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ABSTRACT

We have isolated cDNAs encoding a novel member of

the DEAD box RNA helicase family from  Arabidopsis .

The protein, named AtDRH1, is composed of 619
amino acids and the central portion has high similarity
with the helicase core region of a prototypic RNA
helicase, the human nuclear protein p68. The N- and
C-terminal regions are considerably diverged from the
animal and yeast p68 homologs at the amino acid
sequence level, but like the p68 subfamily members, an
RGG box-like domain is present near the C-terminus.
RNA blot analysis showed that the AtDRH1 transcript
accumulates at a high level and almost equally in every
part of the Arabidopsis plant. The purified, recombinant
AtDRH1 was capable of unwinding double-stranded
RNA in the presence of ATP or dATP and of hydrolyzing
ATP. The ATPase activity was stimulated by some
single-stranded RNAs and DNAs, including poly(A)
and poly(dT), but not by poly(dA). The ability of the
polynucleotides to stimulate the ATPase activity was
largely consistent with their affinity for AADRH1. These
results show that AtDRH1 is a novel type of ATP/dATP-
dependent RNA helicase and polynucleotide-dependent
ATPase.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. AB010259

XenopusAn3 (7) andDrosophilavasa 8). Mutational analyses
of elF-4A have suggested that its RNA unwinding activity
depends upon the hydrolysis of ATP, while s&seherichia coli
DEAD box proteins can destabilize duplex RNA without ATP
hydrolysis 4,9,10).

The human p68 protein was first detected by its immunological
cross-reaction with the SV40 large T antigéf).(It has been
shownin vitro that p68 has an ATP-dependent RNA helicase
activity (6) and an RNA-dependent ATPase activiti2)(
p68-related proteins (or genes) have been found in human (p68
and p72), mouse (p6&rosophila(RM62), fission yeastipp2),
budding yeastl§BP2) and tobacco (DB10) and they compose a
p68 subfamily {3-17). The human p68 protein has been shown
to undergo dramatic change in nuclear location during the cell
cycle (L2). The yeast gen€3BP2anddbp2have been shown to
be essential for normal growtli418). However, biological
function of p68 subfamily proteins is still unclear.

Recently, we have identified a novel transcriptional activation
domain containing the GCB (GBF-conserved box) moatif in the
wheat bZIP factor HALF-11(9). In the course of searching for
proteins interacting with the GCB motif by two-hybrid screening,
we isolated a cDNA clone encoding &rabidopsis p68
homolog, termed AtDRH1. Here, we show that AtDRH1 can
unwind RNA in a dATP- as well as an ATP-dependent manner
and that several single-stranded nucleic acids, including not only
RNA species but DNA species such as poly(dT), can stimulate the
ATPase activity of AtDRH1. Further, we note a correlation

Structural modulation of RNA is fundamental to proper executioR€tween the affinity of polynucleotides for AIDRH1 and their
of a large number of intracellular processes, including mRNADIlity to stimulate the ATPase activity. Thus, Arabidopsip68
maturation, ribosome assembly and translation and often involve§$PRH1 possesses ATP/dATP-dependent RNA helicase and
group of proteins, designated RNA helicases, that can unwii@lynucleotide-dependent ATPase activities.

RNA:RNA and/or RNA:DNA duplexesl(2). A large number of

(putative) RNA helicases have been identified so far and thédyATERIALS AND METHODS

have been grouped into three families based on their amino a
sequences, i.e. DEAD, DEA/IH and DECH box familieS);

@ENA cloning of ADRH1

DEAD box proteins have been found in all the prokaryotes andlll the recombinant DNA techniques used were according to
eukaryotes examined thus f&3). They share a central core Sambrooket al. (20), unless otherwise specified. TEedRI
region with seven conserved motifs that are spaced similarliysert of pG4DD-E3 19) was recloned into thEcdRl site of
while the N- and C-terminal regions of the core differ in bothpGBT9 (Clontech) to create pGB-E3, which directs expression of

sequence and length among family membéys BEAD box

the fusion protein of the GAL4 DNA binding domain (amino

proteins are assumed to be ATP-dependent RNA helicases, baaeidls +-147) and the E3 domain of HALF-1 (amino acids
on thein vitro RNA helicase activity of the mouse translation203—256) under the control of the alcohol dehydrogenase |

