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Summary

MicroRNAs (miRNAs) control expression of thousands of genes in plants and animals. miRNAs
function by guiding Argonaute proteins to complementary sites in messenger RNAs (mRNAs)
targeted for repression. We determined crystal structures of human Argonaute-2 (Ago2) bound to
a defined guide RNA with and without target RN As representing miRNA recognition sites. These
structures suggest a stepwise mechanism, in which Ago2 primarily exposes guide nucleotides 2—5
for initial target pairing. Pairing to nt 2-5 promotes conformational changes that expose nt 2—8
and 13-16 for further target recognition. Interactions with the guide-target minor groove allow
Ago?2 to interrogate target RNAs in a sequence-independent manner, while an adenosine binding-
pocket opposite guide nt 1 further facilitates target recognition. Spurious slicing of miRNA targets
is avoided through an inhibitory coordination of one catalytic magnesium ion. These results
explain the conserved nucleotide pairing patterns in animal miRNA target sites first observed over
two decades ago.

Introduction

miRNAs are small (~22 nt) RNAs with regulatory roles in plants and animals. miRNAs
function within RNA-Induced Silencing Complexes (RISCs), which contain a member of
the Argonaute protein family (1). Argonaute uses the miRNA as a guide for identifying
complementary target mRNAs, which then leads to silencing of the targeted messages via
translational repression and degradation (2). Over 1,000 miRNAs are encoded in the human
genome and more than 30% of mammalian protein-coding genes contain a conserved

miRNA target site (3). Consequently, miRNAs contribute to diverse physiological processes
in mammals, including epithelial regeneration (4), cardiac function (5), ovulation (6), and
the progression of cancer (7).

Perfect complementarity between miRNAs and their targets is not necessary for silencing
and some miRNA nucleotides are more important than others (8, 9). Specifically, pairing to
the miRNA “seed region” (nt 2—7 or 2-8, from the 5’ end) is the most evolutionarily
conserved feature of miRNA targets in animals (10-14). Crystal structures of human
Argonaute proteins show nt 2—6 of the guide RNA bound a in prearranged A-form
conformation, which was proposed to minimize the entropic cost associated with forming a
stable duplex with target RNAs (15-17). However, nucleotides outside of the seed region in
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these structures were mostly disordered, and no structure of any eukaryotic Argonaute
bound to a target RNA has been reported.

Guide RNAs are threaded through the N-PAZ channel

Structural insights into eukaryotic Argonaute proteins have been thwarted by the challenge
of separating Argonaute from co-purifying cellular RNAs (15, 18). Although a protocol for
purifying RNA-free Ago2 has been reported (19), the method generates relatively small
amounts of material and is difficult to reproduce. As an alternative, we adapted a
biochemical method for purifying RISC loaded with a specified guide from cell lysates (20)
to produce milligram quantities of recombinant Ago2 bound to a defined 21 nt guide RNA.
The ratio of Ago2 protein to guide RNA in the purified samples is 1:1.2+0.2 and pre-steady
state kinetics showed that 99.0+8.6% of the Ago2 molecules are catalytically active against
the specified target RNA (fig. S1).

Guide-selected Ago2 samples crystallized in a condition similar to that used to determine
structures of human Agol and Ago2 (15, 19). However, in contrast to previous structures,
we observed unambiguous electron density for most of the guide RNA, with only four guide
(g) nucleotides (nt g8—g11) disordered (Fig. 1A, B). The guide 5’ end is anchored in the
Ago2 MID domain and nucleotides g2—g7 are splayed in a helical conformation (Fig. 1C).
Nucleotides g12—g20 extend from the center of the protein to the 3’ nucleotide-binding site
in the PAZ domain (21). Nucleotides g14—g18 are threaded through a narrow channel
formed between the PAZ and N domains of Ago2 (Fig. 1D). The channel ends at g18, where
the RNA turns and extends into the 3’ binding pocket. Consistent with the ability of Ago2 to
bind guide RNAs of any nucleotide sequence, the majority of contacts are made through
hydrogen bonds and salt linkages to the RNA sugar-phosphate backbone (fig. S2). Base
stacking between g14—g18 is completely disrupted by interactions with the N-PAZ channel,
and the Watson-Crick edges of g15, g17 and g18 face the interior of the complex (Fig. 1D).
Therefore, in the observed conformation, interactions with Ago2 prevent the 3’ half of the
guide RNA from base pairing with complementary targets.

