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ABSTRACT

PIWI-interacting RNAs (piRNAs) are small RNAs that play a conserved
role in genome defense. The piRNA processing pathway is dependent
on the sequestration of RNA precursors and protein factors in specific
subcellular compartments. Therefore, a highly resolved spatial
proteomics approach can help identify the local interactions and
elucidate the unknown aspects of piRNA biogenesis. Herein, we
performed TurbolD proximity labeling to investigate the interactome of
Zucchini (Zuc), a key factor of piRNA biogenesis in germline cells and
somatic follicle cells of the Drosophila ovary. Quantitative mass
spectrometry analysis of biotinylated proteins defined the Zuc-
proximal proteome, including the well-known partners of Zuc. Many of
these were enriched in the outer mitochondrial membrane (OMM),
where Zuc was specifically localized. The proximal proteome of Zuc
showed a distinct set of proteins compared with that of Tom20, a
representative OMM protein, indicating that chaperone function-related
and endomembrane system/vesicle transport proteins are previously
unreported interacting partners of Zuc. The functional relevance of
several candidates in piRNA biogenesis was validated by derepression
of transposable elements after knockdown. Our results present potential
Zuc-interacting proteins, suggesting unrecognized biological processes.
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INTRODUCTION

PIWI-interacting RNAs (piRNAs) are small RNAs (24-31
nucleotides in length) that play a conserved role in maintaining
the genome integrity by silencing transposable elements (Czech
etal., 2018; Huang et al., 2017; Iwasaki et al., 2015). It is one of the
three major classes of small RNAs that are loaded onto the
Argonaute (Ago) family proteins and guide target repression
(Hutvagner and Simard, 2008; Ozata et al., 2019). While miRNA
and siRNA, the other two classes of small RNAs, and their partner
Ago proteins are ubiquitously expressed, piRNAs and PIWI clade
Ago proteins are predominantly expressed in animal gonads where
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they defend the germline genome (Hock and Meister, 2008; Ozata
et al., 2019). In addition to their classic role in silencing selfish
genetic elements, piRNAs have recently been shown to regulate
mRNA expression and it is further suggested that they are
implicated in various diseases, including cancer (Liu et al., 2019;
Wang and Lin, 2021).

piRNAs are processed from long precursor RNAs that are
transcribed from genomic loci harboring transposable element
sequences (Watanabe and Lin, 2014). The piRNA precursors are
transported from the nucleus to specialized cytoplasmic
compartments, such as nuage (germline cells), Yb body (somatic
follicle cells) and the mitochondrial outer membrane, in which the
piRNA processing machinery is enriched (Ge et al., 2019; Munafo
etal.,2019; Qietal.,2011; Saito etal., 2010; Voronina et al., 2011).
Whereas miRNA and siRNA are processed from double-stranded
RNA precursors that have signatures of secondary structure and
sequence motifs recognized by the specific endonuclease, Dicer,
piRNA single-stranded precursors do not share prominent features
(Le Thomas et al., 2014). Hence, the underlying mechanism of
precursor selection for piRNA processing remains largely unsolved,
and proper localization of precursors in the processing centers has
been proposed to be crucial for initiating the production of mature
piRNAs. The artificial tethering of a reporter RNA to the
components of the nuage or Yb body leads to its processing
(Pandey et al., 2017; Rogers et al., 2017).

PiRNA processing is mediated by two representative pathways:
Zucchini (Zuc)-mediated processing and ping-pong processing
(Aravin et al., 2007). Zuc is an endonuclease localized on the outer
membrane of the mitochondria (Pane et al., 2007; Saito et al., 2010).
It mediates the cleavage of precursors to generate the phased pattern
of piRNAs, simultaneously defining the 3’-end of an upstream
region and 5’-end of a downstream region (Ding and Chen, 2020;
Huang et al., 2017; Malone et al., 2009). Reciprocal cleavage by
Aub and Ago3 generates mature piRNAs through the ping-pong
loop in nuage, which is the perinuclear electron-dense structure
(Brennecke et al., 2007; Gunawardane et al., 2007). In the ping-
pong pathway, the slicing of the transposon RNA guided by
complementary piRNA provides substrates for additional piRNA
production, which enables the amplification of piRNAs that target
active transposons (Czech and Hannon, 2016; Shpiz et al., 2014).
Each piRNA processing pathway is strongly dependent on protein
factors enriched in specific subcellular compartments, as was
observed in the splicing or rRNA maturation pathways (Huang
etal., 2017; Lim and Kai, 2007; Ma et al., 2009; Saito et al., 2010).
Therefore, a localization-based approach can help elucidate the
unknown aspects of piRNA biogenesis.

