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Structure and function of Zucchini endoribonuclease

in piRNA biogenesis
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PIWI-interacting RNAs (piRNAs) silence transposons to maintain
genome integrity in animal germ lines' ™. piRNAs are classified as
primary and secondary piRNAs, depending on their biogenesis
machinery>'°. Primary piRNAs are processed from long non-
coding RNA precursors transcribed from piRNA clusters in the
genome through the primary processing pathway>*'°. Although
the existence of a ribonuclease participating in this pathway has
been predicted, its molecular identity remained unknown. Here we
show that Zucchini (Zuc), a mitochondrial phospholipase D (PLD)
superfamily member"', is an endoribonuclease essential for primary
piRNA biogenesis. We solved the crystal structure of Drosophila
melanogaster Zuc (DmZuc) at 1.75 A resolution. The structure
revealed that DmZuc has a positively charged, narrow catalytic
groove at the dimer interface, which could accommodate a single-
stranded, but not a double-stranded, RNA. DmZuc and the mouse
homologue MmZuc (also known as P1d6 and MitoPLD)"*** showed
endoribonuclease activity for single-stranded RNAs in vitro. The
RNA cleavage products bear a 5 -monophosphate group, a hallmark
of mature piRNAs. Mutational analyses revealed that the conserved
active-site residues of DmZuc are critical for the ribonuclease activ-
ity in vitro, and for piRNA maturation and transposon silencing in
vivo. We propose a model for piRNA biogenesis in animal germ
lines, in which the Zuc endoribonuclease has a key role in primary
PiRNA maturation.
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Figure 1 | Crystal structure of DmZuc. a, Overall structure. The two

protomers are coloured green and yellow-green, and the zinc-binding domains
are coloured gold and yellow. The bound zinc ions are shown as grey spheres.
Cys 63, His 67, Cys 83, Cys 88, His 169, Lys 171 and the bound phosphate ion

Zuc is conserved among animals, and loss-of-function mutations in
zuc in flies and mice cause a severe defect in piRNA accumulation in
the germ lines, implying a role for Zuc in piRNA biogenesis®'*'"'*'>1¢,
Zuc contains a mitochondrial localization sequence (MLS) at the amino
terminus and an HKD (His-Lys-Asp) motif, a hallmark of PLD super-
family members, in the central region (Supplementary Fig. 1a)">. The
PLD superfamily members have diverse cellular functions'’, and Zuc
shares the highest sequence similarity with the bacterial nuclease
Nuc'®"” among the superfamily members (Supplementary Fig. 1b).
Zuc has therefore been considered to be a candidate for the RNase
required for piRNA biogenesis''. However, previous attempts to detect
the nuclease activity in Zuc were unsuccessful'>"*.

To obtain structural clues to Zuc’s function, we solved the 1.75-A
resolution crystal structure of the cytoplasmic region (residues 41-
253) of DmZuc, which lacks the N-terminal MLS and a predicted
transmembrane helix (Fig. 1a and Supplementary Fig. 2a-c). The
structure consists of a catalytic domain (residues 49-62 and 89-245)
and a zinc-binding domain (residues 63-88), with the two protomers
in the asymmetric unit forming a dimer. Co-immunoprecipitation
experiments suggested this oligomeric state in vivo (Supplementary
Fig. 2d). The catalytic domain consists of an eight-stranded mixed
B-sheet flanked by o-helices on both sides, and shares structural
similarity with the catalytic domains of other PLD superfamily mem-
bers, such as Nuc'”*® (PDB 1BYR; 26% sequence identity, root mean

are shown as sticks. Disordered regions are shown as dashed lines. b, The zinc-
binding domain. The bound zinc ion is shown as a grey sphere, and a simulated
annealing F, — F. omit electron density map (contoured at 4¢) is shown as a
blue mesh.
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squared deviation 1.8 A for 145 Cor atoms) (Supplementary Fig. 3a, b).
His 169 and Lys 171 in the HKD motif in the two protomers form an
active site at the dimer interface, and Asp 176 in the motif helps to
maintain the structural integrity of each protomer (Supplementary
Fig. 2e). The crystal structure revealed that a zinc ion is tetrahedrally
coordinated by Cys 63, His 67, Cys 83 and Cys 88 in the zinc-binding
domain, which is mostly disordered, and is absent from the other PLD
superfamily members (Fig. 1b and Supplementary Fig. 4a, b). In the
CHCC motif, only Cys83 is conserved in animals (Supplementary
Fig. la). In the corresponding region of MmZuc, the residues
Cys 49, Glu 51, Cys 66 and Cys 68 are highly conserved among animals
except for flies (Supplementary Fig. 1a), suggesting that these residues
may coordinate a zinc ion in these species.

