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Abstract | RNA duplexes have been catapulted into the spotlight by the discovery of RNA
interference and related phenomena. But double-stranded and highly structured RNAs have long
been recognized as key players in cell processes ranging from RNA maturation and localization
to the antiviral response in higher organisms. Penetrating insights into the metabolism and
functions of such RNAs have come from the identification and study of proteins that contain the

double-stranded-RNA-binding motif.

RNA molecules assume a wide variety of secondary and
tertiary structures owing to interactions between their
bases and with other ligands (FiG. 1). Base pairing of the
four nucleobases ranges from standard Watson—Crick
pairs to various non-canonical pairs including wobble,
Hoogsteen, reverse Hoogsteen, reverse Watson—Crick
and sheared pairs*2. RNA secondary and tertiary struc-
tures provide the basis for interactions with myriad
proteins. Proteins can recognize RNA by binding to
single-stranded RNA, perfectly duplexed RNA helices,
internal loops, bulges, hairpin loops, pseudoknots and
a plethora of complex tertiary structures®®, The sim-
plest of these structures, duplexed RNA — or double-
stranded (ds)RNA — has profound regulatory effects
in vivo. Its recognition by proteins, the roles and evo-
lution of these proteins, and the consequences
of the dsSRNA—protein interactions, are the subject of
this article.

Characteristically, structural and/or sequence fea-
tures of RNA molecules interact with specific modules
of protein structure known as domains or motifs. RNA-
binding motifs include larger motifs of 50-100 amino
acids, such as the dsRNA-binding motif (dsRBM),
the zinc finger and the ribonucleoprotein (RNP) or
RNA-RECOGNITION MOTIF (RRM), as well as shorter motifs of
10-25 amino acids, such as the arginine-rich motif
(ARM), K-homology (KH) motif and arginine—glycine—
glycine (RGG) box3¢1, In recent years, increasing

numbers of structures of RNA—protein complexes have
been solved by X-ray crystallography and NMR tech-
niques. Perhaps most notably, high-resolution structures
of the small and large subunits of the ribosome have
provided the structural details for nearly 50 proteins that
interact with RNA-%4, These structures delineate an
array of RNA-binding motifs that complement the array
of RNA secondary and tertiary motifs.

First recognized in 1992 (ReFs 15-17), the dsSRBM
(also known as dsRNA-binding domain (dsRBD)) is
responsible for many, although not all (supplementary
information S1 (table)), interactions of proteins with
RNA duplexes. Here, we discuss the structural features
of the dsRBM,, its interaction with RNASs, its distribution
in major species and the functions of those proteins
that contain the dsRBM.

The dsRBM defined

The dsRBM adopts an a——p—p—-atopology structure,
where a signifies a stretch of a-helix and 3 signifies a
B-strand (F1G. 2a). It forms an o/3 sandwich global fold,
which is similar to the ubiquitous RRM RNA-binding
motifé. Equivalent three-dimensional structures have
been determined for dsRBMs from widely divergent
proteins. These include Escherichia coli ribonuclease
RNASE 111 (REF. 18), the Drosophila melanogaster protein
Staufen?®?, the human RNA-dependent protein kinase
PKR? and the Saccharomyces cerevisiae RNase-111
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Figure 1 | Secondary and tertiary structural elements in RNA. a | Secondary structural
elements. Secondary structural elements are defined by the pattern of paired and unpaired bases
and are typified by double helices, bulges, internal loops and hairpin loops. Bulges have one or
more unpaired nucleotides on one strand only, and the bulge can either stack into or out of the
strand depending on the sequence context'?®. Internal loops have one or more unpaired
nucleotides on both strands, although the ‘unpaired’ nucleotides often engage in non-
Watson—Crick base pairing; if the number of unpaired nucleotides (indicated by ‘i’ or ‘') on the two
strands are equal, the loop is symmetrical, otherwise it is asymmetrical. Hairpins, or stem-loops,
have unpaired nucleotides at the apex of a double-stranded stem, which itself can have structural
defects. b | Tertiary structural elements. The production of complex RNA structures by folding is
typically hierarchical, with higher-order structures assembling from preformed secondary
structures?*1?’, Two-stem junctions, or coaxial stacks, occur when two stems co-linearize;
furthermore, three- and four-stem junctions, in which two of the stems co-linearize, are also found
(not shown). Pseudoknots involve base pairing between unpaired nucleotides bounded within a
stem-loop (that is, either a hairpin loop, a bulge or an internal loop) and nucleotides that flank the
stem-loop. Kissing hairpins involve base pairing between two hairpin loops. Furthermore, there
are also many other RNA tertiary interactions, including base triples and quadruples, and
interactions with 2'-hydroxyls and metal ions.

endonuclease Rntl (Rer. 22), which have all been exam-
ined by NMR. X-ray crystallographic structures have
been published for a dsRBM of Xenopus laevis RNA-
binding protein A (XIrbpa)? as well as the entire RNase
111 from Aquifex aeolicus?. Residues that are important
for the structure and function of the dsRBM are con-
served, particularly in the C-terminal third of the motif
(FIG.3). For example, conserved hydrophobic residues in
the a-helices pack along one side of the three-stranded
anti-parallel 3-sheet to maintain the overall structure,
and the three RNA contact regions (FiG.3 and see below)
show high conservation of hydrophilic residues that
support the dsRBM-dsRNA interactions. Although the
motif is typically 65-70 amino acids in length, inser-
tions and deletions can be accommaodated, particularly
in the B-strands and the linking loops between helix 1
and strand 1 (loop 1), strands 1 and 2 (loop 2), and
strands 2 and 3 (loop 3). Therefore, some dsRBMs are
much larger than average. For example, the second
dsRBM of D. melanogaster Staufen is 83 amino-acids
long, with a proline-rich insertion sequence in loop 2
(the insertion seems to affect the properties of the
domain; see below). Of the three RNA contact regions
into which the dsRBM structure can be divided, as
described below, all of the sequence length variability
resides in region 2.

