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SUMMARY

The g-tubulin ring complex (g-TuRC) is an essential
regulator of centrosomal and acentrosomal microtubule formation, yet its structure is not known. Here,
we present a cryo-EM reconstruction of the native
human g-TuRC at 3.8 Å resolution, revealing
an asymmetric, cone-shaped structure. Pseudoatomic models indicate that GCP4, GCP5, and
GCP6 form distinct Y-shaped assemblies that structurally mimic GCP2/GCP3 subcomplexes distal to
the g-TuRC ‘‘seam.’’ We also identify an unanticipated structural bridge that includes an actin-like
protein and spans the g-TuRC lumen. Despite its
asymmetric architecture, the g-TuRC arranges g-tubulins into a helical geometry poised to nucleate
microtubules. Diversity in the g-TuRC subunits introduces large (>100,000 Å2) surfaces in the complex
that allow for interactions with different regulatory
factors. The observed compositional complexity of
the g-TuRC could self-regulate its assembly into a
cone-shaped structure to control microtubule formation across diverse contexts, e.g., within biological
condensates or alongside existing filaments.
INTRODUCTION
Microtubules are dynamic, mm-scale polymers of a/b-tubulin
heterodimers. In addition to forming a structural scaffold
that defines cellular morphology (Kirschner and Mitchison,
1986), microtubules perform a multitude of intracellular functions, such as providing tracks for motor proteins to transport
cargos and generating the pushing and pulling forces required
to faithfully segregate chromosomes in dividing cells (Forth
and Kapoor, 2017; Vale, 2003). Although the control of microtubule growth and shrinkage (also termed dynamic instability
[Mitchison and Kirschner, 1984]) has been thoroughly characterized (Brouhard and Rice, 2018), the factors that generate
de novo microtubules in cells are less understood.

The g-tubulin ring complex (g-TuRC) is a macromolecular assembly that nucleates microtubules in vitro and is essential for
proper microtubule network formation in eukaryotes (Knop
et al., 1997a; Raff et al., 1993; Stearns and Kirschner, 1994;
Zheng et al., 1995). The tubulin-like GTPase g-tubulin, initially
discovered in Aspergillus nidulans (Oakley and Oakley, 1989), localizes to the centrosome and associates with at least five other
proteins to form 32S (2 MDa) ‘‘ring’’-shaped complexes
(Stearns et al., 1991; Zheng et al., 1995), but the precise identity
and stoichiometry of components within the native g-TuRC are
still debated (Kollman et al., 2011). Thus, despite 30 years of
research since the discovery of g-tubulin (Oakley and Oakley,
1989), how this complex assembles from a heterogeneous set
of components to facilitate microtubule nucleation remains
unclear.
The question of composition is further complicated by the
finding that cytoplasmic g-TuRCs are not only recruited to canonical sites of microtubule assembly, such as the centrosome
(Stearns et al., 1991), but also to diverse acentrosomal locations,
such as meiotic spindles (Schuh and Ellenberg, 2007), Golgi outposts (Rivero et al., 2009), and potentially other regions of the
cytoplasm (Moutinho-Pereira et al., 2009). This recruitment depends on a variety of g-TuRC-associated ‘‘attachment factors,’’
which can copurify with native g-TuRCs (Hutchins et al., 2010;
Lüders et al., 2006; Teixidó-Travesa et al., 2010). Several attachment factors have been identified, including the pericentriolar
protein CDK5Rap2 (Fong et al., 2008), which can enhance the
microtubule nucleating activity of purified g-TuRCs in vitro
(Choi et al., 2010). Based on these observations, it has been proposed that recruitment of g-TuRCs to sites of microtubule assembly leads to g-TuRC ‘‘activation’’ (Kollman et al., 2011), but
such models have been difficult to test given the current lack
of structural data for the native complex.
Our understanding of g-TuRC structure comes mainly from
studies of heterotetramers of g-tubulin complex protein 2, or
GCP2, GCP3, and g-tubulin, also termed the g-tubulin small complex (g-TuSC) (Oegema et al., 1999). In S. cerevisiae, the g-TuSC
is a Y-shaped complex whose base is composed of laterally
associated N-terminal domains of GCP2 and GCP3 (Kollman
et al., 2008). Notably, in the presence of a fragment of the spindle
pole body factor Spc110, recombinant S. cerevisiae g-TuSCs
have a propensity to self-assemble into helical oligomers of
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Figure 1. Cryo-EM Reconstruction of the
Native Human g-TuRC
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(A) Two views of the overall g-TuRC density map
(surface representation). Structural features and
dimensions of the g-TuRC are indicated. Schematic
of the g-TuRC highlighting a Y-shaped subcomplex
(indicated) is shown in the bottom right.
(B and C) Schematics of the g-TuRC highlighting
proposed subunit numbering, features of asymmetry (both compositional and structural), and the
‘‘overlap’’ region, viewed from the top (B) and
side (C).
(D and E) De novo molecular model for the g-TuRC
(cartoon representation), viewed from the top (D)
and side (E).
(F) Refined g-tubulin model (cartoon representation) with guanine nucleotide (stick representation)
and helix H1 indicated.
(G) Examples of g-tubulin density quality. Refined
models for GDP (left, stick representation) and helix
H1 of g-tubulin (right, stick representation) shown in
the corresponding g-tubulin density (blue mesh).
(H) View of two g-tubulin models at positions 8 (light
blue cartoon representation) and 7 (blue cartoon
representation), highlighting the g-tubulin:g-tubulin
interface (dashed rectangle).
(I) Inset from (H) showing interacting helices (labeled
cylinders).
Except for (H) and (I), g-TuRC subunits are colored
according to the legend in (A).
See also Figures S1, S2, and S3 and Tables S1, S2,
S3, S4, and S5.
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varying length in vitro (Kollman et al., 2010). In contrast, negative
stain electron tomography and metal shadowing studies have
indicated that D. melanogaster g-TuRCs, which are biochemically
similar to the human complex, assemble into finite, lock washershaped structures (Moritz et al., 2000). In addition to GCP2 and
GCP3, human g-TuRCs also contain the proteins GCP4, GCP5,
and GCP6 (Hutchins et al., 2010; Murphy et al., 2001; TeixidóTravesa et al., 2010). However, structural models for human
g-TuRC subcomponents in the context of the native complex
are not available. Whether the human g-TuRC assembles from
a helical oligomer of g-TuSCs and how the finite size of the complex might be established are open questions.
Here, we present a cryo-electron microscopy (cryo-EM)
reconstruction of the native human g-TuRC at 3.8 Å overall
resolution. Our reconstruction reveals an asymmetric coneshaped structure assembled from at least 26 polypeptides.
We build pseudo-atomic models for the core g-TuRC components, including GCP4, GCP5, and GCP6, which we find form
distinct Y-shaped assemblies of GCP4/GCP5 and GCP4/
GCP6 that structurally mimic human GCP2/GCP3 subcomplexes. We also identify an unanticipated structural bridge
that includes an actin-like protein and spans >300 Å across
the g-TuRC lumen. Our structure reveals how the human
g-TuRC arranges g-tubulin into a helical geometry poised to
nucleate microtubules.
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RESULTS
The Native Human g-TuRC Is an Asymmetric, ConeShaped Structure
To examine the architecture of human g-TuRCs, we first sought to
purify the native complex. Several previously reported purification
strategies were explored (Murphy et al., 2001; Zheng et al., 1995).
We found that isolation of the native g-TuRC from HeLa S3 cytoplasmic extracts via its affinity for the centrosomin motif 1 (CM1)
domain of CDK5Rap2, also termed the g-TuRC-mediated nucleation activator (g-TuNA) (Choi et al., 2010), reliably yielded a complex containing core components whose proportions matched
previous qualitative estimates (Murphy et al., 2001), as judged
by SDS-PAGE and iBAQ analysis of mass spectrometry data (Figures S1A and S1B; Tables S1 and S2; see STAR Methods for purification details) (Schwanhäusser et al., 2011). g-TuRCs purified
in this manner were also capable of nucleating microtubule assembly in vitro in a standard turbidity-based assay (Figure S1C),
consistent with previous results (Murphy et al., 2001).
We determined the structure of the native human g-TuRC using cryo-EM to an overall resolution of 3.8 Å (Figures 1A and
S1D–S1G; see STAR Methods for details). The g-TuRC structure
revealed a conical shape 30 nm in diameter and 20 nm in
height (Figure 1A). Fourteen similarly sized (4 nm-wide) globular densities line the open face of the cone, each supported
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by a stalk-like structure. Both the globular domains and the lower
parts of the stalk-like structures make substantial lateral contacts with one another, while leaving several narrow gaps in
the conical wall of the complex (Figure 1A). Additionally, a substantial density appears to extend down and obstruct the opening found at the base of the g-TuRC (the ‘‘plug’’ in Figure 1A).
Each pair of neighboring stalk-like densities along with their
two associated globular domains closely resembles a previous
description of the Y-shaped g-TuSC (Kollman et al., 2008) (Figure 1A). The human g-TuRC cone shape is therefore made of
14 individual subunits that could form 7 g-TuSC-like subcomplexes (Figures 1A–1C).
We numbered the individual stalk-like subunits, starting at the
base of the g-TuRC cone and finishing at subunit 14, which
partially overlaps with the first subunit (the ‘‘overlap’’ region; Figures 1B and 1C). This organization suggests apparent helical
symmetry in the complex. However, the g-TuRC exhibits at least
three features that reveal structural asymmetry. First, an externally protruding density appears only at positions 2, 4, 6, and 8
of the complex (‘‘protruding density’’; Figure 1A), suggesting
that a set of 4 similar g-TuSC-like subcomplexes, each with
one protruding density, occupies these positions. Second, the
remaining 3 g-TuSC-like subunits at positions 9 to 14, which
do not exhibit protruding densities, deviate from a helically symmetric geometry, conferring ellipticity to the g-TuRC cone shape
(‘‘helical deviation’’; Figures 1A and 1B). Third, a substantial
(10 3 2 3 4 nm) density is situated in the lumen of the cone
structure and contacts the stalk-like densities from positions
2–10 (‘‘lumenal density’’; Figures 1A and 1B). These results suggest that the human g-TuRC adopts an asymmetric conical
structure composed of heterogeneous g-TuSC-like subunits.
The g-TuRC density map, which was generated from
460,000 particles (Figure S2; Table S3), displayed a broad
range of local resolution (3.0 Å–12 Å; Figure S1F), revealing a
degree of structural ‘‘breathing’’ of this large complex (further
discussed below). To improve the local resolution across the
g-TuRC and gain detailed insight into its molecular features, we
processed different parts of the complex separately in a ‘‘divide
and conquer’’ strategy that employed the use of particle subtraction (Scheres, 2016) (Figure S2; see STAR Methods for processing details). In brief, signal in raw particles not corresponding to
desired segmentation regions in the g-TuRC was subtracted.
Signal-subtracted particles were then subjected to focused 3D
classification and refinement. The resulting locally refined,
segmented maps had more homogeneous resolution (FSC0.146
ranged from 3.4 to 4.5 Å for 6 of the 7 maps and 6.6 Å for the
one map corresponding to the ‘‘overlap’’ region; Figure S2).
These maps revealed clearly defined side chain densities across
a majority of the complex and were used to generate a molecular
model of the core g-TuRC structure, which included 26 assigned
and at least 5 tentatively assigned subunits (Figures 1D–1E;
Table S4 and S5; Video S1; see STAR Methods for details
regarding model building and subunit assignment criteria).
The Native g-TuRC Presents at least 13 g-Tubulin
Molecules on the Face of the Cone
The structure of g-tubulin in the context of the g-TuRC is not
currently known. Previous high-resolution structural models for

