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The function of Dicer’s helicase domain has been enigmatic since its discovery.Why do only someDicers require ATP, despite a
high degree of sequence conservation in their helicase domains? We discuss evolutionary considerations based on differences
between vertebrate and invertebrate antiviral defense, and how the helicase domain has been co-opted in extant organisms as the
binding site for accessory proteins.Many accessory proteins are double-stranded RNA binding proteins, and we proposemodels
for how they modulate Dicer function and catalysis.

The gene we now know as Dicer was first revealed in a
screen for double-stranded RNA (dsRNA) binding pro-
teins (dsRBPs) (Bass et al. 1994) before the discovery of
the surprising phenomena of RNA interference (RNAi)
(Fire et al. 1998). Once RNAi was discovered, the unique
features of the mysterious gene, which included an amino-
terminal helicase domain and tandem ribonuclease III
(RNase III) domains (Fig. 1A), led to the proposal that it
was key to the process (Bass 2000). Indeed, subsequent
studies in Drosophila melanogaster S2 cells (Bernstein
et al. 2001) and Caenorhabditis elegans (Knight and
Bass 2001) confirmed that Dicer was key to RNAi.
The observed RNase III domains placed Dicer in a

well-characterized family of endoribonucleases, first dis-
covered in Escherichia coli (Robertson et al. 1968) and
now known to exist in Bacteria and Eukarya, but only
infrequently in Archaea (Court et al. 2013; Nicholson
2014). Because RNAi had been correlated with the cleav-
age of dsRNA into smaller pieces (Zamore et al. 2000),
the function of the RNase III domains was immediately
predictable, and we now know that they catalyze cleavage
of dsRNA into microRNAs (miRNAs) and short interfer-
ing RNAs (siRNAs) (Wilson and Doudna 2013; Ha and
Kim 2014). In contrast to the RNase III domains, the
function of the amino-terminal helicase domain was enig-
matic when Dicer was discovered and, in many respects,
remains so today. However, in recent years progress has
been made in understanding this domain, and one goal of
this review is to summarize recent insights.
Soon after the discovery of RNAi, it was recognized

that, in plants, the mysterious phenomena of gene silenc-
ing in response to transgene expression and of cosuppres-
sion involved dsRNA and were based in an antiviral
defense pathway (Waterhouse et al. 2001; Ding and Voin-
net 2007). In addition, studies in invertebrates showed that
RNAi targeted transposons (Ketting et al. 1999), remnants

of ancient viruses. These observations paved the way for
the realization that Dicer’s helicase domain is most similar
to helicases that act as viral sensors in mammalian innate
immunity, the RIG-I-like receptors (RLRs; e.g., RIG-I,
MDA5, LGP2) (Fairman-Williams et al. 2010; Ahmad
and Hur 2015), and the demonstration for invertebrate
Dicers that mutations in the helicase domain increase sus-
ceptibility to viral infection (Deddouche et al. 2008; Mar-
ques et al. 2013).
Here we take the view that the ancestral function of the

helicase domain was in antiviral defense, and in certain
extant organisms this domain has been co-opted for other
cellular functions, such as regulation of miRNA pro-
cessing, and production of endogenous siRNAs (endo-
siRNAs). These modern-day functions often require
cellular dsRNA binding proteins (dsRBPs) that directly
interact with the helicase domain to modulate its func-
tions. So far, these accessory dsRBPs all contain multiple
dsRNA binding motifs (dsRBMs; Fig. 1B): an∼65-amino
acid motif that folds into an αβββα topology (Masliah
et al. 2013; Gleghorn and Maquat 2014). Although there
are many enzymes that include dsRBMs in conjunction
with catalytic domains, such as adenosine deaminases that
act on RNA (ADARs), RNA-dependent protein kinase
(PKR), Dicer, and most RNase III enzymes, others simply
consist of multiple dsRBMs separated by linkers. For the
most part, it is the latter that have been found to interact
with Dicer, and these will be our main focus. Each of these
dsRBPs contains two amino-terminal “Type A” dsRBMs,
which are more conserved and competent to bind dsRNA
(Gleghorn and Maquat 2014). As indicated (Fig. 1B),
some of these proteins also contain a carboxy-terminal
“Type B” dsRBM, divergent motifs that frequently lack
residues important for binding dsRNA, display little or no
affinity for dsRNA, and typically mediate protein–protein
interactions (Gleghorn and Maquat 2014).
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THE HELICASE DOMAINS OF VERTEBRATE
AND INVERTEBRATE DICERS HAVE

