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A 13-kb genomic region of Paracoccus dentrificans GB17 is involved in lithotrophic thiosulfate oxidation.
Adjacent to the previously reported soxB gene (C. Wodara, S. Kostka, M. Egert, D. P. Kelly, and C. G. Fried-
rich, J. Bacteriol. 176:6188-6191, 1994), 3.7 kb were sequenced. Sequence analysis revealed four additional
open reading frames, soxCDEF. soxC coded for a 430-amino-acid polypeptide with an M_. of 47,339 that included
a putative signal peptide of 40 amino acids (M, of 3,599) with a RR motif present in periplasmic proteins with
complex redox centers. The mature soxC gene product exhibited high amino acid sequence similarity to the
eukaryotic molybdoenzyme sulfite oxidase and to nitrate reductase. We constructed a mutant, GBsoxCA,
carrying an in-frame deletion in soxC which covered a region possibly coding for the molybdenum cofactor bind-
ing domain. GBsoxCA was unable to grow lithoautotrophically with thiosulfate but grew well with nitrate as a
nitrogen source or as an electron acceptor. Whole cells and cell extracts of mutant GBsoxCA contained 10% of
the thiosulfate-oxidizing activity of the wild type. Only a marginal rate of sulfite-dependent cytochrome c
reduction was observed from cell extracts of mutant GBsoxCA. These results demonstrated that sulfite dehy-
drogenase was essential for growth with thiosulfate of P. dentrificans GB17. soxD coded for a periplasmic
diheme c-type cytochrome of 384 amino acids (M, of 39,983) containing a putative signal peptide with an M,
of 2,363. soxE coded for a periplasmic monoheme c-type cytochrome of 236 amino acids (M, of 25,926)
containing a putative signal peptide with an M, of 1,833. SoxD and SoxE were highly identical to c-type cyto-
chromes of P. denitrificans and other organisms. soxF revealed an incomplete open reading frame coding for a
peptide of 247 amino acids with a putative signal peptide (M, of 2,629). The deduced amino acid sequence of
soxF was 47% identical and 70% similar to the sequence of the flavoprotein of flavocytochrome ¢ of Chromatium

vinosum, suggesting the involvement of the flavoprotein in thiosulfate oxidation of P. denitrificans GB17.

Paracoccus denitrificans grows heterotrophically with a large
variety of carbon sources and lithoautotrophically with molec-
ular hydrogen (4, 25) or with thiosulfate as an electron donor
(17). P. dentrificans GB17 (formerly Thiosphaera pantotropha
GBI177 [30, 41]) exhibits most of the characteristics of the P.
denitrificans type strain, which is well characterized on the
genetic level (48), but strain GB17 is amenable to transposon
Tn5 mutagenesis (8). The 16S rRNA nucleotide sequence is
the same in both strains, and their DNA-DNA homology is
86%. These criteria led to the transfer of the former 7. panto-
tropha GB17" to P. denitrificans GB17 (30).

The genes involved in thiosulfate oxidation of P. denitrificans
GB17 (sox genes) were located by transposon Tn5 mutagene-
sis, which yielded three classes of Sox™ mutants unable to grow
with thiosulfate as an energy source. Class I mutants are ex-
clusively Sox™; class II mutants have also lost the ability to
oxidize hydrogen and to reduce nitrite anaerobically; class III
mutants are also unable to oxidize formate and xanthine and to
reduce nitrate (8) due to their inability to synthesize a func-
tional molybdopterin cofactor (reviewed in reference 16).

The gene region involved in thiosulfate oxidation of P. deni-
trificans GB17 was identified and cloned with the aid of the
class I Sox™ mutant, yielding the hybrid plasmid pEG12 with a
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13-kb insert (Fig. 1) (34). Partial sequence analysis of the 13-kb
insert and comparative biochemistry suggested identity of the
soxB gene product of P. denitrificans GB17 with enzyme B of
the thiosulfate-oxidizing enzyme system of Paracoccus versutus
(56) (formerly Thiobacillus versutus [23]). In P. versutus, four
periplasmic proteins are required for thiosulfate oxidation in
vitro: enzyme A (M, of 16,000), enzyme B (M, of 63,000),
cytochrome c¢ss, 5 (M, of 56,000; subunit M, of 29,000), and
cytochrome css; (M, of 260,000; subunit M, of 43,000). Sulfite
dehydrogenase of P. versutus (M, of 44,000) is tightly associ-
ated with cytochrome css, but was reported not to be required
for thiosulfate oxidation (24, 28, 29). Sulfite oxidase from Thio-
bacillus novellus (M, of 40,000) was also reported to be asso-
ciated with a c-type cytochrome (58) and to contain a heme
moiety similar to mammalian sulfite oxidases which contain cyto-
chrome bs-type heme (49). Molybdenum or the molybdopterin
cofactor was detected in sulfite dehydrogenases so far examined
(5,21, 49). Molybdate is required for lithoautotrophic growth with
thiosulfate of P. denitrificans and of P. versutus (8, 18). Provided
sulfite dehydrogenase of P. denitrificans GB17 contained molyb-
denum, as do the enzymes from other sources, the fact that there
are Sox-negative mutants unable to form a functional molybde-
num cofactor suggests that this enzyme is essential for thiosulfate
oxidation in vivo in P. denitrificans GB17.

We here report on the identification of four open reading
frames 3" of soxB (56), soxCDEF, coding for periplasmic pro-
teins. The protein deduced from soxC is highly identical to the
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FIG. 1. Physical map of plasmid pEG12 and sox-relevant open reading frames.

eukaryotic type of sulfite dehydrogenase. Disruption of this
gene by mutation eliminates sulfite dehydrogenase activity
from crude extracts and demonstrates that soxC is essential for
growth of P. denitrificans GB17 on thiosulfate. soxD and soxE
code for c-type cytochromes, and soxF exhibits high identity to
the flavoprotein of Chromatium vinosum.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used and constructed in
this study are listed in Table 1.

Media and growth conditions. The thiosulfate mineral medium for lithoau-
totrophic growth of P. denitrificans strains and of P. versutus and the mineral
media for examination of assimilatory and dissimilatory nitrate reduction were
previously described (8). To express proteins relevant for thiosulfate metabolism,

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid

Relevant genotype or phenotype®

Reference or source

Escherichia coli
S17-1 recA pro thi hsdS, RP4-tra functions
XL1-Blue

Paracoccus denitrificans

supE44 hsdR17 recAl endAl gyrA46 thi relAl lac [F' proAB lacI"ZAM15 Tnl0(Tet")]

47
7, Stratagene

GB17 Sox* Hox™ 30, 41, L. A. Robertson
GBIJIDsoxCA Sox™ Km'" lacZ, cointegrate of pJDsoxCA This study
GBsoxCA Sox~ soxCA This study
Paracoccus versutus Sox* Hox™ DSM 582
Plasmids

pBluescript SK* Ap' lacZ {1 ori; T7 $10 promoter Stratagene
pBluescript KS* Ap* lacZ f1 ori; T7 $10 promoter Stratagene
pEGI12 13-kb sox-relevant DNA in pSUP202 34

pEGS5 5.2-kb EcoRI fragment of pEG12 with an 8-kb Bgl/II deletion in pSUP202 56

pJD1 Km" lacZ RP4 oriT ColE1 ori 12
pSUP202 Ap" Cm" Tc" Tra~ Mob™ 47
pBKSTE2.7 2.7-kb EcoRI fragment from pEG12 in pBluescript KS™ This study
pBKS*E2.7R 2.7-kb EcoR1 fragment inserted in pBKS™ in orientation opposite that in pBKS*E2.7 This study
pBKSTE2.7SN pBKS™E2.7 with deletion of Smal/Nrul This study
pBKS*E2.7RSN pBKS*E2.7R with deletion of Smal/Nrul This study
pBSK*E1 1-kb EcoRI fragment from pEG12 in pBluescript KS™ This study
pBSK*EIR 1-kb EcoRI fragment inserted in pBSK™ in orientation opposite that in pPBSK*E1 This study
pBKSTE4.8 4.8-kb EcoRI fragment from pEGS inserted in pBluescript KS* This study
pBSK*soxCA 562-bp Xbal-soxCA PCR fragment in pBluescript SK* This study
pJDsoxCA 1,020-bp Pvull fragment from pBSK™ soxCA in pJD1 This study

“ Sox, lithotrophic growth with thiosulfate; Hox, lithotrophic growth with molecular hydrogen; Tra, transfer of mobilizable plasmids; Mob, mobilizability.
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Sox-negative derivatives of P. denitrificans GB17 were cultivated under mixotro-
phic growth conditions in mineral medium with 0.1% (wt/vol) sodium pyruvate
and 20 mM sodium thiosulfate. Seed cultures were cultivated in glucose (0.1%
[wt/vol]) mineral medium for 24 h and used as 0.1% (vol/vol) inocula. P. deni-
trificans strains harboring the lacZ gene were selected on mineral agar (1.5%
[wt/vol]) plates containing 0.4% (wt/vol) glucose and 0.1 mM 5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside. Antibiotics were added where appropriate (for
P. denitrificans, 300 pg of kanamycin/ml; for E. coli, 50 pg of kanamycin/ml or
100 pg of ampicillin/ml).