g-tubulin come from crystallographic studies of the monomeric
human protein (Aldaz et al., 2005; Rice et al., 2008). We rigidbody fitted a crystallographic model for human g-tubulin into
globular densities at positions 1–13 at the open face of the
cone (Figure 1A; PDB: 3CB2 [Rice et al., 2008]). After refinement,
these densities clearly accommodated g-tubulin side chains, as
well as a guanine nucleotide (Figures 1F and 1G). A 14th
g-tubulin subunit could be placed into the globular density at position 14 (Figures 1D and 1E), although it did not meet our criteria
for assignment (see STAR Methods). The conformations of hallmark structural features (a helices H6–H7 and the intermediate b
sheet) of the refined g-tubulin models at positions 1–13 closely
resembled the original crystallographic model (root-meansquare deviation [RMSD] = 1.0 Å; Figures S3A–S3C) (Aldaz
et al., 2005; Rice et al., 2008). These data suggest that, under
our purification conditions (see STAR Methods), assembly into
the native human g-TuRC does not induce significant structural
changes in g-tubulin, in contrast with a recent study of a
recombinant yeast g-TuSC (Brilot and Agard, 2018). Such
structural differences could reflect the possibility of multiple
conformational states of g-tubulin within different g-TuRC
assemblies.
Our results also provide details about the g-tubulin:g-tubulin
interface, which includes interactions between helix H200 and
H3 of one g-tubulin with helix H6 and H9 of the subsequent
g-tubulin (Figures 1H and 1I). We observed two repeating arrangements of these interfaces; in one, the neighboring g-tubulins are 9 Å apart (between positions 1 and 2, 3 and 4, 5 and
6, 7 and 8, 9 and 10, and 11 and 12), and in the other, neighboring
g-tubulins are farther (15 Å) apart (between positions 2 and 3, 4
and 5, 6 and 7, 8 and 9, 10 and 11, and 12 and 13) (Figures S3D
and S3E). We note that this alternating variation in the inter-gtubulin interfaces would be consistent with different spacings
within and between Y-shaped subcomplexes in the g-TuRC.
Two Copies of GCP4 Are Distal to the ‘‘Overlap’’ Region
Next, we turned our attention to the stalk-like densities that are
located below each g-tubulin and together wrap around the
cone-shaped structure. These densities have a characteristic
overall organization comprising two bundles each built from
7 consecutive a helices. The lower (N-domain) bundle adopts
an elongated (8 3 2 nm) fold while the upper (C-domain)
bundle, which contacts g-tubulin, is more compact (5 3
4 nm) and displays a prominent (>2 nm) two-helix hairpin on
the outer face of the g-TuRC cone (Figures 2A–2C). The general
topology of the stalk-like structures resembles a previously
described crystallographic model for GCP4, the only human
GCP subunit with available structural data. GCP4 is organized
into two a-helical bundles (HBs). One corresponds to the
conserved g-TuRC interacting protein motif 1 (GRIP1, corresponding to the N-domain) domain; the other corresponds to
the g-TuRC interacting protein motif 2 (GRIP2; C-domain)
domain (Guillet et al., 2011). Notably, GCP4 has also been proposed to form part of a g-TuSC-like subcomplex at the g-TuRC
overlap (i.e., at or near positions 1 or 14) (Farache et al., 2016;
Kollman et al., 2011; Tovey and Conduit, 2018). Surprisingly,
however, the crystallographic model for GCP4 instead fit into
the densities at positions 9 and 11 (Figures 2C, 2D, 3C, and
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3D; Table S4; 82% GCP4 sequence coverage). The resolution
of our density map enabled side chain identification that
confirmed the identity of GCP4 at these positions of the
g-TuRC (Figures 2D and 3D). Furthermore, we aligned our
refined GCP4 model to the monomeric, crystallographic
GCP4 model via their N-domains (Guillet et al., 2011), which revealed that within the g-TuRC, the GCP4 C-domain is rotated
by 10 toward the preceding subunit (Figure S3F), and helix
21 is rotated by 90 toward the GCP4-associated g-tubulin
(Figure S3G). Together, these results indicate that complexed
GCP4 is structurally different from the monomeric protein and
that the g-TuRC contains two copies of GCP4, both of which
are located distal to the ‘‘overlap’’ region.
GCP4 and GCP5 Form a Unique Y-Shaped g-TuSC-like
Subcomplex
GCP5 and GCP6 have been proposed to form Y-shaped assemblies like the g-TuSC (Kollman et al., 2011), but their structure, position, and stoichiometry within the native human complex are not
known. In addition to the conserved GRIP1 (N-domain) and GRIP2
(C-domain) motifs that define the GCP family (Gunawardane et al.,
2000), GCP5 and GCP6 also feature large sequence inserts (Figures S4A and S4G) (Murphy et al., 2001), making it difficult to
make predictions about their precise folds without structural
data. We first focused on building a model for GCP5, because it
has previously been shown to biochemically interact with GCP4
(Farache et al., 2016). Consistent with this report, we found that
a de novo molecular model for human GCP5 N- and C-domains
could be built into the stalk-like density at position 10 of the
g-TuRC, neighboring GCP4 at positions 9 and 11 (Figures 2E
and S4A; Table S4). As above, analysis of amino acid side chain
registries in a-helical densities enabled assignment of GCP5 to
this position of the complex (Figure 2E). Our model revealed
that, consistent with conservation of the GRIP1/GRIP2 motifs,
the core GCP5 model is similar in overall topology to GCP4,
except for slight conformational variability in the C-domain (Figure S3H). Following the naming convention of the g-TuSC (Oegema et al., 1999), we propose that GCP4 at position 9 and
GCP5 at position 10, along with their associated g-tubulins,
constitute a Y-shaped g-TuSC-like subcomplex (g-tubulin subcomplex containing GCP4 and GCP5, or ‘‘g-TuG4/5’’) (Figure 2B).
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Figure 2. Positioning of GCP4 and GCP5 in
the g-TuRC
(A) Schematic of the g-TuRC establishing the
viewing angle and highlighting the locations of
GCP4 (yellow) and GCP5 (orange).
(B) Schematic of the g-tubulin/GCP4/GCP5 heterotetramer that forms a Y-shaped g-TuSC-like assembly, g-TuG4/5.
(C) The density map of g-TuRC positions 9–11 used
to model N- and C-domains and short C-domain
hairpins (indicated) of GCP4 (yellow surface) and
GCP5 (orange surface), viewed from the angle
indicated in (A).
(D and E) Molecular models (left) for (D) GCP4 and
(E) GCP5. Insets (right) show the fit of a region of the
models in the density maps (mesh).
See also Figures S2, S3, and S4 and Tables S1, S4,
and S5.

