
Identification of a Thiosulfate Utilization Gene Cluster from the Green Phototrophic
BacteriumChlorobium limicola†,‡
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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 flavocytochromec (FCSD) have previously been implicated in the oxidation of
thiosulfate and sulfide on the basis of enzyme assays inChlorobium. We have now made a number of
observations relating to the oxidation of reduced sulfur compounds. (1) Western analysis shows that soluble
cytochromec-551 inChlorobium limicolais regulated by thiosulfate, consistent with a role in the utilization
of thiosulfate. (2) A membrane-bound flavocytochromec-sulfide 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 cytochromec-551 gene fromC.
limicola and have found seven other genes, which are also presumably involved in sulfur metabolism and
located near that for cytochromec-551 (SoxA). These include genes for a flavocytochromec flavoprotein
homologue (SoxF2), a nucleotidase homologue (SoxB), four small proteins (including SoxX, SoxY, and
SoxZ), and a thiol-disulfide interchange protein homologue (SoxW). (4) We have established that the
constitutively expressed FCSD genes (soxEF1) 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 tepidumgenome (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 ofChlorobiaceae(the green sulfur bacteria)
carry out anoxygenic photosynthesis in which reduced sulfur
compounds (sulfide, sulfur, thiosulfate) serve as electron
donors for the reduction of carbon dioxide (1, 2). All species
are strictly anaerobic and obligately phototrophic. Elemental
sulfur, which is formed extracellularly during oxidation of
sulfide and thiosulfate, is further oxidized to sulfate (3).
Utilization of thiosulfate as a photosynthetic electron donor
by Chlorobiaceaeis restricted to the “thiosulfatophilum”
biovars. The two subspecies ofChlorobium limicolaand
ChlorobiumVibrioforme, forma thiosulfatophilum, show a
number of phenomena related to thiosulfate that are not
shared by the otherChlorobiaceae: (1) the use of thiosulfate
as photosynthetic electron donor, (2) the formation of
thiosulfate during phototrophic sulfide oxidation, (3) the
disproportionation of elemental sulfur in the light but in the
absence of CO2, (4) the possession of high levels of
thiosulfate sulfur transferase or rhodanese, and (5) the

possession of soluble cytochromec-551 (3). It is the latter
property which is of particular interest to us because soluble
cytochromec-551 had been shown to be enzymatically
implicated in the oxidation of thiosulfate (4, 5).

The soluble cytochromes found in the photosynthetic green
sulfur bacterium,C. limicolastrain Pond Mud (NCIB 8346)
(6), all appear to be involved in the oxidation of sulfur-
containing electron donors. Flavocytochromec, which
consists of a 47 kDa flavoprotein subunit and an 11 kDa
cytochromec4 subunit containing a single heme (7-11), has
been demonstrated to catalyze the oxidation of sulfide (12,
13). Although a number ofc-type cytochromes can function
as electron acceptors for sulfide oxidation catalyzed by
flavocytochromec in vitro, the in vivo acceptor appears to
be cytochromec-555 (4) which forms an electrostatically
stabilized complex with the enzyme (14).

Cytochromec-555, in addition to its likely role as an
electron acceptor during the oxidation of sulfide, may also
function as an acceptor of electrons from thiosulfate. The
80 kDa thiosulfate-oxidizing enzyme appears to utilize
soluble cytochromec-551 as the initial electron acceptor (4,
5). This enzyme has no visible absorption, hence does not
possess flavin or heme. The overall reaction is greatly
accelerated by the participation of cytochromec-555, which
is not directly reduced by the enzyme. Complex formation
has also been demonstrated between cytochromesc-555 and
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c-551 (14), suggesting that the actual electron acceptor may
be the cytochromec-551-c-555 complex.

Chlorobium-soluble cytochromec-551 is more restricted
in its distribution than is cytochromec-555. 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 cytochromec-551 is isolated as a dimer
(6) and is composed of identical subunits of about 32 kDa
(15, 16). The redox potential is 135-150 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 cytochromec-551
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.1

MATERIALS AND METHODS

Bacterial Strains and Plasmids. C. limicolastrain Tassajara
(DSM 249) and strain Pond Mud (NCIB 8346) cells were
prepared in a medium modified after Biebl and Pfennig (18).
The culture was grown under anaerobic photosynthetic
conditions (40 W tungsten lamp; 30°C). 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 analysis.Escherichia
coli strain XL1-blue (19) was grown in LB medium (20)
and used to detectR complementation for pUC18 (Amers-
cham Pharmacia Biotech, Uppsala, Sweden) derivatives on
LB plates supplemented with 80µM IPTG and 32µg/mL
X-gal. E. coli strain MC1061 (21, 22) was used as a host
for cloning techniques. Antibiotics were added at concentra-
tions of 200µg mL-1 for carbenicillin and 10µg mL-1 for
chloramphenicol.

