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Gene silencing via RNAi is carried out by RISC, the RNA-
Induced Silencing Complex. RISC contains two signature
components, small interfering RNAs and Argonaute
family proteins. Here, we show that the multiple
Argonaute proteins present in mammals are both
biologically and biochemically distinct, with a single
mammalian family member, Ago2, being responsible for
mRNA cleavage activity. This protein is essential for
mouse development and cells lacking Ago2 are unable to
mount an experimental response to siRNAs. Mutations
within a cryptic RNAseH domain within Ago2, as
identified by comparison to the structure of an archeal
Argonaute protein, inactivate RISC. Thus, our evidence
supports a model in which Argonaute contributes “Slicer”
activity to RISC, providing the catalytic engine for RNAi.

The presence of double-stranded RNA (dsRNA) in most
eukaryotic cells provokes a sequence-specific silencing
response known as RNA interference (RNAi) (1, 2 ). The
dsRNA trigger of this process can be derived from exogenous
sources or transcribed from endogenous non-coding RNA
genes that produce microRNAs (miRNAs) (1, 3).
RNAi begins with the conversion of dsRNA silencing triggers
into small RNAs of ~21-26 nt in length (4). This is
accomplished by processing of triggers by specialized
RNAseIII family nucleases, Dicer and Drosha (5, 6).
Resulting small RNAs join an effector complex, known as
RISC (RNA-Induced Silencing Complex) (7). Silencing by
RISC can occur via several mechanisms. In flies, plants and
fungi, dsRNAs can trigger chromatin remodeling and
transcriptional gene silencing (8–11). RISC can also interfere
with protein synthesis, and this is the predominant
mechanism used by miRNAs in mammals (12, 13). However,
the best-studied mode of RISC action is mRNA cleavage (14,
15). When programmed with a small RNA that is fully
complementary to the substrate RNA, RISC cleaves that
RNA at a discrete position, an activity that has been attributed

to an unknown RISC component, “Slicer” (16, 17). Whether
or not RISC cleaves a substrate can be determined by the
degree of complementarity between the siRNA and mRNA,
as mismatched duplexes are often not processed (16).
However, even for mammalian miRNAs, which normally
repress at the level of protein synthesis, cleavage activity can
be detected with a substrate that perfectly matches the
miRNA sequence (18). This prompted the hypothesis that all
RISCs are equal with the outcome of the RISC-substrate
interaction being determined largely by the character of the
interaction between the small RNA and its substrate.
RISC contains two signature components. The first is the
small RNA, which co-fractionated with RISC activity in
Drosophila S2 cell extracts (7) and whose presence correlated
with dsRNA-programmed mRNA cleavage in Drosophila
embryo lysates (14, 15). The second is an Argonaute protein,
which was identified as a component of purified RISC in
Drosophila (19). Subsequent studies have suggested that
Argonautes are also key components of RISC in mammals,
fungi, worms, protozoans and plants (17, 20).

Argonautes are often present as multiprotein families and
are identified by two characteristic domains, PAZ and PIWI
(21). These proteins mainly segregate into two sub-families,
comprising those that are more similar to either Arabidopsis
Argonaute1 or Drosophila Piwi. The Argonaute family was
first linked to RNAi through genetic studies in C. elegans,
which identified Rde-1 as a gene essential for silencing (22).
Our subsequent placement of a Drosophila Argonaute protein
in RISC (19) prompted us to explore the roles of this protein
family. Toward this end, we have undertaken both
biochemical and genetic studies of the Ago1 subfamily
proteins in mammals.

Mammals contain four Argonaute1 subfamily members,
Ago1-Ago4 (nomenclature as in (23), see fig. S1). We have
previously shown that different Argonaute family members in
Drosophila preferentially associate with different small
RNAs, with Ago1 preferring miRNAs and Ago2 siRNAs
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(24). Recent studies of dmAgo1 and dmAgo2 mutants have
strengthened these conclusions (25). To assess whether
mammalian Ago proteins specialized in their interactions
with small RNAs, we examined Ago-associated miRNA
populations by microarray analysis. Ago1-, Ago2- and Ago3-
associated RNAs were hybridized to microarrays that report
the expression status of 152 human microRNAs. Patterns of
associated RNAs were identical within experimental error in
each case (Fig. 1A). Additionally, each of the tagged Ago
proteins associated similarly with a co-transfected siRNA
(Fig. 1C).

