestionably micro-
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Figure 4. Reconstructions of microtubule origins in intact centrosomes.
a–b, Selected sections of a structure found at the origin of a microtubule. In each
panel, several sections from the reconstruction were stacked into a single volume
and then filtered to enhance contrast and reduce noise. Note the similarities to the
reconstructions of the isolated γTuRC (Fig. 1) and of γTuRCs in complex with
microtubules (Fig. 2). Common features of the structures include the modular ring
walls (a) and the cap structure found at the microtubule origin (b). b, Left panel, side
view of the microtubule that grew from the ring structure shown in a. The
microtubule, which originates in a cap, is outlined in blue. Arrows and orange outlines
show fibres that may connect the γTuRC to the centrosome. Right panel, diagramatic
representation of the image in the left panel. c, Cross-section of the microtubule
polymer. This structure is distinct from that found at the microtubule origin (a). Scale
bar represents 10 nm. d, Part of a reconstruction of an intact centrosome that has
been labelled with antibodies against γ-tubulin followed by gold-labelled secondary
antibodies. A stereo pair of a labelled microtubule origin within this centrosome is
shown; gold particles are arranged in a ring at the microtubule origin. Scale bar
represents 25 nm.

tubule origins. However, in the few cases in which we unambiguously identified gold-labelled microtubule ends, the antibodies
were found at the ends of microtubules and did not extend along
the sides.

Discussion
The fundamental importance of the microtubule cytoskeleton in
eukaryotic cells calls for a detailed, molecular understanding of how
microubules are nucleated. A useful approach to solving these mysteries involves high-resolution imaging of the structures involved.
We have used electron-microscopic tomography and rotary shadowing to obtain images of the γTuRC in isolation and in association
with microtubules, as well as of microtubule origins in centrosomes. These images provide insights into the mechanism of microtubule nucleation by γTuRCs. Our data indicate that this complex
may act as a template, as it appears to cap and encircle the end of the
microtubule, rather than opening up and extending into the microtubule wall. Given the apparent flexibility of the γTuRC (data not
shown9), and the fact that microtubules are thought to begin as
sheets that close into tubes13–17, it is possible that the ring is initially
open and then closes as the growing microtubule sheet becomes a
tube. We found no evidence of this, although immobilization of
γTuRCs on grids may have prevented it from occurring. However,
we consider this possibility unlikely, given the previous finding that
ring-shaped, γ-tubulin-containing structures exist in the centrosome even when microtubules are not present1–3. In addition, cryoelectron-microscopy, the electron-microscopic technique that is
thought to preserve structures most faithfully19, also showed
γTuRCs in solution to be predominantly ring-shaped (data not
shown9).
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Figure 5. Model for microtubule nucleation by the ‘template’ action of the
γTuRC. The ring wall is proposed to consist of six γ-tubulin small complexes (γTuSC;
one γTuSC is boxed in yellow), each of which contains two γ-tubulin molecules
(purple) and one each of Dgrip84 and Dgrip91 (green). Despite the even number of
subunits, the ring is arranged with a 13-fold symmetry. Each of the 12 γ-tubulin
molecules is in contact with the minus end of one microtubule protofilament, forming
a stable seed that promotes polymerization of the microtubule. Formation of the
thirteenth protofilament is promoted by lateral interactions with the twelfth, and
possibly the first, protofilaments. The helical nature of the γTuRC imposes the threestart helix on the microtubule. Dgrip proteins 163, 128 and 75s (grey) probably
make up the asymmetric cap and maintain the configuration of the ring, and may also
form contacts with the centrosome and/or regulate the activity of the γTuRC.

