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ABSTRACT

DbpA is a putative Escherichia coli ATP dependent

RNA helicase belonging to the family of DEAD box
proteins. It hydrolyzes ATP in the presence of 23S
ribosomal RNA and 93 bases in the peptidyl transfer-
ase center of 23S rRNA are sulfficient to trigger 100% of
the ATPase activity of DbpA. In the present study we
characterized the ATPase and RNA unwinding
activities of DbpA in more detail. We report that—in
contrast to elF-4A, the prototype of the DEAD box
protein family—the ATPase and the helicase activities
of DbpA are not coupled. Moreover, the RNA unwind-
ing activity of DbpA is not specific for 23S rRNA, since
DbpA is also able to unwind 16S rRNA hybrids.
Furthermore, we determined that the ATPase activity of
DbpA is triggered to a significant extent not only by the
93 bases of the 23S rRNA previously reported but also
by other regions of the 23S rRNA molecule. Since all
these regions of 23S rRNA are either part of the
‘functional core’ of the 50S ribosomal subunit or
involved in the 50S assembly, DbpA may play an
important role in the ribosomal assembly process.

INTRODUCTION

allowing the subsequent binding of the 40S ribosomal subunit to
the mRNA which is a prerequisite for the formation of the
pre-initiation complex in protein syntheéss). Lhlike elF-4A,
however, some DEAD box proteins appear not to be ATP
dependent. An example of this is CsdA (also known as deaD; 6),
a cold-shock protein iEscherichia coliand a member of the
DEAD box protein family, which was recently shown to be able
to destabilize RNA duplexes in the absence of ATP (7).

To date, five different genes encoding DEAD box proteins have
been identified inE.coli (8). Among them, DbpA has been
designated a ‘putative’ RNA helicase and has been suggested to
play a role in protein biosynthesis and/or ribosome assembly.
DbpA hydrolyzes ATP only in the presence of bacterial 23S rRNA
(9), and recently it was determined that a region of 93 nucleotides
(nt) at the peptidyl transferase center of 23S rRNA is sufficient to
stimulate the ATPase activity of the protein (10). The helicase
activity of DbpA, however, and its possible effect on protein
synthesis or ribosomal assembly has not yet been established.
Thus, we characterized DbpA further by determining its ability to
destabilize or unwind RNA-RNA and DNA-RNA hybrids. We
report here that DbpA indeed possesses an RNA unwinding ability.
This RNA unwinding or helix destabilizing activity is not coupled
to ATP hydrolysis. By carefully scanning the whole 23S rRNA
molecule we found that, in addition to the previously identified 93
bases at the peptidyl transferase center, other regions of the 23S
rRNA rich in secondary structure are also able to stimulate the

Specific RNA—protein interactions often depend on so calleATPase activity of the protein to significant levels. Since all these
‘RNA-chaperones’ (1), proteins capable of altering RNA secondegions of 23S rRNA are either part of the functional core of the
ary structures. These ‘helper-proteins’ presumably destabilize 80S ribosomal subunit or involved in the 50S assembly, we
unwind RNA molecules to give them the appropriate structurgropose a function of DbpA in the assembly process of this subunit.
needed for the correct binding of a specific protein. Members of

the DEAD box protein family belong to these ‘helper-proteins’MATERIALS AND METHODS

and are characterized by the ‘DEAD’ motif (Asp-Glu-Ala-Asp) )

as well as by seven other highly conserved amino acid motifs (Mjaterials

Proteins of this family hyd_rplyze ATP only in the presence sznzymes were obtained from Boehringer Mannheim except
RNA. New members classified as DEAD box proteins based ¢¢\Ase H. which was a generous gift from Dr R. Brimacombe.

sequence homologies alone are generally designated ‘putatiy®) jiochemicals were obtained from Amersham. Oligonucleo-
ATP dependent RNA helicases, and only a few of those haygeas were synthesized from TIB Molbiol (Berlin).

actually been shown to unwind RNA experimentally. The
eukaryotic Initiation Factor 4A (elF-4AB,4) is a true ATP
dependent RNA helicase and is generally recognized as t
‘prototype’ of the DEAD box protein family. elF-4A plays a key The gene coding for DbpA (GenBank accession No. X52647)
role in unwinding secondary structures of mMRNA molecules thugas amplified frone.coliDNA by PCR, and after confirming the