The ordered guide RNA was accompanied by a reduction in the relative temperature factors
in the Ago2 N domain compared to previous structures (fig. S3). Improvements in the
electron density map allowed us to observe amino acid residues 119-125, which fold into a
hairpin loop that forms the end of the N-PAZ channel and directs the guide 3’ end into the
PAZ domain through contacts to g18 (Fig. 1E). An expansion of positively charged residues
in the analogous loop in Arabidopsis Ago4, Ago6, and Ago9 has been proposed as an
explanation for how these Agos preferentially retain longer (~24 nt) guide RNAs (22). The
improved map also revealed an error surrounding residues 110-118 in our original Ago2
structures (15) that was propagated to subsequent structures of human Agol and Ago2 (16,
19) (figs. S4 and S5).

Structural basis for miRNA target recognition

We determined crystal structures of guide-selected Ago2 bound to short target RNAs (11 nt)
with complementarity to nucleotides g2—g7, g2—g8, or g2—g9. The target RNAs included an
adenosine nucleotide in the t1 position (the target nucleotide opposite gl) and two
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nucleotides 3’ of t1 (Fig. 2A). Target RNAs bound the complex through Watson-Crick
pairing with the seed, forming an A-form duplex in the front half of the Ago2 central cleft
(Fig. 2B and S6). The t1-adenine inserts into narrow pocket between the MID and L2
domains of Ago2 where Ser-561 hydrogen bonds to the adenine N6 amine (Fig. 2C). The
pocket appears to specifically recognize adenosine nucleotides because a target RNA with a
t1-A bound Ago2 with almost 3-fold higher affinity than equivalent targets with U, G or C

t1 nucleotides (Fig. 2D). This may explain why t1 adenosines enhance miRNA-mediated
repression and are conserved in many mammalian miRNA target sites (3, 11). No electron
density was apparent for the two nucleotides 3’ of t1, indicating Ago2 does not make defined
contacts to target RNAs downstream of miRNA binding sites.

Ago2 makes several hydrogen bonds/salt linkages to seed paired target RNAs (fig. S7), but
the major mode of recognition by the protein appears to be shape complementarity to the
minor groove of the guide-target duplex. Aliphatic segments of residues R795, 1756, Q757
within the PIWI domain, and 1365 and T361 on helix-7 of the L2 domain line the minor
groove, making extensive hydrophobic and van der Waals interactions with positions 2—7 of
the guide-target duplex (Fig. 2D). These minor groove contacts may explain why G:U
wobble base pairs, in which the guanine unpaired exocyclic amino alters minor groove
shape and electrostatic potential (23), reduce Argonaute target affinity and are not
commonly observed in miRNA target sites (13, 24, 25).

In contrast to positions 2—7, Ago2 does not contact the minor groove at positions 8 and 9,
suggesting the protein is more tolerant of mismatches in this region (Fig. 3 A-C). Indeed, the
guide-target duplex with g8—g9 mismatches has distortions away from A-form due to
staggering of the mismatched bases (Fig. 3A). The distortions are limited to positions 8 and
9, indicating that pairing status at g8 and g9 does not perturb guide-target duplex structure in
positions 2—7 (Fig. 3D). However, binding experiments show that pairing to g8 can
substantially contribute to the affinity of Ago2 for target RNAs (Fig. 3E and S8). An
unrelated guide RNA displayed a smaller difference between the affinities for g2—g7 and
g2—g8 complementary target RNAs, revealing that the degree to which pairing to g8
influences target affinity is dependent on the seed sequence (Fig. 3F).

