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INTRODUCTION

RNA helicase A (RHA or DHX9) is a highly conserved

and ubiquitous protein that regulates many aspects of

gene expression, such as transcription and translation of
cellular and viral mRNAs.1–4 Deregulation of RHA in
humans greatly impacts cell growth, apoptosis, and innate
response,5 and RHA is reportedly involved in various
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ABSTRACT

RNA helicase A (RHA) is a highly conserved protein with multifaceted functions in the gene expression of cellular and viral

mRNAs. RHA recognizes highly structured nucleotides and catalytically rearranges the various interactions between RNA,

DNA, and protein molecules to provide a platform for the ribonucleoprotein complex. We present the first solution struc-

tures of the double-stranded RNA-binding domains (dsRBDs), dsRBD1 and dsRBD2, from mouse RHA. We discuss the bind-

ing mode of the dsRBDs of RHA, in comparison with the known dsRBD structures in their complexes. Our structural data

provide important information for the elucidation of the molecular reassembly mediated by RHA.

Proteins 2012; 80:1699–1706.
VVC 2012 Wiley Periodicals, Inc.

Key words: RNA helicase A (RHA); DHX9; NDHII; double-stranded RNA (dsRNA); dsRBD; dsrm; NMR; structure.

VVC 2012 WILEY-PERIODICALS, INC. PROTEINS 1699



cancers, autoimmune diseases, and viral infections.6 For

example, in mice, the RHA knockout is embryonically le-

thal, due to defects in the differentiation of the embryonic

ectoderm and gastrulation.7 RHA recognizes highly struc-

tured nucleotides and catalytically rearranges the various

interactions between RNA, DNA, and protein molecules

to provide a platform for RNP (ribonucleoprotein com-

plex).

Several RHA-responsive mRNAs contain highly struc-

tured untranslated regions (UTRs), which are critical for

nuclear export and translation events.4,8,9 Namely, consti-

tutive transport element (CTE), which resides in the 30

UTR of the type D retrovirus RNAs, is necessary for the

nuclear export of the unspliced viral transcripts.8,10 RHA

binds directly to this CTE and recruits the nuclear export

receptor Tap,11 which may facilitate the consequent

remodeling of the viral RNP for nuclear export and subse-

quent translation in the cytoplasm.12 RHA also binds to a

highly structured RNA element found in the 50 UTR of

several cellular and retroviral mRNAs,4 referred to as PCE

(post-transcriptional control element), as exemplified by

the junD proto-oncogene and the HIV-1 gag gene.4,13

RHA facilitates the nuclear export of these genes, and

rather surprisingly, RHA also stimulates their translation

in the cytoplasm.4 Highly structured 50 elements are gen-

erally believed to inhibit efficient translation. It has been

proposed that RHA catalytically remodels the PCE and/or

RNP, and consequently facilitates ribosome scanning,

translation initiation, and polyribosome association.4

Both CTE and PCE are >100 nucleotides in length, and

contain a number of double-stranded, bulge, loop and

stem-loop regions. RHA specifically recognizes the dou-

ble-stranded RNA (dsRNA) structures.

Another line of evidence revealed that RHA functions

in the human RNA interference (RNAi) pathway, as a

small interfering RNA-loading factor of the RNA-induced

silencing complex9 (RISC). RISC is an RNP that uses a

small single-stranded guide RNA, originating from small

interfering RNA (siRNA), and micro RNA (miRNA) to

find the complementary sequence in the target cellular

and viral mRNAs. RISC then cleaves the target mRNA or

suppresses its translation.14,15 The core protein compo-

nents of RISC are Dicer (an RNase III enzyme that gen-

erates a small dsRNA); trans-activation-responsive RNA

binding protein (TRBP), protein activator of the inter-

feron-induced kinase (PACT), and Argonaute 2 (Ago2),

in which the guide RNA is loaded.16–18 RHA facilitates

the formation of the active RISC by interacting with

siRNA, Ago2, Dicer, and TRBP, and then promotes the

association of siRNA with Ago2.