I60ning, overexpression and purification of DbpA
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sequencesubsequently cloned into a pET11a expression vectexperiments was 20 pmol. For the cross-link of DbpA to ATP, 100
(Novagen). BL21(DE3)LysS cells (11) were transformed witlpmol [a-32P]JATP (1uCi) were incubated with DbpA for 5 min
the plasmid and grown at 32 until they reached an @gynm  at 37C in Tris—HCI pH 7.5, 50 mM KCI, 10% glycerol, with or
of 0.4. Overexpression of the protein in a 2 | culture was inducedthout the addition of unlabelled tRNA or 23S rRNA. For the
by the addition of IPTG to a final concentration of 1 mM, and aross-link of DbpA to rRNA, 50 pmol (tCi) of 16S or 23S
temperature shift from 37 to 30 in order to avoid formation of 32P-labeled rRNA were incubated with DbpA for 5 min &G7
insoluble inclusion bodies. After induction the culture was growm 20 mM HEPES-KOH pH 7.5, 10 mM N8I, 5 mM
for 5 h after which cells were pelleted by centrifugation ()00 Mg-acetate and 1 mM DTT, with or without the addition of
10 min), resuspended in 20 MM HEPES pH 8.0, 10 mM bgClunlabelled tRNA and/or ATP. The reaction mixtures were then
300 mM NaCl and disrupted in a French press. Cell debris wakaced on ice and UV-irradiated for different times (Fig. 1), using
removed by centrifugation for 30 min at 10 000 r.p.m. in a Ti4%our 65W lamps (Sylvania G8T5, 330nm) placed 2 cm away from
Beckmann rotor. The supernatant was cleared of ribosomesthye samples. After irradiation, the reaction mixtures were
another centrifugation step (Ti45 Beckmann rotor, 35 000 r.p.nincubated with 1Qi)g RNAse A for 10 min at 3TC. Cross-linked
16 h). The clear supernatant was dialyzed against 20 mM HEPR®ducts were analyzed by autoradiography after separation by
pH 8.0, 125 mM NKCI and applied to a 1.% 10 cm 10% PAGE.
DEAE-Sepharose column (Pharmacia). The flow-through was

g~ i, .
(r:é)(ljlggtoelgég Eﬁcéplg?tzeodn?% }ngpagglg%n;&%%/?n%%A?tgg Preparation of ribosomal subunits andn vivo 32p-labeled
dialysis against the same buffer the protein was further purifidPesomal RNA
on an 1.8x 100 cm ACA44 gel filtration column (IBF
Biotechniques). Fractions containing DbpA were collected anﬁ
dialyzed against 20 mM HEPES pH 8.0, 1.5 M gN8O4. The f
resulting protein solution was finally applied to a FPLC
Phenyl-Superose HR 5/5 (1 ml) column (Pharmacia) and eIutg
using a linear 1.5 to 0 M (NSO gradient with a flow rate of (%4

ibosomal subunits were prepared according to Rheinbetrger
. (15). Rbosomal RNA was prepared by phenol extraction
ollowing a standard protoc(l6).
onditions for the preparation #P-labeled ribosomes were
described by Stieg al. (17). Cultures oE.coliMREG600
0 ml) were inoculated with 2 ml of an overnight preculture and
mCi ortho-f2P]-phosphate was added. Cells were grown until
he amount of incorporated radioactivity reached 80% and then
Harvested by centrifugation. Bacteria were lysed by sonication
and cell extracts were layered onto 10-40% linear sucrose
gradients in 10 mM Tris—HCI pH 7.8, 0.3 mM Mg-acetate, 150 mM
KCl and then centrifuged at@ in a Beckmann SW27 rotor for
- 16 h at 20 000 r.p.m. After gradient fractionation, radioactivity of
RNA-binding assay the fractions was determined and fractions containing 50S and
30S ribosomal subunits, respectively, were pooled and precipitated

The binding of DbpA to RNA was determined by the retention qfjith 2 vol ethanol32P-labeled rRNA was obtained from the
32p_|labeled RNA on nitrocellulose filters. Reactions contained 2R dioactive labeled subunits by phenol extracid).

pmol protein and 50 pmol RNA unless otherwise stated. Reactions

were carried out in binding buffer (20 mM HEPES pH 8.0, 5 mM

Mg-acetate, 50 mM NECI, 1 mM DTT) in a final volume of 100 RNAse H digestion of ribosomal RNA
pl. When 200 mM ammonium chloride was present in the ass%

0.5 ml/min. All purification steps were analyzed on SDS-PAG
(12). Purified DbpA was dialyzed against 20 mM HEPES pH 8.
50 mM NH,CI and the concentration was determined accordin
to Bradford (13). The proteinoktion was frozen in liquid
nitrogen and stored at —80.

the binding of rRNA was reduced to 20% compared to the bindifgefined RNA fragments were obtained by digestion with
in the absence of ammonium. Therefore, 50 mM ammoniufiPonuclease KfL8). Pairs of DNA byonucleotides (10-15mers)
chloride was chosen arbitrarily for these assays. The ammoni@ntaining complementary sequences to 23S rRNA were mixed
dependence of the binding” remained consistently the sarfieequimolar amounts with the target RNA in 15 mM Tris-HCI
regardless of the kind of rRNA (23S, 16S or 55 rRNA) used in i 7.8, 50 mM NHCI, 1 mM MgCb, 0.1 mM DTT and heated
assays. Under the conditions used, RNA is not retained & 55 C for 10 min. A predetermined amount of RNAse H was
nitrocellulose filters unless it is bound to protein. The reaction midded and samples were incubated for a further 30 mifi@t 55
was incubated at 3T for 15 min, then stopped by the addition of The reaction was stopped by the addition of EDTA and SDS to
2 mlice-cold wash buffer (same as binding buffer with the additiof final concentration of 1 mM and 0.1%, respectively. RNA
of 0.1 mM EDTA) and immediately applied to nitrocellulosefragments were separated on 5% denaturing polyacrylamide gels
filters. The reaction tubes were rinsed twice with 2 ml ice-col@nd cut out under UV light. Extraction from the gel was achieved

wash buffer. Filters were dried under an infrared lamp arfely Stirring gel pieces overnight &t@in 10 mM Tris—HCIpH 7.8,
radioactivity was determined by liquid scintillation counting. 2 MM EDTA, 0.1 M Na-acetate, 0.1% SDS and 50% of phenol.

