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Piwi-interacting RNAs (piRNAs) constitute a class of small RNAs that bind PIWI proteins and are essential to re-
press transposable elements in the animal germline, thereby promoting genome stability and maintaining fertility.
C. elegans piRNAs (21U RNAs) are transcribed individually from minigenes as precursors that require 5′ and
3′ processing. This process depends on the PETISCO complex, consisting of four proteins: IFE-3, TOFU-6, PID-3, and
ERH-2. We used biochemical and structural biology approaches to characterize the PETISCO architecture and its
interaction with RNA, together with its effector proteins TOST-1 and PID-1. These two proteins define different
PETISCO functions: PID-1 governs 21U processing, whereas TOST-1 links PETISCO to an unknown process es-
sential for early embryogenesis. Here, we show that PETISCO forms an octameric assembly with each subunit
present in two copies. Determination of structures of theTOFU-6/PID-3 and PID-3/ERH-2 subcomplexes, supported
by in vivo studies of subunit interactionmutants, allows us to propose amodel for the formation of theTOFU-6/PID-
3/ERH-2 core complex and its functionality in germ cells and early embryos. Using NMR spectroscopy, we dem-
onstrate that TOST-1 and PID-1 bind to a common surface on ERH-2, located opposite its PID-3 binding site,
explaining how PETISCO can mediate different cellular roles.
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RNA molecules typically require processing after tran-
scription before becoming fully functional. In eukaryotes,
messenger RNAs (mRNAs) and many noncoding RNAs
are spliced, capped, and polyadenylated by processing fac-
tors (Hocine et al. 2010). Transcripts can also be chemical-
ly modified, trimmed, or cleaved by ribonucleases, or
extended by the addition of nontemplated nucleotides
(Roundtree et al. 2017; Yu andKim 2020). Such processing
steps are crucial for activation, (de)stabilization, localiza-
tion, and many other aspects relevant to RNA function.

Piwi-interacting RNAs (piRNAs) constitute one of the
largest classes of noncoding RNA transcripts whose pro-
cessing is only starting to be understood (Weick and
Miska 2014; Ozata et al. 2019). piRNAs play a crucial
role in the germline, where they act as specificity factors
in genome defense pathways with transposable elements
as major targets (Luteijn and Ketting 2013; Czech and
Hannon 2016). The proteins guided by piRNAs, Piwi pro-
teins, are an animal-specific subgroup of the Argonaute
family. Piwi proteins are guided by piRNAs that bind to
their target site, leading to either transcript cleavage or
modification of chromatin, depending on the subclass of
Piwi proteins involved (Luteijn and Ketting 2013). In9These authors contributed equally to this work.
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either case, the sequence of the piRNAs bound by the Piwi
proteins dictates the target specificity of the silencing pro-
cess and is therefore crucial for function. Hence, the
mechanism(s) that act in piRNA precursor selection and
processing determines the specificity of Piwi proteins.
Theprecursors of piRNAsare single-strandedRNAtran-

scripts. In Caenorhabditis elegans, these are produced
from a multitude of miniature genes, each producing a
small transcript of 27–30 nucleotides (Ruby et al. 2006;
Gu et al. 2012).Mature piRNAs are bound by the Piwi pro-
tein PRG-1 and are typically 21 nucleotides long with a
uracil base at the 5′ end. For these reasons, the piRNAs
inC. elegans are often named 21URNAs. To formmature
21URNAs, the precursor transcripts are shortened at both
ends, including the removal of the 5′ cap and trimming of
the 3′ end (Ruby et al. 2006; Batista et al. 2008; Das et al.
2008; Wang and Reinke 2008; Gu et al. 2012; Weick and
Miska 2014; Tang et al. 2016). The vast majority of 21U
RNAs stem fromdedicated loci characterized by a specific
sequence motif in their promoter termed the Ruby motif
(Ruby et al. 2006; Cecere et al. 2012; Weick et al. 2014).
Within theC. elegans genome, these loci are strongly clus-
tered, suggesting that they may act in concert (Ruby et al.
2006). The transcription of these loci, including the termi-
nation of their transcription, bears hallmarks of small nu-
clear RNA (snRNA) biogenesis, suggesting that the C.
elegans piRNA system has evolutionary connections to
these noncoding snRNAs that play essential roles in splic-
ing (Kasper et al. 2014; Beltran et al. 2019, 2021;Weng et al.
2019; Berkyurek et al. 2021).
Following the genetic identification of several 21URNA

processing genes (de Albuquerque et al. 2014; Goh et al.
2014), we and others identified a four-member protein
complex required for 21U RNA biogenesis, which we
named PETISCO (PID-3, ERH-2, TOFU-6, and IFE-3 small
RNA complex) (Cordeiro Rodrigues et al. 2019; Zeng et al.
2019). PETISCO interacts with and stabilizes 21U RNA
precursors. Interestingly, PETISCOwas shown to be addi-
tionally required for early embryogenesis, a function inde-
pendent of 21URNA biogenesis (Cordeiro Rodrigues et al.
2019; Zeng et al. 2019). In this case, loss of PETISCO func-
tion leads to a so-called “maternal effect lethal” (Mel) phe-
notype, in which first-generation homozygous mutant
animals develop normally, but their offspring arrest in em-
bryogenesis. At the molecular level, low levels of the
splice-leader transcript SL1, a small nuclearRNA(snRNA)
involved in trans-splicing, were found to be bound by
PETISCO. SL1-derived 21U RNAs have also been de-
scribed, albeit at very low levels (Gu et al. 2012). Whether
these findings relate to the Mel phenotype of PETISCO
mutants is unclear, but they do strengthen the link be-
tween 21U RNAs and snRNAs in C. elegans. The two de-
scribed functions of PETISCO are specified by two
different effector proteins, PID-1 and TOST-1. PID-1:
PETISCOmediates 21URNA biogenesis (de Albuquerque
et al. 2014), while TOST-1:PETISCO is required for early
embryogenesis (Cordeiro Rodrigues et al. 2019; Zeng
et al. 2019).
The PETISCO subunits contain domains often present

in RNA-binding proteins (Cordeiro Rodrigues et al.

2019). PID-3 and TOFU-6 are restricted to the nematode
phylum and contain two domains. PID-3 has a predicted
RNArecognition (RRM) domainand anArgonaute-related
middle (MID) domain. TOFU-6 contains an RRMdomain,
an extended Tudor (eTudor) domain, and a C-terminal
eIF4E interactionmotif. IFE-3 is one of the five highly con-
servedC. elegans’ eIF4E homologs (Keiper et al. 2000) and
binds to the C terminus of TOFU-6 (Cordeiro Rodrigues
et al. 2019). Finally, ERH-2 is one of the two C. elegans
paralogs of “enhancer of rudimentary” (Erh), a factor that
is conserved throughout eukaryotes (Weng and Luo
2013). Erh was shown to participate in the RNA exo-
some-mediated degradation of meiotic RNAs in Schizo-
saccharomyces pombe (Sugiyama et al. 2016) and to
facilitatemiRNAprocessing in human cells (Fang and Bar-
tel 2020; Hutter et al. 2020; Kwon et al. 2020).
An approximate architecture of PETISCOwas previous-

ly derived from yeast two-hybrid (Y2H) studies (Fig. 1A;
Cordeiro Rodrigues et al. 2019). However, the structural
basis of PETISCO assembly and its interaction with
the effector proteins PID-1/TOST-1 and RNA substrates
remain poorly understood, limiting our understanding of
PETISCO function.
Here, we studied PETISCO assembly using a bottom-up

approach with purified proteins, interaction studies, and
structural analyses. We found that PETISCO forms a
dimer of tetramers, in which dimerization is mediated
by both PID-3 and ERH-2. Crystal structures of the PID-
3/TOFU-6 and ERH-2/PID-3 subcomplexes reveal in-
sights into PETISCO assembly, function, and subcellular
localization. UsingNMR spectroscopy, we also character-
ize the mutually exclusive interplay of ERH-2 with the
two effector proteins TOST-1 and PID-1. These results
represent the first structural characterization of a piRNA
biogenesis complex, and we start to reveal how PETISCO
may execute its dual role in vivo.

Results

PETISCO forms an octameric assembly

PETISCO consists of the proteins IFE-3, TOFU-6, PID-3,
and ERH-2. Previous Y2H experiments (Cordeiro Rodri-
gues et al. 2019) revealed a linear topology in which IFE-
3 binds toTOFU-6,which in turn binds PID-3,which asso-
ciates with ERH-2 (Fig. 1A; Supplemental Fig. 1A). To an-
alyze the oligomeric state and stoichiometry of PETISCO,
we recombinantly expressed and purified PETISCO com-
ponents from bacterial cells and subjected the complex
to size exclusion chromatography (SEC) coupled to multi-
angle light scattering (MALS) (Fig. 1B). The complete
PETISCO complex eluted as a single peak and showed an
average molecular mass of 231 kDa (Fig. 1B), twice the
sum of the individual components (assuming a 1:1:1:1
complex, 116 kDa), suggesting that PETISCO forms a het-
ero-octameric assembly, a dimer of tetramers, with 2:2:2:2
stoichiometry (Fig. 1B). Next, we set out to determine
which protein or domains mediate oligomerization. The
linear topology of PETISCO suggested that the complex
could be divided into IFE-3/TOFU-6 and PID-3/ERH-2
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subcomplexes (Fig. 1A).We individually purified these and
analyzed their molecular mass by SEC-MALS (Fig. 1C). In
the case of IFE-3/TOFU-6,wemeasured an averagemass of
69 kDa, in line with the calculatedmass of a heterodimer.
The PID-3/ERH-2 subcomplex, however, had an average
mass of 92 kDa, consistent with that of a heterotetramer,
suggesting that the PID-3/ERH-2 module mediates oligo-
merization. Since the human and fission yeast ERH ortho-
logs have been shown to form homodimers (Wan et al.
2005; Xie et al. 2019; Hazra et al. 2020), we hypothesized
that ERH-2 is responsible for dimerization. Therefore, we
determined the oligomeric state of both ERH-2 and PID-
3 separately. However, PID-3 full-length protein could
not be prepared in a quality suitable for SEC-MALS, and
therefore we analyzed the PID-3 MID and RRM domains
individually, denoted here as PID-3MID and PID-3RRM, re-

spectively. We determined average masses of 18, 28, and
27 kDa for PID-3MID, PID-3RRM-NC, and full-length ERH-
2FL, respectively (Fig. 1D,E; Supplemental Fig. S1C). This
suggests that PID-3MID is monomeric, whereas both PID-
3RRM and ERH-2 are homodimers (Fig. 1E). We thus con-
cluded that both PID-3RRM and ERH-2 contribute to PID-
3/ERH-2 subcomplex dimerization, and through binding
of two IFE-3/TOFU-6 subcomplexes, this results in the for-
mation of the octameric PETISCO.

