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ABSTRACT

We cloned and sequenced a DNA fragment from the
thermophilic archaeal strain  Sulfolobus shibatae B12
that includes the gene topR encoding the reverse
gyrase. The RNA of the reverse gyrase gene was
characterized indicating that the  fopR gene is fully
functional in vivo. We showed by primer extension
analysis that transcription of topR initiates 28 bp
downstream from a consensus A-box promoter. In
order to understand how this particular type 1 DNA
topoisomerase introduces positive superturns into the
DNA, we compared the amino acid sequence of
reverse gyrase from S.shibatae with the two other
known reverse gyrases. This comparison indicates a
common organization of these proteins: the carboxy-
terminal domain is related to the type I-5 ' topoisomer-
ase family while the amino-terminal domain possesses
some motifs of proteins described as RNA or DNA
helicases. By using local alignments, we showed that

(i) reverse gyrases constitute a new and rather homo-
genous group within the type I-5 ' DNA topoisomerase
family; (ii) a careful sequence analysis of the amino-
terminal domain allows us to relate the presence of
some motifs with an ATP binding and hydrolysis
reaction coupled to a DNA binding and unwinding
activity.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. X98420

From a mechanistic point of view, and irrespective of their
evolutionary history, we can define two families of type |
topoisomerases as proposed by R@aThe type I-3 family
groups topoisomerases that are linked to the DNA bplao§
photyrosyl link (essentially eukaryotic topoisomerase 1) while the
type I-8 family is constituted by the topoisomerases that are
transiently linked to the DNA by &#hosphotyrosyl link. Two type
I-5' topoisomerases are presentEischerichia coli protein wy
coded by the genmpA relaxes the DNA in the celb) while
topoisomerase I, coded by the geneB has an unknown
function (7). This classification of topoisomerases typedr3-5

on a biochemical basis is clearly consistent with sequence&fata (

In order to have a better understanding of the different roles of
topoisomerases in the cell, we have been studying, for several
years, topoisomerases issued from the third domain, the Archaea
(previously Archaebacteria) In thermophilic Archaea, a new
DNA topoisomerase named reverse gyrase was first described in
two different strains oBulfolobug8,9). This enzyme catalyzes
the formation of positively supercoiled DNA in the presence of
ATP and magnesium. Surprisingly, although it catalyzes a
gyration reaction in an ATP-dependent manner, reverse gyrase is
a type | DNA topoisomerasé&-11). Later on, reverse gyrase
activity was detected in all thermophilic Archaea tesitéd 8)
but also in thermophilic Bacterid 4,15) suggesting that this
enzyme is a characteristic of life at high temperature rather than
an archaeal feature. These results raise questions about the
relationships between reverse gyrase and the other topoisomer-
ases and on the phylogenetic origin of the gene encoding it. Since
Jaxelet al.(16) have shown that reverse gyrase is linked through
the B end of the DNA, reverse gyrase is a typetboisomerase.

As noted by Watson and Crick a long time ago, the helical structufe deduced protein sequence of the gene codiigufimlobus

of DNA requires enzymes with the ability to eliminate stress in thacidocaldariugeverse gyrase supports this viéw)(Moreover,
molecule {). These enzymes are DNA topoisomeraseggverse gyrase appears to constitute a chimeric protein with two
ubiquitous enzymes that are required for all DNA metabolisrdomains: the carboxy-terminal part is clearly related to the type
processes such as: replication, transcription, recombination les' DNA topoisomerase family whereas the amino-terminal part
chromatin assembly (for a review, sBeDNA topoisomerases exhibits putative helicase motifs.

act by introducing transient single or double strand breaks inIn order to have a better knowledge of both the phylogeny and the
DNA for type | and type Il topoisomerases respectively. Whereasechanism of reverse gyrase, we decided to clone and sequence th
the type || DNA topoisomerases appear evolutionarily reldjed (reverse gyrase gene froi@ulfolobus shibataeB12. Indeed,

in the three domains of living cells (Eucarya, Bacteria anthermophilic Archaea constitute good models for the understanding