Previous studies have used tagged siRNAs to affinity
purify Argonaute-containing RISC (17). These preparations,
containing mixtures of at least two mammalian Argonautes ,
were capable of cleaving synthetic mRNAs that were
complementary to the tagged siRNA. We examined the
ability of purified complexes containing individual Argonaute
proteins to catalyze similar cleavages. Surprisingly,
irrespective of the siRNA sequence, only Ago2-containing
RISC was able to catalyze cleavage (Fig. 1B and fig. S2). All
three Ago proteins were similarly expressed and bound
similar amounts of transfected siRNA (Fig. 1, C and D).
These results demonstrated that mammalian Argonaute
complexes are biochemically distinct, with only a single
family member being competent for mRNA cleavage. To
examine the possibility that Ago proteins might also be
biologically specialized, we disrupted the mouse Ago2 gene
by targeted insertional mutagenesis (fig. S3 and Fig. 2A) (26).
Intercrosses of Ago2 heterozygous produced only wild-type
and heterozygous offspring, strongly suggesting that
disruption of Ago2 produced an embryonic-lethal phenotype.
Ago2 deficient mice display several developmental
abnormalities beginning approximately halfway through
gestation. Both gene-trap and in situ hybridization data of day
9.5 embryos show broad expression of Ago2 in the embryo,
with some hotspots of expression in the forebrain, heart, limb
buds and branchial arches (Fig. 2, F and G). The most
prominent phenotype is a defect in neural tube closure (Fig. 2,
D and E), often accompanied by apparent mispatterning of
anterior structures including the forebrain (Fig. 2, C and D).
Roughly half of the embryos display complete failure of
neural tube closure in the head region (Fig. 2E), while all
embryos display a wavy neural tube in more caudal regions.
Mutant embryos also suffer from apparent cardiac failure.
The hearts are enlarged, and often accompanied by
pronounced swelling of the pericardial cavity (Fig. 2C). By
day 10.5, mutant embryos are severely developmentally
delayed compared to wild-type and heterozygous littermates
(Fig. 2B). This large difference in size, like the apparent
cardiac failure, may be accounted for by a general nutritional
deficiency caused by yolk sac and placental defects (27), as

histological analysis reveals abnormalities in these tissues
(data not shown).

Not all Argonaute proteins are required for successful
mammalian development (28, 29). Thus, it is unclear why
Ago2 should be required for development, while other Ago
proteins are dispensable. Ago subfamily members are
expressed in overlapping patterns in humans (30). In situ
hybridization demonstrates overlapping expression patterns
for Ago2 and Ago3 in mouse embryos (Fig. 2F and fig. S4).
Considered together with the essentially identical patterns of
miRNA binding, our results suggest the possibility that the
ability of Ago2 to assemble into catalytically active
complexes might be critical for mouse development.
Although most miRNAs regulate gene expression at the level
of protein synthesis, recently miR196 has been demonstrated
to cleave the mRNA encoding HoxB8, a developmental
regulator (31). Evolutionary conservation of an essential
cleavage-competent RISC in organisms in which miRNAs
predominantly act by translational regulation raises the
possibility that target cleavage by mammalian miRNAs might
be more important and widespread than previously
appreciated.

Numerous studies have indicated that experimentally
triggered RNAi in mammalian cells proceeds through siRNA-
directed mRNA cleavage since in many, but not all, cases
reiterated binding sites are necessary for repression at the
level of protein synthesis [see, for example, (13, 32, 33)]. If
Ago2 were uniquely capable of assembling into cleavage
competent complexes in mice, then embryos or cells lacking
Ago2 might be resistant to experimental RNAi. To address
this question, we prepared mouse embryo fibroblasts (MEF)
from E10.5 embryos from Ago2 heterozygous intercrosses.
RT-PCR analysis and genotyping revealed that we were able
to obtain wild-type, mutant and heterozygous MEF
populations. Importantly, MEF also express other Ago
proteins, including Ago1 and Ago3 (Fig. 3A). Ago2 null
MEF were unable to repress gene expression in response to
an siRNA (Fig. 3B and fig. S5). This defect could be rescued
by addition of a third plasmid that encoded human Ago2 but
not by Ago1 (Fig. 3B). In contrast, responses were intact for a
reporter of repression at the level of protein synthesis,
mediated by an siRNA binding to multiple mismatched
sites(32) (Fig. 3C).

