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ABSTRACT

Piwi-interacting RNAs (piRNAs) guide Piwi Argonautes to suppress transposon activity in animal gonads. KnownpiRNApopulations
are extremely complex, with millions of individual sequences present in a single organism. Despite this complexity, specific Piwi
proteins incorporate piRNAs with distinct nucleotide- and transposon strand-biases (antisense or sense) of unknown origin.
Here, we examined the contribution of structural domains in Piwi proteins toward defining these biases. We report the first
crystal structure of the MID domain from a Piwi Argonaute and use docking experiments to show its ability to specify
recognition of 5′ uridine (1U-bias) of piRNAs. Mutational analyses reveal the importance of 5′ end-recognition within the MID
domain for piRNA biogenesis in vivo. Finally, domain-swapping experiments uncover an unexpected role for the MID-PIWI
module of a Piwi protein in dictating the transposon strand-orientation of its bound piRNAs. Our work identifies structural
features that allow distinguishing individual Piwi members during piRNA biogenesis.
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INTRODUCTION

Argonaute proteins are expressed in most organisms ranging
from bacteria to animals and plants (Filipowicz et al. 2008;
Kawamata and Tomari 2010; Meister 2013). They are built
to bind 19- to 30-nt small RNAs and facilitate their action
on RNA targets. Argonautes can be classified into two major
clades: AGO and PIWI. The AGO clade members are broadly
detected in almost all organisms, including archaea and bac-
teria. They show ubiquitous expression and bind ∼21-nt
microRNAs or small interfering RNAs (siRNAs) that identify
targets by base-pairing to control gene expression. The PIWI
clade, on the other hand, is restricted to animals and further
confined to the gonads, often displaying strong sex-specific
expression patterns. Together with their 24- to 30-nt Piwi-
interacting RNAs (piRNAs), they control transposon activ-
ity and are essential for fertility in animals (Ghildiyal and
Zamore 2009; Malone and Hannon 2009).
Biogenesis of piRNAs is only beginning to be understood,

but analysis of factor requirements and precursor RNA fea-

tures points to the process being mechanistically distinct
from that of other small RNA classes. Single-stranded, often
spliced, kilobases-long RNAs transcribed from discrete geno-
mic loci called piRNA clusters are major sources for piRNAs
(Brennecke et al. 2007; Li et al. 2013). These are broken
down in an apparently random fashion by a mysterious pri-
mary processing pathway into tens of thousands of individual
∼30-nt RNAs. The end result is a tremendously heteroge-
neous population of primary piRNAs which are characterized
by a preference for a 5′ uridine (1U-bias), the basis for which
is unknown. The primary piRNAs identify transposon targets
by base-pair complementarity, with extensive pairing result-
ing in slicing of the target by the Piwi endonuclease. In addi-
tion to silencing the target, this slicing event is harnessed to
generate the 5′ end of new piRNAs via the secondary bio-
genesis pathway or the Ping-pong cycle, a process by which
the target itself becomes a substrate for piRNA generation
(Brennecke et al. 2007; Gunawardane et al. 2007). Since pri-
mary and secondary processing feed into distinct Piwi clade
members, this results in piRNA pools having opposing strand
orientations with respect to transposon sequences. How the
system recognizes distinct Piwi members for sorting piRNAs
based on sequence strand-orientation is presently unclear.
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Primary processing is credited with the origin of 1U-bias of
piRNAs present in mouse MIWI and Drosophila proteins
Aub and Piwi (Fig. 1A; Brennecke et al. 2007; Reuter et al.
2011). In contrast, secondary piRNAs like those present in
Drosophila Ago3 do not show 1U-bias. One source of this
bias could be the specificity of nuclease(s) generating the 5′

end of primary piRNAs. In this context, the Zucchini endo-
nuclease acting in an unknown step during primary process-
ing lacks any such specificity in vitro (Luteijn and Ketting
2013). Also complicating this simple correlation that 1U-
bias is an obligate consequence of primary processing is the
fact that mouse MIWI2 receives piRNAs via secondary pro-
cessing, but still displays a preference for a 5′ U (Fig. 1A).
Finally, given a chance to bind RNAs containing any of the

4 nt at the 5′ end, some Piwi proteins prefer to enrich only
those carrying a 5′ U. This specificity is evident in the case
of the two Piwi proteins expressed in the Bombyx mori (silk-
worm) ovary-derived BmN4 cells that participate in second-
ary processing via the Ping-pong cycle (Kawaoka et al. 2009).
Within BmN4 cells, Siwi binds primary piRNAs with a 1U-
bias, while Ago3 has secondary piRNAs lacking such a pref-
erence. Using a cell-free piRNA loading system, Tomari
and colleagues (Kawaoka et al. 2011) found that this in
vivo preference is maintained in vitro, with Siwi—but not
Ago3—specifically enriching for 1U-containing synthetic
RNAs. All these lead to an alternative possibility that the
1U-bias could be an inherent property of some Piwi proteins.
Argonautes are structurally organized into N-terminal,

PAZ, middle (MID), and PIWI domains.
Numerous crystal structures of archaeal,
bacterial, and eukaryotic AGO proteins
in complex with nucleic acids have indi-
cated recognition of the 5′ monophos-
phorylated end within a conserved basic
pocket formed by theMID domain, while
the 3′ hydroxyl end is anchored in the
PAZ domain (Parker and Barford 2006;
Patel et al. 2006; Nakanishi et al. 2012;
Schirle and MacRae 2012). The crystal
structure of the isolated human Ago2
(hAgo2) MID domain first provided a
structural basis for the enrichment of
a 5′ uridine in microRNA sequences
(Frank et al. 2010). Similarly, isolated
MID domain structures of Arabidopsis
AGO clade Argonautemembers provided
an explanation for enrichment of small
RNAs with distinct 5′ nucleotide biases
for a U, A, or C (Mi et al. 2008; Frank
et al. 2012). This prompted us to examine
the structural basis for 1U-bias of piRNAs
through the analysis of the Piwi MID
domain. Additionally, we also explored
the role of Piwi structural domains in
specifying sequence strand-biases of
piRNAs.

