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Abstract

Proximity-dependent labeling approaches such as BioID have been a great boon to studies

of protein-protein interactions in the context of cytoskeletal structures such as centrosomes

which are poorly amenable to traditional biochemical approaches like immunoprecipitation

and tandem affinity purification. Yet, these methods have so far not been applied extensively

to invertebrate experimental models such as C. elegans given the long labeling times

required for the original promiscuous biotin ligase variant BirA*. Here, we show that the

recently developed variant TurboID successfully probes the interactomes of both stably

associated (SPD-5) and dynamically localized (PLK-1) centrosomal components. We fur-

ther develop an indirect proximity labeling method employing a GFP nanobody-TurboID

fusion, which allows the identification of protein interactors in a tissue-specific manner in the

context of the whole animal. Critically, this approach utilizes available endogenous GFP

fusions, avoiding the need to generate multiple additional strains for each target protein and

the potential complications associated with overexpressing the protein from transgenes.

Using this method, we identify homologs of two highly conserved centriolar components,

Cep97 and BLD10/Cep135, which are present in various somatic tissues of the worm. Sur-

prisingly, neither protein is expressed in early embryos, likely explaining why these proteins

have escaped attention until now. Our work expands the experimental repertoire for C. ele-

gans and opens the door for further studies of tissue-specific variation in centrosome

architecture.

Author summary

‘You can tell a lot about a person by the company they keep.’ This is as true for proteins as

it is for people. Unfortunately, the methods traditionally used to probe protein-protein

interactions, which rely on isolating stable multimolecular complexes, fail where such

complexes do not exist or cannot be isolated from the cell. Proximity-dependent labeling

methods such as TurboID, where interacting proteins are marked in vivo before isolation

and which therefore do not require complexes to be maintained during extract prepara-

tion, have consequently become invaluable tools in cell biology. Normally, this requires
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the protein of interest to be tagged with an enzymatic marker such as the biotin ligase

BirA�. Here, we developed a variant of this method, whereby the enzyme is targeted to the

protein of interest using a genetically-encoded GFP nanobody, making existing fluores-

cent strains immediately available for interaction biochemistry. We show that this method

successfully probes protein-protein interactions in a tissue-specific manner, even where

those interactions occur in only a few cells in the context of the entire animal. While this

work was conducted in the nematode C. elegans, the same method should be applicable to

other genetic experimental models, as well as potentially vertebrate cultured cells.

Introduction

Studies in the nematode C. elegans have contributed greatly to our understanding of centro-

some biology, with comprehensive genome-wide screens leading to the identification of the

conserved molecular machinery underlying centriole assembly as well as key players in mitotic

pericentriolar material (PCM) recruitment, aided by the strong and reproducible phenotypes

observed following RNAi-mediated depletion in the early embryo [1,2]. The striking success of

biochemical approaches reconstituting elements of centriole and PCM assembly in vitro
underline the power of this experimental model [3–6]. The assumption here is that we have a

complete parts list of all essential components of centrosomal structures. Recent work identify-

ing further centriolar and pericentriolar material components whose depletion phenotypes are

somewhat more subtle [7–9] suggests this is not necessarily the case. Furthermore, while most

of the work in C. elegans has focused on the early embryo, the available data for the acentriolar

centrosome at the ciliary base of sensory neurons [10,11] and the non-centrosomal microtu-

bule organizing center in the intestine [12,13] (Fig 1A) hints at tissue-dependent differences in

centrosome composition and assembly mechanisms in somatic tissues of the worm that as yet

remain little explored.

Interaction proteomics potentially offers an alternative strategy to identify novel compo-

nents of centrioles and centrosomes in different tissues of the worm. However, traditional

approaches to probing cytoskeletal protein-protein interactions have been hampered by the

fact that these interactions mostly take place in the context of the fully assembled structure,

with few soluble cytoplasmic pre-complexes available for isolation by immunoprecipitation or

other biochemical methods [14]. Proximity-dependent methods circumvent this problem by

direct labeling of interacting/proximal proteins, eliminating the need to preserve protein-pro-

tein interactions during extract preparation [15]. BioID has revolutionized vertebrate centro-

some biology [16–18] but hitherto has not been applied to worms (or flies) due to the low

activity of the original promiscuous biotin ligase BirA� requiring long labeling times (~24

hours) incompatible with the rapid development of invertebrate model organisms. The variant

TurboID reduces this time to as little as 10 min and indeed this tool was developed specifically

for use in C. elegans and Drosophila [19]. Here, we examine the potential for TurboID to probe

the interactomes of both stably associated and dynamically localized centrosomal components

in C. elegans embryos. We further develop an indirect proximity labeling method and use it to

gain initial insights into the tissue-specific variation in centrosome composition in the worm,

identifying several proteins expressed exclusively at later developmental stages, including

potential homologs of two highly conserved centriolar components, Cep97 and BLD10/

Cep135.
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Results and discussion

Establishment of TurboID proximity-dependent labeling to probe

centrosome architecture in C. elegans
When we set out on this project TurboID had not yet been successfully applied to identify the

proximity interactors of specific proteins in C. elegans (two such studies were recently pub-

lished by the Feldman and de Bono labs, [13,20]). To explore the potential for TurboID to map

Fig 1. Probing the proximity interactome of centrosomal proteins by TurboID. (A) Centrosomes and centrosome-

related structures in C. elegans. Centrosome assembly and function has been primarily examined in the early embryo,

although some limited work has also been performed on the acentriolar centrosome at the ciliary base of sensory

neurons [10, 11] and the non-centrosomal microtubule organizing center in the intestine [12,13]. Blast cells are two

pairs of cells in the L1 larva that will give rise to the somatic gonad and germline in the adult worm. At the L1 larval

stage these cells are arrested in G1 and G2 phase of the cell cycle, respectively, with what appear to be canonical

interphase centrosomes [60,61]. (B) Schematic of direct TurboID [19] which in our implementation also includes a

GFP tag to visualize the TurboID fusion. Note that experimental and control TurboID fusions (lacking the protein of

interest, POI) are expressed as separate transgenes, though under the same promoter and 3’ regulatory sequences. (C)

TurboID applied to the PCM scaffolding protein SPD-5. Immunofluorescence micrograph of early embryo expressing

GFP:TurboID:SPD-5 stained for GFP, biotin (streptavidin) and TAC-1 as a PCM countermarker. Biotinylation signal

is observed at centrosomes without supplemental biotin addition. (D) Result of LC-MS/MS analysis for direct TurboID

on SPD-5 from mixed-stage embryos. Volcano plot of -log10 p-values against log2 fold change (sample/control).

Significantly enriched proteins (Log2 enrichment>1, p-value<0.05) are indicated in pink, with selected proteins

highlighted. See also S1 Table and S2C Fig. (E) TurboID applied to the dynamically localized PCM regulator PLK-1.

Immunofluorescence micrograph of early embryo expressing GFP:TurboID:PLK-1 stained for GFP, biotin

(streptavidin) and TAC-1 as a PCM countermarker. Biotinylation signal is observed at centrioles coincident with GFP:

PLK-1 signal. (D) Result of LC-MS/MS analysis for direct TurboID on PLK-1 from mixed-stage embryos. See also S1

Table and S2D Fig. Scale bars in C and E are 10μm.

https://doi.org/10.1371/journal.pgen.1010150.g001

PLOS GENETICS Tissue-specific proximity labeling in C. elegans

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010150 April 20, 2022 3 / 27

https://doi.org/10.1371/journal.pgen.1010150.g001
https://doi.org/10.1371/journal.pgen.1010150


centrosomal protein-protein interactions we chose two target proteins for our proof of princi-

ple experiments, the PCM scaffolding protein SPD-5 and the Polo-like kinase PLK-1. As the

major structural component of centrosomes in C. elegans [6,21], SPD-5 displays no detectable

exchange with the cytoplasmic pool once incorporated into the centrosome [22]. Moreover,

fluorescence correlation spectroscopy has shown that SPD-5 is largely monomeric in the cyto-

plasm, with only a small fraction associated with the PP2A regulatory proteins RSA-1 and

RSA-2 [14]. Consistent with this, our efforts to identify SPD-5 interactors by tandem affinity

purification using the localization and affinity purification (LAP) tag [23] were unsuccessful.

In contrast, Plk1 dynamically localizes to multiple mitotic structures, with almost complete

exchange at centrosomes within seconds after photobleaching. A key regulator of mitotic

events, its behavior is thought to be the result of transient interactions with its numerous sub-

strates throughout the cell [24,25]. SPD-5 and PLK-1 both therefore in different ways represent

challenging subjects for interaction biochemistry. We began by generating transgenic strains

for each protein expressing a GFP-TurboID fusion under endogenous regulatory sequences by

Mos1 transposon mediated insertion at a defined chromosomal locus [26], along with corre-

sponding control strains lacking the SPD-5/PLK-1 coding sequence (Fig 1B). Both fusions

localized similarly to the endogenous protein in early embryos, with GFP:TurboID:SPD-5 dis-

tributed throughout the PCM while GFP:TurboID:PLK-1 was heavily concentrated at centri-

oles as well as at other cellular locations, including kinetochores and the spindle midzone (Fig

1C and 1E). Fluorescent streptavidin probes showed biotinylation signal coincident with GFP

fluorescence in the same locations, indicating functionality of the biotin ligase. In contrast,

there was little biotinylation signal in control strains beyond weak mitochondrial staining also

seen in N2 wild-type embryos. Interestingly, biotinylation staining, both specific and non-spe-

cific, was not noticeably increased upon addition of supplemental biotin, nor were there any

deleterious consequences to growing TurboID strains on biotin-producing OP50 bacteria

(Embryonic viability 99.4%, n = 1890, GFP:TurboID:SPD-5; 99.9%, n = 2622 GFP:TurboID:

PLK-1). We therefore performed C. elegans liquid cultures and embryo isolations under stan-

dard conditions, with three independent replicates for both experimental (GFP:TurboID:SPD-

5/PLK-1) and control (GFP:TurboID) conditions.

