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RNase III enzymes and the initiation of gene silencing
Michelle A Carmell1,2 & Gregory J Hannon1
Our understanding of RNA interference has been enhanced by
new data concerning RNase III molecules. The role of Dicer
has previously been established in RNAi as the originator of
22-mers characteristic of silencing phenomena. Recently, a
related RNAse III enzyme, Drosha, has surfaced as another
component of the RNAi pathway. In addition to biochemistry,
protein structures have proven to be helpful in deciphering the
enzymology of RNase III molecules.
RNAi is an evolutionarily conserved process by which doublestranded RNA (dsRNA) induces highly specific gene silencing. The
sources of silencing triggers include exogenously introduced dsRNA,
RNA viruses, transposons and endogenous short dsRNAs (reviewed in
ref. 1). In the current mechanistic model, these triggers are processed
by the RNase III enzyme Dicer into small, 21–24-nucleotide (nt) short
interfering RNAs (siRNAs)2–5. The siRNAs then serve as sequencespecific guides to an effector complex called the RNA-induced silencing complex (RISC) that carries out the destruction of homologous
mRNAs5,6. RNAi has been linked to several seemingly disparate
processes, including control of development and regulation of
heterochromatin7,8. The Dicer enzyme has been implicated in
these processes. It produces siRNAs with characteristic chemical
structures. The presence of such species is a hallmark of all RNAirelated phenomena.
Over the past two years, several groups have described a populous
class of endogenous substrates that enter silencing pathways9–13. These
substrates, called microRNAs or miRNAs, are short, noncoding RNAs
that form hairpin-like structures. The stems of miRNAs are largely
dsRNA but contain mismatches and GU wobble pairs. They enter
silencing pathways, leading to either suppression of protein synthesis
or mRNA destruction14. MicroRNAs are transcribed from the
genomes of diverse organisms. In human cells, some clustered miRNA
genes are transcribed polycistronically as primary precursors for
miRNAs (pri-miRNAs) that are several hundred bases long15,16.
Nonclustered miRNA genes are also expressed as longer nascent transcripts that require further processing. Both poly- and monocistronic
pri-miRNAs undergo a processing step in the nucleus that produces
shorter, ∼70-nt pre-miRNAs. The pre-miRNAs are then exported from
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miRNAs directly and specifically17,18. In the cytoplasm, pre-miRNAs
are processed by Dicer into mature, ∼22-nt miRNAs15. These RNAs
were first described as molecules that control developmental timing
events in Caenorhabditis elegans19,20. A defect in miRNA processing
may account for the developmental phenotypes associated with disruption of RNAi pathways in other organisms from plants to mice21,22.
This review will focus on recent developments in the biochemistry
of RNAi, particularly in reference to the role of RNase III molecules.
The role of Dicer has been established in RNAi, and recently a related
RNase III enzyme, Drosha, has been identified as another component
of the RNAi pathway2–5. We also discuss several models of Dicer cleavage informed by the structural analysis of the PAZ domain of
Drosophila melanogaster Argonautes 1 and 2, and a second look at that
of the Aquifex aeolicus RNase III domain.
RNase III molecules and the biochemistry of RNAi
RNase III (RIII) enzymes were first described in 1968 by Zinder and
colleagues23. All RNase III molecules exhibit specificity for dsRNA.
RIII enzymes are involved in RNA metabolism in organisms ranging
from phage to animals (reviewed in ref. 24). Three structural classes of
RIII molecules have been described. The first class is represented by
Escherichia coli RNase III, the second by Drosha and the third by Dicer
(Fig. 1). The first class is comprised of the simplest RIII proteins, each
of which contains one catalytic endonuclease domain (RIII domain)
and a dsRNA-binding domain (dsRBD). E. coli RNase III promotes
maturation of ribosomal RNAs (rRNAs), tRNAs and mRNAs, and can
also initiate mRNA degradation24. Highly structured, hairpin-like
RNA precursors are cleaved in the stem region by RIII enzymes. As has
been observed for processing of long dsRNA, structured RNA substrates such as rRNA precursors are cleaved in a staggered fashion. The
products generated contain 5′ monophosphate groups and twonucleotide 3′ overhangs.