Crystal structure of the TOFU-6–PID-3 RRM core
complex

The topological arrangement of PETISCO places TOFU-6
and PID-3 at the core, and we thus proceeded to narrow
down their interacting regions. Our previous experiments

A

B C D

E

Figure 1. PETISCO assembles into a hetero-octamer with 2:2:2:2 stoichiometry. (A, top) Schematic representation of the PETISCO to-
pology and subunit interactions and binding of the effector proteins TOST-1 and PID-1. (Bottom) Domain organization of IFE-3, TOFU-6,
PID-3, and ERH-2 fromC. elegans. Rounded rectangles indicate predicted domains. The asterisk marks the position of the eIF4E interac-
tion motif that mediates binding of TOFU-6 to IFE-3. (B–D) SEC-MALS chromatograms showing UV absorption at 280 nm and the cal-
culated molecular mass in kilodaltons. The UV absorption signal was normalized to the highest peak. (B) SEC-MALS profile of
PETISCO. The inset shows a Coomassie-stained SDS polyacrylamide gel of PETISCO after SEC. (C ) SEC-MALS profiles of the IFE-3/
TOFU-6, IFE-3 (black line), and PID-3/ERH-2 (orange line) samples. (D) SEC-MALS profiles of ERH-2 (black line), PID-3MID (purple
line), and PID-3RRM (orange line) domains. (E) Summary of molecular masses and stoichiometries of PETISCO and its subunits.
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indicated that the interaction between TOFU-6 and PID-3
ismediated by the RRMdomains (denoted as TOFU-6RRM

and PID-3RRM) (Fig. 1A; Supplemental Fig. S1A; Cordeiro
Rodrigues et al. 2019). To better map which domains me-
diate the interaction between TOFU-6 and PID-3, we
used a combination of pull-down experiments and SEC.
We recombinantly coexpressed maltose binding protein
(MBP)-tagged TOFU-6 constructs with glutathione-S-
transferase (GST)-tagged PID-3 constructs. Both MBP and
GST pull-downs revealed that the RRM domains of PID-
3 and TOFU-6 mediate the interaction between the two
proteins and that neither the eTudor domain of TOFU-6
(TOFU-6eTUDOR) nor the PID-3MID are required (Supple-
mental Fig. S2A). This is supported by SEC using purified
TOFU-6RRM and PID-3RRM proteins (Supplemental Fig.
S2B).
To gain structural insights into the TOFU-6RRM/

PID-3RRM complex, we determined the structures of
PID-3RRM and the TOFU-6RRM/PID-3RRM complex, at
1.8 Å and 1.7 Å resolutions, respectively (Fig. 2A; Supple-
mental Fig. S2C; Supplemental Table S1). Both structures
areverysimilar.ThePID-3RRM formsahomodimer inboth
cases, with slight differences in the relative orientation of
the RRM domains (Supplemental Fig. S2C). Here, we will
focus on the analysis of the TOFU-6RRM/PID-3RRM com-
plex structure, containing one tetrameric TOFU-6RRM/
PID-3RRM complex in the asymmetric unit (Fig. 2A), con-
sistent with the SEC-MALS analysis (Supplemental Fig.
S2D). The PID-3RRM adopts a canonical RRM fold with
an antiparallel four-stranded β sheet packing opposite
two α helices (α1 and α2) (Supplemental Fig. S2E). The
TOFU-6RRM has a similar architecture but contains an ad-
ditional fifth β-strand β4∗ located between the α2 and β4 el-
ements (Supplemental Fig. S2F). The PID-3RRM dimerizes
via the α1 helix by a combination of hydrophobic and polar
interactions (Fig. 2A,B), reminiscent, for instance, of the
dimer interface in HuR-RRM3 (Pabis et al. 2019; Ripin
et al. 2019) and RBPMS (Teplova et al. 2016). Phe217
fromonePID-3RRMprotomerpacks in ahydrophobic pock-
et created by Phe217, Ala220, Val228, and Ile231 from the
other protomer.Moreover, Gln221 forms a hydrogen bond
with the polypeptide backbone of the neighboring proto-
mer (Fig. 2B).
Two TOFU-6 RRM domains bind on either side of the

interfaces created through the PID-3RRM dimerization
and contact both PID-3 protomers (Fig. 2A). The TOFU-
6 α1 helix, β2 strand, and β3-α2 loop form a surface that in-
teracts with the α1–β2 loop and α2 helix from the PID-
3RRM (Interface I/protomer 1) by a combination of hydro-
phobic and polar interactions (Fig. 2C). The TOFU-6RRM

interaction with the second PID-3RRM protomer involves
electrostatic interactions between the N terminus and
the α2 helix of TOFU-6RRM with the PID-3RRM α2-β5
loop (Interface II/protomer 2), featuring a salt bridge be-
tween TOFU-6 Asp67 and PID-3 Arg263, as well as a hy-
drogen bond between TOFU-6 Asp12 and PID-3 Asn264
(Fig. 2D).
Our structural analysis suggests that dimerization of

the PID-3RRM is a prerequisite for TOFU-6RRM binding
and that two interfaces at the two protomers contribute

to the interaction. To test this prediction, we engineered
a series of substitutions both at the PID-3 dimerization in-
terface (PID-3RRM A220E) and at interface I (TOFU-6RRM

F30E and M61E; PID-3RRM F247E/Q251R) and analyzed
their impact on the interaction by bacterial coexpression
pull-down experiments. Both PID-3 mutant proteins
(A220E and F247E/Q251R) are folded (Supplemental Fig.
S2G); however, the A220E mutation rendered PID-3RRM

monomeric, while the F247E/Q251R mutant remained
homodimeric as expected from the structural analysis
(Supplemental Fig. S2H,I). Mutations at the PID-3RRM

dimerization surface and interface I disrupted TOFU-6
binding, confirming that these sites contribute to a stable
association with TOFU-6RRM (Fig. 2E).
Next, we tested the effect of the monomer-inducing

A220E mutation in PID-3 in vivo. Using CRISPR-Cas9-
mediated gene editing, we first created a strain expressing
C-terminally GFP-tagged PID-3, such that in vivo expres-
sion could be monitored by fluorescence microscopy. We
then introduced the A220E mutation and scored its effect
on subcellular localization and embryonic viability. pid-3
(a220e) animals showed a strong Mel phenotype, which
was fully penetrant at 25°C (Fig. 2F), consistent with
loss of PETISCO function. In addition, PID-3(A220E) did
not form perinuclear foci (Fig. 2G,H), indicating that
PID-3 dimerization is required for the previously de-
scribed P granule localization of PETISCO (Cordeiro Ro-
drigues et al. 2019; Zeng et al. 2019).

ERH-2 binds to a region upstream of the PID-3
RRM domain

Next, we investigated the interaction between PID-3 and
ERH-2. ERH-2 consists of an ERHdomain followed by aC-
terminal region of ∼15 amino acids (Fig. 1A). Previous ex-
periments (Cordeiro Rodrigues et al. 2019; Zeng et al.
2019) suggested a direct interaction between ERH-2 and
PID-3, in particular between PID-3RRM and ERH-2 (Cor-
deiro Rodrigues et al. 2019). However, the PID-3 con-
structs used in the latter study contained additional N-
terminal and C-terminal regions flanking the PID-3RRM

(Supplemental Fig. S1A). To better define the ERH-2 bind-
ing site of PID-3, we used PID-3 constructs covering the
RRM domain (PID-3RRM) or the RRM domain with an
N-terminal extension (PID-3RRM-N) and performed bacte-
rial coexpression pull-down experiments. While PID-
3RRM-N pulled down ERH-2, PID-3RRM failed to bind
ERH-2 (Fig. 3A). To rule out that the C-terminal extension
downstream from the PID-3 RRM domain contributed to
binding, we performed SEC experiments. We incubated
PID-3RRM-N and PID-3RRM-C with ERH-2 and analyzed
the mixtures by SEC to assess binding. This confirmed
that PID-3RRM-N did but PID-3RRM-C did not interact
with ERH-2 (Supplemental Fig. S3A,B). We then asked
whether the N-terminal extension of the PID-3 RRM
alone was sufficient for ERH-2 binding. We purified a
GST-tagged PID-3 peptide (PID-3pep, residues 171–203)
corresponding to this region and found that ERH-2 could
indeed bind to GST-PID-3pep (Fig. 3A). To obtain quantita-
tive insights into PID-3pep/ERH-2 interaction, we used
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Figure 2. The TOFU-6 and PID-3 RRM domains form the PETISCO core. (A) Crystal structure of the PID-3RRM/TOFU-6RRM complex
shown in cartoon representation in two orientations related by a 90° rotation about the horizontal axis. The two PID-3RRM protomers
are shown in different shades of pink, while the two TOFU-6RRM protomers in different shades of orange. TheN-terminal and C-terminal
residues are highlighted. (B) Zoomed-in view of the homodimerization interface of PID-3RRM. Interacting residues are shown in stick rep-
resentation and labeled. (C,D) Zoomed-in view of a representative set of residues at the PID-3/TOFU-6 interaction interface I (C ) and in-
terface II (D). Interacting residues are shown in stick representation as indicated. (E) Analysis of the effect of structure-guidedmutations on
the PID-3/TOFU-6 interaction by GST pull-down assays. Wild-type (WT) and mutant versions of MBP-tagged TOFU-6 constructs were
coexpressed with WT and mutant versions of GST-tagged PID-3 constructs. Input and elution fractions were analyzed by SDS-PAGE fol-
lowed by Coomassie staining. (F ) Box plot showing the percentage of hatched embryos of pid-3::gfp(wt) and pid-3[a220e]::gfp animals
grown at 20°C and 25°C. Progeny of 30 different mothers were analyzed for each condition, and development of at least 2600 eggs was
scored. A two-sided t-test was used to assess significance. P-values are indicated in the graph. (G,H) Single-plane confocal micrographs
of PID-3::GFP(WT) and PID-3[A220E]::GFP at 25°C. The boxes indicate the regions (above the spermatheca) from which three zoomed-
in examples are shown below. Scale bars: overview, 20 µm; zoom-in, 8 µm.
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Figure 3. Structural and functional analysis of the PID-3/ERH-2 interaction. (A) GST pull-down assays. GST-tagged PID-3 constructs
were coexpressed with Trx-tagged ERH-2 in bacterial cells and then subjected to coprecipitation using glutathione-coupled beads. In-
put and elution fractions were analyzed on SDS-PAGE gels with Coomassie brilliant blue staining. (B, top) The crystal structure of the
ERH-2ΔC/PID-3pep complex is shown in cartoon representation. The two ERH-2 protomers are shown in different shades of blue,
while the two PID-3 peptides are in different shades of pink. (Bottom) Zoomed-in view of the interaction between ERH-2 and
PID-3pep. Interacting residues are shown in stick representation. (C ) Binding of PID-3pep to ERH-2 monitored by NMR spectroscopy.
(Inset) Upon incremental addition of PID-3pep, the 1H-15N amide signals of 15N-labeled ERH-2 move in slow exchange from their free
(shown in red) to their bound state (in maroon) with a 2.3-fold molar excess of PID-3pep. Two representative zoomed-in regions of the
overlaid spectra are shown (full view in Supplemental Fig. S5B). The arrows indicate the direction of the change in CSP from free to
bound states. The CSP values determined for a saturated 1:3 ERH-2:PID-3pep complex are plotted below as a function of residue num-
ber. The most highly perturbed amino acid, Thr21, is indicated. The gray dashed line corresponds to the average CSP of all residues.
The secondary structure elements as found in the crystal structure are shown above. (D) Mutational analysis of the PID-3/ERH-2 in-
terface. GST-tagged PID-3 wild type and mutants were coexpressed with wild-type or mutant Trx-tagged ERH-2 in bacterial cells as
described in A. (E) Box plot showing the percentage of hatched embryos of pid-3::gfp(wt) and pid-3[i182a;v186a]::gfp and pid-3[i182e;
v186e]::gfp animals grown at 20 and 25°C. Progeny of 30 different mothers were analyzed for each condition, and development of at
least 2600 eggs was scored. A two-sided t-test was used to assess significance. P-values are indicated in the graph. (F,G) Total 21U
levels in wild-type and pid-3[i182a/v186a]-mutant embryos grown at 20°C (F ) and 25°C (G) (n=3). Group means are depicted by
red lines and P-values are calculated using two-tailed unpaired t-test. (H,I ) Scatter plots depicting the relative abundance of individual
21U loci in pid-3[i182a/v186a]-mutant versus wild-type embryos grown at 20°C (H) and 25°C (I ). (RPM) Reads per million nonstruc-
tural sRNA reads.
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isothermal titration calorimetry (ITC). We determined a
dissociation constant (Kd) of 0.65 µM and a stoichiometry
N∼1 (0.97) (Table 1; Supplemental Fig. S3C), consistent
with the 2:2 stoichiometry observed in the case of the
full-length PID-3/ERH-2 complex by SEC-MALS (Fig.
1C). Finally, we tested whether the PID-3pep binding spe-
cificity may explain our previous observation that
PETISCO specifically incorporates ERH-2, and not its
close paralog ERH-1 (36% sequence identity and 60%
similarity) (Supplemental Fig. S3D; Cordeiro Rodrigues
et al. 2019). ERH-1 did not bind PID-3pep in GST pull-
down, SEC or, ITC experiments (Supplemental Fig. S3E–
G), indicating that PID-3pep can discriminate between
the two ERH paralogs. We concluded that the N-terminal
extension of the PID-3RRM domain binds to ERH-2 and is
likely responsible for the ERH-2 specificity of PETISCO.

