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Protein interactions with double-stranded RNA
(dsRNA) are critical for many cell processes; however,
in contrast to protein—dsDNA interactions, surprisingly
little is known about the molecular basis of protein—
dsRNA interactions. A large and diverse class of
proteins that bind dsRNA do so by utilizing an ~70
amino acid motif referred to as the dsRNA-binding
domain (dsRBD). We have determined a 1.9 A reso-
lution crystal structure of the second dsRBD ofXenopus
laevisRNA-binding protein A complexed with dsRNA.
The structure shows that the protein spans 16 bp of
dsRNA, interacting with two successive minor grooves
and across the intervening major groove on one face
of a primarily A-form RNA helix. The nature of these
interactions explains dsRBD specificity for dsRNA
(over ssRNA or dsDNA) and the apparent lack of
sequence specificity. Interestingly, the dsRBD fold
resembles a portion of the conserved core structure of
a family of polynucleotidyl transferases that includes
RuvC, MuA transposase, retroviral integrase and
RNase H. Structural comparisons of the dsRBD-
dsRNA complex and models proposed for polynucleo-
tidyl transferase—nucleic acid complexes suggest that
similarities in nucleic acid binding also exist between
these families of proteins.

Keywords crystal structure/double-stranded RNA/
double-stranded RNA-binding domain/protein—nucleic
acid complex/protein—RNA interactions

Introduction
The double-stranded RNA-binding domain (dsRBD) is a

dsRBD is highly specific for dsRNA, with little or no
observable binding to ssRNA, dsDNA or ssDNA (St
Johnstonet al, 1992; Basset al, 1994; Bevilacqua
and Cech, 1996). Certain partially double-stranded RNA
structures such as adenovirus VAI RNA (Galatetual.,
1989; Mellitis et al, 1990), Epstein—Barr virus (EBV)
EBER-1 and EBER-2 RNAs (Clarket al,, 1990; Sharp
et al., 1993) and RNase lll processing signals (Krinke and
Waulff, 1990; Chelladuriet al., 1994) are also specifically
recognized by certain dsRBD-containing proteins. Binding
of the dsRBD appears to be independent of RNA sequence
(Mancheet al., 1992; St Johnstoet al., 1992; Polson and
Bass, 1994; Schweisgudt al., 1994; Krovat and Jantsch,
1996; Eckmann and Jantsch, 1997).

Protein structures of isolated dsRBDs fr&ntoli RNase
[l and Drosophilastaufen protein as determined by NMR
show ana-B-B-B-a topology in which the N- and C-
terminal a-helices pack against one face of a three-
stranded antiparall@l-sheet (Bycrofet al., 1995; Kharrat
et al,, 1995). The N-terminal domain of ribosomal protein
S5 also contains this same basic fold (Ramakrishnan and
White, 1992; Bycroftet al., 1995). Residues implicated
in RNA binding cluster on one face of the dsRBD near
the beginning of the C-terminat-helix (Bycroft et al.,
1995; Kharratet al, 1995). We report here the crystal
structure of the second dsRBD of Xirbpa (Xlrbpa-2)
complexed with dsRNA at 1.9 A resolution. The structure
of this complex provides a precise description of the
dsRBD-dsRNA interaction.

Results and discussion

Arrangement of molecules in the crystal

In crystallizing this presumably non-sequence-specific
protein—dsRNA complex, RNAs of various lengths were
explored with the hope that a crystal packing scheme
would be obtained which would uniquely position the

protein relative to the RNA. Crystals that diffract to

1.9 A resolution were ultimately obtained with a self-

complementary RNA 10mer (GGCGCGCGCC) which,

indeed, provided a unique packing scheme.

