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Seven new genes designated dsrLJOPNSR were identified immediately downstream of dsrd BEFHCMK,
completing the dsr gene cluster of the phototrophic sulfur bacterium Allochromatium vinosum D (DSM 1807).
Interposon mutagenesis proved an essential role of the encoded proteins for the oxidation of intracellular
sulfur, an obligate intermediate during the oxidation of sulfide and thiosulfate. While dsrR and dsrS encode
cytoplasmic proteins of unknown function, the other genes encode a predicted NADPH:acceptor oxidoreductase
(DsrL), a triheme c-type cytochrome (DsrJ), a periplasmic iron-sulfur protein (DsrO), and an integral
membrane protein (DsrP). DsrN resembles cobyrinic acid a,c-diamide synthases and is probably involved in
the biosynthesis of siro(heme)amide, the prosthetic group of the dsr4AB-encoded sulfite reductase. The presence
of most predicted Dsr proteins in A. vinosum was verified by Western blot analysis. With the exception of the
constitutively present DsrC, the formation of Dsr gene products was greatly enhanced by sulfide. DsrEFH were
purified from the soluble fraction and constitute a soluble o,f3,v,-structured 75-kDa holoprotein. DsrKJO
were purified from membranes pointing at the presence of a transmembrane electron-transporting complex
consisting of DsrKMJOP. In accordance with the suggestion that related complexes from dissimilatory sulfate
reducers transfer electrons to sulfite reductase, the A. vinosum Dsr complex is copurified with sulfite reductase,
DsrEFH, and DsrC. We therefore now have an ideal and unique possibility to study the interaction of sulfite
reductase with other proteins and to clarify the long-standing problem of electron transport from and to sulfite

reductase, not only in phototrophic bacteria but also in sulfate-reducing prokaryotes.

Phototrophic purple and green sulfur-oxidizing bacteria use
sulfur compounds as electron donors for reductive carbon di-
oxide fixation during photolithotrophic growth (7, 10). In these
organisms, light energy is used to transfer electrons from sulfur
compounds to the level of the more highly reducing electron
carriers NAD(P) " and ferredoxin. In our laboratory we seek to
understand oxidative sulfur metabolism in anoxygenic pho-
totrophic bacteria by using the genetically accessible +y-pro-
teobacterium Allochromatium vinosum (formerly Chromatium
vinosum [34]) as our model organism. It is a purple sulfur
bacterium belonging to the family Chromatiaceae. A. vinosum
carries out the complete eight-electron oxidations of sulfide
and thiosulfate to sulfate. Intracellularly stored sulfur globules
are an obligate intermediate in the process (57). The sulfur in
the globules is present in the molecular structure of sulfur
chains (58) and is enclosed by a protein envelope, a feature
shared by most if not all of the chemotrophic sulfur-oxidizing
bacteria that form intracellular sulfur globules (9, 14, 51). To-
pologically, the sulfur globules of 4. vinosum and probably of
other members of the Chromatiaceae are located extracyto-
plasmically, in the periplasm (51).

Of the various steps of oxidative sulfur metabolism, the
oxidation of stored or externally added sulfur is arguably the
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most poorly understood at the molecular level (10, 38). The
only gene region known so far to be essential for oxidation of
stored sulfur was localized by interposon mutagenesis in A.
vinosum (57). Eight open reading frames, designated dsrABE-
FHCMK, were identified. The dsrAB products form the o,[3,-
structured sulfite reductase. This protein is closely related to
the dissimilatory sulfite reductases from sulfate-reducing bac-
teria and archaea (31), enzymes which are generally located in
the cytoplasm. The adjacent dsrEFHC genes encode small sol-
uble cytoplasmic proteins with hitherto unknown functions.
The dsrM-encoded protein is predicted to be a membrane-
bound b-type cytochrome, and DsrK exhibits relevant similar-
ity to heterodisulfide reductases from methanogenic archaea.
DsrK is predicted to reside in the cytoplasm. Polar insertion
mutations immediately upstream of dsrA, in dsrB, dsrH, and
dsrM, led to an inability of the cells to oxidize intracellularly
stored sulfur whereas the ability of the mutants to oxidize
sulfide, thiosulfate, and sulfite under photolithoautotrophic
conditions and the ability to undergo photoorganoheterotro-
phic growth were unaffected.

Although our initial work on the A. vinosum dsr genes al-
lowed the first insights into the oxidation of stored sulfur (57),
many points remained enigmatic; these include the way in
which the known cytoplasmic or membrane-bound dsr gene
products are involved in the degradation of sulfur residing
extracytoplasmatically in the periplasm. Taking the described
results and remaining questions as our starting point, we have
now sequenced the complete dsr gene cluster comprising 15
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TABLE 1. Bacterial strains and plasmids used in this study

. . Source or
Strain or plasmid Genotype or phenotype reference
E. coli strains
DH5«a F~ $80dlacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17 (r~ my ") supE44 N~ thi- 26
1 gyrA relAl
BL21(DE3) F~ ompT hsdSg (rg~ mg ™) gal dem met (DE3) Novagen
SM10 Km" supE44 thi-1 thr-1 recA leuB6 lacY1 tonA21 RP4-2-Tc::Mu-Km::Tn7 in chromosome 68
HM125 F~ AlacX74 galE galK thi rpsL(strA) AphoA degP::QKan" eda51::Tnl0(Tet") rpoHI15 3
A. vinosum strains
SM50 Sm', spontaneous streptomycin-resistant mutant of A. vinosum DSMZ 180" 13
21D Sm", Km", dsrB::Km{) 57
39D Sm", Km", dsrL::KmQ) This work
Plasmids
pBluescript SK II(+) Ap" lacZ', {1 ori Stratagene
pGEMS Zf(+) Ap'lacZ', {1 ori Promega
pGEM7 Zf(+) Ap" lacZ', f1 ori Promega
pET15b Ap', His tag (N-terminal) Novagen
pET22b Ap', His tag (N-terminal) Novagen
pISC-2 Ap', araC, p,,,BAD 3
pISC-2(dsr]) Ap', dsrJ in pISC2 This work
pECS86 Cm', product of pEC66 and pACYC184 with the ccmABCDEFGH genes 3
pSUP301 Ap" Km'; RP4 oriT, p15A ori 68
pDZ3 Ap*, 3.9-kb EcoRI-Xhol fragment (dsrK to dsrJ) between EcoRI and Xhol of pBluescript This work
SK II(+)
pAP40 Ap*, 6.8-kb Ncol fragment (dsrK to dsrN) in Ncol of pGEMS5 Zf(+) This work
pAP60 Ap', 5.85-kb BgllI-Sphl fragment (dsrJ to ruvB) between BamHI and Sphl of pGEM7 This work
Zt(+)
pAP38 Ap', 2.4-kb Sall fragment from pDZ3 in Xhol of pSUP301 This work
pAP39 Km', Km" cartridge (BamHI) from pHP45Q in BglII of pAP38 This work
pHP450 Km" Ap” 22

genes. Biochemical and genetic evidence is presented that con-
firms a function of the dsr gene products in the oxidation of
intracellular sulfur. We purified DstEFH from A. vinosum and
showed that soluble and membrane-bound Dsr proteins form a
supercomplex in vivo.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The strains and
plasmids used in this study are listed in Table 1. 4. vinosum was grown and
harvested as described previously (13, 52). Escherichia coli strains were cultured
in Luria-Bertani medium (63). Isopropyl-p-p-thiogalactopyranoside (IPTG) and
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) were included in
solid media to identify recombinant plasmids containing inserts in the a portion
of lacZ. Antibiotics were used at the following concentrations (in micrograms per
milliliter): for E. coli, ampicillin, 100; kanamycin, 50; tetracycline, 5, chloram-
phenicol, 100; for A. vinosum, kanamycin, 10; streptomycin, 50; ampicillin, 10
(solid media) or 100 (liquid media).