Archaea) 4,5), type | DNA topoisomerases are more puzzlingof fundamental biological mechanisms. For instance, the
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transcription machinery of these organisms may be related to theatment (0.1 mg/ml, 4 h at 32). The RNaseA was then
eukaryotic one 1(8). Within the Archaea domain, the strain extracted with chloroform/isoamyl alcohol and the DNA was
S.shibataeis particularly interesting since homologs of theethanol-precipitated in the presence of ammonium acetate.
eukaryotic transcription factors, TFIIB and TBP, were described
in this strain {9,20). In additionS.shibatapossesses an inducible pcr
virus named SSV12() which is able to infecBulfolobuscells
(22). Finally, SSV1 encodes a site specific recombination systefihe two degenerated oligonucleotides P1 and P2 used as primers
(23) and some years ago, we showed that the DNA of SSV1 \¢ere defined as in Bouthier de la Tetiral. (27). Amplification
positively supercoiled, suggesting a major role of reverse gyrasevas done with 400 ng of genomic DNA and 500 pmoles of each
vivo (24). More recently, we have purified and characterized therimer in a Biomed thermocycler usifigq polymerase (Bio-
reverse gyrase d.shibataeIn particular, we showed that the probe). Thirty cycles of amplification were carried out &(7.2
partial proteolysis of the reverse gyrase gives rise to a
topoisomerase, that has only a ATP-independent tilaxa Sub-bank and screening
activity similar to that of protei (25). This fact points out a i .
possible new regulatory level in the cell. The DNA fragment csorrespondlng tothe PCR prqdupt was purified
In this paper, we describe the cloning and sequencing of a lagf¥! labelled withd- ?PIdCTP by the random priming method.
DNA fragment ofS.shibataeencompassing the gene encoding’ NS product was used in hybridization experiments. Restriction
reverse gyrase. A messenger RNA from the reverse gyrase géhelysis 0S.shibatagienomic DNA was performed by using the
is, for the first time, characterized. In particular, fidrshibatae ~ S0uthern method. We purified DNA 65—8 kb obtained after
cells, we determined the size of this RNA and we localized tH&/drolysis of genomic DNA bgzcdRl enzyme. These fragments
transcription initiation site 28 bp downstream from a consensiéere ligated with pGEM3Zf(+) DNA previously hydrolyzed by
promoter sequence. Comparison ofStehibataeeverse gyrase EcaRl and dgphosphorylated. Transformat|on of TG1 bacteria
amino acid sequence with those of reverse gyrases frdrlls was achieved by electroporation and plated on LB, 1.5% agar,
S.acidocaldariug17) andM.kandleri (26) allows us to define 100 Hg/ml ampicillin, 0.1 mM IPTG, Zoopo X-Gal. The plates
conserved and potentially functional regions of the protein. AlVére incubated overnight at 7. Bacteria were replicated on
the reverse gyrases possess amino acid sequence mdybond N filters and grown for 4 h. Cells were Iysed_ Wlt_h NaOH
characteristic of type I‘5topoisomerase family but exhibit 85 described by the mz_améfacturer. After prehybridization (6 h),
additional common features. We therefore propose that revefders were hybridized with?P labelled P 0.85 DNA fragment at
gyrases constitute a new type’ k@poisomerases group named42°C for 16 h in & SSC, & Denhardts and 50% formamide.
topR beside the previously described topA and topB group%'._'ters were washed at 22, three times with2SSC and f|\_/e times
Finally, a more detailed comparative analysis on the amin#/ith 0.2< SSC, 0.1% SDS. The filters were submitted to an

terminal part of reverse gyrases suggests that this part posse8giradiography by using Hyperfilm (Amersham). ,
a DNA unwinding activity. The positive clones were isolated and a second round of selection

was done.

MATERIALS AND METHODS DNA sequencing
SDS (ultragrade) was from Serva, RnaseA, Sarkosyl and DERGe gouble strand DNA fragment was sequenced by using the

frog12 Sigma, {-3>S]dATP (10002 Ci/mmol) from ICN, gigeoxy method. Usually, a chase was performed withuR0of
[a-32P]dCTP (3000 Ci/mmol) ang-f2PJATP (5000 C/mmol), each dNTP before stopping the reaction (3.5 min at room

HybondN and Hyperfilm were from Amersham. Acrylamide angemperature for the elongation step, 5 min for the termination
bis-acrylamide were purchased from Biorad and phenol was fra@action at 37C and 2 min at 37C for the chase). The sequence
Appligene. Agarose (indubiose A 37 NA) was from Industrigyas performed either with the restriction fragments subcloned in
Biologique Francaise. Other chemicals were from Carlo Erba.,GEm3Zf(+) or directly on the 6046 bp DNA fragment cloned
Escherichia colialkaline phosphatase and T7 sequencing ki, \GEM3Zf(+). We used universal or synthetic oligonucleotides
were from Pharmacia Biotech. Random priming kit, Dnase I-RNagg yimers. Sequencing reactions were analyzed by polyacrylamide

free and Rnase inhibitor were from Boehringer (Mannheinyeis (695 acrylamide; 0.2% bis-acrylamide; 7 M urea) in TBE buffer.
Germany) and proteinase K was from Merck. M-MuLV revers

transcriptase, DNA ligase, restriction enzymes and polynucleoti

kinase were purchased from Biolabs. gﬁ\lA purification and analysis

Sulfolobus shibataB12 cells were grown essentially as described
Purification of genomic DNA by Zillig et al.(28). A mid-log culture (50 ml, O8yonm= 0.68)

was quickly cooled by frozen fresh medium at pH 5.5 and
Sulfolobus shibataB12 frozen cells were thawed and resuspendeckentrifuged at 10 009 for 10 min. The cells were resuspended
in 50 mM Tris—HCI pH 7.9, 100 mM EDTA, 100 mM NacCl, andin 50 mM of EDTA and disrupted by addition of SDS (0.25%).
Sarkosyl was dissolved by gentle mixing at room temperatufda-acetate (pH 5.2) was then added to a final concentration of
(final concentration 2.5% w/v). After low speed centrifugation50 mM; RNAs were extracted twice with 1 vol of phenol saturated
the supernatant was incubated 3 h &Gwith proteinase K with water, followed by an extraction with chloroform/isoamyl
(0.25 mg/ml). The nucleic acid was extracted with phenol (twicelcohol. The supernatant was neutralized by 60 mM Tris—HCI pH
and chloroform/isoamyl alcohol (24/1) followed by an ethanoB, 150 mM NaCl and then ethanol-precipitated. The pellet was
precipitation. The pellet was dissolved with TE (10 mM Tris—HCHissolved with DEPC-treated water. The purity and concentration
pH 8, 1 mM EDTA) and RNAs were removed by RNaselof the RNA preparation were checked spectroscopically.
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A p POSS The local primary alignments realized by using computer

= .
it S S B programs were modified manually.

