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The entire sequence of the 3.5-kb fragment of genomic DNA from Rhodobacter capsulatus which contains the
sqr gene and a second complete and two further partial open reading frames has been determined. A correction
of the previously published sqr gene sequence (M. Schütz, Y. Shahak, E. Padan, and G. Hauska, J. Biol. Chem.
272:9890–9894, 1997) which in the deduced primary structure of the sulfide-quinone reductase changes four
positive into four negative charges and the number of amino acids from 425 to 427 was necessary. The
correction has no further bearing on the former sequence analysis. Deletion and interruption strains document
that sulfide-quinone reductase is essential for photoautotrophic growth on sulfide. The sulfide-oxidizing
enzyme is involved in energy conversion, not in detoxification. Studies with an alkaline phosphatase fusion
protein reveal a periplasmic localization of the enzyme. Exonuclease treatment of the fusion construct dem-
onstrated that the C-terminal 38 amino acids of sulfide-quinone reductase were required for translocation. An
N-terminal signal peptide for translocation was not found in the primary structure of the enzyme. The
possibility that the neighboring open reading frame, which contains a double arginine motif, may be involved
in translocation has been excluded by gene deletion (rather, the product of this gene functions in an ATP-
binding cassette transporter system, together with the product of one of the other open reading frames). The
results lead to the conclusion that the sulfide-quinone reductase of R. capsulatus functions at the periplasmic
surface of the cytoplasmic membrane and that this flavoprotein is translocated by a hitherto-unknown
mechanism.

Inorganic reduced sulfur compounds serve as electron do-
nors in many phototrophic and chemotrophic bacteria, mostly
with sulfate as the major oxidation product (reviewed in ref-
erences 7 and 13). The initial step in the metabolism of hydro-
gen sulfide, the most reduced sulfur compound, is the conver-
sion to sulfur or polysulfide, the first observable intermediate.
Mainly, two enzymatic systems are considered to be involved in
this step: flavocytochrome c and sulfide-quinone reductase.
Flavocytochromes c, located in the periplasm of several spe-
cies, are soluble (7) or membrane-bound (40) enzymes show-
ing sulfide: cytochrome c oxidoreductase activity in vitro. For
that reason, it has been suggested that this enzyme plays an
essential role in sulfide oxidation in vivo. However, flavocyto-
chrome c does not occur in a variety of sulfide-oxidizing bac-
teria and seems to be confined to species additionally capable
of thiosulfate oxidation (13).

During the last 20 years, evidence for a second, membrane-
bound sulfide-oxidizing system in bacteria has accumulated
(reviewed in references 13 and 34). It has been identified as
sulfide-quinone oxidoreductase (SQR; EC 1.8.5.9) and was first
detected in thylakoids of the filamentous cyanobacterium Os-
cillatoria limnetica (8). SQR activity has been attributed to an
inducible, membrane-bound flavoprotein with an apparent
molecular mass of approximately 57 kDa in sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (2).

Meanwhile, the presence of this enzyme or SQR activity in a
variety of phototrophic and chemotrophic bacteria has been
established (22, 30, 31, 33, 34).

The purple nonsulfur bacterium Rhodobacter capsulatus
(DSMZ 155) appears to convert sulfide exclusively into extra-
cellular elemental sulfur (15), and it has been suggested that an
SQR, present in membranes of this phototrophic bacterium
(33), is the enzyme responsible for this activity. The enzyme
has been purified from R. capsulatus and has been character-
ized (32). Similar to the enzyme of O. limnetica, it is a mem-
brane-bound protein with an apparent molecular mass of 55
kDa by SDS-PAGE showing fluorescence spectra characteris-
tic of flavoproteins. In contrast to the cyanobacterial enzyme,
SQR of R. capsulatus is more loosely bound to the membrane.
The sqr gene, cloned on a 3.5-kb fragment of genomic DNA of
R. capsulatus, was sequenced and functionally expressed in
Escherichia coli. The published sequence comprises 1,275 bp
encoding a protein of 425 amino acid residues. In the deduced
amino acid sequence, three flavin adenine dinucleotide (FAD)-
binding domains, which are present in flavocytochrome c and
in pyridine nucleotide disulfide oxidoreductases like glutathi-
one reductase, which reduces disulfide bonds, were found.
Predictions of secondary structure did not indicate any mem-
brane-spanning or anchoring helix in the SQR. Therefore, the
question of which way the enzyme is attached to the membrane
and gets into contact with the quinone in the lipid bilayer
arose.

Since R. capsulatus deposits sulfur outside the cells, it seems
reasonable that the SQR is attached to the periplasmic surface
of the cytoplasmic membrane. However, the amino acid se-
quence of SQR lacks an N-terminal signal peptide for trans-
location. On the other hand, if SQR is bound to the cytoplas-
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mic surface of the membrane, a transporter which translocates
the produced sulfur out of the cytoplasm must exist. Another
possibility might be that SQR is not the major sulfide-oxidizing
enzyme and that a second sulfide dehydrogenase exists in the
periplasmic space. However, if SQR is the only sulfide-oxidiz-
ing entity in Rhodobacter, then either a signal for translocation,
different from N-terminal signal peptides, must be present in
the amino acid sequence of SQR or the enzyme might be
cotranslocated with a protein bearing such a signal, as was
found for the catalytic subunits of several periplasmic redox
proteins (reviewed in reference 4).

