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ABSTRACT We have identified a double-stranded
(ds)RNA-binding domain in each of two proteins: the product
of the Drosophila gene staufen, which is required for the
localization of maternal mRNAs, and a protein of unknown
function, Xirbpa, from Xenopus. The amino acid sequences of
the binding domains are similar to each other and to additional
domains in each protein. Database searches identified similar
domains in several other proteins known or thought to bind
dsRNA, including human dsRNA-activated inhibitor (DAI),
human trans-activating region (TAR)-binding protein, and
Escherichia coli RNase 1I1. By analyzing in detail one domain
in staufen and one in Xirbpa, we delimited the minimal region
that binds dsRNA. On the basis of the binding studies and
computer analysis, we have derived a consensus sequence that
defines a 65- to 68-amino acid dsRNA-binding domain.

The identification of regions of amino acid sequence similar-
ity between proteins has led to the characterization of a
number of conserved motifs, which are often found in pro-
teins that are otherwise unrelated. In many cases, these
motifs define structural domains that confer particular bio-
chemical properties on the proteins in which they occur
(discussed in ref. 1). Only a few protein motifs that interact
with RN A have been identified, most notably the zinc finger,
first characterized in TFIIIA (2), and the RNA recognition
motif or RRM (3-5). Here we identify by database searches
a consensus sequence of 65-68 amino acids that is found in
a diverse group of double-stranded (ds)RNA-binding pro-
teins. Sequence similarities between some of these proteins
have been noted before, and parts of the binding domain have
also been identified by filter binding assays (6-9). We have
used deletion analysis to show that in two cases the minimal
dsRNA-binding domain corresponds essentially to the 65- to
68-amino acid consensus sequence.

MATERIALS AND METHODS

Clones. We used the cDNA clone E10 of the staufen gene
from Drosophila melanogaster (ref. 10; accession no.
Mé69111), subcloned between the HindIIl and Not I sites of
Bluescript KS (Stratagene). The cDNA clone Xlrbpa was
isolated from a Xenopus laevis ovary library (11) by North-
western screening with a mixture of 32P-labeled U1l and U2
small nuclear RNAs (snRNAs). The screen was performed
according to Vinson et al. (12), except that 8 M urea replaced
6 M guanidine hydrochloride as the chaotropic agent. The
binding buffer contained 50 mM NaCl, 10 mM MgCl, 10 mM
Hepes (pH 7.5), 0.1 mM EDTA, and 1 mM dithiothreitol. The
probe was a mixture of 32P-labeled transcripts produced by
T7 polymerase from Ul and U2 snRNA gene clones (13). The
Xlrbpa insert was sequenced after conversion of the AZAP
bacteriophage into the corresponding Bluescript phagemid.
The sequence is available from GenBank under accession no.
M96370.
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Fusion Proteins. Regions of the staufen and Xirbpa cDNAs
were amplified by the polymerase chain reaction (PCR) with
primers that contained restriction sites for cloning the PCR
products. The 5’ and 3’ primers used for the amplification of
staufen fragments had BamHI and EcoRI sites, respectively;
those for Xirbpa had BamHI and Kpn I sites. The staufen
fragments were cloned between the BamHI and EcoRI sites
of pGEX-2T (14) or pRSET (Invitrogen, San Diego). The
fragments of Xirbpa were cloned between the BamHI and
Kpn 1 sites of pPGEX-2T that had been modified by introduc-
tion of a polylinker to provide a unique Kpn I site. Clones
with correct inserts were picked from single colonies and
were grown in 3-ml cultures for 4 hr. Fusion protein produc-
tion was induced by addition of isopropyl g-D-thiogalactoside
to a concentration of 0.5 mM, after which the cultures were
grown for an additional 2 hr and harvested by centrifugation.
Crude lysates were produced by sonication of the cell pellet
in 500 ul of SDS sample buffer.