The active-site groove is composed of conserved residues from the
two protomers, including Tyr 112, His 169, Lys 171, Ser 204, Asn 206,
Trp 207, Thr 208, Asn 215 and Glu217, which correspond to Tyr 35,
His94, Lys96, Ser109, Asnl1ll, Phel12, Thr113, Asn120 and
Glu 122, respectively, in Nuc (Fig. 2). Nuc cleaves substrates through
a two-step catalytic mechanism, in which His94 in one protomer
forms a phosphoenzyme intermediate with a substrate phosphorus
atom, followed by the hydrolysis of this intermediate by a water
molecule, activated by His94 in the other protomer'**. Lys 96,
Ser109, Asn111 and Glul22 in Nuc form a hydrogen-bonding
network and participate in catalysis'. The active-site residues are
similarly arranged in DmZuc and Nuc (Fig. 2b, ¢ and Supplemen-
tary Fig. 3c), suggesting that Zuc cleaves a substrate phosphodiester
linkage through a similar catalytic mechanism. However, a structural
comparison revealed a notable difference in their active-site architec-
tures (Fig. 2a and Supplementary Fig. 5a, b). Nuc cleaves single-stranded
and double-stranded nucleic acids in vitro'®** (Supplementary Fig. 6),
and has a wide, positively charged groove that can readily accommodate
double-stranded nucleic acids'" (Supplementary Fig. 5a). In contrast, the
active-site groove of DmZuc is narrower than that of Nuc, and can
apparently accommodate single-stranded, but not double-stranded,
nucleic acids (Fig. 2a and Supplementary Fig. 5b). This structural differ-
ence is partly due to the replacements of Gly 64 and Ala 115 in Nuc with
the bulkier Met141 and Leu210 residues in DmZuc, respectively
(Fig. 2a, b and Supplementary Fig. 3c). A phosphate ion derived from
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Figure 2 | Active site of DmZuc. a, Molecular surface of DmZuc. Conserved

residues are coloured green, and Met 141 and Leu 210 are indicated by red and

yellow asterisks, respectively. b, Active site of DmZuc. ¢, Active site of Nuc
(PDB 1BYR).
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the crystallization buffer binds to a positively charged patch near the
active-site groove (Supplementary Fig. 5¢), suggesting that this patch
could interact with the phosphate group of nucleic acid substrates.
The molecular surface on the side opposite the active-site groove is
positively charged (Supplementary Fig. 5d). The N termini of the two
protomers are located on the same face, and the N-terminal residues
41-48 of one protomer form a positively charged helix, which would
follow the transmembrane helix (residues 41-48 are disordered in the
other protomer). This structural feature supports a previous model in
which Zuc localizes on the outer mitochondrial membrane'>™'*. Taken
together, the structural features of DmZuc suggested that Zuc is a
single-stranded nuclease that functions on the mitochondrial surface.

