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ABSTRACT Centrioles are microtubule-based organelles that organize the microtubule net-
work and seed the formation of cilia and flagella. New centrioles assemble through a step-
wise process dependent notably on the centriolar protein SAS-5 in Caenorhabditis elegans.
SAS-5 and its functional homologues in other species form oligomers that bind the centriolar
proteins SAS-6 and SAS-4, thereby forming an evolutionarily conserved structural core at the
onset of organelle assembly. Here, we report a novel interaction of SAS-5 with microtubules.
Microtubule binding requires SAS-5 oligomerization and a disordered protein segment that
overlaps with the SAS-4 binding site. Combined in vitro and in vivo analysis of select mutants
reveals that the SAS-5-microtubule interaction facilitates centriole assembly in C. elegans
embryos. Our findings lead us to propose that the interdependence of SAS-5 oligomerization
and microtubule binding reflects an avidity mechanism, which also strengthens SAS-5 asso-
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ciations with other centriole components and, thus, promotes organelle assembly.

INTRODUCTION

Centrioles are microtubule-based organelles fundamental for a
number of critical processes in eukaryotic cells. Centrioles direct the
formation of flagella, motile and sensory cilia, as well as of centro-
somes, which in animal cells organize the microtubule network, in-
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cluding the mitotic spindle (reviewed in Bornens, 2012; Arquint
et al.,, 2014; Conduit et al., 2015). As a result, proper centriole func-
tion is essential for crucial cellular processes, including locomotion,
signaling and equitable segregation of the genetic material during
mitosis. The importance of centrioles in cell and organism physiol-
ogy is also illustrated by the fact that mutations in genes coding for
major centriole and ciliary components are associated with human
diseases, including primary microcephaly, primordial dwarfism, and
multisystemic ciliopathies, while aberrations in centriole structure or
numbers may lead to cancer (reviewed in Nigg and Raff, 2009;
Thornton and Woods, 2009; Bettencourt-Dias et al., 2011; Chavali
et al., 2014; Gonczy, 2015; Venghateri et al., 2015).

Uncovering the molecular mechanisms that underpin the forma-
tion of functional centrioles is, thus, a fundamental question in cell
biology. Centrioles are ninefold radially symmetric cylindrical as-
sembilies typically of ~500 nm in length and ~200 nm in diameter
(reviewed in Winey and O'Toole, 2014), with an exterior microtu-
bule “wall” that assembles around a centrally located “cartwheel”
scaffold (Nakazawa et al., 2007; Guichard et al., 2012, 2013). Centri-
ole assembly takes place once per cycle in most proliferating cells,
starting approximately at the G1 to S transition, and involves the
sequential recruitment of dedicated protein components (reviewed
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in Azimzadeh and Marshall, 2010; Firat-Karalar and Stearns, 2014).
In particular, three evolutionary conserved structural proteins,
SAS-6, SAS-5, and SAS-4, are key for initiating centriole assembly as
they control essential elements of the organelle architecture (re-
viewed in Gonczy, 2012; Jana et al., 2014; Dong, 2015; Banterle
and Gonczy, 2017).

SAS-6 homodimers from most species self-assemble into cart-
wheel-like structures with an inherent ninefold radial symmetry
(Kitagawa et al., 2011; van Breugel et al., 2011, 2014, Guichard
et al., 2017), thereby facilitating the formation of likewise symmetric
centrioles (Hilbert et al., 2016). Drosophila SAS-4 and its vertebrate
homologue CPAP interact directly with tubulin and microtubules to
control centriole length (Hsu et al., 2008; Cormier et al., 2009;
Sharma et al., 2016; Zheng et al., 2016); furthermore, SAS-4/CPAP
forms oligomers that may provide structural support for centriole
elongation (Cottee et al., 2013; Hatzopoulos et al., 2013; Zheng
et al., 2014; Cutts et al., 2015; Alvarez-Cabrera et al., 2017). Cae-
norhabdiitis elegans SAS-5, as well as its Drosophila (Ana2) and ver-
tebrate (STIL) related proteins, provide structural bridges between
SAS-6 and SAS-4/CPAP as they directly interact with both of these
components (Tang et al., 2011; Qiao et al., 2012; Cottee et al.,
2013; Hatzopoulos et al., 2013; Hilbert et al., 2013; Lettman et al.,
2013; Ohta et al., 2014; Moyer et al., 2015). Notably, SAS-6 and
SAS-5 localize in an interdependent manner at the site of centriole
assembly in C. elegans (Leidel et al., 2005), where they are essential
for the formation of the “central tube,” a structure equivalent to the
cartwheel in centrioles of other species (Pelletier et al., 2006;
Sugioka et al., 2017), and to which SAS-4 and microtubules are re-
cruited (Delattre et al., 2006; Pelletier et al., 2006).

Recent structural and functional studies demonstrated that SAS-
5, Ana2, and STIL comprise homo-oligomers (Shimanovskaya et al.,
2013; Slevin et al., 2014; Cottee et al., 2015; Rogala et al., 2015;
David et al., 2016; Cottee et al., 2017), and suggested that forma-
tion of these oligomers promotes centriole assembly likely via an
avidity mechanism (Shimanovskaya et al., 2013; Slevin et al., 2014;
Cottee et al., 2015; Rogala et al., 2015), whereby intermolecular in-
teractions are enhanced through the cooperative engagement of
multiple binding sites (Mammen et al., 1998). For instance, SAS-5
features a highly stable globular dimeric domain, termed Implico
("entangled”), and a coiled-coil domain that forms trimers in a con-
centration-dependent manner (Rogala et al., 2015). Together, these
two domains drive the formation of higher-order SAS-5 oligomers
that are essential for function, as disruption of either the Implico or
coiled-coil domains by mutagenesis impairs SAS-5 localization at
the centriole and abrogates centriole assembly in C. elegans em-
bryos (Rogala et al., 2015). Here, we report a novel direct interaction
between SAS-5 and microtubules that crucially relies on SAS-5
higher-order oligomerization and that assists SAS-5 function in cen-
triole duplication. We propose that the SAS-5-microtubule associa-
tion may provide a molecular mechanism for microtubule binding to
centriolar components complementary to that offered by SAS-4. As
both SAS-4/CPAP (Hsu et al., 2008; Cormier et al., 2009; Sharma
etal., 2016; Zheng et al., 2016) and SAS-6 (Gupta et al., 2015) also
bind microtubules, our discovery raises the prospect that microtu-
bule binding is a conserved feature among structural proteins acting
at the onset of centriole formation.

RESULTS

SAS-5 directly associates with microtubules

We previously generated transgenic C. elegans animals expressing
GFP-SAS-5 protein during oogenesis and in the resulting embryos
(Rogala et al., 2015). Upon live-cell imaging of early embryos from
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these animals, we noted that, in addition to the previously reported
centriolar localization, GFP-SAS-5 is also present transiently on the
mitotic spindle during metaphase and early anaphase (white arrows
in Figure 1, A and B; Supplemental Movie 1). We addressed whether
endogenous SAS-5 exhibits a similar spindle localization using im-
munofluorescence analysis of wild-type embryos and found this to
be indeed the case (white arrows in Figure 1, C and D). This distribu-
tion is specific to SAS-5 since we found it to be absent in embryos
from which the endogenous protein has been depleted by RNA
interference (RNA)) (Figure 1, E and F).