In the present study, the sequence analysis of the adjacent
regions of the sqr gene on the cloned 3.5-kb PstI fragment,
including corrections of minor sequencing errors within the sqr
sequence, is presented. A complete open reading frame
(ORF2) upstream of the sqr gene and the 39 end of a putative
gene at each end of the cloned region were found (Fig. 1).
Results from mutational analysis that indicate the essential
role of SQR in sulfide oxidation are presented. Additionally,
the functional relationship between the upstream ORF and sqr
was investigated, and a possible involvement of a second pro-
tein in SQR function will be discussed. The localization of
SQR was investigated by translational PhoA fusions.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are described in Table 1. R. capsulatus (DSMZ 155)
was cultured under photosynthetic conditions at 30°C in RCV (42), modified by

the addition of FeSO4 to a final concentration of 40 mM. Under photoautotro-
phic conditions, malate was omitted. Sulfide was added as Na2S. For growth on
plates, media were supplemented with 0.15% purified agar (Merck, Darmstadt,
Germany). Growth under sulfidic atmosphere was performed in an Oxoid an-
aerobic jar (Unipath Limited, Basingstoke, Hampshire, United Kingdom) briefly
flushed with CO2. Sulfidic atmosphere was produced as described by Irgens (17)
with 0.1 g of thioacetamide resolved in 1 ml of 0.2 N HCl. Culturing of E. coli was
done in Luria-Bertani medium (24) at 37°C.

When appropriate, media were supplemented with antibiotics either to main-
tain selection for plasmids or to select for various recombinant strains. For R.
capsulatus, final concentrations were 25 mg of kanamycin, 25 mg of spectinomy-
cin, and 1 mg of tetracycline per ml; for E. coli, final concentrations were 50 mg
of ampicillin, 25 mg of chloramphenicol, 50 mg of kanamycin, 50 mg of specti-
nomycin, and 10 mg of tetracycline per ml. All antibiotics were of reagent grade
and were purchased from Sigma Chemical Co. (St. Louis, Mo.).

DNA manipulations, amplification, sequencing, and conjugation. DNA was
purified from R. capsulatus as described by Klug and Drews (21). Other tech-
niques used for manipulation and Southern analysis of DNA were standard (24).
Oligonucleotides were obtained from MWG-Biotech (Ebersberg, Germany).
DNA sequencing was performed with the T7Sequencing kit (Pharmacia, Upp-
sala, Sweden) or by automated sequencing done by SEQLAB (Sequence Labo-
ratories, Göttingen, Germany). Sequence analysis was performed with University
of Wisconsin GCG version 7.3. Plasmids were mobilized into R. capsulatus by
triparental mating with E. coli J-53 bearing the conjugative plasmid RP4, E. coli
HB101 bearing both the helper plasmid pRL528 and the mobilizable plasmid,
and strains of R. capsulatus (Table 1). Presumptive exconjugants were freed from
E. coli by streaking on selective medium.

Construction of mutant strains of R. capsulatus and construction of plasmids
for complementation. For insertional inactivation of sqr in R. capsulatus, plasmid
pRN4C (Fig. 1) was constructed as follows. The cyanobacterial replicon (pDU1)
was removed from plasmid pRL488 (10) by cleavage with EcoRV, resulting in
pIM101. The 1,650-bp XbaI-MscI fragment from pUSQR bearing ORF2 to-
gether with the putative promoter and the 59 region of sqr (32) was inserted in
front of the luxAB genes into the XbaI-SmaI site of pIM101. The 1,360-bp

FIG. 1. Physical and genetic map of the sqr gene region of R. capsulatus wild-type strain and mutant strains 22/11, 22/17, F14, and A10 as determined by Southern
blot analysis. (A) The 3.5-kb PstI fragment of genomic DNA in pUC19 (pUSQR). For complementation studies, the Smr Spcr cassette was inserted into the NotI site,
resulting in pUSQRV. (B to D) sqr gene region of mutant strains 22/11 (B), 22/17 (C), and F14 and A10 (D). The inserted plasmids pRN4C and pIM101 are indicated
by double-headed arrows. The sqr gene and sqr fragments are marked by vertically striped boxes; ORF2 is indicated by obliquely hatched boxes. The fragments sqr-nt
and sqr-ct(275) are described in Materials and Methods; sqr(275), sqr lacking the 39-end 75 bp; sqr-ct, 39 part of sqr behind the EcoRI site; luxA and luxB, the genes
encoding luciferase from Vibrio fischeri; oriT, origin of transfer; the npt gene encodes neomycin phosphotransferase, which confers resistance to neomycin and
kanamycin. Abbreviations for restriction sites: Bs, BsiWI; E, EcoRI; H, HindIII; M, MscI; No, NotI; Nd, NdeI; P, PstI; S, StuI; S2, SacII; Sm, SmaI; X, XbaI.
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XbaI-SacII fragment was removed, and the 706-bp EcoRI-SacII fragment [sqr-
ct(275) in Fig. 1] of pUSQR bearing the 39 part of sqr was then inserted in front
of the remaining fragment (sqr-nt in Fig. 1).