In order to enrich for centrosomal interactors, crude embryo extracts were separated into

soluble (cytoplasmic) and insoluble (cytoskeletal) fractions, the latter containing the centro-

somes as confirmed by characteristic foci of GFP signal when examined under the fluorescence

microscope. Centrosomal pellets were then resolubilized under denaturing conditions and

used for streptavidin pulldowns followed by LC-MS/MS analysis. As also noted by Artan et al.

[20] endogenously biotinylated carboxylases represent a significant proportion of the isolated

peptides. However, they, along with other common contaminants including vitellogenins and

mitochondrial proteins, are largely filtered out by considering only those proteins significantly

enriched in experimental samples over controls (Log2 enrichment >1, p-value <0.05). What

remains for SPD-5 is a remarkably short list, 30 proteins (Fig 1D and S1 Table). By far the

most enriched proteins are SPD-5 itself along with its interacting partner RSA-2, though some-

what surprisingly not the PP2A complex of RSA-1, PAA-1 and LET-92 with which SPD-5 has

been reported to interact in the cytoplasm via RSA-2 [27], none of which were detected in the

prep. Also highly enriched are SPD-2, which contributes to SPD-5 self-assembly in vitro [6]

and centrosome maturation in vivo [28,29], and the recently described PCM tethering factor

PCMD-1 [7]. The SPD-2 recruitment factor SAS-7 [8], also highly enriched, just failed the sig-

nificance threshold, while the remaining proteins are either uncharacterized or likely contami-

nants (Fig 1D and S1 Table). The list of SPD-5 proximity interactors therefore consists

primarily of proteins related to PCM scaffold assembly. Notably absent are other centriolar

and PCM components, including highly abundant ones such as γ-tubulin (TBG-1 in C.
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elegans) [30]. TurboID, then, is highly specific with a labeling radius narrower than the 10–15

nm estimated for BirA� [31]. The list for PLK-1 is considerably longer, 235 proteins, including

numerous proteins involved in cytoskeletal organization and morphogenesis, such as CLS-3/

CLASP [32], CYK-1 [33], RGA-2 [34], APR-1/APC [35] and several uncharacterized proteins

reported to interact with PLK-1 in high-throughput screens (F46B6.5, ZK809.5, [36,37]) (Fig

1F and S1 Table). Also present is the PLK-1 activator SPAT-1/Bora [38]. In contrast, just three

centrosomal proteins make the list, HYLS-1, PCMD-1, and SAS-7, like PLK-1 all centriolar

proteins. HYLS-1 has no known link to PLK-1 or PCM recruitment [39]. However, both SAS-

7 [8] and PCMD-1 [7] are required for centrosomal PLK-1 recruitment, directly or indirectly

via SPD-2. TurboID thus also identifies meaningful proximity interactors of dynamically local-

ized proteins, although the higher number of hits overall makes it difficult to isolate novel pro-

teins without additional information to prioritize specific candidates. We conclude that

TurboID successfully identifies cytoskeletal protein interactors in C. elegans, albeit with nota-

bly better results for stably associated centrosomal components.

GFP nanobody-directed TurboID as an improved method for proximity-

dependent labeling

Direct TurboID tagging as described above carries with it certain disadvantages. First, to elimi-

nate common contaminants, two TurboID strains need to be generated for each target protein,

requiring a significant investment of time and effort. Moreover, those two TurboID constructs

will usually be expressed as transgenes. While endogenous tagging can be carried out [20], it is

then difficult to generate a corresponding control matching the expression level of the Tur-

boID-protein fusion, important for normalization of the MS data. Expression level is a particu-

lar concern when aiming to isolate proximity interactors of a protein in a specific cell type or

tissue, since the relevant promoters will not necessarily match the expression level of the

endogenous protein. This is assuming that the fusion protein will be able to integrate into its

normal cellular context, which for centriolar proteins, often stably incorporated in previous

cell cycles, will not necessarily be the case [40]. Our aim was to develop an optimized tool for

proximity-dependent labeling that minimizes strain generation and is able to utilize endoge-

nous proteins, even in a cell/tissue-specific context. Rather than directly tagging the protein of

interest, our approach was to express a TurboID fusion as a transgene under a ubiquitous or

tissue-specific promoter and target it to the (endogenously GFP-tagged) protein of interest

using a GFP nanobody [41] (Figs 2A and S1). Such endogenous GFP fusions will frequently

already be available for proteins under study. The same GFP nanobody-TurboID promoter

construct can then be used for multiple different target proteins by crossing it into the relevant

GFP strain background and, when expressed alone, serves as an expression-matched control

for mass spectrometry sample normalization. It should be noted that a similar strategy was

recently developed for use in zebrafish [42], albeit employing a conditionally stabilised GFP-

binding nanobody, with implications for sample normalization as discussed below.

To test our approach, we generated a strain expressing the GFP nanobody-TurboID fusion

under the germline promoter pie-1 and crossed it with strains expressing endogenously GFP-

tagged SPD-5 and PLK-1. In both cases, immunofluorescence microscopy showed biotinyla-

tion signal colocalizing with the GFP-tagged protein, in the case of SPD-5 in the PCM and in

the case of PLK-1 at centrioles, kinetochores and the spindle midzone (Fig 2C and 2E). Indeed,

this signal was significantly (3-10x) stronger than that for direct TurboID, making the

(unchanged) cytoplasmic background appear less prominent. The GFP nanobody therefore

successfully penetrates the centrosome and directs the biotin ligase to the appropriate intracel-

lular location. The GFP nanobody-TurboID fusion is fairly large (a combined 50kDa for
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nanobody and ligase), which when added to the 27kDa of GFP could perturb the dynamics or

functionality of the target protein. However, both double strains were found to be fully viable

(Embryonic viability 98.6%, n = 1209, GFP:SPD-5 and GFP nanobody-TurboID; 99.6%,

n = 1614, GFP:SPD-5 alone; 99.6%, n = 2355, GFP:PLK-1 and GFP nanobody-TurboID;

98.4%, n = 1512, GFP:PLK-1 alone). In addition, we assessed the dynamics of cytoplasmic

exchange of GFP:PLK-1 at centrosomes by fluorescence recovery after photobleaching in

Fig 2. GFP nanobody-directed TurboID as an improved method for proximity-dependent labeling. (A) Schematic

of indirect TurboID method, whereby the biotin ligase is targeted to an endogenous GFP fusion via a GFP nanobody

[41]. Note that experimental and control strains utilize the same TurboID fusion, which may be expressed under a

tissue or developmental stage-specific or inducible promoter, while the target protein is potentially expressed in a wide

array of tissues and cell types. (B) GFP nanobody addition does not perturb PLK-1 mobility. Selected images and

quantitation for fluorescence recovery after photobleaching (FRAP) analysis performed on PLK-1:GFP at centrosomes

in prometaphase-stage embryos in the presence (n = 16 animals) or absence (n = 13) of the GFP nanobody:TurboID

fusion. (C) Indirect TurboID applied to SPD-5. Immunofluorescence micrograph of early embryo from strain co-

expressing a GFP nanobody:HA:TurboID fusion under the germline promoter pie-1 and endogenously GFP-tagged

SPD-5 stained for GFP, biotin (streptavidin) and HA. Biotinylation signal is observed at centrosomes coincident with

GFP:SPD-5 and the TurboID fusion. (D) Result of LC-MS/MS analysis for indirect TurboID on SPD-5 from mixed-

stage embryos. Volcano plot of -log10 p-values against log2 fold change (sample/control). Significantly enriched

proteins (Log2 enrichment>1, p-value<0.05) are indicated in pink, with selected proteins highlighted. Compare Fig

1D. See also S1 Table and S2E Fig. (E) Indirect TurboID applied to PLK-1. Immunofluorescence micrograph of early

embryo from strain co-expressing a GFP nanobody:HA:TurboID fusion under the germline promoter pie-1 and

endogenously GFP-tagged PLK-1 stained for GFP, biotin (streptavidin) and HA. Biotinylation signal is observed at

centrosomes coincident with PLK-1:GFP and the TurboID fusion. (F) Result of LC-MS/MS analysis for indirect

TurboID on PLK-1 from mixed-stage embryos. Compare Fig 1F. See also S1 Table and S2E Fig. Scale bars are 1μm (B),

10μm (C, E).

https://doi.org/10.1371/journal.pgen.1010150.g002
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prometaphase-stage embryos in the presence and absence of the nanobody. As previously

reported for vertebrate somatic cells [24,25] cytoplasmic exchange of PLK-1 is extremely

rapid, with a half-time of recovery t1/2 of 5s, with essentially no stably associated centriolar or

PCM population (mobile fraction A = 0.9). These dynamics remained unchanged in the pres-

ence of the nanobody (Fig 2B). Nanobody addition therefore does not appreciably hinder

localization, dynamics or functionality of the target protein.

