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ABSTRACT. DEAD-box proteins participate in various aspects of RNA metabolism in all organisms. These
RNA-dependent ATPases are usually regarded as double-stranded RNA unwinding enzymes, though in
vitro this activity has only been demonstrated for a subset of them. Given their high biological specificity,
their equivocal unwinding activity may reflect the noncognate character of the substrates used in vitro.
Here, we pinpoint other reasons for this elusiveness. We have compared the ATPase and helicase activities
of threeE. coli DEAD-box proteins, CsdA, RhIE and SrmB. Whereas the ATPase activity of all proteins

is stimulated (albeit to various degree) by long RNAs, only RhIE is stimulated by short oligoribonucleotides.
Consistently, all three proteins can unwind RNA duplexes with long single-stranded extensions, but only
RhIE is effective when extensions are short or absent. Another critical constraint concerns the length of
the duplex region: in the case of RhIE, the ratio (duplex unwound)/(ATP hydrolyzed) drops 1000-fold
upon going from 11 to 14 base pairs, indicating a low processivity. Remarkably, allowing for these
constraints, all three proteins can unwind substrates with eitler® extensions (or no extension in the

case of RhIE). This behavior, which contrasts with that of well studied SF1 DNA helicases, is discussed
in the light of available structural and biochemical data.

DEAD-box proteins, which are characterized by eight to activity. In the former case, this activity is generally coupled
nine conserved amino acid motifs, including the D-E-A-D to a robust, sequence-independent unwinding activity. Two
motif that gave them their name and the newly discovered possible mechanisms, based mainly on studies with SF1
Q motif, constitute a large family represented in all living DNA helicases, have been proposed to account for this
organisms from viruses to mammals—(4). Together with coupling. In the active rolling modeBj, the helicase is at
their close relatives, the DEAH and DExH-box proteins, they least dimeric, and the monomers adopt two conformations
participate in many aspects of RNA metabolisb). (They that differ in their affinity for single-stranded or double-
belong to the large SF2 helicase superfamily, which itself is stranded nucleic acids. They exchange their conformational
related to the SF1 helicase superfamiBy).(The three- states when ATP is hydrolyzed, thus producing a “hand-
dimensional structures of several SF1 and SF2 proteins haveover-hand” movement that unwinds double-stranded nucleic
been determined. Despite a low overall sequence homology,acid. In the inchworm model, which has been substantiated
all of them are characterized by a structurally conserved coreby structural and enzymatic studies on Becillus stearo-
consisting of two homologous domains, the “helicase do- thermophilusPcrA helicase10), the helicase, which can be
mains” @, 7, 8). In DExH/D proteins (including DEAD- monomeric at all times, uses ATP hydrolysis for translocating
box proteins), this core, which harbors the conserved motifs, unidirectionally along single-stranded nucleic acid. Whenever
is usually flanked by specific amino- and carboxy-terminal a double-stranded region is encountered, unwinding occurs;
extensions that vary widely in length and sequerige ( further evidence suggests that the helicase does not simply

Members of helicase superfamilies possess either a DNA-wait for duplex breathing to move ahead; it also uses ATP
or an RNA-dependent nucleotide triphosphatase (NTPase)hydrolysis for actively destabilizing the duplex1].

From the similarity of their catalytic core, it might be
46;g)hifs WO{I!T W:S su_p?_orted byIC.S.RhS., Ey grar?tséno. 42t27Tan§ expected that all SF1 and SF2 proteins share a same
rom the Association pour la recherche sur le Lancer to 1. B. anzymatic activity. In particular, the DEAD-box proteins,
Zﬂg Xéﬁbﬁzrﬁﬁim\f& Fggi%é'\ggsl\f;gﬁ&gggﬁﬁgizse':sw;'\gp none qf which are known to muI_t|mer|se, would be expected
M. D.; I. F.’is a postdoctoral fellow from the European Union T. M.  t0 unwind dsRNA by translocating on ssRNA as PcrA does

R. program. on ssDNA. Yet, the very question of whether these proteins
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usually restricted to duplexes of low stability, showing that CsdA, unwinding is seen whether the extensions are located
DEAD-box proteins are poorly processive as RNA helicases 3' or 5 with respect to the duplex; as for RhIE, it can unwind
(13—-15). To explain the elusiveness of this activity, it has even blunt-end duplexes, like elF4A. However, the unwind-
been pointed out that DEAD-box proteins usually perform ing efficiency is low and drops precipitously with duplex
very specific roles in vivo and thus may exhibit a high length. The rationale behind this low processivity and
substrate specificity?). This specificity presumably reflects absence of directionality of the unwinding reaction is
the fact that these enzymes do not normally work in isolation, discussed in the light of available structural and biochemical
but together with specific proteinsl§, 17); see ref4 for data on SF1 and SF2 helicases.

review) or RNAs (8) that interact with the amino- and

carboxy-terminal extensions. These interactions, in turn, EXPERIMENTAL PROCEDURES

would activate the helicase function and direct it to definite Cloning Overexpressiopand Purification of RhIESrmB

cellular targets. The absence of these partners and/or targetésdA and CsdA. The ORFs encoding th.coli DEAD-

n vi_tr(()j.wouldt_th;an Explain the difficfultyﬂ?f detggrg E)he box proteins CsdA and SrmB were amplified by PCR from
unwinding activity. However, even for tnose DEAD-DOX plasmids pUC-deaD and pUC-srmB7j, using the following
proteins that unambiguously behave as RNA helicases, theprimerS'

rele_vance of the_ mechanistic information gathe_red from SF1 5-CATGCCATGGCTGAATTCGAAACC-3 (CsdA for-
helicases remains unclear. Thus, the prototypic DEAD-box ward primer)

protein, the eucaryotic initiation factor 4A (elF4A), is able \
to unwind even blunt-end duplexe$d( 20). This property resé;l'sCeCpGri?n'l'e%GAGTTACGCATCACCACCGAA-B(CsdA

is incompatible with the notion that unwinding requires prior )
directional movement on a single-stranded substrate. Rather, S 'ACATGGCGCC,TCTATGACTGTAACGACTTTTTC'
it fits the view that eIF4A can interact directly with dsRNA, S (SrmB forward primer)
and that it is this interaction that somehow causes unwinding 5 -TCCGCTCGAGTTACTCTTCTGTCGTTTG-3SrmB
(19). However, it is not known whether the ability of elF4A ~ reverse primer)
to unwind blunt-end RNA is shared by other DEAD-box  After sequencing, the PCR products were digested with
proteins. Xhd and Kad (for SrmB) or Xhd and Ncd (for CsdA),