These abovementioned biological functions of RHA are

attributed to its three biological activities (helicase activity

for nucleic acids, single- and double-stranded nucleic acid

binding activities, and specific protein/protein interac-

tions). Correspondingly, RHA comprises two double-

stranded RNA-binding domains (dsRBDs), the DEIH box

RNA helicase domain, a domain of unknown function

(conserved in Ago2), the helicase-associated domain 2, a

nuclear transport domain (recognized by importin-a),
and the C-terminal RG domain (single-stranded nucleic

acid binding). The dsRBDs of RHA are reportedly indis-

pensable for the recognition of the above dsRNAs (CTE,

PCE, and siRNA) and the related proteins.9,11,19

To elucidate the target specificity of RHA, structural

studies for RHA have been performed. Recently, the crys-

tal structure of the DEIH box RNA helicase domain,

which is important especially for unwinding the dsRNAs,

was solved and its unique features were revealed.20 How-

ever, the structures of other domains in RHA have yet to

be elucidated. In particular, the dsRBDs are often found

in RNAi pathway-related proteins (for example, Dicer

contains one, whereas TRBP and PACT contain three

dsRBDs), and these dsRBDs not only function in dsRNA

binding but also in protein binding (RHA, TRBP, and

PACT use their dsRBDs to interact with one

another9,21). Therefore, structural information about the

two dsRBDs of RHA is important to elucidate the molec-

ular reassembly mediated by RHA. In this article, we

present the first solution structures of the dsRBDs,

dsRBD1 and dsRBD2, from mouse RHA. The sequences

of the mouse and human homologs of RHA share 90%

identity; therefore, their structures and functions are

expected to be nearly identical.5 Our results revealed that

the sequences, lengths, and structures of dsRBD1 and

dsRBD2 are quite different. We discuss the binding mode

of the dsRBDs of RHA, in comparison with the known

dsRBD structures in their complexes.

MATERIALS AND METHODS

Sample preparation

The cDNA fragments encoding dsRBD1 (residues 4–89)

and dsRBD2 (residues 163–262) of mouse RHA (Uni-

ProtKB/Swiss-Prot: O70133) were each cloned into pCR2.1

(Invitrogen). They were expressed with a His6-tag, a TEV

protease cleavage site, a (Gly-Gly-Ser)2-Gly sequence at the

N-terminus and a Ser-Gly-Pro-Ser-Ser-Gly sequence at the

C-terminus. Uniformly 15N, 13C-labeled proteins were syn-

thesized by the cell-free protein expression system.22 After

the reaction, the proteins were isolated by Ni affinity chro-

matography, and the His6-tag was then removed by prote-

olysis. Subsequent cation-exchange chromatography

yielded the highly purified proteins. The RHA dsRBD1 and

dsRBD2 samples for NMR experiments were concentrated

to 1.30 and 1.16 mM, respectively, in 20 mM sodium phos-

phate (pH 6.0), containing 100 mM NaCl, 1 mM DTT, and

0.02% NaN3, in 90% H2O/10% 2H2O.

NMR spectroscopy

All NMR data were collected at 298 K on Bruker

AVANCE 600, 700, and 800 MHz NMR spectrometers,
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each equipped with a cryogenic probe. NMR spectra

were processed with NMRPipe/NMRDraw.23 Spectral

analysis was performed with KUJIRA,24 a program suite

for interactive NMR analysis working with NMRView,25

according to the methods described previously.26 The

backbone and side chain 1H, 15N, and 13C resonances of

the proteins were assigned by standard double- and tri-

ple-resonance NMR experiments,27,28 and were depos-

ited in the BioMagResDB (BMRB accession numbers

11456 and 11457). Distance restraints were derived from

three-dimensional (3D) 15N-edited and 13C-edited nu-

clear Overhauser effect spectroscopy (NOESY)-HSQC

spectra, each measured with a mixing time of 80 ms.

