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Argonaute and Piwi proteins are key players in the RNA silencing
pathway, with the former interacting with micro-RNAs (miRNAs)
and siRNAs, whereas the latter targets piwi-interacting RNAs
(piRNAs) that are 2′-O-methylated (20-OCH3) at their 3′ ends.
Germline-specific piRNAs and Piwi proteins play a critical role in
genome defense against transposable elements, thereby protect-
ing the genome against transposon-induced defects in gametogen-
esis and fertility. Humans contain four Piwi family proteins
designated Hiwi1, Hiwi2, Hiwi3, and Hili. We report on the struc-
tures of Hili-PAZ (Piwi/Argonaute/Zwille) domain in the free state
and Hiwi1 PAZ domain bound to self-complementary 14-mer RNAs
(12-bpþ 2-nt overhang) containing 20-OCH3 and 2′-OH at their
3′ ends. These structures explain the molecular basis underlying
accommodation of the 20-OCH3 group within a preformed Hiwi1
PAZ domain binding pocket, whose hydrophobic characteristics
account for the preferential binding of 20-OCH3 over 2′-OH 3′ ends.
These results contrast with the more restricted binding pocket for
the human Ago1 PAZ domain, which exhibits a reverse order, with
preferential binding of 2′-OH over 20-OCH3 3′ ends.

Small RNAs, which play a critical role in surveillance of the
genome and transcriptome, impact on a variety of biological

processes, including cell differentiation and proliferation, apop-
tosis, transposon silencing, and antiviral defense (1). These small
RNAs vary in size between 20 and 30 nucleotides (nt) and are
associated with Argonaute (Ago) family proteins. Amongst the
small RNAs encoded in the genome, microRNAs (miRNAs)
and small interfering RNAs (siRNAs) bind to the Ago subfamily,
whereas Piwi-interacting RNAs (piRNAs) bind to the Piwi sub-
family (2). Structure-function studies have provided detailed me-
chanistic insights into guide-strand mediated cleavage of target
RNAs within Ago complexes (3). By contrast, there is no struc-
tural information to date on Piwi proteins or their component
domains, either in the free or RNA-bound states. Progress in this
area is important because piRNAs and Piwi proteins are germline
specific and play a key role in protecting the genome against
mobile genetic elements, thereby preventing transposon-induced
defects in gametogenesis and fertility (4, 5).

The PAZ (Piwi/Argonaute/Zwille) domain was previously iden-
tified from structure-function studies as a RNA-binding module
(6–8), with subsequent structure-function studies on RNA-bound
complexes defining the principles underlying recognition of a 2-nt
overhang at the 3′ end of double-stranded RNA (dsRNA) (9), as
well as recognition of the 3′ end of single-stranded RNA (ssRNA)
(10). In eukaryotes, the PAZ domain is only found in Ago (11, 12)
and Piwi (13) subfamilies, as well as in the RNase III family ribo-
nuclease Dicer (14, 15), all of which play essential roles in the
RNA silencing pathway (16, 17).

Ago subfamily proteins constitute the core component of the
RNA Induced Silencing Complex (18), and are loaded with
Dicer-generated mature miRNAs. The passenger strand is

cleaved by the nuclease activity of Ago, while the guide strand
is retained through anchoring of its 5′ phosphate and 3′ ends
within the Mid and PAZ domains respectively, of the Ago protein
(19). Subsequent pairing of the guide strand with a complemen-
tary mRNA target, triggers silencing by either target cleavage
or translational repression, with the structural basis underlying
Ago-mediated nucleation, propagation, and cleavage of target
RNA (3) reviewed recently (20). Introduction of a 2′-O-methyl
group (20-OCH3) at the 3′ end of RNA reduced the binding
affinity for human Ago1 PAZ domain (9), consistent with human
miRNAs not being 2′-O-methylated at that site.

Piwi subfamily proteins bind to a distinct class of small RNAs,
called piRNAs (21–25). Generally, piRNAs are ssRNAs of 26-
to 30-nt in length, with 5′ phosphate and 2′-O-methylated 3′ ends
(26, 27), a process mediated by methyltransferase HEN1 (26, 28,
29). The four human Piwi proteins, designated Hiwi1, Hiwi2,
Hiwi3, and Hili, exhibit significant sequence identity amongst
their PAZ domains, but distinct differences with the human
Ago1 PAZ domain (Fig. S1). Nevertheless, nearly all the residues
involved in 3′-end overhang recognition in Ago1 PAZ domain
(9, 10) are conserved in Piwi PAZ domains, particularly Tyr and
His aromatic residues that line the binding pocket (see red trian-
gles, Fig. S1). This observation raises an intriguing question
regarding how the Piwi PAZ domain binding pocket accommo-
dates the methyl group of 20-OCH3 at the 3′ end of piRNAs,
a modification that impedes binding to the Ago1 PAZ domain.
A working postulate would be that the Piwi PAZ domain could
bind the 3′-end 2-nt overhang in a manner similar to Ago1 PAZ
domain (9), except for a wider binding pocket capable of accom-
modating the 20-OCH3 of piRNAs. Importantly, there is a com-
mon 8- to 10-aa insertion between the β6 and β7 strands in the
PAZ domains of all four Piwi PAZ subfamily members (desig-
nated Piwi PAZ-specific insertion) that is absent in Ago1 PAZ
domain (Fig. S1) and could facilitate the generation of this more
spacious binding pocket.

