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New Genes Encoding Subunits of a Cytochrome
bc;—Analogous Complex in the Respiratory Chain
of the HyperThermoacidophilic Crenarchaeon
Sulfolobus acidocaldarius
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The soxLgene fromSulfolobus acidocaldariu©SM 639) encodes a Rieske iron—sulfur protein. In
this study we report the identification of two open reading frames in its downstream region. The first
one, nameaoxN codes for a membrane protein bearing a resemblance tfo-tiyy@e cytochromes

of the cytochromébc; andb, f complexes. The protein is predicted to contain at least 10 trans-

membrane helices and features the two conserved histidine pairs coordinating the heme groups of these

cytochromes. The second open reading frame, nasdstl encodes a soluble protein of unknown
function. The genomic region displays a complex transcription pattern. Northern blot and RT-PCR
analyses revealed the presence of mono- and bi-cistronic transcripts as well as a tri-cistronic transcript
of soxL and cbsAB encoding the mono-heme cytochromg s, s65. Phylogenetic analyses of the
genes of thesoxLNpair and of other archaeal gene pairs encoding Rieske iron—sulfur proteins and
b-type cytochromes revealed an identical branching patterns for both protein families, suggesting an
evolutionary link of these genes provided by the functional interaction of the proteins. On the basis
of the findings of this study and the previously studied properties of the soxL and cbsA proteins,
we propose the occurrence of a novel cytochrdme-analogous complex in the membranes of
Sulfolobusconsisting of the cytochroniehomolog soxN, the Rieske protein soxL, the high potential
cytochrome cbsA, as well as the non—redox-active subunits cbsB and odsN.

KEY WORDS: Rieske iron—sulfur protein; cytochrorbebc; complex;bs f complex; phylogeny; transcription
analysis,cbsAB soxL; soxN odsN

INTRODUCTION using solublec-type cytochromes or blue copper proteins
as electron acceptors. The free energy of this reaction is
Itis still an open question whether enzymes homolo- used to generate a proton gradient across the membrane.
gous or analogous to the cytochroimg complex or the The general outline of the reaction mechanism of these
closely relatechs f complex can be found in the mem- complexes, the protonmotive Q-cycle, is well understood
branes of hyperthermophilic archaea. As central compo- (Mitchell, 1975). However, essential details of this process
nents of many respiratory and photosynthetic electron- are still an issue in current research (Bartoschtkl,
transfer chains, these complexes are widely distributed 2001; Covén and Moreno-&iches, 2001; Langet al.,
among the bacteria and eukarya. They catalyze the oxida-2001; Zhanget al., 1998).
tion of membrane-embedded ubi-, plasto-, or menaquinol The currently knownbc;-homologous complexes
can be classified into three groups: the; com-
T _ N plexes of the mitochondria, proteobacteria, dwglifex
Instltutfgr Biochemie der Universit'Liibeck, Ratzeburger Allee 160, the bs f complexes of chloroplasts and cyanobacte-
23538 Lbeck, Germany.
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biochem.uni-luebeck.de. ing of the enzymes from the FirmicuteBgcillus,
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Heliobacillug, the Chlorobiacaeahlorobium, and the bacterial and eukaryal Rieske proteins as well as within
Thermus/Deniococcus groupDéniococcul (Schmidt the group of the archaeal proteins (Schmidt and Shaw,
and Shaw, 2001; ScitZ et al., 2000). 2001).

At present, there is only indirect evidence for the In this study we report the identification of new
existence of archaeal homologs to these complexes.genes in the downstream region of thexL gene from
For example, genes encoding Rieske proteins andS. acidocaldariusan analysis of the transcription pattern
b-type cytochromes have been detected in the genomesand a comparison of this region to those of the currently
of Pyrobaculum aerophilun{Henningeret al., 1999), available archaeal genomes.

Aeropyrum pernixKawarabayast al., 1999) Sulfolobus

solfataricus(Sheet al,, 2001),S. tokodaiiKawarabayasi

et al, 2001),S. acidocaldariugCastresanat al., 1995; MATERIALS AND METHODS

Schmidtetal., 1996),Thermoplasma acidophilu(Ruepp

et al., 2000), andrhermoplasma volcaniufiKawashima Sulfolobus acidocaldariuscells were grown as

et al, 1999). A protein fraction containing- and previously described (Seffér et al, 2001). The iso-
c-type cytochromes as well as a Rieske protein has beenlation of SulfolobusDNA, Southern blot analysis, as
enriched from the membranes bfalobacterium sali- well as the construction and the screening of genomic
narum. The ubiquinol-cytochrome reductase activity libraries were performed as outlined in (Schmadtal.,

of this preparation in combination with the Antimycin- 1996). A 525-bp Pst | fragment was isolated using the
and Myxothiazol-sensitive  NADH- and succinate— 83-bp Pst I/EcoR | fragment AGCGTTCATTTATACTG
cytochrome ¢ reductase activities of the membranes TAGTTTCAGGTCTTATCCTCTTATTATACTATAACG
(Sreeramulet al., 1998) strongly hints at the presence of CGGAGGC TGGCTACTCCTCAACTGAATTCC from

