
A R T I C L E S

In the RNA interference (RNAi) pathway1,2, 21-nucleotide (nt), double-
stranded siRNAs guide the RISC3–5 (RNA-induced silencing complex)
to destroy its RNA target6. siRNA-directed RNAi has become an essen-
tial laboratory tool for reducing the expression of specific genes in
mammalian cells7, but the limits of siRNA specificity remain to be
determined8–11. Some siRNAs can discriminate between mRNAs that
differ by only a single nucleotide7,9,12,13, but genome-wide assessments
of siRNA specificity suggest that mRNAs with only partial complemen-
tarity to an siRNA can also be targeted for destruction14. Why some
mismatches are tolerated, whereas others are not, remains poorly
understood. One hypothesis is that the 5′ region of siRNAs and the
related microRNAs (miRNAs) play a special role in target recognition,
nucleating binding of RISC to the RNA target15–17. Alternatively, 
mismatched siRNA might recruit RISC to targets lacking complemen-
tarity to the 5′ region of the siRNA, but the geometry of such siRNA-
target pairing is incompatible with target silencing.

To understand how the 5′, central and 3′ sequences of the siRNA
guide strand function to direct target cleavage, we undertook a detailed
in vitro kinetic analysis of a single siRNA sequence. Here, we show that
RISC can cleave RNA targets with up to five contiguous mismatches at
the siRNA 5′ end and nine mismatches at the siRNA 3′ end. Our data
show that 5′ bases contribute disproportionately to target RNA bind-
ing, but do not play a role in determining the catalytic rate, kcat. This
finding resembles the earlier observations by Doench and Sharp that 
5′ complementarity is essential for translational repression by siRNAs
designed to act like animal miRNAs, which typically repress transla-
tion18. For siRNAs directing target cleavage, we find that the 3′ bases of
the siRNA contribute much less than 5′ bases to the overall strength of
binding, but instead help to establish the helical geometry required for
RISC-mediated target cleavage, consistent with the view that catalysis
by RISC requires a central A-form helix19. Finally, we show that when
an siRNA fails to pair with the first three, four or five nucleotides of the
target RNA, the phosphodiester bond severed in the target RNA is

unchanged; for perfectly matched siRNA, RISC measures the site of
cleavage from the siRNA 5′ end2,9. We conclude that the identity of the
scissile phosphate is determined before the encounter of the RISC with
its target RNA, perhaps because the RISC endonuclease is positioned
with respect to the siRNA 5′ end during RISC assembly.

RESULTS
The siRNA-programmed RISC is an enzyme
RISC programmed with small RNA in vivo catalyzes the destruction of
target RNA in vitro without consuming its small RNA guide11,20. To
begin a kinetic analysis of RISC, we first confirmed that RISC pro-
grammed in vitro with siRNA is likewise a multiple-turnover enzyme.
To engineer an RNAi reaction that contained a high substrate concen-
tration relative to RISC, we used an siRNA in which the guide strand is
identical to the let-7 miRNA, but unlike the miRNA, the let-7 siRNA is
paired to an RNA strand that is antisense to let-720. The let-7 strand of
this siRNA has a high intrinsic cleaving activity, but a reduced effi-
ciency of incorporation into RISC (Supplementary Fig. 1 online).

After incubating the let-7 siRNA with Drosophila melanogaster
embryo lysate in the presence of ATP, RISC assembly was inactivated
by treatment with N-ethyl maleimide (NEM), and the amount of
RISC generated was measured using the previously described teth-
ered 2′-O-methyl oligonucleotide assay21,22 (Supplementary Fig. 1
online). The amount of let-7-programmed RISC increased with
increasing siRNA concentration, until the assembly reaction began to
saturate at ∼ 50 nM, reaching an asymptote between 3 and 4 nM RISC.
Using 0.6 nM RISC, we observed >50 cycles of target recognition and
cleavage per enzyme complex (data not shown), confirming that
siRNA-programmed RISC is a multiple-turnover enzyme.

Multiple turnover is limited by product release
Next, we evaluated the kinetics of siRNA-directed target cleavage in
the presence and absence of ATP (–ATP; Fig. 1). RISC was assembled
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The siRNA-directed ribonucleoprotein complex, RISC, catalyzes target RNA cleavage in the RNA interference pathway. Here, 
we show that siRNA-programmed RISC is a classical Michaelis-Menten enzyme in the presence of ATP. In the absence of ATP, the
rate of multiple rounds of catalysis is limited by release of the cleaved products from the enzyme. Kinetic analysis suggests that
different regions of the siRNA play distinct roles in the cycle of target recognition, cleavage, and product release. Bases near 
the siRNA 5′ end disproportionately contribute to target RNA-binding energy, whereas base pairs formed by the central and 
3′ regions of the siRNA provide a helical geometry required for catalysis. Finally, the position of the scissile phosphate on the
target RNA seems to be determined during RISC assembly, before the siRNA encounters its RNA target.
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A R T I C L E S