To address this question, we have solved crystal structures
of Hili PAZ in the free state and Hiwi1 PAZ bound to a self-
complementary 14-mer RNA (12-bpþ 2-nt overhang) containing
either a 20-OCH3 or 2′-OH at its 3′ end. These structures identify
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a preformed PAZ-binding pocket capable of accommodating
the 20-OCH3 group and, based on the hydrophobic nature of
the binding pocket, account for the higher binding affinity for
20-OCH3 relative to its 2′-OH counterpart. A comparison of the
structures of the Hiwi1 PAZ-RNA complex with the previously
reported human Ago1 PAZ-RNA complex (9) highlights a more
restrictive PAZ-binding pocket in the Ago1 complex, thereby
accounting for the higher binding affinity for 2′-OH over
20-OCH3 for this complex.

Results
Effect of RNA 3′-End 2′-O-Methylation on Binding to Piwi PAZ Domains.
We measured apparent dissociation constants (Kd) for binding
of RNA ligands containing 3′ ends that are either 20-OCH3 or
2′-OH to the PAZ domains of human Piwi proteins by isothermal
titration calorimetry (ITC) (Table 1). The 14-nt-long RNA used
in these experiments forms a 12-nt self-complementary duplex
with a U-U overhang at the 3′ end. The ITC binding data clearly
establish that Hiwi1 PAZ (Fig. 1A), Hiwi2 PAZ (Fig. 1B), and Hili
PAZ (Fig. S2) bind 20-OCH3 RNA with 2.5- to 6-fold higher
affinity compared to its 2′-OH counterpart. This trend is opposite
from that observed for Ago1 PAZ domain, which binds 2′-OH
RNA with higher affinity than its 20-OCH3 counterpart (9).

Structure of a Hiwi1 PAZ Domain Bound to 3′-End 2′-O-Methylated
RNA. We next attempted to grow crystals of PAZ domains of
Hiwi1/2/3 and Hili proteins bound to self-complementary
duplexes of varying length containing 2-nt 3′-overhangs with
20-OCH3 modifications at their 3′ ends. We were able to success-
fully grow crystals for a Hiwi1 PAZ construct (amino acids
271–391) bound to a self-complementary GCGAAUAUUCGC
UUm 14-mer sequence that diffracted to 2.90 Å. This complex
(space group P4122, Table S1) is composed of Hiwi1 PAZ
domains bound to U-Um 2-nt overhangs (Um stands for the
3′-terminal U modified by a 20-OCH3 group) at either end of
the duplex (Fig. 2A). We introduced a Met site (chose V361M
mutant following sequence alignment of Piwi PAZ domains,
Fig. S1) in the Hiwi1 PAZ sequence, which not only improved
the phasing power [following selenomethionine (SeMet) incor-
poration], but also dramatically improved the resolution of the
complex to 2.1 Å (Table S1). The V361M mutant is located
8 Å from the Hiwi1 PAZ-binding pocket and had no impact
on its conformation (Fig. S3). The methyl group of 20-OCH3

at the 3′ end can be readily detected in the electron density
map of the Hiwi1 PAZ-RNA complex (Fig. 2B). The 2Fo − Fc
map (black) is contoured at 1.8σ and Fo − Fc map (magenta)
is contoured at 2.0σ in Fig. 2B.

The RNA duplex conformation in the Hiwi1 PAZ-RNA com-
plex superpositions reasonably well over most of its duplex length
with an A-form RNA duplex, except toward the 3′-overhang ends
(rmsd of 2.6 Å over all atoms), as shown in Fig. S4. The PAZ do-
mainsboundateitherendof theRNAduplexarebrought intoclose
proximity, such that crystal packing interactions between them
could introduce strain into the conformation of the bound RNA.

A view of one symmetrical half of the complex composed of
the overhang-containing strand inserting its 3′ end into the Hiwi1

PAZ domain is shown in stereo in Fig. 2C, with the α-helices and
β-strands labeled in this figure. The RNA can be readily traced in
the complex and the 2Fo − Fc map (contoured at 1.2σ) is plotted
in Fig. S5. Details of intermolecular contacts between the 2-nt
U-Um overhang that is 20-OCH3 modified at its 3′ end and aro-
matic residues lining the Hiwi1 PAZ-binding pocket are shown in
stereo in Fig. 2D. The overhang nucleotides U13 and Um14 re-
tain a stacked A-helical conformation and are inserted into a
pocket lined by conserved aromatic and hydrophobic residues
(Fig. 2D). Intermolecular hydrogen bonds between the phenolic
hydroxyls of three tyrosines and the nonbridging phosphate oxy-
gens of the U13-Um14 step anchor the overhang segment within
the Hiwi1 PAZ-binding pocket. Specifically, the 2′-OH of U13
hydrogen bonds to Tyr317, while the 3′-OH of Um14 hydrogen
bonds to Tyr346 and main-chain oxygen atom of Met381. The
sugar moiety of terminal nucleotide Um14 forms van der Waals
interactions with the hydrophobic side chains of Leu382 and

