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Nuclear Piwi/Piwi-interacting RNA complexes mediate co-transcriptional
silencing of transposable elements by inducing local heterochromatin for-
mation. In Drosophila, sumoylation plays an essential role in the assembly
of the silencing complex; however, the molecular mechanism by which the
sumoylation machinery is recruited to the transposon loci is poorly under-
stood. Here, we show that the Drosophila E3 SUMO-ligase Su(var)2-10
directly binds to the Piwi protein. This interaction is mediated by the
SUMO-interacting motif-like (SIM-like) structure in the C-terminal domain
of Su(var)2-10. We demonstrated that the SIM-like structure binds to a
special region found in the MID domain of the Piwi protein, the structure
of which is highly similar to the SIM-binding pocket of SUMO proteins.
Abrogation of the Su(var)2-10-binding surface of the Piwi protein resulted
in transposon derepression in the ovary of adult flies. Based on our results,
we propose a model in which the Piwi protein initiates local sumoylation
in the silencing complex by recruiting Su(var)2-10 to the transposon loci.

Introduction

PIWI-interacting RNAs (piRNAs) are small, non-
coding RNAs that associate with the PIWI clade of
the Argonaute (AGO) protein family. The piRNA
pathway functions predominantly in animal gonads
and it evolved to silence transposable elements,
thereby preserving the genomic integrity of progeny
[1-8]. The PIWI proteins are guided to the transposon
mRNA by sequence complementarity of their associ-
ated piRNAs. In Drosophila, the nuclear Piwi/piRNA
complexes recognize the nascent transcripts of transpo-
sons and induce local heterochromatin formation lead-
ing to co-transcriptional silencing. Several factors

Abbreviations

required for co-transcriptional silencing have been
identified in Drosophila; however, the exact mechanism
leading to heterochromatin formation is largely
unknown. According to a recent model, the Piwi pro-
tein recruits a target recognition complex, whose com-
ponents are specific to the piRNA pathway and
include Asterix, Mealstrom, and the SFiNX complex
(Panoramix, Nxf2-Nxtl, LCS8) [9-16]. The target rec-
ognition complex initiates the recruitment of general
heterochromatin factors, like SetDB1/Wde histone
methyltransferase, which deposits repressive histone
methylation marks (H3K9me3) at the target locus.

AGO, Argonaute; BiFC, bimolecular fluorescence complementation; CTD, C-terminal domain; EGFP, enhanced green fluorescent protein;
GSC, germline stem cells; GST, glutathione-S-transferase; HRP, horseradish peroxidase; PIAS, protein inhibitor of activated STAT; piRNAs,
PIWI-interacting RNAs; RMSD, root-mean-square deviation; ROI, region of interest; SIM, SUMO Interacting Motif; SUMO, small ubiquitin-
like modifiers; YFP, yellow fluorescent protein.
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Piwi directly binds E3 SUMO-ligase in Drosophila

These repressive marks are recognized by effector pro-
teins, such as HPla, which initiate heterochromatin
formation and transcriptional repression [17,18].

A recent study identified several sumoylation targets
among the factors involved in the co-transcriptional
silencing [19]. Moreover, these sumoylation processes
are essential for establishing a link between the Piwi
target recognition complex and the heterochromatin
machinery [18,20,21]. Sumoylation is a posttransla-
tional modification by which small ubiquitin-like mod-
ifiers (SUMOs) are covalently attached to the target
proteins. Similar to ubiquitinilation, sumoylation
involves El activating, E2 conjugating and E3 ligating
enzymes [22-24]. The sumoylated proteins are able to
non-covalently bind to SUMO Interacting Motifs
(SIMs) of other proteins, which can result in new
protein—protein interactions [25]. SIMs are character-
ized by a hydrophobic core bordered by negatively
charged amino acids at their N or C terminus. The
hydrophobic core forms a B-strand which interacts
with the B-strand of the SIM-binding groove of the
SUMO protein. The arrangement of the hydrophobic
and acidic residues in SIMs determines the orientation
of the SUMO-SIM interaction and can influence the
specificity towards distinct SUMO paralogues [26-28].

The E3 SUMO-ligase, Su(var)2-10, associates with
the target recognition complex and is essential for
Piwi/piRNA-mediated co-transcriptional  silencing.
According to the recent model, autosumoylation of Su
(var)2-10 occurs and the sumoylated Su(var)2-10
recruits the SetDB1/Wde complex through its SIMs
[18,20]. Furthermore, the chromatin-bound Panoramix
is sumoylated in a Piwi-dependent manner and its
SUMO moiety facilitates the interaction with SIMs of
Small ovary (Sov) [21]. Sov is a zinc finger protein
involved in heterochromatin formation, possibly by
stabilizing HPla on the chromatin [29,30]. Local
sumoylation activity of Su(var)2-10 has been proposed
to generate “SUMO glue”, which facilitates the assem-
bly of effector complexes by SUMO-SIM interactions
[20,21]. However, the first SUMO signal that initiates
SUMO glue formation and the molecular mechanism
by which the sumoylation machinery is recruited to
the site of transposon repression is unknown.

Previous studies have provided evidence that the
human AGO?2 protein has multiple SIM binding sites
through which it directly binds to the SIM motifs of
SUMO E3 ligase Nup358. [31,32]. As the structure of
the AGO protein family is highly conserved [33], we
hypothesized that Drosophila Piwi protein also pos-
sesses SIM binding sites through which it is able to
interact with the SIMs of Su(var)2-10.

M. Bence et al.

Su(var)2-10 is the orthologue of the yeast Siz and
human protein inhibitor of activated STAT (PIAS) pro-
teins and belongs to the SP-RING E3 ligase family [34].
The domain composition of the SP-RING protein family
is evolutionary conserved from yeast to humans [22,35].
They have a catalytic SP-RING domain and an adjacent
C-terminal domain (CTD). The SP-RING domain is
responsible for E2 enzyme binding and facilitates SUMO
conjugation to the substrate. The SP-RING domain is
flanked by N and C-terminal CTD regions, which are
connected through a three-stranded B-sheet and form the
CTD domain. Structural studies on yeast Sizl protein
revealed that the CTD domain has an embedded SIM-
like structure that binds and coordinates the donor
SUMO and, thus, is required for the activity of the SP-
RING domain [36,37]. The SP-RING ligases also have
one or two canonical SIMs in their C-terminal region.
The N-terminal region contains a DNA-binding SAP
domain and a substrate-binding PINIT motif (Fig. 1A).

Here, we show that the special SIM-like structure in
the CTD domain of Su(var)2-10 is able to interact
directly with the Piwi protein. We found that the pre-
dicted SIM-binding site in the MID domain of the Piwi
protein is involved in this interaction and is required for
proper transposon silencing in the ovary of Drosophila.
Based on our results, we propose a model in which the
Piwi protein utilizes molecular mimicry of SUMO as an
initial SUMO signal to recruit Su(var)2-10 to the site of
transposon repression.

Results

Identification of SIMs in Drosophila Su(var)2-10

According to the Flybase database, the Su(var)2-10
has 14 possible isoforms. We were able to identify 10
isoforms which are expressed in the ovary (Fig. 1). To
predict the domain composition and the possible SIMs
of Su(var)2-10 isoforms, we applied in silico analyses
(Flybase, UniProt, GPS-SUMO) and multiple
sequence alignments with Su(var)2-10 orthologues. We
found that, all Su(var)2-10 isoforms possess the main
functional domains (SAP, PINIT, SpRING) typical to
PIAS protein family. The shared region of the iso-
forms has three possible SIM motifs; however, the PJ
and the PL isoforms have one more SIM in their last
exon. We selected the PJ isoform for our study.