Narrowing of the central cleft restricts pairing past g8

While complementarity to g8 increased the affinity of Ago2 for target RNAs, extending
complementarity to g9 and g10 did not enhance affinity further (Fig. 3E-F). In fact, both
sequences displayed a modest decrease in affinity for targets complementary to g2—g9
compared to g2—g8, indicating that pairing to g9 is actually detrimental to stability of the
Ago2-guide-target complex. t9 stacks against Phe-811 in the 2-9 paired structure (Fig. 4A).
However, an F811A mutation did not markedly alter the affinity for full-length target RNAs
(Fig. 3E-F). Moreover, the complex lacks sufficient space necessary to accommodate target
nucleotides beyond t9 (Fig. 4B-C), and the t9 nucleotide was disordered in crystals
containing a longer target RNA, which included mismatches to g11 (Fig. 4D-E). We
conclude that the observed conformation of Ago2 can only accommodate pairing to g9 when
using short targets that end at t9 (like those used to facilitate crystallization), and that pairing
to g9 on longer targets (like those in the 3/ UTR of an mRNA) requires further opening of
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the Ago2 central cleft. We suggest that opening the cleft involves conformational changes
responsible for the decrease in target affinity associated with pairing to g9. This model may
explain why complementarity beyond g8 is not a well-conserved feature of vertebrate
miRNA targets sites (11).

A structural model for miRNA targeting

Structures of human Agol and Ago2 and yeast Agol indicate that, in the absence of target
RNA, eukaryotic Argonaute proteins kink their guide RNAs at the end of the seed region
(15-18). The kink appears to be stabilized by helix-7, which inserts a hydrophobic residue
(I365 in Ago2) between g6 and g7. In moving from the guide-only to the target-bound
conformation, helix-7 shifts ~4 A to interact with the minor groove of the guide-target
duplex (Fig. SA). The movement of helix-7 is required to avoid steric clashes with target
nucleotides t6 and t7 and is therefore necessary for target pairing beyond g5 (fig. S9).
Movement of helix-7 also releases the constraints on the guide RNA, relaxing the kink and
allowing g6 and g7 to adopt an A-form conformation for target pairing. Thus, the guide and
protein act synergistically to recognize target RNAs— movement of helix-7 to
accommodate targets beyond g5 also releases g6 and g7, facilitating the additional base
pairing. Formation of these base pairs generates a guide-target duplex with a minor groove
that provides a new binding surface for helix-7, thereby stabilizing the opened conformation.
Conversely, mismatches or G:U wobble pairs would present a distorted minor groove to
helix-7, which would then be more likely to shift back towards the guide RNA and displace
the mispaired target.

Seed pairing opens the N-PAZ channel for supplemental pairing

Superimposing guide-only and guide-target structures of Ago2 indicates that helix-7 and the
PAZ domain move as a discrete rigid body relative to the MID, PIWI and N domains (Fig.
5B). The hinge for this conformational change resides in the base of helix-7 and extends
across the beta-sheet in the L1 domain. We suggest that the movements in helix-7, induced
by seed pairing, are propagated to positional shifts in the PAZ domain, leading to a widening
of the N-PAZ channel. Mutation of Phe-181, which resides in the hinge, inhibits small RNA
duplex unwinding during RISC-loading (26), suggesting that related conformational changes
are involved in passenger strand removal.

Widening of the N-PAZ channel is accompanied by repositioning of the 3 half of the guide
RNA, with gl1-g16 shifting to adopt a near A-form conformation (Fig. 5C and D). Helical
stacking is disrupted after g16 by Pro-67 of the N domain and electron density for g17-g19
is weak, indicative of conformational heterogeneity. However, density for g20-g21 is visible
with the 3’ end of the guide bound to the PAZ domain. The Watson-Crick faces of g13-g16,
which can supplement repression of target sites with weak seed pairing (27), are splayed out
towards the solvent in a manner reminiscent of the seed region in guide-only structures (Fig.
5D). We suggest that seed pairing is coupled to a rearrangement in the 3’ half of the guide
that facilitates target interactions in the supplemental region. Nucleotides g12—g13 are
partially occluded by a PIWI domain loop (residues 602-608), inidicating that target pairing
to the supplemental region may nucleate at gl4—g16 and extend back into the central cleft.
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We suggest that target RNAs paired to the seed may exit the central cleft and extend over
the middle of the PIWI domain to pair with the supplemental region on the other side (Fig.
5E and F). This would the complex to maximize guide-target interactions while avoiding the
topological issues and entropic costs associated with wrapping the target and guide RNAs
around each other within the central cleft (3). Consistent with this model, complementarity
to g9—g12 is not correlated with miRNA-mediated repression (27), and the affinity of mouse
Ago?2 for a fully complementary target RNA is less than that of a similar target that pairs
only to the seed and supplemental regions (24).