The Swissprot accession number of the proteins used are: for

T v & C V "I T reverse gyrases:S.acidocaldarius (Sac) topR: Q08582,
\“\\\\\\\"‘\\\\\\\‘\\\ SRS M.kandleri (Mka) topRa: U41058* M.kandleri topRb:
" U41059*; for topAsE.coli (Eco): P06612H.influenzae (Hin):
I N P43012, Bacillus subtilis (Bsu): P39814,Synecoccochusp
(Ssp): P34185].maritima (Tma): P46799; for topBE.col:
B P14294 H.influenzaeP43704 Saccharomyces cerevisiégce)

toplll: P13099, human (Hum) toplll: U43431*. We also used the
poorly characterized cellular type 'l-fopoisomerases from
-4 B.anthracis: P40114M.genitalium P47368B.firmus(partial):
P34184* and Trae from RP4 plasmid: 437697** only for strictly
conserved regions.
Figure 1.Cloning and sequencing of tBeshibatad®NA fragment containing The unwinding proteins used are: human elF4A: P04765,
the reverse gyrase gend) Restriction analysis. The different enzymes are: g cerevisiadBP1: P24784 and DBP2: P2478&ccinia virus
EcaRrl (El), Bglll (B), Kpnl (K), Clal (C), EcaRV (EV) ancHindlll (H). P 0.85 X : )
is the PCR fragment obtained by using P1 and P2 primers. 3Bl is the DNA (V".icc) NPH-II: MSSOZ?*’T’ Pn'_A‘ from E.coli. P17888 apd
fragment used as a probe for the Northern blot experiments. 38mer is thel-influenzae P44647 E.coli LHR: P30015, RecG fror.coli
oligonucleotide used in the primer extension as&yOfganization of the P24230, S.cerevisiaeSGS1: P35187, BLM from human:
ORFs contained in the sequenced DNA fragment. Arrows indicate the U39817*, RecQ front.coli: P15043 and human: P46063.
amino-terminus of the ORFs. In both schemes, the location of reverse gyrase *indicated a EMBL Iibrary and ** a GenBank accession

ene is indicated by a hatched box. . . .
gene s ind Y X number instead of a Swissprot accession number.

ORF 1 ORF 2 ORF 3 OR 4 ORF 35

Primer extension was essentially realized as described BSFSULTS
Kingston @9). Briefly, 3 and 15ug of S.shibataeRNA . . .
(eventually pretreated by RNaseA or RNase-free DNase 1) Wg#onlnhgband sec;uencmg .Of the genomic DNA fragment
denatured. A 38mer oligonucleotide described in Figuxe O S.shibataeB12 containing reverse gyrase gene
(position 874-911) W"’?gpf labelled at the’5erm|nljs. The RNA Comparison ofS.acidocaldariusreverse gyrase amino acid
was then hybridized with it during 20 h at°8in 80%  gequence with bacterial topoisomerase | sequence allowed us to
formamide, 2.8 SSC. After ethanol precipitation, the dried yefine conserved amino acids), On this basis, Bouthier de la
pellets were resuspended in reverse transcriptase buffer. 1Eril§:1‘.|retal.(27) designed a couple of degenerated oligonucleotides
extension reactions were performed at@%or 90 min. The P1, motif 5, and P2, motif 10) (Fig& and4A) used for PCR
RNA was hydrolyzed by RnaseA treatment and the DNA Wagypjification. By usings.shibata@dNA, a DNA fragment with
e'[_hanol-preC|p|tate;d and drle.d. Sequence controls were realizedi;« o 85 kb was amplified (FigA, P 0.85). The amino acid
with the same 9I|gonucleotlde by using the 6046 bp' DN%equence deduced from the nucleotide sequence of this fragment
fragment cloned in pGEMS3Zf(+) as a matrix and by the dideox¥ypipited large homology wit.acidocaldariuseverse gyrase.
method. A part of the reaction products (1/6) were analyzed Ryje therefore used this DNA fragment as a probe in order to screen
sequencing gel electrophoresis. a sub-bank oEcaR| S.shibatagienomic fragments, ranging in
size from 5 to 8 kb. We cloned a DNA fragment of 6046 bp (for
details, see Materials and Methods). By using the P 0.85 cloned
fragment as a probe, restriction analyses show that the cloned
Sequence assembly, G+C content, dinucleotide frequency, BNA fragment and the genomic DNA have the same restriction
striction analyses, ORF translation, codon usage, amino aciwthps (FiglA). The sequencing was performed by using, either
composition and deduced molecular mass were performed the 6046 bp DNA fragment &glll restriction fragments cloned
using DNA Strider §0) or LGBC (1) softwares. in pPGEM 3Z(+) vector as matrices. Sequence analysis of the 6046
FASTA (32), BLAST (33), BLITZ (34) and PATTERN §5  bp DNA fragment shows that it contains five ORFs (E8). The
softwares were used for retrieving sequences in banks. For tt@¥RF3 located on the upper strand corresponds to reverse gyrase
we used computer facilities of CITI26), NCBI or EBI. as seen by homology wighacidocaldariugsee below). ORFs 1,
SMARTIES softwares package (unpublished, Atelier de Bio2, 4 and 5 are located on the bottom strand and the deduced
Informatique, Paris) was used on Macintosh computer for retrievibgngths in amino acids are respectively: >102, 97, 89, >453. ORFs
sequences in banks by FASTA, for primary multialignments and farand 5 are partial and the ORF 4 overlaps that of reverse gyrase.
consensus determination. Primary multialignments were al$@r these ORFs, we did not find sequences with any significant
realized by using the VIZZ prograr@). similarity in data banks by using BLAST or FASTA softwares.
The data bank used is essentially Swissprot but also GenBanHKn the case of the ORF encoding reverse gyrase, we found two
EMBL library and non-redundant database of the NCBI. Thputative ATG initiation codons separated by three amino acids.
matrices used are essentially PAM (50, 250 or 500) arBoth are included in a putative ribosome binding sl és
BLOSUMG2. described in Figur2. By using the first ATG codon, the length
The sequence of the 6046 bp DNA fragmeis.eshibata€Ssh)  of this ORF is 3498 bp corresponding to a protein of 1166 amino
was deposited with EMBL library with annotations. The accessicacids with a molecular mass of 132 kDa. This predicted molecular
number is X98420. mass is slightly higher than that of the purified prot&h), (as

