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Ribonuclease Il Mechanisms of Double-stranded RNA Cleavage
Allen W. Nicholson

Abstract

Double-stranded(ds) RNA has diverse roles in gene expression and regulation, host defense, and
genome surveillance in bacterial and eukaryotic cells. A central aspect of dsSRNA function is its
selective recognition and cleavage by members of the ribonuclease 111 family of divalent-metal-
ion-dependent phosphodiesterases. The processing of dsSRNA by RNase 111 family members is an
essential step in the maturation and decay of coding and noncoding RNAs, including miRNAs and
siRNAs. RNase 11, as first purified from Escherichia coli, has served as a biochemically well-
characterized prototype, and other bacterial orthologs provided the first structural information.
RNase 111 family members share a unique fold (RNase 111 domain) that can dimerize to form a
structure that binds dSRNA and cleaves phosphodiesters on each strand, providing the
characteristic 2 nt, 3’-overhang product ends. Ongoing studies are uncovering the functions of
additional domains, including, inter alia, the dSRNA-binding and PAZ domains that cooperate
with the RNase 111 domain to select target sites, regulate activity, confer processivity, and support
the recognition of structurally diverse substrates. RNase 111 enzymes function in multicomponent
assemblies that are regulated by diverse inputs, and at least one RNase I11-related polypeptide can
function as a non-catalytic, dSRNA-binding protein. This review summarizes the current
knowledge of the mechanisms of catalysis and target site selection of RNase 111 family members,
and also addresses less well understood aspects of these enzymes and their interactions with
dsRNA.

Double-stranded(ds) RNA is created through the pairing of complementary sequences. A
ubiquitous motif in biological systems, dSRNA exhibits a limited conformational plasticity,
but exerts a multitude of biological effects. dSRNA can possess a transient, dynamic nature,
as seen in antisense RNA binding to target sites. Intramolecular base-pairing provides local
double-helical structures that can function as architectural elements or as protein recognition
sites. In the latter case, protein binding to dSRNA enables processes such as RNA transport
and localization. dSRNA invokes potent cellular responses, as a single molecule of dSRNA
can trigger interferon production in vertebrate cells. The cellular response underscores the
important aspect of dsSRNA as an indicator of pathogenic conditions. In fact, dSRNA is the
chromosomal material of many viruses, and cell membrane receptors specifically recognize
dsRNA as an initial event in the response pathway.1-

The enzymatic cleavage of dsRNA is a conserved reaction of fundamental importance in
cellular and viral gene expression and regulation, host defense, and genome surveillance. A
conserved enzymatic mechanism has been characterized that catalyzes the coordinate
cleavage of both RNA strands at selected target sites. Specifically, dsSRNA processing is
accomplished by members of a ribonuclease family, including the prototypical ribonuclease
I11 (RNase I11) of bacterial cells. Ongoing studies on RNase I11, and in particular the enzyme
from Escherichia coli, have revealed a global role for dSRNA processing in bacterial gene
expression and regulation.®” The subsequent characterization of eukaryotic family members
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has extended the essential involvement of dSRNA processing in many additional
pathways.8-10 In particular, analysis of the components of RNA interference (RNAI) and
related pathways identified two RNase 111 family members, Dicer and Drosha, as essential
functional partners in RNAI.10 Understanding how dsRNA is processed by RNase I11 family
members, and characterizing the many consequences of this reaction remain as key
objectives.

This review addresses current knowledge of dsSRNA processing by RNase 111 family
enzymes. Emphasis will be placed on the mechanisms of catalysis and target site selection.
The salient physicochemical properties of dSRNA also will be summarized. Due to page
limitations this review is unable to include the important contributions from many
laboratories that are studying dsSRNA processing and gene regulation. However, the reviews
cited above may serve as alternative sources.

PHYSICAL PROPERTIES OF dsRNA

The RNase Il mechanism of dSRNA recognition, phosphodiester hydrolysis, and product
release necessarily reflects the unique attributes of dsSRNA. In contrast to the DNA double
helix, dsRNA is structurally conservative, existing essentially as an A-form helix with an
11-fold pitch. The preferential adoption of the A-helix reflects the uniform presence of
ribose 2’-hydroxyl groups that stabilize the C3- -endo sugar conformation.1! The sugar
pucker in turn provides a shallow, solvent-exposed minor groove and a narrow, deep major
groove. The 2’-hydroxyl groups that line each side of the minor groove create a polar,
extensively hydrated surface, and many dsRNA-protein interactions, including those seen
with RNase |11 family members, rely on the tracks of 2’-hydroxyl groups to provide binding
energy and to distinguish dsRNA from DNA, or DNA*RNA hybrids. Alterations in solvent
conditions yield the A’-helix that exhibits a 12 base-pair (bp) pitch and a widened major
groove.2 The A’-helix has been implicated in specific protein-dependent RNA transport
processes involving protein-major groove interactions.13

A prominent feature of dsSRNA is its thermodynamic stability that is conferred in part by
metal cation interactions. Two modes of binding have been described, in which a metal (e.g.
Mg?2*) either can be sequestered within the major groove or occupy sites that span the major
groove entrance.1* These interactions effectively reduce interstrand repulsion by providing
significant charge screening,1® and also contribute to the ability of dsSRNA to resist
condensation caused by double helix denaturation, as seen with DNA.16 The metal ion
interactions allow close packing of helices to provide stable structures, as seen in ribozymes
and riboswitches. Another prominent feature of dSRNA is its relative rigidity, as evidenced
by a persistence length greater than that for DNA.17.18 While dsRNA is not responsive to
sequences than can permanently kink dsDNA, 1920 specific secondary structural elements
such as bulges, loops, and mismatches can provide flexible joints.?:22 As discussed below,
these elements can function as key substrate reactivity determinants.

THE RIBONUCLEASE IlIl FAMILY

Catalysis of dsSRNA cleavage is achieved by a unique fold, termed the RNase 111 domain.
The domain has the capacity to dimerize, providing a stable homodimeric structure with a
catalytic site in each subunit. The RNase |1l domain (~150 aa) exhibits a characteristic
consensus sequence of ~10 aa, containing conserved residues that bind divalent metal ions
important for catalytic activity, or stabilize the dimeric structure.®-10.23 RNase 111 enzymes
exhibit additional domains (Fig. 1) that function in concert with the RNase 111 domain. The
additional domains contribute to substrate binding, broaden substrate range, participate in
cleavage site selection, confer regulation, and enable protein-protein interactions (see
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below)®10.23, RNase 111 enzymes are highly conserved in the Bacteria and Eukarya, but are
only sporadically observed in the Archaea. From an evolutionary perspective, an RNase 11
enzyme may first have appeared in an early bacterium, then entered the eukaryotic lineage
via an endosymbiont. Subsequent elaboration of the structure by acquisition of additional
domains created the diversity of eukaryotic family members.

