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ABSTRACT

The oxidation of elemental sulfur by Thiobacillus thiooxidans was studied with
and without inhibitors, 2-n-heptyl-4-hydroxyquinoline N-oxide (HQNO) and N-
ethylmaleimide {NEM), for stoichiometry of substrate, total amount of oxygen consumed
and oxidation Intermediates. Sulfur-oxidizing enzyme was inhibited by NEM. The
inhibition by NEM was time-dependent. Elemental sulfur was stoichiometrically oxidized
to sulfite by 7. thiooxidans in the presence of HQNO at wide range of pH from 2.5 10
9.0 with equimolar oxygen consumption. At an acidic pH, sulfur oxidation was inhibited
by accumulating sulfite. The amount of sulfite accumulated at pH 6.5 was proportional
to the amount of cells. When the cells were oxidizing sulfur in the presence of reduced
glutathione (GSH) or sulfite, there was thiosulfate formation at a pH near or above
neutrality. Cell-free extracts oxidized sulfur in the presence of GSH producing both
sulfite and thiosulfate.

A sensitive and quantitative analytical method for determinating elemental suifur
in a biological system was developed. Elemental sulfur was determined after extraction
with petroleum ether by cyanolysis and ferric thiocyanate color formation in acetone.
The method was successfully applied to show that sulfide was oxidized by T. thiooxidans
to elemental sulfur nearly stoichiometrically when further oxidation of elemental sulfur
was inhibited by N-ethylmaleimide. Kinetic studies of sulfide oxidation were alsc
investigated.

Oxidation of thiosulfate by 7. thiooxidans grown on sulfur was studied in intact

cells and cell-free extracts. Thiosulfate was oxidized to tetrathionate by cells treated with



N-ethylmaleimide (NEM) at a pH optimum of 2.3, Cell-free extracts also oxidized
thiosulfate at the same pH optimum. Tetrathionate oxidation by 7. thicoxidans was
completely inhibited by NEM. The pH optimum of the tetrathionate Gxidatién was 3.0,
Both thiosulfate and tetrathionate were oxidized to sulfite level in the presence of HQNO.
The cells with or without NEM-treatment showed two K, for thiosulfate while the cell-
iree system showed only one K. The K,, for thiosulfate generally increased with
increasing pH. A soluble thiosulfate-oxidizing enzyme system with an optimum pH
around 2 was extracted from intact cells at pH 2.5 in the presence of 1 M ammonium
sulfate by passage through a French pressure cell. A native cytochrome ¢ which was
reduced by thiosulfate at pH 2.5, and a compound which reduced horse heart cytochrome
¢ at a neutral pH but required sulfite at an acidic pH were also found in this acidic

extracts.
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GENERAL INTRODUCTION

Thiobacilli are chemoautrophic microorganisms which are capable of oxidizing
reduced inorganic sulfur compounds such as sulfur, sulfide and thiosulfate to sulfate.
Energy derived from the oxidation of reduced sulfur compounds can be used for
assimilating atmospheric carbon dioxide so as 1o synthesize cellular materials.
Thiobacilli are further classified as obligate, facultative and mixotrophic depending upon
the extent of utilization of organic compounds as a source of nutrition and energy. In
addition, thiobacilli are also simply divided into two different major groups, acidophilic
and neutroplhilic thiobacilli, according 1o their growth pH.

T. thiooxidans belongs to the group of acidophilic thiobacilli. This bacterium is
an obligate chemoautotroph which can derive its energy through the oxidation of
elemental sulfur to sulfuric acid. In spite of the apparent simplicity of the nutritional
requirements of T. thiooxidans, the organism is known to be very complex and
sophisticated physiologically and biochemically. In addition, 7. thicoxidans is one of the
well-known slow growing bacteria with low cell yields, with a generation time of about
8 hr and a cell yield of 400 mg/L after 7 days (Suzuki er al. 1989). Although 7.
thiooxidans has been extensively studied and characterized over the last three decades,
there is still no clear understanding on the oxidative mechanism of inorganic sulfur
compounds: elemental sulfur, sulfide, thiosulfate and tetrathionate. Earlier investigations
with mtact cells, celi-free extracts or purified individual enzymes have been abie to
elucidate only basic outlines of the mechanism of inorganic sulfur compound oxidation.

Most recent studies on the oxidation of sulfur compounds have been focused on other



closely related species, T. ferrooxidans and T. acidophilus. It is probable that T
Jerrooxidans is the principal organism involved in microbial metal leaching in industrial
applications. The cell yield of 7. acidophilus, a facultative acidophile, is much higher
than 7. thiooxidans, an important factor for enzyme purification. Despite its low cell
yield and slow growth, 7. thiooxidans is the best obligate acidophile mode! to study the
metabolism of different reduced inorganic suifur compounds. The organism can derive
energy for growth only through the oxidation of these compounds. T ferrooxidans can
use ferrous ions and 7. acidophilus can use organic compounds. It is known that 7.
thiooxidans is one of the key microorganisms in the cause of concrete corrosion and acid
mine drainage problems. These are important issues in environmental research today.

The objective of this dissertation has been an attempt to dissect the oxidative
pathways of the metabolism of elemental sulfur, sulfide, thiosulfate and tetrathionate by
measuring the oxidative intermediates, stoichiometry of substrates and total oxygen
consumption in the acidophilic sulfur oxidizer, T. thiooxidans, using two different kinds
of metabolic inhibitors.  They are N-ethylmaleimide (NEM) and 2-n-heptyl-4-
hydroxyquinoline N-oxide (HQNQO). NEM is a sulthydryl-binding inhibitor which
specifically binds to the sulthydryl groups of the enzyme protein thus inhibiting the
oxidation of sulfur. Sulfite oxidation is inhibited by HQNO, an inhibitor of cyt b-c,
complex in the electron transport system. Finally, a hypothetical model of elemental

sulfur, sulfide, thiosulfate and tetrathionate oxidation is proposed.

[}



REVIEW OfF LITERATURE

Historical background of the genus Thisbacillus

Winogradsky established the fundamental principle of chemeliithotrophic
autotrophy in bacteria when he published reports on sulfur-oxidizing bacteria in 1888,
Chemoautotrophs, by his definition, were organisms capable of synthesizing all their
organic compounds needed for growth without the aid of sunfight. They could derive
all their energy from the oxidation of reduced or incompletely oxidized inorganic
compounds. Atmospheric carbon dioxide alone would be used as the carbon source, and
organic compounds would be utilized partly if at all. There has been much progress in
solving the mysteries of autotrophy since Winogradsky discovered this phenomenon.
Subsequent work by Nathansohn on the Beggiaroa species led to the discovery and
naming of the genus Thiobacillus in 1904 by Beijerinck (Paine 1987). The first sulfur-
oxidizing autotrophic bacterium studied by Nathansonhn and Beijernick was named
Thiobacillus thioparus in accordance with its most characteristic property of forming a
pellicle of elemental sulfur (thium=sulfur, para=to produce). T. thioparus was the type
species of the Thiobacillus. The bacteria in this family were characterized on their
ability to derive their energy from the oxidation of elemental sulfur and inorganic sulfur
compounds. The individual members of this family were distinguished from each other
on the basis of their obligation to use carbon dioxide as the sole carbon source (obligate
or facultative autotroph), their utilization of atmospheric oxygen as the term'inal electron
acceptor, their tolerance to pH, and the variety of their inorganic energy sources. The

members of the genus Thiobacillus were small (0.5 by 1.3 um), Gram-negative,



generally motile, non-sporulating rod-shape bacteria which inhabited a wide variety of
marine, freshwater and terrestrial environments. All were capable of autotrophic growth
and most of them oxidized elemenial suifur, sulfide thiosulfate and tetrathionate to

sulfate.

Discovery and physiclogy of Thiobacilius thiooxidons

The first isolation of 7. thicoxidans in pure culture and study of its morphology
was carried out by Waksman and Joffe in 1922. This bacterium was found to be an
obligate chemoautroph deriving its energy and reducing power for growth from the
oxidation of elemental sulfur and synthesizing all the cellular carbon by assimilation of
atmospheric carbon dioxide. Starkey (1925) further studied and characterized this
bacterium in more detail. He also developed different growth media which are still used
today. One of the growth media, Starkey medium 1, was used in this entire research
project.

Classification of thiobacilli into species is based on physiological properties,
different DNA nucleotide composition, and fatty acids composition of the cell wall. 7.
thiooxidans 15 classified to the group named écidophiiic thiobacilli. Among the group
members, Thiobacillus acidophilus and Thiobacillus ferrooxidans belong to this group.
T. ferrooxidans is a well-documented species which is important in microbial metal
leaching. The difference between T. ferrooxidans and T. thicoxidans is that the former
one can derive energy from the oxidation of ferrous ion while 7. acidophilus is a

facultative acidophilic sulfur oxidizer. Morever T. thicoxidans is unique in its ability to



withstand extremely acidic conditions at a pH less than 1.0. The bacterium is a small
rod-shaped cell, Gram-negative, motile by means of a single polar flagellum, non-spore-
forming and a strict aerobe. It lives freely in the soil or in water. The optimum pH
range for growth is from 2.0 to 3.5 and optimum temperature range for growth is around
28 to 30 °C. Of all the thiobacilli studied to date, T. thicovidans has the lowest
recorded DNA G+C content: 52.0-53.0 mole % (Karavaiko 1988). T. ferrooxidans and
T. acidophilus have higher values, 55.0-57.4 and 62.9-63.2 mole % respectively. On the
basis of this, as well as its membrane lipid composition, it has been classified as a class
Il thiobacillus. To date, 7. #hiooxidans 1s the only organism to occupy this class

(Vishniac 1974).

Oxidation of elemental sulfur, sulfide, thiosulfate and tetrathionate oxidation by 7.
thivoxidans

One of the requirements for a bacterial species to be included in the genus
Thiobacillus 1s its ability of obtaining energy from the oxidation of elemental sulfur and
other reduced inorganic sulfur compounds. Although the exact pathway for the oxidation
of reduced sulfur compounds by these organisms remains in doubt and different species
of thiobacilli have different pathways, a generalized scheme for the oxidation of different
inorganic sulfur compounds was described in a review article written by Suzuki ef al.
{1994} where the oxidation sequence (S - SO,* = SO,”) forms the main pathway. Most
of the enzymes mentioned in the scheme have been either isolated or identified in 7.

thiooxidans (Bhella 1981; Lizama 1986). A similar sulfur oxidation pathway with a



requirement for Fe’™ had been proposed by a group of Japanese researchers {Sugio er al. -
1975). Under anaerobic conditions, T. ferrooxidans mediated sulfur oxidation with ferric
ion as the eleciron acceptor. This novel mechanism involved ferric ion-reducing and
ferrous 1on-oxidizing components. Two new enzymes, sulfur:ferric ion oxidoreductase
and sulfite:ferric ion oxidoreductase, had been isolated from iron-grown T ferrooxidans
(Sugio et al. 1983). Both had a pH optimum of 6 and were localized in the periplasmic
space of the cells.

| Elemental sulfur most commonly exists as a circular octet and is cleaved by
nucleophilic agents, which may be a sulfhydryl-coniaining organic compound or a
sulthydryl group on the surface of the cell (Suzuki and Silver 1966). This resulis in a
bound linear polysulfide of which the terminal sulfur atom can be oxidized by the sulfur-
oxidizing enzyme (Suzuki 1965a and 1965b; Suzuki and Silver 1966: Silver and
Lungdren 1968). The sulfite moiety thus formed can be hydrolyzed from the rest of the
molecule, enabling the next sulfur atom to be oxygenated. Sulfite is shown to be the
initiat end product of this oxygenation reaction through being trapped with formaldehyde
(Suzuki and Silver 1966; Siiver and Lundgren 1968) or by an active sulfite-oxidizing
system (Charles and Suzuki 1966a and 1966b). Despite the presence of the sulfur and
sulfite-oxidizing systems in 7. thicoxidans and intensive investigations into the many
aspects of sulfur metabolism in this organism over the past thirty years, the oxidative
pathway of elemental sulfur in this organism is still highly controversial. This
coniroversy is probably due to the reactive nature of the inorganic sulfur intermediates

which makes the direct demonstration of a partial oxidation reaction difficult.



T. thivoxidans is normally found in sulfur and sulfide deposits, acid waters and
springs (Pivovarova and Golovacheva 1985). Earlier studies of sulfide oxidation in T
thicoxidans with both intact celis and crude extracts led to the hypothesis that elemental
sulfur, rthiosulfate and polythionates were the intermediate products during oxidation of
sulfide to suifate (Parker and Prisk 1953; Vishniac and Santer 1957 and London and
Rittenberg 1964). The initial series of reaction in the sulfide oxidation appears to be cell
membrane-associated resulting in the formation of a linear polymeric chain of sulfur
atoms bound to a membrane lipoprotein fraction. This process is mediated by a copper-
containing protein, cytochromes and ubiquinone and is oxygen-dependent in T.
concretivorus, T. thioparus and T. thiooxidans (Moriarity and Nicholas 1969 and 1970).
This membrane-bound linear polysulfide can then be oxidized to sulfite, possibly in a
mechanism similar to that catalyzed by the sulfur-oxidizing enzyme. Although it has
been suggested that the reaction process occurs extracytoplasmically. the site of oxidation
of sulfide to elemental sulfur by sulfide oxidase has neither been demonstrated nor
isolated to date.

Depending on the species of Thiobacillus, three different, but not necessarily
mutually exclusive mechanisms of thiosulfate oxidation were observed. The first of
these mechanisms involved the formation of elemental sulfur and sulfate. But, it was
difficult to obtain a satisfactory stoichiometry between the disappearance of thiosulfate
and the formation of elemental sulfur and sulfate. The second proposed mechanism
involved polythionates as intermediate compounds since tetrathionate was readily detected

in growing cell cultures. The formation of tetrathionate in the oxidation process is



catalyzed by the thiosulfaie-oxidizing enzyme with ferricyanide and cytochrome ¢ as
electron acceptors (Aleem 1965; Lyric and Suzuki 1970a; Silver and Lundgren 1968;
Trudinger 1961a and 1961b). Further oxidation of tetrathionate had been postulated (o
involve the scission of the sulfite groups with intermediate formation of trithionate and
thiosulfate (Roy and Trudinger 1970; Sinha and Walden 1966). Although the detection
of polythionates in the culture medium seemed to support this postulate, it should be
understood that polythionates could be formed spontaneously from reduced sulfur
compounds (Kelly 1982). More recently, researchers in Kuenen’s laboratory were able
to isolate and purify trithionate hydrolase and thiosulfate dehydrogenase from T.
acidophilus (Pronk er al. 1990; Meulenberg er al. 1992 and Meulenberg er al. 1993a).
The third observed mechanism proposed that the thiosulfate was cleaved by the action
of rhodanese into colloidal sulfur and sulfite which were then oxidized to sulfate via the
sulfur- and sulfite-oxidizing systems to sulfate (Suzuki 1974).

Although many thiobacilli species are known to oxidize thiosulfate and the
metabolic mechanisms are well documented for T. ferrooxidans (Silver and Lundgren
1968), T. thioparus (Lyric and Suzuki 1970a, 1970b and 1970c), 7. novellus (Oh and
Suzuki 1977a and 1977b), T. versutus (Lu 1986) and T. acidophilus (Kuenen et al.
1993), little information is yet available on the mechanism of thiosulfate oxidation in T.
thiooxidans. In earlier studies, Tano ef al. (1968) found that thiosulfate was oxidized to
tetrathionate and an unknown oxidized sulfur compound by a cell-free particulate
preparation of 7. thiooxidans. Goodman and Ralph (1980) described a heat output in

microcalorimetric studies characterized by three maxima during thiosulfate oxidation by



I thiooxidans. Due 16 the fact that thiosulfate was exhausted after the second peak, they
assumed a transient accumulation of polythionate. In spite of the evidence presented
above 1o support the polythionate pathway, the proposal still suffers from a lack of direct
confirmation from experimental evidence and it is still not clear how this pathway
invoiving polyihionates as intermediates operates for the overall oxidation of thiosulfate
to sulfate. In addition, the key enzyme in this polythionate pathway-
thiosulfate:ferricyanide oxidoreductase (thiosulfate oxidizing enzyme)-has neither been
demonstrated nor isolated in T. thiooxidans.