To experimentally confirm the predicted SUMO bind-
ing parts of Su(var)2-10, we performed GST pull-down
assays with recombinant GST-tagged fragments of Su
(var)2-10 and His-SUMO (Fig. 2). Su(var)2-10 was
divided into an N-terminal part (aa 1-278), containing
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Fig. 1. Identification of Su(var)2-10 isoforms expressed in the ovary. (A) Coding sequence (CDS) of Su(var)2-10 isoforms (adapted from Fly-
base using JBrowse). Above is the schematic representation of domain structure and the putative SIMs of isoforms. (B) Expression of Su
(var)2-10 isoforms (RA-RM) in the ovary. One representative experiment is shown (from two independent experiments).

the SAP and PINIT domains, a region (aa 278-408),
containing the SP-RING and CTD domains, a region
(aa 324-378), containing the SP-RING domain without
the CTD domain, and a C-terminal part (aa 408-537),
containing the predicted SIMs (Fig. 2A). We found that
the C-terminal part of Su(var)2-10 has strong SUMO

(A)

binding activity, whereas the middle region that
included the SP-RING and CTD domains binds to
SUMO with a lower affinity. The SP-RING domain
itself, without the CTD domain, does not bind SUMO,
suggesting that the CTD domain is responsible for the
interaction (Fig. 2B).
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Fig. 2. Identification of SUMO binding
regions of Drosophila Su(var)2-10. (A)
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Next, we aimed to identify functional SIMs in GPS-SUMO program: SIM1 (aa 428-432), SIM2 (aa
the CTD and C-terminal region of Su(var)2-10. In the 435-439), SIM3 (aa 465-469) and SIM4 (aa 530-534).
C-terminal part, four SIMs were predicted by the Each of these motifs has a canonical hydrophobic core
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Fig. 3. Identification of SIM motifs in the CTD and C-terminal parts of Su(var)2-10. (A) Amino acid sequence and putative SIM motifs of the
C-terminal region. The canonical SIM motifs were predicted by the GPS-SUMO program and their core sequence is framed in red. (B) Sche-
matic representation of mutated constructs used for interaction studies. Amino acid substitutions introduced in predicted SIM motifs are
highlighted in red. (C) Pull-down assay using GST-tagged WT and SIM mutant Su(var)2-10 fragments containing the C-terminal region (aa
408-537) as a bait and His-SUMO as a ligand. The GST-tagged bait proteins were monitored in the pull-down samples by Coomassie blue
staining. His-SUMO was detected by western blot using anti-His antibody. One representative experiment is shown (from three independent
experiments). (D) Amino acid sequence of the SP-RING and CTD domains of the Su(var)2-10 and its budding yeast, human and mouse
orthologues. The multiple sequence alignments and the sequence logo were generated by Jalview. The CTD1 and CTD2 sequences are
framed in red. (E) The structure of the Su(var)2-10 region containing the SP-RING (salmon) and CTD (green) domains (aa278-408) was pre-
dicted by AlphaFold. The B-strand structures of the CTD1 and CTD2 sequences are labeled. (F) Pull-down assay using GST-tagged WT and
SIM mutant Su(var)2-10 fragments containing the SP-RING and CTD domains (aa 278-408) as a bait and His-SUMO as a ligand. The GST-
tagged bait proteins were monitored in the pull-down samples by Coomassie blue staining. His-SUMO was detected by western blot using

anti-His antibody. One representative experiment is shown (from two independent experiments).

sequence flanked by negatively charged amino acids
(Fig. 3A). The predicted SIMs were mutated by
exchanging the hydrophobic amino acids to alanine
and the effect of the mutations on SUMO binding was
examined by GST pull-down assays (Fig. 3B). Individ-
ual mutations of SIM1, SIM2 and SIM4 did not affect
SUMO binding activity. However, individual mutation
of the SIM3 motif and simultaneous mutations of each
predicted SIM motif completely abolished SUMO
binding in the C-terminal region, indicating that SIM3
is the only functional SIM motif in the C-terminal
region of Su(var)2-10 (Fig. 3C).

As the CTD domain does not have predictable,
canonical SIMs, we aimed to find a SIM-like structure,
based on the fact that the hydrophobic core of SIMs
adopts a B-strand conformation.

Based on the AlphaFold prediction of Su(var)2-10-
PJ isoform, we selected two B-strand structures in the
CTD domain, referred to as CTD1 (aa 319-323) and
CTD2 (aa 397-400). These B-strands connect the N
and C-terminal parts of the CTD domain by forming
an antiparallel B-sheet. (Fig. 3D,E). Mutating the
hydrophobic amino acids to alanine in the CTDI1 and
CTD2 sequences significantly decreased the SUMO
binding ability of the CTD domain, indicating that
these B-strands contribute to SUMO binding (Fig. 3B,
F).

SIM-like structure in the CTD domain of Su(var)2-
10 is responsible for Piwi binding

To explore whether Su(var)2-10 is able to bind Piwi
directly, we performed interaction studies between the
GST-tagged Su(var)2-10 fragments and V5-tagged
Drosophila Piwi protein expressed in a wheat germ
in vitro translation system. We found that the frag-
ment containing the SP-RING and CTD domain is
the only region of Su(var)2-10 able to interact with

Piwi. The SP-RING domain alone does not have Piwi
binding activity, indicating that the interaction is medi-
ated by the CTD domain (Fig. 4A). To investigate
whether the predicted SIM-like structure of the CTD
domain is responsible for Piwi binding, we analyzed
the effect of mutations in the CTDI1 and CTD2
sequences in pull-down experiments. Mutations in the
CTD2 sequence resulted in decreased Piwi binding,
indicating that the SIM-like structure in the CTD
domain is necessary for the interaction (Fig. 4B,C).

We aimed to further confirm the pull-down experi-
ments and test the SIM-like activity of the CTD
domain in functional assays. For these experiments,
we introduced the CTD2 mutations into full-length Su
(var)2-10, as these mutations significantly decreased
both SUMO and Piwi binding. It was previously
shown that Su(var)2-10 has autosumoylation activ-
ity [20] and we suggested that the CTD domain could
take part in this process by donor SUMO binding. To
compare the autosumoylation activity of the wild-type
and the CTD2 mutant Su(var)2-10, we applied an
in vitro sumoylation assay. According to our results,
the wild-type Su(var)2-10 was sumoylated in a reaction
mixture containing ATP, SUMO, El and E2 enzymes,
whereas the amounts of SUMO-conjugates decreased
in the case of the CTD2 mutant Su(var)2-10. This
result indicates that mutations in the CTD2 sequence
impair autosumoylation activity of Su(var)2-10, which
is possibly due to its decreased donor SUMO binding
(Fig. 5A).

To re-evaluate our findings in vivo, we expressed
GFP-tagged wild-type and CTD2 mutant Su(var)2-10
in Drosophila ovaries under the control of the UASp
promoter and a germline-specific Gal4 driver. Western
blot analysis revealed that the wild-type and the
mutant proteins are expressed at comparable levels
indicating that the CTD2 mutation does not influence
the stability of Su(var)2-10 (Fig. 5B). However, unlike
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the wild-type Su(var)2-10 protein, which is localized
predominantly in the nucleus, the CTD2 mutant Su
(var)2-10 accumulated in the cytoplasm (Fig. 5C). This
observation was confirmed by measuring the fluores-
cence intensity in the nucleus and the cytoplasm. The
nuclear/cytoplasmic fluorescence ratio in the wild-type
and mutant ovaries were 1.23 and 0.71, respectively
(Fig. 5D).