RNA-RECOGNITION MOTIF
(RRM). This motif is among the
most common in eukaryotic
proteins. It usually comprises
80-90 amino acids, forming a
B-o—p—pB-a—f structure. Many
proteins that contain RRMs bind
RNA in a sequence-specific
manner.

RNASE HI

An endoribonuclease that cleaves
RNA substrates containing
regular double-helical or stem-
loop structures.

dsRBM-RNA interaction

The mode of interaction of the dsRBM with dsSRNA has
been elucidated through X-ray crystallographic analyses
of a complex that comprises a short synthetic 10-bp
RNA duplex and a dsRBM of XlIrbpa?® or RNase I11
(ReF. 24), and by NMR analyses of RNA complexes with
the dsRBMs of Staufen or Rntl (ReFs 20,22). In all cases,
the dsRBM binds exclusively to one face of the helix
without wrapping around it, as illustrated in FIG. 2b. The
two dsRBM motifs that are found in a single unit cell of
the crystal span 16 bp, but bury only 1600-1700 A2 of the
RNA chain, which reflects the limited contact surface of
protein residues with the RNA?24, One consequence
of this restricted interface is that it is possible to pack
multiple dsRBMs tightly along an extended helix, as has
been shown biochemically with PKR?:%, Although, at
present, we do not have any high-resolution structures
of a multiple-dsRBM-containing protein bound to
dsRNA, NMR studies show that the 15-residue linker
that connects the 2 dsRBMs of PKR is highly flexible?:,
which indicates that it should be possible to position
the 2 dsRBMs in a close-packed fashion on the same
dsRNA molecule. The recent RNase-111-dsRNA struc-
ture? also shows how a dsRBM is accommaodated in a
protein that contains other functional domains — in
this case, an endonuclease domain. A structurally flexi-
ble seven-residue linker is found between the dsRBM
and the endonuclease domain, leading to a highly
modular protein.

In the dsSRBM-RNA complex, the dsRNA is in the
A-form. The compact A-form RNA helix is characteris-
tic of dsRNA, whereas dsDNA usually adopts the more
open B-form. Three regions of the dsSRBM make contact
with the dsRNA. Region 1 contacts involve dsRBM
helix a1, region 2 contacts involve loop 2, and region 3
contacts involve loop 4 and helix a2. Travelling along
the dsRNA helix, these regions occur in the order 1-3-2
(REFS 20,22-24) (FIG. 2a). As the protein binds to only one
face of the dsSRNA helix and spans 16 bp, which repre-
sents about 1.5 turns of the helix, the following pattern
is found: region-1 interactions occur at the minor
groove of the helix, region-3 interactions at the major
groove and region-2 interactions at the minor groove,
which has returned to the same face of the helix after
translating 16 bp. Regions 1 and 2 supply the most
extensive set of contacts with the RNA and these pri-
marily involve the 2'-hydroxyls of the ribose sugar.
Region 3 makes six direct or water-mediated contacts
with non-bridging oxygen residues of the phosphodi-
ester backbone. On a related note, an unusually small
number of ionic interactions — only one (PKR) or two
(Xlrbpa) — were found between the dsRBM and a
model 20-bp dsRNA%25, Collectively, the absence of a
strong ionic binding component, key interactions with
2'-hydroxyl groups of RNA and a preference for the
groove dimensions of A-form rather than B-form
helices prevent promiscuous binding to dsDNA or
RNA-DNA hybrids?22",

The A-form shape of dsRNA remains largely
unchanged after protein binding??-?*, which is unusual
as RNA-—protein binding is often accompanied by
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Region 1
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Figure 2 | Two views of the dsRBM structure. a | Side-on view showing the three major regions
of contact with double-stranded (ds)RNA. Regions 1 and 2 of the dsRNA-binding motif (dAsRBM)
contact the minor groove, whereas region 3 contacts the major groove. Ryter and Schultz?®
identified important 2'-hydroxyls (red) and patterns of phosphates (green), which help to
discriminate against dsDNA and RNA-DNA hybrids. Note that regions 1 and 2 involve protein
contacts with 2'-hydroxyls in the minor groove, whereas region 3 involves contacts with
phosphates in the major groove. Protein residues that are important for binding are shown as
sticks. Some of the contacts to the RNA are water mediated. b | End-on view showing that all
contacts are located on one face of the dsRNA helix. Both views were generated from the crystal
structure of the complex between dsRBM2 of Xenopus laevis RNA-binding protein A (XIrbpa) and
dsRNAZ, Protein database accession number 1DI2; image generated using WebLab ViewerLite

version 3.2.

APTAMER

An RNA, either engineered or
natural, that forms a precise
three-dimensional structure and
selectively binds a target
molecule, for example a dsSRBM-
containing protein.

3 UNTRANSLATED REGION

(3 UTR). This is the sequence of
amessenger RNA that is located
downstream of the stop codon.

HELICAL CHIMAERA

Ahelix in which one of the
strands has a mixture of ribose
and deoxyribose nucleotides.

ANTIDETERMINANTS

Sequences that block the binding
of a protein to an otherwise
suitable site, first defined in
tRNAs and later in RNase-111
substrates.