The proximity labeling method sheds light on protein interaction
networks based on spatially resolved proteome mapping. Existing
biochemical methods to investigate protein-protein interactions
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(PPIs) are advantageous only for studying stable protein interactions
that can resist the harsh conditions required for protein complex
purification, or valid only under experimentally reconstituted
conditions (Mehla et al, 2017; ten Have et al., 2011).
Microscopy-based imaging methods have also been used to
address PPIs based on colocalization under a wide range of
resolutions; however, these methods can simultaneously analyze
only a handful of proteins and are impractical as high-throughput
large-scale discovery methods. The development of proximity
labeling methods enables a systemic approach in vivo for PPIs
through the spatial mapping of proteins (Choi-Rhee et al., 2004; Qin
et al., 2021; Roux et al., 2012). In these methods, the engineered
enzyme fused to the target protein generates reactive molecules,
most commonly biotin, that covalently and selectively label
proximate proteins. The short-lived reactive molecules are quickly
quenched, which allows the labeling of proteins within a radius of
~10-20 nm. Biotinylated proteins were isolated and further
identified using mass spectrometry. /n vivo labeling can detect not
only weak and transient interactions, but also physiological
associations, while maintaining intact subcellular structures and
protein complex integrity (Nguyen et al., 2020). The proximity
labeling method BioID uses a promiscuous R118G mutant of BirA,
biotin ligase, which requires ATP and biotin to produce the reactive
biotin-AMP that acts on the primary amines (e.g. lysine side chains)
of proximate proteins (Varnaité and MacNeill, 2016). APEX, an
engineered ascorbate peroxidase, oxidizes biotin-phenol to
phenoxyl radicals in the presence of H,O,, which reacts with the
electron-dense side chains of amino acids (e.g. tyrosine) (Rhee
et al., 2013). Both have been widely used for PPI studies; however,
each has a different drawback. APEX-based proximity labeling
requires H,O,, which can be cytotoxic, and the BioID labeling rate
is slow compared with the robust enzyme kinetics of APEX (Qin
et al., 2021). Recently, TurbolD, a modified version of BiolD, was
developed by screening BirA variants generated from directed
evolution, enabling non-toxic proximity labeling within 10 min
(Branon et al., 2018). Moreover, TurboID efficiently induced
biotinylation in worms and flies, in contrast to BiolD, which has low
catalytic activity; therefore, TurboID could possibly be applied to a
wide range of in vivo proximity labeling (Baker et al., 2021; Branon
et al., 2018; Ugkun et al., 2021; Zhang et al., 2021).

Here, we attempted proximity labeling in Drosophila ovaries to
investigate the interactome of Zuc. We induced the biotinylation of
proteins in the vicinity of Zuc using TurboID and identified the
biotinylated proteins using highly sensitive mass spectrometry.
Through quantitative analysis, Zuc-proximal proteins were
identified in the germline and follicle cells of the ovary tissue,
including well-known interactors of Zuc in piRNA biogenesis.
Interestingly, protein folding, membrane organization and vesicle-
trafficking-related proteins were found to be previously unreported
interactors of Zuc. We also validated the implications of several
candidates in the regulation of transposable elements, which
suggests their functional relationship with Zuc-mediated piRNA
biogenesis. This study showed that proximity labeling could be a
valuable tool for the discovery of interacting proteins.

RESULTS

Proximity labeling of a piRNA processing factor, Zuc, in
Drosophila ovary

Zuc, a key factor in piRNA processing in Drosophila, functions as
an endonuclease on the outer mitochondrial membrane (OMM) to
produce phased piRNAs in somatic ovarian follicle cells and
germline cells (Haase et al., 2010; Ipsaro et al., 2012; Nishimasu

et al., 2012; Pane et al., 2007). To explore the unknown interaction
partners of Zuc in the piRNA processing pathway, we used the
TurboID proximity labeling method in Drosophila ovaries.
Transgenic flies expressing Zuc-V5-TurbolD, Nuclear export
signal (NES)-V5-TurboID and Tom20-V5-TurbolD were
generated. An NES that facilitates the protein translocation from
the nucleus to the cytoplasm was added to the V5-TurbolID for
cytoplasmic TurboID control. Tom20, a representative OMM
protein, was fused to V5-TurboID to prepare an OMM-localized
TurboID control. Each TurboID fusion protein was overexpressed in
the ovarian germline cells of mata-Gal4/UAS-TurbolD female
flies. We then induced biotinylation by feeding female adult flies
with food containing 100 uM biotin, followed by ovary tissue
isolation and subsequent analysis (Fig. 1A).

NES-TurboID, Tom20-TurboID and Zuc-TurboID showed a
substantial increase in biotinylated proteins compared with the wild-
type control (Fig. 1B). Longer exposure of the flies to biotin
enhanced the signal intensities of TurbolD-specific biotinylated
proteins, as was observed by western blotting using streptavidin-
HRP (Fig. 1B; Fig. S1A). Overexpressed TurboID proteins fused to
different targets localized in a characteristic pattern in germline cells
(Fig. 1C). NES-TurboID proteins were found dispersed in the
cytoplasm, and Tom20-TurboID proteins were colocalized with the
mitochondrial marker ATP5c. Zuc-TurbolD proteins mostly
overlapped with the mitochondria, as expected. Biotinylated
proteins were specifically detected based on TurbolD expression
in all three samples (Fig. 1D). TurbolD expression in ovarian
germline cells did not affect fertility. The hatching rate of eggs laid
by TurbolD-expressing females (mara-Gal4/UAS-TurbolD) also
did not differ from that of the control (Fig. S1B).

APEX proximity labeling was also attempted, based on
previously published studies in Drosophila tissue (Fig. S1C)
(Chen et al., 2015; Mannix et al., 2019). APEX2 alone induced
significant biotinylation, which was clearly detected by western
blotting (Fig. S1D). However, Zuc-APEX2 did not show an increase
in biotinylated proteins compared with the control, indicating low
efficiency of proximal labeling (Fig. S1D).

