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Structural determinants of RNA recognition and cleavage
by Dicer
Ian J MacRae1,2, Kaihong Zhou1,2 & Jennifer A Doudna1–4
A hallmark of RNA interference is the production of short double-stranded RNA (dsRNA) molecules 21–28 nucleotides in length
by the specialized RNase III protein Dicer. Dicer enzymes uniquely generate RNA products of specific lengths by mechanisms
that have not been fully elucidated. Here we show that the PAZ domain responsible for dsRNA end recognition confers this
measuring ability through both its structural position and RNA-binding specificity. Point mutations define the dsRNA-binding
surface and reveal a protein loop important for cleavage of substrates containing perfect or imperfect base pairing. On the basis
of these results, we reengineered Dicer with a U1A RNA-binding domain in place of the PAZ domain to create an enzyme with
altered end-recognition specificity and RNA product length. These results explain how Dicer functions as a molecular ruler and
provide a structural basis for modifying its activity in cells.

Dicer enzymes are a specialized family of RNase III proteins that
produce and help traffic small dsRNAs during RNA interference
(RNAi)1. Found in the cytoplasm of nearly all eukaryotic cells, Dicer
recognizes the 5¢ and 3¢ helical ends of dsRNA and cleaves a specific
distance away to produce 21– to 28–nucleotide (nt) short interfering
RNAs (siRNAs)2 or microRNAs3. In addition, Dicer helps load these
RNA products into multiprotein RNA-induced silencing complexes4–7,
where they direct cognate gene silencing by targeted mRNA degradation8, translational repression9 and heterochromatin formation10.
Dicer contains two copies of the universally conserved catalytic
domain of RNase III proteins. Dicer enzymes also typically include an
N-terminal ATPase/DExD helicase domain, a small domain of unknown
function (DUF283) and a C-terminal dsRNA-binding domain11. A sixth
domain called PAZ is located a variable distance upstream of the two
catalytic domains. Notably, a few Dicers seem to lack either the ATPase/
helicase domain or dsRNA-binding domain, or both, suggesting that
these regions modify dicing activity but do not contribute directly to
RNA measurement or catalysis. Furthermore, several Dicer proteins,
including Tetrahymena thermophila Dcr1 and Dcr2 (ref. 12) and
Schizosaccharomyces pombe Dcr1, do not have identifiable PAZ domains,
raising the possibility of alternative mechanisms of RNA recognition.
Structural insight into Dicer function came from the crystal
structure of an intact and fully active Dicer from Giardia intestinalis13.
This enzyme naturally contains only the PAZ and two catalytic
domains found within the larger Dicers. The two catalytic domains
associate with each other to form an ‘internal dimer’ that resembles
the RNase homodimer of bacterial RNase III enzymes14. These
catalytic domains are linked to the PAZ domain at the opposite end
of the molecule by a long a-helix and a flat platform surface on the

face of the protein. The 65-Å distance between the PAZ domain and
the catalytic domain active sites closely matches the length spanned by
25–27 base pairs (bp) of dsRNA, the length of the RNAs produced by
G. intestinalis Dicer. This structure, coupled with available biochemical
data, has led to a model for dsRNA binding and cleavage similar to
that proposed for human Dicer15. In the model, Dicer binds dsRNA
3¢ ends using the PAZ domain and positions the dsRNA substrate
along the flat face of the enzyme, in agreement with a recent crystal
structure of bacterial RNase III bound to dsRNA16.
To test this model, we investigated the contributions of distinct parts
of the Dicer structure to dsRNA recognition, product-length specificity
and end-dependent dsRNA cleavage. We show here that the PAZ
domain is a self-contained structure whose location within the Dicer
architecture is sufficient to define the lengths of siRNAs. RNA binding
and activity assays with a series of Dicer mutants show that electrostatic
interactions contribute the bulk of the substrate-binding energy. A loop
adjacent to one of the catalytic domain active sites is responsible for
maintaining the correct size of diced RNAs produced from perfectly
and imperfectly base-paired substrates. On the basis of these results, we
created a new form of Dicer with altered dsRNA substrate specificity by
replacing the PAZ domain with the U1A RNA loop–recognition
domain, thereby changing RNA substrate specificity without affecting
product length. These results explain how Dicer functions as a
molecular ruler and suggest a mechanism for its regulation in cells.
RESULTS
The PAZ domain is required to specify siRNA length
Dicer’s intrinsic measuring mechanism is postulated to rely on the
PAZ domain. To test this idea directly, a mutant G. intestinalis Dicer