DISTINCTACTIVITIES

Like other RLRs, Dicer’s helicase domain belongs to
the Superfamily 2 group of helicases and is comprised of
three subdomains: Hel1, Hel2i, and Hel2 (Fig. 1A; Fair-
man-Williams et al. 2010; Luo et al. 2013; Ahmad and
Hur 2015). Helicase domains have diverse functions, in-
cluding the unwinding of nucleic acid double helices,
promoting conformational changes, and translocation
along nucleic acids (Singleton et al. 2007; Jarmoskaite
and Russell 2014; Ahmad and Hur 2015). These functions
are all fueled by ATP hydrolysis, and indeed, initial studies
inD. melanogaster and C. elegans extracts showed a clear
requirement for ATP (Zamore et al. 2000; Ketting et al.
2001). Thus, it came as a surprise when Homo sapiens
Dicer (hsDcr) was purified to homogeneity and found to
cleave dsRNA in the complete absence of ATP (Provost
et al. 2002; Zhang et al. 2002).
Indeed, so far, a vertebrate Dicer has never been ob-

served to require ATP. In contrast, there are multiple ex-
amples of invertebrate Dicers, those of plants, and that of
Schizosaccharomyces pombe that show an ATP require-
ment in vitro (Liu et al. 2003; Colmenares et al. 2007;
Welker et al. 2011; Fukudome and Fukuhara 2017).
Further, a mutation in the helicase Walker A motif of

D. melanogaster Dicer-2 (dmDcr-2), a motif critical for
ATP binding and hydrolysis, eliminates processing of
siRNAs, establishing an ATP dependence in vivo (Lee
et al. 2004). Similarly, point mutations in any of three dif-
ferent helicase motifs in another invertebrate Dicer, C. ele-
gans DCR-1 (ceDCR-1), produced animals that were
defective for processing endo-siRNAs (Welker et al. 2010).
An important clue to understanding the function of

Dicer’s helicase domain came with the observation that,
althoughC. eleganswith mutations in the helicase domain
of ceDCR-1 were defective for processing endo-siRNAs,
these animals contained normal levels of miRNAs
(Pavelec et al. 2009; Welker et al. 2010). Although termini
of endo-siRNA precursors are not well characterized,
miRNA precursors have a distinct 3′ overhang, and,
thus, the C. elegans studies led to in vitro studies with
purified dmDcr-2 and C. elegans extracts that showed
these invertebrate Dicers cleave dsRNA differently de-
pending on its termini (Welker et al. 2011; Sinha et al.
2015). When dmDcr-2 encounters a dsRNAwith a blunt
terminus, an optimal reaction ensues, whereby the heli-
case domain enables ATP-dependent, processive cleavage
of the dsRNA. In contrast, dsRNA with 3′-overhanging
termini promote a suboptimal, distributive cleavage that
does not require ATP. The different termini-dependent re-
action modes were confusing until a cryo-electron micros-
copy (cryo-EM) study of dmDcr-2 was reported (Sinha
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Figure 1. (A) Domains of Dicer and RNase III open-reading frames including Aquifex aeolicus RNase III (aaRNaseIII), Saccharomyces
cerevisiae Rnt1p (scRnt1p), Homo sapiens Dicer (hsDcr), Caenorhabditis elegans Dicer (ceDcr), Drosophila melanogaster Dicers
(dmDcr-1 and dmDcr-2), andGiardia intestinalisDicer (giDicer). Domains are to scale and anchored at the amino terminus of aaRNase
III, with the carboxy-terminal amino acid numbered on the right. (Top) color coding of RNase III domains, including amino-terminal
domain (NTD). (Bottom) Color coding of helicase subdomains and Dicer domains. (B) Domain organization of Dicer-interacting
dsRBPs noting Type A (solid) and Type B (striped) double-stranded RNA binding motifs (dsRBMs). Open-reading frames are to scale
and anchored by the amino terminus of the first dsRBM. Numbers at the far right indicate the carboxy-terminal amino acid.