Although the SAS-5 related protein Ana2 is involved in regulat-
ing mitotic spindle orientation in Drosophila neuroblasts via direct
interactions with a light chain of dynein (Wang et al., 2011; Slevin
et al., 2014), SAS-5 does not appear to play a role in mitotic spin-
dle assembly or function in C. elegans, as the spindle apparatus
forms and separates sister chromatids normally in sas-5(RNAI)
one-cell stage embryos (Dammermann et al., 2004; Delattre et al.,
2004; Rogala et al., 2015). Nevertheless, the transient spindle lo-
calization raises the possibility that SAS-5 may interact with micro-
tubules in a manner apparent at high microtubule density. Com-
patible with this possibility, overexpression of mCherry-SAS-5 in
vertebrate COS-7 cells via transient transfection led to strong co-
localization of mCherry-SAS-5 with microtubules (Figure 2B; a
summary of interaction properties of SAS-5 constructs in this study
is presented in Table 1). Similar results were obtained with HA-
tagged SAS-5 in COS-7 cells and mCherry-SAS-5 in HEK293T cells
(Supplemental Figure S1, A and B), suggesting that this interac-
tion is neither tag- nor cell type-specific. To determine whether
SAS-5 association leads to microtubule stabilization, we assessed
the persistence of microtubules following cold treatment of COS-7
cells. As shown in Supplemental Figure S2, upon such treatment,
tubulin became diffuse in untransfected control cells, whereas
cells that expressed mCherry-SAS-5 retained microtubules, to
which SAS-5 colocalized. We conclude that SAS-5 can associate
with cytoplasmic microtubules and stabilize them in the cellular
context.

We proceeded to identify the minimal SAS-5 fragment that colo-
calizes with microtubules. mCherry-SAS-5 constructs comprising
amino acids 1-265 (Figure 2C) or amino acids 70-265 (Figure 2D)
retained SAS-5 colocalization with microtubules in both COS-7 and
HEK293T (Supplemental Figure S1, C and D) cells. In contrast,
mCherry-SAS-5 constructs comprising amino acids 90-265 (Figure
2E and Supplemental Figure S1E) or amino acids 1-180 (Figure 2F
and Supplemental Figure S2F) yielded diffuse cytoplasmic mCherry-
SAS-5 fluorescence and no specific microtubule colocalization. We
conclude that a SAS-5 fragment that spans residues 70-265, which
includes both SAS-5 oligomerization domains, is required for strong
microtubule colocalization in cells.

Given that SAS-5 interacts with SAS-4 (Cottee et al., 2013;
Hatzopoulos et al., 2013), and that variants of the SAS-4 vertebrate
homologue CPAP bind microtubules (Hsu et al., 2008; Cormier
et al., 2009; Sharma et al., 2016; Zheng et al., 2016), we evaluated
whether the microtubule colocalization of SAS-5 in cells represents
a direct protein interaction, as opposed to one that occurs
indirectly through CPAP. To that end, we assayed the direct bind-
ing of a recombinant SAS-5 fragment spanning residues 2-265
(SAS-5;_245) to Taxol-stabilized microtubules using low-speed pel-
leting assays. We observed strong copelleting of microtubules
with SAS-5;_5¢5 but no pelleting of SAS-5,_ 545 alone (Figure 3B).
Given the concentrations of SAS-5,_5¢5 and microtubules used in
these assays, the apparent SAS-5-microtubule affinity was esti-
mated in the low micromolar (1-5 uM Ky) range. Examination of
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FIGURE 1: SAS-5 weakly localizes to the mitotic spindle. (A, B) DIC (top
panels) and GFP fluorescence (bottom panels) images of an embryo
expressing GFP-SAS-5, at metaphase of the one-cell stage (A) and at
metaphase of the AB blastomere in the two-cell stage (B, left cell). See
Supplemental Movie 1. (C-F) Immunofluorescence of wild-type (N2)
embryos from worms grown without RNAI (C, D) or upon sas-5(RNAI)
(E, F). Top panels show SAS-5 (green), o-tubulin (magenta), and DNA
(blue); bottom panels show SAS-5 only. Images are maximum-intensity
z-projections. White arrows indicate SAS-5 spindle staining; white
arrowheads, centrioles; cyan arrows, membrane/cortical staining; and
red arrow, nonspecific P-granule staining. SAS-5 localizes to centrioles,
as well as to the mitotic spindle, most notably proximal to kinetochores,
and at the cell cortex, together suggesting that SAS-5 exhibits affinity
for microtubule plus ends. Scale bars, 10 pm. All embryos are oriented
with the anterior on the left and the posterior on the right.
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pellets by negative stain electron microscopy revealed only single
microtubules in the absence of SAS-5 (n = 10 observations). By
contrast, in ~40% of microtubule assemblies observed in the pres-
ence of SAS-5, 45 comprised large bundles (Figure 3F; n = 31
observations). Taken together, we conclude that SAS-5 associates
with microtubules directly and can cause their bundling.

SAS-5 oligomerization strengthens

its microtubule interaction

The smallest SAS-5 fragment that strongly colocalizes with microtu-
bules (Figure 2, C and D) includes both SAS-5 oligomerization do-
mains and, thus, can form higher-order oligomers (Rogala et al.,
2015). We examined the dependence of microtubule binding on
SAS-5 higher-order oligomerizsation by using single amino acid
substitutions, L141E or 1247E, that selectively disrupt the coiled-coil
or Implico domains, and limit SAS-5 oligomerization to dimers or
trimers, respectively (Rogala et al., 2015). Pelleting assays showed
reduced association with Taxol-stabilized microtubules of higher-
order oligomerization-defective SAS-5,_ 45 variants (Figure 3, C-E).
Thus, whereas SAS-5;,_ 545 wild type (WT) pelleted fully with microtu-
bules when present in a 1:1 stoichiometric ratio with tubulin (Figure
3B), SAS-55_ 265 L141E and SAS-5, 545 1247E displayed only half as
much pelleting (Figure 3, C and D), and the monomeric SAS-5;_545
L141E/1247E showed no detectable pelleting under the same con-
ditions (Figure 3E). However, we noted that SAS-5,_45 L141E/I1247E
did show weak copelleting with microtubules when used in high
(5:1) stoichiometric ratios with tubulin, suggesting that it retains very
weak microtubule affinity. To address the impact of SAS-5 oligomer-
ization on microtubule binding in the cellular context, we expressed
in COS-7 cells mCherry-SAS-5 variants spanning residues 1-265
that harbor L141E, 1247E, or L141E/1247E substitutions. We found
that all these SAS-5 variants showed weaker microtubule colocaliza-
tion (Supplemental Figure S3, C-E) compared with the WT protein
(Supplemental Figure S3B), confirming that the SAS-5-microtubule
interaction is attenuated.