RESULTS AND DISCUSSION

Structural analysis of Piwi proteins is
still in its infancy, with the PAZ domain
being the only one characterized to date.
The solution structure of mouse MIWI
(Simon et al. 2011) and crystal structures
of humanHiwi andHili (Tian et al. 2011)
reveal how the signature 2′-O-methyl
modification at the 3′ termini of piRNAs
is accommodated by the PAZ domain.
To extend these studies, we crystallized
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FIGURE 1. Crystal structure of the MID domain of the mammalian Piwi protein MIWI. (A)
Sequence alignment shows key MID domain residues from indicated proteins; the specificity
loop defining bias for UMP in hAgo2 and the residues (red) contacting 5′-monophosphate
(5′-P) of the bound UMP in the hAgo2 structure (PDB: 3LUJ) are indicated. The 5′-P-binding
residues are conserved in PIWI and AGO clade members of the Argonaute family. (B) Crystal
structure of the MID domain of mouse Piwi protein MIWI (green) with the specificity loop high-
lighted (yellow). (C) Superimposition of the MIWI MID domain (green) and the MID of human
Ago2 (hAgo2; blue) (PDB: 3LUC). Specificity loops of MIWI (yellow) and hAgo2 (magenta) are
highlighted. (D) Comparison of the binding pockets of theMID domain of hAgo2 bound to UMP
(blue) (PDB: 3LUJ) and the MID domain of MIWI with UMP docked (green). Specificity loops
are shown in orange and yellow, respectively. Relevant atoms are indicated with blue spheres (ni-
trogen) and red sticks (oxygen), while dotted black lines indicate hydrogen bonds. (E) Docking
solution of the MID domain of MIWI with AMP. The base nucleotide is too far to make a hydro-
gen bond with the specificity loop. (F) Representation of the superimposition of CMP on UMP
and GMP on AMP when docked to the MID domain of MIWI.
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the MID domain (S480-E616) of mouse MIWI, which binds
primary piRNAs with a strong 1U-bias (∼90%) (Fig. 1A;
Reuter et al. 2011). The native data set diffracted to a 2.3-Å res-
olution, butwewereunable to solve the structurebymolecular
replacement using available AGO structures. Data collected
from a crystal grown with selenomethionine allowed phasing
by single-wavelength anomalous dispersion. The final struc-
ture was refined to 2.3 Å-resolution using the native data.
The overall structure of the MIWI MID domain reveals

a Rossmann fold composed of alternating β-strands and α-
helices that form a pocket capable of accommodating a sin-
gle nucleotide (Rao and Rossmann 1973). The MIWI MID
domain is characterized by a core four-stranded β-sheet
flanked by four α-helices (Fig. 1B). It strongly resembles those
found in prokaryotic and eukaryotic AGO proteins (Ma et al.
2005; Parker et al. 2005; Wang et al. 2009; Nakanishi et al.
2012; Schirle and MacRae 2012); nevertheless, the superim-
position of MIWI and hAgo2 MID domains highlights dif-
ferences in the orientation of several secondary structural
elements and loops (Fig. 1C). The hAgo2 MID domain has
been crystallized with soaked-in nucleoside monophos-
phates (NMPs) (Frank et al. 2010), but similar efforts with
the MIWIMID domain failed. Consistently, physical interac-
tions betweenMIWIMID andNMPs were not detected using
a variety of methods including nuclear magnetic resonance
(NMR). A likely explanation for this is the absence of the
adjacent PIWI domain, which is known to contribute to
the nucleotide-binding pocket in Neurospora crassa QDE-2
MID-PIWI and full-length eukaryotic Argonaute structures
(Boland et al. 2011; Nakanishi et al. 2012; Schirle andMacRae
2012). In fact,Neurospora crassaQDE-2MID-PIWI domain is
required to bind RNA, while the MID domain alone is insuf-
ficient (Boland et al. 2011).
Therefore, we proceeded by positioning the ligands

(NMPs) in the MIWI MID structure by docking analysis.
In hAgo2, a proline-flanked rigid specificity loop (Fig. 1A)
is shown to discriminate between the bases by making spe-
cific contacts only with uridine monophosphate (UMP) and
adenosine monophosphate (AMP) (Frank et al. 2010). Com-
parison of the MIWI MID-UMP docking structure to that of
hAgo2 MID-UMP shows that a group of conserved residues
allow interaction with the 5′ phosphate group (MIWI resi-
dues: Y569, K573, Q585, and K604) and stacking of the
base with a tyrosine (Y569 in MIWI) (Fig. 1D). The main dif-
ference occurs in the position of the specificity loop, which
forces the base to change orientation. The specificity loop
in MIWI MID lacks prolines (Fig. 1A) and is consequently
more flexible, explaining the repositioning of the base.
Docked AMP can also enter the binding pocket and makes
a stacking interaction with Y569 but fails to engage N564 in
the specificity loop via hydrogen bonding, as seenwith docked
UMP (Fig. 1E). Meanwhile, steric hindrance prevents GMP
and CMP from binding (Fig. 1F). Thus, our docking studies
suggest that theMIWIMID domain can optimally accommo-
date a 5′ uridine in the nucleotide-binding pocket, conferring

an inherent ability to the protein in accumulating 1U-con-
taining RNAs.
To further probe the MIWI MID crystal structure and ob-