ADENOSINE DEAMINASE

An enzyme that catalyses
adenosine-to-inosine conversion
in an RNA substrate, a process
also known as RNA editing.

conformational changes, or induced fit, of the RNA, the
protein, or both®?2, Part of the reason for this might lie
in the rigidity of dsSRNA%®2, 1t should be noted that the
RNA bending reported in the NMR structure of a
Staufen dsRBM-hairpin complex® has been recently
attributed to the dynamics induced by a very short
dsRNA stem, and does not seem to be a general phe-
nomenon?2. On the other hand, dsRBMs from several
proteins interact with RNAs that harbour significant
secondary structural imperfections. PKR, for example,
which has two dsRBMs, can bind oligonucleotide
ApTamers that contain bulges, internal loops, hairpin
loops and multi-stem junctions®, as well as natural cel-
lular and viral RNAs that contain a wealth of secondary
and tertiary features®*-% including pseudoknots®*.
Staufen, which has five dsRBMs, interacts with mRNA
3 UNTRANsLATED ReGloNs (3" UTRs) that contain bulges
and internal loops?. Dicer, which has a single dsRBM,
binds and cleaves precursor microRNAs (pre-miRNAS),
which are RNA stem-loops that also contain bulges and
internal loops®°.

But how do dsRBM proteins bind to RNAs with
structural imperfections? The definitive answer awaits
high-resolution structural studies of such complexes.
However, experiments on bent RNAs that contain
bulges indicate that the RNA might undergo a con-
formational change — a feature of most RNAs in
RNA—protein complexes®232, Gel mobility-shift experi-
ments on HeLicaL cHimaeras® indicate that the RNA
straightens to adopt the more linear, dsSRNA-like state
that the protein has evolved to bind. In this complex, the
imperfections are probably merely tolerated*(see Box 1).
The observation that the helical defects in pre-miRNAs
processed by Dicer do not seem to be conserved in

sequence, size or position further supports this idea*,
The fact that the dsSRBM binds to one face of the dsSRNA
(FIG. 2b) suggests a simple model in which the helical
imperfection might merely be extruded away from the
RNA-protein binding interface*. If so, an array of
structural defects could be readily accommodated
within the context of a dSRBM-RNA complex. In some
situations, the imperfections could act as inhibitors, or
ANTIDETERMINANTS, Of enzyme function, as found in
RNase 111 (ReFs 24,45,46). Such antideterminants, which
are present as helical imperfections or flanking RNA
sequence, might explain why certain dsRNAs do not
trigger RNA interference (RNAI; see Box 2). Conversely,
the dsRBM retains considerable residual flexibility in
the RNA-dsRBM complex*’. The high degree of protein
flexibility in the final complex seems to facilitate bind-
ing by reducing the entropic penalty from rigidification
of protein side chains.

The sequence-specificity paradox

Some dsRBM proteins, such as Staufen and the abeno-
sine DEAmINAses that act on RNA (ADARs), exhibit a high
degree of specificity in their interactions with mRNAs.
For example, mRNA editing by ADAR? is both highly
specific and essential for life in mice*®. In the case of
Staufen, binding requires a ‘kissing’ interaction between
two molecules of the bicoid 3' UTR, thereby indirectly
imparting specificity to complex formation. From a
structural perspective, although there are several minor
groove contacts between the dsRBM and bases from the
RNA — which might seem to offer opportunities for
sequence-specific recognition?2* —most of these con-
tacts are indirect, water-mediated interactions, and the
dsRBM proteins are able to adjust their hydrogen-
bonding patterns to any sequence. The few direct
protein-base interactions are with minor groove hydro-
gen-bond acceptors that would be present in any of the
four bases and would, therefore, provide little or no
sequence information. In Xlrbpa, however, there is a
Pro140 contact that might be specific for a GC base pair?.
In RNase 111 that is complexed with the same 10-bp
dsRNA, a further 15 hydrogen-bonding interactions with
the RNA were described, but only 1 possible sequence-
specific interaction, between a guanine and GIn161, was
noted?. So, it is more probable that any sequence-specific
recognition is accomplished through a distortion of the
dsRNA helix, which might allow amino-acid side-chain
entry into the major groove (Box 1), a situation that
could occur for imperfect dsRNAs.

On the other hand, so far, there is no strong evidence
to indicate that interactions with perfect or imperfect
dsRNAs are sequence specific. One exception, a high-
resolution structure in which the dsRBM makes several
contacts with the minor groove face of a UUCG
tetraloop, has been reported, although this might be a
red herring®. A stem-loop in which the stem was short-
ened to 12 bp led to the interaction of a physiologically
non-relevant UUCG hairpin loop with a dsRBM from
Staufen. However, no sequence-specific recognition was
found for the stem, and the exceptionally short helix —
typically 16 bp is required (see above) — might have
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Figure 3 | Sequence logo of the dsRBM. All double-stranded-RNA-binding motifs (dsRBMs) in the InterPro database (a total of
1,428 from various species) were used to generate a hidden Markov model (HMM), which was converted to a sequence logo
using HMM logos*?. Adjacent residues are separated by a line, the thickness of which indicates the probability of an insertion of
random residues. The width of each residue indicates the probability of having a residue at that position; that is, narrow residues
tend to be deleted at their positions. The height of a residue indicates how conserved it is among all dsSRBMs. Secondary
structures of the dsRBM are marked above the sequence logo. Three dsRNA interaction regions (regions 1, 2 and 3) are marked
below the sequence logo. Intervening sequences between a-helices (a) and B-strands () are known as loops: loop 1 is
between helix 1 and strand 1, loop 2 between strand 1 and strand 2, loop 3 between strand 2 and strand 3, and loop 4 between

strand 3 and helix 2.