Genomic Cloning. Chlorobiumgenomic DNA was isolated
as described by Brown et al. (23). Plasmid preparations were
carried out by standard procedures (20). On the basis of the
Chlorobiumcytochromec-551 amino acid sequence (17), a
set of degenerate primers was designed. PCR primers were
synthesized by Amersham Pharmacia Biotech. The forward
primer had the sequence 5′-TAYCARAARYTIGTIGAYG-
CIGA-3′, and the reverse primer the sequence 5′-TTYC-
TISWIGCIGGICCRTTRTA-3′. The probe was amplified
by PCR using Taq-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 hybridization, aBamHI
fragment of 2.4 kb and twoHindIII fragments of 4 and 0.9
kb were identified. Two subgenomic libraries were con-
structed, one for theBamHI fragment of 2.4 kb and one for
the HindIII fragment of 4 kb (20). 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

Terminator Cycle Sequencing (Perkin-Elmer, Foster City,
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 theChlorobium tepidumgenome
(www.tigr.org) was performed. We found that cytochrome
c-551 was part of a larger gene cluster that included an
upstream copy of flavocytochromec. Because theBamHI
fragment of 2.4 kb and theHindIII fragment of 4 kb did not
encode all of the thiosulfate utilization cluster ofC. limicola,
we constructed a PCR probe based on the sequence of the
flavoprotein subunit of the FCSD isozyme ofC. tepidum
with the forward primer 5′-ATGGGAAATACGATTTCT-
CGC-3′ and the reverse primer 5′-ACCCCAGGTGTCCT-
GTGAAAT-3′. Southern hybridization on genomic DNA of
C. limicola revealed aHindIII 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 flavocytochromec (FCSD) fromC. limicola
(9), a set of degenerate primers was designed. The forward
primer had the sequence 5′-TGYGCIGGITGYCAYGGIAC-
3′ and codes for the heme-binding sequence CAGCHGT of
the cytochrome subunit. The reverse primer had the sequence
5′-GCIGCRTGCCAYTCRATCA-3′ and codes for the amino
acid sequence MIEWHSS in the flavoprotein subunit. The
probe was amplified by PCR using Taq-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 revealed aBamH1 fragment of 6 kb
and twoHindIII fragments of 2.4 and 5 kb used to construct
subgenomic libraries. All other procedures were the same
as those for cytochromec-551.

Preparation of Protein Fractions.Protein samples were
subjected to reducing SDS-PAGE (24) to detect the pres-
ence of the heme group by peroxidase activity (25). Total
protein concentration was determined according to the
method of Bradford (26) using the Bio-Rad 500-0006 kit
with BSA as a standard. A total of 20µg of boiled protein
was loaded per lane for SDS-PAGE. The BenchMark
prestained protein ladder (Invitrogen, Faraday) was used as
molecular weight marker.

Western Blotting and Spectral Analysis.Cytochromec-551
from crude extracts ofC. limicola strain Tassajara was
detected in western analysis with polyclonal serum obtained
against purified cytochromec-551 from strain Pond Mud
(Eurogentec, Seraing, Belgium). Detection was done by
chemiluminescence of the antigens blotted on Hybond-ECL
membranes using horseradish peroxidase conjugated second-
ary antibodies (Roche Diagnostics). Flavocytochromec
sulfide dehydrogenase from crude extracts ofC. limicola
strain Tassajara was detected in western analysis with
polyclonal serum obtained against the purified flavoprotein
subunit of FCSD (Eurogentec). The blot signals were
quantified 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 (INT× mm2). Reduced and
oxidized spectra of recombinant cytochromec-551 were

1 Abbreviations: IPTG, isopropyl-â-D-thiogalactoside; X-gal, 5-bromo-
4-chloro-3-indolyl-â-D-galactoside;ccm, cytochromec maturation; MS
medium, minimal salt medium; LB, Luria-Bertani; PAGE, polyacry-
lamide gel electrophoresis; BSA, bovine serum albumin; orf, open
reading frame; FCSD, flavocytochromec-sulfide dehydrogenase.
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measured on a Uvikon 943 spectrophotometer (Kontron,
Milan, Italy).

RESULTS

Cellular Location of Cytochrome c-551 and FlaVocyto-
chrome c.It had previously been shown that the solubility
of cytochromec-551 is less than that of other cytochromes
and that it precipitates at relatively low concentrations of
ammonium sulfate (6), suggesting that it might actually be
a membrane protein which is only partially solubilized during
cell breakage. It was therefore essential to establish where
the protein is located, whether it is truly soluble, cytoplasmic,
periplasmic, or membrane bound. Periplasmic, cytoplasmic,
and membrane fractions ofC. limicolastrain Tassajara were
prepared, and protein blots were incubated with antisera
raised against cytochromec-551 (from strain Pond Mud).
There was strong hybridization to the periplasmic fraction,
weak reaction to the cytoplasmic fraction, and almost no
response with the membrane fraction, as shown in Figure
1A. Thus, cytochromec-551 is a soluble periplasmic protein
in both strains. However, we cannot exclude the possibility
that it interacts in vivo with another protein, such as SoxX.