The bacteriumEscherichia coliharbors a total of five ~ and ligated into the same restriction sites of the pPROEX-
DEAD-box proteins (CsdA, DbpA, RhIB, RhIE, and SrmB), HT expression vector (Invitrogen).
all of which possess a core DEAD-box domain of ca. 400 The ORF encoding RhIE was excised from pET11-RhlE
amino acids with high sequence similarity to elF4A. In ((30); a gift from Dr. A. J. Carpousis) using restriction
contrast, their carboxy-terminal extensions differ in size (from enzymesNdd andBanHI and ligated into pET-15b (Novagen)
50 to 250 amino acids) and in sequence, with usually little using the same sites.
or no similarity to any other known proteins except orthologs ~ To overcome CsdA solubility problems (see results), a
in other bacteria. Of these five proteins, DbpA has been besttruncated form of this protein was designed. To this end,
characterized enzymatically. It is so far uniqgue among the protein was subjected to limited proteolysis with proteases
DEAD-box proteins in its very strict RNA specificity in vitro.  of different specificities (trypsin, chymotrypsin, V8 protease,
Indeed, its helicase and ATPase activities are confined topapain, and bromelain), and the fragments obtained were
RNA molecules encompassing hairpin 92 of 23S rRNA, ( analyzed on 14% SDS-polyacrylamide gels. A consensus
21). RhIB participates in a multiprotein complex called the fragment of apparent molecular weight ca. 50 000 Daltons,
“RNA degradosome”, within which it assists thé—' relatively resistant to further proteolysis, was observed. The
exonucleolytic degradation of structured mRNA regions corresponding tryptic fragment was characterized by MALDI-
(22—24). The other three proteins have been less studied TOF mass spectrometry and shown to correspond to CsdA
biochemically. CsdA is a cold-shock proteid5] involved residues 1 to 446 or 448. A truncated version of ¢sdA
in the biogenesis of large ribosomal subun§){ in addition, gene,csdA\, was then constructed from the pPROEX-HT-
it plays a role in mMRNA degradatio27). This protein has  CsdA plasmid by PCR, using oligonucleotidé TAGC-
been reported to possess an in vitro RNA-duplex destabiliz- CGCTCGAGTTACGCATCTGGCGGTACGAT-&and the
ing activity that is not coupled to ATP hydrolysigg). SrmB CsdA forward primer. This amplification changes tssA
is involved in the assembly of the 50S ribosomal subunit codon 444 into a stop. The amplified fragment was digested
(29). In vitro, it shows RNA-stimulated ATPase activit®9), with Ncd and Xhd and ligated into pPROEX-HT as above.
and it has recently been found to possess a weak in vitro The final construct was verified by sequencing.
unwinding activity @8). Little is known on the in vivo role For protein overexpression, tke colistrains BL21(DE3)
or in vitro properties of RhIE. or BL21star (Invitrogen) were transformed with the ap-

Taking the less characterizéd coli proteins SrmB, CsdA,  propriate plasmids. Cells were grown to an £&fbf 0.5~
and RhIE as examples, we attempt here to rationalize thel.0 in LB supplemented with 0.01% ampicillin at 3T;
elusiveness of the unwinding activity of DEAD-box proteins. they were then induced at 2& or 37 °C for 2—4 h with
First, we show that short oligonucleotides are inefficient in 0.5—1 mM isopropyl-1-thiog-p-galactopyranoside (the exact
stimulating the ATPase activity of SrmB and CsdA (but not conditions were optimized for each protein). Cells were
RhIE). Consistently then, only duplexes carrying relatively harvested, frozen at20 °C, thawed, resuspended on ice in
long single-stranded extensions can be unwound by SrmB“binding buffer” (0.5 M NaCl, 20 mM Sodium/Potassium
and CsdA. Overlooking this requirement, which may be Phosphate buffer pH 7.4) supplemented with 10 mM
common among DEAD-box proteins, would have prevented imidazole, 1 ug/mL pepstatin (Roche), and tablets of
detection of the unwinding activity. Second, for SrmB and Complete EDTA-free protease inhibitor cocktail (Roche).
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The cells were sonicated on ice and the extract was RNA oligo —3a 5-AACAAAACAAABAGCACCGUA-
centrifuged at 15,000 g for 15 min at’€. The supernatant AAGC-3'

was loaded on a HiTrap Chelating HP column (Amersham  (26mer complementary to RNA oligel and+2 with a
Pharmacia Biotech) equilibrated at@ with binding buffer 5'-single-stranded extension)

+ 10 mM imidazole, and the column was extensively washed o\ A oligo —3b: 5-UAGCACCGUAAAGCAAAACAAAA-
with binding buffer+ 50 mM imidazole until the output CAA3 '

OD,go leveled off. The higtagged protein was then eluted . .
with binding buffer+ 120 mM (for RhIE), 200 mM (for ~_ (26mer complementary to RNA oligel. and+2 with a