Table 1. ITC binding data for Piwi PAZ-RNA complex formation

N, sites Kd, μM ΔH, Kcal/mol ΔS, cal · mol−1 · deg−1

Hiwi1 PAZ-RNA 14-mer 20-OCH3 0.43 ± 0.01 6.5 ± 0.5 −5.6 ± 0.2 5.04
Hiwi1 PAZ-RNA 14-mer 2′-OH 0.43 ± 0.03 16.6 ± 1.5 −13.4 ± 1.2 −23.1
Hiwi2 PAZ-RNA 14-mer 20-OCH3 0.39 ± 0.01 2 ± 0.2 −10.9 ± 0.4 −10.3
Hiwi2 PAZ-RNA 14-mer 2′-OH 0.45 ± 0.04 12.1 ± 1.1 −14.3 ± 1.5 −25.3
Hili-PAZ-RNA 14-mer 20-OCH3 0.59 ± 0.03 10 ± 0.5 −19.0 ± 1.0 −40.7
Hili-PAZ-RNA 14-mer 2′-OH 0.47 ± 0.16 33.9 ± 4.0 −19.6 ± 7.1 −45.4
Hiwi1 PAZ (M381Y/379H)-RNA 14-mer 20-OCH3 0.41 ± 0.02 9.5 ± 0.8 −8.1 ± 0.5 −4.2
Hiwi1 PAZ (M381Y/379H)-RNA 14-mer 2′-OH 0.52 ± 0.04 21.8 ± 2.0 −12.8 ± 1.4 −21.7

Fig. 1. RNA-binding analyses on human Piwi PAZ domains. (A) ITC measure-
ments for binding of Hiwi1 PAZ to self-complementary 14-mer RNA (12-bpþ
2-nt overhang) containing 20-OCH3 (Top) and 2′-OH (Bottom) at the 3′ end.
The evaluated dissociation constants (Kd) are listed in the panels. (B) ITC
measurements for binding of Hiwi2 PAZ to self-complementary 14-mer
RNA containing 20-OCH3 (Top) and 2′-OH (Bottom) at the 3′ end.
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Ala380, whereas its 2′-oxygen atom forms a hydrogen bond
with main-chain amide group of Met381 (Fig. 2D). Among hu-
man Piwi proteins, all these interactive residues are conserved
(Fig. S1), indicating most likely a similar mode of RNA 3′-end
recognition by Hiwi1/2/3 and Hili proteins.

We have also solved the structure of Hiwi1 PAZ domain bound
to the same self-complementary RNA containing 2′-OH at its
3′ end. This complex (space group P4122, Table S1) adopts the
same structure as its 20-OCH3 modified counterpart, establishing
that the Hiwi1 PAZ-binding pocket is capable of accommodating
3′ ends that are either 20-OCH3 or 2′-OH.

Piwi PAZ-Binding Pockets in Free and RNA-Bound States. We at-
tempted to grow crystals of Hiwi1/2/3 and Hili-PAZ domains
in the free state and were successful for a Hili construct (amino

acids 388–525) that diffracted to 2.92 Å. The Hili PAZ (space
group C2221, Table S1) forms a symmetric dimer mediated by
N-terminal helix–helix interactions as shown in Fig. 3A.

Except for the N-terminal helix, the PAZ domains of Hili in
the free state (blue color in Fig. 3B) and Hiwi1 in the RNA-bound
state (biscuit color, with bound RNA in green, Fig. 3B) superpose
quite well (rmsd of Cα atoms ¼ 0.81 Å, Fig. S6), as do the residues
lining their binding pockets (Fig. 3C; same color coding as in
Fig. 3B). The walls of the PAZ-binding pocket are generated by
β4-β5 segment along one face and by β6-β7 segment on an opposing
face. The β4-β5 and β6-β7 segments superpose quite well between
the Hili-PAZ domain in the free state (blue color) and Hiwi1 PAZ
(biscuit color) in the RNA-bound state (Um14 in green) (Fig. 3D).
The loop connecting β6 and β7 can be traced inHili PAZ in the free
state, whereas a 10-aa segment at the tip of the loop is disordered in
the Hiwi1 PAZ complex in the RNA-bound state (Fig. 3D).

20-OCH3 Insertion into Piwi and Ago PAZ-binding pockets. The struc-
tures of Hiwi1 PAZ-RNA (PAZ in biscuit and 3′-terminal nucleo-
tide Um in green) and Ago1 PAZ-RNA (PAZ in cyan and
3′-terminal U in yellow) complexes are superposed in stereo in
Fig. S7. The PAZ domains in these two complexes exhibit an rmsd
of Cα atoms of 1.77 Å.

