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Structural basis for 59-nucleotide base-specific
recognition of guide RNA by human AGO2
Filipp Frank1,2,3, Nahum Sonenberg1,2 & Bhushan Nagar1,3

MicroRNAs (miRNAs) mediate post-transcriptional gene regu-
lation through association with Argonaute proteins (AGOs)1.
Crystal structures of archaeal and bacterial homologues of AGOs
have shown that theMID (middle) domainmediates the interaction
with the phosphorylated 59 end of the miRNA guide strand and this
interaction is thought to be independent of the identity of the 59
nucleotide in these systems2,3. However, analysis of the known
sequences of eukaryotic miRNAs and co-immunoprecipitation
experiments indicate that there is a clear bias for U or A at the 59
position4–7. Here we report the crystal structure of a MID domain
from a eukaryotic AGO protein, human AGO2. The structure, in
complex with nucleoside monophosphates (AMP, CMP, GMP, and
UMP) mimicking the 59 end of miRNAs, shows that there are spe-
cific contacts made between the base of UMP or AMP and a rigid
loop in the MID domain. Notably, the structure of the loop discri-
minates against CMP and GMP and dissociation constants calcu-
lated from NMR titration experiments confirm these results,
showing that AMP (0.26 mM) and UMP (0.12mM) bind with up
to 30-fold higher affinity than either CMP (3.6mM) or GMP
(3.3mM). This study provides structural evidence for nucleotide-
specific interactions in theMIDdomainof eukaryoticAGOproteins
and explains the observed preference for U or A at the 59 end of
miRNAs.

Small RNAs (miRNAs and short interfering RNAs (siRNAs)) are
short (21–24 nucleotides in length), double-stranded regulatory
RNAs8 that contain two signature characteristics: a two-nucleotide
39 end overhang and a phosphorylated 59 end. The functional strand,
referred to as the guide strand, interacts directly with the multi-
domain AGO proteins to form the RNA-induced silencing complex
(Supplementary Fig. 1a). The passenger strand, miRNA*, is usually
non-functional and released or degraded. The RNA-induced silencing
complex recognizes messenger RNAs that contain sequences comple-
mentary to the ‘seed region’ (nucleotides two to eight) of the guide
strand and targets them for post-transcriptional regulation9.

A number of recent discoveries point towards a critical role for the
phosphorylated 59 nucleotide of small RNAs in the function of these
RNAs and possibly in the biogenesis of RNA-induced silencing com-
plexes. Initially, the termini of miRNAs are determined by cleavage of
a precursor RNA with the ribonuclease III (RNaseIII) enzymes
Drosha and Dicer, a process which can be subject to varying degrees
of precision6,10. Variation in the site of cleavage at the 59 end of the
miRNA will affect the identity of the 59 nucleotide as well as the
sequence of the seed region, which is the main determinant of target
recognition. Therefore, a further mechanism for reducing the vari-
ation of the position of the 59 nucleotide must be in place and this
seems to be achieved by the process of loading miRNAs onto AGOs10.
Indeed, sequence analyses of nematode, plant and fly miRNAs show
that there is a strong bias to having a U or an A at the 59 position of the

miRNA guide strand4–7 and, importantly, a further enrichment of
these bases is observed after loading onto AGOs5. We also carried
out a bioinformatic analysis of conserved human miRNAs and found
a similar bias towards U or A at the 59 end (Supplementary Fig. 1c).
The significance of the identity of the 59 nucleotide is highlighted by
its ability to influence which strand of the miRNA duplex gets in-
corporated into the RNA-induced silencing complex5,11–13. Collectively,
these observations indicate that the interaction of eukaryotic miRNAs
with AGOs is somehow responsible for the observed bias at the
59-nucleotide position of the guide strand, which influences both
the integrity of the seed sequence and miRNA strand selection.

The interaction between miRNAs and AGOs occurs through several
contact points on the protein, mediated by distinct domains (Sup-
plementary Fig. 1a). The 39 end of the guide strand is recognized by
the PAZ (Piwi-Argonaute-Zwille) domain, which was the first crystal
structure determined from a eukaryotic AGO domain14. The 59
nucleotide is anchored to the MID domain, as shown by several crystal
structures of archaeal and bacterial AGO homologues in complex with
nucleic acids2,3,15–17 that serve as models for understanding eukaryotic
AGOs. However, these structures failed to explain the observed
59-nucleotide bias in eukaryotic miRNAs as these proteins preferen-
tially interact with DNA instead of RNA and their sequence identities
with eukaryotic AGOs are low (Supplementary Fig. 2). To understand
the molecular basis for the 59-nucleotide bias that is observed in
sequence profiles of miRNAs from eukaryotic systems, we determined
the crystal structure of the MID domain from human AGO2 (hAGO2)
alone and in complex with UMP, AMP, CMP and GMP, which mimic
the 59 end of the guide RNA.