initiation factor elF-4A §), the human nuclear protein p6d,(

promoter. The yeast strain HF7c [M&Tura3-52 his3-200Q
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lys2-801 ade2-101trp1-901], leu2-3 112 gal4-542 gal80-538  Similarly, two oligonucleotides, $sATCCGTATTCTATAGTGT-
LYS2ZGAL1-HIS3 URA3:(GAL4 17mers}-CYC1l-acZ carrying  CACCTAAATG-3' and B3-AATTCATTTAGGTGACACTATAG-
pGB-E3 was transformed with akrabidopsiscDNA library  AATACG-3', were phosphorylated, annealed and inserted between
(Clontech) as described by Regal.(21) and incubated at 3€  theBamnHI andEcadRl sites of pUC19 to create pUC-SP6p, which
for 5 days. A primary yeast two-hybrid screening ot 30F  carries a promoter for SP6 RNA polymerase. pUC-T7p and
clones led to the isolation of 99 Hiscolonies and their pUC-SP6p were linearized witfcoRl andHindlll respectively
[-galactosidase activities were measured. pGB-E3-dependemtd transcribed with T7 or SP6 RNA polymerase (TaKaRa)
induction of B-galactosidase activity was confirmed with theaccording to the supplier’s instruction. When labeling uR0
yeast strain SFY526 [MAT ura3-52 his3-20Q lys2-801 [a-32PJUTP (100 Ci/mmol) was included in the reaction. After
ade2-101 trp1-901 leu2-3 112 car gal4-542 gal80-538 removal of free nucleotides by passing twice through a ProbeQuant
URA3:GAL1-lac4 and a positive clone, termed cA173, wasG-50 Micro Column (Pharmacia), transcripts from pUC-T7p and
selected for further analysis. ArabidopsiscDNA library in  -SP6p were mixed in 10 mM THHCI (pH 7.5) and 100 mM
Agtll (Clontech) was screened with the cDNA insert of cA173 ddaCl and incubated sequentially af 80for 10 min and at 45°

a probe to isolat®173-1, whose insert was further used to isolatéor 3 h to obtain partially double-stranded RNA.

A173-15. All three clones were subcloned into pBluescript SK+

(PBSK-cA173, -173-1 and -173-15 respectively) and sequencgNA unwinding assay

by the dideoxy method. pBSK-173full, carrying the whole codin . i

region for AtDRH1, was generated by using restriction enzym&n€ RNA unwinding assay was carried out by the methods of
sites, Bsg and Bglll, which were located in the overlapping Hiring et al. (6) and Lee and Hurwitz 2¢) with slight

regions between cA173 add73-1 and between173-1 and modifications. Partially double-stranded RNA (0.1 pmol) was
A173-15, respectively. mixed with 20 ng (0.25 pmol) of His-AtDRH1 in 2@ of

helicase/ATPase buffer [30 mM T#$1Cl (pH 7.5), 8 mM
MgCly, 100 mM NacCl, 15 mM DTT, 3pig/ml BSA, 0.5 Ul
RNasin (TaKaRa)] in the presence or absence of 2 mM (d)NTP.
The EcaRl insert of pBSK-173full was recloned into pET-28aAfter incubation at 30C for 30 min, reactions were stopped by
(Novagen) to generate pET-AtDRH1. The His-tagged AtDRH&dding 5l of 2% SDS, 0.1 M EDTA (pH 8.0), 0.1% Nonidet
protein (His-AtDRH1) was expressed in BL21(DE3)pLysSP-40 and 10% Ficoll 400. An aliquot ({f of each reaction was
transformed with pET-AtDRH1 and purified as describedoaded onto a 0.1% SDBS5% polyacrylamide (29:1) gel,
previously (9). The bacterial pelletwas lysed in 0.1 M #I4Cl  electrophoresed at 20 mA with 8. 5BE containing 0.1% SDS,
(pH 7.5), 0.6 M NaCl, 14 mM-mercaptoethanol and 1 mM then autoradiographed.