While we were able to detect biotinylation signal at centrosomes with both GFP fusions, we

sought to compare labeling efficiency of direct and indirect TurboID approaches. We therefore

prepared cytoskeletal fractions from embryo extracts and performed mass spectrometry on

streptavidin pulldowns as for direct TurboID, with three independent replicates for both

experimental (GFP nanobody-TurboID and GFP:SPD-5/PLK-1) and control (GFP nanobody-

TurboID only) conditions. One might expect that the insertion of two additional elements

between biotin ligase and target protein (GFP nanobody and GFP) would widen the resultant

labeling radius around the target protein. However, results were broadly similar compared to

direct TurboID. In the case of SPD-5, the list of proteins significantly enriched in experimental

samples over controls actually shrunk, to 22 proteins (Fig 2D and S1 Table). With one excep-

tion (SAS-7, not detected in these mass spec samples) the same centrosomal proteins were

again found to be enriched, SPD-5 itself, RSA-2, SPD-2 and PCMD-1, with the remainder of

the list either uncharacterized proteins or likely contaminants. Only one of these proteins was

found on both lists, B0001.2, a nematode-specific protein reported to be required for embry-

onic development [43] but otherwise currently uncharacterized. For PLK-1, the list was even

longer than for direct TurboID, 501 proteins, again comprising many proteins involved in

cytoskeletal organization and morphogenesis (Fig 2F and S1 Table). Notably, only 22 proteins

were common to both lists, including PCMD-1 (HYLS-1 and SAS-7 were not detected in these

samples). There were, however, several additional centrosomal components, including SAS-4

(CPAP/CenpJ in vertebrates), a Plk1 target in mitotic entry [44], and SPD-2 and AIR-1,

involved in centriolar recruitment and activation of PLK-1 [45–47]. GFP nanobody-direct

TurboID thus performs similarly to direct TurboID in identifying functionally relevant prox-

imity interactors.

Efficient tissue-specific labeling using GFP nanobody-directed TurboID

Our goal in developing GFP nanobody-direct TurboID was not only to simplify and stream-

line proximity labeling by utilizing available GFP fusions, but to be able to better probe pro-

tein-protein interactions in a tissue- or cell-specific context. To evaluate the suitability of our

tool for these purposes, we turned to post-mitotic sensory neurons and the acentriolar centro-

some at the ciliary base, whose assembly and function we recently investigated [10]. For this

we generated a strain expressing the GFP nanobody-TurboID fusion under the ciliated neu-

ron-specific promoter osm-6 and crossed it into the strain expressing endogenously GFP-

tagged SPD-5 (PLK-1 not being expressed in post-mitotic sensory neurons [10]). As in the

early embryo, immunofluorescence microscopy showed biotinylation signal colocalizing with

the GFP-tagged protein at the ciliary base (Fig 3A). The extended dendrite of these neurons

(60μm in the L1 larval stage and nearly double that in the adult worm [48]) therefore does not

present an obstacle for nanobody targeting.

Ciliated neurons account for only 60 of the 959 somatic cells of the adult hermaphrodite

[49], not counting the two gonad arms which harbor numerous germline nuclei within a com-

mon syncytium, maturing oocytes, sperm and fertilized embryos. To maximize ciliated neuron

representation within the starting material for TurboID, we therefore chose the L1 larval stage

(558 cells total [50]), a stage where ciliogenesis is largely complete [51] and which can
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furthermore be obtained in a highly synchronized manner and in large quantities by hatching

embryos in liquid culture in the absence of food [52]. Conditions for centrosome isolation

from later developmental stages of the worm have not been established. We therefore per-

formed TurboID on whole cell extracts as carried out by Artan et al. [20]. Starved worms were

fed with OP50.1 supplemented with 1mM biotin for 2 hours prior to extract preparation to

Fig 3. Tissue-specific labeling using GFP nanobody-directed TurboID. (A) TurboID applied to SPD-5 in ciliated

neurons. Immunofluorescence micrograph of head of L1 larva from strain co-expressing a GFP nanobody:HA:

TurboID fusion under the ciliated neuron-specific promoter osm-6 and endogenously GFP-tagged SPD-5 stained for

GFP, biotin (streptavidin) and HA. Biotinylation signal is observed at the ciliary base coincident with GFP:SPD-5 and

the TurboID fusion. (B) Result of LC-MS/MS analysis for indirect TurboID on SPD-5 in ciliated neurons. Volcano

plot of -log10 p-values against log2 fold change (sample/control). Significantly enriched proteins (Log2 enrichment

>1, p-value<0.05) are indicated in pink, with selected proteins highlighted. See also S1 Table. (C) Comparison of

LC-MS/MS results for direct and indirect TurboID on SPD-5 in ciliated neurons. Indirect TurboID identifies several

additional SPD-5 proximity interactors. Full results for direct TurboID presented in S2A and S2B Fig and S1 Table.

(D) Volcano plot of average log2 LFQ intensity (sample) against log2 fold change (sample/control) for indirect

TurboID on SPD-5 in ciliated neurons. Significantly enriched proteins (Log2 enrichment>1, p-value<0.05) are

indicated in pink, with selected proximity interactors highlighted. Note that these interactors are present at much

lower levels in the sample compared to endogenously biotinylated proteins, most notably the carboxylases PCCA-1,

PYC-1, POD-2 and MCCC-1 [20], highlighting the importance of proper sample normalization. (E) TurboID applied

to SPD-5 in germ cell precursors. Immunofluorescence micrograph of the area of the blast cells in an L1 larva co-

expressing a GFP nanobody:HA:TurboID fusion under the germline-specific promoter nos-2 and endogenously GFP-

tagged SPD-5 stained for GFP, biotin (streptavidin) and HA. Biotinylation signal is observed at centrosomes in two

cells (the primordial germ cells Z2, Z3) coincident with GFP:SPD-5 and the TurboID fusion. (F) Result of LC-MS/MS

analysis for indirect TurboID on SPD-5 in germ cell precursors. See also S1 Table and S2H Fig. Scale bars in A and E

are 10μm.

https://doi.org/10.1371/journal.pgen.1010150.g003
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stimulate centrosome assembly [10] and enhance TurboID-dependent biotinylation [20].

Mass spectrometry revealed a clearly defined set of 16 proximity interactors above the signifi-

cance threshold, with few obvious contaminants (Fig 3B and S1 Table). These included RSA-2

and PCMD-1, also found as SPD-5 interactors in early embryos, but not SPD-2, a protein lost

from centrosomes early in neuronal differentiation [51]. The remainder of the list is comprised

for the most part of uncharacterized proteins known from high-throughput studies to be

expressed in sensory neurons. The one exception is CHE-10, the C. elegans homolog of rootle-

tin, which forms the ciliary rootlet in the region of the degenerated basal body [53] in close

proximity to the acentriolar centrosome. FAMH-161, the apparent homolog of vertebrate

FAM-161A [54] and B, has been localized to the ciliary base [55] but otherwise remains cur-

rently functionally uncharacterized. NOCA-2, related to vertebrate ninein-like protein/Nlp

[56], likewise must be considered a strong candidate for ciliary base localization and potential

basal body/ciliary centrosome function. Both FAM-161A and Nlp have been shown to play

important roles in microtubule nucleation, stability and anchoring in the context of the inter-

phase centriole/centrosome/basal body in vertebrates [56–59], functions that may be con-

served in C. elegans. Another candidate protein identified by mass spectrometry is H06I04.1, a

putative ortholog of Cep135/BLD10 (see below). In an effort to further compare direct and

indirect GFP nanobody-directed TurboID, direct TurboID was performed in parallel using

the same osm-6 promoter to drive expression of GFP:TurboID:SPD-5 and the corresponding

GFP:TurboID control. Here, direct TurboID performed markedly worse, identifying solely

RSA-2 and PCMD-1, as well as the uncharacterized proteins F53G12.4, F48E3.9 and ZK809.5

(all also identified by indirect TurboID), amongst a list of 55 proximity interactors, with the

remainder clear contaminants (Figs 3C, S2A, S2B and S1 Table). Indirect TurboID therefore

offers clear advantages over conventional direct labeling in this tissue-specific context.

Successful tissue-specific labeling in a limited number of cells

Interaction proteomics is particularly challenging where those interactions occur in a complex

source material such as within a limited number of cells in a tissue or animal. We next sought

to investigate whether our TurboID was able to detect such interactions using the gonad pre-

cursor cells in L1 larvae as a test case. These are two sets of two cells, the somatic gonad precur-

sor cells Z1 and Z4 and the primordial germ cells Z2 and Z3, which through a series of

divisions at later developmental stages will give rise to the somatic gonad and germline in the

adult, respectively. At the L1 larval stage these blast cells are arrested in G1 and G2 phase of the

cell cycle, with what appear to be canonical interphase centrosomes [60, 61]. With centrioles

and centrosomes degenerating following terminal differentiation in most somatic tissues

[51,62], these cells therefore represent potentially the best model for interphase centrosome

assembly in the worm. As a first step towards investigating centrosome composition in those

cells, we generated GFP nanobody-TurboID fusions under the control of promoters reported

to be active in those cells (Pehn-3a Z1/Z4 [63], Pnos-2 Z2/Z3 [64]) and crossed them into the

strain expressing GFP-tagged SPD-5. Immunofluorescence microscopy showed robust centro-

somal biotinylation signal for the Pnos-2 promoter in Z2/Z3 cells (Fig 3E). However, for Pehn-
3a in Z1/Z4 cells there was considerable cytoplasmic background signal, suggesting a weaker

promoter would need to be used. We therefore proceeded only with Pnos-2 in the primordial

germ cells, performing TurboID on whole cell extracts prepared from L1 larvae as described

above. Mass spectrometry revealed a set of 24 proximity interactors above the significance

threshold. Remarkably, aside from two likely contaminants (titin, ttn-1, and mca-3, a muscle

plasma membrane Ca2+ ATPase) the top hits were exclusively centrosomal proteins: SPD-2,

PCMD-1, RSA-2 and CLS-2/CLASP [32], as well as R02F11.4, a potential homolog of Cep97
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(Fig 3F and S1 Table). We conclude that GFP nanobody-directed TurboID successfully identi-

fies protein proximity interactors, even when interactions occur only in a very limited subset

of cells (in this case 2 out of 558 cells). Given the robustness of this dataset compared even

with TurboID performed in embryos we propose that sample enrichment (e.g. by fraction-

ation) is not required and may indeed result in less reliable results due to increased variability

between replicates.