a cytochroméc—homologous complex in this organism. a previously sequenced clone (Schmett al., 1996)
Moreover, Rieske iron—sulfur proteins—potentially in- as a probe. This clone was sequenced as previously
dicating the presence oftec; /bs f complex or arelated  described (Schmidét al., 1996). A 2-kb EcoR I/Xba |
structure—have been isolated frdulfolobus acidocal-  fragment was detected in a further Southern blot analysis
darius (Schmidtet al, 1995, 1996) andulfolobus sp. probed with the synthetic oligonucleotide SaciSoxN
strain 7 (recently renamed 8silfolobus tokodastrain 7) (AATTATGACGCTGGATATTATGGAAGAGTCTTAG
(lwasakiet al., 1995). However, the protein from the latter CTTGGCACAT) derived from the previous clone. Since
organism is soluble and appears to belong to a cytoplas-several attempts to clone this fragment failed for unknown
mic redox system comparable to the Rieske-type proteinsreasons, we performed a PCR reaction using the products
from the bacterial oxygenases (Mason and Cammack, of the ligation reaction containing the genorialfolobus
1992). The two Rieske proteins froB acidocaldarius ~ DNA and the plasmid pBSll SK as template. The probe
are membrane-bound. The soxF protein was isolated asSaciSoxN and the vector-specific oligonucleotide T3
subunit of a terminal oxidase supercomplex (Castresana(CAATTAACCCTCACTAAA) were used as primers with

et al. 1995; Libbenet al., 1994). ThesoxFgene is part of  the following “touch down” protocol: Initial denaturation
an operon together with a gene for a di-helaype cy- for 4 min at 94C; First stage — 30 s 9€; 150 s, 72C;
tochrome (soxG) and other subunits of the soxM terminal 5 cycles; Second stage — 30 s78430 s, 65C; 120 s,
oxidase supercomplex (Castresanal.,, 1995). Theorga-  72°C; 5 cycles; Final amplification — 30 s, 94; 30 s,
nization of the operon, i.esoxF, followed bysoxGis the 58C; 120 s, 72C; 25 cycles. The obtained 2-kb product

same as in the bacterifidc operons (Sctitz et al., 2000). was purified by electrophoresis on an agarose gel and
Sincec- or f-type cytochromes are absentSalfolobus directly sequenced by a commercial company.
their function is obviously adopted by other subunits, as The expression of thedsNgene inE. coli was ac-

was recently demonstrated by the isolation of the active complished as outlined previously (Sdhiet al.,, 2001)
soxM oxidase complex (Komorowset al., 2002). SoxL, for thesoxLgene.

the second Rieske protein & acidocaldariusvas the RNA was isolated frons. acidocaldariugells using
first protein of this family to be purified and characterized the Invisorb RNA Kit Il (Invitek, Berlin) according to the
from a member of the archaea (Schméttal, 1995, manufacturer’s instructions.

1996). It displays ubiquinol-cytochrome reductase Northern blotting was carried out as previ-
activity (Schmidtet al, 1995) as was reported for the ously described (Purschket al, 1997). The blots
isolated beef heart Rieske protein (DegliEspedtial., were hybridized with DNA probes generated by

1990). A comparative analysis of the archaeal Rieske PCR reactions and labeled with digoxigenin-11-
protein sequences revealed rather low similarities to the dUTP (Boehringen-Mannheim, Germany) according
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Table I. Primer Combinations for RT-PCR Analysis

Product First strand synthesis Amplification

cbsA-soxL 5-GACTCCAGGTATAATT  5-GGAAAGACATACTATGTTGCCTTT (cbsA)<«
CCTACAA (soxLrev) 8-AGCCATTCCAAATATCAGTGACTT (soLnt)

cbsB-soxL 5TGAGGAGAAGGGATT 5-CAACACTAGGAATTGACCTGTATAA (cbsL) <>
TTCTGTTTGA (soLct-01) 5TGATATAGGGACTATTTACTGGTAAA (anti cbsL)

soxL soLct-01 soLct-0%>

5-ATGGATTCCTCAGGAAATCCGGTAA (LntI33M)

soxL-soxN 5'-AACAAATGTTATTAAA 5'-TGTTGGTGTAGCAGTTTATCCAAA (soxL rtl)<>
GCTCCGGCAA (soxN ct3)  5GTTAGTACAAGCATTATAACACCAATTA (anti soxLN)

soxN B-TTCCTTATGGACAGGA B-ATGGCTGAGCACTACGGCATTAT (soxN nt2)>
CAAATATTAA (soxN ct2) socN ct3

soxN-odsN 5TGAAGTACTCTATGGG  B-AGAAGAAGATCGCTGAAATACTGATAA (orfL) <
TAGGTTT (anti orfL 5-CAAGTATTGTCTTACCGTAGCTAA (anti orfL2)