An inactivated magnesium ion in the slicer active site

In addition to miRNA-mediated repression, Ago2 can silence targets by catalyzing an
endonucleolytic “slicing” reaction (28, 29). Slicing is more specific than miRNA-mediated
repression because target cleavage requires extensive complementarity between guide and
target RNAs (25, 30, 31). Slicing specificity in T. thermophilus Argonaute (TtAgo) is
achieved through a conformational switch involving insertion of a catalytic “glutamate
finger” into the active site, triggered by extensive guide-target pairing (32). While it is
possible that human Ago2 undergoes similar conformational transitions, the equivalent
glutamate residue (Glu-637) is inserted into the active site in all available Ago2 structures,
irrespective of target pairing status (fig. S10). Therefore, the mechanisms underlying slicing
specificity in humans are less clear.

We observed electron density for a metal ion in the active site of guide-selected Ago2 (Fig.
6A, B). The metal is coordinated to four water molecules, the carboxylate side chain of
Asp-597, and the main chain carbonyl of Val-598, with a coordination geometry
(octahedral) and inter-atomic distances (2.1 A) characteristic of a magnesium ion (33).
Comparison with TtAgo suggests the magnesium is the functional equivalent of catalytic
metal “B” in TtAgo guide-target structures (32) (Fig. 6C, D). However, the coordination of
metal B in TtAgo differs from that in Ago2—in TtAgo the metal is chelated by the
carboxylate groups of Asp-478 and Asp-546 (equivalent to Asp-597 and Asp-669 in Ago2,
respectively), with no interactions to the main chain (32). Comparison to structures of
bacterial RNase H indicates that metal B in TtAgo is in a conserved, cleavage-compatible
position (Fig. 6D, E). We therefore suggest that the magnesium observed in Ago2 is in an
inactivated position, stabilized by coordination to the main chain carbonyl of Val-598.

We propose that chelating to the scissile phosphate in complementary target RN As induces a
~1.5 A shift in the position of the magnesium into an active coordination similar to that
observed in TtAgo and RNase H (Fig. 6F). The shift likely involves an exchange of the main
chain carbonyl bond for a bond to catalytic residue Asp-669 (28), mediated by Asp-659. We
suggest that precise positioning of the scissile phosphate is required to move the metal ion
into the activated position, which is consistent with the observation that guide-target
mismatches near the cleavage site can dramatically reduce catalytic activity (24, 30, 34-36).
This model also explains how structural elements in the PIWI and N domains, which likely
influence positioning of the guide-target duplex within the central cleft, contribute
significantly to slicing activity (16, 17, 37).
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Discussion

The structures presented here show Ago2 in two distinct conformational states— one in
which the majority of the guide RNA is sequestered from target pairing, and a second with
the full seed and supplemental regions exposed. Although the RNAs in previous structures
of human Agol and Ago2 were mostly disordered, the proteins crystallized in conformations
similar to the guide-sequestered structure reported here, indicating this is a well-populated
conformation (15-17, 19). We propose that the guide-sequestered state limits spurious
interactions with cellular RNAs by confining pairing potential to guide nucleotides g2—g5
(Fig 1C). In this model, Ago2 primarily uses g2—g5 to identify candidate target sites (fig.
S11), which are then further interrogated by gb—g7 and helix-7. Target interactions can be
stabilized further still by pairing to g8 and/or g13—g16 and through interactions with t1
adenine nucleotides, which may also facilitate the initial identification of target sites (11).
This stepwise targeting model is similar to the mechanism of nucleic acids annealing in free
solution, where extended duplex structures are nucleated by small segments (3—4 base pairs)
of complementarity (38).

