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Structural basis for piRNA targeting

Todd A. Anzelon1,3, Saikat Chowdhury1,2,3, Siobhan M. Hughes1,3, Yao Xiao1, Gabriel C. Lander1 
& Ian J. MacRae1 ✉

PIWI proteins use PIWI-interacting RNAs (piRNAs) to identify and silence transposable 
elements and thereby maintain genome integrity between metazoan generations1. 
The targeting of transposable elements by PIWI has been compared to mRNA target 
recognition by Argonaute proteins2,3, which use microRNA (miRNA) guides, but the 
extent to which piRNAs resemble miRNAs is not known. Here we present cryo-electron 
microscopy structures of a PIWI–piRNA complex from the sponge Ephydatia fluviatilis  
with and without target RNAs, and a biochemical analysis of target recognition. 
Mirroring Argonaute, PIWI identifies targets using the piRNA seed region. However, 
PIWI creates a much weaker seed so that stable target association requires further 
piRNA–target pairing, making piRNAs less promiscuous than miRNAs. Beyond the 
seed, the structure of PIWI facilitates piRNA–target pairing in a manner that is tolerant 
of mismatches, leading to long-lived PIWI–piRNA–target interactions that may 
accumulate on transposable-element transcripts. PIWI ensures targeting fidelity by 
physically blocking the propagation of piRNA–target interactions in the absence of 
faithful seed pairing, and by requiring an extended piRNA–target duplex to reach an 
endonucleolytically active conformation. PIWI proteins thereby minimize 
off-targeting cellular mRNAs while defending against evolving genomic threats.

Most animals produce at least two types of small regulatory RNA: 
miRNAs and piRNAs4. miRNAs regulate mRNAs during development, 
whereas piRNAs protect the germline from transposable elements. 
At the molecular level, miRNAs and piRNAs function as guides for 
Argonaute (AGO) and PIWI proteins, respectively, which use sequence 
information in small RNAs to identify transcripts that are targeted for 
repression.

Extensive studies have shown that miRNA-class AGO proteins tune 
the binding properties of miRNAs to recognize short segments of 
complementarity on target mRNAs5–8. AGOs create the miRNA seed 
region by pre-organizing nucleotides 2–7, lowering the entropic cost 
of target binding9,10, and adopt a structure that discourages miRNA–
target pairing immediately after the seed11,12. miRNA-recognition sites 
are thus short and precisely defined, enabling individual miRNAs to 
recognize hundreds of mRNAs and collectively target more than half 
of the mRNAs in mammals13.

It has been suggested that piRNAs use a miRNA-like targeting 
mechanism2,3—indeed, seed complementarity is a feature of piRNA 
targets2,3,14–17. However, the relationship between piRNAs and their 
targets is fundamentally distinct from that of miRNAs. miRNA targets 
evolve to be recognized to benefit developmental fitness18. By contrast, 
piRNA targets are parasitic genetic elements that are under selective 
pressure to escape recognition, suggesting a benefit for mechanisms 
that adapt piRNAs to evolving threats19. Additionally, the piRNA rep-
ertoire in animals is usually orders of magnitude larger than that of 
miRNAs20, indicating that mechanisms must be in place to avoid silenc-
ing the entire germline transcriptome.

Crystal structures of insect PIWI proteins, Drosophila melanogaster 
Piwi (DmPiwi) and silkworm Siwi also suggest that piRNAs might be 

distinct from miRNAs21,22. These PIWIs have a 3D domain arrangement 
that differs from that of AGO proteins, indicating that piRNA–target 
interactions are shaped in a unique fashion. Previous studies used PIWI 
samples containing heterogenous mixtures of co-purifying piRNAs, 
preventing investigation into piRNA–target interactions. As such, the 
mechanisms that underlie the recognition of transposable elements 
by piRNAs, as well as the extent to which piRNA targeting resembles 
that of miRNAs, remain unknown.

Source of homogenous PIWI–piRNA complexes
PIWI proteins from natural sources co-purify with heterogenous mix-
tures of endogenous piRNAs21,22, which obstruct the analysis of target-
ing. We therefore sought a recombinant system for the preparation of 
homogenous PIWI–piRNA complexes. A screen of PIWI protein con-
structs from various animals revealed that Piwi-A from the freshwater 
sponge E. fluviatilis23 (hereafter referred to as EfPiwi) can be expressed 
recombinantly, loaded with a chemically defined piRNA and purified 
as a stable PIWI–piRNA complexes. EfPiwi is normally expressed in  
E. fluviatilis totipotent archeocytes24. We also identified a construct to 
reconstitute the Siwi–piRNA complex, albeit at lower levels than EfPiwi 
(Extended Data Fig. 1a, b).

Unique structural features of the extended PIWI family
EfPiwi belongs to an ancient branch of the PIWI family tree that contains 
Drosophila Ago3, Mili, Hili and Zili, and is distinct from the branch that 
contains Siwi and DmPiwi25 (Extended Data Fig. 1c). As such, structural 
features that are common to EfPiwi and Siwi/DmPiwi may be broadly 
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conserved in the PIWI family. We used cryo-electron microscopy 
(cryo-EM) single-particle analysis to determine the structure of the 
EfPiwi–piRNA complex to approximately 3.8 Å resolution (Fig. 1a, b, 
Extended Data Table 1, Extended Data Fig. 2). A comparison of PIWI 
and metazoan AGO structures revealed two features that were likely 
to affect targeting by members of the extended PIWI family.

First, although our sample contained a homogenous piRNA, most 
nucleotides are disordered, including the 3ʹ half of the seed region 
(guide (g) nucleotides g5–g7) (Fig. 1c). AGO proteins pre-organize 
the seed 3ʹ end by cradling g5–g6 in a kinked loop that is widely con-
served in AGOs. The equivalent loop in PIWIs contains bulky residues 
that prevent the kink that is necessary to cradle g5–g6 (Extended Data 
Fig. 3a, b). Therefore, unlike AGOs, PIWIs do not pre-organize the full 
piRNA seed region.