Antibodies were raised against the flavoprotein subunit
of FCSD (from strain PM) and western blots performed with
extracts from strain Tassajara. In contrast to cytochrome
c-551, FCSD is located primarily in the membrane, with
significantly less protein in the soluble fractions, as shown
in Figure 1B. In fact, a slight reaction with the soluble
fraction may be due to residual membranes that had not
completely sedimented upon centrifugation. Although it was
unexpected to find FCSD in the membrane fraction of strain
Tassajara because of the soluble nature of the same protein
from strain PM, the FCSD fromEctothiorhodospiraVacu-
olata is also located in the membrane (27).

Regulation of Cytochrome c-551 and FCSD.All strains
and species ofChlorobiumuse sulfide and, in fact, require
sulfide to maintain anaerobiosis and also to use it as a
reductant for carbon dioxide fixation. Thiosulfate, on the
other hand, is only used by some representatives of the green
bacteria to fix CO2, and it cannot replace sulfide as a
reductant. The genes for thiosulfate utilization even reside
on a plasmid in some strains (28). One would therefore
expect that thiosulfate utilization might be regulated. Al-
though it had been shown that cytochromec-551 has a role
in thiosulfate oxidation (4, 5), it had also been reported that
cytochrome biosynthesis was not regulated (16). However,
we have now shown through western blots that cytochrome
c-551 can be regulated under certain conditions.C. limicola
strain Tassajara was grown in a basal medium, as described
by Biebl and Pfennig (18), with various combinations of

acetate, sulfide, and thiosulfate. For those cultures in which
thiosulfate was included in the medium, cytochromec-551
was produced approximately four times more than when
thiosulfate was omitted, as shown in Figure 2A. The lack of
regulation previously reported for stationary phase cultures
(16), may have been due to the intermediate formation of
thiosulfate during growth on sulfide, as found for all species
that utilize thiosulfate in addition to sulfide. Thus, both
enzyme assays and regulation of cytochromec-551 by
thiosulfate point to its involvement in the oxidation of
thiosulfate.

When the same experiment was performed with antibodies
against FCSD, it was clear that it is not regulated by either
sulfide or thiosulfate, as shown in Figure 2B. The lack of
regulation of FCSD by sulfide in strain Tassajara is somewhat
surprising because it has been implicated in sulfide oxidation
and is regulated inE. Vacuolata (27). On the other hand,
sulfide is required for growth ofChlorobium but not E.
Vacuolata; thus, the enzymes for oxidation of sulfide should
be constitutive inChlorobium.

Cloning the Cytochrome c-551 Gene.The reported amino
acid sequence of the soluble cytochromec-551 from C.
limicola contains 258 residues, a single heme, and a disulfide
bond in the 30 kDa protein monomer (17). At the outset,
we assumed that all strains ofC. limicola would be similar
if not identical. However, this proved not to be the case, as
shown here. Nevertheless, the published amino acid sequence
was used to design degenerate primers, and a PCR fragment
of the appropriate size and sequence was obtained fromC.
limicola, strain Tassajara. This was used, in turn, for southern
analysis, resulting in the isolation of a 2.4 kbBamHI
fragment and aHindIII fragment of 4 kb, which were
completely sequenced as shown in Figure 3. An upstream
2.6 kb HindIII fragment was subsequently obtained and
sequenced as well.

Cytochromec-551 from strain Tassajara is encoded by
soxA and contains a total of 286 amino acid residues,
including a 21-residue signal peptide directing it to the
periplasmic space, in agreement with the location established
by western blots. The mature protein thus contains 265
residues, which sums up to a molecular mass of 30 365 Da.
The initiator ATG codon is preceded by a normal GGAG
ribosome binding site. However, the sequence is not identical
to that previously determined for the purified protein from
the same nominal strain, differing at 41 positions (84%
identity). We have found only one copy of the cytochrome
c-551 gene (soxA) in Chlorobium,suggesting that the protein
previously sequenced had been derived from another strain
or species than had been reported (17). On the basis of a
subsequent analysis of strain Pond Mud (NCIMB 8346),
which showed that the protein encoded by the PCR product
was identical to the published protein sequence (17), the
previous result is likely to correspond to strain Pond Mud
rather than to strain Tassajara, which was being grown in
the laboratory at the same time. Thus, the SoxA from these
two strains is as different as can be expected for any two
species ofChlorobium.

Identification of a Thiosulfate Utilization Gene Cluster.
Cytochromec-551 is currently believed to be the electron
acceptor for the thiosulfate oxidizing enzyme rather than the
enzyme itself (4, 5). Thus, it is to be expected that the
cytochromec-551 gene might be associated with additional