Resting cell suspensions of acidophilic thiobacilli had been shown to oxidize
tetrathionate in 7. thiooxidans (London and Rittenberg 1964; Okuzumi 1966), in T.
Jferrooxidans (Sinha and Walden 1966; Eccleston and Kelly 1978) and in T. acidophilus
(Hazeu ef al. 1988; Meulenberg er al. 1993). London and Rittenberg (1964) had
demonstrated the appearance and utilization of polythionates during thiosulfate oxidation
with dialyzed Norit A-treated extracts of T. thiooxidans, and Okuzumi (1964) reported
that cell-free extracts of 7. thiooxidans catalyzed the formation of trithionate and
pentathionate from tetrathionate. However, doubt exists with regard to the formation of
trithionate and pentathionate. It is not known whether these compounds arise from the
physiological activities of these bacteria, or whether they arise through a non-biological
nucleophilic displacement reaction (Parker and Kharasch 1959; Foss 1961). Recently,
tetrathionate hydrolase was studied in cell-free extracts of 7. acidophilus by Meulenberg
et al. (1993b). This enzyme catalyzed the stoichiometric conversion of tetrathionate to

thiosulfate, sulfur and two protons presumably accompanying the sulfate formation; and



the pH optimum of the enzyme activity was 3.0, To date, the mechanism of tetrathionate
oxidation in 1. thicoxidans is still not very clear. Suzuki er af. (1994) suggested that
tetrathionate oxidation involved both the sulfane (-S-} and sulfonic acid (-SO,H) portions
through the suifur- and sulfite- oxidizing systems respectively. The oxidation via that
pathway can be described by the equation: Na,5,0, + 340, + H,0 - Na,SO, +
3H,S0,, i.e. each of the four sulfur atoms of tetrathionaie is oxidized to sulfate.
However, no evidence exists to support the stoichiometric oxidation of tetrathionate in

T. thiooxidans.
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PART ONE

Sulfur oxidation by Thiobacillus thisoxidans.
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ABSTRACT

The oxidation of eiemental sulfur by Thiobacilius thivoxidans was studied with
and without inhibitors, 2-n-heptyl-4-hydroxyquinoline N-oxide (HQNO) and N-
ethylmaleimide (NEM), for sioichiometry of subsirate, total amount of oxygen consumed
and oxidation intermediates. Sulfur-oxidizing enzyme was inhibited by NEM. The
inhibition by NEM was time-dependent. Elemental sulfur was stoichiometrically oxidized
to sulfite by T. thiooxidans in the presence of HQNO at wide range of pH from 2.5 1o
9.0 with equimolar oxygen consumption. At an acidic pH, sulfur oxidation was inhibited
by accumulating sulfite. The amount of sulfite accumulated at pH 6.5 was proportional
to the amount of cells. When the cells were oxidizing sulfur in the presence of reduced
glutathione (GSH) or sulfite, there was thiosulfate formation at a pH near or above
neutrality. Cell-free extracts oxidized sulfur in the presence of GSH producing both

sulfite and thiosulfate.
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INTRODUCTION

‘The first isolation of Thichacillus thiooxidans in pure culture and the study of its
morphology was carried out by Waksman and Joffe in 1922. This bacterium was found
o be an obligate chemoautotroph deriving its energy and reducing power for growth
from the oxidation of elemental sulfur and synthesizing all the cellular carbon by
assimilation of atmospheric CO,. The oxidation of sulfur to sulfuric acid by 7.
thivoxidans with sulfite as the key intermediate was proposed by Suzuki (1974) on the
basis of the sulfur-oxidizing and sulfite-oxidizing enzyme systems: §° + Q, + H,0 —
H,50; and H,50; + 20, = H,80,. Despite the presence of sulfur- and sulfite-oxidizing
enzyme systems and intensive investigations into many aspects of sulfur metabolism in
this organism over the past thirty years, the mechanism of elemental sulfur oxidation in
this organism is still controversial. This controversy is probably due to the reactive
nature of inorganic sulfur intermediates, which makes the direct demonstration of a
partial oxidation reaction difficult. Fortunately quantitative sulfur oxidation to sulfite can
be successtully demonstrated in T. thiooxidans in the presence of 2-n-heptyl-4-
hydroxyquinoline N-oxide (HQNO), an inhibitor of sulfite oxidation; that is, the two
oxidative steps can be uncoupled from each other.

This report presents direct evidence that sulfite is the oxidation product of
elemental sulfur oxidation in 7. rhicoxidans when the further reaction of sulfite is
inhibited. Both intact cells and cell-free extracts of T. thivoxidans are used for this

demonsiration.
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MATERIALS AND METHODS

Urganism

T thisoxidans (ATCC 8085) was grown on elemental sulfur for § days at 28°C
with 2.5% (vol/vol} inoculum in Starkey’s medium [, with the following composition
(per lire}: 0.3 g (NH,),80,, 3.5 g KH,PG,, 0.5 g MgS0,.7H,0, 0.25 ¢ CaCl, and 18 mg
FeSO,. 7TH,0 per liter and adjusted to pH 2.3 with sulfuric acid. One liter of medium was
placed in a 2.8-L Fernbach flask and after autoclaving and inoculation, 50 g of powdered
sulfur (BDH, precipitated sulfur) was spread evenly on the surface. The flask was
incubated without shaking. After growth, sulfur was removed by filtration through a
Whatman No. 1 filter paper under suction and cells were collected by centrifugation at
12,000 x g for 20 min. Cells were washed two times with, and suspended in, distilled

water (adjusted to pH 3 with H,SO, ) at a concentration of 20 mg wet cells per mL.

Preparation of Sulfur Suspension

The colloidal sulfur suspension used as substrate for the sulfur-oxidizing enzyme
was prepared as foliows: 32 g of precipitated sulfur (BDH; low in iron) was suspended
in 100 mL of distilled water containing 0.05% Tween-80. After vigorous stirring for 2

hours, the sulfur suspension was stored at 4°C.

Preparation of Cell-Free Extracts
Harvested cells of T, thicoxidans were washed once with 0.5 M Tris-HC! buffer

{pH 7.8), suspended at a cell concentration of 20 mg/mL in the same buffer and stirred
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overnight at 4°C. The cell suspension was centrifuged for 20 min at 12,000 x g, and the
pellet reconstituted as a 15% (W/V) suspension in 0.5 M Tris-HCI buffer (pH 7.8). This
cell suspension was passed three times through a French pressure cell at 110 MPa and
then centrifuged for 20 min at 48,000 x g to remove the bulk of cell debris. The
supernatant was termed as crude "cell-free extracts”. The fraction of the cell-free
extracts was centrifuged for 1% hours at 105,000 x g. After ultracentrifugation of the
cell-free exiracts, a brownish supernatant was obtained. Selective protein precipitation
using ammonium sulfate was carried out as described by Schleif and Wensink (1981).
After ammonium sulfate precipitation and centrifugation, the pellet was resuspended in
0.1 M sodium phosphate buffer pH 6.5. The suspended fraction was dialyzed against .

the sample phosphate buffer at 4°C overnight in order to remove the ammonium sulfate.

Sulfite Determination
Sulfite formed was determined by using the pararosaniline method according to

West and Gaeke (1956} after removal of cells and sulfur by centrifugation.

Thiosulfate Determination

The reaction was stopped by the addition of 0.1 mL of 1 M cadium acetate.
After centrifugation to remove sulfur, protein and glutathione (GSH), the supernatant was
used for the colorimetric determination of thiosulfate by the method as described by
Sérbo (1957). To 1.2 mL sample containing 0.01 to 1.0 umol of thiosulfate, the

following reagents were added in this order: 2.0 mL of 0.2 N NH,OH, 1.2 mL of water,
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0.5 mL of 0.1 M KCN, 0.3 mL of 0.1 M CuCl,, and 0.5 mL of ferric nitrate reagent
(20% Fe(NO,); in 3 N HNO,). After 15 min of incubation, the optical density was
measured in a Klett-Summersion colorimeter with a No. 42 blue filter. A blank reading
was obtained by adding to KCN, Cu{l, followed by ferric nitrate reagent and the sample
containing NH,OH. The values were read from a standard curve obtained by using

known amounts of thiosulfate.

Assay for Sulfur Oxidation
Intact Cells

Suifﬁr oxidation was assayed by measurement of oxygen consumption at 25°C in
a thermostated vessel equipped with a Teflon-covered Clark oxygen electrode (a Gilson
Oxygraph). Unless otherwise indicated, the reaction mixture for sulfur oxidation
contained the following in a total volume of 1.2 mL: 50 mM phosphate buffer, various
amounts of wet cells and 30 mg S°. When the stoichiometry of sulfur oxidation was
studied, powdered suifur was dissolved in dimethylsulfoxide (DMSQO) and microliter
volumes were injected to start the reaction (Fig. 1).
Cell-Free Extracts

The reaction mixture was the same as described in intact cells except that 6 pmol
GSH was present and the pH was 6.5. The reaction was started by the addition of GSH
(0.1 M solution) 1o the rest of the reaction mixture. Enzymatic sulfur oxidation rates

were always corrected for non-enzymatic oxidation rates of GSH and sulfur.
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Protein Determination
Protein contents of all the fractions were determined by the colorimetric method
of Lowry er al. (1951). Crystailine bovine serum albumin was used as the reference

protein.

Centrifugations

Low speed centrifugations were performed in a Sorvall superspeed RC-2R
refrigerated centrifuge at 4 °C. The uliracentrifugation of cell-free extracts was carried
out in a Beckman L3-50 refrigerated ultracentrifuge (4°C) using a 60 Ti rotor at 105,000

x g for 2 hours to yield the supernatant and pellet fractions.
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RESULTS

frtact Cells
Effect of pB

I. thiooxidans oxidized powdered suifur at a wide range of pH values as shown
in Table 1 and HONO inhibited the oxidation more strongly at lower pH’s. There was
no sulfite accumulation in the absence of HQNO, bur in its presence sulfite accumulated
in equimolar quantities to the amount of O, consumed. When the amount of sulfur as
substrate was limited, the molar ratio of sulfur added : O, used : sulfite formed was
1:1:1, agreeing with the equation : $° + O, + H,0 —= H,SO; at pH 7.0 in the presence
of HONO (Fig. 1). At pH 2.3, the oxidation was incomplete and the O, consumption
rate decreased progressively due to the inhibition by accumulated sulfite (Fig. 1).
Therefore at this pH, the amount of sulfite recovery was lower. In the absence of
HONO, very little sulfite accumulated and the amount of O, consumed was
approximately 1.5 times the amount of sulfur oxidized in moles which is in agreement

with the complete oxidation of sulfur to sulfate: §° + 1240, + H,0 - H,S0,.

Effect of reduced glutathione

Reduced glutathione is strictly required in sulfur oxidation in cell-free extracts of
T. thiooxidans {Suzuki 1965). Intact cells oxidized elemental sulfur without GSH (Table
1), nevertheless GSH increased the rate of O, consumption (Table 2). | Thiosulfate
accumulated only at pH above 7 in the presence of reduced glutathione during sulfur

oxidation by T. thiooxidans (Table 2). The amount of thiosulfate accumulation was



higher than that of the reaction mixture without cells. Sulfite determination was
hampered by the interference due to the chemical reaction between sulfur and GSH at
higher pH ranges. Therefore the values in Table 2 cannot be considered as sulfite

formed.

Effect of sulfite
Some thiosulfate formation was observed from sulfur and suifite (8° + H,SO, —
H,5,0;) in the presence of T. thiooxidans at a pH above neutrality (Table 3). Sulfite

inhibited the sulfur oxidation at acidic pH values as expected.

Effect of different amounts of wet cells
Sulfur oxidation rate increased linearly with increasing concentrations of cells
(Table 4). In the presence of HQNO, the amount of sulfite accumulated during sulfur

oxidation was also proportional o the amount of T. thiooxidans added.

Celi-Free Systems
Effect of different amounts of cell-free extracts

The rate of sulfur oxidation in the presence of GSH increased linearly with
increasing amounts of cell-free extracts (Table 5). Both sulfite and thiosulfate were
found in the reaction mixtures and the combined amounts were often close to the amounts

of O, consumed.
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Hffect of N-ethylmaleimide (NEM)

The sufur-oxidizing enzyme was inhibited by sulthydryl-binding reagent, M-
ethylmaleimide (NEM). The inhibition of this enzyme was time-dependent (Table 6).
The formation of thiosulfate as well as the consumption of O, decreased rapidly after 15
minutes of preincubation. The inhibition was nearly complete afier 60 minutes of

preincubation.
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DISCUSSION

Thiobacillus thiooxidans oxidized elemental sulfur equally well either at an acidic
pH, which was required for growth, or at a neutral pH, at which no growth was possible
(Table 1). Various researchers reported 2-n-heptyi-4-hydroxyquinoline N-oxide (HQNO)
or antimycin A to be a strong inhibitor of sulfite oxidation in celi-free systems of
thiobacilli (Adams er al. 1971; Kodama er al. 1970; Takakuwa 1976 and Tano et al.
1982). The oxidation of elemental sulfur by 7. thiooxidans was inhibited by HQNO
more strongly under acidic conditions (Table 1 and Fig. 1). Since sulfite was inhibitory
to sutfur oxidation only at an acidic pH (Table 3), the inhibition of sulfur oxidation by
HQONO was thought to be at the level of sulfite oxidation. The oxidation of suifur in the
presence of HQNC would be expected to slow down as the concentration of sulfite
~increased with time during sulfur oxidation under acidic conditions. The results shown
in Fig. 1 and Table 1 agreed with this interpretation.

Although no thiosulfate accumulated during the oxidation of sulfur alone by 7.
thivoxidans in Table 1, these cells accumulated thiosulfate when sulfur was oxidized in
the presence of GSH (Table 2} or sulfite (Table 3) at a pH near or above neutrality.
Since the rate of thiosulfate formation was faster than the chemical rate (Table 2}, the
cells musi have catalyzed the condensation reaction: §° + H,SO; — H,S,0;. Imai ef al.
(1962) reported such a reaction with 7. thiooxidans and crude extracts. The combined
amounts of sulfite and thiosulfate often exceeded the amounts of oxygen consumed
indicating the overestimation of sulfite due to interference of GSH in the reaction system

(Table 2). Cell-free extracts of T. thicexidans oxidized powdered sulfur in the presence
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of reduced glutathione and the rate of oxidation increased linearly with increasing
amounts of cell-free extracts (Table 5). The results support the interpretation that cell-
free extracts, in the presence of GSH, oxidized sulfur to sulfite and élsa formed
thiosulfate from sulfur and sulfie. NEM inhibits the oxidation of sulfur by T,
thivoxidans (Kodama and Mori 1968). Our experimenis confirmed their results (Table
6). A sulfur-oxidizing enzyme of Desulfurolobus ambivalens, a thermophilic
archaebacterium, had been found to be inhibited by sulfhydryl-binding reagents (Kletzin
1989). Inhibition of the sulfur-oxidizing enzyme by NEM (Table 6) suggests that the site
of NEM binding may be [ocated on the sulfur-oxidizing enzyme.

The direct demonstration of elemental sulfur oxidation to sulfite in 7. thicoxidans
establishes the central role of sulfite in inorganic sulfur metabolism. The results reported
in this paper support the pathway of sulfur oxidation in Thiobacillus thiooxidans as: S +
0O, + H,0 = H,SO; as well as the formation of thiosulfate by a secondary reaction: S

+ 80,” = 5,50," especially at a pH near or above neutrality.
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Table 1. Effect of pH and HONOG on sulfur oxidation by 7. thivexidans®.

pH
25 30 40 350 60 6.5 7.5 8.0 8.5 5.0
- HOQNG
O, consumed 95 115 113 115 1200 130 110 130 90 95
(nmol)
Sulfite formed 0 0 0 4 0 0 0 0 0 0
(nmol)
Thiosulfate 0 0 0 O 0 0 G 0 0 0
formed (nmol)
Rate i9.2 23,1 225 227 240 257 220 262 180 19.2
(nmot O,/min)
+ HOQNO
O, consumed 13 31 52 63 71 83 74 60 56 49
(nmol)
Sulfite formed 13 30 65 74 88 80 70 63 50 38
{hmol)
Thiosulfate 0 0 0 0 0 0 0 0 0 0
formed (nmol)
Rate 40 7.0 129 160 17.7 196 164 143 14.0 11.5
(nmol O,/min)

* 1.2 mL reaction mixtures containing 50 mM potassium phosphate buffer, 1 mg wet cells, 30
mg sulfur were followed in a Gilson oxygraph at 25 °C for 5 min. ‘When indicated, 10 pg
HQNO was present.
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Table 2, Effect of pH on sulfur oxidation by T. thicoxidans in the presence of reduced
glutathione®,

pH
25 30 40 50 6.0 6.5 7.5 8.0 8.5 9.0

— Wet cells

O, consumed
(nmol}

Sulfite found® 0 0 0
{nmol)

0 5 72 2200 295 305 315

Thiosulfate 0 ¢ 0 0 0 0 0 3 15 5
formed (nmol)
Rate 24 24 24 24 24 3.1 975 125 115 145

(nmol OQ,/min)

+ Wet celis

G, consumed 240 239 244 252 255 271 257 208 219 208
{nmol)

Sulfite found® G 0 O 0 O 40 170 288 210 190
(nmol)

Thiosulfate 0 0 0 0 0 15 50 80 00 a0

formed {nmol)
Rate 55.5 555 58,5 585 540 64.0 57.0 46.0 500 54.0

(nmol O,/min)

* 1.2 mL reaction mixtures containing 50 mM potassium phosphate buffer, 1 mg wet cells, 6
pmol reduced glutathione (GSH) and 30 mg sulfur were followed in a Gilson oxygraph at 25 °C

for 5 min,

* GSH reduced chemically with elemental sulfur near and above neutral pH ranges producing

compounds (possibly polysulfides) which reacted with pararosaniline giving false high sulfite

values.