in the presence of ATP (+ATP), and then the energy-regenerating
enzyme creatine kinase was inactivated with NEM, and ATP was
depleted by the addition of hexokinase and glucose (–ATP conditions).
For +ATP measurements, we added back creatine kinase to the reac-
tion after NEM treatment, and omitted the hexokinase treatment. We
observed a faster rate of cleavage in the presence of ATP than in its
absence. This difference was only apparent late in the reaction time
course, suggesting that the ATP-dependent rate of cleavage was faster
than the ATP-independent rate only at steady state (Fig. 1a). We there-
fore repeated the analysis in more detail (Fig. 1b). In the absence of
ATP, we observed a burst of cleaved product early in the reaction, fol-
lowed by an approximately four-fold slower rate of target cleavage. No
burst was observed in the presence of ATP (Fig. 1a). If the burst corre-
sponds to a single turnover of enzyme, then extrapolation of the
slower steady-state rate back to the y-axis should give the amount of
active enzyme in the reaction. The y-intercept at the start of the reac-
tion for the steady-state rate was 4.9 nM, in good agreement with the
amount of RISC estimated using the tethered 2′-O-methyl oligonu-
cleotide assay (∼ 4 nM; Fig. 1b).

In principle, ATP could enhance target recognition by RISC, pro-
mote a rearrangement of the RISC–target complex to an active form,
facilitate cleavage itself, promote the release of the cleavage products
from the siRNA guide strand, or help restore RISC to a catalytically
competent state after product release. All of these steps, except product
release and restoration to catalytic competence, should affect the rate
of both multiple- and single-turnover reactions. Therefore, we next
analyzed the rate of reaction in the presence and in the absence of ATP
under conditions in which RISC was in excess over the RNA target. At
early times under these conditions, the reaction rate should reflect
only single-turnover cleavage events, in which events after cleavage do
not determine the rate of reaction. Using single-turnover reaction
conditions, we observed identical rates of RISC-mediated cleavage in
the presence and absence of ATP (Fig. 1c). Thus, ATP must enhance a
step that occurs only when each RISC catalyzes multiple cycles of 
target cleavage.

If product release is rate-determining for multiple-turnover catalysis
by RISC in the absence, but not the presence, of ATP, then modifica-
tions that weaken the strength of pairing to the target RNA might
enhance product release, but would not be expected to accelerate the

return of the RISC to a catalytically competent state. We incorporated
mismatches between the siRNA and its RNA target at the 3′ end of the
siRNA guide strand and designed the siRNAs to be functionally asym-
metric, ensuring efficient and predictable incorporation of the let-7
strand into RISC (Fig. 2a)22. We compared the reaction velocity under
conditions of substrate excess in the presence and absence of ATP for
siRNAs with zero to four mismatches between the guide strand 3′ end
and the RNA target. Cleavage was measured from 100 to 540 s, when
>90% of the target remained uncleaved, ensuring that the multiple-
turnover reaction was at steady state. Even a single 3′ mismatch
between the siRNA and its target increased the –ATP rate, relative to
the +ATP rate, and siRNAs with two or more mismatches showed no
substantial difference in rate between the presence and absence of ATP
(Fig. 2b). We conclude that in the absence of ATP, product release is the
rate-determining step for siRNAs fully matched to their RNA targets.

siRNA-target complementarity and RISC function
Mismatches between the siRNA and its target facilitate product
release, but not without cost: the rate of reaction, irrespective of ATP
concentration, decreases with each additional 3′ mismatch. When the
concentration of RISC was ∼ 16–80-fold greater than the target RNA
concentration, each additional mismatch between the 3′ end of the
siRNA guide strand and the RNA target further slowed the reaction
(Fig. 2c,d). Under conditions of substrate excess, the effect of mis-
matches between the 3′ end of the siRNA guide strand and its RNA tar-
get was more marked (Fig. 3a): the rate of cleavage slowed ∼ 20% for
each additional mismatch. To test the limits of the tolerance of RISC
for 3′ mismatches, we analyzed cleavage under modest (8-fold, Fig. 3b)
and vast (∼ 80-fold, Figs. 3c and Fig. 4) enzyme excess over target RNA.
Notably, cleavage was detected for siRNAs with as many as nine 3′ mis-
matches to the RNA target (Figs. 3c and 4c), but only after 24 h incu-
bation. No cleavage was detected for an siRNA with ten 3′ mismatches
to the RNA target (Fig. 3c).