Processing of primary precursors of miRNAs by Drosha
Members of the second class of RIII proteins, comprised of Drosha
and homologs, contain two RIII domains, a dsRBD, and a long
N-terminal segment25. The N termini of human and mouse Drosha
contain two domains thought to be involved in protein-protein interactions, namely a proline-rich region (PRR) and a serine-argininerich (RS) domain26,27. RS domains are commonly found in RNA
metabolism and splicing factors28. Drosha homologs have been identified in flies, worms, humans and mice, but not yet in plants or
Schizosaccharomyces pombe (although they do have other RIII proteins)25–27. The human Drosha functions in processing of highly structured ribosomal RNA precursors, much like E. coli RNase III26. The
degree to which a panel of antisense RNAs against human Drosha
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decreased its expression correlated very well
with an increase in the 32S and 12S ribosomal
precursors. Recently, Drosha has emerged on
the RNAi scene as an important player in the
maturation of miRNAs29. These RNAs are initially transcribed as long pri-miRNAs15,16.
Drosha clips pri-miRNAs in the nucleus into
shorter ∼70-nt pre-miRNAs. The pre-miRNAs
are then exported from the nucleus and
processed by Dicer into mature ∼22-nt
miRNAs15. Thus, Drosha processes two distinct types of substrates with hairpin-like secondary structures.

Figure 1 Domain structures of class I–III RNase III proteins. Class I is represented by E. coli RNase III,
class II by mammalian Drosha and class III by Dicer. The nonfunctional catalytic site in the second RIII
domain of Dicer is denoted by an X. Domain sizes are approximate.

Generation of siRNAs and mature miRNAs by Dicer
The third class of RIII enzymes, comprised of Dicer-like proteins, are
∼200-kDa multidomain proteins2. Typically, Dicer enzymes contain
an N-terminal DEXH-box RNA helicase domain, a domain of
unknown function (DUF283), a PAZ domain, two RIII domains and
a dsRBD. The PAZ domain is also found in the Argonaute protein
family involved in RNAi effector complexes6, and is in fact named
after three founding Argonaute proteins, Piwi, Argonaute and Zwille.
The potential functions of the PAZ domain will be discussed in the
next section.
Despite progress toward clarifying the biochemical mechanism of
RNAi, many key questions have yet to be answered. For example, what
characteristics distinguish molecules able to elicit an RNAi response
from other segments of dsRNA that might exist within coding and
noncoding cellular RNAs? Also, how do bona fide silencing triggers
exclusively enter and remain in the RNAi pathway? Certainly, one clue
is the characteristic chemical structure of intermediates in the pathway. For example, biochemical evidence indicates that siRNAs with
two-nucleotide 3′ overhangs are optimal for inducing silencing5.
Likewise, siRNAs lacking 5′ phosphate groups characteristic of RIII
nuclease activity cannot become incorporated into RISC complexes30,31. MicroRNAs share these terminal structures after cleavage
by Drosha29,32,33. The presence of these specific chemical groups may
be important for quality control in the RNAi pathway. For example,
they may ensure that pre-miRNAs created by Drosha in the nucleus
are readily recognized by Dicer in the cytoplasm. The overall picture
can be completed in several ways. One or more proteins in the pathway
may be able to distinguish intermediaries from other RNAs in the cell.
This recognition could occur through either direct or indirect recognition of one or more of the chemical structures. Notably, exportin-5,
which mediates nuclear export of pre-miRNAs, shows a marked preference for 3′ overhangs17,34.