The above observations taken together lead us to hypothesize
that direct microtubule binding involves a protein epitope located
at the SAS-5 N-terminus, potentially between amino acids 70-90.
To test this hypothesis, we performed microtubule-pelleting as-
says using a SAS-5 fragment corresponding to amino acids 2-122
(SAS-5\), which is disordered and monomeric in solution (Rogala
et al., 2015). We observed partial pelleting of this construct with
Taxol-stabilized microtubules when used in high (20:1) stoichio-
metric ratios compared with tubulin (Supplemental Figure S4A).
We interpret these results as evidence of a weak SAS-5-microtu-
bule interaction mediated by the flexible protein’s N-terminus,
which is strengthened upon inclusion of the structured SAS-5
oligomerization domains.

Localizing the interactions of SAS-5 with microtubules

and SAS-4

We proceeded to precisely locate the microtubule-interaction epit-
ope of SAS-5 within its N-terminal fragment. To that end, we titrated
uniformly '3C-labeled SAS-5y at 33 uM concentration with an
equimolar amount of unlabeled Taxol-stabilized microtubules, and
monitored the interaction by *C-heteronuclear single quantum co-
herence (HSQC) nuclear magnetic resonance (NMR) experiments.
As shown in Figure 4A, the NMR resonances of SAS-5y Ho. atoms
displayed poor chemical shift dispersion, as anticipated due to dis-
order in this protein fragment (Rogala et al., 2015). Upon microtu-
bule addition, we observed significant attenuation of SAS-5y Ho-
Co. resonance intensities, which is consistent with association of the
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MT / SAS-4 MT (Figure 4B). This region of SAS-5 is highly

e implico ; localisation  conserved among nematodes, with more
57 72 84 109 125 180 210 390 404 ! = than 45% sequence identity and 64% se-
: + quence similarity (Figure 4E). We conclude
that a stretch of SAS-5 residues (amino acids
57-109) forms the direct microtubule inter-
action epitope, which is consistent with the
loss of microtubule colocalization in COS-7
cells when using a SAS-5 fragment lacking
the first 89 amino acids (Figure 2E). Similar
NMR SN-HSQC assays using 33 uM SAS-5y
and an equal concentration of unpolymer-
ized tubulin showed significantly lower at-
tenuation of SAS-5 resonances compared
with that seen for microtubules, and over a
narrower SAS-5 span (amino acids 84-94;
Figure 4C), suggesting that SAS-5 interacts
preferentially with microtubules compared
with free tubulin.

SAS-5 associates with the centriolar pro-
tein SAS-4 (Cottee et al., 2013), and previ-
ous work on the SAS-5 relatives STIL and
Ana?2 established that they bind the SAS-4/
CPAP G-box domain through a linear epit-
ope that includes a proline-rich segment
(Cottee et al, 2013; Hatzopoulos et al.,
2013). Sequence alignment suggested that
this proline-rich site corresponds to SAS-5
residues 75-84 (Hatzopoulos et al., 2013);
thus, the microtubule and SAS-4 interac-
tion epitopes of SAS-5 may partly overlap.
Despite repeated efforts, we were unable
to produce recombinant C. elegans SAS-4
G-box domain in a state suitable for bio-
physical studies. However, isothermal titra-
tion calorimetry (ITC) experiments showed
that SAS-5 can associate with the homolo-
gous Danio rerio CPAP G-box domain
(DrCPAPG_0x) With a dissociation constant,
Ky, of 34 £ 4 uM (Supplemental Figure S5).
Thus, we utilized the SAS-58\-DrCPAPG_ox
interaction as a proxy for the SAS-5-SAS-4
association. NMR "®N-HSQC assays using
labeled SAS-5y and unlabeled DrCPAPG_pox
confirmed the presence of an interaction
between these proteins, judging by the ex-
tent of attenuation of resonance intensi-
ties, over amino acids 72-84 of SAS-5

o
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SAS-5 colocalizes with microtubules in mammalian cells. (A) Schematic
representation of SAS-5 constructs used in transfection assays, showing the coiled-coil and
Implico oligomerization domains of SAS-5, as well as microtubule (MT)-, SAS-4-, and SAS-6- ; .
intzraction regions. Note that the SAS-4 and microtubule-binding sites partly overlap. The (Figure 4D). Th's_ SAS'S sggment matches
microtubule localization in COS-7 cells of each construct is indicated on the right. well to the proline-rich site predicted to
(B-F) Representative fluorescence images of COS-7 cells transiently expressing mCherry-SAS-5 be important for SAS-4 binding by se-
full length (B) or truncations as indicated (C—F). Microtubules were visualized using quence alignment (Hatzopoulos et al.,
immunofluorescence with a-tubulin antibodies; SAS-5 was visualized by mCherry fluorescence. 2013). Hence, we conclude that the micro-
Scale bar, 20 pm. The rightmost column corresponds to digital magnification of boxed areas in tubule and SAS-4 interaction epitopes of
merged images. Scale bar, 5 pm in magnified images. Assays were performed once. The diffused SAS-5 indeed partly overlap. Microtubule-
mi.crotuk?ule fluorescenf:e in cells e).(pressing mCherry—.SAS—S 90-265 (E) was seen throughout pelleting assays combining SAS-5, 565
ﬂ':IIS partlcula.r tr.ansfectlon but not in parallel transfec‘t!ons of HEK293T cells (Supplemental with DrCPAPG o, showed that CPAP can-
Figure S1E), indicating that such diffused appearance is not a property of the SAS-5 construct

but a transfection artifact. not displace SAS-5 from microtubules,

even when used in high (10:1) stoichio-
flexible SAS-5y with a high molecular weight counterpart. Attenua- ~ metric ratios (Supplemental Figure S4B); however, it should be
tion of resonance intensity was strongest for a nearly continu-  noted that SAS-5 may have substantially higher affinity for the
ous stretch of SAS-5y comprising amino acids 57-64 and 69-109  C. elegans SAS-4 G-box domain compared with DrCPAPG pox.
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Microtubule colocalization

Microtubule-pelleting DrCPAPG. 1,0« interaction

Construct? in COS-7 cells assays by ITC
1-404 + NDP ND
1/2-265 (SAS-5,_5¢5) + +4++ ND
70-265 + ND ND
90-265 - ND ND
1-180 - ND ND
SAS-5, 55 L141E - + ND
SAS-5, o4 1247E - + ND
SAS-5, 565 L141/1247E - - ND
SAS-5, 545 A72-80 ND ++ ND
SAS-55 245 A81-90 ND + ND
SAS-5, 55 A91-100 ND -+ ND
SAS-55 245 A101-110 ND +++ ND
SAS-55_545 K65E/K66E/KETE ND - ND
SAS-5, 545 R8GE/K8SE/K4E ND - ND
2-122 (SAS-5\) ND +/— +++
SAS-55 A72-80 ND ND ++
SAS-55 A81-90 ND ND +++
SAS-5N A91-100 ND ND +++
SAS-55 A101-110 ND ND +++
SAS-5\ K65E/K66E/K67E ND ND ++
SAS-55 R86E/K88E/K94E ND ND +

2Denotes SAS-5 amino acid residue ranges, construct acronyms, amino acid substitutions and/or deletions.

bND, not determined.

TABLE 1: Microtubule-binding properties of SAS-5 constructs and variants.