65—70 amino acid sequence/structure motif that mediates Within the crystals, the 10 bp dsRNA helices stack end-

dsRNA interactions in a large variety of proteins (St
Johnstonet al, 1992) such as the dsRNA-dependent
protein kinase PKR (Meurset al, 1990; Green and
Mathews, 1992; Thomist al., 1992),Drosophilastaufen
protein (St Johnstoat al., 1991),Escherichia coliRNase

Il (March et al., 1985), human Tar RNA-binding protein
(Gatignolet al., 1991) Xenopus laeviXIrbpa (St Johnston

et al, 1992), monomeric RNA helicases (Gibson and
Thompson, 1994), the N-terminal regions of eukaryotic
RNases H1 (Cerritelli and Crouch, 1995; Cerriteilial.,

to-end as a pseudo-continuous helix, with their long axes
along the diagonal of the unit cell (Figure 1). The
asymmetric unit contains one full RNA duplex and two
‘half-duplexes’, referred to as RNAs (or helices) 1, 2 and
3. Whereas all 10 bp of RNA 2 are contained within
the asymmetric unit, RNAs 1 and 3 are bisected by
crystallographic 2-fold rotation axes such that only half
of each of these helices is contained in the asymmetric
unit. RNAs 1 and 2 both interact with Xlrbpa-2 protein
but, interestingly, RNA 3 does not.

1998) and dsRNA-dependent adenosine deaminases (Kim Each asymmetric unit also contains two Xlrbpa-2 molec-

et al, 1994; O'Connellet al, 1995). Binding of the
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ules, referred to as proteins 1 and 2 (Figure 1). The
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’ Helix 3

Unit Cell

Fig. 1. Packing of RNA and Xirbpa-2 in the unit cell. The view is alongvith the a andc unit cell axes displayed. Individual RNA 10mer helices

are shown as space fill representations in gold (helix 1), blue (helix 2) and red (hetixCG3rbon traces of independent observations of the protein
are shown in purple (protein 1) and green (protein 2). The asymmetric unit contains protein 1, protein 2, half of helix 1, all of helix 2 and half of
helix 3. Protein 1 and protein 2 bridge the same RNA-RNA junction between helices 1 and 2 in precisely the same manner, but with opposite
orientations. RNA 3 is not contacted by protein. The extended loop of protein 1 (which interacts with the minor groove of helix 2) is well ordered,
whereas the analogous loop of protein 2 is disordered.

proteins are flipped head to tail and rotated 90° around with the minor groove of the RNA (Figure 2B and E).
the long axis of the RNA relative to each other. Both Two side chains (Q118 and E119) and one peptide
proteins span the junction between RNAs 1 and 2 in backbone group (CO of E119) are involved in direct and

precisely the same manner. water-mediated interactions with foufr-@H groups and
five base functional groups in the minor groove of the RNA
Protein structure (Figure 2B). These direct and water-mediated interactions

Xlrbpa-2 has the same-B-B-B-a fold seen in the NMR satisfy all of the hydrogen-bonding potential in this region
stuctures of the dsRBD of RNase Ill and of the third of the RNA minor groove. The N-terminai-helices of
dsRBD of Drosophila staufen protein (Bycroftet al, proteins 1 and 2, which were refined independently and
1995; Kharratet al., 1995). In each of these structures, are in different packing environments in the crystals,
the N- and C-terminafi-helices pack against one face of interact with RNAs 1 and 2, respectively, in precisely the
a three-stranded antiparal@isheet (Figure 2A). The only  same manner, including the water-mediated interactions.
significant difference between the NMR structures of the  Inregion 2, the loop betwedstrands 1 and 2 interacts
dsRBD and the crystal structure of Xlrbpa-2 reported here with the adjacent minor groove of the RNA (Figure 2C
is in the loop betweeg-strands 1 and 2, which is poorly and E). One amino acid side chain (H141) and three
structured/determined by NMR. In the crystals, this loop peptide backbone groups (CO of P140, CO of H141 and
is disordered in protein 2, but is well ordered in protein NH of R143) make direct and water-mediated interactions
1 (Figure 1) and is observed to interact specifically with with two 2'-OH groups and one base functional group in
the dsRNA minor groove. The remaining portions of the RNA minor groove (Figure 2C). At the very tip of
protein 1 and protein 2 are nearly identical, and super- the peptide loop, the backbone CO of His141 interacts
impose with root mean square (r.m.s.) deviations of 0.41 with a 2-OH group on one side of the minor groove, and
A for the peptide backbone atoms and 0.77 A for all non- the side chain interacts with a-®H on the other side

hydrogen atoms. such that this one residue bridges the minor groove to
interact with 2-OH groups in both strands of the dsRNA.
Protein-RNA interactions Mutational analyses have demonstrated that His141 is