Computer analyses
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Figure 2. DNA sequence of the Begion ofSsh-topRand localization of the transcription initiation site. C, T, A and G indicate the dideoxynucleotide used during
sequencing assay. For primer extension experiments, we used various amounts @igRMRNBA for lane 1 and Jig for lanes 2, 3 and 4. Prior to the hybridization

and extension, the RNA is incubated with Dnase | (lane 3) and with RnaseA (lane 4). The arrow indicates the direction of the electrophoresis. The double strand
sequence of the Begion ofSsh-topRand the deduced amino acid sequence are shown. The putative promoter box A is framed and the putative ribosome bindi
sites are underlined. The first nucleotide of the messenger is indicated above the nucleotides by an dashed arrow. We observed an extension arrest one nucleotic
but since this arrest is very weak, we assume that this is an abortive product of the reverse transcriptase reaction with no significance.

described for other thermophilic proteins. The amino aci®Reverse gyrase sequence characteristics
composition is in good agreement with the biochemical da}a (
and in particular, the cysteine content is very low, as for the othler order to have a better understanding of the reverse gyrase
Sulfolobales proteins. Upstream from the first initiation codonynusual topoisomerase activity, we compared @ithe amino
we found a putative A-box (Fi@) that is a characteristic of the acid sequence obtained i8.shibataewith the sequences
archaeal promoter39). All these data suggest that this ORFpreviously determined i8.acidocaldariusand inM.kandleri
corresponds to the functional gene encoding reverse gyrase. The two Sulfolobale reverse gyrases are constituted by one
polypeptide whereas thd.kandleri counterpart is composed of
two subunits. Nevertheless, except for an additional domain in the
Transcription of S.shibatageverse gyrase gene M.kandleri enzyme 26), the three reverse gyrases are highly
homologous, with short insertions or deletions. They are composed
In order to map the transcribed DNA region, we prepared totaf a carboxy-terminal domain (amino acids 582—-116&7shibatae
RNA from mid-log culture of.shibataeells. By using the DNA reverse gyrase) related to the typé teépoisomerases family
fragment 3Bl as a probe (FitA), Northern blot analysis reveals (motifs 1-10) and an amino-terminal part (amino acids 1-581)
a messenger with a size @700 nt (not shown). This result exhibiting some motifs (motifs I, Ia, II, Ill, V and VI) of some
indicates that this described reverse gyrase gene is fundationaDNA or RNA helicases (Figl).
viva. In order to map the transcription initiation site of the reverse Since reverse gyrases are typé tepoisomerasesL), we
gyrase gene, a 38 base oligonucleotide was used in a priraempared the amino acids of these proteins with all the available
extension assay withshibata&kNA. This yielded a 75 nucleotide members of this family. A local alignment is realized with all
run-off product (Fig2) mapping to the A (position 798) that is atthese sequences and in Figt#eonly some of these alignments
28 bp downstream from thé &rminus of the putative A-box are presented (reverse gyraseslamaritimatopA, E.colitopA and
element (Fig2). Finally, theS.shibatageverse gyrase promoter topB). The comparative analysis of conserved or non-conserved
agrees well with the archaeal promoter consensus, emphasingah@no acids is shown in the figure by using different colours; for
importance of a TATA-like A-box in transcriptional initiation asinstance, identical amino acids are in upper case red. All these
proposed by Reitest al. (39). We assume that the first putative enzymes are related since the motifs 1-10 are retrieved with no
initiation codon, located 4 bp downstream from thersl of the main amino acid change occurring in these motifs.
messenger, is used in the cell. Indeed, the promoter sequence, tide topA group, including the enzymes fraraoli, B.subtilis
transcription start, the position of the ATG initiation codon and thel.influenzage Synecoccochusp, is characterized by typical
putative ribosome binding site, exhibit the same features as th@saino acids (magenta coloured in the Bj) and the presence
described for the transcripts of SSV1, especially for4TB @As  of at least one tetracysteine motif (putative Zn binding motif) in
transcription termination sites$shibatagenes generally map to the carboxy-terminus (Fi@).
thymine-rich regions4(l), we looked for this kind of feature in our  The topB group, including the enzymekotoli, H.influenzae
sequence. We found that downstream from the stop codon, #ed S.cerevisiaeand human TOPIIl, is characterized by other
dinucleotide TT frequency is increased and four putative terminati@mino acids (green coloured in the Hig) and the presence of
sites are found. They are localized between the positions 4310 anblasic carboxy-terminus (an additional putative zinc finger is
4531, in agreement with the size of the messenger. present both in human aBdcerevisiadopllls).
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Figure 3. Schematic representation of homology found between: the reverse gyfddemaferj S.acidocaldariusindS.shibatagtopA of T.maritimg topA and
topB ofE.coli. An arrow indicates the position of the active site tyrosine. Motifs I, la, II, lll, V and VI are characteristic of some helicases. Motifs 1-10 are characteris
of the type I-5DNA topoisomerase family. Hatched boxes indicate putative zinc binding motifs. For the abbreviations of organism names, see Materials and Metht