phenylmethylsulfonyl fluoride (PMSF) by sonication and insoluble

materials were removed by centrifugation. The supernatant wASPase assay

{,3%? eNdiquhtzﬂaerH\lﬂ'll'égﬁin(;hggwgnggllll;/mxitfgirm'\? C-:%)ﬁcgf Iate'g]_ Pase activity was measured by an activated charcoal method

P ; 12). Briefly, His-AtDRH1 (40 ng) was incubated in 40 of
(pH 7.5), 0.6 M NaCl and 10 mM imidazole and with the same™“ L
buffer containing 40 mM imidazole, His-AtDRH1 was eluted!elicase/ATPase buffer containing 0.1 or 0.2 MMZPIATP

with 50 mM Tris=HCI (pH 7.5), 50 mM NaCl, 14 mM (1 Ci/mmol) in the presence or absence of 3Quingynthetic

B-mercaptoethanol, 200 mM imidazole and 50% glycerol. ThRO!Ynucleotides (Pharmacia) a’for 10-60 min. An aliquot
purified protein was stored at20°C. pl) was removed at appropriate intervals and added intpl200

of a solution containing 50 mM HCI, 5 mM3FAQ; and 7%
activated charcoal. After the charcoal was precipitated by
centrifugation to remove unreacted ATPul0f the supernatant

RNA was extracted from 7-day-old seedlings cultured in d/as subjected to Cerencov counting to quantitate released
modified Murashige-Skoog mediurd?) using TRIZOL LS [*?Plphosphate.

reagents (Gibco BRL) according to the supplier’s recommendations.

RNA blotting was performed essentially as described bizlectrophoretic mobility shift assay (EMSA)

Sambrooket al. (20). Briefly, 10 ug of the total RNA was
fractionated on a formaldehyde-containing 1% agarose ¢
stained with ethidium bromide, photographed and transferr
onto the Hybond-N filter (Amersham). In some experimentgg20
of RNA were denatured with 1.1 M glyoxal and electrophorese
The DNA probe was prepared by labeling EeRI insert of
cA173 using the Megaprime labeling kit (Amersham).

Overexpression and purification of His-AtDRH1

RNA blot analysis

'Iihe RNA binding reaction was carried out in helicase/ATPase buffer
%ntaining 0.1 pmol o#2P-labeled RNA and various amounts of

s-AtDRHL1 in a final volume of 2Ql. Where indicated, 150 ng

f a polynucleotide was added as a competitor. The mixture was

cubated at 30C for 60 min, then stopped by addingl®f 0.1 M
Tris—HCI (pH 7.5) and 50% glycerol. An aliquot (i of each
reaction was loaded onto a 5% polyacrylamide (29:1) gel containing
. 5% glycerol and electrophoresed at 20 mA withxOIBE. The
Partially double-stranded RNA RNA—protein complexes were visualized by autoradiography.

A synthetic double-stranded DNA fragment containing a promoter

sequence for T7 RNA polymerase was prepared by annealing®ESULTS

phosphorylated oligonucleotidesAGCTTAAATACGACTCA- ;

CTATAGGGCGAGAGGATCC-3and BpGGATCCTCTCGCC-  ©oning of the AIDRHT cDNA

CTATAGTGAGTCGTATTTA-3, and inserting the duplex between Yeast two-hybrid screening of amabidopsiscDNA library with

the Hindlll and Smad sites of pUC19 to create pUC-T7p. an activation domain (E3) of HALF-1 as bait led to the isolation
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tob. MAVVTASSAGPSYAPEDPTLPKPWKGLVDGTTGFIY S---Q