SrmB) or 400 mM (for CsdA and Csd¥) imidazole. The 3 -Single-stranded extension)

eluate was diluted with binding buffer to decrease the RNA oligo —4: 5-UAGCACCGUAAAGCAAAACAAAA-
imidazole concentration below 50 mM and then supple- CAAAACAAAACAR'

mented with 0.1 mM EDTA and 5 mM-mercaptoethanol. (36mer; complementary to RNA oligel and+2 with a
His-tags were removed by digestion with the appropriate 3'-single-stranded extension)

protease: thrombin (Novagen) for RhIE and a purified his- RnA oligo —5: 5-AACAAAACAAAACAAAACAAAA-
tagged version of the TEV protease (gifts of Dr. Song Tan cAAAACAAAAAGCACCGUAAAGC-3

(Pennsylvania State University) and Dr. Jennifer Doudna (46mer; com ; ;
. i ) ; plementary to RNA oligal and+2 with a
(Yale University)) for CsdA, CsdA, and SrmB. Thrombin 5-single-stranded extension)

was used 82 U (Novagen definition)/mg of his-RhIE i ) )
during 16 h at 20°C and TEV protease at a 3%(w:w) The regions of oligos-3 to —5 that lack complementarity

protease/protein ratio during 16 h at 20. In the case of to +2 are italicized; they correspond to the same reiterated

thrombin, the protease was removed by incubation with MOtif (CA4).
Antithrombin Ill-agarose beads (Sigma) followed by filtra- ~ For unwinding and filter binding assays, RNA oligt
tion. DEAD-box proteins were then further purified on a and RNA oligot-2 were 5-32P-labeled with T4 polynucleo-
second HiTrap Chelating HP column to remove undigested tide kinase (New England Biolabs) and-{P]JATP. Duplex
tagged-protein, TEV protease, released his-tags and conRNA substrates were formed by annealing equimolar amounts
taminants not removed by the first chromatography. The of complementary strands in 100 mM KCI, 10 mM Hepes
purified proteins were eluted in binding buffer 50 mM pH 7.5, heating the mixture at 9& for 1-2 min and then
imidazole, dialyzed extensively versus “storage Buffer” (see slowly cooling it to 15°C; the final concentrations of the
below), concentrated with Centricon YM-30 (Millipore), oligonucleotides in the annealing mix wereu81 or 100
flash-frozen in liquid nitrogen by aliquots and stored-®0 M, depending on the intended use (i.e., high concentrations
°C. The storage buffer was 75 mM KCI, 10 mM Hepes pH were needed for ATPase assays but not for the other assays).
7.5, 0.1 mM EDTA, 1 mM DTT (for RhIE), or 100 mM  When preparing substrates for the helicase assays, the
KCI, 20 mM Hepes pH 7.5, 10%(v:v) glycerol, 0.1 mM concentration of the “cold” strand of the duplex was kept in
EDTA, 1 mM DTT (for SrmB and CsdA). These three  excess over thé?P-labeled one (&M vs 3 uM), to ensure
proteins could be concentratedt@ mg/mL in these buffers; ~ essentially complete incorporation of the label into the duplex
on the other hand, CsdA could be not be concentrated beyondexperimentally, we found that the proportion of radioactivity
1 mg/mL in a 1M NaCl, 20 mM Hepes pH 7.5, 0.1 mM present in the duplexes reached-80%). Duplexes were
EDTA, 1 mM DTT buffer. Concentrations of the proteins kept at 4°C and used within a few days of their preparation.
were calculated from their Olg, using extinction coef- ATPase Assay$\TPase activity was measured at 25
ficients estimated from their amino acid composition by using a coupled pyruvate kinaskactate dehydrogenase
ProtParam (available at the Expasy Web site). The homo-assay 81). In this assay, ATP hydrolysis is continuously
geneity of protein samples was checked by 12% SDS- coupled to the oxidation of NADH, which is monitored by
polyacrylamide gel electrophoresis. changes of absorbance at 340 nm. Spectrophotometric

RNA Substrates. E.cdRNA and rRNA, poly dA, polyA, measurements were performed either on a Uvikon942
polyC, and polyU were purchased from Sigma, and oligori- spectrophotometer (Kontron Instruments) or on a Dynatech
bonucleotides 4 A and Ay, from Eurogentec. They were  MR5000 microplate reader (Dynex Technologies). ATP
resuspended in 10 mM Tris/HCI pH 8, 1 mM EDTA, and hydrolysis rates were directly derived from linear fits of
their concentration was estimated from &gusing extinc- ODa3g40 VS time, assuming an extinction coefficient of 6300
tion coefficients provided by the manufacturers. The oli- M~t cm! for NADH. Incubation time was 530 min,
goribonucleotides used in helicase assays (and in thedepending on reaction rate. The concentrations used in the
corresponding ATPase assays) were from Dharmacon Re-assay were as follows: nucleic acids as indicated, DEAD-
search; they were deprotected following manufacturer's box protein 0.05-0.5uM (this concentration was kept below
instructions, resuspended in®, and quantified as above. that of nucleic acids), pyruvate kinase, and lactate dehydro-
Their sequences, adapted from Rogers efld), are arbitrary genase 10 and 20 units/mL respectively (units as defined by
designed to avoid secondary structures. The sequences arthe manufacturer), NADH 25@M, phosphoenolpyruvate
the following: 400 uM, ATP/Mg (a stoichiometric mix of MgGl and

RNA oligo +1: 5-GCUUUACGGUG-3 (11mer) nucleotide) 1.25 mM. Buffer was 75 mM KCI, 10 mM Hepes

RNA oligo —1: 5-CACCGUAAAGC-3 (11mer comple- pH 7.5. Blanks without DEAD-box protein were subtracted
mentary to RNA olige-1)

RNA oligo +2: 5-GCUUUACGGUGCUA-3 (14mer) 1 iationa- : . e .