The plasmid pRU4C for deletion of the 39 part of ORF2 and the 59 part of sqr
was constructed as follows. The 920-bp XbaI-StuI fragment of pUSQR (Fig. 1)
bearing the 59 part of ORF2 was inserted into the XbaI-SmaI site of pIM101.
Then, a 2,730-bp ClaI-XbaI fragment consisting of the 1,900-bp V Smr Spcr

cassette from pHP45V and the 830-bp HindIII-PstI fragment of pUSQR, which
bears the 39 end of sqr and ORF3, was inserted into the XbaI site. Double
recombinants were selected for resistance to kanamycin and sensitivity to spec-
tinomycin.

Construction of plasmids for complementation was as follows. The 1,900-bp V
Smr Spcr cassette from pHP45V was inserted into the NotI site of pUSQR (Fig.
1A), resulting in pUSQRV. After the 5,400-bp PstI fragment and the 4,500-bp
StuI-PstI fragments had been inserted into pPHU233, the resulting plasmids
pPSQR and pPStuSQR were mobilized into R. capsulatus strains.

Construction of SQR-PhoA fusion proteins. With plasmid pT7-5/lacY-PhoA
(United States Biochemicals, Cleveland, Ohio) as template, phoA of E. coli
lacking the 59 portion encoding the N-terminal translocation signal sequence was
amplified by PCR with oligonucleotides apn2 (59-GGATCCCCGGGTACCGC
TAGCGACTCTTATACACAA-39) and apc (59-AGATCTTCATGTTTTAACC

ATG-39). By using oligonucleotides sqrn (59-TTCCCATATATGCATCTG-39)
and sqrc (59-GCGGATCCCTTCTTCACGGCCTT-39), sqr was amplified. In-
frame fusion of the two fragments via the BamHI sites in sqrc and apn2 and
subsequent insertion of the fusion into pGEM-T (Promega, Madison, Wis.)
resulted in pGSAP. For the construction of fusions with truncated sqr, the
1,300-bp BsiWI-SacI fragment of pTSQR (32) was replaced by the 2,840-bp
BsiWI-SacI fragment of pGSAP, resulting in pTSAP. Exonuclease treatment was
done with the Erase-a-Base kit (Promega) according to the manufacturer’s
instructions by using the SmaI site and the KpnI site, which had been inserted
behind the BamHI site by the oligonucleotide apn2. Two of the obtained trun-
cated fusions were utilized in this study: pTSAP389, bearing the 1,167-bp frag-
ment, which encodes the N-terminal 389 amino acid residues of SQR, fused to
phoA, and pTSAP108, bearing the 324-bp fragment, which encodes the N-
terminal 108 amino acid residues of SQR, fused to phoA. The BsiWI-SacI
fragment of pUSQR was exchanged for the BsiWI-SacI fragments from pGSAP,
pTSAP389, and pTSAP108, and the V cassette (SmaI) from pHP45V was in-
serted into the SpeI site in each case. Subsequently, the StuI-PstI fragments had
been cloned into the ScaI-PstI site of the mobilizable plasmid pPHU233, and the
obtained plasmids pPSAPo, pPSAP389, and pPSAP108 were transformed into
Rhodobacter wild type and strain F14.

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
Rhodobacter capsulatus

DSMZ 155 Wild type Deutsche Sammlung von
Mikroorganismen und Zellkulturen

F14, A10 D(orf2-sqr) Kmr SQR2 This study
22/11 sqr::pRN4C Kmr LuxAB1 SQR2 This study
22/17 sqr::pRN4C Kmr LuxAB1 SQR1 This study
F14n Kmr Tcr Smr Spcr SQR1; strain F14 transformed with pPSQR This study
F14sn Kmr Tcr Smr Spcr SQR1; strain F14 transformed with pPStuSQR This study
F14(pPSAPo) Kmr Tcr Smr Spcr SQR1 PhoA1; strain F14 transformed with pPSAPo This study

Escherichia coli
BL21(DE3) F2 ompT hsdSB (rB

2 mB
2) gal dcm met (DE3) 35

DH10B mcrA D(mrr-hsdRMS-mcrBC) f80d lacZDM15 DlacX74 deoR recA1
endA1 araD139 D(ara leu)7697 galU galK rspL nupG[p3::Km(Am)
Amp (Am) Tet]

14

HB101 lacY1 galK2 supE44 ara-14 proA2 rpsL20 recA13 xyl-5 mtl-1 hsdS20 mcrB
mrr

5

J-53 Apr Kmr Tcr RP-4 9
Plasmids

pGEM-T Apr lacZ9 Promega
pGSAP Apr 2,900-bp sqr::phoA fusion in pGEM-T This study
pHP45V Apr Smr Spcr 28
pIM101 Kmr oriTRP4, ColE1ori luxAB pRL488 without pDU1 This study
pPHU233 Tcr lacZ9 oriTRP4
pPSQR Tcr Smr Spcr oriT9RP4; 5,400-bp PstI fragment from pUSQRV bearing

ORF2 and sqr in pPHU233
This study

pPStuSQR Tcr Smr Spcr oriTRP4; 4,500-bp StuI-PstI fragment from pUSQRV
bearing sqr in pPHU233

This study

pPSAPo Tcr Smr Spcr oriTRP4; 5,350-bp StuI-PstI fragment bearing the sqr::phoA
fusion in pPHU233

This study

pPSAP389 Tcr Smr Spcr oriTRP4; 5,236-bp StuI-PstI fragment bearing the truncated
sqr(398)::phoA fusion in pPHU233