RNA-Binding Assays. Fifteen-microliter samples of crude
cell extracts were separated by SDS/PAGE and blotted onto
Immobilon P membranes (Millipore). The blotted proteins
were denatured on the membranes in 8 M urea and slowly
renatured by incubation in 10 stepwise dilutions of urea in
Tris-buffered saline (TBS), 2:3 (vol/vol), for 10 min each.
The membranes were then rinsed in TBS and blocked for 1
hr in 25 mM NaCl/10 mM MgCl,/10 mM Hepes, pH 8/0.1
mM EDTA/1 mM dithiothreitol/5% (wt/vol) Carnation non-
fat dry milk. RNA binding was carried out in 50 mM NaCl/10
mM MgCl,/10 mM Hepes, pH 8/0.1 mM EDTA/1 mM
dithiothreitol/2.5% milk plus 32P-labeled T7 transcripts of U1
or U2 snRNA genes (13), adenovirus VALl transcripts (15), or
the 3’ untranslated region (UTR) of bicoid RNA (16) (2 x 10°
cpm/ml). As controls we used a T7 transcript of the small
nuclear ribonucleoprotein B gene or the dorsal gene of
Drosophila, neither of which is predicted to form strong
secondary structure. Poly(rI) and poly(rC) (Pharmacia) were
partially hydrolyzed in Na,CO; buffer (pH 10.2) at 70°C for
40 min, end-labeled using T4 polynucleotide kinase and
[y-?P]ATP, and purified over a Sephadex G-25 column.
Equal amounts of poly(r]) and poly(rC) were annealed to
produce poly(rI)-poly(rC) by heating to 95°C for 5 min and
cooling slowly. All single-stranded RNA probes were dena-
tured prior to binding by boiling for 5 min and quick cooling
onice. After incubation, membranes were washed 3 X 10 min
in binding buffer and exposed to x-ray film.

Search Programs and Databases. The similarities between
Xlrbpa, staufen, and human TRBP were initially identified in
searches of the GenBank (release 72) and European Molec-
ular Biology Laboratory (EMBL) (release 31) databases,
using the TFASTA program of Pearson and Lipman (17). The
presence of multiple regions of similarity among these pro-

Abbreviations: DAI, double-stranded RN A-activated inhibitor; ds,
double-stranded; HIV, human immunodeficiency virus; TAR, trans-
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teins was subsequently detected using the DIAGON program

of the Genetics Computer Group package (18), and these
were further analyzed using the protein subsequence analysis
functions of the MacVector program (IBI/Kodak). To iden-
tify other proteins that contain the dsRNA-binding consen-
sus, we searched the Protein Identification Resource protein
database (Version 32) on the Edinburgh Distributive Array
Processor using the motif searching program PTNSEARCH (19)
and a pam50 matrix. Since this program has a maximum motif
length of 28 residues, the consensus was divided into two
overlapping N-terminal regions, P(VIM)XXL(NQ)E(YL)X-
QKR)XXX-XPX(YF)X(LVI)XXXSGPAH and (KR)-
XXXXPX(YF)X(LVD)XXXSGPAHX(KR)XFTFX(VLIM-
OX(VLI), and a C-terminal consensus (GA)XGXSKKX-
AKXXAAXXALXXL. Similar results were also obtained
using the PROFILE search program (20) of the Genetics
Computer Group package, although this program does not
identify multiple regions of similarity within the same protein.
Hssona, a human cDNA sequence of unknown function
whose translation is not yet in the protein databases, was
identified in searches of the EMBL database with the con-
sensus sequence, using TFASTA. In calculating the similarity
between domains, we considered amino acids in the following
sets as equivalent to each other: V,L,I.M; K,R; S,T; E,D;
Y,F; N,Q; A,G.

Sequences. The following nucleic acid sequences were used
to obtain the protein sequences shown in Fig. 2: staufen,
accession no. M6911 (10); human trans-activating region
(TAR)-binding protein, M60801 (6); Xlrbpa, M96370; human
dsRNA-activated inhibitor (DAI), M35663 (21); mouse TIK,
M65029 (22); vaccinia (strain WR) E3L protein, M36339
(ORF1) translated from the minus-strand 4530-3961 (23);
Hssona, X63753; Escherichia coli RNase III, X02673 (24);
porcine rotavirus group C ns34 protein, M669115 (25);
Schizosaccharomyces pombe pacl, X54998 (26).