1Howard Hughes Medical Institute, 2Department of Molecular and Cell Biology and 3Department of Chemistry, University of California, Berkeley, California 94720,
USA. 4Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. Correspondence should be addressed to J.A.D.
(doudna@berkeley.edu).

Received 30 March; accepted 24 July; published online 16 September 2007; doi:10.1038/nsmb1293

934

VOLUME 14

NUMBER 10

OCTOBER 2007

NATURE STRUCTURAL & MOLECULAR BIOLOGY

ARTICLES
A dsRNA-binding surface between the PAZ and catalytic domains
The structure of G. intestinalis Dicer revealed several patches of
positively charged residues on the surface of the protein, particularly
along the surface connecting the PAZ and the catalytic domains. To
test the contributions of these residues to dsRNA substrate recognition, nine Dicer protein mutants were produced in which two to four
surface residues were mutated to alanine (Table 1). Upon incubation
with a 153-bp dsRNA substrate, the wild-type Dicer processed nearly
all of the starting material into 25- to 27-nt RNAs over the course of
the assay (Fig. 2a). In contrast, many of the mutant Dicers were much
slower, producing only a fraction of the amount of products produced
by wild-type enzymes. All of the mutations that impaired dicing
activity mapped to the one side of the molecule, the ‘front’ (Fig. 2b).
Mutation of positively charged patches elsewhere on the protein
surface had relatively little effect on dicing activity. These results
indicate that the positively charged residues on the front of the
platform and PAZ domains are crucial to Dicer function.