Conjugal transfer of plasmids and gene replacement. Spot matings were used
to transfer mobilizable plasmids from E. coli S17-1 to P. denitrificans GB17.
Transconjugants were generated by transfer of the suicide vector plasmid pJD1
(12). Heterogenote transconjugants exhibiting the kanamycin-resistant and
LacZ-positive phenotype were selected on mineral medium agar plates contain-
ing 0.4% (wt/vol) glucose and 300 pg of kanamycin/ml. Kanamycin-resistant
clones were purified, and single colonies were inoculated to mineral medium (30
ml) containing glucose without antibiotic and cultivated with shaking for 2 days
at 30°C. After appropriate dilutions, about 10* cells were plated on mineral agar
containing isopropylthiogalactopyranoside. Lac-negative and kanamycin-sensi-
tive recombinants were selected and were candidates for homogenote mutants
carrying the intended deletions.

Construction of the soxC deletion. Ninety base pairs of soxC coding for the
putative molybdenum cofactor binding domain were deleted with the aid of PCR
technology due to the lack of convenient restriction sites (Fig. 2). The strategy
used for the in-frame deletion is summarized in Fig. 3. Primers 1 and 2 generated
a fragment of 246 bp, designated left site, and primers 3 and 4 generated a
fragment of 347 bp, designated right site. Both fragments were fused via the
complementary ends of primers 2 and 3 and multiplied by PCR with primers 1
and 4. The resulting fragment of 572 bp contained Xbal restriction sites at both
ends and was cloned via these sites into pBluescript SK* and designated
pBSK*soxCA (Fig. 3). The intended deletion determined by the flanking ends
was verified from nucleotide sequencing. pBSK *soxCA was restricted with Pvull,
and the 1,020-bp fragment was ligated into the MscI site of pJD1, resulting in
pJDsoxCA. This plasmid was transferred to P. denitrificans GB17 via conjugation.
Homogenote recombinants with the deletion in the soxC gene were screened by
amplification of the appropriate DNA fragments by PCR essentially as described
elsewhere (32), using the soxC primers 1 and 4 (Fig. 3). After cultivation over-
night in Luria-Bertani medium, cells (1 ml) were harvested, washed once with 20
mM Tris-HCI (pH 8.0), and concentrated 10-fold. Cells were boiled for 5 min,
and 10 ul of the crude extract was subjected to DNA amplification (95°C for 1
min, 60°C for 1 min, 72°C for 1 min; 20 cycles). The PCR products were extracted
and analyzed by agarose-gel electrophoresis.

To verify the deletion described in Fig. 3 in the homogenote recombinants,
primers 1 and 4 were used with total DNA as a template. A PCR fragment of 660
bp was obtained from the wild-type strain GB17 and the heterogenote recom-
binant GBJDsoxCA. From the latter, a second fragment of 560 bp was obtained.
This fragment resulted also from the homogenote recombinant GBsoxCA and
from the suicide vector plasmid pJDsoxCA (Fig. 4).

DNA techniques and DNA sequencing. Standard DNA techniques (43) were
used. Sequencing was performed by primer walking with a T7 sequencing kit
(Pharmacia, Freiburg, Germany) and [**S]dATP[«S] (Amersham-Buchler,
Braunschweig, Germany) by the method of Sanger et al. (45). The 1.0- and 2.7-kb
EcoRI fragments of pEG12 were cloned in pBluescript SK* in both orientations.
The 2.7-kb inserts in the resulting plasmids were deleted with Nrul/Smal to
reduce the sizes of the plasmids. With PCR, the locations of the 9.5-, 2.7-, and
1.0-kb EcoRI fragments were determined for the chromosome of P. denitrificans
GB17 and for pEG12. Five primers were deduced from the ends of the fragments
of pEG12: RSN9 (5'-CCGGAATGGTGGCGTTC-3"), SN9
(5'-CTATATCGAGAACCCCA-3'), KS4 (5'-TGCATCGCGACCACGAA-3"),
SK4 (5'-CTCAAGCAGACCAATCC-3'), and SE2
(5'-ACGATCTGATCTGTGAC-3"). Nucleotide sequence analysis was done
with the HUSAR (EMBL, Heidelberg, Germany) and DNASIS and PC/GENE
(IntelliGenetics Inc., Mountain View, Calif.) software packages.

Preparation of cell extracts. Crude extracts were prepared as previously de-
scribed (14). To eliminate unspecific cytochrome ¢ reductions from crude ex-
tracts in enzyme assays, saturated ammonium sulfate was added to crude extracts
in a 1:1.8 ratio, giving a 65% saturation of ammonium sulfate. Precipitated
proteins were separated by centrifugation at 4,000 X g for 10 min, redissolved in
50 mM Tris buffer (pH 7.0), and designated cell extracts.

Immunoblot analysis. SoxC antigens from crude extracts were detected with
antibodies raised against the peptide VESREETSKYTDLM deduced from the
soxC nucleotide sequence. This internal peptide was predicted to be highly
antigenic according to the PC/GENE program. Antibodies were raised in rabbits
at the facilities of Eurogentec (Seraing, Belgium). Immunosorbent assays were
performed according to the semidry procedure, using the Multiphor electro-
phoretic system (Pharmacia). After denaturing sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis as described by Laemmli (27), the proteins were
electroblotted onto nitrocellulose membranes (pore size, 0.45 um) as described
by Towbin et al. (50). SoxC antigens were detected on the membranes with
anti-SoxC serum (diluted 1:1,000) and anti-rabbit immunoglobulin G-alkaline
phosphatase conjugate (diluted 1:15,000; Sigma, Deisenhofen, Germany) and
exposed for 30 min. The stain was developed for 30 min in 100 ml of 50 mM
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sodium carbonate buffer to which were added 1.0 ml of 0.5% (wt/vol) disodium
5-bromo-4-chloro-3-indolylphosphate and 10 ml of 0.1% (wt/vol) nitroblue tet-
razolium (Serva, Heidelberg, Germany).

Identification of the Sox character. To identify the Sox character of transcon-
jugants, a single colony was inoculated to thiosulfate mineral medium (2 ml, pH
7.2), supplemented with 0.1% (wt/vol) sodium pyruvate and 10 wg of phenol
red/ml, and cells were aerated on a roller overnight. Thiosulfate oxidation caused
a drop in pH, indicated by the color change from phenol red to yellow.

Enzyme assays. The rate of thiosulfate oxidation was determined from whole
cells and cell extracts. The thiosulfate-oxidizing activity of whole cells was de-
termined with an oxygen electrode (Rank Brothers, Bottisham, England). The
assay mixture (3.0 ml) contained 150 wmol of Tris buffer (pH 8.0), about 0.5 mg
(dry weight) of cells, and 6.0 wmol of thiosulfate or 0.3 wmol of sodium sulfide
to start the reaction. One unit of activity was defined as 1 pmol of molecular
oxygen consumed per min at 30°C. The activity of the thiosulfate-oxidizing
enzyme system and of sulfite dehydrogenase from cell extracts was determined by
monitoring the reduction of cytochrome ¢ at 550 nm. The assay mixture (1.0 ml)
contained 50 wmol of potassium phosphate buffer (pH 7.5), 35 nmol of horse
heart cytochrome ¢, about 1 mg of cell extract, and 2.0 pmol of sodium thiosul-
fate to start the reaction. The sulfite dehydrogenase assay (1.0 ml) contained 100
wmol of Tris buffer (pH 7.5), about 1 mg of cell extract, 35 nmol of horse heart
cytochrome ¢, and 20 nmol of disodium sulfite to start the reaction. One unit of
enzyme activity was defined as 1 wmol of cytochrome ¢ (¢ = 27.8 cm?/umol)
reduced per min at 30°C. Protein was determined by the method of Bradford (6),
with bovine serum albumin as a reference.

Nucleotide sequence accession number. The nucleotide sequence of soxCDEF
was submitted to the EMBL data library under accession no. X79242 PDSOXL.

RESULTS

Sequence analysis. The three EcoRI fragments of pEG12
were found by PCR to be in the order 9.5, 2.7, and 1.0 kb.
Using chromosomal DNA as the template, the primer pair
SE2-RSN9 and SN9-KS4 generated fragments of 900 and 350
bp, respectively, while primer pairs SE2-SN9 and SN9-SK4 did
not generate fragments. This result was consistent with the
orientation of the fragments shown in Fig. 1. To characterize
the 3.7-kb DNA region downstream of the 2.5-kb Sall/EcoRI
fragment coding for soxB, the nucleotide sequence was deter-
mined from both strands to the end of the cloned DNA (Fig.
1). Analysis of this sequence revealed four open reading
frames, designated soxCDEF.

soxC. soxC was located 23 nucleotides downstream of soxB
(56) and had the potential to encode a protein of 430 amino
acids (M, of 47,339). A putative ribosome binding site was
located nine nucleotides 5’ of the start codon (underlined in
Fig. 2). A closer analysis of the amino-terminal amino acid
sequence revealed a signal peptide of 40 amino acids (M, of
3,617), relatively large for prokaryotes. The putative cleavage
site was in accordance with the —1,—3 rule (54, 55). The total
charge of amino acids 1 to 18 was +1; amino acids 19 to 36
were highly hydrophobic, with the potential to form a trans-
membrane helix (data not shown) (38). The putative signal
peptide exhibited an RR motif present in signal peptides of
periplasmic or membrane-bound proteins with complex redox
centers (5, 17, 31, 59). The hydropathic index of the mature
soxC gene product of —0.34 indicated a soluble protein. These
properties suggested a periplasmic location of the deduced
mature SoxC protein with a predicted M, of 43,740 and a
calculated pl of 5.7.