Table 3. Effect of pH on sulfur exidation by 7. thivoxidans in the presence of sulfite®.
pH
25 3.0 406 50 6.0 &5 7.5 8.0 8.5 9.0

- Wet cells

G, consumed 4 4 4 4 4 4 4 4 4 4

(nmol)

Sulfite found 295 270 290 290 263 275 213 245 225 210

{nmol)

Thiosuffaie 0 0 0 0 0 0 0 0 0 0
formed (nmol)

Rate 0.7 0.7 07 07 07 07 07 07 0.7 0.7
{nmol O,/min)

+ Wet cells

0O, consumed 6 8 32 114 244 276 118 08 88 68

(nmol)

Sulfite found 262 260 310 245 245 275 225 205 205 195

(nmol)

Thiosulfate 0 ¢ 0 0 0 0 10 38 50 35
formed (nmol)

Rate 1.6 067 7.9 30.0 50.8 504 29.6 240 240 202

{(nmol O,/min)

* 1.2 mL reaction mixtures containing 50 mM potassium phosphate buffer, 1 mg wet cells, 0.3

pmol SO, and 30 mg sulfur were followed in a Gilson Oxygraph at 25 °C for 5 min.
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Table 4.

Effect of different amounts of 7. thiooxidans on sulfur oxidation®.

Amount of wet cells {mg)

0.0 0.2 0.4 0.6 0.8 1.0
— HONO
O, consumed (nmol) 0.0 74 148 214 265 296
Suifite formed (nmol) (.0 21 21 20 20 20
Rate (nmol O,/min) 0.0 17.2 31.8 49.5 58.0 70.5
+ HONO
0O, consumed (nmol) 0.0 56 160 146 168 184
Sulfite formed (nmol) 0.0 65 115 180 210 275
Rate (nmol O,/min) 0.0 12.9 22.2 29.6 37.2 35.7

* 1.2 mL reaction mixtures containing 50 mM potassium phosphate buffer at pH 6.5, different

amounts of wet cells, 30 mg sulfur in a Gilson Oxygraph at 25 °C for 5 min. HQNO (10 pg)

was present when indicated.
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Table 5. Effect of different amounts of cell-free extracts of 7, thivoxidans on sulfur

oxidation®.
Amount of cell-free extracts {(mg)
0 0.24 0.48 0.96 i.2 1.44 1.92 2.40
Sulfite found 50 75 107 144 151 175 206 200
(nmol)
Sulfite formed® 0 25 57 94 161 125 150 150
{nmol)
Thicsulfate formed 0 0 13 56 o4 106 113 153
(nmol)
0O, consumed 80 50 76 122 133 156 2063 271
(nmol}
Rate g 5.8 82 14.6 16.2 18.8 24.6 31.6
{nmol O,/min)

* 1.2 mL reaction mixtures containing 0.1 M sodium phosphate buffer at pH 6.5, amount of cell-
free extracts protein as shown, 6 umol GSH, 30 mg sulfur were followed in a Gilson Oxygraph
at 25 °C for 10 min,

* Sulfite formed was calculated by substracting the sulfite value found in the chemical system
from those found in the presence of cell-free extracts.
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Effect of N-ethybmaleimide on sulfur oxidation by the ammonium sulfate

Table 6.
fraction of 7. thivoxidans extracts®.
Preincubation time (min)
No NEM 15 30 45 60 90
control
- 80% (NE,),.S0, ppt.
Thiosulfate formed 12 12 10 10 10 10
{nmol)
O, consumed 20 20 20 20 20 20
(nmol)
Rate 2.8 2.8 2.8 2.8 2.8 2.8
{nmol O,/min)
+ 80% (NHp,SO, ppt.
Thiosulfate formed 163 45 12 12 12 12
{(nmol)
O, consumed 200 75 40 30 30 30
(nmol)
Rate 23.7 7.6 4.7 4.1 3.6 3.6
(nmol O,/min)

* The reaction mixture was the same as that described in Table 5 except that the 80%
ammonium sulfate precipitate (50 pL, 0.8 mg protein ) containing the sulfur-oxidizing enzyme

was preincubated with 0.5 uL of 0.1 M NEM.
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Figure 1.

Effect of HONO on the O, consumption and sulfite
formation in the sulfur oxidation by 7. thivoxidans.

The O, consumption was followed in a Gilson Oxygraph
at 25 °C with 1.2 mL reactior mixtures: 50 mM
potassium phosphate buffer (pH 2.3 or 7.0}, 4 mg wet
cells, 20 pg HOQNO when indicated. The reaction was
initiated with the addition of 20 L DMSQO solution (5.1
pg = 160 natom sulfur) as indicated by an arrow.
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PART TWO

Quantitative extraction and determination of elemental sulfur and steichiometric

oxidation of sulfide to elemental sulfur by Thiobacillus thicoxidans.

39



ABSTRACT
A sensitive and quantitative analytical method for the determination of elemensal
suifur in a biological system was developed. Elemental sulfur was determined after
extraction with petroleum ether by cyanolysis and ferric thiocyanate color formation in
acetone. The method was successfully applied to show that sulfide was oxidized by
Thiobacillus thiooxidans to elemental sulfur nearly stoichiometrically when further
oxidation of elemental sulfur was inhibited by N-ethylmaleimide. Kinetic siudies of

sulfide oxidation were also investigated.
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INTRODUCTION

Sulfide oxidation in acidophilic thiobacilli has received litle or no attention
because of experimental problems relating to the high rate of spontaneous oxidation of
sulfide in combination with its low solubility at low pH values (Pronk ef al. 1990).
Perhaps for these reasons, pubiications on sulfide oxidation by acidephilic thiobacilli are
few and far between. To date, the exact mechanism of sulfide oxidation in acidophilic
thiobacilli has not yet been completely elucidated.

Earlier studies related to sulfide oxidation in Thiobacillus thiooxidans with both
intact cells and crude extracts led to the hypothesis that elemental sulfur, thiosulfate and
polythionates were the intermediate products during oxidation of sulfide to suifate (Parker
and Prisk 1953; Vishniac and Santer 1957: London and Rittenberg 1964; Roy and
Trudinger 1970). A sulfide-oxidizing system from T. thiooxidans exiracts was isolated
by Moriarty and Nicholas (1969, 1970 a and b) which was associated with the ceil
envelope. The K,, of this membrane-bound sulfide-oxidizing system was 2 pM.
Recently, it has been shown that sulfur was formed during oxidation of sulfide by T
Jerrooxidans (Hazeu er al. 1988 and Pronk er al. 1990). At present, it is generally
agreed that oxidation of sulfide is a two-stage process. Sulfide is probably oxidized to
sulfate through polysulfide and sulfite as intermediates. Sulfide loses two electrons
through the action of sulfide oxidase which is probably a copper-containing protein, and
the resulting sulfur atoms are polymerized. Polysulfide formed during thé first stage is
oxidized to sulfate. Thus the mechanism of sulfide oxidation in acidophilic thicbacilli

is analogous to that for the oxidation of colloidal sulfur (polysulfide) or elemental sulfur
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once sulfide is converted to the oxidation level of sulfur. This bound sulfur polymer may
be subsequently oxidized to sulfate by sulfur-oxidizing enzyme and sulfite oxidase via 2
mechanism similar to those described (Suzuki 1974; Pivovarova and Golovacheva 1985;
Kuenen ef al. 1993 and Suzuki er al. 1994).

In the above proposed pathway of sulfide oxidartion, sulfur is therefore one of the
main presumed intermediates. The precise measurement of elemental sulfur in biological
systems is difficult (Roy and Trudinger 1970), and this still hampers the complete mass
balance studies of inorganic sulfur metabolism (Perry er al. 1993). Roy and Trudinger
(1970) suggested the possibility of adapting methods developed for non-biological
materials to biological systems. We have adapted one such method (Bartlett and Skoog
1954} involving ferric thiocyanate color formation, to determine minute quantities of
elemental sulfur after extraction with petroleum ether from agueous biological reaction
mixtures. This method is applied to study the oxidation of sulfide to elemental sulfur in
T. thiooxidans when further oxidation of elemental sulfur is inhibited by N-
ethylmaleimide (NEM). NEM was found to inhibit sulfur oxidation in T. thiooxidans
{Kodama and Mori 1968).

In addition, 2-n-heptyl-4-hyroxyquinoline N-oxide (HQNO) is also used during
the studies to provide further stoichiometric evidence for each step of the oxidation in
order to establish the proposed pathway of sulfur and sulfite oxidation: H,S - § - H,S0,
~= H,SO; (Suzuki 1974). HQNO, an inhibitor of electron transfer at a b-type cytochrome
in T. thiooxidans (Tano et al. 1982) was shown to specifically inhibit sulfite oxidation

in 7. thiooxidans (Suzuki er al. 1992).



Since few kinetic data are available on the aerobic bicoxidation of sulfide at
extremely low pH values in acidophilic thiobacilli, kinetic investigations of sulfide
oxidation at different pH’s were therefore swdied in NEM-treated T, thiooxidans. Such
data are of particular interest in the elimination of toxic hydrogen sulfide gas in industrial

applications (Plas er al. 1992).
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MATERIALS AND METHODS

{Irganism

. thiooxidans (ATCC 8085) was grown on elemental sulfur for 3 days at 28°C
with 2.5% (vol/vol) inoculum in Starkey’s medium 1, with the following composition
(per litre): 0.3 g (NH,),5C,, 3.5 g KH,PO,, 0.5 g MgSO,.7H,0, 0.25 g CaCl, and 18 mg
FeS0,.7H,0 per liter and adjusted to pH 2.3 with sulfuric acid. One liter of medium was
placed in a 2.8-L Fernbach flask and after autoclaving and inoculation, 50 g of powdered
sulfur (BDH, precipitated sulfur) was spread evenly on the surface. The flask was
incubated without shaking. After growth, sulfur was removed by filtration through a
Whatman No. 1 filter paper under suction and cells were collected by centrifugation at
12,000 X g for 20 min. Cells were washed two times with, and suspended in, distilled

water (adjusted to pH 3 with H,SO, ) at a concentration of 20 mg wet cells per mL.

Preparation of "NEM-treated” Cells

A suspension of 7. thiooxidans (5 mL) at a concentration of 20 mg wet cells per
mL in water (adjusted to pH 3 with H,S0,) was mixed with 1 mL of 0.1 M NEM
solution, stirred for 15 min at room temperature, and centrifuged at 6000 X g for 10
min. The pellet was resupended in 5 mL of water (adjusted to pH 3 with H,50,) and

termed as "NEM-treated" T thicoxidans.

Sulfide Oxidation

Sodium sulfide solutions were prepared from water-cleaned crystals of Na,$.9H,0
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under nitrogen atmosphere in tightly stoppered boitles. For short-term experiments, G,
consumption was measured polarographicaily at 25°C in a Gilson Oxygraph with a Clark
elecirode using 1.2 mL reaction mixture. The reaction mixture in a total volume of 1.2
mL contained 1 mg wet (with or without NEM-treatment) cells of 7. thicoxidans in 50
mM potassium phosphate (pH 2.3 or pH 6.5). The reaction was started by a
microsyringe injection of sodium sulfide solution (0.2 M or 2 mM). HQNGC, when

indicated, was present at 20 ug in the 1.2 mL reaction mixture.

Elemental Sulfur Determination

Most of the reagents for the determination of elemental sulfur were prepared
according to Bartlett and Skoog (1954). Acetone solvent was prepared by diluting 50 mL
- distilled water with acetone to 1 L. Sodium cyanide solution (0.1 g NaCN in 100 mL
acetone solvent) and ferric chloride solution (0.4 g FeCl,.6H,O in 100 mL acetone
solvent) were prepared following their instructions. A standard sulfur solution was
prepared either by dissolving 5 mg elemental sulfur (BDH, precipitated sulfur) in 10 mL
petroleum ether (petroleum spirit, AnalaR, boiling point range 80-100°C, BDH
Chemicals) or by dissolving 6.4 mg elemental sulfur in 10 mL dimethyl sulfoxide
(DMSO) (Fisher Scientific Company; certified by the American Chemical Society). The
amount of sulfur is expressed as micromoles per 32 ug sulfur, although strictly
speaking, the units should be called microatoms, since the sulfur likely exists as S,.

Elemental sulfur in the reaction mixture of bacterial sulfide oxidation (1.2 mL)

was extracted with 2 mL petroleum ether by 15-20 s of vigorous vortex mixing
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{Scientific Products 58220 deluxe mixer, maximum speed 60 Hz)) in a 25-mL Corex
centrifuge tube with a screw cap (Corning 8446). The bottom aqueous layer, which was
turbid due to bacteria, became clear after mixing and many small bubbles éppeared in
the top petroleum ether layer. The top layer became clear after centrifugation at 6,000
x g for 10 min, and 0.5 mL of the top layer was carefully removed for sulfur
determination,

The top-layer sample was mixed with 1.5 mL of the sodium cyanide solution and
the total volume was brought to 2.5 mL with the acetone solvent. After 2 min of the
cyanolysis reaction, 0.5 mL of the mixture was withdrawn and mixed with 1 mL of the
ferric chloride solution. The absorbance at 464 nm was measured within 10 min in a
Hewlett Packard 8452A diode array spectrophotometer with a 1-cm light path cuvette
against a blank prepared from 1.2 mL 50 mM potassium phosphate buffer by the same
petroleum ether extraction, cyanolysis, and ferric chloride treatment as the experimental
sample.

The standard sulfur solution in DMSO was used to prepare standard samples
containing 0.1, 0.2, 0.3 and 0.5 pumol elemental sulfur in 1.2 mL 50 mM potassium
phosphate buffer (pH 2.3 or pH 6.5). The sulfur came out of solution immediately upon
addition to the aqueous buffer, producing slight turbidity, which disappeared after
petroleum ether addition and vortex mixing. The experimental samples were treated in
the same way as the reaction mixtures for sulfur extraction, cyanolysis and color
development. The absorbance (A) at 464 nm increased linearly with the amount of sulfur

and approximately followed the formula: A = (0.2 £ 0.01) X amount of sulfur (in
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pmol} with fresh reagents.
Sulfite Determination

Sulfite formed was determined by using the pararosaniline method according to

West and Gaeke (1956) after removal of cells and sulfur by centrifugation.
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RESULTS
Sulfur Exiraction and Determination

The original method of Bartlett and Skoog (1954) was scaled down to one tenth
sample volume (0.5 mL) except that the volume of ferric chloride soiution was reduced
10 only one fifth as described in Materials and Methods. The standard curve obtained
with 2.5, 5.0, 7.5 and 10 ug elemental sulfur in 0.5 mL petroleum ether was linear {data
not shown).

A series of samples containing known quantities of elemental sulfur in 1.2 mL 50
mM potassium phosphate buffer at pH 2.3 or pH 6.5 were extracted with petroleum ether
by vigorous shaking in a voriex and the extracted sulfur in the petroleum ether phase was
analyzed as described in Materials and Methods. The results shown in Fig. | indicate
a linear relationship between the amount of sulfur and absorbance values. The
absorbance values were identical to those values in the standard curve for sulfur obtained
without extraction described above after correction for the dilution factor of 4. The
petroleum ether extraction of elemental sulfur from an aqueous phase was considered (o
be nearly 100%.