RNA fragments were recovered by ethanol precipitgfién

Cross-linking of DbpA to 32P-labeled ribosomal RNA Preparation of RNA/RNA hybrids
and [0-32P]ATP

Fragments of 16S and 23S rRNA were generated using the
The cross-linking experiments were performed based on &auséRNAse H method’ as described above. To allow the formation
al. (14). DbpA was crosinked to either 16S or 23%5P-labeled  of RNA hybrids, fragments with complementary sequences were
rRNA, or [0-32P]ATP. The amount of DbpA used for all thesecombined in each assay. In order to follow hybrid formation and
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Preparation of DNA/RNA hybrids

a TISANA - - - + + + # = = - =
MNA - - - - - . . R S . . . e .
e I R T R i DNA oligonucleotides were selected based on their ability to bind

— Y p—

to distinct regions of the 16S or 23S rRNA and were labeled at
their 3-end using-32P]ATP and T4 polynucleotide kinas).

20 pmol labeled oligonucleotide was mixed with 35 pmol
i 32P-labeled 16S or 23S rRNA in 20 mM Tris—HCI pH 7.6, 150 mM
time (min) KCl, heated to 55C for 15 min and slowly cooled to 3Z. The
sample was divided into three aliquots and the subsequent
unwinding reaction was carried out as described above. Samples
were separated on 3% composite acrylamide—agarose gels (19)

B <« Dhpa

a— [*'P] ATP x DbpA

PR T W e and gels were dried and subjected to autoradiography.
b [PPIIGS/RNA + = + # = = = = = - - L.
BIBSIRNA - - = - + + + + + + 4 ATPase activity assay
{1 R R

ARG ATPase activity was determined using 15 pmol DbpA and various

amounts of 23S rRNA or 23S rRNA fragments as indicated in the

< DbpA figure legends. The reaction contained 50 mM Tris—HCI pH 7.5,
Pl o 5mM MgCh, 1 mM DTT, 0.1 mM ATP and 0.Q&Ci [y-32P]ATP
time (min) in a final volume of 5@il. The reaction mixture was incubated at
37°C for 30 min and stopped by the addition of 3007%
-l e <—["P] RNA x Dbp# activated charcoal powder (Merck) suspended in 50 mM HCl and
5 mM HzPOy. Samples were mixed and centrifuged at 10000
1234 5 67 8791011 lne r.p.m. for 10 min in a tabletop centrifuge. Aliquots (RH0vere

taken from the supernatant and the radioactivity was measured
using a liquid scintillation counter (Packard). The background
radioactivity was determined in a similar reaction without protein

Fi_gtlﬁrgol-CrOfggnl;ingA ?thbPAdFOtATP t%f rRNA-t_A" CFQStS-"nkS were fOFTEetdd and subtracted from all other reactions. Obtained values were
wi pmol DbpA. After irradiation, the reaction mixtures were incubate 32 ;
with 10pug RNAse A for 10 min at 3TC. In the top panels of (a) and (b) cross- converted to meIV[ P'] released/min.
linked samples were separated by PAGE and stained with Coomassie blue. The
bottom panels are duplicate gels of (a) and (b), respectively, subjected t?{ESULTS
autoradiography. Cross-links to eitharJ2P]ATP or 23S $2P]-rRNA were
greatly reduced when the cross-linking experiments were performed in the_, .
presence of unlabeled 23S rRNA or ATP, respectiva@lCoss-link of DbpA PBlndlng of rRNA and ATP to DbpA
to 100 pmol §-32PJATP. Lanes 1, 2 and 3, DbpA was cross-linkedit8%P] ] ] ]
ATP by UV-irradiation for different periods of time; lanes 4-7, 10 pmol 23S DbpA binds to various RNAs, but hydrolyzes ATP only in the
rRNA zvas incubaged )Wlijtf?[-”P]ATP agd DbpA at 2C (lanes 4 and 5)I or  presence of 23S rRNA, one of the three rRNAs found in
37°C (lanes 6 and 7) before UV irradiation. Lanes 8-11, 300 pmol tRNA nrokaryotic ribosomes (9). However, the extent of binding of
instead of 23S rRNA, was incubated vyttla:‘{?P]ATP and DppA atacC (Ianes prpA ’Eé) the remaining t\(/vc)) IRNA molécules the 16S rRNA%nd
8 and 9) and 3T (lanes 10 and 11) prior to the UV |rrad|at|d1).(()r(_)ss-l|nk ’ .
of DbpA to 16S or 23S3FP]-rRNA (50 pmol). Lanes 14, cross-link to 165 the 5S rRNA, has not been reported. Thus, we purified rRNA and
[32P]-rRNA using the indicated UV-irradiation times; lanes 5-8, cross-link to DbpA to homogeneity and tested the extent to which it was able
23§3FSZP];RNA using the infdicateéj_uvr—:rradiation tim?s; lane 9, cro§s|—linking to bind to isolated 23S, 16S and 5S rRNAs in a filter binding
to 235 P2PLIRNA was performed in the presence of ATP (5 mM); lane 10, assay. DbpA bound to radioactive labeled 5S, 16S as well as 23S
cross-linking to 23S3FP]—rR_NA_ was performed m'the presence of tRNA RNA molecules (Table 1) Althouah bindina of DbpA to rRNA
(30(; pn:job; Ian?s%)%i Crosg-lmkmg was performed in the presence of AT (g\y/vas dependent on the arﬁmoniu?n salt co%centreﬂion (data not
mM) and tRNA pmol).