The reconstructions we have obtained lead us to propose models
for the arrangement of γTuRC proteins within the complex as well
as for points of contact between the γTuRC and the microtubule
(Figs 1g, 5). Some of the features of these models have been proposed previously,5,6,9,20 on the basis of biochemical studies, and it is
satisfying that the structural evidence provided by our reconstructions supports them. The repeating subunits in the ring wall are
most probably made up of γ-tubulin, Dgrip84 and Dgrip91. The
latter two proteins (or their orthologues Spc97 and Spc98 (yeast),
and GCP2 and GCP3/HsSpc98p (human)) are known to interact
with each other and with γ-tubulin 9,20–22. In Drosophila and S. cerevisiae, these proteins have been found to form a small complex that
contains two γ-tubulins and one molecule each of Dgrip84 (or
Spc97) and Dgrip91 (or Spc98; refs 9, 21, 22). In addition, stoichiometric studies of the Drosophila proteins (and some of their Xenopus counterparts6,7) in the γTuRC show that these three proteins are
the most abundant in the complex6,7,9, indicating that they may
comprise the ring wall, where many repeating subunits are visible.
Moreover, it is likely that one of the paired, V-shaped subunits corresponds to one γ-tubulin small complex (γTuSC in Drosophila9;
Fig. 1c, blue outline; Fig. 1g; Fig. 5, yellow box). As the height of
each column in the subunit (~10 nm) is too great for it to be made
up of a single molecule of one of these proteins, we propose a tandem arrangement of Dgrip91 or Dgrip84 with γ-tubulin, as shown
in Figs 1g, 5. In this model, the γ-tubulins are located most proximally to the face of the ring that does not contain the cap, and are
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therefore available to bind to α/β-tubulin, thereby promoting
microtubule growth.
Because of the paired nature of the ring-wall subunits, as well as
the independent evidence that there are probably two γ-tubulin
molecules in the γTuSC,9 we propose that there are 12 γ-tubulins in
the ring (and therefore 6 γTuSCs), but that a 13-fold symmetry is
maintained, probably by the presence of the Dgrip proteins that
make up the cap (see below). Each γ-tubulin would thus be in contact with the minus end of one protofilament. The predominance of
13-protofilament microtubules inside cells, as well as in those
grown from isolated centrosomes23,24, can be explained by a model
in which formation of the thirteenth protofilament is promoted
through lateral interactions with the twelfth, and possibly the first,
protofilaments. As factors such as tubulin concentrations, buffer
conditions and temperature can influence protofilament numbers
in vitro25–27, it is possible that the microenvironment around assembling microtubules inside cells, or even just within the PCM,
(involving factors such as tubulin concentration, microtubuleassociated proteins and local ion concentrations) may have a bearing on the final protofilament numbers of microtubules. Another
possibility is that microtubules inside cells begin with 12 protofilaments and shift to 13 further along the polymer; alteration of
microtubule protofilament numbers has been observed in Xenopus
extracts27. Plausible models exist in which the γTuRC contains 14 γtubulins (7 γTuSCs) and acts as a template (T. Keating and G.
Borisy, unpublished observations this issue.
The platinum replicas of the γTuRC (Fig. 1e) clearly display the
helical nature of the complex. It is likely that the offset ends of the
ring match the pitch of the ‘three-start’ helix characteristic of
microtubules (reviewed in ref. 28), which would further support
the template model. The offset between the ends of the ring may be
maintained by one or more of the other complex proteins Dgrip
proteins 163, 128 and 75s; ref. 9), which are of lower stoiciometries
in the γTuRC6,7,9, and are therefore assumed, in our model, to make
up the cap. These proteins may also be involved in attaching the
γTuRC to the centrosome and/or in regulation of the activity of thecomplex. The fibrous material that extends between the cap and the
centrosome (Fig. 4a) supports the idea that the centrosome–γTuRC
contact is made here.
The appearance of the cap-shaped structure observed at the
minus ends of microtubules (Fig. 2) is very similar to structures
observed by Keating and Borisy (this issue) at microtubule ends in
Xenopus extracts and also in yeast29–31, at the sites of microtubule
attachment to the spindle pole body (SPB). This indicates that the
mechanism of microtubule nucleation may be highly conserved
and may even extend to yeast, despite the smaller and simpler structure of the γ-tubulin complex in this organism. The fact that the
SPB-proximal ends of microtubules in yeast have a very similar
appearance to those in flies and frogs indicates that a higher-order
structure similar to the γTuRC may be organized by the SPB. This
may occur through contacts between the γ-tubulin complex and
Spc110p32,33 or Spc72p34, proteins at the inner and outer plaques,
respectively, that are known to interact with the γ-tubulin
complex21,22.
By obtaining higher resolution images, we will be able to address
the remaining structural questions concerning this important protein complex, such as how many subunits the γTuRC actually contains and how each one contacts the protofilaments in the
microtubules. It will be interesting to determine whether the isolated γTuRC can dictate the protofilament number or whether further cellular/centrosomal factors are required. Antibody-labelling
studies must also be carried out to determine the localizations of
individual proteins within the γTuRC.
h