Second, as previously noted21, the three-way interface of the L1, L2 
and PAZ domains in PIWIs differs from that of AGOs. An important con-
sequence of this difference is that residues that correspond to the AGO 
‘central gate’, which restricts guide–target interactions in the miRNA 
central region11,12, instead form a small α-helix (helix-6) near the piRNA 
seed region (Fig. 1b, Extended Data Fig. 3c–g). PIWIs therefore lack a 
central gate, and instead have a widened central cleft and extended 
‘seed gate’ structure (Fig. 1d).

piRNAs are more selective than miRNAs
To determine how structural differences affect target recognition, we 
compared the target-RNA-binding properties of EfPiwi, Siwi and human 
Argonaute 2 (hAGO2), a miRNA-class AGO protein. EfPiwi and Siwi 
bound target RNAs with complementarity limited to the seed region 
(g2–g7) with more than 150-fold lower affinity than hAGO2 loaded 
with an equivalent guide RNA (Fig. 2a, b). Similarly, both PIWIs bound 
a target with extended seed (g2–g8) complementarity with more than 

7-fold lower affinity than hAGO2. Weak seed-pairing seems to arise 
from higher target off-rates from the PIWIs, which released the g2–g8 
matched target RNA around 7-fold faster than did hAGO2 (Fig. 2c). 
Extending target complementarity through the guide central region 
(g9–g12) had little effect on hAGO2 release rates, which is consistent 
with the model that hAGO2 avoids central pairing due to its central 
gate11,12 (Fig. 2d, Extended Data Fig. 4). By contrast, for EfPiwi and Siwi, 
target release rates decreased to below 1 × 10−3 min−1 (half-life, t1/2 > 12 h) 
as guide-target complementarity extended through the central region 
(Fig. 2d, Extended Data Fig. 4).

We propose that differences in the structures of PIWI and AGO 
lead to distinct targeting properties for piRNAs and miRNAs. PIWIs 
pre-organize a minimal seed, rendering the piRNA seed far weaker 
than the miRNA seed. However, unlike AGOs, PIWIs lack a central gate 
and therefore can compensate for weak seed-pairing by extending 
piRNA–target interactions into the central region. piRNAs are thereby 
more selective than miRNAs when identifying targets, and can remain 
associated with recognized targets for much longer periods of time.

The seed-gate enforces piRNA target-binding fidelity
Although the piRNA seed is weak, perfect seed complementarity is 
required for the recognition of piRNA targets in vivo2,3,14–17. To under-
stand this requirement, we determined the structure of the EfPiwi–
piRNA complex bound to a target RNA with complementarity to 
piRNA nucleotides g2–g16, to approximately 3.5 Å resolution (Fig. 3a, 
b, Extended Data Table 1, Extended Data Fig. 5). The reconstruction 
contains a conspicuous 15-bp piRNA–target RNA duplex (Fig. 3a), which 
seems to drive EfPiwi into a more opened conformation (Fig. 3c). EfPiwi 
opening involves a shift in the seed gate, which moves approximately 
12 Å to avoid clashing with base pairs 5–8 of the piRNA–target duplex 
(Fig. 3d) and docks with the duplex at the 3ʹ end of the seed (Fig. 3e). 
These contacts, as well as contacts from the MID and PIWI domains, 
probe the piRNA–target duplex backbone and minor groove, probably 
enforcing ideal pairing to the piRNA seed.
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Notably, piRNA–target mismatches in the 3' half of the seed (g5–g7) 
nearly abolish target binding, reducing the association rate kon by more 
than 2,000-fold compared to a target with no mismatches (Fig. 3f, 
Extended Data Fig. 6). Binding to the g5–g7 mismatched target was 
restored by removing the seed gate (EfPiwi(∆seed gate), L520–H537 
replaced with a Gly6 linker), which increased kon 14-fold compared to 

wild-type EfPiwi (Fig. 3f). EfPiwi(∆seed gate) bound a target with mis-
matches at the seed 5' end (g2–g4) at a similar rate to wild-type EfPiwi. 
By contrast, EfPiwi(∆seed gate) bound all targets with intact seed com-
plementarity about 10-fold slower than the wild-type. Siwi(∆seed gate) 
behaved similarly (Extended Data Fig. 7a, b). The seed gate therefore 
enforces targeting fidelity by facilitating propagation of piRNA–target 
pairing initiated at the seed 5' end, and by inhibiting duplex propagation 
in the absence of faithful pairing to the seed 3' end.

PIWI accommodates mismatches beyond the seed
Beyond the seed-paired region, EfPiwi contacts the piRNA–target 
duplex backbone but does not probe the shape of the minor groove 
(Extended Data Fig. 7c). EfPiwi might thereby recognize the overall 
helical structure of the duplex in a manner that is tolerant of deviations 
from A-form geometry, and therefore insensitive to intermittent mis-
matches beyond the seed. Indeed, 3-nt mismatched segments after the 
seed have only minor effects (2.5-fold or less) on target-binding rates 
(Fig. 3f) and most bound targets dissociate over the course of hours 
(Extended Data Figs. 6b, 7d, e). EfPiwi can therefore engage targets 
containing 3 or fewer consecutive non-seed mismatches with excellent 
affinity (dissociation constant, KD values in the pM–fM range) (Extended 
Data Fig. 7f). Tolerance of mismatches beyond the seed might enable 
piRNAs to recognize related or evolving transposable elements.

Extensive piRNA 3ʹ pairing activates target cleavage
PIWIs often endonucleolytically cleave target RNAs21,22,26. Cleavage 
activity of both EfPiwi and Siwi is far weaker than that of hAGO2 but 
can be stimulated by Mn2+ and increasing temperature (Extended 
Data Fig. 8a–e), enabling us to characterize target substrate prefer-
ences. EfPiwi cleavage activity increased as complementarity extended 
towards the piRNA 3ʹ end, reaching a plateau when extended to g18 
(Fig. 4a, Extended Data Fig. 9a, b). Siwi cleavage also increased with 
3' complementarity, reaching a plateau at g16 pairing (Extended Data 
Fig. 9e, f).