Ribonuclease Il

Bacterial RNase 111 polypeptides (~220 aa) consist of an N-terminal RNase 111 domain
(~150 aa) and a C-terminal dsRNA-binding domain (dsSRBD), connected by a short (~7 aa)
linker (Fig. 1). The dsRBD (~65 aa) incorporates a single copy of the dSRNA-binding motif
(dsRBM), a conserved apppa fold that occurs in one or more copies in other dsSRNA-
binding proteins.24 A shorter form of RNase 111 that lacks the dsSRBD, named Mini-I11, also
occurs in specific bacterial lineages.2°> Mini-111 is catalytically active, so the dsRBD is not a
conserved requirement for activity (see also below). In this regard, a truncated form of E.
coli Rzlglase 111 that lacks the dsRBD retains catalytic activity under specific conditions in
vitro.

The purification of native RNase 111 to homogeneity required large-scale cultures of E. coli,
reflecting the low abundance of the enzyme (see also below). Essentially pure enzyme was
obtained by a multistep protocol involving differential centrifugation, ammonium sulfate
precipitation, ion exchange chromatography, and dsRNA affinity chromatography as the
final step.2” A polypeptide molecular weight (MW) of ~25,000 and a holoenzyme MW of
~50,000 indicated a homodimeric active form.27 Other studies established a catalytic
requirement for divalent metal ion, preferably Mg2*, and that RNase 111 can cleave cellular
substrates in vitro at the same sites observed in vivo, without the need for additional factors
(reviewed by Court).8

The first reported structure of the RNase 111 domain involved the successful crystallization
of the enzyme from Aquifex aeolicus (Aa) that had the dsSRBD deleted.28 The Aa-RNase |11
domain exhibits (i) a novel, essentially all-a-helical fold; (ii) a dimeric structure with an
extensive subunit interface; and (iii) a symmetrically positioned divalent metal ion (Mn2* or
Mg?2*) in each subunit, coordinated to conserved carboxylic acid side chains important for
catalytic activity.28 The subunit interface is stabilized by symmetric, hydrophobic “ball-and-
socket” motifs, with the dimensions of the shallow valley, defined by the subunit interface,
appropriate for accommodation of a dsSRNA. Subsequent studies described structures of full-
length Aa-RNase 111 bound to 11 or 12 bp dsRNAs, where in several cases the catalytic site
was inactivated by point mutation2%-31, Together with a 2.0 A structure of full-length
enzyme from Thermotoga maritima, crystallized in the absence of dsSRNA or divalent metal
ion (unpublished; PDB entry 100W), these structures revealed the positional flexibility of
the dsRBD, and suggested how RNase 111 can engage dsRNA in a noncatalytic manner. In
this regard, a 2.1 A structure of full-length RNase 111 of Mycobacterium tuberculosis (PDB
entry 2A11) revealed only the RNase 111 domain, as the flexibility of the linker conferred
significant positional variability to the dsRBDs.32 Subsequent studies attempted to define
the structure of a precatalytic complex. To this end, the D44N mutation was incorporated
into Aa-RNase |11, with the expectation that it would suppress phosphodiester cleavage, thus
allowing formation of an enzyme-substrate assemblage that approximates the precatalytic
complex.33 However, the mutation did not fully inactivate the enzyme, and dsRNA cleavage
occurred during crystallization. This reaction was apparently followed by rebinding of
product, providing a structure with features of a post-catalytic complex (PDB entry 2EZ6)33
(see also below).

In summary, the homodimeric structure of RNase 111, and the relative positions of the
catalytic sites with respect to the dsSRNA binding surface form the structural basis for the
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characteristic action of RNase 11 and its family members: the scissile phosphodiesters of the
bound dsRNA are on the same face of the double helix and on opposite sides of the minor
groove; and each can be simultaneously accommodated in a catalytic site. As such,
hydrolysis of both linkages would create product ends exhibiting 2-nucleotide(nt), 3’-
overhangs. Additional details on the catalytic mechanism are discussed below.

RNase Il catalytic mechanism—RNase Il activates water as a nucleophile to
hydrolyze target site phosphodiesters, creating 3’-hydroxyl, 5’-phosphomonoester product
termini. An oxygen isotope incorporation study of Ec-RNase 11 action on a model substrate
revealed the essential irreversibility of the hydrolytic step.3* RNase 111 requires a divalent
metal ion for catalysis, and it was shown for Ec-RNase 111 that in addition to Mg2*, the
transition metal ions Mn?*, Ni2* and Co2* also support catalysis, with differing
efficiencies.34 Given the intracellular abundance of Mg2*, and its ability to support optimal
catalytic activity, this metal most likely is the biologically relevant species. A direct
involvement of the metal ion in water activation is indicated by the dependence of the rate of
the hydrolytic step on the metal ion pK.3* Since RNase 111 can bind dsRNA in the absence
of Mg?*, metal occupancy of the catalytic sites is not a prerequisite for substrate binding. 3°

A kinetic study of Ec-RNase 111 measured the rate of cleavage of a model substrate
containing a single scissile bond as a function of Mg2* concentration. Single-turnover
conditions were applied, such that the rate reflected the hydrolytic step. The concentration
dependence of the rate indicated that two Mg2* ions participate in phosphodiester
hydrolysis.36 This is consistent with crystal structures of wild-type Aa-RNase 111 bound to
dsRNA cleavage products, exhibiting two Mg?* ions in each catalytic site that are
coordinated to a set of highly conserved carboxylic acid side chains (PDB entries 2NUF,
2NUG).37 The adjacency of the two metal ions and their interaction with the scissile
phosphodiester linkage fit the well-studied two-metal-ion catalytic mechanism, wherein one
metal (MgA) binds and activates the water nucleophile, and the second metal (MgB)
facilitates departure of the 3’-oxygen atom (Fig. 3). Both metal ions are jointly coordinated
to the side chain of a highly-conserved, functionally essential glutamic acid (E110 in Aa-
RNase 111, and E117 in Ec-RNase 111).37 Additional carboxylic acid side chains and
associated water molecules contribute to the proper positioning of MgA and MgB (Fig. 3).
Since there is no evidence for the involvement of additional functional groups in the
catalytic site, catalysis appears to be largely driven by the two metals. CaZ* ion does not
support catalysis, perhaps reflecting its larger radius and differing ligand coordination
properties.38 However, since Ca?* can stabilize RNase I11-substrate complexes® it is
possible that Ca2* binding to the catalytic sites reduces local negative charge density,
thereby promoting stable binding of substrate. While phosphodiester hydrolysis depends
upon two closely-positioned metal ions, there is structural evidence for a third metal binding
site, near the A and B sites, whose occupancy either by a third metal ion - or transiently by
one of the two catalytic metals - may contribute to the reaction pathway.3” Since product
release is rate-limiting in the steady-state,34 and may also be subject to positive control by
an additional process (see below), the third metal site may be important for this step.