To determine the function of the soxC gene product, the
deduced amino acid sequence was subjected to a homology
search of the SWISSPROT database, using the TFASTA al-
gorithm (38). The best alignments of SoxC were given to pro-
teins from eukaryotic sources. The top eight alignments
showed identities of 32.1 to 25.8% to sulfite oxidases and to
nitrate reductases (Table 2).

Sulfite oxidases and nitrate reductases examined so far con-
tain the molybdopterin cofactor. This cofactor was proposed to
bind at a conserved cysteine residue of sulfite oxidase from rat
or chicken liver and from nitrate reductases of fungi, algae, and
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AACACCTCGGTCACCGTGACCGGGGTCTGACAATCACGAAGGAGCGTTCGCCCATGAAAGACGAGCTCACCAAGGACGGCAAGGACGCCGTCGGCACCTCGCGCCGCGCCTTTCTGCGCG
N TS VTV TG V * soxC M XK D E L T KD G K DAV G T S RRATFLRG
SN - —

GGGGTGCGGTGGCCGGETGCCGGCCTTGTCGCCGGTGCCGGECTEGCCCGCGCCGCCGEAACCCCCGACCCGCTGATCACCGAGATCCAGCCCTGGGCCTCGGAATTCGGCGAGGCCGTCG
G AV A G A GL V A G A G L ™ R AAGTPDUPLTITETIGQPWATSTETFGEHA ATUVTD

ATGCCCATCCCTACGGCTTGCCGATCCATTTCGAATCGCATGTGAAGCGGCAATATGTGGAATGGCTGACCGARAGCCCGGTTTCCTCGATCAACTTCACGCCGATCCATGCGCTGGARG
A HP Y GL P I HF ESHV KURUGQYVEWTLTESZ®PVS s INTFTU®PTIHATLESG

GCACGATCACCCCGCAGGGCTGCGCCTTTGAACGCCACCATTCCGGTGCCATCGAGCTGAGCAAGCAGGACTACCGGCTGATGATCAACGGGCTGETGGAAAAGCCGCTGGTCTTCACCT
T I T P Q G C A F ERUHKHSGATIEL S K QDY RILMINGTLVETZKU®PTLUVFTF

TCGAGGATCTGCTGCCCTTCCCCCGCACCACCACCACCGCATTCTGCGAATGCGCGGCAAACGGCGGCATGGAATGGGGCGGCGCGCAGCT TGCCAGTATACCCAGGGCATGA
EDLTULT RTFZPRTTTTA ATFTCETCR AANG GG GMEUWS GG GA AQQLTETGT C?QYTOGQGMTI

TCCACAACATGGAATATGTCGGCGTGCCGCTGTCGGTECTGCTGGCCGAGGCCGGGGTCAAGCCCGAGGGCAAATGGCTTTACGCCGAGGGCGCGGATGCCTCGTCCARCGGTCGTTCCT
H NMEY VGV PL S VL LAZEA AGV VI KU PEGI KWILYA AETGADA ASSNGTRSF

TTCCGATGGAAAAGGTGATGGACGACGTGATGCTGGCCTTCTTCGCCAATGGCGAGGCGCTGCGCAAGGAACATGGCTATCCCGCCCGCCTGGTCGTGCCEGGGCTGGGAGGGCAATATGT
P MEZ X VMDDV MULATFFANGEA BATLIZRIEKTEIHGYU?®PARILVV?PGWEGNMUW

GGGTGAAATGGGTCCECCGCCTGGGGATCTATGACAAGGCTGTGGARAGCCGCGAGGAGACCTCGAAATATACCGACCTGATGCCGGACGGCCGGGCACGGARATGGACCTGGGTGATGG
vV KWV RRUILG I Y DXKAVEZSRTETETS KXY TDILMZPDGRARIEKUWTWVMD

ATGCGAAATCGGTCATCACCTCGCCCAGCCCGCAGGTGCCCATTCGCCACGGCAAGGGACCGCTGGTGATTTCGGGCCTGGCCTGGAGCGGCAATGGCCGCATCACCCGCGTCGATGTCT
A K S VI TSUPSPQV?PIRUHEGTZEKS GE®PTZLU VIS SGLAWSGNGRTITIRUVDYV S

CGCTGGACGGCGGCAAGAACTGGACCACGGCGCGGATCACCGGCCAGGCCCTGCCCAAGGCGCTGACCCGCTTCCATCTCGACATCGACTGGGATGGTTCGGAAATGCTGCTGCAATCGC
L DG G KNWTTA AR RTITGA QA ATLU®PXKXKAILTR®RTFHULDTIDUWDGSEMTLTLIQS R

GCGCCGTGGACGAGACCGGCTATGTCCAGCCGACCAAGGATGCGCTGCGCGCCATCCGCGGCCGCAACAACGTCTATCACAACAACGGCATCCAGACCTGCTCCGTCAAGGCCGACGGEG
A VDETSGYV QPTI KD ALUZ RA ATIRGR RNNU VYHNIDNSGTIZOQTW®WUVXKADGE

AGGTCGAGAATGTCGAAATCGCTTGAGCTGTTCCTGGGCTCGETGCTGGCAGCCTCGETGCTTGCCGGCCCGECCATGECCGACAAGCTGGGATTGEGCCGCGAGGCCCTGCCCGRAGAG
V ENV E I a *
soxbD M S K § L E L F L G S v L AAGSUVILaltpPpama™d KL GLGREH BATLTPEE
—

ATCAGCGCCTGGGACACCGCGGTCCTGCCCGACGGCCAGGGGCTGCGCCCCGETTCGGGCGATGTCGCGACGGGGGACGCGCTTTTCGCCGACAACTGCGCCTCGTGCCATGGCGATTTC
I S A WDTA AVULUPDG GO QGULRUPGSGDVATGDA ALTFA ADTNTCEASTCHTGTDTF

GCCGAGGGGCTGGACAGCTGGCCGETGCTGGCGGGCGECGACGGCAGCCTGACCGATCCGCGCCCGGTCAAGACCATCGGCAGCTACTGGCCCTATCTCTCGACGGTCTATGACTATGTC
A E G LD S WZPVLAGG GDTG G STLTODZPURU®PVIE KTTIGSYWZ®PYULSTUVYTDYYV

CACCGCTCGATGCCCTTCGGCTCGGCGCAGACCCTGTCGGTGGACGACACCTATGCGATCACCGCCTTCCTGCTTTATTCCAACGGGCTGGTGGAGGACGATTTCGTCCTGACGCACGAG
H R SMUPFPFGSAQTULSVDDTY YA ATITA ATFTILILYSNSGZLVETDTDTFVLTHE

AACTTCACCCAGGTCGTGCTGCCCAATGCCEAGGGCTTCTATCCCGACGACCGCGACCAGACCGAATATCCGCTGTTCTCGARAGAGCCCTGCATGACGGATTGCGCGGTCGGGGTCGAG
N F T Q V VL PN AEGTFYPDDIRDQTEJYU?PLTFSEKXEZPCMTUDTCAVGVE

ATCACCAAGCGCGCGGTCGATCTGAACGTGACGCCCGAAGATCCCGACGGACGCCCGGCCGGCAGCATGCCCGACCTGGGCGCGGCCGCCGCACCGGCCGAACCTGCCGAGCCGGTCGAA
I TXKRAUVYVYDULNUVTUPETDZPDGR®RUPAGSM®PDTLGARAAPA ATETZPAETFPUVE

AAGAAGGCCGAGGCCGCGCCEGCCGAGGCACCCECCCCCGCCGCCGCECCCGAGGTCGTGGTCAAGGCCGCCGCCATGGCGCCGGAAGCCCCGGCCCCGGCAGGGGCCGCCACCGCCGCE
K K A E A A P A EAUPAUPA AAAPEV YV V KAAAMABMAPEUA ATPA APA AGA ™ T A a

GACCCGACGCTGCTGECCGAGGGCGARAAGGTGTTCAAGAAATGCGCCGCCTGCCACAAGGTCGGCGACGACGCCARAAACGGCACCGGCCCGTTGCTGAACGGCATCGTCGGCCGGGCC
D P TLULATETGET KV F KKGCAACHIEKUYVGDDA ATEKNGTS G?PTULTILNTGTIUVGRA

GCGGGCGACATCGAGGGCTTCAAATATTCCAAGCCCCTGCTTGCCATGGCCTCGGAGGEGCTGGTCTGGGACGATGCATCGCTGCACGCCTTCCTGGAAAACCCCARGGGTTTCATGAAG
A GD I EGPF K Y S K P LLAMASETGTLTVWDUDA AST LHATFTLENTPI KTGTFMEK

GGCACCAAGATGTCCTTTGCCGGGCTGAAGAAAGAGGATGAGCGCGCCECCGTCATCGCCTATCTCGCCACTTTCGCCAAGTGACGCATGAGACAGCGCAAACTCCTGTCCGCGCTGTTC
G T KM S FAGL XK XK EDE ERAAVIAYULATTFAK* M R Q R K L L § A L F