To determine whether DmZuc is a nuclease, purified DmZuc
(residues 41-253; hereafter referred to as wild-type (WT) DmZuc) was
incubated with a 42-nucleotide (nt) single-stranded RNA (ssRNA)
labelled with *?P at the 5’ end. DmZuc cleaved the ssSRNA substrate
(Fig. 3a). In contrast, the DmZuc mutants H169A, K171A, N206A and
N215A failed to cleave the substrate (Fig. 3a), highlighting the import-
ance of the conserved residues for the ssRNase activity. These results also
confirmed that the observed cleavage was not due to contaminants. A
DmZuc A63-88 mutant, lacking the zinc-binding domain, showed
decreased ssRNase activity (Fig. 3a), indicating the importance of this
domain for the nuclease activity. The crystal structure of a shorter
DmZuc construct (residues 89-250), lacking the 1 strand that contri-
butes to dimerization, was solved as a monomer (Supplementary Fig. 2b).
This shorter construct failed to cleave the ssRNA substrate (Fig. 3a),
indicating the requirement of dimerization for the ssRNase activity.
Purified MmZuc (residues 35-221) also showed a ssRNase activity com-
parable to that of DmZuc (Fig. 3a). Thus, Zuc is an evolutionarily con-
served RNase. Unlike Nuc (Supplementary Fig. 6), DmZuc cleaved
poly(U) and circular ssRNA, and also ssDNA (Supplementary Fig. 7a),
but not double-stranded RNA (dsRNA) (Fig. 3b). Thus, DmZuc is a
single-strand-specific endonuclease. Although the poly(U) cleavage pro-
ducts showed an even distribution, DmZuc did not always cleave the
ssRNA substrates at specific nucleotides (Fig. 3b), suggesting that DmZuc
does not have strict sequence specificity. DmZuc showed similar activity
in the presence of magnesium ions or EDTA (Fig. 3¢), indicating that, like
Nuc'®?, DmZuc is a metal-independent nuclease. The DmZuc ssRNase
activity was inhibited by NaCl at concentrations of 50 mM or higher
(Fig. 3¢). Sodium ions may inhibit substrate binding, as observed for
T4 DNA ligase* and the dsRNA-specific RNase Pacl (ref.24). We
characterized the 5’ end structure of the cleavage products, using the
42-nt ssRNA labelled with **P at the 3’ end. The cleavage products
showed resistance to treatment with 5’-phosphate ssRNA-specific
exonuclease (Terminator Exonuclease) after treatment with calf in-
testinal phosphatase (Fig. 3d), suggesting that the cleavage products
contain a 5" monophosphate. The endonuclease activity of DmZuc is
modest in vitro, although it showed dose dependence (Supplementary
Fig. 7b). The DmZuc activity may be stimulated in vivo by unknown
cofactors. Although MmZuc reportedly hydrolysed the mitochondrial
lipid cardiolipin to phosphatidic acid', the active-site groove of
DmZuc seems too narrow to accommodate such a bulky lipid molecule
as a substrate (Fig. 2a and Supplementary Fig. 5b). Indeed, neither
DmZuc nor MmZuc hydrolysed cardiolipin in vitro (Supplementary
Fig. 8). The reason for this discrepancy is currently unclear. Together,
these results indicated that Zuc is an endonuclease specific for single-
stranded nucleic acids.

To explore the biological relevance of the DmZuc ssRNase activity
in transposon silencing, we expressed RNA-mediated interference
(RNAi)-resistant WT and mutants of full-length DmZuc (residues
1-253) in DmZuc-depleted ovarian somatic cells (OSCs), and then
monitored the expression levels of the mdgl transposon by quantitat-
ive PCR with reverse transcription (RT-PCR). Western blotting con-
firmed the similar expression levels of DmZuc WT and mutants
(Fig. 4a). WT DmZuc rescued mdgl derepression, whereas the
H169A and K171A mutants failed to rescue it (Fig. 4a). The mdgl
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Figure 3 | Zuc is an endonuclease for single-stranded nucleic acids.

a, DmZuc and MmZuc, but not monomeric DmZuc or the DmZuc mutants,
cleave a 42-nt ssRNA substrate. b, DmZuc cleaves ssRNAs of various sequences
and circular ssRNA, but not dsRNA. Exonuclease T failed to cleave the circular
ssRNA. S and AS correspond to the sense and antisense strands of dsRNA,

