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ABSTRACT. Chlorobium is an autotrophic, green phototrophic bacterium which uses reduced sulfur
compounds to fix carbon dioxide in the light. The pathways for the oxidation of sulfide, sulfur, and
thiosulfate have not been characterized with certainty for any species of bacteria. However, soluble
cytochromec-551 and flavocytochrome (FCSD) have previously been implicated in the oxidation of
thiosulfate and sulfide on the basis of enzyme assayhiorobium We have now made a number of
observations relating to the oxidation of reduced sulfur compounds. (1) Western analysis shows that soluble
cytochromes-551 inChlorobium limicolais regulated by thiosulfate, consistent with a role in the utilization

of thiosulfate. (2) A membrane-bound flavocytochromesulfide dehydrogenase (which is normally a
soluble protein in other species) is constitutive and not regulated by sulfide as expected for an obligately
autotrophic species dependent upon sulfide. (3) We have cloned the cytoctiaiegene fromC.

limicola and have found seven other genes, which are also presumably involved in sulfur metabolism and
located near that for cytochrongeb51 (SoxA). These include genes for a flavocytochrarflavoprotein
homologue (SoxF2), a nucleotidase homologue (SoxB), four small proteins (including SoxX, SoxY, and
SoxZ), and a thiotdisulfide interchange protein homologue (SoxW). (4) We have established that the
constitutively expressed FCSD genssXEF) are located elsewhere in the genome. (5) Through a database
search, we have found that the eight thiosulfate utilization genes are clustered in the same order in the
Chlorobium tepidungenome (www.tigr.org). Similar thiosulfate utilization gene clusters occur in at least
six other bacterial species but may additionally include genes for rhodanese and sulfite dehydrogenase.

The species o€hlorobiaceagthe green sulfur bacteria) possession of soluble cytochromé51 @). It is the latter
carry out anoxygenic photosynthesis in which reduced sulfur property which is of particular interest to us because soluble
compounds (sulfide, sulfur, thiosulfate) serve as electron cytochromec-551 had been shown to be enzymatically
donors for the reduction of carbon dioxidk ). All species implicated in the oxidation of thiosulfatel,(5).

are strictly anaerobic and obligately phototrophic. Elemental  1ne soluble cytochromes found in the photosynthetic green
sulfur, which is formed extracellularly during oxidation of ¢ ;s bacteriumg. limicolastrain Pond Mud (NCIB 8346)
sulfide and thiosulfate, is further oxidized to sulfa®. ( (6), all appear to be involved in the oxidation of sulfur-
Utilization of thiosulfate as a photosynthetic electron donor containing electron donors. Flavocytochronee which

by Chlorobiaceaeis restricted to the thiosulfatophilum consists of a 47 kDa flavoprotein subunit and an 11 kDa

biovars._ The_tV\_/o subspecies Glfnlorobium _Iimicolaand cytochromec, subunit containing a single hemg<11), has
Chlorobium vibrioforme, forma thiosulfatophilum show a been demonstrated to catalyze the oxidation of sulfide (

number of phenomena related to thiosulfate that are not 13). Althou ;
) ) . gh a number of-type cytochromes can function
shared by the otheZhlorobiaceae (1) the use of thiosulfate 5" ajectron acceptors for sulfide oxidation catalyzed by

as photosynthgtlc electron QOnor,_ (@) the formatlon of flavocytochromec in vitro, the in vivo acceptor appears to
thlosulfate_ durl_ng phototrophic sulf|d_e OX|d_at|on, (3_) the be cytochromec-555 @) which forms an electrostatically
disproportionation of elemental sulfur in the light but in the stabilized complex with the enzymé4)
absence of C@ (4) the possession of high levels of ) . e
thiosulfate sulfur transferase or rhodanese, and (5) the CYtochromec-555, in addition to its likely role as an
electron acceptor during the oxidation of sulfide, may also
" This work was supported by the Fund for Scientific Research- function as an acceptor of electrons from thiosulfate. The
Flanders (G.0282.01) and by a grant from the National Institutes of 80 kDa thiosulfate-oxidizing enzyme appears to utilize

Health (GM21277). L
* The nucleotide sequences reported in this paper have been submittet?omble cytochrome-551 as the initial electron accepte, (

to the GenBank/EMBL Data Bank with accession numbers AY074395 5). This enzyme has no visible absorption, hence does not
and AY074396. possess flavin or heme. The overall reaction is greatly
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¢-551 (14), suggesting that the actual electron acceptor may Terminator Cycle Sequencing (Perkin-Elmer, Foster City,

be the cytochrome-551—c-555 complex.
Chlorobiumsoluble cytochrome-551 is more restricted
in its distribution than is cytochrome555. It has been found
only in the two thiosulfate-utilizing strains that have been
studied: Pond Mud (NCIB 8346) and Larsen (NCIB 8327)
(6, 15, 16). Soluble cytochrome-551 is isolated as a dimer
(6) and is composed of identical subunits of about 32 kDa
(15, 16). The redox potential is 135150 mV, and it is less
water-soluble than other cytochromes (it precipitates at 30
60% saturation ammonium sulfate). We previously deter-
mined the amino acid sequence of soluble cytochro/figl
from C. limicola (17) as part of our ongoing effort to
characterize the enzymes involved in sulfur metabolism. We
have now extended our study of sulfur metabolism by
isolating and characterizing the genes for the soluble cyto-
chromec-551 and FCSD.

MATERIALS AND METHODS

Bacterial Strains and Plasmids. C. limicad&rain Tassajara
(DSM 249) and strain Pond Mud (NCIB 8346) cells were
prepared in a medium modified after Biebl and Pfeniig)
The culture was grown under anaerobic photosynthetic
conditions (40 W tungsten lamp; 3C). Most of the work

reported herein was with strain Tassajara, and strain Pond

Mud was used only to test for strain differences in the
cytochromec-551 by PCR and western analydischerichia
coli strain XL1-blue (9) was grown in LB mediumZ0)
and used to detect complementation for pUC18 (Amers-

cham Pharmacia Biotech, Uppsala, Sweden) derivatives on

LB plates supplemented with 8M IPTG and 32ug/mL
X-gal. E. coli strain MC1061 21, 22) was used as a host
for cloning techniques. Antibiotics were added at concentra-
tions of 200ug mL~* for carbenicillin and 1Q«g mL~* for
chloramphenicol.

Genomic Cloning. Chlorobiugenomic DNA was isolated
as described by Brown et aR3). Plasmid preparations were
carried out by standard procedur@g)( On the basis of the
Chlorobiumcytochromec-551 amino acid sequence), a
set of degenerate primers was designed. PCR primers wer

CA). The sequencing was started from both ends with the
universal primers M13F and M13R (New England Biolabs,
Beverly, MA) and was continued with specific primers
created on the basis of the new sequence. Once the sequence
of cytochromec-551 and of some of the flanking genes was
obtained, a search against tGhalorobium tepidungenome
(www.tigr.org) was performed. We found that cytochrome
c-551 was part of a larger gene cluster that included an
upstream copy of flavocytochrome Because théanHl
fragment of 2.4 kb and thidindlll fragment of 4 kb did not
encode all of the thiosulfate utilization cluster®@flimicola,

we constructed a PCR probe based on the sequence of the
flavoprotein subunit of the FCSD isozyme 6f tepidum

with the forward primer 5SATGGGAAATACGATTTCT-
CGC-3 and the reverse primer-BCCCCAGGTGTCCT-
GTGAAAT-3'. Southern hybridization on genomic DNA of

C. limicola revealed aHindlll fragment of 2.6 kb. After
cloning and sequencing, we were able to compose the full
gene cluster.

On the basis of the complete amino acid sequence of the
cytochrome subunit and the partial sequence of the flavopro-
tein subunit of flavocytochrome (FCSD) fromC. limicola
(9), a set of degenerate primers was designed. The forward
primer had the sequence BGYGCIGGITGYCAYGGIAC-

3 and codes for the heme-binding sequence CAGCHGT of
the cytochrome subunit. The reverse primer had the sequence
5-GCIGCRTGCCAYTCRATCA-3and codes for the amino
acid sequence MIEWHSS in the flavoprotein subunit. The
probe was amplified by PCR using Taqg-polymerase (Am-
ersham Parmacia Biotech). The amplified fragment of 993
bp was cloned in the pGEM-T vector (Promega) and labeled
via PCR with digoxigenin-dUTP (Roche Diagnostics).
Southern hybridization revealedBanH1 fragment of 6 kb
and twoHindlll fragments of 2.4 and 5 kb used to construct
subgenomic libraries. All other procedures were the same
as those for cytochrome551.

Preparation of Protein FractionsProtein samples were
subjected to reducing SDFPAGE (24) to detect the pres-
ence of the heme group by peroxidase activ2$)( Total

'?Jrotein concentration was determined according to the

synthesized by Amersham Pharmacia Biotech. The forward method of Bradford 26) using the Bio-Rad 500-0006 kit

primer had the sequencé BAYCARAARYTIGTIGAYG-
CIGA-3, and the reverse primer the sequentd BYC-
TISWIGCIGGICCRTTRTA-3. The probe was amplified

by PCR using Tag-polymerase (Amersham Pharmacia

Biotech). The amplified fragment of 780 bp was cloned in
the pGEM-T vector (Promega, Madison, WI) and labeled
via PCR with digoxigenin-dUTP (Roche Diagnostics,
Mannheim, Germany). Via southern hybridizatiorBarHl|
fragment of 2.4 kb and twélindlll fragments of 4 and 0.9
kb were identified. Two subgenomic libraries were con-
structed, one for thBanHI fragment of 2.4 kb and one for
the Hindlll fragment of 4 kb R0). The detection and
identification of transformants were done with the nonra-
dioactive DIG-DNA detection system (Roche Diagnostics).

Double-stranded plasmid DNA was sequenced using Dye

1 Abbreviations: IPTG, isopropyt-p-thiogalactoside; X-gal, 5-bromo-
4-chloro-3-indolylg-p-galactosidegccm cytochromes maturation; MS
medium, minimal salt medium; LB, Luria-Bertani; PAGE, polyacry-
lamide gel electrophoresis; BSA, bovine serum albumin; orf, open
reading frame; FCSD, flavocytochronee-sulfide dehydrogenase.

with BSA as a standard. A total of 20y of boiled protein
was loaded per lane for SDBAGE. The BenchMark
prestained protein ladder (Invitrogen, Faraday) was used as
molecular weight marker.

Western Blotting and Spectral Analysiy/tochromec-551
from crude extracts ofC. limicola strain Tassajara was
detected in western analysis with polyclonal serum obtained
against purified cytochrome-551 from strain Pond Mud
(Eurogentec, Seraing, BelgiumDetection was done by
chemiluminescence of the antigens blotted on Hybond-ECL
membranes using horseradish peroxidase conjugated second-
ary antibodies (Roche Diagnostics). Flavocytochrome
sulfide dehydrogenase from crude extractsCoflimicola
strain Tassajara was detected in western analysis with
polyclonal serum obtained against the purified flavoprotein
subunit of FCSD (Eurogentec). The blot signals were
qguantified using the program Quantity One (Bio-Rad, Her-
cules) and are expressed as the sum of the intensities of the
pixels times the surface area (IN¥ mn¥). Reduced and
oxidized spectra of recombinant cytochrom&51 were
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A 1 2 3 B 1 23 acetate, sulfide, and thiosulfate. For those cultures in which
thiosulfate was included in the medium, cytochrocag51

ﬁ ~ +«30kDa g e 47 kDa was produced approximately four times more than when

3 thiosulfate was omitted, as shown in Figure 2A. The lack of

Ficure 1: (A) Western blot analysis of protein fractions 6f regulation previously reported for stationary phase cultures

limicola strain Tassajara with antibodies raised against cytochrome (16), may have been due to the intermediate formation of
¢-551 from strain PM: (1) periplasmic fraction, (2) cytoplasmic thjosulfate during growth on sulfide, as found for all species

fraction, and (3) membrane fraction. (B) Western blot of protein . ; ; i .
fractions of C. limicola strain Tassajara with antibodies raised that utilize thiosulfate in addition to sulfide. Thus, both

against flavocytochromefrom strain PM: (L) periplasmic fraction, ~ €NZyme assays and regulation of cytochrom&51 by

(2) cytoplasmic fraction, and (3) membrane fraction. thiosulfate point to its involvement in the oxidation of
thiosulfate.

measured on a Uvikon 943 spectrophotometer (Kontron, When the same experiment was performed with antibodies

Milan, Italy). against FCSD, it was clear that it is not regulated by either
sulfide or thiosulfate, as shown in Figure 2B. The lack of