The extraction efficiency of sulfur was also confirmed with 10 uL of the standard
sulfur solution in petroleum ether (5 ug sulfur) in a Corex tube which was evaporated
to dryness with a stream of N, gas. The addition of 1.2 mL 50 mM potassium phosphate
buffer (pH 2.3) and petroleum ether extraction followed. The recovery was again close

to 100%.
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Interferences

Possible interference by other inorganic sulfur compounds on the elemental sulfur
determination was studied at pH 2.3 and 7.0 (Table 1). At either pH, the interference
is not serious considering the instability of sodium sulfide in air (§* - S and of
thiosulfate at an acidic pH (8SO;* = $° + SO.*), and a possible reaction of sulfite and
sulfur at a neutral pH (SG;* + S° — $SO.*). Table 2 shows that the presence of 1 mg
wet cells of 7. thicoxidans has no effect on the extraction efficiency of sulfur at 0.1 to
0.4 ymol in 1.2 mL. |

Hydrophilic sulfur prepared from thiosulfate by acidification according to Roy and
Trudinger (1970) could not be extracted appreciably with petroleum ether (data not
shown). Hydrophilic sulfur is considered to be a form of elemental sulfur produced
under certain conditions by sulfur-oxidizing bacteria that consists of long-chain
polythionates (Steudel 1989) soluble only in polar organic solvents (e.g. acetone) and in

waler.

Sulfide Oxidation by T. thiooxidans

T. thiooxidans oxidize sulfide in three distinct stages of O, consumption at either
PH 2.3 or 6.5 (Fig. 2). An initial rapid phase followed by a slower phase and finally
by a very slow phase to complete the consumption of approximately two moles of O, for
every mole of sulfide: H,S + 20, - H,80,. N-ethylmaleimide (NEM), which inhibited
‘sulfur oxidation completely, reduced O, consumption with sulfide at either pH 2.3 or 6.5

to half a mole per mole of Na,S, essentially leaving only the initial rapid phase intact and
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eliminating the second and third phases (Fig. 2). The three phases were more clearly
seen in Fig. 3. Cells were pre-treated with NEM in order 1o avoid the loss of sulfide
due to chemical reaction with NEM. The total O, consumption with different amounts
of sulfide as substrate for oxidation by NEM-treated 1" thiooxidans at different pH values
are shown in Table 3. The O, consumption (0.5 mol O, /mol of suifide) agreed with the
oxidation of sulfide to sulfur due to the inhibition of sulfur oxidation (H,S + 40, = &
+ H,0). The optimum pH of sulfide oxidation with NEM-treated T. rhiooxidans is
shown in Fig. 4. The optimum pH of sulfide oxidation was 5.0. The kinetic constants
(K,, and V) at different pH of sulfide oxidation were obtained from the results in Fig.
5 and are summarized in Table 4. The K,, values were between 8 and 43 uM over the
range of pH from 2.5 t6 7.5. These low values indicate that the sulfide-oxidizing system
in T. thiooxidans has a high affinity to sulfide, especially at pH 7.0. This value is
similar to the K, values reported by Moriarty and Nicholas (1969), 2 uM sulfide at pH
7.0.

The stoichiometry of sulfide oxidation to sulfur was established by extracting
elemental sulfur with petroleum ether and analyzing the quantity as shown in Table 5.
No sulfur was detected in the control experiments, but the reaction mixtures with NEM-
- treated cells contained approximately one mole of sulfur per mole of sulfide oxidized.
The stoichiometry was confirmed with different amounts of sulfide as substrate for
oxidation by NEM-treated cells (Table 5). The results agreed with the expected
stoichiometry of the oxidation of sulfide (0 elemental sulfur with consumption of half a

mole of O, per mole of sulfide.
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The effect of HQNG on sulfide oxidation by T. thicoxidans is shown in Tabie 6
and Fig. 3. Sulfite accumulated in the reaction mixtures. The stoichiometry of G,
consumption is about one and a half mole of oxygen consumed per mole of sulfide when
the oxidation of sulfite is inhibited with HQNO. The stoichiometry of sulfite

accumulated and sulfide is one mole sulfite per one mole sulfide.
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DISCUSSION

The original colorimetric method of Bartletr and Skoog (1954) was developed for
the determination of elemental sulfur in hydrocarbons. Fliermans and Brock (1973}
applied the method for soil samples from which sulfur was first extracted with carbon
disulfide, a known solvent for elemental sulfur, for 12 hrs, before evaporation of carbon
disulfide and dissociation of elemental sulfur in petroleum ether for the determination.
Hazeu er al. (1988) applied a similar method, but use;i acetone for the overnighi
extraction of elemental sulfur from centrifuged cell pellets. The resuits presented in this
paper show that the petroleum ether extraction of elemental sulfur directly from an
aqueous phase and the measurement of extracted sulfur by the colorimetric procedure
forms a sensitive and reliable analytical method for the quantitative determination of
elemental sulfur in biological or abiological reaction systems. This method is applicable
in any aqueous system and the procedures are simple and fast. There is no interference
by other inorganic sulfur compounds including polythionates. This method was
successfully applied to show that sulfide was oxidized by 7. thisoxidans to elemental
sulfur nearly stoichiometrically when further oxidation of elemental sulfur was inhibited
by N-ethylmaleimide (Table 5).

Acidophilic thiobacilli are believed to oxidize sulfide to sulfate with sulfur and
sulfiie as intermediates: 8% — 8% = SO,* ~ SO,> (Suzuki 1974). T thiooxidans oxidize
elemental sulfur to sulfite when the oxidation of sulfite is inhibited with 2-n-heptyl-4-
hydroxyquinoline N-oxide (Suzuki er al. 1992). In short-term Oxygraph experiments,

T. thiooxidans in the presence of HQNO oxidized sulfide to sulfite. The results show
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that sulfide is oxidized to sulfite with one and a half mole of O, consumed per mole of
sulfide (Table 6). In the presence of HQNG at pH 2.3 the initial rapid phase was
unaffected but the second phase was progressively inhibited with a considerable amount
of H,S (43%) being recovered as sulfite. At pH 7.0, HQNO did not inhibit cither the
initial phase or second phase, but only decreased the total O, consumption. As much as
84% of H,S was recovered as sulfite. These results are in general agreement with the
interpretation that the initial rapid phase of O, consumption in Fig. 2 corresponds to the
oxidation stage: H,S + 40, = S + H,0 and the second slightly slower phase to the
oxidation stage: S + G, + H,0 — H,SO, and the last slow phase to the final phase:
H,50; + %0, = H,80,. HQNO inhibition of the second phase at pH 2.3 is fully
expected from the inhibitory effect of accumulated sulfite on sulfur oxidation (Suzuki e
al. 1992). These phases are probably overlapping in time, with some sulfur and sulfite
oxidations taking place in the initial phase also.

The optimum pH of the sulfide oxidation was 5. The low K, values indicate that
this sulfide-oxidizing enzyme system in the cells has a high affinity for the substrate and
therefore, lower sulfide concentrations than those used in Fig. 5 are necessary to obtain
more accurate K, and V,,, values at different pH values.

The results in this paper not only establish the stoichiometric oxidation of sulfide
to sulfur in 7. thiooxidans when further oxidation of sulfur is inhibited by NEM, but also
a further oxidation to sulfite (in the presence of HQNO) before its final oxidation to

sulfate (without inhibitor),
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Table 1. The effect of imorganic sulfur compounds on the extraction and
determination of elemental sulfur.

Absorbance at 464 nm

pH 2.3 pH 7.0
Compoung?® Amount -§¢ +80 -§? +57
(pmol)

s 0.20 - 0.040 - 0.046
Na,5 0.20 0.607 0.044 0.003 0.042
Na,S0, 0.20 0.000 0.039 0.003 0.036
Na,$8,0; 1.00 0.008 0.037 0.002 0.043
Na,S,0, 1,00 0.002 0.044 0.002 0.043

* Compound was present in 1.2 mL of 50 mM potassium phosphate buffer at pH 2.3 or
7.0 with or without 0.2 umol elemental sulphur. Addition of petroleum ether, capping,
and vortexing started immediately after the addition of these compounds to minimize loss
or Interaction with sulfur.
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Tahle 2, The effect of bacterial cells on the extraction gnd
determination of elemental sulfur,

Absorbance at 460 nm

Sulfur®

{(wmol) - Celis + Cells
0.0 - 0.000
0.1 0.018 0.020
0.2 0.041 0.040
0.3 0.060 0.057
0.5 0.094 0.099

* Different amounts of sulfur were present in 1.2 mL of 50 mM potassium
phosphate (pH 2.3) with and without 1 mg wet cells. Extraction of sulfur
was carried out immediately after cell addition to minimize the oxidation.
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Table 3. The effect of pH on the total oxygen consumption in sulfide exidation

by 7. thiscoxidons®.

pH
Na,S 2.5 3.5 5.0 6.5 7.0 7.5
{umol)
0.1 0.036 0.058 0.056 0.062 0.064 0.068
0.2 0.096 0.106 0.104 0.110 0.120 0.122
0.3 0.148 0.136 0.138 0.168 0.160 0.152
0.4 0.190 0.200 0.19 (.194 0.196 0.234

* Assay conditions are described in Materials and Methods. O, used is shown in pmol.
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Table 4, Summary of kinetic constants of sulfide oxidation by
NEM-treated 7. thiooxidans at different pH®.

pH K, (mM) Ve (nmol O, /min)
2.5 0.043 55.83
3.5 0.027 63.90
5.0 0.033 71.96
6.5 0.013 40.08
7.0 0.008 17.02
7.5 0.019 9.81

* Assay conditions are described in Materials and Methods. Experimental
data from Fig. 5 were used to obtain K, and V_,, values.
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Table 5. Stoichiometry of sulfide oxidation by NEM-treated T. thiooxidans® .

pH 2.3 pH 6.5

NEM Na,& SY formed O, used $¢ formed 0, used
{(umot} {pmol) {(umol) {pmol) {umoi)

- 0.10 0.00 0.196 0.00 0.190

+ 0.10 0.10 0.056 0.05 0.054
+ 0.20 0.16 0.094 0.21 0.112
+ 0.30 .29 0.142 - 0.30 0.152
+ | 0.40 0.38 0.188 0.37 0.190

* The conditions were the same as in Fig. 2 except that the amount of Na,§ was varied.
The reaction time was 5 min for NEM-treated cells and 15 min for untreated cells.
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Table 6. Effect of HQNO on sulfide oxidation by T. thivoxidans®.

pH 2.3 pH 7.0
~HQNG +HGNG -HQNG +HQONGO

O, consumed 0.1%0 G.135 0.170 0.135
(pmol)

Sulfite formed 0.004 0.043 (0.030 0.084
(pmol)

Reaction time 5.0 8.0 4.0 4.0
(min)

* Reaction conditions were described in Materials and Methods except that
20 g HOQNO and 0.1 pmol of Na,S were used as substrate.
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FIGURES
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Figure 1.

The calibration curve of sulfur extraction.

A sulfur solution in DMSO (20 mM) was used to
prepared standard sulfur samples in 1.2 mL 50 mM
potassium phosphate buffer (pH 2.3) for petroleum
ether extraction, cyanolysis and color development as
described in Materials and Methods. The results were
identical at pH 6.5.

65



0.10 =

i
1)
<
o
23UDYIOsgY

0.5

0.4

0.3

0.2

s° (umol)



Figure 2.

Effect of T. thicoxidans with and without NEM-
treatment on the O, consumption of sulfide oxidation.

The O, consumption was followed in a Gilsen Oxygraph
at 25°C with 1.2 mL reaction mixtures: 50 mM
potassium phosphate buffer (pH 2.3 or 6.5), 1 mg wet
celis. The reaction was initiated with the addition of 0.1
pmol Na,S solution as indicated by an arrow.
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Figure 3.

Effect of NEM and HQNO on the O, consumption in
sulfide oxidation by 7. thicoxidans.

The O, consumption was followed in a Gilson Oxygraph
at 25 °C with 1.2 mL reaction mixtures: 50 mM
potassium phosphate buffer (pH 2.3 or 7.0), 1 mg wet
cells, and 20 pg HQNO or 1 pmol NEM was present
when indicated. The reaction was started with the
addition of 0.5 gL of 0.2 M Na,S (anaerobic) as
indicated by an arrow.
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Figure 4, Effect of pH on sulfide oxidation by NEM-treated 7.
thiooxidans.,
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Figure 5, Double reciprocal plot of sulfide oxidation by NEM-
treated 7. thicoxidans.
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PART THREE

Thiosulfate oxidation by sulfur-grown Thishacillus thicoxidans, cell-free extracts

and thicsulfate-oxidizing enzyme.
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ABSTRACT

Oxidation of thiosuifate by Thiobacillus thivoxidans grown on sulfur was studied
in iptact celis and cell-free extracts. Thiosulfate was oxidized to tetrathionate by cells
reated with N-ethylmaleimide (NEM) at a pH optimum of 2.3. Cell-free extracts also
oxidized thiosulfate at the same pH optimum. Tetrathionate oxidation by 7. thiooxidans
was completely inhibited by NEM. The pH optimum of the tetrathionate oxidation was
3.0. Both thiosulfate and tetrathionate were oxidized to sulfite level in the presence of
HQNO. The cells with or without NEM-treaiment showed two K, for thiosulfate while
the cell-free system showed only one K. The K, for thiosulfate generally increased
with increasing pH. A soluble thiosulfate-oxidizing enzyme system with an optimum pH
around 2 was extracted from intact cells at pH 2.5 in the presence of 1 M ammonium
sulfate by passage through a French pressure cell. A native cytochrome ¢ which was
reduced by thiosulfate at pH 2.5, and a compound which reduced horse heart cytochrome
¢ at a neutral pH but required sulfite at an acidic pH were also found in these acidic

extracts.
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INTRODUCTION

Thiosulfate is oxidized by all species of Thicbacillus. The present icngwledge of
the metabolic pathway of thiosulfate in Thiobacillus thiooxidans is very limited because
the oxidative process occurs at an acidic pH. Below pH 4, thiosuifate rapidly
decomposes in a complex manner, yielding different products according to the acidity of
the solution. Decomposition of thiosulfate involves nucleophilic displacement of sulfite
ions resulting in the formation of sulfur and bisulfite. Therefore, it is difficult to
determine whether the cells are oxidizing thiosulfate or one of its decomposition
products.