forced the interaction with the loop®?. As noted above,
biochemical and structural information indicates that
direct interactions of the dsRBM with RNA do not dis-
criminate among dsRNA sequences?®?%242, This notion
is further supported by a recent report that describes a
complex between Rntl and a physiologically relevant
AGNN-tetraloop RNA-stem-loop substrate?. Strikingly,
neither the highly conserved A nor the universally con-
served G of the loop™ is recognized by hydrogen bonding
to Rntl; instead, the N-terminal helix interacts with the
minor groove of the tetraloop and makes non-sequence-
specific contacts with the sugar—phosphate backbone
and the two nonconserved loop bases. Indeed, the lack
of sequence specificity could make dsRBM-containing
proteins, such as PKR and Dicer, ideally suited to partic-
ipate in the innate immune response®-2, In summary,
sequence- or structure-specific discrimination by the
dsRBM seems unlikely, although it is not ruled out.
The sequence selectivity seen in certain instances could
be conferred by other motifs in the dsSRBM protein,
by other proteins that participate in the interactions or by
structural imperfections in the RNA%,

Evolution of the dsRBM proteins

dsRBMs are present, or predicted to be present, in pro-
teins from all eukaryotes and most eubacteria, but in
only one archaeon — and this is probably a result of
horizontal transfer from a eubacterium. Many animal
viruses, including viruses with dsDNA, dsRNA and sin-
gle-stranded RNA (ssSRNA) genomes®*, also encode
dsRBM-containing proteins. So, dsSRBM-containing
proteins are widespread, although not universal, in
nature. They often contain other protein domains
(TABLE 1), which confer various functions and in some
cases exhibit species specificity. For example, several
protein domains, such as the adenosine deaminase
(ADAR) domain, are associated with the dsRBM exclu-
sively in the animal kingdom, whereas several other
domains, such as the NLI-interacting-factor-like phos-
phatase and metallo-phosphoesterase, are associated

with the dsRBM exclusively in plants. Humans and mice
have several dsRBM-containing proteins that are not
found in D. melanogaster or Caenorhabditis elegans.

Among these associated domains, the RNase-111
domain coexists with the dsRBM to the broadest evolu-
tionary extent (TABLE 1). E. coli RNase 111 was the first
dsRBM-containing protein to be purified and studied,
and the mechanism of action of these enzymes is still an
active topic of research®57%. In bacteria, the dSRBM
generally coexists with the RNase-111 domain in RNase-111
proteins. Exceptionally, in two species of myoplasma,
Mycoplasma genitalium and Mycoplasma pneumoniae,
the RNase-111 protein lacks a dsRBM. As these species
have very small genomes (M. genitalium has the small-
est known bacterial genome of only 580 kb)®, it is con-
ceivable that dsRBMs were lost during the reductive
evolution of these parasitic bacteria. Evidently, the
dsRBM is dispensable for the functions of RNase I11 in
these species, which is consistent with the finding that
the E. coli enzyme is active, albeit weakly, in the absence
of its dsRBM®. Similarly, trypanosomes contain
RNase-I11-like proteins that lack dsSRBMs (REF. 61;
B. T., unpublished observations).

The dsRBM has been found in only one of over a
dozen completely sequenced archaeal genomes — that
of Methanosarcina mazei — and the RNase-111 domain
is notably absent from all sequenced archaeal genomes.
M. mazei has adopted a large number of genes, as much
as one third of its genome, by lateral gene transfer from
bacteria®, indicating that dsRBMs probably did not
evolve in the Archaea. Interestingly, the solitary M. mazei
dsRBM resides in a protein that contains an RNase-11 (or
RNB) domain, rather than an RNase-I11 domain. The
RNase-11 domain has exoribonuclease function and is
present in bacteria, eukaryotes and one other archaeon
(Halobacterium NRC-1). Possibly, the coupling of the
dsRBM and RNase-I1 domains furnishes M. mazei with
an enzyme activity that is similar to that of RNase I11.
This could be considered an example of convergent
molecular evolution.
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Box 1 | Themes for sequence-specific RNA recognition

Perfectly double-stranded (ds)RNA has a wide and shallow minor groove, which makes
itan obvious target for protein binding, and a narrow and deep major groove, which is
inaccessible to amino acids. As the major groove harbours the majority of the sequence-
specific information in RNA, perfect dsRNA is recalcitrant to sequence-specific
recognition*. However, secondary structure imperfections, such as bulges and internal
loops (FIG. 1), widen the major groove allowing penetration by amino acids and the
possibility of sequence-specific recognition*. It should also be noted that, although
sequence-specific recognition of dsRNA in the minor groove is less common than in the
major groove, it is also possiblet811°,

The wide spectrum of RNA—protein structures illustrates the importance of
structural imperfections in allowing sequence-specific recognition®5-°. Several
specific themes for RNA-protein recognition have been suggested, including
‘B-sheet binders’, in which a [3-sheet surface interacts with completely or partially
single-stranded RNA, and ‘groove binders’, of which the dsRBM is a member?22-24,
in which a protein structure is inserted into a groove of the RNA®. The ‘groove
binder’ class often involves sequence-specific recognition in the major groove; in
these instances, the major groove is typically widened by a secondary structural
defect. Three simple principles of molecular recognition of RNA emerge from the
examination of these structures. First, structural features of the RNA can attract
features of the protein through hydrogen bonding and van der Waals interactions.
Second, structural features of the RNA can sterically exclude features of the protein
by preventing a large protein structure from entering a crevice on the RNA'?. Third,
structural features of the RNA can be tolerated within the complex with the protein;
that is, they neither attract nor exclude protein. In all cases, the RNA and/or the
protein often undergo conformational changes to arrive at the final bound
conformation®22°,

Multiple dsRBMs in a single protein

As with many protein domains, evolutionarily advanced
organisms possess more dsRBM-containing proteins®.
Concomitantly, in higher eukaryotes, these proteins
have a wider variety of domains, as well as multiple
dsRBMs (TABLE 1). At the other extreme, known viral
proteins contain only one dsRBM, which reflects the
economy of viral genomes. Evidently, a single dsRBM
suffices for these proteins to carry out their tasks in the
viral life cycle, most notably in the evasion of cellular
anti-viral mechanisms (see below).