Since Ago2 was unique in its ability to form cleavage-
competent complexes, we set out to map the determinants of
this capacity. Deletion analysis indicated that an intact Ago2
was required for RISC activity (fig. S6). We therefore used
the sequence of highly conserved but cleavage-incompetent
Ago proteins as a guide to the construction of Ago2 mutants.
A series of point mutations included H634P, H634A, Q633R,
Q633A, H682Y, L140W, F704Y and T744Y. While all of
these mutations retain siRNA binding activity and most retain
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cleavage activity, changes at Q633 and H634 have a profound
effect on target cleavage (Fig. 4). Both the Q633R and H634P
mutations, in which residues were changed to corresponding
residues in Ago1/3, abolished catalysis. Changing H634 to A
also inactivated Ago2, while a similar change, Q633A, was
permissive for cleavage. Thus, even relatively conservative
changes can negate the ability of Ago2 to form cleavage-
competent RISC.

Several possibilities could explain a lack of cleavage
activity for Ago2 mutants. Such mutations could interfere
with the proper folding of Ago2. However, this seems
unlikely as those same residues presumably permit proper
folding in closely related Argonaute proteins, and mutant
Ago2 proteins retained the ability to interact with siRNAs.
Alternatively, cleavage-incompetent Ago2 mutants could lose
the ability to interact with the putative Slicer. Finally, Ago2
itself might be Slicer, with our conservative substitutions
altering the active center of the enzyme in a way that prevents
cleavage.

The last possibility predicted that we might reconstitute an
active enzyme with relatively pure Ago2 protein. We
immunoaffinity purified Ago2 from 293T cells and attempted
to reconstitute RISC in vitro. Incubation with the double-
stranded siRNA produced no significant activity, whereas
Ago2 could be successfully programmed with single-stranded
siRNAs to cleave a complementary substrate (Fig. 5A).
Formation of the active enzyme was unaffected by first
washing the immunoprecipitates with up to 2.5M NaCl or 1M
urea (not shown). A 21nt single stranded DNA was unable to
direct cleavage (Fig. 5A). Programming could be
accomplished with different siRNAs that direct activity
against different substrates (fig. S7). RISC is formed though a
concerted assembly process in which the RISC-Loading
Complex (RLC) acts in an ATP-dependent manner to place
one strand of the small RNA into RISC (34–36). In vitro
reconstitution occurs in the absence of ATP, suggesting that
Ago2 could be programmed with siRNAs without a need for
the normal assembly process (Fig. 5A). However, in vitro
reconstitution of RISC still required the essential
characteristics of an siRNA. For example, single-stranded
siRNAs that lack a 5´ phosphate group cannot reconstitute an
active enzyme.

While consistent with the possibility that the catalytic
activity of RISC is carried within Ago2, these results do not
rule out the possibility that a putative Slicer co-purifies with
Ago2. To demonstrate more conclusively that Ago2 is Slicer,
we turned to the crystal structure of an Argonaute protein
from an archebacterium, Pyrococcus furiosus (see
accompanying paper by Song et al.). This structure revealed
that the PIWI domain folds into a structure analogous to the
catalytic domain of RNAseH and ASV integrase. The notion
that such a domain would lie at the center of RISC cleavage is

consistent with previous observations. RNAseH and
integrases cleave their substrates leaving 5´ phosphate and 3´
hydroxyl groups through a metal catalyzed cleavage reaction
(37, 38). Notably, previous studies have strongly indicated
that the scissile phosphate in the targeted mRNA is cleaved
via a metal ion in RISC to give the same phosphate polarity
(39). Our in vitro data are consistent with the reconstituted
RISC also requiring a divalent metal (fig. S8).