A.th. MAA-TAAASVVRYAPEDHTLPKPWKGLIDDRTGYLYFWNPETNVTQYEKPTPSLPPKFSPA- - - -VSVSSSVQVQQTDAY
SSSVEKPS-
MSGYSSDRDRGRDR-GFGA

KSR - - -GGDF!
YNSRGRYGGGYRNN D
1

A.th.  APPKDDDKY YGAASTRVPLI ASELSPEAYSRR-HEITVSGGQV
tob. GORYDAL TARSSSDRFHDGT GVG---====~ DISQESYCRR-NEISVTGGDV
human SG-K-KF LVKKKW- ~NLDELI YQEHPDLARR-TAQEVETY - RRSKE ITVRGHNC
mouse  PRFGGSRTGPLSG-K-KF - -GNPGEKLVKKKW- -NLDELP-KFEKNFYQEHPDLARR - TAQEVDTY - RRSKEITVRGHNC
S.cer. RPQGGNYRGGFGG-RSNY-NQ- P-QELIKPNWDEELPKLP-TFEKNFYVEHESVRDR - SDSEIAQF - RKENEMTISGHDI
S.pom. GASYG-YDQRGQG-RNFYESDGPGANLVKKDWKNE-TLIP- - FQKDFYKEHENVRNR - SDAEVTEY - RKEKEIVVHGLNV
D.mel. )DLPMRPVDF SNLAP - - FRKNFYQEHPNVANR - SPYEVQRY -REEQEITVRG-QV
cons. G YR EIVG

mature plant

seedling

A.th.  PPPLMSF-EATGFPPELLREV-LSAGFSAPTPIQAQSWPIAMQGRDIVAIAKTGSGKTLGYLIPGFLHLQRIRN-DSRMG
tob. PAPLTSF - EATGF PSEIVREM- HQAGF SAPTPIQAQSWP I ALQGRDIVAIAKTGSGKTLGYLMPAF THLQQRRK -NPQLG
human  PKPVLNFYEAN-FPANVM-DVIARQNFTEPTAIQAQGWPVALSGLDMVGVAQTGSGKTLSYLLPAIVHINHQPFLERGDG
mouse PKPVLNFYEAN - FPANVM-DVIARHNFTEPTA IQAQGWPVALSGLOMVGVAQTGSGKTLSYLLPAIVHINHHPFLERGDG 29 'k'b —
S.cer. PKPITTFDEA-GFPDYVLNEVKAE-GFDKPTGIQCQGWPMALSGRDMVGIAATGSGKTLSYCLPGIVHINAQPLLAPGDG
S.pom. PKPVTTFEEA-GFPNYVLKEVKQ-LGFEAPTPIQ( I SYCLPAIVHINAQPLLSPGDG
D.mel. PNPIQDFSEVH-LPDYVMKEIR-RQGYKAPTAIQAQGWPIAMSGSNFVGIAKTGSGKTLGY ILPAIVHINNQOPLQRGDG
cons. PP FE FP F PTIQQWPA GDV [ETOSCKIL Y PA H G 1.5 kb —

A.th.  PTILVLSPTRELATQIQEEAVKFGRSSRISCTCLYGGAPKGPQLRDLERGADIVVATPGRLNDILEMRRISLRQISYLVL
tob. PTILVLSPTRELATQIQAEAVKFGKSSRISCTCLYGGAPKGPQLRELSRGVDIVVATPGRLNDILEMRRVSLGQVSYLVL
human  PICLVLAPTRELAQQVQQVAAEYCRACRLKSTCIYGGAPKGPQIRDLERGVEICIATPGRLIDFLECGKTNLRRTTYLVL
mouse  PICLVLAPTRELAQQVQQVAAEYCRACRLKSTCIYGGAPKGPQIRDLERGVEICIATPGRLIDFLECGKTNLRRTTYLVL
S.cer. PIVLVLAPTRELAVQIQTECSKFGHSSRIRNTCVYGGVPKSQQIRDLSRGSEIVIATPGRLIDMLEIGKTNLKRVTYLVL
S.pom. PIVLVLAPTRELAVQIQQECTKFGKSSRIRNTCVYGGVPLGPQILDLIRGVEICIATPGRLLDMLDSNKTNLRRVTYLVL
D.mel. PIALVLAPTRELAQQIQQ RGCEIVIATPGRLIDFLSAGSTNLKRCTYLVL

aerial parts
roots

leaves
stems

. floral buds

cons. P LVL QQ "Ro1c YEQ PKG Q’mfl;ul:QRG I MR DL L YLVL

A.th. DEADRMLDMGFEPQIRKIVKEIPTKRQTLMYTAT XAADLLV'NPA.Q‘\;:I vmg;mgm%g ) . L )
‘GNVDELV]

B S T SO e TaiEee)  Figure 2. Expression of the ADRHL mRNAAJ Northern hybridization of

mouse  DEADRMLDMGFEPQIRKIVDQIRPDRQTLMASATWPKEVRQLAEDFLRDY IHINIGAL-ELSANHNILQIVDVCHOVEKD total RNA extracted fromArabidopsis seedlings cultured in a modified

S.cer. DEADRMLDMGFEPQIRKIVDQIRPDRQTLMWSATWPKEVKQLAADYLNDPIQVQVGSL~ELSASHNITQIVEVVSDFEKR . . ;. .