The presence of multiple dsRBMs can impact on
protein function in two main ways. First, it can lead to
higher dsRNA-binding affinity as a result of coopera-
tion between dsRBMs. For example, the second
dsRBM of PKR has only marginal dsRNA-binding
activity, but it cooperates with the first dsSRBM to
achieve better binding, and might help to define the
minimum length of dsRNA that activates PKR®.
Second, it allows for functional divergence of the
motifs. Indeed, many of the dsRBMs in proteins that
contain multiple dsRBMs do not have strong affinity
for dsRNA and instead undertake other functions. The
dsRBM can participate in protein—protein inter-
actions, which can be intramolecular, as in PKR, or
intermolecular. The third dsRBM of PACT (a protein
activator of PKR) does not bind dsRNA, but has a vital
role in activating PKR®®, The second and fifth
dsRBMs of Staufen, which also do not bind dsRNA,
are involved in microtubule-dependent mRNA local-
ization and de-repression of protein translation,
respectively .

When multiple dsRBMs reside on the same pro-
tein, they are often positioned close to each other.
Whereas the intervening sequence is important for the
dsRNA-binding activity of some dsRBM-containing
proteins, its length varies from protein to protein. For
orthologous proteins that contain multiple dsRBMs,
corresponding dsRBMs show greater sequence simi-
larities to their counterparts in the orthologues than to
neighbouring dsRBMs in the same protein, indicating
descent from common protein ancestors that contain
multiple dsRBMs®. For paralogous genes that contain
multiple dsRBMs, the resemblance between corre-
sponding dsRBMs can extend to the splicing pattern in
the transcripts that encode them. For example, the
location of dsRBM introns is well conserved between
corresponding dsRBMs of PACT and TRBP (TAR
RNA-binding protein), and between those of NF90
(nuclear factor-90) and SPNR (spindle perinuclear
protein).

Conversely, several human dsRBM-containing pro-
teins, such as ADAR and NRF (NF-kB-repressing fac-
tor), show a high degree of sequence similarity among
the dsRBMs on the same protein, and the splicing pat-
terns of these dsRBMs are identical. In such cases, it
seems that the multiple dsRBMs of each of these pro-
teins originate from a single common ancestral
dsRBM?®¢ and were derived by domain duplication
within the same gene. Although it is difficult to gener-
alize about all proteins that contain multiple dsRBMs
as many of them are so ancient that their evolutionary
paths are muddied, this finding seems to indicate that
the need to have multiple dsRBMs located close to each
other is a driving force that leads to the duplication of
dsRBMs.

Functions of the dsRBM protein family

Proteins that contain dsRBMs are functionally diverse
(see FiG. 4 for representative proteins from bacteria,
yeast and metazoa). Whereas many of these proteins
have transactions with dsRNA in which the RNA
duplex is a substrate for enzymatic action or a cargo for
transport, in others, the ligand is a regulator (TABLE 2).
Several dsRBM proteins cluster in small, functionally
related families with biochemical roles in transcription,
RNA processing, MRNA localization and translation. A
detailed list of their functions is given in supplemen-
tary information S2 (table). As discussed below, several
proteins are implicated in cellular defense systems
against foreign RNA. A second loosely related group
serves as regulators of cellular and viral gene expres-
sion, whereas the functions of other proteins can only
be extrapolated from the motifs that they contain in
addition to the dsRBM.

Cellular defense systems. One recurrent theme is RNA
cleavage and RNAI. Judging by its wide distribution in
present-day species, the function that is most primi-
tively associated with the dsRBM is that of the struc-
ture-specific ribonuclease RNase I11, which is present in
almost all organisms except the Archaea (see above).
RNase-I11 enzymes can be divided into three classes
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Box 2 | RNA interference

One of the biggest recent breakthroughs in biology has been the discovery of RNA interference (RNAI), which
contributes to a wide range of developmental, cellular-defensive and regulatory processes (reviewed in Rer. 121). RNAI is
acellular process in which small dsRNAs (21-25 nt) induce sequence-specific degradation of cognate mRNASs. First
identified in Caenorhabditis elegans'??, RNAI has since been seen in virtually every eukaryotic system apart from
Saccharomyces cerevisiae and some trypanosomes (reviewed in REF. 123). Associated functions include the
transcriptional regulation of gene expression, heterochromatin formation and centromere maintenance. Despite its
evolutionary conservation, important distinctions are apparent among RNAI pathways in different species. First,
different proteins, including dsRBM proteins, are involved; for example, no R2D2/RDE-4 homologue has been found in
humans. Second, in some species, such as plants and worms, RNAi entails an amplification step that is lacking in humans
and fruitflies. This seems to be attributable to the presence or absence of an RNA-dependent RNA polymerase (RARP).

Third, RNAI in plants and worms can have systemic effects, which result from the transport of the signal across cells.