We examined how mismatches towards the piRNA 3ʹ end influence 
cleavage (Extended Data Fig. 9c, d). A pool of 256 target RNA sequences 
with combinations of mismatches to g11–g18 was treated with excess 
EfPiwi–piRNA. RNA sequencing of cleavage products revealed that 
the top 10% (26 out of 256 sequences) accounted for 80% of all cleav-
age events and contained no segments with 3 or more consecutive 
mismatches (Fig. 4b, Extended Data Fig. 9f). EfPiwi nuclease activity 
is therefore driven by extended 3' pairing, optimally with 2 or fewer 
mismatches towards the piRNA 3' end.

Extended pairing drives EfPiwi into an open 
conformation
We also examined the structure of EfPiwi–piRNA bound to a target RNA 
with complementarity to g2–g25 by cryo-EM. Although the piRNA–tar-
get duplex was obvious in 2D averages, EfPiwi appeared smaller than 
expected (Fig. 4b). An approximately 7.0 Å resolution 3D reconstruc-
tion was consistent with the MID and PIWI domains bound to the end 
of the piRNA–target duplex (Fig. 4c). Docking the full EfPiwi–piRNA–
target model (with pairing to g2–g16) shows that, after position 15, 
the extended piRNA–target duplex sterically clashes with segments 
of the N, L1 and PAZ domains (Fig. 4d). Extended piRNA–target pair-
ing therefore drives central cleft opening to such an extent that the 
entire N–L1–PAZ–L2 lobe becomes conformationally uncoupled from 
the MID–PIWI lobe.

We suggest that EfPiwi nuclease activity might be activated by 
widening of the central cleft, driven by the formation of an extended 
piRNA–target duplex. Mismatched segments of at least 3 nt in length 
could impart flexibility to the guide RNA–target duplex, reducing 
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the propensity to drive open the cleft and stimulate cleavage. piRNA 
cleavage products identified in mouse testes are generally free of 
mismatched segments 3 nt or more in length15,17,27, and target cleav-
age by immunopurified Miwi also requires extended piRNA–target 
complementarity26.

Discussion
piRNAs and miRNAs are ancient genetic regulators that might have 
helped to usher in the era of multicellular animal life4. Many ani-
mals also produce small interfering RNAs (siRNAs), which typically 
associate with a separate siRNA class of AGO proteins25 that remains 
uncharacterized at the structural level. Our results show that PIWI 
and miRNA-class AGO proteins possess distinct structural features, 
enabling piRNAs and miRNAs to carry out discrete roles in animal  
evolution.

The primary function of piRNAs is to seek out and silence transpos-
able elements. Considering the immense diversity of the piRNA rep-
ertoire, targeting must be stringent enough to avoid inadvertently 
silencing cellular RNAs. EfPiwi accomplishes this by creating a weak 
seed and closely monitoring pairing via the seed gate. Seed comple-
mentarity is therefore necessary but insufficient for target recognition. 
Stringency is further established for target cleavage by the require-
ment of a piRNA–target duplex that is strong enough to activate the 
endonuclease mechanism. Stringency might also be regulated by a 
recently discovered cleavage stimulating factor28. Selectivity at the 
target-cleavage step could help to guard against cellular RNAs entering 
piRNA biogenesis pathways via the ping-pong cycle1.

On the other hand, flexibility in target recognition would enable 
piRNAs to respond to evolving transposable element sequences19. 
Targeting flexibility, in terms of binding, is provided beyond the seed, 
where the PIWI central cleft is tolerant of helical imperfections that arise 
from piRNA–target mismatches such that high-affinity binding requires 
less complementarity than cleavage in vitro. A notable feature of the 
PIWI–piRNA complex is that the release of bound target molecules is 
exceptionally slow, similar to the lifetimes of the most stable mRNAs 
in embryonic stem cells29. As such, after PIWI engages a target, it could 
potentially remain bound for the remainder of the transcript’s exist-
ence. We propose that the recognition of transposable elements might 
involve the accumulation of multiple PIWI–piRNA complexes on each 
target transcript, leading to multivalent assemblies that recruit histone 
and/or DNA methylation factors to transposable-element loci in the 
nucleus30–33, or traffic cytoplasmic transcripts to phase-separated com-
partments that are associated with silencing and piRNA production34. 
We suggest that by shaping piRNA–target interactions, PIWIs can lever-
age the vast piRNA pool to restrict the escape of transposable elements 
from surveillance while minimizing off-targeting, and have thereby 
maintained metazoan germlines over the past 800 million years.
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Ef Piwi–piRNA for 1 h. Results are representative of 3 replicates. b, Relative 
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Scale bar, 5 nm. d, 3D cryo-EM reconstruction fit with the MID/PIWI lobe and 
extended piRNA–target duplex. The piRNA 3ʹ end is indicated. e, Docking the 
Ef Piwi–piRNA–target model with pairing limited to g2–g16 (Fig. 3) reveals that 
the N, L1 and PAZ domains sterically clash (gold highlights) with the extended 
piRNA–target duplex.
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Methods

Recombinant PIWI cloning, mutagenesis and expression
DNA fragments encoding truncations of PIWI proteins from various 
animals (including human, silk moth, fruit fly, worm, zebrafish, flour 
beetle and sponge) were cloned into a modified form of pFastBac HTA 
(Thermo Fisher) to generate expression plasmids for the Bac-to-Bac 
baculovirus expression system (Thermo Fisher). Resulting baculovi-
ruses were used to infect Sf9 cells and recombinant protein expres-
sion levels were assessed 3 days post infection by Ni-NTA purification 
(Qiagen) and SDS–PAGE. The most highly expressed constructs for the 
top two PIWIs were N-terminal truncations of E. fluviatilis Piwi A (NCIB: 
AB533505, residues 219–987) and Bombyx mori Siwi (NCIB: AB332313, 
residues 88–899).

Preparation of protein–guide RNA complexes
EfPiwi–guide RNA, Siwi–guide RNA and hAGO2–guide RNA samples 
were purified as described previously for hAGO235, following a variation 
on the Arpon method36, with the exception that the final size-exclusion 
purification step was omitted from PIWI preparations to maintain suf-
ficient yields. Purified PIWI–guide complexes were stored at −80 °C at 
a protein concentration range of 5 to 50 µM in 150 mM NaCl, 0.5 mM 
TCEP, 5–10% glycerol, 20 mM Tris pH 8.