Linsley and colleagues have proposed siRNA-directed downregula-
tion of an mRNA with as few as 11 contiguous bases complementary
to the siRNA guide strand14. In that study, the mRNA target paired
with positions 2–5 and 7–17 of the siRNA guide strand, but was mis-
matched at positions 1 and 6 of the siRNA. We find that up to five mis-
matched bases are tolerated between the 5′ end of the siRNA and its
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Figure 1 Product release limits the rate of catalysis by RISC. (a) ATP stimulates multiple rounds of RISC cleavage of the RNA target. siRNA was incubated
with ATP in D. melanogaster embryo lysate, and then NEM was added to quench RISC assembly and to disable the ATP-regenerating system. The energy-
regenerating system was either restored by adding additional creatine kinase (+ATP) or the reaction was ATP-depleted by adding hexokinase and glucose
(–ATP). The target RNA concentration was 49 nM and the concentration of RISC was ∼ 4 nM. The siRNA sequence is given in Supplementary Figure 3
online. (b) In the absence of ATP, cleavage by RISC produces a pre-steady-state burst equal, within error, to the concentration of active RISC. The target
concentration was 110 nM and the RISC concentration was ∼ 4 nM. (c) Catalysis by RISC is not enhanced by ATP under single-turnover conditions. RISC 
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A R T I C L E S

RNA target (Fig. 4a,b). No cleavage was detected for siRNAs with six,
seven or eight 5′ mismatches to the target, even after 24 h incubation.
The siRNA bearing eight mismatches between its 5′ end and the let-7
complementary target was fully active when eight compensatory
mutations were introduced into the let-7-binding site (Figs. 3c and
4b), demonstrating that mutation of the siRNA was not the cause of its
inactivity against the mismatched target. Similarly, when eight mis-
matches with the 3′ or 5′ end of the siRNA were created by changing
the sequence of the RNA target, we detected target RNA cleavage when
the target contained eight mismatches with the siRNA 3′ end, but not
with the 5′ end (Fig. 4b,c).

To begin to estimate the minimal number of base pairs between the
siRNA and its target that permit detectable cleavage by RISC at 24 h
incubation, we combined seven, eight or nine 3′ mismatches with
increasing numbers of 5′ mismatches (Fig. 4c). Cleavage was detected
for as many as nine 3′ mismatches. But no detectable cleavage occurred
when seven, eight or nine 3′ mismatches were combined with two or
more 5′ mismatches. In contrast, a single 5′ mismatch (p1) enhanced
target cleavage directed by all three 3′ mismatched siRNAs. Only 6% of
the target RNA was cleaved after 24 h when the siRNA contained nine
contiguous 3′ mismatches with the target RNA, but 10% was cleaved
when the siRNA contained both nine 3′ mismatches and a single (p1) 

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 11   NUMBER 7   JULY 2004 601

Target RNA—

5´ cleavage
product—

1 2 5 8 0.25 1 2 5 8 0.25 1 2 5 8Time (min): 0.25

3´  end: Perfect match 4 mismatches 5 mismatches

F
ra

ct
io

n 
ta

rg
et

 c
le

av
ed

1.0

0.8

0.6

0.4

0.2

0
3 6 9 12 15

Time (min)

  5´-UGAGGUAGUAGGUUGUAUAGU-3´ 
3´-UUACUCCAUCAUCCAACAUAU-5´

...................

  5´-UGAGGUAGUAGGUUGUAUAGG-3´
   UUACUCCAUCAUCCAACAUAU

...................

  5´-UGAGGUAGUAGGUUGUAUAAG-3´
   UUCCUCCAUCAUCCAACAUAU

..................

  5´-UGAGGUAGUAGGUUGUAUCAG-3´
   UUCCUCCAUCAUCCAACAUAG

..................

  5´-UGAGGUAGUAGGUUGUAGCAG-3´
   UUCCUCCAUCAUCCAACAUCG

..................

0 1 2 3 4

S
te

ad
y-

st
at

e 
ve

lo
ci

ty
 (

+
AT

P
 )

S
te

ad
y-

st
at

e 
ve

lo
ci

ty
 (

–A
T

P
)

1.0

4.0

3.5

3.0

2.5

2.0

1.5

0.5

0

Number of 3´ mismatches

0

3´-...CCAACUCCAUCAUCCAACAUAUCACUU...-5´ 

3´-...CCAACUCCAUCAUCCAACAUAUCACUU...-5´ 

3´-...CCAACUCCAUCAUCCAACAUAUCACUU...-5´ 

3´-...CCAACUCCAUCAUCCAACAUAUCACUU...-5´ 

3´-...CCAACUCCAUCAUCCAACAUAUCACUU...-5´ Perfect match
1 mismatch
2 mismatches
3 mismatches
4 mismatches