In order to distinguish between reverse gyrase features anél&4a. DEXH (motif 11) with QxxGRXGR (motif VI) are found
possible thermophilic selective pressure, we compared reveiseRNA or DNA helicases like NPH-II or PriA, RecQ and
gyrases with topA of a thermophilic Bacteridimaritima(27).  putative DNA helicases like SGS1. Finally, reverse gyrases
We do not observe any particular similarity and we thereforeonstitute a new group with DDxD as motif Il and QxxGRxSR
assume that the amino acids conserved only in reverse gyragesnotif VI. Moreover, reverse gyrase similarities extend over
(amino acids blue coloured in F§).may constitute a signature these motifs. The other helicase motifs proposed by Schmid and
of these topoisomerases. Another specific characteristic binder (47) were not retrieved in reverse gyrases.
reverse gyrases is a putative zinc finger motif (Zn2) between
boxes 2 and 3 (Fig3). All these features, peculiar to thesen gcyssion
topoisomerases, allow us to define a third typedgbisomerase
group corresponding to the reverse gyrases and named topR|n this manuscript, we report the sequence of a 6046 bp DNA

At their amino-terminal end, reverse gyrases exhibit a secofégment from the archaeal str&irshibatad812 containing the
putative zinc finger (Zn1, Fi@). The rest of the amino-terminal gene encoding reverse gyrase.
part of reverse gyrase frddshibatagamino acids 76-581) does ~ Analysis of this DNA fragment shows that it exhibits 33.25%
not match with significant scores with other proteins in the daigf G+C. This very low G+C content appears as a characteristic of
banks when BLAST, BLITZ and FASTA softwares are usedthe Sulfolobusgenus. Interestingly, we found that, in the five
Comparison of the three reverse gyrases allowed us to defiggding DNA sequences, the dinucleotide AA frequency is very
motifs with amino acid similarities (Fig). We searched in data high (13.3-16.38%) compared to the TT frequency (4.44-8.92%).
banks for the presence of all these motifs succeeding in the sam@ reverse gyrase coding region presents the lowest AA
order by using PATTERN software. No sequence was retrieveflequency (13.3%). We searched AA frequency bias for four

From a biochemical point of view, reverse gyrase is charactesther genomic coding sequences reporte.shibatae We
ized as an ATPasetd). It possesses the ATPase motifs Ifound the same high frequency for AA dinucleotide (11-16.11%)
(GXGKT) and Il (DD) defining the putative helicase superfamilycompared with TT (5.88-6.88%). To date, the meaning of this
2 (Fig.4B) (43-45). Since theé5.acidocaldariugnzyme appears unusual AA content is unknown. Nevertheless, this may be a new
to possess some motifs found in many putative helica®gsve  criterion for searching putative coding regions in thermophilic
searched for helicase motifs, as defined by Lirtlal.(46) and  organisms.

Schmid and Linder4(7), in helicase superfamily 2. We did not In order to define the genomic organization, we mapped the
find extensive similarities with some putative members ofranscription initiation site and upstream, we found the consensus
helicase superfamily 2 nor with biochemically defined helicasesequence of the promoter A-boxSilfolobus The two putative

By contrast, helicase motifs in common with reverse gyrases wenétiation codons of reverse gyrase are ATG instead of GTG for the
found in other RNA or DNA helicases of superfamily 2 e.gS.acidocaldariusounterpart {7). The genomic organization is
elF4a, NPH-II, PriA, RecQ and RecG. In addition, we found theseot conserved betweeBulfolobus acidocaldariuand shibatae,
motifs in SGS1, a protein that interacts with the topoisomerase Hince the flanking sequences have no similarityl.kandlerj the

in yeast, in BLM a human gene involved in Bloom’s syndrom@rganization is also completely different since reverse gyrase is
and in putative proteins with unknown function like DBP1.encoded by two separate gerigs).

