














ago6-6, change structurally important Gly residues involved in
b-turns (Figures 4B and 4C). For example, the intermediate-
strength ago1-44 mutation changes a Gly to a Glu in a position
of the structure where the dihedral angles only allow a Gly. The
third, and most remarkable mutation, is the L573F change in
ago1-24. This mutation produces a null phenotype, demon-
strating that even seemingly mild changes in this domain can
result in complete loss of function, probably as a consequence
of lost structural integrity of L2. This finding is unexpected as the
sequence of this part of L2 is not particularly conserved in

plants. It does, however, clearly fill out a space between the MID
and Piwi domains close to the bound RNA, and it provides
stabilization of a coil in the Piwi domain that is directly involved
in coordination of the 59end of the RNA.

The MID-Piwi Interface and 59End Binding of Small RNA

The MID/Piwi lobe binds the structurally well-defined 59end of
the small RNA, in contrast with the N/DUF1785/PAZ lobe that
harbors its flexible part. This fundamental property of AGO-small

Figure 4. L2 Is a Significant Structural Unit.

(A) Surface representation of the human Ago2 highlighting the large footprint of L2. Note that all domains are interacting with L2.
(B) Structural overview of the missense mutations in L2 with orientation as in (A). The ago1-43 missense mutation is likely to reduce the stability of the
interface between the N- and C-lobes.
(C) View of three modeled L2 missense mutations located between the MID (green) and Piwi (gray) domains. The G455R (ago6-6) and L573F (ago1-24)
could have an indirect effect on the RNA binding, whereas the destabilization caused by the G579E mutation in ago1-44 is less clear.

Figure 3. Structural Integrity of the PAZ Domain Is Important for Function.

(A) Ribbon diagram of human Ago2 pointing out the locations of three plant missense mutations in the PAZ domain.
(B) Three mutations in zll-16/ago1-18 and ago1-42 change two conserved Pro residues constituting important hydrophobic interactions (illustrated in
yellow) needed for proper folding of the domain. The zll-7 mutation E445A disrupts H-bonds to two backbone amides also resulting in destabilization of
the PAZ domain.
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RNA complexes was also observed in structures of DNA-bound
thermophile AGO complexes (Wang et al., 2008). It explains a
wealth of computational and biochemical evidence, especially
from animals, pointing to the 59end of the small RNA as being of
particular importance for target interaction.

The vast majority of the 38 missense mutations summarized
here are located in the MID and Piwi domains (Figures 1B and
1C) probably in part as a consequence of their importance in
binding the small RNA in a well-defined conformation that allows
target interaction. The two globular domains are highly con-
served and are held together by an extensive network of con-
tacts. In addition, the low root mean square deviation values
between the Ca atoms of homologous AGO structures indicate
that the orientation of the two domains is fixed (human and
Kluyveromyces polysporus, 1.54 Å/380 Ca). This appears to be
of fundamental functional importance because of the conspic-
uous density of mutations, 13 in total, on or in close proximity to
the interface between the two domains (Figure 5A). Thus, dis-
ruption or even slight distortion of the MID–Piwi interaction
seems to profoundly affect function. A plausible explanation for
this is that small RNA binding requires specific spacing between
the domains as well as a series of specific interactions to con-
served side chains that are very sensitive to regional mutations.

Some of the mutations in plant AGOs directly illustrate the
importance of coordination of the 59phosphate of the small RNA
in the MID domain. The ago7-16 mutation introduces a seem-
ingly conservative change of a deeply conserved Arg residue to
a Lys (R944K). However, more careful analysis shows that this
Arg, in spite of its location in the Piwi domain, is directly involved
in coordination of the 59phosphate. To be positioned close to
the 59phosphate, the guanidinium group of the Arg requires
coordination by hydrogen bonding to a Glu located in the MID
domain (Figure 5B). Such coordination cannot be performed by
a Lys. Interestingly, the ago7-13 mutation changes the very