Recombinant-DNA techniques. Standard methods were used for molecular
biological techniques (4, 63). Chromosomal DNA of A. vinosum strains was
obtained, and Southern hybridizations were performed overnight at 68°C as
described previously (57). PCR amplifications with Tag DNA polymerase were
done essentially as described previously (13). Tag polymerase was replaced by
Pfu polymerase (used in accordance with the protocol written by Stratagene)
when the amplified sequence was designated for the construction of expression
plasmids. DNA probes for Southern and Northern hybridization experiments
and screening of libraries were digoxigenin labeled by PCR (66). Conjugative
plasmid transfer and gene replacement were performed as described previously
(13). The genotypes of the A. vinosum recombinants used in this study were
confirmed by PCR and Southern hybridization. Double-stranded DNA was se-
quenced by Sequiserve, Vaterstetten, Germany. Nucleotide sequences were com-
piled and analyzed with DNASIS (Pharmacia) or Clone Manager (SEC central)
software. Similarity searches were conducted using the BLAST algorithm (1).
Protein sequences were analyzed using resources available at the ExPASy mo-
lecular biology server (http://www.expasy.ch) such as TMpred (32). Signal pep-

tides and protein localization were predicted by the PSORT program package
(50). For sequence comparisons, multiple sequence alignments were generated
using the ClustalW server (http://www.ebi.ac.uk/clustalw).

Cloning of the complete dsr locus. The region downstream of dsrK was cloned
by using a PCR-amplified fragment from nucleotides 6878 to 7505 of the previ-
ously published sequence (57) as a probe to identify several positive clones with
a 3.9-kb EcoRI-Xhol insert in a library of 3.5-to 4.5-kb EcoRI-Xhol fragments
of chromosomal A. vinosum DNA in the pBluescript vector. Sequencing of the
positive clone pDZ3 revealed the presence of dsrK, one complete open reading
frame, and one open reading frame that was truncated at the 3’ end. To analyze
the missing part of this open reading frame, a clone (pAP40) with a 6.8-kb Ncol
fragment was isolated from a library of 6.4- to 7.2-kb Ncol fragments in the
pGEM 5 Zf(+)vector. A PCR-amplified fragment covering nucleotides 7546 to
9152 of the complete sequence was used as a probe in this step. Finally, a probe
from nucleotides 12065 to 12583 was amplified by PCR to identify plasmid
pAP60, which is pGEM7 Zf(+) carrying a 5.85-kb BglIII-SphI insert in the
vector’s BamHI and Sphl sites.

Construction of expression plasmids. The pET series of plasmids was used for
the expression of genes in E. coli to (i) confirm the open reading frames sug-
gested by the nucleotide sequence, (ii) produce the proteins encoded by the
individual genes of the operon as positive controls for antisera directed against
synthetic peptides, and (iii) in the case of DsrC to overproduce the protein for
antibody production. Suited restriction sites (Ndel sites) were introduced at the
5" and 3’ ends of the genes by PCR amplification with modified primers.

Purification of recombinant DsrC for antibody production. DsrC (in pET15b)
was overproduced with an amino-terminal His tag in E. coli BL21 (DE3). A
250-ml flask with 100 ml of Luria-Bertani medium containing 100 pg of ampi-
cillin per ml was inoculated with a 5-ml overnight culture of E. coli BL21(DE3)
containing plasmid pET-C (washed twice before inoculation). The cells were
cultured at 37°C and 180 rpm. At an optical density at 600 nm of 0.6, formation
of recombinant DsrC was induced by addition of 1 mM IPTG. Incubation at 37°C
was continued for 2 h. The cells were then harvested by centrifugation at 4°C, and
the pellet was resuspended in 5 ml of buffer A (5 mM imidazole, 0.5 M NaCl, 20
mM Tris HCI [pH 7.9]). The cells were disrupted by sonication (1.5 min ml™")
(Cell Disruptor B15; Branson) followed by centrifugation (25,000 X g for 30 min
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at 4°C). The supernatant was chromatographed on a His-Bind Resin column
(Novagen, Madison, Wis.) (3.5 ml; flow rate, 0.5 ml/min) as specified by the
manufacturer. The column was washed with buffer A containing 60 mM imida-
zole followed by a linear gradient of 60 to 400 mM imidazole. DsrC eluted at 230
to 380 mM imidazole. The combined fractions were immediately dialyzed against
20 mM Tris-HCI (pH 8.0) containing 500 mM NaCl followed by concentration to
a final volume of not more than 2 ml via Centriprep-10 (Amicon). Final purifi-
cation was achieved by gel filtration chromatography on Superdex 75 (Amersham
Pharmacia Biotech, Uppsala, Sweden) equilibrated with 50 mM Tris-HCI (pH
8.0) containing 500 mM NaCl.

Purification of membrane-associated Dsr proteins from A. vinosum. Purifica-
tion of membrane-bound Dsr proteins was monitored by tracking DsrK with the
aid of a DsrK-specific antiserum. Thawed cells were resuspended in 20 mM
Tris-HCl buffer (pH 7.5) containing 20 mM MgCl, and some grains of DNase at
a ratio of 3 ml of buffer/g (wet weight), disrupted by ultrasonic treatment (1 min
ml~") (Cell Disruptor B15), and centrifuged at 25,000 X g and 4°C for 30 min.
The supernatant was subjected to ultracentrifugation (145,000 X g at 4°C for
2 h). The membrane pellet was resuspended in 50 mM morpholinepropanesul-
fonic acid (MOPS) (pH 7.0) containing 0.5% thesid (protein concentration, 4.5
mg/ml), stirred for 2 h at 4°C to solubilize membrane proteins, and ultracentri-
fuged for 45 min. Sodium chloride was slowly added to the supernatant to a final
concentration of 280 mM. The solution was then applied to a Q-Sepharose Fast
Flow column (Amersham Pharmacia Biotech) (2.6 by 5 cm, flow rate, 4 ml
min~') equilibrated with 50 mM MOPS-KOH (pH 7.0) containing 0.05% thesid.
The column was washed with buffer containing 300 mM NaCl, and the protein
was eluted with a continuous gradient (260 ml; flow rate, 2 ml min~') from 300
to 500 mM NaCl. The majority of DsrK eluted at 420 to 470 mM NaCl. These
fractions were dialyzed against 5 mM potassium phosphate buffer (pH 6.9)
containing 0.05% thesid and applied to a column of ceramic hydroxyapatite (type
11, 20 pm [Bio-Rad], 1.6 by 5 cm; flow rate, 2 ml min~'). Protein was eluted in
a stepwise gradient of potassium phosphate (pH 6.9) (10, 50, 100, and 400 mM).
All solutions contained 0.05% thesid. The majority of DsrK eluted at 100 mM.
These fractions were combined, concentrated to 1 ml by ultrafiltration centrif-
ugation (Centricon 50; Amicon) and stored at —20°C. Portions (0.2 ml) of
concentrated protein were loaded on a Superose 6 gel filtration column (Amer-
sham Pharmacia Biotech) equilibrated with 50 mM potassium phosphate buffer
(pH 6.9) containing 0.05% thesid, and eluted using a flow rate of 0.2 ml min~"'.
DsrK eluted in a broad peak starting in the void volume of the column, indicating
the presence of a large protein complex.