Dicer seems to preferentially recognize the ends of its substrates. For
example, when Dicer is presented with a 40-bp dsRNA, discrete products of ∼22 and ∼18 bp are produced35. If Dicer were not cleaving precisely from the termini, the result would be a product of ∼22 bp and
heterogenous products ranging from 1 to 18 bp. It is unclear how
Dicer recognizes the ends of a substrate, and how stringent the
requirement for end recognition is. One study suggests that although
there is a clear preference for an end, the exact nature of the end may
not matter35. For example, chemically altering the ends of the dsRNA
substrate with tetraloops or DNA bases slows, but does not prevent,
initial cleavage by Dicer35.
The function of another RIII enzyme upstream of Dicer may contribute to specific entry of miRNAs into the RNAi pathway. This may
be due to the fact that Drosha creates ends with a chemical structure
that is readily recognized by Dicer. Dicer binds to, and indeed can be

inhibited by, its own reaction product, making it no surprise that Dicer
binds to Drosha products that share the same termini36. Biochemical
evidence indicates that preprocessing of substrates by Drosha
enhances the ability of Dicer to produce mature miRNAs29. In fact,
Drosha processing improves both the efficiency and accuracy of subsequent Dicer cleavage29. Specifically, Drosha activity leads to a greater
buildup of 22-mers than with twice the amount of Dicer alone. Drosha
preprocessing also leads to a more homogeneous population of
22-mers, supporting the idea that Drosha defines the end from which
Dicer makes its cut. The same principle is also true with long dsRNA
substrates. Treating long dsRNA with limiting amounts of E. coli
RNase III increases the rate of subsequent Dicer processing to create
siRNAs (J. Silva and G.J.H., unpublished data). Similarly, Dicer’s
apparent processivity on long dsRNA substrates may be achieved by
recognition of the ends created by the previous Dicer cleavage.
The PAZ domain as molecular sensor?
PAZ domains are highly conserved domains of 130 amino acids that
are found in Dicer and members of the Argonaute family. Argonaute
proteins are core components of RISC and also interact with Dicer,
either directly or indirectly6. To gain insight into the function of the
PAZ domain, several groups have recently solved the structures of the
PAZ domains of D. melanogaster Argonautes 1 (ref. 37) and 2 (refs.
38,39). The structure reveals a high degree of similarity to an oligobinding (OB) fold, a previously characterized single-stranded nucleic
acid–binding domain40. To investigate whether the PAZ domain might
bind nucleic acid directly, all three groups test PAZ binding to singleand double-stranded siRNAs and DNA. Although there is some discrepancy about the species of nucleic acid that preferentially binds to
PAZ domains, it is clear that all of the observed binding is of low affinity, with dissociation constants in the micromolar range. The study of
Ago1 reports that the PAZ domain interacts with RNA preferentially
over DNA37. One Ago2 study agrees with this finding38, whereas the
other finds that both single- and double-stranded DNA bind with
equal affinity to the Ago2 PAZ39. Although none of the solved structures contained RNA, the binding site is predicted to involve highly
conserved residues in an intersubdomain cleft. Mutational studies
confirm that this cleft contains aromatic residues critical for RNA
binding37–39. All three studies demonstrate that binding is independent of nucleic acid sequence.
One possible explanation for the lack of high-affinity binding is an
interaction of the PAZ domain with only part of an siRNA. The apparent end-sensing ability of the PAZ-containing Dicer led to speculation
that the PAZ domain could be functioning in end recognition through
a direct interaction with one or more characteristic terminal structures35. This would not be the first demonstration of OB-foldcontaining proteins exhibiting end-binding properties. For example,
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contains double-stranded siRNAs30. In either
case, some component of RISC must be able
to detect the chemical structure of bona fide
intermediaries in the pathway. PAZcontaining Argonautes, shown to be core
components of RISC complexes, are suitable
candidates for this function.