Target + perfect match siRNA

1-nt 3´-mismatched siRNA

2-nt 3´-mismatched siRNA

3-nt 3´-mismatched siRNA

4-nt 3´-mismatched siRNA

b

d

a c

Figure 2  In the absence of ATP, mismatches between the 3′ end of the siRNA guide strand and the target RNA facilitate product release, but reduce the 
rate of target cleavage. (a) Representative siRNA sequences aligned with the target sequence. The siRNA guide strand is colored (5′→3′) and the mismatch
with the target site is highlighted yellow. A complete list of siRNA sequences appears in Supplementary Figure 3 online. (b) The steady-state rate of 
cleavage in the presence and absence of ATP was determined for siRNAs with zero to four 3′ mismatches with the target site. The target RNA concentration
was 49 nM and the concentration of RISC was either ∼ 4 nM (no mismatches) or ∼ 6 nM (1–4 mismatches). The steady-state velocity with ATP, relative to the
velocity without ATP, is shown for each siRNA. (c) Time course of cleavage for perfectly matched (∼ 16-fold excess of RISC relative to target) and mismatched
(∼ 80-fold excess of RISC) siRNA. (d) Data representative of those used in the analysis in c for target cleavage directed by siRNAs with zero, four and five 
3′ mismatches.
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A R T I C L E S

5′ mismatch. Cleavage was similarly enhanced by the addition of a p1
mismatch to seven 3′ mismatches (49% cleavage versus 75% cleavage at
24 h) or to eight 3′ mismatches (21% versus 42% cleavage at 24 h). The
finding that unpairing of the first base of the siRNA guide strand poten-
tiated cleavage under single-turnover conditions suggests that a confor-
mational change occurs in RISC during which the paired p1 base
becomes unpaired before cleavage. Notably, p1 is often predicted to be
unpaired for miRNAs bound to their targets23–25.

For siRNAs that pair fully with their RNA targets, the scissile phos-
phate always lies between the target nucleotides that pair with siRNA
bases 10 and 11 (refs. 2,9). Analysis at single-nucleotide resolution of
the 5′ cleavage products generated by siRNAs with three, four or five 
5′ mismatches (Fig. 4d) or six 3′ terminal mismatches (data not shown)
revealed that the scissile phosphate on the target RNA remained the
same, even when five 5′ nucleotides of the siRNA guide strand were
mismatched with the target RNA (Fig. 4d). As discussed below, this
result suggests that the identity of the scissile phosphate is a conse-
quence of the structure of RISC, rather than being measured from the
5′ end of the helix formed between the siRNA and its RNA target.

Kinetic analysis of RISC catalysis
What role do nucleotides in the terminal regions of the siRNA guide
strand play in directing RISC activity? Reduced pairing between an
siRNA and its target might disrupt the binding of RISC to its target
alternatively, mismatches might disrupt the structure, but not the
affinity, of the siRNA-target interaction. Fully matched siRNAs are
thought to form a 21-base pair, A-form helix with the target RNA19,26,
but do all parts of this helix contribute equally to target binding or do

some regions provide only a catalytically permissive geometry? To dis-
tinguish between these possibilities, we analyzed the Michaelis-
Menten kinetics of siRNA-directed target-RNA cleavage for a perfectly
matched siRNA and for three siRNAs mismatched at their termini.
siRNAs were assembled into RISC, diluted with reaction buffer to the
desired RISC concentration and mixed with target RNA. For each
siRNA, the initial velocity of reaction was determined at multiple sub-
strate concentrations (Supplementary Fig. 3 online), and Km and kcat
were determined from a nonlinear least squares fit of substrate con-
centration versus initial velocity (Fig. 5a). By this assay, we estimate
that the Km of the let-7 siRNA with complete complementarity to its
target is ∼ 8.4 nM (Table 1). We could not detect a difference in Km,
within error, between the fully paired siRNA and siRNA variants bear-
ing three to five mismatches at their 3′ end or three mismatches at their
5′ end (Fig. 5a and Table 1). We note that for the mismatched siRNAs
we used a higher than optimal enzyme concentration to detect cleav-
age. Therefore, our Km measurements for the mismatched siRNAs rep-
resent an upper bound for the actual Km values.

Although the Km was unaltered for the let-7 siRNA containing sev-
eral terminal mismatches, the turnover number, kcat, was decreased by
terminal mismatches (Table 1). Three mismatches at the 5′ end of the
siRNA halved the kcat, whereas three 3′ mismatches decreased kcat
more than six-fold. The introduction of five 3′ mismatches did not
increase the Km, yet decreased kcat >25-fold.

Km reflects the binding strength of RISC
To estimate the contribution of binding to Km, we used a competition
assay that measures the ability of 2′-O-methyl oligonucleotides to
inhibit target cleavage by RISC (Fig. 5b). Such a strategy has been used
previously to analyze the mechanism of target destruction by antisense
oligonucleotides that recruit RNase H27. We anticipated that 
2′-O-methyl oligonucleotides would act as competitive inhibitors of
RISC, because they bind to RISC containing complementary siRNA
but not to RISC containing unrelated siRNA21,28. We designed 31-nt,
2′-O-methyl oligonucleotides as described21, taking care to exclude
sequences predicted to form stable internal structures. We chose 
2′-O-methyl oligonucleotides because of their marked stability in
D. melanogaster lysate and because they can be added to the reaction at
high micromolar concentration.

