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Structure of an argonaute silencing
complex with a seed-containing guide DNA
and target RNA duplex
Yanli Wang1, Stefan Juranek2, Haitao Li1, Gang Sheng1, Thomas Tuschl2 & Dinshaw J. Patel1

Here we report on a 3.0 Å crystal structure of a ternary complex of wild-type Thermus thermophilus argonaute bound to a
59-phosphorylated 21-nucleotide guide DNA and a 20-nucleotide target RNA containing cleavage-preventing mismatches at
the 10–11 step. The seed segment (positions 2 to 8) adopts an A-helical-like Watson–Crick paired duplex, with both ends of
the guide strand anchored in the complex. An arginine, inserted between guide-strand bases 10 and 11 in the binary complex,
locking it in an inactive conformation, is released on ternary complex formation. The nucleic-acid-binding channel between
the PAZ- and PIWI-containing lobes of argonaute widens on formation of a more open ternary complex. The relationship of
structure to function was established by determining cleavage activity of ternary complexes containing position-dependent
base mismatch, bulge and 29-O-methyl modifications. Consistent with the geometry of the ternary complex, bulges residing
in the seed segments of the target, but not the guide strand, were better accommodated and their complexes were
catalytically active.

RNA-induced silencing complex (RISC)-associated argonaute (Ago)
proteins composed of PAZ- and PIWI-containing modules have a
central role in mediating distinct assembly and cleavage steps of the
RNA interference (RNAi) catalytic cycle1–4. The Ago protein, as the
sole component of RISC exhibiting RNA ‘slicer’ activity5–7, is a critical
player in the RNAi pathway8, effecting transcriptional and post-
transcriptional gene regulation in plants and animals1–4. In this
capacity, Agos have essential roles ranging from maintaining genomic
integrity to heterochromatin formation. Some Ago proteins with
active endonuclease domains contribute to the maturation of bound
short interfering RNAs (siRNAs) by degradative cleavage of the
passenger strand and subsequent guide-strand-mediated sequence-
specific cleavage of target RNAs9–12. An improved understanding at
the molecular level of guide-strand recognition in a binary complex
with Ago and RNA target recognition and cleavage at the ternary Ago
complex level could effect the application of RNAi approaches as a
therapeutic modality against diverse human diseases13,14.

Bacteria also exhibit Ago-based cleavage activity of target RNAs and
hence use the RNAi machinery, although details of the players and
pathways at the cellular level are at present poorly understood. Most of
the structural research on Ago proteins has initially focused on
archaeal and eubacterial thermophilic Agos4,15–18. Crystal structures
have been reported for archaeal Pyrococcus furiosus Ago5 and eubac-
terial Aquifex aeolicus Ago19, both in the free state, thereby defining the
relative alignments of the PAZ-containing (N and PAZ domains and
linkers L1 and L2) and PIWI-containing (Mid and PIWI) modules.
Given that binding and cleavage studies have identified these eubac-
terial and archaeal Agos to be site-specific DNA-guided endoRNases19,
our group has recently solved the crystal structure of eubacterial T.
thermophilus Ago with 59-phosphorylated 10- and 21-nucelotide guide
DNAs20, thereby identifying the guide strand-binding channel between
the basic PAZ- and PIWI-containing lobes of the bilobal19 Ago scaf-
fold. This structure established that the 59-phosphate and 39-hydroxyl

ends are positioned in their respective binding pockets in the Mid21,22

and PAZ23,24 domains of Ago, the 2–10 segment of the bound guide
DNA forms a stacked array, such that the solvent-exposed Watson–
Crick edges of bases 2 to 6 in the ‘seed’ segment are positioned for
nucleation with target RNA20. In addition, the side chain of R548 was
inserted between bases 10 and 11, thereby disrupting base stacking, and
locking this step in a non-catalytically competent conformation. We
now report on the structural characterization of the ternary T. thermo-
philus Ago complex containing target RNA, thereby defining in
molecular detail the alignment and pairing of guide and target strands
spanning the seed segment and their positioning within the expanded
nucleic-acid-binding channel of the bilobal Ago scaffold.

Structure of ternary complex

The 3.0 Å crystal structure of wild-type T. thermophilus Ago complexed
with a 59-phosphorylated (59-phos-T1GAGG5TAGTA10GGTTG15

TATAG20T) 21-nucleotide guide DNA and its essentially complement-
ary 20-nucleotide target RNA, containing cleavage-preventing A-C
and G-U mismatches at the 10 and 11 steps (Fig. 1a), is presented in
a stereo view in Fig. 1b, with an alternative perspective shown in Fig. 1c.
A movie of the ternary Ago complex is included in Supplementary
Movie 1. The Ago protein, in a ribbon representation, is colour-coded
by domains and linker elements, with the traceable segments of the
guide DNA in red and the target RNA in blue.