The active center of RNAseH and its relatives consists of a
catalytic triad of three carboxylate groups contributed by
aspartic or glutamic acid (37, 38). These coordinate the
essential metal and activate water molecules for nucleolytic
attack. Reference to the known structure of RNAseH reveals
two aspartate residues in the archeal Ago protein present at
the precise spatial locations predicted for formation of an
RNAseH-like active site (see accompanying paper by Song et
al.). These align with identical residues in the human Ago2
protein (fig. S9). Therefore, to test whether the PIWI domain
of Ago2 provides catalytic activity to RISC, we changed the
two conserved aspartates, D597 and D669, to alanine, with
the prediction that either mutation would inactivate RISC
cleavage. Consistent with our hypothesis, the mutant Ago2
proteins were incapable of assembling into a cleavage-
competent RISC in vitro or in vivo, despite retaining the
ability to bind siRNAs (Fig. 5, B, C, and D).

Considered together, our data provide strong support for
the notion that Argonaute proteins are the catalytic
components of RISC. Firstly, the ability to form an active
enzyme is restricted to a single mammalian family member,
Ago2. This conclusion is supported both by biochemical
analysis and by genetic studies in mutant MEF. Secondly,
single amino acid substitutions within Ago2 that convert
residues to those present in closely related proteins negate
RISC cleavage. Thirdly, the structure of the P. furiosis
Argonaute protein reveals provocative structural similarities
between the PIWI domain and RNAseH domains, providing a
hypothesis for the method by which Argonaute cleaves its
substrates. We tested this hypothesis by introducing
mutations in the predicted Ago2 active site. It is extremely
unlikely that such mutations could affect interactions with
other proteins, since they are buried within a cleft of Ago.

Our studies indicate that the Argonaute proteins that are
unable to form cleavage-competent RISC differ from Ago2 at
key positions that do not include the putative metal-
coordinating residues themselves. However, we cannot yet,
based either upon biochemical or structural studies, provide a
precise explanation for the catalytic defects in these proteins.
It is conceivable that Ago1 and Ago3 fail to coordinate the
catalytic metal or that the structure of the active site is
distorted sufficiently that a bound metal is unable to access
the scissile phosphate. Alternatively, catalytic mechanisms
involving two metal ions have been proposed for RNAseH
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(37, 38), leaving open the possibility that catalytically inert
Ago family members might lack structures essential to bind
the second metal ion.

The relationship between the nuclease domain in PIWI and
conserved nuclease domains in viral reverse transcriptases,
transposases and viral integrases has potential evolutionary
implications. In Drosophila, plants and C. elegans, the RNAi
pathway has a major role in controlling parasitic nucleic acids
such as viruses and transposons (40–42). The fact that the
RNAi machinery shares a core structural domain with viruses
and transposons suggests the possibility that this nucleic acid
immune system may have arisen in part by pirating
components from the replication and movement machineries
of the very elements that RNAi protects against. This
hypothesis is made even more poignant by considering the
role of RNA-dependent RNA polymerases in RNAi, their
functional relationship to viral replicases and the possibility
that the siRNAs themselves might have first served as
primers that enable such replicases to duplicate primordial
genomes.
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Fig. 1. Only mammalian Ago2 can form cleavage-competent
RISC. A. The miRNA populations associated with Ago1,
Ago2 and Ago3 were measured by microarray analysis as
described in Methods. The heat map shows normalized log-
ratio values for each data set, with yellow representing
increased relative amounts, and blue indicating decreased
amounts, relative to the median. The top 25 log-ratios are
shown in the expanded region. In each panel, “control”
indicates parallel analysis of cells transfected with a vector
control. B. 293T cells were transfected with a control vector
or with vectors encoding myc-tagged Ago1, Ago2 or Ago3,
as indicated, along with an siRNA that targets firefly
luciferase. Immunoprecipitates were tested for siRNA
directed mRNA cleavage as described in Methods. Positions
of 5´ and 3´ cleavage products are shown. C.
Immunoprecipitates as in B were tested for in vivo siRNA
binding by Northern blotting of Ago immunoprecipitates (see
Methods). D. Western blots of transfected cell lysates show
similar levels of expression for each recombinant Argonaute
protein.