The GCP5 (position 10) density had two features that differed
from other g-TuRC stalk-like densities. First, we observed unassigned density below the GCP5 N-domain that interacts with the
lumenal density (see below) as well as the neighboring GCP4s at
positions 9 and 11 (Figure S4B). This ‘‘N-terminal density’’ may
correspond in part to the 250 N-terminal amino acids currently
not modeled in the GCP5 N-domain (Figure S4A). Second, 3D
classification of the overall g-TuRC density map revealed two
subclasses that differ mainly in the conformation of the GCP5
C-domain. The first subclass corresponds to the characteristic
‘‘elongated’’ stalk-like conformation that was used to build the
GCP5 model described above (Figure S4C). In the second subclass, the GCP5 density adopts a ‘‘compacted’’ conformation
within the complex, in which the GCP5-associated g-tubulin
was displaced 5–10 Å toward the base of the g-TuRC (Figure S4D). Further, in the compacted GCP5 subclass, the proximal Y-shaped subcomplexes occupying positions 11–14 are
also displaced slightly away from the center of the g-TuRC
cone (Figures S4E and S4F). These results suggest that GCP5
is a source of conformational change in the g-TuRC and that
these changes may propogate to other regions of the complex.
GCP4 and GCP6 Form a Unique Y-Shaped g-TuSC-like
Subcomplex
We next focused on building a molecular model for GCP6, the
largest g-TuRC subunit (Murphy et al., 2001). We found that a
de novo model for the GCP6 N-domain could be built and refined
only into the stalk-like density at position 12 of the g-TuRC (Figures 3C, 3E, and S4G). The registry of model side chains
matched high-resolution densities in the N- and C-domains (Figures 3E and S4H; see STAR Methods for details), which, combined with the generally low sequence identity across the GCP
family (Murphy et al., 2001), further validated the identity of
GCP6 at this position. Our model for GCP6 also defined the
boundaries of the large (>800 amino acids) insertion found between the N- and C-domains unique to this g-TuRC subunit.
Given the organizational similarity to the g-TuG4/5 described
above, we propose that the second GCP4 at position 11 and
GCP6 at position 12, along with their associated g-tubulins,
constitute a distinct Y-shaped g-TuSC-like subcomplex, the
‘‘g-TuG4/6’’ (Figure 3B).
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(A) Schematic of the g-TuRC highlighting the locations of GCP4 (yellow) and GCP6 (red).
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(right) shows the fit of GCP6 residues L456–A474 (indicated; stick representation) in the density map (mesh).
See also Figures S2 and S4 and Tables S1, S2, S4, and S5.
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We also observed additional GCP6-associated densities at
position 12. First, we noticed that the ‘‘plug’’ density in the overall
map contacts the lower part of the GCP6 N-domain (Figures 1A
and S4I). The current resolution of the ‘‘plug’’ limits our ability to
build a model in this region, but we note that the N-terminal
350 amino acids not accounted for in our GCP6 N-domain
model could in part account for this density. The ‘‘plug’’ may
alternatively correspond to one of the unaccounted-for g-TuRCassociated proteins identified in our mass spectrometry analysis,
such as NEDD1 or NME7 (Table S2) (Haren et al., 2006; Liu et al.,
2014; Lüders et al., 2006). Second, we observed a coiled coil (CC)
density that stems from between the N- and C-domains of GCP6
at position 12 and contacts a small (2 nm-wide) a-HB. Both the
CC and HB in turn interact with the neighboring stalk density at
position 13 (Figures 3C, 3E, and S6B). Though these densities
currently lack an assignment, the large (800 residue) GCP6
insertion sequence located between its N- and C-domains is
predicted to contain a CC and may in part account for the CC
and HB features (Figures 3E and S4G; Table S4). The g-TuNA
peptide used to purify g-TuRCs here is predicted to form a short
(30 amino acid) CC and is therefore also a plausible candidate
for the CC (Figure S5G; see below). Together, our data provide
structural models for GCP4, GCP5, and GCP6 and suggest that
these proteins form two distinct subcomplexes, g-TuG4/5 and
g-TuG4/6, within the g-TuRC.
GCP2 and GCP3 Are Arranged into a g-TuSC Core
Comprising Roughly Half of the g-TuRC
We next sought to build models for the evolutionarily conserved
proteins GCP2 and GCP3, which form g-TuSCs in other species
(Knop et al., 1997b; Oegema et al., 1999) but whose structures
in the context of the native g-TuRC are not known. We found
that near complete (72% sequence coverage) de novo models
for human GCP2 could be built into the stalk-like densities at
positions 1, 3, 5, and 7 (Figures 4A, 4C, 4D, and S5A; Table
S4). Similarly, GCP3 could be built into positions 2, 4, 6, and
8 (Figures 4A, 4C, 4E, and S5B; Table S4). Side chain registries
in these high-resolution densities confirmed the alternating

GCP4
(pos. 11)

L456 - A474

N-domain

C-domain

5

positioning of these two proteins in the g-TuRC (Figures 4D,
4E, and S5C). Between each pair of GCP2 and GCP3 N-domains is a small a-helical density resembling a ‘‘staple’’ that
forms several contacts with both proteins (Figures 4C and 4F).
Given our modeling criteria (see STAR Methods), we could not
confidently assign this density, though we note that the staple
could correspond to either the g-TuNA peptide used to purify
g-TuRCs in this study (Figure S5G) or an extension of the
GCP2 N terminus via a poorly resolved connecting density (Figure S5D). Following historical convention (Oegema et al., 1999),
we refer to the Y-shaped arrangement of GCP2, GCP3, and
their corresponding g-tubulin molecules as the human g-TuSC
(Figure 4B and 4G).
The GCP2 and GCP3 models are largely similar to one
another. One exception is the C-domain hairpin, which is
10 Å longer in GCP3 versus GCP2 (Figure S5E) and forms
the basis of the repeating protruding density described in Figure 1. Furthermore, our high-resolution models reveal details
of a 3,000 Å2 interface between GCP2 and GCP3 (intra-gTuSC; Figure 4H) and between GCP3 and GCP2 (inter-gTuSC; Figure S5F). On the lumenal side of the g-TuRC, a long
(>50 Å) unassigned a helix also forms additional contacts with
the N-domains of GCP2 and GCP3 at positions 3–6 (Figure S5H), which may stabilize interactions between multiple
g-TuSCs. Together, our results provide near-atomic structural
models for the human g-TuSC and indicate that four Y-shaped
g-TuSCs comprise the stalk-like densities at positions 1–8 of the
human g-TuRC.
The g-TuRC ‘‘Overlap’’ Region Contains a
Conformationally Altered Terminal g-TuSC
We next sought to characterize the remaining subunits found at
the g-TuRC ‘‘overlap’’. We found that position 13 of the g-TuRC
corresponds to an additional GCP2 based on the fit of side
chains from our GCP2 model into the C-domain density (Figures
5A, S6B, and S6C), as well as the presence of a small a-helical
density between the N-domains of positions 13 and 14 (Figures
S6B and S6F) resembling the g-TuSC staple described above.
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We reasoned that the less-resolved stalk-like density at the subsequent position 14 likely corresponds to GCP3 based on a rigid
body fit of our GCP3 model and the observation that GCP2 and
GCP3 exist in pairs as part of the g-TuSC (Oegema et al., 1999;
Vinh et al., 2002) (Figures 5A and S6E). Notably, the g-TuSC and
g-TuSC-like subcomplexes at positions 1–12 are organized into
a continuous lattice-like arrangement mediated by the lateral associations between GCP N-domains (Figures 1A, 1D, and 1E). In
contrast, the tentative g-TuSC at positions 13–14 is in a displaced configuration relative to the neighboring stalk-like subunits in the complex, in which the GCP2-associated g-tubulin
acts as a hingepoint for a 6 rotation of this subcomplex toward
the conical axis (Figures 5A and 5B). The rotation allows this
g-TuSC to avoid steric clashes that would otherwise occur in
part between the N-domain of our tentative GCP3 model at position 14 and the bi-lobed structure in the lumenal density
(described below). Additionally, we observed a compact (2 3
2 3 3 nm), unassigned density that stems from the C-domain
of GCP3 and is situated at the ‘‘overlap’’ region, just above the
g-tubulin at position 1 (Figures 5A, 5B, and S6F). Together, our
results indicate that the g-TuRC ‘‘overlap’’ region is likely
composed of two g-TuSCs (one at positions 1–2 and another
at positions 13–14).
A Bridge Structure Containing an Actin-like Protein
Spans across the g-TuRC Lumen
Lastly, we examined the substantial but unexpected density
spanning the g-TuRC lumen, which we name the ‘‘lumenal
bridge.’’ This density can be divided into two sections: (1) a bilobed density located near positions 2 (GCP3) and 3 (GCP2) (Figure 5C) and (2) 16 a helices arranged in extended bundles that
6 Cell 180, 1–11, January 9, 2020

90˚

90˚
Helical
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Intraγ-TuSC
interface

(A) Schematic of the g-TuRC highlighting locations
of GCP2 (purple) and GCP3 (pink).
(B) Schematic of a g-tubulin/GCP2/GCP3 heterotetramer that forms the human g-TuSC.
(C) Overall density map used to model GCP2 (position 7, purple surface), GCP3 (position 8, pink
surface), and the staple (gray surface) viewed from
the angle indicated in (A). N- and C-domains, long
(GCP3) and short (GCP2) C-domain hairpins, and
the staple density are indicated.
(D) Molecular model of GCP2 (left). Inset shows the
fit of GCP2 residues A319–Q344 (stick representation) in the density map (mesh).
(E) Molecular model of GCP3 (left). Inset shows the
fit of GCP3 residues Q322–H343 (stick representation) in the density map (mesh).
(F) Poly-alanine model of the staple (cartoon representation). Secondary structure features are
indicated.
(G) Molecular model of the human g-TuSC
comprising GCP2, GCP3, and two copies of
g-tubulin. The staple is also shown to be consistent
with the density map in (C).
(H) Rotated GCP2 (purple surface) and GCP3 (pink
surface) models highlighting the intra-g-TuSC
interface (blue surface).
See also Figures S2 and S5 and Tables S1, S4,
and S5.