The structures of Aa-RNase Ill-substrate complexes and the RNA-free structure of T.
maritima RNase 111 (Fig. 2A), along with biochemical studies, led to a proposed catalytic
pathway for dsRNA cleavage.339 (Fig. 4). Initial engagement of substrate by a dsRBD is
followed by engagement by the dimeric RNase 111 domain and the second dsRBD, forming
the precatalytic complex. Phosphodiester cleavage is followed by disengagement of the
products from the RNase I11 domain, then their release from each dsRBD. The catalytic
pathway does not appear to involve an unwinding or other major distortion of the double
helix, as none of the reported crystal structures reveal any unusual RNA conformations.
Thus, there may only be a modest distortion of the double helix during phosphodiester
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cleavage. Other studies have shown that the catalytic sites are functionally independent, as
mutational inactivation of one site does not affect the function of the other site.3%40 Thus,
cleavage of both phosphodiesters would occur following dsSRNA binding, but would not be
coupled in an obligatory manner.

RNase Il substrate recognition and target site selection—Understanding how
dsRNA target sites are selected is central to understanding RNase 11 function. A long-
known feature of the bacterial family members, in particular Ec-RNase |11, is the ability to
degrade long dsRNAs of broad sequence content to ~11-15 bp products.8: The questions
arise as to whether this mode of action can be mechanistically reconciled with its site-
specific action on cellular substrates, and also whether it has functional importance.
Crystallographic33-37 and biochemical#1-43 studies show that target site recognition by
RNase 11 involves protein contacts with at least two specific segments in the substrate,
termed the proximal box (pb; 4 bp) and distal box (db; 2 bp) (with the two terms referring to
the positions of each box relative to the target site) (Fig. 5A). The involvement of the pb and
db in target site selection was shown by the ability of a duplicated pb-db pair in a model
substrate to direct cleavage at the predicted additional site.#2 A third region, termed the
middle box (mb), is positioned between the pb and db, and also contacts protein.33:37

The distal box is important for recognition, as its deletion significantly weakens enzyme
binding.41 The positioning of the db ~11 bp from the target site serves to establish a
minimum substrate length (~11 bp) necessary for efficient reaction. The db does not exhibit
a conserved sequence, either among substrates of a given RNase 111, or across species.
However, bp substitutions in the db reduce Ec-RNase 111 substrate reactivity,*142 while
having minimal effects on Aa-RNase 111 substrate reactivity.3 A short, nonconserved region
in the RNase 111 domain, termed RBM4, interacts with the db.33:37 Thus, an emerging
picture is an idiosyncratic yet energetically important do-RNase 11 interaction.” Structural
studies of RNase Ill-substrate complexes with anticipated pre-catalytic features can be
expected to provide further insight on this interaction.

Structural and biochemical studies on the RNase Il1-pb interaction have shown how bp
sequence controls reactivity and participates in target site selection. Side chains in the N-
terminal portion of the dsRBD N-terminal a helix (termed RBM1) form an array of
hydrogen bonds with functional groups within the pb, including ribose 2’-hydroxyl groups
on both strands.33:37 One interaction of interest occurs in the minor groove, and involves a
hydrogen bond between the carboxamide side chain of a highly conserved glutamine (Q157
in Aa-RNase I11) and the O2 pyrimidine atom of the AU bp at pb position 2 (Figure
5B).33:37 The carboxamide group also forms a second hydrogen bond with an adjacent
ribose 2’-OH group. These are functionally important interactions, as mutation of the
glutamine to an alanine strongly reduces RNase Il catalytic activity due to a significantly
weakened affinity for substrate.43 Interestingly, pb position 2 also is the site of inhibition by
bp substitution. Thus, while the AU and UA bp confer equivalent reactivity, a CG or GC bp
blocks binding of Ec-RNase 111.41-43 The purine 2-amino group is responsible for inhibition,
as incorporation of an amino group on the adenine C2 atom of the AU pair (forming a 2,6-
DiaminopurineeU bp) also confers inhibition, and that removal of the 2-amino group from G
(forming an Inosine-Cytosine pair) restores processing activity.2 Based on crystallographic
data, the 2-amino group may prevent dsRBD binding by a steric clash with the glutamine
side chain, prohibiting formation of the hydrogen bonds.#243 The apparent invariance of the
glutamine in the RBM1 site of bacterial RNase 111 sequences, and the preference for a UA or
AU bp at pb position 2 underscores the important contribution of this interaction to binding
of enzyme in the correct register. The absence of a conserved glutamine in the
corresponding position of the dsRBDs of eukaryotic RNase 111 enzymes (AWN,
unpublished) is consistent with different mechanisms for target site selection (see below).
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The inhibitory action of GC/CG bp substitution at pb position 2 may have a role in
minimizing “off-target” effects of RNase I11. Antideterminants were originally described as
tRNA sequence or structural features that block inappropriate recognition by noncognate
aminoacyl-tRNA synthetases or other proteins.** For dsRNA structures whose functions
would be destroyed by RNase 11 action, the presence of antideterminant bp at key positions
would prevent enzyme recognition, and without disruption of the regular double-helical
structure. A qualitatively different type of bp-dependent inhibition is seen at pb position 4,
where a GC or CG substitution prevents substrate cleavage, but does not inhibit binding of
Ec-RNase 111.42 This type of substitution may afford dsRNA structures that function as
RNase 111 binding sites. In this regard, an in vitro selection (SELEX) study identified an
RNA that can bind RNase Il but is resistant to cleavage, due in part to a GC/CG bp adjacent
to the cleavage site.*

In summary, RNase 11 recognition of substrate involves at least one sequence-specific,
energetically important interaction of the dsSRBD with the pb, and an idiosyncratic
interaction of the RNase I11 domain with the db. Interestingly, a truncated form of Ec-RNase
I11 that lacks the dsRBD also cleaves substrate at the canonical site, under conditions of
reduced salt concentration and using Mn2* in place of Mg2*.26 Thus, the dsRBD and RNase
I11 domain engage substrate in a complementary register. This coincident specificity may
provide an important reinforcement of target site selectivity, with the dsRBD performing a
key role in initial discrimination of substrate. The mechanism by which the RNase 11l
domain identifies the target site is not known, and the db interaction may be insufficient to
achieve this. The natural RNase 111 variant, Mini-111 lacks the dsRBD, yet site-specifically
cleaves the immediate precursor to the mature 23S rRNA.25 While optimal activity of Mini-
11 requires ribosomal protein L34, the latter protein is not required for specificity. Finally,
the proximal boxes of cellular substrates exhibit significant degeneracy. The generally
constrained lengths (<~20 bp) of the double-helical structures of many cellular substrates
may compensate for the degeneracy to provide a single target site. Regarding the apparent
paradox of RNase 11 action (see above), the degeneracy of recognition sites also would
allow RNase 111 to degrade much longer dsRNAs that are created, for example, by
association of genomic transcripts.#’:48 Thus, the long-noted ability of RNase 111 to degrade
long dsRNAs in vitro may have important functions in vivo.