RNA oligo —2: 5-UAGCACCGUAAAGC-3 (14Mer  reading rame. TEV. tobacco eich v, AMPNP. 5 aceniyimido- "
complementary to RNA oligb2) diphosphate; bp, base pairs; nt, nucleotides.




7860 Biochemistry, Vol. 43, No. 24, 2004 Bizebard et al.

from the measurements. Data from two or three independent A
experiments were analyzed using KaleidaGraph (Abelbeck ¢ éb §V
Software). & G & &

Helicase AssaydJnless otherwise stated, helicase assays " = | 200 kpa
were performed at 28C under the following conditions: ; | 97 kDa
concentrations of DEAD-box protein as indicated in Figure — | 66 kDa
legends?P-labeled-duplex RNA 10 nM, unlabeled single- -
stranded RNA “trap” 200 nM, ATP/Mg (or AMPPNP/Mg) -0
2 mM, RNasin (Promega) 2 unitd/. Buffer was 100 mM ‘ : -

KCI, 20 mM Hepes pH 7.5, 10%(v:v) glycerol. The RNA | 31 kDa

trap is the unlabeled counterpart of the labeled duplex strand. :

This trap, which is present in large molar excess over the

duplex, proved absolutely necessary to prevent the corre- = L 21508
sponding®?P-labeled strand from reannealing during the ""'” N

course of the assay. The DEAD-box protein was added last B

to start the reaction. After the indicated time, aliquotgi(4 DEAD-box core

were removed from the assay, mixed on ice withLlof a RhIE . e

stop solution containing 50% glycerol, 20 mM EDTA, 2% 14 340 454

SDS and bromophenol blue, and analyzed on 18% native SrmB . Pt
polyacrylamide gels (19:1 acrylamide/bis) in 1XTBE buffer 17 343 444

at £C. In some cases, “shifted” RNA bands, presumably CsdA H I Ht oAttt
corresponding to strong DEAD-box protein/RNA interaction 18 339 628
that withstand the protein-denaturing conditions of the stop CsdAA E—

solution, were observed. To eliminate this problem, these 18 339 443

samples were mixed with a stop solution supplemented with Fgure 1: The DEAD-box proteins used in this study. (A) PAGE
2 mg/mL proteinase K and incubated for 5 min at 25 analysis. Proteins (ca. 750 ng) were separated on a 12% SDS-
before electrophoresis. Gels were visualized and quantifiedPolyacrylamide gel and stained with Commassie blue R-250.

; _ ; Y- ; Indicated on the right are positions of size markers. (B) The catalytic
with an FLA-3000 phosphorimager (Fuji); the fraction of cores of the four proteins (open rectangles) were defined by the

*?P-labeled-RNA present in duplex form after timevas software Pfam 45). Nonconserved regions (mostly C-terminal
taken as(double-stranded)&(single-stranded}- R(double- extensions) are drawn to scale as thin lines. Figures below each
stranded)), wherB(x) represents the amount of radioactivity protein indicate residue numbering. Symboisi#+, represent
(corrected from background) present in the corresponding highly basic regions (i.e., stretches of at least 30 residues with a

P P : : theoretical pl above 10). The CsdA region marked “a” displays
spot. Unwinding kinetics was analyzed with KaleidaGraph some sequence similarity to the C-terminal extension ottloeli

from two independent experiments. DEAD-box protein DbpA £8).
Filter Binding Assays.Reactions mixtures (10Q:L) ) ) . ) o
contained 1 nM oB2P-labeled-RNA, 0 or 1.5 mM AMP the N- and C-terminal extensions, is schematized in Figure

PNP/Mg or ADP/Mg, and variable concentrations of RhIE. 1B-

Buffer was 75 mM KCI, 10 mM Hepes pH 7.5. The mixture ~ CSdA was found to be poorly soluble under the low salt
was incubated for 30 min at 25C before filtering on a  conditions used in ATPase and helicase assays. Whereas

house-made dot-blot apparatus as3@)( After quantifica- dilute protein solutions can be used for ATPase measure-
tions with the FLA-3000 phosphorimager, binding curves Ments, helicase assays require higher concentrations. To
were analyzed with KaleidaGraph. obviate this difficulty, these assays were performed with a

truncated version of the protein (CsdAlacking most of
the C-terminal extension. The C-terminus of CadAvas
chosen so that it matches that of the protease-resistant core
resulting from limited digestion of the full-length protein
(Figure 1B; see Experimental Procedures). CAdWas
overexpressed from a shortened version of ¢tkdAgene
RESULTS and purified as for other proteins. It was far more soluble
than the intact protein at low or moderate NaCl concentration
Cloning Overexpressiopand Purification of E.coli DEAD- (=0.15 M). Importantly, the intact and truncated proteins
Box Proteins. The csdA rhlE, and srmB genes were behaved very similarly in ATPase assays (see below).
subcloned into the pET-15b or pPROEX-HT expression CsdA CsdM\, RhIE and SrmB are RNA-Stimulated
vectors, which allow the inducible overexpression of the ATPases that Differ in Their Specificities for RNXext,
corresponding proteins with an N-terminal tag. This tag the ATPase activity of the four proteins was compared in
consists of an (hig)peptide followed by a cleavage site for the presence or absence of natural RNAs, or of synthetic
thrombin (pET-15b) or TEV protease (pPROEX-HT). The RNA or DNA homopolymers. In all cases, activity was
overexpressed proteins were purified to homogeneity (Figurebarely detectable with the isolated proteins, but it was
1A) by nickel affinity chromatography, followed by pro- strongly stimulated by a variety of RNA substrates (Table
teolytic removal of the tag and further purification of the 1;as described in Table legend, the RNA concentrations used
cleaved product (see Experimental Procedures). The structureorrespond in most cases to near-maximal ATPase stimula-
of the different proteins, showing the DEAD-box core and tion). Strikingly, whereas for RhIE the activity varied only