B80XE —P»
ACGGTTGCCGCGGCCGETGCCACACCGGCCGCAGCCGAGEARATCGGCGATACGGTTCATGGAGCGGTCCTGTTTCGCAAGGAATGCGCGATCTGCCACCGGATCGGCCAGGACGCGCGT
T vaaaleaTpPAAAETETIGDTUVHGA AV VLT FRTIEKETGEATITZSECHERTIG? QDR-BAR
AATGCCGTCGGCCCAAGGCTGAACGGCGTTTTCGGCCGCCGTGCCGCCGCTCTTGCCGATTTCAACTATTCCAGGGCCATGAAGCGCAAGGGCAATGATGGCCTGACCTGGACCCTGGAA
N AV GPURULNG GV FGRURAAMALA BADTFNYSRAMEKT RIE KS GNDTGTLTWTTLE

ACGCTCGACGCCTATATCGAGAACCCCARGGCCCTGGTGACAGGGACGCCCATGTCTTATCGCGGCCTGGCCGATCCCCAGGCGCGGGCCGATCTGATGGCCTATATGCGCGACCATTCC
T L DAY I ENU PZ KA ALV YVYTG GTA RMSYURGLADZPQARADTILMMATYMZBRTDH S

GACCGGCCCCAGGACATTCCAGAGGCCGAGCCCACCGCGCGGCGCAACGCGCCGGTGCTGTCCGAGGAGGTTCTGGCCCTGCGCGGGGATCCCGAATTCGGCGCCTATCTGTCGGCGGAA
D R P QDI PEAEZ PTA ARIRNAPUVILSETEVLALZ RGDZ®PETFGH-ATYLSAE

TGCACGACCTGCCACCAGCGCGACGGCTCGGACCAGGGCATCCCCTCGATCGCCGGCTGECCGCAGGAGGATTTCGTGGTCGCGATGCACGCCTACAAGCAGARATTGCGGCCGCATCCG
¢ T TCHOQRDGSDOQGTIU®PSTIAGT WU®POQEHDTFVVAMUHEAYTI KT QZEKTLTRZPHTP

GTGATGCAGATGATGGCCGGCCGGCTCAGCGAGGAAGAGATCGCGGCGCTGGCGGCCTTCTTCGCCACGCTCGAATGACCGAARAGCGGCCGGCGCCATGCGCCGGGCCGTTCATCAGGE
vV M QMMAGT RTLSEEETIA AALA AATFTFATTLE *

AGGAGAAAAAGATGATCCTGACGAGACGATCGCTGATCGCGGGCGCCACCGCCGCCACCGGGCTGCTTTATGCGCCCGTCGTCCTGGGACAGGGCAAGCCGRAGGTCGTCGTCATCGGCG
soxF M I L T R R S L I A G A T A A TG UL L Y APV VLG TQ G K P KV VVIGG
—

GCGGCGCCEGCGECGGCACCGCEGCCCATTACATGGCCAGGGATTCCCAAGGCGCGCTGGACGTGACCCTGGTCGAGGCCAATCCGGTCTATACGACCTGCTTCTTCTCGAATCTCTATA
G AGGGTAAHYMARDSQGALDVTULVEANZPVYTTTU CTFFSNILYTI

TCGGCGGGTTCCGCGATTTCGAAAGCCTTCAGCACGGCTATGACAAGCTGTCCGCCGCCGGCETCGCCGTCGTCAATGACACCGCCGTCGCCGTGGATCGCGCGGCGCGGACCGTCACTC
G 6 FRDVFESLOQHGYDI XKUL S AAGVYVAV YV NDTA AVAVYVDR RAARTUVTTL

TGGCGGGCGGGCAGGTGCTGCCCTATGACCGGCTGGTGCTGTCGCCCGGCATCGAGTTCAAGCCGGATTCGETCCCCGGCTGGTCGCTGGAGGCGGCCGAGATCATGCCCCATGCCTACA
A GGQVL PYDRULUVLSPGTIETFI KU PDS VP G WS LEA AHABAETIMMEPHATYK

AGGCCGGGCCGCAGACCCAGCTGCTCCGGCGCATGATCGAGGCGATGCCCCAGGGECGECGTCTTCGCCATGGTCGCGCCCCCCAACCCCTATCGCTGCCCGCCGGGCCCCTATGAGCGGG
A GPQTQULLU RURMTIEA AMEPOQGS GV FAMVYVYAPZPNEPYURTC CPUPGUZPYETRYV

TCAGCATGGTCGCGCATCTGCTCAAGCAGACCAATCCGACCGCCAAGATCATCATCCTGGATCCCAAGGACAAGTTCTCCAAGCAGGCGCTGTTC T AACATTACA
S M VA HLUL X QTNWUPTAIZ KTITITIULDUPI KDTZ KT FSZ KOQALTFETESGHWSGI KU HYN

ATGGCATGGTCGAATGGATCGGCCCCGAATTC 6270
G MV EW I G P E F

FIG. 2. Nucleotide and deduced amino acid sequences of soxCDEF of P. denitrificans GB17.
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S”-GCTCTAGA
TCGAATCGCATGTGAAGCGGC-3”

primer soxCAl

J. BACTERIOL.

2541 CCGATCCATTTCGAATCGCATGTGAAGCGGCAATATGTGG- 171 bp -TCTTCACCTTCGAGGATCTGCTGCGCTTC 2780

GGCTAGGTAAAGCTTAGCGTACACTTCGCCGTTATACACC- 171 bp -AGAAGTGGAAGCTCCTAGACGACGCGAAG

left site 248 bp
37 -GCTCCTAGACGACGCGAAG

primer soxCA2 GTCCCGTAC-5"

P R TTTTAVFCET CA AR ANGSGMEWGSGA AOQTLESGTCO QYT

2781 CCCCGCACCACCACCACCGCATTCTGCGAATGCGCGGCAAACGGCGGCATGGAATGGGGCGGCGCGCAGCTGGAGGGCTGCCAGTATACC 2870

GGGGCGTGGTGGTGGTGGCGTAAGACGCTTACGCGCCGTTTGCCGCCGTACCTTACCCCGCCGCGCGTCGACCTCCCGACGGTCATATGG

5°-CTGCTGCGCTTC  primer soxCA3

CAGGGCATGATCCACAAC-3~

deletion 90 bp

2871 CAGGGCATGATCCACAACATGGAATATG- 267 bp -AAAGCCGCGAGGAGACCTCGAAATATACCGACCTGATGCC 3205

GTCCCGTACTAGGTGTTGTACCTTATAC- 267 bp -TTTCGGCGCTCCTCTGGAGCTTTATATGGCTGGACTACGG right site 347 bp

37 -CCTCTGGAGCTTTATATGGCTG

primer soxCA4 AGATCTCG-5"

FIG. 3. Strategy for the deletion in soxC. The Xbal restriction sites of primers soxCA1 and soxCA4 are shown in boldface; the complementary ends of primers soxCA2

and soxCA3 and of the left-site and right-site fragments are underlined.

higher plants (3). A cysteine residue was present in the SoxC
sequence about at a position characteristic for molybdoen-
zymes from eukaryotic sources but with a low identity to these
enzymes. A region with higher identity to the above-mentioned
enzymes was observed from amino acids 330 to 348 (Fig. 5). A
second cysteine residue conserved in chicken liver sulfite oxi-
dase and in nitrate reductase of Arabidopsis thaliana (10) was
not present in SoxC. Sulfite oxidases from eukaryotes contain
a nonconserved cytochrome b5 binding domain at the amino-
terminal end of the protein which is not evident from the
amino acid sequences and was not evident from the amino acid
sequence of SoxC.

soxD. The soxD gene overlapped with the last six codons of
soxC. Six nucleotides upstream of the soxD start codon, a
putative ribosome binding site was located (underlined in Fig.
2). soxD coded for a protein of 384 amino acids (M, of 39,982)
with two conserved heme binding sites (CxxCH). The amino-
terminal sequence of the protein exhibited characteristics of a
signal peptide with two possible cleavage sites consistent with
the —3,—1 rule (54, 55), yielding possible signal peptides of 19
and 24 amino acids with M.s of 1,936 and 2,363, respectively.
Thus, soxD coded for a periplasmic c-type cytochrome. Both
heme binding sites were separated by a hydrophobic alanine-
and proline-rich intervening sequence of about 50 amino acids.
The mature protein was slightly hydrophilic, with an overall
hydropathy index of —0.14 (26) and a pI of 5.67. However, the
carboxy-terminal end of the protein was highly hydrophobic
(Fig. 2). The region with the first heme binding site exhibited
50% identity in a 34-amino-acid overlap to cytochrome
Cssacsa7y OF the obligate lithoautotroph Thiobacillus neapolita-
nus (Table 2; reference 1) and was 17.5% identical in a 165-
amino-acid overlap to the moxG gene product, cytochrome
Cssy, the electron acceptor of methanol dehydrogenase of
Methylobacterium extorquens (37). The intervening sequence
contained 26 alanine, 11 proline, 7 glutamate, and 4 valine
residues with the potential to form a helix suitable for integra-
tion into the cytoplasmic membrane (40). A similar amino acid
composition is present in the amino-terminal region of cyto-
chrome ¢, of P. denitrificans and of cytochrome cy of Rhdo-

bacter capsulatus, being 39.0 and 44.7% identical in 41- and
38-amino-acid overlaps, respectively (data not shown). The
region with the second heme binding site was 54.0% identical
in a 100-amino-acid overlap with cytochrome css, of Thioba-
cillus novellus (Table 2). This region was also highly identical to
membrane-bound c-type cytochromes of the respiratory chain
of different strains of P. denitrificans and of other lithoautotro-
phic bacteria as well as to c-type cytochromes involved in
anoxygenic photosynthesis of some phototrophic bacteria (Ta-
ble 2).