Identification of Zuc proximal proteome through

quantitative proteomics

To screen Zuc-interacting proteins, we conducted proteomic
profiling of biotinylated proteins in the Zuc-TurboID ovary tissue
samples via liquid chromatography and tandem mass spectrometry
(LC-MS/MS) analysis in biological triplicates. Two control
samples, NES-TurbolD and Tom20-TurboID were included for
quantitative proteomics. Endogenously biotinylated proteins in
Drosophila ovary samples can be controlled by NES-TurbolID and
Tom20-TurbolD. NES-TurboID induces biotinylation of abundant
cytoplasmic proteins, which can also control a broad range of non-
specific labeling detected in Zuc-TurbolD samples. Tom20-
TurboID is expected to biotinylate Tom?20-specific proximal
proteins, but may also induce non-specific labeling of abundant
OMM proteins. Therefore, the biotinylated protein profile of
Tom?20-TurbolD is useful to exclude non-specific labeling of the
OMM protein in Zuc-TurbolID samples and define a distinct protein
with  Zuc-TurbolD  specificity beyond OMM localization
dependency. We first performed trypsin digestion of NES-,
Tom20- or Zuc-TurboIlD proteomes and efficiently purified
biotinylated peptides using streptavidin beads. We then directly
identified the biotinylated lysine residue by MS/MS analysis (Lee
etal., 2017). Approximately 3000 and 5000 biotin-labeled peptides
were non-redundantly identified in the NES-/Zuc-TurbolID samples
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Fig. 1. TurbolD-mediated proximity labeling in Drosophila ovary. (A) Schematic of TurbolD proximity labeling in Drosophila tissue. POI, protein of
interest. TurbolD fusion proteins are expressed in a specific cell population using UAS/GAL4 system. The biotinylation of TurbolD-proximate proteins is
strongly induced in vivo by supplementing biotin in fly food. Whole ovaries were dissected from female flies for further analysis. (B-D) The mato-Gal4/UAS-
TurbolD ovary samples were used for the analysis. (B) TurbolD expressions and biotinylated proteins in western blotting. NES-, Tom20- and Zuc-V5-TurbolD
proteins in ovary tissue samples were detected with anti-V5 antibody at the expected size. The fused proteins are indicated by the arrowheads. TurbolD-
expressing ovary samples show higher levels of biotinylated proteins compared with the control sample; when fed with biotin-supplemented food for 16 h,
biotinylated protein levels are substantially higher. (C) Localization of TurbolD fusion proteins in the germline cells of ovary tissue. Immunofluorescence
images show the localization of TurbolD fusion proteins (V5, green) with the pattern of mitochondria (ATP5¢, red). The control is mata-Gal4/+ without
TurbolD expression. (D) Fluorescence imaging of TurbolD labeling in germline cells. The distributions of biotinylated proteins (Streptavidin, red) largely
overlap with the TurbolD fusion protein expressions (V5, green). DAPI was used as a nuclear counterstain (blue). Scale bars: 20 ym.

and the Tom20-TurboID sample, respectively (Fig. S2A). We quantitative proteomics data for biotin-labeled proteins were highly
generated a biotinylated protein list with quantitative intensity by  reproducible between replicates (Fig. S2B). Principal component
integrating the corresponding intensities of biotinylated peptides for  analysis identified distinct sets of proteins in the NES-, Tom20- and
NES-, Tom20- and Zuc-TurboID samples (Fig. 2A). Notably, our  Zuc-TurbolID samples (Fig. 2B). Collectively, we identified 1382
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Fig. 2. Proteomic analysis of Zuc-TurbolD proximity labeling. (A) The number of biotinylated proteins detected in each replicate of NES-, Tom20- and
Zuc-TurbolD samples. (B) Principal component analysis (PCA) plot of top 500 proteins in each replicate of NES-, Tom20- and Zuc-TurbolD samples.

(C) Venn diagram of biotinylated protein lists in NES-, Tom20- and Zuc-TurbolD samples. The lists include commonly detected proteins in triplicates of each
TurbolD sample. (D) Volcano plot of NES- and Zuc-TurbolD. Several piRNA pathway-related proteins are marked in the plot. Differential expression analysis
was performed by protein-wise linear models combined with empirical Bayes statistics. (E) Interconnected nodes containing Zuc, based on the analysis of
Zuc proximal proteins using STRING database (Zuc proximal proteins: fold change >2, g-value<0.05, compared with NES-TurbolD). (F,G) GO enrichment of
Zuc proximal proteins. The dot plot depicts the significantly overrepresented biological processes and cellular component pathways (P.adj<0.05). (F) GO
biological process enrichment. (G) GO cellular compartment enrichment. The significance (F,G) was calculated with a two-sided hypergeometric test and

Bonferroni step-down method was used for P-value adjustment.

DEVELOPMENT



RESEARCH ARTICLE

Development (2023) 150, dev201220. doi:10.1242/dev.201220

proteins from all NES-, Tom20- and Zuc-TurboID samples, in
which we counted the proteins which were reproducibly detected in
triplicate experiments for the respective samples (Fig. 2C; Fig. S2C;
Table S1). Note that 1382 proteins were used in all subsequent
pairwise statistical comparison after the missing quantity value for
the respective protein at any replicate was substituted with the
statistically imputed value.

To define the proximal proteome of Zuc, biotinylated proteins
significantly enriched in Zuc-TurbolD were analyzed in comparison
with NES-TurboID. We determined 275 proteins as proximal
proteins of Zuc (fold change>2, g-value<0.05) (Fig. 2D; Table S2).
We analyzed the known PPIs for these proteins using the STRING
database, which revealed several PPI clusters. One of the clusters
showed interconnected associations with piRNA-related proteins,
including Armi, Gasz, Mino, Shu, SoYb, Daed, Egg and Zuc
(Fig. 2D,E). Next, we analyzed gene ontology (GO) enrichment. As
expected, piIRNA metabolic processes appeared to be enriched in
the gene list of the Zuc proximal proteome. This result suggests that
TurbolD-mediated proximity labeling can provide a reliable
interactome of Zuc. In line with the subcellular localization of
Zuc on the OMM, enriched GO terms of biological processes are
linked to mitochondrion morphogenesis and metabolism-related
processes (Fig. 2F). In addition, protein transport-related processes
such as endoplasmic reticulum (ER)-to-Golgi vesicle-mediated
transport and protein transmembrane transport were found. In the
cellular compartment, proximal proteins of Zuc were enriched in
lipid particles, mitochondrial outer membranes, peroxisomes and
SNARE complexes that pull the membranes in close proximity and
mediate vesicle fusion, which is consistent with the results obtained
from GO enrichment of biological processes (Fig. 2G).