Methods

Isolation of γTuRCs and centrosomes.

The procedure for isolation of γTuRCs was as described9, with the following modifications:
NaCl was replaced with KCl in all buffers. The 2% PEG (polyethylene glycol P-2139, mean Mr 8,000;
Sigma) precipitate of ~30 ml of clarified 0–3 h Drosophila embryo extract was resuspended in 12 ml H200

buffer (50 mM K–HEPES pH 7.6, 200 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1 mM β-mercaptoethanol, 0.1
mM GTP, 0.05% IGEPAL CA-630 (Sigma) and 1:1000 protease-inhibitor stock35) and clarified by
centrifugation for 20 min at 35,000 r.p.m. in an SW55 rotor. 94 µg of an antibody (anti-DrosC17) raised
against the C-terminal 17 amino acids (QIDYPQWSPAVEASKAG) of the Drosophila maternal form of
γ-tubulin were added to the clarified supernatant and incubated with gentle rotation at 4 °C for 1 h. The
immunoprecipitate was bound to 50 µl Affi-Prep protein A (Bio-Rad) by gentle rotation at 4 °C for 1 h.
Beads were then briefly washed with 3 × 1 ml H200, 3 × 1 ml H200 minus IGEPAL, and 3 × 1 ml H100 (50
mM K–HEPES pH 7.6, 100 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1 mM β-mercaptoethanol, 0.1 mM GTP
and 1:1000 protease-inhibitor stock), and then eluted by a 9–18-h incubation at 4 °C, without agitation,
in 50 µl H100 and 1 mg ml–1 C17 peptide.
To isolate γTuRCs labelled with γ-tubulin antibodies, anti-DrosC17 antibodies were first coupled to
a photocleavable biotin analogue with a long (31.4 Å) spacer arm (EZ-Link; NHS–PC–LC–Biotin,
Pierce), according to the manufacturer’s instructions. The biotinylated antibodies were then used to
isolate γTuRCs from embryo extract as described above, except that the immunoprecipitate was bound
to immobilized NeutrAvidin (Pierce), and eluted by ultraviolet irradiation for 15 min to cleave the
antibody–linker–Biotin bond, leaving the antibodies bound to the γTuRCs.
Centrosomes were isolated from Drosophila embryo extract; microtubules were grown from them
as described35.

γTuRC-mediated microtubule nucleation and electron microscopy.