Structure calculations

Structure calculations of RHA dsRBD1 and dsRBD2

were performed using CYANA 2.0.17.29–31 The structure

calculations started from 200 randomized conformers, and

used the standard CYANA simulated annealing schedule

with 40,000 torsion angle dynamics steps per conformer.

The 40 conformers with the lowest final CYANA target

function values were further refined with AMBER9,32

using the AMBER 2003 force field and a generalized Born

model, as described previously.26 The force constants

for distance, torsion angle, and x angle restraints were

set to 32 kcal mol21 Å22, 60 kcal mol21 rad21, and 50

kcal mol21 rad22, respectively. The 20 conformers that

were most consistent with the experimental restraints were

then used for further analyses. PROCHECK-NMR33 and

CHIMERA34,35 were used to validate and to visualize the

final structures, respectively. Detailed experimental data

and structural statistics are summarized in Table I. The

final ensembles of 20 conformers were deposited in the

Protein Data Bank (PDB IDs 2RS6 and 2RS7). The elec-

trostatic potential of the molecular surface was calculated

using the online programs APBS and PDB2PQR (http://

www.nbcr.net/pdb2pqr/).36,37

Molecular Modeling

Model structures of RHA dsRBD1 and dsRBD2, each

in complex with RNA, were generated using the CHI-

MERA34,35 and AMBER932 programs. The protein

coordinates in the Xlrbpa:RNA complex (PDB ID: 1DI2)

were replaced with those of the lowest energy-minimized

structures of the RHA dsRBDs. These template structures

were then refined using the AMBER 2003 force field. Ini-

tially, 1000 steps of energy minimization were applied in

vacuo to eliminate the bad steric contacts, and then 2000

steps of energy minimization were performed using the

generalized Born model.

RESULTS AND DISCUSSION

The solution structures of the RHA dsRBDs, which

belong to the double-stranded RNA binding motif

(dsrm) family (Pfam identifier: PF00035), were deter-

mined by NMR spectroscopy. The best fit superpositions

of the backbone traces of the 20 lowest energy conform-

ers for dsRBD1 (I4-V80) and dsRBD2 (L170-S262) are

shown in Figure 1(a,b). These conformers exhibit good

geometry, with excellent structure quality scores (Table

I). The structure of dsRBD1 contains the common sec-

ondary structure elements aA(K5-R15), b1(A20-G27),
b2(Q32-R39), b3(G47-S51), aB(K54-R71), and the extra

helix-like segment, h-like C (S77-E79) [Fig. 1(a,c)]. The

structure of the dsRBD2 begins with the extra helix-like

segment, h-like o’ (N171-H175), followed by aA0(L180-
E194), b10(K201-P207), b20(N210-I221), b30(R226-
G234), and aB0(K237-L255) [Fig. 1(b,d)]. In both

dsRBDs, aA (aA0) and aB (aB0) are packed against one

face of a three-stranded anti-parallel b-sheet, a common

feature of the core abbba fold. The dsRBD1 has h-like

C, while the dsRBD2 additionally has h-like o’ and a C-

terminal stretch (G256-S262). These terminal regions

bring the N- and C-termini close together [Fig. 1(c,d)],

and include extra hydrophobic cores (dsRBD1: F7, V66,

Table I
Structural Statistics for the dsRBDl and dsRBD2 of RHA

NMR restraints dsRBDl dsRBD2

Distance restraints
Total NOE 1635 2213
Intra-residue 375 561
Inter-residue
Sequential (|i 2 j| 5 1) 427 550
Medium-range (1 < |i 2 j| < 5) 305 395
Long-range (|i –j| � 5) 524 707

Hydrogen bonds restraintsa 40 33
Dihedral angle restraints
u and w 68/65 63/62
v1 22 7

Structure statistics (20 conformers)
CYANA target function (�2) 0.41 0.07
Residual distance violationsb