tain functional insights into piRNA biogenesis, we used the
Bombyx mori BmN4 cell culture model. BmN4 expresses
two Piwi proteins, Siwi (with 1U-bias) and Ago3 (without
the bias), which we used for mutational analyses to probe
the importance of the specificity loop and 5′ phosphate recog-
nition within the conserved MID domain (Fig. 2A). First, we
created variant Bombyx Piwi proteins, where we exchanged
the entire loop between Siwi and Ago3 (loop-swap mutants).
Unfortunately, thesewere not loadedwith piRNAs in vivo. So,
to avoid drastic changes to the protein structure, we focused
on a single asparagine (N) in the specificity loop of Siwi for
mutagenesis (Fig. 1A). Such an asparagine in the specificity
loop ofMIWIMID revealed the potential for hydrogen bond-
ing with the base of UMP in our docking model (Fig. 1D).
Furthermore, interaction with an asparagine within the spec-
ificity loop is shown to be crucial for specifying 1U-bias in
the Arabidopsis AGO clade member AGO1 (Mi et al. 2008;
Frank et al. 2012). To test its relevance, the specificity loop
of Bombyx Siwi was mutated by converting the asparagine
to a glutamine (N602Q). After expression in BmN4 cells, im-
munoprecipitation and 5′-end labeling revealed unaffected
levels of bound small RNAs (Fig. 2B). Furthermore, deep se-
quencing revealed SiwiN602Q to have 1U-bias identical to that
found in wild-type HA-tagged Siwi protein (Fig. 2C). Align-
ment of these reads to transposon consensus sequences also
confirmed the predominant antisense bias similar to that
found in wild-type Siwi (Fig. 2D). These results are consistent
with N564 in MIWI providing a backbone rather than a side-
chain hydrogen bond. So, although we cannot experimentally
demonstrate a direct role of the specificity loop in defining
1U-bias, our MIWI MID-UMP docking model suggests that
the overall nucleotide-binding pocket of the MID domain
in certain Piwi proteins may specify it.
Next, we mutated the conserved 5′ phosphate binding

pocket within the PiwiMIDdomain (Fig. 2A).We substituted
the stacking tyrosine (Y) in the twoBombyxPiwi proteins Siwi
and Ago3 with either leucine (L) to abolish stacking or with
phenylalanine (F) to maintain it, although both mutations
are predicted to destroy hydrogen bonding with the 5′ phos-
phate of the bound small RNA (Fig. 2B). In both Siwi and
Ago3, the two mutations drastically reduced piRNA associa-
tion in vivo (Fig. 2B). We deep-sequenced the small amount
of RNA recovered with SiwiY607L and Ago3Y633L MID mu-
tants. This revealed that, although reduced in small RNA lev-
els, the nucleotide features (1U for Siwi and A10 for Ago3)
(Fig. 2C) and transposon-strand orientations (Fig. 2D) of
piRNAs loaded are unaffected. Our mutational analysis adds
to previous work that analyzed the impact of Piwi MID mu-
tations in vitro. Substitution of the tyrosine in Bombyx Siwi
with glutamate (Y607E) or extension of the C-terminal end
by a single alanine (A) residue (C-term +A), which presum-
ably affects the C terminus’s contribution to 5′ phosphate
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recognition within the MID domain (Boland et al. 2011;
Nakanishi et al. 2012; Schirle and MacRae 2012), were found
to drastically reduce small RNA binding in vitro (Kawaoka
et al. 2011). Mutation within the MID domain in AGO clade
members is also shown to drastically reduce small RNA bind-
ing in vivo (Boland et al. 2011; Rudel et al. 2011). Taken to-
gether, this confirms that 5′ phosphate recognition within
the Piwi MID domain is essential for piRNA biogenesis in
vivo and that theMID environment in someproteinsmay fur-
ther specify the 5′-end nucleotide bias of the bound piRNA.

Another complex aspect within piRNA populations is the
preferential incorporation of piRNAs with specific transpo-
son strand-orientations into distinct Piwi proteins. This is ex-
emplified by Bombyx Siwi and Ago3 expressed in BmN4 cells
(Kawaoka et al. 2009). Siwi incorporates primary piRNAs
with a 1U-bias (∼80%) that are predominantly antisense
in orientation to the transposon consensus sequences. In
contrast, Ago3 accepts secondary piRNAs that are generated
by Siwi slicing on transposon transcripts, and as a conse-
quence, Ago3-bound piRNAs are of sense orientation. Fur-
thermore, Siwi and Ago3 piRNAs overlap across their 5′

ends by 10 nt, resulting in Ago3 piRNAs having a prominent

A10-bias (∼80%), opposite to 1U of Siwi
piRNAs. Ago3-bound piRNAs are then
thought to participate in a feed-forward
amplification loop that slices comple-
mentary cluster transcripts to provide
more of the same Siwi piRNA that gen-
erated it. Thus, Siwi and Ago3 engage
complementary transcripts and catalyze
reciprocal cleavages to enhance piRNA
levels via the Ping-pong cycle (Kawaoka
et al. 2009), similar to the situation
in Drosophila ovaries (Brennecke et al.
2007). Currently, it is not clear which
structural features on the two proteins al-
low their discrimination by the piRNA
biogenesis machinery.
To identify the domains that might

distinguish the two Ping-pong Piwi part-
ners, we prepared chimeric constructs
where we swapped the N-PAZ domains
of the proteins (Fig. 3A). For example,
the Siwi-Ago3 chimera has N-PAZ of
Siwi and MID-PIWI of Ago3. We first
examined localization of the chimeric
constructs, as the two Piwi proteins occu-
py different subcellular environments in
BmN4 cells: Siwi is diffused in the cyto-
plasm, while Ago3 is enriched in peri-
nuclear cytoplasmic granules called the
nuage (Xiol et al. 2012). Immunofluores-
cence studies indicate that the chimeric
constructs follow the localization pattern
of the protein contributing the N-PAZ

domain, with HA-Siwi-Ago3 chimera being cytosolic and
HA-Ago3-Siwi chimera localized to the nuage (Fig. 3B). We
believe that the N terminus alone is sufficient for guiding
the nuage localization in the latter, asmutation of all N-termi-
nal arginines (R) to lysines (K) in the chimera resulted in the
HA-Ago3R→K-Siwi chimera losing its nuage accumulation
and becoming diffused in the cytoplasm (Fig. 3C). We previ-
ously reported that a similar mutation in the context of Ago3
resulted in redistribution of the protein from the nuage to the
wider cytoplasm, but this did not have any impact on the
sequence profile of piRNAs in Ago3R→K (Xiol et al. 2012).
So, to test piRNA association with the chimeras, HA-tagged
proteins were immunoprecipitated and bound small RNAs
examined by 5′-end labeling (Fig. 3D). Repeatedly, only
the Siwi-Ago3 chimera showed the presence of small RNAs.
We prepared several additional mutants with single domain
swaps (Fig. 3A) but did notmanage to get Ago3-Siwi chimeric
constructs that bound RNAs. We believe that structural in-
compatibilities of the fused domains might have resulted in
proteins that are misfolded and nonfunctional.
To examine the small RNAs associated with the HA-Siwi-