Models for Dicer cleavage
Dicer, unlike other RNase III enzymes, produces 22-nt siRNAs that are characteristic of
an RNAi response2. Insight from the crystal
structure of A. aeolicus RNase III provides a
platform for speculation about the mechanism of Dicer cleavage45. RIII domains are
functional only when dimerized. This is
because two compound active sites are
formed across the interface of the dimer. Each
RIII domain provides half of each compound
active site.
One could imagine two scenarios of Dicer
Figure 2 Models for Dicer cleavage. (a) Two adjacent E. coli RNase III dimers cleave dsRNA to generate
function. The first is that Dicer functions as a
11-mers (adapted from ref. 45). (b) Antiparallel dimeric model showing close packing of RIII domains
monomer with its two RIII domains forming
required to generate 22-mers. (c) Head-to-tail dimeric model. (d) Monomeric model shown on a
an intramolecular dimer. Alternatively, Dicer
hairpin. In all panels, the footprint of the RIII domain on dsRNA is to scale. Arrows indicate active
molecules could function as dimers (with a
catalytic sites, and X indicates a nonfunctional catalytic site. Because it is unknown whether dual
total of four RIII domains). In either case, it
cleavage chemistries are utilized to create the 3′ overhang, only one arrow is shown per compound
active site. Putative cleavage products are indicated in red. For clarity, DUF283 and the dsRBD are
must be considered that Dicer contains one
omitted from the drawings.
nonfunctional catalytic site. The first RIII
domain of Dicer has canonical active sites, but
crucial catalytic residues of the second active
two proteins containing OB folds, S. cerevisiae Cdc13 and Oxytricha site of the second RIII domain are not conserved (Fig. 1)45. An E. coli
nova telomere end-binding protein, bind specifically to the 3′ over- RIII domain with the same mutation lacks the ability to cleave RNA45.
hangs of telomeric DNA41,42.
One model suggests that Dicer operates as an antiparallel dimer. If
Several lines of evidence support the end-recognition hypothesis. all four RIII domains are intact, a dimer of Dicer molecules should be
Both studies of the Ago2 PAZ provided data demonstrating a reduced able to cleave dsRNA at four sites, with a spacing of ∼11 nt (9 bp of
affinity of the Ago2 PAZ domain for blunt-ended dsRNA as compared dsRNA with two-nucleotide 3′ overhangs) like two adjacent dimers of
with siRNAs with single-stranded 3′ ends38,39. Although the Ago1 the bacterial RNase III (Fig. 2a). This model proposes that the nonstudy did not address the issue of an overhang, the Ago1 PAZ does functional active site would cause Dicer to produce 22-mers instead of
have a preference for single-stranded RNA binding37. In addition, UV 11-mers like other RIII enzymes. However, for this model to hold true,
crosslinking experiments revealed that siRNAs with thymidines the two dimers of RIII domains would have to pack more closely to
(which are particularly photoreactive) in the overhangs can be each other than do the E. coli RIII domains. If the steric relationship is
crosslinked to the PAZ domain efficiently38. These data indicate that the same as in E. coli, a dimer of Dicer molecules would actually prothe bases in the overhang, and not in the interior of the siRNA, have duce a 31-bp helix with two-nucleotide overhangs. Figure 2b illusthe potential to interact with the PAZ domain. It should also be noted trates the close packing that would be required to bring the active sites
that the cleft formed by the PAZ domain is large enough to recognize near enough to produce 22-mers.
Another possibility for a dimeric model would be for the two Dicer
the terminus of a single-stranded RNA, but not the entire siRNA or
dsRNA38. Notably, slight modifications of the chemical groups on the molecules to be aligned in the same orientation relative to each other
overhang of siRNAs are tolerated (such as changing the 3′ OH to a 2′,3′ (head to tail) on the dsRNA (Fig. 2c). The production of 22-mers in
dideoxy), although some decrease silencing activity43. In addition, cer- this model depends on the close placement of adjacent Dicer RIII
tain larger adducts are tolerated, although some abolish silencing31,44. domains. It is unknown whether the domains in the N terminus of the
Although there is evidence that the PAZ domain recognizes a single- protein would either mediate or interfere with such close packing.