RESULTS regulation of FCSD by sulfide in strain Tassajara is somewhat

surprising because it has been implicated in sulfide oxidation

Cellular Location of Cytochrome ¢-551 and klacyto- — gnq js regulated irE. vacuolata(27). On the other hand,
chrome c.t had previously been shown that the solubility ¢ ifide is required for growth ofhlorobium but not E.

of cytochromec-551 is less than that of other cytochromes , o¢olatg thus, the enzymes for oxidation of sulfide should
and that it precipitates at relatively low concentrations of o qnstitutive inChlorobium

ammonium sulfate), suggesting that it might actually be  coning the Cytochrome c-551 Gerhe reported amino

a membrane protein which is only partially solubilized during 4.iq sequence of the soluble cytochrom&51 from C.

cell breakage. It was therefore essential to establish wherejmico|a contains 258 residues, a single heme, and a disulfide
the protein is located, whether it is truly soluble, cytoplasmic, pond in the 30 kDa protein monomet 7. At the outset
periplasmic, or membrane bound. Periplasmic, cytoplasmic, e assumed that all strains 6f limicolawould be similar

and membrane fractions & limicolastrain Tassajara were it not identical. However, this proved not to be the case, as
prepared, and protein blots were incubated with antiseragnon here. Nevertheless, the published amino acid sequence
raised against cytochrome551 (from strain Pond Mud). a5 ysed to design degenerate primers, and a PCR fragment
There was strong hybridization to the periplasmic fraction, . the appropriate size and sequence was obtained @om

weak reaction o the cytoplasmic fraction, and almost no |imicoa strain Tassajara. This was used, in turn, for southemn
response with the membrane fraction, as shown in F'gureanalysis resulting in the isolation of a 2.4 KdarHI

1A. Thus, cytochrome-551 is a soluble periplasmic protein fragment and aHindlll fragment of 4 kb, which were

in both strains. However, we cannot exclude the possibility completely sequenced as shown in Figure 3. An upstream
that it interacts in vivo with another protein, such as SoxX. 5 g kp Hindlll fragment was subsequently obtained and
Antibodies were raised against the flavoprotein subunit sequenced as well.
of FCSD (from strain PM) and western blots performed with Cytochromec-SSl from strain Tassajara is encoded by
extracts from strain Tassajara. In contrast to cytochrome soxA and contains a total of 286 amino acid residues,
c-551, FCSD is located primarily in the membrane, with including a 21-residue signal peptide directing it to the
significantly less protein in the soluble fractions, as shown periplasmic space, in agreement with the location established
in Figure 1B. In fact, a slight reaction with the soluble py western blots. The mature protein thus contains 265
fraction may be due to residual membranes that had notresidues, which sums up to a molecular mass of 30 365 Da.
completely sedimented upon centrifugation. Although it was The initiator ATG codon is preceded by a normal GGAG
unexpected to find FCSD in the membrane fraction of strain riposome binding site. However, the sequence is not identical
Tassajara because of the soluble nature of the same proteifi that previously determined for the purified protein from
from strain PM, the FCSD fronkctothiorhodospiravacu-  the same nominal strain, differing at 41 positions (84%
olatais also located in the membran27j. identity). We have found only one copy of the cytochrome
Regulation of Cytochrome ¢-551 and FCSAN strains c-551 genegoxA in Chlorobium,suggesting that the protein
and species o€hlorobiumuse sulfide and, in fact, require  previously sequenced had been derived from another strain
sulfide to maintain anaerobiosis and also to use it as aor species than had been report&d)( On the basis of a
reductant for carbon dioxide fixation. Thiosulfate, on the subsequent analysis of strain Pond Mud (NCIMB 8346),
other hand, is only used by some representatives of the greemwhich showed that the protein encoded by the PCR product
bacteria to fix CQ, and it cannot replace sulfide as a was identical to the published protein sequent®,(the
reductant. The genes for thiosulfate utilization even reside previous result is likely to correspond to strain Pond Mud
on a plasmid in some strain28). One would therefore  rather than to strain Tassajara, which was being grown in
expect that thiosulfate utilization might be regulated. Al- the laboratory at the same time. Thus, the SoxA from these
though it had been shown that cytochromB51 has arole  two strains is as different as can be expected for any two
in thiosulfate oxidation4, 5), it had also been reported that species ofChlorobium
cytochrome biosynthesis was not regulat&€) ( However, Identification of a Thiosulfate Utilization Gene Cluster.
we have now shown through western blots that cytochrome Cytochromec-551 is currently believed to be the electron
¢-551 can be regulated under certain conditighdimicola acceptor for the thiosulfate oxidizing enzyme rather than the
strain Tassajara was grown in a basal medium, as describecnzyme itself 4, 5). Thus, it is to be expected that the
by Biebl and Pfennig X8), with various combinations of = cytochromec-551 gene might be associated with additional
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FiGurRe 2: (A) Western blot analysis df. limicola strain Tassajara periplasmic protein fraction with antibodies raised against cytochrome
¢-551 from strain PM. The minimal medium was supplemented with (1) sulfidiiosulfate, (2) sulfidet thiosulfate+ acetate, (3)
sulfide + acetate, (4) thiosulfateé- acetate, (5) sulfide, and (6) thiosulfate. The cells were harvested after 3 days (exponential phase). The
relative staining intensities (INk mn¥) are 7.5, 9.6, 2.1, 5.0, 1.0, and 3.8, respectively. (B) Western bl6t 6ficola strain Tassajara
membrane protein fraction with antibodies raised against flavocytochednoen strain PM. The minimal medium was supplemented with

(2) sulfide+ thiosulfate, (2) sulfidet- thiosulfate+ acetate, (3) sulfide- acetate, (4) thiosulfaté acetate, (5) sulfide, and (6) thiosulfate.

The cells were harvested after 3 days (exponential phase). The relative staining intensitiesr(itg) are 1.0, 4.9, 1.8, 3.3, 2.7, and 3.0,
respectively.

genes in the pathway. That this is so can be shown by the likelihood that the strains used in the protein sequence
analysis of the genes flanking the cytochromB51 gene studies had been mislabeled. The flavoproteins, SoxF1, from
(soxA. We were able to locate eight open reading frames the two strains are 76% identical.

on the combinedBanH1 and Hindlll fragments in the Both the cytochrome and flavoprotein genes contain leader
following order: soxF2 soxX soxY soxZ soxA orf106, sequences apparently directing the proteins to the periplasmic
soxB andsoxW as shown in Figures 3 and @ene names  space. The gene for the flavoprotein contains a normal leader,
were chosen by analogy to thoseRdracoccuswhich we  \yhich suggests that it is cleaved following translocation
subsequently found to be similaFhere are differences in  across the membrane. However, the cytochrome gene
the number of genes in the two clusters and in the gene order contains a leader that does not have a normal cleavage site.
but the comparison gives an idea of the minimal set of genesThe |eader sequence is followed by a 15-residue segment,
required for thiosulfate utilization. |ICh|OI’Obium all but rich in Ala and PrO, Suggestive of a flexible arm that is
soxZare preceded by signal peptides and thus appear to besometimes present in peripherally membrane-bound proteins
periplasmic. SoxZ is probably translocated in tandem with and which allows them to swing around in order to react
SoxY by analogy with the hydrogenase subunits, only one with different reaction partner proteins. This result is
of which has a signal peptide&9). Four genes appear to  consistent with the membrane location of FCSD indicated

lack a ribosome binding site, includirsgxF2 orf106 soxB by western blots. In contrast @hlorobium the protein from
andsoxW It is possible that the ATGs we have chosen are g jacuolatais membrane bound via an uncleaved signal

not the initiator codons, but all four sequences have the peptide in the flavoprotein subuni2?).

double Arg or Lys motif near the N terminus, which is

frequently observed with periplasmic signal peptides. There pDISCUSSION

is a string of T's betweesoxF2andsoxX soxXandsoxY,

andsoxBandsoxW which suggests that the genes preceding  Thiosulfate Utilization Gene ClustePrior to this study,
and following these strings may not be translated equally. it had been shown that cytochroneeb51 is involved in

There are hypothetical promoter regions in frontsokF2 thiosulfate oxidation, but it was uncertain as to whether it
soxY, andsoxZ was actually soluble, whether it was located in the periplas-
Cloning of the Flaocytochrome ¢ (FCSD) Genefhe ~ Mic space, as is the case with the majority @fype

previously reported amino acid sequence of the FCSD cytochromes, and whether it was regulated. We have now
cytochrome subunit and the partial sequence of the flavopro-Shown that it is a soluble, periplasmic protein, that the gene
tein subunit ) was used to design degenerate oligonucle- contains a leader sequence directing the protein to the
otide primers which were used for PCR with strain Tassajara. Periplasm, and that it is regulated by thiosulfate. Furthermore
A fragment of the appropriate size and sequence wasthe cytochromec-551 gene is associated with a c_:luster of'
obtained and used for southern analysis of chromosomalSeven other genes; we believe that they may be involved in
DNA. Two Hindlll fragments of 2.4 and 5 kb were cloned sulfur metabolism in general and in thiosulfate utilization in
and Sequenced, as shown in Figure 5. The Cytochromeparticular.. Consistent with our ObservatiOIjS V\mhl|m|c0|a,
subunit gene foxB is followed by the gene for the theC.tepidumgenome sequence (www.tigr.org) contains a
flavoprotein subunit{oxFJ, as expected. However, there Single cytochrome-551 gene which is actually closer to
are no other genes for electron-transfer proteins that mightStrains Pond Mud and Tassajara sequences than they are to
function in sulfur metabolism. Upstream sbxEF1lin the ~ One another, as shown in Figure 6 (28 and 32 differences
same orientation, there is a gene for a lipoprotein A of 136 (11-12%)). Itis not surprising that. tepidumshould have
residues. Downstream ofoxEF1 and in the opposite a_cytochromec—551 be_cause it is also capable of _ut|I|Z|ng
orientation, there is a gene coding for a 154-residue orf that thiosulfate 80). The eight genes presumed to be involved
contains a CXXC motif generally characteristic of thiore- N thiosulfate utilization inC. limicola strain Tassajara are
doxins. Further downstream, there is a 462-codon orf that conserved in the same order@ntepidum thus strengthening
shows homology to membrane-spanning multidrug resistancethis viewpoint.