expression was higher in OSCs expressing the H169A or K171A
mutant than in control OSCs. The mutants may have dominant-
negative effects, although the underlying mechanism is unknown.
The C63A, H67A and A63-88 mutants rescued mdgl derepression.
The A63-88 mutant had a lower ssRNase activity (about 5% of the WT
activity) (Fig. 3a), which may suffice for transposon silencing. None of
the mutants Y112A, S204A, N206A, W207A, T208A, N215A or
E217A rescued mdgl derepression (Fig. 4a). These residues are con-
served (Supplementary Fig. la) and form the active-site groove
(Fig. 2b). The N218A mutant rescued mdgl derepression (Fig. 4a).
Asn 218 is buried within the protein, and thus would not contribute
to substrate binding. The H169A, K171A, N206A and N215A mutants
lacked ssRNase activity in vitro (Fig. 3a) and the ability to repress
transposons in vivo (Fig. 4a), indicating that the DmZuc ssRNase
activity is critical for transposon silencing. The expression of WT
DmZuc, but not that of the HI69A and K171A mutants, rescued the
defects in Idefix-piRNA maturation in DmZuc-depleted OSCs
(Fig. 4b), suggesting that the DmZuc ssRNase activity is required for
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Figure 4 | DmZuc endoribonuclease activity is required for transposon
silencing. a, Myc-tagged full-length WT and mutant DmZuc, mutated at a
short interfering RNA (siRNA) recognition site and thus resistant to RNAi,
were expressed in DmZuc-depleted OSCs. The expression levels of Piwi and
DmZuc were examined by western blotting, and the expression levels of the
mdgl transposon were monitored by quantitative RT-PCR. Results are shown
as means = s.e.m. (n = 3). As a control, OSCs were transfected with an empty
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respectively. ¢, DmZuc endonuclease activity requires no magnesium ions, and
is inhibited by NaCl. d, The ssRNA products cleaved by DmZuc have a 5’
monophosphate. The cleavage products were resistant to treatment with
Terminator Exonuclease (Ter. Exo.) after treatment with calf intestinal
phosphatase (CIP).

primary piRNA maturation. RT-PCR after immunoprecipitation of
DmZuc from OSCs revealed that DmZuc interacts with the piRNA
precursors in OSCs (Supplementary Fig. 9). Together, these results
indicate that Zuc is an endoribonuclease essential for primary
piRNA processing.

We propose a model for primary piRNA biogenesis in Drosophila
OSCs (Supplementary Fig. 10). Mature piRNAs show a strong bias
for 5" uridine (1-U)>**. DmZuc cleaved ssRNAs with little sequence
specificity, to produce ssRNA fragments bearing a 5" monophosphate
(Fig. 3b, d), a hallmark of mature piRNAs associated with Piwi, sug-
gesting that DmZuc generates the 5" end of mature piRNAs. These
observations suggested that DmZuc cleaves piRNA intermediates to
generate the 5’ end of mature piRNAs during the processing step, and
that Piwi then preferentially binds 1-U piRNAs during the loading
step. Our findings provide a starting point for explaining the molecular
mechanism by which Zuc recognizes genuine piRNA intermediates to
produce mature piRNAs, which in turn should shed light on the
mechanism of primary piRNA biogenesis in animal germ lines.

b siZuc
- o °
3 o I-(B ,8 g fE Rescue
DLW 5k 2™~ plasmid
O3 O=IX
2 o PIRNA

1

intermediate?

<
N
i — Idefix-piRNA
>

vector. b, Northern blotting with a piRNA probe, Idefix-piR1-R, showed that
WT DmZuc, but not H169A or K171A, rescued the defects in piRNA
maturation in DmZuc-depleted OSCs. The expression of WT DmZuc
increased mature piRNAs with a concomitant decrease in piRNA intermediate-
like molecules. miR-310, one of the microRNAs in OSCs, was used as an
internal loading control. ‘piRNA intermediate?’ corresponds to ‘piRNA-
intermediate-like molecules’.
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METHODS SUMMARY

