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Abstract A novel membrane-bound sulfide-oxidizing
enzyme was purified 102-fold from the neutrophilic, ob-
ligately chemolithoautotrophic Thiobacillus sp. W5 by
means of a six-step procedure. Spectral analysis revealed
that the enzyme contains haem ¢ and flavin. SDS-PAGE
showed the presence of two types of subunit with molec-
ular masses of 40 and 11 kDa. The smaller subunit con-
tains covalently bound haem c¢, as was shown by haem
staining. A combination of spectral analysis and the pyri-
dine haemochrome test indicated that the sulfide-oxidiz-
ing heterodimer contains one molecule of haem c and one
molecule of flavin. It appeared that the sulfide-oxidizing
enzyme is a member of a small class of redox proteins, the
flavocytochromes ¢, and is structurally most related to the
flavocytochrome ¢ sulfide dehydrogenase of the green
sulfur bacterium Chlorobium limicola. The pH optimum
of the enzyme is 8.6. At pH 9, the V,,,, was 2.1 + 0.1 umol
cytochrome ¢ (mg protein)™! min~!, and the K, values for
sulfide and cytochrome ¢ were 1.7 + 0.4 pM and 3.8 £ 0.8
UM, respectively. Cyanide inhibited the enzyme by the
formation of an N-5 adduct with the flavin moiety of the
protein. On the basis of electron transfer stoichiometry, it
seems likely that sulfur is the oxidation product.
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Introduction

Oxidation of inorganic sulfur compounds by bacteria has
been studied for almost a century (Winogradsky 1887;
Nathansohn 1902), and particular interest has been shown
with respect to the chemolithotrophic organisms that play
an important role in the global sulfur cycle (Ehrlich
1990). Most of the autotrophic sulfur oxidizers are placed
within the genus Thiobacillus. The bacteria in this genus
possess very diverse physiological characteristics, and
they are linked by the fact that they are all gram-negative
and rod-shaped and obtain energy from the oxidation of
reduced sulfur compounds (Kuenen et al. 1992). Within
this genus, diversity is also reflected by 16S rRNA analy-
sis, showing that the thiobacilli are scattered throughout
the beta subdivision of the Proteobacteria (Lane et al.
1992). Biochemical and physiological research on the ox-
idation of reduced sulfur compounds by thiobacilli has
shown that different metabolic pathways operate in differ-
ent organisms (Kelly 1989). The metabolic routes involv-
ing the oxidation of thiosulfate, tetrathionate and sulfite
have received much attention and have led to the isolation
of several enzymes (Lyric and Suzuki 1970; Schedel and
Triiper 1979; Toghrol and Sutherland 1983; Lu and Kelly
1988; Meulenberg et al. 1993; Tano et al. 1996) and en-
zyme complexes (Oh and Suzuki 1977; Lu and Kelly
1983) responsible for the conversion of these compounds.

Despite the fact that sulfide is an important substrate in
natural systems, few studies have been devoted to the
metabolic pathways involving sulfide oxidation. Sulfide
reacts spontaneously with oxygen. Thiosulfate, elemental
sulfur and sulfite have been described as products of this
chemical oxidation (Chen and Morris 1972; Janssen et al.
1995). However, due to their high affinity for both sulfide
and oxygen, the sulfide-oxidizing bacteria can success-
fully compete with the spontaneous oxidation reaction
(Kuenen and Bos 1989). At concentrations above 150
UM, sulfide may even be toxic to the thiobacilli (Hi-
rayama and Vetter 1989). All thiobacilli thus far investi-
gated are able to oxidize sulfide completely to sulfate. In
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the facultatively chemolithoautotrophic Thiobacillus ver-
sutus (now Paraccocus versutus: Katayama et al. 1995), it
is proposed that sulfide is oxidized by an enzyme B with-
out any intermediate being detectable (Schneider and
Friedrich 1994).