Purification of DsrEFH from A. vinosum. DsrE, DsrF, and DsrH were detected
by specific antisera. Thawed cells were resuspended in 50 mM potassium phos-
phate buffer (pH 7.5) containing some grains of DNase at a ratio of 3 ml of
buffer/g (wet weight), disrupted by ultrasonic treatment, centrifuged, and ultra-
centrifuged as described above. The supernatant was brought to 40% saturated
(NH,),S0O,. After incubation on ice for 10 to 16 h, precipitated protein was
separated by centrifugation (30 min at 25,000 X g and 4°C). The supernatant was
subjected to hydrophobic interaction chromatography on a low-substitution phe-
nyl-Sepharose matrix (Amersham Pharmacia Biotech) (2.6 by 15 cm) equili-
brated with 40% (NH,),SO, saturated in 50 mM potassium phosphate buffer
(pH 7.5). Bound protein was eluted by decreasing the (NH,),SO, concentration
in a linear gradient of 350 ml (2 ml min~'). DstEFH eluted at 20 to 15%
(NH,),S0O,. The respective fractions were combined, dialyzed against 10 mM
Tris-HCI (pH 7.5), and loaded onto MonoQ HR 5/5 equilibrated with the same
buffer. The column was washed with 10 mM Tris-HCI containing 300 mM NaCl,
and the proteins were eluted with a linear gradient from 300 to 700 mM NaCl.
Fractions with DstEFH were combined, concentrated to 1.5 ml by ultrafiltration
centrifugation (Centriplus YM10: Millipore, Bedford, Mass.), and further puri-
fied by gel filtration on Superdex TM200 equilibrated with 10 mM Tris-HCI (pH
7.5) containing 150 mM NaCl. The molecular mass of the protein was estimated
by calibration of the column with standard proteins (Sigma Marker low-range;
molecular mass, 6,500 to 66,000 Da). The DsrEFH proteins eluted after 76 to 80
ml. The estimated molecular mass of the purified EFH complex was 75 kDa.

Protein techniques. Inmunoblot (Western) analysis (72) was performed by the
“semidry” procedure, using the Transblot SD semi-dry transfer apparatus (Bio-
Rad, Munich, Germany) and nitrocellulose membranes (Protean BA 85; Schlei-
cher & Schiill, Dessel, Germany) with antibodies raised from rabbits. DsrC
antigens were detected with antibodies raised against recombinant DsrC purified
from E. coli. DstE (H,N-VNNSTRLTTPPQDDRH-CONH,), DsrF (H,N-CLT
RGQDTKGIGMKNF-CONH,), DsrH (H,N-VNKSPFERNSLESC-CONH,),
DsrJ (H,N-DANRNPQPIDQPDQFC-CONH,), DsrO (H,N-SQRLREIPSR-
QIREDL-CONH,), DsrK (H,N-CDLDDPNEEEETDEAA-CONH,), DsrN
(H,N-ADVEMCDRPQGRGYVR-CONH, and H,N-TVRRGTGIDGSHDG
IV-CONH,, simultaneously), and DsrL (H,N-MATSSDEMKMKPTWRC-
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CONH,) were detected with antisera raised against the given oligopeptides,
comprising highly immunogenic epitopes deduced from the nucleotide sequence
(Eurogentec, Seraing, Belgium). Antisera against DsrO, DsrJ, DsrK, DsrN, and
DsrL were used at a 1:500 dilution, Anti-DsrE was diluted 1:1,000. Antisera
against DsrF and DsrH were purified on an EAH Sepharose affinity matrix to
which the respective immunogenic peptides were coupled (Eurogentec). The
purified antibodies were used at a 1:4,000 dilution. Binding of Anti-DsrF and
Anti-DsrH was detected with the ECL Plus Western blotting detection system
(Amersham Bioscience, Little Chalfont, United Kingdom); in the other cases,
4-chloro-1-naphthol was used essentially as described previously (63). All of
these antibodies were subsequently shown to react specifically against proteins
overexpressed from the corresponding genes cloned into E. coli.

The molecular masses of denatured proteins were determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), using the
method of Laemmli (41). Nondenatured or denatured proteins were stained with
Coomassie blue or silver stain.

N-terminal amino acid sequences were determined from protein bands in
polyacrylamide gels by automated Edman degradation using a Porton 2090e
protein sequencer (Beckman Coulter, Fullerton, Calif.) as described previously
(9). Briefly, subunits were separated by SDS-PAGE and electrophoretically
transferred onto polyvinylidane difluoride membranes, visualized by Como-
massie brilliant blue staining, excised, and placed in the sample cartridge of the
protein sequencer under a fiberglass disk.

Heme staining. Heme staining was performed after blotting of proteins sep-
arated by SDS-PAGE onto polyvinylidene difluoride membranes (Immobilon-P;
Millipore). Heme-dependent peroxidase activity was visualized as described pre-
viously (74), using the ECL Plus system (Amersham) as specified by the manu-
facturer.

UV-visible spectroscopy. UV-visible spectra of samples in 1-ml quartz cuvettes
were recorded using an Agilent Technologies (Béblingen, Germany) 8453 diode
array spectrophotometer.

Turnover of reduced sulfur compounds. Turnover of reduced sulfur com-
pounds was measured in batch culture, and sulfur compounds were quantified as
described by Dahl (13).

GenBank accession number. The nucleotide sequence data reported in this
paper have been submitted to GenBank and are available under accession
number U84760.

RESULTS

Nucleotide sequence of the complete dsr locus. The dsr locus
of A. vinosum consists of 15 genes dedicated to sulfur metab-
olism (Fig. 1). We have already reported the cloning and se-
quencing of the dsrtABEFHCMK genes (57). Further sequenc-
ing yielded a total of 14,467 bp and revealed the presence of
seven further complete open reading frames, termed dsr-
LJPONRS, downstream of dsrK. These are closely spaced and
all are preceded by putative ribosome binding sites. The non-
coding regions between the different genes are short (the larg-
est is 105 bp, between dsrK and dsrL), or the genes are located
directly adjacent. The dsrS gene is followed by an incomplete
open reading frame homologous to ruvB, which is transcribed
in the opposite direction. In E. coli the ruvB gene product is
part of the RuvABC resolvasome, which catalyzes the resolu-
tion of Holliday junctions that arise during genetic recombi-
nation and DNA repair (18).

As already reported (57), two hairpin loop structures with
the potential to act as transcription terminators are found
between dsrB and dsrE. At 32 nucleotides downstream of the
dsrS stop codon, another inverted repeat with a potential for
formation of a hairpin loop structure (free energy of forma-
tion, —38.9 kJ mol ') was identified. Poly(T) sequences lo-
cated directly downstream of such hairpin loops in typical
eubacterial rho-independent transcription terminators (60) are
lacking in all three cases.
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FIG. 1. (A) Schematic overview of the dsrlocus of A. vinosum and two related genes clusters in the green sulfur bacterium C. tepidum. The same
names were given to clearly related genes. Predicted functions of gene products are indicated under the genes where appropriate. The positions
of insertion sites of the kanamycin () interposon in the A. vinosum double-crossover mutants 21D and 39D are indicated. (B) Schematic
presentation of the Dsr proteins from A4. vinosum. The scheme is based on sequence analysis of the encoding genes and on biochemical information
where available.

The results of the sequence analyses of the proteins deduced
from dsrLJOPNRS are summarized in Table 2.