A third model proposes that Dicer functions as a monomer, with its
stranded 3′ end, it may or may not recognize the 5′ phosphate group.
The two studies of Ago2 PAZ found that the presence of the 5′ phos- two RIII domains binding to create an intramolecular dimer (Fig. 2d).
phate is inconsequential to binding38,39, but the Ago1 study indicates This model by definition cannot rely on the juxtaposition of four RIII
that the phosphate leads to higher-affinity binding37. This may repre- domains to account for the production of 22-mers. Instead, another
sent a difference between Ago1 and Ago2 that could be reflected in property of the molecule must define the distance of cleavage. For
example, the architecture between the PAZ and the RIII domains may
their biology.
The PAZ domain is found only in Dicer and Argonautes. These determine this distance. In this scenario, the PAZ, recognizing the end
molecules function at two steps that must distinguish genuine siRNAs of a substrate, would position the site of RIII cleavage as ∼22-nt away.
Observations about the RNAi pathway may yield clues pointing
from other RNAs in the cell. Although RISC contains single-stranded
RNAs, it has not yet been determined whether RISC also transiently toward the correct model. For example, one RIII domain occupies
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∼23 nucleotides of an RNA helix45. Micro RNAs, which are cleaved by
Dicer, often do not have stems >25 bp9. This constraint may suggest
that Dicer binds miRNAs as a monomer. Notably, some organisms,
including Arabidopsis thaliana, have two distinct sizes of siRNAs36.
Biochemical data suggest that these distinct classes of siRNAs are produced by different Dicer-like enzymes36. The correct model of Dicer
cleavage should be able to account for the apparent specialization of
Dicer-like enzymes (where these differences cannot be accounted for
by subcellular localization).
PAZ-less Dicers
Bioinformatic studies have revealed that some Dicer molecules have
extremely divergent, or nonexistent, PAZ domains. These include
A. thaliana DCL4 and D. melanogaster Dicer-2 (ref. 46). In light of the
working model of PAZ function discussed above, this could have
implications for the biochemistry and fidelity of the pathway. At least
in some contexts, the absence of the PAZ domain may be compensated
for by the existence of adaptor molecules for Dicer. Two such molecules have been proposed. Both proteins, Rde-4 in C. elegans47, and
R2D2 in D. melanogaster48, contain two dsRBD domains, pointing
toward a function in dsRNA binding. Rde-4 interacts with the single,
PAZ-containing Dicer1 in C. elegans. R2D2, on the other hand, interacts only with the PAZ-less Dicer-2 in D. melanogaster, and not with
PAZ-containing Dicer1. One could imagine that adaptor molecules
such as Rde-4 and R2D2 might serve an alternative means to recognize
RNA species in the pathway. These proteins may be especially important in the absence of the PAZ. Such a system would ensure that RNAirelated pathways could respond to a variety of types of triggers.
Rde-4 is found in a complex with Dicer1, Argonaute protein Rde-1
and an additional DEXH-box helicase47. The proposed function of
Rde-4 is recognizing and presenting exogenous dsRNA triggers to
Dicer. Rde-4 seems to interact only with foreign trigger dsRNA, and
not with endogenous miRNAs or siRNAs. Mutations in Rde-4 substantially reduce the amount of siRNAs derived from an injected
dsRNA trigger. This defect in RNAi could be partially bypassed by
direct injection of siRNAs.
Although R2D2 is also proposed to function as a Dicer adaptor molecule, its role may be slightly different than that of Rde-4. The proposed role for R2D2 is facilitating siRNA transfer from Dicer2 to
RISC48. In the absence of R2D2, Dicer2 has no defect in recognition or
cleavage of dsRNA. Notably, an R2D2–Dicer2 complex, but not the
PAZ-less Dicer2 alone, binds to siRNAs. This is consistent with the
hypothesis that, in the absence of the recognition function supplied by
the PAZ domain, Dicer may utilize adaptor molecules to recognize
intermediaries in the pathway.