In most obligate and facultative sulfide oxidizers, in-
termediate sulfur appears as a major or minor product dur-
ing the oxidation of sulfide (Hazeu et al. 1988; Chan and
Suzuki 1993; Van den Ende and Van Gemerden 1993; Ste-
fess et al. 1996). This suggests that zero-valent sulfur may
be an intermediate in the sulfide-oxidation pathway. This
suggestion is supported by the observation that membrane
fractions of Thiobacillus concretivorus (now Thiobacillus
thiooxidans; Kuenen et al. 1992) shows cytochrome-c-de-
pendent sulfide oxidation to some form of membrane-
bound polysulfur (Moriarty and Nicholas 1970). How-
ever, a bottleneck in the study of the oxidation pathway of
sulfide has been that, until now, sulfide-oxidizing en-
zymes have not been isolated from obligately chemo-
lithoautotrophic Thiobacillus species.

This paper reports the isolation of a novel membrane-
bound, sulfide-oxidizing enzyme from the obligately
chemolithoautotrophic Thiobacillus sp. W5 (LMD 94.73).
This bacterium has been shown to be the dominant organ-
ism in a sulfur-producing reactor and appears to be a new
species closely related to Thiobacillus neapolitanus (J. M.
Visser, L. A. Robertson, and J. G. Kuenen, unpublished
results). Characterization of the enzyme revealed that it
belongs to a small class of redox proteins, the flavocy-
tochromes ¢, and is structurally related to the soluble flay-
ocytochrome ¢ sulfide dehydrogenase from the anoxy-
genic green sulfur bacterium Chlorobium limicola (Ya-
manaka and Fukumori 1980).

Materials and methods
Organism and cultivation

Thiobacillus sp. W5 (LMD 94.73) was obtained from the Delft
Culture Collection. Sulfide-limited (50 mM) chemostat cultures
were grown on mineral salt medium at a dilution rate of 0.10 h-!
and a dissolved oxygen tension of 50% (Visser et al. 1996).

Oxygen uptake experiments

The maximum sulfide-dependent oxygen uptake rate by whole
cells taken directly from the chemostat cultures was measured in a
biological oxygen monitor. Oxygen consumption was measured
polarographically at 25°C using a Clark-type oxygen electrode
mounted in a thermostatically controlled cell (Yellow Springs In-
struments, Yellow Springs, Ohio, USA). Sulfide (25 pM) was
added to obtain maximum oxidation rates. At this concentration,
the spontaneous oxidation of sulfide was sufficiently low so as not
to disturb the accurate measurement of biological conversion.

Enzyme purification

Cells (75 g wet weight) collected at 4°C from a sulfide-limited
chemostat were centrifuged and resuspended in 200 ml 25 mM
Tris-HCI (pH 7.5). Subsequently, the cell suspension was passed
three times through a French pressure cell (American Instrument,

Silver Spring, Md., USA) at 110 MPa. The broken cells were
treated with DNase, after which whole cells and cell debris were
removed by centrifuging at 10,000 x g for 30 min. The membrane
fraction was obtained by centrifuging at 200,000 x g for 4 h. The
membranes were then washed and resuspended in 50 mM Tris-
HCI (pH 7.5). The membrane proteins were solubilized for 1 h at
4°C by the addition of 1% B-p-lauryl maltoside (Anatrace,
Maumee, Ohio, USA). After centrifuging at 200,000 x g for 6 h,
the supernatant was loaded on a DEAE-Sepharose column (5x40
cm; Pharmacia, Roosendaal, The Netherlands) previously equili-
brated with 50 mM Tris-HC1 (pH 7.5) containing 0.05% lauryl
maltoside (buffer A). Proteins were eluted with a linear gradient
(1,000 ml) of 0-0.5 M KCl in buffer A at 6 ml min-!. Active frac-
tions were concentrated (Centricon 10 Amicon, Capelle a/d Ijssel,
The Netherlands) and applied to a prepacked Superdex 200 HR
10/30 gel filtration column (Pharmacia) previously equilibrated
with 0.2 M KCl in buffer A. Pooled active fractions were again
concentrated (Centricon 10; Amicon), desalted (PD 10; Pharma-
cia), and further purified by loading on a prepacked Mono Q HR
10/10 column (Pharmacia) pre-equilibrated with buffer A. Proteins
were eluted with a linear gradient (60 ml) of 0-0.5 M KCl in buffer
A at 1 ml min~'. The final purification step was performed by a
second gel filtration step (Superdex 200 HR 10/30). During the
procedures, active fractions were stored at —80° C.