Next, we analyzed the nuclear distribution of wild-
type and CTD2 mutant Su(var)2-10. We found that
the wild-type protein forms bright dots in the nucleus,
which may correspond to SUMO glues in which the
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Fig. 4. Identification of Piwi binding sites in Su(var)2-10. (A) Pull-
down assay using the same GST-tagged Su(var)2-10 fragments as
in Fig. 1. Vb-tagged Drosophila Piwi expressed in a wheat germ
in vitro translation system was used as a ligand. The GST-tagged
bait proteins were monitored in the pull-down samples by Coomas-
sie blue staining. V5-Piwi was detected by western blot using anti-
V5 antibody. (B) Pull-down assay using the GST-tagged WT and
SIM mutant Su(var)2-10 fragments containing the SP-RING and
CTD domains (aa 278-408) as a bait and V5-Piwi as a ligand. The
GST-tagged bait proteins were monitored in the pull-down samples
by Coomassie blue staining. V5-Piwi was detected by western blot
using anti-V5 antibody. (C) Pull-down assay using the full-length
GST-tagged WT and CTD2 mutant Su(var)2-10 protein as a bait and
V5-Piwi as a ligand. The GST-tagged bait proteins were monitored
in the pull-down samples by Coomassie blue staining. V5-Piwi was
detected by western blot using anti-V5 antibody. A-C: One repre-
sentative  experiment is shown (from two independent
experiments).

Su(var)2-10 proteins are accumulated. In contrast, the
CTD2 mutant Su(var)2-10 has more uniform distribu-
tion in the nucleus (Fig. 5C,E).

These experiments confirm that the CTD domain is
required for the enzymatic activity of Su(var)2-10. The
decreased SUMO binding ability of the CTD2 mutant
results in impaired autosumoylation activity. The
localization defects of the CTD2 mutant protein most
probably due to the lack of SUMO moiety on Su(var)
2-10, as sumoylation often influences localization and
nucleocytoplasmic transport of substrate proteins [38].

Next, we applied bimolecular fluorescence comple-
mentation (BiFC) assay in the ovary of adult flies to
confirm the direct interaction between Su(var)2-10 and
Piwi proteins in vivo. For this experiment, Su(var)2-10
was tagged with the N-terminal part of yellow fluores-
cent protein (NYFP), while Piwi was tagged with the
C-terminal fragment of YFP (CYFP). As a positive
control, we used CYFP-tagged SUMO protein. Upon
co-expression of Su(var)2-10-NYFP with CYFP-
SUMO or CYFP-Piwi transgenes in the ovary, we
could detect fluorescence signal in the nuclei of nurse
cells (Fig. 6). These results indicate that Su(var)2-10
protein physically interacts with SUMO and Piwi pro-
teins in vivo, which lead to reconstitution of the YFP
fluorescent protein. CTD2 mutations of Su(var)2-10
resulted in weaker fluorescent signal with SUMO and
Piwi proteins. This is most probably due to the mislo-
calization of the CTD2 mutant Su(var)2-10 protein.

Taken together, these results confirm that the CTD
domain of Su(var)2-10 has a functional SIM-like struc-
ture similar to its yeast orthologue, Sizl. Mutations of
this SIM-like structure resulted in diminished SUMO
and Piwi binding, suggesting that Piwi binds to the
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CTD domain in a similar manner to SUMO-SIM
interactions.

As the wheat germ translation system has no sumoy-
lation activity, moreover, the molecular weight of the
translated Piwi protein is equal to the calculated non-
sumoylated form, we can exclude the binding of the
SIM-like structure of Su(var)2-10 to Piwi through a
SUMO moiety.

However, as the PIAS proteins are able to directly
interact with their targets, it raises the possibility that
the Piwi protein can be sumoylated by Su(var)2-10. To
test this possibility, we applied an in vitro sumoylation
assay using V5-Piwi as a substrate. In a reaction mix-
ture containing ATP, SUMO, El, E2 enzymes and Su
(var)2-10, we could not observe an additional band of
higher molecular weight, indicating that Piwi is not
modified by sumoylation (Fig. 7). These results con-
firm that Su(var)2-10 interacts directly with Piwi; how-
ever, the Piwi protein is not its sumoylation target.

Piwi binding by the CTD domain of Su(var)2-10 is
mediated by SUMO-SIM-like interactions

As the SIM-like structure of the Su(var)2-10 CTD
domain is involved in Piwi binding, we hypothesized
that it interacts with SIM-binding regions on the Piwi
protein, as suggested in the case of human Nup358-
AGO2 binding [31]. To identify similar structures on
the Drosophila Piwi protein, we aligned its structure to
human AGO2. Based on this alignment, we identified
regions in the MID (aa 511-523) and Piwi (aa 640-
648) domains of the Piwi protein which correspond to
putative SIM binding sites of AGO2 (Fig. 8A).

Next, we carried out pull-down experiments using
the GST-tagged Su(var)2-10 fragment (SP-RING
+CTD) as bait and V5-tagged Piwi domains (N, PAZ,
MID, Piwi) as ligands. These experiments revealed
that each of the four domains of the Piwi protein is
able to interact with Su(var)2-10 (Fig. 8B). As the
MID domain produced the most prominent binding, it
was selected for further investigation. We demon-
strated by pull-down experiment that the CTD2 muta-
tion of the Su(var)2-10 fragment (SP-RING +CTD)
decreases the interaction with the MID domain
(Fig. 8C). This result indicates that the MID domain
of Piwi is involved in the binding to the CTD domain
of Su(var)2-10.

To test whether the MID domain and SUMO binds to
the same site on the CTD domain, we analyzed the
SUMO binding and the autosumoylation of Su(var)2-10
in the presence of MID domain. We found that both the
SUMO binding capacity in pull-down assay and the auto-
sumoylation activity of Su(var)2-10 could be attenuated

Piwi directly binds E3 SUMO-ligase in Drosophila

by adding increasing amounts of MID domain, indicating
that the MID domain was able to compete for the SUMO
binding site of CTD domain (Fig. 9).

For further characterization of the CTD:MID inter-
face, we performed in silico structural analysis, using
the crystal structure of the yeast SP-RING protein,
Sizl, complexed with the donor SUMO (32). As the
SP-RING and CTD domains of PIAS family proteins
are evolutionarily conserved, this allowed us to align
this region of Su(var)2-10 (aa 278-408) onto the Sizl
protein [1.365 A root-mean-square deviation (RMSD)
over 120 residues]. Furthermore, the region of the
MID domain (aa 511-536) of Piwi protein, including
the predicted SIM-binding site, was aligned onto the
SIM binding pocket of SUMO protein (aa 32-56)
(2.61 A RMSD over 24 residues) (Fig. 10A).

According to this model, the B-strand of the SIM
binding site of MID domain has multiple hydrophobic
and polar interactions with the B-strands of CTDI1 and
CTD2 sequences. Furthermore, the Y517 amino acid
in the loop and the positively charged amino acids of
the a-helix of SIM binding site of MID domain poten-
tially establish hydrogen bonds and electrostatic inter-
actions with the SIM-like structure of CTD domain
(Fig. 10B). Our mutational analysis revealed that dele-
tion of the B-strand of the SIM-binding site of MID
domain and Y517A, Y517F, R520A and R526A muta-
tions significantly decreased the CTD:MID interaction
(Fig. 10C).

These results indicate that the predicted SIM bind-
ing site of MID domain of Piwi protein is involved in
the interaction with the CTD domain of Su(var)2-10.
Sequence-based structural alignments revealed that this
region of the MID domain possesses all of the charac-
teristics of the SIM-binding pocket of SUMO proteins,
including a B-strand with hydrophobic and aromatic
amino acids followed by a loop and an a-helix with
basic residues (Fig. 10D).

Considering together, our results suggest that the
MID domain of Piwi protein binds to the CTD domain
of Su(var)2-10 by SUMO-SIM-like interactions.