DsrL. DsrL matches the conserved GItD domain (B-subunit
of glutamate synthases), which transfers electrons from
NAD(P)H to an acceptor protein or protein domain (73).
DsrL contains the adenylate binding motif GXGXXG/A/P
(77) twice; the first probably interacts with the adenylate por-
tion of flavin adenine dinucleotide (FAD), and the second
interacts with the pyridine nucleotide cofactor (54). An alanine
or serine, as found in DsrL at the terminal position, is typical
for NADP(H) binding proteins (65). The similarity of DsrL to
FAD-containing pyridine nucleotide-disulfide oxidoreductases
such as glutathione reductase or thioredoxin reductase does
not extend to the active sites of the latter enzymes. Only the
first cysteine residue of the typical CXXC thioredoxin reduc-
tase active-site motif (76) is conserved at the respective posi-
tion in DsrL. At their amino-terminus the small subunits of
glutamate synthases carry two putative [Fe-S] clusters, the first
with four and the second with three or four [Fe-S] binding
cysteine residues (25, 54). The second cysteine of the first
cluster is missing in DsrL.. Among the proteins related to DsrLL
is SudA, the large a-subunit of sulfide dehydrogenase (SudAB)

from Pyrococcus furiosus (25). It catalyzes the reduction of
polysulfide to H,S and also functions as a ferredoxin:NADP
oxidoreductase. Phylogenetic analyses showed that dsrL. does
not fall into one clade with sud4-homologous sequences (2).
DsrL probably has a function distinct from glutamate synthase
as well as from sulfide dehydrogenase, since it has a C-terminal
ferredoxin extension unrelated to either GItD or SudA and is
linked neither to a gltB-like nor to a sudB-like gene (2).
DsrJ, DsrO, and DsrP. DsrJ appears to be a triheme cyto-
chrome ¢ with a typical sec-dependent leader peptide mediat-
ing transport across the cytoplasmic membrane (21). The sig-
nal peptide of the related cytochrome AF503 from the
archaeal sulfate reducer Archaeoglobus fulgidus (46) is not
cleaved off. The probable 16-Fe ferredoxin DsrO is trans-
ported to the periplasm via the Tat system (5, 30). The signal
peptide of the closely related protein AF499 from A. fulgidus is
not present in the mature enzyme (46). Ten transmembrane
helices are predicted for DsrP, AF500 from A. fulgidus (46),
and HmcC from the eubacterial sulfate reducer Desulfovibrio
vulgaris (62), while only eight are found in other related pro-
teins such as E. coli NrfD, the membrane component of for-
mate-dependent nitrite reductase (33). None of the histidine
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TABLE 2. Features of the dsr-encoded proteins
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residues of DsrP is located within a probable transmembrane
helix, and the protein is therefore not predicted to bind heme
b.

DsrN. DsrN from A. vinosum resembles cobyrinic acid a,c-
diamide synthase. This enzyme is part of the vitamin B, bio-
synthetic pathway, where it catalyzes the ATP-dependent ami-
dation of cobyrinic acid to cobyrinic acid a,c-diamide (17). An
amidated siroheme, siroamide, has been detected in Desulfo-
vibrio species (48), and its has been postulated that the ami-
dation of siroheme is catalyzed by dsrN-encoded proteins (44).
It may be noteworthy in this respect that one of the two dsr
gene clusters of the green sulfur bacterium Chlorobium tepi-
dum contains not only dsrN but also a gene resembling cysG
encoding siroheme synthase (uroporphyrinogen III methyl-
transferase) followed by a gene representing a coupling be-
tween cysG and hemD, the latter encoding uroporphyrinogen
III synthase (Fig. 1) (20). The presence of dsrN in the dsr gene
clusters of different phototrophic sulfur bacteria raises the
possibility that the prosthetic group of sulfite reductase in
these organisms is not the classical siroheme but siro(heme)
amide.

DsrR and DsrS. Three possible start codons exist for dsrR
(positions 12859, 12907, and 12910). A putative ribosome bind-
ing site, AGGGG, is found beginning at nucleotide 12898,
suggesting nucleotide 12910 as the most probable translational
start. DsrR is related to IscA and to the HesB domain, both
of which may be involved in [Fe-S] cluster formation (12).
However, two carboxy-terminal cysteine residues conserved
in the IscA-HesB domain are lacking in DsrR. The only dsrS
homologue is found in the partially sequenced genome of
the chemotrophic sulfur oxidizer Thiobacillus denitrificans
(NZ_AAFHO01000002.1).

Identification and cellular localization of the predicted pro-
teins. With the exception of the dsrAB-encoded sulfite reduc-
tase (64), biochemical information about the proteins encoded
by the genes of the A. vinosum dsr operon has so far not been
available. Our first aim was therefore to find whether the
proteins predicted by the dsr genes are indeed produced in A4.
vinosum and, if so, to obtain information about their localiza-
tion within the bacterial cell. We concentrated on the products
of the dsr genes that have homologues in the only other known
dsr gene clusters from a phototrophic bacterium, i.e., in the
green sulfur bacterium C. fepidum. (Fig. 1) (20). Detailed anal-
ysis of the dsrR and dsrS gene products were therefore post-
poned. DsrC, DsrE, DsrK, DsrL, and DsrO were readily and
specifically detected after SDS-PAGE of extracts from sulfide/
thiosulfate-grown cells by immunoblot analysis (Fig. 2).
Anti-C, anti-E, and anti-L antibodies detected antigens of 15,
14 (see Fig. 2 to 4 and 6), and 70 kDa (see Fig. 2 and 3; size not
shown), respectively, whose size matched the predicted size of
the dsrC, dsrE, and dsrL gene products. As predicted, all three
proteins were found almost exclusively in the soluble fraction
(Fig. 2). DsrF and DsrH of the predicted sizes were also shown
to be soluble and to form a hexameric protein together with
DsrE (see below, Fig. 4). The anti-K and anti-O antisera re-
acted specifically with proteins associated with the membrane
fraction (Fig. 2). While anti-K antibodies detected a 57-kDa
protein (see Fig. 6) corresponding in size to the complete
predicted dsrK gene product, the 24-kDa polypeptide detected
with anti-O (see Fig. 6) probably represented a processed form
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FIG. 2. Western blot analysis of proteins fractions of A. vinosum
with antibodies against the indicated Dsr proteins. Lanes: 1, crude
extracts; 2, soluble fraction; 3, membrane fraction. Proteins of cell
extracts (10 pg per lane) were separated by SDS-PAGE.

of the complete dsrO-deduced polypeptide (28.9 kDa). In
crude soluble or membrane fractions, proteins reactive with
anti-N and anti-J antisera could not be observed; this may be
due either to a low abundance of the antigens in the cell or to
a relatively low specificity of the antisera. However, an anti-N
reactive polypeptide of 50 kDa, corresponding in size to the
dsrN gene product, was detected in several fractions after hy-
drophobic interaction chromatography of the soluble A. vino-
sum proteins (not shown), proving that dsrN is expressed dur-
ing phototrophic growth on reduced sulfur compounds. An
antigen reactive with anti-J antiserum was clearly present in
solubilized membrane fractions enriched in DsrK (see Fig. 6),
also proving the formation of this dsr gene product in A. vino-
sum. The apparent molecular mass of the detected protein (14
to 17 kDa, depending on the size markers used) does not allow
a clear conclusion about whether the predicted signal peptide
is cleaved off (13.6 versus 16.3 kDa).

Sulfide induction experiments. Northern hybridization ex-
periments had previously shown that transcription of dsrAB is
induced under sulfur-oxidizing conditions. The dsrC gene was
independently and constitutively expressed (57). To these stud-
ies we added Western blot analyses and examined the sulfur-
dependent regulation of dsr genes with DsrE, DsrH, DsrC, and
DsrK as representatives of the old gene products and DsrL as
representative of the novel gene products. A. vinosum was
grown photoorganoheterotrophically on malate. When the cul-
tures had reached the late exponential phase, 4.2 mM sulfide
was added. The sulfide concentration immediately decreased,
and uptake appeared to be completed after approximately S h,
when the concentration of intracellular sulfur reached its max-
imum. Samples were taken immediately before sulfide addition
and immediately after complete sulfide uptake. While DsrE,
DsrH, DsrK, and DsrL were hardly detectable in the absence
of sulfide, their concentration increased dramatically in sulfur-
containing cells (Fig. 3). In contrast, the dsrC gene product was
detectable even in the absence of sulfide. In the wild-type, its
abundance also appeared to increase under sulfur-oxidizing
conditions (Fig. 3).