DBP2, LHR. Focusing on the coding sequences of the three known reverse

Figure4B shows the conserved helicase motifs (motifs |, lIa, ligyrases, we observed that apart from the highly conserved motifs,
1, V and VI) as defined by Pause and Sonenb&pand Pause the proteins are different with some insertions or deletions. In
et al. (49). We noted that SGS1, BLM and RecQ are highlyparticular, the two relatedSulfolobus genes exhibit slight
homologous for these motifs. The local alignment with all theifferences. We conclude that the highly conserved matifs reflect
amino acids sequences indicated that the motifs la and V ahe selective pressure and consequently correspond to the region:s
poorly conserved. Motifs | and Ill are present in all these proteingivolved in the enzymatic activity of the protein: positive
Motifs 1l and VI are conserved but also possess characterisiapercoiling of the DNA in an ATP-dependent process. Finally, the
amino acids allowing the definition of three groups of proteinsequence comparison allows us to define three groups of type I-5
(Fig. 4B). Indeed, the sequences DEAD (motif 1) with topoisomerases. The first is represented by topA-related enzymes,
HxXGRxGR (motif VI) are found in RNA helicases such aghe second by topB-related proteins and the third by reverse
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A
Bka-topR(b+a) 781 LmiVESPnEArmlaslFSQRPSrR 821 LtVvAtqGHvaDLv 851 PmY¥dvlgrCse.Cgegvvy...SeeCPnC
Sac-topR 626 L1vVESPnEAktIssfFS-RPSIR 665 LmVtAsgGHvyDLt 700 Pi¥nsikkCennhg..ftdffesSnkCPrC
Ssh-topR 582 L1iVESPtEAktIakmFS-RPSYR 625 LdVvAskGHivDLt 657 Py¥dlikkCld.Cnktfsia..SdkCPyC
Tma-topA 8 yivVESPaFKAktIksilgne 28 YeVEfAsmGHiiDLP En2
Eco-toph 5 LviVESPaKAktInkylLgsd 25 YvVkssvGHIRDLP
Eco-topB 3 LEiAEKPslArAladvipkp 36 gvVIwciGHLlega

Motif 1 Motif 2

Mka-topR(b+a) 889 iReLAseADviligtDPDTEGERIgWDv 929 RteFHEvTrrglseAlkeeswknvdagrVsaQilRRvaDRWIGfslsgdLW

Sac-topR 742 1RnLAveADevligtDPDTEGEKIaWD]l 782 RaeFHEvTrkAIlgAingPrefnvnl--VksQlvRRieDRWIGLklSsilg
Ssh-topR 697 1ReLAlsvDkvfiAsDPDTEGEKIayDl 737 RityHEiTkkATleAlrnPmkintnl--VmsQivRRieDRWIGEtlSnlLk
Tma-toph 70 1EdLhkk-gelliAsDmDREGEATaWHL 108 RivFsEiTprvIreAvknPreidmkk--VraQlARRilDRivGyslSPvLW
Eco-toph 96 lKqLAekADhiylAtD1DREGEATaWH]L 136 RvvFnEiTknAlrgAfnkPgelnidr--VnaQQARREmDRvvGymvSPLLW
Eco-topB 88 iFrflhefseivhAgDPDREGgLlvDEv 131 RelindlnpghAvexrAidrlrsnsefvplevsalARaraDwlyGinmTRayT
Motif 3 Motif 4
*
Mka-topR({b+a) 1096 LSAGRVOLPVLGWIidRarEY 39 PkPPfeTgTmLy-ak 55 vMgLAQDLFEg--—---——GlITYERTDStrvS