Estimation of Errors All assays were performed at least
in duplicate. In general, the values obtained differed by less
than 15% except for very low values (i.e., close to back-
ground level) where the relative errors were occasionally
higher.
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Table 1: Stimulation of the ATPase Activities of RhIE, SrmB,
CsdA, and CsdA by Nucleic Acid$

nUC|eiC aCid VATPase VATPase VATPase VATPase

stimulator (RhIE) (SrmB) (CsdA) (CsdAA)
none 06 <05 <0.5 <0.5
E.colitRNA 80 1.2 30 35
E.colirRNA 90 8 36 40
poly C 105 15 nd 52
poly U 170 12 90 70
poly A 130 24 60 64
poly dA 18 <0.5 1.8 0.6
rAg 45 <05 <05 nd
rAss 110 12 1.8 1.0
rAz 120 3.6 1.8 6
RNA oligo-2 (14men) 110 <05 nd 7
RNA oligo-3a (26me) 135 1.0 nd 24
RNA oligo-4 (36men) 130 11 nd 60
RNA oligo-5 (46mer) 130 8 nd 54

a ATPase activities are expressed in moles of ATP hydrolyzed per
minute per mole of protein. Nucleic acid concentrations are /Ag0
mL for large molecules and 05 uM for oligonucleotides; in most
cases they allow near-maximal stimulation of ATPase activity. By

analogy, the same concentrations were used when little or no stimulation
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the 26-mer was efficient for Csd® as well; on the other
hand, stimulation of SrmB required the 36- or 46-mers (Table
1).

Unwinding Actbity. The three proteins RhIE, Csad¥ and
SrmB were then assayed for their unwinding activity toward
short RNA duplexes (11 or 14 base pairs), carrying or lacking
5' or 3 single-stranded extensions. The sequence of the 14
bp duplex was taken fromld); the 11 bp duplex, which
was derived from the 14 bp duplex by removing 3 external
base pairs, is significantly less stable@ = —18 kcal/mol
versus—24 kcal/mol (4)). As for the extensions, they consist
of partial or complete repetitions of the GAnotifs; their
length is 12, 22, or 32 nucleotides in the case of the 14-mer
duplex (see Experimental Procedures). In all casest 8
extensions were added to the same strand of the duplex
(conventionally the lower one in Figures 2 and 3), leaving
the complementary (or upper) strand invariable. The latter
was first B labeled with 3P, and the two constituent
oligonucleotides were annealed as described in Experimental
Procedures. Unwinding activities were assayed in the pres-

was observed. Results are averaged from two or three independen€NC€ Or absence of either ATP or of AMPNP (a non-

experiments? For the sequences of the RNA oligonucleotides, see
section Experimental Procedurésid = not determined.

2-fold with the nature of the RNA used, for SrmB, far larger
variations were observed. Thus, SrmB was efficiently
stimulated by polyA and polyC but not polyU; among
heteropolymeric RNAE.colirRNA was much more efficient

hydrolysable ATP analog), using a classical electrophoretic
method 84) (Figure 2). In a preliminary set of experiments,
AMP—PNP was shown to be a competitive inhibitor of
RNA-stimulated ATPase activity for all three proteins.
Helicase assays were routinely performed in the presence
of an excess of the unlabeled upper strand (“cold trap”) to
prevent the labeled duplex from reassociating after unwind-

than tRNA (Table 1). However, even in the presence of the ing. As for the concentrations of proteins used, only RhIE

most efficient RNA stimulators, the ATPase activity of SrmB
remained much lower than that of RhIE (Table 1). In all
respects, the CsdA (and Csdiprotein behaved interme-

diately between SrmB and RhIE. In no case could poly(dA)
substitute for poly(A) in ATPase activation, consistent with

could be assayed in conditions where it saturated its
substrates (Figure 2A); Csdand SrmB, which have a
lower apparent affinity for RNA (see Figure 3), were used
at close to maximal achievable concentration.

RhIE was able to unwind all the 14-mer duplexes used,

previous observations that DNA cannot stimulate the ATPasewhatever the length and position’ (8r 5) of the single-

activity of elF4A 33).
Interestingly, whereas for all proteins poly(A) stood among

stranded extension present (Figure 2B). In particular, like
elF4A, it was able to dissociate efficiently a blunt-end

the most efficient stimulators, oligoadenylates behaved duplex, indicating that helicase activity does not require a

differently in this respect (Table 1). Even an oligoadenylate
as short as (A) stimulated the ATPase activity of RhIE
efficiently (i.e., to 35% of the level observed with poly(A)),

and longer oligoadenylates were nearly as efficient as poly-

(A) itself. In contrast, oligoadenylates were poor stimulators
of SrmB, CsdA, or CsdA: stimulation by (A} or (A)ss, if
any, was marginal, and stimulation by gAyvas only a few