Ago3 chimera, we prepared three independent deep-se-
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quencing libraries (data from only two libraries are presented
in Fig. 4). Sequences present in the HA-Siwi-Ago3 chimera li-
braries had a peak size of 27 nt, very similar to Ago3 piRNAs
and different from those bound by Siwi (28 nt) (Fig. 4A). To
precisely identify the reads, we compared the sequences pres-
ent in the chimera to those already reported in Siwi and
Ago3 libraries. Approximately 63% of the chimera reads can
be found in Siwi and Ago3 complexes (Fig. 4B), but given
the nonsaturating sequencing conditions, this number could
be higher. Many of the reads in Siwi and Ago3 are shared be-
tween them, as an abundant read in one library can be found
at least as a singleton in the other. So, we sorted reads based
on an enrichment value (5×) to classify the reads as those
found mainly in Siwi (Siwi-only) or Ago3 (Ago3-only).
Those that could not be specifically assigned were grouped
as Siwi+Ago3 reads. Based on such filtering, a substantial por-
tion (∼40%Ago3-only) of the chimera reads can be attributed
as being enriched in Ago3 (Fig. 4C). This is strikingly evident
when reads are mapped onto the consensus sequence for the

Bombyx transposon 1456 LTR Pao (Fig. 4D). Similar to Ago3,
the chimera reads map to the sense strand of transposons,
while Siwi reads derive from the antisense strand. Further-
more, this opposing polarity is maintained when reads are
mapped onto over 118 Bombyx transposon consensus se-
quences (Fig. 4E).
Reads in the chimera have an intermediate 1U bias (55%),

compared to that of Siwi (85%) and Ago3 (40%) (Fig. 4F).
This indicates that the MID domain of Ago3 present in
the chimera is unable to support a prominent 1U-bias. Nev-
ertheless, calculation of nucleotide biases (U1 and A10)
over various individual consensus sequences revealed biases
that were largely similar to that found in Ago3 reads (Fig.
4E). Given the higher than expected 1U-bias of chimera
piRNAs, it is possible that the MID domain alone may not
be sufficient to specify the 5′-end bias of piRNAs, and there
might be additional contributions from the piRNAprocessing
pathway either to maintain a strong 1U-bias (as in primary
processing) or enforce a lackof it (as in secondary processing).
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Based on the existence of strong Ping-pong signatures (the 10-
nt overlap between their 5′ ends) between reads fromSiwi and
the chimera, secondary biogenesis initiated by endogenous
Siwi is the source of much of the chimera-bound piRNAs
(Fig. 4G).

Our deep sequencing analyses indicate that the MID-PIWI
module of Ago3 within the HA-Siwi-Ago3 chimera gives it
an Ago3-like identity. This was an unexpected finding.
Argonaute proteins are defined by the presence of the signa-
ture PAZ, MID, and PIWI modules, with the N-terminal

A B

HA
-S

iw
i

HA
-A

go
3

HA
-S

iw
i-A

go
3 c

him
era

HA
-S

iw
i-A

go
3 c

him
era

STRAND-BIAS

HA
-S

iw
i

HA
-A

go
3

HA
-S

iw
i-A

go
3 c

him
era

HA
-S

iw
i-A

go
3 c

him
era

HA
-S

iw
i

HA
-A

go
3

HA
-S

iw
i-A

go
3 c

him
era

HA
-S

iw
i-A

go
3 c

him
era

U1-BIAS A10-BIAS
SenseAntisense 100%0% 100%0%

D

F

C

1456 LTR PAO

Sense
Antisense

-

-

-12000

-4000

4000

12000

20000

28000

-12000

-4000

4000

12000

20000

28000

E

Re
ad

s p
er 

mi
llio

n

28000

20000

12000

4000

-4000

-12000

0

0,1

0,2

0,3

0,4

24 25 26 27 28 29 30 31

HA-Siwi

HA-Ago3

HA-Siwi-Ago3 chimera

Fr
ac

tio
n o

f ll
ibr

ar
y

Length distribution

Nucleotides

0
10
20
30
40
50
60
70
80
90

HA-Siwi HA-Ago3 HA-Siwi-Ago3
chimera

HA-Siwi-Ago3
chimera

U1
A10%

 of
 lli

br
ar

y
Nucleotide bias

Only in chimera

17%

63%

HA-Siwi-Ago3 
chimera reads

4

70

40 41

67

4

21 20

30 26
39 39

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

HA-Siwi HA-Ago3 HA-Siwi-Ago3
chimera

HA-Siwi-Ago3
chimera

Siwi+Ago3
Siwi only
Ago3 only

-12000

-4000

4000

12000

20000

28000

%
 of

 lli
br

ar
y

G

0
0,05

0,1
0,15

0,2
0,25

0,3
0,35

1 4 7 10 13 16 19 22 25 28 31

0
0,05

0,1
0,15

0,2
0,25

0,3
0,35

0,4

1 4 7 10 13 16 19 22 25 28 31

Fr
eq

ue
nc

y
Fr

eq
ue

nc
y

Nucleotides

Nucleotides

1456 LTR PAO

1456 LTR PAO

HA-Siwi HA-Ago3 HA-Siwi-Ago3 chimera HA-Siwi-Ago3 chimera

HA-Siwi-Ago3 chimera

piRNAs = found in Siwi
and Ago3 libraries

Siwi vs Chimera (Siwi-Ago3)