HANSEN ET AL.2



et al. 2018). Although numerous studies had implicated
the Platform•PAZ domains in mediating Dicer’s recogni-
tion of dsRNA termini (Fig. 1A), the cryo-EM study
showed that dsRNAwith blunt termini binds to the heli-
case domain (Fig. 2A). Because viral dsRNA in some
cases has a blunt terminus (Schlee 2013), this led to the
simple model that the helicase domain recognizes non-self
dsRNA, such as viral dsRNA, threading it through the
helicase domain to processively cleave the dsRNA,
whereas the Platform•PAZ domains recognizes termini
of cellular, or “self,” dsRNA, such as miRNAs, acting
distributively to make a single dsRNA cleavage with
each binding event.
Based on phylogenetic studies (Zou et al. 2009;

Mukherjee et al. 2013, 2014), it seems possible that an-
cient Dicers, which predated the split of invertebrate and
vertebrate lineages, had helicase domains that discriminat-
ed blunt dsRNA as “non-self.” The emergence of RLRs
allowed for loss of “non-self” recognition by the helicase
domain of certain Dicers, and this occurred in different
ways. InH. sapiens, recognition of blunt dsRNAwas taken
over by RIG-I, and as interferon signaling evolved, the
helicase domain of hsDcr lost the ability to recognize
blunt dsRNA and hydrolyze ATP. Instead, hsDcr was co-
opted for miRNA processing, possibly enabled by inter-
acting with dsRBPs such as TRBP. (However, we note that
the helicase domains of mammalian Dicers are highly
conserved, and it remains possible that ATP-dependent
functions of mammalian Dicers will be discovered.)
At the other extreme, in arthropods like D. mela-

nogaster, gene duplication allowed dmDcr-2 to exclusive-
ly provide antiviral functions and optimize these by
coupling recognition of blunt viral dsRNA to processivity
(Welker et al. 2011; Sinha et al. 2015). A second Dicer in
D. melanogaster, dmDcr-1, became dedicated to the
miRNA pathway, and its Hel1 domain became degenerate
(Fig. 1A). Like mammals, C. elegans encode only a single
Dicer, but unlike mammals, C. elegans do not have an
interferon pathway, and a single Dicer participates in pro-
cessing miRNA and endo-siRNA precursors, and the an-

tiviral response. ceDCR-1 has not been characterized as a
pure protein, and it is unclear whether it is capable of
discriminating non-self or, alternatively, is assisted by oth-
er proteins, such as the Dicer-related helicase, DRH-1, a
RIG-I ortholog required for the C. elegans antiviral re-
sponse (Thivierge et al. 2011; Ashe et al. 2013; Guo
et al. 2013; Sowa et al. 2020).

HOW DO dsRBPs MODULATE
DICER FUNCTION?

All of the Dicers that have been purified to homogeneity
are able to process dsRNA in vitro, in the complete ab-
sence of dsRBP accessory factors. Our thesis is that
dsRBPs evolved to lend new activities to an enzyme that
was specialized for processing viral dsRNA, and indeed,
Dicer-interacting dsRBPs confer additional activities to
Dicer, often by using their carboxy-terminal Type B
dsRBM to interact with the helicase domain (Fig. 1B).
Below we review some of the most well-studied dsRBPs
known to interact with Dicer and speculate on the mech-
anisms by which they modulate Dicer activity. We consid-
er two general mechanisms. First, for the PD isoform of
Loquacious, we discuss a mechanism whereby “tethering”
of the carboxy-terminal region to the helicase domain
promotes a conformational change in the helicase domain
itself (Fig 2B). Second, and possibly applicable to all
Dicer-interacting dsRBPs, we consider a mechanism
whereby the carboxy-terminal region of the dsRBP (e.g.,
TRBP in Fig. 2C) acts as a tether to bring in amino-ter-
minal dsRBMs to engage with the dsRNA substrate and
directly modulate catalysis by the RNase III domains.