The bases of the guide DNA can be traced for the 1–10 segment
(electron density map, Supplementary Fig. 1a), in which the 59-
phosphate is inserted into its binding pocket in the Mid domain21,22

(Supplementary Fig. 2a), and can be traced for the 18/19 to 21 seg-
ment (electron density map, Supplementary Fig. 1b, c), in which
nucleotides 20 and 21 at the 39 end are inserted into their binding
pocket in the PAZ domain (Supplementary Fig. 2b)23,24. The observed
anchoring of both ends of the guide DNA in the ternary complex with
RNA target2 was unexpected on topological grounds, although we
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anticipate the release of the 39-end if pairing was to go beyond the
seed segment observed in the present structure.

Guide-target duplex spanning seed segment

The bases of the target RNA can be traced for the 19–99 segment (elec-
tron density map, Supplementary Fig. 3), with Watson–Crick align-
ment of the target RNA with the guide DNA, spanning the entire 2–8
seed segment (Fig. 2a). In addition, we can trace the sugar-phosphate
backbone of the guide DNA and target RNA strands spanning the
mismatch-containing 10–11 step (electron density map, Supple-
mentary Fig. 4), thereby defining the orientation of the mismatch-
distorted 10–11 cleavage step on the target RNA relative to the Asp
catalytic triad of the RNase H fold of the PIWI domain of Ago (Fig. 2b).

The relative positions of the guide DNA in the binary (1–11 and
18–21, in silver) and ternary (1–10 and 19–21, in red) Ago complexes
after superposition of their 59-phosphate-recognizing Mid binding
pockets is shown in Fig. 2c. Although the guide DNA superpositions
well for the 1–4 segment, there is an 8.9 Å displacement by position 10
and an 17.1 Å displacement by position 21, suggesting that a notice-
able change occurs in the trajectory of the guide strand on proceeding
from the binary to the ternary complex.

The 2–8 seed segment formed by the guide DNA-target RNA
duplex in the ternary Ago complex superpositions quite well with
an A-form helix (Fig. 2d, left panel) and less well with its B-form
helical counterpart (Fig. 2d, right panel). The guide-target duplex
adopts different trajectories in the Archaeoglobus fulgidus Piwi ternary
complex reported previously21,22, which lacks the PAZ-containing
module, and in the T. thermophilus Ago ternary complex (stereo view
in Supplementary Fig. 5).

Conformational transitions

We had previously identified an orthogonal alignment of bases 10
and 11 of the guide DNA as a result of insertion of the R548 side chain
into the 10–11 step in the binary Ago complex20 (Supplementary Fig.
6). In contrast, the side chain of R548 no longer inserts between bases
10 and 11 in the ternary complex (Fig. 2e), as a result of conforma-
tional changes on addition of target RNA. Thus, the non-helical
conformation at the 10–11 step in the binary Ago complex
(Supplementary Fig. 6)—an arrangement that would be detrimental

for catalytic cleavage of target RNA by the RNase H fold of the PIWI
domain—is released on ternary Ago complex formation (Fig. 2e).

A single Mg21 cation can be identified bound to the catalytic Asp
residues for one molecule (Fig. 2a and Supplementary Fig. 7a) but not
for the other in the asymmetric unit of the ternary complex, with
reasonable superposition of the Asp side chains between molecules
(biscuit and green colours in Supplementary Fig. 7b). The relative
alignments of these catalytic Asp residues changes on proceeding from
the binary (in silver, Supplementary Fig. 7c) to the ternary (in green,
Supplementary Fig. 7c) Ago complex with added target RNA.

There is a marked conformational change in the relative alignments
of the PAZ- and PIWI-containing lobes of the bilobal Ago scaffold on
proceeding from the binary T. thermophilus Ago complex (with bound
guide DNA) to the ternary complex (with added target RNA). This is
readily observable on comparing the trajectory of the bound DNA
guide strand (silver and red for the binary and ternary complexes,
Fig. 2f) and adjacent protein segments (cyan and magenta for the binary
and ternary complexes, Fig. 2f; conformational change highlighted by a
red arrow) between the two complexes. Specifically, the PAZ- and
PIWI-containing lobes move further apart on proceeding from binary
(Fig. 3a) to ternary (Fig. 3b) complex formation, resulting in an open-
ing movement that widens the nucleic-acid-binding channel, thereby
facilitating insertion, alignment and pairing of the target RNA.