While RNase 111 target sites are established by double-helical sequence elements, an
important additional aspect of substrate reactivity is whether one or both target site strands
are cleaved. This is an important distinction as it can determine product function and
stability. For example, single-strand cleavage can create hairpin structures at RNA 3’-ends
that act as stability determinants.#® Secondary structural elements such as loops, bulges, or
mismatches at target sites create deviations from a regular double-helical structure, and
would allow only one of the two strands to productively engage a catalytic site. Cleavage of
the phosphodiester would be followed by product release. While internal loops can be
redesigned to change the pattern of cleavage,®® a full understanding of the role of RNA
secondary structure in modulating the pattern of reactivity awaits further study.

Regulation of RNase Ill—As with metabolic pathways in general, RNA processing and
decay reactions and the associated enzymes are subject to regulation. This not only controls
ribonucleotide flux, but as (or more) importantly, controls gene expression. Regulation of
ribonuclease levels and activity can confer global control of the production of the processed
products. Several lines of evidence demonstrate that dsSRNA processing is regulated at
multiple levels through control of RNase Il1. It has been estimated that there are several
hundred copies of RNase 111 in the E. cali cell, the levels of which increase in proportion to
growth rate.® The limited amount of RNase 111 indicates a stringent regulation of expression.
While there is no apparent transcriptional control, regulation of Ec-RNase I11 expression is
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imposed at the post-transcriptional level by the action of the enzyme on its own mRNA.
Specifically, cleavage of an irregular hairpin in the mMRNA 5’-UTR creates a new,
unstructured 5’-end with a phosphomonoester group. This structure is recognized in turn by
RNase E, leading to rapid decay of the mMRNA.51 The negative autoregulation not only limits
production of enzyme, but also allows for upregulation of enzyme level with increased
growth rate. Here, the increased number of substrates - in particular the abundantly produced
rRNA precursors that are processed by RNase 111 - engage a larger proportion of the
available enzyme, thereby reducing the level of autoregulation.

RNase 111 catalytic activity is subject to positive regulation. The T7 bacteriophage expresses
a protein kinase that phosphorylates RNase 111 and enhances catalytic activity ~4-fold, as
measured in vitro.>2 Phosphorylation occurs on a serine in the RNase 111 domain,>3 and
biochemical analyses reveal that the covalent modification facilitates product release, which
is the rate-limiting step in the catalytic pathway (S. Gone, M. Prieto and AWN, manuscript
in preparation). The T7-induced catalytic enhancement of RNase I11 may serve to meet the
demands placed on limited amounts of enzyme to process the abundant phage transcripts,
most of which contain at least one RNase I11 target site, and whose maturation is required
for optimal production of phage protein.>*

RNase 11 is negatively regulated by the macrodomain protein, YmdB. Cohen and coworkers
showed that ectopic overexpression of YmdB reduces RNase 11 activity, and that RNase 111
activity also is downregulated when cells undergo cold shock, which increases YmdB
levels.>> YmdB-dependent regulation of RNase 111 appears to be a post-transcriptional
feature of the global shift in physiological state in response to lower temperatures and
perhaps other stress conditions. The mechanism of YmdB-dependent inhibition of RNase I11
is unclear, but it is thought to be dependent upon the direct interaction of the two proteins.>>
YmdB also binds ADP-ribose, and hydrolyzes O-acetyl ADP-ribose.>® The latter compound
is a product of sirtuin-catalyzed protein deacetylation, which uses NAD as cosubstrate.>6
Whether these activities are related to YmdB regulation of RNase 111 is unclear, but brings
up the possibility of functional crosstalk between dsRNA-dependent gene regulation, the
protein acetylome, and cellular redox state.

RNase 1 activity in vivo also is responsive to osmotic stress. The E. coli proU operon
encodes an uptake system for the osmoprotectants proline betaine and glycine betaine.>’ The
proU operon transcript is relatively stable (half-life ~65 sec) under conditions of high
osmolarity, but under conditions of reduced osmolarity undergoes rapid degradation (half-
life <4 sec) through an initiating cleavage by RNase 111.%7 The rapid degradation ensures
efficient inhibition of proU expression and further uptake of osmoprotectants. Other
substrates are anticipated whose reactivity towards RNase |11 is responsive to changes in
growth conditions. In summary, RNase Il levels and catalytic activity are regulated at
multiple levels, including mMRNA stability, covalent modification, protein binding, and
changes in ionic conditions, and reflect transitions between different physiological states.
Additional regulatory mechanisms are predicted for other family members.

Yeast RNase Il

RNase I11 family members within the fungi include Rntlp of Saccharomyces cerevisiae and
Paclp of Schizosaccharomyces pombe. Rntlp and Paclp cleave hairpin structures in pre-
rRNAS, pre-mRNAs, and transcripts containing noncoding RNAs such as snoRNAsS, as part
of the respective maturation pathways. The enzymes also are involved in RNA quality
control.8:9 The Rntlp polypeptide possesses a single RNase 111 domain, a C-terminal
dsRBD, and an additional N-terminal domain that functions in nuclear localization and
interaction with additional factors® (Fig. 1). Many Rntlp substrates contain a consensus [A/
u]GNN tetraloop that functions as a recognition determinant.?9:60 Rnt1p recognizes the
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tetraloop in a shape-dependent (rather than sequence-dependent) manner, and cleaves the
stem ~14-16 bp from the structure. Tetraloop recognition involves the dsRBD a helix,
which possesses an extended structure relative to the a4 helix of other RNases 111.51 The
elongated helix provides an expanded hydrophobic core, conferring a conformational
plasticity to the dsRBD that is important for forming a functionally competent dsRBD-
hairpin complex.61:62 The conformational changes that occur in the dsRBD and tetraloop are
consistent with an induced-fit mechanism that can distinguish substrates from other hairpin
structures.51.62

Additional features of the Rnt1p-substrate interaction contribute to processing reactivity.
Specific bp sequence elements can modulate substrate reactivity, and a network of hydrogen
bonds provides an energetically important contribution to Rnt1p binding.53:64 A
phylogenetic-based substrate alignment analysis revealed a statistically significant exclusion
of the UA bp from the position adjacent to the tetraloop.5® Substitution of the UA bp at that
position inhibited substrate cleavage but did not perturb enzyme binding.5°> The mechanism
of inhibition is unclear but is dependent on the purine 6-amino group immediately 3’ to the
fourth nucleotide of the tetraloop. The inhibition does not appear to disrupt the tetraloop-
dsRBD interaction, but instead perturbs a downstream event, perhaps engagement of the
RNase 111 domain®®. The UA bp may afford an antideterminant that is used in other stem-
loop structures that are not Rnt1p substrates.