S.pom. DEADRMLDMGFEPQIRKIVDQIRPDRQTVMESATWPKEVQRLARDYLNDY IQVTVGSL-DLAASHNIKQIVEVVDNADKR Murashige—Skoog medium. Ten micrograms of total RNA were fractionated on

D.mel. DBADRHLDHGP’EPQIRI(IVSQIRPDRWI‘LHHSATHPKBVKQLAEDF[ENYIQINIGSL*ELSANHNIRQVVDVCDEFSKE L . Ny

cons. PERDRMLOMGFEPQIRKIV I RQTLM [KIWPK V. A D L 6 ELA IQ V K a 2.1 M formaldehyde 1% agarose gel and hybridization was performed using

A.th.  RRL-EQI--LR-SQEPGSKVIIPCSTKRMCDQLTRNLTRQ-FGAAATHGDKSQPERDNVLNQFRSGRTPVLVATDVAARG the cAl73 insert as a probe. A single strongly hybridizable transcigtkb

tob. RRV-EQI - -LR-SKEPGSKI I IFCSTKKMCDQLSRNLTRN-FGAAATHGDK SQGERDYVLSQFRAGRSPVLVATDVAARG . .. . N

human  EKLIRLMEEIM-S-EKENKTIVF DELT HGDKSQQERDWVLA KAPILIATDVASRG in length was detected. Positions of rRNAs are indicated at the left (2.9 and 1.5 kb).

mouse EKLIRLMEEIM-S-EKENKTIVFVETKRRCDELTRKMRRDGWPAMG ITHGDK SQQERDWVLNEFKHGKAPILIATDVASRG . N

S.cer. DRLNKYLETA--SQDNEYKTLI DDITKYLI ATHGE RNGRSPIMVATDVAARG (B) Total RNAs (20ug) prepared from aerial parts and roots of seedlings and

S.pom. ARLGKDIEEVL: IF DITRFL LA IHGDKA ‘RTGKSPIMVATDVASRG 3

D.mel. EKLKTLLSDIYDTSESPGKIIIFVETKRRVDNLVRFIRSFGVRCGAIHGDKSQSERDFVLREFRSGKSNILVATDVAARG leaves, stems and floral buds of mature plants were denatured with 1.1 M

cons . K F TKR D R A IHGDK Q ERDVL F G P ATDVA RG

glyoxal and electrophoresed on a 1% agarose gel.

A.th. LDVKDIRAVVNYDFPNGVEDYVHR IGRTGRAGATGQAFTFFGDQDSKHASDLIKILEGANQRVPPQIREMATRGGGGMNK
tob. LDIKDIRVVINYDFPTG1EDYVHRIGRTGRAGASGLAYTFFSDQDSKHALDLVKVLEGANQCVPTELRDMASRGGGMGRA
human LDVEDVKFVINYDYPNSSEDY IHRIGRTARSTKTGTAYTFFTPNNIKQVSDLISVLREANQAINPKLLQLVEDRGSGRSR
mouse LDVEDVKFVINYDYPNSSEDY IHRIGRTARSTKTGTAYTFFTPNNIKQVSDLISVLREANQAINPKLLOLVEDRGSGRSR

I moaimnea e R ERRE  acids 538-609) is rich in Gly, Arg and Ser (45 residues out of 72).
o D ey T . A R Interruption of Gly-richness by Arg or aromatic residues such as

TSFAF
cons. ov vNYD P EDY BRIGRT R G A FF K L

Ath. n s Tyr and Phe and the presence of multiple RGG motifs suggest that

tob. YNSSY GHGTYNADAP! ; ) N R ~ . <
et GRGGMXDDRRDRY R RORENYDRGY SR KRDPCAK TN SAANYTNGSF GSNFVSAGITSF RIGNPT this region is a variant of the RGG box, a motif involved in RNA