Structural insights into the formation of the ERH-2/PID-3
complex

We next determined the crystal structures of a C-termi-
nally truncated ERH-2 (residues 1–99, ERH-2ΔC) in the
free and PID-3pep-bound states, at resolutions of 1.50 Å
and 2.17 Å, respectively (Fig. 3B; Supplemental Table
S1). The overall structure of ERH-2ΔC is similar to human
ERH (Wan et al. 2005) and S. pombe Erh (Supplemental
Fig. S4A; Xie et al. 2019). ERH-2ΔC adopts a mixed α-β-
fold, with a four-stranded antiparallel β sheet that packs
against three amphipathic α helices on the back side
(Fig. 3B). The front side of the β sheet mediates dimeriza-
tion that results in the formation of a pseudo-β-barrel
structure. The structure of free ERH-2ΔC is very similar
to PID-3pep-bound ERH-2ΔC, with the exception that the
loop connecting helices α1 and α2 is not visible in the elec-
tron density, suggesting that it becomes ordered upon
PID-3pep binding (Supplemental Fig. S4B).

PID-3pep is unfolded in solution (Supplemental Fig. S4C)
but forms an amphipathic α helix when bound to ERH-2ΔC

(Fig. 3B; Supplemental Fig. S4D). PID-3pep shows well-or-
dered electron density for residues 177–193 (chain C)
and 179–193 (chain D) and occupies a similar surface on
ERH as DGCR8 in the human ERH/DGCR8peptide com-
plex (Kwon et al. 2020), and Mmi1 in the fission yeast

Erh1/Mmi1peptide complex (Supplemental Fig. S4A; Xie
et al. 2019). However, while both Mmi1 and DGCR8
bind as extended peptides lacking defined secondary
structure, PID-3pep binds as an α helix (Supplemental
Fig. S4A). The hydrophobic interface of the amphipathic
PID-3pep helix is formed by Ile182, Val186, Phe187,
Val189, and Leu190 and points toward a hydrophobic
groove in ERH-2 formed by strands β1, β2, as well as the
α1 helix (Fig. 3B; Supplemental Fig. S4E). In addition to
the hydrophobic interactions, hydrogen bonds formed be-
tween PID-3pep Ser185 and ERH-2 Asp41, as well as be-
tween PID-3pep His191 and ERH-2 Thr21 further
contribute to the affinity and specificity of the interaction.

In a complementary approach, we used NMR spectro-
scopy and assigned the backbone chemical shifts
(1H-15N, Cα, and Cβ) of free full-length ERH-2. We used
these chemical shifts to determine the secondary struc-
tural elements of ERH-2, which were fully consistent
with the crystal structure, and also showed a disordered
C terminus (residues 104–113) (Supplemental Fig. S5A).
In addition, the loop region between α1 and α2 encompass-
ing residues 46–55 was found to contain two sets of amide
peaks. This indicates the presence of two well-defined al-
ternative conformations that exchange in the millisecond
timescale and longer and explains the lack of order in the
crystal structure of free ERH-2ΔC (Supplemental Fig. 4B).

We then monitored the interaction between PID-3pep

and ERH-2. Unlabeled PID-3pep was titrated into 15N-la-
beled ERH-2, and the positions of the amide chemical
shifts were measured at each titration point by 1H-15N
HSQC experiments (Fig. 3C; Supplemental Fig. S5B). We
observed binding in the slow exchange regime, whereby
peaks disappear from one location and reappear at a new
position corresponding to the bound complex. This indi-
cates a strong interaction with a dissociation constant in
the low micromolar to nanomolar range, in agreement
with the ITC data (Supplemental Fig. S3C). We next as-
signed the chemical shifts of the ERH-2/PID-3pep complex
and calculated the chemical shift perturbations (CSPs).
The ERH-2 residues most affected by the interaction
with PID-3pep were located in β2, with Thr21, Trp22,
and Gly23 exhibiting the largest CSPs (Fig. 3C). Mapping
of the amide CSPs onto the crystal structure of ERH-2ΔC

Table 1. Dissociation constants determined using ITC

Protein/complex Ligand Kd (µM) N ΔH (kcal/mol) −TΔS (kcal/mol)

ERH-2 PID-3pep 0.65 ± 0.08 0.97 −12.3 ± 0.1 3.9 ± 0.2
ERH-1 PID-3pep Xa Xa Xa Xa

ERH-2 TOST-1pep 13 ± 2b 1c −22± 1b 15 ±2b

ERH-2 PID-1pep 24 ± 3b 1c −25± 2b 19 ±2b

ERH-2 TOST-1FL 13 ±1b 1c −12± 1b 5.4 ± 0.5b

ERH-2:PID-3pep 1:2 TOST-1pep 4 ± 2b 1c −13± 5b 6 ± 6b

ERH-2:PID-3pep 1:2 TOST-1FL 15 ±2b 1c −16± 1b 9.3 ± 0.6b

ERH-1 TOST-1pep 10 ± 2b 1c −20± 3b 14 ±4b

ERH-1 PID-1pep 73 ± 11b 1c −32± 7b 26 ±7b

aNo binding. One representative binding isotherm for each is shown in Supplemental Figure S9.
bThe values reported correspond to the average value and standard deviation of the mean of two or three measurements at 25°C.
cThe N-value was fixed at 1 based on the known stoichiometries, due to difficulties accurately determining the concentrations of the
TOST-1pep and PID-1pep lacking aromatic amino acids.
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was consistent with the binding interface seen in the crys-
tal structure (Supplemental Fig. S5C). Taken together, the
crystal structure and NMR data provide a clear view for
the basis of the ERH-2/PID-3 interaction.

Mutational analysis of the ERH-2/PID-3 interface

To test the relevance of residues found at the complex
interface, we used GST-pull-down experiments with pu-
rified proteins. Mutation of PID-3 Ile182 and Ser185 to
glutamate residues (I182E and S185E), completely abro-
gated binding of PID-3pep to ERH-2 (Fig. 3D), and even
milder substitutions of PID-3 Ile182 and Val186 to ala-
nine (I182A and V186A) were sufficient to abolish bind-
ing (Fig. 3D). Mutation of Thr13 in ERH-2, which lines
the hydrophobic pocket (Fig. 3B), to glutamate (T13E),
also abrogated binding to PID-3pep (Fig. 3D). In vivo,
PID-3 (I182E and V186E) worms displayed a full Mel phe-
notype at 20°C (Fig. 3E), while the milder PID-3 (I182A
and V186A) mutations showed a Mel phenotype only
at 25°C. Finally, at the subcellular level, loss of ERH-2
binding did not affect the localization of PID-3 (Supple-
mental Fig. S5D).
To analyze the effect of the PID-3 (I182A and V186A)

mutations on 21U RNA biogenesis, we sequencedmature
piRNAs at permissive (20°C) and restrictive (25°C) tem-
peratures in wild-type and mutant animals. This revealed
a temperature-sensitive effect on overall 21U RNA levels
(Fig. 3F,G). This was found to affect all 21U RNA species
(Fig. 3H,I). We note that elevated temperatures also re-
duced 21U RNA levels in wild-type animals, but to a less-
er extent. The reason behind this effect is currently
unclear.
These results strongly support the in vivo relevance of

the structures that we determined but also suggest that
additional interactions between ERH-2 and PID-3may ex-
ist within the full PETISCO complex.