Su(var)2-10 binding surface of Piwi protein is
required for transposon silencing in the ovary of
adult flies

In order to investigate the biological significance of the
identified binding surface, we introduced the Y517A,
R520A double mutation into the full-length Piwi pro-
tein and analyzed its effect in Drosophila. For this
study, we used the rescue system described by Stein
et al. [39]. We generated transgenic flies expressing
wild-type or mutant Piwi protein under the control of
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the UASp promoter and PiwiGal4 driver on a Piwi

null background. The hatching rate of eggs laid by
flies expressing wild-type or Y517A, R520A mutant
Piwi was similar, indicating that the mutant rescue
construct restored the developmental defects and

M. Bence et al.

sterility on a Piwi null background (Fig. 11A). The
expression pattern of the wild-type and the mutant
Piwi protein was identical and nuclear localization of
the mutant Piwi protein indicates that the YS517A,
R520A mutations do not affect the piRNA binding
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Fig. 5. Functional analysis of the SIM-like structure of Su(var)2-10. (A) Autosumoylation of the WT and CTD2 mutant Su(var)2-10. GST-
tagged Su(var)2-10 proteins were incubated with SUMO, E1 and E2 enzymes in the presence or absence of ATP. Su(var)2-10 proteins were
detected by western blot using anti-GST antibody. One representative experiment is shown (from three independent experiments). (B)
Western blot analysis of GFP-Su(var)2-10 protein in the ovaries of WT, CTD2 mutant and control adult flies using anti-GFP antibody. B-
tubulin served as a loading control. One representative experiment is shown (from two independent experiments). (C) /n vivo localization of
WT and CTD2 mutant Su(var)2-10. GFP-tagged Su(var)2-10 was expressed in Drosophila egg chambers under the control of UASp promoter
and nanosGal4. The tagged Su(var)2-10 protein is green. DAPI labels the nuclei (blue). w8 flies were used as negative control. Scale bar
represents 20 um. Bottom is the enlargement of WT and CTD2 mutant nucleus (indicated by white squares). Arrow shows nuclear dot in
the WT egg chamber. One representative image is shown (from 10 to 10 ovarioles). (D) Quantification of nuclear/cytoplasmic fluorescence
intensity ratio of the WT and CTD2 mutant Su(var)2-10 proteins in egg chambers using ImAceJ software. Data were compared with unpaired
t test, ****P-value < 0.0001. Error bars represent standard deviation (n = 37 WT and n = 37 CTD2 mutant). (E) Measurement of fluorescent
intensity in the WT and CTD2 mutant nucleus using ImaceJ software. Plot profiles were generated along the white lines (indicated in C).
One representative experiment is shown (from three independent experiments).
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Fig. 6. BiFC assay of Su(var)2-10 interaction with SUMO and Piwi in the adult ovary. (A) Schematic representation of the BiFC assay. Figure
was created with BioRender.com. (B, C) WT and CTD2 mutant Su(var)2-10 were tagged with the N-terminal part of YFP and Myc tag.
SUMO and Piwi proteins were tagged with the C-terminal part of YFP and V5 tag. Transgenic proteins were expressed in the ovary under
the control of UASp promoter and maternal-tubulin Gal4 driver. (B) Expression levels of transgenic proteins in the ovary were analyzed by
western blot. Anti-V5 antibody was used for analysis of CYFP-V5-SUMO and CYFP-V5-Piwi proteins. Anti-Su(var)2-10 antibody was used for
analysis of WT and mutant Su(var)2-10-Myc-NYFP proteins. B-tubulin served as a loading control. One representative experiment is shown
(from two independent experiments). (C) Specific interactions were visualized by green fluorescence in live ovarioles. Scale bar represents
20 pm. One representative image is shown (from 10 to 10 ovarioles).

ability of the protein (Fig. 11B). Germaria of flies with fusomes, indicating that the Y517A, R520A mutations
wild-type and mutant rescue construct contained do not influence the early germ cell development
proper number of germline stem cells with single sprec- (Fig. 11B). However, double strand breaks were accu-
trosomes and differentiating cystocytes with elongated mulated in the germaria and the early egg chambers of
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Fig. 7. Sumoylation assay of Drosophila Piwi protein. V5-tagged Dro-
sophila Piwi was expressed in a wheat germ in vitro translation sys-
tem and incubated with E1, E2 enzymes and ATP in the presence or
absence of SUMO and Su(var)2-10. V5-Piwi was detected by west-
ern blot using anti-V5 antibody. One representative experiment is
shown (from two independent experiments).

the mutant ovaries, compared to the Wild type, where
the double strand breaks are restricted to the meiotic
region of the germarium (Fig. 11C,D).

Next, we investigated whether decreased Su(var)2-10
binding caused by Y517A, R520A mutations influence
Piwi-mediated transposon silencing. To compare the
silencing effect of the wild-type and mutant transgenic
Piwi, we performed real-time PCR analyses to measure
the transcript levels of selected transposons in the
ovary of adult flies. Our results revealed that the inves-
tigated transposable elements were de-repressed more
than 4-fold in the mutant ovary compared to the wild-
type control, with the exception of roo, whose tran-
scription is not regulated by the Piwi/piRNA system in
the adult ovary (Fig. 11E) [40,41].

These results are consistent with our pull-down
experiments and indicate that the SIM-binding site in
the MID domain of Piwi is important for transposon
silencing. However, the upregulation of transposons
was relatively low in comparison to other studies
depleting the Piwi protein [41-43]. This can be
explained by the fact that the Y517A, R520A muta-
tions did not completely abolish the Su(var)2-10 bind-
ing capacity of the MID domain (Fig. 10C).

Discussion

Sumoylation plays an essential role in piRNA-
mediated co-transcriptional silencing of transposable
elements in Drosophila. However, the molecular mech-
anism of the initial recruitment of sumoylation
machinery by the Piwi/piRNA complex is poorly
understood [20,21]. In this study, we demonstrated
that the SUMO-ligase Su(var)2-10 directly binds to the

M. Bence et al.

Piwi protein. This interaction is mediated by the SIM-
like structure in the CTD domain of Su(var)2-10. We
found that the SIM-like structure is able to interact
with the predicted SIM binding site in the MID
domain of Piwi. This SIM-binding site shows high
structural similarity to the SIM-binding pocket of
SUMO proteins. Moreover, modeling the CTD:MID
binding interface revealed that the structural basis for
the interaction highly resembles that observed between
the CTD domain of yeast Sizl and the SUMO protein
[36,37]. This result supports the previous finding that
the AGO protein family possesses regions with SIM-
binding ability [31,32].

However, we found that the Drosophila Piwi protein
interacts only with the SIM-like structure of the CTD
domain and fails to bind to the canonical SIM motif at
the C-terminal end of Su(var)2-10. This suggests that
the SIM-binding sites of the Piwi protein are specialized
to interact with the CTD domain, which is found exclu-
sively in the SP-RING protein family. Therefore, we
suggest that this unique SUMO-SIM-like interaction
ensures specificity towards Su(var)2-10 binding and pre-
vents the recruitment of other SIM-containing proteins
that are not involved in TE repression.

Although the MID domain produced the strongest
interaction with Su(var)2-10 in the pull-down assay, the
N, PAZ and Piwi domains also showed Su(var)2-10
binding ability. According to our structural analysis,
the Piwi domain also possesses a putative SIM binding
site; however, we could not identify similar structures in
the N and PAZ domains. This suggests that the Piwi
protein utilizes additional binding surfaces beyond the
SUMO-SIM-like interactions, which may further
increase the specificity of Su(var)2-10 binding. The
importance of the other three domains in Su(var)2-10
binding is supported by in vivo studies, as abrogating
the Su(var)2-10 binding interface of the MID domain of
Piwi does not influence fertility and viability of flies and
causes only mild upregulation of transposons. Based on
these observations, we suggest that a single Piwi protein
is able to simultaneously recruit several Su(var)2-10
proteins to the transposon locus.