DmZuc and MmZuc were overexpressed in Escherichia coli as glutathione
S-transferase (GST)-tagged proteins, and purified by glutathione-Sepharose,
Resource S and Superdex 200 chromatography, as described*. Crystals were
obtained at 20 °C by the hanging-drop vapour diffusion method. X-ray diffraction
data were collected on beamline BL32XU at SPring-8 (Hyogo, Japan). The crystal
structure of DmZuc (residues 41-253) was determined by molecular replace-
ment using the structure of monomeric DmZuc (residues 89-250), which was
solved by the multiwavelength anomalous dispersion (MAD) method using a sele-
nomethionine (SeMet)-labelled protein. Nuclease assays were performed in buffer
containing 25 mM HEPES-KOH pH 7.4, 2.5 mM EDTA and 5 mM dithiothreitol.
Rescue experiments were performed essentially as described previously'.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Protein preparation. Protein samples were prepared as described”. In brief, the
gene encoding DmZuc (residues 41-253) was cloned between the Sacl and Xhol
sites of the pCold-GST vector”. The protein was expressed at 20 °C in E. coli
Rosetta 2 (DE3) (Novagen) and purified using glutathione-Sepharose (GE
Healthcare). The protein was treated with Turbo3C protease (Nacalai Tesque)
to remove the Hisq—GST tag, and was further purified by NiNTA (Qiagen),
Resource S (GE Healthcare) and Superdex 200 gel filtration (GE Healthcare).
The DmZuc mutants were prepared using a PCR-based method, and the
sequences were verified by DNA sequencing. The DmZuc mutants and MmZuc
(residues 35-221) were prepared using a protocol similar to that used for WT
DmZuc. DmZuc (residues 89-253) was expressed at 20 °C in E. coli Rosetta 2
(DE3) and purified using glutathione-Sepharose. The protein was treated with
Turbo3C protease and was further purified by Superdex 75 gel filtration (GE
Healthcare). SeMet-labelled DmZuc (residues 89-250) was expressed in E. coli
B834 (DE3) (Novagen) and purified using a protocol similar to that used for the
native protein.

Crystallization. During our expression trials, we found that DmZuc (residues 89—
250) and the K171A mutant of DmZuc (residues 41-253) were more highly
expressed than WT DmZuc (residues 41-253) in E. coli. Thus, we first solved
the crystal structure of DmZuc (residues 89-250) by the MAD method, using a
SeMet-labelled crystal. We next screened and optimized the crystallization
conditions using the K171A mutant of DmZuc (residues 41-253). We then
crystallized WT and K171A DmZuc under similar crystallization conditions,
and solved the crystal structures by molecular replacement, using the structure
of DmZuc (residues 89-250) as a search model.

Crystallization was performed at 20 °C by the vapour diffusion methods.
Crystals of SeMet-labelled DmZuc (residues 89-250) were obtained by mixing
0.4 pl of protein solution (3 mgml ™' DmZuc, 10 mM Tris-HCl pH 8.0, 150 mM
NaCl, 1 mM dithiothreitol (DTT)) and 0.4 pl of reservoir solution (50 mM MES
pH 6.0, 8% polyethylene glycol 400, 100 mM KCI, 10 mM MgCl,, 3% trehalose).
Crystals of WT and K171A DmZuc (residues 41-253) were obtained by mixing
1 pl of protein solution (3-5mgml™" DmZuc, 10 mM Tris-HCl pH 8.0, 150 mM
NaCl, 1 mM DTT) and 1 pl of reservoir solution (16% polyethylene glycol 3350,
200 mM KH,POy,).

Crystallography. X-ray diffraction data were collected at 100K on beamline
BL32XU at SPring-8 (Hyogo, Japan). The crystals were cryoprotected in reservoir
solution supplemented with 30% ethylene glycol. Diffraction data were processed
using HKL2000 (HKL Research Inc.). The structure of DmZuc (residues 89-250)
was determined by the MAD method, using the 2.2-A resolution data from the
SeMet-labelled crystal. Four Se atoms were located using SHELXD?, and the
initial phases were calculated using SHARP?’, followed by automated model build-
ing using RESOLVE®. The model was further built manually using COOT*' and
refined using PHENIX™. The structures of WT and K171A DmZuc (residues 41—
253) were solved by molecular replacement with MOLREP?*, using the structure of
DmZuc (residues 89-250) as a search model. Data collection and refinement
statistics are provided in Supplementary Table 1. Structural figures were prepared
using CueMol (http://www.cuemol.org).