S.cer. R 546

Dihel. GrSR A binding @4). The N-terminal region (amino acids &7) has very
high similarity to DB10 [®0% similarity). This N-terminal
D e DTG ANV INGHNGOAYAYPUPOPAHIGYPHPTGYSY 614 portion seems to be specific for plant p68-type proteins, because
animal and yeast p68-type DEAD box proteins lack the
Figure 1. Alignment of the deduced amino acid sequences. thfaliana corresponding region.
AtDRH1 (A.th.), tobacco DB10 (tob.), human and mouse $&8¢charomyces

cerevisiae (S.cer.) andSchizosaccharomyces pomf®pom.) Dbp2p and ;

D.melanogasteRM62 (D.mel.). Amino acids identical among at least six proteins Expression of AIDRH1 mRNA
are shown in the consensus line (cons.), in which seven conserved helicase mo
are boxed. The amino acid length of each protein is indicated at the end.

HENA blot analysis gave a single, strongly hybridizing band of a
transcript off2.3 kb in length in the total RNA extracted from

. 7-day-old Arabidopsisseedlings cultured in a liquid medium
pfaCIOne termed cA173. The CDNA insert of cA173 &3 kb (F|g 2A) The expression level was hard|y affected by ABA,

in length and had an open reading frame (ORF) encodingNgCl and cold treatments (data not shown). The same size of
polypeptide highly similar to the N-terminal portion of tobaccomRNA was detected in the total RNA from roots and aerial parts
DB10 (15). Since cA173 was thought to be derived from theyf seedlings and the leaves, stems and floral buds of mature plants
5'-part of the mRNA, further screening ofAgtl1 library was (Fig. 2B). This is in contrast to the observation that in p68 and
performed and, consequently, two cDNA clongs73-1 and 72, two transcripts are differently expressed in different tissues
A173-15, were isolated. The nucleotide sequence assembled frpa 17). Since almost the same amount of the mRNA relative to
the three cDNAs revealed an ORF for a protein of 619 amine total RNA was detected in all the tissues examined, expression
acids (Fig1). Southern and northern blot analyses indicated thajf the AtDRH1 mRNA is constitutive and the AtDRH1 protein

a single species of MRNA was produced from a single copy geBgems to play a role in a basic activity of cells.
(Fig. 2 and not shown).

The deduced protein had high similarity with p68-type DEA P -
box proteins, including tobacco DB10 (Fig. ThisArabidopsis PRNA unwinding activity of ADRH1
protein was named AtDRHZA(abidopsis thaliandDEAD box Only a few members of the DEAD box family have been
RNA helicase ), since it was capable of unwinding RNA characterized at the protein level. To determine the characteristics of
(detailed later). AtDRH1, a His-tagged protein (His-AtbRH1) was expressed in
As shown in Figurel, seven highly conserved amino acidE.coli and affinity purified (Fig.3). First, an RNA unwinding
motifs characterizing the DEAD box proteins are all present in thactivity was analyzed using a partially double-stranded RNA as
middle region of AtDRH1 (amino acids 13332). In the SAT  substrate (Figl). The substrate RNA was stable atG@luring the
(Ser-Ala-Thr) motif, however, the first Ser residue was changeaction (Fig4B, lane 1) and heat denaturation produced a faster
for Thr in AtDRH1. The resulting sequence Thr-Ala-Thr is themigrating, single-stranded RNA (FigB, lane 2). This single-
same as the consensus motif located at the corresponding posisbanded RNA was also generated when the substrate was incubatec
in the DEA/IH family proteins3). The C-terminal region (amino with His-AtDRHL1 in the presence of ATP or dATP (E8, lanes 5
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Figure 3. Purification of the His-tagged AtDRH1 protein. Bacterially expressed
His-AtDRH1 was purified using a Rfi-Sepharose resin. Total proteins from
E.coli BL21(DE3)pLysS carrying pET-28b (lanes 1 and 2) or pET-AtDRH1
(lanes 3 and 4) before (lanes 1 and 3) or after (lanes 2 and 4) 2-h induction with
IPTG and purified His-AtDRH1 (lane 5) were separated by -SDB6 PAGE

and visualized by Coomassie blue staining. An arrow indicates the position of .
His-AtDRH1. Positions of molecular mass markers are shown at the left. o am,
and 9), indicating that His-AtDRH1 is capable of unwinding duplex 1 2 3 45 6 7 8 91011 12