FIGURE 1: (A) Western blot analysis of protein fractions ofC.
limicola strain Tassajara with antibodies raised against cytochrome
c-551 from strain PM: (1) periplasmic fraction, (2) cytoplasmic
fraction, and (3) membrane fraction. (B) Western blot of protein
fractions of C. limicola strain Tassajara with antibodies raised
against flavocytochromec from strain PM: (1) periplasmic fraction,
(2) cytoplasmic fraction, and (3) membrane fraction.
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genes in the pathway. That this is so can be shown by
analysis of the genes flanking the cytochromec-551 gene
(soxA). We were able to locate eight open reading frames
on the combinedBamH1 and HindIII fragments in the
following order: soxF2, soxX, soxY, soxZ, soxA, orf106,
soxB, andsoxW, as shown in Figures 3 and 4. Gene names
were chosen by analogy to those ofParacoccus, which we
subsequently found to be similar. There are differences in
the number of genes in the two clusters and in the gene order,
but the comparison gives an idea of the minimal set of genes
required for thiosulfate utilization. InChlorobium, all but
soxZare preceded by signal peptides and thus appear to be
periplasmic. SoxZ is probably translocated in tandem with
SoxY by analogy with the hydrogenase subunits, only one
of which has a signal peptide (29). Four genes appear to
lack a ribosome binding site, includingsoxF2, orf106, soxB,
andsoxW. It is possible that the ATGs we have chosen are
not the initiator codons, but all four sequences have the
double Arg or Lys motif near the N terminus, which is
frequently observed with periplasmic signal peptides. There
is a string of T’s betweensoxF2andsoxX, soxXandsoxY,
andsoxBandsoxW, which suggests that the genes preceding
and following these strings may not be translated equally.
There are hypothetical promoter regions in front ofsoxF2,
soxY, andsoxZ.

Cloning of the FlaVocytochrome c (FCSD) Genes.The
previously reported amino acid sequence of the FCSD
cytochrome subunit and the partial sequence of the flavopro-
tein subunit (9) was used to design degenerate oligonucle-
otide primers which were used for PCR with strain Tassajara.
A fragment of the appropriate size and sequence was
obtained and used for southern analysis of chromosomal
DNA. Two HindIII fragments of 2.4 and 5 kb were cloned
and sequenced, as shown in Figure 5. The cytochrome
subunit gene (soxE) is followed by the gene for the
flavoprotein subunit (soxF1), as expected. However, there
are no other genes for electron-transfer proteins that might
function in sulfur metabolism. Upstream ofsoxEF1in the
same orientation, there is a gene for a lipoprotein A of 136
residues. Downstream ofsoxEF1, and in the opposite
orientation, there is a gene coding for a 154-residue orf that
contains a CXXC motif generally characteristic of thiore-
doxins. Further downstream, there is a 462-codon orf that
shows homology to membrane-spanning multidrug resistance
transporter proteins. The translated sequence of the mono-
heme cytochrome subunit, SoxE, is not the same as the one
that has been reported previously from strain Tassajara (9),
but they are 71% identical. A PCR product from strain PM
does correspond to the published sequence, consistent with

the likelihood that the strains used in the protein sequence
studies had been mislabeled. The flavoproteins, SoxF1, from
the two strains are 76% identical.

Both the cytochrome and flavoprotein genes contain leader
sequences apparently directing the proteins to the periplasmic
space. The gene for the flavoprotein contains a normal leader,
which suggests that it is cleaved following translocation
across the membrane. However, the cytochrome gene
contains a leader that does not have a normal cleavage site.
The leader sequence is followed by a 15-residue segment,
rich in Ala and Pro, suggestive of a flexible arm that is
sometimes present in peripherally membrane-bound proteins
and which allows them to swing around in order to react
with different reaction partner proteins. This result is
consistent with the membrane location of FCSD indicated
by western blots. In contrast toChlorobium, the protein from
E. Vacuolata is membrane bound via an uncleaved signal
peptide in the flavoprotein subunit (27).

DISCUSSION

Thiosulfate Utilization Gene Cluster. Prior to this study,
it had been shown that cytochromec-551 is involved in
thiosulfate oxidation, but it was uncertain as to whether it
was actually soluble, whether it was located in the periplas-
mic space, as is the case with the majority ofc-type
cytochromes, and whether it was regulated. We have now
shown that it is a soluble, periplasmic protein, that the gene
contains a leader sequence directing the protein to the
periplasm, and that it is regulated by thiosulfate. Furthermore
the cytochromec-551 gene is associated with a cluster of
seven other genes; we believe that they may be involved in
sulfur metabolism in general and in thiosulfate utilization in
particular. Consistent with our observations withC. limicola,
theC. tepidumgenome sequence (www.tigr.org) contains a
single cytochromec-551 gene which is actually closer to
strains Pond Mud and Tassajara sequences than they are to
one another, as shown in Figure 6 (28 and 32 differences
(11-12%)). It is not surprising thatC. tepidumshould have
a cytochromec-551 because it is also capable of utilizing
thiosulfate (30). The eight genes presumed to be involved
in thiosulfate utilization inC. limicola strain Tassajara are
conserved in the same order inC. tepidum, thus strengthening
this viewpoint.