In summary, our Northern and Western blot analyses and
the observation that dsr4AB-encoded sulfite reductase is present
in easily detectable amounts only in cells grown photolitho-
trophically on sulfide (64) suggest the conclusion that the dsrA4-
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FIG. 3. Sulfide-dependent formation of DsrE, DsrH, DsrC, DsrK,
and DsrL in A. vinosum wild type and mutants 21D and 39D. A.
vinosum was cultivated photoorganoheterotrophically in complex
RCV medium in completely filled, closed 100-ml bottles. After the
cells reached the late exponential phase, sulfide (4.2 mM) was added.
Cells (2 ml) were collected by centrifugation 5 h after sulfide addition,
resuspended with 100 wl of 20 mM Tris HCI (pH 7.5) and 50 ul of SDS
sample buffer, and incubated at 100°C for 5 min. A 10-pl volume of
each sample was subjected to SDS-PAGE and Western blot analysis
with antibodies raised against the indicated proteins.

BEHKL genes are expressed and the encoded proteins are
formed at a low basic level even in the absence of sulfur
compounds but that an increased production is specifically
induced by sulfide and/or stored sulfur. Concerted regulation
of these genes points at cotranscription of all 15 dsr genes,
implying that they constitute an operon. The concentration of
the 0.9-kb dsrC mRNA and also of the encoded polypeptide is
not as strongly influenced by the presence of reduced sulfur
compounds as are those of the other genes in the operon.

Construction and characterization of an A. vinosum strain
with a mutation in dsrL. To assess the necessity of the newly
sequenced dsr genes for sulfur oxidation, an 4. vinosum mutant
(39D) carrying a kanamycin () interposon (22) in dsrL was
constructed (Fig. 1). The interposon usually leads to prema-
ture termination of transcription of the affected gene and
downstream genes in the same transcription unit. To prove this
effect, the presence of gene products encoded upstream and
downstream of the interposon insertion site was assessed in
mutant 39D and also in mutant 21D (Fig. 3). The latter carries
the interposon in dsrB (Fig. 1) (57). Indeed, DsrE and DsrL,
which are encoded downstream of dsrB, were not formed in
mutant 21D, while DsrE, which is encoded upstream of dsrL,
was still present in mutant 39D. Like the wild type, mutant 39D
produced DsrE in a sulfide-dependent manner. DsrL. was
clearly lacking in mutant 39D. DsrC was present in both mu-
tants, again proving its formation independent of the other Dsr
proteins. Like all other mutants carrying an interposon in one
of the dsr genes, A. vinosum 39D is completely unable to
oxidize intracellularly stored sulfur arising from the oxidation
of sulfide or thiosulfate. The rates of sulfide and thiosulfate
oxidation to sulfur were unaffected in mutant 39D. Data ob-
tained for batch cultures of A. vinosum 39D growing photo-
lithotrophically on sulfide or thiosulfate were almost identical
to those measured for the other dsr mutants (57) and are
therefore not shown. We can now conservatively state that
dsrL. and most probably also the downstream dsr genes are
indispensable for the oxidation of intracellular sulfur in A.
vinosum.
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FIG. 4. SDS-PAGE and Western blot analyses of DstEFH from A.
vinosum. A 1.5-ug portion of purified protein was used for SDS-PAGE
and Western blot analyses, respectively.

DsrE, DsrF, and DsrH are subunits of a soluble multimeric
protein. Sulfite reductase (DsrAB) is the only dsr-encoded
protein from A. vinosum characterized so far (64). We initiated
the biochemical characterization of the other dsr gene products
by purification of selected soluble and membrane-bound
polypeptides. DsrE, DsrF, and DsrH are predicted to be rather
small (14.6, 15.6, and 11.1 kDa, respectively), soluble, cytoplas-
mic proteins that do not contain prosthetic groups (57). Using
the specific antiserum for detection, DsrE was purified from
the soluble protein of A. vinosum cell extracts. The purified
preparation contained three polypeptides with apparent mo-
lecular masses of 12, 14, and 18 kDa by SDS-PAGE. These
polypeptides were identified as DsrH, DsrE, and DsrF, respec-
tively (Fig. 4). Native PAGE yielded a single protein band for
DsrEFH (data not shown). A molecular mass of 75 kDa was
determined by analytical gel filtration on Superdex 200, which
also yielded no indication that multiple components were
present. We thus conclude that DstEFH form a single tight
complex. Analyses of Coomassie brilliant blue-stained gels in-
dicated that the proteins are present in a 1:1:1 ratio. Together,
these data suggest an o,B,7y, structure.

In a supercomplex, DsrK is associated with DsrAB,
DsrEFH, DsrC, DsrO, and DsrJ. Membrane-bound protein
complexes containing DstM- and DsrK-related proteins have
been purified from the archaeal sulfate reducers A. fulgidus
and A. profundus (46, 47). During purification, the proteins
were traced by UV-visible spectroscopy, taking advantage of
the presence of b-type heme in the DsrM-related polypeptides.
We could not use the same strategy because membranes of the
phototrophic A. vinosum contain the cytochrome bc, complex
in abundance; we were unable to detect a new membrane-
bound b-type cytochrome in this background. Instead, we
traced DsrK by making use of the specific antiserum. The
membrane fraction was isolated, and proteins were solubilized
with the detergent thesid (0.5%). This treatment solubilized
DsrK in sufficient quantity without bringing vast amounts of
light-harvesting complexes containing carotenoids and bacte-
riochlorophyll into solution.

After anion-exchange chromatography on Q-Sepharose and
chromatography on ceramic hydroxyapatite, the DsrK-contain-
ing sample was subjected to gel filtration on Superose 6. DsrK
eluted in a broad peak starting in the void volume of the
column, indicating the presence of a large protein complex.
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FIG. 5. SDS-PAGE and Western blot analyses of DsrK-containing
fractions (5 pg of protein) after anion-exchange and hydroxyapatite
chromatography.

SDS-PAGE revealed that gel filtration chromatography did
not result in the removal of any of the polypeptide bands
present in the samples after purification on hydroxyapatite.
This pointed at a specific association of the proteins present in
the samples.

The protein solution then purified was green and had a
UV-visible spectrum reminiscent of sulfite reductase, with ab-
sorption maxima at 413 and 595 nm, typical for siroheme-
containing proteins (64). The spectrum did not yield evidence
for the presence of heme b or ¢ in the preparation. On SDS-
PAGE, the fractions after hydroxyapatite chromatography
yielded five major polypeptides with apparent molecular
masses of 57, 45, 42, 29, and 24 kDa (Fig. 5). In addition,
several minor bands in the size range from 12 to 18 kDa were
present.

The amino-terminal sequence of the 57-kDa polypeptide
was determined to be AKATFEVP, which conforms exactly to
the sequence deduced from dsrK without the initial methio-
nine. The 45- and 42-kDa polypeptides yielded the sequences
AIDKHA and N-methyl- AEMREXIESG, respectively. The
residue indicated as X corresponds to Cys, which is unstable
unless derivatized to form a more stable thioether (8). The
sequences match exactly the N termini of the polypeptides
deduced from dsr4 and dsrB, respectively. The initiator methi-
onine appears to be cleaved off in both cases. The unusual
posttranslational modification of the N-terminal alanine resi-
due of DsrB was previously observed during sequencing of
DsrB from another strain of A. vinosum (34a). Other examples
of proteins with N-terminal N-methylated amino acids are
mainly structural proteins and include components of bacterial
flagella and ribosomal proteins, for which it has been suggested
that N-terminal methylation plays a role in aggregation, with
the methylated N terminus buried in the interface between
interacting subunits (71). The presence of both subunits of
sulfite reductase in the DsrK-containing sample explains the
observed UV-visible spectrum. The N-terminal amino acid se-
quence of the 29-kDa band was determined to be PADLIA
PSILSANPA. It did not conform to any of the polypeptides
encoded in the dsr locus but exhibited significant similarity to
the N termini of ribulose-3-phosphate epimerases, e.g., from
Haemophilus influenzae (23).
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FIG. 6. Immunochemical analysis of a crude extract of a DsrJ-
overproducing E. coli strain (E. coli HM125) containing pEC86 and
pISC-2(dsrJ) after SDS-PAGE (lane 1); heme stain of a crude extract
of E. coli HM125 containing pEC86 and pISC-2 (lane 2); heme stain of
a crude extract of E. coli HM125 containing pEC86 and pISC-2(dsr])
(lane 3).