reach across the lumen and contact positions 9 and 10 (Figure 5C). The bi-lobed density measures 5 3 5 3 2 nm and is
composed of a mixture of a-helical and b sheet secondary structures. One end of this density contacts the g-tubulins at positions
2 and 3 in the g-TuRC (Figures 5C and 5E). Remarkably, a model
for b-actin (Rould et al., 2006) could be rigid-body fitted into this
density (Figure 5E), suggesting that this protein adopts an actinlike fold. The presence of an actin-like protein in purified
g-TuRCs has previously been reported (Choi et al., 2010; Oegema et al., 1999). Our data reveal that an actin-like protein is
a structural component of the human g-TuRC, which further exemplifies the diverse role of actin-like proteins in large macromolecular assemblies, as in, e.g., the dynactin complex (Schafer
et al., 1994).
The second section of the lumenal bridge measured 9 3 3 3
2 nm and was built from several bundles of consecutive, short
(10–20 residues) a helices loosely organized in a chain (Figure S6G). Interestingly, an a helix at one end of this domain contacts the actin-like protein at the barbed end groove (Figures
S6G and S6H), a common interaction site for diverse actin-binding proteins (Pollard, 2016). The other end of the a-HB domain is
in close contact with GCP4 at position 9 and GCP5 at position 10
(Figures 5C and 5D). An unassigned density for a loop stemming
from the N-domain of GCP5 (described above) contacts several
a helices in these bundles (Figure 5D). Our mass spectrometry
data indicated the presence of the small proteins MZT1 and
MZT2A/B (Table S2) (Hutchins et al., 2010; Teixidó-Travesa et
al., 2010). Their propensity to form multiple short a helices (Figures S6I and S6J) leads us to hypothesize that these proteins
may constitute at least part of the a-HBs in this domain.
Together, our results identify a structural motif, the lumenal
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Figure 5. Composition of the g-TuRC ‘‘Overlap’’ and Lumenal Bridge
Regions
(A) Side view of the g-TuRC cryo-EM density map highlighting subunits leading
up to the g-TuRC ‘‘overlap’’ (indicated). A density at position 14 (asterisk)
extending into the ‘‘overlap’’ region (dashed line) from an arrangement of
GCP2 and the tentatively-assigned GCP3 (the ‘‘terminal g-TuSC’’) is indicated.
(B) Schematic of the g-TuSC at the ‘‘overlap’’ region adjacent to g-TuG4/6
indicating its 6 rotation relative to a hinge point in the g-tubulin at position 13
(green star). The GCP6 ‘‘plug’’ is omitted for clarity.
(C) Top view of the overall g-TuRC density map highlighting the lumenal bridge
(dashed rectangle, spanning from positions 2 and 3 to positions 9 and 10) and
its two sub-domains (i: bi-lobed density domain; ii: a-helical bundle domain).
(D) Zoomed-in view of the a-helical bundle domain (ii in C; gray surface) that
interacts (dashed circle) with density (white surface) stemming from GCP5
(orange surface).
(E) Left: Zoomed-in view of the interactions (white dashed circles) between the
bi-lobed density (i in C; gray surface) and g-tubulins at positions 2 and 3 (blue
surface). Right: A rigid-body fit of b-actin (gray cartoon representation; PDB:
2HF3; Rould et al., 2006) in the bi-lobed density (transparent gray surface).
See also Figures S5 and S6 and Tables S1, S2, S4, and S5.

bridge, that spans from the g-tubulins at positions 2–3 via an
actin-like protein in the g-TuRC lumen, through a total of
>300 Å, to the g-tubulins at positions 9–10 on the opposite end
of the cone-shaped structure (Figure 5C).
DISCUSSION
In this study, we have determined a cryo-EM reconstruction of
the native human g-TuRC, which we find is built from at least
26 polypeptides organized into an asymmetric cone-shaped
structure. Our data lead to structural models for human GCP2,

GCP3, GCP5, and GCP6 and provide, at near-atomic resolution,
many of the critical contacts needed to form this unusual macromolecular complex from a defined set of components. These results provide insight into biological mechanisms of g-TuRC
recruitment, regulation, and the control of microtubule numbers
in cells.
Our structure reveals that the 2.2 MDa g-TuRC is built from
two types of Y-shaped building blocks: (1) the g-TuSC and (2)
subunits that structurally mimic the g-TuSC (i.e., g-TuG4/5 and
g-TuG4/6; Figures 1A, 2B, 3B, and 4B). Together, four GCP2/
GCP3 g-TuSCs make up one half of the cone, and the
g-TuSC-like subunits g-TuG4/5 and g-TuG4/6, likely ending
with a g-TuSC in an altered conformation at the ‘‘overlap’’ (also
referred to as the ‘‘seam’’), constitute the other half of the
g-TuRC structure. Our data also provide structural evidence
supporting the hypothesis that the conserved GRIP1 (N-domain)
and GRIP2 (C-domain) motifs of GCP2, GCP3, GCP5, and GCP6
should adopt similar protein folds (Guillet et al., 2011; Kollman
et al., 2011). In addition to the evolutionarily conserved GCP2
and GCP3 proteins found in the g-TuSCs, the GCP4, GCP5,
and GCP6 subunits diversify the g-TuRC (Figure 6A), introducing
additional, large (>100,000 Å2; significantly greater than a typical
protein-protein interface: 1,000 Å2 [DeLano et al., 2000]), nong-TuSC protein interaction interfaces.
The g-TuRC may use its extensive and diverse surface area to
regulate the formation of properly oriented microtubules in cells
by recruiting accessory factors. The g-TuNA peptide comprising
the conserved CM1 motif of CDK5Rap2 (Choi et al., 2010) could
constitute (1) the staple density found on the outer face of each
Y-shaped g-TuSC subcomplex (Figures 4C and 4F) or (2) the CC
domain at position 13 (Figures 3C, 3E, and S6B). Notably, both
locations are found on the exposed outer surface of the conical
g-TuRC. Our data suggest that CDK5Rap2 and other CM1motif-containing proteins may form a ‘‘tether’’ via this motif
that could link the outer face of the g-TuRC to, e.g., the centrosome, consistent with current models (Kollman et al., 2011; Tovey and Conduit, 2018). Other attachment factors, such as
NEDD1 (Haren et al., 2006; Lüders et al., 2006), may bind to
the g-TuG4/5 or g-TuG4/6 to similarly orient g-TuRCs in, e.g.,
the augmin/HAUS-mediated branched microtubule networks
found in plant cortical arrays and the spindle apparatus (Murata
et al., 2005; Petry et al., 2013; Uehara et al., 2009). Of note is the
‘‘plug’’ region at the base of our g-TuRC model, which, though
currently unassigned, could itself correspond to an attachment
factor such as NEDD1, a protein species we detect at stoichiometric levels (Table S2). In either case, our structure suggests
that sites of g-TuRC attachment may form anchor points that
orient the g-tubulin ring away from diverse microtubule organizing centers in order to establish and maintain the polarity of
cellular microtubule networks (Muroyama et al., 2016; Sánchez-Huertas et al., 2016).
Our work also identifies a previously unanticipated structural
feature within the g-TuRC—the lumenal bridge (Figure 5C).
This structure spans >300 Å from the g-tubulins at positions 2
(GCP3) and 3 (GCP2) to g-tubulins at positions 9 (GCP4) and
10 (GCP5) and is built from unexpected protein densities in the
g-TuRC lumen, including an actin-like protein. The lumenal
bridge provides an extended set of protein-protein contacts

Cell 180, 1–11, January 9, 2020 7

Please cite this article in press as: Wieczorek et al., Asymmetric Molecular Architecture of the Human g-Tubulin Ring Complex, Cell (2020),
https://doi.org/10.1016/j.cell.2019.12.007

