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Cell-free reconstitution reveals centriole cartwheel
assembly mechanisms

P. Guichard"¥*, V. Hamel**, M. Le Guennec?, N. Banterle!, I. lacovache3, V. Nemcikova', I. Fliickiger',
K.N. Goldie?, H. Stahlberg?® D. Lévy>, B. Zuber3 & P. Génczy'

How cellular organelles assemble is a fundamental question in biology. The centriole orga-
nelle organizes around a nine-fold symmetrical cartwheel structure typically ~100 nm high
comprising a stack of rings that each accommodates nine homodimers of SAS-6 proteins.
Whether nine-fold symmetrical ring-like assemblies of SAS-6 proteins harbour more per-
ipheral cartwheel elements is unclear. Furthermore, the mechanisms governing ring stacking
are not known. Here we develop a cell-free reconstitution system for core cartwheel
assembly. Using cryo-electron tomography, we uncover that the Chlamydomonas reinhardtii
proteins CrSAS-6 and BId10p together drive assembly of the core cartwheel. Moreover, we
discover that CrSAS-6 possesses autonomous properties that ensure self-organized ring
stacking. Mathematical fitting of reconstituted cartwheel height distribution suggests a
mechanism whereby preferential addition of pairs of SAS-6 rings governs cartwheel growth.
In conclusion, we have developed a cell-free reconstitution system that reveals fundamental
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assembly principles at the root of centriole biogenesis.
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and centrosomes and is paramount for human health!=>.

Centrioles are cylindrical structures, typically ~450nm
high and ~250nm in outer diameter, with a signature nine-fold
radially symmetric arrangement of microtubules organized
around a cartwheel with likewise symmetry>®’. The entire
cartwheel structure is typically ~100nm high and located in the
proximal part of the centriole, where it is thought to seed
organelle formation. The mechanisms directing the assembly of
the whole cartwheel remain incompletely understood.

Cryo-tomography of the exceptionally long cartwheel structure
in Trichonympha sp. revealed the presence of stacked rings that
contain a central hub ~22nm in diameter and that are spaced
~ 8.5 nm vertically®. Nine spokes emanating from the central hub
of these rings radiate towards the cartwheel periphery, where
spokes originating from two superimposed rings merge, thus
yielding ~17nm vertical spacing. The joined spokes then
connect to a pinhead structure that bridges with the peripheral-
most microtubule triplets’.

Each cartwheel ring accommodates nine homodimers of
SAS-6 proteins®, which are required for cartwheel assembly
across eukaryotes. For instance, in Chlamydomonas reinhardtii,
cells lacking the SAS-6 protein Bld12p (hereafter referred to as
CrSAS-6) fail to assemble a cartwheel'’. SAS-6 proteins harbour a
globular N-terminal domain followed by an extended coiled coil
and an unstructured C-terminal region (Supplementary Fig. 1a).
SAS-6 proteins homodimerize via their coiled coil and further
oligomerize through interactions between N-terminal domains to
form nine-fold symmetrical ring-like assemblies in vitro, which
are ~4.5nm thick each!>!2, Whether such assemblies harbour
more peripheral cartwheel elements is not known. Furthermore,
the mechanisms enabling individual rings to connect vertically to
form the whole cartwheel structure are not known. To tackle
these questions, we set out to develop a cell-free reconstitution
system of the cartwheel.

The centriole organelle is essential for forming cilia, flagella

Results

Native architecture of the core cartwheel in vivo. We first set out
to identify the architectural features that must be reconstituted
in a cell-free system by determining the native organization of
what we term the core cartwheel, namely, the cartwheel
without pinhead or microtubules. To this end, we used centrioles
purified from Chlamydomonas, because examination of
previous resin-embedded specimens suggested that the cartwheel
structure extends slightly below the region harbouring
pinhead and microtubules in this species'®. Cryo-electron
tomography (cryo-ET) allowed us to unveil three regions in
the proximal part of the Chlamydomonas probasal body
(hereafter referred to as the centriole for simplicity), from top
to bottom (Fig. la-c, Supplementary Fig. 2a, Supplementary
Movie 1). First, a region without cartwheel (Fig. 1a). Second,
a region in which the cartwheel is present, together with pinhead
and microtubules (Fig. 1b,d). Third, a region harbouring the core
cartwheel, devoid of pinhead and microtubules (Fig. lce).
Moreover, we identified the previously described amorphous
ring that surrounds the cartwheel'®, as well as recruitment of
the first microtubule of the triplet (A-microtubule) to the
core cartwheel (Supplementary Fig. 2b-e). Measurements
showed that the native core cartwheel comprises a hub
~22nm in diameter, from which emanate nine spokes
extending until two peripheral densities that we termed D1 and
D2, which are located, respectively, at ~37 and ~46 nm from the
hub margin (Fig. le,(f). These architectural features define the
organization of the core cartwheel that a cell-free assay ought to
reconstitute.
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Figure 1| Native architecture of the core cartwheel in vivo. (a-c) Images
from cryo-tomogram of purified Chlamydomonas centriole (probasal body)
after nine-fold symmetrization (left, three regions from top to bottom

of centriole), with corresponding insets of boxed regions (right).

(d) Schematic of centriole in b, with corresponding inset. (e) Native
architecture of core cartwheel after symmetrization, highlighting the hub, as
well as D1 and D2 densities. (f) Measurements of centriole features

(see e): hub diameter (22.4 £1.3nm, n=10), distances from the hub
margin to D1 (37 £1nm, n=13) and D2 (45.6 £ 0.8 nm, n=13). Data
extracted from five tomograms. Scale bars correspond to 50 nm.