According to our results, Piwi binding to the CTD
domain interferes with donor SUMO binding and
attenuates the sumoylation efficiency of Su(var)2-10.
Furthermore, Piwi was not sumoylated by Su(var)2-10
in the in vitro sumoylation assay, indicating that Piwi
does not bind to Su(var)2-10 as a potential substrate.
Therefore, it seems that Piwi functions only as a bind-
ing platform for Su(var)2-10. We hypothesize that
after localization to the transposon locus, Su(var)2-10
dissociates from Piwi to exert its sumoylation activity
in the silencing complex. Alternatively, the Piwi-bound
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Fig. 8. Identification of Su(var)2-10 binding regions in the Piwi protein. (A) Structural alignment of the human AGO2 (PDB ID: 4W50) to the
Drosophila Piwi protein (PDB ID: 6KR6) was performed using PYMOL. Predicted SIM binding sites on human AGO2 (aa 110-120; 490-500;
620-630) and Drosophila Piwi (aa 511-523; 640-648) are colored in red. (B) Interaction study between the middle Su(var)2-10 fragment (con-
taining the SP-RING and CTD domains; aa 278-408) and the N (aa 114-186), PAZ (aa 264-372), MID (aa 471-602) and Piwi (aa 603-843)
domains of Piwi protein. The GST-tagged Su(var)2-10 fragment was used as a bait and the V5-tagged Piwi domains were used as ligands in
a pull-down assay. V5-tagged Piwi domains were expressed in a wheat germ in vitro translation system and were detected by western blot
in the pull-down samples using anti-V5 antibody. The GST-tagged bait proteins were monitored by Coomassie blue staining. One representa-
tive experiment is shown (from three independent experiments). (C) Pull-down assay using the GST-tagged WT and CTD2 mutant Su(var)2-
10 fragments containing the SP-RING and CTD domains (aa 278-408) as a bait and V5-tagged MID domain as a ligand. The GST-tagged bait
proteins were monitored in the pull-down samples by Coomassie blue staining. V5-MID was detected by western blot using anti-V5 anti-
body. One representative experiment is shown (from two independent experiments).

Su(var)2-10 operates as an adaptor for the E2 SUMO-
conjugase Ubc9. A similar mechanism has been pro-
posed in yeast, where the SUMO-charged Ubc9 is
bound to chromatin via the SAP domain of Sizl and
Siz2 ligases. Given a specific trigger (e.g. mitosis or
DNA damage), the preassembled protein complexes
are recruited to the chromatin and their sumoylation is
initiated by Ubc9 alone. The SUMO moieties then
recruit Siz ligases through their C-terminal SIMs

which induces a sumoylation wave. This leads to the
formation of SUMO glue in which the protein—protein
interactions are stabilized by multiple SUMO-SIM
interactions [44,45].

Protein group sumoylation and subsequent SUMO
glue formation can be also found in nuclear assem-
blies, such as PML nuclear bodies or nuclear splicing
speckles [24,46,47]. As sumoylation enzymes are
largely promiscuous, their specificity is often spatially
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Fig. 9. MID domain of Piwi protein competes with SUMO binding of Su(var)2-10. (A) Pull-down assay of SP-RING+CTD fragment of Su(var)
2-10 and SUMO proteins in the presence of increasing amounts of MID domain of Piwi protein. The GST-tagged Su(var)2-10 fragments
were monitored in the pull-down samples by Coomassie blue staining. His-SUMO and V5-MID proteins were detected by western blot using
anti-His and anti-V5 antibody. One representative experiment is shown (from three independent experiments). (B) GST-tagged Su(var)2-10
protein was incubated with increasing amounts of purified His-MID protein in a sumoylation assay containing SUMO, E1, E2 enzymes and
Mg-ATP. Reaction mixture without Mg-ATP was used as a negative control. Su(var)2-10 and MID domain proteins were detected by west-
ern blot using anti-GST or anti-His antibody. One representative experiment is shown (from two independent experiments).

regulated and requires only close proximity to their transposon transcripts bind multiple piRNA/Piwi

substrates.
Based on our study, we propose a model in which
the Piwi protein initiates local sumoylation at the

simultaneously, moreover the Piwi protein possesses
multiple Su(var)2-10 binding sites, this can concentrate
the sumoylation machinery at the site of transcription.

The elevated levels of SUMO moieties then recruit
general heterochromatin factors through SUMO-SIM
interactions and induce SUMO glue formation leading
to transcriptional repression of transposons.

transposon loci by co-recruitment of the sumoylation
machinery and the target recognition complex. Sumoy-
lation facilitates the assembly of the target recognition
complex by SUMO-SIM interactions. As the nascent

Fig. 10. Analysis of the CTD:MID binding surface. (A) Structural model of the CTD:MID binding interface. Structural alignments of the SP-
RING + CTD region of Su(var)2-10 (cyan) and yeast Siz1 (orange), and the SIM-binding pocket of the MID domain of Piwi protein (green) and
the yeast SUMO protein (purple) were performed by PYMOL using the crystal structure of the budding yeast Siz1 protein complexed with
the donor SUMO (PDB ID: 5JNE). The SP-RING+CTD region of Su(var)2-10 (aa 278-408) was predicted by AlphaFold. (B) Putative interac-
tions (dashed yellow lines) between the CTD (cyan) and MID (green) domains. The interacting residues are shown in stick representation.
(C) Mutational analysis of the MID domain of Piwi protein. Pull-down assay using GST-tagged Su(var)2-10 fragment containing the SP-RING
and CTD domains (aa 278-408) as a bait and WT and mutant V5-tagged MID domains as a ligand. The GST-tagged bait proteins were moni-
tored in the pull-down samples by Coomassie blue staining. V5-MID proteins were detected by western blot using anti-V5 antibody. One
representative experiment is shown (from three independent experiments). (D) Structure based sequence alignment of the SIM binding
pocket of the MID domain and budding yeast, Drosophila and human SUMO orthologues. R520, R526, R533 amino acids of the MID
domain and the corresponding basic residues on the SUMO proteins are highlighted by red. B-strand structures are underlined, o-helix struc-
tures are underlined by wavy line. Sequences were obtained from UniProt database: S. cerevisiae (Q12306), D. melanogaster (097102),
human SUMO1 (P63165), human SUMO2 (P61956). Sequence alignment was generated by JALVIEW.
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Piwi directly binds E3 SUMO-ligase in Drosophila M. Bence et al.

Materials and methods #4937). UASp-V5-Piwi-WT and UASp-V5-Piwi-Y517;
R520A transgenes were integrated into the attP86 landing
site (BDSC #24749) and were driven by [Piwi] > Gal4
(BDSC #83079). The [Piwi] > Gal4 flies express Gal4 instead
Drosophila stocks were maintained at 25 °C on standard of Piwi from the Piwi-promoter and are homozygous sterile
medium. UASp-EGFP-Su(var)2-10-WT and CTD2mut [39]. For the rescue experiments, [Piwi] > Gal4/[Piwi]
transgenes were integrated into the attP86 landing site > Gal4; UASp-V5-Piwi-WT/+ and [Piwi] > Gal4/[Piwi]
(BDSC #24749) and were driven by nosGal4:VP16 (BDSC > Gal4; UASp-V5-Piwi-Y517; R520A/+ flies were generated.
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M. Bence et al. Piwi directly binds E3 SUMO-ligase in Drosophila

Fig. 11. /n vivo analysis of Su(var)2-10 binding surface of Piwi protein. Rescue experiment on Piwi null background (flies expressing Gal4
instead of Piwi under the control of the endogenous Piwi-promoter [39]) with UASp-V5-Piwi-WT and UASp-V5-Piwi-Y517A, R520A rescue
constructs. (A) Hatching rate of eggs laid by females expressing WT or Y517A, R520A mutant Piwi proteins. (B) Immunostaining of the WT
and Y517A, R520A mutant adult ovaries. Piwi protein was visualized using anti-V5 antibody (red). Spectrosomes (arrow) and fusomes (arrow-
head) are labeled with anti-HTS (blue). Scale bar represents 20 um. One representative image is shown (from 13 WT and 15 mutant ovari-
oles). (C, D) Quantification of the double strand breaks in the WT and Y517A, R520A mutant adult ovaries. (C) Double strand breaks were
visualized by anti-yH2Av antibody (green). Scale bar represents 20 um. One representative image is shown (from 12 WT and 12 mutant
ovarioles). (D) Intensity of the yH2Av staining in the germarium and early egg chambers was measured by Imaced software. Intensity of the
yYH2Av staining in the stage2 and stage3 egg chambers was normalized to the intensity measured in the germarium. The relative yH2Av
ratio of the WT and Y517A, R520A mutant ovarioles was compared with unpaired t test, P-value ** = 0.0048; P-value *** = 0.0007. Error
bars represent standard deviation (n =12 WT and n= 12 Y517A, R520A mutant ovarioles). (E) RT-gPCR measurement of the indicated
transposable elements in the ovary of 3-day-old flies. Expression levels were normalized to the rp49 internal control mRNA. Data were
expressed as fold changes relative to levels measured in the ovary of flies expressing V5-Piwi-WT transgene. Error bars represent standard
deviation (n = 2).