This study

pPSAP108 Tcr Smr Spcr oriTRP4; 4,379-bp StuI-PstI fragment bearing the
sqr(108)::phoA fusion in pPHU233

This study

pRL488 Kmr oriTRP4 ColE1ori pDU1 luxAB 10
pRN4C Kmr oriTRP4 ColE1ori luxAB; derivative of pRL488 This study
pRU4C Kmr Smr Spcr oriTRP4 ColE1ori luxAB; derivative of pRL488 This study
pRL528 Cmr 9
pTSAP Apr, in-frame fusion of sqr and phoA of E. coli in pT7-7 This study
pTSAP398 Apr, in-frame fusion of phoA of E. coli and sqr(398), which encodes the

N-terminal 389 amino acid residues of SQR, in pT7-7
This study

pTSAP108 Apr, in-frame fusion of phoA of E. coli and sqr(108), which encodes the
N-terminal 108 amino acid residues of SQR, in pT7-7

This study

pTSQR Apr; 2,047-bp NdeI-BamHI fragment of pUSQR bearing R. capsulatus
sqr in the expression vector pT7-7

32

pUSQR Apr; 3,492-bp PstI fragment bearing R. capsulatus sqr in pUC19 32
pUSQRV Apr Smr Spcr pUSQR with the V cassette from pHP45V in the NotI site This study
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Isolation of membranes and enzymatic assay of SQR. Chromatophores were
isolated as previously described (33); spheroplasts were isolated according to the
work of Kabak (18). The bacteriochlorophyll a content of membranes was mea-
sured as described elsewhere (3). The activity of SQR was measured as previ-
ously described (33). For inactivation by proteinase K treatment or inhibition by
anti-SQR antiserum, membranes equivalent to 100 mg of bacteriochlorophyll a
were suspended in 500 ml of 50 mM glycylglycine, pH 7.0. Proteinase K was
added to a concentration of 1 mg ml21. Samples and the control without pro-
tease were incubated at room temperature in the dark for 30 min before SQR
activity was measured. Anti-SQR antiserum was added in a dilution of 1:100.
Control samples were supplemented with preimmune serum. Both were incu-
bated on ice for 2 h before SQR activity was measured.

Enzymatic assay of alkaline phosphatase. For the enzymatic assay of alkaline
phosphatase (PhoA), cells were washed with 1 M Tris HCl, pH 8.0, supple-
mented with 35 mg of chloramphenicol ml21 and were resuspended in the same
buffer. Cells equivalent to an optical density at 770 nm (OD770) of 0.05 were used
for the enzymatic assay performed according to the procedure in reference 6.
The reaction was terminated by addition of 0.2 ml of 1 M K2HPO4 after incu-
bation for 1 h at 37°C. In control samples, the reaction was stopped by the
addition of 0.2 ml of 1 M K2HPO4, immediately after p-nitrophenol phosphate
had been added. The activity of the phosphatase is given as the difference
between the OD420 of the samples and that of the control.

SDS-PAGE and Western blotting. SDS-PAGE was carried out according to
the method of Laemmli (23). Western blotting was carried out as described in the
work of Towbin et al. (37). Rabbit antiserum against purified SQR was obtained
from Eurogentec (Seraing, Belgium) and was used diluted 1:3,000; anti-E. coli
PhoA antiserum was obtained from CP Laboratories and was used diluted
1:5,000. For detection, the BM chromogenic Western blotting kit (Boehringer
Mannheim, Mannheim, Germany) was used.

Other assays and chemicals. The concentration of sulfide was determined as
described by Trüper and Schlegel (38). Protein was determined with the bicin-
choninic acid protein assay kit (Pierce, Rockford, Ill.); p-nitrophenol phosphate
was purchased from Fluka Chemie (Buchs, Switzerland). All other chemicals
were of reagent grade and were purchased from commercial sources.

Nucleotide sequence accession number. The sqr sequence has been updated in
the EMBL nucleotide sequence database (accession no. X97478).

RESULTS

Sequence analysis of the sqr region. The cloned PstI frag-
ment (EMBL nucleotide sequence database accession no.
X97478) comprises 3,492 bp with a G1C content of 66% that
is within the range of 65.5 to 66.5% given for R. capsulatus (16).
Besides the sqr gene, one complete ORF (ORF2) and parts of
two putative genes were found (Fig. 1A).

Some minor errors in the published sequence of the sqr gene
(32) were corrected. The coding region of 1,281 bp extends in
the middle of the cloned fragment from position 1442 to po-
sition 2722. The deduced amino acid sequence consists of 427
residues with a molecular weight of 46,929 and a net charge of
11. The former published amino acid sequence has altered as
follows: (i) the peptide from amino acid position 106 to 117
(ARNWPSTRSRLR) was replaced by 106-GPELAFDEI
EGF-118, (ii) the change of four positive to four negative
charges changed the net charge from 19 to 11, and (iii) an
alanine was inserted at position 153. None of the other features
of SQR published in reference 32 were altered after correc-
tion.