With the presence of a similar cluster of eight genes in
two species ofChlorobiumestablished, we examined other
bacterial species in data banks forsoxgenes. There exist at
least seven relatively close homologues of theChlorobium
soluble cytochromec-551, namely, fromParacoccus pan-

FIGURE 2: (A) Western blot analysis ofC. limicola strain Tassajara periplasmic protein fraction with antibodies raised against cytochrome
c-551 from strain PM. The minimal medium was supplemented with (1) sulfide+ thiosulfate, (2) sulfide+ thiosulfate+ acetate, (3)
sulfide + acetate, (4) thiosulfate+ acetate, (5) sulfide, and (6) thiosulfate. The cells were harvested after 3 days (exponential phase). The
relative staining intensities (INT× mm2) are 7.5, 9.6, 2.1, 5.0, 1.0, and 3.8, respectively. (B) Western blot ofC. limicola strain Tassajara
membrane protein fraction with antibodies raised against flavocytochromec from strain PM. The minimal medium was supplemented with
(1) sulfide+ thiosulfate, (2) sulfide+ thiosulfate+ acetate, (3) sulfide+ acetate, (4) thiosulfate+ acetate, (5) sulfide, and (6) thiosulfate.
The cells were harvested after 3 days (exponential phase). The relative staining intensities (INT× mm2) are 1.0, 4.9, 1.8, 3.3, 2.7, and 3.0,
respectively.
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totrophus(31-33), Aquifex aeolicus(34), Rhodopseudomo-
nas palustris, Alcaligenes eutrophus(now calledRalstonia
metallidurans), Magnetococcussp. (www.jgi.doe.gov),Thio-
bacillus sp. (35), and RhodoVulum sulfidophilum(36), as
shown in Figure 6. Some of these genome sequences are

incomplete, yet we have located several other genes that
belong to thesoxcluster, which lead us to believe that all of
the genes will eventually be found. TheRhodopseudomonas
andRalstoniaSoxA proteins have one heme-binding site like
that ofChlorobium.TheParacoccus, Magnetococcus, Thio-

FIGURE 3: DNA sequence and translated amino acid sequence of the thiosulfate utilization gene cluster ofC. limicolastrain Tassajara. The
ribosome binding sites are boldfaced.

FIGURE 4: DNA sequence and translated amino acid sequence of the flavocytochromec operon fromC. limicola strain Tassajara.
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bacillus, RhodoVulum, andAquifexSoxA sequences differ
in having two apparent heme binding sites.Aquifexgene
AQ1807 was unidentified in the published genome sequence
(34) but is in fact a homologue of cytochromec-551 or SoxA,
with about 24% identity.Aquifex is not known to utilize
thiosulfate. However, there are similarities in the genetic
context of the cytochromes as components of related gene
clusters in these species, which strengthens their structural
and functional assignment to SoxA, as will be shown below.
Furthermore, SoxA is regulated by thiosulfate inRhodoVulum
(36).

There are no conserved methionines or histidines that could
fill the role of sixth ligand to the heme in SoxA, although it
has recently been reported that cysteine is the ligand to both
hemes inR. sulfidophilum(37). ChlorobiumSoxA has only
one heme and three conserved cysteines, two of which (78
and 109) form a disulfide (17). Therefore, the free Cys219
may be the sixth ligand to the single heme. The two cysteines
that form a disulfide inChlorobiumare likely to be bound
to the other heme inRhodoVulum and all diheme SoxA. It
is also apparent from examination of the amino acid
sequences in Figure 6 that motifs characteristic of N-terminal
and C-terminal helices of class I c-type cytochromes are
present in SoxA, which would indicate that the two hemes
originated from gene doubling. For example, there is a
conserved Gly X X X aromatic motif 9-10 residues in front
of the first heme binding site and 10 residues ahead of the
second heme, which indicates a 6-7 residue insertion
between the N-terminal helix and the heme in both domains.
Following the sixth ligand cysteine by 21-30 residues in
the first domain and 21 residues in the second, there is a
conserved aromatic-hydrophobic pair of residues, charac-
teristic of the C-terminal helix.

There are weak homologues of SoxA inBordetella
bronchiseptica(www.sanger.ac.uk),Shewanella oneidensis,
gene 3254 (www.tigr.org),Synechocystissp. 6803, gene
SLL1359 (38), Wolinella succinogenes(Arnold, B., and
Simon, J., unpublished work; Genbank accession number
AJ318778),Campylobacter jejuni(39), andPseudomonas
aeruginosa, genes 2481 and 4571 (40) (sequences not shown)
that appear to have a sixth ligand cysteine in the first domain
and a more normal methionine in the second domain. These
genes do not appear to be located in the samesoxcluster as
for Chlorobium, Paracoccus, Aquifex, RhodoVulum, and
Rhodopseudomonas. Therefore, it is not possible to tell
whether they may be functionally related tosoxA.

Downstream of theC. limicola cytochromec-551 gene
(soxA), there is a large open reading frame encoding a 585-
residue protein, SoxB, which is 88% identical to that found
in C. tepidum (www.tigr.org). There are a number of
relatively close homologues of SoxB, fromParacoccus(43%
identical) (32, 41), Rhodopseudomonas(41% identical)
(www.jgi.doe.gov), andAquifex (35% identical) (34), as
shown in Figure 7.Ralstonia(www.jgi.doe.gov),Magneto-
coccus(www.jgi.doe.gov),RhodoVulum (36), Thiobacillus
noVellus (42), and Methylobacterium extorquens(M. E.