These movements can be tracked (Supplementary Movie 2) and
are reinforced in a superpositioned view comparing the binary (in
cyan) and ternary (in magenta) Ago complexes (Fig. 3c). The open-
ing movement on ternary complex formation is reflected in a large
conformational change in the N (rotation of 18.6u and translation of
0.6 Å) and PAZ (rotation of 23.1u and translation of 1.4 Å) domains
(see red arrows in Fig. 3c) after superposition of their PIWI-contain-
ing modules (Mid and PIWI domains).

We also note that although bases 20 and 21 are similarly positioned
in the PAZ binding pocket, the 18–19 segments of the binary and
ternary complexes adopt different trajectories, associated with confor-
mational changes in nearby protein segments (Supplementary Fig. 8).

Effect of mismatches and bulges on cleavage

Previous biochemical studies showed RNase H catalytic activity of
bacterial Ago proteins loaded with guide DNA19,20. To assess the
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Figure 1 | Crystal structure of T. thermophilus Ago bound to 59-
phosphorylated 21-nucleotide guide DNA and 20-nucleotide target RNA.
a, Sequence of the guide DNA-target RNA duplex. The traceable segments of
the bases of the guide DNA and target RNA in the structure of the ternary
complex are shown in red and blue, respectively. Disordered segments of the
bases on both strands that cannot be traced are shown in grey. b, Stereo view
of the 3.0 Å crystal structure of the Ago ternary complex. The Ago protein is

colour-coded by domains (N in cyan, PAZ in magenta, Mid in orange and
PIWI in green) and linkers (L1 and L2 in grey). The bound 21-nucleotide
guide DNA is in red and traced for bases of the 1–10 and 19–21 segments,
whereas the bound 20-nucleotide target RNA is in blue and traced for bases
of the 19 to 99 segment. Backbone phosphorus atoms are in yellow. c, An
alternate view of the complex.
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importance of base pairing of the guide DNA to target RNA, we
introduced single nucleotide mismatches at positions from 1 to 19
in the 21-nucleotide guide strand (Fig. 4a). Cleavage reactions were
carried out by first preincubating the Ago protein with guide DNA
strands at 55 uC, followed by the addition of target RNA and further
incubation at either 55 or 70 uC; both enhanced cleavage and back-
ground hydrolysis were observed at the higher temperature. Single
mismatches were fully tolerated in the 39-guide DNA regions (posi-
tions 13–19), and at the very 59 end (position 1), whereas cleavage was
either abolished (position 9 and 10) or reduced (positions 11 and 12)
by mismatches surrounding the cleavage site at 55 uC. Single mis-
matches in the seed region (position 2–8) showed reduced cleavage
activity.

We next introduced several mismatches in the 39-region and
observed unaltered cleavage activity for up to six contiguous mis-
matches (positions 13–18) and reduced activity for eight contiguous

mismatches (positions 12–19) at both 55 and 70 uC (Fig. 4b). These
alterations of catalytic activity as a consequence of mismatches run
parallel to earlier structure-function analysis in animals11,25, emphas-
izing the importance of contiguous base pairing for RNase
H-mediated cleavage26 in the 59-seed segment (positions 2–8), espe-
cially near the cleavage site (step 10–11), and minimal contribution
of the 39-half (positions 13–19).

The importance of the seed segment became more apparent when
we introduced single nucleotide insertions or deletions into the guide
DNA (Fig. 4c). Cleavage was abrogated by a single nucleotide insertion
at position 5 in the seed segment, whereas they had little effect when
introduced at position 11 adjacent to the cleavage site or at position 14
in the 39 region of the guide strand. This suggests that the seed segment
of the guide strand cannot accommodate a bulge nucleotide when
paired to the target in the context of a helical duplex geometry,
without disruption of the extensive intermolecular interactions that
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Figure 2 | Comparison of structural details between the binary Ago
complex with bound guide DNA and the ternary complex with added target
RNA. a, Expanded view of the ternary complex highlighting the guide DNA
(1–10)-target RNA (19–99) duplex and Mg21-coordinated catalytic residues
(D478, D546 and D660) of the RNase H fold of the PIWI domain.
Intermolecular hydrogen bonds between the Ago protein and the DNA
guide strand in red are shown by dashed lines. b, Positioning of the sugar-
phosphate backbone of the target RNA strand spanning the mismatch-
containing 10–11-step relative to the catalytic residues of the PIWI domain.
c, Comparison of the trajectory of traceable bound guide DNA in the binary
(bases 1–11 and 18–21 in silver) and ternary (bases 1–10 and 19–21 in red)
Ago complexes after superposition of their 59-phosphate-binding pockets.