Figure 1 Role of the PAZ domain and helical end
structure in cleavage site selection by Dicer.
(a) Crystal structure of wild-type G. intestinalis
Dicer (left) and a probable model for DPAZ Dicer
(right). Key domains and loops are labeled.
(b) Fixed-time activity assays (25 nM enzyme,
B50 nM substrate, 3 h) with wild-type and DPAZ
Dicers. (c) Schematic representation of the three
dsRNA substrates used. Arrows point to observed
cleavage sites. Lines attached to arrows denote
distances measured by Dicer. (d) Fixed-time
assay (25 nM enzyme, B75 nM substrate,
10 min) of three dsRNA substrates. –OH
indicates partial alkaline hydrolysis ladder of the
labeled RNA. Figure 1a, Figure 2b and Figure 4c
were generated using PyMOL28.
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Dicer measures from the 3¢ end of dsRNA substrates
To test whether G. intestinalis Dicer has the same preference for
dsRNA substrates with free helical ends as observed for human
Dicer17, we generated a covalently closed, circular dsRNA substrate
similar in sequence to the hairpin precursor of let-7 microRNA3. In
contrast to the hairpin substrate, Dicer did not hydrolyze the ligated
circular dsRNA substrate, even after extended incubation (Supple- Electrostatic interactions confer dsRNA binding affinity
mentary Fig. 1 online). Thus, Dicer requires an open helical end for We further characterized the surface mutants by assaying their activity
with various amounts of the 37-nt dsRNA substrate shown in
proper substrate recognition and processing.
We further probed the structural requirements for RNA helix Figure 1c (left). Similar to the substrate used in a previous study15,
end recognition by testing cleavage site selection in three 37-nt this substrate can be cleaved once by Dicer from either end of the
dsRNA substrates. The first substrate contained 3¢ 2-bp overhangs duplex to produce dsRNA products. Assays were carried out with
on each end of the duplex, the second substrate had blunt ends duplexes in which a trace amount of one of the two RNA strands was
and the third substrate had a 3¢ 2-bp recession on both ends labeled with 32P on its 5¢ end.
of the duplex (Fig. 1c). In each case, incubation with G. intestinalis
Wild-type G. intestinalis Dicer cleaved the labeled RNA into
Dicer yielded products resulting from cleavage 25 or 26 nt fragments 25 or 26 nt long and 11 or 12 nt long (Fig. 1d), consistent
from the 3¢ end of both RNA strands
(Fig. 1d). Cleavage from the 3¢ end of
a
b
the radiolabeled strand always yielded an
11-nt product, consistent with measuring from that 3¢ end. A mixture of product
155 nt
RNase
sizes from a single substrate is commonly
RNase
IIIb
observed in the Dicer family of enzymes15.
IIIa
Positioning
The exact product size and distribution
Platform loop
loop
of sizes seems to depend on substrate
Platform
sequence18. Notably, Dicer generated RNA
PAZ loop
25 nt
fragments 29 or 30 nt long from the substrate
PAZ
with the recessed 3¢ ends, which is B4 nt
∆PAZ
longer than canonical G. intestinalis Dicer
Wild-type
Dicer
Dicer
products. Thus, substrate structure contri5′
c
d
butes to siRNA length, making it possible for
3′ 5′
3′
3′
Dicer to generate longer RNA fragments than
5′
previously thought.
–O
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protein was designed in which the entire 113-residue PAZ domain was
deleted (DPAZ) without disrupting the structure of the remaining
protein (Fig. 1a). As predicted, DPAZ Dicer produced dsRNA products of variable length (Fig. 1b), suggesting that the truncated
enzyme engages and cleaves at random positions in the dsRNA
substrate. The DPAZ enzyme also had reduced affinity for dsRNA
compared to that of the wild-type enzyme (data not shown). The
finding that removal of the PAZ domain abolished cleavage site
selectivity by G. intestinalis Dicer is consistent with the structural
model and suggests that the dsRNA helical end is the primary
determinant of cleavage site selection by Dicer.
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of Dicer contributes to substrate recognition and that upon binding
there are many points of contact between the protein and dsRNA.
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Figure 2 Contributions of positively charged surface residues to dsRNA
substrate recognition. (a) Fixed-time assay (25 nM enzyme, B50 nM
substrate, 1 h) of wild-type and surface-mutated G. intestinalis Dicers using
a long dsRNA substrate. ‘% wild-type’ indicates the amount of 25- to 27-nt