RESULTS AND DISCUSSION

In screens of a Xenopus expression library made from
immature ovary poly(A)* RNA (11), we recovered several
clones that bound to 32P-labeled U1 and U2 snRNAs. These
¢DNAs defined a dsRNA-binding protein, Xlrbpa, of un-
known function. Initial binding experiments with a partial
clone of Xirbpa, which lacked N-terminal coding sequences,
identified a 76-amino acid region (see xIrbpa-2 in Fig. 2a) that
was sufficient to bind U1 and U2 snRNAEs in a filter binding
assay. Full-length XiIrbpa was later found to contain a second
region (see xIrbpa-1 in Fig. 2a) that is similar to the identified
RNA-binding domain. Computer searches showed that
Xirbpa shares extensive regions of similarity with human
TRBP, a protein that binds in vitro to the TAR stem-loop of
human immunodeficiency virus (HIV) RNA (6). In addition,
the RNA-binding domain of Xlrbpa showed significant sim-
ilarity to three regions in the staufen protein of Drosophila,
the product of a maternal gene required for the correct
localization of bicoid and oskar RNAs to the anterior and
posterior poles of the egg (10, 27-29). Because Xlirbpa and
human TRBP were known to bind double-stranded regions of
RNA, it seemed probable that staufen might also function as
a dsRNA-binding protein.

To investigate whether the regions of sequence similarity
defined a conserved dsRNA-binding domain, we compared
the RNA-binding properties of the 76-amino acid domain of
Xirbpa and the region of staufen that is most similar to it (see
Dmstau-3 in Fig. 2a). These regions of the two proteins were
expressed from the pGEX-2T vector (14) as fusion proteins
with a portion of glutathione S-transferase or as 6xHis fusions
from the pRSET vector (Invitrogen) and were analyzed on
Northwestern blots with several RNA probes. The Xlrbpa
and staufen constructs bound strongly to RNAs with exten-
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sive secondary structure, such as Ul and U2 snRNAs, VA1l
RNA of adenovirus (15), and the 3’ UTR of bicoid RNA (16,
30), but failed to bind control RNAs that were not predicted
to form double-stranded regions (data not shown). To con-
firm that the binding was specific for dsSRNA, we compared
the ability of the fusion proteins to bind poly(r]), poly(rC), or
poly(rI)-poly(rC); the double-stranded product was formed
by annealing the two single-stranded homopolymers. The
fusion proteins did not bind either single-stranded polymer,
whereas they strongly bound the double-stranded product
(Fig. 1).

These results demonstrate that small regions in Xlrbpa and
staufen, which contain the conserved motif, bind dsRNA. To
determine if other proteins contained this motif, we per-
formed several database searches using a consensus se-
quence derived from the seven copies of the motif in Xirbpa,
staufen, and human TRBP. The searches identified five other
proteins that each contain one full-length copy of the domain;
the alignment of all 12 domains is shown in Fig. 2a. In
pairwise comparisons (excluding comparisons between pro-
teins that may be homologous), the domains show an average
of 29% amino acid identity in a region of 65-68 residues, or
42% similarity when conservative changes are taken into
account. These are the only proteins that show strong sim-
ilarity to the complete consensus. However, several proteins
contain regions that match the C-terminal part of the con-
sensus but fit the N-terminal part only poorly (Fig. 2b). Two
arguments suggest that the partial similarity of these shorter
regions is significant. (/) Less than one protein among the
40,298 entries in the Protein Identification Resource data
base is expected to match the consensus as closely as the
most divergent of the shorter domains (31). (ii) Six of the
shorter domains occur in proteins that also contain one or
more complete domains. Fig. 3 shows the arrangement of the
12 complete and 8 shorter domains in the 10 proteins in which
they occur.

Although all of the similarities in Fig. 2 are significant on
statistical grounds, the strongest argument that the complete
consensus sequence defines a dsRNA-binding domain is
provided by what is known about the proteins themselves. In
addition to staufen, Xirbpa, and TRBP, three of the other
proteins with full-length domains are known to bind double-
stranded regions of RNA. Perhaps the best characterized of

rI/rC 1l rC

a2 = 2 % 7 ™

1 2 3 4 5 6

FiG.1. RNA-binding domains of staufen and Xlrbpa specifically
bind dsRNA. Fusion proteins that contained 101 residues of staufen
(amino acids 569—-669) or 76 residues of Xlrbpa (amino acids 102-177)
were electrophoresed on a polyacrylamide gel, transferred to an
Immobilon filter, and probed with double-stranded poly(rI)-poly(rC),
single-stranded poly(r]), or single-stranded poly(rC) (Northwestern
blots). Strong binding of dsRNA (lanes 1 and 2) contrasted with no
binding of single-stranded RNA (lanes 3-6). st, Staufen; xl, Xlrbpa.
The fainter bands in lanes 1 and 2 represent breakdown products of
the fusion proteins.
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Hstrbp-3 LGPACCRYV SS EEQAFHVSHILDIEELSLSGLCQCLVER{STQ PATVCHSAT 33
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Xlrbpa-3 PNTDYKM KDVA EELDFNLT STN PITVCHT
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Dmstau-5 AGVHMKEQ LYS KLLDFEVN STH PPQICH