Grid preparation for cryo-EM
EfPiwi–piRNA-target ternary complexes were formed by adding  
1.2 molar equivalents of target RNA to purified EfPiwi–guide complex 
and incubating on ice for 10 min in the following buffer: 150 mM NaCl, 
0.5 mM TCEP, 50 mM Tris, pH 8. Divalent ions were excluded to pre-
vent target cleavage. Nonetheless, final models include two Mg2+ ions 
(one bound to the 5ʹ phosphate and one in the endonuclease active 
site), which seem to have co-purified with EfPiwi. Additionally, for the 
extended (2–25 paired) target, the procedure used to form the ternary 
complex seems to have been sub-optimal as many particles were not 
bound to the target RNA (possibly connected to reduced EfPiwi activity 
at low temperatures). This turned out to be fortunate as it also ena-
bled determination of the EfPiwi–piRNA binary structure (shown in 
Fig. 1a) from the same dataset. To prepare samples for cryo-EM, 3.5 µl 
EfPiwi-guide–target complex at 2.5 mg ml−1 was added onto freshly 
plasma-cleaned (75% nitrogen, 25% oxygen atmosphere at 15 W for 7 s in 
Solarus plasma cleaner, Gatan) 300 mesh holey gold grids (UltrAuFoil 
R1.2/1.3, Quantifoil). Excess sample solution was removed from grids by 
blotting with Whatman No.1 filter paper for 5–7 s. Samples were imme-
diately vitrified by plunge-freezing in liquid ethane at −179 °C using a 
manual plunge-freezing device. Grid vitrification was performed in a 
cold room maintained at 4 °C with relative humidity between 95–98% 
to minimize sample evaporation.

Cryo-EM data acquisition
Cryo-EM data were acquired on a 200 kV Talos Arctica (Thermo 
Fisher Scientific) transmission electron microscope. Micrographs 
were acquired using a K2 Summit (Gatan) direct electron detector, 
operated in electron-counting mode, using the automated data col-
lection software Leginon37 by image shift-based movements from 
the centre of four adjacent holes to target the centre of each hole for 
exposures. Each micrograph for the EfPiwi–piRNA–target (2–25) com-
plex (which fortuitously also contained many EfPiwi–piRNA binary 
complexes) was collected as 48 dose-fractionated movie frames over 
12 s and with a cumulative electron exposure of 47.33 e− Å−2. For the 
EfPiwi–piRNA–target (2–16) complex, each micrograph was acquired 
as 64 dose-fractionated movie frames over 16 s with a cumulative 
electron exposure of 47.33 e− Å−2. Both datasets were collected at a 
nominal magnification of 36 kx, corresponding to 1.15 Å per pixel on 
the detector, with random nominal defocus values varying between 
1 µm and 1.6 µm. A total of 1,765 micrographs were collected for the 

EfPiwi–piRNA–extended target (pairing to 2–25) complex (these micro-
graphs also contained the EfPiwi–piRNA binary complex). A total of 
1,881 micrographs were collected for the EfPiwi–PiwipiRNA–target 
(pairing to 2–16) complex.

Image processing and 3D reconstruction
Beam-induced motion correction and radiation damage compensa-
tion over spatial frequencies (dose-weighting) of the raw movies was 
performed using UCSF MotionCor238 implemented in the Appion39 
image-processing workflow. Motion-corrected, summed micrographs 
were imported into the RELION 2.040 data processing pipeline. Con-
trast transfer function (CTF) parameters for these micrographs were 
estimated using CTFFind441. Laplacian of Gaussian-based automated 
particle-picking program in RELION was used for picking 3,280,351 and 
2,551,046 particles from the EfPiwi–piRNA and EfPiwi–piRNA-target 
micrographs, respectively. Picked particles were extracted from the 
micrographs with a 160-pixel box and subjected to 2D classification in 
RELION. After discarding particles that belonged to classes containing 
non-particle features, aggregates and low-resolution features, new 
stacks of particles from 2D classes containing different orientations of 
the complexes and high-resolution features were created. A subset of 2D 
classes from the EfPiwi–piRNA–target (g2–g25 paired) dataset resolved 
features corresponding to a smaller complex with an extended RNA 
duplex. The 608,488 particles belonging to these classes were isolated 
into a new particle stack for further processing. To serve as an initial 
model for 3D analyses of the EfPiwi–piRNA and EfPiwi–piRNA–target 
complexes, a 40 Å low pass filtered map was generated from the Siwi 
crystal structure (Protein Data Bank (PDB) ID: 5GUH) using the molmap 
function in UCSF Chimera42,43. An initial model for 3D analyses of the 
smaller subcomplex particles was generated using the Cryosparc v144 
ab initio reconstruction program. The selected particle stacks corre-
sponding to the three distinct complexes were subjected to multiple 
iterations of 3D classification in RELION and particles belonging to 
the most well-resolved 3D class for each complex were selected for 
downstream 3D processing. After 3D classification, 125,041, 118,493 
and 116,655 particles from the best-resolved class for EfPiwi–piRNA, 
EfPiwi–piRNA–target (g2–g16 paired) and the smaller EfPiwi–piRNA–
target (g2–g25 paired), respectively, were re-extracted with a 160-pixel 
box from the respective micrographs with re-centred coordinates. 
These particles were then subjected to 3D refinement in RELION. 3D 
binary masks for refinement were generated using 15 Å low-pass filtered 
selected class volume for each of the complexes with a 5-pixel expansion 
and 8-pixel Gaussian fall-off in RELION. The final reconstructed maps 
for EfPiwi–piRNA, EfPiwi–piRNA–target (g2–g16 paired) and EfPiwi–
piRNA–target (g2–g26 paired) were at 3.8 Å, 3.5 Å and 8.6 Å (at a Fourier 
shell correlation (FSC) value of 0.143), respectively. Local resolution for 
these complexes was determined using the local resolution estimation 
program in RELION and the local-resolution-based filtered maps were 
used for atomic model building. Maps for EfPiwi–piRNA and EfPiwi–
piRNA–target complexes were trimmed to a box size of 90 pixels for 
deposition into the Electron Microscopy Data Bank (EMDB). Directional 
FSCs were estimated using the 3DFSC server45 (https://3dfsc.salk.edu).