RNA produced by each mutant over the course of the assay, as a percentage
of the amount produced by the wild-type Dicer. (b) Surface representation
of G. intestinalis Dicer showing residues important for enzyme activity
clustered on the front of the enzyme. Mutants were characterized as
unimpaired (475% wild-type activity, green), impaired (415% wild-type
activity, pink) or severely impaired (o15% wild-type activity, red).
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Fitting the data to equation (2) yields a Km value of 2.8 mM for
both products and a theoretical maximal velocity of 24 s–1 and 22 s–1
for the 11- or 12-nt and the 25- or 25-nt products, respectively. The
maximum velocity (Vmax) of G. intestinalis Dicer is about ten-fold
slower than that reported for Escherichia coli RNase III (228 s–1), and
the Km of Dicer is about ten-fold greater than the reported Km of
bacterial RNase III for a viral dsRNA substrate (0.34 mM)20.
We next measured the initial velocity of the surface-mutant Dicers
at various dsRNA concentrations. In most cases, the plot of
velocity against substrate concentration was linear, indicating that
even the highest dsRNA concentration used (10 mM) was well below
the Km values of most of the mutant enzymes (Fig. 3b). Only the plot
of the platform mutant took on a hyperbolic shape, with a Km about
five times greater than that of the wild-type enzyme. The increased
Km values for the surface mutants suggest that the entire front face
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where [S1] and [S2] are the concentrations of the two substrates, Km1
and Km2 are the Michaelis constants for each substrate and v1 is the
velocity at which substrate 1 is converted into product19. Taking into
account that the concentrations of the two substrates must be equal
([S1] ¼ [S2]) and that the velocity plots for the two products have
roughly the same apparent Km (Km1 ¼ Km2), equation (1) can be
reduced to
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with processing from both ends of the dsRNA substrate. Plotting the
rate of product formation as a function of substrate concentration
resulted in similar curves for both product sizes (Fig. 3a). Because a
large molar excess of substrate over enzyme was used in these
experiments, and because each end of a single dsRNA substrate can
be recognized by Dicer, the ends act essentially as independent
competitors of each other. Thus, the data can be fit to a modified
version of the Henri-Michaelis-Menten equation, which accounts for
two inseparable alternative substrates:
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The positioning loop fine-tunes siRNA product length
Two of the surface mutant proteins we produced contained mutations
in a 10-residue loop that we call the positioning loop (residues 391–
401). This loop, part of the first catalytic domain (the RNase IIIa
domain), resides directly below the active site at the junction between
the platform and RNase IIIa domains (Fig. 1a). We were especially
interested in this position of the protein because in the proposed
model of dsRNA bound to G. intestinalis Dicer, the dsRNA had to
be bent at the RNase IIIa–platform junction to allow a reasonable fit
onto the Dicer crystal structure13. Notably, mutations in the loop
markedly affected the activity of G. intestinalis Dicer, with the
positioning loop 2 mutant being one of the most severely impaired
surface mutants produced in this study (Table 1 and Fig. 2a). We also
observed a subtler change in the positioning loop mutants: whereas
the wild-type enzyme produced predominantly 25-nt RNAs from one
end of the 37-nt substrate, positioning loop mutants produced a
mixture of 25- and 26-nt RNAs (Fig. 4a). This effect was strongest
in the positioning loop 2 mutant, which produced a higher ratio
of 25- and 26-nt RNAs compared to the wild-type enzyme (Fig. 4b).
The ratio of 25- and 26-nt products was constant throughout the
course of the reaction for each enzyme in time-course experiments
and was independent of substrate concentration (data not shown).
The observed change in the size distribution of product RNAs
suggests that the positioning loop is involved selecting the cleavage
site and may have a role in placing the scissile phosphate correctly
into the catalytic site. We propose that the positioning loop helps
align or position dsRNA substrates into the enzyme active site as
they extend across the RNase IIIa–platform domain junction.