The PAZ domain may be particularly important for recognition of
miRNA precursors. The single Dicer in S. pombe, whose genome does
not contain miRNAs, does not contain a PAZ. In contrast, higher
eukaryotes known to have miRNAs all have at least one PAZ-containing
Dicer. The PAZ might be especially crucial for consistently determining
the length of a mature miRNA by measuring from the end marked by
Drosha cleavage. At least one adaptor molecule, Rde-4, does not seem
to be involved in miRNA pathways, as Rde-4 mutants show global
RNAi resistance without developmental phenotypes47,49.
Conclusion
Our understanding of the biochemistry of RNAi has been enhanced by
new data concerning the roles of RNase III molecules. The role of
Dicer has been established in RNAi as the originator of 22-mers characteristic of silencing phenomena. A recent paper implicates a related
RNase III enzyme, Drosha, in a processing step upstream of Dicer in

miRNA biogenesis29. In addition to biochemistry, three-dimensional
structures have proven to be helpful in deciphering the enzymology of
RNase III molecules. In particular, the structures of the PAZ domains
of D. melanogaster Argonautes 1 and 2 promise new insight into the
function of this domain in Argonaute proteins as well as in Dicer. We
must now anxiously await structures of relevant Dicer and RISC components in complex with their substrates to either confirm or refute
these hypotheses.
ACKNOWLEDGMENTS
We thank P. Paddison and X. Ji for helpful discussion. We thank M. Zhou and
M. Sattler for sharing their results prior to publication. We also thank L. He,
D. Siolas, J. Liu, A. Denli, and L. Murchison for critical reading of the manuscript.
COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.
Published online at http://www.nature.com/natstructmolbiol/
1. Hannon, G.J. RNA interference. Nature 418, 244–251 (2002).
2. Bernstein, E., Caudy, A.A., Hammond, S.M. & Hannon, G.J. Role for a bidentate
ribonuclease in the initiation step of RNA interference. Nature 409, 363–366
(2001).
3. Hamilton, A., Voinnet, O., Chappell, L. & Baulcombe, D. Two classes of short interfering RNA in RNA silencing. EMBO J. 21, 4671–4679 (2002).
4. Zamore, P.D., Tuschl, T., Sharp, P.A. & Bartel, D.P. RNAi: double-stranded RNA
directs the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. Cell
101, 25–33 (2000).
5. Elbashir, S.M., Martinez, J., Patkaniowska, A., Lendeckel, W. & Tuschl, T. Functional
anatomy of siRNAs for mediating efficient RNAi in Drosophila melanogaster embryo
lysate. EMBO J. 20, 6877–6888 (2001).
6. Hammond, S.M., Boettcher, S., Caudy, A.A., Kobayashi, R. & Hannon, G.J.
Argonaute2, a link between genetic and biochemical analyses of RNAi. Science 293,
1146–1150 (2001).
7. Carmell, M.A., Xuan, Z., Zhang, M.Q. & Hannon, G.J. The Argonaute family: tentacles
that reach into RNAi, developmental control, stem cell maintenance, and tumorigenesis. Genes Dev. 16, 2733–2742 (2002).
8. Volpe, T.A. et al. Regulation of heterochromatic silencing and histone H3 lysine-9
methylation by RNAi. Science 297, 1833–1837 (2002).
9. Ambros, V., Lee, R.C., Lavanway, A., Williams, P.T. & Jewell, D. MicroRNAs and other
tiny endogenous RNAs in C. elegans. Curr. Biol. 13, 807–818 (2003).
10. Lagos-Quintana, M. et al. Identification of tissue-specific microRNAs from mouse.
Curr. Biol. 12, 735–739 (2002).