Enzyme assay

The standard reaction mixture (1 ml) for measuring sulfide-oxidiz-
ing activity contained 50 mM Tris-HCI1 (pH 9.0), 25 UM horse-
heart cytochrome ¢ (Sigma, St. Louis, Mo., USA), 10 uM Na,S
and enzyme. The measurements were performed at 25°C and were
started by the addition of sulfide. Reduction of horse-heart cy-
tochrome ¢ was measured at 550 nm in an HP 8524A diode array
spectrophotometer using an extinction coefficient of 19.6 mM-!
cm™!. One unit of activity (U) is defined as 1 umol of horse-heart
cytochrome ¢ reduced per minute.

Substrate specificity and electron acceptors

The substrate specificity of the enzyme was investigated using the
enzyme assay described above. Sodium thiosulfate (1 mM), potas-
sium tetrathionate (1 mM), potassium trithionate (1 mM), potas-
sium pentathionate (1 mM), sodium sulfite (1 mM), sulfur (10
mM) and polysulfide (10-25 uM) were tested as substrates. A con-
centrated polysulfide solution was prepared by heating a solution
containing 10 mM Na,S and 100 mM sulfur for 10 min at 110°C.
Trithionate and pentathionate were kind gifts from Prof, Ralph
Steudel (Technische Universitit Berlin, Germany).

Inhibitors

The effect of potential inhibitors was studied using the enzyme as-
say described above. The assay mixture containing the enzyme
was preincubated with the inhibitors for 5 min at 25°C. The fol-
lowing inhibitors (concentration) were used: sodium azide (1 mM),
EDTA (1 mM), N-ethylmaleimide (1 mM), potassium cyanide
(0.025-1 mM), sodium sulfite (0.05-2 mM) and sodium thiosul-
fate (0.05-2 mM).

Protein electrophoresis

SDS-PAGE electrophoresis was performed at room temperature
on vertical 18% polyacrylamide slab gels according to the method
of Laemmli (1970) using Mini Protean equipment (Biorad, Vee-
nendaal, The Netherlands). Gels were stained for protein with sil-
ver staining. A low-molecular-mass calibration kit (Pharmacia)
was used to derive the molecular masses. Haem staining was done
with 3,3’,5,5"-tetramethylbenzidine (Thomas et al. 1976). Pre-
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Table 1 Purification of a

membrane-bound sulfide-oxi- Purification step

Total protein  Total activity Recovery

Specific activity Purification

dizing enzyme from Thiobacil- (mg) (U) (%) (mU/mg protein) (-fold)

lus sp. W5 Crude extracts 2,068 403 100 19.5 1.0
Membranes 973 37.0 91.8 39.0 2.0
Detergent extraction 589 33.0 81.9 56.6 2.9
DEAE-Sepharose 78 22.0 54.6 283 14.5
Gel filtration 34 14.8 36.7 435 223
Mono Q 5.2 7.4 18.4 1,420 72.8
Gel filtration 1.2 2.4 59 1,989 102

stained markers (Biorad) were used when gels were stained for

haem. 025

UV/visible spectroscopy 0.2

UV/visible spectra of purified enzyme in 50 mM Tris-HCI (pH \

7.5) were recorded on an SLM Aminco DW-2000 spectropho- 'l

tometer. The spectral band width was 1 nm, while the scanning 8 045 \

speed was 2 nm s~1. Reduced spectra were obtained by adding sul- e :