Cep97 and Cep135/BLD10 as tissue-specific centrosomal components

Cep97 and Cep135/BLD10 are well-known centriolar components with critical roles in centri-

ole assembly/stability and centrosome/cilium biogenesis [65–69]. Cep135 in particular is

highly conserved and along with SAS-4 and SAS-6 has been proposed to be one of three pro-

teins defining centriole/basal body architecture across eukaryotes [70]. It is then surprising

that both Cep97 and Cep135 have been reported to be absent from the C. elegans genome

[70,71]. However, it must be noted that nematode genomes are highly divergent such that

even conserved components such as PLK4/ZYG-1 were originally reported to be missing

based on lack of amino acid sequence homology [70,72] and not recognized as such until

much later based on conserved 3D structure and molecular function. Their identification has

thus been almost invariably based on genome-wide screens performed for centriole/centro-

some assembly in the early embryo and somewhat less comprehensive genetic screens for cil-

ium biogenesis in sensory neurons [1 49].

The identification of R02F11.4 as the ortholog of Cep97 (hereafter named CCEP-97 for C.

elegans Centrosomal Protein of 97kDa) is quite clear to the extent of being annotated as such

on Wormbase (Version WS282, November 2021), although it does require the use of interme-

diary, less divergent, species for successive reciprocal BLAST identification or Position-Spe-

cific Iterated BLAST (PSI-BLAST) analysis (S3A and S3B Fig). 3-dimensional structure

prediction via AlphaFold [73] also suggests a similar protein architecture of the C. elegans,
Drosophila and human proteins, including a leucine rich repeat region and extended coiled

coils (Fig 4A). Generation of an endogenous promoter GFP transgene revealed CCEP-97 local-

ization to centrioles in late-stage embryos, gonad precursors and the ciliary base (Fig 4B), but

not in early embryos or at the non-centrosomal microtubule organizing center of embryonic

intestinal cells (S3C Fig). This is consistent with the lack of a reported early embryo RNAi phe-

notype in high-throughput screens, a result we have confirmed in our own hands (Embryonic

viability 99.6%, n = 1219, ccep-97(RNAi); 1.1%, n = 1272, spd-5(RNAi); 99.8%, n = 1238, Con-

trol). However, a partial gene deletion (tm4945) results in fully penetrant L1 larval arrest, sug-

gesting a critical role in later development. Further experiments will be necessary to define

CCEP-97 function in the worm. However, it is striking to note that CCEP-97 is first detectable

at centrioles as the cell cycle slows in late-stage embryos and strongly accumulates at centrioles

in gonad precursor cells, cells which as previously noted are arrested for extended periods of

time in interphase. These findings are consistent with recent reports of cell cycle-entrained

oscillations of Cep97 levels regulating centriole growth in Drosophila [74].

H06I04.1 (hereafter CCEP-135) initially caught our attention as a putative interactor of the

centriolar proteins SAS-6, FAMH-161/FAM161A/B and NOCA-2/NINL, as well as the micro-

tubule-associated protein ZYG-8/Doublecortin, in high-throughput screens [75,76]. Direct

BLAST searches initially failed to identify any homologs outside of nematodes. However,

repeated rounds of Position-Specific Iterated BLAST (PSI-BLAST) identified homologs first in

insects and then vertebrates, all related to Cep135/BLD10 (S4A and S4B Fig). Amino acid

sequence conservation is clearly very low. However, C. elegans, Drosophila and human pro-

teins all contain multiple predicted coiled coils, which for human Cep135 have been shown to
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Fig 4. CCEP-97 and CCEP-135 as novel tissue-specific centrosomal components in C. elegans. (A) AlphaFold [73]

predicts a similar 3D architecture for C. elegans R02F11.4/CCEP-97 and its putative Drosophila and human orthologs

Cep97, including a prominent leucine rich repeat that is highly conserved across Cep97 orthologs followed by long

coiled coils (see S3A and S3B Fig). Additionally, a Fibronectin type III (FN-3) domain is predicted for the C. elegans
protein, which is conserved in other nematode homologs but not in insects or vertebrates. (B) An endogenous

promoter GFP transgene shows CCEP-97 to be expressed in late-stage embryos, germ cell precursors and ciliated

neurons, localizing to centrioles (marked by immunofluorescence co-staining with SPD-5) and the ciliary base

(likewise), respectively. (C) AlphaFold structure prediction shows C. elegans H06I04.1/CCEP-135 and its putative

Drosophila and human orthologs Cep135/BLD10 to display a similar 3D architecture, composed primarily of coiled

coils. These align in a rope-like manner when predicting the proteins to form dimers as has been shown for human

and Chlamydomonas Cep135/BLD10 [77]. For hsCep135 and dmCEP135 only the N-terminal regions (1–600,

hsCEP135; 1–547, dmCEP135) were used for homodimer prediction to reduce computational costs. We note that in

the homodimeric dmCEP135 model some regions are overlapping suggesting that the native structure deviates from

the prediction. For CCEP-135 the first 131 residues, predicted with lower confidence, are not displayed. See also S4A

and S4B Figs. (D) An endogenous promoter GFP transgene shows CCEP-135 to be expressed in ciliated sensory

neurons of the head (amphids and cephalic/labial neurons), localizing to the ciliary base (marked by

immunofluorescence co-staining with SPD-5). (E) Comparison of selected SPD-5 proximity interactors identified in

embryos, germ cell precursors and ciliated neurons (for full list see S1 Table). Common to all three tissue contexts are
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be important for dimerization and microtubule binding [77] (Fig 4C). An endogenous pro-

moter GFP transgene revealed CCEP-135 expression exclusively in post-mitotic neurons,

where it localizes to the ciliary base (Fig 4D), as well as the nerve ring. No clear signal was

observed elsewhere in the worm or in early embryos (S4C Fig), consistent with the lack of a

reported RNAi phenotype in high-throughput screens and our own hands (Embryonic viabil-

ity 99.9%, n = 1715, ccep-135(RNAi)). CCEP-135 would thus appear to function specifically in

the context of centriole-derived basal bodies. While Cep135 is generally thought of as a cart-

wheel component important for centriole assembly [67], a more limited function in the con-

text of cilia would be consistent with work in Drosophila, where it is basal bodies and

consequently cilia that are primarily affected in Cep135 mutants [67,68,78].

Conclusions and outlook

Proximity labeling by BioID has provided valuable insights into the molecular composition of

centrosomes and related structures in vertebrate cells [16–18]. The recent development of Tur-

boID [19] promises to do the same for invertebrate experimental models like C. elegans and

Drosophila. The indirect GFP nanobody-directed TurboID approach developed here repre-

sents a refinement of this method, which in genetic models greatly simplifies strain generation

by allowing the repurposing of existing GFP-tagged strains for TurboID. More importantly,

when not combined with the GFP fusion of interest the GFP nanobody-TurboID strain repre-

sents the ideal expression-matched control to remove non-specific background and identify

bona fide proximity interactors in the often extensive mass spectrometry lists. This superior

ability to filter mass spectrometry data is demonstrated by strikingly successful tissue-specific

labeling, even when the bait is expressed in only a highly limited number of cells, such as the

germ cell precursors. Abundant endogenously biotinylated proteins, including the carboxyl-

ases PCCA-1, PYC-1, POD-2 and MCCC-1 noted by Artan et al. [20], do represent a signifi-

cant proportion of the isolated peptides (see Fig 3D), but can be easily filtered out. Enriching

for a specific cell type or intracellular structure of interest as we did by fractionation of embryo

extracts is therefore clearly not necessary and may actually result in less reliable results due to

increased variability between replicates. As previously noted, a similar approach employing a

conditionally stabilised GFP-binding nanobody was recently developed for use in zebrafish

[42]. In this approach, the GFP nanobody-TurboID fusion is destabilized when not bound to

the protein of interest, reducing non-specific labeling. However, this also compromises the

ability to use the GFP nanobody-TurboID fusion alone as an expression-matched control for

mass spectrometry data normalization. Regardless of their individual advantages and disad-

vantages, both strategies clearly hold great promise in tackling previously inaccessible prob-

lems in interaction proteomics across genetic models from C. elegans to vertebrates. The use of

inducible promoters in combination with indirect TurboID should further expand the scope

of possible proximity labeling experiments, something we have not explored here.