Insertion of the 3′-terminal Um nucleotide containing a
20-OCH3 group into its Hiwi1 PAZ domain binding pocket is
shown in Fig. 4A. The methyl surface of the 20-OCH3 group
(dotted red-colored ball) shows no steric clashes with the surfaces
of the amino acid side chains lining the binding pocket (dotted
biscuit-colored balls). Insertion of the 3′-terminal U nucleotide
containing a 2′-OH group into its Ago1 PAZ domain binding
pocket is shown in Fig. 4B, following replacement of the 2′-OH
group by a modeled 20-OCH3 group. We observe steric clashes
of the modeled 20-OCH3 group (dotted red-colored ball) with
the surfaces of the amino acid side chains lining the binding
pocket (dotted cyan-colored balls). Indeed, electrostatic surface
representations show that there is room to accommodate the
20-OCH3 group within a hydrophobic cleft in the Hiwi1 PAZ-
binding pocket (see pink arrow, Fig. 4C), but there is no room
to accommodate themodeled 20-OCH3 group due to steric clashes
within the Ago1 PAZ-binding pocket (see pink arrow, Fig. 4D).

In addition, the β4-β5 and β6-β7 segments are further apart in
Hiwi1 PAZ (biscuit) in the RNA-bound state (Um14 in green)
than they are in the Ago1 PAZ (cyan) in the RNA-bound state,
as can be observed in the stereo view in Fig. 4E (U9 in the Ago1
PAZ-RNA complex superposes well on Um14 of the Hiwi1 PAZ-
RNA complex, and is not shown), indicative of a wider binding
pocket to accommodate the 20-OCH3 group in the former
compared to the latter complex.

Impact of Binding Pocket Mutants.An examination of the position-
ing of the 20-OCH3 group in Hiwi1 PAZ and Ago1 PAZ-binding
pockets in their RNA complexes indicates that a backbone car-
bonyl oxygen (of Pro379) is ≈3.5 Å from the methyl carbon of the
20-OCH3 group in the Hiwi1 PAZ-RNA complex (Fig. S8A),
whereas the separation between the same atoms is reduced to
≈2.1 Å, indicative of a steric clash, in the modeled Ago1 PAZ-
RNA complex (Fig. S8B).

Based on this observation, we attempted to engineer the
methyl group-binding pocket in Hiwi1 PAZ by introducing a
double mutant (M381Y/P379H), where Met and Pro residues
lining the pocket (Fig. S8A) were replaced by their Tyr and
His counterparts, as observed for the Ago1 PAZ-binding pocket
(Fig. S8B). We measured the binding affinities using ITC for the
M381Y/P379H double mutant of Hiwi1 PAZ for 14-mer RNAs
containing 20-OCH3 and 2′-OH at the 3′ end and found no sig-
nificant difference in the relative preference between wild-type
(Fig. 1A) and double mutant (Fig. 4F) Hiwi1 PAZ (Table 1).
This result implies that the backbone conformation rather than

Fig. 2. Crystal structure of the Hiwi1 PAZ-RNA complex. (A) Ribbon repre-
sentation of the structure of the Hiwi1 PAZ-RNA complex. The RNA is a self-
complementary 14-mer (12-bpþ 2-nt overhang) sequence containing
20-OCH3 at its 3′ end. The complex contains Hiwi1 PAZ modules bound to the
2-nt overhangs at either end of the RNA duplex. (B) Experimental electron
density (Fo − Fc map) observed for the methyl group of 20-OCH3 of Um in
the Hiwi1-PAZ-RNA complex. Fo − Fc map is contoured at 2.0σ and shown
in magenta. Electron density (2Fo − Fc map) corresponding to terminal
nucleotide Umwithout methyl group (green) is contoured at 1.8σ and shown
in black. (C) Stereo view of the structure of the Hiwi1 PAZ-RNA complex con-
taining one PAZ domain bound to the overhang-containing strand, corre-
sponding to the 1∶1 PAZ∶ssRNA stoichiometry seen in the asymmetric unit
in the crystal. (D) Stereo view of intermolecular interactions between 2-nt
U13-Um14 overhang (in green) with labeled amino acid side chains (in bis-
cuit) lining the Hiwi1 PAZ-binding pocket. Intermolecular hydrogen-bonds
are indicated by dashed silver lines.
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the amino acid composition of the binding pocket contributes to
preferential binding of Hiwi1 PAZ for RNAs with 20-OCH3 over
2′-OH at 3′ ends.

Comparison of RNA Alignments in Piwi and Ago PAZ-RNA Complexes.
The structure of Hiwi1 PAZ bound to the overhang-containing

strand of a self-complementary 14-mer RNA (12-bp and 2-nt
3′-overhang) containing a 20-OCH3 group at its 3′ end (protein
in electrostatic surface view and bound ssRNA in green, Fig. 5A)
is compared with the previously reported structure (9) of Ago1
PAZ bound to the overhang-containing strand of a self-comple-
mentary 9-mer RNA (7-bp and 2-nt 3′-overhang) containing a
2′-OH group at its 3′ end (protein in electrostatic surface view
and bound ssRNA in yellow, Fig. 5B). The face of the PAZ
domain that includes the binding pocket is primarily hydrophobic
(silver color) in the Hiwi1 PAZ-RNA complex (Fig. 5A), whereas
it is strongly basic (blue color) in the Ago1 PAZ-RNA complex
(Fig. 5B). Thus, the RNA segment positioned outside the PAZ-
binding pocket is directed away from the hydrophobic surface
of the Hiwi1 PAZ domain in its complex (Fig. 5A). By contrast,
the RNA sugar-phosphate backbone interacts with basic side
chains lining the surface of the Ago1 PAZ domain in its complex
(Fig. 5B) (9).