d, Superposition of the guide DNA (red)-target RNA (blue) duplex spanning
the 2–8 seed segment on A-form (left panel) and B-form (right panel) helices
(silver) after best-fit superposition of the target RNA strand of the ternary
Ago complex with one strand of the A/B-form helices. e, Positioning of
stacked residues 6–10 of the DNA guide strand relative to R548, with
emphasis on intermolecular interactions involving the sugar-phosphate
backbone. f, Relative positioning of the 6 to 10/11 segment of the bound
guide DNA strand and R548 in the binary (guide strand in silver, protein in
cyan) and ternary (guide strand in red, protein in magenta) Ago complexes.
The conformational change in the protein on proceeding from binary to
ternary Ago complexes is indicated by a red arrow.
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anchor the guide strand within the Ago scaffold (Fig. 2a; see schematic
in Supplementary Fig. 9).

We next assessed the importance of single and double bulges
within the target RNA. Unexpectedly, insertion of single bulges
opposite positions 4–5 and 5–6 of the guide strand 59-seed segment
had minimal effect on cleavage, but cleavage was reduced after inser-
tion of dual bulges at the same positions (Fig. 4d). In contrast to the
guide strand, the sugar-phosphate backbone of the target strand
complementary to the seed segment makes no contacts with the
Ago scaffold (Supplementary Fig. 10 and Supplementary Movie 3),

and seemingly accommodates single and to a lesser extent double
bulges within the paired seed segment. Insertion of double bulges
opposite positions 14–15 and 18–19 of the guide strand 39 region did
not impair target RNA cleavage (Fig. 4d), again reinforcing the con-
clusion that helical imperfections disrupting pairing interactions
involving the 39 region of the guide strand have a minimal affect
on cleavage activity.

Effect of guide length and 29-O-methyl on cleavage

To investigate the constraints on guide strand length for cleavage
activity, we systematically investigated the cleavage activity of guide
strands spanning from 7 to 36 nucleotides. At a reaction temperature
of 55 uC, cleavage is observed for 59-phosphorylated guide strand
sequences that are as short as 9 nucleotides and as long as 36 nucleo-
tides (Fig. 4e, left panel). Increasing the reaction temperature to 70 uC
restricts cleavage to 12–36-nucelotides guide strands (Fig. 4e, right
panel). Furthermore, cleavage activity is strictly dependent on the
presence of a 59-phosphate on the guide strand (Supplementary
Fig. 11), a dependence not strictly observed for animal Ago com-
plexes27,28. The observed cleavage for guide strands as short as
9-nucleotides at 55 uC (Fig. 4e, left panel), which lack residues pro-
ximal to the cleavage site that could not be mutated without loss of
activity (Fig. 4a), was unanticipated. This suggests that mismatch
accommodation introduces steric constraints that interfere with
proper placement of the target strand cleavage residues, and that the
geometry required for cleavage can also be adopted in the absence of
residues 10 and 11 of the guide strand. The absence of cleavage for 9- to
11-nucleotides guide strands at 70 uC (Fig. 4e, right panel) probably
reflects the thermodynamic instability of short duplex hybridization at
higher temperatures. The observed cleavage activity by guide strands
up to 36-nucleotides in length (Fig. 4e) could be rationalized by the
guide strand adopting alternate trajectories for its 39-segment leading
into the PAZ pocket. This flexibility is presumably a consequence of
fewer intermolecular contacts between the protein side chains and the
sugar-phosphate backbone of the 39-guide strand segment (residues
12–19; Supplementary Fig. 12), which is in contrast to the extensively
sugar-phosphate backbone-anchored 59-seed counterpart (Fig. 2a
and Supplementary Fig. 9). In addition, the nucleic-acid-binding
channel that encompasses the 39-segment of the bound guide strand
is accessible to the outside and permissive to looping-out longer
39-segments (Supplementary Fig. 12).