Competition by 2′-O-methyl oligonucleotides and authentic
RNA targets was quantitatively similar. We analyzed the reaction
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Figure 4 Limited tolerance of RISC for 5′ mismatches. (a) RISC cleavage was
analyzed as in Figure 3c using 5′-mismatched siRNAs whose sequences are
given in Supplementary Figure 3 online. The target RNA was the same for 
all siRNAs. (b) RISC cleavage was analyzed using a single siRNA sequence.
Mismatches were created by altering the sequence of the target RNA. For
the target containing compensatory mutations, the target concentration was
0.25 nM and the siRNA concentration was ∼ 20 nM; RISC concentration was
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by incubating 50 nM siRNA with 0.5 nM target RNA. 3′ mismatches were
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the siRNA. Target and siRNA sequences are given in Supplementary
Figure 3 online. (d) Perfectly base-paired and 5′-mismatched siRNAs direct
cleavage at the same phosphodiester bond. Cleavage reactions were carried
out with ∼ 20 nM RISC generated from 50 nM siRNA and 0.5 nM target RNA
and analyzed on 8% (w/v) denaturing PAGE. The lengths of the target mRNA
and 5′ cleavage product were 182 nt and 148 nt, respectively. After RISC
was assembled, the extract was treated with NEM to inactivate nucleases43.
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A R T I C L E S

velocities of siRNA-directed cleavage of a 32P-radiolabled target in
the presence of increasing concentrations of unlabeled capped RNA
target or a 31-nt 2′-O-methyl oligonucleotide corresponding to the
region of the target containing the siRNA-binding site (Fig. 5b).
Lineweaver-Burk analysis of the data confirms that 2′-O-methyl
oligonucleotides act as competitive inhibitors of RISC (data not
shown). These data were used to calculate Ki values for the perfectly
matched RNA and 2′-O-methyl competitors. For the capped RNA
competitor, the Ki was ∼ 7.7 ± 4 nM (Fig. 5b), nearly identical to the
Km for this siRNA, 8.4 nM (Table 1). The Ki for the perfectly
matched 2′-O-methyl competitor oligonucleotide was 3.2 ± 1 nM
(Fig. 5b), essentially the same, within error, as that of the all-RNA
competitor. We conclude that 2′-O-methyl oligonucleotides are
good models for 5′-capped RNA targets and that the Km for target
cleavage by RISC is largely determined by the affinity (Kd) of RISC
for its target RNA.

Although targets with more than five contiguous mismatches to
either end of the siRNA are poor substrates for cleavage, they might
nonetheless bind RISC and compete with the 32P-radiolabeled tar-
get RNA. We used the 2′-O-methyl oligonucleotide competition

assay to determine the Ki values for oligo-
nucleotides containing as many as eight
mismatches to the siRNA guide strand
(Fig. 5b). 2′-O-methyl oligonucleotides
with 3′ terminal mismatches to the siRNA
were good competitors: a 4-nt mismatch
with the 3′ end of the siRNA increased the Ki
by only about three-fold (9.0 ± 0.9 nM) and
an 8-nt mismatch with the 3′ end of the
siRNA increased the Ki by about ten-fold
(34.8 ± 7 nM). In contrast, mismatches with
the 5′ end of the siRNA had a marked effect
on binding. A 4-nt mismatch to the 5′ end of
the siRNA increased the Ki ∼ 12-fold (36.4 ±
9.2 nM) and an 8-nt mismatch to the 5′ end
of the siRNA increased the Ki 53-fold (173 ±
16 nM). The differential effect on binding
between 5′ and 3′ mismatches was main-
tained even at the center of the siRNA: a 
2′-O-methyl oligonucleotide bearing four
mismatches with siRNA nucleotides 11, 12,
13 and 14 (4-nt 3′ central mismatch,
Fig. 5b) bound more tightly to RISC (that
is, had a lower Ki) than an oligonucleotide

with four mismatches to siRNA positions 7, 8, 9 and 10 (4-nt 5′ cen-
tral mismatch, Fig. 5b).