Most of the reported studies on the metabolism of thiosulfate concentrated on
neutrophilic thiobacilli. Three different but not mutually exclusive mechanisms of
thiosulfate oxidation were observed depending on the species of Thiobacillus. The first
of these mechanisms involved the formation of elemental sulfur and sulfate but it was
difficult to obtain satisfactory stoichiometry between the disappearance of thiosulfate and
the formation of elemental sulfur and suifate. The second proposed mechanism involved
polythionates as intermediate compounds since tetrathionate was readily detected in
growing cultures. The third observed mechanism proposed that the thiosulfate was
cleaved to colloidal sulfur and sulfite which were then oxidized to sulfate via the sulfur-
oxidizing and sulfite-oxidizing systems. Initially, the polythionate pathway was the
preferred model but since then, considerable evidence accumulated in suppoﬁ of the first
and third mechanisms. As more and more studies were done in this area, it became

more evident that these pathways might not be necessarily mutually exclusive.
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Little information is yet available on the mechanism of thiosulfate oxidation in
acidophilic thiobacilli. In early studies with Thiobacillus ferrooxidans, Sinha and
Walden (1966} reported that thiosulfate in the presence of thiol-binding reagents was
oxidized 1o sulfate and trithionate through ietrathionate as an intermediate which was
identified from chromatographic analysis. Tano er af. (1968) found that thiosulfate was
oxidized to tetrathionate and an unknown oxidized sulfur compound by a cell-free
particulate preparation of 7. thiooxidans. Goodman and Ralph (1980) described a heat
output in.microcalorimetric studies characterized by three maxima during thiosulfate
oxidation by T. thiooxidans. Due to the fact that thiosulfate was exhausted after the
second maximum, they assumed a transient accumulation of polythionates. A thiosulfate-
oxidizing enzyme was purified about 250-fold from sulfur-grown 7. ferrooxidans by
Stlver and Lundgren (1968). The stoichiometry of the reaction was shown to be
2Na,S,0; + 2NasFe(CN), —» Na,S,0, + 2Na,Fe(CN), {Equation 1]
with an optimum pH of 5.0 in acetate buffer, and K_ of 9x10* M for thiosulfate.
Recently, this kind of ferricyanide-dependent thiosuifate-oxidizing enzyme was also
purified to homogeneity from celi-free extracts of acidophilic sulfur oxidizer,
Thiobacillus acidophilus by Meulenberg ef al. (1993a). In the presence of ferricyanide,
the optimum pH for the enzyme activity was found to be 3. Recently, Shihari er al.
(1993} proposed that thiosulfate was the alternate substrate for unattached growing 1.
ferrooxidans in the medium growing on elemental sulfur. Chemotactic response of T.

| Jerrooxidans to thiosulfate was also observed (Chakraborty er af. 1992).  Thus, the

physiclogical role of thiosulfate metabolism in acidophilic thiobacilii becomes
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increasingly more important,

I. thicoxidans grows well on elemental sulfur under acidic conditions producing
sutfuric acid. The sulfur-grown cells can oxidize sulfide to sulfate with sulfur and sulfite
as possible intermediates (Suzuki er al. 1994). These intermediates accumulate when
their oxidation is inhibited, thus sulfide is oxidized to sulfur when the oxidation of sulfur
is inhibited by N-ethylmaleimide (NEM) (Chan and Suzuki 1993) and sulfur is oxidized
to sulfite when the oxidation of sulfite is inhibited by 2-n-heptyl-4-hydroxyquinoline N-
oxide (HQNO) (Suzuki er al. 1992). Sulfite accumulation is sometimes observed even
in the absence of inhibitors in 7. ferrooxidans during sulfur oxidation (Sugio er al. 1987).
The accumulation of sulfite could lead to the formation of thiosulfate in the presence of
sulfur (8° + SO.> - $,0;*) (Imai er al. 1962; Suzuki and Silver 1966) and in fact,
thiosulfate has been detected in the medium of 7. ferrooxidans growing on elemental
sulfur (Shihari er al. 1993),

The above groups of researchers (Sinha and Walden 1966: Silver and Lundgren
1968; Tano er al. 1968; Goodman and Ralph 1980 and Meulenberg er af. 1993a) had
identified tetrathionate as an intermediate in the metabolism of thiosulfate by acidophilic
thiobacilli, and various routes had been suggested for the tetrathionate pathway depending
on the species of acidophilic thiobacilli. The first one invoived the action of tetrathionate
hydrolase which catalyzed the stoichiometric conversion of tetrathionate to thiosulfate,
sulfur and two protons and presumably sulfate in the cell-free extract of 7. acidophilus
(Meulenberg er al. 1993b). The second one, suggested by Suzuki e al. (1994), proposed

that tetrathionate oxidation involved the oxidation of both sulfane (-S-) and sulfonic acid
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(-5C;H) portions by the enzymes involved in sulfur- and sulfite oxidizing systems. So
far, there is litile information on the oxidation of tetrathionate by T. thiooxidans in the
literature.  London and Riuenberg (1964) found that tetrathionate was oxidized
completely to sulfate with an oxygen consumption of 3% pumole 0O, per umole
tetrathionate by 7. thicoxidans extract. Furthermore working with crude extracts of 7.
thiooxidans, Okuzumi (1966) reported that tetrathionate was first dismutated to trithionate
and pentathionate, and then further oxidized to elemental sulfur and sulfate.

The purpose of this study is to dissect the oxidative pathway of thiosulfate
metabolism in T. thiooxidans using two different metabolic inhibitors: NEM and HQNO,
Characterization of thiosulfate metabolism in T, thicoxidans involved the use of intact
celis, cell-free extracts and a soluble fraction extracted from the cells at pH 2.5 in the
presence of 1 M ammoniurﬁ sulfate by passage through a French pressure cell according
to the unusual acid treatment protocol of Meulenberg er af. (1992). Since tetrathionate
can possibly be-formed from thiosulfate either by autooxidation or via chemical reactions
with intlraceflular ions, autcoxidation of thiosulfate and chemical reaction of thiosulfate

with ferric ions are underiaken for comparatives studies.
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MATERIALS AND METHODS
Organisms and Growth Conditions
Tt-1 (1. thivoxidans, ATCC 8085), SM4-HEC-8" (T. ferrooxidans, a mine isolate,
Lizama and Suzuki 1988) and T1-2-8° (7. ferrooxidans, ATCC 19859}

The organisms were grown on elemental sulfur for 5 days at 28°C with 2.5%
(vol/vol) inoculum in Starkey’s medium 1: 0.3 g (NH).S80,, 3.5 ¢ KH,PG,, 0.5 ¢
MgS0,.7H,0, 0.25 g CaCl, and 18 mg FeSO,.7H,O per litre and adjusted to pH 2.3
with sulfuric acid. One litre of medium was placed in a 2.8-litre Fernbach flask and
after autoclaving and inoculation, 50 g of powdered sulfur (BDH, precipitated sulfur)
were spread evenly on the surface, The flask was incubated without shaking., After
growth, sulfur was removed by filtration through a Whatman 1 filter paper under suction
and cells were collected by centrifugation at 12,000 x g for 20 min. The colors of the
pellet of Tt-1, SM4-HEC-S” and Tf-2-S° were milky-white, grayish-white and yellow
respectivity. Cells were washed two times with and then suspended in distilled water

(pH 3 with H,S80,) at a concentration of 20 mg wet cells per mL.

Thiobacillus thioparus (DMS 505)

The culture of 7. thioparus (DMS 505) was grown on Starkey’s medium 2. The
medium composition was: 10 g Na,$,0,.5H,0, 4.0 g K,HPO,, 4.0 g KH,PO,, 0.3 g
(NH,),50,, 0.014 g CaCl,, 0.05 g MgSO,, 0.014 g MnSO,.H,0, 0.02 g FeCL.6H,0, in
| litre distilled water. A solution of Na,5,0;.5H,0 (10.0 g) was autoclaved separately

and added aseptically just prior to inoculation. The maintenance of the stock culture, the
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harvesting of cells and the removal of elemental sulfur were as described previously by
Lyric and Suzuki (1970). The coler of the cell pellet was pink. Cells were washed two
times with and suspended in distilled water without pH adjustment at a concentration of

20 mg wet cells per ml..

Preparation of NEM-treated Tt-1, SM4-HEC-S°, Tf-2-5° and T. thioparus Cells

Five milliliters of each thicbacillus cell type, at a concentration of 20 mg wet cells
per L in distilled water, were mixed with 1 mL of 0.1M NEM solution, stirred for 15
min at room temperature and centrifuged at 6,000 x g for 10 min. The pellets of the
cells were resuspended in 5 mL of distilled water (pH 3 with H,SQ,) except that of T.
thioparus which was resuspended in distilled water with no pH adjustment. These cells

were termed as "NEM-treated" thiobacillus cells.

Preparation of the Acidic Extracts of T. thisoxidans

The procedure described for trithionate hydrolase isolation {Meulenberg et al.
1992) was followed. Harvested cells of 7. thicoxidans were washed and resuspended in
a buffer containing 25 mM potassium phosphate and 1.0 M ammonium sulfate at pH 2.5
at a concentration of 600 mg wet cells/mL. The cell suspension was passed three times
through a French pressure cell at 110 MPa and centrifuged for 20 min at 48,000 x gw
remove the bulk of cell debris. The supernatant was further centrifuged fér 120 min at

131,000 x g. The resuiting reddish-brown supernatant was termed "acidic extracts”.
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Preparation of Cell-Free Exiracts of T. thiooxidans

Harvested cells of T. thiooxidans were washed once with 0.5 M Tris-HCI buffer
{pH 7.8), suspended at a cell concentration of 20 mg/mL in the same buffer and stirred
overnight at 4°C. This eliminated the necessity of the treatment of the cells with ion-
exchange resins as was done by Suzuki (1965) to facilitate rupture of 7. thiooxidans.
The cell suspension was centrifuged for 20 min at 12,000 x g, and the pellet reconstituted
asals %‘ (W/V) suspension in 0.5 M Tris-HCI buffer (pH 7.8). This cell suspension
was passed three times through a French pressure cell at 110 MPa and then centrifuged
for 20 min at 48,000 x g to remove the bulk of cell debris. The supernatant was
dialyzed against distilled water to remove the buffer before its use as a cell-free extracts
for thiosulfate oxidation. This supernatant was also centrifuged for 120 min at 131,000
X g to separate a soluble brownish fraction from a particulate fraction. This brownish
fraction was named “spinco supernatant”.  Selective protein precipitation using
ammonium sulfate was carried out as described by Schleif and Wensink (1981). After
ammonium .suifate precipitation and centrifugation, the pellet was resuspended in 0.1 M
pH 6.5 sodium phosphate buffer. The suspended sample was dialyzed against the same

phosphate buffer at 4°C overnight in order tc remove the ammonium sulfate.

Colorimetric Determination of Polythionate
Cold cyanolysis
Tetrathionate was determined colorimetrically after cyanolysis by the method of

Sorbo (1958). To 1.2 mL reaction mixture, 2 mL of 0.2 N NH,OH and 0.5 mL of 0.1
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M KCN were added. After 30 min incubation for cold cyanolysis at room temperature,
the mixture was cenirifuged to remove cells. To the supernatant, (.5 mL of ferric nitrate
reagent [10% Fe(NO,);.9H,0 in 13% HNO,] was added to the final reaction mixture.
After an equilibrium time of 15 min, the intensity of color was determined at 460 nm
against a control cuvette containing all the reaction components except for the substrate
and cells and then compared to a standard curve prepared with different known amounts
of thiocyanate.
Hot cyanolysis

The procedure was described by Wood (1982). A reaction mixture (I mL) was
added to the solution containing 2.0 mL of 0.2 N NH,OH and 0.7 mL of 0.1 M KCN
and heated in a boiling water bath for 30 min. After cooling and centrifugation, 0.5 mL
of ferric nitrate reagent {10% Fe(NQ,); in 13% HNOQ,] was added for color development.
The absorbance was determined at 460 nm against an unheated blank containing ail the
reaction components except the substrate and cells and then compared to a standard curve

prepared with different known amounts of thiocyanate.

Assay of Thiosulfate and Tetrathionate Oxidation Activity

Thiosulfate oxidation by cells and cell-free extracts was followed by measuring
the consumption of oxygen in a Gilson Oxygraph with a Clark Oxygen Electrode at
25°C. The reaction mixture in a total volume of 1.2 mL contained 6 mg wet cells or 8
mg protein (cell-free exiracis), 50 mM potassium phosphate buffer of various pH values

and various amounts of thiosulfate (I umol for the standard assay). The oxidation rate
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was expressed as nmol G, consumed per min. Tetrathionate oxidation was followed in
the same manner except that thiosulfate was replaced with the amount of tetrathionate

indicated.

Assay of Thiosulfate:Ferricyanide Oxidoreductase Activity

Thiosulfate: ferricyanide oxidoreductase was assayed by the reduction of
ferricyanide in a modification of the method by Trudinger (1961}. The reaction mixture
in a total volume of 1.0 mL contained, unless otherwise indicated, 50 pmol potassium
phosphate buffer (pH 6.0), 1 pmol potassium ferricyanide, 5 umol sodium thiosulfate and
various amounts of acidic extract. With a standard amount of acidic extract (0.1 mL)
the final pH of the reaction mixture was 4.3. The pH study was always expressed as the
final pH. The reaction was started by the addition of thiosulfate, and the absorbance
change at 420 nm was followed in a Hewlett Parkard 8452A diode array
spectrophotometer with a 1-cm ligh path cuvette. The initial linear rate of AA oum  DET
min was used as activity. The reduction of native cytochrome ¢ was followed either at

416 nm or 550 nm.

Sulfite Determination

A 1.2 mL sample of the reaction mixture was withdrawn and centrifuged at 6,000
x g for 10 min, and the concentration of sulfite in the supernatant solution thus obtained
was determined spectrophotometrically by the pararosaniline method (West and Gaeke

1556). A solution of 0.1 M Na,SC, was prepared in 50 mM disodium EDTA.
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Protein Determination
Protein was determined routinely as described by Lane (1957), following the
absorptions at 280 nm and 260 nm, but the resulis were periodicaily confirmed with the

method of Bradford (1976).

Assay of the Chemical Reaction of Thiosulfate with Ferric Ion

Chemical oxidation of thiosulfate with and without ferric ion was studied at
various concentrations of thiosulfate and ferric ion at pH 1.8, 2.3 and 3.0 in 0.1 M 3-
alanine-H,SO, buffer in a total volume of 2 mL. The fixed concentration of reactant was
1 mM for either thiosulfate or ferric ion when the other reactant concentration was
varied.  Samples were taken for tetrathionate (cold cyanolysis) or ferrous ion

determination.

Ferrous fon Determination

Ferrous ions were determined colorimetrically by a medification of the O-
phenanthroline method (Suzuki ez al. 1990). 1 mL of 0.1 M O-phenanthroline was added
to 0.2 mL reaction mixture. The amount of ferrous ion was determined by measuring
the absorbance at 550 nm against the sample buffer and then compared to a standard

curve prepared with different known amounts of ferrous ion.

Centrifugations

Low speed centrifugation was carried out using a Sorvall Superspeed RC-2B
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refrigerated centrifuge at 4°C. High speed centrifugation was carried out at 4°C using

a Beckman model L, type B ultracentrifuge using a Ti 60 fixed angle rotor.
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RESULTS
Thiosulfate Oxidation by T. thicoxidans
Effect of N-ethylmaleimide (NEM) on sulfur oxidation
The oxidation of elemental sulfur by 7. thiooxidans is known to be inhibited by
NEM (Kodama and Mori 1968). During the purification of the S%oxidizing enzyme
from T thiooxidans, the enzyme was found to be inhibited by NEM, a sulfhydryl-binding

inhibitor. The effect of NEM on the enzyme activity was time-dependent (Table 1).

Effect of NEM on the thiosulfate oxidation of different sulfur-grown cells
Ditferent strains of S"-grown thiobacilli cells including 7. thiooxidans were pre-
treated with NEM in order to avoid the loss of thiosulfate due to chemical reaction with
NEM during the oxidation. The treatment protocol is described in Materials and
Methods.  Different amounts of thiosulfate were used to study the stoichiometry of
thiosulfate oxidation. Polythionate (tetrathionate) accumulated during the oxidation by
these NEM-pretreated cells of all three different strains of S°-grown thiobacilli under
acidic conditions. They were 7. thiooxidans (Tables 2 and 3), SM4-HEC-S° (Table 4)
and Tf-2-S° (Table 5). According to the data from the total oxygen uptake and amount
of polythionate accumulated, the stoichiometry of the reaction is suggested to be
28,047 + A0, + H,0 = S0, + 20H. {Equation 2]
The same result was also obtained with the NEM-treated T. thioparus which were grown
in thiosulfate at neutral pH (Table 6). After cyanolysis of the reaction mixtures, the

amounts of thiocyanate increased linearly with increasing thiosulfate concentrations, but
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the values in Table 2 were consistently higher than those expected from the equation 2.
The amounts of thiocyanate were identical after the hot cyanolysis (Table 3). Since the
differences from the theoretical values were constant (85-95 nmol, Table 2). the
oxidation of thiosulfate may have somehow increased the amount of cyanide-labile
endogenous sulfur released from cells (from 120 to 205-215 nmol). This interpretation
is In agreement with experiments on sulfur-grown T. ferrooxidans treated with NEM
(Tables 4 and 5), where cells had much smaller amounts of cyanide-labile sulfur (15-34
nmols per 6 mg wet cells) and the oxidation of thiosulfate resulted in the thiocyanate
equivalent 10 80% of the theoretical tetrathionate amount. In all the experiments, the

amount of total oxygen consumed was close to the value expected from the equation 2.

Effect of HQNO on the thiosulfate oxidation by different sulfur-grown cefls
Suzuki ef al. (1993) reported that the oxidation of sulfite was inhibited with 2-»-
heptyl-4-hydroxyquinoline-N-oxide (HQNO) in 7. thiooxidans metabolizing elemental
sulfur which resulted in sulfite accumulation. 7. thiooxidans and two S%grown 7.
Jerrooxidans (SM4-HEC-S° and Tf-2-S°% were used to study the effect of HQNO in the
oxidation of thiosulfate. All three strains accumulated sulfite from thiosulfate in the
presence of HQNO (Table 7). After preincubation for 10 min with 50 ug HQNO, the
cells oxidized 100 nmol Na,S,0; consuming only 100 nmol O, instead of 200 nmol O,
in the absence of HQNO. There was no sulfite accumulation without HQNO. The
NEM-treated 7. thiooxidans oxidized thiosulfate to tetrathionate with or without HQNO

(Tables 8 and 2}. The NEM-treated cells consumed only a quarter mole of O, per moie
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of thiosulfate in agreement with the equation 2. The amounts of sulfite accumulated and
oxygen consumed (Table 7) indicate that both suifur atoms of thiosulfate were converted
to sulfite by T. rhiooxidans in the presence of HQNO (S$,0, + O, + H,0 = 280," +
2ZH") and to sulfate in the absence of HQNO (5,0, + 20, + H,0 — 2S0,* + 2H".
Although suifite recovery was low with SM4-HEC-S°, the two sulfur-grown T.