In mammalian systems, altering the guide strand 29-hydroxyl to
29-O-methyl was shown to influence the cleavage activity depending
on the extent and position of modification29. To probe the import-
ance of the 29-position in the eubacterial guide DNA, we introduced
29-O-methyl modifications at various positions and monitored
cleavage at 55 and 70 uC (Supplementary Fig. 13). We observed that
fully modified 29-O-methylated guide molecules, as reported for
mammalian RNAi30, abrogated cleavage, whereas substitutions
spanning the 59-half (residues 2–9) or the 39-half (residues 12–19)
severely reduce activity. In contrast, pairwise replacement of DNA
residues by 29-O-methyl had minimal effects on catalytic activity,
independent of the position (Supplementary Fig. 13). These results
indicate that extensive 29-O-methyl modifications of the guide strand
may introduce cumulative steric constraints that inhibit the adoption
of cleavage competent conformations or even interfere with guide
strand accommodation into the Ago protein.

Our structural results on the ternary Ago complex have high-
lighted details of guide-strand-mediated target RNA recognition
spanning the seed segment, and the conformational transitions that
expand the nucleic-acid-binding channel within the bilobal Ago scaf-
fold, thereby accommodating and aligning the target RNA for even-
tual site-specific cleavage. We have been unable in the present study
to trace the electron density accurately for base 11 of the DNA guide
and bases 109 and 119 of the RNA target strands of the bound duplex,
with the disorder probably due to distortions associated with mis-
match incorporation at the 10–11 step.
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proceeding from the binary (guide) complex to the ternary (guide 1 target)
complex. a, b, The nucleic acid binding canyon changes width on proceeding
from the binary (a) to the ternary (b) complex. The Ago protein is shown in a
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superpositioning of their PIWI-containing modules. The red arrows indicate
the magnitude of the conformational changes on proceeding from binary to
ternary complexes.
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Functional implications

The biochemical and structural information helps us to understand
how microRNA (miRNA)-target RNA duplexes can be accommo-
dated in Ago complexes, and rationalizes how one class of siRNA off-
targets31 requiring extensive base pairing across the cleavage site can
be subjected to cleavage. We can now rationalize how single-site
alterations in a target RNA within the sequence defined by the seed
can be accommodated without interference with cleavage activity,
provided that sufficient pairing is retained along the cleavage site. It is
also conceivable that miRNA targets with more extensive base pairing

extending outside the seed region, as observed for a subset of miRNA
targets, may be subject to direct messenger RNA cleavage, possibly
contributing to the general destabilization encountered in miRNA-
mediated mRNA targeting.

Our results on eubacterial T. thermophilus Ago are similar to the
finding that Drosophila Piwi proteins32 and human AGO proteins33

can accept different size guide strands to mediate target RNA cleav-
age. In essence, our studies emphasize that Piwi and Ago scaffolds
have sufficient plasticity to accommodate different length guide
strands, and that the size range of naturally accommodated small
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Figure 4 | Target RNA cleavage activity of T. thermophilus Ago loaded with
mismatched, bulge-containing or length-altered guide DNA strands.
Besides Ago-mediated target RNA cleavage, extensive chemical hydrolysis is
observed over the entire RNA substrate length, except for a 12-nucleotide
(nt) region across guide DNA positions 2 to 13, which was protected from
hydrolysis by the interaction with Ago and its guide DNA. Mismatches or
bulges in the 59 region reduce protection, and frequently catalysis, because of
reduced base-pairing stability and deviation from hydrolysis-protecting
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the cleavage substrate complementary with the 21-nucleotide (nt) guide
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with the dotted line indicating pairing for 39-extended guide DNAs
(e). Arrows indicate the cleavage site. Del, deletion; H, hydrolysis ladder of

substrate RNA; T1, partial RNase T1 digest of substrate RNA. a, Single
mismatches were placed in the 21-nucleotide guide, at positions 1 to 19.
b, Double, quadruple, sextuple and octuple mismatches were introduced in
the DNA guide 39 region at indicated positions. c, Cleavage assay using DNA
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RNA classes are a direct consequence of their distinct biogenesis
mechanisms.

It remains unclear at this time whether mammalian Agos will
function in a manner suggested by the structure of the eubacterial
Ago ternary complex outlined here. Therefore, the recent report on
successful insect cell expression of a soluble form of human AGO2
(also known as EIF2C2 protein; ref. 34) opens opportunities and
holds promise for future extension of continuing structural research
to eukaryotic Ago complexes, thereby expanding on insights from
chemical approaches into the molecular basis of target RNA recog-
nition and cleavage by human RISC35,36.