DISCUSSION
RISC programmed with exogenous siRNA is an enzyme capable of
multiple rounds of target cleavage. Our previous work has shown that
cleavage of a target RNA by RISC does not require ATP3,29. The more
detailed kinetic analysis presented here suggests that there are no ATP-
assisted steps in either target recognition or cleavage by
D. melanogaster RISC; we detect no difference in rate in the presence
or absence of ATP for RNAi reactions analyzed under conditions of
substrate excess at early time points (pre-steady state) or under condi-
tions of enzyme excess where the reaction was essentially single-
turnover. In contrast, the steady-state rate of cleavage under
multiple-turnover conditions was enhanced four-fold by ATP. Our
data suggest that release of the products of the RISC endonuclease is
rate-determining under these conditions in the absence of ATP, but
not in the presence of ATP. The most straightforward explanation for
this finding is that an ATP-dependent RNA helicase facilitates the dis-
sociation of the products of target cleavage from the RISC-bound
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Figure 5 Michaelis-Menten and Ki analysis for matched and mismatched siRNAs reveal distinct
contributions to binding and catalysis for the 5′, central and 3′ regions of the siRNA. (a) siRNA was
assembled into RISC under standard in vitro RNAi conditions, and then diluted to achieve the desired
RISC concentration. The initial rates of cleavage were determined for increasing concentrations of 5′ 32P-
cap-radiolabled target mRNA. Plot of initial velocity versus substrate concentration. Km and Vmax were
determined by fitting the data to the Michaelis-Menten equation. See Table 1 for analysis. Representative
initial rate determinations appear in Supplementary Figure 2 online. (b) Ki values were determined in
competition assays using 2′-O-methyl oligonucleotides bearing 5′, central and 3′ mismatches to the
siRNA guide strand. Representative data are presented in Supplementary Figure 2 online, and a complete
list of the 2′-O-methyl oligonucleotides used appears in Supplementary Figure 3 online.

Table 1  Kinetic analysis of RISC

Mismatches and position Km (nM) Vmax (nM s–1) [RISC] (nM) kcat (s–1) kcat Km
–1 (nM–1 s–1) Fold change (kcat Km

–1)

None 8.4 ± 1.6 0.0071 1 7.1 × 10–3 8.4 × 10–4 1.00

3-nt 3′ 2.7 ± 0.6 0.0022 2 1.1 × 10–3 3.8 × 10–4 0.46

5-nt 3′ 6.0 ± 1.8 0.0054 2 2.7 × 10–4 4.5 × 10–5 0.05

3-nt 5′ 4.7 ± 1.3 0.0063 2 3.2 × 10–3 6.7 × 10–4 0.80

Reference enzymes Km (nM) kcat (s–1) kcat Km
–1 (nM–1 s–1) kcat Km

–1 relative to RISC

Urease 2.5 × 107 1 × 104 4.0 × 10–4 0.47

Fumarase 5.0 × 103 8 × 102 1.6 × 10–1 190

Catalase 2.5 × 107 1 × 107 4.0 × 10–1 8,940

RNase H1 3.8 × 101 5 × 102 1.3 × 10–3 0.03

Summary of kinetic data from the analysis in Figure 5a. For comparison, the Km and kcat values of four well-studied protein enzymes, urease44, fumarase44, catalase44 and RNase
H1 (ref. 45), are provided. Km ± error of fit is reported.
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siRNA. The involvement of such an ATP-dependent helicase in RNAi
in vivo may explain why siRNAs can be active within a broad range of
GC content30.

In the presence of ATP, siRNA-programmed D. melanogaster RISC is
a classical Michaelis-Menten enzyme. The guide strand of the siRNA
studied here has the sequence of let-7, an endogenous miRNA. In vivo,
let-7 is not thought to direct mRNA cleavage, but rather is believed to
repress productive translation of its mRNA targets. Nonetheless, the
let-7 siRNA is among the most potent of the siRNAs we have studied in
vitro and provides a good model for effective siRNA in general. With a
kcat of ∼ 7 × 10–3 s–1, the let-7 siRNA-programmed RISC was slow com-
pared with enzymes with small molecule substrates (Table 1). The Km
for this RISC was ∼ 8 nM. Enzymes typically have Km values between 1-
and 100-fold greater than the physiological concentrations of their
substrates31. Our data suggest that RISC is no exception: individual
abundant mRNA species are present in eukaryotic cells at high pico-
molar or low nanomolar concentration. The Km of RISC is probably
determined primarily by the strength of its interaction with the target
RNA, because the Km is nearly identical to the Ki of a noncleavable 
2′-O-methyl oligonucleotide inhibitor.

Recently, Tuschl and colleagues have measured the kinetic para-
meters of target RNA cleavage by human RISC32. In that study, the
minimal active human RISC was highly purified; in this study,
D. melanogaster RISC activity was measured for the unpurified,
intact holo-RISC, believed to be an 80S multiprotein complex33.
Different siRNAs were used in the two studies. Nonetheless, the Km
and kcat values reported here and for the minimal human RISC are
markedly similar: the Km was 2.7–8.4 nM and the kcat was 7.1 × 10–3

s–1 for the let-7 siRNA-programmed D. melanogaster holo-RISC ver-
sus a Km of 1.1–2.3 nM and a kcat of 1.7 × 10–2 s–1 for a different
siRNA in minimal human RISC. As in this study, Tuschl and col-
leagues also observed a pre-steady-state burst in the absence of ATP,

consistent with the idea that product release
is ATP-assisted in vivo.