soxL-odsN anti orfL anti orfLZ- soxL rtl

cbsB-odsN anti orfL anti orfL2> cbsL

cbsB-soxN soxN ct2 soxN ctd> cbsL

to manufacturer's instructions. The probes PsoxL RESULTS

and PodsN were generated using plasmids with

the cloned genes as templates and the primer Two open reading frames were detected downstream
ATGGATTCCTCAGGAAATCCGGTAA in combination of the soxL gene ofSulfolobus acidocaldariugFig. 1).
with TGAGGAGAAGGGATTTTCTGTTTGA (PsoxL), The first, namedoxN codes for a protein of 528 amino
and ATGAGAATGATAAATGTAGGGTTTTACT with acid residues (1584 bp). The second named\osf
TTGAAGTACTCTATGGGTAGGTTTT (PodsN). The  downstreamsoxN) codes for a protein of 99 residues
probe PsoxN was generated by a nested PCR reaction297 bp). Reevaluation of previously published data
using Sulfolobusgenomic DNA as a template. In a first (Hettmannet al, 1998; Schmidiet al., 1996) revealed
reaction, the primers TTCCTTATGGACAGGACAAAT that thecbsABgenes are located immediately upstream
ATTAA and ATGGCTGAGCACTACGGCATTAT were of soxL The previously detected open reading frame orfl
used to amplify part of the soxN gene. The product of this (Hettmannet al., 1998) was identified as theé Bnd of
reaction was purified by agarose gel electrophoresis andsoxL Potential transcription termination signals (T-tracks)
used as template for the second PCR and labeling reac{Reiteret al.,, 1988) are located 3 bp downstream of the
tion using the primers AACAAATGTTATTAAAGCTCC stop-codon ofcbsB (Hettmannet al. 1998) and 15 bp
GGCAA and GTATGCGATAGAAGAGTGGCAAA. The downstream of the stop-codons@ixL.Potential promotor
probe PcbsL was generated by a simple PCR reaction,elements (box A) (Haiet al., 1992) are located 39 bp up-
with genomic DNA as the template and the primers stream of the first methionine codon of soxL. 12 or 27 bp
CAACACTAGGAATTGACCTGTATAA and TGAGGA upstream of the first two methionine codonsokN and

GAAGGGATTTTCTGTTTGA. 15 or 21 bp upstream of the first two methionine codons
RT-PCR analysis was performed utilizing gene- of odsN(Fig. 1).
specific primers and the Supersciipfirst-strand syn- The hydropathy analysis indicates that soxN is a

thesis Kit (GIBCO BRL) for PCR products up to 1.3 kb membrane protein containing at least 10 trans-membrane
or the ImProm IH reverse transcriptase (Promega) for helices, whereas odsN displays the hydropathy profile of
larger products. The primer combinations are listed in a soluble protein (Fig. 1). The latter conclusion was con-

Table I. The PCR products were analyzed by agarose gelfirmed by heterologous expression of thesNgene in

electrophoresis as previously described (Purstla., E. coli (data not shown).

1997). Control reactions were performed with genomic The soxN protein shows clear similarities to the se-
DNA (positive control) and with RNA without reverse quences of the-type cytochromes from thec; andby f
transcription (negative control). complexes (Fig. 2). The position and the distances of

Phylogenetic trees and alignments were calculated the hemecoordinating histidine residues are strictly con-
using the program ClustalX (version 1.64b) (Thompson served (Fig. 1 and 2). The classification of soxN as a
et al, 1997). The phylograms were drawn with the pro- member of the cytochromefamily is also supported by
gram “NJplot” (Perrére and Gouy, 1996). the phylogenetic analysis shown in Fig. 3. The sequence
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Fig. 1. Organization of thesoxLN-odsNlocus ofS. acidocaldariusPotential transcription regulation signals identified by sequence analysis

are indicated. The lower part of the figure shows the transfer energy plots for the proteins encedetlayd odsN The threshold of 86

(Kj/mol) for potential transmembrane helices is marked by a dashed line. The arrows indicate the positions of the conserved pairs of histidine
residues involved in the binding of the putative heme groups of soxN. The DNA sequences were submitted to the Genbank database under the
accession numbers AF2029%bkN and AF202955ddsN.

segregates into a separate group together with the se-archaeal genomes. In many cases these genes are orga-
quences of other putative, or confirmed (SULaci soxC, nized in the same order as in the bactefial operons
SULaci soxG) (Castresaret al, 1995; Schfer et al, (Fig. 5) (Schitz et al,, 2000). Several archaeal genomes
1999), archaedi-type cytochromes. (Fig. 5) contain more than one Rieske—cytochrdigene