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Table 1 Dicer mutants examined in this study
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substrate used was identical to the original
except that it contained an internal bulge
10
composed of a 2-bp mismatch and a single8
8
base insertion (Fig. 4d). The bulge was
PAZ loop 2
6
designed to be in the middle of the duplex,
6
Positioning loop1
PAZ loop 1
which was expected to be near the RNase
4
4
IIIa–platform junction when the duplex was
Platform loop
2
2
Positioning loop 2
engaged by Dicer from either end. The wild0
type G. intestinalis Dicer processed the bulged
0
2
0
2
4
6
8
10
12
0
4
6
8
10
12
and
perfect substrates from both ends, pro[dsRNA] (µM)
[dsRNA] (µM)
ducing a mixture of 25- or 26-nt and 11- or
12-nt products from each substrate (Fig. 4e).
Figure 3 Kinetic measurements of Dicer surface mutants. (a) Steady-state velocity of wild-type
G. intestinalis Dicer as a function of substrate concentration. Initial rates of 25- and 26-nt product
In contrast, the positioning loop 2 mutant
formation and of 11- and 12-nt product formation are plotted. (b) Initial velocity of 25- and 26-nt
produced 25- or 26-nt and 11-nt products
product formation plotted against substrate concentration for surface-mutant Dicers.
but almost no 12-nt products, showing again
that mutations in this loop subtly affect
cleavage site selection. The products from
The positioning loop in Dicer is structurally analogous to RNA- the bulged substrate were slightly enriched in 25-nt fragments relative
binding motif 4 (RBM4) in bacterial RNase III, which has also to 11- and 12-nt fragments, suggesting that the bulge causes Dicer
been implicated in substrate binding and catalytic efficiency21. to favor processing from one end of the duplex over the other.
However, the loop in the RNase IIIa domain of Dicer is considerably This effect was exacerbated in the positioning loop 2 mutant, which
longer and more flexible22 (Fig. 4c), suggesting that the positioning did not produce any 11-nt products from the bulged substrate. The
loop has diverse modes of dsRNA binding. Notably, the positioning inability of the positioning loop 2 mutant to produce 11-nt products
loop in human Dicer has an even larger extension that mediates from the bulged substrate is consistent with a role for the loop in
interactions with Argonaute, the core subunit of the RNA-induced positioning the scissile phosphate for hydrolysis and suggests that, in
silencing complex23. Thus, in mammals this loop has functions even some cases, the loop also helps Dicer recognize and process diverse
beyond binding dsRNA substrates and assisting their hydrolysis. In dsRNA substrates.
contrast, the analogous loop in the RNase IIIb
domain of Dicer is compact and structurally
very similar to the RBM4 of bacterial RNase
a
b
c
III, suggesting that it functions simply in
Wild-type
substrate binding and catalytic efficiency.
RBM4
Positioning loop 2
RBM
We further examined the role of the posi37 nt
1
4b
tioning loop by challenging Dicer with
0.8
an imperfect dsRNA substrate. The dsRNA
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Figure 4 Role of the positioning loop in dsRNA
recognition and cleavage. (a) Fixed-time assay of
the wild-type Dicer (25 nM, B75 nM substrate,
1 min) and positioning loop 2 mutant (125 nM,
B75 nM substrate, 10 min) acting on a 37-nt
dsRNA substrate. Higher enzyme concentration
and longer incubation time were required for the
mutant to generate product levels comparable to
the wild-type enzyme. –OH indicates a partial
alkaline hydrolysis ladder of the labeled RNA.
(b) Quantification of product size distribution
from wild-type and positioning loop 2–mutant
Dicer proteins. Amounts are shown relative to the
most abundant product (25 nt). (c) Superposition
of Ca carbon atoms of the RNase domains of
G. intestinalis Dicer (blue; PDB 2FFL) and the
RBM4 region of bacterial RNase III (white; PDB
2EZ6). RBM4 of RNase III is shown in red,
corresponding regions of Dicer (RBM4a and
RBM4b) are in gold and catalytic metal ions
are shown as purple spheres. (d) Schematic of
perfect and bulged substrates. Arrows indicate
Dicer cleavage sites. (e) Fixed-time assay of the
wild-type Dicer (25 nM, B75 nM substrate,
8 min) and positioning loop 2 mutant (125 nM,
B75 nM substrate, 120 min) acting on the
perfect and bulged dsRNA substrates.
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25 nt