Contrary to common perception, proximity labeling by TurboID appears to be highly

restricted, identifying only those proteins in closest proximity to the bait protein. In the case of

SPD-5, these are proteins like PCMD-1, SPD-2 and RSA-2, all of which are known to interact

with SPD-5 and regulate PCM assembly (see below). Other PCM proteins including highly

abundant ones like γ-tubulin are not detected, suggesting a labeling radius even more narrow

than the 10–15 nm previously estimated for BioID [31]. This method is therefore ideally suited

PCMD-1 and RSA-2, while SPD-2 is absent from post-mitotic sensory neurons. The previously uncharacterized

proteins CCEP-97 and CCEP-135 are amongst the tissue-specific SPD-5 interactors, identified in germ cell precursors

and ciliated neurons, respectively. Scale bars in B and D are 10μm.

https://doi.org/10.1371/journal.pgen.1010150.g004
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for the identification of potential protein-protein interactors, but perhaps less so for compart-

ment labeling, even when using a bait protein found throughout a structure of interest such as

the PCM. In comparison with our results for SPD-5, a stably bound component of the PCM

scaffold [22], our results for the dynamically localized kinase PLK-1 were markedly less clear,

with extensive background requiring strategies to prioritize hits and identify true proximity

interactors. Performing additional replicates or combining multiple baits may help make sense

of such more complex data.

In this proof of principle study, we applied our tool to carry out an initial characterization

of tissue-dependent variation in PCM composition in the worm, focusing on proximity inter-

actors of the scaffolding component SPD-5 in embryos, germ cell precursors and at the ciliary

base (Fig 4E). Our data identify RSA-2 and PCMD-1 as SPD-5 proximity interactors common

to all three developmental contexts. PCMD-1 is perhaps not a surprise, having been found to

contribute to SPD-5 recruitment/tethering to centrioles in the early embryo and the ciliary

base in sensory neurons [7,10,79], RSA-2 somewhat more so. While RSA-2 was originally

identified as a centrosomal PP2A recruitment factor [27], its proximity interaction with SPD-5

at all types of centrosomes in the apparent absence of the phosphatase suggests a more direct

role in the regulation of PCM assembly which bears closer investigation. There is also consid-

erable tissue-dependent variation in PCM composition. Thus, SPD-2 is only detected in mass

spectrometry samples for SPD-5 in embryos and germ cell precursors, but not sensory neu-

rons, consistent with the previously reported loss of SPD-2 from the acentriolar centrosome at

the ciliary base [10,51]. Other proteins are only detected at later developmental stages, such as

CCEP-97. Its appearance at centrioles in late-stage embryos may reflect a slowing of the cell

cycle allowing its accumulation during the more extended interphase [74], and be connected

to the emergence of centriolar doublet microtubules at approximately the same time [51,80].

Finally, ciliated sensory neurons present a unique set of SPD-5 proximity interactors, includ-

ing CHE-10/rootletin. A surprising finding here is the identification of a homolog of Cep135/

BLD10, previously thought to be missing in nematodes, present exclusively at the ciliary base.

Further work will be needed to clarify the functional contribution of this protein to basal body

architecture and cilium assembly in C. elegans, but this tissue-specific expression pattern is

consistent with a role for this protein specifically in the context of cilia [67,68,78].

In summary, then, our data suggest that centrioles and centrosomes may be much more

variable across different tissues and developmental stages than currently appreciated. The sys-

tematic application of newly developed tools such as tissue-specific TurboID and inducible

degron-mediated degradation to investigate their molecular composition and the underlying

molecular mechanisms at work should help shed light on what has hitherto been a somewhat

neglected aspect of centrosome biology.

Materials and methods

Experimental model and subject details

C. elegans strains and culture conditions. C. elegans strains expressing endogenously

tagged GFP:SPD-5 [45] and PLK-1:GFP [81] and endogenous promoter-driven TBG-1:

mCherry [82] have been described previously. Strains expressing endogenous promoter-

driven GFP:TurboID:SPD-5 and GFP:TurboID:PLK-1 and Posm-6-driven TurboID:GFP:

SPD-5, as well as corresponding control strains lacking the SPD-5/PLK-1 coding sequence,

were generated by cloning the corresponding genomic locus including 5’ and 3’ regulatory

sequences, GFP and TurboID into the targeting vector pCFJ151, followed by Mos1-mediated

transposition [26]. SPD-5 and GFP coding sequence were derived from plasmid pAD395 [83],

TurboID from plasmid pAS31 [19]. All other fragments were amplified from C. elegans
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genomic DNA (length of spd-5 promoter 1150bp, 3’UTR 577bp; plk-1 promoter 2000bp,

3’UTR 2324bp; osm-6 promoter 425bp). Strains expressing the GFP nanobody-TurboID

fusion under various tissue-specific 5’ and 3’ regulatory sequences were generated by Mos1

transposon insertion as above. HA tagged-TurboID was derived from plasmid pAS31 [19], the

GFP nanobody from plasmid pAD834 [10]. Promoters and 3’UTRs were amplified from plas-

mids pCFJ152 (pie-1 promoter, 1105bp, [26]) and pAD834 (tbb-2 3’UTR, 330bp [10]), as well

as C. elegans genomic DNA (osm-6 promoter 425bp; nos-2 promoter, 956bp, 3’UTR, 1000bp;

ehn-3a promoter, 2004bp, 3’UTR 806bp). pie-1 promoter-driven GFP nanobody-TurboID is

also combined with mCherry:histone H2B as a visible marker co-expressed via an operon

linker, amplified from plasmid pLC754 (gift from Luisa Cochella, [84]). Strains expressing

endogenous promoter-driven GFP:CCEP-97 and GFP:CCEP-135 were generated by Mos1

transposon insertion as above. In each case promoter (ccep-97 609bp, ccep-135 1984bp) and

3’UTR (cep-97 491bp, cep-135 910bp) were amplified from C. elegans genomic DNA, coding

sequence from cDNA. In the case of CCEP-135, the longest isoform, isoform a, was cloned. All

constructs described above were assembled by Gibson assembly [85]. Strains co-expressing

endogenously GFP-tagged SPD-5/PLK-1 and GFP nanobody-TurboID expressed under the

different tissue-specific promoters, as well strains co-expressing GFP:CCEP-97/ CCEP-135

and TBG-1:mCherry, were constructed by mating. The genotypes of all strains used are listed

in the Reagents and Tools Table (Table 1). All strains were maintained at 23˚C.

Method details

Sequence analysis and 3D structure predictions. Vertebrate orthologs of uncharacter-

ized proteins in our datasets were identified by reciprocal BLAST analysis using the C. elegans
protein as the starting point. Where direct comparisons failed to identify a clear homolog,

indirect searches were performed using less divergent related species as intermediates. Multi-

ple sequence alignments were generated using MUSCLE within Jalview (http://www.jalview.

org), while phylogenetic trees were constructed also in Jalview by neighbor joining using the

BLOSUM62 matrix. 3D structure predictions of monomeric proteins were obtained from the

AlphaFold database [73]. Prediction of homodimeric assemblies of Cep135 homologs was per-

formed with AlphaFold-multimer [86]. Molecular graphics of the structures were created

using UCSF ChimeraX [87].

Live imaging. For the experiments presented in S3C and S4C Figs, embryos were dis-

sected in M9, mounted on agarose pads and filmed on a Yokogawa CSU X1 spinning disk con-

focal mounted on a Zeiss Axio Observer Z1 inverted microscope equipped with a 63x 1.4NA

Plan Apochromat objective, 120mW 405nm and 100mW 488nm and 561nm solid-state lasers,

2D-VisiFRAP Galvo FRAP module, Photometrics CoolSNAP-HQ2 cooled CCD and Hama-

matsu ImagEM X2 EM-CCD cameras and controlled by VisiView software (Visitron Systems).

Images were acquired using the EM-CCD camera with no binning. Image stacks were

imported into Fiji for post-acquisition processing, with single planes selected for panel

presentation.

Immunofluorescence and fixed imaging. Immunofluorescence experiments were per-

formed as previously described [88] using affinity-purified antibodies to GFP, SPD-5, TAC-1

and HA, as well as fluorescently labeled streptavidin to detect biotinylated proteins. C. elegans
embryos and L1 larvae were permeabilized by freeze-crack, fixed in −20˚C methanol for

20min, rehydrated in PBS, blocked in AbDil (PBS, 2% BSA, 0.1% Triton X-100) for 20min,

incubated with 5μg/ml Streptavidin-Alexa Fluor 647 and directly labeled or unlabeled primary

antibodies at 1μg/ml in AbDil for 2h (for mouse anti-HA.11 overnight at 4˚C), washed 3x in

PBST (PBS 0.1% Triton X-100), incubated with secondary antibodies at 7.5μg/ml in AbDil for
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Table 1. Reagents and tools table.

Reagent/Resource Reference or Source Identifier or Catalog Number

Experimental Models

C. elegans: Strain DAM280: vieSi13[pAD367; Pccep-97::gfp::ccep-97cDNA::ccep-97 3’UTR;
cb unc-119(+)] II; unc-119(ed3) III

This study DAM280

C. elegans: Strain DAM1075: spd-5(vie26[gfp::spd-5 +loxP]) I [10] DAM1075

C. elegans: Strain DAM1210: unc-119(ed3) III; vieSi132[pAD801; Posm-6::TurboID::gfp::

spd-5reencoded::spd-5 3’UTR; cb unc-119(+)] V
This study DAM1210

C. elegans: Strain DAM1224: vieSi135[pAD773; Pspd-5::gfp::TurboID::spd-5 3’UTR; cb unc-
119(+)] II; unc-119(ed3) III

This study DAM1224

C. elegans: Strain DAM1235: vieSi145[pAD846; Posm-6::TurboID::gfp::spd-5 3’UTR; cb unc-
119(+)] II; unc-119(ed3) III

This study DAM1235

C. elegans: Strain DAM1264: vieSi136[pAD847; Pspd-5::gfp::TurboID::spd-5reencoded::spd-5
3’UTR; cb unc-119(+)] II; unc-119(ed3) III

This study DAM1264

C. elegans: Strain DAM1281: spd-5(vie26[gfp::spd-5 +loxP]) I; vieSi142[pAD861; Ppie-1::

vhhGFP4::HA::TurboID::operon-linker::mCherry::his-11::tbb-2 3’UTR; cb unc-119(+)] II;
unc-119(ed3) III?