On the cloned fragment, a second gene (ORF2) extends
from position 196 to position 1278 in the same orientation as
sqr. The nucleotide sequence from position 26 to 213 up-
stream of ORF2 matches well-known ribosome binding sites of
R. capsulatus (1). ORF2 encodes a protein of 360 amino acid
residues with a molecular mass of 38.5 kDa. Comparison to
protein databases revealed a similarity of approximately 63%
(identity, 47%) to the corresponding part of a protein of un-
known function from Archaeoglobus fulgidus (coding region
AF0890), 397 amino acid residues in length (20). In contrast to
the protein from A. fulgidus, the N-terminal 26 amino acid
residues of the protein from R. capsulatus (N-MDRRSFLKTT
AATATLAAVGLPVAAA-) show the characteristic twin ar-
ginine motif for translocation by the Sec-independent targeting
and translocation system (4). Interestingly, the next upstream

gene (ORF1) is also related to A. fulgidus. The amino acid
sequence deduced from the first 153 nucleotides of the cloned
PstI fragment resembles the C-terminal part of RbsC2 (coding
region AF0889) of A. fulgidus (20) with significant homology
(similarity, 60%; identity, 45%). RbsC2 functions as the per-
mease of a ribose transporter of the ATP-binding cassette
traffic ATPase family. The rbsC2 gene from this archaeon pre-
cedes the gene encoding the protein homologous to ORF2,
showing the same organization of those genes on the genomes
of R. capsulatus and A. fulgidus. In opposite orientation to the
first three genes, from the end of the PstI fragment to position
3097 the 39 end of a further coding sequence (ORF3) could be
found. Protein database analysis with the deduced amino acid
sequence revealed more than 60% homology (.45% identity)
to the C-terminal EAL motif pattern of many regulatory pro-
teins (19, 36, 41).

Mutational analysis of the sqr region in R. capsulatus. Dif-
ferent mutant strains of R. capsulatus were constructed. Figure
1 gives a view of the sqr region of the mutant strains as ascer-
tained by Southern blot analysis (data not shown). By insertion
of plasmid pRN4C into the genome, two types of mutants were
obtained. In one type, represented by strain 22/11, no intact
copy of sqr is present in the genome (Fig. 1B). In the other
type, represented by strain 22/17, a complete sqr gene including
the putative promoter sequence (32) is located behind the
inserted plasmid (Fig. 1C). Insertion of the plasmid pRU4C
into the genome by double recombination resulted in the iden-
tical mutant strains F14 and A10 (Fig. 1D). In these strains,
part of ORF2 and almost the total sqr gene had been deleted.

Phenotypes of the sqr mutants. The different strains were
streaked out on solidified medium supplemented with malate
for heterotrophic growth and without any organic carbon
source for photoautotrophic sulfide-dependent growth (Fig. 2).
All strains grew well under heterotrophic conditions in the
presence of sulfide, similar to the wild-type strain. The color of
colonies of the sqr mutant 22/11 and the D(orf2-sqr) strains F14
and A10 was purple, in contrast to the pale yellow color of
colonies of the other strains. The pale yellow coating is due to
the deposition of sulfur outside the cells. The purple color of
mutants 22/11, F14, and A10 indicates that they do not possess
sulfide oxidation activity. Under sulfide-dependent photoau-
totrophic conditions, no growth of strains 22/11, F14, and A10
was observed, in contrast to the sqr1 strains 22/17, F14sn, and
F14n, which grew as well as the wild-type strain under this
condition (Fig. 2). Strain F14sn was obtained by transforma-
tion of strain F14 with the autonomously replicating plasmid
pPStuSQR, which complements only the deletion of sqr. In
strain F14n, the two partially deleted genes ORF2 and sqr were
complemented by transformation of the plasmid pPSQR into
strain F14 (Table 1).

Consumption of sulfide, activity of SQR in membranes, and
doubling times of the strains F14, 22/11, and F14sn and wild
type were measured (Table 2). The amount of the consump-
tion of sulfide by cultures of the strains 22/11 and F14 was
significantly lower than the amount consumed by the wild type
and was in the same range as was found for chemical oxidation
of sulfide by traces of oxygen under microoxic conditions (data
not shown). Strain F14sn oxidized four to six times the amount
of sulfide oxidized by the wild-type strain due to multiple
copies of the sqr-bearing self-replicating plasmid. Membranes
from the four strains have been isolated, and their SQR activity
has been measured. No SQR activity was found in membranes
from mutants F14 and 22/11. Membranes of strain F14sn
showed six to seven times the activity of the membranes from
the wild-type strain. The doubling times of the wild-type strain
and sqr mutants F14 and 22/11 were in the same range up to
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concentrations of 0.8 mM sulfide. In the presence of 1.2 mM
sulfide, doubling times of the wild-type strain and the sqr mu-
tants increased approximately 1.2- to 1.5-fold. The doubling
time of strain F14sn was similar to that of the wild-type strain
in the absence of sulfide and with 1.2 mM sulfide. At 0.4 and
0.8 mM sulfide, strain F14sn grew somewhat more slowly than
the wild-type strain. The behavior of strain 22/17 (sqr1) was
identical to that of the wild type (data not shown).

Western blot analysis was performed with cytoplasmic mem-
branes isolated from all strains to test for expression of SQR
(Fig. 3). A specific reaction with the anti-SQR antiserum could
be obtained with membrane preparations from cultures of the
sqr1 strains 22/17, F14n, and F14sn and the wild type, after
incubation with sulfide for 3 h; without sulfide, no reaction
occurred. In strains F14n and F14sn, the level of expression of
SQR was higher than that in the wild-type strain, consistent
with the higher sulfide consumption rates and the higher SQR
activity of these strains (see above). No signals were observed
with membranes from induced cultures of the sqr mutants F14
and 22/11.