The observations that Ago2 is loaded with small RNA duplexes (39-41) and cleaves target
RNAs with extensive complementarity (28, 29) indicate the protein adopts at least one
additional conformational state with a widened central cleft to accommodate guide-target
pairing beyond g8. Extended target pairing probably requires release of the guide 3’ end
from the PAZ domain, as in TtAgo (fig. S12) (32, 42). Furthermore, the identification of
miRNA target sites with central or 3’ complementarity and limited seed pairing suggests the
protein may adopt additional stabile conformational states (43-45). However, because 80%
of miRNA-target interactions appear to function through seed pairing (44) it is likely that the
structures presented here represent the majority of miRNA targeting events in human cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structure of the Ago2-guide complex. (A) Schematic of the Ago2 primary sequence. Front

and top views of human Ago2 bound to a defined guide RNA (red). Ago2 contains a large
central cleft between two lobes (N-PAZ and MID-PIWI) connected by two linker domains
(L1 and L2). (B) Guide RNA omit map contoured at 2 o (blue mesh). (C) Nucleotides g2-g5
are fully exposed, while Ago2 occludes nucleotides g6 and g7. (D) The 3/ half of the guide
is treaded through the N-PAZ channel. (E) View down the N-PAZ channel.
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Fig. 2.
Structure of Ago2 bound to seed-matched target RNAs. (A) Sequences of guide (red) and

target RNAs (blue). (B) Front and top views of Ago2 bound to guide and target RNAs. (C)
Binding pocket for t1 adenine between L2 and MID domains. (D) Equilibrium binding data

for target RN As bearing different t1 nucleotides. Mean values from >three independent
replicates + standard error shown. (E) Ago2 interrogates the guide-target minor groove.
Protein is shown as a ribbon, RNA in surface representation, and interacting side-chains as
sticks with dots. Helix-7 (a7) indicated.
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Structural analysis of seed-pairing. (A-C) Ago2-guide-target complexes with pairing to g2—
g7 (A), g2—-g8 (B), or g2—g9 (C). (D) Alignment of g2—g9 structure (guide, red; target, blue)
with g2—g7 structure (guide pink, target light blue). (E and F) Dissociation constants of wild
type (WT) and F811A Ago?2 proteins binding target RNAs with various degrees of guide
complementarity. Ago2 was loaded guide RNAs derived from either Sodl (E) or miR122
(F). Mean of independent triplicates, +SEM.
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Fig. 4.
Ago?2 restricts guide-target pairing beyond the seed. (A) Phe-811 stacks against t9 of short

target RNAs. (B and C) The central cleft viewed from the MID (B) and N domain (C),
showing narrowing of the cleft after g8 (g13—g16 omitted for clarity). (D—E) Ago2-guide
complex bound to target RNAs paired to g2—g8 that end at t9 (D) or t11 (E). (F)
Superposition of structures in (D) and (E).
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Fig. 5.
Comparison of Ago2-guide and Ago2-guide-target structures. (A) Helix-7 (a7) shifts to

accommodate pairing to target RNAs. The Ago2-guide structure (gray) aligned to the Ago2-
guide-target structure (colored). (B) The PAZ domain and helix-7 move as a rigid body.
Superposition of protein components from Ago2-guide (semi-transparent) and Ago2-guide-
target (opaque) structures. Arrows indicate movement from guide-only to guide-target
structures. Dashed line marks hinge in the L1/L.2 domains. (C-D) Contacts to the guide
RNA supplemental region in the guide-only (C) and target-bound (D) structures. (E) The
supplemental region (g13-g16) adopts an exposed helical conformation in the Ago2-guide-
target structure. (F) Cartoon model for seed plus supplemental pairing.
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Fig. 6.

Inactive magnesium ion in the Ago2 active site. (A and B). Magnesium ion (green) is bound
to the Asp-597 carboxylate side chain, the Val-598 main chain carbonyl, and four water
molecules (brown spheres). 2F-F. map (blue mesh) contoured at 1.5 o (A), and F,-F,
magnesium omit map (green mesh) at 15 o (B). (C) Active site of Ago2 (gray) aligned with
unplugged active site of TtAgo (yellow) (PDB ID 3DLH). (D) Ago2 active site aligned with
plugged-in TtAgo (blue) (PDB ID 3HVR). Metals ions shown as spheres. (E) Ago2 active
site aligned with B. halodurans RNase H (pink with red magnesium ion; PDB ID 2G8H).
(F) Alignment of Ago2 (gray with green magnesium), TtAgo (blue) and B. halodurans
RNase H (pink) shows the Ago2 magnesium shifted 1.5 A from the active position.
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