Model building and refinement
An initial model for EfPiwi was obtained by threading the EfPiwi pri-
mary sequence onto the Siwi crystal structure (PDB: 5GUH) using 
SWISS-MODE46. Discrete domains were then docked into the EfPiwi–
piRNA reconstruction using UCSF Chimera, followed by manual model 
building using Coot47. The EfPiwi–guide–target model was built in a 
similar fashion, using the EfPiwi–guide structure as an initial model. 
Models were refined through iterative rounds of manual building and 
fixing of geometric and rotameric outliers in Coot and real-space refine-
ment optimizing global minimization, atomic displacement parameters 
and local grid search using PHENIX48. Base pairing between guide and 
target RNAs was maintained by including hydrogen atoms. Most of the 
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residues within the N domain of both models were truncated to alanine 
at the end of refinement to reflect a lack of supporting cryo-EM density. 
Model validation was performed using MolProbity (http://molprobity.
biochem.duke.edu)49 and PDB validation servers (https://www.rcsb.
org). Structural figures were made using PyMOL (Schrödinger, LLC) 
and UCSF ChimeraX50. Prediction of seed-gate structure in extended 
Piwi family members was performed by PSIPRED 4.051,52. The structure 
of EfPiwi was compared to previous human AGO structures53–55 in Fig. 1.

Equilibrium target-RNA-binding assays
Equilibrium dissociation constants for seed-matched target RNAs 
were determined as described previously11. Dissociation constants for 
targets with extensive complementarity were too small to be accurately 
measured and were therefore calculated as the quotient of measured 
target dissociation (koff) and association (kon) rates.

Target-RNA dissociation assays
A dot-blot apparatus (GE Healthcare) was used to separate protein–
RNA complexes from free (unbound) RNA. Protein–RNA complexes 
were immobilized on Protran nitrocellulose membrane (0.45 µm 
pore size, Whatman, GE Healthcare) and unbound RNA was immo-
bilized on Hybond Nylon membrane (Amersham, GE Healthcare). 
Membranes were stacked so that the sample is first pulled through 
the protein-binding membrane, and any unbound RNA passes through 
and binds to the RNA-binding membrane.

Target dissociation rates were determined by incubating guide-loaded 
EfPiwi, Siwi or hAGO2 samples with 0.1 nM 32P 5′-radiolabelled target 
RNA in binding reaction buffer (30 mM Tris pH 8.0, 100 mM potas-
sium acetate, 0.5 mM TCEP, 0.005% (v/v) NP-40, 0.01 mg ml−1 baker’s 
yeast tRNA) in a single reaction with a volume of 100 µl per time point 
planned for the experiment (for example, 1,000 µl for 10 time points) 
at room temperature for 60 min. The concentration of hAGO2, EfPiwi 
or Siwi–guide RNA complex was 5 nM.

After sample equilibration, a zero-time point was taken by applying 
100 µl of the reaction to the dot-blot apparatus under vacuum, followed 
by 100 µl of ice-cold wash buffer (30 mM Tris pH 8.0, 0.1 M potassium 
acetate, 0.5 mM TCEP). The dissociation time course was started by 
the addition of 300 nM (final concentration) unlabelled target RNA. 
Aliquots of 100 µl were taken at various times and immediately applied 
to a dot-blot apparatus under vacuum, followed by 100 µl of ice-cold 
wash buffer. Time points ranged from 0.25 to 100 min. Membranes were 
air-dried and visualized by phosphorimaging. Quantification of the 32P 
signal was performed using ImageQuant TL (GE Healthcare). The frac-
tion of target RNA bound was calculated as the ratio of bound to total 
(bound + free) target RNA for various concentrations of AGO2–guide, 
EfPiwi–guide or Siwi–guide RNA complexes. Dissociation rates were 
calculated by plotting data as fraction bound versus time and fitting to 
a one-phase exponential curve using Prism v.8.0 (GraphPad).

Target RNA association assays
Target association rates were determined by incubating 5 pM 32P 
5′-radiolabelled target RNA in binding reaction buffer (30 mM Tris 
pH 8.0, 100 mM potassium acetate, 0.5 mM TCEP, 0.005% (v/v) NP-40, 
0.01 mg ml−1 baker’s yeast tRNA) in a single large reaction with a vol-
ume of 100 µl per time point planned for the experiment (for example, 
1,000 ul for 10 time points) at room temperature for 15 min.

A zero-time point was taken by applying 100 µl of the reaction to a 
dot-blot apparatus under vacuum, followed by 100 µl of ice-cold wash 
buffer (30 mM Tris pH 8.0, 0.1 M potassium acetate, 0.5 mM TCEP). The 
association reaction was started by the addition of guide-loaded EfPiwi 
or Siwi at concentrations ranging from 0.05 to 15 nM. Aliquots of 100 µl 
were taken at various time points and applied to a dot-blot apparatus 
under vacuum, followed by 100 µl of ice-cold wash buffer as before. 
Time points ranged from 0.25 to 15 min. Membranes were air-dried 
and visualized, the signal was quantified, and the bound fraction was 

calculated as described above. Because target dissociation was very 
slow compared with association, and the target RNA concentrations 
were always at least 10-fold less than the total EfPiwi–piRNA or Siwi–
piRNA concentration, association was treated as an irreversible pseudo 
first-order system. Data were fit to a one-phase exponential curve using 
Prism v.8.0 (GraphPad) to determine an observed binding rate constant 
(kobs). kobs values were proportional to protein concentration over the 
range used in our experiments. The association rate (kon) was calculated 
by dividing kobs by the concentration of the EfPiwi–piRNA or Siwi–piRNA 
complex used in the experiment.