shown), DbpA showed no binding preference for any of the

rRNA species tested under the ionic conditions used. Radioactive

Subsequent unwinding' one of the two fragment§%mbe|ed labeled rRNAs could be chased by addlng unlabeled Competitor
(see preparation of2P-labeled ribosomes). For lengths andRNA.

positions of RNA sequences see Table 2. Hybridization was

achieved as follows: 50 pmol of each RNA fragment were mixefhpie 1. Amount of rRNA bound to DbpA

in a buffer containing 20 mM Tris—HCI pH 7.6, 150 mM KCl and

heated to 65C for 2 min. After slow cooling to 3T, samples
were divided into three parts, one of which served as a control for

NA type pmol rRNA/pmol of DbpA

successful hybridization and the other two for monitoring23S 'RNA 0.26
unwinding activity. To each of these samples 30 pmol DbpA wasés rRNA 0.20
added, either in TMK buffer (20 mM Tris—HCI pH 7.6, 2.5 mM 55 rna 0.28

MgCly, 50 mM KCI) or in TMAK buffer (same as TMK with the
ad_dltlon_Of 1 mM ATP)' Samples were mCUba(Eed acsfor 20 . 5'-radioactively labeled 23S, 16S and 5S rRNA (50 pmol) was incubated with

min, chilled on ice ar!d separated on 7.5% non-denaturifgypa (20 pmol) and the extent of binding was determined by filter binding assays
p0|yacr¥|am|de gels at°€. Gels were dried and subjected to(see Materials and Methods). No significant difference could be detected in the
autoradiography. binding of DbpA to the different rRNAs.
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Table 2. DNA probes and rRNA fragments used in the helix destabilizing  probes used in these experiments and the positions to which they

experiments hybridize with rRNA are listed in Table 2. DNA-rRNA hybrids
were shown to be stable by PAGE (Fig. 2a, lanes 5 and 8; Fig. 2b,
Hybrid type 23S rRNA 16S rRNA lanes 3, 5 and 7)_
DNA-TRNA 175-188 760-776 When radioactively labeled DNA-rRNA hybrids, DNA probe
) - . g ‘A + 23S rRNA or DNA probe ‘B’ + 23S rRNA were incubated
(DNA-probe hybridized 1415-1430 996-1012 with DbpA, the protein was capable of destabilizing both hybrids.
to rRNA at position) 1704-1720 1356-1376 This can be seen in Figure 2a by the appearance of the band
2528-2552 1391-1406 corresponding to the DNA probes. Surprisingly, addition of ATP
'RNA—RNA 1625-1736 1302-1453 was not necessary to trigger the de_stqbilizing a_lctivity,_ but instead
_ , seemed to slightly hamper the unwinding reaction as judged from
(rRNA fragment pairs forming  1966-2054 1453-1542 Figure 2a (compare lane 6 with 7 and lane 9 with 10). By
doubled stranded hybrids) ~ 2442-2546 1416-1445 performing the corresponding experiments with 16S rRNA
2546-2670 1454-1494 instead of 23S rRNA, we fqu_nd that DbpA could destabil!ze DNA
probes ‘C’, ‘D’ and ‘E’ hybridized to 16S rRNA as well (Fig. 2b).
2494-2528 DNA-16S rRNA hybrids showed the same response to ATP as
2532-2587 described above (data not shown). Thus, the destabilizing activity

of DbpA appears to be independent of the type of ribosomal RNA
DNA-rRNA hybrids, DNA oligonucleotides complementary to the rRNA ysed, and ATP is not needed for the unwinding activity.

positions listed above were hybridized to the respective rRNA. In order to test DbpAs helicase activity for rRNA-rRNA
RNA-RNA hybrids, RNA fragments corresponding to the positions showrh brids, we used the ‘RNAse H method’ to generate a family of
were generated by RNAse H digestion of either 23S or 16S rRNA. Pairs offragmeg fined fragments from 23S as well as 16S rRNA. To avoid
known to hybridize based on the secondary structure model of 16S and zcontamination with other rRNA reaions. the individual .fra ments
rRNA were used to generate the RNA-RNA hybrids. . g ’ . g .
DNA-rRNA hybrids as well as the pairs of rRNA fragments shown in bold invere Separated by denatu“ng gel eleCt_erhoreas' and palr_s of
this Table correspond to the fragments shown in Figure 2. Numbers represéi@@ments were chosen based on their ability to form stable helices
the base number in the 16S or 23S rRNAS. according to the secondary structure models for both rRNAs
(20,21). The hility of every pair to form an rRNA—rRNAuplex