Xlrbpa-2 interacts with two successive minor grooves and important for the dsRNA—XlIrbpa interaction (Krovat and
across the intervening major groove on one face of the Jantsch, 1996). Interestingly, these His141 interactions
dsRNA helix (Figures 1 and 2). These interactions span require an RNA phosphodiester backbone conformation
a total of 16 bp and collectively bury a surface area of different from that of ideal A-form RNA, as will be
1680 A. The interactions can be divided into three described later.
regions (Figure 2): (region 1) interaction of the N-terminal In region 3, the protein interacts across the major groove
a-helix with the RNA minor groove; (region 2) interaction of the RNA. A total of six non-bridging oxygens of the
of the loop betweerf-strands 1 and 2 with the RNA  phosphodiester backbone are contacted either directly or
minor groove; and (region 3) interaction of the C-terminal via water molecules (Figure 2D and E). A surprisingly
a-helix across the RNA major groove. short peptide segment just preceding and including the N-
In region 1, the N-terminal three-tuio-helix interacts terminal portion of the C-terminai-helix (residues 161—
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Region 1

oop between

Fig. 2. Interactions between the Xirbpa-2 dsRBD and dsRN®). Qverview of the dsRNA—XIrbpa-2 interactions. The protein interacts with two
successive minor grooves and across the intervening major groove on one face of the dsRNA helix. Protein 1 is showcadsoartrace in

purple. Side chain residues interacting with the RNA minor groove in regions 1 and 2 are colored green, and side chains interacting with the RNA
major groove in region 3 are colored gray. Also displayed in gray are the side chains of Y131 and F145, which serve to position K167 and K163,
respectively. Oxygen atoms are shown in red, nitrogen atoms in blue and phosphorus in yellow. Hydrogen bonds are indicated as black lines.
Residue numbers are those of the full-length Xirbpa prot&h.Expanded view of region 1 in which the N-termiralhelix interacts with the RNA

minor groove. C) Expanded view of region 2 in which the loop betwegstrands 1 and 2 interacts with the minor groou®) Expanded view of

region 3 in which the residues within and just preceding the N-terminal end of the C-terminal helix interact across the majorEjr&mhenfatic
detailing the interactions between Xirbpa-2 and dsRNA.

167) provides all of the major groove interactions. On the dsRBDs, which would probably interact either with the
side of the major groove proximal to region 2, the same phosphate as Q164 or with the adjacent phosphate
backbone amide NH groups of residues 163 and 164, group. The side chains of K163 and K167 pack against
which are at the N-terminal end of the five-tumhelix the aromatic side chains of F145 and Y131, respectively,
(the positive end of the helical dipole), interact with a in a manner that appears to position stably these long,
non-bridging oxygen of the phosphodiester backbone. Theflexible lysine side chains. Mutational analyses of Xirbpa
side chain of K163 hydrogen-bonds directly to an adjacent demonstrate that F145 and the C-termiwoahelix are
phosphodiester group on this same side of the majorindeed critical for RNA binding (Krovat and Jantsch,
groove, and amino acid side chains further along in the 1996), and mutations in the third dsRBD Dfosophila
a-helix (Q164 and K167) interact on the other side of the staufen protein at positions analogous to F145, K163,
major groove (proximal to region 1) such that thdnelix Q164 and K167 of Xlrbpa-2 disrupt RNA binding (Bycroft
bridges the major groove. Q164 is generally Lys in other et al., 1995).
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backbone conformation 4
in blue. 3

Fig. 3. Deviations from normal A-form RNA as observed in the structure of the dsRNA—XIrbpa-2 complpAlternative phosphodiester backbone
conformation at nucleotide 6. The backbone of RNA helix 2 is shown in blue and the bases are shown in white. Helix 1, as superimposed on the
first 5 bp of RNA 2, is shown in gold. Rotations arouadandy of nucleotide 6 of helix 2 alter the position of thé-@H of this nucleotide so that

it can interact with H141. The'20H of the analogous nucleotide in helix 1 (in gold), which is in an A-form conformation, would collide with the
H141 side chain.K) Protein 1 is shown in purple, RNA helix 1 in gold, RNA helix 2 in blue and idealized A-form RNA (superimposed on helix 1)
in green. RNA helices 1 and 2 are stacked in a way that expands the major groove 2-3 A relative to an A-form RNA helix, suggesting that a
widened major groove is important for interaction of Xlrbpa-2 with dsRNA.