% of that of poly(A) (Table 1). Because poly(A) and

ssRNA handle. In no case was unwinding observed in the
absence of ATP or in the presence of AMPNP, showing
that it requires ATP hydrolysis. In contrast, the unwinding
activity of proteins SrmB and Csd\was far more elusive.
CsdAA was only able to dissociate the 14-mer duplex
provided it carried extensions of 12 nt or more (Figure 2B
and data not shown); even in this case, compared with RhIE,
much higher CsdA concentrations were required to reach

oligoadenylates are not expected to differ in structure, we the same unwinding activity (cf. Figure 2 legend). Interest-
conclude that RNA must exceed a certain length to stimulate ingly, although CsdA was unable to unwind the blunt end
the ATPase activity of these DEAD-box proteins; moreover, duplex, it was nearly as efficient in unwinding substrates
this critical length is longer for SrmB and CsdA (or CstipA carrying either 5or 3 extensions (Figure 2B), suggesting
than it is for RhIE. This effect was also apparent with that also in this case unwinding does nor require a ss RNA
oligonucleotides of heterologous sequence. To document thishandle of defined polarity. With SrmB, no unwinding was
point, we used 1446-nt oligonucleotides corresponding to observed with any of the 14 bp duplexes, whatever the nature
one of the strands of the duplexes used in the unwinding or length of the extensions (not illustrated). To test the
assays (see below and Experimental Procedures). ForACsdA possibility that SrmB is able to unwind weaker duplexes,
and SrmB, the activities observed with these oligonucleotidesthe assays were repeated with 11 bp duplexes. Even very
were not strictly in line with those observed with oligo- high concentrations of the SrmB protein were unable to
adenylates, further confirming the effect of the RNA dissociate the blunt-end 11 bp duplex at a rate above
sequence on the stimulation of these proteins. However, thebackground. Similarly, duplexes with the shortest (15 nt)
major, protein-dependent effect of the oligonucleotide length single-stranded extensions were not detectably unwound
was still apparent in this series. Thus, whereas the 14-mer(Figure 2C and results not shown). In contrast, a weak but
was efficient in stimulating the ATPase activity of RhIE only, unmistakable unwinding activity was observed with 11 bp
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Ficure 2: RNA unwinding activities of RhIE, CsdA, and SrmB. The duplexes used are schematized above the corresponding lanes;
figures underneath refer to the length of the longest strand. (A) Unwinding activity of RhIE toward the 14 base-pairs blunt-end RNA
duplex. Incubation was for 60 min at 2& in the presence of ATP; RhIE concentration wag\0 (lane 1), 0.1uM (lane 2), 0.5¢M (lane

3), LuM (lane 4) and 5uM (lane 5). (B) Unwinding activities of RhIE and CsdAtoward a 14 base-pairs RNA duplex. The duplex is
either blunt-end (lanes-13), or flanked with 12-nucleotide-long single-stranded extensions located €itfienés 4-7) or 3 (lanes 8-11)

to the duplex. Incubation was for 60 min at 26 with 0.7 uM RhIE or 6 uM CsdAA. In control reactions (-ATP), AMPPNP was used
instead of ATP. (C) Unwinding activities of SrmB with a 11 base-pairs RNA duplex. Duplex is either blunt-end (laBgsoi flanked

with 25-nucleotide-long '3single-stranded extensions (lanes&) or with 35-nucleotide-long'ssingle-stranded extensions (lanesd).
Incubation was for 10 min at 2%C in the presence of ZM SrmB.

duplexes carrying longer extensions. Again, this activity was blunt end duplex unable to switch on the ATPase activity,
observed whether these extensions are locateat 8 to but appending 15 nt extensions was not sufficient either:
the duplex (Figure 2C). longer extensions (25 or 35 nt) were required (Figure 3C).
As seen above, the ATPase activity of the three DEAD- Again, these requirements match those observed in the
box proteins respond very differently to individual RNA unwinding reaction. Thus, many duplexes that resist unwind-
substrates (Table 1). Therefore, their unequal ability to ing presumably do so because they cannot activate the
unwind individual duplexes may reflect a differential stimu- ATPase activity of the corresponding protein. However,
lation of their ATPase activity. To test this possibility, the efficient ATPase stimulation was not a guarantee that
ATPase activity of the three proteins was measured in the unwinding will take place. Thus, like their 11 bp counterparts,
presence of the same duplexes used in helicase assays (Figutbe 14 bp duplexes carrying long extensions (22 or 32 nt)
3). Interestingly, whereas for individual proteins the degree were able to stimulate the ATPase activity of SrmB (not
of ATPase stimulation eventually varied widely with the illustrated). Yet, in contrast to the 11 bp duplexes, they were
duplex used, it generally remained within a factor of 2 of resistant to unwinding (see above). This suggests that a
the stimulation observed with the longest strand from the duplex must fulfill two requirements for being a helicase
same duplex (compare Table 1 and Figure 3). This result substrate: it must be able to stimulate the ATPase activity,
suggests that the length of the RNA is more important than and it should also not be too stable. This latter point was
its ss- or ds-character for ATPase stimulation. In particular, explored further in the case of RhIE.
all duplexes used, including the blunt-end 14 bp duplex, were RhIE is Comparatiely Inefficient in Unwinding Longer
able to stimulate the ATPase activity of RhIE to levels similar DuplexesTo further assess the effect of duplex stability on
to the natural or synthetic RNAs assayed in Table 1 (Figure the helicase reaction, we compared the rate of unwinding of
3A). As for CsdA\, the 14-mer blunt-end duplex was not the blunt-end 11 and 14 bp duplexes by RhIE, which exhibits
able to stimulate its ATPase activity, but duplexes carrying robust activity. To this end, the dissociation of the labeled
extensions of 12 nt or more were, whether these extensionsduplexes (cf. Figure 2) was quantified as a function of time,
were located 3or 5 to the duplex (Figure 3B). Thus, the and the data were used to evaluate the unwinding rates after
unwinding and ATPase activities have identical substrate subtracting the slow spontaneous dissociation observed in
requirement in this case. It is noteworthy that much higher the absence of ATP (Figure 4A). Under the conditions used
duplex concentrations were required to stimulate the ATPase(see Figure 4 legend), the initial rate of unwinding was 70-
activity of CsdAA compared with RhIE, suggesting a lower fold higher for the 11 bp than for the 14 bp duplex. This
binding affinity. As concerns SrmB, not only was the 11 bp major impact of duplex length upon unwinding reaction was
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0 frmsem e e e T T T L& m2® and 0.2 nM/min for the 11- and 14-bp duplexes, respectively. (B)
0 2 4 6 8 0 11 ATPase activity was monitored under the same conditions as
RNA (uM) unwinding, except that the cold RNA trap was omitted. Since the

enzyme is present in large excess over RNA, the ATPase activity
arising from the duplex must be the same whether the cold trap is
present or not. Because the duplex reanneals rapidly under these
dconditions (see experimental procedures), its concentration remains
constant, hence the constant rate of the ATP consumption over time.
dThis rate ¥'o) is 0.1uM/min for the 11-bp duplex and 2M/min
for the 14-bp duplex. The energetical yield of unwinding was
calculated fromvy andV'y (see text).