Number > 0.1 � 2 1
Maximum (�) 0.34 0.16

Residual dihedral angle violations
Number > 58 0 0
Maximum (8) 2.08 1.19

AMBER energies (kcal/mol)
Mean AMBER energy 23024 23694
Mean restraints violation energy 5.16 10.09

Ramachandran plot statistics (%)
Residues in most favored regions 95.0 92.7
Residues in additionally allowed regions 4.9 7.3
Residues in generously allowed regions 0.0 0.1
Residues in disallowed regions 0.1 0.0

Average R.M.S.D. to mean structure (�)c

Protein backbone 0.38 0.30
Protein heavy atoms 1.26 1.01

aFour distance restraints between the amide and carbonyl group atoms (rNH��O

5 1.7–2.2 Å, rN��O 5 2.6–3.5 A, rNH��C 5 2.6–3.3 Å, rN��C 5 3.6–4.6 Å)

were used for the hydrogen bond restraints, which were only employed in the

CYANA calculation.
bThe number of constraint violations was counted per model.
cFor residues Lys5-Arg71 of dsRBDl and Lysl85-His255 of dsRBD2.

Solution Structures of the dsRBDs from RHA
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Figure 1
(a,b) Superimposition of 20 conformers of RHA dsRBD1I4-V80 and dsRBD2L170-S262. (c,d) Ribbon representations of the lowest energy structures of

RHA dsRBD1 and dsRBD2. The residues that are important for hydrophobic core formation are displayed by sticks (highly conserved residues are

labeled). (e) Superposition of the lowest energy structures of RHA dsRBD1 (orange) and dsRBD2 (green). The residues that are involved in the

extension of the hydrophobic core are shown by sticks and labeled. (f) Structure-based sequence alignment of the RHA dsRBDs and selected dsRBDs.

Xlrbpa-2 dsRBD2 and HYL1 dsRBD1 are structurally similar to RHA dsRBD1 and dsRBD2, respectively. Boxed residues are well conserved among the

listed dsRBDs. Generally conserved dsRBD residues, obtained from the InterPro database (http://www.ebi.ac.uk/interpro), are highlighted in gray (50–

70% conservation) and brown (> 70% conservation). Amino acid residues of Xlrbpa-2 dsRBD2 with backbones and/or side chains that reportedly

form hydrogen bonds with dsRNA are highlighted for the backbones (cyan), side chains (blue), and both (red). The secondary structure elements are
color-coded: a-helices (orange) and b-strands (green), and the structural elements are labeled. The accessible surface area (ASA) of the residues is

presented: 0% < ASA � 10% [purple in (c,d) and filled boxes in (f)], 10% < ASA � 20% [pink in (c,d) and open boxes in (f)]. (g,h) Superposition

of RHA dsRBD1 (orange) and Xlrbpa-2 dsRBD2 (gray); and that of RHA dsRBD2 (green) and HYL1 dsRBD1 (gray). The lowest energy structures

were used for the RHA dsRBDs. Arrows indicate differences. Residues that interact with successive minor grooves of dsRNA in Xlrbpa-2 and HYL1 are

shown by sticks with gray labels. The corresponding residues of RHA dsRBD1 and dsRBD2 are also shown (orange and green, respectively).
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V75, and V80; dsRBD2: W178, V249, and I258 [Fig.

1(f)]), which seem to stabilize their locations. In the

dsRBD2, Y261 stacks onto W178, while the plane of the

Y253 ring approaches the ring of W178 from its side.

These interactions seem to stabilize the extra hydropho-

bic core further. A search of the structures of the dsRBDs

registered in the PDB revealed that the dsRBD2 of

ADAR2 (PDB ID: 2L2K), and both the dsRBD1 and

dsRBD2 of DGCR8 (PDB ID: 2YT4) also contain extra

hydrophobic cores, and their N- and C-termini are

located close together. In the Pfam database,38 the corre-

sponding dsRBDs of RHA (UniProt entry:

DHX9_MOUSE) were predicted to be in the regions I4-

L69 and N182-Q251, respectively, which are both shorter

than those in our structures. Thus, our structures have

included some terminal extensions and further defined

the amino acid residues of the dsRBDs for RHA.