Nuclease assay. The RNA substrates used for nuclease assays were: 5'-AUU
UAAUCAAGCUUAUCGAUACCGUCGACCUCGAGGGGGGGC-3" (42-nt),
5'-GGUCUGAUUUCGAUCUGGUUCCCUGGAACAAAAGUGGCAG-3' (40-nt
sense strand), 5'-CUGCCACUUUUGUUCCAGGGAACCAGAUCGAAAUCA
GACC-3' (40-nt antisense strand), and poly(U) (40-nt). ssRNAs were synthesized
(Sigma) and labelled at their 5" ends using [y->P]ATP and T4 polynucleotide
kinase (New England Biolabs). For 3" end labelling, RNAs were labelled at their 3’
ends using 5'-[**P]pCp and T4 RNA ligase 1 (New England Biolabs). To make
circular ssRNA, 5’ end-labelled 42-nt RNAs were circularized by intramolecular
ligation using T4 RNA ligase 1. The labelled RN As were purified by electrophoresis
on 12% denaturing polyacrylamide gels. To make dsRNA, 5" end-labelled 40-nt
sense strand RNA and non-labelled 40-nt antisense strand RNA were mixed at a
molar ratio of 1:2 (sense:antisense) in annealing buffer (10 mM Tris-HCl pH 7.5,
50 mM NaCl, 1 mM EDTA), heated at 95 °C for 15min, and then cooled slowly
to 30 °C.

*’P_end-labelled RNA substrate (10*c.p.m.) was incubated with purified
recombinant DmZuc (1.62pM) in bufferA (25mM HEPES-KOH pH7.4,
2.5mM EDTA, 5mM DTT) for 1h at 26 °C (37 °C for MmZuc). The reaction
was terminated by treatment with proteinase K, followed by extraction with
phenol-chloroform and precipitation with ethanol. The products were resolved
on 20% denaturing polyacrylamide gels. The effects of NaCl on the nuclease
activity were tested using the 42-nt ssRNA substrate in bufferB (25mM
HEPES-KOH pH 7.4, 5mM magnesium acetate, 5mM DTT, 0-100 mM NaCl).
Terminator 5'-phosphate-dependent exonuclease was used in accordance with
the manufacturer’s instructions (Epicentre). The DNA substrate used for ssDNase

assays was 5 -AATTGGTACGTAGCGCTTGATCTAGAGGGGTTTGCCAAT
AGCAATCCGCACGTTCCTCGTGCTCGACAAT-3'.

PLD assay. PLD from Actinomadura sp. no. 362 was purchased from Meito
Sangyo Inc. (Tokyo Japan). Tetraoleoyl cardiolipin (CL) (0.1 pmol; Avanti Polar
Lipids) and dipalmitoyl phosphatidylcholine (PC) (0.5 pmol; Avanti Polar Lipids)
were dried under nitrogen gas and resuspended in 10 mM HEPES pH 7.5 (0.6 ml)
by sonication. The enzyme reaction was performed at 26 °C (DmZuc) or 37 °C
(MmZuc and Actinomadura PLD) for 2h with 10 ul of lipid solution, 38 pl of
assay buffer (50 mM HEPES pH 7.5, 80 mM KCl, 3mM MgCl,, 2mM CaCl,,
I mM DTT) and purified recombinant DmZuc (0.4 pg), MmZuc (0.4 pg) or
Actinomadura PLD (0.3U). The reaction was stopped by adding 450 pl of
methanol containing an internal standard (1 uM diheptadecanoyl PC) and
centrifuged at 21,500g. The sample solution (5 pl) was injected into liquid chro-
matography (LC) and analysed by tandem mass spectrometry (MS/MS). In brief,
lipids were separated by Nanospace LC (Shiseido) with a silica column (5 pm,
2.0 mm X 150 mm; Shiseido), using a gradient of solvent A (5mM ammonium
formate in water) and solvent B (acetonitrile), and then analysed by MS/MS using
a Quantum Ultra triple quadrupole mass spectrometer (Thermo Fisher Scientific).
Lipids were monitored in negative-ion mode and quantified by multiple reaction
monitoring (MRM). Tetraoleoyl CL, dioleoyl phosphatidic acid (PA), dipalmitoyl
PA and dipalmitoyl PC were monitored with the MRM transition of m/z
1,456.1 > 281.2, m/z 699.4 > 281.2, m/z 759.5>255.2 and m/z 778.6 > 255.2,
respectively. The ratio between analyte and internal standard peak area was used
for quantification. Calibration curves (0.5-5,000 ng) and LC retention times for
each compound were established using synthetic standards.