The maturation of a number of snoRNAs, including U18 and snR38, involves Rntlp-
dependent excision from the respective host introns. The structures of the intronic precursors
deviate from the canonical [A/u]GNN stem-loop substrates, and their processing requires
participation of the nucleolar protein Nop1p, which physically interacts with Rnt1p.%8 Rnt1p
also interacts with Garlp, a protein involved in pseudouridylation reactions. The C-terminal
portion of Rntlp, adjacent to the dsSRBD, interacts with Gar1p.8” As these interactions imply
an association of rRNA processing and RNA modification reactions, Rntlp may be regarded
as a core nucleolytic component of one or more dynamic nuclear/nucleolar protein
complexes. The full characterization of these complexes remains an important goal.

Drosha and Microprocessor Function

Over 1000 micro(mi) RNAs are estimated to be encoded in mammalian genomes, and their
expression and utilization is regulated by diverse inputs in a cell- and development-specific
manner. Mammalian miRNA maturation involves, inter alia, the sequential action of two
RNase 11 family enzymes, Drosha and Dicer. Drosha is localized in the nuclear
compartment and acts on primary transcripts synthesized by RNA polymerase |1, and that
typically contain several miRNAs. Site-specific cleavage within irregular, extended hairpin
structures (pri-miRNAS) creates the pre-miRNAS that then are delivered by Exportin5 to the
cytoplasm for final maturation by Dicer. Drosha functions within a complex termed the
microprocessor that contains a protein, DGCRS, that is required for Drosha action.%8-70
There is scant structural information currently available on Drosha, which in part reflects a
general challenge in studying large proteins that function in larger complexes. Thus, most
current information derives from biochemical studies, including sequence and structural
analyses of the pri-miRNAs (see below). The Drosha polypeptide (Fig. 1) possesses tandem
RNase Il domains and a C-terminal dsRBD. The RNase 111 domains form an intramolecular
pseudodimer with two catalytic sites.59 A solution structure determination of the Drosha
dsRBD reveals an a1-B; loop element with a dynamic, extended structure.’! The inability of
the Drosha dsRBD to form a stable complex on its own with dsSRNA may reflect the atypical
mobility and negative charge of the loop, and raises questions on its function in pri-miRNA
processing.”1:72 The Drosha N-terminal region also contains proline-rich and arginine/
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serine-rich domains that are implicated in protein-protein and protein-nucleic acid
interactions.’3

The DGCRS polypeptide exhibits tandem dsRBDs and an N-terminal WW domain.” The
structure of DGCRS8 is not known, but a crystallographic study of the C-terminal region
reveals the specific, stable positioning of the two dsRBDs which are packed on the C-
terminal helix, and a linker connecting the dsRBDs that exhibits an ordered structure (Fig.
6A).7> Molecular dynamic simulations indicate a correlated motion of the two dsRBDs.”®
This can be contrasted with the flexible linkers and independent action of the RNase 11l
dsRBDs. DGCRS8 also undergoes dimerization in a heme-dependent manner, and is
important in providing optimal activity.’”:’® The dimerization region is a component of the
heme-binding domain, and involves the WW motif.”® The role of heme-dependent
dimerization of DGCR8 in microprocessor function awaits further analysis.

Structural features of pri-miRNAs important for reactivity have been identified through
extensive genomic sequence analyses, RNA structure probing, and biochemical assays. Pri-
miRNAs exhibit non-uniform structures, and contain double-helical segments punctuated at
each full helical turn by bulges, loops or mismatches (Fig. 6B). DGCRS8 recognizes the ss/ds
junction at the base of the extended stem-loop hairpins and allows engagement of Drosha.%8
It was originally proposed that Drosha cleavage sites are identified by their distance (one
helical turn) from the ss/ds junction.®® The recognition model was further elaborated by
incorporating noncanonical secondary structural elements near the target site as reactivity
determinants.”® Structure-probing protocols, coupled with computational modeling®®
showed that the elements confer structural plasticity to pri-miRNAs. The deformability may
be a prerequisite for engagement by the DGCR8 dsRBDs, whose fixed orientations require a
conformational change in the pri-miRNA in order to achieve a stable complex and allow
engagement of Drosha.”®80 Moreover, the conformational plasticity also would identify
substrates by an induced-fit pathway. Structural studies involving new approaches (e.g. see
analysis of Dicer below) are expected to shed light on other Drosha domains and the
structural basis of microprocessor function. Recent studies have uncovered a cytoplasmic
version of the microprocessor that acts on a viral-encoded pri-miRNA, ultimately providing
the mature species (termed “virtron”) in a Dicer-dependent manner. The cytoplasmic
microprocessor involves Drosha, which is shuttled from the nucleus in a virus-infection-
dependent manner, but is not strictly dependent upon DGCR8.81-83 Whether Drosha
associates with other factors, forming the cytoplasmic microprocessor, remains to be
determined. In a similar light, studies are revealing a broader functional role of DGCRS8 in
RNA processing pathways that may involve nucleases other than Drosha.8*

Eukaryotic genomes encode single or multiple forms of Dicer polypeptides. While a key
function of Dicer is the conversion of pre-miRNAs to miRNAs, other roles include host
defense and genome surveillance mediated by the processing of alternative, dSRNA-based
substrates. Dicer polypeptides share a core structure consisting of tandem RNase 111 domains
and a PAZ domain (Fig. 1). One or two dsRBDs may be present in the C-terminal region,
and the polypeptide also may carry an N-terminal helicase-like domain (Fig. 1). The
questions addressed here are how Dicer (i) provides precisely-sized products; (ii) can act in
a processive manner; and (iii), achieves flexibility in processing regular dsSRNAs as well as
hairpin substrates that include pre-miRNAs.