Selective disruption of the SAS-5-microtubule interaction
We sought to disrupt the SAS-5-microtubule interaction while mini-
mally affecting the SAS-5-SAS-4 association and retaining the
SAS-5 oligomeric structure. The segment of SAS-5 directly interact-
ing with microtubules as shown by NMR, amino acids 57-109, is
highly positively charged (calculated pl of ~10.4). Largely positively
charged sequence stretches are common among microtubule as-
sociated proteins as they form favorable electrostatic interactions
with the negatively charged surface of microtubules (Baker et al.,
2001). Thus, we derived a series of SAS-5 variants that reversed the
charge of conserved positively charged residues in the microtu-
bule-interaction epitope (Figure 4E; K65E/K66E/K67E, RB6E/K88E/
K94E) or removed parts of this site (A72-80, A81-90, A91-100,
A101-110), and proceeded to simultaneously assess the microtu-
bule and DrCPAPG . interactions of these variants.

Pelleting assays indicated that SAS-5,_ 45 variants K65E/K66E/
K67E, R86E/K8BE/KP4E, and A81-90 substantially attenuated the
microtubule-binding affinity compared with the WT protein (Figure
5, A-C and E), as evidenced by the relative amount of SAS-5 remain-
ing in the supernatant fraction. In contrast, SAS-5; 5,5 A72-80,
A91-100, and A101-110 derivatives showed minimal or no pertur-
bation of microtubule binding. To assess the impact of SAS-5 micro-
tubule-binding variants on the SAS-4 interaction, we quantified the
binding of SAS-5\ variants harboring the same amino acid substitu-
tions and deletions to DrCPAPG_0x using ITC (Figure 5, D and E,
and Supplemental Figure S5). Our results suggest that three SAS-5
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variants, A81-90, A91-100, and A101-110, retained DrCPAPG_ox
affinities comparable to the WT protein; variants A72-80 and K65E/
K66E/K67E produced approximately twofold reduced affinity; and
variant RB6E/K88E/KP4E displayed approximately fourfold reduced
affinity.

The SAS-5-microtubule interaction contributes to centriole
duplication in C. elegans embryos

We next sought to assess the role of microtubule binding by SAS-5
in centriole duplication. To this end, we generated C. elegans trans-
genic animals expressing under the control of a germline promoter
GFP-SAS-5 variants A81-90, which attenuates microtubule binding
in vitro but not the interaction with SAS-4, as well as K65E/K66E/
K67E, which disrupts the association with microtubules but also
slightly perturbs the SAS-4 interaction. All exons of the sas-5 gene
were recoded to confer resistance to RNAI directed against endog-
enous sas-5. Sperm is not affected by RNAI in these experiments,
such that WT self-fertilizing hermaphrodites treated with sas-5(RNA)
contribute a normal pair of centrioles to the newly fertilized embryo,
which direct formation of a bipolar mitotic spindle during the first
division (Delattre et al., 2004). However, due to depletion of the ma-
ternal pool of endogenous SAS-5, no new centrioles can assemble
in the embryo, leading to monopolar spindles at the second cell
cycle and failure to reach the four-cell stage (Supplemental Figure
S6 and Supplemental Movie 2). In contrast, embryos from animals
expressing RNAi-resistant GFP-SAS-5 WT form centrioles normally

Molecular Biology of the Cell
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FIGURE 3: SAS-5 interacts directly with microtubules in an oligomerization-dependent manner.
(A) Schematic representation of SAS-5 constructs used in pelleting assays, annotated as in
Figure 2A, and further showing amino acid substitutions abrogating SAS-5 oligomerization via
the coiled-coil (L141E) and Implico (1247E) domains. (B-E) Shown are relevant sections of
Coomassie-stained SDS-PAGE from the supernatant (S) and pellet (P) fractions of low-speed
microtubule-pelleting assays performed twice using three different stoichiometric ratios of
purified SAS-55_ 545 vs. tubulin, as indicated. Row A corresponds to SAS-5; 45 WT; rows B-D
correspond to dimeric (B; L141E), trimeric (C; 1247E), or monomeric (D; L141E/1247E) SAS-55_2¢5.
The rightmost panels of row A are contrast-enhanced variants of the 0.1:1 SAS-5 to microtubule
ratio panels. Fractional values under each lane correspond to the percentage of SAS-5
constructs present in the supernatant vs. the pellet of assays. Assembled tubulin concentration
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in the embryo, leading to bipolar spindle as-
sembly in each blastomere at the second
cell cycle and resulting in a four-cell stage
configuration similar to the non-RNAI
treated WT (Supplemental Figure Sé6 and
Supplemental Movie 3).

We found by Western blot analysis that
both GFP-SAS-5 protein variants are overex-
pressed compared with endogenous SAS-5
(Supplemental Figure S7A). Analysis by dual
fluorescence and time-lapse differential in-
terference contrast (DIC) microscopy showed
that these constructs efficiently rescued the
sas-5(RNAJ) phenotype, allowing embryos to
progress to the four-cell stage (Supplemen-
tal Figure S7, B and C, and Supplemental
Movies 4 and 5). We conclude that GFP-
SAS-5 variants that weaken the microtubule
interaction in vitro can nevertheless sustain
centriole assembly when present in excess.
Further, overexpression of the same GFP-
SAS-5 variants yielded transient SAS-5 local-
ization on the mitotic spindle during meta-
phase and early anaphase (Supplemental
Figure S7D), similar to that observed for WT
GFP-SAS-5 (Figure 1, A and B).

Next, we addressed whether differences
between GFP-SAS-5 WT and microtubule-
binding deficient variants might be revealed
when expression levels were diminished. To
this end, we subjected transgenic animals
not only to sas-5 RNAi to deplete the
endogenous protein, but also to gfp RNAI
to reduce the levels of the GFP-SAS-5 fusion
proteins. Analysis of embryos from ani-
mals expressing GFP-SAS-5 WT, A81-90, or
K65E/K66E/K67E variants under such dual
RNAi conditions showed GFP fluorescence
intensity reduced by ~50% compared with
non-RNAi controls (Figure 6A). Neverthe-
less, both GFP-SAS-5 variants correctly lo-
calized to centrioles in all embryos exam-
ined (Figure 6, C-E). Analysis by time-lapse
microscopy showed that, despite reduced
levels of the fusion protein, GFP-SAS-5 WT
consistently rescued the sas-5(RNAI) pheno-
type (Figure 6, B and C). In contrast, expres-
sion of GFP-SAS-5 A81-90 showed rescue
in only ~68% of embryos (Figure 6, B and D).
It is worth noting that the partial RNAI res-
cue by this variant is in line with its partial

was 3 pM throughout. Control assays were
performed using either 3 uM tubulin in
microtubules (top) or 3 pM SAS-5,_5¢5
(bottom) alone. (E) Negative-stain electron
micrographs of pellet fractions from assays of
microtubules alone (left) or in the presence of
SAS-5,_2¢5 WT (right). Scale bar, 200 nm.
Insets correspond to twofold magnified views
of the regions indicated in dashed boxes.
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FIGURE 4: NMR assays to localize SAS-5 interactions. (A) Shown in the overlay are representative sections of '*C-HSQC
NMR experiments corresponding to Ho-Co: resonances of labeled SAS-5 residues 2-122 (SAS-5y) alone (red) or in 1:1
complex with Taxol-stabilized microtubules (green). Attenuation of specific Hoa-Co. SAS-5y resonances is indicative of
direct microtubule binding. (B-D) Quantification of SAS-55 NMR resonance intensities upon binding to protein partners.
Plotted are fractional resonance intensities of SAS-5y in complex vs. alone as function of SAS-5 amino acid number.
Panel B represents SAS-5 binding to microtubules and derives from Ho-Co resonances. Panels C and D represent SAS-5
binding to unpolymerized tubulin and DrCPAPG ,,ox, respectively, and derive from Hy-N resonances in ">N-HSQC
experiments. Error bars are derived from the noise level of HSQC spectra. Assays were performed once. (E) Clustal
omega (Sievers et al., 2011) multiple sequence alignment of nematode SAS-5 sequences spanning the microtubule
binding identified in C. elegans SAS-5. Blue highlights and red bars demote C. elegans SAS-5 amino acid residues
substituted or regions deleted, respectively, aiming to abrogate the microtubule interaction.