Target RNA cleavage assays
Purified EfPiwi–guide, Siwi–guide, or hAGO2–guide RNA complexes 
(100 nM, final concentration) were incubated at 37 °C with complemen-
tary 5′-32P-labelled target RNAs (10 nM, final concentrations) in reaction 
buffer composed of 30 mM Tris pH 8.0, 0.1 M NaCl, 2 mM MgCl2, 0.5 mM 
TCEP, and 0.01 mg ml−1 baker’s yeast tRNA. Target cleavage was stopped 
at various times by mixing aliquots of each reaction with an equal vol-
ume of denaturing gel loading buffer (98% w/v formamide, 0.025% 
xylene cyanol, 0.025% w/v bromophenol blue, 10 mM EDTA pH 8.0).  
Intact and cleaved target RNAs were resolved by denaturing PAGE (15%) 
and visualized by phosphorimaging. Quantification of signal was per-
formed using ImageQuant TL (GE Healthcare).

Adjustments were made to this protocol to determine which divalent 
cations were catalytic with EfPiwi or Siwi, by replacing 2 mM MgCl2 with 
2 mM MnCl2, CoCl2, CaCl2 or NiCl2. Similar adjustments were made to 
titrate in MgCl2 or MnCl2.

To determine the piRNA-target pairing length requirement for cleav-
age, 100 nM protein–guide RNA complex and 1 nM radiolabelled tar-
get RNA of complementarity g2–g15, g2–g16, g2–g17, g2–g18, g2–g19, 
g2–g20 or g2–g21 were combined in buffer with a mixture of 2 mM 
MgCl2 + 2 mM MnCl2. Reactions proceeded for 1 h at 37 °C before an 
equal volume of denaturing gel loading buffer was added to stop the 
reaction. Reactions were run on denaturing PAGE (15%) and analysed 
as described above.

To determine the effects of the mismatch triplets on slicing, 100 nM 
protein–guide RNA complex and 1 nM radiolabelled target RNA with 
mismatches from g2–g4, g5–g7, g8–g10, g11–g13, g14–g16, g17–g19 or 
g20–g22 were combined in buffer with 2 mM MgCl2 + 2 mM MnCl2. Reac-
tions proceeded for 1 h at 37 °C before an equal volume of denaturing 
gel loading buffer was added to stop the reaction. Reactions were run 
on denaturing PAGE (15%) and analysed as described above. Uncropped 
and unprocessed scans of gels and quantification of replicate data can 
be found in Supplementary Fig. 1.

Pooled target cleavage assay
A pool of 256 target RNAs containing molecules with combinations 
of mismatched pairing to g11–g18 of our standard piRNA sequence 
was synthesized by Integrated DNA Technologies. Synthesis included 
piRNA-matched and mismatched phosphoramidites mixed in a 1:1 ratio 
at steps generating t11–t18, resulting in 256 unique target sequences. All 
mismatches are expected to reside on the 5' cleavage product because 
EfPiwi cleaves targets between t10–t11.

The target RNA pool (27 nM) was incubated with EfPiwi–miR122 
25mer complex (133 nM) in cleavage buffer (100 mM NaCl, 20 mM 
Tris pH 8, 2 mM MgCl2, 2 mM MnCl2, 0.05 mg ml−1 tRNA, 0.5 mM TCEP) 
for 60 min at 37 °C. Cleavage products from the 5' end of the target 
(complementary to the piRNA 3' end) were isolated by denaturing gel 
electrophoresis, cut out of the gel, solubilized and purified by ethanol 
precipitation followed by passage through an Oligo Clean and Concen-
trator column (Zymo Research). Following this step, cleavage products 
had 5' and 3' adapters ligated with the T4 RNA Ligase and T4 RNA Ligase 
2 truncated enzymes (New England Biolabs), respectively, and were 
subjected to a reverse transcriptase reaction using the SuperScript II 
reverse transcriptase (Lifetech). Resulting cDNA was sequenced on a 
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NextSeq 500 (Illumina). To control for variations in 3' adapter ligation 
efficiency to the cleaved sequences, a ‘pre-cleaved’ control was used, 
which was a pool of 256 RNAs synthesized to mimic all possible 5' cleav-
age products, but with a three-base barcode distinct from the intact 
target sequences. Experimental and pre-cleaved target pools were com-
bined before adapter ligation, reverse transcription and sequencing.

After sequencing, unique reads were trimmed of the adapter 
sequences and those of the correct read length were retained using 
cutadapt56. Remaining reads were sorted into two subsets, experimental 
or ligation (‘pre-cleaved’) control, using the three-base barcodes. A read 
count analysis was performed on each subset, and counts were normal-
ized by dividing the experimental counts by the pre-cleaved counts 
and multiplying by 1,000 so that the total counts for each observed 
sequence was ≥1. Targets were then sorted by abundance, resulting in 
the histogram in Fig. 4c.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Maps for the EfPiwi–piRNA and EfPiwi–piRNA-target complexes have 
been deposited in the EMDB under accession numbers EMD-23061 and 
EMD-23063, respectively. Corresponding atomic models have been 
deposited in the PDB under accession numbers 7KX7 and 7KX9. The 
EfPiwi(MID/Piwi)–piRNA–long-target complex map has been deposited 
in the EMDB under accession number EMD-23062. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Piwi protein purification and extended Piwi family 
tree. a, Coomassie-stained SDS PAGE of piRNA-loaded PIWI proteins captured 
using an immobilized complementary oligonucleotide. Input shows partially 
purified protein samples that were incubated with capture resin. Unbound 
shows protein that did not bind the resin. Captured shows protein retained on 
the resin after washing (eluted by boiling in SDS). After elution shows protein 
retained on the resin after incubation with the competitor oligonucleotide 
(eluted by boiling in SDS). b, Capture-purified PIWI proteins before and after 