Biochemical analysis of human(h) Dicer first indicated that the tandem RNase 111 domains
form an intramolecular pseudodimer with two catalytic sites.8° A crystallographic analysis
of the “minimal” Dicer of Giardia intestinalis (gDicer), containing the PAZ and tandem
RNase Il domains, confirmed the pseudodimeric RNase 111 domain, and revealed how
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product length derives from the physical spacing and functional cooperation of the PAZ and
RNase 111 domains.8¢ The PAZ domain specifically recognizes the 2-nt, 3’-overhangs of a
processed dsRNA terminus and is positioned ~65 A from the RNase |11 catalytic sites (Fig.
7A). Engagement of substrate by the two domains allows production of the characteristic
~25 bp product of gDicer action® (Fig. 7B). Although a comparable crystallographic
analysis of hDicer has been sought, the enzyme has been largely refractory to such an
approach. Instead, domain-specific labelling, combined with single-molecule electron
microscopy provided essential insight on the relative positions and functions of the
additional domains, and afforded a structural model for hDicer action.8” The PAZ domain of
the L-shaped protein is positioned at the top of the ‘L’, with the tandem RNase 11l domains
occupying the bend (Fig. 8A). The physical separation of the two domains establishes the
~21 bp dsRNA products. Here, PAZ domain recognition of the 2-nt, 3’-overhang and the 5’-
phosphomonoester group provides the “3’-counting”86 and “5’-counting”88 mechanisms,
respectively, for target site selection. The shorter size of the hDicer products compared to
the ~25 bp products of gDicer reflects a translational rotation of the RNase 11 domain,
relative to the PAZ domain.87

The hDicer helicase domain is positioned adjacent to the RNase |11 domain, at the opposite
end of the L from the PAZ domain. The position of the helicase domain and its ability to
engage dsRNA, confers processivity, wherein engagement of dsSRNA allows successive
rounds of cleavage prior to release of substrate8’ (Fig. 8B). The positioning of the helicase
domain explains its ability, under specific conditions, to inhibit substrate processing, most
likely by the occluding the catalytic sites. This facet of helicase domain function may ensure
stringent control of the ribonucleolytic action of Dicer. Additional insight on helicase
domain function has emerged from a high-throughput sequencing study of the products of
Dicer action on small hairpin(sh) RNAs in vivo. It was determined that placement of the
cleavage site 2 nt from the hairpin loop confers maximal accuracy of processing. In addition,
an insertion mutation of the helicase domain caused a reduction in processing accuracy for
these substrates.8% A “loop-counting” mechanism was proposed for target site selection, in
which the helicase domain establishes an additional interaction with the RNA loop (either as
a terminal or internal loop), thereby conferring an additional level of cleavage precision not
afforded by the PAZ domain alone.89

Biochemical and structural studies of hDicer have been challenged by the size of the
polypeptide and the attendant issues of solubility and activity. As an alternative approach,
individual domains or domain combinations were purified in recombinant form, and assays
of substrate binding and cleavage performed that included single domain omission.%0 It was
shown that the helicase domain directly interacts with pre-miRNA hairpins, thus
rationalizing how Dicer can process substrates structurally distinct from dsRNA, using an
alternative substrate recognition pathway.%® The functional role of the dsRBD has been
enigmatic, as it is not essential for Dicer action in standard assays. However, it was shown
that this domain, in isolated form, binds dsRNA,°1 and enables substrate processing by
Dicer in the absence of the PAZ domain.® These findings suggest that the dsRBD may
establish a pathway for recognition of alternative substrates, including those not recognized
by the PAZ domain.®® The occurrence of Dicer family members with multiple dsSRBDs
underscores the relevance of alternative recognition pathways connected with substrate
diversification. Based on these findings it is anticipated that additional substrates will be
identified that do not conform to the pre-miRNA or regular dSRNA structures. Dicer
interacts with other proteins, including TRBP, PACT, and Ago2.92:93 While the structural
details of these interactions are just beginning to be elucidated, their influence on Dicer
activity is evident. For example, TRBP alters the manner in which hDicer processes pre-
miRNAs, allowing formation of alternative miRNAs (“isomiRs”) that are one nt longer than
the canonical form, and possess different target specificities.94:95
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RNase lll enzymes in Trypanosome kinetoplasts

RNase 111 family enzymes participate in kinetoplast RNA editing, wherein multiple uridine
nucleotides are inserted or deleted at multiple sites in the mRNA precursors, ultimately
creating the mature, translationally competent species. The selection of editing sites; the
determination whether U insertion or deletion occurs at a given site; and how many U
residues are inserted or deleted at each site are determined by trans-acting, noncoding
guide(g) RNAs.9 A segment of each gRNA is complementary to clusters of editing sites,
allowing formation of an intermolecular duplex that directs endonucleolytic cleavage of the
pre-mRNA at the ss/ds junction. The gRNA sequence also determines whether U residues
are removed from the cleaved pre-mRNA via exonucleolytic action, or instead are inserted
by a uridylyltransferase. A final ligation reaction establishes the mature sequence at the
editing site.

Three distinct, multisubunit RNA editing complexes have been characterized that have
differing editing site specificities, and that contain an RNase Il family polypeptide termed
KREN1, KREN2, or KREN3.97-100 These polypeptides are required for the endonucleolytic
cleavage step, and they may specifically function in the form of heterodimers that involve
partner proteins KREPB4 or KREPB5.101 The latter proteins also have RNase 111 domains,
but sequence analysis and mutational studies reveal that the catalytic sites are
nonfunctional 101 If such a heterodimeric complex exists, it would therefore have only a
single functional catalytic site in the KREN1, KRENZ2, or KREN3 subunit, and therefore
would cleave only one strand in a single binding event (here, the pre-mRNA at the editing
site) while preserving the other strand (the gRNA). In this regard, the ability of RNase 111
heterodimers to “nick” dsRNA has been shown elsewhere.3940 Alternatively, the single-
strand cleavage pattern may reflect local RNA structure at or near the target site (see also
above). Further analyses are needed to determine whether the KREN1-3 polypeptides
associate with KREPB4 and KREPBS5 to form heterodimeric structures. The KREN1-3
polypeptides exhibit a distinctive modular structure that includes a C2H2 Zinc finger (ZnF)
motif (Fig. 1). A sequence alignment analysis10 showed that the five RNase 111 family
polypeptides contain a PUF domain, rather than a dsSRBD, as had been previously suggested.
Since PUF domains of other proteins can recognize RNA in a sequence-dependent
manner,102 it is anticipated that the domain functions in cleavage site selection. The
presence of the ZnF and PUF domains reflects the unique requirements for the highly
specialized and complex process of RNA editing.