18 nt

12 nt

Wild-type Dicer

U1A Dicer

Figure 5 Activity of an engineered Dicer with altered RNA recognition
specificity. (a,b) Fixed-time assay (25 nM enzyme, B50 nM substrate,
15 min) of wild-type Dicer (a) and reengineered U1A Dicer (b) processing
37- and 33-bp RNA hairpins. Both hairpins are 32P-labeled on the
open 5¢ end and have the U1A recognition loop on the other end.

Dicer can be reprogrammed to recognize novel RNA substrates
The above results show that the PAZ domains in the Dicer protein
function in substrate cleavage site selection, whereas the positively
charged surface residues contribute to substrate binding affinity and
subtle positioning. These findings imply that there is nothing inherently special about the PAZ domain; it should be possible to alter the
substrate specificity of Dicer by replacing the PAZ domain with a
completely different RNA-recognition motif. To test this idea, we
designed, expressed and purified a mutant G. intestinalis Dicer protein
in which the RNA-binding domain of the spliceosomal protein U1A
was substituted for the PAZ domain. The U1A RNA-binding domain
has a high affinity for RNA loops containing the 14-nt sequence
5¢-CCAUUGCACUCCGG-3¢. Two RNA hairpin substrates containing
a U1A recognition loop at the end of a 37- or 33-bp stem were used to
test the RNase activity and specificity of Dicer containing the wildtype or U1A RNA-binding domain.
The wild-type Dicer processed the two hairpin substrates in the
same way: in each reaction, the predominant labeled product was
25 nt long (Fig. 5a), consistent with Dicer measuring from the open
helical end. In contrast, the U1A Dicer processed the two RNA
hairpins differently, producing 18- and 12-nt labeled RNAs from the
37- and 33-bp hairpins, respectively (Fig. 5b). Furthermore, substrates
containing mutations in the U1A recognition sequence abolished
hairpin recognition and cleavage by the U1A Dicer (data not
shown). These results suggest that, as designed, the U1A Dicer
measures and cleaves a set distance from the U1A recognition loop.
The measuring distance of 19–21 nt by the U1A Dicer is slightly less
than that of the wild-type G. intestinalis, which probably reflects
differences between the depths of the RNA-binding pockets in the
U1A and the PAZ domains. Notably, under the experimental conditions used (B50 nM hairpin RNA) the U1A Dicer was more efficient
than the wild-type Dicer at cleaving the RNA substrates. This may
reflect the fact that the U1A RNA-binding domain has a much higher
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DISCUSSION
Understanding how Dicer efficiently generates short RNAs for targeted
gene silencing is essential to determining the molecular mechanisms
and evolution of RNAi and enabling its manipulation for therapeutic
purposes. On the basis of the crystal structure of G. intestinalis
Dicer, mutants were designed to test the contributions of the PAZ
domain and a variety of exposed loops and side chains to dsRNA
recognition and processing. Our analysis shows that the Dicer
PAZ domain is required for helical end–dependent measuring of
dsRNA substrates. RNA measuring by the PAZ domain is strictly
from the 3¢ end of dsRNA substrates, enabling production of RNAs
longer than the canonical size from substrates containing a 5¢ extension. Although it is unknown whether similar substrates occur in vivo,
it is notable that such activity by Dicer could yield longer RNA
products not previously ascribed to Dicer. Furthermore, this activity
by the G. intestinalis Dicer might explain the presence of small RNAs
B30 nt in length in G. intestinalis26.
Extensive site-directed mutagenesis of Dicer surface residues has
revealed that the primary interaction between Dicer and its substrates
occurs along the flat, positively charged surface that connects the PAZ
domain to the two catalytic domains. Amino acid changes in this
region uniformly decreased dicing activity by increasing the apparent
Km of the enzyme for dsRNA substrates. Many of the residues in this
region of the protein seem to contribute binding affinity through
electrostatic interactions with the negatively charged RNA backbone.
A 10-residue segment termed the positioning loop, located at the
junction between the platform and catalytic domains, has a subtler
and potentially crucial role in correctly placing substrates in the
enzyme active sites. Comparison of the four independent copies of
Dicer in the crystallographic asymmetric unit has shown that this loop
is highly flexible22. Mutation of the positioning loop markedly
reduced dicing activity and changed the size distribution of RNA
products, suggesting that the positioning loop helps align or direct
dsRNA substrates into the enzyme active sites. This may be particularly important in enabling Dicer to process dsRNA substrates containing noncanonical base pairs such as precursor microRNAs3.
Perhaps the most exciting finding of this study is that Dicer can be
reengineered to recognize and cleave specific dsRNA substrates by
replacement of the PAZ domain with a different RNA-recognition
domain. Here, a Dicer mutant in which the PAZ domain was replaced
by the U1A RNA-binding domain recognized and cleaved dsRNA
substrates containing a U1A recognition sequence. The resulting
dsRNA products were consistently 19–21 nt in length, indicating the
accuracy of the structural model for dsRNA recognition and cleavage.
This result also shows that the PAZ domain is not uniquely capable of
providing the measuring function that characterizes Dicer endonucleolytic activity. By replacing the PAZ domain with different types of
RNA-binding modules, Dicer could be programmed so that only a
particular RNA substrate would be recognized and processed in vivo.
The discovery that Dicer can be reprogrammed provides a possible
explanation for the apparent lack of identifiable PAZ domains in
several Dicer proteins, including T. thermophila Dcr1 and Dcr2 and
S. pombe Dcr1. Although the PAZ domain sequence may simply be
too divergent to be recognized by common algorithms, it is also
conceivable that a different domain has replaced PAZ in these
proteins, or that the PAZ domain has mutated substantially to enable
recognition of different families of RNA substrates. It is also possible
that domains providing an RNA end– or sequence-recognition
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function interact with these Dicers in trans, a mechanism analogous to
the activity of nuclear Drosha RNase III–family enzymes with
DGCR8-Pasha RNA-binding proteins27.