This general scheme for interaction with the dsRNA between Xlrbpa-2 and’20H groups in the minor groove
major groove, in which backbone NH groups at the N- would be expected to strongly favor binding to dsRNA
terminal end of am-helix hydrogen-bond to non-bridging  over dsDNA. Other structures of proteins bound to double-
oxygens of the phosphodiester backbone, and side chaingelical RNAs, including those of tRNA synthetase—tRNA
emanating from the first 1-2 turns of this same helix complexes (Roulcet al, 1989; Ruffet al, 1991), flock
interact with phosphodiester groups on the other side of house virus (Fisher and Johnson, 1993) and satellite
the major groove, appears to represent a feature that canobacco mosaic virus (Larsoet al, 1993, 1998) show
discriminate between different major groove conforma- pinding primarily to the minor grooves of double-helical
tions in double-helical nucleic acids. Although this type RNA segments. In each of these complexes, the proteins
of major groove interaction has not yet been observed in interact with 2-OHs, phosphodiester backbone groups
structures of other protein-RNA complexes, it does exist gnd base functional groups within and along the dsRNA

in the structure of the histone core particle (Lugeral, minor groove.
1997). In the histone core particle, backbone NH groups  ysRBD-dsRNA interactions are presumably sequence
at the N-termini of seven differerd-helices hydrogen- independent (Manchet al, 1992; St Johnstoret al.

bond to DNA phosphodiester groups, but only &dt of 1992; Polson and Bass, 1994; Schweisgetttal., 1994;

H3 andal of H2B do side chain residues emanating from qat and Jantsch, 1996: Eckmann and Jantsch, 1997)
the same helix interact across the DNA major groove. although as yet unidentified specificities might still exist.

Thesga interactions occur hear regions of greatest DNA , majority of the interactions in regions 1, 2 and 3 involve
bending and appear to require the narrowed major groovey . phosphodiester backbone andQGH groups, which
crea}ted by the.bend. The shape of the major groove My ouid be expected to be sequence independent. The
straight, canonical B-form DNA would not permit such minor groove—base interactions might yield sequence

interactions. Conformation-specific recognition of the information. but most of those observed. in the crvstals
narrow major groove of an A-form RNA double helix . ' . crystat
are via water molecules which could probably adjust their

(versus the wider, shallower major groove of straight, <. :
canonical B-DNA) via thisa-helix interaction probably minor groove hydrogen-bonding patterns to accqmmod_ate
various sequences. Of the two direct interactions with

accounts, in part, for the binding preference of the dsRBD . . : ;

for dsRNA. Type B dsRBDs, which contain amino acid base groups in the minor groove, Q118 interacts with a
sequence homologies only in the C-terminal one-third of hydrogen bond acceptor group that would be presented
the dsRBD rather than throughout the ~70 amino acid similarly by any of the' four nucleptldes at th|§ position.
motif (St Johnstoret al., 1992; Krovat and Jantsch, 1996), However, the other direct base interaction, in which a
contain all of the residues involved in these major groove Packbone carbonyl of Pro140 interacts with the exocyclic

interactions (region 3), but are not conserved in the regions @Mino group of a G in region 2, would appear to be highly
involved in minor groove interactions. specific for a GC base pair at this position and warrants

Discrimination between dsRNA and dsDNA via the furtherinvestigation. The structures of intact RNA viruses
minor groove (Bevilacqua and Cech, 1996) would appear have provided additional examples of presumably non-
to involve direct and water-mediated interactions with 2 sequence-specific protein-ssRNA complexes (Gieat,