Subcellular localization of SQR. Ambiguous results for
SQR activity, which are not elaborated here, have been ob-

tained by treatment of inside-out-oriented chromatophores
and right-side-out-oriented spheroplasts with proteinase K and
an SQR antiserum. In brief, after incubation with proteinase
K, SQR activity in chromatophores and spheroplasts decreased
to 75 to 80 and to 20 to 40% of the control, respectively,
suggesting a localization of SQR at the periplasmic surface of
the cytoplasmic membrane. However, after incubation with
anti-SQR antiserum, differences in SQR activity were less sig-
nificant. Values of 50 to 80 and 40 to 60% of the activity of the
control were determined with chromatophores and sphero-
plasts, respectively. Therefore, we switched to the PhoA fusion
technique. Since alkaline phosphatase of E. coli is active only
when translocated to the periplasmic space (25), the plasmid
pPSAPo, which bears the translational fusion sqr::phoA, was
used (Fig. 4 and Table 3). Additionally, phoA was fused with
truncated forms of sqr: from plasmid pPSAP389, a protein
consisting of the N-terminal 389 amino acid residues of SQR
fused to PhoA and, from plasmid pPSAP108, a protein con-
sisting of the N-terminal 108 amino acid residues of SQR fused
to PhoA can be expressed.

The different fusion proteins were expressed in mutant F14
(Fig. 4) and the wild-type strain (data not shown) after incu-

FIG. 2. Growth of mutant strains of R. capsulatus under sulfidic atmosphere. (left) Growth under photoheterotrophic conditions; (right) growth under photoau-
totrophic sulfide-dependent conditions. Plate segments: 1 and 2, D(orf2-sqr) strains F14 and A10; 3, sqr mutant strain 22/11; 4, sqr1 strain 22/17; 5, strain F14n; 6, strain
F14sn; 7, strain F14(pPSAPo); 8, strain F14(pPSAP). Strains grew for 1 week as described in Materials and Methods. The genotypes are described in Table 1 and Fig.
1. In the case of F14n, the deletion of F14 was complemented by an intact copy of ORF2 and sqr on plasmid pPSQR; in the case of F14sn, only the deficiency of sqr
was complemented by plasmid pPStuSQR (Table 1). F14(pPSAPo) bears a plasmid that encodes the SQR::PhoA fusion protein; F14(pPSAP) bears a plasmid that
encodes the SQR::PhoA fusion protein and ORF2.

TABLE 2. Consumption of sulfide, membranous SQR activities, and doubling times of R. capsulatus wild type, F14 [D(orf2-sqr)],
22/11 (sqr mutant), and complemented strain F14sn (sqr1)a

Strain

Sulfide (mmol) consumed within 24 h after
addition of mM sulfide:

Sp act of SQR (mmol of decyl-
ubiquinone reduced mg of

protein21 min21)

Doubling time (h) with mM sulfide:

0.4 0.8 1.2 0 0.4 0.8 1.2

Wild type 60 (20) 130 (24) 251 (172) 0.68 65 (8) 61 (12) 62 (11) 80 (13)
F14 9 (9) 26 (45) 24 (12) 0.00 63 (11) 58 (8) 65 (14) 97 (4)
22/11 11 (19) 19 (23) 37 (32) 0.00 59 (8) 57 (8) 61 (4) 87 (13)
F14sn 390 (130) 620 (200) 850 (290) 4.48 59 (13) 80 (20) 82 (19) 86 (13)

a Strains were cultured in microoxic liquid RCV medium. Sulfide was added in concentrations as indicated. Values for consumption of sulfide are averages of three
experiments; those for doubling times are averages of six experiments. Membranes were prepared from cultures 3 days after induction by sulfide at a 0.8 mM
concentration. SQR activity was measured as previously described (33). Rates were corrected for the rates with membranes inactivated by heat treatment. Values in
parentheses are standard deviations.
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bation with sulfide. With cell extracts from the induced strains
F14(pPSAPo), F14(pPSAP108), and F14(pPSAP389), the an-
tibody reacted with proteins of approximately 100, 65, and 95
kDa in size, respectively, as expected for the different fusion
proteins. The amount of fusion protein was somewhat lower in
the case of both truncated proteins than with the full-length
version. The same results were obtained with cultures of the
wild type transformed with the three plasmids (data not
shown). The alkaline phosphatase activity of noninduced cul-
tures was compared to the PhoA activity of cells incubated with
300 mM sulfide for 10 h (Table 3). PhoA activity was observed
only in strains that had been transformed with pPSAPo, which
encodes the full-length fusion protein, and induction by sulfide
was necessary. In these strains, phosphatase activity was more
than 10-fold higher than the background activity. The nonin-
duced cultures and the cultures transformed with pPSAP389
and pPSAP108 showed PhoA activity as low as that of non-
transformed cultures. Besides phosphatase activity, strain F14
bearing pPSAPo was able to grow photoautotrophically on
sulfide (Fig. 2), in contrast to mutant F14 transformed with
pPSAP389 and pPSAP108 (data not shown). As was found for

native SQR (32), approximately 90% of the total SQR activity
of cell extracts of strain F14 expressing the protein fusion
SQR::PhoA was associated with the membrane fraction, even
after treatment with 100 mM sodium chloride (specific SQR
activity: 0.25 mmol of decyl-ubiqinone reduced mg of protein21

min21). No SQR activity was found in cell extracts of strain
F14 expressing either the fusion protein SQR108::PhoA or the
fusion protein SQR389::SQR.