soxE. Three nucleotides 3’ of the soxD termination codon
was located soxE, coding for a protein of 236 amino acids (M,
of 25,926) with two conserved heme binding sites (CxxCH).
Sequence analysis predicted a signal peptide of 17 amino acids
(M, of 1,833) with a cleavage site consistent with the —3,—1

1]2]3]4]5

FIG. 4. Analysis of the deletion in soxC of GBsoxCA. Analysis was done from
DNA preparations of the strains indicated by PCR technology using primers 1
and 4 (Fig. 3) as described in Materials and Methods. Lanes 1, HindIII-digested
N DNA; 2, pJDsoxCA; 3, GBsoxCA; 4, GBIDsoxCA; 5, GB17.
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TABLE 2. Amino acid sequence identities of SoxB, -C, -D, -E, and -F to other proteins

Sox protein and organism Gene Function (no. sz; ;?neillllgzd ds) A?fsfssizgcré‘;'
SoxB (554 amino acids)
Bos taurus 5'-Nucleotidase 20.7 (522) Q05927
SoxC (430 amino acids)
Hordeum vulgare nar-7 Nitrate reductase 29.9 (184) P27968 (35)
Gallus gallus Sulfite oxidase 30.7 (326) P07850 (3)
Phytophthora infestans niaA Nitrate reductase 25.8 (291) P39864 (39)
Lycopersicon esculentum nia Nitrate reductase 30.2 (192) P17570 (11)
Rattus norvegicus Sulfite oxidase 26.9 (264) Q07116 (21)
Homo sapiens Sulfite oxidase 32.1(277) P51687 (20)
SoxD (384 amino acids)
Heme region 1 (amino acids 27-224)
Thiobacillus neapolitanus Cytochrome ¢ss4(s47) 50.0 (34) P25938 (1)
Methylobacterium extorquens moxG Cytochrome c_, 17.5 (165) X07856°
Heme region 2 (amino acids 279-384)
Thiobacillus novellus Cytochrome c¢ss, 54.0 (100) P23021 (57)
Agrobacterium tumefaciens Cytochrome c, 46.9 (98) P00081 (52)
Paracoccus denitrificans GB17¢ soxE Cytochrome ¢ 39.2 (120) This study
Rhodomicrobium vannielii Cytochrome ¢, 52.5(99) P00082 (2)
Rhodopseudomonas acidophila Cytochrome ¢, 50.0 (98) P00084
Paracoccus denitrificans cycM Cytochrome cs;s, 42.4 (144) P54820 (51)
Paracoccus denitrificans LMD82.5¢ Cytochrome c¢ss, 43.9 (82) P80288 (44)
SoxE (236 amino acids)
Paracoccus denitrificans GB17 soxD Cytochrome ¢ 39.2 (120) This study
Thermomyces lanuginosus Cytochrome ¢ 40.0 (105) P00047 (36)
Schizosaccharomyces pombe cycl Cytochrome ¢ 42.2 (102) P00046 (42)
Rhodomicrobium vannielii Cytochrome ¢, 52.3 (107) P00082
Rhodopseudomonas viridis cycA Cytochrome ¢, precursor 44.4 (126) P00083 (22)
SoxF (247 amino acids)
Chromatium vinosum feeB Flavoprotein 47.4 (251) Q06530 (9)

“ All are accession numbers of the SWISSPROT databank except as noted otherwise.

® Accession number of the EMBL databank.
¢ Filed as T. pantotropha LMD 82.5 in the Delft culture collection.
4 Identical to T. pantotropha LMD 82.5 (41).

rule (54). These characteristics identified also the soxE gene
product as a periplasmic c-type cytochrome. The carboxy-ter-
minal end of the protein was highly hydrophobic. Amino acid
sequence comparison revealed high identities to the second
heme region of SoxD of P. denitrificans GB17. Consequently,
like SoxD, SoxE was highly identical to c-type cytochromes
involved in anoxygenic photosynthesis of, e.g., Rhodomicro-
bium vannielii and Rhodopseudomonas viridis (Table 2).

soxF. Fifty-three nucleotides downstream of soxE, we iden-
tified an incomplete open reading frame, designated soxF, in-
terrupted by the end of the cloned DNA. The intervening
sequence contained a short inverted repeat with a potential
formation of a hairpin structure with a free energy of forma-
tion of —72 kJ/mol. A typical ribosome binding site was located
six nucleotides 5" of the start codon (underlined in Fig. 2). soxF
had the potential to encode a peptide of 247 amino acids (M,
of 26,444) with a putative signal peptide of 26 amino acids (M,
of 2,629) and a cleavage site which was in accordance to the
—1,-3 rule (54, 55). Within the putative signal peptide was
detected the RR motif, indicating a periplasmic protein with a
redox center (5, 13, 31, 59). Sequence analysis of the deduced
amino acid sequence of soxF revealed a relationship to only
one other protein, the fccB gene product of C. vinosum. fccB
codes for the 431 amino acids containing flavoprotein of fla-
vocytochrome ¢ of C. vinosum (9, 12). SoxF was 47.4% iden-
tical to FecB in a 251-amino-acid overlap (Fig. 6). SoxF con-

tained a conserved cysteine equivalent to Cys** proposed to
bind flavin in FecB in C. vinosum (Fig. 6; reference 9).

Construction of a deletion in soxC. The significance of sulfite
dehydrogenase in lithotrophic thiosulfate oxidation of P. deni-
trificans GB17 was determined from a mutant carrying an in-
frame deletion in the soxC gene. This deletion was designed to
inactivate the function of sulfite dehydrogenase. Therefore, bp
2781 to 2870, coding for 30 amino acids including the cysteine
of the putative molybdenum cofactor binding site, were de-
leted from soxC with the aid of PCR technology (Fig. 3).
Homogenote recombinants carrying this deletion were isolated
as described in Materials and Methods. The deletion was ver-
ified from P. denitrificans GBsoxCA from the reduction in the
size of the PCR fragment (Fig. 4).

Immunochemical analysis of SoxC. The effect of the dele-
tion in soxC was first investigated by Western (immunoblot)
analysis using antibodies raised against a highly immunogenic
synthetic peptide deduced from the SoxC amino acid sequence
(see Materials and Methods). Wild-type extracts prepared
from cells grown mixotrophically with pyruvate plus thiosulfate
revealed an immunogenic band corresponding to an M, of
44,000 (Fig. 7, lane 2). Extracts of mutant GBsoxCA cultivated
under identical conditions showed an immunogenic band re-
duced to an M, of 42,000, in good agreement with the molec-
ular weight of the product expected to be formed by the dele-
tion strain (Fig. 7, lane 4). No specific cross-reacting material



5020 WODARA ET AL.

{
SoxC 1 MKDELTKDGKDAVGTSRRAFLRGGAVAGAGLVAGAGLARAAGTPDPLITE
ggsuo 25 THGTDVFDVTDFVELHPGGPDKILLAAGGALEPFWALYAVHGEPHVLELL

51 IQPWASEFGEAVDAHPYGLPIHFESHVKRQYVEWLTESPVSSINFTPIHA

75 QQYKVGELSPDEAPAAPDAQDPFAGDPPRHPGLRVNSQKPFNAEPPAELL

101 LEGTITPQGCAFERHHSGAIELSKQDY-RLMINGLVEKPLVFTFEDL-LR
:ll:: I:I:I Tor: :I II :l :::::I |

125 AERFLTPNELFFTRNHLPVPAVEPSSYRRLRVDGPGGRTLSLSLAELRSR

149  FERTTTTAFCECAANGGMEWGGAQ- LEGCQYTOGHIHMMEYVGYPLSVLL
I R R N

175 F PKHEVTATLQCAGNRRS EMSRVRPVKGLPWDIGAISTARWGGASLRDVL

198 AEAGVKPE- - -GKWLYAEGADASSNGRSF- - - - PMEKVM- - —DDVMLAFF

225 LHAGFPEELQGGEHVCFEGLDADPGGAPYGAS I PYGRALS PAADVLLAYE

238 ANGEALRKEHGYPARLVVPGWEGNMWVKWVRRLGIYDKAVESREETSKYT

[Peelosel sal=ql1] Tee 0elleze 22 |1 = ze]:

275  MNGTELPRDHRFPVRVVVPGVVGARSVKWLRRVAVSPDESPSRWQQONDYK

288 DLMP------- DGRARKWTWVMDAKSVITSPSPQVPIRHGKGPLVISGLA
| | e s easlse] Ja) e | faas] |

325 GFS PCVDWDTVDYRTAPAIQELPVQSAVTQPRPGAAVP P—-GELTVKGYA

331  WSGNGR- ITRVDVSLDGGKNW’I'I‘ARI‘ICQALPKA- - --LTRFHLDIDWD-

LR I R R L K

373  WSGGGREVVRVDVSLDGGRTWKVARLMGDKAP PGRAWAWALWELTVPVEA

375 GSEMLLQSRAVDETGYVQPTK-DALRATRGRNNVYHNN
|:|::::||[:: |||::::::::|]

423 GTELEIVCKAVDSSYNVQPDSVAPIWNLRGVLSTAWHR

FIG. 5. Alignment of the deduced amino acid sequence of soxC with that of
chicken liver sulfite oxidase (ggsuo).

was observed in the wild type after growth on pyruvate alone
(Fig. 7, lane 1), indicating that SoxC is specifically induced by
thiosulfate.