Mechanistic Insights from RNase III Enzymes

In the proposed catalytic mechanism of RNase III (Fig.
3A), the dsRNA substrate is initially recognized by a sin-
gle Type A dsRBM. The dsRBM moves the dsRNA into
the “catalytic valley” formed between the two RNase III
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Figure 2. (A) A cartoon illustrating that dmDcr-2 uses its Platform•PAZ domains to recognize substrates with 3′ overhangs (self ) and the
helicase domain to recognize dsRNAwith blunt termini (non-self ). (Bottom) Color coding of domains, used throughout the figure.
(B) Superimposition of dmDcr-2 helicase conformations shows an open, C-shaped, conformation in the apo structure (light, PDB:
6BUA) and a closed conformation in the presence of blunt dsRNA and an ATP analog (dark, PDB: 6BU9). In the closed conformation,
Hel2 and Hel2i swivel toward Hel1 to clamp on the dsRNA terminus. (C ) Structure of the hsDcr•TRBP•pre-let-7 complex with domains
labeled (PDB: 5ZAL). Only the carboxy-terminal Type B motif of TRBP was resolved in the structure (Liu et al. 2018).
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monomers, and the second dsRBM associates to form the
precatalytic complex, where two dsRBMs secure the
dsRNA at the active site (Fig 3A, i). Substrate-loaded
and postcatalytic structures of Aquifex aeolicus RNase
III (aaRNaseIII) and Saccharomyces cerevisiae RNase
III (scRnt1p) reveal two conformations of dsRNA in the
catalytic valley: a bent and a typical (unbent) A-form RNA
helix (Fig. 3B–E; Gan et al. 2005; Liang et al. 2014; Song
et al. 2017). Presumably, the bent helix observed postca-
talytically also represents the catalytic site arrangement
immediately before cleavage by hydrolysis (Fig. 3A, ii),
whereas the straightened helix represents the conforma-
tion when dsRNA is first bound and then as the first step
toward product release (Fig. 3A, iii; Gan et al. 2005; Song
et al. 2017). Analysis of these structures suggests that
protein and RNA components undergo conformational
changes during catalysis causing the scissile bond to be
“pulled” into the active sites. Although the dsRBMs do
not undergo a significant conformational change between
these steps, there is a change in their relative positions
(Gan et al. 2008), raising the possibility that the dsRBMs
“slide” along the bound dsRNA to “squeeze” the scissile
bonds into the active site to enable catalysis.

Although recent cryo-EM structures of dmDcr-2 and
hsDcr represent a significant advance in resolution (Liu
et al. 2018; Sinha et al. 2018), neither structure shows
dsRNA engaged at the RNase III active sites and, thus,
does not offer insight into the cleavage-competent state. In
fact, in the cryo-EM structure of the hsDcr•TRBP•pre-
miRNA complex (Fig. 2C), Dicer’s dsRBM occupies
the catalytic valley where the dsRNA substrate would be
predicted to bind for cleavage, and instead, the pre-let-7
substrate interacts with the opposite face of hDcr’s car-
boxy-terminal dsRBM (Fig. 3D, hsDcr; Liu et al. 2018).
The absence of dsRNA in the catalytic valley of hsDcr is
not surprising as the complex was intentionally reconsti-
tuted in the absence of Mg2+, and based on studies of
aaRNase III, magnesium is necessary for a catalytically
competent state (Blaszczyk et al. 2001). In fact, the ar-
rangement of pre-let-7 in the hsDcr•TRBP•pre-miRNA
complex is similar to that in the crystal structure of dsRNA
bound by aaRNaseIII outside of the catalytic valley in the
absence of Mg2+ (Gan et al. 2008).
Based on existing RNase III structures, we propose a