transporter proteins. The translated sequence of the mono- With the presence of a similar cluster of eight genes in
heme cytochrome subunit, SoxE, is not the same as the ondwo species ofChlorobiumestablished, we examined other
that has been reported previously from strain Tassafjra ( bacterial species in data banks fmxgenes. There exist at
but they are 71% identical. A PCR product from strain PM least seven relatively close homologues of @tdorobium
does correspond to the published sequence, consistent witlsoluble cytochrome-551, namely, fromParacoccus pan-
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tgtaaaacgacggccagtgccaagctteecgggtgageggcagggecgecgacagggttctgatgacteecegecagatgttetecgatgtegattttgteg 100
ttgctgtaccgtgaccagatatcgtettegtccatcatcagegagtgggegecatctcattececcgettecgatecattgaagetecttgacgggagetggttet 200
gttgcgaggcaggegttgacggcacggatgettcteccttgatgtgattggegegaaaggaattttegattacgatcgacggggegetacggggageaca 300
agagtcaaccataatcacgttattaatatagcgaacgatccagtttttttegetatatgacgatacattccaattacgecaattegggtttttgtgegge 400
atcgatttcgtctgaacgcccecttgttcatgecagaatcacggcaaccgetcatttttecttecacatttttttctetttgacgecatttatgtgaagtgtaaa 500
aaagaggttaagtcttgcatatttactcgtatttcattatataactacataatcatatatagcttacgatgatttggtgetttgetgttegtctgagcaa 600
aagtcttttcaacgttatggcagttagccccattcattccgagttttgcatttaacggtaaatacctgattgcgttatgggaaatacgatttctcgcagg 700
soxF2 M N T S R R 8
agtttcaacaagttgctgttttccggacttgccggttcgtctctgttcatgtctggcgggcctcttatggcctccgtttcaaaagcccgcgtcgtcgtga 800
S F N K L L F $ GLAG S S L FMSGGPILMASVYV S KA ARV V V IJ42
ttggcgggggatttggtggcgctacagtcgcgcgctatctcaaaaagctggacccggcgatttcggtqacgctggtaqagccaaagacggtgtttcatac 900
F G A TVAIRYULI K KL D?PAISVTILVEU®PI KTV F HT 75
ctgtccgatgagcaactcggttatcggcgggcttcggtcgatgcaggatatcgcccatacctacaatgttttacggaatcgttacggcatcgaagtcgtg 1000
c p M S NSV I 6GGLRSMOQ?DTIAHTY YNV VI LI RNUIRYGTIEVYV 108
cacgatacggccacgcttatcgatceccegtgaagaaatcecgtgaggcetgaagggaggtegetegetegegtatgategtetegtggtgtegecgggegteg 1100
H DT ATULIDU®PV XK K SVRILI K GGRSULAY DI RTILVV S P G V D142
atttcatctgggatgccatcgaaggctacagecgegaggcgggagagtcgaagatgecttatgegtatgaggetggteegeagacgettetgttgegeag 1200
F I wDATIUEGY S REAGESIKMZ®PYAYEW ASGU®PIQTTULTUL L R R 175
gcagcttcttgccatgaaagatggcgagaacgtgatcatetgegetecgaaaaatectttecgetgteccgeggetecttacgagegggecaagtetecata 1300
¢ L LA M KDGENVYVY I I CAU®PI KNUPZFURTCUPA®AZPYEWZRA ASILTI 208
gcctactatctgaaaaagaacaagccgaaatcgaaggtcatcattectcgacgacaaggaggtcttcaccaagcaggatctgttcatgettggetgggate 1400
A 'Y Y L K K N K P K S$ K VvV I I L D DK EV FTKQDULU FMTUL G W D R242
ggctctatcceggcaagategagtggegatcgggetegactggeggaaaggtegageggetcgateccggeggegatgacegtttegacegagtteggega 1500
L' Y P G K I EWWZRSGST GG KV ERULUDU®PAAMTV S TEF G D 275
tgaaaagggcggegtcatcaacgtcattectcegecagegagetggecgeategecatcgatgecgggettgecgacgetteeggetggtgeceggtecaac 1600
E K G 6 v I NV I PP QU RAGRTIWAIDASGILA ADA AS SIS GWTCU®PVN 308
cccgegaacttegaatcegettcetgeatcececggeattcatgtgatcggegatgeggetctggtgggaaccatgeccaagtecggggacggeggecaatacee 1700
P A NVFE S L L HP G I HVIGDAARLWVGTMUZPIZ K S GTAANT Q342
aggccaaggcgctggecgettegettgtegettegtteggeggecctgetgecggecagecacgatetggecaacctetgttacageatgetectetecegg 1800
A KA L AASLVASFPFGG?PARAGO QHDT LA ANILTCYS ML S P G 375
ttacgcaatctccgttgcaggecggctacatccaaageccggaaggcatcaaggacaatececgactecatecatetecacctegatggaggegaccaceget 1900
Y A I 8 VvV A GG GY I ¢ S PE G I KD NUPUD S I HULTSMUEA ATT A 408
caactggccggcgaggccgaacaggeggataactggtatcacaacatttcgecaggatacctgggattgagettttagegtageggegegeggttttgeecg 2000

Q L A GEAZEQADNWYHNTI S QDT WD * 430
cgggtgatcgeggattttttttactcacgcaggatttcaactcactaaacaagagaggacatatgaagtcttcaggcattategeggeggeggecattet 2100
soxX M K $ 8 6 I I A A A A I L 13

tctgetgecatceteteggeategeggeagetccggegggegagtetteegtegagaagggcaaggegetggegetcgatacgaacaagggeaattgeate 2200
L L P S$S L GI AAAPAGIE S SV EI KGI KA AL ATLUDTNI KTGNTZCTI 46
gcctgccacatgatgggcgatggagagttccccggcaattacggcccgcccctcatccagatgaaagagcgttatccagaccgggcggcgcttcataaac 2300

A CHMMGDGEU FUPGNYG?PUPULI QMI KEIRY P DIRA L H K Q 80
agatcggggatgcgacgattatcaatccgaagagcatcatgcctccattcggaaagcacggcattctgaacgtttccgagatcgatcagatcgtcgatta 2400
I G pATIINU®PIKSIMU®PUZPVFGIKHS GTIULNVYVSETIUDTJGQTIV DY 113
tctctatacgetcetgagttcaccttttttaagacaaggeccegegeggggtcaaaccaataacactettttttttaggaggecteccatgggtattaceeg 2500

L Y T L ~* soxY M G I T R 5
cagagatttttgtaaatcggtagecggtteggeggcatetgtegeggtgettgeattecatgeeccggecaatecttetggegagetggagegagaaagetttt 2600
R D F CK SV AGSAASVYVAV L AT FMUPGNILTILA ASWSE KA F 38
tctgcecageaagcetegatgaggcecategecagegaagtteggttegettecgateccaggaatcaacggcaatccagatcaaggcteeccgagategecgaga 2700
S A S K L DEAIAAIX KU FGSULPI QE ST ATIOQTII KA AUPETIAE NT72
acggcgcetttegtgecagtaacggtagecgaccagtatteccggegegaccaatatcageattttcactecggecaaacttcagecegatggtggettegtt 2800
G A FV?PVTVATSIPGATNTISTIUFTU®PANUFSPMV A S F 105
cgacgtgctgccgcgcatgaagcccgaggtttcgcttcgcatqaggatggccaagaccgaaaatctcgtcgtcgtcgtccaggcgggcggcaagctctac 2900
b v . PRMIKU®PZEV S LRMZ RM K T EN L V V V V Q A G G K L Y 138
cgggcggttcgcgaagtcaaggtgaccatcggcggctgtggcggataatcgataaccattcaaaacacatttcaggagtgaaataatgaaaatcaaagca 3000
R AV REV KV TIGGTCG G * soxZ M K I K A 5
gtagtccagaatgacgccgtctcggtcaaaatgctcatcccgcatccgatggagaccggccgccgcaaagagcagaacggtacgcttgtcccgcaccatt 3100
v v Q N D AV § V KMUL I P H P M R R K E Q N G T L V P H H F 39
tcatcaccgaggtgacggccactcacaacggccagaccgttttccatgccgaactcggccccggcgtctcgaaagatccctatctgtctttccagttcac 3200
I T EV T ATHWNGOQTV FHAZEULG?®PGVYVY S KDU&PY L S F QF T 72
cggcgccaaggcaggegacatgetgaaggtetectgggttgacaacaaaggecggtteccgaaaccgetgaggcagecattacggegatgtaattccaacca 3300
G A KA GDMUL KV SWV DNIKSGSGSUETW-AEA AA ATITAM®* 101
caggagaacccatccatgaaaaaaacaattcagecgagggctgtttaceggegegetegttetettgacagecatgacgtegaagecggetcacgeegecg 3400
soxA M XK K T I QR GL F T GAULUVUL LT AMTSEKUPAUHZ ARAV29
tcaattaccaggctctggtegatgeggatgtcaaaaaattccagggctattttctcaaggagttteecgggegtgaagettgaggactteggegatggegt 3500
N Y Q AL VDAIDVI K X FQGYFL K EU F?P GV KULET DT FGUDG V 62
ttacgctctcgatgaggattcccgcaagcagtggaaggagatggaggagtttcegecttatgaactegatgtecgaggegggecaaggegetettecaacaag 3600
Y A L b EDSRK QWK EMZEZEVF P P Y E L DV EA ASGI KA ATLF N K 95
cccttegecaatggcaaatcecgetggggagetgettttecgaacgggggagecgtgegeggeatgtatecctacttcgacgagaagegcaaagaggtgataa 3700
P F AN GIKSLGSTCU FSNGGAVRGMYU®PYFDEI KI RIEKEV I T129
cgctcgaaatggccatcaacgagtgeccgegtggccaatggecgaaaaaccctatgececcgaaaaaaggggacattgecagggtttecggectacategecte 3800
L EMATI N ETICR RV ANSGEI KU®PYAZPI K KGDTI ARV S AY I A S 162
gatcagccgeggceccagaaaategatgtcaaggtgaagagcaaggcggettacgacgectacatgaagggcaaggagatgttttacgecaagegegggeaa 3900
I S R G @ K I DV KV K S KAAY D AYMI K G K EMMTEFEFY A KR G Q 195
ctcaacatgtcgtgctceeggetgecacatggagtatteccggacgtcacctgagggecgaaatcatcageceggegeteggacacaccacgeacttecegg 4000
L NM S C S G CHMUEY S GRHULRAETITI S PAULGUHTTHF P V229
tgttccgetcecgaaatggggegaaateggcaccttgcacagacgetacgecggttgcaacgaaaacatecggagecaagecgttecctgegecagagcaaaga 4100
F R S KW G E I G T UL HRIRYAGTCNEUDNTIGH AIZ KU?PUFUP-AIQ S K E 262
gtatcgcgatctggaatttttccagacggtcatgtcaaacggectgaagttcaatggececggecatcaagaaaataagaagaagaaaccatgaaaaaagtg 4200
Yy R DL EF FP Q T VM SN GULKFDNGUPA A S R K * orfl06 M K K V 4
ttatcgctecttgagettgetgetactcacgecttecgettcattgetgetggecgaaccaacggeggcteecggeggtetettegecgetgategaccagg 4300
L $ L. 1. s$LLLLTUPSASULLLAZEU?PTHAHAUPA AV S S PUL I D Q AS38
cagaggcggcgcgcaaggaggcggacgcgcetecggttacgagtggegtgatacgggegeattgattcagtecgecaaggatgegetccagaaaggecagea 4400
E A A RKIEADA AILGYE WU RUDTGA ATULTIGQS S AI KU DA ATLUOQI KGOQOQQ T
ggcggagtcecgacaaactcgcttcgcaagegettttecaggeecgegeggegacagegecagggecagtacatggcaaagaactggaagatgatgatteee 450
A E § DK L A SQAULUFQgAIRAATA AUQSG QY YMM®BI KU NWWI KMMMTIP 104
aaaaactgatttcegtegggatgteggetgagecectcaccgacgteecgatettcattgatcagtagttttacggeaacccaaaccgeccegattcatg 460
K N * soxB M 1
aacctatccegtegtgagtttcteegeatteteggatttgecggageecgeaggecttetgectgggetggettecgeggecaggeagecectecgatettt 470
N L S RREU FULURIULGV FFAGAAGTLULU®POGT LA AS SA AR ARMSGS S UP S DL YS35
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atgatcteggtcagtecggegacattegettgttgeacatcacggataccecatgeccagetcatgecgatetactacegtgaacccagectgaacctegg 4800
b L Qs GGDIW RILILHETITDTHAOQILMU®PIYYRUEUPSTILNTIL G 68
gctcggecaggeatteggacgtectectcacctegtgacggagtegetcttgaaatattacggecatcgcacctggtacgecgetegeacatgectatace 4900
L GQAF GRUPUPHILILVTESULUL K Y Y GIAUPGTU®PULAHA ATYT 101
gcgatcaactatgecgaggcggegceageggttceggaaaggttggeggtttecgegecatctgaagacgetegttgaccggatgegttcggagtacggateeg 5000
A I N Y A EAUBAOQIRVF G XKV G666 FAHUL KTULUV DR RMZPRSE Y G S D135
acaagaccctectgcetcgatggeggcegacacctggcagggttcgggaacagegttetggaatecgeggeatggacatggtegaggectgcaatttgetegg 5100
K TLLULDGGUDTWOQG S GTA AU FWNI RGMU DMV YVEA ATCNIUL L G 168
cgtcgatgtgatgacgggtcactgggagttcacctatctcgaagaggaggtactcaaaaacctegeggcetttcaagggegacttegtggegecagaatate 5200
v bV MT GHWEF T Y L EEE VL KNTILAAT FI KGDU F VA QN I 201
aaggtcaaggaggatgcgcetcettcaacggagccaaggcgttcgacgagaatteceggacacgecttecgtecctacgtggtcaaageggtgggcaagcace 5300
K vV K EDALVFNGA AI KA ATFDIENSGHA ATFRU PY V V KAV G K H RZ235
gcgtecgecgtgattggecaggegtttecctacacgeegatcegecaateccegeecegettecattecegaactggacctteggecatcaatgecagegacatgea 5400
vV AV I GQAF PYTUPTIANUZPA ARIU FTIUPNWTT FSGTINA ASZSTDMOGQ 268
gcagcttgtegataccgttegetccaagaagaagectgacgeggtegtgetgatetegecacaacgggatggatgttgacgtcaagetegegeaggtggte 5500
Q L v D TV R S KKK PDA AV YV L I S HNGMUDV VDV K LA ATZGQUV V 301
agcggcatcgacgtgattttceggeggecacacccatgacggcgtaccgecageccttegtegtgcagaacgecaaggggegaacgetegtcaccaacgeeg 5600
s 6 I bpv 1l F GGHTHUDGVPQPFVV N A-AI K GIRTTILV TNA G335
gatcgaacggcaaattcecteggegteategacctecaageteggcaatggeggegtcaaggagtataattacaagttgettecegtetttteccaacgaact 5700
S NG K F L GV I DUIL XKL GNGGV KU EYUNYI KT L UL PV F S N E L 368
teceggegeacaacgggatgcaggegetgategacaaaaccecgegeacectacctegacaagetcaacgagecactegeegtggecggategetgetetac 5800
P A HNGMOQATZLTIDI KT RAPYLDI X L NUEUPILA AVAG S L L Y 401
cggcegeggeaatttegacggeccgttegaccagatcatetgecaacgegettegecagecagaacgacgegeagatttegetttegeccggettecgetggg 5900
R RGN FDGU?PVFDQITICNA ALI RIOQUOQNDA AU QTIS S UL S P G F R W G435
gtacgagcattttgccecggccagaccatcacgatggagcacgtgetcgaccagacctgcatgacctateccgaaacctacgtgegegacatgaceggeca 6000
T s 1 L. p G Q TTIT TMEHV L DOQT CMT Y PET YV RDMT G Q 468
gcagatcaaggacattctcgaagacgtggecgacaaccttttcaatctegatececttetaccagecagggeggcgacatggtgegeaceggeggtetgage 6100
Q I K DI L EDVADNDNIULFNILDUZPZFY QG GDMVIRTGG L S8 501
tatcggatcgatccgatggcctcgatgggcaagcgcatcgacaacatgcggctcgaaaacggcaaggtggtggatgcttcgcaaaagtaccgtgttgcag 6200
Y R I D P M A S G K R I DNMUP RILIENGIE KV V DA S Q K Y R V A GB535
gctgggcgaccgtgggcgcaaagtcgccgggcgagccggtttgggataccgtggccgcttatctgaaagataaaaaggtggtcgaagtgaaaaagctcaa 6300
W ATV GA K S PGE PV WDTVAAY L KD KI KV V EV KK L N 568
ccagcccgaattcaaaaacatgggcagcaatccgggaatcgatctcacctgaggcgaagatcgtcagcggacaaggctgttgcagaagcgaaaccgcgac 6400
Q P EF K NM G S NP G I DULT 584
tgattccegtttetgtectgaacggagggetggaatgtgcacecttegtcagecaacagatttttgettttgagaacteegtttgetttttttctgaaag 6500
agcctgttgacggacttegtttgttttgaaaagetcaatccatgaatggttcatgaaatccattaaaaaattgttegecacctcaategtggegettteg 6600