The structure of the hAGO2 MID domain resembles a Rossmann
fold, and is characterized by a total of four alternating b-strands and
a-helices (Fig. 1a and Supplementary Fig. 1b). The b-strands form an
extended parallel b-sheet, which constitutes the core of the protein
flanked by the a-helices. The hAGO2 MID domain has the same fold
as that found in archaeal and bacterial homologues2,3,15–19, although
the positions of the secondary structural elements and loops vary
considerably among the species (Supplementary Fig. 4).

The structures of the MID domain in the nucleotide co-complexes
are essentially the same as that of the nucleotide-free state (root mean
squared deviation (r.m.s.d.) for all Ca-atoms: AMP complex, 0.18 Å;
CMP complex, 0.14 Å; GMP complex, 0.23 Å; UMP complex,
0.19 Å). The phosphate groups of the nucleotides are bound to a
conserved, basic 59-phosphate-binding pocket, which constitutes
the most extensive positively charged region on the surface of the
MID domain (Fig. 1b, c). The phosphate is hydrogen bonded to the
side chains of four highly conserved residues, Y529, K533, Q545 and
K570 (Supplementary Fig. 2), and the backbone of C546. Consistent
with our structure is that mutation of the homologous residues in
Archaeoglobus fulgidus Piwi (Y123A, K127A, Q137A and K163A)
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resulted in decreased affinity for 59-phosphorylated RNA, and that
mutation of the phosphate-binding residues in hAGO2 (K533A,
Q545A and K570A) led to decreased cleavage activity2.

The positions of the nucleotides seen here are essentially the same
as that of the 59 nucleotide in previous structures of archaeal and
bacterial AGO homologues bound to nucleic acids2,3,15–18 (Sup-
plementary Fig. 5), which showed that the 59 nucleotide flips out
of the helical duplex and engages the MID domain with several
hydrogen bonds and van der Waals interactions. This suggests that
our structures of the isolated MID domain bound to 59-end miRNA-
mimics reflect the physiological binding mode observed in intact
AGOs bound to guide RNA. In full-length AGO, the phosphate
group of the 59 nucleotide also interacts with the carboxy terminus
of AGO via a magnesium ion. Superposition of full-length Thermus
thermophilus AGO onto the hAGO2 MID domain indicates that the
C terminus interacts only with the phosphate moiety of the nucleo-
tide and not the base (Supplementary Fig. 6).

The structures of the UMP and AMP complexes show clear,
well-defined electron density for all components of the nucleotide
(Fig. 2a, b). The bases of both AMP and UMP stack up against Y529
of the phosphate-binding pocket, which contributes non-specific
recognition of the 59 nucleotide in hAGO2. Similar non-specific
interactions were observed in complexes of A. fulgidus Piwi and
T. thermophilus AGO with nucleic acids2,3,15–18. However, in our
structures we observe further specific interactions made by the bases
of AMP and UMP with backbone atoms from within the loop con-
necting strand 3 and helix 3, which we term the nucleotide specificity
loop (Fig. 2a, b). The larger purine moiety of AMP is slightly tilted
relative to that of UMP such that the hydrogen bond acceptors in
their pyrimidine rings (O4 and N1 from AMP and UMP, respec-
tively) coincide in space, allowing them to make hydrogen bonds
with the backbone amide group of T526 (Supplementary Fig. 7).
Similarly, hydrogen bond donors in the pyrimidine ring (N3 and
C2 from UMP and AMP, respectively) make contact with the carbonyl
of G524. C2 from the aromatic pyrimidine ring of AMP can act as a
hydrogen bond donor owing to the d1 charge on the H2 atom20.

For the CMP and GMP co-crystals, we observe residual electron
density for the phosphate and ribose sugar but, notably, electron
density for the bases is missing (Fig. 2c, d). CMP and GMP have
hydrogen-bonding patterns opposite to those in UMP and AMP,
respectively, resulting in charge repulsion from backbone atoms in
the nucleotide specificity loop (Supplementary Fig. 8). Furthermore,
GMP contains an amine group in its pyrimidine ring that would clash
with the carbonyl of G524 (Fig. 2d). These structural observations are
in agreement with the bias against G or C at the 59 position of
miRNAs (Supplementary Fig. 1c). It should be noted that the region

corresponding to the nucleotide specificity loop in T. thermophilus
AGO also makes backbone hydrogen bonds with the 59-nucleotide
base; however, whether these interactions confer selectivity was not
further investigated16 (Supplementary Fig. 9).