same Glu that allows Arg-944 to contact the 59phosphate,
confirming that this part of the structure is needed for proper
59phosphate binding (Figure 5B).
AGO proteins are well known to exhibit selective small RNA

binding depending on the identity of the 59nucleobase of the
small RNA. For example, AGO1 exhibits a strong preference for
59uridine, while AGO2 and AGO4 associate mainly with small
RNAs starting with a 59adenosine (Mi et al., 2008). Recent
structures of plant and animal MID domains have identified the
so-called nucleotide specificity loop in the MID domain that
makes contacts to the 59nucleobase (Frank et al., 2010, 2012).
No mutations have been recovered in the nucleotide specificity
loop, but the ago1-49 mutation illustrates the importance of
binding of the 59nucleotide base. This strong loss-of-function
mutation results in a Gly-to-Asn change. Although the Gly is not
directly associated with small RNA binding, its preceding resi-
due, a strongly conserved Tyr, is stacking with the 59uridine of
the small RNA and coordinates the 59phosphate by its hydroxyl
group. The strong phenotype of ago1-49 can therefore be
explained by a structural change in the local environment
disturbing 59nucleotide binding.

New Twists on Interactions with GW Proteins

The structural work on thermophile AGO proteins cannot be
used as a model for understanding interactions with GW
proteins because such interactions have only been described
for eukaryotic AGO proteins. While none of the reported
eukaryotic AGO structures provide direct views of complexes with
GW proteins, the work of Schirle and MacRae (2012) on human
Ago2 provides interesting clues to the molecular basis for these
interactions. They succeeded in growing crystals only in the
presence of 100 mM phenol and noticed that two well-defined
phenol molecules could be found in two hydrophobic pockets in

Figure 5. The MID and Piwi Domains Are Highly Sensitive to Mutations.

(A) Structural overview highlighting the density of missense mutations on or in close proximity to the MID-Piwi interface. A close-up view of the region
shows the location of the 13 missense mutations in this region.
(B) Presentation of mutations directly involved in the 59RNA binding. Conserved residues are part of a H-bond network involved in 59phosphate
coordination.
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the surface of the Piwi domain far away from the bound small
RNA. Structures with free Trp bound showed the indole ring
inserted into the hydrophobic pockets, suggesting that they are
the binding sites for GW repeat proteins (Schirle and MacRae,
2012). Human Ago2 mutations that abolish GW interactions
were previously found to cluster around the 59phosphate bind-
ing site in the MID domain (Till et al., 2007). However, re-
inspection of these mutational data in light of the structure of
human Ago2 shows that nearly as many disruptive mutations
are concentrated around the Trp binding pockets, including
a conserved Lys whose side chain makes up one side of a
pocket. Loss of GW interaction in the MID domain mutants may
well be an indirect consequence of loss of small RNA binding,
since recent proteomics studies show that human Ago2 interacts
with only partly overlapping sets of proteins depending on its
small RNA loading, and one GW182 family member is bound
exclusively by Ago-miRNA complexes (Frohn et al., 2012). In
addition, a Drosophila Ago1 mutant with reduced GW182 in-
teraction, yet intact miRNA binding, is located in the putative GW
binding pocket (Eulalio et al., 2009).

Do we learn anything new about the functions of plant AGO
proteins from the identification of these putative GW binding
sites? Alignment of sequences surrounding the two Trp binding
pockets in human Ago2 suggests that at least one binding pocket
is well conserved in AGO1 and AGO10 (see Supplemental Figure 1
online). The functional importance of this binding site is
supported by the ago1-26 allele that has a Ser in place of
a conserved Pro residue (Pro-840 in At-AGO1 and Pro-661
in Hs-Ago2). This Pro lines the binding pocket and its re-
placement by Ser is predicted to decrease hydrophobicity
and dislocate conserved residues (Leu-650, Lys-660, and
Tyr-698 in Hs-Ago2) in the Trp binding environment (Figures
6A and 6B). Therefore, the ago1-26 allele indirectly provides
evidence that one or more so far elusive GW interaction
partners are required for silencing by miRNAs and siRNAs in
association with AGO1.