fide to a final concentration of 10 M. The pyridine haemochrome 2 i

method (Berry and Trumpower 1987) was used to determine the § 'I

haem ¢ content. < 01 v

\
\
Analytical procedures
0.05

The chain length of polysulfide was determined by measuring the

amount of sulfur after acidifying the polysulfide solution. Sulfuric

acid (9 ml, 1 M) was added to 1 ml of the concentrated polysulfide ) N

solution. The acidified solution was bubbled with air for 15 min to 0 -

remove the hydrogen sulfide and was subsequently centrifuged for 250 350 450 550

10 min at 13,000 x g. The sulfur pellet was extracted overnight Wavelength (nm)

with 10 ml acetone. The sulfur concentration was determined by
cyanolysis (Bartlett and Skoog 1954). Protein concentrations were
determined with the BCA Protein Assay Reagent Kit (Pierce,
Rockford, I11., USA).

Results and discussion
Purification of the sulfide-oxidizing enzyme

With horse-heart cytochrome ¢ as electron acceptor, 92%
of the sulfide-oxidizing enzyme activity was found in the
membrane fraction of disrupted Thiobacillus sp. W5 cells.
Solubilization of the membrane proteins using the non-
ionic detergent B-p-lauryl maltoside resulted in selective
extraction because 54% of the protein and 89% of the ac-
tivity were recovered in the solubilized fraction. The rest
remained in the membranes. Solubilized membrane pro-
tein was applied to an anionic exchange column. Active
fractions were further subjected to gel filtration, anionic
exchange and further gel filtration, resulting in a 102-fold
purification with a final recovery of 5.9% (Table 1).

Characterization of the sulfide-oxidizing enzyme

UV/visible absorption spectroscopy of the sulfide-re-
duced enzyme showed characteristic maxima at 410 (y
band), 524 (B band) and 552 nm (o band) (Fig. 1), reveal-
ing the presence of css, haem. Dithionite did not increase

Fig.1 UV/visible absorption spectrum of purified sulfide-oxidiz-
ing enzyme (1.8 uM). The absorption spectrum is shown from 250
to 600 nm. It was recorded with an Aminco DW2000 spectropho-
tometer at room temperature. The air-oxidized spectrum is repre-
sented by the dotted line. The reduced spectrum was obtained by
the addition of sulfide (10 uM) and is represented by the solid line

the level of reduction of the enzyme, indicating that sul-
fide is capable of totally reducing it. The absorption spec-
trum of the air-oxidized enzyme showed maxima at 450
and 480 nm, which is characteristic for the presence of
flavin.

The spectral characteristics show that this enzyme is
related to a small family of redox proteins, the flavocy-
tochromes c¢. Only two types of flavocytochromes ¢ have
been reported to possess sulfide-oxidizing activity. Both
types were originally isolated as soluble haem proteins
with unknown functions, the first from the phototrophic
purple sulfur bacterium Chromatium vinosum (Bartsch
and Kamen 1960) and the second from the phototrophic
green sulfur bacterium Chlorobium thiosulfatophilum
(Meyer et al. 1968). It took, however, until 1973 to realize
that these flavocytochromes ¢ were sulfide-oxidizing en-
zymes (Kusai and Yamanaka 1973). This group of en-
zymes was given the name flavocytochrome ¢ sulfide de-
hydrogenase (FSDH) because of their function as sulfide
dehydrogenases (Cusanovich et al. 1991). Detailed struc-
tural analysis has shown that the Chromatium FSDH dif-
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Fig.2 Silver- and haem-stained SDS-polyacrylamide gel (18%)
after electrophoresis of the sulfide-oxidizing enzyme from Thio-
bacillus sp. W5. Lane 1 Silver-stained low-molecular-mass mark-
ers; lane 2 silver staining (3 pg purified protein), lane 3 haem
staining (5 ug purified protein)

fers fundamentally from flavocytochrome b, and flavocy-
tochrome-c-p-cresol methylhydroxylase (Chen et al. 1994).