The different trajectories adopted by the RNA in the two com-
plexes following superposing of their PAZ domains (Hiwi1 PAZ
in biscuit and Ago1 PAZ in cyan) are shown in stereo in Fig. 5C.
These differences reflect alternate conformational alignments
at the junctional phosphate between duplex and overhang seg-
ments between the two complexes. The 2-nt overhangs adopt si-
milar stacked conformations in the Hiwi1 PAZ complex with the
14-mer RNA (green color, positions U13 and Um14, Fig. 5D)
and the Ago1 PAZ complex with the 9-mer RNA (yellow color,
positions C8 and U9, Fig. 5E). The orientations are distinctly dif-
ferent between junctional bases C12 and U13 in the Hiwi1 PAZ-
RNA complex (Fig. 5D) and U7 and C8 in the Ago1 PAZ-RNA
complex (Fig. 5E) (9).

We have superpositioned the overhang-containing strands in
the Ago1 PAZ-RNA (9) and the Hiwi1 PAZ-RNA complexes with
the bound 21-mer guide strand in the binary full-length Thermus
thermophilus Ago complex (19) in Fig. S9 A and B, respectively.
It is apparent that the trajectory of the overhang-containing strand
in the Ago1 PAZ-RNA complex is closest to the conformation of
guide RNA bound in full-length Ago structure.

Discussion
Piwi PAZ Domain Contains a Preformed RNA-Binding Pocket.The core
fold of the Hiwi1 PAZ domain in its RNA complex consists of a
twisted β-barrel formed by six β-strands (β1-β3, β6-β8) connected
to an αβ-module (β4-β5-α3) (Fig. 2C). The overall structure of
Hili PAZ in the free state superposes well with that of Hiwi1
PAZ in the RNA-bound state (Fig. 3 B–D), consistent with for-
mation of an essentially preformed Piwi PAZ-binding pocket. The
main difference is away from the binding pocket, where the N ter-
minus contains two short α-helices (α1 and α2), with α1 folding
back toward the β-barrel, for Hiwi1 PAZ in its RNA-bound state
(Figs. 2C and 3B), while a single long α-helix is observed at the
N terminus for Hili PAZ in the free state (Fig. 3 A and B).

Common Hydrophobic RNA-Binding Pocket Amongst Piwi PAZ Do-
mains.The PAZ domain binding pockets are lined by hydrophobic
residues in the superposed structures of Hili PAZ in the free state
and Hiwi1 PAZ in complex with 20-OCH3 RNA (Fig. 3C). Thus,
Phe332 and Phe342 in Hiwi1 PAZ are replaced by Phe442 and
Phe452 in Hili PAZ (Fig. 3C), whereas consecutive residues with-
in the loop between β6 and β7, Ala380 and Met381 in Hiwi1 PAZ
are replaced by their hydrophobic counterparts Ile491 and
Leu492 in Hili PAZ (Fig. S1). In addition, the corresponding
residues are similar and hydrophobic in nature in Hiwi2 and
Hiwi3 PAZ domains (Fig. S1), indicative of a common hydropho-
bic binding pocket amongst Piwi PAZ domain family members.

Recognition of 20-OCH3 Modification by Piwi PAZ Domains. The elec-
tron density for the methyl group at the 20-OCH3 position is very
well defined in the structure of the Hiwi1 PAZ complex with

Fig. 3. Structure of Hili PAZ in the free state and comparison of its binding
pocket with Hiwi1 PAZ in RNA-bound state. (A) A view of the crystal structure
of Hili PAZ in the free state. Two Hili-PAZmolecules (one in blue and the other
in pink) form a symmetrical dimer mediated by helix–helix interactions
between N-terminal α-helical segments. (B) Structural superposition of the
PAZ domains of Hili PAZ in the free form (in blue) and Hiwi1 PAZ (in biscuit)
bound to RNA (in green). (C) Structural superposition of binding pockets of
Hili PAZ in the free form (in blue) and Hiwi1 PAZ (in biscuit) bound to RNA.
The Um14 residue at the 3′ terminus of the RNA in the complex is shown in
green. (D) A view of the relative arrangements of β6-β7 strands and β4-β5
strands of Hili PAZ (in blue) in the free state and Hiwi1 PAZ (in biscuit) in
the RNA-bound complex. The 20-OCH3-modified Um14 residue in the Hiwi1
PAZ-RNA complex is shown in green.
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2′-O-methylated RNA (Fig. 2B). Notably, this methyl group
projects toward a hydrophobic groove formed by β6-β7 strands
on one side and β4-β5 strands on the other side (Fig. 4C). In
the Hiwi1 PAZ complex with 20-OCH3 RNA, this methyl group
is surrounded by Phe332, Phe342, Pro379, Ala380, and Met381

(Fig. 4A), with the conformation of these residues remaining the
same in the Hiwi1 PAZ complex with the 2′-OH RNA.