This study, [45] DAM1281

C. elegans: Strain DAM1284: vieSi142[pAD861; Ppie-1::vhhGFP4::HA::TurboID::operon-
linker::mCherry::his-11::tbb-2 3’UTR; cb unc-119(+)] II; unc-119(ed3) III

This study DAM1284

C. elegans: Strain DAM1310: vieSi142[pAD861; Ppie-1::vhhGFP4::HA::TurboID::operon-
linker::mCherry::his-11::tbb-2 3’UTR; cb unc-119(+)] II; plk-1(lt17[plk-1:: superfoldergfp
+loxP]) III

This study, [81] DAM1310

C. elegans: Strain DAM1312: vieSi147[pAD887; Pnos-2::vhhGFP4::HA::TurboID::nos-2
3’UTR; cb unc-119(+)]; unc-119(ed3) III

This study DAM1312

C. elegans: Strain DAM1320: vieSi148[pAD888; Pehn-3a::vhhGFP4::HA::TurboID::ehn-3
3’UTR; cb unc-119(+)]; unc-119(ed3) III

This study DAM1320

C. elegans: Strain DAM1321: spd-5(vie26[gfp::spd-5 +loxP]) I; vieSi147[pAD887; Pnos-2::

vhhGFP4::HA::TurboID::nos-2 3’UTR; cb unc-119(+)] III; unc-119(ed3) III?
This study, [45] DAM1321

C. elegans: Strain DAM1327: vieSi152[pAD886; Posm-6::vhhGFP4::HA::TurboID::tbb-2
3’UTR; cb unc-119(+)] II; unc-119(ed3) III

This study DAM1327

C. elegans: Strain DAM1329: vieSi154[pAD895; Pplk-1::gfp::TurboID::plk-1::plk-1 3’UTR; cb
unc-119(+)] II; unc-119(ed3) III

This study DAM1329

C. elegans: Strain DAM1330: vieSi155[pAD896; Pplk-1::gfp::TurboID::plk-1 3’UTR; cb unc-
119(+)] II; unc-119(ed3) III

This study DAM1330

C. elegans: Strain DAM1333: spd-5(vie26[gfp::spd-5 +loxP]) I; vieSi152[pAD886; Posm-6::

vhhGFP4::HA::TurboID::tbb-2 3’UTR; cb unc-119(+)] II; unc-119(ed3) III?
This study, [45] DAM1333

C. elegans: Strain DAM1335: spd-5(vie26[gfp::spd-5 +loxP]) I; vieSi148[pAD888; Pehn-3a::

vhhGFP4::HA::TurboID::ehn-3 3’UTR; cb unc-119(+)] III; unc-119(ed3) III?
This study, [45] DAM1335

C. elegans: Strain DAM1337: vieSi157[pAD933; Pccep-135::gfp::ccep-135 cDNA::ccep-135
3’UTR; cb unc-119(+)] II; unc-119(ed3) III

This study DAM1337

C. elegans: Strain DAM1348: ltSi569[pOD1110; CEOP3608 tbg-1::mCherry; cb-unc-119(+)]
I; vieSi13[pAD367; Pccep-97::gfp::ccep-97 cDNA::ccep-97 3’UTR; cb unc-119(+)] II; unc-119
(ed3) III?

This study, [82] DAM1348

C. elegans: Strain DAM1349: ltSi569[pOD1110; CEOP3608 tbg-1::mCherry; cb-unc-119(+)]
I; vieSi157[pAD933; Pccep-135::gfp::ccep-135 cDNA::ccep-135 3’UTR; cb unc-119(+)] II; unc-
119(ed3) III?

This study, [82] DAM1349

C. elegans: Strain EG6249: ttTi5605 II; unc-119(ed3) III [26] EG6249

C. elegans: Strain EG8079: oxTi179 II; unc-119(ed3) III [95] EG8079

C. elegans: Strain N2: C. elegans wild-type (ancestral) Caenorhabditis Genetics

Center

N2

C. elegans: Strain OD2425: plk-1(lt17[plk-1:: superfoldergfp +loxP]) III [81] OD2425

Recombinant DNA

Mos Co-injection marker pCFJ104—Pmyo-3::mCherry::unc-54 [26] Addgene Plasmid # 19328

Mos Co-injection marker pCFJ90—Pmyo-2::mCherry::unc-54utr [26] Addgene Plasmid # 19327

Mos Co-injection marker pGH8—pRAB-3::mCherry::unc-54utr [26] Addgene Plasmid # 19359

(Continued)
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Table 1. (Continued)

Reagent/Resource Reference or Source Identifier or Catalog Number

Mos Negative selection marker pMA122—Phsp-16.41::peel-1::tbb-2utr [96] Addgene Plasmid # 34873

Mos vector pCFJ151 [26] Addgene Plasmid # 19330

Antibodies

Donkey anti-Goat IgG (H+L) Cy2 Jackson

ImmunoResearch

Cat# 705-225-147; RRID: AB_2307341

Donkey anti-mouse IgG (H+L) Cy3 Jackson

ImmunoResearch

Cat# 715-165-150; RRID: AB_2340813

Goat polyclonal anti-GFP [39] N/A

Mouse monoclonal anti-HA.11 (16B12) Covance Cat# MMS-101R; RRID: AB_291262

Rabbit polyclonal anti-ceSPD-5 [39] N/A

Rabbit polyclonal anti-ceTAC-1 [97] N/A

Oligonucleotides and other sequence-based reagents

ccep-97(R02F11.4) dsRNA: 1.5mg/ml, amplified from N2 cDNA; forward primer:

AATTAACCCTCACTAAAGGCAGACGATAAGCTTGGCTGA

This study AD532

ccep-97 reverse primer:

TAATACGACTCACTATAGGCTAGCCGATCGTTGATAGCC

This study AD533

ccep-135(H06I04.1) dsRNA: 2.0mg/ml, amplified from N2 cDNA; forward primer:

TAATACGACTCACTATAGGATTTCTAAAAATCCCATCAA

This study AD3144

ccep-135 reverse primer:

AATTAACCCTCACTAAAGGCTGTTCCCCTCAACATCTTC

This study AD3146

spd-5(F56A3.4) dsRNA: 2.3mg/ml, amplified from N2 genomic DNA; forward primer:

AATTAACCCTCACTAAAGGTGTCGCAACCAGTTCTGAAT

This study AD548

spd-5 reverse primer:

TAATACGACTCACTATAGGATGGAGGCAAATTGTTGCTG

This study AD549

Chemicals, Enzymes and other reagents

Ammonium bicarbonate Sigma-Aldrich Cat# 09830; CAS 1066-33-7

cOmplete Mini EDTA-free Protease Inhibitor Cocktail Roche Cat# 11836170001

Dithiothreitol (DTT) Roche Cat# 10197777001; CAS# 3483-12-3

Hoechst 33342 Sigma-Aldrich Cat# B2261; CAS: 875756-97-1

Iodoacetamide Sigma Aldrich Cat# I1149-25G; CAS# 144-48-9

Pierce Streptavidin Magnetic Beads Thermo Fisher Scientific Cat# S88816

Pierce Sulfo-NHS-Acetate Thermo Fisher Scientific Cat# 26777

Streptavidin, Alexa Fluor 647 Thermo Fisher Scientific Cat# S21374

Trypsin Gold Promega Cat# V5280

Vectashield Mounting Medium Vector Labs Cat# H-1000

Zeba Spin Desalting Columns, 7K MWCO, 10 mL Thermo Fisher Scientific Cat# 89894

Software

AlphaFold Multimer Colab [73, 86] https://colab.research.google.com/github/

deepmind/alphafold/blob/main/notebooks/

AlphaFold.ipynb

Cassiopeia LFQ Max Perutz Labs Mass

Spectrometry Facility

https://github.com/moritzmadern/

Cassiopeia_LFQ

FAIMS MzXML Generator Coon Group, University

of Wisconsin, Madison

https://github.com/coongroup/

FAIMS-MzXML-Generator

Fiji v 2.0.0 NIH https://imagej.net/software/fiji/

GraphPad Prism 6 GraphPad https://www.graphpad.com/scientific-

software/prism/

Jalview v 2.11.1.4 [98] http://www.jalview.org

MaxQuant v 1.6.17.0 [92] https://www.maxquant.org

R v 4.0.2 The R Foundation https://www.r-project.org

https://doi.org/10.1371/journal.pgen.1010150.t001
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1h followed by Hoechst 33342 at 1μg/ml in PBS for 5min, washed in PBST and mounted in

Vectashield. 3D widefield datasets were acquired using a 100x 1.4NA Uplan S Apochromat

objective on a DeltaVision 2 Ultra microscope equipped with 7-Color SSI module and sCMOS

camera and controlled by Acquire Ultra acquisition software (GE Healthcare), computation-

ally deconvolved using the enhanced ratio constrained iterative deconvolution algorithm, and

maximum-intensity projected before being imported into Photoshop (Adobe) for panel prepa-

ration. No nonlinear gamma corrections were performed during image processing.