Since we were unable to obtain N-terminal sequence infor-
mation for the other polypeptide bands in the preparation, we
checked the presence of further dsr-encoded proteins via
Western blot analyses. Indeed, we obtained signals with anti-
DsrE, anti-DsrC, anti-DsrJ, and anti-DsrO (Fig. 5). The asso-
ciation of all of these proteins with DsrK appeared to be
specific since they were not detected in fractions eluting from
the anion-exchange and hydroxyapatite columns that did not
contain DsrK (data not shown). Since DsrJ is predicted to bind
three heme ¢ moieties, heme staining of the bands present in
the DsrK-enriched fractions was attempted. However, this was
unsuccessful, showing that DsrJ was present only in substoi-
chiometric amounts. None of the bands could be assigned to
the predicted membrane proteins DstM or DsrP.

DsrJ contains covalently bound heme c. To prove the pres-
ence of heme c in DsrJ, the respective gene was overexpressed
in E. coli HM125, a strain especially designed for the overex-
pression of heme ¢ containing proteins under aerobic condi-
tions (3). The complete dsr/J gene including the potential signal
peptide-coding sequence was cloned into the pISC-2 vector,
which allows expression of genes under control of the arabi-
nose-inducible pBAD promotor (3). Cells were cultivated aer-
obically, induced with arabinose, harvested, and disrupted as
described previously (3). Immunochemical detection clearly
showed the presence of two broad bands around 18 and 37 kDa
in the overexpressing strain (Fig. 6). These bands were absent
in cells harvested before induction with arabinose (data not
shown). The size of these bands fits with that calculated for
monomeric DsrJ (16.3 kDa) and dimeric unprocessed DsrJ
(32.6 kDa), indicating first that the signal peptide of a large
fraction of DstJ is not cleaved off in E. coli and second that
recombinant DsrJ has a tendency to form multimers even in
the presence of SDS. Heme staining of proteins separated by
SDS-PAGE unambiguously revealed the presence of heme in
the E. coli strain containing plasmid pISC-2 with ds#/, while a
strain containing the unaltered pISC-2 vector did not contain
any proteins with covalently attached heme (Fig. 6). This ob-
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servation indicates that heme is covalently attached to the
overproduced protein DsrJ. The polypeptides reacting posi-
tively on heme staining appeared to be smaller (15 and 32 kDa)
than the majority of the protein that reacted with the anti-J
serum. Obviously, only part of the recombinant DsrJ under-
went correct maturation, including transport to the periplasm,
cleavage of the signal peptide, and heme insertion. Neverthe-
less, our experiments allow the conclusion that DsrJ is a c-type
cytochrome with covalently bound heme.

DISCUSSION

In the present study, the sequence of the dsr gene cluster of
A. vinosum was completed and seven new genes, dsrLJOPNRS,
were characterized. Interposon mutagenesis proved an essen-
tial role for the encoded proteins in the oxidation of sulfur
formed as an intermediate during the oxidation of sulfide and
thiosulfate (57; also see above). By immunochemical tech-
niques, we were able to prove the formation of all tested
dsr-encoded proteins in A. vinosum. With the exception of
DsrC, which appeared to be present constitutively, the forma-
tion of the tested Dsr gene products was greatly enhanced by
sulfide. Hybridizations with gene probes directed against dsrA,
dsrEFHC, dsrM, and dsrK had previously shown for several
different species of purple sulfur bacteria that the dsr genes
have a very similar if not identical arrangement to that in A4.
vinosum (16). In addition, sequences of genes similar to those
in the A. vinosum dsr locus have become available from the
whole-genome sequence of the green sulfur bacterium C. tepi-
dum (20). They are organized in two clusters, dsrCABLKMPOJ
and dsrCABLEFHN (Fig. 1). The ubiquitous presence of the
dsr genes in anoxygenic phototrophic sulfur bacteria stresses
the importance of their products for oxidative sulfur metabo-
lism. In addition, we can conclude that the mechanism of sulfur
oxidation appears to be similar for anoxygenic phototrophs
forming intracellular (4. vinosum) and extracellular (C. tepi-
dum) sulfur globules. The duplication of dsrCABL in C. tepi-
dum may hint to a central role of the respective proteins.

Recently, genome sequence data for the chemotrophic sul-
fur oxidizer Thiobacillus denitrificans ATCC 25259 has be-
come available through GenBank (NZ_AAFH01000005, NZ
AAFH010000021). This organism contains two dsr gene clus-
ters in one of which (TdenA01002530 to Tden A01002518) the
genes dsrEFHCMKLJOPNR are organized exactly as in A. vi-
nosum. Since the T. denitrificans genome sequence is not yet
complete, it remains unclear whether these genes are preceded
by dsrAB. As is evident from Table 2, the A. vinosum and T.
denitrificans dsr genes are very closely related.

In dissimilatory sulfate-reducing bacteria and archaea, i.e.,
in organisms that obtain energy from performing the opposite
overall reaction as compared to phototrophic sulfur oxidizers,
dsr-related genes appear to be located in at least two indepen-
dent operons. The sulfite reductase-encoding genes dsrAB can
be linked with dsrN and in one case also with dsrC (42, 44).
dsrC constitutes an independent transcriptional unit in D. vul-
garis (36) and is also located apart from dsrAB in the hyper-
thermophilic archaeal sulfate reducer Ag. fulgidus (40). In all
sulfate reducers studied so far (15, 37, 42-44), dsrAB are linked
with the dsrD gene encoding a protein of around 9 kDa with a
B- and Z-DNA binding motif (49). In Bilophila wadsworthia, an



1400 DAHL ET AL.

organism able to reduce sulfite but not sulfate, dsrD is even
fused to dsrB (45). In phototrophic sulfur oxidizers, a related
gene does not appear to be present (20), indicating a specific
function for the dsrD gene product in the reduction of sulfite.
In addition to the dsrAB clusters, genes related to dsrMKJOP
are present in the hme gene cluster of 4. fulgidus (40, 46) and
in the Aimc gene cluster of D. vulgaris (62). So far, it appears
that the dsrE, dsrF, and dsrH genes have no equivalents in
sulfate reducers. The encoded polypeptides might therefore be
important for the system to operate in the oxidative direction.
A dsrL-homologous gene has so far also not been observed in
any of the dsr-related gene clusters in dissimilatory sulfate reduc-
ers. Homologues of many of the genes in the 4. vinosum dsr gene
cluster are also present in two groups in the genome sequence of
the magnetotactic bacterium Magnetospirillum magnetotacticum
(GenBank accession no. NZ_AAAP00000000), indicating that
this organism is able to perform some type of energy-yielding
sulfur metabolism. Summarizing, we can state that prokaryotes
containing sulfite reductase, irrespective of whether they are sul-
fur oxidizers or sulfate reducers, conserve a core set of dsr-related
genes, namely, dsrAB encoding sulfite reductase itself, dsrC en-
coding a cytoplasmic protein with strictly conserved cysteine res-
idues, dsrtMKOPJ encoding a membrane-spanning electron-trans-
porting complex, and dsrN.