Despite the low-sequence identity (22%) and similarity

(25%), the sequences of the RHA dsRBDs could be aligned

over 76 amino acid residues (dsRBD1: I4-E79; dsRBD2:

A183-S262), with 4-residue gaps. The structures of

dsRBD1 and dsRBD2 could be superimposed over 56 Cas,

with an RMSD of 0.99 Å [Fig. 1(c–f)]. Structural differen-

ces were also found within the core abbba fold. In

dsRBD2, aA0 is elongated by one turn in the N-terminal

region, as compared to dsRBD1 [Fig. 1(e,f)]. Additionally,

b20, the loop b20-b30, and b30 are longer in dsRBD2 than

the corresponding elements in dsRBD1, and dsRBD2 has

extra residues in the loop b20-b30 (K222-G225), which are

the origin of the aforementioned 4-residue gaps

[Fig. 1(c–f)]. These augmented structures of dsRBD2

include additional hydrophobic amino acid residues,

which extend the hydrophobic core [Fig. 1(c–f)].

A structural similarity search was performed using the

PDBeFold server (www.ebi.ac.uk/msd-srv/ssm/). The

overall structure of RHA dsRBD1 resembled that of

Xlrbpa-2 dsRBD239 (PDB ID: 1DI2, Z-score 5 8.8,

RMSD 5 1.71 Å, 19% sequence identity over 67 Ca with

3 gaps); while HYL1 dsRBD140 (PDB ID: 3ADI, Z-score

5 3.9, RMSD 5 1.74 Å, 30% sequence identity over 66

Ca with 9 gaps) was found to have the most similar

overall structure to that of RHA dsRBD2. In both cases,

there are distinct differences. RHA dsRBD1 has a longer

C-terminus, while Xlrbpa-2 dsRBD2 has a bulge in the

strand b1 [Fig. 1(g), arrows]. Meanwhile, RHA dsRBD2

has longer N- and C-termini, as well as a longer b2-b3
loop, than the corresponding elements in HYL1 dsRBD1

[Fig. 1(h), arrows]. The crystal structures of Xlrbpa-2

dsRBD2 and HYL1 dsRBD1 in complexes with dsRNA

have been reported.39,40 The locations of the residues

that interact with the successive minor grooves of dsRNA

in these two dsRBDs may be conserved in the dsRBDs of

RHA [Fig. 1(g,h)]. The residues that may contribute to

the dsRNA-binding in the RHA dsRBDs were predicted,

based on these comparisons, and their binding modes

will be discussed later.

The residues that are important for maintaining the

overall structure are conserved, particularly in the C-ter-

minal third of the dsRBDs.41 These residues include

A57, A61, A62, and L69 in RHA dsRBD1, and A240,

A245, and L252 in dsRBD2 [Fig. 1(d,e)]. Other residues

that are important for hydrophobic core formation are

dispersed throughout the sequences of the dsRBDs.

Although the locations of these residues are conserved,

their residue types are more variable among the aliphatic

and aromatic amino acids [Fig. 1(f)]. In general, the ca-

nonical dsRBD comprises 65–70 amino acids. However,

insertions and deletions are often seen, particularly in the

b-strands and the aA-b1, b1-b2, and b2-b3 loops.41 In

RHA, dsRBD2 has such an insertion in the loop b2-b3,
and additionally, both dsRBDs contain extra structural

elements in the N- and C-terminal regions [Fig. 1(c–f)].

It is tempting to speculate that these additional and/or

novel structural features could form intramolecular and/

or intermolecular binding sites that are relevant to the

versatile functions of RHA.