SDS-PAGE of the purified enzyme showed two protein
bands with molecular masses of 40.2 + 0.8 and 10.7 + 0.5
kDa, respectively (Fig.2). Haem staining revealed the ex-
clusive presence of covalently bound haem c¢ in the
smaller subunit (Fig.2). The purified protein resisted na-
tive gel electrophoresis. However, comparison of the data
on the subunits and the UV/visible absorption spectrum of
the Thiobacillus sp. W5 enzyme with those of the pho-
totrophic organisms (Cusanovich et al. 1991) indicated
that the new enzyme is a heterodimer with a molecular
mass of 51 kDa. The absorption maximum of the pyridine
haemochrome complex was used to determine the haem
concentration. It was calculated that 1 mol of sulfide-oxi-
dizing enzyme contains 1.09 + 0.04 mol of haem c, indi-
cating a molar haem-c-enzyme ratio of 1:1. Absorption

ratios are characteristic of the two types of flavocy-
tochrome c. Once the ratio is known for a particular en-
zyme, the apparent Ajgoo/A4100x Fatio is often used as a
measure of the purity of an enzyme preparation. The
Aagoox/ Ag100x Tatio of the pure Thiobacillus sp. W5 enzyme
was found to be 0.95. Furthermore, an A 4750/ Asasox Tatio
of 1.5 was observed, which is indicative for a full com-
plement of unmodified flavin (Cusanovich et al. 1991).
The millimolar extinction coefficient (€™M) of 16 at 480
nm, calculated from the absorption spectrum, indicated
the presence of 1 mol of flavin/mol of Thiobacillus en-
zyme. Trichloroacetic acid (TCA) precipitation of the en-
zyme did not result in the detachment of the flavin moiety
from the protein, indicating a covalent attachment to the
protein subunit. Attempts to assign the flavin to one of the
two subunits failed because the native enzyme could not
be separated into its subunits by differential extraction af-
ter TCA precipitation (Yamanaka et al. 1979) or by dena-
turing gel filtration in 6 M urea. However, on the basis of
its structural similarities to the other FSDH (Table 2),itis
assumed that the flavin resides in the larger subunit. Fur-
ther biochemical studies are necessary to confirm that the
flavin is in the larger subunit and to determine the exact
nature of the flavin (FMN, FAD).

Spectral features and structural properties of the flavo-
cytochromes ¢ from Thiobacillus sp. W5 and the two pho-
totrophic bacteria are listed in Table 2. Comparison of the
sulfide-oxidizing enzyme from Thiobacillus sp. W5 with
the FSDH from the phototrophic sulfur bacteria (Table 2)
suggests that the new enzyme belongs to the FSDH fam-
ily of proteins. However, this requires confirmation. Thio-
bacillus sp. W5 FSDH seems structurally most closely re-
lated to the FSDH of the green sulfur bacterium Chloro-
bium limicola since they both apparently possess a mono-
haem cytochrome subunit. A major difference, however,
is the fact that the Thiobacillus sp. W5 enzyme is mem-
brane-bound while the Chlorobium enzyme is a soluble
protein. A membrane-bound location has also been shown
for the sulfide-oxidizing activity in Thiobacillus concre-
tivorus cell-free extracts (Moriarty and Nicholas 1970).

Table 2 Spectral and struc-
tura] properties of flavocy-

Thiobacillus sp. W5  Chl. limicola Chr. vinosum

tochrome c sulfide dehydroge-
nase from Thiobacillus sp. W5,
Chlorobium limicola and

Chromatium vinosum As00x/As100x
A4750x/ A525ox

A2800x/A552red

Molecular weights
Native flavocytochrome ¢
Flavoprotein subunit
Cytochrome subunit

Localisation

Haem ¢ (mol/mol)
Flavin (mol/mol)

Absorption maxima (oxidized, nm)
Absorption maxima (reduced, nm)

410, 450, 480 410, 450, 480 410, 450, 480
416, 523, 552 417, 523, 553 416, 523, 552
0.95 0.85 0.54