ERH-2 interacts with the effector proteins TOST-1
and PID-1 through a common interface

PID-1 and TOST-1 share a common sequence motif with
which they interact with ERH-2, as previously assessed
through Y2H and MS analysis (Fig. 4A; Cordeiro Rodri-
gues et al. 2019). To understand the interplay of ERH-2
with these proteins, we purified full-length TOST-1
and PID-1, C-terminally tagged with monomeric Venus
StrepII tag (mV-Strep), and probed their binding to
ERH-2 and ERH-1. Both PID-1 and TOST-1 bound
ERH-2 (Fig. 4B), but unlike PID-3, they also interacted
with ERH-1 (Fig. 4B). We noted as well that TOST-1
was a more efficient bait than PID-1 (Fig. 4B), suggesting
that it binds more strongly to ERH-2 and ERH-1 than
PID-1.
To define the binding interface at the residue level, we

analyzed the interaction of PID-1 and TOST-1 with ERH-
2 using NMR spectroscopy. We titrated peptides corre-
sponding to the conserved region of TOST-1 (residues
28–53, TOST-1pep) and PID-1 (residues 47–74, PID-1pep)
into 15N-labeled full-length ERH-2 to monitor amide

CSPs (Fig. 4C; Supplemental Fig, S6A,B). The changes oc-
curred in slow-intermediate exchange for TOST-1pep, and
in intermediate exchange for PID-1pep (Fig. 4C). This indi-
cates binding constants in the micromolar range for both
peptides, with PID-1pep binding being weaker than
TOST-1pep.
To determine where PID-1pep and TOST-1pep bind

ERH-2, we assigned the backbone chemical shifts of the
respective complexes and calculated their amide CSPs
(Fig. 4D). The changes observed occurred in similar
ERH-2 residues andmostly in the same direction, indicat-
ing that both peptides bound in analogous fashion and to
the same surface of ERH-2 (Fig. 4C). Both peptides caused
the largest perturbations at the interface formed by strand
β4, including the highly perturbed amino acids Ile81,
Gly82, and Arg83, as well as the adjacent α3 helix, includ-
ing Trp87 (Fig. 4D,E). Mapping of the largest CSPs on the
surface of ERH-2 showed that the interface bound by
TOST-1/PID-1 laid opposite the interface used for
PETISCO binding through PID-3pep (Fig. 4E). Of note, we
observed only one set of peaks for both the ERH-2 homo-
dimer (except for the flexible loop), as well as the protein-
peptide complexes. This suggests a 2:2 stoichiometry for
protein to effector peptide, as any other scenario would
break the symmetry required to observe only one species
in solution.
We then explored the PID-1 and TOST-1 interplay on

ERH-2 and compared spectra of free ERH-2 and in the
presence of PID-1pep, TOST-1pep, as well as mixtures of
both.When the peptides were present at the same concen-
trations, we observed chemical shifts at intermediate lo-
cations between that of the ERH-2/TOST-1pep and ERH-
2/PID-1pep complexes (Fig. 4F). However, we cannot estab-
lish at themicroscopic level whether thismixed state aris-
es from rapid exchange between the two complexes in the
NMR timescale or from association of both TOST-1 and
PID-1 peptides, one at each available ERH-2 site. Never-
theless, once TOST-1pep was present in excess, we ob-
served chemical shifts consistent with that of an ERH-2/
TOST-1pep complex only (Fig. 4F; Supplemental Fig. S7).
Since the peptides associate at the same interface and
with comparable dissociation constants, we concluded
that PID-1 and TOST-1 compete for ERH-2 binding, and
their relative concentrations will determine which of
the two complexes will be favored. Despite the larger
size of the ERH-2/TOST-1FL complex (60 kDa), we detect-
ed very similar amide CSPs upon addition of full-length
TOST-1 (TOST-1FL) to 15N-labeled ERH-2, indicating
that the shorter peptide recapitulates full-length TOST-1
binding (Supplemental Fig. S8).
To validate the PID-1/TOST-1 binding interface

observed by NMR, we designed two ERH-2 mutants
(I81A/R83A and W87A) and performed pull-down experi-
mentswith purified proteins. Both ERH-2mutants, in par-
ticular W87A, showed aweaker interaction with TOST-1.
(Fig. 4G). These mutations in ERH-2 did not affect PID-
3pep binding, and conversely, the mutation in ERH-2
(T13E) that disrupted association with PID-3 did not sig-
nificantly affect TOST-1 binding (Fig. 4B), consistent
with their binding at opposite sides.
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Figure 4. PID-1pep and TOST-1pep bind to ERH-2 through a common interface. (A) Sequence alignment of C. elegans PID-1 and TOST-1
corresponding to the conserved motif previously determined (Cordeiro Rodrigues et al. 2019). (B) Analysis of the interaction between
TOST-1/PID-1 with ERH-1/ERH-2 by streptavidin pull-down assays. Purified, recombinant TOST-1 or PID-1 mVenus-Strep fusion pro-
teins were used as baits and ERH-1 and ERH-2 as prey. Input and elution fractions were analyzed by SDS-PAGE followed by Coomassie
staining. (C ) PID-1pep andTOST-1pep bind to ERH-2 in a similar fashion.NMR-monitored titrations of 15N-labeled ERH-2 upon addition of
unlabeled TOST-1 and PID-1 peptides, as indicated (full view in Supplemental Fig. S6). (D) The bound ERH-2/peptide complexes (1:3 mo-
lar ratios) were assigned and the extent of the CSPs quantified. The peptides produced changes in similar directions (indicated by the ar-
rows) and generally included the same set of perturbed amino acids. (E) Mapping of the CSP values onto the dimeric structure of ERH-2
(PDB: 7O6N) shows that the most affected residues lie in strand β4 and adjacent helix α3, opposite the interface bound by PID-3pep. (F )
Interplay of TOST-1pep and PID-1pep binding to ERH-2. Comparison of 15N-labeled ERH-2 moieties in its free form (red), bound to PID-
1pep (green, 1:3molar ratio), TOST-1pep (yellow, 1:3), in the presence of equimolar amounts of both peptides (blue, 1:3:3), or in the presence
of excess TOST-1pep (magenta, 1:3:7). (G) Pull-down assayswith purified recombinantwild-type andmutant versions of ERH-2 as prey and
TOST-1-mVenus-Strep as bait (streptavidin pull-down) or GST-PID-3pep as bait (GST pull-down). Input and elution fractions were ana-
lyzed by SDS-PAGE followed by Coomassie staining.
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Analysis of the interplay between TOST-1 and PID-3
upon binding to ERH-2

Our analysis suggested that ERH-2 could simultaneously
bind TOST-1 and PID-3. To test this, we performed pull-
down assays with TOST-1-mVenus-Strep as bait and
ERH-2 alone, as part of an ERH-2/PID-3 subcomplex, or
with full PETISCO as prey. We found that TOST-1 pulled
down ERH-2 in all conditions (Fig. 5A). In addition, we ob-
served that more ERH-2 is pulled down when ERH-2 is in
complexwith PID-3 or as part of PETISCO, indicating that
the presence of PID-3 might facilitate the binding to
TOST-1. The formation of a trimeric complex was sup-

ported by SEC experiments with purified full-length pro-
teins, as a sample containing ERH-2, TOST-1, and PID-3
elutes at smaller elution volumes than the dimeric sub-
complexes (Fig. 5B).
To obtain quantitative insights, we performed ITC

measurements. Both TOST-1FL and TOST-1pep bound to
ERH-2 with a dissociation constant of 13 µM, and
ERH-2 had a higher affinity to TOST-1pep than to PID-
1pep, both consistent with the NMR experiments (Table
1; Supplemental Figs. S8, S9). The difference in binding
affinities for TOST-1pep and PID-1pep was more pro-
nounced for ERH-1, with the dissociation constant differ-
ing by more than a factor of five. However, we note that

A

B

C

Figure 5. PID-3 and TOST-1 associatewith ERH-2 simultaneously. (A) Analysis of the interaction between TOST-1with PETISCO com-
ponents. Pull-down experiments with purified, recombinant TOST-1-mVenus-Strep fusion as bait with the indicated preys. Input and elu-
tion fractions were analyzed by SDS-PAGE followed by Coomassie staining. (B) Interactions between ERH-2, TOST-1, and PID-3 were
assessed by SEC. (Left panel) Purified proteins were incubated alone or in the indicated mixtures in 1:1 ratio and subjected to SEC. (Right
panel) Analysis of the peak fraction from SEC by SDS-PAGE and Coomassie staining. (C ) The formation of a ternary ERH-2/TOST-1pep/
PID-3pep complex shown by NMR spectroscopy. Zoomed-in views of overlaid 1H-15N HSQCs of ERH-2 in its free form (red), in complex
with TOST-1pep (blue, 1:4molar ratio), in complex with PID-3pep (orange, 1:3molar ratio), or in the presence of both (green, 1:4:1.5 ERH-2:
TOST-1pep:PID-3pep). Residues Thr21 (T21), Glu26 (E26), and Gly82 (G82) are indicated, with their positions color-coded according to the
same scheme. The black arrows highlight amide peaks present in the ternary complex that do not correspond to either the ERH-2/TOST-
1pep or ERH-2/PID-3pep subcomplexes.
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in vivo ERH-1 has not been detected in complex with
TOST-1 or PID-1.

Similar binding affinities between ERH-2 and TOST-
1pep were obtained when the experiments were performed
in the presence of PID-3pep (Table 1; Supplemental Fig. S9).

We also used NMR spectroscopy to monitor the inter-
play of TOST-1pep and PID-3pep on ERH-2. Upon addition
of PID-3pep to a saturated ERH-2/TOST-1pep complex, we
observed changes in the amide positions of 15N-labeled
ERH-2 to locations consistent with the formation of an
ERH-2/PID-3pep complex. However, signature chemical
shifts corresponding to TOST-1-bound ERH-2 remained,
suggesting the formation of a ternary complex (Fig. 5C;
full view in Supplemental Fig. S10). Consistent with this
idea, we observed the appearance of newpeaks not present
in either the ERH-2/TOST-1pep or ERH-2/PID-3pep sub-
complexes (Fig. 5C).

Interestingly, some amide peaks diagnostic of the ERH-
2/TOST-1pep interaction became stronger in the presence
of PID-3pep (Fig. 5C), suggesting that PID-3pep stabilizes
the interaction of TOST-1pep and ERH-2. Given that the
two binding sites are connected through a central β sheet,
this synergy in binding could be explained by an allosteric
mechanism.Taken together, thepull-down, SEC, ITC, and
NMR results clearly show that both PID-3pep and TOST-
1pep can simultaneously associate with ERH-2 to form a
trimeric complex and that the association of ERH-2 with
PID-3pep facilitates its interaction with TOST-1pep.

A composite structural model of the PETISCO core

In the ERH-2ΔC/PID-3pep subcomplex, PID-3pep contains
residues 177–193 and in the PID-3RRM/TOFU-6RRM sub-
complex, the PID-3RRM domain contains residues 196–
274. Hence, only two connecting residues between PID-
3pep and PID-3RRM are unaccounted for. This allowed us
to combine both structures into a composite model (Sup-
plemental Fig. S11A). Using structure calculation proto-
cols with slow simulated annealing, we generated a
structure ensemble of 20 structures. We fixed atoms pre-
sent in the crystal structures except the linker region con-
necting PID-3pep and PID-3RRM, allowing the two
subcomplexes to sample different relative orientations.
In the resulting ensemble, ERH-2 is positioned above the
PID-3RRM domain through the interaction with PID-3pep

(average RMSD of the Cα atoms of 6 Å±1 Å) (Fig. 6A; Sup-
plemental Fig. S11B). Because ERH-2 is bound by two PID-
3pepmoieties, this restricts the flexibilityof ERH-2with re-
spect to the RRM domain core.

In addition, we modeled RNA onto the PID-3RRM/
TOFU-6RRM complex guided by known RRM-RNA struc-
tures (Auweter et al. 2006; Teplova et al. 2016; Upadhyay
and Mackereth 2020), and we noticed that, while the
RNA-binding surface of theTOFU-6RRMwould be accessi-
ble, theRNA-binding surfaceof thePID-3RRMwouldbeoc-
cupied by the ERH-2ΔC/PID-3pep module (Fig. 6B),
suggesting that TOFU-6 is more likely to bind RNA than
PID-3.

To investigate the potential RNA-binding properties of
the TOFU-6RRM/PID-3RRM complex in more detail, we

compared the RRM domains of both TOFU-6 and PID-3
with well-characterized RRMs using structure-based se-
quence alignments (Pei et al. 2008). RRM domains bind
single-stranded RNA molecules via the outer β-sheet sur-
face with the contribution of two conserved motifs called
RNP1 and RNP2, located in the β3 and β1 strands, respec-
tively (Maris et al. 2005). The residues critical for RNA
binding, located in RNP1 and RNP2, are retained in
TOFU-6RRM, whereas the PID-3RRM shows several differ-
ences, including the absence of aromatic residues in
RNP1 and RNP2 (Fig. 6C).