Physiological characterization of strain GBsoxCA. Strain
GBsoxCA was unable to grow lithoautotrophically with thio-
sulfate (data not shown). Under mixotrophic growth condi-
tions, the optical density of the wild-type GB17 was signifi-
cantly increased upon addition of thiosulfate to pyruvate
mineral medium. However, under identical growth conditions,
the optical density of mutant GBsoxCA was not increased (Ta-
ble 3). On the other hand, the mutant was still capable of
thiosulfate-dependent oxygen uptake, albeit at a rate 10% of
the wild-type rate (Table 3).

Anaerobic growth in glucose mineral medium with nitrate as
the electron acceptor or aerobic growth with nitrate as the
nitrogen source was the same for P. denitrificans GB17 and its
GBsoxCA derivative (data not shown), demonstrating that the
deletion in soxC affected neither assimilatory nor dissimilatory
nitrate reduction.

Sulfur oxidation in cell extracts. Sulfite is hardly oxidized by
whole cells of P. denitrificans (17). To examine if the low
thiosulfate-oxidizing activity of whole cells of strain GBsoxCA
was also present in cell extracts, activities of the cytochrome
c-dependent thiosulfate-oxidizing system, of sulfite dehydroge-
nase, and of sulfide dehydrogenase were determined. The re-
spective specific activities from extracts of the wild type grown
mixotrophically with pyruvate plus thiosulfate were 8.90, 7.98,
and 11.1 mU/mg of protein (Table 4). From GBsoxCA, a low
but distinct activity of thiosulfate oxidation of 0.88 mU/mg of
protein was observed, while sulfite dehydrogenase exhibited a

J. BACTERIOL.

1
SoXF 1  MILTRRSLI---AGATAATGLL- YAPVVLGQGKPKVVVIGGGAGGGTAAH
Pebleel e delleds b seeeae s PN 020D
cvicch 1 MTLNRRDFIKTSGAAVAAVGILGFPHLAFGAGR- KVVVVGGGTGGATAAK

48 YMARDSQGALDVTLVEANPVYTTCFFSNLYIGGFRDFESLQHGYDKLSAA
beoeoee exe[fhede)s | NDss ]l DD Desidec LT 12)

50 YI-KLADPSIEVTLIEPNTDYYTCYLSNEVIGGDRKLES IKHGYDGLRAH

98 GVAWNDTAVAVDRAARTVTLAGGQVL PYDRLVLSPGIEFKPDSVPGWSL

99 GIQWHDSATGIDPDKKLVKTAGGAEFGYDRCVVAPGI ELIY‘DKI EGYSE

148  EAAEIMPHAYKAGPQTQLLRRMIEAMPQGGVFAMVAPPNPYRCPPGPYER
I R s R R R

149 EAAAKLPHAWKAGEQTAILRKQLEDMADGGTVVIAPPAAPFRCPPGPYER

198 VSMVAHLLKQTNPTAKII ILDPKDKFSKQALFEEGWGKHY ----- NGMVE

S R L S [:1:]

199 ASQVAYYLKAHKPMSKVI ILDSSQTFSKQSQFSKGWERLYGFGTENAMIE

243 WIGPEF

249 WHPGPD

FIG. 6. Alignment of the deduced amino acid sequence of soxF with that of
the partial sequence available of the flavoprotein of flavocytochrome ¢ of C.
vinosum (cvfceb). The dot indicates the cysteine proposed to bind flavin in C.
vinosum.

trace activity of 0.06 mU/mg of protein. In cell extracts of strain
GBsoxCA, an initial minor hydrogen sulfide-dependent reduc-
tion of 3.57 nmol of cytochrome ¢ was observed, which ceased
completely after 30 s (Table 4). These data demonstrated that
sulfite dehydrogenase of P. denitrificans GB17 was involved in
hydrogen sulfide and in thiosulfate oxidation.

DISCUSSION

Four genes, soxCDEF, have been identified in addition to
the previously reported soxAB genes within a region coding for
lithotrophic thiosulfate oxidation in P. denitrificans GB17 (56).
From P. versutus, a close relative of P. denitrificans, sulfite
dehydrogenase was reported not to be required for the oxida-
tion of thiosulfate in vitro (29). Sequence analysis of the soxC
gene of P. denitrificans GB17 suggests that soxC codes for
sulfite dehydrogenase. It is essential for lithotrophic growth
with thiosulfate in P. denitrificans GB17, as evident from (i) the
inability of a mutant carrying an in-frame deletion in soxC
eliminating sulfite dehydrogenase activity and to grow with
thiosulfate as an energy source and (ii) the inducibility of
sulfite dehydrogenase activity and of SoxC antigens by thiosul-
fate.

The soxBCDEF genes overlap or are separated by short
intergenic sequences insufficient to code for a promoter region.
The observed ribosome binding sites and the thiosulfate-de-

BRBET

il < 45

FIG. 7. Immunoblot analysis of the soxC and soxCA gene products. Western
blot analyses of crude extracts (about 10 wg of protein per slot) of cells cultivated
as indicated were performed as described in Materials and Methods. Lanes: 1,
GBI17 cultivated with pyruvate; 2, GB17 cultivated with pyruvate plus thiosulfate;
3, mixed extracts (10 pg of protein each) of induced strains GB17 and GBsoxCA
shown in lanes 3 and 4; 4, GBsoxCA cultivated with pyruvate plus thiosulfate.
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TABLE 3. Physiological characteristics of P. denitrificans
GB17 and GBsoxCA

Specific thio-
. - sulfate oxidation
Strain Grqwtha Fmalb Final rate (pumol of
condition ODy34 pH .
oxygen/min - mg
of protein)
GB17 Pyruvate 1.83 7.45 0.011
Pyruvate, thiosulfate 2.41 6.61 0.840
GBsoxCA  Pyruvate 1.73 7.47 0.022
Pyruvate, thiosulfate 1.76 7.35 0.081

“ Mineral medium (pH 7.2) with 0.1% (wt/vol) sodium pyruvate and 20 mM
sodium thiosulfate, if indicated.
b OD 436, optical density at 436 nm.

pendent expression of sulfite dehydrogenase by P. denitrificans
GBL17 suggest a common regulation of at least these genes and
indicate the presence of an operon. Amino acid sequence
analysis suggests that the soxBCDEF gene products are peri-
plasmic due to the characteristics for a signal peptide (54, 55).
This analysis is in accordance with biochemical data suggesting
that the thiosulfate-oxidizing enzyme system of the closely re-
lated P. versutus is periplasmic (28). The predicted signal pep-
tide of sulfite dehydrogenase of P. denitrificans GB17 contains
40 amino acids and an RR motif. Unusually long signal pep-
tides of 32 to 50 amino acids with an RR motif are observed in
metal-containing proteins like periplasmic molybdoenzyme
formate dehydrogenases (5), membrane-bound [NiFe] hydro-
genases (15, 31), or respiratory copper nitrous oxide reductases
(59). Although the deduced amino acid sequence of soxC is
also highly similar to sequences of eukaryotic nitrate reducta-
ses, its essential role is in thiosulfate metabolism. This was
evident from the ability of the mutant GBsoxCA to grow with
nitrate but not with thiosulfate. Also, sulfite-dependent cyto-
chrome ¢ reduction was observed in extracts of wild-type cells
induced with thiosulfate, while only a marginal rate was de-
tected from the mutant GBsoxCA. Therefore, soxC coded for
sulfite dehydrogenase.

Chicken liver sulfite oxidase is composed of 460 amino acids
and is 30.7% identical to the enzyme of P. denitrificans GB17
in a 326-amino-acid overlap (Fig. 5). Chicken liver sulfite ox-
idase exhibits at the amino-terminal region a binding domain
for heme b5 as an internal electron acceptor which is not
evident from the primary structure (1, 16). Binding of a b-type
heme to sulfite dehydrogenase of P. denitrificans GB17 awaits
biochemical proof. According to the biochemical characteriza-
tion, sulfite dehydrogenase of P. versutus (M, of 44,000) re-
quires cytochrome css; (M, of 43,000) for activity (29), as
reported for the T. novellus enzyme (49, 57). In analogy, we
conclude that sulfite dehydrogenase of P. denitrificans also
requires a cytochrome for activity. Such an electron mediator
may be the soxD gene product, which is a diheme c-type cyto-
chrome with an M, of 39.982, comparable to that of P. versutus.