A

γ-TuRC

B

Microtubule

C c or
e

D iv

Tu S
γ-

e r s e in t er f a

1

1

90˚

ce

GCP5

GCP3
GCP6

GCP4
Unassigned

11
3

12
13

1
(14)

that could stabilize the association between the g-TuSC core at
positions 1–8 and the g-TuG4/5 at positions 9–10 (Figures 5C–
5E, S6G, and S6H). The actin-like protein may also be a ‘‘stopper’’ that sterically blocks further oligomerization of g-TuSClike subunits past position 14 of the complex. Evidence for this
second hypothesis comes from manual docking of an extra
g-TuSC model into the theoretical positions 15 and 16 (data
not shown), as well as the observation that the g-TuSC at positions 13–14 is rotated in a manner that avoids steric clashes between the N-domain of GCP3 and the actin-like protein (Figures
1A, 5A, and 5B). Interestingly, recent studies have identified a
role for the centrosome in regulating actin filament formation in
cells and in vitro (Farina et al., 2016). We note that the barbed
end of the g-TuRC actin-like protein points into the lumen of
the complex and associates with a helix in domain ii of the
lumenal bridge (Figures 5C, S6G, and S6H), an orientation that
likely requires a large conformational change to be compatible
with templating actin filament formation (Pollard, 2016).
We found that the native human g-TuRC likely arranges 14
g-tubulins into a single-turn helix closely resembling, but not
perfectly matching, the 13-protofilament, 3-start geometry of
a/b-tubulin dimers in the microtubule lattice (Figures 1A and
6B) (Ti et al., 2018). Specifically, the 13 well-resolved g-tubulins
at positions 1–13 adopt a helical rise that is at least 10 Å smaller
than the 120 Å observed in the microtubule (meaning the
g-tubulin-ring is too ‘‘flat’’; Figure 6B, top), and there is a gap
of almost a full g-tubulin subunit between positions 1 and 13
(meaning the g-tubulin-ring is also too ‘‘wide’’; Figure 6B, bottom). Our data suggest that in order to match the microtubule lattice, the g-TuRC needs to undergo conformational changes to
expand the helical rise and shrink the gap at the ‘‘overlap’’
such that the g-tubulin at position 14 is situated directly above
the g-tubulin at position 1 (Kollman et al., 2010).
Despite this structural mismatch, our g-TuRCs retain microtubule nucleating activity (Figure S1C). Currently, the precise
mechanism of microtubule assembly from soluble tubulin dimers
is poorly understood (Roostalu and Surrey, 2017), but it has been
speculated that g-tubulin ‘‘ring closure’’ is required for efficient
microtubule nucleation from g-TuRCs (Kollman et al., 2015).
Our findings imply that the native human g-TuRC could achieve
g-tubulin ring closure via several avenues, including (1) longrange conformational changes (Figures S1F and S4C–S4F), (2)
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Figure 6. Asymmetric Molecular Architecture of the g-TuRC
(A) Schematic of g-TuRC organization. The g-TuRC
consists of two highly asymmetric, but similarly sized,
halves: (1) a g-TuSC oligomer-like core (salmon arrow) and (2) an arrangement of divergent g-TuSC-like
subunits (g-TuG4/5 and g-TuG4/6) capped by a terminal g-TuSC that, together, form a large and diverse
binding surface for regulatory factors (green arc). The
g-tubulins are not shown for clarity.
(B) Left: Two views of the quasi-helical arrangement of g-tubulin models in the human g-TuRC.
Right: Two views of the helical arrangement of a(gray) and b- (white) tubulin dimers within the
microtubule lattice (PDB: 6E7B; Ti et al., 2018). The
helical rise (indicated) and diameter of the g-tubulin
ring do not perfectly match the microtubule lattice.

potential mechanical work generated by GTP hydrolysis within
g-tubulin, or (3) coupling to the binding and GTP-hydrolysis cycle
of its substrate, a/b-tubulin, which we note can stably associate
with the complex under certain purification conditions (Zheng
et al., 1995). Our structural data suggest that long-range conformational changes could be focused at the g-TuSC-like side of
the complex (positions 9–14), which we find deviates substantially from the ideal helical parameters compared to the g-TuSC
core (positions 1–8) (the ‘‘helical deviation’’ in Figure 1A; Figure 6B). Consistent with this observation, we found that GCP5
can adopt an altered conformation that propagates to the subsequent g-TuG4/6 and possibly to the tentative g-TuSC at positions 13–14 (Figures S4C–S4F). Notably, however, variability in
the lateral spacing between g-tubulins persists even within the
g-TuSC core (Figures S3D and S3E). Such conformational variability in lateral contacts is not observed in the microtubule lattice, indicating that the entire g-TuRC, including the g-TuSCs,
must also undergo conformational changes for g-tubulin ring
closure to occur.
Alternatively, our structure raises the possibility that a ring
of 13 tubulin-binding sites with helical symmetry that perfectly
matches the microtubule lattice may not necessarily be a
prerequisite for the microtubule-nucleating function of the
g-TuRC. The native complex used here contains an ‘‘activating’’ peptide, the g-TuNA (Choi et al., 2010), and exhibits
demonstrable nucleating activity in vitro (Figure S1C). Previous
studies using recombinant S. cerevisiae g-TuSC oligomers
showed that they are also capable of nucleating microtubules
in vitro despite a substantial structural mismatch between the
g-tubulin ring and the microtubule lattice (Kollman et al.,
2010). Furthermore, as few as 2–3 laterally associated tubulin
binding sites are predicted to overcome a substantial portion
of the kinetic barrier facing a microtubule during nucleation
(Rice et al., 2019). More work will be needed to determine
whether human g-TuRCs must undergo conformational
changes to facilitate microtubule nucleation and how this would
affect other proposed functions of the complex, such as microtubule minus end-capping, anchoring, and protofilament number specification (Dammermann et al., 2003; Martin and Akhmanova, 2018).
The asymmetric, cone-shaped structure of the g-TuRC
has a distinct shape compared to similarly sized, soluble
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macromolecular complexes, such as the 60S human ribosome
(25 nm-wide) (Khatter et al., 2015), or viral capsids like CCMV
(20-nm diameter) (Fox et al., 1998). As demonstrated with
their budding yeast orthologs (Kollman et al., 2010), the human
g-TuSC and g-TuSC-like subunits may have a propensity to
self-assemble in a manner analogous to viral capsids. How
then might the finite structure of the g-TuRC be established?
We note that g-TuRC subcomponents represent some of the
least abundant proteins in cultured human cells (<500 copies
per cell [Beck et al., 2011]). We propose that a low concentration of g-TuSC-like subunits, possibly in combination with the
lumenal bridge, could ‘‘cap’’ the self-assembly of four
g-TuSCs. This would provide a self-regulating mechanism for
limiting the size and total number of g-TuRC assemblies,
and, therefore, microtubule initiation sites in cells (Brinkley
et al., 1981). Such microtubule ‘‘bookkeeping’’ could be important for controlling microtubule architecture and numbers in,
e.g., branched microtubule networks (Goshima et al., 2008)
or in biomolecular condensates in the centrosome (Woodruff
et al., 2017) and liquid-like spindle domains (So et al., 2019),
which can concentrate tubulin and associated factors to
incredibly high levels that would be difficult to regulate (Baumgart et al., 2019). Our study provides a foundation for dissecting how the g-TuRC assembles and functions in diverse
cellular contexts.
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(2014). A robust pipeline for rapid production of versatile nanobody repertoires. Nat. Methods 11, 1253–1260.
Gell, C., Friel, C.T., Borgonovo, B., Drechsel, D.N., Hyman, A.A., and Howard,
J. (2011). Purification of tubulin from porcine brain. Methods Mol. Biol.
777, 15–28.
Goshima, G., Mayer, M., Zhang, N., Stuurman, N., and Vale, R.D. (2008). Augmin: a protein complex required for centrosome-independent microtubule
generation within the spindle. J. Cell Biol. 181, 421–429.