soxW M K 8 I K K L F A T S I V A L S 16
atgattggcgegcetteecggcaacaagegegagegeggeggttecteccgegagecaggecgtecgecgggecaaagtegecceggegttecggatcaaaacge 6700
M I G AL PATSASAA AV PPASQAV AGI KV AP ATFUZ RTIIKTLSO
tcgacggcaaggagttgaagagttegeagettgecggacggecctacategtcaactttttegectegtggtgececgecctgecgtgaggagetgeeegg 6800

b GG K EULK S S QLAGRU®PY I VNV FTFASWTC®PU®PTCRTETETLP G 83
catggtggcattgcagaaaaagtatgcaaacaagggcttcacttttatcggcatcgcttttcgggatcgccccgcgacgctgcccgattttctctgggag 6900
M V AL Q K K Y ANI KGU F T F I G I A F R D P A T L P D F L W E 116
atgggggtcgactatccggtcggcctcaccactcctgaactcgaagccchtttggcaagctcatgccgggcggaaaaatccgcgcgattccggcaacct 7000
M GV DY PV L TTUPEULEA ARARATFS G KU LMUZPGS GI KTIIRA ATIU®PA AT FI150
tcgtegttggecgegatggecaagattctcaatgecgtgagtggeggectcaccagagaggacttegagtegetcatcatcaaggeggtcaacaccagace 7100

vV VvV GGRDGI KILNA AV S G GLTIRUEUDT FESTILTI I KAV NTR P 183
tgtaaagtaagctcacgaagegaggctteccggattteecteteecctegacecetgecegaacatectetecatetectecattegetgaacecggeccaga 7200
v K * 185
gagagcgccggttcagegattettgetttatgegtggegatcatttgecagecggecatcacggagetgtcaggcaaaatggettttecgegeeggegetg 7300
tttettgtttggttttgtagttcatattaaatatattecatttgtttgataaacgatttggttatatagttaaategttgattttaaggcagtgacaggtt 7400
tctgtttccaaggetgtttgggegttatgegegeaggetgtgegeggagagetgaaaaagett 7463

Ficure 3: DNA sequence and translated amino acid sequence of the thiosulfate utilization gene cl@steniobla strain Tassajara. The
ribosome binding sites are boldfaced.

| 1 kb |
Chiorobiom tepdn II-D-
Chlorobium tepidum - -

Sox XY Z A off
106
sox W Y Z2 A X B orf orf rhdA F2 petA2  F1

162 144

Paracoccus pantotrophus
Rhodovulum sulfidophilum ".. - -

sox vV W X YZ A

Rhodopseudomonas palustris | {_ -ﬂ- .D “

sox V. W of X
165 379

Ficure 4. DNA sequence and translated amino acid sequence of the flavocytochropagon fromC. limicola strain Tassajara.