METHODS SUMMARY
Wild-type T. thermophilus Ago was overexpressed from Escherichia coli and

purified by chromatography. The ternary Ago complex was generated in a step-

wise manner by initially mixing Ago with 21-nucleotide guide DNA, followed by

addition of 20-nucleotide target RNA. Crystals were grown by hanging-drop

vapour diffusion. The ternary Ago complex structure was determined by

molecular replacement using the domains of the binary Ago complex structure20

as search models. Cleavage assays were undertaken using guide oligodeoxynu-

cleotides and a longer target RNA. Details of all biochemical and crystallographic

procedures are listed in Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Crystallization and data collection. Wild-type T. thermophilus Ago was pre-

pared as described previously5. Oligodeoxynucleotides were purchased from

Invitrogen and RNA oligonucleotides were from Dharmacon. For crystalliza-

tion, T. thermophilus Ago was mixed with 59-phosphorylated 21-nucleotide

guide DNA at 1:1.2 molar ratio, followed by addition of 20-nucleotide target

RNA at a 1.2 molar ratio to the binary mixture, to form the ternary complex. The

ternary Ago complex crystals were grown from 10% (v/v) polyethylene glycerol

400, 50 mM MES, pH 5.6, 0.1 M KCl and 15 mM MgCl2 at 35 uC.

Diffraction data were collected at 100K on the micro-focus beam line NE-CAT
ID-24E, at the Advanced Photon Source (APS), Argonne National Laboratory.

Three data sets were integrated and scaled with the HKL2000 suite37 and data

processing statistics are summarized in Supplementary Table 1. The ternary

complex belonged to the P21 space group and diffracted to 3.0 Å.

Structure determination and refinement. The structure of complex was solved

by molecular replacement with the program PHASER38, using the domains of the

Ago–21-nucleotide guide DNA binary complex structure20 as search models. The

model contains two molecules in the asymmetric unit. Initial cycles of simulated

annealing refinement by the program CNS39 were carried out whilst maintaining

strict twofold non-crystallographic symmetry (NCS) constraints. After rigid body

and minimization refinements, the nucleic acid strands were clearly visible in both

sA-weighted Fo 2 Fc and 2Fo 2 Fc maps. In later stages of the refinement, the

symmetry constraints were loosened within the two molecules in one asymmetric

unit. The structure of the Ago ternary complex was manually built with COOT40

and O41, cycled with CNS refinement, to a final Rwork of 22.5% and Rfree of 28.2%.

The final figures were created with Pymol (http://pymol.sourceforget.net/).

Cleavage activity assay of T. thermophilus Ago. The 59-phosphorylated oligo-

deoxynucleotides were prepared by solid-phase synthesis using standard DNA
phosphoramidites (Sigma-Proligo) and chemical phosphorylating reagent (Glen

Research) on an ABI 3400 DNA synthesizer. The 29-O-methyl-ribonucleoside-

modified oligodeoxynucleotides were synthesized using DNA and 29-O-methyl-

ribonucleoside phosphoramidites (Dharmacon) and chemical phosphorylating

reagent (Dharmacon) on a modified ABI 392 DNA/RNA synthesizer. The 177-

nucleotide cleavage substrate was prepared by in vitro transcription from a PCR

template as described previously33. Sequence-altered RNA targets were tran-

scribed from PCR templates prepared from plasmid templates mutagenized

using Quickchange II XL (Stratagene). Identity of mutated plasmids was con-

firmed by sequencing. The transcript was dephosphorylated using alkaline phos-

phatase (Roche) and then 59-radiolabelled using T4 polynucleotide kinase

(Fermentas) and c32P-ATP.

Recombinant T. thermophilus Ago (1mM final concentration) was incubated

with a reaction mixture containing 10 mM HEPES-KOH, pH 7.5, 100 mM NaCl,

5 mM MnCl2, and 0.5 mM guide strand for 30 min at 55 uC in a final volume of

15 ml. Next 59-32P-labelled RNA substrate at a final concentration of 0.1mM was

added. The incubation was continued for 30 min at either 55 or 70 uC. The

reaction was stopped by addition of 185ml proteinase K solution (1 mg ml21

proteinase K, 20 mM HEPES-KOH, pH 7.5, 1.5 mM EDTA, 100 mM NaCl,

1.5 mM CaCl2 and 1.5% SDS), and incubated at 55 uC for 10 min, followed by

phenol-chloroform extraction and ethanol precipitation. The cleavage products

were resolved on an 8% denaturing polyacrylamide gel, and radioactivity was

monitored by phosphoimaging.

Appropriate controls establishing that both DNA guide and Ago are required

for cleavage are shown in Supplementary Fig. 14.
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