OH groups. The 20H groups of RNA line the entire  1989) and protein—dsRNA complexes (Fisher and Johnson,
minor groove and present a very different chemical charac- 1993; Larsonet al, 1993). As in the dsRNA—XIrbpa-2
ter from that which exists in the minor groove of-2  complex, these proteins primarily utilize interactions with
deoxyribonucleic acids. The many direct interactions 2'-OH and phosphodiester backbone groups, but also
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120 130 140
MPVGSLOELA- {(GWRLPEYTVAQESGPPHER
Consensus NPVXXLEYK;QKRGxxxLxY:{LIxxxGP:{Hxx
Region 1 Ragion 2
150 160 170

EFTITCRVETFVETGSGT VAKRVAAREKLLTKFRT
®FuFxVxVxGxxFiGuGxSKEKxAKx xARx xALxxLxx
Region 3

Fig. 4. dsRBD consensus sequence as it relates to the Xlrbpa-2 structure and RNA interactions. Residues of XIrbpa-2 that are conserved as
hydrophobic/non-hydrogen-bonding residues are shown in white, and residues that are conserved as hydrophilic/hydrogen-bonding residues are
shown in green. Residues in yellow are those of Xlrbpa-2 that do not match the consensus sequence. Side chain oxygen atoms are shown in red and
nitrogens in blue. The &s of residues 120, 130, 140, 150, 160 and 170 are labeled and shown as purple spheres vatitariioa backbone

trace. Color coding of the Xlrbpa-2 amino acid sequence aligned with the consensus sequence is the same as in the structure, with purple
representing the non-conserved residues. In the consensus sequence, x indicates non-conserved residues, i indicates positions in which additional
residues are present in certain dsRBDs, and (-) indicates positions commonly deleted in dsRBDs. Residues involved in interactions in regions 1, 2
and 3 (Figure 2) are indicated.

include limited base interactions along the RNA minor Hisl141l in protein 2 is disordered in the crystals. The
groove. H141 side chain interaction apparently induces/requires
Sequence-dependent structural features of the RNAthis local deviation from an A-form conformation.
are also possible sources of specificity. Interestingly, we A second feature of the dsRNA—XIrbpa-2 interaction
observe two deviations from idealized A-form RNA in that involves a departure from A-form RNA occurs at the
the structure of the dsRNA-XIrbpa-2 complex, which stacking junction between adjacent 10 bp dsRNA helices
suggest that novel sources of specificity might indeed exist. where the protein spans the RNA major groove. This
junction between RNA duplexes involves a cross-strand
RNA structure purine—purine stack in which the’-guanine bases of
The three dsRNAs in the asymmetric unit individually adjacent duplexes stack on each other and the bridging
form nearly ideal A-form helices, although they are oxygens of the ribose rings stack on thec$tosine bases
underwound slightly (11.8, 12.5 and 11.4 bp per turn for of the adjacent duplex. The two independent RNA—-RNA
helices 1, 2 and 3, respectively, compared with 11.0 for junctions in the crystals (helix 1-helix 2 and helix 2—helix
A-form RNA). Idealized A-form RNA helices superimpose 3) exhibit identical stacking arrangements. Since helix 3
on helices 1, 2 and 3 with r.m.s. deviations of 1.4, 2.3 does not interact with protein, the structure of these
and 2.0 A, respectively (for the phosphodiester back- junctions is apparently determined by the forces involved
bone groups). in the stacking interactions and not by interactions with
One of the two deviations from idealized A-form RNA the protein.
observed in the complex involves the phosphodiester The cross-strand purine—purine stack of these RNA—
backbone conformation at nucleotide 6 of helix 2, where RNA junctions results in a major groove that is 2-3 A
thea andy torsion angles are 159° and 176°, respectively, wider than that of an idealized A-form dsRNA helix
rather than ~300° and ~50° for an A-form conformation (Figure 3B). This widened major groove creates the
(Figure 3A). This alternative conformation appears to be binding site for Xlrbpa-2. Whether interactions with a
induced by interaction of the’20H of this nucleotide  continuous dsRNA helix would involve altering the struc-
with the side chain of H141. In an idealized A-form tures of the protein, the RNA or both relative to their
conformation, the 20H would be ~0.5 A closer to the  conformations in the crystal is an important question. We
H141 side chain, causing a steric clash (Figure 3A). None believe that it is likely that a continuous segment of
of the other 39 nucleotides in the asymmetric unit exhibits dsRNA would need to be distorted from an ideal A-form
a backbone conformation that differs significantly from helix into a structure that contains a widened major groove.
that of A-form, including the position in helix 1 that The protein side chain and peptide backbone groups
corresponds to nucleotide 6 of helix 2. Accordingly, an implicated by sequence comparisons, mutational studies
interaction is not observed between the His141 side chainand structural studies as important for dSRNA interactions
of protein 2 and RNA 1. Rather, the loop containing are rather rigidly positioned in the structure, so it seems