By applying the identical quantitative criteria (fold change>2 and
g-value<0.05), we found 529 proteins proximal to Tom20, which
included well-known proteins localized to the OMM, such as
Tom40, Mull, Marf, Spoon, Porin and Tom70 (Fig. 3A,B;
Table S2). The strong activity of Tom20-TurboID observed using
western blotting (Fig. 1B) may allow the detection of a large number
of biotinylated proteins with a higher intensity compared with NES-
TurboID.  Although false-positive hits from nonspecific
biotinylation cannot be excluded, we expect that this analysis may
expand the Tom20 interactome, including transiently localized
proteins or low-abundance proteins in the vicinity of Tom20. GO
enrichment analysis of the biological processes showed that Tom20
proximal proteins are primarily involved in mitochondria-related
biological processes, such as mitochondrion organization/
morphogenesis/translation, aerobic respiration and metabolic
processes (Fig. 3C). The mitochondrial membrane or intracellular
organelles were found to be enriched in GO terms of the cellular
compartment, indicating that biotin labeling was efficiently induced
in the proximal region of Tom20 on the OMM (Fig. 3D). Zuc and
Tom20 were both localized on the OMM, but the enriched GO
terms for their proximal proteins were different. This result indicates
that the proximal proteomes in this analysis have target protein
specificity beyond subcellular localization dependency.

Characterization of Zuc-specific proximal proteome

To identify the unique subset of proteins in the Zuc and Tom20
proximal proteomes, we categorized the biotinylated proteins into
four clusters depending on the differential intensity patterns in the
NES-, Tom20- and Zuc-TurboID samples. To exclude endogenous
or nonspecific biotinylated proteins, we used 1140 proteins with
g-value <0.05 in any combination of comparisons (NES versus
Tom20, NES versus Zuc or Tom20 versus Zuc) (Fig. 4A; Table S3).

The specifically enriched proteins in the Zuc-TurbolD comprise
cluster 2. GO analysis of cluster 2 proteins revealed strong
enrichment of the biological process in endomembrane system
organization, chaperone-mediated protein folding and regulation of
vesicle-mediated transport from ER to Golgi (Fig. 4B). The
enriched GO terms of the cellular component included
cytoplasmic ribonucleoprotein granules, peptidase complexes and
SNARE complexes (Fig. 4C). Several heat shock protein and
chaperone-related proteins such as Hsp90, Shu and Hop (also
known as Stipl) have been reported to be involved in piRNA
biogenesis (Izumi et al., 2013; Karam et al., 2017; Olivieri et al.,
2012; Preall et al., 2012; Specchia et al., 2010; Xiol et al., 2012).
Additional heat shock and chaperone proteins were found in the Zuc
proximal proteome of this study, suggesting that they are the
unknown components of the protein folding functional complex for
piRNA biogenesis. Zuc is the Drosophila homolog of MitoPLD, a
member of the phospholipase D superfamily, which generates the
signaling lipid phosphatidic acid (PA) from the predominant
membrane phospholipid, phosphatidylcholine (Cazzolli et al.,
2006; Choi et al.,, 2006; Huang et al., 2011; Watanabe et al.,
2011). PA acts as a membrane anchor to recruit SNARE complex
proteins and activate the vesicle trafficking machinery (Starr et al.,
2019; Vicogne et al., 2006; Zhukovsky et al., 2019). Conversion of
PA to diacylglycerol (DAG) is required to form Coat protein
complex I (COPI) vesicles that transport the proteins and lipids from
the Golgi to the ER (Fernandez-Ulibarri et al., 2007; Yang et al.,
2008). In line with the function of MitoPLD in the membrane lipid
metabolism, GO enrichment of Zuc-specific proximal proteins
suggested a previously unreported function of Zuc in the
endomembrane system organization and regulation of vesicle-
mediated transport.

Cluster 1 was composed of cytoplasmic proteins, biotinylations
of which were prominently detected in NES-TurbolD (Fig. 4A;
Fig. S3; Table S3). Proteins in cluster 1 are associated with gene
expression and cellular component organization or biogenesis,
covering a broad range of biological functions. Cluster 3 proteins
showed stronger biotinylation intensity in Tom20-TurboID than in
NES-TurboID (Fig. 4A; Table S3). They were significantly
enriched in the biological processes of mitochondrion
organization, mitochondrial transport and diverse metabolic
processes (Fig. S3). This cluster may be composed of authentic
OMM proteins that can be considered as proximal Tom20 proteins.
Several Zuc-interacting components of piRNA biogenesis,
including Mino and Gasz, which are well known to be localized
on the outer membrane of mitochondria, were found in this cluster
(Table S3) (Handler et al., 2013; Vagin et al., 2013; Yamashiro
et al., 2020). The biotinylation intensities of cluster 4 proteins were
relatively higher in Tom20-TurbolID than in NES-TurbolID and Zuc-
TurbolD (Fig. 4A; Table S3). These proteins showed expansive GO
enrichment for organelle organization, cellular metabolism and
cellular localization (Fig. S3).