The ratio of kcat to Km is a classical measure
of enzyme efficiency and corresponds to the
second-order rate constant for the reaction
when the concentration of substrate is much
less than the Km. For the let-7 programmed
RISC, kcat Km

–1 equals ∼ 8.4 × 105 M–1 s–1

(∼ 8.4 × 10–4 nM–1 s–1), a value far slower than
the expected rate of collision of RISC with
mRNA, ≥107 M–1 s–1. What then limits the
rate of catalysis by RISC? Perhaps cleavage by
RISC is constrained by the rate of conforma-
tional changes required for formation of the
enzyme–substrate complex or by subsequent
conformational rearrangements required for
catalysis. Future studies will be needed to
determine if siRNAs can be designed that sub-
stantially improve either the kcat or Km of
RISC without compromising specificity.

Although siRNAs are typically envisioned
to bind their target RNAs through 19–21
complementary base pairs, we find that the 
5′, central and 3′ regions of the siRNA make
distinct contributions to binding and catalysis
(Fig. 6). Measurements of Km and Ki suggest
that the 5′ nucleotides of the siRNA con-
tribute more to target binding than do the 
3′ nucleotides. At least for the siRNA exam-

ined here, the first three and the last five nucleotides of a 21-nt siRNA
contribute little to binding. If the Kd of RISC bound to its target RNA
is essentially its Km, ∼ 8 nM, then the free energy (∆G° = –RT ln Kd) of
the let-7-programmed RISC-target interaction is about –11 kcal
mol–1, considerably less than the –35 kcal mol–1 (Kd ∼ 10–29) predicted
(http://ozone2.chem.wayne.edu/Hyther/hytherm1main.html) for the
let-7 RNA bound to a fully complementary RNA in 100 mM K+ and
1.2 mM Mg2+ at 25 °C. Why does RISC seem to discard so much
potential binding energy? Perhaps by binding less tightly to its target,
an siRNA in RISC gains the ability to discriminate between well
matched and poorly matched targets, but only for bases in the 
5′ region of the siRNA guide strand.

Mismatches between the central and 3′ regions of an siRNA and its
target RNA reduce kcat far more than mismatches at the 5′ end of the
siRNA. These results fit well with recent findings by Doench and Sharp
that translational repression by siRNA, designed to act like animal
miRNA, is markedly disrupted by mismatches with the 5′ end of the
siRNA, but not with similar mismatches at the 3′ end18. These authors
propose that miRNA binding is mediated primarily by nucleotides at
the 5′ end of the small RNA. In fact, complementarity between the 
5′ end of miRNAs and their targets has been required by all computa-
tional approaches for predicting animal miRNA targets16,23,25,34. Our
finding that central and 3′ siRNA sequences must pair with the target
sequence for effective target cleavage but not for target binding rein-
forces this view; both central and 3′ miRNA sequences are usually mis-
matched with their binding sites in their natural targets35–41.

Formation of a contiguous A-form helix surrounding the scissile
phosphate of the target mRNA has been proposed to be a quality con-
trol step for RISC-mediated target cleavage19. We find that RISC can
direct cleavage when the siRNA is paired with the target RNA only at
positions 2–12 of the guide strand, corresponding to one complete
turn of an RNA-RNA helix. This region of the siRNA includes
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nucleotides 2–8, which seem to be critical for miRNA recognition of
mRNAs targeted for translational repression, plus two nucleotides
flanking either side of the scissile phosphate. Our finding that unpair-
ing the first nucleotide of the guide strand enhances the activity of
siRNAs with seven, eight or nine 3′ mismatches to the RNA target is
notable, as many miRNAs do not pair with their targets at this posi-
tion. Furthermore, such pairing resembles that reported by Linsley
and colleagues for siRNA-directed off-target effects in cultured mam-
malian cells14.

The requirement for a full turn of a helix may reflect a mechanism of
‘quality control’ by RISC. Because RISC can apparently assemble on
any siRNA sequence, it must use the structure of the siRNA paired to
its target to determine whether or not to cleave. Despite the apparent
surveillance of the structure of the siRNA-target pair, the identity of
the scissile phosphate is unaltered by extensive mismatch between the
5′ end of the siRNA and its target. Yet the scissile phosphate is deter-
mined by its distance from the 5′ end of the siRNA guide strand2,9. The
simplest explanation for our findings is that the scissile phosphate is
identified by a protein loaded onto the siRNA during RISC assembly,
that is, before the encounter of the RISC with its target RNA.

The remarkable tolerance of RISC for mismatches between the
siRNA and its targets—up to nine contiguous 3′ nucleotides—implies
that a large number of off-target genes should be expected for many
siRNA sequences when RISC is present in excess over its RNA targets.
However, RISC with extensive mismatches between the siRNA and
target is quite slow to cleave, so off-target effects may be minimized by
keeping the amount of RISC as low as possible. As our understanding
of the molecular basis of siRNA-directed gene silencing grows, we
anticipate that siRNA will be able to be designed to balance the com-
peting demands of siRNA efficacy and specificity.