In contrast, database searches revealed no conclupair. The similarity between these gene pairs within the
sive evidence regarding the classification of the odsN pro- same genome is relatively low, being in the range 27—
tein. The sequence does not contain known motifs asso-32% for the Rieske proteins and 24-30% for thype
ciated with the binding of prosthetic groups. It exhibits cytochromes (Figs. 5 and 6). A phylogenetic analysis re-
22% similarity to the protein encoded by the aknX gene veals anidentical branching pattern for both genes of each
from Streptomyces galilaeu§ig. 4). However, for rea-  pair (Fig. 6). Thus, it appears that the occurrence of these
sons discussed below we do not expect both proteins todifferent copies of Rieske—cytochrorhgene pairs is the
be functionally related. Even within the archaeal domain, result of ancient gene duplications and that the evolution
the odsN protein shows only a relatively low degree of of the genesin each pair may be linked by close functional
conservation (Fig. 4 and 5). The recombinant protein did interactions of the proteins.
not exhibit any tendency to bind metal ions tFeCo*, Genes encoding odsN-homologous proteins are
Cuw**, or Mr?t) (data not shown). detectable immediately downstream of theoxN

Figure 5 shows a comparison of the genomic context homologous genes &ulfolobus solfataricusS011196)
of thesoxLgene ofS. acidocaldariuselative to other ar-  and Aeropyrum penix(APE1727) (Fig. 5). The cor-
chaeal genes encoding high-potential Rieske iron—sulfur responding open reading frames Bulfolobus toko-
proteins. The previously sequenced (Hettmaetnal, daii (ST1668) and’ hermoplasma acidophilu(A1221)
1998)cbsAgene encodes a unique high-potential, highly show only very little (ST1668), or no significant, similar-
glycosylated membrane-bourdtype cytochrome. The ity (TA1221) to theodsNgene.
cbsB protein has not been isolated so far. It is most cer- The transcription patterns of theoxLN and odsN
tainly an integral membrane protein owing to its high per- genes were analyzed by Northern blot analysis (Fig. 7).
centage of hydrophobic residues (Hettmaal., 1998). Hybridization with thesoxL-specific probe PsoxL (Fig. 8)
The occurrence of thebhsABgenes appears to be restricted detected a major transcript of 1.05-1.15 kb, correspond-
to the Sulfolobales. No homologous genes were detecteding to the length of thesoxL gene (0.945 kb) and a mi-
in any of the other archaeal genomes sequenced so farnor transcript of 3.2-3.4 kb (Fig. 7). The same signals
Genes encoding Rieske iron—sulfur proteins argpe were detected using the probe PcbsL that should hy-
cytochromes have been detected in several, but not all,bridize with transcripts cdoxLandcbsB(data not shown).
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VLIILGMAEGFMEMSLPDDLLSGV
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SULaci soxN AGYSSTEFIIQRKVPYGSVILYS
802805 AGYNSTEFVINSVPYGSVVLYS|
SULaci soxC FAYQSTQTIINSVPYGSVLLFS
SULsol soxC YAYQSTQSIISSVPYGPVLLFS
Tal228 NAYTSTENFLHSVPYGEIILTT)
APE1725 DPLESSKAIIFERPFGALLLTS
Tal222 HPYSSTLAITSTVPFGYALLTS
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$502805 AVDVGEGIIS-
SULaci soxC AIDIGDQLLVG--
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MYCtub GLRAALSSITLGMP---~-~--==~=~ VIGTWLHWALFGGDF--~---~---~ PGTILIPRLYALBILLLPGIILALIGLELALVWFQKH
CORglu GLR-IMSAIIVGLP----- ~-IIGTWMEWLIFGGDF-~--~--~- --PSDLMLDRFYIAGMVLIIPAILLGLIAALLALVWYQKH
STRcoe GIR-FMEGAILSVP~--~ -IVGTYISFFLFGGEF-~----- --PGHDFVSRFYSIBNILLLPGIMLGLLVGEILILVFYHKH
HOMsap mt. GAT-VITNLLSAIP----~=-~~=~ YIGTDLVQWIWGGYS~~-~---=~~~ VDSPTLTRFFTFj;~-FILPFIIAALATLEHLLFLHETGS
SACcer mt. GAT-VITNLFSAIP--~--=-====- FVEGNDIVSWLWGGFS--------- VSNPTIQRFFALE(-YLVPFITAAMVIMUEILMALHIHGS
STRten mt. GAT-VITNLLSAIP---- -VFGQDIVELIWGGFS--~--~-~ --VSNATLNRFFSLE-YILPFVLAALVVARIFMALHIHGS
CHLrei mt. GAT-VITSLATAIP---- -VVGKHIMYWLWGGFS~------ --VDNPTLNRFYSFi:-YTLPFILAGLSVFiITAALHQYGS
NICtab mt. GAT-VITSLASAIP----~---~-~-~ VVGDTIVITWLWGGFS--------- VDNATLNRFFSLi-HLLPFILVGASLLERHLAALHQYGS
PARden GAT-VITGLFGAIP---------~ GVGEAIQTWLLGGPA--------- VDNPTLNRFFSLi-YLLPFVIAALVVVEIWAFHTTGN
RHOvir GAT-VITNLFSAIP-~-~-- -YIGDPIVTWLWGGYS~=-~~~~ -=-VGNPTLTRFYSLi-YLLPFVIVGVVMLEIVNALHVTGQ
CHRvin GAQ-VIVNLFAAVP---- ~VVGEDLSVWVRGDFV-=-==-~ --ISDATLNRFFAF;-FLLPFLLAGLVFLEIIVALHHVGS
PLArei GAT-VITNLLSSIP------=-=-=~ VA----VIWICGGYT--------- VSDPTIKRFFVL:-FILPFIGLCIVFIRIFFLHLHGS
HELpyl AAA-VITNLFGGIP---=-==-~~-~~- FIGADVVEWIRGNYV------—--- VADSTLTREFMLEVFLLPIATIILLVGVEFYSLRIPHV
AQUaeo GFI-VTTEIPGSLADAPILRKPIFKAIAETIVLWMKGGYV-~-===-~ ==VTDVILGRVFGSEVLIYPLILLALVGILILYLVRAAGI
SY¥Ncoc AVK-IVSGVPEAIP---------- VVGSAMVELLRGGQS---~--- --VGQATLTRFYSLETFVLPWLIAVFMLLEFLMIRKQGI
PROhol AVK-IVSGVPEAIP~-~-~-~ -LVGPLMVELIRGSAS-~-~--=--~-~-~ VGQATLTXFYSL TFVLPWFIAVFMLMEIFLMIRKQGI
ZEAmai ¢p. AVK-IVTGVPEAIP---- -VIGSPLVELLRGSAS-~~---~-~-- VGOSTLTRFYSLETFVLPLLTAVFMLMEFPMIRKQGI
CHLpro c¢cp. AVK-IVTGVPDAIP---- -VIGQVLLELLRGGVA--~-~-~ ~=-VGQSTLTRFYSLETFVLPLFTAVFMLMEFLMIRKQGI
PORpur cp. AVK-IVTGVPDAVP---- -VVGESIVELLRGGVS----- --VGQGTLTRFYSLETFVLPLLTAVFMLMHFLMIRKQGI
CYAcal cp. ACK-IVTGVPEAIP---- -VVGDNVVEILRGGTG- -~~~ -=VGQATLTRFYSLEUTLFLPALSVIFLLAMFLMIRKQGI
BACsub ATK-VGLQIAEATP---- ~LIGTQVKTLLAGHPDI---- -=-VGAQTLTRFFAIZVFFLPAALFGLMAARIFIMIRKQGT
CHL1lim ATQ~-VGTEVPKVAP---- -GGAFLVEILRGGPE-~-~~~~ -=-VGGETLTRMFSLEVVLLPGLVMLVLAARLTLVQILGT
HELmob ASV-IGAETAGSLP-------~-~ VVGATMKIMMQGGIK--------- VTAEMLSRFYVLEIVMILPLVTIGFLVARIFIMIRVQGI