Martin, M., and Akhmanova, A. (2018). Coming into Focus: Mechanisms of
Microtubule Minus-End Organization. Trends Cell Biol. 28, 574–588.
Mastronarde, D.N. (2005). Automated electron microscope tomography using
robust prediction of specimen movements. J. Struct. Biol. 152, 36–51.
Mitchison, T., and Kirschner, M. (1984). Dynamic instability of microtubule
growth. Nature 312, 237–242.
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Kapoor (kapoor@rockefeller.edu). All unique/stable reagents generated in this study are available from the Lead Contact without
restriction.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
HeLa S3 cell cytoplasmic extracts were prepared according to (Abmayr and Carrozza, 2001) and were a generous gift from Dr. Robert
Roeder. GFP-g-TuNA and GFP nanobody constructs were expressed in Escherichia coli BL21(DE3) pRIL cells cultured in LB medium
supplemented with appropriate antibiotics at 37 C and at 230 rpm until induction, at which point the temperature was shifted to
16-18 C. Tubulin was purified from bovine brains through three cycles of polymerization/depolymerization followed by phosphocellulose chromatography, similar to (Gell et al., 2011).
METHOD DETAILS
Purification of native human g-TuRCs
Native g-TuRCs were isolated from HeLa S3 cells based on the reported affinity of human g-TuRCs for CDK5Rap2 (Choi et al., 2010).
First, a bacterial expression construct for CDK5Rap2’s CM1 domain, also known as the ‘‘g-TuNA’’ (g-TuRC-mediated Nucleation
Activator) region, comprising amino acids 51-100 fused to GFP as an affinity tag (GFP-g-TuNA), was generated by PCR amplifying
CDK5Rap251-100 from pRcCMV Cep215 (NCBI accession BAB13459.3), a gift from Erich Nigg (Addgene plasmid # 41152; http://n2t.
net/addgene:41152; RRID:Addgene_41152). The PCR product was inserted into the multiple cloning site of a modified pET-SUMO
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vector (pET His6 Sumo TEV LIC cloning vector (1S), a gift from Scott Gradia (Addgene plasmid # 29659; http://n2t.net/
addgene:29659; RRID:Addgene_29659) containing an N-terminal EGFP-PreScission fusion tag using standard restriction cloning
techniques. The plasmid was transformed into BL21(DE3) pRIL cells (Stratagene) and His6-SUMO-TEV-GFP-PreScission-g-TuNA
expression was induced with 0.5 mM IPTG for 16 hours at 18 C. Cell pellets from 6 L culture were resuspended in 120 mL Ni-NTA
lysis buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 15 mM imidazole, 0.1% (v/v) Tween-20 and 1 mM 2-mercaptoethanol)
and lysed by two passes through an Emulsiflex C-5 (Avestin). Lysate was clarified at 35,000 rpm in a Type 45 Ti rotor (Beckman) for
45 min at 4 C and the supernatant was mixed with 3 mL His60 (Takara Biosciences) resin pre-equilibrated in lysis buffer. The resin
was then washed extensively with lysis buffer. Protein was eluted with Ni-NTA elution buffer (lysis buffer containing an additional
485 mM imidazole). Peak fractions were identified by Bradford assay, pooled, concentrated to 1 mL with a 10 kDa cutoff spin filter
(Millipore), and incubated with 1 mg TEV protease for 2 hr at 4 C. GFP-g-TuNA was then further purified over a Superdex 75 10/300
column pre-equilibrated in gel filtration buffer (40 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM MgCl2 and 2 mM 2-mercaptoethanol).
Peak fractions were identified by SDS-PAGE, pooled, supplemented with sucrose to 10% (w/v), aliquoted, snap frozen in liquid nitrogen, and stored at –80 C.
The construct for a recombinant GFP nanobody (clone LG-16 (Fridy et al., 2014)) was a kind gift from Dr. Michael Rout. The plasmid
was transformed into BL21(DE3) pRIL cells (Stratagene) and periplasmic expression was induced with 0.1 mM IPTG for 16 hr at 16 C.
Cells from 6 L of culture were harvested at 5,000 X g for 10 min and resuspended in TES buffer (200 mM Tris-HCl, pH 8.0, 0.5 mM
EDTA and 500 mM sucrose). The cells were osmotically shocked on ice for 30 min by diluting them 5-fold in 1:4 (v/v) water:TES buffer.
Periplasmic extract was separated from cell debris by centrifugation for 10 min at 6,000 x g, and this supernatant was further clarified
at 20,000 x g for 20 min at 4 C. This final supernatant was supplemented with NaCl to 150 mM and incubated with 3 mL His60 resin
(Takara Biosciences) for 30 min. The resin was washed in batch with wash buffer 1 (20 mM Tris-HCl, pH 8.0 and 900 mM NaCl) followed by wash buffer 2 (20 mM Tris-HCl, pH 8.0, 150 mM NaCl and 10 mM imidazole). The resin was then washed further with wash
buffer 2, and the protein was eluted with Ni-NTA elution buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl and 250 mM imidazole). Peak
fractions were identified by Bradford assay, pooled, and concentrated with a 10 kDa cutoff spin filter. The nanobody was further purified over a Superdex 75 10/300 column equilibrated in coupling buffer (150 mM sodium bicarbonate, pH 8.0 and 150 mM NaCl).
Approximately 10 mg of GFP nanobody was coupled to a 1 mL NHS HiTrap column (GE Healthcare) according to the manufacturer’s
instructions.
Cytoplasmic extract from 10 L HeLa cell S3 suspension cultures, a kind gift from Dr. Robert Roeder (Abmayr and Carrozza, 2001),
was thawed on ice and diluted 1:1 with ice cold g-TuRC buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 0.1%
(v/v) IGEPAL and 0.1 mM GTP) containing one cOmplete EDTA-free Protease Inhibitor Cocktail tablet (Roche). 5 mg of purified
g-TuNA GFP was added directly to the extract, which was then incubated on ice for 1 hr. The extract was then passed over the
GFP nanobody column. The column was washed with 20 mL of g-TuRC buffer lacking protease inhibitors. 100 mg of PreScission protease was diluted into 1 mL g-TuRC buffer and this mixture was injected onto the column. Proteolytic digestion of the GFP tag was
allowed to proceed for 6 hr, after which g-TuRCs were eluted from the column with g-TuRC buffer. The peak fraction was layered onto
a 2 mL sucrose step gradient made up of gradient buffer (40 mM Na-HEPES, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 2 mM
2-mercaptoethanol, 0.01% (v/v) IGEPAL and 0.1 mM GTP) containing 5%, 16.7%, 28.3%, and 40% (w/v) sucrose layered in TLS-55
centrifuge tubes (Beckman). The gradient was spun in a TLS-55 rotor (Beckman) at 50,000 rpm for 3 hr at 4 C and fractionated into
150 mL fractions with a cut-off pipette tip. Fractions were analyzed by immunoblotting against g-tubulin and peak g-tubulin-containing fractions, typically found around 30% sucrose, were pooled, aliquoted, snap frozen in liquid N2, and stored at –80 C. SDSPAGE analysis of our purified g-TuRCs is shown in Figure S1B. For this analysis, protein in each fraction was precipitated with
10% (w/v) TCA and re-dissolved in 1X SDS sample buffer after centrifugation before running on a 4%–20% Tris-glycine-SDS precast gel (Novex).
Mass spectrometry
A 40 mL aliquot of purified native g-TuRCs was thawed and mixed with 10 mL of 5X sample buffer (Tris-HCl, pH 6.8, 10% (w/v) SDS,
50% (w/v) glycerol, 700 mM 2-mercaptoethanol, and 0.25% (w/v) bromophenol blue). After boiling, the sample was loaded into a
single lane of a 4%–20% Tris-glycine pre-cast gel with ‘‘wide wells’’ (Novex) and allowed to migrate 1 cm into the stacking gel.
A corresponding 1 cm x 1 cm gel plug was cut out of the gel, further cut into 1 mm cubes, and destained with 33% (v/v) acetonitrile
in 50 mM ammonium bicarbonate. To reduce disulfide bonds, gel pieces were incubated with 200 mL 20 mM TCEP in 50 mM ammonium bicarbonate at 56 C for 45 min. Following removal of the TCEP solution, cysteines were alkylated with 200 mL 55 mM 2-chloroacetamide in 50 mM ammonium bicarbonate at room temperature in the dark for 30 min, then washed briefly with 50 mM ammonium
bicarbonate. Proteins were digested with 80 mL 3.1 ng/uL trypsin in 50 mM ammonium bicarbonate for 4 h at 37 C, followed by addition of a further 125 ng trypsin and incubation overnight. After removing the solution to a clean tube, peptides were extracted from the
gel with 100 mL 70% acetonitrile, 1.7% formic acid, 0.1% TFA at 37 C for 1 h. The supernatant was collected and combined with the
initial pool of tryptic peptides. Extraction was repeated sequentially with 100 mM triethyl ammonium bicarbonate and acetonitrile,
each with 100 mL at 37 C for 1 h. Peptides were dried by vacuum centrifugation, resuspended in 5% formic acid, 0.1% TFA, and
desalted on C18 membranes before being loaded onto an EASY-Spray column (Thermo Fisher Scientific, 15cm x 75mm ID, PepMap
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C18, 3mm) via an EASY-nLC 1200 (Thermo Fisher Scientific). Column temperature was set to 35 C. Using a flow rate of 300 nL/min,
peptides were eluted with a gradient of 2%–32% solvent B in 33 min, followed by 32%–80% B in 5 min, where solvent B was 0.1%
formic acid in 95% acetonitrile and solvent A was 0.1% formic acid in water. A spray voltage of 1.8 kV ionized peptides as they eluted
into an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific) acquiring online data-dependent CID fragmentation
spectra. Raw data were analyzed with MaxQuant 1.6.2.10.
Turbidity-based microtubule nucleation assay
Tubulin was purified from bovine brains through three cycles of polymerization/depolymerization followed by phosphocellulose chromatography and stored at –80 C, as described previously (Gell et al., 2011). Before the assay, tubulin was quickly thawed at 37 C and
centrifuged for 10 min at 4 C and at 350,000 x g. The concentration of the supernatant was measured spectrophotometrically using
an extinction coefficient of 115,000 M-1cm-1 and a molecular weight of 110 kDa for the tubulin dimer.
Microtubule nucleation was assayed by preparing 75 mL reactions containing 7.5% (v/v) native g-TuRCs (final concentration estimated to be in the pM range), 10 mM tubulin, 1 mM GTP, and 3.4 M glycerol in BRB80 (80 mM K-PIPES, pH 6.8, 1 mM MgCl2, and
1 mM EGTA). An equivalent volume of control buffer (40 mM Na-HEPES, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 2 mM
2-mercaptoethanol, 0.01% (v/v) IGEPAL, 0.1 mM GTP, and 30% (w/v) sucrose) was included for tubulin-only controls. Components
were mixed and incubated on ice for 5 min. Reactions were split and loaded into a pre-warmed 384-well, clear-bottomed microplate
in duplicate (32 uL reaction per well), and 15 uL of fluorescence-free immersion oil (Cat# 16212, Cargille Laboratories) was layered
over each reaction. This loading time was limited to 5 min. The microplate was loaded onto a BioTek Synergy Neo microplate reader
pre-warmed to 37 C and absorbance measurements at 350 nm were initiated at a frequency of 1-2 per min for up to 4 hours. A
g-TuRC-only control (data not shown) was performed to confirm that purified g-TuRCs alone do not contribute to an increase in
turbidity.
Cryo-electron microscopy of native g-TuRCs
Due to very low (sub-nM) sample concentrations, a modification of a previously described multiple application technique was used to
obtain grids with densely packed g-TuRC particles (Snijder et al., 2017). The following procedure was conducted on ice. 2 mL of
frozen sample was applied to plasma treated Quantifoil R2/2 300-square-mesh copper grids coated with a continuous carbon
film. After 5-10 min the sample was blotted away and replaced with another 2 mL. This was repeated for a total of 5-8 applications.
As g-TuRC storage buffer contained 30% (w/v) sucrose, 20 mL of washing buffer (40 mM HEPES-KOH pH 7.5, 150 mM KCl, 1 mM
MgCl2, 0.01% Tween-20 (v/v), 0.1 mM GTP, and 1 mM 2-mercaptoethanol) was used to rinse the grid twice with 1-2 min incubation in
between. Finally, 3 mL of washing buffer was applied to the grid, transferred to a Vitroblot IV (FEI), blotted for 4-5 s at 100% humidity
and 4 C, and then plunged into liquid ethane.
Micrographs were recorded on an FEI Titan Krios equipped with a Gatan K2 Summit detector using Serial EM automated data