These observations are supported by the ITC binding data that
establish that human Piwi PAZ domains bind RNAs that are
20-OCH3 at the 3′ end with three- to sixfold higher binding affinity

Fig. 4. Methyl group of 20-OCH3 can be accommodated within the Hiwi1 but not Ago1 PAZ-binding pockets. (A and B) Binding pocket residues surrounding
the methyl group of 20-OCH3 at the RNA 3′ end in Hiwi1 PAZ (A) and Ago1 PAZ (B, modeled 20-OCH3 to replace 2′-OH observed in the crystal structure) RNA
complexes. Binding pocket residues in Hiwi1 PAZ (in biscuit, A) and Ago1 PAZ (in cyan, B) complexes are highlighted as dotted balls in a van der Waals radius
representation. The 20-OCH3 residues (dotted ball) are shown in green for the Hiwi1 PAZ-RNA complex (A) and in yellow for the Ago1 PAZ-RNA complex (B).
(C and D) Electrostatic surface representation of Hiwi1 PAZ (C) and Ago1 PAZ (D) binding pockets in their RNA complexes containing 20-OCH3 and 2′OH
(replaced by 20-OCH3) at their 3′ ends respectively. The Hiwi1 PAZ-binding pocket can readily accommodate the methyl group (shown by pink arrow) of
20-OCH3 of Um at the 3′ end, but the more constricted Ago1 PAZ-binding pocket is unable, due to steric clashes, to accommodate the methyl group.
(E) A stereo view of the relative arrangements of β6-β7 strands and β4-β5 strands of Hiwi1 PAZ (in biscuit) and Ago1 PAZ (in blue) in their RNA-bound complexes.
The 20-OCH3-modified Um14 residue in the Hiwi1 PAZ-RNA complex is shown in green. (F) ITC measurements for binding of Hiwi1 (M381Y/P379H) PAZ to self-
complementary 14-mer RNA (12-bpþ 2-nt overhang) containing 20-OCH3 (Top) and 2′-OH (Bottom) at the 3′ end.

Fig. 5. Orientation of bound RNAwith respect to Ago1 and Hiwi1 PAZ domains. (A) Electrostatic surface representation of Hiwi1 PAZ domain with bound RNA
(in green). (B) Electrostatic surface representation of Ago1 PAZ domain with bound RNA (in yellow) (9). (C) Stereo view of superposed complexes of Hiwi1 PAZ
(in biscuit) with bound 14-mer RNA (in green) and Ago1 PAZ (in cyan) with bound 9-mer RNA (in yellow). (D) Relative orientation of 2-bp duplex and 2-nt
overhang (U13-Um14) segments in the Hiwi1 PAZ complex with 14-mer RNA (12-bp and 2-nt overhang) with 20-OCH3 group at 3′ end. (E) Relative orientation of
2-bp duplex and 2-nt overhang (U8-U9) segments in the Ago1 PAZ complex with 9-mer RNA (7-bp and 2-nt overhang) with 2′-OH group at 3′ end (9).
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compared to RNAs that are 2′-OH at their 3′ ends (Fig. 1A and B
and Fig. S2). This modest preference for 2′-O-methylated RNA
most likely reflects the contributions of additional hydrophobic
interactions formed between the methyl group and hydrophobic
residues lining the Piwi PAZ-binding pocket.

Factors Dictating Dimensions of Ago PAZ Domain Binding Pockets.An
examination of the binding pocket in the Ago1 PAZ-RNA com-
plex clearly highlights several clashes between the superposed
methyl group (20-OCH3 replacing 2′-OH) and surrounding resi-
dues (Phe292, Val306, His334, Thr335, and Tyr336) lining the
Ago1 PAZ-binding pocket (Fig. 4 B and D).

Unlike Piwi PAZdomains, the humanAgo1PAZdomain has no
Piwi PAZ-specific insertion element (Fig. S1), resulting in a sharp
turn between β6 and β7, which in turn leads to formation of amain-
chainbulgeprotruding toward the2′-Osite(seeredarrow,Fig.4E).
The binding pocket is also narrower in the Ago1 PAZ-RNA
complex relative to theHiwi1PAZ-RNAcomplexdue to themove-
ment of the β4-β5 strands toward the 2′-O site (Fig. 4E). Both these
factorsmake anymodification at the 2′-O position unfavorable for
binding within the Ago1 PAZ pocket.

Factors Dictating Dimensions of Piwi PAZ Domain Binding Pockets.
The electron density corresponding to the 10-aa segment (amino
acids 368–377) between β6 and β7 strands is missing in the struc-
tures of Hiwi1 PAZ complexes with bound RNA containing either
2-OCH3 or 2′-OH at the 3′ end, whereas the same segment can be
precisely traced in the structure of Hili-PAZ domain in the free
state (Fig. 3D). Our structural studies suggest that this 10-aa
segment, which partially overlaps with the Piwi PAZ-specific
insertion element (amino acids 370–378) (Fig. S1), could facili-
tate the accommodation of the methyl group of 20-OCH3 at the
3′ end following insertion into its Piwi PAZ-binding pocket
(Fig. 4E). Although residues present in the Piwi PAZ-specific in-
sertion element are not conserved among human Piwi proteins,
the flexible nature of this linker loop between β6 and β7 in the
Hiwi1 PAZ-RNA complex most likely prevents protrusion of
structural elements toward the 2′-O site, thereby providing en-
ough space for accommodation of the inserted 20-OCH3 group.