microtubule-binding affinity demonstrated in vitro (Figure 5B).
Pairwise Wilcoxon rank sum analysis showed no statistically sig-
nificant difference (p > 0.05) between GFP fluorescence intensi-
ties of embryos with GFP-SAS-5 WT and embryos with GFP-
SAS-5 A81-90 that failed to rescue the sas-5 RNAi phenotype,
suggesting that failure to rescue is not related to sas-5 expres-
sion levels but rather due to the altered microtubule-interaction
properties of GFP-SAS-5 A81-90. Expression of the GFP-SAS-5
K65E/K66E/K67E variant, which strongly weakens microtubule
binding and slightly impairs the interaction with SAS-4, showed
rescue in only ~42% of embryos under these conditions (Figure 6,
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B and E). However, in this case, there was a statistical difference
in GFP fluorescence intensities when comparing embryos with
GFP-SAS-5 WT to those with GFP-SAS-5 K65E/K66E/K67E that
failed to rescue (Figure éB). As a result, we cannot ascertain
whether the further impairment in function of GFP-SAS-5 K65E/
K66E/K67E when compared with GFP-SAS-5 A81-90 reflects the
additional reduction in microtubule binding, the weakened inter-
action with SAS-4, or merely the fact that overall protein levels
are lower. Nevertheless, analysis of the GFP-SAS-5 A81-90 vari-
ant allows us to conclude that microtubule binding contributes to
SAS-5 function in centriole duplication.

Molecular Biology of the Cell
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FIGURE 5: Decoupling microtubule and SAS-4 binding activity in SAS-5. (A-C) Relevant sections
of Coomassie-stained SDS-PAGE from the supernatant (A) and pellet (B) fractions of pelleting
assays performed using Taxol-stabilized microtubules alone and with SAS-5,_ 545 variants
designed to disrupt the microtubule interaction. 3 pM of SAS-5,_5s and tubulin were used
throughout. SAS-5;,_3¢5 WT and monomeric L141E/I247E variant comprise microtubule-binding
positive and negative controls, respectively. Panel C shows control pelleting assays of 3 yM
SAS-55_265 WT and variants without microtubules; S represents the supernatant fraction and P
denotes the pellet fraction. Fractional values under each lane correspond to the percentage of
SAS-5 constructs present in the supernatant vs. the pellet of assays. (D) Superimposed ITC heat
released upon injection of SAS-5y WT and select variants to DrCPAPG 0. Heat released upon
injection (closed squares) was scaled relative to the per mole enthalpy change derived from
fitting ITC data to a single association model; fits are shown as solid lines. Complete, unscaled
ITC data of all SAS-5 variants are shown in Supplemental Figure Sé6. Assays were performed
once. (E) Tabular representation of microtubule and DrCPAPG 0« binding affinities of SAS-5
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epitopes. This underscores both the impor-
tance of microtubule binding in general and
the fact that microtubules are recruited very
early during centriole formation.

Previous work and this study suggest
some commonalities between the microtu-
bule-binding properties of SAS-6, SAS-5,
and SAS-4. In all three cases, the microtu-
bule-binding epitopes comprise intrinsically
disordered and positively charged protein
segments, thereby enabling favorable elec-
trostatic interactions with the negatively
charged surface of the microtubule (Baker
et al., 2001). Apparent affinities for microtu-
bules are, in all cases, in the micromolar
range (Hsu et al., 2008; Gupta et al., 2015),
with SAS-4/CPAP also binding free tubulin
with a tens of nanomolar dissociation con-
stant (Sharma et al., 2016; Zheng et al,
2016). However, the mechanism by which
SAS-5 gains microtubule affinity differs from
that of SAS-4 and SAS-6. In contrast to the
two latter components, the binding epitope
of SAS-5 provides weak affinity in isolation,
with strong microtubule association being
possible only through SAS-5 oligomeriza-
tion. Complexes between protein oligomers
benefit from the cooperative engagement
of multiple interaction epitopes, leading to
strengthened associations in a process
known as avidity (Mammen et al., 1998).
Thus, we posit that formation of SAS-5
oligomers allows for the simultaneous inter-
action of multiple, independently weak
binding epitopes with the microtubule lat-
tice, thereby enhancing the overall strength
of the SAS-5-microtubule association.

Avidity mechanisms may be of particu-
lar relevance to centriole formation, as all
structural proteins at the beginning of the
organelle assembly process form large
oligomers. Indeed, previous biophysical
analysis of SAS-5 and Ana2 had high-
lighted avidity arising from protein oligo-
merization as potentially beneficial to in-
termolecular interactions (Shimanovskaya
et al., 2013; Slevin et al., 2014; Cottee
etal., 2015; Rogala et al., 2015). Our pres-
ent analysis clearly demonstrates the role
of avidity on intermolecular interactions

DISCUSSION

Microtubules are the most prominent structural feature of centrioles.
Thus, it is not surprising that microtubule association is a relatively
common feature of centriole components as illustrated by the iden-
tification of microtubule-binding sites in the centriole proteins
Cep120 (Lin et al., 2013b), Bld10p/Cep135 (Carvalho-Santos et al.,
2012; Lin et al., 2013a; Kraatz et al., 2016), Cep162 (Wang et al.,
2013), and SAXO1 (Dacheux et al., 2015), among others. In this con-
text, it is remarkable that all three evolutionarily conserved structural
proteins essential for initiating centriole assembly, SAS-6 (Gupta
et al., 2015), SAS-4/CPAP (Hsu et al., 2008; Sharma et al., 2016;
Zheng et al., 2016), and now SAS-5, harbor microtubule-binding
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between centriole components. Further, our work raises the pos-
sibility that SAS-5 binding to SAS-6 (Qiao et al., 2012; Hilbert
et al., 2013) and SAS-4 oligomers (Cottee et al., 2013; Hatzopou-
los et al., 2013) may be influenced by avidity in a manner similar to
the SAS-5-microtubule association. The central role of SAS-5
oligomerization for function has been demonstrated in vivo, where
SAS-5 single amino acid substitutions that disrupt higher-order
oligomerization completely abrogate centriole duplication (Rogala
et al., 2015). It is likely that this effect reflects the simultaneous
weakening of SAS-5 affinity for SAS-6, SAS-4, and microtubules
and, hence, the perturbation of multiple processes involving
SAS-5 interactions in centriole assembly.
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We found that the SAS-4- and microtu-
bule-binding epitopes of SAS-5 partly over
lap, and that the vertebrate SAS-4 homo-
logue CPAP cannot displace SAS-5 from
microtubules in vitro. However, it should be
noted that the estimated SAS-5-microtu-
bule affinity (1-5 pM Ky) is comparable to
the affinity of CPAP for the vertebrate SAS-5
relative STIL (~0.5 pM Ky; Cottee et al., 2013;
Hatzopoulos et al., 2013). Thus, we antici-
pate that in cells SAS-5 may associate with
SAS-4 or microtubules depending on the lo-
cal concentration of interaction sites and the
structural context. In this manner SAS-5
could, for example, bind SAS-4 in the cyto-
plasm and assist its centriole localization,
while preferentially binding microtubules in
the context of centriole architecture.