Zuc proximal proteins defined commonly in ovarian germline
cells and follicle cells

The Zuc-dependent piRNA processing pathway is active in ovarian
somatic follicle cells and germline cells. We carried out TurbolD-
mediated proximity labeling of Zuc in the follicle cells. We isolated
ovary tissues that expressed Zuc-TurbolD under the control of
tj-Gal4, specifically in follicle cells, and analyzed them in the same
way as was previously described. Follicle cell-specific expression of
TurboID was confirmed using immunostaining (Fig. 5A). Western
blotting revealed TurbolD-mediated biotinylation of proteins,
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biological processes (C) and cellular component (D) pathways (P.adj<0.05).

which was enhanced by biotin supplementation (Fig. 5B). However,
biotinylated proteins appeared at lower levels in follicle cells than in
ovarian germline cells. The low efficiency of proximity labeling in
follicle cells reduced the enrichment of biotinylated peptides and the
identification of proteins in subsequent proteomic analysis. From
the proteome data, we analyzed 273 biotinylated proteins, only
including proteins detected in triplicate for each condition
(Table S1). Statistical analysis identified 137 Zuc-proximal

proteins, including Gasz and Armi (Fig. 5C; Table S2). Mino and
Shu, well-known factors of the piRNA biogenesis pathway in both
germline and follicle cells, were not detected in the Zuc proximal
proteome of follicle cells, probably because of the low efficiency of
proximity labeling in follicle cells. However, Fs(1)Yb, a soma
lineage Yb body component, was specifically found as a Zuc
proximal protein in follicle cells, indicating the sensitivity of
TurbolD-mediated proximity labeling (Fig. 5C,D). In the Zuc
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proximal proteome of follicle cells, we also detected a Zuc-
containing cluster of PPIs using the STRING database, in which
Zuc is linked to piRNA metabolic process-related proteins and
membrane/vesicle trafficking or protein folding-related proteins
(Fig. 5D). The Zuc proximal proteins in follicle cells showed a large
overlap with those in the germline cells (Fig. SF; Table S2). They
also showed the GO enrichment of biological processes in
membrane organization and protein folding (Fig. 5E), which is
similar to the GO analysis results of Zuc-specific proximal proteins
in germline cells. Taken together, these results provide reliable
candidates for the Zuc-interacting proteins confirmed in two
different cell types, indicating that the Zuc interaction network is
preserved in both germline and follicle cells. On the other hand, our
proteomic data also showed distinct groups of Zuc-proximal
proteins in germline or follicle cells, which suggests cell-type
specific features of Zuc-dependent piRNA biogenesis pathway.

The novel candidates of Zuc interacting proteins are

involved in the silencing of transposable elements

The proximal proteome of Zuc provides candidates for Zuc-
interacting proteins that must be further validated. Interestingly, we
found several candidates that have already been identified as Zuc-
associated proteins from immunoprecipitation-based screening
(Table S4) (Ge et al., 2019). Among 33 proteins not known to
function in piRNA biogenesis that co-immunoprecipitated with
Zuc, 17 Zuc proximal proteins including Miga, Spoon, Abcdl and

Exd2 overlapped. We next examined several candidates for their
functional relevance in Zuc-mediated piRNA biogenesis. We
selected candidate genes in different categories of biological
functions and tested whether their knockdown derepressed
transposon expression levels (Fig. 6). For 12 selected genes that
were significantly depleted in the ovary tissues of nos-Gal4/UAS-
RNAIi flies, we measured the expression levels of germline-
dominant transposons such as HeT-A, Jockey, Beagle and
Burdock (Fig. 6; Fig. S4) (Olivieri et al., 2012; Sokolova et al.,
2011; Story et al., 2019). In the protein-folding/chaperon-related
group, the knockdown of Hsp27 noticeably altered the expression
levels of HeT-A and Burdock transposons by more than 6-fold
compared with the control. Cdc37 knockdown results in a small
increase of HeT-A level and around an 8-fold increase of Burdock
level. Upon knockdown of nudC, which is predicted to have
unfolded protein-binding activity, the levels of Jockey, Beagle and
Burdock were modestly changed. A set of Hsc70/Hsp90 chaperone
machinery proteins, Droj2, Hsc70-4 and Hop were previously
reported to cause transposon derepression up to ~16-fold when they
were knocked down in germline cells (Cappucci et al., 2019). The
vesicle trafficking-related gene, S/h, and the membrane
organization-associated genes, oys and sws, also affected the
transposon expression levels. The depletions of Zw and Uspl4,
two candidates with other functions, also resulted in a significant
derepression of the HeT-A and Burdock transposons, at a maximum
of 39-fold. In addition, among Zuc proximal proteins, Hsc70-5,
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Nurf-38, bor, elF2a and elF3-S10 (also known as elF3a) were
previously identified as strong candidates required for transposon
silencing from RNAI1 screening (Czech et al., 2013). These results
suggest that several Zuc proximal proteins are involved in the
repression of transposons, though their knockdown exhibited a
small effect compared with Zuc or Armi knockdown (Fig. S4). They
may act as an accessory protein or indirectly participate in piRNA
biogenesis; the mechanism of their integration into the Zuc-
mediated piRNA processing pathway should be further examined.