Fluorescence recovery after photobleaching. To examine the dynamics of PLK-1 at cen-

trosomes in early embryos, adult worms were dissected in meiosis medium (60% Leibowitz L-

15 media, 25mM HEPES pH7.4, 0.5% Inulin, 20% heat-inactivated fetal bovine serum) and

embryos filmed without compression [89] on the spinning disk confocal microscope described

above. Low laser illumination (max power of 0.32mW) was used to minimize photobleaching.

Embryos in the first mitotic division were followed from early prophase, with 6x0.5μm z-series

acquired using the EM-CCD camera without binning at irregular intervals. Photobleaching

was performed in prometaphase using the galvanometer point scanner to target a region

encompassing the centrosome with the 405nm laser at 10mW power and embryos imaged

until completion of cytokinesis. Embryos were analyzed only if centrosome signal was

completely eliminated throughout the entire z-volume.

TurboID-based enzymatic protein labeling and extraction of biotinylated proteins from

C. elegans embryos. Gravid adult C. elegans cultivated in a 500ml liquid culture [90] were

bleached to harvest embryos. Embryos were washed 3x with cold M9 followed by 1 wash with

lysis buffer H100 (50mM HEPES pH7.4, 1mM EGTA, 1mM MgCl2, 100mM KCl, 10% Glyc-

erol, 0.05% NP-40) before pelleting at 800g for 2min at 4˚C. Embryos were then resuspended

with lysis buffer supplemented with Roche cOmplete Mini EDTA-free Protease-Inhibitor-

Cocktail (1 tablet/10ml lysis buffer), 1mM PMSF, 1mM Benzamidine at a ratio of 1:4 packed

embryos to buffer and split into three replicate samples. Embryos in each sample were then

lysed by tip sonication (30% continuous output, Bandelin Sonopuls GM70) with three pulses

for 15s with brief cooling on ice between pulses. Lysates were clarified by two brief spins at

200g for 3min at 4˚C in a benchtop centrifuge before pelleting insoluble cellular material

including centrosomes by centrifugation at 20000g for 30min. Pellets were resuspended by

boiling in 60μl 2% SDS in PBS containing 1% beta-Mercaptoethanol for 30min with multiple

vortexing steps in between. 9 volumes of PBS and 1 volume 20% Triton X-100 in PBS were

then added and samples sonicated three times for 30s (60% output at 1 pulse/s). Another 9 vol-

umes of PBS were then added and samples sonicated for another 30s as before centrifuging at

20000g for 30min at 4˚C and recovering the supernatant. Pierce Streptavidin-coated magnetic

beads (150μl bead slurry per sample) were equilibrated with PBS containing 0.1% SDS before

incubating with solubilized cytoskeletal fractions on a rotator overnight at 4˚C. Unbound

lysate was then removed and beads washed for 8min each on a rotator at room temperature,

first with 2% SDS in ddH2O, then 0.1% deoxycholic acid, 1% Triton X-100, 1mM EDTA,

500mM NaCl and 50mM HEPES pH7.5, and finally 0.5% deoxycholic acid, 0.5% NP-40, 1mM

EDTA, 500mM LiCl and 10mM Tris pH7.5. Beads were then washed 5x for 3min with 50mM

Tris pH7.4 before being sent for on-bead protein digestion and mass spectrometry analysis.

TurboID-based enzymatic protein labeling and extraction of biotinylated proteins from

C. elegans L1 larvae. Gravid adult C. elegans cultivated in a 500ml liquid culture [90] were

bleached to harvest embryos and those embryos allowed to hatch overnight by shaking in M9

buffer without food at 22˚C to obtain a synchronous culture arrested at L1 stage. For the last

2h E. coli OP50.1 (800μl bacterial slurry/50ml M9) and 1mM biotin were added to stimulate

centrosome assembly and biotin incorporation [20]. L1 larvae were then washed three times

with ice-cold M9 and allowed to settle on ice after the last wash in order to aspirate off the
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supernatant. Two volumes of RIPA buffer (1% Triton X-100, 1mM EDTA, 0.5% sodium deox-

ycholate, 0.1% SDS, 150mM NaCl, 50mM Tris-HCl pH7.4) supplemented with 1mM PMSF

and Roche cOmplete Mini EDTA-free Protease-Inhibitor-Cocktail (1 tablet/25ml lysis buffer)

were added to one volume of packed worms. L1 larvae were again allowed to settle on ice and

added dropwise to liquid nitrogen to obtain frozen worm ‘popcorn’, which were ground to a

fine powder using a SPEX 6875 cryogenic mill (Settings: 5 cycles, 1min pre-cool, 2min run-

time, 1min cool-time; 12 cps) and stored at -80˚C. Worm powder was thawed in a 50ml coni-

cal tube on a tube roller at 4˚C and the sample collected at the bottom of the tube by a brief

spin at 200g for 1min at 4˚C. SDS and DTT were then added to a final concentration of 1%

and 10mM, respectively. Tubes were gently inverted several times and the sample split into

three 2ml microcentrifuge tubes which were immediately incubated at 90˚C for 5min. After

boiling, samples were sonicated by tip sonication (20% continuous output, Bandelin Sonopuls

GM70) with 2 pulses of 1min with brief cooling between pulses. Samples were then adjusted to

2M urea using a stock solution of 8M urea, 1% SDS, 50mM Tris-HCl pH7.4, 150mM NaCl)

and centrifuged at 100000g for 45min at 22˚C. The clear supernatant between pellet and sur-

face lipid layer was transferred to a new tube. Zeba spin desalting columns (7K MWCO)

(Thermofisher) were equilibrated three times with 5ml RIPA buffer containing 1% SDS, 2M

urea and protease inhibitors as above by centrifugation at 1000g for 5min. In order to remove

free biotin, clarified samples were loaded twice onto equilibrated columns and desalted by cen-

trifugation (1000g, 5min) to remove free biotin.

Pierce Streptavidin magnetic beads (150μl bead slurry per sample) were equilibrated with

50mM HEPES-NaOH pH7.8 containing 0.2% Tween-20 by washing them three times with the

buffer. A mixture of 190μl 50mM HEPES-NaOH pH7.8 containing 0.2% Tween-20 and 10μl

100mM Pierce Sulfo-NHS-Acetate (dissolved in DMSO) was used to acetylate free amines on

streptavidin beads by incubation at room temperature for 1h (see also https://dx.doi.org/10.

17504/protocols.io.b3sqqndw). Beads were then washed three times with 50mM NH₄HCO₃
containing 0.2% Tween-20 before adding the desalted and clarified sample solution and incu-

bating on a rotator overnight at room temperature. Following incubation, unbound lysate was

removed and beads washed twice with 150mM NaCl, 1mM EDTA, 2% SDS, 50mM Tris-HCl,

pH7.4, once with 1X TBS pH7.4, twice with 1M KCl, 1mM EDTA, 50mM Tris-HCl, 0.1%

Tween-20, pH7.4, twice with 0.1M Na2CO3, 0.1% Tween-20, pH11.5, twice with 2M urea,

10mM Tris-HCl, 0.1% Tween-20, pH8.0 and finally five times with 1X TBS. Beads were then

resuspended in 1X TBS buffer and sent for on-bead protein digestion and mass spectrometry

analysis.

Sample preparation for mass spectrometry analysis. Beads were resuspended in 50μl

1M urea and 50mM ammonium bicarbonate. Disulfide bonds were reduced with 2μl of

250mM dithiothreitol (DTT) for 30min at room temperature before adding 2μl of 500mM

iodoacetamide and incubating for 30min at room temperature in the dark. Remaining iodoa-

cetamide was quenched with 1μl of 250mM DTT for 10min. Proteins were digested with

300ng trypsin (Trypsin Gold, Promega) in 3μl 50mM ammonium bicarbonate followed by

incubation at 37˚C overnight. The supernatant without beads was transferred to a new tube,

the digest stopped by addition of trifluoroacetic acid (TFA) to a final concentration of 0.5%

and the peptides desalted using C18 Stagetips [91].

Liquid chromatography separation coupled to mass spectrometry. Peptides were sepa-

rated on an Ultimate 3000 RSLC nano-flow chromatography system (Thermo-Fisher), using a

pre-column for sample loading (Acclaim PepMap C18, 2cm × 0.1mm, 5μm, Thermo-Fisher),

and a C18 analytical column (Acclaim PepMap C18, 50cm × 0.75mm, 2μm, Thermo-Fisher),

applying a segmented linear gradient from 2% to 35% and finally 80% solvent B (80% acetoni-

trile, 0.1% formic acid; solvent A 0.1% formic acid) at a flow rate of 230nL/min over 120min.
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The peptides eluted from the nano-LC were analyzed by mass spectrometry as described

below.

For SPD-5 embryo samples, a Q Exactive HF-X Orbitrap mass spectrometer (Thermo Fisher)

coupled to the column with a nano-spray ion-source using coated emitter tips (PepSep, MSWil),

was used with the following settings: The mass spectrometer was operated in data-dependent

acquisition mode (DDA), survey scans were obtained in a mass range of 375-1500m/z with lock

mass activated, at a resolution of 120k at 200m/z and an AGC target value of 3E6. The 12 most

intense ions were selected with an isolation width of 1.4m/z, fragmented in the HCD cell at 28%

collision energy and the spectra recorded for max. 200ms at a target value of 1E5 and a resolution

of 30k. Peptides with a charge of +2 to +6 were included for fragmentation, the peptide match

and the exclude isotopes features enabled, and selected precursors were dynamically excluded

from repeated sampling for 30s. Raw data were directly used for further analysis.