mechanism for how some accessory dsRBPs might con-
tribute to Dicer activity. To form a structure analogous to
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Figure 3. (A) The proposed catalytic pathway for RNase III adapted for Dicer models (Nicholson 2014). Double-stranded RNA binding
motifs (dsRBMs) and RNase III domains are numbered and colored with similar shades for each monomer. Dashed lines represent
covalent linkage of dsRBMs in RNase III or Dicer or noncovalent linkage for those provided in trans by accessory dsRBPs. The
dsRBMs engage the dsRNA (i), then “squeeze” the helix into the dimeric active sites, creating a bend in the dsRNA helix (ii) and
promoting hydrolysis of the phosphodiester bonds on opposite sides of the same minor groove (iii). The arrow in ii signifies the bent
helix state at the dimeric active site. For Dicer, the pathway proceeds with its carboxy-terminal dsRBM or, possibly, with dsRBMs bent
by an accessory dsRBP. (B,C ) Crystal structures of aaRNaseIII (B; PDB: 2NUF) and scRnt1p (C; PDB: 5T16) with dsRNA positioned in
the catalytic valley (Gan et al. 2008; Song et al. 2017). In the side view the proteins are shown as cartoons, and in the top-down view
(below) the domains beneath the dsRNA are shown as surfaces. (D) Looking down the helical axis of dsRNA for aaRNaseIII (PDB:
2NUF), scRnt1p (PDB: 5T16), and the hsDcr•TRBP•pre-let-7 cryo-EM structure (PDB: 5ZAL). For hsDcr, only let-7 pre-miRNA and
the RNase IIIa, RNase IIIb, and dsRBM domains are shown (residues 1293–1913), with the structured linker between RNase IIIa and
RNase IIIb shown in gray (Gan et al. 2008; Song et al. 2017; Liu et al. 2018). (E) scRnt1p crystal structures were aligned by their RNase
III domains to illustrate the straight (black) and bent (orange) conformations of the dsRNA helix (PDB: 5T16 and 4OOG). Active site
Mg2+ ions that facilitate cleavage are represented by green spheres (two per monomer, observed only in PDB: 4OOG).
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aaRNaseIII and scRnt1p, the dsRNA substratewould need
to be engaged by two RNase III domains and two
dsRBMs. Metazoan Dicers contain two RNase III do-
mains, one dsRBM at the carboxyl terminus, and the
DUF283 domain, which adopts a dsRBM-like αβββα
fold (Fig. 1; Qin et al. 2010). Although the DUF283
domain may function as one of the dsRBMs that contrib-
ute to an RNase III–type mechanism (Liu et al. 2018), it
has been shown to interact with ssRNA, not dsRNA (Kur-
zynska-Kokorniak et al. 2016). However, certain observa-
tions are consistent with the carboxy-terminal dsRBM of
hsDcr playing a role. In vitro, hsDcr lacking the carboxy-
terminal dsRBM shows a fourfold reduction in initial rates
of cleavage of miRNA and siRNA precursors (Ma et al.
2008), but this truncation has no effect on binding affinity
for the miRNA precursor and only causes a slight increase
in the affinity for the siRNA precursor. This is consistent
with the idea that hsDcr’s carboxy-terminal dsRBM func-
tions similarly to one of the RNase III dsRBMs, playing a
direct role in catalysis by promoting the transition state
(Fig. 3A).
It seems feasible that, at least in some cases, Dicer

accessory dsRBPs also contribute to catalysis by lending
one or more dsRBMs to the transition state. This role is not
absolutely required, as purified Dicer is catalytically ac-
tive in vitro in the absence of binding partners and its
carboxy-terminal dsRBM (Ma et al. 2008). Additionally,
Giardia intestinalisDicer lacks the helicase, DUF283, and
dsRBM domains, yet is active in vitro in the absence of
accessory proteins (Fig. 1; MacRae et al. 2006). Instead,
one role of dsRBMs in Dicer and its accessory proteins
would be to enhance the rate of cleavage, consistent with
hsDcr truncation experiments (Ma et al. 2008). This con-
tribution may be particularly required for certain subopti-
mal dsRNA substrates.

TRBP

In humans, the most well-studied cofactor of Dicer is
the HIV-transactivating response RNA-binding protein
(TRBP), first discovered as a binding partner for the
TAR RNA structure of HIV (Gatignol et al. 1991). Later,
immunoprecipitation experiments showed that TRBP in-
teracts with hsDcr and Argonaute 2 (Ago2) as part of the
RNA-induced silencing complex (RISC), which escorts
the small RNA to its complementary mRNA (Chendri-
mada et al. 2005). TRBP is important for normal devel-
opment, and ablation of the tarbp2 gene in mice causes
increased mortality before weaning, and surviving mice
are generally smaller in size with spermatogenesis defects
(Zhong et al. 1999; Ding et al. 2015). Conditional knock-
out of TRBP in cardiac and skeletal muscle leads to de-
fective development of these tissues (Ding et al. 2015,
2016). It seems likely that most of these defects derive
from aberrant miRNA processing, and this is supported
by studies in both mice and human cells (Kim et al. 2014;
Ding et al. 2016). In vitro studies using synthetic miRNA
and siRNA precursors show that TRBP modulates Dicer
function by promoting optimal substrate selection, affect-
ing cleavage rate and fidelity, and strand selection, and