collection (Mastronarde, 2005). Data was collected in 3 separate sessions (Table S3). The first dataset was exploratory and employed the following settings: 300kV, 70 mm C2 aperture, 33 frames, 45 e-/Å2, 6.6 s exposure, and 1.335 Å per pixel. In order to
acquire as much data as possible, data acquisition was optimized for the subsequent two sessions and the following settings
were used: 300kV, 100 mm C2 aperture, 21 frames, 45 e-/Å2, 4.1 s exposure, 1.036 Å per pixel. In these sessions, 8 non-overlapping
micrographs were recorded per hole, and a 3 3 3 grid of 9 holes was collected for every stage shift by applying an appropriate
beam tilt (i.e., 72 images were recorded per stage shift). This enabled the acquisition of 4,500 micrographs per 24 hours in
the second and third datasets.
Images for each dataset were corrected for beam-induced drift using MotionCor2 (Zheng et al., 2017). CTF parameters for drift
corrected micrographs were estimated using CTFFIND4 (Rohou and Grigorieff, 2015). Subsequent processing used Relion v.3.0 (Zivanov et al., 2018). Initial particle cleanup was conducted using dose-weighted and drift corrected micrographs binned to a pixel size
of 5.18 Å (Figure S2). For the first dataset, a small set of particles were manually picked and subjected to reference-free 2D classification. The obtained 2D-class averages that represented particles of different size and shape were used as references for autopicking all binned micrographs from dataset 1. The autopicked particles were cleaned by several cycles of 2D classification. These
cleaned particles were used to generate an initial model. The initial model was low-pass filtered to 200 Å and used as a reference
for 3D refinement followed by 3D classification. 99,524 particles corresponding to the major 3D class were selected. These particles
were subjected to another round of 2D classification in order to select balanced number of particles of different orientations: 35k particles corresponding to the dominant 2D class averages and 35k that corresponded to the rarer views. The obtained 2D class averages were used as references for autopicking from datasets 2 and 3.
As a large number of micrographs were recorded for datasets 2 and 3 (Table S3), the autopicked particles were randomly split into
subsets of 230k particles. In order to avoid losing particles of less abundant orientations, each 230k particle subset was merged
with a set of 70k cleaned and balanced particles from dataset 1 (see above). This yielded well resolved 2D class averages during each
cycle that pooled particles from the new dataset that might otherwise be lost during classification. After 2 cycles of 2D classification
and cleanup, and after removing the 70k particles from dataset 1, the remaining particles (typically 100k - 150k) were subjected to
3D refinement. The output translational information from the 3D refinement was used to re-extract particles with the ‘‘re-center
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refined coordinates’’ option selected in Relion. Re-centered particles were subjected to another round of 3D refinement followed by
3D classification. Particles from 3D classes corresponding to g-TuRC were selected and yielded a set of ‘‘good’’ particles (Table S3).
‘‘Good’’ particles from each dataset were re-extracted as before from the micrographs binned to a pixel size of 1.335 Å. The particles from dataset 1 and 2 were pooled and subjected to global 3D refinement. Due to ‘‘breathing’’ of the complex (Figure S1F), the
particles were subjected to another round of local 3D refinement but with a mask including only the stalk densities (excluding globular
densities on the open face of the cone). This resulted in better alignment accuracies and, subsequently, higher resolution which in turn
yielded better CTF refinement and Bayesian polishing. The CTF-refined and Bayesian-polished particles of datasets 1 and 2 were
pooled with ‘‘good’’ particles from the latest dataset (dataset 3) and subjected to another round of 3D classification. A final
467,803 particles were selected from the 3D classes of highest resolution. These ‘‘final’’ particles were used for the overall refinement
that yielded 3.81 Å resolution.
In order to improve local resolution, the ‘‘final’’ particles were subjected to 3D focused classification and refinement as described
before (Nguyen et al., 2015). In short, signal of the density outside region of interest (e.g., positions 1 to 3) were subtracted from rawparticles. This significantly increased alignment accuracy during subsequent 3D refinement and sensitivity during alignment-free 3D
classification. Focused 3D classification yielded the most homogeneous particles in selected regions that were then used to generate
the final refined maps for those regions.
Model building
Generation of the molecular model for the g-TuRC is summarized in Table S4. Because of varying resolution across the structure,
even after local focused refinements, we designated three levels of assignment confidence to each domain with specific criteria: assigned = > 50 contiguous amino acids with well-defined Ca secondary structure and matching side chain densities. Only these portions of the structure are colored in Figures 1, 2, 3, 4, 5, and 6; tentatively assigned = rigid-body docking of an existing model, or de
novo poly-Ala building based on secondary structure predictions and/or prior interaction information from literature; and unassigned = no identification, de novo poly-Ala builds only if secondary structures are resolvable. Tentative and unassigned models/densities are colored in gray throughout the paper.
g-tubulin (PDB ID: 3CB2 (Rice et al., 2008)) was rigid-body fitted into the overall density map (Figure 1A) using UCSF Chimera’s ‘‘Fit
in map’’ function (Pettersen et al., 2004). g-tubulin models in positions 1-13 were refined into the corresponding density maps using
the ‘‘Real space refine zone’’ feature in COOT with torsion, planar peptide, trans peptide and Ramachandran restraints enforced and
using a refinement weighting of % 10 (Emsley et al., 2010). Models were further refined using phenix.real_space_refine and problem
areas were fixed manually in COOT. This procedure was iterated until acceptable model parameters were achieved. When necessary, higher resolution segmented maps (Figure S2) were used to further refine the models and to build missing coordinates in the
density and/or remove overextended model coordinates lacking clear density for side chains, especially in loop regions. GDP was
similarly modeled into the g-tubulin nucleotide binding site density.
Models for GCP4 were built by dividing the crystal structure for GCP4 (PDB ID: 3RIP (Guillet et al., 2011)) into N- (aa 1 - 346)
and C- (aa 349 - 657) domains, which were independently rigid-body fitted into stalk-like density maps at positions 9 and 11.
Models were refined into the density maps as described above for g-tubulin. N- and C-domain models were then joined
together and the connecting residues were manually refined in COOT and with phenix.real_space_refine to ensure model
fidelity.
Sequences corresponding to the N- and C-domains of GCP2, GCP3, GCP5 and GCP6 were determined from multiple sequence
alignments with GCP4 combined with secondary structure predictions using JPred (Drozdetskiy et al., 2015) and visual inspection of
our density maps. Initial models for GCP2, GCP3, and GCP5 N- and C-domains were generated with the Phyre2 server (Kelley et al.,
2015) using the GCP4 crystal structure (Guillet et al., 2011) as a template. Models were fitted, corrected where necessary using secondary structure predictions and a-helical registries of the densities as a guide, and refined into the g-TuRC density as described
above for g-tubulin and GCP4. All assigned g-TuRC components were subjected to a final round of refinement as above to ensure
fidelity of protein-protein contacts in our model of the complex. Refinement statistics for one of each of the assigned g-TuRC subunits, as well as all assigned subunits from positions 1-13, are summarized in Table S5.
Poly-alanine models for the ‘‘staple’’ densities, the a-helical bundle in the lumenal bridge, the CC, the HB, and the g-TuSC-associated helix were all built de novo and refined with the ‘‘real-space refine’’ function in COOT. The final g-TuRC model includes all assigned and unassigned but built subunits (PDB 6V6S).
Visualization and analysis
Figures were generated in PyMol (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.). Molecular graphics and
analyses performed with UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, with support from NIH P41-GM103311 (Pettersen et al., 2004). g-tubulin movement associated with
compaction of the GCP5 C-domain (Figures S4E and S4F) was visualized and quantified within PyMol using the ColorByRMSD
(https://pymolwiki.org/index.php/ColorByRMSD) script modified by Thomas Holder and Nicolas Coudray.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell Correlation (FSC) criterion (Rosenthal and Henderson, 2003). All statistical validation performed on the deposited models (PDB ID 6V5V, 6V69, 6V6B, 6V6C, and 6V6S) was done
using the Phenix package (Table S5) (Williams et al., 2018).
DATA AND CODE AVAILABILITY
The cryo-EM maps have been deposited in the Electron Microscopy Data Bank (EMDB; https://www.ebi.ac.uk/pdbe/emdb/): EMD21054, EMD-21060, EMD-21063, EMD-21067, EMD-21068, EMD-21069, EMD-21070, EMD-21073, and EMD-21074. Structural
models of the g-TuRC and one of each assigned subunit has been deposited in the Protein Data Bank (PDB; https://www.rcsb.
org/): PDB IDs 6V5V, 6V69, 6V6B, 6V6C, and 6V6S.
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Figure S1. Purification, Characterization, and Cryo-EM Reconstruction of the Native Human g-TuRC, Related to Figure 1
(A) Native human g-TuRC purification scheme.
(B) SDS-PAGE analysis of purified native human g-TuRC. Bands corresponding to core g-TuRC components are indicated. Bands for GCP2 and GCP3 are very
close to each other due to similar molecular weights. Contaminating bands were observed at 25 kDa and 10 kDa, likely corresponding to uncleaved GFP-gTuNA (*) and cleaved g-TuNA (**) based on size. Double asterisk indicates a contaminant at < 10 kDa that likely corresponds to cleaved g-TuNA.
(C) Turbidity-based nucleation assay of reactions containing tubulin (10 mM) and GTP (1 mM) in the presence (blue circles) or absence (black squares) of purified
native g-TuRC (estimated at between 0.1 and 1 pM final concentration).
(D) Cryo-EM micrograph of native human g-TuRCs. Example particles selected for further processing are indicated (boxes).
(E) 2D-class averages of the g-TuRC.
(F) Two views of the overall g-TuRC density map analyzed by ResMap (Kucukelbir et al., 2014), showing a resolution distribution ranging from 3 to 12 Å.
(G) Gold-standard Fourier shell correlation (FSC) curve of the overall g-TuRC density map. The FSC at 0.143 is indicated.
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Focused 3D classification and refinement procedures used to improve the resolution in the overall g-TuRC density map.
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Figure S3. Comparison of g-Tubulin and GCP4 to Known Structures and Alignment of GCP5 to GCP4, Related to Figures 1 and 2
(A–C) Alignment of the g-tubulin model from this study (blue cartoon representation) to a previously reported crystal structure of g-tubulin:GDP (PDB: 3CB2; Rice
et al., 2008); white cartoon representation). Alignment was performed as in (Rice et al., 2008). RMSD of the overall alignment is indicated in (A). (B) and (C) RMSDs
of hallmark g-tubulin secondary structure features are indicated.
(D) View of g-tubulin models at position 3-5 highlighting differences in spacing (red dashed lines, distance indicated) between the g-tubulin:g-tubulin interface at
position 4-5 (light blue - dark blue) compared to at position 3-4 (dark blue - light blue).
(E) Schematic of the g-TuRC with g-tubulins colored as in (D) to illustrate the alternating spacing in g-tubulin:g-tubulin interfaces across the complex.