Fig. 2. Partial alignment of the heme-binding regions of selebt&gpe cytochromes. Residues conserved in all sequences are printed inverse. Shading
indicates residues that are conserved in the majority of the sequences. Arrows mark the ligands of the heme groups. AbbreviatiorSufsldbasi:
acidocaldarius SULsol: Sulfolobus solfataricysMY Ctub: Mycobacterium tuberculosi€ORglu: Corynebacterium glutamicun®TRcoe:Strepto-

myces coelicolgHOMsap:Homo sapiensSACcer:Saccharomyces cerevisjgT Rten:Strobilurus tenacellysCHLrei: Chlamydomonas reinhardtii
NICtab: Nicotiana tabacumPARden:Paracoccus denitrificandRHOvir: Rhodopseudomonas virigi€HRvin: Allochromatium vinosupPLArei:
Plasmodium reichenowHELpyl: Helicobacter pylori AQUaeo:Aquifex aeolicusSYNcoc: Synechococcus spCC7942; PROhoProchlorothrix
hollandicg ZEAmai: Zea mais CHLpro: Chlorella protothecoidesPORpur:Porphyra purpureaCYAcal: Cyanidium caldariumBACsub: Bacil-

lus subtilis CHLIim: Chlorobium limicola HELmob: Heliobacillus mobilis mt.: mitochondria; cp.: chloroplast. SSO2805, Ta1228, APE1725, and
Tal222: Open reading frames as identified in the legend to Fig. 5.