Jerrooxidans strains produced similar results to those of T. thicoxidans.

Tetrathionate Oxidation by T. thicoxidans
Effect of pH on tetrathionate oxidation
The optimum pH of tetrathionate oxidation was 3.0 which was slight higher than

that of thiosulfate oxidation (Table 9).

Effect of NEM and HQNO on tetrathienate oxidation

Tetrathionate was completely oxidized to sulfate in the absence of inhibitors and
the O, uptake results (Table 10) agreed with the equation: H,S,0¢ + 3140, + 3H,0 -
4H,S0,. The oxidation of tetrathionate, similar to sulfur oxidation, was totally inhibited
by NEM (Table 10). Tetrathionate was oxidized to sulfite level in the presence of
HQNO. The total oxygen consumption of the tetrathionate oxidation in the presence of

HQNO agreed with the equation: H,$,0 + 140, + 3H,0 = 4H,S0,.

Stoichiometry of tetrathionate oxidation in the presence of HQNO by T. thivoxidans

A stoichiometric study of tetrathionate oxidation to sulfite in the presence of

85



HOQNG is shown in Table 11, The results are in reasonable agreement with the
theoretical values, i.e., the ratio of tetrathionate : O, : sulfite is 1 : 1% : 4. Recovery
of the sulfite was somewhat lower and O, upiake was higher than .ihe theoretical values.
This is possibly due to less than 100% purity of sodium tetrathionate used as subsirate
and the high endogenous O, uptake caused by high cell concentration (6 mg wet
cells/mL}). The solution of sodium tetrathionate (Aldrich) contained some sulfur which
was removed by centrifugation. The supernatant which was used as substrate was
assayed for tetrathionate by cold cyanolysis. A value obtained (80% purity) agrees with

the amounts of sulfite formed in Table 11.

Characterization of NEM-treated T. thiooxidans on T hiosulfate Oxidation
Effect of pH
The effect of pH is shown in Fig. 1 and it is clear that thiosulfate is oxidized only

at very acidic conditions with an optimum at pH 2.3,

Effect of cell concentration
The rate of thiosulfate oxidation increased linearly with increasing cell

concentrations (0-10 mg NEM-treated wet cells) at pH 2.3 (Fig. 2).

Effect of sulfite

The NEM-treated T. thiooxidans were preincubated with different amounts of

sulfite for 5 min at pH 2.3 before the thiosulfate oxidation was started. As shown in
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Fig. 3, sulfite inhibited the oxidation of thiosulfate (K| around 2 mM sulfite).

Thiosulfate Oxidation by Cell-Free Extracts of T. thiooxidans
Effect of pH

The optimum pH for the celi-free exiracts of thiosulfate oxidation was also 2.3
(Fig. 4). Stwoichiometric studies of the total oxygen consumption were carried out at
three different pH with different amounts of thiosulfate. The results are summarized in
Table 12. The cell-free extracts of T. thiooxidans oxidized thiosulfate to tetrathionate
with one quarter mole of O, per mole of thiosulfate which is in agreement with the

results with NEM-treated cells (Tables 2 and 3).

Kinetic Studies of T. thiooxidans
NEM-treated T. thiooxidans

The effect of thiosulfate concentrations on the oxygen consumption rates of NEM-
treated cells at different pH values were studied (Figs. 5-18). The kinetic constants are
summarized in Table 13. The reaction did not follow a simple saturation kinetics with
increasing thiosulfate concenirations and often showed characteristics of two active sites
or iwo enzymes catalyzing the reaction with two different K, and V,_,, values. The
double reciprocal data points were fitied by the approximation method of Segel (1975)

to obtain K, and V. values from the biphasic plots according to the equation:
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_ 18] Vmax1 L L8] Vmax2
Kml+i{s] Km2+[5]

Two reactions, V, and V, were considered to take place. V, had a lower K, and V_,,
and V), the higher K, and V... At pH 1.8, V, disappeared. V_,, stayed constant
around 17-22 nmol O, consumed per min from pH 2.0 to pH 3.0, then dropped to 4.1
at pH 4.5. 'V, stayed constant around 60-70 nmol G, consumed per min from pH 1.8
to pH 3.0, then dropped to 15.2 at pH 4.5. K,,, stayed low between 0.04-0.17 mM from
pH 2.0 to pH 4.5. K, was 2 to 5 mM between pH 2 and 4 but was lowest at 0.9 mM
at pH 1.8. The velocity plots of thiosulfate oxidation at different pH with NEM-treated
T. thiooxidans are shown in Fig. 5 to Fig. 11. The double reciprocal plots of thiosulfate
oxidation at different pH are shown in Figs. 12 to 18, where single lines are drawn to

show the deviation of data points from simple saturation kinetics.

Untreated 7. thicoxidans

Untreated cells oxidized thiosulfate with similar complex kinetics of two K, and
Vax Values (Figs. 5-18 and Table 14). V_,,, stayed constant around 10-20 nmol O,
consumed per min from pH 1.8 to pH 4.5. Vmax? stayed constant around 30-60 nmol O,
consumed per min from pH 1.8 to pH 3.0, then dropped to 10 at pH 4.0. K, stayed
low between 0.03-0.15 mM from pH 1.8 to pH 4.5. K,,, was higher at around 0.5 (pH
1.8-3.5) which increased to 5 mM at pH 4.5. The velocity plots of thiosulfate oxidation
at different pH with untreated 7. thiooxidans are shown in Fig. 5 to Fig. 11. The double

reciprocal plots of thiosulfate oxidation at different pH are shown in Fig. 12 to Fig. 18.
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Celi-free extracts of T. thicoxidans

The kinetic constants of thiosulfate oxidation by cell-free extracts at different pH
are summarized in Table 15. The double reciprocal plot is shown in Fig. 19. This plot
is different from that of the intact cells in that the plot is linear, while the intact celis

with and without NEM treatment show "biphasic” kinetics.

Chemical Reactions of Thiosulfate Under Acidic Conditions
Kinetic studies of chemical reaction of thiosulfate with ferric ion

Thiosulfate s known to be unstable under acidic conditions, therefore chemical
reactions of thiosulfate were studied in the presence and absence of ferric ion as oxidant.
Three different pH values were used (o study the kinetics of the chemical oxidation of
thiosulfate with ferric ion (28,0, + 2Fe’* = §,0, + 2Fe**). They were 1.8, 2.3 and

3.0 respectively,

Based on ferrous ion formation

The velocity plots of the reactions of different amounts of ferric ion with a fixed
amount of thiosulfate at different pH are shown in Fig. 21. The time course plots of the
reactions of a fixed amount of ferric ion with different amounts of thiosulfate at pH 1.8,
- pH 2.3 and pH 3.0 are shown in Fig. 22, Fig. 23 and Fig. 24, respectively. The time
course plots of the reactions of a fixed amount of thiosulfate with different amounts of
ferric ion at pH 1.8, 2.3, and pH 3.0 are shown in Fig. 25, Fig. 26 and Fig. 27,

respectively. The double reciprocal plois of either different amounts of ferric ion with
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a fixed amount of thiosulfate or different amounts of thiosulfate with 2 fixed amount of
ferric ion at pH 1.8, pH 2.3 and pH 3.0 show linear lines intercepting the origin, a

characteristic of a chemical non-enzymatic reaction (plots not shown),

Based on thiccyanate (SCN) formation

The velocity plot of different amounts of thiosuifate with a fixed amount of ferric
ion at different pH is shown in Fig. 28. The values in Fig. 20 and Fig. 28 agree with
the stoichiometry expected of two ferrous iron for every thiocyanate. The velocity plot
of different amounts of ferric ion with a fixed amount of thiosulfate at different pH is
shown in Fig. 29. The time course reaction of a fixed amount of ferric ion added to
different amounts of thiosulfate at pH 1.8, pH 2.3 and pH 3.0 are shown in Fig. 30, Fig.
31 and Fig. 32, respectively. The time course reaction of a fixed amount of thiosulfate
added to different amounts of ferric ion at pH 1.8, 2.3, and pH 3.0 are shown in Fig.
33, Fig. 34 and Fig. 35, respectively. The double reciprocal plots of either different
amounts of ferric ion with a fixed amount of thiosulfate or different amounts of
thiosulfate with a fixed amount of ferric ion at pH 1.8, pH 2.3 and pH 3.0 show linear
lines intercepting the origin, a characteristic of a chemical non-enzymatic reaction (plots

not showny,

Autooxidation of thiosulfate under acidic conditions
The chemical reaction of different amounts of thiosulfate in 0.1 M B-alanine-

H,SO, buffer at pH 1.8, pH 2.3 and pH 3.0 in the absence of ferric ion is shown in Fig.
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36, Fig. 37 and Fig. 38 respectively, The formation of polythionate increased rapidly
only if thiosulfate was incubated for more than 30 min at either pH 1.8 and pH 2.3, At
pH 3.0, however, the formation of polythionate remained low even when thidsulfate was

incubated for more than 30 min.

Thiosulfate Oxidation by the Acidic Extracts of T. thiooxidans
Thiosulfate:ferricyanide oxidereductase activity and other components in the acidic
extracts

[t had been shown thar thiosulfate was oxidized to tetrathionate and an unknown
oxidized sulfur compound in a cell-free particulate preparation of 7. thicoxidans (Tano
er al. 1968). In an attempt to understand the mechanism of the thiosulfate oxidation, a
soluble fraction was required for further investigation. A thiosulfate:ferricyanide
oxidoreductase activity was successfully solubilized from intact cells by passing the acidic
ammonium sulfate suspension through a French pressure cell as described in Materials
and Methods. Interestingly, an acid-soluble cytochrome was also identified in the
extracts. This c-type cytochrome was reduced by thiosulfate only at an acidic pH as
shown in Table 16 and at pH 2.5, it was almost fully reduced by thiosulfate. This
reducing activity was totally desiroyed in the boiled extracts (Table 16) but the
thiosulfate: ferricyanide oxidoreductase activity was still present (Table 19). The fully
reduced cytochrome had typical c-type absorption peaks at 416, 520 and 550 nm (data
not shown) which is slightly different from the soluble cytochrome ¢-552 purified from

T thiooxidans (Takakuwa 1975).
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The acidic extracts conined a component which reduced veast (Saccharomyces
cerevisiae) or horse heart cytochrome ¢ slowly at an acidic pH, but faster at a pH near
or above neutrality (Table 17). Thiosulfate increased the rate of reduction only slightly
{data not shown) but sulfite increased the rate and extent of reduction. The total extent
of horse heart cytochrome ¢ reduction was proportional to the amount of acidic extracts,
1€, AAgsgy, was doubled when twice as much acidic extracts was used. At an acidic
pH, the sulfite effect was stronger. Thus when sulfite was present, the horse heart
cytochro:ﬁe ¢ reduction was almost instantaneous at a pH bé!ow 6, but slow at pH 8, the
pH where the reduction by the acidic extracis was faster in the absence of sulfite. This
reducing activity was not destroyed by boiling of the acidic extracts but was destroyed
by the preincubation with EDTA or NEM at pH 7.0 (Table 17). NEM failed to destroy
the activity at pH 4.3 where the sulfite effect was stronger (Table 17).

Chromatography of the acidic extracts (I mL) through a column of Sephadex G-
25 (9 mL) or G-50 (20 mL) at pH 2.5 separated the thiosulfate:ferricyanide
oxidoreductase activity associated with the native cytochrome ¢ (which was always
excluded from the gel) from the horse heart cytochrome c-reducing activity. Therefore
the latter is not a component of the former. The acidic extracts also contained some
iron, Fe** and Fe’*, which was separated from the native cytochrome ¢ fraction in G-50.

Chromatography of 1 mL acidic extracts at pH 2.5 (25 mM potassium phosphate)
on a Sepharose CL-6B column (bed volume 20 m1., void volume 14.4 mL) also separated
the native cytochrome c-containing thiosulfate:ferricyanide oxidoreductase activity

(elution volume 18.0 mL) from the horse heart cytochrome ¢ reducing activity (elution
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volume 22.0 mL). The native cytochrome ¢ was still reduced upon the addition of
thiosulfate, but not by sulifite; and the thiosulfate: ferricyanide oxidoreductase activity

{aA/min/mg-0.085) was now totally by boiling.

Characterization of the Thiosulfate:ferricyanide Oxidoreductase in the Acidic
Extracts
Effect of pH

The optimum pH for the thiosulfate:ferricyanide oxidoreductase activity was
around pH 2.0 (Fig. 39) although the chemical reduction of ferricyanide by thiosulfate
became considerable at the very acidic pH range. The standard assay was, therefore,

carried out at pH 4.3,

Effect of suffite

The enzyme was inhibited by sulfite (Table 18), which was in agreement with the
enzyme from other thiobacilli (Lyric and Suzuki 1970; Meulenberg er al. 1993a).
Preincubation increased the extent of enzyme inhibition similar to the report for the T,
thioparus enzyme (Lyric and Suzuki 1970), but the inhibition was much less at pH 2.0

than at pH 4.3 (Table 18).

Substrate specificity of the thiosulfate oxidation
Table 19 shows that the reduction of ferricyanide by the acidic extracts of T

thiooxidans accurred only in the presence of thiosulfate and that sulfite (with or without
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AMP), trithionate, or tetrathionate could not replace thiosulfate as the substrate (Table

19).

Heat stability

Surprisingly, the enzyme activity was not destroyed by boiling (Table 19}, since
the enzyme from 7. acidophilus lost 50% of its activity in two hours at 30°C
(Meulenberg er al. 1993a). However, the activity became more heat-labile after
chromatography on a Sepharose CL-6B column losing more than 80% of activity by

boiling for 15 min (data not shown).

Stoichicmetry of the thiosulfate oxidation
The amount of ferricyanide reduced was twice the amount of thiocyanate formed
in agreement with the stoichiometry: 25,0,> + 2Fe(CN)> — S.0s" + 2Fe(CN)*. The

results are summarized in Table 20.

Effect of different amounts of acidic extracts
The initial rate of ferricyanide reduction increased with increasing amounts (0.1-1
mg protein) of the acidic extracts (Table 21). The apparent K, for thiosulfate was 4-5

mM at either pH 4.3 or 2.0 (data not shown).
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DISCUSSION

Thiosulfate is found widely in nature and its metabolism by thiobacifli has been
studied extensively (Kelly 1982). Alihough its eventual oxidation to sulfate is obvious,
the pathway of oxidation has been controversial (Pronk ef g/, 1990). Thiosulfate is easily
oxidized to tetrathionate by the thiosulfate-oxidizing enzyme system, first established by
Trudinger in 7. neapolitanus (Trudinger 1961) and later confirmed in other thiobacilli
(Silver and Lundgren 1968; Lyric and Suzuki 1970; Lu and Kelly 1988; Meulenberg er
al. 1993a). Further metabolism of tetrathionate has been studied in some thiobacilli
(Pronk et al. 1990). In T. versutus grown in a chemostat with thiosulfate limitation,
thiosulfate is oxidized to sulfate without any accumulation of intermediates (Lu 1986).
Sulfite is an intermediate if thiosulfate is cleaved to sulfur and sulfite (Suzuki 1974).
Sulfite accumulation from thiosulfate has been demonstraied in 7. novellus (Deley and
Van Poucke 1961), and the results in this paper support the ability of T. thiooxidans to
convert both sulfane sulfur and sulfonate sulfur to sulfite when a further oxidation of
sulfite is inhibited by HQNO (Tables 7 and &). In the presence of HQNQ, thiosulfate
is oxidized 1o sulfite with a sicichiometry in accordance to the equation: H,S,0; + O,
+ H,0 = 2H,50;. The pH optimum of tetrathionate oxidation in 7. thicoxidans is 3.0
(Table 9) indicating that the process is likely to occur extracytoplasmically, probably in
the periplasm. Since tetrathionate oxidation is completely inhibited by NEM (Table 10),
the reaction must involve sulthydryl groups similar to the oxidation of sulfur.
Tetrathionate is similarly oxidized to sulfite in the presence of HQNO stoichiometrically

according to the equation: H,S,0, + 1140, + 3H,0 - 4H,S0,. This result supports the
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mechanism suggested by Suzuki er al. (1994) that tetrathionate oxidation in 7
thiooxidans involves the oxidation of both sulfane (-8-) and sulfonic acid (-SO.H)
portions by the sulfur- and sulfite-oxidizing systems respectively. In the ‘absence of
HQNO, both thiosulfate and tetrathionate are oxidized to sulfate with corresponding
INCrease in OXygen consumption.