Fig. 2. Argonaute2 is essential for mouse development. A.
Total RNA from wild-type or mutant embryos was tested for
expression of Ago1, Ago2 or Ago3 by RT-PCR. Actin was
also examined as a control. B. At day E10.5, Ago2 null
embryos show severe developmental delay as compared to
heterozygous and wild-type littermates. These embryos also
show a variety of developmental defects including swelling
inside the pericardial membrane (C, h=heart, indicated by the
arrow) and failure to close the neural tube (D, E). Arrows in
D. indicate the edges of the neural tube that has failed to
close. In caudal regions where the neural tube does close, it
has an abnormal appearance, being wavy as compared to
wild-type embryos (panel E, compare wt and Ago2 -/-). Ago2
is expressed in most tissues of the developing embryo as
measured by in situ hybridization (panel F) or analysis of an
Ago2 gene trap animal (panel G). In F, f=forebrain,
b=branchial arches, h=heart and lb=limb bud, all of which are
relative hot spots for Ago2 mRNA. In G, the left embryo
shows similar patterns when staining for the gene-trap
marker, β-galactosidase, proceeds for only a short period.
Longer incubation (panel G, right) gives uniform staining
throughout the embryo.

Fig. 3. Argonaute2 is essential for RNAi in MEF. A. RT-PCR
of mRNA prepared from wild-type or Ago2-/- MEF reveals
consistent expression of Ago1 and Ago3 but a specific lack of
Ago2 expression in the null MEF. Actin mRNA serves as a
control. B. Wild-type and mutant MEFs were co-transfected

with plasmids encoding Renilla and firefly luciferases either
with or without firefly siRNA as indicated. Ratios of firefly to
Renilla activity, normalized to 1 for the no-siRNA control
were plotted. For each genotype, the ability of Ago1 and
Ago2 to rescue suppression was tested by co-transfection
with expression vectors encoding each protein as indicated.
C. NIH-3T3 cells, wild-type MEF or Ago2 mutant MEF were
tested as described in B (except that Renilla/firefly ratios are
plotted) for their ability to suppress a reporter of repression at
the level of protein synthesis. In this case, the Renilla
luciferase mRNA contains multiple, imperfect binding sites
for a CXCR4 siRNA. Cells were transfected with a mixture
of firefly and Renilla luciferase plasmids with or without (as
indicated) the siRNA.

Fig. 4. Mapping the requirements for assembly of cleavage-
competent RISC. Ago1, Ago2 or the indicated mutants of
Ago2 were expressed as myc-tagged fusion proteins in 293T
cells. In all cases, expression constructs were co-transfected
with a luciferase siRNA. Western Blotting (not shown)
indicated similar expression for each mutant.
Immunoprecipitate containing individual proteins were tested
for cleavage activity against a luciferase mRNA (see
Methods). Positions of 5´ and 3´ cleavage products are
indicated. SiRNA binding was examined for each mutant by
Northern blotting of immunoprecipitates or by staining of
immunoprecipitates with Sybr Gold (Molecular Probes).
Representatives for these assays are shown. In no case did we
detect a defect in interaction of mutants with siRNAs.

Fig. 5. Argonaute2 is a candidate for Slicer. A. Ago2 protein
was immunoaffinity purified from transiently transfected
293T cells. The preparation contained two major proteins
(Protein Gel), in addition to heavy and light chains. These
were identified by mass spectrometry as Ago2 and HSP90.
Immunoprecipitates were mixed (see Methods) in vitro with
single- or double-stranded siRNAs or with a 21 nt DNA
having the same sequence as the siRNA, as indicated.
Reconstituted RISC was tested for cleavage activity with a
uniformly labeled synthetic mRNA. Positions of 5´ and 3´
cleavage products are noted. Where indicated, the siRNA was
not 5´ phosphorylated and in one case, ATP was not added to
the reconstitution reaction. B. Ago2 or Ago2 mutants (as
indicated) were assembled into RISC in vivo by co-
transfection with siRNAs followed by immunoaffinity
purification or by in vitro reconstitution, mixing affinity
purified proteins with ss-siRNAs. These were tested for
activity against a complementary mRNA substrate. 5´ and 3´
cleavage products are as in A. Both mutant proteins were
expressed at levels similar to wild-type Ago2 and bound
siRNAs as readily (C, D) Ago2 (H634P) and (Q633R) behave
similarly in this assay.