DISCUSSION

In the present study, mutants of R. capsulatus were con-
structed to examine whether SQR is the only sulfide-oxidizing
enzyme in this bacterium. The insertion of plasmid pRN4C
into the genome resulted in an SQR1 strain (22/17) and an
SQR2 strain (22/11). In strain F14, part of ORF2 and most of
sqr had been deleted. Strain 22/11 and strain F14 were unable
to grow photoautotrophically on sulfide, did not deposit any
sulfur outside the cells under heterotrophic conditions, and did
not consume any sulfide in liquid medium. Additionally, nei-
ther sulfide quinone reductase activity nor SQR was detected
in membranes of these strains. These results clearly indicate
that SQR is the only sulfide-oxidizing enzyme in R. capsulatus
and that it is absolutely required for the sulfide-dependent
growth of this bacterium.

Sulfide is toxic even for organisms that require it for growth
(26). The sulfide-dependent specific growth rate of R. capsu-
latus at 1 mM sulfide under autotrophic conditions was found
to be half the maximal growth rate (39). In our experiments, we
observed no inhibition of heterotrophic growth up to 0.8 mM
sulfide, neither for the wild-type strain nor for the SQR2

strains. This suggests that the sulfide tolerance of R. capsulatus
is not due to oxidation of sulfide and that SQR does not
function in sulfide detoxification up to this concentration. The
lower inhibition of growth under the conditions that we used
than of autotrophically grown cultures (39) is consistent with
the increase of sulfide tolerance if yeast extract is added to the
cultures, as found by Hansen and van Gemerden (15). The
mechanism of this effect is unknown. Surprisingly, even 0.4
mM sulfide increased the doubling time of strain F14sn to the
same as was found at 1.2 mM sulfide. Possibly, the high sulfide
oxidation rate, due to the high level of SQR, might cause an

FIG. 3. Western blot analysis with membranes isolated from R. capsulatus
wild-type and mutant strains. (a) Western blot analysis with membranes from
strains 22/17 and 22/11 and the wild type (WT); (b) analysis with membranes
from strains F14n, F14sn, F14, and wild type (WT). Genotypes of the strains are
described in Fig. 1 and the legend to Fig. 2. Membranes were isolated from
cultures prior to (0) addition of sulfide and 1 h (1) and 3 h (3) after addition of
sulfide to a concentration of 0.5 mM. SQR was detected with rabbit antiserum
against purified SQR. Every lane represents membranes equivalent to 40 mg of
protein.

FIG. 4. Western blot analysis with cell extracts of the double mutant F14
transformed with pPSAPo, pPSAP108, and pPSAP389. Plasmid pPSAPo en-
codes the fusion of total SQR (427 amino acid residues) with PhoA; plasmids
pPSAP108 and pPSAP389 encode the fusions of the N-terminal 108 and 389
amino acid residues of SQR with PhoA, respectively. The markers indicate the
sizes of the fusion proteins encoded by pPSAPo, pPSAP389 (approximately 100
kDa), and pPSAP108 (approximately 65 kDa). Samples were taken prior to
(lanes 1, 3, and 5) and 3 h after (lanes 2, 4, and 6) addition of sulfide to a
concentration of 0.5 mM. The fusion proteins were detected with anti-E. coli
PhoA antiserum. Every lane represents 0.5 ml of a culture at an OD770 of 0.4.

TABLE 3. Phosphatase activities of R. capsulatus wild type and F14
[D(orf2-sqr)] expressing protein fusions of SQR with PhoAa

Strain with plasmid and
protein fusion

PhoA activity (OD420)

Without sulfide With sulfide

Wild type
None 0.04 0.03
pPSAPo and SQR::PhoA 0.04 0.72
pPSAP108 and SQR108::PhoA 0.05 0.05
pPSAP389 and SQR389::PhoA 0.04 0.05

F14
None 0.04 0.07
pPSAPo and SQR::PhoA 0.05 0.70
pPSAP108 and SQR108::PhoA 0.03 0.06
pPSAP389 and SQR389::PhoA 0.03 0.04

a The fusion SQR::PhoA consists of the full-length SQR (427 amino acid
residues) fused to PhoA. In SQR108::PhoA and in SQR389::PhoA, the N-
terminal 108 and 389 amino acid residues, respectively, are fused with PhoA.
Samples were taken from heterotrophically grown cultures without sulfide and
cultures after incubation with 0.3 mM sulfide for 10 h. PhoA activity is given as
the difference between the OD420 of the samples and that of the control as
described in Materials and Methods.
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overreduction of the quinone pool. This might decrease the
cyclic electron transport across the photosystem and, there-
fore, decrease ATP production. However, more detailed stud-
ies are necessary to understand the mechanism of increased
sulfide tolerance during heterotrophic growth and the decel-
erated growth of strain F14sn in the presence of sulfide.