Lidstrom, University of Washington) plus a number of other
species (43) (not shown) are equally closely related. How-
ever, there are a large number of more distant homologues
which generally function as nucleotidases. The three-
dimensional structure of theE. coli 5′-nucleotidase is known
to have a binuclear cluster of zinc atoms at the active site,
which serves to bind the terminal phosphate of the substrate
as well as the hydrolytic water (44). A catalytic His-Asp
pair is assumed to effect hydrolysis of the phosphate. When
SoxB is aligned with theE. coli nucleotidase (not shown),
five out of six metal ligands, plus the catalytic His-Asp pair,
are conserved (see Figure 7). We can thus postulate that
SoxB is responsible for hydrolysis of the terminally bound
S-sulfonate resulting from the oxidation of thiosulfate and
sulfur (see also ref33).

Chlorobium soxW, soxX, soxY, soxZ, and orf106 are
present in theC. tepidumgenome (www.tigr.org) in the same
order as in strain Tassajara. They are 82%, 88%, 90%, 84%,
and 80% identical, respectively. There are also homologues
of soxW, soxX, soxY, and soxZ upstream of soxA in
Paracoccus(31-34, 45) andRhodoVulum (36). SoxY and
SoxZ are 33% and 30% identical to those ofChlorobium,
respectively, as shown in Figure 8. Homologues of SoxYZ
are present in the preliminary genome sequence ofRhodopseu-
domonas, but soxX and soxA appear to be divergently
transcribed betweensoxWand soxYZ(www.jgi.doe.gov).
There are also homologues ofsoxY, and soxZ in Aquifex
upstream ofsoxA, labeled AQ1810 and AQ1809 (34), which
are 36% and 38% identical to those ofChlorobium,
respectively, but thesoxXor AQ1806 is located between
soxAandsoxB. We foundsoxYin the unfinished genomes
of MagnetococcusandAlcaligenesbut did not locatesoxZ.
A homologue of orf106 has not yet been found inAquifex,
Rhodopseudomonas, RhodoVulum, or Paracoccus, and in
fact, we have not found a homologue in any species.
Therefore, it may not have a role in sulfur metabolism.SoxW
is homologous to the thiol-disulfide interchange proteins
that are distant relatives of thioredoxin. The nearest homo-
logue of soxW appears to behelX from Rhodobacter
capsulatus,which is thought to be involved in the reduction
of the cysteines in apocytochromesc prior to heme attach-
ment (46). Paracoccushas asoxWhomologue upstream of
soxYalso calledorf3 or shxW(31). Aquifexalso has a related
thiol-disulfide interchange protein (AQ1811) just upstream
of thesoxYhomologue (AQ1810). SoxW contains a CXXC
motif characteristic of thioredoxin and protein disulfide
reductases. The thiol-disulfide redox balance in the peri-
plasm has been shown to influencec-type cytochrome
biogenesis inE. coli (47, 48). The finding of an operon that
encodes both the structural gene of a cytochromec and a
homologue of the disulfide interchange proteins suggests that
the latter is involved in the maturation process rather than
being more directly involved in sulfur metabolism.

In C. tepidum, a gene was found to occur upstream of
soxX, encoding a flavoprotein (SoxF2) homologous to
flavocytochromec (www.tigr.org). We subsequently cloned

FIGURE 5: Composition of the thiosulfate utilization gene clusters ofChlorobium (this work and www.tigr.org),A. aeolicus(34), P.
pantotrophus(31, 32, 50), Rps. palustris(www.jgi.doe.gov), andR. sulfidophilum(36).
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a 2.6 kbHindIII fragment encoding this gene inC. limicola.
SoxF2 is not the same flavocytochrome as has been
characterized as a soluble protein inChlorobiumspecies,
includingC. limicola andC. tepidum, but is more divergent

(58% identical as opposed to 86% identity between the
orthologous pairs). Unlike FCSDs, there is no gene for a
cytochrome subunit upstream of the SoxF2 flavoprotein gene.
The cytochrome gene that follows the flavoprotein in the

FIGURE 6: Alignment of cytochromec-551 (SoxA) from (1)C. limicola strain Tassajara (this work), (2)C. tepidum(www.tigr.org), (3)C.
limicola presumably strain Pond Mud (17; this work), (4) Rps. palustris(www.jgi.doe.gov), (5)A. eutrophus(www.jgi.doe.gov), (6)
Magnetococcussp. (www.jgi.doe.gov), (7)Thiobacillussp. (35), (8) P. pantotrophusstrain GB17 (31, 32), (9) R. sulfidophilum (36), and
(10) A. aeolicus(gene AQ1807;34). Conserved residues are boldfaced; conserved cysteines, heme binding sites, and helical motifs are
underlined; and the leader sequences are italicized.
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thiosulfate gene cluster appears to be slightly more closely
related tosoxXthan to the FCSD cytochrome subunitsoxE,
although it is not possible to tell at this time whether the
supposedSoxXinteracts withSoxAor with SoxF2because
of the weak sequence homology to either protein (SoxX
homologues are aligned in ref36). The genes for the well-
characterized FCSD inC. tepidumare located elsewhere on
the chromosome and appear to be transcribed independently.
Likewise, we have cloned the more commonly observed