loading the strand into RISC (Noland et al. 2011; Lee
and Doudna 2012; Noland and Doudna 2013; Kim et al.
2014; Wilson et al. 2015; Fareh et al. 2016). However,
so far, there are no mechanistic explanations for how
TRBP coordinates with Dicer to perform these reported
functions.
As illustrated (Fig. 1B), the first two dsRBMs of TRBP

are Type A motifs, and the third is a Type B motif, con-
sistent with observations that TRBP binds dsRNAwith the
first two motifs (Parker et al. 2008) and interacts with
Dicer’s helicase domain with its third dsRBM (Wilson
et al. 2015; Liu et al. 2018). According to our model
(Fig. 3A), and consistent with structural information
(Liu et al. 2018), the carboxy-terminal Type B dsRBM
of TRBP tethers it to the helicase domain (Fig. 2C),
whereas the amino-terminal Type A dsRBMs engage the
dsRNA substrate to bring it to the RNase III catalytic sites.
Although only dsRBM3 was resolved in the Dicer-TRBP
cryo-EM structure, a structure of dsRBM1 and dsRBM2
in complex with siRNAwas solved by nuclear magnetic
resonance (NMR), electron paramagnetic resonance
(EPR), and single-molecule spectroscopy (Masliah et al.
2018). This structure shows that dsRBM1 and dsRBM2
bind on the same side of the dsRNA helix, leaving a large
accessible surface area of the dsRNA for interaction with
the RNase III active site.
One or both of TRBP’s amino-terminal dsRBMs, pos-

sibly in collaboration with Dicer’s carboxy-terminal
dsRBM, could assist in docking the dsRNA substrate
into the catalytic valley of the RNase III domains, stimu-
lating cleavage activity by “squeezing” the dsRNA into
the active site (Fig. 3A, ii). Indeed, in vitro studies show
that TRBP•hsDcr complexes have a higher affinity for
both miRNA and siRNA precursors compared to hsDcr
alone, and similarly, TRBP increases the rate of dicing for
both substrates in multiple-turnover experiments (Chakra-
varthy et al. 2010). However, single-turnover experiments
in the same study show that the addition of TRBP increas-
es the cleavage rate for an siRNA precursor, without a
significant effect on cleavage of the miRNA precursor.
The latter may suggest that dsRBMs of accessory proteins
participate in catalysis for some substrates, but not all.
Although these in vitro observations are consistent with
our model (Fig. 3A), without more detailed kinetic anal-
yses, as well as information from additional structural and
mutagenesis studies, it is difficult to deconvolute effects
on substrate binding from those affecting the chemical
step of catalysis.
The model of Figure 3A is also consistent with the

observation that TRBP enhances cleavage site fidelity in
vitro and in vivo (Kim et al. 2014; Wilson et al. 2015).
Bending the dsRNA helix into the catalytic valley and
locking the substrate in place using dsRBMs of TRBP
could reduce substrate movement that leads to cleavage
at the wrong sites. Further, Dicer’s increased affinity for
siRNA-sized products in the presence of TRBP (Chakra-
varthy et al. 2010) might not be so surprising given the
stable interactions observed with the cleaved dsRNA in
postcatalytic RNase III structures (Fig. 3B; Gan et al.
2005; Liang et al. 2014). This scenario might also explain
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the observation that TRBP participates in siRNA strand
selection and loading into Ago2 after Dicer cleavage
(Noland et al. 2011; Noland and Doudna 2013). At the
extreme, we envision that TRBP could have a role in the
precleavage, cleavage, and postcleavage phases of Dicer-
mediated RNA processing in vivo (Fig. 3A).

Loquacious

The Loquacious (Loqs) proteins were discovered as
interactors of dmDcr-1 and dmDcr-2 and are required
for miRNA and siRNA production, respectively (Lee
et al. 2004; Jiang et al. 2005; Liu et al. 2007). Because
of alternative splicing, there are four Loqs isoforms: Loqs-
PA and Loqs-PB, which interact with dmDcr-1 and affect
miRNA levels; Loqs-PC, whose function remains elusive;
and Loqs-PD, which interacts with dmDcr-2 and affects
endo-siRNA biogenesis (Hartig et al. 2009; Zhou et al.
2009). All four isoforms contain two amino-terminal Type
A dsRBMs, whereas only Loqs-PA and Loqs-PB contain
an additional Type B dsRBM3 that interacts with dmDcr-
1’s helicase domain (Fig. 1B; Ye et al. 2007).
Our thesis is that dsRBPs evolved to lend new activities