The maturation of the gRNAs from polycistronic precursors also involves an additional
RNase 111 family enzyme, mRPN1.193 A knockdown of mRPNL1 levels causes a drop in
gRNA levels and concomitant accumulation of the precursor forms.193 mRPN1 possesses a
homodimeric structure, and mutational analysis identified a glutamic acid essential for
activity, and which corresponds to a catalytic site glutamic acid in bacterial RNase 111.103
The polypeptide contains a C2H2 ZnF domain and a dsRBD (Fig. 1) (although the identity
of the latter domain remains to be confirmed -- see above). MRPN1 associates with several
proteins, one of which (TbRGG2) may mediate gRNA access to the RNA editing
complexes.103 The structures of the gRNA precursors and the associated mRPN1 processing
sites have not yet been described. However, the maturation of polycistronic gRNA
precursors by mRPNL1 is reminiscent of the action of E. coli RNase |11 on the five processing
signals within the ~7,000 nt polycistronic mMRNA precursor of bacteriophage T7.27:54

Noncatalytic action of RNase llI-like proteins

Point mutations that selectively disable the catalytic site have been used to show that RNase
11 can regulate gene expression as a dsSRNA-binding protein.1%4 Structural studies reveal
how RNase 111 can engage dsRNA in a noncatalytic manner.2%-31 Also, variants of naturally
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occurring RNase 11 substrates, as isolated by in vitro selection, can be bound by RNase I11
but are resistant to cleavage.*® The question is whether in fact RNase 111 family members
have noncatalytic cellular roles. An example is provided in the chloroplasts of land plants.
Here, a polypeptide (RNC1) that plays a role in supporting the splicing of group Il introns,
possesses tandem RNase 111 domains that are catalytically silent due to mutation of active
site residuesi0 (Fig. 1). The tandem RNase 111 domains are anticipated to self-associate,
forming a dsRNA-binding fold that stabilizes structures important for intron splicing.196 The
RNC1 polypeptide associates with at least one additional protein, WTF1, as part of a larger
complex that supports splicing.107

The broadening understanding of the role of dSRNA processing in gene expression and
regulation continues to spur studies on the structures and mechanisms of RNase Il family
members, and their functional and physical interactions with other factors. How specificity
is achieved in dsSRNA cleavage continues to draw attention, especially in the maturation of
miRNAs and siRNAs, for which accuracy is essential for correct function, but for which
there is evidence for modulation of cleavage site selection as a means to diversify target
sites. The demonstration that RNase 111 enzymes are regulated at multiple levels, as
especially shown by bacterial family members, indicates the importance for such regulation
in cellular processes. RNase 111 enzymes function in complexes that exhibit dynamic
features and are subject to regulation. Studies are now increasingly focused on determining
the components and structural features of the complexes. The regulated activity of these
complexes in turn can confer global regulation of dSRNA-dependent processes, of which
much remains to be understood. Definition of these networks is needed for a full
understanding of the involvement of dsSRNA processing on cell physiology in response to
diverse inputs.

The question remains as to whether RNase 111 family members can act in a noncatalytic
manner. There is now an example of this in chloroplasts, involving a noncatalytic RNase 111
polypeptide, and it is anticipated that cellular substrates will be uncovered that bind RNase
I11in this manner. Specific substrates of RNase 11 family members are being used as
functional modules in synthetic gene networks,108:109 and research on dsRNA processing
can be envisioned to extend to the nanotechnology arena.}10 RNase 11 can function in dense
nanopatches of dsSRNA, and can provide a permanent topographic “imprint” of dSRNA
recognition by either a protein or inhibition by an intercalating agent.111 Such approaches
can provide the basis for detecting dsSRNA and related molecules as disease biomarkers at
the single-cell level.
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Other ways of processing dsRNA, and a question about Archaeal dsRNA

The processing of dSRNA is not exclusively performed by RNase 111 family members.
Specific members of the RNase A family of vertebrate-secreted proteins are capable of
degrading dsRNA, using an alternative catalytic mechanism. These enzymes, in dimeric
form, can bind dsRNA and stabilize localized ssRNA structures created through natural
“breathing” of the dsSRNA. Each strand is cleaved via a phosphotransferase reaction,
involving vicinal 2°-OH groups.112 The functions of these enzymes are diverse, and
include host defense, response to stress, and angiogenesis.113.114 The Lassa fever virus
expresses a 3’—5’ exonuclease that degrades dsRNA (as well as the RNA strand of
RNA-DNA hybrids).115:116 The degradation of the RNA strand apparently occurs
without major disruption of the double-helical structure.116 Thus, at least one function of
this protein is to suppress the host cell innate immune mechanism that recognizes
dSRNA.llS'll?

RNase |11 orthologs appear to be only accidental to the Archaea. Thus, a question is how
dsRNA is recognized and processed in this major branch of life. The Bulge-Helix-Bulge
(BHB) splicing endoribonuclease functions in place of RNase |1l to process the pre-
rRNAS, but it is not a dsSRNA-specific nuclease.118 If dsSRNA processing is a feature of
Archaeal RNA metabolism (which is reasonable to assume), either an alternative,
dsRNA-specific nuclease exists (e.g., see above), or dsSRNA processing is accomplished
by the cooperative action of several enzymes, such as a specific exo- or endoribonuclease
working in conjunction with, for example, an RNA helicase. In any event, the pathways
remain to be understood.
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Figure 1.

Domain structures of ribonuclease 111 family polypeptides. Domain key: RIII (grey), RNase
I11 domain; dsRBD (light blue), dSRNA-binding domain; PR (orange), proline-rich domain;
RS (Blue), arginine/serine-rich domain; DEXD/H (blue), helicase domain; DUF (brown),
DUF283 domain; PF (green), platform domain; PAZ (purple), PAZ domain; C2H2 (pink):
C2H2 Zinc finger domain; PUF (yellow), Pumilio/FBF homology domain. The blue double-
headed arrow between the PAZ and RIlla domains of human and giardia Dicer indicates the
dsRNA “measuring” segment. The parentheses in the PUF domain of mRPN1 indicate that
the identity of the domain has not been confirmed. For RNC1, the red letters ‘X’ refer to
inactivating point mutations of catalytic site residues. Diagrams are not to scale.
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Figure 2.

Ribonuclease 111 structures. A. 2.0 A structure of Thermotoga maritima RNase 111,
determined by the Joint Center for Structural Genomics, University of California at San
Diego (PDB entry 100w). The structure displays the two dsRBDs (dark orange) in
symmetric, extended positions with respect to the RNase 111 domain (green). The flexible
linkers are shown in yellow. B. A 1.7 A structure of Aquifex aeolicus (Aa) RNase 111 bound
to dsRNA (PDB entry 2NUG).37 The color scheme in panel A also is used here, and the two
Mg?2* ions in each catalytic site are colored in cyan. RNA is shown in gray. The
phosphodiester bonds at each catalytic site have been hydrolyzed, so the complex contains
two dsRNA segments.
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Figure 3.