For all other samples, an Exploris 480 Orbitrap mass spectrometer (Thermo Fisher) cou-

pled to the column with a FAIMS pro ion-source (Thermo-Fisher) using coated emitter tips

(PepSep, MSWil), was used with the following settings: The mass spectrometer was operated

in DDA mode with two FAIMS compensation voltages (CV) set to -45 or -60 and 1.5s cycle

time per CV. The survey scans were obtained in a mass range of 350-1200m/z, at a resolution

of 60k at 200m/z and a normalized AGC target at 100%. The most intense ions were selected

with an isolation width of 1.0m/z, fragmented in the HCD cell at 28% collision energy and the

spectra recorded for max. 100ms at a normalized AGC target of 100% and a resolution of 15k.

Peptides with a charge of +2 to +6 were included for fragmentation, the peptide match feature

was set to preferred, the exclude isotope feature was enabled, and selected precursors were

dynamically excluded from repeated sampling for 45s. Raw data were split for each CV and

converted to mzxml-format using freely available software (https://github.com/coongroup/

FAIMS-MzXML-Generator) for further analysis.

Quantification and statistical analysis

Image analysis. Quantification of centrosomal PLK-1 signal was performed in Fiji. GFP

signal was measured on single planes at each time point. Two variable size concentric regions

were drawn around the centrosome, a smaller one encompassing the centrosome and a larger

one including the surrounding cytoplasm as background. The integrated GFP intensity was

then calculated by subtracting the mean fluorescence intensity in the area between the two

boxes (mean background) from the mean intensity in the smaller box and multiplying by the

area of the smaller box. Measurements taken after photobleaching were normalized to the

mean intensity of measurements shortly before photobleaching. GraphPad Prism was then

used to fit the data to the exponential equation Y = A�(1-exp(-k�X))+B where A is the mobile

fraction, B is the background left after the bleach, and the half life t1/2 = ln(0.5)/-k. R2 values

are the correlation coefficient obtained by fitting experimental data to the model. Data points

on the graphs are the mean of the normalized GFP intensity measurements.

Mass spectrometry database search and analysis. MS data were analyzed using the Max-

Quant software package [92] and the Uniprot Caenorhabditis elegans reference proteome

(www.uniprot.org), as well as a database of most common contaminants. The search was per-

formed with full trypsin specificity and a maximum of two missed cleavages at a protein and

peptide spectrum match false discovery rate of 1%. Carbamidomethylation of cysteine residues

were set as fixed, oxidation of methionine and N-terminal acetylation as variable modifica-

tions. For label-free quantification the “match between runs” feature and the LFQ normaliza-

tion function were activated—all other parameters were left at default. MaxQuant output

tables were further processed in R (The R Foundation) using a script developed in-house
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(https://github.com/moritzmadern/Cassiopeia_LFQ). Reverse database identifications, con-

taminant proteins, protein groups identified only by a modified peptide, protein groups with

less than two quantitative values in one experimental group, and protein groups with less than

2 razor peptides were removed from further analysis.

The analysis of differential abundance in mass spectrometry-based proteomics data sets

requires the application of missing value imputation where a particular protein of interest is

missing in one or more replicates [93]. For the data presented in the figures we decided to per-

form deterministic lowest of detection (LOD) within Microsoft Excel for the comparison of

different runs of mass spectrometry. LOD uses the lowest measured LFQ value within a run to

fill in missing LFQ values after filtering out contaminants and proteins with less than two

razor and unique peptides [94]. A common alternative approach presented in the Supplemen-

tal tables (S1 and S2 Tables) is random drawing from a left-censored normal distribution (ND)

in logarithmic space, which we performed in R. For this, missing values were replaced by ran-

domly drawing data points from a normal distribution modeled on the whole dataset (data

mean shifted by -1.8 standard deviations, width of distribution of 0.3 standard deviations).

While the latter approach is often appropriate when comparing e.g. two treatment conditions,

in our case we noted that centrosomal proteins frequently were absent in one or all control

samples but also not highly abundant in the experimental samples, likely because of their

restricted spatial distribution and low abundance within the cell. Application of ND imputa-

tion consequently led to misleading variations in protein abundance with less clear separation

of likely proximity interactors from apparent contaminants, while also frequently inverting

sample enrichment ratios between hits. In contrast, we found LOD resulted in a more accurate

representation of sample enrichment and this approach was used in our data presentations. In

essentially all cases, however, likely proximity interactors passed the significance threshold

with both methods of imputation. These were defined as a log2 fold change of>1 and a p-

value in an unpaired t-test of<0.05. GraphPad Prism was used to prepare bar graphs, volcano

and MA plots using LFQ values imported from Microsoft Excel.

Supporting information

S1 Fig. The GFP nanobody:TurboID tag. (A) Schematic of the indirect TurboID construct

developed in this study. A GFP nanobody:HA:TurboID cassette is expressed under a ubiqui-

tous or tissue/cell-specific promoter and 3’ regulatory sequences. The vector backbone is based

on pCFJ151 for Mos1 transposon-mediated integration at a defined chromosomal locus [26],

sites for which have been established on all five autosomes in C. elegans [95]. (B) DNA

sequence of the GFP nanobody:HA:TurboID cassette and conceptual translation. (C) Promot-

ers for ubiquitous, tissue/cell-specific and inducible expression in C. elegans, selected for the

low expression required for TurboID. Promoters in bold have been used and validated in this

study. For inducible expression, a strategy such as using FLP-recombinase under the control

of the Phsp-16.48 heat shock promoter to excise a repressive “off-element” [99] avoids the vari-

ability and overexpression associated with the use of the heat-shock promoter alone and addi-

tionally confers the potential for tissue-specific inducible expression not explored in this study.

(TIF)

S2 Fig. Tissue-specific labeling using direct TurboID and further data on TurboID experi-

ments. (A) Direct TurboID applied to SPD-5 in ciliated neurons. Immunofluorescence micro-

graph of head of L1 larva from strain expressing TurboID:GFP:SPD-5 under the ciliated

neuron-specific promoter osm-6 stained for GFP, biotin (streptavidin) and TAC-1 as a PCM

countermarker. Biotinylation signal is observed at the ciliary base coincident with GFP:SPD-5/

TAC-1 signal. (B) Result of LC-MS/MS analysis for direct TurboID on SPD-5 in ciliated
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neurons. Volcano plot of -log10 p-values against log2 fold change (sample/control). Signifi-

cantly enriched proteins (Log2 enrichment >1, p-value <0.05) are indicated in pink, with

selected proteins highlighted. Comparison with indirect TurboID presented in Fig 3C. See also

S1 Table. (C-H) Volcano plots of average log2 LFQ intensity (sample) against log2 fold change

(sample/control) for direct (C, D) and indirect (E, F) TurboID on SPD-5 and PLK-1 in

embryos, direct TurboID on SPD-5 in ciliated neurons (G) and indirect TurboID on SPD-5 in

germ cell precursors (H). Significantly enriched proteins (Log2 enrichment >1, p-value

<0.05) are indicated in pink, with selected proximity interactors highlighted. Note that inter-

actors are present at much lower levels in the sample compared to endogenously biotinylated

proteins, highlighting the importance of proper sample normalization. Scale bar in A is 10μm.

(TIF)

S3 Fig. R02F11.4/CCEP-97 as a putative ortholog of Cep97. (A, B) Multiple sequence align-

ment (A) and neighbor joining phylogenetic tree (B) of selected Cep97 orthologs. Accession

numbers are provided in S2 Table. Note that tree largely reflects pattern of evolutionary diver-

gence. (C) Endogenous promoter GFP fusion of CCEP-97 does not localize to the mitotic cen-

trosome in the early embryo or the non-centrosomal microtubule-organizing center in the

intestinal primordium of bean-stage embryos (~360min after fertilization), both marked by

TBG-1:mCherry. GFP images scaled to centrosomal signal at germ cell precursors in L1 stage

larvae. Scale bar in C is 10μm.

(TIF)

S4 Fig. H06I04.1/CCEP-135 as a putative ortholog of Cep135/BLD10. (A, B) Multiple

sequence alignment (A) and neighbor joining phylogenetic tree (B) of selected Cep135 ortho-

logs. Accession numbers are provided in S2 Table. Note that tree largely reflects pattern of evo-

lutionary divergence. (C) Endogenous promoter GFP fusion of CCEP-135 does not localize to

the mitotic centrosome in the early embryo or the non-centrosomal microtubule-organizing

center in the intestinal primordium of bean-stage embryos (~360min after fertilization), both

marked by TBG-1:mCherry. GFP images scaled to centrosomal signal at ciliary base in L1

stage larvae. Scale bar in C is 10μm.

(TIF)

S1 Table. Mass spectrometry data. Complete list of proteins identified by mass spectrometry

in each direct/indirect TurboID run, including corresponding controls. Only the most relevant

data rows and columns are displayed by default. The full processed MS data including

excluded peptide groups, spectral counts and differential abundance analysis using missing

value imputation by random drawing from a left-censored normal distribution (ND) can be

found by expanding the collapsed rows and columns. In addition, the raw proteomics data

have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository

(http://www.ebi.ac.uk/pride, [100]) with the dataset identifier PXD031970.

(XLSX)

S2 Table. List of Cep97/Cep135 orthologs. GenBank accession numbers for Cep97/Cep135

orthologs presented in Figs 4, S3 and S4.

(XLSX)
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