Trajectories of RNA Bound to Piwi and Ago PAZ Domains. The role of
Ago1 PAZ is to target double-stranded RNA containing 2-nt
overhangs ending in 2′-OH at the 3′ end, whereas Hiwi PAZ tar-
gets single-stranded RNA containing 20-OCH3 at the 3′ end. The
2-nt 3′ ends of the bound RNAs are anchored in a similar manner
within the PAZ-binding pockets in the Hiwi1 PAZ and Ago1 PAZ
complexes, but the remainder of the RNA takes very different
trajectories in these two complexes (stereo view in Fig. 5C).
There is minimal contact of the RNA (in green) with the hydro-
phobic surface (colored silver, Fig. 5A) of the Hiwi1 PAZ domain.
By contrast, there is extensive contact of the RNA (in yellow)
along its entire length, with the positively charged basic surface
(colored blue, Fig. 5B) of the Ago1 PAZ domain, mediated
through lysine-phosphate interactions (9). Thus, there are more
intermolecular contacts observed in the Ago1 PAZ-RNA com-
plex than in the Hiwi1 PAZ-RNA complex, which may account
for the difference in trajectories. We also cannot rule out the con-
tributions of crystal packing interactions, because the PAZ
domains are bound to both ends of the siRNA duplexes in both
complexes. In this regard, the PAZ domains are further apart in
the Ago1 PAZ-RNA complex (9) compared to the Hiwi1 PAZ-
RNA complex.

Functional Implications of 2′-O-Methylation at piRNA 3′ Ends. The
3′ end of RNA is known to be susceptible to degradation by
RNase and modification by RNA-modifying enzymes. Methyla-
tion of piRNA by HEN1 may play a protective role by preventing
undesirable decay from this end, which is known to occur for

miRNAs in plants (30, 31). The present study provides insights
into how human Piwi proteins have evolved to recognize
2′-O-methylated piRNA. Recent structural studies on thermophi-
lic eubacterial Argonautes bound to guide and target strands have
established that the 2-nt overhang at the 3′ end of the guide
strand gets released from the PAZ pocket once the propagation
step of guide-target pairing exceeds a certain duplex length (3).
Unlike most miRNAs, piRNAs require perfect complementarity
with the target strand for target cleavage (13, 32, 33). It is possible
that in the case of Piwi proteins, this requirement for perfect com-
plementarity could lead to release of the 2-nt overhang at the
3′ end of piRNA from the PAZ pocket as a prerequisite for slicer
activity. Protection of piRNA by methylation at the 3′ end would
result in a much longer-lived RNA, making it less susceptible to
degradation.

Experimental Procedures
Protein Preparation. The human Piwi PAZ domains of Hiwi1
(residues 277–399), Hiwi2 (residues 271–407), Hiwi3 (residues
341–477), and Hili (residues 388–525) were generated using a
standard PCR-based cloning strategy. They were cloned into a
modified pET-28b vector (EMD Biosciences) with a His6-SUMO
(small ubiquitin-related modifier) tag at the N terminus. All
clones were overexpressed in Escherichia coli strain BL21 (DE3)
cells. The proteins were purified from the soluble fraction by a
nickel-chelating affinity column, followed by overnight treatment
with SUMO protease Ulp1 at 4 °C to cleave the His6-SUMO
tag, with the cleaved tag removed using a second nickel-chelating
column. Proteins were further purified by gel filtration chroma-
tography using HiLoad 16∕60 Superdex-75 prep grade column
(Amersham). Peak fractions obtained from gel filtration experi-
ments were pooled and concentrated using a Centricon (Vivas-
pin) centrifugal concentrator with a 10 kDa cutoff. Protein
purity was assessed by SDS-PAGE, with the purified proteins im-
mediately frozen in liquid nitrogen and stored at −80 °C. The
V361M and M381Y/P379H mutant-containing Hiwi1-PAZ do-
mains were generated by a two-step PCR-based overlap extension
method and confirmed by DNA sequencing. The L-SeMet deri-
vatized protein was produced using the feedback-inhibition of
methionine synthesis pathway. SeMet-containing protein was
purified using the same protocol as for the native protein. A
1 mM DTTconcentration was maintained during protein purifi-
cation to prevent oxidation of SeMet.

RNA Preparation. The 5′-GCGAAGCUUCGCUU-3′ 14-mer se-
quence containing a 2′-OH 3′ end was chemically synthesized
on a 3400 DNA synthesizer (Applied Biosystems), and subse-
quently deprotected and purified by denaturing polyacrylamide
gel electrophoresis. The 5′-GCGAAGCUUCGCUUm-3′ 14-mer
sequence containing a 20-OCH3 at the 3′ end was purchased from
Dharmacon. The self-complementary RNAs were dissolved in
diethyl-pyrocarbonate-treated water and annealed by heating
to 95 °C for 1 min followed by temperature reduction in a 37 °C
water bath over a period of 1 h.