to a Dicer enzyme that was specialized for processing viral
dsRNA, and this idea is exemplified by Loqs-PD. At least
for the viruses tested, Loqs-PD is not necessary for
dmDcr-2 to target viral dsRNA (Marques et al. 2013),
and although not definitively proven, we presume this is
because viral dsRNA has termini that can be recognized
by dmDcr-2 alone (Fig. 2A). However, Loqs-PD is re-
quired for processing a subset of endo-siRNA precursors
(Hartig et al. 2009; Zhou et al. 2009). In D. melanogaster,
endo-siRNAs map to dsRNA arising from convergent
transcription, inverted repeats, and transposons (Chung
et al. 2008; Czech et al. 2008; Ghildiyal et al. 2008; Kawa-
mura et al. 2008; Okamura et al. 2008; Watanabe et al.
2008), and the precursors for these siRNAs are predicted
to have ill-defined termini, such as long, frayed ends.
Consistent with the requirement of Loqs-PD for produc-
tion of endo-siRNAs, in vitro studies show that addition of
Loqs-PD to dmDcr-2 allows it to function in a termini-
independent manner, and this property is dependent on
ATP (Sinha et al. 2015). Based on in vitro studies, the
simple model is that Loqs-PD allows dmDcr-2 to bind
internal regions of a dsRNA in a manner that promotes
the closed, cleavage-competent conformation of the heli-
case domain (Fig. 2B). The latter is supported by limited
proteolysis experiments (Sinha et al. 2015) in which Loqs-
PD is observed to promote a protease-resistant dmDcr-2
fragment predicted to correlate with the closed conforma-
tion of the helicase domain observed in a cryo-EM struc-
ture of a complex containing dmDcr-2, blunt dsRNA, and
an ATP analog (Sinha et al. 2018).
Interestingly, Loqs-PD is one of the few dsRBPs that

interact with the helicase domain that does not have a
Type-B domain at its carboxyl terminus (Fig. 1B). In
fact, the region carboxy-terminal to the second dsRBM
of Loqs-PD is too short to form the αβββα fold of other
dsRBMs, although it is possible that some elements of the
dsRBM secondary structure may remain. At the carboxyl

terminus of Loqs-PD are 22 amino acids specific to this
isoform that are necessary for efficient endo-siRNA bio-
genesis in vivo (Hartig and Förstemann 2011) and that
have been shown to cross-link to the Hel2 domain of
dmDcr-2 (Trettin et al. 2017).
The “tethering” interaction with Dicer occurs at the

carboxyl terminus of all Loqs isoforms, and it is also
possible that the Type A motifs, dsRBM1 and dsRBM2,
facilitate binding of the dsRNA substrate and promote
catalysis by analogy to RNase III enzymes (Fig. 3A).
Indeed, Loqs-PD greatly increases dmDcr-2 cleavage
rates in vitro (Trettin et al. 2017). Interestingly, efficient
cleavage of an optimal dmDcr-2 substrate, blunt dsRNA,
does not require dsRBM1, but cleavage of a suboptimal
substrate, dsRNAwith a 3′ overhang, requires both amino-
terminal motifs (Trettin et al. 2017). Again, this raises the
possibility that the requirement of dsRBMs in Dicer’s
accessory dsRBPs is substrate-dependent.

R2D2

All of the dsRBPs discussed so far act in facilitating
cleavage by Dicer. At least for metazoan Dicers, after
cleavage, the miRNA or siRNA product must be passed
to an Argonaute protein to form the RISC, which escorts
the small RNA to its complementary mRNA. We know
little about the mechanism of this process, although stud-
ies of D. melanogaster R2D2 offer the most insight and
reiterate the key role played by dsRBPs in facilitating
Dicer functions. In early RNAi studies, siRNA-generating
activity was monitored in fractionated extracts from S2
cells, and dmDcr-2 and R2D2 copurified through six chro-
matographic steps (Liu et al. 2003); the stability of R2D2
relied on the formation of the dmDcr-2•R2D2 complex.
Embryos from r2d2 deletion mutant flies were defective in
silencing, but in vitro assays using recombinant proteins
showed similar cleavage activity by dmDcr-2 alone and
the dmDcr-2•R2D2 complex (Liu et al. 2003, 2006).
These observations suggested R2D2 was important down-
stream from the cleavage step, and indeed, although R2D2
was not required for siRNA biogenesis in whole fly
lysates, without R2D2, only minimal mRNA could be
properly cleaved by RISC (Liu et al. 2006). Further, effi-
cient transfer of a biotinylated siRNA to Argonaute 2
(dmAgo2) was observed with a dmDcr-2•R2D2 complex,
but not with dmDcr-2 alone (Liu et al. 2003). Together
these results indicate that R2D2 functions with dmDcr-2
downstream from siRNA production to facilitate siRNA
loading into RISC.
R2D2 has an extended carboxy-terminal region (Fig.