1yas confirmed by gel electrophoresis (Fig. 2c¢, lanes 2 and 5). DbpA

the presence of 23S rRNA, but not in the presence of 5S or 158> agle tgrnwigdzéhselse rRl(\SIA—rdR;\IA hyb(rjilds (Fi?£h2c, 165
rRNA (9). To better understand the interaction of DbpA with AT nes 5 and 4, an lanes o an ) regardless of the presenc
and rRNA, UV cross-linking experiments were performed bj% absence of ATP, and independent of whether 16S or 23S rRNA

It has been well established that DbpA hydrolyzes ATP only i

; L ; ; ts were used. Similar observations were made for all other
independently cross-linking radioactive ATP, 16S rRNA or 23§29Men -rvatons v

rRNA to DbpA. Competition experiments were then carried o I}II_A—drRNA and rI?]NAr\]—rRIID\It,)A Rybnds I|§|ted '%Tab'g.l?- nd
where cross-linking to radioactive ATP (Fig. 1a) and rRNA (Fig, o determine whether DbpA was able to destabilize (unwind)

; ; ; t only RNA-RNA or DNA-RNA hybrids containing rRNA
1b) were performed in the presence of increasing amounts X
competitor, i.e. unlabeled rRNA (23S rRNA or tRNA) or ATP,PUtany RNA, we added DbpA to a RNA-RNA hybrid produced

. P : hybridizing oligo(A) (12—15 bases long) to poly(U) molecules
respectively. Our results indicated that DbpA can be cross-linked. - X
to 2TP, 2??/8 and 16S rRNA and that Ft)hese cross-links afg'g' 2b, lanes 9-12). DbpA was unable to destabilize this
competitive, since addition of unlabeled 23S rRNA or tRNARNA—RNA hybrid. Furthermore, DbpA was unable to destabil-
greatly reduced the cross-link of DbpA&HJATP (Fig. 1a)and '2€ @ DNA-RNA hybrid generated by hybridizing a DNA probe
addition of unlabeled ATP or tRNA equally reduced th 0 the mRNA t_hat codes for the ribosomal protein L1 from
cross-link to $2P]-23S rRNA (Fig. 1b). alo_arCl_JIa marismortu{data not shown). _ o

Since DbpA showed no exclusive binding specificity for 23 [t iS important to note that all the hybrid destabilizing
rRNA, and cross-links of rRNA and ATP were competitive, weEXperiments were p_erformed with _nearly gqual amounts of protein
decided to investigate the helicase activity of DbpA for 23§nd RNA-RNA hybrids. Therefore, in a typical experiment the ratio

rRNA, 16S rRNA, as well as other RNA molecules in th f'?pr 33028"10') lto the maximum amo#nt (ifshy}“orid that: Cplfjld g
oresence and absence of ATP. e formed (20 pmol) was never greater than 1.5. As can be judge

from the results in Table 1, this excess of DbpA is not enough to
. o . saturate the rRNA molecules, thus making it unlikely that the
Hybrid destabilizing activity of DbpA destabilizing effect could be caused solely by the binding of
DDpA to the rRNA molecules.

Although DbpA has been described as a ‘putative’ RNA helica . . .
due to sequence homology to other members of the DEAD box2Ur experiments showed clearly that DbpA has helix destabilizing

: ; : : o ctivity, and that it cannot discriminate between 16S or 23S
_FI)_I;‘]OJSI’I vi/aémlilrzlv(ez)t’i g;;stehdehtcha;eaabﬁ'icgltygp a[?br;])i\\/etrob?jeegtgtr)?l\i/zefRNA' Furthermorg,_the helix destabilizing activity is not coupled
DNA—rRNA as well as rRNA—RNA hybrids. to the ATPase activity.

To test the destabilizing activity of DbpA for DNA—RNA
hybrids, we used radioactively labeled 16S and 23S rRNA B3S rRNA regions able to stimulate the ATPase activity
conjunction with radioactively labeled DNA oligonucleotideof pppA
probes selected in base of their ability to hybridize to rRNA. We
selected four DNA probes that independently hybridized to 235or mapping regions of 23S rRNA able to stimulate ATPase
rRNA and four others that hybridized to 16S rRNA. The DNAactivity of DbpA, we used a different approach from that described
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Figure 2.Hybrid destabilizing activity of DbpA. For the experiments in (a) and

a (b), 20 pmol of the 'F32P]-labeled DNA probes (Table 2) were hybridized to
IMNA ¢+ - = e e o+ s o+ % 35 pmol B2P]-rRNA. For the experiments in (c), hybrids were formed by
DNA probe A B A B mixing 50 pmol of each one of the 16S or 23S rRNA fragments able to build
DbpA - L o R rRNA duplexes (see Table 2j)(Ability of DbpA to destabilize DNA-23S