METHODS
General methods. D. melanogaster embryo lysate, siRNA labeling with polynu-
cleotide kinase (New England Biolabs), target RNA preparation and labeling
with guanylyl transferase were carried out as described20,42, and the forward
primer sequence for 379-nt target mRNA was 5′-CGC TAA TAC GAC TCA CTA
TAG CAG TTG GCG CCG CGA ACG A-3′, and 5′-GCG TAA TAC GAC TCA
CTA TAG TCA CAT CTC ATC TAC CTC C-3′ for the 182-nt target. Reverse
primers used to generate fully matched and mismatched target RNAs were: 
5′-CCC ATT TAG GTG ACA CTA TAG ATT TAC ATC GCG TTG AGT GTA
GAA CGG TTG TAT AAA AGG TTG AGG TAG TAG GTT GTA TAG TGA AGA
GAG GAG TTC ATG ATC AGT G-3′ (perfect match to let-7); 5′-CCC ATT TAG
GTG ACA CTA TAG ATT TAC ATC GCG TTG AGT GTA GAA CGG TTG TAT
AAA AGG TTG AGG TAG TAG GTT CAT GCA GGA AGA GAG GAG TTC
ATG ATC AGT G-3′ (7-nt 3′ mismatch); 5′-CCC ATT TAG GTG ACA CTA TAG
ATT TAC ATC GCG TTG AGT GTA GAA CGG TTG TAT AAA AGG TTG AGG
TAG TAG GTA CAU GCA GGA AGA GAG GAG TTC ATG ATC AGT G-3′ (8-nt
3′ mismatch); 5′-CCC ATT TAG GTG ACA CTA TAG ATT TAC ATC GCG TTG
AGT GTA GAA CGG TTG TAT AAA AGG TTG AGG TAG TAG GAA CAT GCA
GGA AGA GAG GAG TTC ATG ATC AGT G-3′ (9-nt 3′ mismatch); 5′-CCC
ATT TAG GTG ACA CTA TAG ATT TAC ATC GCG TTG AGT GTA GAA CGG
TTG TAT AAA AGG TAC TCC ATC TAG GTT GTA TAG TGA AGA GAG GAG
TTC ATG ATC AGT G-3′ (8-nt 5′ mismatch); 5′-CCC ATT TAG GTG ACA CTA
TAG ATT TAC ATC GCG TTG AGT GTA GAA CGG TTG TAT AAA AGG TAC
TCG TAG TAG GTT GTA TAG TGA AGA GAG GAG TTC ATG ATC AGT G-3′
(4-nt 5′ mismatch). The lengths of the target sequences were 613 nt (Figs. 1–3
and 5a and Supplementary Figures 1 and 2 online); 379 nt (Figs. 4a–c and 5b
and Supplementary Figure 2 online); and 182 nt (Fig. 4d). All siRNAs were
deprotected according to the manufacturer’s protocol (Dharmacon), 5′-radio-
labeled where appropriate, and then gel-purified on 15% (w/v) denaturing
PAGE. 2′-O-methyl oligonucleotides were from Dharmacon. siRNA strands
were annealed at high concentrations and serially diluted into lysis buffer 
(30 nM HEPES, pH 7.4, 100 mM KOAc, and 2 mM MgCl2). Gels were dried and
imaged as described22. Images were analyzed using Image Gauge 4.1 (Fuji).

Initial rates were determined by linear regression using Excel X (Microsoft) or
IgorPro 5.01 (Wavemetrics). Kaleidagraph 3.6.2 (Synergy Software) was used to
determine Km and Ki by global fitting to the equations: V = (Vmax × S) (Km +
S)–1 and V = (Vmax × Ki(app)) (Ki(app) + I)–1, where V is velocity, S is target RNA
concentration, and I is the concentration of 2′-O-methyl oligonucleotide com-
petitor. Ki was calculated by correcting Ki(app) by the Km and substrate concen-
tration, Ki = Ki(app) (1 + (S Km

–1))–1.

ATP depletion and NEM inhibition. RNAi reactions using D. melanogaster
embryo lysate were done as described42. To compare –ATP and +ATP condi-
tions, samples were treated with 10 mM NEM (Pierce) for 10 min at 4 °C, and
then the NEM was quenched with 11 mM DTT. For ATP depletion (–ATP),
1 unit of hexokinase and 20 mM (final concentration) glucose were added and
the incubation continued for 30 min at 25 °C. For +ATP reactions, 0.05 mg
ml–1 (final concentration) creatine kinase and one-tenth volume H2O were
substituted for hexokinase and glucose, respectively. The addition of fresh crea-
tine kinase after NEM treatment did not rescue the defect in RISC assembly, but
did restore ATP to high levels3. ATP levels were measured using an ATP assay kit
(Sigma) and a PhL luminometer (Mediators Diagnostika).

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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