Crystallization and Data Collection. Crystals of Hili PAZ in the free
state were grown using the hanging-drop vapor-diffusion method
by mixing the protein (20 mg∕mL in 100 mM NaCl, 20 mM
Tris •HCl, pH 8.0) with an equal volume of reservoir solution
containing 4–8% PEG4000 and 50 mM MgSO4 in 50 mM MES
buffer, pH 5.6 to 6.1. Small crystals appeared overnight at 20 °C
and grew to full size within 1 wk.

Hiwi1 PAZ was mixed with RNA containing 2′-OH or
20-OCH3 at the 3′ end in a molar ratio of 1∶1.2 and incubated
at 4 °C for at least 1 h. The complex crystals were grown using
the hanging-drop vapor-diffusion method by mixing the protein-
RNA complex (≈5mg∕mL in 100 mM NaCl, 20 mM Tris •HCl,
pH 8.0) with an equal volume of reservoir solution containing
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1–5% PEG3350, 50 mM NaCl in 50 mM Na-acetate buffer, pH
4.6 at 4 °C. The crystals grew to full size in ≈10 d.

For data collection, crystals were flash frozen (100 K) in the
above reservoir solutions supplemented with 30% ðvol∕volÞ ethy-
lene glycol. The single-wavelength anomalous dispersion (SAD)
data were collected for the SeMet-labeled crystals at Se-peak
wavelength. Diffraction datasets were collected on 24-ID-C and
24-ID-E beamlines at the Advanced Photon Source and X29
beamline at Brookhaven National Laboratory. The collected
datasets were integrated and scaled using theHKL2000 suite (34).

Structure Determination and Refinement.Crystals ofHili-PAZ in the
free state belonged to the space group C2221 (Table S1) and con-
tained four molecules of the protein in the asymmetric unit. The
structure of the Hili-PAZ was determined by the SAD method
using Se anomalous scattering data, with the selenium sites located
and refined for phasing using SHARP (35). Phase improvement
with SOLOMON, as implemented in SHARP (36), produced a
clearly interpretable electron density map, from which an initial
model was built manually using COOT (37). The structure was
completed through several rounds of manual model fitting in
COOTand refinement coupled with noncrystallographic symme-
try averaging using PHENIX.REFINE (38).

The crystal of Hiwi1 PAZ in complex with 2′-O-methylated
RNA belonged to space group P4122 (Table S1), with the asym-
metric unit containing one molecule each of protein and 14-mer
single-stranded RNA.Molecular replacement programs using the
structure of Hili PAZ in the free state as a search model failed
to give any solution. Our attempt to solve the structure of the
complex using multiwavelength anomalous dispersion datasets
collected on SeMet-labeled protein-containing crystals of the
complex was also unsuccessful due to lack of sufficient phasing
power. Based on sequence alignment among Piwi proteins, we
mutated Val361 present in Hiwi1 PAZ into Met, so as to improve
the phasing power. Unexpectedly, the V361M mutation not
only increased the phasing power resulting in an interpretable
electron density map, but also improved the resolution from
2.9 to 2.1 Å. The structure of Hiwi1(V361M) PAZ in complex with
2′-O-methylated 14-mer RNA was solved by SAD method using
the data collected at Se-peak wavelength by a procedure similar to
that described above for Hili PAZ in the free state.

The structures of native Hiwi1 PAZ in complex with 20-OCH3

and 2′-OH containing 14-mer RNAs was solved by difference

Fourier using the structure of the SeMet-labeled Hiwi1(V361M)
PAZ-RNA complex. These structures were subject to several
rounds of refinement inREFMAC5 (39) andmanualmodel build-
ing usingCOOT(37).Watermolecules were included near the end
of refinement. The majority of the model has a clear and well-in-
terpretable electron density map with the exception of a few sol-
vent-exposed side chains, which were omitted in the final model.
The geometry of the final model was checked using PROCHECK
(40). The final data collection and refinement statistics are given in
Table S1.

Figures were prepared using the programs PyMol (41) and
ESPript (42).

ITC Binding Assays and Data Analysis.All human Piwi PAZ domains
and RNAs were dialyzed extensively against running buffer
(100 mM NaCl, 10 mM Tris •HCl, pH 8.0). Protein concentra-
tion was measured using absorbance at 280 nm, whereas RNA
concentration was measured using absorbance at 260 nm. Prior
to titration, both protein and RNAwere centrifuged at 18;000 × g
at 25 °C for more than 10 min to remove any debris and air bub-
bles. The calorimetric titrations were carried out at 25 °C on Mi-
croCal ITC200 instrument with 16 successive injections of 2.4 μL
(400–600 μM) 20-OCH3 or 2′-OH containing RNA, spaced 180 s
apart, into the sample cell containing a solution of ∼200 μL
(20–40 μM) different human Piwi PAZ proteins. A control experi-
ment was performed by titrating RNA into a sample cell that con-
tained buffer alone, with no significant heat release observed in a
control experiment. The data were analyzed using the ORIGIN
software. The association constant (Ka), enthalpy change (ΔH),
and the stoichiometry (N) were calculated by fitting the thermo-
grams to one set of binding sites. The dissociation constant (Kd),
free energy change (ΔG), and the entropy change (ΔS) were cal-
culated using the equation

Kd ¼ 1∕Ka and −RT lnKa ¼ ΔG ¼ ΔH − TΔS:
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