RNAI seems to be a key element in cellular defenses against viral infection and parasitic DNAs that reside in cell
genomes. Cells exploit another, related process to control gene expression at the level of translation in a developmental
and cell-type-specific manner (reviewed in REF. 124). This process involves microRNAs (miRNAs), which are small
dsRNAs with imperfect duplexes. Genetic and biochemical evidence indicates that the RNAi pathway is intimately
involved in the actions of miRNA. The decision to undergo RNAi-induced RNA degradation or translational repression
might lie in the degree of complementarity between the RNA and its target.

based on their domain structures (reviewed in REFS58,67).
In bacteria and single-celled eukaryotes such as the yeast
S. cerevisiae, there is only one dsRBM and RNase-I11
motif in the class-I RNase I11. In higher eukaryotes, the
dsRBM is found in two further types of ribonuclease,
Drosha (class 1) and Dicer (class 111), both of which
have two RNase-I11 motifs and are involved in RNAI.
Furthermore, in eukaryotes, a mitochondrial ribosomal
protein (MRPL44 in humans) resembles the class-1
RNase-111 enzyme. So far, its function is unknown.

Until now, at least three dsSRBM-containing proteins
have been implicated in RNAI. Dicer, which is the most
extensively studied of these proteins, is a nuclease that
cuts perfect (and imperfect; see below) dsRNA into
suitable segments of 21-24 bp, which are known as
small interfering RNAs (siRNAs)®%. These are incor-
porated into an RNA-induced silencing complex (RISC),
which then cleaves mMRNA in a sequence-specific fash-
ion. Drosha has recently been reported to participate in
this phenomenon by carrying out the first steps in gen-
erating miRNAs™™ which have an important role in
RNAi-related post-transcriptional regulation. In this
process, Drosha cleaves the primary nuclear transcripts
that contain miRNA sequences (pri-miRNASs), yielding
precursor stem-loops of ~70 nucleotides (nt) with heli-
cal imperfections (pre-miRNAs) that are further cleaved
by Dicer to give rise to the 22-nt effector miRNA mole-
cules. In addition to these two nucleases belonging to
the RNase-I11 family, a third type of dsRBM protein,
which is represented by RDE-4 in C. elegans and R2D2
in D. melanogaster, seems to function as an adaptor in
RNAI®8, Despite overall sequence similarity and com-
mon interacting proteins, RDE-4 and R2D2 seem to
behave differently in the RNAi pathway. Whereas RDE-4
was implicated in the initiation of RNAI in C. elegans,
R2D2 was shown to have a role in bridging the initia-
tion and effector steps in the D. melanogaster RNAI
pathway’2, Putatively, RDE-4 and R2D2 could be
prototypes for proteins that confer specificity on enzy-
matic reactions that are catalysed by other enzymes,
such as RISC.

Antiviral defenses that are induced by interferon
constitute a related theme™. Two proteins, ADAR1 and
PKR, are mediators of the pathway. They are found
in humans and mice but not in D. melanogaster or
C. elegans. The adenosine deaminases represent another
class of dsRBM-containing proteins for which the
dsRNA ligand is a substrate (TABLE 2). These enzymes
convert A residues to | (inosine, which pairs like gua-
nine) and are responsible for the editing of many cellu-
lar and viral RNAs. Remarkably, they are essential for the
proper protein coding of some mRNAs in the central
nervous system?. There are four ADAR genes in mam-
mals, one of which is inducible by interferon (ADAR1).
The functional differentiation among the ADARS is not
yet entirely clear, but they seem to have evolved from
adenosine deaminases that act on tRNAs (ADATS),
which are present in many species, including bacteria,
yeasts and metazoans™. In the case of PKR, the dsRNA is
amodulator rather than a substrate (TABLE 2). PKR is a
dsRNA-regulated protein kinase that controls transla-
tion by phosphorylating the initiation factor elF2, and it
probably also modulates signal transduction and other
processes’®””. PKR is activated by viral dsRNA, either the
viral genome itself or double-stranded intermediates
or transcripts that are generated during infection.
Furthermore, both ADARs and PKR have been reported
to interact with Alu transcripts in human cells™®™.

Whereas RNAI has been shown to confer sequence-
specific RNA-based intracellular immunity in cells®8,
interferon-induced genes constitute an innate immune
response that is protein based and RNA-sequence non-
specific. For organisms that possess both pathways, dis-
crimination between the two has traditionally been
ascribed to differences in the RNA-length requirement.
Conventional wisdom holds that RNAi and related phe-
nomena (see Box 2) involve short dsRNAs of <30 nt,
whereas interferon-induced anti-viral defense systems
are triggered by longer duplexes®?®. It is not known
whether this distinction is conferred by the number of
dsRBM s that a protein contains (Drosha and Dicer have
one dsRBM, whereas PKR and ADARs have two or
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Table 1 | Domains associated with dsRMBs in several species

Domains associated with dsSRMBs* Hs Mm Dm Ce At Os Sc Ec Ar Vi
Ribonuclease Il domain v v v v v v v v v
DEAD/DEAH-box helicase domain v v v v v v

PAZ domain v v v v v v

DUF283 domain* v v v v v v

Adenosine deaminase/editase domain v v v v

FHA domain v v v v

D111/G-patch domain v v v v

DUS domain v v v v

WW/Rsp5/WWP domain v v v v

Z-a-DNA-binding domain v v v
Serine/threonine protein kinase domain v v

DZF domain v v

Single-stranded, nucleic-acid-binding R3H domain v v

NLI-interacting-factor-like phosphatase domain v v

Metallo-phosphoesterase domain v

RNA-helicase domain (found in single-stranded viruses) v
RARP domain v
Rotavirus non-structural-protein NSP3 domain v
Ribonuclease-Il domain v

dsRBM (>1 copy) v v v v v v

The presence of proteins containing both dsRBMs and other specified domains is indicated by a tick, V. The bottom row shows the presence of proteins that contain more
than one dsRBM. *Only domains in the protein families (Pfam) database are listed here. *The function of this domain is unknown. Ar, Archaea (only Methanosarcina mazei strain
Goel); At, Arabidopsis thaliana; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; dsRBM, double-stranded-RNA-binding motif; DUS, dihydrouridine synthase; DZF,
associated with dsRBM or zinc-finger; Ec, Escherichia coli; FHA, forkhead-associated; Hs, Homo sapiens; Mm, Mus musculus; NLI, nuclear LIM interactor; Os, Oryza sativa;

PAZ, Piwi, Argonaute and Zwille protein; RARP, RNA-directed RNA polymerase; Sc, Saccharomyces cerevisiae; Vi, viruses.