DsrN is most probably involved in the biosynthesis of siro-
(heme)amide from siroheme (44). Glutamine serves as the
amino-group donor in the process. It is noteworthy in this
respect that dsrL encodes a protein resembling the small sub-
unit of bacterial glutamate synthases. If DsrL retains glutamate
synthase activity, as has been described for a related protein
from Pyrococcus kodakaraensis (35), it could theoretically pro-
vide the glutamine for siroheme amidation. However, experi-
mental evidence for such a function of DsrL is lacking. On the
basis of its amino acid sequence, it is more likely that DsrL is
able to transfer two reducing equivalents between NADPH +
H*/NADP™ and an as yet unidentified acceptor/donor via the
protein-bound FAD cofactor. Several related proteins function
as NADPH:feredoxin oxidoreductases (6, 25). With its addi-
tional C-terminal ferredoxin domain, DsrL would carry this
electron-transporting unit within the same polypeptide chain.
DsrL also contains a CXXC motif immediately preceding the
ferredoxin domain. This motif may be involved in a redox
reaction through thiol-disulfide exchange. In summary, DsrL
could well be involved in electron transfer from or to sulfite
reductase or the potential (hetero)disulfide reductase DsrK
and associated proteins.

Purification of DsrE from the soluble fraction of A. vinosum
showed that this protein is a subunit of an «,B,y,-structured
holoprotein consisting of DsrE, DsrF, and DsrH. DsrE belongs
to the Cluster of Orthologous Group COG1553 (National
Center for Biotechnology Information database, National Li-
brary of Medicine, National Institutes of Health), for which
structural information is available. The crystal structure of
YchN from E. coli, a protein of unknown function, has been
described (67). It shows a dimer of homotrimers arranged in a
cylindrical ring structure. This homohexameric structure is
reminiscent of the heterohexameric structure of DstEFH when
we keep in mind that DsrE, DsrF, and DsrH have sequence
similarity (57). In several members of the protein family, in-
cluding YchN, there are two conserved cysteine residues
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(Cys78 and Cys81 in YchN). Cys78 is absolutely invariant, and
the structural environment around Cys78 implies that it is a
putative active-site residue. For members of the YchN family
sharing the CXXC motif, a function as a thiol:disulfide oxi-
doreductase would theoretically be possible. However, in DsrE
only the first of these two cysteine residues, Cys78, is con-
served. MTH1491 from the archaeon Methanobacterium ther-
moautotrophicum is another protein related to DsrE that has
been crystallized (11). This protein forms a homotrimer. In-
terestingly, the corresponding gene is located adjacent to a
putative soxB gene in M. thermoautotrophicum. The SoxB pro-
tein is part of the thiosulfate-oxidizing multienzyme complex of
Paracoccus pantotrophus (24). Moreover, for MTH1491, an
interaction with sulfate has been suggested (11).

Most of the Dsr proteins were found to be localized in cell
fractions predicted from the gene sequences: sulfite reductase
has already been purified from the soluble fraction by others
(64), and DsrC, DsrEFH, DsrL, and DsrN also appeared to be
soluble. However, although DsrK, DsrJ, and DsrO are pre-
dicted not to form transmembrane helices but to be soluble
proteins, they were detected exclusively in the membrane frac-
tion, indicating a tight attachment to integral membrane pro-
teins, probably DsrM and/or DsrP. Indeed, the copurification
of DsrK, DsrJ, and DsrO indicates a specific association of the
proteins and suggests that DstMKJOP assemble a membrane-
spanning electron-transporting complex as depicted in Fig. 1.
This idea is supported by the purification of the related Hme
complex from A. fulgidus (46). We have so far not been able to
detect DstM and DsrP in our preparations. In the Hme com-
plex from A. fulgidus, the DsrP-related polypeptide was also
missing and the 34-kDa DsrM-homologous polypeptide was
hardly detectable in boiled samples (46). This was attributed to
protein aggregation, which is typical for integral membrane
proteins. These authors also reported that the 16-kDa DsrJ-
homologous protein was present only in substoichiometric
amounts. In some preparations, the protein was completely
absent. The situation with the preparation from A. vinosum
appears to be similar. While DsrJ was clearly detected with a
specific antiserum, a corresponding band could not be clearly
identified in Coomassie blue-stained gels, nor could the pre-
dicted covalently bound heme be found in the samples. The
presence of covalently attached heme in this protein was, how-
ever, verified for recombinant DsrJ produced in E. coli.

On the basis of predicted amino acid sequences and gene
arrangement, the A. fulgidus Hme and the D. vulgaris Hmc
complexes are the most similar to the proposed DstMKJOP
complex from A. vinosum. All three complexes contain a
periplasmic cytochrome ¢ subunit (Dsr]J and Af503 with 3
hemes, HmcA with 16 hemes), a periplasmic iron-sulfur-clus-
ter-containing subunit (DsrO, AF499, and HmcB), an integral
membrane subunit (DsrP, AF500, and HmcC), a second mem-
brane-bound protein possibly containing hemes b (DsrM,
AF501, and HmcE), and a cytoplasmic subunit carrying iron-
sulfur clusters with similarities to HdrD, the active-site subunit
of heterodisulfide reductase (DsrK, AF502, and HmcF). The
Hmc, Hme, and Dsr complexes contain subunits and redox
cofactors on the periplasmic side and also on the cytoplasmic
side of the membrane. It has been proposed that the Hmc
complex has subunits that act as menaquinone reductase
(HmcABC) and subunits acting as menaquinol oxidase
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(HmcEF) (61), whereas the A. fulgidus Hme complex was
proposed to function as a bidirectional menaquinol oxi-
doreductase which can transfer electrons to both a cytoplasmic
acceptor (via the HdrD-like subunit) or a periplasmic acceptor
(via the c-type cytochrome) (46).

The exact physiological function of the Hme and Hmc com-
plexes in dissimilatory sulfate reducers has not been eluci-
dated. It has been proposed that these and related transmem-
brane complexes from sulfate-reducing bacteria are involved in
the transport of electrons originating from oxidative metabolic
pathways to the cytoplasmically located enzymes of sulfate
reduction, namely, APS reductase and sulfite reductase (29, 46,
47, 56, 61, 62). Indeed, several studies support the role of the
D. vulgaris Hmc complex in transmembrane electron transport
by linking periplasmic hydrogen oxidation to cytoplasmic sul-
fate reduction (19, 39, 55, 69). Likewise, evidence has been
provided that Hme functions as menaquinol:acceptor oxi-
doreductase in A. fulgidus, mediating the electron transfer
from the quinone pool to an as yet unidentified electron carrier
in the cytoplasm, which in turn is thought to function in its
reduced form as an electron donor of the enzymes of sulfate
reduction (46). In the phototrophic sulfur oxidizers A. vinosum
and C. tepidum, the genes for sulfite reductase are located
adjacent to those encoding Hmc- and Hme-related transmem-
brane complexes (Fig. 1). Our Northern and Western analyses
of A. vinosum wild-type and mutant strains clearly showed that
the respective genes are coordinately expressed (57) (Fig. 3),
supporting the notion that the encoded gene products may
interact physiologically. Furthermore, we obtained experimen-
tal evidence for a close interaction of sulfite reductase
(DsrAB) from A. vinosum with the Hmc/Hme-related mem-
brane-bound Dsr complex (Fig. 5). Sulfite reductase itself is a
soluble enzyme and as such has been purified from the soluble
cell fraction (64). However, part of the enzyme obviously re-
sides in the membrane fraction. After chromatographic sepa-
ration of solubilized membrane proteins, sulfite reductase is
detected exclusively in samples containing DsrK and other
components of the Dsr complex (DsrO, DsrJ). The same holds
true for DsrE and DsrC. That part of these soluble proteins
that is attached to the membrane appears to be specifically
associated with DsrK. These observations point at a close in
vivo interaction and formation of a supercomplex between
sulfite reductase, DsrC, DsrEFH, and the DsrKMPOJ complex
in A. vinosum. The proposed interaction could very well be
such that electrons are transferred from sulfite reductase
through DsrEFH and/or DsrC via thiol/disulfide interchanges
to the Dsr complex, with DsrK probably representing a (het-
ero)disulfide reductase. The observed close association of sul-
fite reductase and the Dsr complex in A. vinosum strongly
supports the proposed electron transfer from the Hmc-Hme
complexes to sulfite reductase, the major enzyme of the sulfate
reduction pathway, in dissimilatory sulfate reducers. It may be
interesting in this respect that sulfite reductase from Desulfo-
vibrio desulfuricans is present in both soluble and membrane-
bound forms (70). On the basis of our results, it would appear
likely that the association of sulfite reductase with the mem-
brane in this sulfate reducer is also mediated by a Dsr/Hmc/
Hme-related complex. Although not visible after SDS-PAGE
analysis of sulfite reductase purified from the membrane frac-
tion (70), the respective transmembrane complex might have