Core cartwheel assembly in vitro. We set out to address whether
CrSAS-6 could assemble not only the hub, as previously
established! "1, but also D1 and D2. To this end, we developed
a cell-free assay enabling efficient formation of cartwheel-like
assemblies. In brief, soluble recombinant proteins were dialysed
against 10mM K-PIPES pH 7.2 and the resulting structures
formed in solution then analysed by cryo-electron microscopy
(cryo-EM) (Methods). As shown in Fig. 2a-c and Supplementary
Fig. 3a, we found that full-length CrSAS-6 (CrSAS-6_FL, Supple-
mentary Fig. 1a,c) formed dense structures containing numerous
rings ~20.5nm in diameter. However, spokes were not well
organized; moreover, D1 and D2 were not detectable (Fig. 2b).
Therefore, CrSAS-6_FL cannot alone form the core cartwheel
under these assay conditions.

We hypothesized that this inability might stem from
a requirement of a CrSAS-6 interacting partner to assist in
core cartwheel formation. Bld10p appeared interesting in
this respect, because it is essential for cartwheel formation in
Chlamydomonas'®. Moreover, using structured illumination
microscopy, we found that both CrSAS-6 and Bld10p
localized at the cartwheel (Fig. 2d-f), in line with previous
immuno-electron microscopic data!®!®. Intriguingly, the Bld10p
human homologue Cepl35 interacts through its C-terminal
region with HsSAS-6 (ref. 17), whereas a Chlamydomonas mutant
lacking this region exhibits defective centriole assembly!®.
To test the possibility that the C-terminus of BId10 interacts
with CrSAS-6_FL and thus promotes core cartwheel assembly,
we performed the cell-free assay with CrSAS-6_FL plus
a fragment encompassing residues 1061-1641 of Bld10p
(Bld10p_C; Supplementary Fig. 1b,d). This led to the formation
of large assemblies containing the two proteins (Supplementary
Fig. 3b,c). Importantly, analysis by cryo-EM revealed regular
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Figure 2 | CrSAS-6 and Bld10p together mediate core cartwheel formation in vitro. (a) Cryo-EM of CrSAS-6_FL assemblies. (b) High-magnification
cryo-ET of CrSAS-6_FL assemblies, highlighting the hub (blue arrow). (¢) Measurements of hub diameter (20.5+ 1.8 nm, n=50, data extracted from two
tomograms). (d-f) Structured illumination microscopy of purified Chlamydomonas centrioles highlighting localization of CrSAS-6 (d, cyan) and Bld10p
(f, green) at the proximal end, together with corresponding schematic (e). Glu-tub: glutamylated tubulin (magenta), marking mature centrioles. Scale bar:
250 nm. (g) Cryo-EM of CrSAS-6_FL/BId10p_C arrays. (h) High-magnification cryo-ET of CrSAS-6_FL/Bld10p_C arrays, highlighting hub (blue arrow),
D1 (black arrow) and D2 (orange arrow). (i) Measurements of hub diameter (22.1£1.4nm, n=9), distances from the hub margin to D1 (37 £ 0.9 nm,
n=12) and D2 (46 £ 0.8 nm, n=12). Data extracted from two tomograms. Scale bars correspond to 50 nm.

honeycomb-like arrays resembling three-dimensional (3D)
organized cartwheels (Fig. 2g and Supplementary Fig. 3d).
Corresponding cryo-tomograms established that these arrays
displayed the characteristic features of the core cartwheel
(Fig. 2h and Supplementary Fig. 3e,f). Thus these arrays often
harboured a hub ~22nm in diameter, from which emanated
spokes terminated by two densities located, respectively, at ~37
and ~46nm from the hub margin (Fig. 2i), matching the
locations of D1 and D2 in vivo (Fig. 1f). We conclude that,
together with the C-terminus of Bld10p, CrSAS-6_FL can form
assemblies resembling the core cartwheel.

CrSAS-6 enables cartwheel stacking. The above findings
taken together raise the possibility that the C-terminal region of
CrSAS-6_FL, when not in a complex with Bld10p, negatively
regulates cartwheel assembly. We tested whether removing this
region leads to the autonomous assembly of cartwheel-like
structures. Remarkably, we discovered that a C-terminal
truncation of CrSAS-6, CrSAS-6_NL (Supplementary Fig. le)
indeed efficiently assembled a 3D lattice with interconnected
cartwheel-like units (Fig. 3a-c, Supplementary Movie 2). These
units exhibited eight- and nine-fold symmetries (60% and 40%,

respectively, n =207; Fig. 3¢, Supplementary Fig. 4a), compatible
with those obtained with recombinant SAS-6 proteins! 1218, we
determined that the lattice units terminated ~ 37 nm away from
the hub margin, corresponding to the position of D1, and were
lacking D2 (Fig. 3c,d). The CrSAS-6 coiled coil is present in its
entirety in CrSAS-6_NL and is predicted to be ~45nm long’
(Supplementary Fig. la), raising the possibility that it adopts
a non-elongated conformation towards the periphery, where
D1 is located. The D1 densities within the lattice were
most discernable with cryo-EM following circularization
(Fig. 3e), as well as with negative staining EM of individual
CrSAS-6_NL assemblies, which confirmed its presence ~ 37 nm
away from the hub margin (Fig. 3f,g, Supplementary Fig. 4b).
These observations demonstrate that the D1 density is composed
primarily of CrSAS-6 itself.

Together, these experiments reveal that the C-terminal
region of CrSAS-6_FL exerts a negative regulation that is
abrogated through interaction with the C-terminus of Bld10p.
Moreover, they demonstrate that CrSAS-6_NL possesses
an autonomous ability to assemble organized lattices of
cartwheel-like structures. The fact that these lattices are more
organized than the CrSAS-6_FL/Bld10p_C assemblies may be
due to the fact that this fragment of Bld10p does not
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