RNA. Such strand displacement by His-AtDRH1 was not detected

in the absence of (d)NTPs (g, lane 3) or with any (d)NTP other  Figure 4. RNA helicase activity of AtDRH1A) Schematic representation of
than (d)ATP (Fig4B, lanes 4, 68, 10 and 11). Therefore, AtDRH1 the partially double-stranded RNA substrate. The RNA substrate contains a
is an ATP/dATP-dependent RNA helicase. A divalent cation isl0-bp duplexregion, 17-and 26-nt-long single-strand regions at¢elSand

required for the unwinding activity because the reaction was blocke Q;')'Orq‘% Sgﬁf'zm?g driﬁg"’;csﬁf/‘itt;”gefﬁgfb;t'el“’?hsér??“ﬂ s ngrg’t':bvfl[::

by adding EDTA (Fig4B, lane 12). incubated with His-AtDRH1 in the presence or absence of various (d)NTPs
(lanes 4-12). The products of the reaction were separated by-36% PAGE
ATPase activity of AtDRH1 and the radiolabeled strand was visualized by autoradiography. Lane 1, the

substrate RNA incubated under the same condition without AtDRH1; lane 2,

Most but not all of the DEAD box proteins have an ATPasethe substrate incubated for 10 min at@0lane 3, reaction in the absence of
activity. To examine the ATPase activity of AtDRH\]:?FP]ATP (d)NTP; lane 12, reaction in the presence of 25 mM EDTA.
was incubated together with His-AtDRH1 and release of
[32P]phosphate was measured by an activated charcoal methwlden an increasing amount of His-AtDRH1 was incubated with
(12). As shown in FigursA, His-AtDRH1 exhibited an ATPase the labeled RNA probe, slowly migrating bands appeared, indicating
activity, which was stimulate@B-fold by including poly(A) in  the formation of AtDRHERNA complexes (lanes-24). The
the reaction (Fig5B). In contrast, no stimulation was observedformation of these complexes was effectively inhibited by an
with poly(dA) (Fig.5). excess amount of unlabeled poly(A), poly(U) and poly(dT) (lanes 5,

We further examined the effect of other commercially availablé and 9), slightly by poly(dC) (lane 10) and little, if any, by
polynucleotides on the ATPase activity. As shown in Tapdl  poly(C) and poly(dA) (lanes 7 and 8). Such binding preference
the polynucleotides tested, besides poly(dA), stimulated thgas nearly consistent with the effect of each polynucleotide on
ATPase activity of His-AtDRH1. A high level of stimulation was stimulation of the ATPase activity (Takl§. This suggests that
observed with poly(A) and also with poly(dT). Poly(U) andthe ATPase activity of AtDRH1 depends upon its binding to a
poly(dC) stimulated the ATPase activity moderately. The effequolynucleotide.
of poly(C) was low. These results indicate that ATPase activity
can be stimulated by both RNA and DNA species and, therefore|SCUSSION

AtDRHL1 is also a polynucleotide-dependent ATPase. ) ) ] )
We have isolate@rabidopsiscDNAs encoding AtDRH1, a new

Nucleic acid binding activity of AtDRH1 rr_]er_nb_er of the DEAD box protein family. Amino acid sequence

similarity of the central helicase core region, together with the
To determine whether stimulation of the ATPase activity opresence of RGG repeats near the C-terminus, indicated that
AtDRH1 by polynucleotides is related to its ability to bind to theAtDRH1 belongs to the p68 subfamily. Biochemical analyses
corresponding polynucleotides, EMSA was performed with thaith purified, recombinant AtDRH1 revealed that it can function
32p-jabeled, partially double-stranded RNA which had been usedas an ATP/dATP-dependent RNA helicase and a polynucleotide-
the RNA unwinding assay (see Ftp). As shown in Figurés,  dependent ATPase.
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Table 1.Stimulation of the ATPase activity of AtDRH1 by polynucleotides Whereas a Iarge number of DEAD box proteins have been
identified, only a few have been demonstrated to have RNA