- - +* -

rRNA hybrids. $2P]-23S rRNA used for the experiments (lane 1) was incubated
with DbpA (lane 2). Lane 3, 20 pm#P-DNA-probes ‘A; lane 4, 20 pmol

_ ' [32P]- DNA-probe ‘B, thus corresponding to the theoretical maximum of helix
. A destabilization. Lane 5, DNA-probe ‘A hybridized to 23S rRNA, lane 6, DNA
2iRNA | probe ‘A hybridized to 23S rRNA in the presence of 30 pmol DbpA and ATP;

lane 7, DNA probe ‘A hybridized to 23S rRNA in the presence of DbpA but
without ATP. Same as lanes 57 but with DNA-probe ‘B’ instead of ‘A (lanes
8-10). DbpA was able to desii@e all the hybrids tested regardless of the
presence or the absence of ATP (lanes 6, 7, 9 anthi@)ility of DbpA to

WP - -

[RA probe - e — destabilize DNA-16S rRNA hybrids, as well as oligo(A)-poly(U) hybrids.
[32P]-16S rRNA used for the experiments (lane 1) was incubated with DbpA
1 2 3 4 E & 7 & 8§ 10 (lane 2). DNA probes ‘C’, ‘D’ and ‘E’ were hybridized ##]-16 rRNA in the

absence of DbpA (lanes 3, 5 and 7, respectively). Lanes 4, 6 and 8, 30 pmol
DbpA was added to the DNA-16S rRNA hybrids in the presence of ATP.

b 165 MNA 165 MNA hybridizing with paly{U) Lane 9, 12merZP]-oligo(A) was hybridized to poly(U) 3000 nucleotides long;
aligo(A) 12 mer 15 mer lane 10, DbpA was added to the 12mer oligo(A)-poly(U) hybrid. Lanes 11 and
ONA probe C ) E 12, same as lanes 9 and 10 but using 15/%1-pligo(A) hybridized to
DEGN = f.m e S enin | gie poly(U) instead of 12mer. DbpA was able to destabilize DNA-16S rRNA

hybrids (lanes 4, 6 and 8). However, oligo(A)—poly(U) hybrids were not
“ destabilized in the presence of DbpA (lanes 10 andd Ab(lity of DbpA to
destabilize rRNA-rRNA hybrids. Lane 132P]-23S rRNA fragment

165 ANA ﬂ“ “ 2494-2528 before duplex formation; lane 2, 16S rRNA duplex (Table 2). Lane
3, 16S rRNA-duplex incubated in the presence of DbpA (20 pmol) and ATP;
lane 4, 16S rRNA-duplex incubated in the presence of DbpA only. Lane 5, 23S

rRNA duplex (from Table 2). Lane 6, 23S rRNA-duplex incubated in the

. presence of DbpA (20 pmol) and ATP; lane 7, 23S rRNA-duplex incubated in

DNA probe e the presence of DbpA without ATP. DbpA was able to unwind 16S (lanes
3 and 4) as well as 23S rRNA hybrids (lanes 6 and 7) independent of ATP. All
other 23S or 16S rRNA duplexes from Table 2 were destabilized by DbpA in

1 2 3 & 5 (] 7 B o 10 11 12 T
a similar way.
C 165 rENA 235 rRMA
fragments fragments .
i o= B e e o portion of the molecule but are rather scattered all along 23S
AP - = 4 - = o+ = rRNA. Although these regions display no sequence consensus,
e s their common feature appears to be a high extent of stem—loop
structures.

Because of these results, we investigated whether DbpA could
play a role in one of the different steps of protein biosynthesis. We
S detected no influence of DbpA on either the initiation or
duplex L) elongation steps of protein synthesis. Nevertheless, DbpA
RNA- et displaced the equilibrium of 70S 50S + 30S in the direction of
Frogments ". '- - the free subunits during protein synthesis (data not shown).
P However, an effect of DbpA im vivo protein translation seems
not very likely since the concentration of DbpA in the cell is very
low compared to the number of ribosor{i2$).