Eukaryotic sulfite oxidases and nitrate reductases contain a
region with an apparently conserved cysteine which was pro-
posed to bind the molybdopterin cofactor (3). Although the
similarity of sulfite dehydrogenase of P. denitrificans GB17
around this cysteine to eukaryotic molybdoenzymes is not pro-
nounced, it is proposed that sulfite dehydrogenase of P. deni-
trificans GB17 also contains the molybdenum cofactor. This
proposal is based on the requirement of molybdenum for litho-
trophic growth with thiosulfate and the Sox™ phenotype of the
class IIT mutants unable to synthesize a functional molybde-
num cofactor (18). It is noteworthy that no similarity was
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detectable to prokaryotic molybdoenzymes. However, the RR
motif within the signal peptide characteristic for prokaryotic
metal enzymes (5, 31, 59) may indicate a linkage of the mo-
lybdenum cofactor to the nascent enzyme prior to the export of
the protein to the periplasm.

Sulfite is hardly oxidized by thiosulfate-induced cells of
P. denitrificans (17). Thus, sulfite dehydrogenase is not likely to
utilize sulfite from the environment but may be required within
the reaction sequence for thiosulfate metabolism. No indica-
tion that free sulfite is an intermediate of thiosulfate oxidation
of P. denitrificans GB17 or of P. versutus has been obtained (8,
18, 24). Sulfite dehydrogenase of P. versutus enhances the ac-
tivity of the reconstituted thiosulfate-oxidizing enzyme system
by 20 to 25%. The enzyme was considered to exhibit a gratu-
itous function which in the complex in vivo could oxidize en-
zyme-bound intermediates analogous to sulfite or sulfonate
residues (29). Since a trace activity of thiosulfate and an initial
hydrogen sulfide oxidation were still detectable in whole cells
and cell extracts of strain GBsoxCA, sulfite dehydrogenase may
either act on an enzyme-bound intermediate, eliminate sulfite
as a possible toxic by-product of the reaction, or enhance the
overall reaction rate of thiosulfate and of hydrogen sulfide
oxidation. The inability of GBsoxCA to grow lithoautotrophical-
ly with thiosulfate demonstrates the essential role of sulfite de-
hydrogenase in thiosulfate oxidation by P. denitrificans GB17.

The soxD gene product may function as electron mediator
for sulfite dehydrogenase of P. denitrificans GB17. This pro-
posal is based on its similarity in amino acid sequence and
molecular mass to c-type cytochromes of comparable function
of P. versutus. A cytochrome c equivalent to the size of the soxE
gene product (M, of 25,926) was not reported to be involved in
thiosulfate oxidation of P. versutus in vitro (24). SoxE may be
integrated in the cytoplasmic membrane by the hydrophobic
carboxy-terminal end and transfer electrons from thiosulfate
oxidation to the respiratory chain, or it may be associated with
SoxF.

The product of the incomplete soxF gene was highly identi-
cal to the flavoprotein of flavocytochrome ¢ of the phototro-
phic sulfur-oxidizing bacterium C. vinosum, which suggests an
equivalent function in P. denitrificans GB17. The structure of
flavocytochrome ¢ has been determined at a resolution of 2.53
A (9). The protein is probably located in the periplasm of
C. vinosum, heterodimeric, and composed of a flavoprotein
(M, of 46,000) and a diheme cytochrome ¢ (M, of 21,000).
Similar proteins have been detected in other phototrophic
bacteria (16) and in a Thiobacillus species (53). Flavocyto-
chrome c exhibits in vitro hydrogen sulfide-oxidizing activity to
elemental sulfur or polysulfide, with concomitant reduction of
horse heart cytochrome ¢ (19). The physiological function of
flavocytochrome c is, however, a matter of debate. Flavocyto-
chrome ¢ forms stable adducts at a disulfide bond with sulfite,

TABLE 4. Thiosulfate-, sulfite-, and hydrogen sulfide-dependent
cytochrome ¢ reduction in cell extracts of P. denitrificans
GB17 and GBsoxCA®

Specific cytochrome ¢ reduction rate
(nmol of cytochrome ¢/min - mg of protein)

Strain
Thiosulfate Sulfite Sulfide
GB17 8.90 7.98 11.1
GBsoxCA 0.88 0.06 0.0°

¢ Cultivated mixotrophically with pyruvate plus thiosulfate as described in
Materials and Methods.
b Activity after 30 s; total reduction of 3.57 nmol of cytochrome c.
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thiosulfate, and some mercaptans without reduction of flavin
or heme. Sulfite forms adducts at the flavin moiety and opens
cysteinyl disulfide bonds (9, 33). Flavocytochrome ¢ appears to
be correlated with the ability to oxidize thiosulfate to sulfate by
phototrophic or lithotrophic thiobacteria but not to be linked
to hydrogen sulfide oxidation (reviewed in reference 16). Mu-
tational inactivation of soxF will determine its role in lithotro-
phic sulfur metabolism. Hydrogen sulfide oxidation has previ-
ously been found in P. denitrificans (8, 17). The in vitro activity
of strain GB17 was assigned to a protein with an M, of 34,000
copurified with the SoxB protein (46). The soxB gene, however,
codes for a mature protein with an M, of 59,063 and is essential
for hydrogen sulfide and for thiosulfate oxidation (8, 34).
Amino acid sequence analysis of SoxB exhibits an identity of
20.7% in a 522-amino-acid overlap to bovine 5'-nucleotidase
(Table 2). This relationship may point to the covalent linkage
of sulfur to a protein and the release of the oxidized sulfur by
sulfonate hydrolysis by SoxB.

ACKNOWLEDGMENTS

We thank A. Quentmeier and K. Skogman for determination of
enzyme activities, B. Friedrich for pJD1, C. Dahl for communicating
the similarity of SoxB, and S. Vogt for technical assistance.

This study was supported by a grant from the Deutsche Forschungs-
gemeinschaft.

REFERENCES

1. Ambler, R. P., T. E. Meyer, P. A. Trudinger, and M. D. Kamen. 1985. The
amino acid sequence of the cytochrome ¢-554(547) from the chemolithotro-
phic bacterium Thiobacillus neapolitanus. Biochem. J. 227:1009-1013.

2. Ambler, R. P, T. E. Meyer, and M. D. Kamen. 1976. Primary structure
determination of two cytochromes c,: close similarity to functionally unre-
lated mitochondrial cytochrome c. Proc. Natl. Acad. Aci. USA 73:472-475.

3. Barber, M. J., and P. J. Neame. 1990. A conserved cysteine in molybdenum
oxotransferases. J. Biol. Chem. 265:20912-20915.

4. Beijerinck, M., and D. C. J. Minkman. 1910. Bildung und Verbrauch von
Stickoxydul durch Bakterien. Zentralbl. Bakteriol. Parasitenkd. Infektionskr.
Abt. 2 25:30-63.

5. Bokranz, M., M. Gutmann, C. Kortner, E. Kojro, F. Fahrenholz, F. Laut-
erbach, and A. Kréger. 1991. Cloning and nucleotide sequence of the struc-
tural genes encoding the formate dehydrogenase of Wolinella succinogenes.
Arch. Microbiol. 156:119-128.

6. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254.

7. Bullock, W. O., J. M. Fernandez, and J. M. Short. 1987. XL1-Blue: a high
efficiency plasmid transforming recA Escherichia coli strains with beta-galac-
tosidase selection. BioTechniques 5:376-378.

8. Chandra, T. S., and C. G. Friedrich. 1986. Tn5-induced mutations affecting
sulfur-oxidizing ability (Sox) of Thiosphaera pantotropha. J. Bacteriol. 166:
446-452.

9. Chen, Z.-W., M. Koh, G. van Driessche, J. J. Van Beeumen, R. G. Bartsch,
T. E. Meyer, M. A. Cusanovich, and F. C. Mathews. 1994. The structure of
flavocytochrome c sulfide dehydrogenase from a purple phototrophic bacte-
rium. Science 266:430—432.

10. Crawford, N. M., M. Smith, D. Bellissimo, and R. W. Davis. 1988. Sequence
and nitrate regulation of the Arabidopsis thaliana mRNA encoding nitrate
reductase, a metalloflavoprotein with three functional domains. Proc. Natl.
Acad. Sci. USA 85:5006-5010.

11. Daniel-Vedele, F., M. F. Dorbe, M. Caboche, and P. Rouzé. 1989. Cloning
and analysis of the tomato nitrate-reductase-encoding gene: protein domain
structure and amino acid homologies in higher plants. Gene 85:371-380.

12. Dernedde, J., T. Eitinger, N. Patenge, and B. Friedrich. 1996. hyp gene
products in Alcaligenes eutrophus are part of a hydrogenase-maturation sys-
tem. Eur. J. Biochem. 235:351-358.

13. Dolata, M. M., J. J. Van Beeumen, R. P. Ambler, T. E. Meyer, and M. A.
Cusanovich. 1993. Nucleotide sequence of the heme subunit of flavocyto-
chrome ¢ from the purple phototrophic bacterium Chromatium vinosum. A
2.6-kilobase pair fragment contains two multiheme cytochromes, a flavopro-
tein, and a homolog of human ankyrin. J. Biol. Chem. 268:14426-14431.

14. Fischer, J., A. Quentmeier, S. Kostka, R. Kraft, and C. G. Friedrich. 1996.
Purification and characterization of the hydrogenase from Thiobacillus fer-
rooxidans. Arch. Microbiol. 165:289-296.

15. Friedrich, B., and E. Schwartz. 1993. Molecular biology of hydrogen utili-
zation in aerobic chemolithotrophs. Annu. Rev. Microbiol. 47:351-383.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

=3

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

J. BACTERIOL.

. Friedrich, C. 1997. Physiology and genetics of sulfur-oxidizing bacteria. Adv.