totrophus(31—33), Aquifex aeolicug34), Rhodopseudomo- incomplete, yet we have located several other genes that
nas palustris Alcaligenes eutrophuéiow calledRalstonia belong to thesoxcluster, which lead us to believe that all of
metalliduran3, Magnetococcusp. (www.jgi.doe.gov)Thio- the genes will eventually be found. TRkhodopseudomonas
bacillus sp. @5), and Rhodaulum sulfidophilum(36), as andRalstoniaSoxA proteins have one heme-binding site like
shown in Figure 6. Some of these genome sequences ar¢hat of Chlorobium.The ParacoccusMagnetococcysT hio-
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gtacccggggatcctctagagtcgacctgcaggcatgcaagcttccgtcgagcagcgcgcaaaatccgggcatcgccgctccgcaatgcgttaatcacgcgcataaccgc 110
accagatacaacgcaaacccgaacattttttgccattcttttattcaaaacagcctccctggcaagcaaaaaaaccggcaaagagaaacagctaacgacaataattaaag 220
caacttaaaasaacaaacaaaatccattatagcgcaccaagatcaggcaaaacaacaggatttegecactttaaaaacctttttattatattageccacgagttaattaceyg 330
tgaaacaaaacagcgctctaccaaaaacactcccatgaaagaaaccqaaaccatacgcaccatcagacccggtagccgcgcattaaccagtatgcgattatgaaaaaact 440
ctttacccagtactgccgettygcattggeattatcactcatcatgteagectetecgtccagegetettgecageccagaacggagecataaaccacaccattteccagaa 550
rlpA M s A S P S S$ AL AS QNGATINUHTTIS QK
aagcagctcatcccggagcacagcaaagcctcgtcccaacgctgaccggttcatggtcgctgtcggaaaggcatcctattacgccaccagattccacggaagaacaacgg 660
s $ S S R S TA X PRUPNA ATDU RTE FMV VAVYVY GEKA ASY YA ATRTFUHGRTTA
caaacqgcgaaacattcgacatgaaagagttcaccgccgcccaccgctcgcttccattcggaaccatcgtgcqggtaaccaacctcaacaacggaaaaatggtcttcgta 770
N GETFDMTI KT ETFTA AHS ARHIZEKRSTLPTFGGTTIVRVYVYTDNILNNDNGIEKMYVTFV
aagatcaacgaccgcgggccattcaaaaaaaaccggatcatcgatctctcgaaagccgccgccaagaaactcgacctcgttgacaacggcathgcagagtcaagatcga 880
K I N DR G P F K XK NIRTIIDUIL S KA AAIEKI KU LDULVDUNGTIGR RV KTIE
agcatacaactgacctcgacgagtcaaagccagtcagccccctgatcatttcggaaaaaggggggctcgctctaacccgattagtgcagtaagcacaaacagattaacgg 990
A Y N *
gttaaccgataatgcgggaaccagcatcaccggaaaagcagcgaaatcccgcgcccctttcagcagacggcatcttctgcaagaagggcatcgctaaaaacttattgcgc 1100
gtttcgaatgctgcgttaggcgatgctcgaactcttggtgtgccctgtgtgcactccggtttctgcgctccgtccgccttgtacacgaaccgctcatcacacttttcaga 1210
gacgccctgtattcacgacccagcttcgccaccattcacgathctggcataaacccgtaaaccactattaaacaacaggatgcggcgcgaaaaaaaaatagcgaacagt 1320
cccgccaacccctccggcctcaaaactattqcttactcaqggctatatgaatacatggctgcatcgctattttacttgcatcacaaagcgccctaccctatattaacaat 1430
tgttgcaaaacctgttgacgtcacctettttocceeggettetgecagttagetggagattecacgttgtectteegaggetgtecageggattttctgategttattegee 1540
attattattcgtgcgtttcacttcacttcgatccagttcatgcaatgtaaataaggagaacccgttatgcttccaaaaaagaacgtaatgctggqcctggtgttcaccgt 1650
soxE M L G L V F T V
agtgccgttgtttcatgccggcagtacggtgatggccgccgacgcgccagcgccggctacggttgccgccccggccccgactccagctatggatccggccaagatgcgtg 1760
v P L F HEAGS T VM AA®AUDA APA AZPA ATVAUARPAPTU?PAMTDU?PA AIE KMRBRE
aacgcggccagatactggcegctttectgetecggetgecatggcaccgacggtaaaagetcaageatcatgecttegatttacggecaagaccaccggctatategaatee 1870
R 6 ¢ I LALSTCSGTCHGTUDSGI K S S s I MPS I Y GKTTSGYTITE S
gegttgctegatttcaaatcecggegececggatgtccacggtaatgggcagacatgccaaaggttacacgectgaagagattcacctgattgecgagtattteggaaatet 1980
AL L DF XK S GAURMS T VMGRHAI KTSGY YT?®PEETIHUHTLTIAETYFSGNL
gtcgaaaaagaaaaattaaccggaggaaaagggtcatgagtatttcaaggegtgatttcaacaaactgcttgtategggegtegocggtteggeatteggacttttegge 2080
s kK kKl g N+ soxF1l M $ I $ R R D F N K L L VS GV A G S ATFGUL F G
atgachgcaatacctttgcggctggcggatcgaaaaaacatgtggttgtcgtcggcggtgggttchcggcgcggctacggccaaatatctcaqaaagctcgatccgtc 2200
M $ G NTFAATGTGS KU KUHV VVV G GGFGGARARTA AT KT YT LRI KTLDTZPS
aatttccgtgacgctgatcgagcagaagctctectacattacctgeccgtteagcaactgggtgcteggecggactgaaaaccatgaaagacatcacccacacctacacgg 2310
I $s Vv TULLIZE QKL S Y I T C?PFSNWUVLGGLI KTMMIEKDTITHTYT A
cactccgcaccaaacatggegtgaacgtcattgecgacagggtegtetegategatgocgegaaaggtacgctcaagettgegggcggeagggttateggetatgategt 2420
L. R T K H 6 V NV I A DU RV Vs I DAMAMAZ KTSGTU LI KT LA ASGS GHURVTISGYDR
ctegtegtctcteccggecategatttcaagtacgacgecattecgggatacagecagaaaatcgeccgaatcgaaaatacctcacgectggeaggctggeccgecagacggt 2530
L Vv Vs P G IDF XY DATIUPGY S Q KTIAESZ K I PHAWOQAGT?PIQTV
gcttctgcatcgecagettcagacgatgaaaaatggeggegecgttctcatetgtecgecggacaaccegttecgetgeccteccggeccatacgagegegecagtetygg 2640
L L HR QL QTMI KU NG GA AUV LIOC®PU®PDNUPTFH RTCZPZPSGZ?PYERA ASTILYV
tCgcgcactacctgaaaaaacacaagccgaaatcgaagqtcatcattctcgatgccaaagagaagttctccaagcagggactcttcaccaaaggatggggacqgctctat 2750
A H Y L K K HK P K S KV I I LDAZXKTEZ KT FSKOQGUL FTX X G WE Y
ccggqcatgatcgaatggcacagctcgactggcggtggcaaggttcttggcgtcgatgccaaggccatgacggttgaaaccgatttcggcgcgatcaaaggcgcggtgat 2860
P GM I £EWH S $ TG G G K VL GV DA AI KA AMTUVETUDT FGATII KTGA AWVTI
caacatcatcccgecgecagaaggccggcaaaategetttegacgegggtettaccaatgaaaaagggtggtgcecggtccateeccgectegttegaategacgetgcaca 2970
N I I P P Q KA G K I A F DAGIULTNZEI KSGWTCUPV HPASTFESTIL H K
agggcgttcacgtcatcggecgacgeetgcategecggegecatgocgaaatecggettegeggecagecagecagggcaaggttgeccgecageggegatcatcaatatgett 3080
G VHV I G DACTIAGA AMTPIEKSGT FAAS S QG KV AAAATILITINML
cgcggacaggaaccggetocgeegtctetggtcaatacctgetacagectgategggecggaatacggcatctccgtggectggagtetatgaattegecgegactggeat 3190
R G Q EPAPUPSLVNTCYSULIGPEYZ GTISVAGVYV Y ETFAATGI
tatccaaataccgggatcgggaggacttacgectgecgatgcgagegacgaccaattggegcaagaggegatgttcgecgagggctggtacaccaatatcagecaaggata 3300
1 ¢ 1 P G S G GL T PADASDU DU QLA QEA AMTFAEGUWJYTNTI S KDI
tctggggataaaccggagcttgegaccgtactgegttcggoaggeattattgecatgaactgecatcttacgggcatctecaaagattgaccgtagecgccaaaaggacteecce 3410
W G *
ccttcagegecacggcaatcagagagatgecctttttgattttegagegegatgtgaaggaacgcacatacagacctttttcgggcagagactgaccctcaatggeatggg 3520
ctctgatctgectgectacatccaaaatgcagccceggetgtegggaacctatcaccaaagegecgattttttetgectetgeccaccacgecgeggggagtgacgegge 3630
* Q9 A
agcgaaaaagcacgaacaggccgagctttagetegetctageteaagtacgttttcgegaatggecagecgecgeccggeageagettcttcaccggetetacgegegge 3740
T A K E H K D ?PEFDIL S I 3S NMCFQRIE KTSGTU®PU®PPGDUDT FUFHGTLHAG
gtggcaggtgtttcgtggageccaagegeggtacggcetttegeaacagaccggetatetactgegacggeectgettgecaaagettttttgageeggteggegtgecacga 3850
¢ R G CL V ETW RAMGT FANDNDU®PIRYTIV S GPRV TETFTFS P WG C T S
cegettgaaccgcaggcttgecttgtcgagecaacggegtteggegegteatcatecacggeteagggageattaaggtcatgaagggecatttacgggcaageccagaggg 3960
A F KA DS RV FTLENSGT CAATCYYTGILGET YNWYZKGTTFATRTETE
gcaccgegeggtgccegeatcetcaagtcecgetctegtggacgaaggtetgecttaggeegtecageteggeccagcacagecacgecctcatcatecctaacaageccace 4070
G HRAVAYULEU®PS LV QKWV s D?PULDILRTTUDTH®RS Y YPNNTPH
gaccgcaacaagtaccgcaacaggccaaagecaccgettetaaaaccgetecgttotgtecgectatteeggecagtegtagtgtttttggacttaccgettectagagta 4180
A N N M orf154
tagccagtgccaaaaaggggtgt tgcgggggeggeggggt tegcaaggccgataccaageaagegacttgecatgaggacggtccgggegecaatagaggaacgegetgta 4290
* P ENA S R Y E Q WAURTTIE KR S M
cttgtctttttagcaccgecgetaccactggtagegegggeaggectegeggtgecgecacgactttacgaggettgegtetgggtagttcteccaacggettacegtatt 4400
P L P I T AATITVMAGTA RILAVATSU FHES S RILSGMZLILNGT FUPM
caggttcgtcatggtagtctatctacgagtactgcgegggtgectttgecagaagetgetecgegacgtggecacggecagtageagegettecgecagttgtacggetee 4510
L G L L VML YIS MV RGRUFRIDEV VLU RZQVTGTMTA AT FATTULMGL
ggcctctacttgtetgteggttegeggtggecgteggttecagegettecacttgeggtegtegggtttecgettecagtegtgaggeggetagtggaactacgacggtge 4620
G §$ I F L ¢CG LAV PLWTA AT FTT FHARTLILTGT FA AT FTULUVGG I V KIS GR
gtggggcggcgagcagtagctgtggtggtggcacggcgtctcgctcggttctggcttccggctcatctccatcgggtacggtaggcggggctacggcttctgggcgaacc 4730
vV G G s T M s Vv Vv VvV T ¢ L $ G L G F A S YL Y GMGDA AGTI G F V RK
gctggtggccgtcgtagcggtacttgctggtcggtttctagctctggtgccgctgcttgccatgctagcacgcttactagcctacggcggtccgcatccgctacggcagc 4840
AV V P L MAMYTPFS WG F I SV VAV FL VI TRIIPHIRW®WWAYATIGTSD
gcetagetgacctagectacgaggectegatagettgegecceggetaacgeegtegagetateggtegtegegeecgetactgecgttacttcgagtacggecaaccgeta 4950
R I §$ Q I P HEPATISU RUPASQGQ?PULETIAILTULA AATIVATILIFSMGNATI
cttgcgeggcgggecacggctaggtecactagtacttgggeecggtegtggececggetagtgegegettcteaactttaccttectcaagtegeggtggegatggecgteca 5060
F A G GT G I WTIMV FGATLUVU®POGIVU RS SNV FHT FSNILAVAUVPL
ctgcggegaggtgctaaagegactacttacggacttaccggecteaccgetggegegactgegacggcetactetttgegetettgetettagtggecttageaceggteg 5170
HRREV I ESI FAQIIAPT AVASVYV S GIIILFATLUVYVYTLTIWV?PTITATL
ggccgttcecttactcacgeggettttgettectetegtegtagtegtettggacgetggtetegtegtggeggaacgeccctategetagetgttegtagggeggettete 5280
G AL I L AGVPFVJFSLLMULILVQSWILILVAI KU RZPYRUDV L MGG F L
gctgtcctcgttccagccgtgccagcttcggcggcggcggtgcgggtgggtcttgcggctaggccagtatagcttttggtcggtggggacgcggtgctagagctaggtgc 5390
s L L L TPV T S AAB BAA AV GV F A S G T M D F V L WG Q AV I E I W
acggttagtagctttactagaccgggtgctttatctcggccttcgaggccgaacgttttcctcctttccgaagctcgtcgaagcggaagtgcggcggcctactcccgcga 5500
T 6 I M s I I Q GV FYULRVF S RSATFUPUPT FAETLULIE KA AIEKVYVSGG S § P A
ccgtccaacctacaaagcaaaaagggcecttectacgageagtegetgtegegagtatccatecagtcagtagtecagtaageatgtgecttgagtttegtctettttecate 5610
P L N S TENIKGS P HEUDA AUV A S M orf4d62
ttttttettggtagtgeecgttagectaagttaggecattgactgaaagtegggtttccagtgtecacaageccatageccgtaaaaagettgggttcatgaggaccttege 5720
cgttttcaattgtgcagtatgttaggecctcetegtttgtttgtttagtcttaattgtggctaattttgatttaagegegtygccacaggectgtgegggtaagggtgttcct 5830
tttccttcaggectgecggegtaacagecaaagaagtaaaaagattgttgaccttttoctecatgaaggctacttacatcatttaggecttcgttaaccgecataageccgaac 5940
cttttcctcatgaaggctacttacatcatttaggecttegttaaccgecataageccgaactggtacggegtgaccegtetttagaccgtttgcagegegagaccaagecg 6050
ccgecagegggtctaaaagtgacgcgagacgtagatggacaagctgeatectcacggeggtctttagtctcagatagaceccttggecaaaagegttggatgectgagaagac 6160
ccaacagcaccggtacgtgaagatgttagggccactgttcttgecacgatacgggtaaagaaagagecttaaaagaagtactggegegaaaagtegatgttcegttagecac 6270
gagccgttctataccgagaccgetgecaagaagacgagtagttgecgaactgetaagaagacggecaagtggaccatgttegtettgegttagtagtgetttgagacgeect 6380
cgecaattgcagecggtagecgeagacgegecacggcetaggagtacgtgecgggagectgaaactgecaggtactaagaggeceggegatttgagtagetcactttgecgggee 6490
cecttgtacggacagecttataggtagaagecagttggtaacttaggagctacgggttcctaaatactgegecaactattagttcettcaagtecacactggagtggeggtgtgg 6600
cctaagtaaaagaaaaagagcggcccgecagagagggettttcttttaccecactaacggectgettttagggtcegecagectgetgecaccgeagtcageggtagette 6710
ggcgcactacgtaacgcaagccttattagecegettagtaagtcggetggeccgaggaggeccgaacgacgecagecttatactgetaactggeecgtgeggggacaageegeg 6820
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aaaccgtaggccgcgaaacgcacttegtaactctaccgtegecatttttttgectctcagaagaagaccaaagtactacgatagecaaaacaccecgttgtaact 6930
rtectecagggectttcatagegtgetgtgaggtcecaagtaacgcettgetegacttgegttacgaagggetgectectagecaggecttgecagtgetacgttgactttt 7040
gcccaaggtaaagagtecttttttagecagtgececcttaaaaaagecatgectcectecgaataaaagtagacaccactggtagatagagaaagttccagttaggt 7150
rtggattggttagtatgtggecggtactcgegagtgcaaatattctttgagectttagecagecaaggagteggtggtegtagettctecocggeacttgttgeggeag 7260
‘ggcggetttggtaggecttgtaggcgacccagetcaaccagetttgggegac

Ficure 5: Composition of the thiosulfate utilization gene clustersChflorobium (this work and www.tigr.org)A. aeolicus(34), P.
pantotrophugq31, 32, 50), Rps. palustrigwww.jgi.doe.gov), andR. sulfidophilum(36).

bacillus Rhodaulum, and AquifexSoxA sequences differ  Lidstrom, University of Washington) plus a number of other
in having two apparent heme binding sitégjuifexgene species 43) (not shown) are equally closely related. How-
AQ1807 was unidentified in the published genome sequenceever, there are a large number of more distant homologues
(34) but is in fact a homologue of cytochrornés51 or SoxA, which generally function as nucleotidases. The three-
with about 24% identity Aquifexis not known to utilize dimensional structure of tHe. coli 5'-nucleotidase is known
thiosulfate. However, there are similarities in the genetic to have a binuclear cluster of zinc atoms at the active site,
context of the cytochromes as components of related genewhich serves to bind the terminal phosphate of the substrate
clusters in these species, which strengthens their structuralas well as the hydrolytic wated4). A catalytic His-Asp
and functional assignment to SoxA, as will be shown below. pair is assumed to effect hydrolysis of the phosphate. When
Furthermore, SoxA is regulated by thiosulfatéRhodaulum SoxB is aligned with thée. coli nucleotidase (not shown),
(36). five out of six metal ligands, plus the catalytic His-Asp pair,
There are no conserved methionines or histidines that couldare conserved (see Figure 7). We can thus postulate that
fill the role of sixth ligand to the heme in SoxA, although it SoxB is responsible for hydrolysis of the terminally bound
has recently been reported that cysteine is the ligand to bothS-sulfonate resulting from the oxidation of thiosulfate and
hemes irR. sulfidophilum(37). ChlorobiumSoxA has only sulfur (see also re83).
one heme and three conserved cysteines, two of which (78 Chlorobium soxW soxX soxY, soxZ and orfl06 are
and 109) form a disulfidel(7). Therefore, the free Cys219 presentin the. tepidungenome (www.tigr.org) in the same
may be the sixth ligand to the single heme. The two cysteinesorder as in strain Tassajara. They are 82%, 88%, 90%, 84%,
that form a disulfide inChlorobiumare likely to be bound  and 80% identical, respectively. There are also homologues
to the other heme iRhodaulumand all diheme SoxA. It  of soxW soxX soxY and soxZ upstream ofSoxA in
is also apparent from examination of the amino acid Paracoccug31—34, 45) and Rhodaulum (36). SoxY and
sequences in Figure 6 that motifs characteristic of N-terminal SoxZ are 33% and 30% identical to thoseGiilorobium
and C-terminal helices of class | c-type cytochromes are respectively, as shown in Figure 8. Homologues of SoxYZ
present in SoxA, which would indicate that the two hemes are present in the preliminary genome sequenéthotiopseu-
originated from gene doubling. For example, there is a domonas but soxX and soxA appear to be divergently
conserved Gl X X X aromatic motif 9-10 residues in front  transcribed betweesoxW and soxYZ(www.jgi.doe.gov).
of the first heme binding site and 10 residues ahead of the There are also homologues sbxY and soxZin Aquifex
second heme, which indicates a-B residue insertion  upstream ofoxA labeled AQ1810 and AQ18034), which
between the N-terminal helix and the heme in both domains. are 36% and 38% identical to those @&hlorobium
Following the sixth ligand cysteine by 2B0 residues in respectively, but thesoxXor AQ1806 is located between
the first domain and 21 residues in the second, there is asoxAandsoxB We foundsoxYin the unfinished genomes
conserved aromatic-hydrophobic pair of residues, charac-of MagnetococcusndAlcaligenesbut did not locatesoxZ
teristic of the C-terminal helix. A homologue of orf106 has not yet been foundAiquifex
There are weak homologues of SoxA Bordetella Rhodopseudomona®hodaulum, or Paracoccus and in
bronchisepticgwww.sanger.ac.ukfhewanella oneidengis  fact, we have not found a homologue in any species
gene 3254 (www.tigr.org)Synechocystisp. 6803, gene  Therefore, it may not have a role in sulfur metaboli§oxwW
SLL1359 @8), Wolinella succinogene¢Arnold, B., and is homologous to the thieldisulfide interchange proteins
Simon, J., unpublished work; Genbank accession numberthat are distant relatives of thioredoxin. The nearest homo-
AJ318778),Campylobacter jejun{39), and Pseudomonas logue of soxW appears to behelX from Rhodobacter
aeruginosagenes 2481 and 45740) (sequences not shown) capsulatusyhich is thought to be involved in the reduction
that appear to have a sixth ligand cysteine in the first domain of the cysteines in apocytochromegrior to heme attach-
and a more normal methionine in the second domain. Thesement @6). Paracoccushas asoxWhomologue upstream of
genes do not appear to be located in the saoxeluster as soxYalso calledbrf3 or shxW(31). Aquifexalso has a related
for Chlorobium Paracoccus Aquifex Rhodaulum and thiol—disulfide interchange protein (AQ1811) just upstream
Rhodopseudomonad herefore, it is not possible to tell of thesoxYhomologue (AQ1810). SoxW contains a CXXC
whether they may be functionally related 2o0xA motif characteristic of thioredoxin and protein disulfide
Downstream of theC. limicola cytochromec-551 gene reductases. The thiedisulfide redox balance in the peri-
(soxA, there is a large open reading frame encoding a 585- plasm has been shown to influencetype cytochrome
residue protein, SoxB, which is 88% identical to that found biogenesis irE. coli (47, 48). The finding of an operon that
in C. tepidum (www.tigr.org). There are a number of encodes both the structural gene of a cytochranzad a
relatively close homologues of SoxB, frdparacoccug43% homologue of the disulfide interchange proteins suggests that
identical) @2, 41), Rhodopseudomonag&t1% identical) the latter is involved in the maturation process rather than
(www.jgi.doe.gov), andAquifex (35% identical) 84), as being more directly involved in sulfur metabolism.
shown in Figure 7Ralstonia(www.jgi.doe.gov) Magneto- In C. tepidum a gene was found to occur upstream of
coccus(www.jgi.doe.gov),Rhodaulum (36), Thiobacillus soxX encoding a flavoprotein (SoxF2) homologous to
novellus (42), and Methylobacterium extorquen@. E. flavocytochromes (www.tigr.org). We subsequently cloned