1.5 1.5 1.5

4.11 3.90 3.73

51,000 58,000 57,000
40,000 47,000 46,000
11,000 11,000 21,000
Membrane-bound Soluble Soluble

1 1 2

1 1 (FAD) 1 (FAD)
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Fig.3 pH Dependence of the chemical (O) and enzymatic ((J) re-
duction of horse-heart cytochrome ¢. The standard assay contained
2 pg of enzyme. The pH of the buffer was adjusted by the addition
of 0.1 M HCI or 0.1 M KOH and was measured before and after
the determination of enzyme activity

pH Dependence and kinetic properties
of the flavocytochrome c¢ sulfide dehydrogenase

The pH optimum for the enzyme was 8.6. The activity of
the FSDH at pH 7.4 and 10.0 was 2- and 2.8-fold lower,
respectively. It was also noticed that the spontaneous
chemical reduction of horse-heart cytochrome ¢ increased
markedly with decreasing pH, being fivefold higher at pH
7.4 than at pH 9.0 (Fig.3). These results show that it is
most efficient to measure the enzyme activity at pH 9.0,
since the difference between the chemical and the enzy-
matic reduction of horse-heart cytochrome c is largest at
this pH.

The kinetic properties of the FSDH were determined at
pH 9.0 and 25°C by the addition of various amounts of
substrate. It was observed that sulfide oxidation and cy-
tochrome ¢ reduction followed Michaelis-Menten kinet-
ics. From the Lineweaver-Burk plot (Fig.4), an apparent
Vimax value of 2.1 + 0.1 umol cyt ¢ (mg protein)~! min-!
was calculated. The apparent K, values for sulfide and
horse-heart cytochrome ¢ were 1.7 + 0.4 uM and 3.8 + 0.8
UM, respectively.

The Vi, value was equivalent to 107 mol cyt ¢ (mol of
flavocytochrome ¢)! min-!. This catalytic activity falls
between the levels of activity observed for the Chioro-
bium and Chromatium FSDH [304 and 7 mol cyt ¢ (mol
of flavocytochrome ¢)~! min~!, respectively] (Yamanaka
and Fukumori 1980). An apparent sulfide turnover rate
(k) of 1.8 s7! was calculated. The V,,, value reflects
only approximately 1% of the maximum in vivo activity
as calculated from oxygen uptake experiments using sul-
fide as a substrate [2.0 + 0.2 wmol O, (mg protein)™!
min~']. The low V,,, value and sulfide turnover rate
clearly do not reflect in vivo rates, which is probably due
to the use of an artificial electron acceptor in the in vitro
assay. Indeed, preliminary results with purified soluble
cytochrome ¢ from Thiobacillus sp. W5 showed tenfold
higher activities.

299

1/V (gmol mg -tmin -1)-1

-1 -0.5 0
8] (M)

Fig.4 Substrate concentration dependence of the purified flavocy-
tochrome ¢ sulfide dehydrogenase. Data are shown in a Line-
weaver-Burk plot. @ Horse-heart cytochrome ¢ dependence; sul-
fide was maintained constant at 20 pM. O Sulfide dependence;
horse-heart cytochrome ¢ was maintained at 50 UM

Substrate specificity

Reduction of horse-heart cytochrome ¢ was not observed
when thiosulfate, tetrathionate, trithionate, pentathionate,
sulfite or sulfur replaced sulfide as the substrate in the
FSDH enzyme assays. The addition of polysulfide (S235. )
resulted in an initial reduction rate of half that found with
sulfide. However, it was observed that the oxidation of 1
mol of polysulfide resulted in the reduction of only 0.04 +
0.02 mol of cytochrome c. The possibility that this cy-
tochrome ¢ reduction was due to trace amounts of sulfide
in the polysulfide solution cannot be excluded. Aerobic
cultures of Thiobacillus sp. W5 are capable of rapidly ox-
idizing polysulfide to sulfate. The inability of the enzyme
to oxidize polysulfide to equivalent amounts of sulfur in-
dicates that accessory proteins are required in addition to
the FSDH, or that a totally different enzyme is responsible
for the oxidation of polysulfides. Sulfide, thus, appears to
be the sole substrate for the enzyme.