We next tested RNA binding of PID-3RRM, TOFU-6RRM,
and the PID-3RRM/TOFU-6RRM complex experimentally
using fluorescence anisotropy assays using two different
probes: (1) a Cy5-labeled 16-mer oligo(U) RNA, and (2) a
FITC-labeled 28-mer RNA based on the 21U-3372 pre-
cursor (AUUGCAUCUAAAGUUGAUUGAAGAGUUA)
containing all four nucleotides and with no predicted sec-
ondary structure (Cecere et al. 2012). Consistent with the
modeling and sequence analysis, the PID-3RRM showed
the lowest binding affinity for both RNAs (Fig. 6D). We
were able to fit the data to a single binding site model
for the poly(U) probe and derive binding constants for
the TOFU-6RRM (Kd of ∼60 µM) and the tetrameric PID-
3RRM/TOFU-6RRM complex (Kd of ∼10 µM). The higher
RNA binding affinity of the PID-3RRM/TOFU-6RRM com-
plex could result from additional contribution from the
PID-3RRM, or from other, currently unknown effects. We
also note that the 21U precursor-related probe was bound
weaker than the poly(U) RNA. Presently, we have no ex-
planation for this observation, but we note that the
PETISCO complex also has additional RNA binding do-
mains—for example, IFE-3, which can bind 5′-cap struc-
tures (Peter et al. 2015)—that may well affect overall
RNA binding by PETISCO.

Discussion

PETISCO—oligomeric state

We show that PETISCO is an octameric protein complex,
consisting of two copies each of IFE-3, TOFU-6, PID-3, and
ERH-2, with a mass of ∼231 kDa. We found that the PID-
3RRM/TOFU-6RRM complex binds a model RNA substrate
with higher affinity than the isolated TOFU-6RRM, sug-
gesting that oligomerization enhances RNA binding prop-
erties, but the functional consequence of PETISCO
dimerization for piRNA processing remains to be deter-
mined. However, there are interesting parallels with other
RNA processing complexes. First, it was recently demon-
strated that the yeast and human THO (TREX) complexes
involved in the transcription and export of RNA also asso-
ciate into higher-order oligomers (Pühringer et al. 2020;
Schuller et al. 2020). Whereas the yeast THO complex
forms a dimer, the human THO complex forms a tetramer
(Pühringer et al. 2020; Schuller et al. 2020). Although the
functional consequence of oligomerization remains to be
shown experimentally, it was hypothesized that dimeriza-
tion of the yeast THO complex plays a crucial role in pre-
venting R-loop formation during transcription of mRNA
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Figure 6. Modeling of the PETISCO core complex. (A) Modeling of the PETISCO core complex by combining the PID-3RRM/TOFU-6RRM

and ERH-2ΔC/PID-3pep subcomplexes. The core complex is shown in two different orientations. The PID-3RRM/TOFU-6RRM complex is
colored as in Figure 2, ERH-2ΔC/PID-3pep as in Figure 3 (B) Modeling of RNAs on the four RRMs of the PID-3RRM/TOFU-6RRM complex.
The positions of the fourmodeledRNAmolecules are shown in ribbon representation. RNAs on the TOFU-6RRM and PID-3RRM are shown
in gray and green, respectively. (C ) Structure-based multiple sequence alignment of PID-3RRM and TOFU-6RRM in comparison with well-
characterizedRNA-bindingRRMsof RBM20, FOX-1, andRBPMS. TheRNP1 andRNP2motifs contributing toRNAbinding are indicated
and differences are highlightedwith pink triangles. (D) Fluorescence anisotropy binding assay using a Cy5-U16-mer RNA (left panel) and a
FITC-28-mer RNA (right panel). Values are presented as the average, and error bars correspond to the standard deviation of three (n =3)
technical replicates. The solid lines for TOFU-6RRM and PID-3RRM/TOFU-6RRM in the left panel represent the fit of a single-binding
site model to the data, whereas for PID-3RRM and all three curves in the right panel, the solid lines only serve as a guide for the eye. (E)
Schematic model of the PETISCO core complex (TOFU-6RRM/PID-3RRM/ERH-2) and its interaction with the effector proteins PID-1
and TOST-1. TOFU-6RRM/PID-3RRM form a tetrameric core and ERH-2 binds to a region upstream of the PID-3RRM. TOST-1 and PID-1
bind to a common surface on ERH-2, located opposite to its PID-3 binding site, and thereby specify PETISCO function.
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by RNA polymerase II (Schuller et al. 2020). In addition,
dimerization is required for the function of theDrosophila
melanogaster SFiNX complex, which facilitates cotran-
scriptional gene silencing downstream from the piRNA-
PIWI complex. Dimerization of SFiNX is promoted
through the interaction with the dynein light chain pro-
tein “Cut up”/LC8, which forms a homodimer and binds
a short linear motif present in one of the SFiNX subunits.
At the functional level, dimerization of SFiNX is required
for the nucleic acid-stimulated formation of biomolecular
condensates in vitro and heterochromatin formation at
piRNA target loci in vivo (Schnabl et al. 2021). In the
case of SFiNX, dimerization thus plays a direct role in
the formation of condensates. Since the proteins that par-
ticipate in the processing of piRNAs also localize in bio-
molecular condensates, the P granules, dimerization
might also play a role in modulating potential phase sepa-
ration properties of PETISCO.

Finally, the human ERH homolog has recently been
shown to support the microprocessor complex during
microRNA (miRNA) processing (Fang and Bartel 2020;
Hutter et al. 2020; Kwon et al. 2020). Microprocessor is a
trimeric complex consisting of one copy of DROSHA and
two copies of DGCR8, and dimerization of DGCR8 is nec-
essary for miRNA processing (Faller et al. 2007). The
dimeric ERH protein binds to a short linear motif located
in theN-terminal region ofDGCR8 and is thought to addi-
tionally contribute to DGCR8 dimerization (Kwon et al.
2020). At the functional level, oligomerization facilitates
processing of suboptimalmiRNAhairpins located in clus-
ters (Fang andBartel 2020;Hutter et al. 2020). In PETISCO,
we found a similar architecture: PID-3 dimerizes through
its RRM domain and is supported by the binding of ERH-
2 to a motif upstream of the RRM (Fig. 6E). Within
PETISCO, ERH-2 not only reinforces dimerization but
also binds the effector proteins TOST-1 and PID-1 at a sur-
face opposite of PID-3. Similarly, SAFB has been shown to
bind human ERH (Drakouli et al. 2017) and help process
suboptimal miRNAs (Fang and Bartel 2020; Hutter et al.
2020). It thus appears thatERHhomologsmayact as signal
integrators to control RNA processing. Because human
ERH stimulates processing of suboptimal miRNA precur-
sors, we hypothesize that PETISCO dimerization may
likewise stimulate 21U RNA processing. However, dis-
secting whether these effects stem from dimerization or
PETISCO integrity will be difficult, given the inter-depen-
dence of PID-3 dimerization and TOFU-6 binding.

Subcellular localization of PETISCO

We found that loss of ERH-2 binding by PID-3 does not af-
fect its subcellular distribution over the cytoplasm and P
granules. However, we show that dimerization of PID-3 is
a prerequisite for TOFU-6 binding and for localization of
PID-3 to P granules. Previous work from Zeng et al.
(2019) showed that an allele of tofu-6(ust95) that results
in partial deletion of the eTudor domain specifically af-
fected TOFU-6 P granule localization and 21U RNA pro-
duction but not embryonic viability. Together, these
results strongly imply that TOFU-6 plays an important

role in P granule localization. Interestingly, the depletion
of PID-3 by RNAi leads to loss of TOFU-6 from P granules
(Zeng et al. 2019), suggesting that PID-3 can somehow en-
hance TOFU-6’s ability tomediate this function.Whether
this relates to dimerization or to other effects cannot be re-
solved at this stage.

Interplay between TOST-1 and PID-1

We found that TOST-1 can outcompete PID-1 for
PETISCO binding when present in excess. Is this relevant
forPETISCOfunctionality invivo?Aconclusiveanswer to
this question will require an experiment in which the on-
set of expression of PID-1 andTOST-1 in the various stages
of germ cell development can be assessed. Due to the
stabilityof the fluorescent tags, and their large sizewith re-
spect to theproteins of interest, standard localization stud-
ies under steady-state conditions (Zeng et al. 2019) are not
suitable to resolve this. However, we do know that PID-1
does not have a role in the embryo and that 21U RNAs
are already expressed at early stages, as judged from
PRG-1 expression patterns (Batista et al. 2008; Wang and
Reinke 2008). At the same time, germ cells do not show
any defects in tost-1mutants, while it is present in and re-
quired for the development of embryos (Cordeiro Rodri-
gues et al. 2019; Zeng et al. 2019). Interestingly, in tost-1
mutants, some increase in 21U RNA levels have been re-
ported (Cordeiro Rodrigues et al. 2019; Zeng et al. 2019),
indicating a competition between the two PETISCO func-
tions. Everything considered, it seems likely that PID-1-
bound PETISCO assemblies are present in germ cells
when TOST-1 starts to be up-regulated and that the PID-
1-TOST-1 exchange that we describe is relevant to estab-
lish a good balance between PETISCO functions in vivo.

Evolutionary aspects

Evolutionary analysis of PETISCO components revealed
that PID-3, TOFU-6, TOST-1, and PID-1 are restricted to
nematodes, while ERH (ERH-2) proteins and eIF4E pro-
teins (IFE-3) are present throughout eukaryotes (Cordeiro
Rodrigues et al. 2019).C. elegans contains two ERH paral-
ogs, ERH-1 and ERH-2. Strikingly, PID-3 can only interact
with ERH-2, suggesting that ERH-2 has adopted a special-
ized function in PETISCO. Homology modeling of ERH-1
and superposition with our ERH-2 structure revealed that
PID-3 binding residues Ile11, Thr13, and Gly20 in ERH-2
are not conserved in ERH-1 (Leu8, Pro10, and Ser20) (Sup-
plemental Figs. S3D, S12A). Especially, ERH-1 Ser20 steri-
cally interferes with PID-3 binding and we demonstrated
thatmutation of Thr13 in ERH-2 abrogates PID-3 binding.
Interestingly, TOST-1 and PID-1 can, at least in vitro, in-
teract with both ERH-1 and ERH-2. Furthermore, TOST-1
is present in nematode species that only contain one ERH
paralog (Cordeiro Rodrigues et al. 2019), suggesting that in
these species the single ERH protein may execute both
PETISCO-related (bound by TOST-1) and PETISCO-unre-
lated activities.