Verte et al.

2940 Biochemistry, Vol. 41, No. 9, 2002

TDYQKLVDADTQAFQSYFQEKETF

MKKTIQRGLFTGALVLLTAMTSKPAHAAVNYQALVDADVKKFQGYFLKETF
MKKTIQRGLFTITGALVLMIAMTAKPANAEVNYQALVDADVKAFQGFFRKETF

)
)
)

1
2
3

MRPITALSAVIAVVL

MVSPRNTRSNTRRSPRRTYRAAPAVILAVAAAVTAIA

4)

5)

MTNKKSMAGITGLLGAALLAGSA

MTVSKRFLAPVFAMVGGLVLAFSANADPVDEELVID------DIPMVTRARARA
MPRFTKTKGTLAATALGLALAGAAFADPVEDGLVIETDSGPVEIVTKTAPPA

6)

MRKIVFA

MKTMTGRLVAAALVCGGAFSGAAVSAGPDDPLVIN---GEIEIVTRAPTPA

)
)
)
0)

~
8
9
1

PEGHPFDEGLSGWLFREAETRETEADSFANPGMLAVERGADIWNTYVEGSAGEK
FLADTFDTIYSGWHFRDDSTRDLERDDFDNPAMVFVDRGLDKWNAAMGVYVNGE

PGVKLEDFGDGVYALDEDSRKQWKEMEEFPPYELDVEAGKALFNEKPFA-NGEK
PDVKLEDFGNGVYALDEDARKQWKEMEEFPPYELDVEAGKALFNEKPFA-NGK
PEVKLADFANGVYALDEDARTQWQEMEEFPPYELDVEAGKALFNEKPFA-NGK
CTMPIVANAQDASEKEIERYREMISDPMSNPGFLAVDRGEQLWAEKRGTE KNV
TTLSAPALAQGSTAEELAKYRQMLA--EGNPAELWEAAGEELWEKEKPAGPEKNYV
WAMDVTGYNPEIDQGLYKYSDKFREMADFPPSEGAIEDGKGYFNEKMRG--EK
HLADRFDEIRSGWTFRTDDTQALEMDDFENSGMVFEFVEEARAVWDRPEGTEGK
10)SLLSGALFFSVKAEAPTPEQLKILKEMGVSPADVIVEEGRDYYHNLEKGEKTGEK

E
K
K

[SAES ]

KPYRA
Q
P

SLGSCFSNGGAVRGM-----YPYFDEKRKEVITLEMAINECRV-ANGEKPYA
SLASCFPNGGAVRGM-----YPYFDEKRKEVVTLEMAINECRYV-ANGE
SLASCFPDGGAVRGQ-~----YPYFDEKRGEVVTLEMAINECRV-KNGEKAWEP
SLESCDLGLDAGKLEGAFAQLPRYFKDADRVMDLEQRLLWCMOQNIQGLDTR KD
SLEQCDLGKGPGVTKGAYAELPRYFKDTNKVMDLEQRLAYCRVTLQGLT
SCASCHGEDGEALKGVGAT-YPKYDEKMGKPKLLQHQIERCLTEQMGOQFP
ACADCHGAVDDGMYGLRAV-YPKYVESAGKVRTVEQMINACRTSRMGAPEWD

SCASCHDDAATSMKNVGAQ-YPKWDADAKRPINIELQIDKCRVENMGAETP
I0)TCASCHGQDGANLVGAYAK-MPRYYTDIKRVADIDVRIKACLEKYVGVDAKG

PKKGD~--------TARVSAYTITASISRGQKIDVKVKSKAAYDAYMKGKEMEFY
WEKGD---~-----~-TARVSAYTITASISRGQKVDVKVKSKAAYDAYMKGEKEKFFY
WQKGD---------LAKVSAYMAYISRGQKVDVKVKSKAAYDAYMKGKEKFEFY

VVARRFSGPGKPSDMEDLVAFIANKSTGMKIEPQLSHPKEQEMARVGEETLTFH

ATKNPFSSQGKPSDIERLAAYLTGESRGVKMNVQLTHPEEKRVYALGEEKMETF
WESPE~---------QVLLVTYIKALSNGMPLNVKT-DGPVAKYVKMGEASYTF

FDAEG----~----QVALTSYIKHQSLGTPVEKMDLSDGELQDWWEEKGEKDLYY
vVIsSDPN------~---MKDMLSLISLQSRGMAVNVKI-DGPAAPYWEHGKETIYY
yiI¢épD----~-----MTAMVALIASVSRGMPVSVAI-DGPAQSTWEEKGRETIYY
10J)KKGRK--------YIVPLAGYVATLSNGMPINVELKHPEEKRLYELGEKELWY

HMEYSGRHLRAEIISPAL=- -~~~ ===~==- == - - - - -
HMEYAGRHLRAEIISPAL- - -~ — === -

[ I B~ B R
(I e ST T
[ I = I B
I - S T
[ - B I
[ A= R T
L S S = Y N B |
[ I T I T T
[T I T T
[T T O B R
[ R - | o
[ ™ I T T
[ I - B |
[T > B T T
Vo3
Voo E
toamoro
[ A R |
[ IR R R |
[ I I I B I
(== -2 N
[ |
>z
[-YN-NN-T e Ko No]
©wl NN W
> aEaAaa
H O o> mm
HOOEAAQA
& 3 G ORG R AL
oo
Mo
Tz > E >
XK OD Xz D
[CRCRUCECEGE LN )
€ HAGE R
ORI
[SENE I s e Ne
2O E W |
oo
VVLLVLLLLOLD
VOO TNz
WU > A
vovLLVLLLOLOD
(SRR RO R M N
SEE k>R
ZEZzZzOo00zER
[ V- B TR R R
QOO L m DN
vovLLVLLOLLDY
o A A RO A
MMM XXM
== A S e I S S

IJKRVGARDFSCAICHEVLIDGKRIRLQKLGAPVRD -=~-~-~--=---=-~--~-- - -~ -~

- - ---------GQANGFPTYRFNTGGMVSLHNRFRGCIR=-~-~-~-~-- -~
- ----------GQINGFPTYRLKDSGMVTAQHRFVGCVR=-~-----=--- -
- ----------GQINGFPSYRLKNARLNAVHDRFRGCIR-------------
0)-----------KLYAHWPAYRISKDKLWTMEDRIRGCYKSFFLFDPEKGEKED

- ----TSKGAREAAYTTWPAYRVSQGEVRTMQHRLYDCLR---- - - - - - - - - -
RRNAAGATIGSGSVDHWPTYRLKWGKPATMQOQHRLRTCNEK- - - - - - - - - - - - -

- ----------GHTTHFPVFRSKWGEIGTLHRRYAGCSN--------- -~
- e - e - -~ --GQTTHFPVFRSKWGEIGTLHRRYAGCNEK=------------ -
----GPSKDAQVTMASWPTYRVSQSALRTFQHRLWDCYR---------- -~

- -----=-----GHTTHFPVFRSKWGEIGTLHRRYAGCNE -—=------------

- - NIGAKPFPAQSKEYRDLEFFQTVMSNGLEKFNGPAGSRK
--NIGAKPFAPQSEEYRDLEFFQTVMSNGLEKYNGPAGSRK
--NIGAKPFPAQSEEYRDLEFFQTAMSNGLEYNGPASRK
- - QQRWPAPEYGSDGITALTLYLNEKIAAGGELAVPSIKR
--QQRFPEPAYGSDVITALTMFLAKNANGGTYDGPNMEKR
-~ NVRAEPKGYGDDYYVNLELYLASKSNGLPMNVPGFRP
--DTRAEMPKAFSDELMALEVYVTWRGTGLSVETPAVRQ
--DTRAETFKAGSDDFKALELYVASRGNGLSVEGVSVRH
--DPDTRGVPFAVGSPEFVALELYVASRGNGLSVEGPSVRN
FKKNWVKKPPFYIEEVVALELYMKKAANGAKIEVPGLIR

(10) A. aeolicus(gene AQ180734). Conserved residues are boldfaced; conserved cysteines, heme binding sites, and helical motifs are

Ficure 6: Alignment of cytochrome-551 (SoxA) from (1)C. limicola strain Tassajara (this work), (8). tepidum(www.tigr.org), (3)C.
underlined; and the leader sequences are italicized.

limicola presumably strain Pond MudT; this work), (4) Rps. palustris(iwww.jgi.doe.gov), (5)A. eutrophus(www.jgi.doe.gov), (6)

Magnetococcusp. (www.jgi.doe.gov), (7Y hiobacillussp. 35), (8) P. pantotrophusstrain GB17 81, 32), (9) R. sulfidophilum @6), and

(58% identical as opposed to 86% identity between the

a 2.6 kbHindlll fragment encoding this gene {@. limicola

SoxF2 is not the same flavocytochrome as has beenorthologous pairs). Unlike FCSDs, there is no gene for a

characterized as a soluble protein @hlorobium species,
including C. limicola andC. tepidum but is more divergent

cytochrome subunit upstream of the SoxF2 flavoprotein gene.
The cytochrome gene that follows the flavoprotein in the
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SMTYGAVYRTEMTGETLXKTVLEDVADNIFNTDPYYQQGGDMVRVGGLAYAID
AITYPNCYRTEMTGEQLKNVLEDIADNIFHPDPYYQGGGEGDMVRTGGMGYATID
AITYPNVYVLKRTGEQLKAVWEDVADNVFNPNPFYQQGGDMSRIWNVEYETE

PMASMGKRIDNMRLENGKVVDASQK-YRVAGWATVGAKSPGEP-VWDTVARY
PTATMGKRIDNMRLENGTPVEASKN-YRVAGWATVGAKSPGEP-VWDTVVAY
VSKPMGSRIAPMALADTGEAIEPAKSYTVAGWASVNEGTEEGPQIWDVVERAD
ISKEMGSRISNMTHLATGKPIEASKKYTVSGWASVNQGTEGPPIWEVLEEKHYV
VNGPQYNRIKRVWI--GGKELKPKKEYLVAVYGGPPPPPEAVEPGYKPVPVY

EILINYIKKKGSINVRTKPNVKVLDAEYHTYDECYGGGK
Ficure 7:  Alignment of soxB proteins from (1§. limicola strain Tassajara (this work), (£). tepidum(www.tigr.org), (3)P. pantotrophus

(31), (4) Rps. palustrigwww.jgi.doe.gov), and (5A. aeolicus(34). Conserved residues are boldfaced, the metal binding and catalytic

LEKDKKVVEVTKLHTPELKNVGSNPGIDRS
residues are underlined, and the leader sequences are italicized.