RNase 111 catalytic site structure. Shown are the interactions, presumably subsequent to
phosphodiester hydrolysis, in the catalytic site of the 1.7 A structure of wild-type Aa-RNase
111 bound to cleaved dsSRNA (PDB entry 2NUG).3” The two Mg?* ions (A and B) are shown
in green and are coordinated to the E40, D44, D107, and E110 side chains. Metal-oxygen
coordinate bonds are shown as dotted black lines. The oxygen atom of the water nucleophile
that is bonded to phosphorus (yellow-gold) is colored in lavender. Water molecules are
shown as red spheres. The nucleotides (R-1, RO, and R+1) are colored in blue (nitrogen),
black (carbon) and red (oxygen), and the numbering refers to their position with respect to
the scissile phosphodiester (between R-0 and R-1).
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Figure4.

Proposed catalytic pathway for RNase I11. The diagram is a modification of a proposed
scheme.31:39 Initial recognition of dsRNA (black) by a dsRBD (pink) is followed by
engagement of the RNase 111 domain (light blue) and the second dsRBD to form a
precatalytic complex. Phosphodiester hydrolysis (red arrows) provides a post-catalytic
complex with products still bound by the RNase 111 domain. Release of the products from
the RNase 111 domain is followed by release from the dsRBDs. The rate-limiting step may
be release of products from the RNase 111 domain (see text). Reprinted from Nucleic Acids
and Molecular Biology 26 “Ribonucleases” (AW Nicholson, ed), pp. 269-297. With kind
permission of Springer Science+Business Media.
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Figure5.

Reactivity determinants of RNase 111 substrates. A. Diagrammatic structure of an idealized
dsRNA substrate of Ec-RNase I11. The length of the helix from the end of each db is 22 bp
(two A-helical turns). The boxed bp indicate the distal box (db), middle box (mb) and
proximal box (pb). The two-fold symmetry of the substrate is indicated by the black dot
centered between the two cleavage sites (black arrows), and blue color of the lower portion
of the substrate. Note that the symmetry does not include specific bp sequence. N-N’
indicate a standard bp of unspecified sequence. The sites of interaction of RBM1, RBM2,
RBM3, and RBM4 with the db, mb and pb are indicated by dashed lines. B. Sequence-
dependent interaction of the conserved glutamine side chain of the dsRBD a4 helix (RBM1)
with the O2 uracil atom. Taken from the Aa-RNase I11(D44N)-dsRNA crystal structure
(PDB entry 2EZ6)32. The dotted lines indicate probable hydrogen bonds of the Q157
carboxamide group with the O2 atom and the adjacent 2’-hydroxyl group.
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Figure6.

Reactivity determinants of a pri-miRNA substrate for Drosha, and a proposed DGCR8-
dsRNA interaction. A. Features of mammalian pri-miR-16-1 RNA important for
reactivity®0. The grey lines indicate the positions of the miRNA sequences, and the Drosha
target site is at the left hand termini of the lines, and is cleaved to create a 2-nt, 3’-overhang
product ends (see text). “ss/ds junction” indicates the region recognized by DGCRS, and
“Hot Spot” refers to a deformable region proximal to the Drosha cut site. H1, H2, H3 denote
regular helical regions that are punctuated by the deformable regions. The color scheme for
individual nucleotides (solid circles) indicates the relative probability of single-strandedness,
determined as described:8° blue, low probability; green/yellow, medium probability; red,
high probability. Adapted with permission from Quarles, KA et al. Biochemistry
52:795-807. Copyright 2013 American Chemical Society. B. Proposed model of a complex
of dsRNA bound to the DGCRS core, consisting of dsSRBD1, dsRBD2, the connecting
linker, and the C-terminal helix.”® The fixed relative positions of the two dsRBDs and the
corresponding placement of the respective dsRNA-binding surfaces suggest that engagement
of a pri-miRNA by the DGCRS8 polypeptide requires distortion of the pri-miRNA structure,
which would be facilitated by the deformable regions (see panel A).”9:80 Reprinted by
permission from Macmillan Publishers Ltd: Nature Sructural and Molecular Biology 14(9):
847-853 (2007).
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Figure7.

Structural features of a “minimal” Dicer. A. Two views of the 3.3 A crystal structure of
Dicer from G. intestinalis®® (PDB entry 2ffl). The PAZ domain (gold) is linked to the RNase
I11a domain (yellow) by the connector helix, or “ruler” (red) (see also Fig. 1), which
determines the dsSRNA product length. The RNase I11b domain is shown in green, and the
two catalytic sites (within the rectangle) are identified by the two metal (Er3*) ions (purple)
in each site (see also Fig. 3). B. Two views of a modeled complex of gDicer bound to
dsRNA.86 Blue and red coloration indicate basic and acidic regions, respectively. dsRNA is
shown in yellow and gray strands, and the white arrows indicate the sites of cleavage. The
yellow star indicates the site in the PAZ domain that binds the dsRNA 3’-overhang. From
MacRae 1J et al. (2006) Science 311:195-198. Reprinted with permission from AAAS.
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Figure8.

Functional interplay of human(h) Dicer domains in dsSRNA processing.8”A. Domain
structure of hDicer as determined by domain-specific tagging and single molecule electron
microscopy (EM). Shown are the PAZ (purple), platform (blue), ruler (gray), dsRBD (blue),
RNase Ill(a+b) (orange) and helicase domains, with the latter domain displayed as three
subdomains HEL1 (red), HEL2 (blue), and HEL2i (orange). B. Two views of hDicer bound
to a pre-miRNA hairpin, showing the engagement of the loop by the helicase domain, and
the opposing 3’-overhang end by the PAZ domain. C. Proposed processing cycle for hDicer
cleavage of dsSRNA. In complex 1, the dSRNA is engaged by the helicase domain. In
complex 2, cooperation of the PAZ and RNase |11 domains provide a 22 bp product, while
the remainder of the dsSRNA remains engaged with the helicase domain. In complex 3,
release of the 22 bp product from the PAZ and RNase 111 domains allows subsequent
engagement of the contiguous dsRNA segment by the RNase 11l and PAZ domains. This
cycle explains the processivity of hDicer action, supported by the helicase domain
[Reprinted by permission from Macmillan Publishers Ltd: Nature Sructural and Molecular
Biology 19(4):436-440 (2012)].
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