© 2007 Nature Publishing Group http://www.nature.com/nsmb

METHODS
Preparation of mutant Dicer proteins. The QuikChange method for
site-directed mutagenesis (Stratagene) was used to generate DNA plasmids
encoding surface-mutated and DPAZ Dicer proteins. The template in each
reaction was a wild-type copy of the G. intestinalis Dicer gene (NCBI Protein
EAA41574) inserted between the SfoI and SalI sites of pFastBac HTA (Invitrogen). For the surface mutations, basic amino acid residues were changed
to alanine (see Table 1). For DPAZ, codons 138–250 were replaced with
the sequence 5¢-GGATCCTCCGGTGGA-3¢, which encodes a short Gly-SerSer-Gly-Gly linker sequence between Ala137 and Pro251 of the wild-type
sequence. To generate the U1A Dicer, the linker codons of the DPAZ plasmid
were first changed to the sequence 5¢-GGAGCTAGCGGTGGA-3¢ to introduce
a unique NdeI site. DNA encoding the U1A RNA binding domain
was then cloned into the NdeI site as an XbaI fragment. The U1A insert was
generated by PCR using the DNA oligonucleotides 5¢-TGCAGGATCTAGAG
GAGGGGGTGGCGGAGGGGAGACCCGCCCTAACCACACTATTTAT-3¢ and
5¢-AAATTCATCTGGTCTAGACCCTCCGCCACCTTTCATCTTGGCAATGATA
TCTGAGTCG-3¢ with the human U1A RNA-binding domain (NCBI Protein
NP_004587) as a template. The resulting plasmid encodes a protein with the
following amino acid sequence inserted between Ala137 and Pro215 of wildtype G. intestinalis Dicer: Gly-Ala-Arg-Gly6, followed by amino acid residues
Glu5 through Lys98 of U1A, followed by Gly4-Ser-Ser.
All mutant DNA constructs were confirmed by DNA sequencing and
used in the Bac-to-Bac system (Invitrogen) for the production of recombinant baculovirus. Mutant Dicer proteins were expressed in Sf9
cells and purified by a combination of nickel–nitrilotriacetic acid (Qiagen)
and size exclusion chromatography as described previously for the
wild-type enzyme13.
Preparation of RNA substrates. The 153-bp dsRNA substrate was prepared
using in vitro transcription reactions spiked with [a-32P]ATP as described13.
Short RNA oligonucleotides were purchased from Integrated DNA Technologies, purified by denaturing PAGE and 32P-labeled at the 5¢ end using T4
polynucleotide kinase (New England Biolabs).
The RNA hairpin used in Supplementary Figure 1 was transcribed in vitro
from a precursor let-7–like RNA3 with the following sequence: 5¢-GCC
CUUUGGGGUGAGGUAGUAGGUUGUAUAGUUUGGGGCUCUGCCCUGC
UAUGGGAUAACUAUACAAUCUACUGUCUUUCCUGAAGUGGC-3¢. Transcribed RNA was treated with calf intestinal phosphatase (New England
Biolabs), 32P-labeled at the 5¢ end with T4 polynucleotide kinase and purified
by denaturing PAGE. The hairpin was closed by ligation using T4 RNA
ligase, and the ligated product was gel purified. Ligation was confirmed
by limited hydrolysis under alkaline conditions, which nicks the RNA
and shifts its electrophoretic mobility to that of the unligated hairpin