IRKIGTVRLQPNTSVTVTGYV

LKDKKVVEVKKLNQPEFKNMGSNPGIDLT
ASAGPVKIKPNSAVEKVSGA

thiosulfate gene cluster appears to be slightly more closely FCSD from strain Tassajara, which is distantly located on

related tosoxXthan to the FCSD cytochrome subusitxg

the chromosome relative to the thiosulfate cluster. A rare

species, butC. tepidumhas a gene for NADH oxidase

although it is not possible to tell at this time whether the lipoprotein A (RLPA) gene occurs upstream of FCSD in both

supposedsoxXinteracts withSoxAor with SoxF2because

of the weak sequence homology to either protein (SoxX between RLPA and FCSD. To distinguish the two flavopro-

homologues are aligned in r86). The genes for the well-
characterized FCSD i@. tepidumare located elsewhere on

teins, we have designated the gene for the flavoprotein in
thesoxcluster asoxF2and those for the well-known FCSD

the chromosome and appear to be transcribed independentlyassoxEF1. SoxF2s relatively closely related t8oxF1,as

Likewise, we have cloned the more commonly observed shown in the alignment of Figure 9. Most importantly, it
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MLTRRSILMAGAGSVALLAMGTAXKNAQA-~-~----NGDKVLANIKEHMGSS

MNAKRRDVLRMTAVLSILMAATGLISEAQAAEWNKT~-AFDGKSVADVI-KA
MKTETSRREALA-LAG--ITAGLAALLAPRM-~-------SFADARMVDAETIZKK

MGITRRDFCKSVAGSAASVAVLAFMPGNLLASWSEKAFSASKLDEATIARAK
MGISRRDFCRTIAGSAASFAVLAVMPGRLLASWNEKAFSASKLDEATIRARAK
MILSRREALWIGFGGLAAAALPGKAVMA----=-----=----STVDELTAARA
MLDMSTRRDFLK-VAG--VAALGLTLGISPVLNPSFAKISLEEALKKHLGVG

FGSLPIQESTAIQIKAPEIAENGAFVPVTVATSIPG-~----ATNISIFTPAN
FGSLPIEDSTAIQIKAPEIAENGAFVPVSVSTTIPG~-----ATNISIFTPAN
FTGGAATGEGGLTLTAPEIAENGNTVPIEV--KAPG-----AVAIMLLAAGN
LGGSGTEKSSAITFIAPDIAENGAVVPVAVTSNIPD-----TEQIAILVEKN
MGSSAYARAESSAIKIDAPIIAENGAMVPVKITIDHPMDADNYIQTIAVEVDNN

LYGDKKFDSGKIKLDVPEIAENGLVVPITVEVESPMTDADYVKAVHVFADGN
LSQ--IKESNAIKVKAPSIAESGANVPIQISATVPIEK---VEALYIFVDKN

1
2
3
4
5

6

FSPMVASFDVLPRMKPEV-SLRMRMAKTENL-VVVVQAGGKLYRAVREVEKVT
FSPMIASFDVLPRMIPDV-SLRMRMAKTSNL-VVIVQAGGKLYRATREVEKVT
PEPAVATFNFGPAAADQRAATRIRLAQTQDVIALAKMADGSVVKAQTTVEKVT
PNTLAADF-TIPAGTEPFVSTRVKMGQTSVV-HAAVKAGGKWYVASKEIKYVT
PTPFAGLYSLTPANGKAFVSSRLKIGKTSQVRAIAKTNTGKLIGASKEVEKYVT

PMPGIVSYKFTPACGKASASTRMRLAQTQNIICIAEMSDGKLYSTKSSVEKVT
PNPYIAHVEFTPMNGEVFFATRIKMGATSPVRAILKLKDGSYLMAYKEVEKVT

[LECRONOROR]

VLV VLLLLY
voLLUVLOLY
[CECROUNORORORG)
VOVLABLOLO
HHHS HH >

- =-=-------MKIKAVVQNDAVSVKMLIPHPMETGRREKEQN-GTLVPHHFITE
-~ =-=-------MKIKAVVQNNIVSVKVLIPHPMDTGRVKDQA-GALIPAHFITE

MADDAKPRVKVPSSAKAGETVTVKALISHKMESGQRKDAD-GKLIPRSITINR
MSVKPTPRVRVPTQAKPGELIEIKTLISHEMESGQREKDAS-GKIVPRKIINT
MASIGRAIVRVPKNVEKKGQIFKVQMVIIHPMETGLREKDPKTGKKIPAHYITH

VTATHNGQTVFHAELGPGVSKDPYLSFQFTGAKAGDMLKVSWVDNKGGSETA
VTATIGGDTVFHAELGSGVSKDPYLSFQFKGAKAGDMLKVSWVDNKGASETA
FTCELNGVNVVDVAIDPAVSTNPYFEFDAKVDAAGE -FKFTWYDDDGSVYED
VFEAEWNPAISANPYQSFFYKASETGE-FAFLWKDDDGSVYES
VTKINTSPGISKNPYFATITKMKAEEAGT -LKIVYDNKGGEKWETK -

- - --MKSIKKLFATSIVALSMIGALPATSASAAVPPASQAVAGKVAPAFRIK
- - ~-~-MKSIKTFFATSFMALSMLGAVPVARTFAAGPSASPAVAGKMAPAFTLEK
- - =-=-=-=--=-=------MKPIRALAACLLLAAAPAAAAEIGDDGLHKPTWLRETF

MTDNGISRRGAIAALGLGALGALSLRPAPAMAAREPVLGDDGLYQLDWYLQSTF
f e m e e e e D e D e D e e - - - - - - - - - - - - -MLALRFFLIFLMFLSVTFSQEWF

TLDGKELKSSQLAGRPYIVNFFASWCPPCREELPGMVALQKKYANKGFTTFIG
TLEGKELNSSQLAGRPYIVNFFASWCPPCREELPGMVALQKKYAKQGFTTFVG
KDLREDLAEANAQDKRLLILVEQRGCIYCAEMHEKVFPDPEIDALIRDGYZEFYV

LDLKEDLEGATAKGKRFAILWGLKGCPYCKKLHDVHMRDPAIESYIRDNTEFEI

ADFDKGVNTAKKEKKLVLIYFYSDHCPYCHQVEEFVFGDEDVEKFLNEKNFEFIV

1
2
3

5

IAFRDRPATLPDFLWEMGVDYPVGLTTPELEARARAFGKLMPGGKIRAIPATVFVYV
IAFRDRPATLPDFLWEMGVEYPVGLTTPELEAAFGKFMPGGKIRVIPATFVYV
VOMNLFGDVEVITDFDGTALSEKDMAVRWGVMFTPTMIFLPEEVPAEKTARAQRA
VHLNHIGAREVTDFDGSKLSEKAFAQAYGIRFTPSLQFFPESADGLAAKEKEPZ(Q
ISVNINSNLSEKFDVFGTPTFVIYDPLRGKVLAKFFGSLDAQTFLSMLTRYVC

1
2
3
4
5

GRDGKILNAVSGGLTREDFESLIIKAVNTREPVK
GRDGKLINAVSXGLVKEDFESLILKAIGSRPSK

AVAMMPGAFGKGTTSALLTWVRAHGYENGEHFQKFLARELEHE KN
DREVARMPGLLEPPEFLAMFKYVREKGYQSMPFTDWLKRPYV

NKSSVRRC

1
2
3

A. aeolicusgene product AQ181@#). Conserved residues are boldfaced, the conserved cysteine is underlined, and leader sequences are
italicized. (B) Alignment of SoxZ proteins from (0. limicolastrain Tassajara (this work), (2). tepidum(www.tigr.org), (3)P. pantotrophus

Ficure 8: (A) Alignment of SoxY proteins from (1. limicolastrain Tassajara (this work), (2). tepidumwww.tigr.org), (3)P. pantotrophus
GB17 31), (4) Rps. palustrigwww.jgi.doe.gov), and (5. aeolicusgene product AQ180934). Conserved residues are boldfaced. (C)
Alignment of SoxW proteins from (1. limicola strain Tassajara (this work), (8. tepidum(www.tigr.org), (3)P. pantotrophuscB17

GB17 31, (4) A. eutrophugwww.jgi.doe.gov), (5)Magnetococcusp. (www.jgi.doe.gov), (6Rps. palustrigwww.jgi.doe.gov), and (7)
(32), (4) Rps. palustrigwww.jgi.doe.gov), and (S5A. aeolicusgene product AQ181134@). The active site cysteines are boldfaced and

underlined and the leader sequences are italicized.
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MIRAAAAATAMFACPVIAKAKP-------RVVVVGGGA

MSISRRDFNKLLVSGVAGSAFGLFGMSGNTFAAGGSKKHVVVVGGGEGTEF
MSISRRDFNKLLLAGAAGSAFGLFGSGNTAFARA---RKRVVVIGGGTE
MGNTISRRSFNKLLFSGLAGSSLFMSGGPLMASVS-~-~-KARVVVIGGGTE
MGVNRRDVFKLAGLGVALGALQLPSIACAAKTSNSLLSPSKGKRIVIVGGGW
MKSFTVDRRNLLLAGGIGLLGVYVSKSLVFGETKGNRVVVLGGGY

MGNTISRRTFNRLLISGLAGSSLLMSGGPLMASAP---KAHVVVIGGGTEF
MRINRRQFSAGLLAAAGVVGMPGVLRAQAKP-------RVVVIGGGP

GGAATAKYLRK-LDPSISVTLIEQKLSYITCPFSNWVLGGLKTMKDITHTYT
GGAATAKYLKK-LDPTLAVTLIEPKPAFVTCPFSNWVLGGLRTMKDITHTYT
GGATVARYLKK-LDPAISVTLVEPKTVFHTCPMSNSVIGGLRSMQDIAHTYN
GGATVARYLRQ-LDPSISVTLVEPKKVFHTCPMSNWVIGGLFSMQNTAHTYH
GGATVAKYVARDSQGAVEVTMIEPLETFVTCFHSNLYLGDMRSFESICHGYK
GGATAAKYLRH-GNDAIDVTLIEVNRRYVTPFTSNLYLGGLKPFETLSFGYE
AGVTAAKYIRK-EIPDAEVVLIEQRKMFMSCPISNVWLGGLVDLEFLIHDFL
GGVTTAKYVKK-LYPDAEVVLVEKNPMFVSCPLSNLYLVGLVPYEQLCYPYN

ALRTKHGVNVIADRVVSIDAAKGTLKLAGGRVIGYDRLVVSPGIDFKYDATIP

1
2
3

ALRTRHGVNVIADRVVSVDAAKGTLRLAGGRVIGYDRLVVSPGIDFKYDTTIP

VLRNRYGIEVVHDTATLIDPVEKKSVRLKGGRSLAYDRLVVSPGVDFIWDATIE
ALRSRYGVEVVQEMATGIDPVKKTVKLKGGRMLSYDRLVVSPGVDFIWDATIE

LG~-8SY-GVKHVRQFAAAIDRDKKEVKLADGSAVPYDRLVMAPGIDIKFDSVEP
GV-AARAHGVGLVFDQVSAIDRDKKEVRTSGGARLGYDRLVLSPGIDFRWDAVEP

TPAAKYGYTFINATVTDIDRDKRRVYTEDG-YVEYDYLILAPGIRYNYDAWTEF

NLVTXKYGVNFVNDEVIGIELDKREVILGNG-RLKYDYLVISLGIEYDYEENTP

GYSQKIAESKIPHAWQAGPQTVLLHRQLOQTMK-NGG-AVLICPPDNPFRCPP
GYSQKIAKSKMPHAWQAGPQTILLHRQLQAMK-NGG-TVVICPPDNPEFRCPP
GYSREAGESKMPYAYEAGPOQTLLLRRQLLAMK-DGE-NVIICAPKNPFRCPA
GYSRDVAESSMPYAWEAGPQTLLLRROQLLGMK-DGE-NVIICAPKNPIFRCPA
GYSEARAEI-MPHGWKPGAQTKLVKKQLDALQ-DGA-TIVMVAPPNPYRCPP
GYSEAASER-MPHGYRGGAQFQLLKNQLDALS-DGA-LIVIIAPPNPYRCPP
NGDKDMARYAQTHYPSAFIPGSEHLRLKKKVENFEEGTFVLVVPPPPHRCPP
ALKEVYWSYPPAFRQGSEHLYLKRMLEGFEGE-~~~--SILISVPKMPYRCPS