GxXxGXSKKxAKXxXAAXXALXxxL

search motif
A

FiG. 2. Alignment of the protein sequences that contain the dsSRNA-binding domain. (a) Twelve sequences that contain the full-length
domain. Boxes indicate amino acids that are identical in at least five sequences or similar in at least eight. The consensus sequence is shown
below. Uppercase letters indicate residues that occur in at least eight sequences; lowercase letters denote either residues shared by five to seven
sequences or conservative substitutions (shown in their order of frequency). The sequences are as follows: Dmstau-1, staufen 308-380;
Dmstau-3, 575-647; Hstrbp-1, human TAR-binding protein 6-78; Xlrbpa-1, Xenopus RNA-binding protein A 17-89; HsDAI-1, human
dsRNA-dependent kinase 6-79; MmTIK-1, mouse TIK 5-78; VVE3L, vaccinia virus E3L 114-186; Hstrbp-2, 135-208; Xlrbpa-2, 109-182;
Hssona, human son-a 1361-1436; Ecrnac, E. coli RNase III 152-227; Dmstau-4, 708-782. (b) Eight C-terminal short domains. Boxed amino acids
correspond to consensus residues in the full-length domain. These sequences were found by a computer search using the PTNSEARCH motif
searching program and the indicated search sequence. The sequences are as follows: Dmstau-2, 490-559; HsDAI-2, 96-169; MmTIK-2, 91-164;
Prvns34, porcine group C rotavirus ns34 protein, 332-402; Sppacl, S. pombe pacl protein, 287-358; Hstrbp-3, 269-342; Xirbpa-3, 222-295;
Dmstau-5, 948-1020.

these is the human dsRN A-dependent protein kinase DAI, an from residues 10 to 75. Furthermore, DAI no longer binds to
interferon-induced protein that acts in the cellular defense dsRNA when residues 39-50 or 58-69 are deleted (8). The
against viral infection (21, 32, 33). DAI kinase becomes mouse TIK gene, which has the same arrangement of one
activated when it binds to dsRNA; it then phosphorylates full-length and one short domain as DAI, shares extensive
eukaryotic initiation factor eIF-2a, resulting in an inhibition amino acid similarity with this protein and is probably its
of translation that prevents viral replication. McCormack et mouse homologue (8, 22, 34). A single copy of the domain
al. (7) used a Northwestern assay to show that the first 98 occurs in a 25-kDa protein encoded by the vaccinia virus E3L
amino acids of human DAI are sufficient to bind several viral gene, which inhibits the activation of DAI (9, 23, 35, 36). This
RNAs . This region contains one complete domain, extending protein binds poly(rI)-poly(rC) and may block DAI activity

Human DAI (551 aa)
inase & Mouse TIK (518 aa)
Vaccinia E3L
(190 aa)

Human TAR binding
protein (345 aa)

Xenopus rbpa

(299 aa)

Drosophila Staufen
(1026 aa)

E. coli RNase III
(226 aa)

Human son-a

/L
(1523 aa)

17

S. pombe pacl
(363 aa)

Porcine rotavirus
ns34 (403 aa)

$i-if££¢i

F16.3. Location of full-length and short domains in the 10 proteins in which they occur. Full-length domains are indicated by dark grey boxes
and short domains are indicated by smaller light grey boxes.
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by competing for dSSRNA. A prokaryotic protein that contains
the domain is E. coli RNase III, an endonuclease that digests
dsRNA in vitro (24, 37). RNase III regulates the stability of
a number of transcripts in vivo by binding to stem-loop
structures and cleaving at specific double-stranded sites
(e.g., ref. 38). The only protein that has a full-length domain,
but has not been tested for RNA binding, is son-a, the
predicted product of a human placental cDNA clone (EMBL
accession no. X63753).