Interestingly, there are also several nematode species
that contain PID-3 but no ERH-2 paralog. Even though
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in C. elegans PID-3 does not bind ERH-1, it would be in-
teresting to see whether PID-3 can interact with ERH-1
in those species, possibly representing an ancestor com-
plex to what we now see in C. elegans.
Analysis of sequence conservation revealed that the

most conserved feature of the PID-3RRM domain is the sur-
face thatmediates homodimerization. In contrast, the res-
idues involved in TOFU-6 binding are less well conserved
(Supplemental Fig. S12B). On the other hand, most resi-
dues of the TOFU-6RRM involved in PID-3RRM binding
are well conserved (Supplemental Fig. S12C). This is con-
sistent with our previous evolutionary analysis, which re-
vealed that PID-3 is more widespread than TOFU-6 in the
nematode phylum (Cordeiro Rodrigues et al. 2019). It
mightbe that theTOFU-6binding interface’s evolutionary
pressure is reduced comparedwith the PID-3 dimerization
interface, or thatTOFU-6 is replacedwith another protein,
possibly also an RRMdomain protein, in species that have
PID-3 but no TOFU-6.
These aspects clearly show that ERH is a nexus around

whichmany RNA processing reactions concentrate and is
amenable to significant variation in interacting proteins.
Themany parallels between ERH function inmiRNApro-
cessing and PETISCO show that small RNA biogenesis
pathways represent one domain of RNA processing that
exploits ERH as an interaction platform. However, given
the conservation of ERH also in species lacking small
RNAs, such as S. cerevisiae, and the role of ERH in
RNA decay in S. pombe, it is clear that ERH proteins fill
a niche in RNA processing that is much more general
(Weng and Luo 2013).

Materials and methods

Protein production

The genes coding for PETISCO subunits (IFE-3, TOFU-6, PID-3,
and ERH-2), TOST-1, PID-1, and ERH-1 were cloned into modi-
fied pET vectors using ligation-independent cloning. All proteins
were produced as an N-terminal His-tagged fusion protein with
varying fusion partners. IFE-3, ERH-1, ERH-2, PID-1, and
TOST-1 contained a His6-Trx-3C tag, and TOFU-6 a His10-
MBP-3C tag, and PID-3 a His6-GST-3C tag. Addition of 3C prote-
ase allowed cleaving of this His fusion protein tag from the pro-
tein of interest. Proteins were produced in the E. coli BL21(DE3)
derivative strain in terrific broth mediumwith the respective an-
tibiotics. Briefly, cells were grown at 37°C, and when the culture
reached an optical density (OD) at 600 nmof 2–3, the temperature
was reduced to 18°C. After 2 h at 18°C, 0.2 mM IPTG was added
to induce protein production for 12–16 h overnight.
To reconstitute PETISCO, single PETISCO subunits were

coexpressed from individual plasmids with different antibiotic
resistance markers. IFE-3 (His6-Trx-3C tag; ampicillin resis-
tance) was coexpressed with TOFU-6 (His10-MBP-3C tag; kana-
mycin resistance), and PID-3 (His6-GST-3C tag; streptomycin
resistance) with ERH-2 (His6-Trx-3C tag; ampicillin resistance).
Cell pellets expressing the IFE-3/TOFU-6 and PID-3/ERH-2 sub-
complexes were mixed in a 1:1 ratio, resuspended in lysis buffer
(25 mM Tris/HCl, 50 mM NaPO4, 250 mM NaCl, 10% [v/v]
glycerol, 5 mM 2-mercaptoethanol at pH 7.5), and lysed by son-
ication. PETISCO was purified by immobilized metal affinity
chromatography (IMAC) using Ni2+-chelating beads (HisTrap

FF; GE Healthcare). The HisTrap FF column was washed with
20 column volumes of lysis buffer, and proteins were eluted
with 20 mM Tris/HCl (pH 7.5), 150 mM NaCl, 500 mM imidaz-
ole, 10% (v/v) glycerol, and 5 mM 2-mercaptoethanol. PETISCO
was dialyzed against 20 mM Tris/HCl (pH 7.5), 150 mM NaCl,
10% (v/v) glycerol, and 5 mM 2-mercaptoethanol, and the His
fusion tags were cleaved by the addition of 3C protease during
dialysis. The His fusion tag and His-tagged 3C protease were re-
moved by a second IMAC step. PETISCO was subsequently pu-
rified using Heparin affinity chromatography (HiTrap Heparin
HP, GE Healthcare) and size exclusion chromatography using
an S200 increase 10/300 column (GE Healthcare) in a buffer con-
taining 20 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10% (v/v)
glycerol, and 2 mM DTT. All steps were performed on ice or
at 4°C.

Size exclusion chromatography (SEC) assay

Purified proteins were incubated alone or in different combina-
tions as indicated, in concentrations between 20 and 40 µM (total
volume of 200 µL) in SEC buffer (20 mM Tris/HCl at pH 7.5, 150
mMNaCl, 2 mMDTT). Samples were incubated for 1 h on ice to
allow complex formation. Complex formation was assayed by
comparing the elution volumes in SEC on either a Superdex
200 Increase 10/300 or Superdex 200 Increase 3.2/300 (GEHealth-
care) column. The SEC peak fractions were analyzed by SDS-
PAGE and visualized by Coomassie brilliant blue staining.

Size exclusion chromatography coupled to multiangle light scattering
(SEC-MALS)

The molecular mass and the oligomeric state of PETISCO, its
subunits, and other proteins in solution were determined by
size exclusion chromatography (SEC) coupled to multiangle light
scattering (MALS). Individual proteins or protein complexes were
analyzed at concentrations between 2 and 5 mg/mL in a buffer
consisting of 20 mM Tris/HCl (pH 7.5), 150 mM NaCl, 2 mM
DTT.A Superdex 200 Increase 10/300GL column (GEHealthcare
Life Sciences) was connected to a 1260 Infinity HPLC system
(Agilent Technologies) coupled to a MiniDawn Treos detector
(Wyatt Technologies) with a laser emitting at 690 nm. An RI-
101 detector (Shodex) was used for refractive indexmeasurement.
Data analysis was performed using the Astra 7 software package
(Wyatt Technologies).

ERH-2ΔC and PID-3pep production and purification

ERH-2ΔC containing residues 1–99 of C. elegans ERH-2 was
cloned into a modified pET-vector with a 6xHis-Thioredoxin
(Trx) tag followed by a 3C protease cleavage site. PID-3pep con-
taining residues 171–203 of C. elegans PID-3 was cloned into a
modified pET-vector with a 6xHis-GST tag followed by a 3C pro-
tease cleavage site. Cell growth and protein production were per-
formed as described above. ERH-2ΔC and PID-3pep were purified
by immobilized metal affinity chromatography using a Ni2+ ma-
trix. The His-Trx and His-GST tags were cleaved with His-tagged
3C protease, and both the tags and 3C protease were removed in a
reverse IMAC step. ERH-2ΔC and PID-3pep were present in the
flow-through andwere concentrated using ultrafiltration and sub-
jected to size exclusion chromatography on a Superdex 75 (16/
600) column equilibrated with 20 mM Tris/HCl (pH 7.5), 150
mM NaCl, and 5 mM 2-mercaptoethanol. After size exclusion
chromatography, ERH-2ΔC was concentrated to 15 mg/mland
PID-3pep to 5 mg/ml and stored at −80°C until further use.
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PID-3RRM and TOFU-6RRM production and purification

TOFU-6RRM (residues 1–99) and PID-3RRM (residues 196–274)
were cloned into a modified pET-vector containing His10-MBP-
3C and His6-GST-3C tags, respectively. TOFU-6RRM and
PID-3RRM were expressed individually as described for ERH-2ΔC

and PID-3pep. To purify the PID-3RRM/TOFU-6RRM complex, the
cultures expressing individual PID-3RRM and TOFU-6RRM pro-
teins were mixed before cell harvest. The PID-3RRM/TOFU-
6RRM complex was purified by immobilized metal affinity chro-
matography using a Ni2+ matrix, followed by cation exchange
chromatography and size exclusion chromatography on a Super-
dex 200 (16/600) column (GE Healthcare) equilibrated in
20 mM Tris/HCl (pH 7.5), 150 mM NaCl, and 5 mM
2-mercaptoethanol.

Crystallization

All crystallization trials were performed using a vapor diffusion
setup bymixing the protein complex and crystallization solution
in a 1:1 and 2:1 ratio. For ERH-2ΔC, the best diffracting crystals
grew in condition A2 from the Morpheus screen (Molecular Di-
mensions). For crystallization of the ERH-2ΔC/PID-3pep complex,
these were mixed in a 1:1 ratio. The best diffracting crystals grew
in condition A5 from the JCSG+ (Molecular Dimensions). The
best crystals of PID-3RRM were obtained in condition C5 from
theMorpheus screen (Molecular Dimensions). Crystals were har-
vested and directly frozen in liquid nitrogen before data collection
at 100K. Crystals fromERH-2ΔC, ERH-2ΔC/PID-3pep, and the PID-
3RRM grew in conditions that did not require further cryoprotec-
tion and were therefore directly frozen in liquid nitrogen before
data collection at 100 K.
Initial small crystals for the PID-3RRM/TOFU-6RRM complex

were obtained in several commercial screens in conditions con-
taining sodium acetate buffer (pH 4–5) and various precipitants
and additives. Through several rounds of microseeding, we ob-
tained larger crystals. The best crystals grew in 0.1 M sodium ac-
etate (pH 5.0), 200 mM NaCl, and 17% (v/v) PEG3350. Crystals
were soaked with a mother liquor containing 300 mM NaI in-
stead of 200 mM NaCl, and with 25% (v/v) glycerol for cryopro-
tection, and then frozen in liquid nitrogen.

Data processing, phase determination, refinement, and modeling

All datawere processedwith Xia2/Dials (Winter et al. 2013) with-
in CCP4i2 (Potterton et al. 2018). For ERH-2ΔC, the phases were
determined by molecular replacement using the human ERH
structure (PDB 2nml) as model, while in the case of the ERH-
2ΔC/PID-3pep complex, we used theC. elegans ERH-2ΔC structure
(PDB 7O6L). The phases of the PID-3RRM/TOFU-6RRM complex
were solved by single isomorphous replacement with anomalous
scattering (SIRAS) phasing from iodidewith Autosol from Phenix
(Terwilliger et al. 2009). The mean figure of merit over all resolu-
tion shells had a value of 0.30 and an estimated map correlation
coefficient value of 40 ± 11. The phases for the PID-3RRMwere de-
termined by molecular replacement using the C. elegans PID-
3RRM domain from the PID-3RRM/TOFU-6RRM complex structure
(PDB 7OCZ) as amodel. Themodels were automatically built us-
ing Buccaneer (Cowtan 2006) or Autobuild (Terwilliger et al.
2008), manually completed with COOT (Emsley et al. 2010),
and refined with phenix.refine (Afonine et al. 2012) and refmac5
(Kovalevskiy et al. 2018). PDB REDO (Joosten et al. 2012) and
MolProbity (Williams et al. 2018) were used for validation. Data
collection, phasing, and refinement statistics are listed in Supple-
mental Table S1. Molecular graphics of the structures were creat-
ed using UCSF ChimeraX (Goddard et al. 2018).