Hybridization with the probes PsoxN or PodsN (Fig. 8) scribed into a common mRNA, wheressxLseems to be
detected a single transcript of 1.95-2.1 kb, corresponding predominantly transcribed into a mono-cistronic mMRNA.
to the size expected for a common transcrips@tNand Since the 3.2-3.4-kb transcript was detectable with the
0dsN(1.899 kb). Thus, the two genes appear to be tran- probes PsoxL and PcbsL, but not with PsoxN or PodsN,
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Fig. 3. Phylogram of thé-type cytochromes. The tree was calculated with the following settings — Pairwise alignment matrix: Blosum
series; multiple alignment matrix: PAM series; delay divergent sequences: 10; hydrophilic residues: GPSNDHEK; gap separation
distance: 12. All other parameter were as preset by the program. Abbreviation — URBaosamericanyusMUSmus:Mus musculus
PICcan:Pichia canadensisSENobl:Scenedesmus obligyiBHOsph:Rhodobacter sphaeroidgdlARpol: Marchantia polymorpha

ANA var: Anabena variabilisNOSmus:Nostoc muscorurPCC 7906; THEaciThermoplasma acidophilu®\ERper: Aeropyrum
pernix.All other abbreviations as explained in the legend to Fig. 2.

it appears to be a common transcriptalisA cbsBand cessed. Common transcripts of tesB—soxL—soxbenes
soxL(3.372 kb). The results from the Northern blot anal- (3.563 kb), or thesoxL—soxN—-odsbenes (2.875 kb) were
ysis were tested by RT-PCR experiments (Fig. 8). These not detectable by RT-PCR.

experiments confirmed the transcription of the individ-

ual genesgoxL, soxN andodsN as well as the presence

of common transcripts cdoxNandodsNand of chsAB DISCUSSION

andsoxL Additionally, the results of the RT-PCR experi-

ments also suggest the presence of acommon transcriptof ~ The presented data demonstrate that ¢heAB-
soxLandsoxN(soxL—soxN in Fig. 8). However, since we  soxLN—odsnNbciin the genomes dulfolobus acidocal-
were not able to detect a corresponding signal (2.558 kb) darius(DSM 639) andS. solfataricu$2 are similar with
in any of the Northern blot experiments, this transcript respect to their organization as well as their sequences,
either occurs at a rather low abundance, or is rapidly pro- thus resolving previous contradictions.
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Fig. 4. Alignment of proteins bearing a resemblance to odsN. Abbreviations — CLOace: Uncharacterized conserved prot€lostratium
acetobutylicunfaccession NEBB49984); BACsub: hypothetical protein yczJ fr@&acillus subtiligaccession 031484); STRgal aknX: uncharacterized
gene from a gene cluster involved in aclacinomycin biosynthesis 8tsaptomyces galilaeaccession AAF70105), SSO2805, Tal228, APE1725,
and Tal222: Open reading frames as identified in the legend of Fig. 5.
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Fig. 5. Comparison of the physical organization of tsAB-soxLN-odsNlocus ofS. acidocaldariusvith other archaeal loci
encoding Rieske iron—sulfur proteins dndlype cytochromes. The numbers indicate the similarity tacti®AB-soxLN-odsN

genes derived from a Phylip distance matrix calculated using an identity matrix for the pairwise alignments and the Blosum series
for the multiple alignments. Abbreviations — SULa@l: acidocaldarius chsABoxLN-odsNlocus; SULsol:cbsAB-soxLN-
odsNlocus from the genome @&. solfataricugaccession N@02754); SULtoklcbsAB-soxLN-odsNlocus from the genome

of S. tokodaii(Kawarabayaset al., 2001) (accession AP000987); SULtok2: second locus from the genoiBetokodaii
encoding a Rieske iron—sulfur protein anb-gype cytochrome (Kawarabayagtial., 2001) (accession AP000981); SULaci2:

gene cluster encoding the soxM oxidase frBmacidocaldariugCastresanat al., 1995); AERper: locus from the genome

of Aeropyrum pernibencoding a Rieske iron—sulfur protein an8-&ype cytochrome (Kawarabayast al., 1999) (accession
AP000062); THEaci: locus from the genomeTdfermoplasma acidophilufRueppet al., 2000) (accession AL139299).
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sis in Streptomyce@Genbank accession: AB008466), all
other identified sequences are classified as hypothetical
proteins. However, since the other genes of this cluster
have not been detected $ulfolobusand odsN shows no
significant similarities to bacterial homologs of aknX, we
consider this similarity to be coincidental.
ThecbsAB—-soxLN—odsriNcus ofS. acidocaldarius
displays a complex transcription pattern (Fig. 7 and 8).
The identified transcripts indicate that the potential pro-
moter elements detected upstreanmsokL and soxNas
well as the transcription termination signal downstream
of soxL(Fig. 1) are functional, whereas the potential box
A detected upstream afdsNis not part of a functional
promoter. Nevertheless, the presence of polycistronic tran-
scripts ofsoxLindicates that the termination signal can-

as specified for Fig. 5. The alignments were calculated using an identity NOt be 100% effective. Furthermore, the current data do

matrix for the pairwise alignments and the Blosum series for the multiple

not exclude the possibility thatoxLis exclusively tran-

alignments. The protein gap penalty was set to 15. The threshold for scribed into a poly-cistronic mRNA. However, this would
delaying divergent sequences was set to 0. All other parameters were aqmp|y an efficient processing of the primary transcripts as

preset by the program. Positions containing gaps in any of the sequences

were not included for calculation of the trees.

well as the complete degradation of all processed RNA
sequences not derived frosoxL.We consider the 3.2—
3.4-kb transcript detected in this study to be identical

Sequence comparisons unambiguously identified the with the previously reported (Hettmarat al., 1998) bi-

soxN protein as a homolog of thHetype cytochromes
from the cytochroméc; andb, f complexes (Figs. 1, 2,
and 3). In contrast, the odsN protein displays only min-

imal similarities to sequences in the databases. With ex-

cistronic cbsABtranscript, whose length was previously
underestimated.