Table 1. Primers used for identification of Su(var)2-10 isoforms.

Isoform

Forward primer (5'-3')

Reverse primer (5'-3')

Su(var)2-10-RA
Su(var)2-10-RB
Su(var)2-10-RC
Su(var)2-10-RD

CGAGAACGCCATGTTTGAGC
CGAGAACGCCATGTTTGAGC
CTGCATAAAGCCGCACAAGG
CCCAGGCAAATGCAAACGAG

GAGCTCTCTGGCTTGGGTTT
ACGGGCCAATATAGGGACCA
GAGCTCTCTGGCTTGGGTTT
CCTTGAGCTCTCTGGCTTGG

(
(
(
(
(
(
(
(
(
(

Su(var)2-10-RE CGAGAACGCCATGTTTGAGC GAGCTCTCTGGCTTGGGTTT
Su(var)2-10-RF CTGCATAAAGCCGCACAAGG CGTGGTTGAGTCAGTGTGGA
Su(var)2-10-RI CCCAGGCAAATGCAAACGAG ACGGGCCAATATAGGGACCA
Su(var)2-10-RJ CGAGAACGCCATGTTTGAGC CTTTGCGGCGGCGATTTATG
Su(var)2-10-RL CCCAGGCAAATGCAAACGAG CTTTGCGGCGGCGATTTATG
Su(var)2-10-RM CCCAGGCAAATGCAAACGAG CACGGGACGTAAGCAAAGTG

The UASp-CYFP-V5-Piwi and UASp-CYFP-V5-SUMO
transgenes were integrated into the attP2 landing site (Cam-
bridge, UK, #13-18), the UASp-Su(var)2-10-WT-Myc-
NYFP and UASp-Su(var)2-10-CTD2mut-Myc-NYFP trans-
genes were integrated into the attP40 landing site (Cam-
bridge, UK, #13-20). The transgenes were driven by
maternal-tubulin Gal4 (BDSC #7063).

Identification of Su(var)2-10 isoforms

Total RNA was isolated from 10 pairs of ovaries of 3-day-
old adult females using the Reliaprep RNA tissue Miniprep
System (Promega, Madison, WI, USA, Z6111). 1 ug RNA
was reverse-transcribed with oligo dT primers using the
First Strand cDNA Synthesis kit (Thermo Scientific, Wal-
tham, MA, USA, K1612). For PCR reactions we used iso-
form specific primers (Table 1). PCR products were
sequenced by Eurofins.

Plasmid construction

The UASp-EGFP-Suvar-PJ plasmid was generated via the
following consecutive cloning steps: First, EGFP was PCR-
amplified from the pTagNG-EGFP plasmid [48] using

pTagNG-EGFP-fwd and pTagNG-EGFP-rev primers. The
PCR product was digested with Notl-BamHI restriction
enzymes and cloned into the pUASp-K10attB plasmid [49].
Next, the coding region of the PJ isoform of Su(var)2-10
was PCR-amplified from c¢DNA prepared from the
Oregon-R fly stain (BDSC # 5). The PCR product was
cloned into the UASp-EGFP-K10-attb plasmid by a SLIC
reaction [50] using Su(var)-PJ-UASp-fwd and Su(var)-PJ-
UASp-rev primers.

For the generation of the pGEX-Su(var)2-10-PJ plasmid,
the coding region of the PJ isoform of Su(var)2-10 was
PCR-amplified from the UASp-EGFP-Suvar-PJ plasmid.
The PCR product was digested with Notl and BamHI
restriction enzymes and cloned into the pGEX-6P-1 plas-
mid (Addgene, Watertown, MA, USA, 27-4597-01) using
Su(var)-PJ-pGEX-fwd and Su(var)-PJ-pGEX-rev primers.

For the generation of the GST-tagged Su(var)2-10
fragments, the appropriate regions of Su(var)2-10 were
PCR-amplified from the pGEX-Su(var)2-10-PJ plasmid
and were cloned into the pGEX-6P-1 (GE Healthcare,
Chicago, IL, USA) plasmid with a SLIC reaction using
the following primers: N-terminal part (1-834 nucleo-
tides): Su(var)-PJ-N-term-fwd and Su(var)-PJ-N-term-rev
primers. SP-RING+CTD part (835-1224 nucleotides): Su
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Piwi directly binds E3 SUMO-ligase in Drosophila

(var)-PJ-SP-RING+CTD-fwd and Su(var)-PJ-SP-RING+-
CTD-rev primers. SP-RING part (969-1134 nucleotides): Su
(var)-PJ-SP-RING-fwd and Su(var)-PJ-SP-RING-rev primers.
C-terminal part (1225-1611 nucleotides): Su(var)-PJ-C-term-
fwd and Su(var)-PJ-C-term-rev primers.

For the generation of pET16b-His-SUMO, the coding
region of Drosophila SUMO was PCR-amplified from the
pAc-GFP-dSUMO plasmid (Addgene, 85696). The PCR
product, generated by making use of pAc-SUMO-fwd and
pAc-SUMO-rev primers, was digested with Ndel and
BamHI1 restriction enzymes and cloned into the pET16b
plasmid (Novagen, 69662-3).

To generate the UASp-V5-dPiwi plasmid, the coding
region of Drosophila Piwi was PCR-amplified from cDNA
prepared from the Oregon fly strain using dPiwi-UASp-fwd
and dPiwi-UASp-rev primers. The N-terminal V5-tag was
introduced by the forward primer. The PCR product was
digested with Notl and Xbal restriction enzymes and
cloned into the UASp-K10-attB plasmid.

For the BiFC assay, the Su(var)2-10 was tagged at the
C-terminal end with the N-terminal fragment of YFP
(NYFP), while the Piwi and SUMO proteins were tagged
at the N-terminal end with the C-terminal fragment of
YFP (CYFP). NYFP and CYFP fragments were PCRam-
plified from split YFP tagging vectors (kind gift of Sven
Bogdan, Miinster, Germany) [51] and cloned into the
UASp-Su(var)2-10-WT, UASp-Su(var)2-10-CTD2mut,
UASp-V5-dPiwi or UASp-V5-SUMO plasmids by SLIC
reaction.

For the generation of the pHY22-V5-FL-Piwi plasmid,
the coding region of dPiwi was PCR-amplified from the
UASp-V5-dPiwi  plasmid using dPiwi-pHY22-fwd and
dPiwi-pHY22-rev primers. The PCR product was digested
with HindIII and Xbal restriction enzymes and cloned into
the pHY?22 plasmid.

For the generation of V5-tagged Piwi domains, the
appropriate regions of Piwi were PCR-amplified from the
pHY22-V5-dPiwi plasmid by the following pairs of primers:
N domain (340-558 nucleotides): dPiwi-N-fwd and dPiwi-
N-rev primers, PAZ domain (790-1116 nucleotides): dPiwi-
PAZ-fwd and dPiwi-PAZ-rev primers, MID domain (1411-
1806 nucleotides): dPiwi-MID-fwd and Piwi-MID-rev
primers, Piwi domain (1807-2529 nucleotides): dPiwi-Piwi-
fwd and dPiwi-Piwi-rev primers. PCR products were cloned
into the pHY?22 plasmid with SLIC reactions.