A single canonical dsRBD, exemplified by Xlrbpa-2

RBD2,39 binds on one side of a dsRNA, using an a-heli-
cal face composed of three regions: Region 1 (aA),
Region 2 (loop b1-b2), and Region 3 (loop b3-aB and

aB) [Fig. 1(f)]. Regions 1 and 2 interact with successive

minor grooves, and Region 3 interacts with the media-

ting major groove. The structures of TRBP dsRBD2 and

Staufen dsRBD3 have been reported in their RNA-free

and RNA-bound forms.20,40,42,43 These dsRBDs bind

dsRNA without undergoing any particular conforma-

tional changes. Assuming that this is also the case with

RHA, we built dsRNA docking models for each of the

RHA dsRBDs, on the basis of the Xlrbpa-2 RBD2:dsRNA

complex structure [Fig. 2(a,b)]. The amino acid residues

that are within 10 Å of the RNA are shown in stick rep-

resentations in Figure 2. All of these residues, accord-

ingly, reside in the three conserved RNA-binding regions.

These three regions are also highly conserved among the

RHAs from different species (Supporting Information

Fig. S1).51

The residues in Region 1 of RHA dsRBD1 (dsRBD2),

K5 (K184), K14 (K193), and K16 (K195), are conserved

in HYL1 [Fig. 1(f)]. In HYL1, however, only K17, equiv-

alent to K5 (K184) in RHA, interacts with RNA.40,44

The residues at the positions occupied by Q118 and E119

in Xlrbpa-2 are highly conserved among the dsRBDs, and

are known to contact RNA [Fig. 1(f)] (this trend is also

conserved in HYL1 and TRBP20,40). However, these

positions are poorly conserved in RHA. In RHA dsRBD2,

the residues at the corresponding positions are N188 and

Q189 [Fig. 1(f)]. Their side chains are capable of form-

ing similar contacts with RNA. In RHA dsRBD1, how-

ever, only Y9, which corresponds to Q118 in Xlrbpa-2,

approaches the RNA [Figs. 1(f) and 2(a)]. The residue at

the corresponding position in the dsRBD of Rnt1p RNase

III is also tyrosine [Fig. 1(f)], and its phenol ring stacks

Solution Structures of the dsRBDs from RHA
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next to the ribose and hydrogen bonds to the phosphate

group.45 Therefore, similar interactions may occur

between Y9 in RHA and the RNA.

We noticed that the side chain of Q192 in Region 1 of

RHA dsRBD2 closely approaches the RNA base [Figs.

1(f) and 2(b)]. The equivalent residue, Q161, in Aquifex

aeolicus RNase III recognizes a guanine by two sequence-

specific hydrogen bonds.46 In the case of ADAR2

dsRBD1 and dsRBD2, the side chain methyl groups of

M84 and M238, respectively, each contact an adenine

base.47 These findings were surprising at the time, since

it was generally thought that dsRBDs are shape-specific,

rather than sequence-specific, RNA binding domains.48

The positions of these methionines and Q161 of Aquifex

aeolicus RNase III are different in their equivalent aA
helices (two-turns apart). This difference results in not

only the recognition of distinct sequences but also the

distinct register lengths between the two specific contacts

on the RNA helix.48 Note that the position correspond-

ing to Q192 in RHA dsRBD2 is G13 in its dsRBD1,

which lacks an RNA contact [Fig. 1(f)]. RHA dsRBD2

could be another example of a dsRBD that recognizes

not only the shape of the RNA, but also its sequence.

In Region 2, the residue at the position occupied by

H141 in Xlrbpa-2 is highly conserved among the dsRBDs

[Fig. 1(f)]. Both the backbone and side chain of this resi-

due are involved in RNA contacts.39 The residue at the

corresponding position in RHA dsRBD1 (dsRBD2) is

N30 (H209) [Fig. 1(f)]. Histidine and asparagine are

considered to be rather equivalent from a structural

standpoint, because they have similar hydrogen bonding

capabilities and space requirements. In Xlrbpa-2, P140

Figure 2
(a,b) Models of RHA dsRBD1I4–V80 and dsRBD2L170-S262, in their complexes with dsRNA. Proteins are shown by ribbons. Amino acid residues that

are within 10 Å of the RNAs are colored green. Their side chains are displayed by sticks with colored heteroatoms: nitrogen (blue) and oxygen

(red). The residues metioned in the text are labeled. RNA portions are illustrated in a surface representation: the backbone phosphorus and oxygen

heteroatoms are colored cyan and red, respectively. (c,d) Electrostatic potential surface representations of the dsRBD1 and dsRBD2 of RHA.