The existence of the second Trp binding pocket is less clear
based on sequence conservation between human and plant
AGOs alone (see Supplemental Figure 1 online). Evidence for its
existence in plant AGOs is provided by the ago10-14 allele. This
mutation affects a conserved Asp that engages in hydrogen
bonding with two backbone amide groups to stabilize a turn in
the Piwi domain necessary for formation of the pocket (Figures
6A and 6B). This observation is of particular importance for
models of AGO10 function. AGO10 has been proposed to
function as a competitive inhibitor of miR165/166-AGO1 com-
plexes through specific, efficient loading of this miRNA but poor
silencing activity of the AGO10-miR166 complex (Zhu et al.,
2011). In this model, loss of the shoot apical meristem observed
in ago10 loss-of-function mutants is a consequence of exag-
gerated silencing by AGO1-miR166 of a family of transcription
factors that are required for meristem maintenance. There is
good evidence for this model: Shoot apical meristem pheno-
types of ago10 can be suppressed by inhibition of miR166

activity, and specific features in pre-miR166 have been identified
that dictate preferential loading of miR166 into AGO10 (Zhu et al.,
2011). However, more classical silencing functions of AGO10
in association with other miRNAs have also been proposed
(Brodersen et al., 2008; Mallory et al., 2009; Ji et al., 2011). From
a molecular perspective, the competitive inhibitor mode of
AGO10 function would only require miR166 binding, while the
silencing function would require the full range of biochemical
properties of AGO proteins. Since the Trp binding pockets are
situated far away from the small RNA interaction surface in the
Piwi domain, one may predict that mutations in the Trp pockets
should affect only the silencing mode and not the competitive
inhibitor mode of AGO10 function. This condition is met, since the
ago10-14 allele does not exhibit the shoot apical meristem de-
fects of ago10 null mutants (Y.J. Kim and X. Chen, unpublished
data; Ji et al. 2011). Thus, the structural analysis of ago10mutants
is consistent with both proposed modes of AGO10 function and
suggests that silencing by AGO10 involves one or more GW
proteins yet to be identified. It further indicates that ago10-14
could be particularly useful for exploring such GW interactions, as
could ago1-26 in the case of AGO1.

The Missing GW Interactors: A Case of Autoinhibition?

Despite serious attempts in several laboratories, no plant GW
protein acting in the miRNA pathway with AGO1 or AGO10 has
yet been purified, and it has only very recently been shown that
the helicase SDE3 uses GW motifs to interact with AGO1 in
transposon regulation (Garcia et al., 2012). Genetic evidence
implicates the GW-containing protein SUO in repression of
some miRNA targets, but it is unclear whether SUO interacts
physically with AGO1 and whether it requires GW dipeptides for
function (Yang et al., 2012). By contrast, GW proteins readily
copurify with AGO proteins from animal cells. This is all the more
puzzling given the mutational evidence for the importance of
intact Trp binding pockets in the plant AGOs.
Inspection of the alignment of human and plant AGOs in the

region surrounding the least conserved binding pocket reveals
an interesting clue to the solution of this problem: The plant
proteins all contain an insertion of a Trp residue in the loop atop
the binding pocket (Figure 6C; see Supplemental Figure 1 on-
line). Flexible backbone modeling of this loop shows two pre-
ferred scenarios regarding this inserted Trp: Either the indole
side chain is inserted into the pocket (closed conformation), or it
projects outwards into the solvent (open conformation) (Figure
6D). This predicts that although interactions with GW proteins
are possible in the open conformation, the affinity may be much
reduced compared with the situation in animal AGOs. This could
explain why such interactors are easily lost in affinity purifica-
tions of AGO proteins and immediately suggests strategies to
circumvent this problem.
What might have favored the appearance of such an auto-

inhibition mechanism in plant AGO proteins? One possibility is
protection from viruses, since AGO proteins, as key antiviral
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host factors, may be extremely vulnerable if simple GW repeats
are all it takes to evolve a strong interactor. It is also possible
that high-affinity AGO-GW interactions would compromise
specificity of RISC formation with the different AGO proteins,
necessitating evolution of a mechanism to reduce spurious
AGO-GW interactions. However, the most intriguing possibility
relates to a new model for the constitution of the active site for
slicing that we discuss below.