For generation of His-tagged MID domain, the coding
region of MID domain was PCR amplified from the pHY22-
V5-dPiwi plasmid using His-MID-fwd and His-MID-rev
primers. The PCR product was digested with Ndel and
BamH1 restriction enzymes and cloned into the pET16b
plasmid (Novagen, Darmstadt, Germany, 69662-3).

Mutations were introduced into the plasmids using the
QuikChange Lightning Site-directed Mutagenesis Kit (Agi-
lent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s instruction.

M. Bence et al.

Primer sequences used in PCR reactions are listed in
Table 2.

Protein production and purification

For production of GST or GST-tagged proteins, pGEX-
6P-1 constructs were transformed in E. coli strain BL21
and induced by 0.5 mm IPTG at 18 °C O/N. Cells were
lysed in lysis buffer [S0 mm Tris—=HCI, pH 7.4, 5 mm DTT,
50 mm NaCl, S mm EDTA, 10% glycerol, 25x protease
inhibitor cocktail (Roche, Basel, Switzerland,
11697498001)] using sonication. The lysates were supple-
mented with 1% Triton-X-100 and incubated on ice for
30 min. Glutathione Sepharose 4B (GE Healthcare) beads
were equilibrated using five bead volumes of lysis buffer
and were incubated with lysates for 2 h at 4 °C with end-
over-end rotation. After three washes with washing buffer
(50 mm Tris—HCI, pH 7.4, 5 mm DTT, 50 mm NaCl, 5 mm
MgCl,, 10 mm KClI, 5% glycerol), the proteins were eluted
with elution buffer (50 mm Tris—=HCI, pH8, 5 mm DTT,
50 mm NaCl, Smm MgCl,, 10 mm KCI, 5% glycerol,
25 mMm reduced r-Glutathione). Elution buffer was
exchanged for storing buffer (50 mm Tris—-HCI, pH7.4,
150 mm NaCl, 1 mm DTT, 5% glycerol) using PD-
midiTrap G-25 column (GE Healthcare). Protein solutions
were concentrated using 3 kDa MWCO Amicon Ultra-4
Centrifugal Filter (Millipore, Burlington, MA, USA) and
stored at —80 °C.

For production of the His-tagged SUMO protein and
His-tagged MID domain, the pET16b-His-SUMO and
pET16b-His-MID plasmids were transformed in E. coli
strain BL21(DE3) SixPack [52] and induced by 0.5 mm
IPTG at 18 °C O/N. Cells were lysed in lysis buffer
[100 mm NaH,PO4 x H>O pH 8, 150 mm NaCl, 5 mm Imi-
dazol, 7x EDTA-free protease inhibitor cocktail (Roche,
04693132001)] using sonication. The lysate was supplemen-
ted with 1% Triton-X-100 and incubated on ice for
30 min. Talon Metal Affinity Resin (Takara BIO,
Goteborg, Sweden) beads were equilibrated using five bead
volumes of lysis buffer and was incubated with lysate for
2 h at 4 °C with end-over-end rotation. After three washes
with washing buffer (100 mm NaH,PO4; x H,O pH 8§,
300 mm NaCl, 20 mm Imidazol), His-SUMO was eluted
with elution buffer (100 mm NaH,PO, x H,O pH 8,
300 mm NaCl, 300 mm Imidazol). Elution buffer was
exchanged for storing buffer (50 mm Tris—HCI, pH 7.4,
150 mm NaCl, 1 mm DTT, 5% glycerol) using a PD-
midiTrap G-25 column (GE Healthcare). The protein solu-
tion was concentrated using a 3 kDa MWCO Amicon
Ultra-4 Centrifugal Filter (Millipore) and stored at —80 °C.

The V5-tagged full-length Piwi and Piwi domains were
produced with the TNT® SP6 High-Yield Wheat Germ
Protein Expression System (Promega, 1.3260) according to
the manufacturer’s instruction using 8.5 pg pHY22 con-
structs in 50 pL reaction volume.
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Table 2. Primers used for cloning.

Piwi directly binds E3 SUMO-ligase in Drosophila

Primer name

Sequence (5'-3')

pTagNG-EGFP-fwd
pTagNG-EGFP-rev
Su(var)-PJ-UASp-fwd
Su(var)-PJ-UASp-rev
Su(var)-PJ-pGEX-fwd
Su(var)-PJ-pGEX-rev
Su(var)-PJ-N-term-fwd
Su(var)-PJ-N-term-rev
Su(var)-PJ-SP-RING+CTD-fwd
Su(var)-PJ-SP-RING+CTD-rev
Su(var)-PJ-SP-RING-fwd
Su(var)-PJ-SP-RING-rev
Su(var)-PJ-C-term-fwd
Su(var)-PJ-C-term-rev
pAc-SUMO-fwd
pAc-SUMO-rev
dPiwi-UASp-fwd

dPiwi-UASp-rev
dPiwi-pHY22-fwd
dPiwi-pHY22-rev
dPiwi-N-fwd
dPiwi-N-rev
dPiwi-PAZ-fwd
dPiwi-PAZ-rev
dPiwi-MID-fwd
dPiwi-MID-rev
dPiwi-Piwi-fwd
dPiwi-Piwi-rev
His-MID-fwd
His-MID-rev

AAAGCGGCCGCGCCACCATGGTCAGTAAGGGAGAAGA
TTTGGATCCTGCCCCAGCACCAGCCCCGGCGCCTGCACCCTTGTACAACTCATCCATGC
CTGGTGCTGGGGCAGGATCCGTGCAGATGCTTCGAGTGGTC
ACGTTCGAGGTCGACTCTAGATTATGGCGAATCTAGAAGATCAATTACGG
AAAGGATCCGTGCAGATGCTTCGAGTGGTC
TTTGCGGCCGCTTATGGCGAATCTAGAAGATCAATTACGG
TCCAGGGGCCCCTGGGATCCGGCGGTGGAGGCTCTGTGCAGATGCTTCGAGTGGTC
GTCAGTCACGATGCGGCCGCTTAGAGCTTCTTTACCAGGTATACGG
TCCAGGGGCCCCTGGGATCCGGCGGTGGAGGCTCTACCTCAACACAGCTTTTGCAGC
GTCAGTCACGATGCGGCCGCTTATGTGCTCCAAGATCCATCCTGAT
TCCAGGGGCCCCTGGGATCCGGCGGTGGAGGCTCTAACTGCCCGTTGGGCAAGATG
GTCAGTCACGATGCGGCCGCTTATATGACCAGGTTGTCATAAATGGCC
TCCAGGGGCCCCTGGGATCCGGCGGTGGAGGCTCTCCAGGACTACGGAGCGAGAC
GTCAGTCACGATGCGGCCGCTTATGGCGAATCTAGAAGATCAATTACGG
AAACATATGTCTGACGAAAAGAAGGGAGG
TTTGGATCCTTATGGAGCGCCACCAGTCT
AAAGCGGCCGCGCCACCATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTAC
GGGCGGTGGAAGATCTGCTGATGATCAGGGACGTGG
TTTTCTAGATTATAGATAATAAAACTTCTTTTCGAGCGCG
AAAAAGCTTACCACCATGGGTAAGCCTATCCCTAACC
TTTTCTAGATTATAGATAATAAAACTTCTTTTCGAGCGCG
TCGATTCTACGGGCGGTGGAAGATCTATCGTTCATTATCACGTGGAG
GCTCGCCCGGGGATCGATCCTCTAGATTATATGAATCCAACGAACTTTATGG
TCGATTCTACGGGCGGTGGAAGATCTATCTACGACATAATGCGACGTTG
GCTCGCCCGGGGATCGATCCTCTAGATTACCCAGTCACTCGGCAGA
TCGATTCTACGGGCGGTGGAAGATCTCCGAGCGATGGCCTCGAT
GCTCGCCCGGGGATCGATCCTCTAGATTATTCGATCATCCAGGGTGTATATC
TCGATTCTACGGGCGGTGGAAGATCTCTACCCTTGTCCGGACTGAT
GCTCGCCCGGGGATCGATCCTCTAGATTATAGATAATAAAACTTCTTTTCGAGCG
CCATATCGAAGGTCGTCATATGCCGAGCGATGGCCTCGATC
GCTTTGTTAGCAGCCGGATCCTTATTCGATCATCCAGGGTGTATATCCC