Z-0-DOMAIN

A protein domain that binds
left-handed Z-form DNA,
which is believed to occur
transiently in the cell during
gene transcription.

more dsRBMs). However, things might not be quite so
simple, as siRNA and short hairpin RNAs (ShRNASs)
have been reported to elicit a cellular immune response
in human cells, albeit distinct from that induced by
interferon or long dsRNA-,

Several dsRBM proteins have regulatory roles in
these two pathways. For example, PKR activity can be
regulated by the cellular dSRBM-containing proteins
PACT, TRBP and NF90, as well as by viral proteins
exemplified by vaccinia virus E3L. The E3L protein,
which contains a dsSRBM and a z-a-pomain (also present
in the interferon-inducible form of ADAR), sequesters
dsRNA as an antidote to host antiviral defense mecha-
nisms by blocking PKR activation and also by inhibiting
the RNAI pathway®"#. ADAR proteins (which are not
interferon inducible) in C. elegans and D. melanogaster
have been shown to antagonize the RNAI pathway by
modifying dsRNAs that are involved in RNAi®%, as
A-to-1 modification can destabilize RNA duplex struc-
tures. These data hint at the possible interplay between
RNAI and the innate immune response.

Other functions of dsSRBM proteins. Some dsRBM pro-
teins are regulators of gene expression. They function at
the levels of transcription, translation or mRNA local-
ization (TABLE 2), and might be essential for develop-
ment and survival. For example, RNA helicase A
(RHA), NF90, NRF and the protein SON, which binds
the negative regulatory element of the hepatitis B virus,

are involved in the transcriptional regulation of both
cellular and viral genes (Rers 91-94; T. W. Reichman and
B. T., unpublished observations), although in many
cases their precise modes of action are unclear. RHA
also associates with topoisomerase Ila, which indicates
arole in regulating chromatin structure®. Staufen has
been well studied in D. melanogaster, where it helps to
establish the polarity of the embryo by localizing par-
ticular mRNAs to the poles of the oocyte, thereby
establishing concentration gradients of the encoded
proteins®. One of its dsRBMs also contributes to trans-
lational control, although it apparently functions
through protein—protein, rather than protein—-RNA,
interactions®, Staufen is also implicated in long-term
memory in flies®” and RNA trafficking in mammalian
neuronal cells®. There are indications that it functions
in the localization and transport of specific MRNAs in
several metazoan cell types.

Whereas many viruses exploit the dsSRBM to neu-
tralize cell functions, others seem to use it in different
ways. For example, the D. melanogaster C virus—an
insect virus that contains a ssSRNA genome — encodes a
protein with a dsRBM, an RNA-directed RNA poly-
merase domain and an RNA helicase domain, which
presumably comprises part of the viral replication or
transcription machinery®.

As dsRBM proteins function in many aspects of
RNA metabolism, it is not surprising that these pro-
teins are present in various subcellular locations.
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Figure 4 | Domain structures of dsRBM proteins. Representative double-stranded-RNA-binding motif (dsSRBM)-containing
proteins are selected from human (Hs, Homo sapiens), fruitfly (Dm, Drosophila melanogaster), baker’s yeast (Sc, Saccharomyces
cerevisiae) and Escherichia coli (Ec). Protein sequences and domains are drawn approximately to scale. ADAR, adenosine
deaminase that acts on RNA; CARF, collaborator of alternate reading frame (ARF) protein; DGCR8, DiGeorge syndrome critical

region gene-8; DIP, disco-interacting protein; DUS, dihydrouridine synthase; DZF, associated with dsRBM or zinc-finger; FHA,
forkhead-associated; Mito, mitochondrial transit peptide; NF90, nuclear factor-90; NF-kB, nuclear factor-kB; NRF, NF-kB-
repressing factor; PAZ, Piwi, Argonaute and Zwille protein; P-rich, proline-rich region; PKR, protein kinase, interferon-inducible
double-stranded-RNA dependent; RGG, arginine-glycine-glycine box; RHA, RNA helicase A; RNase, ribonuclease; RS-rich,
arginine/serine-rich region; Stau, Staufen; TENR, testis nuclear RNA-binding protein; TRBP, TAR RNA-binding protein. Other

domains are listed in TABLE 1.

A large proportion of dsRBM proteins contain a bipar-
tite nuclear localization signal (NLS), and are therefore
located in the nucleus®. Interestingly, several studies
indicate that the dsRBM alone can direct a protein to
the nucleolus®®%, where ribosome biogenesis takes
place. Indeed, it has been suggested that nucleolar
sequestration might modulate the activity of ADAR
proteins®1®. As ribosomal RNAs (rRNAs) are highly
structured, it is tempting to speculate that dsRBM pro-
teins are sequestered in the nucleolus by the interac-
tion between the dsRBM and rRNAs. Similarly, some
dsRBM proteins, such as PKR, NF90 and Xlrbpa, asso-
ciate with the ribosomal fraction of the cell'®-10,
Furthermore, several dsRBM proteins, including
ADAR1 (Rer. 104) and NF90 (REF. 105), shuttle between

the nucleus and the cytoplasm. Whereas ADAR1 con-
tains both canonical nuclear export and import
signalsi®®% and its nuclear export is mediated by the
nuclear-export receptor CRM1 (ReF. 106), the shuttling
of NF90 is attributable to its association with exportin 5,
a protein that also exports pre-miRNAs, some tRNAs
and viral hairpin RNAs out of the nucleus!®-''2, The
second dsRBM of NF90 seems to be required for this
association, and the interaction can be antagonized
by dsRNAs'%, In fact, exportin 5 can also interact
with dsRBMs from other proteins, raising the possibil-
ity that it has a general role in localizing dsRBM
proteinsi®!3, Conversely, dsRBM proteins might
use this mechanism to export their RNA cargos out of
the nucleus.
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Table 2 | Functions of dsRBM proteins and the roles of their RNA ligands*