The Mechanism of Slicing: Four Is More Dynamic
Than Three

One of the most important new observations emanating from the
eukaryotic AGO structures concerns the catalytic mechanism of

slicing. Based on the thermophile AGO structures and the muta-
tional evidence from a range of eukaryotic AGOs, it has been
generally accepted that the active site of AGO proteins is com-
posed of a catalytic triad, typically two Asp residues and a His
residue or three Asp residues. Nakanishi et al. (2012) now point out
that the eukaryotic AGO structures strongly suggest the existence
of a catalytic tetrad, rather than a triad. Mutational evidence in yeast
Ago confirmed that a fourth residue, an invariant Glu corresponding
to Glu-637 in human Ago2, is indeed essential for catalysis. The
authors further suggested that this fourth residue, positioned in
a loop, is recruited to the active site only when needed for slicing. In
both the yeast and human structures, the Glu-637 loop and Glu-
637 itself is part of an extensive hydrogen bond network that may
guide its active site recruitment (Nakanishi et al., 2012).

Figure 6. Hs-Ago2 Trp Binding Pockets Are Likely to Be Conserved in Plants.

(A) Structural overview of Hs-Ago2 pointing out the close proximity between the ago10-14 and ago1-26 mutations and the ligand-bound Trp residues
(cyan), suggesting a functional connection to the Trp binding sites.
(B) Top: Side view of the two Trp binding pockets. Pro-840 mutated in ago1-26 constitutes parts of one of the pockets (Trp; light blue), but the mutation
could interfere with both pockets due to its central location (cyan and light blue). The ago10-14 D731N mutation shows how changing the non-
conserved environment involved in Trp binding in Hs-Ago2 has an effect in plants. Bottom: Different view of top panel. The red asterisks indicate the
location of the Trp insertion pointed out in (C).
(C) The primary sequence alignment of Human (Hs), Drosophila (Dm), C. elegans (Ce), and Arabidopsis AGOs reveals insertion of a conserved Trp in the
loop connecting b30-b31 in plant AGOs.
(D) Backbone modeling of the At-AGO1 loop connecting b30-b31. The model shows the conformation of the plant-specific Trp (red) inserted at the
Hs-Ago2 Trp binding site (cyan). The model suggests two possible conformations: one excluding additional Trp binding (closed) and one allowing
binding of hydrophobic elements from an external source (open).

32 The Plant Cell

PERSPECTIVE



Inspection of sequence alignments and the mutational data
on Arabidopsis AGO1 provide evidence that the active site in
plant AGOs is similarly composed of such a catalytic tetrad. The
catalytic Glu residue and its hydrogen bond partners are con-
served, and one of the strongest missense mutations in AGO1
results in the His765Leu change. The corresponding His-600
residue in human Ago2 directly coordinates the catalytic Glu
(Figures 7A and 7B), and mutation of this His residue in budding
yeast Ago was shown in biochemical assays to decrease slicer
activity by approximately sevenfold (Nakanishi et al., 2012). Al-
though evidence for the catalytic tetrad model is solid, the
present structural data do not reveal exactly how the catalytic
Glu residue contributes to catalysis. In the crystallized confor-
mation with guide strand bound and not target strand, the car-
boxylate group is fully occupied by hydrogen bond and salt
bridge partners. Several rearrangements must therefore take
place before it can participate in catalysis.