GST pull-down assay

analysis of autosumoylation activity of WT and CTD2
mutant Su(var)2-10 protein, 2-2 ng GST-tagged Su(var)2-

10 pg GST or GST-tagged proteins were bound to 20 pL
Glutathione Sepharose 4B beads (GE Healthcare) and incu-
bated with 3 pg purified His-SUMO or 10 uL. wheat germ
reaction mixture containing V5-Piwi for 2 h at 4 °C in
binding buffer (50 mm HEPES pH 7.5, 150 mm NaCl,
2 mm MgCl,, 1 mm EGTA, 1 mm DTT, 0.1% TritonX-
100, 0.5 mg-mL~' BSA). After washing three times with
the same buffer, the proteins were eluted by incubating the
beads with 2x SDS/PAGE buffer for 5 min at 95 °C. The
GST-tagged bait proteins were visualized with Coomassie
blue staining, the His-SUMO and V5-Piwi proteins were
detected by western blot.

In vitro sumoylation assay

In vitro sumoylation assays were performed using the
SUMOylation Assay Kit (Abcam, Cambridge, UK,
ab139470) according to the manufacturer’s instruction. For

10 protein was incubated in 20 pL reaction volume for 1 h
at 37 °C. To test the effect of the MID domain, increasing
amounts of purified His-MID protein (150-900 ng) were
added into the autosumoylation assay of WT Su(var)2-10
protein.

To test the sumoylation of Piwi protein by Su(var)2-10,
the V5-Piwi was expressed in wheat germ in vitro transla-
tion system, then 2 puL of reaction mixture and 2 pg GST-
Su(var)2-10 protein was incubated in 20 pL sumoylation
assay for 1 h at 37 °C.

Western blot

Proteins were separated by SDS-polyacrylamide gel electro-
phoresis and subsequently transferred onto PVDF mem-
branes (Millipore) for immunoblotting. Membranes were
incubated in rabbit anti-GFP (1 : 2000, Life Technologies,
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Carlsbad, CA, USA, Al11122), mouse anti-B-tubulin
(1:300, DSHB, Iowa City, IA, USA), mouse anti-V5
(1 : 5000, Invitrogen, Waltham, MA, USA, 46-0705) and
mouse anti-Su(var)2-10 (1 : 2000, kind gift of Julius Bren-
necke, Vienna, Austria [21]) primary antibodies at 4 °C
overnight. Secondary antibodies were horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG (1 : 6000, Sigma,
Burlington, MA, USA) or HRP-conjugated anti-mouse
IgG (1 : 5000, Sigma) antibodies. HRP-conjugated anti-His
(1:10 000, Sigma-Aldrich, A7058-1VL) and anti-GST
(1 : 10 000, Millipore, 16-209) antibodies were applied for
1 h at room temperature. Immunocomplexes were visual-
ized with enhanced chemiluminescence reactions (Millipore)
using the UVITEC Alliance Q9 system.

Immunostaining, microscopy, and fluorescence
intensity measurement

Ovaries were dissected from 3-day-old adult females and
fixed in PBS with 4% formaldehyde for 20 min. The sam-
ples were incubated overnight at 4 °C with anti-V5 (mouse,
1 : 400, Invitrogen, 46-0705), anti-HTS (mouse, 1 : 20,
1B1, DSHB) or anti-yH2Av (mouse, 1 : 50, UNC93-5.2.1,
DSHB) primary antibodies. Anti-mouse Alexa Fluor 546
(1 : 600, Life Technologies) secondary antibody and DAPI
(200 ng-mL~!, Sigma) was used for 1 h at 25 °C. To exam-
ine the expression pattern of WT and CTD2 mutant GFP-
tagged Su(var)2-10 protein, the samples were stained with
DAPI (200 ng-mL ™", Sigma) for 1 h at 25 °C. Stained ova-
ries were mounted in Fluoromount-G medium (Southern-
Biotech, Birmingham, AL, USA, #0100-01). All
micrographs were taken using a ZEISS LSM800 confocal
laser scanning microscope. The fluorescence intensity of the
GFP-tagged Su(var)2-10 protein and the yH2Av staining
was measured by IMAGEJ software [53]. Region of interests
were outlined by hand. Statistical tests were performed with
GraphPad Prism. The distribution of WT and mutant
GFP-tagged Su(var)2-10 protein inside the nucleus was
measured by IMAGEJ software using Plot Profile tool.

Quantitative real-time PCR

Total RNA was isolated from 10 pairs of ovaries of 3-day-
old adult females using the Reliaprep RNA tissue Miniprep
System (Promega, Z6111). 1 pg RNA was reverse-
transcribed with random primers using the First Strand
cDNA Synthesis kit (Thermo Scientific, K1612). qPCRs
were performed in duplicate using the Maxima SYBR
Green/ROX qPCR Kit (Thermo Scientific, K0222). Reac-
tions without reverse-transcriptase were used as negative
controls. Amplification and signal detection were per-
formed using the Rotor-Gene Q System (Qiagen, Venlo,
the Netherlands). Denaturation at 95 °C for 10 min, was
followed by 40 thermocycles (65 °C, 155, and 60 °C,
1 min). Gene expression was quantified wusing the
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Table 3. Primers used for RT-qPCR.

Primer name Sequence (5'-3)

RP49-fwd CCGCTTCAAGGGACAGTATCTG
RP49-rev ATCTCGCCGCAGTAAACGC
GATE-fwd GTCAGCCTTTAAGCTTTCGATG
GATE-rev CAGCATGATGTCCCTGTACTTG
HET-A-fwd CGCGCGGAACCCATCTTCAGA
HET-A-rev CGCCGCAGTCGTTTGGTGAGT

HMS-Beagle-fwd
HMS-Beagle-rev

AATGCCCTTGTCGGACACGA
TGATGAAACACATTACCAGAACCTTGA

Gtwin-fwd TTCGCACAAGCGATGATAAG
Gtwin-rev GATTGTTGTACGGCGACCTT
|-element-fwd GACCAAATAAAAATAATACGACTT
|-element-rev AACTAATTGCTGGCTTGTTATG
Roo-fwd CAGTCACTTGAGATCGTTCCC
Roo-rev GTAAATAGTCCCCGCCTTATCG

comparative CT method (AACT method). Threshold cycle
(CT) values were determined using the Rotor-Gene Q
Series software. Expression levels of target genes were first
normalized to the Rp49 internal control gene (ACT) and
then to expression levels measured in the WT ovary
(AACT). Results were expressed as fold changes calculated
with the formula 27*4“T. Primers used in PCR reactions
are listed in Table 3.

In silico analysis

The SIMs of Su(var)2-10 were predicted by the GPS-
SUMO  program: http://sumosp.biocuckoo.org/  [54].
Sequences and domain compositions of Drosophila Piwi
(CG6122) and Su(var)2-10-PJ isoform (CG8068) were
obtained from Flybase: https://flybase.org/ and UniProt:
https://www.uniprot.org/ databases. Multiple sequence
alignments and sequence logo of Su(var)2-10 orthologues
were generated by JALVIEW. https://www.jalview.org/.

AlphaFold structure of Su(var)2-10-J isoform was
obtained from the Uniprot database. (AF-A0A0B4JD03-
F1l-model_v3) [55].

Structure of the Drosophila Piwi (6KR6), human AGO?2
(4W50), and yeast Sizl complexed with the donor SUMO,
Ubc9 and PCNA (5JNE) were downloaded from Protein
Data Bank (PDB). Structural alignments were performed
by PyMoL: https://pymol.org/2/.
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