Effect of inhibitors on the flavocytochrome ¢ sulfide
dehydrogenase activity

The enzyme was not inhibited by sodium azide, the sul-
fydryl binding reagent N-ethylmaleimide and the chelat-
ing agent EDTA. Heating the enzyme to 80°C for 2 min
resulted in total loss of activity.

The addition of 25, 100 or 500 uM cyanide to an assay
containing approximately 2 ug enzyme resulted in 5, 75
or 95% inhibition, respectively. Cyanide has been re-
ported to inhibit the enzymes of the phototrophic sulfur
bacteria, when it became virtually irreversibly bound to
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Fig.5 Difference absorption spectrum of air-oxidized + cyanide
minus air-oxidized flavocytochrome ¢ sulfide dehydrogenase from
Thiobacillus sp. W5. The cuvette (200 ul) contained approxi-
mately 14 ug enzyme and 100 uM cyanide

the flavin (Yamanaka and Kusai 1976). UV/visible spec-
troscopy revealed that the addition of cyanide to air-oxi-
dized Thiobacillus sp. W5 FSDH resulted in spectral
changes that were also observed with the FSDH of the
phototrophic bacteria. The air-oxidized + CN- minus air-
oxidized difference spectrum (Fig.5) showed troughs at
280, 359, 456 and 479 nm that were due to the loss of ab-
sorption of oxidized flavin. The peaks at 315 and 395 nm
can be attributed to an N-5 adduct formed between the
cyanide and the flavin. The broad increase between 600
and 800 nm is probably a consequence of charge transfer
from the adduct to a protein component (Meyer and
Bartsch 1976). The addition of sulfite and thiosulfate
(both 2 mM), which also have been shown to form flavin
ligands with flavocytochromes ¢, decreased enzyme activ-
ity by 50 and 30%, respectively.

Electron transfer stoichiometry

The electron transfer stoichiometry was determined with
the standard enzyme assay under anoxic conditions in or-
der to minimize the effect of the chemical oxidation of
sulfide. On the basis of an extinction coefficient for horse-
heart cytochrome ¢ of 19.6 mM-! cm™! at 550 nm, it was
calculated that the oxidation of 1 mol of sulfide resulted in
the reduction of 1.95 + 0.09 mol of horse-heart cy-
tochrome c. This shows that approximately two electrons
per molecule of sulfide are transferred by the enzyme to
the electron acceptor. Thus, it is most likely that zero-va-
lent sulfur is the product (HS~ — S°+ H* + 2¢-). Similar
reaction stoichiometry has been observed for the FSDH of
the phototrophic sulfur bacteria, which are known to pro-
duce elemental sulfur intracellularly or extracellularly. In
1974, Suzuki suggested that zero-valent sulfur is an inter-
mediate in the oxidation of sulfide by most thiobacilli.
Isolation of an apparently sulfur-producing enzyme from
Thiobacillus sp. WS, as reported here, supports this hy-
pothesis.

Sulfide quinone reductase activity in Thiobacillus sp. W5

Recently, sulfide quinone reductase (SQR) activity has
been observed in crude extracts of Thiobacillus sp. W5
with ubiquinone-2 as an acceptor (J. M. Visser, unpub-
lished results). FSDH of Thiobacillus sp. W5 did not
show activity with the quinone acceptor. Chlorobium has
also been shown to have both SQR and FSDH activities
(Shahak et al. 1992). It has been proposed that SQR plays
a major role in sulfide-dependent, anoxygenic photosyn-
thesis (Arieli et al. 1994), but this is obviously not the
case in the obligate chemolithoautotrophic Thiobacillus
sp. W5. The physiological significance of the possession
of two enzymes with apparently the same function in
Thiobacillus sp. W5 is currently being studied.
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