Pull-down assays with purified proteins

For interaction studies with purified proteins, appropriate protein
mixtures (bait 10–20 µM, prey in 1.2-foldmolar excess) were incu-
bated in 20mMTris/HCl (pH 7.5), 150mMNaCl, 10% (v/v) glyc-
erol, 0.05% (v/v)NP40, 1mMDTT for 30min at 4°C. The protein
mixtures were then incubated with the indicated beads—gluta-
thione sepharose beads (Cube Biotech), amylose sepharose beads
(New England Biolabs), and Strep-Tactin XT beads (IBA)—for
2 h. After incubation, the beads were washed three times with
0.2 mL of incubation buffer, and the retained material was eluted
with 0.05 mL incubation buffer supplemented with 20 mM of re-
duced glutathione, 20mMmaltose, or 50mMbiotin. Inputmate-
rial and eluates were analyzed by SDS-PAGE and Coomassie
brilliant blue staining.

Coexpression pull-down assays

For interaction studies by the coexpression copurification strat-
egy, two plasmids containing the gene of interest and different an-
tibiotic resistance markers were cotransformed into BL21(DE3)
derivative strains to allow coexpression. Cells were grown in TB
medium at 37°C, and when the culture reached an OD at 600
nm of 2–3, the temperature was reduced to 18°C. After 2 h at
18°C, 0.2 mM IPTG was added to induce protein production for
12–16 h overnight. Cell pellets were resuspended in 2 ml of lysis
buffer (50 mM sodium phosphate, 20 mM Tris/HCl, 250 mM
NaCl, 10 mM Imidazole, 10% [v/v] glycerol, 0.05% [v/v] NP-40,
5mMβ-mercaptoethanoat pH8.0) per gramofwet cellmass.Cells
were lysed by ultrasonic disintegration, and insoluble material
was removed by centrifugation at 21,000×g for 10 min at 4°C.
For GST pull-downs, 500 µL of supernatant was applied to 20 µL
of glutathione-coupled resin (Cube Biotech); for MBP pull-downs,
500 µL of supernatant was applied to 20 µL of amylose resin (New
England Biolabs) and incubated for 2 h at 4°C. Subsequently, the
resin was washed three timeswith 500 µL of lysis buffer. The pro-
teins were eluted in 50 µL of lysis buffer supplemented with 20
mMreduced glutathione or 20mMmaltose in the caseof glutathi-
one or amylose beads, respectively. Input material and eluates
were analyzed by SDS-PAGE and Coomassie brilliant blue
staining.

Circular dichroism spectroscopy

Far-UV CD spectra were measured using a Chirascan plus spec-
trometer (Applied Photophysics) and a 0.5-mm path-length cu-
vette at 22°C. Samples were prepared at 15 µM in 5 mM
sodium phosphate, 80 mM NaCl (pH 8.0). At least three spectra
were collected for each sample at 180–260 nm with 1-nm steps
and averaged.

Multiple sequence alignments

Multiple sequence alignments were generated using MUSCLE
(Edgar 2004), structure-based multiple sequence alignments us-
ing PROMALS3D (Pei et al. 2008). For the visualization of multi-
ple sequence alignments, Jalview 2.0 was used (Waterhouse et al.
2009).

Isothermal titration calorimetry

All ITC experimentswere carried out at 25°C using the PEAQ-ITC
isothermal titration calorimeter (Malvern). The data were
processed and curveswere fitted using the PEAQ-ITC software. Be-
fore the measurements, all samples were dialyzed simultaneously
against 1 L of sample buffer (50 mM Tris, 250 mM NaCl, 1 mM
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TCEPat pH7.50) to ensure completebuffermatching.Theproteins
and peptides were concentrated to the values listed in Table 2.
In each case, 2 µL of the titrant per injection were added to 200

µL of reactant cell solution. Due to difficulties in accuratelymea-
suring the TOST-1pep concentration (low extinction coefficient at
280 nm), this value was floated and the N value fixed at the
known stoichiometry of 1. The heats of dilution were obtained
by repeating the experiments with sample buffer in the calorim-
eter cell, while keeping all other experimental parameters identi-
cal. These dilution heats were fit to a straight line by linear
regression and subtracted from the heats of binding. The base-
line-corrected binding isotherms were then fit to a 1:1 model to
give the reported thermodynamic parameters. For the purposes
of comparing binding of TOST-1 in the presence and absence of
PID-3pep, the heats of association were assumed to derive solely
from TOST-1 binding, as we did not detect binding between
TOST-1 and PID-3 peptides (not shown). For multiple measure-
ments, the averages and population standard deviations of the
fit results (Kd, ΔH°bind, and −TΔS°bind) are reported.

Fluorescence anisotropy experiments

The RNAs used for anisotropy experiments were purchased from
Ella Biotech. The pre-piRNA is based on the following 21U-3372
precursor sequences: 5′-Cy5-U16 (Cy5-UUUUUUUUUUUUU
UUU) and 5′-FITC-pre-piRNA (FITC-AUUGCAUCUAAAGUU
GAUUGAAGAGUUA).
The fluorescently labeled RNAs were used at a concentration

of 100 nM and incubated with increasing concentrations of pro-
tein in a volume of 20 µL in a buffer containing 10 mM Tris/
HCl (pH 7.5), 50 mM KCl, and 0.5 mM EDTA for at least 2 h at
15°C. The anisotropy was recorded on a FS5 Spectrofluorometer
(Edinburgh Instruments) with the following settings: for Cy5, ex-
citation 649 nm, bandwidth 3 nm; emission 675 nm, and band-
width 3 nm; for FITC, excitation 495 nm, bandwidth 3 nm;
emission 519 nm, and bandwidth 3 nm. The anisotropy wasmea-
sured five times in 30 sec, and the average anisotropy value was
calculated. The data were fitted with a single binding site model
using Graphpad Prism.

Modeling

Ahomologymodel ofC. elegansERH-1was generated using the I-
TASSER server (Yang et al. 2015) with default settings and the C.
elegans ERH-2 structure (PDB 7OCZ) as a template.
We generated amodel of the PETISCOcore complex containing

ERH-2(1–113) PID-3(179–274) TOFU-6(RRM) by combining the
coordinates of the crystal structures of ERH-2(3–99)/PID-3(177–
193/179–193) and PID0-3(198–274/196–274)/TOFU-6(7–99/7–
91). A template structure of the complex was generated in cns-

1.2 (Brunger 2007) by adding the missing linker residues (194–
197 and 194–195) followed by a short energyminimization. To ex-
plore the structural flexibility of this core complex, we generated
an ensemble of 20 structures from the energy-minimized tem-
plate by randomly choosing 10 different Cα pairs of the two sub-
complexes and ran a simulated annealing structure calculation
protocol (Linge et al. 2003) with one distance restraint for each
of the chosen pairs adding 7 Å to or subtracting 7 Å from the dis-
tance in the template structure, respectively. In the structure cal-
culation, all residues observed in the crystal structures where
fixed (Simon et al. 2010) except for eight linker residues (PID3
192–199) connecting the two subcomplexes. The resulting en-
semble of structures exhibits an average root mean square devia-
tion of the Cα atoms of 6 Å±1 Å to the template structure.

Production of fractionally deuterated 13C/15N-labeled ERH-2

The gene encoding full-length C. elegans ERH-2 (NCBI gene ID
185323) was cloned into pET28a (Addgene 69864-3), containing
an N-terminal His6 tag followed by a TEV protease cleavage site
(MGSSHHHHHHSSGENLYFQGHMAS) using NheI and BamHI
restrictions sites. Due to the size of the dimeric ERH-2 protein
(∼27 kDa), fractional deuteration in combination with stable iso-
tope labeling was used for recombinant protein expression in
Escherichia coli BL21 (λDE3) to allow NMR triple resonance ex-
periments for backbone assignments (13Cα, 13Cβ, and 15NH). A
starter 50-mL culture was grown for 16 h at 37°C with shaking
at 200 rpm, using M9 minimal medium (dissolved in H2O) sup-
plemented with 2 g/L 12C-glucose and 0.5 g/L 14NH4Cl. The cells
were collected by centrifugation and resuspended in 500 mL of
M9 minimal medium dissolved in ∼98% D2O supplemented
with 2 g/L 13C-glucose and 0.5 g/L 15NH4Cl, followed by incuba-
tion for 16 h at 37°C. The resulting culture was used to inoculate
additional 2.5 L ofminimalM9/D2O/13C/15Nmedium, to a start-
ing OD600 of ∼0.3. After growth at 37°C, protein expression was
induced at an OD600 of ∼1 with 2 mM IPTG, and the culture
was allowed to shake for 16 h at 20 °C. Subsequently, the cells
were collected by centrifugation, resuspended in lysis buffer
(20 mM Na2HPO4, 20 mM imidazole, 1 M NaCl, 1 M urea,
10% [v/v] glycerol at pH 7.4), and frozen at −20°C until use.
The cell pellet was then thawed, and the lysis buffer supplement-
ed with lysozyme (Genaxxon Bioscience) and protease inhibitor
cocktail (Roche) according to instructions. After 15-min incuba-
tion on ice, the mixture was homogenized (Microfluidizer M-
110L fluid processor, Microfluidics Corp.) by passaging four
times. Unless otherwise noted, all purification steps were per-
formed at room temperature. The lysate was cleared by centrifu-
gation and applied to tandem fast-flow Ni+2-NTA HisTrap (GE
Healthcare) columns. These were washed with 20 column vol-
umes of lysis buffer. His-tagged ERH-2 was eluted in one step
with ∼35 mL of 20 mM Na2HPO4, 500 mM imidazole, and 0.5
MNaCl (pH 7.4), and dialyzed against 2 L of TEV cleavage buffer
(50 mM Tris, 250 mMNaCl, 1 mM DTT at pH 7.5) for 30 min at
room temperature. At this point, ∼1mg of TEV protease was add-
ed, and ERH-2 was allowed to continue dialyzing in its presence
for 16 h at 4°C. The resulting cleaved product contained five non-
native residues at theN terminus andwas further purified using a
second HisTrap, followed by size exclusion chromatography col-
umn (Superdex 75 16/600, GE Healthcare) equilibrated with
NMR buffer (50 mM Tris, 250 mM NaCl, 1 mM TCEP at pH
7.50). The appropriate pure fractions were pooled, and the protein
was concentrated using Amicon 3 kDaMWCO centrifugal filters
(Merck Millipore). The protein concentration was calculated us-
ing the measured absorbance at 280 nm under native conditions
and assuming an extinction coefficient of 19940 M−1 cm−1.