We were able to derive a SAS-5 variant,
A81-90, that attenuates microtubule affinity
in vitro while preserving binding to the
SAS-4 vertebrate homologue CPAP. Func-
tional assays of SAS-5 A81-90 in C. elegans
embryos upon depletion of endogenous
SAS-5 revealed that at low protein levels this
variant localized correctly at the site of cen-
triole formation, but failed to assemble cen-
trioles in ~30% of cases. These data suggest
that the partial disruption of microtubule
binding in SAS-5 A81-90 leads to stochastic
failure in correct centriole assembly. Consis-
tent with this interpretation, overexpression
of SAS-5 A81-90, which would counteract
any reduction in the microtubule-interaction
affinity, led to complete rescue of endoge-
nous SAS-5 depletion. Thus, we conclude
that the SAS-5-microtubule interaction con-
tributes to robust centriole assembly.

A second SAS-5 variant, K65E/K66E/
K67E, demonstrated stronger attenuation
of the microtubule interaction compared
with SAS-5 A81-90, with this association
nearly abrogated in vitro. However, SAS-5
K65E/K66E/K67E also reduced SAS-4/CPAP
binding by approximately twofold. Earlier
analysis of the SAS-4/CPAP interaction with
the SAS-5 relatives STIL and Ana2 showed
little perturbation of centriole formation in
Drosophila embryos even when this interac-
tion was attenuated by ~10-fold (Cottee
et al., 2013); hence, we considered the ap-
proximately twofold reduction in CPAP affin-
ity by SAS-5 K65E/K66E/K7E to be an ac-
ceptable compromise. Functional evaluation
of this SAS-5 variant demonstrated failure of
centriole formation in ~60% of C. elegans
embryos when exogenous protein expres-
sion levels were low. However, our assays
could not distinguish whether the increased
rate of failure in centriole assembly with
SAS-5 K65E/K66E/K67E  compared  with
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SAS-5 A81-90 was due to the stronger effect on microtubule asso-
ciation or, alternatively, because of overattenuated protein levels in
embryos. Hence, conclusive functional evaluation of SAS-5 K65E/
K66E/K67E will necessitate finer control of protein expression levels
in the transgenic organism; indeed, use of a transgenic expression
system providing low but stable protein amounts would benefit the
phenotypic analysis of all SAS-5 mutants.

How may microtubule binding assist the role of SAS-5 in centri-
ole assembly? SAS-4/CPAP is a key protein for the formation of cen-
triolar microtubules (Pelletier et al., 2006; Dammermann et al., 2008;
Hsu et al., 2008; Sharma et al., 2016; Zheng et al., 2016). However,
in most species, microtubule binding by SAS-4/CPAP is assisted by
the centriolar protein Cep135/Bld10p (Ohta et al., 2002; Matsuura
et al., 2004; Mottier-Pavie and Megraw, 2009). Cep135/BId10p in-
teracts with SAS-6 (Lin et al., 2013a) and microtubules (Carvalho-
Santos et al., 2012; Lin et al., 2013a; Kraatz et al., 2016), and is
thought to bridge the inner cartwheel with the exterior microtubule
wall by being part of a structured assembly known as the “pinhead”
(Hiraki et al., 2007; Guichard et al., 2013). Interestingly, no Cep135/
Bld10p homologue has been identified in C. elegans (Carvalho-
Santos et al., 2010; Hodges et al., 2010). Thus, our findings lead us
to propose that SAS-5 assumes part of the Cep135/BId10p role by
contributing to the connection of a central SAS-6 scaffold with pe-
ripheral microtubules in nematodes.

A model of centriole formation in C. elegans thus emerges,
whereby organelle assembly is initiated by the interdependent colo-
calization of SAS-6 and SAS-5 (Leidel et al., 2005; Pelletier et al.,
2006; Lettman et al., 2013). SAS-6 may adopt an elongated ninefold
symmetric spiral conformation (Hilbert et al., 2013) stabilized by di-
rect interactions with a subpopulation of SAS-5 molecules (Qiao
et al., 2012; Hilbert et al., 2013; Lettman et al., 2013; Rogala et al.,
2015), while other SAS-5 copies continuously shuttle in and out of
centrosomes (Delattre et al., 2004). Together, SAS-6 and SAS-5 form
the central tube scaffold—the first visible centriole substructure in
C. elegans (Pelletier et al., 2006; Sugioka et al., 2017). SAS-4, in
turn, binds SAS-5 (Cottee et al., 2013; Hatzopoulos et al., 2013) and
is recruited to the central tube (Pelletier et al., 2006), thereby en-
abling microtubule polymerization and centriole elongation. Finally,
SAS-5 may contribute to the exceptional stability of C. elegans cen-
trioles (Balestra et al., 2015) by forming further supporting links be-
tween SAS-6, SAS-4, and microtubules.

In summary, we report here a novel mechanism by which SAS-5
assists centriole formation. The SAS-5-microtubule interaction is en-
hanced by protein oligomerization via an avidity mechanism com-
promised in SAS-5 variants that disrupt protein oligomerization,
thus impairing centriole assembly. Although sequence similarity be-
tween SAS-5 and its insect and vertebrate relatives is limited, SAS-5,
Ana2, and STIL have thus far been shown to act in a comparable
manner in centriole assembly and to feature similar interaction prop-
erties. Thus, it would be intriguing to examine whether Ana2 and
STIL interact with microtubules as SAS-5 does.

MATERIALS AND METHODS

Protein recombinant expression and purification

C. elegans SAS-5 fragments were produced and purified as de-
scribed previously (Rogala et al., 2015). Briefly, gene fragments
encoding SAS-5 WT or variant constructs were cloned in a pFloat
vector with a human rhinovirus (HRV) 3C protease-cleavable N-ter-
minal hexahistidine-SUMO tag, and transformed into Escherichia
coli strain BL21(DE3) Rosetta? (Novagen). Cells were grown in
lysogeny broth (LB) or M9 media supplemented with "*C-enriched
glucose and ">N-enriched ammonium chloride at 37°C. At ODggq of
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0.6, growth temperature was shifted to 18°C and protein expression
was induced by isopropyl-B-p-1-thiogalactopyranoside (IPTG;
0.5 mM final concentration). Cells were harvested after 16 h, and
resuspended in phosphate-buffered saline (PBS) solution (10 mM
Na,HPO,, 1.8 mM KH,PO,, 137 mM NaCl, 2.7 mM KCl, pH 7.4)
supplemented with 350 mM NaCl, disrupted by sonication, and the
resulting cell lysates were clarified by centrifugation and filtration.
Clarified lysates were applied to Ni-NTA (GE Healthcare) metal affin-
ity resin, washed with PBS supplemented with 20 mM imidazole and
eluted with PBS supplemented with 350 mM NaCl, 1T mM B-
mercaptoethanol, and 500 mM imidazole. Hisg-tags were cleaved
with homemade HRV 3C protease. Further purification was per-
formed by anion-exchange and size exclusion chromatography.
Pure protein fractions were buffer exchanged by dialysis, and con-
centrated by centrifugal ultrafiltration. Protein concentration was
estimated by UV absorption at 280 nm, and protein identity con-
firmed by electrospray ionization mass-spectroscopy.