The tume course of thiosulfate oxidation in 7. thiooxidans is biphasic, with a rapid
initial oxidation rate of a quarter mole oxygen consumed per mole of thiosulfate,
followed by a lag, and then a semi-linear rate to completion. In the presence of NEM,
the second phase of the thiosulfate oxidation is inhibited. The NEM-treated T
thiooxidans which is not able to oxidize sulfur (Chan and Suzuki 1993; Suzuki et al.
1993) oxidize thiosulfate stoichiometrically to tetrathionate under acidic conditions
(Tables 2 and 3). Tetrathionate also accumulates in other NEM-treated thiobacilli species
(Tables 4 and 5), and T. neapolitanus also oxidizes thiosulfate to tetrathionate at pH 7
in the presence of NEM (Trudinger 1965). The cell-free extracis of 7. thiooxidans
oxidize thiosulfate with the same O, stoichiometry and pH optimum (Table 12).

The effect of thiosulfate concentrations on the O, consumption rate of NEM-
treated and -untreated 7. rhiooxidans produce biphasic double reciprocal plots with two
Ky, values similar to that reported in T. ferrooxidans (Eccleston and Kelly 1978). The
plots are analyzed by the approximation method of Segel (1975) to obtain the K, (low)
and K, (high} values and corresponding maximal velacities, V__.. (low) and Ve (high)
(Tables 13 and 14). The pH has a profound effect on these values which increase with

increasing pH (Tables 13 and 14). The low K, value of 30-40 uM at pH 2.5 is in the
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same concentration range as those reported for thiosulfate-limited chemostat cultures of
T. ferrocxidans (Hazeu et al. 1986) whose K values also increased with increasing pH.
The higher K, values (K,) are close to the values reported by other workers (e.g.
Eccleston and Keily 1978) and also increase with pH (Tables 13 and 14). The cell-free
system shows a simple kinetics with one K, which increases with increasing pH (Table
15). These values are much higher than those of K, indicating a possibility that some
uptake or transport sysiem operates on the cell to increase the affinity for thiosulfate to
the K _; iével. |

A possible formation of tetrathionate may occur either by the autooxidation of
thiosulfate at acidic pH or via chemical reaction of the thiosulfate with intracellular metal
tons such as ferric ion. Double reciprocal plots of the chemical reactions of thiosulfate
with ferric ions are linear, crossing the origin which are unlike enzymatic reactions (plots
not shown). Autooxidation of the thiosulfate solutions does not produce tetrathionate for
at least 30 min between a pH range of 1.8 to 3.0 (Fig. 36 to 38). Formation of
tetrathionate by chemical reactions of thiosulfate with ferric ions are much slower
compared to that of NEM-treated and -untreated 7. thiooxidans, and other thiobacilii
cells.  Using 1 mM thiosulfate, the rate of tetrathionate formation at pH 2.3 is
approximately 0.1 mM per min with ImM ferric ion (Fig. 29). In Table 2, 6 mg wet
cells of 7. thivoxidans oxidized 1 pmol thiosulfate at the rate of 10 nmol oxygen per min
or 20 nmol tetrathionate per min. The amount of total iron (Fe** + Fe’*) in the acidic
extracts is estimated to be 10 nmol Fe’* per 6 mg wet cells. This amount of Fe’*

according to Fig. 29 will chemically oxidize thiosulfate at the rate of 0.1 x 0.01 =
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0.001 pmol or 1 nmol tetrathionate per min. The above comparative studies indicate that
the formation of tetrathionate is not due to the autcoxidation of thiosulfate at acidic pH
nor a chemical reaction of the thiosulfate with intracellular metal ions but is catalyzed
by a thiosulfate-oxidizing enzyme system in T. thicoxidans.

Thiosulfate is oxidized by sulfur-grown 7. thiooxidans and cell-free extracts only
at an acidic pH around 2.5, where thiosuifate is chemically unstable (Roy and Trudinger
1970). Therefore, the growth of T. thivoxidans on thiosulfate is normally achieved only
at a higher pH of 4.5 (Barton and Shively 1968) and 5.0 (Nakamura er al. 1990). The
rate of thiosulfate oxidation by the sulfur-grown cells ai pH 2.3 in Table 1 (10 nmol O,
consumed per min per 6 mg wet cells) corresponds only to 10 to 20% of the rate for
sulfur oxidation in O, consumption. Thiosulfate oxidation by the thiosulfate-grown cells
(Nakamura ef af. 1990) has an activity optimum around pH 5.0 and the rate is more than
ten times that of sulfur-grown cells. Since T. thiooxidans require a long lag period
before the start of growth on thiosulfate when the inoculum is grown on sulfur
(Nakamura e al. 1990), a new thiosulfate-oxidizing system has to be induced. Thus, the
thiosulfate oxidation system in sulfur-grown 7. rhicoxidans must play a different role.

The acidic extracts contain a thiosulfate:ferricyanide oxidoreductase which
resembled the enzyme recently purified from 7. acidophilus grown mixotrophically on
thiosulfate and glucose (Meulenberg er al. 1993b). This thiosulfate-oxidizing enzyme
system has an acidic optimum pH which suggests a periplasmic location as was proposed
for the 7. acidophilus enzyme. The inhibition of this enzyme activity by sulfite (Table

18) is similar to that of the thiosulfate-oxidizing enzymes found in 7. thioparus and T.
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acidophilis, supporting the role of a thiosulfate oxidative pathway in the metabolism of
suifur. During the oxidation of sulfur, sulfite may be produced slightly faster than the
rate of sulfite oxidation, and this accumulated sulfite condenses with sulfur 1o form
thiosulfate which is then oxidized to tetrathionate by the thiosulfate: ferricyanide
oxidoreductase. Thiosulfate oxidation to tetrathionate may serve as a means of raising
the cellular pH, which will increase the rate of sulfite oxidation to sulfate (Takeuchi and
Suzuki 1994) or allow the cells to buffer temporarily the proton excretion from sulfuric
acid production (Wentzien e al. 1994). A more detailed study of the
thiosulfate:ferricyanide oxidoreductase in 7. thiooxidans is hampered by its low activity
(1% of T. acidophilus enzyme in the extract) and a l_ow growth yield (200 mg wet
cells/L).

Unlike the enzyme from T. neapolitanus (Trudinger 1961), T. thioparus (Lyric
and Suzuki 1970), T. tepidarius (Lu and Kelly 1988), and 7. ferrooxidans (Silver and
Lundgren 1968), this thiosulfate-oxidizing enyzme in T. thiooxidans is associated with
a c-type cytochrome, similar to the 7. acidophilus enzyme. This native c-type
cytochrome is reduced by thiosulfate (Table 16) which is similar to the reduction of a
soluble native cytochrome ¢ by the T. neapolitanus enzyme. Its acidic optimal pH range
agrees with most reports, particularly with the 7. acidophilus enzyme.

By Sepharose CL-6B chromatography, a heat-stable activity component is
separated from the fraction containing the native cytochrome ¢ and the heat-labiie
thiosulfate:ferricyanide oxidoreductase. This component which reduces horse heart

cytochrome ¢ (Table 17) may contain a metal since the reduction is EDTA inhibited, and
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also thiol or sulfide groups since it is NEM inhibited. Tt is speculated thart the COMmponent
is a heatsiable, acid stable, iron-sulfur or iron-sulfide complex of unknown structure
which can slowly reduce horse heart cytochrome ¢ at a neutral pH, but requires sulfite

at an acidic pH to form a strongly reducing compound which instantaneously reduces the

horse heart cytochrome c.
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Table 1. Effect of N-ethylmaleimide on §%oxidizing activity in 7.

thivexidans®.
Time Enzyme activity Control Inhibition
(nmol O, consumed/min) (%)
No NEM 15.6 3.43 (.00
control
10 mins 11.54 3.00 29.82
1 hr 5.22 3.00 81.76
2 hrs 3.43 2.57 92.90
2% hrs 2.67 2.88 100.0
24 hrs 5.25 5.25 100.0

* 0.1 mL of 80% ammonium sulfate precipitate containing 3.5 mg of
enzyme protein was incubated with 5 uL of 0.1 M NEM at different time
intervals. The sample was added to 0.9 mL of 0.1 M sodium phosphate
buffer at pH 6.5, 90 uL elemental sulfur (32 g/100 mL) and 6 xmol GSH.
The oxygen uptake was measured by a Clarke Electrode. Control values
were obtained for non-enzymatic chemical oxidation rates. The unit is
nmol O, consumed/min.
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Table 2. Oxidation of thiosulfate by NEM-treated T, thivoxidans®.

SCN SCN- Total G, Rate
{(pmol) accumulated uptake (nmol O,
{pmol) {(umol) consumed/
min}
Cell alone 0.120 - - -
0.2 pmol 0.310 0.160 0.058 8.0
Na,S,0,
0.4 pmol 0.410 0.290 0.096 8.8
Na,5,0,
0.6 pmol 0.505 0.385 0.128 9.6
Na,S,0;
0.8 umol 0.615 0.495 - 0.170 10.0
Na,5,0,
1.0 pmol 0.715 0.595 0.210 10.0
Na,S.0,

* The O, consumption was followed in a Gilson Oxygraph at 25°C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pH 2.3,
6 mg wet cells and various amounts of Na,$,0,. Polythionate was
measured according to Soérbo (1958).
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Table 3. Oxidation of thiosulfate by NEM-treated T. thivoxidans®

SCN- SCN Total O, Rate
(pmol} accumaulated uptake {nmol G,
(umol) (uwmol) consumed/
min)

Cell Alone (.095 - - _

0.2 pmol 0.275 0.180 0.054 9.6
Na, 5,0,

0.4 pmol 0.340 0.245 0.096 10.4
Na,5,0,

0.6 pmol 0.440 0.345 0.126 10.0

0.8 umol 0.593 0.498 0.190 13.0
Na,S,0;

1.0 pwmol 0.693 0.598 (.226 11.6
Na,S,0,

* The O, consumption was followed in a Gilson Oxygraph at 25°C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pH 2.3,
6 mg wet cells and various amounts of Na,S,0;,. Polythionate was
measured according to Wood (1982).
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Table 4. Oxidation of thissulfate by NEM-treated SMd-HEC.S%

SCHN- SCN Total G, Rate
{umol) accumulated uptake (nmol G,
(ninol) {umol} consumed/

min}

Cell alone 0.034 - - .

0.2 pmol 0.115 0.081 0.052 18.0
Na,S,04
0.4 umol 0.195 0.161 0.100 23.2
Na,$,0,
0.6 pmol 0.272 0.238 0.136 24.0
Na,$,0,
0.8 pmol 0.356 0.322 0.180 26.8
Na,§,0,
1.0 pmol 0.449 0.415 0.230 27.2
Na,S,0;

* The O, consumption was followed in a Gilson Oxygraph at 25°C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pH 2.3,
6 mg wet cells and various amounts of Na,S,0,. Polythionate was
measured according to Sérbo (1958).
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Table 5. Oxidation of thiosuifate by NEM-treated TH-2-8%,

SCN- SCN- Total O, Rate
{(umol) accumutated uptake (nmol 0,
{(umol) {(umol) consumed/
min}
Cell alone 0.015 - - -
0.2 umol 0.079 0.064 0.050 26.0
Na,S,0, '
0.4 pmol (0.147 0.132 0.085 32.0
Na,$,0;
0.6 pmol 0.236 0.221 0.130 33.0
Na,$,0,
(0.8 pmol 0.323 0.308 0.180 34.0
Na,S,04
1.0 pmol 0.393 0.378 0.230 38.0
Na,§,0,

* The O, consumption was followed in a Gilson Oxygraph at 25°C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pH 2.3,
6 mg wet cells and various amounts of Na,$,0,. Polythionate was
measured according to Sérbo (1958).
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Table 6. Oxidation of thiosulfate by NEM-treated 7. thioparus®,

SCN SCN Total ©, Rate
(nmol) accumulated uptake (nmol G,
{(umol) (umol) consumed/min)

Cell alone 0.024 - . .

0.2 pmol 0.120 0.096 0.048 5.2
Na,5,0,
0.4 ymol 0.256 0.232 0.096 1.2
N2,S,0.
0.6 umol 0.418 0.394 0.150 12.0
Na,S,0,
0.8 pmol 0.587 0.563 0.198 12.4
Na,$,0;
1.0 wmol 0.709 0.685 0.250 12.4
Na,S,0,

* The O, consumption was followed in a Gilson Oxygraph at 25°C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pH 7.0,
6 mg wet cells and various amounts of Na,$,0,. Polythionate was
measured according to S6rbo (1958).
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Table 7. Effect of HQNO on the thicsulfate oxidation by different
sulfur-grown thicbacilli cells at pH 2.3°,

SO Total O, uptake Rate
accumulated {zmol} {nmol G,
{(pmol) consumed/min}
Te-1
-HQNO 0.001 0.200 24 .4
+HQNOG 0.195 0.100 12.4
+HQNQO® 0.137 0.110 18.8
Tf-2-8°
-HQNO 0.003 0.196 27.6
+HQNOC 0.178 0.120 8.0
SM4-HEC-§°
-HQNO 0.002 0.190 16.8
+HQNO 0.072 0.106 8.8

* The O, consumption was followed in a Gilson Oxygraph at 25°C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pH 2.3,
6 mg wet cells and 50 pg HQNOG. The reaction was initiated with the
addition of 0.1 pmol Na,S$,0; after 10 min preincubation with HQNQO.
The rate of the first phase of thiosulfate oxidation is measured.

" The conditions were the same as described above except that Starkey’s
medium 1 was used,
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Tabie 8. Effect of HONO on the thiosulfate oxidation by NEM-
treated 7. fhiooxidans at pH 2.3°,

Na,S5,0; 5° accumulated SCN' formed Total O, uptake
{(pmol} {(umol) {umol} {(pmol)

0.4 0.03 0.25 0.125

* The reaction mixture was the same as in Table 7. S° was determinated
as described in Part two.
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Table 9. Effect of pH onr tetrathionate oxidation by T.

thiooxidans”.
pH Reaction rate Total O, uptake
{nmol G,/min) {nmol)
1.8 6.0 150
2.0 10.8 160
2.3 [2.4 160
2.5 13.6 160
3.0 15.2 160
3.5 13.0 160
4.0 8.0 160
4.5 7.6 incomplete
oxidation
5.0 5.2 incomplete
oxidation

* The O, consumption was followed in a Gilson Oxygraph at 25°C with
1.2 mL reaction mixtures: 50 mM potassium phosphate buffer, 6 mg wet
cells and 50 nmol Na,S,0,. The reaction was initiated with the addition _
of Na,S,0;.
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Table 16. Effect of NEM, HONO and different amounts of tetrathionate on
tetrathionate oxidation of T, thiooxidans®.

Amount of tetrathionate Rate Total O, uptake
(nmol) {(nmol O,/min} {nmol O,/min)
10 8.0 44
20 14.4 75
30 17.2 108
40 18.4 132
50 18.6 178
60 20.6 158
70 21.4 232
80 20.4 255
80° - -
80¢ 12.0 136

* The O, consumption was followed in a Gilson Oxygraph at 25°C with 1.2 mL reaction
mixtures: 30 mM potassium phosphate buffer (pH 2.3), 6 mg wet cells and various

amounts of Na,S,0,.

* The reaction mixture remained the same except NEM-treated cells were used.

¢ The reaction was initiated with the addition of 80 nmol tetrathionate after 10 min
preincubation of the reaction mixture with 20 ug HQNO.
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Table 11. Stoichiometry of tetrathionate oxidation 7. thiooxidans®.

Amount of Rate Total O, sulfite found
Na,S.0q {nmol O,/min) uptake {nmol)
{nmol) (nmol O,)
+ HQNO
20 6.8 54 76
40 7.2 78 130
60 8.0 112 196
- HQNO |
40 8 136 0
60 12.4 188 0

* The assay conditions are the same as described in Table 10. Sulfite was determined by

the pararosaniline method (West and Gaeke 1956).
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Table 12, Thicsulfate oxidation of cell-free extracts of 7. thisoxidans at different
i,
2.0 2. 2.5
Na,8,0, added  Total O, Rate® Total O, Rate® Total O, Rate®
{pmol) uptake® uptake® uptake®

0.10 0.03 3.2 0.03 3.2 0.038 3.8
0.25 0.07 4.8 0.08 7.2 0.074 7.8
0.50 0.13 9.6 0.12 12.8 0.138 12.0
1.00 0.23 10.0 0.25 16.4 0.200 13.2

* The unit is ymol.