Sac-topR 855 LSAGRVOtPVLEWIVARYtEY 825 PLPPytTdT1LS-de 941 TMriRQODLFEl-——m———m GLITYERTDSnris
Ssh-topR 793 hgAGRVQLFPVLgGWIVdktikY 864 PLPPE£TdT1LI-eA 880 viMkiAQDLFEa--=-=====GLlITYHRTDSthis
Tma-toph 163 LSAGRVQsatLkLVedREXEI 241 PpePfkTST-LOQel 257 TMMiAQQLYEgvetkdghiafITYMRTDStrvE
Eco-toph 191 LSAGRVQesVAvVILVVeREXEI 280 PgaPfiTsST-LOQah 296 TMMMAOrLYEa--——————- Gy ITTMRTDStnlS
Eco-topB 193 LSvORVQLFVILGLVVIRdeEI 289 Fl-PfslSa-LQiehr 304 vLDicQkLYEth-—==e== k1ITYPReDerylP
Hotif 5 Motif 6 Motif Ja b
Mka-topRa 122 eGAHEcIRPTrpaD 156 HlrlYdLvFrRFvasQMKPA 256 LVedmEKer-GlGRPSTYAqiveklfReGY
Sac-topR 1006 gGAHEgIRPTkpiD 1040 HEkvYdiIFrRFissQidPl 1152 LVmemEnk-kIGRPSTYAtiIgtilRRGY
Ssh-topR 944 eGAHEAIRPTraiD 978 HfliYdLIFrRFmas(QMshA 1062 vislmKsk-GIGRPSTYAktIenlvRhGY
Tma-toph 333 QAAHEAIRPTnvEm 358 gkklYeLIWkRFlaaQMkPa 450 LVkemExrl-GIGRPSTYAstIklllnRGY
Eco-toph 364 QeAREAIRPsdvnv 390 agklygLIWrgFvacQMtFPA 482 LVkelEkr-GIGRPSTYAsiIstigdRGY
Eco-topB 380 vdAlhRIiFTarss 399 eakv¥nLlarqgylm-QfcPd 513 LkkilratdGlGTeATrhgilellfkRGE
Motif & Motif 9 Motif 10
B
Hum-eIF4A 56 PsaiQgrailpcikGydviaghQsGtGETatfaisi
Eco-Prih 203 gatavgaihsaadtfsawllagvTGsGKTevylsvl
Sce-8GS51 679 FrpnklEavnatlgGkdvFvimPTGGGKsLCYQ1PA
Ssh-topR 6 yknSCPNCGgdiSadRLlnglp-CetCLp 88 PwslQklWlrRLvsngSFtmsAPTGLGKTttlmtys
Sac-topR 11 ylfSCPNCGrsiStyRL1lgsv-CniCLe 87 PEgp(QksWiyRL1sGeSFaiiAPpGlGKTtfgliss
Mka-topRb 62 fgsSCPNCGgdcSsvRLtsrigiCexCLp 157 lysaQrvWtrRLvkCeSFs i1APTGLGETswgslva
Zn 1 Motif I
Hum-aIF4A 101 1lv1APTrELag-Qi 179 mfv1DEADeMlsrGFkdQIydIfgkl 209 QuvllSATmP
Eco-PriA 245 lvnwrPeigltp-Qt 316 wvivi ykggegwryhazrdla 351 PiilgSATpa
Sce-85GS1 723 ivlSPLisLmgDQv 804 rivvDEAHCvSnwGHIFRpdYkelkf 838 PmialTATas
8sh-topR 127 vyivPThksLme=Qv 186 fvaiDDADavikaG-kttdrlvsllG 259 QlviaSATir
Sac-topR 129 ilvEPTksLvr-Qa 214 flfvDDvDtalkss-ksagailkllc 283 tvifssSATln
Mka-topRb 199 yylvPTttLvr-Qv 280 1lilvDDvDaiirgtgrnvdrvlrvac 374 rivEmSATga
Motif Ia Motif II Motif IXII
Hum-eIF4A 329 tTd---1lARGLDvgqgvsl 351 PtnrEnYiHRIGRgGREGrkGvAinmvteedkr
Eco-Prid 526 -—---aevhRGgariligt 574 fagl--YtQvaGSRAGRackgGevvlgthhpehp
Sce-8G81 956 ATVAFG...MGiDKPAVRF 978 PrtlEgYy(QEtGRAGRDGnysycit¥Fafrdir
Ssh-topR 366 sAsyYGvaVRGiDePkrlkYviyyGvPkikakL 497 PDMiT-Y1QgsGRASR1YynGGLT1GESiilvdd
Sac-topR 396 sAth¥GilVRGLD1PwrvkYeifveiPkfkfrL 526 PDylT-¥vQaasGRtSRiyaGdvTtGlsillvdd
Mka-topRb 499 vAspYGviVRG1D1PgaarYavEyGvPrgrirl 666 FDIlrT-YigQa SR1£aGGv lsfvlope
Motif V Motif VI