The model of a dynamic constitution of the active site opens
some interesting venues for investigation of plant small RNA
biology. In plants, miRNAs and siRNAs are well known to exhibit
extended complementarity to their targets, and evidence for
slicing of targets can generally be found. Nonetheless, miRNAs
and siRNAs can also regulate their targets via translational re-
pression, raising the obvious question of how slicing is avoided
in these cases. No convincing solution has been proposed, and
it is indeed a genuinely difficult problem: Biochemical evidence
clearly shows that the guide RNA-AGO complex constitutes
a minimal, slicer-competent RISC (Rivas et al., 2005), implying
that cofactors must be required to inhibit this activity, if trans-
lational repression rather than mRNA cleavage is the result of
a RISC–mRNA interaction with a highly base-paired guide RNA-
target RNA duplex. On the other hand, the structural studies
on thermophile, and now also eukaryotic AGOs, indicate that
the canonical catalytic triad would be difficult to modulate by

protein–protein interaction: These three residues are placed in
the most rigid and conserved part of the Piwi domain (Figure
1B), are facing the RNA binding cleft, and are out of reach for
protein interaction partners.
The model of recruitment of a fourth active site residue offers

an attractive solution, since it predicts that slicing should be
inhibited if recruitment is prevented. The eukaryotic AGO
structures suggest that such modulation of active-site re-
cruitment is possible. The loop containing the catalytic Glu-637
residue connects b-strand 31 and a-helix 16 that follows di-
rectly after the two GW binding pockets (Figure 1B). In line with
this, the Trp residues bound to human Ago2 are oriented with
the Ca-CO bond pointing toward the Glu-637 loop. Although
the Piwi domain is unlikely to undergo major structural
changes, it is plausible that movements in this loop can be
influenced by GW proteins docking to the nearby pockets
(Figure 7C).
The possibility that GW proteins could regulate slicer activity

suggests interesting explanations for why plant AGOs, contrary
to animal AGOs, harbor the putative autoinhibitory Trp residue.
Slicer inhibition probably must be tightly regulated and should
only occur in the presence of sufficiently high concentrations of
specific partners. Such switch-like decision making would be
facilitated by the proposed autoinhibition mechanism.
We also note that a viral suppressor of RNA silencing, P38

from turnip crinkle virus, is known to require a GW motif for
suppressor activity and AGO1 interaction (Azevedo et al.,
2010). Slicer activity is believed to be important in antiviral
defense and is therefore an obvious target of viral virulence
factors. Intriguingly, association of siRNAs, but not miRNAs,
with AGO1 is inhibited in the presence of P38 (Schott et al.,
2012). This could well be a consequence of slicer inhibition
because only the duplex intermediate of siRNAs is perfectly
self-complementary. Evidence from plant and animal systems

Figure 7. The ago1-12 Allele Provides Evidence for a Catalytic Tetrad in Plants.

(A) Overview showing the location of the ago1-12 mutation.
(B) Close-up view of the Hs-Ago2 active site region showing the catalytic tetrad (EDDH). The ago1-12 H765L mutation disrupts the H-bond to the
deeply conserved Glu (Glu-736 in Hs-Ago2), with the active site residue suggested to be recruited for slicing.
(C) The proximity of the Trp binding sites and the E736 loop (in red). Interactors bound to the Trp binding pockets could reach the E736 loop and thereby
modulate its active site recruitment. Note that A865V missense mutation in ago1-40 is located in this area expected to be included in the GW interaction
surface.
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shows that loading of such siRNAs requires slicer activity for
passenger strand cleavage, contrary to miRNAs (Matranga
et al., 2005; Iki et al., 2010).

Changing Unknown Unknowns to Known Unknowns

Although impressive progress has been made in understanding
small RNA and AGO protein biology, much remains to be learned.
The analysis of structure and point mutations presented here
shows how mutations can directly interfere with some of the
core functions of AGO proteins or affect structural integrity. Yet,
a small set of mutations cannot reasonably be explained based
on structures and known biochemical properties. Therefore,
these mutations are likely to define AGO protein functions that
remain to be understood. The most obvious examples are lesions
in surface-exposed residues without direct contacts to important
secondary structure elements and include the mutations ago1-45,
ago1-40, ago4-2, and ago7-15.