Ficure 3: Stimulation of ATPase activity by duplexes used in
helicase assays. The velocitiegfpas9 Of the ATPase reactions
(in moles of ATP hydrolyzed per minute and per mole of protein)
are shown as a function of the concentration of the duplexes use
in the helicase assays. A, B, and C correspond to RhIE, @sdA
and SrmB, respectively. The duplexes used are represente
schematically as in Figure 2. The curves represent best fits to
equations:Varpase= Vma(1+Kapd[RNA]). Note that the abscissa
scale in A differs from that of B and C, underlining the higher

apparent affinities of RhIE for the duplexes, as compared to @sdA  pEAD-hox proteins have also led to the conclusion that these
or SrmB. - . .

proteins are very poorly processive as RNA helicad&s (
even more striking when it was compared with the ATPase 19).
activity in each case. Indeed, with the concentration used in  Unwinding Corresponds to a Bona-Fide ATPase:l@n
the unwinding assay, the 14 bp duplex was 20-fold more Helicase Actiity. One recurrent concern about helicase
efficient than the 11 bp duplex for ATPase stimulation assays is that they are usually conducted under conditions
(Figure 4B). Comparison of the unwinding and ATPase rates of excess enzyme, casting doubt on the fact that helicase
then shows that the unwinding of one 11 bp duplex is activity is really enzymatic. Indeed, duplex dissociation might
accompanied, on the average, by the hydrolysis of 10 ATP just reflect the preferential binding of the protein to ssSRNA.
molecules, whereas for the 14 bp duplex this figure raises Besides the fact that unwinding is ATP-dependent, two
to 10%. As an interpretation for this highly variable yield, arguments argue against this view in the case of RhIE. First,
we propose that RhIE can only unwind a few base-pairs at when cold trap was omitted from the helicase assay so that
the time of each ATP hydrolysis, and that this limited the dissociated oligonucleotides are free to reanneal, no
unwinding is readily reversible. Whereas for short duplexes unwinding was observed, suggesting that the separated
it will frequently lead to complete dissociation, for longer oligonucleotides are not kept apart by protein binding (not
ones the most probable outcome is the reannealing of theillustrated). Second, using a filter-binding assay, we have
few opened base-pairs, hence the very low dissociation yield.measured the affinities of RhIE for the blunt-end 14-mer
On the basis of different evidence, previous work with other duplex used in helicase assays or for its constituent single-
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A 100+ mer duplex was several orders of magnitude larger than that
for the 11 bp duplex. Altogether, the experiments with
- — oligoadenylates suggest the existence of a minimal length
’/" — . beyond which RNA molecules cannot stimulate ATPase; this
minimal length differs markedly among DEAD-box proteins.
The experiments with duplexes fit the view that provided
they meet the length requirement for ATPase stimulation,
duplexes can be unwound by the DEAD-box proteins
whether they carry '50or 3 ss extensions, or even no
extension at all; however, unwinding is restricted to duplexes
: : . of low stability. These two points will be discussed sepa-

@
o
1

%RNA
bound to filter

[Rh"g] M) 8 4 rately.
Stimulation of the ATPase Acily. Why are some DEAD-
B 10 box proteins unable to use pligoribonucleotiddmluding
- the synthetic duplexes used in unwinding assdgs switch-
50 - ing on their ATPase activity? It is unlikely that these proteins
are unique in that their helicase core cannot bind short
geo_ oligonucleotides, because available data suggest that the
Seo structure of this core is highly conserved and can bind single-
§§ 40 - stranded nucleic acids as short asl® nt or even less(
8 33, 35, 36). Alternatively, these proteins may only be
20 - functional as multimers. Some of them (e.g., RhIE) would
multimerise on their own, whereas others (e.g., CsdA or
. SrmB) would require the presence of a long RNA molecule
0 ' 2 3 4 to bridge individual monomers. However, as noted above,
[RAIE] (M) there is at present no evidence that DEAD-box proteins can
FiGURE 5: Binding of RhIE to the 14-base-pairs blunt-ended RNA  multimerise (yet theMethanococcus jannaschéiquivalent
duplex (A), and to one of its constitutive strands (RNA otigh) of elF4A packs as a dimer in the cryst@7)). A more

see Experimental Procedures) (B), were measured by a filter binding . P .
assay. The reaction mixtures contained either 1.5 mM ANRP/ attractive possibility is that, besides the conserved RNA-