anion exchange purification. Input fraction shows samples after elution by 
competitor oligonucleotide in capture-purification step. Purified indicates the 
final purification products. Note: Δseed-gate Siwi was captured at such low 
levels that it was unclear whether any active Siwi was obtained until observing 
the sample’s ability to specifically bind 32P-labeled target RNAs. c, Phylogenetic 
tree of PIWI proteins shows EfPiwi belongs to the ancient Drosophila Ago3-like 
branch.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Imaging and processing of the EfPiwi-piRNA 
complex (and EfPiwi-piRNA-long target complex). a, Representative cryo-
EM micrograph (1,765 micrographs collected in total). Input sample contained 
EfPiwi-piRNA and a long target RNA (complementary to piRNA nucleotides  
g2–g25). b, Cryo-EM data processing workflow. The data set contained two 
populations of well resolved particles, one for the binary EfPiwi-piRNA 
complex and another for the ternary EfPiwi-piRNA-long target complex. 
Particles isolated from micrographs were sorted by reference-free 2D 
classification. Only particles containing high-resolution features for the intact 
complex were selected for downstream processing. 3D classification was used 
to further remove low-resolution or damaged particles, and the remaining 
particles were refined to obtain a 3.8 Å reconstruction for the EfPiwi-guide 
complex, and 8.6 Å for the ternary EfPiwi-piRNA-long target complex. c, The 
final 3D map for the EfPiwi-piRNA complex coloured by local resolution values, 

where the majority of the map was resolved between 3.5 Å and 4 Å with the 
flexible PAZ and N domains having lower resolution. d, Angular distribution 
plot showing the Euler angle distribution of the EfPiwi-piRNA particles in the 
final reconstruction. The position of each cylinder corresponds to the 3D 
angular assignments and their height and colour (blue to red) corresponds to 
the number of particles in that angular orientation. e, Directional Fourier Shell 
Correlation (FSC) plot representing 3D resolution anisotropy in the 
reconstructed map, with the red line showing the global FSC, green dashed 
lines correspond to ±1 standard deviation from mean of directional 
resolutions, and the blue histograms correspond to percentage of directional 
resolution over the 3D FSC. f, EM density quality of EfPiwi-piRNA complex. 
Individual domains of EfPiwi fit into the EM density, EM density shown in mesh; 
molecular models (coloured as in Fig. 2) shown in cartoon representation with 
side chains shown as sticks; piRNA shown in stick representation.
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Extended Data Fig. 3 | Conserved structural features in extended Piwi 
family. a, Surface of hAGO2 (left) and EfPiwi (right), highlighting g5-g6 
nucleotide-binding loops. Superimposing g5-g6 nucleotides (red sticks) from 
hAGO2 onto EfPiwi results in steric clashes. b, g5-g6 loop in AGO structures 
(left) is kinked, enabling pre-organization of seed 3' end. Equivalent loop in 
Piwi structures (right) cannot kink due to bulky residues (labeled positions 1 
and 2), conserved in Piwi family. c, Close up superposition of central-gate and 
seed-gate structures in AGO and PIWI proteins, respectively. d, Superposition 

of seed-gate regions from all known Piwi (left) and AGO (right) structures, with 
secondary structure schematics shown above. e, Secondary structure 
predictions indicate the α6 extension is a defining feature of the Piwi family. 
Predictions were by PSIPRED 4.0. f, L1-L2 interface near seed-gate in EfPiwi. 
Hydrophobic residues buried at the L1-L2 interface are shown. g, Sequence 
alignment shows L1-L2 interface residues in EfPiwi are broadly conserved in 
Piwis (green) and distinct from the equivalent residues in AGOs (blue).



Extended Data Fig. 4 | Target release from hAGO2 and EfPiwi loaded with 
identical guides. a, Schematic of pairing between guide RNAs and 
seed-matched target RNAs used in main text Fig. 2b, c. b, Schematic of pairing 
between 22 nt guide RNA and target RNAs spanning the seed and central 
regions. c. Release of 32P-labeled target RNAs from EfPiwi-22 nt guide in the 
presence of excess unlabeled target RNA over time. d, Release rates of target 

RNAs from hAGO2-22 nt guide (data from Fig. 2d, left) and EfPiwi-22nt guide (c). 
Results show hAGO2 and EfPiwi create distinct binding properties for the same 
guide RNA. All plotted data are the mean values of triplicate measurements. 
Error bars indicate SD. e, Ribbon representation of hAGO2, EfPiwi, and an 
overlay illustrating relative positions of the central-gate and seed-gate. In c, d, 
n = 3 independent experiments, data are mean ± s.d.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Imaging and processing of the EfPiwi-piRNA-target 
complex. a, Representative cryo-EM micrograph of EfPiwi-piRNA-target 
complex (1,881 micrographs collected in total). b, Workflow for processing 
EfPiwi-piRNA-target complex dataset. Particles isolated from micrographs 
were sorted by reference-free 2D classification. Only particles containing high-
resolution features for the intact complex were selected for downstream 
processing. 3D classification was used to further remove low-resolution or 
damaged particles, and the remaining particles were refined to obtain a 3.5 Å 
map. c, The EfPiwi-piRNA-target complex map coloured by local resolution.  

d, Euler angle distribution plot for the EfPiwi-piRNA-target complex particles.  
e, Directional Fourier Shell Correlation (FSC) plot representing 3D resolution 
anisotropy in the reconstructed map. Red line shows global FSC; green dashed 
lines ±1 standard deviation from mean of directional resolutions; blue 
histograms indicate percentage of directional resolution over the 3D FSC.  
f, EM density quality of EfPiwi-piRNA-target complex. Individual domains of 
EfPiwi and RNAs fit into the EM density; EM density shown in mesh; protein 
models shown in cartoon representation (coloured as in Fig. 1) with side chains 
shown as sticks; RNAs shown in stick representation.
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Extended Data Fig. 6 | EfPiwi target binding data. a, Raw data for kon values 
shown in Fig. 3f. Plots of target RNAs with mismatches (sequences shown in 
Extended Data Fig. 6c) binding to EfPiwi-piRNA complexes over time. Protein 
concentrations used in each experiment are indicated at top of each graph. 95% 
confidence limits of observed association rates (kobs) and kon values indicated. 
WT EfPiwi (black), ∆seed-gate EfPiwi (red). b, Raw data for koff values shown in 

Extended Data Fig. 7e. Plots of target RNAs with mismatches (mm) dissociating 
from EfPiwi-piRNA complexes over time. All data were fit to a plateau value of 
0.15. 95% confidence limits of kon values indicated. All data points were 
measured three times. Error bars indicate SEM. Center line indicates best fit to 
data. Surrounding lines indicate 95% confidence limits. In all panels, n = 3 
independent experiments, data are mean ± s.d.