7509



J.M.Ryter and S.C.Schultz

Xirbpa2-dsRNA
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Fig. 5. Comparison of the dsRBD and polynucleotidyl transferases.pFe3-a folds of Xirbpa-2, RNase H, HIV-1 integrase and MuA transposase

are shown in black. Notice that the same portion of this fold (the loop bet@estrands 1 and 2 and the N-terminal portion of the C-terminal

a-helix) interacts or is proposed to interact with nucleic acid substrate. The bound sulfate in RNase H is thought to represent a phosphate-binding
site, and the bound metals of HIV-1 integrase are thought to participate in catalysis. The side chains of the conserved Lys (K167) of the dsRBD
(which is Glu in RNaselll) and the conserved Glu (E48) of RNase H are displayed and labeled.

Fig. 6. Simulated—annealed omit electron density map calculated at
1.9 A resolution. Contoured a2

unlikely that they could be repositioned readily to accom-
modate a narrower major groove.

The potential importance of a widened major groove
in the dsRNA—XIrbpa-2 interaction gives rise to the
interesting possibility that this is an RNA structure-specific
feature of the dsRBD-dsRNA interactions. Since the
central nucleotides of the 16 bp dsRNA-binding site are
not contacted by the protein (Figure 2E), a variety of local
structural variations, such as slight local underwinding,
could give rise to a widened major groove. Regions of
non-Watson—Crick base pairing might result in conforma-

1985; Krinke and Wulff, 1990; Chelladust al., 1994).
PKR specifically interacts with structured RNAs that
contain only short segments of uninterrupted Watson—
Crick base pairing, such as adenovirus VAI RNA (Galabru
et al, 1989; Mellitis et al., 1990) and the EBV RNAs
EBER-1 and EBER-2 (Clarket al., 1990; Sharget al.,
1993). RNAs selected for binding to the dsRBD-binding
domain of PKR sometimes contain GA:AG base pairs
(Bevilacqueet al., 1998) which can widen the RNA major
groove (Wuet al., 1997). Perhaps non-Watson—Crick base-
paired regions between helical segments allow formation
of structures important for specific dsRBD—-dsRNA inter-
actions.

Consensus sequence

The amino acid residues conserved among various dsRBDs
correlate extremely well with important features of the
dsRNA—XIrbpa-2 complex as observed in our structure.
The amino acid sequence of Xlrbpa-2 is either identical
or similar to the dsRBD consensus sequence in 32 of 37
residues (Figure 4) (Krovat and Jantsch, 1996). The
hydrophobic/non-hydrogen-bonding residues of the con-
sensus sequence comprise the core of Xirbpa-2 and are
likely to be important for folding and stability. Strikingly,
nearly all of the conserved hydrophilic/hydrogen-bonding
residues are positioned along the surface of Xlrbpa-2 that
interacts with RNA and include all of the residues that
directly contact the RNA (Figure 4). Of the five residues
of Xlrbpa-2 that do not match the consensus sequence,
one is the N-terminal Met, which is an Asn in the
consensus sequence, and another is a Pro, which in several
dsRBDs is inserted between residues analogous to E156
and T157. The remaining three residues of Xlrbpa-2 that
do not correspond to the consensus sequence are shown
in yellow in Figure 4. Val122 of Xlrbpa-2, which would
correspond to a GIn in the consensus sequence, packs
against a sugar ring in the minor groove of the RNA. One
could easily imagine that a GIn located at this position

tions that define dsRBD-binding sites. Natural substrates could hydrogen-bond to the'-®DH of this same ribose

for specific cleavage by RNase Il contain duplex regions

of ~10 bp separated by internal loops without Watson—

Crick base pairing (Dunn and Studier, 1983; Maettal.,

7510

ring. The other two residues of Xlrbpa that do not match
the consensus sequence are on the surface of the protein
opposite the RNA-binding surface and are present near