11. Lai, E.C., Tomancak, P., Williams, R.W. & Rubin, G.M. Computational identification
of Drosophila microRNA genes. Genome Biol. 4, R42 (2003).
12. Lim, L.P. et al. The microRNAs of Caenorhabditis elegans. Genes Dev. 17, 991–1008
(2003).
13. Reinhart, B.J., Weinstein, E.G., Rhoades, M.W., Bartel, B. & Bartel, D.P. MicroRNAs
in plants. Genes Dev. 16, 1616–1626 (2002).
14. Hutvagner, G. & Zamore, P.D. A microRNA in a multiple-turnover RNAi enzyme complex. Science 297, 2056–2060 (2002).
15. Lee, Y., Jeon, K., Lee, J.T., Kim, S. & Kim, V.N. MicroRNA maturation: stepwise processing and subcellular localization. EMBO J. 21, 4663–4670 (2002).
16. Zeng, Y. & Cullen, B.R. Sequence requirements for micro RNA processing and function in human cells. RNA 9, 112–123 (2003).
17. Lund, E., Guttinger, S., Calado, A., Dahlberg, J.E. & Kutay, U. Nuclear export of
microRNA precursors. Science 303, 95–98 (2004).
18. Yi, R., Qin, Y., Macara, I.G. & Cullen, B.R. Exportin-5 mediates the nuclear export of
pre-microRNAs and short hairpin RNAs. Genes Dev. 17, 3011–3016 (2003).
19. Feinbaum, R. & Ambros, V. The timing of lin-4 RNA accumulation controls the timing
of postembryonic developmental events in Caenorhabditis elegans. Dev. Biol. 210,
87–95 (1999).
20. Lee, R.C., Feinbaum, R.L. & Ambros, V. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 75, 843–854
(1993).
21. Palatnik, J.F. et al. Control of leaf morphogenesis by microRNAs. Nature 425,
257–263 (2003).
22. Bernstein, E. et al. Dicer is essential for mouse development. Nat. Genet. 35,
215–217 (2003).
23. Robertson, H.D., Webster, R.E. & Zinder, N.D. Purification and properties of ribonuclease 3 from Escherichia coli. J. Biol. Chem. 243, 82–91 (1968).
24. Nicholson, A.W. The ribonuclease III family: forms and functions in RNA maturation,
decay, and gene silencing. In RNAi: A Guide to Gene Silencing (ed. Hannon, G.J.)
149–174 (Cold Spring Harbor Press, Cold Spring Harbor, New York, 2003).
25. Filippov, V., Solovyev, V., Filippova, M. & Gill, S.S. A novel type of RNase III family
proteins in eukaryotes. Gene 245, 213–221 (2000).
26. Wu, H.J., Xu, H., Miraglia, L.J. & Crooke, S.T. Human RNase III is a 160-kDa protein
involved in preribosomal RNA processing. J. Biol. Chem. 275, 36957–36965
(2000).

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 11 NUMBER 3 MARCH 2004

217

© 2004 Nature Publishing Group http://www.nature.com/natstructmolbiol

PERSPECTIVE
27. Fortin, K.R., Nicholson, R.H. & Nicholson, A.W. Mouse ribonuclease III. cDNA
structure, expression analysis, and chromosomal location. BMC Genomics 3, 26
(2002).
28. Blencowe, B.J., Bowman, J.A.L., McCracken, S. & Rosonina, E. SR-related proteins
and the processing of messenger RNA precursors. Biochem. Cell Biol. 77, 277–291
(1999).
29. Lee, Y. et al. The nuclear RNase III Drosha initiates microRNA processing. Nature
425, 415–419 (2003).
30. Nykanen, A., Haley, B. & Zamore, P.D. ATP requirements and small interfering RNA
structure in the RNA interference pathway. Cell 107, 309–321 (2001).
31. Chiu, Y.L. & Rana, T.M. RNAi in human cells: basic structural and functional features
of small interfering RNA. Mol. Cell 10, 549–561 (2002).