Role of dsRNA  Transcription RNA processing mRNA localization Translation Other Unknown
Substrate RHA RNase I ADARs
Drosha Staufen
Dicer
ADARs
Modulator NF90 PKR
Cargo Staufen
NF90
Unknown NRF R2D2/RDE-4 TRBP CARF  TENR
SON NF90 PACT SPNR  Kanadaptin
NF90 FLJ20399
SPNR DGCR8
MRPL44 DIP

*Plant proteins are not included. ADAR, adenosine deaminase that acts on RNA; CARF, collaborator of alternate reading frame (ARF)
protein; DGCR8, DiGeorge syndrome critical region gene-8; DIP, disco-interacting protein; dsRBM, double-stranded-RNA-binding motif;
MRPL44, mitochondrial ibosomal protein L44; NF9O0, nuclear factor-90; NF-kB, nuclear factor-kB; NRF, NF-kB-repressing factor; PACT,
protein activator of PKR; PKR, protein kinase, interferon-inducible double-stranded-RNA dependent; RDE-4, RNAI defective gene-4; RHA,
RNA helicase A; RNase, ribonuclease; SPNR, spindle perinuclear protein; TENR, testis nuclear RNA-binding protein; TRBP, TAR RNA-

binding protein.

Whither the dsRBM?

The dsRBM is a remarkably versatile molecular tool. It is
exploited by a large fraction of the organisms on the
planet for a range of purposes. Its biochemical proper-
ties, including dsRNA binding, RNA annealing®'* and
protein—protein interactions, are used in proteins that
have enzymatic functions as well as proteins that do not
seem to be conventional enzymes, such as TRBP, PACT
and Staufen.

The interaction between the dsRBM and RNA
duplexes has been studied for over a decade, but there
is still much to learn. Although a wide variety of struc-
tured RNAs have been found to interact with
dsRBMs, including cellular and viral as well as physio-
logical and pathological RNAs, new types of dsRBM-
interacting RNAs will surely continue to come to
light. The possibility that some dsRBMs carry out
sequence-specific functions has not been entirely
excluded; however, if dSSRBM-RNA interactions truly
are sequence independent, then the source of the
specificity has to be uncovered. Some dsRBM proteins
contain other RNA-binding domains, such as the
RGG box in RHA and NF90, which might confer
sequence specificity on the protein, but it is still
unknown how these RNA-binding domains function
in conjunction with the dsRBM. These observations
indicate the need for further high-resolution struc-
tures of dsSRBM-dsRNA complexes. In particular,
structures of multiple-dsRBM-containing proteins
complexed with dsRNA are needed, as are the struc-
tures of dsRBMs complexed with RNA targets of cel-
lular and viral origin, especially those containing
dsRNA imperfections.

Whether dsSRBM—-RNA interactions can be regu-
lated is an open question. Protein phosphorylation has
been shown to modulate the RNA-binding affinity of
the dsRBMs of PKR*®, Similar studies on other dsRBM
proteins have not been reported, although several
dsRBM proteins can be phosphorylated by PKR in
vitro. The possibility that other kinases can phosphory-
late and modulate the RNA-binding activity of the
dsRBM has yet to be investigated. Alternative splicing

can generate a protein isoform of SON that lacks a sig-
nificant portion of its dsSRBM, presumably abolishing
its RNA-binding activity. However, the biological
significance of this is unclear. The genes that encode
most dsRBMs in higher organisms contain introns
within the domain sequence, and it will be interesting
to see if modulation of the dsRBM by alternative splicing
is widespread.

Many genes function by engaging in enzymatic
complexes (sometimes called ‘somes’) and through
signalling pathways. Some dsRBM proteins seem to
function in a concerted manner. For example, PKR
and ADAR1 can both be induced by interferon in the
cellular antiviral response, and Dicer, Drosha and
R2D2/RDE-4 have roles in RNA interference and
related cellular processes. Whether other dsRBM
proteins are involved in these or other complexes or
pathways is yet to be explored, and clues might be
supplied by studies that correlate the coexistence of pro-
teins in complexes with the expression patterns of the
corresponding genes.

Finally, although it is unlikely that many dsRBM
proteins have been overlooked in the organisms in
which genomes have been scrutinized, plants contain
many under-studied dsRBM protein family mem-
bers. Their existence indicates that other organisms
might yield further examples of dsRBM proteins.
Conspicuously, so far, many dsRBM proteins do not
have clearly assigned functions (supplementary infor-
mation S2 (table)), including proteins in metazoans
(NRF, CARF, SON, and so on), Archaea and, especially,
plants. The discovery of their functions is a daunting
task for the years to come. Even greater challenges lie in
the characterization of their RNA ligands and protein
partners, and the functional consequences of these
interactions. Looking back over the past few years,
during which three dsRBM proteins of previously
unknown functions were found to participate in RNAi
— abiological process of fundamental importance —
there is every reason to believe that scrutiny of the
dsRBM, its ligands and the proteins that carry it, will
continue to reap rich rewards.
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