In the absence of bound nucleotide, the conformation of the nuc-
leotide specificity loop is unchanged (Supplementary Fig. 10). P523
and P527 located at either end of this loop help to maintain its rigid
conformation and G524 places a sharp kink in its trajectory (Sup-
plementary Fig. 11a). The distinct conformation of this loop seems to
be an important aspect of base recognition in hAGOs as the corres-
ponding region in A. fulgidus Piwi is pulled away from the nucleotide
base and does not make similar specific interactions3,18 (Supplemen-
tary Fig. 12). The nucleotide specificity loop is absolutely conserved
in all four human AGOs, as well as the miRNA-associated Drosophila
melanogaster AGO1 and Caenorhabditis elegans ALG-1 and ALG-2
(Supplementary Fig. 11b). Conversely, the loop and indeed the majority
of the protein are not highly conserved in AGOs that act in other small
RNA pathways, such as the siRNA associated D. melanogaster AGO2
(Supplementary Fig. 11b).

To characterize the interaction of the various nucleotides with the
MID domain directly in solution, we carried out 1H–15N heteronuclear
single quantum coherence (HSQC) NMR titration experiments. Both
AMP and UMP caused substantial chemical shift changes in at least 12
peaks of the spectra corresponding mainly to backbone amides (Fig. 3a
and Supplementary Fig. 13). In contrast, titration with GMP or CMP
led to only half as many chemical shift differences. We next took the
magnitudes of these chemical shift differences at increasing concentra-
tions of nucleotide titrant to construct binding curves from which
dissociation constants could be extracted (Fig. 3b and Table 1). In
agreement with our crystallographic results, the MID domain has the
highest affinity for UMP (0.12 mM) followed by AMP (0.26 mM),
whereas the affinities for CMP (3.6 mM) and GMP (3.3 mM) are con-
siderably weaker.

The interactions made between the nucleotide specificity loop and
the nucleotide base are mediated by protein backbone atoms only;
therefore, choosing mutations that can modulate the specificity of the
loop to verify its role is difficult. As noted above, the region corres-
ponding to the nucleotide specificity loop in A. fulgidus Piwi is too far
from the base of the 59 nucleotide to make specific interactions and its
position varies depending on the nucleotide present (Supplementary
Fig. 12). Comparison of the loop sequences of hAGO2 and A. fulgidus
Piwi suggests that this may be due to a one-residue insertion in the
latter (Supplementary Fig. 2). Hence, to test the function of the loop in
imparting base specificity, we chose to introduce an extra residue (G)
between K525 and T526. NMR titration analysis of this loop-insertion
mutant of hAGO2 with nucleoside monophosphates shows that base
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Figure 1 | Overall structure of the hAGO2 MID domain. a, Ribbon
representation of the MID domain, with UMP depicted in stick
representation. Highlighted in yellow is the nucleotide specificity loop. The
phenylalanine residues, F470 and F505 (shown as sticks in red), proposed to
be involved in cap binding24 are both buried within the hydrophobic core of

the protein (Supplementary Fig. 3). b, Mapping of surface conservation of
selected eukaryotic AGOs (see Supplementary Fig. 2). c, Electrostatic
potential surface representation25. All molecular figures were generated
using PyMol (http://www.pymol.org).
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selectivity is abolished (Table 1 and Supplementary Figs 14 and 15).
This confirms that the nucleotide specificity loop has an important
role in selecting the identity of the base bound to the hAGO2 MID
domain.

It is becoming apparent that the 59 end of small RNAs is a crucial
factor for various functional aspects of RNA silencing. Crystallographic
studies carried out withT. thermophilusAGO have established that the
39 end of the guide strand is released from its binding site in the PAZ
domain on duplex formation with target RNA, whereas the 59 end
remains anchored to the MID domain16. Furthermore, a study using
recombinant hAGO2 found that changing the 59 U of let-7 miRNA

abolishes cleavage of the target mRNA in an in vitro system, but the
interaction between the single-stranded miRNA and hAGO2 was
maintained21. Together with our structural data, this indicates that a
tight interaction between the 59 nucleotide and the MID domain,
provided only by U or A, is required for maintaining the complex once
the 39 end is released on duplex formation and hence for proper target
processing.