Negative (red) is set at -5 kT/e and positive (blue) is set at 5 kT/e. The structures are shown in the same orientation and scale as in (a) and (b),

respectively.
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and R143 in Region 2 use their backbones to interact

with RNA.39 The corresponding residues in RHA

dsRBD1 (dsRBD2) are K29 (D208) and Q32 (R211) [Fig.

1(f)]. Although the residues at these positions, except for

R211, are different, not only their backbones but also

their side chains may contact the RNA [Fig. 2(a,b)].

Region 3 reportedly forms a positively charged surface

and contacts the major groove. This property is con-

served in RHA dsRBD1 (dsRBD2) by K54 (K237) and

K55 (K238) [Figs. 1(f) and 2(c,d)]. The importance of

these residues in RNA binding was demonstrated with

human RHA.19 The deletion construct of human RHA

containing two dsRBDs was subjected to binding assays

with the PCE of spleen necrosis virus RNA and junD

mRNA. In both cases, dissociation constants in the sub-

nM range were observed.19 Triple point-mutations were

then introduced into this construct: K54, K55, and K236

(all of which are conserved in mouse) were replaced with

alanine, alanine, and glutamate, respectively. This con-

struct was also subjected to the binding assay, which

revealed a severe reduction of RNA binding.19 Since the

sequences of the mouse and human homologs of RHA

are highly conserved (90% identity), their structures and

RNA-binding modes are expected to be quite similar, if

not the same.

In this study, we determined the structures of the indi-

vidual dsRBDs from RHA. In the native protein

sequence, these two dsRBDs are connected by a linker.

The structures of two tandemly linked dsRBDs have been

determined for the protein kinase PKR and the micro-

processor complex subunit DGCR8, each in the RNA-free

form; and for adenosine deaminase ADAR2 in its free

and RNA-bound forms. The linkers of PKR and ADAR2

were highly flexible, and no interdomain contacts were

presented in all of the structures obtained.47,49 On the

other hand, the orientation of the two dsRBDs in

DGCR8 was restricted.50 In DGCR8, the two dsRBDs

interact with each other by using the surface that is op-

posite from the RNA-binding sites. In addition, the extra

a-helix that resides in the C-terminal region following

the second dsRBD packs against both of the dsRBDs,

and forms hydrophobic patches. The linker in DGCR8

contained two short helices; however, it did not contrib-

ute to the interdomain contact.

We compared the sequences of the RHAs from differ-

ent species (mouse, human, bovine, and Xenopus), and

searched for additionally conserved regions in the

sequences around the dsRBDs, the linker between the

dsRBDs (P81-D169), and the region following dsRBD2

(G263-V300). We found that two stretches (G111-E123

and W141-D169) within the linker and a stretch (G263-

V300) in the C-terminal region are well conserved. The

PSIPRED v3.0 server (bioinf.cs.ucl.ac.uk/psipred/) pre-

dicted two helices, D149-S165 (with a mixed confidence

level) within the linker, and P282-E294 (with high confi-

dence) in the C-terminal region, both with amphiphilic

characteristics. We hypothesize that these extra conserved

regions and predicted helices may support the RNA-

binding, intraprotein and interprotein interactions by the

dsRBDs. Further biochemical studies will clarify the tar-

get RNA sequences and define the binding sites of the

target proteins. Understanding the detailed mechanisms

of the versatile functions of RHA will require the struc-

tures of the complexes between RHA and its target mole-

cules.
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