® The unit is nmol O, consumed/min.
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Table 13. Kinpetic constants for thissulfate oxidation by NEM-
treated 7. thicoxidans at various pH values.

pH Ko Ko Vo Va2
1.8 0.9 66.7
2.0 0.11 1.7 16.9 67.0
2.5 0.04 3.6 19.1 66.7
3.0 0.07 2.0 21.4 57.1
3.5 0.08 4.3 7.9 32.6
4.0 0.51 5.0 11.6 20.0
4.5 0.17 20.0 4.1 15.2
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Table 14. Kinetic constants for thiosulfate exidation by T
thivoxidans at various pH values,
pH Kot Koo Vit Va2
1.8 0.05 0.50 14.0 38.0
2.0 0.08 0.65 17.5 48.0
2.5 0.03 0.55 12.0 56.0
3.0 (.05 0.60 20.0 35.0
3.5 0.08 0.60 20.0 16.0
4.0 0.106 2.50 15.0 10.0
4.5 0.15 5.00 10.5 10.5
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Table 15, Kinetic constants for thiosulfate oxidation by cell-free
extracts of 7. thiooxidans at various pH values.

pH K Vi
{mM) {nmol O, consumed/min)
1.8 1.16 16.23
2.0 (.26 12.84
2.3 0.46 21.58
2.5 (.35 [5.96
3.0 4.75 - 27.31
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Table 16. Effect of pH on the reduction of T, thisoxidens cytochrome ¢ with
thiosulfate®.

Total in 4 min

Sample oH Rate of reduction LA e % reduction
(AA g/ MDY

Acidic extracts

2.5 0.155 0.031 g7
3.2 0.005 0.016 50
6.5 (0.003 0.011 34
7.0 0.000 0.000 0
+ Dithionite 3.2 instant 0.032 100
Boiled extracts 2.5 0.000 0.600 0
+ Dithionite 2.5 instant 0.620 160

* The reaction mixture (final pH as indicated) in a total volume of 1 mL contained 200
pL acidic extracts (4 mg protein) with or without boiling (15 min} and 50 mM potassium
phosphate buffer. The reaction was started with the addition of 1 pmol Na,S,0, or
dithionite (when indicated) and the change in absorbance at 416 nm was determined as
the initial rate and the total change.
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Table 17. Reduction of horse heart cytochrome ¢ by the acidic extracts of T

thicoxidans.
pH Acidic Additions Accgon, Time
extracts
{(pL)
6.0 19 None 0.02 6 min
0.5 pmol Na,S0, 0.02 instant
20 pL extracts 0.05 Instant
30 ul extracts 0.07 Instant
6.0 20 none 0.03 6 min
0.5 pmol Na,SC;, 0.04 Instant
6.0 50 0.5 pmol Na,SO, 0.15 Instant
8.0 50 none 0.0% 2 min
' 0.5 pmol Na,S0; 0.05 30 min
7.0 40 0.5 pmol Na,SO, 0.113 1.3 min
7.0 40 0.5 pmol EDTA
0.5 pmol Na,S0O, 0.035 13 min
7.0 40 5 umol NEM
0.5 pmol Na,SO, 0.003 1.5 min
4.3 100 0.5 pmol Na,SO, G.130 instant
4.3 100 10 pmol NEM
0.5 pmol Na,SQ, (.130 Instant

® The reaction mixture in a total volume of | mi (pH as indicated) contained 50 mM
potassium phosphate buffer, 10 ymol horse heart cytochrome ¢, and varied amounts of
acidic extracts (20 mg protein/mL) to start the reaction. Additions were made in the
sequence shown and the reduction of horse heart cytochrome ¢ followed at 550 nm
(AAs50.,) and time required for the reduction were recorded after each addition of Na,S0,
or acidic extracts. EDTA was preincubated for 15 min and NEM for 2% hrs with the
acidic exiracts before the addition of horse heart cytochrome ¢ and sulfite.
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Table 18. Inhibition of thiosuifate:ferricyanide oxidoreductase in the acidie
extracts of 7. thicoxidans by sulfite®.

pH MNa,50; Preincubation DA g/ TN Activity
(mM) (%)
4.3 0.0 0.121 100
1.0 - G.041 34
4.3 0.6 0.160 100
1.0 + 0.014 B
2.0 0.0 0.212 100
0.5 + 0.126 59

* The reaction mixture (1 mL, final pH as indicated) contained 50 mM potassium
phosphate buffer, 0.1 mL acidic extracts (2 mg protein), 1 pmol potassium ferricyanide,
and 5 umol Na,S,0,. Preincubation of the acidic extracts with Na,S0, was 15 min.
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Table 18, Thiosulfate:ferricyanide oxidoreductase activity in the
acidic extracts of T. thiooxidans®.

Substrate Concentration Rate
(mM}) (AA 3 g/ TN
Na,S,0; ) 0.040
5 0.094
5 0.072°
Na,SO, + AMP 2 0.000
I 0.000
Na,S,0, 2 0.0060
Na,S,0, 2 0.000

* The absorbance change at 420 nm (AA,,,) was followed at room
temperature with 1 mL reaction mixture of 50 mM potassium phosphate
~ buffer, 0.1 mlL acidic extracts (2 mg protein), 1 umol potassium
ferricyanide and substrate (to start the reaction) as indicated. The pH was
4.3,

® Boiled acidic extracts (15 min boiling) was used.
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Table 20. Steichiometric studies of ferricyanide reduction by
' thiosulfate:ferricyanide oxidoreductase in the acidic
extracts of T. thivoxidans®.

5,0, Ferricyanide reduced Thiocyanate (SCNY)
{pnmoti) (rmol} formed (umol)
0.0 0.00 0.00
2.5 0.68 0.25
5.0 0.82 0.36
10.6 0.92 0.53

* The reaction mixture contained 50 mM potassium phosphate buffer at
pH 6.0, 0.1 mL acidic extracts (2 mg protein), 1 wmol potassium
ferricyanide, and various amounts of Na,S,0,. The reaction was initiated
with the addition of thiosulfate. After 90 min, polythionate was measured
after cyanolysis as thiocyanate (SCN) according to Sorbo (1958). The
values were corrected for chemical reactions without acidic extracts.



Table 21. Effect of different amounts of acidic extracic of 7
thiooxidans on ferricyanide reduction®.
Amount of Total rate Chemical rate Rate difference
extracts (AA g/ TN} {AA /TN (8A g,/ MING
(mg}
0.1 0.0881 0.0306 0.0575
0.2 0.1102 0.0246 (.0856
0.4 0.1374 0.0182 0.1192
0.6 0.1673 0.0215 0.1458
0.8 0.1726 0.0204 0.1522
1.0 0.2016 0.0202 0.1814

* The reaction mixture contained 50 mM potassium phosphate buffer at
pH 2.0, 1 umol potassium ferricyanide and various amounts of acidic
exiracts. The reaction was initiated with the addition of 5 ymol Na,S,0..
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Figure 1. Effect of pH on thiesulfate oxidation by NEM-treated 7.
thiooxidans.
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Figure 2. Effect of cell concentration on thmsuifate oxidation by
NEM-treated 7. thivoxidans.
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Figuye 3. Effect of sulfite on the thiosulfate oxidation by NEM-
treated 1. thiooxidans.
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Figure 4. Effect of pH on thicsulfate oxidation by celi-free
extracts of 7. thivoxidans,
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Figure 5. Velocity plot of thiosulfate oxidation at pH 1.8 by T.
thiooxidans with and without NEM-treatment.
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Figure 6. Velocity plot of thiosulfate oxidation at pH 2.0 by T.
thivoxidans with and without NEM-treatment,
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Figure 7. Velocity plot of thiosulfate oxidation at pH 2.5 by T.
' thiooxidans with and without NEM-treatment.
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Figure 8. Velocity plot of thiosulfate oxidation at pH 3.0 by 7.
thicoxidans with and without NEM-treatment.
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Figure 9. Velocity plot of thiosulfate oxidation at pH 3.5 by T.
thivoxidans with and without NEM-treatment.
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Figure 10.  Velocity plot of thiosulfate oxidation at pH 4.6 by T.
thivoxidans with and without NEM-treatment.
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Figure 11.  Velocity plot of thiosulfate oxidation at pH 4.5 by 7.
thisoxidans with and without NEM-treatment,
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Figure 12.  Double reciprocal plot of thiosuifate oxidation at pH 1.8
by T. thiooxidans with and without NEM-treatment.
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Figure 13.  Double reciprocal plot of thiosulfate oxidation at pH 2.0
by 7. thicoxidans with and without NEM-treatment,
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Figure 14,  Double reciprocal plot of thiosulfate oxidation at pH 2.5
by 7. thicoxidans with and without NEM-treatment.
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Figure 15.  Double reciprocal plot of thiosulfate oxidation at pH 3.0
by T. thivoxidons with and without NEM-treatment,
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Figure 16.  Double reciprocal plot of thiosulfate oxidation at pH 3.5
by T. thiooxidans with and without NEM-treatment.
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Figure 17.  Double reciprecal plot of thiosulfate oxidation at pH 4.6
by 7. thiooxidans with and without NEM-treatment.
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Figure 18.  Double reciprocal plot of thicsuifate oxidation at pH 4.5
by 7. thiooxidans with and without NEM-treatment.
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Figure 19. Double reciprocal plot of thiosulfate oxidation at
different pH by celi-free extracts of T. thivoxidans.
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Figure 20.  Velocity plot of different amounts of thiosulfate with a
fixed amount of ferric ion (1 mb)}.
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Figure 21.  Velocity plot of different amounts of ferric ion with a
fixed amount of thiosulfate (1 mM).
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Figure 22.  Chemical reactien of different amounts of thiosulfate
with a fixed amount of ferric ion (1 mM) added at pH
10%0
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Figure 23.  Chemical reaction of different amounts of thiosulfate
with a fixed amount of ferric ion (1 mM) added at pH
2.3. :
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Figure 24.  Chemical reaction of different amounts of thiosulfate
with a fixed amount of ferric ion (I mM) added at pH
3.0.
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Figure 25. Chemical reaction of different amounts of ferric ion
with a fixed amount of thiosulfate (I mM) added at pH
1.8.
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Figure 26.  Chemical reaction of different amounts of ferric ion

with a fixed amount of thicsulfate (1 mM) added at pH
2.3.
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Figure 27.  Chemical reaction of different amounts of ferric ion
with a fixed amount of thiosulfate (1 mbM) added at pH
3.0.
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Figure 28.  Velocity plot of different amounts of thiosulfate with a
fixed amount of ferric ion (1 mb).
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Figure 28.  Velocity plot of different amounts of ferric ion with a
fixed amount of thiosulfate (1 mM).
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Figure 30. Chemical reaction of different amoumnts of thiosuifate
with a fixed amount of ferric ion (I mM) added at pH
i.8.
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Figure 31.  Chemical reaction of different amounts of thiosuifate
with a fixed amount of ferric ion (} mi) added at pH
2.3.
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Figure 32.  Chemical reaction of different amounts of thiosulfate
with a fixed amount of ferric ion (1 mM) added at pH
3.0,
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Figure 33. Chemical reaction of different amounts of ferric ion
with a fixed amount of thiosulfate (I mM) added at pH
1.8.
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Figure 34, Chemical reaction of different amounts of ferric ion
with a fixed amount of thiosulfate (I mii) added at pH
2935
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Figure 35. Chemical reaction of different amounts of ferric ion

with a fixed amount of thiosulfate (1 mM) added at pH
3.0.
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Figure 36.  Chemical reaction of different amounts of thiosulfate in
B-alanine-H,SO, buffer at pH 1.8.
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Figure 37.  Chemical reaction of different amounts of thicsulfate in
(-alanine-H,SO, buffer at pH 2.3.
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Figure 38.  Chemical reaction of different amounts of thiosulfate in
' (-alanine-H,SO, buffer at pH 3.0.
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Figure 39.  Effect of pH on thiosulfate:ferricyanide oxidoreductase
in acidic extracts of 7. thiooxidans.
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CONCLUSION

Sulfur oxidation by 7' thiooxidans was inhibited by a sulthydryl-binding inhibitor,
NEM. Partially purified sulfur-oxidizing enzyme from 7. thicoxidans was inhibited by
NEM, and the inhibition was time-dependent. Cell-free extracts, in the presence of
GSH, oxidized sulfur to sulfite, and also formed thiosulfate from sulfur and sulfite.

Sulfide was oxidized to elemenial sulfur nearly stoichiometrically with the O,
consumption 0.5 mol G,/mol of sulfide when further oxidation of sulfur was inhibited by
NEM. A sensitive and quantitative analytical method was developed for detecting a
minute quantity of accumulated elemental sulfur which was formed during the oxidation
of sulfide in the presence of NEM. The optimum pH of sulfide oxidation was 5. The
lowest K,, was found to be 8 uM at pH 7.0.

In the presence of different strains of NEM-treated thiobacilli cells (Tt-1 , Tf-2-
S° SM4-Hec-S® and T, thioparus), thiosulfate was oxidized to tetrathionate with the 0,
consumption of 0.25 mol O,/mol of thiosulfate. Tetrathionate oxidation was completely
mhibited by NEM. The optimum pH of tetrathionate oxidation was 3.0. NEM-treated
T. thiooxidans oxidized thiosulfate to tetrathionate at an optimum pH 2.3, NEM-treated
and -untreated T. thiooxidans produced biphasic double reciprocal plots with two K|
values and two V, values. These values increased with increasing pH. Cell-free
extracts of 7. thiooxidans also oxidized thiosulfate to tetrathionate but within a pH range
of 1.8 to 3.0.

A thiosulfate:ferricyanide oxidoreductase which catalyzed the oxidation of

thiosulfate to tetrathionate at an acidic pH range was successfully solubilized from 7.
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thivoxidans by an unusual acid treatment. The acidic extracts, thus obtained, contained
a native cytochrome ¢ which was reduced by thiosulfate only at an acidic pH. A
compound which reduced horse heart cytochrome ¢ at a neutral pH but required sulfite
at an acidic pH was also identified in these acidic extracts.

Sulfur, sulfide, thiosulfate and tetrathionate were all oxidized, with stoichiometric
O, consumption, to the level of sulfite when further sulfite oxidation was inhibited by
HQNO. Elemental sulfur was stoichiometrically oxidized to sulfite by T. thivoxidans in
the presence of HQNO at a wide range of pH from 2.5 to 9.0 with equimolar oxygen
consumption according to the equation: $ + O, + H,0 - H,80,. Sulfide, thiosulfate
and tetrathionate were oxidized to sulfite with O, consumption of 1.5 mol/mol of sulfide,
I mol/mol of thiosulfate and 1.5 mol/mol of tetrathionate respectively. Sulfur and
sulfide were oxidized to sulfite either at pH 2.3 or at pH 7.0 but both thiosulfate and
tetrathionate were oxidized to sulfite only at a range of pH from 1.8 to 4.0,

The resuits presented in this thesis lead to the proposal of a model for the
pathway of inorganic sulfur metabolism in T. thioxidans as shown in Scheme 1. In this
scheme, sulfur (sulfane sulfur {S]) and sulfite are the key intermediates in the oxidation
of elemental sulfur (8%, sulfide, thiosulfate and tetrathionate by 7. thiooxidans. Sulfur
oxidation is inhibited by N-ethylmaleimide (NEM) and sulfite oxidation is inhibited by
2-n-hydroxyquinoline-N-oxide (HQNO). Sulfane sulfur, when accumulated, is readily
converted to elemental sulfur (8, or $%. Thiosulfate is either oxidized to tetrathionate
for further oxidation or split 1o sulfane sulfur and sulfite for further oxidation via the

sulfur- and sulfite-oxidizing systems. When sulfur oxidation is inhibited by NEM,
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thiosulfate is oxidized to tetrathionate with stoichiometric O, consumption. However,

both thiosulfate and tetrathionate are oxidized to sulfite when further sulfite oxidation is

inhibited by HQNQ.
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g LM HQNO
Inhibition Inhibition

Scheme 1. Oxidation of inorganic sulfur @Ompounds
and its inhibition in T. thiooxidans
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