FCSD from strain Tassajara, which is distantly located on
the chromosome relative to the thiosulfate cluster. A rare
lipoprotein A (RLPA) gene occurs upstream of FCSD in both
species, butC. tepidumhas a gene for NADH oxidase
between RLPA and FCSD. To distinguish the two flavopro-
teins, we have designated the gene for the flavoprotein in
thesoxcluster assoxF2and those for the well-known FCSD
assoxEF1. SoxF2is relatively closely related toSoxF1,as
shown in the alignment of Figure 9. Most importantly, it

FIGURE 7: Alignment of soxB proteins from (1)C. limicolastrain Tassajara (this work), (2)C. tepidum(www.tigr.org), (3)P. pantotrophus
(31), (4) Rps. palustris(www.jgi.doe.gov), and (5)A. aeolicus(34). Conserved residues are boldfaced, the metal binding and catalytic
residues are underlined, and the leader sequences are italicized.
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FIGURE 8: (A) Alignment of SoxY proteins from (1)C. limicolastrain Tassajara (this work), (2)C. tepidum(www.tigr.org), (3)P. pantotrophus
GB17 (31), (4) A. eutrophus(www.jgi.doe.gov), (5)Magnetococcussp. (www.jgi.doe.gov), (6)Rps. palustris(www.jgi.doe.gov), and (7)
A. aeolicusgene product AQ1810 (34). Conserved residues are boldfaced, the conserved cysteine is underlined, and leader sequences are
italicized. (B) Alignment of SoxZ proteins from (1)C. limicolastrain Tassajara (this work), (2)C. tepidum(www.tigr.org), (3)P. pantotrophus
GB17 (31), (4) Rps. palustris(www.jgi.doe.gov), and (5)A. aeolicusgene product AQ1809 (34). Conserved residues are boldfaced. (C)
Alignment of SoxW proteins from (1)C. limicola strain Tassajara (this work), (2)C. tepidum(www.tigr.org), (3)P. pantotrophusGB17
(31), (4) Rps. palustris(www.jgi.doe.gov), and (5)A. aeolicusgene product AQ1811 (34). The active site cysteines are boldfaced and
underlined and the leader sequences are italicized.
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has the Cys161-Cys337 disulfide (A. Vinosumnumbering)
that is characteristic of FCSD and sulfide quinone reductase.

However, the apparent lack of a cytochrome subunit raises
the question as to what is the electron acceptor.

FIGURE 9: Alignment of flavocytochromec flavoprotein subunits and homologues: (1)C. limicola strain Tassajara SoxF1 (this work), (2)
C. tepidumSoxF1 (www.tigr.org), (3)C. limicola strain Tassajara SoxF2 (this work), (4)C. tepidumSoxF2 (www.tigr.org), (5)Rps.
palustrisSoxF1 (www.jgi.doe.gov), (6)Rps. palustrisSoxF2 (www.jgi.doe.gov), (7)A. aeolicusSoxF1 (34), and (8)A. aeolicusSoxF2
(34).
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FCSD is thought to function as a sulfide dehydrogenase
(8), but when the genes were inactivated inAllochromatium
Vinosum, there was no phenotype (49). If, on the other hand,
there is generally more than one of the FCSD-like flavopro-
tein genes, such as SoxF1 and SoxF2 in theC. tepidumand
C. limicola genomes, we would expect there to be no
phenotype unless both sets of genes were inactivated. The
fact that there was no phenotype can also be due to the
presence of alternate sulfide-oxidizing enzymes.A. Vinosum
extracts catalyze electron transfer from sulfide to externally
added duroquinone, indicating the presence of the enzyme
sulfide:quinone oxidoreductase (SQR) (49). There is a
somewhat more distant homologue of FCSD in theC.
tepidumgenome that has the requisite disulfide and might
correspond to an SQR, and the absence of a leader sequence
is consistent with this tentative identification. InParacoccus,
soxEFgenes occur downstream of thesoxABgenes, but the
corresponding proteins do not have sulfide dehydrogenase
activity, and knockout mutants have no phenotype (50).
There are two genes for periplasmic FCSD-like flavoproteins
in Aquifex, AQ232 and AQ235, but they appear to be
associated with a copy of the Rieske iron-sulfur protein gene
rather than with cytochrome subunit genes, and they are
located elsewhere in the chromosome with respect to thesox
genes (34). It remains to be seen whether a small cytochrome
gene, AQ1806, in theAquifexconservedsox gene cluster
encodes a subunit of these FCSD flavoproteins or is actually
a SoxX.Aquifexalso has a homologue of SQR (AQ2186)
that is apparently involved in the oxidation of sulfide (51).
Thus, there are three related flavoproteins potentially in-
volved in sulfide oxidation in bothChlorobiumandAquifex.
RhodoVulumhas an FCSD homologue, andRhodopseudomo-
nasalso contains a pair of adjacent FCSD-like flavoproteins
as part of thesox gene cluster. UnlikeChlorobium and
Aquifex, theRhodoVulumandRhodopseudomonasgenes are
preceded by a cytochrome subunit.