Danio rerio CPAPG pox (@amino acids 943-1121) was produced
and purified as described (Hatzopoulos et al., 2013). Briefly, gene
fragments encoding the DrCPAPG. o, domain were cloned in a
pPGEX-6P-2 vector (GE Healthcare) providing an N-terminal glutathi-
one S-transferase (GST)-tag, and transformed into E. coli strain
Rosetta(DE3)-pLysS. Cells were grown in LB media and protein ex-
pression induced by 0.3 mM IPTG at 18°C. Cells were resuspended
in 50 mM Tris-HCI, pH 8.0, 400 mM NaCl, 5% (vol/vol) glycerol buf-
fer and lysed by lysozyme treatment and sonication. Lysates were
clarified by centrifugation, incubated with glutathione-sepharose
beads (GE Healthcare), washed and eluted in 50 mM Tris-HCI, pH
8.0, 400 mM NaCl, 12 mM reduced glutathione buffer. The GST-tag
was cleaved with HRV 3C protease and DrCPAPG ,ox was further
purified by size exclusion chromatography.

Microtubule-pelleting assays

Microtubule-pelleting assays were adapted from Campbell and
Slep (2011). Bovine brain tubulin was purchased from the Centro
de Investigaciones Biolégicas (Microtubule Stabilizing Agents
Group), CSIC, Madrid, Spain. Tubulin stock (10 mg/ml) was di-
luted to 1.1 mg/ml in BRB8O buffer (80 mM K-PIPES, pH 6.8, 1
mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraace-
tic acid, T mM MgCl,) supplemented with 0.5 mM GTP and 1.25
mM dithiothreitol and kept on ice for 5 min. Microtubule polym-
erization was initiated by incubating the tubulin mix for 10 min at
37°C, followed by a stepwise addition of 0.1, 1, and 10 uM pacli-
taxel dissolved in dimethyl sulfoxide (Sigma-Aldrich) with 5 min
incubation intervals between each step and a final incubation
step of 10 min at 37°C. Polymerized microtubules (3 uM) were
mixed with purified SAS-5 constructs predialyzed against BRB80
buffer, and incubated for 10 min at room temperature. Microtu-
bules and SAS-5 constructs at corresponding concentrations
were included in isolation as controls. Following centrifugation at
100,000 x g for 12 min, 25 pl of the supernatant was removed
and supplemented with 5 ul 5x SDS loading dye. The remaining
supernatant was discarded and pellets were resuspended in 120
pl BRB8O buffer and 25 pl 5x SDS loading dye. Supernatant and
pellet fractions (30 pl) were analyzed by 12.5-15% (wt/vol) SDS—
PAGE. Quantification of relative SAS-5 amounts in supernatant
and pellet fractions was done using ImageJ (Schneider et al.,
2012).

Electron microscopy

Microtubule-pelleting supernatant and pellet fractions were used
for negative staining electron microscopy. Aliquots (5 pl) from
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dilution series were transferred to freshly UV activated homemade
carbon-coated copper grids. After 20 s of incubation, excess liquid
was removed by side blotting, and the grids were washed twice with
BRB8O buffer and once with double-distilled H,O. Subsequently,
the grid was stained three times with freshly prepared uranyl acetate
(1-2% [wt/vol]) solution. Micrographs were taken using a JEM2200FS
(JEOL) electron microscope operated at 200 kV and equipped with
a TVIPS F416 CCD camera.

NMR assignments and binding assays

Sequence-specific NMR resonance assignments were performed as
described previously (Mayer et al., 2012). Briefly, NMR experiments
were performed using a home-built spectrometer with room-
temperature inverse probe head and 17.6 T magnetic field strength.
Samples of '3C/"®N-enriched SAS-5y at 0.5 mM concentration in
BRB8O0 buffer were supplemented with 5% (vol/vol) D,O, 0.02% (wt/
vol) NaN3, and 50 uM 4,4-dimethyl-4-silapentane-1-sulfonic acid.
Assignment experiments were performed at 10°C using 3D
CBCA(CO)NH, CBCANH, HNCO, HBHA(CO)NH, and HBHANH
pulse sequences. NMR data were processed using NMRpipe
(Delaglio et al., 1995) and analyzed using CCPN analysis (Vranken
etal., 2005). Assignments were deposited in BioMagResBank under
accession number 27056. Spectra overlays were prepared with
Sparky 3 (T. D. Goddard and D. G. Kneller, University of California,
San Francisco). Perturbations of resonance intensities were mapped
at 10°C using "®N-HSQC experiments and samples in BRB80 buffer
of 33 pM SAS-5y alone, in the presence of 33 pM tubulin or in the
presence of 66 UM DrCPAPG .. Perturbations of resonance intensi-
ties upon microtubule binding were mapped at 37°C using
13C-HSQC experiments and samples in BRB80 buffer of 33 uM
SAS-5) alone or in the presence of 33 pM Taxol-stabilized microtu-
bules prepared as described above. SAS-5y Ho-Ca resonances
were tracked between 10 and 37°C using a series of '*C-HSQC
variable temperature experiments collected in intervals of 5°C.

ITC

All recombinant proteins for ITC were prepared in 20 mM
NayHPO,, pH 7.5, 0.5 mM 2-mercaptoethanol buffer by extensive
dialysis. ITC experiments using an iTC200 instrument (MicroCal)
were performed at 25°C as follows: the cell (volume ~200 pl) con-
tained DrCPAPG_pox at 35 pM concentration and the syringe (vol-
ume ~40 pl) contained SAS-5) variants at 700 pM concentration. A
first injection of 0.5 pl was followed by 19 injections of 2.0 pl with
a delay between injections of 250 s. Blank titration was performed
by injecting SAS-5 variants into buffer and resulting heats of dilu-
tion were subtracted from those of binding. Raw data were pro-
cessed and fitted with MicroCal Origin software using a one-site
model.