1
2
3
4
5
6
7
8

GPYERASLVAHYLKKH-KPKSKVIILDAKEKFSKQGLFTKGWERLYPGMIEW
GPYERASLIAYYLKQH-KPKSKIVILDAKEKFSKQGLFTKGWESRYPGMIETL
APYERASLIAYYLKKN-KPKSKVIILDDKEVFTKQDLFMLGWDRLYPGKIEW
APYERASLIAYYLKKS-KPKSKVIILDDKEVFTKQDLFMLGWDRLYRGKTIEW
GPYERVSVMAKVLKAKGHTRSKIIVLDPKDKFSKMALFQECWQKHYPGMVEW
APYERASMMAHALKSRGVKNARIVILDAKDHFAMQTLFIDGWERHYSGMIEW
APYERAAMIAHVFRONEAKAKLIILDPKEKIAPKGPGFRMAYEQLYLDITIEY
APYERAALILSYAKKEGLKVHLYFVDENERPPVLTKGFLKAYQDFYKDDATY

1
2
3
4
5
6
7
8

RGSTGGGKVLGVDAKAMTVETDLGAVKGDVINVIPAQKAGKIAFEAGLTNEHK
RSGSTGGKVERLDPAAMTVSTEFGDEKGGVINVIPPQRAGRIAIDAGLADAS
MDPKMHGGIKGVDPQAMTVTTDFETIKADMVNVIPAQMAGKIAREAGLVNET
QDPTIHGGIKAVDPKAMTVTTDFETHKAALVNVIPPQIAGRLGRDAGLADAS
VPNAKIKEVDPV--KKVIKTTAGDFKFDDANLNPPHQAADIAWKAGLVNPKT
LTSTKVLEVDPV--KKVARTTKGDIKFSMANFIPPMRAPKLLEKAGLLEKEKGE

HSSTGGGKVLGVDAKAMTVETDFGAIKGAVINIIPPQKAGKIAFDAGLTNEEK
RSASAGGKVERLDPAKMTVATEFGDEKGGVINVIPPQKAGRIAVETGLADTS

1
2
3
4
5
6
7
8

GWCPVHPASFESTLHKGVHVIGDACIAGAMPKSGFAASSQGKVAARAIINML
GWCPVNPSSFESTIHQGIHVIGDACIAGAMPKSGFAASSQGRKVARAVAIINLL
GWCPVNPANFESLLHPGIHVIGDAALVGTMPKSGTARARANTOQAKALANSLVASTEF
GWCPVNPANFESLQHPGIHVIGDAALVGTMPKSGTAANTQAKALAAWLVASTE
GYCPIDATNMKSAIDPNIYVLGDASIAGAMPKSAFAANSQAKVVANAVRGETL
GFCPVDAGTMASLIDPSIHVVGDSATGGEFPKSGFAANNEGKTAAMIIRADL
GWCDVDPITLQSKVDKRIFIPGDANSVKGFPKSGDMANNOQTEKFMLVKAIKAM
KWVKVDPMTFETSV-KNVFVIGDSAFT-YLPKSGYAAHSQGKVVAKVIASRL

R---GQEPAPPSLVNTCYSLIGPEYGISVAGVYEFAATGIIQIPGSGGLTPA

R---GQEPAPPSLVNTCYSLIGPKYGVSVAGVYQLSPTGIVEIPGSGGXTPA
G---GPAAGQHDLANLCYSMLSPGYAISVAGGYIQSPEGIKDNPDSIHLTSM
G---GGNAGEHDLASLCYSLLAPGYAISVAGGYIQSPEGIKDNPDTVHLTSM

T---GSRTFPARYANTCWSVVAQDDTVKIGGRYEPK-DGKIAEIEGFVSKTG®G
I---GDRRMPVRFTNHCWSDIAPDPDDAIKNGARYTPQ-DGKIVMSDPYTSQLD

IEGKDPLEYVKAPTNTCYSMVNGDPKEAIVINVVYDIDKQKRMPVEKKKVNVE
R--KKPWEGELIQQAVCYAMVNLKQAIMMNYVEYKYNLKTKEIKKEIYEDDTW

1
2
3
4
5
(3
-
8

ESPQLRA-KQAREAAGWYIGMTTDITFG
---NERSQRLARATFEWAKAMYRDMES

- - ~-~--~-KVSTAKRYIEWARGLWRDMET
Ficure 9: Alignment of flavocytochrome flavoprotein subunits and homologues: ()limicolastrain Tassajara SoxF1 (this work), (2)

C. tepidumSoxF1 (www.tigr.org), (3)C. limicola strain Tassajara SoxF2 (this work), (&) tepidumSoxF2 (www.tigr.org), (5)Rps.

palustris SoxF1 (www.jgi.doe.gov), (6Rps. palustrisSoxF2 (www.jgi.doe.gov), (77. aeolicusSoxF1 B4), and (8)A. aeolicusSoxF2

(34).

DASDEQLEQEAIFAEGWYTNISKDIWG
EATTAQLAGEAEQADNWYHNISQDTWD
EATTAQLAGEAEQALQWYHNISQDTWG
EDAGIRL-QTSEENMGWYAGITADTITFS

DASDDQLAQEAMFAEGWYTNISKDIWG

However, the apparent lack of a cytochrome subunit raises

has the Cys161Cys337 disulfide A. vinosumnumbering)

that is characteristic of FCSD and sulfide quinone reductase.the question as to what is the electron acceptor.
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FCSD is thought to function as a sulfide dehydrogenase frames soxABCDEF as described previouslB?, 41). An
(8), but when the genes were inactivatedAlifochromatium additional upstream 4.3 kb fragment encodes orf1, orf2, and
vinosum there was no phenotyp49). If, on the other hand,  soxVWXYZAenes 80). The remainder osoxFplussoxGH
there is generally more than one of the FCSD-like flavopro- were found further downstrear@). The N-terminal protein
tein genes, such as SoxF1 and SoxF2 inGhéepidumand sequence oParacoccuscytochromec-552.5 indicates that
C. limicola genomes, we would expect there to be no itis encoded boxXandsoxA(31). Enzyme A is composed
phenotype unless both sets of genes were inactivated. Theyf SoxYand SoxZ The C terminus of SoxY is very highly
fact that there was no phenotype can also be due to theconserved and contains a cysteine which is likely to be the
presence of alternate sulfide-oxidizing enzymfesinosum  site of binding of sulfur, sulfite, and thiosulfatég). Enzyme
extracts catalyze electron transfer from sulfide to externally g of the thiosulfate-oxidizing system dParacoccusis
added duroquinone, indicating the presence of the enzymegncoded bysoxB (32, 41). The mature translatedoxC
sulfide:quinone oxidoreductase (SQRJ9). There is a  exhibits high amino acid sequence similarity to one domain
somewhat more distant homologue of FCSD in ®e  qf 5 eukaryotic molybdoenzyme, sulfite oxidase, which also
tepidumgenome that has the requisite disulfide and might -ntains a cytochromies domain. TheParacoccusnzyme
correspond to an SQR, and the absence of a leader sequentg,s designated sulfite dehydrogenase, emphasizing the
is consistent with this tentative identification. Raracoccus absence of thés domain, although it is now thought to be

soxEFgenes occur downstream of thexABgenes, but the a sulfur oxidizing enzvm A mutant. GbsoxC (carrvin
corresponding proteins do not have sulfide dehydrogenase g ymess). : (carrying

- d knock h h o an in-frame deletion iIs0xQ, was impaired in its ability to
activity, and knockout mutants have no p enotype).( . oxidize thiosulfate and was unable to grow lithoautothrophi-
There are two genes for periplasmic FCSD-like flavoproteins

. . cally with thiosulfate but grew well with nitrate as a nitrogen
in Aq_wfex A.‘Q232 and AQZ?_’5' bl.Jt they appear to be source or as an electron accept®?)( SoxDcodes for a 44
associated with a copy of the Rieske iresulfur protein gene

rather than with cytochrome subunit genes, and they arekDa periplasmic diheme cytochronuge, hybrid protein of

located elsewhere in the chromosome with respect tedke 33\' 3:2'“;22?;;2? lSeSrss':i)bsgrlf/eogsfhe?egtjrgfr:e;ccsgIftlgi for
genes 84). It remains to be seen whether a small cytochrome yar gl' f th PPe: h q in 68 P
gene, AQ1806, in thé&quifexconservedsox gene cluster SoxC in lieu of t € missing cytochromi, domain 68).
encodes a subunit of these FCSD flavoproteins or is actuaIIySOXCD may be unique tParacoccus Rhodaulum and

a SoxX.Aquifexalso has a homologue of SQR (AQ2186) Rhodopseudomon&ecause we were unable to locatxC

that is apparently involved in the oxidation of sulfic&). or soxD genes in either théhlorobium or the Aquifex
Thus, there are three related flavoproteins potentially in- 9N0Mes.SoxE codes for a 26 kDa periplasmic diheme

volved in sulfide oxidation in botChlorobiumandAquifex cytochromec,c, hybrid protein of 236 amino acids (in which

Rhodaulumhas an FCSD homologue, aRthodopseudomo- the orde.r of the twg domam; is reverseﬁpchpdes for a

nasalso contains a pair of adjacent FCSD-like flavoproteins 420 residue protein50) which is 37% identical to the

as part of thesox gene cluster. UnlikeChlorobiumand  Sequence of the flavoprotein subunit of FCSD fréxo-

Aquifex theRhodaulumandRhodopseudomonagenes are chromatiumevinosum However, SoxF did not have sulfide

preceded by a cytochrome subunit. dehydrogenase activity, it was not necessary for oxidation
Comparison with the Thiosulfate Utilization Gene Cluster ©f sulfide, and deletion of the SoxF gene did not impair

of ParacoccusThe genes and enzymes involved in thiosul- growth with thiosulfate %0).

fate utilization have been more thoroughly characterized from

Paracoccughan fromChlorobium as reviewed by Friedrich ~ CONCLUSION

and co-workers33, 45) and Kelly et al. 62). Nevertheless,

it is still unknown how thiosulfate is oxidized aracoccus

or how many genes may be involved in this or in any other h hiv ch ed A
species. In view of the genetic similarities for thiosulfate MOre thoroughly characterized systemRaracoccusWe

utilization in the aforementioned species and shown in Figure have also demonstrated by homology that similar systems
4, we will discuss thé®aracoccussystem hereParacoccus XISt inRhodopseudomona&hodaulum andAquifexand
versutus(formerly Thiobacillus versutu3 (53) uses a mul-  are likely to be present iMagnetococcusnd Ralstonia.
tienzyme system to oxidize thiosulfate to sulfate. Previous The thiosulfate utilization system appears to consist of five
enzymatic studies have shown that it minimally contains two Protéins which are universally present and essential for
colorless proteins and twotype cytochromes, located in ~ activity, including a thiosulfate, sulfur, and sulfite binding
the periplasmic space of the organisb%,(55). They are  Protein (SoxYZ), a cytochrome complex (SoxXA) which
called enzyme A (16 kDa), enzyme B (63 kDa), cytochrome may be the site of oxidation of sulfur compounds bound to
¢-552.5 (56 kDa; subunit 29 kDa), and cytochrom&51 SoxYZ, and a “nucleotidase” (SoxB) which may hydrolyze
(260 kDa; subunit 43 kDa). Enzyme A is now known to be the oxidized SoxYZ Ssulfonate complex. The roles of the
a mixture of 16 and 12 kDa proteins, and the former has flavocytochromee—sulfide dehydrogenase (SoxEF, or SoxF)
been established as a thiosulfate binding protén45, 56). homologues, rhodanese, and a thioredoxin homologue (SoxW)
A 13kb genomic region oP. pantotrophusGB17 (for- are less clear. IrChlorobium and Rhodaulum SoxA is
merly Thiosphaera pantotrophas involved in lithotrophic regulated by thiosulfate. IRaracoccusand presumably in
thiosulfate oxidation. The coding region for sulfur (actually RhodaulumandRhodopseudomonasulfite dehydrogenase
thiosulfate) oxidation (sox) was identified by the isolation (SoxCD), in addition to the aforementioned proteins, is
of a transposon Tn5-mob mutant with a sox-minus phenotype essential for the oxidation of thiosulfate as well as sulfite
(57). A 6.3 kb subgenomic region contains six open reading but is not present it€hlorobiumor Aquifex

We have identified a periplasmic thiosulfate utilization
gene cluster irChlorobiumspecies that is analogous to the
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