1B) that interacts with dmDcr-2’s helicase domain (Nish-
ida et al. 2013), but the helicase subdomain involved in the
interaction is unknown. Although there is no annotated
dsRBM in this region, Type B dsRBMs are sometimes
difficult to detect by sequence alignment and current motif
search algorithms, because of their lack of conservation
(Gleghorn and Maquat 2014). Individually, dmDcr-2 and
R2D2 bind poorly to siRNA, but as a complex bind
strongly (Liu et al. 2006). For the guide strand to be prop-
erly loaded onto dmAgo2, the siRNA needs to unwind.
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However, the dmDcr-2•R2D2 complex lacks siRNA un-
winding activity, suggesting the pre-RISC complex, in-
cluding dmAgo2, must be assembled for unwinding and
transfer to occur (Tomari et al. 2004). Although the
dmDcr-2•R2D2 complex cannot unwind siRNA on its
own, R2D2 appears to aid in strand selection for eventual
loading, like TRBP with hsDcr (Noland et al. 2011). As
both TRBP and R2D2 have been reported to be involved
in guide strand selection and loading into RISC (Tomari
et al. 2004), perhaps R2D2 binds dmDcr-2 similarly via
the Hel2i subdomain (Noland et al. 2011; Noland and
Doudna 2013).
Although R2D2 has been detected in immunoprecip-

itated complexes of dmDcr-2•Loqs-PD (Miyoshi et al.
2010), it is unclear if both proteins can interact with
dmDcr-2 simultaneously. If R2D2 binds the Hel2i sub-
domain of dmDcr-2, like TRBP for hsDcr, could Loqs-
PD bind Hel2 at the same time or would R2D2 and
Loqs-PD compete for binding? If Loqs-PD and R2D2
could bind at the same time, the dmDcr-2•R2D2•Loqs-
PD complex could act as a well-oiled machine, efficient-
ly cleaving dsRNA into siRNA products, with the help
of Loqs-PD, and then allowing transfer to dmAgo2, pos-
sibly in one fluid motion. Alternatively, if these two
cofactors compete for binding the helicase domain,
they might act as a switch for dmDcr-2’s functions, as
either an siRNA biogenesis factory or a stable siRNA
transporter.

OUTSTANDING QUESTIONS

We focused on a few dsRBPs that interact with Dicer’s
helicase domain to modulate its functions. We expect that
other dsRBPs not covered here will emphasize paradigms
we have discussed, as well as point to currently unima-
gined methods of regulation. Indeed, it is exciting to imag-
ine the future biochemical and structural studies that
undoubtedly will offer additional insight.
As mentioned for R2D2 and Loqs-PD, of interest will

be the question of whether accessory dsRBPs interact
simultaneously with Dicer or have mutually exclusive in-
teractions. Although R2D2 and Loqs-PD may bind to
different helicase subdomains, TRBP and PACT both
bind to the same interface of the Hel2i subdomain of
hsDcr and thus interact in a mutually exclusive manner
(Wilson et al. 2015). Although reported associations of
dsRBPs are sometimes indirect, mediated by their com-
mon ligand, dsRNA, in many cases interactions are direct.
Further, it seems possible that even dsRNA-mediated in-
teractions could have biological relevance. The RNA ed-
iting enzyme ADAR1 interacts directly with hsDcr to
modulate processing of pre-miRNA (Ota et al. 2013)
and has been reported to have direct as well as indirect
interactions with other dsRBPs (Herbert 2019). As a fur-
ther layer of complexity, for mammals, a subset of the
dsRBPs that interact with the helicase domain of mamma-
lian Dicer have also been shown to interact with other
RLRs (Takahashi et al. 2018; van der Veen et al. 2018).
Understanding this complexity is an important goal for
future studies.
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