Siwi vs Ago3

FIGURE 4. The MID-PIWI module influences transposon-strand bias of piRNAs. (A) Read-length distribution in the indicated libraries. (B)
Classification of HA-Siwi-Ago3 chimera reads. Sequences present in HA-Siwi or HA-Ago3 libraries are referred as piRNAs, while the remaining se-
quences are indicated as “only in chimera.” (C) Sorting of piRNAs as Siwi-specific or Ago3-specific. A read is assigned to a particular Piwi protein if it
is enriched by fivefold in that protein compared to the other. Where not possible, these are referred to as “Siwi+Ago3.” (D) Distribution of reads from
indicated libraries over the 1456 LTR PAO Bombyx transposon consensus sequence. Sense (red) and antisense (green) piRNAs sort into distinct Ping-
pong partners. (E) Heat map showing strand-bias, U1-bias, and A10-bias of reads over 118 Bombyx transposon consensus sequences. Note that the
reads in Siwi-Ago3 chimera show a pattern similar to that of Ago3-bound piRNAs. (F) Nucleotide preference for particular residues at positions 1
(U1-bias) and 10 (A10-bias). (G) Correlation plot showing the distance between overlapping 5′ ends of reads mapping to the 1456 LTR PAO trans-
poson consensus for the indicated libraries. The peak at position 10 indicates a 10-nt overlap that corresponds to the Ping-pong signature.

Cora et al.

778 RNA, Vol. 20, No. 6



sequences being the most diverged, and generally used as an-
tigens for creation of specific antibodies (as used in this study
for Bombyx Siwi and Ago3). Furthermore, the N termini
of Piwi proteins are decorated with a variable number of ar-
ginine residues that are targets for symmetrical dimethyla-
tion by PRMT5 (Heo and Kim 2009; Kirino et al. 2009).
These marks are recognized by the Tudor domain in Tudor
domain-containing proteins, many of which are confirmed
piRNA biogenesis factors. Thus, the N termini of Piwi pro-
teins were considered to be key features in distinguishing
them during piRNA biogenesis. Our data described above
now implicate the MID-PIWI module of Ago3 as a landmark
to distinguish it from Siwi in the BmN4 cellular environment.
It remains to be seen whether this is also true for Siwi in
BmN4 cells and for other Piwi proteins in other systems.
Biogenesis of piRNAs begins in the nucleus with precursor

transcription from piRNA clusters, but most biogenesis fac-
tors are localized to the cytoplasm, in peri-nuclear granules
called nuages. How the nuclear history of a cluster transcript
is transmitted to the cytoplasm is not known. One possibility
is that specific RNA-binding proteins might tag cluster-orig-
inating transcripts to convey this information, distinguishing
them from other abundant cellular mRNAs. Once in the cy-
toplasm, these chaperones, together with the primary piRNA
biogenesis machinery, might probe the MID-PIWI module
of individual Piwi proteins to deliver the precursors to the
correct Piwi to mature them as primary piRNAs. Indeed,
the secondary piRNA-accepting Drosophila Ago3 fails to get
loaded when introduced into an environment that operates
only the primary pathway, pointing to inherent differences
within Piwi proteins (Olivieri et al. 2012). A similar mecha-
nism to verify protein identity might operate in the secondary
biogenesis pathway to deliver slicer cleavage products that
mature as secondary piRNAs. There is precedence for the
PIWI module of an AGO clade Argonaute to play a role in
mediating interaction with Ago-interacting proteins (Till
et al. 2007; Filipowicz et al. 2008). This is further illustrated
by structural analysis of hAgo2, which revealed the presence
of hydrophobic pockets in the PIWI module that can accom-
modate tryptophan (W) residues present in GW182 to medi-
ate association between them (Schirle and MacRae 2012).
Our studies show that the structural domains of Piwi proteins
actively shape the piRNA population contained in them.

MATERIALS AND METHODS

DNA constructs

The MIWI MID domain (S480–E616) was cloned into pProExHtb
vector (Invitrogen). HA-tagged Bombyx Siwi and Ago3 constructs
are described (Xiol et al. 2012). Point mutations were introduced
into the MID domains by an overlap PCR strategy. Chimeric Piwi
protein constructs were created by swapping the N-PAZ domains:
Siwi-Ago3 (Siwi [1–507] + Ago3 [537–926]) and Ago3-Siwi (Ago3
[1–536] + Siwi [508–899]). Additional swap mutants (see Fig. 3A)
that were made are as follows: N-terminal swaps (Siwi [1–289] +

Ago3 [312–926]) and (Ago3 [1–311] + Siwi [290–899]); MID
domain swaps (Siwi [1–507 and 675–899] with Ago3 MID domain
[537–701]) and (Ago3 [1–536 and 702–926] with Siwi MID domain
[508–675]), and loop swaps (Siwi [1–599 and 606–899] with Ago3
loop [626–631]) and (Ago3 [1–625 and 632–926] with Siwi loop
[600–605]). Arginines present in the N terminus of Ago3 within
the Ago3-Siwi chimera were mutated to lysines as previously report-
ed (Xiol et al. 2012).