The cbsABandsoxLNgenes are also present in the
genomes ofS. solfataricusP2 andS. tokodaii. OdsNs

ception of aknX, an uncharacterized gene from a gene clearly recognizable i§. solfataricus2 andAeropyrum

cluster involved in aklavinone—aclacinomycin biosynthe-

marker 1 2

[b]
6948 —
4742 —

-<— cbsA-cbsB-soxL

‘ <«— SoxN-odsN

2661 —

1821 —
1517 —

1049 — <— soxL

575 —
438 —
310 —

Fig. 7. Northern blot analysis 08. acidocaldariu/RNA. Four micro-
grams of RNA were loaded on each lane. Lane 1 was hybridized with
probe PsoxL, lane 2 with probe PsoxN specific for transcripts afale

and thesoxNgenes.

pernix whereas the open reading frame downstream from
thesoxNhomolog ofS. tokodai(ST1668) displays only a
very low similarity to theS. acidocaldariugiene (Fig. 5).
The overall comparison of the studied genomic region in
all threeSulfolobusspecies reveals that the genes encod-
ing cofactor-containing proteinglfsA soxL, andsoxN
display a significantly higher degree of conservation than
the genes encoding proteins not predicted to bind a pros-
thetic group ¢bsBandodsN. Thus, it appears that the
requirements associated with the binding of the prosthetic
group exert a conserving influence on the sequences of
these proteins.

Even though the occurrence of archaeal genes en-
coding Rieske proteins and cytochrormehomologs is
well documented (Fig. 5, Schmidt and Shaw, 2001 8zh”
et al, 2000), little is known about the function of these
proteins. Since in many cases the genes are organized in
Rieske—cytochromie pairs as in the bacterifdcoperons,
it could be speculated that these genes code for subunits
of archaeal analogs of the bacterial cytochrdrogcom-
plexes. Up to now, this assumption has been substantiated
only for the soxF (Rieske protein) andoxG(b-type cy-
tochrome) genes fror8. acidocaldariugcompare Fig. 5
SoxF and soxG are subunits of the quinol oxidase soxM,
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Fig. 8. (A) RT-PCR analysis of mMRNAs from thebsAB-soxLN-odsNlocus. The amplification products were electrophoretically separated

on agarose gels and visualized by ethidium bromide fluorescence. Positive and negative controls were genomic DNA (DNA) and RNA without
reverse transcription (RNA). (B) Schematic representation of the RT-PCR products and the probes used for Northern blot analysis. The small
arrows indicate the primers used in the individual amplification reactions. The mRNA transcripts detected by RT-PCR and Northern blot
analyses are indicated by solid, black arrows. The gray arrow indicates a low abundance transcript detected only by RT-PCR.

which was recently isolated and characterized in the active and soxL are transcribed into a single mRNA suggests
state (Komorowsket al.,, 2002). The activity and the in-  that this function may be fulfilled by cbsA (cytochrome
hibitor sensitivity of this terminal oxidase supercomplex bssgsee) (Hettmannet al., 1998). The high redox poten-
suggest an assembly of a cytochroime-homologous tial of +400 mV at pH 7.0, as well as the localization
module and a cytochromeoxidase module. Carried for-  of the globular, heme-containing domain on the outside of
ward to the genomic region analyzed in the current study, theSulfolobusnembranes (Hettmaratal., 1998; Schfer

this implies that the soxL and soxN proteins form the core etal.,, 2001) supports this hypothesis. The observation that
of a second cytochromiec—homologous complex in the  the transcription pattern of the genes significantly differs
membranes 08. acidocaldariusThis assumption would  from the simple organization of thic operons is not
be in line with the previously observed quinol oxidase ac- necessarily inconsistent with this model. In fact, the or-
tivity of the isolated soxL protein (Schmiet al., 1995). ganization of the genes in two main transcription units,
One major question associated with this conclusion con- one containing the gene encoding the high-potential cy-
cerns the identity of the cytochroneeequivalent within tochrome and the Rieske protein, the other comprising
this hypothetical soxLN complex. The finding thidisAB the gene coding for thie-type cytochrome resembles the
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situation present in the cyanobacterilNostoc(Malkin DegliEsposti, M., Ballester, F., Timoneda, J., Crimi, M., and Lenaz, G.
et al, 1988). The occurrence of an additional mono- _  (1990).Arch. Biochem. Biophy283 258-265.