Grids (50 × 200 mesh) were coated with formvar, 15 nm gold (for fiducial markers), and carbon. They
were then glow-discharged and incubated with 1–3 µl γTuRC for 30 s at 30 °C. The grids were then used
to obtain data for reconstructions of γTuRCs alone, or for microtubules grown from immobilized
γTuRCs as follows — grid-bound γTuRCs were briefly washed in 80 mM K–PIPES pH 6.8, 1 mM EGTA,
1 mM MgCl2 and 10% glycerol, and then incubated for 5 min with 1.5 or 2 mg ml–1 bovine-brain tubulin.
Samples were fixed by a 3-min incubation in 1% glutaraldehyde and then washed with distilled H2O.
Samples were briefly stained (<30 s) in 4% uranyl acetate and 1% trehalose, to reduce flattening of
microtubules and γTuRCs 36.
Centrosomes with regrown microtubules were labelled with antibodies against γ-tubulin (antiDrosC17, see above) and prepared for electron microscopy as described1,2, except that 0.25-µm sections
(compared with 0.7 µm) of epon-embedded samples were cut and magnifications used for data collections
were either ×21,200 or ×30,600 (compared with ×10,000). Tomographic data were collected as follows:
A Philips EM430 electron microscope at 300 kV was used for fully-automated tomographic data
collection37,38. This instrument is computer-controlled by a Philips C400 interface and a SGI Octane
workstation. Data were recorded on a Gatan676-cooled 1,024 × 1,024-pixel slow-scan charge-coupled
device (CCD) camera.
For automated tomography, either a room-temperature ultra-high-tilt stage or a high-tilt cryoholder cooled to –178 °C (both from Gatan) was used. Data were collected at magnifications of either
×30,600 (0.6 or 1.2 nm per pixel, depending on binning) or ×21,200 (0.84 or 1.68 nm per pixel, depending
on binning) over angular ranges of ~+70° to –70°, at 1.25°, 1.5° or 2° intervals. Efforts were made to
minimize the electron dose during each data collection; total doses were ~1600 electrons Å–2.
Processing steps included alignment of the data stack on the basis of colloidal gold markers,
conversion of the measured image intensities into a measurement of mass density (mass normalization)
and calculation of the reconstruction using resolution-weighted back projection, elliptical-squareweighted back projection or tomographic alternating projection iterative reconstruction.
Reconstructions were displayed and modelled using Priism software38–40. Six reconstructions of isolated
γTuRCs, eleven reconstructions of microtubule-associated γTuRCs and six reconstructions of
centrosomes with regrown microtubules (in addition to those published previously1,2) were carried out.
Platinum replicas of isolated γTuRCs and of α/β-tubulin were prepared as described10,11. Briefly, two
drops of a suspension of finely ground mica flakes were added to 0.5 ml of a solution containing isolated
γTuRCs or α/β-tubulin, and the protein was allowed to adsorb to the mica for 30 s. Mica flakes were then
pelleted by gentle centrifugation, washed twice with a solution of 30mM Hepes pH 7.2, 70 mM KCl and
5 mM MgCl2, and layered onto a thin slice of aldehyde-fixed lung for support during freezing. This was
accomplished by slamming the samples onto the liquid helium-cooled copper block of a homemade
quick-freezing device.
Frozen mica flakes were freeze-fractured in a Balzer’s freeze-etching unit and etched for 4 min at –100
°C. Molecules absorbed to the mica were rotary-replicated with ~2 nm platinum, applied from an angle
of 11° above the horizontal and then backed with a 15-nm film of pure carbon. Replicas were separated
from the mica by immersion in concentrated hydrofluoric acid, and then picked up on 75-mesh formvarcoated microscope grids. Replicas were viewed in a JEOL transmission electron microscope at 100 kV;
stereo images were obtained using 10° of tilt with a eucentric side-entry goniometer stage.

Measurements of ring-wall widths in antibody-labelled and unlabelled
γTuRCs

Unlabeled γTuRCs or complexes labelled with anti-γ-tubulin antibody were applied to electronmicroscopy grids and stained with uranyl acetate; their images at ×42,500 were collected using the CCD
camera on the EM430 as described above. Using a ‘Measure Distances’ program within the Priism
software38–40, the widths of 46 labelled and 39 unlabelled γTuRC walls were measured at 6 points around
the ring. These six measurements were used to obtain a mean ring width for each γTuRC. The 46 or 39
mean ring widths were, in turn, used to obtain overall mean ring widths for unlabelled and labelled
structures. The same approach was used to measure the widths of four labelled and four unlabelled rings
observed at the ends of microtubules. In side-by-side comparisons, antibodies associated with γTuRCs
did not affect the microtubule-nucleating activity of the complex (data not shown).
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