Expression, purification, crystallization, and data
collection

TheHis6-taggedMIWIMIDdomainwas expressed inEscherichia coli
BL21 Rosetta cells. Soluble protein was purified by a Ni2+-affinity
chromatography using chelating sepharose beads (GE Healthcare).
Tag removal was performed by proteolytic digestion using Tobacco
Etch Virus (TEV) protease and a subsequent Ni2+-affinity step.
The protein was further purified by size-exclusion chromatography
in 25 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM dithiothreitol
(DTT), performed on a Superdex 75 10/300GL column (GEHealth-
care). The selenomethionine derivative (SeMet) of the MIWI MID
domain (S480–E616)was expressed in E. coliB834 (DE3) cells grown
in minimal M9 medium supplemented with 50 mg/mL L-SeMet
(Sigma) and induced with 1 mM IPTG (EMBL Protein Expression
and Purification Core facility). Purification was the same as the
wild-type protein.
Crystals of native and SeMet-substituted MIWI MID domain

were grown in sitting or hanging drops at 4°C from solutions com-
posed of 100 mMTris-HCl, pH 8.5, 100–200mMMgCl2, and 26%–

32% polyethylene glycol 4000. Crystals appeared after 3 d and were
flash-frozen at 100K after transferring them to identical crystalliza-
tion conditions containing 10% glycerol. The crystals were ortho-
rhombic, space group P212121, contained four molecules in the
asymmetric unit, and the best one diffracted to 2.3 Å. A highly re-
dundant 2.8-Å SeMet anomalous data set was collected at the
peak of the SeMet signal, as measured by X-ray fluorescence for ex-
perimental phasing. All X-ray data were collected on beamline
ID14-4 (McCarthy et al. 2009) at the European Synchrotron Radi-
ation Facility (ESRF), with integration and scaling carried out with
the XDS suite (Kabsch 2010).

Structure determination, refinement, and docking
calculations

Auto-Rickshaw (Panjikar et al. 2005) was used to solve the structure.
In summary, twenty SeMet sites were located on the basis of their
anomalous differences using SHELXD (Schneider and Sheldrick
2002). These sites were refined, and experimental phases to 2.8 Å
were calculated using the single anomalous dispersion (SAD) proce-
dure in SHARP (de La Fortelle and Bricogne 1997). These phases
were further improved by density modification and NCS averaging
in DM, followed by model building with wARP (Morris et al. 2004).
The initial model produced was positioned in the native data set
with Phaser (McCoy et al. 2007). All subsequent refinement cycles
were performed using REFMAC (Murshudov et al. 1997) with
NCS restraints and a randomly chosen subset of 5% of reflections
for the calculation of the free R-factor. Model building was carried
out with Coot (Emsley and Cowtan 2004), and the stereochemical
quality of the protein molecules was validated with Molprobity
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(Davis et al. 2007). All the crystallographic information is summa-
rized in Table 1.

AutoDockTools (Morris et al. 2009)wasused toprepare the ligand
(AMP, CMP, GMP, and UMP) and receptor (MIWI MID domain)
PDBQT files to include charges and hydrogen atoms. AutoDock
Vina (Trott and Olson 2010) was then used for docking the ligands
into a search box (30 × 30 × 30Å3) centeredonY569. Surface conser-
vation representation was based on sequence alignment of MID do-
mains from the following: mouse Piwi proteins (MIWI, MILI,
MIWI2) and Bombyx Piwi proteins (Siwi and Ago3), and human
Ago2.

Bombyx cell culture, immunoprecipitations, and
Western blotting

The use of Bombyx mori ovarian cell line BmN4 for piRNA studies is
described (Kawaoka et al. 2009). BmN4 cells were cultured at 27°C
in IPL-41 medium (Life Technologies) supplemented with 10% fe-
tal bovine serum (Life Technologies) and 2% penicillin:streptomy-
cin (Life Technologies). Cell transfection was performed with 500
ng of expression plasmid for immunofluorscence (IF) assays (in
12-well plates) and with 2 µg for immunoprecipitation (IP) experi-
ments (in 6-cm dishes), mixed with 2 and 5 µL Fugene HD reagent
(Roche), respectively.

BmN4 cells were lysed in buffer (10% glycerol, 50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 5 mM MgCl2, 5 mM DTT, 1× Complete
EDTA-free protease inhibitor tablets (Roche) 0.5% Triton X-100,
50 μg mL−1 tRNA, and 1× vanadyl ribonucleoside complex
[Sigma]). Immunoprecipitation of HA-tagged wild-type and mu-
tant Piwi proteins was performed with HA-affinity beads (Roche).
After multiple washes in IP buffer (10 mM Tris-HCl, pH 8.0, 150
mMNaCl, 1 mMMgCl2, 0.01% NP-40), immunoprecipitated sam-
ples were processed for Western blotting and extraction of associat-
ed RNAs. Bound RNAs were revealed by 5′-end labeling and 15%
urea-PAGE. Western analyses were performed with mouse anti-
HA antibody (kind gift of Marc Bühler) and anti-actin (Santa
Cruz), both at a 1:200 dilution.

piRNA library construction

Nucleic acids were isolated from immunoprecipitated HA-tagged
protein complexes and resolved by 15% urea-PAGE. Bands corre-

sponding to piRNAs were excised from the
gel and extracted with 400 µL of 0.3 M NaCl
solution at 25°C overnight. After purifica-
tion by phenol-chloroform extraction, deep
sequencing libraries were prepared using
NEBNext Multiplex Small RNA Library Prep
Set for Illumina (Cat. No. E7300) according
to the manufacturer’s instructions. Libraries
were sequenced on an Illumina HiSeq plat-
form (EMBL Heidelberg Gene Core facility).
Small RNA analyses were as previously re-
ported (Xiol et al. 2012).

Immunofluorescence assay

BmN4 cells were grown on cover glasses and
fixed with a 4% paraforamaldehyde solution
(Sigma). Endogenous and HA-tagged Piwi

proteins were detected using primary antibodies at a 1:200 dilution,
while secondary antibodies coupled to Alexa 488, 594, and 647
(Invitrogen) were used for visualization at a 1:250 dilution. Antibod-
ies used were the following: anti-Ago3 and anti-Siwi polyclonal
antibodies (Xiol et al. 2012), and mouse anti-HA (gift of Marc
Bühler). Nuclei were stained with DAPI (Sigma) by incubation for
30 min. Images were collected with a Leica TCD SP2 AOBS inverted
microscope.