Cloning for mammalian cell culture

SAS-5 mammalian expression constructs were generated as previ-
ously described (Kriz et al., 2010; Mansouri et al., 2016). Briefly, all
constructs except SAS-5 1-265 A91-100, K65E/K66E/K67E, and
R84E/K88E/KP4E were cloned with a hexahistidine tag followed by
a thrombin cleavage site and thioredoxin into pSI-AKR1 vector (N-
terminal mCherry-tag, Kanamycin resistance) using the Sapl inser-
tion site. SAS-5 1-265 A91-100, K65E/K66E/K67E, and R86E/KB8E/
K94E constructs were similarly cloned but derived from a syntheti-
cally produced codon-optimized DNA fragment that did not include
hexahistidine and thioredoxin tags. Full-length SAS-5 was also
cloned in a pHA-L11 vector providing an N-terminal hemagglutinin
(HA) tag.
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Mammalian cell culture, DNA transfection, fixation,

and staining

COS-7 cells were incubated at 37°C in a humidified atmosphere
containing 5% (vol/vol) CO, and cultured in DMEM (Amimed) con-
taining 10% (vol/vol) fetal calf serum (FCS; Life Technologies) without
antibiotics. HEK293T cells were cultured at 37°C in 5% (vol/vol) CO,
in DMEM/Hams-F10 (50/50%) containing 10% (vol/vol) FCS and 1%
(wt/vol) penicillin/streptomycin. One day before transfection, cells
were transferred into six well plates at a density of ~40% per well on
glass coverslips. Cells were transfected with 0.02 ug/ul plasmid
DNA using Lipofectamine 2000 (Invitrogen) as per the manufactur-
er's recommendation.

Cells were fixed 24-30 h after transfection by transferring the cov-
erslips into 4% (wt/vol) formaldehyde in PBS for 20 min, and then
washing three times with PBS. Cells were permeabilized with 1% (wt/
vol) NP40 in PBS for 10 min and then incubated with mouse anti—o.-
tubulin (Sigma-Aldrich; 1:300 dilution) primary antibody for 2 h. All
antibodies were diluted in PBS. After three washing steps with PBS
goat anti-mouse DyLight488 or Cy5 (Jackson ImmunoResearch, Suf-
folk, UK; 1:150 dilution), secondary antibodies were incubated with
the cells for 1.5 h. Alternatively, cells were incubated with rabbit anti-
HA (Santa Cruz; 1:200 dilution) in addition to mouse anti-a-tubulin
as primary antibodies, and goat anti-mouse Alexa488 (Molecular
Probes; 1:1000 dilution) and donkey anti-rabbit Cy3 (Dianova; 1:1000
dilution) as secondary antibodies. Slides were counterstained with
1 pg/ul Hoechst 33258 (Sigma-Aldrich) to reveal DNA.

Samples were mounted in Gelvatol and 10-30 cells analyzed on
a confocal laser-scanning microscope (SP5; Leica Microsystems,
Germany) using a 63x HCX PL APO CS oil objective with a 1.4 NA.
The sequential scanning mode was chosen and the number of over-
exposed pixels was kept at a minimum. Representative maximum
projections of each channel and a merge image were done using
ImageJ (Schneider et al., 2012).

Cold treatment of cells for microtubule depolymerization was
performed 24 h posttransfection by incubating cells on ice for
30 min, followed by fixation and staining as described above.

Nematode strains and RNA interference

Nematode culture was according to standard procedures (Brenner,
1974). RNAi-resistant sas-5 variants were generated and cloned in
plC26 vector as described previously (Rogala et al., 2015). plC26
contains a pie-1 promoter and 3’ untranslated region, as well as a
GFP coding sequence fused upstream of and in frame with sas-5
(Cheeseman and Desai, 2005). Transgenic animals were generated
by bombardment (Praitis et al., 2001). Integrated lines were recov-
ered after bombardment with gfp::sas-5 A81-90 (strain GZ1332;
islsS4{pie-1::gfp::sas-5[recA81-90])) and K65E/K66E/K67E (strain
GZ1335;  isls53{pie-1::gfp::sas-5[recSK65E/K66E/K67E]).  The
nonintegrated line expressing gfp:isas-5 WT (strain GZ1300;
isEx5{pie-1::gfp::sas-5[rec])) has been described previously (Rogala
et al., 2015). RNAi was carried out by selecting L3-L4 WT hermaph-
rodites and feeding them for 26 h at 24°C using the sas-5(RNAi)
feeding strain targeting nucleotides 301-1170 of the genomic se-
quence (Delattre et al., 2004), or a gfp(RNAI) feeding strain.

C. elegans immunofluorescence

Adult worms were dissected, and embryo fixation and immunofluo-
rescence was carried out as previously described (Rogala et al.,
2015). Briefly, rabbit anti-SAS-5 (Delattre et al., 2004) and mouse
anti—o-tubulin (DM1A; Sigma-Aldrich) antibodies were used at
1/200 dilutions, followed by appropriate corresponding secondary
antibodies and counterstaining with 1 pg/pl Hoechst 33258 to
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reveal DNA. Confocal imaging was carried out using a Zeiss LSM
700 microscope with a Plan-Apochromat 63x oil-immersion objec-
tive, NA 1.40. Z-sections were imaged at an interval of ~0.3 pm. All
images shown are maximum-intensity projections and were pro-

cessed using Fiji (Schindelin et al., 2012) maintaining relative intensi-
ties within a series.

C. elegans live imaging

Time-lapse DIC microscopy of early C. elegans embryos was car-
ried out as described (Génczy et al., 1999), recording one image
every 5 s at 24°C. For Supplemental Figure S7C, GFP z-stacks were
taken at 0.5 pm intervals over 21 sections, using a Zeiss Axioplan 2
microscope (Bellanger and Génczy, 2003). The motorized filter
wheel, two external shutters, and the 1392 x 1040 pixel, 12-bit Pho-
tometrics CoolSNAP ES2 CCD camera (Photometrics, Tucson, AZ)
were controlled by pManager (Edelstein et al., 2010). Images were
acquired with an exposure time of 100 ms using the Zeiss Filter Set
10 (GFP). For quantification of fluorescence intensities, the mean
intensity was measured from a single plane in the middle of each
embryo. All images were processed and fluorescence intensities
measured using ImageJ (Schneider et al., 2012). For Figure 6, em-
bryos were imaged using a Zeiss AX10 microscope equipped with
a Zeiss Plan-Apochromat 63x oil-immersion objective, NA 1.40,
controlled by uManager. GFP z-stacks were taken at 0.5 pm inter-
vals over 21 sections, and stacks were captured at 30 s intervals for
time-lapse recordings. Quantification of fluorescence intensities in
Figure 6 was carried out by taking the average projection of the
GFP z-stack, and measuring the mean gray value over the whole
embryo.

Western blotting

L4 worms were picked and matured for 16 h at 24°C. One hundred
adult worms were then collected manually, boiled in Laemmli buffer
for 5 min, sonicated, and loaded on a 4-12% (wt/vol) SDS-PAGE
(Biorad, Hercules, CA). Proteins were transferred to a 0.45 pm nitro-
cellulose membrane, blocked with 5% (wt/vol) milk powder in PBS,
0.1% (vol/vol) Tween-20, and blotted with rabbit anti-SAS-5 (full
length, 1/1000 dilution [Delattre et al., 2004]). Immunocomplexes
were visualized using anti-rabbit or anti-mouse horseradish peroxi-
dase—conjugated secondary antibodies at 1/5000 dilution (Pro-
mega, Madison, WI), chemiluminescence kit (Roche), and x-ray films
(Fujifilm, Tokyo, Japan).
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