32. Basyuk, E., Suavet, F., Doglio, A., Bordonne, R. & Bertrand, E. Human let-7 stemloop precursors harbor features of RNase III cleavage products. Nucleic Acids Res.
31, 6593–6597 (2003).
33. Hutvagner, G. et al. A cellular function for the RNA-interference enzyme Dicer in the
maturation of the let-7 small temporal RNA. Science 293, 834–838 (2001).
34. Gwizdek, C. et al. Exportin-5 mediates nuclear export of minihelix-containing RNAs.
J. Biol. Chem. 278, 5505–5508 (2003).
35. Zhang, H., Kolb, F.A., Brondani, V., Billy, E. & Filipowicz, W. Human Dicer preferentially cleaves dsRNAs at their termini without a requirement for ATP. EMBO J. 21,
5875–5885 (2002).
36. Tang, G.L., Reinhart, B.J., Bartel, D.P. & Zamore, P.D. A biochemical framework for
RNA silencing in plants. Genes Dev. 17, 49–63 (2003).
37. Yan, K.S. et al. Structure and conserved RNA binding of the PAZ domain. Nature
426, 469–474 (2003).
38. Song, J.J. et al. The crystal structure of the Argonaute2 PAZ domain reveals an RNA

218

binding motif in RNAi effector complexes. Nat. Struct. Biol. 10, 1026–1032 (2003).
39. Lingel, A., Simon, B., Izaurralde, E. & Sattler, M. Structure and nucleic-acid binding
of the Drosophila Argonaute 2 PAZ domain. Nature 426, 465–469 (2003).
40. Murzin, A.G. OB(oligonucleotide/oligosaccharide binding)-fold: common structural
and functional solution for non-homologous sequences. EMBO J. 12, 861–867
(1993).
41. Theobald, D.L., Mitton-Fry, R.M. & Wuttke, D.S. Nucleic acid recognition by OB-fold
proteins. Ann. Rev. Biophys. Biomol. Struct. 32, 115–133 (2003).
42. Theobald, D.L., Cervantes, R.B., Lundblad, V. & Wuttke, D.S. Homology among
telomeric end-protection proteins. Structure 11, 1049–1050 (2003).
43. Schwarz, D.S., Hutvagner, G., Haley, B. & Zamore, P.D. Evidence that siRNAs function as guides, not primers, in the Drosophila and human RNAi pathways. Mol. Cell
10, 537–548 (2002).
44. Harborth, J. et al. Sequence, chemical, and structural variation of small interfering
RNAs and short hairpin RNAs and the effect on mammalian gene silencing.
Antisense Nucleic Acid Drug Dev. 13, 83–105 (2003).
45. Blaszczyk, J. et al. Crystallographic and modeling studies of RNase III suggest a
mechanism for double-stranded RNA cleavage. Structure 9, 1225–1236 (2001).
46. Schauer, S.E., Jacobsen, S.E., Meinke, D.W. & Ray, A. DICER-LIKE1: blind men and
elephants in Arabidopsis development. Trends Plant Sci. 7, 487–491 (2002).
47. Tabara, H., Yigit, E., Siomi, H. & Mello, C.C. The dsRNA binding protein RDE-4 interacts with RDE-1, DCR-1, and a DExX-box helicase to direct RNAi in C. elegans. Cell
109, 861–871 (2002).
48. Liu, Q.H. et al. R2D2, a bridge between the initiation and effector steps of the
Drosophila RNAi pathway. Science 301, 1921–1925 (2003).
49. Parrish, S. & Fire, A. Distinct roles for RDE-1 and RDE-4 during RNA interference in
Caenorhabditis elegans. RNA 7, 1397–1402 (2001).

VOLUME 11 NUMBER 3 MARCH 2004 NATURE STRUCTURAL & MOLECULAR BIOLOGY