The importance of the 59-nucleotide interaction with the MID
domain is further emphasized by recent studies that analysed small
RNAs associating with AGO proteins in Arabidopsis thaliana, which
have identified a strong preference for a particular 59 nucleotide in
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Figure 2 | Crystal structures of hAGO2MID domain in complex with UMP,
AMP, CMP and GMP. a–d, Human AGO2 MID domain in complex with
UMP (a), AMP (b), CMP (c) and GMP (d). UMP and AMP are modelled and
shown in stick representation. Only the phosphate groups of GMP and CMP
were modelled (not shown). The nucleotide specificity loop is shown
without side chains and highlighted in yellow. Relevant backbone atoms in
the loop are indicated with blue spheres (nitrogen) and red sticks (oxygen).
Difference electron density contoured at 2.5s is shown before inclusion of
any nucleotide in the model. Dotted black lines indicate hydrogen bonds.

Adjacent to each structure are two-dimensional representations of the
contacts between NMPs and the MID domain. The 59-nucleotide specificity
loop is highlighted in yellow and orange. In green are hydrogen bonds with
distances in Å. ‘Eyelashes’ represent van der Waals contacts. Atoms of UMP
and AMP that interact with the nucleotide specificity loop are labelled and
circled. Curved red lines mark repulsive interactions between the base of
GMP or CMP and the nucleotide specificity loop. Clashing hydrogen atoms
for GMP are shown to highlight the repulsive interactions.
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the small RNA to interact with specific members of the plant AGO
protein family11–13,22. A similar observation was also made in the small
RNAs that associate with D. melanogaster AGO1 and AGO25,23.
A. thaliana AGOs as well as D. melanogaster AGO2 share little overall
sequence similarity with hAGO2 and therefore direct extrapolations
of the results presented here are not easily made. However, our results
indicate that the region corresponding to the nucleotide specificity
loop in these proteins will have an important role in determining the
sorting of small RNAs via the 59 nucleotide by distinct AGO proteins,
although the exact manner in which it does so awaits further struc-
tural analyses. Taken together, the crystal structures of the hAGO2–
nucleoside monophosphate (NMP) complexes and the binding
assays establish that the MID domain of eukaryotic AGOs specifically

recognizes the 59-nucleotide base of small RNAs and this interaction
probably has a key role in RNA silencing.

METHODS SUMMARY
Protein preparation. The hAGO2 MID domain was cloned into the BamHI and

NotI sites of a pSMT3 vector26, which contains an amino-terminal Ulp1 cleavable

His6-Sumo tag. The protein was bacterially expressed using standard protocols

and purified by Ni-affinity chromatography, cleavage of the tag and Superdex-75

size-exclusion chromatography in 25 mM Tris buffer, pH 8.0, 150 mM NaCl, 5%
glycerol, and 3 mM dithiothreitol (DTT) (for crystallization), or in 25 mM MES

buffer, pH 6.5, 200 mM NaCl, and 3 mM DTT (for NMR). Site-directed muta-

genesis was performed using the Quickchange kit (Stratagene).

Crystallization, data collectionand structure determination.Crystals (approxi-

mately 0.2 mm3 0.2 mm3 0.6 mm in size) of native and SeMet-substituted

hAGO2 MID domain (439–578) were grown by hanging-drop vapour diffusion

at 4 uC. Protein at 10–15 mg ml21 was mixed 1:1 with a well solution containing

0.1 M imidazole, pH 8.0, 0.2 M NaCl, 0.46 M NaH2PO4 and 1.84 M K2HPO4.

Protein-nucleotide crystals were obtained by soaking native crystals in a drop
containing 0.2 M (NH4)2SO4, 0.1 M Na Cacodylate buffer, pH 6.5, 15% PEG

8,000, 20% glycerol, and 20 mM NMP. Diffraction data for flash-cooled SeMet-

substituted crystals (cryoprotected with 15% glycerol) were collected at the

Cornell High Energy Synchrotron Source (CHESS) beamline A1 and processed

using HKL200027 (Supplementary Table 1). Diffraction data for nucleotide-

containing crystals were collected on a Rigaku rotating copper-anode generator.

The structure was solved by single-wavelength anomalous diffraction (SAD)

using the Solve/Resolve program28 and refined with Arp/Warp29 and Phenix30.

The nucleotide complexes were solved by difference Fourier analysis using the

native structure.

NMR titration experiments. All NMR experiments were performed at 293 K

using a Bruker 600 MHz spectrometer. NMR titrations were carried out by

acquiring 1H–15N HSQC spectra on samples of 0.10–0.25 mM 15N-labelled

hAGO2 MID domain (432–578) with the addition of increasing amounts of

unlabelled ligand.
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