Figure 4. Highly conserved regions found in reverse gyrases. These local alignments were performed as described in Materials and Methods, Computer analys
using the three known reverse gyrases. The identical amino acids are in uppercase, the conservative changes are in lower case. The red colour is for amino acic
in 80% of analyzed sequences, and the blue colour for reverse gyrases (scérpGdB)p@arison with other type I-®poisomerases. For clarity, in addition to the
reverse gyrases, only topoisomerases fEaoli andT.maritimaare shown. The magenta colour is for the topA group (score 4/5) and the green colour for the topB
group (score 3/4). In the caseMdkandlerireverse gyrase, the alignment was performed with the two fused proteins (b+a) but the numbers refer to the amino ac
position of each polypeptideB Comparison with RNA or DNA helicases. For clarity we only show elF4A, PriA and SGS1. The pink colour is for the elF4a family,
the green colour for the SGS1 family. Conserved amino acid groups used are: (I, L, V, M); (S, T); (F, W, Y); (D, E); (K, R). For the abbreviations of organisms nan
see Materials and Methods.

gyrases. In order to clarify the nomenclature, we propose to naoteserved that these amino acids are clustered to a pocket arounc
the gene coding for reverse gyrdspR In the case dfl.kandlerj  the tyrosine involved in the transesterification catalytic reaction
topRbis the gene coding for the amino-terminal domain@pia (51). In terms of enzymatic activity, it is possible to correlate
the gene coding for the carboxy-terminal domain [topRa is theome particular enzymatic reactions with particular regions of the
protein containing the tyrosine of the active site as proposed pyimary structure of the proteins. Indeed, since the 67 kDa of topA
Krah et al. (26) and by analogy with the gyrase gene]. is only able to cleave single strand DNeR), we hypothesize that
The carboxy-terminal part of reverse gyrase correspondse 67 kDa part of topA is responsible for the transesterification
approximatively (see Figdand4A) to the truncated 67 kDa of reaction. The removed carboxy-terminus is presumably
E.coli topA used by Limat al. (50) for the three dimensional responsible for double strand DNA binding (through zinc fingers
structure determination. We have localized the strictly conservedichorage) as suggested by Tse-Difdh (n the case of topB, the
amino acids on this three dimensional structure (not shown). Wigle strand RNA or DNA binding reaction is performed by the
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basic amino acids in the carboxy-terminal pad).(Recently, of the molecule. This unwinding consequently introduces a positive
Zhanget al.(55) have shown that the carboxy-terminal domairsupercoiling in the rest of the molecule. The topoisomerase part of
of TopA and TopB is responsible for the substrate bindingeverse gyrase would relax the unwound DNA domain. After
whereas the rest of the protein is responsible for the transestelissociation of reverse gyrase, the result would be an increase in
fication reaction. In the case of reverse gyrase, we show#tk linking number of the complete DNA molecule and a
previously that partial proteolytic products possess an ATRroduction of positively supercoiled DNA. In this model, ATP
independent activity which can only relax negatively supercoileaydrolysis would occur for recycling the amino-terminal part of
DNA like topA does Z5). We assume that these proteolyticreverse gyrase.
products possess all the motifs characteristic of the type I-5 Finally, reverse gyrase activity, first discovered in thermophilic
topoisomerases (motifs 1-10 in FBYyand may bind to DNA by Archaea, is also present in thermophilic Bacteria, indicating that
the putative zinc finger Zn2. life at high temperature requires a positive DNA supercoiling
Comparison of the amino-terminal conserved regions of thactivity. It would be interesting to know the relationships between
three known reverse gyrases with some DNA or RNA helicaseschaeal and bacterial genes, since the genomic organization of
shows that some helicase motifs are presenéB)gMotif land ~ M.kandleriis very different from that dulfolobusIn addition,
motif Il are strictly conserved. Moreover, the sequences dbangloffet al. (64) point out the possible existence of reverse
motifs Il and VI seem characteristic of reverse gyrases witlyrase in yeast, since they demonstrated a direct interaction
DDxD consensus for motif Il and QxxGRxSR for motif VI. between SGS1 (a protein which possesses similarities to the
Nevertheless, the enzymatic activity of this putative helicageverse gyrase unwinding domain) and TOPIIl (a typé I-5
domain is speculative. Indeed, what is a helicase? The fitspoisomerase) using the double hybrid method. Genetic studies
definition is a DNA-dependent ATPase that unwinds DNA anéhdicated thaBGSIandTOPIIl are involved in the recombination
moves along it46). From a mechanistic point of view, Lohman pathway; it is possible that reverse gyrase activity is specialized
(57) proposed a ‘rolling’ mechanism for dimeric DNA helicasedn the control of this cellular process in mesophilic organisms.
like Rep (which possesses-a®polarity and a low processivity). This idea is supported by the existenck.oli of a similar pair
The enzymatic cycle can be divided in two parts: the first is tHef proteins, RecQ and topB. Finally, the same kind of interaction
translocation of the unbound monomer to a double strand DNy exist in human cells between RieeQ or BLM gene
the second step is the unwinding of this double strand regidifivolved in Bloom’s syndromesg), a repair and recombination
coupled to ATP hydrolysis. This ATP hydrolysis permits thedesease] and tH@©PIIl gene product recently reported by Hanai
recycling of the enzyme. This model may be also proposed f6f al.(66). Finally, it is interesting to remember that 10 years ago,
elF4a 68), NPH-II (59), PriA (60), RecQ 61) and RecGq?2) a not well characterized positive supercoiling activity was
since their biochemical properties are similar to those of Rep. @gscribed in hypermutating myeloma cell li6€)( It is possible
the other hand, most advanced biochemical studies on thdBat positive DNA supercoiling is not limited to thermophilic
proteins succeeded in relating the different sequence motifs wRFganisms but is more crucial for these organisms.
a precise activity. Thus, the motifs la, Ib and Il of elF4a are
responsible for ATP binding and hydrolysis, and the motifs Il an
VI connect the ATP hydrolysis with double strand nucleic acitjja‘cK’\lOWLEDGEMENTS
binding and unwinding4f). Since the conserved motifs extendye thank valérie Borde, Frédérique Gallison, Joél Pothier and
to [BO0O-400 amino acids in length, it is possible that thgeamys O’Regan for critical reading of the manuscript, Joél
additional translocation activity of helicase is carried out byghier and Alain Viari (Atelier de Biolnformatique, Paris) for the
another part of these proteins or requires oligomerization. ¥\ ARTIES package softwares and for assistance and instruction
particular, the helicase activity of elF4A is increased by additiop, the use of MOLSCRIPT, René Perard for modification of the
of the elF4F proteirg). Moreover, by using vaccinia virus RNA ghayer for theSulfolobuscultures, Christophe Cullin for his
helicase NPH-II, Gross and Shuma#) fecently showed thatthe aqyices about bank screening and Christiane Portemer for her
motif VI is required only for ATP hydrolysis and RNA technjcal assistance. We acknowledge Christiane Elie for helpful
unwinding. Consequently, we think that the motifs described ascussions about ATPase sequences comparison. We thank
helicase motifs in fact define an ATP-dependent unwindingyoifram Zillig and its team for the gift Gulfolobusstrain and
activity rather than a helicase activiper se We therefore for their advices abouulfolobusculture. We thank Alfonso
propose the amino-terminal domain of reverse gyrase as a DNfondragon for providing coordinates of taeolitopoisomerase
unwinding domain. . | crystal structure prior to their submission to the Brookhaven
The biochemical studies on reverse gyrase are consistent Wiifhtein Data Base. This research was supported by funds from

this analysis. Indeed, Shibata al (42) showed that reverse cNRS. M. N. is supported by Université Versailles Saint-Quentin
gyrase possesses a DNA-dependent ATPase activity and we haMeyelines.

previously shown that the binding of reverse gyrase induced a
DNA unwinding or a left-handed DNA wrapping in an ATP-
independent mannerl). Finally, DNA cleavage analysis [B FERENCES
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