. . RNA of L fl d . h Gleil3ner, M., Kaiser, U., Antonopoulos, E., and &fgr, G. (1997).
cistronic m ofsoxLmay reflect an adaptation to the J. Biol. Chem272 8417-8426.

growth ofSulfolobusn a highly acidic medium. Itis con-  Hain, J., Reiter, W.-D., Hdepohl, U., and Zilling, W. (1992Nucleic
ceivable that the turnover of the soxL protein containing Acids Res20, 5423-5428. , .

id-labile i If lust Id b iqnifi tl Henninger, T., Anemller, S., Fitz-Gibbon, S., Miller, J. H., Safer,
an acid-labiie iron=suliur cluster would be signiicantly G., and Schmidt, C. L. (1999). Bioenerg. Biomemb81, 119—
higher than that of the other subunits. 128.

In conclusion, we propose the occurrence of a novel Hettmann, T., Schmidt, C. L., Anautiér, S., Zihringer, U., Moll, R.,
Petersen, A., and Safer, G. (1998)J. Biol. Chem273 12032-

cytochromebc-analogous complex in the membranes of 12040,

Sulfolobus.The redox-active subunits are thetlype cy- Iwasaki, T., Isogali, Y., lizuka, T., and Oshima, T. (1995)Bacteriol.
tochrome soxN, the Rieske iron—sulfur protein soxL, and 177, 2576-2582. _ _ _

he high-potential cytochrome chsiy adobting the Kawarabayasi, Y., Hino, Y., Horikawa, H., Jin-no, K., Takahashi, M.,
the '.g potenual cy ) (38/566) pung Sekine, M., Baba, S., Ankai, A., Kosugi, H., Hosoyama, A., Fukui,
function of cytochrome; or f in the known complexes. S., Nagali, Y., Nishijima, K., Otsuka, R., Nakazawa, H., Takamiya,
CbsB and odsN are likely to be additional, non—redox- M., Kato, Y., Yoshizawa, T., Tanaka, T., Kudoh, Y., Yamazaki,

. . . . . J., Kushida. N., Oguchi, A., Aoki, K., Masuda, S., Yanagii, M.,
active subunits. On the basis of previous results (Schmidt  ishimura. M. Yan?agishi A Oshima. T.. and Kikuchi. H. ?2001).

et al, 1995) as well as on homology, this complex is pre- DNA Res8, 123-140.

dicted to function as a quinol-acceptor oxidoreductase. Kawiir,?bn%yfl’-é‘]( gr']’;‘;hTMHOS’l‘;‘gza ﬁ?ﬁ?ﬂf&ﬁi’kiﬁu ;'i'
The nature of the elegtron acceptorforth_e cbsAB—soxLN- H., Hosoyama, A., Fukui. S., Nagai, Y., Nishijima, K., Nakazawa,
odsN complex remains an open question. However, the H., Takamiya, M., Masuda, S., Funahashi, T., Tanaka, T., Kudoh,

terminal electron acceptor has to be either the soxM, or Y. Yamazaki, J,, Kushida, N., Oguchi, A., Aok, K., Kubota, K.,
Nakamura, Y., Nomura, N., Sako, Y., and Kikuchi, H. (1999INA

the soxABCD oxidase, since these are the only termi- Res6. 83101,

nal oxidases detected in the genomesSofkolfataricus Kawashima, T., Yamamoto, Y., Aramaki, H., Nunoshiba, T., Kawamoto,
andS. tokodaiiBecause of its high activity with the sin- \T( \h’/‘l’:;?::bgv *;-rr] J%T?SEK'MM(-igSS;POOC”vJK-r'] 'nggg’vs'\'z-ighyav
gle electron donor TMPDN,N,N’,N’-tetramethyl-1,4- 218, o T 1oc- i ’
phenylenediamine) (GleiBnetal.,, 1997), which israther  Komorowski, L., Verheyen, W., and Safet, G. (2002)Biol. Chem383
untypical for an authentic quinol oxidase, and its insensi- 1791-1799.

L. . . R . Lange, C., Nett, J. H., Trumpower, B. L., and Hunte, C. (206N BO
tivity to quinol oxidase inhibitors, we consider soxABCD 7.20, 6591-6600.

as the most likely candidate. The electron transfer betweenLubben, M., Arnaud, S., Castresana, J., Warne, A., Abracht, S. P., and
the chsAB—soxLN-odsN complex and SoxABCD may be  Saraste, M. (1994Fur. J. Biochem224, 151-159. ,

lished b reorientation of the alobular domain of Malkin, R., Zach, A., Chain, R., Kallas, T., Spiller, S., and Willms, I.
accomplishe yg g (1998). InLight-Energy Transduction in Photosynthesis: Higher
cbsA, as was previously demonstrated (Schoepp-Cothenet  Plants and Bacterial Model§Stevens, S. E., Jr., and Bryant,

et al, 2001). Thus, cbsAB-soxLN-odsN together with zDégA-vedS)vThe American Society of Plant Physiologists, pp. 274~
SOxABCD may form a second respiratory SUpercomplex yason, 3. R., and Cammack, R. (1998)nu. Rev. Microbiold6, 277—
in the membranes @ulfolobus. 305.
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