1 2 3 4 5 7

by Nicol and Fuller-Pac€l0). To screenndividual regions of piscussioN
23S rRNA, 26 different fragments were generated by RNAse H
digestion of native 23S rRNA. Thus, it was possible to assay tReoteins containing the conserved DEAD box motifs are assumed
ATPase activity with ‘native’ instead of transcribed 23S rRNAto hydrolyze ATP while unwinding RNA25). However, some
avoiding the risk of incorrect folding of 23S rRNA duringitro  DEAD box proteins need the interaction with other proteins in
RNA synthesis by T7 RNA polymeraé2?). Moreover, RNA order to exert their ATPase or helicase activities. For example,
fragments produced from native ribosomal RNA still contain aklF-4A needs to interact with elF-4B in order to display ATPase
modified nucleotides which presumably play an important role iand helicase activity (reviewed in 26). Tigoli protein RhIB
the maintenance of the structure and/or function of ri@B\ also shows no ATPase activity unless it is part of the so-called
We identified a region of 23S rRNA similar to that reported bydegradosome’ (27,28). Here we show that DbpA—gitesof
Nicol and Fuller-Pacg 0), that was able to stimulate 100% of thebeing a DEAD box protein—possesses a helix destabilizing
protein’s ATPase activity compared to intact 23S rRNA (Fig. 3activity which is ATP independent. Thus, DEAD box proteins
fragment D, nucleotides 2500-2600). In addition, however, waich as DbpA and CsdA (7) display ATPase independent RNA
discovered that four other regions of 23S rRNA were able toelix destabilizing activity, and apparently need no interaction
trigger up to 60% of the ATPase activity (Fig. 3, fragments A, Byith other proteins in order to display ATPase or RNA
C and E). It can be seen in Figure 3 (bottom part) that the regiatsstabilizing activity. If we consider that five DEAD box proteins
stimulating ATPase activity are not concentrated in any particulaave been found i&.coli to date (29), and that the two analyzed
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Figure 3.23S rRNA fragments triggering ATPase activity of DbpA. ATPase activity was measured by incubating DbpA with 23S rRNA fragments: A (nucleotide
1-265), B (nucleotides 1240-1055), C (nucleotides 1465-1760), D (nucleotides 2500-2600) or E (nucleotides 2770-2904). ATPase activity found for fragmen
B, C and E is indicated with respect to the ATPase activity of DbpA obtained for the whole 23S rRNA, which was taken as 100% activity. Fragment D showed 1(
activity as previously reported (10). An schematic representation of the 23S rRNA showing the respective location of the fragments, is depicted at the bottom c
figure. The 23S rRNA structure for the fragments is according to Brimaaimlb@ 8) and the helix numbering (in bold) corresponds to Lefteds(40). Cross-links
between rRNA and ribosomal proteins are indicated by an arrow, and the names of the ribosomal proteins am, gieneaschrresponds to the number of the
ribosomal protein. tRNA footprint sites are indicated by filled triangles (A-site) and circles (P-site). Modified nucleotides are indicated by a square (methylation
an ellipse (pseudouridines). Cross-links to the aminoacyl or peptide moieties of the growing amino acid chain are designated as aX and pX, respectively. For a dé
review see Brimacombe (39).

for helicase activity (i.e. DbpA and CsdA) can destabilize RNAmall (Gly/Ala) residue$24). Therefore, it is podde that the
helices in the absence of ATP, it is clear that ATPase and helicgsetein’s C-terminal region is responsible for RNA binding
activities are not necessarily coupled in all DEAD box proteinsvithout inducing ATP hydrolysis, whereas the domain that
Koonin and Rud@30) siggested that some proteins that havénduces the 23S rRNA dependent ATP hydrolysis is linked to the
evolved from the helicase superfamily | contain only theentral DEAD domain (31).
N-terminal motifs of the DEAD box proteins thought to be Zinc fingers and cysteine rich metal-binding domains are known
responsible for ATP hydrolysis, and can exist separately froto interact with nucleic acid82). Interestingly, DbpA possesses a
proteins containing only the C-terminal motifs needed for thputative metal-binding cysteine-rich sequence motif-\zy&/al-
helicase activity. DbpA has an unusual 70 amino acid C-termin@he-CysAsn-Thr-Lys-Lys-Asp-CysGIn-Ala-Val-Cys  (Cys-X3-
domain consisting of 25% positively charged residues and 29@ys-X5-Cys-X3-Cys) between the ‘SAT’ and ‘ARGXD’ DEAD-
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box conserved motifs. Thus, one could speculate that DbpA has t8@S ribosomal subur{#2). Intereingly L24, one of the two 50S
different RNA binding domains, one of which is specific for 23Sassembly initiator protein@3) has also been crdasked to
rRNA probably due to the putative metal-binding maotif, and théragment A, implicating this region as essential during the early
other is located at the C-terminal domain of the protein which @ssembly steps.
responsible for the non-specific RNA binding due to the positive Cross-links to L11 and ‘L8’ (the pentameric complex formed
charges of its residues. If this putative metal-binding sequence lie¢ L7/L12 and L10) have been found for fragment B (Fig. 3).
structurally close to the ATPase (or DEAD) motif, the dependendéiese proteins are an essential part of the GTPase center of the
of the 23S rRNA specific binding and the ATPase activity of Dbp&0S subunit also known as the ‘translocation’ domain, the place
can be explained. where the elongation factors have been mappe@4@5s).
Moreover, the fact that DbpA can be cross-linked to ATP in theootprint sites to tRNA (A-site) have been also found in helix 43
absence of RNA (Fig. 1a) and vice versa (Fig. 1b) indicates tH&td- 3, fragment Bf46,47). . _
the binding of one of the substrates does not require the bind@ﬁ?@lmem C (bases 1585-1603) of Figure 3 which has been
of the other. In this respect, DbpA is different from elF-4A wherédentified in our experiments to stimulate the ATPase activity of
cross-linking to RNA is dependent on ATP hydrolysis and is thgPPA 10 a significant extent, contains parts of helices 51-54 of
driving force for productive binding to RN@A4). It is posible 23S TRNA where L23 binds {@8). Crossinking experiments
that ATP hydrolysis of DbpA is used to destabilize the interactioffith nascent peptides identified position A1614 in helix 59a,
between 23S rRNA and the putative metal-binding motif aftérOrésponding to the cross-linking site pX in fragment C (Fig. 3),
RNA-unwinding or destabilization. It has been shown for RNAS P€Ing in close contact with the growing peptide chain when it
helicase A for example, that the ATP consuming step is the rele g@ves_t.he ribosom(@9). Fragment Ccmtams a mod|f|eq base'
of the RNA (33). Moreover, since thaating of DbpA to RNA in position A1618. L9 has been cross-linked to helix 58 in