Mg (Squares), 1.5 mM ADP/Mg (Circles), or no nucleotide b|nd|ng traCk |0cated Wlthll’l the hellcase core, some Of these
(triangles). The curves represent best fits to a simple binding proteins possess at least another RNA binding site in less
equilibria. conserved regions of the core or in the N- and C-terminal
) ] ) ~ extensions (cf. Figure 1B). The binding of RNA to this
strand oligonucleotides, in the presence or ab;enpe (_)f e'thersecondary site(s) would then strengthen RNA binding to the
ADP or AMP—PNP. In no case was preferential binding of core provided the RNA template is long enough to bridge
RhIE to ss RNA observed (Flggre 5), furjth_er supporting the the two sites. Supporting this view, the C-terminal extension
enzymatic character of the helicase activity. of the DEAD-box protein DbpA is thought to encompass a
binding site for helix 92 of 23S rRNAI1Q). In this case,
DISCUSSION only RNA molecules carrying extensions fused to helix 92
In this article, we have compared the in vitro properties (either 5 or 3) can act as ATPase stimulators or as substrates
of three DEAD-box proteins frori. coli, RhIE, SrmB and for the unwinding reaction, presumably because the binding
CsdA (for convenience most experiments were actually done of helix 92 to the C-terminal domain facilitates the interaction
with a C-terminally truncated version of CsdA, Cstip All of RNA with the helicase corel@). Similarly, SrmB and
three proteins exhibit ATPase activity when incubated with CsdA (or CsdA\) might also bind RNA (albeit with little
a variety of RNA species, a property presumably shared by or no specificity) through additional sites besides the RNA-
all DEAD-box proteins. Yet, whereas the various RNAs binding track of the helicase core, and this binding would
tested were nearly equivalent in stimulating RhIE, with SrmB help delivering it to the core. In contrast, for RhIE, binding
and CsdA\ they were not. Indeed, oligoadenylates down to of RNA to the core would be strong enough for proficient
the 9-mer stimulated the ATPase activity of RhIE almost interaction even without the help of extra binding site(s).
like long poly(A) molecules, whereas for CsdA and SrmB, Further work is needed to evaluate this hypothesis.
they were completely inefficient (Table 1). This differential Mechanism of Helicase ActioiThe 3D structure of the
response was not limited to oligoadenylates: it was also helicase domains from SF1 and SF2 proteins is highly
observed with two blunt-end 11- or 14 bp RNA duplexes, conserved, arguing for a common enzymatic mechanism. The
which stimulated the ATPase activity of RhIE but not CsdA “inchworm” mechanism, as proposed for the hepatitis C virus
or SrmB. Not unexpectedly then, only RhIE was able to SF2 helicase NS36) and further documented by structural
unwind these duplexes in an ATP-dependent reaction. In studies on theB. strearothermophilu$SF1 DNA helicase
contrast, these same duplexes, when bearing long endugh 5PcrA (10), may therefore apply to most of SF1 or SF2
or 3 single strand extensions, could stimulate the ATPase helicases, at least to those that are monomeric. In this
activity of CsdA and SrmB; meanwhile, unwinding was mechanism, depending upon which nuclectidd®P or
observed. However, with SrmB, unwinding was restricted ATP—is bound, the distance between the two helicase
to the weaker (11 bp) duplex, and even with RhIE, the domains increases or decreases; meanwhile, the affinity of
amount of ATP hydrolysis required for unwinding the 14- the two domains for sSDNA alternates, so that the protein
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uses ATP hydrolysis to translocate directionally on ssDNA. more efficiently than its counterparts with the inappropriate
Whenever ds regions are encountered, they must be peele@xtension, which would rely upon ds-RNA fraying; yet this
off as a consequence of this translocation; however, PcrA odd behavior has not been observed here. Another interpreta-
appears to also use ATP hydrolysis for actively destabilizing tion, which does not require translocation at all, has been
the duplex 10). At first sight, our observations with DEAD-  put forward by Rogers et al. in the case of elF4&)( In
box proteins are at odds with such scenario. Whereas forthis simple model, the protein interacts with ds-RNA
SrmB or CsdA, the stimulation of ATPase by duplexes statically; ATP hydrolysis then leads to local unwinding of
carrying ss extensions could reflect directional translocation the duplex, which can lead either to complete dissociation
over these extensions, it is difficult to imagine how this might or to reannealing, depending upon duplex stability. This
result in the unwinding of duplexes irrespective of their model, which is clearly compatible with our results, would
position — 5 or 3 — with respect to the extension. Even however imply that PcrA-like enzymes and DEAD-box
more striking is the case of RhIE, for which ATPase proteins use very different mechanisms for unwinding. It is
stimulation and unwinding are observed even without any noteworthy that a distinctive feature common to this model
ss extensions. Moreover, the ability to unwind duplexes and the ds-translocation mechanism is the existence of a
whatever the polarity of ss extensions do not seem uncom-direct interaction between DEAD-box proteins and ds-RNA
mon among DEAD-box proteins. Thus, like RhIE, elF4A during the unwinding process.
has ATPase and unwinding activities on blunt-end duplexes
(19, 20), and besides CsdA and SrmB, several other DEAD- CONCLUSIONS
box proteins can use duplexes carrying eithérob 3
extensions (e.g., DbpAlR), p68 38), or RH70 @9)). In
contrast, some DEAD-box proteins have been reported to
require ss extensions of defined polarity for unwinding (e.g.,
see refs40, 41) or to be unable to use dsRNA for ATPase
stimulation @2). Whether these exceptions are real or reflect
the particular experimental conditions used is not clear at
present.

How to reconcile the fact that dsSRNA unwinding by the
DEAD-box proteins studied here do not require ss extensions
of defined polarity, with the hypothesis that unwinding is

. . : . 5 ) _
driven by a translocation reaction, as observed with PCrA molecular motors. Interestingly, it has been shown that the

One possibility is that SrmB, CsdA or RhIE can translocate . ; . :
not only on ssRNA but also on dsRNA, and that translocation .N83 helicase can use ATP hydrolysis to disrupt RNA-protein

on dsRNA somehow causes its unwinding. Translocation on interactions44). Such an activity, which does not necessarily

. : ) . require dsRNA unwinding, may pinpoint an important role
ds nucleic acid can easily be accounted for by the inchworm o . :

: . ; of these proteins in the rearrangement of ribonucleoprotein
mechanism, provided the helicase core can accommodate ds .

: . ) assemblies.

nucleic acid. Indeed, it has been documented for one
particular SF2 helicase, Rec@2Z 43), and it has been ACKNOWLEDGMENT
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