Table I. Crytallographic data

Native data

Completeness (99-1.89 A) 90.8%
Completeness (99-2.04 A) 97.2%
Completeness (1.96-1.89 A) 50.0%

(Ave 1)/(Ave errorl)

(99-1.89 A) 2543.8/176.6- 14.4
(1.96-1.89 A) 272.0/110.% 2.5
Rsym (99-1.89 A) 6.3%
Reym (1.96-1.89 A) 28.7%
Derivative data: ((GGCGCG@GCC)
Resolution 15.0-2.6 A
Reym 8.0%
iso 26.5%
No. of sites 4
Reutis 0.75
Phasing power 0.82
Refinement statisticE&0)
Resolution 15.0-1.9 A
Unique reflections 24 336
No. of atoms 1884+ 373 oxygens from KO

R-valueRyee (10% of data) 22.7%/25.8%

R.m.s.d. from ideal:

Bond lengths 0.009 A
Bond angles 1.304°

Ramachandran analysis (PROCHECK)

Protein 1 Protein 2

Most favored regions 94.8% 94.0%
Allowed regions 3.4% 4.0%
Generously allowed 0.0% 2.0% (E152)
Disallowed 1.7% (E152) 0.0%

Rym = 2l — <I>|/3].

Riso = Z[Fpn — FelZFpy.

Reuiis (centric) = Z|Fpy — Fp + Frcad|ZIFpn — Fpl.
Phasing power |Frcad/IFpu — IFp + Frcadl-
R-value = Z|Fops— Feaid/ZIF obd-

regions that contain insertions or deletions in other
dsRBDs.

Structure of a dsRBD-dsRNA complex

structure of polynucleotidyl transferases such as MuA
transposase, retroviral integrases, RuvC and RNase H
(Figure 5) (Ariyoshiet al, 1994; Rice and Mizuuchi,
1995; Yang and Steitz, 1995). The structure of the dsRBD—
dsRNA complex suggests that this folding motif interacts
similarly with double-helical nucleic acids in these differ-
ent proteins. For example, in th&B-B-a fold of the
RNase H domain of HIV-1 reverse transcriptase, the
N-terminal end of thea-helix is positioned near the
phosphate backbone, and the loop betw@estrands 1
and 2 appears to interact with the minor groove of the
dsDNA (Jocobo-Molinaet al, 1993) (although actual
substrates for RNase H are RNA-DNA hybrids and not
dsDNA). This same general arrangement is observed in
the dsRBD—dsRNA complex. Proposed models for the
nucleic acid complexes dt.coli RNase H (Yanget al.,
1990) and RuvC (Ariyoshet al, 1994) also place the
loop betweerp-strands 1 and 2 near the minor groove of
a nucleic acid helix and, for RNase H, the N-terminal end
of the a-helix is proposed to interact with the phosphate
backbone. Perhaps the dsRBD/polynucleotidyl transferase
[B-B-B-a fold provides an especially effective means of
positioning the N-terminal end of am-helix immediately
adjacent to aB-loop in a manner that can be adapted
readily for interactions with double-helical nucleic acids.