- o g fragment C (41), andnéibodies against L9 inhibited protein
is rather non-specific (9) (Table 1) and DbpA concéntran the : )
cell is very low (24), a rapid tmover of DbpA could be ensured synthesis almost completey0). L9 has also been crdsked

oS : - to L28 (fragment A) and these two proteins (L9 and L28) have
zif:ﬁjrir:t; rté'lr;gl'gg to 235 rRNA if ATP was the driving force forbeen cross-linked to Lg51,52), an essdial component of the

Frequently ‘non-ribosomal’ proteins have been suggested ?oe ptidyl transferase ceni@3,54).
quently ! protel V ugg Fragment D in Figure 3 belongs to the peptidyl transferase

play a role in the ribosome assembly proq‘éﬁsSS)'. These center and contains multiple footprint sites for tRNA (A-site and

proteins could be a possible cause for the dramatic dlfferenqg%ite) (46,47) as well as manypdified nucleotide€23,55,56).
observed between vivo andin vitro ribosome assembly time, Fragment E (Fig. 3) shows a cross-link to ribosomal protein

temperature and ionic conditiof®6). For example, the chaper- | 35 \yhich has been mapped to the vicinity of the peptidyl
one DnaK has been implicated in ribosome assemliycioli  4nsferase center (57) as well as to L3, that together with L24 is
(37). In aldition, two putative RNA helicases (of the DEAD boXgne of the two ribosomal proteins that leads the assembly of the
protein family) have been recognizedbreoli as gene-dosage 50s subunif43).
dependent suppressors of temperature sensitive mutants in gengs symmary, it seems reasonable to assume that all regions of
of ribosomal proteins. One of these, SrmB, is a suppressor 0p3s rRNA described above are highly interrelated within the
temperature-sensitive mutation in the ribosomal proteif32%  three-dimensional structure of the 50S ribosomal subunit. There-
and the other is encoded by the deaD gene that codes for Csfif\e, we propose that DbpA may play an important role in the
a cold shock ribosome-associated protein capable of suppressiggembly of the ‘functional center’ of the 50S subunit, possibly by
a temperature sensitive mutation linked to the ribosomal proteigsisting the correct folding of these regions. At early assembly
S2 (6,7). However, to date no DEAD box protein has beestages, DbpA could interact with the different regions of the 23S
identified that has a direct influence on tecoli ribosome  rRNA prior to the binding of ribosomal proteins to the 23S rRNA
assembly process. molecule. At the assembly level, the interaction of DbpA with 23S
Our analysis of the 23S rRNA fragments triggering the ATPas®NA could destabilize certain regions of the 23S rRNA molecule,
activity of DbpA shows that—aside from the region previouslyhus, lowering activation energy barriers and allowing the binding
identified by Nicol and Fuller-Pa¢&0)—alditional regions can of the ribosomal proteins under thermodynamically favorable
stimulate this activity. Itis interesting to note that these regions arenditions. Based on all these findings as well as on preliminary
spread across the 23S rRNA molecule and show no apparegsults on the effect of DbpAiimvitro assembly of the 50S subunit
consensus sequence. However, all of them are rich in stem-Iddp Boddeker, C. Glotz. and F. Franceschi, unpublished results), we
structures, and all of these 23S rRNA regions are either part of thgpothesize that DbpA could play a major role in ribosome
‘functional center’ of the 50S ribosomal subif) or have been assembly, specifically in the assembly process of the ‘active center’
found to be related to ribosomal proteins playing a leading role @ 50S ribosomal subunits.
the assembly process (36). The fiomal center of the 50S
subunit or ‘core structure’ is rich in ribosomal RNA, contains
nearly all of the 23S rRNA modified nucleotides found so far, andck NOWLEDGEMENTS
has a complex structural organizaii@8,39). As an example, the

ribosomal protein L23 cross-links to nucleotides A63 and U13@V . .
. : A thank C. Glotz and C. Paulke for valuable discussions and
in helices 6 and 9 of 235 rRNA (40,41). These helices are part cellent technical assistance. We also thank Drs K. Nierhaus and

fragmen_t A shown in Figure 3. Cro_ss_-li_nking exper_ime_nts V.V!th . Brimacombe for helpful discussions. We appreciate the help of
photoaﬁlnlty—analogug of the antibiotic puromycin |d<_ant|f|ed r A. Hofmann for critical reading and very helpful suggestions
L23 as a target protein, and therefore, L23 is hypothesized to ing the preparation of the manuscript.

localized in the vicinity of the peptidyl transferase center of the
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