DISCUSSION
Proximity labeling has opened new avenues to elucidate protein-
protein associations through a localization-based approach. The
development of diverse enzymes facilitates the application of
proximity labeling techniques in a versatile biological context.
However, proximity labeling requires optimal expression and
catalytic activity of the enzyme, in addition to proper control of
the labeling window. Thus, it has not been widely used to study
protein interactions in vivo using diverse types of animal tissues.
In this study, we investigated the Zuc interactome through the
proximity labeling of Drosophila ovaries. First, we attempted proximal
protein biotinylation using APEX2 ex vivo. APEX2 itself showed
significant signals of biotinylated proteins in western blotting when the
reaction was induced by adding H,O, for 1 min in APEX2-expressing
ovary tissue that was previously incubated with biotin-phenol.
However, the Zuc-APEX2 fusion protein was expressed at a lower
level than APEX2 alone and did not produce biotinylated protein
signals above the detection level (Fig. S1D). We applied the TurboID-
mediated proximal biotinylation method in vivo. Proximal labeling
was accomplished by feeding the flies with biotin-supplemented diets;
these flies were expressing several target proteins fused to TurboID in
the ovary. Although APEX2 is suitable for capturing snapshots of PPIs
within 1 min, TurboID improves the biotinylation of proximal proteins
by tuning the reaction time, facilitating the optimization of proximity
labeling in animal tissues. Together with our results, a growing body of
proximity-labeling-related research has emphasized the importance of
selecting proximity-labeling enzymes depending on their unique
advantages and disadvantages.

The proteomic data of TurboID proximity labeling presented
candidates for Zuc-interacting proteins, and these data are statistically
significant. Proximity labeling data without quantitative analysis
could be candidate lists containing considerable false positives.
To minimize false positives, we used proper controls and specified
the proximal proteins through the statistical analysis of ovarian
germline cells (Han et al., 2018; Hung et al., 2017). However, in
the case of ovarian follicle cells, NES-TurbolD, which was used as
the control for endogenous biotinylated proteins and non-specifically
biotinylated abundant proteins, showed low labeling efficiency. The
follicle cell sample of NES-TurbolD identified a significantly smaller
number of biotinylated proteins with lower signal intensity in mass
spectrometry than that observed for Zuc-TurbolID, which hindered the
efficient identification of Zuc-interacting protein candidates through
quantitative analysis. Our experience suggests that appropriate control
data are crucial for defining a reliable proximal proteome.

Several piRNA biogenesis-related proteins were found in the Zuc
proximal proteome of germline cells. These proteins include Shu,
Mino, Gasz, Daed and SoYb, which form a STRING network
cluster together with Zuc and Armi, indicating that known PPI
networks were preserved in our data. However, proteins implicated
in the piRNA ping-pong pathway, such as Spn-E and Qin, were not
enriched in the Zuc-proximal proteome (Czech et al., 2013; Malone
et al., 2009; Zhang et al., 2011). The well-known Zuc-interacting
protein Piwi was also not included in the proximal proteome of Zuc.
Given the substantial biotinylation levels of these proteins in the
NES-TurbolID proximal proteome, a large proportion of Piwi, Aub
and Ago3 proteins may be more diffused in the cytoplasm, where
they are biotinylated. When controlling the background level,
proteins with less local enrichment are expected to have
disadvantages in quantitative analysis.

The proximal proteins of Zuc include proteins with unknown
functions in piRNA biogenesis, a number of which were reported to
be physically associated with Zuc using co-immunoprecipitation
(Ge et al., 2019; Zhang et al., 2016). In a previous study, Exd2
(exonuclease 3'-5" domain containing 2), a Zuc proximal protein in
germline and follicle cells, was co-immunoprecipitated with Zuc
(Ge et al., 2019). These findings suggest that Exd2, like another
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exonuclease Nbr (a fly ortholog of EXD3), may play a role in piRNA
processing, (Feltzin et al., 2015; Hayashi et al., 2016). Considering
the localization of Exd2 on the OMM, it is necessary to examine
whether Exd2 is involved in piRNA processing on the OMM (Hensen
etal., 2018; Park et al., 2019). In the Zuc proximal proteome, we also
found a group of heat shock proteins and chaperone proteins, among
which Shu, Hsp90 and Hop have been previously reported to be
involved in piRNA biogenesis (Table S2). This finding suggests that
the protein folding-related proteins may form a complex and act with
Zuc in the piRNA biogenesis pathway. Interestingly, proteins of
endomembrane organization and vesicle trafficking were also
presented as candidates for Zuc-interacting proteins, which may be
linked to the membrane lipid metabolism mediated by Zuc/MitoPLD.
This aspect has not received much attention compared with the
endonuclease function of Zuc/MitoPLD. Our data provide clues to
understand the additional role of Zuc and address the novel molecular
mechanism of piRNA biogenesis in the future. In addition, in this
study, we examined the functional involvement of Zuc proximal
proteins in piRNA biogenesis indirectly by measuring transposon
element levels after the knockdown of several candidates. Although
the effect was limited, significant changes in transposon levels upon
knockdown were observed, which suggests further investigation is
needed to confirm Zuc interacting partners and to elucidate their
specific functions in piRNA biogenesis for future research.
Screening through proximity labeling reveals any chance of
association, which expands the PPI network. Therefore, the
proximal proteome can reveal potential interacting partners and
provide further insight into the physiological functions and
regulatory mechanisms of the target protein. Given the depth and
integrity of our proteomic analysis, screening to identify interacting
proteins of Zuc in the Drosophila tissue would be excellent to
provide reliable and valuable resources by successfully controlling
in vivo proximity labeling. In the future, integrated analysis of
proximal proteomic data and other types of protein interaction
studies can generate a comprehensive understanding of PPIs.