Two proteins contain a single copy of the short C-terminal
domain: the product of the pacl gene of the fission yeast S.
pombe and porcine group C rotavirus protein ns34. The pacl
protein, which was originally identified as a suppressor of
meiosis, shares 25% amino acid identity with RNase III and
can degrade dsRNA when expressed in E. coli (26). The
rotavirus ns34 protein is not known to bind RNA, although it
is part of the viral RNA replication complex (25, 39).

Short regions of similarity between some of these proteins
have been noted previously by others (6-9). In particular,
McCormack et al. (7) defined an 18-amino acid consensus

A i i i
m‘~ e RSP
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sequence that occurs twice in DAI and mouse TIK and once
in vaccinia E3L and porcine rotavirus ns34 protein. This
consensus is essentially the same as our C-terminal domain,
although slightly shorter. Our observations indicate that the
region of similarity between most of these proteins extends
over a longer region of 65-68 amino acids. To examine
whether the entire consensus is required for dsSRNA binding,
we constructed a series of N- and C-terminal deletions in the
Xlrbpa-2 and staufen-3 domains and tested their dsRNA-
binding properties in a Northwestern assay (Fig. 4). dsSRNA
binding was observed with both domains when the first
proline of the consensus was included (x12, st3), whereas the
deletion of two or three additional amino acids from the N
terminus of either domain abolished all activity (xI3, st4).
Similar C-terminal deletion experiments showed that for full
dsRNA binding, the staufen-3 domain requires an additional
10 residues beyond the end of the consensus. A fusion protein
that contained just the 65 amino acids of the consensus
sequence still bound dsRNA, albeit extremely weakly (data
not shown). In the case of the Xirbpa-2 domain, however,
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FIG. 4. Limits of the dsSRNA-binding domains defined by deletion constructs. Fusion proteins that contained either a complete or deleted
portions of the third domain of staufen or the second domain of Xirbpa were electrophoresed on a polyacrylamide gel and stained with Coomassie
blue (4). Proteins from a duplicate gel were transferred to an Immobilon filter and probed with 32P-labeled VA1 RNA (B). The deletion constructs
used in this experiment are shown in C along with the relevant amino acid sequences. The consensus begins with P at +1 and extends to L
(staufen) or F (XIrbp) at +65. For the staufen and Xirbpa domains, removal of two or three amino acids from the N terminus of the consensus
sequence eliminated binding (st4 and x13). At the C terminus, the staufen domain lost nearly all binding between amino acids 75 and 65 (constructs
st2 and st5), whereas the Xlrbpa domain retained binding at amino acid 65 (construct x11) and had greatly diminished binding at amino acid 63
(construct x15). The minimal binding domain thus extends for about 65 amino acids in each case and is essentially coextensive with the consensus

sequence.
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fusions that extended no further than the final phenylalanine
of the consensus (x11, x12) still showed strong dsRNA bind-
ing. Deletion of the C-terminal three amino acids (xI5)
reduced binding but did not abolish it entirely. Thus, the
consensus sequence accurately defines the N-terminal extent
of the dsRNA-binding domain, whereas the C-terminal re-
quirement differs slightly between the two examples ana-
lyzed. Because the other domains in Fig. 2a likewise show
similarity throughout a region of 65-68 amino acids, we
suggest that features of this entire region are required for
binding. We refer to the conserved amino acids within this
domain as the dsRNA-binding consensus sequence.

Earlier studies have identified a single-stranded RNA-
binding domain in various eukaryotic nuclear and cytoplas-
mic proteins, including several involved in mRNA processing
(3-5). This RN A-binding domain is ~90 amino acids long and
contains two well-conserved sequences, RNP1 and RNP2,
separated by about 30 amino acids. The dsRNA-binding
domain that we describe has no obvious sequence similarity
to the RNP1 and RNP2 consensus sequences. It is perhaps
noteworthy that both RNA-binding domains are long, sug-
gesting that structural features as well as specific residues are
important. How the dsRNA-binding domain interacts with
RNA and whether that interaction depends on specific RNA
sequences are questions that must await further biochemical
and structural analysis.
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considered equal first authors. This work was supported by Well-
come Trust Senior Fellowships to D.StJ. and N.H.B., a fellowship
from the Austrian Science Foundation to M.J., and Research Grant
GM33397 from the National Institutes of Health. J.G.G. is American
Cancer Society Professor of Developmental Genetics.
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