(Supplementary Fig. 1).
Overlap PCR was used to generate DNA templates for the U1A hairpin
RNAs. PCR products were cloned into pUC19 and then transcribed in vitro
with T7 RNA polymerase. U1A hairpin RNAs were designed to have the
following nucleotide sequences: U1A-1 (37 bp), 5¢-GGAGGUAGUAGGUGC
UAGGCCUACCGACACACAUCCCAUUGCACUCCGGGAUGUGUGUCGGU
AGGCCUAGCACCUACUACCUCCUG-3¢; and U1A-2 (33 bp), 5¢-GGAGUAG
GUGCUAGGCCUACCGACACACAUCCCAUUGCACUCCGGGAUGUGUGU
CGGUAGGCCUAGCACCUACUCCUG-3¢ (U1A recognition elements underlined). Transcription products were treated with calf intestinal phosphatase,
32P-labeled at the 5¢ end and PAGE-purified before use.
Immediately before each assay, RNA substrates were incubated at 65 1C in
the standard dicing reaction buffer13 for 10 min. Open duplex substrates were
cooled slowly to room temperature over the course of 30 min. Hairpin
substrates were snap-cooled by plunging into an ice bath and then brought
back to room temperature. Open duplex substrates were typically annealed at a
concentration ten times the working concentration in the subsequent dicing
assay. Hairpin substrates were annealed at working assay concentrations
(typically 50–75 nM). Analytical native PAGE was used to determine the exact
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ratio of the two RNAs used to form duplexes and to validate that the hairpin
RNAs had correctly folded.
Dicer activity assays. All dicing assays were carried out at 37 1C and contained
50 mM NaCl, 3 mM MgCl2, 100 mM HEPES (pH 7.5), 32P-labeled RNA
and purified G. intestinalis Dicer in a final volume of 20 ml. For the fixedtime assays, B75 nM labeled RNA was incubated with 25 nM Dicer unless
stated otherwise.
Time-course assays, in which substrate concentration was varied (Fig. 3),
contained 50 nM unlabeled dsRNA spiked with a trace quantity of substrate
labeled with 32P at the 5¢ end. Unlabeled RNA oligonucleotides also contained
5¢-phosphate groups. For these assays, 5–125 nM Dicer was used, with Dicer
concentration always at least ten-fold below the substrate concentration. For
each substrate concentration, data were collected at five time points, at 2-min
intervals. Enzyme concentrations were adjusted in each reaction so that the rate
of product formation was linear over the measured time course and reaction
rates were directly proportional to the amount of enzyme used. In all assays, at
least 90% of the input substrate RNA remained intact at the final time point.
All reactions were stopped by the addition of an equal volume of formamide,
and RNA products were resolved by denaturing 16% PAGE. RNA products
were visualized by phosphorimaging and quantified using ImageQuant (GE
Healthcare Life Sciences).
Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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