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Argonaute proteins and small interfering RNAs (siRNAs) are the known signature
components of the RNA interference effector complex RNA-induced silencing
complex (RISC). However, the identity of “Slicer,” the enzyme that cleaves the
messenger RNA (mRNA) as directed by the siRNA, has not been resolved. Here, we
report the crystal structure of the Argonaute protein from Pyrococcus furiosus at
2.25 angstrom resolution. The structure reveals a crescent-shaped base made up
of the amino-terminal, middle, and PIWI domains. The Piwi Argonaute Zwille (PAZ)
domain is held above the base by a “stalk”-like region. The PIWI domain (named for
the protein piwi) is similar to ribonuclease H, with a conserved active site aspartate-
aspartate-glutamate motif, strongly implicating Argonaute as “Slicer.” The architecture
of the molecule and the placement of the PAZ and PIWI domains define a groove for
substrate binding and suggest a mechanism for siRNA-guided mRNA cleavage.

RNA interference (RNAI) is triggered by the
presence of double-stranded RNA (dsRNA)
(1). A ribonuclease (RNase) III family enzyme,
Dicer, initiates silencing by releasing ~20 base
duplexes, with two-nucleotide 3’ overhangs
called siRNAs (2, 3). The RNAIi pathway also
mediates the function of endogenous, noncod-
ing regulatory RNAs called microRNAs
(miRNAs) [reviewed in (4)]. Both miRNAs
and siRNAs guide substrate selection by similar
if not identical effector complexes called RISC
(4). These contain single-stranded versions of
the small RNA and additional protein compo-
nents (5—7). Of those, the signature element,
which virtually defines a RISC, is a member of
the Argonaute family of proteins (8).
Argonaute proteins are defined by the
presence of PAZ and PIWI domains (9).
Recent structural and biochemical analyses of
the PAZ domain have begun to reveal Argo-
naute as the protein that interacts directly
with the small RNA in RISC (10-14). The
PAZ domain forms a deviant oligonucleotide/
oligosaccharide-binding (OB) fold containing
a central cleft lined with conserved aromatic
residues that bind specifically to single-
stranded 3’ ends (10, 12). This was confirmed
by subsequent structural studies of PAZ com-
plexed with nucleic acids (/3, 74). On the
basis of these studies, we first proposed a
model in which the PAZ domain interacts
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with the 3’ ends of siRNAs in the two
proteins containing this domain, Dicer and
Argonaute (/0). In RISC, the Argonaute PAZ
domain would hold the 3" end of the single-
stranded siRNA, perhaps orienting recognition
and cleavage of mRNA substrates. However, the
nuclease responsible for cleavage, dubbed “Slic-
er,” has so far escaped identification.

In an effort to deepen our understanding
of the role of Argonaute proteins in RNAi, we
have conducted structural studies of a full-
length Argonaute protein from P. furiosus.

Overall architecture. The structure of
the full-length Argonaute from the archaebac-
terium P. furiosus (PfAgo) was determined by
x-ray crystallography to 2.25 A resolution (ta-
ble S1). The N-terminal, middle, and PIWI do-
mains form a crescent-shaped base, with the PIWI
domain at the center of the crescent. The region
following the N-terminal domain forms a “stalk’
that holds the PAZ domain above the crescent and
an interdomain connector cradles the four do-
mains of the molecule (Fig. 1). This architecture
forms a groove at the center of the crescent and
the PAZ domain closes off the top of this groove.

The N-terminal domain consists of a long
strand at the bottom of the crescent, followed by
a region of a small four-stranded 3 sheet, three
a helices, and a 3 hairpin, which then extends
to the three-stranded antiparallel B sheet stalk.
The PAZ domain (residues 152 to 275) is a
globular domain that adopts an OB-like (3
barrel fold with an attachment of two « helices
on one side of the barrel and a cleft in between.
This cleft is angled toward the crescent. The
middle domain (residues 362 to 544) is an o/
open sheet domain composed of a central
three-stranded parallel B sheet surrounded by o
helices. This domain is similar to the glucose-
galactose-arabinose-ribose—binding protein fami-
ly and is most similar to Lac repressor (15). The
middle domain also has a small three-stranded (3
sheet on the outer surface of the crescent, connect-
ing it to the rest of the molecule.

The PIWI domain, which is at the C termi-
nus of Argonaute (residues 545 to 770), is the
most surprising portion of the structure, as we
describe below. It sits in the middle of the

Fig. 1. Crystal structure of P. furiosus Argonaute. (A) Stereoview ribbon representation of
Argonaute showing the N-terminal domain (blue), the “stalk” (light blue), the PAZ domain (red),
the middle domain (green), the PIWI domain (purple), and the interdomain connector (yellow).
Active site residues are drawn in stick representation. Disordered loops are drawn as dotted lines.

(B) Schematic diagram of the domain borders.
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