Dsr OPERON IN ALLOCHROMATIUM VINOSUM 1401

been present in substoichiometric amounts. This would explain
the different behavior of D. desulfuricans sulfite reductase pu-
rified from the soluble and membrane fractions, i.e., different
stimulation by CO and, most importantly, different reactivity
with cytochrome c¢5. Only sulfite reductase isolated from the
membrane fraction was able to accept electrons from cyto-
chrome c5. The latter is located in the bacterial periplasm, and
a direct interaction with the cytoplasmically located sulfite
reductase is not possible in vivo or in vitro unless mediated by
a membrane-spanning electron-transporting unit.

We previously suggested two different models for the func-
tion of Dsr proteins in oxidative sulfur metabolism (57). In the
first, it was assumed that extracytoplasmically stored sulfur is
made available for oxidation by the cytoplasmic sulfite reduc-
tase by reduction to the level of sulfide and diffusion as H,S or
transport in an unknown form and by an unknown mechanism
over the cytoplasmic membrane. DsrK and DsrM were sug-
gested to accept electrons from sulfite reductase. With knowl-
edge of the complete dsr gene cluster and by analogy to the
proposed function of Dsr-homologous proteins in sulfate re-
ducers (29, 46, 62), it indeed appears likely that sulfite reduc-
tase and the DsrMKJOP complex react such that electrons
released by sulfite reductase are fed into photosynthetic elec-
tron flow via the membrane complex. The system in the pho-
totrophic sulfur oxidizers would thus operate opposite to that
in sulfate reducers. DsrtM could operate as a quinone reduc-
tase, DsrP could operate as a quinol oxidase, and finally, the
c-type cytochrome DsrJ would be reduced. From here, elec-
trons could be transferred to HiPIP, the primary electron do-
nor to the photosynthetic reaction center (75). Alternatively,
the system could work as suggested for A. fulgidus (46). Here,
the membrane complex is thought to represent two rather
independent modules transferring electrons from the quinone
pool to the two different sides of the membrane. When we
apply this suggestion to the situation in A. vinosum, it could be
envisioned that electrons are transferred from sulfite reductase
to quinone via DsrMK and that quinol would then be reoxi-
dized at the cytochrome bc, complex and thereby directly fed
into the primary donor of the reaction center. Alternatively,
electrons from quinol could be used to reduce NAD via
NADH:quinone oxidoreductase in a reaction driven by the
transmembrane proton gradient (Ap). The second unit, con-
sisting of the DsrP, DsrO, and DsrJ proteins, would transfer
electrons originating from periplasmic oxidation processes into
the quinone pool. Theoretically, these could stem from the
sulfur compounds that are oxidized in the periplasm (sulfide
[59] and at least part of sulfite [13]). However, sulfide and
sulfite oxidation have been shown to proceed independently of
the presence of Dsr proteins (57). Regardless of whether elec-
trons are transferred only into the quinone pool via DsrMK or
further onto periplasmic electron acceptors via the complete
complex DstMKJOP, such a scenario would not leave a role
for the potential NADPH:acceptor oxidoreductase DsrL. One
option would be that DsrL is involved in the reductive release
of sulfide, the substrate of sulfite reductase, from a carrier
molecule, possibly an organic perthiol. The resulting thiol
could then be shuttled to the extracytoplasmic space, where it
picks up sulfur from the stored sulfur globules and thereby
regenerates the perthiol, which is transported back into the
cytoplasm.
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In a second model (57), it was proposed that DsrK is in-
volved in reduction of the perthiol and obtains the required
electrons from quinol via DsrM. While this is still a possibility,
such a scenario would not explain the presence of DstJOP. The
model would furthermore not be able to explain how electrons
resulting from the sulfite reductase reaction are fed into the
photosynthetic electron chain. A transfer of electrons directly
to NADP™ via DsrL would be a shortcut not involving photo-
synthetic electron transport.

With both DsrM and DsrP being integral membrane pro-
teins probably reactive with quinone and quinol, it can be
envisaged that a concerted action of DstMJKOP generates a
proton gradient through a redox loop mechanism, as has been
suggested for related complexes from sulfate reducers (56). If
we assume that it comes to a net extrusion of protons to the
periplasm, this would contribute to Ap. As discussed previously
such a system would be subject to thermodynamic back pres-
sure mediated by light-dependent Ap (57). This effect would be
especially strong under conditions where a high Ap is gener-
ated by cyclic electron flow, i.e., when the electron transport
chain is overreduced due to limiting CO, (electron acceptor)
or due to high concentrations of highly reduced electron do-
nors (e.g. external hydrogen sulfide). Indeed, the oxidation of
sulfide in batch cultures of purple sulfur bacteria proceeds in a
biphasic manner (7) the oxidation of stored sulfur to sulfite
(B, for the HSO; /S° couple is —40 mV) and further to
sulfate starts only when sulfide is almost completely oxidized to
stored sulfur (E,’ for the S’’HS™ couple is —270 mV).

Our Dsr complex preparations contain a prominent band of
29 kDa (Fig. 5) that, upon amino-terminal sequencing, exhib-
ited striking similarity to ribulose-3-phosphate epimerases. We
do not know whether this protein is a contamination or spe-
cifically associated with Dsr proteins. Interestingly, a gene en-
coding a closely related protein is present in C. tepidum. In this
organism, deletion of a gene encoding a ribulose bisphosphate
carboxylase-like protein causes, among other effects, a de-
creased rate of stored sulfur oxidation; i.e., the mutant forms
significantly more sulfur globules than the wild type does (27,
28). All these observations may gain importance when we keep
in mind that the sulfur chains in the sulfur globules of pho-
totrophic bacteria most probably carry organic residues at one
or both ends (58).

In conclusion, we completed the sequence of the dsr operon
from the purple sulfur bacterium A. vinosum. Besides siro(he-
me)amide sulfite reductase, the dsr genes encode several pro-
teins carrying redox cofactors and several proteins carrying
conserved cysteine residues that could undergo thiol/disulfide
interchanges or act as sulfur substrate binding molecules. In
addition, DsrN is probably involved in biosynthesis of the sul-
fite redcutase prosthetic group. A sulfide/sulfur-induced for-
mation in A. vinosum could be verified for almost all Dsr
proteins by Western blotting. DsrKJO were purified together
from the membrane fraction, proving the predicted formation
of a transmembrane complex by DstMKJOP. This complex
was intimately associated with sulfite reductase, DsrC, and
DsrEFH. Although the exact nature of the interaction between
these proteins is still unclear, we now have an ideal and unique
possibility to study it and to clarify the long-standing problem
of electron transport from and to sulfite reductase, not only in
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phototrophic bacteria but also in sulfate reducing prokaryotes
(7, 10, 53).
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