Polynucleotide added  ATP hydrolysis Relative ATP helicase activityn vitro, e.g. human p68, mouse elF-¥&nopus
cpm} hydrolysis (%) An3 and Xp54,Drosophilavasa ancE.coli DbpA and CsdA/
None 722 17 DeaD 6—10,25,26). In analyses of some DEAD proteins, the
Poly(A) 4235 100 failure to detect helicase activity might be ascribed to the lack of
other helper components or a suitable RNA substrate in the
Poly(U) 2537 60 reaction, as discussed for the case of p72, a p68-related human
Poly(C) 1837 43 protein (L6). Actually, elF-4A requires another factor, elF-4B, to
Poly(dA) 1118 26 fulfil the RNA helicase activity {7). Our observation that the
purified AtDRH1 exhibited a strong RNA helicase activity
Poly(dT) 3862 91

indicates that this protein can unwind duplex RNA by itself.
Poly(dC) 3275 77 The activity of AtDRHL1 in binding to partially duplex RNA

_ _ was clearly shown by EMSA (Fig6). The binding was
SATP hydrolysis was measured as release of #&hosphate. The reaction was effectively inhibited by some poly(deoxy)ribonucleotides such as
carried out at 30C for 20 min in the presence of 0.2 ml)(_/PFP]AT_P (1 Ci/mmol). on(dT) and pon(A). This may suggest that AtDRH1 binds to
Background counts due to spontaneous ATP hydrolysis, obtained from the reaction -. . .

without His-AtDRH1, had been deducted. Counts presented correspond to Qﬁrtla”y duplex RNA and po'YnUdeOtlde competitors .at the
aliquot (0.5ul) of the reaction containing 0.5 ng His-AtDRHL. same, or a closely located, site on the molecule. Since the
bThe ATPase activity in the reaction containing poly(A) was set at 100%. AtDRH1—RNA interaction occurred in the absence of ATP and
since the ATPase activity was stimulated more effectively by
polynucleotides with higher affinity for AtDRH1, irrespective of
whether they have a duplex region, the ATPase activity appears
to depend upon the binding of a single-stranded region of
polynucleotides. Taking into account that (d)ATP is required for
the helicase activity of AtDRH1, itis supposed that the unwinding
reaction would proceed in the order of RNA binding, ATP
hydrolysis and release of the destabilized molecule. It has been
shown that RNA helicase A consumes ATP at the step of RNA
releaseZ3) and thaE.coliDEAD box proteins, DbpA and DeaD,
have RNA-dependent ATPase activity but can destabilize duplex
RNA without ATP Q,10). Further work is needed to determine
whether ATP hydrolysis is required at the step where AtDRH1
e unwinds duplex RNA or where single-stranded, unwound
- molecules are released from the protein, or both.
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Figure 5. ATPase activity of AtDRH1 A) Time course of the ATP hydrolysis.

none poly(A) poly(dA)
polynucleotide added
Free [
His-AtDRH1 was incubated with 0.1 mM-p2P]ATP (1 Ci/mmol). An aliquot
was removed from the reaction mixture at the time indicated and added to a 7%rigure 6. Nucleic acid binding of AtDRH1. The partially double-stranded

activated charcoal solution. ATP hydrolysis was measured as release c_)f freeRNA (see Fig. 4A) was incubated alone (lane 1) or together with 5, 10 or 20 ng
[32P]phosphate. Background counts due to spontaneous ATP hydrolysis hadijs-AtDRH1 (lanes 24). Two slowly migrating complexes were detected at
been deducted. Reactions were performed in the presence of poly(A) (operhigher concentrations of His-AtDRH1 (lanes 3 and 4), which might be due to
circles) or poly(dA) (closed circles) or in the absence of polynucleotides (open pinding of His-AtDRH1 to both ends of the probe. Lanesl®, synthetic
squares).B) The rate of ATP hydrolysis. The initial rate of ATP hydrolysiswas  polynucleotides, indicated above each lane, were included in the reaction
calculated based on the results shown in (A). containing 20 ng His-AtDRH1.
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