The weak ago1-45 R696H mutation is located in a-helix 13 in
the Piwi domain, a region that also harbors three additional
mutant alleles: ago7-13, ago1-49, and ago7-8 (Figure 1B). This
a-helix is involved in RNA binding and participates in the MID–
Piwi domain interaction. These functions are probably affected
in ago7-13, ago1-49, and ago7-8. However, the side chain of
Arg-696 is solvent exposed and does not seem to have any
significant intramolecular interactions that can be hampered by
the mutation. The structure of the isolated Arabidopsis AGO1
MID domain is consistent with this conclusion (Frank et al.,
2012). This argues against structural differences between Hs-
Ago2 and At-AGO1 as the cause for difficulty in functional as-
signment of Arg-696, conserved in most plant AGOs and proven
by genetics to have important function.

The ago1-40 A865V mutation, located in a17, is partly surface
exposed and cannot be expected to have a major effect on the
fold. Accordingly, this mutation produces a very weak phenotype.
Its location between the Trp binding pockets and the catalytic Glu
loop raises the possibility that it may be linked to GW interactors.

The ago4-2 allele has a Glu-Lys mutation at a freely acces-
sible position in an apparently unconserved loop region con-
necting the MID and Piwi domains. Remarkably, the ago4-2
mutation is dominant negative (Agorio and Vera, 2007). Taken
together, these structural and genetic properties of the ago4-2
mutation strongly suggest that this loop engages in protein–
protein interactions essential for AGO4 function. The lack of
conservation of the loop and its likely participation in protein–
protein interactions is interesting because it suggests that this
loop may be a starting point to understand the properties that
make AGO family members different and enable participation in
specialized RNA silencing pathways.

Finally, the ago7-15 mutation S810N is interesting. This resi-
due is completely conserved, and it is positioned in the Piwi
domain facing the cleft between the N/DUF1785/PAZ- and MID-
Piwi lobes. Therefore, it is possible that this residue is involved in
RNA target binding. While such a function would be common to

all AGO proteins, and therefore consistent with the complete
conservation of Ser-810, even weak reductions of this function
would be particularly deleterious to AGO7. This is because AGO7
is strictly required for biogenesis TAS3 tasiRNAs not only as
a result of TAS3 precursor transcript cleavage, but also because it
stably associates with the precursor transcript in a noncleaving
mode upstream of the cleavage site (Montgomery et al., 2008).
The molecular basis of this noncleaving mode of AGO7 function is
not understood, and ago7-15 is a candidate for a mutation af-
fecting this function, perhaps via decreased target RNA binding.

Concluding Remarks

The determination of structures of small RNA-bound entire
eukaryotic AGO proteins is an achievement of key importance to
the understanding of RNA silencing. It offers precise physico-
chemical explanations to many biochemical and genetic ob-
servations of AGO function, as shown here with a systematic
analysis of functional consequences of agomutations recovered
in Arabidopsis genetic screens. This enables the selection of
specific mutant alleles defective in defined AGO functions in
future genetic and biochemical studies. The parallel analysis of
structural and genetic data also provides a solid platform on
which to construct novel hypotheses for future research. Indeed,
these functional and structural assignments will be useful for
design of genetic and biochemical approaches that use the ex-
isting mutant alleles to explore aspects of AGO function unknown
at present. We can therefore now look forward to a substantially
accelerated understanding of how the AGO family exerts its key
regulatory functions in plant biology.

Supplemental Data

The following materials are available in the online version of this
article.

Supplemental Figure 1. Sequence Alignment of Plant, Yeast, and
Animal AGOs.

Supplemental Table 1. Mutant Alleles of Arabidopsis AGO Genes
Recovered by Forward Genetics.
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