DATA DEPOSITION

The crystallographic coordinates for the MIWI MID domain are
deposited with the Protein Data Bank (PDB) under the accession
code 4P1Z. Deep-sequencing data sets used in this study are depos-
ited with Gene Expression Omnibus (GEO) under the accession
number GSE55451.

ACKNOWLEDGMENTS

We thank the High-throughput Crystallization facility in EMBL-
Grenoble, and the EMBL Core facilities (Gene Core, Protein
Expression and Purification Core Facility) at EMBL Heidelberg,
for their support. We also thank the ESRF and EMBL-Grenoble
beamline staff for help, especially Silvia Russi for assistance with
data collection and analysis. E.C. is supported by a fellowship
from Region Rhône Alps (CIBLE 2009) and R.R.P. by a fellowship
from the EU (EIPOD). This work was supported by grants from
the EU (ERC Starting Grant “pisilence”) and National Institutes
of Health (1R01HD069592-01A1) to R.S.P. and (1R21HG003794-
01) to R.S. Work in the Pillai lab is supported by the EMBL.

Received February 5, 2014; accepted February 27, 2014.

REFERENCES

Boland A, Huntzinger E, Schmidt S, Izaurralde E, Weichenrieder O.
2011. Crystal structure of the MID-PIWI lobe of a eukaryotic
Argonaute protein. Proc Natl Acad Sci 108: 10466–10471.

Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanandam R,
Hannon GJ. 2007. Discrete small RNA-generating loci as master reg-
ulators of transposon activity in Drosophila. Cell 128: 1089–1103.

TABLE 1. Diffraction data collection

Crystal SeMet Native

Space group P212121 P212121
Cell dimensions a, b, c (Å) 35.2, 100.8, 146.3 35.9, 101.3, 146.5
Wavelength (Å) 0.9794 0.9336
Resolution (Å) (outer shell) 50.0–2.8 (3.0–2.8) 50.0–2.3 (2.5–2.3)
Completeness (%) (final shell) 99.9 (99.9) 98.8 (96.8)
Rmerge (final shell) 12.4 (76.0) 7.3 (70.9)
<I/σ(I)> (final shell) 10.9 (2.2) 16.0 (2.3)
Unique reflections 24,761 24,331
Total reflections 105,102 143,357
FOM (centric/acentric) 0.094 (0.196)
Rcryst (final shell) 24.4
Rfree 27.6
RMSDs, bonds/angles 0.013/1.66

Cora et al.

780 RNA, Vol. 20, No. 6



Davis IW, Leaver-Fay A, Chen VB, Block JN, Kapral GJ, Wang X,
Murray LW, Arendall WB III, Snoeyink J, Richardson JS, et al.
2007. MolProbity: all-atom contacts and structure validation for
proteins and nucleic acids. Nucleic Acids Res 35: W375–W383.

de La Fortelle E, Bricogne G. 1997. Maximum-likelihood heavy-atom
parameter refinement from multiple isomorphous replacement
and multiwavelength anomalous diffraction methods. In Methods
in Enzymology, Macromolecular Crystallography (ed. Sweet RM,
Carter WC), Vol. 276, pp. 472–494. Academic Press, Waltham, MA.

Emsley P, Cowtan K. 2004. Coot: model-building tools for molecular
graphics. Acta Crystallogr 60: 2126–2132.

Filipowicz W, Bhattacharyya SN, Sonenberg N. 2008. Mechanisms of
post-transcriptional regulation by microRNAs: Are the answers in
sight? Nat Rev Genet 9: 102–114.

Frank F, Sonenberg N, Nagar B. 2010. Structural basis for 5′-nucleotide
base-specific recognition of guide RNA by human AGO2. Nature
465: 818–822.

Frank F, Hauver J, Sonenberg N, Nagar B. 2012. Arabidopsis Argonaute
MID domains use their nucleotide specificity loop to sort small
RNAs. EMBO J 31: 3588–3595.

Ghildiyal M, Zamore PD. 2009. Small silencing RNAs: an expanding
universe. Nat Rev Genet 10: 94–108.

Gunawardane LS, Saito K, Nishida KM, Miyoshi K, Kawamura Y,
Nagami T, Siomi H, Siomi MC. 2007. A slicer-mediated mechanism
for repeat-associated siRNA 5′ end formation in Drosophila. Science
315: 1587–1590.

Heo I, Kim VN. 2009. Regulating the regulators: posttranslational mod-
ifications of RNA silencing factors. Cell 139: 28–31.

Kabsch W. 2010. XDS. Acta Cryst D66: 125–132.
Kawamata T, Tomari Y. 2010. Making RISC. Trends Biochem Sci 35:

368–376.
Kawaoka S,HayashiN, Suzuki Y, AbeH, Sugano S, Tomari Y, ShimadaT,

Katsuma S. 2009. The Bombyx ovary-derived cell line endogenously
expresses PIWI/PIWI-interacting RNA complexes. RNA 15: 1258–
1264.

Kawaoka S, Izumi N, Katsuma S, Tomari Y. 2011. 3′ end formation of
PIWI-interacting RNAs in vitro. Mol Cell 43: 1015–1022.

Kirino Y, Kim N, de Planell-Saguer M, Khandros E, Chiorean S,
Klein PS, Rigoutsos I, Jongens TA, Mourelatos Z. 2009. Arginine
methylation of Piwi proteins catalysed by dPRMT5 is required for
Ago3 and Aub stability. Nat Cell Biol 11: 652–658.

Li XZ, Roy CK, Dong X, Bolcun-Filas E, Wang J, Han BW, Xu J,
Moore MJ, Schimenti JC, Weng Z, Zamore PD. 2013. An ancient
transcription factor initiates the burst of piRNA production during
early meiosis in mouse testes. Mol Cell 50: 67–81.

Luteijn MJ, Ketting RF. 2013. PIWI-interacting RNAs: from generation
to transgenerational epigenetics. Nat Rev Genet 14: 523–534.