Comparison with the Thiosulfate Utilization Gene Cluster
of Paracoccus.The genes and enzymes involved in thiosul-
fate utilization have been more thoroughly characterized from
Paracoccusthan fromChlorobium, as reviewed by Friedrich
and co-workers (33, 45) and Kelly et al. (52). Nevertheless,
it is still unknown how thiosulfate is oxidized inParacoccus
or how many genes may be involved in this or in any other
species. In view of the genetic similarities for thiosulfate
utilization in the aforementioned species and shown in Figure
4, we will discuss theParacoccussystem here.Paracoccus
Versutus(formerly ThiobacillusVersutus) (53) uses a mul-
tienzyme system to oxidize thiosulfate to sulfate. Previous
enzymatic studies have shown that it minimally contains two
colorless proteins and twoc-type cytochromes, located in
the periplasmic space of the organism (54, 55). They are
called enzyme A (16 kDa), enzyme B (63 kDa), cytochrome
c-552.5 (56 kDa; subunit 29 kDa), and cytochromec-551
(260 kDa; subunit 43 kDa). Enzyme A is now known to be
a mixture of 16 and 12 kDa proteins, and the former has
been established as a thiosulfate binding protein (33, 45, 56).

A 13kb genomic region ofP. pantotrophusGB17 (for-
merly Thiosphaera pantotropha) is involved in lithotrophic
thiosulfate oxidation. The coding region for sulfur (actually
thiosulfate) oxidation (sox) was identified by the isolation
of a transposon Tn5-mob mutant with a sox-minus phenotype
(57). A 6.3 kb subgenomic region contains six open reading

frames, soxABCDEF, as described previously (32, 41). An
additional upstream 4.3 kb fragment encodes orf1, orf2, and
soxVWXYZAgenes (30). The remainder ofsoxFplussoxGH
were found further downstream (50). The N-terminal protein
sequence ofParacoccuscytochromec-552.5 indicates that
it is encoded bysoxXandsoxA(31). Enzyme A is composed
of SoxYandSoxZ. The C terminus of SoxY is very highly
conserved and contains a cysteine which is likely to be the
site of binding of sulfur, sulfite, and thiosulfate (56). Enzyme
B of the thiosulfate-oxidizing system ofParacoccusis
encoded bysoxB (32, 41). The mature translatedsoxC
exhibits high amino acid sequence similarity to one domain
of a eukaryotic molybdoenzyme, sulfite oxidase, which also
contains a cytochromeb5 domain. TheParacoccusenzyme
was designated sulfite dehydrogenase, emphasizing the
absence of theb5 domain, although it is now thought to be
a sulfur oxidizing enzyme (33). A mutant, GbsoxC (carrying
an in-frame deletion insoxC), was impaired in its ability to
oxidize thiosulfate and was unable to grow lithoautothrophi-
cally with thiosulfate but grew well with nitrate as a nitrogen
source or as an electron acceptor (32). SoxDcodes for a 44
kDa periplasmic diheme cytochromec4c2 hybrid protein of
384 amino acids that is a subunit of the purified sulfite
dehydrogenase and appears to serve as electron acceptor for
SoxC in lieu of the missing cytochromeb5 domain (58).
SoxCD may be unique toParacoccus, RhodoVulum, and
Rhodopseudomonasbecause we were unable to locatesoxC
or soxD genes in either theChlorobium or the Aquifex
genomes.SoxE codes for a 26 kDa periplasmic diheme
cytochromec2c4 hybrid protein of 236 amino acids (in which
the order of the two domains is reversed).SoxFcodes for a
420 residue protein (50) which is 37% identical to the
sequence of the flavoprotein subunit of FCSD fromAllo-
chromatiumVinosum. However, SoxF did not have sulfide
dehydrogenase activity, it was not necessary for oxidation
of sulfide, and deletion of the SoxF gene did not impair
growth with thiosulfate (50).

CONCLUSION

We have identified a periplasmic thiosulfate utilization
gene cluster inChlorobiumspecies that is analogous to the
more thoroughly characterized system inParacoccus.We
have also demonstrated by homology that similar systems
exist inRhodopseudomonas, RhodoVulum, andAquifexand
are likely to be present inMagnetococcusand Ralstonia.
The thiosulfate utilization system appears to consist of five
proteins which are universally present and essential for
activity, including a thiosulfate, sulfur, and sulfite binding
protein (SoxYZ), a cytochromec complex (SoxXA) which
may be the site of oxidation of sulfur compounds bound to
SoxYZ, and a “nucleotidase” (SoxB) which may hydrolyze
the oxidized SoxYZ-S-sulfonate complex. The roles of the
flavocytochromec-sulfide dehydrogenase (SoxEF, or SoxF)
homologues, rhodanese, and a thioredoxin homologue (SoxW)
are less clear. InChlorobium and RhodoVulum, SoxA is
regulated by thiosulfate. InParacoccusand presumably in
RhodoVulumandRhodopseudomonas, sulfite dehydrogenase
(SoxCD), in addition to the aforementioned proteins, is
essential for the oxidation of thiosulfate as well as sulfite
but is not present inChlorobiumor Aquifex.
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