MATERIALS AND METHODS

DNA constructs

APEX2 and TurbolD fragments were obtained from plasmids pcDNAS
APEX2-V5-YKT6 and pCDNAS5 MCP-TurboID-V5 (gifted by Dr Hyun-
Woo Rhee, Seoul National University, Korea) by PCR using PrimeSTAR
HS DNA Polymerase (Takara). Zuc and Tom20 open reading fragments
were amplified from Drosophila ovary cDNA generated by reverse
transcription using SuperScript Il Reverse Transcriptase (Invitrogen).
The NES fragment (aa sequence: LALKLAGLDI) was synthesized by
referring to the UAS-NES-APEX-Flag plasmid information from a previous
study (Chen et al., 2015). For generating transgenic flies, APEX2-V5 or
V5-TurbolD, together with NES, Zuc or Tom20 fragments, were inserted
into the pUASp vector using a homologous recombination method with an
In-Fusion HD cloning kit (Takara).

Fly geneticsitransgenic flies

Transgenic flies were generated at BestGene Inc. or the Korea Drosophila
Resource Center (KDRC). Fly lines w!//® (BDSC #5905), mato-Gal4
(BDSC #7062) and nos-VP16-Gal4 (BDSC #4937) were obtained from the
Bloomington Drosophila Stock Center, and #-Gal4 (DGRC #104055) was
obtained from the Kyoto Stock Center. RNAI lines presented in Table S5
were obtained from the Bloomington Drosophila Stock Center. The flies
were raised on standard fly food at 25°C.

Proximity labeling in fly tissues

UAS-APEX2 or UAS-TurboID transgenes (APEX2-V5, APEX-V5-Zuc,
NES-V5-TurboID, Zuc-V5-TurbolD and Tom20-V5-TurbolD) were
expressed in germline cells using mato-Gal4 and in follicle cells using

tj-Gal4. For APEX proximity labeling, ovaries were dissected from 4-day-
old female flies in Grace’s insect medium (Gibco). Isolated ovary tissues
were incubated with 500 uM Biotin-phenol (BP) in 1x PBS for 30 min.
Next, 30% H,0, was added to a final concentration of 1 mM H,O, to
activate APEX labeling for 1 min at 25°C. The reaction was quenched by
washing three times with 1x PBS containing 5 mM Trolox, 10 mM sodium
azide and 10 mM sodium ascorbate. For TurbolD proximity labeling,
female flies were grown either on standard food or 100 pM biotin-
containing food for 4, 8 or 16 h before isolating the ovary tissues.

Quantitative RT-PCR

Total RNA was prepared from fly ovaries by TRIzol reagent and
subsequently treated with DNase I. cDNA was synthesized with 0.5 pg of
total RNA through the reverse transcription using PrimeScript RT-PCR kit
(Takara) or ReverTra Ace qPCR RT Master Mix (Toyobo). The levels of
target RNA were measured by quantitative PCR using SYBR Green PCR
Master Mix (Applied Biosystems) or SYBR Green Realtime PCR Master
Mix (Toyobo) and normalized to the level of rp49 (RpL32). The primers
used for PCR are presented in Table S4.

Western blotting

Fly ovary tissues were homogenized in RIPA lysis buffer [S0 mM Tris
(pH 8), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton
X-100, 1x protease inhibitor cocktail (Sigma-Aldrich) and 1 mM PMSF
(Thermo Fisher Scientific)] on ice. The lysate supernatant was obtained by
centrifugation at 12,000 rpm (13,500 g) for 10 min at 4°C. Proteins were
separated on SDS-PAGE gels and transferred to nitrocellulose membranes
(GE Healthcare). The membrane was blocked in 2% (w/v) bovine serum
albumin in 1x PBST (phosphate-buffered saline, 0.1% Tween 20) for 1 h at
room temperature (RT) or overnight at 4°C. Next, the membrane was
incubated with primary antibodies overnight at 4°C and subsequently with
secondary antibodies for 40 min at RT. For biotinylated protein detection,
the membrane was incubated with 0.3 pg/ml streptavidin-HRP in PBST for
1 h at 4°C. Protein bands were detected using Clarity Western ECL Blotting
Substrates (Bio-Rad) on a ChemiDoc Imaging System. Primary antibodies
used for western blotting in this study were: rabbit o-HSP90 (Cell Signaling
Technology, 4874, 1:1000), a-Streptavidin-HRP (Thermo Fisher Scientific,
21126, 0.3 pg/ml), mouse o-V5 (Invitrogen, R96025, 1:1000). Secondary
antibodies used for western blotting were: goat anti-rabbit IgG, HRP
(Thermo Fisher Scientific, 31460, 1:4000), goat anti-mouse IgG, HRP
(Thermo Fisher Scientific, 31430, 1:4000).

Immunofluorescence

Ovary tissues dissected in Grace’s insect medium (Gibco) were fixed with
5% (w/v) formaldehyde (Polysciences) in PBS for 30 min at RT. After
several washes, the fixed ovaries were incubated with 5% fetal bovine serum
(Corning, 35-015-CV) in 1x PBT (phosphate-buffered saline, 0.1% Triton
X-100) for 1 h at RT for efficient permeabilization. Next, the ovaries were
incubated with anti-V5 (Cell Signaling Technology, 13202, 1:200) and anti-
ATP50. (Abcam, abl14748, 1:200) antibodies overnight at 4°C and
subsequently incubated with secondary antibodies, Alexa Fluor Plus 488
anti-rabbit [gG (Thermo Fisher Scientific, A32731, 1:200) and Alexa Fluor
Plus 594 anti-mouse IgG (Thermo Fisher Scientific, A32742, 1:200). To
visualize biotinylated proteins, an Alexa Fluor 594 streptavidin conjugate
(Molecular Probes, S11227, 1:300) was used for immunostaining. DAPI
(Thermo Fisher Scientific, 62248, 1:1000) in PBS was used as a nuclear
counterstain for 5 min at RT before imaging by confocal microscopy.