Microb. Physiol. 39:235-289.

. Friedrich, C. G., and G. Mitrenga. 1981. Oxidation of thiosulfate by Para-

coccus denitrificans and other hydrogen bacteria. FEMS Microbiol. Lett.
10:209-212.

. Friedrich, C. G., O. Meyer, and T. S. Chandra. 1986. Molybdenum depen-

dent sulfur oxidation in facultatively lithoautotrophic thiobacteria. FEMS
Microbiol. Lett. 37:105-108.

. Fukumori, Y. P., and I. Yamanaka. 1979. Flavocytochrome ¢ of Chromatium

vinosum. Some enzymatic properties and subunit structure. J. Biochem.
(Tokyo) 85:1405-1414.

Garrett, R. M., D. B. Bellissimo, and K. V. Rajagopalan. 1995. Molecular
cloning of human liver sulfite oxidase. Biochim. Biophys. Acta 1262:147-149.
Garrett, R. M., and K. V. Rajagopalan. 1994. Molecular cloning of rat liver
sulfite oxidase. J. Biol. Chem. 269:272-276.

Grisst , R., C. Wi , and H. Michel. 1990. Sequence analysis and
transcriptional organization of the Rhodopseudomonas viridis cytochrome c,
gene. J. Bacteriol. 172:5071-5078.

Katayama, Y., A. Hiraishi, and H. Kuraishi. 1995. Paracoccus thiocyanatus
sp. nov., a new species of thiocyanate-utilizing facultative chemolithotroph,
and transfer of Thiobacillus versutus to the genus Paracoccus as Paracoccus
versutus comb. nov. with emendation of the genus. Microbiology 141:1469—
14717.

Kelly, D. P. 1989. Physiology and biochemistry of unicellular sulfur bacteria,
p. 193-217. In H. G. Schlegel and B. Bowien (ed.), Autotrophic bacteria.
Brock/Springer, Berlin, Germany.

Kluyver, A. J., and W. Verhoeven. 1954. Studies on true nitrate reduction. IV.
On adaptation in Micrococcus denitrificans. Antonie Leeuwenhoek J. Micro-
biol. Serol. 20:337-358.

Kyte, J., and R. F. Doolittle. 1982. A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 157:105-132.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680-685.

Lu, W.-P. 1986. A periplasmic location for the thiosulfate-oxidizing multi-
enzyme system from Thiobacillus versutus. FEMS Microbiol. Lett. 34:313—
317.

Lu, W.-P., and D. P. Kelly. 1984. Properties and role of sulfite:cytochrome ¢
oxido-reductase purified from Thiobacillus versutus (A2). J. Gen. Microbiol.
130:1683-1692.

Ludwig, W., G. Mittenhuber, and C. G. Friedrich. 1993. Transfer of Thio-
sphaera pantotropha to Paracoccus denitrificans. Int. J. Syst. Bacteriol. 43:
363-367.

Maier, T., and A. Bock. 1996. Nickel incorporation into hydrogenases. Adv.
Inorg. Chem. 11:173-192.

McPherson, M. J., P. Quirke, and G. R. Taylor. 1992. PCR—a practical
approach. Oxford University Press, New York, N.Y.

Meyer, T. E., R. G. Bartsch, and M. A. Cusanovich. 1991. Adduct formation
between sulfite and the flavin of phototrophic bacterial flavocytochromes c.
Kinetics of sequential bleach, recolor, and rebleach of flavin as a function of
pH. Biochemistry 30:8840-8845.

Mittenhuber, G., K. Sonomoto, M. Egert, and C. G. Friedrich. 1991. Iden-
tification of the DNA region responsible for sulfur-oxidizing ability of Thio-
sphaera pantotropha. J. Bacteriol. 173:7340-7344.

Miyazaki, J., M. Juricek, K. Angelis, K. M. Schnorr, A. Kleinhofs, and R. L.
Warner. 1991. Characterization and sequence of a novel nitrate reductase
from barley. Mol. Gen. Genet. 228:329-334.

Morgan, W. T., C. P. Hensley, and J. P. Riehm. 1972. Proteins of the
thermophilic fungus Humicola lanuginosa. Isolation and aminoacid sequence
of a cytochrome c. J. Biol. Chem. 247:6555-6565.

Nunn, D. N,, and M. E. Lidstrom. 1986. Isolation and complementation
analysis of 10 methanol oxidation mutant classes and identification of the
methanol dehydrogenase structural gene of Methylobacterium sp. strain
AML1. J. Bacteriol. 166:591-597.

Pearson, W. R., and D. J. Lipman. 1988. Improved tools for biological
sequence comparison. Proc. Natl. Acad. Sci. USA 85:2444-2448.

Pieterse, C. M., J. van’t Klooster, G. C. van den Berg-Velthuis, and F.
Govers. 1995. NiaA, the structural nitrate reductase gene of Phytophthora
infestans: isolation, characterization and expression analysis in Aspergillus
nidulans. Curr. Genet. 27:359-366.

Rao, M. J. K,, and P. Argos. 1986. A conformational preference parameter
to predict helices in integral membrane proteins. Biochim. Biophys. Acta
869:197-214.

Robertson, L. A., and J. G. Kuenen. 1983. Thiosphaera pantotropha gen. nov.
sp. nov., a facultatively anaerobic, facultative autotrophic sulphur bacterium.
J. Gen. Microbiol. 129:2847-2855.

Russell, P. R., and B. D. Hall. 1982. Structure of the Schizosaccharomyces
pombe cytochrome ¢ gene. Mol. Cell. Biol. 2:106-116.

Sambrook, J., T. Maniatis, and E. F. Fritsch. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Samyn, B., B. C. Berks, M. D. Page, S. J. Ferguson, and J. J. van Beeumen.
1994. Characterization and amino acid sequence of cytochrome c-550 from




VoL. 179, 1997

45.

46.

47.

48.

49.

50.

5L

52.

Thiosphaera pantotropha. Eur. J. Biochem. 219:585-594.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467.
Schneider, A., and C. G. Friedrich. 1994. Sulfide dehydrogenase is identical
with the SoxB protein of the thiosulfate-oxidizing enzyme system of Para-
coccus denitrificans GB17. FEBS Lett. 350:61-65.

Simon, R., U. Priefer, and A. Piihler. 1983. A broad host range mobilization
system for in vivo genetic engineering: transposon mutagenesis in gram
negative bacteria. Bio/Technology 1:784-790.

Steinriicke, P., and B. Ludwig. 1993. Genetics of Paracoccus denitrificans.
FEMS Microbiol. Rev. 104:83-118.

Toghrol, F., and W. M. Sutherland. 1983. Purification of Thiobacillus novel-
lus sulfite oxidase. Evidence for the presence of heme and molybdenum.
J. Biol. Chem. 258:6762-6766.

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc. Natl. Acad. Sci. USA 76:4350-4354.

Turba, A., M. Jetzek, and B. Ludwig. 1995. Purification of Paracoccus deni-
trificans cytochrome css, and sequence analysis of the gene. Eur. J. Biochem.
231:259-265.

Van Beeumen, J., P. Tempst, P. Stevens, D. Bral, J. Van Damme, and J. De
Ley. 1980. Cytochromes c of two different sequence classes in Agrobacterium
tumefaciens. Protides Biol. Fluids Proc. Colloq. 28:69-74.

CHARACTERIZATION OF P. DENITRIFICANS sox GENES

53.

54.
55.

56.

57.

58.

59.

5023

Visser, J. M., G. A. H. de Jong, L. A. Robertson, J. G. Kuenen. 1997. A novel
membrane-bound flavocytochrome ¢ sulfide dehydrogenase from the color-
less sulfur bacterium Thiobacillus sp. W5. Arch. Microbiol. 167:295-301.
von Heijne, G. 1985. Signal sequences. The limits of variation. J. Mol. Biol.
184:99-105.

von Heijne, G. 1988. Transcending the impenetrable: how proteins come to
terms with membranes. Biochim. Biophys. Acta 947:307-333.

Wodara, C., S. Kostka, M. Egert, D. P. Kelly, and C. G. Friedrich. 1994.
Identification and sequence analysis of the soxB gene essential for sulfur
oxidation of Paracoccus denitrificans GB17. J. Bacteriol. 176:6188-6191.

Y ka, T., T. Nag K. Shoji, and Y. Fukumori. 1991. Cytochromes ¢
of Nitrobacter winogradskyi and Thiobacillus novellus: structure, function and
evolution. Biochim. Biophys. Acta 1058:48-51.

Y: ka, T., T. Yoshioka, and K. Kimura. 1981. Purification of sulphite:
cytochrome ¢ reductase of Thiobacillus novellus and the reconstitution of its
sulphite oxidase system with the purified constituents. Plant Cell Physiol.
22:613-622.

Zumft, W. G., A. Dreusch, S. Lochelt, H. Cuypers, B. Friedrich, and B.
Schneider. 1992. Derived amino acid sequences of the nosZ gene (respira-
tory N,O reductase) from Alcaligenes eutrophus, Pseudomonas aeruginosa
and Pseudomonas stutzeri reveal potential copper binding residues. Implica-
tions for the Cuy, site of N,O reductase and cytochrome-c oxidase. Eur.
J. Biochem. 208:31-40.