Many data suggest that the conversion of hydrogen sulfide to
sulfur or polysulfide takes place in the periplasmic space.
Members of the families Rhodospirillaceae, Ectothiorhodospi-
raceae, and Chlorobiaceae deposit the sulfur from oxidation of
sulfide outside the cells (7). Recently, it was found that mem-
bers of the family Chromatiaceae, which store sulfur inside the
cells, deposit the sulfur globules in vesicles equivalent to the
periplasmic space (27). Additionally, in the chemotrophic bac-
terium Thiobacillus ferrooxidans, sulfur from the oxidation of
hydrogen sulfide accumulates in the periplasmic space (29),
and finally, all sulfide-oxidizing flavocytochromes c character-
ized so far are located in the periplasm (7, 30). In previous
studies, it had been established that the SQR of R. capsulatus
is peripherally bound to the cytoplasmic membrane (32, 33). In
this study, we show that, despite the lack of an N-terminal
signal peptide in SQR, strains of R. capsulatus which expressed
the full-length fusion protein SQR::PhoA were PhoA active. In
addition, strain F14(pPSAPo) grew photoautotrophically on
sulfide (Fig. 2), and almost all SQR activity was associated with
the membranes isolated from this strain. These confirm a lo-
calization of SQR at the periplasmic surface of the cytoplasmic
membrane, where it gets into contact with the quinone within
the membrane, as was suggested from our results obtained
with proteinase K-treated vesicles. Localization of SQR at the
periplasmic surface of the cytoplasmic membrane is consistent
with the fact that R. capsulatus deposits sulfur, the product of
oxidation of hydrogen sulfide, outside the cells (15). Therefore,
a system for the export of sulfur across the cytoplasmic mem-
brane is not necessary in this bacterium. The presumption that
oxidation of sulfide in the periplasm might be a general feature
in sulfide-oxidizing bacteria is supported by our data.

The protein encoded by ORF2, upstream of sqr, shows the
N-terminal twin arginine motif, characteristic of proteins that
are translocated by the Sec-independent pathway (4). Most of
these proteins bear complex redox factors or mediate the
translocation of redox proteins that lack a signal peptide. Be-
cause SQR lacks an N-terminal signal peptide, a possible in-
volvement of ORF2 in the translocation of SQR was investi-
gated. However, the deletion of the sqr gene and part of ORF2
in strain F14 could be complemented by an intact copy of the
sqr gene alone on plasmid pPStuSQR (strain F14sn), restoring
the phenotype of the wild-type strain. In the complemented
strain F14sn, neither enzyme activity, attachment to the mem-
brane, nor sulfide-dependent expression of SQR was affected
by the lack of ORF2. In addition, strain F14 expressing the
full-length protein fusion SQR::PhoA encoded by the plasmid
pPSAPo showed phosphatase activity after induction by sul-
fide. Therefore, involvement of ORF2 in translocation and
activity of SQR can be excluded. A distinct function of ORF2
is also suggested by the existence of a homologous ORF in A.
fulgidus (20), an archaeon not capable of oxidation of sulfide.
The function of the protein encoded by ORF2 remains un-
known. It might participate in transport of ribose, because both
ORF2 in the eubacterium R. capsulatus and the homologous
ORF AF0890 in the archaeon A. fulgidus are connected to
rbsC2, encoding a subunit of a ribose ATP-binding cassette
transporter. The absence of a putative transcription initiation
site between rbsC2 and ORF2 in R. capsulatus suggests co-
transcription of both genes.

The protein fusion SQR::PhoA was translocated to the

periplasmic side of the membrane. In contrast, the two trun-
cated fusion proteins SQR389::PhoA and SQR108::PhoA were
not translocated, although they had been expressed. From this,
it can be concluded that the C terminus is essential for the
translocation of SQR. So far, it is unknown whether the 38
amino acid residues at the C terminus bear a signal for trans-
location, or whether incorrect folding of SQR prevents inter-
action with a second protein participating in translocation.
Like SQR of R. capsulatus (32), the dihydrolipoamide dehy-
drogenase of Synechocystis sp. is a flavoprotein (11), which
binds FAD in a way similar to that of gluthathione reductase.
No N-terminal signal peptide is present in this protein, al-
though it is attached to the periplasmic surface of the cytoplas-
mic membrane (12). In the C-terminal region, no significant
homology exists between SQR and dihydrolipoamide dehydro-
genase, making the function of the C terminus as a signal for
translocation unlikely. Possibly, a surface-exposed pattern is
necessary for translocation of FAD-binding proteins that are
attached to the periplasmic surface of the cytoplasmic mem-
brane by a so-far-unknown mechanism. Nevertheless, the C
terminus of SQR is essential for translocation, and it is also
required for activity, as shown with mutant 22/11. In this mu-
tant, a truncated sqr gene [sqr(275) in Fig. 1] which lacks the
39-end 75 bp is present. From its position in the genome, this
gene should be expressed similarly to sqr in the wild type.
However, neither SQR activity nor SQR was found in mem-
branes from strain 22/11. In addition, strain F14 transformed
with pPSAP389, which expressed an SQR::PhoA fusion pro-
tein lacking the C-terminal 38 amino acid residues of SQR,
could not grow autotrophically on sulfide. More detailed ex-
aminations will be necessary to understand the specific func-
tion of the C terminus for both activity and translocation of
SQR.
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