Rescue and dimerization assays in OSCs. The RNAi-resistant WT and mutants of
DmZuc were prepared by a PCR-based method, using a pAc-Zuc-Myc vector'® as the
template. Transfection was performed essentially as described previously'. In brief,
trypsinized OSCs (5 X 10° cells) were transfected with siRNA duplex (200 pmol),
transferred to fresh OSC medium and incubated at 26 °C. Two days after transfec-
tion, OSCs (3 X 10° cells) were again transfected with siRNA duplex (200 pmol) and
plasmid vector (5 ug). The cells were again incubated at 26 °C for 2 days, and then
total RNAs were purified using ISOGEN reagent (Nippon Gene). Total RNA (0.5 p1g)
was used to reverse transcribe target sequences using oligo(dT) primers. The resulting
cDNAs were analysed by quantitative RT-PCR using a LightCycler real-time PCR
system (Roche Diagnostics) and SYBR Premix Ex Taq (Takara). Relative steady-state
mRNA levels were determined from the threshold cycle for amplification. Ribosomal
protein 49 was used as an internal control. The expression levels of Piwi and DmZuc
were analysed by western blotting using culture supernatants of anti-Piwi hybridoma
cells (P4D2; 1:1 dilution)* and a mouse monoclonal antibody 9E10 against the Myc
tag (1:1,000 dilution; Sigma), respectively.

Carboxy-terminal Flag-tagged DmZuc (pAc-Zuc-Flag) was prepared, by insert-
ing oligonucleotides encoding a 3 X Flag tag between the Xhol and BamHI sites of
pAc-Zuc-Myc (ref. 15). OSCs (5 X 10° cells) were co-transfected with pAc-Zuc-
Flag and either pAc-Zuc-Myc or pAcM-EGFP. Two days after transfection, the
OSCs were homogenized in lysis buffer (30mM HEPES pH7.3, 150mM
potassium acetate, 2 mM magnesium acetate, 5mM DTT, 0.1% Nonidet P40) to
prepare OSC lysate. Zuc-Flag was immunopurified using an anti-Flag M2
antibody (Sigma) immobilized on GammaBind beads (GE Healthcare). The
mixtures were rocked at 4 °C for 2h and the beads were washed five times with
lysis buffer. After immunoprecipitation, proteins were resolved by SDS-PAGE
and then detected by western blotting using anti-Flag M2 and anti-Myc antibodies.
RNA immunoprecipitation. C-terminal Myc-tagged, full-length DmZuc was
expressed in OSCs by transfection. Two days after transfection, the OSCs were
homogenized in lysis buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA,
1 mM DTT, 2 ugml ™" pepstatin, 2 pgml ™" leupeptin, 0.5% aprotinin, 20 U pl ™'
RNasin Plus (Promega), 1% Triton X-100) to prepare OSC lysate. Zuc-Myc was
immunopurified using a monoclonal anti-Myc antibody (9E10) immobilized on
Dynabeads Protein G (Invitrogen). The mixtures were rocked at 4 °C for 2h and
the beads were washed five times with lysis buffer. Total RNAs were isolated from
the immunoprecipitates with phenol-chloroform and were precipitated with
ethanol. Total RNA was reverse transcribed using SuperScript III reverse tran-
scriptase (Invitrogen) and a strand-specific RT primer for a fragment of the
flamenco transcript. PCR was performed using Ex Taq DNA polymerase
(Takara) and primers for a fragment of the flamenco transcript. The primer
sequences were as follows: flamenco forward, 5'-AACGTATGCTCAGTCCAG
TGAA-3'; flamenco RT and reverse, 5'-AAAACCTTCTAGCTTGCCCTCT-3".

27. Hayashi, K. & Kojima, C. pCold-GST vector: a novel cold-shock vector containing
GST tag for soluble protein production. Protein Expr. Purif. 62, 120-127 (2008).
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