Table 2. Protein and peptide concentrations in ITC
experiments

Concentration in the cell Concentration in the syringe

27 µM ERH-1 271 µM PID-3pep

23 µM ERH-2 250 µM PID-3pep

20 µM TOST-1pep 600 µM ERH-1
20 µM TOST-1pep 600 µM ERH-2
20 µM PID-1pep 600 µM ERH-1
20 µM PID-1pep 600 µM ERH-2
20 µM ERH-2 431 µM TOST-1FL

20 µM ERH-2:40 µM PID-3pep 431 µM TOST-1FL

20 µM ERH-2:40 µM PID-3pep 285 µM TOST-1pep
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NMR spectroscopy

NMR experiments were performed at 25°C using a Bruker
Avance III 800-MHz spectrometer equipped with a cryoprobe.
The ERH-2 sample was concentrated to 200–600 µM and con-
tained 0.02% sodium azide, 10% D2O (as a locking agent), and
90% NMR buffer. For backbone assignments and titrations, 2D
and 3D transverse relaxation optimized spectroscopy (TROSY)
pulse sequences with 2H-decoupling and apodization weighted
sampling were used (Pervushin et al. 1997; Salzmann et al.
1998; Simon and Köstler 2019). The resulting spectra were pro-
cessed and analyzed using NMRPipe (Delaglio et al. 1995) and
NMR-FAM Sparky (Lee et al. 2015), respectively. Ninety percent
of all amides were assigned. The resulting chemical shifts (1HN,
15N, 13Cα, and 13Cβ) were deposited under BMRB 50914 and
used as input for secondary structure prediction using the pro-
gram MICS (Supplemental Fig. S5A; Shen and Bax 2012). To as-
sign the peptide-bound ERH-2 complexes, NMR-monitored
titrations were used in combination with TROSY-HNCA experi-
ments to track the new positions of the amide peaks (Salzmann
et al. 1998).

Peptides and NMR-monitored titrations

The lyophilized TOST-1 and PID-1 peptides were purchased from
Proteogenix at 95%purity (for details, see Table 3). Approximate-
ly 10 mg of each peptide was resuspended in ∼0.8 mL of NMR
buffer and further dialyzed using Pur-A-Lyzer dialysis containers
(Sigma)with aMWCOof 1 kDa, against an additional 2 L ofNMR
buffer to ensure complete buffer match. The peptide concentra-
tion was typically ∼2 mM, calculated using the measured absor-
bance at 280 nm under native conditions and assuming
extinction coefficients of 2980 M−1 cm−1 for both TOST-1 and
PID-1 peptides. The peptides were added in a stepwise manner
to labeled ERH-2 at a concentration of ∼200 μM, and the changes
in chemical shifts were monitored with TROSY-HSQC experi-
ments at each titration point. The extent of amide 1H-15N chem-
ical shift perturbation (CSP) in free versus saturated peptide-
bound ERH-2 were calculated according to Williamson (2013) to
compensate for frequency bandwidth differences between 15N
and 1H dimensions. The resulting values were plotted as a func-
tion of residue number.

Worm methods

Worms were cultivated at 20°C on OP50 plates. For experiments
at 25°C, animals were grown for 48 h at 25°C. The strains used
were as follows: N2, C. elegans wild isolate; RFK1344, pid-3
(xf271[pid-3::gfp]) I; RFK1346, pid-3(xf272[pid-3[A220E]::gfp]) I;
RFK1348, pid-3(xf273[pid-3[I182A/V186A]::gfp]) I; and RFK1
349, pid-3(xf274[pid-3[I182E/V186E]::gfp]) I.

CRISPR/Cas9 genome editing

Protospacer sequences were chosen using CRISPOR (http
://crispor.tefor.net) cloned in pRK2412 by site-directed, ligase-in-

dependent mutagenesis (SLIM). For the pid-3 gene, the following
alleles were used: xf271 (5′-CAAATTGGGGCACATTTAAG
[AGG]-3′), xf272 (5′-GATCCCATTGACACGATATG[GGG]-3′),
xf273 (5′-CTTCAACAGCGAAGACATCA[AGG]-3′), and xf274
(5′-CTTCAACAGCGAAGACATCA[AGG]-3′).
A PCRproduct fromplasmidpDD282 (Addgene plasmid66823)

was used as a donor template for insertion of gfp. For creation of
pointmutations, the followingUltramerDNAoligodeoxynucleo-
tides from Integrated DNA Technologies were used as a donor
template: xf271 (TGGGAAAGCCGATCAGACTTTCGAAAGT
CTCCTCTGGAGCATCGGGAGCCTCAGGAGCATCGATGA
GTAAAGGAGAAGAATTGTTCACTGGAGTTGTCCCAATC
CTCGTCGAGCTCGACGGAGACGTCAACGGACACAAGTT
CTCCGTCTCCGGAGAGGGAGAGGGAGACGCCACCTACG
GAAAGCTCACCCTCAAGTTCATCTGCACCACCGGAAAG
CTCCCAGTCCCATGGCCAACCCTCGTCACCACCTTCTG
CTACGGAGTCCAATGCTTCTCCCGTTACCCAGACCACA
TGAAGCGTCACGACTTCTTCAAGTCCGCCATGCCAGAG
GGATACGTCCAAGAGCGTACCATCTTCTTCAAGGTAAG
TTTAAACATATATATACTAACTACTGATTATTTAAATTTT
CAGGACGACGGAAACTACAAGACCCGTGCCGAGGTCAA
GTTCGAGGGAGACACCCTCGTCAACCGTATCGAGCTCA
AGGTAAGTTTAAACAGTTCGGTACTAACTAACCATACAT
ATTTAAATTTTCAGGGAATCGACTTCAAGGAGGACGGA
AACATCCTCGGACACAAGCTCGAGTACAACTACAACTC
CCACAACGTCTACATCATGGCCGACAAGCAAAAGAACG
GAATCAAGGTCAACTTCAAGGTAAGTTTAAACATGATT
TTACTAACTAACTAATCTGATTTAAATTTTCAGATCCGT
CACAACATCGAGGACGGATCCGTCCAACTCGCCGACCA
CTACCAACAAAACACCCCAATCGGAGACGGACCAGTCC
TCCTCCCAGACAACCACTACCTCTCCACCCAATCCGCCC
TCTCCAAGGACCCAAACGAGAAGCGTGACCACATGGTC
CTCCTCGAGTTCGTCACCGCCGCCGGAATCACCCACGG
AATGGACGAGCTCTACAAGTAAATGTGCCCCAATTTGC
TTATAAGTTATTTTTTTCT), xf272 (GTGGATATCCGGGG
ATGCTCAACACGTTCGGCATCGAGCAATTGCTCACTCC
ATATCGTGTCAATGGGATCACCATCACCGGCGCCCAG),
xf273 (CGACGTTCGACAAGGTTCTCTTCAACAGCGAAG
ACGCTAAAGATTCTGCCTTCAAAGTTCTGCATGCCGAAG
AAGAGCCGAGAGGTGCGGATCAGGAGAA), and xf274
(CGACGTTCGACAAGGTTCTCTTCAACAGCGAAGACGAG
AAAGATTCTGAGTTCAAAGTTCTGCATGCCGAAGAAGA
GCCGAGAGGTGCGGATCAGGAGAA).
In all cases, dpy-10 coconversionwas used. All alleles were out-

crossed twice before experiments.

Mel phenotype

For RFK1344, RFK1346, and RFK1348, 30 young adult worms
were singled and left for 24 h at 20°C or overnight at 25°C. After-
ward,motherswere removed and the eggswere counted, and after
2 d, developed animals were scored. RFK1349 is Mel (maternal
embryonic lethal) at 20°C; therefore, progeny of heterozygous
mothers were singled and genotyped. At least 2200 eggs from at
least 23 worms were counted for each condition.

Table 3. Peptides used in this study

Name Sequence Length Corresponding protein residues

TOST-1 KYKTATNKRITLNERFGVLEKGYTIQ 26 28–53
PID-1 NYNTNLHRKVTLSDRFELAALGYEMKAK 28 47–74
PID-3 short (GPDSMW) FNSEDIKDSVFKVLHAEEE 25 177–195
PID-3 long (GPDSMW) TFDKVLFNSEDIKDSVFKVLHAEEEPRGADQEN 39 171–203

Perez-Borrajero et al.

1320 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348648.121/-/DC1
http://crispor.tefor.net
http://crispor.tefor.net
http://crispor.tefor.net
http://crispor.tefor.net
http://crispor.tefor.net


Microscopy

Young adult worms or young gravid adults grown at 25°C were
washed in M9 buffer and paralyzed with 60 mM sodium azide
in M9. As soon as worms stopped moving, they were imaged on
a TCS SP5 Leica confocal microscope at 25°C. Images were pro-
cessed using Fiji and Adobe illustrator.

21U RNA sequencing

NGS library preparation was performed with a NEXTflex
small RNA-seq kit V3, following step A to step G of BioScien-
tific’s standard protocol (V19.01), with a starting amount of 30
ng, amplified in 21 PCR cycles, purified by running on an 8%
TBE gel, and size-selected in the range of 144–163nt. The libraries
were profiled using a high-sensitivity DNA kit on a 2100 Bioana-
lyzer (Agilent Technologies) and quantified using the dsDNAHS
assay kit in a Qubit 2.0 fluorometer (Life Technologies). All
sampleswere pooled in equimolar ratio and sequenced on aNext-
Seq 500/550 Flowcell SR for 75 cycles plus seven cycles for the in-
dex read.
The raw sequence reads in FastQ format were cleaned from

adapter sequences and size-selected for 18- to 40-base-long inserts
(plus eight random adapter bases) using cutadapt v.2.4 (http://
cutadapt.readthedocs.org) with parameters “-a AGATCGGAA
GAGCACACGTCT -m 26 -M 48.” Read alignment to the C. ele-
gans genome (Ensembl WBcel235/ce11 assembly) with concomi-
tant trimming of the eight random bases was performed using
Bowtie v.1.2.2 (http://bowtie-bio.sourceforge.net) with parame-
ters “-v 1 -M 1 -y –best –strata –trim5 4 –trim3 4 -S,” and the
SAM alignment files were converted into sorted BAM files using
Samtools v.1.9 (http://www.htslib.org). C. elegans WBcel235/
ce11 gene annotation in GTF format was downloaded from
Ensembl release 96 (ftp://ftp.ensembl.org/pub). Aligned reads
were assigned to small RNA loci and classes using Samtools,
GNU Awk, and Subread featureCounts v.1.6.2 (http://bioinf
.wehi.edu.au/featureCounts). Structural reads aligning sense to
rRNA, tRNA, snRNA, and snoRNA loci were excluded from fur-
ther analysis. 21U-RNAs were strictly defined as reads 21 bases
long starting with T and fully overlapping with annotated piRNA
(21ur) loci on the same DNA strand. For maximal specificity, ex-
cluded from analysis were a small number (3.6%) of ambiguous
21ur loci colocalizing on the same strand with miRNAs, snoR-
NAs, or any other RNA exons. The abundance of 21U-RNAs
was normalized per million mapped nonstructural reads. Se-
quencing data are available at the NCBI Sequence Read Archive
(SRA) under BioProject PRJNA743298 (prepublication reviewer
link: https://dataview.ncbi.nlm.nih.gov/object/PRJNA743298?
reviewer=g2qqsvjnla2nn2h0r05bpjf4r3).

Accession numbers

The coordinates and the structure factors have been deposited in
the Protein Data Bankwith accession codes 7O6L, 7O6N, 7OCX,
and 7OCZ. NMR backbone chemical shifts of free C. elegans
ERH-2 were deposited at the Biological Magnetic Resonance
Bank under accession number 50914. Sequencing data are avail-
able at the NCBI Sequence Read Archive (SRA) under BioProject
PRJNA743298.
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