Ma JB, Yuan YR, Meister G, Pei Y, Tuschl T, Patel DJ. 2005. Structural
basis for 5′-end-specific recognition of guide RNA by the A. fulgidus
Piwi protein. Nature 434: 666–670.

Malone CD, Hannon GJ. 2009. Small RNAs as guardians of the genome.
Cell 136: 656–668.

McCarthy AA, Brockhauser S, Nurizzo D, Theveneau P, Mairs T,
Spruce D, Guijarro M, Lesourd M, Ravelli RBG, McSweeney S.
2009. A decade of user operation on the macromolecular crystallog-
raphy MAD beamline ID14-4 at the ESRF. J Synchrotron Radiat 16:
803–812.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC,
Read RJ. 2007. Phaser crystallographic software. J Appl Crystallogr
40: 658–674.

Meister G. 2013. Argonaute proteins: functional insights and emerging
roles. Nat Rev Genet 14: 447–459.

Mi S, Cai T, Hu Y, Chen Y, Hodges E, Ni F, Wu L, Li S, Zhou H,
Long C, et al. 2008. Sorting of small RNAs into Arabidopsis argo-

naute complexes is directed by the 5′ terminal nucleotide. Cell
133: 116–127.

Morris RJ, Zwart PH, Cohen S, Fernandez FJ, Kakaris M, Kirillova O,
Vonrhein C, Perrakis A, Lamzin VS. 2004. Breaking good resolutions
with ARP/wARP. J Synchrotron Radiat 11: 56–59.

Morris GM, Huey R, LindstromW, Sanner MF, Belew RK, Goodsell DS,
Olson AJ. 2009. AutoDock4 and AutoDockTools4: automated dock-
ing with selective receptor flexibility. J Comput Chem 30: 2785–2791.

Murshudov GN, Vagin AA, Dodson EJ. 1997. Refinement of macro-
molecular structures by the maximum-likelihood method. Acta
Crystallogr 53: 240–255.

Nakanishi K, Weinberg DE, Bartel DP, Patel DJ. 2012. Structure of yeast
Argonaute with guide RNA. Nature 486: 368–374.

Olivieri D, Senti KA, Subramanian S, Sachidanandam R, Brennecke J.
2012. The cochaperone shutdown defines a group of biogenesis fac-
tors essential for all piRNA populations in Drosophila. Mol Cell 47:
954–969.

Panjikar S, Parthasarathy V, Lamzin VS, Weiss MS, Tucker PA. 2005.
Auto-rickshaw: an automated crystal structure determination plat-
form as an efficient tool for the validation of an X-ray diffraction ex-
periment. Acta Crystallogr 61: 449–457.

Parker JS, Barford D. 2006. Argonaute: a scaffold for the function of
short regulatory RNAs. Trends Biochem Sci 31: 622–630.

Parker JS, Roe SM, Barford D. 2005. Structural insights into mRNA rec-
ognition from a PIWI domain–siRNA guide complex. Nature 434:
663–666.

Patel DJ,Ma JB, YuanYR, YeK, Pei Y, Kuryavyi V,Malinina L,MeisterG,
Tuschl T. 2006. Structural biology of RNA silencing and its functional
implications. Cold Spring Harb Symp Quant Biol 71: 81–93.

Rao ST, Rossmann MG. 1973. Comparison of super-secondary struc-
tures in proteins. J Mol Biol 76: 241–256.

Reuter M, Berninger P, Chuma S, Shah H, Hosokawa M, Funaya C,
Antony C, Sachidanandam R, Pillai RS. 2011. Miwi catalysis is re-
quired for piRNA amplification-independent LINE1 transposon si-
lencing. Nature 480: 264–267.

Rudel S, Wang Y, Lenobel R, Korner R, Hsiao HH, Urlaub H, Patel D,
Meister G. 2011. Phosphorylation of human Argonaute proteins af-
fects small RNA binding. Nucleic Acids Res 39: 2330–2343.

Schirle NT, MacRae IJ. 2012. The crystal structure of human Argo-
naute2. Science 336: 1037–1040.

Schneider TR, Sheldrick GM. 2002. Substructure solution with
SHELXD. Acta Crystallogr 58: 1772–1779.

Simon B, Kirkpatrick JP, Eckhardt S, Reuter M, Rocha EA, Andrade-
Navarro MA, Sehr P, Pillai RS, Carlomagno T. 2011. Recognition
of 2′-O-methylated 3′-end of piRNA by the PAZ domain of a Piwi
protein. Structure 19: 172–180.

Tian Y, Simanshu DK, Ma JB, Patel DJ. 2011. Structural basis for piRNA
2′-O-methylated 3′-end recognition by Piwi PAZ (Piwi/Argonaute/
Zwille) domains. Proc Natl Acad Sci 108: 903–910.

Till S, Lejeune E, Thermann R, Bortfeld M, Hothorn M, Enderle D,
Heinrich C, Hentze MW, Ladurner AG. 2007. A conserved motif
in Argonaute-interacting proteins mediates functional interactions
through the Argonaute PIWI domain. Nat Struct Mol Biol 14:
897–903.

Trott O, Olson AJ. 2010. AutoDock Vina: improving the speed and ac-
curacy of docking with a new scoring function, efficient optimiza-
tion, and multithreading. J Comput Chem 31: 455–461.

Wang Y, Juranek S, Li H, Sheng G, Wardle GS, Tuschl T, Patel DJ. 2009.
Nucleation, propagation and cleavage of target RNAs in Ago silenc-
ing complexes. Nature 461: 754–761.

Xiol J, Cora E, Koglgruber R, Chuma S, Subramanian S, Hosokawa M,
Reuter M, Yang Z, Berninger P, Palencia A, et al. 2012. A role for
Fkbp6 and the chaperone machinery in piRNA amplification and
transposon silencing. Mol Cell 47: 970–979.

MID-PIWI module and sequence biases of piRNAs

www.rnajournal.org 781