(legend continued on next page)

(F) Alignment of GCP4 model from this study (yellow cartoon representation) with a previously reported crystal structure (PDB: 3RIP; Guillet et al., 2011); gray
cartoon representation) via their N-domains. A 10 rotation in the C-domain of our GCP4 model relative to the aligned N-domains is indicated (arrow).
(G) Rotated view of F) focusing on the C-domain. A 90 rotation in helix 21 relative to the C-domain is indicated.
(H) Alignment of our GCP5 model (orange cartoon representation) with our GCP4 model (yellow cartoon representation) via their N-domains. A 20 rotation in the
GCP5 C-domain relative to the aligned N-domains indicated (arrow).
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Figure S4. GCP5 and GCP6 Extra Densities and Model Details, Related to Figures 2 and 3
(A) Schematic of the human GCP5 sequence highlighting regions modeled in this study (orange rectangles).
(B) View of the N-terminal density (gray surface representation) that interacts with N-domains of GCP4 (position 9), GCP5 (position 10) and possibly GCP4 at
position 11 (cartoon representations).
(C and D) Lumenal view of positions 9-11 of the g-TuRC with the GCP5 C-domain in the extended (C) and compacted (D) conformation, with corresponding
schematics shown above. Downward displacement in g-tubulin at position 10 is indicated (arrow).

(legend continued on next page)

(E and F) Compaction of the GCP5 C-domain at position 10 results in a displacement of the g-TuG4/6 subcomplex away from the conical axis relative to the
‘‘elongated’’ GCP5 subclass, represented by the broken arc with arrows showing displacement directions (E). The direction and extent of the resulting individual
g-tubulin displacement is illustrated by vector plot and average translation of all the atoms (F). Maps were low-pass filtered to 8 Å (C and D) and 13 Å (E and F).
(G) Schematic of the human GCP6 sequence highlighting regions modeled in this study (red rectangles). The 800 residue insertion sequence is indicated, with
an a-helical region containing coiled coils (see STAR Methods) shown as a white rectangle.
(H) Fit of GCP6 residues K1615–K1641 (red stick representation) in a density map for the GCP6 C-domain (mesh).
(I) Left: Schematic of the g-TuRC highlighting the location of GCP6 and establishing the viewing angle. Right: g-TuRC model (surface representation) with GCP6
highlighted (red) overlayed with a segmented, 13 Å low-pass filtered density map of the ‘‘plug’’ density (light grey surface representation).
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Figure S5. GCP2, GCP3, Staple, and g-TuSC-Associated Helix Features, Related to Figures 4 and 5
(A) Schematic of the human GCP2 sequence highlighting regions modeled in this study (purple rectangles).
(B) Schematic of the human GCP3 sequence highlighting regions modeled in this study (pink rectangles).
(C) Panels showing the fit of residues A319-Q344 (purple stick representation) from GCP2 models at positions 1, 3, and 5, as well as residues Q322-H343 (pink
stick representation) from GCP3 models at positions 2, 4, and 6, within the density map (mesh).
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(D) Cartoon (top) and surface (bottom) representations of the staple domain bound to N-domains of GCP2 and GCP3. The white portion of the surface represents
a currently unassigned region possibly connecting the staple to the N terminus (aa 232) of GCP2.
(E) Alignment of GCP2 and GCP3 models to one another focusing on the C-domain hairpin. The 10 Å extension of the GCP3 versus the GCP2 hairpin is
indicated.
(F) GCP2 (purple surface) and GCP3 (pink surface) models rotated along their long axes (indicated) highlighting the inter-g-TuSC interface (blue surface). An
asterisk indicates a small interface formed between C-domains that is missing in the intra-g-TuSC interface (Figure 4H).
(G) Secondary structure prediction of the g-TuNA peptide generated using Jpred (Drozdetskiy et al., 2015). a-helices (gray cylinders), b-sheets (gray arrow), and
residues predicted to form a coiled coil (red letters) are indicated.
(H) A long unassigned a-helix density (gray surface representation) spans along the N-domains of g-TuSCs at positions 3 to 6 (surface representation colored
according to Figure 1).

B C-domain GCP2

A

7

8

C-domain

hairpin
(GCP2)

9

6
10
5
11

GCP6
C
(pos. 13) (pos. 12)
C-domain
hairpin
(GCP6)

GCP2
(pos. 13)
M725 - D764

CC

4
12
3
13

N-domain

2

1 14

Staple

D

HB

E

F

Likely GCP3 GCP2
(pos. 14)
(pos. 13)

Extra
density
7

8

9

6
10
5
11

CC

4
12
3
2

13
1 14

GCP3 rigid
body fit at
pos. 14

HB
Overlap
region
Staple

H

G
Interacting
α-helix

Interacting α-helix
α-helical bundles
(domain ii)

α-helical bundles in domain ii
Actin-like protein
(domain i)

I

MZT1 predicted secondary structure

J MZT2B predicted secondary structure

Figure S6. Identification and Organization of a Terminal g-TuSC at the Overlap Region and Details of the Lumenal Bridge, Related to Figure 5
(A) Schematic of the g-TuRC highlighting the locations of GCP6 (red) adjacent to a GCP2 subunit at position 13 (purple) that is associated with the HB, the CC, and
a staple density (grey).
(B) Density map used to model GCP2 (position 13, purple surface) and a staple (gray surface) viewed from the angle indicated in (A).
(C) Refined model of GCP2 C-domain residues M725 - D764 (stick representation) in the corresponding a-helical density (mesh) at position 13.
(D) Schematic of the g-TuRC highlighting the location of GCP2 (purple) and a staple domain (gray) adjacent to a tentative GCP3 subunit (gray) at position 14.
(E) Rigid-body fit of the GCP3 model (gray cartoon representation) into the corresponding density (gray transparent surface) at position 14.

(legend continued on next page)

(F) View of GCP2 (purple surface), a tentatively assigned GCP3 (gray surface), and a staple (gray surface) density constituting the terminal g-TuSC at position 1314. Indicated is an extra density associated with GCP3 (dashed black circle around gray surface representation; see also Figure 5A) that is situated above the
g-tubulin in position 1 (the ‘‘overlap’’ region).
Views in (E) and (F) are from the angle specified in (D).
(G) A poly-alanine model (cartoon representation) built into the a-helical bundle densities comprising domain (ii) of the g-TuRC lumenal bridge (Figure 5C). An ahelix that contacts the actin-like protein is indicated.
(H) a-helical bundles of domain (ii) (gray cartoon representation) interacting with a model for the actin-like protein in domain (i) (gray surface representation) in the
lumenal bridge. An a-helix contacts the actin-like protein at the barbed end groove (indicated).
(I and J) Secondary structure predictions of MZT1 (I) and MZT2A/B (J) (a-helical regions shown as red bars).