Extended Data Fig. 7 | Target binding with mismatches. a, Guide-target 
pairing schematic for select mismatched targets binding Siwi-piRNA 
complexes. Mismatches coloured gold. b, Association rates of target RNAs 
(shown in a) with wild-type Siwi (left) and ∆seed-gate Siwi. Indicated p-values 
from two-sided t-test are 6.11 x 10−5 and 0.205 for wild-type and ∆seed-gate 
Siwi, respectively. c, Guide-target pairing schematic for mismatched targets 
used in main text Fig. 3f, and panels d and e here. Mismatches coloured gold.  
d, Dissociation rates of 32P-labeled target RNAs with three consecutive 

mismatches from wild-type EfPiwi. Most mismatched segments had moderate 
(~10-fold) effects on koff, except 14–16 mismatches, which increased koff ~70 fold. 
e, Dissociation constants (KD) calculated from kon and koff values for target RNAs 
binding wild-type EfPiwi-guide complex. f, Surface representation of the 
modeled piRNA-target duplex. piRNA nucleotides numbered at the 
Watson-Crick face. Non-hydrogen RNA atoms positioned ≤ 4 Å from an EfPiwi 
atom coloured purple. In b, d, and e, n = 3 independent experiments, data are 
mean ± s.d.
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Extended Data Fig. 8 | Target cleavage by EfPiwi and Siwi (part 1).  
a, Denaturing gels showing cleavage of g2-g21 matched 32P-labeled target RNA 
by EfPiwi, hAGO2 or Siwi in the presence of various divalent cations (2 mM 
each). Schematic of piRNA-target pairing shown (top). Gels are representative 
results for n = 3 independent experiments for EfPiwi and hAGO2, and n = 2 
independent experiments for Siwi. b, Time course showing cleavage of g2-g21 
paired 32P-labeled target RNA by EfPiwi in the presence of Mg2+, Mn2+, or both at 

approximate physiological divalent cation concentrations. c, Cleavage of 
g2-g21 matched 32P-labeled target RNA by EfPiwi at various temperatures 
shows activity over the full physiological range (17–30 °C). Gel is representative 
of n = 3 independent experiments. d, Quantification of results (and replicates) 
in c. e, Cleavage of target RNAs with varying degrees of 3' complementarity by 
EfPiwi at 30 °C. In b, d and e, n = 3 independent experiments, data are 
mean ± s.d.



Extended Data Fig. 9 | Fig. S8. Target cleavage by EfPiwi and Siwi (part 2).  
a, Guide-target pairing schematic for targets with varying degrees of 
complementarity to piRNA 3' end used in Fig. 4a and b, e. b, Quantification 
target RNAs (1 nM) cleaved after treating with excess (100 nM) EfPiwi loaded 
with a 22 or 25 nt guide or hAGO2 loaded with a 22 nt guide for 1 h. n = 3 
independent experiments, data are mean ± s.d. c, Guide-target pairing 
schematic for targets with 3 nt mismatched regions. d, Quantification 
mismatched target RNAs (1 nM) cleaved after treating with excess (100 nM) 
EfPiwi loaded with a 22 or 25 nt guide or hAGO2 loaded with a 22 nt guide for 1 h. 

n = 3 independent experiments, data are mean ± s.d. e, Cleavage of targets with 
varying degrees of complementarity to piRNA 3' end (shown panel a) by Siwi  
(2 mM MnCl2, 37 °C). Gel is representative of n = 3 independent experiments, 
with data plotted as mean ± s.d. shown below. f, From Fig. 4c: sequences of the 
26 target RNAs, with 0–8 mismatches opposite piRNA nucleotides g11–g18, 
that were most readily cleaved by EfPiwi (listed in order of cleavage product 
abundance). Mismatched nucleotides coloured yellow. Greyed out sequences 
indicate constant regions shared by all target RNAs. Triangle indicates  
cleavage site.
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Extended Data Table 1 | Cryo-EM data collection, refinement, and validation statistics



Cryo-EM data were collected using the automated data collection software Leginon. 

Corresponding author(s):    Ian J. MacRae 
 

Last updated by author(s):  Jul 9, 2021 
 

 

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist. 

Please do not complete any field with "not applicable" or n/a. Refer to the help text for what text to use if an item is not relevant to your study. 
For final submission: please carefully check your responses for accuracy; you will not be able to make changes later. 

 

 Statistics  
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section. 

n/a   Confirmed 

The exact sample size (�) for each experimental group/condition, given as a discrete number and unit of measurement 

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly 

The statistical test(s) used AND whether they are one- or two-sided 
�������		���
��
���������������������������������	������������	������	�����
������������
����
�������
�����

A description of all covariates tested 

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons 

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals) 

For null hypothesis testing, the test statistic (e.g. �, 
, �) with confidence intervals, effect sizes, degrees of freedom and ��value noted 
���������������������
�������������������
������

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings 

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes 

Estimates of effect sizes (e.g. Cohen's �, Pearson's �), indicating how they were calculated 

��������������
��������
�
��
������������� ��
�����
�������
���������	�������
������
���������
�

 Software and code  
Policy information about availability of computer code 

Data collection 

Data analysis 
 
 
 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information. 

 Data  
Policy information about availability of data 

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability 

Maps for the EfPiwi-piRNA and EfPiwi-piRNA-target complexes were deposited in the Electron Microscopy Data Bank under accession IDs EMD-23061 and 
EMD-23063, respectively. Corresponding atomic models were deposited in the Protein Data Bank under accession IDs 7KX7 and 7KX9. The EfPiwi(MID/PIWI)-piRNA- 
long-target complex map was deposited in the Electron Microscopy Data Bank under accession ID EMD-23062. 

1 

Cryo-EM data were processed and analyzed using UCSF MotionCor2 (doi: 10.1038/nmeth.4193), CTFFind4 (doi: 10.1016/j.jsb.2015.08.008), 
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Uninterpretable cryo-EM data were excluded.

All biochemical experiments were replicated at least three times. 

Randomization was not performed. 

Investigators were not blinded. 
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