Embryo hatching rate analysis

Newly eclosed female and male flies were incubated at 25°C for 2-3 days.
For embryo collection, flies were placed on fresh grape juice agar plates and
allowed to lay eggs for 2 h. The plate was incubated at 25°C for 1 day and
the hatching rate was determined by counting the number of larvae hatched
from the collected embryos.

Sample preparation for proteomics

Ovary tissues were lysed with lysis buffer [2% SDS in 1x Tris-buffered
saline (TBS), 1x protease inhibitor cocktail] and sonicated (Covaris
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M220 ultrasonicator). Cold acetone was added to the lysate for protein
precipitation overnight at —20°C. The pellet was then washed with 90%
cold acetone and 10% TBS. After air-drying, the pellet was solubilized with
8 M urea in 50 mM ammonium bicarbonate (ABC). A total of 3 mg
of protein in 500 ul of 8 M urea, and 50 mM ABC were used for subsequent
trypsin digestion. Proteins were denatured for 1 h at 37°C with shaking
at 450 rpm and reduced with 10 mM DTT for 1 h at 37°C with shaking at
450 rpm. Proteins were alkylated with 40 mM iodoacetamide at 37°C for
1 h with shaking at 450 rpm. The samples were diluted eight times with
50 mM ABC. CaCl, was then added at a final concentration of 1 mM. The
protein samples were digested with trypsin (Thermo Fisher Scientific,
20233) for 16h at 37°C at a 1:50 (w/w) trypsin-to-protein ratio.
Streptavidin (SA) beads (Invitrogen, 65001) were then added to the
samples after several washes with 2 M urea in 1% TBS and incubated for 1 h
at RT. The beads were washed twice with 2 M urea in 50 mM ABC and then
with pure water. Biotinylated peptides were eluted with 100 pl of 80%
acetonitrile, 0.2% trifluoroacetic acid and 0.1% formic acid at 60°C five
times. The combined elution fractions were dried using a Speed Vac and
used for mass spectrometry analysis.

LC-MS/MS analysis of enriched peptide samples

Analytical capillary columns (100 cmx75 pm i.d.) and trap columns
(2 emx150 pum i.d.) were packed in-house with 3 um Jupiter C18 particles
(Phenomenex). The long analytical column was isothermally maintained at
45°C with a column heater (Analytical Sales and Services). A NanoAcquity
UPLC system (Waters) was operated at a flow rate of 300 nl/min over 2 h
with a linear gradient ranging from 95% solvent A (H,O with 0.1% formic
acid) to 40% solvent B (acetonitrile with 0.1% formic acid) for 100 min. The
enriched peptide samples were analyzed using an Orbitrap Eclipse mass
spectrometer (Thermo Fisher Scientific) equipped with an in-house
customized nanoelectrospray ion source. Precursor ions were acquired
(m/z 300-1500) at a 120 K resolving power and the isolation of the
precursor for MS/MS analysis was performed with a 1.4 Th. High-energy
collisional dissociation (HCD) with 30% collision energy was used for
sequencing with an automatic gain control (AGC) target of le5. The
resolving power for the acquired MS2 spectra was set to 30 K with dynamic
maximum injection time.

MS data analysis

All MS/MS data were searched using MaxQuant (version 1.6.2.3) with the
Andromeda search engine at a 10 ppm precursor ion mass tolerance against
the Uniprot Drosophila melanogaster proteome database (42,824 entries;
http:/www.uniprot.org/). Label-free quantification (LFQ) and matching
between runs were performed with the following search parameters: trypic
digestion, fixed carbaminomethylation on cysteine, dynamic oxidation of
methionine, dynamic protein N-terminal acetylation and dynamic biotin
labels of lysine residues. A false discovery rate (FDR) of less than 1% was
obtained for uniquely labeled peptides and proteins.

Bioinformatics
For data processing and visualization of mass spectrometry data, LFQ
intensity values from MaxQuant were analyzed using the R package DEP
which provides tools for filtering, variance normalization, imputation of
missing values and statistical testing for differentially expressed proteins.
For the analysis, we first filtered out proteins that contained missing
values in any replicate for each condition. Background correction and
normalization were performed using a variance-stabilizing transformation
(vsn). Condition-specific missing values were imputed using a small
deterministic value (R package Msnbase:MinDET method). The missing
values were replaced with a minimal value observed in that sample, which is
estimated as being the g-th quantile (default ‘q=0.01" was used). Differential
enrichment analysis (DEA) was performed by applying protein-wise linear
models combined with empirical Bayes statistics between conditions
(R package limma). The g-value was generated from raw P-values using R
package qvalue for further differential enrichment analysis.

PPIs were derived from the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING, stringApp v1.7 in Cytoscape v3.9.0-BETAL)

database (confidence score cut-off value, 0.4; maximum additional
interactors, 0). Clustering of the PPI networks was achieved using the
Markov cluster algorithm (MCL; granular parameter, 4).

GO biological process and cellular component enrichment analyses were
conducted using the ClueGO software (ClueGO v2.5.8 in Cytoscape v3.9.0-
BETAL1). Overview of total proteins with the data-centered per protein was
visualized using a heatmap.
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