In addition to these general similarities, a short segment
of amino acids irE.coliRNase H (AAIVALEAL) precisely
matches the C-terminal portion of the dsRBD consensus
sequence_(AAxxALxxL), and these residues align surpris-
ingly well in the structures of Xirbpa-2 and RNase H.
Intriguingly, three residues prior to this sequence, RNase
lIl contains a Glu rather than the dsRBD consensus Lys.
This Glu corresponds to a conserved Glu of RNase H
(Yang et al., 1990) which binds a metal that is involved
in RNA cleavage (Davieset al, 1991). The close

There is a very satisfying correspondence betweenresemblance of Xlrbpa-2 and the dsRBD of RNase Il

residues found to be conserved in dsRBDs, mutational enables one to reliably position this Glu in place of

analysis of the dsRBD and the structure of the complex. K167 immediately adjacent to a dsRNA phosphodiester

The dsRNA—XIrbpa-2 structure presented here illustrates backbone (Figure 2). This would be an excellent location

how the residues conserved in dsRBDs provide a stablefor Glu (together with residues from the N-terminal

protein structure that specifically binds dsRNA in a domain) to participate in metal binding and the RNase Il

sequence-independent manner, as is required for the manyunction of cleaving the phosphodiester backbone of

diverse biological functions performed by dsRNA-bind- certain dsRNAs. These potential similarities in RNA

ing proteins. binding and cleavage by RNase Il and RNase H relate
The structure of the dsRNA—XIrbpa-2 complex also the diverse families of polynucleotidyl transferases and

presents a possible scheme by which multiple dsRBDs dsRNA-interacting proteins on a more fundamental level

could cooperate to bind dsRNA. Since the dsRBD—dsRNA than previously anticipated.

interaction involves only one face of the dsRNA helix,

additional interactions could occur around the remaining |Vjaterials and methods

surfaces of a dsRNA helix. In the crystals, protein 1 and

protein 2 interact with different sides of the same dsRNA Protein purification _ _ o

helices (Figure 1). The N-terminus of protein 1<i€5 A Xirbpa-2 was expressed as inclusion bodie€inoli BI21(DE3) pLysS

R . . using an inducible pET3 T7-based expression system [a generous gift

from the C-terminus of protein 2, such that a relatively fomvichael Jantsch, University of Vienna (Krovat and Jantsch, 1996)].

short polypeptide segment would be required to link these Following cell lysis (by sonication), the inclusion bodies were isolated

separate dsRBDs. Proteins that contain multiple dSRBDsby centrifugation and extracted with lysozyme and deoxycholate as

might use a similar scheme in which the dsRBDs would described by Langlegt al. (1987). The protein was solubilized in 7 M

. ) : guanidine hydrochloride and refolded by dialysis into 20 mM HEPES
t‘;}"?ﬁﬂ;ﬁ:{:ﬁ];witgsdzgﬁ:el'X to enhance and extend ,1'7 5 50 mm NaCl, 0.25 mM EDTA, 0.02% Nahand 2.0 mM

dithiothreitol (DTT). Refolded protein was purified using an S-Sepharose
(Pharmacia) FPLC column and a Superdex FPLC gel filtration column
Similarities between the dsRBD and (Pharmacia). Final yields were typically 25 mg/l of bacterial cell culture.
polynucleotidyl t_ransferases RNA purification

The B-B-B-a portion of the dsRBD resembles the N- Rnaswere generated by transcription of synthetic DNA oligonucleotides
terminal portion of the recently described conserved core with T7 RNA polymerase (Milligaret al. 1987). Following transcription,
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NTPs and salts were removed by gel filtration chromatography, and the Vasili Carperos, Jeff Hansen, Martin Horvath, Olve Peersen and Andrew
5'-triphosphate groups were removed by treatment with calf intestinal Berglund for their assistance with the structural work and in preparing
alkaline phosphatase. The RNAs were purified using a Nucleopac PA- this manuscript; and Tom Cech, Olke Uhlenbeck and Deborah Wuttke
100 anion exchange HPLC column (Dionex) heated to 85°C. The RNAs for critical reading of the manuscript. This work was funded by the
were then concentrated and exhanged into 1 mM Tris—=HCI (pH 7.5), Colorado Advanced Technology Institute through a grant received from
0.1 mM EDTA in a Centricon-3 spin concentrator, and further desalted the Colorado RNA Center.
using an HPLC SEC-250 gel filtration column (Bio-Rad). Once crystals
were obtained, RNAs used in subsequent crystallizations were synthe-
sized using an Applied Biosystems DNA/RNA synthesizer and purified References
by HPLC as described above.
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